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Abstract

We compute the graviton one-loop correction to the expectation value of
the local expansion rate in slow-roll inflation, with both slow-roll parame-
ters finite. The calculation is based on a recent method to explicitly construct
gauge-invariant observables in perturbative quantum gravity at all orders in
perturbation theory, and it is particularly suited in cases of highly-symmetrical
space-time backgrounds. Our analysis adds to recent calculations of that cor-
rection in de Sitter space-time and in single-field inflation with constant decel-
eration. In the former case a vanishing one-loop correction was found, while in
the latter the quantum backreaction produces a secular effect that accelerates
the expansion. The quantum correction we describe here produces a finite sec-
ular effect that can either accelerated or decelerate the background expansion,
depending on the value of the slow-roll parameters.

Keywords: perturbative quantum gravity, invariant observables, Hubble rate,
inflation, expansion rate

1. Introduction

According to our current understanding of the evolution of the early Universe, the anisotropies
in the cosmological microwave background (CMB) [1-3] were created by quantum fluctua-
tions of the metric during the inflationary era [4—7]. The picture drawn from treating gravity as
an effective quantum field theory at energies below the Planck scale [8], an approach known as
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perturbative quantum gravity, is the following. The fast space-time expansion during inflation
copiously excites gravitons out of the vacuum [9, 10]. At tree level these quantum excita-
tions created small fluctuations in the density profile of the cosmological fluid by gravitational
attraction, which then show up in CMB maps today as regions slightly hotter or colder than
the background [11, 12].

Einstein’s equation, however, is non-linear, and at higher loop orders the gravitons inter-
act. Thus, it is only natural to ask what kind of effects this quantum fluctuations can have
over the space-time evolution. In the case of a homogeneous and isotropic background, the
question of what is the quantum gravitational backreaction on the cosmological expansion rate
has received the attention of many authors over time—see e.g. references [13-27]. In part,
this was motivated by the possibility of backreaction effects producing a secular screening
of the cosmological constant at one-loop order in de Sitter space-time [28, 29] and in Fried-
mann-Lemaitre—Robertson—Walker (FLRW) space-times sourced by a scalar field (single-
field inflation) [14]. The existence of these effects was questioned by Unruh [15], who noted
that local observers are not be able to measure them, which triggered a long debate on gauge
issues related to the problem [16-27, 30-32].

At the heart of that debate lies the fact that the identification of gauge-invariant observables
in general relativity that can be measured locally is a notoriously difficult task. Within the
perturbative approach, this is mainly due to the fact that general relativity is a diffeomorphism
invariant theory. This implies that no locally-defined scalar S(x) can be gauge invariant unless
itis a constant, since it will change at least with 0, S(x) under a diffeomorphism transformation.
Thus, as noted by Torre [33], observables in general relativity are necessarily non-local—see
also references [34, 35]. This is not the case of linearised gravity, where it is possible to find a
complete set of local and gauge-invariant observables [36—38], because any local quantity that
vanishes on the background is gauge-invariant at linear order.

There are, however, proposals for how to obtain gauge-invariant observables that are non-
local at both the perturbative and full non-linear regimes [39]. At the perturbative level, a
method to construct such observables was recently put forward by Brunetti ez al [40] and further
developed by Frob and Lima in references [41, 42]. In this proposal the perturbed space-time
points are labelled by field-dependent coordinates obtained as solutions of scalar differential
equations. The field operators corresponding to the observables are then made gauge-invariant
when expressed in terms of these coordinates, which depend non-locally on the space-time
metric (and possibly other fields), and are of the relational type. This method is valid for
general space-times, particularly in cases where the space-time background is highly sym-
metrical, such as cosmological space-times. An important aspect of this approach is that even
though the observables are non-local, they are causal, i.e. they depend on the perturbations
only in the space-time region within the past lightcone of the observation point. This is impor-
tant, as it avoids potential unphysical ‘action-at-a-distance’ processes [41, 42]. An alternative
(but somewhat related) method to construct gauge-invariant observables is Dirac’s ‘dressing’
method, originally developed for quantum electrodynamics [43] and more recently extended
to perturbative quantum gravity [44—46].

Our aim in this paper is to make use of the proposal of references [40—42] to compute
the quantum-gravitational one-loop correction to a gauge-invariant observable measuring the
space-time local expansion rate in slow-roll inflation, with both slow-roll parameters finite.
Similar calculations were recently performed in de Sitter space-time [26] and in single-field
inflation with constant deceleration parameter [27]. The calculation of Miao et al [26] has
confirmed earlier expectations [18, 19] that there is no quantum-gravitational backreaction on
the expansion rate in de Sitter at one-loop order, although they leave the door open for effects
at two-loop order. Shortly after Frob [27] performed the calculation of the one-loop correction
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to the gauge-invariant local expansion rate as defined in reference [42] in single-field inflation
with constant deceleration parameter, and found a secular backreaction effect that accelerates
the expansion.

With respect to inflationary scenarios, the constant deceleration case considered in refer-
ence [27] corresponds to the power-law inflationary models [47-49]. These models have been
discarded as viable inflationary models on the grounds that its prediction to the tensor-to-
scalar ratio is in disagreement with the limits set by current experimental data [3]. Slow-roll
inflation, on the other hand, is a quite robust class of models [50] and remains as a viable
candidate according to that data. Therefore, it is worthwhile to extend the calculation of the
quantum-gravitational backreaction on the expansion rate to slow-roll inflation.

The paper is organised as follows. In section 2 we revisit the proposal of references [40—42]
in cosmological space-times and single-field inflation. In particular, we show how a simple gen-
eralisation in the definition of the configuration-dependent coordinates of references [40—42]
can easily accommodate the method used in the de Sitter calculation of reference [26]. In
section 3 we introduce the observable describing the local cosmological expansion in single-
field inflation, compute and renormalise its expectation value to one-loop order in slow-roll
inflation. We present our conclusions in section 4. Some details of the calculations can be
found in the appendices. We use the — + + - - - 4+ convention for the metric signature in an
n-dimensional space-time and set ¢ = & = 1 and x> = 167Gy.

2. Gauge-invariant observables in cosmological space-times

Although coordinate systems are completely arbitrary, it is desirable to have them built out
some notion of clock and rods. This is the case of the FLRW metric when written in terms of
the co-moving coordinates:

ds® = g, dx' dx” = —dF? + d*(r)dx?, (D)

where a is the scale factor. There, the clock is the cosmological fluid that sources that metric
via Einstein’s equation, and it is measured by the observers co-moving with it. The spa-
tial coordinates are constructed out of the spatial distances defined by the Euclidean metric
induced on the hypersurfaces where the fluid energy density is homogeneous and isotropic
at an arbitrary time 7y, when a(ty) = 1 by construction. Hence, all background observables
are measured with respect to the cosmological fluid and the Euclidean metric induced on its
contour hypersurfaces.

When considering perturbations on top of this space-time, we are forced to identify the
points of the background with the ones of the full space-time. Part of those perturbations,
the gauge part, correspond to a diffeomorphism from the background into itself, and can
be interpreted as a ‘small’ change of coordinates of the background. As a consequence, the
Cartesian coordinates covering the FLRW background lose their nice physical meaning. Since
observables are defined with respect to the clock and rods employed in their measurement,
one cannot simply express the observables related to the full space-time in terms of the back-
ground coordinates. The usual way to go around this is to impose a gauge-fixing condition
so to make that identification possible, and look for gauge-invariant combinations of the per-
turbations. However, this identification should not depend on a gauge-fixing condition to be
implemented. Moreover, the task of finding gauge-invariant combinations of the perturbations
becomes increasingly complex as one goes to orders higher than one in perturbation theory
[51], thus it is important to have an algorithm to obtain such combinations more systematically.
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A way in those directions is via the relational approach. In this approach observables are
obtained by considering the corresponding field at a point where other fields have prescribed
values. These observables have been discussed in the general relativity literature starting in the
1950’s [52-59], and have been developed since, see e.g. reference [39] for a recent review. The
relational approach relies on the construction of scalar fields as functionals of the fields ) in the
system. These scalars are then employed as configuration-dependent coordinates X [¢/], with
a=0,1,...,n— 1. To obtain such coordinates one can rely e.g. on geometrical scalars con-
structed out of the metric and its derivatives. Their viability as coordinates, however, depends
on the background space-time to be generic enough, such that one is able to differentiate points
by the values of these scalars. Another way is to simply introduce the scalars by hand, such as
in the case of the Gaussian [60] and Brown—Kuchar [61] dust models. This, however, changes
the physical content of the theory and can affect the observables, as shown by Giesel et al
[62-64].

2.1. Configuration-dependent coordinates

The problem of building relational observables in highly symmetrical geometries, such as
FLRW space-times, has been overcome only recently in reference [40]. The solution presented
there is to (perturbatively) construct the configuration-dependent scalars from scalar differ-
ential equations that are known to be satisfied on the background. For perturbations around
Minkowski space-time in Cartesian coordinates, for instance, a simple choice is to take [41]

V2X@[g]1 =0, (2)

where V2 = VAV  denotes the Laplace—Beltrami operator of the perturbed metric g,,,. Note
that the coordinates X(® are scalars, therefore the notation with the index o within parenthesis.
In fact, the coordinates defined by equation (2) can be employed in perturbed space-times
around arbitrary backgrounds, as long as the background is covered by coordinates satisfying
the wave equation.

