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ABSTRACT: Using the recently developed cosmological bootstrap method, we compute the
exact analytical solution for the seed integral appearing in cosmological correlators with double
massive scalar exchanges. The result is explicit, valid in any kinematic configuration, and free
from spurious divergences. It is applicable to any number of fields’ species with any masses.
With an appropriate choice of variables, the results contain only single-layer summations.
We also propose simple approximate formulas valid in different limits, enabling direct and
instantaneous evaluation. Supported by exact numerical results using CosmoFlow, we explore
the phenomenology of double massive exchange diagrams. Contrary to single-exchange
diagrams with ubiquitous Lorentz-covariant interactions, the size of the cubic coupling
constant can be large while respecting perturbativity bounds. Because of this property, the
primordial bispectrum from double-exchange diagrams can be as large as, coincidentally,
current observational constraints. In addition to being sizable on equilateral configurations,
we show that the primordial bispectrum exhibits a large cosmological collider signal in the
squeezed limit, making the double massive exchanges interesting channels for the detection
of massive primordial fields. We propose to decisively disentangle double-exchange channels
from single-exchange ones with cosmological observations by exploiting the phase information
of the cosmological collider signal, the inflationary flavor oscillations from multiple fields’
species exchanges and the double soft limit in the primordial trispectrum.
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1 Introduction

Cosmological correlators. Key predictions of inflationary cosmology are encoded as
statistical information in the cosmological correlators, namely, the n-point correlation functions
of ubiquitous massless fields: the curvature perturbation and the gravitons. The final values
of these correlation functions at the end of inflation depend on the dynamics and interactions
of quantum fluctuations in the bulk of the inflationary spacetime. Because these correlators
provide the initial conditions for the subsequent evolution of the universe, observing the
correlation functions in the Cosmic Microwave Background (CMB) and Large Scale Structures
(LSS) offers the intriguing possibility of gaining insights into high-energy processes inaccessible
through terrestrial collider experiments. The correlators involving the exchange of massive



and possibly spinning particles are of particular interest. The inherently high-energy scale of
inflation creates an environment favorable for producing massive fields during this remarkable
epoch. Through their interactions with the curvature perturbation, these fields generate
distinct patterns in the correlation functions, encoding crucial information about their masses,
spins, mixing angles, and interactions. This concept was initially introduced in pioneering
works [1-3], and was subsequently elaborated and termed as the Cosmological Collider (CC) [4].
Numerous recent studies have utilized the CC signal to investigate models of high-energy
physics [5-99] along with developing both analytical and numerical techniques aiming to
deepen the understanding of underlying fundamental properties of these correlators [100-155],
see also the recent first searches for CC signals in real cosmological data [156, 157].

Analytical and numerical methods. Conventional methods for calculating inflationary
correlation functions, based on the so-called in-in (or Schwinger-Keldysh (SK)) formalism,
typically involve multiple layers of nested integrals in the time domain (see [158-160] for com-
prehensive reviews). Remarkably, in the recent years we have seen significant developments
in various analytical and numerical methods. For instance, newly developed wavefunction
approaches have made the analytical properties behind correlators more transparent [110—
114, 124, 133, 150, 161-169]. Indeed, evaluating directly the nested time integrals — involving
massive propagators expressed as complicated special functions — can be extremely chal-
lenging. Given that the inflationary background is quasi-de Sitter (dS), by restricting the
calculation of correlators to their values at the end of inflation only, we can bring a drastic
simplification. This so-called “boundary perspective” was introduced in a program known
as the cosmological bootstrap [106-108], see [128] for a review. Initially relying on the ex-
act dS symmetries, this method has led to the full analytical form of tree-level correlators
built off single-exchange channels only. Later, it has been extended to symmetry-breaking
cases, such as those with non-unit sound speed [130-132], chemical potential [135], with IR
effects [137], and time-dependent mass [147]. Additionally, fundamental properties including
unitarity, locality, causality, and analyticity were invoked to comprehend the underlying
structure of these cosmological correlators [110-116]. The Mellin transformation also proved
to be powerful for understanding inflationary correlators [121-123]. The so-called partially
Mellin-Barnes (MB) method was introduced over the last two years [82, 135, 138-141] and
makes it easier to calculate bulk time integrals, and subsequently many exact results for
inflationary correlators were obtained. In a different direction, a systematic program called
the “Cosmological Flow” was proposed last year [170, 171]. It enables us to trace the time
evolution of the correlators in the bulk of the inflationary evolution and is valid even in the
strong quadratic mixing regime that remains so far inaccessible with traditional methods.
The numerical implementation of this method is called CosmoFlow and a user-friendly guide
with non-trivial examples is provided in [172].

Beyond single-exchange diagrams. After these efforts, the analytical structure of correla-
tors associated with a single massive (spinning) field exchange is now well understood. Even in
theories involving several different species of massive fluctuations with non-trivial interactions,
the single-exchange channel was computed, and a new phenomenon, dubbed inflationary
flavor oscillations, was discovered [77]. Nevertheless, More is different. Moving beyond the



single-exchange tree-level diagrams is highly challenging due to the significant increase in
complexity. For example, our understanding of loop diagrams is still far from satisfactory.
Recently, some progress has been made towards understanding the structure of loop diagrams
involving massive fields. For example, using the techniques of spectral decomposition in
dS to obtain the one-loop results with the pair of massive scalars [136], and using the MB
representation to extract the non-analytical signals within loop diagrams [139, 140]. Another
important but complicated case arises from including several massive propagators and more
interactions in the tree-level diagrams. Those diagrams are crucial because of their rich
phenomenology, whereas their analytical understanding is still limited. From the perspective
of the bulk time integral, incorporating more massive fields and more interaction vertices
results in exceedingly complicated integrals. The integrand comprises products of several
special functions, and the number of layers of nested time integrals has increased. Thus, it
seems hopeless to perform the time integration directly. To address the problem, several
possible methods have been proposed, each with their own unique advantages. First, an
approximate method, called the bulk-version cutting rule, has proven to be useful. This
method treats one massive propagator at a time while mimicking others using some local
operators in an effective way, which enables us to extract the leading-order CC signals [125].
However, sub-leading contributions, as well as the background signal that is non-negligible in
kinematic configurations relevant for comparison with cosmological observations, are missed.
Regarding exact calculations, the Cosmological Flow and its numerical implementation Cos-
moFlow are useful tools as they can give the exact result for any massive spinless exchange
channel, including CC and background signals, and also including the regime of strong
quadratic mixing [170-172]. As far as exact analytical methods are concerned, only one
very recent work has successfully generalized the MB method to include more than just
single-exchange correlators [141], although the exact results are formulated with several layers
of series summation. As for the bootstrap equations, to the best of our knowledge, no result
has been published so far that is associated to diagrams beyond the single exchange.

Content of this work. In this work, we present the first success in applying the cosmological
bootstrap equations for deriving the exact solutions of correlators that involve double massive
fields exchanges. Moreover, we perform for the first time a detailed comparison of the
bootstrap result with the Cosmological Flow method — completely independent since not
relying on a perturbative scheme in terms of the quadratic mixing — by utilizing CosmoFlow.
To be more specific, we consider the double-exchange four- and three-point functions depicted
in figure 1. In full generality, we allow those two exchanged fields to have different masses,
and the obtained results are applicable to theories with various types of interactions, as
long as they do not lead to secular divergences. Although the concrete calculation concerns
correlators of massless scalar fluctuations, introduced as external fields, the extension to
graviton correlators is straightforward.

Bootstrap equations. The first part of our work focuses on deriving the bootstrap equations
satisfied by the seed integral associated with these diagrams, and obtaining analytical solutions
for the resulting differential equations. More precisely, we can apply a differential operator
to each massive propagator individually, resulting in two second-order differential equations



with a source term being the single-exchange channel in the absence of the corresponding
propagator. This whole procedure is summarized in the schematic diagram in figure 2,
and is fully explained in section 2. Here, we stand on the shoulders of giants, benefiting
from the well-established result of the single-exchange diagram, particularly the exact and
closed-form expression of the corresponding seed integral [138] which does not require any
series sumimation.

Solutions to the bootstrap equations. We show in section 3 that we can solve these complicated
bootstrap equations. The homogeneous equations can be solved using a specific type of
two-variable hypergeometric function known as the Appell function Fy. We have observed
that a particular choice of variables is quite useful, namely r; = 2k;/(k1 + ka2 + k3 + k4), where
k; = |k;|. By employing these variables and choosing appropriate ansatz, we find particular
solutions and also the integration constants, ultimately deriving the exact general solutions
for these bootstrap equations. Notably, these solutions involve only one series summation
which makes the analysis of their analytical structure more transparent. As is now well known,
the single-exchange channel exhibits two distinct contributions characterized by different
behaviors: one contribution involves imaginary powers of momentum ratios and is known
as the celebrated CC signal, while the other contributions display analytic dependence on
the momentum ratios and are typically regarded as the featureless background. As could be
expected, the double-massive fields exchanges channels consist of three distinct terms: one
arises from signals generated by both massive fields, another one from the mixing between
the background and the signal originating from only one massive field and the remaining
one represents purely the background. Each term has different mass dependence as will be
emphasized in the main text. This iterative procedure, employing simpler diagrams as the
source to bootstrap equations for seed integrals involving more massive fields exchanges, can
be generalized to more complicated diagrams. In particular, we demonstrate that the results
of the double-exchange diagram can be used to calculate triple-exchange correlators.

Ezxplicit cancellations of spurious divergences. Unfortunately, the primary results of the
four-point correlation function are not applicable to all kinematic regions, as also observed
in [141]. The situation is exacerbated when considering the three-point function, typically
derived by taking the soft limit of one of the external lines (e.g., kg4 — 0 in figure 1). The
primary result obtained from taking this limit does not converge for kinematic regions that
satisfy the triangle inequality. In section 4, we will perform some transformations of the
special functions in it, and carefully examine the divergent behaviour under various limits
(e.g. folded limit). We observed that, by regrouping the divergences of homogeneous and
particular solutions together, the whole expression achieves convergent. In brief, by using
the continuation of certain special functions and appropriately organizing and treating all
contributions as a whole, we are able to obtain a final result that is explicitly convergent and
valid for all physical kinematic regions, rendering it perfectly usable for concrete purposes.

Large primordial bispectrum and cosmological collider signal, inflationary flavor oscillations
and the primordial trispectrum. The second part of our work, in section 5, precisely digs
into the rich phenomenology associated with double massive exchange (DE) diagrams. We



recall how to relate correlators of the massless scalar fluctuation ¢ to cosmological correlation
functions of the primordial curvature fluctuation . We also propose two natural embeddings
for the theory under study, with the massive scalar fluctuations o, identified as the massive
eigenstates of the isocurvature fluctuations during inflation. We explain that, in the large class
of general non-linear sigma models of inflation, one should generically expect cubic interactions
involving one massless field and two massive ones, leading to DE diagrams. Moreover, from
generic effective field theory perspectives, we also expect such massive fluctuations to be
coupled via an interaction of this form. Importantly, the size of this cubic interaction —
set by the curvature of the target space in non-linear sigma models — is not dictated by
the quadratic mixing alone, contrary to the ubiquitous Lorentz-covariant one leading to
single-exchange (denoted as SE in the following) diagrams. Therefore, we show that the
resulting primordial bispectrum can be large, first on equilateral configurations for which we
display a simple fitting formula, and also in squeezed configurations for which we derive the
CC signal in a closed and explicit form for the first time. Importantly, the DE CC signal s not
suppressed by additional factors of the Boltzmann factor (e~™ where u = \/m2/H? — 9/4 is
the mass parameter of the double exchanged massive field) compared to the SE CC signal,
and we show that its relative polynomial suppression (1~2) can easily be compensated by
a larger cubic coupling constant for masses m = H relevant for cosmological observations.
We explain that the bootstrap result is exact and valid for any kinematic configuration,
showcasing its usefulness to predict the full shape of the bispectrum and making contact with
observations. For each of these steps, we precisely compare our analytical predictions with
exact numerical calculations using CosmoFlow and not relying on a perturbative scheme for the
quadratic mixing. Impressively, the two independent methods yield almost identical results
for any kinematic configuration, and any values of the mass of the double exchanged field.
Moreover, supported by the exact numerical result, we propose a first naive extrapolation of
the bootstrap result to the strong quadratic mixing regime, highlighting the weaknesses of this
procedure. We also propose ways to disentangle DE channels from SE ones from cosmological
observations, beyond the simple observation that the DE signal may be observable while
respecting perturbativity bounds, contrary to the SE one. First, we showcase the utility of
the CC phase information to tell those channels apart, since the relation between frequency
and phase are well different for masses close to the Hubble scale. Second, we explain that in
the more generic situation where there exist different species of massive fields, each with their
own masses, one can use the inflationary flavor oscillations to tell apart the two channels.
Third, by moving to the primordial trispectrum we show a unique feature of DE diagrams
that cannot be mimicked by a SE one, with CC signal oscillations transitioning from a
frequency p to 2u in the double soft limit.

Organization of this work. This paper is organized as follows. In section 2, we define
the seed integral related to the double-exchange inflation correlators and then derive the
bootstrap equations satisfied by these seed integrals. In section 3, we derive the exact solution
of the bootstrap equations step by step, and the final exact expression is summarized in
section 3.3. The results are extended to all physical regions in section 4, where we also
discuss their behaviors under various limits. In section 5, we delve into the intriguing
phenomenology underlying the double-exchange correlators. Finally, we conclude and outline
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Figure 1. Four-point and three-point diagrams with double massive exchange. For generality, here
we allow internal massive scalar fields o, and og to have different masses.

future directions in section 6.

Conventions and notations. Throughout this paper, we adopt the (—, 4, +, +) metric
sign convention. The background spacetime is fixed as: ds? = a?(7)(—d7? + dx?) , with the
scale factor a(r) = —1/H7 and 7 € (—00,0). Here H represents the Hubble parameter that
is fixed as the constant. A prime on quantum average values (- --)’ indicates the momentum
S-function and the factor (27)3 is omitted. We frequently use the shorthand notations, for
example k1234 = 221:1 k; and p1a3 = p1 + p2 + p3, with similar shorthand subscripts following
the same convention. Some frequently used variables are defined as

i /FZ = .
k123

u v =

k1

kos’ kos’ ki34’
The majority of the special functions utilized in this work are referenced in the mathematical
functions handbook [173]. Additionally, in appendix A, we provide the definitions and useful
formulae related to these special functions. Other variables and functions will be defined

in the main text as they are introduced.

2 Seed integral and bootstrap equations

This part serves as an introduction to the basic ingredients needed for later discussion.
Experts who are familiar with these descriptions can directly skip to section 2.1.

As mentioned in the introduction, in this work, we will mainly focus on the four-point
and three-point inflation correlators shown in figure 1.

The external lines here always represent the massless inflaton fluctuation ¢ (or, equiv-
alently, the curvature perturbation (), and the internal lines are associated with massive
scalar fields o, (o = 1,2,---). Distinguished by different colors for clarity, we allow the
exchange of massive scalar fields with distinct masses my, where a (or /) serves as the label
for different species. By taking the free Hamiltonian to be quadratic and diagonal, each
of the fields can be quantized separately as

d’k :
dA(r,x) = /(271')3 (@,?(T)aﬁ + @‘,?*(T)Qﬁ() e®*  (no sum on A), (2.1)
where ®4 can denote either the inflaton perturbation ¢ or the massive fields o, and aﬁT(a{;‘)

are the creation (annihilation) operators satisfying the usual commutation relations [al‘?, aff] =



(27)364B5B) (k — K'). Mode functions (1) = {¢x, 02} are specified below,

H .

or = @(1 + ikr)e *T (2.2)
a . T+ VT 1

of = i BT VT () (k). 23)

where po = /m2/H? —9/4 and H, ,El)(-) is the Hankel function of the first kind of order v. In
all the following sections, we show our results for the case with massive fields in the principal
series (mgq > 3H/2) which is particularly relevant to cosmological collider physics. The results
related to imaginary p, (me < 3/2H) can then be simply obtained by the substitution
Ho = —iVq With vy = \/9/4 —m2 /H?, and we will use that for a specific example later on in
section 5. To formulate the seed integral, we adopt the Schwinger-Keldysh (SK) diagrammatic
conventions outlined in [160], where readers can find more details. The bulk-to-boundary
propagators K associated with the inflaton fluctuation ¢ are

2

H .
Kk, m) = 55 (1 - iakT)elkT (2.4)

where a = %1 is the SK vertex index, and the bulk-to-bulk propagators DS associated with
massive fields o, are explicitly given by

H?me ™
D%, (k;71,75) = 0f (11) 02* (72) = % ()2 B (~kr) HO), (<kms),  (2.5)
Di— (k;7—177—2) = (Dg—i- (k;TlaTQ))*v (26>
DSy (k;m, 1) = D%i (k;71,72)0 (11 — T2) + Di¢ (k;71,72)0 (12 — 71) (2.7)

Here 7 and 75 denote the conformal time at the vertex where bulk-to-bulk propagators connect.
Note that propagators DS are factorised in time and satisfy the homogeneous differential
equation, whereas the time ordering in the D introduced an additional é-function source
to this equation, explicitly

9
{7’3831, — 2730y, + K21 4 2 + 4} D§ - (k;m1,72) =0, (2.8)

9
{733% — 27,07, + k27_i2 + ui + 1 D¢y (kym,m2) = quH27127'225 (11 — 12), (2.9)

where i = 1,2. These differential equations will play an important role in deriving the
bootstrap equations later and one can easily check that they are indeed satisfied by (2.3).

