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It has been claimed that the super-Hubble modes of the graviton generated during inflation can
make loop corrections diverge. Even if we introduce an infrared (IR) cutoff at a comoving scale
as an ad hoc but practical method of regularization, we encounter secular growth, which may
lead to the breakdown of perturbative expansion for a sufficiently long-lasting inflation. In this
paper, we show that the IR pathology concerning the graviton can be attributed to the presence of
residual gauge degrees of freedom in the local observable universe, as in the case of the adiabatic
curvature perturbation. We will show that choosing the Euclidean vacuum as the initial state
ensures invariance under the above-mentioned residual gauge transformations. We will also show
that, as long as we consider a gauge invariant quantity in the local universe, we encounter neither
IR divergence nor secular growth. The argument in this paper applies to general single-field
models of inflation up to a sufficiently high order in perturbation.

Subject Index E00, E81, E86

1. Introduction

The inflationary spacetime leads to the generation of gravitational waves. Even though the amplitude
of gravitational waves is smaller than the amplitude of the adiabatic curvature perturbation, detection
of the primordial gravitational waves generated during inflation is expected to be within our reach.
Measurement of primordial gravitational waves is crucially important in uncovering the model of
inflation, providing information that cannot be obtained through the measurement of scalar pertur-
bations. In particular, the amplitude of the gravitational waves can directly measure the energy scale
of inflation, unlike the amplitude of the adiabatic curvature perturbation, which is also sensitive to
the detailed dynamics of the inflationary universe. We can find an example that highlights the impor-
tance of measuring the primordial gravitational waves for non-linear perturbations as well, say in
Refs. [1-3], which elucidate the impact of parity violation in the gravity sector on the bi-spectrum
of the primordial gravitational waves. Thus, it will be profitable to study the method of predicting
primordial gravitational waves in the presence of the non-linear interaction too. In this paper, our
focus is on the loop correction due to the primordial gravitational waves.

It is known that loop corrections of a massless scalar field generated during inflation can suffer
infrared (IR) divergences [4—42]. Since a massless scalar field yields a scale-invariant spectrum in
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the IR limitas P (k) o 1/k>, a naive loop integral yields a factor i k) k> ~ [ dk/ k,which logarith-
mically diverges. As expected from the fact that the mode equation of the tensor perturbation, which
we also refer to as the graviton, is nothing but the mode equation for a massless scalar field, graviton
loop corrections also appear to yield IR divergences. To quantify the graviton loop corrections, we
need to provide a way to regularize them. One may propose the introduction of an IR cutoff, say, at a
comoving scale kiR as a practical method of regularization. However, this will not provide a satisfac-
tory solution, because the loop integral of the super-Hubble modes gives |, k‘;f dk/k ~ In(aH/ k),
which logarithmically increases in time. Here a and H are the scale factor and the Hubble parameter
of the background spacetime, respectively. Compared with the tree-level contribution, the loop cor-
rections are typically suppressed by the Planck scale as (H/ Mp1)2 with M gl = (87 G)~!. However,
this suppression may be compensated by the secular growth for a sufficiently long-lasting inflation.
(A thorough overview of the possible origins of the IR divergences can be found in the review paper
by Seery [43].)

The IR behavior of the graviton has also attracted attention as a possible origin of the running of
coupling constants [10—-12,24,44-53]. Tsamis and Woodard claimed that the logarithmically grow-
ing secular effect due to the graviton loops can lead to the screening of the cosmological constant,
suggesting that the screening may provide a dynamical solution to the cosmological constant prob-
lem [24]. More recently, Kitamoto and Kitazawa studied the IR effect on gauge coupling and claimed
that the secular growth from the graviton loops can screen the gauge coupling [34,35]. A related issue
is discussed for the U(1) gauge field in Refs. [36,37]. If the secular growth due to the graviton loops is
actually physical, it will have a phenomenological impact. However, these secular growths originate
from the increasing IR contributions, and hence the predicted secular effects significantly depend on
the regularization method of the IR contributions. Therefore, to trust the secular growth as a physical
effect, its presence should be verified based on a rigorous method of regularization. The graviton
loop corrections have mostly been discussed in the exact de Sitter background and their regularity
is still under debate, even at the linear level. In Ref. [54], Higuchi et al. claimed the existence of a
regular two-point function (see also Refs. [55,56]), while Miao et al. objected against it in Ref. [57].
This issue was also discussed in Refs. [58—60].

The IR pathology has been studied more intensively for the adiabatic curvature perturbation [61—
76]. In the presence of gravity, we need to remove the influence of gauge degrees of freedom in
calculating the observable fluctuations. In the cosmological perturbation theory, gauge artifacts are
usually removed by employing gauge conditions that completely fix the coordinate choice. However,
when we consider actual observations, the gauge conditions may not be fixed in a suitable way that
preserves the gauge invariance for an actual observer. In fact, we can observe the fluctuations only
within the region causally connected to us, which is limited to a finite portion of each time constant
slice. Therefore, precisely speaking, the gauge conditions used in the conventional cosmological
perturbation theory, which require all the information all over the time constant slice of the universe,
does not match the actual process of observations. To regularize the IR contributions for the curvature
perturbation, it is necessary to take into account this subtle issue [62,63,65—67]. Since in actual
observations we can impose the gauge conditions only in the observable region, there inevitably
appears an ambiguity associated with the degrees of freedom in choosing coordinates in the outside
of the observable region. Such residual coordinate degrees of freedom can be attributed to the degrees
of freedom in the boundary conditions of our observable local universe. It was shown that requesting
the invariance under the change of such residual coordinate degrees of freedom in the local universe
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can ensure the IR regularity and the absence of the secular growth [62,63,65-67]. This is, so to
speak, because we can absorb the singular IR contributions by the residual coordinate degrees of
freedom (see also Refs. [77,78]). This issue is reviewed in Ref. [67]. It has been pointed out that the
residual coordinate degrees of freedom can also affect the IR behavior of the graviton [63,67]. In
the present paper, we will show that, when we require the invariance under the residual coordinate
transformations, the IR regularity and the absence of secular growth are also guaranteed for the
graviton loops. (The IR issues about the entropy perturbation were studied in Refs. [79,80] and those
about a test scalar field in the de Sitter background were studied in Refs. [81-86].)

For the graviton, the relation between the IR divergence and the gauge artifact has been discussed
during the past few decades. Allen showed that the IR divergence in the free graviton propagator that
appears for some particular values of the gauge parameter can be understood from the fact that the
gauge-fixing term does not select a unique gauge for these particular values of the gauge parame-
ter [87]. (See also Refs. [88-91].) Even if we properly choose the gauge parameter, it is known that
the transverse traceless mode can still suffer from IR divergence through the loop corrections, which
is the target of this paper. The connection between the IR divergence and the gauge artifact was also
pointed out in Ref. [92], where the secular growth predicted by Tsamis and Woodard in Ref. [24]
was reexamined. It was shown that the spatially averaged Hubble expansion computed by Tsamis
and Woodard is not invariant under the change of the time slice and hence the screening effect that
shows up in their averaged Hubble parameter suffers from the gauge artifact [92,93]. Meanwhile, in
Ref. [92], it was shown that the locally defined Hubble expansion, which may mimic the observable
Hubble rate, becomes time-independent. This example suggests that computing observable quanti-
ties, unaffected by the influence from the outside of the observable region, will play an important
role in quantifying the IR effects of the graviton [92] (see also Ref. [94]).

This paper is organized as follows. In Sect. 2, we will briefly show how the IR divergence and the
secular growth can appear when we naively compute the loop corrections for the curvature and gravi-
ton perturbations. Then, in Sect. 2.2, we will point out the presence of the residual coordinate degrees
of freedom in the local observable universe, which describes the influence from the outside of the
observable region. One way to preserve the invariance under the residual coordinate transformations
will be discussed in Sect. 2.3. Using the prescription that will be introduced in Sect. 3, we will show,
in Sects. 4 and 5, that when we choose the Euclidean vacuum as the initial state, IR regularity and
the absence of secular growth are ensured. In this paper, we will discuss the inflationary universe
that contains a single scalar field and we will not directly discuss the pure gravity setup, although our
argument may also provide some insight into the latter case.

2. Overview of IR issues

In this section, we will give an overview of the IR issues of the curvature perturbation and the gravi-
ton perturbation. In this paper, we consider a standard single-field inflation model whose action is
given by

MZ
5= 2 f JEIR — g6 1., — 2V($)ld x, 2.1)

where My is the Planck mass and ¢ is the dimensionless scalar field, which is an ordinary scalar
field divided by Mp;. We choose the time slicing by adopting the uniform field gauge

3¢ = 0. (2.2)
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Under the ADM metric decomposition, which is given by
ds? = —N%dt* + g;j(dx' + N'dt)(dx’ + N’dr), (2.3)
we further decompose the spatial metric g;; as

— 2 +0)

= 2040 [37] (2.4)

8ij Vij i

where a = e” is the scale factor, ¢ is the so-called curvature perturbation, and §y;; is the graviton
perturbation that satisfies the transverse and traceless condition

8yii =0, 38y} =0. (2.5)
Since §y;; is traceless, we find dety = 1.

2.1.  Various divergences from the curvature and graviton perturbations

In this subsection, after we briefly review the linear perturbation theory for the scalar and tensor
perturbations, we will summarize several different origins of the divergences that possibly appear in
the loop corrections of these two perturbations.

2.1.1.  Scalar perturbation. The quadratic action for the scalar perturbation ¢, which describes
the evolution of the interaction picture field ¢;, is given by

S5 = M3 / di / Bxee [5,2 - e—ZP(aig,)z], (2.6)
and its equation of motion is given by

[af + (3 +e2)pd — e*zpaz] ¢ =0. .7)

Here, the dot denotes the differentiation with respect to cosmological time ¢. Here, for notational
convenience, we introduce the horizon flow functions as
d 1 1 d

=p——, = —e&n—1, 2.8
€] Pin s &n Sn_ldpenl (2.8)

with n > 2. We do not assume that these functions are small, leaving the background inflation model
unrestricted.
For quantization, we expand the curvature perturbation ¢;(x) as

k4
Cr(x) = / (277)3/261 “vi(t)ak + (h.c.), (2.9)
where ay is the annihilation operator, which satisfies
[ak, a;] — 5Ok —K), [ag, ax] = 0. (2.10)

The mode function vy (¢) should satisfy

[af + G +62)p0 + (ke_p)z] vl (1) =0, 2.11)

4/47



PTEP 2014, 073E01 T. Tanaka and Y. Urakawa

and is normalized as

(v;e”"x, v;,e"P*) — 23k — p), (2.12)

where the Klein—Gordon inner product is defined by

(fi, f) = —2iM}; / dPxe el fid, £ — 0 f0) 5. (2.13)

Notice that Eq. (2.11) states that v{ () becomes time-independent in the IR limit k /(e” p) < 1. When
we choose the mode function for the adiabatic vacuum, which approaches the WKB solution in the
UV limit k /(e p) > 1, the power spectrum becomes almost scale invariant in the IR limit as

= e L (AW )2
P = 00 = 5 81(tk)<Mpl> [1+0 (&rers?)]. (2.14)

where we have evaluated vj(¢) at the Hubble crossing time ¢ = # with k = e p(1.), since the
curvature perturbation gets frozen rapidly after #.

When we assume that the corresponding free theory has an almost scale-invariant spectrum in
the IR limit, a naive consideration can easily lead to the IR divergence due to loop corrections. For
instance, one may expect that an interaction vertex that contains the curvature perturbation without
the derivative operator yields the factor

2(x)) = d3szk 2.15
(CI(X))—/W (k), (2.15)

whose momentum integral logarithmically diverges in the IR as [ d’k/k? for the scale-invariant
spectrum. Even if the spectrum is not exactly scale invariant as in Eq. (2.14), the deep IR modes
give a significant contribution to Eq. (2.15). Following Ref. [67], we refer to such unsuppressed
contribution due to the integral over small k as the IR divergence (IRdiv).

When we introduce an IR cutoff for the regularization, say, at the Hubble scale at the initial time ¢;,
the super-Hubble (superH) modes in the variance of ¢; give rise to secular growth that is logarithmic
in the scale factor a = e as

<§]2(x)>superH X / (2.16)

wpay ko \eP@p)

Do) g1 | (e'o(t),[)(t) )

=In{———|.
Then, the loop corrections, which are suppressed by an extra power of the amplitude of the power
spectrum (p/ Mpl)z, may dominate if the inflationary epoch lasts sufficiently long, leading to the
breakdown of the perturbative expansion. We refer to the modes with e” @ p(1;) <k< e”D (1) as
the fransient IR (tIR) modes and refer to the enhancement of the loop contributions due to the tIR
modes as the IR secular growth (IRsec). From the definition, it is clear that the tIR modes were in the
sub-Hubble (subH) range at the initial time 7;, but have been transmitted into the superH ones by the
time 7. The influence of the IRsec has been discussed by introducing an IR cutoff in Refs. [95-102].
We refer to the case when both the IRdiv and the IRsec are absent as IR regular.
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So far, we have discussed the secular growth that originates from the momentum integration, keep-
ing the time coordinates of the interaction vertices fixed. However, the time integration can also yield
secular growth. If the contribution from the interaction vertex in the far past remains unsuppressed,
it will diverge when we send the initial time to the infinite past. We refer to the secular growth due to
the temporal integral as the SG, discriminating it from the previously discussed IRsec. (Regarding
the SG, see also Refs. [103,104].)

