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We investigate the backreaction of the quantum fluctuations of a very light (m < H,4,y) nonminimally
coupled spectator scalar field on the expansion dynamics of the Universe. The one-loop expectation value
of the energy-momentum tensor of these fluctuations, as a measure of the backreaction, is computed
throughout the expansion history from the early inflationary universe until the onset of recent acceleration
today. We show that, when the nonminimal coupling & to Ricci curvature is negative (. = 1/6
corresponding to conformal coupling), the quantum backreaction grows exponentially during inflation,
such that it can grow large enough rather quickly (within a few hundred e-foldings) to survive until late time
and constitute a contribution of the cosmological constant type of the right magnitude to appreciably alter
the expansion dynamics. The unique feature of this model is in that, under rather generic assumptions,
inflation provides a natural explanation for the initial conditions needed to explain the late-time accelerated
expansion of the Universe, making it a particularly attractive model of dark energy.
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I. INTRODUCTION

The recent accelerated expansion of the Universe and its
cause is one of the most puzzling mysteries in cosmology
and physics today. Since the observations of type Ia
supernovae reported by two groups [1,2], a lot of obser-
vations have been accumulating to indicate that the
Universe is well described by the ACDM model (for recent
observational results, see e.g. Refs. [3,4]). Although the
cosmological constant (CC) gives a good fit to the data and
explains well the current cosmic acceleration, future
observations promise to provide much tighter constraints
of the models. That motivated theorists to explore other
possibilities, which generically came to be known as dark
energy (DE) (for a review on dark energy, see e.g. Ref. [5]).
The origin of dark energy could be matter of which the
properties mimic those of cosmological constant, but it
could be also in the modification of gravity on cosmologi-
cal scales [6]. In fact, due to the intricate coupling between
gravity and matter in some theories, it is not always
possible to tell whether dark energy comes from a new
kind of matter or from a modification of gravity.

In this work, we examine the idea that dark energy
originates from the backreaction of quantum fluctuations
originating in the primordial inflationary universe. The idea
that the origin of dark energy can be linked to primordial
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inflation has not been widely explored (for an early attempt
to link the cause of inflation with the cause of dark energy,
see Ref. [7], and for a more recent attempt, see Ref. [8]).
Also, early attempts [9,10] to link quantum fluctuations of
the inflaton to dark energy turned out not to be correct [11].
Indeed, a careful one-loop calculation of the energy-
momentum tensor from inflationary gravitons [12] and an
educated estimate of the corresponding energy-momentum
tensor from scalar cosmological perturbations [12] shows
that, rather than contributing to dark energy, these infla-
tionary perturbations contribute a tiny amount (about 10~"3
of the critical density today) to dark matter.

Recently, the idea of relating quantum backreaction to
dark energy has again drawn some attention, and here we
give a brief overview. In Ref. [12], the minimally coupled
massless spectator scalar was studied, and it was found that
the quantum backreaction in late-time matter era scales just
as nonrelativistic matter fluid driving the background
expansion, but its fraction is tiny, about 10~!3 of the critical
density. This ratio is determined by the same ratio reached
by the end of inflation, and it effectively freezes afterward.
The same was concluded for the contribution from grav-
itons. The result for scalars was subsequently confirmed in
Ref. [13]. There, it was also investigated what the
influences of possible pre-inflationary periods are on the
magnitude of late-time quantum backreaction, and it was
found it could be increased if additional inflationary
periods at a much higher (Planck) energy scale existed
prior to the standard one, but the late-time scaling cannot be
changed.
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However, when one considers the quantum backreaction
from inflationary quantum fluctuations of a massless non-
minimally coupled spectator scalar field, and when the
relevant nonminimal coupling is negative (such that it gives
a tachyonic mass to the scalar during inflation), then under
reasonable conditions on inflation and nonminimal cou-
pling, the scalar field can yield a large quantum back-
reaction at late times [14], making it potentially a candidate
for dark energy (the analysis performed in Ref. [14] is
perturbative, and hence any statements about whether that
is a reliable candidate for dark energy cannot be made). In
this model, the backreaction can grow considerably during
inflation (even to nonperturbative values), how fast depend-
ing on the nonminimal coupling (this was already found in
Refs. [15,16] for more general slow-roll inflation), so its
ratio to the background fluid is greatly enhanced compared
to the minimally coupled case. This ratio again freezes
during the radiation period but starts to evolve again in the
matter period.

Another idea involves the late-time quantum backreaction
from inflationary quantum fluctuations of a very light
spectator scalar field [ 17], where the backreaction contributes
like a CC at the late-time matter era. In order for this idea to
work, the authors of Ref. [17] needed to lower the scale of
inflation, and furthermore they needed a humongously large
number of e-foldings of inflation (N; = 10%°). In a more
recent paper [18], it was pointed out that the mechanism
works as well for inflation at the grand-unified scale and that
the required number of e-foldings is “only” about 10'3.
When compared with the original work [17], that was a
significant improvement. In Ref. [18], it was also studied
how some preinflationary periods can lead to lowering the
requirements on the number of e-foldings of this model
where they managed to get it down to N; ~ 240 with the
assumption of another Planck scale inflationary period
preceding the Grand Unified Theory scale one.

Apart from various technical improvements, the goal of
this paper is to study the late-time quantum backreaction
from inflationary quantum fluctuations of scalar fields and
its relation to dark energy in more general models, without
relying on any preinflationary physics, and one of the
important result of this work is the realization that the
simple addition of a small nonminimal coupling to
the Ricci scalar can completely alleviate the constraint
on the length of inflation. We show that the late-time one-
loop quantum backreaction from a nonminimally coupled,
light spectator scalar field can be a good candidate for dark
energy. In our model, conditions on inflation are com-
pletely relaxed: inflation can occur at the grand-unified
scale, and it can last as little as hundreds of e-foldings. In
fact, this model has been studied earlier in Ref. [19] with
the same idea of early universe quantum fluctuations
mimicking a cosmological constant in a subsequent radi-
ation or matter-dominated universe. The primary interest
there was the study in the Einstein frame (as opposed to the
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study in the Jordan frame here) and the constraints on the
variation of the Newton’s constant. The analysis performed
here is much more detailed and rigorous, with more
stringent quantitative bounds provided on the nonminimal
coupling and the dependence on the duration of the
inflationary period, but qualitatively the conclusions agree.

The model of a very light, nonminimally coupled
spectator scalar was studied and proposed as a dark energy
model very soon after the discovery of the recent
accelerated expansion of the universe by Parker and
Raval [20-24]. In those works, the main effect derives
from the ultraviolet quantum fluctuations, as opposed to the
work presented here where the main contribution to the
energy-momentum tensor comes from the infrared (super-
Hubble) quantum fluctuations. We provide a more detailed
comparison of our work with that of Parker and Raval in
Sec. VIIIL

Quantum fluctuations of fields are generally nonvanish-
ing, so we expect them to contribute as corrections to the
classical Einstein’s equations. This statement can be neatly
summarized by the following equation,

G, = 872Gy (TS, + (TR, (1)

which can be recognized as a quantum corrected Einstein
equation. The two source terms on the right are the classical
energy-momentum tensor of matter fields and the quantum
backreaction, respectively. The quantum backreaction is
the expectation value of the energy-momentum tensor
operator of quantum fluctuations of matter fields and the
metric field. The evidence that quantum fluctuations indeed
interact gravitationally comes from studying the fluctua-
tions in the spectrum of the CMB and ultimately attributing
it to the spectrum of primordial inflationary quantum scalar
fluctuations. As opposed to the spatial variations of the
quantum fluctuations, which ultimately contribute to the
CMB temperature fluctuations, here we study the homo-
geneous nonvanishing contribution of quantum fluctua-
tions. We want to study the effects of the backreaction term
in cosmology, in particular its influence on the dynamics of
the large scale expansion of the universe and its possible
connection to the dark energy problem. That is a rather
ambitious task, and in this work, we opt to address less
ambitious, but still very important, questions:

(1) Can the backreaction ever become large enough to
influence the expansion dynamics?

(2) When does it become large, and how does it depend
on the parameters of the model and the expansion
history?

(3) What is the behavior of the backreaction when it
becomes large, and does it tend to accelerate the
expansion?

Since we are interested in modeling DE, we want the
backreaction not to spoil the previous expansion history.
Therefore, its influence on the expansion has to be
negligibly small up until the recent onset of accelerated
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expansion. Therefore, we study Eq. (1) perturbatively, in
the sense that we do not consider the backreaction actually
backreacting on the classical evolution, since it is small by
assumption (we thoroughly check whether this assumption
is satisfied in different epochs in the history of the
Universe). The formalism appropriate for this study is
the quantum field theory in curved space-time, originating
in the late 1960s and early 1970s [25-28], and by now a is
well-established subject, covered in standard Refs. [29-32].
Of course, when the backreaction becomes large, this
approach breaks down, and a full self-consistent solution
is needed.

Here, we study the backreaction from quantum fluctua-
tions of a very light, nonminimally coupled, spectator
scalar field as they evolve from an initial state specified
at the beginning of the inflationary period of our Universe,
through the radiation and matter-dominated era, up until the
onset of the late-time acceleration period (see Fig. 1 for the
schematic depiction of the expansion history). The leading
order contribution to the one-loop expectation value of the
energy-momentum tensor of these quantum fluctuations is
computed in each era, as a controlled expansion in small
ratios of physical parameters.

This paper is organized as follows. The following section
introduces definitions and conventions for the cosmological
space-time. The third section presents the scalar field
model, outlines its quantization, and defines the main
quantities to be computed—the scalar field mode function
and the expectation value of the energy-momentum tensor.
The representation and approximations of the evolution of
the mode function are given in Sec. IV. In Sec. V, the
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FIG. 1. Schematic depiction of the expansion history in terms
of the ¢ = —H /H? parameter, consisting of three past cosmo-
logical eras—the inflation period, radiation-dominated period,
and matter-dominated period—and today we are in a dark
energy-dominated period. Time 7, corresponds to beginning of
inflation, n; corresponds to the end of inflation, 7, corresponds to
the time of radiation-matter equality, and 7pg corresponds to the
onset of the dark energy domination period. Today, we are at
€today = 0.47. The first two transitions are assumed to be fast in
the sense that the scale of the duration of the transition 7 satisfies
7; < 1/H;. We approximate the inflationary period by an exact
de Sitter one, ¢; = 0.
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quantum backreaction energy density and pressure inte-
grals are analyzed from a general point of view, and the
relevant contributions are identified. Section VI is devoted
to calculating approximate mode functions on constant
epsilon backgrounds, in particular their expansion in the
small mass limit. In Sec. VII, the dominant contributions to
the energy density and pressure of the backreaction are
evaluated. In the concluding section, Sec. VIII, we sum-
marize the results and discuss their connection to dark
energy. An outline of the future work is also given.

II. FLRW BACKGROUND

The line element of a D-dimensional, spatially flat
Friedmann-Lemaitre-Robertson-Walker (FLRW) space-
time is given by

ds® = g, dx"dx* = —di* + a? (t)dx> = a*(n) [—diP + d¥?),
(2)

where g, is the metric, a is the scale factor, ¢ denotes the
physical (cosmological) time, and 7 is the conformal time.
The physical and conformal time are related via df = adn.
In this work, we prefer performing computations in
conformal time, for which the metric is conformally
flat, g,, = a*(n)n,,. and n,, = diag(-1,1,...,1) is the
D-dimensional Minkowski metric. All the expressions
are written in D dimensions in order to facilitate dimen-
sional regularization utilized in computing quantum
expectation values (D =4 is the number of physical
space-time dimensions). We adopt the natural units
convention (¢ = 2 = 1), unless explicitly stated. The geo-
metric conventions we use are I'%, = 1 g% (0,9,5 + 0,9,5 —
9pgu,) for Christoffel symbols, R?,;, = Oyl — 0,15 +
I pl“fj,, -TIy,

Fﬁﬂ for the Riemann tensor, R, = R, for

pav
the Ricci tensor, and R = R*,, for the Ricci scalar.

The dynamics of the scale factor is governed by the
Friedmann equations,

H\? 6 872G
&) oo ©

H' — H? 2
7~ p_a2~ (_4”GN)Z(,01' +pi). (4

1

where p; and p; are the energy density and pressure of the
ith matter fluid, respectively; H = a’/a is the conformal
Hubble rate related to the physical one H via H = aH; and
a prime denotes differentiation with respect to conformal
time. The (noninteracting) matter fluids each satisfy the
conservation equation,

pi+ (D= 1)H(p; + p;) = 0. (5)

They are usually assumed to be ideal fluids, characterized
by a linear equation of state,
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Pi = Wipi, (6)
with a constant equation of state parameter w;. Using this
equation of state, the conservation equation (5) can be

easily integrated to yield the scaling of the fluid’s energy
density and pressure,

pA a 3(1+W,~)
pi=—"= Pio <—> ) (7)
Wi ao
where p; o = p;(10) and ag = a(n).
The expansion history of our Universe consists of a few
eras in which one fluid dominates over the others that can

be neglected. In such regimes, Friedmann equations are
readily solved for the scale factor and the Hubble rate,

a(n) = ap[l + (e = 1)Ho(n — 1),

H(n) =Ho (aio) - (8)

where H(n9) = H, and the principal slow-roll parameter ¢

(which is a measure of the acceleration of the universe),
generally defined as

H 1

e=——=1 I

H K ©)

is a constant during the single fluid-dominated era, related
to the equation of state parameter,

(-1
T

(1+w), (10)

and we use it to characterize different cosmological eras. A
schematic depiction of the expansion history of the
Universe assumed in this work, in terms of the ¢ parameter
and the conformal Hubble rate, is given in Figs. 1 and 2,
respectively.