That equation can be generalised in different ways. A possibility is to consider

VEXW[g] = F%). 3)
Since we want this equation to be fulfiled on the background, we choose
FOX) = (Vx)X), “)

where x“ denotes the background coordinates and (sz”)(f() means we replace x® by X@
after we have computed the derivative, i.e. we keep the functional form of the result. As an
example, let us consider the case of perturbations around a pure de Sitter space-time and cover
that background with the usual co-moving coordinates, i.e. we take a(f) = e in equation (1),
with H as the Hubble constant. Then, V?¢ = —(n — 1)H and V>x' = 0, and thus equation (3)
defines the configuration-dependent coordinates X in the perturbed space-time as

VX0l = —(n— DH, VX931 =0. (5)

Apart from an overall sign, X® above is precisely the non-local scalar field used by Tsamis
and Woodard [32] in their definition of an observable accounting for the local expansion on de
Sitter background, and later used by Miao et al [26] in their loop calculation. Their observable,
however, is invariant only with respect to pure time coordinate transformations, and thus useful
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in more restrict context where both the background and the state of perturbations are spatially
homogeneous.

In what follows we will be interested in single-field inflationary models, where a spatially
flat FLRW space-time is sourced by a scalar degree of freedom ¢, the inflaton. In this context
it is more convenient to work with the FLRW background in conformally flat coordinates:

ds* = az(n) (—d772 + dx2) s (6)

where 7 is the conformal time. We also assume that the gradient of ¢ is everywhere time-like,
with the derivative with respect to the conformal time as ¢ < 0, and that the metric and the
scalar field satisfy Einstein’s equation sourced by the scalar field with a scalar potential V(¢).
This last assumption leads to the Friedmann equations

K*V(p) =2(n—2)(n — 1 — e)H?, (7a)
KA = 2(n — 2)H?d’e . (7b)

The Hubble parameter H and the first two slow-roll parameters ¢ and J are defined from the
scale factor according to!

/ H/ /
€
, €= ——— 0

H , .
H?a 2Hae

8,8

®)

The background scalar field equation is obtained by taking the time derivative of the second
Friedmann equation, resulting in

¢" =1 —e+ dHad' . C))

This equation will be useful in what follows.
We can then add perturbations on top of that background and write the metric for the
resulting space-time as

Qv — & = @ + khy) and ¢ — ¢ = ¢ + kol (10)

In single-field inflationary models the system provides a natural choice for a clock, namely, the
inflaton [19]. Thus, instead of relying on equation (3) to define a configuration-dependent time
coordinate in the perturbed space-time, here we define X© by inverting the background relation
¢ = ¢(n) and evaluating it for ¢. That is, here we define the following local configuration-
dependent time coordinate:

XOw) = nlg0)]. (11)

The background spatial coordinates satisfy V2x! = 0, therefore from equation (3) we define
the coordinates X as

V2XP[g1 = 0. (12)
We remark that equation (12) allows for different choices of Green’s functions consistent with

different choices of initial conditions, each of which corresponding to a different definition of

! The slow-roll parameters defined in equation (8) are related to the widely used Hubble slow-roll parameters ey and
Ny as € = ey and 0 = € — 7y, see e.g. reference [65].
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the coordinates X, Since we are interested in the causal evolution of the observables expecta-
tion value, the natural choice in that case is to impose the initial conditions X(1), x) = x and
8,)?(i)(770,x) = 0 and use the retarded Green’s function. For further discussions on this point,
see references [27, 42].

Next, we expand the configuration-dependent coordinates X as

X ="+ KX ). (13)

The perturbative expansion of X© is simple to obtain, and up to second order in the
perturbations it yields

Xioy(x) =1, (14a)
X0 = 91 ¢ T eV = © qfx), (14b)
X8 = 3 S Moo ]’ = -5 (6]

_W RGN (14¢)

where we have used equation (9) in the last equation. At first order, we have for equation (12)
that [42]

. , 1. .
(07 = (1 = 2)(HI,] X{) = 0" (x) = 59h(x) + (0 = DH)WH ), (1)

where az =00, and h=n"h,, and with the initial conditions X((?)(no,x) =0
and BUX((’I))(no,x) = 0. Hence, the solution for this equation is

X((?)(X) _ /d"x’a"_z(n’)Gﬁl(x, x/)
X {@hi"(xl) - %aih(xl) + (n = 2)(Ha)(n)h" (x| . (16)

In the expression above, GJ5' is the retarded Green’s function defined in reference [42] and it
satisfies

(0% — (n — 2)(Ha)(1)0,] Gi§'(x,x") = §M(x — x'). (17)

1
a=2(n)

It is clear from equation (16) that the configuration-dependent spatial coordinates are non-
local with respect to the metric perturbations. This non-locality is causal since the support of
the retarded Green’s function corresponds to the past light cone of the observation point x.

2.2. Relational gauge-invariant observables

Once the coordinates X® have been defined, we can construct gauge-invariant observables in
the following way. Consider a tensor T " g‘ on the perturbed space-time, which is constructed
from the space-time metric and the 1nﬂaton That quantity is made into a gauge-invariant

6
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observable by evaluating it at the point x* corresponding to holding X@ fixed. This can be
done simply by transforming its components to the coordinates X*:

85(#1 aX#k ax51 8x5’" AR el

TH(X) = o Ox o BRm TSIuﬁm

V]...Un

[X(X)] 1% fixed - (18)

where x®(X) denotes the inverse of X (x). It is interesting to notice that if we consider the
metric perturbation ,,, and take X'® as in equations (11) and (12), then e.g. the time—time
component of the corresponding gauge-invariant tensor, oo, is the Mukhanov—Sasaki variable
at linear order [27].

As an useful example, let us consider equation (18) when our observable is a scalar S. The
perturbed scalar S can be expanded as

Sty = k'S, (19)
=0

with S(g) = S as its background value. To obtain the perturbative expansion for x*(X), we need
to invert the relation (13). This can be easily done up to second order in :

X=X — nX((?))(x) - KZX((;))(X) +---
=X — kX)X — kX0) — KX5X) + - -
=X — XD - 1 [XG0 - X7 00XG0] + - (20)

By combining equations (19) and (20), we can then express the gauge-invariant observable
corresponding to S as

SX) = S[x(X)]

= SX) + {S(l)()?) - X§;>(5()a,so~()}

- . S| o= -
+ K [Sam = X0 E)0:50/X) + S X EXT)X)D,0,S(X)
+ X{)300,X(5) (500, 500 - X509, 5X)| +-- @

At this point we must refrain from using the relation X = X(®)(x) in the arguments of the
functions appearing in the expression above, as that would send us back to the coordinate
system x®. The coordinates now covering our space-time are X, and since coordinates are
mere labels, we can denote them by x“.

We remark that equation (18) is invariant under diffeormorphisms that preserve the back-
ground fields by construction [40]. Nevertheless, it is possible to explicitly check this for
equation (21) by using the gauge transformation of the inflaton and the metric perturbation
and the definitions of the coordinates X, and we refer the reader to reference [27] for further
details.

2.3. The local expansion rate in single-field inflation

‘We now turn our attention to a specific observable, the local expansion rate H, which measures
the expansion of the space-time with respect to some notion of time. As mentioned above, in

7
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single-field inflation models it is natural to employ the inflaton field as our clock and in that
case we can give a concrete definition of H in terms of the divergence of the vector field normal
to the contour hypersurfaces of ¢ [19], i.e.

Vi _ V0 o
Tn—1" ' /=V9V,0

In the perturbed space-time we write H in terms of the full metric and full inflaton and
expand its expression up to second order in the perturbations. The result is
=

~ /
) = Yo
n—1

= H() + kHV(x) + K’HP (x) + O (%) , (23)

where the first- and second-order terms are given by

g — ﬁ(&,h’,ﬁ —20:h) + %hoo — %ﬁwﬁ” (24a)
o @ _23(;_2?);/225)}1 P60,

- z(n—IW [(zajhij + 0'hoo — O' )i

+2KI9,0,600 + %&] (@) + (¢'hoo + 23),7/¢(1))A e

+ g tho —~ hf)hi()) - 47(:11 D [2h,- (O, —20'h))

+ 2hio(O'hf — 01y — hoo(O,hf — 26%,-0)} : (24b)

We note that the indices above are raised and lowered with the Minkowski metric 7, and
that to arrive at expression for H @ in equation (24a) we have used equation (9).

We then employ the procedure described above to obtain a gauge-invariant expression for
the local expansion rate in the perturbed space-time. Hence, we define [42]

HX) = H[x(X)] (25)

and expand the resulting expression up to second order in the perturbations as

H=H"+rHD +HP + 0O () . (26)
From equation (21) we have that

HO = H, (27a)

HY = HO + HaeX()), (27b)

1
(1) 0)2
H? = H? — X{)0,HV — SH'ae(1 — 2 + 20)X()

2 () (0) 2 (0)
—H an(f) 0, Xy + H aeXy) . (27¢)
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Hence, only the expression of the X coordinate is needed to second order in . We remind
the reader that, from the definition of the time coordinate 5(((1), ‘H is measured with respect to
a family of observers co-moving with the full inflation field ¢.

Note that up to this point we have an identification between the points of the background and
the full space-times without the need of fixing the gauge and a truly gauge-invariant observ-
able, H, that is (necessarily) non-local. We can now use the gauge freedom to simplify the
forthcoming calculation. An obvious choice is to fix the gauge in order to have 5(5’1')) =0. To
make the first-order perturbations of the coordinates X% to vanish amounts to imposing the
following conditions exactly on the inflaton field and metric perturbations [42]:

. 1 . .
oM =0, 9h— Ea'h +(n—2)Hah® =0. (28)

The condition on the scalar field perturbation also implies that XE% = 0, as can be seen from
equation (14), and this gauge choice simplifies equation (27) to

HO — H, HD = g» , HPD = gD (29)

We remark that although the gauge-fixed expression for H given in equation (29) is local up
to second order, this would not be the case had we chosen a different gauge-fixing condition.