2.1.2.  Graviton perturbation. The quadratic action for the graviton perturbation §y;;, which
describes the evolution of the interaction picture field §y;;;, is given by

M? o , .
St = ?p]/dt/cﬁxe% [3;};,5;;,/, —e_2p818y]’~1316yij[], 2.17)
and its equation of motion is given by
[a} 358, — e—zf’az} 8yij1 = 0. (2.18)

We quantize §y;;; as
Syl _ &’k 1(2) i ikx ()
yi)=>" Gon (1) (k, e a + (h.c), (2.19)
A=+

where A labels the helicity, e;; (k, 1) is the transverse and traceless polarization tensor that satisfies
ej(k,h) =K'ejjk, ) =0, eij(k, 1)e" (k, 1)) = 8y, (2.20)
and a ,(()”) is the annihilation operator that satisfies

[a,(f), a,ﬁ””] =88 (k —p). 2.21)

When the graviton perturbation is isotropic, its variance (in the coincidence limit) is given by

1 [ d°k
(8vij1(xX)8vkir(x)) = 1) Gy (PikPji + PirPjk — PijPu) P (k), (2.22)

where P;; is the transverse traceless projection tensor:

kik j
Pij =68ij — = (2.23)
and P’ (k) is the power spectrum of the graviton perturbation:
Pl (k) = 2|v,’((t)|2. (2.24)
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9]

Here, the factor 2 shows the helicity number. Since the equation for v,t{ is identical to that for a

massless scalar field, the graviton spectrum in the adiabatic vacuum is almost scale invariant in the
IR limit as

Pl (k) = % (%)2 [1 o) ((k/ep,é)2>] . (2.25)

Integrating over the angular coordinates in Eq. (2.22), we obtain

1 2 dk
(8vij 1)y 1(x)) = 3002 (55k5j1 + 8i1djk — §3i,j5k1> / 7k3P’(k)- (2.26)

Similarly to the curvature perturbation, we find that the IR and tIR modes in Eq. (2.26) yield the IRdiv
and IRsec, respectively. The influence of the IRsec due to graviton loops is discussed in Ref. [98].
Meanwhile, the interaction vertices with the graviton can also yield the SG in the same way as the
curvature perturbation.

2.2.  Residual gauge degrees of freedom and IR issues
2.2.1. Solving the constraint equations. Eliminating the Lagrange multipliers N and N;, we

derive the action written solely in terms of the dynamical fields ¢ and §y;; [105]. In the gauge defined
by Egs. (2.2) and (2.5), the constraint equations are given by

SR — 2V — (k" i;j — k*) — N72¢* = 0, (2.27)
Dj(c —8%1c) =0, (2.28)

where D; is the covariant differentiation associated with the spatial metric g;;, and
| ij
Kij = ﬁ(gij — D,'Nj — Dle') and « = g K,'j (2.29)

are the extrinsic curvature and its trace, respectively. We expand the metric perturbations as

=t 4ty toe- . (2.30)
8vij = 8vij1 + &vijp + -+, (2.31)
N1t N+ Nokoor (2.32)
Ni = Niji+Nig+---, (2.33)

where we use the subscript / to express the first-order curvature and graviton perturbations, since
they correspond to the interaction picture fields. Then, the nth-order Hamiltonian constraint and the
momentum constraints are expressed in the form

VN, —3pl, + e 2°9%¢, + pe >3  Nip, = H,, (2.34)
49; (DNy — Cn) — € 23 Nip + € 83/ Njy = M, (2.35)
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where 92 denotes the Laplacian. For n = 1, Hy and M;; are 0 and for n > 2, H,, and M, consist of
n interaction picture fields (either ¢; or §y;j).

Since the constraint equations (2.34) and (2.35) are elliptic-type equations, we need to employ
a (spatial) boundary condition to determine a solution for N, and N;,. A general solution for
Egs. (2.34) and (2.35) in the absence of the graviton perturbation can be found in the Appendix
of Ref. [66]. An extension to include the graviton perturbation proceeds in a straightforward manner
and the general solution is given as

1. \% .
No= bt %e,zp (eZPa*Za’Mm — G,,) , (2.36)
o[ 5, 1, e’ Vol 2pa—24j
) _ 45
_ <SIJ — 3,‘8_281) {621)8—2 (Mj — Vpaan) — Gjn} , (2.37)

where G, (x) and G;,(x) are arbitrary solutions of the Laplace equations
32G,(x) =0, 32Gin(x) =0, (2.38)

and are nth order in perturbation. Since the function G;,(x) contributes only through its transverse
part, the number of introduced independent functions is three. By employing the appropriate bound-
ary conditions at spatial infinity, the solutions of elliptic-type equations are uniquely determined.
Substituting the thus-obtained expression for N and N;, the action § = f d4x£[§, dyij, N, Ni] can
be, in principle, expressed only in terms of the dynamical fields ¢ and 6y;;. Then, the evolution of
¢ and d8y;; is governed by the non-local action with the inverse Laplacian.

As was pointed out in Refs. [62,63], the inverse Laplacian d ~> may enhance the singular behavior
of perturbation in the IR limit by introducing a term with the factor 1/k? where k is a comoving
momentum of the constituent fields. (A detailed explanation of this is given in the review article
[67].) We will return to this issue in Sect. 4.2.2.

2.2.2.  Observable local patch. To discuss the observable quantities, we introduce the observable
region as the region causally connected to us. We express the observable region on the time slice at
the end of inflation 7 and its comoving radius as O, and L;,, respectively. The causality requires

that L;, should satisfy
o dr
Ly < —_—,
If ~ ftf er ()

where #( is the present time. The cosmological observations can measure the n-point functions of the
fluctuation with the arguments (¢, x) contained within the observable region (’)t_ ;- For later use, we
refer to the causal past of O, as the observable region O and refer to the intersection between O and
a t-constant slice X; as O;. We approximate the comoving radius of the region O; as

Irdt’ 1 5
Ltthf—{-‘/t\ W_Ltf—}—m. (2.39)
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As L; is approximated by L; >~ 1/(e” p) in the distant past, the effects of the superH modes with
k <e’ @ 45(¢) can be understood as the influence from the outside of the observable region O. These
modes potentially affect the fluctuations in Oy, in two ways. One is due to the non-local interaction
through the inverse Laplacian =2, while the other is through the Wightman functions

G (x1, x2) = (¢ (x1)¢r(x2)) (2.40)

and
G;;Z,(Xh x2) = (8¥ij1(x1)8yrir(x2)). (2.41)

Even if the spatial distance |x; — x>| is bounded from above by confining both x; and x, within
the observable region, the contribution to the Wightman functions from the superH modes with
k < |x; —x2|~" is not suppressed. The superH modes make these Wightman functions divergent
for a scale-invariant or red-tilted spectrum. (See Eqgs. (2.16) and (2.26).) The regularity of the contri-
bution from the superH modes can be verified only if their contribution is suppressed by an additional
factor of k.

2.2.3.  Residual gauge degrees of freedom. In Sect. 2.2.2, we introduced the observable region
O, which is a limited portion of the whole universe. We claim that the observable quantities must
be composed of fluctuations within O. Since only the fluctuations within O are relevant, there is no
reason to request the regularity of the fluctuations at spatial infinity in solving the elliptic-type con-
straint equations (2.34) and (2.35) (at least, at the level of the Heisenberg equations of motion). Then,
there arise degrees of freedom in choosing the boundary conditions, which are described by arbitrary
homogeneous solutions of the Laplace equation, G, (x) and G;,(x) in Egs. (2.36) and (2.37). These
arbitrary functions in N and N; can be understood as the degrees of freedom in choosing the coor-
dinates. Since the time slicing is fixed by the gauge condition (2.2), the residual gauge degrees of
freedom can reside only in the spatial coordinates x'.

Let us consider these residual coordinate transformations associated with G,,(x) and G;, (x). We
add the subscript g/ to the original global coordinate for the flat Friedmann—Lemaitre—Robertson—
Walker universe with metric perturbations in order to reserve the simple notation x for the coordinates
after transformation. As we have shown in Refs. [62,63], the coordinate transformations xg — x are
specified as

o0
iy =al =Y st Ox (2.42)
m=1
where sijlmjm (t) is symmetric over js withs = 1, ..., m and satisfies (Sjj/s"jlmjmjrmjm (t) = 0. Here,

we abbreviated the non-linear terms in Eq. (2.42). These transformations diverge at spatial infinity, no
matter how small the coefficients are. Nevertheless, within the local region O, the magnitude of the
coordinate transformations (2.42) can be kept perturbatively small. Since the transformations (2.42)
are nothing but coordinate transformations, the Heisenberg equations for a diffeomorphism invariant
theory remain unchanged under these transformations.

We should note that, once we substitute the expressions for N and N; to obtain the equation of
motion solely written in terms of the curvature perturbation ¢ and the graviton perturbation 6y;;, the
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symmetry under the residual coordinate transformations is lost, because N and N; depend on the
specified boundary conditions. In this sense the coordinate transformations (2.42) should be distin-
guished from the standard gauge transformations that leave the overall action invariant. Therefore,
to avoid confusion, we distinguish the coordinate transformations (2.42), writing it in italics as the
gauge transformation.
Among the residual gauge transformations, we focus on

xé1 — 5O [efS(t)/z]lj 1o (Sz) ’ (2.43)
which is concerned with the IR contributions of the curvature and graviton perturbations. Here,
s(t) is a time-dependent function and S;; (¢) is a time-dependent traceless tensor. When we perform
the time-dependent dilatation transformation, the homogeneous part of the curvature perturbation
transforms as

= ¢ —s(@). (2.44)

(The precise meaning of this transformation will be explained later.) In Refs. [65,66], we showed
that preserving the invariance under the dilatation transformation parametrized by s(¢) is crucial
in proving the regularity of the loops of the curvature perturbation. Intriguingly, the transformation
(2.43) shifts the graviton perturbation as

8yij — Syij — Sij(t) + O (5ys, 52) (2.45)

at the linear level, which is analogous to the shift for ¢. Although the non-linear extension of the
above transformation is rather non-trivial, this observation suggests that an analogous proof of the
IR regularity may also work for graviton loops. The relation between the IRdiv due to graviton loops
and the homogeneous shift (2.45) has been pointed out several times. Gerstenlauer et al. [69] and
Giddings and Sloth [70] showed that the leading IRdiv of the graviton loops can be attributed to
the change of the spatial coordinates (2.43) with s(#) = 0 due to the accumulated effect of the IR
graviton.

2.3.  Genuine gauge invariance and quantization

The observable fluctuations should not be affected by the residual gauge degrees of freedom, which
were discussed in the preceding subsection. In this subsection we discuss how to introduce a quantity
that is invariant under the residual gauge transformations. We call such a quantity a genuinely gauge
invariant quantity. One may think that the genuine gauge invariance will be preserved by fixing the
residual gauge degrees of freedom completely. If we could perform a complete gauge fixing by
employing appropriate boundary conditions for N and N; at the boundary of the observable region O,
the IRdiv and IRsec will not appear, because the maximum wavelength of fluctuations in such a gauge
would be bounded approximately by the size of . We pursued this possibility in Refs. [61,67]. When
we perform the quantization after complete gauge fixing or, equivalently, perform the quantization
within the local observable region O, the global translation invariance is not easily preserved any
longer, leading to technical complexities. To avoid the complexities, in Ref. [61], first we performed
the quantization in the whole universe, and then we fixed the coordinates by carrying out the residual
gauge transformation. In this manner we showed that the absence of the IRdiv and IRsec is guaranteed
if the initial fluctuation does not suffer from these IR pathologies. However, it turned out that the IRdiv
can arise even in the initial fluctuation after we perform the residual gauge transformation to employ
complete gauge fixing [67].
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Here, following Refs. [62,63], we perform the quantization, taking into account the whole universe
without fixing the residual gauge degrees of freedom, which allows us to keep the global translation
invariance manifestly. Then, we construct a genuine gauge invariant operator and choose an initial
state that will be understood as the genuine gauge invariant state. Since the time slice is uniquely
specified by the gauge condition (2.2), the genuine gauge invariance will be ensured when a quantity
preserves the invariance under a change of spatial coordinates.

To construct a genuinely gauge invariant operator, we consider correlation functions for the scalar
curvature of the induced metric on a ¢ = constant hypersurface, *R. Since *R itself transforms as
a scalar quantity under spatial coordinate transformations, the correlation functions of *R are not
invariant. However, the n-point function of *R will become gauge invariant, if we specify its n argu-
ments in a coordinate-independent manner. The distances measured by the spatial geodesics that
connect all the pairs of n points characterize the configuration in a coordinate-independent manner.
Here, we adopt a slightly easier way, specifying the n spatial points by the geodesic distances and
the directional cosines that are measured from an arbitrarily chosen reference point. Although the
choice of the reference point and the frame is a part of the residual gauge, this ambiguity will not
matter as we will choose a quantum state that does not break the spatial homogeneity and isotropy
of the universe.

Our geodesic normal coordinates are introduced by solving the spatial geodesic equation on each

time slice:
d%xt dxj dxk
gl | i gl "7l
r,—=—%_—o, 2.46
7 C R TR (2:46)

where ST jk 1s the Christoffel symbol for the 3D spatial metric ey, i, and A is the affine parameter.
The initial “velocity” is given by

dx!,(x, 1) o
g — o {(=0) — ). 1/

R —=e A=0)] x’. 2.47
ranl i [y 0. = O (2.47)

A point x in the geodesic normal coordinates is identified with the end point of the geodesic xél

(>, . = 1) in the original coordinates. Perturbatively expanding xél in terms of x’, we obtain

xél =x+ 8xi(x).

