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We study the Fock quantization of scalar fields in (generically) time dependent scenarios, focusing
on the case in which the field propagation occurs in —either a background or effective— spacetime with
spatial sections of flat compact topology. The discussion finds important applications in cosmology,
like e.g. in the description of test Klein-Gordon fields and scalar perturbations in Friedmann-
Robertson-Walker spacetime in the observationally favored flat case. Two types of ambiguities in the
quantization are analyzed. First, the infinite ambiguity existing in the choice of a Fock representation
for the canonical commutation relations, understandable as the freedom in the choice of inequivalent
vacua for a given field. Besides, in cosmological situations, it is customary to scale the fields by
time dependent functions, which absorb part of the evolution arising from the spacetime, which is
treated classically. This leads to an additional ambiguity, this time in the choice of a canonical pair
of field variables. We show that both types of ambiguities are removed by the requirements of (a)
invariance of the vacuum under the symmetries of the three-torus, and (b) unitary implementation
of the dynamics in the quantum theory. In this way, one arrives at a unique class of unitarily
equivalent Fock quantizations for the system. This result provides considerable robustness to the
quantum predictions and renders meaningful the confrontation with observation.

PACS numbers: 04.62.+v, 98.80.Qc, 04.60.-m

I. INTRODUCTION
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The description of fields in nonstationary scenarios like those encountered in cosmology is plagued with severe ambi-
guities which undermine the robustness of the predictions up to the verge of becoming devoid of physical significance.
Obviously, the existence of ambiguities in the construction of a quantum description for a classical system is an issue
which affects all fields of physics. However, the problem is especially relevant in the case of cosmology because, on
the one hand, the windows available for quantum phenomena are narrow (if any) and, on the other hand, one cannot
carry out an unlimited number of repeated measurements on the system (or on a large number of copies of it). Rather,
one observes the only available system, namely the Universe in which we live.

In general, the assignation of a quantum theory to a classical system is a process that involves many ambiguous
choices, which can affect the physical predictions. For instance, one has a vast freedom in the possible selection of
fundamental variables to describe the system, and in the algebra of observables constructed out of them which one
wants to represent by quantum operators. Moreover, even if this basic step is fixed, one still finds representations that
are inequivalent, and therefore lead to different physics in the quantum realm. For systems with finitely many degrees
of freedom and whose phase space is linear, the freedom in the choice of a specific representation can be removed
if one demands that the representation possess certain good properties, namely, unitarity, irreducibility, and strong
continuity: the uniqueness of the representation is then guaranteed by the so-called Stone-von Neumann theorem
ﬂ] Nevertheless, when one deals with systems with an infinite number of degrees of freedom, as in quantum field
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theory, the situation gets much more involved. Even in the simplest fieldlike systems and restricting the discussion to
Fock representations, obtained via the action of creator operators on a vacuum state, there exist an infinite number
of possible choices with an equally acceptable behavior from the mathematical viewpoint [2]. Therefore, unless
one includes additional criteria [244] to select a vacuum state (or rather a unitarily equivalent class of them), the
Fock representation of the canonical commutation relations (CCR’s) of the field has to face a fundamental, infinite
ambiguity.

Moreover, in cosmological scenarios like those that we are interested to study, there exists an ambiguity which
is previous to the choice of Fock representation, and which has to do in part with the commented freedom in the
selection of a canonical pair of variables. This ambiguity arises in a natural way in systems defined in nonstationary
settings, because in those frameworks it is customary to scale the field configurations by time varying functions
which absorb part of the time dependence of the spacetime in which the field propagates. This is frequently the case
irrespective of whether the spacetime is a true physical background |5, 6], an effective spacetime (for instance, for fields
which propagate in quantum corrected backgrounds, like in effective Loop Quantum Cosmology [7-10]), or an auxiliary
spacetime (e.g. in the case of dimensional reductions of gravitational systems with two commuting spacelike isometries,
like the Gowdy models [11-13]). Scalings of this type are found, for example, in the treatment of Klein-Gordon (KG)
fields in Friedmann-Robertson-Walker (FRW) spacetimes, in order to transform the KG equation into a generalized
wave equation in a static spacetime (as we will see below), or in the treatment of scalar perturbations around FRW
spacetime, like in the introduction of Mukhanov-Sasaki variables [14]. The scaling of the field configuration can be
completed into a linear and time dependent canonical transformation. This transformation leads to a new canonical
pair of field variables which, furthermore, has typically a different (but still linear) dynamics, since the changes
performed are time varying.

From these considerations it is clear that, in order to extract significant quantum predictions for fieldlike systems in
cosmology, or more generally in time dependent settings, one needs to introduce criteria which, based on reasonable
physical motivations, can fix the commented ambiguities and pick out a unique class of quantum descriptions which
are all unitarily equivalent (and hence lead all to the same physics).

A common procedure to select a unique Fock representation of the CCR’s for a given field is to benefit from
the classical symmetries of the system and demand that the vacuum be invariant under them. Notice that this
requirement, though well founded inasmuch as it involves demanding that all the basic structures for quantization are
symmetry invariant, it is more stringent than asking simply for a unitary representation of the group of symmetries in
the quantum theory. For some highly symmetric backgrounds (as is the case of Minkowski spacetime), the invariance
under the (Poincaré) group is enough to select a unique Fock quantization [2]. However, in general, when less
symmetric backgrounds are considered, this criterion fails to select a unique representation of the CCR’s by its own.
In brief, there is not sufficient symmetry available and there still exist infinitely many inequivalent vacua which are
invariant.

Nonetheless, this symmetry invariance remains a useful tool in order to select a preferred Fock representation when
additional requirements are introduced. This is the case of cosmological systems, or in general systems whose linear
field equations have no timelike symmetries. In these situations, it seems reasonable to replace the role of symmetry
invariance with the weaker demand of unitarity in the time evolution. In other words, to complement the invariance
under spatial symmetries with the requirement of a unitary dynamics of the system in its Fock description. This
requirement is crucial unless one is willing to renounce to a standard probabilistic interpretation of the quantum
theory, including the evolution of the corresponding observables. This criterion was proposed and applied for the first
time in the literature when considering the quantization of gravitational waves in inhomogeneous Gowdy cosmologies
[12, (13, 15-19]. These waves admit an alternate description in a dimensionally reduced auxiliary spacetime, in which
they satisfy a field equation of KG type, with an effective mass which varies in time. The spatial sections of this
auxiliary spacetime can be either the circle or the two-sphere, depending on the actual spatial topology of the Gowdy
spacetime. Moreover, this criterion for uniqueness of the Fock quantization has been applied more recently to scalar
fields with a(n almost) generic time dependent mass function and defined on any d-sphere, with d less or equal to
three [20-22]. Besides, the criterion has been slightly generalized (employing just the main part of the differential field
equations) and used for the quantization of the perturbations of a minimally coupled massive scalar field in an FRW
universe with positive curvature (with spatial sections isomorphic to three-spheres), as an example of an inflationary
scenario [8]. Finally, the selection of a unique Fock representation for KG fields in (auxiliary) static spacetimes in the
presence of a(n effective) time dependent mass has been recently investigated in Ref. |23] for generic compact spatial
sections in three or less dimensions. The generalization of the criterion to remove the ambiguity of the scaling of the
field by background time dependent functions in the case of spatial sections with any kind of compact topology is
under discussion [24].

