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ABSTRACT

A brief review of the conceptual difficulties met by the quantum

formalism is presented. The main attempts to overcome these difficulties

are considered and their limitations are pointed out. A recent proposal

based on the assumption of the occurrence of a specific type of wave

function collapse is discussed and its consequences for the above-mentioned

probLems are analyzed.
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1. INTRODUCTION

Erwin Schrodinger, besides having been one of the founders of quantum

mechanics, has always shown a deep interest for and has given important

contributions to the problems of interpretation which arose in connection with the

new theory. Many aspects of the scientific and epistemological debate on quantum

mechanics have attracted Schrodinger's interest and he took active part in this

debate during his whole life.

The linear nature of quantum equations allows for the occurrence of linear

superpositions of quantum states and this very fact puts serious problems to any

trial of deriving from the theoretical scheme the local and definite character of

the behaviour of macroscopic systems. Schrodinger felt strongly the necessity of

accounting, in terms of the quantum principles, for the definiteness and the

particularity of our experience of the physical world. On the other hand, he

insisted on the necessity of regarding the wave function as the entity giving the

complete description of a physical system. In particular, he took a definite

position against the idea of introducing extra variables in the formalism, the so

called hidden variables, and reacted firmly to the famous paper by Einstein,

Podolsky and Rosen.

Schrodinger's lucid appreciation of the difficulties arising from the adoption of

the quantum principles and his desire to succeed in giving to the theory the

status of a fundamental description of all natural phenomena had as a

consequence that he has never been fully satisfied with quantum theory and with

the accepted Copenhagen interpretation of it. In spite of the many important

contributions by various authors to get a satisfactory solution to the problems

raised by quantum mechanics, the situation has not yet found presently a

completely acceptable clarification.

* Work supported in part by the istituto Nazionals? di Fisica Nucleare,
Sezioni di Pavia e Trieste, Italy.
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In this paper we first discuss the crucia! conceptual problems of the theory

which have attracted Schrodinger's interest and subsequently analyze some of the

proposed solutions, pointing out what are, in our opinion, the limitations of such

approaches.

Among the various possibilities to overcome the difficulties, we think it is

worthwhile to explore the hypothesis that the basic dynamical equation of the

theory could be not always right. This trial leads us to propose a model of

modified quantum dynamics which exhibits some interesting features. In particular,

it allows a unified and consistent description of physical phenomena at the various

levels, from the microscopic to the macroscopic one. The dynamics of the model

induces a natural disentanglement of quantum wave functions as soon as the

macroscopic level is attained. The modification of the basic dynamics does not

alter quantum mechanics for microscopic systems and allows for a consistent

derivation of the classical behaviour of the macroscopic bodies and of the

reduction of the wave packet in a micro-macro interaction.

We consider it appropriate, to celebrate Schrodinger's centenary, to point out a

line of thought along which one could perhaps find a solution to problems which

have been at the centre of his attention and which are still open.

2. CONCEPTUAL PROBLEMS OF THE QUANTUM DESOUPlTION OF

PHYSICAL PHENOMENA

We shall consider here the main conceptual problems which are met when the

quantum formalism is assumed as the appropriate description of physical

phenomena. Such subject is well known, but we feel it necessary to give a

coincise account of it in order to allow a precise appreciation of the implications
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of our proposal with respect to the conceptual difficulties of quantum mechanics.

2A, Indeterminism.

Quantum indeterminism consists in the fact that systems prepared identically

and with the maximum accuracy permitted by the theoretical scheme (i.e. in pure

states), when subjected to identical measurements, can give different results, in

general. If an ensemble of systems of a given type is associated to a state vector

\a> and an observable B (assumed for simplicity to have a purely discrete

nondegenerate spectrum) is measured, one finds fractions p[=\ <b[\a> \7 of

systems giving the result corresponding to the eigenstate | 6 ;> ,

The following question then naturally arises: is it possible, at least conceptually,

to assume that those individual systems for which the result 6; has been obtained

had, even before the measurement, some (possibly unknown) characteristics

guaranteeing that the result b; would have been obtained in the measurement?

Within the quantum frame the answer is no. In fact the formalism identifies

uniquely the ensemble possessing these features — it is the proper mixture

described by the statistical operator pm=I;p;16;><b;l - However, the ensemble

before the measurement is described by pp=\a><a\#pm. Since, according to a

well known theorem, there exists a bounded selfadjoint operator C which has the

property tr(Cpm) J5 tr(Cpp) and can therefore be used to discriminate between

p m and pp, it is contradictory to think that the ensemble be simultaneously

described by p m and p« before the measurement.

This intrinsic indeterminism, which is an essential ingredient of the theoretical

framework and whose unavoidabilky is usually ascribed to the finiteness of the

quantum of action h, has been considered quite differently by different scientists.

Einstein' has always considered this to be an unacceptable feature of the theory:

/ reject the basic idea of contemporary statistical quantum theory, insofar as I
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do not believe that this fundamental concept will prove a useful basis for the

whole of physics.... / am, in fact, firmly convinced that the essential statistical

character of contemporary quantum theory is solely to be ascribed to the fact

thai this theory operates with an incomplete description of physical systems.

This firm position of Einstein has constituted a strong motivation for the search

of a deterministic completion of quantum mechanics which has led to the

introduction e.g. of hidden variable theories.

Pauli2, on the other hand, accepted the inclusion of indeterminism as a basic

element of the description of natural phenomena and considered it as a satifactory

feature of the theory:

The new episiemological situation underlying quantum mechanics is satisfactory,

both from the standpoint of physics and from the broader standpoint of human

knowledge in general.

Schrodinger3 went so far as to consider indeterminism as a possible way of

getting a fully satisfactory formulation of quantum theory:

Once we have discarded our rooted predilection for absolute causality we shall

succeed in overcoming the difficulties.

We conclude this brief discussion on quantum indeterminism by stressing that it

is not unanimously considered to constitute a problem.

2B. Quantum nonseparability and nonlocal aspects.

Specific conceptual difficulties, which are usually referred to as quantum

nonseparability effects, emerge when consideration is given to composite quantum

systems associated to non-factorized wave functions. Such difficulties are strictly

related to the epistemological problem of the possibility of attributing objective

properties to individual physical systems.

When one is dealing with a pure case, it always exists in principle an
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observable for which one can predict with certainty the result of its measurement

on the system. It is then naturat, as done in the famous paper by Einstein,

Podolsky and Rosen4 (EPR), to require that, at least in this case, the (certain)

predictions about the results of the measurement correspond to objective physical

properties of the system. This seems to be the weakest form of realism one can

adopt. These objective physical properties have been called elements of physical

reality in EPR.

