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This is the final paper in a series of four in which we incorporate backreaction among the homogeneous
and between the homogeneous and inhomogeneous degrees of freedom in quantum cosmological
perturbation theory using space adiabatic methods. Here, we consider the gauge-invariant scalar
(Mukhanov-Sasaki) and tensor (primordial gravitational wave) perturbations of general relativity coupled
to a scalar field which arise from a careful constraint analysis of this system up to second order in the
perturbations. The simultaneous quantization of the homogeneous and inhomogeneous degrees of freedom
requires the use of a suitable constructive perturbation scheme for which we employ space adiabatic
perturbation theory, a rigorous extension of the standard Born-Oppenheimer theory. We are confronted
with several challenges arising for theories with an infinite number of degrees of freedom. We are able to
compute the backreaction effects up to second order in the adiabatic parameter and find modifications as
compared to earlier derivations of the effective quantum dynamics of the homogeneous sector.
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I. INTRODUCTION

The present paper represents the culmination of a series
of four papers [1-3] in which we use space adiabatic
perturbation theory (SAPT) [4,5] together with the hybrid
approach to quantum cosmology [6] in order to capture
quantum backreaction effects between the homogeneous
and inhomogeneous degrees of freedom of both matter and
geometry. In summary, we aim at describing the earliest
moments of the Universe, based on the premise that the
Universe should be described in its entirety by a theory of
quantum gravity back then. Since we do not have a
complete theory of quantum gravity at our disposal (despite
the numerous promising approaches in this direction such
as asymptotic safety [7—10], string theory, in particular in
its ADS/CFT incarnation [11,12], causal dynamical trian-
gulations [13,14], and loop quantum gravity (LQG) [15—
18]; see also [19,20] for extensive overviews), but still do
not want to limit ourselves to a pure homogeneous quantum
cosmology, we consider a cosmological perturbation theory
with gauge-invariant variables [21,22]. We treat both the
homogeneous and the inhomogeneous degrees of freedom
quantum mechanically and focus particularly on the back-
reaction of the inhomogeneities on the homogeneous
degrees of freedom.
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Our work and investigations are primarily driven by the
growing evidence that standard cosmology, based on
general relativity and the Standard quantum Model of
particle physics, needs to be extended or even rethought.
Many cosmological observations point to the incomplete-
ness of the concordance cosmological paradigm (more
precisely, the ACDM model with cosmological perturba-
tions and an inflaton) even though we emphasize the great
successes of this model. Indirect measurements of dark
energy and dark matter [23-25] or the possible tension
between different measurement methods of the Hubble
parameter [26-29] underline these difficulties. On the
theoretical side, there already exist several approaches to
overcome some of the standard model problems, both
classical approaches such as theories of modified gravity
[30] or cyclic universes [31], and theories of quantum
cosmology such as string cosmology [32], spin-foam
cosmology [33], and canonical loop quantum cosmology
(LQC) [34-36]. Many of these approaches suggest that the
cosmological big bang singularity should be replaced by a
“big bounce,” which would lead to phenomenological
consequences. To test whether this prediction survives
the incorporation of (quantum) fluctuations of the inho-
mogeneous sector is obviously of utmost importance.

As we concentrate on a quantum mechanical analysis of
the problem, the most obvious proposal to answer this
question consists in quantizing a classical cosmological
perturbation theory. This is precisely the idea behind the
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hybrid approach to quantum cosmology, which was first
applied in the context of LQC [6] but which applies as well
to other theories of quantum cosmology. The approach
considers the inhomogeneous sector as a quantum field
theory (QFT) and the homogeneous sector as a quantum
mechanical system, which are mutually in interaction. To
precisely capture this interaction and to adequately estimate
how it influences the effective dynamics of the homo-
geneous degrees of freedom is a complicated task. It has
(partially) been addressed using approximations that rest on
various assumptions, and we point to the dressed metric
[37], the rainbow metric [38], the deformed algebra [39],
and the hybrid approach [6] in this regard. Here, we employ
the SAPT approach, inspired by the standard Born-
Oppenheimer approximation [40], in order to study the
effects of the cosmological quantum perturbations on the
homogeneous quantum degrees of freedom. SAPT is a
thorough extension of the Born-Oppenheimer scheme
which reduces the error of the scheme up to the desired
order in a perturbation theory.

In the molecular standard field of application, SAPT
employs the tiny mass ratio of a molecule’s constituents,
1.e., the electrons and the nuclei, to define the adiabatic
perturbation parameter that guides the perturbative scheme.
The Born-Oppenheimer theory represents its restriction to
the zeroth perturbative order. In addition to the improved
accuracy, SAPT is also applicable to a much larger variety
of models, in particular to constrained systems which is of
importance for the cosmological case. Besides, it applies to
models for which the coupling of the two system compo-
nents is provided by noncommuting operators of the slow or
homogeneous sector. Here, this is important since the Fock
space vacua depend on both momentum and configuration
variables of the homogeneous sector. SAPT treats this
situation using Weyl quantization techniques [41,42].

In this series, we therefore advertise the space adiabatic
scheme as an unbiased approach to the question of quantum
cosmological perturbations and their backreaction. It is
ideally suited to the problem under investigation in that it
lifts the idea of classical cosmological perturbation theory
to the quantum level, which allows one to employ the
formalism of quantum field theory on curved spacetimes
(QFT on CST) [43]. The adiabatic parameter is unsurpris-
ingly related to the ratio of mass scales of matter and of
geometry (namely the Planck mass) and, thus, is expected
to be rather tiny. This is an ideal starting point for a
perturbative expansion as is needed for space adiabatic
perturbation theory.

The previous papers dealt with the many subtleties that
one encounters when transferring the SAPT scheme devel-
oped for quantum systems with finitely many degrees of
freedom to the field theory context. First, the space
adiabatic perturbation scheme implies a formal dependence
of the inhomogeneous quantum field representations on the
homogeneous degrees of freedom. This raises the question

whether these representations are equivalent in the field
theoretical sense, a prerequisite for the applicability of
SAPT [44-46]. Fortunately, since exactly the same ques-
tion occurs in the hybrid scheme of quantum cosmology
[47-51], this question can be answered in the affirmative
once a suitable canonical transformation, exact up to
second order in classical cosmological perturbation theory,
has been carried out.

The second challenge for applying SAPT to the quantum
field case occurs partly due to these transformations. In
particular, the transformations imply that the new effective
Mukhanov-Sasaki and tensor mass terms of the cosmo-
logical inhomogeneities are not positive in all regions of the
homogeneous phase space. This leads to tachyonic modes.
Let us, however, stress that these indefinite mass squared
functions are not due to the SAPT scheme itself or the
specific transformations considered here, but already occur
in standard cosmological perturbation theory as soon as one
uses gauge-invariant perturbation fields [21], e.g., the well-
known Mukhanov-Sasaki variables. While such tachyonic
instabilities appear frequently in the literature (see our
comment in [3]), they entail a number of questions
regarding for example Lorentz invariance and renormaliz-
ability [52]. In this respect, we again draw attention to
Ref. [53] where a suitable set of transformations was
employed to ensure positivity of the mass. However, these
transformations are only known up to solving a system of
semilinear partial differential equations while for SAPT, we
need the explicit expressions of these functions. In our
companion papers, in particular in [1], we have therefore
advertised several solutions to the tachyonic issue. Our
suggestions include an ad hoc removal of the tachyonic
modes or an ad hoc restriction of the classical phase space
to regions where the mass terms are manifestly positive. In
lack of a better proposal, we adopt the second solution in
the current paper for simplicity. Nevertheless, this very
interesting and important problem deserves further inves-
tigation in the future.

The third challenge of cosmological SAPT becomes
manifest when searching for solutions of the resulting
effective Hamilton constraint or operator for the homo-
geneous sector. They depend on the effective mass terms
which contain inverse powers of momentum and configu-
ration variables of the homogeneous part. This leads to a
more singular situation than one is used to in quantum
cosmology, in particular in LQC where one can deal with
inverse powers of the configuration variables by adopting a
different quantum representation. This situation raises
domain questions for the resulting effective Hamiltonian
for each Fock energy band. These issues are addressed and
partly solved in a more general context in [54] which we
adopt for the current paper.

The final point regarding the cosmological implementa-
tion of SAPT concerns the backreaction contributions
to the effective Hamiltonian which involves a sum over
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inhomogeneous modes that can easily diverge. Fortunately,
this does not occur up to the second adiabatic order
considered here.

At the end, let us point out that the adiabatic perturbative
expansion of SAPT has nothing to do with the so-called
adiabatic vacua of a given order encountered in QFT on
CST [55,56]. The latter define (approximate) Hadamard
two-point functions in the sense of QFT on cosmological
spacetimes with a fixed time dependence while in our case,
the time dependence is a priori unspecified as we allow for
backreaction between the homogeneous quantum scale
factor of the cosmological background and the second
order inhomogeneities in both the metric and the infla-
ton field.

This being said, the architecture of the remaining paper is
as follows: In Sec. II, we introduce our model which is
gauge-invariant cosmological perturbation theory and
review the corresponding constraint analysis. These con-
siderations follow the ideas presented in [48]. In Sec. III,
we carry out the space adiabatic scheme for gauge-invariant
cosmological perturbation theory. The fourth section
introduces transformations that lead to a model with
positive effective mass values, and we apply the space
adiabatic scheme here as well. In Sec. V, we summarize and
conclude. In the Appendix, we present some details of the
straightforward but tedious calculations that lead to the
effective Hamiltonian.

II. COSMOLOGICAL PERTURBATION
THEORY AND CONSTRAINTS

A. Constraint analysis and Dirac algorithm

We consider standard cosmological perturbation theory
on a four-dimensional globally hyperbolic space ime
manifold M = R x B where B are the three-dimensional
spatial hypersurfaces. For the gravity part, we include a
two-times covariant, symmetric, and nondegenerate metric
field g with Lorentzian signature (—, +, +, +), and for the
matter part a real-valued scalar field ® with mass m € R
as well as a cosmological constant A € R*. We choose B to
be the compact flat three-torus T> with side length [ in all
three directions. For simplicity, we directly set / = 1. We
emphasize that the torus comprises any compact and flat
manifold since they are all finitely covered by tori accord-
ing to a theorem by Bieberbach [57,58]. This models a flat
universe which agrees with observations as long as the side
lengths of the torus are large compared to the size of the
observable universe.

The space adiabatic theory as developed in [4,5] requires
a Hamiltonian formulation of the problem, and conse-
quently we adopt a (3 + 1) split of spacetime following
Arnowitt, Deser, and Misner [59] (see also [18] which gives
a detailed treatment of this approach). The Cauchy surfaces
%, which are parametrized by a global time function ¢
correspond to the spatial hypersurfaces T3. Let 1 be the unit

normal vector field to these hypersurfaces. Furthermore, let
N and N be the (standard) lapse and shift functions which
parametrize the normal and the tangential parts of the
foliation of the hypersurfaces. Then, it is possible to
formulate an initial value problem for the theory, and the
task of specifying constraints or equations of motion for the
metric field g translates into finding the time evolution of
the spatial metric &, = g,, + n,n, on the hypersurfaces
induced by ¢. The complete definition of the initial value
problem requires in addition the specification of the
extrinsic curvature K,, = qﬁqfvpnﬂ which is associated
with the “time derivative” of A. V is the unique torsion-free
covariant derivative associated with g. After pulling back
the tensor fields to R x T3 and denoting spatial indices on
the spatial hypersurfaces with lowercase latin symbols
a,b,c,... €{1,2,3}, the Einstein-Hilbert Lagrange den-
sity Lgy of gravity and the scalar field Lagrange density L
are given by

‘CEH =

1
S VIRIN(RO + KK = (K22 =24), (1)

ﬁN(——cbz +2Aiq>a ®
NN
ab _
+ <h -

k = 87G is the gravitational coupling constant, 4 is the
coupling constant of the scalar field, and R is the
curvature scalar associated with the three-metric ~ and
its Levi-Civita covariant derivative D. We assume 4 to have
the dimension of an inverse mass squared. We stress that in
usual considerations of inflation A is set to unity for
convenience.

The cosmological setting in this work suggests to
consider a homogeneous and isotropic restriction of the
gravitational theory up to small deviations. These sym-
metry reductions imply that the only remaining degrees of
freedom for the homogeneous and isotropic part of the
system are the zeroth order lapse function N, and the scale
factor a, associated with the zeroth order spatial metric
hO(t, x) = a?(t)h°(x) where we introduced the fixed spatial
metric /#° on the spatial hypersurfaces. Note that for the
three torus 7° is simply the standard Euclidean metric with
a determinant equal to one. We will consequently omit it
whenever possible. We then introduce perturbations of the
spatially homogeneous and isotropic metric tensor, and for
the scalar field. In this respect, it is convenient to decom-
pose the perturbative fields into scalar, vector, and tensor
parts according to their properties regarding SO(3) trans-
formations (in the limit of an infinite compactification
scale). This is reasonable because the respective equations
of motion decouple. Note that the procedure of introdu-
cing perturbative fields on a homogeneous and isotropic

)a O, + m? cp) (2)
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background introduces a gauge freedom for the perturba-
tions since the choice of coordinates is a priori arbitrary. A
detailed analysis of cosmological perturbation theory
within the Hamiltonian framework for closed Friedman-
Lemaitre-Robertson-Walker (FLRW) universes can be
found in [60]. There, however, the gauge freedom of
the perturbations was fixed by choosing one particular
gauge. We therefore refer to [48], at least regarding the
scalar part of the perturbations, where the authors use
gauge-invariant Mukhanov-Sasaki perturbations. For the
tensor perturbations, we point to [61]. Similar to the
definitions in [48,61], we define the perturbed lapse, shift,
spatial metric, and matter scalar field, respectively, as

N(t,x) = No(1) + @* (1) (t. x), 3)

No(t.x) = a*()Dok(t. x) + a*(1)ez* Dyk.(t.x).  (4)
hus(1:0) =) (1 + 20(1.0)8 0
+6 (Dan - %ing(x)A> B(t,x)
+4V3D( Vi (1. x) + 2V61, (1. x)} . (5)

®(1,x) = (1) + (1, x), (6)

where A := D,D“ denotes the Laplace-Beltrami operator
on T3. The homogeneous and isotropic degrees of free-
dom are hence (N, a, ¢) while the inhomogeneous fields
are subdivided into the scalar perturbations (1, k, a, 3, @),
the vector degrees of freedom v, and k,, and the tensor
field perturbations ¢,,. For notational reasons, we intro-
duce the fields k := Ak and k, = €2D,k, as new degrees
of freedom associated with the shift function. In contrast
to the proceeding in [48,61], we stick to a spacetime
representation of the perturbative fields instead of choos-
ing a particular Fourier mode decomposition, at least for
the time being.

The next step toward a thorough constraint analysis of
the system consists of inserting the perturbed variables of
the definitions (3), (4), (5), and (6) into the Lagrange
density (1), (2), and then to expand the Lagrangian and the
action functional S up to second order in the perturbations.
As the three-torus does not have a boundary, total
divergences vanish. The resulting action depends neither
on the velocities of the lapse variables N and # nor on the
velocities of the shift variables k and lvca. This implies that
lapse and shift are Lagrange multipliers and will hence be
associated with primary constraint equations in the
Hamiltonian formalism. In order to pass over to the
Hamiltonian picture, we perform a Legendre transforma-
tion in the lines of [48,60]. Thereby, we define the
conjugate momenta (P,, P,) for the homogeneous and

isotropic degrees of freedom (a, ¢) in the standard manner
by means of the Lagrange function L = [dxL,

OL 6 _ 0L a .

