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Primordial tensor non-Gaussianities from general single-field inflation
with non-Bunch-Davies initial states
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It has been found that the primordial non-Gaussianity of the curvature perturbation in the case of
non-Bunch-Davies initial states can be enhanced compared with those in the case of the Bunch-Davies
one due to the interactions among the perturbations on subhorizon scales. The purpose of the present paper
is to investigate whether tensor non-Gaussianities can also be enhanced or not by the same mechanism.
We consider general gravity theory in the presence of an inflaton, and evaluate the tensor auto-bispectrum
and the cross-bispectrum involving one tensor and two scalar modes with the non-Bunch-Davies initial
states for tensor modes. The crucial difference from the case of the scalar auto-bispectrum is that the tensor
three-point function vanishes at the flattened momentum triangles. We point out that the cross-bispectrum
can potentially be enhanced at nontrivial triangle shapes due to the non-Bunch-Davies initial states.
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I. INTRODUCTION

The validity of inflation [1-3] is almost beyond suspi-
cion owing to both the theoretical consistency that nicely
resolves the various problems in the standard big bang
cosmology and the observational consistency with Planck
and other data [4]. Of particular interest is therefore to
know which inflation model is viable among a huge
number of possibilities proposed so far. One of the power-
ful tools for filtering inflationary models is primordial non-
Gaussianity of the curvature perturbation, which turned
out to be not quite large according to the observed CMB
fluctuations [4] and thus helped to rule out various models
predicting large non-Gaussianity. Similarly to this scalar
non-Gaussianity, the three-point functions involving tensor
modes are expected to have rich information about the
physics of the early universe and the interaction between
gravity and the inflaton.

The inflationary perturbations have been studied mainly
by assuming the Bunch-Davies initial state [5]. However, in
principle, the initial state is not necessarily given by the
Bunch-Davies one, and the validity of the assumptions on
the initial state must be tested against observations in the
end. Deviations from the Bunch-Davies state mean that the
initial state is excited, i.e., there exist particles initially. In
this case, the particles present initially can interact with
each other at early times, leading possibly to the generation
of non-Gaussianities on subhorizon scales. Therefore,
assuming non-Bunch-Davies initial states would result in
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novel non-Gaussian signatures compared to the standard
case of the Bunch-Davies initial state.

The nature of primordial perturbations from non-Bunch-
Davies initial states has been explored so far in the literature
[6-32]. In particular, it has been found that the non-
Gaussianity of the curvature perturbation at the squeezed
and flattened configurations can be enhanced compared
with those in the case of the Bunch-Davies state [7-10,13,
16,17,20,25,31]. It is therefore natural to ask whether or not
the non-Gaussianities associated with the tensor modes
can be enhanced as well. There have already been several
studies regarding tensor non-Gaussianities from non-
Bunch-Davies initial states [26,32]. To address this ques-
tion in more detail, in this paper, we investigate the
auto-bispectra of tensor modes and the cross-bispectra
involving one tensor and two scalar modes in more general
gravity theory than in the previous literature.

One naively expects that higher-derivative interactions
have more impacts on non-Gaussianities due to non-
Bunch-Davies initial states. Generalizing the underlying
gravity theory yields such higher-derivative interactions.
As a framework including higher-derivative interactions,
we use an effective description of scalar-tensor gravity,
writing down the operators composed of geometrical
quantities such as extrinsic and intrinsic curvature tensors
[33,34]. Based on this effective description, in the present
paper, we will estimate the size of tensor non-Gaussianities
from non-Bunch-Davies initial states in general single-field
inflation models.

This paper is outlined as follows. In the next section, we
consider general quadratic and cubic actions for tensor
modes and introduce non-Bunch-Davies initial states from
a Bogoliubov transform of the usual Bunch-Davies modes.

© 2020 American Physical Society
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In Sec. III, we calculate the auto-bispectrum of the tensor
modes and investigate whether the enhanced non-Gaussian
amplitudes can be obtained or not. We then study in Sec. IV
the cross-bispectrum involving one tensor and two scalar
modes and discuss how it can be enhanced compared with
the case of the Bunch-Davies initial state. A summary of
the present paper is given in Sec. V.

