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Abstract.
We reconsider recent proposals to test macrorealism versus quantum

mechanics in experiments involving noninvasive measurement processes on a
Squid. In spite of the fact that we are able to prove that the proposed
experiments do not represent a test of macrorealism but simply of macroscopic
quantum coherence we call attention to their extreme conceptual relevance. We
also discuss some recent criticisms which have been raised against the
considered proposal and we show that they are not relevant.

1. Introductory considerations.
Recently in a series of interesting papers 1~*>) some of the best known and

most debated problematic aspects of quantum theory, in particular those
related to the measurement process and, more generally, to the description of
macroscopic systems, have been reconsidered from a new point of view. More
specifically, the basic question addressed by the above papers is whether the
assumption that quantum predictions about macroscopic systems are correct is
compatible with a macrorealistic position about natural phenomena. The
novelty of the investigations under discussion stems from the fact that they
analyze possible experiments aimed to answer the above question.

The issue is obviously of great relevance and its reconsideration is quite
appropriate if one takes into account that all the debate about the possibility of
attributing objective properties to individual physical systems which arose in
connection with the EPR-argument, Bells inequality and the beautiful
experiments by A. Aspect and collaborators7^ is more concerned with
microscopic systems and with the locality issue than with macrorealism.

Leggett and Garg^ tackle directly the macrorealistic issue: they propose
experimentally feasible tests of quantum mechanics versus macrorealism,
more specifically versus a wide class of theories satisfying quite general



assumptions which embody (in the authors' opinion) requests which a
macrorealist cannot give up.

In this paper we want to perform a critical analysis of the proposal by
identifying to which extent the assumptions on which it is based are really
necessary for macrorealism; by this we mean "possessed values macrorealism"
i.e. that macroscopic systems almost always have definite macro properties.
Following the analysis presented in a recent paper81 we make precise what are
the real implications of the experiment in the case that, as can be expected, it
gives results agreeing with the predictions of standard quantum mechanics.
We show that in such a case one could not claim to have disproved
macrorealism but simply to have put into evidence effects of macroscopic
quantum coherence in the precise sense we will discuss below. Contrary to
what has recently been stated by various authors9-10) this does not diminishes
the great relevance and interest of the proposal. A part of the present analysis
will be devoted to clarifying various misunderstandings about the problem
under discussion.

2. The Leggett and Garg argument.
We avoid discussing the details of the proposal and we focus on its

logical and conceptual aspects. For an exhaustive discussion we refer the
reader to the excellent presentations of refs.(l-7).

The authors of ref.(l) base their argument on two assumptions which
are denoted as MR (Macrorealism) and NIM (Non-Invasive Measurability) ,
respectively. Let us be precise about them:

MR: If a macroscopic system under certain conditions is, whenever observed,
found to be in one of two or more macroscopically distinguishable states, then
we can assign to it at nearly all times, i.e. even when it is not observed, the
property of actually being in a particular one of these states.

NIM: For such a system it is, in principle, possible to observe which of the
various possible macrostates it is in, without affecting its subsequent
behaviour, at least as regards motion between macrostates.

The authors then correctly prove that the conjunction of the two above
assumptions imply a Bell's type inequality for the two-times correlation
functions <Q(t)Q(t')>, Q being the SQUID observable whose eigenvalues +1 and
-1 correspond to currents flowing in opposite directions in the ring.



It is extremely important to remark that the very perspective one takes

when tackling this problem as well as the above assumptions of MR and NIM

imply that one is going beyond standard quantum mechanics (SQM). In fact

MR contradicts SQM concerning the dynamical behaviour of the SQUID, while

NIM contradicts the basic postulates of SQM concerning the effect of the

measurement process.

Having made precise the above points we can discuss the second

argument of ref.(l). The authors stress that the conceptual status of NIM with

respect to MR is completely different from the one of locality with respect to

microrealism. In particular, in their opinion, while locality is conceptually

independent from realism, NIM is an unavoidable corollary of MR. Thus6); to

reject NIM would amount to plainly reject Macrorealism ... it is not clear what

meaning one could give to the hypothesis that the system is at all times in a

definite macrostate, if one had simultaneously to admit that it is not possible, at

least in principle, to verify this in a way which does not drastically disturb its

subsequent motion. As a consequence, putting into evidence a violation of the

above mentioned Bell's type inequality would forbid taking a realistic position

about the macroscopic currents in the SQUID.