In this work, we will focus on the case of compact topology which is more relevant from the point of view of its
application to cosmology: flat topology in three dimensions. The compactness of the topology is assumed to obviate
possible infrared problems. Nonetheless, the effects of compactness should be ignorable if the physics does not depend



on very large scales, e.g. those larger than a Hubble radius in cosmology. Specifically, we will consider the Fock
quantization of a scalar field defined on a spatial manifold isomorphic to a three-torus and which, after possibly a
suitable scaling by a time varying function, satisfies a KG equation with a time dependent mass. The relevance of
the system in physical cosmology —as in the description of minimally coupled scalar fields and scalar perturbations
in a flat FRW spacetime, which provides models that approximately describe the observed Universe— together with
a careful discussion of the proofs of our results for flat three-dimensional topology —emphasizing the peculiarities of
this case and making the physics behind our line of arguments more accessible— justifies a specialized analysis of this
setting by its own.

Although we will present more details about the applications of our results in the concluding section, let us consider
here as an example the simple case of a test scalar field ¢, with mass m, that is minimally coupled to a flat FRW
spacetime with sections isomorphic to a three-torus. The field satisfies the following equation (see e.g. [25]):

a’ 1
¢"+3g¢'—¥A¢+m2¢:0, (1)

where a denotes the (time dependent) scale factor of the FRW geometry, A is the Laplace-Beltrami (LB) operator
for the standard (static) three-torus metric, and the prime stands here for the derivative with respect to the proper
time. Changing the field with the scale factor, ¢ = a¢, and using conformal time, the field equation is transformed
into the following one:

P —Ap+sp=0. (2)

Here the dot denotes the derivative with respect to the conformal time, and s is a mass function given by s =
m2a® — d/a. From now on, we will consider systems that, via a convenient scaling, admit a field equation like Eq.
@), allowing s to be a(n almost) generic time function.

As we have said, there exist certain peculiarities in the case of the three-torus topology which motivate the mathe-
matical interest in its analysis. Among these peculiarities, let us mention that the group of isometries of the three-torus
is an Abelian compact group (as in the S' case |20]). Therefore, the irreducible (unitary) representations are one-
dimensional and defined over complex vector spaces [26]. This introduces some subtleties in the characterization of
the structures on phase space that are invariant under the spatial symmetries, since complex representations must
be combined so that, at the end of the day, one deals exclusively with real scalar fields. In particular, one must take
this issue into account in the characterization of the invariant complex structures, changing the approach followed for
other topologies in the previous literature, like e.g. in the case of spheres |21, [22].

Recall that a Fock representation of the CCR’s is completely determined by the fixation of a complex structure
[2]. A complex structure J is a real linear map on phase space which provides a symplectic transformation —namely,
it preserves the symplectic structure 2 of the system, which encodes the information about the Poisson brackets
and the CCR’s— and whose square is minus the identity [2, [27]. We further require the complex and the symplectic
structures to be compatible, in the sense that one obtains a positive definite bilinear map when modifying € by first
acting with J on one of its entries. The election of the complex structure is equivalent to the election of annihilation
and creationlike variables (up to physically irrelevant redefinitions), and hence to the choice of vacuum state for the
quantum theory.

We are interested only in those complex structures that are invariant under the spatial symmetries of the system
and lead to a unitary implementation of the field dynamics. In general, a linear canonical transformation 7' can be
implemented unitarily in the representation determined by a complex structure J if and only if the antilinear part of
the transformation [T; = (T 4+ JTJ)/2] is a Hilbert-Schmidt operator [2§] (i.e., T}TJ has a finite trace, where the
dagger denotes the adjoint operator). This condition amounts to demanding that the antilinear coefficients of the
transformation (usually called the beta Bogoliubov coefficients) be square summable. In addition, this is equivalent
to the condition that, under the action of T, the transformed vacuum contain a finite number of “particles” as seen
by the original vacuum state.

We will show that the combined imposition of (a) the invariance of the complex structure (and therefore of the
vacuum) under the isometries of the three-torus and (b) the unitary implementation of the dynamics in the quantum
theory, suffice to select a unique class of equivalent Fock representations for KG fields in static spacetimes with a time
dependent mass. Actually, this class of representations contains the one associated with a free massless scalar field.
Moreover, we will show that a Fock representation with the listed properties is possible only for fields that satisfy
equations of the type (@), a fact that completely removes the ambiguity in the choice of a canonical pair of fields
among all those related by a time dependent scaling of the configuration, plus a time dependent linear redefinition
of the momentum. This fixes the Fock quantization of the system, as far as the two kinds of ambiguities that we
consider here are concerned.

The rest of the paper is organized as follows. In Sec. [T, we introduce the field system and present a Fock quantization
based on the complex structure which is naturally associated with a free massless scalar field. Then, in Sec. [II] we



prove that the Fock representation determined by this structure implements the evolution as a unitary transformation
(with a particular scaling of the field). We also show that any other Fock representation of the CCR’s with unitary
dynamics and invariant under the three-torus symmetries is unitarily equivalent. Sec. [Vl deals with the ambiguity in
the choice of a canonical pair for the system, among all those related by linear transformations which include a time
dependent scaling of the field configuration. We show that, in order to obtain a unitarily implementable evolution,
neither a field scaling nor a redefinition of the momentum is allowed. Finally, Sec. [V] contains the conclusions and a
discussion of the results.

II. THE KLEIN-GORDON MODEL

Let us start by considering a real scalar field ¢ defined on a globally hyperbolic, static spacetime whose spatial
sections are isomorphic to a three-torus, equipped with its standard spatial metric h;; (4,5 = 1,2, 3). The time domain
can be any arbitrary connected real interval I C R. We do not impose I to be unbounded, nor of any specific form.
This is important if we want our analysis to be applicable even in the case of effective spacetimes, which often can be
treated classically (at least in certain approximations) only for some restricted time intervals (this might be the case,
e.g., for effective descriptions derived from Quantum Cosmology [7]). In addition, we suppose that the scalar field is
subject to an equation of KG type, with a quadratic potential of the form V() = s(t)¢?/2, which can be interpreted
as a mass term varying in time. In principle, we allow s(t) to be any time function. Later on, we will assume in our
discussion that it satisfies the mild condition of possessing a second derivative which is integrable in every compact
subinterval of I.

