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Abstract:
Many scientists agree that various difficulties arise when one tries to buiid up a

worldview incorporating some form of realism which can accommodate our knowledge
about natural phenomena. We investigate whether quantum mechanics (Q.M.), in the
standard interpretation or in some of its more widely known and accepted variants, can be
taken as a basis for such a program. Having pointed out that, in our opinion, this is not
the case, we present an attempt to overcome the difficulties by accepting stochastic and
nonlinear modifications of the evolution equation of the theory.

1. Closing the Circle within a Quantum Context.
With the expression "Closing the Circle" we denote the program of

building up a coherent worldview which is compatible with what we
know about nature, as expressed in our theoretical constructions. A useful
way of sketching the issue we want to discuss derives from considering
the case of classical physics by taking explicitly into consideration the way
in which it describes specific physical systems, the role it assigns to the act
of observation and the way in which it relates natural phenomena to
human experience. This has been lucidly summarized by J. Bell U): "Of
course, it is true that also in classical mechanics any isolation of a
particular system from the world as a whole involves approximation. But
at least one can envisage an accurate theory of the universe, to'which the
restricted account is an approximation even in classical mechanics the
human observer is implicit, for, what is interesting if not experienced?
But even a human observer is no trouble (in principle) in classical theory
- he can be included in the system (in a schematic way).... supposing his
experience to be correlated with some function of the coordinates In
classical mechanics we have a model of a theory which is not
intrinsically inexact, for it neither needs nor is embarrassed by an
observer".

In agreement with this sentence one could state that "classical
theories" do allow us to close the circle. What about the quantum case?

1.1. General Considerations.
It seems appropriate to stress that for J. Bell, in the above

quotation, for a theory to be "exact" neither requires it to be "true" nor
requires it to give an exhaustive account of actual physical processes in all
their extreme complexity. Hovever he maintains that one should be able
to control the meaningfulness and the accuracy of the assertions one
makes and to elaborate a reasonable picture of reality based on the theory,
in particular one which allows us to consider our experiments as
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natural processes and to speak of the universe, of Us history,
even before life emerged.

We advance similar requirements. In particular, we take an
essentially realistic position and we hold that individual physical processes
occur and can be taken into consideration. We are specifically interested
in formal variants and/or interpretations which allow us to speak of
individuals*.

To start with, it is appropriate to list some natural assumptions for
the elaboration of a worldview of the kind we have in mind, and to recall
the basic formal elements of the quantum description. Very naively, the
assumptions are the following: there are individual physical systems
which are "out there". Such systems possess, at least under
appropria te circumstances, definite individual propert ies .
There are methods (measurement procedures and apparatuses)
for ascertaining such properties with an acceptable degree of
reliability.

Obviously one must make some very rough assumption about the
psycho-physical correspondence (to make meaningful the statement about
the possibility of ascertaining properties) and one must recognize the
unavoidability of making approximations (idealizations), in particular that
of being allowed to consider isolated systems. We will be interested in the
possibility of keeping "under control" the approximations that such
procedures involve.

In developing our arguments we will examine some variants and/oi
interpretations of "quantum theory" by focusing our attention on the role
they assign to its formal ingredients, i.e., the states, the observables
and the evolution law. Moreover, we will pay attention to the way
they deal with the microscopic and the macroscopic aspects of
nature with particular reference to the question whether they give a
unified or dualistic description of physical processes, and, in the
second of the above cases, whether they allow to identify
consistently the "s lit" between the two classes of phenomena.

1.2. An Elementary Theorem and the Objectification Problem.
Let us fix the notation we will use. Nonhomogenous quantum

ensembles which are the union of homogeneous ones (pure cases) will be
denoted by

= {|jEa,la>,p(oO} (l.D

* We do not want to he misunderstood; we are well aware that quantum probabilities are nonepistemic so that the
theory requires consideration of statistical ensembles for its verification. But Ibis docs not forbid us
considering individual physical processes. It seems appropriate to remark that even people insisting on a strict
ensemble interpretation of Q.M. do not always keep consistency to their position. For example: they resort to
using terms tike "either'^'or", which calt into play individuals. Our position is that sticking to a strict
ensemble interpretation evades, rather than clarifies, the problems raised hy the theory.

In eq. (1.1) E a represents a pure case associated to the statevector loo and
p(a) is the weight of E a in E. As is well known, such an ensemble is
described by the statistical operator

0.2)

For the following discussion it is useful to keep in mind that the
weights p ( a ) describe epistemic probabilities, and that the
correspondence E—>p from statistical ensembles to statistical operators is,
in general, °°-many to one.

Coming back to our general problem we confine our attention, for
the moment; to a microsystem interacting with a macroscopic device
allowing us to ascertain a certain property of the microsystem itself. We
are obviously dealing with a measurement process, but we want to avoid
making specific assumptions about it besides those which are necessary to
make it meaningful; in particular, we do not make any requirement that
the measurement is ideal.

For simplicity, we consider the microsystem to be the spin of a spin
1/2 particle. Let lu> and ld> be a basis (typically the eigenstates of az) in
the corresponding two dimensional Hilbert space Hs. We assume that we
can prepare the microsystem in the states lu>, ld> and in any linear
combination of them. Since one cannot have full control of the quantum
state of a macroscopic system we will deal with an ensemble EA of initial
apparatus states EA={UaEa,IAa>,p(a)}, where the states IAa> belong to
the Hilbert space HA of the apparatus. Regarding the measurement process
we make the following assumptions: there exists a projection operator P
of HA such that its two eigenmanifolds correspond to perceivably
different macroscopic situations of the macroapparatus. The apparatus
allows to measure a z with a certain degree of reliability, let us say, of one
part over one thousand. Thus we assume that, if we denote by U the
unitary evolution operator describing the system-apparatus interaction,
then

Tr{U[lu >< ul®pA(0)]U+P} > 1 - e

Tr{U[ld >< dl<8>pA (0)]U+P} < e,e = (1.3)

The physical meaning of the above equation should be obvious: the
apparatus must be such that, in the standard quantum language, the



probability of its "pointer" ending up pointing at "up" ("down"), when
triggered by the state lu> (ld>) is 999/1000.