In the case of a composite system S=S ,+S 2, one can show5 that a necessary

and sufficient condition in order that there exists a complete set of commuting

observables pertaining to 5 , (or S 2) having probability one of giving a certain

result upon measurement is that the ensemble of systems S be described by a

factorized state vector. Therefore, when the state vector of S is non-factorized,

the component systems 5j and Sj do not possess elements of physical reality

associated to maximal measurements, even if they are far apart and no more

interacting. In such a situation, if one accepts the postulate of wave packet

reduction, performing a maximal measurement, say, on systems S and isolating

the subensemble for which the same result is obtained in the measurement, this

subensemble is a pure case associated to a factorized state vector of S,+5 2 .

There follows that the corresponding systems S2 possess, immediately after the

measurement, elements of physical reality associated to maximal measurements.

This instantaneous creation at a distance of elements of physical reality is the

essential point on which the so called EPR paradox is based.

According to this argument, quantum nonseparability gives rise to a certain kind

of nonlocality which has often been considered as an unsatisfactory feature of the

formalism. Schrodinger, in defining this situation paradoxical, stated5:

It is rather disconforting that the theory should allow a system to be steered or

piloted into one or the other type of state at the experimenter's mercy in spite
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of his having no access to it.

It is to be noted that, even though the EPR argument raises crucial

epistemological problems, the EPR setup, as it has been repeatedly proved7 '8,

cannot be used to transmit superluminal signals between observers.

Quantum nonseparability amounts to the possible existence of non-factorized

state vectors of a composite system even when the constituents are no more

interacting. Such a situation forbids to attribute to the constituent systems

elements of physical reality associated to maximal measurements and is often

referred to as entanglement of quantum wave functions, Its embarassing aspects

become even more evident when some constituents are macroscopic. If pushed to

its extreme consequences, entanglement leads to the conception of the universe as

an unbroken whole whose parts have lost any individual identity.

2C. Microscopic and macroscopic objects in interaction — the quantum theory of

measurement.

As stated above, quantum nonseparability and the related entanglement of

quantum states give rise to serious difficulties when macroscopic systems are

involved. In such a case one is faced with fundamental problems of interpretation

and of internal consistency of the theoretical scheme. In fact, quantum theory

includes among its principles definite prescriptions about the effect of subjecting a

physical system to a measurement process - the postulate of wave packet

reduction (WPR). A problem of internal consistency then arises naturally: is the

theory capable of accounting for this postulate when one considers that, after all,

the measurement process itself is a physical process involving quantum systems

(the measured system and the measuring apparatus) and therefore its unfolding

should be governed by the Schrodinger equation? This is the key problem of the

quantum theory of measurement on which a lively scientific debate is still going
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on. Let us recall very briefly here the main points of this problem. We shall

devote the subsequent section to discuss some of the solutions which have been

proposed.

In its most simple version the problem can be illustrated by making reference

to the so called ideal measurement scheme originally considered by von

Neumann9. Suppose we have an ensemble of quantum systems S which is a pure

case associated to an eigersstate Un> of the observable (nondegenerate, for

simplicity) we intend to measure. The ideal measurement scheme assumes then

the existence of another quantum system A, the measuring apparatus, prepared in

a non-triggered state ]A0>, and of an interaction between S and A such that,

as an effect of this interaction, the evolution

takes place. The states M n > are orthogonal states of A and correspond to the

final "pointer" positions, whose further detection allows the identification of the

result of the measurement.

Two remarks are appropriate here. First, it is relatively easy to devise

explicitly10-11 interaction Hamiltonians which actually induce the evolution

described by (2.1), so that there is no difficulty of principle with such an

assumption. Secondly, there is no doubt that the measurement process as

described by (2.1) is an extreme idealization of any actual case, both for the

assumption that the final state of the system S is exactly the same as the initial

one and for the assumption that the initial state of affairs of such a complicated

abject as a measuring apparatus can be described by a pure state \A0>. But, as

well known, enriching the description by introducing more realistic assumptions

(nonideal measurement schemes) does not alter in any essential way the analysis

of the conceptual difficulties we are going to discuss10.
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After the assumption of eq. (2.1), one can argue as follows, If one prepares

the ensemble of systems S in the pure state l ^> , a linear superposition of the

states U n > ,

(2.2) !•;> = Zn an\ln>,

then, in virtue of the linear nature of the evolution, one gets

(2.3) U>lAg> -> !„ an\ln>lAn>.

Eq. (2.3) exhibits the entanglement of the system and the apparatus states and is

at the basis of the difficulties of the quantum theory of measurement. In fact, if

one applies the WPR postulate to the measurement performed by A on the

system S, one remains with an ensembie of systems S+A being the union of

subensembles corresponding to the factorized states \tn> \An>, each of them

having the weight l a^ l 2 . Such an ensemble corresponds to the final state of

affairs in which those systems for which the result is ln are uniquely associated to

the apparatuses showing the pointer position An and are in the state l ( n >. It is

described by the statistical operator

(2.4) Pm =

The problem we are faced with can now be formulated in the following terms: is

it possible to reconcile the conclusion that the final ensemble is a pure case

described by

(2-5) Pp = I p X p l ,

\>p> being the r.h.s. of eq. (2.3), with that that it is a mixture described by p r a

given by eq. (2.4)7 In the present section we assume that all bounded selfadjoint

operators of the system S+A correspond to quantities which can in principle be
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measured. Then we already know the answer: since Pr/'Pmi t n e v cannot

simultaneously describe the situation of the ensemble of systems S+A. In fact one

could in principle reveal the difference between the two cases by appropriate

subsequent measurements on S+A.

However, one can observe that the S-A interaction does not describe the

completion of the measurement process. In fact, when the process (2.3) has taken

place, we have yet to ascertain the state of the apparatus A by means of a

second apparatus B, and so on. This gives rise to the famous von Neumann's

chain

Zn an\ln>lA0>\B0>...\K0>

(2.6)

This enlargement of the description exhibits an important feature. Due to the

complete correlation of the indices n denoting the states of the successive

apparatuses, if one decides to break the chain in the sense of applying the WPR

postulate, it is completely irrelevant at which stage this is done. This situation

allowed von Neumann and, more explicitly, Wigner to suggest that, since the final

step consists always in the fact that the observer becomes conscious of the result,

it is the act of consciousness of a human observer which is responsible for Ihe

occurrence of WPR.