3. Graviton one-loop correction to the local expansion rate

In this section we calculate the expectation value of H up to one-loop order via the in—in (or
closed-time path) formalism of Schwinger and Keldysh [66—68]. This formalism computes
true expectation values of the operators, rather than their matrix element between some in and
out states, and is tailored for cases where the system evolves from a given initial state. This is
enforced by integrating the vertices along a contour C in the complex-7 plane, with a part C,
that runs forward in (real) time from the initial time 7, up to an arbitrary final time 7;, larger than
any external point time coordinate (assumed to be on C}), and a part C, that runs backwards
in time back to 77,. Because of this one has to use the contour-ordered propagator G°. At one-
loop order, its integration along C gives the Feynman propagator minus the negative-frequency
Wightman two-point function. For early use of the in—in formalism in curved space-times, see
e.g. references [69—71].

For finite initial time we must consider a dressed state for the interacting theory, in prin-
ciple. A natural choice for the state of the interacting field, however, is to assume that in the
asymptotic past its fluctuations are in the free vacuum state and that the interaction is switched
on adiabatically. In the case we are interested in, this choice for the initial state can be imple-
mented just as in the Minkowski [72] or in the de Sitter [73, 74] cases, by a time coordinate
integration contour with an ever decreasing imaginary part and then taking 7, — —oo. This is
the well-known ie prescription. In the following-up calculation, however, the integrals converge
even without the use of the ie prescription.

The expansion rate expectation value up to one-loop order then reads

(H(x)) = H + m2<H<1>(x)S§;3>O + m2<H<“(x)S<G{)CT>O + R (HO W), (30)

with the 7 integration contour as described above. In this expression, (-) denotes the expec-
tation value with respect to the free-graviton state in the gauge given in equation (28). The
corresponding Feynman propagator

iGypo (6, X) = 007 = 1)G L, 0 (2, X) + 001 — DG, (2, %), €1y}

Hpo npo Hpo

9
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with the Heaviside step function 6(x) and the positive-frequency Wightman two-point function

1G o0, X') = ()R pe (X)) (32)
was constructed in reference [42], and its expression is reproduced in appendix A for
the reader’s convenience. The term S.\) = S&)_Leff + 8% in equation (30) denotes the total
interaction action, with Sggl’eff the interaction of the graviton with the ghost fields and

S6’ = SGy + Sy » (33)
with

qu)U = % Uaﬁ",éuupa / dnxanizhw@ah,washm (34)
and

Sey = ”;—ZV‘“““W’” / d"xHa""hosho,0,h, (35)

the three-gravitons interaction terms. SS}CT are the counter-terms necessary to absorb the diver-
gences coming from the insertion of the basic fields. The explicit expressions for Sgﬁ’eff and

58,)CT can be found in reference [27], and the form of the tensors U**%/?7 and V1P7 are
given in appendix C.

3.1. Slow-roll approximation

In the slow-roll approximation we assume that ¢ < 1 and |§| < 1, and only keep terms linear
in the small parameters € and )—see, e.g., references [65, 75, 76]. The definition of the first
slow-roll parameter, equation (8), implies that ¢ = O (ed). Hence, we can neglect €, unless it
appears multiplied by an inverse power of a small parameter. We assume that the same is true
for ¢’. Within this approximation, the integration of equation (8) gives

€ = ea®, H = Hya ¢, a=[—(1—eHom] =, (36)

where H and ¢, are the values of the Hubble and the first slow-roll parameters at the initial
time 7, respectively. In particular, we have

1
(I—-enm
as in the constant-¢ case.

The slow-roll approximation is only valid for some limited range of conformal times 7.
Indeed, by expanding € in powers of J in equation (36), we obtain

Ha = — (37)

e=¢[1+25Ina+25In*a+ 0O (8)] . (38)

Clearly we must have | In a| < 1 in order to neglect the third and all higher-order terms.
A similar expansion of the expression for H leads to the condition |e In a| < 1. That is, the
approximation is valid for as long as the logarithm of the scale factor changes much less than
N =1/ max (|],€). As a consequence, the observation time 7 and the initial time 7, must not

10
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be more than N e-folds apart for a given expression to be valid®>. We shall return to this point
below when employing the in—in formalism.

While performing this calculation, we realised that there are a few missing factors in the
expressions for the Fourier amplitude of the scalar propagators in reference [42], which were
used in the constant-e¢ calculation of reference [27]. Moreover, we have also found a com-
putational mistake in that reference when considering the contribution coming from the part
of the three-gravitons interaction involving the V-tensor. We have checked these issues with
the author of reference [27] and corrected the formulas affected by them. In appendix A we
point out the correct formulas for the scalar propagators of reference [42] that are relevant to
the slow-roll calculation. The corrected expressions for the one-loop correction to H in the
constant-€ case are shown in appendix D for the reader’s convenience. We remark that these
corrections are purely computational, and do not affect in any way the main conclusions of
references [27, 42].

3.2. Loop computation

3.2.1. The H® pure second-order term. The contribution from the term H®(x), which was
given in equation (24), only involves the coincidence limit of the graviton propagator. Hence,
we can regularise its expression first via the point-splitting method and then use the dimensional
regularisation approach to perform the momentum integrals. The result is

1
° T B S
(HP(x)), = 1,1/13}( {4(11 — Da(n) [

— 40'Gy/(x, x')

0y + 0,)G; (x, ')

+20'Gl(x, x') — 40,Gy (x, x') — 0, Gl (x, x')

H 3 i
- % {—Ggooo(x, x') — G (x, x')} } - (39)

+ 20,Ghpo(x, x')] 2

We use the expressions for the graviton propagator, equation (A.1), and with the help of

equations (A.4) and (A.5) we obtain

<H(2)(x)>o il {(Zn —Dn—-2)—1+m—-1n-— 2)6(8” - 0,)GE (x, 3

x/—x 4(n — 2)a(n)
1+e€ F ,
~ a0 G )
H —3)n?>-3n+3)— (m— Dn—2)? ,
B iﬂ)(n )(n n nzz(n )(n—2) GDE(X,X)
1

2,2 F !
+ 8(n — )(H2d%)(n) [2(” — D(H a0, + &y)GQ(x,x)

+ (n — D(Ha)() A G (x, x") — (n — 1 4 2€)(Ha)(1)9,0,y G (x, x)

H(n)
8

+ (0 + O A Go(x, X)) — Dg(x, x’)} , (40)

21f one is not interested in the coordinate-space expressions, but only in the results in Fourier space, the approximation
can be improved by taking € and 0 constant but different for each mode, namely at horizon crossing where Ha = |p|;
see, e.g., reference [75]. The condition |{d, ¢} In a| < 1 is then unnecessary.

1
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where A is the familiar Laplace operator in Euclidean space.

To compute the coincidence limits of the derivatives of the scalar propagators in the expres-
sion above, we will rely on their Fourier transforms given in equations (A.6)—(A.17). Assuming
that lim,_,, 0(n — 1) = 5, we calculate e.g.

il}g}c(an + Bn/)Gﬂ(x, X)=— g[(l — OH ! / d"'p

Gy [FL A pmH )

+ H - pHD (~p)] 1)
where H(V(x) and H?(x) are the Hankel functions of first and second kinds [77], respectively,
and order «, p = |p|, and the parameter i depends on the slow-roll parameters as
n—1 n n—2

2 2
Integrals of Hankel functions in this form will often appear in this calculation. Following
reference [27], it is convenient to define the dimensionless integral

Ww= €. 42)

dnl

s L [HP@HD @ +H @HP@)] - (43)

Jk,a,B
The integral J;, 3 is calculated and analysed in detail in appendix B. We then use
equation (B.13) in equation (40) to obtain

@n—1)n=2) =1+ @~ D2,
2(1’! — 2) Lpp—1

(HP@)), = [(1 — oH"" {

1
+ E(JZ,;Lfl,ufl - ]2,;1,#)

(n—3)n?>—=3n+3)+0n— Dn—2)%

— Joj—1—
4n—-2)1-e 0Ll
4-]1,1/,1/—1 + (1 - G)JZ,V,V
4(n —2)e
n—1—(n—23)
4n— (n—2) 2!
1 —2e¢ €
- J vv—1 7 J v—1v— . 44
2n—Dn—2e """ am—2) ! “4)
Next, we write the expectation value above in the form
(H?P(x)), = —H""'Ds(n. ¢, 0) (45)

and use equation (B.11) to obtain

AP (1o ?

