Eur. Phys. J. Spec. Top. (2023) 232:3273-3284
https://doi.org/10.1140/epjs/s11734-023-00970-x

THE EUROPEAN
PHYSICAL JOURNAL @)
SpeciaL ToPics Cpdates.

updates

Review

Ontology and the foundations of quantum theory

Gregg Jaeger' 22

! Quantum Communication and Measurement Laboratory, Department of Electrical and Computer Engineering,
Boston University, 8 St. Mary’s St., Boston 02215, MA, USA
2 Division of Natural Science and Mathematics, Boston University, 871 Commonwealth Ave., Boston 02215, MA, USA

Received 17 April 2023 / Accepted 22 August 2023 / Published online 1 September 2023
© The Author(s), under exclusive licence to EDP Sciences, Springer-Verlag GmbH Germany, part of

Springer Nature 2023

Abstract A brief review of the historical main line of investigation of the ontology of quantum theory is
given with an emphasis on elementary particles. Einstein et al. considered possible elements of reality and
questioned the completeness of the quantum state, prompting later studies of local causality in relation
to their physical properties. Later reconsiderations of quantum mechanical law have involved differing
attitudes toward the objective existence not only of the properties of distantly located particles, but even of
entire universes of systems including them. Experimental foundational investigations have mainly involved
quantum mechanics at low energies but some have begun to explore higher energies, where quantum field
theory is required, and its ontology has been seen to involve quantum fields as well as elementary particles.

1 Introduction

Any natural science involves an ontology including
the posits of its best theories, that is, what things
exist and how according to them. Because physics is
the most fundamental natural science, its ontology is
due particular attention. But, being the most precise
and successful science, the questioning of the ontol-
ogy of physics was not often considered necessary in
the many decades preceding the advent of quantum
theory; instead, the focus of physical research was
largely on problem solving and the provision of clear
descriptions and explanations involving matter and
light within its also well accepted mathematical frame-
work (cf. [1] Sect. III). When considered, ontological
questions of physics were the perennial questions of
the (non)absolute nature of space, the (in)divisibility
of matter, and the (im)possibility of a vacuum (cf.
[2, 3]), binary choices between long-considered alterna-
tives. With the radical shift to quantum theory, how-
ever, ontological questions were actively reconsidered
and eventually came to involve several alternatives,
associated with different interpretations of it. In early
quantum mechanics (QM), representations (considered
concretely as such by Erwin Schrodinger [4, 5], but later
abstractly by John von Neumann [6]) were already in
contention, cf. [7]. The quantum state and probabilities
have been the focus of interpretational controversies.
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For example, with the study of quantum state entangle-
ment and quantum particle statistics [8], the relation-
ship between system wholes and parts [9] and system
haecceity (“this-ness” [10]) has been called into ques-
tion. In quantum field theory, the nature of elementary
particles has also remained in need of clarification, as
noted, e.g., by Werner Heisenberg [11]. Some, interpret-
ing quantum probability, have even denied that quan-
tum theory concerns physical objects [12]. Thus, onto-
logical issues remain significant for the understanding
of quantum physics.

A number of physicists have claimed that meta-
physics as considered by philosophy is obfuscatory
when brought directly into physical discussions, and
some philosophers have said that physicists generally
have imprecise views regarding ontology. Some physi-
cists who have engaged in the interpretation of quan-
tum theory after its founders—for whom interpretation
was unavoidable since the formalism of fundamental
physics had changed—have said that quantum mechan-
ics “needs no interpretation” or is ‘self-interpreting’ or
involves “interpretation without interpretation,” and
even that “quantum theory does not describe physi-
cal reality” [12]. But, to be used, every theory requires
some interpretation which itself has metaphysical rele-
vance, even if that is only the simple statement that it
has no ontological commitment and regards only knowl-
edge. It has been said that physicists with traditional
views generally consider that “If an experiment reveals
‘somewhat directly’ a physical entity corresponding to
the theoretical element in question, then that entity is
physically real and is more or less the way the theory
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says it is” [13], p. 125. Such a straightforward approach
to physical ontology might, indeed, appear problematic
given that theory changes rather radically from time to
time, as in the recent transition from classical to quan-
tum physics: Scientific realism is susceptible to the pes-
simistic meta-induction (cf. [14], pp. 143-149), which
suggests that physical theory cannot provide a correct
literal description of the world because physical theories
change radically, as they did both in the transition to
modern physics from the intuitive, classical physics and
during the extended scientific revolution of the second
millennium which first accelerated its mathematization.

Here, the engagement of the foundations of quan-
tum theory with ontology is reviewed via its theoretical
explorations and subsequent experimental results, and
the ontology of the most well-developed sort of quan-
tum theory, relativistic quantum field theory includ-
ing interactions, which describes specific systems actu-
ally used in quantum experiments, is considered in the
broadest terms.

2 Theoretical approaches to ontological
questions

The ontology of a physical theory is related to its ter-
minology, principles, and formalism by its interpreta-
tion.! A rough distinction between types of interpre-
tation of quantum theory is that between those which
are explicitly ontological (under consideration here), in
which the state is to specify its physical objects, prop-
erties, and their relations and those which are primar-
ily epistemic, in which quantum probabilities are to
provide knowledge without necessarily having signif-
icant novel ontological commitment. The most influ-
ential of the latter is the Copenhagen interpretation
(explicitly called such in [17]), initiated by Niels Bohr
but having several manifestations, that allows calcula-
tion (say, using Paul Dirac’s formalism [18]), primar-
ily for predictive purposes, of observable eigenvalues as
manifested in classical instruments. Karl Popper called
its advocates “end-of-the-road people” because it did
not require of physicists that they further investigate
the ontology of quantum objects ([19], p. 13). At the
other end of the range of ontological commitment is
the many-worlds interpretation of quantum mechan-
ics, which explicitly considers the quantum mechanical
equation of motion as everywhere applicable and uni-
tary, so state-deterministic and with an ontology of dis-
tinct instantiations of all observable eigenvalues upon
density matrix diagonalization, each value occurring in
a different, actual universe [20-22].

