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ABSTRACT: Many attempts have been made to characterise and solve the infamous measurement
problem of quantum mechanics by advocating, implicitly or explicitly, different realist perspectives.
As aresult, we are still uncertain where this problem and its corresponding solution are to be located
in the realism-antirealism debate. On the basis of a well-known characterisation of scientific realism,
this paper intends to fill this gap by arguing that the quantum description of the processes involved
in typical measurements is problematic from the standpoint of serantic realism, which is a necessary
but not sufficient condition for fully-fledged scientific realism.

Kevyworps: Philosophy of quantum mechanics, measurement problem, semantic realism, non-
collapse interpretations.

RESUMEN: Se ban becho muchos intentos de caracterizar y resolver el problema de la medicion de la
mecdnica cudntica adoptando, implicita o explicitamente, distintas perspectivas realistas. En conse-
cuencia, ann nosabemos con certeza donde situar este problema y su correspondiente solucion en el debate
realismo-antirrealismo. Con base en una conocida caracterizacion del realismo cientifico, este trabajo
pretende lenar este vacio argumentando que la descripcion cudntica de los procesos implicados en las
mediciones es problemdtica desde el punto de vista del realismo semdntico, el cual es una condicion nece-
saria pero no suficiente para un realismo cientifico.
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SHORT SUMMARY: Our manuscript intends to characterise the infamous measurement problem of
quantum mechanics in the context of the realism-antirealism debate by arguing that the quantum
description of the processes involved in typical measurements is problematic from the standpoint of
semantic realism.
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1. Introduction

It is well known that the feasibility of interpreting guantum mechanics (QM) realistically is controversial, in part
because this theory faces numerous conceptual issues that cannot be addressed without directly participating in the
realism-antirealism debate. Among these issues we find the measurement problem. Although alternative quantum
theories and interpretations have been suggested in order to solve this problem, we do not yet have a definite picture
of what exactly might reconcile these alternatives with scientific realism. For example, beyond the standard way to
formulate QM, including unitary guantum mechanics (UQM) and standard quantum mechanics (SQM), some
of these alternative interpretations (to be addressed in this contribution) comprise Frauchiger-Renner formulation
(FRQM), some non-collapse interpretations NCQM), the Bobmian approach (BQM) and objective collapse inter-
pretations (GRW). By UQM we shall mean the unitary theory that excludes from SQM (the one usually reviewed
in textbooks) any reference to the collapse postulate but retains the completeness assumption with respect to the
wave function. By FRQM we shall mean the theory associated with a particular interpretation of (von Neumann),
1932)) that, to the best of our knowledge, forms the basis of the extended Wigner’s friend experiment proposed by
(Frauchiger and Renner} [2018). Finally, by NCQM we shall mean the set of non-collapse theories that are both
unitary and include some interpretation of QM, such as the many-worlds interpretation, relational quantum me-
chanics, the modal interpretation and the consistent histories approach. Note that these interpretations share with
UQM the completeness assumption and the wave function unitary evolution, but they are different in the sense
that they deny the obtaining of definite and single outcomes by means of different methods (to be described in this
contribution).

Through a critical revision of how these quantum theories and interpretations have characterised the measure-
ment problem and/or supposedly solved it, our main contribution consists in understanding in what precise realist
sense this problem associated with QM is a problem for quantum philosophers. Considering that UQM, SQM,
FRQM and NCQM entail serious concerns regarding objectivity, understanding, and predictive reliability in our
theoretical dealings with phenomena, we seek to demonstrate that, to put it crudely, the measurement problem is a
problem for semantic realism, which is a necessary but not sufficient condition for fully fledged scientific realism.
Since semantic realism is compatible with (but not reducible to) realism and (or) antirealism, we conclude that
the measurement problem is neutral with respect to these philosophical positions. This does not mean, however,
that the measurement problem is independent of the realism-antirealism debate; rather, this problem presupposes
certain realist commitments, such as semantic realism, that cannot be appreciated if one insists in endorsing the
endpoints of a more complex, continuum realist spectrum.

Our methodological procedure goes as follows: in Sectionsandwe lay down an appropriate characterisa-
tion of scientific realism based on physics. Considering a well-known description of the measurement process, in
Sectionwe proceed to identify some interpretations compatible with QM without having any a priori preference
towards one of them. Once we have exhausted the most reasonable possibilities, in Sectionwe analyze the sense in
which they are problematic. In so doing, we support the claim that the measurement problem is a semantic realist
struggle by identifying the underlying realist criteria that are at stake in each of these interpretations. Finally, in
Section we conclude that these interpretations are problematic in the sense that they fail the test of instrumental
empirical adequacy or only/and ontological clarity.

2. The scientific realism triad

Following the standard literature in the field (van Fraassen, 19805 Psillos,{1999;|Chakravartty}|[2017)), physics-based
scientific realism may be generally defined in terms of the conjunction of three necessary componentsﬂ In addition
to the well-known mind-independent condition (i.e., a necessary condition for fully fledged scientific realism that
shall be taken for granted), the semantic component (hereinafter semantic realism) is, put simply, the view con-
cerning how physical theories are to be interpreted and what they are supposed to be saying without assuming that
they are correct, whilst the epistemic component (hereinafter epistemic realism) states, in addition to this semantic
correspondence, that what these theories say about the world is approximately correct.

As introduced by (Feigl} [1950; Horwich} [1982; van Fraassen}[1980) and later defined by (Psillos, {1999, p. 10),
semantic realism is associated with the realist’s desire to read physical theories literally, in the sense that the truth
conditions of theoretical assertions are specified, not to be confused with epistemic realism, which consists in spec-

INB: We focus only on the way these authors define scientific realism, regardless of whether or not they endorse it.



ifying their truth values (i.e., to assert whether or not the truth conditions obtain) (Psillos, 1999, p. IO)EI From the
point of view of object-oriented realism, the semantic component stipulates that the theoretical terms of physical
theories have the sole function of denoting putative objects, i.e, informing us what the world would be like ac-
cording to these theories, as f they were correct, whilst the epistemic component states, in addition to this semantic
correspondence, that theoretical terms approximately refer to the actual objects that constitute the world.

Although we accept that the use of the word ‘semantic realism’ could generate a linguistic confusion, it should
be stressed that this semantic component is compatible with anti-realism. This is because this component is a nec-
essary but non-sufficient condition for fully-fledged scientific realism. Let us note that, by definition, antirealism
denies fully-fledged scientific realism. Since fully-fledged scientific realism necessarily assumes the metaphysical,
semantic and epistemic components, antirealism must deny one (or more) of these components. Granted this,
someone of antirealist spirit might embrace certain realist commitments, such as the semantic component, with-
outassuming the epistemic component, and thus without collapsing to fully-fledged scientific realismﬂAs aresult,
the semantic component of scientific realism can be endorsed irrespective of whether we are realists or antirealists.

In the following section, we shall expand the definition of semantic realism by identifying additional semantic
criteria against which our best physical theories (QM in particular) are to be evaluated. Since semantic realism has
not been a point of special focus for philosophers of physics, we believe that they will find this way of expanding
its definition both appropriate and fruitful.

3. Scrutinisin g SeMAantic realism

According to our own reading of the above definition, we propose to identify two criteria that align with the
semantic component of scientific realism: ontological clarity and empirical adequacy.

3.1 Ontological clarity

Ontological clarity means that the realist must specify what exactly the theory in question says (i.c., what its theoret-
ical terms designate), in the sense that the realist must describe the scientific world depicted by the theory in terms
of an ontology that has no considerable traces of semantic ambiguity. The association of this criterion with the
semantic component of realism follows from conventional literature in the field, and in particular, from a proper
reading of (van Fraassen,|[1980). Saying, in van Fraassen’s words, that “a literal construal of a theory can elaborate
by identifying what theoretical terms designate”, provided that “on a literal construal, the apparent statements of
science really are statements, capable of being true or false” (van Fraassen,({1980} p. 10) is another way of saying that
ontological clarity is, in part, a necessary condition for semantic realism. In particular, it is a condition that makes
semantic realism different from epistemic realism because a literal construal is not related to “our epistemic atti-
tudes towards theories, nor to the aim we pursue in constructing theories, but only to the correct understanding
of what a theory says” (van Fraassen} 1980} p. 11). Of course, as is the case for any kind of theoretical virtue, how to
specify in any particular situation the precise conditions for ontological clarity to occur, is controversial. However,
if we are intending to define ontological clarity from the perspective of physics, it can be conceived as providing a
minimal characterisation of the ontological profile of the physical states of the theory, or what is frequently called
the ‘ontic state’ of the theory. More specifically, we should clarify whether or not the mathematical objects defining
the physical states denote something in the physical world, and if they do, what kind of entities they are supposed
to be denoting.

