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Abstract
In physics, entanglement ‘reduces’ the entropy of an entity, because the (von Neumann)
entropy of, e.g., a composite bipartite entity in a pure entangled state is systematically lower
than the entropy of the component sub-entities. We show here that this ‘genuinely non-
classical reduction of entropy as a result of composition’ also holds whenever two concepts
combine in human cognition and, more generally, it is valid in human culture. On the basis
of these results, we make a ‘new hypothesis’ on the nature of entanglement, namely, the pro-
duction of entanglement in the preparation of a composite entity can be seen as a ‘dynamical
process of collaboration between its sub-entities to reduce uncertainty’, because the com-
posite entity is in a pure state while its sub-entities are in a non-pure state as a result of the
preparation. We identify within the nature of this entanglement a mechanism of contextual
updating and illustrate the mechanism in the examples we analyse. Our hypothesis naturally
explains the non-classical nature of some quantum logical connectives, as due to Bell-type
correlations.
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1 Introduction

There is increasing agreement in the scientific community to look at quantum entanglement
as a ‘resource’ rather than a ‘conundrum’, entanglement and its ensuing nonlocality and
nonseparability being the distinctive aspects of quantum theory [1–5]. This change of per-
spective is partially due to the advent of quantum technologies, where entanglement is used
to, e.g., encrypt, encode, communicate, and teleport, thus implementing computational and
informational tasks [6–8]. However, we believe that this is not the only reason and there is
a more fundamental one, which can be traced back to the foundations of quantum theory.
The scope of this paper is to demonstrate that entanglement can be used as a tool to reduce
uncertainty.

In the last two decades, it has more and more become evident that entanglement is not
peculiar of micro-physical systems, or entities,1 as electrons and photons [9–13], but it can
also be brought out in macroscopic entities as vessels of water [14], in combined concepts
as The Animal Acts [15–21], in human culture [22] and, more generally, whenever any two
(or more) entities can be ‘connected’ in a way that is similar to how two spin-1/2 quantum
entities are connected when they are prepared in an entangled state.2

As a matter of fact, a significant violation of Bell’s inequalities [11, 12] has been empir-
ically observed in a variety of domains other than micro-physics (see, e.g., [24–26]), from
macroscopic physics (see, e.g., [14]) to the combination of concepts in both cognitive tests
on human participants [15, 16, 21] and information retrieval tests on the World Wide Web
(document retrieval [17, 20] and image retrieval [19]).3 In these tests, we have in particular
investigated the conceptual combination The Animal Acts, considered as a composite entity
made up of the conceptual sub-entities Animal and Acts, where the word ‘acts’ refers to
the action of the animal that emits a sound. In this case, the sub-entities Animal and Acts
concur to entangle when they combine, due to the emergent meaning carried by the com-
bined entity The Animal Acts, which determines non-classical statistical correlations when
experiments are performed, exactly as it occurs with micro-physical entities as electrons and
photons.

Recently, we have found an important relationship between entanglement and entropy,
which holds in both physics and cognition realms [22, 41]. More specifically, the von Neu-
mann entropy of the composed entity, be it the composition of two spin-1/2 quantum entities
or the combined conceptual entity The Animal Acts, is always lower than the von Neumann
entropy of the component sub-entities, be them the two spin-1/2 quantum entities or the
conceptual entities Animal and Acts. This reduction of entropy is due to the fact that the com-
posed entity is in a pure entangled state while the sub-entities are in a non-pure, or density,
state. Equivalently, independently of the realm, micro-physical or cognitive, the preparation

1 We use the term ‘entity’ as a synonym of ‘system’ across the paper.
2 The fact that such entities are non-separated is crucial to be able to represent them in Hilbert space, because
this representation fails when the entities are instead ‘separated’ [23].
3 The research programme that applies quantum structures to model phenomena outside of micro-physical
domains is known as ‘quantum interaction’ and has already reached important milestones (see, e.g., [27–40]).
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of a composed entity in a pure entangled state reduces the ‘uncertainty’ associated with the
component sub-entities – if the composite entity is in the singlet spin state, the uncertainty
of its component parts is maximal. This result allows us to put forward a new way of looking
at entanglement as a ‘dynamical process of uncertainty reduction in which the sub-entities
actively collaborate to produce a pure state of the whole’, and fundamentally differs from the
original conception of entanglement as an ‘almost instantaneous spooky action at a distance
produced by far away performed experiments’ (see, e.g., [9]).

Interestingly enough, the idea of entanglement as a collaborative process finds applications
in human culture too. For example, the process of ‘hunting’ can be seen as a dynamical process
of entanglement, in which two (or more) hunters have to actively collaborate to produce an
overall entangled state in such a way to reduce the uncertainty of the whole hunting situation
and reach their common objective [22].

Finally, the presence of entanglement has also an impact on some of the connectives of
quantum logic, which can again be explained in terms of the new way of looking at entan-
glement that we put forward in this paper. Indeed, due to the Bell-type correlations created
whenever a composed entity is prepared in the singlet spin state, some of the quantum logi-
cal connectives, in particular, the connectives corresponding to the ‘inclusive or’, ‘exclusive
or’ and ‘bi-conditional’ of classical logic, behave in a non-classical way [23, 42], in the
sense that the proposition obtained through these connectives can be true without any of the
component propositions being either true or false. Our explanation for this is that the above-
mentioned reduction of uncertainty produced by a pure entangled state also makes it possible
the composite proposition to have a ‘more classical logical structure’ than the component
propositions.

