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Abstract: Probabilities of the outcomes of consecutive quantum measurements can be obtained by
construction probability amplitudes, thus implying the unitary evolution of the measured system,
broken each time a measurement is made. In practice, the experimenter needs to know all past
outcomes at the end of the experiment, and that requires the presence of probes carrying the corre-
sponding records. With this in mind, we consider two different ways to extend the description of a
quantum system beyond what is actually measured and recorded. One is to look for quantities whose
values can be ascertained without altering the existing probabilities. Such “elements of reality” can
be found, yet they suffer from the same drawback as their EPR counterparts. The probes designed to
measure non-commuting operators frustrate each other if set up to work jointly, so no simultaneous
values of such quantities can be established consistently. The other possibility is to investigate the
system’s response to weekly coupled probes. Such weak probes are shown either to reduce to a
small fraction the number of cases where the corresponding values are still accurately measured,
or lead only to the evaluation of the system’s probability amplitudes, or their combinations. It is
difficult, we conclude, to see in quantum mechanics anything other than a formalism for predicting
the likelihoods of the recorded outcomes of actually performed observations.

Keywords: quantum measurements; unitary evolutions; quantum elements of reality

PACS: 03.65.Ta; 03.65.AA; 03.65.UD

1. Introduction

In [1], Feynman gave a brief yet surprisingly thorough description of quantum be-
haviour. Quantum systems are intrinsically stochastic, calculation of probabilities must
rely on complex valued probability amplitudes, and it is unlikely that one will be able to
get a further insight into the mechanism behind the formalism. One may ask two separate
questions about the view expressed in [1]. Firstly, is it consistent? There have been recent
suggestions [2] that quantum mechanics may be self-contradictory, and that its flaws can
be detected from within the theory, i.e., by considering certain thought experiments. In [3],
we have, argued that the proposed “contradictions” are easily resolved if Feynman’s de-
scription is adopted. Secondly, one can ask if the rules can be explained further? There
have been proposals of “new physics” based on such concepts as time symmetry, weak
measurements, and weak values (see [4-6], and Refs. therein). Recently, we have shown
the weak values to be but Feynman’s probability amplitudes, or their combinations [7,8].
The ensuing paradoxes occur if the amplitudes are used inappropriately, e.g., as a proof of
the system’s presence at a particular location [9], a practice known for quite some time to
be unwise (see [10] and Ch. 6 pp. 144-145 of [11]). It is probably fair to say that Feynman’s
conclusions have not been successfully challenged to date, and we will continue to rely on
them in what follows.

The approach of [1] is particularly convenient for describing situations where several
measurements are made one after another on the same quantum system. Such consecutive
or sequential measurements have been studied by various authors over a number of
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years [12-16], and we will continue to study them here. The simplest case involves just
two observations, of which the first prepares the measured system in a known state, and
the second yields the value of the measured quantity “in that state.” Adding intermediate
measurements between these two significantly changes the situation, as it brings in a
new type of interference the measurements can now destroy. Below we will discuss two
particular issues which arise in the analysis of such sequential measurements. One is the
break down of the unitary evolution of the measured system, which occurs each time a
measurement is made. Another is the possibility of extending the description of the system
beyond what is actually being measured. This can be done, e.g., by looking for “elements of
reality”, i.e., the properties or values which can be ascertained without changing anything
else in the system’s evolution. This can also be done by studying a system’s response
to weekly coupled inaccurate measuring devices. It is not our purpose here to dispute
the findings made by the authors using alternative approaches (see, for example, [5]).
Rather we we want to see how the above issues can be addressed in conventional quantum
mechanics, as presented in [1].

The rest of the paper is organised as follows. In Section 2, we recall the basic rules and
discuss the broken unitary evolution of the measured system, In Section 3, we note that,
in order to be able to gather the statistics, the experimenter would need the records of the
previous outcomes. The system’s broken evolution can then be traded for an unbroken
unitary evolution of a composite {system + the probes which carry the records}. In Section 4,
we discuss two different (and indeed well known) types of the probes. In Section 5, we
discuss the quantities whose additional measurements would not alter the likelihoods of all
other outcomes. However, like their EPR counterparts, these “elements of reality” cannot
be observed simultaneously. In Section 6, we illustrate this on a simple two-level example.
In Section 7, we look at what would happen in an attempt to measure two of such quantities
jointly. Section 8 asks if something new can be learnt about the system by minimising the
perturbation incurred by the probes. Section 9 contains a summary of our conclusions.

2. Feynman’s Rules of Quantum Motion: Broken Unitary Evolutions

Consider a system (S) with which the theory associates N-dimensional Hilbert space
Hs. The L + 1 quantities Q' to be measured at the times ty... < t;... < t are repre-
sented by Hermitian operators Q' acting in s, each with M, < N distinct real valued
eigenvalues QY .

M,
Y. QL ZA Qb — (an, 1Q 195, |ah, ) (qh, | = Z Qb oty )

mp=1 my=1

where \qﬁﬂ <qw|qn ) = Sugniy e = 1,...N) are the measurement bases, A(X — Y) =1 if
X=Y,and 0 otherw1se and 7t;,, is the projector onto the eigen-subspace, corresponding
to an eigenvalue Qf . The first operator Q° is assumed to have only non-degenerate
eigenvalues, i.e., Q0 = Zno 1 Q9 . 149 o) (4 ,|- This is needed to initialise the system, in order
to proceed with the calculation.

The possible outcomes of the experiment are, therefore, the sequences of the observed
values QL . ..qu, and one wishes to predict the probabilities (frequencies) with which a
particular real path { QL . Qf, . QY ,J would occur after many trials. Following [1],
one can obtain these obtained by constructing first the system’s virtual paths {q,%L. R
7, TR ’7910}’ connecting the corresponding states in Hg, and ascribing to each path a
probability amplitude (we use i = 1)

L-1
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where Us(t;41,t) = exp|—i |, t;” U H(#)dt'] is the system’s evolution operator (the time

ordered product is assumed if the system’s hamiltonian operators Hs(#') do not commute
at different times, [Hs(t'), Hs(t")] # 0). We will assume that all Hermitian operators
Qf = (OY" can be measured in this way. We will also allow for all unitary evolutions,
Ud(tpga,te) = Ug by, te)-

Combining the virtual paths according to the degeneracies of the intermediate eigen-
values QY 1 << L-1,yields elementary paths, endowed with both the amplitudes

A(qﬁL...%Qﬁqé...kqgo): (3)

Z HA Qhy — (@ | Q qn VAWS, - - = @y = 5y)-

ny..np_1= =1/=

and the probabilities,

We note that the amplitudes in Equation (3) depend only on the projectors 7%, , in Equation (2),
and not on the corresponding eigenvalues QF, ,- To stress this, we are able to write

A(gh . Qb ) = Algh, . Ay a) (5)

Finally, summing p(q,[;L. L Qf R qgo) over the degeneracies of the last operator QF,
yields the desired probabilities for the real paths,

N

Note that there is no interference between the paths leading to different (i.e., orthogonal)
final states \qﬁL>, even if they correspond to the same eigenvalue Q%lL [1]. This is necessary,
since an additional (L -+ 2)-nd measurement of an operator Q' +1 = ZQIL 1 Qﬁﬁ] |qﬁL+ ) <qﬁL+ |
immediately after t = t; would destroy any interference between the paths ending in dif-
ferent |q%L>s at t = t;. Since future measurements are not supposed to alter the results
already obtained, one never adds the amplitudes for the final orthogonal states [1]. Note
that the same argument cannot be repeated for the past measurements at t, < tr.

