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Abstract. Primordial non-Gaussianities from multi-field inflation are a leading target for
cosmological observations, because of the possible large correlations generated between long
and short distances. These signatures are captured by the local shape of the scalar bispec-
trum. In this paper, we revisit the nonlinearities of the conversion process from additional
light scalars into curvature perturbations during inflation. We provide analytic templates for
correlation functions valid at any kinematical configuration, using the cosmological bootstrap
as a main computational tool. Our results include the possibility of large breaking of boost
symmetry, in the form of small speeds of sound for both the inflaton and the mediators.
We consider correlators coming from the tree-level exchange of a massless scalar field. By
introducing a late-time cutoff, we identify that the symmetry constraints on the correlators
are modified. This leads to anomalous conformal Ward identities, and consequently the
bootstrap differential equations acquire a source term that depends on this cutoff. The solu-
tions to the differential equations are scalar seed functions that incorporate these late-time
growth effects. Applying weight-shifting operators to auxiliary “seed” functions, we obtain
a systematic classification of shapes of non-Gaussianity coming from massless exchange. For
theories with de Sitter symmetry, we compare the resulting shapes with the ones obtained
via the d N formalism, identifying missing contributions away from the squeezed limit. For
boost-breaking scenarios, we derive a novel class of shape functions with phenomenologically
distinct features in scale-invariant theories. Specifically, the new shape provides a simple
extension of equilateral non-Gaussianity: the signal peaks at a geometric configuration con-
trolled by the ratio of the sound speeds of the mediator and the inflaton.

Keywords: cosmological perturbation theory, cosmology of theories beyond the SM, infla-
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1 Introduction

Are there additional light scalar degrees of freedom beyond the primordial curvature pertur-
bation? This intriguing question is particularly important for inflationary cosmology, as it is
closely related to the dynamics of the primordial Universe and provides great opportunities to
test fundamental physics at extremely high energies [1, 2]. Theories of inflation with multiple
scalar fields have been extensively investigated for many years. They have distinctive signa-
tures, due to correlations generated by the extra particles with masses much smaller than the
Hubble scale [3—15]. Specifically, the light scalars can be converted into the curvature per-
turbation after horizon crossing, and the nonlinearity of this process leads to non-Gaussian



statistics in primordial fluctuations coupling long and short distances. In the scalar bispec-
trum of the curvature perturbation ¢, this corresponds to the well-known local shape [16]
3 3 3
{Ciy G Cies)” = ngL P? Siocal(k1, ka, ks) , with  Siocal (K1, k2, k3) = % (1.1)
1R2R3

where P = k*((x(_x)’ is the primordial power spectrum of ¢.! As the smoking gun of ad-
ditional light scalars beyond the inflaton, a detection of local non-Gaussianity would rule
out (almost) all models of single field inflation.? That, together with its very distinctive
observational imprint, makes the local form of the bispectrum a major target of observations
probing primordial non-Gaussianity. The latest CMB data from the Planck satellite gives
the current limit on the size parameter fyr, = —0.9 £ 5.1 [21]. In many upcoming surveys,
of both galaxies and the CMB, we expect the local shape to be further constrained, and
potentially detected [2].

Meanwhile, on the theory frontier, there have been significant improvements on our
understanding of cosmological correlators. This partly comes from the “cosmological boot-
strap” program [22-52], which allows us to derive theoretically accurate predictions based
on fundamental principles, such as symmetries, unitarity and locality, while being relatively
model agnostic. The bootstrap approach provides a comprehensive classification of the infla-
tionary correlators based on minimal assumptions. Two parallel lines of development follow
different symmetry assumptions: first, the idea of bootstrap was implemented for theories
that respect all de Sitter (dS) isometries (the dS bootstrap) [22-24]. Later, a broader class
of theories with broken dS boost symmetry were considered in the boostless bootstrap, where
large signals and richer phenomenology are naturally expected [32-39]. Beyond reproducing
the known results in the literature, many new non-Gaussian signals were bootstrapped from
this novel formalism.

Our theoretical prior is that there are two broad classes of primordial non-Gaussianties:
one from self-interactions of the inflaton, leading to equilateral-type correlations; another
from the presence of new species of particles, which mediate long distance correlations during
inflation. A systematic study of these shapes — dubbed cosmological collider physics—
has provided a remarkable avenue for testing new physics in the extremely high energy
environment of the primordial Universe [37, 38, 53-93]. For example, now we understand
how to extract spectroscopic information (masses, spins and couplings) of mediator particles
from the shapes of non-Gaussianity. One notable case is when the intermediate states are
massless scalars: they can be the source of massless isocurvature perturbations. In the exactly
massless limit of multi-field inflation, the curvature perturbation can be continuously sourced
during inflation, and the action for the inflationary perturbations acquires an extra “scaling”
symmetry [94, 95] (see also ref. [96]).

These recent developments encourage us to re-examine the cosmological correlators me-
diated by additional very light scalars, given the importance of these shapes to observations.

!The prime on correlators means that we have stripped the momentum-conserving J-function
(2m)%6(3, kn).

2See non-attractor inflation as a counterexample which has one scalar field but two degrees of freedom
in the background evolution. In other words, this class of models are not “single-clock,” and thus local
non-Gaussianity can be generated [17-20].

3As a proof of concept, a class of multi-field models was recently constructed with exact background solu-
tions and neutrally stable attractor behaviour [97]. Unlike many other scenarios, the isocurvatue perturbations
here remain massless for the whole duration of inflation. This model serves as a benchmark example for the
analysis presented in the current work.



In this work, we perform a systematic analysis of cosmological correlators from multi-field
inflation, using the bootstrap as a main tool. This paper complements our previous work,
the boostless cosmological collider bootstrap [37], where we derived a large set of massive
exchange correlators with broken boost symmetry. Here, instead, our focus is to bootstrap
massless exchanges. An important difference in this case is the appearance of the well-known
infrared (IR) divergences for interacting massless scalars in dS space [98-112], which are
typically addressed within the framework of stochastic inflation [113, 114]. We will remain
in the perturbative regime, and compute correlators at tree-level, while carefully accounting
for the IR effects. An important technical step will be how to incorporate IR effects within
the bootstrap. We show that they introduce new terms in the “boundary” (late-time) differ-
ential equations. We consider both the dS-invariant and boost-breaking scenarios. We will
also compare our results with the literature on primordial non-Gaussianity within multi-field
inflation. When there is overlap, we find agreement. Nonetheless, we find new shapes of
non-Gaussianity, with new phenomenology of potential interest for future observations.

1.1 Summary of results

Our main results can be summarized in three points:

e IR divergences in the cosmological bootstrap. We incorporate IR divergences in
the cosmological bootstrap. Within the validity of perturbation theory, the tree-level
IR divergent terms are regularized by an explicit late-time cutoff ng that is related to
the end of inflation. Technically, the resulting boundary correlators satisfy anomalous
conformal Ward identities. In particular, for exchange diagrams with an intermediate
massless state, the IR cutoff 79 modifies the boundary differential equations with new
source terms that were missed in previous studies. As a result, when computing the full
shape of correlators, the ng-dependent terms become dominant and must be accounted
for. We also perform the bootstrap analysis using the wavefunction method, where
the massless-exchange wavefunction coefficients remain IR-finite and the ny-dependent
divergent terms are found in the disconnected part. As an important outcome, we derive
the three-point and four-point “seed functions” of massless exchanges for both dS-
invariant and boost-breaking theories, from which more general shapes can be computed
using differential (weight-shifting) operators.

¢ Classification of massless-exchange correlators. The possible correlators of the
inflaton ¢ from the single exchange of a massless scalar o fall in three categories:

— Correlators with (approximate) dS symmetry: two typical couplings here are bo
and (0u<l>)2a. As the simplest setup, the scalar bispectrum contains IR-divergent
terms, and the shape function has a mild logarithmic deviation from the local
ansatz (1.1):

S(k‘l, ]{72, kg) XX [(’yE -3 - log(—ktno)) <k213 + k% + k‘g’) + kteg — 463 (1.2)

1
Ry
+ (k3 + k3) log(—2k1no) + (k3§ + k3) log(—2komo) + (K} + k3) log(—2k3770)} :

This result is derived and analyzed in (4.20) in section 4.1. The trispectrum is
IR-finite, with the standard 7np, and gnp-type local forms.



— Correlators from o and boost-breaking cubic interactions, with arbitrary cs: the
bispectra here are also IR-divergent, with various new shapes that resemble the
local shape in the squeezed limit. One example is given by

1 cskio + 2ks
]{71]{/‘2]{,‘% (cskia + k3)

where we have only kept the IR-divergent terms for demonstration. See (4.24) in
section 4.2.1 for more details. For both the bispectra and trispectra, their sizes
can become potentially large, and we identify richer analytical structure in their
shape functions away from the squeezed limit.

S(k1, ko, k3) o

5 log [—(1 + ¢s)ksno] + 2 perms + ..., (1.3)

— Multi-speed non-Gaussianity: this is a new class of scale-invariant bispectra which
originate from higher-derivative quadratic interactions (e.g. do, <;528Z-20) and mul-
tiple reduced sound speeds. As an example, a simple template with three sound
speeds parameter ¢ 23 is given by*

1
k‘lk‘gk‘g(clkj + coko + Cgk‘g)

There is no logarithmic divergences, and the IR-finite shapes are of the equilateral-
type in terms of rational polynomials. However, as multiple sound horizon cross-
ings are involved, the peaks of shapes are shifted by the sound speed ratios. These
simple results with possibly large sizes provide interesting signatures of light de-
grees of freedom during inflation, with rich phenomenology. See section 4.2.3 for
more discussions.

S(ky, ko, ks) 5 + 5 perms. (1.4)

o Comparison with multi-field 6N analysis. We compare the shape function (1.2)
from the bootstrap and the one previously computed within the N formalism in a
benchmark example. Explicitly, we consider a simple two-field model, which can be
analyzed by both the dS bootstrap and the § N method. For the squeezed limit of
the scalar bispectrum, we find agreement in these two results. Nevertheless, there is a
mismatch away from the squeezed limit, which is due to the oversimplified assumption
of initial field fluctuations in the previous computation. As the N formalism mainly
captures the super-horizon effects, the bootstrap approach provides a more accurate
shape function by also including sub-horizon field interactions.

1.2 Outline and reading guide

Outline. The rest of the paper is organized as follows. In section 2, we briefly review some
key aspects of multi-field inflation, and present a model-independent reformulation of the
conversion mechanism based on field interactions. In addition, we also list the goals and
assumptions of the subsequent bootstrap analysis. In section 3, we perform a detailed anal-
ysis of IR divergences in the cosmological bootstrap with the presence of massless scalars.
We study how an explicit IR cutoff modifies the boundary differential equations for correla-
tors, and derive the scalar seed functions of massless exchanges in both the dS and boostless
bootstrap. A complementary analysis using the wavefunction of the universe is presented in
appendix A. In section 4 we use weight-shifting operators to bootstrap a complete set of infla-
ton correlators from massless exchanges. We also discuss the phenomenology of the shapes of
primordial non-Gaussianity. In section 5, we compare the bootstrap results with the ones from
the previous literature on multi-field inflation. Our conclusions are summarized in section 6.

“See [115] for an earlier work with similar results from a different setup.



Reading guide. As these results are of interest for physicists with different research back-
grounds, we strived to make the paper self-contained. Therefore, it may be helpful to provide
a brief reading guide.

Theoretical cosmologists familiar with the bootstrap may skip ahead to section 3, which
incorporates IR effects from massless exchanges into the boundary differential equations.
Alternatively, they can read appendix A if their preference is the wavefunctional perspective.
Then section 4 presents the classification of the correlators with massless external fields,
which includes new phenomenology in boost-breaking scenarios. Sections 2 and 5 show how
the bootstrap results are related to previous analyses of multi-field inflation.

For experts who are more familiar with multi-field inflation, we recommend beginning
with section 2 to get familiar with our basic assumptions and notations. On a first reading,
section 3 can be skipped, while the reader may directly turn to section 4.1 for the dS bootstrap
results for the primordial bispectrum (4.20) and trispectrum (4.11). Next, the comparison
of these two results with the previous literature is demonstrated within a simple example
in section 5. After that, we recommend reading section 4.2, where we discuss the new
phenomenology associated to boost-breaking scenarios.

Notation and conventions. Throughout the paper, the metric signature is — + ++. We
use natural units 4 = ¢ = 1 and the reduced Planck mass M3 = 1/87G. We use Greek letters
for spacetime indices, u = 0,1, 2, 3, Latin letters for spatial indices, i = 1,2, 3, and a, b, c,...
for internal field space indices. The background fields are denoted by ®¢, while fluctuations ¢
and o corresponds to the inflaton (adiabatic modes) and additional light scalars (isocurvature
modes) respectively. The momentum of the n-th external leg of a correlator is denoted by k,,
and its magnitude is k,, = |k, |. We use k; = k1 + ko + k3 as the total energy of three-point
functions. In four-point functions, the total energy is denoted by k7 = k1 + ko + k3 + k4, and
we mainly focus on the s-channel exchange with s = |k; + ks|. Functions with a hat, such
as I , F and K, are dimensionless by definition.

2 Disassembling the Pandora’s box of multi-field inflation

In this section, we give a lightning review for some key aspects of multi-field inflation, and
identify the universal features of the non-linear conversion process. This streamlines our
analysis in the following sections, allowing us to say a few general things about multi-field
inflation, despite the large freedom in terms of model building.

Light scalars with masses much smaller than the Hubble scale are ubiquitous in UV
completions of inflation [116]. For instance, they could be moduli fields arising from string
compactifications, or they appear as pseudo-Nambu-Goldstone bosons from the breaking of
a global symmetry. Thus the inflaton field may not be the only light scalar degree of freedom
during inflation. When there are additional light fields, both the background dynamics and
the behaviour of perturbations can become significantly different from the scenarios with
only the inflaton. In general, the background evolution involving multiple scalars traces a
complicated trajectory in field space, which in turn generates many interactions among these
light scalars (see refs. [94, 97, 117-125] for recent examples). As a result, predictions of multi-
field inflation are expected to be model-dependent, and the vast range of possible scenarios
is like Pandora’s Box, lacking some unifying theme.

However, we can still look for generic features of curvature perturbations when addi-
tional light fields are present, and try to extrapolate to more general lessons about multi-field



inflation. A key feature of multi-field inflation is the conversion from isocurvature pertur-
bations to the adiabatic ones [126]. They lead to the super-horizon evolution of curvature
perturbations and change their statistics. Based on the time when this conversion happens,
multi-field models can be broadly classified as follows:

o Conversion after inflation: in this class of models, the additional light fields are spec-
tators during inflation. One way to achieve this is to consider a two-field system with
canonically normalized kinetic terms and a hierarchy between the inflaton mass and
the extra field mass, such that the extra field rolls much slower than the inflaton and
the field space trajectory can be approximated as a geodesic. As a result, the extra
fields do not contribute to the curvature perturbations during inflation and the single
field results remain unaffected. However, there can be some nontrivial effects at the
end of inflation or in the post-inflation eras. Famous examples include the curvaton
scenario [127-129] and modulated reheating [130]. In the former, after inflation the
energy density of the curvaton field dominates over the energy density of the inflaton,
and the curvaton fluctuations source the nonlinear evolution of curvature perturbations
on the super-horizon scales. As has been extensively discussed in the literature, this
process generates O(1) local non-Gaussianity.

o Conversion during inflation: when multiple fields are actively involved in the inflation-
ary background dynamics, the resulting trajectory can deviate from geodesic motion in
field space, and the curvature perturbation suffers significant backreaction from these
other fields during inflation. Depending on the choice of field basis, there are basically
two approaches to describe this class of scenarios:

— The “multi-inflaton” analysis. Since multiple scalars are dynamical in this sce-
nario, one natural choice is to consider their evolution in some convenient field
basis

D4 (t), Pa(t), P3(t), ... (2.1)

For simplicity, in this approach the choice of field basis normally results in multi-
field models with canonical kinetic terms and sum-separable/product-separable
potentials, such that the background dynamics can be approximately solved. One
simple but typical example of this class of models is double inflation, where we
have two canonically normalized fields with a bowl-shaped potential, such as

1 1
V(®1,®9) = §m%q>§ + §m§q>§. (2.2)

This model has been well-studied in the literature [131, 132]. In general, the in-
flaton rolls down along a bent trajectory. The perturbations are usually analyzed
using the J N formalism (see section 5.1 for a brief review). In this scenario, the pri-
mordial non-Gaussianities are typically small, because field interactions are slow-
roll suppressed. In most cases, the conversion from isocurvature to adiabatic per-
turbations is not significant, and the models behave more like single-field inflation.

— The covariant formalism. This approach begins with an adiabatic/isocurvature
basis for the two types of perturbations [126, 133—138]. The inflaton trajectory
in the internal field space ®%(t) picks a tangential vector along the trajectory 7%,
with the orthogonal directions parametrized by normal vectors N¢. Field fluc-
tuations along T'® are associated with adiabatic perturbations, while the others



Figure 1. An inflaton trajectory ®&(t) in a curved field manifold with multiple scalars ®®. Adiabatic
and isocurvatue modes are defined by the decomposition of field fluctuations along the tangent and
normal vectors at each point of the trajectory. At the linear order o N® is a vector living on the
tangent space of one particular point on the manifold.

correspond to isocurvature. The two types of perturbations are coupled if the
inflation trajectory deviates from geodesic motion dictated by the metric of the
field manifold, with all couplings having a geometrical interpretation.

To summarize, if the background expansion history is known in specific models, the
ON formalism provides a simple description for the nonlinear evolution of perturbations on
super-horizon scales. This approach can also be applied for the conversion in post-inflation
stages. Meanwhile, the covariant formalism may seem quite complicated for the analysis of
specific models, as detailed information about the inflaton trajectory is needed. Previously
this approach was mainly used in studies of inflation models with curved field spaces and/or
sharp-turn trajectories. However, one of its advantages is that field interactions between the
adiabatic and isocurvature perturbations take constrained forms. In the following we will
take a closer look at the covariant formalism, and try to learn some generic lessons for the
bootstrap analysis.

2.1 Conversion from interactions

Let’s look at a simple model to illustrate some of the points made above. Consider a theory
with a set of light scalars ®* in a curved manifold with field space metric Gg. A generic
Lagrangian with two-derivative kinetic terms takes the form

ﬁ:—é@ﬂ@@@%@ﬁ—V@% (2.3)

where both G, and the potential are functions of the field coordinates. In multi-field infla-
tion, the background trajectory is given by ®§(¢) as shown in figure 1. For the two-field case,
the tangent and normal vectors of the trajectory are

_ %

0

T° . N, =VdetGeuT?, (2.4)
where (i% = Gab<1>8(i>8 and €4, is the anti-symmetric tensor. One important background

parameter here is the turning rate Q = —T°D;N,, with D; being the covariant derivative
with respect to cosmic time ¢. The size of € tells us how much the inflationary trajectory



deviates from geodesic motion in field space. For perturbations, we decompose them in the
following way

QU (t,x) = PG(t +7) + o Nt +7) = DG(t) + o(t,x)T* + o(t,x) N + ... (2.5)

where --- represent higher order contributions.” We see that ¢ = ®o7 is the canonically
normalized fluctuations along the trajectory and o is the isocurvature modes. Next, we sub-
stitute (2.5) in the Lagrangian (2.3) and identify the couplings between the perturbations.
For the purpose of highlighting multi-field effects, we work in flat gauge and take the decou-
pling limit, where gravitational interactions vanish. The curvature and isocurvature modes
remain orthogonal along the background motion, which is a constraining feature. It implies
that the general form of the quadratic and cubic interacting Lagrangian is fixed to be [15, 139]

LM = \po — g(8,9)%0 + aga® + Bo® (2.6)

up to (small) contributions from the potential term.® While we are only left with a few
possibilities for interactions, ¢o and (6u¢)20 are the two most important ones.” First, the
¢o linear mixing is responsible for the conversion process in multi-field inflation. On super-

horizon scales, in terms of the curvature perturbation { = goqzﬁ and the isocurvature S = goo,
the equation of motion approximately reduces to
(~AS, (2.7)

which basically describes the growth of curvature perturbations sourced by the isocurvature
modes. In addition, the couplings A and g are both proportional to the turning rate €:

Q

A =20, = ——, 2.8
9="3 (2.8)

which means that these two interaction operators are expected to be nonzero as long as the
inflaton trajectory is not geodesic. Therefore, a complete treatment of the conversion process
should include not only the linear mixing ¢o, but also the cubic coupling (0u¢)%0, regardless
of specific models. This is not explicit in the “multi-inflaton” analysis for models like double
inflation (2.2) where the scalar fields are thought to be non-interacting. However, as multiple
fields are rolling, these scalars actually become coupled as long as the trajectory deviates
from field space geodesics.

