Realism-information complementarity in photonic weak measurements
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The emergence of realistic properties is a key problem in understanding the quantum-to-classical transition.
In this respect, measurements represent a way to interface quantum systems with the macroscopic world: these
can be driven in the weak regime, where a reduced back-action can be imparted by choosing meter states able
to extract different amounts of information. Here we explore the implications of such weak measurement for
the variation of realistic properties of two-level quantum systems pre- and post-measurement, and extend our
investigations to the case of open systems implementing the measurements.

I.

INTRODUCTION

The classical interpretation of the result of a measurement
is merely the disclosure of a property of the system at the moment of its observation. It is now clear that this view fails
to capture the more intricate process of measuring a quantum
object. The latter breaks the normal evolution of the quantum state of the object, and results in the observable assuming
instantaneously the measured value. An extensive body of literature has been dedicated to discussing this matter, with interpretations ranging from the standard operative Copenhagen
view (“shut up and calculate” [1]), to Bohmian mechanics [2],
to the Bayesian concept of the state collapse as an information
update [3], to more exotic suggestions such as the many-world
theory [4] and collapse models [5, 6]. Regardless of the preference to the possible solution of the measurement problem,
we are confronted with the need to understand how the classical world, where realistic values for observable might not be
inherent, but are certainly tenable, emerges from the quantum
un-realistic world.
In this debate, a prominent role is reserved to the notion
of elements of the reality, that Einstein, Podolsky and Rosen
introduced as intrinsic properties of the system that can be
predicted with certainty without any disturbance [7]. This notion complemented with that of locality is unable to explain
peculiar quantum phenomena such as entanglement [8, 9].
These elements are generally associated to the wavefunction,
the only description of the reality quantum mechanics is able
to provide. The current debate is centred on whether the wavefunction itself has an ontic nature, i.e. it has a realistic connotation, or it is merely epistemic paraphernalia to describe an
underlying realistic nature [10–18].
Recently, Bilobran and Angelo introduced a notion of realism based on both quantum states and observables, and connected it to an experimental procedure [19]: an element of
the reality is introduced for the observable O whenever the
quantum states, here considered as a density matrix ρ, is not
altered by a measurement of O; this adheres to the standard
notion of classicality as that of a state that commutes with any
measurement operator. A measurement of the realistic content
of ρ is then defined based on the entropy of the pre- and postmeasurement states. If weak monitoring replaces the projec-

tive measurement [20], it has been shown that under ideal conditions the change in the entropic measure of reality content of
ρ, ∆R, is in a duality relation with the amount of information
extracted, ∆I [21]:
∆R + ∆I = 0,

(1)

close to those introduced in Ref. [22] for coherence and
which-path. In this article, we explore this relation in an experiment based on a photonic weak measurement device [23–
31]. We show to what extent this equality can guide observation in actual experiments. In addition, we extend our investigations to the case of an open-system implementing a quantum measurement [31], and draw considerations on how the
initial entropy connected to the measuring device connects to
the emergence of realistic characters, according to the definition of Bilobran and Angelo.

II.

A MEASURE OF REALITY.

Our intent is to investigate how a realistic description becomes possible as we tune the invasivity of the measurement
from negligible (weak measurement) to the standard projective regime (strong measurement) [20]. Therefore, the figure
of merit we must use should be capable of addressing mixtures and should be related to measurable quantities. We consider the case where an observable O is measured on a generic
quantum state ρ by means of a suitable device. The definition in Ref.[19] considers the degree of irreality of the observable O, described in quantum mechanics by the operator
P
Ô = k ok |kihk|, associated to the state ρ as:
I(O|ρ) = S(ΦO (ρ)) − S(ρ),

(2)