II. TENSOR MODES

A. General quadratic and cubic interactions

In the present paper, we investigate the properties of the
tensor modes with non-Bunch-Davies initial states in order
to see whether the tensor non-Gaussianities could be
enhanced or not. Although we also study the cross-
bispectrum with the scalar modes briefly, here we only
summarize the quadratic and cubic interactions of the
tensor modes.

To derive the generic action for the tensor modes during
inflation, it is convenient to employ the Arnowitt-Deser-
Misner (ADM) decomposition with uniform inflaton
hypersurfaces as constant time hypersurfaces and write
down the possible operators composed of the extrinsic
curvature tensor K;; and the intrinsic curvature tensor R,(»f.)
of the constant time hypersurfaces. First, the operators
having the dimension of mass squared are

Lex DK} K> RO, (1)
where K is the trace of K;;. All these terms are present in
general relativity. Then, one can consider the leading-order
corrections to Eq. (1),

KiiR®

Lo D K3, KK?, K3, i

ij° ij?

KRB, (2)

One may anticipate that these corrections play a crucial role
in the generation of non-Gaussianities. Therefore, in the
present study, we consider the Lagrangian up to this order,
and evaluate the contributions on the non-Gaussian ampli-
tudes from these correction terms.

More specifically, we consider the following wide class
of the ADM action:

S = / drd3x\/yNL, (3)

where y is the determinant of the spacial metric y;;, N is the
lapse function, and

L= M3(t,N) + M3(t.N)K + M3(t, N)(K* - K2)
+ M3(t, N)R®) + My (1, N)(K® = 3KK?, + 2K3)

500, ) (KRS = SKRD) ). @

with M;(¢, N) being a function having the dimension of
mass. Here we have included the lower-order terms Mg and
M3K, though they do not contribute to the action for the
tensor modes. Equation (4) is nothing but the so-called
Gleyzes-Langlois-Piazza-Vernizzi (GLPV) Lagrangian [33],
and it includes the Horndeski theory as a subclass. By
introducing a Stiickelberg field ¢, one can restore the full
four-dimensional covariance.

The transverse and traceless tensor perturbations h;;
on top of a spatially flat Friedmann-Lemaitre-Robertson-
Walker background are defined by

ds? = —N?(1)ds* + y;;dx'dx/, vij = a*(0)(e"),;. (5)

where

1

1
(e");; =8+ hyj + —hikhf + 6

At the level of the background, we may always reparame-
trize the time coordinate so that we hereafter take N = 1
and write M,(, N(t)) = M,(t). Since ,/y and the trace part
K do not involve h;;, the terms such as M{, MiK, and
M3K? in the Lagrangian do not contribute to the dynamics
of the tensor perturbations.

Substituting the above metric into Eq. (4), the action for
the tensor perturbations up to cubic order in 4;; can be
obtained as [35,36]

Sy =58+, (7)
where
M. c2
2
s = / dzd3xa3c—j [h,.ﬁ—a—’;(a,(h,-j)z], (8)
h

M3 !
s — / drd*xa® {j <hikhjl -5 hl-.,-hk;> OxOihij

+ % hijhjkilki]
- / dtHy, )
with
M3 = 2M3 + Ms, (10)
ct = —2(M3 + 3HM,)/ M3 (11)

Here, a dot stands for differentiation with respect to ¢ and
H := a/a. The interaction Hamiltonian H;, is introduced
for later convenience. We assume that My ~ Mp,. The terms
in the first line in Eq. (9) are present in general relativity,
while the one in the second line is a new operator
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introduced as a result of the extension of general relativity
with M, (¢) # 0. For example, this operator is obtained
from the so-called G5 term in the Horndeski theory [36].
One might think that the third line in Eq. (4) could also lead
to a new cubic operator, but it turns out that this can be
integrated by parts to yield the same terms as in the first line
in Eq. (9).