Notice that the relation between xg and x depends on the metric perturbations, which become quan-

tum operators after quantization. Finally, we find that, by means of the geodesic normal coordinates,
the genuinely gauge invariant variable is given by

SR(x) = R(t, xyy(x)) = "R(z, x" + 8x" (x)). (2.48)

In order to calculate the n-point functions of R, we also need to specify the quantum state that
is invariant under the residual gauge transformations. However, in the present approach, we cannot
directly discuss this invariance as a condition for allowed quantum states. This is because the residual
gauge degrees of freedom cease to exist when we quantize fields in the whole universe. Let us recall
the discussion in the case of the curvature perturbation { [65—67]. By construction, the operator

11/47



PTEP 2014, 073E01 T. Tanaka and Y. Urakawa

R is not affected by the residual gauge degrees of freedom. However, the n-point functions of R
can be correlated to the fields in the causally disconnected region. In Sect. 2.2.3, we discussed two
ways in which the outside of the observable region O can affect the fluctuation in O. One is through
the boundary conditions for the inverse Laplacian d 2. Since changing these boundary conditions
is nothing but performing the residual gauge transformation (see Sect. 4.2.2), the n-point functions
of the genuine gauge invariant curvature perturbation 8R are not affected even if we restrict the
integration region of 372 to the region (0. Therefore, as long as we consider a genuinely gauge
invariant operator, the inverse Laplacian 32 never gives the conjunction between the inside and the
far outside of O. The other leak of the influence from the outside of O is due to the long-range
correlation through the Wightman functions, which can remain even if we consider genuinely gauge
invariant variables. Therefore, this long-range correlation may give a possible origin for the IRdiv and
IRsec. In the case with the curvature perturbation ¢, it is shown that requesting the IR regularity by
suppressing the long-range correlation constrains the quantum state of the inflationary universe [65].
Interestingly, the IR regularity condition on quantum states can be interpreted as the condition that
requests the quantum states to be unaffected by the time-dependent dilatation transformation, which
is one of the residual gauge degrees of freedom [65]. In Appendix A, we show that a similar genuine
gauge invariance condition on quantum states is derived from the IR regularity condition for the
graviton perturbation as well.

3. Preliminaries

In this section, as preparation for analyzing the n-point functions of the genuine gauge invariant
curvature perturbation, we introduce a family of canonical variables. First, in Sect. 3.1, we describe
the basic formulation for the canonical quantization in terms of the original set of variables ¢, §y;;
and their conjugate momenta. In Sect. 3.2, we introduce a family of alternative sets of canonical
variables, in terms of which the proof of the IR regularity becomes more transparent.

3.1. Canonical quantization

For notational simplicity, we suppress the subscript “gl” in this subsection. In the following discus-
sion, we express the action for the curvature perturbation ¢ and the graviton perturbation 8y;; derived
by solving the Hamiltonian and momentum constraint equations as

5= / dt / XLy [£(0). 3,8 (0). 83 (). 8y ()] G.1)

which includes the non-local integration operator 9~2. Here, Layn denotes the functional form of
the Lagrangian density obtained after we eliminate the Lagrange multipliers N and N;. We also
introduce the Hamiltonian H and the Hamiltonian density H as

H(t) = /d3xn(x)azé'(x) +/d3xﬂij(x)3t5)/ij(x)
— /d3x£dyn [{(x), 0:¢(x), 8yij(x), 3z57/ij(x)]

= fd3XH[§(X),JT(X), 8yij (x), mij (x)], (3.2)
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where we have introduced the conjugate momenta as

oL y oL
2oy = Q@ gy o Ldm) (3.3)
d (9:¢(x)) 3 (3:8yij (X))
This set of canonical variables ® = {¢, m, 8y;;, m;;} should satisfy the standard commutation
relations
[c(t.x), w(t. )] =i8D(x—p). [t x). ¢t 9] =[x, %), 7, p] =0, (3.4)
and
oy 0. 7w | =is§M e —p. [57500, 8y, 9] = [ @0, 7@ 0 | =0,
(3.5
where
1 kg
8(5.)kl(x— n=3 > / me”‘ e, (k, 1)ek! (e, 1) (3.6)
A==+

is the tensorial delta function with the transverse traceless projection.

3.2. Canonical transformation associated with residual gauge transformations

In this subsection, we introduce a family of alternative sets of canonical variables
® = {7, 7, 87, 7ij) (3.7)
whose Hamiltonian H (¢) is written only in terms of
L) —s(), Tx), 8700 — Sy, 7(x), (3.8)
where s(t) and S;;(¢) are an arbitrary time-dependent function and a symmetric-traceless matrix,
respectively. We treat both () and S;;(¢) perturbatively, assuming that they are as small as metric
perturbations. We also show that s(7) and §;;(¢) without time differentiation are only contained in

the Hamiltonian H (r) only in the combination described in Eq. (3.8).

3.2.1. Introducing new canonical variables. For illustrative purposes, we first consider a coor-
dinate transformation with s and §;; time independent, which induces constant shifts Z(x) — s and
8yij(t,x) — S;;. To be concrete, we consider the coordinate transformation xg — x with

xfgl =e Afxl = A, (3.9)

where AiT ; is a functional of §;; that satisfies

detAr =1 (3.10)

13/47



PTEP 2014, 073E01 T. Tanaka and Y. Urakawa

and
. .
Ay =8 = 28; + 0. (3.11)

Notice that the coordinate transformation x,; — x does not change the boundary condition of N and
N;, and hence it is one of the gauge transformations that leave the action invariant. For the time being,
we will not specify the terms of O(S?) in AiT iz

Next, we consider the change of the spatial metric g;; under the gauge transformation (3.9). As
addressed in Ref. [65], when we neglect the graviton perturbation, setting AiT ;= 0, the dilatation
transformation changes the spatial metric as

ez<p+<(xgl))5ijdxéldxgl — 200+ )—s) §izdxidxi,

where we have defined E(x) = {(xg). We find that the curvature perturbation ¢ (x,) transforms to
¢ (x) — s, which suggests that this scaling transformation can be used to find the canonical variables
® that are subjected to the necessary constant shift.

Compared with the curvature perturbation, finding a transformation that shifts the graviton pertur-
bation by —S;; is much more non-trivial, particularly at non-linear order. Therefore, introducing
the transverse traceless tensor 8y;;, we express the spatial metric obtained after the coordinate
transformation (3.9) as

gij(x) = &

PO =515 (1) = AP =s) [eWx)—S]” , (3.12)

with the requested shift by —S; j-In the following, we assume that s (¢) and S;; (¢) are of the same order
as ¢ and 87ij. From g,-jdxéla’xél = gija’x"dxj, we find that §y;;(x) should be related to §y;; (xg) as

7ij (¥) = yu (xg) (A (A7) (3.13)

Once the functional form of AiTj is determined, Eq. (3.13) specifies dy;; order by order in

perturbation. By expanding the inverse matrix of AiT ; as

_ 1
(A7Dij = 8ij + 58 + O(S?),
Eq. (3.13) leads to
87,5 (xan) = 871 (ra) + O (878, 82) (3.14)

On the right-hand side, we have explicitly written only the linear order in perturbation. Since the
left-hand side of Eq. (3.14) is independent of S;;, the field §y;; should be defined so that the S;;
dependence on the right-hand side is canceled. In particular, Eq. (3.14) states that §y;;(xg1) should
agree with §9;;(xg) at the linear order in perturbation. Since the diffeomorphism invariance of the
action implies that the Lagrangian densities for g;; and g;; should take the same functional form,
using the Lagrangian density Ly, in Eq. (3.1), we can express the action for g;; as

S = /dtfd3x£dyn [E(x) — 5, 8 (). 87 (x) — Si, a,ayij(x)] (3.15)
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Next, we extend the above argument to time-dependent transformations with
xy = e WAL ()x) = A0, (3.16)

where AiT i (¢) is a functional of §;;(¢) whose explicit form will be specified later. Similarly to the

case of constant A’j, we introduce a new set of canonical variables ® by

£(x) = ¢(xg), (3.17)

7ij(x) = [e‘w“)‘s(’)]ﬁ = yu (ra) (A7)F (AT, (3.18)

with the formal definition of the conjugate momenta given by

_ 8£dyn (x)
3@ (x))

8£dyn(x)

~jj — _mayns
) = S s )

7T (x) (3.19)
In general, the residual gauge transformation is not well defined in the whole universe, since the
transformation can diverge at spatial infinity. However, the residual gauge transformations (3.16),
exceptionally, keep the variables finite in the whole universe, as is manifest from the above relations.
Therefore, we can consistently discuss quantum theory in terms of the set of canonical variables ®

as well.

3.2.2.  Commutation relations. Next, we will show that the variables ® = {g:, 7,8V, Tij},
defined in Egs. (3.17), (3.18), and (3.19), satisfy the standard commutation relation. Because of
the time variation of A;, the partial time derivative with the original global spatial coordinates xg
fixed differs from the one with the new coordinates x fixed. We choose the transformation matrix
AiT ; such that the difference between the two partial time derivative operations does not give S;; (1)
without the time derivative. Then, we find that A’ y should satisfy

AT = =S ArISORS), (3.20)
or equivalently
EATI[S(t)]j = ES(t)kATl[S(t)]’j‘-. (3.21)

In fact, with this choice of AiT > We obtain

£(x), (3.22)

9 = 0¢ (1)1 SO1" m 2
HE(1, Xg) = té(x)+[s(t) +7Lx A

i : . NOIE IENYIEN
0rYij(t, Xg) = [3t)’kl(x) + Sm @y yym (X) + [S(t)l + T} x™ Py J/kl(x)} (ATI),- (ATl)j,
m

(3.23)

where 1 denotes the unit matrix and the round brackets on indices represent symmetrization. The
terms with spatial derivatives on the right-hand sides of Egs. (3.22) and (3.23) stem from the
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difference between the two partial time derivative operators. Since Eq. (3.20) implies
d
= det A7[S(1)] =0, (3.24)
the condition (3.10) can be extended to the time-dependent case as
det Ar[S()] = 1. (3.25)

Using Eq. (3.22), we find that the conjugate momentum 7 is related to 7 as

_ 0Layn(x) e—3s(z)a£dyn(xgl) _ =3s@0)

7 (x) = =yt — . 3.26
() [0, (x)] 0L (el 7 (g (3.26)

In the second equality we have used
[det A~ ()] Layn (x) = €O Layn (x) = Layn (xg), (3.27)

which is derived by changing the spatial coordinates in the action from x to x,. Deriving the relation
between 77/ and %/ is more non-trivial, but using

3(3:8yij (xg))  0(0rVmn(x)) 3(0:¥pq (xg1)) 3(3;8yij(xg1))  98yij(xg1)

~ = — 2 = = , 3.28
9000y (x))  9(3:8yki(x)) (3 Vmn(x)) (3 ¥Vpg(xg1))  98yki(x) 5-28)
where in the second equality we have used
90 yij(xg))  9vij(xg1) 9(0vij(x))  9yij(x) (3.29)
38y (xg)) 38w (xg)’ 3087 (x)) B8Pk (x) '

and

(0 yij(xg))  0yij(xg) R
= = (A ; 3.30
dodut) ~ ot~ O (i) 330

which can be derived by using Eq. (3.23), we obtain

8»Cdyn(x) _e_3s(t)8(8t8)’kl(xgl)) 8£dyl1(xgl) _e—3s(t)88)/kl(xgl)ﬂkl
9(8;:8yij(x)) 9(0:8yij(x)) 9(9;8yki(xgl) 98y (x)

7 (x) = (xg1)-

(3.31)
Here, we simply assume that the operator ordering is properly chosen.
Once we establish the relations between the two sets of the canonical variables, ® and CTD, the

commutation relations for ® yield the commutation relations for ®. Using Egs. (3.4), (3.17), and
(3.26), we obtain

£t 7w =i O8O g —yy) = 18V (6 —p). (3.32)
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Similarly, using Eqgs. (3.5), (3.18), and (3.31), we find

o380 88]4]0 x) asy[’q(t ygl) (3)pq( = D)
980, xg) D07t y) e

=i x—y). (3.33)

(6700, 7t p)] =

In the second equality we have noted that the tensorial delta function 8( ) (xgl Yg1), given in

Eq. (3.6), can be expressed as

53 kl(xl—yl) _ Z/ Bk 38yij (1, xg1) AT P (2, k) _ 18y, xq))
gij 8 e AT (1, k) 38yr(t, ) 2 8(yua(t,yg))

by expanding 8y;; (xg) as

k4
8yij(t, xg1) = 2/ Frre el IO k),
A=+

and we have used the factor e =3*®) to change the argument from X1 to x. The remaining commutation
relations can be shown in a similar way and hence we can verify that ® actually qualifies as a set of
canonical variables.