The canonical phase space I' of the field system is obtained from the Cauchy data (o, P,) = (@}, \/Ec,bm) at a
reference time t3. The dot denotes time derivative, and we keep explicit the determinant h of the spatial metric, even
though it is equal to one for the three-torus, in order to facilitate the extension of our discussion to more general
cases. This phase space is equipped with a symplectic structure 2 that amounts to the canonical Poisson brackets
{¢(x), Py(y)} = 6(z — y), with d(x) being the Dirac delta on the three-torus. Recall that the Poisson brackets, and
therefore €2, are independent of the choice of “initial” time tq.

The Hamilton equations of motion are

Py, Py =Vh[Ap —s(t)y), 3)

where A is the standard LB operator for the three-torus, completely determined by the (static) metric h;;. It is clear
that equations (B)) imply equation (). It is important to recall again that this kind of equations can be obtained in
very different cosmological models by considering a suitable canonical transformation which involves a time depending
scaling of the field configurations [22] (and often the consideration of conformal time). In this way, the field equations
can be interpreted as a KG equation with a time dependent mass in a static spacetime. On the other hand, note that
these dynamical equations are invariant under the group of isometries of the three-torus. We can obtain such isometries
from the composition of rigid rotations in each of the periodic spatial directions (diagonalizing the three-torus metric),
To, : 0; = 0; + a; , with a; € S*, and i = 1,2,3. Let us introduce the notation T for these transformations, where
@ is the tuple (a1, e, a3), and Tg = Ty, 0 Ty 0 Tas.

We decompose the field (and its momentum) in a series expansion adapted to the three-torus symmetries using
eigenfunctions of the LB operator. These eigenfunctions provide a basis in the space of square integrable functions
on the three-torus with the volume element determined by h;;. The series expansion can be done using complex
eigenfunctions (namely, a Fourier basis of plane waves):

—

A(10) = Gz Y an(t) explit - 0} (4)

where m = (my, ma, m3), with m; € Z, i = 1,2, 3, and m - 6= Zle m;0;. Since the fields are real, one must impose
the reality conditions

q-m(t) = (am(t)", (5)

where the symbol * stands for complex conjugation. This complex decomposition is useful because each tuple of
integer numbers 7 provides an irreducible representation of the isometry group. The drawback, on the contrary, is
that one has to deal with the complications posed by the presence of reality conditions.



The field can be also decomposed employing real eigenfunctions (i.e., in a Fourier expansion in cosines and sines):

3
plt0) = —573 S [an, () costiiy - 6) + i, (1) sim(; - )] (6)

J=0 i,

Here, we have defined the tuple @y = (n1, na, n3), with n; € N, and the tuples 7, are obtained from 7 by changing the
sign of n;. It is important to stress that, when the tuple 7y contains one or more zeros, not all the modes {gz,, =5, }
are independent for the different possible values of j, but there are modes that are actually the same. We assume
that they are considered only once in the above sum, without changing and complicating the introduced notation.
We decompose the field momentum in the very same way. Its real modes have coefficients satisfying p7, = ¢s;, and
Yi; = T, (for the cosine and sine contributions, respectively). In terms of the configuration and momentum Fourier

coefficients, the nonvanishing Poisson brackets are {g;, pﬁ;} = {zz,, yﬁ/j} = 55].5;.

The field equations (2) imply that the modes are dynamically decoupled (both if one employs the real or the complex
eigenfunctions), with equations of motion

i, + [wh + s()gm, =0, (7)

and similarly for the 2’s (i.e., the sine modes). Thus, the dynamical equations of the modes only depend on the
corresponding LB eigenvalue —w?2, which is given by w? = n? + n3 + n3. From now on, we will employ an abstract
notation such that the subindex n will be a positive number designating the order of these eigenvalues. That is,
w2 < w? if n < n/. It is also worth noticing that the degeneracy g, of each eigenspace (i.e., the number of
independent modes with eigenvalue equal to —w?) presents a complicated dependence on the label n because of
accidental degeneracy: there can exist many different tuples i; that lead to the same eigenvalues.

In order to discuss the Fock quantization of this scalar field, we introduce a particular complex structure which will
serve as starting point in our analysis. This complex structure Jy is chosen as the structure which would be naturally
associated with the case of a free, massless KG field. Hence, it is determined entirely by the three-torus metric. We
can define Jy in terms of the LB operator as

w( )= (e T ) ®)

By construction, then, its invariance under the group of isometries is warranted.
Returning to the mode description, it is convenient to define annihilationlike variables

1
Qi; = \/m (w’ﬂqﬁ]‘ + ipﬁj)v dﬁj = \/m (Wn.’liﬁj + iyﬁj)u (9)

as well as the corresponding creationlike variables, given by their complex conjugates a;fij and d%j. In the following,
we ignore the zero mode (i.e., the mode with w, = 0) in our discussion. This mode can be quantized separately,
possibly by nonstandard methods. Note that its exclusion does not alter the properties of the system which have to
do with the fieldlike behavior, arising from the presence of an infinite number of degrees of freedom. With this caveat,
our annihilation and creationlike variables are well defined. The action of Jy on the basis in phase space provided by
these variables is diagonal, and takes the standard form Jo(az,) = ias,, Jo(a;fij) = —ia;fij, and likewise for az; and
d;%j. Therefore, the introduced variables are precisely those which are promoted to annihilation and creation operators
in the Fock representation determined by Jy.

Taking into account the dynamical equations (@) of the modes, the evolution of the annihilation and creationlike
variables from the fixed time ¢y to any another time ¢ € I is just a linear transformation U(¢,to) which is block
diagonal, with 2 x 2 blocks of the form

() = (et ) (o)), a0y

and similarly for (az;,, d;%j). Since the equations of motion (7]) depend only on the value of w,, the functions a, (¢, to)
and B3,(t,to) are independent of the exact form of 7i; as far as w? = |fi;|2. Consequently, all the annihilation and
creationlike variables associated with the same eigenspace of the LB operator have the same evolution. Besides,
since the dynamical evolution is a symplectic transformation, the alpha and beta functions can then be regarded as

Bogoliubov coefficients, and we have that |a,, (t,t0)|? — |8, (¢, t0)]? = 1, Vn and for all times ¢ (and initial times t).



IIT. UNITARY EVOLUTION AND UNIQUENESS OF THE REPRESENTATION

In this section, we will show that the Fock representation determined by the complex structure Jy leads to a unitary
quantum evolution, assuming very mild differentiability conditions on the mass function s(¢). In addition, we will
prove that every invariant Fock representation with a unitary dynamics is unitarily equivalent to the one defined
by Jy. Therefore, the criteria of symmetry invariance and unitary evolution select a unique class of equivalent Fock
representations. Since part of the demonstration is similar to that presented in Ref. [21] for the three-sphere, we will
summarize the main steps of the proof and focus our attention on the peculiarities of the three-torus case.