The significance of quantum theory for ontology
became starkly evident even before the many-worlds
interpretation was offered, when Einstein, Podolsky,
and Rosen (EPR) [23] drew dramatic conclusions from

!Discussions of the range of interpretations are found in,
e.g., [15, 16].
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the assumption that quantum mechanics is a fundamen-
tal theory and Schrédinger used his Cat thought exper-
iment to illustrate apparently absurd implications [24].
Both Einstein and Schrédinger saw quantum mechan-
ics, if taken as complete—as opposed to providing only
statistics of ensembles of incompletely described sys-
tems or of a limited range of systems—as at odds
with realism and experience. In a letter to Schrédinger,
Einstein wrote, “Most [physicists] simply do not see
what sort of risky game they are playing with real-
ity—reality is something independent of what is exper-
imentally established. They somehow think that quan-
tum theory provides a description of reality, and even
a complete description; this interpretation is, however,
refuted most elegantly by your [experiment]...system
of radioactive atom + Geiger counter + amplifier +
charge of gun powder + cat in a box, in which the -
function of the system contains the cat both alive and
blown to bits...Nobody really doubts that the presence
or absence of the cat is something independent of the
act of observation” ([25], p. 39).? This example strongly
pointed out the importance of difference between the
epistemic, knowledge-based and the ontic understand-
ing of the quantum state, that is, between taking the
state as a direct representation of reality versus tak-
ing it to provide information as to the physical proper-
ties of the system to which it can be associated. Real-
ist physicists also began cautiously to reconsider the
requirements on what constitute physical laws, as quan-
tum physics has moved increasingly from the realm of
such thought experiments toward practical experiments
and model the measurement process in accordance with
such perspective.?

The EPR argument involves a state of the kind
Schrodinger was first to call entangled [24] and ques-
tioned whether, according to quantum mechanics, phys-
ical properties as “elements of reality” are always inde-
pendent outside the range of mutual local influences.
In time, the study of such states both doomed the
idea that anything but the simplest of quantum sys-
tems might behave like classical waves (an interpre-
tation Schrodinger had considered [32]) and led to a
better understanding of quantum state and observable
spaces for multipartite quantum systems (cf. [33, 34]

2 A good contemporary characterization of a realist inter-
pretation of quantum theory sensitive to the semantic aspect
of interpretation is: “[A]ccepting that [quantum theory] is
true, that the objects [it] refers to (electrons, protons, etc.)
exist, that the properties it refers to are ‘real,” and in par-
ticular that the physical quantities it refers to are ‘real’;
in short it also means that we can...take all its referential
terms as genuinely referring and not just as convenient fic-
tions or metaphors for the real” ([26], p. 126)—reference
meant here in the linguistic sense. See [27] for a discussion
of philosophical challenges to realism.

3Two, quite difference approaches to this serve as illus-
trative examples of the diversity of approaches currently
under pursuit: see the articles [28-31] and references therein.
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Ch. 6). Einstein pursued a realist physics, holding that
the “real’” in physics is to be taken as a type of program,
to which we are, however, not forced to cling a priori.
No one is likely to be inclined to attempt to give up this
program within the realm of the ‘macroscopic’...But the
‘macroscopic’ and the ‘microscopic’ are so inter-related
that it appears impracticable to give up on this program
in the ‘microscopic’ alone” [35], p. 674 (re macroscop-
icity, see [36]). The EPR argument is that quantum
mechanics is incomplete because it lacks the capacity
to deterministically and locally specify the values of all
physical properties everywhere, something which they
viewed as essential to a realist physics, and was a highly
visible explicit consideration of an ontology: “Any seri-
ous consideration of a physical theory must also take
into account the distinction between objective reality,
which is independent of any theory, and the physical
concepts with which the theory operates. These con-
cepts are intended to correspond with the objective
reality, and by means of these concepts we picture this
reality to ourselves” [23].

The argument suggests quantum mechanics could not
support a realist ontology without further theoretical
components, for example, what have come to be known
as “hidden-variables” [37, 38]. EPR discussed the quan-
tum predictions for a two-particle system in the entan-
gled state

Uz, 2s) = /oo exp [;(ajl — @yt 2o)p|dp (1)

— 0o

where x; and x5 are positions, xg is a fixed distance, and
p is momentum [23]. The correlations of measurement
outcomes for local observables (represented by Hermi-
tian operators on Hilbert space) for this state when
the particles are well separated are not readily testable
for this state but are so for that introduced later by
David Bohm for discrete bivalent observables, namely,
the spin-singlet state

1
=) = %(HU - 1) (2)

the arrows here indicating the z-spin states for two spin-
1/2 subsystems S7, S of their joint system S, with
which the EPR argument can be more clearly made.
This state also has the striking property of remain-
ing of the same anti-correlation-bearing form when re-
expressed in any orthonormal eigenstate basis obtain-
able from the z-spin basis by rotating the eigenstates of
either subsystem Hilbert space by an arbitrary angle &
[39]; it is maximally entangled.