3. A concise formulation of the argument.

It is useful to express in a schematic way the logical structure of the

above argument. Let us use denote as [QMP for CV] the assumption that the

predictions of Q.M. concerning the outcomes of measurements of the versus of

the current are correct.

We can now summarize the two steps of the argument as follows:

L&GI:

1. [MRANIM] D - , [QMP for CV]

2. [QMP for CV] 3 ^ [MRANIM]

3. [QMP for CV] => (-, MR) v (-, NIM).

L&G II:

4. MR 3 NIM

5. -, NIM D - , MR

6. [QMP for CV] 3 ^ MR



4. The unappropriateness of some recent criticisms.
The above argument has been criticized by various authors. It seems to

us that such criticisms miss the relevant points of the proposal. It is then
useful to discuss them to prepare the grounds for the subsequent analysis.

A first example is a remark by A. Peres9\ The author considers the two
SQUID states l+> and l-> corresponding to currents flowing in opposite
directions and argues as follows. Within SQM, even a measurement which is,
quantum mechanically, noninvasive for the I +> state, turns out to be, due to
wave packet reduction, unavoidably invasive for a linear superposition of the
I +> and I -> states. Therefore the NIM assumption is wrong and the argument
is incorrect.

The criticism obviously misses the crucial point of the analysis of ref.(l);
claiming that the NIM assumption is untenable, simply reflects the fact that
the author does not take in due account that the argument, as we have pointed
out, makes reference to a larger class of theories than SQM. Actually its
interest and relevance derives just from this fact. This is precisely the answer
that Leggett and Garg have appropriately given to A. Peres.

Another paper10) taking a critical position with respect to the proposal of
ref.(l) has been circulated recently. It is useful to consider it to focus some
crucial points. The authors consider the observable Q and its two eigenstates
I +> and I ->. They remark that, at a given time, the pure state

ppMVxVI, l4 />=al+>+pl-> (1)

cannot be distinguished from the statistical mixture

pM =locla l + x + l + ipi3 l - x - l (2)

by performing measurements of observables which commute with Q. However
they call attention to the fact that, if one considers the states (1) and (2) as
initial conditions for the evolution induced by the following hamiltonian
operator (which can be used to simulate in an approximate way the dynamics
of the SQUID):

H = -Aav (3)
2 y



then, since H does not commute with Q=az, measurements of Q at different
times allow a distinction of the evolved states.

This argument is perfectly correct. Let us go on. At this point the
authors take appropriately into account that the proposal of ref.(l)
contemplates (and actually requires to consider) the possibility of a
nonquantum dynamics. Thus they consider the following situation:

-The SQUID is at all times either in the state I +> or in the state I -> (as
required by MR). Each individual SQUID makes stochastic jumps from one to
the other state, the dynamics being such that, if the quantum state at time t is:

> (4)

what one has is actually the statistical mixture

pM =la(t)l21+ >< +1 + lp(t)l21- >< -I (5)

The correct conclusion drawn by the authors is that, if this is the case, one
cannot once more distinguish (4) from (5) by measuring observables commuting
with Q. They then state that the assumption of MR implies only a violation of
the predictions of SQM about the outcomes of measurements involving
observables which do not commute with Q and it does not imply a violation of
the predictions concerning the outcomes for Q.

It is appropriate to stress that up to this moment the authors do not
mention NIM. Only at this stage they make a sort of parenthetical remark: of
course the time evolution of (5) starts again from a new initial condition
corresponding to the measured value whenever a measurement of Q is
performed at any later time. Obviously the conclusion follows
straightforwardly: There is therefore no way of distinguishing between QM and
MR provided one makes only measurements of Q. Two pages after they claim:
This shows that a really crucial test of SQM against MR should be based on
measurements of observables which do not commute with Q. Consequently, the
proposed experiment is irrelevant for what concerns the macrorealistic issue.