Hi

=
; 7 '7‘{2
Hpe
R Ho
To m 12 TIbeE

FIG. 2. Schematic depiction of the evolution of the conformal
Hubble rate H throughout the expansion history of the universe.
Hubble rates at the times of transitions satisfy the hierarchy
Ho < Hpg < H, < H;. As in Fig. 1, time 7, denotes the
beginning of inflation, time #; denotes the end of inflation, #,
denotes the end of radiation and the beginning of the matter
dominated period (radiation-matter equality), and time #pg
denotes the onset of dark energy domination.
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III. SCALAR FIELD MODEL

This section introduces the model of a nonminimally
coupled massive scalar field on cosmological space-time
studied in this work. The quantization of the scalar on
FLRW backgrounds is outlined, and the main quantities to
be calculated—expectation values of the energy-momentum
tensor components—are defined. The choice of initial state
is discussed.

The action for the massive nonminimally coupled scalar
on curved space-time is

1 1 1
S(/, = /dD.X\/ —g[_ig””a”¢au¢—§m2¢2 _§§R¢2 ’
(11)

where m is the scalar field mass and ¢ is the nonminimal
coupling constant. Note that the sign convention we use
implies &, = (D —2)/[4(D — 1)]D:>41/6 is the conformal
coupling.

A. Quantization on FLRW

On a FLRW background, the Lagrangian density takes
the form

ClD_2

= 1(¢)? = (V) = (ma)?¢? = éa’Re?). (12)

In order to quantize this field, we need to switch to the
Hamilton formalism. First, we define a canonically con-
jugate momentum,

Ly

_ 0Ly
ARTIe

and then the Hamiltonian via the Legendre transform,

Hmmmz/W+wmwm—%m1

= a2 (n)¢' (x). (13)

aD—Z

== /dD—lx[a4—2Dﬂ.2 + (§¢)2

+ (ma)*¢* + Ea®Re?). (14)
Next, we promote ¢ and 7 to operators and their Poisson
brackets to commutators,

[p(n.%). (0. 3)] = i6"~ (x = ¥, (15)

[d(n.3).p(n.3)] = 0 = [#(.%). 2(n.X)]. ~ (16)
The Hamiltonian operator defined as
H(n) = H[g, #:n) (17)

now determines the dynamics via Heisenberg equations for
the field operators,

¢ (n.%) = i[H(n). 2(n.%)] = > P (n)7(n.%). (18)
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#'(n.%) = i[H(n). (1. %)]

_ a2y [%2 ~ (ma)® = &> ()R () | $(n. ).
(19)

These two combined together yield the equation of motion
for the field operator

82
{or

+ (D= 1)é2H + (D - 2)H2]} d(x)=0, (20)

(D - Z)H%—V + (ma)?

where V= 37,07 is the Laplace operator. This is just a
Klein-Gordon equation,

[0 —m? - ER)p =0, (21)

specialized to  FLRW, where [O=g"V,V, =
(—9)71%0,[(—9)'/2¢"9,] is the d’ Alembert operator. This
equation is standardly analyzed in Fourier (comoving
momentum) space,

A d’ 'k
bo%) = ¥ [ e
+ e kU (n, k)BT (k). (22)

U (n, k)b(k)

where l;(%) and B*(l;) are the annihilation and creation
operators, respectively, which satisfy the following commu-
tation relations,

[b(k), b (K')] = 6" (k = k). (23)
[b(k), b(k')] = 0 = [ (k). b (K')]. (24)

and U(k,n) is the mode function. Note the a'Z" factor
taken out in the definition of the Fourier transform (22).
The commutation relations (15)—(16) and (23)-(24)
require the Wronskian of the mode function to be normalized
as

Ulk.n)U"™ (k.n) = U'(k.n)U* (k) =i (25)

1 N
Po = ? <Q|T00|Q>
a-P

e

+2m2a?|U

1
—5[D-2-4¢(D - 1)]H

PHYSICAL REVIEW D 94, 084053 (2016)

The equation of motion satisfied by the mode function is
the one for a harmonic oscillator with a time-dependent
frequency,

U"(k.n) + [k + M2 ()]U (k.n) = 0., (26)

where

M2 = m2g? —%[D — 24D = D|2H + (D - 2)H2).

(27)

The state |Q) that we choose to examine we pick
to be the one annihilated by the annihilation operator,

lA)(ic') |Q2) = 0, which implies there is no classical condensate
(hence the name spectator),

(Ql(1.%)1Q) = 0. (28)

This state respects the symmetries of the background space-
time, namely, homogeneity and isotropy, which is evident
from requiring the mode function to depend only on the
modulus of the comoving momentum. In order to com-
pletely specify this state, one needs to specify the initial
conditions for the mode function (initial state), which we
comment upon in Sec. III C.

B. Energy-momentum tensor

The energy-momentum tensor operator is defined as

b o 258099
TW( ) \/_ 59;411( ) (/,_,(7,

= 9,$(0,h(x) = 3 9 (D, D)D)

= 9 () () + €6 ()
+ 60 () (). (29)

where G, = R, — % g R is the Einstein tensor, V denotes
the covariant derivative, and [ = ¢V, V, is the covariant
d’Alembertian operator. The expectation value of the
energy -momentum tensor operator with respect to the
state defined in the previous section is diagonal and is
conveniently expressed in terms of energy density and
pressure,

-V,9,

)/ dk k- 2{2k2|U|2 l[D 2 4E(D - VM| UP?

2
|U\2 +16—|U\2} (30)
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1 A
5ijPQ = ;<Q|Tij|9‘>
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bija~” /oo { 2k? 1
= dk kP2 UP —=[D-2-4&D - 1)|H'|U?
el o1y U3 &0 - )|
1 0 (1-4¢) 9?
—~[D-2-4¢D - 1)H~|U]? —|UJ? 1
ol D= V[H g VP + =525 VP (31)
where we have used the equation of motion (26) to write
"2 2 e L
\U'|* = (kK + MU + 52 U| (32)
20y

and eliminate |U’|? in favor of |U|? and its derivatives. We can take some derivatives out of the integral to write the (30) and

(31) in a convenient way,

a® 21 , L.,
o Cl—D 2.’[1 _ l A 3 , (1 _45) 5
Po = (47{)%”%) {(D .y [2 [D -2 —4&(D - 1)|[H' 4+ Ho,] + 5 3;7]10}, (34)

where we have defined the two integrals,
Z, :/ dk kP=220 U (k,n)]?, n=0,1. (35)
0

Finding a good approximation for these integrals is one of
the two main technical tasks of this work.

C. Choice of state

Understanding how the choice of the initial state affects
our final results is important, and this is what we discuss
next at some length. We assume that the Universe starts in a
natural state defined on a global equal-time hypersurface %,
as the Chernikov-Tagirov-Bunch-Davies (CTBD) vacuum
state in the UV. This means that the mode function reduces
to the flat space form in the deep UV,

e—ikn
V2k

(a more precise statement is given in the Appendix).
Furthermore, we assume the state is suitably regulated in
the infrared (on super-Hubble wavelengths). That is,
namely, necessary to regulate the IR modes since attempt-
ing to impose the usual Bunch-Davies condition on the
infrared modes would produce unphysical infrared diver-
gences in the initial one-loop energy-momentum tensor.
Infrared states can be regulated in various ways: (i) by
choosing the global CTBD vacuum state associated with
the epoch that precedes inflation in which the CTBD state
is regular, (ii) by making the Universe’s (initial) equal-time
hypersurface compact, or (iii) by introducing a comoving
IR cutoff. The first prescription can be achieved by e.g.

Ulk.n) - (36)

|

assuming a preinflationary radiation epoch [14,33], while
the second one by imposing a positive constant spatial
curvature (x > 0) on X, or by making X, compact by
imposing periodic boundary conditions (in the former case,
¥, is a three-dimensional sphere S*, while in the latter case,
¥, is a three-dimensional torus 73). The third option is
technically perhaps the simplest, and we employ it in this
work. It should be stressed that the point of view on this
regularization is not to throw away the deep IR modes
below the cutoff on principal grounds but rather that they
are smoothly suppressed under this scale and contribute
negligibly to the observables. Then, the leading approxi-
mation to this case is to introduce a sharp cutoff. The deep
IR suppression can be attributed to some physical process
during or before inflation or can be viewed as an approxi-
mation to the state obtained by placing the Universe in a
comoving box. One can show [34] that, to leading order in
powers of the IR comoving cutoff &, (expectation values
of) physical observables are correctly reproduced by the
sudden cutoff approximation.

All these methods qualitatively agree. For (i) and (ii), this
was shown in Ref. [33] in the sense that qualitative
dependence on the relevant physical scale is the same, where
in the case of a preinflationary radiation epoch the relevant
physical scale is the Hubble parameter at the radiation-
inflation transition, in the case when X, = S° the relevant
physical scale is \/k, and when X, = T3 the relevant physical
scale is the comoving length of the torus L. Note that the three
aforementioned ways of regulating the infrared correspond to
three (very) different physical situations.

Here, we use the simple cutoff regularization—we
effectively remove the modes below a certain pivotal
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mode k. In practice, this is implemented by cutting off the
integration of 7, integrals (35) at k,

T, / = dk kP22 U (e, ) 2. (37)
k

0

In the limit of very small &, this can be shown to be
equivalent (up to corrections suppressed as k3) to (i)
mentioned above, with k, identified with 2z/L, and is
shown to be equivalent to (ii) here in Sec. VII by
comparison to Refs. [14,33]. The main point we are trying
to make here is that, for a large class of initial states that are
regular in the infrared, one will get answers that qualita-
tively agree with the results obtained in this work,
hence making the results of our analysis quite generic,
ie. to a large extent independent of the choice of the
initial state.

IV. EVOLUTION OF THE MODE FUNCTION

The two main technical tasks of this work are (i) to solve
for the time evolution of the mode function (26) as it
evolves through cosmological eras and (ii) to perform the
integrals (30) and (31) over these mode functions to obtain
the backreaction energy density and pressure. This section
discusses these two issues from a more general point of
view. The mode function is organized in a convenient way.
The relevant integration interval is identified, and a sudden
transition approximation is introduced for the contributing
modes. These considerations simplify following computa-
tions significantly.

A. Bogolyubov coefficients

When it comes to the evolution of the mode function,
unfortunately, exact results are known only for a handful of
FLRW backgrounds (here is a way to write down a general
solution for an arbitrary FLRW background, valid for all
momentum scales [35], but it is difficult to make use of it
practically). Fortunately, for periods of constant e (out of
which most of the history of expansion consists, Fig. 1), the
exact solutions are known in the massless limit. A con-
venient way to express them is in terms of the Chernikov-
Tagirov-Bunch-Davies mode function [25,36],

uelkam) =\ [ f€|HH£” <(1 _ke)H>, (38)

where the index of the Hankel function of the first
kind A" is

1 (D-2e)
v= \/Z+m[D—2—4§(D— D] (39)

These functions are defined to reduce to the positive-
frequency form (A4) in the UV, and the IR is defined
as an analytic continuation of the UV. The other linearly
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independent solution is a complex conjugate of (38). In the
massive case, exact solutions are not known for constant e
periods, except in a few notable cases (de Sitter and
radiation-dominated universe). Nevertheless, there is a
way of making a controlled expansion of this function
in the small ratio m/H with which we will be concerned,
which is sufficient for our purposes. This expansion is
presented in Sec. VL

Generally, the full mode function during a given constant
€ period will be a linear combination of the CTBD mode
functions,

Uc(k, 1) = ac(k)uc(k,n) + Be(k)us(k,n).  (40)

Coefficients a(k) and f(k) are called the Bogolyubov
coefficients, and they have to satisfy

la(k)? = [B(k) > = 1. (41)

as dictated by the Wronskian normalization (25). They are
determined for each era by the initial conditions at the
beginning of the given era, which are in turn given by the
details of the transition from one era to another.

If z is a small time scale of the transition between

periods, then for momenta above this scale, the
Bogolyubov coefficients must reduce to
ak) =31, )=S0, (42)

nonadiabatically, meaning faster than any power of 1/k.
This is true provided that the initial condition is of adiabatic
order co. Otherwise, if the initial state is of adiabatic
order n, it retains that property during the evolution [37].
This we can also infer from the considerations of the
Appendix. The physical reason behind this conclusion is
that the deep UV modes oscillate so fast so that their
evolution is adiabatic.

In the IR, Bogolyubov coefficients are not universal as
the deep UV are. On the contrary, they do depend on
the details of the transition between the two periods of
constant €. In case of a fast transition, they are not so
sensitive (to leading order) to the details of the transition
but rather depend just on the two periods connected by the
transition. This we show in the next subsection.

B. Sudden transition approximation

In case of fast transitions between constant ¢ periods,
7 < 1/'H, the evolution of the IR modes, k < 1/, through
the transition is well described by the so-called sudden
transition approximation, where the e parameter jumps
discontinuously from one constant value to another.
Physically, these modes are very slow compared to the
transition scale, and the transition is effectively instanta-
neous for them. More precisely, the transition is instanta-
neous for the IR modes to leading order in the expansion in
the transition scale 7. We stress that this is an approximation
for the evolution of the IR modes, not a model for the

084053-7



GLAVAN, PROKOPEC, and TAKAHASHI

background evolution, and should not be extrapolated to
UV modes."

