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1 Introduction

1.1 Quantum cosmology

There is very wide agreement that quantum physics seems to be valid at all length and time scales,

with the possible exception of effects near and below the Planck scale. Theoretical studies of the

earliest stages of the universe require that quantum field theory applies to the universe as a whole

(DeWitt [36], Hartle [68], Bojowald [17]). The conceptual foundations of quantum field theory

are discussed in Cao [30] from the perspective of practitioners in the field. Since the universe is a

closed system, it is almost generally assumed that its evolution is unitary. For lack of a consistent

quantum theory of gravity, the latter is typically incorporated into quantum field theory in an

approximate manner, as semiclassical gravity (Carlip [31]), effective field theory (Burgess [20]),

low energy gravity (Wallace [123]), or stochastic gravity (Hu & Verdaguer [74]).

The mathematically more fertile applications of quantum mechanics to the dynamics of the universe

employ either decoherence functionals on histories (or ”worlds”), quantifying their degree of non-

classicality (Dowker & Halliwell [41], Gell-Mann & Hartle [51, 52], Griffiths [57],

Halliwell [62], Hartle [68]), or influence functionals (Feynman & Vernon [46]), the logarithms

of decoherence functionals, generalized to continuous histories. The latter are often presented in

the closed time path framework (Chou et al. [35]), with fields in place of continuous histories

(Calzetta & Hu [23, 24, 25, 26], Halliwell [61], Hu [73], Isham & Linden [76]).

A flurry of recent activity is devoted to a possible justification of the quantum-classical transi-

tion through gravitational decoherence (e.g., Halliwell [61], Anastopoulos & Hu [4], Bassi

et al. [8], Kanno et al. [79], Hsiang et al. [72]) or gravity-mediated decoherence (Moustos

2



& Anastopoulos [95]). Here one treats the gravitational field as environment for some massive

quantum system S, and derives, from typical assumptions of the theory of open quantum system

(Breuer & Petruccione [18]), a reduced dissipative dynamics for S alone in terms of deter-

ministic Lindblad master equations or stochastic Schrödinger–Langevin equations. These are then

analyzed for decoherence effects, with an eye towards the emergence of classical properties and

towards potential experiments capturing signals sensitive to quantum features of gravity.

As mentioned by Bassi et al. [8, p.5], ”there is no unanimous theoretical description for gravitational

decoherence. [...] quantum gravitational features are introduced in a rather ad-hoc manner.” For

example, Chiarelli [34] starts with a nonrelativistic particle in an external potential, coupled to

gravitation, then assumes in their equation (5) that the total wave function factors into the product of

a particle wave function and a gravitational wave function. Such a state cannot, however, be prepared

since – unlike in a measurement context – the particle always interacts with the gravitational field.

(The author gives on page 9 another reason for distrusting (5), namely ”assuming the existence

of separate systems and environments subtly introduces a classical condition into the nature of the

overall supersystem.”) After further approximations he gets a nonrelativistic Langevin equation

(24). Later in (85), he has to smuggle in a finite propagation speed not present in the derived

dynamics.

1.2 Eight desiderata for a realist interpretation of quantum physics

In spite of 100 years of impressive advances since the modern mathematical form of quantum me-

chanics was discovered, physicists still disagree widely on what quantum mechanics says about reality

(Gibney [53]). In particular, it is controversial how to interpret quantum fields, the quantum state

of the universe, or even whether the latter concept makes sense at all. Widely differing views can

be found, e.g., in Baker [6], Bunge [19], Chen [33], Dürr & Lazarovici [43], Hartle [68, 69],

Hobson [71], Kent [83], Kuhlmann et al. [86], Laloë [87], Maudlin [92], Swanson [118],

Wallace [121, 122], Wallace & Timpson [125].

The reason is that there is still a glaring gap in the understanding of quantum mechanics, called the

measurement problem (Wheeler & Zurek [128], Allahverdyan et al. [2, 3], Neumaier

[99]). From today’s point of view, this is the problem of explaining, in terms of unitary dynamics

only, why a quantum measurement device, specified in quantum mechanical terms, behaves according

to the Born rule when interacting with a quantum system to be measured; and why the initial state

of a quantum system changes, through interaction with a quantum measurement device, into a final

state consistent with state reduction or collapse (in the sense described in Subsection 4.9 below).

A quantum treatment of the early universe requires an observer-independent view of quantum me-

chanics that allows one to discuss what actually happened long before any observers were present.

Thus some form of scientific realism (Saunders [113], Fraser [49]) is required. An ideal interpre-
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tation of quantum physics suitable for quantum cosmology should satisfy most of the following list

of desirable properties:

1. The mathematical formalism of quantum mechanics is sufficient as it stands. No metaphysics

needs to be added to it.

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 for the whole universe.

4. This state never collapses, and hence the universe as a whole is rigorously deterministic.

5. The ergodic properties of laboratory measuring instruments are inessential to its foundations.

6. The statistical interpretation itself need not be imposed a priori.

7. The symbols of quantum mechanics represent reality just as much as do those of classical me-

chanics.

8. The mathematical formalism of the quantum theory is capable of yielding its own interpretation.

This list is taken almost verbatim from DeWitt [37, p.167]. [DeWitt has in points 3 and 4 more

specifically ’state vector’ in place of ’state’, and in point 5 an additional side statement. Points 7

and 8 are not in his list but appear verbatim in his discussion on the subsequent page.]

Not surprisingly, the above desiderata are satisfied to a varying extent by different interpretations

of quantum mechanics.

1.3 Structure of the paper

In this paper, we present quantum field theory in a way that adds clarity and rigor to the analysis

of classical and quantum features of the universe and its constituents. This might ultimately shed

new light on the conundrums of quantum cosmology. A new, holistic view of the physical universe

and its constituents is proposed, specified in a deductive way as a consequence of the assumption

that there is a single universal Heisenberg state that uniquely describes all physical details of our

universe. The approach is a locally Lorentz covariant quantum version of the classical, mechanical

universe suggested by Laplace over 200 years ago. By reinterpreting some of the mathematical terms

of quantum field theory, it provides a fairly common-sense single-history, single-world alternative to

decoherent histories (Gell-Mann and Hartle) and many-worlds interpretations (Everett, DeWitt),

compatible with scientific realism. The new view sheds a new light on the quantum measurement

problem, illustrated here by giving the collapse of the wave function at a double slit a natural unitary

explanation.

Section 2 shows how some traditional interpretations (many worlds, decoherent histories, Bohmian

mechanics, and Copenhagen) fare when judged by DeWitt’s eight criteria. Section 3 gives an

overview over the properties of the Laplacian quantum universe introduced in more detail in Section
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4, discusses it in the light of DeWitt’s eight criteria, and compares its main features with those of

traditional interpretations.

Section 4 is the formal core of the paper. It shows how to treat quantum field theory as a modern,

locally Lorentz covariant quantum version of the classical, mechanical universe suggested by Laplace

over 200 years ago.

In Subsection 4.1 we define model universes and quantum values, their local and nonlocal beables.

Subsection 4.2 defines the formal specification of physical systems, and discusses how physical sys-

tems of interest in a laboratory get their properties from the universal quantum state. We also define

what it means that one physical system knows anything about another physical system – an already

classically nontrivial question. In Subsection 4.3 we discuss how the unitary dynamical law that

governs the exact dynamics of the universe gives rise to (necessarily approximate) deterministic or

stochastic equations of motion for all physical systems, and to the boundary conditions specifying

the effects of their environment.

In Subsection 4.4 we specify the class of physical systems in a quantum field theory deserving to be

called classical, in terms of local equilibrium states. Subsection 4.5 introduces the detector response

principle defining the intrinsic meaning of quantum measurement and its implication, the Born rule

for quantum measurements. Subsection 4.6 discusses the modern version of the collapse of the wave

function (state reduction). As a specific example of the collapse, we give in Subsections 4.7–4.8

a detailed treatment of what happens when a quantum system passes a double slit, and how the

observed collapse of the wave function arises from the unitary dynamics of simple models.

Subsection 4.9 develops transition operators, needed to work with stochastic processes in a quantum

context. The final Subsection 4.10 shows how decoherent histories fit into the Laplacian quantum

universe setting.

2 Interpretations of quantum mechanics

The physical facts observed in Nature, or deduced from observations, refer to theoretical concepts

called beables (Bell [11, p.52]). What precisely these concepts are depends on the interpretation

of quantum mechanics. We briefly look at some of these in the light of the eight desiderata from

Subsection 1.2.

2.1 Many worlds?

In many worlds interpretations (Everett [45], DeWitt [36], Wallace [122]), experimental

results are interpreted to occur in one of the many worlds, depending on the particular outcomes.
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Thus the beables are the totality of worlds, forming a somewhat fuzzily defined branching web whose

details depend on whom you ask. See, e.g., Blackshaw & Franklin [12] for the lack of consensus.

DeWitt [37] introduced his list of desiderata with the words, ”my main purpose [...] is to describe

one of the most bizarre [...] interpretations of quantum mechanics [...] This interpretation, which is

due to Everett [45], asserts the following”. The belief, caused by DeWitt’s paper, that Everett’s

interpretation satisfies the above eight desiderata, is probably the only reason why this interpretation

and its variations are accepted by many cosmologists (and beyond). Unfortunately, the arguments

by which DeWitt arrives at his claim are questionable. His only mathematical model is an extremely

simple toy universe consisting of a single system and a single additional degree of freedom describing

an abstract detector measuring it, and all claims are ”deduced” by uncritical generalization to the

real universe:

After presenting the list as the main take-home message, DeWitt gives on pp.169–176 the rudiments

of von Neumann’s measurement theory for a simple toy universe, ”a world composed of just two

dynamical entities, a system and an apparatus”. The theoretical analysis culminates in his equation

(2.1) involving system states ∣s⟩ and induced relative apparatus states Φ[s], both labeled by potential

measurement results s, in our notation the formula ψ =∑
s

cs∣s⟩ ⊗Φ[s].

