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Foreword

Professor Jean-Pierre Vigier is a living link to that glorious generation of physicists that

included Einstein, De Broglie, Shrödinger, Pauli and others. In fact, Einstein wanted the young

Vigier to be his personal assistant. Given Vigier’s political positions and the onset of the Cold

War, it was not possible for him to obtain a visa to go to Princeton to work with Einstein.

Physics and politics have dominated Vigier’s life. His philosophical approach has been

consistently materialist and accordingly he has sided with Einstein against Bohr in the great

disputes over the interpretation of quantum mechanics.

This volume includes a review of the de Broglie-Bohm-Vigier approach to quantum

mechanics written by Lev Chebotarev. Many of the papers referenced in this review and which

were authored or co-authored by Professor Vigier are reproduced. This volume also includes an

extensive listing of Professor Vigier’s publications.

This volume is a salute to Professor Vigier on the occasion of his 80th birthday. He has

had a long and productive career which continues to this day. The Preface comprises reflections

on his life compiled by one of us (S.J.) from a series of interviews with Professor Vigier in Paris

during the summer of 1999.

We would like to acknowledge and thank the following for permission to re-print articles:

Elsevier Science Publishers, ITPS Ltd., The American Physical Society, the Societa Italiana di

Fisica and Kluwer Academic/Plenum Publishers.

Stanley Jeffers, Department of Physics and Astronomy, York University, Toronto

Bo Lehnert, Professor Emeritus, Royal Institute of Technology, Stockholm

Nils Abramson, Professor Emeritus, Royal Institute of Technology, Stockholm

Lev Chebotarev, D.Sc., Ph.D., Professor of Physics
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Jean-Pierre Vigier and the Stochastic Interpretation of
Quantum Mechanics

A Volume in Honour of the 80th Birthday of Jean-Pierre Vigier

Sponsored by the Royal Swedish Academy

Compiled by:

Stanley Jeffers, Department of Physics and Astronomy, York University, Toronto, Ontario,

Canada

Bo Lehnert, Professor Emeritus, Royal Institute of Technology, Stockholm, Sweden

Nils Abramson, Professor Emeritus, Royal Institute of Technology, Stockholm, Sweden

Lev Chebotarev, D.Sc., Ph.D., Montreal, Quebec, Canada.

“Great Physicists Fight Great Battles”

“Great physicists fight great battles”—so wrote Professor Vigier in an essay he penned in

tribute to his old friend and mentor Louis de Broglie. However, this phrase could equally well

be applied to Vigier himself. He has waged a battle on two fronts—within physics and within

politics. Now 80 years of age, he continues to battle.

He was born on January 16, 1920 to Henri and Françoise (née Dupuy) Vigier. He was one

of three brothers, Phillipe (deceased) and François, currently Professor of Architecture at

Harvard University. His father was Professor of English at the École Normale Supérieure—hence

Vigier’s mastery of that language. He attended an international school in Geneva at the time of

the Spanish Civil War. This event aroused his intense interest in politics, as most of his school

friends were both Spanish and Republicans. At the age of 14 he dreamt of going to Spain to help

with the Republican cause. While still a teenager, he discovered the works of Marx and Engels

and welcomed the victory of the Popular Front in France in 1936. He felt acutely at this time

that Europe was heading towards a major conflagration as Hitler developed his plans for

European domination. He recalls vividly the treason of Doddier and Chamberlain in the

notorious Munich agreement. At the French International Exposition held in Paris in 1936, the

German and Russian pavilions were arranged opposite each other, and the sense of impending

war was in the air.

Vigier was intensely interested in both physics and mathematics, and was sent by his

parents to Paris in 1938 to study both subjects. For Vigier, mathematics is more like an abstract

game, his primary interest being in physics as it rests on two legs, the empirical and the

theoretical. At the start of the war, it was clear to the young Vigier that large segments of the

ruling class in several European countries including England, France and Italy actually

sympathized with the Nazi programme. The French army soon fell apart due to a leadership
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which was not terribly interested in confronting the German army. The French political

leadership now comprised open sympathizers to the German cause, such as Marshall Pétain.

All the young soldiers were sent to Les Chantiers de la Jeunesse, and it was here that he

joined the Communist Party. The young radicals were involved in acts of sabotage near the

Spanish border, such as oiling the highways to impede the progress of the fascists. At this time

the French Communist Party was deeply split concerning the level of support to be given to the

Resistance. A few leaders went to the Resistance immediately while others, like Thorez,

wavered. In the period before the Nazi attack on the Soviet Union, the party equivocated with

respect to the Resistance. At this time Vigier was in a part of France controlled by a famous

communist leader, Tillion who had participated in the revolt of the sailors in the Black Sea in

1918. Tillion immediately organized groups of resistance fighters called the Organisation

Spéciale. Vigier was involved in bombing campaigns against both the Nazis and Vichy

collaborators in the Free Zone.

He was able to travel relatively freely within Europe as his parents were now retired and

living in Switzerland. This meant that Vigier could travel on Swiss documents and transport

material of the Third International from the French Communist Party to the Soviet Union. In

Russia he met with a group of German communists dubbed the Red Orchestra, a group

including Hadow and Vigier’s future mother-in-law Rachel Dubendorfer. He met his future

wife, Tamara, in a communist group in Geneva. Now divorced, they had two children, both

girls, Maya and Corne. He has since re-married to Andrée Jallon, with whom he has a son,

Adrien. In Geneva, Vigier was involved in communicating between the French communist

military staff and Russia until he was arrested at the French border in the spring of 1942 and

taken to Vichy. Here the French police interrogated him, as he was carrying coded documents.

Two policemen took him by train from Vichy to Lyon to be delivered into the hands of the

notorious Klaus Barbie. Fortunately, the train was bombed by the English. Vigier managed to

jump through the window, escaped to the mountains and resumed his activities with the

Resistance until the end of the war. He became an officer in the FTP movement. When De

Gaulle returned to France, part of the Resistance forces were converted to regular army units.

The famous Communist officer Colonel Fabien, the first man to kill an enemy officer, headed

one. He himself was killed by a landmine explosion at the time the French army went over the

Rhine. Vigier was part of the French forces which crossed the Rhine near Alsace in the Spring

of 1945 almost at the same time as the American forces. Part of the French army comprised

former communist Resistance forces, and they faced an army across the Rhine that comprised

French Vichy collaborators. During this action Vigier was shot and sent back to Paris for

recovery.

The communist forces were very proud of the role they had played during the war and at

the time of Liberation. They supported Russia unconditionally, not knowing anything of the

Gulags and believing much of the propaganda from Russia. The French government after the

war had significant communist representation. The Cold War started almost immediately after

the defeat of the Germans. Vigier was still a member of the French General Staff while

completing the requirements for a Ph.D. in Mathematics in Geneva. Then the communists were
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kicked out of the General Staff and Vigier went to work for Joliot-Curie. He in turn lost his job

for refusing to build an atomic bomb for the French Government.

Vigier became unemployed for a while, but learned through an accidental meeting with

Joliot-Curie that Louis de Broglie was looking for an assistant. When he met de Broglie the only

questions asked were “Do you have a Ph.D. in Mathematics?” and “Do you want to do physics?”.

He was hired in 1948 immediately, with no questions asked about his political views. Although

Secretary of the French Academy of Science, de Broglie was marginalized within physics circles

given his well-known opposition to the Copenhagen Interpretation of Quantum Mechanics.