P, :=%:—maéz, Py :_%:qu' (7)
We denote the corresponding phase space by I
Furthermore, the perturbation fields a, S, ¢, v,, and t,,
together with their conjugate momenta r,, 7z, 7, 73, and
7¢% span the perturbative phase space [peri- The momenta
are defined in the standard way according to

oL

== (8)

Tty ¢

for any field 6 € {a, 5, ¢, v4, t,, }. On the other hand, the
variables Ny, 7, k, and Ivca induce the lapse and shift

primary constraints HONO, I1], TI¥, and Hlf“'b because the
Lagrangian does not depend on any of the velocities of
these variables. The Legendre transformation yields a
Hamiltonian density of the form

H = No[Ho +H +Hy+Hy| +n-H] + ko - Hy 4 k- HE
Ay TI0° + Ay T+ 2 TS 2y, - TI" (9)

Here, H, denotes the zeroth order Hamiltonian contribu-
tion associated with the completely homogeneous and
isotropic model. The contributions 35, H3, and H} are of
second order in the perturbations and contain only scalar,
vector, and tensor variables, respectively. The functions

HI, H)*“, and H¥ represent first order contributions
which factorize with the respective lapse and shift vari-
ables. The second line only lists the primary constraints
associated with lapse and shift and their Lagrange multi-
pliers /INO, 2,7, Ag, and l,;a,b.

Before we give the concrete representation of the
Hamiltonian (9), we carry out a Dirac analysis to filter
out the relevant terms of H. As a matter of fact, the system
is completely constrained such that it is indeed reasonable
to perform a Dirac analysis. Thereby, we encounter
several difficulties: First, the perturbation variables that
we introduced are not all gauge invariant. Therefore, a
canonical transformation to gauge-invariant variables is
necessary in order to have a covariant perturbation theory.
Indeed, it is straightforward to introduce the gauge-invari-
ant Mukhanov-Sasaki variable 9 in the scalar sector of the
perturbations; see for example [21,22]

6AP
d:=af +

(a-Ap). (10)

a

Thereby, we perform a transformation for the perturbations
only but which depends on the homogeneous degrees of
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freedom. In order to preserve the canonical structure of the
system, it is mandatory to find a suitable transformation for
the homogeneous and isotropic variables, too. This appears
to be a cumbersome mission. However, the authors of [48]
have shown that it is possible to find a transformation for
the homogeneous and isotropic degrees of freedom which
preserves the canonical structure of the system up to second
order in the cosmological perturbations.

The second difficulty regarding the Dirac algorithm
concerns the closure of the constraint algebra. In general,
the algorithm might entail a large number of constraints
which are not well manageable. The idea, put forward in
[48,61] which we will also apply in this work, is to use
some of the secondary constraints of the Dirac algorithm as
the canonical variables themselves. Thereby, the Dirac
algorithm becomes partly trivial just by implementing
the first set of secondary constraints. This will be demon-
strated in the sequel. In summary, the aim of the following
procedure is then threefold: First, we introduce gauge-
invariant variables for the perturbations. Second, we aim at
keeping the canonical structure of the theory, at least up to
second order in the cosmological perturbations. Therefore,
we review the Dirac algorithm for constrained systems and
implement additional transformations for the homogeneous
and isotropic degrees of freedom. In particular, we modify
the homogeneous variables by adding second order con-
tributions of the perturbations. Third, we wish to construct a
theory whose dynamics will be unitarily implementable at
the quantum level. Therefore, we consider further canonical
transformations with respect to the perturbations. Their
effects on the homogeneous variables will be taken into
account accordingly.

Following [48,61], the formalism proceeds as follows:
We first consider the homogeneous and isotropic degrees of
freedom as nondynamical background variables. This
offers the possibility to introduce perturbation variables
which build a canonical set with respect to the dynamical,
perturbative system only. We start with the canonical pair of
the tensor perturbations (., #¢*) which is already gauge
invariant. However, we aim at obtaining classical pertur-
bation variables whose dynamics is unitarily implement-
able in the quantum realm. As shown for example in
[47,50,51], this simply amounts to eliminating contribu-
tions in the Hamiltonian which couple the perturbation
variables with their respective momenta. In this way, the
final Hamiltonian at second order will only consist of terms
proportional to squares of the perturbation variables or
squares of the perturbation momenta. In other words, after a
Fourier transformation the Hamiltonian has the form of a
sum of harmonic oscillators with masses and frequencies
that possibly depend on the homogeneous and isotropic
degrees of freedom. Indeed, these transformations guaran-
tee the unitarity of the perturbation’s quantum dynamics
when considered in a semiclassical framework of QFT on
CST. We employ the transformations from [61] for the

tensor perturbations and thereby transform the homo-
geneous degrees of freedom accordingly by adding second
order field contributions. We denote the shifted, new
homogeneous variables by (&, P,, ¢. P¢). The transforma-
tions yield additional terms in the Hamiltonian which are of
second order in the tensor perturbations. We absorb these
terms in H5 and denote the new tensor Hamiltonian as Hs.
Furthermore, the transformations result in a shift of the
lapse function by second order contributions which we take
into account by a function denoted by N,.

Regarding the vector perturbations, we can identify the

d-a

constraints H]f and their conjugate variables leda =

2/3v, as canonical pairs. The transformation for these
perturbation variables entails a transformation for the
homogeneous degrees of freedom in order to keep the
(almost) canonical structure, just as for the tensor pertur-
bations. The new variables, which also include the trans-
formations due to the tensor perturbations, are denoted by

(&, Pa, (}5, P¢) The transformations result in a new second
order vectorial part of the Hamiltonian, Hg which is

+¢ jtself. Note that we also

d-a

proportional to the constraint Hlf

express the linear constraint HI]{ in terms of the new
variables. However, the form of the constraint does not
change since we cut after the second perturbative order and
the new homogeneous variables only differ by contribu-

tions in the second order. Thus, if we demand that HII”’“

vanishes as a constraint, this implies that Hﬁ vanishes
automatically. We can therefore omit the further analysis of
the vector perturbations.

In the scalar sector, we employ the Mukhanov-Sasaki
scalar field 9 as introduced above. As suggested in [48], it
is clever to additionally consider the first order constraints
H] and H’;‘ as new perturbation variables. Since these
constraints do not commute with respect to the perturbation
Poisson brackets, we shift H'{ by a linear term in the
perturbations and we denote the new constraint variable by

H'l. The latter Poisson commutes with H’l‘, if for the time
being we only consider the perturbations as dynamical
degrees of freedom. This procedure entails another shifting
of the lapse function which yields the new lapse function,
N, from N,. In the next step, we construct the conjugate
variables with respect to the inhomogeneous Poisson
brackets, denoting them by zy, C7, and C’I‘. The new
canonical pairs in the scalar sector of the perturbations are,
thus, (9, zy), (C1, H?), and (C’v(, H’f) Finally, we complete
the transformation in the homogeneous sector by adding
second order contributions to the initial homogeneous
canonical pairs. The procedure for obtaining the correct
contributions can be found in [48]. It yields a new set of
variables (@, P,. . P,) in the homogeneous sector.
The implementation of the transformations yields new
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contributions to H: Some of them include only the
Mukhanov-Sasaki canonical variables, and we corres-
pondingly absorb them into a new second order scalar
Hamiltonian 7{3; another contribution is proportional to the
zeroth order Hamiltonian H,, such that it is possible to
absorb them into N, giving N,. In addition, the trans-
formations result in new second order contributions which

are proportional to the linear constraints H/ and Hj.
We denote these contributions as G; and K, respectively.
In total, the transformations result in the following
Hamiltonian density:

H = (Ng+ Ny) - [Hy+H + Hs + ]
+(n+Gy) - H A+ (k+K)) - HE+ k- H
SRVIURS  ALIESVNES § (SR RS 1 LSS | K ¢ B

We emphasize that the constraint 7 is to be expressed in
terms of the new homogeneous variables (Zl,i)a,@, i’¢),
which finally amounts to simply replacing nondashed
variables by the dashed ones as we truncate after
the second order in perturbations. The second line in
Eq. (11) accounts for the set of primary constraints

(MY, T17, 15, TI{*) with their respective Lagrange multi-
pliers, (4w, 4y, 4¢- 4, ,)- These primary constraints already
appeared in Eq. (9) and have remained unchanged under
the preceding transformations. The system restricts to the
submanifold of the phase space defined by the primary
constraints,

me=o0, 1=o0  I=0 =0 (12)
Consequently, the associated Lagrange multipliers can be
chosen arbitrarily. In a second step, consistency of the
dynamics requires that the primary constraints remain zero
under the evolution generated by the full Hamilton con-

straint 7{. This requirement gives rise to the secondary
constraints,

(RN} = Ho+ HS + Ha + Hy =0, (13)

{A, 1} = H! ~0, (14)
(.11} = HE o0, (15)
(LTI = 15 0, (16)

where “~0” means that the expression on the left-hand side
must vanish at least weakly, i.e., on the primary constraint
surface. Note that now the Poisson brackets include
the dynamics with respect to all canonical pairs of
the transformed system, both the homogeneous and the

inhomogeneous ones. Indeed, the formalism allows us to
compute the dynamics for the full system in the standard
Hamiltonian framework. The next step consists in checking
whether the secondary constraints in Egs. (13)-(16) are
preserved under the dynamics of 7, or if they entail further
secondary constraints. The computations are in fact trivial
since the preceding transformations imply that the first

order constraints (7:[",7'[7‘, HII”'”) are canonical variables,
and hence commute with all other variables except with

their conjugate variables, (C7, C’f, le"’“). Indeed, C]
appears in 7 within the first order functions G, and K,
and, thus, entails nonvanishing Poisson brackets with 7:{'17.
Since these Poisson brackets enter, however, with an
additional constraint factor, they vanish at least weakly,
namely

{H. Ho+HS+ Hy+F4)} =0, (17)
{HHY = {G L HIYH] + (K HIYHE ~ 0, (18)
(HHY = (G HOY R+ (K HEYHE = 0. (19)

In summary, the constraint algebra closes and we are able to
solve the dynamics of the system. Therefore, the primary
constraints (12), as well as the secondary constraints,

=0, Hi=0, H =0
Ho + HS + HS + Hb =0, (20)

must be satisfied on the constraint surface. Since H”, H¥,
and H],‘b’“ were simply defined as canonical momenta, it is
not necessary to analyze these constraints further. We recall
that the second order vector constraint 3 is zero whenever

Hlf” ““ = 0 holds true. Hence, the only nontrivial constraint
of the cosmological system amounts to be

C:=Hy+H5+H,=0. (21)

The total constraint C = [ dxC splits into the three parts

P2 A P31 ~
Ho o= — a D3 ¢ 125352 22
0= K T tam tymad. (22)
o1 ) A a b . a P
Ay | de{ amg+8( =7+ Mus(@.Pasd.Py)? )9 ).
(23)
. 1 Kﬂ,ahﬂ,t 3A ~ o~
fo_ © 201 Tab |y gab [ T a 2
Hy=5- de( 6 ( PR >tub>’
(24)
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where we recall that (8, 7y, t,,, 7¢°) are inhomogeneous
and thus x-dependent fields. We defined the Mukhanov-
Sasaki mass function MMS(Zl,Pa,JJ, 13¢) and the tensor
mass function My(@, P, ¢) according to

= B2 oy Hd
2 ;=_ﬁ 7KP‘/’_]2m2%_]g Mi‘/’ +m_2a2
MS™18aa T 2at AP, asp: A
B2 2
) __KPa M= _5~5 /\~2
MT = 6&2_370 ¢ —67[1 . (25)

The total Hamiltonian C = H, + H. 5+ H } is the object of
interest in this work, and we will prepare it accordingly for
the application to the space adiabatic scheme.

B. The Hamilton constraint

First, we recall that the system variables consist, on the
one hand, of the homogeneous and isotropic canonical
pairs (a,P,) and (q?ﬁ,i’[/,). These are associated with the
standard cosmological scale factor a and the homogeneous
and isotropic parts of the scalar matter field ¢ but have been
shifted by second order contributions in the cosmological
perturbations in order to maintain the (almost) canonical
structure of the system. In order to make the space adiabatic
scheme work at the technical level, we rescale several
variables and we define the dimensionless parameter &
according to

(26)

To see that 2 is indeed tiny recall that the reduced Planck
mass is given by Mp = \/hc/k ~2.43 x 10'® GeV/c?,
while the mass of the heaviest known Standard Model
particle (the Higgs boson) is My = 125.09 GeV/c? <
Mp,. Assuming that A=/2 does not exceed Mj; substan-
tially, we have indeed that &2 ~ 10732, Note that we
implicitly choose the fields ¢ and ¢ to be dimensionless.
In this way, we do not need to introduce additional mass
scales into more general than quadratic inflaton potentials.
The scheme suggests to rescale the homogeneous degrees
of freedom according to

po=€P,  p,=¢Py, (27)
as well as the Mukhanov-Sasaki field variables (9, z,) and
the tensor field variables (z,,, 7¢%) as

Lap

9:= , 7‘2—19::87[8 and ;ab::S—Q, ﬁ'fabzzgzj'[?b_ (28)

9
e
We directly relabel the rescaled variables by removing the
breves such that the notation remains as simple as possible.
Besides, we omit the dashes on & and ¢. Because the
function C is constrained to vanish, it is admissible to

multiply it by a global factor of 2. This gives the final
classical Hamilton constraint C = Hy + H} + H5 = 0
where now any of the terms are rescaled by a factor of
€% such that

p: Py |
L 0 2m2d g AR, (29)

HO -
12a  2a” 2

1
HS = 7 dx(ny + 9e*(—A + M3)9),  (30)
a 3

. 1 ab _t
fy=— [ dx(Z by abgd(3A 4 (eMr))ty ). (31)
2a |3 6

for which we employed the corresponding Mukhanov-
Sasaki and tensor mass squared functions

2 7 2 4
o Pa Py a¢p¢ Py
Mlz\/IS = — 18@2 —+ g — 128”’12? - lgaépg + m2a2,
(32)
2
(eMr)? = 61’“2 —32m?a? — 6Ad>. (33)
a

Note that the transformations for the perturbation fields
(28) are canonical while the canonical structure of the
homogeneous degrees of freedom changes due to the
rescaling in (27). This becomes evident when considering
the canonical quantum commutation relations in the fol-
lowing. Indeed, SAPT considers the whole system as a
quantum system—it does not rely on any semiclassical
approximation.

Therefore, we employ a standard Schrodinger represen-
tation in the homogeneous sector of the quantum theory, and
we introduce hats for indicating quantum operators. We
denote the Hilbert spaces of the gravitational subsystem
associated with the scale factoras H, = L*(R", da) and the
homogeneous scalar matter subsystem H, = L*(R,d¢).
The total homogeneous Hilbert space is given as the
topological tensor product Hyom = H, ® H,. The opera-

tors for the homogeneous sector (&, p,,, q?ﬁ p,) are associ-
ated with the standard multiplication and derivative
operators in the Schrodinger position representation on
the respective dense domains. Note that due to the rescaling
with ¢, the momentum operators always enter with an
additional factor £ or ¢, respectively. Their Weyl elements
satisfy the Weyl algebra relations which lead to the formal
quantum commutation relations,

[&, ﬁa}a = igz}l\a’ [¢’ ﬁ(/)](/) = 18}1\{/) (34)
The operators 1,and 1 4 denote the unity operators in the
respective quantum algebras. The application of SAPT to
our cosmological model considers the homogeneous and
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isotropic degrees of freedom as the ones whose canonical
structure becomes rescaled by a very small parameter.
Indeed, we have shown in [1] that the homogeneous
variables can be understood as the slow and heavy center
of mass modes of the system.

