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There have been recent attempts at justifying, from first principles, and within the standard framework,
the emergence of classical behavior in the postinflationary cosmological context. Accounting for this
emergence is an important issue, as it underlies the extraordinary empirical success of our current
understanding of cosmology. In this work, we offer a critique of different efforts at explaining the
emergence of classical behavior in cosmology within the standard framework. We argue that such
endeavors are generically found lacking in conceptual clarity, as they invariably rely, either upon
unjustified, implicit assumptions, or on circular logic. We conclude that, within the standard approach, the
emergence of classical behavior in cosmology constitutes an unexplained phenomenon.
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I. INTRODUCTION

Contemporary cosmology tries to explain the emer-
gence of structure in the Universe. The current explan-
ation for such an emergence is based on the study of
certain quantum effects, or fluctuations, during the infla-
tionary epoch. The starting point of the standard account
is a completely homogeneous and isotropic situation—
both as far as space-time and matter are concerned—and
quantum effects over such a symmetric background are
supposed to break the symmetry. That is, these quantum
effects are assumed to source the primordial inhomoge-
neities and anisotropies that, according to the theory,
eventually evolve into all the structure we observe in the
late Universe—including the formation of galaxies, stars,
and planets (of which, in at least one, intelligent life
capable of wondering about its own origins developed).
The primordial seeds responsible for the formation of
structure are believed to leave their first observational
imprint (insofar as current technology allows us to
confirm) in the anisotropies of the cosmic microwave
background (CMB).

Based on these ideas regarding quantum fluctuations,
what is usually done in practice is the following. When
considering the late inflationary epoch, it is argued that the
quantum state (initially a Bunch-Davis vacuum) can be
replaced with a classical description of the state of affairs.
More specifically, at the end of inflation, one usually
disregards the original quantum nature of the system
and, instead, describes it as an element of an ensemble
of systems, characterized by a certain distribution of states
in classical phase space. Cosmologists have tried to account
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for this quantum-to-classical transition, or emergence of
classical behavior, by different types of arguments, and
relying on a variety of methods. In a recent paper by
Ashtekar et al., [1], some of these explanations for the
emergence of classicality are revisited. In particular, they
explore (i) the fading of the importance of quantum non-
commutativity, (ii) the phenomenon of quantum squeezing,
and (iii) the ability to approximate the quantum state by a
distribution function on the classical phase space. The
conclusion reached in [1] is that, while the three notions
considered are conceptually distinct, they do provide a rather
robust explanation for the emergence of classicality in
cosmology—and do so even in more general contexts.

In this work, we challenge the notion that these or similar
schemes constitute a solid justification for the transition to a
classical description of the situation under consideration. In
our opinion, all of the standard attempts simply fail. In
particular, we find them lacking in conceptual clarity and
invariably relying upon unjustified, implicit assumptions. We
conclude that the standard approach to cosmology is simply
unable to explain the emergence of classical behavior.

To make our case, we start in Sec. II by considering in
full generality the issue of classicalization of a quantum
system. In particular, we consider the ways in which such
a notion might be defined and the conditions under
which its use could be deemed appropriate. Next, in
Sec. III, we explore the issue of classicalization, as it
arises in the cosmological context in particular. Then, in
Sec. IV, we recount the arguments and conclusions in [1]
and we examine whether they succeed in the job they set
out to do. We finish the discussion with some concluding
remarks in Sec. V.
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II. ON THE CLASSICALIZATION OF
A QUANTUM SYSTEM

We start the discussion by emphasizing that an explora-
tion of the idea of the classicalization of a quantum system
must develop in a setting in which one takes the quantum
description to be, if not fundamental, at least deeper or
more fundamental than the classical one.' If so, it is clear
that there are no grounds for interpreting classicalization in
a literal sense; in other words, it is never the case that a
quantum system, strictly speaking, stops being quantum
and becomes “fully classical.” So what is actually meant
when such a concept is employed? A sensible possibility is
to take it to reflect situations in which certain aspects of the
system in question can be suitably described through the
use of classical language. This sounds reasonable, but
rather vague, so, in order to clarify the idea, we need to
spell out the notions sketched in the previous statement.

To do that, we consider first the relatively simple
situation for which quantum theory was initially conceived,
namely, the use of the theory to analyze a small system in
the lab. For such a situation, we can use the following
instrumentalist criteria for classicalization:

A quantum system described by the state |y) is said to
have classicalized during the time interval 7', relative to the
measuring apparatuses {M;} designed to measure the
observables {0;}, if during that interval

(i) The quantum uncertainties of |y) regarding the

observables {0;} are equal or smaller than the
experimental uncertainties dictated by the {M,}.
(i) To the level of accuracy provided by the {M;}, the
expectation values of the observables {O;} approxi-
mate the corresponding classical equations of
motion.
The first condition ensures that the results of the available
measurements coincide with the corresponding expectation
values. It also ensures that the disturbances produced by
such measurements are negligible, so they can be safely
ignored. The second condition guarantees that, within the
accuracy of the available measurements, the expectation
values follow the corresponding classical equations of
motion—and hence that the measured values agree with
the classical predictions.