A. Unitary dynamics

As we have commented, a linear canonical transformation 7' can be implemented as a quantum unitary transfor-
mation in the representation determined by a complex structure J if and only if the corresponding beta Bogoliubov
coeflicients are square summable, i.e.

3
DD 208, (8 t0)F =D gulBultito))* <oo,  VEEL (11)

7=0 ﬁj

Here, we have taken into account the two modes corresponding to each value of 7i; (namely, the sine and cosine
modes), and zero modes are already excluded. The asymptotic behavior of the alpha and beta coefficients for large
eigenvalues w,, of the LB operator (or, equivalently, for large n) can be obtained exactly as in Ref. [21]. Explicitly,
this asymptotic behavior is

an(t,to) _ e—iwn(t—to) +0 (i) , ﬁn(tutO) =0 (w—12> , (12)

Wn, "

where the symbol O indicates the asymptotic order. In order to deduce this behavior, it suffices to impose that the
mass function s(t) have a first derivative which is integrable in every closed subinterval of I. Using this result, it is
straightforward to see that condition (I)) is satisfied when the sequence {g,/w2} is square summable (over n). To
check this summability, it is necessary to study the behavior of the degeneracy g,, for large n. In fact, the variation
of g, with n is much more complicated than, e.g., in the case of the three-sphere, studied in Ref. [21]. Owing to
accidental degeneracy, the exact dependence is not explicitly available. Nonetheless, it is still possible to compute the
asymptotic behavior in which we are interested. From the expression of the eigenvalue w,,, it is clear that the set of
positive integers {m; m € N*} is a subset of the possible values of w,. Taking into account that 1/w? is a decreasing
function of w, and that g, is strictly positive, one can then easily realize that the summability condition on the
sequence {g,/wi} is satisfied if the sequence {D,,,/m*} is summable (over m), where D,, is the number of eigenstates
whose eigenvalue w,, belongs to the interval (m,m + 1]. The computation of D,, can be done as in the analysis of the
classical black body spectral radiation that leads to the Rayleigh-Jeans law (see e.g. Ref. [29]). Note that every tuple
(n1,n2,n3), where n; € Z, determines uniquely an LB eigenstate with eigenvalue w2 = n? + n% + nZ. The two tuples
with opposite signs for all n; can be assigned to the sine and cosine modes with the same label 77;. These tuples form
a cubical lattice of step equal to one in R3. The corresponding “average eigenstate density”, defined in R?, is just
the unity. The number of eigenstates contained in a sphere of radius equal to m, which we will call N,,, approaches
the sphere volume for large m, namely, N,, ~ 4mm3 /3. On the other hand, we clearly have D,, = Ny,11 — Np,.
Then, D,, « m? when m — co. Consequently, the sequence {D,,/m*} is summable, and condition (II]) is satisfied.
Therefore, the evolution of the system becomes a quantum unitary transformation in the Fock representation specified
by J().

B. Uniqueness of the Fock representation: Invariant representations

We will show now that all invariant Fock representations with unitary dynamics are equivalent to the representation
obtained from Jy. We start by characterizing the complex structures that are invariant under the group of symmetries
of the three-torus, formed by the transformations Tz. To reach this characterization, we will adopt an approach that
differs from that followed in the case of three-sphere topology, studied in detail in Ref. [21]. While, for the three-
sphere, each of the eigenspaces of the LB operator provides a distinct irreducible representation of the rotation group
SO(4), the symmetries of the three-torus form an Abelian group, and therefore its irreducible representations are all
one-dimensional and defined on complex vector spaces. The eigenspaces of the LB operator now aquire accidental



degeneracy, each of them splitting into a finite number of irreducible representations of the symmetry group. Besides,
as already mentioned, the structure of the degeneracy is rather complicated, and a closed expression for the dimension
of the eigenspaces is not even available. These obstacles are not encountered in the case of the three-sphere studied
in Refs. [21-23], where the analysis is considerably simplified by the application of the Schur’s lemma. Hence, the
case of the three-torus calls for a detailed analysis. We will present two different but completely equivalent ways to
deal with the peculiarities that arise in this characterization: one of them uses a basis of real modes to expand the
field, whereas the other one goes along with complex modes. In this subsection, we determine the characterization in
terms of real modes. The analysis employing complex modes and the transformation between the complex and real
bases can be found in the Appendix.

Let us study the real decomposition defined in Eq. (@). A complex structure J is invariant under a transformation
T if and only if T LJTs = J. On the other hand, the action of T on the field modes can be easily derived from the
(active) transformation of the field using Eq. (6). This yields

7, = cos(iij - A)gm,; — sin(ii; - d)zz,, xf, = sin(ii; - d)gq, + cos(ii; - A)xy;, . (13)
One obtains similar equations for the momentum field modes (pz,, ys;, )-

Notice that these transformations do not mix all modes, not even all those in the same eigenspace of the LB operator
—as occurred e.g. in the three-sphere case [21]. The mixing happens only between the pair of modes with the same
label ;. The corresponding invariant subspaces under the symmetry group are therefore two dimensional, which is in
fact the minimum possible dimensionality of any real unitary representation of a (nontrivial) Abelian compact group
[26]. In this sense, the isometry group of the three-torus corresponds to the most extreme case.

Actually, the situation is equivalent to that found in the case of the circle, S! (studied in the dimensional reduction
of the linearly polarized Gowdy cosmologies). Thus, the characterization of the invariant complex structures can
be made following a line of arguments similar to that presented in Ref. [15]. It is not difficult to realize from Eq.
(@3) that T acts both on the variables {(gs,,z7,)} and on {(ps,,¥s,;)} as the product of three copies of SO(2), one
for each direction. In fact, one obtains a different (real) representation of this group for each value of the 7i; label.
As a consequence, all invariant complex structures must be block diagonal, with 4 x 4 blocks, denoted by Jg,. In
addition, each block Ji, is composed of four 2 x 2 blocks: ng?, Jgf, ngf , and Jgf , which, owing to the invariance

condition T 1JT5 = J, must be matrices with a real skew-symmetric part and with a symmetric part proportional
to the identity. These blocks define maps between the configuration (¢) and momentum (p) sectors of phase space,
as indicated by the introduced superindex notation.

We must still demand the remaining conditions that the square of the complex structure be minus the identity, that
it must preserve the symplectic structure, and that it must be compatible with it (namely, it must provide a definite
positive bilinear map when composed with it). Let us first impose the condition that the bilinear map Q(J-,-) be
positive definite on phase space. This means that JﬁTj 27, must be a symmetric positive definite matrix, for all values
of the labels 7i;. Here, the superindex T' denotes the transpose matrix, and the blocks {2, of the symplectic structure
[in the real mode basis {(qs,, vw,, s, yr;)}] are

0 = <02><2 —Ioxo > . (14)
J

Iowo  0O2x2

The matrices 0242 and Isyo are the zero and the identity 2 X 2 matrices. One can see that the imposed positivity

condition implies that J}Zj and —ngf must be symmetric positive definite matrices, and that Jgg = —Jgf . Together
with our previous results, we get that J}Zj = cgj) Iy and Jgf = —cgj) Ioyo, with cgj), cgj_) > 0.