Let us denote by IFa> the system-plus-apparatus final state
originating from triggering the apparatus state !Aa> by the state
(l/V2)[lu>+ld>], i.e., let us put:

I Fee >=-j=U{[lu > +id >]®| Aa >}
V2 (1.4)

An elementary theorem^2) can now be stated: equations (1.3) imply
that more than 96% of initial apparatus states !A<x>, are such that the
corresponding states IFoc> satisfy:

0.45 <IIPIFa>l!< 0.56 (1-5)

The above analysis is, in a certain sense, trivial: it simply says that
the superposition principle holds at the macroscopic level. However,
within the context of the present investigation it is of some relevance: it
shows that the very general assumption that one .can obtain reliable
information about microsystems, implies that superpositions of
macroscopically and perceivably different states must occur and can
actually be prepared.

We cannot therefore avoid facing the following situation: we have
an individual macroscopic system associated to a pure state having
projections which are appreciably different from zero on two
eigenmanifolds associated to macroscopically different eigenvalues of a
macroscopic observable. How can we deal with such a problem? On the
basis of any reasonable assumption about the psycho-physical parallelism
one must require one of the two macroproperties which are potentially
present in the state IFoo to become actual.

Various ways to get the required objectification have been
considered in the literature. We will briefly describe and discuss them. It
turns out to be useful to arrange the various proposals in a hierarchical
tree-like structure, taking into account the fundamental points on which
they differ. In Fig. 1 we present a diagram which may help in following
our argument. Subsequently we will comment on the various options.

2. Listing Possible Ways out.
A first distinction among the alternatives which have been

considered derives from taking into account the role which they assign to
the statevector. This leads to the Incompleteness versus Formal
Completeness option:

I.-Incompleteness: this approach rests on the assumption that the
specification of the state of the system is insufficient: further parameters,
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besides the wave function, must be considered and they allow to assign
properties.

FC.-Formal Completeness: it is assumed that the assignment of the
statevector represents the most accurate possible specification of the state
of a physical system.

When the assumption of Formal Completeness is made two
fundamentally different positions can be taken about the status of an
ensemble, a pure case in the standard scheme, all individuals of which are
described by the same wavefunction :

FC-DI-Formal Completeness with Different Individuals: the same wave
function describes individuals which can have different properties, even
though there is no further element in the formal theory that specifies such
properties.

FC-II-Formal Completeness with Identical Individuals: all individuals
associated to the same statevector have the same properties. Pure cases
correspond to genuinely homogeneous ensembles. .

The two options we have just mentioned, i.e., FC-DI and FC-II
require different strategies to circumvent the difficulties related to the
objectifi cation problem.

The first case can be analyzed in greater detail by considering the
three following alternatives:

LO-Limiting the Observables: The specification of what is actually
observable in the case of a macrosystem has to be reconsidered: by taking
into consideration appropriate and unavoidable limitations of the class of
observables one <.an legitimately consider the macroproperties to be
actual.

ECAP-Enlarging the Criteria for the Attribution of Properties: The
possibility of considering a property actual is related in a more subtle way
than in standard Q.M. to the statevector; in particular, an individual
system can possess a property even though it is not in an eigenstate of the
corresponding observable.

ER-Enriching Reality: Many real happenings can occur together: all
potentialities of the statevector become actual.

When the option FC-II of Formal Completeness with Identical
Individuals is chosen the strategy to circumvent the difficulties consists in
reconsidering the dynamics of the theory. One contemplates the

f: f-f •» t ft

possibility of a Modified Dynamics: The unitary evolution law of the
theory is not always or not exactly right; the modifications which have to
be taken into account make the potentialities actual.

This case too leads to further alternatives:

TDP-Two Dynamical Principles: different physical situations require
different evolution laws.

UD-Unified Dynamics: the evolution equation of Q.M. has to be
modified. The new dynamical principle does not lead to a violation of
tested quantum predictions for microsystems but it is able to induce the
dynamical objectification of macroproperties.

3. Exploring the Alternatives.
We will sketch very briefly the way in which the above listed

alternatives can actually be implemented. We will also state what are, in
our opinion, the pros and cons of the various options.

3.1. Incompleteness: the Specification of the State is
Insufficient.

This option corresponds to challenging the completeness of the
quantum description of physical systems. The state vector is not all. There
are "hidden variables" - putative parameters related to properties of a
physical system which are not specified by the statevectorO). The intended
aim is that of making legitimate an epistemic interpretation of quantum
probabilities.

However, as is well knownC4), any such program has to face a
precise problem: contextuality. Various authors have exhibited general
proofs* that the very algebraic structure of quantum formalism implies
(in the case of a Hilbert space of more than two dimensions) that any
complete specification of the state of a system can assign, in general, a
definite truth value to propositions concerning its properties only relative
to a specified context. It goes without saying that contextuality limits the
possibility of attributing objective properties to systems.

The situation becomes even more intricate if one take, into account
the possible occurrence of entangled states of far-apart systems which, in
some cases, imply perfect correlations about the outcomes of prospective
measurements on the constituents. This shows that contextuality by itself
implies a certain nonlocality since one can make a contextual variable
noncontextual at a distanced) by measuring a correlated variable on a
composite system. Nobody had noticed this fact, even though the
unavoidable contextual nature of most physical variables had been

We recall Ibat these proofs assume that possessed values lie in the spectrum of ibe self-adjoint operator
representing the observable.



recognized, prior to the derivation of the famous Bell's inequality. Bell,
with his seminal work(6), greatly clarified quantum nonlocality, and made
precise the requirements which one has to give up if one wants to
reproduce by a hr iden variable theory all predictions of quantum
mechanics. This holds true not only for the class of "deterministic hidden
variables theories" (i.e. those aiming to make quantum probabilities fully
epistemic), but also for the more general class of "stochastic hidden
variables theories".

We briefly summarize the situation about the incompleteness
option:

The hidden variables program is certainly interesting and can be
followed consistently. The properties related to noncontextual variables
can always be legitimately attributed to a physical system. Besides these,
one can also attribute to individual physical systems, as in standard Q.M.,
the properties referring to observables having the statevector of the
system as an eigenstate. There is, however, a price to pay, namely
accepting that most observables are contextual. Moreover, contextuality is
nonlocal in the above specified sense.

