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1. INTRODUCTION

We review some recent attempts to overcome the conceptual difficulties which one

encounters when trying to interpret quantum mechanics as giving a complete, objective and

unified description of natural phenomena. Concerning the above specifications, we recall

that the completeness requirement amounts to pretend that the state vector represents the

most accurate possible characterization of the state of a physical system and demands to

disregard the eventuality that extra (possibly hidden) parameters are necessary. The lerm

objective refers to the refusal of attributing a peculiar role to the observer and to the act of

observation, while the term unified refers to the requirement that all physical processes, the

microscopic and the macroscopic ones, as well as the micro-macro interactions which

characterize !he measurement processes, are governed by the same basic dynamics holding

for the "elementary constituents" of physical systems. The specification "beyond

conventional" appearing in the title refers to the fact that the attempts considered , while

requiring, as already stated, that the wave function gives a complete description of physical

systems, plainly accept thatO) "Schrddinyer's equation is not always right" * and

correspondingly are based on a modification of the linear and deterministic evolution law

which is characteristic of the standard formulation of quantum mechanics.

John Belt has taken these proposals very seriously. His having been(2) intriguedby

them has meant for all people involved in this program much more than words can say. His

continuous interest, his stimulating remarks and his passionate defense have played, as we

will show below, an important role in the development of this line of research.

We wiH not try to analyze the pros and cons of these "beyond conventional quantum

mechanics" attempts with respect to other proposed solutions to the difficulties of the theory.

Our attitude is simply that, since they represent a line which nobody would have considered

viable up to few years ago and which has been proved to be perfectly workable and to lead

to the possibility of taking a macro-objective position about natural phenomena, they deserve

* Throughout this paper sentences in italics and outlined arc taken from writings of J. S. Bell
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some attention and have to be taken into account in discussing the conceptually fundamental

issues raised by quantum mechanics.

We will, instead, try to stress to which extent the elaboration of the models we will

discuss below has allowed to meet the requirements that J. Bell has always put forward for

"a serious theory". The deep motivations for advancing such requirements and for his lucid

struggle against what he considered the complacency oiO) "the good unproklematic

formulation!;" of the theory are well known: sake of physical precision, refusal of pragmatic

"FAPP (for all practical nurnosesY' attitudes, an honest and rigourous position about the

aims of science which cannot be confined to speak "about our Diddinj laboratory

operations", thus "betraying the great enterprise". Nobody has taken more seriously than

him the necessity of this pursuit of reality. We want to stress that it was just this desire to

understand reality and in no way some metaphysical prejudice* that led him to repeatedly and

passionately assert that professional scientists should be able to do better and to achieve^)

an* "exact formulation of some serious part of quantum mechanics".

2. THE PROGRAM.

In this Section we will review the investigations along the "beyond conventional

quantum mechanics" line of thought which have led to the elaboration of precise non

relativistic models of dynamical state vector reduction. The relativistic case will be

considered in Section. 3.

2.1. The Motivations

We summarize the situation one has to face when trying to buiSd up a coherent
worldview based on the quantum picture of natural phenomena. The critical investigations
which led to the elaboration of the quantum scheme implied the recognition that the states of
microscopic physical systems obey the superposition principle. The linear nature of the

Actually J. Bell always had an absolutely open minded attitude about science and has been ready to
grasp all lessons coming from our investigations about nature, provided he could see that they might fit
into a coherent worldview. This emerges clearly from the consideration of the revolutionary conceptual
change of attitude which was necessary to derive his famous inequality and from almost all ti is writings, a
significant example being given by the sentence appealing in his last paper^ : "supnaw that... we find
an immovable, fmfe.r obstinately printing outside the suhje.es. to the mind of the observer in the Hindu
S^fiptures. in f<pd. nre.ven only Gravitation? Wnuld not that be very very interesting?"

* To properly appreciate some of ihe quotations in this paper it is important to retail thai J. Bell has
always stressed that by "exact" he docs not mean "exactly true". To pretend that a theory be true would
seem to him to lack in humility. Analogously it has to be kept in mind that by "serious" he means
covering® "some substantial fragment of physics".

theory entails the conceptual impossibility of attributing to physical systems too many

"possessed properties" and, correspondingly, the(') "indefiniteness. the waviness" of micro-

phenomena. As a simple example we recall that if consideration is given to the following

state of a single microscopic system:

(2.1)

(N a normalization factor), where the two states lh> and lt> have the coordinate

representation

<qlh> = [ ], < q | t > =

26 26 (2.2)

and h (here) and t (there) denote two far away positions in space, then, as well known, one

cannot legitimately state that the system possesses the property of being EITHER here OR

there, while an (almost) precise location can be attributed to the system when it is in one of

the two states appearing in the superposition (2.1).

In going from elementary to composite systems a new feature, "entanglement",

emerges. It implies the loss of individuality of the constituents and the impossibility of

attributing to them (in the most general case) any property at all; nevertheless it allows the

existence of strict correlations for the outcomes of prospective measurements on the

constituents, even when they are far apart and non interacting. These correlations, however,

as J. Bell has taught to all of us, are incompatible with the assumption that the constituents

possess definite properties prior to the act of observation. In brief, the study of

microphenomena has required radical conceptual changes and has led to a remarkable

deepening in our understanding of nature.

However, when we come to the macroscopic domain, the superposition principle

turns out to clash with'1) "the definiteness. the narticularitv of the world" as we experience

it, and entanglement implies that, unless one limits "in principle" (not simply FAPP) the

class of observables for a system (a procedure which probably would require^) to go

beyond the Hilbert space formulation of quantum mechanics), even the apparata used in the

measurement cannot be assumed to possess the desired properties specifying the outcomes.

One could be tempted to consider this fact not as a fundamental difficulty, but simply as the

indication that quantum mechanics is not universally valid and that, at the considered level

(involving interactions of microscopic with macroscopic devices), it should be modified. For

the time being, we should be satisfied with the fact that the formalism tells us how to deal

with these situations by resorting to the postulate of wave packet reduction (WPR), which,

as everybody knows, cannot be described by the linear laws of the theory. To those willing



to take such an attitude, J. Bell would have replied that, this being the situation, serious

professionals should try to guess the more general laws of which those ruling

microphenomena (the quantal ones) and those governing macroscopic systems (the classical

ones) are simply good approximations. Apart from this, he would have stressed once more

what he considered the most disturbing feature of the scheme: the theory does not contain

any element which would consent to make a precise distinction between quantum and

classical, the separation between these two classes of phenomena remaining basically shifty

and, as such, allowing innumerable conceptually different but fundamentally vague ways

out. All of them are characterized by the unacceptable (unless one is satisfied with FAPP

attitudes toward science) shiftiness of the split: what is classical and what is quantum?, what

is reversible and what is irreversible?, what is a measurement and what is an interaction (as

such governed by the linear evolution) between two systems?, and finally, what is

conscious^): a single celled living creature or qPh^D student1}'.

2.2. The Dynamical Reduction Program (DRP).

As already stated the "beyond standard quantum mechanics" program we are going to

describe corresponds to accepting a modification of the evolution law of the theory in such a

way that all those measurement-like processes^): "we. are obliged to admit... are po/np on

more or tes.1 all the time, more or less everywhere" have definite outcomes as a consequence

of a unique dynamics. Such a dynamics should imply WPR as a consequence of the micro-

macro interaction in a measurement process. With this in mind, it is appropriate to remark

that the characteristic features distinguishing quantum evolution from WPR consist in the

fact that, while Schrodinger's equation is linear and deterministic (at the wave function

level), WPR is nonlinear and stochastic. It is then natural to consider the possibility of

nonlinear and stochastic modifications of the standard hamiltonian dynamics.

