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Nonunitarity problem in quantum gravity corrections to quantum field
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The problem of time is one of the most relevant open issues in canonical quantum gravity. Although there
is a huge literature about this topic, a commonly accepted solution has not been found yet. Here, we focus on
the semiclassical approach to the problem of time, that has the main goal of reproducing quantum field theory
on a fixed Wentzel-Kramers-Brillouin (WKB) background accounting also for quantum gravity corrections.
We analyze the different choices of the expansion parameter and discuss the problems arising in previous
proposals, where a nonunitary evolution emerges as an effect of quantum gravity corrections. In this work,
we develop a new approach to solve this problem by performing the WKB expansion with the introduction of
the so-called kinematical action as a clock for quantum matter, that allows to recover a unitary dynamics.
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I. INTRODUCTION

The application of canonical quantization procedures
to general relativity (GR) is the most traditional attempt
to derive a quantum theory of the gravitational field.
Canonical quantization—especially of gauge field theories—
has mathematical ambiguities, but can at least yield an
approximation of the real quantum theory and a good
framework to deal with its main issues [1].

One of the long-standing problems of canonical quantum
gravity is the so-called frozen formalism, i.e., the absence
of an evolution of the quantum gravitational field with
respect to an external clock [2].

Over the years, many approaches have been proposed to
address this question, based both on introducing time
through some matter source [3,4] or identifying it with
an internal source-time variable [5]; they can differ among
each other also for constructing time variables before or
after the canonical quantization procedure has been per-
formed. The common starting point of these works is the
concept of relational time [6]: by imposing suitable
boundary conditions, a chosen subsystem can be properly
adopted as a clock for the remaining part of the quantum
system. However, these approaches seem to be in contra-
diction with the fundamentals of quantum mechanics that
time is an external parameter and measurements are
performed by a classical observer. On the basis of a
relational time approach, it is not clear how to reproduce
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the proper limit of quantum field theory on a curved
background, starting from the Wheeler-DeWitt (WDW)
equation [7].

In this respect, a different proposal has been investigated
in [8], where the situation considered is such that the
quantum system can be separated into a set of semiclassical
WKB variables and a “small,” fast, purely quantum
component. This scenario represents the quantum gravity
version of a Born-Oppenheimer (BO) approximation, with
the peculiar feature that now the dependence of the fast
quantum system on the semiclassical variables can be used
to reintroduce the notion of an external time for the fast
system component, essentially coinciding with the standard
label time of the space-time slicing. This approach, which
can be applied to any set of variables (see, e.g., [9]), is
particularly appropriate to reconstruct the limit of quantum
field theory on a classical curved background from quan-
tum gravity. For a discussion on the necessary conditions to
adopt the BO approximation and applications, see [10].

The study [8], which represents the starting point in this
path, is based on the WKB expansion of the gravity-matter
system, performed using the Planck constant as the natural
expansion parameter and cutting the dynamics up to first
order in A. A similar proposal is implemented in [11], but
using an expansion parameter M proportional to the square
of the Planck mass (de facto the Newton constant) and
expanding the dynamics up to, in principle, any order of
approximation. This study has the merit to arrive to similar
results than the former [8], but without requiring the rapid
variation of the system wave function with respect to the
small, quantum subsystem variables.

The emerging problem in [11] is that, as far as the next
order of approximation is considered, which corresponds to
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quantum gravity corrections to quantum field theory, a
nonunitary character of the quantum dynamics emerges.
This result prevents the predictivity of the approach at such
order. Nonetheless in [12] the study of cosmological
perturbations on a classical isotropic Robertson-Walker
background is developed in the framework of the quantum
gravity corrections found above: the application shows the
modification of the inflationary spectrum of perturbations,
due to nonclassical effects of the gravitational field, and the
smallness of the nonunitary contributions.

Subsequently, two different proposals to solve the non-
unitary problem of the WKB theory, at the order of quantum
gravity corrections, have been developed in [13,14]. The
proposed solutions rely on two different points of view: one
aims to define a conserved probability density, disregarding
the details of the evolution quantum operator, with an
extended (gauge invariant) BO approximation; the other
aims to reconstruct a posteriori a well-behaving Schrodinger
evolution of the quantum subsystem, by altering the pure
WKB dynamics of the gravitational background.

In this study, we offer a critical analysis of these proposals
and outline how the fundamental problem of dealing with
nonunitary contributions in the quantum dynamics has not
been properly addressed yet. In fact, regarding the proposal
[13], apart from completing the analysis by properly rescal-
ing the background wave function (which implies an
important cancellation of the backreaction that quantum
matter exerts on the background), we clarify how the
evolution operator still presents the nonunitary features
outlined in [11] and we stress that no real Hilbert space is
constructed in this approach, since the scalar product of two
different states is not dynamically preserved.

On the other hand, the approach [14], based on using the
Hamiltonian and corrected Hamiltonian complex eigenval-
ues instead of the operators, manages to remove the
nonunitary terms via a phase redefinition of the quantum
wave function, using two problematic requirements: (i) the
spectrum of the time derivative of the corrected
Hamiltonian operator is constructed with the time deriv-
atives of the respective eigenvalues and (ii) the matter
Hamiltonian operator and its time derivative must com-
mute. These two features are here shown to be not valid in
general and therefore this procedure must be considered an
ad hoc solution valid in specific situations only. A more
subtle problem of this approach is the lack of gauge
invariance under the phase transformations performed on
the wave functions, a feature that is instead present in [13].

We here develop a proposal to solve the nonunitary
problem discussed above, based on a different construction
of the physical clock for the gravity-matter system in the
considered WKB separation of the dynamics. The main
concept of this proposal is the introduction of the so-called
kinematical action [15], see also [16], as a clock for
quantum matter, which modifies the results of the WKB
expansion performed in the parameter M related to the

Planck mass (as in [11]). This component consists of an
additional Hamiltonian term that reinstates the covariance
of the theory under Arnowitt-Deser-Misner (ADM) foli-
ation, thus recovering a covariant construction of the
parabolic constraints for quantum matter fields on a curved
classical background. In fact, by fixing the background
metric in a given reference frame, the lapse function and the
shift vector would be naturally fixed without the introduc-
tion of such term, so that the dynamics of a quantum field
on that space-time representation would no longer be
associated to the Dirac constraints from which a functional
Schrodinger dynamics would naturally emerge.

As a result of the implementation of the kinematical
action, the quantum dynamics of the field is characterized
by parabolic constraints, linear in the momentum canoni-
cally conjugate to the four-dimensional variables, thought
as fields depending on the slicing space-time variables.
Then, making use of the expression of the deformation
vector, the resulting Dirac implementation of these con-
straints turns out to coincide with a functional Schrodinger
equation.

Here, the kinematical action, which is in principle added
to the full quantum system of gravity and matter, is
regarded as a fast quantum component, on the same footing
of the real quantum matter field. Thus, in the present
context, the fluid associated to the kinematical action does
not appear in the Hamilton-Jacobi equation and the
standard Einsteinian dynamics of the gravitational back-
ground is unaffected, as viewed at the order M of the
considered perturbative expansion.

At the order zero in the parameter M, we are able to
recover a standard functional Schrédinger equation for the
quantum field, overlapping to standard quantum field
theory. Finally, at the order of expansion 1/M, we arrive
to write down a Schrodinger equation containing correc-
tions from the quantum nature of the gravitational field, as
viewed in a WKB expansion of the associated vacuum
Wheeler-DeWitt equation. The modification is linked to the
classical function which is solution of the Hamilton-Jacobi
equation and it is responsible for a term, whose morpho-
logy is clearly shown to be unitary.

The results of the approach here presented offer a new
investigation tool to evaluate the effect of a nonpurely
classical dynamics of quantum field theory, in the limit of
very small energies involved in the quantum dynamics with
respect to the Planckian scale.

The structure of the paper is as follows. In Sec. II, we
present the WKB approach to canonical quantum gravity,
starting in Sec. II A with the basic formalism of canonical
quantum gravity. In Sec. II B, the two WKB semiclassical
expansions [8,11] (i.e., in /2 and in M related to the Planck
mass, respectively) are critically reviewed, with a com-
parison between the two approaches and extension of
the 7~ expansion to arbitrary orders. In Sec. IIC, we
critically analyze the procedure used in [14] to cancel the
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non-Hermitian terms of the Hamiltonian operator and
obtain a unitary dynamics, arguing that the used assump-
tions are not true in general.