The fast sector of the model is thus associated with the
cosmological inhomogeneities, i.e., the Mukhanov-Sasaki
and tensor perturbations. We choose bold characters to
indicate quantum operators of the inhomogeneous system
just as in the preceding papers of the series. In particular,
the basic quantum fields of the theory are given for any
fixed time 7€ R by the operator-valued distributions
(9, 7mg.t,,,7%%) on the spatial manifold T3. We denote
the Hilbert space of the Mukhanov-Sasaki quantum system
by Hys and the Hilbert space of the tensor perturbations by
‘Hr, and the total Hilbert space of the inhomogeneities
arises naturally as the tensor product of the two latter
Hpert = Hys ® Hy. We employ the standard canonical
commutation relations for the perturbation fields and
therefore introduce two contravariant test tensor fields
f(x) and F,,(x) of rank O and 2, respectively, as well
as two covariant test tensor fields j(x) and J%(x) of rank 0
and 2, respectively. The quantum commutation relations
consequently have the form

[ (8),79(f)]ms = i{f7) Lus.
(), 70,(F)ly = i(F  J o)1,

where (-, -) denotes the standard L>-inner product on the
three-torus. SAPT makes explicit use of the Hilbert space
representation for the perturbative fields as employed here.
However, it uses a different representation for the homo-
geneous degrees of freedom, as explained in [5] but also in
[1,2] in more detail. In particular, the homogeneous sector
is subject to a phase space or deformation quantization [62—
65] which represents quantum operators as scalar functions
on phase space. In this representation, the commuting
pointwise product of functions from the classical theory
transforms into a noncommuting product of the phase space
functions which has here the form of a power series
expansion in the perturbation parameter e. The product
is well-known as Moyal or star product in the theory of
phase space quantization [66,67].

We emphasize that this quantization scheme is physi-
cally equivalent to the standard Hilbert space representation
but it allows for a perturbative treatment of the coupled
quantum systems that we have in mind. The relation
between the phase space scheme and the Hilbert space
approach is established by associating the phase space
functions of the first approach with integral kernels of
operators in the Hilbert space picture. In the following, we
explicitly employ quantum operators on Hilbert spaces
with respect to the inhomogeneous fields while using the
phase space picture of the homogeneous sector, thus
treating the homogeneous variables formally as real-valued

functions on the homogeneous phase space. This leads us
to introduce operator-valued functions on the homogeneous
phase space I}, also denoted as operator-valued “symbol
functions,” and we generically write for the class of such
functions S(Iyom: £(Hper)). The theory of pseudodiffer-
ential calculus (see, e.g., [68]) addresses the question about
which of these symbol functions leads to well-defined
operators on different function spaces.

Therefore, let us introduce the relevant operator-valued
functions here. For our purposes, it is useful to perform a
transformation to annihilation and creation operators.
Therefore, let us consider the one-particle Hilbert space
Hys = L*(T?,dx) on the compact three-torus. A suitable
choice of basis is the set of functions {f;(x) = exp(ikx)},
labeled by the discrete vectors k € k = 277°\{0}. The
Hilbert spaces of the perturbative quantum field theories
are then given as the symmetric Fock spaces F(Hys3)
associated with the one-particle Hilbert space. More pre-
cisely, the total perturbative Hilbert space comprises the
Mukhanov-Sasaki real scalar field Fock space, F s, as
well as two Fock spaces associated with the tensor degrees
of freedom. Indeed, the tensor field carries only two
independent degrees of freedom corresponding to the
two polarizations of the tensor modes. These will be
labeled by the index 7 = {+,—}, and we write for the
Fock spaces F 1. The total Hilbert space is given as the
topological tensor product

Hpert = fs,MS(HP) 7{?_}’7:5,11(7_(?)' (35)

The relevant annihilation and creation operators act by
destroying and, respectively, generating one-particle states
f € Hys on Fock space. Let us therefore define the one-
particle frequency operators for the Mukhanov-Sasaki and
the tensor systems by

(UMS :=€2\/—A+M12v[s, 0)T1=€2\/—18A+6(8MT)2.

(36)

Note that both operators depend on the homogeneous
degrees of freedom as they contain the mass functions
Mys(a, p,.¢.py) and My(a, p,.$). To define annihila-
tion and creation operators of the Mukhanov-Sasaki sys-
tem, we define (a,p,.¢, p,)-dependent representations
Tapedpy) Ao = L(Fyms) that maps the field Weyl
algebra to the space of linear operators on the
Mukhanov-Sasaki Fock space. For some one-particle state
f € Hy: we obtain the following expression:

b((a7pa7¢7p(/7)’f)

’=%ﬂ<a,pa,¢,p¢>[<ms><f>—i( s ') (f)]. (37)
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The creation operator b*(f) derives from b(f) by taking its
adjoint. Likewise, one defines annihilation and creation
operators d.. (f) and d’ (f) for the two tensor modes by
replacing wyg by ot and by replacing the fields (9, ) by
the two pairs of tensorial fields which we denote by
(tiv”t,i)'

For fixed homogeneous variables (a.p,.¢,p,), the
canonical quantum commutation relations for the
Mukhanov-Sasaki field evaluate to [b(f;),b*(f2)lms =
lys(f1, f2) where f|, f» € Hys. Again, the commutation
relations for the tensor part arise completely analogously.
For our purposes, it is simplest to pass to a mode
representation, and in the following we refer to the
annihilation and creation operators of a mode k for the
Mukhanov-Sasaki system by b, and bj;. For the tensor
modes, we define the set of vectors K € K := {k,z} to
denote the annihilation and creation operators by dy and
dy. The commutation relations have the form

[br by lms = Ok Lus. dx.dilr = Ok xlr,  (38)
and the o&’s are Kronecker deltas. To evaluate the
frequency operators @ with respect to the mode functions
fr(x), we note that the f)’s are eigenfunctions of the
Laplace-Beltrami operator, namely (Af})(x) = —k%f(x).
Therefore, it is possible to label the frequency operators
accordingly by wys , and ot ¢ when evaluated on f. It is
then straightforward to express the Hamilton constraint
symbol function by means of the creation and annihilation
operators and the associated frequency functions.
Therefore, recall that SAPT employs a phase space quan-
tization scheme for the homogeneous sector such that the
homogeneous variables appear as real functions on the
homogeneous phase space while the perturbations are
subject to the standard operator quantization. Using the
standard techniques of QFT on CST, the normal-ordered
Hamilton constraint C € S(Tyom, £(Hper)) arising from

the classical Hamilton constraint C = H, + H + H) with
the specifications in (29)—(31) is given by

p: Py 1
C = (— 4 +—¢+—82m2a3d)2 +Aa3> Loer

12a 24° 2
1 1
+ — Za)Ms,kabk + 6_ sz,Kd}k(dIO (39)
4 ek 4 kek

where we omitted the trivial unity factors. In the following,
we denote the function in the large brackets by
Enom(a@, par®. py). lpen is the unity operator on H ey,
and this is simply the tensor product of all individual Fock
space unities. We emphasize that not only the zeroth order
offset energy contribution E,,, depends on the homo-
geneous phase space variables but also the frequency
functions wys ; and w g as well as any of the annihilation
and creation operators of the Mukhanov-Sasaki and tensor

systems. In the following, we first verify that our model fits
into the space adiabatic perturbation scheme and apply the
theory subsequently.

III. SPACE ADIABATIC PERTURBATION
THEORY

A. Conditions for space adiabatic perturbation theory

To apply SAPT to the cosmological model, the Hamilton
constraint symbol C(a, p,. ¢, py) in Eq. (39) has to meet
certain requirements. We closely follow Panati, Spohn, and
Teufel [4,5] although the conditions there are quite restric-
tive. We will point to occurring difficulties while discussing
the following four conditions.

(C1)  The state space of the system decomposes as

H =L} (R".dx) ® H; = LA(R". H;).  (40)

where L?(R”,dx) is the state space of the slow
subsystem. The state space of the fast subsystem
‘H; must be separable.
In the given case, the state space of the homogeneous
system which we associate with the “slow” system of SAPT
is modeled on R* x R since the scale factor can only take
values on the positive real line. This will also lead to
domain questions when it comes to the definition of certain
operators (e.g., the momentum operator p,). Nevertheless,
we can define the corresponding Hilbert space as
L*(R* x R,dad¢), where the measure is the standard
Lebesgue measure. We also point to the possibility of
using triadlike variables as in Ref. [3] which solves the
domain issues mentioned before. The “fast” Hilbert space
‘H; will be associated with the perturbative Fock spaces
subsumed under H,.; which is separable. We emphasize
that SAPT (implicitly) requires that the Fock spaces for all
different representations depending on a and ¢ be the same.
As explained earlier this is not granted without further ado.
However, the almost canonical transformations that were
performed in Sec. II guarantee just that. The next condition
is the following.
(C2)  The Hamilton constraint operator C is the Weyl
quantization of a function on the slow phase space
C(a, p,.$. p,) which belongs to the symbol class
Sy (I's, B(Hg)) with values in the bounded oper-
ators B(H;) on the fast Hilbert space. The Weyl
quantization refers to the slow subsystem and the
function C(a, p,.¢. p,) has values in the self-
adjoint operators on H;.
In fact, it is straightforward to perform a Weyl quantization
of the symbol C(a, p,.¢. p,) in Eq. (39). Therefore, it is
most convenient to consider the classical Hamilton con-
straint C with its components in Egs. (29)—(31) from which
we have obtained the symbol function C by performing
standard Fock quantizations. Starting from C, it is useful to
consider each of the terms individually and then to perform
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a separate Weyl quantization of the homogeneous parts and
a Fock quantization of the inhomogeneities. After a
tensorial multiplication of the resulting operators and
summation, we obtain the final Hamilton operator con-
straint C. The same outcome results from Weyl quantizing
C in (39).

Then, the question arises whether the symbol C belongs
to the correct symbol class alluded to in (C2). The class
83 (Thom» B(Hpert)) consists of the functions on Ty, that
have values in the bounded operators on H.q, and for
which there exists a set of positive constants C, 4 for every
a.p € N? such that for every p := (p,. py), it holds true
that

sup [G504C)(a. P, < Capll + P,
gERT pe

(41)

and ¢:=(a,¢) is a short form for the configuration
variables. It is easy to check that C fails to satisfy these
conditions: It is neither a bounded function with respect to
a and ¢ nor is it polynomially bounded with respect to p.
Besides, it does not have values in the bounded operators
on Hpe- A possible solution to this problem is to define an
adapted auxiliary Hamilton symbol H,,, which satisfies
these requirements. We have discussed this in great detail in
[2] but the idea goes as follows. First, we cut the sums over
all possible mode vectors of the Mukhanov-Sasaki and
tensor contributions in Eq. (39). This makes the constraint a
bounded operator on the associated Fock spaces for some
fixed values (g, p). In order to make C(g, p) a bounded
function with respect to ¢ and a polynomially bounded
function with respect to p, one can replace the scalar and
symbol functions appearing in (39) by an accordingly
bounded function that agrees, however, with C(g, p) below
a certain threshold value E;. This would even make
it a bounded function with respect to the momenta p.
Although this is not required for satisfying (C2), we will
see that condition (C4) requires just that. Hence, we can
follow this procedure and obtain a symbol C,, (g, p) that
lies in S§(Mhoms B(Hpert))-

While this new auxiliary Hamiltonian satisfies all the
conditions alluded to in this section, it is not possible to
compare it or its dynamics with the original Hamilton
constraint. The latter is an unbounded operator while the
former is bounded, and hence the corresponding solutions
will not be similar. On the other hand, the SAPT scheme
associated with the original Hamiltonian will not obey any
convergence results. Nevertheless, we will remain here with
the original Hamilton constraint in order to show the
principle possibility of applying the SAPT scheme to this
model, even if convergence results would need to be
implemented by different methods.

Finally, let us stress that in the original SAPT scheme
the constraint C is formally split into its power series
coefficients with respect to €. Since both the homogeneous
and the inhomogeneous contributions to C depend on ¢,
either via Ey,, or via wys, and wr g, there are several
nonvanishing power series coefficients. Nevertheless,
we will subsume the whole constraint C under its zeroth
order contribution C; in order to simplify the task of
applying SAPT. This procedure does not change the
final result when carefully sorting the contributions
after the application of SAPT. Since this paper should
rather be seen as a first explorative investigation of SAPT
for gauge-invariant cosmological perturbation theory, we
will defer this task to a later publication and simply
set C = (.

(C3)y Gap condition. For any fixed value (¢, p) € R* x
R?® of the homogeneous phase space, the
spectrum o(q,p) of the Hamilton symbol
C(gq, p) contains at least one isolated subset
0(,)(q, p) associated with a fixed set of quantum
numbers (v), which is uniformly bounded from the
remainder oy (4. 1) = 0(4. p)\oy,) (4. p). In par-
ticular, the minimal distance between the elements
of o) and the remainder of the spectrum is
nonvanishing for every single (g, p) € ['hom-
More precisely, there exists an enclosing interval
(g, p) for the relevant part of the spectrum o,
such that for every value (q,p), the distance
dist[o,em(q, ), I(g, p)] is larger than or equal to
Co(1 + p?)i, where C, > 0 is the “gap” constant
and y € R.

To discuss (C3),, let us assume for the time being

that C is a physical Hamilton operator, and we are

interested in its entire spectrum. From Eq. (39), it is
easy to deduce that C admits a discrete spectrum for any
fixed (¢, p) € T'hom because the sums over the (general-
ized) wave vectors in the Hamilton constraint are discrete
and so is the spectrum of the number operators b;b; and
dydy when applied to vectors in the total Fock space

Hper- Any Fock state &,y € Hpee with finite energy

identifies with a finite set of nonvanishing quantum

numbers (7’1) = { cey nMS’kl s nMS,kzv . I’lT’Tj(] R nT’T](z, .. }
where we distinguished between the quantum
numbers of the Mukhanov-Sasaki and the tensor

perturbations, and ki, ky, ki, ky, ... run over 2773\ {0}.

We also introduce degeneracy labels which take the

possibility of degenerate eigenstates into account, and

we denote them by b = 1, ..., d for the Mukhanov-Sasaki
systemand b’ = 1, ..., d’ for the tensor system. To shorten
the notation, we integrate the degeneracy labels in f :=

{b,b'} and the degeneracy numbers in &:={d,d'}.

According to Eq. (39), the discrete eigenvalue pro-

blem for any finite set of quantum numbers (n) then

has the form
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C(q.P)én (g, P) = Ewy(q, P)éw(a. ),

1
E(;) (4. p) = Ehom(q. P) + p ZnMS.k,waS,k
kek

1
+ 60 ZnT,K,h’wT,K- (42)

Kek

The spectrum of C(q, p) thus consists of the set of all
energy bands {E(,(q, p)}(, for all possible combina-
tions of excitation numbers (7). Since these eigenvalue
problems are discrete (recall that the wave vectors k and
K are discrete), it is always possible to find, at least
locally, a region in the homogeneous phase space where
the energy band E(,) of some fixed set of quantum
numbers (v) is well separated from the remainder. One
could hence restrict our problem to such a region but one
has then to deal with domain issues with respect to the
homogeneous quantization scheme and review it care-
fully. As a consequence, it is not possible to satisfy the
gap condition in a strict sense and we must consequently
abandon any convergence results for the time being.
(C4)  Convergence condition. If the system satisfies the
gap condition (C3), for some y € R, the Hamilton
symbol C(g, p) must be in S. If p =0, also y
must vanish. If p > 0, y can be any real number
but the Weyl quantization C must be essentially
self-adjoint on the Hilbert vector-valued Schwartz
space, S(R, Hj).
According to the discussion of condition (C2), the
Hamilton symbol C(g, p) with the correspondent cutoffs
is in SY(Thoms B(Hperr)). Hence, if we employed the
auxiliary Hamiltonian, we would fall into the category
y = 0, in line with condition (C3),. As pointed out earlier,
we will abandon the convergence of the perturbative
series and remain with the original Hamiltonian in the
following.

B. Perturbative construction scheme

The space adiabatic perturbation scheme divides into
three steps and relies on the existence of the three following
symbol functions. For the construction of these symbols,
one needs a so-called star or Moyal product » which is
nothing but the operator product of the slow (here homo-
geneous) quantum theory pulled back to the corresponding
phase space. Recall that SAPT relies on a phase space
quantization scheme with respect to the homogeneous
sector. After providing the construction steps, we define
the star product %, adapted to the given model, which has
the form of a formal power series in €. Given the Hamilton
symbol C(q, p) € S), the SAPT construction steps are
given by [4]

(S1) there exists a formal symbol # = Y. ¢'x; with 7r; €
S) and such that &, is the spectral projection of
C(q, p) corresponding to o(,)(¢, p). We can construct

(S2)

(S83)
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7y = i €7 up to order / €N and with the
properties

(Sl — 1) 7[(1)*37[(1) —71'(1) = 00(8I+1), (43)
(Sl — 2) th}) - 71'(1) = OO({;‘I'H), (44)
(S1=3) Cx,zrp) — mp*.C = Oy(e).  (45)

It can be shown that the Weyl quantization of a
formal resummation of z (see [1] for more details) is
Oy (e%) close to a true projection operator IT € B(H)
that almost commutes with the Hamilton operator,
ie., [C,TI] = Oy(e™). The estimate means that for all
m €N, there exists a constant C,, >0 such
that [[[C. 11|55 < Cpe”.