Extremely interesting work in this direction had been done* and important results had

been obtained(6) but, up to recent times, the program had not found a satisfactory

formulation. Crucial problems had been left unsolved. In ref.(7) J. Bell wrote: "The

necessary theoretical development involves introdurinf what is called nonlinearitv and

perhaps what is called stochastititv into the basic Schrodinger equation. There have been

interesting pioneer efforts in thf.i direction, but not vet a breakthrough. This possible way

ahead is unromantic in that it requires mathematical work hv theoretical physicists, rather

than interpretations bv philosophers".

The first unsolved problem was the one of the choice of the preferred basis: if one is

keen to consider the idea of a universal mechanism leading to reductions, within which linear

* In particular we want to recall that'17'" Philip Pearle kept alive this idea thai it is snme modification nf
the Schrfidinofir eQUffliftn that h rt-auiretT

manifolds should the reduction mechanism drive the state vector? The second open problem

had been clearly identified by J. Bell himself^: '"none of these modifications ... has the

property required here of having little impact for small systems but nevertheless suppressing

macroscopic sunernositions. It would he. yood to know how (his could be done". The

problem of how it can happen that the reduction mechanism becomes more and more

effective in going from the micro to the macro domain has been referred to<9) as the trigger

problem. It represents the central point of the DRP.

2.3. Statistical Ensembles and Statistical Operators, AND versus OR.

There is a conceptual distinction which is extremely important to keep clearly in mind

in order to fully appreciate the implications of the program. J. Bell, in a letter addressed to

A. Rimini, T. Weber and myself, after having expressed his interest for the papers, ref.

(10), in which for the first time a consistent and satisfactory model (QMSL-see the next

subsection) of dynamical reduction had been explicitly presented, felt the necessity of

pointing out that, in his opinion, we had not been sufficiently clear on the following point:

" in the reduced density matrix p£ there are no off-diagonal elements. But this does not

dispose of the embarrassing coherence of the superposition. On the other hand, vour process

of spontaneous reduction disposes of it very quickly". This pertinent remark focuses on the

fundamental fact that since, as is well known, the correspondence between statistical

ensembles (specified by their compositions in terms of pure subensembtes) and statistical

operators is, in general, infinitely-many to one, one could very well consider modifications

of the dynamics leading to the diagonalization of the statistical operator in the appropriate

"preferred basis", which, however, do not suppress the unwanted superpositions of

"preferred states". What has just been said is equivalent to the statement that, to meet the

macro-objectivistic requirements posed on it, the theory should guarantee that (under

appropriate circumstances) individual reductions take place. As a consequence, the nice

feature of QMSL of actually inducing such reductions, could be better appreciated in a

formulation directly using the state vector language than in one which, even though explicitly

stated to deal with individuals, mainly makes use (as was the case for refs.(10)) of the

statistical operator language.

The necessity of always making a clear distinction between statements about

individuals and about ensembles has been repeatedly stressed, in different contexts, by J.

Bell. In particular, in his critics to the "unprobtematic formulations" or the "easy solutions"

of the measurement problem he has pointed out that the replacement, even at the ensemble

level, of the AND associated with the sum, with the OR referring to mutually exclusive

properties possessed by appropriate subensembles of the physical ensemble one is dealing

T T"



with, is illegitimate and derives from a "probabilistic prejudice" inherited from the orthodox

interpretation. In ref.(3), with reference to the expression:

P=2,
(2.3)

he stated: " if one were not actually on the lookout for probabilities. I think the obvious

interpretation of even p would be that the system if! in a state in which the various V's

somehow coexist: f ^ f j * and VTVI* and ... This is not at all a probability interpretation,

in which the different terms are seen not as coexisting, but as alternatives: V^Vfor ^ ^ 2 *

or ... The idea that the elimination nf coherence, in one way or another, implies the

replacement of "and" by "or", is a very common one among solvers of the measurement

problem. !t has always nunledme."

To briefly illustrate this point let IC>1> and l<t>2> be two states referring to two

macroscopically different situations; one could, e.g., consider them to be the final states

generated by triggering, with a spin 1/2 panicle in an eigenstate of aZ( an apparatus devised

to detect the value of <st itself, so that:

lfl>l>=ispin up, Pointer hero; l<X>2>=lspin down, Pointer there> (2.4a)

Let, us now consider a statistical ensemble E which is the union, with equal weights, of two

subensembles E; (i=l,2), which are pure cases associated to the states IOi>, and another

ensemble E', which is similarly composed of pure subensembles associated to the states

IA+>, tA->, where:

(2.4b)

The two ensembles E and E1 are manifestly described by the same statistical operator

p=(l/2) +(1/2) l<I)2><O2i = (1/2) IA+xA+1 +(1/2) IA-xA-| , (2.5)

but, while for E it is perfectly legitimate to state that the pointer points either here or there
since any member of the ensemble is described by one of the state vectors IC>i>, each
individual element of E' is still associated to a state vector exhibiting macroscopic coherence.
Many of the proposed solutions to the measurement problem are based on the assumption
that, for various reasons, the statistical operator at the end of the measurement of o"z on a
system which initially is in an eigenstate of O*, can be assumed to have the form (2.5). This
obviously cannot be rigourously but only FAPP correct. At any rate, even if one accepts this
approximation one still has not overcome the difficulty. If one wants to be allowed to use the

term OR, as required by the desire to account for the definiteness of the macroscopic record

of the apparatus, one has to postulate that the final ensemble is precisely the one involving

the states IOi>. But this means to postulate that, during the process, WPR has occurred for

the individual members of the ensemble.

We have discussed this point to stress that, when one is looking for a fundamental

solution of the problem and, with this in mind, is keen to entertain the idea of describing

dynamically WPR, one must guarantee that the evolution leads the state vector within the

appropriate manifolds (in the above example those spanned by \Q>\>) for each individual

member of the ensemble. All the above matter has been reconsidered in great detail in

ref.(l 1). A precise analysis of the problem within the context of the DRP and a comparison

with model theories which give only ensemble and not individual reductions can be found in

refs.(12-14).

2.4. Quantum Mechanics with Spontaneous Localizations (QMSL).

Within the modeK10'15) which will be referred to as QMSL the problem of the choice

of the preferred basis is solved by remarking that the most embarrassing superpositions, at

the macroscopic level, are those involving different spatial iocations of macroscopic objects.

Actually, as Einstein has stressed^6), this is a crucial point which has to be faced by

anybody aiming to take a macro-objective position about natural phenomena: "A macro-body

must always have a quasi-sharpty defined position in the objective description of reality".

Accordingly, QMSL considers the possibility of spontaneous processes, which are assumed

to occur instantaneously and at the microscopic level, striving to suppress the linear

superpositions of differently localized states. The required trigger mechanism must then

follow consistently. The key assumption of QMSL is thus the following: each elementary

constituent* of any system is subjected, at random times, to random and spontaneous

localization processes (which we will call hittings) around appropriate positions. To have a

precise mathematical model one has to be very specific about the above assumptions; in

particular one has to make explicit HOW does the process work, i.e. which modifications of

the wave function are induced by the localizations, WHERE it occurs, i.e. what determines

the occurrence of a localization at a certain position rather than at another one, and finally

WHEN, i.e. at what times, it occurs. The answers to these questions are as follows.