As an example, consider a simple harmonic oscillator
in a highly excited coherent state, provided with appara-
tuses to measure position and momentum with sufficiently
low accuracy. Such a system clearly fits our classicality cri-
terion. In contrast, consider the same harmonic oscillator,

'We assume this to be the case for all types of matter, an even
for space-time itself. There are, of course, arguments contemplat-
ing the viability of a theory in which space-time is in fact
classical, without any quantum theory of gravity underlying it
(see, e.g., [2]). Those considerations have raised quite interesting
debates, but we will not contemplate such possibilities any further
in the present work.

this time in its ground state |y), together with a position
measuring device of accuracy greater than AX lwo)- 10 that
case, measurements of position would, in general, not
coincide with the expectation value of position and, more-
over, they would radically change the state of the system.
Clearly, such a situation does not fit our classicality
criterion. Suppose, however, that after a position measure-
ment, the system ends up in a coherent state and that, after
the measurement, the accuracy of the measuring apparatus
is lowered to below the width of the resulting coherent
state. If so, one ends up with a system for which the
classicality criterion is valid. That is, one starts with a
situation that does not fit the classicality criterion, but after
a measurement, and provided that only particular measure-
ments are allowed, a sort of classicalization arises.

Now, if we were to consider a large ensemble of
harmonic oscillators, all initially prepared in the ground
state, measurements of position would produce a large
range of results, spread around the minimum of the
potential (say, X = 0), with dispersion AX o) - Moreover,
if as in the example above, such measurements would lead
to classicalization, then the ensemble could be effectively
described by a distribution over classical states, charac-
terized by positions distributed around the origin with a
statistical spread equal to AX i) It 1s important to point out
that it is very unfortunate, due to the confusion it tends to
generate, that both the statistical dispersion of the distri-
bution of the ensemble after a measurement, and the
quantum uncertainty or width of the original state, are
usually referred to by the same word fluctuations. Let us
emphasize that, even though they might have the same
numerical value, conceptually, they are very different
notions; and that, at least according to textbook quantum
theory, their connection is only brought about through
measurements.

A further aspect of the above example is worth consid-
ering, as it will strongly impinge on our coming discussion
of the cosmological context. Having set the minimum of
the harmonic oscillator potential at X = 0, it is clear that the
dynamics of the system, as encoded in the Hamiltonian, has
the reflection symmetry P:X — —X. It is then natural to
consider the behavior of states under such a symmetry,
which can be associated with an operator P with eigen-
values +1 (completely symmetric states) and —1 (com-
pletely antisymmetric states). All states can be decomposed
into their symmetric and antisymmetric parts, with the vast
majority presenting components of both kinds, and there-
fore having no well-defined behavior under the symmetry.
Note, however, that the ground state is completely sym-
metric. Moreover, its unitary evolution will not break this
symmetry (in fact, the symmetry will not be broken, even if
we make the spring constant and mass time dependent, so
as to lead to the squeezing of the state). Nevertheless, once
a position measurement is carried out, the resulting state
will, in general, be neither symmetric nor antisymmetric:
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the symmetry of the initial state is then broken by the act of
measuring X. In sum, the presence of “quantum fluctua-
tions” in the ground state, that is, the fact that the state has a
nonzero width, in no way implies that it is not symmetric; it
is only through the act of measuring X that the symmetry is
broken.

Before moving on, we discuss another illustrative
example. Consider a free particle prepared in a state with
a relatively small dispersion in momentum AP, around the
value P,. Suppose also that the phases in the state are such
that the uncertainty in position starts very large, then
shrinks to a minimum AX,;, = h/AP, at a certain time
T in» after which it spreads out again. Finally, suppose that
an observer has measuring devices that work with precision
OoP and 60X with 6P > AP, and 06X slightly larger than
AXpin- One might then say that there is a certain time
interval around 7', in which, according to our definition,
the system classicalizes—both regarding measurements of
X and P (note that the system behaves classically regarding
P at all times). What we want to emphasize is that, in this
case, the classicalization is generated by the system’s own
dynamics, and not as a result of a measurement or external
intervention, as it occurred in the previous example.

As far as we know, nothing of what we said above is new
or controversial. Still, the discussion so far has provided us
with some of the following important lessons:

(1) Classicality can be predicated of a state of a system
only when supplemented by a list of admissible
observables, each associated with a tolerance in the
uncertainty of its value. In an experimental setting,
this list of observables and tolerances is dictated by
the apparatuses available to the observer. As a
consequence of this, there is no absolute sense in
which a quantum system might be said to classic-
alize—this can only be asserted relative to the cited
additional information.

(2) Classicalization, in the above described sense, might
arise as a result of a measurement, or as a result of
some other process (we provided examples for the
two situations above). This, however, does not
change the fact that the criterion for classicality
we have been exploring crucially depends on the
notion of measurement.

The classicalization criterion introduced above was
designed with standard laboratory situations in mind. It
seems clear, though, that its use can be extended to more
general situations, as long as the system under consider-
ation is assumed to be describable by quantum theory, and
as long as one is provided with a list of relevant observ-
ables, along with their tolerated uncertainties. It is impor-
tant to point out that, in order to apply our proposed
criterion for classicality, it is not necessary for actual
measurements to ever take place; that is, even though, in
order to define classicality, one must consider how a system
would behave if measured, the system in question does not,
in fact, have to be measured in order to fulfill the criterion.

Therefore, a system can be deemed to have classicalized,
even if there are no observers around to verify it. Still, the
notion of measurement remains central for classicalization,
as it does in the standard quantum interpretation. It seems
clear then, that, whichever way we decide to define the
notion of classicality, and as long as we retain the standard
interpretation at the basis of the discussion, the notion of
measurement will have to play a crucial role.