We can summarize the situation at this point in the following way. The

SchrOdinger evolution necessarily leads from a pure initial state to a pure final

state. On the other hand the pure final state given by the Schrodinger equation

and the desired final mixture describe physically different situations which are in

principle physically distinguishable and cannot be attributed simultaneously to a

unique state of affairs. Therefore the resort to the WPR postulate, which
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contradicts the Schrbdinger equation, is unavoidable. One can perhaps take

comfort from the fact that the intervention of the WPR postulate can be pushed

back in the apparatus-observer chain up to an element (the observer's

consciousness) such that the non-applicability to it of the SchrOdinger equation

appears tolerable.

The problems originate once more from quantum entanglement, in which

Schrbdinger saw the characteristic trait of quantum mechanics5: the one that

enforces its entire depanure from, classical lines of thought. The WPR is

obviously a way of obtaining disentanglement but it is, again according to

Schrbdinger6, of sinister importance. In fact, the WPR threatens us thereby with

at least a regressus ad infinitum, since it will be noticed that the procedure

itself involves measurement.

With reference to eq. (2.3), or to its enlarged version eq. (2,6), we want to

call the reader's attention on another aspect of it which is often considered as

highly problematic. After the completion of the measurement process, we end up

with a linear superposition in which macroscopically different states appear, This

raises the question — what meaning can be attributed to the occurrence of such

linear superpositions? To show how they can be disturbing Schrbdinger considered

his famous example of the cat1 2 . He devised a situation in which one of the

systems appearing in the chain, let us say the one described by the states | S >

in (2.6), is a cat and in which the index n takes only two values, one

corresponding to the cat being alive, the other corresponding to the cat being

dead. What can then be the meaning of a linear superposition of states of an

alive and a dead cat? Are we compelled, making resort to WPR by the

observer's consciousness, to assume that it is the very act of ascertaining what

happened that condemns to death or grants a pardon to the cat?

- 1 1 -

2D. The description of macroscopic objects.

If one wants to consider quantum theory as the fundamental interpretative

scheme for physical phenomena, one has to impose on it the requirement that it

allow for the derivation of the description of the observed behaviour of

macroscopic bodies, which is well accounted for by classical mechanics. As well

known, this requirement is satisfied, at least to a certain extent, since, on one

side Ehrenfest's theorem guarantees that mean values obey the same equations as

the corresponding classical quantities and, on the other side, typical quantum

effects such as quantum spread, diffraction and tunnelling, all leading to wave

functions extended in space, become completely negligible for macroscopic masses.

However, the very existence of measurement processes, showing that the

dynamical amplification of superpositions from the microscopic to the macroscopic

level is possible, makes the above justification of the classical behaviour of

macroscopic objects incomplete. Again, all troubles come from quantum

nonseparability, i.e. from possible entanglement of quantum wave functions. The

quantum description of the classical behaviour of macroscopic objects can be

considered as satisfactory only provided the collapse of the wave function is

assumed to occur in some way when the macroscopic level is attained. The

collapse, inducing the disentanglement of the wave functions and thereby

"creating" elements of physical reality for the constituents of a composite system,

allows for a reconciliation of quantum nonseparability with the definite and local

character of the states of a macroscopic object. This definite and local character,

to have a consistent description of nature, should be derived from the principles

of quantum theory.

One way of escaping this kind of difficulties is the attitude, which characterizes

the Copenhagen interpretation, to consider the classical behaviour of macroobjects

as a logical prerequisite for the formulation of the quantum description of
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microobjects, accepting in this way the impossibility of an exhaustive quantum

analysis of all types of systems.

One is faced once more with the intriguing problem of giving a meaning to or

of getting rid of the occurrence of linear superpositions of macroscopic-ally

distinguishable states, like those in which the poor Schrodinger's cat was involved.

As discussed in Subsection 3B, quantum nonseparability implies the possible loss

of identity of the constituents of a composite system. This fact puts serious

limitations to the very concept of isolated system and, as we have seen, things

become particularly problematic when macroscopic objects are involved. It is

interesting to remark the peculiar fact that the adoption of quantum laws makes

more difficult to consider as isolated a macroscopic object than a microscopic

one. In fact, any macroscopic system has so closely spaced quantum levels that

almost any interaction with other systems, no matter how weak, is sufficient to

induce transitions among its states13. This remark can be used as a starting point

to propose a possible solution for some of the problems discussed above. We

shall analyze this interesting attempt in Section 3.

2E. The objectivity of the quantum description.

Many of the difficulties of the formalism and/or of its interpretation acquire a

completely different importance depending on the requirements one imposes to the

theory about the objectivity of the description of nature it provides. For instance,

it is obvious that if one takes a positivistic attitude considering the whole

theoretical scheme simply as a set of rules apt to describe the correlations among

our sensoria! perceptions, then most of the previous difficulties disappear, insofar

as the predictions of the theory are in agreement with our experience. In

particular, from this point of view, problems like those raised by the EPR

analysis loose any meaning since it is considered illegitimate to speak of elements

-13 -

of physical reality. Similarly, the , internal consistency problem arising from a

comparison of the linear law of evolution with the changes induced by a

measurement through WPR cannot be considered as a real problem, since WPR is

simply a rule to get predictions and it does not make any sense to regard it as

corresponding to a physical process.

The positivistic attitude, even though it seems to yield a simple way out from

all difficulties, is however not free from deep conceptual problems. We refer the

reader to the appropriate analysis of this point made by d'Espagnat in Chapter

20 of his book10. It is our opinion that, at least from the methodological point

of view, a realistic position is the natural attitude for a scientist.

Apart from the above mentioned extreme philosophical position, the conceptual

problems of quantum theory have a quite different importance according to

whether one wants to consider the wave function as an objective property of an

individual physical system or not. Einstein, Podolsky and Rosen, for instance, by

requiring that one can legitimately attribute objective physical properties to

physical systems in the case in which the knowledge of their wave function allows

to predict with certainty the results of a measurement, have in practice taken the

attitude that the wave function itself is one of the objective attributes of

individual systems. The opposite attitude, in which the wave function does not

represent the physical properties of a system but only our knowledge of them,

was taken for instance by Born1". From this point of view the wave function is

merely a tool to derive predictions about future experiments. This position allows

to elude almost all problems which are related to the collapse of the wave

function. In fact, according to Born, the sudden change of the wave function

implied by WPR does not correspond, as in Einstein's as well as in Schrodinger's

views, to a change of status of the system but to a change of our knowledge

when we become aware of the result of the measurement.