EPR introduced three conditions in their argument.
(1) The Reality criterion, defining the portion of “physi-
cal reality” under consideration: “If, without in any way
disturbing a system, we can predict with certainty (i.e.,
with probability equal to unity) the value of a physical
quantity, then there exists an element of physical reality
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corresponding to this physical quantity.”* (2) Locality:
“Since at the time of measurement the two systems no
longer interact, no real change can take place in the
second system in consequence of anything that may
be done to the first system.” (3) Completeness (which,
they ultimately argued, quantum mechanics fails to sat-
isfy): “Every element of the physical reality must have
a counterpart in the physical theory.” Using |¥~), the
argument involves two propositions [40]: (I) if an agent
can perform an operation that permits it to predict
with certainty the outcome of a measurement without
disturbing the measured spin, then the measurement
has a definite outcome, whether this operation is actu-
ally performed or not; (II) for a pair of spins in the state
|¥~), there is an operation that an agent can perform
allowing the outcome of a measurement of one subsys-
tem to be determined without disturbing the other spin.
If the quantity with the projector P([l)) = f1)(1] is mea-
sured for one system, the value of the quantity with the
projector P(|)) onto the orthogonal state is also fully
specified. By (II), one can similarly obtain the values
of the same two observables of the second system with-
out having an influence on it because the two spins
involved are anti-correlated in state |¥~). By (I), the
values of the second spin are, therefore, definite. But,
one could have measured the quantities corresponding
to a different basis, say, P(}")) and P(]\,)). But these
other values must then be definite as well. Therefore,
the value of the states of both systems for all values of
¢ must be definite given the assumptions (1)—(3). The
description of the system of particles by the quantum
state [¥ ) must, therefore, be incomplete in a specific
way. Yet, it is supposed not to be. So at least one of the
assumed conditions (1)—(3) must fail to be satisfied.

Einstein later commented that “on one supposition
we should, in my opinion, absolutely hold fast: the real
factual situation of the system S5 is independent of
what is done with the system Sp, which is spatially sep-
arated from the former.” ([41], p. 85). Popper reported
that Einstein said, “ ‘it seems to me that those physi-
cists who regard the ways of description of quantum
mechanics as in principle final (‘definitiv’) will react
to these considerations as follows: they will drop the
requirement...of the independent existence of physical
real things in distant parts of space; and they could
rightly claim that quantum mechanics nowhere makes
implicit the use of any such requirement’ ” ([19], p. 21).
It was argued out by Bohr is his response to EPR that
quantum mechanical elements of reality are dependent
on the full measurement situation [42]. Ultimately, for
Einstein, the problem lay “less in the renunciation of
causality than in the renunciation of the representation
of a reality thought of as independent of observation”
(cf. [43], p. 374). And EPR pointed to Completeness
as the source of the contradiction rather than Locality
and/or the Reality criterion.

4This condition is closely related to causality if indeter-
minism is the condition that “the state of a system at time
t cannot in general be predicted with certainty given the
history of its states priority to ¢” [13], p. 19.
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If the quantum state provides an incomplete indi-
vidual system description, then it can at best provide
descriptions of ensembles of systems. A full descrip-
tion of individual system properties seemed to require
additional, “hidden” variables to describe the individu-
als. Heisenberg introduced the distinction between non-
contextual and contextual hidden variables in the mid-
1930 s. In noncontextual models, physical states are
required to fully describe a system at a given instant
via a putative complete state A—the parametric speci-
fication of the classical mechanical phase space point of
a system serving as the archetype—and the outcomes
of measurement of all properties, obtained as functions
A(N), B(A), C()), ... are independent of each other
regardless of when they are performed, and so are also
jointly obtainable.® In the “contextualistic” case, this
is not so: Outcomes may depend on the quantum state,
any hidden variables, and/or any aspect of the mea-
surement apparatus or environment in that case.® That
the quantum state requires supplementation by local
hidden variables has been broadly rejected because, in
particular, later experimental results (discussed in the
next section) have definitively accorded with quantum
predictions.

Although Bohr and Heisenberg recognized that the
quantum state does not provide simultaneous precise
specifications of observed quantities (cf. [49]), they, like
most after them, viewed it as complete, accepting that
the quantum realm is fundamentally different from the
classical realm [42]. The crucial difference, for the scien-
tific realist, between the quantum and classical ontology
brought out by these discussions is that properties of
quantum systems have an objective indefiniteness. Var-
ious ways of explicating this indefiniteness have been
given, for example, that of quantum potentiality [50, 51]
and unsharp reality [52], as alternatives to the proposed
additional variables which might somehow provide pre-
cise simultaneous values for all properties. Heisenberg
continued to argue, even after the appearance of quan-
tum electrodynamics and other quantum field theories,
that “we have a consistent mathematical scheme [that)
tells us everything that can be observed. Nothing is

5The term ‘context,” however, was to arise in the later
search for supplements to the quantum mechanical descrip-
tion of measurements performed on compound, spatially dis-
tributed systems. Abner Shimony introduced the termino-
logical distinction between the so-called “contextual(istic)”
and “noncontextual(istic)” hidden-variable models (cf. [44],
Ref. 8) in 1971: “The name “contextualistic” was introduced
by A. Shimony: Experimental test of local hidden variable
theories, in [45], and a shortening to “contextual” was per-
formed by [46]” [44]. Shimony identified these sorts of mod-
els as being first explicitly considered by Bell in1966 [47],
but the distinction appears to have occurred first to Heisen-
berg in 1935.

SA proof of Belinfante and others effectively demon-
strated the viability of contextual hidden-variables models
and quantum mechanics in a 1973 publication [48], cf. [44]
Ref. 12. See [37] for a discussion of contextuality as then
understood.
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in nature which cannot be described by this scheme”
(reported in [53]). (For an overview as to how such a
view of quantum mechanics can be considered by the
realist, see [54].)