It may be convenient to cast Equation (6) in an equivalent form,

P(Qh, - Qe ) = (R(Afy o 4 Ty GO |R(Afy - 4 Ay = 0)),
where
L ¢ L
DTy, - o 4 Ty = qno H m, (te,to) \qn()) 8)
=1
T, (b, t0) = Ug  (tr, t0) 7y, Us (e, to),

and a unitary evolution of the initial state |q20> with the system’s evolution operator U is
seen to be interrupted at each t = ¢,. check that the probabilities in Equation (6) sum, as
they should, to unity.

It is worth bearing in mind the Uncertainty Principle which, we recall, states that [1]

“one cannot design equipment in any way to determine which of two alternatives is taken, without,

at the same time, destroying the pattern of interference”. In particular, this means that if two or
more virtual paths in Equation (2) are allowed to interfere, it must be absolutely impossible
to find out which one was followed by the system. Moreover, one will not even be able to
say that, in a given trial, one of them was followed, while the others were not (see [10] and
Ch. 6 pp. 144-145 of [11]).

@)
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With the basic rules laid out, and an example given in Figure 1, we will turn to
practical realisations of an experiment involving several consecutive measurements of the

kind just described.

Figure 1. Three measurements, L = 3, are made on a three-level system, N = 3. The first one,
yields an outcome QY and prepares the system in a state |q{). Two other operators have degenerate
eigenvalues, Q1|q%,2> = Q%|q%/2>, (M =2),and Q2|q%,3> = Q%|q%,3), (My = 2). (a) Nine virtual paths
in Equation (3). (b) Four real paths (i.e., the observed sequences Q%Q — Q},,l — Q(l)), my,my =1,2.

Different colours are used to relate the virtual paths to the observed outcomes.

3. The Need for Records: Unbroken Unitary Evolutions

In an experiment, described in Section 2, there are N x My X Mj...... X M| possible
sequences of observed outcomes. At the end of each trial, the experimenter identifies the
real path followed by the system, path = {Q,LHL. Lo QL R Q?IO}, and increases by
1 the count in the corresponding part of their inventory, K(path) — K(path) + 1. After
K >> 1 trials, the ratios K(path) /K will approach the probabilities in Equation (6), from
which all the quantities of interest, such as averages or correlations, can be obtained later.

There is one practical point. In order to identify the path, an Observer must have
readable records of all past outcomes once the experiment is finished, i.e., just after f = 1.
There are two reasons for that. Firstly, quantum systems are rarely visible to the naked
eye, so something accessible to the experimenter’s senses is clearly needed. Secondly,
and more importantly, the condition of the system changes throughout the process [cf.
Equation (8)], and its final state simply cannot provide all necessary information. In other
words, one requires L probes which copy the system’s state at t = t,, £ = 0,1,...L and
retain this information till the end of the trial. It is easy to see what such probes must do.
The experiment begins by coupling the first probe to a previously unobserved system at
t = tg. To proceed with the calculation, we may assume that just ty the initial state of a
composite system + probes is

51 proves (0)) = 14330 [D°(10)).- ..|D*(0))...[D*(0)) = [q52y)I¥ probes (0)) ©)

where |D/(0)) is the initial state of the (-th probe which, if found changed into |D(m,)),
(D(m,)|D*(m})) =6 would tell the experimenter that the outcome at t = t, was QF, .-

Note that the first probe D? has already been coupled to a previously unobserved system
and produced a reading ny, thus preparing the system in a state \qg()).

The composite would undergo unitary evolution with an (yet unknown) evolution
operator Us proves(tr, to). The rules of the previous section still apply, albeit in a larger
Hilbert space, and with only two (L = 1) measurements, of which the first one prepares the
entire composite in the state (9). For simplicity, we let the last operator have non-degenerate

mgméf
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eigenvalues, My = N. By (6), the probability to have an outcome QﬁL. ce an R Q
is

P(QL ...« Qb Q5 = (10)
~ 2
’<qﬁ/L | <\PProbes(nLr N -n0)|uS+Probes<tL/ tO) |1FS+Probes (O>>
np=
where
L (= 0
ITProbes(nLr' -y .7’10)> = |D (nL)> H |D (mlf)>|D (7’10)> (11)
(=1

We want the probabilities in Equation (10) (the ones the experimenter measures) and the
probabilities in Equation (6) (the ones the theory predicts) to agree. Consider again the
scenarios {qﬁL. L Q RERE ‘7910} in Equation (3). In the absence of the probes they lead to
the same final state, |q% . ), interfere, and cannot be told apart, according to the Uncertainty
Principle. If we could use the probes to turn these scenarios into exclusive alternatives [1],
e.g., by directing them to different (orthogonal) final states in the larger Hilbert space,
Equation (6) for the system subjected to L 4 1 measurements would follow. In other words,
we will be able to trade a broken evolution in a smaller space Hs [cf. Equation (8)] for an
uninterrupted unitary evolution in a larger Hilbert space H g pyopes- For this we need an
evolution operator Us_ propes (t1, o) such that

<q£’L|HS+P70bes<tL/ t0)|1PS+Probes (O)> = 5n’LnL x (12)
Ml...ML_l

As(qh - Q- o) ¥ probes (L, . . .my. 1)),
ml....mL,lzl

where the orthogonal states |¥ p,opes (1L, - - .1y. . .1g)) play the role of “tags”, by which
previously interfering paths {qﬁL. Lo QL g qgo} can now be distinguished (see
Figure 2).

For the reader worried about the collapse of the wave function we note that the same
probabilities can be obtained in two different ways. Either the evolution of the wave
function of the system only is broken every time an instantaneous measurement is made, as
happens in Equation (8), or the evolution of the system + the probes continues until the end of
the experiment as in Equation (12).

Finally, we note the difference between producing all L records, but not using or
having no access to some of them, and not producing some of the records at all. There is
also a possibility of destroying, say, the ¢-th record by making a later measurement on a
composite {the system+ the ¢-th probe} [17,18]. In this case, the composite becomes the new
measured system, and the rules of the previous section still apply.
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Figure 2. The measurements in Figure 1 seen from a different perspective. Just after t = t,, the
experimenter needs to compare three records, in order to determine which of the real paths in
Figure 1b was actually taken. This information is encoded in the final conditions of the three probes,
D!, ¢ = 0,1,2. The composite {system + probes} undergoes an unbroken unitary evolution for
to <t < t. There are nine virtual paths ending in distinguishable states of the composite. The same
colors are used to indicate which of the nine path probabilities should be added to obtain likelihoods
of the four real scenarios in Figure 1b.

4. Two Kinds of Probes

We note next that it does not really matter for the theory how exactly the records
are produced, as long as the interference between the virtual paths is destroyed, and
Equation (12) is satisfied. The states | D’) in Equation (9) may equally refer to devices, to
the Observer or the Observers’ memories [17,19], or to the notes the Observers have made
in the course of a trail, [18]. We will assume for simplicity that the probes have no own
dynamics, and retain their states after having interacted with the measured system,

HS+Probes = HS + Hint/ HProbes = 0. (13)

Several interactions which have the desired effect are, in fact, well known, and we will
discuss them next. There are at least two types of probes consistent with Equation (12).
They require different treatments, and we will consider them separately.