Solving Eq. (3.20), we can determine the transformation matrix AiT ; (t). As a boundary condition
to solve the first-order differential equation, we employ the condition

. i
Al i(tp) = [e—5<’f'>/2] , (3.34)
J

at the end of inflation 7. Since we have chosen AiT (1) s0 as to satisfy det A7 (ty) = 1, Eq. (3.24)
guarantees that the condition (3.25) holds for all 7. Notice that we can formally solve Eq. (3.20) as

. Lf e i
A7) = [Ar(tf)Teifr di SW} : (3.35)
j

using the time-ordered product denoted by the operator 7. Perturbatively expanding AiT () with
respect to S;;(7) to the next to leading order, we obtain
Ab(t) =68 — Lgi 0 +0(s? (3.36)
LA Y ) )
3.2.3.  Hamiltonians. Next, we compute the Hamiltonian for ® defined by

H() = f d3x7 (x)9,L (x) + f d>x7t 7 (x)8, 871 (x) — / d*xLgyn(x). (3.37)
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Using Egs. (3.22), (3.23), (3.26), and (3.31), we can relate the Hamiltonian H (¢) to H(¢) as

~ . S(t) ! 3 - k a ~ ~ii k 8 ~
Hi)=H@) — |s()1 + — /d x| T(x)x"—¢(x) +7 T (x)x —767ij (%)
2 1 0x 0x
~ij S 85)7,()6) ~ :
_ /d3x7T J(X) |:Sk (t)ayTJ(x)yml(X) — Slj(t)] . (338)

Equation (3.38) reveals that, when s (7) or S;; (¢) is time-dependent, the Hamiltonian H (1) differs from
H (t). However, this difference does not appear in the quadratic terms of the perturbed variables. In
fact, the linear terms in the square brackets on the second line cancel each other. Using Egs. (3.17),
(3.18), (3.26), and (3.31), we can express the Hamiltonian H (¢) in terms of ® as

H(t) = /a’3xH [E(x) — 5(0), 7 (x), 87 (x) — S,-,-(z),ﬁ"f(x)], (3.39)

where H is the Hamiltonian density defined in Eq. (3.2). Rewriting the graviton part is slightly non-
trivial, but this can be confirmed as follows. When we express H (¢) in terms of

0 Layn (xg1) 08k (xg1)
ynXel) g nkl(xgl)’
0(0ryij(xg))  9yij(xg)

vij(xg) and

these two variables transform as standard tensors in three dimensions into

aﬁdyn (x) _ 88)7/(1 (X)

2 = ———7(x),
(0 yij(x)) 9y (x)

Yij(x) and

leaving aside the factor 30 which will be absorbed to make the combination g:(x) —s5(t) (see
Ref. [66]). Then, since y;; and y;; are given by [exp(§y)];; and [exp(§y — S)];;, respectively, we
can verify Eq. (3.39).

Next, collecting the quadratic terms in ® from the Hamiltonian, we identify the non-interacting
Hamiltonian,

o) = [ dxtto G0 7). 5735077 0] (340

which is exactly the same form as the one for ®. Since both E and &y;;, which are massless fields,
appear with spatial derivative operators in the non-interacting Hamiltonian, the shifts by —s(¢) and
—38ij(t), respectively, are eliminated. We also introduce the interaction Hamiltonian as

Hi(t) = H(t) — Ho(t) = / dPxHE(x) — (1), 7(x), 873 (x) — Si; (1), #T (0], (3.41)
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with

Hi [E00) = 500, 7 (@), 67506 = Sy (0. 77 () |

¢ [
~ i S
= Hy [E@0) = 50, 7 (), 67506 = Sy (0, 7/ ()| - [s‘(r)l + %]
k

X fr(x)xkiE(m+ﬁ"f<x>xkiafi-(x>
dx! p) /

¥l
_ij com  087ij (X) _ :
_ ] me 2OV _ ¢
7 (x) [Sk (1) 570 ) Ymi (X) Sl,(t)] (3.42)
where
H[®P] = H[DP] — Ho[P] (3.43)

is the interaction Hamiltonian density for .

3.2.4.  Short summary of the strategy. It will be instructive to note the two important properties
of the interaction Hamiltonian density ;, given in Eq. (3.42), which will become crucial in the dis-
cussion of the IR regularity: First, the fields £ (x) and §7; i (x) always accompany the time-dependent
parameters s(¢) and S;; () as g:(x) — s(t) and 8y;;(x) — S;;(¢). Second, s(t) and S;;(¢), which are
not accompanied by Z (x) and 87 j(x), respectively, are always differentiated with respect to time.
When we consider only the adiabatic perturbation, we can provide a new set of canonical variables
that fulfills these two properties simply by considering the time-dependent dilatation transformation
Xy — x withxg =e™* " x, which is one of the residual gauge transformations [65,66]. At the linear
order, the residual gauge transformation with Eq. (2.43) shifts the spatially homogeneous part of the
graviton perturbation. However, at non-linear order, due to the non-commutativity between matri-
ces, the residual gauge transformation with (2.43) does not immediately introduce the shift of all the
graviton perturbation in the action.

To provide a new set of canonical variables with their homogeneous parts shifted, we have intro-
duced a more non-trivial transformation (3.16). By choosing 8y;; as in Eq. (3.18), the first property
can be ensured. To guarantee the second property, we have determined (the time dependence of)
AiT j (2), requesting Eq. (3.20). Then, s(¢) and S;;(¢) without the time derivative appear neither on
the right-hand sides of Eqgs. (3.22) and (3.23) nor in the Hamiltonian H(r). Using these proper-
ties, we later show the IR regularity of graviton loops in a parallel way to the case of the curvature
perturbation.

3.3.  Coarse-grained gauge invariant operator

In Sect. 2.3, we introduced the genuine gauge invariant variable R, using the geodesic normal coor-
dinates. Changing the spatial coordinates to the geodesic normal coordinates also modifies the UV
contributions. Tsamis and Woodard [106] pointed out that using the geodesic normal coordinates can
introduce an additional origin of UV divergence, yielding contributions that may not be renormalized
by local counter terms [107]. This is presumably because specifying the spatial distance precisely in
the presence of the gravitational perturbation requires taking account of all short-wavelength modes.
In any realistic observations, what we actually observe is a smeared field with a finite resolution.
However, it is not so trivial to describe a realistic smearing in a genuinely gauge invariant manner.
Here, in order to remove the UV contribution in the measurement of the position, we replace the
geodesic normal coordinates with approximate ones that are not affected by the UV contributions.
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In this paper, we compute the n-point functions at the end of inflation # = 7. Then, in place of the
geodesic normal coordinates, we use the “smeared” coordinates x!, which are related to the global

coordinates )?él as!

= e [ iR (.44
j
where we have replaced s(77) and S;;(¢7) in the transformation matrix A;(t r) with the smeared

metric perturbations:

/ d3xW,f ()¢ (tf, Xg1)
[dPxW x)

8¢ (ty) (3.45)

[ dPxW,, (x)8ysijlty, Xg1, 857 (15)]
[ d3xWi,(x) ’

8%7,i(1p) = (3.46)

Here, W;(x) is a window function that takes a non-vanishing value in the local region O; and
Sysijlt, xg; S1=[In (V(t’xgl)AT([)AT(f))]ij + Sijs (3.47)

which implicitly depends on the values of S;; ) witht <t < t through AiT j (1). Notice that AiT y
at t = ty is exceptionally determined by the value of S;; only at r = ¢ owing to the boundary con-
dition (3.34). Although £¢ and 847 ij appear on the right-hand sides of Eqs. (3.45) and (3.46), we
can iteratively define ¢ and 68y ;; by these expressions. Using the quantities introduced above, we
define 8¢ (17, x) and 8gyij(tf, X) as

Sc(tp, x') =Lty Ry, (3.48)
88y, (1. x") = 8ysijlty, Xe: 857 (15)]. (3.49)

Notice that x, includes ¢ and §y;; but does not include their canonical conjugate momenta. Hence,
we can define £¢ (17), 88y;(ty), 8¢(tp,x), and 8%y, (15, x) without ambiguity of the operator
ordering.

The fields #¢(¢f, x) and 8%y (7, x) introduced above are not genuinely gauge invariant. How-
ever, we can show that R8¢ (¢, x) and Ry88y;;(1¢, x) preserve the invariance under the particular
residual gauge transformation given in Eq. (3.44), where

3 Ay [ d>xW; (x)
Rx 5 E, @()T/')(t), (1 - W) ) P (3.50)

represents an operator that manifestly suppresses the IR contributions by acting on the fields 8¢ (¢, x)
and 88y, j (t, x). Here, the subscript associated with R specifies the argument of the fields on which
the operator acts. In the following, we will address the IR regularity of the n-point functions of
Ry8¢(ty,x) and Rxégyl-j(tf, X).

! Precisely speaking, the coordinates “x”, which will be used in the rest of this paper, are not the geodesic
normal coordinates x. However, for notational simplicity, we also use the same symbol x for the coarse-grained
version of the geodesic coordinates.
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4. Euclidean vacuum and regularization scheme

In order to compute genuinely gauge invariant quantities, we also need to specify the quantum state
so as not to be affected by the residual gauge degrees of freedom. However, as we mentioned in
Sect. 2.3, the genuine gauge invariance of the quantum state cannot be directly discussed in our
current approach. Hence, focusing on the invariance under the restricted class of transformations
(3.16), we discuss the equivalence among quantum states specified in terms of the set of variables
® with various values of s(7) and S; (). As discussed in Ref. [66], the boundary condition of the
Euclidean vacuum selects the unique quantum state irrespective of the choice of canonical variables
connected by the dilatation transformation. Namely, as long as we choose the Euclidean vacuum,
the quantum state is unaltered by the dilatation scaling. In this section, we extend this argument to
include the graviton perturbation, using different sets of the canonical variables ® and ®, introduced
in the previous section, by performing the residual gauge transformation from xél to x’. We will show
that, employing the boundary condition of the Euclidean vacuum, we can select the unique quantum
state irrespective of the choice of the canonical variables. In Sect. 4.2, using this property of the
Euclidean vacuum, we will reformulate the perturbative expansion.

4.1. Euclidean vacuum

In this subsection, we briefly summarize the basic properties of the Euclidean vacuum. In the case of
a massive scalar field in de Sitter space, the boundary condition specified by rotating the time path
on the complex plane can be understood as requesting the regularity of correlation functions on the
Euclidean sphere that can be obtained by the analytic continuation from those on de Sitter space.
The vacuum state defined in this way is called the Euclidean vacuum state. Here, we denote by the
Euclidean vacuum the state specified by a similar boundary condition in more general spacetime.

To be more precise, we define the Euclidean vacuum by requesting the regularity of the n-point
functions,

(Tedviyjy (X)) -+ - 8Vigy jn Gt (Xglm+1) - - § (X)) E < 00 for  n(ty) — —oo(l £ie), (4.1)

where a = 1, ..., n and T, represents the path ordering along the closed time path, —oco(1 — i€) —
n(ty) — —oo(l + ie), in terms of conformal time

' d
n(r) = f / “2)

ep(l) ’

For simplicity, here we assume that ¢”") (¢) is rapidly increasing in time so that

)l =0 (1/e"05(0)) (43)

We add the subscript E to the expectation values for the Euclidean vacuum defined in terms of the
canonical variables .

For the canonical variables @, the boundary condition of the Euclidean vacuum is similarly given
by

(TedTiy jy (1)« + - 8T j Com)E 1) - C(xn)) g < 00 for n(ty) = —oo(l £i€).  (4.4)

The Euclidean vacuum is expected to be invariant under the residual gauge transformations, since
the above boundary conditions of the Euclidean vacuum are formally independent of the choice of

21/47



PTEP 2014, 073E01 T. Tanaka and Y. Urakawa

canonical variables. In fact, we can show the equivalence between the expectation values,
(T.0)g = (T.0) 1, 4.5)

where the operators O and O are related to each other by the relations (3.17) and (3.18). A more
detailed explanation regarding the uniqueness of the Euclidean vacuum can be found in Ref. [66]
and the argument there can be extended to include the graviton modes in a straightforward manner.
We will find that the distinctive property (4.5) is crucial in showing the IR regularity for the Euclidean
vacuum.

4.2.  Rewriting the n-point functions

In this subsection, we rewrite the expression for the n-point functions into a more suitable form to
examine the regularity of the IR contributions. Namely, we perform the perturbative expansion of the
n-point functions of $¢ (5, x,) and 8%y ;; (1, x4) witha = 1, ..., n, using the canonical variables ®.
In this subsection, we adopt the Schrodinger picture. Since all the operators will be in the Schrodinger
picture, they do not have time dependence. Introducing the unitary operator of the time evolution

t
U(t,t') = T.exp [—i/ dtH(t)i| , (4.6)
t/
the n-point functions are expressed as
(0]U(—oo(1 +i€),1£)8¢(x1) ... 8¢ (xn)U(—00(l —i€), 1£)]0). (4.7

Here, we introduce the eigenstate of ¢ and 6y;;, [£€, §y). For given values of s and S;;, [£¢, §y°)
also becomes the eigenstate of §¢ and 8¢. That is,

- c c d3xW (x) (x ) c c ev c c c c

fc(n)[¢c. oy >=f fdg;wtfx)gl 1£°,8y°) = s V11, ¢¢, 8y, 51 81|¢<, 8v°). (4.8)

_ . d>xW;(x)8ysijlt, xa; S1, . . . . e e e e e
857 (1) ¢, 8y¢) = / ftd3x)$tj(x) 2 |c¢, 8yC) = SV In, £¢, 8y <. s: S1|¢C. 8v°).

(4.9)

where ¢¢ and §y¢ denote the eigenvalues of ¢ and §y;;. Here the time dependence of the opera-
tors 8¢ and 88 Vi j appears through W;(x), xg1, and S;;, while ¢ (x) and §y;; (x) are time-independent
Schrodinger operators. Since xg) and ys,;; depend on the value of s(7) and the path for picked-up
values of S;; (') witht < ¢’ < t¢, the eigenvalues of the operators ¢¢ and 887, s s©) (1) and Sl.(;v) (1),
also depend on s(r) and S;; ().