Let 7, € S)(Thom B(Hperr)) be the projection on
some reference subspace Koy C Hper. We assume
that there exists a symbol ug € S§(B(Her)) such that
uo - m - uy = x,, where “” denotes the operator
product within B(H,ey). Then, there is a formal
symbol u = >, ,€'u; such that its restriction to
the Ith order u(,)_ satisfies

(46)

(S2 = 1) upweta(py = Lper = Op(e"™),

(52 — 2) u(,)*gu*

n ~ 1pert = 00(81+1)’

(47)
(SZ — 3) u(1>*87l'<])*£uz}) -, = OO(€1+1). (48)

The construction of this almost unitary symbol has
the purpose to map the dynamics of the Hamilton
operator to a simpler subspace such that we can
actually solve the dynamics on this simpler subspace.
Therefore, we note that the Weyl quantized resum-
mation of the symbol function u gives rise to a true
unitary operator U € B(H) which intertwines the
projection operator I and #, in the sense that
Uno = 7, holds true.
The last step consists in constructing an “effective”
Hamilton symbol Cey = Y5 € Cefr;, OF more pre-
cisely its restriction to the /th order according to
Ceffs(1> = u(,) *EC*SMZ}). (49)
For systems with an external time parameter ¢ and the
Weyl quantizations #@ ;) and C'ef“ 1) it holds true that

e—ié‘t _ ﬁgl)e—ié'eff.(l)fﬁu) = OO(EI'H |t|> (50)

Hence, after unitarily transforming back to the
original Hilbert space, the dynamics generated by



S. SCHANDER and T. THIEMANN

PHYS. REV. D 105, 106012 (2022)

N

C.; corresponds “almost” to the dynamics of the

original Hamiltonian C.
In Appendix, we will be much more precise about the
explicit construction steps and give concrete formulas for
the relevant computational steps in order to obtain the
effective Hamilton symbol up to second order in the
adiabatic perturbations. We also refer to [1] for an iterative
construction scheme for any desired perturbative order and
to [2] for concrete applications of the scheme to simpler
models. In the following, we apply SAPT to the cosmo-
logical model with gauge-invariant perturbations. We will
construct z(;) as well as wu(;) in order to finally deter-
mine Ce (2).

Therefore, we recall that the perturbation parameter of
the scheme is here provided by the dimensionless ratio of
the coupling constants, namely by &? = k/A. Since the
construction of the space adiabatic symbols is subject to
two different perturbative scalings, namely with respect to &
for the homogeneous scalar field and with respect to &>
for the homogeneous gravitational degrees of freedom
(recall the definition of p, and p,), the Moyal product
takes for two operator-valued functions A(q, p), B(q, p) €
Sp (TChoms B(Hpert)) the form

e < = < =
(Ax.B)(q, p) ~ (A exp (5 (8¢8p¢ - 8p¢8¢)

- @3, - 0,3 )B) @), (51

where the vectors indicate the direction in which
the partial derivatives act. As we will see in the
following, the Moyal product with respect to the gravita-
tional degrees of freedom does not contribute to the
computations up to second order in the perturbation
scheme. Up to the two different scalings, the scheme
proceeds in the lines of [3]. Up to first order, the Moyal
product is given by

(Ax.B)(q,p)=(A-B)(q.p) +%€{A,B}hom(q,p) +0(&),
(52)

where we used the Poisson bracket notation {A, B}, =
(04A4) - (0,,B) = (0,,A) - (0yB). Since we will give all the
details regarding the construction scheme in Appendix, we
will only provide the most relevant formulas in the
following.

1. Construction of the projector symbol )
To construct the symbol function 7z ;) we use the iterative
ansatz z(|) = @ + exr;, and we start by defining the zeroth

order symbol 7z,. According to the construction step (S1),
my(q, p) corresponds to the spectral projection of C(q, p)

onto one of its energy bands 6, (q, p). In particular, we
choose 7 to be defined as

5

70(¢.0) = &w), (2 P) (0w, (a0 P):)r (53)
=1

where (V)5 = {Vikphiexkex is the set of excitation
numbers of the chosen Fock state and f=1,...,6) is
the associated degeneracy label. The projector symbol
wy(q, p) exists for every point (g, p) € [yom for which
the energy gap between E,(q, p) and the remainder of the
spectrum persists. Because of the continuity of the map
(¢, p) — C(q, p), also (q, p) — my(q, p) is continuous.
By construction, 7, satisfies the construction rules (S1)
restricted to the zeroth order in e. In particular, it satisfies
(S1-1) my-my—my =0, (S1-2) w5 =my, and (S1-3)
[C, 7] e = 0. Consequently, the symbol (53) satisfies
the base clause for the inductive construction scheme.

The next perturbative order of the rules (S1) serves to
determine the first order symbol ;. By means of the Moyal
product expansion from above, the rule (S1-1) restricted to
its first order components provides an equation for deter-
mining the diagonal parts of 7|, namely

i
E{HOvEO}hom +my -+ Iy = 7y (54)

This implies that the diagonal contributions can be split into

two parts which we define as ”11).0 =7 - Ty - Ty and
Pt = xg -, -y, where we introduced the orthogonal
complement of 7, namely 7y = Lo — 7. As discussed
in the companion paper [1], the diagonal part will,
however, not enter the computations for the effective
Hamilton symbol, and so we omit its further discussion
and come to the construction rule (S1-3). This gives the
off-diagonal part of z;. Its restriction to the first order in € is
given by

1 1
E{C’ﬂo}hom_E{HO’C}hom_‘_C'”l -7 -C=0. (55)

oDl ._

We extract the off-diagonal contributions z;  :=

my-m -xy and P2 :=x}-m -my by multiplying
Eq. (55) with my and my from the left and the right,
respectively, and vice versa. We define the orthogonal part
of C by C*:=C -z, and we use that C -y = E ()1 cq.

This yields for the total symbol z; = n’?D‘l + n?D'z,

i
T = _5(”0 A, C+ E)lper b pom  (CF = Ey Lper) ™ - 75
+(Ct- Ew) lpert)_1 ’”(J)' ' {”O’C"‘E(v) lpert}hom 7o)

(56)
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For a concrete evaluation of 7y, it is necessary to evaluate
the derivatives of the eigenfunctions &, (g, p) with respect
to ¢ and p according to the definition of the homogeneous
Poisson bracket. Therefore, we use the explicit (g, p)-
dependence of the creation operators b;(q,p) and
dx(q. p). Therefore, let us start by defining the perturbative
states in more detail.

Every excited state in the Hilbert space H. can be
constructed from the vacuum state Q(g, p) by applying the
desired number (nys i, i+, i1~ ) of creation operators
for every set of wave numbers k, k', k”. SAPT chooses
formally one such eigenstate with quantum number(s) (v) y
given by

(b*) MS, k (d* )”TK
gg\/nMSk V1!

where Q(q.p) € Hpe is the vacuum state of this
representation defined by the requirement to satisfy
bi(q,p)(q, p) =0 and dk(q, p)S2(q, p) =0 for every
k € k and K € K. We introduce the explicit representation
of the Mukhanov-Sasaki wave function and the tensor wave
functions as a product by

S (g p) = q.p), (57)

gMS

(vms) 1_‘[‘f

(58)

Recall that the creation and annihilation operators for the
Mukhanov-Sasaki and the tensor modes depend explicitly
on the homogeneous phase space variables through the
masses within the frequency functions,

ovs (g, p) = €\ K + Mys(q. p).

or(q.p) = 82\/18k2 +6(eMr)*(q. p).

(59)

We deduce the derivatives of the annihilation operators
with respect to A € {g, p}, namely

9b(q.p) :
kaiﬂ _a/lk(q p)bi(q.p)
1€ a/l Ms(q p)b*( ) (60)
8 ®s 4 (4. P)
ddk(q. p) )
1(37/1 = a) ¢ (q, p)dk(q. p)
3868/1 ( )
= 4(1 , 61
4 wh(a.p) kla-p). (61
and we implicitly defined the functions @) and a] x.

The defining equations for the vacuum Q(q, p), together
with the derivatives of the annihilation and creation

operators, give rise to a formula for the A-derivative of
the vacuum state

0Q(
09 P) 5.0, ) 638720 p)

kek

+ 3 al (q. p)(dxdiQ)(q. p).

KeK

(62)

With this, it is straightforward to compute the A-derivative
of any excited state &,,) using that £, can be expressed by
application of an appropriate number of creation operators
on the vacuum state [see Eq. (57)]. It is convenient (see
[1,3]) to express the derivative of the eigenstates with
respect to the homogeneous parameters as an application of
a connection A; € C®(Iyom, L(Hper)) on the global
Hilbert bundle H, and we write

66(11)<qv p) m
A (q.p) € C™(Thom R) ¥ (). (m).  (63)

where the summation over (m) includes essentially all
possible excitation numbers within the Fock space Hpey-
However, there is only a countable number of (m)’s for
which A"}
nonvanishing excitation numbers. Therefore, let us state
again that the notation (n) is a short form for a set of finitely
many, nonvanishing excitation numbers that we can write
more explicitly as {..., nys k. iMs ky» > AT K, > AT Ky > -+ -
Besides, we denote a set of quantum numbers which only
differs from (n) in the single quantum number nyg 1 x/x by
+2 by {....nums/Ta/x £2....}. We are therefore led to
write the connection coefficients in the direction A that link
the state (n) and the state {..., } as

is nonvanishing if (n) is a finite set of

nMS/T,k/K + 2,

AAnMSI_\:_S,;k'ﬂ (¢.p) = -} (q, p)\/(”MS.k,ﬁ = 1) - nps eps
(64)

Aanhzsk’;,ﬁﬂ (¢.p) =% (q.p) \/(nMS.k.ﬁ +1) - (nmsap+2),
(65)

nr g p/—2
lnTA K, /}/

(¢.p) ==l (4. P)\/ (e = 1) mr
(66)

/42
At (g, p) = (@ P\ (rriep +1) - (nrgr +2).
(67)

In this notation, the derivative of some state &, (g, p) with

respect to A has the form
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8§(n)(q, p) - "M ks £MS
= > <A &

ANNS k. p
kek
Mvskp ™ 2MS H Tz
+ AlnMSAk./i 5 NSk p 2 ) é("T)
T
4 fMS

| | 2 : nTK/;" Tr
nMS AnT K,/i’ ‘,nT_k_/,/—Z,..‘}

T kek

T,0#r
5 nTWH—Z }>§(nT) : (68)

S k2 -

YT
+ P

g g ¥

Coming back to the actual construction scheme, we are
now ready to explicitly compute an expression for z; as
defined in Eq. (56). The homogeneous Poisson brackets
give rise to several derivatives with respect to ¢ and p. The
derivatives of the symbol functions x,, etc., can be obtained
by using the Riesz representation used in Eq. (53). Thereby
note that the eigenstates, and hence also the connection
coefficients, are real valued. A straightforward, but tedious
computation (see Appendix), gives

) OEw +Ew,) ) O9Ew+Ey,)

e
AWy = Ay, op, Po(0)y B
4 (E - E )(A(m) A(”) _A(m) A(”) )
(n) (m) /A p ()5 () W) "py(m)/

(70)

For the final construction rule (S1-2), it is easy to check
that z(;) indeed equals 7T by simply transposing and
complex conjugating our results for zy, and 7. For closing
this subsection, we emphasize that the Weyl quantization of
the Moyal projector 7z ;) is a very nontrivial operator on the
total Hilbert space H due to the dependence of z) on
(g, p) and e. SAPT therefore suggests to construct a Moyal
unitary symbol u which maps the dynamical subspace
related to 7, or more precisely here to z(;), to a suitable
reference subspace Kpert C Hperr-

2. Construction of the Moyal unitary u
We choose an arbitrary but suitable reference subspace
Krert € Hpere to which we map the relevant dynamics
of the problem. The idea is to select one fixed point
(40» Po) € Thom- We denote the eigenbasis of C(qgq, py) at
this point by {{(,)} = {&(x)(q0, Po)}, and we define the
reference projection by

5.

é‘(u)ﬂ@‘(v)ﬁ’ '>.7:S' (71)
=1

We denote the subspace associated with the projection
symbol z, by K., as outlined before. In order to mediate
between H e and K, and vice versa, a unitary symbol
function u(q, p) is necessary. The space adiabatic scheme
assumes the symbol to have the form of a formal power
series in . We restrict its computation to the first order,
u) = ug + euy, and we define its zeroth order component
to be

= Clém(a ) ) (72)
()

where the sum over (n) is a sum over all possible
combinations of excitation numbers in the field Fock
space. It is straightforward to show that u, and 7, together
with 7, satisfy the base clause of the construction rules
(S2), namely (S2-1) ug - ug = Lpeq, (S2-2) wg - uy = ooy,
and (S2-3) uy - 7 - uy = m,. For the construction of u, it
is useful to split #; into a Hermitian and an anti-Hermitian
part by = ki, and k| = —k; such that u; =: (h; + k) - u,
The construction rule (S2-1) serves to determine A, for our
choice of T, and u,. In particular, its restriction to first order
is given by

i
E {uo, uB}hom + 2h1 =0. (73)

The Hermitian part of u;(q,p) is accordingly given
in terms of the connection coefficients and the fast
eigenstates by

ul(q. p) =~

(m)  4(k)

- Ap¢(n)“4¢(m))€(n) <4§(k)7 '>}‘5' (74)
To determine the remaining anti-Hermitian piece, let us
consider the construction rule (S2-3). By separating
the contribution from the anti-Hermitian part from this
rule restricted to first order, we define a new operator K
such that
u(yxemr iy — x,=e(Ky + [k, mp] )+ Ou(&?).  (75)
By expanding the star products in this equation, we obtain
an explicit expression for K, given by

i
Ky=h -n,+7m,-h +uy = 'u6+§u0'{”0’u(*)}hom

i
+ E {u07 us}hom T (76)
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Using that a solution to k; arises as k; =

= [y, [Ky, 7] pertperr» We finally get

i
uy = [z, ug - A0 U] ey - U + 4 1720 {240, 45 Fromper * #o-

(77)

With the already known solution of 7, the solution u; can
be obtained from a simple algebraic computation. More
precisely, we have

3. Construction of the effective Hamiltonian Cg (3

The last step of the perturbation scheme consists in
pulling the dynamics of the chosen subspace associated
with the Weyl quantization of z to the e-independent
subspace 7t,Hyer- The effective Hamiltonian C.; acting
on this subspace is the Weyl quantization of the symbol
function C. which obeys the construction rule (S3),
namely C.s = ux,Cx.u*. Again, we assume a power
series ansatz with respect to ¢ for the symbol Cg; that
we are going to determine up to second order, i.e.,
Ceff,(l) = Ceff,O =+ ‘ECeff,l + €2Ceff.2. In the fOllOWiIlg, we
restrict our attention to the dynamics within the relevant
subspace and thus project Cefr (2) on 7,. At zeroth order,
this yields

d.d

2 1

Ceirop = E (Ehom(a’ Par®:Py) +- E UMS k,b@MS
b,b'=1 kek

1
T 6a ZVT,K,b’wT,K> Cwy w7, (79)

KeK

which includes the standard zeroth order Hamilton con-
straint for an FLRW universe with a homogeneous and
isotropic scalar field denoted here by Epoy(a, p,. . py),
and the bare energy contributions from the relevant energy
band £(,) . Note that these additional terms are finite as we

chose the relevant quantum numbers {vys .5, Uk } tO be
nonvanishing for only a finite number of wave vectors k
and K. If we considered the vacuum state for which any of
the numbers {154, Utk } Vanish, there would be no
additional contributions to Ejqp,.