Let us consider a system of N distinguishable particles and let us denote by

*}"(qi,ci2,...,qN) the coordinate representation of the state vector (we disregard spin

* J. Bell has remarked'17' that, wiihin QMSL, one should avoid ihe use of ihe expressions constituent or
particle and should replace them by ihe expression "argument of the wave function", since "there are, no
particles in this iheon there, if nothing hut ihe wave function which has a certain number of argument".
In Lhis paper we will go on using the standard terminology.



variables since the hittings are assumed not to act on them). The answer to the question
HOW is then: if a hitting occurs for the i-th particle at point x, the state vector
*F(qi,q2,...,qnj) changes instantaneously according to:

H/(qi,q2,...,qN)
(2.6)

,q2 qN)
(2.7)

For what concerns the specification of WHERE the localization occurs it is assumed

that the probability density P(x) of its taking place at the point x is given by:

(2.8)

so that hittings occur with a higher probability at those places where, in the standard
quantum description, there is a higher probability of finding the particle. Note that the above
prescription introduces nonlinear and stochastic elements in the dynamics.

Finally, the question WHEN is answered by assuming that the hittings occur at
randomly distributed times, according to a Poisson distribution, with mean frequency X.

It is immediate to convince oneself that the hitting process leads, when it occurs, to
the suppression of the linear superpositions of states in which the same particle is well
localized at different positions separated by a distance greater than 1/Va. As a simple
example we can consider a single particle in the state (2.1) when lh-tl»1/'Va>8. Suppose
that a localization occurs around h; the state after the hitting is then appreciably different
from zero only in a region around h itself. A completely analogous argument holds for the
case in which the hitting takes place around t. For what concerns points which are far both
from h and t, one easily sees that the probability density for such hittings turns out to be,
according to the prescription (2.8), practically zero.

2.5. The Trigger Mechanism.

To understand the way in which the spontaneous localization mechanism is

enhanced by increasing the number of particles which are in far apart (with respect to 1/Va)

spatial regions, one can consider, for simplicity, the superposition W>, with equal weights,

of two macroscopic pointer states IH> and IT> corresponding to the pointer pointing at two

different positions H and T, respectively. Taking into account that the pointer is "almost

rigid" and contains a macroscopic number N of microscopic consiituents, the state If > can

be written, with obvious meaning of the symbols'.

= K[ll=h>l2=h>...lN=h> + ll=t>l2=t>...IN=l>l, (2.9)

where h is near to H, and t is near to T. The states appearing in (2.9) have coordinate

representations <qjti=h> and <qili=t> of the type (2.2). It is now evident that if any of the

particles suffers a hitting process, e.g. near the point h, the prescription (2,7) practically

leads to the suppression of the second term in (2.9). Thus any spontaneous localization of

any of the constituents amounts to a localization of, e.g., the centre of mass of the pointer.

The hitting frequency is therefore effectively amplified proportionally to the number of

constituents.

We stress that we have developed our argument by making reference, for simplicity,

to an almost rigid body, i.e. to one for which all particles are around H in one of the states

ana around T in the other. It should however be obvious that what really matters in

amplifying the reductions is the number of particles which are in different positions in the

two states appearing in the superposition.

2.6. Choice of the Parameters.

The above argument allows to understand easily how it happens that one can choose

the parameters of the model in such a way that quantum predictions for microscopic systems

remain fully valid while the embarrassing macroscopic superpositions in measurement-like

situations arc suppressed in very short times. Correspondingly, individual macroscopic

objects acquire, as a consequence of the unified dynamics governing all physical processes,

definite macroscopic properties. The choice which has been proposed in ref.(10) is:

(2.10)

There follows that a microscopic system suffers a localization, on the average, every Ifj8

years, while a macroscopic one, every 10"7 seconds. J. Bell comments^): within QMSL

"the cat is not both dead and alive for more than a snlit second". Beside the extremely low

frequency of the hittings for microscopic systems also the fact that the localization width

be('7) "large compared with the dimensions of atoms where quantum mechanics is essenti/il"

so that even when a localization occurs "if does very little violence to the internal economy of

an atom" plays an important role in guaranteeing that no violation of well tested quantum

mechanical predictions is implied by the modified dynamics^12).

T r



Some remarks turn out to be appropriate. First of all QMSL, being precisely

formulated allows to locate precisely the® "shifty split" between micro-macro, reversible-

irreversible, quantum-classical. The transition between the two types of "regimes" is

governed by the number of particles which are well localized at distances more than 10"5 cm

far apart in the two states whose coherence is going to be dynamically suppressed,

Secondly, the mode! is, in principle, testable against quantum mechanics. Actually, an

essential part of the program consists in proving that its predictions do not contradict any

established fact about microsystems and macrosystems. Before discussing this point,

however, it turns out to be necessary to overcome some of the limitations of the model.

2.7. Continuous Spontaneous Localizations (CSL).

The QMSL model presented in the previous subsections has a serious drawback; as it

has been formulated it does not allow to deal with systems containing identical constituents.

In fact 0): "an immediate objection to the GRW spontaneous wayefunction collapse is that ii

rfpqs not remect the symmetry or antisymmetry required for 'identical particles'. But this will

be taken care ... in the retativinic. context... I do not see why that should not be possible,

although novel renormatization problems may arise." A quite natural idea to overcome this

difficulty, as suggested by J. Bell in 1987 in a private conversation, would be that of relating

the hitting process not to a definite particle but to the particle number density averaged over

an appropriate volume. The attempt to directly incorporate this idea in the QMSL scheme

would require, however, the introduction of a new constant beside the iwo which already

appear in the model.

A more satisfactory treatment of this problem (see however the remarks at the end of

this subsection) arose from a combination of the ideas of refs.(6) with the specific

mechanism considered in the formulation of QMSL. Such an approach has led to quite an

elegant formulation of dynamical reduction mechanisms^) in which the discontinuous jumps

which are characteristic of QMSL are replaced by a continuous stochastic evolution (a sort of

Brownian motion for the state vector) in the Hilbert space. The general framework has been

discussed in ref.(18); similar results have been presented in ref. (19).

The CSL model is based on the consideration of a linear and stochastic evolution

equation

X AidBi]l4'B(t)>
(2.11)

where H is the hamiltonian of the system, {B;j is a Wiener Process characterized by the drift

and variance
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«dB [» = 0; (2.12)

and {Ail is a set of self-adjoint commuting operators. We remark that eq.(2,l 1) does not

preserve the norm of the state vector but preserves its stochastic average. At this point one

introduces nonlinearity by an assumption which parallels the one made within QMSL for the

probability density of the hitting positions. One states that the probability density for the

stochastic process Bj is not the one (denoted by PrawlBiJ) implied by eq.(2.12), but is given

by PcookedlBj] which depends also on the statevector at time t according to:

ITB(t)> ir (2.13)

One also stipulates that the physics at time t is determined by the normalized state vector

lvCB(t)>N=Î B(O>/H^B(t)>il, IHJIH(t)> being the evolved, according to eq.(2.11) and with the

particular realization of the stochastic processes which actually occurred up to t, of the initial

state vector.