Here, we illustrate the sudden transition approximation
on a specific example of transition between two periods
€9 and €. Let the evolution of ¢ between two periods be
given by

€0, n<mny-—3
e(n) =< ex(n), nmo—=5<n<mny+35 (43)
€1, n> 7’]0—"_%’
where
€ 1 1
er(n) = > {1 —I—tanh(1 +”-[_/ZO 1 _%>}

€1 1 1
+ = [1 +tanh<— — + = ﬂ (44)
2 1 + ’71/';0 1- ’lr/’;o
Before the transition, let the full mode function be

U (k<m0 =3) = ao(k)uo k) + Bty (ko) = Uo(k.).
(45)

with some known Bogolyubov coefficients a, and f. After
the transition, the mode function is

U (k> o+ ) = an (0 (ko) + Bra; (k) = Uy (ko).
(46)

The equation (26) we are trying to solve is the harmonic
oscillator one with a time-dependent frequency,

U" + w*(n)U =0, (47)
where
w*(n) = k> + M>(n) (48)

and M?2 is defined in (27). One can check the Wentzel—
Kramers—Brillouin ~ (WKB)  applicability  condition

@' /@* < 1 and for which ranges of momenta is it satisfied,
H:_1

o L (49)

@ 1/(Hr), k<H

Since 7 <« 1/H by assumption, the only modes that evolve
adiabatically are the ones for which at least k > u > H.

lTaking the sudden transition approximation too seriously as a
model for the background and applying it to the UV modes leads
to unphysical mode mixing in the deep UV. This in turn results in
additional divergences in the energy-momentum tensor which
cannot be absorbed into counterterms. These issues are discussed
in Ref. [12]. Considering the sudden jumps in € as a model for the
background makes sense only if one takes the continuum limit of
a series of such small transitions, as was done in Ref. [35].
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For the modes k < u, another approximation applies.
There, 1/7 is the largest scale in the hierarchy, and we can
expand the evolution in powers of 7. We do this by
expanding the e(n) function (44),

e(n) = ed(ng —n) +€,0(n —no) + O(z).  (50)

Now, it is straightforward to match the two solutions (45)
and (46), which are just the continuity conditions for the
mode function and its derivative,

Uo(k,no) = U, (k. no), Uy(k,no) = Uy (k, o). (51)

Solving these conditions for Bogolyubov coefficients
yields

ay (k) = —i[Uo(k.no)uy" (k.mo) — Ug (k.10 )i (k. 11o)] + O(7).
(52)

pi(k) = i[Uo(k,no)ui (k,no) — Up(k, no)uy (k, n9)] + O(7).
(53)

These two formulas comprise the sudden transition
approximation for the Bogolyubov coefficients and the
evolution of the mode function.

V. ENERGY DENSITY AND
PRESSURE INTEGRALS

In this section, we analyze the integrals (35) on general
grounds. They cannot be evaluated exactly (except for very
simple mode functions [12]), and we have to resort to
approximation schemes. We first organize the integrand in
a way which separates the part containing all the UV
divergences (among other contributions) and the UV finite
part containing possibly relevant IR contributions. The
contributions from different scales, i.e. different integration
intervals, are examined, and the relevant interval that the
dominant contribution comes from is identified. The
analysis presented here greatly facilitates the evaluation
of integrals (35), especially since we get away with not
evaluating certain parts of integrals explicitly (as was done
in Ref. [14]).

A. Organizing the integrand

The integrands of integrals (35) contain the mode
function only as a modulus |U(k,7)|?, which can be written
out in terms of the CTBD mode functions of a given
constant e period,

[Uk.m)[? = Juk,n)* + 2|B(k) |*|u(k,n)
+a(k)p* (k)u(k.n) + o (k) (k) [u* (k.n)],
(54)
where (41) was used. In the deep UV, Bogolyubov

coefficients reduce to (42) faster than the power law (at
least exponentially). Therefore, the UV divergent structure
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of integrals (35) is completely captured by the |u(k,7)|*> on
the right in (54). We split the integrals into two parts,

T, = ICTBD 4 7Bes, (55)

where the CTBD part is

TSP — ﬂ " dk kP2 (ke ) 2, (56)

0

which contains all
Bogolyubov part,

the UV divergences, and the

7Bos /k " Ak k2 7 (k). (57)

0

where the integrand is

Zyog (k1) = 21p(k) P u(k.n)* + a(k)p* (k)u? (k. n)
+a* (k)(k) [ (k. )] (58)

Note that we take the D = 4 limit in the Bogolyubov part,
since it is manifestly UV finite because of the properties of
the Bogolyubov coefficients (42), which simplifies its
evaluation.

We can immediately say a lot about the CTBD con-
tribution (56). The way to compute it is to first split it in the
UV and IR parts by introducing a UV cutoff y > H,

CTBD,UV CTBD,IR
TGP — 7§ +I5

:/mdkk0—2+2"|u(k,n)|2+/”dkk2+2"|u(k,:1)|2.

1z ko

(59)

Its UV part needs to be regularized and then renormalized
as is outlined in the Appendix, and its contribution is given
in (A27)—(A28) and (A32). Note that this UV contribution
is dependent on the fiducial cutoff u introduced by hand.
That dependence cancels exactly with the opposite one
coming from the IR contribution (which can be evaluated in
D =4 from the start). This computation is performed
explicitly in Sec. VII A for the inflationary era.

The only dimensionful quantities the CTBD part can
depend on are the evolving Hubble rate and mass, and
possibly the IR regulator. The dependence on the regulator
actually must cancel out with same contribution from the
Bogolyubov part. The total dependence on the regulator in
the final answer can only come from the CTBD part, and it
must have the same structure as the initial state [38].
Therefore, in the small mass limit, we can represent
possible contributions to energy density and pressure as

7;_:{111(61) [#1 + 4 (%)2 +# <%>4 4. ]
+ {#4+#5<%>2+#6<%)4+---”, (60)
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where #;’s stand for some numerical coefficients of order 1.
This contribution is not relevant during the radiation or
matter period. Its magnitude is tiny compared to the
background. In the matter period, it also redshifts faster
than the background. In the radiation period, it does not;
rather, it redshifts at the same rate as the background fluid
[H*a=*In(a) term is absent in this case], but its magnitude
is tiny. The contribution from this CTBD part is always
negligible compared to the background, and therefore we
can neglect it. If there is a large effect, it must lie in the
Bogolyubov part. That contribution we analyze generally in
the next subsection.

B. Bogolyubov part

We would like to argue on general grounds about the
contributions from different momentum scales to this
integral. For the sake of simplicity, consider the transition
between two periods of constant e. Before the transition,
during period €, the state was the CTBD one (o = 1,
Po = 0). The state after the transition, during period €, is
dictated by the transition between periods, which is
assumed to be fast (ryp < 1/H;). We examine the two
cases for the second period separately—the decelerated
case (¢; > 1) and the accelerated case (¢; < 1).

1. Decelerating period

After the transition to the decelerating period, the time
evolving Hubble rate H drops below the one at the
transition point H, (see Fig. 2), and eventually the
hierarchy of scales depicted in Fig. 3 is reached. This
happens some time after the transition, which is the regime
we are interested in. We split the integration into three
intervals, separated by p and y, according to this hierarchy.
The modes in the highest interval k > u, contribute
negligibly since the Bogolyubov coefficients are nonadia-
batically suppressed there (3 ~ ).

The contribution of the middle interval can be estimated
rather generally. We start by noting that

k
I/t +
T Ho
Hy +
T M
7—[ p

FIG. 3.
period.

Hierarchy of scales after the transition to a decelerating
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|ZBogmid| ‘ /”0 dk k2" Z oo (k, 1)
u

<2 / " dk k2|, ()2
7

+ e (k)81 () [y (k) 2. (61)

The time-dependent CTBD mode function may be
expanded asymptotically as in (A16) since k > H > ma
on this interval,

()P zzik{l + 15 [1 +o<%)2] +o(%>}
(©2)

The momentum scales in question are much smaller than
the scale of the transition 1/z, so the Bogolyubov coef-
ficients are well approximated by the sudden transition
ones and depend on three quantities: k, H,, mag. Since we
are interested in the small mass limit, we may expand the
Bogolyubov coefficients in powers of magy/H,,

B (k. Ho. mag) =~ p, <Hi0> {1 + 0(2—‘?)] . (63)

and analogously for a;, so to leading order they depend
only on the ratio k/H,. Therefore, we can approximate (61)

with
mi k
|1—Eog. d‘ s /”O dk k1+2n |: ,B] (_)
1z Ho

PR

Making a variable substitution K = k/H,, puts this integral
into a form which is suitable for further approximation,

2

+

) H,
e s
/Mo

+ | (K)[ |41 (K] (65)

The integrand is now dimensionless, and the limits of
integration are p/Hy << 1 and uy/Hy> 1, so we may
perform (asymptotic) expansions in these limits. It might
happen so that the leading order contribution is dominated
by one of the cutoffs, but this contribution (and in fact any
other cutoff-dependent one) must cancel with the opposite
contribution from another part of the full integral. Although
tedious, this can be checked explicitly as was done in
Ref. [14]. Therefore, what we are interested in is the
contribution independent of y, and y, since that is the only
one that remains after all the parts are added up. That
contribution has the following form:

|Igog,mid| ~ #H(2)+2n . (66)
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This gives the contribution to the energy density (and
momentum) of the form

4
p~ #H—f . (67)
a
It is just a radiationlike contribution and redshifts away
faster than the background (or at the same rate in the case of
radiation era). Therefore, we may safely neglect it as long
as it is not too big before the start of the radiation period.

The lower part of the integral has a chance to contribute
something that does not redshift away faster than the
background. Its exact contribution is not so straightforward
to estimate, but if there is an interesting effect to be found, it
is derived from this contribution. Therefore, it is the only
one we need to examine, which we do in Sec. VII. For
completeness, next we examine the accelerated case,
€1 < 1.

2. Accelerating period

In the case of the universe transitioning from one period
of constant ¢, where the scalar was in a CTBD state to an
accelerating period of constant €; < 1, where the transition
was fast, we soon reach a hierarchy of scales shown in
Case A of Fig. 4 and afterward the one in Case B, as the
conformal Hubble rate continues to grow. We treat these
two cases separately.

Case A.—The hierarchy of scales in this case is depicted on
the left of Fig. 4. The contribution from the modes k > p, is
negligible because of the nonadiabatic suppression of
Bogolyubov coefficients, just as in the decelerating case.

The contribution from the middle interval can be
estimated as

|ZRoe™ ) < 2 / "k i, ()P

Ho

+ oy ()| 1By (k) ||y (k)P (68)

k k
I/t + H T
T M T M
H o+ 1t
T Ho T Ho
Hy + Hy 1
Case A Case B

FIG. 4. Hierarchy of scales after the transition to the accel-
erating period; Case A: some time after the transition, Case B:
very long after the transition.
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in a similar way as in the decelerating case. Here, because
of the hierarchy of scales, we may expand the sudden
transition Bogolyubov coefficients for large momenta (see
Ref. [12] for the expansion),

alk)~1+0 (%) (69)
Bk) ~ k—f’ + 0(%) . (70)

The time-dependent mode function depends on k, H,
and ma. Since ma < k, 'H, we can expand away its m
dependence so that the leading order term depends only
on k/H and H. Then, using the variable substitution
K = k/H in the middle integral, we can estimate it as

Bog,mid 2 one1 [ 2 2
| ZBoemid) < 2 dK K2[uy (k, )|
Ho/H

eofi)]

As in the decelerating case, this integral can be expanded
for the small lower and large upper limit. Neglecting as
before terms dependent on the artificially introduced cut-
offs, what can remain is a contribution #H%Hz”. Now, these
contribute to energy density and pressure as #H3H?/a*. If
the numerical coefficient is not exponentially large, this
contribution is negligible compared to the background fluid
energy density, and it only redshifts away faster than
the background. Only the lower integrals remain to be
evaluated.

Case B.—In this case, the reasoning of Case A applies, and
we just need not examine the middle integral, since here it
is shifted into the region where Bogolyubov coefficients are
nonadiabatically suppressed (as depicted on the right of
Fig. 4), and hence contributes negligibly. One needs to
examine the same (lower) interval to look for the dominant
contribution.

VI. MODE FUNCTIONS

In this section, we derive the CTBD mode functions for
each of the cosmological periods. Exact solutions are
known for the inflationary and radiation periods. While
we can perform integrals (35) over the exact inflationary
mode functions, the radiation ones are too complicated and
need to be approximated. An expansion in small m/H =
ma/H to first subleading order suffices for our goals. This
expansion is performed in two ways. First, the exact
radiation period mode function is expanded, and the
approximation valid for all momenta is obtained.
Second, the method for obtaining the approximation
directly from the equation of motion (26) (without referring
to the exact solution) is introduced, and the approximation
for the radiation period mode function is derived. This
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method is shown to reproduce the expansion of the exact
result, which lends support for applying it in cases where
the exact mode functions are not known. The matter period
mode functions are not known exactly, and we apply this
method in order to find its expansion to first subleading
order in small mass, valid for all momenta. All the
approximated mode functions derived in this section are
simple enough so that integrals (35) can be performed, and
the energy density and pressure of quantum backreaction
are computed.