In Sec. III, we focus on the expansion based on the exact
decomposition of the wave function with BO approxima-
tion; the procedure of [13] is summarized in Sec. III A and
then completed in order not to break the gauge invariance
of the approach. In Sec. III B, we show the issues still
present within this procedure, concluding that it does not
resolve the nonunitarity problem, due to the requirements
which are not satisfied in the general case and the Hilbert
space which is truthfully constructed only with the scalar
product between the same states.

Section IV contains the proposal to bypass the problem
of nonunitarity by including the kinematical action. First,
we show in Sec. IV A the origin of nonunitary correction
terms arising in the previous proposals, due to the definition
of a WKB time parameter in terms of the dependence of the
quantum subsystem on the classical background variables.
In Sec. IVB, we introduce the kinematical action as
presented in [15], showing that it restores the covariance
of the theory under choice of ADM splitting for a fixed
gravitational background; in Sec. IV C, we then insert the
kinematical action in the theory of quantum matter on a
canonically quantized gravitational background and per-
form the WKB expansion in powers of the same parameter
M, related to the Planck mass, used in [11]. The results of
such expansion show that, with the definition of time
through the kinematical action variables, the classical limit
for gravity and the standard Schrodinger evolution for
quantum matter are correctly reproduced at the orders M
and M?; the expansion at order 1/M brings the corrections
to quantum matter dynamics caused by the quantum nature
of the gravitational background arising from the Wheeler-
DeWitt equation, which are shown in this paper to be
unitary, thus solving the problem emerging in the previous
proposals.

In Sec. V, the concluding remarks are presented.
Appendixes A and B contain discussions on some technical
aspects.

II. THE WKB EXPANSION OF QUANTUM
GRAVITY

After an introduction of the basic formalism of canonical
quantum gravity, we here analyze the two semiclassical
expansions [8] up to the quantum mechanical order, and
[11] up to the first quantum gravity corrections, expanded
in [14] to any desired order. We will unify these approaches
in a single expansion, showing that they both lead to
nonunitary dynamics.

A. Frozen formalism in canonical quantum gravity

Before applying the canonical quantization procedure,
we shall briefly recall the Hamiltonian formulation of GR.

In the general case, such approach leads to the concept of
superspace, i.e., the configuration space of all the geo-
metric and matter variables. It naturally follows that, since
the variables are fields defined over a curved space-time,
the full theory has a functional nature and requires some
renormalization procedure to yield finite predictions.

In some cases, when highly symmetric space-times are
involved, it is possible to reduce the dynamics to a finite-
dimensional scheme and replace the concept of superspace
by its finite-dimensional analogous, i.e., minisuperspace:
this procedure will be applied in the next section, as it is
implemented in the work [8], and implicitly assumed
in [11]. The reduced theory finds its main applications
in cosmology, where homogeneous space-times are consi-
dered, such as the previously mentioned [12].

Let us consider a universe filled by matter fields. We
write the Universe wave function as

Y= LP(‘{hij}v(ﬁa)’ (1)

which depends on the equivalence class of 3-geometries £;;
and on the matter fields ¢,. Following [17], we start from
the WDW equation

HY = H,¥ + H,¥ =0, (2a)
2h2k 5 VhCR
Hg = - Gijkl - ) (2b)
\/E 5h,~j(x)5hkl(x) 2K
h? 5
H, = — G, +u(h;, dy). 2¢
i C eyl | ) (26)

where « = 87G/c®> and (2b), (2c) are the super-
Hamiltonian functions of the gravitational field and matter
fields, respectively. We have assumed for simplicity the
matter component to consist in a set of self-interacting
scalar fields ¢,, minimally coupled with the geometry, and
with total potential energy,

“(hij» ba) = Zua(hij: ?). (3)

However, the following analysis is more general and the
results hold for any choice of the matter component. We
will use natural units for the speed of light: ¢ = 1.

The tensor

Giju = 5 (highj + highj — hijhy) (4)

N[ =

is the supermetric of the geometric subspace, while

Gab = 5ab (5)
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is the supermetric of the matter subspace, J,, being the
Kronecker delta.

The spatial curvature G)R defines a geometric super-
potential

vV =-2VhOR, (6)

which can be modified through ®R — ()R — 2A to include
a cosmological constant term. Once the cosmological
constant is included, the model can be used to describe
the inflationary phase of the early Universe.

We stress that, in the general nonhomogeneous case,
there are additional constraints to be satisfied by the wave
function, containing the so-called supermomentum func-
tions of the geometric and matter sectors. Since they are not
present in the works analyzed in Secs. II and 111, these terms
will be properly addressed and implemented in Sec. IV.

The dynamics of the model is fully encoded in the
super-Hamiltonian constraint (2a), which results in the
well-known frozen formalism problem: by applying
the canonical quantization procedure to the WDW equa-
tion (2a), it is immediately found that the Universe wave
function does not have an explicit dependence on time,

., 0 -

which is rather disturbing, and has encouraged physicists to
look for a new definition of time parameter, i.e., a relational
time [6] that describes a proper, nontrivial evolution of the
Universe. In fact, the WDW equation being satisfied by
time-independent quantum states does not mean that the
Universe is static: the condition is a direct consequence of
the fact that GR naturally has a parametrized Hamiltonian
formulation, due to time reparametrization invariance.
However, an external time label is an essential ingredient
for a quantum dynamical theory. Hence, one should look
for a meaningful definition of time among the minisuper-
space matter and geometric variables. A suitable construc-
tion of the time parameter can be performed by a
semiclassical separation and expansion of the components
of the Universe, resulting in promising effective theories; a
solution to the complete problem of quantum gravity, i.e., a
procedure valid at any scale, has not been found yet.

In this section, to simplify our discussion, we choose
normal ordering by placing the minisupermetric compo-
nents on the left of the derivative operators. Moreover, [11]
showed that, at least for the WKB expansion we are going
to perform here, such ordering ambiguities are absorbed in
the classical part of the expansion and do not influence the
quantum Schrodinger equation. The more general ordering
of the operators will be restored in Sec. IV.

In order to write the WDW equation in a more compact
and clear form, following [8], we decompose the variables
in two subsets: the classical and the quantum ones. We refer

generally as ¢ = {c,} to the subset of classical variables
and as ¢ = {¢,} to the subset of quantum ones. Moreover,
we redefine the supermetric as a unique tensor as

1
Gap = \/—EGijkl,

for gravitational variables and as

a,b={i j} {k 0} (8)

= 1
gab _ﬁ

for matter ones, possibly including any necessary constant.
This way, we can write the Laplacian operators in a
compact way,

Gab (9)

2 &
V2 = , 10
c gab 5ha§hh ( a)
27 &
Vi= . 10b
¢ = Yo Spadbs (100)
Then, the total Hamiltonian (2a) reads
HY = (-KV:+ U, + H,)¥ =0, (11)

where K is a constant dependent on the choice of the
expansion parameter, U, is the classical potential, and H  is
the quantum Hamiltonian. We stress that this formalism
applies to the choice of ordering that provides general
covariance in the minisuperspace [8], when the second
order derivative operators V2 and Vf, are considered no
more as Laplacians, but as Laplace-Beltrami operators.

B. WKB expansion in Planck constant and Planck mass

The semiclassical WKB approach is an attempt to define
a time label in the limit in which some of the variables in the
Universe can be treated classically.

Classical variables determine a fixed background over
which it is possible to define the time evolution of a
quantum subsystem. The presence of such variables is
needed to define a time label that ensures the positive
semidefiniteness of the Klein-Gordon-like scalar product
induced by the WDW equation and finds a conceptual
justification in the role played by classical devices in the
interpretation of quantum measurement [8].

The core idea of the semiclassical approach is that
Eq. (11) may be solved perturbatively in some quantum
parameter, e.g., the Planck constant 7 [8] or some param-
eter depending on the gravitational constant G, such as the
Planck mass mp [11]. In both cases, the wave function is
decomposed in a WKB semiclassical wave function for the
background and in a wave function for the quantum
subsystem. This procedure was developed by [8] with
expansion parameter 7 in a minisuperspace model, and by
[11] with the expansion parameter
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1 _cmlz,
4k 4R

M (12)
where mp is the reduced Planck mass. Later, this same
procedure was extended by [14] up to arbitrary orders; for
further discussion on this approach see also [18,19]. We
shall underline that, even though it was stated by the author
in [11] that the latter expansion is performed in the generic
superspace, the supermomentum constraint is not imple-
mented in that theory. In review of [11], such contribution
is not added here; it will be reinstated for the sake of
generality in Sec IV, which is set in the superspace.