where
S is the Von Neumann entropy and the map ΦO (ρ) =
P
p
|kihk|,
with pk = hk|ρ|ki, describes the action of the
k
k
measuring device. The degree of irreality of O vanishes if this
can be measured without affecting the state, and it is maximum when the measurement of O is disruptive to the point of
bringing a pure state into a complete mixture; the latter correspond to a case in which ρ is an equal superposition of all
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possible eigenstates |ki. This definition then reveals an epistemic approach, as it is only concerned with our ignorance of
the realistic value of the observable O.
We need to extend these positions to the case of a weak
measurement: this is a generalisation of the standard projective measurement, for which the output state is not unambiguously identified, although some information is obtained. The
implementation of a weak measurement is typically carried
out by coupling the system with a pointer object, which is
then measured [20]. Due to the coupling, the value of the observable O modifies the distribution of a related observable
Q on the pointer. When the effect of such modification allows to discriminate different states of the pointer - ı.e. the
induced shift of the mean value of Q is significantly larger
than the width δQ - the measurement functions in the standard conditions. In opposite limit in which the size of the
shift is comparable to δQ, we operate in the weak regime. For
any measurement strength, an element of the reality can be
defined whenever there exist a procedure to predict with certainty what shift will occur: the element can then attributed to
the shift itself [32].
The generalisation of the map ΦO to the weak regime is
performed as follows [19, 21]. Upon collecting the outcome
k, the state emerging from the weak measurement is written as: Ck (ρ) = (1 − )ρ + |kihk|. The limit →1 corresponds to the projective case extracting maximal information, and →0 corresponds to performing to measurement that
clearly delivers no information. IfP
the outcomes are not sorted,

the average state is MO (ρ) =
k pk Ck (ρ) [21]. The map

MO has the remarkable property of commuting with ΦO :
MO ΦO = ΦO MO for all strengths. This implies that the
map MO (ρ) can not be invoked as introducing any element
of the reality, whenever ΦO did not.
We can use these definitions to calculate the variation of the
degree of reality of O following a weak measurement as [19]:
∆R = − ∆I = I(O|ρ) − I(O|MO (ρ))
= S(MO (ρ)) − S(ρ),

(3)

where we have used the definition of irreality (2) and the commutation properties of MO to obtain the last equality. By
invoking the concavity of the Von Neumann entropy, the variation Eq. (3) can be bound as [21]:
∆R ≥  I(O|ρ),

All relevant changes need being evaluated between the
initial separable state ρSA =ρ ⊗ ρA , and the final state
ρ0SA =Û ρ ⊗ |AihA|Û † . The overall information available in
the bipartite state can be decomposed as the sum of three contributions: Itot = IS + IA + IS:A , where IS:A is the mutual information of the bipartite state [33], and the local information content is IS = ln d − S(ρ) for the system, and
IA = ln dA − S(ρA ) = ln dA for the ancilla, with d (dA ) the
dimension of the Hilbert space of the system (ancilla). Since
the evolution is unitary, the total information content of the
joint state of the system and the ancilla can not change. Therefore, if we evaluate the new amount of information available
0
0
0
after the measurement Itot
= IS0 + IA
+ IS:A
, we expect no
0
difference in the total values Itot = Itot
, but only a redistribution among the three terms. Here, the final state of the ancilla
is given by ρ0A = TrS U ρ ⊗ |AihA|U † . Since the difference in information of the system ∆IS equals the variation of
its degree of reality up to a sign, we find the relation [21]:
∆I = ∆IS:A + ∆IA = −∆I,

(6)

leading to its interpretation as a complementarity relation:

(4)

demonstrating that the degree of reality of O is always non
decreasing upon monitoring.
III.

FIG. 1. Experimental behaviour of ∆R as a function of the measurement strength . The measured values correspond to the points. The
blue solid line corresponds to the prediction, and the solid orange
line corresponds to the bound 4.

REALITY-INFORMATION DUALITY

The variation of the degree of reality can be directly related to a change in the information content of the initial state
ρ [21]. In order to define a proper quantifier, we analyse the
measurement strategy in detail. The weak monitoring is performed by introducing an ancillary system ρA = |AihA|, and
coupling it to the system by means of the unitary dynamics Û :


Mk (ρ) = TrA Û ρ ⊗ |AihA|Û † .
(5)

∆I = −∆IS = −∆R,

(7)

that rigorously holds only when the coupling is unitary, hence
reversible. In this limit, the changes in the degree of reality
associated to O are the only source of the variations in the
mutual information, and in the marginal information content
of the ancilla.

IV.