Two points deserve to be stressed, for their relevance for what
follows. First of all, when following this line, one has to make a specific
choice about the variables that one wants to make noncontextual.
Secondly, the only interesting proposal of this type which has been
thoroughly investigated and which yields a coherent worldview is the
pilot wave theory of de Broglie and Bohm(3). In it the positions of the
particles play a privileged and peculiar role: they are the only
noncontextual variables (the local beables(7)) of the theory*.

3.LO. Limiting the Class of Observables.
The attempts to get objectification through a limitation of the class

of observables have received more attention^'9). We consider it
appropriate to distinguish two different positions which have been taken
when trying to implement such an approach:

SSR-Strict Superselection Rules: the set of observables of any
macrosystem does not coincide with the set of self-adjoint operators on
the associated Hilbert space. The set of observables admits superselection
rules; in particular, the eigenmanifolds corresponding to different
macroscopic properties are superselected.

DFSR-De Facto Superselection Rules: The impossibility of putting into
evidence macroscopic coherence is not a matter of principle but derives
from practical, but practically insurmountable, limitations.

* Of course at the formal level one can easily work out models making, e.g., ibe momentum variables
noncontextual. However, (be ensuing contextual naiure of positions makes it quite difficult to build up a
coherent description of natural phenomena based on such a scheme.

Before turning to a specific discussion of these alternatives we
would like to remark that they both require the consideration of the
dynamics of the theory. The possibility and the consistency of assuming
limitations of measurability cannot be analyzed at the kinematical level
only. Given this, we turn now to discuss the two cases.

The Strict Superselection Rules option. Supposs that, at a certain
level (typically the macroscopic one), the set of observables of the system
admits strict superselection rules. This amounts to saying that what
actually characterizes the states of physical systems (ensembles) are not
the statevectors (the statistical operators), but the equivalence classes [p]
with respect to the allowed observables Q, i.e.:

[p] = {p*lp* € Tj ;Tr{pQ) = Tr{P*Q}, VD} (3.1)

where we have denoted by Tj the set of positive trace-class operators of
trace 1. The basic idea for circumventing the difficulties of Q.M. should
now be clear. To discuss it let us consider, e.g., the evolution
characterizing an ideal measurement process:

1

V2
= -i={lu> ®l Au ®l Ad >} (3.2)

where IA0>, IAu> and IAd> denote the "ready", "points at u" and "points
at d" states of the macroscopic pointer. Since the states IAu> and IAd>
belong to different superselected eigenmanifolds one can legitimately
assert that the final situation consists of the equal weights statistical
mixture E=(Eu)u(Ed) of the pure cases lu>®IAu> and ld><8>IAd>.

The program is certainly appealing. Before discussing it, we stress
that, to take it seriously as a candidate for a coherent worldview, one
should make it more precise; in particular, by exhibiting the formal
elements accounting for the way in which the superselection rules emerge
(the location of the split between two types of physical systems, i.e., those
for which no limitation of observability occurs and those for which it
does), and allowing the precise identification of the superselected
manifolds (the "preferred basis problem"). There are, however, more
fundamental reasons which forbid us to take it seriously: it meets
insurmountable difficulties when one takes into account the dynamicsUO).

This is easily proved by considering that the initial and final
system+apparatus states in a measurement process, being necessarily
macroscopically distinguishable, must belong to different equivalence
classes. As a consequence, the hamiltonian itself, since it connects
superselected manifolds, is not an allowed observable. This is quite
peculiar. Another (related) problem derives from considering the
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"reversibility" of the process. To discuss this let us consider, e.g., the
final state (3.2) and the equivalent statistical mixture E=(Eu)u(Ed).
Suppose then one can "evolve back" or "reverse" the measurement
process. According to whether one starts from the state (3.2) or from the
statistical mixture, one goes back either to the state (l/V2)[!u>+ld>]®IA0>
or to the equal weights mixture of the states lu>®IA0> and ld>®IA0>.
Should one then perform, by means of another apparatus, a measurement
process to ascertain the value of the observable ox , one would, in the first
case, get the result +1 with certainty, while in the second case there is a
probability 1/2 of getting the result -1 . The combined "reversal of the
process" and "measurement of ox" would then constitute a measurement
process which allows us to distinguish the final pure state from the
equivalent statistical mixture, contradicting the assumption that only
superselected observablcs are allowed.

To conclude, the previous analysis should have made clear that the
SSR program cannot be fulfilled.

The De Facto Superselection Rules option. Recall that what makes
the SSR program not viable is the fact that the Hamiltonian connects
eigenmanifolds corresponding to different macroscbpic properties, and
the related fact that the possibility of reversing the evolution leading to
superpositions of macroscopically different states contradicts the
assumption that the superposition is in the same equivalence class as the
corresponding statistical mixture.

This provides the basic idea of the dt facto SSR option. Since when
macroscopic objects are involved it is practically impossible to distinguish
pure states from statistical mixtures or to "undo" a measurement process,
one could be tempted to assert that for such systems a de facto limitation
of observability must be recognized. Such a position has actually been
taken in many interesting papersW. In these papers attention has been
called to various features and mechanisms inducing the de facto
impossibility we have just mentioned, e.g., the extreme complexity of a
macroscopic object, its unavoidable and uncontrollable interactions with
the environment, ar. 1 so on.

We shall come back soon to analyze such proposals. However,
before going on, we would like to make a digression. We have used the
expression "de facto", in place of the fashionable acronym^11) FAPP (for
all practical purposes), for a precise reason. It seems to us that describing
this position as FAPP suggests accusing people following this line of
taking an instrumentalist position about science. We do not think that most
of the proposals for a de facto SR solution to the objectification problem
require such instrumentalism. Most people taking the de facto attitude
would claim that this is as legitimate as accepting the de facto validity of
the second law of thermodynamics, in spite of the reversibility of the
basic mechanical laws. Obviously it would be inappropriate to maintain
that accepting thermodynamics involves taking an instrumentalist position.

l i

Having stated this we would like, however, to call attention to the
fundamental conceptual differences between the case of thermodynamics
in relation to classical mechanics and the case of the de facto SR
assumption in relation to the unitary evolution. To do this we start by
considering the two premises:
1 C. The reversible classical laws are the "correct" laws of nature
l.Q. The superposition principle has unlimited validity
and the legitimate classical statement:
2.C. Under appropriate circumstances the irreversible thermodynamical
laws are "de facto" correct.