Regarding the distinct role that measurements play in
standard quantum mechanics, it might be argued that such a
role is to be expected because, ultimately, “physics is just
about measurements.” That is, an argument could be made
to the effect that it is only through measurements that we
can interact with the world in order to compare it with our
theoretical predictions—and that this is true, not only
within quantum mechanics, but also classically. We should
point out, though, that the notion of measurement enters
quantum and classical theories in radically different fash-
ions. While in classical theory the notion of measurement is
relatively innocuous, in quantum theory, at least as depicted
by the standard framework, a measurement enters the
theory in an essential manner.

In classical theory, on the one hand, the notion of
measurement does not appear at the foundational level,
that is, it is not part of its axiomatic structure. Sure, it might
be argued that classical theories fail to precisely define what
counts as a measurement, and even that the notion might be
ultimately tied to the notion of perception, and even to the
hard problem of consciousness [3], but the point is that one
does not need to know what constitutes a measurement in
order to employ classical physics to make predictions. In
other words, once the precise constitution and initial state
of both a system and a measuring device are provided, the
dynamics of the theory itself accounts for the way in which
the device ends up registering the result of a measurement.

In standard quantum theory, on the other hand, the notion
of measurement enters the theory at the foundational or
axiomatic level, and does so as a primitive, undefined term.
This makes measurement an essential component of the
theory, without which no predictions at all can be extracted
from the formalism. That is, even if complete information
of the initial state of the system and measuring apparatus
are provided, in the absence of external information
regarding what exactly constitutes a measurement, the
dynamics of the theory itself simply does not lead to a
final state in which the device ends up registering the result
of a measurement. This situation might be argued to be
tolerable in a lab setting. However, the fact that the standard
framework crucially depends on measurements becomes
untenable as soon as one intends to employ the theory in
more complex scenarios, such as the early Universe, in
which there are no observers around to measure, or even
worse, in which one is precisely trying to explain the
emergence of the conditions that make possible the
appearance of observers capable of performing measure-
ments. In sum, one should not confuse the lack of a detailed
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description of what constitutes a measurement in classical
theory, with the fact that, in standard quantum mechanics,
observers external to the studied system are necessary in
order to make sense of the theory.

A final important difference between measurements in
classical and quantum theories, which will play a funda-
mental role in the discussion below, is the fact that in the
latter, but not the former, the act of measurement generi-
cally changes the state of the measured system. That is,
while in classical physics, one assumes that one can always
perform measurements that do not modify the state of the
system, in quantum theory one recognizes that, unless one
is measuring a state which is an eigenstate of the measured
property, measurements will certainly modify the state of
the system. This implies that, in quantum theory, measure-
ments cannot be interpreted as simply revealing preexisting
features of the measured system—a fundamental fact that
must be kept in mind while interpreting the application of
quantum theory to the early Universe, as we do next.

III. CLASSICALIZATION IN A
COSMOLOGICAL CONTEXT

As we explained above, the starting point of the standard,
contemporary account of cosmology is a fully homo-
geneous and isotropic situation—both as far as space-time
and matter fields are concerned.” What is at stake, then, is
the ability to account for the emergence of the primordial
seeds of cosmic structure. That is, an explanation of how
the primordial inhomogeneities and anisotropies that,
according to the theory, eventually evolve into all the
structure we observe in the late Universe, came about. The
standard story for such an emergence runs as follows:
quantum fields are subject to uncertainty relations that lead
to inevitable quantum fluctuations; such fluctuations,
which cannot be switched off even in principle, allow
for the Bunch-Davies vacuum® to be replaced, toward the
end of inflation, with a distribution function on the classical
phase space—and for its subsequent evolution to be
described in classical terms. The key question, of course,
is whether this standard procedure is justified; that is, if it
indeed follows from first principles or if it depends upon
some additional, possibly unwarranted, assumptions.

As we saw in the previous section, in order to talk about
the classicalization of a quantum system, it is essential to
provide a well-defined sense in which the term is to be
used. In particular, we saw that classicalization can only be
defined relative to a set of observables, with associated
uncertainties, and that a given state of the system might be
describable in classical terms when focusing on a certain

*Inflation is assumed to quickly smooth out any preexisting
inhomogeneities and anisotropies.

*Or a suitable adiabatic vacuum if the cosmic expansion is not
exactly de Sitter. This caveat applies to every mention of the
Bunch-Davies vacuum but will not be repeated elsewhere.

feature, but not when focusing on others. Therefore, to
explore the issue of classicalization in a cosmological
context, the first thing we must do is to establish the
precise notion of classicality that must be employed,
together with the set of relevant observables that should
play a role in the analysis. Only then, a thorough assess-
ment of the issue can be carried out.

Regarding the set of relevant observables, focus is often
directed toward the inhomogeneities and anisotropies that
are left as an imprint of the evolved version of those
primordial inhomogeneities and anisotropies on the last
scattering surface—a feature which is susceptible of
empirical analysis through detailed observations of the
CMB. It is true that these are quite interesting, as they
provide us with the opportunity to study those imprints
before the much more complex effects of gravitational
clustering take place. However, we must not lose sight of
the fact that, focusing on such observations might be
convenient, but is not the essence of the question. In fact,
it is only a contingent fact that we can observe them at all.*
The aspect that is truly central to the story that our
cosmological models must provide, and part, in fact, of
the essential reason for doing cosmology, is to account for
the primordial generation of structure, as well as for the
evolution in time of this essential process that makes our
own existence possible.