Generally speaking, the correlation of the quadratic and cubic interactions can be seen
as a consequence of the spontaneously broken boost symmetry during inflation. To show
this, let’s take a look at the effective field theory of inflation [140] with an additional scalar
o. In this framework, the adiabatic degree of freedom is contained in the metric fluctuations,

5See ref. [136] for a systematic study on the higher order perturbations via a geometrical approach.

5The inflaton mass and self-interactions are suppressed by slow-roll parameters. The masses of extra scalars
receive contributions not only from the Hessian of the potential, but also from the turning and field space
curvature. For light fields, we assume the mass is much smaller than the Hubble scale, and the self-interactions
are negligible.

"The other two cubic vertices may become important for models with highly curved field manifolds, since
the couplings o and S are related to the field space geometry [15, 139]. However, they are not necessarily
associated with the conversion mechanism of multi-field inflation. Therefore, we don’t focus on those couplings
in this paper.



such as 6% = 1 4 ¢%. Then at lowest derivatives, the mixing with the o field is given by®
Lint < 6g%%0 — [ =27+ (9,7)?]0, (2.9)

where in the second step we have introduced the Goldstone boson 7 from the breaking of
the time-translation symmetry and taken the decoupling limit. The particular form of §¢%°
is fixed by the nonlinearly realized boost symmetry. By using the field rescaling ¢ = o,
we see that these two interactions are the same as the first two terms in (2.6). Thus they
have a unique origin from the same EFT operator, and the couplings are related to each
other.? As long as we have the conversion caused by the ¢o linear mixing, the corresponding
cubic interaction is also expected. It is easy to check that this conclusion remains valid if we
include higher-derivative operators in the EFT, though a systematic construction needs to
be done for the EFT description of internal field manifold of inflation.

2.2 Towards the bootstrap of multi-field inflation

With this knowledge, now we move forward to bootstrapping multi-field inflation. Our goal
is to derive general results of cosmological correlators due to the presence of light scalar fields
during inflation. To be specific, there are two novelties we aim to achieve via the bootstrap
approach.

The first one is related to the comparison with previous studies. Instead of using the 6 [V
formalism and the separate universe approximation, here we would like to perform the first-
principle computation of the primordial bispectra and trispectra based on field interactions.
Particularly, we will focus on the conversion process from the isocurvature to adiabatic pertur-
bations, and present a full description by using the mixed propagator from the ¢o quadratic
interaction.

Next, in addition to the simplest version of the conversion, here we will also systemati-
cally investigate all the possible boost-breaking interactions between curvature and isocurva-
ture modes, and take into account the reduced sound speeds for these two perturbations. In
this most general setup, by releasing the power of the bootstrap, we will be able to go beyond
the standard 6N analysis, and find a complete classification of cosmological correlators from
additional light fields. New phenomenologies will be identified.

As a first step, it is important to draw some boundaries in Pandora’s box, and specify
for which regions can we derive definite answers by using the bootstrap method. For this
purpose, the fences are built as follows:

o First, we focus on the situations where the conversion happens during inflation. This
simplifies the bootstrap analysis, as we will be allowed to exploit some of the de Sit-
ter symmetries. For scenarios with post-inflation conversion, such as curvaton, similar
physics may apply, while it becomes more complicated to perform concrete computa-
tions based on field interactions.

8Notice that for the EFT with multiple scalars, here we adopted a different strategy from the construction
in [13]. We are particularly interested in the interaction operators responsible for the conversion, while ref. [13]
parametrized the conversion effects via a §N-like field redefinition, and focused on other interactions among
the Goldstone 7 and extra light scalars. More comments are left to the end of section 5.

9This is similar with the situation in the single field EFT [140], that a reduced sound speed is correlated with
the enhanced cubic interaction 7(9,7)?, as they are both uniquely generated by the EFT operator (6g°°)%. Re-
cently, the nonlinearly realized boost symmetry has been analyzed in the context of soft theorems in ref. [141].



o Second, we are interested in theories with (approximately) constant couplings for per-
turbations during inflation, such that the dS dilation symmetry is still respected, and
perturbations are nearly scale-invariant. For multi-field inflation, this requirement not
only tells us all the model parameters should be constant, but also gives constraints
on time dependence caused by the field space trajectories. In other words, we do not
consider sharp-turn trajectories, but focus on the ones with (approximately) constant
turning rate.

e Third, we restrict ourselves to the perturbative regime. This first means that the
dimensionless couplings of two fields are required to be smaller than unity. Furthermore,
as logarithmic IR divergences are generally expected for massless scalar interactions in
dS, a stronger condition is needed such that in the regularized correlators, the IR-
divergent term multiplied by the coupling is smaller than one. For instance, the oo
linear mixing leads to (\/H)log(—kno) ~ (A\/H)N, < 1, where n) is the end of inflation,
and IV, is the number of e-folds from the horizon-exit time of the k mode. We can trust
the perturbative computation in this weakly coupled regime, but may need to consider
the stochastic effects if we go beyond. In the literature, the condition A < H is normally
known as the “slow-turn approximation”.

The three conditions above define the FElpis region in the Pandora’s box of multi-field
inflation, where hope remains for a model-independent description. In fact, the conditions are
satisfied by a majority of multi-field “slow-roll slow-turn” models. One particular example
is shown in section 5.2. Meanwhile the Elpis region also contains more general theories of
multiple interacting scalars, such as the ones with higher derivative couplings. With these
preparations, we bootstrap the inflationary correlators with the presence of additional light
scalars in the next two sections.

3 IR divergences in the cosmological bootstrap

The cosmological bootstrap is based on the assumption that cosmological correlators become
constant (or vanishing) at the future boundary of de Sitter space n — 0 (i.e. the end of infla-
tion). However, we may encounter circumstances where the correlators keep growing before
the end of inflation. This secular behaviour is a consequence of the well-known IR divergence
of quantum field theory in de Sitter spacetime. In particular, cosmological correlators involv-
ing massless scalars typically contain logarithmic terms, which may become divergent in the
late-time limit 7 — 0. At the practical level, as inflation must end, a nonzero conformal time
no is expected to provide an explicit late-time cutoff to regularize the singular correlators.
In this section, we present a systematic investigation of the IR-divergent correlators
using the bootstrap approach. After a brief review of the cosmological bootstrap, we begin
with the examination of the IR divergence of the (pp¢) correlator from contact interaction
in section 3.2, and show that how the explicit IR cutoff 7y leads to the anomalous con-
formal Ward identities in the boundary perspective. After this warmup exercise, we move
to consider the cases with exchange diagrams, for both the four-point function in de Sitter
bootstrap in section 3.3 and the three-point function with a mixed propagator in section 3.4.
We find analytic expressions for these “seed” functions. They serve as building blocks for
bootstrapping non-Gaussianities of multi-field inflation. In section 3.5, we investigate the IR
divergence in the wavefunctional approach, leaving further details to appendix A.
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3.1 Recap of bootstrap

Let’s first give a brief review of the cosmological bootstrap and explain our notations. We
fix the spacetime background to be the de Sitter (dS) Universe which serves as a good
approximation for cosmic inflation

ds* = a(n)*(—dn* +dx?), a(n) = ———, with —co<n<1np. (3.1)

where H is the Hubble scale, 7 is the conformal time, and 7y corresponds to the end of infla-
tion. The late-time limit g — 0 can also be seen as the future boundary of dS. Our goal is
to find correlation functions of quantum fields on this boundary. The standard approach to
compute primordial correlators is the in-in (or Schwinger-Keldysh) formalism, where we need
to track the field interactions in the bulk of dS (during inflation) and then derive observables
on the boundary (at the end of inflation). The starting point of this bulk perspective compu-
tation is the propagation of free fields in dS. We are mainly interested in the massless scalar
¢ with m? = 0 and the conformally coupled scalar ¢ with m? = 2H?. Their mode functions
in Fourier space are given by

(1+ ikn)e= ™", (3.2)

H
() = if%e‘““"- (3.3)

For the bulk computation of their correlators, as the two fields correspond to the external
lines of Feynman diagrams, we introduce their bulk-to-boundary propagators

K+(k7 77) = ¢k(ﬁo)¢2(ﬁ)a K*(kvn) = ¢7§(770)¢k(77)7 (3'4)
K% (k,n) = er(mo)en(n), K*(k,n) = ¢5.(m0)er(n), (3.5)

which describe the propagation of free fields from some bulk time 7 to the late-time boundary
at 9. The massless scalar ¢ is related to inflaton fluctuations. There can also be additional
massless fields ¢ which will mix with ¢ through exchange diagrams. Their bulk-to-bulk
propagators are given by

GL(’C n,1') = or(mar(n)0(n —n') + o (n)or(n)0(n —n)
G (kyn,n') = o(nor(n)
+(k n.1') = ox(n)ox(n’)
7 _(k,n,n') = or(m)ar ()0 —n) + op(mar(n)0(n —n') (3.6)

which describe the propagation of the o field between time 1 and 7’. These propagators
satisfy the following differential equation

O0yGLs(k,n.n') = FiH* *n*6(n — 1),  OyGix(k,n,n') =0, (3.7)

where O, = 28% — 2100, + k?n?. With these propagators, we can apply the Feynman rules
to write down the in-in integrals over bulk time to compute boundary correlators. See
refs. [142-145] for more details.

The idea of the cosmological bootstrap is that we can derive the self-consistent results of
boundary correlators directly from basic principles, such as symmetries, unitarity and locality,
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without referencing to specific bulk evolutions. This “boundary perspective” can be realized
in various guises. Here we mainly follow the symmetry-guided approach developed in [22].

As a maximally symmetric spacetime, the dS space (3.1) has four types of isometries
with the following Killing vectors

Jij = :m-@j — :L'jal' Ki = Ql’ﬂ]aﬁ + (21‘jl‘z’ + (7]2 - .1‘2)55) 6]- . (3.8)
While the spatial translation P; and rotation J;; act in the same way as in Minkowski
spacetime, the dS dilation D and the dS boosts K; require special attention. In particular,
the latter act as special conformal transformations (SCTs) on the late-time boundary. For
field theories that respect all the dS isometries, their boundary correlators must be invariant
under all these transformations. On the late-time boundary n — 0, a general scalar has the
scaling behaviour

lim o (k, 7) = Ot (k)™ + 0~ (K)n™ (3.9)

where the scaling dimensions are determined by the scalar field mass

3 m2 9
+_ 9. _ _ 2
AT = 5 +ip, ,u AR (3.10)

An important observation is that the OF operators satisfy the transformation rules of the
three-dimensional conformal group. Therefore they can be seen as primary operators with
weights A in conformal field theory (CFT), and the structure of their correlators (O") is
strongly constrained by the conformal symmetry. In the boundary perspective, these CF'T
correlators are the object of interest which we would like to bootstrap.

Before spelling out the conformal symmetry constraints on correlators, let us clarify the
notations first. Following the standard convention, we shall mainly focus on the correlation
functions of O~ operators in the rest of the paper, and drop the superscript for convenience.
The result of the dual operator O can be obtained via a rescaling Ot = k2" =20~ Also,
for a general scalar, we set the conformal dimension A = A™, and use oa to denote the
bulk field and On = O~ for the boundary CFT operator. As we are mainly interested in
the massless exchange in this work, we shall drop the subscript A and simply use o for
the internal massless scalar. For the two external fields in (3.2) and (3.3), the massless
scalar ¢ corresponds to A = 3 and the conformally coupled scalar has A = 2. For light
fields with m < 3H/2, the A, fall-off dominates at the late time 79, and thus the O"
operator contributes to the oa-correlators with o (k,70) = 78 Ot (k) = ne Ak 2204 (k).
Explicitly, the n-point cosmological correlator of these light scalars oa is related to the
boundary CFT correlator through

<0A1 (kl)JAQ (kg) - OA, (kn)y = ngn_Atk‘?i2A1 e k‘z_QA" <OA1 (k1)0A2 (kQ) e OAn (kn)>/ 5
(3.11)
where Ay = A1+ Ag+ ...+ A, and the prime means that we have stripped the momentum-
conservation §-function in the correlators. In the end, we are interested in computing inflaton
correlators with Ay = 3n such that the decaying prefactor of 1y vanishes. But we shall also
consider correlators with conformally coupled fields (A = 2) in the intermediate steps of the
bootstrap.
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Figure 2. As a warm up, we look into the IR behaviour of the contact interaction with two confor-
mally coupled scalars ¢ (with m?a = 2H?) and one massless field ¢.

Now let’s look at how the dS dilation and SCTs act on the boundary CFT operators.
In Fourier space, we have

DO = (3 A+kdy) Oa (3.12)
K,Op = [Q(A — 3>akz — Qkijakjaki + kzakgakj] O . (3.13)

As a result, the boundary correlators satisfy the conformal Ward identities associated with
the two symmetries above

[_3+ZDG] <OAIOAGOATL>/:O7 (314)
a=1
ST Ki(Oa,---Oa,---Oa,) =0, (3.15)
a=1

where D, and K! are differential operators given in (3.12) and (3.13), with k — k, and A —
A,. While the dilation Ward identity simply require the correlators to be scale-invariant,
the special conformal Ward identities provide a set of boundary differential equations that
determine the functional form of the n-point function. Solving these differential equations,
one can directly bootstrap boundary correlators with full generalities.

There is one subtlety in the above analysis. On the boundary, as the time-dependence
of oa has been separated into the scaling behaviours in (3.9) and O operators are constant,
it is typical to assume that the CFT correlators (Oa, ...Oa, )" are also time-independent. In
cosmology this provides good description for many circumstances, as correlators are expected
to be frozen on super-horizon scales before the end of inflation. However, the assumption of
time independence breaks down for correlators that become singular at the late-time limit
no — 0. This circumstance is typically associated with IR divergences in dS when massless
fields are involved. From the perspective of the boundary CFT, it corresponds to the situation
where (Op, ...Op,)" diverge and the renormalization leads to conformal anomalies. In the
rest of this section, we shall look at these particular cases and demonstrate how to bootstrap
the singular correlators on the boundary.

3.2 Contact three-point function (py@)

Now we consider modifications of the cosmological bootstrap due to the presence of IR diver-
gences. As a warmup, we first study the contact three-point function (pp¢). To characterize
the differences from the IR-finite cases, we examine this simple example from both bulk and
boundary perspectives.
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Let’s first take a look at the bulk computation. By assuming a contact interaction (2,
we can easily compute the three-point correlator

70

@m@m@@’=i47cmwm4wﬁ%umkf%mmK4%am—%WJ+pﬂm-
H?ng
= =N 1 (ki ke . 3.16
8]451]{32]6% <p<p¢>( 12, 37770)+perm ) ( )

where the bulk integral is given by
[0 dn iken ) _
Iy =1 pe3 {e (1 —iksn) — c.c.} = 2ks — 2kio [y — 1 + log(—kino)] , (3.17)

with k19 = k1 + ko and k; = k19 + k3. Note that we have explicitly introduced the end of
inflation 79 as the upper limit of the integration, and taken |ng| < 1 in the final result.'’
The correlator (@) is actually vanishing in the late-time limit because of the n¢ prefactor
from -propagators. To highlight the logarithmically divergent term, we focus on the CF'T
correlator (O,0,04) x I,u6. Without explicitly solving the integral, its IR divergence can
be identified by noticing that

noanolwd) = —2]{312 . (319)

Meanwhile, we notice that the late-time cutoff 7y introduces a new scale in the correlator,
which explicitly breaks the dilation constraint of the conformal group. Indeed we find the
conformal Ward identity in (3.14) is violated

3 3
[%+ZQ%%%%Y&[%+Z%%MM:4W. (3.20)
a=1

a=1

In the CFT language, this corresponds to the anomalous conformal Ward identity of dilation
when the renormalized correlators contain logarithms [41, 146-150]. Instead of focusing on
the conformal boundary, we may also restore the time dependence and check the constraint
equation on equal-time correlators [41] from the dS dilation in (3.8):

3
[—Uo@no -3+ Z Da‘| <O@O¢O¢>/ =0. (3.21)

a=1

Thus the conformal anomaly is precisely cancelled by the 790y, term in (3.19), and the dS
dilation isometry is not broken.

Next, let’s consider the boundary perspective. A similar three-point function has been
analyzed in [22, 62], with the massless field ¢ being replaced by a general scalar oa. There,
from the symmetry constraints, the boundary CFT correlator can be expressed as

A-27 : _
<O@(k1)0¢(k2)0A<k3>>, = k‘g ISOSOA(U) N with = k‘g/klg . (3.22)
0T here is one subtlety about the (pp) correlator: in principle, the I, integral should be given by
(" an 1 iken+ikian .
Iy =1 P [e EITERIN0 (] fegm) — clc.] = 2ks — 2ki2 [y + log(—kino)] , (3.18)

where eF?F1270 from boundary mode functions in (3.5) change the coefficient of the k12 term. As this difference
is irrelevant when we consider inflaton correlators with derivative interactions, for simplicity I,,¢ is defined
as the one without these e¥*1270 terms. We would like to thank Enrico Pajer for pointing this out.
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Furthermore, it has been shown that the conformal Ward identities of dilation and SCTs
in (3.14) and (3.15) lead to the homogeneous differential equation!® [22]

[Au = (A=1)(A=2)|Ipa =0, (3.23)
with the differential operator of u defined by
A, = (1 —u?)d? - 2030, . (3.24)

This equation can be solved by noticing that the correlator should be regular at the folded
limit k12 = k3 as a consequence of the Bunch-Davies vacuum. Thus, using the absence of
singularity at © — 1 as a boundary condition, we find the hypergeometric solution

. —1
Lypn o oF) 2—A,A—1;1;“W

(3.25)
If we want to generate the result with a massless scalar by choosing A = 3 here, we find
fW,A o u~ !, which differs from the bulk computation in (3.17). This mismatch is expected,
since the (0,0,04)" correlator does not satisfy the conformal Ward identities as we have
shown. Therefore, one can no longer use the constraint equations in (3.14) and (3.15) to
derive the boundary differential equation in (3.23).

Does this signal the breakdown of the boundary approach when we have IR-divergent
correlators due to the presence of massless scalars? Or could there be another way to derive
the boundary differential equation when there are IR divergences? The major problem here
is that fixing the boundary at 7 explicitly breaks the dilation symmetry. Therefore, we may
apply a simple trick to bypass this issue by introducing a rescaled cutoff g = k3ng. Then the
upper limit of the bulk integral in (3.17) becomes xy/ks. Now we do not solve the integral
in (3.17) explicitly, and notice that the bulk-to-boundary propagator of the massless scalar
satisfies

(K20} — 2k0) + k*n?) [*7(1 — k)] = 0. (3.26)

Using this differential equation, we find that I,,4 satisfies
(K30%, — 2ksdh, — K30R,, ) Lopy = —6knz. (3.27)

The source term is generated when the ks-derivatives hit on the upper-limit of the integral
xo/k3. Next, we consider the dimensionless function I,,¢ = Ippe/k3 which depends on the
ratio u = kg /ki2 only. We find the differential equation

(Ay = 2) Lppg(u) = *g ) (3.28)
with A, being the differential operator introduced in (3.24). This inhomogeneous boundary
equation with a nontrivial source provides the modified version of (3.23) for A = 3. The
appearance of this source term is due to the fact that the massless scalar becomes constant
on super-horizon scales. If we perform the same derivation for IA@pA with general massive
scalar oa, we find a decaying source term with a positive power of xg. Therefore, by taking
the zp — 0 limit, the source term vanishes, and we reproduce the boundary equation (3.23).

