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! INTRODUCTION

The position of Bohr with respect to the problem of the quantum

description of classical objects and of their role in the measurement process

is somewhat varied. However in his view there are some points which are

worth investigating .

On the one hand, Bohr shared with Heisenberg the conviction that all

experience with physical objects must be expressed in classical terms. His

attitude in this respect was quite strong; in Kef. 1 he stated :

"...there can be no question of any unambiguous interpretation of the symbols

of Quantum Mechanics other than that embodied in the well known rules which

allow to predict the results to be obtained by a given experimental

arrangement described in a totally classical way."

and in Kef. 2:

"The entire formalism has to be considered as a tool for deriving predictions

of.definite or statistical character, as regards information obtainable under

experimental conditions described in classical terms"

This position of treating classical objects as a priori elements of our

knowledge is also at the basis of Bohr views on the measurement problem. For

him the lack of a precise theory of measurement is not a drawback of the

formalism but it is rather necessary for reasons of consistency. Since

classical concepts represent the ultimately immediate data of our experience,

they are clearly not formalizable, the physical meaningfulness of any formal

elaboration being given by its interpretation in terms of classical concepts.

Several times he pointed out the logical (though not physical) necessity of

keeping a clear cut distinction between objects and measuring instruments.

Such a distinction cannot be included in the formal apparatus of the theory.

The above points explain why Bohr was not really interested in the formal

aspects of the quantum theory of measurement. The point of view of Bohr on

this problem was very near to the one of the Copenhagen interpretation. As
(3)

stated by Jammer , according to this interpretation, in its extreme

version, "a quantum phenomenon is merely a non classically duscribable

functioning of classically describabie experimental arrangements..." and the

"existence and mode of operation [of macroscopic measuring instruments)

though necessary for the possibility of-observing quantum mechanical

processes, are not accounted for by the quantum theory itself but regarded as

logically preceding the theory".

On the other hand Bohr had to recognize that consistency requirements

impose to regard the measuring instrument as describable both classically and

quantum mechanically. He used this point of view in the debate with Einstein.

we can illustrate this fact by making reference to his treatment of the

movable diaphragm in the double slit thought experiment, in which the double

nature of the macroscopic apparatus is precisely stated : " It is only

decisive that, in contrast to the proper measuring instruments, these bodies

(macroscopic diaphragms and shutters) together with the particles, would in

such a case constituite the system to which the quantun mechanical formalism

has to be applied".

we can conclude that even though Bohr did not enter into the details of

the debate about measurement theory, as initiated by Von Neumann, he was aware

of its main difficulties, i.e. of the fact that on one hand the classical

behaviour of the macroobjects is an essential ingredient of the theory and

that on the other these macroobjects can be considered as quantum systems, so

that conceptual problems can arise from their double nature.

Bohr's strong statements that one must not try to describe quantum

mechanically the macroobjects, which are in a sense external to the theory,

and his occasional resort to the quantum nature of these objects to reject

some criticisms, mirror the still lasting difficulties of choosing between the

acceptance of two types of evolution (dual istie approach) and the desire of

having a unified and consistent description of all phenomena.

To place our contribution to this meeting in the appropriate light, we

remark that there are two ways of celebrating a great scientist. One consists

in reconstructing in detail the steps he has followed in elaborating his

scientific views, the other is to discuss the most recent contributions to the

problems he had to face . This second attitude, which we will follow in this

paper, is particularly suited when, as in the present case, these problems

have become again the subject of a lively scientific debate.

In this spirit we report here a recent attempt of giving a consistent

and unified description of microscopic and macroscopic phenomena.