Besides some structural differences, mathematically
these expansions are very similar. Both of them make
use of an adiabatic approximation to separate the semi-
classical background from the quantum subsystem, resem-
bling a Born-Oppenheimer approximation which, however,
is mathematically realized in different ways. Here, we
present them in a critical way, while also extending the
formalism of [8] up to arbitrary orders of expansion,
leading to nonunitary corrective terms, and unifying the
procedure of [14] with the 4 expansion.

In the 7 — 0 expansion, Eq. (11) reads

(=1*Vi+ Uc(c) + Hy)¥(c.q) =0, (13)

with
H,=-n*V2+U,.(c), (14)
H,=-m*V+U,(c.q), (15)

where the operator H,. is the part of the Hamiltonian
obtained neglecting all the quantum variables.

This decomposition in classical and quantum variables
requires some assumptions. First, we assert that the
quantum Hamiltonian is small with respect to the matter
one, expressed as

a,v
.Y

= O(h). (16)

Second, we assume the classical and quantum subspaces to
be orthogonal and the supermetric of the classical subspace
to depend on classical variables only. This means

Gop = gaﬁ(c)7 (1721)

G =0, (17b)
where a, f are indices over classical variables and v over
quantum ones. The last equation is a stronger form of one
of the core assumptions of [8], i.e., G,, = O(h): it is
needed to extend the expansion after the quantum mechani-
cal order O(h) studied in the original paper.

On the other hand, in the M — oo expansion, Eq. (11)
becomes

h2
(—mvg—f—MV(g) +H,,,>‘I’(g,m) =0, (18)
where the constant M « 1/G defined in (12) will force the
gravitational variables to be classical and the matter ones to
be quantum, as will soon be clear. For this reason, we
identify the variables as ¢ = g and ¢ = m. This separation
is backed by the strong assumption given by the limit
M — oo corresponding to G — 0, which intuitively implies
a vacuum universe. For this reason, ad hoc procedures may
be needed to take into account a classical matter compo-
nent, such as a rescaling of the matter fields by M as
performed in [12]: this is more likely an attempt to work
around the problem, since redefining the fields through the
expansion parameter is not conceptually satisfying.

The obvious advantage of this choice of parameter is that
no further assumptions are needed: this one alone is enough
to decompose classical and quantum parts. Since M has the
dimension of a mass over a length, this expansion is
expected to hold for particles with small mass over
Compton length ratio, which happens for particles whose
mass is much smaller than the Planck mass.

The nasty difference in the assumptions has a very
simple origin: Eq. (11) has a perfect symmetry between
geometric and matter terms with respect to the order of #,
while with respect to M (i.e., k) there is one order gap
between them. In the 7 expansion, this gap is precisely
recovered with the additional hypothesis of smallness.

What is missing here with respect to a true BO
approximation is the procedure of averaging over the
quantum variables, that may allow for the introduction
of a backreaction; this feature is instead present in [13],
which we will deal with in Sec. IIL

Let us now write the wave function as

lP(C, q) — eiS(c.q)/h (19)

and expand the complex phase S in powers of the
expansion parameter. We have

S=>Y K"S,. (20)
n=0
where for the 7 expansion
K" =n" (21)
and for the M expansion
K" =M™ (22)
To obtain the factorized form of the wave function, we

assume that each order of the expansion of § after the first
can be separated as
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Sn = Gn(c) + ’1n(C7 q)’ n>l. (23)
This way, we obtain
S=KSy+P+0Q, (24)
where we have defined
P(c) =Y K", (25a)
n=1

Oc.q) =S Ky, (25b)
n=1

We stress that the lowest order is slightly different in the
two expansions; in fact, it can be seen that in the A
expansion the total action is S =S, + P + Q, while in
the M expansion it takes the form S = M Sy + P + Q. The
wave function then takes the BO-like form

Y(c,q) =w(c)x(c,q), (26)

where for the 7 expansion

w(c) = elSotP)/h, (27a)
x(c.q) =e@/h, (27b)
and for the M expansion
w(c) = elMSotP)/h, (28a)
x(c.q) = eM/n, (28b)

The background wave function is assumed to satisfy the
WKB equation for the classical part alone, i.e., for the 7
case

(=n*VZ+ U y(c) =0 (29)

or for the M one

h2
(—wV!% +MV>1//(g) =0. (30)
Here, the difference on the background between the
expansions is evident: apart from numerical factors, the
M expansion automatically forces the gravitational part to
be exactly the classical one (limit of a vacuum universe).

By substituting to y its expansion (27), this equation
yields, order by order, the Hamilton-Jacobi equation for the
classical action S (which must be a real function in order to
give the correct classical limit, as discussed in [11]) and the

equations of the WKB expansion for each o,. We report the
first orders here: for the 4 expansion, we have

(VeSo)* + U, =0, (31a)

2V.Sy - V.o, —iV2S, = 0, (31b)

2V.Sy - V.o, + (V26,)? —iV26, =0, (31¢)

2V.Sy - V.03 +2V.0, - V.0, —iVi6, =0, (31d)

while for the M expansion

1

> (VgSO)2 +V=0, (32a)

V,Sy- Vo, - %V%So =0, (32b)

1 ih
ngO . Vg0'2 + 5 (Vﬁal)z - 5V§01 = O, (32(:)

ngO . ng'3 + Vgal . vgdz - %Vgaz = O, (32(1)
where in the scalar products the metric tensor is implied by
the dot.

The equation for the quantum subsystem is obtained by
plugging Eq. (26) into the WDW equation, using Eq. (31b)
or (32b) to remove the classical part and dividing by y. We
get, respectively,

210°V, Iny -V = Hy — h*Viy (33)

for the A expansion, or
n? h?
ZMVglm//-Vg)(:Hq)(—ﬁV!%)( (34)

for the M expansion.

After substituting y with Eq. (27a) or (28a), respectively,
and defining time through the dependence on the classical
part as in [8,11], i.e.,

% - ZVCS() . VC (35)
in the 7 expansion and

0

E - VySO . Vg (36)

in the M one, Egs. (33) and (34) yield the corrected
Schrodinger equation

ihgl = Hyy — kihV P -V — V2. (37)
T
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Here, in the % expansion k; = 2 and k, = A%, while in the
M expansion k; = 1 and k, = —h*/(2M). The different
numerical factors in the last equation and in the definition
of time are due to the additional factor 2 together with M in
the M expansion and not to any physical reason.

It is important to notice that at orders O(#) and O(M°),
Eq. (37) reduces to the exact Schrodinger equation for the
quantum wave functional y,

flE = qu(l.

(38)
At orders O(h?) and O(1/M), the corrections to the
standard dynamics will emerge: it is easy to find

h%_H

67 (lk V 01" V —|—k2V )}{2,

(39)

where in the 7 expansion k; = 24> and k, = A2, while in
the M expansion k; = #/M and k, = h*/(2M). The
corrective terms are of the same kind of those in [11],
i.e., they are not unitary. This result shows that, if we
restrict the classical subspace to the geometrical variables
only, the 7 expansion yields precisely the same results of
the M expansion, also at the quantum gravity order.

Following a procedure described in [14], Eq. (37) can be
written in a nicer form. We assume the existence of a total
(in general not Hermitian) Hamiltonian operator H such
that

Oy

ih—— = Hy, 40
ih5-=Hy (40)
and we also assume that

Ve = a(c)V.S,, (41)

which is some sort of adiabatic approximation. The
Hamilton-Jacobi (HJ) equations (31a) and (32a) give

1 Oy i
T TU o 2mkU, * (42)

where in the 7 expansion k = 1, while in the M expansion
U.=MV and k=1/M, such that kU, = V. Using
Egs. (31b) and (32b), the corrected Schrodinger equa-
tion (37) becomes

. Oy
n—==H
! or X
1 OH
—Hy - H2 +ih s — ihKH 4
X 4k1UC< +ih 5 in );( (43a)
18(] lkz 86
K = " 43b
U or Z (43b)

where in the 7/ expansion k; = k, = 1 and k3 = A, while in
the M expansion U,=MV, k, =2, k, =2M, and
ks = 1/M. We remark that H is an abstract Hamiltonian
operator containing H, and all the corrections at every
order. These expressions show even more the equivalence
of the two expansions, except for the initial assumptions
discussed above.