" Recall that the conformal weight A is related to the mass of the oa field via (A —1)(A—2) = 2—m?/H?.
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From the CFT point of view, we suspect that (3.28) may be seen as a consequence of the
anomalous special conformal Ward identities.
Solving (3.28), we find the general solution

. 1 1 1— 1 1 —u?
Tppow) = 15 + ¢ {1—1—2ulog( “)] —log< " ) : (3.29)

14w U u2

with two free constants. Again, one boundary condition is given by the absence of the folded
singularity at u — 1, which fixes ¢ = 2. The other constant c; is related to the cutoff scale
which is arbitrary. This can be normalized by imposing the soft behaviour limg, ¢ fwwﬁv
which gives ¢; = —2[yg — 14 log(—x0)| (or alternatively, at least in part, by using the scaling
behavior in (3.19)). In the end we find

A

2 1+u
Lopp(u, x0) =2 — 0 [VE —1+log (u) + log(—xo)} ) (3.30)

which matches the bulk computation (3.17), after restoring z¢g = ksng. As expected, the
final result only contains the total-energy pole, while the suspicious logarithmic ks-pole is
cancelled.

Although this warmup example is simple and can be easily computed from direct bulk
integration, there are lessons about how to treat IR divergences in the cosmological bootstrap,
and we shall get back to this contact example in the subsequent analysis of massless exchange
diagrams. We close this section with a few observations:

e With no need for solving the bulk integral, one simple criterion to tell if a correlator is
IR-divergent or not is to use the 199, operator. Only if

nlgino 100y (O™) — 0, (3.31)

the correlator is IR-finite, and one can safely take the late-time cutoff to 0, otherwise one
needs to be careful with the singular behaviour of boundary correlators. This condition
becomes useful when we consider exchange diagrams for which the explicit integration
may become difficult. Meanwhile, as we can see from the time-dependent dS dilation
constraint on equal-time correlators (3.21), this criterion also tells us if the dilation
conformal Ward identity in (3.14) remains valid, or becomes the anomalous one.

e The singular behaviour of the boundary correlators is typically associated with massless
fields with no derivatives in the interaction vertices, as they become constant on super-
horizon scales and keep contributing in the bulk integral. For massive fields which decay
after horizon-exit, the correlators are regular. For massless fields with derivative inter-
actions, the correlators are given by rational polynomials with no logarithmic terms [49].

o For IR-divergent correlators, the conformal Ward identities become the anomalous ones.
As a new scale, the cutoff 7y explicitly breaks scale-invariance. One useful trick to “re-
store” the dilation symmetry is to consider a dimensionless cutoff by rescaling x¢ = knjp.
As a consequence, the boundary differential equation acquires one extra source term.
We will see this behaviour again in the analysis of exchange processes.

e In the end, we notice that the IR divergence is also present in other contact n-point
functions with one or more massless scalar fields. Another well-known example is the
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Figure 3. The four-point scalar seed function of massless exchange.

(pp@) correlator from the ¢ interaction

70

(Ohy Py Pry) = i i dna(n)* [Ky(k1,n) K (ka,n) K4 (ks, 1) — c.c.] + perm. (3.32)
H? 3,13, 1.3
:égﬁﬁg“@+%§+&OWE—1+bﬁ—hm»+4%_eﬁ47

with e = k1ko + k1ks + koks and e3 = ki1koks. This is known as the conformal non-
Gaussianity from the inflaton self-interaction, and can also be analyzed in the same
approach from the boundary perspective [151].

3.3 Massless exchange in dS bootstrap

Now we are ready to investigate the IR divergences in exchange diagrams. In this section,
we shall focus on the seed function of dS bootstrap, which is the four-point function of
conformally coupled scalars exchanging one additional scalar field, while we leave the analysis
of the three-point scalar seed of the boostless bootstrap in section 3.4.

Let’s restrict our discussion to the s-channel contribution to the tree-level exchange,
where s = |k; + k| is the Mandelstam-like variable. In the dS bootstrap, because of the
symmetry constraints on kinematics, the boundary four-point correlator of ¢ mediated by a
general scalar o with mass m can be expressed in the following form

(O (k1)O0p(k2)Oy(k3)Op(ke)) = ~F(u,v), with wu=

v (3.33)

®» | =

s s
kig’ k3g’
where F is the so-called four-point scalar seed function, which depends on two momentum
ratios w and v only. It was shown that the conformal Ward identities of SCTs in (3.15) lead
to a set of differential equations for I

m? A uv
Au+ T 9| =
U+H2 utv’
m? . uv
A — —2| F = 3.34
U+H2 u+v’ (3:34)

where A, is the differential operator given in (3.24). Solving this equation with proper
consideration of boundary conditions from singularities, we can derive the full analytical
results of the massive exchange. In this work we are interested in the situation where we
take the intermediate scalar mass to zero. We would like to examine if this seed function F
becomes IR-divergent, and if it does, how the differential equation (3.34) will be modified.
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We first notice that the boundary four-point function above corresponds to the following
bulk computation of the correlator for conformally coupled scalars
nyH?

(k1 Pl Pz Pla) = mp(/@u, k34, s) + t- and u-channels, (3.35)

where the integral form of the seed function Fis given by

. s 1o d ) d / . . /
F= _@/ n—g 77772 [E () () et Hzniksan Gii(s,nm')] : (3.36)
—o0 17 J—c0 e

Again, we have kept the late-time cutoff 7y explicit as the upper limit of the integration.
In this integral form, we also neglected the e*¥*»’s from -propagators in (3.5).' Here G
is the bulk-to-bulk propagator introduced in (3.6). This is a nested double integral, which
becomes more difficult to solve. To trace its IR behaviour, let’s take the 190, operation on 3

N 1
100 ' = 92 [k121<ps0¢(k34, 5,1M0) + k3alypg(ki2, Syno)} , (3.37)

where /4 is the integral introduced in (3.17), which contains logarithmic divergence. There-
fore the four-point scalar seed of massless exchange has explicit 1g-dependence, and becomes
singular in the ng — 0 limit. As a result, the boundary equation (3.34) should be modified
when m = 0.

Due to the presence of the cutoff scale 19, the scalar seed F may not be a function
of two momentum ratios v and v only. To remove the explicit 179 dependence, we use the
dimensionless cutoff xg = sng, and then rescale ' by x = sn’. The F' function becomes
1 [xo/sdn [* dx

po_t

- :tiklgn:tix/v A
% Jove P ) T2 Yo (E)(F)e Gix(sn, )|, (3.38)

++

where G(sn,sn') = s°G(s,n,n')/H? is the dimensionless bulk-to-bulk propagator. One non-
trivial consequence of this rescaling is that the upper limit of the n integral now becomes
s-dependent. Without solving this nested double integral, we notice that the G-propagators
satisfy eq. (3.7). As the dependence of G on n and 7/ is through the combination sy and
sn’, we can trade n-derivatives with s-derivatives. To derive the differential equation for a
in terms of u = s/kj2, we first set v = s/ks4 to be a constant. Then we find

é (82852 — 2505 — 528,312) (SF) = 3k1z

kr sV

v
[1 —vg + v+ log <1+v> — log(—xo)]
(3.39)
The first source term is the standard contact term in the dS bootstrap, which can be seen
as a result of collapsing the internal line. The second source term, which has the form of the
(pp) correlator in (3.17), is generated when the s-derivatives act on the upper limit of the
n integral. Changing variable to u, we find the differential equation

Uv 3 -

o — %Iww(v, iL'o) 5 (3'40)

(A, —2)F =

121 jke we discussed in footnote 10 for the (pp@) correlator, in principle the (@4> correlator corresponds to
the double integral with e***12,3470°5 from the boundary ¢y (n0). The revised integral has similar IR behaviour
but more complicated form. As our goal is to bootstrap inflaton correlators with derivative interactions, the
difference becomes negligible after the weight-shifting procedure (see section 4). Thus we shall use F as the
scalar seed for analysis, but notice that this subtlety may become nontrivial for correlators from non-derivative
interactions.
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with prqs given in (3.30). If we rescale another integration variable n, we find the second
differential equation in terms of w, which can also be obtained simply from the permutation
symmetry u <> v. Comparing with the IR-finite equations (3.34), we find an additional
source term for correlators which become singular on the late-time boundary. This result
is in analogy with what we have shown for contact interactions in (3.28). Schematically,
when an explicit late-time cutoff is present, the (A, — 2) operator reduces the four-point
exchange diagram into the contact one, as well as the three-point function (pyo) by taking
the internal line to the boundary. For the exchange of a general massive scalar oa, it is easy
to apply the same derivation, and in the end we find the second source term is simply given
by :EOAjE fW,A. Thus, in the late-time limit xy — 0, this term vanishes, and we return to
the equations in (3.34).

We now wish to find the solution for this modified differential equation of massless
exchange. Let’s first take a look at the u-equation with v being a constant. Its general
solution can be expressed in a closed-form, which we first separate into two parts

F = Fin(u,v) + Faiy(u, v, ) . (3.41)

Let’s first look at Fj,. This is the IR-finite part of the solution, which satisfies (A, — 2)Fﬁn =
uv/(u+wv). This solution does not depend on the IR cutoff 779, and has been derived in [22]'3

—|—1 log (M) + = log (v(l—i—u)) -1, (3.42)

v u—+v u u—+v

where Lia(z) is the dilogarithm. To analyze its analytical structure, we notice that Figy has
IR-finite logarithmic poles, which can be classified into total-energy pole at u+ v «x kp — 0,
and partial-energy poles at u+1 — 0 and v+ 1 — 0.

The second term Fdiv has been missed in previous considerations. It corresponds to
the singular piece of the solution that has been regularized by the IR cutoff and satisfies
(A, — Z)Fdiv = —3f¢¢¢ /2u. Solving this equation explicitly, we find Fyiv is given by a sum
of the particular and homogeneous solutions

~ 1 1—u?) . 1 1 1—u

Fyy = ™ log <u2> Lpg(v,0) + Clﬂ + ca {1 + %0 log (1 n u)} , (3.43)
with two arbitrary constants ¢; and co. To impose boundary conditions, we first notice that
the absence of the folded singularity at u = 1 fixes co = I,p4(v,0)/2, while ¢; can be
determined by requiring the solution to be symmetric in u < v

A

1
e1 = =5 [vp = 1+ log(~20) | Fpps (v, 20) (3.44)

This completely fixes the IR-divergent solution to be

A

. 14
Fdiv = iI%N)(u,.%o)I@wﬁ(’U,.%o)

— |1 (e~ 1 o= Bum) | [1 = 3 (2m — 1+ og(~Bam) |, 349

131n [22, 24, 150], there are differences for the last term in the first line because of choices of the boundary
condition at u,v — 0. As this term can be moved to the homogenoues solution, without losing generality here
we choose —n?/6 which makes the terms in the bracket vanish at u — 0.
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Figure 4. The three-point scalar seed function of massless exchange with one mixed propagator K.

where in the second line we have restored 7y by g = sng, and introduced E; = k1o + s
and Er = k3g4 + s. Thus Fdiv has IR-divergent partial-energy poles. The factorized form
suggests that Fay belongs to the disconnected part of the four-point function that can be
written as the product of two three-point functions. We shall confirm this expectation from
the wavefunctional approach in section 3.5.

Combining Fin and Fyiy, we find the complete solution of the four-point scalar seed
of massless exchange. The IR-divergent part of the solution is particularly important when
we use this seed function to compute non-Gaussianities from multi-field inflation, as we
shall see in section 4. In the end, we notice that one has w,v € [0,1] in the dS bootstrap
as a consequence of triangle inequality. But this is not assumed for deriving the closed-
form solution above. Thus the seed function here can also be applied in the boost-breaking
scenarios with reduced sound speeds, where u and v can be any positive number. We will
elaborate on this point in section 4.2.2.

3.4 Mixed propagator and three-point scalar seed

The above analysis on IR divergences has assumed the full dS isometries and then allowed the
mild breaking of the dilation symmetry by introducing the late-time cutoff ng. In cosmology,
a broader class of theories correspond to the circumstances where the dS boost symmetry is
strongly broken, and thus one can no longer rely on the special conformal Ward identities
for deriving differential equations of boundary correlators. These theories typically have
reduced sound speeds and large field interactions, which give large signals of primordial non-
Gaussianity with immediate observational relevance. Recently, systematical investigations
into these cases have been performed in the context of the boostless bootstrap [32-39]. Here
we mainly follow the approach in [37] to examine the IR divergences of massless exchange in
boost-breaking scenarios.

Without dS boost symmetry, the main object of interest is the exchange bispectrum
as shown in figure 4, and thus it is much more convenient to introduce a mized propagator
between the inflaton field ¢ and another massless scalar o. Consider the transfer vertex o,
and then a new bulk-to-boundary propagator is given as [37, 145]

0
K (k,m,m0) Zii/7 dn'a(n')? |[GGLi(cok,n.n )0y K+ (csk,n') — G (o, )0y K+ (csk')]
- (3.46)
which describes the propagation from o at some bulk time 7 to the inflaton ¢ at future
boundary 79. Here we also introduced the sound speed of the inflaton field ¢s and the one
of the additional scalar ¢,. For simplicity, we can remove the c¢,-dependence by rescaling
cok — k and ¢s — ¢5/cq, after which ¢; becomes the ratio of two sound speeds and thus can
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be any positive number. We will restore the ¢, parameter when we consider one particular
new phenomenology in section 4.2.3. While the free bulk-to-boundary propagators satisfy a
homogeneous equation of motion, from (3.7), this mixed propagator is found to be governed
by the following inhomogeneous equation

Hn? .
O, K (k,n,m0) = fﬁeilCSk’v. (3.47)

As both ¢ and o are massless scalars, the mixed propagator can be easily solved. For
illustration, the analytical expression of Ky is given by

H , . 2 .
Ko (kmm0) = 75 {6””7(1 +ikn) Ei(i(1 + cs)kn) 4 e*1(1 — ikn) D — ;ele’m ., (3.48)

with Ei(z) being the exponential integral and

i 2k2n2
e — 2+ — +log el cs =1
2 —kn

(3.49)

2vg — 2 +im + 2log (—kng) + log (1 - cg) —Ei(i(—1+ ¢s)kn) , cs # 1

The result of K_ is the complex conjugation of K. At first sight, the mixed propagator
seems to have a non-Bunch-Davies state, with a mixture of positive- and negative-frequency
modes. However, the negative-frequency mode only becomes comparable to the positive
frequency component at late times. In the early-time limit, we find

1Hn

4—]{26““7 log(—kn) , cs =1
*@elkn log {(1 - Cg)k%(ﬂ ) cs # 1

Thus we still have the adiabatic vacuum deep inside the horizon, but there could be a defor-
mation from the standard Bunch-Davies state because of the linear mixing. Meanwhile, we
can see that the mixed propagator explicitly depends on the IR cutoff ng. For perturbations
outside of the horizon —kn < 1, we find the n-dependence drops out with

lim Ko (k,n,n0) = (v = 1)es = 1+ ¢ log (—(1 + e )kmo) |, (3.51)

—kn<l 2c.k3
which diverges when 719 — 0. This secular behaviour of the mixed propagator basically cap-
tures the super-horizon conversion effect in multi-field inflation, where the isocurvature mode
keeps sourcing the growth of the curvature perturbation. As this super-horizon evolution is
widely believed to be responsible for the generation of local non-Gaussianity, later we will see
in section 5 that indeed this extensively studied shape is closely related to the IR-divergent
behaviour of the mixed propagator.

In the following we will mainly use the dimensionless mixed propagator I€+ =csk3K, /H
and rescale the IR cutoff ng = xo/k. As a result, I€+ depends on k and n only through the
combination k7. Therefore, we can trade n-derivatives with k-derivatives on I€+, and the
differential equation (3.47) is equivalent to

N 1 .
(K20} — 2k + k) Kes(kn, o) = — Rt (3.52)
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The late-time limit becomes a function of zg only

lim K (o, 20) = Ko) = %[(VE 1oy — 1+ ¢, log (—(1+ e.)ao) ] (3.53)

Next, we consider the single-exchange three-point correlator with a mixed propagator.
The starting point of the bootstrap approach is the bispectrum (pp¢@) with two conformally
coupled scalars and an inflaton, exchaning one additional massless scalar o. At the practical
level, one advantage of the mixed propagator is that the exchange correlator can be expressed
in a “contact-like” form in the bulk computation. For the cubic vertex ¢?c, the three-point
function becomes

70

<¢k1¢k2¢k3>/ =1 dna(n)4 [Kf(CSklv n)Kf(Cskmn)’C—k(kSﬂ% 770) - C'C'] + perms.
—0o0
Hng A
= ——— =T (k1o,k 3. .54
4C§]{71k’2k§ ( 12, 37330) +pel“mb 3 (35 )

where we have set ¢ has the same sound speed with the inflaton. Then the three-point scalar
seed is given by the following integral

> _ i zo/ks d77 icsk c —icsk c
L(k12, k3, w0) = —*/ - [e TRy (kam; xo) — e 1277’C—(7<7377;960)} : (3.55)
k3 J- 772

Notice here the upper limit of the integral is taken to be xo/ks, as we have already used
xog = ksno as the rescaled IR cutoff in the mixed propagator. This integral is still IR-
divergent when the upper limit goes to zero, and it is rather complicated to compute, as the
explicit expression of IC contains exponential integral and logarithms. Instead, we will find
its differential equation and solve it from the boundary approach. First, we see that 7 is
dimensionless by definition, and depends on k12 and k3 through the momentum ratio

ks
b
cskio

(3.56)

which can take any positive value w < c;! as ¢, is an arbitrary sound speed ratio. Using
the differential equation of K in (3.52), and following the same approach for the four-point
scalar seed, we find the boundary equation in terms of w

w 6 -~

+ *IC($0) . (3.57)

Ay — 2)T(w, z0) =
( ) Z(w, x0) T Tew  w

where A, is the operator (3.24) with u — w. The second source term is a consequence of the
nontrivial upper limit of the 7 integral (3.55). It is interesting to notice that this equation
can be reproduced from (3.34) by replacing u — w and v — 1/cs. This is due to the fact
that J,¢ has the same mode function with a conformally coupled scalar ¢, and the four-point
scalar seed (3.36) matches with 7 by taking k4 — 0. The explicit connection between the
three-point and four-point seed functions has been analyzed in [37].

