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Abstract

I argue that quantum decoherence—understood as a dynamical process en-
tailed by the standard formalism alone—carries us beyond conceptual aspects
of non-relativistic quantum mechanics deemed insurmountable by many con-
tributors to the recent quantum gravity and cosmology literature. These
aspects include various incarnations of the measurement problem and of the
quantum-to-classical puzzle. Not only can such problems be largely bypassed
or dissolved without default to a particular interpretation, but theoretical
work in relativistic arenas stands to gain substantial physical and philosoph-

ical insight by incorporating decoherence phenomena.

1. Introduction: Quantum Theory’s Béte Noire

The consensus view emerging from recent work in relativistic quantum theory—
specifically, within both covariant and canonical approaches to quantum
gravity and inflationary cosmology—is that deep puzzles in these fields can-
not be resolved without first assuming a solution to the measurement problem
inherited from quantum mechanics. Entwined with the measurement prob-
lem is a felt need to “close the explanatory circle” by providing a quantum the-
oretic explanation for classical phenomena, i.e., to tell a thoroughly-quantum
story as to why macroscopic systems consistently appear stable with respect
to certain degrees of freedom as opposed to others.

Consider [13] wherein we find the following statement:

As regards the account of classical phenomena, the very formula-
tion of non-relativistic quantum mechanics poses a problem that
is known as the measurement problem. Relativistic quantum
mechanics—that is, quantum field theory—faces this problem
as well. Quantum gravity being the project of unifying quan-
tum field theory with general relativity theory, it is not to be
expected that quantum gravity will solve the measurement prob-
lem. Nonetheless, any approach to quantum gravity that is to
be empirically adequate has to take a stance on the measurement
problem, the question being how to account for measurement out-
comes within a quantum theory, including a quantum theory of
gravity. (p. 44)



Thus it is assumed that all approaches to quantizing gravity must first adopt
a particular interpretation of quantum mechanics from which to proceed.
Though the motivation for assuming a given interpretation is slightly different
in [34], theirs is a similar method:

An honest application of quantum mechanics to cosmology re-
quires, by necessity, the use of an observer independent interpre-
tation of the theory. That is, a version of the quantum formalism
not fundamentally based on the notion of measurement or on that
of an observer external to the studied system. The standard in-
terpretation, then, is inadequate in this context because it relies
too heavily either on measurement as a primitive term or on a
division of the systems and process of the world into macroscopic
and microscopic (or observer/observed, classical/quantum, irre-
versible /reversible, conscious/unconscious, etc...). (pp. 114-115)

Not only do Okon and Sudarsky believe interpretation is necessary, but they
argue that three important issues plaguing relativistic theories are resolved
given a collapse interpretation: the origin of the seeds of cosmic structure,
the problem of time in quantum gravity, and the information loss paradox

for black holes.

Okon and Sudarsky follow in the line of inquiry proposed a decade ago in
[17], who provide the following explanation of their work (p. 276):

We shall sketch how most, and perhaps all, of the conceptual
problems of canon- ical quantum gravity vanish if we insists upon
formulating our cosmological theories in such a matter that it is
reasonably clear what they are about—if we insist, that is, upon
ontological clarity—and, at the same time, avoid any reference to
such vague notions as measurement, observer, and observables.

What these authors mean by “ontological clarity”, it turns out, is to render
things solely in terms of the de Broglie-Bohm theory. Thus we have yet
another project in quantum gravity and cosmology which (implicitly or oth-
erwise) assumes the measurement problem must be resolved before progress
can be made.

But is the early incorporation of a particular interpretation really necessary?
— Not just for addressing both new and inherited problems, but for making



substantial progress in relativistic domains? 1 say no, and no again. The
purpose of the following essay is to argue that quantum decoherence in and
of itself addresses precisely those aspects of the measurement problem many
believe require resolution before going onwards, and for resolving new issues
within relativistic applications of the theory. Relatedly, decoherence is the
dynamical process which provides the missing segment of the explanatory
circle: nothing beyond the standard formalism is required for telling the
story of the quantum-to-classical transition entirely quantum-mechanically.
Granting these two claims, there is a way to get further into the physics of
both cosmological and quantum gravitational theories without declaring ad-
herence to one interpretation or another. Not only do I argue one can remain
interpretation neutral for longer, but I also suggest that work in relativistic
domains might benefit greatly by incorporating decoherence phenomena.

I begin with an investigation of the closely-related conceptual problems in-
herited from quantum mechanics, and what decoherence has to say about
each—defining measurement, the measurement problem (in all its guises) and
closing the explanatory circle. I then examine two different but representa-
tive responses to quantum theory’s béte noire in relativistic theories: Esfeld
and Vassallo’s [13] response, in which it is argued that the measurement
problem inevitably leads to a dilemma when applied to canonical quantum
gravity, and the response of [34], which advocates the adoption of a partic-
ular interpretation (collapse) in order to resolve both long-standing issues
and those emerging within cosmology and quantum gravity. In the case of
responses like the first, I argue decoherence allows us to dissolve (most of)
the beast and therefore make progress in the suggested theoretical arena;
regarding responses of the latter type, I argue that decoherence alone can
provide answers to the new riddles, and point out that such theoretical work
has been done already. I close with a few suggestions for further work in
keeping with this paper?s mantra: “more decoherence, less interpretation!”

2. Applying Decoherence to the Measurements,
Interpretations and the Explanatory Circle
I define decoherence in keeping with the vast experimental literature being

generated through applications of canonical models of decoherence: it is a
dynamical process whereby a system’s phase relations in particular bases



become decohered or randomized by commuting with external (environmen-
tal) degrees of freedom. The cause of decoherence processes is entanglement
with external degrees of freedom (weakly defined; one can even let a single
electron’s spin be the “system” and its translational degrees of freedom the
“environment” and observe decoherence). Decoherence of a system will sup-
press to extraordinary degree interference terms in the decohered basis, such
that further interactions will practically always “see” the system in an eigen-
state of the basis or bases most affected by decoherence (that is, with respect
to system degrees of freedom that commute most rapidly and efficiently with
environmental degrees of freedom).

Note that entanglement can arise apart from interaction. Thus, entangle-
ment is necessary and sufficient for decoherence irregardless of whether or
not an interaction (“measurement event”; if you will) has taken place. Since
any given system is entangled with at least one other system (if not ini-
tially, then immediately thereafter), decoherence will ensue. Thus one may
assume that a vast majority of systems are already decohered or undergoing
decoherence in various bases.

2.1. Measurements

Most will agree that for a measuring entity to count as such requires only that
some information about the system be gained by the entity, and perhaps also
that this information be in principle able to be gathered at a later time. If
the sole necessary condition is that information be transferred from system to
environment, and if entanglement enables such a transfer of information even
without interaction, then the knowledge that entanglement begets decoher-
ence between environmental degrees of freedom and a system is sufficient for
understanding how this process enables the environment to effectively mea-
sure that system in interaction-less cases. Even were one to demand weak
interaction with external degrees of freedom in order for a measurement to
occur, one must concede that uncontrollable measurements of this sort are
taking place constantly via scattering of stray particles in a manner sufficient
to induce decoherence. No reference to an observer, a measuring device or
even a measurement is therefore necessary when decoherence processes are
involved.