We also note that in the above result Eyp,), @pyis 1, @t g @S
well as ¢ )y depend on ¢ by definition. These e-dependent
terms should actually be removed and added to higher order
contributions of the effective constraint. Regarding Ej
this task is relatively simple but for the other occurrences of

e the analysis is more difficult because & appears in
summands under a square root. Since, however, the explicit
analysis and the finding of quantum solutions for this
constraint are not in the scope of this paper, we defer this
task to a later publication and continue with the SAPT
scheme regardless.

For the first and second order contributions of Cy, it is
useful to star multiply the condition (S3) by u from the right
such that the double star product does not have to be carried
out. The restriction of the resulting equation to the first
order in ¢ yields (cf. [2,5])

i
Ceiry = <“1 “C—Cypp-uy + 5{”05 Clhom
i
3 {Cefr o, uo}hom> - Uy, (80)

To evaluate Cy ;, recall that u; has no diagonal contribu-
tions. Therefore, Ce¢ ; has no diagonal contributions at all
such that Ce ; , == 7, - Cegp1 - 7, vanishes identically. The
same strategy for determining Ce, applies for deriv-
ing Ceff,z,p-

In fact, the second order effective Hamilton symbol
includes several contributions but we will show that only
one of them is of second order in the perturbative
parameter, and hence relevant. First, notice that at second
perturbative order one should also include contributions
from the e>-scheme of the geometric degrees of freedom
(a, p,). This corresponds to a first order contribution in the
perturbation scheme with respect to the homogeneous
gravitational degrees of freedom. Consequently, Cf,
includes the first order effective Hamilton constraint
regarding the gravitational e’>-scheme. However, we
already know that the first order effective Hamilton con-
straint within the relevant energy band vanishes identically,
and so we can simply drop this term. The remaining
contributions are due to the e-scheme with respect to the
homogeneous scalar matter field. The first of them arises by
computing contributions of the first order Moyal product,
and the second from second order contributions to the
Moyal product, namely

Ceff,2.p = i{7':p “up, C+ E(u)lf}hom ’ ué Ty
2
+ Ty ([uO*sC]Z - [E(u)*suO}z) : ué C T, (81)

where the square brackets with subscript 2 indicate that the
inside is restricted to exactly second order in the perturba-
tive scheme. As it turns out, not all contributions to this
operator (which is given in terms of the connection
coefficients in Appendix) give terms of second order in
&, and we therefore review their components and select the
contributions that effectively enter at second order in the
perturbative scheme. The appearance of terms that actually
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enter at higher orders in ¢ stems from the fact that the

perturbative Mukhanov-Sasaki and tensor contributions to A 6¢M -
C are by definition of second order in e. Nevertheless, it o) |vs &2 + Mg
was necessary to include them as zeroth order contributions . M?

(m)

S
py(n) ~1, (85)

to make the space adiabatic scheme work at the technical X
MS k%4 Myyg

level. This does not undermine the results but a careful
analysis of all terms is required. We recall that the effective,
(a, pa’qs’p[ﬁ)_dependent masses of the Mukhanov-Sasaki where the vertical lines with Subscripts “MS” and “T”
and the tensor systems depend polynomially on ¢ with  indicate the restriction of the connection coefficients to
different exponents, and so will their derivatives with  those which contain only nontrivial factors with respect to
respect to the homogeneous variables. Most importantly, ~ the Mukhanov-Sasaki or the tensor perturbations, respec-

we find by inspecting their explicit expressions in Egs. (32)  tively. In addition, there are several other factors that enter
and (33) that the formula for the effective, second order Hamilton

constraint, in particular,

d(eMr)? N 8M12vls apy
— L xea’p~e, xe—L~e, (82 _ _
845 84) Pa ( ) E(m) - E(n) ~ 82, (E(m) — E(n)) L~ IS 2, (86)
d(eMr)? My apy 2
——— =0, —~e, ~ 1. 83 234 2 Py
py 9 x & . € &2 (83) OpEpom x 7@ ~ €2, 9, Enom e 1. (87)

Since the coefficients of the connection depend directly on With this information, we examine all terms contributing to

these derivatives of the masses, it is straightforward to hes; 5, carefully and identify only one single term which is

deduce their dependence on &, namely of order €°, and consequently enters at the correct order for

our scheme. All other terms include additional factors in &.
=0, (84) This relevant contribution comes from the first order Moyal
product expressions and is given by

A (m) a¢(8MT)2 ~e
900 |t * 18K 1+ 6(eMy)?

(”)/1
MSA¢(">

1
Ceff,2, = - 7"4 y(")
’ ﬂz(:) Eq), = Ew = "V

6Ehom 2
( Py ) ONIORREE (88)

The sum over all possible excitation numbers (7) reduces to a sum over the wave modes by evaluating the connection

coefficients. In particular, we have that

Agely s o
2@y Ims” ) |ms _ _ a A UMs kb—2\2 a A UMs kb 1212
2 Ew), = Ew Z( 260Ms.b(k2)( hsis ) +2wMS,h(k2)( ps )

(n) Vg kek
a(a))?
ﬁ (=(wmsep — Domsins + (msip + 1) @0msin +2))
ok st,b( )
> < 1) e (89)
= S5 | WMskbr 5 | 5 .
ek (k2 + ]‘/[MS)S/2 2)2 pg

This result, together with (0, ) Enom)? = pi /a®, yields the second order effective Hamilton constraint

9m* P¢
Cefpr(a Pa> s P¢ ZZ k2+M2 52 <VMSkb+2> C <C b">]—'5' (90)

lkek 24’ Pa

I
Hence, we recover an explicit expression for the effective  freedom. Interestingly, the backreaction solely comes from
Hamilton symbol Ce 2) , = Cesrop + szCeffqz‘p which in-  the Mukhanov-Sasaki scalar degrees of freedom. Note that
cludes the backreaction of the perturbative energy band  M3,¢ as well as ¢ (), in Eq. (90) depend on &, and so there
with quantum number (v),; on the homogeneous degrees of  will be certain contributions to Ceir,p that are actually of
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higher than second order in ¢. A careful analysis would be
necessary to remove these terms. Here, however, we defer
from entering this analysis and postpone it to a later
publication.

The final step of the scheme consists in Weyl quantizing
this symbol function with respect to the homogeneous
sector and in finding an appropriate domain and possible
solutions that are annihilated by the constraint. Then, by
application of the Weyl quantization of u ), one can rotate
the solutions back to the original Hilbert space, which will
be solutions to the original constraint C up to errors of order
€3. The computation of up) will be part of a future
publication.

Finding solutions to this Hamilton constraint appears to
be a difficult task. The symbol contains nontrivial (and
nonpolynomial) dependencies on the homogeneous phase
space variables, and besides the mass term M3 is an
indefinite function on I}, and hence leads to tachyonic
instabilities for the solutions of the effective Hamilton
symbol. In this respect, let us emphasize that this pecu-
liarity is not due to the application of the SAPT scheme
itself, but already occurs when introducing standard gauge-
invariant perturbation fields in cosmology [21]. Therefore,
M3;s can become negative and hence cancel or even
surpass the wave vector squared in the denominator here.
Regarding the first case, in particular if a nonpositive mass
squared cancels the wave number contribution, we observe
that for every wave vector k € k, there is a (possibly
nonconnected) three-dimensional region y, C I}, in the
four-dimensional homogeneous phase space for which this
single summand diverges. Since the summation over k is
discrete, we expect the divergent surfaces to lie discretely in
I's. For the first part of the effective Hamiltonian, we have a
finite number of such surfaces while for the second part, we
have a countably infinite number of divergent surfaces. In
addition, the global (third) factor in C 5 , diverges in the
limits a — 0, p, — 0, and p, — +oo.

Despite these divergencies, we emphasize that the
symbol Hamilton constraint still needs to be Weyl quan-
tized. It might still be possible to find appropriate solutions.
Of course, the divergencies narrow the set of admissible
quantum states for which é’eff’lp is a well-defined quantum
operator. Besides, the absolute value of a negative mass
term might be larger than the wave vector squared such that
the total Hamilton constraint symbol would have imaginary
contributions. Hence, the question arises whether the final
effective Hamilton operator of the theory is self-adjoint or
allows for self-adjoint extensions. It is therefore reasonable
to seek strategies to circumvent these problems, and we
have discussed such solutions in [1] in great detail. In the
next section, we employ one of these solutions by per-
forming a symplectic embedding of the homogeneous
phase space.

Let us shortly mention that the sum over the infinite
number of modes in the effective Hamiltonian is in fact

convergent (in case that we have M3 > 0). Also note that
the second order effective Hamiltonian contains a Casimir
effect-like term: Namely, even if we compute the back-
reaction of the vacuum, i.e., considering (v) = 0, there will
be backreaction.

IV. POSITIVE MASS RESTRICTED MODEL

In this section, we apply one of the strategies proposed in
[1] in order to circumvent the problems associated with the
indefinite mass squared functions. In particular, we are
going to restrict the classical phase space of the homo-
geneous degrees of freedom to a set of points (¢, p) € I'yom
for which both the effective Mukhanov-Sasaki effective
mass squared Mys(q, p)* and the effective tensor mass
Mr(q, p)? are manifestly positive. We achieve this by
defining two new sets of homogeneous phase space
variables which we denote by (b,¢’) and (@, u’).

A. Symplectic embedding

For simplicity, we restrict our considerations to the case
of a vanishing scalar field potential and zero cosmo-
logical constant, ie., m =0 = A. Consequently, the
model does not represent one of the standard inflationary
theories. Then, we consider the rescaled homogeneous
variables (a, p,¢. p,) with Poisson brackets {a. p,} = &
and {¢.p,} =e. Referring to the definition of the
Mukhanov-Sasaki and tensor mass squared functions in
Egs. (32) and (33), the mass squared functions are given
here by

1 p2 7p; P§ Pa
Mey=——Lay 0 . (eMp)?=L2 (91
MS 18(12_I_Za4 2p? (eMr) 6a’ 1)

Note that because of V =0, the variable ¢ is cyclic.
Evidently, (eMr)*(gq, p) >0 is manifestly positive, but
this is not the case for Mys(q, p)>. However, after some
algebraic manipulations, we can write M, as a manifestly
positive quantity. Therefore, we define y := ap,, and we
write

18 .
Miys = peed (cx3* = py)(py—c_y?), with
1
k= ﬁ(7 +v33) eR. (92)
Note that the constant parameters c. satisfy the inequalities
¢, > 1> c_ > 0. This tells us that if we require M3;5 > 0,
we must constrain p, by
c2y? > pé > c2y?. (93)

This can most easily be achieved by introducing a new
explicit parametrization with the variable w defined by
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Py =y, (94)

for which we require that w € I == [-c,—c_| U [c_, c ].
With this information, let us introduce the two variables

= u = _y(:b’ (95)

and pursue the aim to define two canonical sets of which
(w, u') is one. Therefore, we also define a := In a. By this
parametrization, the symplectic structure of the homo-
geneous subsystem can be pulled back. Dropping total
differentials, we obtain

e’0 = —(adp, + epdpy) = —((a + egw)dy — eu'dw).
(96)

It is manifest to identify ' as a new momentum variable
and @ as its conjugate variable. Similarly, y can serve
as a new momentum variable with conjugate variable
(a+ e¢w). In a final step, it is useful to introduce another
canonical transformation. Therefore, we define as a canoni-
cal variable

b == exp(a + epw) = a - exp <e qbp(/,)‘ (97)
apPa

It can easily be checked that the variable ¢’ with y=: bq’
serves as a conjugate momentum for b, and in terms of the
initial variables, it is given by

q = pg-exp <—e%>. (98)
apq
Note also that the following identity holds:
!
ew = —8w—u,. (99)
apq bq

Then, we can identify the total transformation 7': R*>U>
(@, p) — (q,p) € W C R*, where U, W are subsets of R*,
which maps the new variables canonically on the initial
ones, and which is explicitly given by

!/ !/
a=b-exp (e?jZ,) Pa=¢q -exp <—ecl;)—:;,>, (100)

l/l/

_b_q”

¢ = py = bqw. (101)

We emphasize that in the new space adiabatic perturbation
scheme, we can treat ¢’ as p, with rescaling ¢ and ' as p,
with rescaling €. In the new variables, the homogeneous
part of the Hamilton constraint E,, and the masses, M3,
(eMr)?, are given by

(¢') wu' !
Eiom = o CXP —eb—q, a)z—g , o (102)

q/ 2 ou’'
My = 18 (bz) exp (—48 bq’) (c; —a?)(@0* —c_),
(103)
1 2 ou’'
(eM1)* = 6(;1)2) exp (—48 bq’)' (104)

Now, both mass squared terms are manifestly positive in
terms of the two new canonical sets (b,q’) and (w,u’).
Note that b is non-negative and w € [ is defined on a union
of two compact intervals in R. We emphasize that this
restriction of the phase space requires us to properly revise
the definition of the integral Weyl quantization procedure
and the Moyal product. We will discuss this point in the
sequel but first formally apply the space adiabatic scheme
to the presented model using the standard Weyl formulas
available on the whole real line.

B. Space adiabatic construction scheme

We apply SAPT to the inhomogeneous cosmological
model with gauge-invariant perturbations and the appro-
priate transformations as discussed in Sec. II, but employ
the new phase space variables (w, ', b, ¢'). The Hamilton
symbol from (39) expressed with these new variables takes
the form

C(C‘L u', b, 6]/) = Ehom(wv u', b, q/)lpert

.w/AI

e ‘o
T <Z(UMS (K*)biby

kek
wor(k?) .
DB dic ). (105)
ek

in close analogy to the original model. The frequency
functions wys(k*) and wr(k*) have the same form as
before but are expressed in terms of the new variables, as
well as similarly for the creation and annihilation operators.
Therefore, also the application of SAPT proceeds in the
very same manner. The functions &)} and o} , which serve
to quantify the derivatives of the annihilation operators b,
and dy in the direction A € {w, ', b,q'} have the same
form with respect to the masses and frequencies as before,

and so do the coefficients of the connections A%l)). The

explicit expression in terms of the new variables looks of
course different from before. We observe again that the
connections relate only states which differ by 42 excita-
tions in one quantum number.

Since all formal expressions are identical to the ones in
Sec. III, we are content to directly present the expression
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for the effective Hamilton constraint up to second order in
the perturbations. As before, we therefore define an
operator-valued symbol =, associated with the fast
eigensolution(s)  {(,) = é‘(,,)r(wo, uy. by, q4) € Hpery  at
some fixed phase space point (wy, up, bo. q4) € Ihom-
Thereby, we allow for degenerate eigenstates with degen-
eracy labels y = (c, ¢’) and the degrees of degeneracy § =
(d,d') for the Mukhanov-Sasaki and the tensor perturba-
tions, respectively. At zeroth order, the scheme generates
the standard Born-Oppenheimer result that we directly
restrict to the relevant subspace associated with 7,

d,d

Ceff,O,p = Z (Ehom(a)v M/, bv q/)

c.c'=1

l
e_gﬁ
E UMs .k, coys (k

kek

k2
+ ) vk ol )) L), ), )r,- (106)

KeK

/

)2 e

C{,*

i
E{”p 'u17C+E(y)1pert}hom “Up Ty = —bexp(

The first contribution is simply the standard FLRW
Hamiltonian constraint. The two remaining contributions
correspond to the bare energy of the chosen excitation
number (v) associated with the Mukhanov-Sasaki and the
tensor perturbations. At first order of the scheme, the
effective Hamilton constraint vanishes. This is because we
assumed that the standard Moyal product applies to the
given case, and hence the formulas from the previous
section and Appendix can be used. In this case, the first
order effective Hamiltonian vanishes identically. At second
order, it is again possible to split the contributions into a
part that only contains the bare symbols and their Poisson
brackets, and a part which involves the second order Moyal
product. The symbolic form of the first part evidently
remains the same, and we only need to replace the
Poisson brackets with respect to the old variables by the
Poisson brackets with respect to the new variables. We refer
to the previous section for the explicit computations.
Analogously, it turns out that many contributions are
actually of higher order in ¢ and can thus be omitted for
our choice of truncation. This yields

(Z 2upispe + 1 <8M§,IS Epom OM3q 8Eh0m> 2

6doys (k2 \ 0w do  do  Ou

8 o)

In contrast to the result using the original variables, the
tensor modes generate second order backreaction. This is
not very surprising. Even if the two sets of variables are
classically related by a canonical embedding, the quantum
theories lead to different physical theories. This is a well-
known feature of standard quantum theory, and only the
comparison with experimental data provides the means to
distinguish the physically relevant from the nonrelevant
theories.