Dy(n,e,0) = I ”_ ) [n(13 — 6n — 20 + n¥)e + O (¢%)]
Ag/n) (1 _ 6)"72 5
+16(n—2) . [4n(n +n—0)

+2(8+2n+3n* —3n))e—4(4 —5n —n*)s + O (e0)] . (46)

12
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3.2.2. The counter-terms. The contribution coming from the counter-terms is given by

i(HO0S e ) =12 / a" ("))
x {l(n — 1 = e)dy + ed71(HV (x)hoo(x)),,
—[(n— 1= )by — edl(HP0)h(x"), } . (47)

where dy and 07 are the scalar potential and the field strength counter-terms, respectively. We
can use the form of HV(x) given in equation (24a) to express the expectation values appearing
in the integrand of equation (47) in terms of the graviton propagator as

<H(l)(~x)h/w(~x/)>0 - )

i /
mﬂm(%x ), (48)

with the definition

Fo(x,x") = 0,G5 (x, x') — 200GS*, (x, X)

0 v

+ (n = DHa)(1)Ggy j, (x, X) . (49)

With the aid of equation (A.1), the components of F,,, relevant to this section can be expressed
in terms of the scalar propagators as

N 1 1 c A C /
Foo(x,x") = (Ha)(17) A ((Ha)(n) Oy Go(x, x') — e(mDg(x, x )) (50)
and
Fijx,2) = 05 (e(n)&, - W) Go(x,x'). (51)
The contribution from the counter-terms can then be cast as
. ( - 2) n._/ n /
i(HO0SGer), =7 / d''(H2a") o)
X {[(n — Ddy — (o — d2)e(n)1Foo(x, x")
— [(n — D3y — by + 62)e(IF(x, x)} . (52)

The Laplacian operator in the expression for Fy acts on x and, thus, can be pulled out of the
integral. Moreover, the spatial homogeneity of our state and space-time background implies
that the integral on x’ must be independent from the spatial coordinates. Therefore, the inte-
gration of F( vanishes. The same reasoning is valid for the term containing the Laplacian
operator in the expression for F;;, and its contribution also vanishes. In conclusion, we have
reduced equation (52) to

. (n—2) n gt
1<H(1)(x)S8,)CT>O = ’Za(n)e /d x(H*a")(n)
X [(n — 1)dy — (Oy — d2)e(n)10,Go(x, x)
(-2

4(1(7’]) [(fl — 1)5V12,0(77) - ((5\/ — 52)111(77)] , (53)

13
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where we have defined
70——00

with the integral
n
Lo, m0) = / drf/ / 4" (" H"a")()0,[G§ (x, ) — GL(x, 0], (55)
0

Although we are employing the in—in formalism, where we take 7, — —o0 so the interaction
is switched off adiabatically in the asymptotic past, the slow-roll approximation is only valid
for a finite number of e-folds. We will discuss this conflict after performing the integral (55).

The integral 1,, , can be computed as follows. We consider the expression of the Wightman
two-point function G§ in terms of its Fourier amplitude G§ and then integrate equation (55)
over the spatial coordinates. The result is

, ) )
Do) = / d (e H" ")), Bm[ G 1.7 p) — G 1. (56)

o

Next, we substitute equation (A.14) in the expression above. To calculate the limit, we combine
equations (10.4.7) and (10.7.3) of reference [77] to obtain

20 (=P = (=)

H M O_ !y — HO(_ ) Y\HD (_ —
L prH P (=) = P i HP (=] = 2= (57)
Returning to the computation of /,, ,, we use the limit above in equation (56) to obtain

2 (1—e
(n—2) e

T] n—. n— n—
x / dn/[1 — ()] T (* T H™ " T a) ) (—n)'T V. (58)

o

Lo, m0) = — (=)' T (HE a)(n)

where the parameter v is related to the slow-roll parameters as

n—1+n—2
2 2

We recall that quantities varying at orders higher than first in the slow-roll parameters are
assumed to be constants within the slow-roll approximation. Thus, we can pull the (1 — ¢)-
factor out of the integral, but e.g. must keep the negative powers of ¢ inside as they can vary
up to first order. Then, by using the expressions for a, H and € in terms of the conformal time
given in equation (36), the integral /,,,, results in

V=

e+, (59)

2 (H"'a)(n)
n—2el"*n—1—(m— e+ 2ad

n—1—(m—n)e+2ad
xll—<n> 1. (60)
o

The term in equation (60) involving the initial time can be easily expressed in terms of the
scale factor a. Using equation (36), it can be written as

n n—1—(m—n)e+2ad B a(n) —[n—1—(m—1)e+2ad]
A — . (61)
0 a(no)

Im,(y(na 770) - -

14
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Although the term above is appreciable at early times, it clearly decreases exponentially during
inflation. Considering that the inflationary phase of the early Universe is expected to last for
at least around 60 e-folds [78], that term becomes negligible at intermediate and late times
and can be dropped, which is equivalent to take the limit 1, — —oo in the in—in formalism.
Hence, our calculation of the quantum corrections to the expansion rate in slow-roll inflation is
accurate only after a large enough number of e-folds has elapsed. The limit (54) in that regime
is a good approximation and we are allowed to use

2 (H™ 'a)(n)
n—2e'""n—1—(m—1De+2ad "

Finally, we return to the expression for the contribution from the counter-terms. We
substitute equation (62) in equation (53), which yields

_H [(” —Ddv  e(dy —dz2) 63)

: (1)
l<[-I(1)(X)SG’CT>0_ 2 ln—1—€¢ n—1—€e+26]|"

3.2.3. The ghost term. 'We now consider the contribution coming from the ghost loop, which
is given by

i<H(1)(x)S(Gll){,eff>0 - m

X / d"x'a" ()" F* (x, x') lim 0,G5(y,y)
yy' =
S S
2(n — Da(n)
X /d"x'a"’z(n')Fkk(x, x') lim
vy =

x [0 — (n — 2)(Ha)y*)001Gy(,Y) , (64)

where F,, was defined in equation (49) and 8;,/ denotes the partial derivative operator acting on
the second argument of the propagator. The operator within the square brackets in the second
line of equation (64) is precisely the equation of motion for G}; and, thus, that limit gives

lim 6™(y —y)). (65)

ar=2(n) yy =

lim [6% — (n — 2)(Ha))]Giy(3.y) =
»y —X’

In the dimensional regularisation prescription, however, we have that the coincidence limit of
the d-distribution vanishes—see e.g. reference [79]—, and the second term in equation (64)
does not contribute. Moreover, the fact that the state is homogeneous and isotropic allows us
to trade 0! for —0; in the first line of equation (64) and then pull that operator out of the inte-

15
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gral. The resulting term will also vanish thanks to the same symmetries. Hence, equation (64)
reduces to

(HY ), = 50—

X / d"x'a" ()0 Fi(x, x') lliLnlaonI(y,y'). (66)
) X'

The coincidence limit appearing in equation (66) is given in equation (B.13). Furthermore,
from equation (49) we have

A
Oy Fi(x,x) = —(n— 1) (e(n)@n&,/ - (HT)(n)an) Golx,x). (67)

The contribution of the ghost loop then reduces to

. n—1(—¢"
i(HOSGhen), = =5 gy bt (68)

with the integral 7, (1) as defined in equations (54) and (55). Note that again some of the
factors involving € varying at order higher than one in the slow-roll approximation have been
already pulled out of the integral. Finally, by using equations (62) and (B.11), we obtain

i(HO@S G ), = —H"'Doun. .6), (69)
with
nA®™
Dgu(n, e,8) = 2“ (1—e"'2+e. (70)

3.2.4. Three-gravitons interaction: the V-tensor term. The contribution from the three-
gravitons interaction term involving the tensor V*##?7 is given by

i (n _ 2)V(13/w0/)

i<H(1)(X)58,)V>O: 8 (n— Da(n)

/ a"x'(Ha" )
X |:F(15(-x, x/) lim aﬂGga,ul/(y’y/)
yy' =

+ For(x,3') im, 9G]0

+ a;)F/u/(xa .X/)V }}3/ GESOO (ya yl):l 5 (7 1)

and we remind the reader that F,,, was defined in equation (49). Besides the components of
F,, already given in equations (50) and (51), here we also need

Foi(x,x") = 0; %

_ (eHa)(m)0, + (eHa)(1)dy — A
2(Ha)(n)(Ha)(n')

Dg(x, x)

ol x| (72)
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The terms in equation (71) involving total spatial derivatives at the observation point x vanish
when integrated, and we are left with

) i n—2 n n—
(YOS )= = (0 Dhay | 4 H D0
X {Vijﬂprij(x, x) lim 9,Gi,,, (v,Y)
v,y —x

X V‘*S"j””a,]/F,-j(x, .x/) lim GEBOJ(y’y/) . (73)
yy' =

The details of the computation of the coincidence limits appearing in the expression above
can be found in appendix C. The result is

i<H“>(x)sg}V>0 - 8(511__7&;7) { —[2r® = Tn + T)e + 8(n — )]

X ‘]2,11*1,1/*1 + (n - 1)(1 - 6)‘]3,11,1171
— (= D[(n—1)2—¢€) — 20]
(n—D[Amn —3)n—1)— Q2n* —Tn — 3)¢]

1—c¢

X JZ,V,V +

X Jl,l/,l/—l - (I’l - 1)262-]0,1/—1,1/—1 } In,—l(n)

(JZ,/I,/I, - JZ,/I,— Lp— 1)

N (1 —ey1e2 {(n —5)(n—2)

8a(n) n—1
+ (21’13 _ 87’12 + 11n — 9)J1,/1,,/1—1
—(n—1) [(n = 3)(n* = 3n+3)

+(n—2)€] Joy 11 } Iy 1() (74)

where the integral 7, _; was defined in equations (54) and (55). We again cast the expression
above as

i(HO@SE, ) = —H"'Dayin,e,d), (75)

only to obtain

(1—o"'Ap
8(n— 2)[(n — 1)(1 —€) — 26]
—n(6 — 23n + 281" — 13n° + 2n*)e]

(1 — e 1AM
8(n—2)[(n — 1)(1 — €) — 26]e
x [2(2 + 150 — 30n* + 157 — 2n")

Dgy(n,€,6) = [2n(11 — 14n + 4n® — 5n%)

+

+ (26 + 3n — 166> 4+ 10n° — 3n™)
x € —2(13 — 8n — 8n* + 3n’)d] . (76)
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3.2.5. Three-gravitons interaction: the U-tensor term. The interaction in equation (34) con-
tributes with the term

i U(yﬁ’y&/wpa
16 (n — Da(n)
+ O, Fu(x, x') lim 903G}, 5(v,))

yy'=

i(HO@SGy), = d'x'a" () [Fm, X) 1im, 0205G0052Y)