2.1 Definition of the seed integral and typical examples

Based on the quantities defined in the previous sections, we now introduce a seed integral
7 for four-point inflaton correlators involving double massive field exchange:

0
TIhews = H~ "k 7123 (~iabc) /_OO dridrdrs(—71)P (—72)P2 (—73)P*

% eiak171+ibk24T2+iCk3T3Dgtb (kla 1, 7_2) ch (kg’ T, 7—3) , (210)



where p; (i = 1,2, 3) are constant numbers specifying types of p-o vertices and k; (j = 1,2, 3,4)
are the four external momenta of inflatons ¢y, and the prefactor H ~4 is introduced to render
the seed integral dimensionless. We use the abbreviation pios = p1 + p2 + p3, koa = ko + k4,
and assume p; > —5/2 for the time-integrals to converge at late times 7; — 0.! We also
remind a, b,c = +£ correspond to the SK indices and o, 5 = 1,2, --- label the massive fields.
The propagators for massive fields DS} are defined in (2.5)—(2.7). The seed integral (2.10)
can be diagrammatically shown on the left of figure 1, and other channels can be obtained
by simply taking the permutation of the momentum variables.

To get an analytical expression of the seed integral (2.10) is one of the main purposes of
this paper. We derive the differential equations (bootstrap equations) for eq. (2.10) in the next
part section 2.2 and solve them in section 3. Furthermore, by taking the limit k4 — 0 in (2.10),
one can relate it to the expression for the three-point function (as depicted in the schematic
diagram of the right of figure 1). Taking this limit is a non-trivial task due to cancellations
of apparent divergences, and therefore this will be discussed separately in section 4.

Example. Once the analytical expressions for the seed integral (2.10) and its various limits
are obtained, we then have all the necessary information to compute two-, three-, and
four-point correlators with double exchanges for various (-0 interactions. Among them, the
three-point correlators with interactions corresponding to (p1,p2,p3) = (=2, —2,—2) are of
particular phenomenological interest since they generically arise from UV motivated multi-field
inflation models with curved field space metric [174, 175]. As we will show in greater details
in section 5, this interaction can also lead to a bispectrum sufficiently large to be constrained
by current and upcoming cosmological observations while remaining under theoretical control,
thus making it an interesting channel for discovery of new physics at high energies.

Let us look more at this example (three-point correlators with (p1, p2, p3) = (=2, -2, —2))
and how it is expressed by the seed integral (2.10). In this case, the interactions between
inflaton’s fluctuations ¢ and massive scalars o, are given by [77, 175]

Sint,2 = Z/d7d3x Pa 0300y, (2.11)

Sint,3 = /de3x Aag ad Jaaggo , (2.12)
B

«

where p, and A\,g are coupling constants with mass dimensions 1 and 0 respectively, and
the prime denotes the derivative with respect to conformal time 7. Note that a = (—H7)™}
in de Sitter spacetime. Then, by the SK diagrammatic rule [160], one can write down the
three-point correlator of double-exchange with interactions (2.11) and (2.12) as

(o4 Aa — — -
(K Pz Pk ) *—2121) P ﬂ/ drdradrs(=71) % (=72) 7 (=73) 77

X Z (abe) K. (ky; ) K (ka; 7o) KL (ks; 73) DS (k13 71, 72) DE. (K33 79, 73) +2 perms,
a,b,c==%
(2.13)

'As long as Re[p;] > —5/2, it can be analytically continued to imaginary p; in principle [138].



where the prime on the left-hand side means that a momentum conservation factor (27)36) (k;+
ks + k3) is extracted, and “2 perms” represents the permutations (ko <> k1) and (ko <> k3).
The propagators K, and D¢, are given in (2.4) and (2.5)—(2.7), respectively. With K/ (k,T) =
H?7/2k €®*7 | this can be further simplified as

. A _ _
(Pratraial =213 20500 o [ drdndny(-n) () ()
a?ﬁ
X Z (abc)elakimitibkoraticksTs pa (g .7 ) ch (k3; T2, T3) + 2 perms.
a,b,c=+4

(2.14)

Now, it is clear that this three-point correlator can be directly related to the seed inte-
gral (2.10) with

(o Zpapﬁ)\a,b’ 1 k4k:3 > klijIabQC azﬁ ? 4+ 2 perms. (2.15)
a,b,c=+
Another example that will be discussed in this work is the trispectrum with four-point
interaction like

Sint,4 = Z/de?)X 5\046 a20a05(¢/)2> (2'16)

where 5\a5 is a coupling constant with mass dimension —2. Following the same procedure as
before, the trispectrum involving two massive propagators can be expressed as

<§0k190k290k3()0k4 __4lzpocpﬁ af” 16]{31]{32/{?3]{34/ dridrdrs(—11)” 2(_7_2)0(_7_3)_2

X Z abc)elalel+ibk24T2+iCk3T3D?b(k:l;ﬁ,Tg)Dbﬁc(k:3;7'2,7'3)+5 perms,
a,b,c=+
(2.17)

where the total of 6=4!/4 permutations correspond to the different ways to form unordered
pairs out of the four k;. Then, the trispectrum can be connected to the seed integral (2.10)
through a simple relation, such as

i —20 -2

‘= N+ e 5 : 2.18
(s Pha Phs Pha) = D PaPpAag Tohohahaky, | 2 Tabeos + 5 perms (2.18)

2.2 Derivation of bootstrap equations with double-exchange

Now, our task is to compute the seed integral (2.10). However, the nested time integral of
the special function makes it difficult to perform a direct integration. Instead of doing so,
here we derive differential equations that the seed integral satisfies and subsequently solve
them with appropriate boundary conditions. To facilitate the later derivation, let us first
change the integration variables from 7; to z; by

—kiT1 =21, —koame = 20, —k3T3 = 23, (2.19)



and hence z; € (0,400). Then, the propagator Dg inside the seed integral (2.10) can

be rewritten as

D2 (ki 1, 70) = D2 (k:l; _a —22> — kBDE (21, uz), (2.20)
k1™ koa
where we have defined momentum ratios as
k1 ks
u=-—, V= —, 2.21
k24 ka4 (2.21)
and “hat” propagators Dab by
~ H2pe THa
D, (a1,uz) = == (uz)? Hy) (21) HE), (uz2), (2.22)
~ ~ *
DS _ (z1,uz) = (D‘_“Jr (21, uzg)) , (2.23)
ﬁﬁ‘:i (z1,uz2) = 0 (uze — 21) ﬁg‘zi (z1,uz2) + 0 (21 — uzz) ﬁ‘j‘:jF (z1,uz2) . (2.24)
In the same way, for ch (2.10), we have
22 23 37
Dy (ks;2,73) = Dy (ks; e’ —k3> = k3 3D} (vz2,23) . (2.25)

With the redefinition above, the seed integral (2.10) is written as

P1P2P3 H_4(_iabc) > P1 P2 P3 _—iaz; —ibzo—iczs Na NG
RS = “uipiottes dzidzodzs 21" 25°25°e D3y (21, uz2) Dy (v22, 23)

= mfféfﬁ’é (u,v), (2.26)
where we have introduced the hatted seed integral 7 in the second line. Note that the seed
integral depends on the two combinations of momentum, u = ki /kog and v = k3/kos. The
important observation here is that lA);“b (ﬁfc) depends on a specific combination uzs (vz2),
which allows us to derive differential equations for the hat propagators with respect to u (v)
instead of 7 or z2. For example, from egs. (2.8) and (2.9) with change of variables (2.19),
we find that lA)g‘b (z1,uzy) satisfy

97 ~
{23832 —2200., + (uz0) 24 12 + 4] DE - (z1,uz2) =0, (2.27)

97 ~
{z%@i —2290,, +(u22)2—|—,ui+1 DS (21,uz0) = FiH? 23 (uz0)?6 (21 —uzs) . (2.28)

Then, noting 220, f(uz2) = ud, f(uz2), one can rewrite the equations above to those with
respect to u that is

91 ~
{uz@% — 2udy + (uze)?® + p2 + 4} DY+ (21,uz2) =0, (2.29)

971 ~
{UQQQL — 2udy + (uze)? + p2 + 4} D%y (z1,uz9) = FiH%22 (uz0)? 6 (21 —uzg) . (2.30)
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In the same way, for ZA)EC (vz9, z3), we obtain

91 ~

{v%ﬁ — 200, + (vz9)* + ,u?g + 1 DijF (vzg, 23) =0, (2.31)
91 ~

{U283 — 200, + (v20)? + ,u% + 4} Dii (v22, z3) = FiH? (v2)? 226 (vzg — 23) . (2.32)

The seed integrals consist of massive propagators. By utilizing the differential equations
mentioned above and employing integration by parts, we can derive the differential equations
that the seed integral satisfies. Let us begin with the simplest case, fi:pi which involves
only the non-time-ordered propagators ﬁijF, where the bulk time integral at each vertex is
completely factorised. By applying some derivative operators, it can be easily shown

:/Z\:plpzpa

9
292 2
{u 8u_2ua“+u’a+1 +F+,08

o0 L 97 ~ .
:j:iH_4/0 dzlszdzgzﬁ"lZSQzf?"‘e]“zlj“zﬁlz3 u285—2u8u—|—,ui+1 De ¢ (zl,uZQ)DfFlL (v22,23)

oo
= $iu2H_4/ dz1dzodzs z]flzngrzz?'(ﬁtlzlilzﬁ”zf’D‘j‘:$ (Zl,’U/ZQ)Dii (v29,23), (2.33)
0

where we used homogeneous equation (2.29) from the second to the third line. The equa-
tion (2.33) is proportional to the original ZP1:P2+2Ps where the power index ps is increased
by a factor of two, and one can relate it to ZPP2P3 by the following formula

/ dz 22727132 f(uz2)g(v2) = — (udy +v0y+p+2) (u@u—i-v@v—i—p—i—l)/ dzzPe % f(uz)g(vz),
0 0

(2.34)
for well-behaved functions f(uz) and g(vz), and with a = 4+1.2 Tt turns out that (2.33)

can be written as

~

TR o= (udy + v0y + p2 + 2) (udy + 00y + po + 1) IEPP?
(2.35)

9
[u283 — 2udy, + p + 1

2The proof is as follows. First, we note
0= / dz 0, [zp+le_iazf(uz)g(vz)]
0

= / dz 2Pe % [p+ 1 —iaz 4 udy, + v8,] f(uz)g(vz),
0
by 20 f(uz) = ud. f(uz) and so on. Therefore, we have

/ dz 2PT'e ™% f(uz)g(vz) = —ia (udy + v8y +p + 1)/ dz 2Pe ™% f(uz)g(vz).
0 0

Placing p — p + 1 in the above equation, we arrive at
R .
/ dz 2"T2e79% f(uz)g(vz2)
0
= —ia (ufy + v, +p + 2) / dz 2PT'e ™% f(uz)g(vz)
0

= — (uBy + 0y + p + 2) (uBy + vy +p + 1)/ dz 2Pe % f(uz)g(vz).
0

— 11 —



By moving the right-hand side to the left, we arrive at the homogeneous differential equations
satisfied by Z4+4, which are free from source terms,

DG IRPP (u,0) =0, (2.36)
where the differential operator D is defined as

9
ijEu28ﬁ—2u8u+,u§+1—u2(uau+v8v+p2+2)(u8u+v&)+p2+1)

=u? (1 — u2) 02 —u*?9? — 2u{1 +u? (p2 + 2)}8u — 2u?v (p2 +2) 0,

9
— 2u300,0, + <,u§ + > —u?(p2 +2)(p2 + 1), (2.37)

4

giving the bootstrap equation for fijFi with respect to u. In the same way, one can derive
the one with respect to v,

DY IR (u,v) =0, (2.38)

where the operator D is obtained by replacing u <+ v and « <+ 3 in (2.37). In summary, we
find that the seed integral fi;i simultaneously satisfies the homogeneous partial differential
equations (2.36) and (2.38).

The similar procedure is applicable to the other seed integrals. However, a distinction
arises when the derivative operators are applied to the time-ordered propagators ﬁii, where
the é-function on the right-hand side of eq. (2.9) introduces additional source terms. For
instance, in the case of i:l::l:q:a we obtain:

97 ~
242 2
{u au—2u8u+ua+1 Iilff’saﬁ

= 2 (u@u + 00y + p2 + 2) (ué?u + 00y + po + 1) f:pl:lzlt)gpp,?&ﬁ

S8} . . . A~
+ H%u? /0 dzpdzgdzg 2122022 ks FinFizatizng (o) 0) Di¢ (v2g,23), (2.39)

where the second line appears due to the §-function term in (2.30). Performing the zj-integral
and changing a variable by Zy = (u + 1)z2, this source can be simplified as

H—2qp1t4

o0 - _ . . ~ v 5
(u_|_1)plz+5/0 dZodzs Zg12+4zg36¥1zzi1z3piq: <u+12’2, Zg) . (2.40)

Remarkably, this source term now contains only one massive propagator and two time
integrals, which is actually associated to the seed integral for single massive exchange with
one linear mixing vertex Iféfg and its exact closed analytical expression has already been
investigated in details in the previous work [138] (also see appendix B for a summary of the
results). To be more explicit, the seed integral with single-exchange that we will frequently
utilize in this work is

0 . .
Thn = HH 2 (—ab) [ dndm(n)P (~r)R et m R DY (i ), (2.41)
—00
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where the notation used here is the same as that we defined in the double-exchange seed in-
tegral .

It turns out that the seed integral Iféfj (R) depends on a specific momentum ratio
R = 2k3/k1231. By using the single-exchange seed integral ZJ,*(R), eq. (2.40) can be
expressed as (see eq. (B.4) for detailed derivation)

ub1 p12+4,p3 2v
pP12+5 Iﬂ:¥75 <R = 14+u+ 'U) : (243)

Therefore, we obtain the bootstrap equation for fiijF with respect to u,

~ p1+4 21}
o TP1P2p3 _u 12+4,p3 _
Dy T os () = s e (R = HW}) : (2.44)

which is an inhomogeneous differential equation. In addition, fﬁg should also satisfy another
differential equation when the operator Dg is applied. One difference is that Dg will act on
the non-time ordering propagator Di¢ which has no source term contribution. Consequently,
the differential equation related to Dg should be homogeneous. Following the same procedure,
we can derive all bootstrap equations, which are summarized below:

The summary of bootstrap equations of different seed integrals.

o The fully factorised seed integral fijFi:

Dy Iiﬁi’jiﬂ(u, v) =0, (2.45)
D I 5 (u,0) = 0 (2.46)
o The partially factorised partially nested seed integral fii;-‘
- p1+4 1
1P2P3 _u p12+4,p3 _
YT J(u,0) = o TR (R - v) , (2.47)
DY IR (u,v) = 0. (2.48)

3Due to a non-linearly realized symmetry, whenever there exists a quadratic interaction of the form (2.11),
it must come also with the following cubic interaction, denoted as the “Lorentz-covariant” combination

Sint = — Z/d7d3x \/—g%g“”map&,@oa , (2.42)

where fr is an energy scale denoting the normalisation of the primordial curvature fluctuation, see section 5
for more details. With the insertion of one massive propagator and a quadratic vertex, this cubic interaction
gives rise to a single-exchange bispectrum diagram related to the seed integral (2.41) via
2 173
/ paH 1
Pk1 Pka Pk = - :
(1 P12 Prcs) 2 16 (kikaks)?

k12 <k§ B k% - k;) —1-2 k% — k% - kgz—z—z
k1koks ab k1ko ab

kg—0 k2

k)z — k2 —
lim [ 12 Sng 2 + ia
a,b=+4

+ 2 perms.
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Figure 2. The schematic diagram illustrates the double-exchange bootstrap equations. When acting
on it with the differential operator DY (DY) associated with the massive fields o, (03), the double-
exchange diagram reduces to a single-exchange diagram without the corresponding massive propagator.

o The fully nested seed integral A

~ p1+4 2’1)
o TP1P2p3 _u p12-+4,p3 _
DI = s TR (R ) 2
~ p3+4 9
B TP1p2p3 _ v 23+4,p1 __su
DU Ii:l::t,aﬁ (u7 v) - ,U1p23+5 Ii:tya (R - 1 + u + ’U) . (2-50)

The differential operator DS is defined in (2.37). The explicit expressions of
5 (R) can be found in (B.5) and (B.6).

Here “factorised” or “nested” is associated with the time integral. For the other partially
factorised partially nested seed integral i;ii,ag(u, v), the expression can be easily obtained
through replacing v <> v, o +> 8 and p; <> p3 in the result of fﬂ:i;,aﬁ, (2.47) and (2.48).

In figure 2, we show the schematic diagram of these differential equations. Once applying
the differential operators D,, (D,), the double-exchange diagram is reduced to the single-
exchange one for which exact closed results are already known from the previous work [138].
To be more specific, when the two SK indices of one massive propagator are opposite,
applying the corresponding differential operator causes the right-hand side of figure 2 to
vanish, resulting in homogeneous equations. Conversely, if the two indices are the same, an
additional é-term introduces a source term, which can be expressed using the seed integral
of the single-exchange diagram.

Alternatively, as mentioned in the appendix of [131], one can apply another differential
operator to both sides of figure 2 to further reduce another massive propagator. In doing so,
the source becomes the simple contact one, but the trade-off is that the differential equations
become of order four, and we noticed that it is then difficult to solve them. Instead, in this
work, we stand on the shoulders of giants, leveraging the known results of the single-exchange
diagram to derive those of the double-exchange one. By following a similar procedure, we can

4Similar differential equations for the fully nested integral were also derived in the appendix of [131], for a
double-exchange bispectrum with a specific coupling.
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apply analogous differential operators for more complicated diagrams. In the double-exchange
trispectrum depicted in figure 1 which we calculate in this paper, the interactions have two
quadratic mixings along with one quartic coupling of the schematic form 2?02, Additionally,
our method could be used to calculate another type of double-exchange four-point correlator,
that generated by two cubic interactions, one p?c and one po?, and one quadratic mixing.
Another important example is the seed integral for triple-exchange diagrams, with a four-point
correlator generated by a quartic interaction po? and three quadratic mixings. In appendix D,
we present the first steps of this calculation, leaving the detailed work for a future publication.