3.2 Empirical adequacy

Empirical adequacy means that the semantic realist also expects that the relevant empirical data, confined to the
domain in which a physical theory can be effectively applied, can be explained in terms of the ontology in ques-
tion. As was the case for ontological clarity, the latter definition of empirical adequacy is also prone to further

2Tt must be stressed that without the semantic component, there cannot be an epistemic component. Indeed, although literal construals
of theories are not the same as truth-value construals, it is necessary to have a literal interpretation of the theory just to specify the conditions
that make its assertions true (van Fraassen}|1980).

3Note that this is precisely what van Fraassen does in order to motivate his constructive empiricism. Indeed, he insists that “not every
philosophical position concerning science which insists on a literal construal of the language of science is a realist position” (van Fraassen} 1980}
p- 11). To arrive at this conclusion, he divides the anti-realists into two sorts: “The first sort holds that science is or aims to be true, properly
(but not literally) construed. The second holds that the language of science should be literally construed, but its theories need not be true to
be good.” Based on this distinction, he makes clear his position by saying “[t]he anti-realism I shall advocate belongs to the second sort” (van
Fraassen (1980} p. 9-10).



concerns. More specifically, we should try to clarify the notions of ‘empirical data’ and ‘explanation’ involved in
this definition.

Firstly, note that the primary set of empirical data that scientists usually read from their complicated measur-
ing devices before any kind of systematisation process takes place is a regularity occurring in the manifested world.
Although this set of data represents information about the degrees of freedom of the system under analysis, this in-
formation is ultimately displayed in the three-dimensional macroscopic world in the form of some physical object
and property, such as a ‘pointer’ heading in a certain direction. This presupposes a broader conception of empirical
data that comprises not only quantum phenomena manifested at the microscopic (and perhaps the mesoscopic)
level, but also macroscopic phenomena of everyday experience (including the macroscopic properties of measure-
ment devices). Under this broader conception, we can redefine empirical adequacy as a capability to explain the
macroscopic manifestations of the relevant experimental data successfully predicted by the theory in terms of its
posited (or elaborated) ontology. Furthermore, empirical adequacy also presupposes a nomological conception
of empirical data, which comprises not only phenomena that have been experimentally detected, but also physi-
cally possible phenomena impossible to be detected in actual epistemic conditions (including thought experiments
allowed by the physical theory).

Secondly, the notion of explanation involved in the definition of empirical adequacy has to do with what is
known as the ‘macro-object problem’, namely, the problem of accounting for how the qualities of macroscopic
or observable objects (such as the colours of observable tables) are nothing but manifestations of the qualities of
objects (such as electromagnetic waves interacting with tables made of atoms) that are ultimate and fundamental,
out of which the actual structure of the world is constituted. To address this problem in the context of physics we
have to fulfil two requirements, one technical, the other (metaphysically) explanatory.

In the first place, we must show that any physical theory, if it deserves to be called a scientific theory, satisfies
what has been called the ‘consistency constraint’ (Lam and Withrich, |2018). This technical requirement con-
sists in ‘saving the phenomena’, namely, in identifying the theoretical basis required to make the predictions open
to confirmation by a process of measurement. So, we should be capable of representing the underlying physical
processes involved in typical measurements (and the outcomes produced by such measurements) in terms of the
mathematical language of the theory. Considering the consistency constraint as an instrumental form of empirical
adequacy (hereinafter, instrumental empirical adequacy), its satisfaction is just a matter of modelling a mathemat-
ical entailment between a list of data and a set of theoretical principles and postulates. Since this requirement bears
no resemblance to the nature and characterisation of the underlying ontology of the theory, it is necessary but not
sufficient to satisfy the empirical adequacy criterion.

On the other hand, we must satisfy an additional, different requirement: with the help of certain theoretical
resources —and perhaps an ingenious metaphysical toolbox (e.g., supervenience, grounding and/or metaphysical
dependence)—, we have to tell a consistent story of how the macroscopic world, such as tables and chairs, can be
recovered from the fundamental ontology of the theory (Ney; 2015ajbj|Lam and Wiithrich}[2018). This means that
the macroscopic counterpart of the relevant experimental data successfully predicted by the theory must be cashed
out in terms of such an ontology. Let us finally make two important remarks concerning this broader conception
of empirical adequacy.

As regards the first remark, our definition of empirical adequacy is pragmatic and involves a non-factive notion
of explanation. As required by semantic realism, scientific theories have to tell a literally construed story of what
the world would be like according to these theories, as if they were correct. It follows that this story is conceived as
‘purportedly’ explanatory by virtue of the fact that it solves the macro-object problem in a way that exhibits some
theoretical virtues, such as ontological clarity, although it could be wrong (and therefore might not be the actual
explanation for the phenomena). This means that we are understanding purported explanations as propositions
that are not only capable to successfully describe phenomena and generate novel and successful predictions —
in compliance with the first instrumental requirement. As emphasised by (Boge},[2023)), they are also capable of
ensuring predictive success on account of the ontology of the theory —in compliance with the second ontological
requirementﬂ This pragmatic notion of explanation contrasts with a factive one by virtue of the fact that semantic
realism is associated with the former, whilst fully-fledged scientific realism is associated with the latter. Indeed, once
we assume that scientific theories should tell a literally construed, approximately true story (i.e., if we assume the
epistemic component), what we mean by explanation changes from being pragmatic to being factual, in the sense
that this story involves true propositions, all of which are (part of) the reason why the predicted phenomena occur.

As regards the second remark, this definition is interpretative-dependent. Note that the second requirement

4Note that Boge emphasises the indispensable role of this second ontological requirement in the context of factive explanations —to justify
the claim that scientific realism is only appropriate if science delivers true explanations. However, we can extrapolate his statement and claim
that such a requirement also arises from non-factive, purported explanations in the context of semantic realism.



is related to the clarity criterion because we have to specify a clear ontology before specifying how this ontology
can comprehensively recover the observed phenomena. Without the specification of a precise ontology, we would
not be able to tell how the physical world is according to this theory. And since this theory would be imprecise as
regards its ontology, it also would have nothing to say about let alone how the macroscopic world can be recovered
from the ontology of the theory. In this way, the clarity criterion is a necessary condition for the empirical adequacy
criterion (understood in the broad metaphysical sense).

We shall now proceed to briefly sketch the formal-interpretative structure that lies behind the measurement
problem irrespective of the philosophical position endorsed. After so doing, we shall investigate whether or not
all the realist components are satisfied in the face of different QM interpretations, with the aim of articulating the
exact connection between scientific realism and the measurement problem.

4. The WZKAZA‘%VEWLEJ’ZfPVOCEﬂ in qmmtum mechanics

Based on a syntactic conception of scientific theories, many scholars make a sharp distinction between the math-
ematical formalism of a physical theory and its empirical and/or ontological interpretation. In the particular case
of QM, this distinction is drawn by identifying a ‘purely Hilbert space formalism’, which is merely extensional or
uninterpreted. However, we think that this way of characterising QM is misleading because even its ‘axiomatisa-
tion’, originally introduced by (von Neumann)|1932) but later refined by (Jammer, [1974), is already interpreted
in terms of primitive notions, such as ‘physical states’ and ‘observables’. Furthermore, based on (Maudlin} [2019),
we could try to speak of this axiomatised theory as an operational recipe solely designed for predictive purposes,
but this conception already presupposes that it contains an empirical interpretation impossible to be disassociated
from its mathematical formalism. Considering that it seems difficult to draw a line between a purely Hilbert space
formalism and its corresponding empirical and/or ontological interpretation, we shall conceive of QM as a theory
which comprises an interpreted mathematical apparatus and a mathematically-based interpretation. As a result,
theory and interpretation are regarded as indistinguishable terms.

Granted this, we shall start our discussion by carefully identifying some possible quantum interpretations
(without having any a priori preference towards one of them). In so doing, we shall consider Maudlin’s method
of characterising each of these interpretations depending on the acceptance or denial of certain interpretative as-
sumptions associated with the measurement process. The form of these assumptions shall be expressed by means
of truth-values assigned to the following claims:

(1) The wave function of a system is complete (i.e., specifies all of the physical properties of a system).

(2) The wave function always evolves in accordance with a linear, unitary dynamical equation (i.e., the
Schrédinger equation).

