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Quantum cosmological models are commonly described by means of semiclassical approximations in
which a smooth evolution of the expectation values of elementary geometry operators replaces the classical
and singular dynamics. The advantage of such descriptions is that they are relatively simple and display the
classical behavior for large universes. However, they may smooth out an important inner structure and to
include it a more detailed treatment is needed. The purpose of the present work is to investigate quantum
uncertainty in the basic background variables and its influence on primordial gravitational waves. To this
end we quantize a model of the Friedmann-Lemaitre-Robertson-Walker universe filled with a linear
barotropic cosmological fluid and with gravitational waves. We carefully derive the dynamical equations
for the perturbations in quantum spacetime. The quantization yields an equation of motion for the Fourier
modes of gravitational radiation, which is a quantum extension to the usual parametric oscillator equation
for gravitational waves propagating in an expanding universe. The two quantum effects from the
cosmological background that enter the enhanced equation of motion are (i) a repulsive potential resolving
the big bang singularity and replacing it with a big bounce and (ii) uncertainties in the numerical values
for the background spacetime dynamical variables. First we study the former effect and its consequences
for the primordial amplitude spectrum and carefully discuss the relation between the bounce scale and the
physical predictions of the model. Next we investigate the latter effect, in particular, the extent to which it
may affect the primordial amplitude of gravitational waves. Making use of the WKB approximation, we
find an analytical formula for the amplitude spectrum as a function of the quantum dispersion of the

background spacetime.
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I. INTRODUCTION

Theories of the origin of primordial structure that are
based on models of a quantum bounce replacing the big
bang singularity (see, e.g., [1,2]) are often formulated in
terms of the ‘“effective” or “trajectory” dynamics of the
early Universe. The goal of the present work is to construct
and study an enhanced framework that incorporates a full
quantum description of the homogenous cosmological
spacetime and its full action on the perturbations to
homogeneity propagating thereon (see, e.g., [3—6] for other
proposals).

There are two distinct consequences of the description of
the background spacetime by means of a wave function.
First, the singular dynamics of elementary classical vari-
ables is replaced with nonsingular dynamics of quantum
expectation values yielding semiclassical bouncing trajec-
tories. This aspect of quantum cosmological spacetimes
and its effect on the propagation of quantum fields has been
widely studied for cosmological applications. Second, the
background spacetime wave function implies some spread
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in the background dynamical variables and, in particular, in
the coupling between the perturbations and the background
mode. The consequences of the latter are rarely studied
[7,8]. We will illustrate the origin of this effect with a
simple example. Note that there are many ways in which
the classical cosmological evolution in terms of the scale
factor @ may be replaced by a semiclassical evolution of a.
For instance, the classical scale factor may be replaced with
the expectation values of various powers of the quantum
scale factor as follows: a(n) = (a"(n))"/", where n is a
nonzero value. In Fig. 1 we plot the evolution of the scale
factor in conformal time for a unique wave function and a
few values of n. The plot shows, in particular, that for
negative values of n the Universe generically undergoes a
phase of accelerated contraction before being decelerated,
halted, and pushed into expansion, and that the dynamics
may exhibit a degree of asymmetry between its contracting
and expanding phases. This is a purely quantum spread
effect, which demonstrates that “quantum forces” are not
necessarily purely repulsive even when they ultimately
revert the dynamics of the Universe. The ambiguity
illustrated by this example is neglected by semiclassical
trajectories in which all the above scale factors evolve the
same. It is therefore necessary to find if this neglected
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FIG. 1. Semiclassical dynamics of the scale factor obtained
from various quantum dynamical variables of which all satisfy
the classical limit for large volumes. [All the plots were obtained
for a unique wave function of Eq. (33) with K = %, c=2,
Xg = 30, Po = —4]

structure could produce some observable cosmological
effects.

In this work we consider cosmological implications of
the presence of quantum uncertainties in a universe under-
going a bounce. We omit the nonessential, though possible,
phase of inflation and instead focus on fluid-dominated
universes. Moreover, we restrict our attention to the
universe from which the density perturbations are absent.
In other words, we investigate the effect of quantum
uncertainties of the background spacetime on the dynami-
cal law of primordial gravitational waves in fluid-driven
bouncing universes. Quantum bounces in such universes
have been previously studied within the Bohm—de Broglie
approach in [9]. The results obtained therein are in fact
reproduced in a semiclassical limit of our model. We go
beyond the semiclassical description and add spread to the
background, which produces an extra structure in the
dynamical coupling between the gravitational waves and
the background. As we shall see, it influences the evolution
of the amplitude of primordial gravitational waves and their
final state. It is clear that the existence of this influence
must be universal to all quantum cosmological models
irrespective of the employed quantization procedure or the
assumed background symmetries.

The outline of the paper is as follows. In Sec. II we
briefly describe the Hamiltonian formalism for the inves-
tigated cosmological model and its quantization. Our
discussion includes the issue of backreaction and entangle-
ment between the background spacetime and the perturba-
tions. We also discuss the existence of the classical limit,
which is necessary for cosmological applications. The main
result of this section is the quantum evolution equation for
the modes of gravitational radiation. In Sec. III we first
employ a semiclassical method based on infinitesimally
narrow wave packets to study the quantum bounce and the
resultant quantum evolution equation. We numerically

solve that equation and discuss the cosmological implica-
tions of the obtained result. Then we employ the full
quantum approach and discuss the new qualitative features
that it brings in at the level of the aforementioned equation.
We resort to the WKB approximation in order to analyti-
cally investigate the evolution of the gravity-wave ampli-
tude in a function of the spread of the quantum background.
The main findings are summarized and discussed in
Sec. IV.

II. QUANTUM COSMOLOGICAL MODEL

A. Classical and quantum Hamiltonian

Let us assume a flat universe with toroidal topology
¥~ =T and the line element

ds? = —=N2dr* + a*(8, + hgp(x))dxdx?, (1)
where the coordinate volume equals [ d*x =V, and the
physical volume equals V = a*V),,. The metric perturba-

tions h,;, and their conjugate momenta z7* are resolved into
the Fourier coefficients

@) = V3" [ e,
z
70 (k) —/ﬂ“h(x)e‘”?fd%, (2)
)

which are next expressed in a new tensorial basis with two
distinct polarization modes of the gravitational wave,

Yo aab v saba+
hy = hapAL, Ty = aCAL, (3)
where A% = %(v“wh + vbw?), A% = \/ii(v“v” — whw®),

and ¥ and w are such that |k|~'k, ¥, and w form an
orthonormal frame with respect to the fiducial metric J,,.
The new variables satisfy the usual commutation relation

- -

(o (k) hy(D)} =64y - 6 7> and the reality condition for
the field hy,(x) implies by (K) = hi(—k) and i (k) =
#L(=K).