Notwithstanding his Nobel Prize, de Broglie had difficulty in finding an assistant. Vigier entered

the CNRS and worked with de Broglie until his retirement. Vigier’s political involvement at this

time included responsibility for the French Communist Student movement.

In 1952 a visiting American physicist named Yevick, gave a seminar at the CNRS on the

recent ideas of David Bohm. Vigier reports that upon hearing this work de Broglie became

radiant and commented that these ideas were first considered by himself a long time ago. Bohm

had gone beyond de Broglie’s original ideas, however. de Broglie charged Vigier with reading

all of Bohm’s works in order to prepare a seminar. As a result, de Broglie returned to his old

ideas and both he and Vigier started working on the causal interpretation of quantum mechanics.

At the 1927 Solvay Congress de Broglie had been shouted down, but now due to the work of

Bohm there was renewed interest in his idea that wave and particle could co-exist, eliminating

the need for dualism.

Vigier recalls that at this time the Catholic Archbishop of Paris, who exclaimed that

everyone knew that Bohr was right, upbraided de Broglie demanding to know how de Broglie

could believe otherwise. Although a devout Christian, he was inclined to materialist philosophy

in matters of physics. Vigier comments on his days with de Broglie that he was a very timid man

who would meticulously prepare his lectures in written form; in fact his books are largely

compendia of his lectures. He recalls one particular incident, which illustrates de Broglie’s

commitment to physics. Vigier was in the habit of meeting with de Broglie weekly to receive

instructions as to what papers he should be reading and what calculations he should be

focussing on. On one of these occasions he was waiting in an anteroom for his appointment with

de Broglie. Also waiting was none other than the French Prime Minister, Edgar Faure, who had

come on a courtesy visit in order to discuss his possible membership in the French Academy.

When the door finally opened, de Broglie called excitedly for Monsieur Vigier to enter as he had

some important calculations for him to do; as for the Prime Minister—he could come back next

week! For de Broglie, physics took precedence over politicians, no matter how exalted.

de Broglie sent Vigier to Brazil to spend a year working with David Bohm on the renewed

causal interpretation of quantum mechanics. Thereafter, Yukawa got in touch with de Broglie,

and Vigier subsequently went to Japan for a year to work with him. Vigier comments that about

the only point of disagreement between him and de Broglie was over non-locality. de Broglie

never accepted the reality of non-local interactions, whereas Vigier himself accepts the results of

experiments such as Aspect’s, which clearly imply that such interactions exist.
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Looking back on his political commitments, he now regards the October Revolution in

Russia as an historical accident. He credits Stalin as a primary instigator of the Cold War along

with Truman. He views the former Soviet society as the only third world country that became a

world power under communism. The former Soviet regime is now regarded as having some

decidedly negative aspects, such as the intervention in Czechoslovakia, but also some worthy

aspects such as the support given to Third World countries such as Cuba. Professor Vigier has

known personally some of the world leaders such as Fidel Castro and Ho Chi Min.

He still regards himself as a communist, but not a member of any organised group. His

response to the question “why do we do science?” is that in part it is to satisfy curiosity about

the workings of nature, but also to contribute to the liberation of humanity from the necessity of

industrial labour. With characteristic optimism, he regards the new revolution of digital

technology as enhancing the prospects for a society based on the principles enunciated by Marx:

a society whose members are freed from the necessity of arduous labour as a result of the

application of technological advances made possible by science.

Stanley Jeffers



The de Broglie–Bohm–Vigier approach in
quantum mechanics

Basic concepts of the Causal Stochastic Interpretation of Quantum Mechanics

L. V. Chebotarev
(Montreal, Canada)

1. Introduction

Quantum mechanics is one of the most beautiful physical theories developed in the 20 ��

century, if not the most elegant. As a mathematical tool, it works impeccably—all of
the quantitative results established by quantum mechanics have so far been confirmed by
experiment, sometimes with unprecedented accuracy, and not a single experimental fact is
available at present that is contrary to the predictions of quantum mechanics.

At the same time, the conceptual situation in quantum mechanics appears to be the most
disturbing in modern physics. In the 70 years following the advent of quantum theory, in
spite of considerable effort, it has not been possible to achieve a satisfactory understanding
of the fundamental physics underlying the mathematical scheme of quantum mechanics.
There is still no clear idea as to what its mathematics is actually telling us. Nor is there a
satisfactory answer to the question of the physical nature of the wave function; in fact, we
are still far from a clear understanding of what it actually describes.

The conventionally accepted (yet rather formal and incomplete) interpretation of quan-
tum mechanics, as formulated by the Copenhagen and Göttingen schools led by Bohr,
Heisenberg, Born, and Pauli was strongly opposed by Einstein, Planck, Schrödinger, and
de Broglie. The disagreement over the fundamental concepts of quantum mechanics, of-
ten referred to as the Bohr-Einstein controversy, appeared as early as the beginnings of
quantum physics, at Solvay conferences in 1927, and it is still not resolved. Moreover, as
Heisenberg noted, “the paradoxes of quantum theory did not disappear during this process
of clarification; on the contrary, they became even more marked and more exciting.”

The basic views shared by Planck, Einstein, Schrödinger, and de Broglie rest upon “the
idea of an objective real world whose smallest parts exist objectively in the same sense
as stones or trees exist, independently of whether or not we observe them” (according to
Heisenberg). The development of this idea gave rise to the Stochastic Interpretation of
Quantum Mechanics, also referred to as the de Broglie–Bohm–Vigier approach, which, to
an appreciable extent, owes its conceptual coherence to the works of Prof. J. P. Vigier and
his co-workers.
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2. Origins of the idea and its development
2.1 The basic idea of the de Broglie–Bohm–Vigier approach

The central idea of the Stochastic Interpretation of Quantum Mechanics consists in treating
a microscopic object exhibiting a dual wave-particle nature as composed of a particle in the
proper sense of the word (a small region in space with a high concentration of energy), and
of an associated wave that guides the particle’s motion. Both the particle and the wave are
considered to be real, physically observable, and objectively existing entities.

The following analysis will trace the origins of the idea and its development.

2.2 A. Einstein

The above-mentioned interpretation of quantum mechanics goes back to Einstein’s discov-
ery of the wave-particle duality for photons:

“When a ray of light expands starting from a point, the energy does not dis-
tribute on ever increasing volumes, but remains constituted of a finite number
of energy quanta localized in space and moving without subdividing them-
selves, and unable to be absorbed or emitted partially” [1].

In other words, Einstein regarded the radiation field as constituted of indivisible par-
ticles (carrying energy and momentum) along with the field of an accompanying electro-
magnetic wave. The latter was considered by Einstein to be an ‘empty wave’, that is, a
wave propagating in space and time but devoid of energy-momentum. In 1909, Einstein
proposed to treat light quanta as singularities surrounded and guided in their motion by a
continuous wave phenomenon.

The difficulties with the concept of empty waves (if the wave is empty, then it cannot
produce any physical changes, so there is no way to observe it—then how should we speak
about its existence?) so annoyed Einstein (he called them Gespensterfelder - “ghost fields”)
that he wrote:

“I must look like an ostrich hiding always his head in the relativistic sand for
not having to face the ugly quanta.” [Quoted by Louis de Broglie [2].]

2.3 L. de Broglie

Einstein’s idea of duality was extended by de Broglie to electrons and other particles with
non-zero rest mass [3].