2.2. The “Measurement Problem” Problem

The frequency with which a variety of issues are conflated with the measure-
ment problem is itself a problem. Take, for example, just such a confusion
from the opening comments in [20]—a foundational paper on decoherence,
written by physicists, who are nonetheless driven by questions of a philo-
sophical nature. They begin the paper as follows:

The relation between classical and quantum mechanics is at the
heart of the interpretation problem of quantum theory. Outcomes
of measurements are usually expressed in classical terms at a cer-
tain level of description: the pointer position is assumed to be
definite like the position of a classical point mass in space. On
the other hand, the general applicability of quantum theory—
that is, essentially, the superposition principle—is important for
many phenomena of macroscopic objects, for example, in solid
state physics. However, if applied rigorously, this principle would
lead to possible states never observed in nature, like superposi-
tions of macroscopic objects in very different positions or of other
“macroscopically different” states. One may also wonder why mi-
croscopic objects are usually found in energy eigenstates, whereas
macroscopic objects occur in time-dependent states. (Ibid., p.
223)

Within this brief paragraph one can see traces of the following issues: the
quantum- to-classical transition, the problem of why macroscopic superpo-
sitions are never observed, why certain eigenstates seem to dominate at dif-
ferent scales, and the assumption that measurement outcomes are definite.
Furthermore, it has been (and continues to be) claimed that decoherence
solves the measurement problem.! But which measurement problem? While
a study of decoherence may have something to say regarding certain ques-
tions grouped under the measurement problem rubric, the theory does not,
solve all the questions sometimes attributed to it. Max Schlosshauer [37, pp.
49-50] has devised a catalogue of the different problems sometimes called “the

LA representative sample of this sort of claim can be found in [3,4], in which Anderson
argues that decoherence eliminates the need to invoke a collapse of the wave function. See
also the response to Anderson by Adler [1]; more glimpses of the question of decoherence
solving the measurement problem can be found in [2,7,40,42].



measurement problem”; I borrow his breakdown of the problem into three dis-
tinct questions, arguing for each that decoherence theory either obviates the
question or cannot be expected to answer it.2

2.2.1. The Problem of the Preferred Basis

The superposition principle, which lies at the heart of quantum theory, has
the logical consequence of allowing a vast number of basis choices in which to
carry out measurements of a given quantum system. The question then arises:
why do we consistently observe systems in only a small-—and consistent!—
subset of all possible bases? This subset of bases corresponds to classical ob-
servables in an overwhelming majority of cases (i.e., to diagonalized bases).
For example, one usually observes larger systems in position bases but not
superpositions of position bases. Given the statistical improbability of always
observing bases that are classical, why should such preferences for them ap-
pear in nature?

Zurek [44] and Schlosshauer [37], among others, argue that decoherence the-
ory provides something by way of an explanation to the puzzle of why cer-
tain bases (and bases that typically correspond to classical variables) appear
to be favored. Zurek explains that decoherence brings about a process he
has named “environment-induced superselection”—often abbreviated “einse-
lection” in the literature—and it is this latter process that accounts for the
prevalence of certain bases in nature. Einselection refers to a dynamical
process that arises as a system continues to interact with environments: dur-
ing interaction, the space of possible superpositions is narrowed to a subset
consisting of those states of the system dynamically robust with respect to
the environment’s effects. In other words, strongly favored bases are those
in which the quantum system is resilient to the quantum-coupling influence
of the environment, either because the respective degrees of freedom do not
commute or because they only weakly interact.

A provocative example of decoherence dynamically selecting a preferred basis
involves a study done in [12]. The authors consider the evolution of a spin
quantum system in a spin bath (an environment at thermal equilibrium) and
demonstrate that under limiting conditions regarding system-environment

2Though I follow Schlosshauer’s analysis of the measurement problem, my arguments
for what decoherence has to say about each one are not necessarily his.



interactions certain polarization components of the system stabilize very
rapidly.

The master equation for the sort of model considered by Cucchietti et al.
contains a polarization vector with components for each of the three possible
spin axes. It is then simply a theoretical exercise of taking the equation as
input and mapping its evolution through time, observing which component
of the polarization vector stabilizes in various cases. The component that is
most robust under environmental interaction will determine into which eigen-
states the system may fall upon measurement. They considered two limiting
cases: the first interaction they modeled involved assuming weak intrinsic dy-
namics of the system, and the second interaction involved the limit of strong
intrinsic system dynamics. Strong intrinsic dynamics might be generated in a
quantum system by that system’s polarization degrees of freedom becoming
entangled with its own translational degrees of freedom. When the system
has strong dynamics internally, the system self-Hamiltonian dominates the
total Hamiltonian (which also includes an environmental self-Hamiltonian
and an interaction Hamiltonian) and one expects little or no environmental
effect. In the limiting case of weak system dynamics, the interaction Hamil-
tonian will govern the evolution of the total Hamiltonian, and one expects
to see the system responding keenly to the influence of the environment.

This is in fact what Cucchietti et al. [12] found. In modeling the weak
limiting case, the system evolved such that the x and y components of the
polarization vector decayed extraordinarily rapidly to approximately zero
and maintained values approaching that limit. The z component, however,
remained comparably stable at a value substantially greater than the other
axes. This means that in the case of weak intrinsic dynamics, the effect
of the system-environment interaction was such that two of the three pos-
sible spin bases were quickly and effectively suppressed while the z basis—
corresponding to possible measurements of the quantum system in either a
spin up or spin down state—was largely impervious to environmental effects.

In the case of strong intrinsic dynamics, the system?s evolution results in the
steady decay of oscillating values for the y and z polarization bases but a
stable value for the x component. This leads to the dynamical emergence of
energy as the most robust basis, and indeed measurements on the system in
this case yield (apparent) energy eigenstates.



Thus decoherence gives us a dynamical story explaining why certain bases
seem to be preferred in different situations. No spooky, biased world con-
sciousness is at work: it is only the dynamics of entanglement manifest ac-
cording to the nature of the given system?”environment interaction.

2.2.2. The Problem of the Non-Observability of Interference

To illustrate how decoherence explains away this problem, consider the para-
dox of optical isomers. The two primary configurations for optical isomers
are symmetric with respect to parity. However, certain molecules like sugar
and ammonia fail to exhibit this symmetry due to the complicated relation-
ship among the elements composing them, and are thus referred to as chiral
molecules, and are identified in terms of left-handed states or right-handed
states.

Applying the superposition principle to this case, we note that the proper
spatial state description for a chiral molecule should include left-handedness
plus right-handedness, with certain phase amplitudes attributed to each com-
ponent. This is similar to double-slit experiments where the position of the
particle is described by a superposition of the trajectory through the first
slit (with some phase amplitude) plus the trajectory through the second slit
(with some phase amplitude). Since chemists know their quantum mechan-
ics, they expect to find optical isomers occupying a super- position of left-
and right-handedness a vast majority of the time. And this makes sense: the
probability that the phase amplitudes of both handed states are non-zero
(and thus give rise to a measurable superposition) is far greater than the
probability that one state has phase amplitude 1 and the other 0.

Enter the “paradox™ while the ammonia molecule is often observed in a su-
perposition of chiral states (as we expect) and rarely measured in a definite
handed state, the structurally similar sugar molecule has only ever been mea-
sured in one or the other of the definite handed states, and never a superpo-
sition thereof. Why does nature act according to our expectations regarding
the ammonia molecule’s spatial position but contrary to our expectations in
the case of the sugar molecule? In [20] the authors tackled the paradox of
optical isomers from the vantage point of system-environment interactions.
They considered a parity eigenstate of these molecules in interaction with
a single unpolarized photon (i.e., one with trivial intrinsic dynamics). Joos



and Zeh applied their new Hamiltonian—with a component describing the
molecule qua system, the photon qua measuring device, external photons as
the environment and an interaction component—and found that in the case
of the sugar molecule, the photon-plus-molecule system became strongly cor-
related to environmental photons. This entanglement destabilized and prodi-
giously damped the phase amplitudes existing among the sugar molecule’s
handed states, which is to say that the superposition decohered leaving the
handed states stable under environmental influence. Hence our rarely (if
ever) finding sugar in a left-plus-right superposition state.?

Joos and Zeh calculated rudimentary values for the rate of decoherence of the
chiral states and found that it would happen on a timescale many orders of
magnitude faster than the measurement process itself. In other words, before
a measurement event indicating which state the sugar molecule was in could
even occur, decoherence had already destabilized to prodigious degree the
relationship between various components of the superposition, and rendered
the left- the right-handed components effectively discrete. So this type of
molecule, handed eigenstates remain robust under environmental influence
while the phase relations between them are suppressed to near-nothingness.