+ af?FﬂU(x’ x,)%l/h_{}c/ aOrGEm/(S(y’ y,):| ’ (77)

with F,,, given by equation (49). We again refer the reader to appendix C for the details of the
computation of the coincidence limits appearing above. The final result is
i(H WS, )

[ —oH" e
~16(n — Da(n)
+ (n — 1)(—106 + 100n — 35n* 4+ 5n°)J5 1,1 — (26 — 1221

{2n — D*(=3 + 12n — 100 + 21°)Jy i1

+1097° — 38n” + 5n*) T + 8(n — 5 — 2341 } In—1(1)

L1 - oH e
16(n — 1)a(n)

+21%) € — 4(n — 5)(n — 2)(n — D3] J1 01 +2[(n — 2)(n — 1)
x 3n—T)+ (11 = 36n + 24n> — 5n°)e — 4(n — 2)(n — 1)8]| Jop—1,-1

{220 = 5)(n—2)(n — 1)* — (n — 1)* (27 — 16n

—2[2(=174 1Tn = Tn* + n’) + (31 — 33n+ 170> — 3n')e
—2(n—3)n+ 1)81J2,, +2 [31 — 150+ 2n*> — (63 — 32n + 5n)e
—4(n —2)01 3001 — 2(n = 3)(A = 36)Jap—10-1 — Jawu)} Ln-1(0) - (78)

Finally, we use equations (62) and (B.11) to cast the expression above in the form
i(HOWSWy ) = —H"'Do.u(n, €, 0), (79)
k) o >

with
(1 —o" A
8(n — 2)2[(n — 1)(1 — €) — 26]
x (n— Dn(n — 2)*(36 — 11n + n?)
B (1 _ 6)nflA(Vn)
8(n — 2)2(n +2)[(n — 1)(1 — €) — 26]e
x [4(n — 2)(n — 1)(11 — 13n — 5n° + 4n°)

Dgy(n,e,0) =

— (n—2)(36 + 23n + 14n*> — 231 — 17n* + 9n°)e
—2(120 — 57n — 38n* 4 491> — 25n* + 5n°)5] . (80)
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3.3. Renormalisation

Here we are dealing with a composite operator whose divergences cannot be fully absorbed
in the renormalisation of the N-point functions of the basic fields alone. It is known
[72, 80, 81] that, apart from the usual counter-terms in the bare Lagrangian, one also needs
counter-terms coming from all the operators that can mix with . They are all the operators
with the same quantum numbers (spin, charges, etc) as and having equal or lower dimension
than 7, in general. There would be just a finite number of such operators, were we analysing
a local observable, but for non-local observables like H the combinations are endless and no
general framework is available in the literature to determine them. The only example of renor-
malisation of a non-local operator that is well understood is the Wilson loop in non-Abelian
gauge theories [82].

Inspired by the Wilson-loop case and their results in de Sitter space-time, Miao et al [26]
have conjectured that the operators RH and H>, where R = R[x(X)] corresponds to the gauge-
invariant Ricci scalar defined as in equation (21), should be enough to renormalise the invariant
expansion rate on general FLRW background space-times, at least at one-loop order. Shortly
after, Frob [27] showed that those operators and the operator # itself are enough to renormalise
the invariant expansion rate at one-loop order in single-field inflation and with constant e.

We start this calculation by recalling that in the slow-roll approximation only quantities
that vary slowly in time, i.e. whose time derivative is second order or higher in the slow-roll
parameters, are taken as constants. That is precisely the case of the slow-roll parameters e and
0. Thus, after expanding the counter-terms contribution of equation (63) up to first order in
the slow-roll parameters, we see that we can take 6z = 0, just as in the constant-¢ case. This
reduces that equation to

H
i<H<”(x)58}CT> — Ry (81)
Moreover, it is convenient to define

D(n,¢€,6) = Di(n,€,6) + Da(n, €,9), (82a)
Di(n,€,6) = Dgu(n, €,0) + Dg y(n, €,0) + Dg u(n, €,0) . (82b)

A simple computation then gives

11 5 & .

It is not difficult to conclude from equation (36) that the term ¢ /¢ cannot be taken as a constant,
a priori. This is because its time derivative is only first order in the slow-roll approximation. All
the other terms in equation (83), however, vary slowly in time and, thus, can be well approx-
imated by constants. Hence, in principle, we must find another operator that mix with A and
its counter-terms is able to absorb the divergence of the term involving ¢ /e.

In any case, let us assume for a moment that §/¢ is a constant. By making this assumption
we are introducing in the expression for D(n, €, §) an error at first order in the slow-roll approx-
imation. The renormalisation procedure in this case becomes similar to the constant-e one, and
we can use the same counter-terms. The renormalised result then reads

H
(Mren()) = lim | H — K*H"'D(n, €, 8) + /@25(5‘/ + 12 H) oo — K2 TP Ho B L (84)
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where 1 now denotes a renormalisation scale with dimension of mass. We have only considered
the counter-term coming from > as we cannot distinguish it from R at this loop order.
We choose the renormalisation scale to be Hy, dy to cancel the divergences coming from the
graviton one-point function at the initial time 7, [26, 83] and « and 3 to cancel the divergences
in D(n,€,0) and D,(n,€,0) when 1 # n,. Thus, since the background values of the mixing
operators are (H*)y = H> and H, = H, these choices amount to take

Sy = 2Hy *Di(n,€,8), a=D(n,e0), B=Di(ned). (85)
‘We then obtain

(Hen(x)) = H + K*¢H> In a lim[(n — 4)D(n, €, NI. (86)

This result is correct up to first order in the slow-roll parameters since the error in assuming
0 /€ constant in the expression for D(n, ¢, 0) is pushed to the next order due to the extra ¢ factor.

We can also keep d/€ as a function of time and introduce a new counter-term to absorb the
corresponding divergence. Then, we need an extra counter-term coming from an operator that
is proportional to H* /¢ on the background. As expected, the list of such operators is endless.
It is clear, however, that none of these operators can be written as polynomials of derivatives
of the metric alone. We then choose the operator

HS
V-VHYH
This operator might look as an unusual choice at first sight, but we note e.g. that the operator

measuring the local expansion rate was defined by a similar formula—see equation (22).> On
the background, the operator we suggest reads

(87)

H? H?
VNHH), € o

The expectation value of the renormalised # then is

H
(Hyen(x)) = %1511 {H — kK*H" 'D(n, €, 6) + nzzév + K2 H) oo

5
_ "fzﬂn_zHOﬁ + fizu"_4 # ~l . (89)
V-=VHV,H ],
In order to simplify the notation, let us write
1 b 0
D(n,e,0) = —— a+ — +O((n—4)), (90)
n—4 €

with a and b constants. We choose the same renormalisation conditions as above, which now
correspond to

Sy = 2H} 2Di(n, €, 6)| =1y »

3 Operators such as 7 or the one in equation (87) are defined only perturbatively, i.e. in terms of a power series in the
basic fields (/)“> and A,
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. b
= e B—ﬁDl(”,@a)‘":’m’ T a4 oy
Then,
(Heen(x)) = H — &% lim H"' | D(n, €, 0) — my
ren - n—4 ¢ H
H() n—4 a
X Dy (n, €,6)|y=n, — (H) n—4
Hy " il o
+ (H) Di(n,€,0)| =y, — (H) n—4e
CH 4 2 In a lirj[(n — 4D(n, ¢,0)], (92)

which clearly agrees with the results obtained by treating all terms in D(n, €, §) as constants,
as it should.

3.4. Results

We use equation (83) in equation (86) to obtain

(Heen(x)) = H |1 + KX e+OHH* Inal . (93)

76872

Thus, the invariant expansion rate receives a finite quantum correction at one-loop order that
produces a secular effect, i.e. produces terms that grow in time. It follows from the cumula-
tive effect of gravitons being copiously produced by the background expansion [28, 29]. As
these quanta pile up, the quantum fluctuations of the metric experience a slow growth, and
this is reflected in the expectation values of the observables. For sufficiently rapid background
expansion, this effect can become strong enough to cause the perturbative treatment to break
down.

We can estimate how long it takes to the one-loop correction to become comparable
to the background using the current experimental constraints [3]. The upper bound for the
energy scale of inflation is of order 10'® GeV, thus we have x*H? < (10'® GeV/Ep)*, where
Ep is the Planck energy, while the first and second slow-roll parameter we can estimate as
|e + 8] ~ 1073, Thus, the loop correction in equation (93) becomes order one after no less
than a number of e-folds of order 10'”. Although the one-loop correction needs a huge number
of e-folds to become important, this is not rule out as there is no upper bound on the duration
of inflation. It is possible, however, that this number is brought down by the higher-loop cor-
rection. These corrections will involve higher powers of In a, thus as the perturbative approach
breaks down all the other loop orders become important, making the actual number of e-folds
to be smaller than the crude one-loop estimation.

