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Cosmological collider signal from non-Bunch-Davies initial states
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We investigate the cosmological collider (CC) signal arising from the tree-level exchange of a scalar
spectator particle with a non-Bunch-Davies (BD) initial state. We decompose the inflaton correlators into
seed integrals, which we compute analytically by solving the bootstrap equations. We show that the
non-BD initial state eliminates the Hubble-scale Boltzmann suppression e "/ that usually affects the CC
signal. Consequently, in this scenario, the CC can probe an energy scale much higher than the inflationary

Hubble scale H.
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I. INTRODUCTION

Inflation is a widely accepted paradigm of the early
Universe that resolves various cosmological puzzles, such
as the horizon problem [1,2]. Moreover, inflation predicts
the cosmic non-Gaussianity (NG) [3] that offers a window
into the deep UV physics that is inaccessible to any terres-
trial particle collider. This paradigm, known as cosmologi-
cal collider (CC) [4-51], has attracted broad attention in
recent years. In CC, the inflaton is coupled to other
spectator fields whose masses are above the inflationary
Hubble scale. The interaction between the spectator fields
and the inflaton leaves a distinctive imprint on the NG,
which encodes the information of the mass and spin of
the spectator fields. Despite its potential, CC is limited by
the observational capability. The Planck satellite has con-
strained NG to a level of fiy. < O(10) [52], and in the
coming decades, SPHEREXx can improve the sensitivity up
to fnL ~ O(1) [53]. Furthermore, through the probe of the
21 cm line, we can eventually reach the resolution of fy; ~
0(0.01) that touches the gravitational floor [54]. Therefore,
inflation models that predict large CC signals become more
interesting experimentally, as they can be tested by CC.

The CC is subject to two constraints. In the standard
inflation models, the initial state is assumed to be the
Bunch-Davies (BD) vacuum, and the particles observed at
late times are solely produced by the cosmic expansion
with an energy scale set by the inflationary Hubble scale H.
Hence, the magnitude of the CC signals, often denoted as
SnL» 1s suppressed by the Hubble-scale Boltzmann factor

*yinyl8@mails.tsinghua.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2024/109(4)/043535(14)

043535-1

fa o e”™/H - Moreover, one-particle states (here we
consider scalar particles with s = 0) in de Sitter (dS) are
divided into two series: the principal series for particles
with m > 3H /2 and the complementary series for particles
with 0 < m < 3H/2. Only the particles in the principal
series generate oscillatory signals. Therefore, the CC is
insensitive to light particles. These two factors limit the
detection window of the CC to the energy scale around the
Hubble scale H.

In this article, we explore a class of inflation models
that predict large cosmological collider signals for heavy
spectator fields with mass much larger than the Hubble
scale H. Unlike previous models that rely on an effective
chemical potential [55-58] to overcome the Hubble-scale
Boltzmann factor e~*"/H that suppresses the CC signals,
we consider the scenario where inflation begin with the
non-BD state. The initial state we consider is the «a
vacuum [59-61], which is related to the BD state [62]
by a Bogoliubov transformation with a parameter a. These
initial states preserve the dS symmetry, and the case @ = 0
corresponds to the BD state. We show that, in such inflation
models, the cosmological collider signals are free from the
Hubble-scale Boltzmann suppression. This implies a higher
energy scale for the CC in this scenario. Moreover, this
inflation model has a theoretical advantage of evading the
swampland conjecture [63], which imposes constraints on
low-energy effective theories compatible with quantum
gravity. However, for a general a vacuum, the deviation
from the BD state implies that it is excited. For a genuine o
vacuum, the condition that the extra energy from the
excited states is smaller than the vacuum energy imposes
a strict constraint on «. In this paper, we will adopt a
flexible point of view as in [64], where @ depends on the
momentum of the mode considered. Physically, such an
initial state can be realized in inflation models such as
warm inflation [65], where a thermal bath is generated
during inflation due to rapid interactions.

Published by the American Physical Society
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In this paper, we adopt the Schwinger-Keldysh (SK)
formalism [66] to compute the inflaton correlator in de
Sitter space. We show that the choice of the non-BD initial
state modifies the Schwinger-Keldysh propagators of the
inflaton. With the modified SK propagators, we can, in
principle, calculate the non-BD inflaton correlators that
contain the CC signals.

Apart from the phenomenological implication, the ana-
lytical properties of the inflaton correlators have attracted
considerable attention in recent years, along with the
interest in exploring the quantum field theory in dS. How-
ever, the dS correlators are still poorly understood. The
computation of the inflaton correlators analytically faces
several challenges. First, the dS propagator of massive field
typically involves special functions that are difficult to
integrate analytically. Second, the SK formalism introduces
complex time ordering into the calculation.

In recent years, some progress has been made in
computing the inflaton correlators analytically. Two main
methods are available: the Melin-Barnes (MB) forma-
lism [67] and the bootstrap method [68—71]. The MB
formalism transforms the conformal time integral into an
integral over the MB variables, which can be solved using
the residue theorem. However, this method usually yields
an infinite series expansion as the final result. The bootstrap
method, which we adopt in this article, converts the
integration problem into a differential equation. The infla-
ton correlator can be obtained analytically in certain limits,
and these results serve as the boundary condition for the
bootstrap equation. By solving this equation, we can obtain
the closed-form expression for the inflaton correlator.
These two methods have been used to compute the inflaton
correlators involving tree exchange of scalar particles and
gauge bosons under the BD initial condition. In this article,
we extend the result to the non-BD case.