4.1. Discrete Gates

For the /-th probe consider a register of M, two-level sub-systems, each prepared in
its lower states |1;,)

My

IDX(0)) = TT I11m,)- (14)

111/:1

. . Ap #l
The p.robe, designed to measure a quantity Q" = Em 1 Q Ty, is coupled to the sys-
tem via

mt - 7T/2 Z nm[Ax (t - tf) (15)

ngl
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where ¢ (m,) is the Pauli matrix, which acts on the n1,-th sub-system in the usual way,
0L(my)|1m,) = |2m,). Since the individual terms in Equation (15) commute, the evolution
operator of the {System + ¢ — th  Probe} over a short interval [t; — €,t; + €], € — 0is

M,
umt(tf) = exp |1 77/2 Z nm[U (mf) =i Z ﬁ'fWU'x(Tﬂg). (16)
my= 1 M£:1

The probe entangles with the system in the required way,

mt(tf)hps |D£ _l Z IlpS |Dé m€)> (17)

my= 1
where in | D?(m,)) is obtained from |D(0)) by flipping the state of the m,-th sub-system,

D (me)) = 2m,) [T I1x,)- (18)

koFmg

We note that, whatever the state |s), one of the subsystems will change its condition (the
system will be found somwhere). We note also that in each trial only one subsystem will
be affected (the system is never found simultaneously in two or more places). The full
evolution operator is, therefore, given by

L—1
Ust proves (b1 to) = Uhyy (t1) TT Us (bsn, to) Uy (t0) (19)
=0

where, as before, we we assumed My = M| = N, ftu, = |qn,) (Gn,|, and 7, = |G, ) (G, |-

The experimenter prepares all probes in the states (14) and, once the experiment is finished,
only needs to check which sub-system of DY, say, the n1,-th, has changed its state. This will
tell him/her that the value of QAZ att = t, was Qfm ” As a simple example, Figure 3 shows an
outcome of five measurements made on a four-state system. There the first probe, capable
of distinguishing between all four states prepares the system in a state \qg()). The second

probe cannot tell apart the third and the second states, so 71 = |g1)(q}|, 23 = |g3)(4}|,
and 73 = |g3)(gi| + |95) (94|, and so on. The sequence of the measured valued obtained
by inspecting the probes at t > t, is Qi — Qg — Q% — Q% — ch). After many trials the
sequence will be observed with a probability P(Q} + Q3 + QF + Q} «+ Q%) = |As(q] +

5 + 73 + 7y + q9)|? [cf. Equation (5)]
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a) Before

111

1
1
111 1
1
1

S 9qoJd ¥ 9q0id € 990.d 7 390.d T 3qold

Y
System’s states

Figure 3. Five consecutive measurements of the quantities Q% O...0* are made on a four-level
system (N = 4). Some of the eigenvalues are degenerate. Each probe consists of My < 4 [cf.
Equation (15)] two-level sub-systems. (a) Initially sub-systems of all probes are prepared in their
lower states |1). (b) At the end of a trial some these states are found changed, and a record {Q}
Qg — Q% — Qé — Q(l)} is produced.

4.2. Von Neumann'’s Pointers

In classical mechanics one can measure the value of a dynamical variable Q(x, p) at tg
by coupling the system to a “pointer”, a heavy one-dimensional particle with position f
and momentum A. The full Hamiltonian is given by Hg(x, p) + AQ(x, p)é(t — tp), and at
t = t the pointer is rapidly displaced by 6 f = Q(x(to), p(to)), which providies the desired
reading. What happens to the system, depends on the pointer’s momentum, which remains
unchanged by the interaction. If A = 0, the system continues on its way unperturbed. If
A # 0, the system experiences a sudden kick, whereby its position and momentum are
changed by Ax = Ad,Q(x(to), p(to)) and Ap = A9, Q(x(tg), p(to)), respectively.

The quantum version of the pointer [20] employs a coupling H;,; = g(t)AQ, where 7,
(FIAlf) = —id(f — f")9 is the pointer’s momentum operator, and Q =Y, Quty is the
(system’s) operator to be measured. The function g(t) = 1/7 can be chosen constant for
the duration of the measurement 7, ty < t < ty + T, and zero otherwise. It tends to a Dirac
delta 6(t — t) for an instantaneous (impulsive) measurement, where T — 0. For a system
whose state |ip5) lies in the eigen sub-space of a projector 7, the action of Hj,; results in a
spatial shift of the pointer’s initial state |G(0)) by Qy,

exp(—iHiuT)[1s)|G(0)) = [¢s) /G(f— Qu)lf)df = [is)|G(m)) (20)

With L + 1 pointers employed to measure L + 1 quantities Q', the initial state of the
composite can be chosen to be [cf. Equation (9)]

[¥s+ pointers(0)) = [45,)1G°(10)). .| G*(0))....|G"(0)), (21)

where the initial pointer states can be, e.g., identical Gaussians of a width Af, all centred at
the origin,

(fe|G'(0)) = Cexp(~f7/0f?) = G'(fo), C1=[2/mAf)%, (22)
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except for the first probe, where we would need a narrow Gaussian, |G%(fy)|?> — &(f) in
order to prepare the system in |q2O ). If all couplings are instantaneous, for the amplitude

in Equation (3) [with L = 2, and |}, ) replaced by a state of the composite, |5 ) @ |f),
1f) = 1fo) ®@1f1). .. ®|fL)] one finds

AS+P0inters (?/ q,%/L «— II[O) = (23)

<7|<q££|aS+Point6rs(tLr tO)|TS+Pointers(0)> = 5”/LWL GL(fL - QnL) X
My.Mp1 L-1

Yo TIG (fr— Qu)G (fo — Qug) As(gh, ... <+ Qb 4)

my..myp_1 =1/=1

where, again, As(q%L. Lo Qﬁi. A Q?,O) is the system’s amplitude (3).

If one wants their measurements to be accurate, the pointers need to be set to zero
with as little uncertainty as possible (see. Figure 4). This uncertainty is determined by
the Gaussian’s width Af, and sending it to zero we have [since G(f;)?> — J(f;) and
G'(f1)G'(f; — X) = 0 for any X # 0]

Ppointers (fL . -flrfO) = Z |AS+P0inters (?/ Q%L — 1F0) |2 = (24)

nr

M;..M; L
Y TTo(fe—Qb,)Ps(Qh, ... Qb Q%)

7111...711L:l =0

where Ps(QL ...+ QF, .-+ = QN ) is the probability, computed with the help of Equation (7).

a) Before b) After
O > O >
O > O > f,
O > O > f,
© > O > f,
® S —0—f,
E @, Q'3 0 Q% Q% QY

Figure 4. The measurements shown in Figure 3, this time made by employing five accurate von
Neumann pointers. (a) Initially, the pointers are set to zero. (b) At the end of the trial, one finds each
pointer shifted by the corresponding eigenvalue. As in Figure 3, an outcome {Qi — Q3+ QF«+
Q} + QY} is recorded.