To get a first hint of how the model works, let us suppose that the operators Aj have

purely discrete spectra and let us consider their spectral representations

(2.14)

If one disregards the hamiltonian evolution and considers the stochastic variables (summing
up to 1):

(2.15)

it is easy to prove OS) that one and only one of these variables tends to one for large times,

for any specific stochastic history. Moreover, the probability that a given z<j(-(-«) takes the

value 1 is given by its value at t=0. In other words, the nonhamiltonian stochastic terms in

the dynamics induce individual reductions on the common eigenmanifolds of the commuting

operators A;, with the required probabilities.

We can now formulate explicitly the proposed final version of the CSL model. It is

obtained from the previous formalism by replacing the discrete index and the corresponding

sum over i with a continuous index and integral over the variable x, and the operators Aj

with the average number density operator at the space point x:

l l



N(x) =
(2.16)

a+(q) and a(q) being the creation and annihilation operators for a particle at position q. The

parameter 7 of eq.(2.12) is chosen in such a way that the model reduces to QMSL in the case

of a single particle.

Once it is guaranteed that the dynamics induces individual reductions to states with

almost definite number density, to understand its physically relevant implications one can

make use of the statistical operator formalism. It is easy to see that the statistical operator

obeys the equation:

'IdxlN(x)pN(x)-l{N2(x),p)]
(2.17)

Before discussing the main features of (2.17) we would like to remark that, in a

sense, the idea of dealing with the problem of identical particles by using an average number

and a further constant within an essentially QMSL-like hitting scheme, was correct. In fact it

has been possible to prove'18'20) that for any CSL dynamics there is a hitting dynamics

which is, from a physical point of view, "as close to it as one wants".

2.8. A Simplified Version of CSL.

With reference to eq. (2.17) and with the aim of understanding its physical

implications such as the rate of suppression of coherence, we make some simplifying

assumptions. First, we disregard the hamittonian evolution, secondly, we divide the whole

space in cells of volume (271/a)3/2. Let us suppose that the body is almost rigid and

homogeneous, and let us denote by Ini,n2,...> the state in which there are n, particles in cell

i. From (2.17) one has

(2.18)

The rate of the suppression of the coherence of the two states Ini ,n2,...> and In]',ri2',...> is

thus determined by the expression

(n,-n;)2t]=exp[-YD nolttt] (2.19)
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where we have indicated by D the density of the macroscopic body and by nout the number

of particles which are in a region which is covered by the body when the state is !ni,n.2,...>,

and uncovered when it is Ini',n2',...>. It is seen that, due to the identity of the particles, the

particles which are in regions which are occupied by the body in both states do not contribute

to the loss of coherence, as it should have been expected.

On the basis of eq.(2.19) one can study various physical effects. Apart from the

differences which are related to the identity of the constituents, the overall physics is quite

similar to the one implied by QMSL. Obviously, there are many interesting physical

implications which deserve to be discussed. A detailed analysis has been presented in

ref.(12). As shown there and as it follows from interesting estimates about possible effects

in superconducting devices'21) and about excitations of atoms'22) it turns out not to be

possible, with the present technology, to perform clear cut experiments allowing a

discrimination of the model from standard quantum mechanics.

2.9. Motivations and Achievements of the Dynamical Reduction Program.

We will now present a first summary about the previously described "beyond

conventional quantum mechanics" program by using J. Bell's words.

Motivations'2^);
"One wants to be able to take a realistic view of ike world, to talk about the world as

if it is really there, even when it is no! being observed Our business is to try to make

models and to see how far we can go with them in accounting for the real world".

Achievements:
-Concerning the conceptual structure'1): "There is nothing in this theory but the wqve

function"

-Unifying properties''): "In the GRW theory everything, including 'measurement' goes

according to the mathematical equations of the theory"

-Exactness''); "Those equations are not disregarded from lime to time on the basis of

sunnlementarv. imprecise, verbal, prescriptions".

-Macroscopic ambiguities''): "Any embarrassine macroscopic ambiguity in the usual theory

is only momentary in the GRW theory"

13
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-Implications about entanglement^1): "The GRW theory does not add variables. Hut bv

adding mathematical precision to the tumps in the wave function, it simnlv makes precise the

action at a distance of ordinary quantum mechanics"

-Limitations and promises*17): "The theories that I presented to you are certainly not

beautiful. I think they are not true either: it may be they five some hint of where truth is to be

found. ... I do think however that they have a certain kind of goodness..-in the sense that

they are honest attempts t,o replace the woolv words bv real mathematical eauations-

eauations which you don't have to talk away- equations which you simply calculate with and

take the results seriously"

And also*'): "/ fhink that Schrodinger could hardly have found very comnellin\> the

GRW theory as expounded here - with the arbitrariness of the Jump function and the

elusiveness of the new physical constants Rut he might have seen in it a hint of something

good to come ... For myself. I see the GRW model as a very nice illustration of how

quantum mechanics, to become rational, requires onlv a change which is very small (on

some measures!) "

Nonlocality: The theory(') "is as Lorenti invariant as it could be in the nonrelativistic

version. It takes away the grounds of mv fear that any exact formulation of quantum

mechanics must conflict with fundamental Ijtrenti invariance."

In our opinion the achievements of the DRP which are relevant for the debate about
the foundations of quantum mechanics can be concisely summarized by using the words of
H.P. Stapp(24); The collapse mechanisms so far proposed could, on the one hand, be viewed

as ad hoc mutilations designed to force ontology to kneel to prejudice. On the other hand,

these proposals show that one can certainly erect a coherent quantum ontology that generally

conforms to ordinary ideas at the macroscopic level."

2.10 The "When Nobody Looks" Problem.

The implications of the adoption of the Dynamical Reduction point of view can also

be appropriately focused by considering the debate about possessed properties of individual

physical systems. This debaters been nicely summarized in its essential aspects by D.

Mermin in his brilliant presentation*25) of Bell's inequality. Mermin starts by quoting a

record by A. Pais about Einstein:

"We often discussed his notions on objective reality. I recall that during one walk

Einstein suddenly stopped, turned to me and asked whether I really believed that the moon

exists only when I look at it."

Then Mermin quotes Pauh:

"... one should no more rack one's brain about the problem of whether something

one cannot know anything about exists all the same, than about the ancient question of how

many angels are able to sit on the point of a needle. But it seems to me that Einstein's

questions are ultimately always of this kind."

D. Mermin is presenting Bell's inequality. He appropriately outlines how J. Bell's

work has radically changed the terms of the debate:

"Pauli and Einstein were both wrong. The questions with which Einstein attacked the

quantum theory do have answers; but they are not the answers Einstein expected them to

have. We now know that the moon is demonstrably not there when nobody looks."

It is of some interest to see what conclusions one is led to draw about the above

matter if one adheres to the DRP. The position should be obvious. Concerning Mermin's

sentence one would compietely agree on the first two statements. One would also agree on

the third, provided it would be modified to refer to a microscopic system. So, one would

agree that "We now know that an electron in an EPR-Bohm like situation does not have the

spin along any direction and also that an electron in a state like (2.1) is not at a definite place

when nobody looks". But, according to CSL, the statement is incorrect when referred to the

moon: the moon is definitely there even if no sentient being has ever looked at it.

Since we have been led to mention Einstein's views about quantum mechanics we

would like to conclude this part on nonrelativistic dynamical reduction models, by raising the

question of what could have been Einstein position abotlt them. If one takes into account

what J. Bell says about what could have been Schrodinger positionW: "he mipht have seen

in them a hint of something SQpd to come", mainly because "he would not have been at all

disturbed bv their indeterminism. For .... he was expecting the fundamental laws \o be

statistical in character" one would be led to conclude that Einstein would never have

considered them seriously.