With this observation in mind, it is straightforward to obtain the solution of (3.57).
The IR-finite part of the solution which satisfies (Ay, — 2)Zgn = w/(1 + csw) is simply given
by the Fj, solution in (3.42) via

Zin(w) = Fan(w, ;). (3.58)
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Meanwhile, the IR-divergent part regularized by x satisfies (A, — Q)fdiv = 6/@(:1:0) Jw, and
can be solved as

R 1
Zaiv(w, z0) = 108 ( 1+w

i )/@(:L‘g)%—cl;—i—@ [1+2iulog<1_w>} . (3.59)

Again, we need to impose boundary conditions to fix the two free coefficients. For non-
unity ¢s, w = 1 does not correspond to the folded configuration, but still no physical
singularity is allowed in this limit, which fixes ¢o = —2K(x). The other boundary con-
dition can be obtained by taking the soft limit k3 — 0, where the mixed propagator is
given by the late-time limit (3.53), and the seed function (3.55) factorizes into limy,_0Z =
2 [vg — 1+ log(—z0/w)] K(z0)/w. This leads to ¢; = 2 (yg — 1 4 log(—x¢)) K(z0), and thus
we find

+w

A 2 . 1
ZLaiv(w, xg) = ElC(xg) vg — 1 —w+log (w) + log(—xo)} . (3.60)

The full analytical solution is then given by 7= fﬁn + fdiv, which will be used as our main
building block for bootstrapping multi-field non-Gaussianities in section 4. As an illustration,
let’s take a look at the three-point scalar seed with ¢; = 1, which has the following simple form

N k k
ZI(k12, ks, m0) = k:i; [’YE -1+ 10%(—7%770)} [’YE —-2- kT?; + log(—2k3770)}

kg |72 . k12—k‘3)

Here we have restored 7, k12 and ks explicitly. This result shows that the ng-dependent
logarithm arise in two ways: it comes with 2k3 and also with k;. While the k3 term is asso-
ciated with the mixed propagator, the kr-type IR divergence is a consequence of the cubic
interaction vertex,'# as we observed in the contact example in section 3.2. In the exchange
bispectrum, the IR-divergent term is a product of these two 7np-dependent logarithms, like in
the exchange four-point function. We shall also confirm that the IR-divergence is given by
the disconnected part in the wavefunctional approach in section 3.5.

3.5 Wavefunction approach

The recent development of cosmological bootstrap shows that the wavefunction of the Uni-
verse provides a convenient approach for the analysis of boundary correlators. We leave the
detailed discussion in appendix A, while here we mainly present the results for dS-invariant
theories, and demonstrate the behaviour of IR divergences using the wavefunction method.

The primary object of interest here is the wavefunction coefficients 1, in the Fourier
space at the late-time boundary of the dS spacetime. In perturbation theory, the bulk compu-
tation of v, can also be performed in a diagrammatic fashion, where similarly we introduce
bulk-to-boundary propagator Ky(k,n) and the bulk-to-bulk propagator Gy(k,n,n’). Ex-
plicitly, the bulk-to-boundary propagators of massless and conformally coupled scalars are
expressed as

Kylk,n) = (1 —ikn)e™ | KE(k,n) = -Lein (3.62)
7o

MFor cases with a general sound speed ratio, this term is given by log(—Erno), with Er, = cski2 + ks.
When c¢; = 1, the partial-energy Er-pole concides with the logarithmic k:-pole.
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which become 1 in the late-time limit = 19 — 0. They are similar with the ones in the
in-in formalism, but with different normalizations. Meanwhile, the bulk-to-bulk propagator
has a boundary condition that it becomes 0 in the late-time limit, and thus takes a different
form. For instance, the one for massless scalars is given by

2

GG (ko) = S [(Lt i) (L= ik )™ D0 —n') + (1= ikn) (1+- ik )0 — 1)

—(1—ikn) (1= ikry )] (3.63)

As we see, the presence of the last term ensures that GY, vanishes when we take n or 7’
to 0. As a result, in the wavefunction approach, the bulk-to-bulk propagator of massless
fields decays after the perturbation mode exits the horizon, which essentially differs from the
behaviour of G in the in-in formalism. As we have mentioned for several times, the super-
horizon freezing of the massless scalar plays an important role for the appearance of the
IR-divergences. Next, we will show that, in the wavefunction approach the ¢, from massless
exchanges remain IR-finite due to the decaying behaviour of G'g outside of the horzion.

Here let’s consider the two diagrams we analyzed in the dS bootstrap: the contact cubic
interaction ¢?¢ and the four-point seed function from the s-channel massless exchange. Their
corresponding wavefunction coeflicients are given by

o
PEe? = —22‘/ dna(n)* K (ky,n) K (ka,n) K (ks,n) (3.64)

o0

0
Py = 4/ﬂ dndn'a(n)*a(n) K (k1,n) K (ka,m) G (s,m,0 ) K (ks 0 ) K (kay 1)

We leave the derivation of their solutions in appendix A, and here let’s take a look at the
final results

2e 1.
Q]Z)?‘f"»"d’ o _% +m + Ispsp(z)(klz, ks, 770) R Py X gFﬁn(U, 2}) R (365)

with I,,4 and Fgn given in (3.17) and (3.42) respectively. The contact three-point function
(e #? remains divergent at the late-time boundary, as the bulk-to-boundary propagator of
¢ becomes contant outside of the horizon and thus keeps contributing to the bulk integral.
Meanwhile, because of the decay of G, on super-horizon scales, we see that 14 is independent
of the IR cutoff 79, and corresponds to the IR-finite part of the four-point scalar seed.

The wavefunction coefficients are not physical observables, and correlation functions
can be computed via simple algebraic relations of their real parts. For the pp¢ contact
bispectrum, the real part of ¥ ?? simply gives us the result in (3.16), while the unphysical
1/no divergence drops out as it is purely imaginary. For the exchange four-point function,
in addition to Rewy, there is also contribution to the corresponding correlator from the
disconnected part, which is proportional to a product of two three-point functions Rey§*.
Combining these two parts, we find the correlator becomes

1. 1
(ks Phiy Pl Pha)| X gFﬁn(%’U) + @Iwmﬁ(/ﬂu, $,10)Lpp (K34, 5,m0) | + t- and u-channels,

(3.66)
which precisely agrees with the result of the four-point seed function (3.41) with the dis-
conneted part given by the IR-divergent term in (3.45). The detailed deviation with proper
consideration of various prefactors is left in appendix A. The agreement between two different
approaches provides a useful consistency check for our analysis of IR divergences in massless
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exchange. Similarly, one can perform the computation for the boost-breaking three-point
scalar seed with a mixed propagator using the wavefunction approach. This is presented in
appendix A as well, and the final result matches what we found in section 3.4.

As a concluding remark of this section, we note that in our analysis of IR divergences
of cosmological bootstrap, we have looked into three objects: the cosmological correlation
functions at the end of inflation, the boundary CFT correlators and the wavefunction coef-
ficients. In many circumstances, such as for contact diagrams and massive exchanges, their
distinctions are not so important, and they may be simply related with each other by using
normalization factors, such as (3.11). However, when we have IR divergences, the distinction
among these objects become nontrivial. In particular, we have seen that for the massless
exchange, the constraints on CFT correlators from conformal Ward identities lead to the
bootstrap equations (3.34) with the IR-finite term only, which agrees with the result for the
corresponding wavefunction coefficient 4. Meanwhile, the physical observable — the cos-
mological correlator (p?) is IR-divergent, as we need to include the disconnected part which
becomes singular at the late-time limit. In this sense, the CFT correlators on the bound-
ary are associated with the wavefunction coefficients, instead of the cosmological correlators.
This can be explained by the fact that it is more natural to see the appearance of the confor-
mal group as a result of dS isometries in the late-time wavefunction. As we will show in the
next section, the IR-divergent terms are particularly important for predictions on inflationary
correlators, thus one needs to be careful when bootstrapping these observables of primordial
non-Gaussianity by exploiting conformal symmetry or using the wavefunction method.

4 Inflationary massless-exchange correlators

For the IR-divergent correlators in massless exchanges, in the previous section we have pre-
sented the four-point scalar seed of the dS bootstrap and the three-point seed function for
the boostless bootstrap, which both contain conformally coupled scalars as external fields.
Meanwhile, for inflationary predictions of the primordial curvature perturbation, we are in-
terested in results with all external lines being the inflaton fluctuations (a nearly massless
field). To derive inflationary bispectra and trispectra from the scalar seeds, we will apply the
weight-shifting operators as the major tool. These are differential operators which map the
conformally coupled scalar ¢ to the massless inflaton ¢. By using this approach, we generate
a complete set of inflationary predictions from the single exchange of a massless scalar in
both dS-invariant and boost-breaking theories, many of which are of immediate interest for
ongoing and upcoming observations.

In section 4.1, we derive the inflaton four-point and the three-point correlation functions
from massless exchange in theories where the full dS isometries are (approximately) respected.
In section 4.2, we look into all the possible massless exchange correlators from boost-breaking
theories with nontrivial sound speeds. In particular, we consider the bispectra with IR-
divergent terms in section 4.2.1, and then we identify a new class of non-Gaussianity shapes
in IR-finite correlators in section 4.2.3.

Weight-shifting operators. Before moving to the inflationary correlators, let’s first give
a brief review of the weight-shifting operators. We shall mainly follow the approach in [37]
which is based on the bulk intuition and generalizes to theories with broken boost symmetries.
See [22, 23] for the symmetry-based derivation of the weight-shifting operators in the dS
bootstrap from a purely boundary perspective.
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Our goal here is to raise the conformal weight of the external fields from A = 2 (con-
formally coupled scalar) to A = 3 (massless scalar). To achieve this, we mainly use the
observation that the massless bulk-to-boundary propagator in (3.4) can be generated from
the one of the conformally coupled scalar by some differential operators. For simplicity, let’s
strip the overall normalization factors with H and k, and look at the n-dependent part of
these two propagators

b — (1 —icskn)elekn o — netcskn . (4.1)

Next, we are interested in generating the ¢¢po-type cubic interactions from the p?c vertex
used in the scalar seeds. For the inflaton coupling, here we mainly focus on the boost-breaking
ones with lowest derivatives ¢2c, (9;6)%c, and their dS-invariant combination (0,9)%c. From
the EFT point of view, they are normally expected to provide the leading vertices for infla-
tionary predictions. It is convenient to look at the products of field operators d¢y, Oy, and
Ok, Pk, Then in the bulk computation of the particular cubic interactions, we find the two
products can be connected by

. '20.

o MOk, 0y Bhy = kikz Wi5 [oh, 0, ] (4.2)
. 20
CRORCE (=i - ko) Bpy dry = kiks WS (o1 01,] (4.3)
The two Wiso’s are the weight-shifting operators for corresponding cubic interactions:
Wi = ik}, (4.4)
)20 1

Wi’ _ ST (s — k7 — k3)(1 — k10k,) (1 — k20k,) , (4.5)

where we have used s? = (kj + kz)? to rewrite ki - ko = (s2 — k? — k3)/2. For the exchange
bispectrum, we simply have s = k3. By setting ¢s = 1 and combining the two interactions
above, we also find the weight-shifting operator in the dS bootstrap
i, (52— = 18) (1= ko) . (46)
which maps the p?c vertex to the dS-invariant one (8u¢)20' Using the same approach, we
are able to derive the weight-shifting operators for all the ¢¢po-type boost-breaking cubic
interactions with any number of time and spatial derivatives. The most general form is
presented in [37].

Now we consider how to derive the inflaton correlators from the scalar seed functions.
In the bulk computation with ¢¢o-type cubic couplings, it is easy to see that we can apply
the relations connecting two field products, such as (4.2) and (4.3), and then take the W
operators outside of bulk integrals. By doing so, we find the maps from the scalar seed
functions to the corresponding inflaton three-point and four-point correlators

12 9 2 1
W?2S =-Wh°+ W{Q e B (kfz - 82) 31312 -

—H? A
) = ey Wiz L . 4.7
<¢k1 ¢k2 ¢k3> 40’;]{:%]{%]{% 12 -+ perms. , ( )
HE R
: "= T F + t- and u-channel 4.8
(D1, P, Prcs P ) IR IZRIR s Wia Way F' 4 t- and u-channels , (4.8)

where Wsy is the weight-shifting operator associated with the momenta k3 and k4. As
we already have the analytical results for 7 and F, we can simply use the weight-shifting
operators to derive inflaton correlators on the boundary, with no need to solve the complicated
bulk integrals case by case. In the following, we shall apply this approach to bootstrap
inflationary bispectra and trispectra from the single-exchange of a massless scalar.
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Figure 5. The inflaton four-point and three-point correlators mediated by one additional massless
scalar.

4.1 (Almost) dS-invariant correlators

Let’s first consider the cosmological correlators from (approximately) dS-invariant theories.
For cosmic inflation, the full dS symmetries restrict us to slow-roll models where the boost
isometry can only be mildly broken by the time dependence of the inflaton field, and thus one
always finds small level of non-Gaussianities. In single-field inflation, the resulting signal is
due to graviton exchange and slow-roll suppressed, which is widely known as the gravitational
floor [142]. When an additional light scalar is present and coupled to the inflaton, the
famous conclusion is that local non-Gaussianity is generated. We show that the dS-invariant
massless scalar exchange in our analysis provides the minimal amount of non-Gaussianities
from multi-field inflation. In particular, here we derive the inflationary four-point and three-
point functions from the first-principle computation using the bootstrap method. Then, in
section 5 we will compare these results with the local non-Gaussianity from the approximated
computation in multi-field inflation models.

Scalar trispectrum. The inflaton four-point function from massless exchange can be gen-
erated by two exactly dS-invariant cubic vertices g(@ud))Qa. Here we keep the coupling con-
stant g for the later convenience. Applying the W9 operator on the four-point seed function,
we can derive the scalar trispectrum from (4.8). First, let’s take a look at the contribution
from the IR-finite part of the scalar seed in (3.42)

%W?QS W Fgn + (t- and u-channels) = 4]{17?1]‘33]@1 (k‘iﬂ kSRS -1 — u3> ’
(4.9)
with s = |k; + ka|, t = |k; + k3| and u = |k; + ky|.'> We see that the weight-shifting
operator annihilates the logarithmic and dilogarithmic functions in Fj,, and change the
expression into simple polynomials of the momenta. Similarly, the s-channel contribution
from the IR-divergent part of the scalar seed (3.45) is given by

1
4k1koksky

(K + k3) (k3 + k3)
83

1 N
dS dS
; W12 W34 Fdiv —

— kK k§;ki+s31 . (4.10)

where the singular np-dependence in Fdiv is completely removed, and we find an IR-finite
polynomials of the external and internal fields energies. These two results are in agreement
with the proof in ref. [49] that only rational functions are allowed for interactions of massless

Y5For the rest of the paper, we use u as one of the Mandelstam variables, no longer as the ratio s/ki2.
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scalars with at least two derivatives. Combining the two contributions above, we find the
final inflaton four-point function

92 H6

(D1, Prcr Prcs Picy) = 3 [Tiocatr — 2THocat2] (4.11)
with the two shape functions
1 3. 1.3\(1.3 1 1.3 3.1 1.3\(1.3 1 1.3 3.1 2.3\(1.3 1 1.3
Tocall = 5353 [<k1+k2>§k3+k4>+<k1+k3>§kz+k4>+<k1+k4>gk2+k4>]’ (4.12)
kiksksky s t u
E3+k34+k3+k3
Tloca12: 1+ 2+ 3+ 4 (4.13)

ETETETE:

This massless-exchange trispectrum has the standard local shape. Recall that the primordial
trispectrum has two size parameters gnr, and 7y, for the corresponding local ansatzs

54
<Ck1 Ckg(kng4>/ = | ™NLTlocall + %QNLTlocalQ PCS . (414)

In our result (4.11), we find the particular combination of these two shapes makes the trispec-
trum vanish in the soft limit k; — 0. This is a consequence of the cubic coupling (Gugb)Za
where the external field ¢ has a shift symmetry .

In addition, we notice that the trispectrum above has no total-energy singularities.!
One intuitive way to understand why this happens is the following: we start from the cubic
vertex (9,¢)%c. By doing integration by parts, we obtain (O¢)o with O = §,0%, and another
term with the derivative hitting o. As ¢ is massless, its equation of motion gives (¢ = 0, and
thus only the ¢0,¢0"c term remains. If we integrate by parts again, we get o, which has
Oo = m20 on shell and again vanishes if o is massless. More manifestly, using integration

o
by parts and on-shell condition we have

6

/ d e/ "g(0,0)%0 = — / d e/ —g$0, 40" = ”ff / &2/ —gd% — 0 (4.16)

We are cavalier with boundary terms here, as their job is to ensure that the final shape
vanishes in the soft limit. The upshot is that the cubic vertex can be reduced to ¢?c plus
boundary terms that ensure shift symmetry. As the non-derivative interaction breaks shift
symmetry, one is likely to be cornered into the case where the coefficient of $?c being zero.
Therefore, the trispectrum (4.11) has no total- or partial-energy poles, can be seen as the
consequence of a local field redefinition, for instance ¢ — ¢ 4+ g¢?> — g?¢3. In section 5.2, we
will compare this bootstrap result with the one from the § /N analysis in one particular model
of multi-field inflation.

6 As a contrast, the non-derivative quartic ¢ contact interaction gives a trispectrum of the following form

3F4 + k2 Ey — 4kr E3
kr

(kikokska)® (9o0s) o — (K} + k3 + k3 + k3) log[—kzmo] (4.15)
with kr = ZZ ki, By = ZKJ. kikj, Ez = Zi<j<k kikjki, E1 = kikaksks. The contact interactions with
derivatives lead to rational polynomials with higher-order kr-poles, which are systematically classified in
ref. [34]. In addition to the kp-poles, partial energy poles are also expected for exchange diagrams at Er =
k1+k2+3*>0, Fr=k3+ks+s—0.
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Scalar bispectrum. To have the exchange three-point function, one needs to consider the
mild breaking of the dS symmetry by taking one of the inflaton legs to the background ®(¢).
For the cubic vertex we considered above, this is simply achieved by

g(@uq))za — —29Ddo + g(@uqﬁ)Qa, (4.17)

which leads to the linear mixing between the inflaton and ¢ with the coupling A = —2g®.
Thus, by using the mixed propagator from A¢o, the massless exchange bispectrum of the
inflaton can be derived from the three-point scalar seed in (3.61). By using the weight-shifting
operator (4.6), the IR-finite part of the scalar seed leads to

2

R k k
Wi Zhn(kg/klg)::——leé;kt(k%4—k1k2—kk€ —k3) — 2k52210g(2k3/kt). (4.18)

This contribution corresponds to the massless-exchange bispectrum eq. (6.10) in [22]. Al-
though this result contains logartithmic functions of momenta, it is IR-finite with no depen-
dence on the late-time cutoff ng. Meanwhile, to find the complete result, we also need to
include the IR-divergent part of the seed function, which gives

kR K

WES Zaiv (ks /K, ksno) = 2k kaks

[vE — 2 + log(—2ksmo)] - (4.19)

This contribution, which becomes large and dominates over the IR-finite term in the late-time
limit 79 — 0, was missed in ref. [22]. Combining these two parts and adding permutations,
we use (4.7) to find the full expression of the inflaton bispectrum from massless exchange

; g)\H3
<¢k1¢k2¢k3> - 4k‘;’k§k§

+ (3 + k) log(—2k1m0) + (K} + k3) log(—2kamo) + (K + K3) log(—2ksmo) .

{(’YE — 3 —log(—kimo)) (K} + k3 + k3) + krea — des (4.20)

As one key result of the paper, this is the bispectrum shape that corresponds to the local
non-Gaussianity from additional light fields during inflation. While we leave the detailed
discussion and comparison in section 5, the connection with the multi-field analysis can be
understood in the following way. Recall that the well-known explanation for the generation of
local non-Gaussianity is the nonlinearities of the super-horizon conversion process that trans-
fers the isocurvature perturbations to the curvature ones. In the above computation based on
field interactions, the couplings in (4.17) provide the minimal interactions between the infla-
ton and the light scalar. In particular, the <]50 mixed propagator captures the conversion effect
from the additional light field (isocurvature modes) to the curvature pertubation. As the lin-
ear mixing ¢o is always accompanied by the cubic coupling (@@)20, the first-principle com-
putation here provides the full consideration of the nonlinearities from the conversion process.