The physical Hamiltonian for the fluid-driven homo-

geneous and isotropic universe with linear tensor pertur-
bations thereon reads [10]

H=HO+Y HY, (4)
¥
where
H(O) e gpz’
> q\ 72, SR =
i = —o(?) I p - (1) e ©
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its energy density y =

where g = , and w is the ratio of the fluid’s pressure to

3(41{3), whereas g = ya% and p =
%aﬂzﬁvH (where H = ﬁ is the Hubble rate) are
canonical background variables. It follows from the

Friedmann equation that the background Hamiltonian

HO = %Hz = <" pV, equals 1/96 of the energy of
matter in the entire universe when its physical and
coordinate volumes are equal, V = V,. The Hamiltonian
(4) generates the dynamics with respect to a fluid variable
that has been removed from the phase space. This choice of
internal clock variable yields the lapse N = a*".

We fix the coordinates by setting V, = [3, i.e.,
the coordinate volume equals the Planck volume.
Furthermore, we assume that the present volume of the
universe equals Vi = r- 1.25 x 10'83[3, where r > 1 is the
ratio of the volume of the universe to the volume of its
observable patch. This implies the present value of the scale
factor to be ay = 5 x 10°'71/3. We set the pivot scale to
correspond to a tenth of the diameter of the observable
universe, i.e., A, phys = 5 X 10°°/p, which yields the coor-

dinate pivot wave number k, = 20zr'/3[;!. Given the
present value of the Hubble rate, H = 11.5 x 107621,
and the redshift of the matter-radiation equality era,
Zeqg = 3400, we are able to estimate the value of the
Hamiltonian for the radiation-dominated universe (i.e.,
w= 1)

HO =23 x 1020/, (6)

where r needs still to be determined. It follows that if the
radiation-dominated era in the expanding universe begins at
the volume V; with a transition from another fluid-
dominated era with w then the primordial value of the
Hamiltonian must read'

HY =23 x 10204m, v (7)

(where the dimensionless V7 gives the number of Planck
volumes). Although the value of r is irrelevant for the
classical dynamics of the model, the quantum corrections
that we study below must depend on it, as does the value of
the canonical variable ¢ o r'/3. Therefore, quantum cosmo-
logical dynamics depends on the size of the entire universe.

The Hamilton equations generated by the classical
Hamiltonian (4) yield the following gravitational wave

propagation equation in conformal time, n = [ (%)g'—’?idt,

'We apply the Israel junction conditions at the transition
between different fluid-dominated cosmological spacetimes. We
do not assume any particular mechanism for the transition, we
simply consider a single cosmic fluid with an effective equation
of state, which at some point of cosmological expansion turns
into radiation.

ok
ﬂi’; * <k2 j g pei=0 (8)

where p. ; = (g)ﬁhi,k. As we show below, introducing

quantum effects to the background dynamics changes this
equation in a significant way.

Quantization of the Hamiltonian (4) may be carried
out as follows. The phase space is the Cartesian
product of the homogenous and inhomogeneous sector,
(q.p) < T1(h 1 j» %4 1)- Note that the background canonical
variables have a nontrivial range, (¢, p) € R, x R. In this
case, the canonical prescription that tells us to replace ¢ and
p with the usual position and momentum operators O and
P does not work properly for the following reasons: (i) the
momentum operator on the half line is not self-adjoint and
thus it cannot be considered as an elementary observable;
(ii) the Hamiltonian operator as the square of the momen-
tum operator is not self-adjoint either and requires impos-
ing a suitable boundary condition on the wave functions.
It seems more appropriate to use the dilation instead of
the momentum operator, D = 1(Q P+P Q). The dilation
operator is self-adjoint and the Hamiltonian operator, which

is the square of the ratio of dilation to position (g)2 is

self-adjoint for a wide class of symmetric orderings. The
quantum zero-order Hamiltonian can be shown to generi-
cally contain a purely quantum term,

. K
P2 P24 h? K >0, 9)
Q2

which is a repulsive potential o O72. The new term
prevents the universe from reaching the singularity and
generically replaces it with a bounce. More details on the
above quantization and the unitary dynamics generated by
the quantum Hamiltonian (9) may be found in [11].
Quantization of the perturbation variables is straightfor-
ward as they have the usual ranges, which means that
the canonical prescription works well in their case. Thus,

izi(l_c’) and ﬁi(—z) are replaced with the usual position and
momentum operators on the real line. Finally, the total
quantum Hamiltonian reads [10]

K

N ., h’K
0o 50
A A, ow+2

0 (O\T. mn ROV -
H; ——g(y) |7Tﬂ:(k)|2_4g<y> ho (K2 (10)

The Hilbert space is given by the tensor product
Hiom ® Hinhom» Where Hpom and Hippom stand for the
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background and perturbation Hilbert spaces, respectively.
The background Hilbert space Hpom = L2(R,,dg) is
given by the square-integrable functions on the half

line, g > 0. The perturbation Hilbert space Hijpom =

[Ii. L2(R,dh (k) is the product of the usual Hilbert
spaces given by the square-integrable functions on the real

line. Note that the operator H®) acts nontrivially on the
states of the background geometry and is a ¢ number while
acting on the states of the perturbations. On the other hand,
@)
k

geometry and the perturbations.

the operator HY acts nontrivially on both the background

B. Quantum dynamics

The Hamiltonian (10) is valid if the perturbation vari-
ables and their spatial derivatives are much smaller than the
unity, and their energy satisfies the following relation:

[H®| <« HO), (11)

This is consistent with the assumption that the backreaction
of the perturbations on the background should be
neglected. This makes the Hamilton equations, or equiv-
alently Eq. (8), identical with the linearized Einstein
equations (see, e.g., [12]), and the backreaction is to be
deduced from higher-order dynamics.2 Similarly, we will
impose the lack of backreaction at the quantum level.

Let us for the moment assume that the state is given by
the product of a background state and a perturbation state
for all times,

|l//> = ‘WB> ’ |l//P> EHC 7-[hom ® Hinhom' (12)

This assumption breaks the Schrodinger equation produced
by the quantum Hamiltonian (10). We determine the
dynamical law confined to the product states (12) by
applying the variational method. We introduce the quantum
action

L, 0 4
Sowsve) = [ swrling, - By (13

whose variation leads to the dynamical equations3

?Recall that the reduced Hamiltonian is obtained by solving the
constraints at linear order and assuming that all quadratic and
higher-order terms are negligible in the equations of motion.
Hence, in order to properly account for the backreaction effect,
one needs to go beyond linear order, which includes solving
quadratic or higher-order dynamical constraints as well.

*We could as well restrict the variations to Oy p because the
dynamics of the background has been assumed to be independent

and thus generated by A alone.

., 0 N N
i lws) = A lwy) + (el A yp) - ).