However, with reference to this remark, we would like to call attention to Einstein's

fundamental work*26) of 1949. He considers first of all the problem of whether , within the

quantum framework, it is reasonable to posit the existence of a definite time of decay of an

unstable system. Then he takes into account the probable answer of the orthodox quantum

theorist: he will point out that a determination of the disintegration time is not possible on an

isolated system. Here Einstein counterargues by making resort to Schrodinger's remark that

one meets the same difficulty when one considers the means for ascertaining the radioactive

transformation. He assumes that the record consists in a mark on a strip of paper. Then he

states: "The location of the mark ... is a fact which belongs entirely within the sphere of

macroscopic concepts ..." and, as a consequence, "there is hardly likely to be anyone who

would be inclined to consider seriously ...that the existence of the location is essentially

dependent upon the carrying out of an observation made on the registration strip. For, in the



macroscopic sphere it simply is considered certain that one must adhere to the program of a

realistic description in space and time; whereas in the sphere of microscopic situations one is

more readily inclined to give up, or at least to modify, this program ".

Some pages after this he comes back to the same problem, and actually deepens his

analysis by pointing out that "the "real" in physics is to be taken as a type of program, to

which we are, however, not forced to ding a priori." He adds; "No one is likely to be

inclined to attempt to give up this program within the realm of the "macroscopic" (location of

the mark on the paperstrip "real")". And he concludes. "But the "macroscopic" and the

"microscopic" are so inter-related that it appears impracticable to give up this program in the

"microscopic" alone".

We have felt the necessity of reporting such a long pan of the text to point out that,

for Einstein, the pursuit of realism was more a program which had been very successful than

an a priori option, that he certainly refused FAPP solutions to the problems raised by the

formalism (the mark on the paper strip must be described by the equations of the theory), but

also that he would not have considered unacceptable, in principle, attempts giving up or

wakening microrealistic requirements provided they would consent to take a macro-objective

position. The dynamical reduction models achieve exactly this. Considering the above

quoted sentences one could be tempted to say that in the case of Einstein, the main reasons*

for not even contemplating such a way out seem to consist in the fact that it appears

"impracticable to give up this program in the microscopic alone." This position reflects the

difficulty of imagining that the trigger problem could find a satisfactory solution since, as A.

Shimony has stated when contemplating the possibility of dynamical reduction

mechanisms^27): "Reasonable desiderata for such a theory pull in opposing directions". The

analysis carried on so far has proved thaL, at least in the nonrelativistic version, such a

program is certainly practicable.

3. RELATIVISTIC DYNAMICAL REDUCTION MODELS.

When confronted with a new theoretical scheme, particularly with one which, as we

have seen "makes nrecise the action at a distance of ordinary quantum mechanics", one is

naturally led to raise the question of whether it is reasonable to think that it constitutes an

* We do not want to be misunderstood. We are noi claiming that Einstein would easily have accepted the
stochastic features of CSL. But he would certainly have appreciated the fact that, wiihin such a model, the
location of a macro-object does not depend on its being subjected to an observation and that, in the
macroscopic sphere, the model does not require to give up the program of a realistic description in space
and time. Moreover it might be useful to remark that, as Pauli pointed out in a letter of 1954 to Bom;
"Einstein does not consider the concept of determinism' to be as fundamental as it is frequently held to be
(as he told me emphatically many limes)... he disputes thai he uses as a criterion for the admissibility of
a theory the question: 'Is it rigorously deterministic? " ".
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approximation of a relativistically invariant theory. J. Betl, who has always been deeply

worried by nonlocality: "For me this is the real problem with quantum theor\: the apparently

essential conflict between any sharp forrnulflfion Qnd fundamental relativity. That is to say,

we have an apparent incompatibility, at the, deepest level, between tfa two fundamental

nillars of enntemnnrarv theory It may be that a real synthesis of quantum and relativity

theories requires not iust technical developments but radical conceptual renewal", has raised

immediately this question for QMSL. Actually, as he himself has declared(17): "when I saw

this theory first. I thought that I could blo\y jt nut of the water, bv showing that it was

grossly in violation of Lorentz invarianre" The reason for this conviction is very simple:

"That's connected with the problem of quantum entanglement, the Einstein-Rosen-Podolskv

paradox. ... The funny spooky action at a distance which Einstein saw in the ordinary

formulation of quantum mechanics is not being removed bv this reformulation, buf

emphasized. In the, ordinary formulation you have a way out: may be the wave function t't

not real- maybe there are things wfjich are real which you never describe- maybe the things

which are real are not behaving in a funny way. But in this new theory, there is nothing else

but the wave function and the wave function is behavine in a funny way. It looks as if this

could not nossiblv be Lorentz invariant. because of the long-range instantaneitv."

Thus, he started to investigate this point, to try to blow QMSL out of the water. After

having performed a very detailed analysis^.'7) by making resort to Dirac's multiple time

formulation, he was led to the conclusion we have already mentioned in Subsection 2.9, i.e.

that('): "The theory is as Lorentz invariant as it could be in the nonrelativistic version" thus

taking away the reasons for his deep concern about the conflict of any exact formulation of

quantum mechanics with relativity.

The fact that the theory does not immediately clash with relativistic requirements does

not ensure, however, that it admits a fully relativistic generalization. Actually in the Bruno

Touschek lectures in Rome in 1987 J. Bell concluded his talk by stating that "Lorentz

Invariance is now the big problem" and in his last paper, after having expressed once more

his dissatisfaction with the lack of precision of the standard formulation of quantum

mechanics and the opinion that the only available acceptable alternatives are the Pilot Wave

and QMSL he stated^): "The big question, in mv opinion, is which, if either, of these two

precise pictures, can be redeveloped in a Lorentz invariant way".

Already in 1987 he had pointed out that in trying to follow this line<3) "novel

renormalization problems may arise" and during the symposium in honour of J. Schwinger's

seventieth birthday held at UCLA in March 1988, he raised the question of whetherO7) "the

iumninf process could somehow be formulated within the Schwinger and Tomonaga and

Stuckelberg way of presenting quantum field theory " which seemed to him the most natural

for this purpose. He also pointed out the "immense difficulty" one would meet in replacing

the "particle position" of QMSL by a field variable, since "all the local quantities in ordinary
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quantum fie.ld theory fluctuate infinitely". By trying to "diminish this infinite fluctuation, you

are going to create things in the vacuum" and, as a consequence, contrary to what happens in

the nonrelativistic case, "you are going to do severe damage to the internal economy of the

system". We will discuss below the appropriateness of these remarks.

3.1 Generalizing CSL.

The first attempt to obtain a relativistic generalization of dynamical reduction models

has been presented in ref.(28). It has to be stressed that the requirement to have individual

reductions forbids the theory to be invariant at the individual level (note that even QMSL and

CSL are not Galilei invariant at the individual level). Thus one is led to introduce a

generalization of the invariance requirement: the theory must be stochastically invariant. This

means that, even though the individual processes may look different to different observers,

any two of them will agree on the composition of the final ensemble for (subjectively) the

same initial conditions. We remark that it is precisely in this sense that both QMSL and CSL

turn out to be Galilei invariant.

In ref. (28) P. Pearle, after having discussed this point, has considered a fermion

field coupled to a meson field and has put forward the brilliant idea of inducing localizations

for the fermions through their coupling to the mesons and a stochastic dynamical reduction

mechanism acting on the meson variables. He considered Heisenberg evolution equations for

the coupled fields and a Tomonaga-Schwinger CSL-type evolution equation with a skew-

hermitian coupling to a c-number stochastic potential for the state vector.