Although the bispectrum shape in (4.20) is not exactly the same as the local ansatz
in (1.1), there are similarities. We first notice that there are two types of logarithmic IR
divergences: log(—kimo) and log(—2k,mo) with @ = 1,2,3. The first line in (4.20) with
log(—kmo) is the same as the bispectrum shape (3.32) from the ¢® contact interaction, which
is not explicitly associated with the conversion effect. The appearance of the logarithmic k;-
pole indicates that this contribution comes from a cubic vertex. Meanwhile, the second line
with log(—2kqn0) terms is the super-horizon contribution of the mixed propagator. It can be
generated by a field redefinition with time-dependent coefficients. As we shall show in sec-
tion 5, the § N formula provides a particular form of this field redefinition. In other words, the
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full bispectrum of massless exchange contains two parts: one has the same form as the shape
from a contact interaction of massless scalars; another is due to the super-horizon conversion
process. Both of these contributions have shape functions that are similar to the local ansatz.

Next, let’s look at the squeezed limit of the bispectrum, where the effect of the exchanged
massless scalar is mostly manifested

gAH?

<¢k1 ¢k2 ¢k3> = ngg

lim [vE — 2 + log(—2ksno)] - (4.21)
k3—0

This soft behaviour is contributed from the IR-divergent part of the seed function as shown
by (4.19), and it encodes the super-horizon form of the mixed propagator in (3.53). Here
we find a logarithmic deviation from the local ansatz, which is shown in the left panel of
figure 6. For perturbation modes within the range of the observational test, the logarithmic
deviation corresponds to the number of e-folds IN; from the horizon-exit of the long wavelength
mode k; = k3 to the adiabatic limit when perturbation freezes. Thus the mild logarithmic
dependence can be approximately taken as a constant number 0 < N; < 60, and the squeezed
bispectrum returns to the standard result of the local ansatz.

Correction to the power spectrum. With the mild breaking of the dS symmetry, we
can also put two external legs of the inflaton to the background in the four-point exchange
diagram, which leads to corrections to the two-point correlator. This contribution comes
from two A¢o linear mixing vertices, and can be computed by taking k1 = 0 and ko = ks = k
in the three-point scalar seed (3.61)

2 2

A 5
5{oxd—k) = 25Z(1, ko) = X? [(10g(—2k:770) +E — 2)2 -1+ %

=3 Polk),  (4.22)

with A = \/H and Py(k) = % being the two-point function of a free massless scalar. We
also see the appearance of the IR-divergent term, which dominates the correction to the
power spectrum. This result agrees with the in-in computation presented in ref. [94]. Here
the logarithmic function can be rewritten in terms of the number of e-folds Ny counting from
the horizon-exit of the k-mode. Then the size of this correction is approximately given by
PN,?. For massive exchange, this correction is order of A2 and A < 1 is sufficient to have
perturbative control. For massless exchange, we need AN, < 1 to ensure perturbativity, and
thus this coupling with additional light scalars is further constrained. As a consequence, we
find a suppressed signal for the massless-exchange bispectrum in dS-invariant scenarios. This
also explains the observation from many multi-field examples that it is usually difficult to
generate large local fni, during inflation in models with nearly scale-invariant perturbations
(see the review [11] and references there).!”

4.2 Boost-breaking correlators

To achieve larger levels of non-Gaussianity, we need to consider the strong breaking of the dS
boost isometry. In these scenarios, the field interactions can become significantly enhanced,
and perturbations have small sound speeds. Now we provide a systematic classification of
the inflationary massless-exchange correlators in the boost-breaking theories. By using the
mixed propagator and three-point scalar seed derived in section 3.4, we mainly focus on the

"Large local non-Gaussianity can be generated in the post-inflation conversion, such as the curvaton sce-
nario [127-129]. For the bootstrap analysis, we focus on the conversion during inflation in the current work.
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Figure 6. The bootstrap results of the bispectrum shapes (with k1 = ko) demonstrate mild loga-
rithmic deviations from the local ansatz. Left panel: the shape functions from the dS-invariant cubic
vertex and two boost-breaking ones with ¢, = 1. Right panel: boost-breaking bispectrum shapes with
various sound speed ratios. In this figure we have reintroduced the o sound speed by ¢, — ¢s/co.
We choose 79 = —10~3 for demonstration. The dimensionless shape functions S = (k1kok3)?S are
normalized to be 1 at k3/k12 = 1073.

scalar bispectra, while similar analysis applies for the inflationary four-point function. In
the following we show that there are two classes of massless-exchange bispectra: one has IR-
divergent terms caused by the do linear mixing, and others are rational functions of momenta
due to the higher derivative quadratic interactions. We comment on the comparison with
previous studies of multi-field inflation in section 5.

4.2.1 IR-divergent bispectra

For this class of correlators, we consider that the quadratic interaction is still given by )\éa,
while the cubic vertices can take any boost-breaking form. Our starting point is the three-
point scalar seed Z introduced in (3.55) with an arbitrary sound speed ratio cs. Because
of the sizable cubic couplings and reduced sound speeds, the bispectrum signal can become
large and potentially detectable. Here we mainly focus on the two leading cubic vertices
given by the ones with lowest derivatives from the EFT of inflation

g1é’c, gua2(0i¢)%c, (4.23)

where the gy coupling is correlated with the quadratic coupling by A\ = —gr1(8|H|)Y/2Mp;/c,
due to the nonlinearly realized spacetime symmetry, though the gr coupling is free.

By applying the weight-shifting operator (4.4), we find the inflaton bispectrum from the
g1$20 and /\qBJ couplings

gINH? [(csklg —k3)(1—co)k3 1

r_ — ~K2E 4.24
(Gladiadia) = (op g o 2k o 9B (2

+2k§ (ny -1+ log(—cskmo)> + 2k12(c§kf2 — 3k§)l@(k3770) + perm.

where E;, = csk19 + k3 is the total energy entering the cubic vertex, and I@(kgno) is the
late-time limit of the mixed propagator given in (3.53). Unlike the dS-invariant case, the
correlator above cannot be seen as a combination of contributions from field redefinition and
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cubic contact interactions. Thus this massless-exchange result corresponds to a new class of
bispectrum shapes uncategorised in previous classifications. The dominant part of the shape
function is the IR-divergent terms with 79, which is the result shown in (1.3). In figure 6, we
see the deviations from the standard local ansatz.

Let’s take a closer look at the singularity structure of this three-point function. First,
there seems to be a pole at k3 = csk12, however it is easy to check the bispectrum remains
regular in this limit, as required by the absence of the w = 1 singularity in the scalar seed
function. For ¢s # 1, the correlator has total and partial-energy poles

GINH? é
dct(2—1) Ky
GAH? kikses

4c2 E?

(k1koks)™ (i, Py Pics) — (4.25)

lim
ktﬁo

ElLig()(k1 k2k3)3 <¢k1 ¢k2 ¢k3 >/ -

1
Y~ 1+ log (—ksm) + ; log (- 1)] . (4.26)

while for ¢; = 1 these two physical singularities coincide with each other and we find

gI)\H3 €o2e3
4 kK

(k1kak3)3 (i, Puy Prs) — log (k) - (4.27)

lim

k}t—>0
And last, the soft limit of the bispectrum, which also corresponds to the Er = 2ks — 0
partial-energy pole, is given by

gAH?

<¢k1¢k2¢k3>/ = W ’C(ksﬂo) . (4-28)

lim
k3—0
This soft behaviour also encodes the late-time limit of the mixed propagator, similar with
what we found for the dS-invariant bispectrum in (4.21), except for the appearance of the
sound speed ratio cs. For the massive exchange of cosmological colliders, the effect of the
sound speed is to shift the phase of the squeezed limit signal, which can lead to new types of
non-Gaussianity such as the equilateral collider shapes [37]. In the massless exchange here,
the squeezed bispectrum has a nearly constant scaling, and thus changing the sound speed
does not lead to large modifications to the shape function, as shown in figure 6.
The inflaton bispectrum from the g11(9;¢)?0 interaction can be obtained by using the
weight-shifting operator (4.5) in (4.7)

(D1 Prea Pres) = 911);321(; k%gl;ggE_%kg) ll@(k:gno)PolyIHog (ﬂzljjb’) PolyH+PolyHI] +perm.,
with the three polynomial functions of the momenta given by 2
Poly; = 2c2(k? + k3 + k1k2)(EL + k3) + 2k3(2csk1 + k3)
2
Polyy = cohd [kE_ - (C;j;’ﬁ’“;g)Q]
Poly = k2 [EL + CzklkQIi]:zC+k]2)__k§*)klk2k3] . (4.30)

Again, it is easy to check that the shape function is regular at k3 = csk12. The singularity
structure and soft-limit behaviour are similar with the ones in the ¢?¢ bispectrum. From
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these two examples we see that the massless-exchange bispectra become more complicated in
the boost-breaking scenarios. However, as the main contribution to the squeezed bispectra
still comes from the IR-divergent terms in the d')a mixed propagator, the shape functions
remain close to the dS-invariant one, as shown in figure 6. Thus here we find no significant
deviations from the local ansatz either. Nevertheless, the size of the non-Gaussian signal can
become potentially large. While in literature it was found to be difficult to generate large
local non-Gaussianity during inflation for multi-field models with canonical scalars [11], our
results here show that this could be achieved in boost-breaking scenarios.

4.2.2 Boostless trispectra

Another interesting example is the inflationary trispectrum from massless exchange with
two boost-breaking ¢¢o interactions. Similarly, we can start from the seed function F and
apply the weight-shifting procedure to derive the results. Before moving to the computation,
one extra thing to notice is that the four-point scalar seed presented in section 3.3 is for
fields with sound speeds being unit. To extend this seed function to the one with nontrivial
sound speeds FBB, we introduce a new set of momentum-ratio variables @ = s/csk12 and
© = s/cskss. Then we find the differential equation of FBB(@, o, xo) in terms of these new
variables has the same form with (3.40), which also leads to the IR-finite and -divergent
solutions (3.42) and (3.45). One major difference with the previous case is the range of the
two new variables @, ¥ € [0, c; !].'® However, as we noted earlier at the end of section 3.3, no
assumptions for the range of u and v are needed to derive the closed-form solutions for the seed
function.'® Therefore, the £ solution can be easily extended to the situation with arbitrary
sound speeds. Explicitly, the boost-breaking version of the four-point scalar seed is given by

EBB — (5 i ) F-V(Ss ) 4.31
I\ ek cskiag i Csk12’csk3475n0 (4:31)

We consider the trispectrum from two ¢?¢ cubic vertices for demonstration. Substituting
FBB into (4.8) and using the weight-shifiting operator (4.4), we find

(Pr, Picy Py Py )

+ t- and u-channels,

_ giHS c(Ep + s)(Eg + s) _ ELER + cskrs
 Tkikoksky 25362 E%, k3 E? E?,

(4.32)
with Ep, = csk12 + s and EFr = cgksq + s. Again, the logarithmic and dilogarithmic functions
are annihilated by the weight-shifting operator in the trispectrum, and we find the IR-finite
shape function expressed by rational polynomials. Unlike the dS-invariant result in (4.11),
here we find both total-energy and partial-energy poles, which means that this result cannot
be given by a field redefinition. Meanwhile, as the coupling constant gj is less constrained in
the EF'T, this massless-exchange trispectrum provides potentially large signals that can be
tested in the observational surveys.

4.2.3 Multi-speed non-Gaussianity

Now let’s consider one particularly interesting case for the massless-exchange bispectrum with
a new class of phenomenology. In the above analysis, we have focused on the three-point

18Recall that in our notation ¢, is the sound speed ratio between ¢ and o, which can take any positive value.
Thus @ and ¥ may become larger than 1 for small ¢;, differing from the range u,v € [0,1] in the dS-invariant
case.

19This is different from the massive-exchange case, where extra work needs to be done to extend the series
solution to the @, > 1 regime, as recently discussed in [38].
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function with the ¢o linear mixing, which leads to the logarithmic IR-divergent terms and
consequently local-like shape functions. In both dS-invariant and boost-breaking scenarios,
the appearance of the IR divergence can be seen as a consequence of the fact that there is
only one derivative in this quadratic interaction of two massless scalars. Next, we extend
the analysis to two-point vertices with higher derivatives. The most generic form of the
boost-breaking quadratic interaction can be written as

L9 = a" ™" (0 pO ), (4.33)

where m is the number of spatial derivatives, and n; and ny are the numbers of time
derivatives on ¢ and o respectively. For interactions with at least two derivatives, i.e.
m + ny + ne > 2, the mixed propagators become rational functions of k, the logarithms
and IR-singular terms disappear [49]. Next, we shall see that the multiple sound speeds of
the scalars become important for the non-Gaussianity signal.

Convention. Previously, “cs” is used as the ratio of the sound speeds of the two fields. For
the convenience of analysis in this subsection, we reintroduce the individual sound speeds for
each field: ¢, for the inflaton ¢ and ¢, for the massless field o.

We first take a close look at the (j)d coupling as the simplest example. This quadratic
interaction arises in theories with more than one derivative per field, and was also identified
in the EFT of multifield inflation [13]. One way to generate this coupling is to consider the
following interacting operator of the inflaton ® and o, and then take one inflaton leg to the
background

0y, @O D — —20d5 + ... (4.34)

where we have used integration by parts, and dots represent terms with ¢o couplings. In the
following, we will keep agnostic about the model realization, but focus on the new effects on
massless exchange correlators from this higher-derivative linear mixing. First, we construct
the mixed propagator from the ¢& coupling. The bulk-to-bulk propagator for Opo from one
bulk time to another is given by

N7 (cokyn') = Byow(m)Byoi()0(n — 1) + Byo (M Dy ()00 — 1)
G (coknyn') = Oyar(m)dyor(n) (4.35)

where G?”f and G?”f are their complex conjugates respectively. The new mixed propagator

from o to ¢ is given by

[ dn’ 1 e o
K+ (k,n,m0) = iZ/ HT’Z]/Q [Gini(cak,U,U/)an’Ki(Cskm') _Gﬁ:n:g(ccrk777777/)871’K¢(Csk777/)} :
—00
(4.36)
This integration can be easily solved, and we find a simple analytical expression for K
H? ,
1 Z(l — icsk:n)ewsk", Cs = Cq
¢
Ki(k,n) = s 4.37
b= (4.37

——— (Caezcskna o Csezcakn) ’ Cs 7& Co
(c2 —c2) 2¢c5k

The parameter a = 1—ie is introduced to take care of the je-prescription such that K oc e®okn

in the early-time limit  — —oo. We first notice that there is no logarithmic functions or
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no-related singular behaviour for this linear mixing with two derivatives. When ¢; = ¢, the
mixed propagator is similar with one free bulk-to-boundary propogator of the external field
with sound speed ¢s. The ¢s # ¢, case is more interesting, where X, becomes a combination
of two free bulk-to-boundary propogators with different sound speeds. The e piece can
always be mimicked by the inflaton propagator, and thus its contribution to correlators is
present already within single field inflation. The novel effect of the additional light field o
is given by the e’“**" piece, which propagates to the boundary with the ¢ sound speed and
thus cannot be mimicked by K. This is due to the fact that the mixed propagator encodes
some behaviour of the intermediate field. While for the ¢o interaction the IR-divergent terms
always dominate, for ¢& and other higher derivative couplings, the sound speed effect of the
exchanged field gets manifested in a novel way.

Next, to investigate new signatures in correlation functions, we separate out the c,-
related term in K4, and introduce the following form of the bulk-to-boundary propagator

c H277 ic
’C_,’_g (Ca—k, 77) = m@ okn . (438)

For demonstration, we assume the cubic interaction is given by ¢2¢, and then the single-
exchange contribution to the inflaton correlator from the above mixed propagator becomes

7o
(Pry PaPrs) = ZL dna(n) [0y K 1 (csk1,n)0y K 1 (cska, n)KS (coks, n) — c.c.] + perm.

~ 1 e3
k‘%k%k% (cski2 + Cakg)?’

+ perm. . (4.39)

The bispectrum shape is similar with the equilateral shape from the ¢ self-interaction,
however because of the two sound speeds, the shape function may not be peaked at the
equilateral configuration. Figure 7 shows how the shape changes with different choices of the
two sound speeds. For c; > c¢s, as k3 < ki, the bispectrum is still close to the equilateral
shape. For ¢4 < ¢, the location of the peak is shifted to ks/k12 = ¢s/c,. For the extremal
situation ¢s < ¢,, we find the shape function reaches its maximum around the squeezed
limit k3 < k12, which is similar with the local shape. Thus by tuning the sound speed ratio,
we find a parameter class of shape functions that can have arbitrary peak location, and
approximately interpolate the local shape and the equilateral shape.

The shifted location of the peak in the shape function has a simple and intuitive ex-
planation. Recall that in single field inflation with a nontrivial sound speed, the bispectrum
is generated by contact interactions, and its shape is peaked at the equilateral limit due to
the enhancement of resonance when three modes exit the sound horizon at the same time
k1 = ko = k3 = a(ty)H/cs. In the massless exchange here with (4.38), the mixed inflaton
leg propagates to the boundary with the sound speed of the exchanged scalar c¢,. Thus,
at some time ¢, when k; and ko modes of the free inflaton leg exit the ¢; sound horizon
with k1 = ko = a(ts)H/cs, the mixed ks-leg has a different sound horizon crossing with
ks = a(t«)H/c,. As a consequence, the resonance enhancement happens for cskio = ¢, ks,
and thus the sound speed ratio determines where the bispectrum peak is located. Similar phe-
nomenon was recently reported as the low-speed resonance signal in massive exchanges [38].
Our focus here is the massless exchange bispectra, and the shape functions take simpler forms.

Furthermore, we can extend our analysis to exchange processes with two or three mixed
propagators. Let’s consider a double-exchange diagram that has two intermediate fields o1
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Figure 7. The dimensionless shape function of the bispectrum (4.39) with k; = k2 and various sound
speed ratios. We have also include the standard equilateral and local shapes for comparison. The
peaks of the shapes are normalized to be 1 regardless of its location.
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Figure 8. The multi-speed shapes S’m“m*%(kl, ko, k3) with four different choices of sound speed
parameters. For comparison, we have also plotted the standard equilateral shape (blue transparent
surfaces) in figures a), b), ¢), and the local shape (purple transparent surface) in figure d). From
figure a) to d) we see the peak of shape is shifted from the equilateral configuration k1 = ko = k3 =1
to the squeezed limit ko < ki ~ ks.
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and op with sound speeds ¢; and ¢ respectively. The two mixed propagator IC£r and ICLI
can be expressed by (4.38) with their own sound speed being the one of the exchanged field.
Then for the cubic interaction ¢d1dyr, the bispectrum becomes

10
(Gratratia) =i | dna(n) (0,5 (eokr )L (erko, K eurk, ) = ] + perm.

~ 1 e%
k‘%k‘%k‘% (cskr + crka + criks)

3 + perm.. (4.40)

Now we have three massless fields involved, and each of them has its own sound speed. The re-
sulting bispectrum demonstrates richer structure in the shape function, with each momentum
k associated with a sound speed parameter. Intuitively, the location of its peak is determined
by two sound speed ratios: ¢s/cy and c¢s/epp. Similarly, we can also consider the triple-exchange
bispectrum, where all the three sound speeds are the ones of the mediator fields.

Let’s summarize the major messages from the above example. In the massless exchanges
with higher-derivative quadratic interactions, the IR divergences vanish and we find the
bispectrum in terms of rational polynomials of k. More importantly, as the mixed propagators
inherit the sound speeds of the exchanged fields, it becomes possible for each momentum
to be associated with a different sound speed. As a result, the exchange processes can
probe multiple sound horizon crossings, which leads to the new phenomenology in the scalar
bispectrum. In addition to the simplest ¢& mixing we considered here, the analysis can be
easily extended to other quadratic interactions, such as do, é@?a, etc., and cubic ones, though
the expressions of mixed propagators and the final bispectra become more complicated.

We dub this new class of bispectrum shapes the multi-speed non-Gaussianity, which
is a distinctive signature of additional light degree of freedom during inflation. For the
convenience of data analysis, a simple ansatz of the dimensionless shape function is given by

k1koks
(clkl + coko + Cgk’g)?’