., 0 -
lh& lyp) = <WB|H(O)|V/B> “wp)
+ (wpHP yrg) - yp), (14)

which may be further simplified,

L0 A
i) = HOls), (15a)

0 -
lhgthl/})) = <WB|H<2)|WB> wp), (15b)

if the backreaction term (yp[H® |yp) - ) is removed,

and the term (y[H|yp) - [wp) is discarded, as it only
adds an overall phase factor to the state |wg) - |yp). It
follows that the background state |y ) has to be determined
solely from the zero-order Hamiltonian, in accordance with
our initial assumption. Note that the expectation value

(wg/H® ) is an operator only on Hiyom. The key
difference brought by the quantum framework is that,
instead of being based on the classical solutions to
the background geometry, the perturbation Hamiltonian
(yp|HP|yp) involves now the expectation values of the
background dynamical variables.

The simple product state (12) does not exhaust all the
possible states in the framework and, in general, will evolve
into an entangled state. In fact, the most general state that
may satisfy the assumption of the lack of backreaction
reads

1 1 2 2
) - )+ ) )+ (16)

and the application of the variational method leads to the
following equations:

1 1)1 1 1) 14 n
i) (i Ay (W Ayl
.ha
e . . .
ot : : " :
n )14 1 n) 143 n
) iy AP o AP )
)
X ’
)
. a n Fal n
i lws") = HOlyj). (17)

which are supplemented with the condition <ng) |1,//,(3m)> =
S,.m- Note that the perturbation vectors |1//§3m)>’s do not
backreact on the background states |y/1<9m)>’s. Nevertheless,

083529-4
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they interact with each other through the nondiagonal
elements of the above matrix. With this equation, we
implement the classical condition of the lack of back-
reaction at quantum level. It reveals the rich physics of
primordial fields in quantum cosmological spacetimes.

In what follows, we restrict our attention to the simplest
product state (12) and postpone the study of compound
states to future papers. This is equivalent to the additional
assumption that the off-diagonal terms in the matrix (17)
are negligible, and therefore each summand in (16) evolves
independently accordlng to Egs. (15a) and (15b). The
Hamiltonian ﬁ = (yp|H?|yp) has the following form:

_SZ

(K2 + Qe (B)P),  (18)

e (OF)
o (©™
from the fully quantum background dynamics. The equa-
tions of motion for the perturbation variables read

1d (1dh,; X
— (o) = —qzh, -
Sdt <5 dt ) e

In analogy with the classical case, we introduce a new time
parameter and a new dynamical variable,

AN 2\ dw-l
)

Y

AN\ s,
ﬂi.k=<(9> >“"‘hi,k.

Y

The above quantum-level definitions lead, as shown below,
to the form of the dynamical law that closest resembles the
classical counterpart (8). Interestingly, these definitions
emphasize the role played by the moment (Q~2) that could
be viewed as yielding the ‘“semiclassical” scale factor

A|em = ((%)_2>3»]_—3 It has to be stressed that there are, in

where § = 2g<( ) ) and QF = are determined

(19)

(20)

principle, infinitely many quantum quantities correspond-
ing to a given classical one and we simply chose the most
convenient one. The choice of a new clock and new
variables cannot affect the physical predictions of the
model. The definitions (20) lead to the following equation

of motion:
"
A~ 2.2
o (g -, o
0
=2\ 3w+l

where ¢ = <(%)2V‘V_§2><(Q) ). Equation (21) is a quan-
tum version of the gravitational wave propagation equa-
tion (8). Comparing it with Eq. (8) we notice that it
incorporates two distinct quantum effects on the evolution

(21)

of gravitational waves. The first effect is due to the quantum
term in the background Hamiltonian, which replaces the
classical singularity with a bouncing behavior of the
expectation values of dynamical variables such as (Q72)
r (0%%). The second effect is due to the quantum
uncertainty in the background spacetime. The latter
influences both the speed of gravitational waves c; and

(o=

(0~ 2)3»» 3
uncertainty effect vanishes at the semiclassical level where

all the expectation values (Q") are replaced by the
respective semiclassical expressions (Q)". Moreover, both

the interaction potential V = . Notice that the

effects vanish away from the bounce when (Q72)7
becomes large, as we show below.

Let us switch to the Heisenberg form for the equation of
motion and solve the dynamics for the operator Q. Let us
first notice the closed algebra of the operators

A N

(02, HO] = 4iD, =2iH©),

(0%, D] =2i0?,

[D. A
(22)

which allows us to immediately integrate the dynamics

D(r) =21 + D(0),
0%(r) = 4H2 + 4D(0) + 0*(0). (23)
Thus, for large |¢| we find,
1\, gt
tl}inwcf] <W> (AC35) = const.,
(@) _ o4

lim
t—+o0 <Q_2>ﬁ

which should be true for any state since (H”)) > 0. The
above limits show that the oscillation frequency of every
mode is asymptotically fixed and well-defined vacuum
states for remote past and remote future exists.

C. Gravitational wave amplitude

Our convention for the physical dimensions is as
follows: the spacetime coordinates are given in units of
length, whereas the scale factor, and thus ¢, are dimension-
less. The momentum coordinate p has the dimension of
mass times length. Analogously, the perturbation variables

*A heuristic argument can be as follows: The positive self-
adjoint operator 0’ (1) can be viewed as an infinite matrix that can
be diagonalized at any moment of time. For large times, the
elements of this matrix are dominated by the elements of 4I:I(O)t2,
which has positive eigenvalues too. Therefore, any matrix
operator of the form Q" (r) should be dominated at large times
by the elements of (4H )",

083529-5
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h, (k) and 7. (—k) have no dimension and the dimension of
mass times length, respectively.
Let us introduce the annihilation and creation operators

A 1

hi(1) = 7 (aghi(0) + & (1)),
(t) = % (a,;éh;m i aizéhk(t)) (29)

where a;’s are constant, whereas /,(t) are the isotropic
mode functions which solve the isotropic Eq. (19). Upon
setting h,’;}ghk - hké}.zi =2ih, the Hamiltonian H,
becomes minimal at #, on the vacuum state |0) such that
a, 10y =0 if

hi(ty) =

h Iy (1) 7O
Q (1)’ S(t) = VAL, (26)

We actually push the above condition to the infinite past,
i.e., {y » —oo, where the spacetime is classical and flat at
all cosmological scales, as follows from Eq. (24).

The predictions for primordial gravitational radiation are
often given in terms of the amplitude spectrum, which is
deduced from the equal-time correlation function, where
we assume that the interesting coordinate distances
|X—¥| <1 (or, k> 1) are small in comparison to the
size of the universe. Furthermore, the isotropy pup = py is
assumed. Following the convention of [12], we define the
spectrum of amplitude of quantum fluctuations of the
gravitational waves (per each polarization mode) as

VYo Mk%

5;2(k) = W 0 (27)

The amplitude 6, (k) is time dependent. However, for long-
wavelength modes, once their amplitude is set after the
bounce, it remains to a large degree constant during a
substantial part of the subsequent cosmological evolution.