Equation (24) is the desired result, which deserves a brief discussion. In each trial, the
pointers’ readings may take only discrete values Qf, ,»and the observed sequences occur
with the probabilities, predicted for the system by Feynman’s rules of Section 2. However,
unlike in the classical case, this information comes at the cost of perturbing the system’s
evolution. Indeed, writing G*(0) = [ G'(A;) exp(iryf;)dA, and proceeding as before,
one obtains terms like H?;ll exp(—iA Q) Us(ty, tg_1), where exp(—iA, Q') represents the
“kick”, produced on the system by the ¢-th pointer at t,. As in the classical case, we can
get rid of the kick by ensuring that the pointer’s momentum A, is approximately zero.
However, Heisenberg’s uncertainty principle (see, e.g., [1]) will make the uncertainty in
the initial pointer position very large. Accuracy and perturbation go hand in hand, and
the measured values do not “pre-exist” measurements but are produced in the course of
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it [21]. Notably, one can still predict the probabilities by not mentioning the pointers at all
and analyzing instead an isolated system, whose unitary evolution is broken each time the
coupling takes place.

Secondly, and importantly, von Neumann pointers have many states, and only a few
of them are actually used. This suggests that the pointers and the probes of the previous
section could, in principle, be replaced by much more complex devices, with only a few
states of their vast Hilbert spaces coming into play. For example, there is nothing in
quantum theory that forbids using printers, which print the observed values on a piece of
paper. If an experiment that measures spin’s component is set properly, the machine will
print only “up” or “down” with the predicted frequencies, and would never digress into
French romantic poetry.

5. The Past of a Quantum System: Elements of Reality

The stock of an experiment described so far, is taken just after the last measurement
at f = t;. This is the “present” moment, the times ¢, . . .t are relegated to the “past”, and
the “future” is yet unknown. Possible pasts are defined by the choice of the measured
quantities Q°, and of the times t; at which the impulsive measurements are performed.
The N X My X Mj..... X My possible outcomes {QF, ... Qﬁw. .. < QY } occur with
probabilities P (Q#L. .o+ QY g ng) which the theory aims to predict. There are
clearly gaps in the description of the system between successive measurements at ¢, and
ty11. One way to fill them (without adding new measurements, which would change the
problem) is to look for quantities whose values can be ascertained at some t; < t' < t;,q
without altering the existing probabilities P(Q%IL. A an‘x L Qf, P ng)- Or, to
put it slightly differently, to ask what can be measured without destroying the interference
between the virtual paths [cf. (2)] which contribute to the amplitudes AS(Q,LHL. ce =
Q%L — QL e ng) in Equation (3).

There is a well-known analogy. EPR-like scenarios [22] are often used to question
the manner in which quantum theory describes the physical world. In a nutshell, the
argument goes as follows. Alice and Bob, at two separate locations, share an entangled pair
of spins. Alice can ascertain that Bob’s spin has any desired direction, while apparently
unable to influence it due to the restrictions imposed by special relativity. Hence, all
possible values of the spin’s projections can exist simultaneously, i.e., be in some sense
real. If quantum mechanics insists that different projections cannot have well-defined
values at the same time, it must be incomplete. We are not interested here in the details
of this important ongoing discussion (for an overview see [22] and Refs. therein), or the
implications relativity theory may have for elementary quantum mechanics [23]. Rather we
want to make use of the Criterion of Reality (CR) used by the authors of [24] to determine
what should be considered “real”. This criterion reads: “If, without in any way disturbing a
system, we can predict with certainty (i.e., with probability equal to unity) the value of a physical
quantity, then there exists an element of reality corresponding to that quantity.” [24].

Consider again an experiment in which L + 1 measurements are made on the system
att = t;, £ = 0,1...L, while the system’s condition at some ' between, say, t;, and t; 1
remains unknown. To fill this gap, one may use the CR criterion just cited, and look for
any information about the system, which can be obtained without altering the existing
statistical ensemble. Thus, one needs a variable Q' whose measurement at t; < t' < ;4
results is

As(qr, - Quuyoy & Q4 Quuye o = g) = As (gl QoL Q- 45)- (25)

There are at least two kinds of quantities that satisfy this condition. To the first kind belong
operators of the type

A

=Y Qu An =Us(t,t,) QU (Y, ty) ZQm,nm, te, '), (26)
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where 7y, (t,t') = Us (¥, t;) 7tm,Ug (', t,) is the projector 7, evolved backwards in time
from t' to ty. To the second kind belong the quantities

QT () =Y Qu, A, = Ug (b, ) Q" Us(trin, ) = Y Q! Ay (b, t') (27)

my My

where 7y, (tp41,1) = lAISTl(tgH,t’)ﬁmHl Us(tr41,1') is the projector 7y, ,, evolved for-
. . / . A A S ~ A _
wards in time from t' to ty;4. Indeed, since 7, o = Ay O o) and 7y, , Ry, =

Rmy 10 , we have

Moy
ﬁmHl as(fe+1, f,)ﬁm[(tg, f/)as(t/, tg)f[mf = (28)

ﬁTn[H,l l:lS (tf—i-l/ t/) ﬁmul (té-‘rlr t/) aS (t// tﬁ) ﬁm; - ﬁm[f+1 l:IS (tf—i-l/ t/) ﬁmw
and [cf. Equation (6)]

P(Qh, -+ Qﬁj;il Qe ) = (29)
P(Qhy - Qubl < Qu, () < Qb 40) =

P(Qp, .-+ Qﬁj;il = Q. () Qb g)-

There is, of course, a simple explanation. The states Us (', t,)|q4 ,) form an orthogonal basis
for measuring Q~ (¢), andA the system in |qfl[> at t; can only go to |l:{5(t’, ty) |‘ifl[> att’, asall
other matrix elements of Us(#, t;) vanish. Similarly, the system in Ug ! (t;,1,#)|q4 ) att’

can only go to \qﬁw) at ty1. The presence of the operators l:Igl (t',t;) and Us(ty4q,t') in
Equations (26) and (27) ensures that Equation (25) holds, and Equation (29) follow.

The problem is as follows. By using the CR, we appear to be able to say thatatt = ' a
quantity Q~ (#') has a definite value Qj, , if the value of Qfatt =t; was Qf, ,- Similarly, it
would appear that O (') also has a definite value Q}; .., if the value of O latt =ty 4
is Q4t1 Since in general O~ (#') and Q* (#') do not commute, [Q~ ('), OF (#')] # 0, and

m
quant[alln mechanics forbids ascribing simultaneous values to non-commuting quantities,
we seem to have a contradiction.

Fortunately, the contradiction is easily resolved. At the end of the experiment, one
needs to have all the relevant records and to produce these records an additional probe
must be coupled at t = . Measuring Q= ('), or Q* (') requires different probes, which
affect the system differently, and produce different statistical ensembles. The values Q,,,,
and Qy, 11, do not pre-exist in their respective measurements [9,21], and appear as a result
of a probe acting on a system. The caveat is the same as in Bohr’s answer [25] to the authors
of [24]. There are no practical means of ascertaining these conflicting values simultaneously.
Next, we give a simple example.