(3) The measurement of a physical property always has definite and single outcomesﬂ

There are many ways one might accept of deny these claims, but not all combinations are acceptable. According to
the the well-known account of the measurement problem proposed by (Maudlin}{1995)), the formal-interpretative
structure of the measurement process in QM can be presented in the form of a trilemma (hereinafter Maudlin’s
trilemma). This trilemma consists in the conjunction of the above (1)-(3) claims, all of which can be demonstrated
to be mutually inconsistent. The proof of their mutual inconsistency will not be revised here as it is well known
in the literature. The important point for us, however, is that Maudlin’s trilemma consists in a series of inferences
that allow us to identify certain interpretations compatible with QM, all of which arise from denying at least one
of the above claims. For example, as we shall see below, both UQM and NCQM accept (1) and (2), but reject (3)
by means of different methodsE]

Understood in this way, Maudlin’s trilemma cannot be considered problematic with the exception of eval-
uating the consistency of its formal-interpretative structure. This allows us to avoid the widespread mistake of
interpreting the inconsistency between the above (1)-(3) claims as representing the measurement problem with-
out even providing the conceptual basis of what really counts as problematic. If there is something like a problem
within this trilemma beyond the alleged consistency, we should pay attention to the philosophical consequences
of advocating any of the possible interpretations arising from fixing the truth-values of the above claims. In more

SNB: Do not confuse the claim that measurements have single outcomes with the claim that they have definite outcomes. As we shall see
below, the first claim is related to the problem of outcomes, whilst the second one with the problem of interference.

®Note that any pair of QM interpretations shall be differentiated, not only based on the denial of one of the (1)-(3) claims, but also
depending on the methods used to deny such a claim. Furthermore, we shall see that there are interpretations, such as FRQM, that accept
different combinations of the (1)-(3) claims by introducing different observers (each one which assigns different truth-values to these claims).



precise terms, we need a philosophical standard from which one can evaluate such interpretations. It is precisely
the identification of this standard with semantic realism that allows us to know in exact terms how exactly the
measurement problem is associated with scientific realism. This will be the main task of the next section.

5. The problem of the measurement process in the face of scientific realism

Returning to our discussion, we shall now articulate the philosophical basis of the explanation of why and in what
sense the incompatibility between completeness, unitary evolution, and definite-single values for measurement
outcomes really constitutes a problem for QM.

First and foremost, note that irrespective of Maudlin’s own interpretation, claim (3) can be construed empzri-
cally as stating that the measurement of a physical property is always observed to have definite and single outcomes,
or ontologically as implying that, after the process of a measurement, there always exist objective definite and single
outcomes for such a physical property. Considering that the observability of definite and single outcomes upon a
measurement is a necessary (albeit not sufficient) condition for their existence, we shall interpret claim (3) onto-
logically. The reason for this particular interpretation (and the drawing of this ontological/empirical distinction)
is mainly that the denial of the existence of definite and single outcomes upon measurement is necessary if in-
corporating NCQM into Maudlin’s framework, a set of interpretations that presumably solve the measurement
problem and that we would like to critically discuss in this contribution.

As we shall see next, we believe that the incompatibility of claims (1)-(3) is problematic if we are willing to
interpret QM realistically on the basis of the criteria associated with the semantic component of realism (i.e., em-
pirical adequacy and clarity with respect to the ontic state of the system in question). Let us now justify this claim
by analysing the interpretative consequences of abandoning each one of the three claims (1)-(3), whilst retaining
some of the others. For illustrative purposes we shall consider each of the relevant combinations of denying or
accepting the above claims without following a predefined order of exposition. Although this analysis might seem
a recitation of previous work, we believe that the association of Maudlin’s account of the measurement process
with semantic realism has not been articulated. This association, as we shall see, shall permit us to characterise and
address the corresponding problem from a broader, unambiguous standpoint.

5.1 The problem of instrumental empirical adequacy

In the following lines, we shall argue that the measurement problem is associated with the lack of instrumental
empirical adequacy that prevails in UQM, FRQM and NCQM. Whilst we shall concentrate a little bit more on
demonstrating the lack of the instrumental form of empirical adequacy within FRQM and NCQM, it isimportant
to address this task within UQM (which seems to be trivial) as we have to frame the well-known measurement
process associated with QM in terms of our definition of instrumental empirical adequacy.

5.11 The instrumental empirical inadequacy of unitary quantum mechanics

We shall demonstrate that if (3) is denied, whilst (1) and (2) are accepted, without embracing NCQM, we end up
with a problem of instrumental empirical adequacy. This shall lead to the conclusion that UQM is empirically
inadequate in the instrumental form.

Since by accepting (1) and (2) we are starting our analysis from the completeness assumption and the
Schrédinger equation, it would be wise to ask what exactly these claims have to do with the empirical adequacy of
the theory, and therefore, with the particular physical situation of a typical measurement. To answer this question,
let us characterise the notion of empirical adequacy in the particular context of QM.

Assuming that QM aims to describe the macroscopic world in terms of the way it describes the microscopic
world (including the experimental devices in measurement situations), empirical adequacy states that the theory
should have an operational technical procedure required to account for the underlying physical, macroscopic pro-
cesses involved in typical measurements (i.e., instrumental empirical adequacy); and that the unobservable, mi-
croscopic ontology posited by the theory (or elaborated by the realist) should explain the empirical observations
successfully predicted by it. These two basic criteria might be satisfied using different strategies. While the first
one just would need a set of operational rules that dictate how vectors and unitary operators in Hilbert space (and
the way they evolve in time) make successful predictions about measurement outcomes (manifested in some way
by the experimental device), the second one would require to figure out an appropriately grounded explanation
(either physical or metaphysical) of how a set of definite and single outcomes of the observable properties associ-
ated with macroscopic objects (such as the direction of the pointer on the experimental device) correspond to the



definite and single values of the properties associated with unobservable, microscopic objects (such as the spin of
a particle, or the position associated with a system of particles, etc.).

However, the perfect demonstration that the instrumental criterion of empirical adequacy cannot be satis-
fied by UQM corresponds to the famous Schrodinger’s cat experiment: UQM predicts that the quantum state
of the whole system (represented by the wave function in a complete form), including the system under analysis
(e.g., a radioactive atom) and the experimental device (e.g., a cat), evolves unitarily according to the Schrédinger
equation to an irreducible superposition of macroscopic states, where each non-realised term correlates, in a post-
measurement situation, a definite and single value of the microscopic properties of the system under analysis (e.g.,
the atom decaying or not decaying) with the definite and single value of the corresponding macroscopic properties
of the measurement device (e.g., the cat being dead or alive). This means that whatever the unobservable objects
of the system, the predicted measured outcome recorded by the experimental device is undefined because it corre-
sponds to a superposition of macroscopic states. Since every time a physical property is actually measured a definite
and single outcome can be read from the experimental device in question, there is just a small step from this em-
pirical fact to the conclusion that UQM is empirically inadequate in the instrumental form, in the sense that it
does not have an operational procedure to explain the measurement process of systems in states of superposition.
Therefore, since the semantic component of realism requires that UQM satisfies the empirical adequacy criterion
in the instrumental form, and this criterion is not satisfied by it, then we are led to conclude that the acceptance
of (1) and (2) and the abandonment of (3) is problematic by virtue of the fact that UQM cannot be interpreted
realistically, at least in this semantic sense.

5.1.2 The instrumental empirical inadequacy of Frauchiger-Renner formulation

Let us now address the most interesting situation. We shall demonstrate two conditionals at once:

If claim (2) is denied, whilst (1) and (3) are retained, without embracing SQM (assuming the projection
postulate) or GRW (adding non-linear terms to the dynamics), we end up with a problem of instrumental
empirical adequacy.

If claim (1) is denied, whilst (2) and (3) are retained, without embracing BQM (adding hidden variables to
the physical state), we end up with a problem of instrumental empirical adequacy.

Based on ideas originally developed by (von Neumann) 1932) and (London and Bauer, {1939), we shall define
Frauchiger-Renner formulation (FRQM) as the theory that introduces into QM a distinction between two differ-
ent points of view from which one describes the measurement process (hereafter Neumann’s observer distinction).
As originally argued by (von Neumann, [1932), there is either the external descriptive view, according to which
the observer or the experimenter is treated in the same way as the system under analysis, evolving both by the
Schrédinger equation —and inducing macroscopic superpositions due to its unitary evolution—, or the observer’s
descriptive internal view, in which the system in question suddenly collapses, after a measurement is performed,
to only one single term in the superposition —and obtains definite and single outcomes as a consequence[] Aswe
shall elaborate in this section, this means that FRQM implicitly presupposes that there are external observers that
deny (1) and accept both (2) and (3), but also there are internal observers that deny (2) and accept both (1) and (3)
As such, FRQM is different from SQM and NCQM. As we shall see later, SQM only accepts internal observers
that deny (2), whilst FRQM also accepts external observers that deny (1). Similarly, NCQM only accepts external
observers that deny (3), whilst FRQM accepts internal observers that deny (2) and external observers that deny (1).
Granted this, we shall conclude that FRQM is empirically inadequate in the instrumental form. Let us justify this
claim by considering internal observers first, and then proceed to introduce external observers (in addition to the
internal ones).