In any case, when these corrections become important one needs to employ some kind of
resummation method to determine the late-time behaviour of the quantum backreaction. In
the slow-roll case, for example, we can try to estimate how this non-perturbative regime looks
like by quantum correcting the first slow-roll parameter [27]. Hence, let us write the term
multiplying H in equation (93) as

63 2

kKXe+0OH*Ina+ O (62, 52) = g7682 "

I+

63 .
“ear? T 4 0 (2,67) . (94)
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Then, going back to equation (93) and using equation (36), we have
(Hren(x)) = H(&) + O (€2,6%) . 95)
with the quantum-corrected deceleration parameter

63

B 2,72
7682’ Hj(e +9). (96)

E=c¢

In the case the second slow-roll parameter 6 = 0 the quantum correction shifts e towards the
de Sitter space-time, where € = 0 [27]. For finite §, however, the backreaction might move us
towards or away from the de Sitter space-time, depending on the magnitude and sign of the
second slow-roll parameter. This shift, however, is quite small. Using again the experimen-
tal constraints on the cosmological parameters, we have that the background first slow-roll
parameter is shifted by a number smaller than 10~17,

4. Conclusions

We have calculated the graviton one-loop correction to the expectation value to an observable
that measures the local expansion rate in slow-roll inflation. The operator corresponding to this
observable is of the relational type and fully gauge invariant. Similar calculations were recently
performed in de Sitter space-time [26] and in single-field inflation with constant € [27].

The de Sitter calculation has confirm the expectation that there is no one-loop backreaction
on the background expansion rate. It is based on the observable proposed in reference [32],
which requires the use of a non-local time coordinate as in that case there is no scalar degree
of freedom that can serve as a clock. In section 2 we have shown how that proposal fits within
the framework of references [40—42] by considering a simple generalisation of the equation
defining the configuration-dependent coordinates X(“)[g], see equation (3).

The constant-e calculation is based on the same observable we have employed here to
compute the one-loop correction of the expansion rate. However, there are some differences
between that calculation and the one we have presented in section 3 that are important to high-
light. Firstly, the in—in formalism cannot be employed straightaway in the case of the slow-roll
approximation. For the in—in formalism relies on the assumption that the initial state can be
given asymptotically far in the past, while the slow-roll approximation is valid only for a finite
time interval. We have shown that although the contribution from placing the initial state at a
certain finite initial time is appreciable at early times, it can be neglected at late times and is
equivalent to send the initial time to the far past. Secondly, although the renormalisation in the
slow-roll case can be performed just as in the constant-€ space-times, a calculation that keeps
track of the slow-roll approximation is also possible. The latter requires an extra counter-term
coming from e.g. the operator in equation (87), although it is not clear if the precise form of
that operator is an artefact of the slow-roll approximation. In any case, this calculation provides
a partially negative answer to the question raised in reference [27] of whether the slow-roll
case could differentiate between the counter-terms coming from R and H> and/or unveil
counter-terms beyond the ones conjectured in reference [26] at one-loop order. Moreover, the
quantum-corrected first slow-roll parameter, equation (96), shows that the graviton backreac-
tion in slow-roll inflation can either accelerate or decelerate the background expansion, which
is qualitatively different from the result obtained in the constant-e case.

The one-loop correction we have obtained grows in time with the logarithm of the scale
factor. Thus, at some point the quantum-gravitational backreaction is not the one suggested
by the one-loop result we have obtained, and some resummation method is required to predict
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the backreaction at late times. Using the current experimental data [3], we have estimated
that it takes at least 10'7 e-folds to the one-loop result to become order 1. This is certainly a
huge number. Nevertheless, currently there is no restriction on the maximum duration of the
inflationary era. It is important to notice, however, that as the system moves away from the
perturbative regime, all the higher-loop corrections contribute very strongly sooner than the
one-loop correction.

One can wonder whether this secular effect is an artefact produced by the way perturbation
theory is set up, with the dressed interacting state built by switching on the interaction adi-
abatically from an initial free state lying far in the past. If secular terms were to develop by
somehow being already present in the initial state and not by effect of the background dynam-
ics, then it should be possible to absorb them into a redefinition of the initial state. It would
be interesting to check whether this is actually the case for the problem at hand. However, the
experience with loop corrections in the scalar case [84, 85] suggests that, even though powers
of the scale factor can be absorbed this way, its logarithm cannot. This is in line with other
cases where logarithmic terms are important and renormalisation-group techniques to resume
them are required [72].

Another issue is how the one makes contact between the loop correction we have computed
here and the observed value for the cosmological parameters. The observable we have consid-
ered represents a possible measurement of the local expansion rate during the inflationary era.
A measurement of the expansion rate at that time would measure the full (He,(x)). To disen-
tangle the background value of H from its quantum corrections one would have to known what
was the mechanism driving primordial inflation. Without such mechanism, one can speculate
on what would be the role played low-energy quantum gravity during the inflationary era. For
example, it has been long advocated [86] that the backreaction of the gravitons on the space-
time expansion rate produced during inflation could provide a natural mechanism to a graceful
exit from the inflationary era, avoiding the need of fine tuning the potential. The gauge-invariant
measure of the one-loop backreaction we have calculated here seems to indicate that indeed
quantum corrections could help to decelerate the space-time expansion, depending on the val-
ues of € and J. This one-loop effect alone, however, does not seem to be enough as it produces
a small deviation from the quasi-de Sitter background, but a two-loop calculation could show
more promising results [13, 26].
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Appendix A. Free propagators

The linear theory based on the exact gauge (28) was studied in reference [42], and the corre-
sponding free propagators in a spatially homogeneous and isotropic space-time were derived.
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Here we quote the expressions from this reference which are pertinent to our calculation.
The expressions for the Feynman propagator components for general € and § are

F N 1
Guona ) = Gapiap iy 0 o (A1)
Gho(x, x') = <tn') O Dy(x, x') — ;88@;@ x") (A.1b)
00051 2 (Hay(p 2(Ha)()(Ha)() "7 '
Goou(x, x') = —5kl(H Y )8 ,Go(x, x), (A.lc)
F / F / F / 00k 1 F
Goioe(x, ) = T [Dyy(x, ') + D5 (x, x)] + A {2( 2)DH(x ,x)
F ’ (eHa)(n)an + (eHa)(n’)a,,/ - F /
e+ e 0b)
_ e(n)j(n’) Di . x/)] , A1d)
Gh(x,x') = — ’(ka”a Gh(x, x') — 5k,%
6(”7) A F /
X |: BUG ( )_ |:2 n Z(Ha)(n)} GQ(X,X)] 5 (Ale)
Gi(x,x') = (25,(k51), &,&;) Gi(x, x') + 6;;6uGh(x, x')
— 42600 g (A.1f)

A

where A is the familiar Laplace operator in Euclidean space, 11;; = d;; — % is the transverse

projector and Al denotes the Green’s function of the Laplace operator with boundary condi-
tions that vanish at the spatial infinity. We recall that due to the gauge condition (28), both the
propagator for the inflaton perturbations and the correlator between £, and "V are zero. The
scalar propagators appearing in the right-hand side of equation (A.1) are defined by

[0° — (n = 2)(Ha) (D, 1Gry(x, x") = —— 6" (x — x'), (A.22)
a"=>(n)
2 _ _ F AN 2 (n) -

[07 — (n — 2 + 20(m)(Ha) (17,1 Go(x, x') = eI 2)(661”72)(77)6 (x—x), (A.2b)

[0% — (n — 2)(Ha)(1)0,1G5(x, ') = AGH(x, x'), (A.2¢)
/ / 1 n /

A Dy, x') = 9,0y G, ) = —= o) §(x —x'), (A.2d)
/ / 2 n /

A Diy(x, x') = 9,0, G (x, x') — m& (x —x'), (A.2¢)

A D5(x, x') = 9,0, G5(x,x). (A.2)
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The graviton Wightman two-point function can be obtained from equations (A.1) and (A.2)
simply by removing the terms containing the §-distribution in equation (A.2). We will also
need the spatial components of the propagator for the ghost field, which are given by

iG,Ej(x, x') = 0(n — n){(ci(x)e(x)), — 007" — n){c(x)eci(x)),
= i6;,Gh(x,x). (A.3)

In the slow-roll approximation it is possible to simplify some of the expressions for the
scalar propagators defined in equation (A.2), see reference [42]. They are

1
Gy(x,x) = -3 [0y + 10y — (n—1) — (n — 2)e(n)] Gu(x, x), (A.4a)
1
Dy(x,x") = -3 (00, + 100y — (n—3) — (n — 2)e(n)] Du(x,x") (A.4b)
and
0y + 1/ 0,)Gu(x, x') = {nd, + 09y — 2(n — 2)[1 + e(n]} Du(x, x). (A.5)

Due to the background and state spatial symmetries, it is convenient to express the scalar
propagators in terms of their Fourier transform. The propagators then read as

dn—l 5 o
Ghie) = [ G LGkt per . (A6)
with
Gh(n,1',p) = 0(n — )G (.1, p) + 00 — G (', 0, p) (A7)

and the Wightman two-point function Fourier amplitude as
- s n=2
Gii(n.0'.p) = =i, {1 = OHII(1 — OHI()} 2
n—1
x ()" T H (= pmHP (= pn) (A8)

which corrects equation (102) of reference [42], while the Fourier transform of DEI is

dnfl _ o
D) = / S Dl per ), (A9)
with
D(n,n',p) = 0(n — WD (.1, p) + (' — D (1, n,p) (A.10)

and the Wightman two-point function Fourier amplitude is
Nt / LT ’ %
Dy (. m.p) = IZ{[(l — OHII(1 — H1(1)}

n—1
x () TH (—=pH D (—pr). (A.11)

which corrects equation (104) of reference [42]. In equations (A.8) and (A.11), we recall that
H'D(x) and H?)(x) are the Hankel functions of first and second kinds, respectively, and order
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a, p = |p|, and the parameter 1 depends on the slow-roll parameters as in equation (42). The
Fourier transform of the propagators G, and Dy, are

dn—l 5 N
Gotx. ) = / <27r),fl G (.1 p)e? =) (A.12)
with
Gom.1'.p) = 0 — 1)G (.1, p) + 001 — GE (0.0, p) (A.13)

and the Wightman two-point function in Fourier space as

T {I(0 - oHII(1 — oHIG)}'T

Gi.n.p) = —i

2(n—2) Jemean
x ()" T HO (= pH (= prf) (A.14)

which corrects equation (108) of reference [42], and

DE(x,x)) = / ﬂff( ' p)eP ) (A.15)
H\» (271,)"_1 H 77"’7 ’ s .
with
Diy(n.1,p) = 0(n — 1Dy (., p) + 0" — MDY, (0, m,p) (A.16)
and
, n—-2
Bl gy — i = O — OH))}
QUIT-P) =150 Ve
x ()" T HY | (—ppH®, (—prf), (A.17)

which corrects equation (110) of reference [42]. The parameter v appearing above depends on
the slow-roll parameters as in equation (59).