This statement, in our opinion, misses the crucial point of the analysis of
Leggett and Garg. To make this clear some remarks are appropriate.
- The authors do not emphasize that by the first of the above quotations they
are plainly denying NIM. Denying one of the premises of an argument does
not invalidate its logical correctedness. The question then becomes whether



such a denial is necessary or at least justified. We will discuss it in detail in
what follows.
- The paper seems to suggest that the proposal cannot give any interesting
information about the physical system under consideration. As we will see, this
is by no means the case.
- The authors do not point out the relevant fact that there seem to be no way
(with the present techniques) to measure non-commuting observables of the
SQUID. It is just for this reason that Leggett and Garg had to resort to a
different approach. As already stated they have found a very smart way of
circumventing the problem and of gaining relevant information, just by
resorting to NIM.

We can summarize the situation, as we see it, in the following terms.
The authors of ref.(10) have shown, on the basis of a hypothetical model theory,
that [(MR)A(-, NIM)] is compatible with [QMP for CV]. This is interesting but
it does not suffice, by itself, to prove the logical independence of NIM from MR,
which is the crucial point if one wants to see whether or not the second part of
the argument of ref.(l) is correct. In fact the considered model is quite vague
about the actual dynamics running the process and, moreover, it makes a
definite postulate about the effect of a measurement. It is not obvious at this
stage whether the dynamical assumptions that the authors use are compatible
and/or necessary. To have a convincing clear cut argument one has to face the
problem of the conceptual status of the NIM assumption quite in general. We
will do this below.

Before coming to this point we consider it appropriate to call attention to
the fact hat one can easily and legitimately imagine a situation like the one of
Chiatti et al., in which, however, the act of ascertaining whether the state is
I +> or I -> does not require a resetting to zero of the "internal clock" running,
in the model they consider, the stochastic transitions between the two states.
Actually, to some extent, it seems to us that if one entertains the idea that each
individual SQUID has its own "story" of jumps, there is no reason to believe
that the act of observation should change its subsequent behaviour. It is just
the inclusion of a quantum requirement for the non(standard)quantum
behaviour of the SQUID that leads to the above assumption about the effect of
a measurement.

5. Reconsidering the NIM assumption.
In this Section we will prove how one can reach a conclusion similar to

the one of ref.(10) about the MR issue by resorting to the consideration of a



mathematically precise theoretical model agreeing completely with the
prediction of SQM. Moreover we will show that if one pretends the considered
theory to describe, not only the undisturbed evolution of the SQUID, but also
the effect of measurement procedures on it, then the denial of the NIM
assumption is logically unavoidable.

Our argument is quite simple. It rests on the fact that, as it has been
shown in ref.(8), for the process under consideration one can easily build up
deterministic hidden variable theories which agree with SQM and which imply
that each individual SQUID always possesses the property of either having a
clockwise or an anticlockwise current flow. Let us outline the procedure.

An arbitrary state for the SQUID, IT >= otl+ > +fil- > uniquely identifies
a direction n such that <r«n IT >=IT >, a[ being the Pauli matrices. The
simplified quantum dynamics considered in Section 4 for the SQUID induces a
rotation of the vector n (identified by IT >) with a frequency A around the y-
axis. Following the analogous treatment by J.S. Bell11) for the spin case, we
consider now the following hidden variable model:
-The state of an individual system is completely characterized by a unit vector
k in the three-dimensional real space,
-A quantum ensemble associated to a state IT > corresponding to the direction
n is identified with the inhomogeneous ensemble characterized by a uniform
distribution of the hidden variables X on the hemisphere with axis n.
-The hidden variables dynamics amounts to a rotation of each X of the
ensemble around the y-axis with frequency A.

Concerning the attribution to each member of the ensemble of the
objective macroproperty pertinent to the observable Q we consider the unit
vector k along the positive z-axis and we stipulate that each member of an
ensemble associated to a (statevector corresponding to the) direction p has the
property Q=+l or Q=-l according to whether X»k'>0 or A,«k'<0, respectively.
Here k' is a unit vector obtained by rotating k towards p u n t i l
l-(2B'/7i) =cos6, where 9' is the angle between k' and p and 9 is the angle
between k and p. It is easily checked that this model reproduces the quantum
probabilities for Q(t).