7Note that when a measurement is performed inside of a closed lab, this premise is sometimes expressed in terms of a distinction between
internal and external observers, provided such a measurement leads to a collapse for the former observers but does not lead to a collapse for
the latter observers. However, this way of making the aforementioned distinction is misguided in general: there can be internal observers
experiencing unitary evolution (inevitably leading to macroscopic superpositions) in the same way that external observers experiencing collapses
(from which definite and single outcomes arise). Granted this, the difference in notation between ‘internal’ and ‘external observers’ shall mean
a distinction among observers who differ in relation to whether or not any measurement leads to a collapse, irrespective of whether they are
inside or outside of a lab.

81t is important to note that, according to our own reading of (Frauchiger and Renner}[2018), they assign truth-values to (1)-(3) claims
without being aware that these claims are implicitly presupposed by them.



Firstand foremost, internal observers deny claim (2) by introducing an additional postulate into QM, called the
projection postulate. This collapse mechanism somehow makes the macroscopic superposition “disappear”, such
that one can effectively predict that the final state of the system after the measurement takes place is represented
by the eigenvector corresponding to the measured outcome. At first sight, this strategy seems to be appropriate to
satisfy the instrumental empirical adequacy criterion. Although this is true in typical cases, such as the ones with
Schrédinger’s cats, we believe that the first instrumental requirement of empirical adequacy cannot always be sat-
isfied even with the introduction of the projection postulate. There is a concrete situation in which this scenario
occurs: if we cannot say anything about the nature and behaviour of the physical system in question until it is
observed then what has happened in the past ends up being beyond the descriptive scope of the theory. This situa-
tion, apart from being at odds with classical accounts of causalityﬂ drastically reduces the empirical domain of the
theory to the present state of affairs. Thus, FRQM can only be interpreted as a predictive recipe effectively applied
to measurement situations, implying some temporal limitation in the way FRQM can be empirically adequate in
the instrumental form.

Secondly, recent thought experiments have demonstrated that the projection postulate, originally introduced
by internal observers, is not always an appropriate tool for prediction because there are concrete physical systems
with internal and external observers upon which the application of this formal apparatus leads to incorrect or un-
defined predictionsEy] This shall lead to the conclusion that FRQM is empirically inadequate in the instrumental
form. In order to arrive at this conclusion, we shall appeal to a non-standard interpretation of a well-known exzern-
ston of the famous Wigner’s friend experiment. In so doing, we shall first introduce the mainstream interpretation
of this thought experiment (together with a brief description of its original interpretation). After realising that the
outcome of this experiment is irrelevant from the point of view of the mainstream interpretation, we shall try to
read this experiment in a different, non-standard way in order to arrive at our desired conclusion.

Originally introduced by (Frauchiger and Renner; [2018), this controversial thought experiment (hereinafter
the FR experiment) is cast in the form of a no-go theorem (hereinafter the FR theorem) that mainly states that no
theory thatis fully compliant with the predictions of QM can at once: (i) capture the universal validity of this theory
(including the macroscopic level); (ii) assign a single outcome to each measurement; and (jii) demand consistency
between different observers. The moral of this argument, according to (Frauchiger and Renner,|[2018)), is that the
mutual incompatibility of these assumptions puts forward the claim that QM “rejects a single-world description
of physical reality” (Frauchiger and Renner, 2018} p. 3).

However, as critically discussed by numerous scholars (Sudbery, 2019} Lazarovici and Hubert, 2019; Tausk,
2019; Mucino and Okon, 2020} |[Boge, [2019), the FR theorem’s conclusion relies on a fourth silent, implicit as-
sumption, which considerably reduces the scope of the theories ruled out by the FR theorem. Although this
theorem is still a subject of controversy, there is a shared hypothesis accepted by (almost) the academic commu-
nity that the alleged fourth silent assumption presupposed by the FR theorem corresponds to the aforementioned
Neumann’s observer distinction. Since this assumption is obviously compatible with FRQM, this interpretation
together with any other (still unknown) interpretation that accepts (i)-(iii) together with the fourth silent assump-
tion are ruled out by the FR theorem. In more precise terms, the point emphasised by these scholars is that this
distinction presupposed by the FR theorem induces empirical differences between successive predictions obtained
by internal and external observers. The reasoning is that if external observers would like to obtain further pre-
dictions after internal observers have performed their own measurements, and the former observers evolve the
wave function according to Schrédinger’s equation and no term ever disappears, surely they must obtain different
predictions than the latter observers would obtain applying the projection postulate (in which case some terms
disappear).

In sum, according to these scholars, (Frauchiger and Renner,|2018) mistakenly believe that any QM interpre-
tation compatible with premises (i)-(iii) leads to inconsistencies. Consequently, what (Frauchiger and Renner,
2018)) are implicitly showing (without knowing it) is that FRQM (i.e., the only interpretation that assumes the
(i)-(iv) premises) leads to inconsistencies. From this point of view, it seems that the result of the FR theorem is not
so relevant as the only interpretation that is ruled out by it is FRQM, as opposed to any other well-known inter-

?Some would justify this situation by assuming that the realisation of present facts causes facts in the past to be realised (an effect precedes
its cause in time). This unfamiliar account of causality, called ‘retrocausality’, has been plainly discussed in (Faye}2018).
107¢ §s important to point out that this demonstration has been recently objected by (Okon}|2021). Although he agrees that the projection
postulate is not an appropriate tool for prediction for reasons concerned with its ambiguous nature, he argues that the conclusion arising from
such thought experiments assume an incorrect assumption and this makes any prediction required by this conclusion unreliable. Since this
assumption is not correct, according to him, there is no reason to conclude that the application of the projection postulate leads to inconsistent
and incorrect predictions; on the contrary, it is because this postulate is so ambiguous that we mistakenly embrace incorrect assumptions and
cannot even make predictions among these experiments. Although we think that Okon’s objection should be discussed in depth, we shall
assume that the projection postulate applied in the context of these thought experiments leads to inconsistent and incorrect predictions.



pretation that denies some of the (i)-(iv) premises, such as UQM, SQM, NCQM, BQM and GRW. Under these
circumstances, we think that the FR theorem can be read in a different, more interesting way, and can proved to
be relevant for other purposes. From this alternative perspective, the point of introducing FRQM is not to rewrite
the FR theorem as it is interpreted in the mainstream literature, namely, that FRQM leads to inconsistencies. It
would make no sense to introduce FRQM in order to repeat an argument against it without having any relevant
consequences. On the contrary, our aim is to put forward the claim that the measurement problem is a problem
for FRQM too. Indeed, we seek to demonstrate that FRQM fails the test of instrumental empirical adequacy, pro-
vided the measurement problem is a problem for any interpretation incompatible with this criterion. To do so, let
us describe the FR theorem as it is discussed (Bub}[2017), a version which will help us to better address the point
atissue.

Suppose there are two observers at a great distance from each other, Alice A and Bob B, both of whom find
themselves inside their respective laboratories, A inside L and B inside L. Additionally, there are two observers
X and Y outside the respective laboratories, whom can perform measurements on them. For ease of notation,
the irrelevant degrees of freedom of all the observers are not considered and the experimenters’ environment is
excluded from the description, such as measurement devices and laboratory equipments. Before the experiment,
A prepares a coin C'in the initial state \/1/3 |h) , + /2/3 [t) 4.

Initially, at time 7 = 0, A measures C in the {|h) 4 , |t) 4 } basis and records the result “4” or “¢”. At time
T = 1, she then prepares a qubit @) as follows: if the result at 7 = 0 came out to be h, A prepares ) in the state
|0) g if it rather came out to be ¢, she prepares it in the state %(|O>B + |1) 5). A subsequently sends ) to B by
a communication channel from L to L'. Attime 7 = 2, B measures ) in the {|0) 5 , |1) 5 } basis and records the
result “0” or “1”. At subsequent times, there are two possible scenarios:

The first scenario is such that at 7 = 3 the observer X measures A’s laboratory L first in the basis:

1
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and records the result “0” or “f”, whereas at 7 = 4, the observer Y measures B’s laboratory L’ in the basis:
1
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and records the result “0” or “ f”. On the contrary, the second scenario is such that the observer Y measures first
and precedes the measurement of the observer X. At the end of the experiment, the possible results of the mea-
surements performed by each observer are compared. It turns out that a contradiction analogous to (Frauchiger
and Renner, |2018)) arises from this comparison. However, this contradiction is a conclusion derived from a se-
ries of premises that need to be explicated. We shall begin presenting a systematic formulation of the problem by
enumerating both the explicit and hidden assumptions of the FR theorem in the following manner:

Premise (). QM is universally valid and describes both micro and macroscopic systems.
Premise (iz). Measurements have definite and single outcomes.