Using the eigenstate [¢€, §y¢), we construct a decomposition of unity:

¢, 6yc)<§c, sy°|. (4.10)

1= /’D{CDSJ/C
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Discretizing the time coordinate along the closed time path in Eq. (4.7), as is usually done in the path
integral, we insert the unit operator (4.10) at each intermediate time step as

)

e, 8y6><§.c’ 5y

Eq. (4.7) = <o

¢, 5yc><§c, sy©

o0
T, (H/D;cD(SyCU(taH, ta)
a=0

0
X é‘(fcgll) s ;('len) ( 1_[ /DCC’D(SVC U (1p, tb—l)) ‘0>a (4.11)
b=—00

where we have labeled the discretized time coordinate from the distant past to 7 s by negative integers
and that from 77 to the distant past by positive integers, with #y = t¢. For the time being, we focus
on the n-point functions for a particular time path of ¢¢ and §y ¢, picking up, at each time step, one
representative state among the summed eigenstates in the unit operator (4.10) in Eq. (4.11). Namely,
we consider the expectation value

(o

¢, 5y“><§6, sy©

Tc (1_[ U(ta-i-la ta)
a=0
0
; ( I

b=—00

)C(fcgn) e C(Xgln)

¢ 8V”><§", Sy |U (t, tb_l)) ’0>. (4.12)

Once the path of ¢“ and 6 “ is specified, we can choose self-consistent values of s(7) and S;; () that
satisfy

s() = s, ¢ 8y 51 81 8 (0) = S5V 1 g6, 8y< s S, (4.13)

for all ¢ order by order. Then, using the corresponding values of s and S;;, we introduce the canonical
variables ®(x) as defined in the preceding section. Using ®, we can replace ¢ (Xg1) in Eq. (4.12) with
E (x). Notice that, in the canonical system with @, we should use the unitary operator of time evolution
defined by the Hamiltonian H (1), which differs from H (¢), as

;c’éyc>(§c’ 5y

Eq. (4.12) = <o z€, 8yc><£", sy©

T, (l_[ ﬁ(ta—i—l, ta)
a=0

_ ~ 0

xz(xo...;(xn)( I1

b=—00

Ulty, tb_1)> |0>, (4.14)

with

t
Ut,t') = T.exp [—i/ dtﬁ(t)]. (4.15)
t/
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Here, s and §;; are different between the forward and backward paths, and hence the new canonical
variables ® (x) will differ between them. Furthermore, Egs. (4.8) and (4.9) imply

$C(ta) |6, 8y€) = s(ta) [2€. 8¥€), (4.16)
887;(ta) €€, 8y°) = Sij(ta) |£€, 87°), (4.17)
with
_ [ d*xW, ()¢ (x)
8 =
HOE T, (4.18)
,_ [ d>xW,(x)87;; (x)
(g .. fr—
88y, (1) = T i) (4.19)

Next, we write down the expression (4.12) in the interaction picture. Using the unitary operator

Uo(r) = T, exp [—i / ldt / d3x7%0] (4.20)

with an appropriate choice of lower boundary for the ¢-integration, the Schrodinger picture fields
E(x) and d8y;; (x) are related to the interaction picture fields E, (t,x) and 6y;;;(, x), respectively, as

) = Uo)Z; (1,00, (1), (4.21)
8 (x) = Uo(0)87:j1 (1, )T (). (4.22)

Similarly to Egs. (4.16) and (4.17), we define the eigenstate for the interaction picture fields as
|5¢¢,8y¢), = Ug (1) |, 7). (4.23)

In the interaction picture, we obtain

Eq. (4.14) = <0 T, (H Or(tas 10)|ta €. 87¢) (103 %, 67 ) Ertepx) . La(ep )
a=0
O ~
x ( [T |wi ¢ 6v) (1 ;C,ayC\m(rb,rb_])) ‘0> (4.24)
b=—00
with
t
Uit,t') = T, exp [—i / dtﬁ,(t)]. (4.25)
t/

With 8¢, (t) and 88y;;1(t) defined as

[ dxW ()¢ (t, %)
[ d3xWi(x)

8¢,(t) = (4.26)

[ d>xW; ()87 (¢, x)
[ d3xW;(x)

88y () = . 4.27)
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Eqgs. (4.16) and (4.17) indicate

gEI(ta) ‘[a; ¢, 8)’6)1 = 5(ta) }ta; ¢, 6VC)I ) (4.28)

(Sg);ij](ta) ‘ta; <, 8V6>1 = Sij(ta) }ta; <, 8)/0)1 . (4.29)

Next, we will show that, when we choose the Euclidean vacuum as the initial state, the n-point
functions for 8¢ (x) and §%y;;(x) can be expanded only in terms of the interaction picture fields
¢1(x) and §y;;7 (x) with the IR-suppressing operators R,. While the interaction Hamiltonian density
H; is messy, the IR regularity can be shown just by using the fact that, as given in Eq. (3.42), H; is
expressed only in terms of

Cr(x) —s@t),  87ij(x) — Si; (1), (4.30)
and
. y My
71(x) = 2M§1e3pslg,(x), 7 (x) = Tpe3pa)7;f (x), (4.31)
and also with the parameters
$(t),  Sij(@). (4.32)

Notice that the terms in (4.30) are not suppressed by R, and also that the inverse Laplacian 92,
which arises from N and N;, may decrease the power of k by 1/k>, depending on the choice of the
boundary conditions.

4.2.1. Interaction picture fields without the IR-suppressing operator. ~We begin with discussing
the first term in Eq. (3.42), i.e.,

HilE1(x) — s(t), 71(x), §7j1(x) — S (1), 7Y (x)]. (4.33)

If we can simply replace s(¢) and S;; (¢) with & ¢;(t)and 88y ij1(1), respectively, in the above expres-
sion, ¢7(x) — s(t) and 8y;;7(x) — S;;(t) are reduced to &y (x) —£¢;(¢) and 8y;j7(x) — Sg)?ij,(t),
which are combinations suppressed by the IR-suppressing operator R,. We will show that the dis-
tinctive property of the Euclidean vacuum given in Eq. (4.5) allows us to perform this replacement
just by adding terms that are composed only of R, g:[ (x) and Ry 8vijr(x).

To perform the replacement, we notice that the operator |z,; ¢€, Sy )11 {ta; C€, 8y €| is located next
to the interaction Hamiltonian H; (t,) as

. Hi (1)

ta; €, 87C>11<ta; ¢, 8y°

ceey

where the abbreviation on the right-hand side of 7; denotes operators in the past of 7, along the
closed time path and that on the left-hand side denotes operators in the future of #,. For notational
simplicity, we abbreviate the subscript @ in the following discussion. Picking up a single Z; (x) — s(t)
or 8y;j(x) — §;;(¢) from the first term of H, given in Eq. (4.33), and using Egs. (4.28) and (4.29),
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we rewrite each term as

(6100 = s0) Aw)

6% 0y), = (G100 = 58,0) AW |15 ¢, 8v9),
+[52,0), A |t €. 8v°), (4.34)

or

(5)71']'1()6) — Sij(l)>A(x) 10, 8y°), = <5)7ij1(x) — ng[jl(f))f\(x) |1:2¢,8y¢),

+[8g)7ij1(t)v-/4(x)] 12, 8v°), (4.35)

where, using A(x), we have schematically expressed the operators sandwiched between Z‘ 1(x) —s(t)
or 8y;jr(x) — S;;(¢) and |t; £¢, §y€),. Since A(x) is part of the Hamiltonian density in Eq. (4.33),
it can be expressed solely in terms of the combinations in Eq. (4.30) and the conjugate momenta 77;
and ﬁjj. Since gg:I (1) commutes with 4:1 (x) —s(1),8yij1(x) — S;j(¢), and ft}j (x), the non-vanishing
contributions in [8 E 1 (), A(x)] arise only from the commutator

W;(x)

AL (4.36)

_ 1 ~
[$¢,(0), (1, 0)] = m/d3y W () [;,(:,y),ﬁ,(t,x)] =i
t

which yields a local function whose Fourier mode is regular in the IR limit. Repeating this procedure,
we can rewrite (£ (x) — s(¢)).A(x) solely in terms of

Er(0) =850, R, 8P (x) — 857, 7 (). (4.37)

The same argument can apply to (§¥;;7(x) — S;;(¢)).A(x). In this way all the interaction picture fields
in the first term of H ;1 are now expressed by Ry EI and R, 08y;j1-

Next, we consider the second term of the interaction Hamiltonian (3.42) with s and S; . When
we discretize the time coordinate, the time derivative should be regarded as the difference between
the values at two adjacent time steps. We can express the second term in Eq. (3.42) sandwiched by

1{tay1; €€, 0y€land |14; ¢, Sy ©)r as

s € 07| [F1 )X 081 (k) + 7] ()X 087111 (k) | (50087 + $7" ) /2) J1a3 6°, 677
= {tai: € 8y| [ Ce)x" 081 () + 7 ()X 087151 () |

8 {s(ar1) — s} + {S]" (tat1) — 5" (1a)}/2
fat1 — la

ta; C6, 8J/C)l,

with x, = (¢4, x). Here, we neglect the terms irrelevant in the continuous limit. Using Egs. (4.28) and
(4.29), we canreplace s(#,) and S;; (t,) with 8z ,(t,) and 88 Vij1(ta) placed nextto |24 ¢, 8y ), and
s(tg41) and S;;j (t441) with 8¢ (tay1) and ngij,(taﬂ) next to j(t,+1; ¢¢, 8y°€|. For the same reason
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as in the previous case, the terms coming from the commutator between [77; (xa)x' 0y, g: 1(xg)+ -]
and 8¢, (t,) or 8¢y, j1(ta) only give the IR-regular contributions, while the remaining part becomes

a6 07| [46, 0087 + 64713002

x [ 71 Gax! s () + 7 ()5 08711 (50 |

ty; C€, 8yc)l.

Similarly, we can replace S; (¢) in the third term of the interaction Hamiltonian (3.42) with §¢ )5,- i1 (D).

Notice that 8 Z‘ ; (t) is recast into

gE](l) = /d?’xat {Wt—(x)} El(x) + fd3th(x)ath(x)

[ d3xW;(x) [ d3xW;(x)
_ [ Wi (x) N [ d*xW;(x)9,¢1 (x)
- / d3x, { fd3th(x)} (e -2, + TR (4.38)

which is manifestly expressed in the IR-suppressed form, R Z; (x). To make the IR regularity mani-
fest, in the last equality we have added 0 = ¢ e 1 ()0, { f d3x W, (x) / f d3x W, (x) } In a similar manner
we can show that §8 )5,- ;1(1) 1s also in the IR-suppressed form.

In this way, we can show that all ¢; and §y;;; in the interaction vertices are multiplied by the
IR-suppressing operator R,. The argument so far proceeds irrespective of the choice of the initial
quantum states. Now, we focus on the distinctive property of the Euclidean vacuum given in Eq. (4.5),
which states that the initial states chosen by the boundary condition of the Euclidean vacuum are
specified uniquely and are independent of the canonical variables used for quantization. Therefore,
requesting the Euclidean vacuum uniquely determines the initial state irrespective of the picked-
up particular path of ¢¢ and §y¢. Therefore, after the above-mentioned replacements, the possible
dependence of the n-point functions on the picked-up path remains only in |¢; €, §y €)1 (t; ¢€, Sy €],
and hence we can remove the decomposition of unity.

4.2.2.  Restricting the interaction vertices to the local region. Next, we will address the inverse
Laplacian 8~2. If we choose the boundary conditions for 82 in N and N; appropriately, N and
N; with their argument (#, x) in the region O, can be specified by the fluctuations only within O;.
In the general solutions of N and N; given in Egs. (2.36) and (2.37), the residual gauge degrees
of freedom are expressed by arbitrary homogeneous solutions of the Laplace equation, G, (x) and
(8ij —9;072)G jn(x). We determine the homogeneous solution G, (x) such that the solution in the
observable region O; is given by the convolution between the Green function and the source restricted
to the local region, i.e.,

1 d3y

W, ()3 M; (1, ) = 320" M; ,(x) — e 2 G (). (4.39)
47 |x —y|

Similarly, using the transverse part of G;,(x), we can determine the boundary conditions for the
remaining 32 so as to shut off the influence from the region far outside of ©;. (For a detailed expla-
nation, see Refs. [66,67].) Then, since all the interaction vertices are confined to the neighborhood
of O, the operation of the non-local operator 82 no longer reduces the power law index with respect
to k. Thus, when we choose the Euclidean vacuum as the initial states, we can expand the n-point
functions for R ¢¢ (¢5, x) and R8¢y, | (tf, x) only in terms of the interaction picture fields R, E 1(x)
and Rxafij[(x).
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Since R8¢ (x) and Ry68y;;(x) are not invariant under all the residual gauge transformations,
their n-point functions can depend on the boundary conditions of N and N;. However, if we calculate
n-point functions for the genuinely gauge invariant operator R, changing the boundary conditions
should not affect the result.

5. Regularity of loops

In this section, we will show that, when we choose the Euclidean vacuum as the initial state, the n-
point functions of R8¢ and R, 68 y; ;o longer suffer from the IRdiv, [Rsec, and SG. The discussion
in this section goes almost in parallel with that in Sect. 3.2.4 of Ref. [66], where the regularity of the
scalar loops is shown. Here, we briefly highlight the discussion, leaving the more detailed discussion
to Ref. [66].

5.1.  Euclidean vacuum from the i€ prescription

In the preceding section, we introduced the Euclidean vacuum, which satisfies the boundary condi-
tions (4.1). Here, following Ref. [66], we show that these conditions lead to the ie prescription in
the ordinary perturbatlve description. For our current purpose, the explicit form of the interaction
Hamiltonian density H; is not necessary. We simply note that all the interaction vertices in H; can
be formally expressed as

N* N?
MESPD 2 o) T R [T R85, (5.1)
m=1 m'=1

where N* and N’ are non-negative integers with N¥ + N’ > 3. Here, A(¢) is a dimensionless time-
dependent function that can be expressed only in terms of the horizon flow functions. To discriminate
different IR-suppressing operators R, we added a subscript (m*) or (m') to R,. The spatial indices
imt and j, will be contracted with other indices i,,, and j, . or with indices in R, which are
abbreviated for notational simplicity. In the following, we use the formal expression (5.1) as the
interaction vertices.