The rest of this paper is structured as follows. In Sec. II,
we provide a brief overview of the model and the initial
state. We also derive the mode function of the real scalar
spectator field in a non-BD scenario, which differs from
the BD case by an additional negative frequency term. In
Sec. III, we briefly review the SK formalism and compute
the non-BD propagators of the spectator field. Next, we
demonstrate that the seed integrals are the basic compo-
nents of the tree-level inflaton correlators. By calculating
the CC signal contributions from the seed integrals, we
can extract the general features of the tree-level inflaton
correlators that are insensitive to the specific interactions.
We employ the bootstrap method to calculate the tree-level
exchange of the scalar particle. Section IV includes our
concluding remark. The technical details of the calculation
are presented in the Appendix.

II. THE MODEL

In our model, the inflaton interacts with the scalar
spectator field which has a non-BD initial state through

the following action:

S = Sgravity - /d4x{£¢ + L, + Eint}7 (1)

where Ly, L,, and L;, denote the Lagrangian for the
inflaton, the spectator field, and the interaction, respec-
tively. The Lagrangian of the inflaton takes the simplest
form, which reads

and the Sy is the Hilbert-Einstein action of general
relativity that reads

M2
Sgravity = 21)1/ d4x\/__gR' (3)

We assume the inflaton has the BD initial state; there-
fore, at leading order, our model give the conventional scale
invariant power spectrum

H4
P((k) (27[)2412 ’ (4)

whose value was measured through CMB by Planck [52] to
be Py ~2x 107°.

Most of the previous studies on inflation that started from
a non-BD initial state focused on the scenario where the
inflaton field had a a-vacuum-type initial state [72—85]. Our
scenario differs from theirs, as we consider the initial state of
the inflaton to be BD while the spectator field has the non-
BD initial state. This is based on the physical consideration
that a non-BD initial condition for the inflaton would alter
the leading-order expression for the power spectrum and
entail additional constraints on the a parameter. To explore
the scenario where the a parameter and, hence, the magni-
tude of the CC signal are least restricted, we adopt the
scenario where the inflaton has BD initial condition and the
spectator has non-BD condition. However, we anticipate that
our results can also be extended to the scenario where both
the inflaton and the spectator have non-BD initial states, as
will be clear through our calculation.

A. Massive scalar in dS

We assume the simplest scenario in which the spectator
field is a scalar with a nonzero mass term. Therefore,
the action for the free spectator field has the following
expression:

S, = —%/d“x./—g [¢0,60,6 + m*c?] (5)

1
= 5/d’rd3x [a*6” = a*(0,0)* — a*m?c*].  (6)
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The equation of the motion can be derived by taking the
variation of the action (6). The result is

2 2
o' (1,x) —=6'(z,x) — d%c(z,x) + %0(1, x)=0. (7)
T Hz

Subsequently, the equation of motion for each Fourier

&Pk k-
2n7 Ok

mode can be obtained by substituting ¢ = f

into (7), which reads

m
op(7) — %ok (7) + <k2 + W) ox(7) =0. (8)

In the case of BD vacuum, we keep only the solution with
positive frequency as the mode function. Once the mode
function is normalized by the Wronskian condition, it
eventually takes the form of

ulk.t) = Ze T PH(—0 PH (ko). (9)

where 7 = \/m?/H? — 9/4. Canonically, the Fourier mode

of the scalar field then can be quantized as
oy (7) = u(k,7)by + u*(k, T)bik, (10)

where by is the annihilation operator that annihilates
the BD vacuum, by |0)gp = 0. In this paper, we instead
consider the non-BD initial state for the spectator field.
Note that there are infinitely many states that satisfy the dS
symmetry; therefore, they can also become the candidates
of the vacuum state. These vacuum, often called o vacuum,
are linked to the BD vacuum by a Bogoliubov trans-
formation as follows:

v(k,7) = coshau(k,t) + €'? sinhau* (k,7), (11)
ay = coshaby — e~ sinhab’ |, (12)

where ay is the annihilation operator that annihilates the
vacuum, g |0), = 0.

B. Backreaction constraints

The a-vacuum initial state poses a challenge for inflation
models, as it deviates from the BD state and implies an
excited state. To prevent the energy of the a vacuum from
spoiling inflation, a stringent constraint on «a is required.
Following [64], we assume that the parameter a is
accompanied with a cutoff; that is, the @ vacuum applies
only to modes with —k7 < z,/H. Here, we will comment
on the role of the cutoff z, that is usually considered in the
context of the non-BD initial state [64,73]. Depending on
the inflation model with non-BD initial condition, the cut-
off z, can have a clear physical meaning that is connected

to the origin of the non-BD vacuum. For instance, in the
case of warm inflation, where the initial state is thermal,
the cutoff z, is set by the physical scale of the thermal
bath [65]. However, our aim is not to investigate the
physical origin of the @ vacuum but to explore the pheno-
menological consequences of the o vacuum. Thus, we will
treat z, as a free parameter of our model, and we will show
in Fig. 4 that the magnitude of the CC signal is robust to the
choice of the cutoff. Taking the cutoff into account, the
energy density can be evaluated as

En~ &’k

k| <zx

k? + m? sinh 2a. (13)

As argued, the inflation requires that the vacuum energy
dominates. Therefore, we reach the first constraint:

E <3MEH?. (14)
Using (13), the constraint (14) can be rewritten as

H>M3,

ZA

e2a 5

, (15)

which is the constraint derived in [64]. The constraint on
the parameter @ depends on the Hubble scale. For example,
we consider the scenario where H/Mp, ~ 10719, that is,
H ~ 10% GeV. As in [64], we denote e® = 7, /H, which is
required to be much greater than unity to make our
calculation valid, and it is severed as the second constraint.
Then (15) implies that

e% < 101072k, (16)

that is, a < 23 — 2R. Therefore, the constraint of the small
backreaction still leaves us a large parameter space for a
given that R > 1. In the next section, we will show that the
cosmological collider signals obtain significant enhance-
ment even with o ~ 1.