Taking the de facto SR position amounts to claiming that the
corresponding quantum statement
2.Q. Under appropriate circumstances the irreversible process of Wave
Packet Reduction and the replacement of a pure state with a statistical
mixture are "de facto" correct is equally legitimate. Is this correct?

To answer this question let us consider the classical case. It is
obviously true that the irreversible thermodynamical laws cannot describe
correctly the behaviour of, e.g., a gas for arbitrarily large times since it
is a consequence of assumption l.C that the point representing the system
in phase space will, after Poincare' recurrence times, return as close as
one wants to its present value. One could then raise the question: does this
fact imply that the assertion that de facto, in an ensemble of gases, almost
all of them are now evolving irreversibly towards equilibrium will be
falsified by the future behaviour? Surely not.

Zurek(9), in his detailed analysis seems to suggest that, since the
situation in the quantum case is analogous to the classical one, statement
2.Q has the same conceptual status as 2.C. To this purpose he proves that,
due to the unavoidable interactions with the environment, in the case of a
macroscopic system in a superposition of macroscopically distinguishable
states, the off-diagonal elements of the reduced statistical operator (i.e.
the one obtained by tracing out the environment variables) become
rapidly negligibly small and remain so for times comparable to the
Poincare' recurrence times for a gas. This is certainly true; but does it
prove that the situation is conceptually analogous to that of
thermodynamics? We think not. In fact in the quantum case the
assumption l.Q that the linear laws of Q.M. are correct and have
universal validity implies that the result of a prospective measurement on
an ensemble in the very far future would falsify the assertion that now the
ensemble is the union of the pure subensembles corresponding to definite
macroscopic positions. Such an assertion would turn out to be in no sense
even approximately correct.

The argument we have presented briefly has been expounded with
great clarity and precision by d'Espagnat in a recent paperf12), to which
we refer the reader for a deeper analysis.

We can further clarify the matter by repeating the previous analysis
within the context of the pilot wave theory; which, we recall, is fully
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equivalent to Q.M. in its physical predictions and which assigns definite
positions to all particles of a system at all times. The approximation which
corresponds to assuming that wave packet reduction occurs consists in
disregarding (after the measurement is over), in the descrption of the
evolution of an "up" ("down") pointer position, the contribution to the
quantum potential coming from the term corresponding to the "pointer
down" ("pointer up") in the statevector. Again, such an assumption will
surely be proved false by events in the very far future. However, both the
approximate and the "true" versions of the theory assert that presently the
pointer is either up or down (or equivalently that all pointers of the
ensembles are in one of the two positions), and the future happening
neither falsifies this statement nor denies that the approximate description
is extremely accurate for extremely long times. Therefore, within the
pilot wave framework, the analogous of assertion 2.Q has the sarre
conceptual statu ; as 2.C. As discussed above, this is not the case for the de
facto SR program.

Other significant differences between the thermodynamical and the
de facto SR situations deserve to be mentioned. For instance, in the
classical case the following three statements are correct:
3.C. The assignment of the phase-space distribution identifies with
sufficient precision the corresponding physical ensemble;
4.C. The approximation made in using thermodynamical equations to
describe the behaviour of a system is under control. The split between
mechanical and thermodynamical systems is not shifty. Just to give an
example, while few molecules are not a gas, an Avogadro's number of
them is a gas;
5.C. The exact (mechanical) and the approximate (thermodynamical) laws
both make sense and both allow simple and sensible assumptions about
psycho-physical correspondence allowing us "to close the circle" for the
appropriate classes of phenomena.
But the corresponding statements in the quantum case are fully
inappropriate. In fact:
3.Q. The same statistical operator corresponds to completely different
physical ensembles;
4.Q. The approximation made in breaking linearity is shifty: macroscopic
systems exist which require a genuine quantum treatment.
5.Q. The correct (linear evolution) law leads to a situation which does not
make sense from the point of view of our (definite) perceptions, only the
approximation allows a sensible psycho-physical correspondence.

Statement 3.Q further emphasises the difficulties in relating the
states of the system to our perceptions. Even ensembles corresponding to
the same statistical operator can be very different in their compositions in
pure subensemblesO^), This proves once more that the simple recognition
that two ensembles can be de facto in the same equivalence class is not
sufficient to explain why our perceptions unavoidably correspond to a
specific composition, i.e. the one whose subensembles have definite
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macroscopic properties. As recognized by Joos and Zeh.W who have
presented one of the most interesting proposals along these line: "perhaps
(this fact) can be justified by a fundamental (underivable) assumption
about the local nature of the observer".

Our conclusion is that one cannot consider the de facto SR
proposals as yielding a consistent way of "closing the circle".

3.ECP. Enlarging the Cri ter ia Allowing to At t r ibute
Properties.

These approaches^4) (which have sometimes been denoted as Modal
Interpretations of Q.M.) rest on the introduction of appropriate rules
which allow us to attribute some properties to the subsystems of a
composite system even when there is no observable whose outcome can be
predicted with certainty. To illustrate the general lines of the program we
make reference to the proposal by Dieks. Consider a composite system
containing several (let us say N) constituents and suppose that we are
dealing with a pure case associated to an entangled statevector. The
proposal goes as follows. Any subsystem of the whole system has at any
time definite properties; they are identified by the following procedure.
Suppose we are interested in the subsystem S M constituted by a group of
particles (let us say the first M<N); the case of only one particle or even
of a specific degree of freedom of a particle is not excluded. We also
denote by SN"M the system of the remaining particles. One then considers
the whole Hilbert space as the direct product of the Hilbert space
referring to the considered group and to the rest:

H(l, N)sH(l)®H(2)®.:..H(N) = H(l,...,M)®H(M + l,...,N) (3.3)

Accordingly, one takes into account the biorthonormal decomposition of
the statevector:

(3.4)

In eq. (3.4) the parameters pj are positive constants summing up to 1
(they are the eigenvalues of the reduced statistical operators obtained by
taking the partial trace of l * F x ¥ l either on H(1,...,M) or on
H(M+1,...,N)) and the states l<J>i> and IQp- satisfy:

(3-5)

As proved by von NeumannO5), such a decomposition is uniquely
determined by I*P(1,..,N)> except in the case of degeneracy of the above
eigenvalues. Ignoring the complications arising i om accidental
degeneracy, we can now state the rule for assigning properties to the
subsystems SM and SN 'M : When dealing with a pure case associated to the

14
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state (3.4) the subsystems SM and SN~M have definite properties. They are
those associated to the observables having the states \<t>i> and \£2f> as
eigenvectors. The probability of the i-th property to be actually possessed
(or better: the fraction of systems in the ensemble which have suck a
property) is givt n by p{.