§multi—05(k1, kg, k3) = -+ 5 perms, (4.41)

where 0 < c123 < 1 are three different sound speed parameters. When they have the
same value, we return to the equilateral shape. But as we are free to tune their ratios,
this shape function is able to capture various possibilities of the scalar bispectra that are
rational functions of three momenta. Examples are shown in figure 8. In particular, the
location of the peak is sensitive to the sound speed ratios. When the sizes of three sound
speed are comparable, we return to the equilateral shape. While for large hierarchies among
sound speeds, the shape function can even be peaked around the squeezed configuration
which mimics the local shape. For the general parameter choices, (4.41) interpolates the
two standard non-Gaussian shapes. Therefore, this simple but general template can be of
particular interest for the observational search of primordial non-Gaussianity.

In the end, we would like to comment on the difference with [115] where a similar type of
shape functions were reported. There the conversion is due to the qBa linear mixing and this
interaction is only turned on later when modes are on super-horizon scales. This particular
version of the super-horizon assumption introduces a time-dependent coupling, which explic-
itly breaks the dilation symmetry. Thus it corresponds to another type of scenarios with
scale-dependent features, which is beyond our classification. Instead, the bootstrap analysis
here shows that for scale-invariant theories the multi-speed shapes can only be generated
from higher derivative quadratic interactions.
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5 Revisiting multi-field non-Gaussianities

The generation of nonlinearities in primordial perturbations has been extensively investigated
in the context of multi-field inflation. The standard approach to compute primordial non-
Gaussianities in this class of models is the d/V formalism, which uses the separate universe
assumption, and mainly captures the nonlinearity of curvature perturbations outside of the
Hubble radius [3, 152-157]. Meanwhile, as shown in the previous sections, the bootstrap ap-
proach takes another perspective, where all the nonlinearities are generated as consequence
of interactions among quantum fields in a (quasi-)dS background. Thus an interesting ques-
tion is how these two different approaches are related to each other. In this section, we shall
review the analysis of multi-field inflation using 6N, and then compare with the bootstrap
result explicitly.

First, in section 5.1, we will give a brief review of the § IV formalism, and in particular the
standard computation of the primordial bispectrum and trispectrum in multi-field inflation.
Then we consider a specific two-field model of inflation with exactly solvable background
dynamics in section 5.2. From this concrete example, we shall compare the non-Gaussianity
results from the dN computation and the dS bootstrap. In section 5.3, we comment on
multi-field models with higher derivatives.

5.1 The dN formalism

The starting point of the  V formalism is the observation that the curvature perturbation ¢
outside of the Hubble radius is related to the perturbed scale factor for a local patch of the
Universe. The super-horizon curvature perturbations can be analyzed by considering a local
FLRW spacetime which evolves like a separate homogeneous universe. Explicitly, the scale
factor of a local universe is given by the following form

a(t,x) = a(t)est®) . (5.1)

Now consider the number of e-folds of this local FLRW universe N (t,,x) from an initial time
t. to the end of inflation at ¢y: we pick a spatially flat slice at time ¢,, with ((t.,x) = 0; and
then consider the comoving curvature slice at time ty. For this local patch of the Universe,
the number of e-folds (and the corresponding curvature perturbation {(x) at ty) is given by

a(tg,x)
a(t.)

On the spatially flat slice at ¢, though the curvature perturbation vanishes, we are left with
fluctuations of scalar fields ®%(t.,x) = Df(t«) + ¢*(t«, x). In multi-field inflation, these scalar
fields constitute the “multiple inflatons” which control the expansion history of the Universe.
Therefore, for a set of initial field values of ®“(¢,,x), the background evolution of this local
universe leads to the corresponding number of e-folds N (t,,x) = N(®%). As a result, we are
able to expand the N formula in terms of initial field fluctuations ¢%(t.,x) at time ¢,

N(t*,x)zlog< ):N(t*)+§(x) = ((x) =0N(x) = N(ts,x) — N(ts). (5.2)

1 1
C(x) = N(BE + ¢%) — N(2) = Noo® + §Nab¢“¢b + gNabcqbaqbbgbc + ..., (5.3)
where N, = ON(t.,x)/0®%, and other higher order ones Nyj, Ny are the derivatives of N

defined on the initial slice at t,. Typically we work in Fourier space, and the initial slice is
taken at the time ¢, when the Fourier mode k exits the horizon k = a(tx)H (tx). Thus these
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derivatives of N may acquire some mild k-dependence when background parameters are not
exactly time-independent during inflation. To avoid clutter, we will not explicitly write them
as Ng(k), Nap(k), ..., but shall keep in mind that these e-folds derivatives are associated
with the corresponding k-mode of the curvature perturbation.

One key assumption of the 0 N formalism is the separation of the sub-horizon (quantum)
physics from the super-horizon (classical) effects [158]. This can be seen from the above
derivation of the 6 N formula (5.3): field fluctuations at ¢, provide initial conditions around
horizon crossing; the 6 N expansion captures the subsequent evolution on super-horizon scales.
In the conventional approach, these two contributions are supposed to take factorized forms
as shown in each term of (5.3), where initial field fluctuations are normally given by the mode
functions of free massless scalars. For multi-field inflation, as light scalar fluctuations freeze
after horizon exit, one expects the major contribution to the nonlinearity of ¢ comes from
the super-horizon conversion process. In this sense, the NV formalism provides a simple and
intuitive method for computing the dominant contribution to multi-field non-Gaussianities.

Now let’s briefly review the correlation functions of ¢ in Fourier space using the 6N
formula. The two-point correlator in this approach is simply given by

H2
T2k
where G, is the field space metric and Py is the two-point function of a canonically nor-
malized massless scalar. Then the scale-invariant primordial power spectrum is defined as

P = k3{((( k). Similarly, using (5.3) up to the second order, we can find the bispectrum
of the primordial curvature perturbation

1
(G G Cs)" = NaNo N, Dy Dy s + 5 NaNoNea (D5, P / Ska—p0p) + 2 perms.
p

= GG NNy Nea [Py (k1) Py (k2) + Py (k1) Po(ks) + Py (k2)Py(ks)] ,  (5.5)

where in the second line we have neglected the mild k-dependence in the derivatives of V.
Meanwhile, the three-point function (p@¢), is a correlator evaluated at the time t,, and is
generated by interactions of scalar fields around horizon crossing. In the second step, this
contribution is taken to be very small and subdominant, as shown in [4] for slow-roll models.
The above formula provides the standard derivation of local non-Gausianity in multi-field
inflation. If we compare with the notation in (1.1), we find the above bispectrum shape is
simply Slocal, and the size of the non-Gaussianity is given by

5GGY" N, NyNq
6 (G N,N)?
The primordial trispectrum can be derived by considering the N expansion (5.3) up to the

third order. We can also neglect the slow-roll suppressed terms from contact interactions,
and then the trispectrum has two types of contributions [8, 9]

(Cr ko CiesCka) = GGG Ny Ny NeNoe g [Py (k1) Py (k2)Py(ks3) + 3 perms.] (5.7)
+GacheGdiaNchdNef [77¢(k1)73¢(k:2)73¢(|k1 + k3’> + 11 perms.] .

(Gl x) = NaNy (620" ) = GPN,NyPy(k), with Py(k) (5.4)

Inn = (5.6)

Again we have ignored the k-dependence in the derivatives of N. This shape is given by the
two local ansétze in (4.14), and we find the corresponding size parameters given by

G*G*GY NyNyNeg N, s 25 GGG NyNy NN e s
(Gab N, N,)? N T (GWN,N,)? '

NL = (5.8)
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As we can see, for both the bispectrum and trispectrum, the local non-Gaussianities are
generated as a result of the § N expansion (5.3), which is a field redefinition at some local point
X in coordinate space that converts fluctuations of multiple free scalars to the final curvature
perturbation on super-horizon scales. Again, we notice that in the above computation of
correlation functions, the factorization of sub-horizon and super-horizon physics plays an
important role. In particular, the sub-horizon information is simply given by correlators at
t., which are the ones of non-interacting scalars. Next, we are interested in understanding
the N analysis from the perspective of field interactions. In other words, can we justify this
treatment in first-principle computations? If we see it as an approximation, how good is the
0N formalism, and what are the differences with the exact results? With these questions
in mind, we will explicitly compare the d/N analysis with the bootstrap by examining one
specific two-field example.

5.2 A concrete case study

Consider the following inflation model with two scalar fields ® and X

1 1 13
L=—=(0,8)% — =(0,2)% — =(0,®)? — Vir(®) — V(T). (5.9)
2 2 2A
The coupling between two field comes from a dimension-five operator in the kinetic term,
which can be seen as a field space with the metric G, = diag{l + ¥/A,1}. Meanwhile,
by requiring that the inflaton rolls in the ® direction with any constant ¥, the form of the

potential here is given by the Hamilton-Jacobi formalism

27172
m= Mg,

Var(®) = %m2<1>2, V(%) = T3 Ly/A)

(5.10)
This is one version of the shift-symmetric orbital inflation proposed in [97]. Then in the
FLRW spacetime, we find the two-field system and the inflationary background can be exactly

solved )
<I>:—\/7, =73, H* = o 5.11
3(1+3%/A) 0 6 M2, (5.11)
This exact solution ensured by the Hamilton-Jacobi construction shows a constant turning
trajectory of the inflaton in the internal field manifold. It is helpful to apply the covari-
ant formalism here and introduce the tangent and normal vectors to the trajectory T =
(=1/\/1+%0/A, 0)and N* = (0, 1). Then the slow-roll and turning parameters are given by

w®DP 2M3

€ = Gap - = Pl , (5.12)
2H2MZ, (1 + Xo/A)2

Q= —N,D,T" = L2 (5.13)

T2 /T+5/AA

As we will see soon, this is also the coupling constant for the linear mixing between the
curvature and isocurvature perturbations. With the background solution (5.11) we can also
solve for the analytical expression of N in this two-field model. From an initial time ¢, to
the end of inflation, the number of e-folds is given by

1 » 1
No=——(1+=Z )92 - = 5.14
4M1§1( +A) 97 (5.14)
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with ®, = ®(t.). As a last comment on the background dynamics, we take a look at the
dimension-five operator from the EFT perspective. This coupling can be seen as a leading
order expansion which respects the (approximate) shift symmetry of the inflaton field ®, and
thus the validity of the EFT requires that Xy < A.

Next, we shall look into the generation of non-Gaussianity in this toy model using the 6 NV
formalism, and then compare with the bootstrap results. Before going into the particulars,
we notice that the similar analysis can be applied in other multi-field inflation models, as
long as the FElpis conditions in section 2 are satisfied. Meanwhile, there are several reasons
that we choose this specific model for demonstration:

o First, we have exact solutions for the background dynamics, with no need of slow-roll
or other approximations. This makes it possible to apply the d N formalism in a con-
trollable fashion where contributions to non-Gaussianities can be accurately computed.
Thus, it becomes much easier to trace the conversion process in this class of models.?’

e Second, since the inflaton moves in the ® direction only, the curvature and isocurvature
perturbations here are automatically associated with the ® and ¥ field fluctuations.
As we discussed in section 2, in many multi-field inflation models this decomposition
is less manifest, and one needs to apply the field-space tangent and normal vectors at
each point of the inflaton trajectory to identify the two corresponding perturbations.

e Third, it is also convenient to track interactions of field fluctuations in this model.
Perturbing the background solution ® = ®y(t) + ¢ and ¥ = ¥p + o, we find the
Lagrangian of fluctuations with interaction terms

['int = —)\(50' - g(a“¢)20' ) (515)

where the coupling constants are given by A = 20 ~ —®/A and g = 1/2A. These
are the first two terms in the general form (2.6) of the interacting Lagrangian which
are responsible for the conversion. As shown in (2.7), due to the $o linear mixing,
the additional light scalar o can source the growth of the curvature perturbation after
horizon-exit. The two coupling coefficients A and g are associated with the turning
rate (5.13), which is an important indicator of the multi-field effects. Thus this model
provides the simplest setup for the conversion mechanism. In addition, we notice that
the interactions in (5.15) are the same as the one we discussed in section 4.1 for the
bootstrap of the (approximately) dS-invariant correlators.

Therefore, the predictions here can be analytically derived via both the bootstrap and 6NV
methods, and thus this toy model serves as a link between these two approaches. It becomes
a convenient choice for the purpose of comparison of different computations.

0N analysis. Now we perform the computation for perturbations by using the § NV formal-
ism. For the number of e-folds in (5.14), we consider the initial time to be the horizon-exit
time ¢ of the perturbation mode k. Then, the § N formula can be written as

= o+ + + o+, 5.16
oy 6 (5.16)

—~ o+ po ¢
/ 2
A 26AMp1 4MP1 4A Pl
20Tn this sense, the shift-symmetric orbital inflation can be seen as an analogy of power-law inflation where
the exact solutions helped to justify the slow-roll approximations in single-field inflation. From this toy model
of multi-field inflation, we are able to perform the exact examination of the conversion effects when additional
light scalars are present.

SN,
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where the background quantities in the § N formula are from the derivatives of N and defined
at time ;. In particular, the N-dependent prefactor of the second term demonstrates the
growth of the curvature perturbation with the isocurvature source. We keep the mild k-
dependence of Ny explicit here, and later will show its role in the exact N calculation of
non-Gaussianities.

We first take a look at the two-point correlator of the curvature perturbation using the
0N formula

Pe(k) = (Gelx)’ Polk) (1+X2N2) (5.17)

N QEM}%I
where P, is the power spectrum introduced in (5.4), and A = 2Q/H is a dimensionless
coupling. This result agrees with what we find for the power spectrum correction (4.22) from
the bootstrap analysis, and matches the one from in-in formalism in ref. [94]. We explicitly
see that the IR-divergent logarithmic functions are expressed as the number of e-folds in
the 0N calculation. This correction is simply due to the conversion from ¢ to ¢ on super-
horizon scales. Here we also take the slow-turn approximation, and thus the theory is under
perturbative control, which requires ANj, < 1. As a result, the single field power spectrum
Pe(k) =~ Py(k)/(2eMB)) remains a good approximation. For the primordial bispectrum, the
0N formula leads to

5\2
NG

(et G Gia o [ Ve (K3 + K3) + Nigy (5 + &3) + Nig (5 + K3)| P2, (5.18)

where we have neglected slow-roll suppressed terms. The shape function matches the second
line of the bootstrap result (4.20) by taking Nj ~ —log(—2kmno). As we noticed in the
bootstrap analysis, this contribution can be seen as the consequence of a field redefinition
with time-dependent coefficients. The 0N formula (5.16) here provides its explicit form. If
we ignore the mild k-dependence in the number of e-folds and take N = N, this bispectrum
reproduces the local shape in (1.1). From perturbativity, the size of non-Gaussianity here is
small, as in many other multi-field models with nearly scale-invariant perturbations.

Comparison with bootstrap. Next, we would like to understand the agreements and
differences with the bootstrap result in (4.20).2! First, we notice that, to have a complete
result in the NV analysis, we also need to include the cubic interaction term that was discarded
in (5.5). Instead of being related to slow-roll suppressed couplings, here this contribution is
given by the (9,4)%c vertex, and we find

/ ! ;\2 kilJ’ + k% — kg 2

<Ck1<k2Ck3>int = N¢N¢NU<¢k1¢k20k3>* +perms. = _? k3 ng +perms. , (5'19)
where (¢¢po)’, is evaluated right after horizon crossing.?? In other words, the (¢p¢c), correlator
provides the non-Gaussian initial condition at t, that is transferred by the d N formula to
the correlation of ¢ at the end of inflation. While we are looking at the toy model in (5.9),
the key point here is that, the presence of the (qub)Qa vertex is independent of particular
models as long as the multi-field conversion happens (see section 2.1), and its contribution

21 Another approach for computing the bispectrum is the in-in formalism, which tracks the full field inter-
actions during inflation. For this model, the in-in integral is given by the three-point diagram in figure 5 with
interaction vertices in (5.15). From this computation we found agreement with the bootstrap result.

22This three-point function is of the local form, which can be explained by the observation in (4.16).
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has comparable size with the result (5.18) from the § N formula. Adding (5.19) into the final
bispectrum, we find the squeezed limit matches the bootstrap result in (4.21).

On the other hand, away from the squeezed limit we find a mismatch between the N and
bootstrap results. To understand the difference, we first recall that one primary assumption of
the d N analysis is the factorization of the super-horizon and sub-horizon physics, as we dis-
cussed in section 5.1. Especially, in this approach the initial field fluctuations on the spatially
flat slice are simply taken as the free mode function of massless scalars. Precisely speaking,
however, this treatment is not exact if we track the full field interactions during inflation.
For explicit demonstration, let’s take a close look at the N formula (5.16) and the mixed
propagator (3.48) with ¢ = 1. In this specific model, the second term of the N expansion
captures the super-horizon growth of ¢ sourced by the isocurvature field o, and its sub-horizon
behaviour is simply given by the ¢ mode function. Meanwhile, in the field-theoretic compu-
tation, the same physics process is described by the mixed propagator K from the ¢o linear
mixing. We see that the late-time limit of & in (3.51) corresponds to the super-horizon growth
from the conversion, which agrees with the second term in the N formula. Nevertheless, the
conversion is already turned on before horizon exit, and field fluctuations are also affected by
the éa quadratic interaction in early times. As a result, the mixed propagator has a more
complicated form, which cannot be simply captured by the free ¢ mode function. This subtle
difference leaves nontrivial imprints in the field-theoretic computation, and is responsible for
the mismatch away from the squeezed limit. Or, we may put it another way: to implement
the § N computation more accurately, one needs to use the mixed propagator K in (3.48) as
the initial field fluctuations on the spatially flat slice, instead of the free ¢ mode function.

As a consequence, one novelty from the bootstrap is the logarithmic ki-pole in (4.20).
This type of singularity at k; — 0 is a ramification of field interactions at very early times
n — —oo. In general, the residue of correlators in this limit is associated with the scattering
amplitudes in flat spacetime [159, 160]. Thus the k;-pole terms arise only in field-theoretic
computations, and cannot be mimicked by field redefinitions. More specifically, the loga-
rithmic ki-pole of the massless-exchange bispectrum is generated by the early-time limit of
the mixed propagator in (3.50). This is a feature of the d'>a field interaction deep inside the
horizon. Thus it is absent when we separate the super-horizon and sub-horizon effects in a
factorized form like in (5.16).

The primordial trispectrum can also be derived from the § N formula

< 3
<<k1 Ck2Ck3<k4>/ = )‘2 Tiocan + iTlocaIQ Pg) , (5.20)

with the two local ansatzs given in (4.12) and (4.13). Compared with the bootstrap re-
sult (4.11), the IN computation gives a different combination of these two shapes, for which
the soft limit of (5.20) does not vanish. Like in the bispectrum, the difference here is due to
field interactions from cubic vertices, which is missed by just using the § N formula.

To summarize, from this toy model we see that the NV formalism provides a good ap-
proximation for the multi-field non-Gaussianities in the squeezed limit, and we need to be
careful to incorporate the full nonlinearities of the conversion process: one is given by the
0N formula; another is from the (@LQS)QU cubic vertex. In the bootstrap analysis, the super-
horizon contribution to the multi-field non-Gaussianity is associated with the long-wavelength
behaviour of the mixed propagator (3.51) with the IR-divergent term. Meanwhile, away from
the squeezed limit, there are differences in these two approaches. In particular, the total-
energy singularity due to sub-horizon quantum interactions is missed in the previous é N
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computation. As the multi-field conversion is in general due to the ¢o and (8u¢)2‘7 field
interactions, the specific model discussed here provides the minimal setup for demonstrating
the agreement and difference in the bootstrap and dN results. Similar analysis can be ex-
tended to other multi-field models with the conversion mechanism, which may have nontrivial
background dynamics and more complicated Feynman diagrams. See ref. [161] for some early
studies.