This approach has been systematically investigated in refs.(14) and (29). The general

formalism can be briefly sketched as follows. One considers the Lagrangian density Lo(x)

describing the free evolution and hermitian couplings among the fields, and assumes that the

fields evolve according to Heisenberg equations corresponding to Lo(x). One also considers

a stochastic Tomonaga-Schwinger evolution equation for the state vector with a skew-

hermitian coupling between a Lagrangian density L[(x) and a stochastic c-number potential

V(x):

(3.1)6<r(x)

The densities Lo(x) and Li(x) are Lorentz scalar functions of the fields. It is assumed that

Li(x) does not contain derivatives of the fields. The c-number scalar function V(x) is a white

noise with covariance:

«V(x)V(x')» = X S(x-x') (3.2)
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Within the theory the Tomonaga-Schwinger equation (3.1) plays the same role as the "raw"

equation (2,11) within CSL. Correspondingly, the evolved state has to be normalized and

the potential requires a cooking procedure analogous to (2.13):

(3.3)

Disregarding the hamiltonian evolution one can prove that the model yields individual

reductions on the common eigenmanifolds of the commuting operators L[{x), xe o"o, OQ

being the space like surface defining the initial conditions.

When the choices of ref. (28) are made for Lo(x) and Lj(x) and when some rough

approximations are done, one gets, in the nonrelativistic limit, a CSL-type equation inducing

space localizations. However, due to the white noise nature of the stochastic potential^

novel renprmalization problems arise: the increase per unit time and per unit volume of the

energy of the meson field is infinite due to the fact that infinitely many mesons are created.

As predicted by J. Bell'17), in the search for a consistent relativistic dynamical reduction

model one meets an immense difficult, one ends up creating things in the vacuum and doing

severe damage to the internal economy of the .system.

3.2. Achievements of the Relativistic Dynamical reduction Program.

For the reasons we have just discussed one cannot say that the possibility of

generalizing CSL to the relativistic case has been proved. Even some recent trials in this

direction<3°) did not allow to completely overcome the difficulties. In spite of this we think

that the efforts which have been spent on such a program have led to a better understanding

of some points and have thrown some light on important conceptual issues. As J, Bell has

stated in his lecture at Trieste in November 1989, on the occasion of the celebrations of the

25th anniversary of the establishment of the International Centre for Theoretical Physics:

people involved in the pursuit of the relativistic program have met some interesting

difficulties.

We consider it useful to list some of the achievements of this line of research. First, it

has led to a completely general and rigourous formulation(28'u) of the concept of stochastic

invariance. Second, it has stimulated a critical revisitationC4.2'), based on the consideration

of smeared observables with compact support, of the problem of locality at the individual

level. This analysis has put into evidence the necessity of reconsidering the criteria for the

attribution of objective local properties to physical systems. A way to do this has been

proposed, with the following implications. In specific situations one cannot attribute any

local property to a microsystem; any attempt to do so gives rise to ambiguities. However, in
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the case of macroscopic systems, the impossibility of attributing to them local properties (or,

equivalently, the ambiguities about such properties) lasts only for time intervals of the order

of those which are necessary for the dynamical reduction to take place. Moreover, no

objective property corresponding to a local observable can emerge, even for microsystems,

as a consequence of a measurement-like event occurring in a space-like separated region.

Such properties emerge oniy in the future light cone of the considered macroscopic event.

Finally, an analysis based on counterfactual arguments*?9) has shown that the very formal

structure of the theory is such that it does not consent, even conceptually, to establish cause-

effect relations between space-like events. In some sense one could state that even in the

relativistic version, the DRPW "allows electrons (in general microsystems) to eniov the

cloudings* of waves, while allowing tables and chairs, and ourselves, and black marks on

photographs, to be rather definitely in one place rather than another, and to be described in

classical terms"

After having listed some interesting results oblained along this line, in concluding this

section we feel the necessity to stress once more the immense difficulties that the program of

a relativistic generalization has met up to now. The question of whether such a program will

find a satisfactory formulation still remains "the big problem" for this type of investigations.

4. REPLY TO CRITICISMS AND HINTS.

The DRP in general, and more specifically QMSL, have been the object of various

criticisms. In this section we will take into account those which seem more relevant to us.

4.1 The criticism of "being ad-hoc".

To start with we will mention quite a general objection against the DRP which has

been raised by various authors in different contexts. It consists in the assertion that, since no

attempt is made of introducing a fundamental physical mechanism accounting for the

occurrence of the spontaneous localizations, the model turns out to be very ad-hoc.

Concerning this criticism we must simply say that, in principle, we agree: up to now,

no specific proposal for the identification of a physical mechanism giving rise to the

stochasticity has been presented.

There are, however, at least two partial answers to this criticism which deserve to be

presented. The first one has been given by J. Bell himself^17): ..."if would be eood to

exnlain them (the spontaneous reductions'): but you can't explain everything, vou have tn

stqrt somewhere. It would be good to relate these, quantum jumps which 1 am now

introducing to some nip idea and not iust to brinf them out of a hat like that- but for the.

moment that's iust what we have to do. Just as in the earlv davs of radioactivity theory we
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had to say that our radioactive nucleus iust at some moment goes nor)! -it decays- for reasons

unknown". It is interesting to note that in the same paper J. Bell pointed out the goodness

and honesty of these precise attempts.

Secondly, we would like to stress that the correct way of judging such attempts

requires to look at them within the appropriate context, i.e. the one of the debate about the

foundations of quantum mechanics. If one chooses this perspective one can compare, e.g.,

the achievements of the DRP with those of the hidden variable models. With reference to the

most satisfactory available model of this type, i.e. the de Broglie-Bohm Pilot Wave theory,

one could also raise the objection that it is ad-hoc in its assumption that specifically and only

the position variables are the extra variables to be added to the wave function for a complete

and precise description of physical systems. Analogously, one could consider ad-hoc the(17)

"one more hypothesis" one needs "to connect this scheme with ordinary nonre.lat\v\s\i,c

quantum mechanics... God chose first the initial wave function f/0). and then the initial

configuration of the particles x(0). He chose this configuration af fqnq'om or she chose it at

random, from an ensemble in which the distribution was eiven at the initial time bv the

square of the wave function". In spite of these arbitrary features of the model one could ask:

is it not of remarkable conceptual relevance to know that, on one side, a deterministic

completion of quantum mechanics is actually possible, and, on the other, that the price to pay

to adopt such a point of view is to accept contextuality and nonlocal ity? In complete analogy

one could raise the question: is it not conceptually relevant to have the explicit proof that

there are theories® "which have nothing in their kinematics but the wave function" and

nevertheless allow to take a macro-objective realist position about natural phenomena? Is it

not relevant to have learned that the price to pay* consists in accepting both stochastic and

nonlinear modifications of the evolution equation?