Premise (i17). if an observer X finds that another observer Y is certain about a measurement outcome, then
X must also be certain about such a measurement outcome.

Premise (iv). When a measurement is performed, such a measurement leads to a collapse for some observers,
but it does not lead to a collapse for other observers.

The contradiction arises in the following manner. Let us first consider (i) and (ii). The system of both laboratories
L and L', composed of A, B, C and @, can be described by the following quantum state:

0) = 1/V3 (1R 4 1005 + [£) 4 1005 + [£) 4 1) 5) (1)



This expression is the state viewed from the perspective of any observer located outside the laboratories (X or Y")
without having described their own measurements. If we consider the measurements performed by X in L and Y’

in L', (1) can be expressed as follows:
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Before any measurement is performed, the purely unitary evolution of the total composite system (i.e., X, Y, A, B,
C, and @) evolves to a superposition expressed by , , and . Note that we can combine the results obtained
by different observers at different times in the following way:

From (3) we can see that the relative state of X and @ with respect to the observer X is |o) ; [1) 5 with the
pair of possible values {0, 1} (as a result of measuring L and obtaining the outcome “0”), whereas from (4 . we can
see that the relative state of C' and Y with respect to the observer Y is |h) 4 |0) ;, with the pair of possible values
{h, 0} (as a result of measuring L’ and obtaining the outcome “0”). It follows that the pair of actual outcomes
{h, 1} are found only once the pair {0, 0} is obtained when X and Y jointly measure L and L’, respectively.

In this step we have used (iv), to assume that X and Y simultaneously obtained definite and single outcomes,
so that we can predict future states of affairs conditioned by X'Y”’s actual measurement outcome {0, 0}; and also
(iii), to be allowed to juxtapose X and Y to give us the perspective that consists of both observers X'Y". This latter
assumption means that if Y [X] finds that the L[L’] measurement outcome is “0” from the perspective of the
X[Y] observer, this outcome has also to be “0” as judged from the perspective of the Y [X] observer, allowing us
to observe the composed system LL’ from the XY juxtaposed observer. Finally, only if we introduce preceding
information of the state (]}, even after A, B, X, and Y have measured C, @), L, and L/, obtaining as a result definite
and single outcomes (e.g., h ort for A; 1 or 0 for B; and “0” or “ f” for X and Y'), we obtain a contradiction: the
state (L)) shows that the probability of obtaining {h, 1} is zero.

Note that (iv) played an indispensable role in the previous argument because the final pair of outcomes {h, 1}
isafuture prediction that was obtained only when the observer X'Y" used the collapsed state |0) ; |0) ;, correspond-
ing to what she found, not the full, unitary-evolving superposition . At the same time, however, we considered
the superposition , corresponding to the unitary-evolving state of A, B, C, and ) before any measurement takes
place, even after the observer XY performed a measurement and found {o, o}.

Since FRQM assumes (iv) and the rest of the above premises, we may conclude that it is ruled out by the FR
theorem. As regards the instrumental empirical adequacy of this interpretation, this conclusion brings important
consequences. Note that the claim that FRQM leads to inconsistent predictions (as opposed to other interpre-
tations, such as BQM) can be reinterpreted as stating that this collapse approach simply cannot make the correct
quantum predictions in this experiment. Examples of these incorrect predictions are precisely those that were fol-
lowed in the derivation of the contradiction, such as the possibility of predicting the final outcome {h, 1} if the
combined observer XY measures the outcome {0, 0}. In the framework of BQM, however, the outcome “0” of
Y is not only compatible with A’s outcome “h”, as used in the FR theorem. Rather, the final outcome {¢, 1} is
also possible. Let me elaborate more on this.

APV

If there is an ontology constituted by space-time events in a non-relativistic context, such as configurations of
Bohmian particles corresponding to X, Y, A, B, C, () and their respective settings and outcomes, the predictions
obtained by each observer should, of course, respect the time order of those events. In the case in which observer
X measures first at time 7 = 3 and Y performs the second measurement at time 7 = 4 (provided A’s and
B’s measurements have been performed at time 7 = 0 and 7 = 2, respectively), X will (locally) influence the
subsystem composed of A and C' in a way that A’s initial state and the corresponding result (either h or t) could be
changed. Since the state of A and B are correlated non-locally, if the result of X turns out to be “0”, it is a fact of
the matter that B’s result must be 1. This 1 will remain invariant until the second measurement of observer Yis
performed. This second measurement could (locally) influence and change B’s state and its corresponding result
(either 1 or 0). Now, in this story it is not true that the result “0” of Y is only compatible with A’s result A, as it
would be in the case in which observer Y measures first and X performs the second measurement. In sum, in the
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case in which Y performs her measurement first, Y”’s outcome is independent of X’s setting and outcome; in the
case in which X performs his measurement first, however, Y’s outcome depends on X’s setting and outcome.

Therefore, since BQM is not ruled out by the FR theorem and does not lead to inconsistencies, we may rein-
terpret the inconsistencies arising from FRQM as the failure of this approach to make some correct quantum pre-
dictions. This makes FRQM theory empirically inadequate in the instrumental form. That is, FRQM is ruled out
by the FR theorem by virtue of the fact that it cannot account for FR experiment’s predictions correctly obtained
by, for example, BQM.

Considering this line of reasoning, one might wonder whether the hidden assumption (iv) is the ultimate
reason FRQM cannot make the correct predictions in the FR experiment. Following a similar argument to (Okon),
2021) (although not the same conclusion), we believe that there is a deeper reason that lies behind (iv) that is
responsible for the instrumental empirically inadequacy of FRQM in the context of the FR experiment. This
underlying reason is associated with the fact that X or Y does not possess the resources to predict the complete
outcomes obtained by A and B after the outcomes obtained by the juxtaposed observer XY are determined. Since
the state , as defined from the point of view of X or Y (without having described their own measurements),
evolves according to the linear Schrédinger evolution, and all observers (i.e., X, Y, A and B) obtain definite and
single outcomes, Maudlin’s trilemma tells us that FRQM is incomplete. In other words, the state (1)) cannot specify
all the physical properties of A and B. It is expected that the lack of specification by the wave function of the
actual physical properties associated with these subsystems induces the alleged incorrect predictions and explains
why BQM, which is a complete theory, makes the correct predictions.

This result reflects the fact that in the FR experiment there are not only internal observers that deny (2) and
accept (1) and (3), but also there are external observers that deny (1) and accept (2) and (3). In other words, FRQM
is empirically inadequate in the instrumental form precisely because there are experimental situations in which it
abandons the completeness assumption.

5.1.3 The instrumental empirical inadequacy of non-collapse interpretations

We shall now demonstrate that if (3) is denied, whilst (1) and (2) are retained, we end up with the same problem
of instrumental empirical adequacy (as corroborated by the previous discussion) unless we explain the empirical
fact that measurement outcomes seez to be definite and single-valued even if macroscopic superpositions exist and
never really collapse, an explanation which will be shown to be unsuccessful. Considering that claim (3) presup-
poses the existence of (as opposed to the observation of apparent) definite and single outcomes, its denial leads
therefore to the adoption of NCQME]

One might argue that denying claim (3), whilst retaining (1) and (2), is one exception to the conclusion that
QM is empirically inadequate in the instrumental form. This exceptional case would derive from simply deny-
ing the existence of definite and single outcomes and accepting the existence of macroscopic superpositions, and
therefore concluding that the theory is empirically adequate in the instrumental form because it naturally accounts
for actual superpositions. However, the instrumental empirical adequacy of a theory cannot be derived from sim-
ply assuming that it accounts for something that exists but is impossible to detect in everyday experience, such as
macroscopic superpositions. Let us appeal to an example which corroborates this claim.