Decoherence also satisfactorily explains the behavior of the ammonia molecule:

3Granted, it would be hard to say just what a superposition like that would look like:
would the molecule be smeared out between the two positions? or flash back and forth
between them? or phase in and out of existence? The question might then arise: how do we
know these superposed states are still part of the system’s description if we cannot really
measure them, and do not even know what it would look like if we could? In response,
recall that interference terms are the physical manifestation of interference among different
states of a superposition, i.e., phase relations among component states. There have been
a number of significant experiments done in recent years in which physicists were able to
observe interference phenomena in systems even larger than sugar and ammonia molecules.
That is to say, experimenters have been able to stave off decoherence long enough in highly-
engineered situations that they could observe interference—which can only be explained
as arising from superposed states—in systems that are enormous compared to the sorts
of things typically described using quantum mechanics. In fact, the 2012 Nobel Prize in
Physics was jointly awarded to Haroche and Wineland, whose respective labs have made
extensive progress in measuring the quantum behavior of systems at the microscopic and
mesoscopic scale (cf. [8,31,33,35] for details). Physicists have now observed superpositions
in systems as large as Rydberg atoms and ‘Bucky balls’—Cgy and C7g fullerenes. One
wonders whether our engineering might ever become so clever that we could send an
elephant into a double-slit apparatus and get a pachydermatous interference pattern out.
It is, in principle, possible.



the dynamics of its spatial states under environmental interaction are such
that chiral superpositions do not become correlated with the photon environ-
ment. As such, no decoherence occurs among phase relations in the position
basis. Superpositions of handed spatial states in the case of ammonia, then,
remain stable and are what we observe. Joos and Zeh conclude from this that
decoherence processes can account for the chemists? paradox: it is nothing
above and beyond the quantum dynamics of a total system—that is, system
plus environment—that explain measurement results for both of these opti-
cal isomers. Nature is not fickle—it does not favor pure chiral states in the
case of one molecule but superposed chiral states in the case of the other.
Instead, it is the specific way in which a specific molecule entangles to a spe-
cific environment that results in the increased or decreased “observability” of
specific states.

A separate question involves the effects of these supposedly ubiquitous super-
positions, namely, interference phenomena. If superpositions ought to be the
usual measurement outcomes, then interference effects ought to be much
more prevalent in nature, yet they are observed much less frequently than
one would expect. It took some years for physicists to realize that the in-
terference terms missing from observation were not necessarily absent but
perhaps merely hidden. However, this puts a different puzzle on the table:
why do interference phenomena become hidden so quickly? It cannot be due
to the dissipation of the system’s energy into the environment (or vice versa),
for decoherence theory provides us with the means to calculate a rate of de-
coherence (given some basic assumptions about the behavior of the system
and the environment) and it is extremely fast—orders of magnitude faster
than the rate of dissipation in uncontrolled environments.

The usual textbook explanation for the non-observability of interference in
matter, as reported in [37, pp. 55-56], goes something like this: consider
the analogy of a classical light wave and the interference that results from its
passing through a suitable diffraction apparatus—e.g, the traditional double-
slit arrangement. In this case, students are told that the distance between
the slits must be comparable to the de Broglie wavelength of the light in
order for interference phenomena to appear, owing to the resolution power of
a double-slit apparatus so constructed. It follows that in the case of matter
waves, interference phenomena are practically hidden from us because we
lack the technological ability to manufacture a double-slit apparatus with

10



adequate resolution at that scale.

There is no denying that this technological limitation prevents our obser-
vation of interference between matter in many laboratory setups. However,
this does not explain instances of clever engineering wherein experimenters
have been able to observe interference effects at a scale well within the opera-
tionally defined scopic domain. Such is the case, for example, in experiments
performed with massive C7y molecules (cf. [10]) and the even more massive
fluorinated fullerene molecules (CgoFyg) studied by the same research group
[18].4

Yet there must be some other explanation for the pedestrian fact that in
usual, uncontrolled situations, interference is not observed as often as one
should expect. The further explanation is once again provided by decoher-
ence. The phase relations of the system’s post-entanglement state in the
emergent einselected basis become suppressed with great rapidity upon in-
teraction with the environment’s mutually-commuting degrees of freedom.
Such mutually-commuting quantities in the environment can then be con-
sidered to continually measure or observe that quantity within the system.
Put simply, we do not observe interference because without utmost precision
and care, we are always dealing with a system whose prior interaction with a
huge number of external degrees of freedom effectively hides (but note well,
does not destroy) interference terms.

2.2.3. The Problem of Outcomes

This problem is the one most frequently taken to be the measurement prob-
lem in the literature, and is perhaps the question most directly related to
explaining the quantum- to-classical transition. Schlosshauer [37, p. 57|
separates the problem of outcomes into two questions: the generic problem
of why we get definite outcomes from measurements on quantum systems
with probabilistic state distributions, and the specific question of why we get
the particular outcome we do. Decoherence obviates the first question but
cannot answer the second; consequently, it is only the specific problem of
outcomes one should consider as-yet unresolved.

4For more experiments in the mesoscopic regime, see [5,6] or the numerous experiments
discussing the production of stable mesoscopic superpositions, or so-called “Schrédinger
kittens.”
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e The generic problem: why do we get definite measurement out-
comes?

Because decoherence—which is effectively universal and exceedingly
rapid in most uncontrolled cases—does not destroy but only suppresses
interference terms, what we observe to be a definite outcome is only
apparently so. The nonlocal aspects of the system still exist, but they
are damped to such an extent that their consequences would be unob-
servable in any realistic timeframe.®> Thus the answer to the question,
“Why do we get definite outcomes for quantum measurements?” is
simply that we don’t get definite outcomes, except in the smallest per-
centage of situations. What we usually get is a distinctly quantum
(nonlocal) state of affairs that is empirically indistinguishable from a
definite outcome or eigenstate in a preferred basis.6

e The specific problem: why do we get the particular outcome we do?

While the generic question asks why we usually measure eigenstates
in a preferred basis—a definite point on the screen instead of a fuzzy
splotch, say—the specific question asks why we measure a given eigen-
state instead of (possibly equiprobable) others in the robust basis—e.g.,
an apparently definite point on the left side of the screen instead of the
right side, or an alive cat instead of a dead one.

Though decoherence obviates the general question, I agree with the
assessment of Schlosshauer and others that the question of specific
outcomes is not, and perhaps cannot, be answered by decoherence.
Thus, this problem alone remains outstanding of all those routinely
categorized as “the measurement problem.” Decoherence explains why
it is that measurement outcomes assume the appearance of eigenstates
despite the far greater statistical likelihood of measuring superposed
states. But once the process of decoherence has dampened interference

®Although for certain interactions there is a time of recurrence, or a time after which
nonlocal aspects of the system will re-achieve their initial values, this length of time is so
great in most situations involving uncontrolled decoherence as to be ignored.

6By “empirically indistinguishable” I mean there exists no executable test or event or
measurement, etc., that would likely ever—even if repeated over the span of several life-
times of the universe—yield results differing from what we usually expect in this regard,
e.g., a macroscopic system occupying a superposition of position eigenstates.
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terms between components of possible superposed states, the compo-
nent states themselves remain robust possible states. How it is that
one among these comes to be measured remains an open question.

It is my suspicion that at the root of this desire to render quantum
mechanics complete is a deep discomfort with accepting that quantum
mechanics reveals a truly indeterministic world—a world that does not
contain a causal (or any other) story about the “choice” of one approxi-
mately non-superposed state over other approximately non-superposed
yet equiprobable states. If physics has taught us that the world is in-
determinate, then an answer to the specific problem of outcomes might
well lie outside the scope of what is accessible or demonstrable.

In sum, when the measurement problem is broken down into separate ques-
tions as above, we see that decoherence has something to say about three of
the four: the problem of preferred basis is solved by considering the dynam-
ical consequences of system-environment interactions, the problem of lack of
observable interference is explained by the suppression of interference terms
resulting from system-environment interactions, and the general problem of
outcomes is seen to be ill-posed, in that we are rarely obtaining definite re-
sults but results that have the appearance of definiteness due to decoherence.
Decoherence itself cannot answer the question of specific outcomes. I have
suggested that to hope for this sort of answer from physics may be a result of
our misunderstanding or hesitating to accept thorough-going indeterminacy
in our world.

2.3. Interpretations

By incorporating decoherence as one should, within the standard formalism of
quantum mechanics, one can make substantial progress eliminating the black
beast; interpretations of quantum mechanics need only be invoked if one re-
quires a physical explanation for the problem of specific outcomes. There
is a cost-benefit analysis to be carried out here, as no single interpretation
currently on offer is free of significant philosophical baggage. Everett inter-
pretations typically exceed the commitments necessary for standard quan-
tum mechanics by positing extra ontology like branching worlds or minds
to explain why this outcome; if one does not regard such interpretations as
satisfactorily answering the specific problem of outcomes, then in light of the
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interpretation-free explanations provided by decoherence and the standard
formalism, it seems one pays a rather high price for little gain.