III. COSMOLOGICAL COLLIDER SIGNALS
A. Schwinger-Keldysh formalism

Conventionally, the cosmic correlator is calculated
canonically by adopting the in-in formalism, the expect-
ation value of an arbitrary operator Q can be computed
through

(0(0) = (@[ Texp / Hi(2)dr) 0(s)

x T exp <1/ H,(T)dt)] ), (17)
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where H; is the Hamiltonian in the interaction picture. The
correlator can be also calculated in the Lagrangian formal-
ism as follows:

<Q|§0(Tf7 X1)~--‘P(Tf’ X,)|€2)

— [ 0. Dp-0. (57000 (575

o[
cenp {i [ aa(cip) - £l |
To
x [ [6lo- (z7.%) = o (z/.%)]. (18)
X
The calculation admits a diagrammatic approach, which
is analogous to the Feynman diagram. Similar to the flat

spacetime, the basic ingredient of the calculation is the
following SK propagators:

D (k;7y,7,)(27)°8 (k + q) = (04| T{ok (71)04(72)}|04),
(19)
D__(k;71,72)(27)°5 (k 4 q) = (04| T{ok (71)04(72)}|04),
(20)
D, _(k;7y.75)(27)38% (k 4 q) = (04|0k (71)04(72)]0,).
(21)
D_. (k;7y,7,)(27)38° (k + q) = (0,]ok (71)04(72)[04).
(22)

where T{...} and T{...} denote the time ordering and anti—
time ordering. In contrast to the conventional BD initial
state, the propagators here are obtained by taking the
expectation value with respect to the @ vacuum. Note that
the four SK propagators are not independent but related
through

D, (k;ty.75) = Do (k;7y,7,)0(7) — 73)
+ D (k;1,72)0(12 — 71),  (23)

D__(kit1,73) = D_(k;71,72)0(7) — 72)
+ D (ki71,12)0(ry — 1), (24)

D, _(k;ty,75) = D_(k;71,75), (25)

D_, (k;ty,75) = D- (k; 71, 75), (26)

where the Wightman functions D. and D_ are defined as
D (k;zy,70) = v(k, 7)) v*(k, 15), (27)

D_(k;ty,75) = v*(k, 7)) v(k, 75), (28)

respectively, where v(k, ) is the mode function defined
in (11). In terms of the BD mode function, the Wightman
function can be rewritten as
D. (k;zy,7,) = cosh? au(k, | )u* (k,7,)

+ sinh? au* (k, 7) )u(k, 7,)

+ e~ cosh asinh au(k, 7 )u(k, v,)

+ €' cosh a sinh au*(k, 7, )u* (k,75), (29)

D_(k;7y,7,) = cosh? au* (k, 7| )u(k, 7))
+ sinh? au(k, 7, )u* (k, 7,)
+ e cosh asinh au* (k, 7, )u* (k, 7,)

+ e~ coshasinh au(k, 7| )u(k,7,). (30)

For clarity, we will decompose the propagator into four
parts and analyze them respectively. We define the follow-
ing four Wightman functions:

DY (ks 71,70) = ulk, 7y)u (k, 7). (31)
DP(kity.1,) = u* (k. 7))u(k. 1), (32)
DY (k1) 1) = e u(k, 7, )u(k. 1), (33)
DY (kizy.1,) = et (k. 7, )u* (k. 7)) (34)

In the following, we will compute the contribution of the
four parts of the propagator separately. For simplicity, we
will take & = 0 from now on.

B. Trispectrum
We consider the simplest possibility of the interaction
between the inflaton and the spectator and the inflaton
which reserves the shift symmetry of the inflaton, which is
given by
1 2( )2 3 7
Lin 3 52a(¢')%0 + ka’¢'o, (35)
where ¢ denotes the inflaton fluctuation. Note that the
dimension-5 operator 1 15(9,¢)%c gives rise to both of the

FIG. 1. The Feynman diagrams of the three-point correlator
(77) and the four-point correlator (36) following the Feynman
rules listed in [66].

043535-4



COSMOLOGICAL COLLIDER SIGNAL FROM ...

PHYS. REV. D 109, 043535 (2024)

couplings we considered in (35). Specifically, the x term
emerges from the evaluation of the A5 coupling in the
presence of the inflaton background. However, the cou-
pling 115(d,¢)%c is not complete, as it also generates a

tadpole term 1 2s¢p>c, which destabilizes the potential of the
o field. Nevertheless, we can regard it as an effective
description of a more comprehensive model. For instance, a
model that incorporates a quartic term § 40*, where the o
field is fixed at some background value oy, and we are
simply perturbing the full action around o, [39]. Such
interaction generates the tree-level four-point correlator
(see Fig. 1) that can be computed using the SK formalism
and takes the following form:

dr; dr,
(=H7,)* (—H7,)?