Before moving to the solutions of those bootstrap equations, let us first address the
limitations related to the procedure employed here. Indeed, although our analytical results will
represent the exact solutions to the bootstrap equations we just derived, those equations were
found using working hypotheses. The most crucial assumption is that the free Hamiltonian is
diagonal, i.e. there is no linear mode mixing and, rather, quadratic mixings are treated as
vertices of the perturbation theory. If we relax this assumption, we would need to consider
a coupled system of quantum operators (i)ﬁ(T) =3, @ék(T)&ﬁ + h.c. with independent
(creation and) annihilation (dLa and) aj. operators and defining a matrix of mode functions
(I)ék(T) and related propagators. Our assumption forces us to consider the quadratic mixings
of the form QP ®B, with Q4p an anti-symmetrix matrix, as quadratic vertices, therefore
assuming their effect is negligible compared to the kinetic and mass terms (we can without
loss of generality assume that the mass matrix is diagonal in the basis of these ®* [77]).
This assumption imposes upper bounds on the quadratic mixings that we consider explicitly
in this work, p, < H. By consistency, it also justifies our neglect of the other quadratic
mixings between the massive fields o, identified in [175], as those would result in higher-order
corrections suppressed by additional powers of small coupling constants. Having delineated
the regime of validity of the analytical results will be important when we will dig into
the phenomenology of double-exchange diagrams and compare predictions of the theory to
observational constrains. It will also be important to compare our analytical results to an
independent method not relying on this perturbative scheme for the quadratic mixings, as
provided by the Cosmological Flow framework [170, 171] and its numerical implementation
CosmoFlow [172]. These endeavours are undertaken in section 5 in great detail. We finish
this section by mentioning another hypothesis leaving room for future works: we assumed
that the inflaton fluctuations ¢ have unit speed of sound, while be it in general single-field
inflation or in the framework of the effective field theory of inflationary fluctuations, ¢2 # 1
is ubiquitous. In particular, it was recently understood that a small speed of sound could
result in interesting phenomenology in the soft limits of single-exchange diagrams, denoted
as “low-speed collider” [90, 132], and it would be interesting to extend our results to this
intriguing scenario.

3 Analytical computations for bootstrap equations

In this section, we will solve all the bootstrap equations derived in section 2. Readers who
are not interested in technical details can directly skip to section 3.3 for the summary of
final results.
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Let us start from f:t¥:|:, which satisfy the homogeneous partial differential equations (2.45)
and (2.46), or explicitly,

{u2(1—u2>83—u2v28§— {1+u 2—|—2}8u—2uv D2+ 2) Oy
9
— 20200, 0, + (ui + 4> —u?(p2+2)(p2 +1 } s = (3.1)
{’UQ (1 - ’UQ) 9% — v®u20? — v {1 + 02 (p2 + 2)}&) — 20%u (pa + 2) Oy
9
— 20%ud, 0, + <u?; + 4> —v*(p2 +2)(p2 + 1)} 5P = 0. (3.2)
We find that this system of partial differential equations can be solved analytically by

u2,v2] ,

(3.3)

44-p2—i(apa+bpg) 5+pa—i(apatbus)

1P2pP3 —iapa —ibu
TR = > i ap w2 30N T 2 2
ab—dt 1 —iapta, 1 —ibug

where c4+4 o with a,b = £ are four undetermined coefficients, which will be fixed later by
imposing proper boundary conditions. Fy[---] is the dressed Appell series defined in (A.9).
Note that Fy[---] with this definition is only convergent for u + v < 1, and we will discuss in
detail the continuation to all physical kinematic regions in the next section.

The other seed integrals satisfy inhomogeneous equations, and therefore, the general
solutions can be expressed as the sum of homogeneous solutions, as shown in (3.3), and
particular solutions, which will be discussed in the following subsections.

3.1 Particular solutions

Here we aim to find particular solutions for the inhomogeneous bootstrap equations repre-
sented by (2.47)—(2.50). These particular solutions are denoted as Pilff; op and PR 55
respectively.

The particular solution ’ﬁii:F. This solution contributes to the partially factorised
partially nested seed integral and must satisfy a system of specific equations

Do SP1P2D3 up1+4 Ip12+4,p3 R = 2v 4
w Ptz ap(uv) = S Tz ~Truso) (3.4)
Dy Piffi,@(“ v) =0. (3.5)

To find solutions, we begin by rescaling

up1+4 ~

pP12+5 Pai, (3:6)

ﬁiﬂ:ﬂF =
and change variables by r; = 2k;/kj234, then

2u 2kq 2v 2ks
= =7, =
l4+u+v ki DT uto k1234

=rs, (3.7)
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such that equations (3.4) and (3.5) become

lr%(l - 7“1)331 - 7“%7"387“16% - ( (4 + pl) ry—2 (3 + pl) )Tlaﬁ

5\2 | ~
~ (3 p) raradn, 4+ (m+ ) ]Piﬁézwl,rg) ST ) (38)

r3(1 = r3)02, — r1r30p, Ory + (54 p12) s — 2 (6 + p12) ) 730y,

13\? | =
-+ (6 +p12) 7'17“337«1 + ,u% + (p12 + 2) ‘| ilzi):zgsaﬂ(rl, 7“3) =0. (3.9)

The differential operator appears asymmetric at the moment due to the unbalanced rescaling
of P as defined in (3.6). Referring to (B.5), the right-hand side of (3.8) originates from the
factorised component of the single-exchange seed integral and is explicitly provided by

TPEHP () — 3 eFiz(Pr2=ps) r >+ p3tiug, 5 +ps—ipg, B + pi2 —iapg, iapg
+F.6 3 210+p123—213M[3ﬂ-% 3+ P3

a=4=+

(3.10)

1 : 13 :
13 . 5 —ia 5 +p12 —1a
X 132 +p12 13#52F1 [ 2 /11,87 ) p NB ra

1-— 213#5

The source term exhibits non-analytic behavior in r3 (like a r?”ﬁ term). Motivated by
this observation and the series expansion of the hypergeometric function (A.3), we propose

the following ansatz for P,
eFi% (p12—ps)

PLLLS (r1sr2) =

5 : 5 . [e%9)
5 i 5 i 13
5 tP3+1iug, 5+D3 Mﬁ] Z Z Ai?(a)r?@rg-i-pm-i- S tiapg .

210+p123ﬂ-% 3+ps3

a=+m,n=0

(3.11)

We usually denote the oscillatory terms as CC signals, which can help identify the mass of
exchanging particles based on the frequency of oscillation patterns. On the other hand, the
featureless analytic terms are commonly termed as the background, upon which the signals
are situated, and its effect can often be mimicked by inflaton self-interactions. Here we note
that this ansatz is designed to be analytical along the r; direction but exhibit non-analytical
oscillatory behavior along the r3 direction as stated above. This characteristic suggests that
it represents the contribution that arises from the mixing between the background and the
signal. The coefficients Aﬁf(a) are determined by the differential equations (3.8) and (3.9).
Upon substituting the ansatz, we obtain the following recurrence relations,

i@ _ B+pi+m)(m+n+pip+13/2+iaps) i)
Am+1,n - 2 2 Am,n ) (3'12)
(m+p1+7/2)2 4+ 12
.AiijF(a) B imwl/2 csch(ampg) % +n +iaug, % + p12 +n +iaug (3.13)
O,n p2 + (py +5/2)2 1+mn, 1+ n + 2iaug ’ '
AEET) _ (1/2 4+ n +1iapg) (m +n + pr2 + 13/2 +iaup) AEEF@), (3.14)

myntl (n+1)(n+ 1+ 2iaug)
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where the first two are obtained from (3.8) while the last one is from (3.9). These recurrence
relations can be solved®

. L
pxt¥a) _ _im2 esch(ampg) (3 +P1)m
™ 2+ (m+p1+5/2)2 (3 +p1— iua) (% TPt i“a)
m m
L |3 tians, T mn+pi +iapg (3.15)
1+n, L+n+2iaps 7 |

where (a),, = T'(a +m)/T(a) is the Pochhammer symbol. Upon inserting it back into (3.11),
we derive the particular solution. It is noteworthy that one of the infinite summations, for
instance, the n-summation, can be explicitly performed. After performing the summation
over n, we obtain

-~

p1p2p3
TEF.af T
Z uP1t4 'i eFiz (p12—ps) Tp12+§ T
pP12+5 9210+pi23 3
+

a—=

X Z esch(mapg)rrs T

m=0

3+p1,3+p3

3FD1+ifa, g+p1—iua,g-&-pg—&-i,ug,g—&-pg—i,uﬁ]

3+m-+p1
FHMAPL—ifia, 5 Mt

3 Hiaug, SHmtpiotiapg
1+2iapg

(3.16)

The particular solution 73i:l::l:- Lastly, we examine the particular solution for the fully

nested seed integral ﬁilﬁip 25 Which satisfies the system of differential equations,

DOPIIPPS (1) 1)) = uPrt TP12t4p3 (R _ 2v ) (3.17)
u’ 4+ af\™ pP12+5 ++,8 14+u+w ’ '
R p3+4
DYPLAYS . 0) = s Tt (R= ) (3.18)
Similarly to the previous discussion, it is advantageous to perform rescaling in the following way
~ uP1t4
Piis = Wpiii, (3.19)

and changing variables by (3.7). Then, the bootstrap equations are transformed into

[r%(l — Tl)afl — 7“%7“38718% —(A+p1)r1—2B+p1))r10r,

o i
s (rrs) = IV 57 (rs) (3.20)

5 2
— (3 +p1)7”17“38r3 + /J/i + <p1 + 2)

r3?(1 —r3)07, — r173°0p, Opy + ((5 +p12) 3 — 2(6 + p12) )T387‘3

2 13)? DP1P2pP3 ry ) P2t p23+4,p1
+ (6 + p12) r1730r, + p3 + (P12 + 5 it ap(r1,73) = " IyPa " (),

(3.21)

5The solution is completely fixed by (3.12) and (3.13). One can explicitly check that the remaining
relation (3.14) is automatically satisfied by the solution (3.15).
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where the source term originates from the nested part of the single-exchange diagram, and
its exact expression can be found in (B.6),

T +4,
L B " (rs) =
FiZpi23 5 ; §_|_ i + +
7:t1 ¢ r|?2 P35, 3 TP3—Ilp X 2|2217r%7“3p123+93]:2 17p1.23 %3 PS‘ T3
T 7 7
210+p123 13 3+p3 5+p3—iug, 5 +ps+iug

3 1 _
+ ) eFranaRians { 5 +p12—1a/w,1a/iﬁ} rg 2 tPI2—RRus P |2 f2j1g, 3 +Pro—ians
a=% 1- 213#[3

(3.22)

where ,F, is the dressed hypergeometric function defined in (A.4), and Ifff’p '(ry) is given
by the same form as (3.22) with replacement r; <> r3, p1 <> p3, and « <> . Inspired by the
structure of the source term and the series expansions (A.3)—(A.4), we choose the following

ansatz for the particular solutions:

DP1P2P :i:iejFi%Pm T§123 0 L »
1P2P3 o
Prstaplrrs) = 10+ D R (e

2 P123 772 0

et 13 1 n—p1—32+iap
+Z {Aiii(a UL p3+ 5 +Hapg +Brin,ini(a)r1 2 ar3m+9}]’

(3.23)

which comprises three terms, each exhibiting distinct analytic structures about r; and r3 due
to their different origins. The C-term is analytic in both the r; and r3 directions, indicating
that neither of the massive propagators excites CC signals, and thus, it serves purely as
the background. On the other hand, the A and B-terms feature oscillatory behavior in
one direction, suggesting that one of the massive propagators excites CC signals, making
it the signal-background mixing term. By substituting the ansatz into (3.20) and (3.21),
we obtain the recurrence relations for the different terms which are summarized at the
end of this subsection.

With the explicit forms of the coefficients and after performing one of the infinite
summations in (3.23), we finally obtain the particular solution as

pPiP2ps w1t ) eFizP1zs T g+p3_iﬂﬁa%+p3+iﬂﬁ
+++.a8 pP12+5 910+p123 {Ma+(pl+5/2)2} 3+p3
o0 m
X - (3+P1)rm 7 {r§+p12“ X 3F2 [ 7 1,3+p'3,94;m+p1?3 7'31
m=0 (§+p1—iua) (%+p1+ma) 2T P3 11, g+ D3 TIks
m

1 B
+ Z coth wauﬁ):ﬂ) P +pia—iang % o Fy l 2 13#67 ; —|—2m—|—p12 1a,u/3
a==+ 1a,u5

Ha = [p

+| preps |- (3.24)
U<>V
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The summary of recurrence relations and solutions of different coefficients.

o The coefficient related to the background term Cfffni :

oLt _ (mA3+p1) (m+n+p1as+9) i

= C , 3.25
m+1,n M§+(p1+m+7/2)2 m,n ( )
CEEE _ Fi2ym (3+p3), I'(p123+9+n)

Om 1 o 2] [, 2 2] (7 . 7 . '
|12+ (p1+5/2)%| |13+ (pa+5/2)°] (§+p3—1u5)n (§+p3+1u5)n
(3.26)
41t (n+3+p3)(m+n+pia3+9) iy
Cm,nJrl - 2 2 m,n > (327)
p3+(p3+n+7/2)
Chtt=Cin™ with (p1<rps, acrB,n—m). (3.28)
o The coefficient related to the background-signal mizing term Aiﬁi:
Lti(a) (m+3+p1) (m—l—n+p12+§—|—iau5) ()
‘Aerl,n = 2 2 ’Am,n 5 (329)
pi+(pr+m+7/2)
QG _ (5 +iapss) (me+ntpio+ 5 +iaps ) @) (3.30)
mntl (n+1)(n+1+2iapug) mn :
EEER) i e*m™as /T esch(mapug)
o p2+(p1+5/2)°

T S +n+iapg, B +n+piotiapg, 3+ps—ipg, 3 +ps+ing '
1+4+mn,3+ps, 1+n+2iaug
(3.31)
As for the other coefficient Biﬁi(a), it satisfies the same relation as Aiﬁi(a) with

the replacement p1 <> p3 and o < f3.

o Finally, solutions of those recurrence relation are given by

T4t Fi2y/7 T (pras+9+m+n)
12+ (p1+5/2)°] 13+ (ps+5/2)°]
(B+p1),, B+D3),,
x 7 : 7 . 7 . 7 . ’
(5 +p1—lﬂa>m (§ +p1 +1,ua)m <§+p3—1u5)n (5 +p3+1,u5)n
(3.32)
) _ iy/met™Hs csch(rapg) (34+p1),,
m,n - 2 2 7 R 7 :
pat+(P1+5/2) (5 +p1—1ua)m (5 +p1 +1ua)m
T | 3HP3—its, 3 +pstipg, mtntpi+ P Hapg, 3 +ntapg
14+n,3+p3, 1+n+2iaug ’
(3.33)
Brnt® = ATEER with  (p1 > ps, a2 ). (3.34)

— 20 —



3.2 Determine the coefficients

Summarizing the results so far and recalling the relation Z = u_4_p1v_4_p3f, the general
solutions for the seed integral 7 are given by

5 y 5 ) 4+p2—i(dua+eu5) 5+p2—i(dua+eu5)
de—t 1 —idpua, 1 —ieps
SP1P2P3
abc,a
e 359

where the particular solutions are given by ﬁi}pf ap = 0, (3.16) and (3.24) respectively. Cabc,de
are undetermined coefficients and should be fixed by boundary conditions. Previous works
on single-exchange diagrams typically use the folded limit and factorised limit as boundary
conditions [106], but obtaining the formula under such limits can be challenging in our case.
Instead, we adopt an alternative method proposed in [135], where the double soft limit u,v — 0
is imposed as the boundary conditions. Under this limit, the seed integral (3.35) becomes

4+p2—i(dua+eu5) 5+p2—i(dua+euﬁ)
5 id 5 .
lim Iféffﬁs = Z Cabe.det 2 PUT1GHag™37P38Ms T 2 ’ 2
u,v<K1 ’ de—a 1 —idpa, 1 —ieug

(3.36)

Note that the particular solutions (the second term of (3.35)) are subdominant in this limit.
On the other hand, the time integral under such limit can be readily determined by employing
the partial Mellin-Barnes representation, as detailed in the appendix C. By comparing the
expressions, we can fix the coefficients as

Cortde = —€T 2 P137P2) csch (mdpug) esch (mepg) x T(pi, pa, D3, Has 15) »

(3.37)

Ciirde = Fi1eT2P127P) osch (mdpuy ) csch (mepug) ™Mo x T(p1, po, ps, fas g) > (3.38)
Cifde = Cyyted With (p1¢>p3) and (a > f), (3.39)
(3.40)

C:t:l::t,de - e¥ig10123 csch (Wdﬂa) csch (Weﬂﬁ) 6¥W(d#a+eu6) X f(plvp?;pi%) Has H,B) P
with the new defined function,

1 5 . 5 . 5 . 5 .
~ . T2 5 +p1 — e, 5 +p1 +ifa, 5 +p3 —iug, 5 +p3 +iug
=_ - 2 2 2 2
F(p17p27p37,u’047/j’,3) = 24+p13_p2F 3+p173+p3

(3.41)

3.3 Summary of solutions

After lengthy calculations, we have finally arrived at the exact solution for the double massive
exchange seed integral (2.10). In this section, we summarize the detailed forms of various
types of seed integrals for reference. We also remind readers again of our notation. The
numbers p; characterize the types of vertices in the seed (2.10), and the summation is denoted
by pij = pi + pj, etc. The indices «, 3 label the massive fields with masses m, and mg. The
momentum ratio is defined as u = ki/kas and v = ks/koy, where koy = ka + k4, and we
further introduced 1 = 2u/(1 + u 4+ v) = 2k1/k1234 and r3 = 2v/(1 + u + v) = 2k3/k1234.
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The functions 3F2 and Fy represent the dressed versions of the hypergeometric function and

the Appell series, defined in (A.4) and (A.9), respectively. The coefficient f‘(pl,pQ,pg, P, 113)
is defined in eq. (3.41).

e The fully factorised seed integral:

jiT — = —5_pi—iape,, —2—p3—ib
Iiljfi’jzﬁ:—e;lz(pm P2 T(p1, pas D3, fhas 115 Z csch (mapq ) csch (rbpg)u™2 "PLT 18k ay T2 TP TIOME
a,b=+
4+p2—i(apatbug) 5+p2—i(apatbus)
2 ’ 2

X Fy . :
1—iaptq,1—ibug

u{uQ] . (3.42)

o The partially factorised partially nested seed integral:

P1P2P3 —
Lotz op=

FieTiz (Pr2=ps) f(pl D25 D3 o 113) Z csch (majiq) csch (rbyug) eFrake w3~ P1—iaka,— 3 —ps—ibugp

a,b=%4
44pa—i(apatbpg) 5+p2—i(apatbus)
2 ) 2 u2,v2
T§12+173 e¢i%(p12—p3) - i
7T1/2 ’Up123+9 26+2p2 F(php%p?n:uowuﬁ) X z;t ZOF
a=tm=
3 Hapg, 5 +mpio+aug
H-Qiauﬂ

X.F4

1—iapa,1—ibug

3+m-+p1
§HMApL—ifta, §HmApr i

ia
x csch(mapg)r'ry'? x o F

7"3] : (3.43)

The results for Z'P?P3 . can be obtained by replacing u <+ v (r1 < 73), p1 < p3, and
: p1p2p3iijF’a6
a < fin I225 o

e The fully nested seed integral:

P1p2pP3
Iiii,aﬁ -

eFizpizs f‘(plap%pi’n/imﬂﬁ) ~ Z csch (Wa#a) csch (Wbﬂﬁ) eﬂFﬂ'(aua-&-bMB)u—%—m—iauav—%—ps—ib/w

a,b=+
44pz2—i(apatbps) 5+p2—i(apatbus)
X Fy 2 . ’ . ? UZ,UZ
1—iapia,1—ibpug
13 ig . !
+ 7’§12+ 2 eTigpi23 T g+p3—1ﬂ5’ g+p3+luﬁ
pP123+9 210+pi23 {,ui-l-(l)l"‘sﬂ)?} e
o0

34+p1), 1" 3 1,3+ps, 9+ m+pias

X Z 7 ( )7 L g 3 F 7 g, L s
= (G+pi—ina),, (F+p1+ina),, 7 +p3—iug, 5 +psting

1 s 13 .
—i 5 —laug, 5 —1a
+ (coth(mapg)F1)ry "% xoF [2 lapg, 5 +m-+pig—liapg s

= 1-2iapg

Mo < g
>+ D14 D3

U< v

(3.44)
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4 Continuation to all kinematic regions

4.1 Continuation and resummation

The homogeneous solutions presented in the last section are expressed using a specific type
of two-variable special function, namely the Appell function Fy. This function converges only
when u + v < 1. Meanwhile, some parts of the particular solution exhibit divergence when
u + v > 1. Therefore, the aforementioned results about the trispectrum are only applicable
when the two massive propagators are relatively soft. Adding to this concern, the physical
regions for the bispectrum are constrained to w + v > 1, aligning with the triangle inequality
ki + k3 > k9.5 In this section, we aim to extend the analytical results to all kinematic regions,
ensuring validity even in the bispectrum limit. Without loss of generality, we fix the power
indices as p; = po = p3 = —2 in this section. The results for alternative values of p; can be
derived by applying appropriate differential operators to the subsequent results [135]. Also,
we will mainly focus on three representative integrals, namely Z,_, 7, and Z, 4, since
other components can be obtained by taking complex conjugations or permuting the variables.

Seed integral Z . Let us begin with the most straightforward case, denoted as 7, _,,
which is completely factorised in the time integrals and satisfies the homogeneous bootstrap
equations, (2.45) and (2.46). To speed up the convergence of series, we observed that
employing the variables r; = 2k;/k1234 or 7; = 2k;/k123 (for the case of the bispectrum),
defined as substitutes for (u,v), proves to be more efficient. Note that the divergence for
u 4+ v > 1 mentioned above appears in the region ry + r3 > 1 for the new variables.

Two-variable hypergeometric series Fy, which are present in the homogeneous solu-
tion (3.42), can be transformed into another second-type Appell function F» with arguments
r; using the formula (A.10). Subsequently, F» can be expanded as a series of hypergeometric
functions through (A.11). This allows us to express the original expression as follows,

*, P 3 —s+mitiapa —Li+ibug
Ty 4(r,m3) = Z Z —ﬁcsch(%raua) csch(2mbpg) (r1 +r3 — 2)°r; 2 g 2
a,b=+m=0
o T 2 +m+iapg 2 +ibug,2 +m +iap, + ibug

14+m,1+ m+ 2iapq 1+ 2ibug

In the obtained result, there are four series corresponding to indices a,b = £. Omne can

(4.1)

check numerically that each term diverges when the sum of r; and r3 exceeds one. However,
intriguingly, cancellations occur when all terms are summed together. To better visualize
these cancellations, we can regroup the terms in pairs and employ the hypergeometric function

SA similar divergence in three-point correlators also emerges in the conformal correlation functions in
momentum space, specifically in the Triple-K integrals [176].
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transformation (A.5) to rewrite the expression as

Zy—y(r1,rs) =

> 3
Z i m2csch (27 g ) sech(mpg) (21 + %3 — 1) r

m=0

%—}—m—i—iua,Z—}—m%—i,ua—i,uﬁ
1—|—m,1+m—|—2ma,%+iu5

. i 1 . . .
« T;%+m+war;%+m52}_l 5 tipg, 2+ m+ipa +ipg

1—7r
b m i ’

+ (Na - _,U«oc) : (4.2)

The final expression of Z,_ is now well-behaved even in regions where r; + r3 > 1,
and thus the validity of the analytical expression is extended to all physical kinematic
regions. Regarding the bispectrum limit, one can simply replace every r; above with 7,
and the convergence is also guaranteed. Alternatively, we can take a different perspective
on the continuation procedure. In the initial steps of solving homogeneous equations, we
can directly introduce an ansatz, similar to our approach to finding particular solutions.
After the resummation of one variable, the ansatz for the homogeneous solution will take
the form outlined above.

Seed integral Z, . The case of the partially factorised partially nested seed integral
T+ closely parallels our previous discussion. The particular solution after summing over
the series of 7§ shows great convergence within the three-point region (k1 + k3 > k2). Then,
the only thing we need to be concerned about is the homogeneous parts Y, _, which can be
addressed using the same procedure as before. After changing variables and expanding the
results as the hypergeometric series, we noticed that the expressions can be systematically
regrouped in pairs, which finally reads as

Vig_(r1,r3) =

o0 72 L g, 24+ m4ipa+ip
o h h sech T 2 )y [ B
Z{ g lesch(mua) +sech(mpia)] sech(ms) L+m, 1+m+2ifa, L —iug

m=0

_1 i 1 3 1. 92 s
X7 2+m+mar32 ing (7‘1 7"3_1> 2]__1{2 ipg, 2+m+ipe —ipg

+ ; .
§+m+1,ua

1_
2779 "3

+(ua—>—ua)}~

(4.3)
Adding the particular solution (3.16), we obtain the final results valid for all physical

kinematic regions,
Lyy—(r1,r3)=

S mAipe, 2+m+ipa+ipg
1+m, 1—|—m—i—21,ua,%—iug

00 7T2
> { — 5 losch(mpa) +sech(mpa)] sech(mpug) T

m=0
—Ltmtipa —1-ipg (7"1 3 >3 5 —ips, 2+ m+ipe —ips
% 2 2 ML | F 2 1— —
(5] T3 B + B 2771 %+m+iﬂa T3 +(/~La Na)
> 1+m
+ im2esch(2mpg) sech () T . .
3 firtemmasantmar [,
“1ting (rl T3 )3 L tiug, 24+m—+iug
X7, 2 — =1 oF| 2 2 +(pug— — , 4.4
' 53 21 1+ r3| + (s — —hg) (4.4)
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where the first and second summations represent homogeneous and particular solution
respectively. Before moving to the discussion about the most challenging case, let us first
comment on the order of summation. Initially, the particular solution involves a double
summation series over r{'r%, and we are able to sum up one layer of an infinite series. As
we chose earlier, the initial step involves summation over r%, resulting in a convergent series.
However, an alternative approach involves initially summing over the series related to 7.
In this case, the particular solution then becomes

%) 3 1 .
. 92 1 T3 §+n+1/‘ﬁ
. = h(2 h —4+=-1
Pr-(roms) = 3 ineseh(2nns) e wa)(2 ) T AR
Lt ntipg 1,1,2 5 —i—n—i—l,ug
X 1y 2 3F2 + (ug — —pp), (4.5
3 [ ity 3 4 ipig| | T 0 8) )

but one can verify numerically that this series is divergent for regions where r; +7r3 > 1 (more
precisely, it behaves as an asymptotic series). To ensure the final contribution is convergent,
instead of expanding it as a series of hypergeometric functions with the argument r3 as
n (4.1), we should expand it with argument dependence on ri, which is

3 14y —1imyi
Vit (r1,73) Z Z —im?e™He csch(2mapu, )esch(2mbyig) (%Jr%?’fl) Ty 2+a/w7n32+ +ibug
a,b=+m=0
%-l—m—i—ib,uﬁ T
. 2
14+m,14+m+2ibug

5 1 fiapie, 24+ m-+iapg +ibug
14-2iap,

1 . (4.6)

Unfortunately, regrouping it in pairs, as in (4.3), to achieve convergence is not possible
in this expression since the coefficient of each term does not match. This is expected, as
the particular solution (4.5) is superficially divergent and requires another component to
cancel it. We have explicitly verified that although both (4.5) and (4.6) exhibit superficial
divergences at kinematic regions relevant for three-point correlators, the summation of these
two is actually well convergent in all physical regions, yielding the same results as (4.4). In
other words, we should treat (4.5) and (4.6) as a whole, which provides a complete and
finite result. Let us highlight the difference in these two final expressions: for Z,,_, the
argument inside the hypergeometric function is r3, representing the summation over the r3
direction being performed first. On the other hand, for P, _ and Y in equations (4.5)
and (4.6), we summed over r; first. In summary, to obtain the final convergent result, we
observe that the order of summation is crucial, and both the particular and homogeneous
solutions should be summed along the same direction to eliminate the superficial divergence.
Otherwise, we may end up with an unphysical result.

Seed integral Z, . Finally, let’s examine the fully nested time integral 7, ., which
poses the most challenging case. By employing the same procedure of expanding the original
homogeneous solution, we reach the following result,
o 3 1+ +i 1+'b

. ——+mtiapa, —Z+ibug

Viri(ry,rs)= Z Z m2em(@Hatbie) osch (2ap,, ) csch(27byug ) (%—i—%d—l) r, 2 s 2
a,b=+m=0
* ibjug, 2 m+iapa +ibyis
1+2ibys

xI'

1 .
—+m+ia
5 Ko JFi
1+m,14+m+2iap,

7“31 . (4.7)
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This homogeneous component remains superficially divergent at kinematic regions relevant
for three-point correlators and cannot be regrouped into pairs to cancel out the divergence.
Similar to the preceding discussion, we therefore need to incorporate contributions from
both the homogeneous and particular solutions to obtain finite and convergent results. By
incorporating the particular solution, the final expression takes the form,

Tyiy(r1,rs) =

00 3 1 i — Ll
Z Z m2em(@ratbi) esch (2mapy ) esch(2mbyg) (Tl + B 1) o 2t ey 2 tibis
7 2 779
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m=0

%—Fm—kia,ua
1+m,1+m+ 2iap,

x I’

s % +ibug, 2 +m +iap, +ibug
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%—I—m—i,ua
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T L et PR
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+ mZ::O m2sech(mpug) sech (7 iy ) <7°21 + %3 - 1) ry’

1+m 1,1,3+m
x T [3 . 3 . [3 . 3 . T3] ) (48)
§+m_1:uaa§+m+1ﬂa §_lﬂﬁ,§+lluﬂ

where the first summation comes from the homogeneous solution, while the second and

third summations arise from the particular solution with a partially non-analytical structure
(signal-background mixing term). The last summation is the result of the particular solution,
which is analytical in both 71 and r3 (purely background term). As previously emphasized, the
order of summation is crucial, and in the formula above, each term involves a summation along
r3. Alternatively, one can first sum along the r; direction, yielding similar results. In figure 3,
we compare the exact analytical results (4.8) with the corresponding numerical calculations.
We have chosen 71 = r3 = r, while the mass parameters p, and ug are different in the left
and right panels. We can see that the analytical expression shows excellent agreement with
the numerical calculations. Interestingly, unlike the single-exchange diagram, the oscillatory
pattern shown in figure 3 displays novel features, akin to the overlay of two oscillation signals.
In section 5, as we delve into phenomenology, we will explore these characteristics in detail.

In summary, certain series may initially exhibit superficial divergences, nevertheless,
by properly organizing and treating them as a whole, the final expression yields a finite
result applicable to all configurations of physical momentum. It is anticipated that certain
terms in the final results can be related to each other through some mathematical formulae,
potentially leading to the explicit cancellation of divergent components. For example, one
potential approach involves employing the expansion series of the hypergeometric function
around the arguement unity [177], particularly in the regions where 7 + 3 > 1. However,
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Figure 3. The comparison between the numerical calculation and exact analytical result (4.8). The
gray dots and red solid line represent numerical and analytical results, respectively. For the numerical
calculation, we directly perform the time integral of the seed integral (2.10). In both figure we set
r1 = r3 = . The masses are chosen as yo = g = 2 in the left panel and po = 1.5, ug = 2 in the
right panel. For better visualization, we multiplied Z,, by a factor r'/2.

this transformation introduces significant complexity and further complicates the expression.
These transformations and simplifications are beyond the scope of this paper, and we leave
a more detailed discussion to future work. As a final note, we stress that although our
final analytical results are still expressed as (single-layer) infinite summations, the series
expansions are explicitly convergent. For concrete evaluation, one may therefore incorporate
any number of terms to reach an arbitrary precision. For example, in figure 3, we included
all terms with m < 20, an approximation which perfectly matches the numerical calculation
of the integrals, as far as the eye can tell, and the summations could always be more precise

by adding more terms.

4.2 Consistency checks at different limits

To further verify the correctness of the analytical expressions, in this subsection, we will
perform a detailed examination of their behaviors under different limits. For example, with
the standard Bunch-Davies vacuum choice, some spurious poles should cancel out, such
that the total results should be smooth when ki = ko34 or k3 = kjo4, equivalently, r; or
r3 approaches the unity, which is similar to the folded singularity cancellation present in
the single-exchange diagrams [106, 178, 179].

Double soft limits. The first simple and important limit is the case when both r; and rj3
approach zero, which is the regime in which the non-analytic cosmological collider signals
will become the dominant components. This double soft limit is not a consistency check but
rather an interesting limit for the phenomenology of the trispectrum which will be discussed
in section 5. Under such a limit, the seed integrals become,

3esch(2 h(2 24if1q —i Ly, —1oi

lim I+_+(7"1,T'3) _ _7[' csc ( ;M&_);SC ( Tr:u’,ﬁ) «T —"'_ll’La 1“,3 r 2+1NQT3 PR +e.c.
r1,r3—0 2% =lp 1—|—1,U,O“1—1Mﬁ

~0 (e—w(ua+2uﬂ)) rl—%+iuarg%—iu6 tee., (4.9)
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71,730 23— 2Hp L+ipia, 1—ipg
~O (e 5) ) Bk 5, (4.10)

Without loss of generality, we have assumed pug > p, and neglected terms with heavier
Boltzmann suppression in the second lines. For the fully nested seed integral Z, ., let us
investigate separately contributions from both the homogeneous solution and the particular
solution which is

h(2mu )csch(2ﬂuﬁ) 24ipa+ipg | —liipe —L4i
lim r1,T e”(“a"'uﬁ)ﬂ- o8¢ @ @ 2 THHa, oINS
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32
(1 +4p2) (1 + 4p3)
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~O (e7TH8) ry 2T L0 (e7He) ry 2 e | constant . (4.12)

It is clear that each signal is accompanied by a corresponding Boltzmann factor. In the
homogeneous part V., both massive fields contribute to the CC signals, resulting in a total
amplitude of approximately O(e~?™). Regarding the particular solutions, some components
exhibit a non-analytic structure along one direction, leading to a suppression of O(e™™),
while entirely analytic terms remain unaffected by any suppression.

Double folded limit. As we mentioned previously, an essential consistency check is to
consider the limit where both r; approach the unity. With the standard Bunch-Davis initial
condition, the final result should be finite under this limit. Any spurious divergence present in
each term of the analytical expression should cancel out. This is similar to the single massive
exchange case, where the spurious divergence under the folded limit is also eliminated [106].
Let us start from the simplest Z; _; case. After regrouping the result as in (4.2), it is then
easy to take such a limit, where

lim I+ + (7“1 y 7"3)
rg—1

B Z 72 csch (27 g ) sech(mpug) (11 —1)°
(1+2m+2ipq ) (3+2m~+2iuq)
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= —in?csch(2mpua) sech(mpg) (7"1_) r 2 M s Fy it 2= e~ i, 1,ua—|—1,u5
2 2 —ipg,1—2ipg
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Clearly, there is no divergence as r3 approaches unity. Regarding the limit as r; tends to
one, one simply needs to sum over the 7 series first in equation (4.1) and then take the
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limit, resulting in a similar expression. The double-folded limit r1,r3 — 1 can also be easily
verified based on our results (4.13), which is
. k24 3 2 2 .
lim Z,_ 4 (ri,rg) = — <> e esch®(2mp) sinh(mp) (4.14)
r1,r3—1 kl
This is @(e~3™") and here for simplicity, we assume equal masses for both massive exchanges
(fta = pp = p). The prefactor originates from (ry +r3 — 2)3 in the initial expression (4.2),
and we have used the relation r; = 2k;/k1234. As for the seed integral Z,,_, through the
same procedural steps, we observe the cancellation of spurious poles upon summing all
contributions. Consequently, the finite terms under the double folded limit r1,r3 — 1 become

3.2 2
Tl}ggl Zitv_(r1,7r3) =— (%) l;rQ (4,u2 — 3) sech?(mp) + iL2'u csch(2mp)| ,  (4.15)
which is O(e~?™). The other partially factorised partially nested integral Z_,, behaves in
the same way. For the fully nested part Z, ;4 (4.8), it can be verified that the poles under the
limit r3 — 1 cancel each other out order by order in the summation. However, expressing the
general form for the finite terms is challenging, making it difficult to derive a closed formula
under the double folded limit. Instead, as an illustrative example and for the purpose of
subsequent application, we can consider the limit relevant for three-point correlators. Then,
under the squeezed limit, 73 — 1 and 71 — 0, therefore we only need to keep the first order
in the summation (4.8) as we will demonstrate below.