A key point that follows from all this is that, in a
cosmological context, the issue of classicalization is inti-
mately intertwined with the breakdown of the homogeneity
and isotropy of the initial state; but what is exactly the
relation between the two? It seems clear that the breakdown
of the symmetry can occur in the absence of classicaliza-
tion. That is, the mere breakdown of the symmetry does not
imply classicalization (there are, of course, plenty of
inhomogeneous and anisotropic quantum states that are
far from satisfying the conditions for -classicality).
Therefore, in order to explain the emergence of classicality
in the cosmological context, one must not only account for
the breakdown of the symmetry, one also has to show that
the resulting state allows for a classical description.

Now, in the same way that a breakdown of homogeneity
and isotropy does not imply classicality, classicality can
occur in the absence of a breakdown of the symmetry.
Nevertheless, what we want to point out is that classical-
ization by itself cannot erase or eliminate a symmetry
present at the quantum level and, in particular, it cannot
break homogeneity and isotropy. This, in fact, follows from

*For instance, if our Solar System was deeply embedded in the
bulge region of a gigantic galaxy, the CMB would be hidden from
us (as it occurs with that part of the last scattering surface that lies
on our galactic plane). Moreover, if another advanced civilization
arises in the distant future, many billions of years after the current
epoch, they might encounter the CMB so highly redshifted that
it might become unobservable in practice even by their best
technology.
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very general considerations regarding a hierarchical struc-
ture of relations between theoretical descriptions. Suppose
that we have, for the same system or class of systems, two
theoretical frameworks: theory A, the more fundamental
description, and theory B, an effective construction which,
at least in principle, is derivable from theory A under a
certain set of conditions or approximations. In such a
situation, it is said that theory B supervenes on theory A, in
the sense that differences according to theory B require
differences according to theory A [4]. If so, it follows that,
if according to theory A, a physical situation possesses a
certain symmetry, then the same physical situation, as
described by theory B, also must possess the symmetry
(provided that the symmetry in question is definable in
terms of theory B).

As an illustration of this, consider a classical gas,
described in terms of two different coarse-grainings, A
and B, with the scale of the coarse-graining of A smaller
than that of B. It is then quite possible for the characteri-
zation of the gas to be homogeneous according to B, but not
to A. However, it is logically impossible for it to be
homogeneous according to A, but not to B. Similarly, for
the cosmological scenario at hand, if the quantum state of
the system is indeed fully homogeneous and isotropic, as it
is taken to be after the first few e-folds of inflation, then,
even if a classical description would be available, such a
description would also have to be fully homogeneous and
isotropic. That is, classicalization by itself is unable to
describe the emergence of structure. From this, we con-
clude that any successful effort to explain the emergence of
classical behavior in the standard cosmological context
must necessarily involve a satisfactory account of the
breakdown of the homogeneity and isotropy of the quan-
tum state. But what constitutes a satisfactory account of the
breakdown of such a symmetry?

The first thing to point out is that a purely unitary
evolution of the quantum state after inflation is simply
unable to break it. That is, the standard quantum evolution
explicitly preserves the homogeneity and isotropy of the
initial state—and crucially, this is so even if one takes into
account the alleged factor responsible for the quantum-to-
classical transition, namely, quantum fluctuations. To see
this, we note that such quantum fluctuations are no more
than a way to express the fact that, regarding certain
observables, the Bunch-Davies vacuum has some width
and, in the same way that the fact that the ground state of a
harmonic oscillator is symmetric regarding a reflection
about the center of the potential, even though it has some
width, the Bunch-Davies vacuum is fully homogeneous
and isotropic, even though it is not sharp regarding certain
variables. Moreover, it is clear that decoherence is also of
no use in this respect because a mere anthropocentric
decision to call certain degrees of freedom the “system,"
and others the “environment,” does not cancel the fact that
the dynamics is fully unitary and the state fully symmetric.

It must be noted that there is another way in which the
notion of decoherence could be understood—a notion that
has been argued to be more relevant in the cosmological
context at hand. Instead of linking decoherence to the
tracing of environmental degrees of freedom, it could be
associated with the wave function splitting into branches of
disjoint support on configuration space (these branches, by
the way, are what many Everettians would read as “different
worlds”). The point we would like to stress is that this
alternative notion of decoherence is of no use in order to
explain the breakdown of the homogeneity and isotropy.
This is because, since the wave functions associated with
the quantum vacuum are Gaussian, there is no splitting of
this sort ever occurring.

What about measurements? Well, it seems clear that any
account of the breakdown of such a symmetry cannot rely
on the notion of measurement since, clearly, in the
homogeneous and isotropic state of the early Universe,
there cannot be observers to perform any measurements.
One could, instead, claim that it is our observations that
break the symmetry, but an account of that sort clearly
contains a circular causal chain of events: the breakdown of
the homogeneity and isotropy of the early Universe
occurred because measurements were performed, but such
measurements were possible because the symmetry was
broken. That is, we are here because the seeds of structure
that appeared in the early Universe evolved into large scale
cosmic structure (including galaxies and solar systems), but
those seeds of structure arose because we performed
measurements of the CMB. In short, our observations
would be part of the account of the emergence of the
conditions that made us possible.5

To sum up, neither quantum fluctuations, standard unitary
evolution, measurements, nor decoherence is able to explain
the breakdown of the homogeneity and isotropy of the
quantum state after inflation. It seems that, in the absence
of an additional element, the standard approach is simply
unable to accommodate the breakdown of the symmetry.
Thus far, we have specified in detail the challenge to be met
by any attempt to account for the classicalization of the early
Universe. In particular, one must account for the transition of
the initial, completely homogeneous and isotropic state, into
one with inhomogeneities and anisotropies. Moreover, one
must show that the resulting inhomogeneous and anisotropic
state can, in fact, be described in classical terms. We are,
finally, in a position to present and assess the validity of the
arguments defended in [1]. Below, we will argue that all of
the attempts considered fail because, either they rely upon
unjustified, implicit assumptions regarding the breakdown of
homogeneity and isotropy, or they contain the sorts of
circular causal explanations mentioned above.