As usual we indicate the way in which the proposal circumvents the
problems of the theory of measurement. According to the ideal von
Neumann measurement scheme the final state in a measurement process
consists, typically, of a superposition of states each term of which
involves an eigenvector referring to a different reading of the apparatus.
One then remarks that, if one is interested in attributing properties to the
macroscopic apparatus, the final state already gives the von Neumann
biorthonormal decomposition so that, according to the previous criterion,
one can assert tha* the appropriate fractions of the apparata have the
pointer in different positions.

Such proposals are surely interesting* but they meet various
difficulties which have been discussed e.g. in refs.(10,16). We refer the
reader to the above papers for details.

Apart from this, we would like to call attention to the fact that the
proposal raises other problems, in particular, it lacks what we call
"structural completeness". The situation can be summarized in the
following simple terms. Quantum mechanics, in its general formulation,
allows the treatment of statistical ensembles. We are considering now
theoretical models which accept that systems associated to the same
statevector have different properties.

Suppose now we are dealing with an ensemble which is a pure case
associated to the state (3.4). What meaning can be attached to the
statement that the considered subsystems have properties? Even with a
very weak variety of realism, this amounts to asserting that the ensemble
is inhomogeneous, that it actually is the union E=uiEj of different
subensembles. One can then consider one of the subensembles, say Ej, and
raise the question: can we prepare such an ensemble? Obviously not. In
fact, if we were to prepare a pure quantum case associated to the state
IOj> IQj> it would be false to assert, contrary to what this interpretation
holds true for all members of the ensemble, that the composite system has
with certainty the property associated to I4*>. On the other hand, if we
take into account the whole ensemble E, how can we isolate one of its
subensembles? In short, the model deals with two kinds of statistical
ensembles. They are structurally different since one of them has specific
hidden features to which one does not have access. This could be
rephrased by stating that the model is, basically, a hidden variable model
in which, however, one does not specify the hidden variables and does not
consider a dynamics for them.

One could view these approaches as attempts to incorporate the results of the "de facto SSR" option,
without the need of invoking practical limitations of observability.
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These reasons show, in our opinion, that also the option we are
discussing is unsatisfactory as a solution to the difficulties of the
formalism.

3.ER. Enriching Reality.
We briefly mention now proposed solutions^17-18) to the

objectification problem which imply a radical change in our views about
reality. Such proposals maintain that the unitary evolution holds in all
circumstances and dispose of the embarrassment arising from the
occurrence of superpositions of perceptibly different states by assuming
that in a sense, all potentialities of the wave function become actual. The
most widely known proposal of this type(17) is usually referred to as "The
Many Universes Interpretation of Q.M". According to this proposal, each
time an interaction leading to superpositions of macroscopically
distinguishable situations occurs, the universe literally splits into (in
general infinitely many) replicas of itself: each replica corresponds to one
of the terms in the superposition and occurs with the appropriate
probability; So, in a situation like the one of eq.(3.2) one would state that,
after the measurement is over, there are actually two types of universes;
in those of the first type there is an apparatus whose pointer "points at u"
and in the second an apparatus whose pointer "points at d". Needless to
say, if one wants to describe the situation at later times one has to go on
with the unitary evolution taking into account all interactions which take
place and then, having expressed the final statevector as a superposition of
states in each of which all macroobjects have definite macroscopic
properties, associate each term of the superposition to universes of a
different type.

A serious limitation for the proposal comes from the fact that it
leaves largely undefined how and when the multifurcation of the universe
takes place. This ambiguity reflects the basic difficulty that Q.M. meets in
locating the "shifty split" between micro and macroscopic phenomena.

Detailed analyses of the many universes theories have been
presented*18). Here we want to stress that, since to close the circle one
needs also some assumptions about the process of perception, there are at
least two choices for this, which give rise to two quite different
alternatives. If one makes simple assumptions about the psycho-physical
correspondence one has the "genuine" many world interpretation: in the
process of replicating the universe also the perceiving subject is
replicated, so that, in the above example there will be universes in which
we perceive that the pointer points up and universes with replicas of
ourselves having the other perception. Within each universe the
perception is strictly correlated to statevectors corresponding to different
macroscopic situations.

On the other hand, one can take the attitude that it is the perception
mechanism which is more complex than we usually assume; this leads to
what has been referred to as "the many minds interpretation" of the

16



theory. Such a formulation has the advantage of allowing us to
circumvent the ambiguities about the branching of the universe; there is
only one universe and there are many minds (i.e. each mind exhibits some
sort of a full spectrum of perceptions reflecting the macioscopically
different states in the superposition). Many interesting problems arise
when one takes this attitude, the most relevant ones having to do with the
intersubjective agreement and with the reliability of our beliefs. We will
not discuss, for lack of space, the details of these approaches.

We conclude this section by stating that, even though we consider
these ER proposals interesting, they seem to require a too radical change
in our views about reality and the adoption of a rather strange ontology.
For according to them, science does not deal any longer with the one
world we live in or the perception processes we experience, but at the
same time with the totality of all possible worlds and all possible
perceptions.

3.QH. The Quantum Histories Approach.
Recently a quite interesting proposaK19) has been put forward and

thoroughly investigated. Its main purpose is to assign definite
probabilities to alternative histories of a physical system (which may also
be the whole universe). We have not exhibited it in our tree of Fig.l
because one can look at it from different points of view, and, according to
the point of view one chooses, one would consider it as improving one or
the other of the previously discussed approaches.

The basic idea goes as follows. One considers histories as sequences
of events yielding a sort of motion picture of the evolution of a system.
The first step consists in attaching probabilities to such histories. Let us
define the notation we will use.