-14-



Within a scheme which, on the contrary, allows for the interpretation of the

wave function as an objective property of individual physical systems, one should

be allowed to consider each element of an ensemble as possessing its own story,

which includes or amounts to its being at any time associated to a well defined

wave function, independently of the knowledge of an external observer, As we

shall see, such a kind of scheme can actually be proposed.

3. QUANTUM THEORY OF MEASUREMENT: A DISCUSSION OF SOME

PROPOSED SOLUTIONS

We recall that Ihe crucial point of the quantum theory of measurement consists

in the fact that the application of the WPR postulate to the system S measured

by the apparatus A requires to describe the final situation through the mixture

(2.4), while the application of the linear quantum evolution equation to the

system S+A leads, when the system-apparatus interaction is over and the process

is completed, to the pure state (2.5). It follows from the discussion of Subsection

3C that this situation gives rise to an irremediable contradiction if

(a) no application of the WPR postulate is allowed at any stage of subsequent

measurements on A, on the apparatus fl measuring A, etc.,

and

(b) no restriction of measurability is accepted for the system S+A.

Let us first explore the implications of dropping condition (a). Clearly, the

application of the WPR postulate to any stage such that the part of the chain

terminating with it is in all senses a physical system implies a violation of the

SchrSdinger equation, so that it can hardly be accepted in the quantum

mechanical frame. Therefore one is inclined to accept the WPR postulate only

-15-

when "something different" is included in the chain. This leads to the proposal

by von Neumann9 and Wigner1 s of, let us say, reduction by consciousness. Such

a proposal may be liked or disliked, but it is undeniable that it possesses a high

degree of consistency. However, as discussed by d'Espagnat1 °, it also has funny

consequences in some cases, typically when the apparatus is equipped with a

recording device and the observer looks at it not just when the measurement is

over but later. According to the theory we are discussing, WPR takes place only

when the observer, by looking at the recording device, becomes conscious of the

result of the measurement. Clearly, one can devise situations where, in spite of

the fact that the observed results are correctly predicted by the theory, the

obtained description of what is going on is, at the very least, strange.

We come now to the implications of dropping condition (b). It has to be noted

that, even though the mixture (2.4) and the pure state (2.5) caa be distinguished

by experiments if one assumes that all selfadjoint bounded operators of the

system S+A correspond to measurable observables, in practice it can be extremely

difficult to devise actual experiments allowing for such a distinction. However,

since the problem we are faced with concerns the principles of quantum theory, a

satisfactory answer cannot be given on the basis of present human inhabilities, but

must be founded on some restriction of measurability accepted in principle. We

shall return on this point later.

To our knowiedge, the first paper on the quantum theory of measurement

making an essential use of a suitable restriction of measurability is the well known

paper16 by Daneri, Loinger and Prosperi (DLP). It contains a very elegant

formal description of the actual course of a quantum measurement and, by using

such a description, it also gives the proof that the equivalence of (2.4) and (2.5)

descending from the assumed restriction of measurability remains valid at times

successive to the completion of the measurement. However, the essential role of
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the restriction of measurabilily is somewhat concealed in the DLP paper. On the

other hand, Jauch has presented in a subsequent paper1 7 a theory of quantum

measurement whose only ingredient is just a restriction of measurability (in fact

the same restriction assumed by DLP}, so that its consequences are fully

exploited. For this reason we shall present here the essential content of Jauch's

work, in spite of the fact that it came later and it is less rich and complete than

that by DLP.

Let us consider the projection operators

(3.1) ?Sn = nL pAn = ^ \AIIS><Ans\,

where the states \ln> are the same appearing in eq. (2.1) and the states \Ans>

are affected by an additional index to account for the degeneracy of the

macroscopic observable of A serving as a pointer. The set pS^ is a set of

orthogonal projections summing up to identity and the set PA
ll has the same

property provided it is completed by a suitable additional element. One easily

finds that the statistical operators p m and pp are related by

Then we have

(3.3) r ^ r " " ^

and similarly

a^ and (SA being obsevables of 5 and A respectively. According to eqs. (3.3) and

(3.4) we cannot distinguish the pure state pp from the mixture p m by

-17-

measurements referring only to the system S or to the apparatus A. To get the

distinction one has to resort to the measurement of correlations between 5 and

A, i.e. typically to observables of the form as®pA. But even if observables of

this type are considered, a restriction of the class of a^ or of that of 0A c a n

bring us back to the unciistinguishabilitv of p_ and p m . The system 5 is a

microscopic quantum system for which all selfadjoint operators are usually assumed

to be measurable. On the contrary, due to the macroscopic nature of A, it is

reasonable to assume that the class of its observables be restricted. According to

DLP and to Jauch, A is a classical system, which is assumed to mean that all its

observables commute among themselves. Among these observables one has to find

the pointer observable and consequently the assumption of the Abelian nature of

the observables of A implies that they commute with the projection operators

PA
n. Then one has

(3.5)

One concludes that it is completely immaterial that the final ensemble be the

pure case represented by p« or the mixture represented by p m , provided A is

classical in the above sense.

The most immediate objection to Jauch's argument is that it refers to

measurements performed on the system at the time If at which the measurement

performed by A on S is completed. Later measurements on S+A are in general

equivalent to measurements at time If of observables which do not commute with

the operators P n, so that the argument breaks down. But, as we have already

mentioned, the more complete analysis by DLP shows that the very nature of the

apparatus A implies a kind of stability condition which guarantees the equivalence

of Pp and p m also at later times.
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A more serious limitation concerns the fact that the restriction to an Abelian

set of the observables which can be measured on a certain class of systems is not

derived from the principles of the theory. This difficulty is related to the

impossibilty discussed in Subsection 2D of giving a full quantum derivation of the

classical behaviour. Therefore the restriction either is assumed, reintroducing

thereby in a different form that dualism of principles we were trying to avoid by

getting rid of the WPR postulate, or it is considered of a practical nature, so

that the conceptual importance of the conclusion is limited. We also point out

that it is not possible to specify in a precise way 1o which class of systems the

restriction applies. In such conditions, the obtained result can be interpreted as

showing the practically insurmountable difficulty of revealing the coherence present

in the state at the r.h.s. of (2.3) rather than as giving a solution to the problem

valid from the point of view of principle.