The procedure we just performed is the generalization of
that used in [11] to derive its Eq. (42) and based on the
decomposition of contributions tangential and orthogonal
to the hypersurfaces S, = const. The use of Eqgs. (31b) and
(32b) causes the sum in the expression of K used here to
begin from n = 2. At the quantum gravity order O(A?) and
O(1/M), Eq. (43a) yields the final equation of [11], i.e., its
Eq. (42). At higher orders, the quantum gravity corrections
not only arise from the V2 term in Eq. (37), but also from
the term containing P. As noted in [14], the same result can
be obtained by considering o, the classical potential V (or
U., in the h expansion) and y depending only on 7 from the
beginning and dropping all the components of the super-
metric corresponding to the geometric subspace with the
exception of the G., component.

Let us now assess the situation. Both the # and the M
expansions recover the already established theories through
a HJ equation for GR, that fixes a background, and a
Schrodinger equation in curved space-time for quantum
mechanics. The 7 expansion is more general, since it
admits backgrounds generated by matter sources and
quantum geometry. At the quantum gravity order, both
expansions yield non-Hermitian corrections that break the
unitarity of the theory. A further common feature of the two
approaches is that the backreaction of the quantum sub-
system on the background is not present. The inclusion of
such a nonadiabatic effect would allow for quantum
gravitational effects on the semiclassical sector.

C. Nonunitarity in the revisited Planck mass expansion

The problem of nonunitarity is a huge drawback of the
model. Nonetheless, in [12], the resulting nonunitary
dynamics of the quantum matter components is applied
to compute the quantum-gravitational corrections to the
power spectra of gauge-invariant scalar and tensor pertur-
bations during the inflationary phase of the Universe. In
[14], working in the M expansion, the authors develop a
procedure to make the quantum gravity Hamiltonian a
Hermitian operator. We here show that such procedure is
based on wrong assumptions.

Let us briefly apply such procedure to the simple case
of one geometric variable, that we identify with the time =
from the beginning. Once we use the ansatz ¥(z,m) =
w(7)y(z, m), the WDW equation (2a) reads

2

h n?
=GO Inydy=H,y————G..05 . (44
Mgn Inyd.y = H,.x 2Mgn o, (44)
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where the background term

1[ n
=—|-==G., 0>+ MV 45
=, 5 9ec0 T MV | (45)

corresponds to the quantity set to zero in Eq. (30).
Differently from [11], in [14], after writing w, =
exp (iMS,/n), the background term p,, is required to be

of order O(M°). In order to satisfy this request, the HJ
equation

%gn(a‘:SO)z +V=0 (46)

has to hold at order O(M). Hence, the expression of p,, at
order O(M?) is

a,v
2V

Pyy = =i (47)

Using Eq. (47) and assuming the existence of an abstract
Hamiltonian operator H similar to that defined in (43a), we
find

ih0.xo=Hy

ihd,V 1
- yo————[H2+ihd,H 48
7V X0 4MV{ +1 a‘r ])(0’ ( )

=H mX0
where y, is the quantum wave function, such that
Y = yoyo. This equation still exhibits non-Hermitian
corrections. To deal with them, in [14], the authors assume
the existence of two eigenvalue functions, E(z) (complex)
and ¢(7) (real), such that

Hyo = E(7)0, (49a)

H,x0 = €(1)x0 (49b)
and expand them in powers of 1/M. Written in terms of
these expansions, the WDW equation (48) yields, at each
order, an expression for the eigenvalue of the abstract

Hamiltonian operator. Let us report the first two orders (M°
and 1/M),

iho,v
E©) _e(0>—15 - (50a)
£ — o) _ L [0y 302 [0V
(™)
4V 4 \v
o:v] in_ ()
2| 11 50b
+ ZV] 46’< v) (506)

Defining

= et mEN Sy (51)
and substituting into Eq. (48), we find
ihd. = Hyx1. (52)

The time derivative of the redefined quantum state con-
tributes with a term that exactly compensates the non-
Hermitian correction on the right-hand side of Eq. (48), due
to Eq. (47) at this order O(M°). The background term must
now be calculated for a y; defined in such a way that

Y= VXl i.e.,

0,V

W, = e~ WVIO — eiMSO/h+al’ (53)

where 6, = —InV/2. By doing so, we find that p,,
vanishes at order O(M°), yielding the continuity equation

328y + 9.8,0.0, = 0. (54)

We can easily see that this equation vanishes naturally.
Thus, p,, is of order O(1/M) and is given by the

expression
n? [3/0,V\2 02V
Pvi = amy [Z (7) - ZV]' (55)

The same steps can be followed at order O(1/M),
including the term in Eq. (55) into Eq. (48) and redefining
the quantum state as

X2 = C_ﬁfﬂm(Em)dTZL (56)
The corrected Schrodinger equation will have only the
Hermitian part of the Hamiltonian operator H, exhibiting
unitary evolution. The background term calculated for a y,
such that ¥ = y,y, will not vanish naturally at this order,
as an effect of the backreaction of the quantum subsystem.

This procedure is based on the nice idea that the non-
Hermitian part of the operator H may be eliminated from
the dynamical equation of the quantum subsystem by
suitable redefinitions of the wave functions in the product
Y = yy. However, the H operator is unknown in general
and can only be constructed order by order; moreover, in
order to redefine the wave functions through phase factors,
one has to use the eigenvalues of H. The problem lies in
Eq. (49), which implies that the operators H,, and H
commute at every order and can be diagonalized simulta-
neously. Unfortunately, this is clearly not true at every
order, as one can see from the expression of E(!) in Eq. (50).
Indeed, EM) contains ¢© and its time derivative 9,e(©),
meaning that the Hamiltonian H at the order O(1/M)
contains the matter Hamiltonian H,, and its time derivative

H,,, coherently with Eq. (43a) expressed at order O(1/M).
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In the general case, it is not true that H,, and H » commute:
the reason is that, in principle, the expression of H,
contains coordinate and conjugate momenta operators
not commuting with H,,.

To convince ourselves about this, let us consider a
Friedmann-Robertson-Walker (FRW) model with cosmo-
logical constant and a scalar field as matter component. The
Hamiltonian constraint reads

G

c

Herw = = 32c3ra Pat 47%a3 pé -V, (7
3rcd A

V(a;A) = Zé <a - 3a3>, (57b)

where V is the FRW superpotential. An important remark is
that the conjugated momenta to the volume of the Universe
a is proportional to the time derivative of a,

Pa™nar = ad,a. (58)

The matter Hamiltonian of this simple model is just

c

= 4—”261_3175), (59)

and its time derivative yields

0.H, = —j%a“‘@,apé ~apapy. (60)
The appearance of p,
H,,,0.H,]#0.

A further issue of the procedure followed in [14]
concerns the absence of gauge invariance in this approach:
even if the total wave function ¥ is invariant under the
redefinitions performed on y and y, the equations of
motion are not, differently from what happens in [13].
Thus, such redefinitions cannot be fully justified on
theoretical grounds.

in 0,H, clearly leads to

III. EXACT DECOMPOSITION WITH EXTENDED
BO APPROACH

Another attempt to treat a quantum subsystem on a WKB
background is provided by [13,20]. In these works, the
authors develop a decomposition in classical and quantum
variables through an extended BO approach, that is more
accurate than the traditional one and is largely used in
chemistry [21-24], where it finds experimental verification.

A. BO decomposition and WKB expansion of the
matter-gravity problem

The approach of [13], set in the minisuperspace, is based
on the exact decomposition of the wave function,

¥(c,q) =w(c)x(q;c), (61a)

M@z/fmwn@dw=L (61b)

from which the equations for the background and for the
quantum subsystem are obtained, respectively, by averag-
ing the WDW equation (2a) over the quantum functional y
and by subtracting the resulting equation to the initial
WDW equation,

{_%(Dhr (D) + MV + <Hq>]w =0  (62a)

{-%(1‘? —(D*) +2DInyD) + H, - <Hq>})( =0.

(62b)
Here we have used the definitions
(0) = ¥Ol), (63a)
A = —in(V,), (63b)
—iAD = —iAV . + A, (63c)
—ihD = —ihV, — A, (63d)

where the quantity A plays the role of a Berry connection
and D, D are covariant derivatives.