In contrast to Einstein, de Broglie considered the particle and its associated wave to be
both real, i.e., both existing objectively in space and time:

“For me a particle is a very small object which is constantly localized in
space and a wave is a physical process [italics by L.Ch.] which propagates
in space” [4].

Later he wrote:

“The particle is a very small region of high concentration of energy which is
embodied in the wave in which it constitutes some kind of singularity generally
in motion.”

Page 2 Jean-Pierre Vigier and the Stochastic Interpretation of Quantum Mechanics



The evolution of physics was such that nearly 30 years later, de Broglie’s represen-
tation of quantum particles was incorporated, along with some additional new ideas, into
Bohm’s theory of hidden variables (1952), thus giving rise to the de Broglie-Bohm-Vigier
interpretation of quantum mechanics (1954).

2.4 D. Bohm

The probabilistic (Copenhagen) interpretation of quantum mechanics was criticized by Ein-
stein, who believed that even at the quantum level there should exist precisely definable
dynamic variables determining, as in classical physics, the actual behavior of each individ-
ual particle, not merely its probable behavior. Following this course of thinking, D. Bohm
developed an alternative interpretation, conceiving of each individual quantum system as
being in a precisely definable state, whose changes with time are determined by definite
(causal) laws analogous to the classical equations of motion [5].

Similar proposals for an alternative interpretation of the quantum theory had been put
forward earlier by de Broglie [6]. As de Broglie himself related,

“For nearly twenty five years, I remained loyal to the Bohr-Heisenberg view,
which has been adopted almost unanimously by theorists, and I have adhered
to it in my teaching, my lectures, and my books. In the summer of 1951, I
was sent the preprint of a paper by a young American physicist David Bohm,
which was subsequently published in the January 15, 1952 issue of the Phys-
ical Review. In this paper, Mr. Bohm takes up the ideas I had put forward
in 1927, at least in one of the forms I had proposed, and extends them in an
interesting way on some points. Later, J.-P. Vigier called my attention to the
resemblance between a demonstration given by Einstein regarding the motion
of particles in General Relativity and a completely independent demonstration
I had given in 1927 in an exercise I called the ‘theory of the double solution”’
[7, 8].

Within this interpretation, called the Causal Interpretation of Quantum Mechanics,
quantum-mechanical probabilities were regarded much like their counterparts in classi-
cal statistical mechanics, that is, as merely a practical necessity, not a manifestation of an
inherent lack of complete knowledge at the quantum level. The physical results obtained
with this alternative interpretation, suggested by Bohm, were shown to be precisely the
same as those obtained with the usual interpretation.

This approach laid emphasis on the possibility of interpreting quantum mechanics in
terms of a hidden-variable theory. However, at the time Bohm’s paper appeared, any kind
of “hidden-variable” theory seemed to be excluded by von Neumann’s theorem, which was
unanimously accepted. No wonder that Bohm’s attempt at reviving a causal approach to
quantum mechanics was generally met with scepticism. Pauli, who had been among the
most strident critics of de Broglie’s views at the ��� Solvay Congress in 1927, raised cutting
arguments against Bohm’s approach as well, which he regarded as a direct development of
de Broglie’s theory.

An essential feature of Bohm’s approach, in addition to representing an electron as a
particle following a continuous and causally defined trajectory with a well-defined posi-
tion, ����, and accompanied by a physically real wave field ���� ��, [cf. the views of de
Broglie given above] was the assumption that the probability distribution in an ensemble
of electrons having the same wave function, �, is � � ����.

Jean-Pierre Vigier and the Stochastic Interpretation of Quantum Mechanics Page 3



Pauli regarded this assumption as the most significant flaw in Bohm’s theory on the
grounds that such a hypothesis is not appropriate in a theory that seeks to provide a causal
explanation of quantum mechanics. Instead, one should be free in choosing an arbitrary
probability distribution that is (at least in principle) independent of the � field (as � �
Æ�� � ���, for instance) and dependent only on the incompleteness of our information
concerning the location of the particle.

In order to solve this problem, in his next paper D. Bohm introduced the idea of a
random collision process that is responsible for establishing the relation � � ��� � [9].
In this paper, a simple specific model was proposed to show that a statistical ensemble of
quantum mechanical systems with an arbitrary initial probability distribution decays in time
to an ensemble with � � ���� (which is equivalent to a proof of Boltzmann’s �-theorem in
classical statistics). However, due to mathematical difficulties, an extension of these results
to an arbitrary system was found to be very difficult. Besides, in its original formulation,
the theory contained nothing to describe the actual location ���� of the particle, which is
indispensable if one wishes to have a consistent causal theory.

Hence the next step in developing Bohm’s approach was to supplement it by introducing
two new concepts, as formulated in 1954 by D. Bohm and J. P. Vigier [10], namely,

1. the idea of irregular fluctuations affecting the motion of the particle due to its inter-
action with an underlying stochastic medium, and

2. the concept of an extended particle core in the form of a highly localized inhomo-
geneity that moves with an average local velocity ���� ��.

The first of these, that is, the idea of “subquantal medium” as a source of randomness in
quantum motion, was considered by de Broglie to be of capital importance, comparable in
significance to Boltzmann’s hypothesis of “molecular chaos” [11]. Moreover, as de Broglie
noted, he himself had followed the same line of thinking:

“Soon, it appeared to me with growing evidence that this concept [the guid-
ance principle in de Broglie’s theory of the double solution - L. Ch.] is not
sufficient, and that the regular, in a sense, “average” movement of the particle,
as defined by the formula of the guidance, should be superposed by a kind of
a “Brownian” movement of random nature” [11].

In fact, both these concepts had their precursors in quantum mechanics.

2.5 The Schrödinger equation and classical mechanics

The appearance of Schrödinger’s paper (1926), where he proposed his famous equation,
immediately triggered a discussion about the meaning and physical content of the equation.
It was noted that in some respects, the Schrödinger equation showed a remarkable affinity
to classical mechanics.

2.5.1 The Madelung fluid

In 1926, E. Madelung [12], called attention to the fact that Schrödinger’s equation allowed
a hydrodynamical interpretation of quantum mechanics. Introducing a special representa-
tion for the wave function � � � ����	
���� (which would be reproduced later in Bohm’s
paper), Madelung was able to interpret Schrödinger’s equations as describing a ‘fluid’ hav-
ing a density  � ���� and composed of identical particles of mass �, each moving with a
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velocity � � �
��. This was an attempt to give the quantum motion a classical interpre-
tation. However, following Schrödinger, who viewed the wave function of an electron as a
real field that represented the electron’s charge spread continuously over space, Madelung
regarded the fluid as a dynamical model of this spatially distributed charge. It was diffi-
cult, however, for him to explain the local nature of ‘quantum forces’ (the term “quantum
potential” would be introduced by de Broglie later on), which depended only on the local
density  rather than on the properties of the distribution as a whole.

2.5.2 The Brown-Markov interpretation of quantum mechanics

Another remarkable feature of the Schrödinger equation resides in its close affinity to the
Fokker-Planck equation, which describes diffusion processes in classical stochastic me-
chanics, such as Brownian motion. This fact was noticed shortly after the equation was
suggested; Schrödinger himself was aware of the similarity. Later on, in 1933, R. Fürth
[13] in his paper “Über einige Beziehungen zwischen klassischer Statistik und Quanten-
mechanik”1 investigated this resemblance in more detail. He showed that the effective
diffusion coefficient � relative to the quantum motion of a particle with a mass �, should
be written as � � ����	��. Fürth observed that the stochastic nature of a Brownian-like
process imposed restrictions upon the accuracy with which positions � and velocities � of
particles could be measured. Namely, the respective uncertainties 
� and 
� were shown
to be subjected to an inequality 
� � 
� � �, that is, exactly the same as Heisenberg’s
uncertainty relation.