0
(91, P, P, 01, )y = =42 ) @b /
ab=+ ks/(Hzp

X Gé(kl»Tl)G%(kz»Tl)G()(k&Tz)
XGi)(k4572)Dab(k.¥;71172)’ (36)

where G, = 2k3 > (1 — iakt)e’@ is the inflaton propagator.
As we previously argued, we have to impose a cutoff on
the integration (36), implying the k dependence of a. To
avoid the unphysical and cumbersome hard cutoff on the
a-vacuum contribution of the correlator, we adopt a soft
cutoff instead. We define the seed integral with a soft cutoff
as follows:

H*P2
= ab
(PP 0o = ~ e s a;i

0 . .
X / dTldeelaklzaT] +ibksyty

oo

X Dab(ks;TI’TZ)’ (37)

where we have denoted ko4 =k, —iaHk,/z, and
k34b = k34 — inks/Z/\ with k12 = |kl| + |k2| and k34 =
|ks| + |k4|. Note that the imaginary part of the new
external momentum suppresses the contribution from the
region —k,7;, > z,/H. The integration appears in (37)
is generally encountered in the tree-level calculation of
the inflaton four-point correlator and is not restricted to the
interaction (35). Therefore, it motivate us to analyze the
following seed integrals instead:

0
I;’Q’p]pz = _abk§+P1+P2/ dTldTZ(_Tl)p] (_12)172

—00
tak12a71+’bk34b72D (k\,TlvT2) (38)

The seed integrals determine the tree-level inflaton corre-
lator of any interaction, and we can infer its properties
from them. The seed 7 ;L)’p 172 is the integral that will be
encountered in BD calculation, while others are non-BD

contribution. For instance, in term of the seed integrals, the
four-point correlator (37) can be written as

H*A?

T —— Z {COSh2 aI;lb)'OO
16k, kokskyk3 o=,

<(Pk, Pk, Pk, Pk, >

(3),00

+ sinh? aZ ;b) " + coshasinhaZ

+ cosh asinh azgg,oo } : (39)

We obtain these seed integrals by solving the bootstrap
equation, which we derive in detail in the Appendix. The
general solution of the bootstrap equation has the form

= Vé"b)’p‘“(ula, Usp)

+ Z ab|c€llp2 Huya) Vg (t2p)

c,d=+

Igtl;)’plm(’ha’ Unp)

x(n=1,...,4), (40)

where w15 = uy(kiy = kiza), Uop = uy(kss = kagp) [we
also define u;, =2ry,/(rio+1) and rip = k/kir34],
and YV7'(u) are the homogeneous solution of the boot-
strapping equations that are defined as follows:

u) 5/2+pEiv
> ['(5/24 p+i0)l'(Fiv)

Vi (u) =27% (5

{5/2+piiﬂ,l/2iii/
X
2 1 +2ip

u] (41)

where

. {5/24—[)1 +ip,1/2 + iD
2 1 +2ip

|

denotes the hypergeometric function. Vgé)'p 172 denotes the
particular solution, and the a coefficients are the integration
constants of the bootstrap equation. Following the
Appendix, we can further decompose (40) into

:Z'(n>7pll72

P (10, ) = Vi P (g, 1), (42)

that exclusively contribute to the background, and

)\P1P2
§ : aab\cd

(n).p1 Pz
ab\signal

ula)yb (uzb) (43)

1a,uzb

which contain all the contributions to the oscillatory signal.
We can uniquely determine the particular solutions and the
integration constants by imposing the collapsed limit result
as the boundary condition (see the Appendix); results are as
follows.
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4

3
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4

iH? e~ im(p1+p2)/2
4n

HZe—iﬂ(p| —pz)/Zeim?

4
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4

iH?e~im(p1+p2)/2
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(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

SEURE

T

r
v
’T/

FIG. 2. The effect of different values of @ and m on the rescaled

seed integral (%) -3/2 (rf%) TR
curves correspond to « = 0 and a@ = 1 with z,/H = 20, respec-
tively. The first and second plots show the case of m/H =5,
while the third and fourth plots show the case of m/H = 10. The
seed integral is a measure of the cosmological collider signal from

the non-BD initial state. We have taken H = 1 in these plots.

The blue and magenta

We plot the signal contribution (43) from the seed integral

. . 00 (n),00
in Fig. 2, where we define 73y = >, ab Lapjigna- We

find that the seed integral is significantly enhanced by the
non-BD contribution.
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1. Signal size estimation

We will estimate the size of the CC signal from the
bispectrum in the following. Conventionally, the trispec-
trum is captured through a dimenionless shape function
defined as follows [86]:

1 iﬁt (kykyksky)?
P g K

T(kl > k27 k3’ k4) =

X (@, Pk, Px, Px,) - (59)

where P, is the power spectrum. The trispectrum is
quantified by . = |7|, which depends on the shape of
the quadrangle formed by ki, k,, ks, k4. Therefore, differ-
ent values of fy; should be used for different quadrangle
configurations. We focus on the case where one of the wave
vectors is much smaller than the others, i.e., k;, < ky,, k34,
i.e., the collapsed limit; see Fig. 3.