B. Non-Bunch-Davies initial states

We now move to the Fourier domain,
d3k 7 ik-x
hiy(1.x) = /Whij(t,k)e . (12)

In the standard setup, one expands the quantized tensor
modes as

iyt 6) = 3 [0l (el + (1))

N

“(-k)aly ],

(13)

where u;(7) is the Bunch-Davies mode function. The
creation and annihilation operators satisfy

[a](:)» al((s/,ﬁ] - (2”)36ss’5(k - k/)’ (14)
others = 0, (15)

and the subscript s denoting two helicity modes takes s = +.
The polarization tensor, e;;, satisfies the transverse and

traceless condltlons S jeE/)(k) =0=ke (.‘Sf)(k). This also

V(K)el " (k) =5,0 and el (k)= ()=

satisfies e ij

el (~k).
The equation of motion for the mode function u; is

derived from Eq. (8) as
d 3M2
He &
We solve Eq. (16) under the assumption that MZ, ¢ =

const in the de Sitter background, H = const. Then, the
Bunch-Davies mode function is obtained as

U \/E <k \/_H3/2( cukn), (17)

) + aM2k2u; = 0. (16)

where H (31/)2 is the Hankel function of the first kind of order

3/2. We write the state annihilated by 2155) as [0,):
&§(S> ‘Oa> = »
In this paper, we instead expand h;; as

by = 3 [wel ()n) el (k] 18)

(s)

where v, is a Bogoliubov transform of the Bunch-Davies
modes,

l//,(f) = a,@uk + ﬂ,(f)u,’;. (19)

The Bogoliubov coefficients are normalized as \a,(:)|2 -

|ﬂ |2 1 and the creation and annihilation operators
satisfy
Clk = ak +ﬁk s ( )
K s)x (s s)x ()T
bw:aw-ﬂw&z. on

We write the state annihilated by bff) as 0,),
b)]05) = 0. (22)

Nonvanishing ﬂ,(:) coefficients indicate that the tensor modes

get excited from the Bunch-Davies vacuum, aff) |0,) # 0.

Let us assume that the deviations from the Bunch-
Davies initial states are characterized by some small, real
parameters as

B =) + sy (k). (23)
al =148\ (k). (24)

where 8\") ~ 5" ~ 6\’ < 1. This s a reasonable assumption

because the magnitude of ﬁ,(:) has an upper bound in order for
the inflationary background not to be spoiled by the excited

tensor modes, which is typically given by |ﬂ§f)| <107

argued in the Appendix. The assumption on the form of agf)

[Eq. (24)] follows from |\ |2 — [A\]2 = 1

C. Primordial power spectrum

The two-point correlation function is defined by
(0|11 (k) i (K1) |0,) = (27)*6) (K + K )P0, (25)

where

Pijwa = Z [llfz(:)ll/;: >*€§;) (k)e,({‘; )*(k)} . (26)

5,8

Using Eqgs. (17)-(19), we obtain the power spectrum P, as

L@

K (s)
Pum P = e LIk

evaluated at the time of horizon crossing, ¢,k = aH. Its tilt
is then derived as
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dlnph
n, :=
"7 dnk
)2
~ e, — 2my + ’ (28
€ sy - mT+d1 £ (28)
where
€ _——2, Sn ==C—h my = T (29)
H HCh HMT

are assumed to be small. To leading order in ﬁ,(:), we have
|a§f) —ﬁ,(:)|2 ~ 1—2Re[ﬁ,(f>], and so

dRe[p

n,~=2¢—s, —2my — 22%. (30)
This is a rather straightforward generalization of previous
results, simultaneously taking into account the different
effects on the spectral tilt: the time variation of the infla-
tionary Hubble parameter, the speed of gravitational waves,
and the effective Planck mass, as well as the k dependence
of the Bogoliubov coefficients. Note that in principle the sign
of each term in Eq. (30) is not constrained. In particular, a
blue tensor spectrum can be obtained as a consequence
of a time-dependent speed of gravitational waves [37-41]

and/or k-dependent /)’,(f> [42] even if the null energy condition
is preserved, ¢ > 0.