It is well known that the amplitude (27) is singular for
k — oo. The singularity can be removed by means of the
adiabatic subtraction [13]. Nevertheless, we assume that
this procedure should not produce any effect at the relevant
scales. We provide the asymptotic expansion of the
amplitude for the quantum model studied below in the
Appendix C.

III. INTERNAL STRUCTURE OF THE BOUNCE

In this section, we argue in favor of the dynamical
significance of the inner structure of quantum bounces. We
demonstrate the effect of the background wave function on
the form of the gravitational wave propagation equa-
tion (21). First, however, we discuss a semiclassical

description of the quantum bounce that neglects its inner
structure and the interaction potential it leads to.

A. Semiclassical description

In what follows, we derive the gravitational wave
propagation equation (21) by means of the Ehrenfest
equations. Given the dynamics of the expectation values
of elementary variables (Q)(z) and (P)(t), we form the
approximate dynamics of the expectation values of
the relevant compound observables. According to the
Ehrenfest theorem, the dynamics of the elementary expect-

ation values generated by the zero-order Hamiltonian A
of Eq. (10) reads

d . 5 5 A
T(0) =29(P),  (P)=2g1K(Q7). (28)
We assume the probability density in the scale-factor
representation

plx, 1) = 6(x = ¢(1)), (29)

which is a mathematical idealization of a probability
density peaked around a semiclassical solution for which
(0)(1) = q(r). It is not an exact solution to the Schrodinger
equation (15a), but an approximate one, which allows one
to immediately obtain the dynamics of the expectation
values of any function of Q once the dynamics of ¢ is
known. Discarding the higher moments of Q in the wave
function may only be temporarily a valid approximation
due to the natural spreading of the probability distribution
with time. We find the solution to (28) to read

<Q> (t> =4 (kmaxl‘)2 +1, (3021)

(t) _ qbklznaxt

—
~
~

, (30b)

2 (0) N
zthT):‘(’ K max :;l{:/e%, and Hg(e)gn = g(<P>2 + (fggg)
is assumed to be equal to the classical value Hgg])n =HO,
We plot a typical solution in Fig. 2. The classical and
semiclassical trajectories are the same away from the
singularity, which proves the correct behavior of the
semiclassical model. Close to the singularity, the classical
and semiclassical trajectories diverge as the former termi-
nates (or originates) in the singularity, whereas the latter
avoids the singularity through a bounce.

We assume the quantum universe to be filled with a fluid
with an effective equation of state, which at some point of
cosmological expansion becomes radiation so that a con-
nection with the observable universe can be made. Making
use of the relations below Eq. (5), we obtain the scale factor

where g, =

083529-6
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FIG. 2. The evolution of ¢ in the classical (dashed line, K = 0)
and semiclassical (solid line, K = %) background model.

of the universe at the bounce, from which we infer the
redshift at the bounce,

10207

< )3(]2—w) 3
p = —_— Zrl-w,
"\ -w)VEK !

where z7 is the fluid-to-radiation transition redshift. If the
early Universe had not undergone the fluid transition, then
we have z;, ~ 10'20 = and the physical wavelength of the
pivot mode at the bounce reads A, jhys &5 X 10‘60‘/TEI p.

(31)

This implies a huge value of ‘/7E for a cosmological scenario
in which the observable cosmological scales are around the
order of [p at the bounce. In general, we note that the bigger
the universe is and the more energy it contains, the smaller
the volume at which it bounces. The inverse is true for the
value of /K. Because the amount of energy in the
observable universe is so huge, the quantum correction
preventing the singularity comes to dominate the dynamics
at the Planck volume only if the value of /K is very large.
Nevertheless, we may fine-tune the model to yield a bounce
exactly at Planck scale.

We shall now turn to the evolution of the coefficients
cZ(tr) and V(r) in the gravitational wave propagation
equation (21). It is straightforward to obtain them in the
current approximation,

=10))
A =T Y=, (32a)
sem (3w (t)
q" (¢ q2 e
V| =L [T 1+ ()
2 24 (6-

(3W - 3)2[1 + (kmaxl‘)z}2 ’

where prime ' denotes differentiation with respect to
conformal time # defined in Eq. (20). We note that the

106
1000
1 |
%
0.001 f
10—6 .
10_() L 1 1 1 1 1 1 1
106 10° 10" 0.001 0010  0.100 1
k
FIG. 3. The primordial amplitude spectrum &, (k) in a semi-

classical universe with a big bounce and a cosmological fluid for
a few values of w = o

typical length scale influenced by the bounce is given by

the factor ("7")33—3kmax and thus, we introduce a dimension-
k

max

less quantity k = (%)2’@53 .

to express the scale depend-

ence of the gravity-wave amplitude. Similarly, the typical
timescale at which the bounce operates is given by kp.;
hence we introduce a dimensionless quantity 7 = ky,, 2.

In the semiclassical treatment of Eq. (21), the gravita-
tional waves propagate at the speed of light and interact
with the potential (32b) induced by the evolution of the
universe. A similar potential was obtained within the
Bohm-de Broglie approach in [9] where the long-
wavelength amplitude spectrum was found to have the
spectral index n, = %.5 In Fig. 3 we provide an inde-
pendent verification of their result by numerical integration
of the primordial amplitude for a few values of w and a
range of modes k. The analytical computation of the
primordial spectrum for this and other interaction potentials
is discussed in Sec. I C. The time evolution of a few
modes of the primordial gravitational wave is plotted
in Fig. 4.

Let us describe the relation between the primordial
amplitude and the value of K and w. One might think that
since the larger the value of K the less redshifted and milder
the bounce is, the amplitude should decrease as K
increases. However, it can be shown that the amplitude
scales with K as A, « KA (see Sec. III C for the explicit
formulas). It follows that, for w < %, the larger the value of
K (and the stronger the quantum effect), the smaller the
primordial amplitude as one would expect. On the other
hand, when w > % this relation becomes inverted; that is,
the larger the value of K, the larger the primordial
amplitude. Hence, respecting the upper bound on the

SAuthors of [9] consider the spectral index of the power
spectrum rather than the amplitude spectrum, hence the differ-
ence by factor 2.
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w=0.5

0 t, 5t. 10, 30¢,

FIG. 4. The evolution of the amplitude of a few modes in a
semiclassical universe with a big bounce and a cosmological fluid
with w = 0.5. For clarity, the maximum amplitude of h has been
normalized to unity.