Another limitation comes from the analysis'e of the real meaning of the

obtained result independently of the assumption which allowed to derive it. What

has been shown is that, in the measurement of any admitted observable, the

distribution of outcomes is the same for the ensembles described by (2.4) and

(2.5). Such a result, when applied to the reading itself of the apparatus A, does

not explain, if the system S+A is described by (2.5), how and why, in one

experiment singled out from the statistical ensemble, a specific outcome common

to all observers is obtained. Since the uniqueness of the macroscopic state of a

macroscopic object for different observers is an aspect of the classical behaviour,

it is another piece of such a classical behaviour which is found to remain

unexplained and has to be assumed separately.

A restriction of measurability much weaker than that used by DLP and by

Jauch has been proposed by Hepp1 9 and discussed by Bell20. Hepp starts from

the observation that A (as well as S+A, of course) is an infinite system or at

-19-

least can legitimately be considered as approaching such a limit. The observables

he considers are local in the sense that their algebra has a quasiiocal structure as

usually assumed in the frame of the algebraic approach to infinite systems. Since

the system is infinite, among its states there are states so extensively different

that they cannot be connected by local observables, so that their possible

coherence cannot be revealed. Such extensively different states are identified with

those, produced in a. measurement, appearing at the r.h.s. of eq. (2.1).

Unfortunately, for non-catastrofic time evolution, an infinite time is necessary to

get extensively different states from the non-extensively different states appearing

at the l.h.s. of (2.1). Then, while it is true that for any local observable the

inteference terms revealing coherence vanish after a sufficiently long time, it is

also true, as nicely shown by Bell, that for any given finite time a sufficiently

extended local observable can be found such that the interference terms are

non-zero and important. One can say that Hepp gives a further indication that

revealing coherence is extremely difficult but does not give a proof that it is

impossible in principle. We conclude that the first limitation which was found to

affect the DLP-Jauch approach remains for Hepp's theory. And also, obviously,

the second one.

A proposal which deserves a detailed discussion has been recently put forward

by Joos and Zeh2 n. These authors do not assume directly any restriction of the

observable quantities of the system 5+A, but base their argument on the idea that

since -A is a macroscopic system it can never be considered as isolated from its

environment13. Even though we are interested in studying the system S+A alone

(which is referred to as the local system), we are always actually dealing with the

much more complicated system S+A+E, where £ is the environment. The states

\An> appearing at the r.h.s. of eq. (2.3) usually correspond to different spatial

locations of macroscopic parts of A (e.g. different positions of a macroscopic
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pointer). The interaction of these differently located parts of A with the

environment induces then a further entanglement of the state vector. Then new

factors lx> describing the state of E have to be placed in eq. (2.3) and the

r.h.s. becomes

(3-6) l*> = In an\ln>\An>\Xn>.

Joos and Zeh, on the basis of models of the system-environment interaction,

have made quite plausible that the final states IXn^ °^ ^ a r e essentially

orthogonal. For instance, the states \An>, due to their different spatial locations,

interacting with photons of the environment will certainly produce orthogonal

states of the scattered photons. Alternatively, even in extreme vacuum conditions,

the states lxrx> w i l 1 b e mutually orthogonal either because a single molecule of

E is in orthogonal single-particle states or, possibly, because many molecules are

in slightly different single-particle states. Also the interaction with remote massive

bodies is not negligible from this point of view and leads to similar conclusions.

If we limit our subsequent experiments to the local system S+A alone (in fact

it would be unconceivable to perform measurements including all surrounding

photons or molecules or remote bodies), the ensemble of such systems constitutes

what is usually called an improper mixture, described by the statistical operator

obtained from p=l<t>X<t>l, with |4>> given by (3.6), by tracing on the

environment degrees of freedom. Since the states Ixn-* a r e orthogonal, such a

statistical operator is just p m .

The now outlined approach is quite interesting and focuses appropriately the

complicated physical situation which one meets when dealing with macroscopic

systems. However, the authors themselves point out that it suffers essentially the

same limitations which have been found to affect the DLP-Jauch and Hepp

theories. In fact, the theory amounts to (legitimately) extending the quantum
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mechanical description and the related quantum entanglement from the system

S+A to the system S+A+E and then restricting the admitted observable* to those

of S+A alone. The restriction of measurability again plays the essential role and

it has to be assumed as a new principle or ascribed to practical difficulties. Also

the impossibility of explaining how a specific result common to all observers

comes out in one experiment singled out from the statistical ensemble remains

there. Actually, the system S+A+E happens to be in linear superpositions of

macroscopically different states. In the case of SchrOdinger's cat, within the above

framework one is considering states of the type l^aijve> IXi>"l"lvdead:> ' X j ' " .

IXi> and JXj> being orthogonal states of the environment. Then the coherence

between the two terms cannot be detected in measurements which do not involve

also the environment. It seems however to us that, invoking, to escape the

embarassing situation, the fact that, for instance, a molecule of the environment

of the cat is in orthogonal states in the two terms and that subsequent

measurements do not detect the state of this molecule is not a conceptually

satisfactory solution.

According to the line of thought of Joos and Zeh, one derives the loss of

coherence among macroscopically distinguishable states by enlarging to the

environment the entanglement of quantum state vectors and then neglecting the

environment. In our opinion, instead, quantum entanglement is the enemy to be

defeated.

The conclusion one can draw from the analysis of the present section is that,

if the problem of confronting the pure state with the mixture is approached

exclusively from the practical point of view, it is possible to consider them as

equivalent. Actually, the practical problem of distinguishing between the' two

descriptions is that of getting experimental evidence for macroscopic quantum

coherence. This problem has been investigated in detail in a series of interesting
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papers12 where the possibility of detecting such a kind of coherence using effects

as e.g. quantum tunnelling through a Josephson junction is discussed. The present

experimental possibilities do not seem to permit such a detection. However, if

one is interested in the conceptual aspects of the problem, one cannot be

satisfied with a purely pragmatic attitude. In the next section we shall outline a

possible way of arriving at a consistent solution.

4. QUANTUM MECHANICS WITH SPONTANEOUS LOCALIZATION

The previous analysis, even though it cannot be considered as exhaustive,

indicates that if one sticks to the standard quantum description of nature one

meets conceptual difficulties which cannot be removed within the theoretical

scheme.