A general analysis of the difference between quan-
tum mechanics and a local hidden-variable completion
in space-time was given by John S. Bell, who delim-
ited a border between local, classically explicable cor-
relations between distant measurements by finding an
inequality always obeyed by any local theory describing
all correlations in dichotomic observables of two distant
subsystems forming a bipartite, compound system. In
‘plain English,” Bell said his result “comes from an anal-
ysis of the consequences of the idea that there should
be no action at a distance, under certain conditions
that Einstein, Podolsky, and Rosen focussed attention
on in 1935...” ([55], p. 45). Later results were directly
testable by experiment. Alain Aspect, John Clauser,
and Anton Zeilinger received the 2022 Nobel Prize in
Physics, in part, for verifying the predictions for entan-
gled states of bipartite systems, important parts of it
with Michael Horne, cf. [56]; Bell-type inequalities and
violations have been steadily generalized by others, as
well (cf., e.g., [57]). Bell, who correctly expected his
sort, of inequality to be violated by rigorous experimen-
tal testing, remained committed to ontological realism
and critical of many-worlds theory ([55], p. 50).7

Einstein sought to complete quantum mechanics in a
way that would relatively little change the size of the
quantum ontology compared to the change wrought by
the “many-worlds,” collapse-free approach to quantum
mechanics that followed, which rather than adding hid-
den variables to the state, assumes a standard evolu-
tion but with the state describing a full set of equally
real universes. Its originator, Hugh Everett, introduced
the “universal wave function” for a super-universe, also
naturally including the bodies of differing copies of
observing agents, not simply describing their states of
knowledge [20-22].8 Bryce S. DeWitt and R. Neill Gra-
ham pursued this approach and interpretation, which
“denies the existence of a separate classical realm and

"When asked, would you “prefer to retain the notion
of objective reality and throw away one of the tenets of
relativity: that signals cannot travel faster than the speed of
light?”, Bell responded in accordance with Einstein’s views:
“Yes. One wants to be able to take a realistic view of the
world, to talk about the world as being there even when it
is not observed. I certainly believe in a world that was here
before me, and will be here after me, and I believe that you
are part of it! And I believe that most physicists take this
point of view when they are being pushed into a corner by
philosophers”, ibid.

8Some variants are said not to involve universe-splitting,
such as Bub’s “new orthodoxy,” which is to include
aspects of the Copenhagen-type interpretation [58]. But
Copenhagen-type interpretations have the observer distinct
from the observed object by a scale or complexity boundary
(‘cut’), the location of which is not determined by physics
alone and taking the observer and measurement apparatus
to be described classically, not quantum mechanically [54].
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asserts that it makes sense to talk about a state vec-
tor for the whole universe. This state vector never col-
lapses, and hence reality as a whole is rigorously deter-
ministic...the state vector decomposes naturally into
orthogonal vectors, reflecting the continual splitting of
the universe into a multitude of mutually unobservable
but equally real worlds, in each of which every good
measurement has yielded a definite result and in most
of which the familiar statistical quantum laws hold”
([59], p. v). There, in a valid measurement, a chain of
objects, for example X, Y ..., interacts between the sys-
tem of interest S and the experimenter’s apparatus A
up to and including the brain of its experimenter (like
the Cat), and these become correlated in key properties.
Upon completion of the interactions involved, the rele-
vant part of universe has the time-evolved multipartite
state

0) = cilsi)ai)|zi) i) - (3)

g

where {s;}, {a;}, {x;}, {yi} etc. are the Hilbert space
eigenbases for S, A, X, Y, ..., an ambiguous indica-
tion for the value of the measured quantity if inter-
preted as describing one world, but all possible results
are to be realized in distinct universes. Universes con-
tinually appear, growing exponentially in number with
measurements.

General principles for a such an approach to quantum
mechanics were given by DeWitt: (1) the mathemati-
cal formalism of quantum mechanics is sufficient as it
stands. No metaphysics needs to be added to it [sic];
(2) it is unnecessary to introduce external observers or
to postulate the existence of a realm where the laws
of classical physics hold sway; (3) it makes sense to
talk about a state-vector for the whole universe; (4)
this state-vector never collapses, and hence the uni-
verse as a whole is rigorously deterministic; (5) the
ergodic properties of laboratory measuring instruments,
although strong guarantors of the internal consistency
of the statistical interpretation of quantum mechan-
ics, are inessential to its foundations; (6) the statistical
interpretation need not be imposed a priori. Principle
(2), that witnessed measurement outcomes are repre-
sentable within this universal wave-function, removes
any dependence of objects on the mental, as required by
realism. The known universe is that in which observed
data is identical for observing agents; it is one among
the ‘universes’ which, strongly understood (i.e., the
wave function representing an objective (sub)universe,
universes being distinguished by (differing) eigenstate
values), would become infinite in number (cf. [16], Sect.
3.5).

The fullest application of the many-worlds approach
to quantum physics has been to quantum cosmology:
“Indeed, it is rather difficult to think of any interpre-
tation of quantum cosmology that does not invoke this
view in one way or another” ([60], p, 183). Some have
considered a more limited ontology in conjunction with
the relative state—taking on board only the state of
one world (the relative state). For example, Jeffrey Bub
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has argued that the collapse-free approach to the quan-
tum state can form the basis of a new orthodox inter-
pretation: “This ‘new orthodoxy’ weaves together sev-
eral strands: the physical phenomenon of environment-
induced decoherence, elements of Everett’s relative-
state formulation of quantum mechanics, popularized
as the ‘many worlds’ interpretation, and the notion
of ‘consistent histories’ developed by Griffiths and
extended in different ways...” ([58], pp. 212-213).°

3 Experimental approaches to ontological
questions

The development of the understanding of quantum the-
ory through the contemplation of formalisms, states,
associated probabilities, and ontologies most compat-
ible with each interpretation, is ongoing. It is also
informed by experimentation. The earliest probes of
quantum ontology sought to decide whether it was
amenable to visualization and, if so, whether quantum
objects resemble previously considered posits such as
classical corpuscles and waves. Bohr’s notion of com-
plementarity seemed to provide a way of coming to
terms with the novelty of quantum mechanical system
behavior by association with such classical notions, and
bolstered the view that quantum mechanics can be con-
sidered complete against the EPR argument [42]. And
it has been noted that EPR’s completeness, rejected
by Bohr, is arguably unduly strong because it involves
counterfactual events (in their (1) and (I)) involving
complementary experimental arrangements.!® Results
of increasingly clever experiments have been accumulat-
ing, adding or removing support for competing interpre-
tations and associated ontologies of specific quantum
theories.