To complete the picture one has to specify the effect of performing a
measurement of Q. Obviously, one has to assume for consistency that the
hidden variables of the systems which imply the outcome +1 (-1) are somehow
reshuffled so that, after the measurement, they turn out to be uniformly
distributed on the upper (lower) hemisphere.



It is important to comment on this point. It could seem that introducing
a prescription implying a dynamical change of the hidden variables during the
measurement we are adopting a dualistic position about natural phenomena,
just as it happens if one accepts, within quantum mechanics, the postulate of
wave packet reduction. This is not the case. Obviously a complete hidden
variable model for the process we are considering should include the
ingredients (hidden variables and interaction mechanisms) to describe the
physical systems with which the SQUID is interacting. The above prescription
is used here just because we confine our analysis (since for our discussion it is
not important to be completely general) to the measured SQUID itself. One can
explicitly verify that also within hidden variable models which give a complete
account of the measurement, the coupling of the hidden variables
characterizing the measured system with those of the measuring devices and
the ensuing evolution, actually leads to a change in the distribution of the
former (see the Appendix of ref. (8) for a clarifying example).

At this point we feel the necessity of stressing the conceptual relevance
of the above example. It shows that there exist theories which are fully
equivalent from the predictive point of view to standard quantum mechanics
and which satisfy the assumption of MR, but violate the one of NIM. Even
more, within such theories the violation of NIM is a quite natural and
unavoidable feature. In fact, as we have already stressed, if one applies the
hidden variable description to the system apparatus interaction, and then one
limits his considerations to the subensemble for which the apparatus has
registered the outcome Q=+l, then such a subensemble has the hidden
variables referring to the system alone unavoidably reshuffled with respect to
those before the measurement.

Thus one can state that it is possible to exhibit a logically consistent and
exhaustive theory which satisfies MR, agrees with SQM for the considered
system and which violates NIM. If quantum predictions turns out to be verified
in the experient one could very well take the attitude of considering such a
theory as the "true" theory for the description of the phenomenon. This,
obviously, constitutes a rigourous proof that the NIM assumption is logically
independent from MR.

6. Quantum versus classical features.
In our opinion there is a deep lesson to learn from the previous

discussion. It yields convincing evidence that one can be compelled, by the
combined desire of having a consistent theory agreeing with quantum



mechanics and allowing to take a MR position about some property (or even by

the simple fact that logically consistent theories of this type can be exhibited),

to accept that the very act of ascertaining such a property cannot amount

simply to selecting those systems whose (hidden) parameters ensure that the

considered property is possessed but requires to consider a reshuffling of the

hidden parameters themselves.

This is a feature of the system and property under consideration which

is strikingly nonclassical. It goes without saying that the possibility of

identifying macroscopic situations in which nonclassical features emerge is of

great conceptual relevance, and this, as we will see below is the point which

makes the Leggett and Garg proposal so interesting.

The above analysis can even be deepened by exhibiting the proof that

[QMP for CV] implies by itself —> NIM, i.e. a denial of noninvasivity. Let us see

how it works.

7. Incompatibility of quantum predictions and NIM.

In this Section we want to prove that quantum predictions about

measurement outcomes by themselves, i.e. independently of any assumption of

MR, conflict with the assumption of NIM. For its implications but not for the

way in which one reaches the conclusion the argument is similar to the one

combining EPR's and Bell's approaches to show that any theory reproducing

the quantum correlations for an EPRBohm-like situation involving the singlet

state, implies a violation of Bell's Locality conditions, i.e. the assumption of the

statistical independence of the probabilities for the outcomes at the two far

apart wings of the apparatus.

Before coming to our main point let us recall the logical steps leading to

the now quoted result. The derivation follows the brilliant presentation of M.

Redhead* 12).

Let us resort, as usual, to some notational shortcuts:

- [QMP] = the quantum prediction abot the correlation of the outcomes at the

two wings of the apparatus are correct.

- [100% EPR-corr] = spin measurements in the same directions give perfectly

anticorrelated results.