It seems natural to investigate whether a solution to such difficulties can be

obtained by means of a change of attitude, i.e by accepting the idea of a

modification of quantum theory in some of its principles. Obviously, such a

tentative modification must satisfy strict conditions. First, one has to take into

account the unquestionable success of quantum mechanics in the description of

microscopic phenomena, so that its predictions for these phenomena cannot be

changed by the introduced modification. Secondly, to accept to pay such a high

price as a change of the Schrodinger dynamics, the modified theory should yield

important conceptual improvements-

According to the discussion we have presented, the most intriguing conceptual

problems, emerge when macroscopic objects are involved. One can then consider

whether one can advantageously assume the attitude suggested by Leggett23:

One might imagine that there are corrections to Schrodinger's equation which are
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totally negligible at the level of one, two or even one hundred particles but play

a major role when the number of particles involved becomes macroscopic (say of

the order of IO2^),

Leggett made this statement to advance motivations for the experimental search

for effects of macroscopic coherence. With the different but related aim of

building up a unified description of both microscopic and macroscopic physical

phenomena, we investigated the possibility and the consequences of modifying

somewhat the standard quantum dynamics. This led us to a model, which we

shall refer as quantum mechanics with spontaneous localization (OMSL), whose

implications have been discussed in a series of papers2 "~2 s .

The basic idea of OMSL is quite simple. It assumes that each constituent

particle of any physical system, besides the Hamiltonian evolution, be subjected,

at randomly distributed times, to a random localization process consisting in the

collapse of the many-particle wave function \'y> into the wave function

(4.1a)

the probability density for the occurrence of \\^x> being Uexu
 2. r is the position

operator of the particle undergoing the process and a is a parameter whose

meaning is that \!jo is the accuracy of the localization. In the language of the

statistical operator, the same process is represented by the family of maps p -*

Tr£>[p]. "here

(4.1b) Tr
D[P] = p exp[-a(r-x)i>2].

The domain D runs over the measurable sets in the physical space and the

statistical operator Trp describes the subensemble of systems such that the particle

whose position operator is r is localized .within D, ti(Trp) being the
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corresponding weight. Starting from a pure ensemble, eqs. (4.1a) or (4,1b)

decompose it into pure subensembles, each corresponding to the localization

around a position x. Any system has at all times a definite wave function, the

only difference with the ordinary Schrodinger evolution being that at random

times the wave function makes a jump. In other words, eqs. (4.1) define a

stochastic process for the wave function.

In the case of a single particle, if the mean frequency of the localization

process is X, it is easy to prove that the evolution equation for the statistical

operator is

( 4 . 2 ) dp/d£ \{Tr{p]-p),

where Tr stands for Tr£) with D extending to the whole space. This is a

modified Schrodinger equation containing a non-Hamiltonian term which, of

course, vanishes for X^O. For a composite system, the assumption of the

occurrence of spontaneous independent localizations for each constituent gives the

evolution equation

dp/df = -((.(4.3)

where Xj is the mean localization frequency for the <-th constituent.

Let us discuss the implications of eq. (4.3) for the centre-of-mass motion. Let

R indicate the centre-of-mass position operator and s the set of relative

coordinates. Consider the statistical operator p " for the centre of mass, obtained

by taking the partial trace trJ of p on the internal degrees of freedom. It is

found24 that the map TR has the property

(4.4) [p]} =

In virtue of eq, (4.4), when the Hamiltonian H splits into a centre-of-mass term
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and a relative term H s , one gets immediately from eq. (4.3)

(4.5)

The statistical operator for the centre of mass of any composite system obeys the

same equation (4,2) as that for a single particle, but with frequency X=£;X,- for

the occurrence of spontaneous localizations.

Let us consider the non-Hamiltonian term appearing in the evolution equations

(4.2) or (4.5). Its matrix elements in the position representation are

<r\\{T"[p]~P}\r'> = -(4.6)

For r=r' the non-Hamiltonian term is zero. On the other hand, for

the term (4.6) becomes -\<r\p\r'>, which induces an exponential damping with

characteristic time X""* of the far-off-diagonal elements in the position

representation. Of course, such a suppression of the off-diagonal elements

produces indirectly also a change of the diagonal elements through the

Hamiltonian evolution.

In the case of a single particle, the damping of the far-off-diagonal elements

of the statistical operator in the position representation simply means the

destruction of long distance coherence. In the case of the centre of mass of a

composite system, one must be cautious because the loss of coherence shown by

the reduced statistical operator could be due just to the neglecting of the internal

degrees of freedom. Then the coherence between different locations of the system

could be revealed by measurements including the internal degrees of freedom.

However, the loss of coherence cannot be false in the above sense if the

centre-of-mass and the internal motions are unturrelated, i.e. if p=p"*p*. One

can guarantee that this is the situation in special but significant cases. If the

considered body is such that the internal motion Hamiltonian Hs gives rise to a
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sharp localization, compared to 1/ja, of the internal coordinates (as it happens,

e.g., for an insulating solid for suitable values of Q)X , then one can prove24 the

approximate equality

(4.7) rn [p] = TR[P].

The physical meaning of this equation is that, for a system having a localized

internal wave function, a localization of a single constituent is equivalent to a

localization of the centre of mass. Use of eq. (4.7) into eq. (4.3) shows that,

under the above approximation, if the initial statistical operator has the factorized

form p=p°®pI, it remains of the same form and the statistical operators p " and

ps obey eq. (4.5) and the equation

(4.8) dpJ/d( = -[Uh)[Hi,ps\,

respectively. We can conclude that, in the considered case, the internal and the

centre~of-mass motions decouple, the internal motion remaining unaffected by the

localizations and the centre-of-mass motion being affected by such processes as if

it were a single particle but with a frequency equal to the sum of the frequencies

for al! single constituents.

5. COMPARISON OF THE PREDICTIONS OF QMSL AND OF STANDARD

QUANTUM MECHANICS

Due to the cumulative property of the spontaneous localization frequency

discussed in the previous section, there exists the possibility of choosing the

parameters X,- and a in such a way to satisfy two requirements: on one hand,

that for a system with a small number of constituents the dynamics coincide for
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any practical purpose with the standard quantum dynamics, on the other hand,

that for a macroscopic body containing a large number of constituents (say 102^}

the dynamical changes which occur (only) for its centre-of-mass motion forbid

the occurrence of superpositions of far apart states and induce a behaviour having

the classical features.

As an example, suppose that the parameters of the spontaneous localization

processes for microscopic particles have values of the order

1 0 -5 c m

According to this choice, a microscopic particle undergoes a spontaneous

localization once every 10.8~9 years. Moreover, the internal dynamics of small or

large composite systems remains essentially unaffected when the internal wave

function is well localized with respect to 1/ Ja as it is usually the case. On the

other hand, the cumulative property of frequencies leads, for the position as a

whole of a macroscopic body having, say, 1023 constituent particles, to a

localization frequency X^O^ s~^, with obvious important consequences for the

conceptual problems of quantum mechanics.