Total energy limit. Interesting information lies in the limit where the total energy kr =
k1234 — 0, as the coefficients of the leading kp singularities correspond to those of flat
spacetime scattering amplitudes [103, 162]. For the diagrams we investigate in this work, the
total energy pole is indistinguishable from the partial energy poles due to the linear-mixing
between the massive fields o, and the inflaton fluctuation ¢ [150], although this degeneracy
can be broken by introducing different sound speeds [131]. The analysis of the leading
singularity behavior of the double exchange diagram under a vanishing total energy limit
is not as straightforward as in the single-exchange case. Under kp — 0 limit, the variables
we used, 71,73, approach infinity. In this limit, the leading singularity arises from the fully
nested seed integral Z, | (more precisely, the last term in (4.8), since it is fully connected in
the bulk time integral.) Since we have already summed the solution series in one direction
and packaged it as some hypergeometric functions with arguments either r; or rs, then we
can first use the expansion of the hypergeometric function as r3 — oo, where the leading
singularity behavior exhibits some logarithm dependence:

1+m,24+m
S+m—ip 3+ m+in

3 0
: _ 1 4 rizlog(rs) m
lenilOLr++ = lim E r rit.  (4.16)

kr—0 8cosh () T3

m=0

Here, we have assumed for simplicity equal masses for both massive exchanges. Now, another
series with summation variable m can be performed explicitly,

1 35 log(r3) 1,1,2

lim 7 = lim — x gF
b0 T T e T (@ 1/4) 8 2[3—iu,3+m

n] . (417
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and by expanding around infinity again, we can determine the leading singularity as follows:

lim 7,4 = log(r1) log(rs) ~ log?(kr) . (4.18)

kr—0 8rirs 4k1k3kT

Thus, we find that the coefficient is independent of the masses. This was expected since
the kp poles arise from the past infinity 7 — —oo where all mass terms become negligible.
This form of the leading singularity (4.18) can also be found using the early time expansion
of the mode functions without the knowledge of the full solution. For example, the mixing
propagator between o and ¢, see [131], under the limit is:

ikt
. _ 2 ikt ey T _
TEEHOOIC(k,T _Tgmoo/ dr'( e Dyy(k;7, ) o log(—kT), (4.19)
so the fully nested integral under such limit becomes
1k247'
Ty =—ik3y / drs K (k1, 7)K(ks, T) ~ —i 4k k / dr e*T7 log(—ki7) log(—k3T)
153
1
k3, log (k'T) (4.20)

Cdkiks  kp
and noting that koy = —k13 under kp — 0, it exactly matches (4.18).

Squeezed limit. Another intriguing limit that will play significant roles in the subsequent
discussion is the so-called squeezed limit where 73(r3) — 1 and 71(r1) — 0. For the fully
factorised seed integral, the result under r3 — 1 is already obtained in (4.13) and we only
need to take the series expansion around r; = 0 which gives

72 sech?(mp) csch(mp)  —Lyin
Jim Ty (ry,r3) = 3~ 2 xry 2 (= —p) (4.21)
r1—0

with an amplitude O(e=3™#). For two partially factorised partially nested integrals, following
the same way, the results are

1
w2 [1 tanh(ﬂ',u)] [1+coth(27ru)] —5 ik
7’131§ I++ (T17T3) 9 3+2ip XTy + (/’L — —ILL) ) (422)
r1—0
1
2 sech? () [1+coth(7r,u)] /2 2u+5i 1 _5_1“

Tlglgl v ++(’I"1,T'3) (4 2ip—3 + 24-2in 2, 4-3i r {*—IM,I/L} sech(Tr,u) XTy

r1—0

where both of them have an amplitude O(e=2™). For the fully nested seed integral Z, , .,
as mentioned previously, under r; — 0, we will only retain the first order in the series
summation. It is straightforward to show that the poles that would diverge as r3 — 1 are
canceled, yielding the final finite contributions

1
. [ 7% esch(2mp)sech(mp) | 7V 2ip+5 1 . . —5 i
T£1§11+++(T1,T3) = <2 53 + 5 9,3k {54‘1/%—1/4 (1+tanh(mp)) |ry
T1—>0
(), (124)
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where the first term arises from the homogeneous solution and is suppressed by O(e=3™#).
In contrast, the second term comes from one of the particular solutions, wherein only one
massive propagator contributes to the signal and the other massive line lies within the
analytic region and contributes to the background. Hence, the overall magnitude of the
second term is only suppressed by O(e™™).

For the bispectrum in the squeezed limit, the dominant signal arises from the CC signals,
with the leading contribution experiencing the least Boltzmann suppression from Z, .
Substituting this expression into (2.15), we obtain an approximate result for the three-point
correlator in the squeezed limit which is useful for later discussion

Jim (ks s Prs) = (4.25)

1
2 1/2 o: +
Y _ m 2ip+5,71 . —27p k1 s k1
e Re{ [ [, ] (L) +0 (2)| ()2 o (2
where p, and A, are reduced to p and A for the equal mass case, and the O(k1/k3) term
arises from the leading analytical background contribution. Since Z; 4 dominates in the
squeezed limit, and because we will also discuss the CC signals with multiple isocurvature
species in the next section, for later convenience, here we also show the expression when

two propagators have different masses explicitly:
73/2

. . —ifta
T2g111+++(rl>r3) = g, sech(myg) [1+tanh(mpq)] xT° [—l—iua-l-iu,@,—l—iua—iuﬁ]
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1_: 1_:
—3 e, —5 ~ifta

(4.26)

and the three-point function in the squeezed limit becomes:

hm <<10k1<)0k290k3> = (427)
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5 Double massive exchange phenomenology

—3 i, —1—ifta—ipg, —1—ipa+i
97 WHMayT 3T M

In this section, we discuss the physical effects that can be read off our analytical solution,
egs. (4.2), (4.4) and (4.8). We also compare it to the predictions from different techniques,
namely the effective single-field description when the massive fields are integrated out and an
exact numerical evolution that does not rely on a perturbative scheme in terms of quadratic
mixings. In the subsequent sections, we explore different regimes of interest. Before that, we
start by presenting the motivation for the setup and these complementary techniques.

Field content, interactions and relations to multifield inflation. For almost all
concrete applications of this section, we focus on a simple field content made of the inflaton’s
massless fluctuations ¢ and a single extra massive scalar field o (see an exception in section 5.4).
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These are already mixing at the level of the quadratic interactions, as encoded by eq. (2.11)
with po, = p X 041 and o1 = 0. Additional cubic interactions leading to double-exchange
diagrams that we consider are described by eq. (2.12) with A3 = A X 641051 and are leading
to a three-point correlator of ¢ given by the double-exchange seed integral in the limit k4 — 0
and with (p1,p2,ps3) = (—2, -2, —2), see eq. (2.15). Considering these particular interactions
is motivated by different though complementary approaches to multifield inflation, as well
as by the potential of detectability of this channel.

First, popular multifield realizations of the inflationary paradigm, called general non-
linear sigma models and encoding both potential and kinetic interactions, generically predict
their existences. In this two-field context, the quadratic mixing p can be related to the
dimensionless rate of turn of the background trajectory in field space, n, as p = 2Hn, , while
the cubic interaction A is given as a combination of the turn rate and the scalar curvature
of the field space of mass dimension —2, Ry, as A = (H?n? — eH? M3 Res)/ f2 [174]. In this
expression, f2 represents the normalisation of the curvature fluctuation with respect to the
massless inflaton’s fluctuations ¢ = —(f2/H) x ¢. Therefore, in the weak quadratic mixing
regime where the power spectrum of ¢ is negligibly affected by its interactions with the
massive fields, one can relate the typical size of the curvature fluctuation A¢ to the one of
a massless uncoupled field in de Sitter A, = H/(27) as

H H?
= SA,=—— 5.1
7% " o o)
with Ay = 2.1 x 1079 [180] at CMB scales. This equality enables one to express f2 as a large

number in units of H2. Actually, for more than one additional massive field o, the form of

Ac = AY?

the interactions depends on the choice of the basis chosen for these fluctuations, leading to a
subtle interplay between flavor and mass bases eigenstates as described in ref. [77]. In the
latter reference, the form of the interactions in the mass basis is specified, from the knowledge
of the ones in the flavor basis in the context of non-linear sigma models with any number of
fields, first derived in ref. [175]. We will explore this more generic situation in section 5.4.
Second, generic arguments from the effective field theory of multifield fluctuations tell us
that we have to entertain the possibility of these interactions. In this language, the adiabatic
curvature fluctuation ( is related by a gauge transformation to the Goldstone boson of broken
time diffeomorphisms, 7 [181, 182]. At the linear level and when defining the Goldstone
boson in the flat gauge, this gauge transformation reads ( = —Hm + ..., where dots stand for
order two and more terms in fluctuations. One can then couple it to either massless [183] or
massive [3] additional scalar fields 0. In the unitary gauge, the adiabatic degree of freedom
is hidden in the spacetime metric fluctuation 6¢"°, that can couple to these additional fields
via couplings of the form b((ln) (69" o cgg(égoo)"aaoﬁ, etc. Those couplings generically
lead to interactions of the forms that we considered above (amongst other ones) [171], after
the Stiickelberg trick reintroducing the Goldstone boson via, e.g., 6g"0 — —27 + OumoHm.
Third, the focus of this work is on double-exchange diagrams, where two massive field
propagators are exchanged at tree level via the existence of a cubic interaction with two powers
of o’s, motivated by its potential of detectability. Indeed, simpler single-exchange bispectra
with a single power of ¢ in the cubic interaction generically lead to a small observable signal.
First, the “Lorentz-covariant” combination o p x d,p0" o from the unitary gauge operator
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px8g%0 has a strength fixed by symmetries to be proportional to the quadratic mixing p; the
latter being treated in perturbation theory in most analytical calculations, this enforces the
corresponding bispectrum to be small. Even in the less explored regime of a large quadratic
mixing, see refs. [28, 31, 90, 170], this channel can at most lead to non-Gaussianities of
order roughly unity [171]. Second, although from the effective field theory point of view
there may exist another cubic vertex leading to a single-exchange bispectrum with a size
independent from the quadratic mixing (of the form o p x (¢')?c with p potentially large),
this interaction is not found in the large class of general non-linear sigma models of inflation.
On the contrary, as we have just argued in the two previous paragraphs, cubic interactions
leading to double-exchange diagrams are both natural to consider from the effective field
theory point of view and found in practice in concrete multifield realizations of inflation. The
size of this interaction is not fixed by the small quadratic mixing and may therefore be large
while respecting the perturbative scheme used for the derivation of our analytical results.
And indeed, it was shown that this channel could lead to potentially large non-Gaussianities
both in the small and large mixing regimes [171].

Perturbativity bound, naturalness and size of the bispectrum. Although we have
just argued that the signal from the double-exchange diagram may be large, it cannot be
arbitrary large. First, cubic interactions naturally define strong coupling scales, ensuring
that the perturbative expansion in powers of fields’ fluctuations is a meaningful series. To be
precise, the cubic vertex responsible for the double-exchange diagram is particular in the sense
that A\p'o? is a marginal operator (of mass dimension 4 in 4 dimensions), so that the coupling
A appearing in the time integrals is dimensionless and cannot be used to define a strong
coupling scale. However, for consistency of the perturbative expansion in a similar fashion to
the interpretation of strong coupling scales, we should still ask that this cubic interaction
remains smaller than the kinetic (and mass) terms used to define the free theory [171], from
which one can derive the perturbativity bound

Perturbativity bound: [A| < 1. (5.2)

Additionally, one may want to ask the size of the cubic interaction to be natural in order to
avoid requiring fine-tuning to explain the smallness of loop corrections. In particular for the
interaction under study, it was shown in ref. [171] that asking a mass of ¢ naturally of order
H in the effective field theory of multifield fluctuations framework, amounts to setting”

Naturalness criterion: |A| < (27rA<)1/2. (5.3)

"More precisely, this naturalness criterion corresponds to asking that loop corrections to the mass of the
heavy field, from such cubic interactions, are not larger than the bare mass m used in the calculation. For
m ~ H, this gives the upper bound (5.3), see ref. [171]. Indeed, naturalness is a statement about limiting the
amount of fine-tuning required to explain the value for a quantity given by the algebraic sum of several terms.
In the reasoning above, the fine-tuning for a mass of order Hubble with a large A is clear: both the bare mass
and the loop corrections should be large and almost cancel to give a final value ~ H. Fine-tuning for a large A
can also be seen by specifying to concrete models of inflation. For the large class of non-linear sigma models,
the masses of isocurvature fluctuations go as [174, 175] m?/H? = —\f2/H? 4 V.ss/H?, where V55 represents
consistent projections of the Hessian matrix of the potential. Clearly, having a large A while maintaining
m ~ H requires some degree of fine-tuning. Because the corresponding naturalness criterion, |A| < 27rA¢ for a
weak quadratic mixing, is (slightly) more model-dependent, we will not use it in the following.
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Given the observed amplitude of curvature fluctuations at CMB scales, the bound from
naturalness is O(100) times more constraining than the one from perturbativity. Note
however that the status of the naturalness criterion is less firm, as asking naturalness is not
a prerequisite for a theory to be well-behaved. Indeed, (approximate) cancellations may
be explained by (approximate) symmetries, accidental or not, or simply by an appropriate
amount of fine-tuning. On the contrary, perturbativity is not negotiable in our framework,
and we will always enforce it.

One can read the parametric dependence of the bispectrum for the inflaton’s fluctuations
©, e.g. in eq. (4.25), and translate it in terms of the one for the curvature fluctuation. More
precisely, we will be using the dimensionless bispectrum shape function S, related to the
bispectrum of ¢, in the weak mixing regime where A, = H/(27), as follows:

H5

(Pry Pz Ps)| = —ms(kl,kmk:s)- (5.4)

Without entering yet into the complicated mass and kinematical dependence of the entire shape
function, we read its parametric dependence related to the size of the usual fni,’s parameters:

S~ xL~ (A X (p/H)? x X, (5.5)

where we used that f2 is related to Agl in the regime of validity of our analytical calculations.
This confirms that, even in the weak mixing regime with p/H < 1 and respecting the
perturbativity bound |[A| < 1, it is possible to have non-Gaussianities of order one or more
thanks to the large factor (A;)~1 ~ O(10%). If one adds the requirement of naturalness, it
is still possible to get order one non-Gaussianities by pushing towards intermediate values
of the quadratic mixing, p/H ~ O(107!), or even beyond (a regime not encompassed by
our analytical approach from the bootstrap perspective but nevertheless perfectly viable
theoretically).

Single-field effective theory. When the mass of the additional fluctuation o is large
enough, it may be integrated out of the theory [184-186], leading to an effectively single-field
theory for the curvature fluctuation only. This procedure including all cubic interactions
for two-fields non-linear sigma models was performed in [174] and for any number of fields
in [171]. Repeating the procedure only for the cubic interaction considered here, we find the
following single-field effective theory in terms of the curvature fluctuation directly:

a’eMpy |5 2(9¢)? 1 ¢3 .
ﬁEFT = T C — CS a2 =+ (cg — 1) Aﬁ N Wlth (56)
1 o\ H2 , A2 H?
é —1= (H) X W and A = —205 X F X W . (57)

Within this single-field theory, it is straightforward to compute the bispectrum shape function
in all kinematical regimes:

3A (1 _ 1) kikoks (5.8)

Serr(k, k2, ks) = o= - N
s 123
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where k193 = k1 + ko + k3. This shape not only peaks on equilateral configurations but is
also very correlated with the equilateral shape template, consisting of:

k k3
Seq(k1, k2, k3) = (k; +5 perms> - <l€1:/3€2 +2 perms) - 2. (5.9)

Indeed, defining as usual the cosine between two shapes as their correlation [187, 188]

5152 .
Cos (51,52) = th 5.10
os (51, .52) NN wi (5.10)
1 x
Sl . 52 = / dIEQ/ ’ dCL‘3 Sl(kﬁ,l‘g X k‘,$3 X ]{3)52(]{3,1‘2 X k‘,.Tg X k?), (511)
1/2 1—z2

one finds Cos (SgrT, Seq) =~ 0.988. We thus safely dub its amplitude at equilateral configura-
tions the parameter flﬁ}% that one can look for in the data with an equilateral shape template.
To put it in a nutshell, the single-field effective theory for the double-exchange diagram
predicts an equilateral bispectrum shape with amplitude

ca 1(p>2 1 A2 H

= —— —_— X == X —. 5.12
NL 9 1—|—p2/’m2xH2xm4 (5.12)

H

Note that this single-field EFT does not rely on the assumption of a weak quadratic mixing
and is therefore valid for values of p/H larger than unity. In the regime of a weak quadratic
mixing though (that we read actually extends up to p < m), we recover the scaling with
parameters naively derived in eq. (5.5), together with additional information in this regime:
the kinematical dependence of the shape is dominantly equilateral and the exact prefactor
including mass dependence is —H*/(187wm?). Note however that the single-field effective
theory relies on the hierarchy m?c? > H? [174], and therefore implicitly also on the absence
of any other hierarchy in the theory. A subtlety comes about when looking at soft limits of
correlation functions, at which there is a kinematical hierarchy. As far as the bispectrum is
concerned, the unique soft limit is the squeezed one. Let us fix k3 the smallest momentum, in
the squeezed limit the ratio k3/k; is very small and, therefore, one may well have (k3/k1) x
(m2c2/H?) < 1 although the field o is very massive. Said otherwise, we expect the single-field
description to fail to capture not only the region of parameter space with masses of order
H or smaller, but also the kinematical region corresponding to soft limits. As well known,
these soft limits indeed encode striking signatures of particle production which cannot be
described within the single-field framework.