It is like pretending to explain the birth and development of a
tree by arguing that the seed from which it grew was produced by
the tree itself.

043521-5



BERJON, OKON, and SUDARSKY

PHYS. REV. D 103, 043521 (2021)

IV. THREE PATHS TO CLASSICAL BEHAVIOR:
THE USUAL SUSPECTS

In this section, we describe the three paths to classical
behavior in cosmology considered by [1]: fading of non-
commutativity, quantum squeezing, and the transition from
quantum states to classical distributions. It is worth noting
that similar proposals have been put forward in multiple
publications, including [5-13], and have been severely
criticized in discussion such as [14—17]. The work in [1]
could then be interpreted as an attempt to overcome those
criticisms by strengthening the standard arguments. In what
follows, we discuss this new proposal, pointing out its
deficiencies.

A. Fading of noncommutativity

It is well known that the failure of observables to commute
is a typical marker of quantum behavior. As a result, it might
be argued that, if in a certain situation, this noncommuta-
tivity becomes negligible (in an appropriate sense), then the
system in question might be thought of as behaving
classically. In [1], it is further argued that a fading of
noncommutativity could be detected by comparing the
expectation values for commutators and anticommutators.
They conclude that, if in the cosmological context, the
expectation value of the commutator of the canonical
operators ((n), #(n7)) becomes small compared to the
corresponding anticommutator, then one can take this as a
sign of the fading of noncommutativity—and hence of the
emergence of classical behavior.

In favor for this strategy, they advance two consider-
ations. First, that for homogeneous and isotropic states, the
expectation value of the anticommutator is equal to the
expectation value of the corresponding classical observ-
ables in a natural distribution on the classical phase space.
Therefore, the ratio of the two expectation values can be
taken to measure the “importance of the quantum aspects of
the system relative to its classical aspects.” Second, that for
quantum mechanical systems whose configuration space is
a manifold, one naturally associates configuration observ-
ables with functions and momentum observables with
vector fields. If so, although the classical and quantum
commutation relations are of course different, it turns out
that the classical and quantum algebras have the same
anticommutation relations. As a result, they propose to take
the ratio between the expectation values for commutators
and anticommutators as a measure of quantum behavior.

Before exploring the soundness of this whole strategy for
classicalization, we briefly review the way in which,
according to [1], in the cosmological context of interest,
the expectation value of the commutator of the canonical
operators (¢(n),#(n)) in the Bunch-Davies vacuum
becomes small relative to that of the anticommutator. To
show this, they consider a Friedmann-Lemaitre-Robertson-
Walker space-time,

g pdxdx? = a(n)X(=dn? + dx°), (1)

with 7 the conformal time, related to cosmic time (i.e., proper
time associated with comoving observers) ¢ via
a(n)dn = dt. For such a scenario, it can be shown that
the expectation values in the Bunch-Davies vacuum for the
commutator and anticommutator of the single mode oper-

ators (@ (1), %;(n)) are given by
([2z(n). 25 (m)]) = indy 5, (2)
([@p(n). 25 () y) = —2ha*(n)Re(er(n)ey (n); 7. (3)

with the functions e;() a normalized basis of modes
satisfying the appropriate Klein-Gordon equation. The
absolute value of the ratio of these expectation values is
therefore

1
IRy (n)] = 12a*(n)Re(er(n)e;(n))|’ “

where we have considered the only possible case of interest,
that is, k = —'.

For the case of de Sitter space-times,6 this ratio does
indeed decrease, doing so exponentially with the number of
e-folds after the mode has crossed the Hubble horizon (see
[[1], Sec. III.B]). However, the authors point out that the
ratio does not decrease with # in all possible contexts of
interest—for example, it does not vanish in the case of the
radiation filled Universe. As a result, they conclude that the
fading is not really a robust criterion for the emergence of
classical behavior, as noncommutativity need not fade even
when the system does seem to behave classically. That is,
they conclude that the fading of noncommutativity is not a
necessary condition for classicality. Still, they believe that,
at least in certain scenarios, it does signal the emergence of
classical behavior.

We just saw that, according to [1], the fading of non-
commutativity is not a necessary condition for classicality.
Now we show that it also not a sufficient condition for
classical behavior; that is, the fact that a certain commutator
vanishes in a certain situation, does not imply that the
situation can be modeled classically. To see this, consider a
pair of spin-1/2 particles in a singlet state. Of course, the
components of the spin operator of particle 1 commute with
those of particle 2, but that clearly does not imply that we
might regard the situation as classical regarding, for
instance, the values of those two spins and their

6 .
In which case, we have

ex(n) = (ﬁJr%) f/_;;,

with H the Hubble constant, so the

IRy ()] =

ratio becomes
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correlations. In particular, as has been conclusively shown
in [18] and (even more explicitly, for the case of 3
entangled particles) in [19], it is simply untenable to
assume that, before any measurement is involved, the spins
have well-defined values. It was already clear from [1] that
the fading of noncommutativity is not necessary for
classicality; now we see that it also not sufficient. It seems
that the sensible thing to conclude is that there is, in fact, no
relation between the fading of noncommutativity, at least as
characterized by [1], and classicality.