Superpositions of far apart states are forbidden for a macroscopic particle

except for very short times. This part of the classical behaviour is, so to say,

built in in QMSL. Moreover, Ehrenfest's theorem remains true211, implying in

turn that mean values obey the classical laws. However, one can fear that the

squeeze of the wave packet produced by the repeated localizations can give rise,

through the Schrodinger evolution and the successive localization, to a stochastic

behaviour of the macroscopic par t i c le contradicting the classical determinism. We

shall discuss this problem by making reference to the case of a free particle, for

which eq. (4.2) can be solved exactly. It is found2J that the square spreads at

time i of the components of position and momentum, (Ar)2 and (Ap)7, are
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related to the values of the same quantities given by the pure Schrodinger

evolution, (Ar)| and (Ap)\, by the equations

(5-la) (Ar) 2 = (&r)Ji •

(5.1b) (Ap)2 = (Ap)J

If the initial state is a Gaussian wave packet of minimal uncertainty, one has

(5.2a) (Ar)! - A2 + (7lz/4A2m:)r2,

(5.2b) (Ap)2 = 13/4A2,

A being the initial position spread. For a macroscopic particle and for any

reasonable A, the second term in eq. (5.2a) remains negligible up to enormous

times. The extra term in eq. (5.1a) has then to be compared with A2. The two

contributions become equal at the time T=(6AJmz/aXfl2)''3. For m=lg, using the

values of a and X suggested above, one finds, for A=10~^cm, T«100years. This is

a very long time to keep a macroscopic object isolated from uncontrollable

influences. We also note .that, assuming X proportional to the mass, 7* increases

as m 1 ' 3 . We conclude that the stochasticity introduced by the spontaneous

localizations in the behaviour of a macroscopic particle is quite negligible.

It is worth noting that eqs. (5.1) and (5.2) are valid also for a microscopic

particle. In this case, for suitable values of A, the extra term in eq. (5.1a) can

become important with respect to the first one in not very long times, in spite of

the fact that the particle undergoes a spontaneous localization extremely rarely.

This is due to the fact that the particle, if it is localized, spreads very quickly.

In the case of a beam, this means that a very small fraction of particles (=10~^

per second) is lost. The effect appears as practically undetectable.

Possible effects of spontaneous localizations could appear for those systems in

which the internal wave function is not localized, typically for superconducting
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devices. Once more, since the fraction of particles suffering the process is very

small for long times, the only possible substantial effect can be the suppression of

collective and long-distance, i.e. macroscopic, quantum coherence. As already

mentioned, according to Leggett22, the present experimental possibilities do not

seem to allow for the search of such a kind of coherence in superconducting

devices, so that a test of QMSL in this way appears impossible nowadays.

6. IMPLICATIONS OF QMSL FOR THE CONCEPTUAL PROBLEMS OF THE

QUANTUM DESCRIPTION

In this section we reconsider from the point of view of QMSL the conceptual

problems of quantum theory discussed in Sections 2 and 3.

6A. Indeterminism,

Indeterminism is plainly accepted by QMSL. In fact it is incorporated in ihe

basic principle of evolution of the theory. In the standard formulation of quantum

mechanics indeterminism intervenes only in correspondence with the acts of

measurement. In OMSL indeterminism is always impending, but it is practically

ineffective except in special dynamical situations [ike those taking place during

measurements. It is satisfactory that this result can be achieved consistently,

naturally and within a framework which remains essentially quantum mechanical.

6B. Quantum nonseparability and nonlocal aspects.

To discuss this point we make reference to the well known EPR-Bohm

gedanken Experiment27, analyzing the spin measurements on two spatially

separated spin-one-half particles in the singlet spin state
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| 2 _ > - | 1 _ > l2 + >) , with obvious meaning of symbols. We note

that a similarly entangled wave function would not be possible, according to

QMSL, for a macroscopic particle. For example, a state of two such particles of

the type (1/ /!)( \\x> \2_X>+U-X> I2X>), wheie \lx> represents a state of the

particle concentrated around the position x and so on, would be quickly reduced

to one of its terras. But microscopic particles are practically never localized and

moreover the spin variables are not affected by the process, so that a state like

|i^> is possible. When one of the two particles, say particle 1, triggers the

apparatus A devised to measure the z-component of its spin, the state of the

whole system becomes \v>=(\l/2){ | l + > |2_> M + > - | l _ > |2+> \A->). As we

shall discuss in the next subsection, the final apparatus states \A+> and \A^>

are such that a macroscopic number of particles are located in different spatial

positions in the two states. Then, as soon as a localization process takes place for

one of these particles, the state \y>~> is transformed either into the state

| l + > |2_> \A+> or into the state l l _ > | 2 + > I A_>. As in the standard quantum

description when the WPR postulate is applied, the interaction of particle 1 with

the apparatus forces the faraway particle 2 into a definite spin state, thus

creating, in the language of EPR, an element of physical reality for it.

Therefore, since in the spirit of QMSL one accepts EPR's principle of reality

(see Subsection 6E), one is compelled to drop the principle of locality, at ieast

when microscopic systems are involved.

As already stressed, in the standard formulation of quantum mechanics the EPR

setup cannot be used to send faster-than-light signals between spatially distant

regions' '8 . It has to be checked that also QMSL does not give rise to

superluminal transmission. This problem has been treated by Bell '6 , who has also

considered the possibility of faster-than-light influences between two macroscopic

detectors. Obviously QMSL is a nonrelativistic theory, in its present stage.
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However there is a remnant of Lorentz invariance which can be discussed within

its framework and whose consideration allows to prove that there are no messages

in one system from the other. The inexplicable correlations of quantum

mechanics do not give rise to signalling between non-interacting systems. Bell's

conclusion is that the adoption of QMSL, even though does not remove quantum

nonlocality, does not conflict with relativistic requirements.

6C. Microscopic and macroscopic objects in interaction: the theory of quantum

measurement.