Historically, Bohmian mechanics and collapse interpretations were developed
precisely in order to explain the appearance of classical phenomena (definite
outcomes being among these). Now that we largely understand such puzzles
in virtue of entanglement and decoherence, it would seem that the primary
motivation for adopting a Bohmian or collapse interpretation has been pulled
out from under one. This historical point aside, if one focuses on the specific
problem of outcomes as the source of the anxiety, then the same is true of
these interpretations as of many Everettian explanations: they supplement
the standard formalism in order to get answers. In the case of Everett, this
supplement is often philosophical but sometimes carries inescapable physical
ramifications; in the case of Bohm and collapse interpretations, one must cer-
tainly admit additional physics alongside one?s philosophy, e.g., the quantum
potential or a non-unitary collapse mechanism. But if important theoretical
work can be done without going these extra steps in any given direction,
don’t we stand to gain from the sustained generality of such an approach?

2.4. Closing the (Non-vicious) Explanatory Circle

I reiterate what has been said above: decoherence qua a physical process
resulting from entanglement among various degrees of freedom brings with
it no supplement to the physics, which has been known in full for nearly a
century now. It introduces no new physical principles, nor is it an inter-
pretation. Instead, decoherence presents a fascinating lens through which we
might understand with greater precision the dynamics giving rise to quantum
phenomena, enabling us to study the strange effects of entanglement from a
broader perspective.

Earlier papers written on decoherence often include arguments for the univer-
sality of decoherence in a stunning majority of realistic cases, and calculate
the extraordinary rapidity of decoherence compared to other physical pro-
cesses. These results have led some to claim that decoherence provides the
key for understanding why there exist in the pantheon of everyday objects
things that can be labeled classical objects despite to a fundamentally quan-
tum world.

14



This particular mismatch between what is observed and what is known and
expected regarding quantum behavior and phenomena is commonly referred
to as the problem of the quantum-to-classical transition. In his 2012 entry
on decoherence for the Stanford Encyclopedia of Philosophy, Bacciagaluppi
introduces the idea of coming full circle as follows:

The question of explaining the classicality of the everyday world
becomes the question of whether one can derive from within quan-
tum mechanics the conditions necessary to discover and practise
quantum mechanics itself. (Sect. 3.3, emphases original)

Decoherence accomplishes precisely this: it was in virtue of analogies with
classical mechanics that we were able to develop quantum mechanics, and
now we find that it is in virtue of quantum processes that objects appear clas-
sical to begin with. More to the point in the essay that follows: it is in virtue
of processes entirely described within the standard formulation of quantum
mechanics that phenomena in all regimes—micro, meso and macro—can be
given quantum-mechanical explanations.

To put it another way: by pursuing the consequences of quantum principles,
we learn that it is a quantum feature of the world—mnamely, the universality of
entanglement and the decoherence processes resulting therefrom—that gives
rise to states of affairs that are empirically indistinguishable from “classical”
states of affairs.

The related concept of closing the epistemic circle is from [38], and it is
meant to describe the fascinating historical fact that it was only by imple-
menting classical concepts and the correspondence principle between classical
mechanics and quantum mechanics that the latter was articulated, yet now
we find that it is in virtue of quantum mechanics that the full truth underly-
ing classical mechanics (i.e., that it is only apparent and that this appearance
is contingent upon quantum processes) comes to light. Decoherence is the
crucial link needed to close this loop, and it seems to do so beautifully.

There are some who argue that closing Shimony’s epistemic loop through
decoherence is viciously circular. In particular, a few authors have taken
refuge in the correspondence principle, demanding that this principle (whose
intended function was primarily heuristic) nevertheless remain the point on
which all questions about the classical-to-quantum transition are settled.
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Related to these convictions are notions still expressed in philosophy and
physics (though becoming less frequent) that puzzles like nature’s apparent
preference for classical observables must be explained in terms of selection
or super-selection principles, which are primitive notions.

To begin with, consider the just warning on this point given in |9, p. 354|
(emphasis original):

Being a pragmatic precondition for is not tantamount to Being
full stop. Having been used as an indispensible [sic| starting point
of an epistemic process is not equivalent to having more ontolog-
ical weight than the end produce of this very epistemic process.
One should realize that choosing a starting point has no ontolog-
ical implication at all.

The historical fact of the matter is that being creatures of a particular size
and with particular faculties of perception and interpretation and so forth,
we came to know our world in a classical way before we understood it in
a quantum-mechanical way. Naturally, the first class of variables chosen
to be observables were those suitably describing the familiar, macroscopic
world. But now that we have available to us a deeper under- standing of
the microphysics, we must recognize that the choice of such observables was
contingent upon available methods of measurement. Such concepts as were
successfully used for millennia to describe objects at certain scales are, we
now know, concepts whose very appearance is owing to ubiquitous quantum
interactions. There is simply no need to puzzle any longer about the strange
fact that nature seems to present itself more easily in certain ways over oth-
ers: macroscopic objects commute with their environments largely in terms
of position, and thus environments quickly begin to ?monitor? such systems
in that basis—the system becomes decohered in position and any further in-
teraction with the system will find it to be in an apparent eigenstate of that
same basis. Similar accounts succeed for microscopic systems: electrons com-
mute most readily with typical environments (like atomic nuclei or electro-
magnetic field modes) in the energy basis, and thus when measured electrons
apparently occupy energy eigenstates. Bohr’s atomic model of 1913 was
considered successful even after the advent of the new quantum theory pre-
cisely because measurements always yielded energy eigenstates: the electron
was decohered by some environment in the energy basis and phase relations
among components of the superposition were suppressed beyond recall.
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Let us return for a moment to the question of observables, and on what
grounds certain operators have come to be known as observables. The same
story applies here: why certain operators lend themselves more readily to
physical interpretation over others is a contingent fact based on the nature
of environmental interactions, and not due to some hidden law of nature
that selects or prefers such operators. As discussed above, the stability of
a particular basis with respect to uncontrollable environmental interaction
is determined by the dynamics of the specific interaction(s), which leads
to the approximate diagonalization of the einselected basis (another way to
describe the effects of decoherence). Because certain bases (e.g., macroscopi-
cally superposed bases) are extremely unstable under evolution in even weak
environments, the probability of observing a system in such bases is infinites-
imal.

Hermitian operators are linked to classical variables in quantum theory be-
cause their self-adjointness guarantees eigenvalues corresponding to easily in-
terpretable, apparently distinguishable quantities. By associating this class
of operators with historically and contingently preferred variables like po-
sition, momentum, energy and time we adopted a way of doing quantum
mechanics that determined which variables could be interpreted as physi-
cal or real or classical, and which could not. To illustrate the contingency
of Hermitian operators as linked to classical variable values, note the exis-
tence of research programs in quantum mechanics that employ non-Hermitian
operators—that is, programs who take as observables certain quantities that
do not correspond to the usual variables. Though the experimental nature
of this physics is (unsurprisingly) enormously difficult, the existence of such
programs demonstrates that entire regimes of quantum phenomena and sys-
tems have remained unexplored simply because they were deemed unphysical
long ago.

Now that we understand that the choice of operators is in a deep physical
sense arbitrary and only limited by obstacles of engineering, entirely new are-
nas of investigation are open to us. Examples of work with non-Hermitian
operators include [19,29,36,39,43]. More poignant for the theories at issue
in this paper is an article written recently by Kiefer (whose research we
will encounter again in later sections) and Schell [27] in which they pro-
vide justification for the use of triads as canonical variables in loop quantum
cosmology. In previous work describing such approaches to quantizing grav-
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ity, the association between mathematically convenient variables (like tri-
ads) and appropriate, measurable, physical variables (like the three-metric)
were either ignored or assumed. Kiefer and Schell use decoherence to justify
this link between the formalism and the physical facts by pointing out that
triads—which play a role in quantum cosmology analogous to that of the
three-dimensional metric in geometrodynamics—are chiral creatures able to
assume two different orientations, and yet are supposed to give rise to only
one (the physically realized, if you will) metric (ibid., p. 1).

Mimicking the technique used to resolve the very same paradox of optical
isomers mentioned in our treatment of the measurement problem, Kiefer and
Schell show that given typical models of loop quantum gravity, fermonic fields
are sensitive to triad orientation and are therefore suitable environments for
initiating decoherence in triads with respect to that basis. Assuming (triv-
ially) that triads are able to interact or otherwise become entangled with
some femionic field, they will deco- here into effective eigenstates of chirality
at a rate much greater than the calculated time of purity-recurrence in that
basis (cf. [27, p. 8]). Thus the theoretical overdetermination of the 3-metric
by triad orientation can be resolved by arguing as follows: triads will quickly
become decohered and so effectively interact as either left- handed or right-
handed and not a superposition thereof; this effectively pure orientation, no
matter which it is, will result in a determinate, physical orientation of the
universe. Furthermore, we expect that this orientation of the metric will
be globally stable due to the strength and frequency of continual fermonic
interactions with triad variables.