5.3 Models with higher derivatives

While the dS bootstrap corresponds to multi-field inflation with two-derivative kinetic terms,
the boost-breaking scenarios we analyzed in section 4.2 can be compared with models with
higher derivative interactions. One example is the multi-field version of P(X)-type theories,
where both curvature and isocurvature perturbations may have reduced sound speeds [162—
167]. In these previous studies, it was shown that this class of models can generate both
local- and equilateral-type primordial non-Gaussianities. In our classification these models
correspond to the scenarios in section 4.2.1, where the logarithmic IR behaviour becomes
dominant and leads to local-type shapes. Meanwhile the equilateral shape is generated
through the inflaton self-interaction as in single field inflation. Although the squeezed-limit
behaviour there remains similar with the dS-invariant case, we identify richer singularity
structures in these analytical results, which are consequences of nontrivial sound speeds and
boost-breaking interactions.

Multi-field inflation has also been studied by using the EFT of fluctuations [13].
There the authors chose to be agnostic about the conversion mechanism, and proposed a
parametrization for the relation between additional light scalars and the final curvature per-
turbation. In that approach, apart from the conversion, the higher-derivative EF'T operators
with light scalars were constructed in a systematic way. New shapes of non-Gaussianities
were identified as a result of the nontrivial self-interactions of additional fields. Our work
mainly focuses on the inadequacy of the super-horizon approximation for the conversion
process, and the bootstrap analysis of massless exchange diagrams.

As a final remark, we have shown that the conversion mechanism can be more accurately
described by field interactions in a model-independent fashion. As we have discussed in sec-
tion 2.1, the coupling forms are constrained by the nonlinearly realized spacetime symmetry
and the orthogonality condition between curvature and isocurvature modes. Therefore, it re-
mains a very interesting question about how to embed these interactions in the EFT, which
may require a construction based on internal field spaces. We leave this for future work.

6 Conclusions and outlook

In this paper, we presented a systematic investigation of primordial correlation functions with
the presence of intermediate massless scalars, working at leading order in the weak coupling of
this scalar to curvature perturbations. In inflationary cosmology, the signatures correspond to
primordial non-Gaussianity from multi-field models. The resulting non-Gaussianities couple
short and long distances, which make them a suitable target for cosmological observations.
Despite having been extensively studied in the literature, the recent theoretical advances
coming from the bootstrap motivated us to revisit this important topic.

We began with the analysis of IR divergences caused by interacting massless scalars
in de Sitter space. As light fields freeze after horizon crossing, there are cumulative effects
due to interactions on super-horizon scales, which typically lead to logarithmic-type singular
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behaviour in correlators at the future boundary. An explicit late time cutoff 7, related to
the end of inflation, is necessary to regulate the IR effects. Focusing on the leading order in
perturbation theory, we showed that the boundary differential equations acquire explicit 7o-
dependence, and proceeded to solve the equations in detail. Using weight-shifting operators,
we obtained a large menu of multi-field inflationary bispectra and trispectra. Our results
incorporate both the (approximately) dS-invariant and boost-breaking scenarios:

o For the (approximately) dS-invariant case, we recover much of the previous literature
on multi-field inflation. We show that the super-horizon conversion from isocurvature to
curvature perturbations, which is responsible for the generation of local non-Gaussianity
during inflation, can be reformulated in terms of field interactions and a ¢o mixed prop-
agator. Using a benchmark example, we compared the bootstrap results with the ones
from the 0 NV formalism. Both of them resemble the local shape, and we find agreement
in the squeezed limit. Meanwhile, contributions from field interactions around and be-
fore horizon-exit are more accurately captured by the bootstrap method. In particular,
it is interesting to notice that the conversion generally leads to modifications on initial
field fluctuations, which were missed in previous considerations.

e For theories with broken boosts, the number of possibilities is richer. Having a differ-
ent dispersion relation for the inflaton boosts the overall signal, and we can now make
the mediator subluminal, and also couple it to the inflaton in a variety of ways. We
systematically classified the possible signals in this scenario. In particular, IR-divergent
terms remain in the three-point function, due to the ¢o linear mixing. Consequently,
the squeezed bispectra are similar to the dS-invariant ones, though the shape functions
differ away from that limit. For the case of higher derivative quadratic interactions, the
light scalars generate what we called multi-speed non-Gaussianity. The resulting shapes
are equilateral-like, but the location of the peak is determined by the sound speed ratios
among light scalars. With a very simple ansatz, we capture the various phenomeno-
logical possibilities: depending on the sound speed parameters, we interpolate between
the standard local and equilateral shapes.

We close by listing several interesting directions for future exploration:

e The analysis in this paper has been restricted within the perturbative regime of tree
diagrams with massless scalars. In order to go beyond that, we need to understand
IR effects in cosmology better. Thankfully, recent studies on IR divergences in dS
suggest that the stochastic formalism provides an effective framework for analyzing
correlators beyond perturbation theory [96, 107-112, 168]. It would be very interesting
to consider the non-perturbative behaviour of inflation with additional light scalars,
where “stochastic” effects are expected to become important.

o We mainly studied single exchanges of one additional light scalar. In general multi-
field models, there can also be double- or triple-exchange contributions to the inflaton
bispectrum. We briefly discussed these possible channels in section 4.2.3. New tools
are required to systematically deal with these diagrams. It would be interesting if
the resulting shapes have new phenomenology compared to the single-exchange cases
discussed here.

e Another intriguing question is the role of symmetries in cosmological correlators from
multi-field scenarios. Like single field inflation, here the interaction forms between
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the inflaton and additional fields are constrained by nonlinearly realized spacetime
symmetry, as we have seen in section 2.1. Unlike single field inflation, (broken) internal
symmetries may also be expected when multiple light scalars are present. It would
be really interesting if one could identify signatures of the symmetry breaking pattern
associated with the inflaton field space from correlation functions.
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A IR behaviour in the wavefunction of the universe

In this appendix, we briefly review the wavefunction approach to cosmological correlators, and
then we shall examine the IR divergences in the wavefunction coefficients for both contact and
exchange interactions. In particular, we provide more details for the discussion in section 3.5,
and show explicitly that for the four-point scalar seed function of massless exchange, the
wavefunction coefficient is IR-finite, and the IR divergence of the correlation function comes
from the disconneted part.

A.1 Wavefunction and correlators

The wavefunction of the Universe is introduced in the Schrédinger-picture approach to QFT
(see refs. [24, 40, 74, 105] for more details). We consider a set of bulk fields ¥(n,x) in dS
spacetime, and then the wavefunctional W[X, ] is expected to contain all the information
for spatial field configurations at time n. Within the perturbative regime of the theory, the
wavefunctional at the late-time boundary 79 is normally expressed as

1 a3k - A3k, 3
(X, no] = exp Zn,/(%_)gmzkl o Bk, (2m)°0(ky + - A Kkn) Yn(ke, .o k) |
n=2 "

(A1)
where v, are the wavefunction coefficients in Fourier space. Although 1, is not physical
observable, in many circumstances it is an object that is more convenient for analysis than
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the cosmological correlation functions. Meanwhile, the equal-time correlators at 7y can be
derived through the standard quantum mechanics procedure

- /DZ S(x1) - 2(xn) [, 0]

(300) )} = (r2)
1 JESETG

In perturbation theory, we can find explicit relations between the wavefunction coefficients
and the corresponding correlators at the end of inflation. For illustration, let’s consider the n-
point functions of the conformally coupled scalar ¢ with the presence of a general scalar field
oa as possible intermediate state. By expanding the exponential in (A.1) and performing
the Gaussian integrals in (A.2), we find the two-point functions are simply related by

1 1

= ORepPP (k) (oa(k)oa(—k)) = Rewg? ()’ (A.3)

(Pxp—k)’

where 12’s on the boundary are fully fixed by the conformal symmetry: ¥3¥ = c,k and
Y37 = cpak?273, with the normalization c, = (Hmp) 2 and cp = H—2p327C. For the three-
point functions, here let’s consider the one from cubic contact interactions®® with two ¢ fields
and one oA, and then we find the relation

_ Re’(ﬁ?pa(kl,kg,kg)
ARey$* (k1) Res” (ko) Reys? (ks)

<90k1 (pkzak:a), = (A-4)

The four-point function of ¢ may have contributions from both contact interactions and the
exchange diagrams with an intermediate o field, and the correlator is given by both 4 and
13 through

. Re¢f@@@(kl’ k27 k37 k4)
81Ta—y Rev$¥ (kq)

(O, Pho Phs PRy) = + (Pi; Pio Phs Pk ) » (A.5)

where the disconnected part has contributions from a product of two 1§*’

1
81Tz Rt (ko)
% Rew?fcpa(klakQ)S) Re¢g¢¢(7sa k37k4)
Re37(s)

(K, P P3Pk ) (A.6)

+ ¢- and u-channels

While the contact diagrams only contribute to the connected part of the four-point corre-
lator, there are contributions to both parts from exchange processes. As we will show, the
disconnected part becomes particularly important for the exchange of massless scalars.

The bulk computation of the wavefunction coefficients in perturbation theory is similar
with the in-in formalism for correlators discussed in section 3.1. We also need two types of
propagators: the bulk-to-boundary propagator Ky (k,n) that connects bulk interaction vertex
to the late-time boundary, and the bulk-to-bulk propagator Gy (k,n1,n2) which describes the
propagation of fields between two bulk insertions. Here we use the lower index ¥ to denote

231f there is a mixed propagator due to quadratic interaction, we would also expect contributions to the
bispectrum from exchange diagrams. We leave the analysis of this case in appendix A.2.
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these are propagators in the wavefunction approach, which are distinguished from the in-
in propagators K+ and G44 introduced in section 3.1. These propagators also satisfy the
following differential equations

(O = m?/H?) Ka(k,m) =0, (O = m?*/H?) Gu(k,nof) = =iH*n/50n = o). (A7)

However, as we have specified a late-time boundary at 7y for the wavefunction, these propa-
gators subject to different boundary conditions

. AN . AN
nll)ngo G\I/(ku mnn ) =0, nll)lzloo G\Il(k777777 ) =0. (Ag)

Let’s take a closer look at their explicit forms by considering a general bulk field oo with the
conformal dimension A. Its mode function is given by

onak,n) = iH;/%em/‘le“”’/Q(—n)?’/Qngl)(—k:n) with v = A — g . (A.10)

For the bulk-to-boundary propagator, Ky is similar with K up to normalizations

ox(k,m)
K§ (k) = 220 (A11)
OA (k s 770)
which goes to unity at late time. Its expressions for massless scalar and conformally coupled
scalar are given in (3.62) in terms of simple functions. For the bulk-to-bulk propagator, here
we have

A — * *
Gy (k;n,n') = oa(k,n)ox (k)0 —n') + oAk, n)oalk,q)0(n" —n)
UA(k7770) * * /
— —————=onlk,m)or(k,n). A.12

O'*A(k?,n()) A( ) A( ) ( )
Comparing with the in-in propagator G4, we notice that the nontrivial difference is given
by the last term in Gy. This term is added to the bulk-to-bulk propagator such that it
vanishes in the late-time limit 7,7 — 79. One important consequence of this additional term
is that, whatever the field mass, the G propagator always decays after the field fluctuations
exit the horizon, which essentially differs from the super-horizon behaviour of the massless
G141 propagators. This observation plays an important role in identifying the IR behaviour
of wavefunction coefficients from massless exchanges.

Contact three-point function. With these wavefunction propagators, one can apply
the Feynman rules for computing the wavefunction coeffients. As an explicit example,
let’s again look at the simple contact interaction ¢?¢, which is also relevant for the later
discussion of massless exchange diagrams. The bulk computation with an explicit 79 is
presented in section 3.5. Here, instead of using an IR cutoff, we would like to apply another
regularization scheme by simutaneously extending the spacetime and conformal dimensions
in the following way

d=3—-d=3+24, A—>A+9. (A.13)

This type of dimensional regularization is known as the half-integer scheme [146], as the
indices of Hankel functions for A = 2,3 scalars remain to be half-integers. Thus the
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advantage of this scheme is that the mode functions of these fields can still be expressed as
simple elementary functions. Explicitly, the index of the Hankel function is given by

2 2
¢ omt N (A.14)

eI T m A

and in dSgy1 spacetime the mode functions of these two fields become

H .
A=3+4: - —0)O (1 + ikn)e ™ A.15

b Tk;3( n)°( n) (A.15)
A=2+4+9: Yr = H (—n)°ne=tn (A.16)

V2k
Then using the bulk-to-boundary propagator (A.11), we find the wavefunction coefficient
0
U7 = 20 [ dnaln) ™ KG (ki) K (o, 1) Ko (s, ) (A17)

=2(=i)0 Skr\ ss0 —2
= s T He) (kl? 155 > Hp?

1
kr + K12 (5 —log kp — VEH ,

where in the last step we have absorbed the overall H and 79 prefactors in the coupling
constant and set them to 1 for simplicity. We see that the wavefunction coefficient is singular
when we take 6 — 0. The divergence can be renormalized by adding a counterterm with a
renormalization scale p [147, 148]. As a result, we find

2 kr
wWP(ﬁ = — {]{33 — k1s (log () +vE — 1>} , A.18
3 H4T]8 L ( )
which matches the result with an explicit late-time cutoff by choosing p = —1/n9. We

refer the reader to refs. [147, 148] for detailed analysis about the renormalization of
the IR-divergent correlators in CFT. By using relation (A.4), we find the corresponding
correlator at the end of inflation

H6 4
To_yged (A.19)

/—_7
<g0k1¢k2¢k3> - 4]€1k2]€§) 3

which reproduces the in-in result in (3.16). For this particular contact interaction, the IR
divergence of wavefunction coefficient is basically the same with the analysis on correlators in
section 3.2. But next, we will show that the distinction between correlators and wavefunction
coefficients becomes nontrivial when we consider massless exchange diagrams.

A.2 IR behaviour in massless exchange

Our main focus here is to examine whether the wavefunction coefficients from massless ex-
change are IR-divergent or not. By doing so, we will demonstrate the origin of the IR
divergence in the wavefunction approach, and compare results from correlator analysis.

Four-point function. Let us begin with the ¥4 of four conformally coupled scalars with
the exchange of a massless field o, for which the corresponding correlator has been discussed
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in section 3.3. Using the wavefunction propagators in (3.62) and (3.63), the bulk integral for
the s-channel contribution is given by

70 70
=t [ dn [ difaln) aty KG k) KG ko, )G (5,1 VICG (VK ().

(A.20)
It is more convenient to discuss its dimensionless version 14 = —néH 6s1p4/4, which can be
expressed as
N 1m0 m Jdn’ . ) ,
=g [ [ e Gy on, ). (A.21)
—o0 —00

Here we see that ¢4 has a similar form with the four-point scalar seed E in (3.36), while
the major difference is given by the bulk-to-bulk propagator. Likewise, we can act the 190,
operator on 14 to trace its IR behaviour and find

: » 2
Jim 1000104 = —igsno =0, (A.22)

which shows that ¢4 is IR-finite, very different from the behaviour of £ in (3.37). This
is due to the fact that in the wavefunction approach G¢ decays on super-horizon scales
when 7,7 > —1/s, and thus that part of the integration only leads to finite result. For
the correlator seed function F , the massless bulk-to-bulk propagator G becomes constant
outside of the horizon, and as a result of the accumulative effect of the massless field, the
bulk integral of £ diverges towards the late time. Therefore, the wavefunction coefficient v,
is independent of 7y at the late-time boundary, and we can apply the standard treatment of
the boundary perspective. First, in terms of v and v, the conformal symmetry leads to the
differential equations

~ uv

(B = 2 a(u,0) = 2

)
u+v’

(Ay — 2) hy(u,v) = (A.23)
Then the analytical solution can be solved by imposing the absence of the folded singularity
and the right normalization at the total or partial energy singularity. Explicitly, we find
1[14 = Fﬁn, where Fj, is the IR-finite part of the scalar seed function in (3.42).

For the exchange process, there are also contributions which are proportional to the
product of two three-point functions. Thus to compute the four-point correlator, we also need
to include the disconnected part in (A.6). Again, let’s consider the s-channel contribution,
then the first term in the bracket of (A.6) becomes

H? oo - 4 .
3 ¢§w (]{1,k}278)w3@@ (k37k47$) = 2 6 Fdiv(uvvvn()) ) (A24)
s Ny H®s

where Ey;y is the IR-divergent part of the four-point scalar seed in (3.45). This confirms

that the IR-divergence in the four-point scalar seed of massless exchange comes from the
disconnected contribution. As a result, from (A.5) the final four-point correlator is given by

H?1g

= S i [Fﬁn(u,v) + Fdiv(u, v,no)} + ¢- and u-channels,  (A.25)
1koksky

<90k1 Pko Pk Pky >,

which precisely matches the result in section 3.3. This computation provides supplementary
details for our sketchy analysis in section 3.5.
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Three-point function. Now we extend our analysis of the wavefunction approach to the
boost-breaking scenarios. We shall focus the three-point exchange diagrams with mixed
propagators as we have done in section 3.4 for correlators. Our starting point is to consider
the quadratic interaction between two massless field ¢o and introduce the sound speed ¢ for
¢ field.>* Due to the presence of this linear mixing, we first notice that there is a nonzero
two-point wavefunction coefficient given by

70
087 = =i [ dna® )0y K (el ) K (k)

SE3T i i 1
— _Cs - _ —1— = +log(—(1+cy)k , A.26
H3 [cskno 2 e Cs+ 08 (= (1 +c)km) ( )

which is singular when we take 79 to be 0. As only the real part of the wavefunction coefficient
matters for physical observables, we shall not worry about the divergence in the 7, ! term.
Next, the quadratic interaction also leads to a mixed propagator for wavefunction

7o
Ku(konmo) =i [ di/an))*0, Ku(euk,n)Gulk,n,1). (A27)
—00
which satisfies the similar differential equation for the in-in mixed propagator I€+
1 .
O,Ky = —Ecgkznze’%k" (A.28)

but subjects to a different boundary condition at the late time. It is convenient to take a
look at its analytical expression

s _j R L. s 4 . - 1 ic
Ky(k,n,m0) = ;—He k(1 4 ikn) Eili(1 4 cs)kn] — ;—He k(1 —ikn) D — ¢ sk (A.29)
with
. 7E—2—%—|—log(—2k77)> cs =1
D= y 1+ e, . (A.30)
Ei(i(—1 + ¢5)kn) + log o) cs # 1
— CLs

Thus this mixed propagator is IR-finite with no dependence on the late-time cutoff ng, and
can be seen as a function of the combination kn. Now we check its behaviour in the late-time
limit

: 71 2, 2 3
liny Koy (k) = k™" + O0r7) (A.31)

which differs from the logartimically divergent one of K in (3.53). This fall-off is again
a consequence of the decaying G, on super-horizon scales. It is also interesting to notice
that this mixed propagator satisfies Oy (kn)|x=0 = 0, thus the manifestly local test [33]
can also be applied in the wavefunction coefficients with g (kn). This is not valid for the
mixed propagator of correlators K., which again shows the distinction between wavefunction
coeflicients and correlation functions.

24 A5 in section 3.4, ¢, can be seen as the sound speed ratio between two scalars, and thus is allowed be
larger than 1.
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With the new mixed propagator, the wavefunction coefficient of the three-point exchange
diagram with two conformally coupled scalar is simply given by

2k362 ~

710
Y3 = —2i/ dna(n)* K (cski, n) K§ (cska, n)Cu (ksn) = HT”Z% (A.32)
o 2

where for the later convenience we have introduced the dimensionless version

n oH /7]0 d77 icskl

3= — —5 "2y (k3n) , A.33
b= [ (ksn) (4.33)
which can be written as a function of the momentum ratio w = ks/cski2. This integral is
IR-finite, which can be simply seen by acting the 700,, operator. However, it remains quite
difficult to do the integration directly. Instead, using the equation (A.28), we are able to find
the differential equation for 3 in terms of w

w

Aw_2 b =T >
( )3 T

(A.34)

which is the same with the equation for the IR-finite part of the three-point scalar seed T
Therefore, we identify the solution of 13(w) = Zgn(w), with the explicit expression given
in (3.58).