amplitude one may decrease the value of K as much as one
wishes for w > L Note that the case w = 1 is a borderline
for which the primordial amplitude does not actually
depend on K. Its value for w =1, z; = 10%, and r =2
reads A, ~ 10'46.°

Let us assume that the gravitational wave amplitude at
the pivot scale should not exceed 107>, to be consistent
with the Planck data for k, = 0.002 Mpc~' [15]. This in
turn puts constraints on the free parameter K. In Fig. 5 we
plot the required value of K as a function of the fluid’s type.
We find huge values allowed for almost all w’s. In Fig. 6 we
plot the redshift (and the energy density in Fig. 7) at the
bounce if the pivot scale amplitude reads 107>. These
results clearly suggest that for the modes of interests we
may avoid the so-called trans-Planckian problem as the
observable modes when propagating through the bounce,
where they are the shortest, may exceed the Planck length
by a number of orders of magnitude. On the other hand,
they indicate that there might be the problem of unnaturally
large value of K. On the grounds that it is a quantum
correction, one expects that it should be of order of unity in
Planck units, while it has to be of many, many orders of
magnitude larger for w < % in order to produce A, = 107>,

There are two ways to argue for the possibility of a large
K in our quantum model. Both arguments refer to the ways
in which we think about quantization of gravitational
systems. First, note that we do not know which choice
of basic variables is correct for quantization of gravitational
systems. In the preceding section, we chose dilation D and
position O but we did not specify the ordering of these
operators in the Hamiltonian. In [16] it was actually shown

®The value z; = 1028 corresponds to the ‘“‘end-of-inflation”
redshift [14].

300 T T T T T

-0.2 0.0 0.2

w

FIG.5. The white regions represent the admissible values of the
parameter K as functions of w (r = 2, z; = 10%).

-0 02 0.0 0.2 04 0.6

w

FIG. 6. The white region represents the admissible values of the
bounce redshift z,, as functions of w (r = 2, z; = 10%%).

300

200

100 [ 7

logy4 py

-100 * *
-0.2 0.0 0.2 0.4

w

FIG.7. The white region represents the admissible values of the
bounce energy density p,, as functions of w (r = 2, z; = 10?%).

that — < K < oo depending on the chosen ordering. Thus,
large values of K can be easily accommodated by theory.
The second argument is more subtle and is based on the
nature of dynamics in quantum gravity. It is known (see,
e.g., [17] and references therein) that quantities like the
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scale of the bounce are not physically meaningful (or
unambiguous) in quantum gravity unless one indicates the
internal clock used for computing those quantities. This
property is referred to as the time problem. It follows that
the scale of the bounce obtained in the present model is tied
to the specific choice of clock ¢ that we have made for the
derivation of the model. One might have chosen another
clock and found much more Planckian, or even sub-
Planckian, scale of the bounce issued from a weaker
repulsive potential, i.e., a smaller value of K. The contra-
diction between those two conclusions would be, however,
only illusory as it was shown in [18] that the physical
predictions for the classical phase of the cosmological
evolution derived from both models must agree with each
other, as for instance, in regard to the predicted value of the
amplitude of primordial gravitational waves in a large
expanding universe. Finally, let us note that the value of K
allowed by the cosmological observations can be extremely
large [19].

Above we have derived and described the semiclassical
model. It remains to verify whether adding a substantial
amount of quantum spread to the cosmological background
can alter the model in some important ways, in particular,
whether the final gravity-wave amplitude is modified in this
case due to some modifications of the gravity-wave
propagation speed (32a) or modifications of the interaction
potential (d32b). We shall investigate this issue below.

B. Quantum description

The mathematical idealization of the probability density
made above yields immediately the quantum dynamics of
the universe with the classical behavior for large volumes.
The interaction potential issued from such an approxima-
tion seems rather universal as it was also found in another
trajectory approach [9]. Trajectories are the usual way in
which quantum cosmological bounces are described.
However, this description completely neglects the quantum
uncertainty in the numerical values for the size and the
expansion rate of the universe close to the bounce. It is
legitimate to ask whether the amount of uncertainty that is
completely negligible for the presently large universe might
have played a significant role when the universe was small.
The nonvanishing uncertainty should be reflected in the
dynamics of the coefficients ¢2(r) and V(r) of Eq. (21) as
they depend on higher-order moments. As a result, the
primordial structure and gravitational waves could be
influenced by this purely quantum effect.

In what follows we solve the complete dynamics of the
background model without any approximation and plot the
resulting interaction potential. The analytically integrable
solutions are very few and they require numerical integra-
tion of the expectation value of O~2. We use an analytical
three-parameter solution to the background Schrodinger
equation (15a),

J/@o e—ao%w(ipévzfﬂ?oqof—qz/ 4—q2/4)
V2n(o6® + it)

q(2ipoo® + qp)
2(6* +it) '

(qlys) o

xI\/K—Jr%< (33)

where 7,(x) is the modified Bessel function of the first
kind, 7 = 1 = g, and ¢, py, and o are free parameters. The
evolution of the associated density distribution is plotted in
Fig. 8. We see a wave packet moving toward the boundary
q = 0 and strongly self-interfering as it bounces against the
repulsive potential. The spread of the wave packet is
growing as it moves away from the boundary.

The evolutions of the coefficients c3(r) and V()
obtained from the solution (33) are plotted in Figs. 9
and 10, respectively. The speed of waves squared cg(t)
consists of two maxima separated by a minimum exactly at
the bounce and it rapidly decreases to the value c§ =1as
t — Foo. The fact that ¢} () > 1 follows from the Schwarz

inequality. The brief decline in 0{2] exactly at the moment of
the bounce is due to the momentary reduction of the spread
as the wave packet bounces off the potential. The fact that
cﬁ becomes larger than unity is interpreted as the break-
down of the “semiclassical spacetime” interpretation of the
model rather than as a superluminal propagation of the
gravitational waves. We do not expect, however, a signifi-
cant influence of the dynamical ¢2 on the amplification of
long-wavelength gravitational waves, precisely because
they are assumed to satisfy k> <V at the bounce and

the term o« k% in Eq. (21) is simply negligible.

40

30

q 20

10

FIG. 8. The evolution of the density distribution in ¢ yielded
by the exact wave packet (33) with p, = —4, x, = 30, and
c=2(K= %).
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T T T T T

151 b

FIG. 9. The speed of gravitational waves squared cg of the
propagation equation (21) generated by the background dynam-
ics in the analytical state (33). We set py = -4, ¢¢ = 30,
c=2,K= %.

-20 -10 0 10 20
n

FIG. 10. The interaction potential V of Eq. (21) issued from the
fully quantum background dynamics described by (33). We set
1

p0:—4,qO:30,G:2,K:%,W:§.

Similarly, the interaction potential V(7) in Fig. 10 dis-
plays an extra structure that does not occur for the semi-
classical solution given by Eq. (29).