PHOTONICS EXPERIMENT

We employ the measurement device in [23, 24, 31] to investigate the experimental behaviour of Eqs. (4) and (7) for
single qubits. Both system S and ancilla A are encoded in

3

FIG. 2. Experimental behaviour of ∆I as a function of the measurement strength . The measured values correspond to the points. The
red solid line corresponds to the prediction 7.

the polarisation of single photons. These interact in an interferometric setup that implements a controlled-phase interaction Û = |0ih0| ⊗ Iˆ + |1ih1| ⊗ Ẑ, where Iˆ is the 2×2 identity matrix, and Ẑ is the z Pauli operator. This can be used
as a weak measurement device of the observable O = Z,
corresponding to a measurement of the populations of the
horizontal H (1) and vertical V (0) components of the system [34]. The state of
√ the system is kept fixed in the pure state
|+i = (|0i + |1i)/ 2, while the ancilla is initially taken as
|ψ(θ)i = cos θ|0iA +sin θ|1iA , and, after the measurement, it
is measured in the basis {h+|A , h−|A }. For θ = 0 no change
is imparted to the ancilla being it an eigenstate of Ẑ, hence
it will eventually deliver no information on the system; for
θ = π/4, the ancilla is unaffected, if the system is in |0i, and
rotated by 180◦ around the z-axis of the Bloch sphere, if the
system is in |1i. Discriminating between the two possibilities
on the ancilla provides full information on the system. In between these two extremes, the state of the ancilla defines the
measurement strength as  = 1 − cos(2θ) [34]. In our experiment, we started with a fiducial bipartite state prepared closely
to a pure state - we will then assume that the initial entropies
are zero with an error comparable to the experimental uncertainties. We then performed full tomography of the bipartite
final state, and obtain the relevant quantities in the inequalities
(4) and (7), following the original suggestion [19].
The results shown in Fig.1 illustrate the measured change in
the degree of reality of Z following a weak measurement with
tuneable strength. The experimental points have been estimated from the experimentally reconstructed bipartite density
matrices ρ0SA after the measurement, tracing out the ancilla.
The data follows the predicted behaviour and clearly satisfies the bound Eq. (4). It is seen how the linear lower limit
 I(O|ρ), for the pure initial state ρ = |+ih+| remains far
from the experimental data and from the predictions, except
for extremal values of , where it is most useful.
We have also evaluated the difference in the information
∆I from the experimental ρ0SA : ∆I = S(MO (ρ)) − S(ρ0AS ),
due to the fact we start with pure states. The corresponding

FIG. 3. Experimental behaviour of ∆R as a function of the entropy
of the initial meter state Sm , for θ = 16◦ . The measured values
correspond to the points. The purple solid line corresponds to the
prediction.

results are reported in Fig.2. The experiment shows that the
complementarity relation Eq. (7) is more sensitive to external
factors, since ∆IS saturates at a lower value than expected.
This comes from the fact that the coupling between the system and the ancilla photons is not unitary, and the dissipation
increases with the measurement strength. Part of the information available is then lost to undetected degrees of freedom
of the photon pair acting effectively as an environment: this,
however, still contributes to the emergence of realistic properties, much in the spirit of quantum Darwinism [35–37].
The emergence of realism in such open systems can be investigate more systematically by using a mixed meter, i.e. a
state presenting uncontrolled correlations with the environment. This can be mimicked by mixing the counting statistics
relative to the state |ψ(θ)i with that for the orthogonal state
|ψ(θ + π/2)i [31] with weights p and 1 − p respectively: in
the latter case, the measurement strength is the same , however, due to the action of Û , an extra Ẑ rotation is imparted
to the signal state after the measurement. This results in increased entropy with respect to that resulting uniquely from
the measurement back action [31, 38, 39].
In Fig. 3, the data for the variation ∆R when the system
is measured by means of a meter state with initial entropy
Sm =H(p), where H(p) is the Shannon entropy [33], in the
weak measurement regime, θ = 16◦ . As the mixing of the
meter increases, the state of the signal starts presenting a more
pronounced change in its degree of realism. This is due to the
fact that information about the value of Z is present in the meter as well as in the environment to which this was originally
correlated: this, clearly, can not be fully retrieved by observing the meter only, but still dictates how realistic properties
appear in the system.
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V.

CONCLUSIONS

The matter of establishing when realistic properties emerge
in quantum systems can be quantified by using the definition
of the degree of irreality I(O|ρ) in Eq. (2), based on Von Neumann entropy. This is equivalent to giving a prominent role to
the notion of information: indeed, the degree of irreality so
defined is given by the amount of information one needs to
describe ρ in full, if the observable O is known. On the other
hand, our experiment shows how a metric based on definition
are largely insensitive to the imperfections of the measurement device; however, the impact of the measurement itself
can be retrieved by looking at changes in the total information
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