6. A Two-Level Example

Consider a two-level system, (a qubit), N = 2, prepared by the first measurement of
an operator

A

2
B =Y |b;)Bi(bi] (30)
i1

in a state |by) at t = to. The second measurement (we have L = 1) yields one of the
eigenvalues of an operator

2
Q'=C=Y |c)Ci(ci|, [B,C]#0, (31)
i=1
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With only two dimensions involved, all eigenvalues are non-degenerate. If for simplicity
we put Hs =0, Us(t1,t) =1 (see Figure 5a), one can easily verify that atany t) < t’ < f
the value of B is B; (see Figure 5b), or that C has the same value it will have at t = #; (see
Figure 5¢). Moreover, its is easy to ascertain that if the first and the last outcomes are By
and C;, the values of Batt = ' and of C at t = " are By and C;,aslongastg < ' <t < t;
(see Figure 6a). Indeed, according to (3) we have

P(Cl < C1 <« Bl < B]) = |<C1|C]><C1|b1><b1‘b1>|2 = ‘<Cl|b1>‘2 = P(C] «— Bl). (32)

The former is no longer true if C is measured before B. A final value C; can now be reached
via four real paths {C; < B; +~ C; < B} shown in Figure 6b, and the probabilities no
longer agree with those Equation (32),

2
ij=1

The transition between the two regimes occurs at t' = ", when an attempt is made to
measure two non-commuting quantities at the same time. The rules of Section 2 imply that
such measurements are not possible in principle, since B and € do not have a joint set of
eigenstates which could inserted into Equation (2). However, ultimately one is interested
in the records available at the end of the experiment. Next, we will look at the readings
the probes would produce, should they be set up to measure non-commuting B and C
simultaneously.

t, —

tl

t,~{le}-
Time

Figure 5. (a) A measurement of an operator B = 21'2:1 |b;) B; (b;| prepares the system (Hg = 0) in a
state |b;), and is followed by a measurement of € = Y'2_; |¢;)C;(c;|. (b) An additional measurement
of Batty < t' < t| yields an outcome By, and finds the system in the state |b;) with certainty. (c) An
additional measurement of C at the same ' yields C; with certainty, if the last outcome is also C;. The
probabilities are unchanged, P(C; < By) = P(C; <~ By <~ B1) = P(C; « C; « By), and it would
appear that at t = ' the system has well defined values of non-commuting operators B and C.
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—t+
o
o)
iy
o)
fiby

tl Cl C2

(@)
iy

(@)
N

Time

Figure 6. (a) In the case shown in Figure 5b, at ' < t” < t; one can add a measurement of C, still
leaving the probabilities unchanged, P(C; <— By) = P(C; <- C; <= By < Bj). It would appear that
in a transition {C; < By} intermediate values By and C; co-exist for any ' and t”, such that " > t'.
(b) The above is no longer true if C is measured before B. The transition between the cases (a,b) is
discussed in Section 7.

7. Joint Measurement of Non-Commuting Variables

We want to consider two measurements made on the system in Figure 6 which can
overlap in time at least partially. No longer instantaneous, both measurement will last T
seconds, startatt’ and ¢, ¥/, > to, respectively, and finish before t = t1,t' + 7, + T < t;.
The degree to which the measurements overlap will be controlled by a parameter j,

p=(t"-t)/T, (34)

so that for B = 1 the measurement of B precedes that of C, B = 0 corresponds to simultane-
ous measurements of both B and C, and for B = —1 C is measured first. Next we consider
the two kind of probes introduced in Section 4 separately.

7.1. C-NOT Gates as a Meters

For our two-level example of Section 6 we can further simplify the probe described
in Section 4. Since we only need to distinguish between two of the system’s conditions, a
two-level probe, whose state either changes or remains the same, is all that is required. We
will need two such probes, D’ and D”, two sets of states

D‘(1)) = 1), D) =12, =" (35)
four projectors
A= bl o=kl A =ledlal, = lo)eol. (36)
and two couplings
Hiyy = (/277" 0, Hyyy = —(n/2)7 ' 007, (37)

where 6£|D(1)) = |D*(2)). In what follows we will put T = 1. The probes are prepared
in the respective states [D’(1)) and |D” (1)), and after finding the system in |c) at f; their
state is given by

|q)Prohes (t2)> = (38)

Al

(c1| expl—il By, ] @ exp[—i(1 — [B]) (Hy + Hipp)] @ expl—il Bl AL, 1b1) [D'(1)) D" (1)).
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if > t/, while for " < t' the order of operators in (38) is reversed. It is easy to check that
(g :’/ ,//

expl—ilBlAf,] = {71 + Alcos(w|B| /2) +isin(|B| /2)7] } (39)

so that for || = 1 the rh.s. of Equation (39) reduces to ﬁf + ift4ol. The action of the
coupling is, therefore, that of a quantum (C)ontrolled-NOT gate [26], which flips the
probe’s (target) state if the system’s (control) state is |bp) or |cz), and leaves the probes’s
condition unchanged if it is |b) or |cq1).

There are four possible outcomes, (1/,1”), (1/,2"), (2/,1"”), and (2/,2"), and four
corresponding probabilities (i,j=1,2),

2
P(i',j") = |(D’(i)|<D"(J')\<I>pmbes(t‘z)>|2/k;1 (D' (k) [(D" (1) | @pyobes (£2)) 7, - (40)

The matrix elements are easily evaluated (for details see Appendix B), and the results are
shown in Figure 7.

1 T
P(1 1,1 u) /
5 087 1
.20
=06 ]
£ P(1,2),P(2,1")
© 02T £ |
P(2',2")
0 1
-1 -0.5 0 0.5 1

g

Figure 7. The values of B = ¢, and ¢ = 0y are measured jointly (cf. Equations (36)—(38)) for a
two-level system (Hs = 0), initially polarised along the x-axis, |by) = | Tx ), B1 = 1, and later found
polarised along the y-axis, [c1) = | T, ), C; = 1. Four probabilities in Equation (40) are plotted vs.
in Equation (35). For = 1 the measurement of B precedes that of C, for = 0, B and C are measured
simultaneously, and for g = —1, C is measured first.

If B = 1, there is no overlap, and B is measured before C. Dividing 7 into K sub-
intervals and sending K — oo we have an identity (cf. Equation (39))

AL AL K
expl—iHy o) = [exp(=ifl,, /K])| |br) = (71X [br) = [b1), (41)

and the state of the first probe remains unchanged. For = 0 both probes act simultane-
ously. Now the use of the Trotter’s formula yields

Al Al NN NN K
exp|—i(H,,, + 0] |b1) :I}i_r)r;o(l+17T7120x/21<—|—17'c7'(20x/21<> 161). (42)

Equation (42) contains scenarios where both probes change their states, and since Ao +
0, the evolution of one of them must affect what happens to the other. Now all four
probabilities in Equation (40) have non-zero values, although it is still more likely that both
probes will remain in their initial states (cf. Figure 7). Finally, for 8 = —1, C is measured
before B as if both measurements were instantaneous, and all four paths in Figure 6b



Entropy 2022, 24, 877

15 of 23

are equally probable. A different result is obtained if the two measurements are of von
Neumann type, as we will discuss next.

