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Abstract

In the literature on the interpretation of quantum mechanics, not many works attempt
to adopt a proactive perspective aimed at seeing how different interpretations can
enrich each other through a productive dialogue. In particular, few proposals have
been devised to show that different approaches can be clarified by comparing them,
and can even complement each other, improving or leading to a more fertile overall
approach. The purpose of this paper is framed within this perspective of comple-
mentation and mutual enrichment. In particular, the Relational Quantum Mechanics
(RQM) and the Modal-Hamiltonian Interpretation (MHI) are compared, highlight-
ing their differences and points of contact. The final purpose is to show that, in spite
of their disagreements, they are not contradictory but, on the contrary, they can be
made compatible from an overarching perspective and can even complement each
other in a fruitful way.

Keywords Relational Quantum Mechanics - Modal-Hamiltonian Interpretation -
Quantum observables - Quantum state - Relational time

1 Introduction

The physical and metaphysical novelties introduced by quantum mechanics are
so radical that the foundations of the theory have been under uninterrupted dis-
cussion for more than a century. It is therefore not surprising that all interpreta-
tions are forced to introduce elements that challenge some traditional scientific
and/or philosophical assumptions. There is no way out, quantum mechanics is
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so peculiar that some price must be paid. Given this situation, in general, discus-
sions about the interpretation of the theory usually confront different researchers,
each one defending a particular point of view and emphasizing the difficulties
or limitations of the others. The most neutral and balanced presentations try to
compare different theoretical and/or interpretive approaches, making their pros
and cons explicit. However, not many works attempt to adopt a more proactive
perspective, aimed at seeing how different interpretations can enrich each other
through a productive dialogue. In particular, few proposals have been devised to
show that different approaches can be clarified by comparing them, and can even
complement each other, improving or leading to a more fertile overall approach.

The purpose of this paper is framed within this perspective of complementation
and mutual enrichment. In particular, the Relational Quantum Mechanics (RQM)
and the Modal-Hamiltonian Interpretation (MHI) will be compared, highlighting
their differences and points of contact. The final purpose will be to show that, in
spite of their disagreements, they are not contradictory but, on the contrary, they
can be made compatible from an overarching perspective and can even complement
each other in a fruitful way. With this purpose, the paper is organized as follows. In
Sects. 2 and 3, RQM and MHI will be briefly introduced, respectively. In Sect. 4,
it will be shown that, despite the difference between the two interpretations, there
are several agreements that open the way to a fertile complementation. Section 5 is
devoted precisely to develop the different aspects in which RQM and MHI can com-
plement each other. The article closes with some final remarks in Sect. 6.

2 Relational Quantum Mechanics

Proposed in 1996 by Carlo Rovelli [1], RQM has sparked great interest in the
community of the philosophy and the foundations of quantum mechanics. Since
its presentation (although not its essence) has slightly mutated over the years, we
will mainly rely on the most recent formulations. As there are multiple works in
relation to RQM, both by its author and by various commentators due to the inter-
est it has aroused, the present description will be only a sketch and will refer to
the relevant works.
Some generic assumptions constitute the broad framework of RQM.

e The standard formalism of quantum mechanics is retained: “RQM does not sug-
gest changing the formalism of quantum theory—as alternative formulations of
the theory do—but rather modifies the conceptual schemes with which we can
interpret the formalism, and consequently, our metaphysics.” ([2], p. 22).

e Quantum mechanics is “complete”: it applies to any physical system, there is
not “classical cut”. In this sense, “RQM is a sort of «democratised» Copenha-

gen.” ([2], p. 13).
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The interpretation is realist in the sense that, by contrast to instrumentalist
or subjective standpoints, it intends to describe how the world is: “RQM can
make sense of a fully quantum world” ([2], p. 2).

There are not observers as privileged systems: “Any system, irrespectively
of its size, complexity or else, can play the role of the textbook’s quantum
mechanical observer.” ([2], p. 6).

Measurements are ordinary physical interactions: “any interaction counts as
a measurement, to the extent one system affects the other and this influence
depends on a variable of the first system.” ([2], pp. 6-7).

Since “RQM is essentially a refinement of the textbook «Copenhagen» inter-
pretation” ([2], p. 1), it adopts the following principles: Schrodinger evolution,
projection postulate, and Born rule.

In addition to these generic assumptions, RQM relies on particular theses that

endow it with its interpretive specificity:

(a)

(b)

(©)

“Variables take value only at interactions” ([2], p. 1, italics in the original). Since
an event is the acquisition of a value by a variable or observable, “[t]he world is
[...] an evolving network of sparse relative events” ([2], p. 1, italics in the origi-
nal). In other words, events are always discrete and actual. This is a manifestation
of quantum discreteness, which “is not an accessory aspect of quantum theory:
it is its most characteristic feature (and it gives the theory its name). [...] The
history of a quantum particle, for instance, is neither a continuous line in space-
time (as in classical mechanics), nor a continuous wave function on spacetime.
Rather, with respect to any other system it is a discrete set of interactions, each
localized in spacetime.” ([2], p. 12).