Thus it would seem nature is largely impervious to whether we choose Hermi-
tian or non-Hermitian operators to act on quantum systems, how we divide
particular subspaces into subsystems, or how we bundle together different
degrees of freedom. While it is clear that we must divide the world somehow
in order to analyze it, what becomes even more clear through decoherence
is the utter disregard the universe has for our choices in this respect. There
are no truly “classical” observables, nor ?classical? quantities. There are
no mysterious selection rules to be discovered explaining why objects “pre-
fer” certain bases in different energy and size regimes. There is no mystery
about the appearance of definite outcomes. For explaining all this quantum
dynamics alone are sufficient.
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3. The “Insurmountability” Response: Esfeld and
Vassallo

Esfeld and Vassallo [13] begin with a presumably non-contentious claim: if
quantum gravity is supposed to be the most fundamental physical theory, it
must resolve certain issues within non-relativistic quantum theory. In partic-
ular, quantum gravity should explain the appearance of classical phenomena
like measurement outcomes.

The authors focus on canonical approaches to quantum gravity instead of co-
variant approaches. In their overview, Esfeld and Vassallo (hereafter “EV”)
introduce two deep problems which emerge when quantizing systems previ-
ously subjected to Dirac constraints. In Sect. 5 below I will suggest that
decoherence has something to say about these new problems; here I focus
on the paper?s central argument, to wit—the problems inherited from non-
relativistic quantum theory force one to adopt some interpretation, but no
matter which choice one makes on this front, one will face significant troubles
(of different sorts, depending on which interpretation was chosen) when at-
tempting to understand canonical quantum gravity in terms of the adopted
interpretation.

EV introduce two issues which “are inherited from the classical regime” (p.
43). The first arises from quantum gravity’s infamous problem of time: if we
choose as observables for canonical quantum gravity those quantities with
(weakly) vanishing Poisson brackets under the appropriate constraints, and
if we let our operators be quantities producing states annihilated by those
constraints, then we are left with a class of quantities which do not evolve.
This problem—how to baptize the appropriate quantities as ‘observables’ and
‘operators’ in our new quantum theory—is considered by EV to be directly
related to the measurement problem. In light of the fourfold disambiguation
of the problem stated above, we might connect EV’s observable-naming issue
to the problem of preferred bases. Understood as such, one can anticipate
my interpretation-free response to the authors.

The second problem has to do with defining measurement consistently within
the canonical approach to quantum gravity. One can easily surmise my re-
sponse to this problem as well. But it will be instructive to first consider in
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detail how EV set up the measurement problem.

Recall the quote from EV in Sect. 1: the authors do not require the measure-
ment problem of non-relativistic quantum mechanics be solved by quantum
gravity, rather that “any approach to quantum gravity that is to be empiri-
cally adequate has to take a stance on the measurement problem, the question
being how to account for measurement outcomes within a quantum theory...”
(Ibid, p. 44). It is unclear what the substantial difference is between solving
the measurement problem and merely “taking a stance” on it. Regardless, it
should come as no shock that I, too, say the measurement problem needn?t
be solved by those working with quantum theories—but of course I say the
only stance required is strict adherence to the standard formalism of quan-
tum mechanics.

The authors follow [30] by framing the measurement problem in terms of
three inconsistent propositions which come out of quantum mechanics: that
the wave function is a complete description of a system (“A1”), that the wave
function always evolves in accordance with a linear dynamical equation—
the Schrédinger equation (“1B”), and that measurements always (or at least
usually) have determinate outcomes (“1C”). Different solutions to the mea-
surement problem are arrived at by adjusting or jettisoning one or more of
these propositions in a way that renders the trio consistent [13, p. 44].

But there are problems with this way of framing things. For a start, 1B
is false if, as it implies, it considers the evolution of a wave function for a
single system. Unitary evolution (and honest-to-goodness obedience of the
Schrodinger equation) is destroyed locally when the system of interest inter-
acts and/or becomes entangled to another system, as it will inevitably do.
Unitarity is of course preserved at the scale of the new composite system,
but not so with respect to the initial system. When one is interested in
tracking the dynamical evolution of the initial system independently of any
environmental influence the mathematical description quickly becomes non-
unitary and (in most cases) frighteningly complicated. There exist mathe-
matical methods for approximately following the evolution of a subsystem—
the method of reduced density matrices or the method of Feynman path
integrals; these “tricks” allow physicists to bypass the complicated state of
affairs continually created by entanglement and describe the measurement
statistics of a system effectively independently of any environment.
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In H. Dieter Zeh’s seminal paper on decoherence, he establishes the perva-
siveness of entanglement by noting that the total wave function for a pair
of systems will only in rare cases be found with both systems in definite
states. He writes [41, p. 73]: “Any sufficiently effective interaction will in-
duce correlations”; since macroscopic systems can effectively interact even at
astronomical distances, “the only ‘closed system’ is the universe as a whole.”
Thus if one assumes the unitary evolution of the Schrédinger equation to
describe sufficiently any microdynamics, one must accept the consequences
of that universality: the ubiquity of entanglement, leading to the ubiquity
of decoherence. But one must take care when claiming that wave functions
evolve linearly—it is in virtue of decoherence with the environment that a
given wave function can be successfully treated as locally linear despite in-
evitable interactions which destroy such linearity.

Another point regarding Maudlin?s statement of the problem is that 1C
makes an crucial, unjustified ontological assumption by claiming that mea-
surements “always (or at least usually) have determinate outcomes” (as quoted
in [13, p. 44]). All we can really say is that measurements appear definite.
As testimony to this point one might cite the burgeoning experimental litera-
ture confirming measurement of indeterminate outcomes (typically manifest
as interference phenomena) for mirco- and mesoscopic systems; some of this
work was mentioned in the previous section (also cf. [11]). Maudlin?s 1C
therefore should state that measurements appear to have definite outcomes
in a majority of cases, and in response one either considers the appearance of
definiteness the question to be answered, or one considers the appearance of
definite- ness to be indicative of a deeper, ontological state of affairs. Stated
this way, only the latter reading of 1C necessitates extra-physical interpreta-
tion, for if one takes decoherence seriously, this problem—the general problem
of outcomes—can be explained away using wholly quantum processes.

EV note that Maudlin’s version of the measurement problem doesn’t depend
on any particular account of measurement. I see this as a virtue: interpre-
tations of quantum mechanics and of the measurement problem need not
depend on anything beyond maximally weak definitions of measurement and
similarly weak definitions of observation (i.e., as merely one system providing
information about another system; there is absolutely no need to call upon
consciousness or agents with volition in such con- texts). However, at this
point in their analysis EV introduce a variation of Maudlin?s proposition
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1C, called 1C*, explicitly addressing the problem of the quantum-to- classi-
cal transition without any reference to measurement events or devices |13, p.
45]:

1C* The macroscopic systems with which we are familiar—such
as, e.g. tables, trees, cats, people, and the like—always (or at
least usually) have determinate positions in space, and these sys-
tems are composed of microscopic quantum systems.

They continue:

Consequently, quantum systems, whatever they are, must at least
sometimes have positions that are determinate enough so that
they can compose macroscopic systems that have determinate
positions.

We are well-equipped at this point to see just how decoherence renders this
proposition unnecessary and, indeed, ill-posed.” Once again: because Hamil-
tonians describing such macroscopic systems and their environments mutu-
ally commute with respect to position, it is as eigenstates within this basis
such systems appear. Of course the standard formalism demands that super-
posed positions still contribute to the total state description; it’s just that
such highly non-classical states are very effectively hidden.