Finally, the remaining conditions on the complex structure translate into the following requirements on matrices:
J;:fj Qﬁj Jm; = Qﬁj (i.e., the complex structure is a symplectic transformation) and Jr%j = —I4xa (J2 is minus the
: : : qq9 _ pp _ 4 (3) : (3) _ (1) (2) :
identity). From these equations, one concludes that Jﬁj = —Jﬁj = :I:cﬁj I> o with Ci, =\[C, Ci, — 1, so that, in
particular, we must have c(l)cgj) > 1.

i

Summarizing, we get that every invariant complex structure must be block diagonal in our basis of real modes,

with 4 x 4 blocks of the form
:l:C(ﬂ3v) 12><2 —C(g) IQ><2

Cﬁ].) Ioyo :FCﬁ].) | DI

o)

deduced proportionality to the identity of the above 2 x 2 blocks arises as a consequence of all the conditions imposed

where ¢! and ¢ are positive numbers such that c(l,)c(?_) > 1, and ®) = cgj)cgj) — 1. Tt is worth noting that the

7 "y ong j



to guarantee that J is a compatible invariant complex structure (in this aspect, our discussion does not parallel those
of Refs. [21H23]).
We now introduce a change of basis, passing to the basis formed by the annihilation and creationlike variables

{(az;,, aq, iz G )} where the expression of Jy is especially simple. Every compatible invariant complex structure
J results then block diagonal, with 2 x 2 blocks that coincide by pairs, namely
Ji; O2x2
Jz. = g 16
I ( 02x2 T, ) (16)
with
(2) +C(1) 2 D _ D)2 j:zc(?’)
7. = ) i i i i . 17
Ja, =i| _ O C<1> 2y ZC( ) _ng _ Cg;wz (17)

Actually, every invariant complex structure J can be obtamed from Jy by means of a symplectic transformation, K,
namely J = K JoK ~* [15]. Since Jy adopts the diagonal form (Jo)z, = diag{i, —i,i, —i}, the symplectic transformation
K can also be taken block diagonal, with 4 x 4 blocks of the following type:
ICnJ O2><2 K Aﬁj
Ko, = < 0252 Ki; K, A%y Ky ) s

g

Here, x5, and Az, are complex numbers playing the role of alpha and beta Bogoliubov coefficients for K, so that

|k, |2 — |\i |? =1 Vii;. They are related with the constants cg]) by the equations

|k, > + |\ |> = cgj) + c(ﬂlv)wfl, —2k5, A\, = c(}) c(})w + zcag)wn (19)

g

C. Uniqueness of the Fock representation: Unitary dynamics

We are interested only in those invariant complex structures J that allow for a unitary implementation of the
dynamics of the system. Since J and Jy are related by a symplectomorphism K (which can be regarded as a change
of the basis of annihilation and creationlike variables), we get that a symplectic transformation T' can be implemented
unitarily with respect to the former of these complex structures if and only if the “mirror” transformation K ~'TK is
unitarily implementable with respect to Jy |[15]. Specializing the discussion to the case of the dynamics ([I0]), we obtain
a “new” map K ~'UK which can be seen as the evolution of the annihilation and creationlike variables corresponding
to the complex structure J (but expressed in the basis associated with Jy). The new beta coefficients, that we will
call ﬁ;{j, can be written in terms of the original Bogoliubov coeflicients as

B2 (o) = (K5, )2Bult to) — (A, )2 Bt to) + 20k A, Ao (8, o)), (20)

where J[-] denotes the imaginary part.

The unitary implementability condition is again the square summability —as in Eq. ([[I)- of the new set of beta
coefficients. Thus, we arrive at a situation very similar to that studied in Ref. [21]. Following the arguments
explained in that reference, recalling the proven unitarity of the dynamics with respect to Jy, and taking into account
that |kz,| > 1 Vi, it is not difficult to realize that, if the set given by {ﬁ%{j (t,to)} is indeed square summable, then

the same must be true for {zz,J[an (¢, t0)]}, with 27, = Az, /K% . Given the asymptotic behavior of a(t,1o) for large
n, which is also studied in Ref. [21], this condition turns out to imply the square summability of the set

{zﬁj sin {wn(t—to)—kft: df%”. (21)

In order to reach this last result, we have supposed (as a sufficient condition) that the mass function s(¢) has a second
derivative which is integrable in every compact subinterval of the time domain I. Then an integration in time, over
any such subinterval, of the (partial) square sum(s) of the set ([ZI)) and an appropriate application of Luzin’s theorem
[31] (which is possible because the elements of the analyzed set are measurable functions) show that the considered
property of square summability necessarily implies the same for the set {2z, }. From this, it is not difficult to deduce
as well the square summability of the set {\z,}, using the definition of z7, and that |k7,|?> = 1+ |Ag,[?[21]. But
this last summability is precisely the condition for the equivalence of the Fock representations determined by J and
Jo, since it amounts to the unitarity of the symplectic transformation that relates the two complex structures. In
summary, every Fock representation which is invariant under the three-torus symmetries and allows for a unitary
evolution turns out to be unitarily equivalent to the Fock representation determined by Jy.



IV. UNIQUENESS OF THE FIELD DESCRIPTION

Once proven that our criteria remove the ambiguity in the choice of representation of the CCR’s for a field satisfying
Eq. (@), we will discuss in this section the additional ambiguity associated with the selection of a canonical pair of field
variables, among all those related by a time dependent linear canonical transformation in which the field configuration
is scaled. As we have mentioned, this ambiguity arises naturally in cosmological contexts, in which it is common to
scale the field by a time dependent function, absorbing in this way part of the variation due to the (background,
effective, or auxiliary) spacetime in which the field propagates. Although this kind of canonical changes lead to
equivalent classical descriptions, this is not true in general from a quantum viewpoint, both because not all linear
canonical transformations can be implemented unitarily in the quantum theory and because the field dynamics is
altered by the time dependence of the transformation, thus affecting the possible unitarity of the evolution.