A priori, the scheme includes also contributions to the
second order effective Hamilton constraint that are due to
the second order Moyal product. However, as before it
turns out that these contributions are all of higher than
second order in ¢, and hence are not relevant for our

|

182612e
| ——¢€X

Cetr 2 Z Cw

((,7

exp ( (J)Lt)
+ [ —

2upms ke + 1

+Z (& + M) —5 s vs(@.u.b.q) +Z

ke[k

27 ZVT,K,C/ + 1 8(8MT)2 8Eh0m
- Z < o' Ow )

(107)

|

computations. This finally yields the effective
Hamiltonian with respect to the transformed variables
(b, q,w, u), i.e., without the e-scaling for the momentum
variables. It is important to note that because we use these
unscaled variables (b, q,®,u) the expression for the
Hamiltonian can and will in fact depend explicitly on
e. If we used the original variables (b, ¢, @, u’) (similar to
what we have done in all previous examples) with ¢/ =
€2q and u’' = eu, there would be no explicit dependence on
e for the zeroth order part (106) and only a global factor &
for the second order contribution (107). Expressing the
latter explicitly as a function of the transformed variables,
we obtain

A (Z K+ Mg s ke + Z 18k* + 6(eMr)? yTKc)

Q’UT,K,C' + 1
(18k> + 6(eM1)?)

572 hr(w,u, b, q)), (108)

KE[K

106012-19



S. SCHANDER and T. THIEMANN

PHYS. REV. D 105, 106012 (2022)

where now the variables u and g refer to the e-freed u’ and ¢’ variables, and we introduced the Hamiltonian backreaction

functions
wu 81e'?gtw*
hngs = exp (—1324) (=229
mis exP( bq>< 6417
ou\ 3e?¢w*
hy = —exp [ —132%) .24
r=ew (-1350)

We emphasize again that these expressions are indeed of
zeroth and of second order, respectively, in € with respect to
the e-scaled variables (b,q',w,u’) and that the explicit
dependence on ¢ in the previous equations only appears
because we used the unscaled variables (b, ¢, ®, u).

Again, we identify the standard purely homogeneous and
isotropic Hamilton constraint of our cosmological model in
the first line of this result. Together with the bare energy
band contributions from the Mukhanov-Sasaki and tensor
perturbations in the ensuing line, this yields the zeroth order
contribution of our perturbative scheme. The last line
shows the second order contributions of the scheme.
These depend partly on the relevant excitation numbers
that we have chosen, but there are also contributions which
do not, and hence, present a vacuum backreaction from the
perturbative degrees of freedom on the homogeneous
degrees of freedom. Note that effectively, after having per-
formed a transformation to the unscaled momenta (u, g),
they both enter with a factor £'%, and terms containing
polynomials of them should thus remain very small within
our perturbative scheme.

An interesting question that arises for this model is that
of conformal invariance. In fact, we did not consider any
conformal coupling to curvature here but it would be
interesting to know whether the SAPT corrections preserve
such a classical conformal invariance or contribute to the
trace anomaly. We leave this for future investigation.

Finally, we emphasize once again that we do not expect
the same results as for the previous model without the
transformations in the homogeneous sector. Another reason
for this to happen is that the restriction to the positive mass
region is accomplished by a symplectic embedding rather
than a symplectomorphism which in particular changes the
entire topology of the slow phase space. Thus, the quantum
theories cannot be unitarily equivalent. Note that even if the
phase spaces were the same and the transformation was
strictly canonical, the quantum theories are likely to differ.

C. Review of the quantization procedure

As shown in Sec. IVA, the symplectic embedding
employed there restricts the variable w to the union of
two compact intervals on the real line I =1, U/, :=
[-c,,—c_]U[c_,c.]. The standard Weyl quantization
procedure is, however, defined for systems with the
cotangent bundle over the real line (or products thereof)

)(20402 +c (=8¢, +20% + 1) + ¢y + do* —20%)?,

(109)

|
as their phase space, and hence, the Weyl quantization
procedure is a priori not available for this model. In
particular, the Moyal product underlying the SAPT scheme
might be subject to modifications which would conse-
quently alter the results obtained so far.

There are now two possible strategies. For the first
possibility, we take the restriction of the phase space
seriously and try to define a Weyl quantization scheme
for that model. One would need to redefine the integral
representation of the Weyl quantization scheme and pos-
sibly define a new form of operator kernels. Since the
classical observables as well as the wave functions are only
defined on a compact configuration space (or rather a sum
of compact spaces), it necessitates the use of a discrete
Fourier series with respect to the respective modes instead
of the continuous Fourier transform when defining Weyl
quantization. It effectively corresponds to considering the
phase space T*S' @ T*S! instead of T*R2. It is also
important to note that due to the restriction to a finite
interval, ambiguities occur in the definition of the momen-
tum operator as it admits an infinite number of self-adjoint
extensions [69]. This must also be taken into account when
considering the direct sum of two 7*I (we will be more
precise in the next paragraph). We also refer to the work
by [70] in this respect. In order to recover, the correct
product formula for operators and hence a star product on
the space of symbol functions, it is advisable to follow the
detailed proof for the standard Weyl product formula by
Folland [68]. We refrain here from performing this com-
putation and refer to the work by Stottmeister and
Thiemann [45] in which such a restricted Weyl quantization
in application to LQC has been discussed.

The second possibility is to perform yet another trans-
formation that maps the two intervals on the real line,
respectively. Therefore, note that the Hilbert space L?(1, dw)
of square integrable functions y over / is uniquely specified
by the restrictions y; =y ;, and y, =y ;, which shows
that L%(1,dw) = L*(1,,dw) & L*(I,,dw). Now each I, is
of the form [a, b] and using suitable maps, one can define
new variables. Let us consider for example
arctan(x)> b—a

(110)

a)—f(x)—a+<1+2 >

for which it is true that % (x) > 0. The associated conjugate
momentum is given by
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-1
y: —u% ie., u’-y(%) . (111)
and we can easily check that indeed the canonical structure
passes over to the new variables, {x,y} = 1. As a conse-
quence, we may think of 7%/, as T*R. We pick the Hilbert
space L?([a, b], dw) on which @ acts by multiplication and u
as the derivative operator —i % of course subject to boundary
conditions to make it self-adjoint. On the other hand, we
can promote the variables x and y to quantum operators such
that the latter satisfy the standard commutation relation
[%,9] = ilhom. One can thus think of & as a multiplication
operator and y as the (—i)-scaled derivative operator with
respect to x. Since x and y are defined on the whole R?, it is
reasonable to impose a symmetric Weyl quantization
scheme in order to connect with the previous considerations.

Namely, let us consider the symmetric operators

q=f"(w) and p:=/f"(x)ur/f(x)|_f(,) Which sat-

isfy the canonical commutatlon relations [g, p] = —i and
the unitary map
U:L?([a.b).do) - L*(R,dx) iy = /' (x)w(f (x))

= (), (112)
with inverse (U~lyr = /Vf)(f(w)). Then

one may check that Q = UqU I acts by multlplication
by x and P = UpU~" by i0/0x. Now in every symbol, we
express i/ and w in terms of x and y and use their Weyl
quantization for Q,P on L?*(R,dx). Using the above
formulas, the result may then be translated back in terms
of ', w, L*([a, b], dw). For instance, the Weyl quantization
of 'w = f(x)/f'(x)y on L*(R,dx) yields

SUQ)F Q)P+ PFQ)/F Q)
1
2
l

UL (@)/F@)p + pf (@) (@)U

- [w/ VU @1

N / mw] v

(ol 4t o\ 7T [0 )]

[ VI DTG @] v

Wo+ ou' ) U™,
which shows that Weyl quantization of uw on
L*([a, b],dw) yields the expected symmetric result.
Concluding, we simply have to rewrite the formulas of

w\~

—U (113)

5(

the previous section given there in terms of (a, p,. . p,)
now in terms of (b, ¢, w, u') and symmetrically order the
outcome of the space adiabatic perturbation analysis as if
(w, u’) would take values in R. The quantization of (w, u)
takes place on L*([—c,,—c_],dw) & L*([c_, c.],dw).

V. CONCLUSION AND OUTLOOK

In this paper, we applied SAPT to quantum cosmological
perturbation theory and demonstrated that the challenges
due to the QFT nature of the problem for which SAPT was
not designed can be faced squarely. What we now have at
our disposal is the machinery to compute the corrections
from every energy band of the inhomogeneous Fock space
to the effective homogeneous Hamiltonian, in principle to
arbitrary adiabatic order. Here, we carried out this program
to second adiabatic order. While the computations are
rather tedious already to this order, it is clear how to
proceed to arbitrary order; the scheme is similar in nature to
standard textbook quantum mechanical perturbation theory
of pure point spectra.

The treatment of the backreaction problem beyond the
semiclassical regime, which we believe to be very impor-
tant especially in the Planck era of the Universe where we
expect the semiclassical approximation to be poor, has
revealed many new interesting challenges, including
Hilbert-Schmidt conditions that require the mixture of
homogeneous and inhomogeneous degrees of freedom in
which to formulate the QFT, Weyl-Moyal calculus to feed
the quantum nature of the background into the Fock space
construction of the inhomogeneous sector, tachyons,
and their avoidance and adiabatic backreactions of the
Casimir type. Note that, in contrast to the plain Casimir
term in quantum electrodynamics, this contribution con-
verges. It is not clear from the current status of the
calculations that this also happens at higher adiabatic order
in which case presumably also nontrivial renormalization
would be required.

What is left to do is to evaluate the phenomenological
consequences of this computation and to compare to
similar ones in the literature, which mostly focuses on
the vacuum energy band. From the explicit expression of
our end result, it is evident that the corrections to the
effective homogeneous contribution of the Hamiltonian
constraint that one unambiguously obtains from the space
adiabatic treatment of the backreactions are, unsurprisingly,
of a rather new type not previously encountered in more
semiclassical treatments [37-39], and it will be interesting
to see how these terms affect the previous analysis of the
effective dynamics.

In particular, in view of [54] we are in the position to use
the standard Schrodinger representation to quantize the
effective homogeneous Hamiltonian which in view of the
Weyl quantization techniques used by SAPT is more
natural than the LQC representation and not plagued by
discretization ambiguities as one can directly quantize
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position and momentum operators rather than Weyl
element approximants. The results of this investigation
are reserved for a future publication.

ACKNOWLEDGMENTS

S.S. thanks the Heinrich Bo6ll Foundation e.V. for
financial and intellectual support, the German Academic
Scholarship Foundation for intellectual support, and the
Visiting Scholarship Program of FAU for financial support.

APPENDIX: SPACE ADIABATIC
CONSTRUCTION SCHEME

In this Appendix, we provide the detailed algebraic
relations that led to the formulas for the space adiabatic
construction scheme. The considerations are general in the
sense that they apply to any system that satisfies the
conditions (C1)—(C4). We therefore identify the system
associated before with the homogeneous sector as the
“slow” system (and label it with the letter “s”), and the
inhomogeneous system as the “fast” subsystem (labeling it
with the letter “f”). We restrict ourselves to second order in
the adiabatic perturbations.

1. Construction of the Moyal projector

We recall that the goal of the first step is to construct the
symbol function z(q, p) associated with a projection oper-
ator IT that commutes up to small errors in & with a full
Hamilton operatorﬂ (or constraint). In order to construct the
effective Hamilton symbol A () , up to second order in , it
suffices to construct the first order symbol z(y) := 7y + ex;.
We recall that conditions (C2) and (C3), assure that the zero
order Hamilton symbol Hy(g, p) admits a discrete eigen-
basis {&,(g, p)}, which serves as a good starting point for
the construction of the Moyal projector. n is the short form
for any set of excitation numbers here. In particular, the
eigenvalue problem has the form

Hy(q.p)éu(q.p) =E,(q.P)én(q:P),  &i(q.p) EMHy.

(A1)

Since these eigenvalue problems appear to be “fibered” over

the homogeneous phase space, it is convenient to introduce

the notion of a gauge connection .4 similar to the definition

in the theory of fiber bundles for Hilbert bundles. More
precisely, we define

(VE)u(g: p) = (AL),(g: P)
= Au" (4. P)én(q: p) ® dq
+ Api" (g P)én(q. p) ® dp.
To determine the components A,,” and A,,” for any n,

m € N, it suffices to compute the partial derivatives of
£,(q, p) with respect to g and p, namely we define

(A2)

0¢,(q.
M = .A/mm(Qa p)é:m(qv p)’

o (A3)

p €1{q.p}.

Let us assume that the eigenfunctions &,(g, p) are real
valued for any n € N, as well as the coefficient functions
A,,"(q. p) for any p € {q, p} and n, m € N. By deriving
the orthonormality relation (&, &,,); = 6, With respect to
p (which obviously yield zero), where the angular brackets
denote the inner product in H;, we obtain that the connection
is antisymmetric,

A" ==A" (A4)
As a consequence, the connection cannot have any diagonal
contributions, namely A,," = 0 for every n € N. These
results and definitions will prove useful for the space
adiabatic scheme because the Moyal product of the
phase space quantization involves the derivatives of several
operator-valued functions with respect to g and p, and we
are going to express them in terms of the connection
coefficients.

By choosing one physically appropriate eigenstate
£,(q, p) € H;, the scheme suggests to define the zeroth
order projection symbol as

m(q. p) = &.(q. P){E(4. P). )s- (AS)
It is straightforward to check that this symbol satisfies the
conditions (S1) at zeroth order by construction, namely

(S1—=1)zm-mg—my =0,
(S1=3) [my, Hpl; =0,

(S1-2) xn§ = n,.
(A6)

and we assume that the wave functions &,(g, p) are real
valued. To construct z;(q, p), the scheme divides the
symbol into a diagonal part and an off-diagonal part.
The following, first condition determines the diagonal part.

a. Condition (S1-1): zx .7z —-7x=0

By means of the series expansion of z(;) and the star
product in Eq. (51), the expansion of the first condition
(S1-1) in € yields up to first order

i
ﬂo'ﬂ0+8(2{750,ﬂ0}s +7l'0 ST+ '7l'0>

=my+em + 00(62). (A7)
Comparing the terms of the same order in € on both sides,
the zeroth order contributions yield the equation 7z, - 7y =
7wy which is simply (S1-1). The first order contributions
determine the diagonal contribution to &z, by requiring that

0=a,+n, -ny+my x,—n, with al:=%{7r0,7r0}s, (A8)
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where we tie in with the notation of the general construction
scheme in Sec. III. The evaluation of the symbol a; requires
one to build the ¢- and p-derivatives of zy(g, p). Using the
connection components A,,”(q, p) from above and the
functional representation of 7z, due to Riesz in Eq. (A5), we
obtain

oy

dp
and we emphasize that v is a fixed number while we sum
over m € N. We recall that (-, -); is the inner product within
the fast Hilbert space H;. Using that A,,” has no diagonal
contributions, this gives for the symbol a;

i {871:0 87:0

a, = E 8—q’$:|f - Aqvaka(§m<§k’ '>f - §k<§mv >t>

Apum(§y<é:m’ '>f + §m<§w '>f>7 (Ag)

(A10)

The total diagonal contribution 7D of 7; can be expressed
by means of a; by multiplying with &, and z3 = 1; — 7,
from the left and the right such that

Al =-my-a, -my+ag-a -xy =ny-a;-my;, (All)
where the first term vanishes because, again, the connection
has no diagonal terms. In order to determine the remaining
off-diagonal part z9P := z; — aP, we consider condition

(S1-3).

b. Condition (S1-3): Hx,&x—nx,H=0
The expansion of (S1-3) up to first order in ¢ yields the

determining equation for z9P,
[HOJIOL"FS(%{HO’”O}S_%{”09HO}S+HO'”1 -7 'Ho>

=0y(€?). (A12)

Again, the zeroth order contribution is trivially satisfied
[Hy, 7o) = 0 as the symbol 7, is an orthogonal projection
operator on the eigensolutions of H\,. Regarding the first
order contributions, the scheme requires that the term in the
brackets vanishes, in particular,

0=—b, + [Hy m];. with

b= ({Hom) — {mo. Hol). (A1)

oD.1 ,

The off-diagonal contributions =7y - T -n'& and

T
a0P? =zt - 7, - m follow from the multiplication of 7,
and n&, respectively, once from each the left and the right.
With Hy = H,, - m; and using that &y and zj commute
with H|y as operators on H;, we obtain for the total off-

diagonal operator zPP = ﬂ;?D,l + n.(l)D,Z,

OD

P =ny-b, xg - (E,1; —Hy)™!