A further problem with the proposed criterion for
classicality is that it can be shown to depend on unaccept-
able arbitrary choices. To see this in a simple example,
consider a free particle of mass m, which at r =0 is in a
minimum uncertainty wave function centered at x = x, and
P = po- Now, for the expectation value of the commutator,
we of course have (y|[X, P]|y) = if. As for the anticom-
mutator, it can be computed to give

L 2t
WHX PHw) = —(p§ +0%) +2x0p0. (5)

with ¢ the uncertainty in momentum (which for a free
particle is constant in time). The point is that, at any time,
we can change the value of the anticommutator—and, in
particular, make it vanish—by a change of frame or origin
(the expectation value of the commutator will, of course,
not change). This means that, according to this criterion, the
classicality (or lack thereof) of a system would depend on
those choices, which seems utterly unsatisfactory. Yet
another complication we would like to mention is that
the arguments in favor of the proposal depend on identify-
ing expectation values with possessed values. However, as
we explained above, within the standard interpretation,
such an identification only obtains when measurements are
involved. Therefore, in order to make any sense, the
proposal seems to require for measurements to take place
in the early Universe.

As we explained in Sec. III, any successful explanation
of the quantum-to-classical transition in cosmology must
account for the breakdown of the homogeneity and isotropy
of the quantum state after inflation. It is easy to see that the
fading of noncommutativity does not fare well in this
regard. In the whole discussion in [1] regarding this
strategy, the underlying quantum state is always assumed
to be the Bunch-Davies vacuum. Therefore, even if the
fading of noncommutativity would lead to some sort of
classicalization, as we proved in Sec. III, the resulting
classical state would necessarily share the homogeneity and
isotropy with the quantum state. Going back to the example
of the singlet, to think that the fading of noncommutativity
breaks the symmetry of the Bunch-Davies vacuum, would

be like arguing that the commutativity between §1 and 5:;
breaks the rotational symmetry along the axis joining the
two particles. Of course, a measurement of the spins will, in
general, break the symmetry and allow a slightly more

classical description, in the sense that each particle will
have a definite spin orientation, but in the absence of such
an external influence, that is, that resulting from the act of
measurement, the symmetry persists.

In sum, regarding the whole idea of associating classi-
cality with commutativity, the fact is that, even in the
absence of noncommutativity, there are many other features
that make a situation profoundly quantum mechanical. One
such feature is entanglement, which is responsible, not only
for establishing important correlations, but also for codify-
ing the symmetry of a state. For instance, in the singlet case
discussed above, entanglement is responsible for the
correlation between the spins of the particles, as well as
for the rotational symmetry of the state. In the case of the
Bunch-Davies vacuum, something completely analogous
occurs. The entanglement present in the state is funda-
mental in codifying essential properties of the state,
including its homogeneity and isotropy [20].”

B. Quantum squeezing

The phenomenon of quantum squeezing is often
employed in arguments for the emergence of classical
behavior in the early Universe. The idea is that the fact that
the uncertainty of the field gets highly squeezed during
inflation, and remains so at late times, can be taken as a sign
of classicality. In [1], it is further argued that squeezing can
be traced back to geometrical structures in classical phase
space and that inflation is not essential for its occurrence.

Before examining the alleged relation between squeez-
ing and classicality, let us illustrate the issue by reproducing
the calculations on the subject, in the context of a de Sitter
space-time (see [[1], section IV A]). We start by recalling
that a quantum system is said to be in a squeezed state when
the uncertainty in its canonical variables is not “evenly
distributed.” Now, in the case of de Sitter, the uncertainties
for the canonical operators in the Bunch-Davies vacuum
are given by

|Agr(n)|* = % (6121(7]) + 1;2) (6)

In fact, it is easy to show that, for any finite collection of
points {x;....x, } on a constant (cosmological) time hypersurface,
and for any transformation L, corresponding to a rotation or a
translation acting on such set of points (operations that are well
defined because of the fact that the corresponding space-like
hypersurfaces are flat), all the n-point functions involving,
say, field ¢ or conjugate momentum operators #, denoted
collectively here as y, evaluated in the Bunch-Davies vacuum,
are invariant. Namely, 5, (0[f(x1)2(x2)...... 7(x,)]0)pp =
sp Ol (Lx) ) (Lx,)...... #(Lx,)|0)pp. That is, the nature of
the quantum mechanical correlations present in the state of
interest is precisely of the type that ensures the symmetries of
homogeneity and isotropy of the state, so they are, in that sense,
analogous to those that occur in the singlet state of a pair of
spin-1/2 particles in a singlet.
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A =T a(n) )

If we focus on modes deep within the Hubble radius at early
times, for which ﬁ > H, we have

h
Agz|? ~— 8
‘ 90k| 2]{’ ()
. knh
agP =, ©

where we have, following the convention adopted in [1], set
a =1 at a cosmic time ¢t = (0. However, after leaving the
Hubble horizon, that is, when ﬁ < H, for those modes,

we have
. hH?
\A(P/ﬂz Nﬁy (10)
. kh
[Am =2 a(). (1)

We see that the uncertainty in the field at late times is very
small, compared to early times. This is the phenomenon of
squeezing during inflation.