Let us consider the family of time dependent linear canonical transformations obtained by completing a time
dependent scaling of the field into a symplectic map:

b= (e, Py= % + g(t)Vhe. (22)

Note that the inverse scaling of the momentum, needed for the transformation to be canonical, has been complemented
with a (conveniently densitized) time dependent linear contribution of the field configuration. This contribution is
clearly allowed in the most general linear canonical transformation, and it is necessary if one wants to avoid (prob-
lematic) cross terms between the field configuration and the field momentum in the Hamiltonian of the transformed
system. Here, the real functions f(t) and g(t) are supposed to be, at least, twice differentiable in order to preserve
the differential formulation of the field theory. In addition, with the aim at preventing the introduction of (new)
singularities, f(¢) must be a nonvanishing function. As explained in Ref. [17], we can assume, without loss of gen-
erality, that f(t9) = 1 and g(to) = 0, because every other initial set of data can be obtained with an additional
canonical transformation like ([22]), but with constant coefficients instead of time dependent functions. Actually, the
Fock representations of the new canonical pair of field variables reached with this constant transformation can be
constructed from those of the original pair simply by linearity, and therefore are the same. This still applies when one
imposes our criteria of symmetry invariance and unitary dynamics, which are stable under constant linear canonical
transformations [17].

We start by introducing the same type of Fock representation for the new canonical pair (¢, Py) as we adopted
for the original pair (¢, P,), i.e. the representation determined by the complex structure Jy. The new Bogoliubov

coefficients (dn(t, to), B (t, to)) that describe the evolution of the annihilation and creationlike variables obtained from
the new canonical pair can be written in terms of the original coefficients, given in Eq. ([I2)), as (see Ref. [22])

Bt 10) = F+ (a0, 10) + F-(DB3(0:10) + 72 [ (1, ) + 550, o), 23)
Bn (tv to) = f+ (t)ﬁn (t7 tO) + f— (t)a:z (t7 tO) + z% [Bn (t7 tO) + aZ(t, to)], (24)

n

where we have defined 24 (¢t) = f(t) £ 1/f(t). Just as in the previous section for the original pair of fields, every
invariant compatible complex structure J, providing an invariant Fock representation for the new canonical pair, can
be obtained from Jy via a symplectic transformation K with the form (I8). Therefore, with respect to any such a
complex structure J, the beta coefficients associated with the pair (¢, Pp) take the expression

B (.10) = (5,)Bu(t.t0) — (A, )2 B2 (¢, o) + 20k A, I (8, T0) - (25)

Again, the set given by {B%J (t,to)} must be square summable at all times in the interval I to obtain a unitary
evolution.

To make more transparent the rest of our discussion, it is convenient to change our notation now and relabel the
beta (and alpha) coefficients —as well as the kappa and lambda coefficients— as {3/ ,(t,%y)}, where we recall that
n is the index characterizing the eigenvalue of the LB operator, while [ = 1, ..., g, takes care of the corresponding
eigenspace degeneracy, i.e., the different values of 7i; contained in that eigenspace, each with an additional double
degeneracy owing to the presence of sine and cosine modes. We will prove that a unitary quantum evolution is possible
only if f(¢t) =1 and g(¢) = 0 at all times, namely, only for the original pair of canonical field variables. In order to
demonstrate that f(¢) = 1, we will follow an adaptation of the procedure explained in Ref. [22] which incorporates
the peculiarities of the spectrum of the LB operator in the case of the three-torus. On the other hand, the proof that
g(t) = 0 requires a line of arguments which differs from that presented in Ref. [22] (see Ref. [24]).
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Let us consider the sequences {B;{Mn (t,t0)}, obtained from the set {B;{’l(t,to)} by choosing for each n just one
(arbitrary) element M, € {l}. It is clear that the square summability condition on {B;{J(t,to)} leads to the square
summability of the sequence {B,{ a, (o)} at all times. Substituting the asymptotic behavior ([I2) for o, (t,%9) and

Bn(t, to) in expression [28) [taking into account Egs. (23) and (24)], and employing that |k, a, | > 1 (Vn, My,), it is
straightforward to see that a necessary condition for the square summability of the studied sequence is that the terms

eiwn(t—to) _ zZﬁMne_i“’"(t_tO)} f=(t) = 2izp, 0, sinfwn (t — to)] f+(¢) (26)

tend to zero at large n, Vt € L.

On the other hand, let us note that, given any particular eigenvalue wg) of the LB operator, every real number
mwgy, with m € N, is also an eigenvalue, obtained by a scaling in each direction with the same factor m. Since the
terms (26) must tend to zero when w, — oo (n — o), the subsequence constructed by restricting w, to the subset
mw(g) must also have a vanishing limit when m — co. Now, considering a specific subset of times t = 2o + 277 /w(q),
where r can be any positive integer satisfying that ¢ € I, and calling 2y, the value of 2, r,, when wy, = mwq), we
obtain from the real and imaginary parts of Eq. (26]) that both

(1 - N {ZE”WDD I- (to + %) ;

have to vanish when m goes to infinity, for every possible value of 7 and w(g). Here, R[] stands for the real part. In Refs.

117,122, it is proven that, if the terms (26]) tend to zero, then 1 — %[zfnw(o)] and S[ZZW(O)] cannot have simultaneously a

3 [zfnw(o)} fo (to + 2ﬂ) : (27)

w(0)

zero limit at large m in any (sub)sequence, and therefore the only possibility left is that f_(to+277/w(g)) vanishes, Vr
and Vw(g). Taking into account the continuity of the function f(¢), that f(0) = 1, and that the subset {to +2mr/w()}
is dense in I, we then conclude that f(t) is necessarily the unit function in the whole considered time interval. This
fixes any field scaling to the trivial one.

Let us finally prove that the function g(¢), which controls the possible redefinition of the momentum by a linear
contribution of the field configuration, must also vanish if the dynamics is unitary. We consider again the square
summability condition on the set of beta coefficients { ﬁ}{, ,(t, to)} at all instants of time, which amounts to the unitary
implementation of the evolution, now specialized to the case in which f(¢) is the unit function. Obviously, a direct
consequence is the square summability of the set {B,{ 1(t o)/ (K7 )%}, since Ky, g is bounded in norm from below by the
unit. Recalling that the sequence {,/g,53,(t,%0)} is square summable (because the dynamics is unitary with respect
to Jo), the asymptotic behavior of «,(t,t9) given in Eq. (I2)), and that |z,,| < 1, it is not difficult to check then the
square summability of the set {A,,;(¢,t0)} at all instants of time, where

t ) )
Ani(t,t0) = 2|2n,1|T [an(t, to)] + ? eWn™=0n0) 4 |5 |2eHWnT=0n0) L 9|7, | cos(wm’)} ) (28)
w

n

Here, we have written z,; = |z,]e”™!, and 7 =t — t;. Let us consider now the set {4, ;(¢,ty)/wn}, that must be
also square summable since w,, — oo. Hence, employing the summability of the sequence {g,/w2}, proven in Sec.
[ITAl it follows that the set {|z,|J [ (t,t0)] /wrn} must be square summable. This implies that {|z,|/wy,} must be
square summable as well (as can be demonstrated by means of an integration over the time domain and a convenient
use of Luzin’s theorem, similar to that commented in Sec. [ITC]).