For the sake of completeness, we summarise the content of this paper in the following.
In Section 2, we present the way in which quantum physicists have historically revealed

entanglement by means of a violation of Bell’s inequalities in a Bell-type test. Then, we
illustrate the relationship between entanglement and von Neumann entropy as presented in
modernmanuals of quantum physics and quantum information, and formulate our hypothesis
of entanglement as an active process of uncertainty reduction as an alternative explanation
to the spooky action at a distance hypothesis.

In Section 3, we review our theoretical and empirical analysis of entanglement in the
conceptual combination The Animal Acts and show that entanglement and von Neumann
entropy exhibit the same relationship that we have discussed in Section 2, namely, entropy
decreases as a result of composition. This allows us to consider the implications of our main
hypothesis with respect to meaning and natural language. Meaning cannot be carried by
product states but, rather, by entangled states.

In Section 4,we present the ‘hunting example’ as a paradigmatic situation in human culture
where the collaboration between individuals to reach a common objective can be structurally
seen as an entanglement process, and indicate that this way of looking at collaborations could
be extended to other domains of human culture.

In Section 5, we finally illustrate the implications of our main hypothesis at the level of
logic, and prove that the non-classical nature of quantum logical connectives is a fundamen-
tal consequence of the Bell-type statistical correlations exhibited by composite entities in
entangled states.
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2 Entanglement and Entropy in Micro-Physics

We review in this section the relationship between entanglement and von Neumann entropy
that holds in quantumphysics andquantum information theory [6–8].Making this relationship
explicit will allow us to put forward a new and unitary hypothesis on the nature of quantum
entanglement in physics, cognition and culture (see also Sections 3 and 4).

Let us preliminarily consider what physicists usually call a ‘Bell–type test’ [11, 12]. Let
S12 be a composite bipartite4 entity and let S1 and S2 be two individual entities which can
be recognised as parts of S12. Then, let us consider the experiment X , where X = A, A′,
with outcomes Xi , where i = 1, 2, that can be performed on S1, and experiment Y , where
Y = B, B ′, with outcomes Y j , where j = 1, 2, that can be performed on S2, so that the
coincidence experiment XY can be performed on S12 which consists in performing X on S1
and Y on S2. If the experiment outcomes Xi and Y j can only be ±1, then the expected value
of XY becomes the correlation function E(XY ). It is well known that, under the reasonable,
in a classical physics perspective, assumptions of locality and realism, one can prove the
‘Clauser-Horne-Shimony-Holt (CHSH) version’ of Bell’s inequalities [12], that is,

− 2 ≤ �CHSH ≤ +2 (1)

where �CHSH is the ‘CHSH factor’ which is defined as

�CHSH = E(A′B ′) + E(A′B) + E(AB ′) − E(AB) (2)

One can also prove that Bell’s inequalities constitute a mathematical constraint to represent
the statistical correlations that are exhibited by the parts of a composite entitywithin a classical
probabilistic, i.e. Kolmogorovian, formalism (see, e.g., [43, 44]). On the other side, micro-
physical entities as electrons and photons generally violate inequality (1). For example, let S1
and S2 be two spin-1/2 quantum entities and let S12 be the composite entity up of S1 and S2 and
prepared in the ‘singlet spin state’ ps . In the computational basis {|0〉 = (1, 0), |1〉 = (0, 1)}
of the Hilbert space C2, ps is represented by the unit vector

|�s〉 = 1√
2
(|01〉 − |10〉) (3)

where we have omitted the tensor product notation and set |01〉 = |0〉 ⊗ |1〉 and |10〉 =
|1〉 ⊗ |0〉. Next, for every X = A, B ′ and Y = B, B ′, let XY be the coincidence experiment
that consists in measuring the spin along direction X on S1 and the spin along direction Y on
S2, and suppose that the angles between directions are (A, B) = (B, A′) = (A′, B ′) = 45◦.
In this case, one easily gets that the CHSH factor in (2) is equal to 2

√
2 ≈ 2.8284, which is

significantly greater than 2. This violation of Bell’s inequalities in quantum physics has been
largely confirmed empirically [24–26] and reveals that micro-physical entities as electrons
and photons exhibit genuinely non-classical features, that is, contextuality, nonlocality, non-
separability, and what the founding fathers considered as the most important one, namely,
entanglement. Entanglement, in particular, entails that micro-physical entities can be ‘con-
nected’ so strongly that they do not have any property, hence kind of lose their identity, within
a composite entity.