This approach was given a more rigorous form by I. Fényes [14] in the paper “Eine
wahrscheinlichkeitstheoretische Begründung und Interpretation der Quanten Mechanik” 2

published in 1952. Fényes was able to derive the Schrödinger equation within the frame-
work of the general mathematical theory of stochastic Brown-Markovian processes, thus
confirming Fürth’s conclusions. In particular, the expression � � ����	�� for the diffusion
coefficient � and the Brown-Markovian uncertainty relation 
� �
� � � were rederived
by Fényes on a rigorous mathematical basis.

Still later, the Brownian interpretation of quantum mechanics was developed in papers
by E. Nelson “Derivation of the Schrödinger equation from Newtonian mechanics” [15] and
L. de La Peña-Auerbach “New formulation of stochastic theory and quantum mechanics”
[16].

2.6 De Broglie’s “theory of the double solution”

As mentioned above in Sec. 2.3, an essential feature of de Broglie’s picture of the wave-
particle duality lay in regarding the particle and its associated wave as simultaneously exist-
ing, physically real entities. Much like Einstein’s representation of photons as singularities
within an electromagnetic wave field, de Broglie’s idea was to represent electrons as math-
ematical singularities in the field of the wave function � which moved under the “guiding”
action of this wave. According to the “principle of the double solution”, as formulated by
de Broglie in 1927, to every linear solution � � � ����	
���� of the wave equation there
should correspond a singular solution � � � ����	
 ����� representing the motion of the
singularity associated with the particle’s core. Later on [8], de Broglie came to the conclu-
sion that this singular solution � should be governed by a non-linear equation which would

1“On some Relationships between Classical Statistics and Quantum Mechanics” - (L.Ch.)
2“A Probability-Theory Justification and Interpretation of Quantum Mechanics” - (L.Ch.)
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support a non-dispersive wave packet as an adequate representation for the particle’s core.
However, in his papers on the theory of the double solution de Broglie did not specify the
non-linear equation for singular waves, while restricting himself to analyzing the physical
properties of these waves.

Assuming that the amplitude � of the singular wave decreased with distance � as � �
���, and that the particle’s core moved as a whole with the velocity � � � �
���, de
Broglie concluded that � � should coincide with the velocity � associated with the phase 

of the linear wave � via � � �
��, � � � �, thus requiring the phases of the two waves
to coincide. The relation 
 � � 
 is an expression of de Broglie’s “guiding” principle,
meaning that the particle beats in phase and coherently with its pilot wave. This coherence
ensures that the energy exchange (and thus coupling) between the particle and its pilot
wave is most efficient. As a result, the singularity of type ��� moves along the lines of
flow determined by the linear wave �.

2.7 The Bohm-Vigier model

In order to explain the fact that the equilibrium relation � � ��� � is established for ar-
bitrary quantum motion, Bohm and Vigier [10] proposed a hydrodynamic model supple-
mented with a special kind of irregular fluctuations. They observed that there are always
random perturbations of any quantum mechanical system which arise outside that system.
Moreover, one can “also assume that the equations governing the � field have nonlineari-
ties, unimportant at the level where the theory has thus far been successfully applied, but
perhaps important in connection with processes involving very short distances. Such non-
linearities could produce, in addition to many other qualitatively new effects, the possibility
of irregular turbulent motion.” Furthermore one “may conceive of a granular substructure
of matter ... analogous to (but not necessarily of exactly the same kind as) the molecular
structure underlying ordinary fluids.”

The authors assumed that for any or all of these reasons, or perhaps for still other
reasons, the fluid undergoes a more or less random type of fluctuation about its mean (po-
tential) flow. As a result, Bohm and Vigier were able to prove that an arbitrary probability
density ultimately decays into ����. The proof was extended to the Dirac equation and to
the many-particle problem.

The difference between the de Broglie-Bohm-Vigier approach, on the one hand, and
the usual (Copenhagen) interpretation of quantum mechanics, on the other hand, is this:

“In the usual interpretation, the irregular statistical fluctuations in the observed
results obtained... when we make very precise measurements on individual
atomic systems are assumed, so to speak, to be fundamental elements of real-
ity, since it is supposed that they cannot be analyzed in more detail, and that
they cannot be traced to anything else. In the model that we have proposed...,
the statistical fluctuation in the results of such measurements are shown to be
ascribable consistently to an assumed deeper level of irregular motion in the �
field” [10].

It is worth noting that in the first paper by Bohm and Vigier, the idea of a nonlinear
equation governing the � field was introduced, and the importance of its possible soliton-
like solutions was pointed out:

“Such nonlinear equations can lead to many qualitatively new results. For ex-
ample, it is known that they have a spectrum of stable solutions having local-
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ized pulse-like concentrations of field, which could describe inhomogeneities
such as we have been assuming in this paper” [10].

Hence, in this first paper by Bohm and Vigier we already find the ideas and concepts
that, when further developed in subsequent works by Prof. J.-P. Vigier and his co-workers,
would result in the formulation of the Stochastic Interpretation of Quantum Mechanics.

2.8 Picture of quantum motion in the Bohm–Vigier representation

The paper by Bohm and Vigier (1954) forms a conceptual basis for all further evolution
of the de Broglie-Bohm-Vigier approach. In fact, the physical associations and images
incorporated in this approach, as they were introduced in this first paper (although modified
in the course of subsequent development), have not undergone substantial changes so far as
their basic sense is concerned. Only specific mechanisms have been changed or their nature
specified—not, however, their main effects. Therefore, in order to elucidate subsequent
modifications to the approach, it is important to analyze in more detail the physical picture
of quantum motion as proposed by Bohm and Vigier.

As mentioned above, in the first paper by D. Bohm [5], an electron was represented
as a point-like particle following a continuous and causally defined trajectory with a well-
defined position, ����. Moreover, this particle was accompanied by a physically real wave
field, ���� ��. The agreement with the usual (Copenhagen) interpretation of quantum me-
chanics was achieved by making the following supplementary assumptions:

1. ���� �� satisfies the Schrödinger equation.

2. �������� � �
��, where 
 is related to the phase � of � � ���� by 
��� �� �
������ ��.