2. HACK0SCOP1C BOD1BS MID qUAHTUH FORHALISH

The previously mentioned double role of macroscopic objects in quantum

mechanics gives rise to problems which find their origin in quantum

non-separability and which are connected with the interpretation and the

consistency of the theory . These difficulties can be summarized in the

question: what is the physical meaning of linear superpositions of

macroscopically distinguishable states? Here we call macroscopically

distinguishable the states which are eigenstates of a macroscopic variable

corresponding to macroscopically different eigenvalues. It has to be remarked

that this kind of superpositions occur, at least, in the quantum theory of

measurement. In such a case the standard quantum mechanical way out is

obtained by postulating the occurrence of the wave packet reduction, i.e. of

the transition from pure states to statistical mixtures. In this way each

macroobject in the statistical ensemble has a definite macroscopic property.

However, this is not a satisfactory solution for two reasons. Hi -> ut all, if

we assume that non-commuting Dbservables exist for a macroobject, the

eigenstates of one such observable are linear combinations of eigenstates

belonging to different (and, in general, macroscopically different)

eigenvalues of the other observables • Secondly, if one assumes that also the

interaction of the measured object with the measuring apparatus Is governed by

quantum mechanics, then the linear nature of quantum evolution conflicts with

the reduction of the wave packet.

Many solutions of this dilemma have been proposed. Even though the

underlying assumptions are not always made very explicit by the authors, we

want to stress that all proposed solutions make use of an intrinsic

limitation of the class of the observables for a macrosystem to a set of

commuting operators. That this restriction yields a solution, can be proved in

an extremely elementary and straightforward way, as has been done in Ret. S.

This result can be intuitively understood by observing that if all observables

commute among themselves, a sort of superselection rule for the states of the

macroobjects emerges, two macroscopically distinguishable states belonging

always to different eigenmanifolds of the superselection operator. Since the

relative phases of such states are physically irrelevant, the difficulties

connected with linearity disappear.

Let us discuss the assumption that macroscopically distinguishable

stHt.'f belong to different eigenmanifolds of the superselection operator. From

the literature it is not always clear if this assumption is made only for

those systems which can be used as measurement apparata or for all

macroobjects. In the first case we still have problems with the others. For

them, since we can more or less directly perceive their properties, we are led

back to the old problem that the couscious observer is responsible for the

reduction of the wave packet. In the second case one should first of all

introduce a precise criterion to distinguish micro from macroobjects. Apart

from this, we note that if the separation is accepted as something intrinsic

to nature, one ends up with an unpleasant dualistic description of natural

phenomena. Another attitude would be accepting the separation as a consequence

of the extreme practical difficulty of exhibiting the differences between a

lxnear superposition and a statistical mixture for a macroobject.

This being the situation, it seems to us that the most appropriate

problems to be tackled are the following:

i) one should investigate critically whether it is possible, with the

present experimental techniques, to identify effects of macroscopic

quantum coherence, studying for instance the so called quantum

macroscopic effects like the behaviour of a Josephson junction. This

interesting line is being followed by various authors ;

ii) one should try to identify the origin of these effects of loss of

coherence. For instance, it is natural to relate them to the fact that

macroobjects can never be considered as isolated . This important

line of thought is followed in the works investigating the so called
8)

"environment induced superselection rules" ;

iii) one should then try to include this loss of coherence into an

appropriate quantum dynamics which generates it and which implies the

classical behaviour of macroobjects. This line has been followed in an
9,10)

interesting set of papers ;

iv) a different approach is the one we will discuss in the following

sections. It continues the line of ref.9 and 10, but pretends to be

more fundamental. Its main motivation comes from the desire of

overcoming tha dualistic attitude; this leads us to look for a unified

description of all natural phenomena. Within this approach one accounts

explicitly for the dynamics of macroobjects in terms of a modified

basic dynamics for their microconstituents. The setting up of such a

program and its consequences Eor the dynamics of microscopic and

macroscopic bodies have been discussed in refs. 11 and 12.



lr. what follows, after a sketchy review of Ref. 12, we study the

implication;, of our approach for the measurement process when the interaction

between tho system and the apparatus is consistently derived from the basic

dynamics of microconstituents. As we shall see, one can deduce in this way the

wave packet reduction.

j. gUAUl'UH HBCHANICS WITH SPONTANEOUS LOCALIZATIONS

We consider a modification of the dynamics of any system corresponding

Lo the assumption that any microconstituent of a system is subjected, besides

its- Hamiltonian evolution, to approximate position measurements occurring at

random; times and distributed according to a Poisson process with mean

frequency X . for simplicity we consider systems in one dimension. In the

language of the statistical operator the measurement is described by the nap

2

I

The evolution equation for a microscopic system is then

(3.1)

Accordingly, a system containing Jl constituents is described by the equation

where T.l.j represents the approximate measurement for the i-th constituent.