9As with the Copenhagen approach, there is disagree-
ment among advocates of approaches to quantum the-
ory taking time-evolution as always unitary to quantum
ontology. Note also that Bell did not view (at least the
Many-worlds version of) the Collapse-Free approach as a
solution to the difficulties presented by quantum phenom-
ena, despite its capability of being presented realistically,
because he viewed that interpretation as “radically solipsis-
tic,” despite contrary claims about it by various advocates
(ct. [61], p. 136).

1041y the reality assumption the phrase ‘can predict’
occurs. The phrase...may be understood in the strong sense,
that data are at hand for making the prediction, or in the
weak sense, that a measurement could be made to provide
data for the prediction. EPR assume the weak sense, and
indeed unless they did so they could not argue that an ele-
ment of physical reality exists for all components of spin,
those which could have been measured as well as the one
that actually was measured...The preference for one rather
than the other of these two interpretations of the phrase is
not merely a semantical matter...Bohr believed that the con-
cept of reality cannot be applied legitimately to a property
unless there is an experimental arrangement for observing
it...” [62].

@ Springer



3278

Experimental investigations of property correlations
between mutually distant quantum subsystems have
been carried out to understand whether quantum
mechanics is locally causal. Bell explained local causal-
ity as the requirement that “direct causes (and effects)
of events are near by, and even the indirect causes
(and effects) are no further away than permitted by
the velocity of light” [63]. Bell formalized this notion
for separated real properties A, B: “Let N denote the
specification of all the beables, of some theory, belong-
ing to the overlap of the backward light cones of space-
like separated regions 1 and 2. Let A be a specification
of some beables from the remainder of the backward
light cone of 1, and B of some beables in the region 2.
Then in a locally causal theory [p(A|A, N, B) = p(AJA,
N)] whenever both probabilities are given by the the-
ory” [61], Ch. 7. Following Bell’s initial, EPR-inspired
theoretical work, John Clauser, Michael Horne, Abner
Shimony, and Richard Holt (CHSH) sought and derived
a similar, directly experimentally testable inequality:

15]< 2 (4)

where S is a combination of expectation values of four
correlated outcomes of measurement events of two dis-
tant subsystems; testing it is practicable because per-
fect correlations between the distant events are not used
to derive it [64].1

Bell-type inequalities, in effect, encode the strength
with which models that might serve as alternatives to
standard quantum mechanics that satisfy local causal-
ity can provide distant correlations between properties
of physical systems. In a local deterministic theory,
events are determined by physical law together with
the state of affairs in the backward light cone; in a
probabilistic theory, the probability of the event can-
not be changed by conditioning on events at space-like
separation. Events in the two regions may be corre-
lated only due to common causes in accord with Hans
Reichenbach’s Common-cause principle: Any two corre-
lated events are either causally connected or arise from
a common cause. And when correlations are inexpli-
cable in terms of common causes, that is, fail to sat-
isfy this principle, the laws explaining them are called
cross-sectional laws [69], p. 4. It was confirmed that
|S|> 2 can be reached, that is, the CHSH inequal-
ity is violated, meaning that there are non-local cor-
relations between subsystem properties; measurements
have accorded with the predictions of quantum mechan-
ics [70]. Moreover, several loopholes left open by these
results have been progressively removed and violation
of the inequality persists, cf., e.g., [71].

In addition to work with photon pairs in Bell-type
inequality tests, different experiments have also been
designed that work with other elementary particles, or

" Controversy continues to surround the Bell-type
inequalities. See, for example, the discussions in [65-67] and
of the references therein. It has also been argued that con-
text is essential for the understanding of such expressions,
cf., e.g., [68].
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with photons in more subtle apparatus in order to illu-
minate the quantum ontology better. An example of
the last is the delayed-choice experiment introduced by
John Wheeler, where the type of measurement made
can be selected after the measured object (arguably)
enters the apparatus. Such experiments bring the signif-
icance of the experimental arrangement, much empha-
sized by Bohr, into stark relief. In the basic such experi-
ment, photons enter an apparatus which can be quickly
switched between two configurations: (1) a simple light-
beam splitting system allowing for measurement in one
of two paths, and (2) a (Mach—Zehnder) interferometric
configuration allowing for (the complementary) mea-
surement of interference visibility.'? The exact mea-
surement configuration is deferred to a time after some
part of the beam could have already entered the appa-
ratus, given the light-speed limit on causal influences.
In one configuration, input light first strikes an evenly
dividing beamsplitter at and angle of 45°, located at
one corner of a rectangle, providing two, orthogonal
beam paths; those paths later turn 90° (clockwise for
the “high” path, counter-clockwise for the “low” path)
at mirrors toward a common region through which
they could freely pass at the opposite corner of the
rectangle; in each of their two orthogonal directions
beyond that region, a single-photon counting photode-
tector is ready. The detection of energy in a given direc-
tion suggests that any photon detected—assuming it
must travel along a path—traveled along the path (the
“high” or “low”) leading into the corresponding detec-
tor. In the alternate configuration, a second evenly bal-
anced beamsplitter is located also at the far corner of
the path rectangle, allowing for path recombination into
both the directions described above instead of free pas-
sage. Due to this overlapping coincidence of paths at
the second beamsplitter, it is impossible to infer a path
a given photon must have traveled, and instead allows
a relative-phase determination and self-interference for
each photon measured. One “can ask which path does
an arriving photon follow—the high road or the low
road? That is one choice of question, and the photon
detectors stand ready to answer it. To ask for the phase
relation between the two beams is a complementary
choice of question” [73], pp. 306—-307.