3. The probability distribution in an ensemble of electrons described by the wave func-
tion �, is � � ����.

Hydrodynamic picture. A hydrodynamic model with just a potential, or Madelung, flow
is obtained from these assumptions on writing the Schrödinger equation for � in terms of
the variables � and 
, where � � � ����	
����:

���

��
� ��

�
��

�
�


�
� �� (1)

�


��
�

�

	�
��
�� � ���

	�

���

�
� � � �� (2)

Indeed, if we interpret ��� � �� as the density of a continuous fluid that has the stream
velocity � � �
��, then Eq. (1) will express the conservation of fluid, while Eq. (2)
will determine the evolution of the “velocity potential” 
 under the combined effect of the
classical potential, � , and the “quantum potential”, �,

� � � ���

	�

���

�
� � ���

��

�
��


� �

	

��



��
�

� (3)

Equations (1) and (2) do not contain the actual location of the particle, ����, which is
required if one wants to arrive at a causal interpretation of the quantum theory.
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Idea of a particle’s extended core. For this reason, the model was completed by Bohm
and Vigier [10] “by postulating a particle, which takes the form of a highly localized in-
homogeneity that moves with the local fluid velocity, ���� ��.” The precise nature of this
inhomogeneity was not specified. “It could be, for example, a foreign body, of a density
close to that of the fluid, which was simply being carried along with the local velocity of
the fluid as a small floating body is carried along the surface of the water at the local stream
velocity of the water. Or else it could be a stable dynamic structure existing in the fluid;
for example, a small stable vortex or some other stable localized structure, such as a small
pulse-like inhomogeneity. Such structures might be stabilized by some nonlinearity that
would be present in a more accurate approximation to the equations governing the fluid
motions than is given by (1) and (2).” [Bohm and Vigier, 1954]

Idea of fluctuations. Fluctuations were introduced in the model by assuming that the
“fluid undergoes a more or less random type of fluctuation about the Madelung motion
as a mean. Thus, the velocity will not be exactly equal to �
��, nor will the density,
, be exactly equal to ����.” It was required, however, that “the relations  � ���� and
� � �
�� be valid as averages.” As a result, the exact velocity is not derivable from
a potential, and so the flow is no longer a potential one. Instead, one has �������� �
�
��� ����, with �� ��	�� � � and ��
 �	�� � ��
	�� where �� � � 	�� means
averaging over fluctuations. Consequently, the Schrödinger equation does not apply to
fluctuations. However, the conservation equation ���������� � � is assumed to hold
even with fluctuations present.

Random walks of particle-like inhomogeneities between different lines of flow (trajec-
tories). It was further assumed that even in a fluctuation, the particle-like inhomogeneity
“follows the fluid velocity ���� ��.” The reasons for this assumption were clarified by ob-
serving that “such a behavior would result if the inhomogeneity were a very small dynamic
structure in the fluid (e.g., a vortex, or a pulse-like inhomogeneity) or if it were a foreign
body of about the same density as the fluid, provided that the wavelength associated with
the fluctuations were appreciably larger than the size of the particle. For in this case, he
inhomogeneity would have to do more or less as the fluid did, since t would act, for all
practical purposes, like a small element of fluid.”

Consequently, “if we followed a given fluid element, we would discover that it under-
goes an exceedingly irregular motion, which is able in time to carry it from any speci-
fied trajectory of the mean Madelung motion to practically any other trajectory [italics by
L.Ch.]. Such a random motion of the fluid elements would, if it were the only factor oper-
ating, lead eventually to a uniform mean density of the fluid. For it would on the average
carry away more fluid from a region of high density than it carried back. The fact that the
mean density remains equal to ����, despite the effects of the random fluctuations, implies
then that a systematic tendency must exist for fluid elements to move toward regions of
high mean fluid density, in such a way as to maintain the stability of the mean density,
� � ����.” Bohm and Vigier did not discuss the origins of this tendency, but mentioned,
among possible mechanisms, “the internal stresses in the fluid” such that “whenever  de-
viates from ����, a kind of pressure arises that tends to correct the deviation automatically.
Such a behavior is analogous to what would happen, for example, to a gas in irregular
turbulent motion in a gravitational field, in which the pressures automatically adjust them-
selves in such a way as to maintain a local mean density close to  � � �

������� if the
temperature � is constant.”

As a consequence of the above assumptions, “it is evident that the inhomogeneity will
undergo an irregular motion, analogous to the Brownian motion.”
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3. The Vigier model
For the subsequent development of the de Broglie-Bohm-Vigier approach, two concepts
introduced by Dirac were of special importance, namely, “Dirac’s aether” and “Dirac’s
extended electron”.

3.1 Dirac’s aether

In 1952, in a short note “Is there an �ther?” published in Nature [17], P. A. M. Dirac
pointed out that, in the light of the present-day knowledge, not only the notion of an �ther
is no longer ruled out by relativity3, but moreover “good reasons can now be advanced
for postulating an �ther.” Assuming the �-vector �	 of the velocity of the �ther to be
distributed uniformly over the hyperboloid � �

� � ��� � ��� � ��� � � (with �� � �), Dirac
observed that the wave function representing a state where all �ther velocities are equally
probable should be independent of �’s, and so it must be a constant over the hyperboloid. As
a result, “we may very well have an�ther, subject to quantum mechanics and conforming to
relativity, provided we are willing to consider the perfect vacuum as an idealized state, not
attainable in practice. From the experimental point of view, there does not seem to be any
objection to this.” However, “we must make some profound alterations in our theoretical
ideas of the vacuum. It is no longer a trivial state, but needs elaborate mathematics for its
description” [17].

The idea was developed further by C. Petroni and J. P. Vigier (1983). In their pa-
per “Dirac’s �ther in Relativistic Quantum Mechanics” [18] they pointed out that one
should distinguish between the notions of Dirac’s vacuum and Dirac’s �ther. The notion
of vacuum was originally introduced by Dirac for the spin- �/ � particles in order to resolve
the problem with negative energies. It implied that all single-particle states with nega-
tive energies are filled, while those with positive energies are empty. To comply with the
general requirements of special relativity (invariance under Lorentz’s transformations), the
notion of Dirac’s vacuum would have to be supplemented with an additional hypothesis.
Namely, one must assume that the �-momenta � � ������ of particles with negative en-
ergies are distributed uniformly over the lower (filled) mass shell defined by the equation
��� � �� � ��

��
�, with �� the rest mass of the particles. If the Dirac vacuum satisfies

the latter condition, it is referred to as Dirac’s �ther. Later on, J. P. Vigier [19] formulated
an advanced model of Dirac’s �ther, treating the latter as built up of superfluid states of
particle-antiparticle pairs (see also Refs. [20]).

3.2 Dirac’s extended electron

In the paper “Classical theory of radiating electrons” [21], Dirac proposed to set up (within
the framework of the classical theory) a self-consistent scheme of equations describing the
interaction of electrons with radiation. Initially, the electron was treated as a point charge,
which led to the difficulties of the infinite Coulomb energy. To avoid these, Dirac used
a procedure of subtracting divergent terms similar to what was used in the theory of the
positron. The result was remarkable. The equations so obtained were found to have the

3It is interesting to note that, contrary to the often expressed opinion, Einstein himself also did not deny the
existence of the ether. In his lecture given at the University of Leyden (1920), Einstein stressed that “the negation
of ether is not necessarily required by the principle of special relativity. We can admit the existence of ether, but
we have to give up attributing it to a particular motion . . . The hypothesis of the ether as such does not contradict
the theory of special relativity.” In fact, what Einstein rejected completely was only the existence of the absolute
frame of reference.
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same form as those currently in use, but in their physical interpretation “the final size of the
electron reappeared in a new sense.” Namely, the interior of the electron appeared as a re-
gion of space through which signals could be transmitted faster than light. More precisely,
Dirac’s conclusion was that “the interior of the electron” was “a region of failure, not of
the field equations of electromagnetic theory, but of some of the elementary properties of
space-time” [21].

3.3 Bell’s inequalities and quantum nonlocality

It is not rare in physics that certain assumptions appear to be so obvious and natural that
their very plausibility seems to rule out any need for further discussion or justification. The
hypothesis (sometimes even called the principle) of the spatial suppression of correlation
belongs to such “natural” assumptions. According to this hypothesis, any kind of physical
connection between two (or more) spatially separated parts of a physical system should
vanish as soon as the distances separating these parts become large enough. In statistical
physics, this principle was formulated and successfully applied in the theory of many-body
systems by N. N. Bogolyubov and his co-workers.