Deriving from (].]) the equation of motion for the centre of mass of the

system of jTparticles by the usual technique of taking the partial trace of %

on the internal variables, in the case in which H splits into the sum of the

centre of mass and relative Hamiltonians H and H , respectively, one gets

fur the statistical operator

equat ion

describing the centre of u s ; motion the

(3.4)

We then see that the centre of mass of any composite system obeys the same

equation of a single constituent, but with an amplified frequency 2, X t for
• •i

the occurrence of the spontaneous localizations.

Taking advantage of this amplification we can choose values for the

parameters X- (representing the frequencies of the localization for the

microconstituents) and 1/Ja((representing the accuracy of the

localizations), such that the dynamics of a microsystem coincides for all

practical purposes with standard quantum dynamics. This is achieved for

instance by choosing for -̂ . and \fj» values of the following order of

magnitude;

(3.5)

Since, according to (3.5), for a microsystem or a system with few constituents
9

the process Tl } takes place once every 10 years and the localization

accuracy is much larger than the atonic dimensions, the dynamics induced by

eq. (3.2) coincides for such systems with the standard Schrb'dinger dynamics.

On the contrary, for the centre of maas of a macroscopic system the reduction

frequency X becomes of the order of 10 sec . The presence of these

localizations with very high frequency modifies drastically the dynamics of

such a system with respect to the Schrbdinger case. In ref. 12 we have

explicitly discussed the solution of eq. (3.4) in the case of a free

macroscopic particle. We have proved that the mean values of position and

momentum coincide with those induced by the pure Schrb'dinger evolution, which

in turn coincide with the classical ones. Moreover, the quantum spreads of

position and momentum coincide for very long tines with their initial values,

i.e. with the classical ones. (tare important, linear superpositions of far

away states are naturally and rapidly suppressed. To be more precise, when a

wave function of a macroobject evolves into a linear superposition of states

which are separated by a distance larger than l/Joi, it is transformed in a

time interval of 10 sec into a statistical mixture of differently located

slates. It has also been shown that, on the basis of eq. (3.4), one can

describe the evolution in terms of a classical probability density

distribution in phase space obeying a Fokker Planck equation. The ensuing

evolution agrees with the classical one for time intervals much larger than

those during which one can keep a macroobject isolated.



Concluding this section we can state that the harmless mollification

(3.2) of the basic dynamics for microsystems allows us to deduce consistently

the dynamics (3.4) for the evolution of macroobjects, which in turn agrees

with the classical dynamics.

4. THE MEASUREMENT PROCESS

We investigate here the implications of Quantum Mechanics with

Spontaneous Localizations when a macrosystem interacts with a microscopic

one, as happens typically in a measurement process. First of all we have to

set up a scheme for the micro macro interaction corresponding to a reasonable

description of the measurement process.

we consider a microsystem S and a macroscopic apparatus A. The

apparatus will be described by its centre of mass variables (for simplicity we

assume that the microsystem has only one degree of freedom). Let £ be an

observable of S with purely discrete nondegenerate spectrum and let

(4.1)

•JO its eigenvalue equation. Suppose the evolution of the system S+A to be

governed by the Hamiltonian

H = H itA (4.2)

In (4.?) IJ is the linear momentum operator for k, fl(t) is a dimension Less

function oi t and f is a [unction (in the Dicac sense) of the operator t> and

has the dimensions of a length. Ue have disregarded for simplicity the motion

of S.he system S. The shape of the function (Ht) is given in fi£.l, so that

i;q.(4.2) contains an interaction term which is switched on and off during the

time interval (0rt1).