The presence of entanglement in a composite entity S12 is particularly evident if one
calculates the von Neumann entropy associated with the entities S1 and S2 that are parts

4 For the sake of simplicity, we limit ourselves to consider bipartite entities in pure states and apply the notions
of entanglement and von Neumann entropy to such composite entities. The discussion of the more general
case of multipartite mixed state entanglement, though mathematically interesting, is not relevant to the scopes
of this paper.
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of S12 [6]. To this end, it is more convenient to represent states in the ‘density operator
formalism’ [45]. In this formalism, the state of an entity is represented by a density operator
ρ, i.e. a positive self-adjoint operator with Trρ = 1, on the Hilbert spaceH associated with
the entity. More precisely, a pure state is represented by a density operator ρ = |ψ〉〈ψ |,
where |ψ〉 is a unit vector of H , hence, Trρ2 = Trρ = 1, while a mixed state (or, proper
statistical mixture) is represented by a density operator ρ such that Trρ2 < Trρ = 1.

Let us come to the von Neumann entropy, which is generally considered as a ‘measure
of the uncertainty associated with the state of a quantum entity’ [6–8]. The von Neumann
entropy is defined as

S(ρ) = −Trρ log2 ρ (4)

where log2 denotes the logarithm of a number in base 2, as usual in information theory [6,
7]. Let us consider the spectral decomposition of ρ, namely, ρ = ∑n

k=1 pk |ψk〉〈ψk |, where,
for every k = 1, . . . , n, pk ≥ 0,

∑n
i=k pk = 1, and {|ψk〉}k=1,...,n is an orthonormal basis of

H . Then, (4) becomes

S(ρ) = −
n∑

k=1

pk log2 pk (5)

We dedicate the rest of this section to illustrate how the von Neumann entropy relates
to the entanglement situation introduced above. A general property of the von Neumann
entropy is that, for every density operator ρ, S(ρ) ≥ 0. In addition, S(ρ) = 0 if and only if ρ

represents a pure state. Let S12 be a composite entity in the singlet spin state ps represented
by the density operator ρ�s = |�s〉〈�s |, where |�s〉 is the unit vector in (3). The states of the
parts S1 and S2 of S12 are represented by density operators ρ1 and ρ2 obtained by performing
the operation of partial trace of ρ�s with respect to S2 and S1, respectively. One then easily
proves that ρ1 = 1

21 = ρ2, where 1 is the identity operator on the Hilbert space C2. Hence,
the von Neumann entropies of the component sub-entities S1 and S2 are maximal, namely,
S(ρ1) = log2 2 = S(ρ2). In other words, whenever the composite entity is in the singlet
spin state, associated with null entropy, hence null uncertainty, its parts are in a non-pure, or
density, state, associated with maximal entropy, hence maximal uncertainty.5

The result above is absolutely general. Whenever a composite entity is in a pure entangled
state and is thus associated with null von Neumann entropy, its parts are in a density state and
are thus associated with positive von Neumann entropy. This property of composite quantum
entities does not have a counterpart in classical physics, hence, von Neumann entropy is
generally used as a ‘measure of entanglement’ [47].

These considerations allow us to make a new interesting hypothesis on the nature of
entanglement, namely, the production of entanglement in a preparation can be considered
as a ‘collaborative process of reduction of uncertainty’, in the sense that, in a preparation
process of a pure entangled state on a composite entity, the component sub-entities, by
entangling, collaborate to produce a pure state, while they are in a non-pure, or mixed, state.
As a consequence, the sub-entities are affected by uncertainty, that is maximal in the case
of a maximally entangled state as the singlet spin state, while the composite entity is not
affected by uncertainty. If we look at entanglement in this way, the dynamics involved in the
preparation process of an entangled state is the crucial aspect, while the measurements that

5 One should be careful when talking about ‘uncertainty’ in ρ1 and ρ2. Indeed, while these density operators
mathematically represent mixed states, the uncertainty revealed by the non-null entropy of ρ1 and ρ2 cannot
be interpreted as ‘uncertainty about the state’. To express this foundationally fundamental difference, some
authors use the term ‘improper statistical mixture’ to indicate the states of parts of a composite entity in an
entangled state obtained by means of partial traces [45]. However, it can be proved that the non-null entropy
of ρ1 and ρ2 can be interpreted as the ‘uncertainty in the measurement on S1 and S2, respectively [46].
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determine a violation of Bell’s inequalities only play a secondary role. What we mean is that,
by the focus placed by physicists on ‘whether signals can be sent by using entanglement’ from
Bob to Alice or vice versa, the phenomenon was too narrowly reduced to the very special
case of ‘photons flying far away from each other yet remaining entangled’, or to ‘whether
there is spooky action at-a-distance or not’. By this, we do not mean that this special situation
is not important, certainly not, that entanglement of spatially distant entities exists, has been
experimentally verified, and signalling involved has been ruled out, undoubtedly remains a
very important finding, because it reveals to us an unexpected and mysterious property of
physical reality, and of space and time. But, the property of entanglement that we examine
here is at least as important, and it consists of combining two entities into one, and such
that the uncertainty on the composite entity is smaller than the uncertainty on each of the
two sub-entities. In the extreme case, the sub-entities may entail total uncertainty, and their
combination into the single entity may lead to total elimination of this uncertainty. And this
property is not necessarily linked to whether signalling takes place or not in measurements
being made, for it is of a structural nature, and directly due to the ‘not being a product state’
of the state of the composite entity. The preparation of entangled photons with linear optics
techniques is insightful in this sense [49].6 This means that entanglement should not be only
regarded with a focus on the question whether a ‘spooky action at-a-bistance’ takes place,
that is, whether an instantaneous influenceer of measurements performed on far away entities
exists, but, equally so, and perhaps even primarily so, with the focus on it being an ‘active
collaboration between entities in the preparation process’, in other words, with a focus on
the preparations, instead of on the measurements. What is then important is that the parts
of a composite entity in some way collaborate to produce a pure entangled state, lowering
uncertainty in an intrinsic and structural way, and this will be responsible of the statistical
correlations that violate Bell’s inequalities.