Since the boundary conditions for the Euclidean vacuum should also hold at tree level, the asymp-
totic form of the positive frequency mode function vy (t) with o = s or ¢, in the limit n — —oo0,
should be proportional to e ~*¥7(") Factoring out this time dependence, we express v (t) as

Ve (1) = k3/(2)fk (e 10, (5.2)
where we have introduced
p(1)
A () = ———, 5.3
(1) oMy (53)
p1)
Al 5.4
0 =5 (5:4)

as approximate amplitudes of the curvature perturbation and the graviton perturbation. The function
fi (¢) satisfies the regular second-order differential equation with the boundary condition

fi@) o« L for —kn(t) - oc. (5.5)
ePp
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Since both the differential equation and the boundary condition of f;*(¢) are analytic in k for any ¢,
the resulting function should be analytic as well. In fact, f;*(¢) does not have any singularity such as a
pole on the complex k-plane as a consequence of the boundary conditions of the Euclidean vacuum.

On the other hand, in the limit —kn (%) < 1, the function f;*(¢) is proportional to A% (#)/ A% (1),
where #; is the Hubble crossing time defined by —kn(#;) = 1, because the curvature and graviton
perturbations should be constant in this limit. Hence, the expansion for small £ is in general given by

A% [0 = A @) [1+ 0@ 0P | (5.6)
By using Eq. (5.2), the Wightman function for the curvature perturbation is given by

d3k

(2n)3etk(x x) s(t)v (t,)

G (x,x') =
s S d3k 1 ik-(x—x) rs sk N ik(n(t)—n(1))
= A (I)A (t )/ —(Zj[)3 k—3€ fk (t)fk (l )e n n , (57)

and the Wightman function for the graviton is given by

Gjﬁd(x X)— Z/ (271)3 zk(x—x) ()‘)(k)e()‘)(k)vk(t)v (l)

Af (z)Af ") / d3k
(

)3 (PiPji + PiPjx — PijPu)

o k%eik«x—x/) FLO) () On), (5.8)
where in the second equality we have assumed that the quantum state is isotropic.

Using the in—in formalism, the n-point functions can be expanded by the Wightman functions
G5 (x,x"), Gl ki (x, x"), and their complex conjugates. When we impose the boundary conditions
of the Euclidean vacuum, we need to start the vertex integrals at n = —oo. Although the vertex
integrals are infinitely oscillating in the limit 7 — —oo, the time integration can be made conver-
gent by adding a small imaginary part to the time coordinate, which is nothing but the ordinary
ie prescription. To see the convergence of the time integration more explicitly, using the formal
expression for the interaction vertex (5.1), we first consider the integral for the vertex that is closest
to the past infinity 7 — —oo(1 — i€). The interaction picture field £;(x) included in this vertex is
contracted with 4:1 (xms) in vertices labeled by m* = 1, 2, ..., N¥, and gives the Wightman function
G5 (xps, x). Similarly, the interaction picture field 8)71,-m, Gt ) included in the vertex is contracted

with 8yx .1 ,1(x,) in vertices labeled by m' =1,2,..., N’, and gives the Wightman function

+t

kool iy , (X1, x). Then, the vertex integration with N* Zr and N? 8vij1 gives
m*"m" " "m m

VO (xpe)) = / dt f d*xe>PD p(1)* A (1) ]_[ Ry, RUGTS (x5, x)

ms=1
Nt
(m") ~+t
x [T R, REVGE, o G 1), (5.9)
m!=1

29/47



PTEP 2014, 073E01 T. Tanaka and Y. Urakawa

where x,,« denotes either x,,s or x,,,. The Euclidean vacuum condition requires the convergence of
this integral in the limit n(;) — —oo. Since the Wightman functions contain the exponential factor

iﬂ(l) (st kms +mekmf>
e b
the integral can be made convergent by adding +i€ to n(¢), which is again exactly what is known as
the i e prescription. Here, ks denotes the momentum of G (x,,s, x) and k,,» denotes the momentum
+t
of katlmrimtjmt (xmr y x).

The vertex integration second-closest to the past infinity

NS/

t// ,
VO (xa}, (X)) = M3, / dr’ / XD )2ty [] Re,o RY G (er, 1)
fi ms'=1
N
t!
X T Ry REVGE iy Gt OV i) (510)
m!'=1

can be done in a similar manner, where N*' and N’ are the numbers of scalar and graviton propaga-
tors that connect between this second vertex and vertices other than the first one. If we perform the

integration over the time coordinate of the first vertex ¢ up to ¢/, the exponential factor in G5 (x,,s, x)

+t

or G, , . i (X, x)canbe replaced as
mt m[lmt j"’l[

eikme @) =ntn)) _y eikma(ﬂ(f/)—ﬁ(lm)). (5.11)

Therefore, all the Wightman functions connecting the vertices at ' or in the past of ¥’ with the vertices
in the future of ¢’ give an exponential factor that is suppressed by adding +i¢ to n(¢"). (Here, we mean
the future and past in the chronological sense, and not those in the sense of the Closed Time Path.)
This is again consistent with the boundary condition of the Euclidean vacuum. The same argument
can be made for the other vertices as well.

In this subsection, considering the time integration at vertices with fixed momenta of the Wightman
propagators, we have shown that the boundary condition of the Euclidean vacuum can be imposed
in a perturbative expansion by employing the ie prescription. However, as we will describe in the
next subsection, in our proof of the IR regularity, we will perform the momentum integration of the
propagator ahead of the vertex integration.

5.2, IR/UV-suppressed Wightman function

Since all E 1(x) and 8y;;7(x) in the interaction Hamiltonian are multiplied by the IR-suppressing
operators R, the n-point functions of R $¢ (x) and R,y (x) can be expanded by the Wightman
functions R,y R G5 (x, x’) and R R,/ G;;;d (x, x") and their complex conjugates. In this subsection,
we calculate the Wightman functions multiplied by the IR-suppressing operator R R G (x, x") and
RxRy G;;i( ,(x, x") fort > t'. After integration over the angular part of the momentum, the Wightman
function Ry R G (x, x’) is given as

1 o Jk eika+(x,x’) _ eika_(x,x’)
RyRy G (x,x) = / {
0

- _RxRx’ N N S ./ Sk ./ ,
272 k A O f QA [ () ik(oy(x,x") —o_(x,x"))

(5.12)
where we have introduced

or(x,xY=nt") —n@) £ |x —X.
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The Wightman function RxRx/G;;;d (x, x") is given by a similar expression as

L [dk, P p@ | pd)pd) _ )
— Ry ik jl + il jk - ij kl

RXRX/G:;ZI(X’ x') = o) y &

. . . eika+(x,x/) _ eikcu(x,x/)
X Ry A (1) fL()A @) @ . (513
oA [t A [ (1) Ko ) — o . x) (5.13)
Here, before we integrate over the angular coordinates, we replace the projection tensor P;; with the
derivative form:
(d) _ g .9—2

P =08ij = 00,07, (5.14)
which commutes with R ..

We first show the regularity of the k integration in Egs. (5.12) and (5.13). The regularity of the
Wightman function G (x, x’) is shown in Ref. [66]. We will see that the same argument also leads to
the regularity of G;;;( ;(x, x7). Since the functions f*(f) with @ = s, ¢ are not singular, the regularity
can be verified if the integration converges both in the IR and UV limits. The regularity in the IR
limit is guaranteed by the presence of the IR-suppressing operator. The IR-suppressing operators R .
add at least one extra factor of k|7 (¢)| or eliminate the leading 7-independent term in the IR limit,
and yield

ikoy(x,x") _ eiko- (x,x")

Ry A (1) £ (1) { } = A (1) DO (kn (1))

ik(ox(x,x") —o_(x,x"))
_ AS(t)eikn(t/)O ({k|n(l‘)|}(”"'+1)/2> , (5.15)

and

ikoy(x,x") _ eikcr,(x,x/)

R A (1) fi (1) { ] — A" (1) *1 0 ({kln(t)l}(”’+2)/2> . (5.16)

ik(o4(x,x") —o_(x,x"))
where we have introduced the spectral indices ng and n; as

ng — 1 =dIn(|A* )% /d Ink, (5.17)
n, =dIn(|A (1) >)/d Ink. (5.18)

Thus, the operation of R, makes the k integration in Eqgs. (5.12) and (5.13) regular in the IR limit,
ensuring the IR regularity. Next, we consider the convergence in the UV limit. When we choose the
Euclidean vacuum, the i€ prescription facilitates the regularization of the UV modes in Egs. (5.12)
and (5.13), because adding a small imaginary part to all the time coordinates as n — n x (1 —i€)
leads to the replacement

n(t") —n() — n@@") —n() +ieln(’) —n@)|

with n(¢’) — n(t) < 0. Then, the manifest exponential suppression factor is introduced for large
k. This UV regulator makes the integral finite for the large k contribution, except for the case
o+(x,x’) =0, where x and x’ are mutually light-like. Since the expression of the Wightman func-
tions obtained after the k integration is independent of the value of €, this regulator makes the UV
contributions convergent even after € is sent to zero. For o1 (x, x’) = 0, the integral becomes diver-
gent in the limit € — 0, but the divergence related to the behavior of the Wightman functions in this
limit is to be interpreted as ordinary UV divergences, whose contribution to the vertex integrals must
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be renormalized by introducing local counter terms. Thus, the Wightman functions R, R,» G (x, x”)
and RxerG#d (x, x) are now shown to be regular functions.

Since the amplitudes of the Wightman functions with the IR-suppressing operator are bounded
from above, we can show the regularity of the n-point functions, if the non-vanishing support of
the integrands of the vertex integrals is effectively restricted to a finite spacetime region. Since
the causality has been established with the aid of the residual gauge degrees of freedom (see
Sect. 4.2.2), the question to address is whether contributions from the distant past are shut off or
not. In short, this question can be rephrased as whether the SG due to the time integral exists or
not. To address such a long-term correlation, we discuss the asymptotic behavior of the Wightman
functions R, R, G* (x, x') and RxerGiijﬁd (x, x"), sending ¢’ to a distant past. Recall that when
o+(x, x") # 0, we can rotate the integration contour with respect to k even toward the direction par-
allel to the imaginary axis, making € finite. Rotating the direction of the path appropriately depending
on the sign of o1 (x, x”), the integrand shows an exponential decay for k = 1/|ox(x, x")| =~ 1/|n()|.
Since we send ¢’ to the past infinity, where [1(¢")| > |n(1)|, o+ (x, x") becomes O(|n(t)]), except for
the region where the two points are mutually light-like (see Ref. [66] regarding the estimation of the
contribution from this region). The rotation of the k integration contour can be done without hitting
any singularity in the complex k-plane, because the functions f;(¢) are guaranteed to be analytic
by construction. If we choose other vacua, this operation yields extra contributions from singular-
ities. After the rotation, the integrations of k& on the right-hand sides of Eqs. (5.12) and (5.13) are
totally dominated by wavenumbers with k < 1/|n(t")| < 1/|n(t)|. Using Eq. (5.15), which gives the
asymptotic expansion in the limit k|5 (z)| < 1, we obtain

o0
RiRyGT(x,x") = A1) x O [ / i—k (k@72 RfoS<r/>f,5*(t/>e"k"<“>]
0

ns+1
— A (A (O ( )| ) ) (5.19)
In(t’)]

where in the second equality we have performed the k integration, rotating the integration contour.
Similarly, using Eq. (5.16), we obtain

#
In(®)] > (5.20)

G N — gt 1oy
RiRyw Gy (x, x7) = A A ()0 (|7](t/)|

We should emphasize that we do not employ the long-wavelength approximation regarding the
Hubble scale at ¢’ to properly evaluate the modes k of O(1/|n(t)]) as well.

5.3.  Secular growth (SG) due to the time integral

In this subsection, focusing on the long-term correlation, we discuss the convergence of the vertex
integrals of the n-point functions for the Euclidean vacuum. We start with the integration of the
n-point interaction vertex that is closest to n = —oo(l — i€). By inserting the expression of the

Wightman functions Ry R G (x, x") and RXRX/G;;ZZ (x, x") with t > ¢/, given in Egs. (5.19) and
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(5.20), into Eq. (5.9), the vertex integral V(! can be estimated as

ng+1
VO (xme}) =0 [ / di / d*xe? D p(1)?a() (A (1)) ]_[ A (tms) <’77§t("t’))> 2
mi=1
N N\ T
< LA W T] Af(rmt)< n(";) ) ] (5.21)

mi=1

As we explained in Sect. 4.2.2, the interaction vertices are confined within the observable region, i.e.,
the non-vanishing support of the integrand is bounded by |x| < L,, where L, can be approximated
by |n(¢)] in the distant past. Thus, we obtain

n) g v s .
VW, (xpe)) = 0[ f #k(n){Aé(n)}N (A (N 2

il )\ 1 )\
x ]_[As(tms)< 7;" ) ]_[Af(rmr)< 7;" ) } (5.22)
mS=1 mi=1

Since we have performed the momentum integral first, the exponential suppression for large ||,
required for the Euclidean vacuum, no longer remains. However, picking up the n dependence of the
integrand of Eq. (5.22), we still find that the contribution from the distant past is suppressed if

1_p  _ NS(s+D+N'(n+2)
n 2

‘x(n){mn)}” A Y 50 as n— —oo. (5.23)

When this condition is satisfied, the time integral converges, and the amplitude of Vn(l)(n’ Axm ) 1s
estimated by the value of the integrand at the upper end of the integration as

VO, (xpe))

v )\ 1)\ F
—0la / As N NS Az INNI=2 As s ( m") Az tont ( m’)
(A (NN (A () m];[l ) 505 m];[1 ) (205
(5.24)

Then, when one of the Wightman propagators is connected to a vertex located in the future of x', i.e.,
s+1 ng+2

tm > t’, the t-integration yields the suppression factor {n(f,,s)/n(t > or n(ty) /0@ 2. We

denote the numbers of such scalar and graviton propagators by N* and N’, respectively.