We consider, for a given k, a set of orthogonal projection operators

yielding a resolution of the identity:

(3.6)

The index k labels the "question" or "property" we are interested in,
while the parameter a* ) , which runs over an appropriate range, labels a
set of "alternative values for the considered property" which are,
according to (3.6), exhaustive and mutually exclusive. It is important to
have clear the meaning of the considered projection operators. For this
purpose we refer, for simplicity, to the spin space of a spin 3/2 particle.
In such a case, specifying k could mean, e.g., to specify a spin component,
so that k=l could be related to Sz and k=2 to Sx. For fixed k the index
oW identifies a set of mutually orthogonal manifolds (each of them being
either one, or the direct sum, of various eigenmanifolds of the k-th
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operator) whose direct sum is the whole space. So one could have, in the
case k=l, a(!) taking, e.g., 3 values so that:

- P*(!) projects on the eigenmanifold spanned by the eigenstates belonging
to Sz=3/2 and S^l/2,

-Pjd) projects on the eigenmanifold spanned by the eigenstate belonging to
Sz=-l/2,

-Pjd) projects on the eigenmanifold spanned by the eigenstate belonging to
Sz=-3/2.

Analogously, P^(J) could represent, for a(2) taking only two values,

the two projection operators on the positive and negative parts of the

spectrum of Sx .We will denote by p£«,( the set of al' the projection
operators of the k-family when ccO1) runs through its range.

One then considers the corresponding projectors in the Heisenberg
picture at time t:

' e" (3.7)

A quantum mechanical history is then characterized by a succession
of times ti<t2.-<tn and a sequence of projection operators. It will be
denoted by (a(n),tn)...(aC2),t2)(a(1),ti). If the initial conditions are fixed
by specifying the initial statevector IKF,O>, one attributes to the above
history the probability:

P(o ( B ) , tn ; . . . ;a ( U , t I) =

>"'*a(nvIiA""a(i)^
Iii''t (3.8)

One then considers a set of alternative histories, which we will denote
with self-explanatory notation as ({a(n)},tn)...({a(2>},t2)({a(1)},ti), i.e.,
the set of quantum mechanical histories obtained by letting each a(i) take
all values in its range. Due to quantum interference, the probabilities of
the histories of this set turn out not to satisfy, in general, the additivity
conditions which are necessary in order that they could be interpreted as
true probabilities. For instance one usually has:

(3.9)
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To circumvent this difficulty one introduces the idea of a
decoherent set of alternative histories. This can be implemented
mathematically by defining the decoherence functional:

lVo>VM-'---r
a'(">Un.'J (3.10)

If such a functional vanishes whenever at least one of the cc'(k) differs
from a(k) , one says that the considered set of alternative histories is
consistent since the associated probabilities satisfy all necessary
requirements. For a given set of histories one may construct coarser-
grained histories by summing over the finer-grained projections.

We do not want to be more specific about this program. We refer
the reader to the papers quoted above, particularly to the most recent
oned9) by Omnes for a thorough analysis. We prefer to comment about
the relations between the Q.H. approach and some of the approaches we
have discussed previously.

Let us look at the Q.H. approach from the point of view of the SSR
option. If the conditions presupposed by SSR were satisfied, i.e., if there
were a level at which macroscopically different eigenmanifolds are
strictly superselected and are not connected by the Hamiltonian, then all
histories attributing macroscopic properties to the physical system at the
considered level would decohere, and one could, truly describe the
unfolding of the evolution by a consistent snapshot-like motion picture.
This comparison with the SSR case immediately reveals an interesting
advantage of the Q.H. approach. Namely, within the SSR scheme, the
assignment of the statevector at various times tells us which fractions of
systems have various macroproperties, but it does not attach probabilities
to time sequences of events; the snapshots at different times cannot be
organized in motion pictures as in the case of Q.H.

Since, as already remarked, the assumptions of the SSR cannot hold
consistently, it becomes quite natural to look at Q.H. from the point of
view of the de facto SR. In particular, by taking advantage of the many
proofs that the environment induces "de facto" superselection rules
associated to macroscopic position variables, one could limit one's
considerations, within the Q.H. approach, to alternative histories
specifying, e.g., the intervals in which the macroscopic pointer lies at
various times. Again this point of view represents an interesting
improvement with respect to the simple de facto SR program since it
allows the consideration of a time-chain of events. However, we would
like to remark that, from a conceptual point of view, the de facto
decoherence meets the same difficulties as the de facto SR.

We should add mat a more strict attitude with respect to the Q.H.
approach has been taken, particularly by Omnes. He maintains that the
decoherent sets of histories can be considered completely in general, i.e.

with reference both to macroscopic and microscopic systems, and that one
can assign probabilities to them; and finally, that within the scheme
decoherence replaces the notion of measurement. This seems to suggest
that some objective meaning is given to consistent alternative histories. As
pointed out by various authors(20,21); o n e c a n then remark that alternative
histories involving only one time always decohere. So one can, at a given
time, consider different sets of incompatible alternative histories. If the
probabilities are related to possessed properties, then one should assign
objective meaning to the different possible incompatible sets of
decoherent histories. But if this is the case, then one would be dealing
with a hidden variable theory.

Finally, the Q.H. can also be considered as strictly referring only to
the universe as a whole. When one takes such an attitude one invokes the
natural de facto decoherence of histories about the universe. As
appropriately remarked in ref.(21) one can then raise the question: what
is the status of two histories belonging to incompatible sets of alternative
histories? Refs.(20) and (21) have also called attention to peculiar
difficulties that the Q.H. approach meets concerning the future-past
relation.

We cannot pursue this analysis further. However, it seems to us that
even though the Q.H. represent an important improvement with respect to
the Copenhagen interpretation and the proposals we have examined in
previous sections, they do not allow us to attribute consistently an
objective meaning to statements about possessed properties.

3.MD. Modifying the Dynamics.
As already stated in section 2, when one assumes that the theory is

complete and that pure cases describe genuinely homogeneous ensembles,
the only way to dispose of the embarrassing superpositions is to say that,
in one way or another the dynamical equations of the theory are not
always or not exactly right. At this point, two completely different
positions can be and have actually been taken. We will briefly discuss
them in the two following subsections.

3.TDP. Two Dynamical Principles.
This line of thought plainly accepts that there are two dynamical

principles which must be used for describing different physical situations.
The best known example of this attitude consists in accepting Wave Packet
Reduction (WPR): the evolution of microscopic quantum systems is
governed by the unitary and reversible linear Schrodinger equation; the
measurement process is governed by the nonlinear process of WPR
transforming, in general, pure states into statistical mixtures. The reasons
for this different treatment of physical systems are traced back to the
recognition that there are two classes of phenomena in nature, the
quantum and the classical, the reversible and the irreversible, the
microscopic and the macroscopic ones. Further support to this attitude is
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given by saying that, in a sense, classical concepts are a prerequisite for
the very formulation of quantum formalism.