The new way of looking at entanglement that we have highlighted above may have a
profound impact on the foundations of quantum physics. More important, it is exactly the
same type of entanglement that one finds in the combination of concepts in human cognition,
as we will see in the next section.

3 Entanglement and Entropy in Conceptual Combinations

As in Section 2, we analyse in this section the relationship between entanglement and entropy
but we focus on the combination of two concepts, with the aim of investigating to what
extent entanglement can be used as a means to reduce uncertainty. To this end, we need to
preliminarily illustrate the empirical and theoretical research we have conducted in the last
decade on the violation of Bell’s inequalities in the conceptual combination The Animal Acts.
We limit ourselves to report here the results that are needed for the scopes of this article. The
reader who is interested in technical details can refer to Refs. [15–22, 35, 50] and references

6 In this experiment of entanglement preparation, photons of different frequencies enter a beam splitter which
‘erases’ the information about the different frequencies of the photons. This erasure makes the photons of
different frequencies behave as indistinguishable bosons, which shows that it is sufficient for the photons to
be contextually indistinguishable when they are measured, for them to behave as indistinguishable bosons.
That the ‘quantum eraser effect’ is used to produce entanglement with photons again attests to a similarity
between quantum entities and the entities that play a role in human language and more generally in human
culture, in that they too possess, in a very similar way as this is the case for quantum entities, a bosonic
structure of indistinguishability [41]. This, by the way, is one of the elements of evidence for the conceptuality
interpretation, the quantum interpretation that we are working out with our research group [52–54].
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therein. In particular, a complete analysis on the relationship between physics and cognition
in regard to entanglement can be found in Ref. [18].

Our research team has conducted several Bell-type tests to reveal the presence of entan-
glement in the combination of two concepts by means of a violation of the CHSH version of
Bell’s inequalities and the ensuing quantum representation inHilbert space.More specifically,
we have studied the conceptual combination The Animal Acts, which we have considered
as a composite conceptual entity made up of the sub-entities Animal and Acts. As specified
in Section 1, ‘acts’ refers to the sound, or noise, produced by an animal. The tests we have
performed on The Animal Acts can be substantially divided into two groups: (i) cognitive tests
involving human participants [15, 21], and (ii) information retrieval tests involving search
engines on the World Wide Web or on corpuses of documents [17, 19, 20, 50]. Concerning
(ii) the first test was a document retrieval test on the corpuses of documents ‘Google Books’,
‘Contemporary American English (COCA)’ and ‘News on Web (NOW)’ [17],7 while the
second test was an image retrieval test using the search engine ‘Google Images’ [50].

Despite the specific character of the different tests, e.g., different ways of collecting
data, differences in the calculation of the relative frequencies converging to the probabilities
enteringBell’s inequalities, values of the CHSH factor in (1), all these tests showed a common
pattern, namely, all tests significantly violated Bell’s inequalities. The test data that are
relevant to the purposes of this paper are reported in Table 1. In particular, the last column
of the table reports the CHSH factor, where the terms in (1) are calculated as follows. For
every X = A, A′, Y = B, B ′,

E(XY ) =
2∑

i, j=1

XiY j p(XiY j ) (6)

where, for every i = j , XiY j = +1, for every i �= j , XiY j = −1, and p(XiY j ) is the
probability of obtaining the outcome XiY j in the experiment XY (see Section 2).

By looking at the CHSH factor in Table 1, we notice that some tests violate Bell’s inequal-
ities by amounts that are close to the value 2

√
2 ≈ 2.8284, predicted by quantum theory and

substantially confirmed in quantum physics tests (see, e.g., [24–26]). But, on the other side,
other tests exhibit a violation which goes beyond 2

√
2 ≈ 2.8284. The latter value is known as

the ‘Cirel’son bound’ and is typically considered as a theoretical limit to represent in Hilbert
space the statistical correlations observed in Bell-type tests by pushing all entanglement into
the state of the composite entity and considering only product measurements, i.e. measure-
ments with product eigenstates. If, on the contrary, one allows ‘entangled measurements’,
i.e. measurements where at least one eigenstate is entangled, then a Hilbert space represen-
tation is possible also for Bell-type tests violating the Cirel’son bound [21]. These empirical
results convincingly show that the concepts Animal and Acts ‘entangle’ when they combine
to form The Animal Acts. The entanglement is due to the fact that people attribute meaning
to the combination The Animal Acts as a whole entity, without firstly attributing meaning
to Animal and Acts and then combining these separate meanings into a meaning for The
Animal Acts. One way to characterize this process of meaning assignment is the following.
A word carries a meaning, and a second word carries a meaning, however, the combination
of these two words also carries its proper meaning, and this is not the simple combination
of the two meanings of the sub-words. The new emergent meaning of the combined word
arises in a complex contextual way, in which the whole of the context relevant to the story