A. Inflationary era

Fortunately, the de Sitter inflationary period (e; = 0)
CTBD mode functions are known exactly even in the massive
case. The equation of motion for the mode function is

u’ + [k + (ma)?> =2(1 = 6E)Hju=0.  (72)

The positive frequency solution to this equation is

ko) = [t (3).
v = \/%+2(1 —6¢) — (%)2 (74)

In this work, we will be considering mass of the order
of the Hubble rate today (meaning that the ratio m/H; in
inflation is extremely small), and nonminimal couplings
0 > £ =z —0.05. More negative nonminimal couplings would
lead to a too rapid growth of quantum fluctuations during
inflation (as will be shown by the end of this subsection), and a
larger mass would mean that the field becomes very massive
at some point during the cosmological evolution and starts
contributing like dust to the expansion (precluding it from
having anything to do with DE). For most of the range of these
two parameters, v; > 3/2, which leads to an IR divergence.
This divergence has to be regulated somehow, since it signals
that the state chosen is unphysical. The practical method of
regularization we choose is introducing a comoving IR cutoff
ky. The point of view we take on it is that it is a shortcut way of
choosing a physical mode function, since the contribution of
the modes below & will be suppressed, and we neglect it from
the start.

We will also need the small momentum (k<< H)
expansion of the mode function in (73),

where

. _ .
(k) =2 Ty e [1 4 o@ ]

(75)

B. Radiation era

In this subsection, first, the exact the radiation period
CTBD mode function is derived, and then an expansion for
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m/H < 1 is performed (valid for all momenta). Second,
this small mass expansion is derived directly from the
equation of motion without referring to the exact solution
with the help of the Frobenius method. This serves to
introduce the method which can be applied to cases where
an exact solution is not known.

1. Exact CTBD mode function

The CTBD mode functions for the radiation period are
also known in the massive case but are unfortunately too
complicated for practical analytical computations. The
equation of motion for the modes is

u" + [k* + (ma)?|lu = 0. (76)

In the radiation period, the scale factor and the conformal
Hubble rate are related as

aH = Cl]Hl, (77)

where the quantities with index 1 refer to the values at
the beginning of the radiation period, so Eq. (76) can be
written as

v [kZ _4} u=0, (78)

H2
where we have defined

m=+/maH,. (79)

By making a variable substitution
im?

H

the equation can be put in the form

(e L4 2pomo w

which is a Whittaker equation2 [39],
& I A =

with coefficients

i (k)2 1

The properly normalized (using the Wronskian 13.14.30
from Ref. [40]) CTBD mode function is

s = (80)

*This equation can also be put into the form of Weber’s
differential equation and solutions expressed in terms of parabolic
cylinder functions (as was done in Ref. [18]) and also as
Kummer’s differential equation with solutions expressed in terms
of confluent hyperbolic functions.
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| H im?
MR(k, ’7) = 2m2 e s X W 2 1<H2> (84)
4m

where W is the Whittaker function. By examining the UV
expansion k — oo of (84) (corresponding to the large
parameter expansion 9.229 from Ref. [39]),

(o) e X exn] 7 ik* k2 | ik?
_)— — —_— i — —
R PV T T am \am2) |

(85)

we see that it indeed is the positive-frequency mode
function (the time-independent phase is irrelevant since
it cancels out in all the physical quantities, and the mode
function is defined up to such a phase).

Next, we want to find the expansion of this function
in small parameter ma/H = m?/H?, but valid for all
momenta. In order to accomplish this, we view the function
as a function of momenta. In particular, we represent it as a
uniformly convergent power series in momenta. The
coefficients in this expansion are functions of m and H,
and we expand them in this small ratio.

It is more convenient to express the Whittaker function in
terms of confluent hypergeometric functions,

ik* 3 im*
4m*’2’ H2>

im>
W im*\  —=2/me »? (im* %F 3,
=\ Tl 4%) n) U4
+\/_e_2H_~ im*\ 1 F 1+ik2_1_im2
TC+E)\H2) " \4 4w 2 12 )

4T g
(86)
The radius of convergence of the power series
representation of the confluent hypergeometric function
is infinite, so we may safely examine it and do manipu-
lations of it,

l+o ik? im>
lFl(T+4_2,1+U H

) l+0 k2 \(n) .
tme) 1 n 1
§ i) —(5z) . (e=%5). @
1 +0) <”> H 2
where (x)(”) =x(x+1)(x+2)...(x+n—-1) 1is the
Pochhammer symbol. What we aim to do is to rewrite it

as the power series in k/H.> In order to do this, we write out
the Pochhammer symbol,

l4+06 ik>\(® "o [ iK?
<2 +ﬁ) —Zdns(4_2> ., (88)

s=0

*We could also start by rewriting it as a function of k//m and
ultimately arrive at the same result. Expressing it as a function of
k/H is convenient though, since it is easy to take the massless
limit for which mode functions are known and considerably
simpler.
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where d-coefficients can be determined by writing out the
Pochhammer symbol. Using this, the power series repre-
sentation (87) of the confluent hypergeometric function can
be rewritten as

l4+o ik im?*
I\ T e

00 . s ) (0'> 2
=3 (%) S (o)
“—~\H = (n+ )1+ 0) 4H
(89)

This power series is now straightforward to approximate for
small ma/H—we simply throw away all the terms except
the first three,

1+o ik? im?*
L

3 . 0 (0) 2
ima\* dylss k
~x . 90
Z(H) XZ n+s 1+6 n+s <4H2> ( )

s=0 n=

F %4_&%@ Nﬂsin E + | —
P\g Tamr 2 H2 ) Tk H

1 H?
X e —
8 4k

F1+1k211m £+%
UG T e ) P\ H

2’COS H
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This approximation can be seen to be valid for all the
ranges of momenta. For k > ma, this is just an expansion
in ma which is the smallest scale in the hierarchy. For
k <ma the function is well described by a double
expansion in ma/H and k/H; the form (90) just retains
more terms than are necessary in this limit, ultimately
producing subleading terms that we neglect in the end
anyway. Now, we need only the first three d-coefficients
introduced in (88),

n—1
(2 o 1
d) =1, dElJ):Z(EﬂLGJrl) :n(n2+6)’ (o1)

=0

47 i :( +a+l> G+a+j)

=0 j
(

[3;12 + (66— 1)n — ﬂ : (92)

The approximations for the confluent hypergeometric
functions are then

iH k ma\ 2
)<Senlsg) + (5)
HNH . [k H> HA k
+4—k4} fﬂrl(ﬁ) + [@ 4k4} cos(H)}, (93)

o) [l eo(Ge) 2o

(94)

After approximating the confluent hypergeometric functions in the small mass limit, we only need to approximate the

exponential in (86),

2

_im

e M x| —

ima (ma)

2H  SH?

2

(95)

to arrive at an approximation for the full CTBD mode function in the radiation period,

ug(k.n) = —i3/*4

e L) - G
w e Losin| o |+ (=) |—(1
g+ W) T

k2
+Wiiﬁ%%g%g1
2mr (3 + L) H H

Numerical comparisons with the exact CTBD mode
function (84) show this is a very good approximation
for small mass, ma < H, for all the ranges of momenta.
Note that we cannot expand the time-independent coeffi-
cients multiplying the curly brackets if we want this
approximation to be valid for both small and large momenta.
One important property that these coefficients satisfy is

—H—z stn k + 1—ﬁ icos
2 ) a3 M\ H 212 ) 6k2

&)
Eoll)- () Ee o

”2
\/271 Twm? o |1/ T e_ﬁ 1
S i | P =5
TG+E) %) 2mT (3+ 1) 2

(97)

In the next subsection, we develop a method to obtain
this approximation directly from the equation of motion
(78). We will be able to determine the time-dependent
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functions in the curly brackets in (96), but not the time-
independent coefficients in front of the brackets. However,
the important property (97) will follow.

2. Approximate CTBD mode functions from the
equation of motion

Here, we wish to derive the approximation (96) directly
from the equation of motion (78). The reason for doing
this alongside having an exact solution (85) is to establish
the approximation method on an example where we can
compare and test it. Then, afterward, we will apply this
method to the matter period case where the exact solution is
not available.

The method is in the spirit of the way in which we
derived the small mass expansion of the mode function in
the previous subsection. We use the Frobenius method [41]
to find the power series solution to the equation of motion
and then reorganize it to write it as a double power series
in ma/H and k/H, which is then straightforward to
approximate.

Starting from the equation of motion (78) and making a
variable substitution,

k
puts the equation in the form
82 -4
|:82+1+’Z4Z]U 0, (99)

The Frobenius method consists of assuming a power series
solution,

— i C%)Zrﬂrl’

n=0

(100)

plugging it in Eq. (99), and solving order by order
for the coefficients. The resulting equation, ordered in
powers of z, is

1)CY 272 4 (1 4 2)act 7!
(1 +DCY + chjz
DE+)CY + P

0=A(1-

+[2+
+[(3+
+i{(n+l+4)(n+l+3)€§ﬁ4

+c,+ 7 a Ml ’] aka (101)

Coefficients multiplying different powers of z must vanish
independently, which gives us an infinite set of equations.
The leading order gives the so-called indicial polynomial

0=A(4-1), (102)
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the roots of which,

=1, A =0, (103)

distinguish between the two linearly independent solutions.
The leading order coefficient C(()”) is the overall normali-
zation of the function and cannot be determined by this
method [stemming from the fact that Eq. (99) is linear and
homogeneous].

The second order requires

0=(1 —|—/1)/1C(1’1), (104)

which is satisfied by setting C =0." It is also straight-
forward to see that all the rest of the odd coefficients must
vanish as well,

A
c. =0, (neN). (105)

This leaves the even coefficients to be determined. Order z*
gives

*) -1 *)
-
© Q2+)(1+2)°

and the remaining coefficients are determined by the
recurrence relation,

(106)

cw an>+z + an)
24 (2n+/1+4)(2n+/1+3)’

(neN,). (107)

We do not bother to solve this recurrence relation exactly,
since the order of approximation we are after does not
require it. Instead, we note that the coefficients have the
following form:

DN ) (T\*
> (7).
s=0
p )X m\
cia=c> e (7).

s=0

(108)

Plugging in this into the initial power series (100), and
reorganizing, gives the desired double power series
(remember that 7%/ H? = ma/H),

- (Y Sl () ()
i

The approximation to first subleading order in small mass
now consists of keeping just s =0 and s = 1 terms,

(109)

4Strictly speaking, for ¢ = oy = 0, coefficient C(IO) is unde-

termined from this equation and can be chosen arbitrarily, so we
set it to zero for convenience. In fact, picking a nonzero value
of it corresponds to choosing a different linear combination of
independent solutions.
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What remains is to solve for the needed Z-coefficients by using (108) and the recurrence relation (107),

A
fro =

=D (a1

A ——
n,l (/1_’_ 1)(2)1) X 3

(110)

(-1)"
e (111)
[4n% + n(64 — 5) + 34(A — 1], (112)

and to resum the power series in (109) using these coefficients. The two linearly independent solutions (4; = 1, 1, = 0) that

we find are

1. [k ma\ 2 H?

UR1 = %Sln ﬁ + W X< —=|1-= kz
= COS E + ma ’ X il

R = CO8\ H Ta

where we have picked the normalizations C = 1/k and

C((] ) = 1 for convenience and so that the k — 0 limit is well
defined for both functions. These two functions are
exactly the ones in curly brackets in (96) that were
found by expanding the exact solution (84) in the
small mass.

The CTBD mode function in the radiation period is some
linear combination of (113) and (114),

ug(k,nn) = Ag(k,m)vg, (k,nn) + Br(k, m)vga (k, ).

Since CTBD mode functions are assumed to satisfy the
Wronskian normalization (25), it is easy to compute that the
coefficients above must satisfy

(115)

S[AL (k. m)Bg (k, m)] = %
This is in fact an exact relation between these coefficients,
valid to all orders in m, which we have already calculated
from the exact solution in (97). We cannot say more about
these coefficients just based on the equation of motion, but
luckily we do not have to for the purposes of computing the
backreaction energy-momentum tensor; Eq. (116) will be
the only property needed.
Later, we will need an IR expansion of the mode
functions (113) and (114) which we include here:

gy~ H! [1—%<%>2+0<”7:’>4}+0<;)2, (117)
- %1 —% (%)2 + 0(”71;)4] + 0<H)2. (118)

(116)

e [ ) o
cos @) - [1 - 32—75] Lsin (%) } (114)

|
C. Matter era

Here, we apply the method introduced in the previous
subsection from the start since the exact solution for the
mode function is not known. During the matter period

= 3/2), the background satisfies aH? = a,H3. The
equation of motion for the modes (26), after a variable
substitution

2k
== 119
=2 (119)
is put into the form
0? m 2(1 - 6¢)
1 4 - U=0, 120
PERRRRTICE 2 (120)
where we have defined a mass parameter
m = [may,H3]'/3, (121)
which satisfies
m  ma
—=—<1 122
H T H (122)

We do not know the exact solutions of the equation of
motion (120). That is why we will resort to the approxi-
mation scheme for the small mass expansion developed in
the previous subsection.