Appendix B. Analysis of the integral Ji s

In this appendix we analyse and compute the integral defined in equation (43). We start by
performing the integration over the angular variables, which gives

VWE y Ne /0 dg H(@H (@)q" "2, (B.1)

1
A3 -1\
2nr 2 I ("T
where k € Z and n, o, € R.

As mentioned in reference [42], the scalar propagators G and Gg can be infrared (IR)
divergent, depending on the values of the slow-roll parameters € and §. Hence, it is worth
analysing the IR behaviour of the integral Jy , 3 with respect to the value of its parameters. The
limiting form of the Hankel function for small ¢ [77] gives

Jk,(r,ﬂ =...+4cte X / dqqk+n—(y—8—2 , (BZ)
0
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which is IR finite if
k+n—a—-p8—-1>0. (B.3)

Itis easy to check that the condition (B.3) is satisfied by all terms in equations (B.13) and (B.13)
forall ¢, |§| < 1. For large ¢, however, we have that H&l)(q)H(BZ)(q)qk'*'”_z ~ ¢"*"=3 and, thus,
that Ji 5 is divergent in the ultraviolet (UV) if k +n — 3 > 0, as expected. We will employ
the dimensional regularisation to deal with the UV divergences.

In order to compute the integral in equation (B.1) we use that

Re H(QHT(q) = Jo(@)T5(q) + Yoa(@)Ys(q) . (B.4)

where J,(x) and Y,(x) are the Bessel functions of first and second kind, respectively [77]. It
is convenient, however, to express the integrand in equation (B.1) solely in terms of the Bessel
function of first kind. To that end, we use that

Vo) = cos(ma)J o (x) — J_o(x)

sin(ma) (B.5)

to obtain

sin(ma) sin(3) + cos(mar) cos(m3)
sin(7a) sin(73)

Re H(9HS (q) = Jo(@)J5(q)

+ m]—a(Q)J—B(Q)

cos(ma)
B sin(7ey) sin(73)

cos(m/3)

~ sin(ra) sin(rB)

Jo(@J 5(q)

I @) 5(q) - (B.6)

Next, we have from equation (10.22.57) of reference [77] that

2k+n—2r(2 —k— I’l)F (k+n+g+5*1)

F (3—k—n2+(y+5) F (3—k—nz+(1—8) F (3—k—nz—(1+;;3’) ’

/ dgJ.(@)Tsq(q)g % = (B.7)
0

provided that the conditionsk +n —2 < Oand k +n + « + f — 1 > 0 are satisfied. Note that
the former condition is the convergence condition for the UV, while the latter can be obtained
from the condition (B.3) for convergence in the IR. We then use the reflection formula for the
I’-functions in equation (B.7) to cast the right-hand side of that expression in the form

/ dgJo(@)sq(q)g 2
0

_ 2M 2 cos [Zk+n+a—p3)]cos|[5k+n—a+B)]cos[fk+n—a—p)]

w2 sin[w(k +n)]T(k+n—1)
XF<k+n+a+ﬁ—1)F<k+n+a—ﬁ—1>F<k+n—a+ﬁ—1>
2 2 2
xr<k+"_§_5_1). (B.8)
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Finally, with the aid of equation (B.8) and the change

a=p—a,

B=p—b, (B.9)

with a, b € Z, we can express the integral in equation (B.1) as

Jk,ufa,yfb
a2 cosmeos 5k +n b+ b T (st 1 (gt
T I'k+n—- DI (%) sin[mw(n — 4)]
k b—1 k —a—b—1
><1"< +n+;+ —/J)F( +n czz +/~L>, (B.10)

after performing some manipulations involving trigonometric identities. The expression above
diverges as n — 4, as expected. We provide a list of the values of Jy,_,,» needed for this
paper for a given u. They are

Jop1pu-1=—An, (B.11a)
T = —An ('1;3 + u) , (B.11b)
Doty = AP — 1) (”zil - u) (” 5 3 4 u) , (B.11¢)
oy = —AD(n — 1) ("2: + u) (" 5 < u) : (B.11d)
T3t = A (n — 1) (n;l - u) (” g Ly u) (” g 34 u) , (B.11e)
Jap iyt = —Af,")'f;zl (” ; 3 u) (”; b u) (”; ! +u> (B.11f)

n—1 n—3
—_— —_— , B.11
><< > +u>< > +u> (B.11g)
21 /n+1 n+1 n—1 n—3
T A _ - , (B.11h
e “n+2<2 ”)(2 ”)(2 ”)(2 ”) (B4

where we have defined

cos (3n) cos(mp) (“H — p) T (%2 + p)
2naD (252) sin[m(n — 4)] '

(n) —
AW = (B.12)

In terms of that integral, the coincidence limit of the derivatives of the scalar propagators
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we need in this paper are

111m(8 + 0, )G (x,x)==2[(1 — oH]"~ laJI#u 1,

111mAG ) = —

[(1 - e)H]naz-]Z,/l,/l, 5

ilim 9,0y Gry(x, X"y = [(1 — OHI"a* -1 1,

1hm(8 + 0, )AG (x,x) =2[(1 —

1.3
G)H]n+ a J3,/1,,/1—1 >

11/13 Dyi(x,x) = —[(1 — OHT" *Jo 1 -1

i 1im (9, + 9,)Go(x,
X' —x

111mAG o(x, x

111m68 GE ox, x

111m(8 + 0, )AG (x,

ilim DE(x,

x—x Q(

ilim 0,0, A Go(x,
x'—x

i lim A2 G (x,
X' —x

x) =

)=

)=

x) =

X)) =

x) =

x')=—

4 [(1- e)H]”’1
) € a‘ll,l/,llfl 5
2 1—eH]"

2 [(1—eH]"

) fazJZ,y—l,y—l ,

4 [(1—eH]"!

2 € a3]3,u,,u71 B
2 (- e)H]"’2

- ) c JO,V—I,V—I 5

2 [(1—eH]"T?
— . a' Ty 101,

2 1 — eH]"?

_2 [( 66) ] a4]4,1/,1/ .

(B.13a)
(B.13b)
(B.13¢)
(B.13d)

(B.13¢)

(B.13f)

(B.13g)

(B.13h)

(B.13i)

(B.13j)

(B.13k)

(B.131)

Appendix C. Coincidence limits in the three-gravitons interaction terms

In this appendix we provide the intermediate steps of the computation of the three-gravitons
interaction terms contribution to the loop correction of the local expansion rate.

C.1. The V-tensor term

We start by substituting equation (51) in equation (73) and integrating by parts. The result is

<H(“(x)S(“ >0 _

— 2)e(n)

8(’1 — Da(n)
[8,]G+(X X)

e

9,G5 (', )]

x {(Ha"”)(n’)é,-jvif‘“"”” lim 9,Go,,(3.Y)
vy

— & Vi g, {(Hanl)(ﬁl) lim Gigo(,(y,y')}} , (C1)
vyl
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where
Vaﬁul/pa = naﬁnyl/npa o 277041,’751/,’7/)0 o 27704177#1/7750 . (C2)
Next, we compute the coincidence limits appearing in the expression above. They are
5ijVij/w/)<7 lim 8,,Ggguy(x’ x/)
X' —x
= lim [(n — 1)9,Glpo(x, X') — (n — 3)0'Glripg(x, x')
x/'—x
— (n —3)0,G (x, x') + (n — 5)I'Gh; 4 (x, x)]
. (n— 1)(n 5)

n- F

- ”%[2(;1 — 1)1 —3) = Gn— 1D)e + 401 — 3)01(D, + Oy )Gh(x, ')
— 521200 = 1~ Gn— S)e+ 40— 1)

(n—1y
2Ha

x 0,0, Go(x, x') + A Go(x, x)

+ 4(H )2(3,, + 0y) 1\ Gi(x, x)}

i[(1 — eH]* 'a

N W {—(l’l - 5)(1’! - 1)6*]1,/1,/1,—1

+(n—=5)n—2)eay—1,u—1 — o)
—(m—=D20n—1(n—3)—@n—1D)e+4n —3)0M1 -1
+ 20— 1> = Bn—5)e+4(n — DS — )Jay—1-1 + (1 — D*(1 — )2,
— (=11 = Tspp1} (C.3)
and
5, ViR lim Gh 50,(x, X)) = lim [2(n — DG 0(x, X))

— (n = 3)G g0 (x, x') — (n — DGy(x, 1)

2
= lim {(”1)(6,, + 0,)GE(x, x')

x—x | (1 — €)H,
(=Dl =3)(n* = 3n+3)+ (n—2)°]
n—2
x DE(x, x) + (n —346)(0,+ 9y )G (x,x)
n—
2(1_1 )2 (267181/ +A)G (-x x)
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12
_ %Dg(x, x/)}
i(n— DIl — OH]"?
_1n n— 2)2 {2(n = 2)(n — DeJy o1 — [(n — D — 30+ 3)
+(n—= 2| eloyry1 + 20 =3+ (1 — )11 + (1 =€)
X Qhy—1p-1—J2p) — 62]o,u—1,u—1} . (C4)

We then substituting these limits into equation (C.1) and pull the terms that vary in time
at orders higher than one in the slow-roll parameters out of the integral. This results in the
expression of equation (74).