One could find many reasons for considering legitimate such a
position; after all, all physical theories have a limited range of
applicability. In this respect Q.M. would be claimed to find its limit in the
description of the micro-macro interactions taking place in the
measurement process. However, as repeatedly stressed by J. Bell and as
already mentioned in this paper, the real difficulty which this line meets
does not stem from its dualistic attitude about our understanding of
natural phenomena, but derives from the fact that there is nothing in the
theury which allows to locate the "split" between the two considered
classes of phenomena. When trying to follow this line, as J. Bell has
stated^11), are we not obliged to admit that measurement like processes
are going more or less all the time, more or less everywhere!

The remark is so appropriate that E.P. Wigner(22), having
recognized the unavoidability of accepting two dynamical principles felt
the necessity of following von Neumann's proposal: to solve the problem
one has to go to the extreme end of the chain of observation and to
assume that reduction does not take place until somebody knows that it
must, i.e. up to when conscious observers are invplved. This position
leads to a quite peculiar conclusion, i.e. that the world as we know it is
very much a product of conscious mind. In spite of this one could say that
it represents a simple and effective solution (reduction actually takes
place) to the problems we are debating except that it suffers once again
from an intrinsic ambiguity. For the question: "what is conscious?" does
not admit any unambiguous answer on the basis of our present knowledge
about nature.

The impossibility of locating the split between the two types of
physical systems (quantum-classical) which should be governed by
different laws as well as the impossibility of clearly identifying the
processes involving consciousness clearly show that also the program
outlined here does not allow us to "close the circle". We pass then to
consider the other option: the dynamical equation of the theory is not
right.

3.U.D. Unified Dynamics.
We will briefly present here the ideas underlying this approach. In

the next section we will investigate it in greater detail.
The program seeks a modification of the evolution law in such a

way that measurement-like processes have definite outcomes as a
consequence of the unified dynamics governing all physical processes. In
this search some guidance is of course given by the fact that the modified
dynamics should imply WPR as a consequence of the interaction of the
microsystem and the macro-apparatus and, more generally, forbid the
persistence of linear superpositions of macroscopically different states.
With this in mind, one remarks that the characteristic features

21

distinguishing quantum evolution from WPR are that, while Schtfdinger's
equation is linear and deterministic, WPR is nonlinear and stochastic. It is
then natural to entertain the idea of nonlinear and stochastic modifications
of the standard Hamiltonian dynamics.

Obviously such a program must respect strict constraints, in
particular, it must not contradict any known fact about microphenomena.
Secondly, to meet the requests we have repeatedly mentioned in this
paper, it must allow a clearcut identification of the split between
phenomena for which standard Q.M. holds (obviously this has now to be
read: for which the approximation consisting in disregarding the
nonlinear terms of the "exact" theory is legitimate and under control) and
those for which the new dynamics leads to relevant differences with
respect to the standard theory, more specifically to a "classical
behaviour". Finally the whole scheme should allow us, by means of
simple assumptions about psycho-physical correspondence, to close the
circle in the sense we made precise in section 1.

4. The Dynamical Reduction Program.
Extremely interesting work along the lines we have sketched in the

previous subsection had been done(23) and important results had been
obtained; but, up to recent times, nobody had been able to present a
satisfactory way of obtaining the desired result. Two crucial problems
remained unsolved. The first one was the problem of the "preferred
basis": if one considers a universal mechanism leading to reductions, to
which linear manifolds should the reduction mechanism drive the
statevector? The second one has been referred to as "the trigger
problem": what kind of elementary mechanism can leave practically
unaffected all microsystems and at the same time become extremely
effective when going from the micro to the macro domain?

4,1. A Concise Review of Dynamical Redaction Models.
The first model of this kind which was considered(24), QMSL, is

based on the assumption that, besides the standard evolution, physical
systems are subjected to spontaneous localizations occurring at random
times and affecting their elementary constituents. Such processes, which
we will call hittings, are formally described in the following way. When
the i-th constituent of the system suffers a hitting the wave function in the
coordinate representation changes according to

i, ...,rN)=Ox(ri

i, ...,rN)=exp[-(a/2)(ri-x)2]T(ri, ...,r (4.1)

Hittings occur at randomly distributed times with a mean frequency
X=10"i6 sec-1. The probability density of the process occurring at point x
is given by ll$x!l

2. The localization parameter 1/Va is assumed to take the
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value 10-5 cm. We note that the choice of the process (4.1) as expressing
the stochastic and nonlinear features of the new dynamics corresponds to
having attributed a peculiar role to positions. Actually, as we will show, it
amounts to having chosen the position variables as identifying the
"preferred basis".

The QMSL mechanism does not respe :t the symmetry properties of
the wave function in the case of identical constituents. Its generalization
satisfying such a requirement, CSL, has been exhibited and discussed in
various papers(25X Attempts towards a relativistic generalization of the
formalism have also been made(26). For lack of space we will not discuss
here the general formalism. For our purposes all the interesting features
of the proposal are already present in QMSL.

4.2. How does Dynamical Reduction Work?
To understind this point one can start by considering a microsystem

(let us say an individual electron) in a superposition of two states I*FA>
and l*Fg> whose coordinate representations are appreciably different
from zero only around one of the two positions q=A and q=B,
respectivelyj the separation IA-BI being much larger than the localization
distance l/\oc. As a consequence of the assumptionon the frequency of
the hittings such a state will evolve according to standard quantum laws
for about 108 years. After a time of this order a localization will take
place. The nonlinear rule assigning the probability density for the
occurrence of hittings at different positions tells us that the localization
will take place* either around A or around B. It is then clear that the
considered process will actually lead to a state vector which is localized
either around A or around B; roughly speaking, one of the two states in
the superposition will be suppressed.