Let us consider again the system composed of the measured system 5 and the

measuring apparatus A. The apparatus states \An> appearing in the final state of

eq. (2.3) are characterized by the fact that a macroscopic number N of

microconstituents of the apparatus are confined in different spatial regions for

different values of n. Typically, this happens when the apparatus has a

macroscopic pointer showing the result of the measurement. Also when

consideration is given to measuring apparatuses of a different type (such as Geiger

counters or spark chambers) one can draw the same conclusion25. Following the

choice of the parameters suggested in Section 5, every microconstituent is

subjected with a frequency X,- of the order of 10""15 s"1 to a spontaneous

localization process. The measured system S contains few constituents, so that the

probability that any one of them undergo a localization is quite negligible for a

very long time interval. On the other hand, the constituents of A can be divided

into two parts. The first part contains the particles which occupy the same

position in different states \An>. A localization of one of these particles has no

effect on the wave function of S+A. The second part contains those particles

which occupy different, macroscopically distant positions (the distance is much

larger than XI ja) in the various states \An>, The number of such constituents is
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still very large, so that the probability that any one of them undergo a

localization is large even in a small time interval. A single localization of one of

these particles is sufficient to transform the wave function into one of its terms

\ln>\An>. This jump - the wave packet reduction - actually takes place in a

time of the order (WX)"1, i.e. <=l(T7s for JV=1023.

The above argument has been developed as if the transition from the initial

state Znan\ln> \Aa> to the final state Lnan\ln> [An> would take place in the

absence of localizations and only subsequently the localization process would

become active. The actual situation is much more complicated, but a rigorous

derivation of the wave packet reduction can be given: 5 when QMSL is applied to

a well known dynamical model of the measurement process. "We conclude that the

wave packet reduction is a natural and direct consequence of the unified principle

of evolution described in Section 4.

6D. The description of macroscopic objects

As pointed out in Subsection 2D, the difficulties encountered by quantum

mechanics in accounting for the classical behaviour of macroscopic objects arise

from the occurrence of linear superpositions of macroscopically different states. To

have a consistent deduction of the classical behaviour, one has to derive from the

microscopic dynamics not only an acceptable classical limit but also the

intrinsically local nature of the classical behaviour.

It has been shown in Section 5 that the predictions for mean values and

spreads derived within QMSL in the case of a macroscopic object agree with

those of standard quantum mechanics and therefore with the classical ones.

Moreover, QMSL, at its microscopic level, contains a physical process which,

when the macroscopic level is attained, forces the wave function within a limited

range and consequently induces the emergence of the local nature of classical
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phenomena.

This satisfactory feature of QMSL can be made quantitatively precise as shown

in ref. 21. Taking advantage from the fact that the localization processes give rise

to an actual decomposition of the ensemble with a localization accuracy of the

order of I / /a , one can give a conceptually precise meaning to trajectories.

Moreover, one can introduce a phase-space density and write an evolution

equation for it. One gets an equation of the Fokker-Planck type containing a

term giving rise to pure classical motion and a diffusion term containing two

independent diffusion coefficients for position and momentum. The position

diffusion coefficient coincides with that appearing in Nelson's stochastic

formulation of quantum mechanics, while the momentum diffusion coefficient

depends on the localization process and is prohibitively small. As already discussed

in Section 5, the total amount of stochasticity for macroscopic bodies is perfectly

compatible with our experience with such objects.

Concluding, QMSL exhibits the emergence of "particle tracks", and more

generally of the "particularity" of the world on the macroscopic level2s. The

derivation of the classical behaviour in its framework is complete.

6E. The objectivity of the quantum description.

According to QMSL, as well as to standard quantum mechanics, any isolated

system having initially a definite wave function maintains such a property for all

times. In the case of standard quantum mechanics, in situations like those

occurring for the system S+A at the end of a quantum measurement, the wave

function has a structure conflicting with the definite and local character of our

experience of the physical world, so that one is compelled either to invoke the

intervention of an entity of a different nature somehow acting on the physical

system or to dissolve the relation between the wave function and the individual
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physical system by making use of equivalence arguments having a sense only for

the statistical ensemble. In the same situations, on the contrary, QMSL leads to a

wave function quite acceptable as it stands. This is, we think, the most important

feature of such a theory.

More generally, the localization processes in QMSL tend to disentangle quantum

wave functions. Jt is worth while to point out that such a disentanglement takes

place also with respect to the entanglement of macroscopic systems with the

environment studied by Joos and Zeh, so that one recovers the identity of the

local system and the possibility of assigning to it a definite wave function.

In our opinion the above facts allow to interpret the wave function as a real

property of an individual physical system, in fact the only one since there is

nothing else in the theory. However, as we have already discussed in Subsection

6B, QMSL does not induce disentanglement of the wave function of a microscopic

composite system (it could not, without contradicting quantum mechanics and

experiment) and, as a consequence, if the realistic interpretation is maintained, a

nonlocality in the EPR sense emerges.

7. FINAL CONSIDERATIONS

In its present stage, rather than a theory, QMSL can be considered to be a

model which exhibits some conceptually satisfactory features. It still requires a

systematic investigation and a full development. In particular, it should be

generalized in such a way that the spontaneous localization process preserves the

symmetry or antisymmetry requirements for systems of identical particles, a

condition which is not satisfied by the formulation presented here. A more

ambitious way to deal with identical particles would be the extension to field
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theory. Furthermore, the treatment worked out in Section 4 for the

centre-of-mass position of a macroscopic object should be extended to other

macroscopic observables like, e.g., space orientation.

As discussed in the previous section, QMSL does not remove indeterminism and

does not prevent quantum theory from the emergence of nonlocal aspects. On the

other hand, it overcomes the quantum mechanical impossibility of a full derivation

of the classical behaviour of macroscopic objects and unifies the principles of

microscopic and macroscopic physics. In consequence, it allows a consistent

description of the measurement process, which unifies the Schrodinger evolution

with the definiteness of the outcome of a single measurement and the wave

packet reduction. Finally, it leads naturally to interpret the wave function as a

real and the only property of an individual physical system.

The twofold unifying character of QMSL and the interpretetion it allows for

the wave function are conceptually appealing features for many physicists. We

have already mentioned in the introduction the point of view of Schrodinger

concerning the wave function. As for the unifying character, it is appropriate to

quote a firm statement by Einstein2 8 — / do not believe in micro~ and

macro-laws, but only in (structural) laws of general validity. However, until

QMSL is experimentally verified or falsified, to believe in it or not is to a large

extent a matter of taste. And the difficulties to get the experimental answer seem

presently insurmountable.
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FOOTNOTE

x The rotational coordinates of the body are not localized by the internal motion

Hamiltonian, so that, strictly speaking, what is being said is true only in one

dimension. On the other hand, the rotational coordinates are macroscopic and are

to be treated similarly to the centre-of-mass ones. This will be the subject of a

forthcoming investigation.
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