“[T]he values they [the variables] take are only relative to the (other) system
affected by the interaction.” ([2], p. 1, italics in the original). As a consequence,
a quantum mechanical description cannot be taken as an “absolute” description
of reality [1]. Nevertheless, this does not involve any kind of subjectivity: “Here
«relative» is in the same sense in which velocity is a property of a system relative
to another system in classical mechanics.” ([2], p. 1, italics in the original).
The wave function—and, in general, the quantum state—is not realistically inter-
preted: it is “a theoretical tool to facilitate the computation of the probabilities
of future events on the basis of certain given knowledge” ([2], p. 1), similar to
the Hamilton—Jacobi functional in classical mechanics. Since what we measure
are values of variables, in principle the quantum state is dispensable: “Quantum
mechanics can be formulated without reference to the quantum state, as a theory
of probabilities for sequences of events.” ([2], p. 8).

The paradigmatic application of the RQM is the so-called “third person prob-

lem” [1], which is considered one of the cornerstones of RQM and the main argu-
ment for the need of the relativization of events in one system to another system.

In

a certain sense, the third person problem is a “depersonalized” version of the

thought experiment known as “the Wigner friend” (see [3]). Let us consider a
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system S at ¢, in a state o | a)y+ (x2| a,), which is a superposition regarding the
observable A, with eigenstates |a1) and |a2) corresponding to the eigenvalues a,
and a,. If at ¢, another system O measures S, then the observable A acquires a
definite value, say, a,. However, if a system P describes the composite system
S+ 0, the state of the composite system at 7, will be o, | a,)|b;) + ay| ay)| b,),
where |b1> and |b2) are eigenstates of an observable B of O corresponding to the
eigenvalues b, and b,; as a consequence, according to this description, the observ-
able A does not have a definite value since P only describes but has not interacted
with S + O. This situation leads to a contradiction—A has a definite value and A
does not have a definite value—if the assignment of a value to an observable is
conceived as absolute. But there is no contradiction in the framework of RQM,
since the event of A acquiring a definite value is defined relative to O and not
relative to P. In other words, “If the variable A of a system S takes a value in the
interaction with a second system S’, the value it takes is only relative to S’. The
actualisation of an event is always relative to a system.” ([2], p. 4, italics in the
original). In turn, if the composite system S+ O is measured by P through the
interaction between P and S + O, then both observables A and B acquire values
relative to P, say, a; and b,.

A possible criticism consists in arguing that nothing seems to prevent that the
observable A acquires the value a, relative to O and the value a, relative to P. The
first point to stress is that this is not a logical contradiction, because the event of A
acquiring a definite value relative to O and the event of A acquiring a definite value
relative to P are different events. Nevertheless, this disagreement would be physi-
cally unacceptable. But quantum mechanics, when applied to this kind of situations,
shows that the probability of such a disagreement is zero (for a similar criticism, see
[4], and a response in [5]; see also [6]).

Several aspects of RQM will not be discussed here because, although important,
they are not relevant in the context of the purpose of the present work. For exam-
ple, the role of the concept of information in RQM and the attempt of reconstruct-
ing quantum mechanics on the basis of few postulates will be not mentioned here.
Moreover, the interpretation has sparked varied and intense debates (besides the
above mentioned criticism and the response to it, see [7, 8] and responses in [9]), but
they are beyond the limits of the present paper.

3 Modal-Hamiltonian Interpretation

The modal interpretations of quantum mechanics find their roots in the works of Bas
van Fraassen [10, 11]. Since the 1980’s a series of authors began to develop different
versions of the modal themes, although agreeing in some general points (see [12]):

e The interpretations are based on the standard formalism of quantum mechanics.

e Quantum mechanics is “universal”: it applies to any physical system, both to
microscopic and to macroscopic systems.
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e The interpretations are realist, in the sense that they intend to describe quantum
systems and their properties.

e (Quantum measurements are ordinary physical interactions and there is no col-
lapse.

e The quantum state contains information about the probabilities of the possible
physical properties of the system.

As well known, the Kochen-Specker theorem [13] proves the impossibility of
ascribing precise values to all the observables of a quantum system simultaneously,
while preserving the functional relations between commuting observables. There-
fore, all modal interpretations are committed to supply a rule that picks out, from the
set of all the observables of a quantum system, the subset of definite-valued proper-
ties that constitutes the preferred context.

The specificity of MHI [14] is that it endows the Hamiltonian of the quantum
system with a determining role, both in the definition of systems and subsystems
and in the selection of the preferred context. On this basis, it relies on the following
postulates:

(SP) Systems postulate: A quantum system S is represented by a pair (O, H)
such that (i) O is a space of self-adjoint operators on a Hilbert space H, rep-
resenting the observables of the system, (ii) H € O is the time-independent
Hamiltonian of the system S, and (iii) if p, € O’ (where O’ is the dual space of
O) is the initial state of S, it evolves according to the Schrodinger equation in
its von Neumann version.

(CSP) Composite systems postulate: A quantum system represented by
S: (O,H) is composite when it can be partitioned into two quantum sys-
tems S': (O',H") and $%: (O% H?) such that (i) O =0'® O% and (ii)
H=H'®I’+I'® H? (where I' and I? are the identity operators in the cor-
responding tensor product spaces). In this case, we say that S' and S? are sub-
systems of the composite system, S = S! + S2. If the system is not composite,
it is elemental.

(AR) Actualization rule: Given an elemental quantum system represented by
S: (O, H) the actual-valued observables of S are the Hamiltonian H and all
the observables commuting with H and having, at least, the same symmetries
as H.

