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Abstract

Laurie LETERTRE

Metaphysical implications of causal nonseparability

In quantum mechanics, quantum nonseparability is at the core of philo-
sophical debates regarding its meaning. Interestingly, the more general con-
text of the process matrix formalism features another kind of nonseparabil-
ity, called causal nonseparability. It characterises quantum processes (connect-
ing the inputs and outputs of different local quantum operations) that are in-
compatible with any definite causal structure among interacting parties. The
present work discusses the possible interpretations of causal nonseparability
under the assumption that it points towards novel objective features of nature.

It is first defended that a scientific realist approach towards the process
matrix formalism, which is an operational theory generalising quantum me-
chanics, is as much legitimate as any possible antirealist reading, contrary to
certain views found in the literature. The reason is that operational formalisms
are ontologically and epistemically neutral. From there, the theoretical con-
cepts of interest, namely causal nonseparability and its model-independent
counterpart called noncausality, are analysed in more details, in order to high-
light in what sense they are distinct from the standard notions of quantum
nonseparability and nonlocality in quantum mechanics. The discussion then
focuses on noncausality. It is argued that noncausality has an interesting con-
nection with a notion of temporal nonlocality, which is a more constraining
principle than that of local causality used in Bell’s theorem. In the same way
that Bell nonlocality is given different underlying explanations depending on
the details of the chosen quantum mechanics” account, noncausality can be
given a variety of underlying descriptions depending on the exact way to in-
terpret the process matrix formalism. The last chapter focuses precisely on this
particular point, namely on the various ways to understand process matrices
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and causal nonseparability in a realist context. In order to explore the poten-
tial impact of causal nonseparability on spacetime, we shift from the notion of
(indefinite) causal structure to (indefinite) spatiotemporal ones. This shift is
allowed under a set of reasonable assumptions regarding the properties of a
physical spacetime manifold and the connection between an operational and
relativistic notion of causal relations. While different readings are suggested
for indefiniteness of spatiotemporal relations, we insist in particular on an ob-
jective understanding appealing to the concept of metaphysical indeterminacy.
It is argued that such an approach could prove useful in a more general theo-
retical context such as quantum gravity, while being already partly supported
in standard quantum mechanics.
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Chapter 1

Introduction

Quantum mechanics has stirred numerous debates in philosophy, touching
both epistemic and metaphysical issues. This theory, developed in the begin-
ning of the twentieth century !, allowed to successfully predict the behaviour
of physical systems belonging to the sub-microscopical realm 2. Due to its im-
pressive empirical success and to its description of matter at very small scales,
quantum mechanics is considered as an important pillar of modern physics (Is-
mael, 2021). Its predictions led to important innovations, such as superconduc-
tors and lasers, which are widely used in today’s technologies (Jaeger, 2019).
Yet, in spite of this theoretical and practical success, the theory remains puz-
zling on a conceptual level.

The core reason for this is that the theory, in its standard form, leaves
many questions unanswered regarding the way one should understand a quan-
tum measurement and the mechanisms it involves. It remains silent about the
exact nature of quantum systems, their non-classical properties and dynamics,
and the reason underlying the fact that quantum systems seem to lose their
quantum behaviour when observed. This explanatory gap is referred to as the
measurement problem (Maudlin, 1995). There are many different ways to solve
the measurement problem. In all cases, they imply to adopt both a particu-
lar epistemic stance towards the theory, and a particular interpretation of its
formalism (which, to complicate the matter, exists in different variants ).

ISee (Cushing, 1998) for an overview of the historical development of the theory.

2 Although the size of systems displaying quantum behaviours is not necessarily small (as
the phenomena such as superconductivity and superfluidity demonstrate (Annett, 2004; Blun-
dell, 2009)), most quantum systems indeed belong to small scales.

3See, e.g., (Lewis, 2016; Philosophy of Physics: Quantum Theory) for an overview of the differ-
ent versions of quantum mechanics.
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More specifically, the debate between scientific realism and antirealism
questions the ability of science to describe accurately the objective world (and,
in particular, the fundamental layer of the world in the case of fundamental
physical theories) . This debate has taken a pressing significance in the con-
text of quantum physics, as it heavily conditions the strategy to answer the
measurement problem. Antirealists will dissolve the problem by adopting an
instrumentalist approach towards the theory, or by reducing quantum mea-
surements to some manipulation of the observer’s knowledge. This has the
advantage to locate the non-classical features of quantum mechanics primarily
at the level of the relation between observers and objects. On the contrary, a sci-
entific realist will solve the measurement problem by providing an account of
quantum measurements in physical terms, and locate non-classical behaviours
of quantum systems in nature itself. For those embracing a realist attitude, sci-
ence constrains, to a certain extent, the ontology of the world and its dynam-
ics. As a result, a form of naturalised metaphysics is practised °. The ques-
tion arises of the exact way the articulation between naturalised metaphysics
and science takes place, and of whether this new methodology should conflict
with other ways to pursue metaphysical enquiries. The realist exploring the
nature of reality as constrained by a specific scientific theory will have to de-
velop metaphysical theories suiting these constraints. In the case of quantum
mechanics, one will speak of quantum ontologies to refer to such metaphysi-
cal pictures of fundamental reality. Those ontologies are rather non-intuitive
due to their non-classical features. In particular, quantum features such as
entanglement and nonlocality need indeed to be accounted for by innovative
metaphysical theories °.

While these issues are discussed since the early developments of the
theory of quantum mechanics, i.e. more than a century ago, physicists have
continued to expand the theoretical apparatus of quantum physics by devel-
oping more general theories (or approaches thereof) in a relativistic setting
(e.g. quantum field theory /), and including gravitation in the picture (i.e. a
theory of quantum gravity ). These developments yield further interpreta-
tive challenges as they introduce novel theoretical features and principles to
be considered.

4Gee (Psillos, 2005; Agazzi, 2017; Lyons and Vickers, 2021) for a presentation.

5See, e.g., (Ladyman et al., 2007; Morganti, 2013; Ross, Ladyman, and Kincaid, 2013) for a
discussion.

6See, e.g., (Lewis, 2016) for an overview.
7See, e.g., (Peskin and Schroeder, 2019) for an overview.

8See (Oriti, 2009) for a recent presentation of the current developments.
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In that context, philosophy of quantum mechanics has become a sig-
nificant sub-field of philosophy of science (and of physics in particular). This
area provides useful case studies and novel constraints feeding the debates
about (i) scientific realism, about (ii) the connection existing between science
and metaphysics, and about (iii) metaphysical theories for fundamental on-
tologies. One sees that philosophy of quantum physics lies at the intersection
of physics, epistemology, and (for scientific realists) metaphysics. The scope of
this work will be mainly restricted to metaphysical questions, as the specific
theoretical framework used to formulate quantum mechanics (namely a gen-
eralisation of quantum mechanics called the process matrix formalism (PMF) %)
on the one hand, and the epistemic stance (namely scientific realism) assumed
throughout the work on the other hand, will be adopted as working hypothe-
sis.

There is currently no consensus among the realist accounts of quan-
tum mechanics as to what ontology, or dynamics is to be preferred. Instead, a
large variety of pictures have been developed to describe the quantum world.
As regards to the fundamental ontology, it can, e.g., display holistic or struc-
turalist characteristics, or even incorporate a form of metaphysical indetermi-
nacy V. The fundamental ontology can be constituted by entities localised
in a fundamental 3+1-dimensional spacetime (primitive ontology '!) or non-
spatiotemporal (i.e. constituted by entities located in a different space S than
our familiar 3+1-dimensional spacetime, which is instead derivative from that
more fundamental space S '?). The macroscopic world emerging from the
quantum realm can coincide with our experience of the classical world, or can
be seen as dynamically structured into causally disconnected branches . As
regards the dynamics of the fundamental ontology, it can be deterministic (e.g.
Bohmian mechanics '*) or stochastic (e.g. the GRW theory 15). It can involve
linear equations (e.g. the many worlds theory '°) or nonlinear ones (e.g. the
GRW theory). The choice among these numerous possibilities is based mainly
on personal preferences rather than being exclusively motivated by a decisive

9See (Oreshkov, Costa, and Brukner, 2012) for a presentation.
10gee, e.g., (Lewis, 2016) for a presentation.
Hgee, e.g., (Allori, 2013).
12Gee, e.g., (Albert, 2013).
13Gee, e.g., (Wallace, 2012).
l14Gee (Bohm, 1952).
15Gee (Ghirardi, Rimini, and Weber, 1986).
16Gee (Wallace, 2012).
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philosophical or physical superiority of one account over the others ”.

The rich theoretical framework of quantum mechanics and the large ar-
ray of possible philosophical stances that one can articulate to make sense of
it allow for a diversity of metaphysical theories to be explored under the con-
straints of quantum physics. Deepening the metaphysical understanding of a
given theory can impact the approach towards future theoretical progress, by
making certain metaphysical commitments explicit and conferring a structur-
ing role on them within the overall theoretical apparatus of the future theory.
The diversity of metaphysical accounts developed in the context of physics can
also prove useful when applied to different realms of nature. As such, pursu-
ing a metaphysical analysis of our current best theories can yield useful tools
for scientists (Chakravartty, 2017b).

Yet, these metaphysical readings of quantum physics still deserve re-
finement and development, as they spark off numerous debates related to their
various implications. Moreover, the incomplete status of fundamental physics
creates a gap within the metaphysical work of the scientific realist. While the
ontologies assigned to quantum mechanics are themselves plentiful, the differ-
ent programmes developing a theory of quantum gravity are possibly under-
pined by different philosophical stances about the world. It is legitimate to ask
whether metaphysical views in standard quantum mechanics can survive the
transition to quantum gravity, and, if so, to what extent '®. It is also interesting
to see whether the suggested metaphysical features in the context of quantum
gravity could shed some light on the conceptual issues of quantum mechanics.

The present work aims at exploring a bit closer this conceptual gap
between quantum mechanics and theories of quantum gravity. The key dif-
ference between these two frameworks is that the latter unifies the quantum
description of matter with the relativistic description of spacetime including
gravity, yielding a quantum description of gravity. As such, it is expected that
an accurate description of spacetime at the fundamental level could be reached
only within a theory of quantum gravity. Yet, it is our intuition that the way
spacetime is constrained in a non-gravitational, yet quantum, theory is likely
to expose existing tensions between potentially incompatible features of classi-
cal spacetime with quantum physics. For this reason, our methodology will be
to use quantum mechanics as a starting point, and explore to what extent this
theory sets possible constraints on the way spacetime is conceived. More pre-
cisely, we will focus on the above-mentioned extension of quantum mechanics

17See (Chakravartty, 2017b) for a discussion.
18See (McKenzie, 2020).
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called the process matrix formalism, in which correlations between multiple
parties can be described without specifying a priori their spatiotemporal loca-
tions. As such, this framework allows to explore the way quantum theoretical
features can impact, to a certain extent, spatiotemporal relations among in-
teracting parties, while imposing minimal constraints on the characteristics of
spacetime itself (it is literally unspecified at the formal level). It is an open
question whether the reflections led in the context of the process matrix for-
malism would remain relevant once gravity is included in the picture . Yet,
this research will allow to have a first look at the possible impact of quantum
features on spacetime, independently of the way gravity is conceived at the
quantum level. This could provide a basis for more advanced reflections in
quantum gravity. Retrospectively, it could also shed some new light regarding
the way standard quantum mechanics is interpreted. In other words, the con-
ceptual issues arising from non-gravitational generalisations of quantum me-
chanics have the potential to act like the missing link connecting metaphysical
studies in standard quantum mechanics and the yet to be completed theory of
quantum gravity.

More precisely, this work will focus on a central theoretical feature of
the process matrix formalism, called causal nonseparability *°. It is defined, to a
certain extent, in analogy with quantum nonseparability, which characterises
the quantum state of a composite quantum system that cannot be expressed as
a probabilistic mixture of tensor products of the subsystems” quantum states.
Causal nonseparability, by contrast, characterises quantum processes (connect-
ing the inputs and outputs of different local quantum operations) that are in-
compatible with any definite causal structure among interacting parties. One
talks about indefinite causal orders (ICOs). A famous example of causally non-
separable processes is called the quantum switch (QS). It is extensively studied
in the literature in virtue of its simple architecture and its various implemen-
tations in laboratories. The present work will discuss the possible interpre-
tations of QS’s causal nonseparability under the following assumptions: (i) a
scientific realist approach towards quantum processes, and (ii) the physicality
of causal nonseparability for at least certain processes (including the quantum
switch), i.e. that causal nonseparability is seen as pointing towards novel ob-
jective features of nature. The objectives of this work will be then to provide
an overview of possible realist attitudes towards causal nonseparability, and to
discuss the connections that this characteristic establishes with spacetime. We
will reflect on the extent to which these views might remain relevant across

19See (Zych et al., 2019; Paunkovi¢ and Vojinovi¢, 2020).
20Gee (Oreshkov, Costa, and Brukner, 2012).
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different theoretical contexts, namely standard quantum mechanics and quan-
tum gravity. The results will aim at emphasising an existing tension between
quantum theoretical features such as causal nonseparability and the idea of a
classical spacetime.

In that context, and following the above-mentioned methodology in or-
der to reach the announced objectives, this dissertation will be structured as
follows:

The second chapter’! provides an overview of the discipline called nat-
uralised metaphysics, which is about taking science as the (best) guide for meta-
physical enquiry, and various related questions about the way this connection
between science and metaphysics (should) take place. The chapter will also
describe the specific area of naturalised metaphysics applied to quantum me-
chanics. This will set the background conceptual stage of quantum ontolo-
gies against which the implications of novel concepts such as causal nonsep-
arability will be presented. The third chapter’” will then introduce this new
theoretical feature and the overall framework in which it is defined, namely
the process matrix formalism. In order to establish more firmly this work
against current tendencies in the literature promoting an antirealist attitude
towards such a theoretical formalism, we will defend the legitimacy of a re-
alist attitude towards the PMFE. The fourth chapter will then analyse causal
nonseparability at a purely formal level, emphasising in what sense it is dif-
ferent from standard quantum nonseparability. This is a first important step
to avoid potential interpretative shortcuts that could affect further metaphys-
ical discussions. From there, an operational point of view will be adopted,
i.e. that causal nonseparability will be replaced by the notion of noncausal-
ity 23, which characterises experimental correlations among interacting parties
that are two-way signalling. Similarly to causally nonseparable quantum pro-
cesses, two-way signalling correlations are incompatible with a definite causal
structure among the involved parties. Possible underlying physical situations
behind noncausality are discussed. The differences between noncausality and
standard quantum nonlocality are emphasised. It is then argued that non-
causality is closely related to a form of temporal nonlocality, carefully defined.

210f which section 2.2.2 has been published in (Lam, Letertre, and Mariani, forthcoming).
In particular, subsection 2.2.2.2 has been jointly developed.

220f which sections 3.2 and 3.4 have been published in (Letertre, 2021), and sections 3.1 and
3.3 have been published in (Lam, Letertre, and Mariani, forthcoming).

23Gee (Oreshkov, Costa, and Brukner, 2012).
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Finally, the core results of this thesis will be presented in the fifth chapter®*, in
which causal nonseparability is discussed from the metaphysical point of view
according to various possible stances. The accent is put on the way one can
connect causal nonseparability and spatiotemporal relations. In that context,
indefinite causal orders can be seen as pointing towards a form of indefinite-
ness 2° of spatiotemporal relations. The nature of this indetermination, as well
as the way these results can possibly connect with standard quantum mechan-
ics on the one hand, and a future theory of quantum gravity on the other hand,
are discussed. Chapter 6 concludes and provides further perspectives.

240f which section 5.3’s ideas have been jointly developed (see (Mariani and Letertre, forth-
coming)), and section 5.6 has been jointly developed and published in (Lam, Letertre, and
Mariani, forthcoming).

2The terms indeterminacy and indefiniteness will be used interchangeably throughout this
dissertation, in spite of the former being more often used by metaphysicians in a specific tech-
nical sense and the latter by physicists in a vaguer sense.






Chapter 2

Quantum mechanics and
naturalised metaphysics

This chapter’s aim will be to present the overall background context in which
the present work takes place. Because the main subject of this research is the
metaphysical implications for spacetime of recent developments in quantum
mechanics, it is relevant to review the literature about the relation between
physics and metaphysics, which will be done in section 2.1.1. From there,
a closer look at the metaphysics of quantum mechanics will be taken in sec-
tion 2.2 to provide a general overview of the field.

2.1 Naturalised metaphysics

2.1.1 Historical background

It is notoriously known that philosophy of science has had a complicated rela-
tion with metaphysics (see Chakravartty (2010), Callender (2011), and Kistler
(2020) for an overview). Until the seventieth century, natural philosophy was
the field studying the nature of the world by pursuing methods encompassing
those of the disciplines now known as science and philosophy. Upon the birth
of modern science, a progressive divide! appeared within natural philosophy,
with science adopting its own empirical methods. Although no consensual
and clear-cut demarcation can be found between science and philosophy (see
section 2.1.4), it is established that science and philosophy constitute distinct
academic disciplines.

ISee Chakravartty (2010).
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Given their shared origin and the fact that they (sometimes) explore the
same subject (e.g. what the world is like), it is not surprising to find a close
connection between science and philosophy. This relation has evolved across
time, and in particular, during the twentieth century.

In the late 1920s, a philosophical current, named logical empiricism 2,

emerged among philosophers of science. This movement is characterised by a
strong distrust towards metaphysics, placing instead the sensory experiences
as the only viable source of knowledge. Many philosophers of science con-
tributed to the logical empiricist current, among them are Carnap®, Reichen-
bach* and Hahn®, just to name a few °.

However, important objections have been raised against this logical em-
piricist movement (see, e.g., (Alston, 1954; Friedman and Michael, 1999)). A
major objection to logical positivism is the fact that it requires a language de-
void from metaphysical posits and should appeal to observable notions, which
proved to be a failure (see (Chakravartty, 2010) for an overview of the debate).
Quine (1951), by casting doubts on the validity of the distinction between ana-
lytic and synthetic truths’, provided a strong argument against a clear distinc-
tion between the empirical content of a theory and its conceptual formulation,
hence, between observational and theoretical statements. Yet, this distinction
was crucial for the inner coherence of logical positivism.

These attacks against logical empiricism and its anti-metaphysical views
allowed, during the second half of the twentieth century, for a revival of meta-
physical work within philosophy of science, which was until then focused on
epistemological issues®. This led to the emergence of a novel academic field of
enquiry, called “scientific metaphysics”, or “naturalised metaphysics”. This
discipline can be broadly defined as the pursuit of metaphysical questions

2] take here the term ‘logical empiricism’ to encompass that of ‘logical positivism’ (see
Creath (2021)).

3See Carnap (1931).
4See Reichenbach (1949).
5See Hahn et al. (1929).

®A comprehensive discussion of the logical empiricist movement can be found in (Creath,
2021).

7While an analytic truth is true in virtue of both language’s rules and the meaning of the
terms involved, a synthetic truth is true in virtue of our experience only.

8 Although philosophical stances arguing against metaphysical commitments in sciences
remain discussed, as it can be seen in the work of Van Fraassen (1980) that yielded to construc-
tive empiricism. See (Chakravartty, 2010) for a critique.
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within the framework of contemporary science. In other words, it is, to a cer-
tain extent, engaged with, informed by, or continuous with science (French
and McKenzie, 2015).

Naturalised metaphysics evolved in opposition to what is called “arm-
chair metaphysics” (Jackson, 1994), which undertakes the study of the na-
ture of the world with little consideration for contemporary science, and its
methods heavily rely on a priori conceptual analysis, intuitions and common
sense (Chakravartty, 2010). The next section will review the arguments op-
posing naturalised metaphysics to “armchair” metaphysics, and how a natu-
ralised conception of metaphysics can be articulated.

2.1.2 A rationale for naturalised metaphysics

As mentioned previously, there have been attacks against armchair metaphysics
from philosophers of science defending instead a naturalised approach to the
tield (Callender, 2011; Maudlin, 2007a). Those criticisms are developed in par-
ticular in Ladyman et al. (2007), where it is argued that armchair metaphysics
is frivolous, relies too much on intuition to justify its proposals, or is overly
committed to an outdated science and ontological view of the world (namely
a classical one).

Another way to pursue metaphysical enquiry was then promoted by
Ladyman et al. (2007), offering a radical account of naturalised metaphysics
which states the following:

“[...] a metaphysics that is motivated exclusively by attempts to
unify hypotheses and theories that are taken seriously by contem-
porary science. For reasons to be explained, we take the view that
no alternative kind of metaphysics can be regarded as a legitimate
part of our collective attempt to model the structure of objective
reality. (Ladyman et al., 2007, p. 1)”

While this account is detailed, motivated and justified at length in La-
dyman et al. (2007), their proposal can be summarised in two claims called the
“negative claim of naturalised metaphysics” (NC-) and the “positive claim of
naturalised metaphysics” (NC+), as suggested in McKenzie (2020, p. 2-3):

“(NC-) : Metaphysics not informed by science is not worth doing.”

“(NC+) : Metaphysics that is informed by science is worth doing.”
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This idea resonates in other works ?, such as in (Esfeld, 2007) who ar-
gues that metaphysical theories that are not naturally supported by (although
not logically incompatible with) the current best scientific theories display an
ad hoc character, compared to other metaphysical theories fitting more natu-
rally these physical theories (e.g. a block universe view arguably fits relativity
in a more natural way than presentism).

Yet, the radical stance of Ladyman et al. (2007) has been objected by vari-
ous philosophers. For example, Morganti and Tahko (2017) worry that it might
be too minimally different from the position of radical empiricists rejecting
metaphysics completely. They also provide a range of objections affecting var-
ious principles at the basis of Ladyman et al. (2007)’s rationale. Chakravartty
(2010) argues that the demarcation between empirical and metaphysical as-
pects of a theory is not always clear-cut, which might be used against (Lady-
man et al., 2007)’s work. He also raised how the very idea of “grounding”
metaphysics in science lacks a compelling articulation (Chakravartty, 2013).
More recently, Chakravartty (2017a) objected that the negative and positive
claims of naturalised metaphysics are too vague to effectively establish con-
straints to acceptable metaphysics. In a related spirit, Williamson (2013) ac-
cused the concept of “science” to be not well delimited enough as to really al-
low for a meaningful definition of naturalised metaphysics. Guay and Pradeu
(2020), for their part, defend that metaphysics is a rich discipline that cannot
be simply categorised as “a priori metaphysics” against “naturalised meta-
physics”. As a result, radical naturalised metaphysics should be articulated
more precisely with regards to the whole array of conceptions of metaphysics,
instead of rejecting a restrictive view of traditional metaphysics as the sole
existing variety. Another type of objection disagrees with the idea that meta-
physics not informed by science is useless. Instead, metaphysics that is not
constrained by science can still provide benefits by developing conceptual tools
that can prove useful if applied to scientific theories (French and McKenzie,
2015; Bryant, 2020).

In light of those various criticisms, it appears necessary to develop al-
ternative accounts of naturalised metaphysics. While those do not necessarily
address all the above-mentioned criticisms, the next section will still present
such more moderate variants.

9See (Maudlin, 2007a; Esfeld, 2013).
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2.1.3 Alternative accounts of naturalised metaphysics

In view of the unsatisfactory aspects of Ladyman et al. (2007)’s account, sev-
eral authors have proposed a more moderate view of naturalised metaphysics.
Among them are Morganti and Tahko (2017), who mapped the relation be-
tween science and metaphysics according to two axes, namely whether they
are understood as sharing the same methodology or not, and whether they are
understood as investigating the same subject matters or not. This resulted in
4 categories of stances: either science and metaphysics are seen as distinct dis-
ciplines with neither the same methodology nor the same subject matters (this
corresponds to a more “traditional” view of those fields); or science and meta-
physics share both the same methodology and subject matters (this can be seen
as corresponding to the radical proposal of (Ladyman et al., 2007)); or science
and metaphysics share only a common methodology (this has been defended,
in the opinion of Morganti and Tahko (2017), by Goldman (2007) and Gold-
man (2015)); or science and metaphysics share only a common subject matter.
The latter option is the one developed by Morganti and Tahko (2017). Indeed,
they see science and metaphysics to enquire about the same domain, i.e. the
ontology of the physical world and its dynamics. However, they have distinct
methodologies since, according to them, there are elements of metaphysics that
are prior to science (namely the exploration of the possibility space serving as
a ground for interpreting scientific theories) and reciprocally (namely shaping
the possibility space along with metaphysics, as well as gathering information
from the actual world to be fed to the metaphysical theories). Hence, while
(Ladyman et al., 2007)’s account sees metaphysics as subordinated to science,
Morganti and Tahko acknowledge a sort of symmetric relation between both
tields. More precisely, the methodologies of the two fields are considered to be
entangled and one discipline cannot be pursued without the other if one aims
at exploring the structure of the world. It results from this a view in which non-
instrumentalist approaches to science will see science as the access door to the
fundamental nature of reality, yet, containing non-eliminable a priori element
from metaphysics allowing to shape the theory, identify possible ways for re-
ality to be, and to provide a basis for the interpretation of scientific theories.
Both disciplines are then used in a back and forth dynamic as the investigation
of reality’s nature is pursued.

This view was later summarised in Morganti (2020a):

“[...] the purely philosophical analysis of fundamentality and the
structure of reality can certainly go a long way in identifying pos-
sible ways things could be like, that is, alternative philosophical hy-
potheses. But when it comes to making claims specifically about
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the actual world an at least moderate dose of naturalism seems in
order, allowing both for science to “flesh out”, as it were, philo-
sophical hypotheses, and for philosophical theories to be used for
interpreting our best current theories.” (Morganti, 2020a, p. 6)

Once that naturalised metaphysics is granted a larger methodological
autonomy from scientific investigation, one can still refine the question as to
how exactly distinguishing between naturalised metaphysics and non-naturali-
sed one, and what is the worth of the latter. This question has been discussed
by several authors, and in particular in Callender (2011). His view is basi-
cally compatible with the moderate conception of naturalised metaphysics ad-
vocated by (Morganti and Tahko, 2017). On the one hand, it grants a distinct
methodology for metaphysics and science as suggested in the following quote:
“Does a scientific metaphysics have room for philosophy, for metaphysics, or
does metaphysics become the "handmaiden" of science on my picture? My
reply is that there is definitely room for philosophy, indeed, a demand for phi-
losophy and metaphysics. [...] The methods of any particular science at any
particular time don’t exhaust the ways of properly studying the world.” (Cal-
lender, 2011, p. 22). On the other hand, it suggests a way to discriminate be-
tween naturalised metaphysics and non-naturalised metaphysics:

“With these two divisions — that between epistemically worthy and
unworthy pursuits and that between metaphysics and science — I
can make two claims.

First, the metaphysics we ought to strive for should fall on the
epistemically worthy side of the first divide. Or using older ter-
minology, it ought to count as "science" rather than pseudo- or non-
science.

Second, I then claim that the metaphysics on the right side of this
criterion nearly inevitably will be responsive to and deeply con-
nected with the science also falling on the right side of this line.” (Cal-
lender, 2011, p. 2)

Callender argues that a metaphysical hypothesis is to be taken as seri-
ously as the scientific theories in which it is applied. A given metaphysical
hypothesis will be judged according to whether it allows to provide a good
systematisation of the world, just like good scientific theories are expected to
do. In that case only, metaphysics will be seen as “epistemically worthy”, i.e.,
treated like a science. On the contrary, isolated metaphysical claims in them-
selves are not epistemically worthy, because they are not (indirectly) sensitive
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to the criteria that select good scientific theories. To summarise, Callender
claims the following;:

“There are possibilities and necessities related to principles found
in our putatively best theories of the world and those that are not.
Only the former need attract our attention.”

French and McKenzie (2015) seem more moderate, by exploring the dis-
tinction between legitimate and illegitimate non-naturalised metaphysics, sug-
gesting that metaphysics performed outside the field of philosophy of science
remains worth doing. Their view is compatible with the moderate account
of naturalised metaphysics provided by Morganti and Tahko (2017), as they
embrace a heuristic approach to metaphysics in which metaphysics developed
independently of scientific input can still prove useful to science. According to
them, the criterion to distinguish good from bad non-naturalised metaphysics
is found in what they call the compatibility principle:

“The compatibility principle: the constraint that any metaphysical
theory invoking entities x and deployed at some time t should be
compatible with at least some independent, well-supported, overall
‘serious’ scientific theory that directly describes or that is otherwise
relevant to those entities, should such a theory exist at that time.
” (French and McKenzie, 2015, p. 15)

Yet, they also point towards a tension existing between this criterion and
their heuristic view of metaphysics, since the compatibility of a given meta-
physical hypothesis with science is contingent to present and future states
of science, which cannot be foreseen. They conclude that non-naturalised
metaphysics remains supported by their heuristic view of metaphysics, yet
in a conditionalised way upon two factors that are external to metaphysics it-
self: (i) naturalistic metaphysicians need to use conceptual tools developed by
non-naturalistic metaphysicians instead of developing the integrality of their
own tools, and (ii) those conceptual tools need to prove useful to science as it
evolves.

We see, in light of the above overview, that the precise way science
and metaphysics could and/or should interact, and under which kind of jus-
tification, is a debated topic, with still unanswered questions (see, e.g., sec-
tion 2.1.2 which listed some open challenges for naturalistic metaphysics such
as defining a sufficiently precise constrain for metaphysics to count as natu-
ralised/acceptable). More generally, the very question of how metaphysical
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science needs to be for the proper interpretation of scientific knowledge has
been deemed unsolvable by Chakravartty (2010) for purely philosophical rea-
sons. Indeed, it is argued that answering this question amounts to choosing
among different epistemic stances (e.g. scientific realism or instrumentalism)
that are all inherently coherent and ultimately motivated by personal values
impacting what is considered as needing an explanation in science, and what
a satisfying explanation is.

Yet, while there is still room for debates and improvement regarding the
assessment of the epistemic worth of armchair metaphysics and the demarca-
tion with a precisely defined notion of naturalised metaphysics, the benefits
and virtues of making metaphysical investigations dialogue with scientific the-
ories is very natural when the aim is to interpret realistically a given physical
theory. This will be the posture adopted in this work.

It is now time to turn to further foundational issues regarding naturalis-
tic metaphysics that will resonate more specifically with the present research.

2.1.4 Naturalised metaphysics and the fundamentality of phys-
ical theories

The metaphysical consequences of fundamental physics can be dramatically
revisionary, as discussed, e.g., in (Norton, 2020) (see also chapter 5). Hence,
the stakes carried by naturalised metaphysics are high. Yet, what is consid-
ered as fundamental physics today'” is either the current best theories of matter
(i.e. quantum theories such as quantum mechanics or quantum field theory)
or of spacetime (i.e. general relativity), or a not yet fully developed theory
of quantum gravity. In that context, McKenzie (2020) raised the worry that,
while the idea of epistemic progress in physics can be successfully defended, a
corresponding progress towards the truth in naturalised metaphysics is more
complicated to justify, on the grounds that metaphysical claims are not eas-
ily conceived as potential “approximations” of reality, due to their often di-
chotomous and crude formulation. Assessing whether claims in naturalised
metaphysics can be approximated would require to specify more carefully the
motivations behind naturalised metaphysics, on the basis of which the very
possibility of metaphysical progress will be evaluated.