III. AUTO-BISPECTRUM

Let us now calculate the tensor three-point correlation
functions with non-Bunch-Davies initial states. Since the
cubic interaction (9) is composed of the two different
contributions, i.e., the one present in general relativity and
the new one beyond general relativity, we write the
bispectrum as 85‘32;3 + le‘lzfjf where 85‘52;* and Bsr‘lf;v”

are originated from the former and the latter, respectlvely
The tensor bispectrum (evaluated at ¢ = 7;) is defined by

(0,18 (2, k)&% (17, Kk2)E (17, k3)|0)
= (27)%6(k; + Kk, + K3)(Bigry + Binewy):  (31)

new

with & (t,k) = h;(t, k)e “(k), and the three-point
correlation functlon can be calculated using the in-in
formalism as

(0p]&1 (17, k)& (17, k2)E% (17, Kk3)[0,)

= —i/tf dr'([& (15, k) E (17, Ka)E5 (15, K3), Hin(£)]).

4

(32)

Here, #; is some time when the perturbation modes are deep
inside the horizon, and Iy 1s the time at the end of inflation.

In terms of the conformal time defined by dy := dt/a, we
take 17, = 0. As for the initial time, we do not simply take
1o — —oo, but we keep it finite, 17; = 1y(< 0), where 7, is
associated with the cutoff scale M, as M, = k/a(n,) ~
(—kno)Hiyt, because the physical momentum k/a is larger
than M, for n < n,.

Before moving to an explicit calculation of the bispec-
trum (32), we comment on the crucial difference between
the calculation with the Bunch-Davies state and that with
non-Bunch-Davies initial states. This difference explains
the reason why we keep 7, finite. Formally, Eq. (32)
includes an integral of the form

S(F) = / " dn(=n)reicitn (33)

Mo

where n = 1 for the standard cubic term with two spatial

derivatives and n = 2 for the h, jh thki term.
In the case of the Bunch-Davies initial state in which
there are only the positive-frequency modes participating in

this integral, we have k = k; with

k, = k1+k2+k3>0 (34)
and so
S(F) & — (35)
X———,
(ichk)nJrl

because the exponential function rapidly oscillates for
|c,kn| > 1. In contrast to this standard case, in the case
of non-Bunch Davies states, we have both positive and
negative frequency modes in the integral, leading to
k= —k, +k, 11 + ko with m being defined modulo 3.
Note that k exactly vanishes at the flattened configuration,
k,, = ko1 + k1. For this configuration, the exponential
function no longer oscillates even for n ~ 1, and thus the
integral reads

which depends explicitly on 7. For other configurations,
the results of the integral are identical to Eq. (35). In this
section, we therefore need to calculate the primordial
bispectra in the two different cases separately, the non-
flattened and flattened configurations.

Let us define

, (36)

kO = kl —kz—kg,, (37)

which appears frequently in the following discussion.

A. Nonflattened configurations (k, # 0)

We first focus on the nonflattened configurations,
ie., ko #0. Assuming the de Sitter background and
My, c),, M4 = const, the two contributions in the bispec-
trum (31), respectively, read
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Bty = Re[Biay ] (siky + saky + s3k3)*F(s;. ki), (38)
Bisew; = Re[Biuo1F (i k). (39)
where

P 2H 1 , .
BSIAZAS — [Hi <a(‘:)* _ﬂ(‘:)*)}
(GR) C% M4 k3 k3 k3 k; k;

x{ (@ a2l + BB B ) Tk ko k)
+ [(akl akz ﬁkr +ﬁkv|] ﬁksz O‘k83 )Il (ky, ks, k3)

+(k1751<—>k2’52)+(k1’51<—>k3753>]}7 (40)
192M,H5 1

(s (&)*H
k1k2k3[ l(“kz by

X { <al(c )ak 0‘1<2 +ﬁk:| ﬂk;2 ﬂk )k*

72518283

(new) Mfl"

(050 ls2) gls3) e )) 1
|:<ak| ﬂkz ﬂk_ +ﬁ ky aks (_k1+k2+k3)3
+(k1751<—>k2752)+(k1,51<—>k3,53)]} (41)
and
1
F(si, ki) = 64k2k2k2 (s1ky + $2ky + 53k3)2
X (ky = ky = k3)(ky + ky — k3)
x (ky = ky + k). (42)
kikyk kik krk krsk
Tofky ko k) = k4 50 4 TR
t
(43)
kyikyks
Tilki ks, ksy) =k ky — k  SE—— Y
1(ki ko k3) = ky + ko 3+(k1—|—k2—k3)2
—kiky + koks + kiks . (44)

ki +ky — k3

These expressions are a generalization of Ref. [36] and
reproduce the previous results by taking the Bunch-Davies
states (aks =1 and /} *) = 0). Note that we have derived
the auto-bispectrum from the h, Jh ]khk,- term for the first
time in the context of the non-Bunch-Davies states.