As before, we use the Frobenius method to obtain a
power series solution to the equation,

(4) — Z C,<1/1>Zn+'1.
n=0

Organizing the equation in powers of z yields

(123)
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0 =[A(2-1) =2(1 = 6)]Cy" "2 + [(A + D)2 = 2(1 - 62)]C|
+{[A+3)A1+2)-2(1- 65)]C3 +

—2(1-68)cy) +

(58]

/1+3+Z

+{[A+5)(1+4)

n om0 g
+Cn+4+16k6c }

Coefficients multiplying different powers of z must
vanish independently. The order z*~2 gives the indicial

polynomial,
AMA=1)=2(1-6&) =0, (125)
the solutions of which are
1
{1—1—\/1—#8 1-6 } =S+ (126)
1 1
=3 [1— 1+ 8(1 -65)} =3-v  (127)

and C(()ﬂ) is the overall normalization constant. Note that
in (126) and (127) above we have introduced the definition
of v,

1
V= 14—2(1—65), (128)
which would be the index of the Hankel functions in the

CTBD mode function of the matter period in the massless

limit. The next order requires that Cg)

the odd coefficients must vanish,

=0, and in fact all

c¥)., =0, neN. (129)

A2

Orders z* and z**2 give

ci”}z“‘ +{[(+

PHYSICAL REVIEW D 94, 084053 (2016)

D=l 4 {[A+2)(A+1 ) 2(1 - 68)|cS 4 Py
4)(A+3) - (1—6.»:)] +C }“2
{ /1+6+ /1+5+n) (1—65)] n+6
(124)
(2) (4)
@) -Gy ) G
Cl=—, C,/=———, 130
2 T 2(2441) 4204 3) (130)
which serve as initial conditions for the recurrence relation
(2) i® A2 )
-C C;
Che = 2uid ekt (neNy). (131

234+ n)(24+5 —|—2n)’

The indicial polynomial (125) was used to simplify the
denominators of the above expressions for the coefficients.

In a similar fashion as for the case of the radiation period
in the previous section, the coefficients in the expansion
(123) can be seen from (131) to have the form

,,716
C6n COZKan<16k6> ’ (132)
ﬂ’lG
Cén>+2 - CO Z f%n—&-l s (16k6> ’ (133)
ﬁ’lG
Cérl)+4 CO Z f3n+2 s (16k6> > (134)

where we will not need to solve for all the #-coefficients.
Plugging these into the power series (123) and reorganiz-
ing gives

2k 2 2ma\ 2 2) 2k g 2k\ 4 2k 6(n=s)
v = CO ( ) Z ( ) |:Lﬂgn s+ I/ﬂgn)Jrl s (H) + l/ﬂ.£5n)+2,s ﬁ ﬁ ’ (135)
which is straightforward to approximate in the ma < H limit, by keeping only s =0 and s = 1 terms,
D o ) 2\ 4 [ ) 2k 2n ma\ 2 () 2k 2
UW ~ C} (ﬁ> {ZO £ <ﬁ +4( 5, ”Z:Ofnm =)0 (136)
Now, the #-coefficients we need can be found from (131), and they are
—1)"
oy =L (137)
S 4} 4 2)°
W _ (=" 4n(n—1)(n—2) > 2
4 24 -39 12n= — 504 4 30nA + 204]. 138
G 15 | n e o 30nd -+ 202 (138)

Resumming the series (136) yields the two linearly independent solutions to first subleading order in small ma/H,
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) H? 2k
- Hl/zH 6+(1-0)2—0) kz]JW(H)

+ 2= {3- (1=)(2+0) 7;22] 7:12+y<2k>} <’%)4 (139)
{

2k ma\? T(1-
— _ v 1/2
(%Y} F(l l/)k H J_y< ) + < ) X ——— 3

+24v) {3 e +y)(2—y)7z—j} %JZ_U<Z‘>}+O<”;;) ,

where a convenient overall normalization was chosen,
c\/*™) = (2k)~1/2 and €™ = (2k)71/2*, and v
was defined in (126).

The CTBD mode function in the matter period is some
linear combination of the two independent solutions above,

uy(k,n) = Ay (k, m)vyg (k,m) + By (k, m)vy (k).
(141)

We cannot determine them just from the equation of
motion, but they satisfy

SIA3 (k. m) By (k, m)] = (142)

v’
which follows from the Wronskian normalization (25) and
the Wronskian of the functions (139) and (140). We expect
this to be an exact relation in the same way as the analogous
one for the radiation period (116), but we have not checked
it explicitly. We will not need any other properties of the
coefficients other than (142) in order to compute the
energy-momentum tensor of the backreaction in the matter
period.

Later, we will need also an IR expansion of the mode
functions (139) and (140), which we give here,

s () o)

Uy =~

-
o)}

e s ) ()
()

k—l+le/2 |:

ot o (2)

(140)

[
VII. ENERGY DENSITY AND PRESSURE

This section is devoted to computing the leading
contributions to integrals (35), using the rationale from
Sec. V, and the mode functions are derived in Sec. VI.
The computation is made for all three cosmological eras
(Fig. 1), up until the onset of DE domination. The final
answers are leading contributions in the small ratios of
physical parameters (which satisfy a hierarchy from
Fig. 2). Also, the computations are restricted to the
regions long enough after the transition periods so that
this hierarchy can be exploited. At the end of each
subsection, the minimally coupled limit is discussed and
compared to Ref. [18], as well as the limits of small
nonminimal coupling which is the main focus of
this work.

A. Inflationary era

For the exact de Sitter inflationary era, we can actually
evaluate the integrals (35) for the energy-momentum tensor
exactly, and there is no need to resorting to approximations.
First, we compute the IR part of (35), using the CTBD
mode function (73),

7t = [ @kl )
0
2 2 2
AL T Dy
—4+4<1/, 4>ln(H)+8 vy i
1 1
X 21n2—1—l// —5—1/1 '/ _E'f'l/l
22y,—3r2 2
+ 2T g [1 +0 <@> ] ,

m(vy — 3 H
(145)
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IR — /”dkkﬂu,(k,n)\z

ko

VAN PR AL
st 5“3

_|__

1 9 U H* 1 9
2 _ = 2 _ 7 - __ 2 _Z
o (473) (3-3)m(5) i (1-3)(4-3)
2u;-312 2
X [121n2—7—61//<—%—v,> —6w<—%+u,>] +27F(”’)H2”f L [1 +O<H> } (146)

m(vr — z)
Plugging these integrals into expressions (33) and (34) gives us the IR contributions to energy density and pressure during
the inflationary period. Combining these with the UV contributions (A29) and (A30) specialized to € = 0 [including the
conformal anomaly (A33) as well], the dependence on the artificially introduced UV cutoff cancels as promised, and the

physical renormalized quantity remains,

H‘} 1 1—C0 m 2 1+2C0 m 4
po =l {1 =627 + 35 -2 - 60 [ 22 (1) - [H29 (o
4u1—21"2(y1) 3 m\ 2] aOHI =3 g\ 2v1-3
T 246 2N\ m L) 147
(v —3) {Dl<y1 2" §> " (H1> ] 1( ko ) <a0> (147)
H{ 1 —Col (m\2 [14+2C)] [ m\*
= — 1 2(1 = n mn
bo 32772{( 6y 30" ( 65)[ 2 _<H1> +[ 4 }(H1>}
41/,—21'*2(UI) 3 aOHI 2u=3 g\ 2vi—3
T W) 4y, —2) | H? 4 14
”3(1/1—%) VI[VI 3 (v, )} 1( k0> (ao) ) (148)
|
where 119HF  3H} 2N
= - 1—e ™ |, 150
P2 = 96022 16712[ ¢ } (150)
1 1
C0:2ln2—1—y/(—§+y,)—y/(—z—yl), (149)
119H  3HY 35N
= - l—e ™ |, 151
Pe =960z 167:2[ ¢ ] (151)

and v, is given in (74). In the expressions above, we have
reverted to using the physical Hubble rate H;(= aH),
assumed to be constant during inflation (¢ = 0), in order to
make the expression more transparent.

The IR cutoff k; in (147) and (148) (and in the results to
follow) can be given physical meaning by relating it to the
Hubble scale at the beginning of inflation H,,. In Ref. [33]
(and Ref. [14]), the IR regularization method employed
was matching the inflationary period onto a preinflationary
radiation-dominated period, where IR issues are absent
(due to the vanishing Ricci scalar), so the Hubble rate at the
beginning of inflation was explicitly introduced. By spe-
cializing that result to ¢ = 0, and comparing it to the one
above, we see that ky ~ H, of course. In this paper, we will
be dealing with the nonminimal coupling restricted to
0 < —-¢<« 1, in which case on de Sitter the two scales
coincide to leading order in &, ky = H,. Therefore, from
now on, we will be making this identification.

1. Minimally coupled limit

Setting the nonminimal coupling & to zero and working
in the small mass limit gives

for the backreaction energy density and pressure, which
is a standard result. In the expressions above, N stands
for the number of e-foldings from the beginning of
inflation, N = In(a/ay). The first term corresponds to the
energy density and pressure of an exactly massless scalar
in a CTBD state during de Sitter inflation [12,42]. The
second term is a contribution from m?{¢?), the behavior
of which is well known for (slow roll) inflationary
backgrounds [15,16,43]. For an extremely long inflation,
the energy density and pressure saturate to

N> (Hﬁ]) ~ s

and contribute just a tiny correction to the effective
cosmological constant (determined by the expansion
rate). This limit was used in Ref. [17] in the context
of late-time quantum backreaction. For a “short” infla-
tion, the backreaction at the end of inflation can be
approximated to be

61H? B

61H!
Po= 9607 “no Po=

96072
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~ 119H} Him?
PO~ 796002 T 82 0
_119H)  Him?

PO = gg02 " g2 NI

Ny ()
< (=) ,
1 H]

where here and henceforth N; is the total number of
e-foldings of inflation. But N; does not have to be small;
in fact, it can still be very large if m is very small
compared to H;. This limit proved better when con-
structing a DE model based on backreaction [18].

(153)

2. Limit (m/H;)* < |§| < 1
This is effectively a massless limit of the full result (147)
and (148) and coincides with the results in Ref. [33],

. 3H

po~ =35 5 M1+ 0@)],

Po ® —pg- (154)
This result also follows from the result for the scalar field
variance (y?)rpn (corresponding to (¢?) in this work) of
Sec. III.C in Ref. [16]. In the end, we will be interested
in this range of parameters during inflation, when we try
to construct a model in which the quantum backreaction
is small throughout the expansion history and becomes
large only at the onset of the DE-dominated period
(Fig. 1). We see that the backreaction (154) is negative
and grows in amplitude exponentially with N during
inflation, and how much it grows depends on the value of
nonminimal coupling and the duration of inflation. Since
we want the backreaction to remain perturbative during
inflation, this imposes a constraint on the £ — N; param-
eter space depicted in Fig. 5, which was derived by
requiring po/pp < 1. This implies for the number of
e-foldings

(155)

where the dimensionful units were restored, Ep =
(hc®/Gy)'/? is the Planck energy, and the inflationary
Hubble scale is taken to be AH; ~ 103 GeV.

Although strong backreaction in inflation would be very
interesting to study in its own right (especially since its
energy density has a negative sign which would work
toward slowing down inflation), here we restrict ourselves
to studying just the DE scenarios, for which we assume
small backreaction at the end of inflation.

B. Radiation era

Some time after the transition to the radiation period, the
hierarchy of scales ky < 'H < 'H, is reached [together with
the assumed (ma)?/H? < 1]. The relevant contribution to
integrals (35) is

PHYSICAL REVIEW D 94, 084053 (2016)
300

250¢
200¢
= 1501
100t
50

90.10 -0.08 -0.06 -0.04

3

-0.02 0.00

FIG. 5. Parameter space of nonminimal coupling ¢ and the
total number of e-foldings of inflation N;. The bold curve
corresponds to the condition py/pp = 1 at the end of inflation
(H; =103 GeV), and the shaded region corresponds to situa-
tions when quantum backreaction starts to dominate even before
the end of inflation. This part of parameter space is not examined
in this work, but we rather concentrate on the white region where
quantum backreaction stays perturbative during inflation. The
dashed line represents the requirement on the minimal duration of
inflation. It follows that we restrict ourselves to considering
—0.05 £ £ <0 in this work.

"
Inzl dkk2+2"ZBog(k,n), (156)

0

as was established in Sec. V B 1, with

ko < H < p < Hy, (157)

and the integrand, as defined in (58), is

Zyog(k.1) = 2|Br (k) [*ug (k.7)[?
+ ag(k)B* (k)ug (k.n)
+ a (k) pr (k) [ug (k. m)]".