19 An interesting discussion of what is meant by “fundamental” physical theory can be found
in Morganti (2020b).
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Mckenzie’s argument identifies a possible threat to naturalised meta-
physics: if epistemic progress in the metaphysical interpretations of the theo-
ries is not warranted, then why pursue naturalised metaphysics at all? While
not responding directly to this challenge, it seems that some authors put for-
ward several virtues of naturalised metaphysics that could possibly remain
unaffected by a possible lack of epistemic progress in naturalised metaphysics.
First, Ismael and Schaffer (2020) argued that metaphysical readings of physical
theories could have the benefit of highlighting existing tensions between in-
compatible physical principles at the basis of the theory under consideration,
which itself could serve as a hint towards a future more fundamental theory.
Second, Chakravartty (2017b) argued in favour of a pragmatic attitude towards
the pursuit of naturalistic metaphysics, on the grounds that theorising about
the metaphysics underlying physics possesses virtues. Indeed, metaphysical
theories can serve as a catalyst for future theoretical developments, by pro-
viding a better understanding of various possible commitments to be imple-
mented in future theories. Moreover, when different metaphysical theories are
developed to account for a given theory, the resulting concepts could be well
suited for different physical realms and areas of scientific descriptions. Hence,
the exercise itself can lead to useful tools for describing different aspects of the
world.

In the context of this work, we are precisely facing Mckenzie’s worry
by engaging in metaphysical implications of recent developments generalis-
ing quantum mechanics, while remaining outside of the scope of a more fun-
damental theory of quantum gravity. We will therefore see, in chapter 5, how
these reflections could prove relevant in a future theory of quantum gravity,
and more generally, what could be their general usefulness. More precisely,
we will show how the upcoming discussions will allow emphasising exist-
ing tensions between potentially incompatible physical principles in standard
quantum mechanics.

Before presenting these recent developments generalising quantum me-
chanics (see chapter 3), it is useful to zoom on the main metaphysical accounts
of quantum physics, as they represent current central results in naturalised
metaphysics. This broad overview will serve as the state of the art background
against which this work will be presented.
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2.2 Quantum metaphysics

We will now provide an overview of the metaphysical hypotheses that can be
adopted in order to assign a realist meaning to quantum mechanics '!. As we
will see, this can be done in two different ways. Since there exist different
theoretical variant of quantum mechanics presenting each different dynamics
(namely, a linear version of quantum mechanics, a spontaneous collapse ver-
sion, and a hidden-variable version called Bohmian mechanics), one can posi-
tion oneself in either one of these accounts, and interpret the formal machinery
of the theory by assigning it an ontology. The alternative would be to focus on
specific theoretical features of the theory that remain present in all of its vari-
ants, such as quantum entanglement, and assign a metaphysical meaning to
it. Both ways will be discussed below, along with the major metaphysical hy-
potheses having been suggested so far.

2.2.1 Interpretations of quantum mechanics

The Heisenberg’s uncertainty principle demonstrates that there are pairs of
“incompatible” observables which are such that measuring one of the observ-
ables prevents us from knowing simultaneously and precisely the other (Heisen-
berg, 1927). It is therefore impossible to know simultaneously the values of all
the observables of a system. When the quantum state describing the system
is associated with a definite value of a given observable O incompatible with
another observable O’, we say that the system is in a quantum superposition of
definite values for O’. Upon measuring that observable O’, the standard for-
mulation of quantum mechanics claims that the quantum state “jumps” from
the superposition to a state associated with a definite value of O’. That exact
value is random and cannot be predicted with certainty. The theory only pre-
dicts the probability of obtaining a given possible result.

In short, the measurement of a superposed quantum state disturbs this
state, which “jumps” towards one of the definite quantum states associated
with a possible value of the physical observable under consideration. We can-
not predict which definite outcome will be observed. More precisely, a mea-
surement induces an evolution of the quantum state that is indeterministic and
nonlinear. When no measurement is performed on the system, its quantum

HThis section will limit the discussion to standard, non-relativistic quantum mechanics,
since non-relativistic quantum theories is the framework in which this work takes place.
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state evolves linearly and deterministically. There are therefore two distinct
dynamical regimes for the quantum state of a system, and what triggers the
random quantum “jump” is the act of measurement. However, the notion of
measurement is vague and imprecise, and does not provide us with an ob-
jective, physical criterion to decide which dynamics applies when a quantum
state evolves (Bell, 1990). As a result, it is considered that in order to have a
satisfactory (interpretation of the) theory, more has to be said about the quan-
tum measurement, its meaning and possibly underlying mechanisms. This is
called the measurement problem in quantum mechanics (Maudlin, 1995).

There exist different ways to “solve” the measurement problem. One
possibility is to “dissolve it” by adopting an antirealist attitude towards the
theory and locating the quantum jump of the quantum state at the level of
the observers, which confers to the phenomenon a purely epistemic status (see
e.g. (Cabello, 2017) for an overview). The realist alternative is to provide a so-
lution to the measurement problem by explicating the underlying (objective)
mechanics underlying the quantum jump upon measurements. There are three
main such realist accounts (often called interpretations in spite of the ambiguity
of such a term), each based on a different dynamics and mathematical machin-
ery to encode it. The many worlds interpretation relies on a linear dynamics of
the quantum state (see (Wallace, 2012) for a prominent development), the GRW
theory (and its variants called GRW-flash and GRW- matter density) relies on a
stochastic dynamics describing the quantum state as spontaneously collapsing
to a definite state (see (Ghirardi, Rimini, and Weber, 1986) for a prominent ac-
count), and Bohmian mechanics relies on hidden variables following, along with
the quantum state, a deterministic evolution (Bohm, 1952).

Each of those accounts has been developed within a realist spirit, and
various ontological systems can be assigned to them. Indeed, providing a real-
ist “interpretation” (in the sense of solving the measurement problem by giv-
ing a physical, objective account of quantum measurements) does not fix the
ontology of the theory. In other words, a given realist solution to the mea-
surement problem may not be sufficient to specify the precise meaning of the
quantum state and the entities described by the theory, as we will see below.

Either the fundamental space in which lies the whole of reality is our fa-
miliar 3+1 dimensional spacetime, or it is the high-dimensional configuration
space in which lives the wavefunction of the entire universe. In the former
case, a primitive ontology will populate spacetime and constitute the fundamen-
tal “bricks” of what exists in the world (see, e.g., (Allori, 2013)). In the latter
case, often called wavefunction realism (Albert, 2013), whatever is perceived and
defined in 3+1 dimensions does not correspond to the fundamental ontology,
which is itself constituted from the wavefunction (i.e. the quantum state) and
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possibly other entities (as in a wavefunction realist account of Bohmian me-
chanics, in which the universal wavefunction and a universal particle in con-
figuration space are the only two fundamental entities of reality (Ney and Al-
bert, 2013, Chap. 1)). Primitive ontologies in quantum mechanics can be point
particles having a continuous and deterministic dynamics across spacetime (as
in Bohmian mechanics). They can also be, as in variants of the GRW theory,
matter flashes obeying a stochastic dynamics, or a matter density field contin-
uously filling space, and characterised by various degrees of density varying
according to a stochastic dynamics. The nature of the wavefunction in each of
these systems is highly debated and several proposals have been developed.
For example, the universal wavefunction has been given a physical status (Hu-
bert and Romano, 2018), a nomological status (Ney, 2013, p. 3), the status of
physical property (Monton, 2006), or is classified as a new ontological entity of
a new kind (Maudlin, 2007b).

It will not be of interest here to develop further these options, as the
remainder of this work will not take place within a particular account of quan-
tum mechanics. For that reason, the second approach (presented below) to as-
signing a meaning to quantum mechanics is more promising, as it is precisely
interpretation-independent.

2.2.2 Interpretation-neutral metaphysics

In recent years we have witnessed a novel tendency in the research on the
metaphysical implications of quantum theory. Given the difficulties in provid-
ing a shared ontological picture of how the world is like if quantum theory
is true (in large part due to the many ways in which we could address the
measurement problem) researchers have attempted to focus on the features of
the theory that can be considered to some extent “interpretation-neutral”, as
expressed by Wallace (2019). Phenomena such as entanglement and superpo-
sition '2, along with the mathematical features underpinning them, seem to be
essential for how we define what a quantum theory is (Janotta and Hinrichsen,

12These phenomena play a central role in famous quantum experiments, such as the double-
slits experiment (Young, 1804; Carnal and Mlynek, 1991; Eibenberger et al., 2013) or Bell exper-
iments (Georgescu, 2021). In the former case, quantum superposition and entanglement are
formal concepts underlying the observed interference pattern on the detection screen inter-
cepting quantum particles. In the latter case, entanglement underlies operationally detected
nonlocal correlations. In order to account for these peculiar observed manifestations, a pre-
cise understanding of superpositions and entanglement needs to be provided, whatever the
preferred interpretation.
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2014), and this is arguably true independently of one’s preferred approach to
the measurement problem. The metaphysical characterisations of those fea-
tures are not in the business of providing novel solutions to the measurement
problem. Rather, the idea behind them is to refine the overall metaphysical un-
derstanding of the theory. Indeed, there are now several concrete proposals on
how to implement these readings within the context of specific interpretations
of the theory (see section 2.2.2.2), and under the overall assumption of scien-
tific realism towards physics. In the eventuality where the core “interpretation-
neutral” theoretical features are preserved in more general theories (e.g. quan-
tum gravity), their metaphysical readings might remain relevant, to a certain
extent, beyond standard quantum mechanics.

The next section will present the notions of quantum entanglement and
a closely related phenomenon called nonlocality, while section 2.2.2.2 will in-
troduce the various metaphysical readings that can be assigned to those fea-
tures.

2221 Quantum entanglement and nonlocality

In many ways, quantum entanglement and non-locality are central features
of quantum mechanics—and, to some extent, of any quantum theory (such
as quantum field theory). Within the standard quantum formalism, entangle-
ment is encoded in the ubiquitous entangled quantum states for composite
systems. Quantum states can be represented by a vector in a Hilbert space,
noted |¢). A more general representation is provided by appeal to density ma-
trices, noted p, which are linear operators acting on the Hilbert space assigned
to the system under consideration. A density matrix encodes either pure quan-
tum states, i.e. vectors in a Hilbert space, or mixed quantum states, i.e. proba-
bilistic mixture of vectors. In the remainder of this dissertation, we will mostly
appeal to density matrices to represent a system’s quantum state, not only be-
cause this mathematical object connects more naturally with the forthcoming
discussions, but also because it provides a more generalised framework.

Let a composite system, labelled 1-2, be composed of two subsystems,
labelled 1 and 2. The quantum states of the subsystems 1 and 2 are said to be
nonseparable, or entangled, if the global quantum state of system 1-2 cannot be
expressed as follows:

p1-2=)_0i ) ® ) 2.1)

where the index i sums over classical probabilities (g;) to have the subsystem x
in the (pure or mixed) quantum state described by p},.. This notion of entangled
states is purely formal at this stage, and needs to be interpreted to get assigned
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a meaning. If one adopts a realist approach towards quantum mechanics, the
quantum state is considered as pointing towards objective features of nature.
Yet, there is a debate regarding the exact nature of these objective features
(as demonstrated by the variety of developed quantum ontologies). Most ac-
counts see the wavefunction (i.e. the pure quantum state expressed in a partic-
ular basis) as the mathematical object representing the objective content of the
quantum state, while density matrices are seen as encoding a mere epistemic
information about the quantum state. This is however debated, and previous
work emphasises that there is no need for an epistemic interpretation of den-
sity matrices (Aharonov, Anandan, and Vaidman, 1993). Several authors have
defended a view called density matrix realism, in which it is the density matrix
that represents the objective content of the quantum state (Chen, 2020). Such
a strategy would yield ontological differences compared to accounts based on
the reality of the wavefunction. For example, a monist approach to the uni-
versal density matrix would mean that a different mathematical object from
the universal wavefunction is reified. On the other hand, a nomological read-
ing of the universal density matrix has the ability to provide us with more
explanatory power, as it is argued that the initial universal density matrix can
be uniquely determined in agreement with the Past Hypothesis postulated to
account for the arrow of time in time-symmetric theories (Chen, 2020).

Importantly, quantum entanglement can lead to empirically verified
non-classical correlations violating Bell-type inequalities among spacelike sep-
arated entangled subsystems (Hensen et al., 2015). A Bell inequality, as fa-
mously defined in Bell’s theorem (Bell, 1964) (see Fig. 2.1), is an algebraic in-
equality, the violation of which by any given probability distribution pointing
towards the violation of the premise called “local causality”. According to this
premise, causes precede their effects, and causal influences travel continuously
through spacetime at subluminal speeds. Such quantum correlations violating
a Bell inequality are said to be nonlocal. More precisely, nonlocal correlations
are said to display Bell nonlocality. An account of Bell nonlocality (i.e. of the
violation of a Bell inequality, hence, of the violation of local causality) can in-
volve a form of nonlocality which is an underlying mechanism appealing to
some superluminal influences. Nonlocal correlations are not determined by
and do not supervene on the respective states of the entangled subsystems'*
or by additional local variables not encoded in the entangled states. They are
also independent of the distance between the spacelike separated subsystems.

13This failure of supervenience is often referred to as a form of non-separability in the philo-
sophical literature (see recently Ismael and Schaffer 2020); in the physics literature, quantum
non-separability often specifically denotes the non-factorizability of entangled quantum states,
as it is reflected by Eq. (2.1).
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In this context, quantum entanglement is naturally considered as involving
some form of non-locality.'* Since Bell inequalities can be defined in a purely
operational way—i.e. by appealing exclusively to notions such as inputs and
outputs of quantum operations treated as black boxes'>—nonlocal correlations
are said to be model-independent. For this reason, Bell nonlocality (i.e. the ex-
istence of nonlocal correlations) is naturally taken as reflecting some objective
fact about the physical world that any quantum theory has to account for.'°

4Indeed, we here focus on entanglement leading to the violation of some Bell-type inequali-
ties, and hence to some non-local correlations among the entangled subsystems—in particular,
note that all pure entangled states lead to the violation of a Bell-type inequality, whereas mixed
entangled states may not violate any Bell-type inequalities (Gisin, 1991; Werner, 1989).

15In this context, a model-independent notion is one that does not appeal to any specific
machinery, tool or apparatus; the experimental setup is reduced to a black box fed with some
inputs and returning some output.

16By this, of course, I do not mean to argue that nonlocality is unavoidable. As a matter of
fact, even within a broadly realist approach, there are accounts that may escape this conclu-
sion. Examples include the acceptance of retrocausality (Price, 2012; Leifer and Pusey, 2017;
Friederich and Evans, 2020), versions of superdeterminism (Hooft, 2016), and perhaps some
versions of the many-worlds approach to QM (Vaidman, 2021). It is highly debated whether
any of these strategies really help us avoiding nonlocality—see Myrvold, Genovese, and Shi-
mony, 2020 for a discussion.
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FIGURE 2.1: 2% version of Bell’s theorem (Bell, 1995). Diagrams

represent past and future lightcones, the indices a, a’, b, b” rep-

resent the experimental inputs, the indices i, i’, j, j’ represent the

experimental outputs, and the functions E(x,x") represent the ex-

pectation values of the product of the measurements’” outcomes
for the two inputs x and x’.

2.2.2.2 Holism, structuralism and indeterminacy

Several metaphysical tools can account for quantum entanglement and the re-
lated non-local correlations.

A first approach that can be used to interpret quantum entanglement
is ontic structural realism (OSR), according to which relations (or structures)
have a fundamental status in the world’s fundamental ontology. The meta-
physical details of the relationship between relations (or structure) and relata
within OSR can be articulated in different (and sometimes controversial) ways
and have been much discussed in the literature (e.g. see the references in Lam
2017, 81). The moderate structuralist conception according to which the rela-
tions are on a par with their relata—forming together ‘structures’—seems es-
pecially appropriate for many situations in (fundamental) physics, including
the entanglement case.
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Indeed, the fact that the modal connections that these quantum corre-
lations exemplify cannot be understood in terms of intrinsic properties of the
entangled subsystems (as encoded in their reduced density matrices or with
the help of possible additional—'hidden’—variables)!” provides a strong mo-
tivation for a structuralist interpretation in the sense of ontic structural realism.

In the context of quantum entanglement, a natural structuralist under-
standing takes the novel, experimentally verified non-local correlations among
entangled subsystems as the manifestation of a new fundamental physical
relation—often simply called ‘entanglement relation’—connecting the subsys-
tems (whatever these latter precisely are according to the quantum theory un-
der consideration and the preferred quantum ontology). In this structural-
ist perspective, the entanglement relation connects the entangled subsystems
such that these latter have no independent existence. On this view, the ex-
istence of the entangled subsystems (ontologically) depends on the entangle-
ment structures they are part of, that is, on there being entanglement relations,
but also on there being other subsystems to which they are entangled to—these
latter being conceived as (ontologically) interdependent on one another. This
characterisation of entanglement in terms of (symmetric) ontological interde-
pendence or mutual dependence has been recently nicely discussed in Calosi
and Morganti (2018).

A second approach to account for quantum entanglement is quantum
holism (recently defended in Ismael and Schaffer 2020), which consists in ar-
guing for the ontological priority of the quantum whole (that is, the total com-
posite quantum system) over its entangled parts (the entangled subsystems).

Such an interpretative move gets direct inspiration (and support) from
the fact that the quantum state of the total composite system determines those
of its entangled subsystems, while the converse fails. Besides this characteri-
sation in terms of ontological priority, various holistic aspects of quantum en-
tanglement have been articulated for some time in the physics and philosophy
literature (see (Healey, 2016) for a review), some of which more or less explic-
itly encode structuralist elements (to some extent, certain types of holism can
be considered as precursors of the recent structuralist conceptions in the quan-
tum context). However, it is not the place to discuss the commonalities and
the disanalogies between quantum holism and structuralism (see Calosi and
Morganti 2018 for a recent critical look).

17 Arguably, even within Bohmian mechanics, the non-local modal connections among
Bohmian particles cannot be accounted for only in terms of intrinsic (and local) properties
of the particles (Lam 2016).



26 Chapter 2. Quantum mechanics and naturalised metaphysics

What is especially interesting is the common ground argument recently
put forward for quantum holism (Ismael and Schaffer, 2020). In many ways,
the structure of this argument is similar to the familiar Reichenbach’s common
cause principle, which roughly states that two correlated events, where neither
is the cause of the other, have a common cause that screens off the correlations
between them. In view of the well-known difficulties of this principle in the
quantum context (the issue is subtle though, see Hitchcock and Rédei 2021 for
a recent review), Ismael and Schaffer, 2020, (section 4) articulate a common
ground account of quantum entanglement, which relies on the principle that if
“non-identical entities 2 and b are modally connected, then either (i) 2 grounds
b, or (ii) b grounds a, or (iii) 2 and b are joint results of some common ground
c” (4137)—where grounding is understood, in the way advocated by Schaf-
fer, 2009 as a (metaphysical) asymmetric dependence relation between more
fundamental and less fundamental entities.'®

The application of this principle to entangled quantum subsystems then
naturally leads to consider the total composite quantum system as their com-
mon ground, which clearly amounts to a form of holism since the whole (the
total composite system) is then considered as ontologically prior to (more fun-
damental than) its parts (the entangled subsystems).

Finally, quantum entanglement can be read as an instance of what is
called “quantum indeterminacy”. Quantum theory seems to violate a rather
standard principle regarding the way in which properties are instantiated by
physical systems. Contrary to what happens in classical physics, where every
quantity gets assigned a definite value at all times, quantum theories are af-
fected by what has been called lack of value-definiteness (LVD). Following (Calosi
and Wilson, 2019), we can provide a threefold classification of cases of LVD in
quantum theory, which can be understood according to the standard way of
assigning values to physical systems given the quantum formalism, namely
the so-called Eigenstate-Eigenvalue Link (EEL):

EEL. A physical system s has a definite value v of an observable O iff s is an
eigenstate of O.

The three categories are the following;:

e Superposition: A linear combination ) = g1 [¢1) + g2 |¢2) (with g1 #

18Note, however, that grounding is more commonly understood as an explanatory relation
between facts (Fine, 2012; Correia and Schnieder, 2012). On Schaffer’s view, instead, grounding
applies to every kind of entity (not just facts), which is also why his notion of grounding closely
resembles that of ontological dependence (Fine, 1994; Tahko and Lowe, 2020).
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q2) of different eigenstates |¢1) and |¢2) of an observable O is not always
an eigenstate of O. If a system S is in |¢) it does not have a definite value

of O.

¢ Incompatible Observables: Consider two observables O and O;. The
observables commute iff [O1, O] = 010, — 0,01 = 0. If they do not,
they are incompatible (see section 2.2.1). If two observables are incom-
patible, they do not share all the same eigenstates. Thus, if S is in one
such non-shared eigenstate of O; (0»), it follows that it does not have a
definite value for O, (O1).

¢ Entanglement: Consider an entangled system Si, composed of S; and S
with corresponding Hilbert space H1; = H1 ® Ha. S1p might be in an
eigenstate |) of O1p = O1 ® 1, — 11 ® O that is neither an eigenstate of
O1 nor an eigenstate of O,—with O; and O, defined on H; and on H;
respectively. Both S; and S, will therefore lack a definite value for the
corresponding observables.

In each of the above cases, applying the EEL entails that one or more
observables do not always possess a definite a value. Such lack of definiteness
has been taken at face value as to indicate the existence of an ontological kind
of indeterminacy (called metaphysical indeterminacy (MI)), namely one that we
cannot explain away as due to our ignorance or to semantic indecision.

According to Calosi and Wilson, 2019, MI is pervasive in quantum the-
ory, and affects in one way or another every interpretation of quantum theory.
We shall notice, however, that this claim is not so straightforward, and requires
many details that we cannot enter here. For one, consider that the argument
leading from LVD to the existence of quantum indeterminacy is essentially
based on the EEL. The EEL, however, is far from being unanimously accepted
within the various accounts of quantum mechanics (Wallace, 2019). Therefore,
in order to establish the existence of quantum indeterminacy in the context of
various interpretations of the theory, it seems that much more needs to be said.
Yet, similar arguments have been put forward in recent years in many of the
existing interpretations'?, thus showing that, if not forced upon us, Ml is at
least to some extent suggested by quantum theory, and could then be a useful
explanatory tool.

In particular, notice that in the context of spontaneous collapse interpretations of QM,
indeterminacy can arise even by revising the EEL. See, e.g.: Lewis, 2016; Albert, 1996; Mariani,
2020. For a critique, see Glick, 2017.
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Several proposals have been developed as consistent ways to make sense
of QI. Two quite distinct families of approaches should be mentioned: the meta-
level views, and the object-level views. Very roughly, the distinction between
them is the following. According to the meta-level view, indeterminacy is un-
derstood as wordly unsettledness between fully precise alternatives. There-
fore, on this view, there is MI when it is indeterminate which determinate state
of affairs obtains. In the context of quantum entanglement, it is indeterminate
which determinate quantum state is assigned to entangled subsystems. Ac-
cording to the object-level view, indeterminacy is understood as the obtainment
of an indeterminate state of affairs. Thus, on this view, there is MI when an in-
determinate state of affairs (determinately) obtains. In the context of quantum
entanglement, it is determinate that the quantum states assigned to entangled
subsystems are indeterminate. Both approaches to MI have been exploited in
order to make sense of the lack of value-definiteness in quantum theory, al-
though it is fair to notice that the object-level view seems to be preferred (see
Calosi and Mariani 2020 for a discussion).

From this discussion, we see that there are different ways to read entan-
glement, from a metaphysical point of view. Each approach can yield a dif-
ferent world ontology (structuralist, holistic or indeterminate) as the result of
the presence of entanglement, although there exist some possible connections
between those perspectives. For example, while holism and structuralism are
distinct proposals (one emphasises the prevalence of the whole over the parts,
and the other emphasises the fundamental status of relations) a radical version
of structuralism as proposed by Ladyman (1998) assigns to the entanglement
relation a more fundamental status than that of the quantum states of the en-
tangled sub-systems, which coincides with a holistic view in which the quan-
tum state of the whole does not supervene on those of the parts. Structuralism
and indeterminacy can also meet in the context of entanglement when it is
read as a fundamental relation irreducible to intrinsic properties of the relata,
which, for their part, are left undetermined. Such strategies can, in principle,
be applied independently of the particular solution to the measurement prob-
lem.

2.3 Conclusion

This chapter’s first section reviewed the discussions concerning the relation
between science and metaphysics, highlighting the arguments in favour of a
close dialogue between the two fields. While this work will not aim at ad-
dressing specific issues pertaining to the field of naturalised metaphysics, it is
important to keep in mind the various open questions raised in that literature
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that could affect the very motivations and legitimacy of the present research, as
section 2.1.4 showed. For that reason, we will come back to, and discuss, these
particular questions in due time across the remainder of this dissertation.

The second section provided a broad overview of the metaphysical pic-
tures of reality that were discussed in the context of quantum mechanics, either
in the context of a full solution to the measurement problem, or as a coherent
reading of a particular (and central) theoretical feature of the theory, namely
quantum entanglement. This global picture will constitute a state-of-the-art
metaphysical toolbox to guide the development of the present work.
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Chapter 3

Recent developments in quantum
physics: exploring quantum
causality

This chapter will now present the specific formalism containing the concepts
of which the philosophical implications will be discussed in this work. Sec-
tions 3.1 and 3.2 will present the general theoretical context in which certain
formalisms are developed. Section 3.3 will present the particular formalism of
interest here, namely the process matrix formalism. Finally, section 3.4 will de-
fend at length the methodology followed in this research, consisting in adopt-
ing a scientific realist attitude towards the process matrix formalism, as this
goes against a somehow antirealist trend in the field of quantum foundations.

3.1 The field of quantum foundations

In the previous chapter, the discussion focused on the theory of quantum me-
chanics (and its variants) as expressed in the formalism of Hilbert spaces. Yet,
the theory can be expressed in the language of other formalisms, of which the
frameworks can potentially prove more convenient to investigate a range of
technical or conceptual questions.

The field of quantum foundations seeks precisely to reformulate quan-
tum mechanics in order to investigate, as the name suggests, the foundations of
the theory. More precisely, reformulations of quantum mechanics can be used
to explore the very structure of the theory. The main aim is to discover theoret-
ical features that are genuinely quantum, i.e. the features that characterise the
theory and that are not present neither in classical theories, nor in theories that
are more general than quantum mechanics. Such a knowledge is important to
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distinguish what makes quantum mechanics distinct from other theories, and
what is specific to the quantum realm and genuinely non-classical. In doing
so, one can search an answer to the question “Why is quantum mechanics as it
is?” (instead of answering the question “how is the world according to quan-
tum mechanics?”). The answer lies in the theory’s core characteristics, in its
foundational architecture.

A direct byproduct of the above-mentioned research lines is the obtain-
ing of insights regarding possible generalisations of quantum mechanics. By
studying first the foundations of the theory, one can aim at generalising quan-
tum mechanics by modifying one or more of its foundational features. This
allows to explore wider theoretical frameworks that may or may not describe
physical phenomena. In the first case, the post-quantum theory would be an
actual physical theory describing a broader realm than that of quantum me-
chanics. In the second scenario, the post-quantum theory would inform us
about important limits inherent to the physical world. In both cases, such
results are expected to provide us with new knowledge about our physical
reality.

The formalism used to reformulate quantum mechanics is that of oper-
ational theories. It offers an interesting framework as it anchors the theory in a
set of physical principles (from which the theory is recovered).

The next sections will develop each of these above-mentioned elements.
Section 3.2 will present the notion of operational probabilistic theories (OPT)
and how they can be used to study the basic foundations (hence, structure) of
quantum mechanics. Section 3.3 will present a specific OPT that aims at gen-
eralising quantum mechanics. It will then discuss the conceptual questions
arising from such a theoretical discovery. These discussions will be of first
importance in chapters 4 and 5, where philosophical questions will build on
the technical and theoretical notions exposed in this chapter. Finally, to com-
plete setting the stage for the philosophical discussions of chapters 4 and 5,
section 3.4 will argue for the neutrality of the field of quantum foundations
regarding the realist/antirealist debate. Indeed, as a realist stance will be a
central working hypothesis for our discussions, and since antirealism is often
associated with the field of foundations of quantum mechanics, it is important
to clear the path from potential “in principle” objections coming from the an-
tirealist camp and explicitly demonstrate the viability of our realist approach
towards recent developments in the field of quantum foundations.
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3.2 Operational probabilistic theories (OPT)

The framework of operational probabilistic theories is also called the opera-
tional framework for physical theories. In that framework!, a physical experi-
ment is entirely encapsulated in a probability distribution correlating the states
of the system with the outcomes of the possible measurement’s procedures.
The state of a physical system is associated with the preparation procedure
leading to that state. More precisely, a state is a class of operationally equiva-
lent preparation procedures, i.e., procedures that cannot be distinguished ex-
perimentally. It is mathematically represented by a vector noted w in a vector
space. Any measurement procedure that can be performed on the system can
be decomposed into a set of 1-bit measurements. Those are called effects and
noted e’. They are mathematically represented by vectors in a second vector
space (the “dual” space, or “effect space”). A vector (state or effect) that cannot
be expressed as a convex combination of other vectors is said to be extremal,
or pure, while it is mixed otherwise. Performing a specific 1-bit measurement
(corresponding to a specific effect) on a system in a given state yields the out-
come 0 or 1, usually not in a reproducible way, but rather according to a certain
probability distribution. Knowing that distribution for all the combinations of
extremal states and effects is sufficient to calculate the outcome probability for
any arbitrary pair of state and effect. For composite systems made of different
single systems, an appropriate composition rule between the single system’s
state spaces on the one hand, and between the single system’s effect spaces on
the other hand, will determine how those sub-systems will interact with each
other.

At this stage, no specific structure is imposed for the state and effect
spaces, yielding a formalism that is general enough to allow a large range
of theories to be formulated. This formalism is model-independent, meaning
that no specific machinery, tool or apparatus is involved, and the experimen-
tal setup is reduced to a black box fed with some inputs and returning some
output.

By contrast, a specific theory will correspond to a specific structure for

IThe present description of this framework is based on the work of Janotta and Hinrichsen
(2014), Myrvold (2010), Timpson and Maroney (2013), D" Ariano, Chiribella, and Perinotti, 2017
and D’Ariano, 2010.

ZMore general transformations can also be considered in OPTs. Intermediate transforma-
tions of the system can be considered as being part of the preparation or measurement proce-
dures.
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the state and effect spaces ®. Indeed, upon postulating a new probability distri-
bution, symmetries of the physical law to be reproduced, or some dynamical
aspects of the system to be modelled, might influence the resulting structure
of the state and effect spaces. Importantly, those state and effect spaces have to
satisfy consistency rules ensuring that the combination of any effect with any
state yields a scalar compatible with a probabilistic interpretation, i.e., com-
prised between 0 and 1. Finally, the definition of the composition rule for com-
posite systems will be crucial in determining whether the resulting probability
distribution will display classical, quantum or post-quantum features, the lat-
ter being neither classical nor quantum.

A theory can be constructed by selecting an ensemble of probability dis-
tributions satisfying a set of basic axioms. Many toy theories have been con-
structed so far, displaying state spaces of various dimensions and shapes (Jan-
otta et al., 2011; Janotta, 2012). When a made-up theory allows to recover clas-
sical or quantum mechanics, it provides a reconstruction, also called axioma-
tisation, of that theory. The OPT framework is sufficiently general to include
a large number of possible probability theories, with classical and quantum
theories as special cases.