- (EJ1; —Hy)™! '”& by - m
I
=3 [z - {mo. Hy + E 1} - (E1; — Hy)™!
wy + (Ey —Hy) ™ -7y - {Ho + E ;. mo } - 7).
(A14)

In order to evaluate z0P in terms of the connection

coefficients, we recall that the Hamilton operator symbol
can be written in its spectral form as

Ho(q.p) =Y _Eu(q.P)éu(q. P)(Eu(a: P). ).

neN

(A15)

where E, (g, p) is the real-valued energy band function for
the quantum number n. Consequently, derivations of
H(q, p) with respect to ¢ and p consist of three con-
tributions for every n due to the product rule. This is for
example relevant for the Poisson brackets that enter
Eq. (Al4). To illustrate the explicit evaluation of the
respective terms, we compute the left contributions of

the first term in 7P, ie.,
|
o {70 Ho + E,1,}. = 74 <88_7:) a(Hoaq;Eylf) B %_zsa(HO;]Eylf))
- @@% , >f2 <8<E'18—:E”)5n<5m Jy+ E, (2—‘5; (0 e + §n<§—f;,->f))
- {5, >Z G A G C ]

Then, let us replace the partial derivatives by their connection representatives and relabel certain indices in order to obtain

the following result:

Ty - {n'OvHO + Evlf}s =

qu@n? '>fAbn(q’p)7 (A16)
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where we defined the real-valued function A,,(q, p) €
C>*(Is,R) according to

n 8<En +El/) na(En +El/>
o (A

+(E, —E,) (A" Ay — Ay ALy )> (A17)

Note that the quantum number v is fixed while n and m run
over all natural numbers. To obtain the first term of 9P,
we still need to multiply by the remaining factor
(E,1; —Hy)™' - &y from the right which yields

i
~my - {7o. Hy + E 1t} - (E, 1y —Hy)™" - ny

2
$i(&rs e
zév gnv' fAun q, p I#ZD E El

(o) (A18)

2 n;ézz
Note that this operator has indeed only off-diagonal
contributions as it projects on the state £, from any other
state &,, n # v. It is then easy to evaluate the remaining
contribution to ZPP without further calculations. According
to the construction step (S1-2) the scheme requires that
the projection symbol is self-adjoint 7 = zr* such that the
remaining contribution of 7P must evaluate to yield the
total result

i
P = 2ZE g Gl

n#v

—&ul&oke) (A19)

Thereby, note that any of the functions A,,, E,,, and &, are
real valued. It is easy to check that indeed an explicit
evaluation of the second summand in Eq. (A14) for z9P
yields the same result. We have thus determined all
contributions to 7(;). For closing this section, we empha-
size that 7(;)(q, p) depends on the heavy phase space
variables. Quantizing it with respect to the slow phase
space variables yields a nontrivial operator with respect to
the heavy subsystem and, hence, does not simplify the task
to find (approximate) solutions for the quantum problem.
The next step of the scheme consists in constructing a
unitary symbol u which maps the dynamical subspace
related to 7)) to a suitable reference subspace Ky C H;.

2. Construction of the Moyal unitary

We choose an arbitrary, but suitable, reference
subspace Ky C H; by selecting one fixed set of values
(4o, Po) € T's. We denote the eigenbasis of H; at (qgq, po)

by {£,(d0. P0)bners = {Cu}nens and define the reference
projection as

7y = &,(q0- Po)(6u(q0- Po)- )= Cu{Cun)r (A20)
In order to mediate between C; and the subspace associated
with &, the scheme suggests to compute a unitary symbol u
given as a formal power series in e. We restrict the
computation to the first order u(;) = uy + eu;. It makes
sense to choose

olg-p) = Cullula. p). ). (A21)

n>0

as initial data of the iteration. This is of course a choice
which should be adapted to the physical situation at hand.
The given option trivially satisfies the zeroth order of the
space adiabatic scheme, namely

(S2—1) ug-u
(S2—3) ug

(S2 — 2) u(’; Uy = 1f,
(A22)

*
o =1,
0 Uy = T,

In order to determine u;, it is useful to split it into a
Hermitian and an anti-Hermitian part using the symbols
hy =h} and ky =—kj such thatu ;) := uy + e(h, +k;) - u

a. Conditions (S2-1) and (S2-2): ux u*=1;=u**,u

The unitarity conditions (S2-1) and (S2-2) yield the
same results, and so we restrict our interest to the first
condition. It evaluates in terms of &, to the equation

ug-up— 1 + 8(% {uo. ug}s + 2h1) =O(e?),  (A23)

and likewise for the second condition (S2-2). At zeroth
order, the resulting conditions u,-uy; —1; =0 and ug -
uy — 1; = 0 are trivially satisfied for the choice of u in
(A21). For the first order contribution, the scheme requires
that the terms in the brackets vanish identically. This yields
a determining equation for &, for which we evaluate

8u0 ZCn<a§n

Oug _ agn
op

'>f = ZApnm€n<€m’ >f’ (A24)

é.:n’ f— ZA/)nmém é:n’ > . (AZS)

The total Hermitian part u}l1 := hy - u, is then given accord-
ing to Eq. (A23) by
h i *
up = _Z{uO’uO}s U
i

= Z z (AqnmApmk

n,m,k

- ApnmAqu)é’n (& ) (A26)
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The anti-Hermitian part k; is determined by condition

(S2-3).

b. Condition (S2-3): ux,wx.u* =r,

We evaluate condition (S2-3) up to first order in the
perturbations and obtain at zeroth order the obvious result
uy-m-uy =m, In order to determine the first order
contributions and hence k;, we closely follow Teufel
[[5], p- 86] and make the following definition:

W(l) = llo‘l‘&’hl “Ug ZU(I)—E'kl s U, (A27)
which simply separates the Hermitian and the anti-
Hermitian part of u(;). Due to the conditions (S2-1) and
(S2-2), we know that w, satisfies w(;)*,w(;) = 1; + Oy(€?),
and wi*w() =1 + O(€?). Let us then introduce a
symbol function K; to subsume the contributions in
(S2-3) coming from the symbol w(;, according to

Wiy *eTx W) — T, = 6Ky + Oy(€?). (A28)
With this definition, the evaluation of (S1-3) up to first
order yields

|

1 i 1
ny - K, - m, T,

M= =

L
7p

*Ew(l)*gﬂ*&.w?l)*g(w(l)*E(If - n)*swa) + eKl)}

u(l)*e”*s”?]) - ”p = €(K1 + [klv”p]f) + 00(82)‘ (A29)

The term in the round brackets must vanish to satisfy the
requirements of SAPT. A possible solution to this is given
by ky = [n,.K,] if K, is Hermitian and off-diagonal with
respect to z,; namely we must ensure that

7, K -my,=0=my K, 7.

o o (A30)

To show the second equality, we use that w(,) satisfies
(S1-1) and (S1-2) up to second order in the perturbations
such that g can be written as

I =y = wiy*ew()) — @, + Oy(€?)
= W(l)*ngk]) + w(l)*gﬂ*ngl) + E'K] + 00(82)

=wayke(l — ) x Wiy +eKy + Op(e?).  (A31)

We also recall the definition K, := 8_1(W<1)*371'*6Wf1) -
7,) + Opy(e') which underlines that K is the zeroth order
symbol of the given expression. Besides, note that & as a

Moyal projector satisfies the relation zx.(1; —x) = 0.
Omitting any terms of higher than zeroth order in ¢ yields

L

1
. (W<1)*57C*€WT1) — np) -nﬂ , = [gn:p *Ew(l)*&'”*ewzﬂl)*s”#} ;

0

= [(wyxe(1f = n)*swa) + 8K1)*5W(1)*575*5W?1)*sKl]O

=0.

The very same reasoning leads to

(A32)

» Ky -7, = 0. This shows that K contains indeed only an off-diagonal contribution

and it is admissible to determine k; according to k; = [z, K;]. According to (S2-3), we have that

i i
Kl :hl '7l'p+7l'p 'hl +uy - 'u3+§u0 : {7[0,”8}5 +§{u0,u8}s L

To simplify [z,, K], we use several identities. First, we
employ by = —(i/4){uy. uj} from above. We also use that

[”pv up- {”Ov ué}s]f = [”p7 {uo, ué}s]ﬁ (A34)
which can easily be shown by using the Riesz representa-
tion of the symbols and the connection representation of

their derivatives. In total, this yields for the anti-Hermitian
part ud ==k, - ug of u

i

4

ah __ OD *
ui' = [my ug - w0 gl ug +

P’ [”p’ {uy, ”3}s]f - Up.

(A35)

(A33)

One could finally insert the formula for 9P that we already
computed in order to express u(;) by only zeroth order
symbols.

3. Construction of the effective Hamiltonian

We construct A (5 iteratively by using the condition
(S3), i.e., hyy = ux . Hx.u*. Moreover, we project on the
relevant energy band associated with 7. The zeroth order
contribution is of course trivial and yields

heop = mp - uo-Hy-uy -, = ZEn(CL P)En(Cns )t

(A36)
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The quantization of this symbol with respect to the slow
degrees of freedom yields the standard Born-Oppenheimer
approximation. For the higher order contributions of
hgt (2, the evaluation of the double star product would
be cumbersome. It is therefore useful to star multiply (S3)
by u from the right. For the first order effective Hamilton
symbol this yields

u*eH - heff.O*eu = ghefﬂl * U+ 00(82)
= gheff,l U + 00(82). (A37)

The determining equation for A is thus given by

I I
heg 1= |y -Hy—heg o1y +§{uO9HO}s_E{heff,Ovu0}s U

(A38)

We desist from evaluating this expression further as we are
mainly interested in the projection on the relevant energy
band. In particular, we compute

heff,l,p =7, 'heff,l 7Ty

=ry,-u-(Hy—E,) u;-m,

i *
+§7l'p . {u(),HO +Eb1f}s . uo '7l'p

i
= Eﬂ:p Aug.Hy+E 1} -ug Ty,

(A39)
where the first two contributions cancel each other since
H-u,-n, = Eu,-r, Using the connection representa-
tion, it is easy to show that also the remaining contributions
vanish identically. Therefore, we consider the following
identity:

(9u0
” .

=0 A4

/e
=An S =Ug Ty —— .

/)ué’v <§m >f 0 0 ap
As a consequence, we can reformulate A | , such that it is
possible to use the identities that we found for determining
fc?D, in particular (A16) and the subsequent definition. This
gives

— *
heg1p = ug - o - {7o, Hy + E 15} - ug - 7,

= ZCI/<§I‘H '>fAl/n§’/<Z:V’ .>f

:Auy€y<£v7'>f =0. (A41)

The last equality follows because A,, has no diagonal
contributions, simply because A,,” has none and because
AJ, = —AJ,. The very same reasoning for determining
h. , applies for kg 5, i.e., star-multiplying condition (S3)
by u from the right yields

i i
heff,2,p =7, _heff,l Uy +§{ul ’HO}S _E{Emul}s

i
_E{heff.l U} + [ugx Holy = [E gl | - uf -7,

(A42)

where the brackets with index “2” select the contributions
of second order in ¢ of the terms inside the brackets. The
following discussion simplifies the individual terms, start-
ing with the first contribution to Ay, which vanishes
identically. To see this, it suffices to consider the left-hand
side m, - hegry, in which we will employ the explicit
expression for u;, namely

Ty hegy =7, uy - (Ho— E 1) -ugy

3

i
+§7tp : {uO’HO +Ev1f}s U
i
=57 U {mo,Hy+ E 1} (1 — 7o) - u
i
+§7Ip . {uO’HO +EIJ1f}S 'ua

i * *
_Zﬂp : [{uO’uO}s -7y {HO’uO}s
+{uo.ug}s 7] ug - (Hy—E,1¢) -ug

1
:E p'{u(),H()'f'Ele}S'ﬂo'uS:O. (A43)

The second line in this computation obviously yields the
fourth line by comparing the terms. The third line vanishes
because the first and the second terms cancel each other
while we use for the last term that {u, u}, has no diagonal
contributions. The fourth line corresponds simply to the
diagonal first order effective Hamiltonian kg ; 5, and we
have already shown that this vanishes identically. The two
following contributions can be merged into one term, and
by pulling 7, into the Poisson bracket, they yield

i
z{ﬂp : ulvHO + Evlf}s : u?) Ty
1
= Z{{”p ‘ug.Hy + E 1¢} - (Hy— E 1) - my H,

+EX ), uy -, (A44)

In terms of the fast eigenstates and the connection coef-
ficients it is given by
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i
E{ﬂ,’p ‘ul,H0+El,lf}S -ua T

p
0
+§;[——— (hoq) - (A45)

where in the second line we add the terms of the first line
with every occurrence of “g” replaced by “p,” and vice
versa. We emphasize the difference between the connection
symbols A and the functions A which we used for
expressing z;. The fourth contribution to A, , vanishes
again trivially as it includes 7, - b . The two remaining
contributions involve the second order Moyal product and
are given by

- [[uox Holy — [E > .uol,] - ug - 7,
. |: 1 82u0 82(H0 - EL/) 1 82u0 62(H0 - EL/)
b l— o

8 0q? op? 40pdq  dqdp
1 62u0 62(H0 - Ey) «
55 o7 } w7y, (A46)

To represent these contributions in terms of the states and
connection coefficients, we make the following definitions:

1 82u0 82(H0 - Ey) .
ﬂ'p . _—g aqz apz :| “Ug - ﬂp = Beff,l(q, p)ﬂpv
(A47)
_1 azuo 82<H0 - EU) .
i _Z Opdg  9qOp } Uy - 7y =t Begi 2(q, p) 7y,

(A48)

and the functions B 1 (g, p) and By 5 (g, p) are then given
according to

1[.0(E,—E, 0A,,"
Beff.l (q’ p) = _g [2WAP11V + (En _EI./) a;
+(E,-2E,, + E,,)Ap,,’”Apm”]
oA ) .
I
| [0(E,~E,) ., O(E,~E,) , .
Bes2(q.p) =1 [<Tl)v4py +%Aqu

n

0A,,
+ (En - Ev) 8; + (Em _Ev)qu/mApmn

0A,"
dp

+ (Em - En)Apvm-Aqmn] |: - ApnkAqu .

(A49)

The total contribution coming from the second order
components of the Moyal product in A, has then the
form

T, ([uox Holy — [E,xuq),] - ug T

= [Ber1(q. P) + Begr2(q. p) + Berr 1 (. q)] - 7,

and we emphasize that the last term simply arises from the
first term by interchanging any occurrence of ¢ by p and
vice versa. These contributions together with those in
Eq. (A45) build then the total effective Hamiltonian symbol

heff,2,p(qv p).

[1]1 S. Schander and T. Thiemann, this issue, Quantum
cosmological backreactions I: Cosmological space adia-
batic perturbation theory, Phys. Rev. D 105, 106009
(2022).