We can now discuss the trigger mechanism. Suppose we have a
macroscopic (almost rigid) pointer in the superposition of two states
corresponding to its centre of mass being around A and around B. Its
wave function will have the form:

>=I1A,2A,...,NA > +11B,2B,...,NB > (4.1)

where in the first term all particles "are around A" and in the second all
"are around B". It should be clear that the multiplication of the wave
function times a Gaussian function (involving, let us say the i-th
constituent) centered around A (B) and the subsequent normalization will
practically suppress the second (first) term in (4.1). Thus, any localization

It is useful to remark that a localization at a different place, e.g. at the point C half-way between A and
B, besides having a vanishingly small probability of occurrence due to the fact thai the wave function is
practically zero in such a region, would not appreciably affect the wave function; for multiplying the
wave function by a Gaussian function centered around C and nonnatizing, leaves the wave function still
appreciably different from zero only sound A and around B. In brief, highly improbable localizations even
when they occur amount to no localization.
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of any constituent particle of the pointer amounts to a localization of the
whole pointer. But the pointer contains an Avogadro's number of
particles; as a consequence the frequency for its localization becomes 10?
sec*1.

Summarizing, due to the choice of the parameters for QMSL the
considered dynamics has the following nice features^24):
-In the case of microscopic systems the nonhamiltonian terms have
absolutely negligible effects;
-On the contrary, in the macroscopic case the reduction mechanism is
extremely effective in suppressing linear superpositions of states in which
a macroscopic number of particles are displaced more than the
characteristic localization length.

4.3. Some Comments.
With reference to the point? repeatedly discussed above, it is

appropriate to call attention on how the Dynamical Reduction Program
circumvents the difficulties of the standard approach.
-Objectification takes place, at the desired level, as a consequence of a
specific and universal dynamical mechanism.
-The preferred basis problem is solved on lines which are analogous to
those of e.g., the pilot wave theory: position variables play a privileged
role.
-The split between the two classes of phenomena is located in a
mathematically precise way, the suppression of the superpositions of states
is governed by the number of particles which occupy, in the superposed
states, different positions in comparison with the fundamental localization
length. In the case of identical constituents, the generalization of the
formalism mentioned above (CSL), relates the suppression to the
cumulative difference in the local densities, (averaged over a volume of
about l(H5cm.) associated to the superposed states.
-The theory exhibits formal completeness (there is nothing in the theory
but the wave function) and also structural completeness.
-With reference to the above points it should be obvious that one is
naturally led to quite a simple assumption about the psycho-physical
correspondence and that it exactly parallels the one of the quotation on
Section 1: one supposes experience to be correlated with some Junction of
the coordinates.. On this point, it seems appropriate to deepen the analysis
further.

4.4. Problems in correlating physical events to our experience.
It is just in connection with the last point of the previous subsection

that two new problems about CSL have been raised. The first one arose
from the fact that, due to the extreme sensitivity of our perceptual
apparatuses, one can actually trigger the perception mechanism by a state
involving the displacement of very few particles. For examr e, only about
7 photons are required to trigger a visual perception. So one could easily
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consider<27) a superposition of two states, one of them implying that such
a number of photons will hit the retina of an observer and the other that
this will not happen. Since, up to the moment of hitting the retina, a very
small number of particles are involved (e.g. the few atoms which have to
be excited for producing the photon emission) the dynamical reduction
mechanism cannot become operative. So it seems that once more, it is the
conscious perception of the observer which leads to reduction. This
argument has been discussed in ref (28) where it has been pointed out that
the transmission of the nervous signal to the higher visual cortex actually
implies the displacement of a sufficient number of particles to allow the
dynamical mechanism to become operative within the perception time. In
other words, only one definite signal, and not the superposition of two of
them will reach the higher visual cortex.

The second problem has been referred to as the problem of the
"tails" of the wave function. To briefly sketch it we recall that the basic
idea of the model is that, since pointer wavefunctions which are
appreciably different from zero in two different regions are forbidden,
one could state that the model solves the measurement problem: the
pointer points either at A or at B. This statement is obviously appropriate
only if one assumes that a pointer described by a wave function which is
appreciably different from zero (e.g., in its centre of mass coordinate)
only around A corresponds to what we mean by stating that we perceive
the pointer to point at A. It was in connection with the debate about CSL
that such an assumption has been questioned. It has to be remarked that
the ensuing debate, which we are going to briefly describe, is no longer,
strictly speaking, about "the measurement process" but goes more deeply
into the problem of the probabilistic interpretation of the formalism and
of the perceptual process.

The problem has been repeatedly pointed out by D. Albert*28) and
the necessity of overcoming it has been stressed in different terms by A.
Shimony(29) by advancing, for any dynamical reduction model, a
desideratum, which CSL does not meet: one should not tolerate in the
theory tails which are so broad that different parts of the range of the
(apparatus) variable can be discriminated by the senses, even if very low
probability is assigned to the tail. We feel the necessity to briefly
comment on this point since it allows to focus on an important issue and
to mention a possible interesting way out.

The criticism refers to the fact that, according to the standard
probabilistic interpretation of the wave function, since the wavefunction
e.g. of the centre of mass position of the pointer cannot have compact
support, there is an (extremely small) probability of finding it anywhere
on the real axis, if a measurement is performed. In some of his last
papers(3()), J. Bell has called attention to the fact that, given a dynamical
reduction mechanism like those of QMSL or CSL, one could abandon the
standard interpretation of the wave function. The modulus square of the
wavefunction should be looked at as no longer giving the probability
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density of position, but the density (in a multidimensional configuration
space) of the stuff of which the world is made. To account for the
narrowness of that stuff in the case of macroscopic objects, the evolution
equation has to exhibit the features we have discussed above, i.e. to induce
spontaneous localizations of such objects. Obviously the nonepistemic
quantum probabilities remain, but they do not describe the probability of
getting outcomes if measurements are performed but of the occurrence of
those spontaneous processes which characterize the theoretical picture and
which lead to definite macroevents.

5. Conclusions
We think that for those who have followed the previous discussion

it should be clear in which sense the Dynamical Reduction Program can
be considered as an attempt to find a theory which allows us to "close the
circle" within a genuinely quantum context. The advantages and
disadvantages with respect to the other proposals we have -eviewed in this
paper should be clear.

Obviously, since the Dynamical reduction Program represents a
theory which differs from quantum mechanics and not simply a
reinterpretation of it, to adhere or to reject it is, in absence of
experimental tests, to a large extent a matter of taste. But we think that to
have exhibited explicitly that such a line can, in principle, be followed, is
at any rate of interest for the deep debate about the conceptual
foundations of our best theory.
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