This approach has some nice properties, for which it may
be preferred to the one analyzed in the previous section.
First of all, we note that, given the ansatz (61), if the total
wave function is normalized to unit then, as a bonus, it
follows straightforwardly that the background wave func-
tion is normalized as well. Moreover, Eq. (62) can be more
generally derived from a variational principle [21,22].
Another property of Eq. (61) is that they imply no freedom
to the decomposition of the total wave function into
classical and quantum components, except for a phase
factor depending on the classical variables only.
Equation (62) is invariant under such a phase change,
due to the covariant derivatives. Hence, the decomposition
(61) is gauge invariant. The covariant derivatives D, D can
be absorbed in the wave functions through the redefinitions

y =e) My, (64a)
¥ = e Ay (64b)

leading to a second set of equations
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{ e (V§+(€§>)+MV+<HCI>}I/ 0, (65a)

oM

n? — - .
= (V2= (T2 2V, Vo) 4, = 11| =

(65b)

where we defined the average over the wave function 7 as

(O) = (¥|0ly) and we used the property (H,) = (H,),
since H, acts only on the quantum variables.

Here our analysis will depart from that carried out in
[13], that is affected by a few evident issues. The authors
proceed performing the WKB expansion on the back-
ground function i to define the semiclassical time as before
(36), obtaining the presence of backreaction in the HIJ
equation; simultaneously, they perform the following
rescaling of the quantum wave function:

g =t iy, (66)

in order to find the corrected Schrédinger equation

i

(Hq _ lha.,)}{_y _ e—gf(H,,)df—%fAdC

2o _
x 5-[D* = (D) +2(DInN)Dly. (67)

For further discussion on the phase transformations here
performed, see Appendix A.
Finally, they show the unitarity of the theory through

19 (xslxs) = 0. (68)

We now have to remark some critical points in the approach
just described. One evident problem with this procedure is
that the quantum wave function is given by y, and the
semiclassical wave function by i, while their product
should yield the total wave function: this implies a breaking
of the gauge symmetry of the theory, that was one of the
merits of this formalism.

However, the most serious issue is that the Schrodinger
equation (67) contains derivatives with respect to the
background variables, which in turn contain the WKB
time: these derivatives must be clearly expressed and
analyzed as suggested by [11] and discussed in Sec. II.

A further issue is that, even if it was correct, the
procedure followed in [13] would not really show the
unitarity of the theory: in fact, Eq. (68) vanishes only if one
takes the norm of the states, but the cancellation fails for
different quantum states. This means that a proper dynami-
cal Hilbert space cannot be built in this approach, since a
conserved scalar product cannot be defined for all the
states.

B. Enhancement and nonunitarity of the
BO decomposition

We will now improve this method in order to deal with
the open issues just discussed, and we will show that, even
when this formalism is used properly, nonunitarity still
affects the dynamics of the quantum subsystem at the
quantum gravity order.

First, we define the background wave functional
associated with y, through

g = o7 iy, (69)

in such a way that the total wave function reads
Y=yy=0i=wd, (70)
In order to ease the comparison with [14] and the original
results of [13], which is implemented in the minisuperspace,

we use the same formalism and we perform the semiclassical
expansion of the background wave functional in M,

W, = eiM(So-'rP)/h’ (71)
where
P=> M"c, (72)
n=1

We now decompose the quantity P in its real and imaginary
parts as P = { — ip, such that

l//S — eMp/heiM(SO+é,)/h’ (73)

where

Re(P)EC:%CI—l-#CQ—I—... (74a)
—]Im(P)Ep:ipl +L2p2+.... (74b)

M M

We define the WKB time as usual as
ihd, =inV.S, - V., (75)

and Eq. (67) at order O(M°) yields the Schrodinger equation
(=ih0, + H,)y, =0, (76)

as expected.

The first interesting difference from [13] is that the
backreaction cancels out from the equations of the back-
ground expansion: we find at order O(M) the usual HJ
equation
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(V.Sp)2+V =0, (77)

SN

and at order O(M?)
ih_, .
- Evcso + VS Vel —iVeSo - Vep,

~ V.SV, / (H,)de+ (H,) =0, (78)

where the last two terms cancel because of the definition of
time. Thus, the backreaction has shifted from the HJ equation
to the continuity equation, where it is canceled out by our
redefinition of the background functional (69). The same
would have happened in the A expansion, because of the
hypothesis of smallness of the quantum subsystem.

After separating the real and imaginary parts, Eq. (78)
yields

h
EV%SO + V.S Vep, =0, (79a)

VCSO . chl - O (79b)

The first equation corresponds exactly to Eq. (32b),
while the second points out that {; has no dynamical
relevance: through Eq. (75), Eq. (79b) reads

941 = 0. (80)

Until now, we recovered precisely the results of [11] (and
equivalently [8]), but with the adoption of the more
advanced formalism of [13].

To investigate the quantum gravity order O(1/M), we
restrict our analysis, for simplicity, to the case of a
cosmological model with a single gravitational degree of
freedom, which will be denoted as a. This will keep us from
dealing with the projection of the gradients in the geomet-
rical indices with respect to the S, = const hypersurfaces.
The procedure is valid only if G)R # 0; otherwise, we
would have V = 0 and this would give trouble in the next
steps. The detailed calculations at this order are summa-
rized in Appendix B.

The corrected Schrodinger equation up to order
O(1/M) is

. 1
lhar)(s :Hq)(s _M (Hé_ <H%/>)
1%

+in(H, - (H,)) —ihv(

Hq_<Hq>) Xs- (81)
The last equation is the equivalent of Eq. (43a) up to order

O(1/M), i.e., of Eq. (42) of [11], but in the framework
of [13].

The computation of the corresponding equation for the
background wave function y is reported in Appendix B.

We note in (81) that the non-Hermiticity of the quantum
gravity Hamiltonian is still a problem, unless one takes the
norm of a state, hence Eq. (68). In this case, differently
from [11], all quantum gravity corrections vanish and this
may be interpreted as a prediction of this approach.

IV. UNITARITY WITH USE OF THE
KINEMATICAL ACTION

In this section, we develop a proposal to solve the
nonunitarity problem, based on a WKB expansion in the M
parameter as in [11] but using a different construction of
time, meaning a different physical clock for the gravity-
matter system in the considered WKB separation of the
dynamics. The previous works here discussed are all based
on the definition of a classical time, i.e., constructed with
the dependence of the subsystem on the classical variables.
This choice seems to be the origin point of such nonunitary
corrections, as discussed in the next subsection.

For this reason, we here propose a model with intro-
duction of the so-called kinematical action [15]; see also
[16], which allows a covariant construction of parabolic
constraints for quantum matter fields on a curved classical
background. This term will be used to construct the time
parameter of the theory, resulting in a quantum matter
dynamics influenced by quantum-gravity corrections that
present a unitary character.

A. Origin of the nonunitary corrections

The critical analysis illustrated up to here is focused on
the emerging problem of nonunitarity of the dynamics for
quantum matter field on the WKB expanded gravitational
background. This characteristic is present in the model [8],
that is truthfully expanded only up to order #, and in
the different proposal [11] emerging at order 1/M in the
expansion, as well as in the work [13] based on the
extended BO decomposition. All these approaches focus
on the use of semiclassical variables as a clock for quantum
matter: they construct the time derivative using the depend-
ence of the matter wave function in terms of the classical
generalized coordinates.

However, it appears from the previous analyses that the
most important term responsible for the nonunitarity of the
models is the classical Laplacian V2. Be it through some
adiabatic assumption on the quantum wave function, some
projection parallel and orthogonal to the hypersurfaces
Sy = const, or simply by having time as the classical variable
from the beginning, at some point that Laplacian generates
VZy. This is the crucial point that always generates non-
unitarity, because it holds

—n2V2y = ihd,(Hy) = ihHy + H%y, (82)
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where the incriminated term arises. Thus, until time is
defined through V., the model is probably doomed to find
non-Hermitian corrections to the Hamiltonian at the quantum
gravity level.

For this reason, we propose here a different definition of
time by using the kinematical action.

B. The kinematical action

The kinematical action was first introduced in [15] as a
tool to maintain the constraint equations of a quantum
system by adding variables in the Lagrangian and
Hamiltonian formalisms. We will now see this procedure
applied to the case of scalar fields in a curved background.

The kinematical action in the ADM representation reads

5 = / Ex(p Dy — Nop,), (83)

where the coordinates y* are those defining the parametric
equations of the hypersurfaces in the ADM splitting, as in
y* = y#(x';x°), and p* are the associated momenta. The
additional equations of motion, obtained by variations of
¥, p,» and N*, show that the momenta p,, are trivial (equal
to 0) and ensure that the physical meaning of the defor-
mation vector N* is recovered,

Nt = O,y* = Nn* + Nib". (84)

This term also gives additional contributions to the total
super-Hamiltonian and supermomentum constraints of the
system,

Hk = n"pw (858.)