Importantly, these basic axioms rely entirely on physical processes such
as preparation and measurement procedures in an experimental setup. These
principles are therefore based on operational processes, which explains why
we talk of operational formulations of theories. Some of these basic opera-
tional axioms might be referred to as information-theoretic principles. Such
principles involve processes and rules governing them that are at the core of
quantum information theory, which studies how quantum systems can be used
to process and communicate information (see Timpson and Maroney, 2013 for
a review).

A pioneer axiomatisation of quantum mechanics from 5 axioms, some
of which are inspired from quantum information theory, was made by Hardy,
2001. Subsequent work provided further operational axiomatisations (Clifton,
Bub, and Halvorson, 2003; Chiribella, D’Ariano, and Perinotti, 2010; Chiri-
bella, D’Ariano, and Perinotti, 2011; Dakic and Brukner, 2011; Hardy, 2011;

3In standard quantum mechanics, for example, the states are density matrices acting on a
complex Hilbert space and the effects are probabilistic mixtures of projection operators acting
on that same Hilbert space. In that context, the description is model-dependent. If one focuses
instead only on the probabilities distributions allowed by quantum mechanics (e.g. in order to
analyse their properties such as nonlocality), one retrieves the model-independent approach
provided by the generality of the operational probabilistic formalism.
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Masanes and Muller, 2011; Fivel, 2012; Wilce, 2012; Masanes et al., 2013; Bar-
num, Muller, and Ududec, 2014; Chiribella and Spekkens, 2015).

3.3 A particular OPT: The process matrix formalism

3.3.1 Motivations

The development of the process matrix formalism was motivated by the de-
sire to provide a more general formalism for quantum mechanics in which no
global predefined causal order is assumed between different quantum events,
which are basically a pair of input and output physical systems* connected
via some quantum operation. Within such a formalism, one can investigate
whether more general causal structures than the definite (yet possibly dynam-
ical) ones are compatible with quantum mechanics.

The formalism in which a theory is to be formulated without any refer-
ence to a global causal order needs to be causally neutral. This means that the
formalism should express the relations among systems using the same mathe-
matical objects, irrespectively of whether the systems are causally connected or
disconnected. However, the standard formalism of quantum theory does not
feature such a neutrality (Brukner, 2014): while the correlations among sub-
systems S1 and Sy (described by Hilbert spaces H1 and H; respectively, and
localised implicitly” in the same temporal regions (Horsman et al., 2017), but in
possibly different spatial regions) are generated by a joint state p;_; acting on
the tensor product of the sub-systems’ Hilbert spaces (012 € L(H,) ® L(H,)),
the correlations among the states of a single system at different times are rep-
resented by a linear map M transforming the initial states (p; € L£(H;)) into
final states (0f = M(p;) € L(Hy)) in accordance with the specific outcome
of the evolution. A unified formulation for correlations among systems re-
lated by spatial and/or temporal relations is achievable by using the Choi-
Jamiolkowski (CJ) isomorphism (Jamiotkowski, 1972), which transforms a lin-
ear map M : L(H;) — L(H) between two density matrices p; and py acting
on two Hilbert spaces (#;) and (# ) into a single matrix M € L(H,;) ® L(H)

4A distinction needs to be made between the classical inputs (i.e. measurement settings)
and outputs (i.e. measurements outcome) of a given quantum measurement, and the quan-
tum inputs (i.e. input quantum system) and outputs (i.e. output physical system) of a given
quantum operation.

Unless explicitly specified.
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acting on the tensor product of these Hilbert spaces. M is called the Choi ma-
trix of M.

At this point, a mere causal neutrality is achieved. The process ma-
trix formalism gives up on the assumption of a definite causal structure by
postulating that the local experiments performed on quantum systems by dif-
ferent parties obey the rules of quantum mechanics, but it makes no assump-
tion regarding the spatio-temporal locations of these parties (Oreshkov, Costa,
and Brukner, 2012). In standard quantum mechanics, the local quantum ex-
periment of each party are described either operationally by probability dis-
tributions, or in a model-dependent form in terms of a density matrix being
acted on by a linear map describing how input states are transformed into final
states upon a measurement. The correspondence between the operational and
Hilbertian notions is thoroughly presented in Janotta and Hinrichsen (2014):
the equation describing the link between the probability distribution of an ex-
periment and the Hilbert space formalism in the context of a fixed causal struc-
ture is given by the Born rule:

P(M;) = Tr[E;p] 3.1)

where P(M;) is the probability to obtain the classical outcome labelled i, M;
is the completely positive trace non-increasing bilinear map transforming any
input system S into a given final state S’ in agreement with the obtained mea-
surement’s outcome i, and E; is the operator describing the corresponding
measurement performed on the system, with E] = Trg/[M;], in which M, is
the Choi matrix of the map M;. Trs[X] indicates the operation calculating the
partial trace over the Hilbert space of a system s of a matrix X. If two parties
(A and B) perform a joint measurement on a shared composite system p;_,
Eq. (3.1) becomes:

PAB (M, MP) = Tr[E; ® Ej pr 5] (3.2)

where PAB(MA, Mf) is the probability to obtain the joint outcome labelled i

and j, M2 (./\/l}3 ) is the completely positive trace non-increasing bilinear map
transforming any input system of party A (B) into a given final state in agree-
ment with the obtained measurement’s outcome i (j), and E; ® E; is the joint
operator describing the corresponding measurement performed on the shared
system. If the two parties are instead subsequently experimenting on the same
system p, Eq. (3.1) becomes:

PAP(ME, MP) = Tr[E. M] (p)] (3.3)
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where E; is the operator describing the measurement performed by party A
on the system after party B performed a measurement described by the linear
map M ? applied on the system.

We see that Eq. (3.2) and (3.3) don’t have the same mathematical struc-
ture. It can be shown that if we appeal to the CJ isomorphism presented earlier
to transform the linear maps M?# and M }5 into matrices acting on the tensor
product of the Hilbert spaces describing the system before and after the cor-
responding operation, we obtain the following expression for the joint proba-
bility distribution of having the outcomes labelled i for the party A, and j for
the party B (the generalisation to multiple parties is straightforward), indepen-
dently of the kind of relation existing between the quantum states studied by
the two parties:

P(MP, MP) = Tr[whABiBa (4 g M) (3.4)

where M?lAZ is the (CJ) matrix acting on the tensor product of the Hilbert
spaces in which the system is described before and after the measurement,
H™M @ HA2, obtained by applying the CJ isomorphism on M#, and similarly
for Mf1B2. W is a matrix acting on the tensor product H41 @ H42 @ HP1 @ HB2,

with H X being the Hilbert space of the system of party X before the measure-
ment (m = 1) or after the measurement (m = 2). W satisfies a set of conditions
ensuring its consistency with a probabilistic interpretation of Eq. (3.4) (Ore-
shkov, Costa, and Brukner, 2012).

Eq. (3.4) is very similar to, and can be seen as a generalisation of, Eq. (3.1),
(3.2) and (3.3) describing the link between the probability distribution of a
(multipartite) experiment and the Hilbert space formalism in the context of
a fixed causal structure. Indeed, it has those equations as particular cases,
and encompasses even more general situations, as we will see in later sections.
Meanwhile, a first intuition about the meaning of W, called process matrix, can
be suggested by comparing Eq. (3.4) with Eq. (3.2) from which W appears to be
a generalisation of the quantum state p, allowing to represent a joint quantum
resource shared by multiple parties without mentioning their spatio-temporal
locations.

The formal comparison between the density and process matrices will
be developed in more details in chapter 4.
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3.3.2 Causal nonseparability

In analogy with the definition of separable quantum states, the notion of separable
processes can be defined. While the former notion describes quantum relations
among separate degrees of freedom, to which different Hilbert spaces are at-
tached, by referring to quantum states of systems, the latter notion describes
causal relations among quantum events by referring to quantum processes. For
those reasons, while we speak of quantum separability of quantum states, we
speak of causal separability of processes.

Let be two parties A and B performing local quantum operations on a
quantum system. The associated bipartite process WAB describing the way
those local operations are combined to form a global structure is said to be
causally separable if it can be decomposed as a probabilistic mixture of one-
way (or no-) signalling causal processes (Oreshkov, Costa, and Brukner, 2012;
Oreshkov and Giarmatzi, 2016):

WA,B — qu<B + (1 . q)wB<A (35)

where g is a number between 0 and 1 and WX=Y represents a process for

which signalling is only possible from X to Y. Although we will focus exclu-
sively on the bipartite case here, it is worth mentioning that a generalisation
of Eq. (3.5) for multipartite processes has been developed in Oreshkov and
Giarmatzi (2016) and Wechs, Abbott, and Branciard (2018).

A process compatible with an underlying given, fixed causal structure
is necessarily a one-way (or no-) signalling process, and vice versa. Indeed,
if a process is compatible with an underlying fixed causal structure, it means
that we are able to provide the following narrative: either the events generated
by the process are causally disconnected and no signalling occurs, or they are
causally connected according to a definite time ordering, in such a way that
signalling is in principle possible only from the temporally anterior events to
the temporally posterior ones. Reciprocally, if a process is one-way (or no-)
signalling, this trivially means that it is compatible with an underlying fixed
causal structure. The definition formalised in Eq (3.5) therefore means that a
causally separable process is a convex combination of processes compatible
with a given, fixed causal structures. We say that a causally separable pro-
cess is therefore a process that is compatible with an underlying definite causal
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structure®. Even for a probabilistic preparation procedure that yields a given
causal order with a certain probability, it is still the case that the time ordering
between the events in party A and party B is definite. This means that the
events measured in party A are either preceding those measured in party B
(this is denoted A < B) or succeeding them (this is denoted B < A).

Chiribella et al. (2013) have imagined a circuit, called the quantum switch
(QS), of which the process matrix has been proved to be causally nonseparable
(Oreshkov and Giarmatzi, 2016; Aratjo et al., 2015). The QS maps two local
operations (noted A and B) on a global one. Two parties, Alice and Bob, per-
form an operation in their respective closed local laboratory, on a shared sys-
tem called the target system. This system evolves jointly with a control qubit, of
which the state determines the temporal order between Alice’s and Bob’s op-
erations. More precisely, if the control qubit is in the state |0), the target system
undergoes Alice’s operation (noted A) before undergoing Bob’s one (noted B),
and vice versa if the qubit’s state is in |1). A third party, Fiona 7, will perform
an operation on the control qubit after Alice and Bob made their operations on
the target, erasing the information about the causal order between Alice and
Bob. If the control qubit is initially prepared in a superposition of states |0)
and |1), then the process’s causal structure becomes entangled with the control
qubit’s state. However, it is common to use a slight misuse of language to de-
scribe that situation, and say that the QS is in a superposition of causal orders
between Alice and Bob. Indeed, since there are only two operations, there are

®More precisely, the global causal structure among the events described by that particu-
lar process is definite. Of course, a causally separable process (therefore being a probabilis-
tic mixture of processes with a fixed causal structure) can itself be part of a wider causally
nonseparable process, which would be incompatible with a definite causal structure. Hence,
the origin of the probabilistic mixture can be either a classical ignorance regarding the actual
global structure of the process (referred to as a “proper mixture”), or an indefinite causal struc-
ture at a broader scale (referred to as an “improper mixture”). This situation is similar to that
of quantum nonseparability (Nielsen and Chuang, 2010, p. 110).

"This third party, Fiona, is actually crucial for the QS to be causally nonseparable. Since
Fiona (F) receives the control qubit after the target system has left both laboratories A and
B, and performs some operation on it, the quantum switch is strictly speaking a tripartite
process. Tracing out its process matrix over the third party would lead to an improper mix-
ture of fixed causal orders, i.e. a causally separable process matrix. However, it can be
shown that a tripartite process W in which one party has no outcome system for his/her
operation (we throw it away) is causally separable if and only if it can be expressed as
W = g WASB=F 4 (1 —gq) WB=4=F, Hence, as long as Fiona has no output system for
her operation (it is the case within the quantum switch), we find ourselves in a situation in
which the causal order is indeterminate among two operations. For that reason, the tripartite
causal nonseparability of the quantum switch amounts, to a certain extent, to a bipartite case
of causal nonseparability.
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two possible fixed causal structures linking them®: either only operation A can
influence B (noted A < B), or reciprocally (noted B < A). When the control
qubit is in a superposition of states |0) and |1), the global structure combin-
ing operations A and B is in a superposition of definite structures A < B and
B < A. Asit will be emphasised further in chapter 4, a quantum process allows
to mathematically represent relations among quantum events, independently
of the system itself ° and of the local operations that are performed in closed
laboratories. These relations are underpinned by an actual causal structure. In
the present case, the process describing the quantum switch is such that the re-
lations linking the inputs and outputs of the two operations are nonseparable,
in the sense that the operations cannot be said to be performed in a definite
causal order. In other words, the process is incompatible with any fixed causal
order. We say that the underlying causal structure is indefinite, and displays an
indefinite causal order.

3.3.3 Noncausal correlations

A quantum process generates specific correlations depending on the experi-
ment that is performed. As a result, if one focuses on those correlations instead
of on the process itself, it is possible to provide an operational characterisation
of the corresponding causal structures featured by the system. Let’s consider
a joint measurement performed by two observers, Alice and Bob, with a given
set of inputs x and y corresponding to Alice’s and Bob’s input choices, respec-
tively. The corresponding joint probability to obtain the outcomes a for Alice
and b for Bob is noted P45 (a, b|x, y). A given correlation P48 (a, b|x, y) is causal
if it satisfies a decomposition similar to Eq.(3.5):

PA%(a,b|x,y) = qP4=P(a,b|x,y) + (1 — q)PP=4(a, b|x,y) (3.6)

8The process matrix formalism presupposes that each of the operations forming the set that
is mapped over some global operation by the quantum process is performed once and only
once. An extension of the formalism allowing multiple rounds of information exchange for
each party has been developed in (Hoffreumon and Oreshkov, 2021).

9When the preparation procedure for the input system of the process is not fixed by the
process itself, and is rather left as an event occurring in an additional party.
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where g € [0,1], and PA=B(a,b|x,y) and PB=4(a,b|x,y) are valid probability
distributions compatible with the fixed causal order indicated by their super-
script (Oreshkov, Costa, and Brukner, 2012; Branciard et al., 2015). More pre-
cisely, a correlation PA=5(a,b|x,y) means that no signalling can occur from
Bob to Alice, i.e. the correlation satisfies the following constraints:

p™=5( A=B(alx,y), (3.7)

Vx,y,y,a, alx,y) =p

with pA=B(alx,y)) = ¥, pA=E(a, b|x,y)).

Reciprocally, a correlation PB=4(a, b|x, y) satisfies the following constraints:

B4 (b]x,y) = pP*4(b]x,y). (3.8)

Vy,x,x',b, p
Correlations P48 (a,b|x,y) can be geometrically represented as vectors in a
multi-dimensional space, the dimension depending on the number of parties,
measurements settings and outcomes. It follows from Eq. (3.6) that any convex
combination of causal correlations is still a causal correlation. The vectors cor-
responding to causal correlations form a (convex) polytope, and all the correla-
tions in that causal polytope satisfy trivial constraints ensuring a probabilistic
interpretation. They also satisfy non-trivial constraints originating from the
definition of causal correlation expressed in Eq. (3.6). These constraints can be
formulated as algebraic inequalities. The correlations satisfying all constraints
but reaching the upper-bound value for a given inequality are still part of the
causal polytope and constitute the various facets of the latter. Each facet corre-
sponds to correlations reaching the upper-bound value of a specific inequality.
As a result, it is said that non-trivial facets correspond to causal inequalities.
Any valid correlation outside the causal polytope violates at least one causal
inequality, and is therefore qualified as noncausal. Hence, by construction,
such inequalities are used to test whether a correlation is causal.

A concrete example of causal inequalities and corresponding noncausal
correlations violating them has been provided by Oreshkov, Costa, and Brukner
(2012), and also by Branciard et al. (2015) in the simplest bipartite configura-
tion with two different measurement’s settings and outcomes for each party.
Further work needs to be done in order to establish the causal inequalities of
more complex causal polytopes.

Although causal nonseparability is necessary for noncausal correlations
(Oreshkov, Costa, and Brukner, 2012; Wechs, Abbott, and Branciard, 2018),
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previous work showed that a causally non-separable process will not neces-
sarily generate correlations that will violate a causal inequality (Oreshkov and
Giarmatzi, 2016; Aratjo et al., 2015). Its non-sufficiency can in particular be
demonstrated by the example of the quantum switch, which is causally non-
separable but does not lead to any noncausal correlations. So far, no physical
protocol that generates noncausal correlations has yet been found (Wechs et
al., 2021; Purves and Short, 2021)10.

3.3.4 Open questions

So far, the notion of causal nonseparability presented in section 3.3.2 is purely
formal. From there, one can first wonder whether this concept characterises
any real physical process. Secondly, if the previous question is answered pos-
itively, one can ask about the meaning of such a concept. In particular, within
the framework of a realist attitude towards quantum processes, one can ex-
plore the metaphysical implications of the notion of causal nonseparability.
While the last issue will be explored in chapter 5, we will now discuss the first
question.

Distinguishing the process matrices referring to physical quantum pro-
cesses from process matrices that are just mathematical artefacts of the formal-
ism, without any reference in the world itself, is a difficult task that is currently
still under investigation (see e.g. (Aratjo et al., 2017; Wechs et al., 2021))!!.
Yet, there are at least some causally nonseparable processes that have a rather
straightforward physical implementation (Wechs et al., 2021). Among those,

10N oncausal correlations have been observed in the literature, but those do not correspond
strictly speaking to the notion presented in this work. Ho et al. (2018) showed that it was
possible to observe noncausal correlations by relying to a specific protocol in which the parties
perform operations within a spatially localised laboratory, but within an extended interval of
time. Such laboratories are therefore not strictly closed, and causal cycles become allowed
between the parties. Other works showed that one could obtain noncausal correlations by use
of post-selection (Oreshkov and Cerf, 2016; Silva et al., 2017; Aratjo, Guérin, and Baumeler,
2017; Milz et al., 2018).

HThe question of the physical status of causally nonseparable processes has pragmatic im-
plications, since causal nonseparability leads to computational advantages when implemented
in circuits performing certain tasks (Chiribella, 2012; Colnaghi et al., 2012; Aradjo, Costa, and
Brukner, 2014; Facchini and Perdrix, 2015; Feix, Aratjo, and Brukner, 2015; Guérin et al., 2016;
Ebler, Salek, and Chiribella, 2018; Salek, Ebler, and Chiribella, 2018; Chiribella et al., 2021;
Mukhopadhyay, Gupta, and Pati, 2018; Procopio et al., 2019). Yet, because the validity of
such implementations is still debated, the question remains open regarding whether such a
computational advantage is genuine or simulated.
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the particular process called the quantum switch (see section 3.3.2) has been
physically implemented in a variety of ways (Procopio et al., 2015; Rubino et
al., 2017; Goswami et al., 2018; Wei et al., 2019; Guo et al., 2020).

Yet, objections have been raised against the idea that those implementa-
tions are physical realisations of a genuine indefinite causal order. The process
matrix formalism assumes that each party is perfectly isolated from the rest of
the world, and performs its operation once and only once. The reason is that
quantum processes need to satisfy these features in order to be valid processes.
Moreover, the violation of these criteria would weaken the meaningfulness of
the concept of indefinite causal order as a purely quantum phenomenon. As
an example, in a bipartite scenario in which parties are not isolated, the pos-
sible causal relations between A and B would not be exhausted anymore by
the set {“A causes B”, “B causes A”}. Indeed, one could imagine that A and B
occurs simultaneously and influence each other, forming a causal cycle. Such
a configuration could not be expressed as a probabilistic mixture of definite
causal orders “A causes B” and “B causes A”, yet would have a classical un-
derstanding (MacLean et al., 2017).

For these reasons, it is therefore important for any implementation of
the quantum switch to ensure that each party is well isolated, and that its op-
eration is performed once and only once. Oreshkov (2019) showed that local
operations in a particular class of processes (including the quantum switch)
are assigned time-delocalized Hilbert spaces with respect to which the causal
structure is definite and involves causal cycles. This provides a clear mathe-
matical argument for saying that the assumption that local operations are per-
formed once and only once can be verified in practice trough quantum process
tomography.

Another objection to existing implementations of the quantum switch
points out that only a gravitational quantum switch (i.e. involving an actual
superposition of spacetime metrics) would constitute a proper implementation
of an indefinite causal order (Zych et al., 2019; Paunkovi¢ and Vojinovi¢, 2020).
Indeed, it can be argued that the quantum switch, since it is defined within
a classical non-relativistic spacetime, cannot guarantee a faithful description
of spacetime at quantum scales. The present work is sympathetic to such an
objection, and the attitude that is defended here is that the quantum switch,
and more generally indefinite causal orders, point towards a tension between
quantum features and classical spacetime. As such, their (metaphysical) inves-
tigation can potentially lead to fruitful conceptual tools that could be of use in
more advanced quantum theories of spacetime (see chapter 5 for a develop-
ment of this point).
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From the above discussions, it is then rather reasonable to consider, or
at least assume, that indefinite causal orders can be found in physically im-
plementable processes. The question now will be to elucidate to what it could
correspond to in the world (see chapter 5). Since that question will be dis-
cussed under the assumption of scientific realism, the next section will discuss
the validity of such a stance in the context of quantum foundations.

3.4 Realist attitude towards OPTs

The debate between the two opposite stances that are scientific realism and
antirealism is a central one in philosophy of science since the development
of modern science (Psillos, 2005). Scientific realism holds the view that our
best scientific theories provide approximately true descriptions of the objec-
tive, external world. Such a philosophical attitude relies on three assumptions
(Chakravartty, 2017a): (i) a metaphysical proposition according to which there
exists a mind-independent, objective world, (ii) a semantic proposition accord-
ing to which whether our theories are true or false is determined by the com-
position of nature and (iii) an epistemic proposition according to which science
can provide access to objective knowledge of the external world. Denying any
of those propositions leads to a form of antirealism about scientific theories.
The most common form of scientific antirealism is epistemic, as it denies the
epistemologically warranted and direct access to objective reality through sci-
ence.

In the context of this section, we will focus on the scientific realist and
antirealist views as applied in the more specific context of quantum mechanics.
A variety of antirealist approaches towards that theory have been developed.
Those approaches range from a mere agnosticism regarding whether the ontol-
ogy and dynamics postulated by the theory are approximately true (rejection
of the epistemic proposition defined above), to a more radical stance claiming
that quantum mechanics is not about objective reality. The underlying premises
for the latter stance are either the rejection of the metaphysical and/or seman-
tic propositions defined above, or the rejection of the epistemic proposition on
the grounds that quantum mechanics is about a subjective reality.

The study of the foundations of quantum mechanics often appeals to the
operational formalism within which the theory can be recovered from a few
basic physical principles. Such a framework is sometimes used to support an
antirealist view towards quantum mechanics. I intend in this section to defend
the point that no formalism alone will ever provide evidence or support for
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either a realist or an antirealist stance, and that extra-assumptions are always
needed in order to motivate a particular approach.

As such, this section is therefore not against antirealist readings of oper-
ational formalisms. Neither is it in favour of realist readings. Its goal and scope
have a very specific focus: this discussion aims at providing a clarificatory em-
phasis on the fact that the way realist or antirealist approaches are philosophi-
cally motivated is no different in the context of operational formalisms than it
is in the context of any other framework. Yet, I believe that these points deserve
an explicit and clear formulation, not because they are necessarily polemical,
but because they allow to highlight important non-explicit premises under-
lying recent antirealist approaches towards operational frameworks. Putting
those under the spotlight will allow reclaiming a central fact: no new argu-
ment in favour of antirealism can be extracted from formal aspects in the foun-
dations of quantum physics.

Through the discussion of particular antirealist arguments based on op-
erational formalisms found in the literature, I will highlight the following points:

¢ The arguments attempting to support an antirealist view of quantum me-
chanics based solely on the operational formalism for physical theories
alone are not convincing arguments (section 3.4.1).

¢ Similarly, there is no convincing argument for realist approaches to quan-
tum mechanics grounded in the operational formalism in itself. Over-
all, both realist and antirealist approaches towards quantum mechanics
are in principle equally compatible within the operational framework for
physical theories (section 3.4.2).

¢ The reason for this in principle compatibility of both realist and antirealist
views of quantum mechanics with operational formulations of the the-
ory is that the realist/antirealist debate is purely epistemic and does not
involve any feature of any formalism. The arguments involved are not
tied to a specific theory (section 3.4.3).

¢ In particular, and this is the important point, the operational framework
for physical theories is, in itself, epistemologically neutral, and, within
a given epistemic framework, the interpretation of the theory (its onto-
logical content) is postulated. The operational framework for physical
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theories in itself !> does not favour a particular epistemic or ontological
stance.

This discussion will relocate the realist/antirealist debate about quan-
tum mechanics where it should be, i.e., at the epistemological level °. As a
result, one cannot draw a realist or antirealist argument solely based on the
features of some chosen formalism. The operational physics in itself, not only
does not favour antirealist views over realist ones, but is also neutral episte-
mologically and ontologically.

3.4.1 Main antirealist arguments based on operational physics

This section will discuss three arguments to be found in the literature defend-
ing an antirealist view of quantum mechanics based on some features of the
operational framework for physical theories. For each argument, a quick pre-
sentation is followed by objections.

While the second and third discussions are, to the best of my knowl-
edge, new in the literature, the first argument’s discussion is reviewed from
previously existing work (Timpson and Maroney, 2013). It seems that this first
argument remains somehow present in some informal conversations in the
context of conferences in foundations of quantum mechanics, or in some work
posterior to that of Timpson (see below). It seems therefore interesting to recall
Timpson’s objections here. Moreover, including a review of Timpson’s work

12Le. the purely formal content of the theory, without any additional interpretative consid-
erations. A remark is worth mentioning here: it is true that the formal content of a theory
can constrain any assigned ontology (e.g., the quantum ontologies designed within realist ap-
proaches to quantum mechanics are highly constrained by the formal aspects of the theory),
and a particular ontology taken as a premise can influence the formal aspects of a theory in
development (e.g. Bohmian mechanics was developed around a particular primitive ontol-
ogy). Yet, such a mutual influence does not imply that a particular formalism needs to be
interpreted in one particular way. There is not one unique ontology that can be postulated for
any given formalism (see, e.g., a discussion in Chen (2019)). A given formalism, even designed
with a specific interpretative framework in mind, can still be read along different lines by other
thinkers. To sum up, even if in the practice of developing and interpreting a theory, there is
a mutual dependence between the formal aspects and the postulated meaning of a theory, a
given interpretation for a given formalism (whether it is a realist or an antirealist one) is never
necessary.

13This point is actually a very general one, but we focus here on quantum mechanics (and
generalisations thereof) in particular because the philosophical implications related to those
theories seem to be more pressing.
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in this discussion allows to show a richer variety of different strategies sup-
porting antirealism towards quantum mechanics based solely on features of
some formalism. It will be interesting to see that all of these three arguments
involve interpretational steps or assumptions that need to be considered in
addition to the features of the operational formalism itself. These additional
assumptions either boil down to more general considerations belonging to the
realism/antirealism debate, or need further justifications to overcome the ob-
jections that are raised against them.

3.4.1.1 "Quantum mechanics is about ‘quantum information’, i.e., the wave-
function is mere information”

3.4.1.1.1 Summary of the argument

As announced above, the argument discussed in this section has been reviewed
and objected to by Timpson and Maroney (2013, Chap.7). It was recalled in
section 3.2 that quantum mechanics can be reconstructed (axiomatised) from a
limited number of basic axioms that select the set of probability distributions
satisfying each of these principles. This results in a particular operational prob-
ability theory that recovers standard quantum mechanics in the sense that the
axioms select the distributions allowed by quantum mechanics, while exclud-
ing all the distributions that are not. In particular, quantum mechanics can be
reconstructed (axiomatised) from informational principles, i.e., from axioms
governing how quantum systems can be used to process and communicate
quantum information. As expressed in the work of Timpson and Maroney
(2013, p. 150), such particular OPTs are sometimes taken as the sign that quan-
tum mechanics is only “about information”, hence, should be interpreted epis-
temically. In other words, quantum mechanics would not be directly about an
external objective world, but about the empirical knowledge, representation,
or even beliefs that we have of the world, which do not necessarily coincide
with the actual objective world underlying those knowledge, representation or
beliefs. This therefore amounts to a form of scientific antirealism as regards to
quantum mechanics (we reject the epistemic proposition for scientific realism).

Specific examples of such a move can be found in (Zurek, 1990, p. viii)
or, more recently, in (Koberinski and Miiller, 2018). The latter acknowledges
the interpretative neutrality of the operational (information-theoretic) formal-
ism itself:

“Our arguments [...] support the hypothesis that quantum theory is a
principle theory of information, with continuously-reversible evolution in time
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as a characteristic property. Any further insights into an underlying “quantum
reality” (if it exists), or into the question “information about what” (if it has an
answer) should not be expected to arise directly from these principles, or from
quantum theory itself, but from a novel, yet-to- be-found constructive theory
with additional beyond-quantum predictive power (if it exists).” (Koberinski
and Miiller, 2018, p. 11)

However, it still mentions the reasoning described above:

“Interpretations that treat the quantum state as a state of knowledge or
belief are conceptually more closely related to the view of quantum theory as a
principle theory of information, which has led some physicists (e.g. Brukner)
to argue that the success of the latter is evidence for the validity of the former.”
(Koberinski and Miiller, 2018, p. 5)

While it would not be fair to claim that they embrace fully and entirely
such a view (as the first quote clearly shows), it is still interesting to see that
this reasoning remains shared at least informally. Whether such an informal
claim is meant to be taken literally or not, it remains a good illustration of the
above-mentioned reasoning, which is problematic when taken at face value.

3.4.1.1.2 Objections

An objection to the above reasoning was articulated by Timpson and Maroney
(2013, Chap.7) as follows. First of all, the notion of “information” can take
different meanings. We should differentiate a technical notion of information,
which can be expressed in purely physical terms, from an “everyday sense” of
information, associated with some elements of knowledge and language that
are not expressible in purely physical terms. Then, Timpson makes clear that
the notion of quantum information (appearing in information-theoretic recon-
structions of quantum mechanics) is a “technical” notion of information. On
the one hand, quantum information can be quantified using the quantum ana-
logue of the classical Shannon information theory (see the work of Timpson
and Maroney (2013, Chap. 3) for a review). On the other hand, Timpson iden-
tifies a piece of quantum information as being merely a sequence of quantum
states in a particular order. Hence, both the content of a particular piece and
the quantification of quantum information can be expressed in purely physical
terms, which shows the technical nature of quantum information. As a result,
viewing quantum information as a kind of epistemic notion of information is,
in itself, an unwarranted jump from a technical to an everyday notion of in-
formation. Such a jump needs further justification, which is not found in the
formalism of operational physics alone.
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We can expand a bit on this argument by Timpson. The formalism of
a physical theory is, by itself, of technical nature. Interpreting the formalism
is giving meaning to its technical elements. This implies to connect those ele-
ments to a wider conceptual context. More concretely, we can see that an epis-
temic view of the wavefunction refers to notions (such as observer, knowledge,
belief, subjectivity, representation, ...) that need a language and background to
be expressed and understood, that lies far beyond the scope of physics alone.
Similarly, an ontic view towards the wavefunction involves concepts (such as
objectivity, reality, laws, properties, ...) that cannot be captured by technical
language within a physical theory alone.

To sum up, jumping from technical (formal) notions to epistemic ones
(e.g. the everyday notion of information) or ontological ones (e.g. objective
entities) amounts to interpreting the notions under consideration. This jump
requires philosophical justification that cannot be derived from any formalism
alone. This point will be reiterated in section 3.4.3.