7.2. Von Neumann Meters
Consider the same problem but with the two-level probes replaced by two von Neu-
mann pointers with positions f’ and f”, respectively. As before, the interaction with each
pointer lasts T seconds, so the two Hamiltonians are
H},, = —iopB/t, Hj, =—idmC/T. (43)

If the pointers are prepared in identical Gaussian states (22) (f¢|G’) = G(ff), ¢ =/, the
probability distribution of their final positions is given by

2

PUS = | [y G -G - et ) = LR
where (we measure f in units of gg and put T = 1)

O(f', f") = (e1l(f'[{f" exp[—|BasnC] @ exp[—(1 = 2|B|) (3 B + ()] (45)
®exp[ Bl B]|0)[0") |b1)

where (f'|0') = 6(f"), (f"|0") = 6(f""),and t' < t". (For t' > ' we interchange B with C.)
Consider first the case f = 0 where the measurements coincide. The amplitude ®(f’, f)
has several general properties. Firstly, it cannot be a smooth finite function of i’ and
y”, or the integral in (44) would vanish in the limit of narrow Gaussians, Af — 0, due
to the normalisation of |G’) and |G”) (cf. Equation (22)). It must, therefore, have ¢-
singularities [27,28]. Secondly, using the Trotter’s formula [29], we have

N N A ~ K
exp[—(af/B + af//C)] = Klgrolo [exp(—af/B/K) [ exp(—afnC/K)} (46)

It is readily seen that each time the product in the r.h.s. of Equation (46) is applied, the
pointers are displaced by By /K or Byt/K and C; /K or Cp /K, respectively. If By 5, C1 o = £1,
one has a quantum random walk, where the pointers are shifted by an equal amount 1/K
ether to the right or to the left. Since the largest possible displacement is 1, ®(f’, ') must
vanish outside a square —1 < f/, f” < 1. One also notes that for f’ = +1, the maximum of
®(£1, f) is reached for f”” = 0, since there are (let K be an even number) K!/(K/2)!(K/2)!
walks, each contributing to ®(f’, f"") the same amount 1/2?X+1. Similarly, a maximum of
®(f’,+1) is reached for f = 0.

A detailed combinatorial analysis is complicated, but the location of the singularities
can be determined as was done in [30]. As explained in the Appendix B, the amplitude

®(y/,y") in Equation (45) can also be written as (f = \/f"2 + f"’?, cos(0) = f'/ f)
V(") = ) 28 flealb) [ dANexp(—A2Af/4) x @)
[cos(A) Jo(Af) — V2isin(A)J1 (Af) sin(6 — n/4)}

where J; is the Bessel function of the first kind of order k. From Equation (44) one notes
that in the limit Af — 0, P(f’, f”) in Equation (44) will become singular, and that its
singularities will coincide with those of ®(f’, f”') in Equation (45). Since [31]

Je(Af = 00) = (2/7Af)Y 2 cos(Af —km/2 — 1/2), (48)

the integral in Equation (47) will diverge at large A’s provided the oscillations of cos(A)
and sin(A) are cancelled by those of Jo(Af) and J1(Af), i.e., for \/f> + f> = 1. As a result,
we find the pointer readings of two simultaneous accurate measurements of B and C (with
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By, = C1, = =£1) distributed along the perimeter of a unit circle as shown in Figure 8.
Figure 9 shows the distribution of the pointer’s readings for different degrees of overlap
between the two measurements.

4 P(f',f") M

/=0

Figure 8. The values of B = ¢y and C = 0y are measured simultaneously (8 = 0, Af = 0.05) for a
two-level system (Hg = 0), initially polarised along the x-axis, |b1) = | 1y ), By = 1, and later found
polarised along the y-axis, [c1) = | 1, ), C; = 1.

Figure 9. The same probability as in Figure 8, but for different degrees of overlap between the
measurements. The value of B in Equation (34) is indicated in each panel. The cases § = 1 and
B = —1 correspond to the scenarios (a) and (b) shown in Figure 4, respectively.

There is, therefore, an important difference between employing discrete probes and
von Neumann pointers. In the previous example shown in Figure 7 one could (although
should not) assume, e.g., that for B = 0 P(1’,2") yields the probability for B and C to have
the values 1 and —1, if measured simultaneously. Figures 8 and 9 show this conclusion to
be inconsistent. As § decreases from 1 to —1, the pointer’s readings are not restricted to +1/,
+1”. Rather, for B = 0 they are along the perimeters of a unit circle (cf. Figures 8 and 9),
which, if taken at face value, implies that the probability in question is zero. We already
noted that the theory in Section 2 is unable to prescribe probabilities of simultaneous values
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of non-commuting operators. In practice, this means that the probes, capable of performing
the task in a consistent manner, simply cannot be constructed.

8. The Past of a Quantum System: Weakly Perturbing Probes and the
Uncertainty Principle

It remains to see what information can be obtained from the measurements, designed
to perturb the measured system as little as possible. If such a measurement were an attempt
to distinguish between interfering scenarios, without destroying interference between them,
it would contradict the Uncertainty Principle cited in Section 2. As before, we treat the two
types of probes separately.

8.1. Weak Discrete Gates

We start by reducing the coupling strength, so the interaction Hamiltonians (15)
become

M,
Al =7 Y b, ox(m)o(t—t;), v <m/2. (49)

mE=1

In [11], Feynman described a double-slit experiment where photons, scattered by the the
passing electron, allowed one to know through which of the two slits the electron has trav-
elled. With every electron duly detected, their distribution on the screen, Psjitynknown (X),
does not exhibit an interference pattern. With no photons present, the pattern is present
in the distribution Psji;known (¥)- If the intensity of light (i.e., the number of photons) is
decreased, some of the electrons pass undetected. The total distribution on the screen is,
therefore, “a mixture of the two curves” [11]. P(x) = aPqjitunknown(X) + bPslit-known (¥),
where a and b are some constants,.

Something very similar happens if an extra discrete probe D’ is added to measure

Q = Em, 1 Q7 att =t tp <t <ty 1. Asbefore [cf Equation (16)], we find

M M’
Ujy (1) = exp [i’r B ﬁ:n’a';c(m/)] = cos(y) +isin(y) ) 7,,00(m'), (50)
m!'=1 m'l=1

where the cosine term accounts for the possibility that the systems passes the check unde-
tected. Replacing P(x) in Feynman'’s example with the probability P(q5 ) of detecting the
system in a final state |q%L> at t;. With a values of Q' detected in every run, y = 71/2, one
has a distribution

2
oy - ) (51)

Aerl
PQ -known an Z ‘AS an m/ 1 A nm’ — TC

where Ag is the amplitude in Equation (5). If the probe is uncoupled, v = 0, the distribu-
tion is
A

Al+1 0
Z As( an = Py, o <= Py - 4= Gng)
m'=1

PQ -unknown QnL (52)

With 0 < ¢ < 71/2 the outcomes fall into two groups, those where the probe D’ remains in
its initial state, and those where the state of one of its sub-systems has been flipped. The
two alternatives are exclusive [32], and the total distribution is indeed a mixture of the two
curves. As v — 0 one has

P(Q%L) = (1 - ')/2)PQ’-unknown(qﬁL) + ’)/ZPQ’-known (qﬁL) + 0(72)' (53)

In other words, in the vast majority of cases, the system remains undetected, and the
interference is preserved (cf. Equation (52)). In the few remaining cases, it is detected
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and the interference is destroyed. The Uncertainty Principle [1] is obeyed to the letter:
probabilities are added where records allow one to distinguish between the scenarios;
otherwise one sums the amplitudes. One has, however, to admit that nothing really new
has been learned from this example, as both possibilities simply illustrate the rules of
Section 2.

The above analysis is easily extended to include more extra measurements, whether
impulsive or not. Since to the first order in the coupling constant v weak probes act
independently of each other, the r.h.s. of Equation (53) would contain additional terms

PQ”—known(%Lu )r PQ"’—known(Q%L ), etc.