The central idea of the MHI’s actualization rule is that the Hamiltonian of the sys-
tem defines actualization. Any observable that does not commute with and/or does
not have the symmetries of the Hamiltonian cannot acquire a definite actual value,
since this actualization would break the symmetry of the system in an arbitrary way.
This rule has been applied to many physical situations—e.g. the free particle with
spin, the harmonic oscillator, the free hydrogen atom, the Zeeman effect, the fine
structure, and the Born—Oppenheimer approximation—resulting in descriptions
consistent with empirical evidence (see [14], Sect. 5). The interpretation has also
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proved to be adequate in other situations, such as the problem of optical isomerism
in chemistry [15], and the emergence of a relational quantum event-time [16].

MHI can be formulated under a Galilean-invariant form, in terms of the
Casimir operators of the Galilean group [17, 18]. Moreover, the MHI’s actual-
ization rule can be transferred to the relativistic domain by changing the sym-
metry group accordingly: the definite-valued observables are those represented
by the Casimir operators of the Poincaré group, that is, the mass operator and the
squared spin operator [19, 20]. This agrees with the usual assumption in quantum
field theory that elemental particles always have definite values of mass and spin,
and those values are precisely what define the different kinds of elemental parti-
cles of the theory. From an ontological viewpoint, the MHI proposes an ontology
of properties, lacking the ontological category of individual [21, 22], but does
not prevent the emergence of particles under particular circumstances [23]. This
ontological view supplies an adequate answer to the problem of the entanglement
of indistinguishable systems [24].

From the MHI perspective, a single measurement (for the difference between
single measurement, frequency measurement and state measurement, see [14],
Sect. 6) is a three-stage process:

e First Stage (I): The system §: ((’)S,HS) to be measured and the measuring
apparatus M: (O™ ,HM) do not interact. Therefore, they are elemental sub-
systems of the composite system U?: (O | HD), where OV = @ @ O and
HD =H5 QI + IS ® H™. The system S is in a state Y., ¢;|a;), where the
|ai) are the eigenstates of an observable A of S, and the apparatus M is in a
ready-to-measure state |p0), eigenstate of the pointer P of M. Thus, the state
of UY in this stage is

[P = <l§1 ci|ai)> ® |po)-

e Second Stage (II): S and M interact through an interaction Hamiltonian H'™
that introduces a correlation between the eigenstates |al-) of A and the eigen-
states |p[> of P. Therefore, the whole system becomes the elemental system
Ui (0" DY where O = 0D and H® = HS @ IM + IS @ HM + H™,
and whose state is

|w) = Z ilai) ® |po)-

e Third Stage (III) The interaction ends and the whole system is again compos-
ite, UM = UD: § and M become elemental systems as in the first stage. The
state in this stage is [PU0) = |[PUD).

The measurement problem consists in explaining why the pointer P of the
apparatus M acquires a definite value in Stage III. According to the MHI’s actual-
ization rule, P is a definite-valued observable because P commutes with H” and
does not break its symmetries. These features are supported by plausible physi-
cal reasons: (i) for the reading of the pointer to be possible, the eigenvectors |p;)
of P have to be stationary, that is, [P, HM] =0, and (ii) since P is a “collective”,
highly degenerate observable (see [25, 26]), in general it has more degeneracies
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than HM, which is general is non-degenerate and, as a consequence, has no
symmetries.

This MHI account of quantum measurement problem supplies an answer to the
problem both in its ideal and its non-ideal versions, overcoming some well known-
criticisms to the original modal interpretations (see [27-29]). In particular, it was
successfully applied to the Stern-Gerlach experiment taking into account the possi-
bility of infinite “tails” [30]. In the non-ideal case, it gives a criterion to distinguish
between reliable and non-reliable measurements ([14], Sect. 6), a criterion that can
be generalized when expressed in informational terms [31]. Moreover, this MHI
view of measurement can also account for the correlations observed in consecutive
measurements [32].

4 Agreements Despite the Differences

The brief presentations of the previous sections clearly highlight the differences
between RQM and MHI. The first evident difference is that, whereas accord-
ing to RQM the properties of a system acquire definite values only relative to
another system, MHI endows a closed system with certain definite-valued non-
relational properties. As will be argued below, this fact is not an obstacle to
the compatibility between the two interpretations, but rather an opportunity for
complementarity.

The second aspect that distinguishes the two interpretations is that RQM
admits collapse, whereas MHI is a non-collapse interpretation. However, this is
not a deep discrepancy to the extent that in neither of the two cases the quantum
state is conceived as a physical field. In particular, according to RQM, collapse
is an epistemic fact, not a physical phenomenon: “Unitary evolution requires the
system to be isolated, which is exactly what ceases to be true during the measure-
ment, because of the interaction with the observer. If we include the observer
into the system, then the evolution is still unitary, but we are now dealing with
the description of a different observer.” ([1], p. 1672). More recently it has been
insisted that RQM explicitly departs from “physical collapse” theories and that it
does not admit “mysterious collapse and jumps” ([2], p. 8).

Despite these differences, RQM and MHI agree in several substantial aspects.
First, it is worth noting that MHI accepts most of the generic assumptions of
RQM: adoption of the standard formalism, no classical cut, realism, no need of
undefined concept of observer, measurements as ordinary physical interactions.
These points constitute a relevant common ground on which the two interpreta-
tions can engage in a fertile dialogue.

Another point of contact between the two interpretations is the fact that in both
cases they start with the observables of the system. This is explicit in MHI, which
adopts the algebraic approach as a departing point (see [14], p. 384; for the onto-
logical relevance of this formal choice, see also [22-24]). The priority of physical
variables representing properties is also a leitmotiv of RQM: “we do describe
the world in terms of «properties» that the systems have and values assumed by
various quantities, not in terms of states in the Hilbert space.” ([1], p. 1646). This
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means that, even if not so explicit, the algebraic approach is also presupposed in
this case, according to which “[e]ach physical system can be characterized by a
set (in fact, an algebra) of physical variables A, ...,A,” ([5], p. 1). As van Fraas-
sen states, the algebra of observables is a stable observer-independent feature, an
“absolute” in RQM ([33], p. 391).