Taking into account this result and the expression of A, ;(¢,to), we arrive at the square summability (at all times)
of the set formed by

t) .
Byt to) = 2|2n,1|T [an(t, t0)] + Mel(“’“";’“). (29)

2w,

By considering the imaginary part of these quantities, which form a square summable set a fortiori, we conclude that
either g(t) vanishes identically or the sequence {g,/w?} must be summable (it suffices to perform again a suitable
integration in time in any subinterval where the continuous function g(t) would differ from zero [24]). However, this
last possibility is ruled out, because the sum of g,,/w?2 diverges [this sum is greater than the sum of D,,/(n + 1)? over
the positive integers, and the later clearly diverges, given the asymptotic behavior D,, oc n? discussed in Sec. [I[A].
In conclusion, g(t) has to be the zero function.

In total, we have shown that a Fock quantization with a vacuum invariant under the three-torus isometries and with
unitary evolution can be obtained only for the canonical pair satisfying the field equations [@): no time dependent
scaling or redefinition of the field momentum is allowed.
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V. DISCUSSION AND CONCLUSIONS

We have discussed two types of ambiguities that affect the Fock quantization of scalar fields in cosmological scenarios,
leading to unitarily inequivalent quantum theories and preventing the extraction of robust predictions. One of these
ambiguities is related with the choice of a canonical pair for the field. When one considers a scalar field propagating
in a nonstationary spacetime (either a genuine background, an effective spacetime, or an auxiliary spacetime), it is
common to introduce a suitable scaling of the field in order to extract part of its time dependence, absorbable in
terms of the spacetime variation. Generally, this scaling allows one to reach a field description with a simpler and
better behavior [6]. The scaling can always be reformulated as a time dependent linear canonical transformation,
permitting also the inclusion of a time varying, linear contribution of the field configuration to the momentum. This
contribution is necessary if one wants the new momentum to be proportional to the time derivative of the field
configuration, at the level of the classical Hamiltonian equations. Although, from a classical viewpoint, the field
descriptions corresponding to the original and the new canonical pairs are equivalent, this is not generically the
case under quantization. Therefore, it is important to find criteria that remove this ambiguity and determine a sole
choice of configuration and momentum variables. The other type of ambiguity that we have analyzed concerns the
selection of a specific representation for the CCR’s of the chosen canonical pair, among the infinitely many inequivalent
possibilities. This ambiguity is well known in quantum field theory [2]. Essentially, the freedom in the representation
is captured in the structure that permits the complexification of the space of solutions and the construction of the
one-particle Hilbert space from it, namely, the complex structure. The choice of a complex structure amounts to the
choice of a vacuum for the Fock representation. Hence, the criteria that we are seeking must also provide a unique
vacuum for the particular field description picked out for our system.

More specifically, we have studied the Fock quantization of a scalar field which, after a convenient time dependent
scaling, satisfies a KG equation with a time varying mass in a static (background, auxiliary, or effective) spacetime
whose spatial sections have three-torus topology. We have shown that both of the considered types of ambiguities are
removed by imposing two requirements on the Fock quantization. As a first requirement, we impose the invariance
of the vacuum under the symmetries of the three-torus (and therefore the invariance of the complex structure).
The second requirement is the unitary implementation of the field dynamics. These requirements respond to quite
reasonable physical expectations on the properties of the quantum theory. In particular, renouncing to a unitary
evolution leads to problems with the most conventional probabilistic interpretation of quantum mechanics. It is worth
noting that, in order to obtain these uniqueness results on the Fock quantization, only a mild assumption has been
made on the time varying mass function, namely, that it must have a second derivative integrable in every compact
time subinterval. Actually, this assumption is only a sufficient condition, not even a necessary one. This conclusion
applies to every possible time domain for the field evolution, as far as it is an interval of the real line; in particular,
it can be bounded.

Our results can be viewed as a specialization of the discussion for the case of general compact topology carried
out in Ref. [23] inasmuch as the choice of a Fock representation is concerned, once the CCR’s are determined.
However, in the completely general scenario considered in Ref. [23], the physical meaning of the spatial symmetries
may not be readily available, then leaving open the question of whether the transformations relating modes in the
same eigenspace of the LB operator have a physically relevant interpretation or not. Moreover, the proof presented in
Ref. [23] uses that, when expressing each of these eigenspaces in terms of irreducible representations of the symmetry
group, such representations differ in distinct eigenspaces (either by assumption or by construction of the considered
symmetry transformations). This should be so if the invariant complex structures are to respect the dynamical
decoupling of modes. In the case of the three-torus here discussed, we have given explicitly the group of spatial
isometries, motivated its physical relevance, and shown the role played by them in the restriction of the possible
complex structures. Furthermore, we have seen in detail how the eigenspaces of the LB operator are decomposed into
direct sums of irreducible representations of the symmetry group, which are all different. Another important point
that we have been able to discuss is the interplay between the complex irreducible representations of this group (which
are precisely those which are considered in the application of the Schur’s lemma when characterizing the invariant
complex structures [23]) and the real ones, which are those that arise naturally in the study of real fields. Finally,
other aspects that we have been able to analyze with due care (while in the case of general topology the discussion
remains more abstract) are the growth of the number of eigenmodes of the LB operator when the eigenvalue increases
(in norm) 23], and the fact that the eigenvalues for the three-torus admit a scaling by any integer number, a property
which allows us to simplify the proof that no time dependent scaling of the field configuration is permitted [|24].

The importance of our results lies on their application to physically relevant cosmological systems, capable to
describe the observed Universe, at least in a first perturbative approximation which includes cosmological (scalar)
inhomogeneities [32]. The current observations of the Universe suggest that its large scale structure is (approximately)
isotropic and homogeneous. Moreover, these observations favor cosmological spacetimes with flat spatial sections [33].
Therefore, at large scale, the Universe can be described by a flat FRW spacetime. If one considers a sufficiently large
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compactification scale, or disregards scales beyond a cosmological one related with the Hubble radius, assuming that
they have no physically relevant influence, it is possible to adopt compact spatial sections isomorphic to a three-torus.
Therefore, our results can be applied to the quantization of scalar fields and scalar perturbations on realistic flat
FRW spacetimes, where the KG field dynamics studied in this work can be obtained by means of a scaling of the
fields by time dependent background functions. The simpler system where this can be achieved is the quantization
of a massive, minimally coupled scalar field propagating in a flat FRW spacetime. As it is briefly shown in Sec. [l a
convenient scaling leads to a field equation of the KG type in conformal time.