In quantum mechanics, however, the situation was found to be more complicated. The
main physical reason for this lies in the fact that in quantum mechanics the phases of the
wave functions, while deeply involved in the formation of quantum correlations in physical
systems, impose qualitatively new features upon the nature of such correlations 4.

It turned out that the nature of phase correlations, as reproduced by local hidden-
variable theories, is different from that encoded in the wave functions. This remarkable
fact was pointed out in 1965 by J. S. Bell [22] in his studies on the problem of quantum
measurement. Bell came to the conclusion that any local hidden-variable theory, if applied
to subsystems of one and the same quantum system in a well-defined quantum state, should
lead to certain restrictions upon the relationships between the series of parallel measure-
ments, each one of the latter pertaining to a particular part of the system. Mathematically,
these restrictions were put by J. S. Bell into the form of special inequalities.

The physical meaning of Bell’s inequalities resides in the fact that they establish upper
bounds to possible correlation rates between spatially separated (and quite remote) parts
of a quantum system (such as an EPR pair, for example) attainable from the viewpoint of
any local hidden-variable theory. Hence, Bell’s inequalities are experimentally testable.
As a consequence, if experiments on some quantum systems showed higher correlation
rates than those allowed by Bell’s inequalities (thus violating the latter), then this would
provide experimental evidence for quantum mechanics being a non-local theory. All local
hidden-variable theories would thus have to be excluded.

By the end of 1980s, many different experiments were carried out in order to test Bell’s
inequalities, such as those by Freedman and Clauser [23], Clauser [24, 25], Fry and Thomp-
son [26], Aspect et al. [27, 28], Perrie et al. [29], Hassan et al. [30]. All these experiments
clearly showed that


 Bell’s inequalities are violated, and


 the quantitative predictions of quantum mechanics are confirmed.

4Long-distance quantum correlations due to the specific nature of phase relations carried by the wave functions
are sometimes referred to as “quantum entanglement”.
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Similar conclusions were drawn about 20 years earlier by Bohm and Aharonov [31] by
analyzing the experiments of Wu and Shaknov [32] on double scattering of two photons
produced by the annihilation of an electron-positron pair.

Consequently, there now seems to be strong experimental evidence (with a probability
approaching ��� if one takes into account some details of the experimental setups which
might leave room for differing interpretations) in favor of the fact that quantum mechanics
is a non-local theory. Hence, in quantum mechanics we currently face a very disturbing
problem, i.e., how to understand the nature of this non-locality. Various solutions have been
suggested, including some that might appear rather unusual, such as, for instance, admit-
ting signals that propagate backwards in time, or various modifications of quantum theory,
including negative probabilities. In particular, the possibility of superluminal connections
between remote parts of a quantum system has been suggested and investigated. The Bohm
theory of ”unbroken wholeness” furnishes an example of such approach. An altenative way
of thinking is represented by the Vigier model.

3.4 The Vigier model

The Vigier model [33] is an advanced implementation of the Bohm-Vigier approach which
suggests a solution to the problem of quantum nonlocality. This model is essentially rela-
tivistic.

In Vigier’s representation, the irregular fluctuations of the Bohm-Vigier model (1954)
are interpreted as being due to a “random subquantal level of matter”, in the sense of Dirac’s
“�ther” or de Broglie’s “hidden thermostat” [34]. This idea reflects Einstein’s viewpoint
according to which quantum statistics should be due to a real subquantal physical vacuum
alive with fluctuations and randomness.

The notion of an extended particle, as introduced by Bohm and Vigier in 1954 (see
also Ref. [35]) has been developed further by Vigier. If Dirac’s picture of an extended
electron is accepted, then the motion of the core of the electron should be represented
in 4-spacetime not by a line, but by a time-like “hypertube” lying inside the light cone.
Accordingly, in the Vigier model particles are regarded as “extended time-like hypertubes”
that “move along time-like paths and can only transmit superluminal information localized
within their internal structure” (see Refs. [19, 36]).

In Vigier’s model, the stochastic jumps introduced by Bohm and Vigier (1954) as a
mechanism to carry particles from one line of flow to another, are interpreted as “stochastic
jumps on the light cone”, meaning that “the stochastic fluctuations occur at the veloc-
ity of light” [33]. Here, the relativistic extension of the continuity equation (1), namely,
�	�

	 � �, is shown to be equivalent to the set of two (forward and backward) Fokker-
Planck equations

�

� 
��������� � � � � � ��� (4)

where the diffusion coefficient � is obtained in exactly the same form, � � ����	��, as in
Fürth’s paper [13].

Lastly, the notion of “superluminal propagation of the quantum potential” was intro-
duced in the Vigier model [33]. Specifically, for a particle of rest mass �, the quantum
potential �, as defined by � � ���! with

! �
�
�� �

���

��
����

���

����
�
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is a function of the density  � �������� alone, and propagates with superluminal ve-
locities within the drift current. The quantum potential is interpreted “as a real interaction
among the particles and the subquantal fluid polarized by the presence of the particles”
[37]. It is considered to be a “true stochastic potential” [38].

It is important to note that the quantum potential is essentially non-local, so that the
Vigier model, like Bohm’s theory, appears as a particular implementation of non-local
hidden-variable theories. Therefore, this model does not conflict with Bell’s inequalities.

An essential feature of the Vigier model is that it preserves Einstein’s causality in
experiments of the Einstein-Podolsky-Rosen type, while at the same time explaining the
quantum-mechanical nonlocality through a “nonlocal superluminal information” transfer.
The latter is not brought about by individual particles, but rather is due to the propagation of
collective excitations (considered to be real and physical) on top of the “material vacuum”
as described above in this section.

4. Stochastic interpretation of quantum mechanics
The ideas and concepts described above, make up the content of the so called (causal)
“stochastic interpretation of quantum mechanics” [36]. The differences between this ap-
proach and the conventional (Copenhagen) interpretation of quantum mechanics are sum-
marized below.

4.1 Stochastic interpretation of quantum mechanics versus the
Copenhagen interpretation

There are three principal (conceptual) differences between the two alternative interpreta-
tions of quantum mechanics [39].

1. In the Copenhagen interpretation, quantum waves are associated with individual par-
ticles and represent an ultimate, statistical knowledge. Micro-objects manifest them-
selves either as particles or as waves, but never both simultaneously.

In the Stochastic interpretation, quantum waves are considered to be real, physical
fields associated with individual particles as well as with ensembles of identically
prepared systems. Micro-objects are thus viewed as complexes involving both parti-
cles and waves that co-exist simultaneously.

2. In the Copenhagen interpretation, a measurement on a system implies a discontinu-
ous, instantaneous collapse of its quantum state, known as the reduction of the wave
function. No microphenomenon is a phenomenon until it is an observed phenomenon
[40].

In the Stochastic interpretation, quantum states, represented by particles along with
their associated real waves, evolve causally and continuously in time. No wave-
packet reduction occurs. Waves do not collapse, but rather are modified (or split)
when interacting with the measuring apparatus. As a result of the measurement, the
particle enters one of the apparatus’s measurable eigenstates.

3. In the Copenhagen interpretation, the uncertainty principle imposes restrictions upon
the simultaneous measurability of complementary observables.

In the Stochastic interpretation, the Heisenberg uncertainty principle does not restrict
the measurability of complementary observables, but represents dispersion relations
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resulting from (i) the dual nature (wave plus particle, both existing at the same time)
of micro-objects, and (ii) the associated subquantal stochastic motions.