A final remark regarding this discussion concerns famous antirealist
views built on, or developed along, information-theoretic formulations of quan-
tum mechanics, namely the “it from bit” approach of Wheeler (1999) and
Qbism (Fuchs, Mermin, and Schack, 2014)'4. Those approaches do not need
to rely on any semantic jump between different notions of information'”. Yet,
their association with information-theoretic formulations of quantum mechan-
ics is very natural, which might suggest that the operational framework brings

14Qbism falls in the category of epistemic antirealist views. Indeed, it rejects the view that
quantum mechanics provides an objective picture of the world as it is. While this does not
imply a form of metaphysical antirealism or instrumentalism, standard quantum mechanics
is said to provide an irreducibly subjective picture of reality (Fuchs and Schack, 2014; Fuchs,
2017). In the case of Wheeler’s “it from bit” approach, it is often taken as an antirealist ap-
proach (see e.g. (Cabello, 2017)). Standard quantum mechanics is seen as providing a “mere
continuum idealization” (Wheeler, 1999, p. 1). However, the precise way in which Wheeler’s
view is to be interpreted is debated, see e.g. (Fuchs and Schack, 2014).

15Within the Qbist interpretation, the quantum probabilities are given a Bayesian reading,
and information-theoretic reconstructions of the theory are expected to give us knowledge
about the structure of the theory, which in turn is hoped to inform us about some objective
features of the world (Fuchs, 2017). The motivations behind the Bayesian interpretation of
quantum probabilities do not come from those information-theoretic reconstructions. Instead,
the main motivations for Qbism find their root in the conceptual strength of the Bayesian
interpretation of probabilities, as well as in the dissolution of the measurement problem and
that of the issue of nonlocality (see (Timpson and Maroney, 2013, Chap. 9)). Wheeler’s “it
from bit” approach does not rely on a semantic jump between the technical and everyday
senses of information since, within that view, quantum information is assimilated to none of
these notions. Instead, quantum information has an ontological status as a fundamental entity

from which every physical entity derives its existence (Wheeler, 1999).
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some evidence for an antirealist reading of quantum physics. However, as ar-
gued in (Timpson and Maroney, 2013) and (Felline, 2018), it is very clear that
Qbism, like any interpretation of quantum mechanics, is backed-up by a whole
apparatus of philosophical premises that are not deduced from any formal con-
tent of quantum theory. In particular, Qbism is not deduced from operational
physics, and its natural affinity with this formalism comes from its programme
of relying on information-theoretic axiomatisations of quantum mechanics to
identify the objective content of the theory (Fuchs, 2004). Similarly, it is ar-
gued in (Timpson and Maroney, 2013, Chap. 3)'® that the “it from bit” ap-
proach arguably needs specific philosophical background assumptions to be
fully articulated and describe how our material world can be derived from
a fundamental notion of quantum information. Those assumptions are not
deduced from the operational formalism, which therefore needs to be supple-
mented with this additional philosophical machinery. Hence, the “it from bit”
approach builds on information-theoretic formulations of quantum mechan-
ics, but is not deduced from it, leaving room for alternative readings (see, e.g.,
section 3.4.2). With that being said, and as will be reminded in section 3.4.3, the
convenience of the operational framework relative to a specific antirealist in-
terpretation is not evidence for the likelihood of that interpretation, given that
(i) equally convenient realist readings can be attributed to operational physics
(see section 3.4.2), and (ii), even if the last point was not available, the empir-
ical equivalence of a variety of formulations of quantum theory ensures that
none has a privileged status when it comes to the interpretation of quantum
mechanics.

3.4.1.2 “Operational physics strongly suggests an epistemic interpretation
for quantum probabilities”

3.4.1.2.1 Summary of the argument

The argument discussed in this section was neutrally reviewed!” by Leifer
(2014, section 2.3) and can be summarised as follows: there exists an opera-
tional probability theory which generalises the classical probability theory in
such a way that it has both quantum theory and classical probability theory

16Felline (2018, p. 5) also provides an assessment of the philosophical premises behind an on-
tic reading of informational-theoretic formulations of quantum mechanics (which is a (weak)
form of realism towards quantum mechanics in which the theory is about some new objective
stuff that is quantum information), that might be relevant to the “it from bit” approach.

7T do not claim anything about the actual stance of Leifer regarding that argument.
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as special cases. Hence, in this particular OPT, the quantum probability dis-
tributions “play the same role” as the classical ones (Leifer, 2014, p. 76). As
a result, it seems natural to give them the same interpretation. Since classi-
cal probabilities are epistemic (as they originate from some ignorance of the
observer regarding the exact physical state of the studied system), quantum
probabilities should be seen as epistemic as well.

Does this argument support an antirealist view towards quantum me-
chanics? Interpreting the quantum probabilities as being of an epistemic na-
ture means that the quantum state from which those probabilities are com-
puted represents “a description of what an observer currently knows about a
physical system. It is something that exists in the mind of the observer rather
than in the external physical world. [...] The key property that this implies is
that a given ontic state is deemed possible in more than one epistemic state.
[...] [The quantum state] is simply a mathematical tool for determining prob-
abilities, existing only in the minds and calculations of quantum theorists.”
(Leifer, 2014, p. 69-71)'8. While this antirealist view towards the quantum state
does not necessarily entail an antirealist view of quantum mechanics itself, it
rules out the main realist accounts of quantum mechanics (namely Bohmian
mechanics, the GRW theory and Everettian mechanics) as those are commit-
ted to an ontic conception of the wavefunction (Cabello, 2017), which is then
considered to refer to objective elements of reality'”.

18This epistemic notion of the wavefunction found in (Leifer, 2014, p. 69-71) is referred to as
the “p-epistemic” reading of the wavefunction, as opposed to a “¢-ontic” reading, in which
the wavefunction refers to something objective in the world (Leifer, 2014). To avoid any con-
fusion, it is worth mentioning that those terms “i-epistemic” and “-ontic” have been used
and defined quite differently by some authors posteriorly to Leifer’s work, e.g. in (Cabello,
2017), where “1p-ontic” has the same meaning as in (Leifer, 2014, p. 69-71) but “¢-epistemic” is
a more restrictive term that is actually applicable to the realist views in which the wavefunc-
tion is “representing knowledge about an underlying objective reality”. In the present context,
it is Leifer’s broader notion of the ip-epistemic view that is considered.

YThe question of whether the wavefunction is indeed ontic (i.e. refers to something ob-
jective in the world (Leifer, 2014)) within the main realist accounts of quantum mechanics
arguably depends on the particular ontology given to the theory. Indeed, if one subscribes to
a nomological reading of the wavefunction, while not assigning any objectivity to laws of na-
ture, strictly speaking it cannot be said that the wavefunction has an ontic status (Gao, 2019).
However, this scenario is a very specific one among a variety of existing accounts.
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3.4.1.2.2 Objection

A given interpretation of probabilities in the context of a given theory (in our
case a particular OPT) is about the meaning of the probabilities (e.g. some
agent’s ignorance (epistemic origin) or the existence of some fundamental ran-
domness in nature (ontic origin)), and this meaning depends (among other
things) on the kind of objects and dynamics that are involved in the theory.

Yet, although what is meant by “quantum mechanics and classical prob-
ability theory are special cases of one more general OPT” is that we can use the
same mathematical tools to express both classical and quantum theories, those
mathematical tools do not necessarily carry the same ontological meaning in
each case. In this particular OPT, a set of basic operational axioms allows for a
wide range of correlations. Those correlations involve particular objects with
particular dynamics, and all display the same operational features, namely
those formulated in the axioms. These operational characteristics happen to
encompass both classical and quantum correlations. Yet, there is no necessity
for the objects and dynamics involved in the correlations to be of the same na-
ture in the classical and quantum cases”’. A straightforward example is the
spin of an electron, a property possibly involved in a quantum correlation that
has no classical counterpart.

Another reason to doubt that an OPT encompassing the quantum and
classical theories describes objects and dynamics of the same nature is that it
can be evidenced within the operational framework that there exists a funda-
mental distinction between quantum and classical operational theories, due
to the presence of entanglement. In the review of Janotta and Hinrichsen
(2014), it is explained how any non-classical probability distribution for a sin-
gle system formulated in the framework of OPT can be expressed as a clas-
sical distribution by increasing the dimension of the state space. Conversely,
any classical single system’s distribution can transform into a distribution with
non-classical features by imposing additional restrictions on its effect vectors,
which lowers the dimensions of its state space. This result questions the fun-
damental necessity of the classical/quantum distinction, since non-classical

20Tt may seem here that the argument presupposes realism. However, this reasoning holds
whether the meaning we assign to the theory is of a realist or antirealist nature. Whether the
theory is considered to be about objective entities or not, we need to specify what it refers to in
order to take a stance about the meaning of its probabilities. The notion of “object” considered
here is taken very broadly, encompassing any posits that could correspond to a realist or an
antirealist view.
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theories seem to be always reducible to classical ones by resorting to higher-
dimensional vector spaces. However, Janotta and Hinrichsen (2014) also ex-
plain that this situation is no longer possible for composite systems’ distribu-
tions, which cannot be expressed classically, no matter the dimensionality of
its vector spaces. We can therefore conclude that there exist genuinely non-
classical systems, fundamentally distinct from classical ones. The existence of
quantum entanglement can possibly mean that there are different dynamics at
play between the classical and quantum realms. Hence, quantum mechanisms
among quantum objects different from the classical ones might be taking place,
which would mean a possibly different origin (and therefore interpretation) for
the measured probabilities.

In summary, since the OPTs encompassing both quantum and classical
theories do not necessarily involve a unique kind of objects and dynamics, then
OPTs do not necessarily involve a unique interpretation for the probability
distributions. This point is overlooked in the antirealist argument because of
the implicit character of operational physics regarding objects, properties and
underlying dynamical laws.

As a concluding remark, we can quote the statement of Timpson and
Maroney (2013, p. 187) regarding the ontological significance of operational
theories:

“The form of a theory convenient for placing it within a space of theo-
ries need not be the fundamental, ontologically revealing, form of the theory:
identifying properties of the theory (the former setting) and saying how the
world is (the latter) are different tasks; and it is not at all surprising that we
might expect different formal representations of the theory to be more or less
useful for these distinct tasks. An operationalist black-box formulation of a
theory might be most appropriate for the former task, but there is no reason at
all why that should be taken to be the final story, the end of discussion about
the theory: there is still an ontological story to be told too—the underlying dy-
namics giving rise to the results schematised within the story of black boxes.”

The operational formulation of quantum mechanics is an alternative
way of expressing the same physics as the standard (model-dependent) formu-
lation, emphasising correlations between inputs and outputs of experiments
while the underlying mechanisms involving objects and their dynamics is left
unspecified. Yet, it is this underlying story that is of interest when wondering
about the meaning of quantum probabilities. The existence of an OPT encom-
passing both classical and quantum correlations merely means that one can
find a set of common axioms (operational properties) satisfied by these corre-
lations. It therefore gives information about the similarities that exist between
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the structures of the two theories. However, it does not entail that the same
mechanisms underlay both classical and quantum correlations. As a result, it
does not imply a same ontological story for classical and quantum theories.

3.4.1.3 “Device-independent physics evacuates the notion of systems, there-
fore physics is not about systems”

3.4.1.3.1 Summary of the argument

The argument that will be discussed is found in (Grinbaum, 2017), in which
two claims are made:

Claim 1: “Incompatible with the old explanatory mode, device-indepen-
dent models %! typically do not meet the conditions for the emergence of robust
theoretical constituents corresponding to real objects. By allowing no room for
systems, they inaugurate the obsolescence of this elementary building block
[...]. 7 (Grinbaum, 2017, p. 3)

Claim 2: “[...] physical theory is about languages: it is defined by a
choice of alphabets for the inputs and the outputs [of a given experiment] and
by the conditions imposed on this algebraic structure. Strings, or words in such
alphabets, form a common mathematical background of device-independent
approaches. [...] If strings are not ‘about’ some elements of reality, they can be
said to be ‘about’ languages from which they are formed.” (Grinbaum, 2017,
p. 14 & 16)

The first claim is defended by appealing to two further statements: the
notion of systems in a particular operational formulation of quantum physics
introduces difficulties (statement A). Yet, the notion of physical systems is not
a necessary ingredient in the process of interpreting a theory (statement B).
Since it is auxiliary and problematic, we should get rid of it.

Statement B is stated in Grinbaum’s work on the grounds that what is
really necessary to describe an experiment are the notions of input and output
linked to a given party (which can be seen (in spite of their different philo-
sophical flavour) as the counterparts of the notions of preparation procedure,
measurement result and experimental setup seen in section 3.2, respectively),
while spatiotemporally defined notions such as physical systems are mere in-
terpretative devices (Grinbaum, 2017, p. 7-8).

2ILe. model-independent approaches to physical theories presented in section 3.2.
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Statement A is, for its part, defended as follows: Grinbaum refers to
the particular operational theory presented in section 3.3, called process ma-
trix formalism (Oreshkov, Costa, and Brukner, 2012). As explained earlier,
that theory generalises quantum mechanics by dropping the assumption of a
global causal structure relating the inputs and outputs among different par-
ties. In other words, while there is a local temporal ordering in a given party
allowing to claim that some output temporally succeeds some input of that
party, we make no claim regarding the ordering of inputs and outputs per-
taining to different parties. Operationally, a theory for which no global causal
order among parties is assumed may allow for the prediction of joint proba-
bility distributions for which there is no definite global causal order. We speak
in that case of indefinite causal order, i.e that this distribution is incompatible
with any definite causal ordering among parties, as expressed within the for-
malism??. Grinbaum claims that the notion of physical systems runs into three
difficulties in the context of this particular theory (Grinbaum, 2017, section 3):

* The absence of global causal structure makes it impossible to make sense
of the spatiotemporally defined notion of physical system (as being spa-
tially delimited at all times from the rest of the environment) that would
endure and evolve across the multipartite experiment.

¢ The absence of global causal structure allows for strange situations where
“’systems’ in the process matrix framework may ‘enter’ the same local
laboratory twice”, which Grinbaum considers to be a situation that never
happens to a physical object.

¢ A framework allowing for an absence of global causal structure predicts
indefinite causal orders not solely for some quantum correlations, but
also for certain multipartite “classical”? correlations, which shows that
the difficulties faced by the notion of physical systems do not arise exclu-
sively in a quantum context.

22 As will be discussed later, the question of whether causal relations are indeed definite or
not (ontologically speaking) is not straightforward. The answer will depend on the particular
reading (interpretation) that will be given to the theory.

23 A word of caution is needed regarding the use of the term “classical”. Some non-causal
correlations can indeed be said to be “classical” in the sense that their corresponding process
matrices are diagonal, which means that the probabilities can be interpreted classically. How-
ever, in a more stringent way, these correlations are undoubtedly nonclassical. Indeed, any
non-causal correlation lies outside the polytope of classical correlations, for which everything
is well-defined.
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Grinbaum concludes from these three points that the notion of physical
system is problematic in the case of indefinite causal orders.

Now, regarding the second claim of the main argument, Grinbaum pos-
tulates that physics is about languages, on the grounds that such a proposition
provides a common philosophical background for all physical theories, and
that this background ontology is minimal, yet sufficient to answer the ques-
tion “What are physical theories about?”. Such a view can be read as a form of
scientific antirealism, since according to that position, science ceases to speak
about an objective external reality independently of the language used to de-
scribe it. Instead, science is about language itself. In particular, Grinbaum
explicitly mentions that the kind of language that he considers is of a formal
nature, rather than of the everyday kind (Grinbaum, 2017, p.16).

3.4.1.3.2 Objections

The point is not to criticise the ontology proposed by Grinbaum (claim 2), nor
its overall project (Grinbaum, 2007), but to object to a very specific part of his
argument, namely the idea that considerations from the operational formal-
ism alone preclude realist accounts of quantum physics appealing to physical
systems (claim 1).

In the previous sub-section, we recalled Grinbaum’s list of the various
difficulties that the notion of system introduces when we deal with the notion
of indefinite causal order. Yet, the core problem faced by the notion of physical
system in the context of indefinite causal orders is stated in the first element
of that list, and this difficulty points towards the fact that a realist account
of quantum physics necessarily needs to revise our initial conception of how
causal correlations are to be understood/conceived.

However, to this day, this challenge has not proved to be insurmount-
able, and future work will tell us what are the realist implications about quan-
tum causality. Similar challenges are already present in standard quantum
mechanics, in which a realist attitude towards nonlocality forces us to choose
among a range of deep metaphysical implications such as retrocausation, the
existence of a preferred frame in the universe or non-intuitive fundamental
ontologies for the world (Maudlin, 2011). Such metaphysical questions only
become more pressing in more general operational theories, which predict new
phenomena such as indefinite causal orders.
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In that new context, any realist account needs to address the follow-
ing question: are indefinite causal orders objective, or are they purely theo-
retical notions with no objective counterpart? As seen in section 3.3.3, indefi-
nite causal orders have not yet been observed purely operationally in terms of
physical correlations violating the causal equivalent of a Bell inequality (Ore-
shkov, Costa, and Brukner, 2012; Branciard et al., 2015). For the purpose of his
argument, Grinbaum takes their existence as a presupposition. Yet, to this day,
their objective existence or non-existence remain to be proven.

If we do take indefinite causal order to exist in nature, the very ques-
tion of whether spatiotemporal notions indeed become ontologically indefi-
nite in such a situation remains open®*. Grinbaum’s claim about the absence
of spacetime background (with respect to which enduring and evolving spa-
tiotemporally localised objects can be defined) is actually not a necessity, but
an interpretational possibility. As a counter-example to this scenario, it seems
possible to make sense of spatiotemporally localised objects in the context of
indefinite causal orders by appealing to some forms of holism of the dynamical
properties of physical objects (see section 5.5 for more details).

Alternatively, one could also investigate the possibility to conceive the
notion of physical system in a less stringent way than what is considered by
Grinbaum (which promotes the idea of a spatially well-delimited object that
endures through time). There exist ontologies that do not rely on objects en-
during through time (such as the flash ontology developed in the context of the
GRW theory (Ghirardi, 2018; Allori et al., 2008)), or having an intrinsic iden-
tity (such as some ontologies involving a relational notion of objects as in some
ontic structural realist views (Ladyman, 2020, section 4)). Those particular on-
tologies of objects could possibly make sense of a notion of physical system
that would not be problematic in the context of an indefinite causal order.

Finally, even in the scenario of a non-fundamental spacetime background
(which is actually a possibility that is seriously contemplated in certain re-
search programmes in quantum gravity (Huggett and Wiithrich, 2013)), this
would not necessarily mean that the notion of physical system should be given
up altogether (in the sense described by Grinbaum). Indeed, there are dif-
ferent ways to articulate fundamental ontologies not based on spatiotempo-
ral notions, from which our familiar notion of physical (in a standard spatio-
temporal sense) system would emerge (Lam and Wiithrich, 2018; Huggett
and Wiithrich, 2013; Le Bihan, 2018). More precisely, as argued in (Lam and
Wiithrich, 2018), the most pressing challenge to meet when faced with a theory

24The following discussion will be further developed in chapter 5
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in which spatiotemporal concepts would be emergent (instead of fundamen-
tal), is to guarantee a formal and philosophical connection between the funda-
mental non-spatiotemporal entities postulated by the theory and the empirical
realm (which seems to unavoidably involve spatiotemporal notions), so that
the theory can actually be tested. In other words, it requires a formal consis-
tency between the theory and that of general relativity (our current best theory
of spacetime), but it also requires a metaphysical account of how spatiotempo-
ral notions can emerge from non-spatiotemporal ones. This twofold require-
ment can be referred to as a requirement of empirical coherence (Huggett and
Wiithrich, 2013). Multiple strategies have been offered to reach (at least part of)
that objective. Huggett and Wiithrich, 2013 have argued that, given a formal
theory in which spacetime would be emergent (and provided that the theory is
true, which presupposes scientific realism), a formal derivation of the spatio-
temporal notions from the non-spatiotemporal ones would secure in itself the-
oretical and conceptual empirical coherence. Still, spelling out this emergence
metaphysically remains a challenge25. To undertake this task, as examples, a
compositional (mereological) and functional approaches have been proposed
by Le Bihan, 2018 and Lam and Wiithrich, 2018, respectively.

In conclusion, the new notion of indefinite causal orders allowed by
a particular operational probability theory generalising quantum mechanics
does not force us to abandon scientific realist accounts of quantum physics.
Grinbaum’s argument is a proposal among other possible ones, rather than a
conclusive argument ruling out specific realist accounts of quantum physics.

Overall, the three arguments discussed above for an antirealist view of
quantum mechanics based on the operational framework for physical theo-
ries alone are not conclusive arguments. At best, they are interpretative pos-
sibilities, or “antirealist readings” of the operational formalism (which is not
“already containing” hints for such an antirealist view). We should acknowl-
edge the specific philosophical assumptions that are presupposed for such
anti-realist readings of operational quantum mechanics.

25This point is discussed in (Ney, 2015) in the context of wavefunction realism, where the
standard 3-dimensional spacetime emerges from the high-dimensional space in which the
wavefunction lives.
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3.4.2 Realist approaches in the context of operational quan-
tum mechanics

We saw in section 3.4.1 that the meaning of the probabilities in the operational
framework are left “untouched/uninterpreted”, and for that reason, the vari-
ous arguments for antirealist views are not convincing when grounded in the
operational formalism alone. Indeed, it was emphasised in section 3.1 that the
notion of quantum information used in information-theoretic approaches is of
a technical nature, and extra assumptions need to be added if one wants to
give it an antirealist flavour. It was defended in section 3.2 that the meaning of
probabilities was tied to a certain extent to the theory’s ontology: whether we
postulate that the theory is about objective entities or not, and whether those
entities are all of the same nature with the same dynamics and properties or
not, it is still an extra layer that we apply on top of the bare formalism. Finally,
section 3.3 highlighted the fact that, in order to make sense of the formal no-
tion of indefinite causal order, we need to postulate a meaning for the theory,
whether realist or antirealist. It was argued that there is no necessity to follow
either of those two attitudes. In summary, extra-assumptions were needed in
all these three cases to jump from the operational formalism to an antirealist
reading.

This section will now emphasise that the situation is similar for realist
approaches. Indeed, any realist reading of the notion of quantum information
needs an extra-assumption containing a postulated ontology for the theory un-
der consideration. Interpreting the meaning of probabilities in a specific OPT
requires to postulate an ontology (extra-assumption) for the objects involved
in the described correlations. Explaining the notion of indefinite causal order
in a realist fashion implies to postulate an appropriate ontology as well. Yet,
a bare formalism does not impose any particular ontology, a fortiori a realist
one . To be sure, when adopting a scientific realist attitude towards a par-
ticular theory, the formalism in which it is expressed might suggest certain
metaphysical claims (e.g., the objective nature of the wavefunction in certain
formulations of quantum mechanics). Yet, those claims are incomplete (what
is the exact nature of the wavefunction ? Is it a law of nature, a field, a prop-
erty ?), and their completion requires to postulate additional content that is
constrained, but not uniquely prescribed, by the formalism. To sum up, no mat-
ter the approach (realist or antirealist), we must postulate a meaning which is

260ne could argue that the idea of a theory’s ontology makes sense only for realists. I use
the expression “theory’s ontology” in a rather liberal way, to refer to the meaning assigned to
a theory’s formalism. That meaning can coincide with a postulated world’s ontology, or with
subjective of fictitious entities.
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not prescribed by the formal characteristics of the theory.

Hence, for similar reasons to the ones discussed in section 3.4.1, there is
no convincing argument favouring realist approaches to quantum mechanics
grounded in the operational formalism in itself. Yet, such realist approaches
are not only possible ((Grinbaum, 2007), for that matter, recommends that re-
alist approaches take certain axiomatic reconstructions as a starting point), but
possibly well accommodated by that formalism. As discussed in section 3.4.1.2,
the operational framework puts the emphasis on correlations. While some
antirealist views interpret these correlations as describing either possible ob-
jective (yet unwarranted epistemologically) phenomena affecting real entities,
or irreducibly subjective notions based on the observer’s experience of real-
ity, realist approaches can view these correlations as describing real objective
(epistemologically warranted) phenomena among different objects. Various
interpretations specify different kinds of underlying mechanisms explaining
those phenomena.

As an example, a proposition in the realist camp, called ontic structural
realism (see chapter 2) (Ladyman, 1998; Lam, 2017; Ladyman, 2020, and ref-
erences therein), claims a particular status for structures (as a set of physical
relations) in the fundamental ontology of the world. Such a proposal applied
to quantum mechanics, while not constituting a complete interpretation in it-
self”’, can be seen as an interpretative tool to articulate the metaphysical im-
plications of quantum mechanics in a coherent way. Because the operational
framework puts the emphasis on correlations, hence on physical relations con-
necting different systems, ontic structural realism seems to be a particularly
well suited /convenient way to interpret the operational framework for phys-
ical theories. Such a strategy was also considered in (Koberinski and Miiller,
2018).

In conclusion, each realist/antirealist camp can read the operational for-
mulation of quantum mechanics according to their own view. The operational
formalism in itself, not only does not explicitly favour a particular view, but
also does not present any particular difficulty for any of them either. That
point is further discussed in the last section of this chapter.

27 An ontic structural realist reading of quantum mechanics alone does not provide a solu-
tion to the measurement problem, and can be used in the context of different realist interpre-
tations of the theory (Lam, 2017).
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3.4.3 The realist/antirealist debate is formalism-independent

We have seen in previous sections that extra-assumptions were needed to go
from a bare formalism to an interpretation of the theory. These additional as-
sumptions provide a meaning to the theory, which agrees with either a realist
or an antirealist view. Both possibilities are equally well accommodated by op-
erational formalisms because those extra-assumptions are motivated by purely
philosophical considerations, that are postulated on top of sole considerations
from specific formulations of theories.

The idea that arguments in favour of epistemic antirealism are formalism-
independent is a very old and uncontroversial view: they are based on general
considerations about the dynamics and methods of science and experimental
success of scientific theories, and are independent from the particular form of
a theory. Anti-realism about quantum mechanics discards realist proposals
postulating a direct link between the theory’s formalism and the content of
the objective world on the grounds of more general considerations such as the
“pessimistic meta-induction” argument (Chakravartty, 2017c, section 3.3), or
on the grounds that their implications for reality are unavoidably implausible
or too underdetermined (Van Fraassen, 1980), or on the grounds that an an-
tirealist approach is ontologically /metaphysically more cautious (Grinbaum,
2009). The formalism-independent nature of the argument is obvious in the
case of the pessimistic induction argument, and in the case of the underdeter-
mination of interpretations of quantum mechanics. The argument favouring
antirealist approaches on the grounds that they do not need to postulate any
ontological content for the world is again an argument of an epistemic nature
(Grinbaum, 2009). The fact that this argument pairs up well with operational
formulations of quantum mechanics that do not appeal to any particular model
for the described experiments does not change its epistemic status.

Yet, it is interesting to make this point explicit in the case of the antire-
alist argument based on various kinds of (what are sometimes called) 'no-go
theorems’. This argument, as it is well-known, contemplates the implications
for the nature of reality when adopting a realist approach in the light of vari-
ous theorems such as Bell’s theorem (Bell, 1964), the Kochen—-Specker theorem
(see Kunjwal and Spekkens (2015) for the operational version), or more re-
cently Shrapnel-Costa’s theorem (Shrapnel and Costa, 2018). The implications
of those theorems for realist models are considered to be too implausible by
some antirealists, and form “no-go results” that should be taken as a hint that
the theory is to be interpreted on different grounds, namely by rejecting the
idea that the theory is about an objective reality (see Wiseman and Cavalcanti
(2017) for a discussion). Because those theorems are/can be expressed within
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the operational framework, it is useful to illustrate explicitly how such an an-
tirealist argument relies on assumptions independent of the formalism itself.

Let’s reconsider the case of Bell’s theorem, while the narrative is the
same for the other theorems. The field of application of this theorem is broader
than quantum mechanics, and it applies to abstract models satisfying certain
kinds of criteria. As famously known, in a nutshell, Bell’s theorem states the
following: “local models” imply certain empirically testable predictions (Bell,
1964). Experiments show that those predictions are violated. Therefore, there
is no local model that can account for experience. As a result, successful realist
models of quantum mechanics are necessarily nonlocal. The demonstration
of Bell’s theorem does not appeal to the particular formalism of the models,
what this formalism represents and what kind of dynamics is described. The
reasoning only appeals to an abstract notion of models, i.e. an unspecified
formalism that generates probability distributions as predictions. Among the
assumptions required to demonstrate the theorem, the ones constraining the
models themselves are their empirical success, their use of a variable A that
describes entirely the observed system, and the requirement of local causality.
In that context, it does not matter whether we speak of the standard (“Hilbert
space”) formulation of quantum mechanics, or of a particular operational ax-
iomatisation of the theory. It is mainly experimental considerations (modulo
the extra-assumption often referred to as the “free choice” of the measurement
settings®®) that imply nonlocal features of theoretical models accounting for
quantum experiments. Realists found various ways to develop a world’s on-
tology in which nonlocality is an objective feature of nature (e.g. quantum
ontologies of Bohmian mechanics, GRW theory or Everettian mechanics, ...).
Those who claim that the idea of nonlocality as an objective feature of nature
is not plausible will reject any realist model, irrespectively of the particular
formalism used to express that model.

This reasoning holds as well for the Kochen-Specker (in its operational
form) and Shrapnel- Costa’s theorems. The operational formulation of the
Kochen-Specker theorem (and the more general version of Shrapnel and Costa)
shows that any model empirically successful is necessarily contextual. Their
results therefore set particular constraints on any ontological model that would
agree with the predictions of quantum physics. To reach those conclusions,
they rely on a conjunction of general physical principles and empirical predic-
tions. Formally speaking, they appeal to abstract models, which makes them

2This assumption is usually taken for granted, but has been critically discussed in the lit-
erature, see e.g. a review of past discussions in ((Berkovitz, 2016, and references therein)), or
more recent discussions in (Hall, 2010; Friedman et al., 2019).
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independent from any formalism. These results can either be taken as infor-
mation about the objective world or not. Such a realist or antirealist stance is
motivated by purely epistemic considerations.

To conclude, in the same way that antirealist arguments based on no-
go theorems expressed in operational frameworks crucially appeal to certain
premises that are not derived from (nor constrained by) the formal features of
the formalism (namely the implausible character of objective nonlocal features
in nature), the antirealist arguments reviewed in this section appeal to (hidden)
extra-assumptions that are formalism-independent, whether they fall under
the scope of metaphysics, semantics or epistemology. Operational frameworks
are epistemologically and ontologically (in the sense presented in section 3.4.2)
neutral in themselves.

3.5 Conclusion

This chapter presented the operational framework for physical theories and, in
particular, a recent development of quantum mechanics called the process ma-
trix formalism. Because this formalism will be investigated in a scientific realist
framework in the next chapters, it was then argued that, contrary to a certain
antirealist tendency in the field of quantum foundations, a realist attitude was
just as suited to interpret operational theories as antirealist approaches.

In more details, we reviewed three arguments according to which op-
erational formulations of quantum mechanics contain hints supporting an an-
tirealist reading of the theory. Objections were provided, allowing to conclude
that those arguments were not convincing. It was also argued that the oper-
ational framework was not providing any arguments for favouring a realist
reading over antirealist ones. It was recalled that such results are expected,
given the fact that the scientific realist/antirealist debate in the context of quan-
tum mechanics is located at an epistemic level, and is not concerned by the
specific form of the theory.