Similarly, we can evaluate the amplitude of V® as

VA", (o}, (Xper})

") gy’ 5 %
_ o[/ T 5 A G (A G Y

—00

NS/
x 1_[ A(tms/) (n(tm3 ))

ms'=1

ne+2
]‘[Aw (M) v(“(r(n/),{xm})]. (5.25)

mt'=1

Extracting the n’-dependent part in the above expression, we obtain

n@") i ~
77 _ ns+1 s/ sy_ ng+2 ’
f T A P A PNy OB (s.26)

—0o0
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Now the generalization proceeds in a straightforward way. For the N,th vertex, the temporal
integration becomes

dinn, » y - _ s+ DM+ 42 M
f ) LA o )Y LAY )Y | CE (527)

Ny

where N ? and N }, respectively, denote the numbers of Z‘ 1 and §y;;; contained in the vertices that have
been integrated before the N, th vertex, M* and M denote the numbers of the Wightman propagators
connected to a vertex with n > ny,, and A is the product of all the interaction coefficients contained
in the integrated vertices. Thus, the convergence condition is derived as

t_ON, — (ng +DMS +(ng+2)M!

ADLAS YT LA YV =2 Ny =TSR L0 as - —oo. (5.28)

As a simple example, we consider the case where ¢ is constant. In this case, A is expressed
only in terms of &1 and takes a constant value. By assuming M = 1 and using n; — 1 = —2¢1, the
convergence condition yields

(1—¢1)>M — &N >0, (5.29)

where N = N } + N } — 2Ny and M = M* + M'. In the slow-roll limit &; < 1, the above condition
is recast into

N <O (%> . (5.30)

&1

Since all interaction vertices contain at least one propagator that is connected to a vertex in their
future, M should be M > 1. Therefore, unless an extremely high order in perturbation with N >
O(1/e1) is concerned, the contributions from the distant past are suppressed and hence the time
integrals at the interaction vertices do not yield the SG.

The presence of the above suppression can be intuitively understood in the same way as in the
discussion for the loops of the curvature perturbation [66]. When we choose the Euclidean vacuum
as the initial state, both the IR and UV modes in the Wightman functions are suppressed and then
only the contributions around the Hubble scale at each time are left unsuppressed. Being affected
only by the modes around the Hubble scale, i.e., k|n| >~ k/e”p = O(1), the Wightman functions
RyRyG* (x, x') and RXRX/G;%Z (x, x") are necessarily suppressed when n(r)/n(t') < 1. This is
because, if the spacetime points x and x’ are largely separated in time, any Fourier mode in the
Wightman function cannot be of the order of the Hubble scale simultaneously at ¢ and #'. When we
consider the contribution of vertices located far in the past, at least one Wightman function should
satisfy n(t)/n(t") < 1, and therefore it is suppressed. Equation (5.28) shows such suppression by
M? scalar propagators and M’ graviton propagators. As shown in Eq. (5.28), as we increase the
number of operators included in or connected to the interaction vertex, denoted by N } and N }, the
contributions from the distant past become less suppressed. On the other hand, as we increase the
number of propagators connected to the vertices around the observation time, labeled by M* and
M, the contributions from the distant past are more suppressed. When N is sufficiently large, i.e.,
N > O(M/e1), the suppression due to M propagators can be overwhelmed by the large amplitude
of the fluctuation, which increases when the energy scale of inflation increases, as in the far past.
However, we should also stress that the SG never appears in slow-roll inflation, unless the order of
perturbative expansion N takes an extremely large value, such as 1/e; ~ O(10%).
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6. Concluding remarks

In this paper, we have addressed the regularity of the graviton loops. We have shown that, when we
choose the Euclidean vacuum as the initial state, similar to the curvature perturbation, the graviton
perturbation does not cause the IRdiv and IRsec in the n-point functions of genuine gauge invariant
operators. In the absence of the graviton, simply performing the dilatation transformation provides
a new set of canonical variables in which all ¢ in the Hamiltonian are shifted by the free parameter
s. The presence of this new set of canonical variables is important to show the IR regularity for the
Euclidean vacuum. Extending this previous result to the graviton perturbation, we have provided a
new set of canonical variables whose Hamiltonian includes the curvature perturbation and the gravi-
ton perturbation with the shifts by arbitrary time-dependent parameters s and S;;, respectively. Then,
following a similar argument to the one in Ref. [66], we established the IR regularity, i.e., the absence
of the IRdiv and IRsec for the Euclidean vacuum to any order of perturbation. We also showed the
absence of the SG in slow-roll inflation, at least, unless extremely high orders in perturbation are
involved.

As is also argued in Ref. [66], when we evaluate the SG, considering only the superH modes is not
sufficient, because all modes are subH modes when we send the initial time #; to the past infinity. In
Sect. 5.3, to evaluate the SG, we used the Wightman functions obtained in Sect. 5.2. These Wight-
man functions R, R, G (x, x") and RXRX/G?;;([ (x, x") are shown to take finite values, as long as
the two arguments x and x” are not mutually light-like. In this paper and also in Ref. [66], assum-
ing that these UV divergences will be renormalized by local counter terms, we have not explicitly
examined the contributions from the singular UV modes. We leave a detailed discussion about the
UV renormalization for future study. (See Refs. [76,108], where the UV regularization is discussed.)

In this paper, we considered the inflationary universe as the background spacetime. When we take
an exact de Sitter space as the background spacetime without introducing a scalar field, the curvature
perturbation will disappear, while the graviton perturbation can still exist. For the pure gravity in the
de Sitter limit, the accumulation of residual gauge degrees of freedom is still an issue of debate. It has
been claimed that the IR graviton can become a trigger for the running of the coupling constant. For
instance, in Ref. [10], Tsamis and Woodard claimed that the IR graviton can screen the cosmological
constant, suggesting the possibility that the cosmological constant problem might be dynamically
solved. In our forthcoming publication, we will address the IR issues of the graviton in the exact de
Sitter background and discuss whether the screening of the cosmological constant can still exist even
if we request the genuine gauge invariance.

Finally, we make several comments on the quantum states allowed from the IR regularity con-
ditions. We have seen that, when we choose the Euclidean vacuum as the initial state, the n-point
functions of the genuine gauge invariant operator become IR regular. Then, the question is whether
the regularity can be maintained for other initial states or not. In the simple setup adopted in
Appendix A, which immediately ensures the standard commutation relations for the interaction pic-
ture fields, we found that requesting the IR regularity of the graviton loops yields the same condition
on the mode function v} that was requested from the IR regularity of the loop corrections due to the
curvature perturbation. (In Ref. [63], we claimed that the IR regularity of the graviton loops does
not yield any condition on v;. However, as mentioned in Appendix A, in Ref. [63], we chose an
alternative heuristic iteration scheme that does not immediately guarantee the standard commutation
relations for the interaction picture fields. Therefore there is no contradiction with the current result.)
It will be intriguing to elaborate how strictly the IR regularity condition constrains the quantum state
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in the inflationary universe. We will also leave this issue for future study. (See also the studies on the
scalar field by Einhorn and Larsen in Refs. [109,110] and by Marolf et al. in Ref. [111].)
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Appendix A: Constraining the initial states from the IR regularity

When we set the initial state to the Euclidean vacuum, as we mentioned in Sect. 4.1, the equivalence
between the two sets of canonical variables that are connected by the residual gauge transformations
is ensured. Making use of the privileged property of the Euclidean vacuum, we can write the pertur-
bative expansion in a way that all the interaction picture fields are associated with the IR-suppressing
operator R, which plays a crucial role in showing the IR regularity. This consideration suggests that
the IR regularity will not be guaranteed for an arbitrary choice of the initial state. In this section,
we will show that the requirement of IR regularity actually yields a non-trivial restriction on the
quantum state, choosing a simple setup where the interaction is turned on at a finite initial time #;. In
this appendix, all field variables without the subscript / are supposed to be those in the Heisenberg
picture.

A.1. Solving the equations of motion

In this subsection, we compute the two-point function of R ,#¢ (x) up to one-loop order to derive the
IR regularity condition on the initial state. Assuming that the interaction is turned on at the initial
time ¢;, we set the relation between the Heisenberg fields and the interaction picture fields as

¢(ti, x) = ¢y (ti, x), m(ti, x) = my(t;, x), (A1)
and
8yij(ti, x) = 8yij1(ti, x), mij(ti, x) = mijr (4, X), (A2)

where 7; and m;j; are the conjugate momenta of the interaction picture fields ¢; and dy;jy,
respectively. The advantage of choosing this initial condition is that the commutation relations
for the Heisenberg field &, given in Egs. (3.4) and (3.5), also immediately guarantee the standard
commutation relations for the interaction picture fields, i.e.,

(1 (2, %), w1 (6, )] = i8F (x —p),  [&1(2,%), (e, 9)] = [ (¢, %), 701 (2, )] = 0, (A3)

and

v 7l ] = 6" w=p). [y x5y .p)] = 7} .0, 7f (.9 = 0.
(A4)
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Here, we compute the two-point function of R8¢ (x) by solving the Heisenberg operator equations
of motion for ¢ and §y;;. Using the retarded Green functions G g (x, x) and G g;jki(x, x”) given by

Grx,x") = —if(t —1') [c1(x), &1 (xN)], (A5)
Grijui(x, x") = —i0(t — ') [8yij1(x), Syrr (x"], (A6)

we can solve the equations of motion for ¢ and §y;;, employing the initial conditions (A1) and (A2) as

() =1 (x) + L SnL(x), (A7)
8y;j (x) = 8%ij1(x) + L SNLij (x), (A8)
with
EE,ISSNL(I,x) = —2M§] f d4x/81(z’)e3p(”)GR(x, XS (). (A9)
M2
Eg,leNUJ(t’x) = _Tp/d4xle3p(t)G];elkl(x7x/)SNLij(x/)a (A10)

where the explicit form of the non-linear source terms Sni.(x) and Sni;j(x) will be derived later.
Evaluating Eqgs. (A9) and (A10) iteratively, we can obtain expressions for ¢ and 8y;;, respectively.
Inserting the thus-obtained solution ¢ and §y;; into Eq. (3.45), we can perturbatively compute

8¢(x) as
8(x) = &1(x) +58,(x0) +883(x) + -+, (A1D)
where 8¢, (x) represents the term that consists of n interaction picture fields. Expanding the inter-

action picture fields ¢; and §y;;; as in Egs. (2.9) and (2.19), the initial vacuum state is defined
by

axl0) = a”10) = 0. (A12)
Notice that the n-point functions computed by using the Heisenberg operator solved with the retarded
Green function can be formally shown to agree with those calculated in the in—in formalism (see, for

instance, the Appendix of Ref. [65]).
Using Eq. (A11), the one-loop contributions to the two-point function of R8¢ (x) are given by

<Rx1 g; (xl)Rx2g§ (x2)) 1loop
= (R C0(x1) R, 582(x2)) + (R $1(x1) Ry ¢3(x2)) + (R $¢3(x1) Ry C1(x2)). (A13)
As discussed in Sect. 4.2.2, after we choose the boundary conditions for d ~2 appropriately, the inverse

Laplacian does not enhance the singular behavior of the superH modes, and hence the IRdiv and IRsec
can appear only from the variances of ¢;(x) and 8y;;;(x), whose superH contributions give

<&m—/ ﬁkw@a/ ak (A14)
e k<i/L, (2m)3 k<tjr, K
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and
_ _ 2 _
(8vij1 @)V (1)) = (Siijl + 81k — §5ij5kl) (877 (1)), (ALS)
with
1 dk dk
(572(0)) = —— / 3 ) o / ak (A16)
! 2072 Ji<iyL, k k<1/L, k

Here g: 1(t) and 8y;;; (1), respectively, denote ¢; and §y;;; with only the superH modes, which mimic
their spatially averaged values in O;.

When £¢, includes terms with ¢; or §y;;; without differentiation, the first term in the second line
of Eq. (A13) can give (Z‘Iz) or (§y [2). These variances can also appear from the second and third terms,
when £¢ 5 includes terms with two ¢; or two 8y;;; without differentiation. To make our discussion
compact and transparent, here, we pick up only the potentially divergent contributions, which yield
(E,Z) or (§ )712). We introduce the symbol

IR

o

to denote the approximate equality neglecting the terms that yield neither (E,Z) nor (8 )712) at the one-
loop level [62,63].
Now, we derive approximate equations of motion for £ and §y;;. In the following, we will use

-1 / E,{ -1 /
LroQIRQ; ~ Q1L% Rx O], (A17)

with = s, t. Here, Q; and Q' are either ¢; or 8y;;; and R, is a derivative operator that suppresses
the IR modes. Equation (A17) can be proved as follows. The Fourier transformation of £, }s Q1R Q)
is proportional to

t
[ @ [ dre @O R @) — i oun ) Q) (RO, @),
1

where Qx and (RQ7)x denote the Fourier modes of Q; and RQ). Since (RQ)x_p (t") —
(R Q’,) " (t') is suppressed and Q; , becomes time-independent in the limit p — 0, the IR-relevant
piece of the integrand of the momentum integral can be recast into

t
O1p / dt'e) (t))e™ O p2 () v () (1) — v (Ot} (RQY), (). (A18)
1

Similarly, we can also prove Eq. (A17) for ,C;’lt. In the following discussion, we will also use the
approximate identities

1 IR IR
Lpl f)~0,  forf(x)~0. (A19)

In the one-loop corrections to R,4¢, 8y;j2 contributes only through £¢ 5, and the 8y, withn > 3
donot contribute. Since at least one of the two interaction picture fields included in §y; > is suppressed

IR
by R, we find 6y;j2 ~ 0. Then, we find

IR
8vij(x) = 8yij1(x), (A20)

and hence the one-loop corrections can be given without computing the non-linear contributions in
(S]/,' j
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. . . . . IR .
Next, we derive an approximate equation of motion for ¢. Under the equality ~, the non-linear
action is reduced to

R N
S~ M}, / dtd*xe’Pt9¢ [(a,g)2 — e 2P rO [0 ]Y aigaj;}, (A21)

where the terms with more than two fields with differentiation, which give neither (212) nor
(8vij18vKi1), are abbreviated. The variation of the above action gives the equation of motion as

L& (x) = SnL(x), (A22)

with
L=+ (3 +e)pd —e 2o, (A23)

and
SnL(x) A e~ (e—2€ eV — 3"/’) 9;0;¢(x) — 8(t — 1;) (> — 13, (x), (A24)

where the last term is added so that the solution satisfies the second condition in Eq. (A1) [65].