Then he briefly discusses traditional interpretations, before jumping on p.178 from his analysis

of a single toy universe fitting on a desk to a host of ”most bizarre” (DeWitt p.167) fantasies

of sweeping generality about the real universe, peppered with absolute statements (”inevitable”,

”forces us to believe”), strong imperatives (”we must be willing to admit”, ”our universe must be

viewed”) and moral appeals (”we ought not to tamper with”). This is possible only because DeWitt is

unconstrained by sound metaphysics, which he dismissed earlier (in point 1 of his list) as unnecessary.

In the only universe studied in DeWitt’s paper up to this point, all branches Φ[s] in the superpo-

sition (2.1) are present at all times (and are almost always nonzero), changing continuously with

time forever (both before and after the distinguished preparation time) without any sign of bizarre

behavior. But DeWitt infers at this point ”the reality of all the simultaneous worlds represented in

the superposition (2.1), in each of which the measurement has yielded a different outcome”. More-

over, he declares without further ado that the ”universe must be viewed as constantly splitting into

a stupendous number of branches”, while the math in his only example shows that a fixed number of

branches is present at all times. No attempt is made to sketch the math of a universe in which – as in

the real world – many measurements happen at overlapping times, to check which of the conclusions

valid in the toy universe would possibly survive. Other variants of Everett’s interpretation never

improved upon this.
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2.2 Decoherent histories?

In the decoherent histories approach (Hartle [68], Gell-Mann & Hartle [52]), experimental

results are interpreted as properties of a history from a decoherent set of histories. Thus the beables

are the decoherent histories and their constituents. Their relation to environment-induced decoher-

ence is discussed in Dowker & Halliwell [41], Finkelstein [47], Halliwell & Zoupas [67].

Diósi et al. [38] discuss relations to quantum diffusion processes.

The concept of decoherent histories was introduced by Gell-Mann & Hartle [50], based on

earlier work by Feynman & Vernon [46] on influence functionals and by Griffiths [56] and

Omnés [105] on consistent histories. Their motivation was to have an objective probability concept

that allows a limited amount of quantum logic to be represented. In particular, decoherent histories

are needed if one wants to explain variants of the double slit experiment in terms of particle histories.

In a field ontology appropriate to cosmology, such a requirement is questionable since (see Subsection

4.9) their histories define a random field even in the absence of a decoherence condition. Thus

the decoherence of histories is not a necessary condition for a stochastic model, but an additional

property that may or may not be relevant, depending on the context.

To give decoherent histories meaning in the context of an unobserved universe, one set of histories

must be selected objectively in such a way that the decoherence condition is satisfied. This choice

defines a coarse graining of the quantum fields, and is additional input beyond unitarity. Even

when the past of the histories is fixed, they can be consistently extended (Kent [82]) in a huge

variety of, and sometimes contradictory, ways. Hartle [69] reduces this ambiguity by requiring

that the set of histories forms a quasiclassical realm; but the natural quasiclassical realms satisfy

the decoherence condition only approximately, and their existence has been shown only in simple

model cases (Halliwell [66], Hartle [69]).

2.3 Bohmian mechanics or Copenhagen?

In Bohmian mechanics (Bohm [14], Bohm & Hiley [15]), experimental results are interpreted

exclusively in terms of position measurements. Thus the beables are the particles and their positions,

but not their momenta, their energy, or their spin direction. Since Bohmian mechanics has no

developed way to do relativistic quantum field theory, it is not applicable to quantum cosmology.

In the Copenhagen interpretation, discussed in almost all quantum mechanics textbooks, ex-

perimental results are interpreted exclusively in classical terms. Thus the beables are the concepts

and properties of the classical, macroscopic world, and (in a somewhat ghostly form) the quantum

particles, but not their space- and time-dependent properties. Apart from the Born rule for the

interpretation of quantum measurements, nothing specific is said about the relation between the

classical world and the quantum world. Therefore the Copenhagen interpretation is not applicable
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to quantum cosmology.

The same holds for other statistical or an agent-based interpretations of quantum mechanics.

3 The Laplacian quantum universe

The present paper proposes a theory that provides an alternative approach to understanding quan-

tum theory, in which all terms used are precisely defined and hence easy to interpret. The proposed

theory is a modern, locally Lorentz covariant quantum version of the classical, mechanical universe

suggested by Laplace [90, p.2] over 200 years ago. The theory completes the sketch of the universe

as a quantum system given in Neumaier [96, Section 8.5]. A much expanded presentation of the

Laplacian quantum universe can be found in Neumaier [100].

3.1 Overview

A Laplacian quantum universe (short universe) defined and analyzed in detail in Section 4, has

the following features:

A. All physical details in the universe (the only world considered) are uniquely determined by two

ingredients, namely (i) the universal *-algebra of quantities, and (ii) the universal Heisenberg

state. (Subsections 4.1 and 4.2)

B. The universal Heisenberg state assigns to each quantity X in the universal *-algebra a unique

quantum value ⟨X⟩ (without any a priori statistical connotation). Particular such quantum values

are the N -point functions of the universal Heisenberg state. (Subsection 4.1)

C. For typical macroscopic quantities X of interest, these quantum values are directly observable

to a good accuracy. In particular, this applies to the values of pointer positions in measurements,

providing measurements with unique outcomes. (Subsections 4.4 and 4.5)

D. Given a family of quantities of interest localized in space and time, e.g., a sequence of pointer

positions Xℓ (ℓ = 1,2, . . .), its unique history is the family of corresponding quantum values ⟨Xℓ⟩.
(Subsection 4.9)

E. All known physics is accounted for by taking the universal *-algebra to be the algebra of smeared

relativistic quantum fields of the standard model (plus, since a true quantum theory of gravity is

still lacking, semiclassical gravity), together with the standard approximations by means of which

higher emergent levels (nuclei, atoms, molecules, macroscopic matter) are derived. (Subsection 4.3)

F. The equations of motion of the universe are the (nonlinear) Schwinger–Dyson equations for

the connected N -point functions of the universal Heisenberg state. Since these are equivalent to
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the Heisenberg equation of motion for the quantities in the universal *-algebra, the dynamics of the

universe is unitary. (Subsection 4.1)

G. Nonlocality is due to the fact that the N -point functions entering the equations of motion of

the universe are nonlocal for N > 1. Inequalities such as those of Bell, CHSH, GHZ, or Leggett–Garg

are violated by the quantum values of certain nonlocal operator products. (Subsections 4.1 and 3.3)

H. For modeling concrete physical systems, approximations are needed since the precise state of

the universe is unknown, leading to coarse-grained effective equations of motion on the system

level. (Subsection 4.3)

I. In many cases of interest, these are nonlinear quantum-classical equations generalizing those

used in quantum chemistry; in simpler models of more limited applicability, one obtains linear

Lindblad equations. (Subsection 4.3)

J. For common macroscopic matter, the approximation is done by applying the maximum entropy

principle to the quantum values of the fields of interest (densities, currents, and/or the stress-energy

tensor). Small deviations from the maximum entropy state are treated as stochastic fluctuations.

(Subsection 4.4)

K. Probabilities and decoherence are absent on the level of the universal Heisenberg state, but

arise in approximate dynamical models, obtained by the elimination of environmental degrees of

freedom. (Subsections 4.5 and 4.10)

L. The nonlinearities in the effective equations of motion typically lead to chaos and effective

randomness. (Subsection 4.3)

M. Localized discrete detector responses are understood as phase transitions of single detection

elements from their metastable prepared state to their stable state, triggered in a chaotic manner

by a nonlocally correlated quantum state of the system measured. (Subsection 4.5)

N. The Born rule is derived from a new postulate, the physically more intuitive detector response

principle:

(DRP) Each detection element responds to an incident stationary source with a nonnegative mean

rate depending linearly on the density operator of the source. The mean rates sum to the intensity

of the field. (Subsection 4.5)

O. The loss of unitarity at the double slit and the resulting collapse of the state vector are

a consequence of the simplifying assumptions underlying the models used, which force a reduced

description that misses an important part of what happens in a unitary treatment. (Subsections 4.6

and 4.8)
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3.2 Discussion

The new approach is well-defined in any model universe, applies in particular to any localized num-

ber of system-detector pairs, and leads to measurements with unique and often discrete outcomes,

without any resort to bizarre fantasies.

Since measurement results are unique in the universe – the only world considered – and determine

the history of sequences of measurements, points A–D imply that the new theory gives rise to a

single-world, single-history interpretation of quantum physics. Points E–G imply that the

phenomenological features of quantum physics are fully preserved. Points H–J ensure both the

applicability of standard approximation schemes (such as the maximum entropy principle and the

Markov approximation). Points K–N imply the standard probabilistic machinery, and the absence of

any bizarre features in the new theory. Point O opens the way to a reassessment of the measurement

problem; see Neumaier [100] for some further steps and proposed future work in this direction.

In each model of the Laplacian universe, we can talk rigorously about everything physical of the

real world that is represented by the model, without having to resort to handwaving. The meaning

of the formal concepts is given by a principle first stated by Callen [21, p.15] for thermodynamic

systems in equilibrium, phrased here more generally to apply in the present context:

Callen’s criterion (CC): Operationally, a system is in a given state if its properties are consistently

described by the theory for this state.