HE = b p,. (85b)
which are key elements to define a meaningful time
variable for the matter field dynamics, in a different way
than the works analyzed above.

To show this, let us consider a massive scalar field
immersed in a given gravitational background (assigned
metric tensor). By use of the ADM variables, the action can
be written as

Sy = / dx'd3x(ndh — NH? — N"H?), (86)

where 7 is the momentum conjugated to the scalar field,
1 . N!

= <—ﬁ¢ + Zmai(ﬁ)N\/ﬁ. (87)

The super-Hamiltonian of the scalar field reads

1 1 1
M=o s VAV -V + V. (88)

where in a short notation V¢ - Vp = h'/9,¢p0;¢p, and the
supermomentum of the scalar field takes the form

HY = (D). (89)

We notice that this way, the lapse function and shift
vector N and N’ are assigned functions up to a restriction of
the initial Cauchy problem: they are not to be varied; thus,
the physical definition of the ADM foliation on the back-
ground is lost.

However, by adding the term (83), independent from the
metric and matter field variables, we have

SO = 5 4 sk = / dx’dx[p, 3" + 7
~ N(H? +H*) = N(H? + 1. (90)

Thus, the dynamics of the scalar field is left unchanged, but
the definition of the deformation vector is recovered, as
shown in (84), and the super-Hamiltonian and super-
momentum constraints become

H? = —HF = —p,n*, (91a)

u

MY = —Hf = —p,b]. (91b)

It is clear then that the addition of the kinematical action
allows to recover the definition of the deformation vector
and so the structure of the space-time foliation, which
would otherwise be lost in this case. As a matter of fact, the
kinematical action restores the geometrical meaning of the
lapse function and of the shift vector, de facto allowing
their variation during the implementation of the variational
principle.

It follows that the quantum dynamics of the field is
characterized by parabolic constraints, linear in the momen-
tum canonically conjugate to the four-dimensional (4D)
variables, thought as fields depending on the slicing space-
time variables. In the canonical quantization procedure, the
momenta p* will be transformed into derivative operators,
and they will be crucial in the construction of the time
derivative. We will now show that this procedure can be
applied to the case of interest to obtain a quantum matter
field dynamics without nonunitary terms arising from the
previous proposals, which would prevent the predictability
of the theory.

C. Unitary evolution with use of the kinematical action

We now construct the physical clock for the quantum
subsystem with the kinematical action, showing that this
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allows to obtain a unitary matter dynamics with quantum-
gravity corrections.

We consider a theory consisting of a single scalar matter
field ¢ with potential U,,, immersed in an assigned
quantum gravity background, with the addition of the
kinematical action. The generalization to the case of n
matter fields is straightforward by replacing ¢ with >__ ¢,
and inserting the cross-interaction terms into U,,.

For the sake of generality, we will consider here the total
superspace without assuming specific symmetries of the
problem. For this reason, differently from Sec. II, the
supermomentum contributions of all the components will
be present and the corresponding constraints (which were
automatically satisfied in the minisuperspace) will be
imposed. The total action of the system then reads

St = §9 4 5™ 4 S
= /dx0d3x[Haha + p3t +
— N(HY+H" +H*) = N'(H) + H +HE)]L (92)

where the supermomentum of the gravity component can
be written in the compact form,

being D the three-dimensional covariant derivative on the
ADM hypersurfaces; the supermomentum of the matter
component is

Hi" = (0ip), (94)

and the super-Hamiltonian and supermomentum contribu-
tions associated to the kinematical action are those defined
in (85).

In the quantization procedure, writing the momentum p,,
in (91) as a derivative operator, the total super-Hamiltonian
and supermomentum constraints of the system become

A . s
(HY + H™WY = —H*Y — iAn* qu, (95a)

A . - 0
(HY +HMY = —H'Y — i WT (95b)

In this respect, the kinematical action is shown in [16] to
correspond in the classical limit to a physical fluid, to some
extent thought as the “materialization” of a reference frame.
This emerging fluid would suffer the same problem
discussed in [4], where its emergence is recovered via
the reference frame fixing procedure in the gravity-matter
action. Here, the kinematical action is, in principle, added
to the full quantum system of gravity and matter, but it is
regarded as a fast quantum component, on the same footing
of the real quantum matter field. Thus, in the present

context, the fluid associated to the kinematical action will
not appear in the Hamilton-Jacobi equation, not affecting
the standard Einsteinian dynamics of the gravitational
background.

Following the BO-like approximation as in (26), we
write the wave function as

W(ha . y") = w(hy)y(db. "5 hy). (96)

where the slow-varying semiclassical part depends only on
the induced 3D metric, while the “fast” quantum part
depends on the matter field and kinematical action and
parametrically on the 3D metrics. This separation is
justified by considering the different energy scales of the
two components, in a case where the scalar fields act as test
fields giving negligible contribution to the background and
with a fast dynamics that can be computed at nearly fixed
values of the 3D metric tensor. As discussed in [8], the
matter fields live on an energy scale far from the Planckian
one, so that it is reasonable to assume the WDW equation
for the background wave function only as in Eq. (29).

We now perform the WKB expansion of the system with
respect to the parameter M linked to the Planck mass as in
[11]; in the BO-like approximation, the ratio between the
two components of the wave function is

Hy(p.y"sh,) (1
i o) .

which is analogous of (16). We also assume, as in [8], that
the fast y function has a very small variation with respect to
this parameter, expressed by the magnitude of its deriva-
tives with respect to the background variables 4,

1
i) =0( ). (98)

Following the procedure in Sec. II B, we perform the WKB
expansion of the total wave function up to O(1/M), which is
sufficient to compute the corrections to the functional
Schrodinger equation arising from the quantum-gravitational
background, obtaining

Y (h,, ¢, y") = es(MSo+P1+4iP2) . oh(Q1+3502) (99)

We stress that, due to the BO-like approximation, the
functions S, and P,, depend only on the three-dimensional
metrics h,, while the functions Q, represent the fast
component dependent also on the matter and kinematical
variables.

The equations to solve are the constraints of the total
system and the constraints satisfied by the background
wave function y(h,), which can be written in the form

103511-13



DI GIOIA, MANICCIA, MONTANI, and NIEDDA

PHYS. REV. D 103, 103511 (2021)

h2
2ihh,D - Vgl// =0, (100b)
hZ
{—W(vg +9-V,)+MV —-n*V2, + Um}y
. o
= lhﬂll&—ﬂlp, (IOOC)
y
. o
(2h,D - Vg -0;p-V,)¥ = 1fzb’i‘ W\P (100d)
Here, the additional term
o
g'ngga(sT (101)

accounts for a generic factor ordering for the derivative
operators (see discussion in [ 14]); the wave functions y and ¥
are of the form (96), meaning up to order 1 /M given by (99).

The first order of expansion is clearly the order M;
writing explicitly the actions of the gradients on the
exponential wave functions, we obtain

1
EVQSO . ngO + V= 0, (1023)

-2 D-V,S, = 0. (102b)
Here we recover the Hamilton-Jacobi equation for the
purely gravitational part of the wave function; hence, the
classical limit of gravity is ensured. The real, classical
action S, can be computed from the first equation. The
second equation expresses its invariance under 3D diffeo-
morphisms, due to the hypothesis of the supermomentum
constraint for the gravitational part.
The next order of expansion, M°, brings
—%V;SO + V8-V, Py — %g VS, =0, (103a)

2D -V, P, =0, 103
nD-V, b
in in

—?VgSO + ngO . ng1 —Eg ng() + Um

5
=in(V501) + (V, Q) = —n* (5}) (103c)

5

“D- U,y + 0)(Va0) = - (221). (1030

Equation (103a) allows to compute the function P;, which
is also invariant under 3D diffeomorphisms due to (103b).
The wave function at this order can be rewritten as

Wo = f(hg ¥, ) = elMOHTC) = D(n)ei®. (104)

By plugging (103a) into (103c¢), and using Eq. (104), it is
possible to rewrite Eq. (103c) in an interesting form,

(=h2V2, 4+ U, f = H" f = ifmﬂ§ £ (105)

where ‘H™ is the matter super-Hamiltonian. This equation
can be combined with the analogous one obtained by
plugging (103b) into (103d), that gives

. o
~iR(0)V,f = Hyf = inb! 55 .