In spite of these differences, it would be inappropriate to think that the Stochastic in-
terpretation seeks to re-establish classical views about the physical world. Indeed, even
though within this approach particles are considered to have definite values of all their
dynamical variables at every given moment, quantum forces due to the quantum poten-
tial bring about the dependence between these variables and the quantum state as a whole,
thereby mediating the influence of the environment on quantum dynamics.

4.2 Structure of the quantum particle in the de Broglie-Bohm-Vigier
approach

In the Stochastic interpretation, a quantum particle with a rest mass �� is represented as
consisting of the sum � � � of two different waves � and � such that


 the pilot wave �, or � -wave, is a linear wave described by � � � ����	
����, with
real-valued � and 
, satisfying linear equations of quantum theory; for a particle
with zero spin, this is the Klein-Gordon equation

�����
��

������ � � � � (5)

whereas


 the soliton wave � , or 
-wave, is nonlinear, highly localized, and nondispersive.
This wave is described by � � � ����	
���� with the same phase 
 as the � -wave.
The 
-wave describes the core of a quantum particle, the latter being regarded as an
extended entity.

The conventional wave function of quantum mechanics, �, which is an associated probabil-
ity wave, is proportional to the � -wave, that is, � � "� with " the normalizing constant.
The basic properties of the � - and 
-waves are specified in such a way that de Broglie’s as-
sumption about the “guiding” action which the “pilot” wave exerts on the quantum particle
is implemented in the theory.

Specifically, the � -waves have the following properties.

1. The � -wave is a superposition of de Broglie’s plane waves

#��� �� � $ ����	%	&��� ��� �� (6)

where & is the observed frequency, � � ���� is the phase velocity, and � is the ve-
locity of the particle. The original idea of de Broglie was that, since any particle at
rest has the mass �� and hence the energy ' � ���

�, there should be a definite fre-
quency &� connected with the particle through �&� � ���

�. He then associated with
the particle a monochromatic wave (6), which de Broglie considered to be real. If
the particle is at rest, then its internal frequency &� coincides with the frequency & of
the wave #��� �� (6). De Broglie always believed that the frequency & � corresponds
to real physical oscillations occurring inside the particle, thus admitting an extended
structure of all micro-objects and, inevitably, some local hidden variables.
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2. The � -wave defines the particle’s drift motion along the lines of flow in the 4-
spacetime. The direction of the drift is determined by the 4-vector ( 	 � �	
�!

�
�

where

!�
� � ��

� �
���

��
��

�
(7)

represents de Broglie’s and Bohm’s quantum potential that appears in the relativistic
Jacobi equation �	
�	
 �!�

� �
� � �, the latter obtained as the real part of Eq. (5).

3. The � -wave carries a density  �
��)�!������ that is conserved in the drift

motion according to ��� � � (derivation along the line of flow).

4. The � -wave, having the dispersion relation * � ���+�
 � ��
��

	��������, where +

is the wave vector, necessarily disperses with time.

5. The � -wave can be regarded as a Brown-Markov stochastic wave propagating on a
random covariant thermostat.

On the other hand, the soliton 
-wave is governed by a non-linear covariant equation
(of the Klein-Gordon type for zero-spin particles). Representing the core of the particle,
the 
-wave carries an energy ' � ��* and momentum �
 � ��+
 . It can be shown [41]
that in its motion this soliton wave follows the lines of flow as determined by the � -wave,
provided that the phases of the 
- and � -waves coincide. Under the effect of random
subquantal fluctuations, the center of the soliton 
-wave moves randomly from one line
of flow to another, which establishes the quantum mechanical probability distribution � ��.
As was shown by Mackinnon [42], for a particle traveling in the �-direction with a constant
velocity �, the 
-wave takes the form

���� ,� -� �� �
�� +�

+�
��
������ (8)

with + � ������, +� � ����� and

� �
���
�� .�

� . �
�

�
� � �

�
�� � ����

�� .�
� ,� � -�

	���
� (9)

The spatial distance (in the � direction) between the first two zeros of the 
-wave (the
effective diameter of the particle) is thus equal to ������ � ���������

�
�� .�, i.e.,

to the Compton wavelength contracted due to the usual relativistic (Lorentz) mechanism.
Ph. Gueret and J.-P. Vigier [43] showed that this soliton-like wave function is a solution of
a non-linear equation written (for zero-spin particles) as

�� � ��
��

�

���
� �

�����������

��������
� (10)

where the non-linearity has the form of a quantum potential � � ��� ���� �. The same
equation was obtained in a quite different way by F. Guerra and M. Pusterla [44] and
A. Smolin [45] They derived the non-linear Schrödinger equation and the Klein-Gordon
equation containing a non-linearity of the quantum-potential type by following Nelson’s
stochastic approach (see Sec. 2.5.2).

From Eqs. (8) and (9) it follows that in the non-relativistic approximation, the 
-wave
disappears. At the same time, it can be shown that, as � �, equation (5) for the � -wave
goes over into the corresponding Schrödinger equation.
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4.3 Theoretical consequences and possible experimental tests

A comprehensive review of the Stochastic interpretation of quantum mechanics, along with
many of its noteworthy applications, was given by J. P. Vigier and co-authors in Essays in
Honour of David Bohm [46]. They demonstrated that the de Broglie-Bohm-Vigier ap-
proach is able to explain, among others, the basic double-slit experiments, the EPR para-
dox [37], as well as various experiments on neutron interferometry [47] (and references
therein). Moreover, this approach was shown to be successful in suggesting plausible solu-
tions to such difficult problems of quantum theory as the negative probabilities associated
with relativistic Klein-Gordon equation [46, 48]. The approach was extended to include
particles having a non-zero spin /, namely, particles with spin / � � [33, 49, 50, 51] as
well as particles with spin / � �/� [52].

In its essence, the de Broglie-Bohm-Vigier approach represents an advanced model
of de Broglie’s wave-particle duality, and so invokes explicit experiments that are likely
to suggest a choice between this approach and the Copenhagen interpretation. The basic
idea underlying such experiments is to prove the reality of de Broglie’s pilot waves. One
possible test of this reality (in the double-slit experiments on neutrons) was proposed by
J. P. Vigier [53]. Other experimental setups suitable for detecting the real existence of the
� -waves have been proposed and discussed (but not yet performed) for photons [39, 54,
55], neutrons [56, 57, 58], and intersecting laser beams [59]. Further discussion can be
found in Ref. [60].

5. Conclusions
As we have seen, the de Broglie-Bohm-Vigier approach originated from the basic ideas
of Einstein and de Broglie concerning the relationship between two fundamental proper-
ties of a quantum object—its wave and particle aspects. Moreover, the de Broglie-Bohm-
Vigier approach rests upon the same philosophical foundations as those to which Planck,
Schrödinger, Einstein, and de Broglie adhered—all of them sharing the belief in the objec-
tive reality of the physical world as well as man’s ability to understand it correctly in its
most subtle details. “Physical theories try to form a picture of reality [italicized by L.Ch.]
and to establish its connection with the wide world of sense impressions” [61]. For this
reason, the Stochastic interpretation of quantum mechanics is sometimes also referred to
as the Einstein-de Broglie-Bohm interpretation [53]. However, in the opinion of the au-
thor, referring to it as the de Broglie-Bohm-Vigier theory would be a better reflection of the
actual state of things.