Taking the quantum values as real makes the theory compatible with scientific realism. More

precisely, the outline in Subsection 3.1 implies that the eight desirable properties of an ideal realist

interpretation of quantum physics given in Subsection 1.2 are easily seen to be valid for the present

theory. (There is a slight exception in the first point, since Callen’s criterion involves a minimum of

metaphysics.)

In the Laplacian quantum universe, all physical systems are open systems, since they cannot be com-

pletely isolated from their environment. That all physical systems are open brings the approximate

nature of models into the foreground. It implies that the dynamical models of all physical systems

are in fact approximate. Nearly isolated systems have only an approximate unitary dynamics, with

unavoidable modeling errors. The same holds for all recipes of textbook quantum mechanics, which

describe only idealized systems. Their use as models for physical systems depends on an idealiza-

tion that neglects their interaction with the environment. This reflects the well-known fact that all

models in physics represent effective theories valid only to some limited approximation.

The new theory takes objective knowledge to consist of the quantitative agreement of quantum

values of a physical system with approximations computable from the state of the observer, another

physical system. This makes the theory and its use independent of subjective views in the mind

of an agent or observer. Operationally, observations consist of knowledge gained by one physical
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system (the observing system) about another one (the observed system). By making the notion

of knowledge mathematically precise, the interpretation of physics becomes fully independent of

human observers. How one physical system can know something about another one is already

a highly nontrivial question in Laplace’s classical universe. This helps explain why the quantum

measurement problem is so difficult to solve!

The new theory defines (in Subsection 4.4) classical systems via the maximum entropy principle.

They are those physical systems that are in local equilibrium in the sense of quantum statistical

physics, hence can be accurately modeled by classical continuum mechanics. Thus there is no

artificial quantum/classical divide. On the contrary, a whole spectrum of mixed quantum-classical

models appears for the approximate description of physical systems.

To determine the state of a piece (of known shape) of homogeneous iron in global equilibrium, we

measure a few numbers, apply the empirical thermodynamic equation of state, and then know all

its properties to sufficient accuracy, without doing any statistics. This is the typical situation for

homogeneous macroscopic systems. Their measurement is fully described in deterministic, classical

terms, hence does not depend on the Born rule. Similarly, the state of systems in local equilibrium

is determined by a few numbers in each sufficiently small region of spacetime.

Since the universal Heisenberg state describes in full detail everything that exists and happens

anywhere in the universe, it is largely unknown. While this may look like a big problem, it is just

like modeling a pot of boiling water by a classical hydrodynamical field, whose details are unknown

but whose existence is essential for the theoretical study of turbulent fluids on the basis of the

assumption that some chaotic solution of the Navier–Stokes equations describes this boiling system

reasonably well.

Tractable simplified model universes concentrate on particular aspects of interest, and simplify ev-

erything else. Cosmology studies the universal Heisenberg state of very coarse models where whole

galaxies are treated as points only. In this context, the new theory naturally incorporates cosmolog-

ical aspects such as Hawking radiation (cf. the end of Subsection 4.8) and recent phenomenological

models obtained in current research on gravitational decoherence (discussed in Subsection 1.1).

However, in this paper, we concentrate here on what the universal Heisenberg state says about

macroscopic and microscopic physical systems inside a normal physical laboratory. In particular,

decoherence (discussed in Subsection 4.9) plays in our theory a secondary role only since we define

classicality not via decoherence but through the maximum entropy principle and projection operator

techniques, resulting in the well-established hydrodynamic structure of the macroscopic world.

Specific attention is given to the double slit, as it has the simplicity of a model that everyone can

immediately understand. In this particular model we are able to show the unitary origin of the

Born rule and the collapse of the wave function. Investigating the extent to which other observable

instances of the Born rule can be justified in further concrete cases is left as future work.
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3.3 Comparison with traditional interpretations

Each of the interpretations of quantum mechanics discussed in Subsection 2.1–2.3 features both a

deterministic dynamics for the quantum state and a deterministic or stochastic dynamics for the

beables. In each case, the beables are conceptual machinery external to the quantum formalism,

assumed to exist in addition to a universal Heisenberg state. The quantum state is effectively (and

in Bohmian mechanics literally) a guiding wave for the beable dynamics, with no backreaction from

the beables to the quantum state.

In contrast to the traditional interpretations, the new theory specifies everything in a deductive

way, as a consequence of the assumption that there is a single universal Heisenberg state that

describes exactly everything that physically exists. (Thus both the fundamentality assumption

and the cosmological assumption of Wallace [124] hold.) In particular, the beables are specified

precisely within the standard formalism of quantum field theory: The beables are the (smeared,

truncated) N -point functions of the algebra of fields and the corresponding universal Heisenberg

state. These functions are uniquely defined in terms of the universal Heisenberg state, in a way that

the dynamics of the state and that of the beables are in a one-to-one correspondence. Classical fields

are particular beables defined within the quantum formalism. (Close to this is the work by Kent

[83, 84] and Prosperi & Baldicchi [110], who treat the quantum values of the energy-momentum

tensor as beables.) Through this formally precise specification of the beables we avoid the vagueness

inherent in the rules defining the beables of the traditional interpretations of quantum mechanics.

For example, within these interpretations, it is impossible to describe with mathematical precision

an idealized form of statements such as ”the interaction leads to an electric impulse that gives rise

to a pointer motion, and thus determines the measurement result”.

The decoherent histories approach (and hence specific influence functionals and decoherence func-

tionals) is fully subsumed in the new theory; see Subsection 4.10. The classical concepts and the

Born rule, required by postulate in the Copenhagen interpretation, get (through points J, N, and

O) an intrinsic place in the Laplacian quantum universe as properties of macroscopic objects.

The new approach accounts for the nonlocal aspects of quantum physics observable in coincidence

experiments (Bell [10], Aspect [5]) collected at two different locations. The nonlocal variables of

the new theory are familiar N -point functions known and manipulated by the theorists for a long

time, and not hidden variables as in Bohmian mechanics!

Thus, in some respects, the new approach resembles traditional interpretations of quantum me-

chanics; in important other respects it differs from them, avoiding many of their drawbacks and

limitations. The new theory shares

– with many worlds interpretations the unitary dynamics of the universe, but realizes it through

the quantum values of a single world;

– with decoherent histories the way stochastic processes are modeled, but without the only ap-
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proximately realizable decoherence requirement;

– with the statistical interpretation the effective stochastic quantum properties, but explains

their deterministic origin;

– with the Copenhagen interpretation the importance of classical aspects in quantum experi-

ments, but realizes it in a pure quantum context;

– and with hidden variable theories a nonlocal deterministic dynamics, but expresses the latter

in terms of familiar N -point functions.

Thus the best features of the traditional interpretations are preserved, while their questionable

features are no longer present.

4 Conceptual details

4.1 The universe as a quantum system

In today’s physics, it is largely agreed upon that almost all phenomena currently observable here on

Earth – except some in astrophysics – can be derived, at least in principle, from relativistic quantum

field theory (Peskin & Schroeder [107], Weinberg [127]) in a curved spacetime (Wald [120]),

independent of whether a more fundamental theory exists. In a good approximation (and ignoring

some poorly understood effects in astrophysics), the quantum universe may be taken to reside in

a 4-dimensional, locally Lorentz covariant spacetime (in mathematical terms a globally hyperbolic

4-dimensional manifold). But the new theory is independent of the precise field contents, and applies

as long as all matter and forces can be described by local quantum fields.

In the following, we freely use concepts and results from quantum mechanics, quantum information

theory, quantum statistical mechanics, and quantum field theory, without giving precise definitions

or derivations. We also use some elementary terminology of algebraic quantum field theory.

The quantities describing the universe form a *-algebra LU of operators, generated by the smeared

field operators φ(f), where f is a test function in some vector space of smooth vector-valued func-

tions on spacetime. The test functions are usually understood as bump functions slightly smearing

operator-valued distributions φj(x), to turn these into proper operators; the φj(x) themselves

are obtained as limiting cases where f has only one nonzero component (in row j), which is a

delta function at x. In relativistic quantum field theory, the fields φj(x) are mutually local, i.e.,

φj(x) and φk(y) commute for all spacelike x, y of spacetime. Some of these fields (such as the

electromagnetic field) have names suggestive of their meaning in experimental practice.

The universal Heisenberg state is a normalized state of LU in the sense of algebraic quantum

field theory (Haag [59]). It is a linear functional that assigns to each quantity X in the algebra LU

its quantum value ⟨X⟩, such that ⟨1⟩ = 1 and ⟨X∗X⟩ ≥ 0 for all X ∈ LU . The universal Heisenberg
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state determines the smeared N-point functions WN(f1, . . . , fN) ∶= ⟨φ(f1)⋯φ(fN)⟩. These are like
the well-known Wightman functions, except that the latter correspond to the vacuum state, which

describes a physically uninteresting, empty universe. The GNS construction (Haag [59]) provides

a unitary representation of the algebra LU on some Hilbert space HU .

Relativistic quantum fields naturally single out the Heisenberg picture of dynamics with a fixed

universal Heisenberg state, where all dynamics happens on the level of operators. In particular, the

universal Heisenberg state imposes the causal asymmetry we see in our universe, that a force applied

at some spacetime point x only affects quantities at spacetime points in the future cone of x.