Taking into account the smallness of ﬂ,(f) [Egs. (23) and
(24)], the resultant bispectra to first order in ﬁ,(f) are given by

2H* 1
M4 k3k3k3

{(1 - ZReLﬁk >IO ky ky. k)
+ [Re[p”]

Bry = (s1ki + sako + 53k3)2F (57, k;)

T, (k. o ) +~--]}, (45)

s 192MHS F(s; k) 1= S Relp]
(ew) MG kykoks k3

- [(—kf@f ) o

where the ellipsis denotes permutations.

Let us consider the squeezed configuration with
kp == ky < kg:=ky =k,. In the squeezed limit, the
expressions in the curly brackets in Egs. (45) and (46)
are written, respectively, as

3 4 N S2 k
{ ) _Eks<1 —gRe[ﬂl({S) + B )} i) (47)

and

1 s o1 k3
(b (1-sref 4] 3). 69
S L

These equations show that the effect of nonvanishing ﬁ,is)
could be enhanced and seen in the squeezed configuration.
In particular, the generation of squeezed non-Gaussianity
from the iz,- jiz jkizki term is in contrast with the standard case
of the Bunch-Davies state in which the bispectrum has a
peak at the equilateral configuration [36]."

To see whether this enhancement effect is significant or
not, let us take kg/k; ~ 10?. The non-Bunch-Davies con-

tributions in Egs. (47) and (48) are then of O(10°| ,B,E‘;) |) and
0(10° |ﬂ,<(i)|) respectively. As argued in the Appendix, the
upper bound on the Bogoliubov coefficients is obtained from

the backreaction constraint, which depends on the ratio
M./ My(~M,/Mp). If one takes M, ~ My ~ Mp, one

has | ﬂ,i‘;) | <1079, so that the non-Bunch-Davies contribution
in Bf&;ﬁ;} issmall, ~10~*, while thatin Bfr‘lif;f isof O(1). This
can be larger if one assumes smaller M. For example, one
gets [ < 1072 if M, ~ 1072M7 ~ 10 My In this case,
the non-Bunch-Davies contribution in Bz is of O(1) and
that in Bgl‘qé;‘; is as large as O(10%). Therefore, tensor

'Squeezed tensor non-Gaussianities from the izijiz j,jzki oper-
ator has been found also in the nonattractor inflation models [43]
and bouncing models [44].

023513-5



AKAMA, HIRANO, and KOBAYASHI

PHYS. REV. D 102, 023513 (2020)

squeezed non-Gaussianity could be generated from the non-
Bunch-Davies initial states, depending on the parameters.

B. Flattened configuration (k, — 0)

So far, we have assumed that k) = k; — ko — k3 # 0. Let
us now investigate the flattened configuration, k, ~ 0, using
Eq. (36). In this case, Biga)® and Bj\2" in Egs. (38) and
(39) are given, respectively, by

S 2H* 1
B3 o [Hz (a(sz)* _ﬂ(sz)*>:|
&~ g M A

(ol A

kikok
x Zo(ky ko, k) = ]22 2
<ﬁk‘ll C’k2 ak3 +akl ﬂk;z ﬁk ):|7 (49)
s, 192M4H® 1 (e (s
= g [l k)
(new) M% ki koks { X, ﬂki

N S 1
x [(a,({l >oc,(Cz Ock3 +ﬂ ﬂg(zz)ﬁ](c;))ﬁ

+ 6Ch’70 (/} ak3 ﬂ ﬁl(f))] . (50)
where we used ky < k;, [c,king| > 1, and |c,kony| < 1. In
Ref. [32], the flattened tensor non-Gaussianity has already
been studied, but the interactions among the different
polarization modes have not been considered.