7 For the sake of completeness, we mention that, regarding COCA, we focused on the American corpus, see
the webpage https://corpus.byu.edu/COCA/ [17].
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Table 1 We report here some relevant data collected in five Bell-type tests of entanglement on the conceptual
combination The Animal Acts

Tests Probabilities of experiment AB Entropy CHSH factor
p(HG) p(HW ) p(BG) p(BW ) S �CHSH

2011 cognitive test 0.049 0.630 0.259 0.062 0.589 2.4197

Google Books test 0 0.6526 0.3474 0 0.932 3.41

COCA test 0 0.8 0.2 0 0.722 2.8

Google Images test 0.0205 0.2042 0.7651 0.0103 0.671 2.4107

2021 cognitive test 0.0494 0.1235 0.7778 0.0494 0.378 2.79

For each test, we report the outcome probabilities of experiment AB, and the CHSH factor of the overall test

plays a role. We can speak of an ‘updating’ of contextuality each time a word is added, and
this updating continues to take place until the end of the story that contains all the words.
And, this ‘contextual updating way’ to attribute meaning has to be carried by an entangled
state. For those familiar with the Hilbert space formalism of quantum theory, and the use
of the tensor product for the description of composite quantum entities, they will recognize
such a ‘contextual updating’ mechanism in the mathematical procedure of describing multi-
ple composite quantum entities. Indeed, whenever a Hilbert space of an individual quantum
entity is coupled to the tensor product, new states form, as a consequence of the superposition
principle, which always contain a majority of entangled states. It is these that accomplish the
contextual updating in the mathematical formalism. This deep structural similarity to what
takes place in human language, and what takes place mathematically in the formalism of
quantum theory, is an additional argument for our claim that it is this structural property of
entanglement that is the most important and the most significant. We believe, incidentally,
that this is also the case for what entanglement represents in physics, although, there the
focus has been shifted to questions related to ‘signalling’, as we have noted above. It would
distract us too far from the topic of the present article and we plan to return to it in future
work, but we think that the additional problem associated with the ‘spooky action’ intuition
in physics, rests on an incomplete analysis of the measurement process in quantum theory
itself.

Taking into account the above, and returning to our concrete situation, we have provided
a faithful quantum representation in Hilbert space for all data sets where The Animal Acts
does correspond to an entangled, not a product, state.8

Let us now calculate the von Neumann entropy associated with the states of the composite
entity The Animal Acts and its parts Animal and Acts, using the general procedures illustrated
in Section 2.

Let us consider five empirical studies on The Animal Acts, as reported in the first column
of Table 1. We limit ourselves to illustrate how data are collected in a Bell-type test with
human participants [15, 21], for the sake of brevity. In a Bell-type test on human participants,
a questionnaire is submitted to every participant which contains an introductory text precisely
explaining entities and tasks involved in the test. Let us focus on only one experiment, that is,
experiment AB (similar calculations and results hold for the other experiments). Experiment

8 Given a cognitive entity, e.g., a concept, a conceptual combination, or a more complex decision entity, that
can undergo an empirical test in which states, contexts and non-classical probabilities of outcomes can be
identified, a theoretical procedure exists to represent the entity in the Hilbert space formalism of quantum
theory (see, e.g., [51]).
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AB can be realised by considering two examples of Animal, namely, Horse and Bear, and
two examples of Acts, namely, Growls and Whinnies. Then, the four possible outcomes
of AB are obtained by juxtaposing words, so that we get the four outcomes The Horse
Growls (HG), The Horse Whinnies (HW), The Bear Growls (BG), and The Bear Whinnies
(BW ), which play the role of the outcomes A1B1, A1B2, A2B1, and A2B2, respectively, of
experiment AB in Section 2. Then, each participant has to choose which one among these
four possible outcomes the participant judges as a good example of The Animal Acts. We
denote by p(HG), p(HW ), p(BG) and p(BW ) the probability that The Horse Growls,
The Horse Whinnies, The Bear Growls and The Bear Whinnies, respectively, is chosen in
experiment AB, for a given test. These probabilities can be computed as the large number
limit of relative frequencies and are reported in the intermediate columns of Table 1 for each
of the five empirical studies.9

Let us now come to the quantum representation of experiment AB in the combination The
Animal Acts. Since AB has four possible outcomes, The Animal Acts should be represented,
as a whole entity, in the Hilbert spaceC4 of all ordered 4-tuples of complex numbers. On the
other side, a representation of The Animal Acts as a combination of the sub-entities Animal
and Acts requires the composed entity to be represented in the tensor product Hilbert space
C
2 ⊗ C