In a relativistic quantum field theory on flat spacetime, the dynamics of the universe is given by

the (frame dependent) time translations of the Poincaré group. In a fully covariant formulation,

time becomes 4-dimensional spacetime, and the dynamics consists of arbitrary spacetime transla-

tions. In a general curved spacetime, the only covariant dynamics consists of arbitrary spacetime

diffeomorphisms, and we get a timeless view of the universe (cf. Barbour [7], Carlip & Hu [32]).

The symmetry group plays a double role: For active symmetries, objects or fields are moved accord-

ing to a symmetry, whereas for passive symmetries, coordinate systems are changed according to

a symmetry. In a laboratory, all active spacetime symmetries are broken, time plays a special role,

and the dynamics takes in laboratory coordinates the form φj(x0,x)→ φj(x0+ct,x) of a time shift

by t; here c is the speed of light. The coordinates of the relevant physical systems in a laboratory

are usually determined (after a choice of coordinate system breaking passive spacetime symmetries)

by the laboratory setup and the laboratory time – either since they are time-independent, or since

the parts move with uniform velocity or angular velocity. In either case, covariant quantum field

theory leads to a Hamiltonian description of the experiments in the Heisenberg picture, where the

Hamiltonian H is the infinitesimal generator of the time translations. The universal dynamics

can then be cast into the form of the Heisenberg equation of motion, Ẋ(t) = ι[H,X(t)], where
ι = i/h̄ with Planck’s constant h̄. Thus X(t) = eι(t−t0)HX0e−ι(t−t0)H , where X0 = X(t0) for some

reference time t0, often set to t0 = 0. This allows us to introduce the time-dependent state ⟨⋅⟩t in
the Schrödinger picture, defined by ⟨X0⟩t ∶= ⟨X(t)⟩.
The distributional limits ⟨φj1(x1), . . . , φjN (xN)⟩ of N -point functions have N spacetime arguments.

For N = 1, they describe local field values ⟨φj(x)⟩ at particular points x in spacetime; for N > 1,

they describe nonlocal information. (This is like in classical physics, where temperature and chem-

ical composition are examples of local quantities, while distances, areas, and volumes are nonlocal

quantities.) The universal Heisenberg state can be equivalently described by the connected N-

point functions, which have the advantage of a simple interpretation in perturbation theory, since

for free fields, they vanish when N > 2. The complete hierarchy of connected N -point functions

has a deterministic nonlinear dynamics, given by the Schwinger–Dyson equations (Calzetta

& Hu [26, 27]) – a quantum version of the BBGKY hierarchy from classical statistical mechanics

(Reichl [111]). Here the time derivative of the N -point functions is expressed in terms of N -point
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and (N + 1)-point functions (and for higher order interactions, also (N + 2)-point functions, etc.).

In particular, although the dynamics of the quantum fields is local, the time derivative of local field

values (N = 1) is a function of field values and (at least) bilocal 2-point functions ⟨φj(x)φk(y)⟩,
leading to a nonlocal dynamics.

The new theory is fully compatible with scientific realism in the sense that one may take every feature

expressible in terms of N -point functions for N = 0,1,2, . . . as being real and objective, independent

of human perception. (This contrasts with a similar view by Wayne [126], who takes vacuum

expectation values as being real, while our N -point functions involve the universal Heisenberg state.)

4.2 Physical systems

A physical system is a proper part of the universe, selected by a physicist for closer investigation.

The universe itself is regarded not as a physical system, but as the Whole, in the original sense of

the Latin word. A physical system S is specified by distinguishing its system algebra, a proper

*-subalgebra LS of the universal algebra LU consisting of certain system quantities defined in the

world tube of S, the region OS of spacetime defining the location of S at every moment. The

world tube generalizes to extended objects the notion of the world line of a classical point particle

in general relativity. Distinguished generators of the system algebra LS, defined up to a choice of

coordinates, have suggestive names, pointing to their meaning in Nature. These naming conventions

are part of the system definition, and guarantee that Callen’s criterion (CC) can be applied.

The world tube delineates the region of spacetime where the physical system has a persistent identity

with an appropriate temporal and spatial continuity, while the distinguished generators of the system

algebra define the quantities that exhibit this continuity and describe the system at the desired level

of resolution. In particular, this allows for physical systems whose spatial shape changes with time,

such as robots or cats, which have quite complicated world tubes. Important for the foundations is

that the spatial shapes can even be bilocal or even multilocal, such as the fields produced by beam

splitters or Stern–Gerlach magnets.

To each physical system belongs an objective quantum state, obtained from the universal Heisenberg

state by restricting the latter to the algebra of operators associated with the physical system.

The quantum values ⟨X⟩, determined for all system quantities X by the universal Heisenberg state,

define a monotone linear functional on LS, the quantum state (or simply state) of S. This state

gives an objective account of all possible information about the system, in the sense that everything

objective that can be said about a physical system is encoded in its quantum state.

In many cases (but not always), the quantum state can be given by a system density operator,

obtainable by tracing out the environmental degrees of freedom from the universal state. If LS is

an algebra of linear operators of a separable system Hilbert space HS, the state of the system
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determines (and is determined by) a system density operator ρS acting on HS and satisfying

⟨X⟩ = TrρSX for all X ∈ LS. Unlike in quantum statistical mechanics, this density operator does

not have a statistical connotation. In the Schrödinger picture, we may also define a time-dependent

system density operator ρS(t) by ⟨X⟩t = trρS(t)X for X ∈ LS, with a smooth dependence on t.

In applications, a frequently used model universe consists of a tensor product of the system alge-

bra LS of the physical system under consideration and an environmental algebra LE modeling the

remainder of the universe by a heat bath with given temperature T . In such a simplified model

universe, the system density operator is obtainable from that of the model universe by tracing

out the environmental degrees of freedom. Therefore the system density operator is, in traditional

quantum statistical mechanics terms, a reduced density operator. The reduced density operator

reproduces exactly all system properties, including the statistics of all observable quantities of the

physical system.

The meaning of a quantum value ⟨X⟩ depends on the quantity X of which the quantum value is

taken. For example, if X = φ(x) is a local field variable, the quantum value ⟨X⟩ is a 1-point function

with a local interpretation: ⟨φ(x)⟩ gives the classical value of the quantum field φ at the spacetime

point x.

The quantum value of an orthogonal projector P to a closed subspace of the Hilbert space of a

physical system is a number between 0 and 1, called a propensity. (For the history of the notion

of propensity see Miller [94].) Since they are determined by the quantum state and the context-

dependent definition of P , propensities are objective contextual properties of a physical system.

These properties are analogous to properties of classical objects such as their fragility, which manifest

themselves only in certain contexts, and only probabilistically.

In certain contexts, quantum values have a statistical interpretation as expectations, and propen-

sities have a statistical interpretation as probabilities in the frequentist sense, both given by the

Born rule. (In contrast to the propensity interpretation of probability proposed by Popper [108],

we have here a frequentist probability interpretation of propensity.)

4.3 Approximations

Given the state of the universe, the exact state of a physical system is already fully determined.

Thus there is only little freedom in choosing states. Preparing a physical system in a desired state is

therefore only approximately possible. It requires that we use our knowledge of the laws of physics

and of the material properties of our equipment to ensure that the dynamics of the universe actually

moves the system under consideration to the desired state, to within experimental accuracy.

Since a physical system cannot be completely isolated from its environment, all physical systems in

a Laplacian universe are open systems, and the only closed systems are the model universes! In
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particular, the system density operator ρS(t) of a physical system at time t > t0 is not determined

by ρS(t0) since the value at times t ≠ t0 is also influenced by the environment. Thus ρS(t) cannot
satisfy an exact closed equation of motion. A reduced description with approximate deterministic

or stochastic dynamical equations can be found by coarse graining (Breuer & Petruccione

[18]).

In a deterministic approximation, the final state of the approximate model is uniquely determined

by the initial state. The best known example for a deterministic reduction is given by the nonlin-

ear Hartree–Fock equations for electronic motion in atoms and molecules. More generally, one

frequently uses in quantum chemistry nonlinear quantum-classical models featuring both clas-

sical and quantum features (Kapral & Ciccotti [80], Prezhdo & Kisil [109]), obtained by a

deterministic reduction of a model universe with a heat bath to a system algebra consisting of both

commuting classical and noncommuting quantum quantities. A special case of quantum-classical dy-

namics is semiclassical gravity (see, e.g., Husain et al. [75]). Nonlinear Schrödinger equations

(such as the Gross–Pitaevskii equation) are the bosonic counterpart of the Hartree–Fock equations,

derived rigorously (Spohn [116]) from a nonrelativistic quantum field theory for a bosonic particle

in the mean field of the others.

In the most interesting and most realistic situations, the reduced dynamics is nonlinear and chaotic;

see, e.g., Strayer [117], Helmkamp & Browne [70] and Kapulkin & Pattanayak [81]. In

these cases, the tiniest uncertainty in the initial state produces effectively random final results.

This is the fundamental reason for the appearance of stochastic dynamical features, and hence of

decoherence and mixing; see, e.g., Calzetta [22] and Habib et al. [60].

In a stochastic approximation, the final state of the approximate model is not uniquely determined

by the initial state but the result of a stochastic process. Stochastic coarse graining therefore leads

to a stochastic process described by a linear or nonlinear, often non-Markovian, master equation.

The simplest of these are the frequently used linear, Markovian Lindblad equations.