This limit exhibits nonanalytic oscillations in the
momentum ratios, which can be used to probe the presence
of beyond standard model particles from the CMB/LSS

observations. We call this the CC signal and denote its

amplitude by 5. From these definitions, it follows that

II(\?EC) ~ T (kg < ko, k34) and can be estimated as [56]

(osc) 1
N~ (22)°P; (Px, P, P, Px,)- (60)

At the tree level, the four-point correlators can be generally
decomposed into seed integrals, which have signal and
background parts as shown in (42) and (43). Therefore, the

magnitude of tfffﬁc) depends exclusively on the signal parts
of the seed integrals (43). We will focus on analyzing
these seed integrals as proxies for the oscillatory signals.
We will use the following asymptotic behavior of the

gamma function:

F(Cl + lb) ~ A /zﬂ.ba—]/Ze—lrb/Zeii(blogb+7ra/2)’
a,beR, b>1. (61)

Note that, even for moderately large values of |b| greater
than 1, this asymptotic behavior remains valid. For BD

initial state, tf\?]ic) is suppressed by the factor e~/ at large

mass which set the energy scale of the cosmological

FIG. 3. Left panel: the momentum configuration for the four-
point correlator. Right panel: the collapsed limit configuration.

collider to H. This suppression can be found in the BD

seed 7 élb)’p 172 1n the collapsed limit k, < k5, k34, We can
perform the following large mass expansion:

2
x (m > H), (62)

5
Y (u) ~ r(- +py + iﬂ) [(FiD) o e7™/H

where in the second step of (62) we have applied (61).
Among the coefficients in the BD seeds, the leading terms
in the asymptotic expansion for large mass are given by

M.pip2 a(l)- 102

e+ TG ~ e/t (63)

a
while the rest of the coefficients are further suppressed by
the Boltzmann factor. Note that any physical calculation
will require the summation over the Schwinger-Keldysh
indices a and b. Hence, from the combination of equa-
tions (62) and (63), it is evident that the signal contribution
from the BD seed is always governed by the factor e/,
which is consistent with our expectation.

In contrast to the BD seeds, the leading coefficients from
the non-BD seed are given by

2), 2), z
a0 = QB ~ i, (64)
a@;ﬁ? _ (_32‘1:1_172 ~ o27m/H (65)

These coefficients in the non-BD seed cancel out the
(2)

suppression factors in (62). Hence, the non-BD seed 7,

Ifb) does not suffer from the Hubble-scale Boltzmann
suppression e~™/H_Here, we will comment on the role
of the @ parameter that we have chosen to be 0. Observe
that the parameter 6 indeed influences the magnitude of
the signal. As an example, consider the trispectrum in (39),
where there are two terms that are enhanced, which
correspond to the contributions from the seed integrals

Ifj)F'p 72 and TU)PP2 respectively. Only the latter term

oscillates with 6. However, by applying the late-time

expansion for (41) and plugging this expansion into the

seed integral (43), we can see that the enhancements of

the CC signal from Z (ﬁF‘P 72 and Z3}772 belong to two

different types. The former seed corresponds to the local
ki

type, where the signal oscillates like (k—%)i”’ , and the latter

seed corresponds to the nonlocal type, where the signal
oscillates like (%)iw. Thus, it is clear that the choice of
the @ parameter will not result in the cancellation of the CC
signal in trispectrum. On the other hand, for the case of
the bispectrum, the nonlocal and local signals combine
together. However, only for the fine-tuned € such that the
coefficients sinh> a and f () cosh asinha match can the
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potential cancellation of the CC signal occur. Therefore,
without loss of generality, we will maintain § = 0 as the
typical value of our analysis.

To elucidate this phenomenon, we investigate the
asymptotic behavior of the scalar mode function in the
late-time regime and insert it into the four-point seed
integrals. The BD mode function has the following form
in the late-time expansion:

) i kr\ 3/2-iv
. _ ]~ /2 i~ _ kT
il_r}l% u(k, ) l”nk3H [e F(w)( 2)
i Kz 3/2+i
+ e (= i) (— 7’) ] . (66)

On the other hand, as in Sec. III A, the non-time-ordered
BD propagators are defined as

DY (k1. 15) = u(k.z))u* (k. 1), (67)

DY (kiry.1y) = w(k, 1))ulk, 1) (68)

Using (66), we observe that both (67) and (68) contain a
term that is free from the exponential suppression in the
late-time limit, which originates from the product of the
first term in the bracket of (66) and its complex conjugate,
that is,

Dl (k71,72) D O(1) ()27 (2,207, (69)
(1)

where a and b take opposite sign. We take seed integral Z
as an example, which is defined in (38) as

0
1 s 5 . o
Z;b) PP — _abkerﬂHer / dTld‘L'zelaklzafl+lbk34bTI

—o0

X (=11)P' (=23)P2 D) (ky, 71, 72). (70)

Substituting (69) into (70), we obtain a term in the seed
integral that originates from (69) and is given by

W 5 o1 + )01 - i), (71)
From (61), this indicates that the seed integral is exponen-
tially suppressed by the mass much larger than H, even
though the propagator is not. However, for non-BD initial

condition, we will encounter the non-BD seed (here we
consider 7 gb) as an example; the same holds for 7 fb)) that

has the following form:

0
Igb)ﬁlpz = _abk§+P1+P2 / drldeeiaklzarl+ibk34bfz

—o0

X (=11)P1 (=12)P2 D) (ks 71, 7). (72)

In contrast to (69), in the non-BD propagator, we have

D(azb> (k’ 71, 72) = D(lg—b(k’ 71, 72)

») Cj(l)(11)3/2+Ja5(72)3/244b5' (73)
It follows that (73) gives rise to the term
IEPP 5 O(1)e™T(1 4+ )T (1 - D),  (74)

which is free from the Hubble-scale Boltzmann suppres-
sion. In conclusion, the absence of the suppression in the
non-BD seed is a result of the Schwinger-Keldysh index
mismatch; namely, the BD propagator that carries inverse

SK indices D(_lg_b is matched with /@ 12710k jp the non-
BD seed (72). We remark that the late-time truncation of the
propagator (66) is not applicable for computing the three-
point seed integrals, but this analysis still yields the correct

exponential factor.