2, where an isomorphism IAB , which can be taken as the identity operator, maps
an orthonormal basis of C4 into the canonical orthonormal basis {(0, 1) ⊗ (0, 1), (0, 1) ⊗
(1, 0), (1, 0) ⊗ (0, 1), (1, 0) ⊗ (1, 0)}. Then, the abstract nature of the sentence ‘The Animal
Acts’, the rotational invariance of the singlet spin state and analogy with quantum physics
suggest that the composite bipartite entity The Animal Acts must be in a state similar to
the pure entangled state ps represented by the unit vector in (3), or by the density operator
ρ�s = |�s〉〈�s | in the density operator formalism. However, due to a lack of the presence of
pure symmetry in human language, the state will be not exactly ps , but it is easy to determine
the state unambiguously by using the probabilities by which the outcomes were obtained,
and we find

|�AB〉 = √
p(HG)|HG〉 + √

p(HW )|HW 〉 + √
p(BG)|BG〉 + √

p(BW )|BW 〉 (7)

where {|HG〉, |HW 〉, |BG〉, |BW 〉} is an orthonormal basis of eigenvectors of the product
self-adjoint operator which represents experiment AB in C

2 ⊗ C
2. In the density operator

formalism, the transformed state pAB of The Animal Acts is represented by the density
operator ρAB = |�AB〉〈�AB |, and we know from Section 2 that S(ρAB) = 0, since ρAB

represents a pure state.
Next, let us calculate the von Neumann entropies associated with the states of the com-

ponent conceptual entities Animal and Acts by taking the partial traces of ρAB with respect
to Acts and Animal, respectively, which we denote by ρAnimal and ρActs. We have proved in
Ref. [41] that

ρAnimal = TrActsρAB =
(

p(HG) + p(HW )
√
p(HG)p(BG) + √

p(HW )p(BW )√
(p(BG)p(HG) + √

p(BW )p(HW ) p(BG) + p(BW )

)

(8)

9 In an information retrieval test, data are collected differently. For example, in the ‘Google Images’ test, the
probability for, e.g., The Horse Growls, is calculated as the large number limit of the normalized frequency
of appearance of the word “horse growls” in ‘Google Images’, where the number of appearance of “horse
growls” is determined by directly inspecting the images that show a horse that is growling (see, [19, 50] for
more details). We however stress that the experiment outcomes and the values that are computed, that is,
outcome probabilities and the CHSH factor, are exactly the same as in the tests on human participants.
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and

ρActs = TrAnimalρAB =
(

p(HG) + p(BG)
√
p(HG)p(HW ) + √

p(BG)p(BW )√
p(HW )p(HG) + √

p(BW )p(BG) p(HW ) + p(BW )

)

(9)
Finally, we take the spectral decomposition of the self-adjoint operators ρAnimal and ρActs and
calculate the corresponding von Neumann entropies, using (4), (5) and (7). Table 1 reports
the results under single column S, because one easily proves that the von Neumann entropies
of the reduced operators coincide. We realise at once that the von Neumann entropy of both
Animal and Acts is greater than zero in all empirical studies, which is consistent with the fact
that the concepts Animal and Acts are in non-pure, or density, states. We have thus obtained
a result that coincides with the one illustrate in Section 2 on quantum physics entities: in
the pure entangled state pAB , the entropy of The Animal Acts is less than the entropy of
the sub-entities Animal and Acts. In other words, the process of conceptual combination,
or composition, using the terminology of physics, reduces the entropy of the component
entities. We believe that what we have found has a general validity: if we consider any text,
e.g., a story-telling text, then it is reasonable to assume that the text is in a pure entangled
state, because of the way ‘meaning’ is carried by the whole text and the mechanism in human
language connected with story-telling that we have called ‘contextual updating’. Hence, this
entangled state will be associated with a null von Neumann entropy. But, this entropy will be
less than the von Neumann entropy of the component concepts, again due to this mechanism
of contextual updating.

This non-classical feature that the entropy decreases as a consequence of composition
allows us to conclude that the remark we have made on physics entanglement is also valid
in cognitive realms, namely, the most important and significant aspect of entanglement is its
structure with this mechanism of contextual updating which is realised in the ‘state prepa-
ration’. The measurements that produce a violation of Bell’s inequalities are rather there
to confirm the presence of this structure. It is in the preparation stage that ‘the sub-entities
actively collaborate to produce a pure entangled state which reduces the uncertainty of the
composite entity as compared to the uncertainty of the sub-entities’. This newway of looking
at entanglement also makes it possible to establish a more profound relationship between the
former and meaning, as follows.

The identification of the mechanism of contextual updating makes it evident that mean-
ing needs to be carried by entangled states. For example, in a text, even the last word has
to be entangled with all the rest of the text, because a change in the meaning in the last
word may result in a complete change in the meaning of the entire text. This is even a
technique used in, say, humor, where the punch line often occurs at the end of the story,
thereby creating the humorous effect. Let us again make explicit the mechanism by which
entanglement carries meaning by considering the combination The Animal Acts. The con-
cept Animal is an abstraction of all possible animals and the concept Acts is an abstraction
of all possible sounds produced by animals. But, people do not construct the meaning of The
Animal Acts by separately considering abstractions of animals and abstractions of acts and
then combining these abstractions. On the contrary, they take directly abstractions of animals
making a sound, and this occurs in a ‘coherent way’ that is represented by a superposed,
more precisely, entangled state. This is what we have called the mechanism of contextual
updating.
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We believe to have identified a foundationally important feature of entanglement, which
persists independently of the domain, physical or cognitive, where entanglement is investi-
gated.10. We will see in the next section that this feature is more generally present in cultural
domains.