Two different physical systems may have certain strongly correlated quantum values. In this case, the

systems share some information. This is the basic mechanism that allows us to observe other systems

and get to know their properties. A physical system O (usually called the observer) knows at time

t, to some absolute accuracy ∆, the quantum value ⟨X⟩s of a quantity X of a physical system S at

time s if there exists an explicit expression xs(ρO(t)) such that ∣⟨X⟩s−xs(ρO(t))∣ ≤∆. (Typically, O

is an automatic measurement device and S is the system measured, but O may be a human observer,

studying his aching finger, or an experiment, or the whole lab containing himself.) In many cases

of interest, xs(ρO(t)) = trρO(s)Π = ⟨Π⟩t for some quantity Π of O (often referred to as the pointer

variable). However, in many practically relevant cases, xs(ρO(t)) is a more complex algorithm

specifying a protocol how to compute an approximation to ⟨X⟩s from raw observations of a number

of pointer variables.
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4.4 Classical systems

We define a classical system as a physical system whose objective quantum state is in local

equilibrium in the sense of statistical continuum mechanics (Reichl [111]). Here local equilibrium

is defined in terms of the components of a vector ⟨j(x)⟩ of quantum values of local field operators

with distribution-valued operator entries. In the Schrödinger picture, knowledge of these quantum

values corresponds by the maximum entropy principle to a system density operator given by

a nonequilibrium Gibbs state ρ ∶= e−S/k̄ (Zubarev et al. [131, Section 2.3], Neumaier &

Westra [101]), where k̄ is the Boltzmann constant, and the entropy operator S (Zubarev

& Kalashnikov [130]) is a sum of terms µ(x) ⋅ j(x) integrated over a time slice of the world tube

of the system (Becattini et al. [9]). Here µ(x) is a corresponding vector of multipliers serving as

parameters in the system state.

The components of ⟨j(x)⟩ are called extensive fields. The components of µ(x) are called intensive

fields; they determine the extensive fields through the equation ⟨j(x)⟩ = tr e−S/k̄j(x). The meaning

of these fields is the same as in classical mechanics, except that there no value maps appear. Extensive

fields define local quantities such as a scalar energy density, charge density, mass density, a vector-

valued current density (for particles, energy, momentum, etc.), or a matrix-valued stress density.

For example, if j(x) is the energy flux density, then the time component ⟨j0(x)⟩ is the internal

energy density and µ0(x) is the (position-dependent) inverse temperature. Note that the same

family of fields may be classical in only some regions of spacetime, and nonclassical elsewhere.

Stationary states are local equilibrium states where the intensive fields are constant, and the

extensive fields are piecewise constant; they describe homogeneous materials under constant external

forces. Well-known examples of stationary states are the KMS states (Emch [44]), where S =

T −1(H− k̄F (T )) with the Hamiltonian H, a constant absolute temperature T , and the Helmholtz

free energy F (T ), determined by the normalization requirement trρ = 1.

The time-dependent local equilibrium state ⟨X⟩ ∶= trρX corresponding to the above density operator

satisfies a generalized KMS condition (Haag et al. [58]) ⟨XY ⟩ = ⟨Y α(X)⟩t with the modular

automorphism α defined by α(X) ∶= e−S/k̄XeS/k̄. The description of local equilibrium states in

terms of states satisfying a generalized KMS condition is more general than the description by

density operators since it also applies to physical systems that do not have density operators.

Real macroscopic systems are approximately classical. This means that in their world tube, they

are well-approximated at the scales of interest. The classical equations of motion of continuum

mechanics are nonlinear, and for fluids with large Reynolds number even chaotic. To derive them

from quantum field theory, one starts from the unitary quantum field dynamics on some spacetime

manifold and makes coarse graining approximations involving the maximum entropy principle to

obtain the reduced dynamics. Grabert [54] derives the Navier–Stokes equations from nonrela-

tivistic quantum field theory by coarse graining using the projection operator technique. In
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the relativistic case, one usually starts with a path integral formulation of quantum field theory.

Coarse graining may then be based on a gradient expansion of the local equilibrium density opera-

tor (Akkelin & Rischke [1]), or on a 1PI approximation of the influence functional (Calzetta

& Hu [28, 29], Halliwell [63, 64, 65], Rocha et al. [112]), leading to covariant equations of

motions for the local equilibrium fields.

A stationary state is metastable if it is a local minimizer of the free energy. In this case, by the

second law of thermodynamics, the system is driven in some surrounding region of phase space back

to the stationary state. Therefore fluctuations, i.e., deviations from this state, decay if they are

small enough. Small deviations from the maximum entropy state can be handled by fluctuation

theory capturing statistical mechanics close to local equilibrium (Forster [48]). In particular,

bilocal correlation fields such as C(x, y) ∶= ⟨j(x)j(y)⟩−⟨j(x)⟩⟨j(y)⟩ describe correlations between
the fields. Smeared over localized bump functions, these are in principle observable through linear

response theory (Reichl [111]).

4.5 Classical and quantum measurements

We work with precise definitions of classical and quantum measurements, mainly following Neu-

maier & Westra [102, Section 4.1.2].

A classical measurement at some spacetime point x is the reading of the value of some extensive

or intensive field, averaged over a mesoscopic neighborhood of x. Due to local equilibrium, a handful

of classical measurements at x reveals the full state of the classical system close to x.

A quantum measurement reading of a single detector response to a microscopic system measured

according to the DRP from point N of Subsection 3.1. A handful of quantum measurements do

not reveal anything about the state of the microscopic system. However, the state of a microscopic

quantum system can be inferred

– by calculation from the universal Heisenberg state if the relevant part of the universal Heisenberg

state is defined by a known model,

– by preparation if we know a model for the state-generating process, or

– by quantum state tomography, with an accuracy of order O(1/√N), from a large number N

of quantum measurements; see, e.g., Ježek et al. [78] or Granade et al. [55].

The models themselves must be inferred from available data and reasonable assumptions. All com-

mon theoretical models used are approximate models describing those physical systems frequently

encountered in our region of the universe, or important unique systems such as the Earth or the

Sun.

A physical system serving as a source is called stationary if, in a suitably moving coordinate

system, its quantum values are time-independent at the time scale of interest and the relevant
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resolution, with oscillations only at a much faster time scale – at least during the time where

measurements are taken. Stationary sources are described by a rescaled density operator ρ that is

not normalized to trace 1, but where the trace defines the intensity of the source. For stationary

sources, a measured mean rate has a sensible operational meaning.

A quantum measurement device is characterized by a collection of finitely many detection

elements satisfying the detector response principle given by the following postulate:

(DRP) Each detection element k responds to an incident stationary source S with a nonnegative

mean rate pk depending linearly on the density operator ρS of the source. The mean rates sum to

the intensity of the field. Each pk is positive for at least one possible source S.

The DRP defines in operational terms what it means for a physical system to be a quantum measure-

ment device. It quantifies the transition from stationarity to discrete randomness. The validity of

the DRP can be experimentally tested in concrete cases and decides whether or not a piece of matter

may be regarded as a quantum measurement device. The abundant existence of quantum measure-

ment devices satisfying the DRP (for example, all photodetectors) is an extremely well established

empirical fact.

A detector responds to the part of the incoming fields (experimentally often in the form of beams)

incident with its surface. The detector contains metastable detection elements that respond accord-

ing to the DRP. They take whatever arrives locally and produce in the case of sufficiently weak fields

an event every now and then, at a rate proportional to the intensity (possibly direction-dependent

if they are sensitive to it). Since there are only a finite number of detection elements, the events

are inherently discrete, in spite of continuously changing inputs. This is the microscopic reason

for the fact that quantum detection processes are discrete. In analogy to nucleation processes in

hydrodynamic phase transitions (see, e.g., Langer & Turski [89], Blander & Katz [13]), the

occurrence of a detector response can be understood as a stochastically triggered phase transition

(Sewell [115]) of some detection element from its metastable prepared state to its stable state.

Observationally, only the classical (observable) binary state counts – response or not.

To give a more complex example, modern collision experiments are done with bunches of particles

(in the Large Hadron Collider with about 1011 protons per bunch, one every 25 nanoseconds). Each

bunch of particles in a particle beam is represented by a stationary matter field centered along a

ray. (In contrast, a system of just two colliding particles would constitute a nonstationary process

difficult to generate and to analyze.) Two beams of particles collide at the point of their intersection,

producing quantum fields in the form of spherical scattering waves. According to scattering theory,

the scattered wave is also stationary. Nevertheless, when this wave is measured by the traces it

leaves in a time projection chamber (TPC), the measurement results (from which out-going particle

tracks are reconstructed) are correlated discrete events with a random component following the

DRP. (Similarly, supernovae produce spherical waves of the neutrino field, at large distances with
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extremely low density, though the events recorded in neutrino experiments are discrete.)

The immediate physical significance of the DRP makes it an excellent starting point from which

the traditional statistical interpretation of quantum physics can be derived. For a quantita-

tive description we define a discrete quantum measure to be a family of Hermitian, positive

semidefinite probability operators Pk (k ∈ K) that sum up to the identity operator 1. This is

the natural quantum generalization of a discrete probability measure, a collection of nonnegative

numbers that sum up to 1. The key result for the theory of quantum measurements is the following

result, rigorously proved in Neumaier & Westra [102, Section 4.1.2].

Detector response theorem. For every quantum measurement device, there is a unique discrete

quantum measure Pk (k ∈ K) whose quantum values ⟨Pk⟩ determine, for every source with density

operator ρ, the mean rates pk = ⟨Pk⟩ = trρPk for k ∈K.