Concerning the alleged arbitrariness of the two parameters appearing in the

considered models (a and X. in QMSL, y and X in CSL) it is worth to remark that, if one

takes into account necessary physical requirements, they turn out not to be, after all, so

arbitrary. In fact the localization parameter must be appreciably larger than atomic

dimensions*-^) to avoid doing violence to the internal economy of an atom, but relatively

small on a macroscopic scale. Furthermore, the allowed range of variability of the product

aX turns out to be rather narrowC'2) if one wants to be sure that the model does not entail

unacceptable consequences concerning, e.g., the mean energy increase or the dissociation of

atoms. It has also been proved*32) that the detailed shape of the jump function is to a large

extent irrelevant and that*?3) reduction mechanisms involving other variables (e.g. momenta)

beside or in place of the positions (which play such a privileged role within QMSL), cannot

In the study of dynamical reduction models il has been possible to prove'19 ' that nonlinearity without
stochasticity leads to faster than light effects, while siochasticiiy without nonlinearity is unable to
yield*31) individual reductions and allows only to describe ensemble reductions.
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be considered as acceptable candidates for the DRP: they are either ineffective to induce

definite properties for individual macroscopic objects, or give rise to unacceptable

consequences for the microscopic ones.

To conclude, we consider it appropriate to comment on the very appearance of the

(ad-hoc) parameters which would play, if one would take the models of dynamical reduction

proposed so far very seriously, the role of new constants of nature. The DRP is primarily

concerned in describing how, and in making precise where and when, the transition from

quantum to classical, from almost exactly reversible to almost definitively irreversible takes

place. It has to be stressed that the parameter "the number of particles which are involved in

the physical process one is dealing with" cannot be assumed to characterize, by itself, the

transition regime. In fact, as we all know, there certainly are macroscopic systems which

exhibit a genuine quantum behaviour and which require a full quantum treatment. As a trivial

example one can think of a crystal; there is no doubt that to account for its structure even at

the macroscopic scale quantum mechanics and the superposition principle are essential. The

DRP is not concerned in suppressing the coherence accounting for, e.g, the lattice structure,

but the one between the crystal being here or there; the specification of how the decoherence

mechanism becomes effective must then involve a scale for distinguishing here from there.

Within QMSL and CSL such a scale is given by the localization parameter 1/Va. The above

argument does not render unreasonable the idea that any theory describing in a

mathematically precise way the desired loss of coherence, requires the introduction of new

constants*. Obviously this fact cannot be considered as a strict argument in favour of new

parameters but it makes less objectionable^') "the elusiveness of the new physical constants".

We come now to other specific criticisms. They have been put forward in various

papers by different authors; a quite exhaustive list of them has been presented by A.

Shimony in a recent work(36). The author agrees that the DRP is interesting and deserves

some attention, but he lists 8 desiderata that such a program should satisfy. Out of these, in

his opinion, 4 are met by QMSL and CSL, the remaining ones are not. We will analyze them

in what follows.

4.2. Relativistic Invariance,

As required by Shimony : the modified dynamics should be Lorentz invariant. We
perfectly agree; nevertheless, as it should be clear from the discussion of Section 3, we
believe that this cannot be considered as a criticism to the presently available models of

Recently an attempt^4' to get rid of the two constants appearing in QMSL has been done. However this
proposal has'35* unacceptable physical consequences. In ref.(35) a modification of the model of ref. (34) has
been presented, resulting in a dynamical reduction theory involving only one parameter (specifying a length
scale) and relating reduction to gravity.
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dynamical reduction but it has rather to be taken as a recognition that hard work has still to be

done by those who consider interesting to try to fully exploit this line of thought.

4.3. Preclusion versus Suppression of Macroscopic Coherence.

According to the author of ref.(36): the modified dynamics should preclude the

gestation of Schrodinger's cat, and in general the occurrence - even for a brief time - of states

of a system in which a macroscopic variable is indefinite. We must confess that we have not

been able to grasp this requirement. Since the theory pretends to describe the measurement

process which involves the interaction of the measured system with the measuring apparatus,

does this requirement pretend that the triggering of the apparatus and the stochastic choice of

the outcome should occur instantaneously? How could that be?

Probably some clarification about this point can come from the following remaik.

The criticism seems to hypothize the actual possibility of occurrence of a superposition of,

e.g., states describing a macroscopic pointer pointing here and pointing there. We recall

some debates with colleagues in which objections starting with specifications of the type: (/

you consider a linear superposition with equal weights of this table being in Geneva and in

Rome..and a localization process... With reference to remarks of this kind it is extremely

important to have clear that, if the dynamics characterizing QMSL is actually operative, it

forbids the occurrence of such situations. What actually happens is the following. Suppose

we trigger, e.g., a macrosystem with a linear superposition of two microstates. Assume

further that the conventional hamiltonian dynamics describing the system apparatus

interaction would, for one of the initial microstates, leave the table at rest here in Geneva,

while for the other it would deliver to it a momentum pointing to Rome. Then, as soon as

1023 of the particles are displaced more than It)-5 cm. the modified dynamics compels the

table either to remain at rest or to move towards Rome. The specification either-or refers

precisely to the suppression of one of the two quantum states. To try to bring this

suppression to the precise instant (?) of She system-apparatus interaction seems to us

physically unappropriate.

4.4. Actual versus Idealized Measurements with Definite Outcomes,

This criticism by Shimony admittedly makes reference to an objection repeatedly^37)
raised against QMSL. It is based on the remark that one can easyly imagine situations leading
to definite perceptions and which nevertheless do not involve the displacement of a large
number of panicles up to the stage of the perception itself. These cases would then constitute
actual measurement situations which cannot be described by QMSL, contrary to what
happens for the idealized (!) situations considered by such a model, involving the



displacement of some sort of pointer. To be more specific, in refs.(37) consideration has

been given to a "measurement" process whose output is the emission of a burst of photons.

This can easily be devised by considering, e.g., a Stem-Gerlach set up in which the two

paths followed by the microsystem according to the values of its spin component, cross a

fluorescent screen exciting a small number of atoms which subsequently decay by emitting a

small number of photons. The argument goes as follows: since only a few atoms are excited,

since the excitations involve displacements which are smaller than the characteristic

localization distance of QMSL, since QMSL does not induce reductions on photon states and

finally since the photon states overlap immediately, there is no way for the spontaneous

localization mechanism to become effective. The superposition of the states "photons

emerging from point A of the screen" and "photons emerging from point B of the screen"

will £ast for a long time. On the other hand, since the visual perception threshold is quite low

(about 6 photons), there is no doubt that the naked eye of a human observer is sufficient to

detect whether the luminous spot on the screen is at A or at B. Concluding: no dynamical

reduction can take place and as a consequence the measurement is not over, the outcome is

not definite, up to the moment in which a conscious observer perceives the spot.

We have presented a detailed answer to this criticism in a recent paperC8), The crucial

points of our argument are the following: we perfectly agree that in the case considered the

superposition persists for long times (actually the superposition must persist, since, the

system under consideration being microscopic, one could perform with it interference

experiments, which everybody would expect would still confirm quantum mechanics).

Thus, if one takes seriously the above remark, one is compelled to consider the actual

systems which enter into play and the changes induced in them by the photon beams. We

have made a simple estimate of the number of ions which are involved in the visual

perception mechanism; such an analysis makes perfectly plausible that in the process a

sufficient number of panicles are displaced of a sufficient spatial amount, to satisfy the

conditions which are necessary, according to QMSL, for the suppression of the

superposition of the two nervous signals to take place within the perception time.