This whole discussion leads us to an important main claim, namely that
the operational framework for physical theories is both epistemologically and
ontologically neutral in itself. First, the operational framework is epistemo-
logically neutral since the arguments in defence of an epistemological stance
towards quantum physics do not appeal to any formalism in particular; their
success is not reinforced or lessened in the operational formulation of quantum
mechanics compared to the situation in the standard formulation. Second, the
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operational framework alone is ontologically neutral since going from opera-
tional postulates to a proposal about the theory’s ontology implies specifying
the status of the correlations at the centre of the formalism, this status being
postulated on top of the formal aspects of the theory.

In the lights of these reflections, we can proceed to the next step of this
work, which is the analysis, within a realist framework, of the central feature
of the process matrix formalism.
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Chapter 4

A formal analysis of causal
nonseparability

As announced in the previous chapter, causal nonseparability will be analysed
while adopting a realist approach. Before doing so, this chapter will prepare
the discussion by clarifying the formal similarities and differences that exist
between causal and quantum nonseparability. This will allow to emphasise
in what way causal nonseparability is conceptually different than the stan-
dard notion of quantum entanglement. The discussion will then shift from a
model-dependent approach based on the Hilbert space formalism to a model-
independent approach based on an analysis of correlations existing between
simple measurement results. In that context, causal nonseparability connects
with the notion of noncausality, just like quantum nonseparability connects
with Bell nonlocality. A discussion of the relation between nonlocality and
noncausality is made, again with the objective of emphasising on the concep-
tual differences between these notions.

4.1 Comparison between quantum and causal non-
separability

Having presented the notion of causal nonseparability and noncausality in the
previous chapter, we will now discuss the formal connection between the no-
tions of quantum and causal nonseparability. Because those two notions are
based on the density matrix and the process matrix, respectively, we will start
by contrasting those two mathematical objects.

As mentioned in chapter 3, the process matrix W can be seen as a gen-
eralisation of the density matrix p. Yet, those two concepts are two distinct
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mathematical objects of a different nature.

First of all, these two objects describe different notions:

¢ The density matrix describes the quantum state of a given system.

* The process matrix describes the process that mathematically describes cer-
tain relations between quantum events.

Mathematically speaking, the process matrix does not encode relations
among quantum states, as its purpose is to connect quantum operations. While
a quantum state is, mathematically, a vector in a Hilbert space or a density
matrix acting on that space, a quantum operation is a map describing how
such vectors or density matrices are transformed into other vectors or matrices.
Because a process does not encode quantum states, but relations among certain
events, it describes how certain inputs and outputs of quantum operations are
connected to each other !

As a result, as mentioned in chapter 3, the density and process matrices
are different objects acting on Hilbert spaces having different structures: while
the density matrix of a composite system (e.g. a bipartite system made of sub-
systems A and B) acts on the tensor product of the Hilbert spaces associated to
each sub-system (H” ® H?, with HX being the Hilbert space of the system X),
the process matrix of a process (e.g. relating the quantum events tied to parties
A and B, each of them performing some linear operation on a physical system)
acts on the Hilbert space H41 ® HA2 @ HP1 @ HP2, with HX" being the Hilbert
space of the system of party X before the transformation (m = 1) or after the
transformation (m = 2).

This last point is better illustrated by two particular process matrices
relating the laboratories of two parties labelled A and B, each performing a lo-
cal quantum operation on some quantum system. For simplicity, we make the
hypothesis that the studied systems are not correlated with their environment.

Let’s consider two particular cases:

Tt might be the case that an initial preparation procedure is encoded in a given process, with
the effect of imposing a particular input state for the process. Yet, in a general situation, this
preparation procedure can be left as an unfixed operation performed by some additional party.
In that case, that preparation procedure is an operational event (i.e. a quantum operation) to be
connected to other events in the process, and does not imply the encoding of a fixed quantum
state per se.
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1. TWO DISTINCT SYSTEMS UNDERGOING OPERATIONS OF WHICH THE OUT-
COMES ARE THROWN AWAY

We consider two distinct systems (e.g. not correlated), one entering and
leaving the laboratory A and the other entering and leaving the labora-
tory B. If, in this specific case, we ignore whatever leaves the laboratories,
it can be shown that the process matrix describing such a situation has
the following form:

W = pHAl ®pHB1 ®11HA2 ®]1H32 (41)

where notations for the indexes of Hilbert spaces are similar as in sec-
tion 3.3. ppy, is the density matrix describing the quantum state of the
system entering the laboratory X. 1y 4, 18 the identity operator. The
mathematical expression for W can be intuitively understood as follows:
a preparation procedure initially specifies the kind of quantum state that
enters laboratory A (namely, py ™ ) and that entering laboratory B (namely
PHy ). PH,, @ PHy, therefore specifies the joint inputs for laboratories A
and B. The outputs of laboratories A and B are not sent to any other
party, and are therefore ignored. 1y 4y ®1 Hj, describes just that. Since
we ignore whatever leaves the laboratories, we can even consider trivial
Hilbert spaces (i.e. of dimension 1, which does not relate to any phys-
ical degree of freedom) for Hy, and Hpg,. The process matrix, describ-
ing the causal relation (or lack thereof in this case) among uncorrelated
events, which are themselves reduced to input quantum states, therefore
amounts to the density matrix pg a, © PHg, -

2. ONE AND THE SAME SYSTEM UNDERGOING SUCCESSIVE OPERATIONS IN
LABORATORIES A AND B

Let’s consider that the system first goes through laboratory A, and is then
sent through a quantum channel to laboratory B. It can be shown that the
corresponding process matrix has the following form:

W =pn, ®Ch, Hy ®1hy (4.2)

where notations are similar as above, and Cy 4, Ha, is the Choi-Jamiolkow-
ski matrix obtained by applying the CJ isomorphism on the linear map
sending the quantum state of the system after it has left laboratory A on
the quantum state of the system before it enters laboratory B. Cp,_ Hp,
therefore describes the temporal evolution of the system between the
exit of laboratory A and the entrance of laboratory B. Ty, is the iden-
tity operator, expressing the idea that we throw away the outcomes of
laboratory B.
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This process matrix encodes a temporal evolution of quantum states.
Such a description cannot be encoded within the density matrix alone.
This fact illustrates in what sense the process matrix is a generalisation
of the density matrix.

As a conclusion of this comparison, we see clearly that the process ma-
trix W and the density matrix p are distinct mathematical objects, with different
inner structures. A process matrix W does not represent a quantum state, but
a process that relates different quantum events involving physical systems. The
sense in which the process matrix is generalising the concept of density matrix
is that it can, in certain cases, reduce to (possibly composite) quantum states,
but can also allow representing temporal evolution thereof. More globally,
process matrices allow describing and study how local quantum operations
can be combined to form a single global operation.

At this stage, it is important to insist on an important nuance. While
the process matrix can be seen, in the specific sense presented above, as a
generalisation of the density matrix, and allows thereby to encode transfor-
mations across time, it does not mean that process matrices are generalisations
of density matrices in the sense of relating quantum states at different spatial
and temporal locations. As discussed previously, a process matrix does not re-
late quantum states, but quantum events. As a result, the process matrix does
not merely add the temporal dimension to the standard picture provided by
quantum mechanics. Instead, it allows to study quantum experiments from a
more profoundly distinct perspective. Indeed, it allows representing relations
among events, independently of (i) the systems involved, and (ii) of the quan-
tum operations. The first claim is true, as mentioned in section 3.3.2, when the
preparation procedure for the input system of the process is not fixed by the
process itself, and is rather left as an event occurring in an additional party. In
that case, the process does not encode a particular quantum state, hence, a par-
ticular system. The second claim is true because while the process describes
how the operations’ inputs and outputs are connected together, the operations
themselves are not specified. A process matrix is therefore profoundly dif-
ferent than a mathematical tool that would merely connect quantum states at
possibly different times and locations. The temporal dimension enters the pic-
ture because we shift from a picture in which the variables are the quantum
states to a picture in which the variables are quantum operations.

To sum up, process matrices shift the focus from relations between quan-
tum states to relations between quantum events, and involve both spatial and
temporal dimensions. They describe the global structure (possibly indefinite)
underlying different quantum events. Hence, by asking what are the kind of
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underlying causal structures compatible with valid? process matrices, one in-
vestigates the causal structures possibly compatible with quantum mechanics.

Based on the above distinction between density and process matrix, we
can now emphasise the formal difference between quantum and causal non-
separability. The former expresses that for some composite system, the global
quantum state is nonseparable, the quantum states of the sub-systems being
indefinite. The latter expresses that for some processes, the corresponding
process matrix is nonseparable, and the order among the events within that
process is indefinite. Hence, the two kinds of nonseparability are conceptu-
ally very different, as they describe quantum correlations among very differ-
ent notions, namely quantum states in the case of quantum nonseparability
and quantum events in the case of causal nonseparability.

As a remark, we can recall that in the case of a nonseparable quantum
state of some composite system, it is sometimes said that there is an interdepen-
dence between the quantum states of the sub-systems. That is, certain quantum
states can’t be expressed independently from the others. In the case of causal
nonseparability, however, one cannot say, in all generality, that the causal re-
lations within a causally nonseparable process are “interdependent”. Excep-
tions include specific cases such as the quantum switch. Indeed, as explained
in section 3.3.2, the quantum switch can be interpreted as the entanglement
of a causal structure with some control system?®, and this entanglement rela-
tion yields certain correlations among causal relations. In general, however, a
causally nonseparable process cannot be straightforwardly interpreted as in-
volving some entanglement with an ancillary system, and the global structure
is said to be indefinite without this claim involving that causal relations form-
ing this structure display particular correlations.

4.2 A model-independent analysis

As explained in chapter 3, the notion of causal nonseparability is “model-
dependent”, meaning that it is defined through the use of a specific formal
language of which the aim is to represent a restricted class of physical systems,
namely those obeying quantum mechanics locally while no definite causal

2 A valid process matrix satisfies certain constraints in order to ensure that only valid prob-
ability distributions (i.e. non-negative and normalised) are generated when applying the gen-
eralised Born rule. Those constraints are detailed in (Oreshkov, Costa, and Brukner, 2012).

3See (Costa, 2020) for a discussion of that particular point.
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structure is assumed between different parties. By contrast, a model-indepen-
dent approach does not take any representational stance towards the studied
systems. Instead, these systems and whatever is performed on them are “un-
represented” by black boxes in which no further description is provided. We
work only with the so-called “inputs” (i.e. measurement settings) and “out-
puts” (i.e. measurement outcomes) of such black boxes, i.e. with classical la-
bels corresponding to some choice of operation and measurement result.

Noncausality, the model-independent counterpart of causal nonsepara-
bility, was presented in section 3.3.3. This section will explore the possible
meanings of noncausality and its relation with Bell nonlocality. Such a dis-
cussion will strengthen the previous model-dependent statement (namely that
causal nonseparability is, in some sense, more general than quantum nonsepa-
rability) from a model-independent point of view. The following analysis will
also serve as a preliminary study that will be further developed in chapter 5.

4.2.1 Meaning of noncausality

As seen in chapter 3, in a causal theory, any event B that causally succeeds a
given event A cannot signal to that event A, in the sense that any choice of a
classical input for B cannot affect the probability distribution of party A’s out-
comes. By definition, noncausality (in the bipartite case) would be evidenced
by a probability distribution incompatible with a one-way signalling between
a pair of operations.

Importantly, this two-way signalling between a pair of quantum events
would be operationally detected, which means that an experimentally measured
probability distribution would be shown to be mathematically incompatible
with a one-way signalling between the two events. No additional assumption
would be made to reach that conclusion, which would be then obtained on
purely empirical grounds. Yet, this two-way signalling between events would
still need a physical explanation in terms of underlying mechanisms, and this
account might be more subtle than an appeal to direct influences between the
involved parties. To illustrate this, an analogy can be drawn with the situation
with Bell nonlocal correlations.

The violation of a Bell inequality indicates the presence of Bell nonlo-
cality as formally defined in Bell’s theorem. The origin of these nonlocal corre-
lations is explained differently depending on the specific account of quantum
mechanics. A prominent example takes nonlocality as originating from a holis-
tic dynamics ruling the evolution of the universe as a whole (Egg and Esfeld,
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2015). There are other models that refute implicit assumptions in Bell’s theo-
rem, namely that influences travel time in a single direction, or that reality is
metaphysically determinate. As a result, one can appeal to a form of retro-
causality (e.g., the two-state vector formalism (Watanabe, 1955; Aharonov,
Bergmann, and Lebowitz, 1964; Aharonov and Vaidman, 2008)), or embrace
a form of metaphysical indeterminacy of some aspects of reality (Calosi and
Wilson, 2019) to provide a (possibly partial) underlying explanation to the ob-
servation of nonlocal correlations.

In the present case of noncausality, we are in a similar situation. If we
were to observe noncausal relations, those could themselves be physically un-
derstood in a variety of ways. However, there is an important difference be-
tween Bell and causal inequalities, namely the fact that no spatiotemporal notion
is assumed when we deal with the definitions of causal and noncausal corre-
lations.

Indeed, by construction of the process matrix formalism, the different
parties involved in causal and noncausal correlations are not embedded in
a presupposed spacetime. When assigning a physical interpretation to non-
causal correlations, this spatiotemporal embedding needs to be done (or more
exactly, postulated, see chapter 5). Once a spacetime embedding has been as-
signed to the bipartite experiment, the physical mechanisms accounting for
noncausality can be postulated in a variety of ways as well.

Let’s review the possible spacetime embeddings for a bipartite experi-
ment (in which the parties are labelled A and B) displaying noncausal correla-
tions (see Annexe B for a recall of causal structures as mathematically defined
in the context of relativity):

1. Ais embedded in a region that strictly* causally precedes the region of
B

2. Bis embedded in a region that strictly causally precedes the region of
A

3. The regions of A and B are spacelike separated

4. The causal structure between the regions of A and B is indefinite

“We note that A and B are necessarily embedded in distinct spacetime regions, in virtue of
the fact that one cannot perform two distinct operations at the same spacetime points.
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Options 1, 2 and 3 correspond to a definite causal structure among par-
ties A and B. They show either a retrocausal signalling between timelike sep-
arated parties or signalling between spacelike separated parties (since non-
causality indicates that we have neither no-signalling from A to B nor no-
signalling from B to A.).

These phenomena could possibly be explained by the following strate-
gies (see section 2.2.2):

1. Specific ontological features:

* Holism: It is conceivable that the operational signalling from fu-
ture to past, or between spacelike separated parties, that would be
observed in a noncausal correlation could be the apparent manifes-
tation of an underlying world’s ontology of quantum events that is
holistic across space and time.

In other words, the process matrix formalism would allow describ-
ing a new kind of physical relation between quantum events, namely
causal nonseparability, that does not supervene on the intrinsic prop-
erties of its relata (e.g. the spatiotemporal locations of the different
parties). Accordingly, the ontology of the world would contain a
holistic block of quantum events defined against a definite space-
time background.

This would correspond to the existence, within the ontology of the
world, of global dependencies across time and space between these
events. Could this lead to the observation of signalling between
spacelike separated quantum events or retro-signalling between time-
like separated quantum events ?

In order to obtain this result, we would need the following sce-
nario. Let be a causally nonseparable quantum process generating
noncausal correlations. It should encode holistic relations between
quantum events in such a way that when a given party involved in
the process performs an operation A on a closed system, the mea-
surement outcome involved in this quantum event A holistically de-
pends on the measurement setting of another future (or spacelike
separated) quantum event involved in the process.

Now, a given quantum event links one input quantum system with
one output quantum system, i.e. it connects what is called quantum
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inputs and outputs. By contrast, the measurement setting and out-
come of a given party (corresponding to a given quantum event) are
classical inputs and outputs. Those are not encoded per se in the cor-
responding quantum event. Yet, those classical inputs and outputs
are not independent of their quantum counterparts. Indeed, the un-
derlying reason why a given input quantum system is connected
to a specific output quantum system is that a specific operation has
been performed on that input system and transformed it accord-
ingly (hence, possibly a specific measurement setting has been cho-
sen).

To summarise, a possible way to account for noncausality is to ap-
peal to a form of holistic relations among quantum events that would
encode symmetric dependencies among measurements settings and
outcomes of different events. Such correlations cannot be ensured
by causal nonseparability alone. Indeed, this feature does not allow
to discriminate between certain quantum events based on their clas-
sical inputs and outputs. This fact is in agreement with section 3.3.3,
where it is emphasised that causal nonseparability is necessary but
not sufficient for noncausal correlations.

* Structuralism: An ontic structural realist approach towards pro-
cess matrices can be adopted, so that the causal structure encoded
in quantum processes would be considered real and fundamental.
The quantum events (relata of the causal orders) would be deriva-
tive from, or on a par with, the fundamental relations encoded in the
process matrices. The former option would be obtained by adopt-
ing a radical approach to OSR (see (Ladyman, 1998)) in which only
relations are part of the fundamental ontology, while the latter op-
tion corresponds to a moderate view of OSR (see (Esfeld and Lam,
2008)) in which relations and relata are ontologically on a par.

In this specific case, because the structure (connecting quantum events
within a causally nonseparable process) that is considered real and
fundamental is also such that it does not supervene on the intrinsic
properties of these individual quantum events, a structuralist read-
ing of the process matrices would coincide with a form of holism as
described above.

The obtainment of noncausal correlations from an ontic structuralist
ontology of quantum events would then be possible if it allows for
the following scenario: either (in the radical OSR view) the measure-
ment setting involved in one quantum event holistically influences
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the measurement outcome of a past (or spacelike separated) quan-
tum event, or (in the moderate OSR view) it yields a quantum event
that is itself ontologically on a par with the relation connecting it to
a past (or spacelike separated) quantum event corresponding to a
specific measurement outcome.

Again, similarly to the discussion about holism, causal nonsepara-
bility alone would not be sufficient to ensure that a quantum process
yields noncausal correlations, since it relates only quantum events
defined by a connections between a quantum input and output, in-
stead of distinguishing quantum events via their classical inputs
and outputs. The fundamental relations among (fundamental or
derivative) quantum events therefore needs to encode stronger cor-
relations than what is described in causal nonseparability.

2. Specific dynamical features:

* Holistic dynamics: One could imagine accounting for noncausal-

ity by appeal to dynamical laws with a holistic nature, such that a
choice of measurement setting of one party would affect (via holis-
tic dynamical influences) the state of a past (or spacelike separated)
system, which itself would condition the measurement outcome of
the party operating on it. As a result, signalling between space-
like separated quantum events or retro-signalling between timelike
quantum events could be observed. A similar (less constraining)
scenario will be further discussed in section 5.5 in the context of ac-
counting for causal nonseparability alone (i.e. without the require-
ment of noncausality).

Retrocausal influences: Alternatively, one can imagine that, in a
definite spacetime structure with no holistic dynamics, the dynam-
ics ruling the world could allow influences to travel both forward
and backward in time. Again, these influences should engage with
the classical inputs and outputs of quantum operations, and not
merely describe influences between quantum events indiscriminately
of the specific quantum transformation taking place in the quan-
tum event. Moreover, the possibility of signalling between spacelike
quantum events should also be allowed by this dynamics, which
should not be merely about retrocausal influences among timelike
separated events alone.

Finally, one way to account for option 4 is to postulate that there is

no determinate spacetime underlying the noncausal correlations. The moti-
vations and developments of that strategy will be presented in chapter 5. In
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a nutshell, noncausal correlations in that scenario would come from the fact
that the underlying spatiotemporal structure would be indeterminate, which,
under certain (possibly not physical) conditions yet to be discovered, could
affect the correlations between classical inputs and outputs of different par-
ties. In other words, noncausal correlations would appear when the classical
inputs and outputs of different parties are connected to their spatiotemporal
locations, while these are indeterminate. This scenario would render the prob-
ability distributions incompatible with any definite relativistic spacetime.

4.2.2 Comparison between nonlocality and noncausality

We saw in section 4.1 that causal nonseparability, while generalising in some
sense quantum nonseparability, cannot be seen as a mere extension of quan-
tum nonseparability (describing correlations among quantum states at a given
time) to a description of correlations between quantum states at different times.
The differences between causal nonseparability and quantum nonseparabil-
ity are of a deeper nature. It will be shown in this section that their model-
independent counterparts (namely noncausality and Bell nonlocality), reflect
these conclusions as well.

First, noncausality possibly characterises a wider range of scenarios than
Bell nonlocality. Indeed, as recalled in chapter 2, Bell nonlocality concerns a
pair of spacelike separated parties. By contrast, noncausal correlations can be
found among either spacelike or timelike separated parties. Second, when con-
sidering spacelike separated parties, Bell local correlations, being no-signalling,
are necessarily causal (see implication 8 in Fig. 4.3). On the contrary, a Bell
nonlocal correlation does not necessarily imply signalling (see implication 7
in Fig. 4.3). This shows that, in the spacelike separated scenario, noncausality
points towards a more specific phenomenon.

Yet, the underlying physical mechanisms of noncausal correlations can
be similar to that of Bell nonlocal correlations. For example, retrocausal mod-
els have been suggested to account for quantum mechanics and its nonlocal
correlations (Sutherland, 2008; Vaidman, 2009; Friederich and Evans, 2019).
As seen in the previous section, retrocausal dynamical influences could plau-
sibly account for noncausal correlations, although they would need to be im-
plemented differently than in the context of standard quantum mechanics in
order to account for the observed two-way signalling.

Alternatively, we have seen that dynamical holism can be applied to
quantum mechanics and Bell nonlocality (see section 2.2.2.2) as well as for
noncausality. For example, in the context of Bohmian mechanics or variants
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of the GRW theory, some realist interpretations of the universal quantum state
as a nomological entity yield a holistic dynamics ruling the world (Esfeld et al.,
2014; Egg and Esfeld, 2015; Esfeld et al., 2020). This holistic dynamics allows
explaining the existence of Bell nonlocality. However, as it stands, this kind
of dynamical holism would not provide an explanation for noncausal corre-
lations, as it does not yield two-way signalling. A different implementation
would be needed in the case of noncausality.

Similarly, a holistic (and structuralist) ontology in standard quantum
mechanics (e.g. the result of a radical OSR approach towards the relation of en-
tanglement) would not be able to account for noncausality since it yields mere
dependencies between quantum states across space. In the previous section,
we suggested that the kind of holism (and structuralism) needed to account
for noncausality should concern quantum events and involve the spatial and
temporal dimensions.

Another possible route is the appeal to quantum metaphysical indeter-
minacy, which can account for standard quantum nonseparability (which is at
the core of Bell nonlocality in quantum mechanics) as well as for causal non-
separability (at the core of noncausality). Since the indeterminacy in standard
quantum nonseparability concerns only the quantum state, it would not be
sufficient to account for noncausal correlations. By contrast, the possibility of
an indeterminate spacetime mentioned in the previous section (and developed
in chapter 5) could possibly fill that task.

In conclusion, in the same way that causal nonseparability generalises
in some sense quantum nonseparability while still carrying a deeper concep-
tual difference with that notion, we have that noncausality possibly concerns
a larger range of physical configurations than Bell nonlocality, and points to-
wards a more specific phenomenon than Bell nonlocality, in which the tempo-
ral dimension plays a more central role than in any account of quantum me-
chanics. Nevertheless, similar interpretative strategies (namely retrocausality,
holism or structuralism) may be able to capture the underlying physics behind
Bell nonlocality and noncausality.

These claims will be developed in more details in section 4.2.4. In or-
der to have a better intuition of what noncausality means in physical terms,
and in order to understand better the similarities and disanalogies between
Bell nonlocality and noncausality, it is interesting to look for a principle (con-
straining physical models) that is violated by noncausal correlations. Just like
Bell nonlocal correlations violate the principle of local causality, what is the
counterpart in the context of noncausality? On the one hand, the derivation of
Bell inequalities has been obtained by assuming the principle of local causality
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(see section 2.2.2.1). On the other hand, causal inequalities have been derived
by assuming the existence of a definite causal structure among parties and the
fact that two-ways signalling among them is prohibited. How these different
premises connect with each others ?

A natural intuition is guided by the assessment that the temporal di-
mension seems to more forcefully enter the picture when it comes to non-
causality. Indeed, noncausal correlations can exist between timelike separated
parties, and causal nonseparability characterises some quantum process, which
encode relations between quantum events that are possibly distant across space
and time. We also saw that the candidate physical mechanisms underlying non-
causality were involving the temporal dimension in a stronger way compared
to the same kind of mechanisms in standard quantum mechanics. Hence, fol-
lowing that intuition that noncausality might involve similar physical mech-
anisms yet in a more temporal manner, we will explore a potential candidate
principle underlying causality that would consist in the temporal counterpart
of local causality (the main assumption behind the second version of Bell’s
theorem). This principle is presented in the next section.

4.2.3 Temporal nonlocality

Different authors have suggested a notion of “temporal locality” that would
play, in some sense, the role of the temporal counterpart of locality appearing
in Bell’s theorem. In particular, three such propositions can be recalled below:

1. Locality in time (Brukner et al., 2004)

Fig. 4.1 shows how a temporal version of the standard CHSH
inequality (see Fig 2.1) can be derived by replacing the assump-
tion of local causality by those of temporal locality and realism:

locality in time:“the results of a measurement performed at
time T2 are independent of any measurement performed at
some earlier or later time T1”

Realism:“The measurement results are determined by “hid-
den” properties the particles carry prior to and independent of
observation”.
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If we start from that set of premises and apply it to the scenario
expressed in Fig. 4.1, we obtain a lightcone diagram which itself
corresponds to a specific factorizability condition. From there,
the rest of the demonstration is exactly similar to that in Bell’s
theorem (see Fig. 2.1), and we obtain the temporal version of the
CHSH inequality.

System

S

o i REALISM LOCALITY IN TIME
I ¥ “*The measurement “*The results of measurement
results are determined by performed at time t2
+ "hidden” properties + are independent of any
A 8 Time the particles carry prior to and measurement performed at
i } independent of observation" some earlier or later time t1."
OJle Ojuipn( + \: variable providing a complete (at least sufficient) description of the
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Temporal CHSH inequality

FIGURE 4.1: Temporal nonlocality: lightcones repre-
sentation

Noninvasive measurability (Leggett and Garg, 1985)

Another type of inequality has been derived, of which the vio-
lation indicates an incompatibility of observations with a set of
two premises:

Macrorealism: “ A macroscopic object, which has available to it
two or more macroscopically distinct states, is at any given time
in a definite one of those states.”

Noninvasive measurability: “It is possible in principle to deter-
mine which of these states the system is in without any effect
on the state itself, or on the subsequent system dynamics.”

The Leggett-Garg inequalities derived from these principle aim
at testing whether our observations comply with the view called
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macroscopic realism, stating that macroscopic objects must al-
ways be in a determinate macroscopic state at any given time.

Leggett-Garg inequalities are sometimes called temporal Bell in-
equalities, because the experimental setup used to test the vio-
lation of these inequalities consists in a sequence of measure-
ments of the same observable at different times. The setup in-
volves then timelike separated parties, instead of the spacelike
separated parties found in Bell’s theorem.

Noninvasive measurability has, in addition, some connection
with the premise of locality in time used by (Brukner et al,,
2004), as it involves the idea that a measurement performed at a
certain time does not disrupt the state of the system, hence does
not influence measurement’s outcomes at later times.

. Temporal nonlocality (Adlam, 2018)

According to Adlam (2018), a definition of temporal nonlocality
should correspond to the temporal counterpart of local causal-
ity. In the latter notion, the central idea is that whatever hap-
pens in a spatial region must have been mediated by causes spa-
tially located nearby, and this mediation travels continuously
through space at a subluminal speed. When defining temporal
nonlocality, we keep that idea, well captured in the definition
provided by (Adlam, 2018, p. 2):

Suppose that two observers, Alice and Bob, perform measure-
ments on a shared physical system. At some time t,, Alice per-
forms a measurement with measurement setting 4 and at some
time t, + 0 she obtains a measurement outcome i; likewise, at
some time t;,, Bob performs a measurement with measurement
setting b and at some time t;, 4 6 he obtains a measurement out-
come j. Let A(t;) be the state of the world at time ¢, and let
A(tp) be the state of the world at time t;,. Then, temporal local-
ity means that the following equalities hold:

P(i|a/b/)‘(ta)/)‘(tb)/j) = P(i|a/)‘(ta)) (4.3)
p(jla, b, A(ta), Aty), i) = p(jlb, Alty)) (4.4)
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Eq. (4.3) and (4.4) can then be combined to yield:

p(i,jla, b, A(ta), A(ty)) = plila, A(ta))-P(jlb, A(y))  (45)

The above situation is pictured in Fig. 4.2.

Put simply, locality (whether spatial or temporal) means that
whatever happens at a spacetime point, the outcome depends
only on the information stored in the system’s state at that par-
ticular time and place. This is summarised by Adlam as follows:

“[...] all influences on a measurement outcome would
be mediated by the state of the world immediately
prior to the measurement.” (Adlam, 2018, p. 2)

As Adlam points out, a precise meaning of temporal locality
requires to specify the meaning and nature of the variable A,
hence, requires a full-fledged interpretation of the theory.

Time

Future
lightcone

Future
lightcone
L e /22 Nl W 4 Ie R ]

Past
lightcone

Space

FIGURE 4.2: Schematic representation of a bipartite
scenario characterised by the classical inputs a and b,
the classical outputs i and j, and the variables A(t,) and
A(tp). Remark: the parties Alice and Bob are here space-
like separated, but can be timelike separated as well.
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Temporal locality as defined by Adlam seems more appropriate for our
discussion, as it provides a temporal counterpart to the local causality princi-
ple used in the second version of Bell’s theorem. As section 4.2.4 will show, this
will make the analysis of the similitudes and disanalogies between nonlocality
and noncausality easier. By contrast, it is less clear how the notion of locality in
time of Brukner et al. (2004) should be connected to locality as defined in Bell’s
theorem (either in the first or second version). Regarding the Leggett-Garg
inequalities, while these can be seen as temporal counterparts of Bell inequal-
ities, this very assumption has been critically put into question in Timpson
and Maroney (2013). In their work, Maroney and Timpson recall the existing
debate regarding the exact significance of the violation of a Leggett-Garg in-
equality, and insist on the lack of a proper model-independent formulation of
the noninvasive measurability principle.

4.2.4 Connection between noncausality and temporal nonlo-
cality

To begin with, it can be showed that temporal locality (i.e. whatever happens
at a specific time, the outcome depends only on the information stored in the
system’s state at that particular time) implies causality (i.e. a correlation is not
two-way signalling) (see implication 5 in Fig. 4.3). Indeed, if temporal locality
holds, then the statistical independence between the outcomes of one party
and the settings of the other party (i.e. the no-signalling condition) ensures
that the conditions for causal correlations are satisfied.

The converse is not true (see implication 6 in Fig. 4.3). Causality forbids
two-way signalling between parties, but this condition is not enough to guar-
antee temporal locality. One might indeed conceive the existence of causal
correlations violating temporal locality, e.g. (Bell) nonlocal correlations (i.e.
violating a Bell inequality) as we will emphasise below.