8.2. Weak von Neumann Pointers

Next we add to L + 1 accurate impulsive von Neumann pointers an extra “weak”
. . A 4
pointer, designed to measure Q' = Z%:l

coupling, given by

Q! 7, att = t' between t; and t; 1. The new

Hj, = —ivopQ, (54)

will perturb the system only slightly in the limit 7+ — 0. To see what happens in this
limit, one can replace f' by vf', H,, in Equation (54) by —id /i Q', and the pointer’s initial
state G'(f') by y1/2G’(+vf'). Now as y — 0 the pointer’s initial states become very broad,
while the coupling remains unchanged. For a Gaussian pointers (22), considered here, this
means replacing Af’ with Af’ /7, i.e., making the measurement highly inaccurate. This
makes sense. The purpose of a pointer is to destroy interference between the system’s
virtual paths, (cf. Equation (24)), which it is clearly unable to do if the coupling vanishes.
Accordingly, with the pointer’s initial position highly uncertain, its final reading is also
spread almost evenly between —co and co. Measured in this manner, the value of Q'
remains indeterminate, as required by the Uncertainty Principle.

This could be the end of our discussion, except for one thing. It is still possible to use
the broad distribution of a pointer’s readings in order to evaluate averages, which could, in
principle, remain finite in the limit Af” — co. Maybe this can tell us something new about
the system’s condition at t = t'. Note, however, that whatever information is extracted in
this manner should not contradict the Uncertainty Principle, or the whole quantum theory
would be in trouble [1].

From Equation (22) it is already clear that any average of this type will be expressed in

terms of the amplitudes A(qﬁL. R 1 R q?,o). The simplest average is the pointer’s

mean position. If the outcomes of the accurate measurements are QﬁL. ..Q4 o .ng, for the
mean reading of the weakly coupled pointer we obtain (see Appendix C)

M L Ny | ~ A0 0

ol ol o0 Lot Qo As (- oo = Fopl = Aoy = Ty )

(f'(Qu,---Q,---Qny)) ~ Re Vi n T - = 5 . (55)
Y1 As(hiy - Ty < R = e < g)

If the measured operator is one of the projectors, say, Q° = ﬁﬁi,, this reduces to

L Al+1 A Al 0
As(Grry- - Tobyy < P 4 Ry oo < ()

(f'(QF,---Quy---Q%)) ~ Re

56

S As(qh, ... AL AL AL q%o)] 6)
We note that, as in the previous example, different pointers do not affect each other to the
leading order in the small parameter .

The quantities in the Lh.s. of Equations (55) and (56) are the standard averages of
the probes’ variables. In the Lh.s. of these equations one finds probability amplitudes for
the system’s entire paths, {q,LIL. B frf,:;il — Al = At P g9, }- The values of these
amplitudes can be deduced from the probes’s probabilities [33]. The problem is, these
values offer no insight into the condition of the system at t = t,. In the double-slit case,

to conclude that a particle “... goes through one hole or the other when you are not looking is
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to produce an error in prediction” [11]. In our case, one cannot say that the value of Q' was
or was not a particular Q’/ ;. The Uncertainty Principle prevails again, this time by letting
one only gain information not sufficient for determining the condition of the unobserved
system at t = t/. A more detailed discussion of this point can be found, e.g., in [7,8].

9. Summary and Conclusions

A very general way to describe quantum mechanics is to say that it is a theory that
prescribes probability amplitudes to sequences of events, and then predicts the probability
of a sequence by taking an absolute square of the corresponding amplitude [1]. Where
several (L 4 1) consecutive measurements are made on the same system (S), a sequence
of interest is that of the measured values Q, ,» endowed with a (system’s) probability

A

amplitude Ag(q%L. S nfné. co= qgo) in Equation (5).

This is not, however, the whole story. To test the theory’s predictions, an experimenter
(Observer) must keep the records of the measured values, in order to collect the statistics
once the experiment is finished. This is more than a mere formality. The system, whose
condition changes after each measurement, cannot itself store this information. Hence
the need for the probes, material objects, whose conditions must be directly accessible
to the Observer at the end. One can think of photons [1,11] devices with or without
dials, or Observer’s own memories of the past outcomes [17,18]. The probes must be
prepared in suitable initial condition |'¥ pyypes(0)) and be found in one of the orthogonal
states |¥ propes (11, - - .1y . .1p)) later, with an amplitude As propes (¥ proves (1L, - - -1p. . .10),
q%L A ‘PProbes(O)/ q(r)lo)'

To be consistent, the theory must construct the amplitudes Ag and Ag pyopes using
exactly the same rules, and ensure that |Ag. popes|> = |As|?. In other words, the experi-
menter should see a record occurring with a frequency the theory predicts for an isolated
(no probes) system, going through its corresponding conditions. This requires the existence
of a suitable coupling between the system and the probe. Its choice is not unique, and
for a system with a finite-dimensional Hilbert space studied here, two different kinds of
probes were discussed in Section 4. The first one is a discrete gate, using the interaction in
Equation (15), while the second is the original von Neumann pointer [20].

Now one can obtain the same probability P = |Ag propes|> = |As|? by considering
a unitary evolution of a composite {System + Probes} until the moment the Observer
examines their records at the end of the experiment. Or one can consider such an evolution
of the system only, but broken every time a probe is coupled to it. For a purist intent on
identifying quantum mechanics with unitary evolution (see, e.g., the discussion in [34]), the
first way may seem preferable. Yet there is no escaping the final collapse of the composite’s
wave function when the stock is taken at the end of the experiment.

It is often simpler to discuss measurements in terms of the measured system’s am-
plitude, leaving out, but not forgetting, the probes. The rules formulated in Section 2
readily give an answer to any properly asked question, but offer no clues regarding a
question which has not been asked operationally. One may try to extend the description
of a quantum system’s past by looking for additional quantities whose values could be
ascertained without changing the probabilities of the measured outcomes. In general, this is
not possible. To find the value of a quantity Q' at a ' between to successive measurements,
ty < t' < ty,1, one needs to connect an extra probe. This would destroy interference
between the system’s paths and change other probabilities, leaving the question “what was
the value of (' if was not measured?” without an answer.

There are two seeming exceptions to this rule. If Q' is obtained by evolving backward
in time the previously measured Q' (cf. Equation (26)), call it O~ , its value is certain to
equal that of Q! and all other probabilities will remain unchanged, (cf. Equation (28)).
Similarly, the value of a O (cf. Equation (27)), obtained by the forward evolution of the
next measured operator Q‘*!, will also agree with that of Q‘*!. It would be tempting
to assume that these values represent some observation-free “reality”, were it not for
the fact that they cannot be ascertained simultaneously. The two measurements require
different probes, each affecting the system in a particular way. The probes frustrate each
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other if employed simultaneously. It is hardly surprising that different evolution operators
Us, proves (tL, to), in Equation (10) may lead to different outcomes.

One notes also that measuring these two quantities one after another would also leave
all other probabilities intact, but only if Q~ is measured first, as shown in Figure 6a. Chang-
ing this order results in a completely different statistical ensemble, shown in Figure 6b. The
rules of Section 2 say little about what happens if the measurements coincide, except that if
Q™ and Q% do not have common eigenstates, Equation (5) cannot be applied. One can still
analyze the behavior of the two probes at different degrees of overlap to explain why it is
impossible to reach consistent conclusions about the simultaneous values of O and Q.
For example, if two discrete gates are used, Figure 7 appears to offer four joint probabilities
of having the values B, C = £1. If discrete probes are replaced by von Neumann pointers,
the readings shown in Figure 8 suggest that joint values of B and C should lie on the
perimeter of a unit circle, in a clear contradiction with the previous conclusion.