Similarly to the nonflattened configurations, we express
the resultant bispectra to first order in O(ﬁ,(f) ) as

s 2HY 1
O M kR

{(1 - ZRewk >IO (ki kyo ks)

(s1ky + s2ky + s3k3)F (s, k;)

_ kikok .
22 > cingRe [ﬂk ]}, (51)
8515253 ~ 1921”41_15 F(si, ki)
o) T MG kikaks
-SR]
[ L (s2)

Now, we see that the primordial bispectra always vanish
at the exact flattened configurations, because F(s;, k;) = 0
for kg =0. This universal feature can be understood
intuitively from the viewpoint of angular momentum
conservation [45]. Although the expressions in the curly
brackets could be enhanced by powers of k;7, it would be

difficult to obtain large flattened non-Gaussianities due to
this universal factor.” This is in sharp contrast to the result of
the similar analysis for the curvature perturbation. However,
this is not the case for the cross-interaction, as shown in the
next section.

IV. CROSS-BISPECTRUM

In this section, we consider a scalar-scalar-tensor bis-
pectrum, rather than a tensor-tensor-tensor bispectrum, and
explore the possibility of enhancing it with nontrivial initial
states of the tensor modes. The cross-bispectrum we will
consider is defined by

<0b|éz(0, k, )5(0 k2)§<“'> (0,k3)|0)
= (2n)36(k1 + k, + k3)BZ§h. (53)

For the Lagrangian (4), the quadratic action for the
curvature perturbation in the unitary gauge, ¢, takes the
form [35]

(2) _ 3
SC —/dtd 2

where we do not need the concrete expression for Mg and
¢, in the present discussion. These are time-dependent
functions in general, but in the inflationary universe we
may assume that they are approximately constant. We
assume that the Fourier component of the curvature
perturbation, 4 (1,k), can be written as

%——@a} (54)

¢ =wiay + w,’jaik, (55)

where

v e ) (560

is the Bunch-Davies mode function and the initial state is in
a vacuum state annihilated by ay. By assuming this, we
focus on the effect of the excited tensor modes.

It has been found that the generic action [Eqgs. (3) and
(4)] introduces various cubic operators that are not present
in the simple case where the inflaton is minimally coupled
to gravity [46]. Among such operators, it is sufficient to
consider one representative term that is expected to be a
dominant source of the non-Gaussianities in order to see
whether the bispectrum can be enhanced or not. Naively,
operators with many derivatives are important for the
generation of non-Gaussianities on subhorizon scales, and
thus we focus on the following interaction Hamiltonian:

2A
MSC

{Ch __ 3
Hmt - /d ac

A different conclusion was obtained in [32] because the
overall factor F(s;, k;) was overlooked.

17 0O, (57)
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where we assume that A, = const. This term is indeed
present in the general Horndeski class of theories [47].

Similarly to the auto-correlation function, the cross-
correlation function includes the integral

Su(k,) = /  dn(—n)pe, (8)

Mo

where
ke = cyks = cy(ky + k). (59)

For the configuration satisfying k, = 0, the cross-bispectrum
depends on 7, and is enhanced by powers of k;7, due to the
excited tensor modes. Note that this configuration depends
on the propagation speeds. For given ¢,/c,(< 1), one has a
one-parameter family of different shapes satisfying k. = 0
away from the flattened configuration.

In the same way as the previous calculations, we derive
the cross-bispectrum to first order in ﬂg{i),

Biow = Bion sz

s 2/5)kiks

| — Rels" (

) { VIt 2 sk, 1212

x Ak + k2)4ngReV3<k§)]}, (60)

where B}, is the cross-bispectrum in the case of the Bunch-
Davies initial state. This quantity is obtained in [47] as

H*A, Kk
M3Micic, 16kik3k3
« (ki = ky = k3) (k1 + ky = k3) (ki — ks + k3)
[es(ky 4 k) + ekl
x {c3leg(ky + ky) 4 deyks (kG 4 3kiky + K3)
+ c2k3[4c (ki + ko) + cpkal} (61)

B

S
{ch.(BD)

From the above result, we see that the non-Bunch-Davies
contribution is of O(ﬂ,is)cfk?ng).