(106)
where H/" is the matter supermomentum. It is now possible
to assemble (105) and (106) with the coefficients N and N,
in order to obtain the definition of the deformation vector
(84). Then, by integrating over the ADM hypersurfaces, the
derivative operator becomes independent from the spatial
coordinates and can be defined as the time derivative,

s
: — 3 N —
1h£f:1h/zd x(Nn”—l—Nbi)Wf—Hf

S
:ih/d3xN”—f
= oyt

= / Ex(NH™ + N'H™) f. (107)
z

Here we have obtained, through the Dirac implementation
and using the definition of the deformation vector, a
functional Schrodinger equation for matter fields, over-
lapping with standard quantum field theory. This equation
expresses the quantum dynamics of the matter field
immersed in the gravitational background, with a time
parameter 7 that clearly describes a nontrivial evolution.

We stress here the difference in the choice of the time
coordinate from the proposals [8,11], since the time is not
recovered from the dependence from the “slow” variables
V. which was shown to be troublesome in Sec. IVA, but
from the kinematical action variables y*. These variables
are present in the definition of the deformation vector, that
here has a geometrical connotation, since its values
correspond to choices of ADM foliation on the back-
ground. The use of its definition (84) allows to combine and
rewrite the momenta p,, as a single derivative operator, thus
constructing the time parameter for the matter subsystem
from the kinematical action itself. Nonetheless, the results
are formally the same as in [8,11], since the Schrodinger
equation is recovered in all cases. The main difference and
consequences of this approach will be visible in the next
order of expansion.
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The order M~! gives

ih 1
—;VgPl +§vyP1 . VgPl + ngO . ng2 (1083)

in
-59-9,P =0,
2D -V P, =0, (108b)
ih_, 1
—ingl +§ng] . ng] +ng0 ‘VgP2
—%Q‘Vgﬂ ihV3,0,, (108c)
60,
+2(va1)(va2> = -—n 5)}}[
2D -V, Py + (0;4)V,, 02 = ~bff % (1084d)
y

The first equation allows to compute the function P,, which
is invariant under 3D diffeomorphisms by Eq. (108b). The
total wave function can be written as

lI11 = @(/’lu,yﬂ, ¢) = eih(MSOJVPlJFﬁPﬁ“QHrﬁQz)

= A(h) fem©2, (109)
where f is the function satisfying the Schrodinger equa-
tion (107). Now using Eq. (108a) together with the results
at the previous orders, after some manipulation, Eq. (108c)
becomes

. 1)
innt WG =H"®+ (V,S,-V,0,)0, (110)
where we have omitted the term
2(iv.e-lv,Ve--1(v,.0re i
® m f m - M2 mx2 ’

which is of the order 1/M?>.

It is here evident that the corrections to the Schrodinger
equation emerge at this order. To recover the total
Hamiltonian, the supermomentum constraint must be used;
plugging (108b) into (108d) gives

. 00

lhbl;W =H'®e-2(kD-V,0,)0, (112)
and with the linear combination and integration over the
hypersurfaces, that reconstruct the total Hamiltonian of the
matter field H, we obtain

0
ih—©=HOe + / Bx(NV,S, - V,0,
ot b3}

—2N*mD - V,0,)0. (113)
Here, we remark that ® is the total wave function of the
system up to order 1/M, as defined in (109).

We can now further modify this expression to describe
the matter field dynamics only.

In fact, even though the WKB approach allows to solve
the equations of the constraints order by order, and so the
functions S, and Q; present here are already defined by the
constraints at the previous orders, it is useful to rewrite
the Eq. (113) such that only the wave function relative to
the matter field y(¢, y*; h;;) and the purely geometrical
functions Sy, P,, appear. This because the explicit forms of
So, Py and P, are defined by the purely gravitational
constraints which can be solved separately, obtaining the
expressions to substitute in the equation.

However, some attention is required to replace the total
wave function ® with the matter wave function y. Since by
assumption the functions Sy, P, do not depend on the
variables y* nor ¢, they can pass through the derivative
operators V,, and §/5y* without changing the result. They
can also be taken outside the integral [ d3x, present in the
definition of H and of the time derivative, since they are
functionals of the geometries h;; (the supermomentum
constraint for the gravitational part at each order assures
that these functions are invariant under 3D diffeomor-
phisms, so they do not depend on the choice of variables x’
but only on the geometries £;;).

To rewrite the corrections in the desired form, we can
make use of assumption (98). Then, the equation express-
ing the dynamics of the matter field, including the correc-
tions due to the quantum gravitational background,
becomes

ih % y=Hy+ / d3x [Nvgs0 - (=ihV )
p)

—2N* D - G{(—ihvg;()) 4 .

Thus, at order 1/M, we have arrived to write down a
functional Schrodinger equation containing corrections
from the quantum nature of the gravitational field.

We observe that the modification in (114) is indeed
Hermitian: the function VS, is associated to the solution of
the classical Hamilton-Jacobi equation (102) and thus must
be real (as seen in Sec. IIB recalling the original
assumption in [11]), while the remaining parts are the
conjugate momenta of the gravitational field —i2V ;. Thus,
these corrections contribute to a term whose morphology is
clearly unitary, overcoming the problems emerging in the
previously analyzed works.

(114)
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We stress that the corrections here computed are of order
1/M, where M is the appointed parameter of expansion, so
they are of low magnitude due to the used approximation
and become relevant near the Planckian scale. Further
discussion on this result and possible applications are
presented in the following section.

V. CONCLUSIONS

Let us go through the steps of our analysis. In Sec. II, the
two WKB expansions in 7 and in the Planck mass proposed
in [8,11] have been carefully analyzed and compared. We
have offered a derivation of both expansions in a formalism
that is similar to that adopted in [14]. By doing so, we have
extended the 7 expansion to arbitrary orders and found
quantum gravity corrections to the quantum sector of the
theory, starting from the second order in the expansion
parameter. This can be seen in the corrected Schrodinger
equation in curved space-time (39), that is valid both for the
7 expansion at order 4% and the Planck mass expansion at
order 1/M, revealing that the corrections are of the
same kind.

The non-Hermitian nature of the corrections is better
highlighted once the derivatives of the wave function in the
classical indexes are expressed in terms of time, as reported
in Eq. (43a).

As for the background sector, the 7 expansion has
yielded a HJ equation, corresponding to the Einstein’s
equations in the presence of a matter source, and the usual
equations of a WKB expansion; see Egs. (29) and [25]. We
have discussed the fact that this feature is not completely
shared by the Planck mass expansion, since, even if the
background equations have the same form at each order, in
this case the classical limit of matter is excluded.

Though the 7 model needs for the additional hypothesis
of smallness of the quantum subsystem to derive the
Schrodinger equation, it gains in generality: one may think
of the more elegant Planck mass expansion as the sub-case
of the 7 case with a purely geometrical background.
Moreover, we have stressed that the origin of this difference
can be traced in the way the adiabatic separation between
slow and fast degrees of freedom is mathematically realized
in the two expansions. The Planck mass is the natural
adiabatic parameter to split quantum matter from classical
geometry and in this sense it does not admit the matter
component in the HJ equation. This is acceptable if one is
only interested in the recovery of quantum field theory on
curved space-time. However, the Planck mass expansion
cannot be applied to cosmology without manually rescaling
the matter fields with the Planck mass itself, when the theory
is applied to inflation, as discussed in the Introduction.

The rest of the paper has been focused on the problem of
unitarity breaking at the quantum gravity order. In Sec. II C,
we have shown that the solution proposed in [14] to solve
the nonunitarity problem within the framework of the
Planck mass expansion is based on very strong hypotheses,

and, thus, it solves the problem only for very peculiar
models. The central point of the procedure developed in
[14] is in the eigenvalue equations (49). Passing from the
Hamiltonian operators to their eigenvalues allows for the
absorption of the non-Hermitian corrections in the back-
ground wave function: this has been done through its
redefinition contemporaneously with the quantum wave
function made in Eqgs. (51) and (56). We have argued that
the relations (49) cannot hold at the same time, since it is
not true, in general, that H and H,, commute. The reason of
this statement is that H contains the time derivative of the

matter Hamiltonian and, in general, H,, and Hm do not
commute.

As a counterexample to the procedure of [14], we have
shown the noncommutation of the matter Hamiltonian with
its time derivative for the toy model of inflation described
by Eq. (57). However, our procedure can be applied to all
the models where H,, depends on the background varia-
bles: indeed, in this case, Hm contains the time derivatives
of such background variables that can be rewritten using
their conjugate momenta, so that a natural problem with the
commutation of the two operators can arise.

In Sec. 111, after having reviewed the expansion based on
the exact decomposition of the wave function of the
Universe proposed in [13], we have completed the analysis
by addressing the two major issues of that study.