Precisely due to the priority of the observables/variables, according to the two
interpretations the quantum state does not represent a physical field of stuff or
properties. The state in quantum mechanics is a device to compute probabili-
ties for the values of the observables/variables. As Federico Laudisa and Rovelli
([2], p. 7) clearly stress: “The interpretation of the wave function in the context
of RQM is akin the interpretation of the Hamilton—Jacobi functional in classi-
cal mechanics: a theoretical tool to facilitate the computation of the probabili-
ties of future events on the basis of certain given knowledge.” An analogous idea
is expressed in the framework of MHI: “To the extent that states are defined as
expectation-value functionals on the algebra of observables, their «nature» is
exhausted in fulfilling the task of computing the expectation values of the observ-
ables of the algebra.” ([24], p. 237).

The probabilities encoded in the state are applied to the possible values of the
observables/variables of a quantum system; they measure a certain tendency or
potentiality of each value to become actual. Both in RQM and in MHI, actualization
is a spontaneous phenomenon that cannot be explained or predicted by the theory.
This feature is not conceived as a shortcoming of quantum mechanics, but as the
manifestation of the indetermination of nature. As Laudisa [3] points out, RQM
gives no deeper justification or underlying dynamical representation of the actual-
ization of quantum events at interactions: “Quantum mechanics gives probabilities
for quantum events to happen, not a story representing how they happen.” ([2], p.
19). MHI is also clear about this point: “among the possible facts belonging to that
set [the set of possible facts where actualization occurs], one and only one becomes
actual. But, as a consequence of its intrinsic probabilistic nature, quantum mechan-
ics does not determine which one of those possible facts is the actual one.” ([14], p.
430). In other words, according to both RQM and MHI, the actual acquisition of a
definite value by an observable/variable is an event: events are actual, objective, and
irreducibly indeterministic phenomena, which occur at the interactions.

In summary, although RQM and MHI are clearly different interpretations, they
share many conceptual assumptions that frame their views about quantum mechan-
ics. It is this conceptual framework of shared assumptions that provides the ground
on which the differences between them can be conceived as complementary rather
than as rival interpretive aspects.
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5 RQM and MHI as Complementary Interpretations
5.1 Closed and Open Systems

In RQM, interactions play a leading role: variables only acquire definite values
when systems interact. But, what about closed systems? RQM says nothing beyond
that they unitarily evolve according to the Schrodinger equation: it gives no clue
about closed systems’ properties. This point has been noted by Claudio Calosi and
Cristian Mariani when they ask: “What about noninteracting quantum systems? It
follows that they do not have definite value properties. Does this mean they have no
properties at all?”” ([34], p. 161).

According to Mauro Dorato [35], RQM does not need to deny the existence of
isolated quantum system. In his attempt to assign properties also to closed systems,
Dorato offers a dispositional interpretation of RQM according to which closed sys-
tems only have dispositions that actualize in interactions: “both non-interacting
quantum systems S and observers O have no intrinsic properties, except disposi-
tional ones. In other words, such systems S have intrinsic dispositions to correlate
with other systems/observers O, which manifest themselves as the possession of def-
inite properties g relative to those Os” ([35], p. 239, italics in the original).

However, it is still worth asking why there are no non-dispositional properties
that can be assigned to the system. In principle, the assumption that a system has
both intrinsic and dispositional properties does not seem unreasonable, except to a
pandispositionalist. But physics is not friendly to pandispositionalism since, in fact,
properties that are not state-dependent, such as mass, charge, and spin, are usually
considered intrinsic properties of quantum systems. This is the point at which MHI
has something to say, not only about dispositions, but also about the intrinsic prop-
erties of closed systems. According to MHI, although most of the properties of a
system may be conceived as dispositional, the Casimir operators of the Galilean
group represent intrinsic properties that always have actual values: mass, squared
spin, and the Hamiltonian—which agrees with the internal energy if the reference
frame is located at the system’s center of mass.

On the other hand, MHI only applies to non-interacting systems. Not only it
describes the intrinsic properties in the non-interacting case: also the propensities to
actualization of the non-intrinsic properties are assigned to the closed system. Nev-
ertheless, MHI has nothing to say during interactions. For instance, in Stage II of
the measurement process as introduced in Sect. 3, it only describes the composite
system S + M, but is silent about the properties of its open parts S and M: MHI can-
not tell us what properties each of the systems has with respect to the other. This is
exactly what RQM can provide with its relational perspective.

The above remarks show that, on the basis of their general agreements, the two
interpretive stances can be made complementary if applied at different levels: the
MHI gives the perspective of the closed system, whereas RQM describes the objec-
tive and relative values acquired by the properties of the subsystems in their inces-
sant interactions. In other words, the assignment of properties to the whole sys-
tem according to MHI and the assignment of relations to the different parts of that
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system according to RQM can complement each other (we will come back to this
point in the next subsection).