In the actual observables, we anticipate that this non-
Bunch-Davies enhancement will be softened by (at least)
one power of |k#y| due to the angular averaging [7]. Let us

therefore estimate roughly how large ﬂ,(f)(cskino)" could
be. As argued in the Appendix, the Bogoliubov coefficients
have an upper bound from the backreaction constraint,
which depends on the cutoff scale. We also have
lesking| < cgM,/Hjpy. Combining these, we find

(s) L MpM?
)Bk (Cskino)l 5 C;/QW.

inf

(62)

Even for n = 2, the upper bound is typically larger than
O(1). We thus conclude that initially excited tensor modes
can leave a potentially observable imprint in the cross-
bispectrum.3

V. SUMMARY

In the present paper, we have considered primordial
tensor perturbations with non-Bunch-Davies initial states.
Employing a general scalar-tensor theory, we have
described nonminimal couplings between gravity and the
inflaton.

First, we evaluated the size of tensor three-point functions
and showed that the squeezed non-Gaussianities in particular
from the newly introduced operator in nonminimally coupled
theories can potentially be enhanced. In contrast to the case
of the scalar three-point functions [7], the tensor three-
point function always vanishes at the flattened momentum
triangles. This is as it should be, as can be seen from the
momentum conservation argument [45].

Next, we have studied the cross-bispectrum involving
one tensor and two scalar modes. We have found that the
enhancement due to the non-Bunch-Davies effect can be
large at nontrivial triangle shapes. It would therefore be
interesting to investigate how such non-Gaussian signature
is imprinted, e.g., on CMB bispectra [48], which we leave
for further studies.
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APPENDIX: BACKREACTION
CONSTRAINT ON "

If a scalar field is minimally coupled to gravity, the
energy-momentum tensor of tensor perturbations is derived
by expanding the Einstein tensor to second order in h;;.
Even if the scalar field is nonminimally coupled to gravity,
one may proceed essentially in the same way and expand
the field equations to second order in /;; to estimate the
energy density of tensor perturbations. This is how one can
evaluate the backreaction of excited tensor modes to the
homogeneous background. The effective energy density of
subhorizon tensor perturbations is thus given by

*In the present paper, we have considered the scalar-scalar-
tensor bispectrum, but initially excited scalar modes would be
able to enhance the scalar-tensor-tensor bispectrum as well.
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P (Y,
Ph~a2—cih§j NMT77 (Al)

where a dash stands for differentiation with respect to 7.
The backreaction can safely be ignored if

(05194]05) < €. (A2)
where £ is the homogeneous part of the field equation,
which can be estimated naively as

E~MLH?

inf? (A3)
where H; is the inflationary Hubble parameter and
M 2 M T

The backreaction from the excited modes of tensor
perturbations can be estimated at # = 5, from

M%‘ 72
<0b|Ph|0b> ~ 22 <0b|hij|ob>
h

Cp

M. a(n) (s)
~ S B PREdk, (A4)
04(’70)A ¢

where we discarded the vacuum energy. Then, by requiring
that

Ch

M.am)\ (5)12,3 2172
- |ﬁk |*kPdk < Mg Hi ;. (A5)
a*(no) Jo

one can save the inflationary background from being
spoiled by the backreaction.

To derive a more explicit constraint, we need to assume
the momentum dependence of the Bogoliubov coefficients.
Here, let us suppose that ﬁ,(f) is of the form

k2
Mzazom] (AS)

as a simple model, where f is a constant parameter.
Substituting this into Eq. (AS), we obtain

18> <1 (Mn ? (Hint')?

~ Ch M* M* .

As is explained in the main text, the deviation of the tensor
power spectrum from the standard Bunch-Davies result

is at most of (’)(|ﬂ,<{s)|) < 1, and thus we may use P, ~

i <o

(A7)

H2./(c,M?%). Then, the constraint (A7) can be rewritten as
M3, M7 M3 M7
2 p M7 M7
8] 5PhWW~rPC M
212
<101 MM (AS)

For example, if we take M, ~ Mp ~ M, then we have
|B] < 1075, while if we assume that the cutoff scale is much
smaller, say, M, ~ 1072Mp, ~ 1072M, the bound is looser,
Bl <1072
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