On one side, we have restored the gauge invariance of the
theory, that was clearly broken by the authors. This has
been done in Eq. (69), by defining the background wave
function , corresponding to the purely quantum wave
function y, defined in [13]; as a consequence, the back-
reaction experiences a two order shift in the expansion
parameter from the order of the HIJ equation, where it
appeared in [13]. The first shift is due to the absence of
smallness hypothesis of the quantum subsystem, i.e.,
H,, ~f, in [13], that would have made the backreaction
appear in the continuity equation, at order 7. However, the
redefinition of the background wave function has led to a
term that exactly compensates the backreaction in the
continuity equation; see Eq. (78). Then, we have shown
that the first contribution of the backreaction in the back-
ground equations appears at the quantum gravity order,
accordingly to [14].

On the other side, we have made explicit the Laplacian
operators in the corrected Schrodinger equation (67) in
terms of time derivatives, for the single geometrical variable
model, in order to properly check the unitarity of the time
evolution at the quantum gravity order. The result of this
analysis is contained in Eq. (81), where the analogue of the
corrected Schrodinger equation obtained in [11] (see
Eq. (39) have been derived in the formalism of [13]. This
equation shows that, once the complete form of the time
evolution operator is made explicit, the problem of unitarity
breaking at the quantum gravity order affects also the
approach [13], as well as the others discussed in this paper.
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We argued that neither of the proposed solutions for the
nonunitarity problem is actually viable, because while in
[13] the real meaning of the Laplacian operator in the slow
variables is not properly addressed (the time evolution
operator is not unitary), in the proposal of [14] the removal
of the undesired terms is operated by assumptions
which are not valid in general, holding only for special
ad-hoc cases.

Summarizing, we have clarified how the problem of a
nonunitary evolution, emerging at the second order in the
expansion parameter, is independent of the specific nature
of such a parameter. This shortcoming of the WKB
formulation seems to be an intrinsic feature of the pro-
cedure of decomposing the quantum state into a slow-
varying and a fast-varying component in order to define
time from the slow classical variables, as shown in
Sec. IVA.

Finally, we concentrated on the principal issue of this
analysis, corresponding to a new proposal to introduce a
proper time evolution in this scheme, avoiding the non-
unitarity problem. We have shown in Sec. IVA that the
origin of the nonunitary terms lies in the definition of time
by the semiclassical variables, i.e., Eq. (36), that has been
implemented in the analyzed works. As seen in (82), the
construction of such a time parameter leads to a term that is
clearly not unitary, thus suggesting a different choice of the
evolution parameter. Such a proposal, based on the con-
struction of the physical clock by using the kinematical
action [15], has been shown to solve the basic difficulties of
the previous formulations, namely, the appearance of
second time derivatives of the quantum wave function
which are clearly nonunitary contributions.

The result obtained by introduction of this term (83) has
led to a satisfactory physical clock, associated in the
classical limit to a physical fluid, that can be retained as
the materialization of a reference frame. For further dis-
cussion on the role of such a fluid in quantum cosmology,
see [4]. The kinematical action has been here added as a fast
quantum component, allowing the desired classical limit,
i.e., the Hamilton-Jacobi equation (102) corresponding to
the standard Einsteinian dynamics in vacuum of the
gravitational background, as viewed in a WKB expansion
of the associated vacuum Wheeler-DeWitt equation. This
way, we have recovered a standard functional Schrédinger
equation for the quantum field at the order M° (107),
overlapping to standard quantum field theory, and a func-
tional Schrodinger equation containing corrections from
the quantum nature of the gravitational field at order 1/M
(114). The associated time parameter, linked to the foliation
of the gravitational background and essentially the refer-
ence system, has allowed us to overcome the nonunitary
problem and it represents a promising construction to the
study of quantum gravitational corrections to quantum field
theory.

This result offers then a new investigation tool to
evaluate the effect of a nonpurely classical gravitational
dynamics on the quantum field theory, in the limit of very
small energies involved in the quantum dynamics with
respect to the Planckian scale, that allows the perturbative
approach. A suitable application of this procedure could be
in the inflationary sector (as done in [12] for scalar and
tensor perturbations of the inflationary field) or other
cosmological cases, where it would be possible to infer
the magnitude and consequences of such corrections.

APPENDIX A: REFORMATION OF PHASE
TRANSFORMATIONS IN BO DECOMPOSITION

We here express the phase transformations on the wave
functionals performed by [13] and in Sec. III in a more
clean and meaningful way.

Going from the initial functions y, y to the final
functions v, y, requires two transformations, one that
involves A~ (V.) and one that involves (H,)~ (0,).
Hence, the total transformation is given by Eqgs. (64),
(66), and (69),

W= e—%fAdcli/ _ e—%fAdce—i f(H,ﬁdTwp (Ala)

Y= e%fAdc)? _ e%fAdcﬁﬁf(Hq)dr)(s’ (Alb)
where, given the definition of A, the first phase resembles a
Berry phase. Here 0, and V. are related through the
definition of time (75). It is argued that such transforma-
tions cannot be taken individually, but form a unique
transformation on the system [26]. Moreover, we can write
the exponent as

3 [ade s it e0) = [(Fde-@an.  (a2)

where we used Egs. (63b) and (76) (or equivalently
Eq. (67), neglecting the fluctuations). If we choose the
classical variables to be {z, ;} from the beginning, where
the h; are the degrees of freedom orthogonal to time, the
last equation reads (a summation on index i is implied)

/ (80)dz + (8 )dh;) / (0,)dr = / (@,)dh;.  (A3)

Now defining

Ai - —ih(@hl), (A4)
the full transformation reads
= e h [ Ay, (AS)
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g =il (A6)

An interesting remark on this point is that such trans-
formation is clearly performed on the hyperplane orthogo-
nal to the time coordinate, a feature that was not evident
in (64).

APPENDIX B: DETAILED CALCULATION OF
THE EXACT BO DECOMPOSITION

Working with the assumption of a single gravitational
degree of freedom a, as stated in Sec. III B, we have

0 = G4a(9250) O (Bla)
8.8y = -2V, (B1b)
G = —L, (Blc)
2V
Dy = d4_3d% 1 d ! (8,50)9,.  (B1d)

da  da dS,/dedc 2V

We stress that, even with a single geometrical degree of

freedom, this procedure is valid only if G)R # 0; otherwise,
we would have 9,5, =V = 0.
By using these relations and Eq. (76), it is easy to find

indjy = —%(&,SO)(H({ - (H,))X. (B2a)
Guni00,7 = [0 (1, - (1)
30 G 020) (H, = {H,)
o by = (L) = 50 (Hy = (H,) |7
(B2b)
(Guaih0, %) = =50 ((H3) = (H,2), (B2c)

where we expressed time derivatives with a dot and we used
the identity

0,(H,) = (0,H,), (B3)
due once again to Eq. (76). Now we can make use of
Egs. (B2), (79), and (66), substituting them in Eq. (65b);
after some cumbersome calculations, we obtain the cor-
rected Schrédinger equation up to order O(1/M) as

R, = {F1,) = ih; (H, = (1) |z, (B4

For completeness, we now turn our attention to the back-
ground wave function at order O(1/M). Rewriting 0,
through Eq. (B1d), with the help of Eqgs. (79) and (77), we
find

n 04 .
_Egaa li/ll/ = hza‘rCZ _1h28‘rp2
1 inv in .
-—(H+—(H))——(H
4V< q>+4v2< fi> 4V< q>
n? nv n?
_W(arpl)2_marpl+wazpl- (BS)

Through the last equation and Eq. (B2c), one can rewrite
the background equation at the desired order. After sepa-
rating the real and imaginary parts, we find

_ L (H)
4V h2 ’
(B6a)

1 1%
0.8, — v (0.p1)* + ‘—/31;01 - 9p,

VO(H) 1)

T4V2 h 4V h

8.p, =0. (B6b)

This perturbative order clearly shows the backreaction of
the quantum subsystem, at the same order expected in [14],
although the solutions are different, as well as for the
corrected Schrodinger equation (B4). By writing the
equations in the time component from the beginning,
Eq. (79a) becomes

1
ng‘ragso + a‘l.'p] =0, (B7)
and making use of Eq. (B1), we can write
14
0.p1 = —==. B8
P1 A% ( )

With this result, we can simplify Eq. (B6a) and obtain

(B9)

L[V 3 1 (H)
a’@_ﬁ[ﬁ_ZW}__ =0
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