Wheeler argued that the clear realizability of such
an experiment “shows how wrong it is to say that we
are finding out in the one case ‘which route’ and in
the other case the relation of phases in a ‘two-route
mode of travel.” The world is built in such a way
that it denies us the possibility to speak in any well-
defined way of ‘what the photon is doing’ in its travel
from point of entry to point of reception” [73], p. 307.
The delayed-choice thought experiment was to illus-
trate Bohrian dictum, “No elementary quantum phe-
nomenon is a phenomenon until it is a registered phe-
nomenon, brought to a close by an irreversible act of
amplification.” According to Wheeler, “an act of detec-
tion is as close as we can get to establishing reality

12For a detailed discussion of associated complementarity
relations, see [72].
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at the microscopic level.” The counting statistics for
an ensemble of photons in this experiment appears to
exhibit either particle-like or wave-like behavior condi-
tionally on the final configuration, so that neither of
the two sorts of classical characteristic—corpuscular or
wave-like—is objectively possessed. Such experiments
were carried out and extended by others, for example,
Zeilinger who commented that “we brought Wheeler’s
thought-experiment into the laboratory and carried it
a step further. The idea was to demonstrate that it can
be decided after the photon has been registered already
whether the phenomenon observed can be understood
as a particle or as a wave” [74].

This was done by considering energy—momentum-
entangled photons constrained only by their joint
energy—momentum, with each having indeterminate
values upon creation where, similarly to the EPR situa-
tion, the values of both are determined upon the direct
measurement of one, regardless of their separation in
space and time. What is tested is whether a given one
of the photons from those produced pairwise by para-
metric downconversion has either a determinate path
or a determinate momentum upon measurement given
that the sort of measurement is arranged after produc-
tion of the pair. The novelty is that the first of the two
photons is detected after the second photon had already
itself been detected, so that “whether we obtain the
two-slit pattern or not depends on whether the possi-
ble position information carried by the other photon has
been irrevocably erased or not” [74]. These investigators
argued that “while individual events just happen, their
physical interpretation ...might depend on the future; it
might particularly depend on decisions we might make
in the future concerning the measurement performed at
some distant spacetime location in the future. It is also
evident that the relative spacetime arrangement of the
two observations does not matter at all. ...By choosing
the apparatus the experimentalist determines whether
the phenomenon observed can be seen as a wave or
as a particle phenomenon and once the observer has
made this choice, Nature gives the respective answer
and the other possibility is forever lost. Thus, we con-
clude, by choosing the apparatus the experimentalist
can determine which quality can become reality in the
experiment” [74].13

What these experiments show is that photons are not
classical entities. In such experiments, a property (qual-
ity) of a (subatomic) object becomes determinate at
the end of the experiment, but not the object’s exis-
tence. And Einstein did “not believe that the particle-
waves have reality in the same sense as the parti-
cles themselves. The wave character of particles and
the particle-character of light will—in my opinion—be
understood in a more indirect way, not as immediate
physical reality” ([43], pp. 373-374). These two charac-
ters increasingly appear to be intellectual impositions
of classical notions onto quantum systems which do not
have these classical characteristics primarily, if at all.

3For a critical assessment of Wheeler’s position on the
relation of quantum phenomena to reality, see [75].

3279

And wave-likeness vs. particle-likeness (or other classi-
cal likenesses) is less significant (if it ever is at all) at
the very smallest spatial scales. Instead, what is of more
importance is the question of just which energy-bearing
objects exist that the world is made of, in the sense of
being decomposable to and/or composable from funda-
mental quantum entities such as the elementary parti-
cles [76].

4 The ontology of quantum field theories

It is remarkable that investigations into the founda-
tions of quantum physics have focused more on mea-
sured system properties in relation to the abstract state
and probabilities than on the specific object(s) that
might bear them. Their general results must cohere
with observations on all concrete objects addressed by
quantum theory, and experimental investigations into
the foundations of quantum theory naturally involve
elementary particles. But, so far, only a select few
among the many species of elementary particle have
been studied in quantum foundations beyond photons
[77-79], typically electrically neutral ones which inter-
act minimally between creation and detection, so that
the effects of fundamental forces or complexity at higher
energies that might render experimental analysis very
difficult have been avoided. It is, therefore, of partic-
ular importance to consider particle physics—wherein
the whole ‘zoo’ of particles is considered, many sorts
of particle appear, and intermediate and high energies
are present—from a foundational point of view, includ-
ing its ontological questions.'* It has become increas-
ingly clear that elementary particles are significantly
different from classical particles and that, in the the-
ory best describing them (RQFT), they depend on
fields [9]—indeed, their very presence in its fundamen-
tal ontology is disputed (cf., e.g., [8, 80-85]).