A.2. Computation of 8¢

Here, we solve the equation of motion (A22), employing the initial conditions (A1) and (A2).
Expanding ¢ as in Eq. (2.30), the equation of motion (A22) is recast into

Lygr =0, (A25)
Li0r = —(2018Y + 8y YWV 8¢ — 38(t — 1)810,8, (A26)
IR )
L6y~ =2 (LAg + AL - §,A;1)
9 y 1
+ 58 — 1670 — {6y ViV 02 = 5 6¥ DIV 61| (A27)

where we have introduced
V,=e P, A =87V,V;. (A28)
In deriving Eq. (A27), we used
IR
3¢ (1, %) = e 418,01 (17, %), (A29)
which is derived from the initial conditions (A2). Solving Egs. (A26) and (A27) formally, we obtain
IR - o
& —ilﬁl_q,ls [2A +36(t — 1:)0:1¢1 — SVIIJER’ISVinglv (A30)
R 1m0y ot 1 1
63~ 587 [4LRLALRL QA +35( —1)0) + 4L A+ 9L 8 =12, | ¢
T _ _ 1 T
+ 87 8P LR ViV LR\ Vivies + E(ay})’f.cR}YViv,g,, (A31)

using the properties of the retarded integration given in Eqs. (A17) and (A19). Here, we have replaced
¢r and 8y; ;7 with their superH contributions E 1 and 8y;;7, which contribute to the IRdiv and IRsec.
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Next, using Eqs. (A30) and (A31), we express £ (¢ 7, x), defined in Eq. (3.48), as
g{(tf,x) —¢ (l‘f, e_gf(tf)[e—sgf(tf)]j_xj> . (A32)

Inserting Eq. (A30) into Eq. (A32), we can easily obtain

0oy, % Tt — 587Dl (A33)

with
Dy = 2L A+ 3L 8(t — 1))d; +x - by, (A34)
Dy = 2L5 ViV + xi9;. (A35)

The computation of 8¢ 5 is slightly lengthy but straightforward. Using Eqgs. (A30) and (A32), we find
g IR =2 ~1 -, 2
§3(tp, %) R 53+ §px - 0xLp ((2A +38(1 — 1;)0,)¢1 + % (x-0x)¢r
+ Lspi Sy X 8 L5\ Vi VL + Lssi Sk xd 9ixl o (A36)
3 YiroYr ilp s VkVISI 3 Yirovin iX OkCI-
To rewrite the terms with x'9 jﬁl_{ls in 8¢5 into a more tractable form, we use the identity
gl =1 (x"a-c—l s x"a-c—l) (A37)
J~R,s — 2 J™~R,s R,s™~S J~R,s ]
which obviously holds if £E}S L can be replaced with unity. In general, for
Sp=(1— LR Lox 9, L5 (),
we have £;6r = 0, and hence § g is a homogeneous solution of the second-order differential equation,

i.e., Ls6g = 0. Since dg and 0;6g are both zero at the initial time, which is automatically satisfied
by the definition of the retarded integral Ez_elsa we can confirm that §r vanishes for all ¢ > #;. Using

[cs,x"a,-] = 2viv,,
the right-hand side of Eq. (A37) is further rewritten as

. 1 . . .
XLyl = E(x’ajcg}s + Lglx'9y) — Ll VIvicel. (A38)
Using Egs. (A31), (A36), and (A38), we obtain

X IR 1- | T

8531, 0) = 5412(77;)251 + §5V1]5V1klp)twjp)tcu§1

o - 9., _
—3¢7L 8t — )Ly AL+ zgf{LRLS(r — )0 — (L8 —11)0)°)¢r.
(A39)
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Noticing that the definition of El_el implies

Lelst =)L Ac =0, (L8t —1)d, — (Lg\ 8¢ — 1))} =0, (A40)

we obtain
84t B loapea,, o Lssiigsupe p Adl
3 fsx)"‘zfl X §I+8 Y ovr Pxij 11 ( )

In the above expressions (A33) and (A41), ¢; multiplied by the delta function §(t — #;) in DS should
be understood as El ().

A.3. One-loop corrections
Using Egs. (A33) and (A41) into Eq. (A13), we obtain the one-loop corrections to R8¢ (t7, x) as

(Rxlgéﬂ(tf» xl)szg§ (tfa x2)>1100p

IR | =2 S 1 - Pt 2 S
~ 5(41 (1)) Frraiv (X1, X2) + 5({41 () = ¢r1(t)}7) Frsee (X1, X2)

1

+ 877 @87 () Flyg (. x2). (A42)

with

Flrdgiv(X1, X2) = Rlex2<2qu Cr(x1) D3 <1 (x2) + DifEr (x1) 8y (x2) + Cl(xl)chzzé“l(xz)>, (A43)

Fee (X1, X2) = RXIRXQ<2D§1 ¢ ()DL (x2) + D2 (e (x2) + & () D2 (xz)>,

(A44)
Flia1,x2) = R Ry (208,81 (1) Dl 61 (x2)
+ Diy Doy €1 (181 (x2) + &1 (x1) Dy Dy 61 (X2)>, (A45)
where we have introduced x, = (t,x,) fora = 1,2 and
V=205 A4 x 0, (A46)

which agrees with the trace of D, i The first term in Eq. (A42) can yield the IRdiv of the curva-
ture perturbation, which can be removed only if FJ ;.. (x1, x2) vanishes. The second term, which
accompanies

e? 10 (1) }

. o d°k
({¢1@p) — ()} =~ / o (1)

3 P’ (k) « ln{
1Ly <k<1/Ly, (2m)

appears to yield the IRsec due to the curvature perturbation. This term can be removed only if
FiRsec (X1, X2) vanishes. The third term appears to yield the IRdiv and IRsec due to the graviton
perturbation, which can be removed only if ]-"fj « (X1, x2) vanishes.
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A.4. IR regularity condition on the mode function

Next, we discuss a condition that eliminates the [Rdiv and IRsec due to the curvature perturbation
and the graviton perturbation. One may think that, if the conditions

Dx&i(x) =0, (A47)
Y Er(x) =0, (A48)
,D/trijgl(x) =0 (A49)

were fulfilled, Fip 4, (X1, X2), Fipgec (X1, X2), and .7-"1’1 (X1, x2) would vanish, and hence the IR reg-
ularity could be guaranteed without imposing any further conditions. However, these conditions are
immediately contradicted when we insert the mode expansion of ¢;, given in (2.9), into Eq. (A47).
Operating x - 9y on a Fourier mode ¢’ yields the factor (x - k)e’**, which cannot be canceled by
the remaining two terms in Eq. (A47), since the retarded integral £;}S [65] acting on ek leaves it
proportional to ¢/**. Similarly, Eqs. (A48) and (A49) cannot be compatible with the Fourier mode
decomposition, as long as we use the solution with the retarded Green function E;}S, fixed by the
initial condition (A1) and (A2).

Here, following Ref. [65], we look for a simple alternative way to remove the IRdiv and IRsec of
the curvature and graviton perturbations. In Ref. [65], we pointed out that, when

X d3k ik-x
Digr(x) = / o (axDe™*v; + (hc.)) (A50)
is satisfied, where D is defined as
D =k 3200k . 9, k321 ®) (A51)

and ¢ (k) is an arbitrary phase function ¢ (k), .ﬁSRdiV (x1, x2) can be summarized in the total derivative
form as
d(Ink)d Q2

Firdiv(*1, X2) = Ry Ry, Q2r)3

92 [y ek} (A52)

where [ d€2 denotes the integration over the angular directions of k. Then, since the integral of a
total derivative vanishes, the IRdiv can be eliminated. Using the mode expansion (2.9), the condition
(A50) can be recast into a condition on mode functions as

Ll (—Z(kf’a)2 +38(1 — n)af) v; = Dy, (A53)

where L'Elk is the Fourier mode of [,Els. Similarly, we can also eliminate the IRsec of the curvature
perturbation, by requesting

A’k _—
S (x) = / BT <akDe”"xv,i+(h.c.)), (A54)

which leads to a slightly different condition from Eq. (A53) as

— 2L (ke ")v} = Du}. (A55)
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Next, we will derive the IR regularity condition for the graviton loop. To compute .7-"; ki (x1, x2),

we first rewrite 8)/,’ D, j1(x) as

87/ Dl 51 (x)

A’k ,
=ij —ig (k)
8)/1 f (271)3/2ake i

B o kik
[8klk PO ppethr — ehx =L (L] L2(ke ™) 4+ k - p)e?®y ‘]—i—(hc) (A56)

where the terms multiplied by §;; in the square bracket vanish, being contracted with 87/ . Noticing
that 8/9k’ vy = (k' /k)d/ dkuvy, since v; does not depend on the direction of k, we find that the terms
that potentlally yield IRdiv and IRsec due to the graviton vanish as

oy (tf)3)/1 () F ]kl(xl X2)

d*k 9 -
= (87, sy 1) Rmezf SR 8kkkl{|vk(tf)| 2=y — 0 (A57)
if the mode function satisfies
— 2L Y (ke ") v = e PPk e Doy, (A58)

Thus, if we require Eq. (A58), we can eliminate the IRdiv and IRsec due to the graviton loops.
In the case with the isotropic graviton spectrum, the IR regularity can be guaranteed if the mode
function satisfies Eq. (A55). In fact, when we request the condition (A55), we find

9 . .
SyIJDXlJ é-[ (x) — 8 —l] / ake—l¢7(k) [k—3/2wk3/2k/el¢(k)vielkxi| + (h.C.), (A59)

@m) 72

and then the one-loop contribution from the graviton is given by
67, (1)o7 () F, Fik (1, x2)

d3k 9 9
-3 — k(i (1) P FxIT) (A60)

_ sl —kl
= 67 a7 IR Ry | G5k Skim

Using the following relations:

2 0 k; kik; 0 kikik;  Sitki + 81k
k3 — | =3, |- | =54 - L, A61
[ 8k’} [ [ [ akl} K7 [ (A61)
we can rewrite Eq. (A60) as
(51/1 (lf)53/1 (tr)) ljkl(xl,n)
9 ki d 9 kikjke] s y )
(3)/1 (tf)S)/I (tf)>Rx1sz/ ) { T 13 8klkk+3w 5 }{k |U,i(tf)| etk (x1—x2)y
kl d3k kk 2 K 2 ik-(x1—x3)
(5V1 (lf)5)/1 ()R Ry, ) Kt {Skikjk; — k=(Sitkj + 8jiki)vp(tr)|"e .
(A62)

Using Eq. (A15), we can show that the terms in the last line cancel among them. Then, since the
terms in the second line, which are total derivatives, vanish, we find that the condition (A55) can
ensure the IR regularity of graviton loops as well.
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As is pointed out in Ref. [65], no mode function can consistently satisfy the IR regularity condi-
tions (A53) and (AS55), suggesting the necessity of modifying the initial condition (A1) and (A2).
Apart from that, it is shown that the same conditions as Eqgs. (A53) and (A55) are derived from the
requirement that the quantum states, selected operationally in the same way in terms of two different
canonical variables related by the dilatation transformation, should agree with each other. This is in
harmony with our claim that choosing the Euclidean vacuum that guarantees Eq. (4.5) is crucial for
the IR regularity.

In our previous work [63], we computed the one-loop contribution of the graviton in the two-point
function of $R (x), which can be expressed in the form R8¢ (x) by neglecting the terms that do not
contribute to the IRdiv or IRsec. Then, we claimed that the one-loop contribution in the two-point
function of 8R (x) becomes IR regular without restricting the mode function v;. However, in Ref. [63],

to compute the graviton loop, we adopted
IR enij IR L _ij
QR = L8y ViV =+ 5077 xid¢ (A63)

as the solution for Eq. (A22), where ellipses represent the terms that do not include 8y;;;. Notice
that, in Eq. (A63), the solution that satisfies

2L 857 ViV o = =871 xid,¢

is selected. Based on the discussion after Eq. (A49), we find that this solution cannot be obtained
by using the retarded Green function, ﬁ;}s, with the initial conditions (A1) and (A2). Therefore, in
order to eliminate the IRdiv and IRsec from the graviton loops for an arbitrary mode function vy, we
need to abandon the initial conditions (A1) and (A2). Then, however, there is no longer any guarantee
that the standard commutation relations also hold for the interaction picture fields.
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