Based on numerous recent ‘Schrodinger cat states’ experiments, some philosophers have proffered NCQM
according to which macroscopic (in addition to microscopic) superpositions are objective physical states which
never really collapse. Examples of NCQM are the many-worlds interpretation, relational quantum mechanics, the
modal interpretation and the consistent histories approach. However, although the way to account for the reality
of these macroscopic superpositions varies across the board, the common feature among these interpretations is
that they believe that measured outcomes are not actually definite and single-valued even if we observe that they
seem to be definite and single-valued in everyday experience. That is, the price to be paid for denying claim (3)
whilst retaining (1) and (2) is that there should be a way to explain the observable fact that macroscopic superpo-
sitions are impossible to detect in everyday experience and, when the properties of a physical system are measured,
measurement outcomes see7z to have definite and single values. This example demonstrates that even when the
existence of macroscopic superpositions is assumed, whilst that of definite and single outcomes is denied, the chal-
lenge of instrumental empirical adequacy still prevails. Unfortunately, NCQM are not empirically adequate in
the instrumental form, as we shall demonstrate next. We believe that NCQM are empirically inadequate in the
instrumental form for at least two possible reasons. Whilst we accept that the first reason might be argued to be

INCQM will be defined here simply as those interpretations which deny the existence of definite and single outcomes but retain (1)
and (2). In this way, we shall include neither BQM nor the Hamiltonian modal interpretation as part of what we call NCQM because these
interpretations accept the existence of definite and single outcomes through the introduction of a preferred set of commuting observables (i.e.,
the position and the energy, respectively).
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ungrounded for certain reasonable intuitions (to be described below), we believe that the second one poses a serious
challenge to the instrumental empirical adequacy of these interpretations.

Firstly, one might argue that the FR theorem can also be applied to NCQM based on the possibility that these
interpretations comply with all (i)-(iv) assumptions, and introduce internal observers that deny (3) and accept (1)
and (2) in addition to external observers that deny (3) and (1) and accept (2). In a similar way to FRQM, this would
lead to the conclusion that NCQM are ruled out by the FR theorem, and therefore are empirically inadequate
in the instrumental form by virtue of the fact that they yield incorrect predictions. To arrive at this conclusion,
one would need to focus on the way assumption (iv) is interpreted. Note that the aforementioned Neumann’s
observer distinction between different observers that lies behind assumption (iv) might be interpreted epistemically
(as opposed to ontologically). Since macroscopic superpositions exist and never really collapse in NCQM, the fact
that definite and single outcomes are observed might be interpreted as an apparent epistemic manifestation, not
necessarily associated with actual, definite and single outcomes. This would mean that in the case of NCQM,
this hidden assumption is not precisely aimed at reconciling unitary evolution with objective (actual) definite and
single outcomes, such as our own reading of (Maudlin},[1995))’s analysis in denying completeness; on the contrary, it
interprets both unitary evolution and the epistemic (empirical) fact that definite and single outcomes are seemingly
observed as two different, non-reducible points of view. Therefore, the fourth silent assumption of the FR theorem
would not only be compatible with particular, idiosyncratic interpretations of QM that believe in the existence
of definite and single outcomes, such as FRQM, but also with some NCQM that explain in some way or other
the appearance of (apparent) definite and single outcomes, such as relational quantum mechanics, the consistent
histories approach and some modal interpretations.

Unfortunately, this conclusion might be argued to be ungrounded after a careful analysis. In fact, one might
reply that the compatibility between NCQM and assumption (iv) is not sufficient to derive the conclusion that
these interpretations are ruled out by the NCQM theorem. Rather, they should be compatible with the rest of
the assumptions (i)-(iii). But we are currently uncertain of whether or not these interpretations accept the other
assumptions. For example, based on an intuitive reading of some of these interpretations, one might argue that
relational quantum mechanics denies (iii), whilst the consistent histories approach denies (ii), and therefore block
the conclusion that they are ruled out by the FR theoremE] However, as things currently stand, we cannot un-
doubtedly conclude, with the exception of FRQM, that this is actually the case.

Secondly, even if we were to block the previous conclusion in solid ground, we would inevitably came to realise
that NCQM are empirically inadequate in the instrumental form because they have not succeeded in solving at least
one problem, the issue of selecting a single outcome upon the measurement of a physical property (hereinafter the
problem of outcomes).

As regards the instrumental criterion of empirical adequacy, the principal challenge is to provide an empirical
interpretation of the quantum formalism without collapses associating mathematical representations (e.g., vectors
and operators) with the empirical data. To have this interpretation, however, the purely unitary evolution of this
formalism should not only be able to macroscopically distinguish the mathematical counterparts of the possible
independent outcomes associated with the physical properties of the system (hereinafter the problem of interfer-
ence), but also to pick up a single outcome that is actually measured (i.e., the problem of outcomes, as defined
above). Whereas the first problem is addressed by providing a recipe to reduce the overlap between the effective
wave function packets of the macroscopic superposition (as long as they are allowed to have approximately disjoint
support), the second is overcome by providing a selective method to pick up the respective wave packet associated
with the measured outcome.

One implicit and essential method to which some NCQM usually appeal is the decoherence mechanisrnE]
From the point of view of decoherence, the process of measurement consists in a (purely unitary) quantum-
mechanical interaction between the system and a great number of environmental degrees of freedom (including
those of the observer and the measurement apparatus) that come into play, such that the interference of macro-
scopic states exists but cannot be observed. Formally speaking, the decoherence mechanism treats, for all practical
purposes, the improper or reduced states of the superposition as if they were proper mixed states. This allows the
identification of a set of distinguishable wave packets with approximately disjoint support (enough to be macro-
scopically relevant) associated with the possible values of the physical quantities to be measured (together with
their probability of occurrence).

However, it is important to remark that the decoherence mechanism does not (and does not aim to) select

120ne concrete idea in this direction is perspectivalism endorsed by (Dieks}2019), which mainly states that NCQM are interpretations
that deny (iii) by virtue of the fact that they permit the possibility of ascribing to the same physical system more than one objective state.

13Although the decoherence mechanism is regularly involved in these interpretations, as is argued in (Bacciagaluppi,|2016), it is not neces-
sarily involved, as we shall see below.
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a single outcome during the process of measurement. Since decoherence only intends to solve the problem of
interference (as opposed to the problem of outcomes), the NCQM that appeal to decoherence need to account
for their instrumental empirical adequacy by other means. This does not mean, however, that if decoherence
were reliable, it would be useless as regards the instrumental empirical adequacy of the theory. As is correctly
pointed out by (Schlosshauer, 2008), there is no way of solving the problem of outcomes without accounting
for the non-observability of interference. This means that adherents of decoherence agree that there is a special
mechanism described by this framework that is necessary (but not sufficient) for the observer to see definite and
single outcomes

Under these circumstances, proponents of NCQM have figured out other strategies that might solve the prob-
lem of interference together with the problem of outcomes without appealing to the decoherence mechanism. For
example, let us consider relational quantum mechanics. As discussed in (Rovelli,[1996), the apparent breakdown
of the unitary evolution of the physical state results, according to this interpretation, from the fact that the observer
is unable to provide a complete description of its interaction with the system. This relational approach is moti-
vated by a theorem due to (Breuer, [1995)), which states that if a measuring apparatus is part of a physical system,
the state of the apparatus cannot fully encode the state of the whole system (including the apparatus itself). Con-
sequently, we cannot infer the state of the whole system by observing the state of the apparatus. Although we shall
not inquire into the details of relational quantum mechanics, it is important to note that this approach has fallen
prey to various objections, some of which point towards the lack of ontological clarity and empirical adequacy of
this theory In replying to these critiques, one might suggest introducing the decoherence mechanism to solve
this problem of clarity and empirical adequacy (as seems to be suggested in (Biagio and Rovelli,2021)). However,
if we reconsider this strategy, we fall back into the above objections. It seems that NCQM cannot get rid of the
decoherence mechanism until they show that it is irrelevant to them without facing serious problems, an approach
which, to the best of our knowledge, has not been entirely successful.

Finally, in the particular case of many-worlds interpretations, which is the dominant proposal among the type
of theories classified as NCQM, the problem of instrumental empirical inadequacy can also be expressed as the
incapability of this interpretation to justify the emergence of probabilities and of the Born’s rule. If the time evo-
lution governing the dynamics of the physical state is given by the Schrédinger equation (which is a deterministic
law), how does the Born’s rule or the concept of probability itself emerge? If one assumes, as Everett argues, that
each world is equally real, what does it mean to say that it is more probable to be in one world than in another?
Without answers to these questions, we cannot obtain an empirically adequate interpretation. Following (Norsen),
2017)), let us look at the problem more closely.