A more interesting application is found in the quantization of scalar cosmological perturbations in a flat (and
compact) FRW model with a massive scalar field . This inflationary system can be studied in a similar way as the
system considered in Ref. [§] (in that reference, the spatial sections have the topology of a three-sphere). After a
suitable gauge fixing, it is possible to successfully apply our uniqueness results, in the scaling proposed by Mukhanov
for the scalar perturbations [6]. In addition, for this system, it is possible to attain a canonical pair of gauge invariant
Bardeen potentials [34] whose evolution is unitarily implementable in the privileged Fock representation selected by
our criteria [§]. These gauge invariants are the energy density and matter velocity perturbations [34]. Actually, in
conformal time and with a suitable scaling, the gauge invariant energy density perturbation amplitude is known to
satisfy a second order linear differential equation of the KG type, with a time dependent mass term [0, 134]. If one
starts from such a KG equation, the unique Fock quantization that one selects with our criteria is in fact unitarily
equivalent to the one obtained from the gauge fixed system, as required for consistency []]. Remarkably, in this gauge
fixed system, the Bardeen potentials are defined in terms of the original perturbations by means of a time dependent
canonical transformation which is nonlocal (because the canonical transformation is different for different modes).
In this sense, it is reassuring that one arrives at the commented result of unitary equivalence. The proof that this
equivalence is in fact a property not just of the two considered quantizations, but of all Fock quantizations which,
respecting unitary evolution and spatial symmetry invariance, are based on variables which satisfy dynamical equations
of the KG type with a mass that varies in time —even if one allows for mass corrections that vanish asymptotically in
the ultraviolet sector— will be the subject of future research. Besides, the same kind of quantization procedure can be
applied to tensor perturbations of a flat FRW spacetime with compact spatial sections. These tensor perturbations
describe cosmological gravitational waves which, after a proper scaling and in conformal time, satisfy a wave equation
of the KG type with time dependent mass [34]. Hence, our analysis can be applied to these tensor perturbations as
well.

Our results are also useful in the context of the hybrid quantization of inhomogeneous cosmological systems [35],
where the Fock description of the inhomogeneities is combined with a polymeric quantization of the homogeneous
background geometry, as predicated by loop quantum cosmology (LQC) [7,[36]. This hybrid quantization was applied
for the first time and developed in the case of vacuum Gowdy cosmologies with spatial sections of three-torus topology
[35,137], and it was later extended by including matter [38]. Recently, this hybrid quantization has been applied to the
complete quantization of the inflationary system mentioned above, though in the case where the spatial topology is
that of a three-sphere [9]. The unique privileged Fock quantization selected by our criteria (including both the scaling
of the field and the representation of the CCR’s) is used for the quantum description of the scalar perturbations, while
the FRW geometry (with positive spatial curvature), together with a massive homogeneous scalar field, is quantized
by employing the techniques of LQC. A similar procedure can be followed in the more realistic case of three-torus
topology, where the background corresponds to a flat FRW spacetime. For this situation, the results presented here
can be used to obtain a unique Fock quantization of the scalar perturbations, assuming that the system admits a
regime in which the deparametrized description of the perturbations is valid. Notice that this regime will cover only
a restricted time interval; hence the importance that our results do not depend on the specific time domain under
consideration (and in particular on whether it is bounded or not).

In conclusion, we have presented a set of criteria to select a preferred unique class of Fock quantizations for scalar
fields in a variety of nonstationary spacetimes with compact spatial sections of three-torus topology. This includes
cosmological systems which provide a large scale description of the Universe (at least as far as scalar cosmological
perturbations are considered). The application of our results to the quantization of scalar fields in such realistic
scenarios allows one to extract robust physical predictions from the quantum realm, which might be confronted with
observations.

ACKNOWLEDGMENTS

The authors are grateful to S. Carneiro, M. Fernandez-Méndez, M. Martin-Benito, J. Olmedo, and T. Pereira for
discussions. This work was supported by the research grants MICINN/MINECO FIS2011-30145-C03-02 from Spain,
DGAPA-UNAM IN117012-3 from Mexico, and CERN/FP/116373/2010 from Portugal. D. M-dB was supported by
CSIC and the European Social Fund under the grant JAEPre_09_01796.



13

Appendix A: Invariant complex structures: Complex modes

In this appendix we will consider the Fourier decomposition of the field [{@]) in terms of complex eigenfunctions of
the LB operator and determine again the form of the invariant complex structures, but this time in the corresponding
basis of complex modes. Obviously, the result will reproduce our previous conclusion, but the derivation may be
helpful to clarify certain aspects of the role played by the irreducible representations of the symmetry group when
these are complex.

The action on the field of T leads to the following (active) transformations of the complex modes:

O =e " m, pr=e T (A1)
Hence, every transformation T acts on both the complex field modes {g.7} and the complex momentum modes {ps }
as the product of three copies of U(1), one for each direction. It is also clear that, for each label m, we get a different
irreducible representation of this group. At this point, we can make use of the Schur’s lemma [30], which tells us that
every symmetry invariant map on phase space must be block diagonal [in the basis of complex modes {(q.,pm)}],
with 2 x 2 blocks given by arbitrary complex matrices. Nonetheless, since J is a real map on phase space, so that
it preserves the reality conditions on the modes, the blocks Jz and J_,; must be related by complex conjugation.
Then, reordering our complex basis in the form {(q., q—sm, P—m, Pm)} (with m such that it has at most one negative
component), we conclude that the 4 x 4 blocks of J must have the expression

Jan g TR
I = <J7€1q J%LP > ) 7t?f = (761 (,Ygs)* ) ) (A2)

where the superindex ts stands for any of the four possible sub-blocks (qq, qp, pq, or pp), and 75 is a complex number.
We still have to impose the conditions on J ensuring that it is a compatible complex structure. We first require
that JLQ,7 be a Hermitian positive definite matrix, where 2, has the same form as Qi,, given in Eq. (). It then

follows that the matrices J%' and —J¥ must be positive definite and that J% = (J%)*. Therefore, 721 = d%) and

(2 99 — (PP "

—7:%'3 = d,’ must be positive numbers, and y%' = (72F)*. Moreover, the conditions JLO: 07 = Qs (namely, that J

be a symplectomorphism) and JZ = —Isx4 (i.e., that J? be minus the identity) imply then that v = :I:\/df%)dg) -1
In conclusion, every invariant complex structure J is block diagonal, with 4 x 4 blocks that, in the considered basis
of complex modes, take the form

+dP 1, —dP1
Jyﬁ — ({T)L 2X2 »E-%) 2%2 , (A3)
d:Ioxo  Fd Ioxo

where the d,;’s are positive numbers satisfying d%)dg) > 1 and dg) = \/dg)dg) -1
Of course, the two forms obtained for the invariant complex structures, using either real or complex eigenfunctions
of the LB operator, are equivalent. They are related by a change of basis in phase space, passing from the real to the

complex modes:

1 )
dii; = 93/2 (g + qfrﬁ)|m:ﬁj ) La; = 93/2 (qm — qu)hﬁ:ﬁj ) (A4)

together with a similar change from {(ps,,a,)} to {(pm,p—m)}. It is then straightforward to check that, in fact,
c;j —d¥ fori=1,2,3.
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