It seems clear that, at least in the sense described above,
squeezing indeed occurs during inflation. What we are
interested in exploring here is whether such a phenomenon
implies that the situation under consideration can be
successfully approximated by a classical description. We
start by pointing out that in [1] there are no actual
arguments presented in favor of quantum squeezing as a
sign of the emergence of classical behavior. The authors,
instead, seem to have taken this as a given, focusing only on
bringing to the fore how and why squeezing occur in the
cosmological setting. Needless to say, a squeezed state is a
quantum state and any talk of it being a sign of classical
behavior needs explicit argumentation.

Presumably, the intuition behind the association of
squeezing and classicality stems from the observation that
quantum uncertainties are an unmistakably quantum char-
acteristic of a physical system. Therefore, it is contended
that, if the uncertainty in a quantum state becomes small,
then the state itself becomes “less quantumlike.” There are,
however, serious complications with this sort of reasoning.

To begin with, the fact that a state is squeezed, in no way
means that it will not display any of the typical quantum
features, such as indeterminism (in agreement with the Born
rule), entanglement, tunneling, being affected by measure-
ments, etc. In fact, squeezed states are very well known to
display acute quantum behavior [17,21,22]. This has been
exploited by experimentalists working in quantum optics
who use squeezed states of light to reduce the photon
counting noise in optical high-precision measurements,
to calibrate the quantum efficiency of photoelectric

photo detectors, or for entanglement-based quantum key
distribution.

Moreover, it seems that if one decides to take squeezing
as a sign of classicality, that is, if one chooses to regard
states with a narrow uncertainty in some property as
behaving classically, then one is bound to take states with
large uncertainties as very quantum. The issue, of course, is
that, just because a certain variable has become squeezed,
does not entail that other variables will too. In fact, the
contrary is the case: the conjugate of a squeezed variable
will get stretched (and often the product of the uncertainties
will not even saturate the Heisenberg relation). It seems,
then, problematic to take the squeezing of one observable
as a sign of classicality; why should we consider a system
which is highly localized in its position, but with a highly
unlocalized momentum as somehow classical?

As we argued in Sec. II, classicality can only be
predicated of a state, relative to a list of observables and
associated accuracies. Then, what one could say about, for
instance, a particle squeezed in position, is that its state
exhibits classical behavior with regards to its position, and
only if the uncertainty is small compared to the accuracy of
the position measuring apparatus at hand. Moreover, since
the squeezing in position implies a stretching in momen-
tum, then all the possible observables of the form F(X£, p)
would exhibit nonclassical behavior, due to their depend-
ence on p. Since the family of operators which only depend
on X is extremely small in comparison to the set of
observables with the general form F(X£, p), this leaves us
with an extremely narrow scope for the relation between
squeezing and classicality.

Finally, as emphasized in [17], and explicitly acknowl-
edged in [1], the issue of whether or not the state, at any
particular time, is squeezed or not, depends on the quantum
operators one chooses to consider in the description of
the quantum field. In order to address this rather serious
obstacle, [1] proposes to justify their preferred choice of
operators on considerations of what we can in fact measure.
As we explained above, this dependence of the explanation
of the emergence of classicality on measurements per-
formed by us is simply untenable, as it relies on a circular
logic. Again, what we are trying to explain are the
primordial conditions that, eventually, led to our existence.
It should be clear that it is absurd to allow for consid-
erations regarding what we, humans, can or cannot in fact
measure, to play a role in such an explanation.

How does squeezing fare regarding the breakdown of
the homogeneity and isotropy of the state? Very poorly
indeed. To begin with, it is easy to see that squeezing is
perfectly compatible with the symmetry. That is, the presence
of squeezing by itself does not imply a breakdown of
homogeneity and isotropy. Moreover, as with the fading
of noncommutativity, the whole discussion in [1] regarding
squeezing assumes that the quantum state is the symmetric
Bunch-Davies vacuum. We conclude that, even if squeezing
were to lead to classicality, the resulting classical state would
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be homogeneous and isotropic, so the strategy would fail its
task to explain the emergence of structure.

All of these considerations prompt us to conclude that
there is no sense in which squeezing, in and of itself, entails
or is a feature of classicality, as required by the problem
at hand.

C. From quantum states to classical distributions

As we explained above, the standard procedure in
contemporary cosmology is to replace the quantum state
at the end of inflation with an appropriate classical state—
with all subsequent analysis being classical. The question is
whether such a procedure can, in fact, be justified from first
principles. With this question in mind, in [1] it is shown that
one can associate with the quantum vacuum a distribution
function over phase space, such that the quantum expect-
ation value of any Weyl-ordered quantum operator in the
vacuum, exactly equals the corresponding classical expect-
ation value. This is taken as a “clear-cut justification for the
procedure used in the early universe literature.” It is further
noted that the proved result is not tied to inflation and that,
as long as the perturbations are assumed to be linear, it is
valid on any globally hyperbolic space-time. This they
take as an indication that nonlinear effects, such as mode-
mode coupling and decoherence, although quite interest-
ing, are not essential for the emergence of classicality in
cosmology.

What are we to make of these assertions? As we just saw,
the authors take the equality of expectation values as
complete justification for the replacement of the quantum
state by the corresponding classical distribution. However,
things are not that simple. The problem is that the fact
that the expectation values coincide numerically, does not
imply that the physical situations they represent are equal. In
particular, itis very important to keep in mind that, in general,
a quantum expectation value does not represent a possessed
property of the system under consideration, it only codifies
how the system will behave when measured.® Therefore, to
simply assume that, because the expectation values coincide,
one can replace the quantum state by a classical distribution,
is in effect to implicitly assume that the quantum vacuum has
somehow morphed itself into one of the members of the
corresponding classical ensemble. But is not that just
begging the question? Rather than finding a dynamical, or
otherwise non-ad hoc, way to justify the quantum-to-
classical transition, the strategy simply presupposes that this
transition has somehow taken place.