Exact numerical evolution. The double-exchange bispectrum diagram may also be com-
puted exactly from first principles by computing its time evolution in the bulk of the
inflationary spacetime. It is precisely the aim of the so-called Cosmological Flow [170, 171]
to propose a framework for automatically solving the differential equations verified by the
different two- and three-point correlators of any inflationary theory defined at the level of
fluctuations. The numerical implementation of this approach is called CosmoFlow, it is open
source and available on GitHub and the paper describing it is ref. [172]. It is straightforward
to implement the interactions leading to the double-exchange bispectrum diagram within it,
and in the coming sections we use it as a non-trivial check of our analytical results. Indeed,
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https://github.com/deniswerth/CosmoFlow

importantly, the Cosmological Flow approach does not rely on a perturbative scheme for
the quadratic mixing. Strictly speaking, it therefore does not solve for the same theory as
the one described in this work, however in the common regime of validity we should expect
both bootstrap analytical predictions and numerical calculations to agree.

In the next sections, we explore the parametric and kinematical dependencies of the
double-exchange bispectrum. We then compare them to the ones of the single-exchange
channel.

5.1 Equilateral value and mass dependence

We start by exploring the size of the signal on the equilateral configuration ky = ks = k3 and its
dependence on the mass of the double exchanged field. At this particular point in kinematical
space, we expect the single-field effective description to be valid as soon as m?c2/H? > 1. In
practice we will focus on masses m 2> H and on a quadratic coupling p/H smaller than unity
as required by consistency of the bootstrap approach, a situation for which ¢ ~ 1.

In the left panel of figure 4, we compare the analytical prediction from the multifield
bootstrap approach with the single-field effective theory description of eq. (5.12) and the
complete numerical resolution not relying on a perturbative quadratic mixing with CosmoFlow,
for p/H = 0.1. The agreement between the two exact methods in this regime is impressive. As
an example, both predict a change from positive to negative values with u growing, precisely
at the same threshold p ~ 1.5. As expected, the single-field effective theory prediction is only
faithful at large values of the mass, roughly p 2 5, and always predicts a negative bispectrum
at the equilateral configuration. In this regime of a small quadratic mixing and a large mass,
a simple fitting formula for our bootstrap result can be derived,

A2
V)

2
Sbootstrap(k7kak) ,U§>1 —0.11 x (p> X 7 X (5'13)

H H?
which precisely matches the single-field effective theory result (5.12) with the same numerical
coefficient —1/9 ~ —0.11 (we remind that u = \/m2/H? — 9/4 ~ m/H in the regime of
a large mass).

In the right panel of figure 4, we show the true size of the bispectrum at equilateral
configurations for p/H = 0.1 as a function of the mass parameter p and the cubic coupling
constant A\. We compare the result to observational constraints from Planck, fy] = —26 £ 47
at lo [189], by assuming that the bispectrum can be qualitatively constrained with an
equilateral shape, an assumption to which we will come back in the next section. We find
instructive to see that the necessary theoretical constraint from perturbativity is close to
current observational constraints. We also show how, if one additionally asks for naturalness,
this reduces even more the possible size of the bispectrum to less than unity.

5.2 Shape dependence

Our analytical expression for the result of the bootstrap equation corresponding to the
double-exchange bispectrum is valid for all kinematical configurations of physical relevance.
In particular, it is valid beyond the equilateral configuration whose size dependence on the
quadratic and cubic couplings, as well as the mass of the exchange field, has been studied
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Figure 4. Left: comparison of the values of the double-exchange bispectrum at equilateral config-
urations from the exact numerical resolution using CosmoFlow (blue line), the bootstrap analytical
prediction of this work (orange dashed line), as well for the corresponding single-field effective theory
(green line). The quadratic coupling is fixed as p = 0.1H and the mass of the double exchanged field
varies along with the horizontal axis. The time evolution with CosmoFlow starts being numerically
more demanding for larger values of p so it has been cut at u ~ 10 for purely computational costs
reasons. Note that the overall amplitude has been rescaled by the constant factor )\(27rA<)’1 that may
be way larger than unity, leading to potentially large primordial non-Gaussianities even in this regime
of a small quadratic mixing. Right: true size of the double-exchange bispectrum at the equilateral
configuration for p/H = 0.1 as a function of the mass parameter p and the coupling constant .
White regions correspond to unobservably small values < 10~2 removed for clarity. The contour line
“observations” (solid line) stands for the lo constraint on fy] from Planck [189], while the other
ones are theoretical constraints. The perturbativity one (dashed line) is necessary to enforce, while
the naturalness one (dotted-dashed line) may or not be required. The vertical valley visible by eye
corresponds to the dip in the left panel at which the bispectrum equilateral value changes from positive
to negative, from left to right in the figure, when A > 0.

in the previous section. Here we instead investigate the shape dependence on (x2,x3) of
the bispectrum S(k,zok,x3k), normalized to unity on equilateral configurations. We fix
p/H = 0.1 for definiteness, although in the regime of weak mixing the shape is independent of
it. In figure 5, we compare the exact numerical prediction using CosmoFlow to the analytical
predictions derived from the bootstrap equation, for a few values of the mass of the exchanged
field. Unfortunately, the analytical formula converges slowly in the folded limit region,
corresponding to xg + x3 ~ 1 (the lower ridge of the triangle). In practice we have therefore
evaluated the shape on the following kinematical region: zo € [0.58,1], 23 € [1.15 — x9, x2],
which corresponds to roughly 72% of the total area. Note that the numerical resolution does
not suffer from this and can be evaluated quickly on any configuration but the very squeezed
ones corresponding to xo ~ 1 and x3 < 1 (left corner of the triangle), but for making the
comparison explicit we evaluated it on the same reduced triangle region as the analytical
prediction. Agreement between the two methods is impressive.

For completeness, we also calculate the correlations of the double-exchange bispectrum
shapes for a few representative values of the mass with the four shape templates that are
most used in data analysis: equilateral, flattened, orthogonal and local bispectra. For this,
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we use the Cosine expression of eq. (5.10) and the shapes from CosmoFlow since we already
showed agreement with the bootstrap ones and that it allows to probe a larger kinematical
region; we simply cut at x3 = 0.1 to avoid lengthy numerical evaluations in the squeezed
limit. The results are displayed in figure 6 below, where we also show for reference the
correlations between the shape templates for our kinematical region. As expected, the shape
resembles the local one for not-so-large masses m < H and the equilateral one for masses
slightly larger than Hubble, m 2 H. The limiting case m = 3H/2 seems to support almost
the same correlation with the local and the equilateral shape. However, we remind that our
correlations are computed in a restricted kinematical regime, x3 > 0.1, and that having access
to even more squeezed configurations would reveal that all shapes are less correlated with
the local template. Even the case m = H would be affected, as indeed the correct template
is the one of a quasi-local shape as first found in ref. [5].

5.3 Cosmological collider signal

The CC signal lies in the soft limits of higher-order correlation functions, chief amongst
which is the squeezed limit in the primordial bispectrum. It consists in an imprint left by
the production of heavy particles during inflation and is not encompassed by single-field
effective theories. We have already shown the explicit expression of the dominant squeezed
bispectrum corresponding to the exchange of two massive fluctuations of the same field
o in eq. (4.25). Translated in terms of the primordial curvature fluctuation bispectrum
shape function, it reads:

SetLo=
2 1/2 o ,
P 1 T 1M+5 1 . . —2mp l+1,u,
(7) =xerao XRGHMMP[QW’ ] (1 tani(m) + O (e7270) | e,
(5.14)

where “DE” stands for Double-Exchange, “CC” for Cosmological Collider signal as before,
and “LO” for Leading-Order. We introduced the more usual squeezing parameter xk = k1 /ks3
and the squeezed limit corresponds to k < 1. Although this quantity (5.14) indeed represents
the leading-order squeezed behaviour, its mass suppression is exponential in the large p limit:
58&0 ~ O (/il/ 2,71/ 26*’”‘). On the contrary the so-called background signal, denoted

by “BG”, that is decaying quicker in the squeezed limit, as x'

, may be dominant in not-
so-squeezed configurations since its mass suppression is only polynomial: SBDE ~ O (/f4)
as can be seen, for example, from its expression according to the single-field EFT and that
we derived in eq. (5.12).

For practical predictions at intermediate squeezed configurations, we find it useful to define
and use next-to-leading-order (NLO) and next-to-next-to-leading-order (NNLO) corrections
to the LO cosmological collider signal shown explicitly above. Let us clarify their meanings.
In the final bootstrap result, focusing on the squeezed limit, we are dealing with two different
series expansions. The first series is present in the analytical expressions given by eqs. (4.2)—
(4.4)—(4.8), where we have a summation variable m. Each term in the m summation series is
then expanded in terms of the squeezing parameter . The terms “next-” and “next-to-next-”
refer to the orders in k. For the CC signal part (containing non-analytic terms of the form
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Figure 5. Comparison of the shape functions for three masses of order the Hubble parameter obtained
with CosmoFlow and the bootstrap method, for a quadratic mixing p/H = 0.1. The projected surface
is shown for representation purposes only and contains the same information as the 3D-shape.
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Mass value | m=H m=3H/2 m=2H m=5H/2 m=3H m=7H/2
Cos(S, Seq) 0.71 0.87 0.87 0.92 0.93 0.93
Cos(S, Sfat) 0.92 0.84 0.29 0.72 0.69 0.72
Cos(S, Sorth) | —0.66 —0.48 0.14 —0.32 —0.28 —0.31
Cos(S, Sioc) 0.99 0.90 0.36 0.76 0.75 0.78
Sz' Seq Sﬁat Sorth Sloc

Cos(S;, Seq) 1 046 0.01 0.66

Cos(Si, Sfiat) 1 088 0091

COS(SZ‘, Sorth) 1 —0.68

Cos(Si, Sioc) 1

Figure 6. Shape correlations between the double-exchange bispectrum at weak mixing, p/H = 0.1,
with equilateral, flattened, orthogonal and local bispectrum templates for a few representative values
of the mass of the double exchanged fluctuation. We also show for reference the correlations between
these shape templates for the kinematical region that we consider, with a cut at x3 = 0.1 in the
squeezed limit. The dominant component is highlighted in bold.

kM), the series expansion of the m-term in the sum takes the following schematic form:
S8Em ~ gl/2Htm (1 4 O(k) + O(k?) + ...). Moreover, explicit calculation shows that the
O(k) correction to the LO m = 0 term exactly cancels with the leading-order part of the
m =1 term. Therefore, the total CC signal part scales as S5g ~ k2T (1 + O(k?) +...).
Given the large suppression of the first non-zero correction to the CC signal in the squeezed
limit, it is clear that we should take into account the BG part (containing only analytical
terms, i.e. polynomial in k). However, for the latter, each term in the m-summation begins
at order k in the squeezed limit: SBD(E;M ~ k' (1+ O(k) + O(k?) + ...). In principle, to be
consistent, one should therefore perform the sum over all values of m. However, the higher the
order in the m-summation, the more they are suppressed by the mass parameter. Therefore,
in the large mass limit, p = 1, it is consistent to keep only the first m-terms. In practice, we
therefore keep the first three terms corresponding to m = {0, 1,2} to approximate the BG
signal, and consistently keep the dominant terms in the squeezed limit. The NLO correction
corresponds to the addition of the leading-order scaling O(k) from this approximated BG
signal. The NNLO correction corresponds to the addition of the O(x?) terms from the
BG signal. Note that the NNNLO one would be the correction to the CC signal scaling

5/2 but we do not consider it explicitly here. Given the discussion above, it should

as K
be clear that we expect the NLO and NNLO corrections to badly encapsulate the cases
where the mass is not large enough. Indeed, this can be seen for example in the case
m = 2H in figure 7, for which the LO term alone performs better. The NLO and NNLO
expressions are derived from our general bootstrap result, and remain fully analytic. They
are quite long and not enough illuminating to be shown here, however they do allow for
instantaneous evaluation for any value of k and pu, in opposition with the general result for
which squeezed configurations are computationally expensive to evaluate. As mentioned
previously, there exist potential methods to speed up the convergence of the exact solution

around folded /squeezed regions. For instance, one approach involves employing the expansion
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series of the hypergeometric function around the unit [177] to refine the results. However,
this transformation introduces considerable complexity, especially with additional layers of
series. Further transformation and simplification is beyond the scope of this paper, and we
leave this interesting discussion to future work.

We now discuss the relative size of the cosmological collider signal from the double-
exchange channel that we have been focusing on in this work, compared to the one from the
single-exchange channel. For concrete comparison, we consider the only cubic interaction
leading to a single-exchange diagram that is encountered in non-linear sigma models of
inflation. We have already mentioned that its strength is fixed by a non-linearly realized
symmetry to be proportional to the quadratic mixing, p/(2f2) x 9,p0"po (see eq. (2.42)).
The explicit expression of the cosmological collider signal from this single-exchange interaction,
first found in ref. [4] and then exactly confirmed with an independent method in ref. [77],
is shown in eq. (5.18) below. We find the ratio of the two squeezed limits, at leading-order
in k and u, to be remarkably simple:

S6éro _

2
=A27A) I x S+ 0 (p?), 5.15
N I R U (5.15)

S
SCC,LO

where “SE” denotes this Single-Exchange channel. The parametric suppression in terms of
the mass is exactly the same as the relative size of the equilateral background signals from
both channels (indeed SEE o ~ O (/il/zu?’/Qe_““) and S5& ~ O (17%)). In particular, the
absence of further “Boltzmann” exponential suppression was guessed in [125], and here we
have rigorously proved it. Importantly, this implies that for values of the mass leading to a
signal potentially observable, corresponding to u of at most a few, the cosmological collider
signal from the double exchange bispectrum is dominant as long as A(2rA¢)~! > 1. Such
values are perfectly allowed by perturbativity bounds, and can even be natural, as discussed
at the beginning of section 5, therefore making the double-exchange channel an interesting
prospect for detecting the cosmological collider signal.

We now compare our exact bootstrap results (limited to close-to-equilateral configurations
k 2 0.1) with the LO, NLO and NNLO expansions in the squeezed limit, as well as the exact
numerical results with CosmoFlow (whose only limitation is the computational cost of very
squeezed configurations, in practice we restrict to x > 1073). The results are shown in figure 7,
in the weak mixing regime for p/H = 0.1 where our analytical predictions hold, and for a few
representative values of the mass of the massive field. It is interesting to notice the excellent
agreement between CosmoFlow results and i) the exact bootstrap result where it can be
evaluated efficiently, close to equilateral configurations; ii) the LO expansion in the squeezed
limit; iii) the NLO and NNLO expansions for not-so-squeezed configurations when the mass
is sizeable (p 2 1). Altogether, our example showcases the utility and synergy of analytical
and numerical methods, with precise and trustworthy predictions for the double-exchange
bispectrum for all configuration values, ranging from equilateral to extremely squeezed ones.

For completeness, we will also quickly explore the strong quadratic mixing regime. The
phenomenology of the cosmological collider signal in this regime has been thoroughly explored
numerically in [171]. One of the main lessons is the rescaling of the mass to an effective
mass by the large quadratic mixing: m? — m2; = m? + p?, visible in the frequency of the
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Figure 7. Cosmological collider signals in isosceles triangle configurations of the primordial bispectrum,
for the double-exchange channel in the weak mixing regime with p/H = 0.1, and normalized to unity
in equilateral configurations, for four representative values of the mass m.

oscillations in the cosmological collider signal, now dictated by peg = /p? + p?/H?. In
figure 8, we explore how the analytical formula performs under such substitution compared to
the exact numerical result obtained in the strong mixing regime for p/H = 1 with CosmoFlow,
though the analytical formulas are valid only for the weak quadratic mixing regime by
construction. Note that for this value of the quadratic mixing, the true size of the bispectrum
is exactly 100 times bigger than the one shown in the right panel of figure 4, pushing it to a
level comparable to current and upcoming observational constraints, even for natural values
of the cubic coupling constant A that are well below the perturbativity bound, thus making
an impressive case for the double-exchange channel. Interestingly, the modified analytical
formulas correctly capture not only the frequency of the oscillations, but also the overall shape
of the signal. They seem to miss however a slight damping of the CC signal, as well as a small
phase shift towards larger values. It would be interesting to pursue analytical calculations
tailored to the strong quadratic mixing regime and precisely predict these interesting features,
but this goes beyond the scope of this article.
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Figure 8. Cosmological collider signals in isosceles triangle configurations of the primordial bispectrum,
for the double-exchange channel in the strong mixing regime with p/H = 1, and normalized to unity
in equilateral configurations, for two representative values of the effective mass meg. The bootstrap
predictions are obtained by the naive replacement p — pieg in our analytical formulas. This replacement
works surprisingly well, even though it misses a slight damping of the CC signal as well as a small
phase shift towards larger values.

5.4 Disentangling double-exchange from single-exchange channels

We have shown that the bispectrum signal from the double-exchange channel can easily be
larger than the one from the single-exchange one. We proved this to be correct both for the
equilateral configuration value and for the cosmological collider signal lying in the squeezed
limit. However, we still lack a striking feature of the double-exchange channel that cannot be
mimicked by the single-exchange one. In this section, we explore three directions in order to
address this question: i) information in the phase of the cosmological collider signal; ii) the
exchange of two massive fluctuations pertaining to two different isocurvature species with

unequal masses; iii) the information in the primordial trispectrum.

Phase information in the CC signal. The shape functions of single-exchange and double-
exchange bispectra, on isosceles squeezed configurations, can be written as:

2
S%%,LO _ <Z> « Re {ﬁl/Z-HHASE(M)el(SSE(M)} , (5.16)

2
Sgg,LO = <I’[_)I> % )‘(27TAC)_1 % Re |:K/1/2+1/JADE(M)ei5DE(:U'):| ] (5.17)

Here Asg pr denote the amplitudes of the CC signals and dsg pg their phases. In general,
the phase of CC signals depends on the mass of exchanged fields as well as the form of the
couplings [82]. Nevertheless, for concreteness in this phenomenological discussion, we will
fix once and for all the interactions to (2.11) and (2.12) since those are the relevant ones in
well-motivated non-linear sigma models of inflation. Then the expression for Apg(u1)e! OpE (1)
can be directly read off eq. (5.14), while the one for the single-exchange channel can be
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found explicitly in refs. [4, 77]:

w2 D(7/24ip)

idsp(p) — _
Asn(n)e 192 (2 — T(1 + ip)

tanh(mu)e”™ [coth(mp) — icsch(mp) + 1]% .