Suppose that at time t=t <0 the system S is prepared in the state

(4.3)

The apparatus A at time t is assumed to be in a state 14" o ^> ,

corresponding to a well localized state of the centre of mass with mean

position and momentum values equal to 0 and with a spread A Q satisfying

AQ Vfe (4.*)

The evolution of the initial state (4.3) under the action of the Hamiltonian

(4.2) yields the state

where the coordinate representation of the state |<rlH(t)> is

< Q I4>£

(4.5)

(4.6)

jO Jfc * I C D >
Being A a macroscopic object the state "o • T a / has

zero mean values for position and momentum and has position and momentum

spreads which are practically coincident with their values for t^t . There

follows that the state |ct'»(t)> is localized with an accuracy A Q around

the value Q= [&(t)f (£«). In particular when the interaction is over the

pointer of the apparatus is in the position f(C»). The model then describes

appropriately a measurement process of the observable •& , since the final

state (4.5) exhibits a 100* correlation between the state l 1fl> of the

system and the state of the apparatus which is well localized around the

position f(e»).

Up to now we have considered only the standard purely Hamiltonian

evolution of the system plus apparatus. No reduction of the wave packet takes

place and this is reflected by the fact that the statistical operator «J

in the basis 1^.»,()> exhibits off-diagonal elements both in the discrete

index n and in the continuous variable Q. In particular, <Qyilsl Q'Yi> is

different from zero only for |Q-Q'I<6O. while <6H|j£|5 [(a'iyil>

n^m, is different from zero only for |Q-Q'-f(e.)*f (£») | < 2AQ-

Let us now consider the same process in the framework of Quantum

Mechanics with Spontaneous Localizations. Since S is microscopic and A is

macroscopic and we describe A only through its centre of mass degree of

freedom, we can ignore the approximate position measurements on the

microsystem, since they almost never take place. On the contrary, as discussed



in Section 3, the centre of mass suiters reductions with very high frequency,

so that one has to add in the evolution equation the non Hamiltonian term

corresponding to I ! • ] . The dynamical equation is then

t.7)

13)
Ue have succeeded in solving explicitly this equation . We list here the

properties of the solution £ ( t ) .

a) The diagonal elements <Tf£Q|§(t)l 1p»Q> coincide with the corresponding

elements < 1fti<)IS^ch't)|'fiQ
:> of t h e solution of the equation without

reduction (X=0 in eq.(4.7)) for a very large time interval.

b) The matrix elements < ~V$Qt S (t)[ l|£q*> for |Q-0'| >!/>/«' are

exponentially damped with a lifetime of the order of 1/X .

c) The matrix elements < "yi(j| £<*Jl'1fi()'> are practically zero for t-t1>l/x

The initial state is therefore transformed into a statistical mixture

of states for which the system S is in one of the states J 1f£> and the

apparatus has the pointer localized around f(e») with a dispersion of the

order 1/J«. The interaction leads therefore to the wave packet reduction with

fixed pointer positions. The above features are also present when the

interaction time is larger than the interval between two successive

localisations. Obviously in the interaction time interval we have a continuous

setting up of the reduction process.

5. CONCLUSIONS

The model, we have presented exhibits the nice features of leaving

unaltered the quantum description of microsystems and of accounting for the

classical behaviour of the macroscopic objects when their dynamical evolution

is consistently deduced fron the dynamics of their elementary constituents.

Moreover, when the interaction of a microsystem with a measuring apparatus is

also consistently deduced from the basic dynamics of the microconstituents ,

the dynamical evolution leads to the wave packet reduction with fixed pointer

positions. The model exhibits therefore the possibility of a consistent and

unified description of physical reality and can be considered as yielding an

example of a solution to some of the problems which Bohr had to face, as

discussed in the Introduction.
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