We do not want to be misunderstood: this analysis does by no means amount to

attribute a special role to the conscious observer or to his perception. The observer's brain is

the only system present in the set up in which a superposition of two states involving

different locations of a large number of particles occurs. As such it is the only place where

the reduction can and actually must take place according to the theory. After all, in a serious

theory(3) "fiot jusf vogue words hut precise mathematics has to tell us what is system and

what is apparatus, which natural processes fjaye \\\e special s(qpfs of measurements". At any

rate one should also notice that if, in place of the eye of a human being, one puts in front of

the photon beams a spark chamber or a device leading to the displacement of a macroscopic

pointer or producing ink spots on a computer output, reduction will take place. In the
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considered example, the human nervous system is simply a physical system, a specific

assembly of particles, which makes the same function as one of these devices, if no such

device is interacting with the photons before the human observer does.

A further specification is appropriate. The previous analysis could be taken by the

reader as indicating that we adopt a very naive and oversimplified attitude about the deep

problem of the brain-mind correspondence. We do not claim and we do not pretend that

QMSL allows a physicalist explanation of conscious perception. We simply point out that,

for what we know about the purely physical aspects of the process, we can state that before

the nervous pulses reach the higher visual cortex, the conditions guaranteeing the

suppression of one of the two signals are verified. If, even without assuming a naive

pshyco-physical parallelism, one believes that different perceptions should somehow be

related to situations in which something is different, he would be led to recognize that the

working of the dynamical reduction mechanism in the above situation, makes at least not

unreasonable the deftniteness of the conscious perception.

4.5 The Problem of the Tails of the Wavefunction.

The last desideratum for a dynamical reduction model which, according to some
authors, is not met by QMSL is that(36) "one should not tolerate tails in wave functions
which are so broad that their different parts can be discriminated by the senses, even if very
low probability amplitude is assigned to them". This is, in our opinion, the most interesting
criticism since it allows to focus a deep problem and to point out the revolutionary
suggestions of J. Bell about it.

We start by considering the situation within the conventional quantum framework.

The square of the modulus of the wave function in configuration space gives the position

probability density of, e.g., a particle. We agree that the fact that wave functions never have

strictly compact spatial support can be considered as puzzling. However this is a problem

arising directly from the mathematical features (spreading of wave functions) and from the

probabilistic interpretation of the theory, and not at al! a peculiar problem of the dynamical

reduction models. To this purpose it is appropriate to remark that nobody considers the fact

that, e.g., the wave function of a pointer or of a table has not a compact support in the centre

of mass coordinate as representing a difficulty for quantum mechanics. When the wave

function is extremely well peaked around a fixed space point in the considered variable, one

accepts that the wave function itself describes a table which is located at a certain position

and that this corresponds in some way to our perception about it. It is obviously true that, for

the considered wave function, the quantum rules entail that if a measurement would be

performed the table could be found (with an extremely small probability) to be kilometers far

away, but this is not the measurement problem. The real question at issue here is that of the
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possibility of attributing local objective properties to physical systems. Such a problem can

find a solution only through an appropriate definition of the instances which render such an

attribution legitimate. We have repeatedly discussed this point; see, e.g., refs.(ll, 13, 14)

and (29).

Obviously, to close the circle and have a fully satisfactory woridpicture, one should

relate the possibility of attributing definite properties to physical systems to the conditions of

human experience. This is the ancient problem which haunted Descartes and Locke. We do

not want to take a precise position about it (this is a specific task for the philosophers). We

simply invoke once more the necessity of accepting at least a vague correspondence between

the elements of the theory (the wave function) and our perceptions. Consequently, the above

state of affairs can be reasonably taken as accounting for our perception that the table is at the

considered place.

A completely different situation arises when one considers a superposition, with

equal weights, of two wave functions, both possessing tails (i.e. having non-compact

support) but both being appreciably different from zero only in very narrow intervals,

which, however, are macroscopically separated. This is the really embarrassing situation

which conventional quantum mechanics is unable to make understandable. To which

perception about the position of the table does the considered wavefunction correspond?

The implications for this problem of the adoption of QMSL should be obvious.

Within QMSL, the considered superposition of two states which, when considered

individually, are assumed to correspond to different and definite perceptions about

macroscopic locations, are dynamically forbidden. If some process strives to produce such

superpositions, then the nonhamiltonian dynamics induces the localization of the centre of

mass and consequently the possibility of attributing to the system the properly of being in a

definite place. Correspondingly, the possibility arises of accounting for our definite

perception about it.

Coming back to the criticism, we remark that the requirement that the appearance of

macroscopically extended (even though extremely small) tails be strictly forbidden can be

motivated only by the choice of committing oneself to a very precise position about the

psycho-physical correspondence within the quantum context; states assigning non-exactly

vanishing probabilities to different outcomes of position measurements, must correspond to

ambiguous perceptions about these positions. Obviously, one is free to take such a radical

position and to pretend such a rigid correspondence between the mathematical features of the

wave function (having non-compact support) and the perceptions of sentient beings (being

confused). But then one must conclude that the whole Hilbert space description of physical

systems has to be given up, independently of whether one is considering the conventional

version of the theory or the dynamical reduction models.

A quite interesting and original way to overcome the difficulties of the probabilistic

interpretation has been suggested by J. Bell. As we will see in a moment, such an approach

can oniy be followed due to the peculiar features of QMSL and turns out to be impracticable

within the conventional formulation.

In 1989, at Erice, during a party, I was listening to him speaking with Pearle,

Shimony and other people. The place was noisy and I could not follow completely the

argument, but I grasped some statements addressed to P. Pearle of the type: you are still too

strictly committed to the probabilistic orthodox interpretation! You have to go beyond it!

Now you are allowed to take a density interpretation! Early on the following morning, I met

J. Bell and I asked him whether he intended to suggest that, would Schrbdinger have known

and adopted the QMSL point of view, he would have not been compelled to abandon his

density interpretation for the wave function and to accept the probabilistic interpretation of

the Copenhagen school. J. Bell's answer was sharp; / meant precisely that! He came back

to this point on various occasions. In ref.(3) he wrote: "The GRW-noe theories have

nothing in their kinematics but the wavefunction. It gives the density (in a multidimensional

configuration space!) of stuff. To account for the narrowness of that stuff in macrosconic

dimensions, the linear Schrodinfer equation has to be modified, in the GRW picture bv a

mathematically prescribed spontaneous collapse mechanism". We have discussed this point

successively. I want to conclude by quoting a letter he sent to me on October 3, 1989: "4i

regards V and the density of stuff. I think it is important that this density is in the 3-N

dimensional configuration space. So I have not thought of relating it to ordinary matter or

charge density in 3-space. Even for one particle I think one would have problems with the

latter. So ! am inclined to the view you mention "as it is sufficient for an objective

interpretation..." And it has fo be stressed that the "stuff' is in 3~N snqce- or whatever

corresponds in field theory."

The above sentences contain, in our opinion, a quite deep suggestion about a way of

"closing the circle" (as A. Shimony has appropriately called the meshing of the metaphysics

and the epistemology of a wortdview based on a theoretical description of natural

phenomena) for the case of dynamical reduction models. This is a precise answer to the

problems which inspired the above request about the suppression of tails.

If one wants to tackle such a fundamental point, one can try to go on following J.

Bel! deep suggestions. We cannot avoid, however, stressing once more that this is not the

original problem which led to the consideration of the DRP program, i.e. the one of

forbidding the superpositions with almost equal weights of states which are plainly accepted

by everybody as corresponding to different and definite perceptions . As discussed above,

the requirement of strictly forbidding the tails is motivated by the desire to solve problems

which are much deeper than the one just mentioned. As we have shown J. Bell has outlined
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a way of giving a satisfactory answer also to these deeper questions. The possibility of

following such a line rests entirely on the adoption of the dynamical reduction point of view.
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