This strategy makes it possible to address a question arising in certain measure-
ments, such as the Stern-Gerlach experiment, in which the system S to be measured
and the measuring apparatus M interact during a period ¢, to #,, and at time ¢, they
stop interacting. What happens after #,, when the interaction ceases? The phenom-
enon whereby two systems S and M stop interacting after they have done so, is it an
event? It is certainly not an interaction, but it is clear that something happens at 7,
when the composite system S + M becomes two closed systems S and M as before
the interaction. Conceiving events exclusively in terms of interactions gives us no
clue as to how to treat this case. If, by contrast, it is admitted, in the spirit of MHI,
that events happen when closed systems are constituted as such, there are two events
in the above case: at ¢, the event of the constitution of the composite system S + M at
the beginning of the interaction, and at f, the event of the constitution of the systems
S and M at the end of the interaction. In this experimental situation:

e From ¢, to t,, subsystems S and M have only relational properties with respect to
each other, as stated by RQM.

e For t>t,, systems S and M, now closed, acquire non-relational properties
according to the actualization rule of MHI.

This is an example of how the two interpretations can fruitfully collaborate to
account for a specific physical situation.

5.2 Properties or/and Relations

In the previous subsection it was said that the assignment of properties to the whole
system according to MHI and the assignment of relations to the different parts of
that system according to RQM can complement each other. Of course, this requires
that both assignments be compatible. This issue will be addressed in this subsection.

Let us begin by recalling the logical-ontological difference between monadic
properties, usually called ‘properties’, and dyadic properties, usually called ‘rela-
tions’. Both cases belong to the logical-ontological category of “property”, but they
are distinguished by their arity n: n = 1 for monadic properties, n = 2 for dyadic
properties. The application of a monadic property to one individual or a dyadic
property to two individuals leads to a fact, which is logically expressed by a proposi-
tion that can be true or false. The beginning of the occurrence of a fact is an event.
For example:

e “Having the value a of the observable A” is a monadic property, a so-called
‘property’, let us call it P, that applies to a system S leading to the fact P ().

e “Having the value a of the observable A relative to” is a dyadic property, a so-
called ‘relation’, let us call it R, that applies to two systems S, and S,, leading to
the fact R, (S, S,).
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With this terminology, the following can be said:

e According to MHI, in a closed system S, once the privileged context is fixed by
the actualization rule, the observables belonging to it indeterministically acquire
definite values. This means that the properties involved in actualization are
always monadic, so the corresponding facts have the form P,(S).

e According to RQM, when two systems S, and S, interact, the observables of each
of them indeterministically acquire definite values relative to the other system.
This means that the properties involved in actualization are always dyadic, so the
corresponding facts have the form R,(S,, S,).

The question is, then, whether the two assignments are compatible. Let us consider
the measurement process as described in Sect. 3, in particular, Stage II, in which the
system S and the apparatus M are in interaction leading to the whole system S + M.
According to MHI, in this stage the Hamiltonian H) of S + M has a definite value,
but the observable A of S does not acquire a definite value. This means that, for the
value g;—and for any other value a of the observable A—, the fact that S has the
value a; of the observable A does not hold: =P, (S). According to RQM, in turn, §
has a definite value, say a,, of the observable A relative to M: Rak(S, M). Of course,
the two assignments are different. But the facts —-Pak(S) and Rak(S, M) are not and
cannot be incompatible because they involve different properties: the monadic prop-
erty P, and the dyadic property R, , respectively.

If the assignments of monadic and dyadic properties introduced by MHI and
RQM, respectively, are compatible, why should only one type of property be
retained while discarding the other? This issue will be discussed in the light of a
structuralist perspective.

Although Rovelli does not take a very explicit position in this regard, he admits
to sympathize with an ontological perspective that dispenses with the notion of
substance: “My sympathy for a natural philosophical home for relational QM is an
anti-foundationalist perspective where we give up the notion of primary substance-
carrying attributes.” ([36], p. 10). Hence, the structuralist reading of RQM offered
by Laura Candiotto [37] seems natural. According to Candiotto, the best philosophi-
cal framework for RQM is Ontic Structural Realism [38—40], which postulates the
fundamental character of relations: objects emerge as relational “nodes” [41]. But in
this structure, all properties are dyadic, there are only relations: “there are no intrin-
sic properties that can be assigned to systems independently of their interactions”
(2], p- 22). In this ontological picture, monadic properties—in particular, state-
independent and observer-independent properties such as mass, charge, and spin—
find no comfortable place (see [42]).

For its part, MHI explicitly adopts an ontology devoid of substances and of the
category of object in general [14, 21-23]. From this perspective, a quantum sys-
tem is a bundle of properties, the natural ontological correlate of an algebra of
observables. The properties involved in the quantum ontology are physical proper-
ties, directly or indirectly defined in terms of the symmetry group of the theory,
that is, the Galilean group (see [14], Subsection 3.2). But whereas the aim of the
traditional bundle theory is to construct objects out of properties, this bundle view
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completely dispenses with the ontological category of object: bundles of properties
do not behave as individual objects at all since they belong to a different ontological
category. As a consequence, “[n]either does Leibniz’s Principle of the Identity of
Indiscernibles nor the Kantian category of quantity apply to them.” ([24], p. 238).
As noticed by Steven French [43], this view of non-individual bundles finds a natu-
ral resonance with Ontic Structural Realism, which was mainly motivated by the
ontological challenges of quantum mechanics [39]. In this ontological view, how-
ever, dyadic properties are not taken into account. This leaves unexplained the rela-
tionships that are established between systems, not only while they interact, but also
when they stop interacting, because entanglement does not disappear when interac-
tion ceases.