The quantum theories currently best describing
the elementary particles are relativistic field theories
(RQFTs). With the arrival of QFT, Pascual Jordan
argued for the fundamentality of fields, with both mat-
ter and radiation having their sorts of field and particles
as mere excitations of them [82]; the idea of the particle
as an excitation is prima facie reinforced by the mathe-
matics of raising (creation) and lowering (annihilation)
operators acting in the system state space (but see
[86]). Indeed, the current field fundamentalist attitude
toward quantum field theory (QFT), in which particles

Moreover, the character of elementary quantum objects
has a decisive influence on the structures found through-
out the entire physical world at all of its levels, for example,
those of chemistry and biology, because matter can be in
specific senses broken down into and constructed from such
parts, which are of therefore of great importance. A discus-
sion of this structure and its analysis in relation to space
and time can be found in [76].
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are thought to reduce to fields, has exploited their cal-
culational convenience (cf. [83]).1° And relativistically
described quantum particles lack the absolute localiz-
ability of classical particles. In non-relativistic QFT,

with momentum {|k)} and position {|Z)} bases, one
has

Ui(7) = /dgﬁ((Qﬂ)g)_1/2<E\f>a*(E) (5)

for a field at the point #; af(k) “creates” a field exci-
tation with momentum |k), where (k|Z) = exp[—ik - @,
and WT(Z) corresponds to the value of the field in space
at one moment, a raising operator for the number of
quanta located precisely at Z, in that |Z) = ¥(Z)[0).
But, in (representative Klein-Gordon) RQFT, although
one similarly has

) =/dSE((%)%(E))_”Q<E|f>aT(E) (6)

in that case there exists no Hermitian operator serv-
ing to indicate position by having eigenvectors |Z) with
eigenvalues & over the space. The frequency-dependent
term indicates a failure of the orthonormality of {|Z)},
so that a quantum described by |Z) is no longer local-
ized when in such a state.

T. D. Newton and Eugene Wigner suggested instead
identifying the mutually orthogonal states

|Z) = / APk (2m) 3% exp|—ik - Z)|k) (7)

as those with spatial localization. However, such states
are not Lorentz invariant [89]: An observer in a dif-
ferent inertial reference frame from that in which the
particle is localized about Z at a time ¢ will see this
state as having a non-zero probability of detection arbi-
trarily far away; similarly, for non-zero times after an
initial localization, there is a non-zero probability of
detection arbitrarily far away. This runs contrary to
intended notion of localization, and is also inadequate.
Solutions to the localization question have been sought
via unsharp localization operators, cf. [90] and refer-
ences therein. In particular, Paul Busch et al. inves-
tigated the use of positive operator valued measures
(POVMs) for this purpose, finding that (1) two (dis-
crete) unsharp as well as sharp observables in impor-
tant special cases commute if and only, if for any state,
the statistics of a measurement of one is unaffected by a
nonselective Liiders measurement of the other, and (2)
local commutativity of localization observables implies

15Some realist philosophers, noting that only certain
mathematical structures in physical theory appear to
remain entirely unchanged as physics has developed, have
taken the position of ontological structural realism, accord-
ing to which mathematical structures are ontologically prior
to physical ones, and even to quantum fields that have been
considered by some as prior to particles. See [87, 88].
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that they are unsharp but only (undesirably) in a strong
sense.'% Among the additional things distinguishing the
elementary particles of RQFT is that, unlike the case of
classical massive particles, for example, “Electrons can
be created and annihilated; their number is not con-
stant; they are not ‘elementary’ in the original mean-
ing of the word” [11]. With the appearance of RQFT,
it was declared that “the days of fixed particle numbers
are over. Particles must be considered as the quanta of
a field, just as photons are the quanta of the electro-
magnetic field; such quanta are created or destroyed.
The theory of the interaction of charged particles with
the radiation field has become a field theory, a theory
in which two (or more) quantized fields interact: the
matter field(s) and the radiation field” [92], pp. 66-67.

The growth of the observed ‘particle zoo” has drawn
additional attention to particle ontology since these
early theoretical investigations. According to Heisen-
berg, particles appear in RQFT because “there are
physical properties that can be characterized by quan-
tum numbers, for instance angular momentum and elec-
tric charge; these quantum numbers may assume pos-
itive or negative values, are subject to laws of conser-
vation,” and are found together in units [11]. These
fundamental quantities appear in specific combinations
in particles, which may cease to exist, be replaced or
annihilated, and (collectively) reflect their joint con-
servation. Weinberg characterized the quantum parti-
cles as follows. “The so-called elementary particles [of
the Standard Model], like photons and quarks and elec-
trons, are ‘quanta’ of the fields—bundles of the fields’
energy and momentum” [93], pp. 59-60. But being
readily measurable entities, elementary particles are
also likely to persist in physics, even if the fields of
RQFT are later not considered fundamental or don’t
appear in successor theories,!” And, ultimately, the
quantum-of-field notion of the particle is inadequate
because it applies strictly only in entirely interaction-
free situations [86, 95].

Max Born argued that the set of invariant properties,
including those pointed out by Wigner [96], indicate the

6Busch subsequently found that local commutativity is
a necessary consequence of Einstein causality for unsharp
measurements as well as for sharp measurements as long as
they admit local measurements [90, 91].

"The elementary particle is found at the very founda-
tion of the notion of the relativistic quantum system, as
Weinberg explains regarding his own portrayal QFT: “I
start with particles...because what we know about particles
is more certain more directly derivable from the principles
of quantum mechanics and relativity. If it turned out that
some physical system could not be described by a quantum
field theory, it would be a sensation; if it turned out that
the system did not obey the rules of quantum mechanics
and relativity, it would be a cataclysm. In fact, lately there
has been a reaction against looking at quantum field theory
as fundamental ...From this point of view...the reason our
field theories work so well is not that they are fundamental
truths, but that any relativistic quantum theory will look
like a field theory when applied to particles at low energy”
[93] 1-2; also see [94] 15, 85.
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presence of a real particle. “The main invariants are
called charge, mass (or rather: rest mass), spin, etc.;
and in every instance, when we are able to determine
these quantities, we decide we have to do with a definite
particle. I maintain that we are justified in regarding
these particles as real in a sense not essentially differ-
ent from the usual meaning of the word” [97]. The real-
ity of elementary particles in accord with Born’s posi-
tion has recently been newly argued for [84, 86, 98].
There, a quantum particle is represented by a corre-
sponding irreducible unitary projective representation
of the Poincaré group of space-time transformations of
a system’s putative (free) states and characterized by
corresponding group (Casimir) invariant values, which
in turn correspond to its values of the physical prop-
erties of mass m and (total) spin s [96].1® The specific
compresences of invariant properties found are taken to
define the particles in all circumstances, including dur-
ing interactions when the field-excitation notion fails
[84].19 Tt is argued that with this extension the elemen-
tary particles are seen to coexist with fields but are
not reducible to them, i.e., particles are elements of the
RQFT ontology along with fields, that the fundamental
quantities in their specific combinations in particles are
jointly conserved, and that the collection of particles
over which they are distributed reflect that conserva-
tion over processes in which particles come and go out
of existence [98].