Without appeal to the insights from decoherence, naturally EV demand res-
olution to their stated problems. In their Sect. 3 they introduce two “con-
servative” solutions—so named because such interpretations choose to drop
Maudlin?s propositions 1A or 1B in order to preserve 1C/1C*. These are
the folks committed to there really being a definite outcome and not just
the appearance of one, and thus must add something to the standard for-
malism to explain classical phenomena. Examples of such interpretations
are Bohmian mechanics and collapse theories. I agree entirely with EV in
their criticism of Bohm and collapse theories within the specific context of
quantum gravity. For instance, Bohmian mechanics is not Lorentz-invariant
(which is an obvious setback for relativistic applications of quantum theory);

"Independent of decoherence considerations, one might point out that 1C* not only
assumes that quantum systems (“whatever they are”) are nevertheless distinct entities from
the macroscopic systems they comprise—which is false due to widespread entanglement—
but this assumption subjects the whole proposition to the fallacy of composition.
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like-wise, GRW-type theories rely on a so-called “mass density ontology”
which is not Lorentz-invariant. EV mention flash ontologies as a Lorentz-
invariant alternate to collapse interpretations; however, flash ontologies do
not pick out a unique foliation of space-time and so cannot resolve the mea-
surement problem without assuming frame dependence. And presumably,
frame dependence is something one very much wishes to avoid for the sake
of consistency with diffeomorphism-invariant theories like general relativity.

The most poignant criticism EV launch against conservative interpretations
is their commitment to position in space-time as primitive. This is a con-
tentious commitment from outside the context of canonical quantum gravity,
and becomes prodigiously more so within it. With such great costs, and given
the benefits of incorporating decoherence into one?s explanations, clinging
to an ontologically distinct classical regime by refusing to give up 1C/1C*
seems a dark and complicated path. But what about other solutions?

Rejecting Maudlin’s 1C or EV’s 1C* amounts to accepting that the wave
function is a complete description and that the Schrodinger equation ap-
propriately describes the unitary evolution of—and I here insert effectively
closed—systems, but forsaking definite outcomes. EV invoke decoherence at
this juncture, but make a few key mistakes in so doing. First, they bring it up
in connection to Everett-style interpretations. If Everettianism is understood
as an approach that makes any additional ontological claim(s) whatsoever
beyond the standard formalism, than decoherence says nothing more for it
than for any other interpretation—recall that decoherence just is the stan-
dard formalism as applied to environmental interactions. There is nothing in
decoherence which extends beyond commitment to the usual equations, and
so this association with Everettianism is misleading.

The more important mistake EV make regarding decoherence unfortunately
hap- pens to be one of the most common, and it is the claim that decoherence
makes quantum correlations disappear. EV say it this way (ibid., p. 50):

As far as the formalism of quantum mechanics is concerned, de-
coherence hence means a development of the wave function (or
state vector or density matrix) in a high-dimensional mathemati-
cal space such that the interference terms between the superposed
correlations vanish.
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This is false: decoherence does not cause anything to vanish or disappear,
but only damps such correlations extremely effectively. To insist that phase
relations become in-principle instead of in practice irretrievably randomized
more or less amounts to assuming some sort of collapse; that is, it implies
non-unitarity occurs within the system-environment composite. This is em-
phatically not a part of of the standard formalism, and not true of deco-
herence processes. Though it is extremely difficult to engineer situations in
which one might observe recurrences of coherence (referred to as “periodic
coherence revivals” in the literature), it has been accomplished (for exam-
ple, see [28]). Even were such empirical data unavailable, the re-coherence
of interference terms remains a statistical possibility for any finite system-
environment composite due to the periodic nature of decoherence master
equations.®

Immediately after the above statement, EV continue to say that invoking
decoherence only raises further questions regarding observers [13, p. 50]:

Taking simply for granted that such observers [to whom determi-
nate values of dynamical properties appear| somehow emerge out
of or supervene on wave functions in a high-dimensional mathe-
matical space evidently does not do the job of a precise physical
account.

But no such observers are required, for once a system undergoes decoherence
it already has effectively determinate values for eigenvalues in the decohered
basis. No observer need exist to whom such approximate eigenvalues become
manifest—the dynamics are sufficient for explaining why, should a further
interaction occur, the system would yield an apparently definite result. Un-
fortunately, EV’s misunderstandings of decoherence and what it entails lead
them to believe that the only viable option for those choosing to jettison
1C/1C* is an interpretation wherein decoherence instantiates a branching
universe. Luckily a right application of decoherence processes absolves us
of making such a commitment. Besides, the extra ontology required for
branching-universes introduces a suite of new puzzles, like the following:

If the idea is that whenever there is decoherence, the whole phys-
ical universe develops into many branches, this means that each
system in the universe—including its mass, its charge, etc.—is

8For more details cf. [37].
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many times copied; but it is unclear how such a physical mul-
tiplication of mass and charge could be brought about. [13, p.
51]

EV further mention that it?s unclear how branching is meant to partici-
pate in space-time, and it’s anyone’s guess as to whether individual branches
would heed relativistic constraints. Indeed, when decoherence is understood
as the process which generates branches for an Everett-type interpretation,
this “resolution” of the measurement problem merely begets further prob-
lems, like how one arrives at classical observables—the very concern with
which EV began.

EV conclude that the quest for closing the explanatory circle—decreed by
them a necessary component of any purported fundamental physical theory
like quantum gravity—results in a dilemma. On the one hand, “conservative”
solutions take position in space-time as primitive; but this is problematic in
the context of quantum gravity, present approaches to which make reference
to quantized volumes and areas, as well as other exotic entities like triads,
holonomies and the like. The role of classical observables like space-time
position in such theories is far from obvious. Worse yet, foundational papers
in approaches to quantum gravity and cosmology seem to suggest that tradi-
tional observables may not even come in to it, in the end. On the other hand,
the authors believe the cost of rejecting 1C/1C? is to allow for branching,
and with branching come other ontologically dubious propositions. In either
case, troubles abound.

However, if one frames the measurement problem with an eye to decoherence
and entanglement, and if one understands decoherence properly as well as
independently of interpretation, one not only avoids Esfeld and Vassallo’s
dilemma and has the tools to provide detailed, dynamical, context-sensitive
stories regarding the appearance of classicality, but in addition one can re-
main optimistic at the point EV admit defeat: decoherence can help us make
important conceptual advances within quantum gravity and cosmology. More
will be said on this last point in the conclusion.
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4. The “Surmountable Only Via Interpretation”
Response: Okon and Sudarsky

The motivations cited by [34] for adopting a collapse interpretation of quan-
tum mechanics are similar to those found in [13|. All of these authors assume
one must first solve the measurement problem before addressing new prob-
lems in cosmology and quantum gravity (though Okon and Sudarsky couch
the problem in yet another way from Maudlin, Esfeld, Vassallo and myself—
more on which anon). All authors also seem committed to the idea that
adopting a specific interpretation will help to resolve new issues stemming
from relativistic theories. And finally, all four express the conviction that any
proposed fundamental theory should be independent of subjective/external
notions like measurement, measuring devices, observers and observations.

Okon and Sudarsky (hereafter “OS”) regard the measurement problem as hav-
ing its roots in the necessity of regarding measurement as “a fundamental and
unanalyzable term” in order to apply quantum mechanics, and as stemming
from the lack of a unified explanation for “the quantum behavior of mirco-
systems and the absence of superpositions at the macro-level (without ever
having to invoke observers or measurements)” [34, p. 116]. Understanding
measurement in any particular, not-fully-general manner does not strike me
as at all necessary for the application of quantum mechanics, given the lessons
of decoherence. One will recall that extremely weak interactions may be con-
sidered measurements, as such interactions satisfy all the essential aspects
of what is typically associated with measuring events. As to OS’s problem
with the lack of superpositions, this aspect of the measurement problem has
already been discussed.

But OS wish to do more than resolve the measurement problem by tackling
three looming problems in cosmology and quantum gravity. In the end, they
want to show that “objective collapse theories” (defined in Sect. 2 of their
paper) satisfy all of the above—i.e., that collapse models can solve (their
construal of) the measurement problem, explain the origin of (asymmetric)
cosmic structure, address the problem of time in quantum gravity and resolve
the black hole information-loss paradox. Though one might argue that the
way in which OS define objective collapse theories introduces as many black
boxes as it purports to explain, I will leave analysis of this point to those
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more familiar with the wider class of collapse theories. I focus instead on
their application of the collapse interpretation to the three problems listed
above, describing what decoherence reveals in each of those situations.

4.1. Problem #1: The Seeds of Cosmic Structure

Current theories of cosmology typically include the paradigm of an infla-
tionary period—a time during which the very young universe underwent ex-
tremely violent and rapid expansion, obliterating any structural features that
might have existed prior. What is left, then, is a homogeneous, isotropic, flat
universe wherein all fields occupy Bunch-Davies vacuum states. The prob-
lem is then explaining the current state of the universe: how did structure
at all scales—from macroscopic galaxies and globular clusters to microscopic
elements—arise out of a perfectly symmetric, structureless, post-inflation
universe? Enter quantum mechanics: in a fundamentally quantum universe
there is no true vacuum, as even fields in vacuum states undergo quantum
fluctuations. It turns out that these fluctuations, when applied to the infla-
ton field, are sufficient to give rise to the variety of structure now observable;
hence, quantum fluctuations are the seeds of cosmic structure.