The detector response theorem characterizes the response of a quantum measurement device in

terms of a quantum measure. For stationary sources of low intensity, a quantum measurement

device produces a stochastic sequence of well-resolved single detection events, but makes no direct

claims about values being measured. It just says which one of the detection elements making up the

measurement device responded at which time. For stationary sources of high intensity, individual

detection events can no longer be resolved, and the mean rates are directly detected (e.g., as the

magnitude of an observed electric current). Thus, in collision experiments intended to study the

composition of the collision products, one must limit the intensity of the in-going particle beams to

ensure that the scattering wave remains in the low intensity regime.

As shown in Neumaier & Westra [102, Part II] (see also Neumaier [97]), the DRP leads

naturally to all basic concepts and properties of modern quantum mechanics. In particular, it

gives a precise operational meaning to quantum states, quantum detectors, quantum processes, and

quantum instruments. This gives a perspective on the foundations of quantum mechanics that is

quite different from the well-trodden path followed by most quantum mechanics textbooks.

The class of POVM measurements ubiquitous in quantum information theory (Peres [106],

Nielsen & Chuang [104]) is obtained from the DRP by defining a scale that associates to each

detector element k a nominal measurement value xk. Choosing good values for the xk is the

process of calibrating the scale. Given such a scale, we say that the detector measures the quantity

X ∶= ∑
k∈K

xkPk. If ρ is normalized to trace 1, the mean rates become classical probabilities summing

to 1, and pk ∶= ⟨Pk⟩ is the probability of obtaining the measurement result xk. Thus the Born rule

in the form

(BR) The statistical expectation of the measurement results equals the quantum value of the mea-

sured quantity.

follows rigorously from the DRP. Among the ten formulations of the Born rule discussed in Neu-

maier [99], which have different domains of validity, this is the most general formulation (BR-C),

21



valid not only for the projective von Neumann measurements featured in most textbook discussions,

but also for the more general POVM measurements.

4.6 Coherence and collapse

We call a physical system S coherent if it is in a pure quantum state, i.e., if its density operator

is of the form ρS = ψψ∗/ψ∗ψ for some nonzero state vector ψ. Working with unnormalized state

vectors has the advantage that in the following, no repeated renormalizations are needed. Instead,

we scale ψ such that ⟨X⟩ ∶= ψ∗Xψ is the intensity of a beam of systems prepared in the same state.

If a coherent system, represented in the interaction picture by an unnormalized state vector, passes a

macroscopic object, the state vector is constant before and after the interaction with the macroscopic

object, but changes during the interaction by a process usually called state reduction or collapse.

The collapse was formally established by the authority of Dirac in several editions of his book: ”The

state of the system after the observation must be an eigenstate of [the observable] α, since the result

of a measurement of α for this state must be a certainty.” (Dirac [39, p.49], first edition, 1930) ”a

measurement always causes the system to jump into an eigenstate of the dynamical variable that is

being measured, the eigenvalue this eigenstate belongs to being equal to the result of the measurement.”

(Dirac [40, p.36], third edition, 1936). In 2007, Schlosshauer [114] still takes the collapse (”jump

into an eigenstate”) to be part of what he calls the ”standard interpretation” of quantum mechanics.

However, in modern quantum information theory, a more flexible notion of state reduction is used,

which doesn’t require the post-interaction state to be an eigenstate. In an approximation where the

system remains coherent throughout the interaction (such an interaction is called nonmixing), the

unnormalized state vector ψ(k) after the interaction is linearly related to the state vector ψ before

the interaction, but conditional on a detector response k ∈ K obtained. Thus ψ(k) = C(k)ψ, where
the transition operator C(k) specifies the effects of the interaction of the system given the detector

response k, and pk ∶= ∣ψ(k)∣2/∣ψ∣2 is interpreted – consistent with the Born rule – as the probability

of obtaining response k. For few level systems, these transition operators can be experimentally

determined by quantum tomography; hence they are objective features of the underlying quantum

models.

The transition from ψ to ψ(k) is the modern version of state reduction or collapse, as described,

e.g., in Nielsen & Chuang [104, Postulate 3, p.85]. (The C(k) are essentially their measurement

operators.) We consider this situation in more detail in Subsection 4.9, after having discussed an

instructive example.
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4.7 The double-slit experiment

The simplest version of the well-known double-slit experiment for light has two principal aspects:

(i) what happens at the double slit, and (ii) what happens at the screen placed behind it. In a

Laplacian quantum universe, this must be explainable purely in terms of quantum fields. Aspect

(ii) is adequately handled by the DRP, which was discussed in Subsection 4.5. In this subsection,

we consider aspect (i) in the planar version of the experiment. We refer to Mandel & Wolf [91]

for the quantum optics background needed for the present discussion.

Of course, one has to idealize the barrier in some way so that one can do the necessary calculations.

The crucial idea that makes a solution possible is to assume the barrier to be an infinitely extended,

infinitesimally thin, and perfectly reflecting polished surface containing a double slit with infinites-

imally narrow slits. (This is the opposite of the total reflection double-slit of Tsuji et al. [119].)

This assumption eliminates dissipation and results in a unitary dynamics for a model universe solely

consisting of the free quantum electromagnetic field in the complement of this surface. Therefore,

the field satisfies the quantum Maxwell equations in vacuum. As we shall see, these are exactly

solvable in the cases needed, which allows a complete and transparent analysis.

It is known that every pure state of a free bosonic quantum field can be written as a superposition of

coherent states. Because of the linearity of the quantum Maxwell equations, it is therefore sufficient

to consider coherent states. The coherent states ∣F ⟩ of the free electromagnetic field are known to

be in one-to-one correspondence with the solutions F of the classical Maxwell equations, with the

correct boundary conditions, in our case with reflecting boundary conditions at the barrier. Thus

our calculation may use the classical Maxwell equations. The state of a collimated and completely

polarized coherent beam of light corresponds to a solution whose energy density is significant only

in a small neighborhood of the central axis of the beam, thereby tracing out its world tube.

In our 2-dimensional model, we place the barrier without loss of generality on the y-axis, with two

very narrow slits symmetrical to the x-axis. A traveling wave Fin(x, y, t) = F (x − ct) with F (x) = 0
for x > 0 arriving at the barrier from the left is reflected everywhere except at the double slit, where

they form for x > 0 a superposition Fout(x, y, t) of two spherical waves. This follows by solving

the classical Maxwell equations for F with reflecting boundary conditions. A narrow beam of light

whose cross section covers that area where the slits are placed is, in the vicinity of the double slit,

well approximated by a traveling wave, hence we get the same conclusion.

If its cross section has width A and the two slits have total width D ≪ A (or areas A and D in

the 3-dimensional setting), only the fraction p ∶= D/A ≪ 1 of the total energy E of the incident

beam passes through the double slit; therefore, the total energy of the superposition after passing

the barrier is only pE. The remaining energy is in the reflected beam and therefore irrelevant for

the detection on a screen placed to the right of the barrier. In the field-theoretical description, the

total energy E is conserved, but only the fraction pE is available for measurement at the screen.
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By linearity, everything extends to arbitrary states in place of coherent states. In particular, we may

consider a single photon with fixed frequency ω and spatial momentum p approaching the barrier.

Its state is a 1-particle Fock state ψin of energy E = ⟨H⟩ = h̄ω, whose shape is a plane wave moving

perpendicular to p. (In general, single photon states are also in one-to-one correspondence with the

solutions of the classical Maxwell equations.) Since the free dynamics preserves particle number and

energy, the out-state ψout is again a 1-particle Fock state, but now a superposition of two spherical

waves of combined energy pE transmitted through the double slit and a nearly plane wave of energy

(1 − p)E reflected at the barrier; again p≪ 1.

Thus we obtained a clear picture of what exactly happens to light in a single photon state at

the double slit of a perfectly reflecting barrier. Qualitatively (and with considerably more work,

quantitatively), this picture extends when we remove the idealizations (perfect reflection, infinitely

thin). The plane wave state of a single ingoing photon still turns into an out-state which is a

superposition of a transmitted wave and a reflected wave, but their form changes. The transmitted

state still has energy approximately pE but is now a superposition of two only approximate spherical

waves, whose details depend on the thickness and width of the slits and the interactions at the walls

of the slits. The reflected state is in the 100% diffusely reflecting case still a 1-photon state, but

in a complicated superposition of plane waves, in the fully absorbing case (where photon number

and energy are no longer conserved) the vacuum state, and in the general case (after normalization)

a superposition
√
p∣1⟩ +√1 − p∣0⟩ of the normalized 1-photon state ∣1⟩ = ψout/√p and the vacuum

state ∣0⟩. Thus the normalized out-state consists almost only of vacuum, with only a small admixed

fraction of a single photon state, corresponding to the reduced intensity of the beam.

Note that everything was derived in a completely unitary manner and, in our simplified model,

without any approximation.

4.8 Collapse at the double slit

We now compare our findings with the standard treatment of a quantum particle passing a double

slit. According to the textbook description, a single quantum particle travels freely with constant

speed from left to right along a beam perpendicular to the barrier, reaching it at time t = 0. Upon

reaching the barrier, the particle passes the double slit with probability p given by the Born rule,

and is absorbed with probability 1−p. In the following we discuss the more general case with k slits,

shown in Figure 1 for k = 1 and in Figure 2 for k = 2.