The Bogolyubov coefficients in this integrand are deter-
mined by the fast transition from the inflationary period
to the radiation one. For the scales integrated over in (156),
they are well approximated by the sudden transition
ones (52) and (53),

ag(k) = —iu;(k, ny)ug (k,ny) = wy(k,ny)ug (k)]
(159)

(158)

Br(k) = ilu;(k.m )up(k.my) — uj(k,m)ug(k,m) | (160)
The inflationary CTBD mode function in Bogolyubov
coefficients above is given by (73), and the radiation
CTBD mode function is given by (115). For the range
of integration in (156), the mode functions inside of
Bogolyubov coefficients are in fact very well described
by the small momentum limit (on top of the small mass
limit). We use this to simplify the integrand before
integration.
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Using the IR expansion (75) for the inflationary CTBD  and to leading order satisfy
mode function, it follows that

uy (ko) ~ (w—%)Hlu,(k,n,), (161) ar(k) ~ =P (k). (164)

and the Bogolyubov coefficients simplify to which implies the following simplification for the integrand

. 1 . (158):
ag(k) & —[uy(k,m)| | ug (k.m) — V=5 Hyug(k.m)
= —Juy (ko) B (K), (162) Ziog (ko) = 4l (ko)) {3 Brug (k)] 2. (165)
1
Br(k) = u;(k,ny)| {u%(k,m) - <l/1 _§>H1L‘R(k7’71):| This integrand is further simplified by considering the
- small mass limit ma/H < 1, using the approximate mode
= |u; (k. m)|Br (k) (163) " functions (113) and (114),

S[ﬁ}‘e(k)uze(k, n)] ~ S[Ak(k, m)Bg(k, m)] x {%z(k»m)vm(k’ 1) = Vi (k11 ) vga (K, 1)

— (1/, - %)Hl [vRa (k. my ) vRy (ko) — vgy (ko171 )vRa (K, ’7)]}

1
5 {”lkz(k’ n)vr1(k,n) — vy (k) vra (ks 1)

- (Vl - %) Hilvra (k1) vgi (ko) = vy (ki) vga (k. )] } (166)

where the property (116) was used, and it is the only place where we need to refer to coefficients A and By, no matter how
complicated they may be. Furthermore, we may expand this expression to leading order in H; because of hierarchy (157),

~ 1 N\ [H . [k ma\? (H\? HAN\H . [k
aten =3 (=) (o) + (50) (2) |- -5 aon i)
1 3H? k ma\*\ (H, H
| 1-—= — — — |1 — 167
w3 ()] () ) G+ ol) ) e
so that now, after plugging in (73), the full integrand is well approximated by
4-”1_l 1\2 H] 2 2w,—17 -2 H2 . k
ZBog ~ Jn FZ(I/[) <l/[ - 2) <H> Hl k 2 ’{kz Sln2 <H>
ma\®> 2H® . [k HN\H . [k 1 3H? k

Finally, we can perform the integrals (156) using this approximated integrand. We expand the result according to the
hierarchy (157),

B (gl ()0 o)
_ Wsm(w,) [1 - % <1/1 - %) (203 + 40, +3) (%)2 + 0(%) 4]

G Q) e o)
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2 (y;) 1\2 1 1 (ma
T, ~ — 1—— (=2
: 23-%(”’ 2) {m—%)[ 10<H

8T (=1 — 2u;)
3T(3 = 2;)

F(3 — 21/1)
23—21/,

sin(zv;) {1 —
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ol o)
=)o) ol
s ()G T ool

(170)

Then, plugging them into (33) and (34) gives the backreaction energy density and pressure (in the small mass limit),

U(v)H] 1\ o (v —
PR 553 \M17 5 e2u=3IN: o

)I;()[6§( ) ra-s(m)]

D (3 )3

_(1=68) (v =3) + 3 (v +3) +2(1 - 6¢)

6v;(vy — 1) (v +3) (v +3)

F I/[ HI l 2”1 - 1)1"( )
Po ™75 %z 2 Tw-3

e AN

(1—65)(

6(v = (v +3) v +

We have given some parts of the expressions above in terms
of physical quantities for the sake of clarity. The comment
of the dependence on the arbitrary cutoff u is warranted. It
is bound to cancel with the same contribution from the
remaining part of the integration interval, and it does not
contribute to the full result. The reason we kept it explicitly
is because we want to take the minimally coupled limit,
which we do and discuss in the next subsection.

1. Minimally coupled limit

The minimally coupled limit consists in taking £ = 0 and
then expanding v;, defined in (74), for small mass in (171)

and (172),
2111 N] H4 a 1
3H2
ZLp( ) =2
¢ } T {n(m) 2

3H4
i []

Po 1672

2# a 4

1 , 173
()~ (3) a7

3H} 2N HY a\ 3

~— l—e } T P i

Po 167:2[ ¢ +24ﬂ2[n<a1> 2

2/1 a 4

1 2 174
+n<alH1>+yE](a> (174)

~3) 3wl ) 4201 - 6:)v%(v1 +3) <m> 2] <’Ho> 3‘2”’}.
H,

e
(%) -0-30(2) ]
0
i (172)

|
Note that the dependence on y has persisted in the final
answer. This does not signal that the answer is wrong
but rather that the UV does not contribute a suppressed
contribution. In the exactly massless limit of this result,
the first terms drop out from the energy density and
pressure above, and what remains is exactly the result
from Ref. [12], where the massless minimally coupled
case was studied from the start. What effectively cuts
off the UV radiationlike contribution is the finite time
of transition 7 between the inflationary and radiation
period.

We have assumed here that the radiation period does not
last excessively long; more precisely,

(i)
Ng < ,
H;

where Ny, is the total number of e-foldings of the radiation
period, which will be satisfied by the requirements in the
end. This first terms in (173) and (174) coincide with the
ones computed in Ref. [18], since they are derived from
m?2(¢?) term. Note that this term is not the dominant one for
a very small mass.

(175)
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2. Limit (m/H)* ~ |€| < 1

The leading order contribution in this limit is

oo = 201 e, [(@)*_ L (m)
¢~ 322 a 6/¢ \H,

3H] 1 /a\* 1 [(m)2
~— L GBIEN | (2L =
Po™=3p2¢ {3<a eig\\,) |

where we have assumed that the radiation period will not
last longer (in e-foldings) than the inflationary period
(N; > Ni ~60), which will be true in the end for the
ranges of nonminimal couplings of interest in this work.
There are two qualitatively different contributions to the
energy density and pressure above. The first contribution is
radiationlike, and it redshifts just as the background does.
It is easy to see that if the constraint from Fig. 5 is satisfied,
this contribution will never dominate in the radiation
period.

The second contribution is of the CC type, and its energy
density has a positive sign. For suitable choices of
parameters, one can get this contribution to be the dominant
one in the backreaction during the radiation period. And
since it does not redshift away, the ratio py/pp grows, and
it might grow to order 1 for suitable masses and small
enough nonminimal couplings. But we are not interested in
this scenario happening in the radiation period. What we
are interested in is realizing it in the matter period, which
we turn to next. During the radiation period, we require the
CC-type contribution to be negligible, in which case (176)
and (177) reduce to the massless limit of Ref. [14],

4 4
3272 a

C. Matter era

After the transition to the matter era, the following
hierarchy of scales is reached (Fig. 2),

(176)

(177)

1
Po ¥ 3P0 (178)

Ho<H< < Hy < Hy, (179)

where u is a fiducial scale, introduced for the sake of
isolating the relevant contribution to integrals (35),

u
7,5 [ a2y (), (180)

Ho
as discussed in Sec. V. The integrand here is
Ziog = 2|Bn (k) [*|urs (k. 1) [P + oy (k)3 (K)uy (k. )
+ ay (k) By () [uazy (k. )]

where the Bogolyubov coefficients are well approximated
by the sudden transition ones (52) and (53) determined by
two fast transitions—from inflation to radiation and from
radiation to matter,

(181)
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ay (k) = —i[ag(k)ug(k,ny) + Pr(k)ug (k. ny)|uy; (k. 1)

+ ifag (k) uk (k, 112) + Prk)uy (k, ) ]uy, (k. n2),
(182)

Bu (k) = ilag(k)ug(k.n2) + Br(k)ug (k. m2)]uy, (k. 12)
+ ilag(k)ui (k, n2) + Pr(k)ug (k. n2)Juag (k. 12).
(183)
Bogolyubov coefficients in the radiation period ag and fp,
appearing in the expression above, were already approxi-

mated in the previous subsection, where it was found that
ar = —f. Applying this here gives

ay (k) ~ =23 [y (k)ug (k, ny)uy; (k, 1)

+ 23[Bg (k) (k. m2) Juiyy (k. 12). (184)
Bu (k) = 23[Br (k)ug (k. n2) iy, (k. 1)
— 23| (k)ui(k.m2)Jup (k. m2). - (185)
from where we see that again
ay (k) & —fy (k). (186)
Now, the integrand (181) simplifies to
Zpog (k.n) ~ A{S[f5, (K)up (k. )]}, (187)
which we can write out as
S[Ba (k)ur (k. )]
= 23[fg (k) ug (k. n )| [uy (k.o Jupg (k)]
— 2B (R)u (k. ) Slucyy (ke )uyg (k)] (188)

Part of this integrand was already approximated in (168).
Because of the hierarchy of scales (179) in the matter
period, we may expand this further in the IR limit,

~ 2ui2 I\, .
SPr(k)ug(k,m)] ~ — NG (y) <V1 _E)Hlﬁl/zHElk—w

o L (a7
20 \ H,

(189)

(190)

In the remaining part of the integrand, we first use the
property (142) to express it solely in terms of mode
functions (139) and (140),
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Suy (b, my)upg (k)] = S[Ayy (k, m) By (k, m)][vpn (ki) vara (k1) = v (ks ma) v (k)]

— % [war (k, ) vprn (ko 17) = vaga (ks 12 vy (K, )], (191)

and then we use the hierarchy (179) to simplify it further by expanding it to leading order in H,,

S, (ko) upg (ko)) » @H;‘/MH—V%—{L (%) + (%)2 x % [(—6 +(1-v)(2-v) H—2> Jis (%)

K? H
—|—(2—u)<3—(1—1/)(2+1/)7Z—22>%12+y<%)]}, (192)
Sl ko] = =3 (=5 ) e ¢ Sl e ) (193)

The full integrand is now given approximately as

1 2 3 2 vi— o~ *
Ziog (ko) ~ ——T2(vy) <v1—5> <u+§> HY ™ 2 (S iy (k.o gy ()]}
22 2 2 12 3\2 out o ot w2 | g2 (2K ma\* H 2k
= pn r (u,)F (l/) (l/[ —§> <IJ+§> H] HZ H 'k {J,, <ﬁ) + <W) XﬁJU (ﬁ)

« [(—6 (=02 -1) 7:_22>Jl+” (%) +(2-v) (3 C(1=0)2+0) 7:—22) %JM (%)] } (194)

Given the approximation (194), we can now perform integrals (35) and expand the result according to the hierarchy
(179),

7 (v (v) ( 1)2( L 3)2 y { 1 (H1>2v1—3 {1 2 <ma>2}
~—————— v —— v+ - YR YN Y
08 s, \MT) 2) "\ -3+ \Hy 3G+ \H
2—3+21/+2y11—‘ 3 _ l" — 1 2u;-3 2u;-3 2 4 2u;-3
) Gow)ltv=1) (1 H, Pro(M L (P (T2 e (195
\/EF(I/] +v— E)F(l/l +2v — 5) Hz H H Hz H
Re)lE) (13 1 Hy\ 2 2 (may?
I, ~ - 5 VR o|1- H
=t (mg) () Nemgraea () 78] e (%) |
2_5+2y+2y,l—~ 5_ r ] 2u;-3 2u;-3 2 4 2u-3
o (0 () ol ) () () o
Val(vy +v =35y +2v—3) \Ha H H Ha H
Plugging these two integrals into (33) and (34) yields the backreaction energy density and pressure in the matter era,

po e DHE (NN e [ [L D)y, (a2} =) (m)2 ()
252 2 2 8u(vy —3) a 1202 (v, = 3) \H, a

(1=-68) (v +v-— 3)[‘(% -T2y + 2v —4) 4N, <@> 3v (ﬂ) 201—3}
Py +v =3 +2v-19) ¢ a H ’

Po® M (VI _ l)z (y n %)26(21,,_3)1\/,{ [%(Ut%) o4 <@>3 B (v+ %)gz/z _ 1/3—1— %) <ﬂ> 2] (@) v
2> 2 2 24u(v; —3) a 3607 (v —3) H,; a
L (1=69( + v =3PTG - u) P20y +2-4) <@> 3 (@) zv,—s}
3%y +v =3y +2v—1) a H '

2u,-2

(197)

(198)

The terms containing factors H,/H must be negligible in order for us to have control over the approximation. The reason
behind this lies in the IR regularization employed in this computation. We have introduced a sharp IR cutoff ky = H; in
comoving momentum space, arguing that it is an approximation of the contribution coming from a full state (from all scales)
that is smoothly suppressed in the deep IR. The deep IR scales are assumed to contribute subdominantly, and hence they
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were dropped right from the start by the introduction of this
cutoff. But once ‘H < 'H,, is reached by the cosmological
evolution, it means that there are no more modes in the IR
except the ones below the cutoff scale kg, so they are the
only ones contributing relevantly to the backreaction (this
was treated in the massless limit in Ref. [14]). This is where
our approximation breaks down. The physical requirement
that we make on the model is that the inflation lasts long
enough for the expressions above to be reliable. This will
indeed be true for the cases of interest in this work.

1. Minimally coupled limit

Setting £ = 0 in (197) and (198) produces the minimally
coupled limit,

4 4 m?
~ SHL u-3)N,-an, <@)3 3H; {1 _ e_gT?N’} ,

Po =

3272 a 1672
(199)
3H? N
sz—Tﬂlz[l—e o } (200)

There are two types of contributions to the backreaction
energy density and pressure here. The first one scales like
nonrelativistic matter and redshifts at the same rate as the
background fluid driving the expansion. It is a contribution
that was found in the massless minimally coupled case
[12]. The second contribution is of the CC type, making it
interesting in the context of DE scenarios. There are two
limits one can discuss regarding the second term, which we
do in the following.

In the limit of very long inflation, N, > (m/H;)™2, the
CC-type contribution saturates to a maximum value during
inflation and remains constant throughout expansion (pro-
vided m <« H always). It is easy to see that it contributes
dominantly to (199) and (200) (since it does not redshift
away),

_3H!
“6n?’