Specifically, in RQFT, the states |p, o) associated
with the motion of a single particle with energy-
momentum p and helicity (spin component along the
direction of motion) o (where P¥|p, o) = pH|p, o))
transform under the Poincaré group (for particles of
positive mass and spin j) as

U(1, a)lp, o) =e"|p, o) = e"""%|p, o)

U(A, 0)lp, o) =/ (Ap)°/p° S DY) (W (A, p))lAp, o)

respectively, where j, j + 1, ..., —j are the possible
values of o, W (A, p) = L=Y(Ap)AL(p) is the Wigner
rotation, D((TJ,L(W(A, P)) are the 2j + 1-dimensional
unitary matrices representing the rotation group, and
W} are the transformations leaving p* invariant (cf.,
e.g., [93]). There are two joint Casimir invariants m, s
of the Poincaré group which correspond to the fixed
mass and spin of each type of particle, respectively;

PPt = —m? and W,WH = —m?c(c + 1), where
P* are the space-time translation-group generators and
W, = f%em,pgj”pP" are the generators of the above

Lorentz group of transformations of these states, the
J" Dbeing the generators of rotations (cf., e.g., [99],
Sect. 2.7).

8And the allowed (discrete) spin values are inte-
gral (permutation-symmetric) or half-integral (permutation
anti-symmetric).

9That failure was shown in [95].
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The requirement for such a quantum system to be ele-
mentary is that “there must be no relativistically invari-
ant distinction between the various states” of an indi-
vidual system [89] for, if there were any such relativis-
tically invariant subspaces, then the system could con-
tain some smaller identifiable subsystem and fail to be
elementary. The elementary particle can, therefore, be
understood as an irreducible unit of characteristic, com-
present properties comprising, at least, rest mass m and
spin/helicity s, which are the physical properties corre-
sponding to the invariants under the transformations of
this group, and (at least) energy-momentum. The con-
sistency of such a particle with a corresponding field is
a consequence of Noether’s theorem implying that the
required conserved quantities are present when there is
symmetry with respect to transformations that are con-
tinuous, such as are those of the Poincaré group trans-
formations of a relativistic quantum field in space-time.
The energy—momentum (tensor) integrated over space
provides the conserved total energy and total momen-
tum in the corresponding volume, and this conservation
means that when these change, they flow locally; sim-
ilarly, symmetry under Lorentz boost implies a local
flow of conserved angular momentum. Each quantum
field possesses conserved “base properties” B on which
the set of conserved properties A of the particle super-
venes (for supervenience, cf. [100] passim, and for the
quantum particle case, cf. [98], Section 5). Among the
base properties B, in addition to the properties of mass,
spin, and charge, are field momentum and energy which
are integrals of their densities over the volumes consid-
ered (cf., e.g., [101], Sect. 12.5).

The characteristic particle properties constituting A
are accountable collectively, including when the parti-
cles may come into and go out of existence. The sets B
and A include common properties but these are some-
times valued differently: In particular, because the field
energy—momentum, defined and indexed by space-time
point in RQFT, is strictly conserved, the mass-like term
which appears in the field propagator for any interact-
ing field differs from the fixed value of mass mest for the
corresponding particle. Thus, the reduction of particles
to fields is precluded [98]. Because particles as consid-
ered in this approach are related to fields by superve-
nience rather than being reduced, particles appear in
the fundamental RQFT ontology along with fields.

5 Conclusion

The investigation of the ontology of quantum theory
has involved theoretical study, conceptual analysis, and
experimentation. The EPR investigation of the quan-
tum mechanics of composite systems and Bohr and
Heisenberg’s response to it first showed the significance
of ontology for the understanding of quantum physics
and vice versa. Different ontologies for quantum physics
have since been considered, from one where object prop-
erties are more or less indefinite in the universe, say, in
the ontology of Heisenberg’s later interpretation, to an
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expanding multitude of equally real universes wherein
all possible property values are realized in the many-
worlds ontology. It is evident that the approach to quan-
tum principles and epistemological requirements taken
by the theorist can have a strong influence on which
ontology is judged to accord best with a physical theory
in conjunction with related experimental results. Thus
far, these together have favored ontologies where sub-
atomic objects may have classically inexplicable, indef-
inite non-local correlated properties. One is witnessing
the progress of experimental metaphysics.

Because experiments designed to illuminate the foun-
dations of quantum theory have involved relatively sim-
ple and weakly interacting systems at low energies, the
higher-energy realms, where relativistic quantum field
theory is required, now lie at its frontier, where the
relationship between elementary particles and fields is
a central ontological question. It has been shown that,
on one compelling understanding of the notion, for real-
ists, elementary particles are required ontological ele-
ments along with quantum fields because these particles
supervene on fields rather than reducing to them. Simi-
larly, investigations of quantum information processing
technology may provide additional important informa-
tion helpful for the clarification of the ontological struc-
ture of quantum theory because these technologies also
depend on the utilization of quantum behavior in rela-
tively more complex mesoscopic systems.

Data availability statement No data associated in the
manuscript.
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