The state of the particle is modeled at every time t by a normalized 1-particle wave function ψ(x, y, t).
For t < 0, the particle is to the left of the barrier, and its wave function is a plane wave whose support

is to the left of the barrier. For t > 0, the wave function is supposed to be a normalized superposition

of k spherical waves whose support is to the right of the barrier. In between, at t = 0, Dirac’s

mysterious collapse of the wave function happens, interrupting the unitary evolution.
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Figure 1: Position measurement (barrier UL with a single slit S, detector D)
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Figure 2: The double slit experiment (barrier UCL with two slits S1, S2, screen Σ)

For a single slit, we have at the barrier an ideal, projective von Neumann measurement of position,

answering the question ”Is the particle at time t = 0 at the slit?”, including the subsequent collapse

of the state vector by projection to the corresponding eigenspace of the position operator, which then

propagates further according to the free dynamics with the new initial conditions. For a double slit,

we obtain the Born rule for a partial position measurement answering the question ”Is the particle

at time t = 0 at one of the two slits?”, again including the subsequent collapse.

In the literature, discussion always centers on the conditions that give rise to (or destroy) an inter-

ference pattern at a distant screen, our aspect (ii). What happens at the barrier, our aspect (i),

seems to have been addressed everywhere only in the manner of the Copenhagen interpretation – it

is simply assumed that the situation can be analyzed classically.

However, having seen what happens in the field theoretic treatment of Subsection 4.7, it is not

difficult to give in the standard quantum mechanical framework a corresponding description for a

nonrelativistic particle of mass m and speed v passing a barrier with k slits. Here we model the

setting of Figures 1 and 2 by the exactly solvable 2-dimensional Schrödinger equation for a piecewise

constant potential barrier of height V0 ≫ E = mv2/2 supported at the upper, lower, and for k ≥ 2

central parts of a barrier of thickness δ, located between x = 0 and x = δ. The situation is a little

more complicated than for photons since the Schrödinger equation is dispersive; so we must work

with wave packets rather than traveling waves.
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A free incoming particle moving with speed v in the direction of the x-axis can be modeled at time

t < 0 by the time-dependent wave packet ψ(x, y, t) = φ(x−vt, t) solving the free Schrödinger equation,
where φ is slowly varying in the second argument t and is negligible if the first argument is positive. It

reaches the barrier at time t = 0, where it is partially reflected and partially transmitted. The analysis

of the situation is completely analogous to the textbook analysis of scattering of a 1-dimensional

particle at a rectangular barrier. The only significant difference is that in two dimensions we have

infinitely many modes, hence some integrals appear in the calculations. As final result we find after

the barrier a superposition ψT (x, y, t) of spherical waves centered at all points (x, y) = (δ, y) within
one of the slits, plus a very tiny tunneling contribution. For k narrow slits, this is essentially the

superposition of k spherical waves at the centers of the two slit exits. In addition, we find before the

barrier a reflected superposition ψR(x, y, t) of spherical waves centered at all points (x, y) = (0, y)
within one of the barrier parts, which combine to a near mirror image of the incoming wave packet

if the slits are narrow. Within the barrier region, we have a narrow strip ψB, which we combine

with ψR to the nontransmitted part ψN = ψR + ψB, where N is the region of points with x ≤ δ,

complementary to the region T behind the barrier. Thus the total wave function at times t > τ ∶= δ/v
is ψ(x, y, t) = ψN(x, y, t) + ψT (x, y, t). Therefore the incident beam of total energy E = ⟨H⟩ is
decomposed into the superposition of a transmitted beam whose energy is only a small fraction pE

of E and a nontransmitted (mainly reflected) beam of energy (1 − p)E.
However, since most of the energy flows back, the mental image of a particle traveling from left to

right, implicit in the textbook description, becomes meaningless. To maintain the idea of particles

with a wave function moving from left to right, one must neglect the reflected beam and posit a

conditional ensemble setting foreign to the unitary treatment. One has to distinguish two cases:

If the particle penetrates the barrier, which happens in a fraction p ∶= ∣ψT ∣2 of the particles in an

ensemble, the particle is described behind the barrier by ψT and we get a detector response. To

obtain again a normalized wave function, one must of course divide ψT by
√
p, to mask the fact

that the energy of the transmitted beam has become smaller by a factor p. On the other hand, if

the particle did not penetrate the barrier, which happens in the complementary fraction 1− p of the

particles in the ensemble, we do not get a detector response and the particle is described behind

the barrier by the unnormalizable zero wave function, corresponding to the ignored part ψN , which

vanishes behind the barrier.

In the single slit case, we obtain the Born rule for a position measurement answering the question ”Is

the particle at time t = 0 at the slit?”, including the subsequent collapse of the state vector. In the

double slit case, we obtain the Born rule for a partial position measurement answering the question

”Is the particle at time t = 0 at one of the two slits?”, again including the subsequent collapse.

We may therefore conclude that the conventional loss of unitarity at the double slit and the resulting

collapse of the state vector are a consequence of the simplifying assumptions underlying the models

used, which force a reduced description that misses an important part of what happens in a unitary
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treatment.

One other remarkable piece of information results from our analysis: In the simplified left-to-right

motion model, the collapse happens before the measurement at the detector D, and it happens even

when this measurement is never performed! It is solely a consequence of the interaction at the

barrier, together with the modeling decision to assume a unidirectional motion. In particular, the

collapse is completely independent of human knowledge – knowledge is only needed to know the

particular state to which the system collapsed.

We now describe these results in terms of the formalism of Subsection 4.6. In a particle picture,

this requires that we keep the ensemble interpretation of the beam and treat the detector responses

as indicating which particles passed the barriers, thereby focusing the attention on only one of the

two pieces of ψ = ψN + ψT , depending on the detector result. This change of focus is the modeling

decision that spoils unitarity.

For any open subregion X of R2, we write PX for the orthogonal projector with PXψ(x, y) ∶= ψ(x, y)
if the point (x, y) belongs X, and PXψ(x, y) ∶= 0 otherwise. Then PX = 1 if X is dense in R2,

and PXPY = PX∩Y . With this terminology, our analysis says that the incoming state ψin, i.e., the

wave function ψin at time t = 0, turns after the very short interaction time τ = δ/v into either

the transmitted state ψT = PTU(τ)ψin (if the response was k = 1), or the nontransmitted state

ψN = PNU(τ)ψin (if the response was k = 0). Here U(τ) is the unitary operator describing the

motion for 0 < t < τ , during which the particle interacts with the barrier. Thus, corresponding to the

two possible detector responses k = 1 (particle passed the barrier) and its negation k = 0, we have

two transition operators C(1) ∶= PTU(τ) and C(0) ∶= PNU(τ) = (1 −PT )U(τ). Note that to get the

correct probability 1−p in the nonresponding case we cannot simply neglect ψN ; thus the transition

operator view is closer to the unitary view than Dirac’s collapse.

We may generalize the result of our investigation to the following collapse principle:

(CP) Through every interaction with a macroscopic device, energy is lost to the unmodeled environ-

ment. This is compensated for by the collapse, and Born’s rule ensures a corrected energy balance

and therefore a correctly modeled dissipation. But in a unitary treatment, the energy disappears

elsewhere, in a more complicated way.

This principle can be shown to explain quantitatively the behavior of quantum states when passing

polarizers and other optical filters. It may well explain all other realizations of the Born rule for

projective von Neumann measurements.

Investigating the extent to which other observable instances of the Born rule can indeed be justified

in further concrete cases is left as future work. But at least the unitary explanation of the Unruh

effect (Israel [77]) and of Hawking radiation (Kiefer [85]), as being caused by tracing out

a pure squeezed state, naturally fits this expectation. For a preliminary discussion of a number of
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traditional quantum experiments in the light of the new theory see Neumaier [100].

4.9 Transition operators and random fields

To extract the mathematical essence of state transitions, we generalize the above considerations by

considering transition operators C(z) with labels z from an arbitrary set Z and associated out-states

ψ(z) ∶= C(z)ψ. Then ψ(z)∗ψ(z′) = ⟨C(z)∗C(z′)⟩ for z, z′ ∈ Z.
Even more generally, given a set Z of labels and a family of operators C(z) (z ∈ Z) in a *-algebra L

with state ⟨⋅⟩, we define on Z the kernel

K(z, z′) ∶= ⟨C(z)∗C(z′)⟩ for z, z′ ∈ Z. (4.1)

It satisfies

K(z, z′) =K(z′, z) for z, z′ ∈ Z

and, for arbitrary z1, . . . , zn ∈ Z and arbitrary complex numbers c1, . . . , cn,

∑
j,k

cjK(zj, zk)ck = ⟨(∑
j

cjC(zj))
∗∑

k

ckC(zk)⟩ ≥ 0.

Thus K is a positive definite kernel on Z (Mercer [93]) and defines a coherent product in the sense

of Neumaier [96, Chapter 5]. Any coherent product satisfies the inequalities

K(z, z) ≥ 0 for z ∈ Z,

∣K(z, z′)∣2 ≤K(z, z)K(z′, z′) for z, z′ ∈ Z. (4.2)

The process of coherent quantization (Neumaier & Ghaani Farashahi [98]) guarantees that

there is always a Hilbert space containing a family of (generalized) coherent states ∣z⟩ (z ∈ Z) such
that

K(z, z′) = ⟨z∣z′⟩ for z, z′ ∈ Z. (4.3)

In the particular case where the defining state is pure, represented as ⟨X⟩ = ψ∗Xψ for some vector

ψ in a Hilbert space, the coherent states are simply given by ∣z⟩ ∶= C(z)ψ.
If Z is finite and the probability operators

P (z) ∶= C(z)∗C(z)
form a quantum measure then the numbers

p(z) ∶=K(z, z) (z ∈ Z) (4.4)
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are nonnegative and sum to 1. Hence p(z) can be interpreted as the classical probability for the

occurrence of z ∈ Z. More generally, if there is some measure dµ on Z such that

∫ dµ(z)C(z)∗C(z) = 1, (4.5)

i.e., if the P (z) form a POVM (see Subsection 4.5), then the p(z) integrate to 1 with respect to this

measure, and (4.4) may be regarded as a classical probability density.