C.2. The U-tensor term

We use the expressions for the components of F,,,, given in equations (50), (51) and (72), in
equation (77), discard the terms in the resulting expressions involving total spatial derivatives,
and integrate by parts. This leads to

. i € K / n—1_/ _n— /
X [a,,Gg(x, x) — 3,,G$(X/, x)]
> {Uaﬁij/wpa lim/ aaaéGF (y, y/)

Yy nvpo

1 d

_ an_z(n/) din, |:an2(n/) (UOBinjuV

+ Uiy lim 95Gh,. 50, y')]} , (C.5)
v,y —x

with
Um?ﬂ/é/u/pa = Zn/tpnaanuﬂnﬂﬂi _ 477(1(777u877~//1,r}6p _ 477/1,p77u877(1'y77(76

_ 477/1,p77(1(777~/u,'763 _ 277/1,11,'7(!((7,'7[)677"‘/6 + 477(1(777/)8,'7')//1,77@
4 477/1,u,r}p577(1'y77(76 4 477/1,u,r}(w7,'7'yp,'763 _ n/tp,',}(yﬁ’nuanq/(s
(C.6)
+ 277(1{)’77m777~//1,'76p + Zn/tpnuan(wnﬁ(s + 277/1,/)77(15,'7')%776(7
4 naﬁnllunﬂfénpa _ zn(yﬂnpanﬂmnﬁu _ 2,'7/1”,'7/)(777(177736

0% do

— 2P

We then turn to the computation of the coincidence limits of the Feynman graviton propagator.
Let us start by calculating
Bij : F
5ijUa‘ Ljpvpo i/lg}c aaa/ﬁG#wm(x’ )C/)

= lim {(n = 5)9,0,1G"(x.x) = G J(x,2')]

X' —x
+2(n = 3)9,0" [Ghooi(x. X')— Glrgo(x. X)] +2(n — 5)9,0" [2G" (x, ')
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— G (x.x) = Gy, x')] +2(n — 5)0'0'[Glrg (x. x) — Gy (6, )]

+2(n — 'V G, (x, x') — G j(x, x1)]

+2(n— 5N [Glyg (x, %) — GFli(x, X)]

+-TA [GFig(x, x) - G, x')] } (C.7)
Using equation (A.la), we can express this contraction in terms of the scalar propagators as

86U imee Jim 9,0,GE(x, x')
x'—x !

[ po

= hin { — (n—5)(n — DHa(8, + 0,))Gyj(x, x')

n—>5
Tl

— (24 6n — 50 + n)e + 2(n — 2)*€*| 9,0, G(x, %)

n— (14 — 8n + n?)

1
— —— (10 +40n — 41n* + 120 — n*A Gjj(x, ¥)

n—?2
4(n—5) F !
1 = oa @+ 0D G )
L == D DeHla 5 3 GE )

2
—[(n=5m—-2)(n—1)
—(6+n—nMe+2(n—3)ed — (n— 3)e’] 9,0, Gy (x, X))

(n—3)(n—10) — 2(n — 3)d
2Ha

+ (37 =350+ 11n* — n’) A Gy(x, x') —

n—73

X (a,] + B,II)A Gg(x, X/) - m

(0,0 + D) A G(x, x’)} : (C.8)
We then substitute the coincidence limits of the derivatives of the scalar propagators found in
equation (B.13a) in the expression above. This yields

5 UPP7 Tim 0,0,GF,,,(x, X')
X/ —=x

- i[(1 — e)H]"a? 2(n —5)(n — I)GJ
T -2 | I —e b
_ _ _ 2
- (n—5m—1)14 — 8n+ n)e X ot

1—e¢€
— (10 4 40n — 41n* + 120 — n*)ed ., — 8(n — S)(n — 2)ed3, 1

. 2(n —5)(n—2)(n — 1)e
1—¢

—2(6+n—ne| xJoy 1,1+ 237 —35n

Siyp—1+[2(n =5 —2)(n—-1)
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+11n* = n®)a,, + 2 [(n — 10)(n — 3)(1 — €)
—2(n = 3)0)J30-1 + 200 — 3)(1 — €)*(Ja — J4,y_1,y_1)} . (C.9)
The other coincidence limit is given by
5ij(U03p(7ij/w + U“QO””/"’ij)lim aﬁGF (.X, )C/)
x'—x

[ po

x'—x

= lim {an {4(;1 = 3)G"(x,x") = 2(n — 4)G"(x, ')
—2(n —2)G" o (x, x’)] + 9'[2(n — 1)Ghi(x, ')
—2(n — DG (x. ') — 8G™(x, x’)]} , (C.10)

which we again express in terms of the scalar propagators, resulting in

5ij(U05pmj/u/ + U;?Op(r/l,m])lim a@’GFV U(x, x/)
x'—x mep

o [=7—8n+21n* — 120 4+ 2n*
[T 0 e

18 — 14n + 4n? - .

~ T —oHa 0y +M)Guxx) + (10~ 17+ 80" —n
34 2n—n?
f€> (0 + an/)Gg(x, x")
2n—2)(n—1) — (n— 1)e

+ Ha 9,0,y G (x, x)
3+2n—n? n—1

~ Ha o Gg(x, x) + (Ha)? (S DA G(Fg(x, X/)] . (C.11)

Their coincidence limit then yields
Sy (Ui 4 YRy lim o, GF, L (x, x)
X' —=x

2i[(1 - oH]" 'a

B (n—2)e
+mn—-2)9—"Tn+ 2”2)5(]2,;#1,#71 — Do) —[2(n =5 —-2)(n—-1)
+m+Dn—=3elJipp1——=1D2n—4—e)(1 —e)Jry 1,1
+m=3)n+ D1 —-eJrp, —(n—1)1— 6)2J3,W,1} . (C.12)

{(=7 = 8n+21n* — 120 + 2n")eJ 1 01

Finally, we substitute equations (C.9) and (C.12) into equation (C.5), resulting in equation (78).
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Appendix D. Backreaction in the constant-c case

In this appendix we show the corrected expressions for the one-loop contributions computed
in reference [27], as well as the correct expressions for the scalar propagators of reference [42]
needed in that calculation. We start by the latter. In the constant-¢ case all we need are the scalar

propagators GY; and D}, defined in equation (A.2). The Fourier amplitude of the corresponding
Wightman two-point functions are

Gitn.1f.p) = =i = "2 [HOHG] T o)y T 1LY
X (—pH (—pn), (D.1a)
D) = 151 — o2 [HOHO] ™ () T HY,

X (=pDH (= pi). (D.1b)

respectively. The contribution coming from pure second-order term, counter-terms, ghost, and
three-graviton interaction terms are

(H?(x)), = —H" 'Cy(n, ), (D.2)
with
AW (] = ep?
Cy(nye) = — 4 4n(n* +n—6
O T R AL Gt
+2(8 + 28n — 9n* — Tn® + 2n*)e
+8(2n* —4n — 1)e* — n(n* — 4)€’| , (D.3)
. 1 H
1<H<1>(x)sg}CT>O = 2ov, (D.4)
i<H(“(x)Sg§Leﬁ>0 — _H"'Cau(n, ), (D.5)
with
nA(,") 5
Cou(n, €) = 2’ (1-9""2-9, (D.6)
i<H“>(x)Sg}V>O = —H"Coy(n,e), (D.7)
with

(=o' Ap [
32(n — 1)2(n — 2)e
+4 (22— 5n+ 160" — 200" + 9n* — 2n°) e — 4 (12 + 16n — 21n°

Cov(n,e) = 8(2 4+ 15n — 30n* + 151 — 2n*)

+2n° + 50" — 2n°) € + n(24 — 38n + 250" — Tn’)€’ (D.8)
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and
i<H<1>(x)S<GlfU>o — _H"'Coun, o), (D.9)

with
(1—e" 42— AW
128(n — 2)(n — D)(n + 2)e
— 8(—30+ 311n — 222n> — 651> 4+ 50n* — 31> 4+ n®)e + 4

Cou(n,e) = [32(n — 1) x (11 — 13n — 5n° + 4n°)

X (48 4 598n + 555n> — 94n’ + 105n* — 13n° + 5n°) € — 2
x (64 +336n — 370n* — 71n* + 56n* — 5n° + 6n°) € + n(n + 2)

X (32 = 32n— 11n*> + 6n° + n')e'] . (D.10)
The renormalised expectation value for H then yields
(Heen(x)) = H + K*¢H> In a lim[(n — 4)C(n, €)]. (D.11)
where
C(n,e) = Ci(n,e) + Ca(n, €), (D.12a)
Ci(n,e) = Cgu(n, €) + Coy(n, e) + Couy(n,e). (D.12b)
In the case of a matter-dominated Universe, we have €y, = "2;1,
C(n, emay) = —ﬁ% +0 ((n—49)°) (D.13)
and
(Heen(x)) = H (1 — éziz k*H* In a> . (D.14)
In a radiation-dominated Universe, we have €nq = 3,
C(n, €na) =0 (D.15)
and
(Hren(x)) = H . (D.16)
Finally, in the case of small € we find
(Hen(x)) = H (1 + 3 6687T2 x*eH* In a) : (D.17)
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