[2] J. Neuser, S. Schander, and T. Thiemann, this issue,
Quantum cosmological backreactions II: Purely homo-
geneous quantum cosmology, Phys. Rev. D 105, 106010
(2022).

[3] S. Schander and T. Thiemann, preceding paper, Quantum
cosmological backreactions III: Deparametrized quantum
cosmological perturbation theory, Phys. Rev. D 105, 106011
(2022).

[4] G. Panati, H. Spohn, and S. Teufel, Space-adiabatic per-
turbation theory, Adv. Theor. Math. Phys. 7, 145 (2003).

[5] S. Teufel, Adiabatic Perturbation Theory in Quantum
Dynamics, Lecture Notes in Mathematics Vol. 1821
(Springer, Berlin, Heidelberg, 2003).

[6] B. Elizaga Navascués and G. A. Mena Marugédn, Hybrid
loop quantum cosmology: An overview, Front. Astron.
Space Sci. 8, 81 (2021).

[7]1 S. Weinberg, Critical phenomena for field theorists, in
Understanding the Fundamental Constitutents of Matter,
edited by A. Zichichi (Springer US, Boston, MA, 1976),
pp. 1-52.

106012-27


https://doi.org/10.1103/PhysRevD.105.106009
https://doi.org/10.1103/PhysRevD.105.106009
https://doi.org/10.1103/PhysRevD.105.106010
https://doi.org/10.1103/PhysRevD.105.106010
https://doi.org/10.1103/PhysRevD.105.106011
https://doi.org/10.1103/PhysRevD.105.106011
https://doi.org/10.4310/ATMP.2003.v7.n1.a6
https://doi.org/10.3389/fspas.2021.624824
https://doi.org/10.3389/fspas.2021.624824

S. SCHANDER and T. THIEMANN

PHYS. REV. D 105, 106012 (2022)

[8] S. Weinberg, Ultraviolet divergences in quantum theories of
gravitation, in General Relativity: An Einstein Centenary
Survey, edited by S. W. Hawking and W. Israel (Cambridge
University Press, Cambridge, England, 1980), pp. 790-831.

[9] R. Percacci, Asymptotic safety, in Approaches to Quantum
Gravity: Toward a New Understanding of Space, Time and
Matter, edited by D. Oriti (Cambridge University Press,
Cambridge, England, 2007), pp. 111-128.

[10] A. Eichhorn, An asymptotically safe guide to quantum
gravity and matter, Front. Astron. Space Sci. 5, 47 (2019).

[11] M. Ammon and J. Erdmenger, Gauge/Gravity Duality—
Foundations and Applications (Cambridge University
Press, Cambridge, England, 2015).

[12] J. Polchinski, String Theory (Cambridge University Press,
Cambridge, England, 2005), Vol. I, 1L

[13] J. Ambjorn, J. Jurkiewicz, and R. Loll, Causal dynamical
triangulations and the quest for quantum gravity, in Foun-
dations of Space and Time: Reflections on Quantum
Gravity, edited by J. Murugan, A. Weltman, and G. F.R.
Ellis (Cambridge University Press, Cambridge, England,
2012), pp. 321-337.

[14] R. Loll, Quantum gravity from causal dynamical triangu-
lations: A review, Classical Quantum Gravity 37, 013002
(2020).

[15] A. Ashtekar and J. Pullin, Loop Quantum Gravity (World
Scientific, Singapore, 2017).

[16] R. Gambini and J. Pullin, A First Course in Loop Quantum
Gravity (Oxford University Press, New York, 2011).

[17] C. Rovelli, Quantum Gravity, Cambridge Monographs on
Mathematical Physics (Cambridge University Press,
Cambridge, England, 2010).

[18] T. Thiemann, Modern Canonical Quantum General Rela-
tivity (Cambridge University Press, Cambridge, England,
2008).

[19] D. Oriti, Approaches to Quantum Gravity: Toward A New
Understanding of Space, Time and Matter (Cambridge
University Press, Cambridge, England, 2009).

[20] C. Kiefer, Quantum Gravity, International Series of Mono-
graphs on Physics Vol. 155 (Oxford University Press,
Oxford, 2012).

[21] V.F. Mukhanov, Quantum theory of gauge invariant cos-
mological perturbations, Sov. Phys. JETP 67, 1297 (1988).

[22] V. Mukhanov, Physical Foundations of Cosmology
(Cambridge University Press, Oxford, 2005).

[23] G. Bertone and D. Hooper, History of dark matter, Rev.
Mod. Phys. 90, 045002 (2018).

[24] S. Perlmutter et al., Measurements of Q and A from 42 high
redshift supernovae, Astrophys. J. 517, 565 (1999).

[25] A.G. Riess et al., Observational evidence from supernovae
for an accelerating universe and a cosmological constant,
Astron. J. 116, 1009 (1998).

[26] D. W. Pesce et al., The megamaser cosmology project. XIII.
Combined Hubble constant constraints, Astrophys. J. Lett.
891, L1 (2020).

[27] E. Di Valentino et al., Snowmass2021—Letter of interest
cosmology intertwined II: The Hubble constant tension,
Astropart. Phys. 131, 102605 (2021).

[28] G. Efstathiou, A lockdown perspective on the Hubble
tension (with comments from the SHOES team), arXiv:
2007.10716.

[29] W. L. Freedman, Measurements of the Hubble constant:
Tensions in perspective, Astrophys. J. 919, 16 (2021).

[30] T. Clifton, P.G. Ferreira, A. Padilla, and C. Skordis,
Modified gravity and cosmology, Phys. Rep. 513, 1 (2012).

[31] A. Ijjas and P.J. Steinhardt, A new kind of cyclic universe,
Phys. Lett. B 795, 666 (2019).

[32] G. Veneziano, Scale factor duality for classical and quantum
strings, Phys. Lett. B 265, 287 (1991).

[33] F. Vidotto, Spinfoam cosmology: Quantum cosmology from
the full theory, J. Phys. Conf. Ser. 314, 012049 (2011).

[34] M. Bojowald, Loop quantum cosmology, Living Rev.
Relativity 11, 4 (2008).

[35] A. Ashtekar, M. Bojowald, and J. Lewandowski,
Mathematical structure of loop quantum cosmology, Adv.
Theor. Math. Phys. 7, 233 (2003).

[36] A. Ashtekar, T. Pawlowski, and P. Singh, Quantum nature of
the big bang: Improved dynamics, Phys. Rev. D 74, 084003
(2006).

[37] I. Agullo, A. Ashtekar, and W. Nelson, Extension of the
quantum theory of cosmological perturbations to the Planck
era, Phys. Rev. D 87, 043507 (2013).

[38] M. Assanioussi, A. Dapor, and J. Lewandowski, Rainbow
metric from quantum gravity, Phys. Lett. B 751, 302 (2015).

[39] A. Barrau, M. Bojowald, G. Calcagni, J. Grain, and M.
Kagan, Anomaly—free cosmological perturbations in effec-
tive canonical quantum gravity, J. Cosmol. Astropart. Phys.
05 (2015) 051.

[40] M. Born and R. Oppenheimer, Zur quantentheorie der
molekeln, Ann. Phys. (Berlin) 389, 457 (1927).

[41] H. Weyl, Quantenmechanik und Gruppentheorie, Z. Phys.
46, 1 (1927).

[42] D. A. Dubin, M. A. Hennings, and T. B. Smith, Mathemati-
cal Aspects of Weyl Quantization and Phase (World
Scientific, Singapore, 2000).

[43] S. Fulling, Aspects of quantum field theory in curved space—
time, in London Mathematical Society Student Texts
(Cambridge University Press, Cambridge, England, 1989).

[44] A. Stottmeister and T. Thiemann, Coherent states, quan-
tum gravity and the Born—-Oppenheimer approximation,
I: General considerations, J. Math. Phys. (N.Y.) 57,
063509 (2016).

[45] A. Stottmeister and T. Thiemann, Coherent states, quantum
gravity and the Born—Oppenheimer approximation, II:
Compact Lie Groups, J. Math. Phys. (N.Y.) 57, 073501
(2016).

[46] A. Stottmeister and T. Thiemann, Coherent states, quantum
gravity and the Born-Oppenheimer approximation, III:
Applications to loop quantum gravity, J. Math. Phys.
(N.Y.) 57, 083509 (2016).

[47] L. Castelld6 Gomar, J. Cortez, D. Martin-de Blas,
G. A. Mena Marugan, and J. M. Velhinho, Uniqueness of
the Fock quantization of scalar fields in spatially flat
cosmological spacetimes, J. Cosmol. Astropart. Phys. 11
(2012) 001.

[48] L. Castelld6 Gomar, M. Martin-Benito, and G. A. Mena
Marugan, Gauge—invariant perturbations in hybrid quantum
cosmology, J. Cosmol. Astropart. Phys. 06 (2015) 045.

[49] L. Castell6 Gomar, M. Martin-Benito, and G. A. Mena
Marugan, Quantum corrections to the Mukhanov—Sasaki
equations, Phys. Rev. D 93, 104025 (2016).

106012-28


https://doi.org/10.3389/fspas.2018.00047
https://doi.org/10.1088/1361-6382/ab57c7
https://doi.org/10.1088/1361-6382/ab57c7
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1086/307221
https://doi.org/10.1086/300499
https://doi.org/10.3847/2041-8213/ab75f0
https://doi.org/10.3847/2041-8213/ab75f0
https://doi.org/10.1016/j.astropartphys.2021.102605
https://arXiv.org/abs/2007.10716
https://arXiv.org/abs/2007.10716
https://doi.org/10.3847/1538-4357/ac0e95
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physletb.2019.06.056
https://doi.org/10.1016/0370-2693(91)90055-U
https://doi.org/10.1088/1742-6596/314/1/012049
https://doi.org/10.12942/lrr-2008-4
https://doi.org/10.12942/lrr-2008-4
https://doi.org/10.4310/ATMP.2003.v7.n2.a2
https://doi.org/10.4310/ATMP.2003.v7.n2.a2
https://doi.org/10.1103/PhysRevD.74.084003
https://doi.org/10.1103/PhysRevD.74.084003
https://doi.org/10.1103/PhysRevD.87.043507
https://doi.org/10.1016/j.physletb.2015.10.043
https://doi.org/10.1088/1475-7516/2015/05/051
https://doi.org/10.1088/1475-7516/2015/05/051
https://doi.org/10.1002/andp.19273892002
https://doi.org/10.1007/BF02055756
https://doi.org/10.1007/BF02055756
https://doi.org/10.1063/1.4954228
https://doi.org/10.1063/1.4954228
https://doi.org/10.1063/1.4954803
https://doi.org/10.1063/1.4954803
https://doi.org/10.1063/1.4960823
https://doi.org/10.1063/1.4960823
https://doi.org/10.1088/1475-7516/2012/11/001
https://doi.org/10.1088/1475-7516/2012/11/001
https://doi.org/10.1088/1475-7516/2015/06/045
https://doi.org/10.1103/PhysRevD.93.104025

QUANTUM COSMOLOGICAL BACKREACTIONS. IV. ...

PHYS. REV. D 105, 106012 (2022)

[50] J. Cortez, G. A. Mena Marugan, and J. M. Velhinho, Fock
quantization of a scalar field with time dependent mass on
the three—sphere: Unitarity and uniqueness, Phys. Rev. D
81, 044037 (2010).

[51] M. Fernandez-Mendez, G. A. Mena Marugén, J. Olmedo,
and J. M. Velhinho, Unique Fock quantization of scalar
cosmological perturbations, Phys. Rev. D 85, 103525 (2012).

[52] M. J. Radzikowski, Stable, renormalizable, scalar tachyonic
quantum field theory with chronology protection, arXiv:
0804.4534.

[53] B. Elizaga Navascués, G.A. Mena Marugin, and T.
Thiemann, Hamiltonian diagonalization in hybrid quantum
cosmology, Classical Quantum Gravity 36, 185010 (2019).

[54] T. Thiemann, Properties of a Smooth, Dense, Invariant
Domain for Singular Potential Schrodinger Operators (to be
published).

[55] L.E. Parker, Quantized fields and particle creation in
expanding universes. 1., Phys. Rev. 183, 1057 (1969).

[56] L.E. Parker and S. A. Fulling, Adiabatic regularization of
the energy momentum tensor of a quantized field in
homogeneous spaces, Phys. Rev. D 9, 341 (1974).

[57] L. Bieberbach, Uber die Bewegungsgruppen der Euklidi-
schen Riume, Erste Abhandlung, Math. Ann. 70, 297
(1911).

[58] L. Bieberbach, Uber die Bewegungsgruppen der Euklidi-
schen Rdume, Zweite Abhandlung. Die Gruppen mit einem
endlichen Fundamentalbereich, Math. Ann. 72, 400 (1912).

[59] R.L. Amowitt, S. Deser, and C. W. Misner, Dynamical
structure and definition of energy in general relativity, Phys.
Rev. 116, 1322 (1959).

[60] J.J. Halliwell and S. W. Hawking, Origin of structure in the
Universe, Phys. Rev. D 31, 1777 (1985).

[61] E. Benitez Martinez and J. Olmedo, Primordial tensor
modes of the early Universe, Phys. Rev. D 93, 124008
(2016).

[62] F. Bayen, M. Flato, C. Fronsdal, A. Lichnerowicz, and
D. Sternheimer, Deformation theory and quantization. 1.
Deformations of symplectic structures, Ann. Phys. (N.Y.)
111, 61 (1978).

[63] F. Bayen, M. Flato, C. Fronsdal, A. Lichnerowicz, and D.
Sternheimer, Deformation theory and quantization. 2.
Physical applications, Ann. Phys. (N.Y.) 111, 111 (1978).

[64] S. Waldmann, Deformation quantization: Observable alge-
bras, states and representation theory, in Proceedings of the
2nd Summer School in Modern Mathematical Physics
(2003), arXiv:hep-th/0303080.

[65] M. Blaszak and Z. Domanski, Phase space quantum
mechanics, in Ann. Phys. (Amsterdam) 327, 167 (2012).

[66] H.J. Groenewold, On the principles of elementary quantum
mechanics, Physica (Amsterdam) 12, 405 (1946).

[67] J.E. Moyal, Quantum mechanics as a statistical theory,
Math. Proc. Cambridge Philos. Soc. 45, 99 (1949).

[68] G.B. Folland, Harmonic Analysis in Phase Space.
(AM-122) (Princeton University Press, Princeton, 1989).

[69] M. Reed and B. Simon, Methods of Modern Mathematical
Physics. 2. Fourier Analysis, Self-Adjointness (Academic
Press, Inc., New York, 1975).

[70] P.E. T. Jorgenson, S. Pedersen, and F. Tian, Momentum
operators in two intervals: Spectra and phase transitions,
Complex Analysis and Operator Theory 7, 1735 (2013).

106012-29


https://doi.org/10.1103/PhysRevD.81.044037
https://doi.org/10.1103/PhysRevD.81.044037
https://doi.org/10.1103/PhysRevD.85.103525
https://arXiv.org/abs/0804.4534
https://arXiv.org/abs/0804.4534
https://doi.org/10.1088/1361-6382/ab32af
https://doi.org/10.1103/PhysRev.183.1057
https://doi.org/10.1103/PhysRevD.9.341
https://doi.org/10.1007/BF01564500
https://doi.org/10.1007/BF01564500
https://doi.org/10.1007/BF01456724
https://doi.org/10.1103/PhysRev.116.1322
https://doi.org/10.1103/PhysRev.116.1322
https://doi.org/10.1103/PhysRevD.31.1777
https://doi.org/10.1103/PhysRevD.93.124008
https://doi.org/10.1103/PhysRevD.93.124008
https://doi.org/10.1016/0003-4916(78)90224-5
https://doi.org/10.1016/0003-4916(78)90224-5
https://doi.org/10.1016/0003-4916(78)90225-7
https://arXiv.org/abs/hep-th/0303080
https://doi.org/10.1016/j.aop.2011.09.006
https://doi.org/10.1016/S0031-8914(46)80059-4
https://doi.org/10.1017/S0305004100000487
https://doi.org/10.1007/s11785-012-0234-x