The principle of temporal locality is indeed encompassing that of local
causality (which means that the direct causes (and effects) of events are nearby,
and even the indirect causes (and effects) are no further away than permitted
by the velocity of light (Bell, 1995)) (see implication 1 in Fig. 4.3). Actually, an
important point that Adlam makes (although without demonstrating it explic-
itly) is that temporal nonlocality as previously defined can be considered as a
plausible implication of Bell’s theorem. Indeed, it is rather easy to see that tem-
poral locality implies the condition of local causality involved in Bell’s theorem
(see Fig. 2.1 which recalls Bell’s theorem as expressed in the second version of
1976). Indeed, the experimental setup displayed in Bell’s theorem corresponds
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to the situation in Fig. 4.2 in which Alice and Bob are spacelike separated. It
is straightforward to see that Eq. (4.3), (4.4) and (4.5) lead to Eq.(1), (2) and (3)
in Fig. 2.1 for spacelike separated parties, since there exists an inertial frame of
reference in which t, = t;. As a result, the violation of local causality can be
seen as originating from a violation of temporal locality. The converse is not
true (see implication 2 in Fig. 4.3), i.e., local causality does not imply tempo-
ral locality, since the latter imposes constraints on either correlations among
spacelike or timelike separated parties, while the former is exclusively about
correlations among spacelike separated parties.

In conclusion, temporal locality as defined in section 4.2.3 implies both
causality as defined in section 3.3.3, and local causality (hence, Bell locality).
Fig. 4.3, in addition to summarising the previous discussion, also emphasises
an important point. Bell’s theorem demonstrates implication 3 (for spacelike
separated parties), i.e. the assumption of local causality (along with additional
side hypotheses) implies Bell inequalities. The implication 4 means that for
any Bell local correlation (satisfying its corresponding Bell inequality), there
exists a local causal model that can account for it. We see that the link between
temporal locality and causality is not as strong, in the sense that it is not nec-
essarily the case that there exist a temporally local model to account for any
causal correlation.

This result was to be expected given the analysis of both sections 4.1 and
4.2: while the discussions of the possible underlying meaning of noncausal-
ity was pointing towards a key role of the temporal dimension compared to
the situation with Bell nonlocality, it was emphasised earlier that causal non-
separability (the model-dependent counterpart of noncausality) was not to
be understood as a mere extension of quantum nonseparability (the model-
dependent counterpart of Bell nonlocality) across time. Instead, causal non-
separability describes a deeply distinct phenomenon by describing quantum
correlations among quantum events. This disanalogy is found also when com-
paring the model-independent notions of causality and Bell locality: their dif-
ference runs deeper and noncausality cannot be reduced to a form of temporal
version of Bell nonlocality.

Yet, this discussion has helped us understand why the temporal dimen-
sion plays a more central role in noncausality than in Bell nonlocality: Fig. 4.3
shows that a more constraining principle with respect to temporal mechanisms
is violated by noncausal relations.
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FIGURE 4.3: Summary of the various implications between the
notions of temporal locality, local causality, causality and Bell lo-
cality.

4.3 Conclusion

The first part of this chapter clarified the nature of the notions of process matri-
ces and causal nonseparability, and how they differ from the notions of density
matrices and quantum nonseparability. Causal nonseparability cannot be seen
as a mere extension of quantum nonseparability (which can describe correla-
tions between quantum states at a given time) to a description of correlations
among quantum states at different times. While quantum nonseparability ex-
presses that for some composite system, the quantum states of the sub-systems
are indefinite, causal nonseparability expresses that for some processes, the or-
der among the events within that process is indefinite.

From there, it was argued that the model-independent counterpart of
causal nonseparability, namely noncausality, could be possibly accounted for
by a variety of views such as retrocausality, holism, structuralism and meta-
physical indeterminacy of spacetime. (This last option will be discussed at
length in chapter 5).

When compared to Bell nonlocality, noncausality can concern a larger
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range of scenarios, involving both spacelike and timelike separated parties.
When considering spacelike separated events, noncausality is a more specific
phenomenon than Bell nonlocality, as the former implies the latter but not re-
ciprocally. Noncausality would also require to modify the available strategies
to interpret quantum mechanics (e.g. retrocausal models, holism, structural-
ism, quantum indeterminacy) in order to involve more explicitly the temporal
dimension and allow for two-way signalling.

These assessments motivated the search for a candidate principle vio-
lated by causal correlations that could possibly enlighten these considerations.
The notion of temporal locality, as defined by Adlam (2018), was presented
and it was shown that it implies both causality and local causality. The viola-
tion of a causal inequality indicates (while not being necessary to) an instance
of “temporal” nonlocality (as defined in section 4.2.3), which is a more con-
straining premise than that of local causality used to derive Bell inequalities.

In the same way as each interpretation of quantum mechanics will spell
out a particular meaning to the operationally defined Bell nonlocality, we need
to specify the ontology and dynamics of the underlying theory violating a
causal inequality in order to specify (within a realist framework) the details
behind noncausality.

While a few possible routes were sketched in this chapter, the remain-
der of this work will try to motivate and develop in more details one route in
particular’, namely the idea that the causal structure of causally nonseparable
processes is metaphysically indeterminate.

5 Although not in the specific context of noncausality, but rather in the less constraining
situation of causally nonseparable processes.
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Chapter 5

A metaphysical analysis of causal
nonseparability

The previous chapter emphasised how noncausality, the model-independent
counterpart of causal nonseparability, is linked to a form of temporal nonlo-
cality. This chapter will explore this idea in more details, by investigating the
kind of implications that one would face when adopting a realist attitude to-
wards causal nonseparability. In particular, we will focus on their potential
link with spacetime.

5.1 Scientific realism and the process matrix formal-
ism

First, a word on the realist framework guiding this discussion. Since all cur-
rently known causally nonseparable processes can be described in standard
quantum mechanics’, it would be a perfectly coherent attitude to look at their
characterisation within the process matrix formalism (hence, at process matri-
ces and causal nonseparability) as purely formal, i.e. not capturing any novel
physical features. Yet, it remains an open question whether there exist causally
non-separable processes that are instantiated in nature, without being describ-
able within standard quantum mechanics. Because such a scenario may well
bring new physical and metaphysical insights, it is the option developed fur-
ther in this chapter.

ISee Annexe A for a development of this claim.
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Other motivations behind the realist attitude adopted here will be de-
veloped below as the discussion goes (see section 5.5): On the one hand, we
might find potential theoretical virtues ensuing from ontologies in which pro-
cesses play a central role. On the other hand, as suggested in section 2.1.4, a
realist stance could help emphasising interpretative tensions between a classi-
cal spacetime background and quantum behaviours of matter.

A realist account of the process matrix formalism agrees with the view
that its central object, the process matrix, refers to some objective features of
the world. In that context, one has to articulate the exact meaning of a process
matrix and the new idea that, for a causally nonseparable process, there is no
well-defined causal structure among the events related by the process.

This task is vast and can be undertaken in a variety of ways. In this
chapter, we will adopt a broader viewpoint for exploring the general conse-
quences of causal nonseparability, which does not commit to a particular on-
tology for the theory or a particular solution to the measurement problem.
Namely, we will focus on the notion of indefinite causal order, and motivate a
natural connection to the idea of indefinite spatiotemporal structures. The role
of spacetime in non-relativistic quantum mechanics is to provide a fixed back-
ground stage with a Galilean geometry for events to take place. This status still
holds within the process matrix formalism?”. Yet, in spite of spacetime’s sup-
posedly passive role in this theory, adopting a realist attitude towards causal
non-separability can have philosophical implications for spatiotemporal rela-
tions, as the notion of indeterminate spatiotemporal relations suggests. From
there, we will explore different readings of that indeterminacy (namely the
epistemic and metaphysical ones), and the way they might impact the notion
of spacetime itself. It is worth noting that although one particular reading
of indeterminacy will not be compatible with all quantum ontologies and so-
lutions to the measurement problem, the reflections presented below can be
developed independently of such considerations. Finally, it will be interesting
to see to what extent such implications are already suggested within standard
quantum mechanics.

5.2 The quantum switch as a case study

Let’s consider the particular causally nonseparable quantum process presented
in section 3.3.2, called the quantum switch. For the sake of this argument, it is

2See Paunkovi¢ and Vojinovi¢ (2020) for a discussion of that particular point.
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useful to recall the structure of this process (see Fig. 5.1).

(a) /v Wass (b) /v Wesa

FIGURE 5.1: (a) Schematic diagram of a process describing the
definite causal structure A < B. (b) Schematic diagram of a pro-
cess describing the definite causal structure B < A. (c) Schematic
diagram of a process describing the quantum switch. The labels I
and F represent the input and output of the process, respectively.
Ix and Fx represent the input and output of party X, respectively.

The quantum switch maps two local operations (noted A and B) on a
global one. The map is mathematically described by a causally nonseparable
process matrix noted Wgs, encoding a causal structure that is said to be in-
definite. More precisely, the global structure combining operations A and B is
entangled with the state of a control qubit. As explained in section 3.3.2, it is
common, for the sake of clarity, to ignore the presence of this control qubit (as
well as that of the third party, Fiona, acting on that control qubit) in the de-
scription of the QS. Instead, it is simply said that the QS as is in a superposition
of the definite structures A < Band B < A.

At this stage, causal nonseparability and indefinite causal orders are
purely formal concepts. Assigning them a meaning is the next step, which will
be discussed in sections 5.3 and 5.4
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5.3 Indefinite causal orders

As the appellation “indefinite causal orders” suggests, such a phenomenon
seems to indicate some indefiniteness of causal relations. Recall that the no-
tion of causal order here is purely operational, being defined by the relations
among inputs and outputs of different quantum operations (see section 3.3).
In that sense, we are working with a minimalist notion of causal relations, that
matches our common intuition according to which a particular event in a sim-
ple, linear, chain of events influences, hence ‘causes’, to a certain extent, the
event that directly follows®. The causal relations in the indefinite causal orders
considered here are therefore neutral concepts with respect to any account of
causation’. In particular, it is neutral regarding whether causal relations are
reducible to non-causal entities or not, articulated within a Humean view of
the world or not, objective or not.

With that being said, it is widely held in philosophy of causation that
causal relations are definite. This claim can be expressed through the following
principle:

Determinacy of Causation (DetC). If ¢ causes e, then it is determinate that c
causes e.

Yet, while we will discuss in a while how the quantum switch chal-
lenges this principle, it is important to mention that there already exist differ-
ent counterexamples to this principle in the literature (Sartorio, 2006; Ballarin,
2014; Bernstein, 2014; Swanson, 2017). One such example, called the Battlefield,
goes as follows (Sartorio, 2006). A soldier S is on a battlefield, with four allies
and four enemies. Each of those enemies is about to kill one of the allies. The
soldier S has only one bullet left. Not knowing which enemy to kill, she didn’t
fire the bullet. All the four allies were then killed. This scenario displays a
case of indefinite causal relation: did soldier S cause the death of ally 1? What
about ally 2, 3 and 4? It seems wrong to say that soldier S caused the death of
all of her allies. It seems equally wrong to claim that she caused the death of

3Indeed, in a causally separable process, the causal structure is definite, and describes a
simple chain of events ordered in a certain way. For example, in the bipartite case with two
parties A and B, a causally separable process will encode the causal structure A < B, or the
causal structure B < A, or a probabilistic mixture of the two.

4See Beebee, Hitchcock, and Menzies (2009) for a comprehensive review of the field of
philosophy of causation.
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none of them. Finally, it also seems wrong to say that she killed one particular
ally instead of another one. Her causal role in any particular death appears to
be simply indeterminate.

Several strategies have been developed to analyse the Battlefield scenario
in a way that assigns a determinate status to the causal relations among the
protagonists:

1. Denying the causal role of omissions’. If one does not consider that
omissions can be causal relata in a causal relation, the Battlefield would
not be analysed in terms of counterfactuals with omissions leading to
indeterminacy. The fact that soldier S didn’t fire her one bullet would
have no causal role in the scenario, and the question “did soldier S cause
the death of ally X?” would receive a definite negative answer.

However, if one wishes to remain within a Humean framework, in which
omissions can be causal relata, the analysis of the Battlefield in terms of
counterfactuals involving omissions holds and a specific strategy needs
to be offered to save DetC, such as those described below.

2. Dropping the principle of causal additivity (Sartorio, 2006), which states
the following:

Causal Additivity (CA). If c causes ¢, and c causes f, then c causes e and

f

In that case, the question “did soldier S cause the death of ally X?” can
receive a positive answer without implying the false claim that she killed
all her four allies.

3. Endorsing disjunctive effects, which states that an event C can be the
cause of a disjunctive effect £ V F, while C is not a cause of £ nor F (Bal-
larin, 2014).

In that situation, the question “did soldier S cause the death of ally X?”
can receive a negative answer without implying the false claim that she
killed none of them.

4. Adopting a contrastive approach to causation (Hitchcock, 1996; Schaffer,
2005), in which one analyses any causal relation by adding a contrastive
clause to the cause and effect involved in that relation. A causal relation

5This has been defended namely by (Dowe, 2000; Beebee, 2004; Kistler, 2007)
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will then be expressed in the form “C rather than Cx caused £ rather than
5*11-

In the case of Battlefield, adding contrastive clauses would arguably al-
low us to eliminate any indeterminacy. Take the following four proposi-
tions:

(a) Your not shooting rather than shooting enemy1 causes soldierl (but
not soldier2, soldier3, or soldier4) to die rather than survive.

(b) Your not shooting rather than shooting enemy?2 causes soldier2 (but
not soldierl, soldier3, or soldier4) to die rather than survive.

(c) Your not shooting rather than shooting enemy3 causes soldier3 (but
not soldierl, soldier2, or soldier4) to die rather than survive.

(d) Your not shooting rather than shooting enemy4 causes soldier4 (but
not soldierl, soldier2, or soldier3) to die rather than survive.

Each of those strategies requires to modify the standard analysis of cau-
sation. Those who would refuse to accommodate these strategies will likely
have to accept the possibility of indeterminate causation. Whether the above-
mentioned approaches are satisfactory will not be debated here, as this partic-
ular discussion lies out of the scope of this thesis. Instead, we will now discuss
our new scenario of indeterminate causal relations, and show that it is unaf-
fected by the previous strategies, closing these routes to save DetC.

Indefinite causal orders, or ICOs, in the process matrix formalism, as
we will show, present a different structure than the Battlefield counterexam-
ple to DetC. Yet, this is not the only difference. While Battlefield is a scenario
that appeals to the ordinary/everyday sense of causation, ICO, as defined in
quantum physics, is a theoretical concept resulting from the development of
recent science. We therefore bring about a methodological shift by consider-
ing science, instead of common sense, as the guide to explore the properties of
causation®. Such a move is consistent with the scientific realist stance adopted
throughout this work.

In order to further analyse ICOs, we will rely on their most famous in-
stance, namely the quantum switch (section 3.3.2 and section 5.2). We will
represent it in a schematic way using nodes (representing individual events)

®Since the scientific theory used for studying causation is in that case considered part of
fundamental physics, this methodological choice is affected by the debate regarding the rele-
vance of the notion of causation within fundamental physical theories (see (Blanchard, 2016)
for a recent review). We'll see in section 5.4 that this work remains outside of the controversy.
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and arrows (indicating the causal relations from the causes to the effects). This
can be found in Fig. 5.2. The node I represents the initial preparation proce-
dure on the target system, while the node F represents the final output of the
operations performed on it’. A and B represent the events occurring in par-
ties A and B, respectively. As discussed in section 5.2, the quantum switch
can be understood roughly® as a superposition of causal orders, where the no-
tion of superposition is a purely formal one. The green arrows represent the
definite structure A < B, while the blue ones represent the structure B < A.
Obviously, such a diagram is never encountered in any traditional analysis of
causation, since the notion of superposition is purely quantum and pertains to
the field of fundamental physics. There are different ways to assign a meaning
to the notion of superposition, as discussed in chapter 2.

FIGURE 5.2: Schematic diagram of the causal structure of the
quantum switch.

“Strictly speaking, F represents the identity operation performed on the target system after
it visited parties A and B

8When simplifying the QS description to the mere operations performed on the target sys-
tem, the causal structure describing what happens to that target system can be expressed as
a mere superposition of the definite structures A < B and B < 4. While this is, strictly
speaking, a truncated view of the QS, this remains conceptually meaningful since the quan-
tum superposition in the control system’s state along with the linear dynamics of quantum
mechanics induces the entanglement of the causal structure affecting the target system with
the control system'’s state. The causal structure behaves as if it was itself in a superposition of
definite structures.
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Yet, it is not needed to engage with a specific reading of quantum su-
perpositions to see how indeterminacy affects the causal structure. Indeed, it
seems important to hold to the intuition that it is determinate that I causes F,
by transitivity. It seems also intuitive to not deny that a causal influence ex-
ists between A and B. As a result, by transitivity, no matter the actual causal
structure, it must be determinate that I causes A, I causes B, A causes F and
B causes F. What remains indeterminate are the relations “A causes B” and “B
causes A”.

Because the causal structure of the QS is structurally different from that
of the Battlefield case, the previous strategies to save DetC in the face of coun-
terexamples such as the Battlefield will not be helpful when applied to the QS.
This can be seen quite straightforwardly. First, the QS’s causal structure con-
tains no omission, which makes this case challenging even for non-Humean
approaches to causation. Second, it contains no problematic conjunction of
causal statements. Third, including disjunctive causes or effects will not help
dissipate the indeterminacy of the relations “A causes B” and “B causes A”.
Finally, a contrastive approach to causation does not seem to dissolve the inde-
terminacy of the causal relations between the events A and B. Indeed, suppose
we include A and B themselves as contrastive clauses. One gets two possible
causal relations among A and B:

e A rather than —A causes B rather than —B;

¢ Brather than —B causes A rather than —A.

Once again, within the QS, there simply is no way to assess which one
among these two statements is true. Thus, adding a contrastive clause does
not eliminate the indeterminacy.

Unlike the Battlefield case, we therefore see that the QS displays a kind
of indefiniteness that is structurally different, and that cannot be dissolved by
existing strategies found in the literature. In particular, the QS case poses a
challenge even for non-Humean approaches to causation (for which, contrary
to Humean views of causation, there exist necessary connections in the world
that exist over and above the Humean mosaic of actual facts). This key struc-
tural difference between the Battlefield case and the QS is easily identified as
the presence of a quantum superposition of causal order in the latter case. As
it is well known, quantum superpositions cannot be understood without in-
consistencies while remaining in a classical framework, which consists in the
following assumptions: (i) interactions take place locally, and (ii) there is defi-
niteness of physical properties or definite obtainment of states of affairs at all
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times. Within that framework of premises, the superposition of causal struc-
tures in the QS cannot be understood as either:

¢ representing a causal structure that is simultaneously both A < B and
B < A.

¢ representing a causal structure that is either A < Bor B < A

* representing a causal structure that is neither A < Bnor B < A.

All the available logical options fail to make sense of quantum super-
positions when we reason within a purely classical setting. Of course, giving
up on a least one of the above-mentioned basic classical assumptions opens
a range of possibilities to account for superpositions and entanglement’, as
we will discuss shortly. This can be done either by considering a full-fledged
account of quantum mechanics, or by adopting a specific reading of entangle-
ment without being tied to a solution to the measurement problem. We will
rely on the latter option, as it allows to keep a more focused attention to the
meaning of entanglement itself without taking into account other constraints
not relevant to this specific discussion (such as the measurement problem). We
have seen in chapter 2 that entanglement can be seen as an objective feature of
nature, or as an effective phenomenon reflecting imperfect knowledge of the
observer.

In the latter epistemic case, the entangled causal relations displayed by
the QS would correspond to what we know of causal relations, without this
knowledge having any objective status. The indefiniteness would originate
from an imperfect description of the experiment, while its actual causal struc-
ture is definite '”. Unless such an indefiniteness would be dispelled in a more
complete theory, this would mean that, at a certain level, certain causal rela-
tions among events are unknowable, not because our science is not developed
enough, but because the world is such that the exact causal structure between

9Recall that, rigorously, the QS displays formally a causal structure entangled with the state
of an ancillary system.

19This approach might appeal to a different framework to describe the causal structure of
the quantum switch, e.g. one that formally describes the process as having a definite causal
structure, as it is done in Barrett, Lorenz, and Oreshkov (2021). This causal model explicitly ad-
mits the cyclicity of causal relations, yielding an alternative causal description of the QS. Such
a cyclicity, once embedded in spacetime and if taken at face value as the correct description of
reality, could correspond to a form of retrocausality, as discussed in section 4.2.4.
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events is in principle out of reach. Such a conclusion, although potentially dis-
heartening for some, may be accepted on the grounds that an epistemic ac-
count of ICOs arguably presents other theoretical virtues. An analogy can be
made with Bohmian mechanics, which displays both an epistemic status for
entanglement, while endorsing physical principles such as determinism, or
definiteness for all properties of systems at all times. Similarly, it is possible
that the principles underlying a potential account of the PMF in which the
ICOs are epistemic, might be considered as worth the cost of an in principle
unknowability of causal relations.

Yet, an epistemic account of ICO must still provide an explanation for
the way the non-actual causal orders seem to have a physical influence within
the global process due to the presence of quantum interferences between dif-
ferent causal orders. Indeed, just like the existence of non-actual, yet possible,
electron trajectories have an influence on the interference pattern of electrons
in the two-slits experiment of standard quantum mechanics, we have that the
process matrix of the quantum switch is expressed as the following sum of
terms:

Wos = 1/2(WASF 4 WEA 1 W) B (W74 4 ) P24 (W A5F) - 5.)

in which WX=Y = |[W)*=Y (W= with |W)*=" representing a process vec-
tor with the causal structure “X < Y”. The two first terms of Eq. (5.1) of the
form WX=Y are process matrices corresponding to the definite causal structure

“X < Y”, while the two last terms of the form |[W)*~Y (W|"=* correspond
to interference terms. It is their very presence that makes Wps causally non-
separable by preventing its formulation as a probabilistic mixture of processes
with a definite causal structure. In the same way that accounts of standard
quantum mechanics in which quantum nonseparability reflects an incomplete
description of reality (e.g. Bohmian mechanics) still needs to account for the
effective presence of interference terms, an epistemic account of ICO needs to
explain the underlying physical reason for their presence, despite the fact that
the actual causal structure is definite ''. This question meets the discussion in

1 Otherwise, it might be said that an epistemic reading of ICO would lack a certain explana-
tory appeal regarding the presence of indeterminate causal orders, since the origin of the in
principle lack of knowledge about causal relations would ultimately remain as a brute posit
about causation.
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section 4.2.1 which sketched various possible scenarios underlying noncausal-
ity (hence, a fortiori, causal nonseparability) with the constraint that the un-
derlying causal structure is definite. We saw, e.g., that two possible strategies
would be to appeal to a form of dynamical holism or retrocausal influences.
Whether such routes are found appealing is arguably a question of personal
sensibility.

For the above-mentioned reasons, it is therefore interesting to explore
another option, briefly mentioned in section 4.2.1, that regards those ICO more
seriously.

If we embrace a metaphysical reading for the indeterminate causal rela-
tions, the entangled causal relations featured in the QS would be considered as
describing objective features of nature. Those would be indefinite in a meta-
physical sense, i.e. that the world itself (and not our knowledge thereof) would
be such that causal relations can sometimes be ontologically indefinite. We saw
earlier that the causal structure of the QS could not be analysed in a classical
setting, because no logical options can make sense of quantum superpositions
in that context. At least one of the basic classical assumptions needs to be
dropped, namely (i) locality of interactions and (ii) definiteness of all physical
properties/obtainment of states of affairs. If one embraces the ontic reading
for the indeterminacy of causation, it means that one gives up on assumption
(ii). From there, there exist conceptual tools allowing to make sense of the in-
determinacy while not running into contradictions. The notion of ontological
indefiniteness (more often called metaphysical indeterminacy (MI) in the litera-
ture) has been studied and formalised in previous work (Wilson, 2013; Barnes
and Williams, 2011). Although already introduced in chapter 2, it is useful
to expose here a brief presentation of these accounts in order to see how they
might apply to the present case of indefinite causal orders.

¢ The unsettledness view (Barnes and Williams, 2011). According to that
view, every state of affairs in the world is fully determinate, but it is inde-
terminate which state of affairs obtains. This approach does not provide
any reduction of metaphysical indefiniteness to other notions. Instead, it
offers a logic and semantic to articulate MI, which is left as a primitive.

® The determinable-based account of metaphysical indeterminacy (Wil-
son, 2013). According to that view, it is always determinate whether a
given state of affair obtains. Yet, not every state of affair is determinate
itself. An indeterminate state of affair involves an object with a deter-
minable property with no unique determinate.

Determinable properties are “unspecific properties which admit of spec-
ification by determinate properties, e.g., the determinable being coloured
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may be determined by the determinate being scarlet. [...] Determinables
are irreducibly imprecise —in particular, they are not reducible to any com-
plex combinations of precise determinates.” (Wilson, 2013, p. 107)

There are two ways for a determinable to lack a unique determinate. Ei-
ther it possesses no determinate (which is called the Gappy account in
Wilson (2013, p. 108-109)), or it simultaneously possesses multiple ones
(which is called the Glutty account in Wilson (2013, p. 108-109)).

Interestingly, metaphysical indeterminacy has already been discussed
in the context of standard quantum mechanics (see (Calosi and Mariani, 2021)
for a review), in which it is argued that there are different sources of quantum
indeterminacy which differ both mathematically and metaphysically (Calosi
and Wilson, 2019). Those sources are quantum superposition, incompatible
observables and entanglement. A lack of value determinacy (LVD) in those
cases is read as a form of metaphysical indeterminacy. It was argued in Calosi
and Wilson (2019) and Calosi and Wilson (2021) that the determinable-based
account for Ml is better suited than the “unsettledness view” (also called super-
valuationism) to account for these scenarios found in various realist accounts of
quantum mechanics. The reason for this is specific to each of these accounts,
namely the presence of residual indeterminacy in the GRW theory after a col-
lapse of the wavefunction, the presence of indeterminacy in the position of
macroscopic objects in the GRW,,, theory, or the presence of incompatible ob-
servables in the Everettian interpretation. These features render impossible the
task to formulate maximally precise worlds of which the obtaining is indeter-
minate in a supervaluationist view. By contrast, by applying a determinable-
based account of MI to the various sources of quantum indeterminacy, they
defend that this application is successful, proving that the determinable-based
account of MI allows to accommodate the whole range of quantum indeter-
minacies, whether on a Gappy or Glutty variant. These results are further
reinforced in (Calosi and Wilson, 2021)"2.

Now, could we apply the same strategy as the one reviewed in (Calosi
and Mariani, 2021) to defend metaphysical indeterminacy in the context of
ICO ? Interestingly, the causally nonseparable processes that are physically im-
plementable so far always involve entanglement of the causal order between
quantum operations with the quantum state of an ancillary system (Wechs et
al., 2021; Costa, 2020). Hence, while causally and quantum nonseparability
are conceptually different notions (see section 4.1), the indefiniteness in those

12See also Torza (2020) for an argument promoting a modified “Unsettledness View” of
(Barnes and Williams, 2011) to account for quantum indeterminacy.
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physically implementable causally nonseparable processes can be analysed, at
a purely formal level, in terms of standard entanglement, although between
notions that are, for their part, different than in the standard case (namely the
notion of causal structure). As a result, in the context of ICOs, the concept of
indefiniteness can apply not for the properties of a given system, but for the
causal structure of a given process.

In the case of ICO read as metaphysically indeterminate, the unset-
tledness view (if ever appropriate) would express the situation as follows:
it is unsettled which of the causal structure A < B or B < A obtains. The
determinable-based account of MI would analyse the situation differently. It
would require the identification of a determinable with no unique determi-
nate. “A is causally connected to B” can naturally be considered as a deter-
minable '?, with determinates “A causally precedes B” and “A causally suc-
ceeds B”. The question is now whether this determinable should be seen as
possessing none or both determinates, yielding indefinite causal orders.

Clarifying the exact meaning/nature of the determinable “being in a
specific causal order with regards to other events” would require a particular
theory of causation. We said earlier, in the beginning of section 5.1, that the
notion of causal relation in the case of the QS is left unanalysed, and that one
does not take a stance on its (un)reducibility or underlying ontology. In that
sense, we remain neutral with respect to existing theories of causation. Yet,
we will not engage in a further discussion of a determinable-based account of
metaphysically indeterminate causation. The reason is that the relevance of the
notion of causation within fundamental physical theories is subject to a large
debate (see (Blanchard, 2016) for a recent review), while shifting from the no-
tion of causal structures to that of spatiotemporal ones will allow us to explore
instead the implications of ICO on space and time. This is attractive as space
and time unambiguously, in contrast to causation, constitute a central concept
in the ontology of the world, and a pivotal element to connect this more formal
theorising of nature with our empirical experiences thereof. Additionally, this
move will allow us to get closer to the exploration of a pressing question in fun-
damental physics (at least within our scientific realist framework), namely the
fate of spacetime in a quantum world. As discussed in section 5.1, spacetime is
classical in standard quantum mechanics. Yet, this status is expected to change
in a more general theory of quantum gravity. It is interesting to investigate
whether there already exist tensions between this assumption of a classical
spacetime and certain quantum features of non-relativistic, non-gravitational

13This suggestion would require a more careful analysis, yet seems sufficiently reasonable
to be assumed in the context of this dissertation.
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quantum theory.

In conclusion of this section, the principle of determinate causation, DetC,
was introduced as well as a central counter-example found in the literature
(The Battlefield case). It was shown that the quantum switch could play the
role of another counter-example to DetC, structurally different from the Bat-
tlefield case. The causal structure of the quantum switch does not allow to
save DetC by using previous strategies to account for the Battlefield case while
satisfying DetC. From there, possible routes to interpret this causal structure
were discussed. On the one hand, an epistemic understanding of the inde-
terminacy found in the causal structure of the QS can be developed, yet, at
a certain cost (namely a potential lack of explanatory power). On the other
hand, a metaphysical account of the indeterminacy of causal orders can be
both motivated and articulated based on the existing literature in quantum in-
determinacy. Finally, we motivated a shift from the notion of causal order to
that of spatiotemporal relations. This is this shift that will be discussed in the
next section.

5.4 From causal to spacetime structures

The link between causation and spacetime has been extensively discussed in
several theories, both in metaphysics and in philosophy of science. To make
but one prominent example, consider that in the standard Lewisian superve-
nience picture, causation emerges from the mosaic of actual events and the spa-
tiotemporal relations among them. In a way, Lewis starts from spacetime to get
to causation. Yet, in principle, the converse can be done too. For instance, in the
context of QG, causal set theory14 aims to recover spacetime, as described by
(sectors of) general relativity, from fundamental, non (fully) spatio-temporal
causal structures. No matter what the priority relation between spacetime and
causation is (or whether there is such a relation, or whether they are best con-
ceived as being metaphysically on a par), nobody would deny that there is an
intimate connection between spacetime and causation.

For the purpose of this argument, we will focus on the way causal re-
lations and spacetime geometry constrain each other in physical theories. In-
deed, a strong motivation for causal set theory is provided by a series of impor-
tant results in general relativity basically showing that, assuming the condition

14See Huggett and Wiithrich, forthcoming, ch. 2 for a recent philosophical discussion of
causal set theory, as well as references therein.
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of past and future distinguishability of the spacetime manifold, the geometry
of spacetime is fixed by its causal structure up to a conformal factor'”. Space-
time manifolds have to satisfy a number of properties in order to be considered
as “physical” (see e.g. (Minguzzi and Sdnchez, 2008)). It has been shown that
for particular spacetime manifolds (namely those that are past and future distin-
guishing), a given causal structure will select, up to a conformal factor, a corre-
sponding spacetime metric (Hawking, King, and McCarthy, 1976, Malament,
1977). In other words, there is an isomorphism between the spacetime struc-
ture (the metric) and the causal structure for spacetime manifolds that possess
certain properties allowing to consider them as physical. That notion of causal
structure (hereafter named “relativistic causal structure”) is a mathematically
defined structure describing the type of causal relation (or lack thereof) that
can obtain between any two pair of spacetime points.