Consider a 1/2 spin particle that is in the 1 state (up) along the 72 direction. This state can be represented as a
superposition (up-down) along the z-direction, that is:

P = VYt + VUl (5)

According to UQM, the probability of finding the state 9% or the state 9] is p or g, respectively (we will assume,
without loss of generality, that p > ¢). However, in the Everettian proposal, both worlds are equally real. Granted
this, if one wishes to have the same predictive success as UQM, one expects (statistically) that if an observer is in a
world corresponding to the 1/)% state and repeats the experiment many times, he will more often be found in worlds
associated with the ¢ state. A statistic that respects Bohr’s rule must be such that by repeating the experiment
N times, the expected number for the ¢ state will be N'p. The problem is that to recover that statistic one must
presuppose Born’s rule, and this argument seems to be circular: for ¥ = " ¢;9);, a statistical weight w; = |¢;|?
must be associated with each branch. The question is, why is it reasonable and what does it mean to demand that
each branch should have such a statistical weight considering that each world is “equally real”? As long as these
questions are not addressed and the Born’s rule is not justified (without appealing to measurements or observers),
this proposal is not in a better shape than UQMFEI

Onmitting further details, the most important point to learn from this discussion is the fact that, without pro-
viding a reliable answer to the problem of outcomes, the instrumental empirical adequacy of NCQM, which is a

14Although not generally accepted, there have been serious objections to considering decoherence a reliable strategy not only to select a
single outcome (something which is generally accepted as noted above) but even to explain the non-observability of interference. One of these
objections was recently proposed by (Okon and Sudarsky}[2016).

150ne example is due to (Mucifio et al.}[2022). However, Rovelli’s response to this objection (Rovelli}[2021) has been criticised because he
does not offer a solid argument that addresses the point at issue.

16Ag suggested by (Deutsch}|[1999|Saunders}|2010), some attempts have been made to justify the Born’s rule. They basically assume that
every rational agent has no choice but to behave according to this rule. However, as argued by (Norsen}2017)), these proposals can be challenged,
and there is still no consensus on whether these strategies solve the problem of instrumental empirical adequacy.
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necessary condition for scientific realism, is compromised. Specifically, these theories, as they are standardly for-
mulated without any collapse mechanism, do not have an operational technical procedure required to account for
definite and single outcomes.

5.1.4 The instrumental empirical inadequacy of epistemic/statistical interpretations

Finally, we shall see that if claim (1) is denied, whereas (2) and (3) are retained, without adding hidden variables to
the physical state, then we end up with a problem of instrumental empirical adequacy. As we know from (Maudlin)
1995), denying claim (1) without introducing hidden variables leads to epistemic/statistical interpretations.

According to many scholars, there is a shared intuition that epistemic/statistical interpretations are irrelevant
fora quantum realist reading simply because they are only interested in calculating predictions or the lack of knowl-
edge of the physical system as opposed to describing objective states of affairs through the lens of QM. Our opinion
is that this intuition is true for statistical but not for epistemic interpretations. The problem with the latter inter-
pretations is that if we are aiming at calculating the lack of knowledge of certain states of affairs, we need to have at
least a predetermined standard in physical reality with respect to which we are making such a calculation. Indeed,
epistemic interpretations make a silent and unjustified commitment to the existence of some unknown, predeter-
mined aspect of the physical world, whilst they explicitly deny the possibility that QM may describe that aspect of
the world objectively.

Let us illustrate this critique with an example provided by (Maudlin}[1995) without inquiring into its details. If
the state of the system composed of the spin of an electron and an x-spin measuring device evolves to a macroscopic
superposition (as dictated by QM), epistemic interpretations will interpret this superposition as if it really were
a mixed state, meaning that the whole system is in either one or the other term of the superposition, but we are
uncertain about which is the actual realised term. However, in the absence of any justification for regarding a pure
state as a mixture, the macroscopic superposition alone cannot be interpreted in epistemic terms. The reason is
that we are incapable of being ignorant of which individual term is realised if we cannot differentiate and single
out any term from the superposition to begin with. In this way, the identification of terms in this macroscopic
superposition would be equally regarded as introducing predetermined values for the spin of the electron that are
notincluded in (or described by) QM. This seems not irrelevant but a problem for at least the semantic component
of scientific realism. Let us recall that scientific realism in general and semantic realism in particular presuppose the
possibility of providing an ontologically clear and empirically adequate description of the physical world through
the lens of QM. However, although epistemic interpretations are committed to the existence of the aspect of the
world of which we are ignorant —which means that they accept the mind-independent condition of scientific
realism— they assume that no description of this aspect of the world can be provided by QM. This leads to the
conclusion that these interpretations are empirically inadequate in the instrumental form. Let us elaborate more
on this.

The first obvious consequence of endorsing the epistemic interpretation is that, following the previous exam-
ple, it does not provide a solution to the aforementioned problem of outcomes —a sufficient condition for the
instrumental empirical adequacy of QM — as this interpretation explicitly denies the possibility of knowing with
certainty which is the realised, single outcome of the electron spin. Furthermore, the same example shows that
epistemic interpretations do not provide a solution to the aforementioned problem of interference —a necessary
condition for the instrumental empirical adequacy of QM — because they presuppose that the physical state of the
electron spin and the measuring device represent an array of possible definite outcomes, without providing any
justification for this presupposition based on QM. Therefore, the problem of instrumental empirical adequacy
remains unsolved.

5.2 The problem of ontological clarity

As we shall see, the measurement problem is also related to the lack of ontological clarity regarding the interpre-
tation of the theory. The reason for this relation can be traced back to the empirical adequacy criterion broadly
understood. Recall that ontological clarity is a necessary condition for empirical adequacy. The latter not only
involves an instrumental criterion (the consistency constraint), but also the (metaphysically) explanatory criterion,
which depends on the clear specification of the ontic state of the theory. Thus, regardless of the satisfaction of the
instrumental criterion, the fact that a theory is ontologically unclear implies that it is at odds with the explanatory
criterion, and thus with the empirical adequacy criterion. To illustrate this observation, let us investigate each of
the interpretations already mentioned.
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5.2.1 The lack of ontological clarity of unitary quantum mechanics

We shall demonstrate that if claim (3) is denied but (1) and (2) are retained, without embracing NCQM, we end
up with a problem of ontological clarity. This shall lead to the conclusion that UQM is ontologically unclear.

In addition to the deterministic evolution, the root of the instrumental empirical adequacy problem in UQM
lies on the basic realist assumption of this theory that the physical state of the system is complete and represents
in some way or other all of the objective physical properties of the system. In this way, it is assumed that the
macroscopic superposition of states that arises in measurement situations is a physical state in its own right, in the
sense that it represents the quantum world as it, in fact, is. However, note that QM does not specify with precision
the ontic state of the theory. That the wave function specifies all the physical properties of a system does not imply
that it exists as an object in the world. Rather, it means that there are physical properties of unobservable entities
(not explicitly specified) that have a factual correspondence with the wave function. Thus, as things stand, UQM
is unclear in the ontological sense.

5.2.2 'The lack of ontological clarity of collapse and non-collapse interpretations

We shall demonstrate three conditionals at once:

If claim (1) is denied, whilst (2) and (3) are retained, without embracing BQM (adding hidden variables to
the physical state), we end up with a problem of ontological clarity.

If claim (2) is denied, whilst (1) and (3) are retained, without embracing GRW (adding non-linear terms to
the dynamics), we end up with a problem of ontological clarity.

If claim (3) is denied, whilst (1) and (2) are retained, we end up with a problem of ontological clarity.

Since the first two conditionals are embraced by FRQM; the second conditional is embraced by SQM; and the
third one by NCQM, we shall conclude that these three theories or interpretations are ontologically unclear.

As regards SQM and FRQM, the introduction of the projection postulate means that what was initially a de-
terministic and unitary evolution governed by the Schrédinger equation turns out to be an indeterministic jump
that has to be introduced by hand from the outside. The lack both of naturalness and a clear and comprehensive
explanation for this collapse mechanism is the reason why many philosophers think of the measurement problem
in SQM and FRQM as a lack of objectivity with respect to our theoretical dealings with the quantum phenomena.
According to this scenario, both theories would be at odds with our objectivity standards because the nature and be-
haviour of what is measured is observer-dependent. There would not be any kind of explanation of what happens
when the observer does not have a human brain capable of rationalising like a PhD student, or when the observer
is not present as a conscious witness at a certain place and time (Bell,[1971). In the particular case of FRQM, this
problem has been characterised as a conflict (or lack of rules) in establishing the correct interpretation among the
two different points of view arising from the aforementioned Neumann’s observer distinction. Furthermore, the
epistemological or ontological interpretation of this conflict between two different points of view has been taken
as the basis for further reasons why this theory must either objectively describe the state of consciousness of the
observer (London and Bauer,1939).

What about NCQM:? Although these interpretations do not introduce the projection postulate and the system
in NCQM evolves according to a purely unitary evolution, the aforementioned Neumann’s observer distinction
between different observers is also introduced by means of certain external mechanism (such as decoherence) that
makes possible the observability of (epistemic) definite and single outcomes. This means that, apart from the
obscure character of this or other proposed non-collapse mechanisms, NCQM preserve the same problems of
SQM and FRQM as regards objectivity.