C. WKB approximation

The available analytical solutions do not allow for
obtaining an analytical formula for the interaction potential
V and the numerical integration of V is cumbersome for
large K. Therefore, we resort to the WKB approximation
[20]. We assume the solution to the Schrodinger equa-
tion (15a),

(x|lwg)(t) = A(x, 1) exp [iS(x, t)/A], A, SeER, (34)

which when expanded in 7 yields at lowest order,

2
8,8 =—q (Szx + h—2K> ’ atAZ = _zgax(AZS,X)’ (35)
’ X

where § is the Hamilton’s principal function

(1 K
S(t,x) = g/ <in, - P) dr, (36)

where the integral is taken over the semiclassical trajecto-
ries with fixed initial condition and A% behaves like the
density of particles following the semiclassical trajectories.
Let us assume the probability distribution at the moment of
the bounce to read

p(x.0) = p(x). (37)

The solution (34) reads now

(xlya) (1) = s, 0) - exp i1/, (38)

where

1
x3 (x,1) =3 (x2 +4/x* = l6g2h2Kt2) .

352 252
_gn Kt—\/E(H_g h )arctan<29h\/k.). (39)

1 (x,0) 2h x5 (x,1)

Within the WKB approximation, the sought expectation
value (Q~2) reads

S(x,1)

@0 = [T ptnnn) e
:/0‘” p(xp)dx, (40)

2 4K 27

X + 2 t

where in the last line we switched to the Heisenberg picture.
The formula (40) yields an analytical expression for some
choices of p(-) and thereby it yields an analytical expres-
sion for the interaction potential V.

Let us assume the density distribution at the bounce to
read

X

p(x) = %X[qh(l—a),qh(l—&-a)] (x), (41)

where y(,, (1-6).q,(1+0)] (X) is the characteristic function, g,
is a fixed bouncing point, and 0 <o <1 is a free
dimensionless parameter. We then find

. In [1£2]
@0 =3 (140 + L ()
3
-2 _ 1 (1 + 6)4 + (kmaxt)2
S 7 N |
<Q>|t:0 = 4b>
(AP = (0%) - = . )
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It follows from the last equality that ¢ has the interpretation
of the relative volume dispersion. Notice that for ¢ — 0
one naturally retrieves the semiclassical description of
Sec. IIT A as

p(x) = 6(x — qp).
<Q2> - q[Q;(l + (kmax[)2)v

(07%)

(A0)*|i— = 0. (43)

Hence, Eqgs. (42) provide a one-parameter extension to the
semiclassical model with the free parameter being the
spread of the wave function. The resultant formulas for
the interaction potential and the speed of gravitational
waves are given in Appendix A.

The interaction potential V in time 7 = k¢ produced
by the density distribution (41) is plotted for a few values of
o in Fig. 11. It is apparent that the potential is very sensitive
to the value of o. In fact, the height and the width of its peak
can be altered by many orders of magnitude by the spread
of the wave packet. Thus, it is natural to expect that the
amplitude spectrum generated by these potentials can also
be substantially altered.

In Fig. 12 we plot the evolution of the renormalized
speed of gravitational waves. For the studied WKB states
(6 > 0), the speed decreases just before the bounce and
then at the bounce it increases back to its asymptotic value.
It behaves symmetrically in time after the bounce. As
before, we interpret this behavior as a breakdown of the
semiclassical interpretation of dynamics. This behavior
suppresses the value of the k%> term in Eq. (8) precisely
at the moment when it is already subdominant, and
therefore, the dynamical effect of the varying speed of

w=1/3

174 0.100

0.010

0.001 L " 1 L L " 1 L L L 1 " L " 1 L L L 1
-4 -2 0 2 4
n
FIG. 11. The interaction potential V in the semiclassical

(dispersion o = 0) and the WKB approximation (dispersion
0 =02 and ¢ =0.5).

w=1/3
1.0 === P bt
0.8 f £y
—0=0
2
c L
q 0.6 _
(COO)Q ------ =02
g
Odp oc=05
0.2
ool
-10 -5 0 5 10

FIG. 12. The gravity-wave speed in the semiclassical approxi-
mation (dispersion ¢ =0) and in the WKB approximation
(dispersion ¢ = 0.2 and ¢ = 0.5).

FIG. 13. The evolution of a selected mode in the semi-
classical (dispersion ¢ = 0) and the WKB (dispersion ¢ = 0.4)
approximation.

gravitational waves is negligible. The speed has been
normalized so that it asymptotically converges to unity.
The fact that it asymptotically converges to a different value
than unity is not physically relevant, as this discrepancy is
removed by simply redefining the length scale so that the
measured wave number is ke = cg’k, where ¢ is the
asymptotic value of c,. In this way, the measured speed of
gravitational waves equal to unity is retrieved.

In Fig. 13 we plot the numerically integrated evolution of
the amplitude of a selected mode both in the semiclassical
and the WKB approximation. We obtain a noticeable
suppression of the amplitude in the WKB approximation.

Now we turn to the analytical computation of the
primordial amplitude spectrum for the interaction potentials
issued from the WKB approximation. We solve the wave
propagation equation (21) by employing the piecewise
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approximation used also in [9].”7 Below we restrict our
discussion to a sketch of the derivation, details of which are
found in Appendix B.

In agreement with our result for the semiclassical case,
we assume that the modes of interest are much longer than
the length scale imposed by the interaction potential,
k= > 1. Such modes cross the potential when c2k*> =V
at times —7,. and 7, much larger than the timescale imposed
by the interaction potential 7. > 1. Therefore, we assume
that for |7| > 7. the potential V is completely classical. This
will simplify the evaluation of the solution in this evolution
regime. Moreover, since the speed of gravitational waves c,,
in the WKB approximation does not converge to unity for
large |7|’s, we use the effective wave number, ko = c§°l~<
and ke = cg’k, where ¢® = limpg_, ¢, It is to be stressed
that only the effective quantities are measurable.

The dynamics is solved separately in two distinct
evolution regimes. The first already mentioned regime
spans from the remote past up to the moment when a
particular mode crosses the interaction potential —7,.. In this
regime, we solve the wave equation (21) in its asymptotic
form,

. 203w —1 .
A ((C;ok)z + ( )2>/":t,k =0, (44

(143w)*y

to which analytical solution in terms of the Hankel
functions is known (see Appendix B for details).

The other regime spans the time interval during which a
particular mode is inside the potential, between —7,. and z,.
Inside this evolution regime, we use the integral form of
Eq. (21) expanded in powers of k. and compute only the
lowest-order term,

ﬂ<Q_2>3“1"”—Al(keff)+A2(keff)And’71<Q_2>_ﬁ- (45)

One may show that this solution exhibits the following late-
time behavior:

lim p(Q~2)T% = A, — nA, + OF<0),  (46)

T—>+oc0

where A, = A, — 7A, and A, = A,. Hence the primordial
amplitude spectrum in this approximation must be propor-
tional to this particular linear combination of constants A,
and A,.