But as noted above, the monadic and dyadic property assignments introduced by
MHI and RQM, respectively, are compatible. Therefore, nothing prevents combining
both types of properties to constitute a structural ontology, since nothing prevents a
structure from incorporating properties of either arity. It would then be an ontology
with a single fundamental ontological category, that of property, but in which the
type of properties is not restricted to a specific arity. According to this view, quan-
tum systems are not mere bundles of properties, nor just nodes of relations, but are
the nodes where both properties and relations converge. Despite including monadic
properties, this ontological picture still retains the structural spirit of Ontic Struc-
tural Realism.

5.3 What are Interactions?

The question of what an interaction is turns out to be central to both RQM and MHI,
because in both cases the concept of interaction plays a leading role. It could be con-
sidered that in the two proposals it is a primitive concept. However, even if this is
the case, it is necessary to positively identify under what circumstances an interac-
tion can be said to have occurred.

Although Rovelli does not offer an explicit definition of interaction, he insists in
that ‘interaction’ and ‘measurement’ must be taken as synonyms: “any interaction
counts as a measurement, to the extent one system affects the other and this influ-
ence depends on a variable of the first system.” ([2], pp. 6-7]). In turn, when he
explains the “third person problem” [1], it is clear that the interaction between S and
O during the interval Ar = ¢, — ¢, leads to a perfect correlation between the eigen-
states |ai> of the observable A of S and the eigenstates |bi) of the observable B of O:

I L

(X aa)) ® by — XLajla) ® |by)

It is in this situation that the relation—dyadic property—, say R, , actualizes, lead-
ing to the fact.

R, (S, 0): the system S acquires the value g of the observable A relative to O.
Despite this characterization seems to exclude imperfect correlation, this is not the
case. According to Rovelli, imperfect correlation does not mean that the interaction
has not occurred: “imperfect correlation does not imply no measurement performed,
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but only a smaller than 1 probability that the measurement has been completed”
([1], p. 1652). In other words, an interaction is a process that, after some time, estab-
lishes a perfect correlation between observables of the interacting systems. Rovelli
[44] even claims that quantum mechanics provides a probabilistic prediction of the
time at which the perfect correlation is established and, with it, the corresponding
relations actualize. In particular, he shows that an observable M of the system S + O
can be defined, with eigenvalue 1 when the correlation is perfect and 0 when it is
not. The expectation value of this observable in the state W(¢) at the intermediate
time ¢ between ¢, and #, gives the probability at ¢ that the interaction has been com-
pleted [44].

Given the central role of Hamiltonians in MHI, it is not surprising that, in this
interpretation, the interaction is characterized in terms of an interaction Hamiltonian
that represents the energetic link between the interacting systems. More precisely,
two systems S and O interact when the Hamiltonian of the composite system S + O
can be expressed as Hgy = Hs® Ip + I @ Hy + His'g, where Hg, H,, are the Ham-
iltonians of S and O respectively, and Hg) is the interaction Hamiltonian. When the
composite system is formed, the monadic property P, actualizes—as well as the
properties corresponding to observables that commute with Hg, and do not break
their symmetries—Ileading to the fact.

P, (S + 0): the system S + O acquires the value w; of the observable H,. In
this case, the correlations between observables of the interacting systems are not
mentioned.

Despite the differences between the two interpretations as to how to identify
interactions, the two positions are not incompatible. On the one hand, Rovelli obvi-
ously recognizes the role played by the interaction Hamiltonian in establishing the
perfect correlation: “It is not difficult to construct model Hamiltonians that produce
evolutions of this kind, and that can be taken as models for the physical interactions
that produce a measurement.” ([1], p. 1643). More precisely, “we can describe the
interaction between the two systems, say, in terms of an interaction term in the Ham-
iltonian that depends, in particular, say, on a variable A of the system S: then A is
the variable that takes value. The reason is that the interaction Hamiltonian depends
on the property of S responsible in determining the effect of S on O.” ([5], p. 3). On
the other hand, in the context of MHI it is explicitly acknowledged that the specific
form of the interaction Hamiltonian determines which observables of the interacting
systems turn out to be perfectly correlated. In particular, an interaction Hamiltonian
H;m depending on the observable A in the following way,

0
Him — _@

SO — At<A®PB),

where A is a constant and P? is the observable conjugate to B, establishes the perfect
correlation between the eigenstates of A and B (see [14], p. 408, following [45]).
The point that still seems to make a difference is the exact time at which the events
associated with an interaction occur. According to RQM, the event corresponding to
A acquiring a definite value relative to O takes place at the time when the inter-
action is completed, that is, at some time in the interval At = ¢, — ¢; during which
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the systems interact. According to MHI, the event corresponding to the observable
Hg, acquiring a definite value takes place when the interaction begins and the new
closed system S + O arises as a composite of the two interacting systems. Neverthe-
less, this difference is not very relevant since it refers to different instants in the time
of the unitary evolution, but it does not affect the relationships between events that
lead to a relational event-time: we will come back to this point in Subsection 5.5.

5.4 What are Systems?

If the concept of interaction plays a central role in both RQM and MHI, and an
interaction is a physical relationship between systems, it is necessary to make clear
how systems are defined and identified in both interpretations. This is by no means
a trivial issue because, as is well known, a single closed system can be decomposed
in many ways into component systems. Precisely, the so-called “quantum structure
studies” deal with the different ways in which a quantum system can be decomposed
into subsystems (quantum structures) (see, e.g., [46—48]). Even entanglement is rel-
ative to the partition of the closed system into parts (see, e.g., [49-51]).