For example, the most advocated many-worlds interpretation is committed to wave function monism, namely,
the idea that the wave function is all there is in the world —in proper terms, the physical object mathematically
represented by the wave function. Proponents of this interpretation believe that this feature makes the theory
parsimonious, and for this reason, they refuse to postulate anything in addition to the wave function. However, if
the wave function is all there is in the world, in what way can we extract from this abstract object a picture of the
physical world that can explain our empirical experience i.e., an explanation that solves the macro-object problem?

At first glance, |Wallace| (2010) addresses the above question by arguing that the macroscopic entities of the
empirical world should not be considered illusory even if they do not appear in the basic axioms of the theory;
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rather, they should be understood as patterns or structures arising from the states of the microphysical theory in
question. In his own words:

There are structural facts about many microphysical systems which, although perfectly real and ob-
jective (try telling a deer that a nearby tiger is not objectively real) simply cannot be seen if we persist
in describing those systems in purely microphysical language (Wallace} 2010} p. 58).

And, in the specific context of many-worlds, Wallace claims:

Structurally speaking, the dynamical behaviour of each wavepacket [i.e., each decoherent branch of
the wave function] is the same as the behaviour of a macroscopic classical system. And if there are
multiple wavepackets, the system is dynamically isomorphic to a collection of independent classical
systems (Wallace, 2010} p. 64).

This seems odd. As argued by (Norsen) 2017), establishing an isomorphism is not sufficient to solve the macro-
object problem in this context. He comments that a wave packet propagating in configuration space is roughly
isomorphic to a particle traveling along an (approximate) trajectory through configuration space. This trajectory
in turn is isomorphic to IV trajectories in 3-dimensional space; however, this does not imply that the existence of
a wave packet propagating in 3/N-dimensional space leads to the existence of N particles in physical space. The
example he gives is the isomorphism between a billiard ball bouncing on a square table with two beads inside a
wire bouncing back and forth: The isomorphism is established by assuming that one bead is small enough to pass
through the hole of the other, this to disregard the interaction between the two. A billiard ball, beyond mathemat-
ical equivalence, is not a pair of beads in a wire nor does the existence of one imply the existence of the others.

Since the macro-object problem remains unsolved in this context, a many-worlds interpretation with a mass
density ontology is often proposed. This interpretation postulates a mass density (as defined by GRW) for each
branch and the effect of decoherence is considered to justify why each world cannot realize the existence of the
other. Using the Schrédinger’s cat experiment, there will be a live cat in one world and a dead cat in another but
each with half the mass (the inhabitants of each branch will not realize this fact). We could say that this interpreta-
tion does solve the ontological problem. However, it is still an empirically inadequate theory as the emergence of
probability and the Born’s rule remains unsolved.

Consequently, what lies behind these alternative views or conclusions is the fact that the nature and the dy-
namics of the physical state of the system alone cannot account for (objective or epistemic) definite and single
measurement outcomes and because of that, SQM, FRQM and NCQM must appeal to ambiguous mechanisms
whose operation does not depend on the objective constituents, principles and laws of the theory but on the id-
iosyncrasy of the observer. With the projection postulate or any non-collapse mechanism introduced, however,
these theories remain ontologically unclear in the sense that there is no pre-conceived objective ontology that can
exhaustively explain the observed phenomena and the measurement process itself as any objective physical inter-
action between the constituents of the system and the experimental device in question. Rather, the constitutive
nature and behaviour of what is measured directly depends on the experimental context and cannot be conceived
before the interaction takes place. In this way, the projection postulate or any non-collapse mechanism involve
satisfaction of neither the instrumental criterion (as demonstrated above) nor the explanatory criterion, both of
which are necessary to make the theory empirically adequate. Therefore, since the semantic component of realism
requires that SQM, FRQM and NCQM satisfy the clarity criterion, and this criterion is not satisfied by them, then
we are led to conclude that they cannot be interpreted realistically, at least in this semantic sense.

Furthermore, the fact that FRQM is ontologically unclear not only implies that this theory is at odds with our
preferred definition of scientific realism, but also that the first instrumental requirement of empirical adequacy can-
not always be satisfied even with the introduction of the projection postulate. Indeed, the FR theorem described
above may be regarded as an illustration of the claim that instrumental empirical adequacy fails as a consequence of
the ambiguity of the projection postulate (or any mechanism that explains the observability of definite and single
outcomes). The reason is that the acceptance of Neumann’s observer distinction by FRQM implements a pro-
found ontological ambiguity upon the description of the quantum phenomena. Thus, in order to avoid incorrect
predictions we have to know how to apply the formalism of FRQM in a given physical situation. We suggest that
it is through the specification of a clear ontology and the acquisition of knowledge of what exactly is happening in
the physical world when a measurement is performed that we are able to apply this formalism without inconsisten-
cies. As is the case for the second metaphysical criterion of empirical adequacy, the FR theorem also suggests that
the first instrumental criterion cannot be satisfied without the ontological clarity criterion. Empirical adequacy
and ontological clarity are deeply correlated semantic realist criteria.
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5.2.3 The lack of ontological clarity of epistemic/statistical interpretations

Finally, we shall see that if claim (1) is denied, whereas (2) and (3) are retained, without embracing BQM (adding
hidden variables to the physical state), then we end up with a problem of ontological clarity associated with epis-
temic/statistical interpretations.

Statistical interpretations are by construction ontologically unclear by virtue of the fact that they are only
interested in calculating predictions of the physical system. As for epistemic interpretations, let us recall the famous
PBR theorem. According to certain (debatable) assumptions, this theorem shows that models of QM in which
pure quantum states are interpreted epistemically (i.e., represent probabilistic or incomplete states of knowledge
about physical reality) cannot reproduce quantum predictions. Asa result, pure quantum states must be construed
ontologically in the sense that they describe objective states of affairs. As is well known, this conclusion is derived
by considering that the quantum state can be interpreted ontologically if every complete physical state or ontic
state in the theory is consistent with only one pure quantum state; or epistemically if there exist ontic states that
are consistent with more than one pure quantum state (Pusey et al.,[2012). This distinction lends support to the
idea that epistemic quantum states cannot describe ontic states. Furthermore, if we were to interpret the quantum
state epistemically, we would be incapable of providing a minimal characterisation of the ontological profile of the
ontic state of the theory. Since this minimal characterisation is a prerequisite for the ontological clarity of QM, the
epistemic interpretation, according to this distinction, neglects the possibility of QM being ontologically clear and,
therefore, does not satisty the semantic component of scientific realism. We can deduce from this observation that
if the premises of the PBR theorem are true, its conclusion reinforces the objection that epistemic interpretations
pose against ontological clarity, and provides necessary (albeit not sufficient) conditions to be a semantic realist
with respect to QM.

6. Concluding remarks

Based on a well-known characterisation of scientific realism, we conclude that the description of the processes in-
volved in typical measurements framed in terms of UQM, SQM, FRQM, NCQM and epistemic and statistical
interpretations is problematic from the standpoint of what we have defined as semantic realism. In particular, we
have argued that this description is problematic by virtue of the fact that there is no specification of what exactly
these interpretations say in terms of their ontologies (i.c., they are ontologically unclear), and that the relevant
empirical data, confined to the domain in which they can be effectively applied, cannot be explained in terms of
these ontologies and cannot be entailed by their corresponding formulations (i.e., they are empirically inadequate).
Since semantic realism is compatible with (but not reducible to) realism and (or) antirealism, we conclude that the
measurement problem is neutral with respect to these philosophical positions. As emphasised in the introduc-
tion, this does not mean that the measurement problem is independent of the realism-antirealism debate; rather,
this problem pressuposes certain realist commitments that cannot be appreciated if one insists in endorsing the
endpoints of 2 more complex, continuum realist spectrum. Let us make a final remark.

As discussed above, the conclusion of this paper locates the measurement problem in a neutral position with
respect to the endpoints of the realism-antirealism debate. Indeed, even if it is a problem that troubles someone of
realist spirit, the antirealist should also be worried as she embraces certain realist commitments, such as instrumen-
tal empirical adequacy, without collapsing to fully-fledged scientific realism. However, another important result
implied by our discussion, is that the measurement problem is also neutral with respect to metaphysical debates
informed (or justified) by QM. This is because semantic realism is equally compatible with metaphysical of philo-
sophical positions competing against each other. For example, structural realism contrasts with standard scientific
realism as it reverses the ontological priority of the relata over and above the relations and structures in which they
stand. However, this form of realism acknowledges that empirical adequacy and ontological clarity at the level of
the relata should be satisfied. As emphasised by (French, 2014, Ch. 7), this is because there is no way to explain the
empirical phenomena in terms of relations and structures without having to explain such phenomena in terms of
the relata in the first place.
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