This is an exceedingly neat story, but OS are convinced that the deep in-
terpretational problems of quantum mechanics must plague the inflationary
paradigm as they do any account involving quantum dynamics. This claim is
not unanimously shared among cosmologists—something the authors readily
point out, but follow by citing several instances confirming their perspective.
For instance, they quote from Weinberg’s seminal cosmology text: “the field
configurations must become locked into one of an ensemble of classical con-
figurations with ensemble averages given by quantum expectation values...
It is not apparent just how this happens” (as quoted in [34, p. 122]).°

OS drive home the point by stating that several recent works all support their
conviction that “something beyond standard physics is required in order to
provide a reasonable account for the success of the inflationary predictions
regarding the emergence of the seeds of cosmic structure” [34, p. 122]. One

9The authors even quote another cosmology textbook [32] as specifically denying de-
coherence’s ability to satisfactorily explain translational invariance. However, the quote
used by OS is from the manuscript version of Mukhanov’s book, and has been omitted
from the published version. One naturally speculates.
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notes, however, that of the recent works cited, one was written by Sudarsky
while the other was coauthored by him. Taking all this into account, it
remains far from obvious at this point whether any extra physics—any inter-
pretation, as it were—will indeed be required to rid the inflationary paradigm
of its troubles.

I now demonstrate that no extra interpretation is really required—first qual-
itatively then again quantitatively. Okon and Sudarsky [34, pp. 122-123|
write that the standard approach to the inflationary paradigm can only be
considered satisfactory “if it is able to explain what exactly is wrong with the
conclusion that given an initially symmetric state, the standard quantum
evolution, controlled by a symmetric dynamics, cannot lead to anything but
a symmetric state.” What is wrong with this conclusion is that it fails to
account for inevitable non-local quantum interactions when assuming that
the initially symmetric state describes a closed system. Even were the sys-
tem to begin in a pure state, it would not remain so for long; along comes
decoherence, and things are not what they seem.

The authors address this point earlier in the paper when they acknowledge
that situations in which symmetrical states evolve into asymmetrical ones is
not unheard of in quantum theory. By way of example they appeal to the
double-slit experiment, saying that from the perspective of one system, the
initial situation is symmetric (in position, with respect to the slits) while
the final situation is not (the system has asymmetrically interacted with the
screen by hitting a spot either right or left of center). They also recall the
high probability of measuring an harmonic oscillator?s position as off-center
(“asymmetric”) despite its initial ground-state symmetry. What accounts for
these instances of symmetry evolving into asymmetry is, by OS’s lights, the
occurrence of a measurement. “Therefore,” they conclude, “it is clear that the
type of analysis described above relies implicitly either on the Copenhagen
interpretation or on some other operational interpretation of quantum theory

where special rules are employed whenever some measurement takes place”
(ibid., p. 121).

But quantum dynamics alone explains that such symmetries are not in fact
destroyed but only become hidden (such that generic interactions with the
decohered system will “measure” or “observe” the system as apparently oc-
cupying a definite eigenstate). The only measurement required to explain
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evolution from symmetry to apparent asymmetry is a (likely arbitrary) in-
teraction with some external degree(s) of freedom. For example, the particle
flying through a double-slit apparatus is initially describable in terms of a
symmetric superposition of the positions of both slits. Subsequent interac-
tion between the particle and any other system will introduce entanglement,
and that means the initial particle’s state will experience decoherence with
respect to one or several degrees of freedom (depending on the nature of the
interaction). Hence the particle will appear, upon further interactions with,
say, a screen, to occupy a single, asymmetric eigenstate even though sans
collapse or any other supplemental mechanism we must continue to regard
the particle’s complete state description as one which still possess the initial
symmetry. Note that the specific question of how the symmetry effectively
breaks—e.g., right or left—is of little consequence; we can explain the ap-
pearance of the symmetry breaking generally through direct appeal to the
bare formalism.

Turning now to the initially symmetric inflaton field, a quantum descrip-
tion of the field would include superpositions of degrees of freedom of the
field induced by quantum fluctuations. These interactions will lead to en-
tanglement, then decoherence, in various bases, resulting in approximate
eigenstates. And so one has within the inflaton field candidates for systems
behaving effectively asymmetrically that nevertheless preserve quantum ex-
pectation values because their asymmetry is only apparent.

Thus far the qualitative explanation. Quantitatively, this work has already
been carried out in a suite of papers by Claus Kiefer and collaborators;'? I will
focus on the most recent paper, [25], entitled “Why do cosmological pertur-
bations look classical to us?” After describing the symmetry-to-asymmetry
problem for the inflationary paradigm, Kiefer and Polarski proceed in a very
similar manner to OS: they apply perturbation methods to a quantized in-
flaton field (a massless, scalar field) and con- sider the various field modes,
suitably quantized. The game is then to show how these theoretically-derived
quantum field modes in a Bunch-Davies vacuum state will, with the addition
of quantum fluctuations, result in the effectively classical modes mea- sured
by the relevant physical observable.!! In other words, all four authors want to
demonstrate how superpositions of, e.g., field amplitudes or their conjugate

19For example, [21724,26].
UThis observable, a,,, is a complicated entity described briefly in [34, pp. 1227123].
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momenta in the inflaton field can remain entirely obedient to symmetrical,
unitary evolution while at the same time giving rise to classical modes.

OS believe the only way to explain this is by positing an instantaneous col-
lapse mechanism such that “the part of the state corresponding to the mode
k undergoes a sudden jump” and specific, definite values are “selected ran-
domly from within a Gaussian distribution centered at zero with spread one”
(ibid., pp. 124-125). It is unclear what has really been explained by this
other than to posit a Deus ex machina generating the appropriate results.
Meanwhile, Kiefer and Polarski present several arguments to the following
ends: (1) decoherence must be included in any dynamical description of the
inflaton field, (2) decoherence explains why quantum field modes nevertheless
resemble a classical statistical ensemble, and (3) others have only gotten away
with ignoring (1)—i.e., achieved acceptable solutions to symmetry breaking
without invoking decoherence—by assuming an isolated inflaton field, and
this assumption can it turn only be justified in virtue of decoherence.

Regarding (1), Kiefer and Polarski make three important points. The first is
that entanglement can occur without disturbing a system, and entanglement
is necessary and sufficient for decoherence [25, p. 8|; there is no need for
measurements within the inflaton field to introduce these dynamics. Sec-
ondly, candidates for fundamental theories all contain a multiplicity of fields,
and with them, many opportunities to pro- vide external degrees of freedom
which might constitute an environment for quantum fluctuations of the in-
flaton field. Thirdly, even were we to ignore the influence of other fields,
the various modes within the primordial field interact with one another and
thus may provide the requisite external degrees of freedom. They write:
“Such non-linear interactions concern both the interaction with the modes
of the inflaton and the perturbations of the metric (containing, in partic-
ular, gravitational waves)” (ibid., p. 7). Were one so bold as to deny the
inevitability of decoherence in this context even in view of all these reasons,
the authors remind us that since field amplitudes are non-discrete (even if
minimal uncertainty) Gaussians, we ought to expect quantum correlations
among amplitudes in real, physical space-time.

Regarding (2), I will not reiterate the contents of the suite of papers prov-
ing this point (some of which cited above), except to briefly state the fol-
lowing. The evolution of quantum perturbations in a primordial, massless
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scalar field results in particle pair- production with opposing momenta, which
means the system will become increasingly squeezed in the momentum ba-
sis. Constriction of momentum states indicates necessarily widening states
in the basis of the canonically conjugate position variable—in this context,
field amplitude—and it is well known that such states are highly susceptible
to environmental interactions (ibid., p. 7 and references there cited). If one
considers the quantum fluctuations of the inflaton to be the system of inter-
est, we assume initially symmetric superposed values for the amplitudes of
the field. Inevitable interaction with some environment!? will lead to very
rapid, extraordinarily effective damping of interference terms between field
amplitudes, leaving a system that will henceforth interact as though it were
a classical statistical ensemble of values corresponding to the de facto classi-
cal observable. Note that nowhere is decoherence taken to explain why the
classical observable has the particular value it has, only why it appears to
be an eigenstate in a preferred basis (asymmetric) instead of a superposi-
tion thereof (symmetric).!? If one remains unconvinced, there’s always the
argument from the majority: Kiefer and Polarski note that decoherence has
become increasingly connected to symmetry breaking phenomena in the lit-
erature, and in contexts other than inflationary cosmology (cf. their p. 9
and sources).