To make these considerations more transparent, let us
focus again on the much simpler case of a harmonic
oscillator in one dimension (with the center of the potential

®It is interesting to point out that a very similar mistake is
commonly made in arguments defending the use of decoherence
to explain the absence of macroscopic interference (see [[23],
Sec. 2)).

at X = 0). If we take the system to be in the ground state
(with uncertainties in position and momentum AX and
AP), we can construct a suitable distribution function over
phase space, such that the quantum and classical expect-
ation values exactly coincide. Does that mean that we might
regard a single harmonic oscillator in its ground state as
equivalent to an ensemble of points in phase space, with the
corresponding distribution? Of course not. It is only if we
consider an ensemble of harmonic oscillators in the ground
state, and we subject all of them to a measurement of
position with a precision higher than AX, that we would
have an ensemble of systems with relatively well-defined
positions, distributed around the origin with a statistical
dispersion of order AX. The crucial point is that, each of the
elements of the ensemble would have undergone a change
in its state as a result of the measurement. It is, then, only
through measurements that the quantum expectation values
get connected with the statistical characteristics of the
ensemble that results from the measurement performed on
all the systems.

Regarding the breakdown of the homogeneity and
isotropy, it must be noted that this last strategy considered
in [1] is the only one in which an attempt is made to deal
with the passing from a symmetric to a nonsymmetric
situation. In order to assess its success, consider the
reflection symmetry X — —X of the harmonic oscillator.
Such a symmetry is present, both at the dynamics of the
system (i.e., its Hamiltonian) and in the ground state. Now,
can a substitution of the ground state by the corresponding
distribution over phase space—made on paper by some
theoretical physicist, with not actual physical counterpart—
be used to argue that the actual physical situation has lost its
symmetry? Of course not, unless a measurement is
involved. In exactly the same way, a mere substitution
of the Bunch-Davies vacuum by a classical distribution
function with the same expectation values does not con-
stitute a breakdown of the symmetry. It is often argued that
this prevalence of the symmetry must be read as indicating
that the whole ensemble retains full homogeneity and
isotropy, but that each member is not required to be
symmetric. However, this answer only works if, again,
one implicitly, but illicitly, assumes that the system stops
being the Bunch-Davies vacuum and transforms into one of
the members of the ensemble. Of course, some sort of
measurement would be able to achieve this but, as we have
explained above, measurements cannot play any role in this
sort of explanation.

V. CONCLUSIONS

The standard story for the emergence of classicality in
the early Universe asserts that quantum fluctuations, or
uncertainties, associated with the completely homogeneous
and isotropic Bunch-Davies vacuum, constitute the pri-
mordial seeds of all cosmic structure. Based on these ideas,
what is usually done in practice is that, toward the end of
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inflation, the symmetric quantum vacuum is replaced by an
appropriate distribution function over classical phase space.
A vital question is whether such a standard procedure
is indeed justified, that is, if it follows from first principles,
or if it depends upon some additional, possibly invalid,
assumptions.

Over the years, cosmologists have tried to account for
this transition by different arguments and methods. A
recent work by Ashtekar et al., [1], explores three different
ways in which classical behavior has been argued to
emerge in the early Universe: (i) the fading of the
importance of quantum noncommutativity, (ii) the phe-
nomenon of quantum squeezing, and (iii) the ability to
approximate the quantum state by a distribution function on
the classical phase space. They conclude that these notions
provide a quite robust explanation for the emergence of
classicality in cosmology.

In this work, we dispute the assertion that these or similar
accounts constitute a valid justification for the transition to a
classical description. We claim that they fail because they
either rely upon unjustified, implicit assumptions, or they
contain some kind of invalid, circular logic. Moreover, we
point out that any successful effort to explain the emergence
of classicality in cosmology must account for the breakdown
of homogeneity and isotropy, and we show that none of the
considered proposals is able to do so. We conclude that the
proposals considered are unable to explain the emergence of
classical behavior in the early Universe.

More generally, we pointed out that when attempting to
explain the emergence of structure in cosmology, one is
actually dealing with two issues which are, in principle,
distinct and independent, but that, in the context at hand,
appear closely connected: (A) classicalization and
(B) breakdown of homogeneity and isotropy. Now, in
principle, one might attempt to deal with them in different

orders: first A and then B or vice versa. As we have seen,
most of the existing attempts to address the problem at
hand, including two of the three considered in [1] (with the
last one suffering from circularity in its explanatory power)
focus on A without even considering B. It should be clear
that any attempt to follow such path is essentially doomed
to fail. This is because one would be trying to account for
the breakdown of homogeneity and isotropy in classical
terms, but in a manner that has no quantum mechanical
counterpart. As we argued in Sec. III, that is inconsistent
with the basic assumption that the quantum description is
more fundamental than the classical one—and thus that any
classical characterization supervenes on a quantum one.

Finally, it seems clear that when attempting to deal with
A without considering B, one will be confronted with the
cosmological version of the measurement problem. In this
regard, one should heed the lessons from Bell [24] and
others, and, in particular, the fundamental result of [25],
showing the intrinsic inconsistency of simultaneously
holding the following three claims: (i) the physical descrip-
tion given by the quantum state is complete; (ii) quantum
evolution is always unitary; and (iii) measurements always
yield definite results. The measurement problem is the
elephant in the room in many situations of physical interest
and ignoring it might lead one astray.
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