The values of A; and A, are obtained from matching
solutions from the two regimes at the time of the potential
crossing —7.. On the other hand, the first regime solution is
chosen by the demand that it corresponds to the Bunch-
Davies vacuum in the remote past. This procedure yields A

"See, in particular, Sec. IV B in [9]: “Piecewise approximation
and matching in the flat spatial section case.”

subdominant and A, dominant as for small I~<eff. The final
result is the primordial amplitude spectrum, which is

proportional to |A,|, and reads
~ V2[T=3w\¥1|  2C
8y, (ketr) = +D
3(1-w) V/2[1=3w|

MZTWI [
X<L) SV Vol 462) R, (47)

b

where C and D are constants in the general solution to
Eq. (44) inside the first evolution regime,

C=c, c?kncng)(Cgok’?c)’

2) (o0
_ QHE/ )(C_q k"c)
2 cgkn.
+ 5 Jeskn H2 (epkn.) = HE) (eghn )] (48)
where ¢, = /zghe 5t and v = 23<(31W_+W1>).
One can easily deduce from Eq. (47) that the spectral
index n, = % is unaffected by the spread of the back-

ground wave function. However, the absolute values of the
amplitudes change under the influence of the spreading
cosmological background. As k.. is independent of o,
the relation between the semiclassical and the “quantum”
amplitude spectrum reads

Si(kett) = (1 +62) 57 - 8 (ke ) y—o-~ (49)

The quantum factor in the above equation takes values from
the interval 0 < (1+4062)%71<1 for fluids with —i<w<l
In Fig. 14 we plot the dependence of the gravity-wave
amplitude on the dispersion ¢ for selected values of w.
It universally leads to the quantum dampening of the

R '_-__‘____.'-_t_v.:_l.__'
\ =0

\gu— —0.2

b o

O T

a

FIG. 14. The suppression of primordial gravitational wave
amplitude §;, in function of dispersion ¢ for a few selected fluids
as given by Eq. (49).
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amplitude. The suppression may be mild and rather
irrelevant or, in the case when w =~ — %, large and significant
leading to observable effects.

We found that the quantum spread does not affect the
spectral index. We expect this to be a quite general property
that follows from the fact that the long-wavelength modes
enter the potential when the potential is still classical. Thus,
the constants in Eq. (45), A; and in particular A, that
becomes dominant for small &g, are determined already in
the classical universe. On the other hand, the integral in
Eq. (45) does not depend on k. but may be sensitive to the
details of the dynamics in the vicinity of the bounce. Hence,
the quantum spread can alter the amplitude of the long-
wavelength modes by an overall factor that does not depend
on scale.

IV. CONCLUSIONS

We studied the effect of the bounce and quantum
uncertainties in the background geometry on the gravita-
tional waves propagating across the primordial universe.
We first analyzed the semiclassical description in which the
wave packets are assumed to be infinitely narrow. We
reproduced a class of interaction potentials for gravitational
waves that had been previously obtained within the Bohm—
de Broglie trajectory approach. We obtained the amplitude
spectra in agreement with the results of [9]. Next we studied
a free parameter of our model K and the way it determines
the redshift of the bounce and the matter density at the
bounce given the known bound on the primordial gravi-
tational waves amplitude at the physically relevant scales.
We found a large space of admissible parameters for all
cosmological fluids, which produced plausible cosmologi-
cal scenarios.

We then enhanced the treatment by the inclusion of
quantum spread. By employing the WKB approximation
we were able to obtain an analytical relation between
dispersion ¢ and the evolution of gravitational waves. We
found that the spread induces qualitative changes to
the dynamical law of gravitational waves. One way the
uncertainties enter the dynamical law is by varying the
speed of gravitational waves as the universe bounces.
The other way they manifest themselves is by altering
the interaction potential. We found that these important
changes of the dynamical law ultimately have no effect on
the spectral index of the primordial amplitude for long-
wavelength modes. The amplitude on the other hand
becomes multiplied by an overall factor independent of
the wavelength. The factor, however, is rather irrelevant
for most cosmological fluids; nevertheless, it can cause a
significant suppression of the amplitude in cases when

1
N ——
w= 3

The finding that the quantum spread does not influence
the cosmological predictions for most cosmological
fluids is very important theoretically. It implies that the
semiclassical analysis is completely sufficient in those
cases at linear order. It might also imply that it will never
be possible to discern any difference between classical and
quantum bounce scenarios.

The finding that the quantum spread may significantly
suppress the primordial amplitude for some cosmological
fluids, even if they themselves are not physically appealing,
indicates that one should verify the possible effect of
quantum spread every time that one introduces a form of
matter not included in our work. We note that it is not clear
from our work why the amplitude is suppressed rather than
amplified. It might be the case that there exist quantum
states of the background spacetime that amplify the
amplitude of gravitational waves.

Finally, let us observe that the effect of uncertainties
illustrates the basic fact about quantum mechanics and
semiclassical descriptions thereof. Namely, there are infi-
nitely many ways in which one can replace a given classical
observable with a function of expectation values of oper-
ators that behaves like the classical observable for large
universes. All such functions provide semiclassical expres-
sions for a given classical observable but with a different
behavior exactly in the regime where classical mechanics
breaks down. This is illustrated by the examples of the scale
factor described in the Introduction and shows a serious
limitation on the physical interpretation of semiclassical
descriptions. It is also illustrated by the nontrivial evolution
of the coupling of the gravitational waves and indicates that
any semiclassical description must be verified whether it
indeed reproduces the correct quantum behavior.

ACKNOWLEDGMENTS

The work of P.M. is part of the research Project
No. 2018/30/E/ST2/00370 financed by National Science
Centre (NCN), Poland. A. M. acknowledges the financing
from the research Project No. 2017/27/N/ST2/01964 by
National Science Centre (NCN), Poland. The authors thank
Hervé Bergeron and Patrick Peter for helpful discussions.