What can be expected in terms of further developments in the de Broglie-Bohm-Vigier
approach in quantum mechanics? It is hardly possible to summarize the outlook better
than Prof. J. P. Vigier did himself. “In my opinion the most important development to be
expected in the near future concerning the foundations of quantum physics is a revival,
in modern covariant form, of the ether concept of the founding fathers of the theory of
light (Maxwell, Lorentz, Einstein, etc.). This is a crucial question, and it now appears
that the vacuum is a real physical medium which presents surprising properties (superfluid,
i.e. negligible resistance to inertial motions), so that the observed material manifestations
correspond to the propagation of different types of phase waves and different types of in-
ternal motions within the extended particles themselves. The transformation of particles
into each other would correspond to reciprocal transformations of such motions. The prop-
agation of phase waves on the top of such a complex medium, first suggested by Dirac
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in his famous 1951 paper in Nature, yields the possibility to bring together relativity the-
ory and quantum mechanics as different aspects of motions at different scales. This ether,
itself being built from spin one-half ground-state extended elements undergoing covariant
stochastic motions, is reminiscent of old ideas at the origin of classical physics proposed by
Descartes and in ancient times by Heraclitus himself. The statistics of quantum mechanics
thus reflects the basic chaotic nature of ground state motions in the Universe.

Of course, such a model also implies the existence of non-zero mass photons as pro-
posed by Einstein, Schrödinger, and de Broglie. If confirmed by experiment, it would
necessitate a complete revision of present cosmological views. The associated tired-light
models could possibly replace the so-called expanding Universe models. Non-velocity red-
shifts could explain anomalous quasar-galaxy associations, etc., and the Universe would
possibly be infinite in time. It could be described in an absolute spacetime frame cor-
responding to the observed 	�� K microwave background Planck distribution. Absolute
4-momentum and angular momentum conservation would be valid at all times and at every
point in the Universe” [62].
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Fundamental Problems of Quantum Physics

Jean-Pierre Vigier
Laboratory for Relativistic Gravitation and Cosmology
University of Paris-Pierre and Marie Curie
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1. Quantum theory vs. hidden variables

It must be realized that quantum mechanics in its present state, as it is taught in
universities and utilized in laboratories, is essentially a mathematical formalism which
makes statistical predictions. In all known experiments, those statistical properties have
been confirmed. The interpretation of such a statistical formalism is a different matter.
The dominant, so-called Copenhagen interpretation of quantum mechanics states that
there are no hidden variables behind these statistical predictions. In other words, the
particle aspect of matter that appears in all experiments does not correspond to motions in
space and time. There is nothing behind quantum mechanics and the statistical
information provided by quantum mechanics represents an ultimate limit of all scientific
knowledge in the microworld.

Since 1927, with ups and downs, alternative interpretations of the formalism have
been developed in terms of real physical hidden parameters. It must be realized that these
alternative hidden variable models are of two different, conflicting natures. In one
version, the initial de Broglie-Bohm model, individual micro-objects are waves and
particles simultaneously, the individual particles being piloted by the waves. This realistic
model must of course be extended to many-body entangled particle systems. In this
situation, the so-called hidden variable models split into two. In the first, local model,
there is no such thing as superluminal correlations between the particles. This has led to
Bell’s research and the discovery of the so-called Bell inequality, which should be
violated by non-local hidden variable models. This position has been defended to his last
days by de Broglie himself, and some of his followers (Lochak, Selleri, Andrade da Silva,
etc.).

In the second version the hidden variables engender non-local interactions between
entangled particle states. This is the view defended by Bohm, myself, etc. These non-
local correlations (which, by the way also appear in the quantum mechanical formalism)
correspond to the superluminal propagation of the real phase wave packets which were
introduced by de Broglie as the basis of his discovery of wave mechanics.

The present situation is very exciting because for the first time one can make
experiments that detect photons and other particles one by one, and therefore, we are
going to be able to test in an unambiguous way, the existence or not of superluminal
correlations. In my opinion, the existence of these correlations has already been
established not only by Aspect’s experiments (I believe the improved version now
underway will confirm his initial results), but they have also been established by down-
converted photon pair experiments (Maryland experiments).
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2. Most important unresolved issue in quantum physics today

There are two crucial questions in quantum physics today:

1. Do particles always travel in space and time along timelike trajectories? This of
course implies the existence of quantum potentials and variation of particle energy
along the path which results from the particle-wave gearing.

2. Do superluminal interactions conflict or not with relativity theory, in other words, are
the observed non-local correlations compatible with Einstein’s conception of
causality?

Both points can now be answered by experiment. On the first point, experiments can
now be made with neutrons, one by one, to test Einstein’s einweg assumption in the
double-slit experiment. It is also now possible to perform photo-electric experiments to
show the existence of the quantum potential. On the second point, calculations started by
Sudarshan and other people have shown that non-local correlations preserve Einstein
causality provided the Hamiltonians of entangled particles commute, and it has been
shown that the quantum potential in the many-body system built by Bohm, myself, etc.,
satisfies this causality condition. In other words, quantum non-locality can now be
considered as an experimental fact which satisfies Einstein’s causality in the non-local
realistic interpretation of hidden variables.1

3. The earlier debate (Solvay 1927)

On the third question, the present debate is an extension of the Solvay controversy. At
that time, there was no possibility to realize in the laboratory, Einstein’s or Bohr’s
gedanken experiments. The situation is now different, so that the Bohr-Einstein
controversy and the discussion between proponents of local or non-local realistic
quantum mechanical models are going to be settled by experiments.

4. Future developments of foundations

In my opinion the most important development to be expected in the near future
concerning the foundations of quantum physics is a revival, in modern covariant form, of
the ether concept of the founding fathers of the theory of light (Maxwell, Lorentz,
Einstein, etc.). This is a crucial question, and it now appears that the vacuum is a real
physical medium which presents surprising properties (superfluid, i.e. negligible
resistance to inertial motions) so that the observed material manifestations correspond to
the propagation of different types of phase waves and different types of internal motions
within the extended particles themselves. The transformation of particles into each other
would correspond to reciprocal transformations of such motions. The propagation of
phase waves on the top of such a complex medium first suggested by Dirac in his famous
                                                          

1 This non-locality rests on the idea that the particles and the wave constitutive
elements are not delta functions, but correspond to extended hypertubes (which contain real
clock-like motions) which can thus carry superluminal phase waves.

If the existence of a gravitational field which determines the metric is confirmed,
gravitational interactions could also correspond to spin-two phase waves moving faster than
light.
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1951 paper in Nature yields the possibility to bring together relativity theory and
quantum mechanics as different aspects of motions at different scales. This ether, itself
being built from spin one-half ground-state extended elements undergoing covariant
stochastic motions, is reminiscent of old ideas at the origin of classical physics proposed
by Descartes and in ancient times by Heraclitus himself. The statistics of quantum
mechanics thus reflects the basic chaotic nature of ground state motions in the Universe.

Of course, such a model also implies the existence of non-zero mass photons as
proposed by Einstein, Schrödinger, and de Broglie. If confirmed by experiment, it would
necessitate a complete revision of present cosmological views. The associated tired-light
models could possibly replace the so-called expanding Universe models. Non-velocity
redshifts could explain anomalous quasar-galaxy associations, etc., and the Universe
would possibly be infinite in time. It could be described in an absolute spacetime frame
corresponding to the observed 2.7 K microwave background Planck distribution.
Absolute 4-momentum and angular momentum conservation would be valid at all times
and at every point in the Universe.
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