(5.18)
In the regime of validity of this analysis, the frequency of the CC signal is directly given by pu.

It was argued in ref. [82] that the phase of the CC signal may bring additional information to
help distinguishing the channel at the origin of this signal. In the latter reference, differences
in the phases were investigated between two cubic interactions leading to single-exchange
diagrams: the standard Lorentz-covariant interaction denoted as “SE” in our work and a
more exotic Lorentz-violating one with schematic form py'?c, but nevertheless allowed from
an effective field theory point of view. Here, we compare the phases between the ubiquitous
single-exchange “SE” channel with Lorentz-covariant interaction and the double-exchange one
for the first time. As can be seen in the left panel of figure 9, information about the phase,
once the frequency p is determined, indeed places interesting constraints on the possible
channel to generate the CC signal. At large values of p though, the two phases become
indistinguishable, but fortunately this is any way the regime for which the CC signal is
unobservably small. In the right panel of figure 9, we instead investigate the dependence of
an effective phase dpg(p, £) in mildly squeezed configurations, as a function of x and for a
few values of the mass, when adding the first non-vanishing correction to the CC signal in

the squeezed limit expansion, scaling as K5/2

as already mentioned. These not-so-squeezed
configurations are of particular relevance to observations, and it is therefore important to

dispose of full predictions for all kinematic regimes as we do.

Multiple isocurvature species: inflationary flavor oscillations. Before the current
paragraph, all phenomenological consequences that we have shown were derived under the
assumption that there exists an unique massive species o, with mass m and mass parameter
. This choice was motivated by the long-standing tradition to explore CC signals in this
restricted class of multiple fields content, and under the implicit assumption that only the
lightest of massive degrees of freedom may leave an imprint on cosmological observables.
However, it was discovered in ref. [77] that even heavier species may strongly impact the
primordial bispectrum in its squeezed limit, due to an interesting interplay between the values
of the masses (m,,) and of the mixing angles of the theory (in p,) that define mass eigenstates
with respect to the flavor ones. The most striking manifestation of multiple massive species
is the appearance of modulated oscillations in place of the usual single-harmonics CC signal,
signaling the presence of inflationary flavor oscillations analogous to those appearing in
the Standard Model of particle physics. By determining the frequencies and relative sizes
of the different modes, it was proposed that observations could help measuring not only
the masses but also the mixing angles of the inflationary theory. Explicitly, the sum of all
single-exchange diagrams with multiple isocurvature species gives the following leading-order
CC signal in the squeezed limit [77]:

. 2 . .
SEB i _ (?j) Re [1!/2 40 Ag (j1q )52 o) || (5.19)
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Figure 9. Left: comparison of the phases of single- and double-exchange diagrams, as defined in
egs. (5.16) and (5.17). The figure shows the one-to-one correspondences between frequency and phase
of the oscillations, unveiling the potentiality to disentangle different CC channels from the phase
information. This is particularly true whenever p is not too large, which is the most interesting case.
Both dashed lines represent the leading contribution in the large p limit, with a single power of the
Boltzmann suppression, O(e~ ™). Solid lines represent the total result including all contributions,
making for a non-negligible correction in the small i region. Right: evolution of the phase, for three
representative masses, as a function of the squeezing parameter when adding the first non-vanishing
correction scaling as £°/2 in the CC signal. Only the region & € [0.1, 1] is affected by the deviation
from a constant, and we expect higher-order corrections in « in the CC signal to also play a role when
Kk — 1.

where Agg and dsg were already defined in eqs. (5.16) and (5.18). Here, we extend the
discussion of the latter reference to the double-exchange channel. Where previously we had
the exchange of two fluctuations of the same species o, we now allow for multiple species
0o With a priori unequal mass parameters fi,.

In the case of multiple isocurvature species, the double-exchange diagram results in a
superposition of oscillatory signals in the squeezed limit, with the dominant contribution
being given by

Scoro" = 22 g X Aap(2mA¢) T x Re [!/2410e AR g, g ea)] - (5.20)
a7ﬁ

where ABU and §BUY are uniquely determined from our analytical formulae (4.27). Disen-

tangling individual contributions § to the same frequency signal set by . is impossible, so

we also define the effective amplitude and phase of individual modes in the CC signal as:
DE,multi 2% 1/24ipa jo 62

«

with e = 3720 5 s (2mA) x B ) BE )
Pa
B

where we have factorised out two factors of p, for simpler comparison to the single-exchange
diagram. Although a detailed study of the phenomenology of the multiple isocurvature
species double-exchange diagrams — and its comparison to the single-exchange one — is
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Figure 10. Inflationary flavor oscillations in the squeezed limit of the bispectrum from the double-
exchange diagram. In both the left and right panels, the masses of different isocurvature species are
set to w1 = 1.5 and py = 0.5, while the mixing angles 615 are chosen as 7/10 (left panel) and 7/4
(right panel). The four distinct cases, corresponding to different forms of the cubic interaction matrix
Ao, are described in the main text below this figure. For better visualization, we have introduced a
k~1/2 rescaling factor, and the shape function is arbitrarily normalized to its value at x = 1071 .

beyond the scope of this article, we already note an interesting feature. When there is a single
isocurvature species, we have seen in figure 9 that the phase is fixed by the frequency of the
CC signal once the couplings are given, for both kinds of diagrams. With several isocurvature
species, a similar statement still holds for the single-exchange diagram: each individual mode
a in the CC signal has a phase fixed by its frequency. However, this relation is broken in
the double-exchange case, as both the amplitude and the phase of the mode « depend also
on all other isocurvature species’s masses pg and mixing angles in pg, as long as their cubic
interactions as encoded in A,g have non-trivial non-diagonal elements. Therefore, in the
occasion that we can measure both the effective amplitude and phase of different modes in
the CC signal, it is very likely that single-exchange diagrams can be ruled out, if the relation
between phase and frequency is not verified. The opposite is harder, as a single mode in a
double-exchange diagram signal can mimic the phase of a single-exchange one. In figure 10,
we illustrate these new effects from the non-diagonal elements of the cubic interactions in
Aag- We plot the signal in the squeezed limit corresponding to inflationary flavor oscillations
for a model with ¢ coupled to two massive scalar fluctuations (o, 02), with mass parameters
(p1, p2) = (1.5,0.5). The mixing angle 012 between the inflationary flavor and mass eigenstates
is defined by (p1, p2) = (pcos(b12), psin(fi2)). It was shown in ref. [77] that this angle is
found from the rotation matrix used to diagonalize the non-trivial mass matrix present in the
flavor basis. The left panel corresponds to 612 = 7/10, which was identified in the previous
work as leading to striking signatures even from the single-exchange channel. The right
panel corresponds to 012 = 7/4, for which the mode mixing in the single-exchange channel
can hardly be seen. In each of the panels, we vary the form of the cubic interaction matrix
Aag = A X eq3 as follows, where we only mention the non-zero components: case 1 has eq; =1
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only and forbids the presence of mode mixing; case 2 has e;; = ego = 1 and corresponds to a
situation analogous to the single-exchange diagram (mode mixing can only be seen for small
mixing angles); case 3 has e;; = ej2 = eg; = 1 and Case 4 has e;] = eg2 = €12 = €91 = 1,
they both correspond to new features of the double-exchange channel not reproducible by the
single-exchange one. Although definitely leading to signals of different natures in the squeezed
limit, which can help to disentangle single-exchange diagrams from double-exchange ones
from observations in principle, it would be desirable to identify another striking signature of
the exchange of two different isocurvature species. In this perspective, we now turn to a first
study of the CC signal in the trispectrum from a double-exchange diagram.

Towards the primordial trispectrum. In the trispectrum, as evidenced by the patterns
observed in figure 3, the oscillation features are totally different from those of the single-
exchange, appearing as if two signals with different frequencies were superimposed. Therefore,
at the trispectrum level, in principle, we can clearly distinguish between single-exchange
and double-exchange through the oscillation patterns. In this subsection, we will delve into
the details of these distinct features. Firstly, let us define the dimensionless trispectrum
T as follows

H® (ki934/4)3
F= =0 T (ky, ko, ks, ky) . 5.22
(K P Phs Piq) 7 (k1k2k3k4)3T( 1, ko, k3, kq) (5.22)

The interactions chosen here are specified in (2.11) and (2.16), then the four-point functions
can be related to the seed integral through the simple relation (2.18). With these coupling
choices, the 7wy, typically denoting the size of the trispectrum, has the following parametric
dependence:

T~ e~ (p/H)? x (H2X) x (278¢) 72 (5.:23)

The kinematic dependence of the trispectrum from this diagram is relatively simple, with no
dependence on the diagonals of the quadrangle formed in Fourier space by the four wavevectors
k;, so we will simply write 7 (k1, ko, k3, k4). Similar to what we did in the bispectrum case, in
the regime of perturbative quadratic mixing and the large mass, we can easily find a simple
fitting formula from the analytical result in regular configurations:

4
g 1
~ 2 Jm —
T(k,k, Kk, k) < 0.07 X p"A x =2 X —. (5.24)

To investigate the phenomenon indicated in figure 3, we will focus on one particular channel
of the trispectrum, setting ko = k4 = k and k1 = k3 = rk, with » — 0 representing the double
soft limit. To gain a clear understanding of the origin of this phenomenon, instead of dealing
with the complicated exact solution, we will rely on some approximate formulae discussed
in section 4.2. Specifically, the approximation here arises from a series expansion around
r ~ 0 of the exact solutions. Under this limit, we divide the approximate expression into
three distinct parts, each with their own interpretations,

7;ppr0x = 7;8 + 7;b + 7Tob . (525)

— 47 —



no= 2

Approx.
R 102k — Exact ‘
ke Numerical
<
S
N
~ 3
= 0
Fz\
-102
10-6 1073 1074 1073 102 107! 10°

r

Figure 11. The comparison between the numerical calculation and analytical result. The gray dots,

solid line and red line represents numerical results, approximation expression and exact result
from (4.8) respectively. In the figure we set ko = k4 = k amd k; = k3 = rk, the masses are chosen as
fto = pg = 2 and the coupling A - p? is set to 10~2. The left region (light red) is dominated by the term
r? while the right region (light blue) is dominated by the oscillation r##. For better visualization, we
have multiplied the dimensionless trispectrum T (rk, k, 7k, k) by a factor r~7/2,

different terms mass dependence r dependence
Tes M3/2€727r,u r3+2ip
Teb N3/26—7ru 7,7/2—&—i,u
Tob pt r

Table 1. The leading order mass and r dependence of each term in eq. (5.25).

Tss arises when both momenta associated with massive propagators are soft, leading to a CC
signal from each. Given that the time-ordered part Z; ; dominates due to lighter Boltzmann
suppression, let us simplify and focus solely on this term for clarity. In this context, T
originates from the homogeneous solution yf +(lr'2, under the double soft limit, analogous to
eq. (4.11) discussed earlier. For Tg,, the CC signal is generated only from one propagator,
while the other contribution arises from the particular solution, similar to eq. (4.12) under
the double-soft limit. Additionally, due to permutations, there is another contribution where
only one massive propagator becomes soft, approximated by eq. (4.24). The last term Tpp,
represents the leading-order analytical background.

Because the formula is lengthy even for the leading-order series expansion, we do not
intend to present details of in this section, but it can be directly obtained using the methods
introduced in section 4.2. Here, we summarize the key information about the magnitude and
dependence on r of each term in table 1, where we have only kept the leading order in the series
expansion around r = 0. Now, it is clear to see the origins of the unique oscillation pattern.
Tss excites CC signals in both massive propagators, thus the signal is suppressed by O(e™2™),
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and the frequency is doubled to 2u. As a compensation, it features a dominant scaling with
respect to the soft variable r when it approaches zero, and the overall r dependence is r3T2#,
In contrast, Ty, is suppressed by O(e~™) and oscillates as r7/2+ik - Consequently, there is a
competition between mass and r dependence. In very soft regions, the term with the lower
power in r will dominate, whereas in intermediate regions, the term with less Boltzmann
suppression will prevail. To illustrate this idea, in figure 11, we compare the analytical
expression with the numerical results. The approximation depicted by the line closely
matches the numerical calculations represented by the gray dots, except in the region close to
the equilateral configuration. In this region, we employed the exact solution shown as the red
line, which actually matches perfectly the numerical results. In this figure, we have assumed
equal masses with y = 2 and we have multiplied the dimensionless trispectrum 7 (rk, k, rk, k)
by a factor of r~7/2 for better visualization. Now, based on our discussion above, we can
understand the superimposed oscillation shape in figure 11. This shape arises from the
competition between the oscillation signals O(e=2) x r2#+3 and O(e=™) x r#+7/2, In the
very soft region (with a light red background in figure 11), the term from the homogeneous

solution dominates due to the additional »—1/2

factor, and the frequency is 2u. In the blue
regions, due to lighter Boltzmann suppression, r#17/2 dominates with a frequency of L.
This explains why the frequency on the left side of figure 11 is double that of the right
region, making for a definitely striking feature of the double-exchange channel. Lastly, as
mentioned previously, there exists another type of double-exchange four-point correlator
involving two cubic interactions: one p?c and one po?, along with one quadratic mixing.
The analytical expression for this trispectrum can be computed using the methods presented
in this work, albeit requiring additional significant efforts. Nonetheless, the distinguishing
features of the trispectrum discussed in this subsection, which differentiate between single-
and double-exchange diagrams, are expected to be quite general and to hold for this other
diagram too. Indeed, the double-frequency oscillations arise from the generation of CC signals
in both massive propagators when their momenta are relatively soft. This characteristic
feature cannot be mimicked by any single-exchange process. Since the excitation of CC
signals at each massive propagator is always accompanied by the Boltzmann suppression
factor O(e~™), the leading-order mass suppression of each term depends on the number of
massive propagators that excite CC signals. Therefore, the suppression power summarized in
table 1 is likely applicable to other double-exchange diagrams, although the exact coefficients
would require detailed analytical calculations, which we leave for future studies.

6 Conclusions and outlooks

Cosmological correlators inherit information about all primordial fields, with any masses,
spins, mixing angles, and including all kinds of interactions with the curvature perturbation
and the two polarisations of the gravitational waves. In order to have at hand full predictions
in any given inflationary scenario, as well as for not biasing the interpretation of (upcoming)
cosmological data, channels involving multiple massive exchanges must be taken into account.
However, obtaining analytical solutions for these channels is highly challenging. In this work,
we present the first example wherein we apply recently developed bootstrap equations to
find the exact and explicit solutions of four-point and three-point correlation functions with
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the exchange of two massive fields. The approach employed in this paper involves applying
differential operators associated with each massive propagator individually, thereby expressing
derivatives of the double-exchange seed integral as the corresponding single-exchange one
without this propagator. By utilizing known results from prior research as input, we ultimately
derive exact analytical solutions for these bootstrap equations. Through proper selection
of variables, our final results exhibit a simplified form, comprising only one layer of series
summation. This simplification facilitates faster convergence and makes it easier to investigate
the analytic structure. The primary results of the four-point function exhibit divergences
in certain terms for specific kinematic regions, making the task of taking the three-point
function limit challenging. However, we observed that by employing the continuation of
certain special functions and regrouping the divergences in pairs, treating all contributions
as a whole, the final expression is explicitly convergent. We also conducted a detailed
analysis of the phenomenology related to double-exchange correlation functions, together
with a careful comparison with an independent numerical method using CosmoFlow. We
concluded that the primordial bispectrum generated from this channel may be large, both at
equilateral configurations and in the squeezed limit where the cosmological collider dominates,
thereby opening the thrilling possibility to probe the existence of massive primordial fields
via cosmological observations. We explored diverse phenomenological aspects that make the
double-exchange channels particularly intriguing, including specific phase information in the
CC signal, new features in the inflationary flavor oscillations pattern and a unique transition
to double frequency in the double soft limit of the primordial trispectrum. More generally,
our work showcases the utility of using diverse methods for the calculations of cosmological
correlators, and taking full advantage of their synergies.

There are many aspects that deserve further investigation in the future. Here we outline
a few of them. First, as previously mentioned in the main text, it would be desirable to find
simplified analytical expressions when the special functions are evaluated on arguments with
values close to unity. Second, as demonstrated by the example of the triple-exchange channel
provided in appendix D and for which we derived preliminary results, our technique can be
used to obtain fully analytical results for diagrams involving more-than-two exchanges of
massive fields, definitely providing fascinating directions for future work. Third, it would be
intriguing to investigate whether the well-known Suyama-Yamaguchi inequality [190], relating
the collapsed limit of the trispectrum to the squeezed one of the bispectrum, still holds in
the context of heavy field exchanges, depending on the number of such exchanges. Fourth, as
already acknowledged in the main text and following the now standard tradition in computing
cosmological correlators, we focused here on the exchange of massive fields in pure dS, but
future works on multiple exchange diagrams should also include symmetry-breaking cases,
such as those with non-unit sound speed, chemical potential, IR effects, and time-dependent
masses and coupling constants. Fifth, it is worth delving deeper into understanding the
mathematical structures of these boundary bootstrap differential equations involving multiple
exchanged fields, such as those explored in [148, 149] for the three-site chain of conformal
scalars.® Sixth, although we did mention inflationary flavor oscillations in the context of
double-exchange channels and uncovered first interesting unique features, it remains yet to

8We thank the anonymous referee for pointing this out.
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conduct a thorough investigation of how to tell different channels apart in practice from
(to-be) observations. Seventh, with the analytical results of tree-level double-exchange here,
and the known result of the 1-loop bubble diagram [136] that also contains two massive
propagators, it would be interesting to compare the signals originating from these different
channels. Eighth, we explained in the phenomenology section 5 that the cubic interaction
A, relevant for double-exchange channels, can be related to the field-space curvature in
general non-linear sigma models of inflation; it would be thrilling to explore double-exchange
correlators in the context of concrete models of moduli field spaces in string compactifications
or the coset field space of (pseudo-)Nambu-Goldstones from spontaneous symmetry breaking
patterns. Lastly, only very recently was the CC signal arising from varied single-exchange
diagrams searched for in the cosmological data [156, 157], but given the relatively higher
prospects of detectability of the double-exchange channels as we explained at length, it seems
important to extend the search to templates proposed in this work. We plan to address
several of these directions in future works.
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A Mathematical formulae

In this appendix, we provide a summary of definitions and formulae frequently utilized in this
work. Most of these formulae can also be found in Mathematical functions handbook [173].
Following refs. [135, 138, 141], we use shorthand notations for products of Gamma

function,
Dz, yzm| =T (21) - T (2m), (A.1)
21, Zm _F(Z1)"'F(Zm)
Flwhm,wn]:T(w1)-~1“(’wn)' (4.2)

Several types of hypergeometric functions are used in the main text, which we collect their
definitions here. First, the (generalized) hypergeometric function ,F is defined by

at,---,0p
qul

A3
bi,e- by (4.3)

S )y o)yt
m] a nzz:o (b1),, -+~ (bq),, nl’

where (a), = I'[a + n]/T'[a] is the Pochhammer symbol.
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We also use its “dressed” version, which is defined by

al... a al... a al... a
,F ) s Up =T ) s Up F ) s Yp
P qlbh"'abq x] [bl’...7bqlp q[bh...’bq v
:ir ar+mn, -+ ,ap+n ﬁ (A4)
o bi+mn, - ,bg+n| n!