- [B-Loc] = the Locality conditions in the precise sensed) of J.S. Bell are

satisfied.

- [Determinism] = the range of the functions p(x,y;n,m) giving the probabilities

of getting the outcomes x and y (x,y=±l) for the spin measurements in the

arbitrary directions n and m at the two wings, is the pair {0,1}.



PROOF THAT [QMP] 3 -, [B-Loc].

1. {[100% EPR-corr] A [B-Loc] }3 [Determinism]
2. {[DeterminismJA [B-Loc] }r> Bell's Inequality
3. [QMP] 3 -n {Bell's Inequality}
4. -i {Bell's Inequality} 3 {-, [Determinism] v -, [B-Loc]}
5. -, [Determinism] 3 {-, [100% EPR-corr] v -, [B-Loc]}
6. [QMP] => [100% EPR-corr]
7. [QMP] 3 -, [B-Loc]

Let us consider now the corresponding argument relating [QMP for CV]
and NIM. Before doing that it is useful to be more specific about what we mean
by the assumption (NIM+) that the measurement is noninvasive for the state
I +>: A measurement of Q at time t is +noninvasive if it does not alter the
evolution of those systems which have given the outcome +1, in particular it
does not alter the probability of getting for them various outcomes in
subsequent measurements of Q.

We denote by P(Q(t)=x), x=±l, the probability of getting the outcome x in
a measurement of Q at time t and by P(Q(t)=xlQ(t')=y) the corresponding
probability of the considered outcome conditional under the fact that a previous
y-noninvasive measurement has been performed and has given the outcome y.
With this premises we can present our logical argument:

PROOF THAT [QMP for CV] z> -, [NIM].

1. Prepare at t=0 the SQUID in the state I +> and leave it evolve undisturbed.
2. [QMP for CV] D P(Q(t=rc/A)=+l)=O: no system can give the outcome + in a
measurement at the considered time.

We take now into account the case in which a previous selective NIM+
measurement has been performed at time t=n/2A. The +noninvasivity
assumption implies that, for all systems of the ensemble which have given the
outcome +1, one still has P(Q(t=7t/A)=+l)=0, so that:

3. [NIM] 3 P[(Q(t=Jc/2A)=+ l)A(Q(t=Jt/A)=+!)] =0.

10



Let us compare now the above result with the implications of SQM for the
considered process:

4. [QMP for CV] D P(Q(t=jt/A)=+l IQ(t=K/2A)=+l)=l/2
5. [QMP for CV] z> P(Q(t=Jc/2A)=+l)-l/2.

Thus, SQM implies that there is a probability 1/4 that a member of the original
ensemble gives the outcome +1 in both measurements; in mathematical
language:

6. [QMP for CV] => P[(Q(t=7r/2A)=+l)A(Q(t=n/A)=+l)]=l/4.

Comparison of 6 and 3 shows that:

7. [QMP for CV] 3 ^ [NIM]

8. Another proof based on Zeno's quantum effect.
One can give another formal proof of the same fact by making reference

to the so called Zeno's effect in quantum mechanics. The argument goes as
follows (we express it in a mixed formal and non-formal language to avoid
introducing new notational shortcuts):

1. Prepare the state I +> at t=0.
2. Consider the interval (0,t) and divide it in N equal intervals (O,ti), ... (tN-i,t)
of amplitude t/N.
3. Perform a selective NIM+ measurement at the end of each interval.
4. Evaluate the survival probability to all measurements up to t.
5. Take the limit for N —» °°. Due to the fact that the probability, for small
times, goes like cos2At/2=[l-(At)2/8] one gets that the survival probability
equals 1 (Zeno's effect). At any rate the probability increases steadily with
increasing N.
6. Suppose now the measurements satisfy NIM+. Since performing them does
not change the subsequent evolution, the final probability is smaller or equal to
the one characterizing a system which is left to evolve undisturbed from 0 to t.
Such a probability, for an appropriate choice of t takes, e.g., the value 1/2.
7. Once more one has the proof that [QMP for CV] conflicts directly with NIM.