According to MHI, the issue is straightforward, since the only quantum sys-
tems are closed systems. From the very moment when two closed systems S; and
S, interact to form a new closed system, they are no longer subsystems but parts
of the new composite system. This top-down approach, which endows the closed
system with ontological priority, enables the MHI to deal with the possibility of
decomposing the system in many ways: all of these ways, leading to different par-
titions, are equally legitimate (this top-down approach has also been applied to
the relativization of the phenomenon of decoherence: see, e.g., [52-56]). Never-
theless, as already pointed out, MHI says nothing about the properties of the open
parts into which the whole closed system can be decomposed.

In the context of RQM, the possibility of identifying quantum systems in dif-
ferent ways is scarcely discussed. An exception is Matthew Brown [57], who asks
if it is necessary to introduce “canonical cuts” in RQM. In some passages of his
works, Rovelli also mentions that there are many ways of defining the systems
that interact, although he does not discuss the question: “I assume that the world
can be decomposed (possibly in a large number of ways) into a collection of sys-
tems, each of which can be equivalently considered as an observing system or
as an observed system.” ([1], p. 1655, italics in the original); “The basic idea is
that the world can be decomposed (in many alternative manners) into «physical
systems» that interact among themselves.” ([5], p. 1). But once it is accepted that
a closed system can be decomposed in a multiplicity of ways, a new layer of rela-
tionalism needs to be incorporated into the RQM’s proposal.

In fact, not only are the properties that actualize always dyadic, leading to facts of
the form R, (S, O0): “the system S acquires the value a; of the observable A relative
to O”. In addition, actualization itself is relative to how the systems S and O are
identified. For example, let us consider two systems S and O, which interact leading
to a state that establishes the perfect correlation between the eigenstates of the
observable A of S and those of the observable B of O. After the interaction, the two
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systems can be considered as subsystems of the composite system Q = S + O. But if
the system Q can also be decomposed into two systems S and O,
Q=8+ 0=S5 + 0, then, according to the Biorthogonal Decomposition Theorem,
the same state establishes the perfect correlation between the eigenstates of an
observable A’ of ' and of an observable B’ of O’. Therefore, besides the actualiza-
tion of the dyadic property R, , leading to the fact R, (S, O), the dyadic property Ra;
also actualizes, leading to the fact R, (8", 0'): “the system S’ acquires the value a of
the observable A’ relative to O"".

As far as we know, Rovelli does not discuss explicitly this situation. Neverthe-
less, it is not unreasonable to suppose that he would accept the need to relativize
the actualization of relational properties with respect to the definition of the inter-
acting systems. In a proposal as strongly relational as RQM, a further layer of
relationalism seems completely natural. Furthermore, Rovelli himself recognizes
that the definition of the physical systems is arbitrary: “It is a setting in which two
specific distinguishable physical systems are singled out, say S and P. Quantum
mechanics gives descriptions of the world conditional to this (arbitrary) choice
and describes how one system affects the other when they interact.” ([5], p. 3,
italics added). This “conditionality” seems to point toward that further relational
dimension.

5.5 Event-Time

As explained above, Rovelli emphasizes that quantum mechanics provides a proba-
bilistic prediction of the time at which the perfect correlation is established. More
precisely, an observable M of the composite system can be defined such that its
eigenvalue is 1 when the correlation is perfect and 0 when it is not. On this basis,
“if we follow the Schrodinger evolution W(¢) of the state of the coupled system from
t =0tot =T, then at every intermediate ¢ we can compute the probability P(¢) that
the measurement has happened

P(t) = (YOIM|¥(®)

For a good measurement, P(¢) will be a smooth function that goes monotonically
from O to 1 in the time interval O to 7.” ([44], p. 1037). That probability is repre-
sented by a function on the time of the unitary evolution, that is, the linear and con-
tinuous time on which the state evolves according to the Schrodinger equation.

However, in other points of his works Rovelli argues that time itself is constituted
by the relationships between events, in such a way that asking what happens between
events makes no sense: “The question of «what happens between quantum events»
is meaningless in the theory. The happening of the world is a very fine-grained but
discrete swarming of quantum events, not the permanence of entities that have well-
defined properties at each moment of a continuous time.” ([36], p. 9). This is how
Dorato seems to interpret time in RQM when he states that spacetime “is constituted
by the collection of all definite quantum events, which, in their turn can be regarded
the outcomes of interactions between different systems.” ([58], p. 15). But if time is
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constituted by the events themselves, how is it possible to calculate the probability
distribution of the occurrence of an event over time?

This seeming conflict in the temporal aspects of the RQM is resolved if two dif-
ferent notions of time are distinguished in the quantum realm (see [59, 60]):

e The parameter-time is the time along which the system unitarily evolves. It is
represented by the variable 7 as it appears in the Schrodinger equation.

e The event-time is the time at which individual events occur. Those events are
measurement results or, more generally, any acquisition of a definite value by a
certain observable.

The parameter-time is the notion of time involved in the characterization of the Gali-
lean group; it is supposed to be continuous, homogeneous, and isotropic as in the clas-
sical case. The Schrodinger equation rules how the probabilities on the possible values
of all the observables of the system change along the parameter-time. The event-time,
on the contrary, has no formal representation in quantum mechanics. Nevertheless, it
is essential to endow the theory with physical meaning: testing the theory is only pos-
sible through the registration of specific events, such as a hit of an electron on a screen,
or the absorption of a photon by an atom. In Rovelli’s words: “There are two inde-
pendent notions of time in ordinary quantum mechanics: the time in which the system
evolves, and the “time” that orders the measurements of the observer. These two are not
related and may be non-coincident.” ([60], p. 130). It is interesting to note that these
two notions of time, parameter-time and even-time, are deeply correlated to possibility
and actuality, respectively, when conceived as irreducible modes of being [61].