We see from those considerations that drawing a connection between
the concepts of causality (via the mathematically defined “relativistic causal
structure”) and spatiotemporality is rather natural in the context of relativ-
ity. This connection is arguably present in the case of quantum processes.
Of course, connecting the causal structures encoded in quantum processes to
spatiotemporal relations is not as straightforward as in the case of relativis-
tic causality and spacetime. The reason is that causal orders within process
matrices are operationally defined, and independent, by construction, from
spatiotemporal notions. A given process matrix encodes the relations among
inputs and outputs of various quantum events. If the output O of an event E;
is sent to the input I of another event E;, we can say that “E; causally precedes
E,”. In the process matrix formalism, the network of such relations is called
the “global causal structure” (hereafter named “operational causal structure”)
underlying the process under consideration. By contrast, relativistic causal
structures are defined on the basis of spacetime as constrained by relativity.
Another way to put it is to emphasise that events connected in an operational
causal structure correspond to quantum operations, while events connected
within a relativistic causal structure are spacetime events. While, by defini-
tion, relativistic causal structures are connected to spacetime, it is not the case
for operational causal structures since those, by definition (see section 3.3), are
not assuming any spatiotemporal features.

Yet, a connection between the “operational causal structure” and the
spacetime manifold can be defended. We will postulate that the following
claim (called claim X) is true:

15See Annexe B for a presentation of this result, along with a definition of spacetime mani-
folds and their properties, and their mathematical connection with causal structures.
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Claim X. The “operational causal structure” described by a given process
agrees with the “relativistic causal structure” of the entire universe.

The motivation behind this postulate is the following. If one takes rel-
ativity and the process matrices as both faithfully describing the world, then
the operational causal ordering encoded between quantum events in a pro-
cess needs to match the causal structure among their spatiotemporal locations
allowed by relativity. The idea is that what theoretically grounds a valid opera-
tionally defined causal structure is a relativistic causal structure as constrained
by relativity. In other words, operational causal structures are theoretically
founded on relativistic causal structures.

From there, if this postulate is true, any indeterminacy in the opera-
tional causal structure is a faithful description of the world and will be car-
ried out in the relativistic causal structure of the universe. Then, in virtue of
the isomorphism between the relativistic causal structure and the spacetime
manifold, indefinite causal orders are equivalent to indefinite spatiotemporal
relations.

However, if Claim X is false, then the operational causal structure does
not necessarily describe the world faithfully'®, and indeterminate causal or-
ders can correspond to “effective” causal structures not carried out in the rela-
tivistic causal structure.

To sum up, as long as we consider that the spacetime structure involved
in quantum physics possesses the various properties we expect from a phys-
ical spacetime, the above-mentioned isomorphism holds!’, in virtue of what
the indefiniteness of causal order as defined within the process matrix formal-
ism can be understood as the indefiniteness of a corresponding spatiotemporal
structure, whether objective or not. It will be objective if the operational causal
structure provides a true description of the world (i.e. claim X is true), and
merely epistemic in the opposite case. With that being said, we will work,
from now on, with the notion of indeterminacy of spatiotemporal relations. The

16Indeed, due to the empirical success of general relativity and the more speculative nature
of the process matrix formalism, it seems more plausible to reject the faithfulness of process
matrices” descriptions rather than that of relativity.

7Some words of caution are in order here, as Earman (1972) provided an objection to the
idea of building philosophical reasoning based on the isomorphism between causal and spa-
tiotemporal structures. He pointed out that there exist “exotic” spacetime structures not obey-
ing the “pas and future distinguishing” constraint, but still licensed by general relativity, and
there is no reason to discard such spacetime structures as valid candidates for modelling our
spacetime.



5.5. Indefinite spatiotemporal relations 101

next section will further explore the two above-mentioned scenarios, with an
emphasis on the one bearing metaphysical implications for spacetime.

5.5 Indefinite spatiotemporal relations

Let’s now discuss the meaning behind indefinite spatiotemporal relations. As
explained in section 5.4, the indeterminacy of a spatiotemporal structure can
have an epistemic or a metaphysical (ontic) origin. An epistemic indetermi-
nacy of spatiotemporal relations would originate from an imperfect knowledge
of what those relations actually are. The notion of spatiotemporal relation
would be semantically adequate, so that it is, in principle, capable of refer-
ring to the objective spatiotemporal features of the world. However, instead
of referring directly to those features, it refers to the (imperfect) knowledge we
have of such matters'®. On the other hand, a metaphysical indeterminacy of
spatiotemporal relations would not come from a lack of knowledge regard-
ing those notions, but rather from objective features of the world itself. In
other words, the world would have certain objective properties leading to spa-
tiotemporal relations being metaphysically indeterminate.

We said earlier that the kind of ontology and dynamics that can be as-
sociated to shape a full-fledged account of the theory would constrain the na-
ture of the indeterminacy. An epistemic kind of indeterminacy is present in
accounts where relevant theoretical elements (here, the process matrix associ-
ated to the experimental setting under consideration) would be considered as
not objective.

An analogy with particular realist approaches towards standard quan-
tum mechanics can be drawn: quantum indeterminacy has an epistemic read-
ing when, e.g., entanglement is read as some effective phenomenon. As an
example, an account of quantum mechanics can assign a nomological status to
the universal wavefunction (Diirr, Goldstein, et al., 1997; Esfeld et al., 2014),
while the quantum states assigned to sub-systems of the universe are mere
mathematical tools that do not refer to something in the world. In that picture,
spacetime remains fundamental.

The counterpart of that strategy, in the context of the PMF, would be to

18This ignorance being not classical, in the sense that the global situation cannot be described
by a probabilistic mixture of corresponding possible spatiotemporal structures.
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read the universal process matrix'’ as a law of nature”’. The corresponding
constraint would then have a holistic nature. As a result, a quantum process
taking place in a sub-region of the universe would provide an approximate de-
scription of what happens in that region: it would ignore the holistic character
of the world’s constraints and represent what happens in that sub-regions as
if it were isolated from the rest of the world. We could then say that quantum
processes assigned to sub-regions of the universe wouldn’t refer to objective
features of the world. To sum up, the universal process matrix would be objec-
tive, but the processes associated to any particular experimental setting would
not be real. Instead, they would describe merely effective phenomena.

Instead of developing further such interpretative possibilities, it is in-
teresting to discuss the potential motivations that would incite us to adopt
them. Recall that the process matrix can be seen as a generalisation of the den-
sity matrix p, which can itself be interpreted as a real and fundamental entity.
This interpretative approach, called p-realism, arguably benefits from at least
as much support as an ontology in which the universal wavefunction is real
and fundamental, if not more (Chen, 2020; Aharonov, Anandan, and Vaidman,
1993). If one assumes that quantum mechanics could be expressed entirely in
terms of process matrices while providing a theory empirically equivalent to
the standard formulation?!, one could therefore consider readings of the uni-
versal process matrix as real and fundamental as in principle viable ?*. Yet, since
the (currently known) causally nonseparable processes that are physically im-
plementable can be described in standard quantum mechanics, it is not clear
what could be the incentive to shift from an ontology including a universal
density matrix to an ontology including a universal process. One possible line
of reasoning could be that process matrices are mathematical objects allowing
to describe correlations among quantum events across time and space, while

9The universal quantum process would describe the relations existing between all the quan-
tum events of the universe.

2There is already a debate regarding whether the universal wavefunction, or the universal
density matrix, are acceptable candidates as laws of nature. As suggested by Chen (2020), a
law of nature is reasonably expected to be simple, fixed by the theory, generating motion and
not referring to things in the ontology of the world. The universal quantum process might
violate some of these criteria, e.g. as it does not generate motion. Whether this invalidates a
possible nomological status for the universal process matrix is left as an open question at this
stage. For example, one could be satistied with laws of nature imposing global constraints on
the ontology rather than ruling a proper dynamics.

21Such a question remains an open question at this stage, and would require an entirely
separated work.

22 Again, these proposals should be adequately articulated in order to ensure that matter in
four-dimensional spacetime is suitably accounted for.
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density matrix concern merely spatial correlations between quantum states.
For the sake of treating space and time as similarly as formally possible?®, the
move to a theory based on process matrix would be advantageous.

By contrast, the scenario of a metaphysical indeterminacy for ICOs would
indicate that the spatiotemporal relations themselves (and not our knowledge
of them) are sometimes indefinite. Metaphysical indeterminacy can be ob-
tained within accounts in which the process matrix of a given causally non-
separable process would be taken as objective.

An analogy can be drawn with the situation in standard quantum me-
chanics. In that context, one can see the universal wavefunction as a real entity
located at the fundamental level of the world’s ontology. This view is often
called y-realism (Albert, 2013). A similar approach in the context of the PMF
would be to see the universal process matrix as a real and fundamental entity
living in a high-dimensional Hilbert space (see section 3.3.1) which would cor-
respond to the real fundamental space in which the world’s fundamental on-
tology is located. Spacetime would then be emergent from that fundamental
space, and quantum processes describing what happens in a given sub-region
of our familiar spacetime would refer to objective, yet derivative, entities.

More generally, the idea of metaphysical indeterminacy within realist
accounts of quantum mechanics has been discussed in the literature indepen-
dently of any solution to the measurement problem, as discussed in section 5.3
(see (Calosi and Mariani, 2021) for a review). By applying the concept of meta-
physical indeterminacy to causal nonseparability rather than to entanglement,
and in a rather similar way than in section 5.3, one can shape the follow-
ing ideas. Spatio-temporal relations can be metaphysically indefinite in the
sense that the truth-value of propositions involving those relations is indeter-
minate (Barnes and Williams, 2011). Indeterminacy would then be a primi-
tive, and constitutes a brute, unanalysable fact of nature. Alternatively, and as
advocated in influential accounts of quantum indeterminacy, these relations
can be indefinite in the sense that a spatiotemporal determinable would fail to
have a unique determinate, i.e. it would either simultaneously present more
than one determinate, or would lack any determinate at all (Wilson, 2013).
The precise identification of such a determinable might require to engage with
the philosophical accounts of spacetime in the context of Galilean relativity
(namely the substantivalist and relationalist accounts), which are recalled in
Annexe C. Yet, in both cases, the metrical properties can be analysed prima

2The idea that space and time are treated differently in quantum mechanics is much de-
bated, with existing work arguing against such a claim (Hilgevoord, 2002).
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facie as a determinable that would lack a unique determinate in ICOs, while
the exact signification of the metric will depend on the specific philosophical
account of spacetime. The idea of an indeterminate metric is arguably better
discussed in a more fundamental context, as explained in the next section.

In summary, there exist different ways to shape a realist account for
indeterminacy within the quantum switch. Although of a possibly very differ-
ent nature, they all necessarily involve philosophical (epistemic or metaphysi-
cal) implications for spatiotemporal relations. The preference for epistemic or
metaphysical accounts will depend on the favoured interpretation of the the-
ory. Now, as discussed earlier, causal nonseparability is a model-dependent
notion, relying on the Hilbert space formalism of quantum theory. Noncausal
relations (see section 3.3.3), if ever observed, would make the implications for
spacetime unavoidable in virtue of their model-independent nature. Any real-
ist ontology would have no choice but having to take them into account, and
such ontologies would need to specify the meaning of the indeterminacy of
spacetime relations. As the physical status of noncausal correlations remains
currently under debate (Aratjo et al., 2017; Wechs et al., 2021; Purves and
Short, 2021), future results will hopefully tell us more on that question.

5.6 Perspectives from quantum gravity

It is interesting to note, at this stage, some possible connections with existing
work in the field of quantum gravity, in which spacetime’s nature and charac-
teristics can undergo tremendous changes.

On the one hand, a connection can be made between indefinite causal
orders in the PMF and the notion of superposed gravitational fields in quan-
tum gravity. The latter are allowed in any model of quantum gravity (Paunkovi¢
and Vojinovi¢, 2020), which keeps the discussion very general. As discussed in
section 3.3.4, Zych et al. (2019) have proposed a thought experiment, called the
gravitational quantum switch, based on the basic principles of quantum me-
chanics and general relativity (namely the quantum superposition principle
and gravitational time dilation?*). The thought experiment shows that those
principles naturally lead to an indefiniteness of causal orders arising from an

24In general relativity, time dilation refers to a difference in the measured temporal duration
between two events as measured by two different clocks located at different spatiotemporal
locations between which there exists a difference in gravitational potential (Einstein and Press,
2016).
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actual superposition of spacetime regions in a quantum gravity context. More
precisely, indefinite causal orders originate from the entanglement of temporal
orders between time-like events. While this thought experiment shares some
similarities with the indefinite causal orders discussed in this work (the quan-
tum switch displays entanglement of the temporal order between two quan-
tum events with a control system’s state), Zych et al. (2019) argue that there
is a fundamental difference between the two settings. Indeed, the indefinite
causal orders described by the process matrix formalism are embedded in a
classical spacetime, and only two specific quantum events are described by
a non-classical order as the result of a temporal order entangled with some
ancillary system. On the contrary, in the thought experiment involving grav-
itational effects, it is a whole spacetime region that is concerned with entan-
gled temporal orders. Indefinite temporal orders are the result of a superposi-
tion of a mass distribution, itself (as prescribed by general relativity) linked to
spacetime geometry. That way, an explicit superposition of spacetime itself is
obtained (Paunkovi¢ and Vojinovi¢, 2020). It is in that context only that the au-
thors would qualify spacetime as non-classical. This thought experiment clearly
resonates with the idea, present in many approaches to QG, that spacetime it-
self could be in a quantum superposition. It also shows that, while indefinite
causal orders point towards a tension between a classical background space-
time and quantum features such as superposition and entanglement, the impli-
cations of indefinite causal orders should be considered within the context of
a fully gravitational theory. In that context, the conceptual tools developed to
account for indeterminate causal orders within the process matrix formalism
might prove useful when transposed to a gravitational context.

On the other hand, some research programmes in quantum gravity sug-
gest that spacetime is an emergent entity ontologically dependent on non-
spatiotemporal notions (Huggett and Wiithrich, 2013; Lam and Wiithrich, 2018).
Indeed, it is widely argued that spacetime is not fundamental in quantum
gravity, on the grounds that quantum superpositions of (spacetime-like) struc-
tures at the fundamental level cannot be understood in any spatio-temporal
sense. For instance, quantum superpositions of spin networks (or spin foams)
are generic in loop quantum gravity, and this is often taken as indicating that
spacetime vanishes at this level, and so is not fundamental (see e.g. Rovelli
2004, § 6.7.1 in the physics literature, and Huggett and Wiithrich 2013, § 2.3 in
the philosophy of physics literature). In (Lam, Letertre, and Mariani, forthcom-
ing), it is argued that allowing for indeterminacy in the fundamental spacetime
structure of QG may also provide a novel, rather provocative perspective on
the most debated philosophical issue in the QG context. Up to now, and to the
best of our knowledge, the interpretative and metaphysical strategy of con-
sidering (certain) spacetime structures as being indeterminate in QG (in some
appropriate sense) has not been seriously investigated (at least in the current
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philosophy of physics literature). In a way, spacetime fundamentality is re-
jected because spacetime indeterminacy is rejected. We notice that such a re-
jection of spacetime indeterminacy is only justified if we have good reasons
to believe that this notion does not make sense, or even that it is inconsistent.
However, there are now various proposals to make sense of metaphysical inde-
terminacy (see sections 2.2.2.2 and 5.3), and this notion has been argued to be
explanatorily useful already within this present work (see sections 5.3 and 5.5),
i.e. in the context of non-relativistic QM. This points to the intriguing sugges-
tion that what is taken as the non-fundamentality of spacetime (or of certain
spacetime features) in the QG context could also be understood in terms of
some spacetime indeterminacy. Articulating this suggestion in details and its
implications for the debates around the emergence of spacetime, while lying
outside the scope of this thesis, constitutes a worthwhile project that may shed
an interesting new light on spacetime in QG.

5.7 Back to standard quantum mechanics

Interestingly, the idea that quantum physics suggests particular implications
for space can already be found in the context of standard quantum mechanics.
Indeed, quantum states encoding the spatial position of some physical system
can be indefinite, i.e. in a superposition of eigenstates of the position observ-
able. One can also encounter entangled quantum states encoding the values of
the position observable. For example, in the two-slits experiment, the position
of the electrons can be seen as being entangled with the state of the slits (i.e.
open or closed). The system [slits + electron] is then quantum nonseparable,
and the state of the electron (describing its (observable) position) is indefinite.

Again, the nature of this indefiniteness (epistemic or metaphysical) needs
to be specified within a more detailed account. While a Bohmian approach
considers that the spatial locations of a quantum system are always well de-
fined (i.e. the indeterminacy is epistemic), embracing quantum indeterminacy
(see section 2.2.2.2) considers that spatial locations are metaphysically indeter-
minate.

It is worth noting that a notion of indefinite temporal relation would be
complicated to explore in the context of standard quantum mechanics, since
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the very notion of a time observable in quantum mechanics is nontrivial>® 2°.

The process matrix formalism, by allowing to access the notion of causal order
(hence, in some sense, that of temporal ordering), provides a way of investi-
gating to what extent temporal relations can display quantum properties.

To conclude, it seems that, provided we relate quantum events to space-
time events (which is necessary to identify indefinite causal orders in causally
nonseparable processes to indefinite spatiotemporal relations), the (formal) in-
definiteness of spatial relations encountered in the context of quantum nonsep-
arability of quantum states can be extended to the (formal) indefiniteness of
spatiotemporal relations encountered in the context of causal nonseparability of
process matrices. This recalls the conclusions drawn in chapter 4: whether the
formal indefiniteness of causal orders is accounted for in epistemic or meta-
physical terms (depending on the particular reading adopted to account for
quantum or causal nonseparability), it seems that the temporal dimension is
invited into the picture to play a key role in causal nonseparability compared
to the situation in standard nonseparability.

We saw in section 4.1 the limits of the formal analogy that can be drawn
between the density matrix and the process matrix on the one hand, and be-
tween standard and causal nonseparability on the other hand. Yet, in spite of
the formal and conceptual disanalogies between those pairs of concepts, both
pairs seem to suggest important implications for the way we conceive and
characterise spatio(temporal) relations. Such results highlight the potentially
very fruitful explorations of the implications of quantum features on the con-
ception of spacetime, keeping in mind that quantum and spacetime theories
are expected to be unified in a future theory of quantum gravity.

25Gee Butterfield (2013) for a review of the different roles that time can take on within a
theory, namely a coordinate of spacetime (i.e. an external independent variable, or parameter)
versus a function of other quantities of the system in spacetime (i.e. a dynamical variable). The
literature on time as a physical variable is vast (see, e.g., (Giovannetti, Lloyd, and Maccone,
2015; Erker et al., 2017; Brunetti, Fredenhagen, and Hoge, 2010; Hilgevoord, 2002)). While time
is widely used as an external parameter in quantum mechanics, its measurement as a (definite
or indefinite) variable remains non-trivial.

26Relatedly, earlier work suggested the development of the idea of temporal entanglement in
standard quantum mechanics, but the task encountered technical difficulties. See (Glick, 2019)
for a review. Those considerations don’t affect the notion of temporal locality discussed in
chapter 4, as it characterises correlations within model-independent probability distributions.
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5.8 Conclusion

It was argued in this chapter that a realist attitude towards causal non-separabi-
lity can, in certain cases, bear implications for spatiotemporal relations.

We rely on the quantum switch as a case study for indefinite causal or-
ders. This notion was first analysed in terms of causal relations, conceived in
a minimalist manner. It was argued that existing strategies to alleviate cases
of indefiniteness in a causal structure did not work in the present case. The
exact meaning and/or nature to be assigned to the indefiniteness of causal re-
lations would depend both on the specific account that one gives to the PMF,
and on the particular theory of causation under consideration. Upon shifting
from a notion of causal structure to a notion of spatiotemporal structure, ICO
translated into indefinite spatiotemporal relations, the exact meaning of which
would rely on the account of PMF.

Yet, it was argued that there exist interesting arguments for adopting a
metaphysical stance towards ICO, and in that context a parallel with the situa-
tion in quantum gravity was discussed. It was finally highlighted that impor-
tant consequences for spatial relations can already be defended in standard
quantum mechanics. Hence, in spite of the disanalogies between standard
quantum mechanics and the process matrix formalism, both theories can sup-
port substantial implications for (the properties of) spatio-(temporal) relations.

It will be interesting to further investigate the extent to which the im-
plications for space of realist interpretations of standard quantum nonsepara-
bility could help making sense (in a realist fashion) of causal nonseparability
and its implications for spacetime, and vice versa. Such a study aiming at un-
covering how the quantum features of physics could impact the properties
of spacetime seems warranted given the fact that an important aspiration in
physics is to develop a unified theory of the universe that would explain how
matter and spacetime behave in the quantum realm.
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Chapter 6

Conclusions

The aim of this work has been to explore the potential implications for the
metaphysics of spacetime of a realist approach to the notion of causal non-
separability in quantum physics. This study took place in a context in which
a naturalised approach to metaphysics is largely discussed in the literature,
especially in the framework of fundamental physical theories. The overall
methodology pursuing metaphysical issues upon the constraints of science has
therefore been defended elsewhere in the literature. This work also took place
in the global context of philosophy of physics, of which a major objective is
to develop a better understanding of our current best theories by assigning an
underlying ontology to their formalism. This study therefore carries on with
this task by exploring recent theoretical developments in the foundations of
quantum physics.

In order to study the realist implications of causal nonseparability, it
was first defended that a scientific realist approach towards the process matrix
formalism was as much legitimate as any antirealist reading. The reason is that
operational formalisms are ontologically (in a specific sense) and epistemically
neutral.

From there, the theoretical concepts of interest, namely causal nonsepa-
rability and noncausality, were analysed in more details in order to highlight
in what sense they are distinct from the standard notions of quantum non-
separability and nonlocality in standard quantum mechanics. It was argued
that causal nonseparability is not a mere extension of quantum nonseparability
(describing correlations between quantum states at a given time) to a descrip-
tion of correlations between quantum states at different times. Instead, causal
nonseparability encodes correlations among quantum events independently
(under certain circumstances) of the systems and the operations under consid-
erations. As a result, it describes a higher-order kind of correlations among
quantum maps transforming quantum states.
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The discussion then focused on noncausality, the model-independent
counterpart of causal nonseparability. It was argued that noncausality has a
strong connection with a notion of temporal nonlocality. In the same way that
Bell nonlocality is given different underlying explanations depending on the
details of the chosen quantum mechanics” account, noncausality pointing to-
wards temporal nonlocality can be given a variety of underlying descriptions
depending on the exact way to interpret the process matrix formalism.

The last chapter focused precisely on this particular point, namely on
the various ways to understand process matrices and causal nonseparability
under a realist attitude. As this investigation can be pursued in a large va-
riety of ways, the approach followed here has been to focus on causal non-
separability independently of any dynamical details of the theory. In order to
explore the possible implications on spacetime, we shifted from the notion of
(indefinite) causal structure to (indefinite) spatiotemporal ones. This shift was
allowed under a set of reasonable assumptions regarding the properties of a
physical spacetime manifold. While different readings were then suggested
for indefiniteness of spatiotemporal relations, we insisted in particular on an
objective understanding appealing to the concept of metaphysical indetermi-
nacy. It was argued that such an approach could prove useful in a more gen-
eral theoretical context such as quantum gravity, while being already partly
supported in standard quantum mechanics.

In conclusion, this work attempted to partially fill the gap between meta-
physical discussions in a non-fundamental theory that is quantum mechanics,
and metaphysical discussions in a more fundamental, yet not fully developed,
theory of quantum gravity. The present results suggest that some metaphysical
theories can prove useful across various theoretical developments. At the very
least, reflecting on the metaphysical implications of non-fundamental theories
emphasises certain existing tensions between inharmonious principles, such
as Galilean spacetime and quantum features.

Of course, the present results have a number of limitations, inviting
future discussions. First of all, while it was defended that operational for-
malisms were ontologically and epistemically neutral, it is still relevant to ask
what could be the particular philosophical benefit of working with those for-
malisms. In particular, it is interesting to explore further the ability of such
formalisms to study the foundations of theories, and discuss how the informa-
tion extracted from these studies could constitute objective knowledge about
theories, of which the epistemic value might go beyond the realist/antirealist
debate in physics. Such questions will be investigated within the context of
a forthcoming research project in the field of formal epistemology (Kvasz,
Ladislav, 2021).
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Second, the scientific status of causal nonseparability can be further ex-
amined. Indeed, the obtainment of proper indefinite causal orders in laborato-
ries is debated (MacLean et al., 2017; Oreshkov, 2019; Paunkovi¢ and Vojinovi¢,
2020), and it might be questioned whether causal nonseparability is indeed
scientifically supported. While it was argued here that such a claim was rea-
sonable, further discussions might be relevant to solidify the position. In case
significant support can be found against the physicality of indefinite causal
orders, the present work would find value as both a catalyst for naturalised
metaphysics of fundamental physics, and a conceptual junction between such
a realm and the understanding of the effective theory that is standard quan-
tum mechanics. In any case, precising the exact status of causal nonseparabil-
ity from a scientific perspective remains an open question currently debated in
the field of foundations of quantum physics.

Finally, the very connection we used between causal and spatiotempo-
ral structures to explore the potential implications of causal nonseparability
on spacetime can be further discussed. On the one hand, whether physical
spacetime is indeed past and future distinguishing can be questioned within
the field of general relativity and its philosophical significance on spacetime.
On the other hand, upon accepting the presence of indefinite spatiotemporal
relations as a consequence of causal nonseparability, the nature of this indef-
initeness could be further discussed. In particular, the metaphysical reading
of indefinite spatiotemporal relations could be made more precise by enter-
ing the details of the various possible accounts of metaphysical indeterminacy.
As there exists currently a lively debate regarding what account of MI is best
suited for quantum indeterminacy, it is to be expected that these discussions
will prove relevant in the case of ICO, which might serve as an additional case
study for the development of MI account in a quantum context.
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Appendix A

Physically implementable causally
nonseparable processes

Recent work has identified an entire class of causally nonseparable processes
that generalise the quantum switch (of which a thorough description is pro-
vided in section 5.2) while maintaining a concrete physical interpretation (na-
mely a superposition of causal orders) and a physical implementation (Wechs
et al., 2021). More precisely, this class of processes controls the causal order
between operations underwent by a target system in a coherent way, i.e. by en-
tangling this causal order with the degree of freedom of a control system. The
quantum switch features a bipartite scenario with two operations performed
on the target system. Considering more operations yields a straightforward
generalisation. Yet, it is possible to bring the generalisation of the quantum
switch a step further, and allow for a combination of dynamical and coherent
control of the causal order between operations. This is done by still relying on
a control system to coherently determine the causal path of the target, albeit in
a more sophisticated way to take also into account the order of past operations,
as the target system navigates the different parties, to dynamically determine
the order of the remaining operations.

We will now show that the quantum switch can be described in stan-
dard quantum mechanics. While the global causal structure among the oper-
ations performed on the target system cannot be represented in the standard
formalism of quantum mechanics, it remains possible to express what hap-
pens in the quantum switch in terms of the evolution of the wavefunctions of
the target and control systems.

Let be two parties, A and B, each performing a unitary operation (noted
Uy and Up for party A and B, respectively) on a target system of which the
wavefunction is noted [¢;). At time fy, this wavefunction is noted |:(to)).
A qubit called the control system, of which the wavefunction is noted |¢.)
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controls the order of party A and B, as explained in section 5.2. The control
qubit is in a superposition of states |0),. and |1)_, i.e. |{c) = % 0). + % 11)..
The global wavefunction of the composite system “target system-control qubit”,
noted |1 is then, at time fo:

mwm#g%%+%mwwwm (A1)

This wavefunction evolves linearly according to the Schrodinger equa-
tion, which yields, after the target system visited both parties A and B (which is
said to correspond to a later time t,):

rwwm=%M@wwwm»ﬁ%m®mwmw> (A2)

Hence, the evolution of both the control and target systems are describ-
able in standard quantum mechanics. Such a description can be achieved for
generalisations of the quantum switch, since only the number of parties or the
specific inner structure of the control system’s state will have to be modified',
which is not a problem to account for within standard quantum mechanics.

ICosta (2020) also highlights the fact that currently known physically implementable
causally nonseparable processes all features a causal structure entangled with the state of an
ancillary system.
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Appendix B

Spacetime Manifolds and causal
structures in spacetime physics

This section is taken from (Letertre, 2018).

B.1 Spacetime manifold

From a mathematical point of view, spacetime is a topological space with some
extra structures'. A topological space? is the most general notion of mathemat-
ical space. Itis a set of points organized in such a way that the relations of each
point with its neighbourhoods satisfy a specific set of axioms. This set of ax-
ioms, combined with the set of points, defines a particular topological space.

Only a particular subclass of topological spaces can provide candidates
to model spacetime, namely the category of 4-dimensional topological mani-
folds®. A 4-dimensional topological manifold M is a topological space that is
separated*, for which every point can be fully located by 4 coordinates, and in
which every point has a neighbourhood homeomorphic to Euclidean space. A
point in M is called spacetime event, and corresponds to a particular point in
our physical space at a particular time. In addition to M, extra structures are

ISee Carter (1971) for a thorough presentation.
2See Armstrong (1983) for more information.
3See Norton (2018) for more information.

“A separated space is a space for which distinct points have disjointed neighbour-
hoods (Willard, 2004).
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needed to encode information allowing for differential calculus (differential
structure §) and for measuring spatial and temporal distances between events
(conformal structure, encoded by the metric field g).

In short, the ensemble < M,S,g > as defined above describes a 4-
dimensional topological space with a specific geometry. This geometry needs
to satisfy additional basic requirements in order to possibly model spacetime.
In particular, the metric g has to be non-degenerate, smooth, symmetric and of
signature (-,+,+,+) or (+,-,-,-). In such a case, < M, S, g > is called a Lorentzian
manifold (Chen, 2011).

Finally, to obtain a model of the universe, one can complete this space-
time model with a matter field 7 representing the distribution of energy and
matter in spacetime.

B.2 Causal structures

The causal structure” of a Lorentzian manifold < M, S,g > encodes the type
of causal relation existing between any pair of events. Mathematically, a causal
structure is the collection of the chronological future I (x), chronological past
I~ (x), causal future J*(x) and causal past ]~ (x) defined for each event x in
<M,S,¢g>. Thesets [T(x), I (x), J"(x) and ]~ (x) are defined as follows:

I(x) ={y e Mlx <y}
I"(x) ={y e M|y < x}
J (%) = {y € Mlx <sp y}
]~ (x) ={y € Mly <sp x}

where x < y means that x chronologically precedes y, i.e. there exists a curve
from x to y such that the tangent vector X’ on each point of that curve is timelike
(i.e. g(X, X) <0) and future-directed with respect to the choice of arrow of
time. x <sp ¥ means that x causally precedes y, i.e. either x = y, or there exists
a curve from x to y such that the tangent vector X" on each point of that curve
is future-directed and either timelike (i.e. g(X, X) <0) or null (i.e. (X, X) =

(B.1)

N—

5See the references in Hawking and Ellis (1973).
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0) °.