2. Physical interpretation

In the following, we will elucidate the physical mecha-
nism behind the amplification of the signal that was
obtained from the preceding computation. Prior to inves-
tigating the case of non-BD initial condition, we will revisit
the physical origin of the CC signal in the BD initial state. It
is evident that the inflaton and the spectator fields have
different dispersion relations at late time, which are time
dependent and time independent, respectively, namely,

(i) the inflaton (m < H): w = k/a and
(52 + m? ~ m.

The resonance between the inflaton and the spectator
arises from the difference in their dispersion relations,

which is reflected in the seed integral 7 ;lb)'p 172 that we will

examine below. We can assume without loss of generality
that we are dealing with the non-time-ordered seed, where
the SK indices a and b have opposite signs. Applying the
late-time expansion (66) of the spectator mode, we obtain

the dominant term in the non-time-ordered seed Z glb)’p P2 as

the one that includes the saddle point and is proportional
to the product of

(ii) the spectator (m = H): @ =

/dei (T)Eiik12’3416$im1, (75)

where f.(7) represents some real power of z. This term
corresponds to the physical phenomenon of the resonance
of the inflaton and the spectator at both of the vertices of the
right panel in Fig. 1; that is, it includes the saddle point at
ki»/a(zy) ~ mand ks /a(z,) ~ m. However, from (66) and
the definition of the propagator (32), we can observe that
only the positive frequency term of (66) participates in the
resonance process, and, hence, such a process is suppressed
by the coefficient
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e V|0 (=id)|> ~ e~ 2/ H (76)

which indicates that the particle number of the spectator
field generated by gravitational effects has a distribution
similar to a thermal distribution for a massive state with
mass m> H and a temperature 7 = m/(2z) in BD
initial state.

On the other hand, from the Bogoliubov transformation
(12), it follows that the spectator field in the a vacuum has
an initial particle number n, = sinh? a, which escapes the
Boltzmann suppression (76). Therefore, for the a-vacuum
case, the resonant term in the CC signal is not suppressed
for masses much larger than the Hubble scale; rather, it is
controlled by the parameter a.

C. Bispectrum

The Feynman diagram in the left panel in Fig. 1 leads to
the CC signal in bispectrum and can be calculated using SK
formalism. The expression for the three-point correlator
reads

H*x
<§0k1(ﬂk2€0k3>ﬁ7 = 8k ok b/ dridzy(—1,)”
2 3ab +
% eiaklzarl+lbk34szDab(ks;’L'l,12), (77)

Analogous to the four-point case, the tree-level three-point
correlator can be generally constructed from the three-point
seed integral that takes the following form:

0
I;’;)J’lpz = _abkg+P1+P2/

—o0

dzydey(—7,)71 (=1,)P2

lak12311+lbk3b1’2D (k3, 7, 12) (78)

The three-point seed can be obtained from the four-point
seed by applying the folded limit, k4, — 0. As in the tri-
spectrum case, our result for the bispectrum is not restricted
to the specific interaction (35), but rather it is applicable
to any tree-level exchange process of the scalar particle,
as it relies on seed integrals that can be combined in
various ways.

As an example, we consider the seed integral that
appeared in (77), where p; = 0 and p, = —2. We define
a quantity that capture this seed integral’s contribution to
the CC signal as

mgnal Zzab\mgnal ua I‘ lb)’ (79)

where ug(r) = uja(ky = k3), 1y = upp(ky — 0), and r=
ks /ky,. We plot T (s){g_nzal in Fig. 4. We see that the magnitude

of the CC signal is substantially enhanced by the non-BD
contribution.
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FIG. 4. Upper panel: the seed integral as a function of the
momentum configuration with m/H = 10 and z,/H = 20.
Middle panel and lower panel: the seed integral with different
cutoff scales z,. We have taken H = 1 in these plots.

1. Signal size estimation

To quantify the oscillatory signal in the bispectrum, we
can employ the same method that we utilized for the
trispectrum. Analogous to to the trispectrum case, we can
introduce a dimensionless shape function for the bispec-
trum as follows [56]:

(kykyks)?

S(ky,ky, k3) = —W

(g) 3<(”“1‘pkz(/’k3>" (80)

We can also introduce the analog of #y for the
bispectrum as fy = |S|. For the bispectrum, the oscilla-
tory signal appears in the squeezed limit, namely, k3 < k,,
which is illustrated in the right panel in Fig. 5. Hence, we
can estimate the magnitude of this signal by using a
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YUAN YIN
ko ko
k3 < k3
ky
ki
FIG. 5. Left panel: the momentum configuration for the three-

point correlator. Right panel: the squeezed limit configuration.

parameter f{ that satisfies [ ~ |S(k; << k15)| and can
be estimated as

. 1
e Nkal(/’szﬂkg)'- (81)
e

As argued, the tree-level three-point correlator can be
decomposed into seed integrals. Note that the three-point
seed integral can be obtained from the four-point seed
integral by applying the single folded limit, k, — O.
Therefore, the non-BD contribution to the three-point seed
inherits the leading coefficients from the four-point seed,
given by (64) and (65). These coefficients cancel out the
exponential suppression factor e™"/# that appears in the
mode function V7.