Rovelli’s relational program started before the formulation of RQM, with the idea of
tackling the so-called “problem of time in quantum gravity”, derived from the differ-
ence between the notions of time in quantum theory—a Galilean time—and in general
relativity—a theory invariant under general coordinate transformations (see [62, 63]).
He introduced a concrete proposal in this sense with a relational reconstruction of the
parameter-time of quantum mechanics. [60, 64, 65]. The question is whether a rela-
tional reconstruction of the quantum event-time is also possible. Here, once again, the
collaboration between different interpretations can be fruitful.

In a recent paper, a relational reconstruction of the event-time in the context of MHI
was offered [16]. On the basis of a consecutive-measurement toy-model, an event-time
of four event-instants was obtained. Although extremely simplified, this model can be
extrapolated to generic situations: the discrete event-time emerges from the net of inter-
action relations between the systems that compose the whole universe. In the light of
the leading role played by the Hamiltonian in MHI, it is not surprising that the structure
of the so-reconstructed event-time is embodied in the internal structure of the Hamil-
tonian of the universe. That reconstruction shows that the instants of the event-time are
related by a partial order, since it is possible that, given two instants, neither of them is
prior to the other so that the relation “being earlier than” does not hold for them. For
example, the event-time might bifurcate into two different temporal lines when two sys-
tems stop interacting and never interact again, generating event-evolutions completely
disconnected, or two disconnected event-evolutions might converge into a single tem-
poral line when two systems interact and yield a single temporal line. The fact that
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the resulting event-time does not have the structure of classical time, far from being a
shortcoming of the relational reconstruction, “should be considered as an advantage
if the aim is to obtain a truly fundamental quantum gravity.” ([16], p. 9, italics in the
original).

Collaboration between RQM and MHI can be fruitful also on this point. As noted in
previous sections, among the several aspects shared by both interpretations, the notion
of event is one of them: the actual acquisition of a definite value by an observable is an
event. Events are conceived as actual, objective, and irreducibly indeterministic. There-
fore, it is easy to suppose that the construction of the event-time as proposed in the
above-mentioned paper could be adapted to the perspective of RQM, giving rise to an
event-time with the same features as that obtained in the context of MHI.

6 Final Remarks

Like most interpretations of quantum mechanics, the traditional modal interpre-
tations were specifically designed to solve the measurement problem. In fact,
they successfully achieved this goal in the case of ideal measurements. How-
ever, a series of articles in the nineties [27-30, 66] showed that those traditional
approaches based on the modal views did not select the right properties for the
apparatus in non-ideal measurements. As perfectly ideal measurements can never
be obtained in practice, this shortcoming was considered a “silver bullet” to kill
modal interpretations (Harvey Brown, cited in [67]). This explains the decline of
the interest in modal interpretations since the end of the nineties.

What was not sufficiently noted at the time was that the difficulties of those
original modal interpretations in dealing with non-ideal measurements were not
due to their modal nature. Those shortcomings were the result of the fact that
their rule of definite-value ascription made the set of definite-valued observables
dependent on the instantaneous state of the system. An author who did realize
this was Jeffrey Bub, whose preference for Bohmian mechanics in those days can
be understood in this context. In fact, if Bohmian mechanics is conceived as a
member of the modal family, whose definite-valued observables are defined by
the position observable [68], it turns out to be a natural alternative given the dif-
ficulties of the original modal interpretations.

Bub showed that the shortcomings of the original modal interpretations can be
overcome by making the rule of definite-value ascription independent of the sys-
tem’s state and only dependent on an observable of the system. This was certainly
an important step. But what was not realized at the time is that position is not the
only observable that can be appealed to in order to define the state-independent
rule of definite-value ascription in a modal interpretation. It is at this point that
MHI enters the scene: it endows the Hamiltonian of the quantum system with the
role of selecting the definite-valued observables. With this strategy, MHI not only
solves the problems of the original modal interpretations, but can also be success-
fully applied to many physical situations. Unfortunately, this was not enough to
rehabilitate modal interpretations in the eyes of many philosophers of physics.
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In his early work on RQM, Rovelli considered modal interpretations to point
out their limitations [1, 44]. Of course, those comments referred to the traditional
modal interpretations. He later stopped mentioning them, perhaps under the influ-
ence of the “silver bullet” criticism. But at the present stage of the development
of modal interpretations, it is worth revisiting them. Here we have focused on
MHI, which, despite its differences from RQM, agrees with it on several relevant
respects. The purpose has been to show that these agreements make possible a
constructive complementation of the two views.

Both in the early paper on RQM [1] and in recent works [69], the concept of
information plays a prominent role in Rovelli’s proposal: quantum mechanics is
conceived as a theory that only describes the information that systems have about
each other, where ‘information’ is understood in terms of Shannon’s theory [70].
Although in the case of MHI information is not a central concept, in this inter-
pretive context the measurement process has been reconstructed as an informa-
tional situation in the sense of Shannon: on this basis, MHI provides a criterion
to distinguishing between reliable and non-reliable non-ideal measurements and
to quantifying reliability [31]. The appeal to Shannon’s theory in both cases may
open a way to explore a further point of contact between the two interpretations
in a future work.
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