Regarding (3): this is once again merely the point that decoherence closes
the explanatory circle, and has been explicated in previous sections.

4.2. Problem #2: Time in Quantum Gravity

This well-known bugbear of canonical approaches to quantum gravity was
touched upon above in the discussion of Esfeld and Vassallo’s 2013 paper.
The diffeomorphism invariance of general relativity, when carried into a quan-
tized theory, results in a quantum state that cannot differentiate between
space-times—i.e., the quantum description fails to pick out a unique hyper-

12And you can take your pick-the conceptual point remains. Though the particular
values one might calculate for parameters like the decoherence timescale will depend, of
course, on the nature of the environment one chooses and on the interaction Hamiltonian
for that specific coupling with the system.

13Kiefer and Polarski do not in this paper justify their assumption that field amplitude
will be the dynamically-emerging pointer basis, but instead refer the reader to such proofs
in [26] and [24].
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surface corresponding to our physical universe.

Of course, one can solve this problem rather trivially by introducing non-
unitary quantum dynamics like collapse events. This lets one incorporate
non-unitary terms into the system’s Hamiltonian, a construction forbidden
under usual Dirac constraints. But again, OS’s proposal to resolve the prob-
lem of time by simply introducing non- unitary terms is motivated by the
false impression that the dynamics of the system under consideration is prop-
erly unitary—and we know this is hardly ever true. When the assumption
of purely unitary evolution is dropped (as one must do to evaluate decoher-
ence processes), one recognizes that introducing extra ontology in the guise
of a collapse event isn’t necessary: unitarity breaks down already within the
standard formalism, but widespread decoherence hides this fact by rendering
systems effectively isolated from the start. There is then no reason to posit
anything extra.

Of course this argument does not itself resolve the problem of time, but
I suspect that canonical quantum gravity approaches will make important
headway on the matter when they recognize that the problem is deeply tied
to our (by-decoherence-justified) assumptions about the isolation of systems.
By way of “gesturing in a promising direction” on this front, consider popular
attempts to resolve the problem of time “based on the identification of some
variable of the gravity-matter theory to act as a physical clock...” [34, p. 129].
OS disdain such approaches, pointing out that such attempts will in the final
analysis rely on the introduction of non-unitary terms just as collapse theo-
ries do. That various possible solutions to the problem of time end up taking
to heart non-unitary aspects of the theory is not at all surprising if one is
convinced that the problem arises in the first place in part because those out-
lining canonical approaches to quantum gravity have largely only considered
“pure”’, matterless gravity fields, taking for granted the pedestrian fact that
any system short of the universe writ large is in truth interacting and hence
not evolving strictly in accordance with Schrédinger’s equation. Because a
given subsystem of the universe is likely already decohered, one can usually
assume unitary evolution with impunity. But the problem of time may be an
instance of a normally fecund assumption becoming a significant hindrance.

My point here is demonstrated keenly by the very research group cited by
OS as an example of an unsatisfactory resolution to the problem of time:
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three recent papers by Gambini, Porto and Pullin approach the problem by
letting decoherence pick out a suitably robust variable—that is, eigenstates
of the dynamically einselected basis—to function as a physical clock [14-16].
Such an account involves non-unitary terms, but only those terms intro-
duced through decoherence considerations. This fact should not discredit
the project (as it seems to do for OS) but instead recommend it: Gambini et
al. have demonstrated that interesting work can be done in quantum gravity
by invoking the specific dynamics of decoherence, without relying on a par-
ticular interpretation of quantum mechanics. In fact, the 2004 papers extend
beyond the problem of time in quantum gravity to address the information-
loss paradox in terms of decoherence. This brings us to the third and final
problem OS wish to resolve by appeal to objective collapse interpretations.

4.3. Problem #3: The Black Hole Information-Loss Para-
dox

The aspect of this problem emphasized by OS is, once again, the breakdown
of unitarity implied by information loss within a black hole. If one is willing
to drop unitarity (say, by invoking collapse) then information loss is no longer
problematic. What decoherence adds to this situation is subtlety: one need
not forsake unitary evolution, only the assumption of unitary evolution for
systems partaking in Hawking radiation. This is the tactic described in [14]
and [15]: the physical clocks picked out by decoherence are used to calcu-
late the rate of information loss in black hole evaporation. This rate is then
compared to rates of real energy loss and found much faster. In other words,
the rate of decoherence is so fast in these models that information loss is
practically unobservable. If one cannot ever hope to confirm observationally
whether or not information has been lost, one might feel a little easier about
living with the paradox, as it can never be confirmed as such.

In these calculations, Gambini et al. use an admittedly simple model for
the black hole. Nevertheless, their work is an example of precisely the sort
of theoretical progress one hopes to see more of: theorizing made possible
by incorporating extremely well- confirmed models of decoherence into our
calculations, using the lessons of decoherence to adjust our intuitions about
interactions at the quantum scale, and opening our eyes to less traditional,
more creative realities—and to do so without subjugating cutting-edge re-
search programs to the mire of the interpretation debate.
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5. Conclusion

After their concise introduction to canonical quantum gravity, Esfeld and
Vassallo outline two significant problems currently barring progress. First is
the “baptism problem™: if one is handed an already-constrained system and
asked to quantize it, there will be no method available for discerning phys-
ical from nonphysical degrees of freedom and thus naming the appropriate
quantities “observables” for the theory. This is of course a problem already en-
countered in general relativity—the theory’s diffeomorphism invariance leads
to obfuscation regarding which variables are physically meaningful or rele-
vant, and which are superfluous. This loss of information about physically
relevant degrees of freedom will plague any attempt at a theory of quantum
gravity, whether covariant or canonical; it is simply a difference of where in
the calculations the problem rears its head.

The second issue named in [13] arises for Hamiltonian (or Dirac-constraint)
formulations of general relativity: the Hilbert space of a constrained-then-
quantized system is not necessarily identical to—and in fact is typically much
higher-dimensional than—that system’s physical Hilbert space. It is unclear
how to restrict the calculated Hilbert spaces to the desired ones which de-
pict only (physical) solutions for a given system’s dynamical equations. EV
remark in a footnote that it is this complication in particular that accounts
for “why we still do not have a completely worked out canonical theory of

QG” (ibid., p. 42 n. 11).

One might readily suggest a new tack regarding these problems in keeping
with Kiefer’s general research, namely—decoherence processes might provide
hints as to baptizing the relevant quantities as observables, and might also
help to explain the Hilbert-space mismatch by introducing an effective reduc-
tion of the theory-derived Hilbert space to the desired “physical” dimensions.
The first suggestion (re the baptism problem) is precisely the sort of issue
considered in Kiefer and Schell’s article on triads in loop quantum cosmology
introduced above: the mathematics provided hints as to convenient candi-
dates for canonical variables in the new theory, and by applying appropriately
parameterized decoherence models the authors were able to provide justifi-
cation for considering triads a physically meaningful variable.

In addition to the problems facing quantum gravity mentioned by Esfeld
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and Vassallo, [17, p. 279| state what they call the problem of “no outside
observer”:

The quantum formalism concerns the interplay between—and re-
quires for its very meaning—two kinds of objects: a quantum
system, and a more or less classical apparatus. It is hardly imag-
inable how one could make any sense out of this formalism for
quantum cosmology, for which the system of interest is the whole
universe, a closed system if there ever was one.

But what has already been emphatically stressed above is that one can per-
fectly innocuously assume that arbitrary subsystems are effectively closed,
even though they are not, because decoherence is at work between and among
the degrees of freedom of whatever we choose to call our system and any or all
of the rest. Quantum cosmology can make perfect sense sans interpretation if
one allows this little cheat, made possible through decoherence. Chances are
good there exist additional problems within quantum gravity and cosmology
already articulated or yet to be discovered whose interpretation and resolu-
tion will, like those problems addressed in this paper, benefit by summoning
the full power of quantum theory. And that means including decoherence.
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