APPENDIX A: GRAVITY-WAVE PROPAGATION

EQUATION IN WKB APPROXIMATION

In the WKB approximation, the gravity-wave propaga-
tion equation (21) reads

L+ (R (in) = V()i = 0. (A1)

2 o)4 12 3‘4;1
where 7(t) = [* (8226111 | % |)*=*d¢’ and
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—256(kmax?)2(6 + 6%)2(=5 + 6w) (86) T ATT AZ 4 (2 2)23’:§
V(1) =
O = et P+ (1= 0] Pt P+ (1 T 02w~ 32
166(1 + 62)((1 - 62)4 - 2<kmaxt)2(1 + 662 + 04) - 3(kmdx ) )(86)g (3)3[\2”3:]{?““(:{_2’)3%% >
, A
(o) + (1= ) 2 (k2 + (1 + 0)(3 — 3m) (A2)
_ (kinax1)>+(0+1)*
where A—ln|m ,

Itw lnl“*”):*(knmx’):‘ 3wl

45 (3 = 3w)D(5) (F_ - F.) (<7 ﬁ)
Cé(t) = 4 3w+l 4w _4 L 4w ? (A3)

(1 -_ 0-2)m(1 —+ 02)3_3“’((1 - U)W—l(l +6)3(“' )] (1 _ U) = )(1 + 6>m)r(%)
, [

where F, = (1 + o)==, F (5 551 - ((]f:ilt))zt) On the other hand, at times —7. <7 <7. when the

APPENDIX B: DERIVATION OF THE
GRAVITY-WAVE AMPLITUDE

We follow the notation introduced in Sec. III C. In the
first evolution regime, the potential is subdominant and the
time parameter satisfies |7| > 7.. The asymptotic behavior
for the expectation value of the inverse position squared is

o 1 2
lim (02) = —00

—55 B1
f—+co q%tz ( )

which, by the virtue of Eq. (20), yields the asymptotic
relation between the time parameters 7 and 7,

m Kpy7(7)

t—+too
3(1 —w) 143w 1 y2 %
=+ —F=[ff0(1 = . (B2
s (L) e
Hence, the asymptotic form of Eq. (21) reads
3w—1)
i k)? + 7( iy, =0, (B3
Lt (e 4 g e =0, (B3
the solution of which is
u=lley(OH (c5kn) + ex(WH (c5hn). (B4)

3(1-w)
2(3w+1)”

accurate solution of Eq. (21) for [7| > 1 and is used at
all times for which the potential is subdominant. This
happens before (or after) the potential crossing time —7,
(7.), which for small k. modes reads

3(w—1)
- 9(1-— W .
7. = [ (A-w? keffr””[lJrgz]éwsl,

where v = The solution (B4) is a sufficiently

21T =3 (B5)

where ke = key’.

interaction potential is dominant, the solution is approxi-
mated by the lowest order in k. terms of the formal
solution of Eq. (21),

1072 = A, (ker) + Anher) / dn (O

_kgff/dm«? )= */dn2<Q‘2>ﬁ,uk’
(B6)

where the quantity yk(Q_2>3<l—l*W>y3<‘2*W> corresponds to the
classical variable h; = ";’“ Because the change in cf, does
not break the dominance of the interaction potential, the
present approximation neglects the evolution of c?] and
picks its value at infinity where the effective wave number
kegr = 7cc§° is defined. The asymptotic value of speed of
gravitational waves [see the definition below Eq. (21)],

A w2 3wl

CZO = <Q3(17w)>oo <Q—2>Z(;7w)’

(B7)

is easily found in the WKB approximation. Indeed, as one
may show,

[(1+0)" = (1-0)>"]. (B8

T 202-n)

After neglecting higher-order terms in Eq. (B6), the only
integral left reads

86q? A
7 [ (0

K max
—2(1 + ) arctan [UT’G)Z]
—2(1-¢)?arctan [ﬁ] +7In m fg: ”2] (BY)

083529-14



DYNAMICS OF PRIMORDIAL FIELDS IN QUANTUM ...

PHYS. REV. D 103, 083529 (2021)

Therefore, the solution far away from the bounce, in the
leading terms, is

. A ~ 1 —|— o?
;Ef_nooﬂk<Q > = = A + A,
zE«erﬂk<Q 2y 9 = A - A, + O(#"<0). (B10)

We match the solutions at the point —
approximated by

~ ~ ~ N2 1+G 3»1 1)
pi() = Ay (3T ( : )
qp

< 1 =
+A2<—rc>3<w( i")‘ 1

5

1., where u; can be

and, from (B4), we also have [5. = 5(7.)]

C
w(—ne) = —F—=—=.  (-n.) =Dy/cPk. (B12)
cg’k

Assuming the Bunch-Davies vacuum normalization ¢; = 0

and ¢, = \/ﬂghe‘i%<”+%), the constants are
C = cy\/cRkn HY (ck
— 2 g Netdy (Cg ’76)7
2)( o0
B ()
2 cgkn,
c
+ 3 Jeskn H (epkn) = HE (eghn)). (B13)
Combining Egs. (B11) and (B12) we obtain
3w—1
~ 2|1 = 3w|\ ™1
3(1-w)
A= 3(1-w
(I (U3 )
Qb\/kmax \/2|1 - 3W| ot
2
~ V2|1 = 3w\ i
Ay =|—F—— 1 e e
= ()0
1-3w
y —2C ) ~23((3wv7+]|))
X —D |k . Bl14
45V Ko <¢2|1 — 3w et (B14)

Note that for cosmological fluids with —1 3<w< 1 the
coefficient A, scales with a positive power of k, therefore, it
is subdominant for k < 1. The dominant part of the

amplitude spectrum is determined by A,. Making use of
Eq. (B10), we find the spectrum of amplitude (27),

- V2[T=3w[\ 7
5ﬁ(keff):< | |)

3(1-w)

2C '
+D
V2[1=3w|
21
X (l) 2kmax\/]/o(l +06%)”

db

| bW
3wl
3w+1
keff .

(B15)

APPENDIX C: ASYMPTOTIC EXPANSION
OF THE AMPLITUDE SPECTRUM

In the present section we apply the adiabatic subtraction
described in Chap. 3 of [13] to regularize the amplitude
spectrum (27) based on the adiabatic expansion of the mode
functions g, ; that satisfy Eq. (21). The obtained result
equally applies to the semiclassical model with ¢, = 1. The
amplitude spectrum is obtained from the power spectrum
that is quadratic in the modes y;. Given that the modes
satisfy the initial condition (26) for 7, — —oo, we obtain

4gh
l? = W (C1)
where W~! = (WO 4 (W)@ + O(T*) with the

index (n) denoting the order of the adiabatic expansion.
We find

(W—l)(o) _ c—lk—l

Sh@) (072
W) ( L

where ¢, is defined below Eq. (21). If we were to compute

; (0la(x)a(x")|0) o
/ d3k&;}) the zero- and second-order terms (W~')©
and (W=1)® would produce, respectively, quadratic and
logarithmic divergences as x — x’. The next-order term
(W=1)®) scales at least as k=>; therefore, it must give a
finite contribution.

Finally, the regularized amplitude spectrum is found to
read [cf. Eq. (27)]

the two-point correlation function

2 o _ -1(2)
ur|* — 4gh(W 4gh(W \
Si( \/| ! - N W) k. (C3)
20V (@) )

< |fg>
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