This is a scenario that was suggested in Ref. [17], although
the rigorous computation, which we supply in this paper,
was not performed. It was found that in order for this limit
to work as a DE model (requiring py/pp ~ 1), i.e. for the
backreaction to have the right value at the late-time matter
era, one must considerably lower the inflationary Hubble
scale (hH;) <6 x 1073 eV (corresponding to the energy
scale of inflation E; <5 x 10° GeV). The conditions
N;>(m/H;)™* for very long inflation and m/H 4,y <1
then imply that N, > 109,

In the limit of short inflation, N; < (m/H,)?, the CC-
type contribution in (199) and (200) does not have enough
time to reach its maximum value in inflation, but the value
it has at the end of inflation freezes throughout subsequent

Po Po ® —Pg- (201)
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expansion (provided m < H always). For short enough
inflation, the backreaction energy density and pressure at
late times in the matter era are

_Hm?
Po ™ ’72

Ny, Po R —po- (202)
The matterlike contribution never becomes important [12]
compared to the background, and that is why we have
neglected it above. This is the result and the scenario
suggested in Ref. [18]. It was found that in order to work as
a DE scenario, one does not have to lower the inflationary
scale, (hH;) ~ 103 GeV, but still a very long inflation is
required, N; > 10'3 (together with the mass being lighter
than the Hubble rate today, m < 10733 eV). The compu-
tations of the quantum backreaction in Ref. [18] were
performed for inflationary and radiation periods, but a
rigorous computation for the matter period was missing
(even though the predicted result was correct), which is
supplied by the limit taken in this subsection.

2. Limit (m/H)* ~ €| < 1

In this limit, the leading contributions to the quantum
backreaction energy density and pressure are

3H} o a\* 1 [(m)\?

= L GBIEIN | pANe (22) [ 203

ror =5 ) Teal\a,) | @)
35

1 m\2
~ s, | L ()]
Po®=352¢ [6|§| (H,> }

One can recognize two types of contributions—first, one
that survives in the massless limit and scales like non-
relativistic matter and another that behaves like the CC and
depends on the mass. We want to discuss in which cases
the CC-type contribution dominates the backreaction and
under which conditions can it be large enough to influence
the background dynamics.

First, since the first matterlike contribution behaves like a
tracer solution in the matter and radiation eras [see (176)
and (177)], its ratio compared to the background is
determined by the ratio at the end of inflation, which then
freezes for subsequent evolution. So, if the conditions of
Fig. 5 are met, if the backreaction is small at the end of
inflation (py/pp < 1), this term will never be important.

The second CC-type contribution does not redshift away
and can become comparable to the background, under the
condition that m < Hyyq,y (otherwise, the field becomes
heavy and starts contributing like nonrelativistic matter).
A more precise constraint on the scalar field mass is to
compare it to the Hubble rate at the onset of DE domination
which we take to be the time of equality of the CC and
matter defined by py; = pcc. It follows quickly from the
first Friedmann equation and the density parameters of CC
and matter today, Qcc = 0.68 and Qy; = 0.32 [3,4], that

(204)
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HDE = Htoday X A/ 2QCC =1.7x 10_33 eV, (205)

corresponding to 0.25 e-foldings in the past of today
(redshift z = 0.29). The measure of the strength of the
backreaction at late times is the ratio

Po egéNlGNH%< m )2
PB B 24”|§‘ Hpg)

(206)

When this becomes of order 1, the backreaction starts
dominating. Up until that moment, the quantum back-
reaction behaves like a cosmological constant with positive
energy density, so its tendency would be to speed up the
expansion rate. The exact details of this process are a matter
of performing the full self-consistent evolution, but at least
the initial tendency is clear.

This model has three parameters—m, &, and N;,—that
are not completely independent. The mass is constrained
to be smaller than the Hubble rate at the start of DE
domination,

m
— < 1.
Hpg

(207)
The nonminimal coupling £ and the duration of inflation
N; are constrained in Fig. 5 by the requirement that
backreaction remains perturbative during inflation. The
crucial requirement for the model to work is that the ratio
(2006) is of order 1. This condition determines the number
of e-foldings as a function of the nonminimal coupling
£ and the ratio (207),

_ 1 HDE 2 EP 2

where Ep = (Ac®/Gy)'/? is the Planck energy. The plot
of N;(&) for the case (m/Hpg)? = 0.1 is shown in Fig. 6.
Part of the curve in Fig. 6 does not lie in the allowed
region of Fig. 5, and hence the model does not work for
the whole considered range of nonminimal couplings
—0.1 <£<0, but still 0>&~—10"3 is allowed. Of
course, the limits on nonminimal coupling depend on
(207). In fact, we can derive this bound on nonminimal
coupling dependent on the ratio m/Hpg by requiring that
the predicted number of e-foldings (208) satisfies the
constraint from inflation (155), which gives

1/ m\?
> -~ >y 9
> =5 ()
which does not depend on the inflationary scale H;.
Since for the case depicted in Fig. 6 (m/Hpg)? = 0.1,

the results should be trusted to the 10% level due to
possible subleading mass corrections.

(209)
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FIG. 6. The relation between the nonminimal coupling param-
eter ¢ and the total number of e-foldings of inflation N,
determined by condition py/pg =1 and (m/Hpg)? = 0.1, rep-
resented by the bold curve. The shaded region is excluded by the
requirements that the quantum backreaction stays perturbative
until late times (Fig. 5).

VIII. DISCUSSION AND OUTLOOK

In this paper, we investigate the evolution of quantum
fluctuations of a very light, nonminimally coupled, spec-
tator scalar field (11) throughout the history of the
Universe, from the beginning of inflation and throughout
inflation, the radiation and matter eras. When the field
couples to a fixed classical homogeneous and isotropic
cosmological background [characterized by the Hubble
rate as a function of time, H = H(t)] and when gravity is
assumed nondynamical (i.e. the quantum gravitational
effects are turned off), the relevant scalar field equation (20)
is linear and can thus in principle be solved exactly, at least
with the help of numerical methods. Since here we are
interested in the (one-loop quantum) backreaction of the
scalar quantum fluctuations on the background space-time,
numerically solving our problem turns out to be tedious
(but can be done as in Ref. [44]). Instead, here we resort to
an approximate analytical treatment. Indeed, as illustrated
in Fig. 1, it is convenient to split the history of the Universe
into relatively long epochs, during which the principal slow
roll parameter, ¢ = —H/H?, is to a good approximation
constant, and relatively short transition periods, during
which e rapidly changes. We show that, provided the
transition periods are sufficiently short (for the transition
in question, that means that the characteristic time scale
must be shorter than the Hubble time at the transition), they
can be treated in a sudden transition approximation. This is
so because the main contribution to the energy-momentum
tensor, that determines the backreaction on the background
space-time, comes from the infrared modes for which the
sudden transition approximation applies.

It is important to investigate how the results depend on
the choice of initial state (which when chosen naively
suffers from IR divergences) and the IR regularization
method. We have argued in Sec. III C that the three viable
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regularization methods must give at least qualitatively the
same answer, which was supported by comparisons of
explicit computations done using different schemes.
Therefore, the results of our analysis are quite generic,
i.e. to a large extent independent on the choice of the
initial state.

It is also important to emphasize that, in the process of
calculating the one-loop energy-momentum tensor, we
have used dimensional regularization to remove all
divergences and that our final result for the renormalized
energy-momentum tensor is finite and cutoff independent.
The cutoff independence is not trivial to achieve, since in
the process of dimensional regularization one has to
introduce an ultraviolet cutoff splitting the UV and IR
parts. Regularization and renormalization procedures for
the UV part are outlined in the Appendix. The cutoff
dependence introduced this way is only fiducial and
cancels completely when the two parts are added up,
resulting in a cutoff independent, fully regulated, finite
answer.

It is now a good moment to state the most important
results of this work. The one-loop late-time contribution to
the energy density and pressure in the matter era, in the
limit when |£| < 1 and m/Hpg < 1, are of the form [see
(203)—(204)]

h H2 mce2\2 e8IV
~— X X —
Por Sn( ) 8l

Po = —Po> (210)

where m is the scalar field mass and £ is its nonminimal
coupling to the Ricci scalar [see action (11)]; AH; ~
103 GeV is the inflationary Hubble rate. Note that
seemingly the one-loop energy density and pressure in
(210) are proportional to #~'. This is a consequence of
the convention for writing the quadratic part of the
potential in terms of particle mass m. But mc?/h,
which appears in action (I11) instead of m when
dimensionful units are restored, should be considered
as constant and not as singular in the classical limit
7 — 0. This means (210) is proportional to %A in the
usual one-loop sense.

Since py, is approximately constant and p, ~ —p,, this
contribution can be a good candidate for dark energy. The
principal goal of the upcoming work [45]—in which we
study in the Gaussian approximation the self-consistent
one-loop backreaction in the model (11)—is to establish
whether this naive proposition is justified. Namely,
the perturbative treatment employed in this work fails to
be reliable when the backreaction becomes significant,
which is precisely when it becomes interesting from the
dark energy point of view. The contribution (210) can be
compared with the energy density at the onset of DE
domination, pg=3M3H%g [where AiHpE=1.7x10"3 eV
was defined in (205)], to give
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Po 1 <hH,> " < mc? )2 " e8lEIN:

PB T3 hHpg 8l¢[
where the last factor represents the enhancement factor
due to the inflationary particle production. In Sec. VIIC,

we show [see Eq. (209)] that the expression (211) is valid
provided the following inequalities are satisfied:

mc? 1/ mc?\?2
1, 0 - . 212
hHpg = 7e 6 <hHDE) 212)

(211)

The enhancement factor 8¢V: /(8|&]) in Eq. (211) needs to
be sufficiently large to compensate the loop suppression
factor, (hH,)?/[3zE3] = GyH?h/[37c] ~ 10713, and the
factor [mc?/(hHpg)]?. The number of e-foldings of infla-
tion required for that follows immediately from (211),

=g o (o) (i) |-

where Ep = 1.2 x 10" GeV is the Planck energy. This
number of e-foldings, also shown in Fig. 6, must be
consistent with the requirement that particle production
does not lead to dominant contribution to the energy
density during inflation, i.e. must be consistent with the
bound shown in Fig. 5. Albeit these two conditions
significantly restrict the allowed parameter space for |&],
one can show that, provided £ < 0 and || < 1, there still
exists an ample set of allowed choices for &

In the following, we discuss how our result (213) for the
required number of e-foldings in our model with negative
nonminimal coupling £ compares with other models, in
particular with the minimally coupled case (when & = 0)
studied in Refs. [17,18]. In the minimally coupled case, the
amplification factor in (210) is simply N,, such that

2 2

() ()
mc hH;

While the number of e-foldings implied by Eq. (213) is
typically hundreds or thousands, the number of e-foldings
implied by the minimally coupled case (214) is of the order
or greater than 103 (for 2H,; = 10" GeV), which is many
orders of magnitude larger. There is a simple explanation
for this large difference: while the rate of particle produc-
tion in the minimally coupled case generates secular effects
in the one-loop energy-momentum tensor that grow linearly
in time, due to the tachyonic scalar mass generated by a
negative ¢ during inflation particle production rate in the
nonminimally coupled case generates an exponentially
growing contribution to the one-loop energy-momentum
tensor. This, at first sight small difference in the model, has
thus very important consequences for model building and
arguably favors scalar models with negative nonminimal
coupling as the model of choice for dark energy from
inflationary quantum fluctuations.

(214)
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This paper is not the first to investigate the possibility
that vacuum fluctuations of matter fields may be respon-
sible for dark energy, and here we make a cursory overview
of these earlier works. Apart from our earlier papers
[12,14], in which we investigated the late-time one-loop
quantum backreaction from one-loop inflationary fluctua-
tions of massless and minimally and nonminimally coupled
scalars and of gravitons, probably the closest to our work
are the papers of Ringeval et al. [17]; of Aoki and Iso [18],
the results of which we discussed in the previous para-
graph; of Parker and Raval [20-24]; and of Parker
and Vanzella [46,47]. References [17,18] investigated the
late-time one-loop quantum backreaction from one-loop
inflationary fluctuations of very light minimally coupled
scalars. The conclusion of Ref. [17] is that, provided
inflation lasts long enough and it is at the right scale,
the model can account for the observed dark energy, while
the conclusion of Ref. [18] (which improves on Ref. [17]
by performing a computation similar to the one presented in
this work) is that inflation can occur at the grand-unified
scale, and provided it lasts for about 10'3 e-foldings [see
(214)], scalar field fluctuations can account for the dark
energy. However, in Ref. [18], a careful removal of all
cutoff dependences and a careful construction of approxi-
mate mode functions in the matter era, which we properly
include in this paper, are not accounted for.