IV. CONCLUSIONS AND DISCUSSIONS

Each collider has a characteristic energy scale, which also
applies to the cosmological collider. Usually, the energy

scale of CC is limited by the fact that o o e="/H_ which
suppresses the signal from particles with mass much larger
than the Hubble scale H.

The energy scale of CC can be enhanced by considering
models where the spectator field has an effective chemical
potential [55-57]. These models still have a Hubble-scale
suppression, but it is offset by another exponential factor.
We find that this suppression is absent if the spectator’s
initial state is a vacuum, a class of vacua that preserve dS
symmetry and are characterized by a parameter a. We show
that the magnitude of the oscillatory signal depends on @ in
this scenario. We argue that CC can probe a wider range of
particle masses in this case.

The inflaton correlator captures the cosmic non-
Gaussianity, which can be computed systematically by
using the SK formalism. We demonstrate that the SK
formalism can accommodate the non-BD initial state by
replacing the SK propagators.

We have shown that the inflaton correlators can be
expressed as a combination of seed integrals at tree level.
By analyzing the seed integrals, we can reveal the general
features of the CC signal that are independent of the
interaction details. We obtained the analytical expression
for the full momentum configuration by solving the boot-
strap equation with the boundary condition given by the

collapsed limit. Our analysis reveals that the absence of
the Hubble-scale Boltzmann suppression originates from
the non-BD part of the propagator. Since our result relies
on the seed integrals, it is applicable to general tree-level
process and not restricted to a specific model. We empha-
size that the a vacuum of the spectator field favors
low-scale inflation. However, our result indicates that the
cosmological collider can probe a much broader range of
particle masses if the spectator has an a-vacuum ini-
tial state.

Note that our calculation focus solely on tree-level
processes. In contrast, in some prominent inflation models,
such as axion inflation [57], features a spin-1 spectator
field, and the dominant contribution comes from a bosonic
loop. The generalization to loop calculation is intricate.
Nevertheless, it has been shown that the loop process can
also be tackled by the bootstrap method [87]; we expect
that our results can be extended to such a process, which we
will explore in future studies.
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APPENDIX: SCALAR SEED INTEGRALS

In this appendix, we present a detailed derivation of the

second seed integral 7 fb) that appeared in (39), following

the method of [69,70]. The first seed integral Z é]b) is derived

in [70], and the rest of the seed integrals ISD) and 7 ;‘L)
can be derived in a similar way. The seed integral 7 ézb) is
defined as

al

0
T (uy,u3320) = —abk§+p'+”2/ dzydry(—7)"

—00

X (_12)172 eiaki2ati+ibkasp

x DD (ky.71.75). (A1)

The propagator D;zb) (kg,71,75) satisfies the following
equation of motion:

(30 — 2110, + K27} + m?)DY) (kyi7y.7) =0, (A2)
(6302 = 22,0, + K27} + m*) DL (kyi 7). 7,)
= +it3138(7; — 1y). (A3)

To proceed, we define two new dimensionless variables as
Z1a = —k12a7 and zop = —kayup7,. In terms of those vari-
ables, the equations of motion become

(r%:taz —2r40

2 2 2
i+ + rlizli +m )

I+

XDEEEF(VliZIi7r2¢ZZZF) =0, (A4)
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(r1y0}, —2r140,  +ri 2t + mz)Dfi(rlizli, FriZo4)

= Firi 15.21.25.6(r1 0214 — 121 204), (A5)
where Dz(fb)(rlazla’ rapZap) = kiD@ (kg3 71.75) and riq =
ky/ki2as Top = ky/ksgp. To derive the differential equation
satisfied by the seed integrals, we apply the operator
11207, — 21140, + ria2ia +m? to the propagator inside
the seed integrals (A1) and extract it from the integral. The
main challenge arises from the term r?,z7,, which requires
repeated integration by parts to be pulled out of the integral.
The first step of this process is given by

kina-
12290 d P ,—iaz, D(z)
Z1al1a€ Z1atgp (rlazlav r2bZ2b)
0

. kipq-00 .
= _la(P +1+ rlaarla)A leazllJae_lazla

2
x D) (F1aZias FapZap)- (A6)

Applying (A6) twice yields the following result:

ki2a-00 .
P —iazn .2 P2
/ dzjazjae™ ZlaZIaDab (rlazlav T2b%2b)
0

—(p+2+ra0,,)(p+1+ rlaarla)

Ia

klza"’o . 2
x / dzzle @D (raz1a, rapzan). (A7)
0

Therefore, by applying (A7), we can extract the term
proportional to r7,z7, from the integral and obtain the
following differential equation for the seed integral:

- (2ris + 4 +2p)riL)o,,.