4 An Additional Example fromHuman Culture

We believe that the genuine quantum structures presented in the previous sections, that is,
the relationship between entanglement, entropy and uncertainty, in addition to holding in
physics and cognition, are also generally valid in human culture, meant as the collection of
human artefacts. In that regard, we present here an example we have introduced in Ref. [22]
which, in our opinion, can widely extend the range of our findings in Sections 2 and 3.

To make the point above more clear, we believe that any human collaboration exploits
the effect we have identified in Sections 2 and 3, namely, the creation of entanglement
correlations in any collaboration of different individuals which decreases the entropy of the
collaboration as compared to the entropies carried by each individual who participates in
the collaboration. Let us consider the act of hunting as an archetypical example of what we
mean by ‘uncertainty-reducing collaboration’. Let us suppose that two (or more) individuals
are involved in a hunting somewhere in the forest. They have to collaborate to achieve
their common objective, i.e. hunt the prey. Each hunter is affected by a lot of uncertainty,
because the behaviour of the prey is unpredictable: the pray may suddenly run away, or move
towards one of the hunters, the hunters may have to lurk behind a tree, etc. This means that the
hunters have to take several actions they had not originally planned, the hunting being the only
whole action that had been planned. Equivalently, there is an element of intrinsic uncertainty
affecting the hunting process. Moreover, each individual, taken separately from the others,
has in principle a lot of freedom, that is, potentiality, which has however to be used with the
purpose of making the collaborative hunt as less uncertain as possible, that is, minimising
the uncertainty of the collaborative hunting. Let us apply the terminology introduced in
Sections 2 and 3 to this specific situation. Each hunter is in a non-pure, or density, state,
characterised by high uncertainty, hence by high entropy. However, the collaboration has to
produce a state of the whole hunting situation that is as close as possible to a pure entangled
state, in such a way that the entropy of the hunting situation becomes as low as possible. We
can also easily identify the mechanism we have called contextual updating in the example
of hunting. Skilled hunters will indeed learn from always and at any time that it is possible
to link back to the whole joint enterprise of the hunt. This will certainly and surely involve
feedback mechanisms that also involve signals. Probably humans developed very complex
forms of such group updating because it contributed in an obvious way to the survival of
a tribe. The tribe of our ancestors that became most adept at this realization of entangled
states was at the front of the evolutionary hierarchy and within the arena of natural selection.
It is quite possible that some of these group updating mechanisms are not yet fully known
by current science, and we suspect that further study of them may also shed light on what
may be taking place in the case of measurements on physically entangled states, by offering
deeper knowledge of what measurement processes, and in the case of humans themselves,
perceptions, actually are.

10 The analogy is even more cogent if one accepts the ‘conceptuality interpretation’ of quantum theory, put
forward by ourselves, according to which micro-physical entities are actually concepts, rather than objects
[52–54].
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The lesson we can learn from the example above is that ‘human collaboration strives
at minimizing entropy, hence uncertainty, exploiting the tool of entanglement, in the sense
that each collaborator actively acts to produce an overall pure entangled state’. One would
agree that this is what continuously occurs in human culture. For example, one could think
to sport activities where teams are involved, where the collaborative strategies taken by the
individuals forming a team consist in ‘entangling to reduce uncertainty’, to the point that this
could be taken as a definition of collaboration.

We conclude this section suggesting that such an idea of entanglement as collaboration
might also have a role in the solution of the ‘tragedy of the commons puzzle’ [55]. This puzzle
affects several disciplines, from economics, to ecology, philosophy, and digital sciences. The
tragedy of the commons can be roughly defined as a situation in which individual users
who have uncontrolled access to a shared resource acts independently on the basis of their
own self-interest and, contrary to the common good of all users, provoke exhaustion of the
resource through their uncoordinated actions, particularly, in the case in which there is no
adequate balance between users and available resources. The issues raised by the tragedy of
the commons are tightly linked with deep problems of modern society, mainly sustainability,
pollution, over-population, and even the hypothesised limitation of digital resources. If put
in the perspective presented in this paper, an uncoordinated action as the one in the tragedy
of the commons puzzle can be seen as resulting in an uncertainty-increasing product state,
where a collaborative uncertainty-decreasing action would instead be the winning strategy.

5 Non-Classical Nature of Quantum Logical Connectives

The main idea developed in Sections 2, 3 and 4 has an unexpected impact on quantum
logic. Indeed, the presence of Bell-type correlations in the singlet spin state allows one to put
forward an explanation ofwhy somequantum logical connectives, in particular, ‘inclusive and
exclusive disjunctions’ and the ‘bi-conditional’, behave non-classically, even for ‘compatible
propositions’. To this end, we briefly review in the following some aspects of quantum logic
that are relevant to the purpose above.