We now look at a coherent system passing a sequence of detectors labelled by k = 1,2, . . . ,N at

spacetime positions x1, . . . xN . In an approximation where the system remains coherent through-

out the interaction, we may represent it in the interaction picture as a sequence unnormalized

state vector ψk (k = 0, . . . ,N) with a conditionally linear dynamics given by ψk = Ck(zk)ψk−1

when the detector at xk responded with zk ∈ Zk. For a particular history z = (z1, . . . , zN)
from the set Z ∶= Z1 × . . . × ZN of possible detection results, the probability of obtaining zk is

pk ∶= ψ
∗
kψk/ψ∗k−1ψk−1 = ψ

∗
k−1Ck(zk)∗Ck(zk)ψk−1/ψ∗k−1ψk−1. Since the probabilities sum to 1 for all

inputs, the transition operators must satisfy ∑
zk∈Zk

Ck(zk)∗Ck(zk) = 1. Thus the probability operators

Pk(zk) ∶= Ck(zk)∗Ck(zk) with zk ∈ Zk define the quantum measure corresponding to the kth detector.

Now ψN = CN(zN)ψN−1 = . . . = CN(zN)⋯C1(z1)ψ0 = C(z)ψ0, where C(z) ∶= CN(zN) . . .C1(z1), and
∑
z∈Z

C(z)∗C(z) = 1, a discrete version of (4.5). Hence the probability of obtaining the history z is

p(z) ∶= pN . . . p1 = ψ∗NψN/ψ∗0ψ0 = ψ
∗
0
C(z)∗C(z)ψ0/ψ∗0ψ0.

Thus the P (z) ∶= C(z)∗C(z) with z ∈ Z define the quantum measure corresponding to the detection

of the whole history, with probabilities for complete histories in a 4N -dimensional space of histories.

In general, whenever Z is a set of histories (functions of discrete or continuous time), we get

a classical (discrete or continuous time) stochastic process (cf. Dowker & Halliwell [41,

(2.39)], Dowker & Kent [42, (7.3)]). Similarly, when Z is a space of classical fields (functions of

spacetime), we get a classical random field. Given an arbitrary measure dµ on Z and a family of

operators B(z) (z ∈ Z) such that B̂ ∶= ∫ dµ(z)B(z)∗B(z) is defined and invertible, we may satisfy

(4.5) by defining C(z) ∶= B(z)B̂−1/2. Thus there is a lot of freedom in this general construction of

stochastic processes and random fields.

Note that absolute probabilities of long histories are exceedingly small, often with huge negative

logarithms, and can never be experimentally measured. (The probability for an arbitrary run of 1000

throws of a die is smaller than that for picking any particular atom from the observable part of the

universe, no matter whether this run consists of sixes only or of any other sequence of the numbers

1, . . . ,6.) One of these histories is actually realized, which must caution one against regarding

extremely small probabilities as indicating impossible outcomes! Note that the probability of an

already observed history refers to how likely it is to get, in a similar context, again the same history,
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shifted in space and time! What counts experimentally are not these untestable tiny probabilities

but the testable conditional probabilities for predicting the next few data points from a given part

of the history.

4.10 Decoherent histories

In general, quantum coherence is reflected in the presence of pronounced interference effects in

systems prepared in superposition states. However, to talk meaningfully about interference and

superposition, one needs to choose a particular basis of preferred states ∣j⟩ that are to be superim-

posed. This basis defines the density matrix of the system, whose entries ρjk ∶= ⟨j∣ρ∣k⟩ are indexed
by the basis labels. These satisfy

∣ρjk∣2 ≤ ρjjρkk, (4.6)

with equality for all j, k iff the density matrix has rank 1, i.e., the system is in a pure state. In this

case, we talk of a superposition when more than one diagonal element is positive. Thus physical

systems in superposition have density matrices whose off-diagonal elements are maximally large,

given the diagonal elements. We call

qjk ∶=
∣ρjk∣2
ρjjρkk

∈ [0,1] (4.7)

the degree of coherence of j and k; here we assume 0/0 ∶= 1, catering for the case where the

denominator vanishes. Thus the state is pure iff qjk = 1 for all j, k. The size of the fraction

∣ρjk∣2/ρjjρkk therefore quantifies the amount of quantum coherence of a system.

If a physical system is in a pure state at some time but interacts with something outside it (air, light,

gravitation), the reduced density matrix picks up interaction terms. Therefore at any later time, it

is no longer in a pure state – unlike in the nonmixing approximation discussed above. The effectively

irreversible disappearance of quantum coherence of a physical system, due to its interactions with its

environment, is called environment-induced decoherence or just decoherence. Environment-

induced decoherence, thoroughly discussed in the book by Schlosshauer [114] (and many other

places), is the case where the random phase approximation (RPA) known since 1941 (Landon

[88]) can be justified theoretically. The first such justification was given by Bohm & Pines [16].

Since unitary evolution preserves pure states, decoherence is a clear indicator of the loss of unitarity

of the dynamics, present in most physical systems. The system interacts with the remainder of the

universe, most often through confining walls, but if there are no such walls it still interacts through

gravitation and the cosmic microwave background radiation. For the massive degrees of freedom,

these interactions cannot be suppressed. Therefore decoherence is an omnipresent process, which

can be controlled only for very selected degrees of freedom.
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In the context of histories, condition (4.2) was noted already byDowker & Halliwell [41, (3.23)].

Assuming p(z) =K(z, z) > 0 for all z ∈ Z, the similarity of (4.2) with (4.6) suggests to call

q(z, z′) ∶= ∣K(z, z′)∣2
p(z)p(z′) ∈ [0,1] (4.8)

the degree of coherence of two histories z, z′ ∈ Z. In particular, we always have q(z, z) = 1. A set

Z of histories is called decoherent if q(z, z′) = 0 (or, equivalently, K(z, z′) = 0) for any two distinct

z, z′ ∈ Z.

In the decoherent histories interpretation, the kernel (4.1) is called the decoherence functional.

However, the decoherent sets used there are in fact only approximately decoherent in the sense

that q(z, z′) ≪ 1 if z and z′ are not too close. This makes the decoherent histories approach

conceptually somewhat fuzzy.

5 Conclusions and Outlook

Based on standard quantum field theory applied to the universe and precise definitions of terms

usually left to interpretations, this paper derived a fairly common-sense unitary single-history, single-

world alternative to decoherent histories and many-worlds interpretations. The stochastic features

and quantum peculiarities such as the collapse of the wave function are shown to arise from the

neglect of the environment in simplified approximate models. The detailed example of the double

slit revealed new features that shed new light on the quantum measurement problem and the origin

of the Born rule.

What has been presented in this paper allows us to recast the measurement problem into a formu-

lation with a precise mathematical content. From today’s perspective, it is the problem to derive,

starting solely from unitary dynamics and with reasonable accuracy,

● why a quantum measurement device, specified in quantum mechanical terms (as outlined in Subsec-

tions 3.1, 4.1, and 4.2), behaves in accordance with the Born rule when interacting with a quantum

system to be measured;

● why the initial state of a quantum system changes through local interaction with a quantum

measurement device into a final state consistent with a postulated state reduction or collapse (as

discussed in Subsections 4.5 and 4.6).

This requires one to provide, for each class of prepared quantum systems to be measured, for the

corresponding measurement devices, and potentially for some part of the environment,

● a physically reasonable, unitary model in terms of microscopic degrees of freedom and their local

interactions;

● an appropriate reduction to an open system, inducing effective interactions that are typically non-

unitary and non-linear and therefore exhibit randomness and chaos;
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● the identification and calculation of appropriate N -point functions encoding the mesoscopic re-

sponses of the measurement device, including their non-local quantum mechanical correlations; and

● details on the emergence of appropriate POVMs, in particular the measurement operators C(k)
described in Subsection 4.6.

This shifts the status of the measurement problem from a metaphysical question to a set of questions

that can be investigated at the level of mathematical physics.

One implication is that one must go beyond oversimplified models, such as those by von Neumann

[103] and its variations in environment-induced decoherence (Zeh [129], Schlosshauer [114]) and

the many worlds interpretation (Everett [45], DeWitt [36]). These rely on unrealistic features

such as a tensor product structure of the total model, pure states for macroscopic systems, a linear

reduced dynamics, or detectors having only one degree of freedom. In the past, these features

led to final states with coherent superpositions of all measurement outcomes, mere artefacts of

inappropriate models.

The use of unrealistic models may explain why these investigations failed to solve the measurement

problem. They lured physicists into

● abandoning the attempt for any realistic interpretation of quantum physics, and to commit to a

pure instrumentalist view (Bohr et al.) or an ensemble interpretation (Ballentine) silent about the

fate of idividual systems; or

● postulating an ad hoc collapse (Dirac, von Neumann); or even

● interpreting superpositions as evidence for the existence of many worlds (Everett), of which only

one is observable.

In contrast, the new approach offers the prospect of a solution without undue metaphysics, based

on the well-established mathematical framework of quantum field theory and on a careful modeling

of each system under investigation. Continuing this for models other than the double slit is work in

progress; some partial results are discussed in Neumaier [100].

Acknowledgment. Thanks to Phillip Bachler for useful discussions and for the creation of the

figures.
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