In a series of papers that appeared soon after the original
supernovae results, Parker and Raval [20-24] used the
effective gravitational action obtained by integrating out
the matter fields. The method used was the Schwinger-
DeWitt proper time method and ¢ function regularization
[48-50], which is an ultraviolet expansion of the effective
action (that holds at short geodesic distances), and the final
effective action is presented as an expansion in powers of
1/M?, where M is the effective mass of the field (in the case
of a nonminimally coupled scalar, M? = m? + (& — )R,
where m is the tree-level scalar mass and R denotes the
Ricci scalar curvature). In their effective action Parker
and Raval maintain the terms of the order M*, M?*, MO,
M*In(M?/u?), M?In(M?/u?), and M°In(M?/u?), thus
neglecting the inverse powers of M?. Strictly speaking,
this expansion applies (and hence the truncation is reason-
able) when M? > ||Riem||, ||[Ricc||, |||, where || - ||
denote a suitably chosen norm. A careful look at those
papers reveals that the analysis was conducted strictly
speaking where the expansion does not apply, i.e. in the
region of parameter space where M2 is of the order or
smaller than the components of the Ricci tensor, making
the conclusions questionable [in fact, abundant particle
production in the Parker-Raval model occurs when
m? ~ (3 — £)R, which is precisely where M? ~ 0, at which
point the expansion used to construct the model is
unreliable]. In contrast, the analysis in this work is
performed in the opposite regime, namely, in the regime
when m? < ||Riem||, ||Ricc||. This is not just a technical
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point but an essential assumption required to get abundant
particle production during inflation that we need in order to
get the large quantum backreaction discussed in this paper.
Making a more detailed comparison with the first paper
[20] reveals that a large late-time backreaction was

obtained when (&—1) <0, i.e. when & is close to, but

smaller than, conformal coupling, &, = é. This is to be
contrasted with our results, which indicate that a large
quantum backreaction is obtained only when both con-
ditions, (1) £ <0 and (2) there is a sufficiently long
inflationary period preceding the radiation era, are satisfied.
Furthermore, the quantum backreaction in Ref. [20]
becomes large (during the matter era) at a particular
redshift z; given by (1+z;)* = m*M3/[p,0(1/6 —&)] =
m?Q,,.0/[BH3( — £)] (here, p,, denotes the matter density
today and Q, = p,0/[3M3Hy] =03 and H, is the
Hubble parameter today), at which moment a large particle
production occurs due to an instability. We see no sign of
this kind of instability, albeit in fairness to the reader, we
note that our analysis is perturbative and therefore we might
not be able to see such an instability. In the remaining
papers [21-24], the same effective action is used, and hence
the same comparative analysis applies.

The results presented in this work provide a very good
motivation for further studies of the quantum backreaction
effects in connection to the dark energy problem. In
particular, the model presented here invites more detailed
studies that would:

(i) treat the backreaction self-consistently,

(i1) confront the model with the currently existing dark

energy data,
(iii) make forecasts that would test the model against the
upcoming data,

(iv) examine the clustering properties of dark energy in

this model,

(v) address the issue of a very light scalar field mass

required for the model to work.

By self-consistent treatment, we mean solving self-
consistently the quantum-corrected Friedmann equations
(with the one-loop backreaction included) together with the
scalar field equations. The perturbative treatment executed
in this work fails as soon as the one-loop backreaction
terms become comparable with the background contribu-
tions pg and pp. The idea of the upcoming work [45] is to
extend the Starobinsky stochastic formalism [43,51] for
inflation to subsequent epochs and solve the resulting scalar
field equations together with the Friedmann equations (that
include the backreaction from the field fluctuations). This
will allow us to get detailed predictions on how the (global)
Hubble parameter depends on time when the backreaction
starts dominating and to study its dependence on the
principal parameters of our model: m, &, and N;. Of course
the choice of these parameters is already quite limited by
the constraints discussed at length in this work. The results
of the self-consistent study can then be used to confront the

084053-27



GLAVAN, PROKOPEC, and TAKAHASHI

model with the existing (and upcoming) data that already
today put rather strict constraints on the recent evolution of
dark energy.

While in the initial work in Ref. [45] we intended to
study the dynamics of the Universe in the Gaussian
approximation, in the follow up work, we intend to
generalize that work and calculate (perturbatively) the
higher order (non-Gaussian) correlators, which can be used
to further test the model. Namely, one of the hot topics in
current studies of dark energy models involves the question
of whether dark energy clusters and, if it does, how much.
We expect that our model makes very specific predictions
on how large non-Gaussian features in dark energy are
today and how they evolved in recent times.

Next, we would like to make theoretical improvements
of the model discussed in this work. In order for our model
to work, the scalar field mass has to be very light. More
precisely, it has to satisfy (212), which means that m has
to be smaller than the Hubble scale at the onset of DE
domination, (AHpg) = 1.7 x 10733 eV. Unless one has a
mechanism for generation of such a tiny mass scale, this
very light scalar mass remains a mystery of the model. In
future work, we intend to investigate (dynamical) mech-
anisms that can shed light on the question why the scalar
mass is so tiny today.

To conclude, in light of the results presented in this work,
it is clear that the possibility that inflationary quantum
fluctuations could be responsible for the observed dark

|
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energy should be taken seriously. However, it is also clear
that much more work is needed to put that idea on more
solid foundations.
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APPENDIX: REGULARIZATION
AND RENORMALIZATION

This Appendix summarizes the dimensional regulariza-
tion of the energy-momentum tensor integrals (30) and (31)
and the renormalization procedure by introducing counter-
terms. It is composed of well-known results [29,32].

The first task is to isolate the divergences in (30) and
(31). In order to do that, we examine just the UV parts of
the integrals,

-D
Uv.0 a © -2l L "2
= — dk k 2k5|U|* == [D—-2—-4E&D - DHH'|U
A = ey |, PRI 3 0 —2 gD~ il
ComaUp - p -2~ a0 - )L up 12 e (A1)
2 on 2 0n? '
5..a”P oo 2k? 1
UV.,0 2 D=2 2 ! 2
P = [k { UP =3 [D -2 4&(D - V1Y
¢ (4nETEs) (-1 2
1 0 (1-4¢) &
——[D-=2—-4&D-1)H=—|U]? —|U? 5. A2
1 D= MG VP + == ] (A2)
Wher§ the UV scale u is assumed to be larger than any other U"(k,n) + [K* + M?(n)|U(k,n) = 0,
physical scale (such as the curvature and the mass of the
k — oo, (A3)

scalar). The momentum in the integrands is then much
larger than any other physical scale appearing, which is
exploited in the following subsection.

1. Mode function in the UV

The exact momentum dependence of the mode function
is not needed in order to isolate the UV divergences in (A1)
and (A2); the asymptotic expansion of the mode function in
powers of 1/k (where k = ||k||) is enough in order to
accomplish the task. For that reason, we first solve the
equation of motion (26),

in the UV limit. The WKB method is well suited for that.
Here, we implement a somewhat simpler method, which is
directly expanding the solution in inverse powers of
momenta,

e~k iU, 2 iUs 4
Ulk.n) = - [1 N Uk(n)Jrngn)Jr Uk§n)+Uk£n)
+ iUlis(” )+ O(k-ﬁ)] , (A4)
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where we have assumed the mode function to be a pure
positive-frequency one in the UV. The coefficient functions
U, are all real, which does not seem to be a general ansatz,
but it can be shown that their imaginary parts can always be
absorbed into a time-independent phase, which we can
always add since it does not show up in physical quantities.

It is enough to determine U,;-U, for the purpose of
isolating UV divergences in (A1) and (A2). The equation of
motion they satisfy is obtained by plugging ansatz (A4) into
(A3) and organizing it order by order in momenta,

U(n) =~ M), (A3)

UL = 5 UF0n) + MU (A6)
Us(n) =~ [U3n) + MU, (A7)
Us(n) = 5 030n) + MEUs). (AB)

2

We also have to impose the Wronskian normalization (25),
which we do order by order as well,

[ME@)]" | SME )

U.(n) =
4(n) 16 32 1

PHYSICAL REVIEW D 94, 084053 (2016)

0 =2U,(n) + Ui(n) = Uy (n), (A9)
0 =2U.(n) 4+ 2U5(n)U,(n) + U3(n) — Us(n)
+ Ui(n)Us(n) = Uy (n)Ux(n)- (A10)

The solutions to equations of motion (A5)—(AS8) and
constraints (A9) and (A10) are

Uy(n) = —% U” dTMZ(T)], (A1)

Mo

Mz<”> —% Um" dTMZ(T)r, (A12)

Us(n) = -

Ustn) = g (M0 = M) )
+ @ U,: dTMz(T)] +4—18 [/1: dTMz(T)r
+% { /%” dr/\/l“(r)] (A13)

i) = M) | [ aeo)]

Mo

4 M;z(”) M" dzw(f)} g = M” dzw(f)r o M" dTMQ(T)} M” dww*(f)] L (A14)

The dependence on an arbitrary time #, [which corresponds to integration constants from (A5)-(A8)] is physically
irrelevant in the sense that it can be absorbed into the time-independent overall phase which has no physical meaning. In
fact, what we need to calculate (A1) and (A2) is just the modulus squared,

1 1 1
0P = 5 {1+ 52000 + V] + 200 + 20,0030 + V] + 060 b, (19
which is independent of all the integration constants,
1 M?2(n 1 " _
U = 5 {1 =258 4 G B + M + 06 (16)
Now, it is straightforward to evaluate integrals (A1) and (A2),
PV = (= (1 = 62 + (ma?]) +
Q 167%a* (D-4)
- (ma)* (D -6)
X ——t + D—-2-4&D -1 2H?
T s e P24 Do)
1
+ gD —2-4(D - D*[8H"H — 4(H')* = 3(D - 2)2H4]} + O(u™), (A17)
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o = 48;:2a4 (—4* + 12[(1 = 62)(2H' = H?) + (ma)?))

(D-6)

PHYSICAL REVIEW D 94, 084053 (2016)

uP=4 aP { 3(ma)*

"= 8 " o)

1
+E8[D 2—-4¢(D

2. Counterterms

The action for the counterterms, which include a
cosmological constant one, a Newton’s constant one, and
a higher-derivative one, is given by

GyAGT!  2AA
= [ dPx./= NZIN R —
S / * { 162Gy 162Gy

+ (a+ Aa)RZ},
(A19)

from where their contribution to the energy-momentum
tensor follows,

«  —2 88y
e /~a 89"
AA AGM
= G, Aa)VH, A20
52GL I~ gy Ow (@ + 8a)VH,,.  (A20)
where
WVH,, =4V, V,R-4g,0R + g, R* — 4R, R. (A21)

Specialized to FLRW space-time, the counterterms’ con-
tribution to the energy-momentum tensor is diagonal,

-1 2
A | AGy (D-1)(D —2)12
a

Pet =

m 167
+ (a+ Aa) (1);74])2 [—8H"H + 4(H')?
-8(D—-4)H'H* - (D -2)(D - 10)H*],  (A22)

1
uv __ 4
PO = Jgai tTH

PRV
+ % [In(a) 4+ a][-2

ro" = 48%{—//‘ +p2[(1 = 60)(2H' = H?) + (ma)*]} +

e 6¢)

9625+ Un(a) + a][2H" ~

where & = 1152a/(1 — 6&)2.

8 16

W[ = 62 + (ma)?]} = =5 n(a) +

H'H + (H')? + 3H*] -

o ity +1] -

2H'"H + (H')> = 12H'H? + 3H*| + 4H"H + 3(H')* + 6H'H?

[D -2 —4&(D —1)](ma)*(2H' + H?)

= D?[-8H" + 8H"H — 4(H')* + 12(D = 2)*H'H* = 3(D — 2)2H4]} +O(u?).

(A18)

[
AN AGRH (D -2)
82Gy  16x  a?

(D-1)
a4

Pa == 2H' + (D = 3)H?]

+ (a + Aa) [8H" +8(2D — 9)YH"H

+4(3D = 11)(H')? + 12(D? — 10D + 20)H'H?
+ (D =2)(D —5)(D - 10)H*]. (A23)

We choose the coefficients of the counterterms to be

o GNm4 IuD—4
AA = T (D=4 (A24)
o _ (D=6)[D-2-4¢D - 1)jm* p"*
Al = 8(4n) T (D-2)r(%Y)  (D-4) (A25)
[D-1-45D-1)} p°
1)2(4z) = T(25L) (D - 4) (420

T 128(D -

in order to absorb the divergences from (A17) and (A18).
The finite parts of these coefficients were picked for
convenience so as to cancel as much of finite parts of
the bare expectation value as possible.

3. Renormalized UV contribution

The renormalized UV contribution to the energy density
and pressure is obtained by adding the counterterms’
contribution (A22) and (A23) to the bare contribution
(A17) and (A18),

(1 —6&)m?

2
= H* In(a)

2(H'H? +HY)Y, (A27)

[(2H + H?) In(a) + H?]

4872 a?
— 5H*Y,
(A28)

Specialized to constant ¢ FLRW backgrounds, these contributions are
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m* — 6&)m?
o’ = 716;:%:4 {=u* = 2[(1 = 66)H? + (ma)*]} = - In(a) + %Hz In(a)
_EEV2 4
+ % (2—¢) % {3e[In(a) + &) — 2}, (A29)
m4 _ m2 2
poY = 48711'2614 {=p* +12[(1 = 6&)(1 = 2¢)H* + (ma)*]} + oy {ln(a) + %] - %% [(3—2¢)In(a) + 1]
_fE\2 4
+%(2 — ) e {=3e(3 ~ 4e)[n(a) + @ + (6~ 116)}. (A30)

Had we performed the renormalization procedure on arbitrary curved backgrounds, we would have found another
contribution that breaks the classical conformal invariance—the conformal anomaly [52,53],

=————[2H"H - (H')?], A31
Pca 28807r2a4 [ ( ) ] ( )
1
=———— [ 2H" - 2H"H + (H')*, A32
Pca 8640”2614 [ + ( ) ] ( )
which should be added to the contributions above. Specialized to constant € backgrounds, it is
(1—e)*H* (1-¢)(3 —4e)H*
=5, =— . A33
Pca 96077.'2614 A ( )
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