There are many formulae changing the variables of hypergeometric functions. The one
frequently used in the main text is

i —a—b
sin (m(c—a ))2]__1 [a,b m]
7r c
1 a,b (1 —z)eab c—a,c—b
- ,F l—z| -~ F 1— x| .
F[c—a,c—b]2 "fa+b—c+1 x] F[c—a,c—b]2 I[C—a—b—i-l w]

(A.5)

Next, let us move to the hypergeometric series of two variables. In this paper, we used
two types of Appell series, F5 and Fy, whose definitions are given by

b1, bo o~ (@)mtn (b1),, (b2)
5 la _ m n M, A6
2 [ C1,C2 y] m%:O (c1),, (c2),, m!n! y (A.6)
a,b = (a>m+n(b>m+n
F, Tyl = x"y", AT
4 [Cl,cz y] m%:O (c1),, (c2),, m!n! 4 (A7)

and their dressed versions are expressed as

% |a by, bo vyl = i r a+m+n,by+m,bo+n|a™y" (A.8)
cryez | 0 c1+m,ca+n mln!’ ’
b 0 b m,n
Fi a, z,y| = Z r at+tm+no+m+n| "y ' (A.9)
C1,C2 0 c1+m,ca+n min!

Note that the function F is convergent for |z| + |y| < 1, while the function Fy for /|x| +
V |yl < 1. Here are some useful conversion formulae. The Appell Fy function is related
to Appell F5 through

g atl bi,b 2x 2y
F 22 2o =1 +z+y) “Flal 2 , ., (A.10
BT T ( v 201,20y |z +y+ 1z +y+1 (4.10)

and the Appell F5 can be expanded as summation of Gauss hypergeometric function oF; as

o0 b m
1,02 = (c1)m m! 2
Finally, the F-type of Lauricella’s hypergeometric functions of m variables z1,--- ,
appears in appendix D, which is defined by [191],
b > b
Fc @ T1, T =Y (@bt )”ﬁ' i eyt agr, (Ad2)
C].u “ e 7Cm nl,“.’nmzo (Cl>n1 P (Cm)nm nl. e nm'
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with convergent radius

Ve + -+ 4 /|zm] < 1 (A.13)

Note that Lauricella’s Fo function is reduced to Appell’s and Gauss hypergeometric functions
Fy and oF; for m = 2 and m = 1, respectively.

B Seed integral with single massive exchange

Here we show analytic expressions of the seed integral with single exchange, which appear as
source terms of bootstrap equations for double-exchange: the right-hand side of (2.47), (2.49),
and (2.50). The analytical solution of the single-exchange tree-level diagram is well-established
in the literature, as we mentioned in the introduction. Further, in cases where one vertex
involves linear mixing, the solution provides an exact closed form. This solution as the source
terms is utilized extensively in our main text discussion. The comprehensive derivation can be
found in detail in [138]. Here, we just collect the results in a convenient format for our purpose.

To do so, let us transform the seed integral with single exchange (2.41) by changing
the variables

21 = —ki2am, 22 = —kaT, (B.1)
and introducing
DS (ks;m1,79) = k3 2D2, (QfRzl, ZQ) : (B.2)
where
R= é’; (B.3)

Under these change, eq. (2.41) can be written as
) R 1+p1 00 ) bao R
IR (R) = H™ <2—R) (—ab)/0 dzidzy 2" 252?172 DY (2—]%21’22) . (B.4)
Note that the seed integral depends only on a specific momentum ratio R.
A summarized version of the explicit expression for eq. (B.4) as a function of R is given by

TP1p2 (R) = eFiams %—’_pQ‘H,U«om %+p2_iﬂaa %‘H?l —ifla,ifta
EF.o 96+p12—2ifta 13 3+p2
1 5, 5 —i
« R%—i—m—luazl:*l 2 " 1Has 3 7.Lp1 o, R+ (e = —pta), (B.5)
1-2ip,
1p2 (R) = +i eFiarzeFue r g+p2 +ipta, % +p2—ipa, g +p1—ipa,ifa
e 96-+p12—2itta 3 3+p2

1_ s 5 _;
x RETPI-ia R | 2 l,ua,24.-p1 Hel R +(pa = —ha)
1—2ip,
eFiZP] (p1p45) [ R\ P2 1,5+p12,3+p2
5 P) 5 32 z+ _j Z_|_ +i R ) (B'6>
Na+<§+p2> 3 TP2 o, 5 TP2T 1l

where p12 = p1 + p2 and P12 = p1 — po.
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C Boundary conditions of seed integrals

In the main text, in section 3.2, we imposed the soft limit (u,v — 0) as the boundary
conditions to determine the coefficients of bootstrap equations. In this appendix, we present
the calculation of the time integrals under these limits. In principle, one can employ the
late-time expansion of the Hankel function to directly evaluate the time integral under
these limits. Instead, as suggested by previous work [135], the partial Mellin-Barnes (MB)
representation proves to be an efficient approach for handling such time integrals. So in this
appendix we will adopt the MB representation to find the boundary condition. We will not
extensively discuss the derivation details, but instead, we will present the final results in a
format suitable for our purposes. Further details on the use of the partial MB method to
evaluate double-exchange correlators can be found in [141].

The key trick of this method is to use the following representation of Hankel function,

; ico (g (—kT/Q)_2s Vil (9 1\ in ip )
HO)(_ :/ (~1) 1 25-ip—1); p{ i ] 19 1
1L ( kT) —iso 27_‘_1 T € 2 S 2 78+ 2 ? (] ? ) (C )

by which the time-integral in the seed integral can be trivially performed. Then, the
remaining complex integral with variable s can be done by the residue theorem. With (C.1),
the factorised propagators in the seed integral (2.10) can be expressed as

H?re ™o

D (ki m) = 4 (ri72)*/? Hﬁﬁl (=k171) H(illio)z (—k172)
H?2 [ficc dsq dss Fim(s1—s2) k1 —2s12 98143/2 —ept3/2
T4 /—ioo omi 2miC (2) (=71) (—72)
XF{Sl‘W;’SlMﬁS?‘W;’S?”f} (C.2)

and similarly for Djﬁg (k3; 12, 73). For time-ordered propagators, it has been observed that a
more effective way involves dividing them into factorised and time-ordered components through

DS, (ky;71,7m0) = Di< (ki; 11, 70) + [DEy (k1; 71, 72) — DS (kys71,72)] 0 (11 — 72), (C.3)
Dii (kg; m2,73) = Dii (ks; T2, 73) + [DijF (ks; T2, 73) — Dii (k; 72, 7'3)} 0(r3—m1). (C.4)

Then accordingly, we define factorised and time-ordered parts of the seed integral by [141]

Tigs, (C.5)
Tiss =Ziszp+ZIissrT, (C.6)
Lizs = LigsF + LagxT, (C.7)
Tivy =Tiatpr +Zota 77 + Tots pr +Tot4 TT, (C.8)

where T4~ is already factorised from the beginning. The subscript g(7) indicates that it
originates from the factorised (time-ordered) part of the time-ordered propagators. In the soft
limit, the (fully) factorised part will dominate [141]. To clarify further, the dominant parts are

0 ) ) )
I:i::F:I: - 4 iH—4k52)2-p123 / dT1 dTQdTg(—Tl )p1 (_7_2);02 (_7_3)p3 e:l:llel FikoyTotiksTs
—00

x DS (ki;71,72) Dy (ks 2, 73) (C.9)
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0 . . .
Tiyzp= £ iH_4kgjp123/ d7'1d72(f173(—7'1)pl(—Tg)pz(—7’3)103ej”klﬁj“k?‘m@k“3
—o0

x DS (ki3 71, 72) D (ksi 7o, 73) (C.10)

0 . . .
Ticerp=TF 1H74kgjpm3 / dridradrs(—71)Pt (—72)P2 (—73)P3 etik1 71 Fikoaro FiksTs
—0o0

x DS (k15 71,72) D (ks m2,73) | (C.11)

0 ) ) )
I:t:l:j:,FF =F iH—4ngrp123 / dT]_ d7_2d7_3 (_T]_ )pl (_7_2)172 (—Tg)p3 e:tlkl’rl +ikogTotiksTs
—0o0

x DS (ki3 71,72) D1 (ks 2, 73). (C.12)

As mentioned above, the things to do are to insert the MB representations of the SK
propagators (C.2) into the seed integrals above, perform 7; (i = 1,2, 3)-integral, and evaluate
the complex s; (j = 1,2, 3,4)-integral by residue theorem. After straightforward calculation,
we gets the results summarized below.

As for the fully factorised seed integral Iili’i}j ?t;uﬂ’ the final results are

Tpipep eTi5 (P13—p2) 5 5
P23 —p1—5,—ps—3
+3+,08 T tpsg v r

5 +P1—itta, 3 +p1+ika, 5 +p3—ips, 5 +p3tips
3+p1,3+p3

00 u 2n9—iapla v 2n3—ibug (_1)1123
X 266

Ina!
ab—t n2,m3=0 n9ing.

xI'[—na+iapta, —n3+ibug, pa+4+42n93 —i(apa+bug)l, (C.13)

where ng3 = no+mng. Under the limit u, v < 1 for boundary conditions of bootstrap equations,
the dominant contribution comes from ng 3 = 0 in summations. Then, utilizing the following
formulae for the Gamma function,

s 2z 92:—1
Iz, 1—2] = , = —70F, C.14
[z 2] sin 2 Z, 72+ % l/2 ( )
one may summarize
ulg)gélzilqgizjiﬂ - = Z eZFi%(pB_pﬂ csch (Waﬂa) csch (Wbﬂﬂ) f‘(plap2ap37 Ko, ,Uﬂ)
’ a,b=1
5 ) 5 ) 4+p27i(a,ua+b,u5) 5+p27i(a,ua+b,u5)
X u "2 P1iapa =3 —pa=ibug 2 ’ 2 , (C.15)
1 —iapa, 1 —ibug
with

3 5 : 5 . 5 . 5 .
- _ T2 5 D1 —1la, 5 +P1 +1la, 5 +P3 — 11,5 +Pp3 + 14
L(p1sp2.p3, o 8) = Srpry U | 2 2 @2 B2 8

3+p1,3+p3

(C.16)
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A similar procedure can be applied to both the partially factorised (partially nested) and
fully nested seed integrals. Under double soft limits, they yield:

Jim TR = F i Y7 TR0 esch (majia) esch (nbpug) e¥ L (py, pa, ps, o tp)
’ a,b=+

5 ) 5 ) 4+p2—i(aua+bu5) 5+p2—i(aua+bu5)
w 2 ~P1—iapa =5 —p3—ibug 3 ) 2

1 —iapa, 1 —ibug

(C.17)

Jim TRP o= 37 €T esch (majia) esch (wbyug) ¥ IIT (py, py. ps, pra 1)

a,b=+

5 ) 5 ) 4+p27i(a,ua+b,u5) 5+p271(a,u&+b,u5)
—5—P1—1apa,,—5—p3—ibug
Xu 2 v 2 I 2 ’ 2

1—iapta,1—ibug

(C.18)

P1p2p3
Ii3F¥,Oé

in the expression of

The results for 5 can be directly obtained by replacing u <> v, p1 <> p3, and a < 3

1P2P3
FFE,a8°

D Toward triple exchange

In principle, the bootstrap equation approach we applied to the double-exchange diagram
in this work can be easily generalized to any tree-level diagrams. In this section, let us see
how it works for the triple-exchange diagram, keeping in mind that obtaining the complete
analytic form remains a non-trivial task for future work. In particular, the bispectrum with
triple massive exchange would be phenomenologically important because it can give a sizable
signal known, as first emphasized in the context of quasi-single-field inflation [1].

Here again, we start from the seed integral for the four-point inflaton correlator, but
from a triple exchange, which can be defined by

0 4
Ifégjffgf/ _ H_6ki3+p1234(abcd)/ H dTi (_TZ,>:D¢eiak1n+ibkz7‘2+ick3'f3+idk4r4
0 =1
x D2y (k; 71, 70) Dy (ka; 79, 74) D2y (ks 73, 71) - (D.1)

It can be diagrammatically expressed as shown in figure 12. The three-point correlator with
triple exchange can be obtained by setting the external momentum soft, i.e., k4 — 0. In
the following, we consider a situation where three massive fields contribute to the seed from
the mixing vertex o®0%¢7. Without ambiguity and for the sake of brevity, we will omit
mass indices («, 3,7) in the following text.

Similarly to the procedure shown in the main text, we transform the seed (D.1) to a
more convenient form through changing the integration variables by

—kii’TZ' = Zj, (Z = 1, 2,3,4), (D2)
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N

Figure 12. Four-point and three-point diagrams with triple massive exchange. For generality, distinct
colors here denote massive scalar fields ¢, o’ and with different mass.

and define the hat propagator in the same way as eqgs. (2.22)—(2.24). Then, the seed
integral (D.1) can be written as

ngpdﬁ?alm
abc
HiG(ade) oo A Di —iaz) —ibzg—iczz—idzy N 3 A
= o dtps ips I dzi 2te Dag (21,w124) Dod (22, w224) Ded (23, w324)
Wy T Wy W3 0 ;=1
(D.3)
1 ~
— P1P2P3P4
= w‘ll+p1w‘21+p2w§+p3 Tobed (w1, w2, ws3), (D.4)
where
k; .
w; = k—z, (1=1,2,3). (D.5)
4

Now let us derive the bootstrap equations for Z. For example, repeating the same
procedure as in the main text, we find 74+ 4+ to satisfy the following homogeneous differential
equations

D) IRparers = (i=1,2,3), (D.6)

where the differential operators Dqgi) (i = 1,2,3) are defined by

9 3 3
Dfi)waﬁii—Qwiawi+ﬂg+1_wg ijaw,j+p4+2 ijﬁwj—i-m—i—l
J=1 j=1
= QUZ‘Q (1 —w?) 812112 _2w¢36’wi ijawj _wz‘2 Z ijUk;aw]- &Uk —2w; (1—|— (p4+2) wz) awi
JF#i J.k#i
9
_2(1’4+2)wz‘22wj3wj+M?+Z—(p4+2)(p4+1)w§, (D.7)

J#i
where p; is the mass parameter of the massive field associated with the momentum ;.
Remarkably, this can be analytically solved by

~ 3_

3 . . 3 .
P1P2DP3P4 __ y—iapy  5—ibus 5 —icus
Iiiiq: = Z C4+47 abc Wy Wy w3
abc=+

2ps+11-2i(ap1+bus+cps) 2ps+13—2i(ap1+buo+cps)
4 ) 4

x Fo . : .
1 —iapq,1 —ibug, 1 —icus

w%,ws,w§] . Ds)
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Figure 13. The schematic diagram illustrates the triple-exchange bootstrap equations. a,b,c and d
are the SK indices. When the two SK indices of one massive propagator are opposite, applying the
corresponding differential operator results in homogeneous equations. Conversely, if the two indices
are the same, an additional d-term introduces a source term, which can be expressed using the seed
integral of the double-exchange diagram.

where the function F[- - -] is Lauricella’s hypergeometric function with three variables defined
in (A.12). The eight coefficients ¢4+ abec could be determined by proper boundary conditions.

As a next example, let us see ijii; including a single time-ordered propagator for o<,
BJF;(zl, r1z4). In this case, we obtain an inhomogeneous term in the bootstrap equation

after acting with the differential operator Di;?,

4+p1, 4+p2,  4+p3
pB) TP1p2p3pa Wy Wy "ws gp2patdps (0 w2 v = w3 (D.9)
w1 TFEETF,aBy (1 + wl)P1234+13 ¥+ 1+ wl’ 1+ wp ’ '

while the other equations with DS;) and Dfi? still satisfy the homogeneous ones,

DY) Topan = D) TP = 0. (D.10)

Note that the right-hand side of the first equation (D.9) is written as the seed integral of
double-exchange diagram, which we obtained analytic forms in the main text. This structure
is generic: the seed integral with n-massive field exchange, denoted as Z,,, emerges as a source
term in the bootstrap equations of Z,, ;1. Consequently, we can systematically solve more
complex tree-level diagrams, although the detailed calculations remain non-trivial tasks: as
shown in (D.8), the homogeneous solutions can be written down as known special functions,
which is true even for more general diagram with n-massive exchanges. However, determining
particular solutions would be a non-trivial task since the source term (the right-hand side
of (D.9) for triple exchange) becomes more and more complicated as n increases, and we
leave the detailed derivation for future work.
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Similarly, deriving the remaining bootstrap equations for other seed integrals follows a
straightforward procedure. However, we do not intend to delve into all the tedious details
within this work. Instead, we illustrate the structure of the bootstrap equations in figure 13.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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