We stress that in both previous arguments we have not made any use of
the assumption of MR. In spite of this we have been able to prove that the

11
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quantum predictions for the current in the SQUID conflict with the NIM
assumption. The conclusion should be obvious: the NIM assumption is logically

independent from MR.

We can then draw our conclusion:

1.-. [MR 3 NIM]

There follows that the premise 4 in L&G II is not true. As a consequence the

conclusion 6 of the argument does not hold. Stated differently, the claim of

ref.(l) that performing noninvasive measurements of the current on the

SQUID system and discovering that the predictions of SQM hold true would

constitute a proof that one cannot take a macrorealistic position about the

macroscopic current in the superconducting ring is not legitimate.

However, as we will see, there are other conceptually interesting

informations one can get from the proposed experiments. To clarify this point it

turns out to be useful to reconsider the problem of the classical and quantum

aspects of the process under consideration.

9. The unavoidability of invasivity as an indication of nonclassicity.

The implication of the previous section:

[QMP for CV] 3 -, [NIM]

holding completely in general (i.e. independently of whether one takes a

quantum mechanical (Hilbert space) or a nonquantum (e.g. hidden variable)

position about the description of the physical states of the individual physical

systems under consideration) has, in our opinion, a quite deep meaning. It

implies that by simply testing the predictions of SQM for measurement

outcomes of the considered observable Q (i.e. without the need to resort to

noncommuting observables) one can reach a completely general conclusion

about the unavoidably invasive character of any conceivable measurement on

those particular states corresponding to superpositions in the standard

description. It goes without saying that this unavoidably invasive nature of any

conceivable measurement gives a clearcut and conceptually relevant indication

of the emergence of nonclassical features in the macroscopic process under

consideration.

12



10. Conclusions.
Since, as already repeatedly remarked, we have been led to consider the

possibility of going beyond SQM, it is necessary to be more specific about the
meaning one attaches to the hypothesis of MR. We identify the MR
assumption with the requirement that the macroproperty of the current to flow
clockwise or anticlockwise is possessed at all times by all individual systems.

Correspondingly, due to the fact that the theoretical framework we are
considering is not precisely defined, we have also to be more general about the
meaning attached to the statement that a system exhibits nonclassical
features. We take the following attitude: / / it is possible to measure
noninvasively (in the original Leggett and Garg sense) a macro-observable like
Q when, according to SQM, the state of the system would be \+>, while the same
measurement procedure for Q turns out to be unavoidably invasive when,
according to SQM, the state would be a superposition of I +> and I ->, then the
systems exhibits nonclassical features. This requirement can be formally
expressed in the following manner:

(-> NIM) z> ( The macroscopic system behaves nonclassically).

It is important to stress that the nonclassical behaviour we are dealing
with is of a kind that it has not been possible to put into evidence up to now, in
particular it is conceptually quite different from the one arising from
macroscopic quantum tunneling or/and superconductivity. We can then draw
our conclusion. Suppose one is capable to perform both measurement processes
which are noninvasive for the state I +> and analogous processes which are
noninvasive for the state I ->. Suppose one checks this and then one prepares a
system in an appropriate state (e.g. l+>) and performs two measurements on
it. The first is a noninvasive measurement and takes place at a time in which
SQM predicts the system to be in a superposition. The second, which can even
be invasive takes place at a subsequent time. Suppose also that proceding in
this way one finds that the quantum predictions are confirmed, i.e., [QMP for
CV] holds true (for a detailed discussion of the appropriate choices of the times
of the measurements see ref.(8)). One can then argue in following way:

1. [QMP for CV] o [(-, NIM) v (-, MR)]
2. (-i NIM) z> ( The macroscopic system behaves nonclassically),

since obviously,

13



3. (-i MR) r> ( The macroscopic system behaves nonclassically),

one has in complete generality:

5. [QMP for CV] 3 ( The macroscopic system behaves nonclassically).

Useless to say, this last implication is the one which shows the extreme
conceptual relevance of the experiment proposed by Leggett and Garg. Such
experiment seems feasible with the present technology and, if it will yield the
expected result (i.e. it will confirm SQM predictions) it will represent the first
explicit proof that macroscopic physical systems which are genuinely non-
classical exhist.
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