B.3 Causality conditions

For a Lorentzian manifold to be physically meaningful, i.e. it can be consid-
ered as an appropriate candidate to refer to real spacetime, it has to satisfy a
number of criteria imposing constrains on its conformal structure (hence on
its causal structure). These criteria constitute a hierarchy, called causal ladder,
where each element of the list is strictly more constraining than the previous
one. For the most part, those requirements are related to considerations linked
to the principle of causality (according to which causes always precede their
effects) and prevent the existence of causal relations that would be problem-
atic for the fulfilment of that principle. The strongest constrain imposes that
the manifold should be globally hyperbolic’. Such manifolds are considered
as “natural (generic) models for physically meaningful spacetimes” (Minguzzi
and Sanchez, 2008, p. 18). The detailed definition of each causality condition
of the causal ladder, namely the requirements that a physically meaningful
manifold should be non-totally vicious, chronological, causal, distinguishing,
strongly causal, stably causal, causally continuous, causally simple and glob-
ally hyperbolic, can be found in Minguzzi and Sdnchez (2008).

B.4 Isomorphism between causal structures and space-
time manifolds

As explained in Bombelli et al. (1987), the causal structure of a manifold

< M,S,g > canbe directly derived from its metric g. Reciprocally, Malament
(1977) showed that, for the manifolds that are past and future distinguishing, the
metric can be derived from the corresponding causal structure. To be past
and future distinguishing is the fourth causality condition of the causal ladder
presented earlier, and means that if two points of the manifold have the same
chronological past I~ or future I'*, then these two points are the same point.

6<,, is to be distinguished from <, for which A < B means that signalling can occur only
from A to B.

7 A manifold M with a metric g is globally hyperbolic if (i) there is no closed causal curves,
i.e. no closed curve for which the tangent vector X" in every point of the curve is such that
g(X,X) <0, and (ii) for any pair of points x and y in M, the set ]~ (x) N J*(y) is compact.
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This implies, if one considers the entire ensemble of possible manifolds
without imposing any constraints on their conformal structures, that a whole
range of manifolds will have the same causal structure (see, for example, in
Minguzzi and Sanchez (2008)). Imposing restrictions on the metric of man-
ifolds will reduce the amount of acceptable manifolds, but this amounts to
reducing the amount of acceptable causal structures as well. Malament (1977)
showed that the condition of past and future distinguishibility is enough to
install a one-to-one correspondence between a metric and its corresponding
causal structure.
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Appendix C

Philosophical accounts of space and
time

This section is taken from (Letertre, 2018).

We will briefly review the main conceptions of spacetime as conceived
within the context of Galilean relativity. The reason behind this restriction
is that spacetime in quantum mechanics features a Galilean geometry and is
therefore the mere union of the concept of space and time, while maintaining
the absolute status of the temporal dimension.

C.1 Spacetime substantivalism and relationalism

The question of the existence of an objective spacetime is the subject of an old
and still ongoing debate. A relatively straightforward answer was given by
Descartes in 1644, according to which space exists, and is nothing more, noth-
ing less than matter (as discussed by Huggett and Hoefer (2006, section 3)).
This view faced difficulties, namely its incompatibility with the existence of
vacuum. As the existence of vacuum was established in subsequent develop-
ments of physics, this view has not been further discussed.

A very influential proposal about spacetime was then given by New-
ton (Huggett and Hoefer, 2006, section 4). According to Newton, space is ab-
solute in the sense of existing both independently of our mind and indepen-
dently of matter. It is rigid, three-dimensional, with an Euclidean geometry
and unchanging over time. Absolute space is a pseudo-substance, which means
that it exists in spite of being neither material nor a substance, due to its lack
of causal powers. For that reason, this view of space is called substantivalism.
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A common metaphor (yet criticised in recent debates (see e.g. Knox (2014) and
Ladyman et al. (2007))) used to describe this approach assimilates space to a
container for all the processes taking place in the universe.

The exact opposite view, of which Leibniz ! was a famous proponent
(Huggett and Hoefer, 2006, section 6), is called relationalism, and states on the
contrary that space is not a concept independent of matter. Instead, it is viewed
as the ensemble of geometrical relations existing among bodies, and hence,
supervenes on matter. If we adopt a nominalist” position about mathematical
constructions, those relations are not part of the ontology of the world. Space
is then a purely mental creation and has no real existence outside the human
mind. Accordingly, there is no "container", only material processes.

C.2 Status of the metric field

Neo-Newtonian substantivalists adapted Newton’s substantivalism in order
to make it compatible with Galilean relativity. The notion of absolute space,
distinct from the notion of time and with an Euclidean geometry, is then re-
placed by the notion of absolute spacetime, unitying time and space into a sin-
gle concept, and having a Galilean geometry (Feynman, Leighton, and Sands,
2015, chap. 17). In that configuration, the container metaphor can be formu-
lated in terms of the topological and metrical structures defined in Annexe B.
The substantivalist would see < M, S,g > as describing the container that is
spacetime. In particular, the metric encodes the geometrical aspects of space-
time and is determined completely independently of the matter and energy
distributions. In other words, these distributions and the various processes
taking place in spacetime are constrained by, and have no influence on, the
geometry of spacetime. On the contrary, a relationalist view would see g as
representing the matter and energy distributions of the world, hence being
completely determined by this distribution. Therefore, one sees how, for the
relationalist, the spacetime manifold < M,S,g > is a purely mathematical
object describing the geometry of the material content of the universe, without
the need to postulate the existence of any container.

1 As discussed by Huggett and Hoefer (2006, section 6), identifying the exact view of Leibniz
is a complicated topic not reviewed in this work.

2 An introductory presentation of nominalism is found in Rodriguez-Pereyra (2016).
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Appendix D

Résumé synthétique (in French)

D.1 Introduction

La mécanique quantique a suscité de nombreux débats en philosophie, touch-
ant a la fois des questions épistémiques et métaphysiques. Cette théorie, déve-
loppée au début du vingtieme siecle !, a permis de prédire avec succes le com-
portement de systemes physiques appartenant au domaine sub-microscopique
2. En raison de son succés empirique impressionnant et de sa description de
la matiere a trés petite échelle, la mécanique quantique est considérée comme
un pilier important de la physique moderne (Ismael, 2021). Ses prédictions ont
conduit a des innovations importantes, telles que les supraconducteurs et les
lasers, qui sont largement utilisés dans les technologies d’aujourd’hui (Jaeger,
2019). Pourtant, malgré ce succes théorique et pratique, la théorie reste dérou-
tante sur le plan conceptuel.

La raison principale en est que la théorie, dans sa forme standard, laisse
de nombreuses questions sans réponse concernant la facon dont on devrait
comprendre une mesure quantique et les mécanismes qu’elle implique. Elle
reste silencieuse sur la nature exacte des systemes quantiques, leurs propriétés
et dynamique non-classique, et la raison sous-jacente au fait que les systemes
quantiques semblent perdre leur comportement quantique lorsqu’ils sont ob-
servés. Cet écart explicatif est appelé le probleme de la mesure (Maudlin, 1995).
Il existe de nombreuses manieres différentes de résoudre le probléeme de la

Woir (Cushing, 1998) pour un apercu du développement historique de la théorie.

ZBien que la taille des systémes affichant des comportements quantiques ne soit pas néces-
sairement petite (comme le démontrent des phénomenes tels que la supraconductivité et la
superfluidité (Annett, 2004; Blundell, 2009)), la plupart des systéemes quantiques appartien-
nent en effet a de petites échelles.
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mesure. Dans tous les cas, elles impliquent d’adopter a la fois une position
épistémique particuliére envers la théorie, et une interprétation particuliere
de son formalisme (lequel, pour compliquer les choses, existe sous différentes
variantes ).

Plus précisément, le débat entre réalisme et antiréalisme scientifique
questionne la capacité de la science a décrire avec précision le monde objectif
(et, en particulier, la couche fondamentale du monde dans le cas des théories
physiques fondamentales) *. Ce débat a pris une importance pressante dans
le contexte de la physique quantique, car il conditionne fortement la stratégie
adoptée pour répondre au probleme de la mesure. Les antiréalistes vont dis-
soudre le probleme en adoptant une approche instrumentaliste de la théorie, ou
en réduisant les mesures quantiques a une manipulation des connaissances de
l'observateur. Cela a l’avantage de situer les caractéristiques non-classiques
de la mécanique quantique principalement au niveau de la relation entre les
observateurs et les objets. Au contraire, un réaliste scientifique résoudra le
probleme de la mesure en rendant compte des mesures quantiques en ter-
mes physiques, et localisera les comportements non-classiques des systémes
quantiques dans la nature elle-méme. Pour ceux qui adoptent une attitude
réaliste, la science contraint, dans une certaine mesure, I’'ontologie du monde
et sa dynamique. En conséquence, une forme de métaphysique naturalisée est
pratiquée °. La question se pose de la maniére exacte dont I'articulation entre
la métaphysique naturalisée et la science a lieu, et de savoir si cette nouvelle
méthodologie devrait entrer en conflit avec d’autres fagons de poursuivre les
recherches métaphysiques. Le réaliste explorant la nature de la réalité telle
qu’elle est contrainte par une théorie scientifique spécifique devra dévelop-
per des théories métaphysiques adaptées a ces contraintes. Dans le cas de la
mécanique quantique, on parlera d’ontologies quantiques pour désigner de
telles images métaphysiques de la réalité fondamentale. Ces ontologies im-
pliquent des vues non-classiques de la nature, ce qui conduit a des ontologies
et/ou dynamiques non-intuitives. En particulier, les caractéristiques quan-
tiques telles que l'intrication et la non-localité doivent étre prises en compte
par des théories métaphysiques innovantes °.

3Voir, par exemple, (lewis2016quantum; maudlin2019philosophy ) pour un apercu des
différentes versions de la mécanique quantique.

4Voi (psillos2005scientific ; Agazzi, 2017; Lyons and Vickers, 2021).

5Voir, par exemple, (Ladyman et al., 2007; Morganti, 2013; Ross, Ladyman, and Kincaid,
2013) pour une discussion.

Voir, par exemple, (lewis2016quantum) pour un apergu.
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Alors que ces questions sont discutées depuis les premiers développe-
ments de la théorie de la mécanique quantique, c’est-a-dire il y a plus d'un
siecle, les physiciens ont continué a élargir I’appareil théorique de la physique
quantique en développant des théories plus générales (ou des approches de
celles-ci) compatibles avec la relativité (par exemple, la théorie des champs 7),
et avec la gravitation (c’est-a-dire une théorie de la gravité quantique ®). Ces
développements géneérent d’autres défis d’interprétation car ils introduisent
de nouvelles caractéristiques et principes théoriques a prendre en compte.

Dans ce contexte, la philosophie de la mécanique quantique est de-
venue un sous-domaine important de la philosophie des sciences (et de la
physique en particulier). Ce domaine fournit des études de cas utiles et de nou-
velles contraintes alimentant les débats sur (i) le réalisme scientifique, sur (ii)
le lien existant entre la science et la métaphysique, et sur (iii) les théories méta-
physiques articulant les ontologies fondamentales. On voit que la philosophie
de la physique quantique se situe a I'intersection de la physique, de l'épistémo-
logie et (pour les réalistes scientifiques) de la métaphysique. La portée de
ce travail sera principalement restreinte aux questions métaphysiques, étant
donné que le cadre théorique exact utilisé pour formuler la généralisation de
la mécanique quantique (appelée le process matrix formalism (PMF)) ?) d"une
part, et la position épistémique (a savoir le réalisme scientifique) adoptée tout
au long de l'ouvrage d’autre part, seront adoptées comme hypotheéses de tra-
vail.

I n’y a actuellement aucun consensus parmi les approches réalistes de
la mécanique quantique quant a quelle ontologie, ou dynamique doit étre
préférée. Au lieu de cela, une grande variété de théories ont été développées
pour décrire le monde quantique. L'ontologie fondamentale peut, par exem-
ple, afficher des caractéristiques holistiques ou structuralistes, voire incorporer
une forme d’indétermination métaphysique . L'ontologie fondamentale peut
étre primitive !! (c’est-a-dire constituée d’entités localisées dans un espace-
temps fondamental a 3+1 dimensions) ou non-spatio-temporelle (c’est-a-dire
constituée d’entités situées dans un espace S autre que notre espace-temps

7Voir, par exemple, (Peskin and Schroeder, 2019) pour un apercu.

8Voir (Oriti, 2009) pour une présentation récente des développements actuels.
9Voir (oreshkov2012quantum ) pour une présentation.
10Voir, par exemple, (lewis2016quantum) pour une présentation.

Nyoir, par exemple, (Allori, 2013).
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familier a 3+1 dimensions, lequel est plutot dérivé de cet espace plus fonda-
mental S !?) . Le monde macroscopique émergeant du domaine quantique
peut coincider avec notre expérience du monde classique, ou peut étre con-
sidéré comme dynamiquement structuré en branches causalement déconnec-
tées 1°. En ce qui concerne la dynamique de l'ontologie fondamentale, elle
peut étre déterministe (e.g. la mécanique bohmienne '*) ou stochastique (e.g.
la théorie GRW 1°). Elle peut impliquer des équations linéaires (par exemple
la théorie des mondes multiples '°) ou non-linéaires (par exemple la théorie
GRW). Le choix parmi ces nombreuses possibilités est basé principalement sur
des préférences personnelles plutdt qu’exclusivement motivé par une supéri-
orité philosophique décisive d"un récit sur les autres 7.

Le riche cadre théorique de la mécanique quantique et le large éven-
tail de positions philosophiques possibles que I’on peut articuler pour lui don-
ner un sens permettent d’explorer diverses théories métaphysiques contraintes
par la physique quantique. L'approfondissement de la compréhension méta-
physique d'une théorie donnée peut impacter ’approche des progres théoriques
futurs, en explicitant certains engagements métaphysiques et en leur conférant
un role structurant au sein de 'appareil théorique global de la future théorie.
La diversité des récits métaphysiques développés dans le contexte de la physique
peut également s’avérer utile lorsqu’elle est appliquée a différents domaines
de la nature. En tant que tel, poursuivre une analyse métaphysique de nos
meilleures théories actuelles peut fournir des outils utiles aux scientifiques (Chakravartty,
2017b).

Pourtant, ces lectures métaphysiques de la physique quantique méritent
encore d’étre affinées et développées, car elles suscitent de nombreux débats
liés a leurs diverses implications. De plus, le statut inachevé de la physique
fondamentale crée une possible tension dans le travail métaphysique du réal-
iste scientifique. Alors que les ontologies attribuées a la mécanique quan-
tique sont elles-mémes abondantes, les différents programmes développant
une théorie de la gravité quantique sont peut-étre sous-tendus par différentes
positions philosophiques sur le monde. Il est 1égitime de se demander si les
vues métaphysiques de la mécanique quantique standard peuvent survivre a

12voir, par exemple, (Albert, 2013).

BVoir, par exemple, (Wallace, 2012).

4Voir (Bohm, 1952).

15Voir (Ghirardi, Rimini, and Weber, 1986).

16yoir (Wallace, 2012).

7Voir (Chakravartty, 2017b) pour une discussion.
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la transition vers la gravité quantique, et, si oui, dans quelle mesure '®. 1l est
également intéressant de voir si les caractéristiques métaphysiques suggérées
dans le contexte de la gravité quantique pourraient éclairer les problemes con-
ceptuels de la mécanique quantique.

Le présent travail vise a explorer d"un peu plus prés cet écart conceptuel
entre la mécanique quantique et une future théorie de la gravité quantique. La
principale différence entre ces deux théories est que cette derniére unifie la
description quantique de la matiere avec la description relativiste de 1'espace-
temps, produisant une description quantique de la gravité. En tant que tel,
on s’attend a ce qu'une description précise de 1’'espace-temps au niveau fon-
damental ne puisse étre atteinte que dans le cadre d'une théorie de la grav-
ité quantique. Pourtant, nous avons l'intuition que la maniere dont 1’espace-
temps est contraint dans une théorie non-gravitationnelle, mais quantique, est
susceptible d’exposer les tensions existantes entre les caractéristiques poten-
tiellement incompatibles de 1'espace-temps classique avec la physique quan-
tique. Pour cette raison, notre méthodologie sera d"utiliser la mécanique quan-
tique comme point de départ, et d’explorer dans quelle mesure cette théorie
pose des contraintes possibles sur la facon dont I'espace-temps est congu. Plus
précisément, nous nous concentrerons sur 1’extension de la mécanique quan-
tique, appelée process matrix formalism, mentionnée ci-dessus et dans laquelle
les corrélations entre plusieurs laboratoires peuvent étre décrites sans spécifier
a priori leurs emplacements spatio-temporels. En tant que tel, ce cadre permet
d’explorer la maniere dont les caractéristiques théoriques quantiques peuvent
impacter, dans une certaine mesure, les relations spatio-temporelles entre les
parties en interaction, tout en imposant des contraintes minimales sur les car-
actéristiques de 1'espace-temps lui-méme (il est littéralement non spécifié au
niveau formel). La question reste ouverte de savoir si les réflexions menées
dans le cadre du process matrix formalism resteraient pertinentes une fois la
gravité prise en compte '°. Pourtant, cette recherche permettra d’avoir un pre-
mier aper¢u de 'impact possible des caractéristiques quantiques sur l'espace-
temps, indépendamment de la fagon dont la gravité est décrite au niveau quan-
tique. Cela pourrait servir de base pour des réflexions futures et plus avancées
en gravité quantique. Rétrospectivement, cela pourrait également apporter un
nouvel éclairage sur la facon dont la mécanique quantique standard est inter-
prétée. En d’autres termes, les problémes conceptuels découlant des générali-
sations non-gravitationnelles de la mécanique quantique ont le potentiel d’agir
comme le chainon manquant reliant les études métaphysiques en mécanique

18Voir (McKenzie, 2020).
YVoir (Zych et al., 2019; Paunkovié¢ and Vojinovi¢, 2020).
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quantique standard et la théorie encore inachevée de la gravité quantique.

Plus précisément, ce travail se concentrera sur une caractéristique théo-
rique centrale du process matrix formalism, appelée nonséparabilité causale *°.
Elle est définie, dans une certaine mesure, par analogie avec la nonséparabilité
quantique, qui caractérise 1’état quantique d'un systéme composite qui ne peut
étre exprimé par un mélange probabiliste de produits tensoriels des états quan-
tiques des sous-systémes. La non-séparabilité causale, en revanche, caractérise
les processus quantiques (reliant les entrées et les sorties de différentes opéra-
tions quantiques locales) qui sont incompatibles avec toute structure causale
définie entre les parties en interaction. On parle d’ ordres causaux indéfinis. Un
exemple célébre de processus causalement nonséparable est appelé le quantum
switch (QS). Il est abondamment étudié dans la littérature en raison de son ar-
chitecture simple et de ses diverses implémentations en laboratoire. Le présent
travail discutera des interprétations possibles de la non-séparabilité causale
sous les hypothéses suivantes : (i) une approche scientifiquement réaliste des
processus quantiques est adoptée, et (ii) la physicalité de la non-séparabilité
causale pour au moins certains processus (y compris le quantum switch) est
assumée, c’est-a-dire que la non-séparabilité causale est considérée comme
pointant vers de nouvelles caractéristiques objectives de la nature. Les ob-
jectifs de ce travail seront alors de donner un apercu des attitudes réalistes
possibles vis-a-vis de la nonséparabilité causale, et de discuter des liens que
cette caractéristique établit avec I'espace-temps. Nous réfléchirons a la mesure
dans laquelle ces points de vue pourraient rester pertinents dans différents
contextes théoriques, a savoir la mécanique quantique standard et la gravité
quantique. Les résultats viseront a souligner une tension existante entre des
caractéristiques théoriques quantiques telles que la non-séparabilité causale et
I'idée d"un espace-temps classique.

Dans ce contexte, et suivant la méthodologie mentionnée ci-dessus, plusieurs
résultats ont été obtenus, dont le résumé est fourni dans la section suivante.

D.2 Résultats

Le deuxiéme chapitre de la thése originale donne un apercu de la discipline
appelée métaphysique naturalisée, qui considére que la science est le meilleur
guide pour la recherche métaphysique, et explore diverses questions connexes
sur la fagon dont cette connexion entre science et métaphysique (devrait) avoir

20Voir (Oreshkov, Costa, and Brukner, 2012).
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lieu. Le chapitre décrit également le domaine spécifique de la métaphysique
naturalisée appliquée a la mécanique quantique. Cela dresse une esquisse des
ontologies quantiques existantes par rapport auxquelles les implications de
nouveaux concepts tels que la non-séparabilité causale seront présentées.

La premiere section passe en revue les discussions concernant la rela-
tion entre la science et la métaphysique, en mettant en évidence les nombreux
arguments en faveur d’un dialogue étroit entre les deux domaines. Bien que ce
travail ne vise pas a aborder des questions spécifiques relatives au domaine de
la métaphysique naturalisée, il est important de garder a l'esprit les diverses
questions ouvertes soulevées dans cette littérature qui pourraient affecter les
motivations méme et la légitimité de la présente recherche. Pour cette raison,
ces questions particulieres seront ré-examinées en temps voulu dans le reste
de cette these.

La deuxiéme section fournit un large apercu des représentations méta-
physiques de la réalité qui ont été discutées dans le contexte de la mécanique
quantique, soit dans le cadre d’une solution compléte au probléeme de mesure,
soit en tant que lecture cohérente d"une caractéristique théorique particuliere
(et centrale) de la théorie. Cet apercu global constitue une boite a outils méta-
physiques qui pourra guider le développement du présent travail.

Le troisiéme chapitre de la these introduit ensuite la nouvelle carac-
téristique théorique qu’est la nonséparabilité causale, et le cadre global dans
lequel elle est définie, a savoir le process matrix formalism. Parce que ce for-
malisme est dit “opérationnel” et sera étudié dans un cadre scientifique réal-
iste dans les prochains chapitres, il est ensuite avancé que, contrairement a
une certaine tendance antiréaliste dans le domaine des fondations quantiques,
une attitude réaliste est tout aussi adaptée pour interpréter les théories opéra-
tionnelles que les approches antiréalistes.

Plus en détail, nous passons en revue trois arguments selon lesquels les
formulations opérationnelles de la mécanique quantique contiennent des in-
dices soutenant une lecture antiréaliste de la théorie. Des objections ont été
formulées, permettant de conclure que ces arguments n’étaient pas convain-
cants. Il a également été avancé que le cadre opérationnel ne fournissait aucun
argument en faveur d’'une lecture réaliste plutot qu’antiréaliste. Il a été rap-
pelé que de tels résultats sont attendus, étant donné que le débat scientifique
réaliste/antiréaliste dans le contexte de la mécanique quantique se situe a un
niveau épistémique, et n’est pas concerné par la forme spécifique de la théorie.

Toute cette discussion nous conduit a une affirmation principale im-
portante, a savoir que le cadre opérationnel des théories physiques est a la
fois épistémologiquement et ontologiquement neutre en soi. Premierement, le
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cadre opérationnel est épistémologiquement neutre puisque les arguments en
faveur d’une position épistémologique envers la physique quantique ne font
appel a aucun formalisme en particulier ; leur succes n’est ni renforcé ni amoin-
dri dans la formulation opérationnelle de la mécanique quantique par rapport
a la situation dans la formulation standard. Deuxiémement, le cadre opéra-
tionnel seul est ontologiquement neutre puisque passer de postulats opéra-
tionnels a une proposition sur 'ontologie de la théorie implique de préciser
le statut des corrélations au centre du formalisme, ce statut étant postulé au-
dessus des aspects formels de la théorie.

Le quatrieme chapitre de la thése originale analyse ensuite la non-sépa-
rabilité causale a un niveau purement formel, soulignant en quoi elle est dif-
térente de la non-séparabilité quantique standard. La non-séparabilité causale
ne peut pas étre considérée comme une simple extension de la non-séparabilité
quantique (qui décrit les corrélations entre les états quantiques a un moment
donné) a une description des corrélations entre les états quantiques a des mo-
ments différents. Au lieu de cela, la non-séparabilité causale encode des cor-
rélations entre les événements quantiques, indépendamment (sous certaines
conditions) des systemes et des opérations considérés. En conséquence, il
décrit un type de corrélations d’ordre supérieur entre les fonctions transfor-
mant les états quantiques. Cette clarification est une premiere étape impor-
tante pour éviter les raccourcis interprétatifs potentiels qui pourraient affecter
les discussions d’ordre métaphysique.

A partir de 1a, un point de vue indépendant de tout modele est adopté,
c’est-a-dire que la non-séparabilité causale est remplacée par la notion de non-
causalité ?!, qui caractérise (dans le cas ot seuls deux expérimentateurs seraient
présents) les corrélations expérimentales entre les résultats de mesure de ces
expérimentateurs pour lesquelles du signalling (qui signifie que le choix de
mesure chez 'un est statistiquement corrélé aux résultats de mesure chez 'autre)
bidirectionnel est observé. Tout comme les processus quantiques causalement
nonséparables, les corrélations noncausales sont incompatibles avec une struc-
ture causale définie entre les expérimentateurs impliqués.

La possible signification physique sous-jacente aux corrélations non-
causales est discutée. En particulier, une ontologie holistique ou ontique struc-
turaliste est envisagée pour expliquer une éventuelle noncausalité de certaines

21Voir (Oreshkov, Costa, and Brukner, 2012).
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corrélations. Alternativement, une dynamique holistique ou retro-causale ap-
propriée peut également rendre compte des corrélations noncausales. Les dif-
férences entre la non-causalité et la non-localité quantique standard sont en-
suite discutées. Alors que les corrélations nonlocales violent le principe dit de
causalité locale (i.e. les causes (et effets) directs des éveénements sont proches,
et méme les causes (et effets) indirects ne sont pas plus éloignés que ce qui est
permis par la vitesse de la lumiere), il est proposé que la noncausalité viole
une forme de non-localité temporelle, définie comme la contre-partie tempo-
ralle de la causalité locale. La violation d"une inégalité causale implique donc
une forme de non-localité temporelle. Il est mis en évidence que la localité tem-
porelle est un principe plus contraignant que la causalité locale, car la premiere
implique la seconde mais pas réciproquement.

Enfin, les principaux résultats de cette thése sont présentés dans le cin-
quiéme chapitre de la these, dans laquelle la non-séparabilité causale est dis-
cutée métaphysiquement selon diverses positions possibles. Il est soutenu
dans ce chapitre qu'une attitude réaliste envers la non-séparabilité causale
peut avoir des implications pour les relations spatio-temporelles. Nous nous
appuyons sur le quantum switch comme étude de cas pour la nonséparabil-
ité causale (menant a des ordres causaux indéfinis). Il est mis en évidence
que les stratégies pré-existantes dans la litérature en philosophie de la causal-
ité pour dissoudre 1'indétermination de certaines structures causales ne fonc-
tionnent pas dans le cas du quantum switch. Le sens et/ou la nature exacts
a attribuer a l'indétermination des relations causales dans le cas du quan-
tum switch dépendraient a la fois de 1'explication spécifique que I'on donne
au PMF, et de la théorie particuliére de la causalité considérée. En passant
d’une notion de structure causale a une notion de structure spatio-temporelle,
I'indétermination des ordres causaux peut (sous certaines conditions) étre trans-
posée aux relations spatio-temporelles. La signification exacte de cette indéter-
mination dépendrait alors de l'interprétation donnée au PMF.

Pourtant, il est soutenu qu’il existe des arguments intéressants (e.g., en
termes de pouvoir explicatif) pour considérer les relations spatio-temporelles
comme étant métaphysiquement indéfinies. Dans ce contexte, un parallele
avec la situation de la gravité quantique, au sein de laquelle I'idée d"un espace-
temps indéterminé a déja été avancée, est discutée. Il est aussi mis en évi-
dence que de telles conséquences pour les relations spatiales peuvent déja étre
défendues en mécanique quantique standard. Par conséquent, malgré les dif-
férences entre la mécanique quantique standard et le process matrix formal-
ism, les deux théories peuvent soutenir des implications substantielles pour
les propriétés des relations spatio-(temporelles).
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D.3 Conclusions et perspectives

En conclusion, ce travail a tenté de combler en partie le fossé existant entre
les discussions métaphysiques au sein de la théorie non-fondamentale qu’est
la mécanique quantique et les discussions métaphysiques au sein de la théorie
plus générale mais non encore completement développée qu’est la gravité quan-
tique. Les présents résultats suggerent que certaines théories métaphysiques
peuvent s’avérer utiles dans divers développements théoriques. A tout le
moins, la réflexion sur les implications métaphysiques des théories non-fonda-
mentales met I’accent sur certaines tensions existant entre des principes inhar-
monieux, tels que I'espace-temps galiléen et les caractéristiques quantiques.

Bien entendu, les présents résultats présentent un certain nombre de
limites, invitant a de futures discussions. Tout d’abord, alors qu’il a été défendu
que les formalismes opérationnels étaient ontologiquement et épistémique-
ment neutres, il est toujours pertinent de se demander quel pourrait étre I'avan-
tage philosophique particulier de travailler avec ces formalismes. En partic-
ulier, il est intéressant d’explorer plus avant la capacité de tels formalismes a
étudier les fondements des théories, et de discuter comment les informations
extraites de ces études pourraient constituer des connaissances objectives sur
les théories, dont la valeur épistémique pourrait aller au-dela du débat réal-
iste/antiréaliste en physique. Ces questions seront prochainement étudiées
dans le cadre d’un projet d’épistémologie formelle (Kvasz, Ladislav, 2021).

Deuxiemement, le statut scientifique de la non-séparabilité causale peut
étre examiné plus avant. En effet, 'obtention de véritables ordres causaux
indéfinis dans les laboratoires est débattue, et on peut se demander si la non-
séparabilité causale est en effet scientifiquement étayée. Bien qu’il ait été soute-
nu ici qu'une telle affirmation était raisonnable, d’autres discussions pour-
raient étre pertinentes pour solidifier la position. Dans le cas o1 des arguments
significatifs a ’encontre de la physicalité des ordres causaux indéfinis pour-
raient étre développés, le présent travail trouverait de la valeur a la fois comme
catalyseur pour la métaphysique naturalisée de la physique fondamentale et
comme jonction conceptuelle entre la compréhension des théories plus fonda-
mentales et celle des théories effectives telles que la mécanique quantique. En
tout état de cause, préciser le statut exact de la nonséparabilité causale d'un
point de vue scientifique reste une question ouverte actuellement débattue
dans le domaine des fondements de la physique quantique.

Enfin, le lien méme que nous avons présenté entre les structures causales
et spatio-temporelles afin d’explorer les implications potentielles de la non-
séparabilité causale sur 1'espace-temps peut étre développé plus en détail. D'une
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part, les hypotheses nécessaires a I’établissement de ce lien peuvent étre ques-
tionnées et leur motivation développée. D’autre part, en acceptant la présence
de relations spatio-temporelles indéfinies comme conséquence de la nonsé-
parabilité causale, la nature de cette indétermination pourrait étre davantage
discutée. En particulier, la lecture métaphysique des relations spatio-temporelles
indéfinies pourrait étre rendue plus précise en entrant dans le détail des di-
verses articulations possibles de 1'indétermination métaphysique. Comme il
existe actuellement un débat sur la meilleure maniere d’articuler I'indétermination
métaphysique dans le cadre de I'indétermination quantique, il faut s’attendre
a ce que ces discussions se révélent pertinentes dans le cas des ordres causaux
indéfinis, lesquels pourraient servir d’étude de cas supplémentaire pour le
développement de I'indétermination métaphysique dans un contexte quan-
tique.
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