Let a and b be two propositions of quantum logic and let us denote by ¬, ∧, ∨, �, →, and
↔, the quantum logical connectives corresponding to ‘negation’, ‘conjunction’, ‘inclusive
negation’, ‘exclusive negation’, ‘conditional’, and ‘bi-conditional’, respectively.11 We have
learned from quantum logic that a proposition a is represented by the orthogonal projection
operator Pa on the Hilbert space H associated with the entity S which a refers to. We then
say that ‘a is true’ if the state p is such that, whenever a undergoes a ‘yes-no measurement’
α, the outcome ‘yes’ can be predicted with certainty, that is, with probability equal to 1.
Coming to the Hilbert space representation, if the state p is represented by the unit vector
|ψp〉, the proposition a is true if and only if Pa |ψp〉 = |ψp〉. In addition, we know that the
quantum logical connectives ∧ and → behave classically, while the connective ¬ behaves
non-classically, in the sense that it may happen that neither a nor ¬a are true [56, 57].

We intend to provide an explanation of why the quantum logical connectives ∨, � and ↔
have an especially non-classical nature. Our analysis relies on the investigation in Refs. [23]
and [42] but adds to it the crucial ingredient of the new role played by entanglement presented
in this paper. Let us now suppose that the propositions a and b, represented by the orthogonal

11 We stress that, despite they are denoted by the same symbols as in classical logic, quantum logical con-
nectives formalise empirical relations between propositions, hence they are fundamentally different from the
corresponding classical logical connectives.
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projection operators Pa and Pb, respectively, refer to a composite entity S made up of the
sub-entities S1 and S2, and also suppose are a and b compatible, that is, Pa Pb = PbPa . Let
α and β be the yes-no measurements testing a and b, respectively. Compatibility of a and b
means that α and β can be performed together. Let α ∧ β be the measurement testing a and
b together: α ∧ β has four outcomes which correspond to the fact that both α and β can give
‘yes’ or ‘no’ as outcomes. Considering the measurement α ∧ β, we then say that:

(i) the conjunction a∧b is true if and only if the state p of S is such that in the measurement
of α ∧ β we obtain ‘yes’ for α and ‘yes’ for β with certainty;

(ii) the inclusive disjunction a ∨ b is true if and only if the state p of S is such that in the
measurement of α ∧ β we obtain ‘yes’ for α and ‘yes’ for β, or ‘yes’ for α and ‘no’ for
β, or ‘no’ for α and ‘yes’ for β with certainty;

(iii) the exclusive disjunction a � b is true if and only if the state p of S is such that in the
measurement of α ∧ β we obtain ‘yes’ for α and ‘no’ for β, or ‘no’ for α and ‘yes’ for
β with certainty;

(iv) the bi-conditional a ↔ b is true if and only if the state p of S is such that in the
measurement of α ∧ β we obtain ‘yes’ for α and ‘yes’ for β, or ‘no’ for α and ‘no’ for
β with certainty.

One would intuitively think, by analogy with the truth tables of the classical logical
connectives corresponding to ∧, ∨, �, and ↔, that:

(1) a ∧ b is true if and only if a is true and b is true;
(2) a ∨ b is true if and only if a is true and b is true, or a is true and b is false, or a is false

and b is true;
(3) a � b is true if and only if a is true and b is false, or a is false and b is true;
(4) a ↔ b is true if and only if a is true and b is true, or a is false and b is false.

This is not the case if S is the composite entity made up of two spin-1/2 quantum entities
prepared in the singlet spin state ps , a is the proposition corresponding to the measurement
of spin along an arbitrary direction, e.g., direction A, Section 2, and b is the proposition
corresponding to the measurement of spin along the opposite direction, e.g., −A. In this
case, indeed, the ‘perfect Bell-type anti-correlation’ in the singlet spin state implies that the
measurement α ∧ β ‘always’ leads to the outcome ‘yes’ for α and ‘no’ for β, or ‘no’ for α

and ‘yes’ for β. As a consequence, a ∨ b and a � b are true, while a ∧ b and a ↔ b are false.
But, neither a nor b are either true or false: they are completely indeterminate in the state ps .
This entails that, while (1) holds, (2), (3) and (4) do not hold.

It follows from the analysis above that it is exactly the presence of Bell-type correlations
which makes the quantum logical connectives corresponding to inclusive and exclusive dis-
junctions and the bi-conditional behave in a non-classicalway. This can be naturally explained
if one accepts that entanglement is a process of reduction of uncertainty. This reduction of
uncertainty makes it possible the composite proposition, be it a ∨ b, a � b or a ↔ b, have
a definite truth value without neither of the component propositions a and b having a truth
value. Hence, entanglement is responsible of a ‘more classical logical structure of propo-
sitions’ on the one hand, but also indicates that logical systems should be studied where
propositions are considered that are never true and never false but always indeterminate, but
anyhow when composed in a way known to logic give rise to composed propositions that
can be true and false for some considered situations, and we refer in that respect to the a
and b above. Logicians have developed over time a variety of logical systems, but as far as
we know, the introduction of propositions that are never true and never false, hence always
indeterminate, have not been investigated. That the component propositions have no truth
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value is a consequence of the fact that, in the singlet spin state of the composite entity S,
the sub-entities S1 and S2 do not possess any property, hence they lose, in some sense, their
identity as a result of the composition.

It is finally important to stress that, though this result has been derived in the case of micro-
physical entities and realm, it equally holds in the cognitive and, more generally, cultural
realms. This demonstrates that entanglement has a profound impact on the logical structure
of entities, independently of their nature.
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