[(rie = rlo)or, .
(p1+ 1)(p1 +2)r1, )]

+((*+9/4) -

% [”1 1- Plr2¢ PzI( )Plpz(rli’ r2:|:)] 0. (A8)
(e —r1)0h, — (2ris 4+ (4+2p))riL)o,,
+ (7 +9/4) = (p1 + 1) (p1 + 2)’”1i)]
x [rll plrzi pZI(i)iplpz(rlisrzi)]
. r4+p2r4+p1
_ e:l:tplzﬂ/2 1+ 724 F(5+P12)7 (A9)

(rig + rag )P0

H2€—iﬁ12ﬂ/2637n7

where pj, = p; + py. In terms of uy = 2r,/(r1a + 1),
(A8) and (A9) can be rewritten as

{(”uz —uj, )05, — [(4 +2py) = (1+ pl)”%:l:]auli
+ B2+ (o1 + 572222 (s )
=0, (A10)

{(“%i uiL)oy,, — [(4 +2p1) = (1 + pl)u%i]auli
+ [+ (p1 + 5/2)2]}I(¢2ip]pz(uli’ Uy )

UppUys >5+"‘2
2(uy 4 + tpy — Uy LUyy)

(Al1)

= (s 4 )

To cover the whole parameter space, we have to consider
another ratio rop = k,/k34p. This leads to two more differ-
ential equations for the propagator, which have the same
form as (A10) and (A11). We omit them in the following
discussion for brevity.

1. Boundary conditions

To find the general solutions of (A10) and (A11) in the
form of (40), we need to specify their boundary conditions.
These can be obtained from the late-time expansion (66),
which applies when k; is much smaller than k;, and k3, (or,
equivalently, when u;, and u,, approach zero). Using this
expansion, we can obtain the asymptotic expression for the
BD scalar Wightman function:

hmD (k\,rl,rz)

By substituting the late-time expansion into the seed
integral, we are able to reach an analytical expression at
the squeezed limit. The results are

li I( ):P1P2 —
Uy, 114121:1—>0 4p

o) () e ee(p)”
ki kyaykzg- 40 ki

k? 5/24p1n H247i0p=iP0n/2 pab ]"(_if/) _— k% iU+pia+3
X | —) . : 7 . —
<k12+k34_> W ) 90 <k12+k34_>

H24iﬂe—ii)|27z/267t17 F(lﬂ)
+ 47 T(=ip)

k2 )—ia+p12+§
T b
ki kaq-

- GPLP2 (D) (

(A13)
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where GH'72(D) =

'HZe—iplzﬂ/Z

(coth(zz) — 1)I'(p + iab + 5/2)T'(p, + ibv + 5/2), and for the time-ordered seed integral, we have

Z'HQe—iplzzr/2

lim I( ):P1P2 — l
uy >>uy_—0 40

wwero(22)'

k12+k34
iH24" 7 —ippam/2 1—‘(_”/)

- AL (0)BLL (D)

kg 5/2+p12 N
40

<k34_>—il~/< k% >5/2+P]2
X | = +
kioy kypik3g—

iH24iDe—iplzlr/Ze—2m7 F(lﬂ)
47 T(=iD)

where A (D) = £1 + coth(zD), BEL?* (D) =T (p, + iab+
5/2)'(p, + ibo +5/2). The other seed integrals are ob-
tained through

I(_ZJ)r,Plpz —_ Z-(f)_,mpz*’ (AlS)
T@Pipz = BP0, (A16)

We note that the non-BD seed has a term that escapes
the Hubble-scale Boltzmann suppression, as shown by the
Gamma function asymptotics in (61). Equations (A13)—(A16)
give the boundary conditions for the bootstrap equations and
fix the integration constants in (40).

2. The particular solution

The last piece of the solution is the particular solution.
This can be find by power expanding both sides and
matching the coefficients. The Taylor expansion of the
inhomogeneous term in the bootstrap equation (A11) takes
the form of

| Wity S5+piz
eitplzﬂ/zr(s + P12) (2(u1;|: + ury — M1¢”2j:))

(] 5 1 n
Z ( plz)”ﬁp'ﬁ'l(Z—l)» (A17)

2
< =5-pn >
n
denotes the combinatorial number. The constant C. is
defined as

where

e:l:iplzﬂ/Z

Ci = 25+pn

Equation (A17) indicates us to take the following ansatz:
(e

E YPip2 5+P12+m+" 1 -1 "
m n\:ﬁ: '
Uy

m,n=0

VP (g iy ) =

(A19)

40 I'(ip)

- A, (0)BrLr2 (D) <

A @B o) (e )
s D’ N

" o k124 k-
k2 >-iﬂ+plz+§

Al4
kipy kaq- (A14)

[
Plugging the ansatz into (All) and matching the coef-
ficients with (A17) at each order, we reach the following
recursion equations:

5\2
{(n+P12+5)(”+P12—2P1) + 7+ (Pl +2> }

x VoL = C ( - ;p ”) (A20)
and
Vi =REPVIR. (A2
where
Rt = —Zppr M (A22)

Ple ’

with MO =(m+n+pp+5)(m+n+p,+3) and
mi =(m+n+pn+6)(mtntpn=2p +1)+0+
(1 +%)2. The solution of the recursion equations reads

PPy _ (n+pr+3)(n+pint+5)
"R 4 (4 pra+6)(n=2p1+pr+ 1)+

(P +%)2

x Cp - Fhip -Vg;ﬁi, (A23)
where
Pipr (n+py+4)_i(n+pi2+6),
m.n - .~ o~
(n—iv+py+3),_ (n+iv+py+3),_,
_5_
x < P 12) (A24)
n

and (...),, g]nfiz

given in (A20). This completes the calculation for the
particular solution. Note that there is no (...)” like non-
analytical oscillation in the particular solution. Therefore,
our separation of signal and background in (42) and (43) is
justified.

denotes the Pochhammer function with V!
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