Another way to explore the system’s past beyond what has been established by
accurate measurements, is to study its response to a weakly perturbing probe, set up to
measure some Q' at an intermediate time t'. In this limit, the two types of probes produce
different effects but, in accordance with the Uncertainty Principle, reveal nothing new that
can be added to the rules formulated in Section 2. If the coupling of an additional discrete
probe is reduced, trials are divided into two groups. In a (larger) number of cases, the
system remains undetected, and interference between its virtual paths passing through
different eigenstates of Q' remains intact. In a (smaller) fraction of cases, the value of Q'
is accurately determined, and the said interference is destroyed completely. Individual
readings of a weak von Neumann pointer extend a range much wider than the region
which contains the values of Q’, and are in this sense practically random. Its mean position
(reading) allows one to learn something about the probability amplitude in Equation (56),
or a combination of such amplitudes as in Equation (55). The problem is that even after
obtaining the values of these amplitudes (and this can be done in practice [33]), one still
does not know the value of Q’, for the same reason he/she cannot know the slit chosen
by an unobserved particle in a double-slit experiment. Quantum probability amplitudes
simply do not have this kind of predictive power [1,11].

In summary, quantum mechanics can consistently be seen as a formalism for calculat-
ing transition amplitudes by means of evaluating matrix elements of evolution operators.
In such a “minimalist” approach (see also [35]), the importance of a wave function, rep-
resented by an evolving system’s state, is reduced to that of a convenient computational
tool. In the words of Peres [23] (see also [36]) “... there is no meaning to a quantum state
before the preparation of the physical system nor after its final observation (just as there is no ‘time’
before the big bang or after the big crunch).” This is, however, not a universally accepted
view. For example, the authors of [4-6] propose a time-symmetric formulation of quantum
mechanics, employing not one but two evolving quantum states. We will examine the
usefulness of such an approach in future work.
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Appendix A

Evaluation of the Probabilities in Equation (40). For the eigenstates of the probes’s
operators &L we have

IDY(A) = [N +AT2°)]/v2, 65D (A%)) = A ID(A%)), AT =1, =", (A])
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The probes’ are prepared in an initial state ®p,pes(fo) = [1)[1”) = L av—s [D'(A))]
D" (A"))/2, and after post-selecting the system in |c1), their final state (38) is given by

[ @probes(t2)) = ), Upar|D'(A))[D"(A")) /2, (A2)
AA=+
where
Upar = (1] exp(iA”|Bl Ay /2) @ (A3)

explirt(1— |Bl) (A 7y + A" 73) /2] @ exp(irtA! || 7ty /2) | 1)

Operators in (A2) can be diagonalised either analytically or numerically, and the matrix
elements in Equation (40),

GG | ®proves(f2)) = ) U (D" ) GIID"(A) /2, f.j" =12, (A4
A A =41

are easily evaluated.

Appendix B

Derivation of Equation (47). The two-level system (a spin-1/2), with Hs = 0, is
pre- and post-selected in the states | 1, ) and | 1, ), 4, v = x,y,z, 4 # v. respectively.
Two pointers are employed to measure ¢, and &, simultaneously, = 0. (Extension to
measurements along non-orthogonal axes is trivial.) The final distribution of the pointer’s
positions (readings) is, therefore, given by

P(fi, f2) = |A(fr, £)I* = [K(fi,fo, 1, 2) GG A5, (A5)
where [G12) = [ G(A2)|A12)dAr2 and
K(fi, f2,21,A2) = (il A1) (falA2) T [ exp(—ididy — idaty)| 10 ), (A6)
We recall that
(T lexp(=itidy —idady)|[ 1y ) = (A7)

( Tu | cos(A) —isin(A)[cos(¢)oy, +sin(@)dy]| Tv ) =
(o ) {cos(1/2) — sin(A/2) (i + 1) explig) + (i — 1) expl(—ig)]/2},

where A = /A2 + A2, and ¢ = arccos(A;/A). Defining f = |/ fZ + 2, 0 = arccos(f1/f),
we obtain (f1|A1)(f2|A2) = (271) Lexp(ifidr +ifads) = (271) Lexplidfcos(p — 0)] =
(27r) L explirfsin(&)], where & = 71/2 + 0 — ¢.

Furthermore,

[e9)

explirfsin(@)] = Y A explike) = Y FJ(Af) exp(ikd —ikp)  (A8)

k=—00 k=—o00

where Ji is the Bessel function of the first kind of urder k [31]. Finally, for a Gaussian
G in Equation (22) we have G(A1)G(A2) = Af/+2mexp(—A%Af?/4), and performing in
the cylindrical coordinates, [dA1dA; = [ AdA fOZH dg the integration over d¢ , yields
Equation (47).

Appendix C

Derivation of Equation (55). Consider L + 1 impulsive von Neumann pointers ac-
curately measuring the quantities Q. Q° and Q' have non-degenerate eigenvalues, the
first measurement yields an outcome Q%O and leaves the system in a state \q20>. The last
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measurement yields Q%L and leaves the system in |q,%L ). An extra weakly coupled pinter is

added att =t/ t; < t' < t;;1 to measure Q’ = Z%;l Q)7 . Just after t| the state of the
pointers is given by

! My..M. My 1( ¢! ! L 0
<f0"'f"-fL‘TPointers<tL)> = 2 G (f _Qm/>G(fL_QnL)G<f0_QnO) (A9)
my..m’..mp_1=1
= ¢ L (+1 / ¢ 0
X H G(fg — Qm[)As(an. e ﬁ”j/,:rl — ﬁm’ — ﬂmg‘ A q”o)

where G*(f, — Qﬁu)G(fg - Qém,ﬁ) = 5m[,m25(fg - Q%), ¢=0,...L,and G'(f') is very broad,
so that G'(f' — Q! /) = G'(f). For the distribution of the readings we have

PPointers(fO' . 'f/- . fL) = <f0 . -fl- . 'fL|lFP0inters(tL)> = (AlO)
M L 14 M li / / 1/ gl /
Z Hé(ff_Qm[) Z G (f _Qy’)G (f _Qv’)
ml...mL,lzl =0 ]/l/,V/:l
Ag(gh .. frﬁzﬂl — A Py 099) As(qh ... < ﬁfnﬂl Ry Ay )

and the (unnormalised) distribution of the weak pointer’s readings given that the other
outcomes are QﬁL. . Qﬁw . .Q9n0 is given by (¢ — 0)

Wointer (f'1Qf, - Q- Q) = (A11)
Q,%L+ed Q’mﬁed Q20+ed P ,
/Q%L—e fL an:£—€ féu‘/.ng_e fO Pomters(fO‘-'f'nfL)
M .
~ ), G ()P =apG™(f)GC'(f)Qu —apG ()G (f)Qy] x
wv'=1
AG(qhy o Tl = Ry = By = ) As (e Tt = R = A ),

where we expanded the (broad) G'(f' — Q;l,) to the first order in its (small) derivatives. For a
Gaussian pointer G’(f') is given by Equation (22), G’*(f) = G'(f'),and [ f'[|G'(f")[2df’ =
0. Defining

ffIWPointer(qu%L' . ng[ : Q%O)df/
f WPointer(fllQ%L- . Qﬁq . ~Q0mo)de ’

and integrating by parts, yields Equation (55).

(f(QF ...QM,--- Q%)) = (A12)
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