Next, to compute the corresponding correlator, we notice that it has the following
relation with the wavefunction coefficients

1
 ARed? (k1) Red§? (ka) Rewsy (ks)

[Re’d@ - W] . (A.35)

(PK, Pry Pics) =

In the disconnected part, @/Jg’a is given by (A.26) and ¢{”’ is simply (A.18) with k12 — cski2.
In the end, the single-exchange three-point correlator becomes
Hoj

I —_
<80k190k2¢k3> - 2]{71k2]{3§6§’

|05 + 05" (A.36)
where the IR-divergent term has the same form with Zg;, in (3.60)

og = %[cs(fm— 1) —1+cslog (—(1+ ¢)ksmo) ] [y — 1 —w+log(—(cskiz +ks)m)] . (A.37)

Again, we identify that the late-time singular behaviour of the correlator comes from the
disconnected part. The above result from the wavefunction approach provides a consistency
check for our computation in section 3.4.

References

[1] P.D. Meerburg et al., Primordial non-Gaussianity, arXiv:1903.04409 [INSPIRE].
[2] A. Achicarro et al., Inflation: theory and observations, arXiv:2203.08128 [INSPIRE].

[3] D.H. Lyth and Y. Rodriguez, The inflationary prediction for primordial non-Gaussianity,
Phys. Rev. Lett. 95 (2005) 121302 [astro-ph/0504045] [iNSPIRE].

[4] D. Seery and J.E. Lidsey, Primordial non-Gaussianities from multiple-field inflation, JCAP
09 (2005) 011 [astro-ph/0506056] [INSPIRE].

~52 -


https://arxiv.org/abs/1903.04409
https://inspirehep.net/literature/1724542
https://arxiv.org/abs/2203.08128
https://inspirehep.net/literature/2052552
https://doi.org/10.1103/PhysRevLett.95.121302
https://arxiv.org/abs/astro-ph/0504045
https://inspirehep.net/literature/679555
https://doi.org/10.1088/1475-7516/2005/09/011
https://doi.org/10.1088/1475-7516/2005/09/011
https://arxiv.org/abs/astro-ph/0506056
https://inspirehep.net/literature/683989

[5] B.A. Bassett, S. Tsujikawa and D. Wands, Inflation dynamics and reheating, Rev. Mod. Phys.
78 (2006) 537 [astro-ph/0507632] [INSPIRE].

[6] G.I. Rigopoulos, E.P.S. Shellard and B.J.W. van Tent, Large non-Gaussianity in multiple-field
inflation, Phys. Rev. D 73 (2006) 083522 [astro-ph/0506704] [INSPIRE].

[7] F. Vernizzi and D. Wands, Non-Gaussianities in two-field inflation, JCAP 05 (2006) 019
[astro-ph/0603799] [INSPIRE].

[8] D. Seery and J.E. Lidsey, Non-Gaussianity from the inflationary trispectrum, JCAP 01
(2007) 008 [astro-ph/0611034] [INSPIRE].

[9] C.T. Byrnes, M. Sasaki and D. Wands, The primordial trispectrum from inflation, Phys. Rev.
D 74 (2006) 123519 [astro-ph/0611075] [INSPIRE].

[10] C.T. Byrnes and G. Tasinato, Non-Gaussianity beyond slow roll in multi-field inflation, JCAP
08 (2009) 016 [arXiv:0906.0767] [INSPIRE].

[11] C.T. Byrnes and K.-Y. Choi, Review of local non-Gaussianity from multi-field inflation, Adv.
Astron. 2010 (2010) 724525 [arXiv:1002.3110] [INSPIRE].

[12] D. Wands, Local non-Gaussianity from inflation, Class. Quant. Grav. 27 (2010) 124002
[arXiv:1004.0818] [INSPIRE].

. denatore an . Zaldarriaga, e effectwe field theory of multifield inflation,
13] L. S d M. Zaldarri The effective field th f multifield inflati JHEP 04
(2012) 024 [arXiv:1009.2093] [INSPIRE].

[14] C.M. Peterson and M. Tegmark, Non-Gaussianity in two-field inflation, Phys. Rev. D 84
(2011) 023520 [arXiv:1011.6675] [INSPIRE].

[15] J.-O. Gong, Multi-field inflation and cosmological perturbations, Int. J. Mod. Phys. D 26
(2016) 1740003 [arXiv:1606.06971] INSPIRE].

[16] E. Komatsu and D.N. Spergel, Acoustic signatures in the primary microwave background
bispectrum, Phys. Rev. D 63 (2001) 063002 [astro-ph/0005036] [INSPIRE].

[17] M.H. Namjoo, H. Firouzjahi and M. Sasaki, Violation of non-Gaussianity consistency relation
in a single field inflationary model, EPL 101 (2013) 39001 [arXiv:1210.3692] [INSPIRE].

[18] X. Chen et al., In-in and dN calculations of the bispectrum from non-attractor single-field
inflation, JCAP 12 (2013) 039 [arXiv:1308.5341] INSPIRE].

[19] X. Chen, H. Firouzjahi, M.H. Namjoo and M. Sasaki, 4 single field inflation model with large
local non-Gaussianity, EPL 102 (2013) 59001 [arXiv:1301.5699] [INSPIRE].

[20] Y.-F. Cai et al., Revisiting non-Gaussianity from non-attractor inflation models, JCAP 05
(2018) 012 [arXiv:1712.09998] [INSPIRE].

[21] PLANCK collaboration, Planck 2018 results. IX. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 641 (2020) A9 [arXiv:1905.05697] INSPIRE].

[22] N. Arkani-Hamed, D. Baumann, H. Lee and G.L. Pimentel, The cosmological bootstrap:
inflationary correlators from symmetries and singularities, JHEP 04 (2020) 105
[arXiv:1811.00024] [INSPIRE].

[23] D. Baumann et al., The cosmological bootstrap: weight-shifting operators and scalar seeds,
JHEP 12 (2020) 204 [arXiv:1910.14051] [INSPIRE].

[24] D. Baumann et al., The cosmological bootstrap: spinning correlators from symmetries and
factorization, SciPost Phys. 11 (2021) 071 [arXiv:2005.04234] [INSPIRE].

[25] N. Arkani-Hamed, P. Benincasa and A. Postnikov, Cosmological polytopes and the
wavefunction of the universe, arXiv:1709.02813 [INSPIRE].

[26] N. Arkani-Hamed and P. Benincasa, On the emergence of Lorentz invariance and unitarity
from the scattering facet of cosmological polytopes, arXiv:1811.01125 [INSPIRE].

— 53 —


https://doi.org/10.1103/RevModPhys.78.537
https://doi.org/10.1103/RevModPhys.78.537
https://arxiv.org/abs/astro-ph/0507632
https://inspirehep.net/literature/688317
https://doi.org/10.1103/PhysRevD.73.083522
https://arxiv.org/abs/astro-ph/0506704
https://inspirehep.net/literature/686113
https://doi.org/10.1088/1475-7516/2006/05/019
https://arxiv.org/abs/astro-ph/0603799
https://inspirehep.net/literature/713331
https://doi.org/10.1088/1475-7516/2007/01/008
https://doi.org/10.1088/1475-7516/2007/01/008
https://arxiv.org/abs/astro-ph/0611034
https://inspirehep.net/literature/730602
https://doi.org/10.1103/PhysRevD.74.123519
https://doi.org/10.1103/PhysRevD.74.123519
https://arxiv.org/abs/astro-ph/0611075
https://inspirehep.net/literature/730699
https://doi.org/10.1088/1475-7516/2009/08/016
https://doi.org/10.1088/1475-7516/2009/08/016
https://arxiv.org/abs/0906.0767
https://inspirehep.net/literature/822214
https://doi.org/10.1155/2010/724525
https://doi.org/10.1155/2010/724525
https://arxiv.org/abs/1002.3110
https://inspirehep.net/literature/845883
https://doi.org/10.1088/0264-9381/27/12/124002
https://arxiv.org/abs/1004.0818
https://inspirehep.net/literature/850989
https://doi.org/10.1007/JHEP04(2012)024
https://doi.org/10.1007/JHEP04(2012)024
https://arxiv.org/abs/1009.2093
https://inspirehep.net/literature/867596
https://doi.org/10.1103/PhysRevD.84.023520
https://doi.org/10.1103/PhysRevD.84.023520
https://arxiv.org/abs/1011.6675
https://inspirehep.net/literature/878492
https://doi.org/10.1142/S021827181740003X
https://doi.org/10.1142/S021827181740003X
https://arxiv.org/abs/1606.06971
https://inspirehep.net/literature/1471702
https://doi.org/10.1103/PhysRevD.63.063002
https://arxiv.org/abs/astro-ph/0005036
https://inspirehep.net/literature/552978
https://doi.org/10.1209/0295-5075/101/39001
https://arxiv.org/abs/1210.3692
https://inspirehep.net/literature/1190582
https://doi.org/10.1088/1475-7516/2013/12/039
https://arxiv.org/abs/1308.5341
https://inspirehep.net/literature/1250708
https://doi.org/10.1209/0295-5075/102/59001
https://arxiv.org/abs/1301.5699
https://inspirehep.net/literature/1215993
https://doi.org/10.1088/1475-7516/2018/05/012
https://doi.org/10.1088/1475-7516/2018/05/012
https://arxiv.org/abs/1712.09998
https://inspirehep.net/literature/1645204
https://doi.org/10.1051/0004-6361/201935891
https://arxiv.org/abs/1905.05697
https://inspirehep.net/literature/1735190
https://doi.org/10.1007/JHEP04(2020)105
https://arxiv.org/abs/1811.00024
https://inspirehep.net/literature/1701436
https://doi.org/10.1007/JHEP12(2020)204
https://arxiv.org/abs/1910.14051
https://inspirehep.net/literature/1762383
https://doi.org/10.21468/SciPostPhys.11.3.071
https://arxiv.org/abs/2005.04234
https://inspirehep.net/literature/1795146
https://arxiv.org/abs/1709.02813
https://inspirehep.net/literature/1622770
https://arxiv.org/abs/1811.01125
https://inspirehep.net/literature/1702177

27)
28]
20]
30]
31)
32)
33]
34]
35)
36]
37)
38]
30]
[40]
[41]
42]
43]
44]
145]
146]
47)

[48]

P. Benincasa, From the flat-space S-matrix to the wavefunction of the universe,
arXiv:1811.02515 [INSPIRE].

C. Sleight, A Mellin space approach to cosmological correlators, JHEP 01 (2020) 090
[arXiv:1906.12302] [INSPIRE].

C. Sleight and M. Taronna, Bootstrapping inflationary correlators in Mellin space, JHEP 02
(2020) 098 [arXiv:1907.01143] nSPIRE].

C. Sleight and M. Taronna, From AdS to dS exchanges: spectral representation, Mellin
amplitudes, and crossing, Phys. Rev. D 104 (2021) 1081902 [arXiv:2007.09993] [INSPIRE].

E. Pajer, D. Stefanyszyn and J. Supel, The boostless bootstrap: amplitudes without Lorentz
boosts, JHEP 12 (2020) 198 [Erratum ibid. 04 (2022) 023] [arXiv:2007.00027] [INSPIRE].

E. Pajer, Building a boostless bootstrap for the bispectrum, JCAP 01 (2021) 023
[arXiv:2010.12818] [INSPIRE].

S. Jazayeri, E. Pajer and D. Stefanyszyn, From locality and unitarity to cosmological
correlators, JHEP 10 (2021) 065 [arXiv:2103.08649] [INSPIRE].

J. Bonifacio, E. Pajer and D.-G. Wang, From amplitudes to contact cosmological correlators,
JHEP 10 (2021) 001 [arXiv:2106.15468] [INSPIRE].

G. Cabass, E. Pajer, D. Stefanyszyn and J. Supel, Bootstrapping large graviton
non-Gaussianities, JHEP 05 (2022) 077 [arXiv:2109.10189] InSPIRE].

A. Hillman and E. Pajer, A differential representation of cosmological wavefunctions, JHEP
04 (2022) 012 [arXiv:2112.01619] [INSPIRE].

G.L. Pimentel and D.-G. Wang, Boostless cosmological collider bootstrap, JHEP 10 (2022)
177 [arXiv:2205.00013] [INSPIRE].

S. Jazayeri and S. Renaux-Petel, Cosmological bootstrap in slow motion, JHEP 12 (2022) 137
[arXiv:2205.10340] [INSPIRE].

G. Cabass, D. Stefanyszyn, J. Supet and A. Thavanesan, On graviton non-Gaussianities in
the effective field theory of inflation, JHEP 10 (2022) 154 [arXiv:2209.00677| [INSPIRE].

H. Goodhew, S. Jazayeri and E. Pajer, The cosmological optical theorem, JCAP 04 (2021) 021
[arXiv:2009.02898] [INSPIRE].

S. Céspedes, A.-C. Davis and S. Melville, On the time evolution of cosmological correlators,
JHEP 02 (2021) 012 [arXiv:2009.07874] [INSPIRE].

S. Melville and E. Pajer, Cosmological cutting rules, JHEP 05 (2021) 249
[arXiv:2103.09832] [NSPIRE].

H. Goodhew, S. Jazayeri, M.H. Gordon Lee and E. Pajer, Cutting cosmological correlators,
JCAP 08 (2021) 003 [arXiv:2104.06587] [INSPIRE].

D. Baumann et al., Linking the singularities of cosmological correlators, JHEP 09 (2022) 010
[arXiv:2106.05294] [INSPIRE].

D. Meltzer, The inflationary wavefunction from analyticity and factorization, JCAP 12
(2021) 018 [arXiv:2107.10266] INSPIRE].

M. Hogervorst, J. Penedones and K.S. Vaziri, Towards the non-perturbative cosmological
bootstrap, JHEP 02 (2023) 162 [arXiv:2107.13871] [INSPIRE].

L. Di Pietro, V. Gorbenko and S. Komatsu, Analyticity and unitarity for cosmological
correlators, JHEP 03 (2022) 023 [arXiv:2108.01695] [INSPIRE].

D. Baumann et al., Snowmass white paper: the cosmological bootstrap, in the proceedings of
the Snowmass 2021, (2022) [arXiv:2203.08121] [INSPIRE].

~ 54—


https://arxiv.org/abs/1811.02515
https://inspirehep.net/literature/1702320
https://doi.org/10.1007/JHEP01(2020)090
https://arxiv.org/abs/1906.12302
https://inspirehep.net/literature/1741989
https://doi.org/10.1007/JHEP02(2020)098
https://doi.org/10.1007/JHEP02(2020)098
https://arxiv.org/abs/1907.01143
https://inspirehep.net/literature/1742341
https://doi.org/10.1103/PhysRevD.104.L081902
https://arxiv.org/abs/2007.09993
https://inspirehep.net/literature/1807966
https://doi.org/10.1007/JHEP12(2020)198
https://arxiv.org/abs/2007.00027
https://inspirehep.net/literature/1804553
https://doi.org/10.1088/1475-7516/2021/01/023
https://arxiv.org/abs/2010.12818
https://inspirehep.net/literature/1826221
https://doi.org/10.1007/JHEP10(2021)065
https://arxiv.org/abs/2103.08649
https://inspirehep.net/literature/1851932
https://doi.org/10.1007/JHEP10(2021)001
https://arxiv.org/abs/2106.15468
https://inspirehep.net/literature/1871782
https://doi.org/10.1007/JHEP05(2022)077
https://arxiv.org/abs/2109.10189
https://inspirehep.net/literature/1925214
https://doi.org/10.1007/JHEP04(2022)012
https://doi.org/10.1007/JHEP04(2022)012
https://arxiv.org/abs/2112.01619
https://inspirehep.net/literature/1983531
https://doi.org/10.1007/JHEP10(2022)177
https://doi.org/10.1007/JHEP10(2022)177
https://arxiv.org/abs/2205.00013
https://inspirehep.net/literature/2075462
https://doi.org/10.1007/JHEP12(2022)137
https://arxiv.org/abs/2205.10340
https://inspirehep.net/literature/2085773
https://doi.org/10.1007/JHEP10(2022)154
https://arxiv.org/abs/2209.00677
https://inspirehep.net/literature/2146285
https://doi.org/10.1088/1475-7516/2021/04/021
https://arxiv.org/abs/2009.02898
https://inspirehep.net/literature/1815488
https://doi.org/10.1007/JHEP02(2021)012
https://arxiv.org/abs/2009.07874
https://inspirehep.net/literature/1817661
https://doi.org/10.1007/JHEP05(2021)249
https://arxiv.org/abs/2103.09832
https://inspirehep.net/literature/1852319
https://doi.org/10.1088/1475-7516/2021/08/003
https://arxiv.org/abs/2104.06587
https://inspirehep.net/literature/1858232
https://doi.org/10.1007/JHEP09(2022)010
https://arxiv.org/abs/2106.05294
https://inspirehep.net/literature/1867991
https://doi.org/10.1088/1475-7516/2021/12/018
https://doi.org/10.1088/1475-7516/2021/12/018
https://arxiv.org/abs/2107.10266
https://inspirehep.net/literature/1890378
https://doi.org/10.1007/JHEP02(2023)162
https://arxiv.org/abs/2107.13871
https://inspirehep.net/literature/1895235
https://doi.org/10.1007/JHEP03(2022)023
https://arxiv.org/abs/2108.01695
https://inspirehep.net/literature/1898984
https://arxiv.org/abs/2203.08121
https://inspirehep.net/literature/2052479

[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]

H. Goodhew, Rational wavefunctions in de Sitter spacetime, JCAP 03 (2023) 036
[arXiv:2210.09977] [INSPIRE].

7. Qin and Z.-Z. Xianyu, Helical inflation correlators: partial Mellin-Barnes and bootstrap
equations, JHEP 04 (2023) 059 [arXiv:2208.13790] [INSPIRE].

J. Bonifacio et al., The graviton four-point function in de Sitter space, arXiv:2212.07370
[INSPIRE}.

S.A. Salcedo, M.H.G. Lee, S. Melville and E. Pajer, The analytic wavefunction,
arXiv:2212.08009 [INSPIRE].

X. Chen and Y. Wang, Quasi-single field inflation and non-Gaussianities, JCAP 04 (2010)
027 [arXiv:0911.3380] [INSPIRE].

D. Baumann and D. Green, Signatures of supersymmetry from the early universe, Phys. Rev.
D 85 (2012) 103520 [arXiv:1109.0292] [INSPIRE].

V. Assassi, D. Baumann and D. Green, On soft limits of inflationary correlation functions,
JCAP 11 (2012) 047 [arXiv:1204.4207] [NSPIRE].

X. Chen and Y. Wang, Quasi-single field inflation with large mass, JCAP 09 (2012) 021
[arXiv:1205.0160] [INSPIRE].

S. Pi and M. Sasaki, Curvature perturbation spectrum in two-field inflation with a turning
trajectory, JCAP 10 (2012) 051 [arXiv:1205.0161] [InSPIRE].

T. Noumi, M. Yamaguchi and D. Yokoyama, Effective field theory approach to quasi-single
field inflation and effects of heavy fields, JHEP 06 (2013) 051 [arXiv:1211.1624] [INSPIRE].

D. Baumann, S. Ferraro, D. Green and K.M. Smith, Stochastic bias from non-Gaussian initial
conditions, JCAP 05 (2013) 001 [arXiv:1209.2173] [INSPIRE].

V. Assassi, D. Baumann, D. Green and L. McAllister, Planck-suppressed operators, JCAP 01
(2014) 033 [arXiv:1304.5226] INSPIRE].

J.-O. Gong, S. Pi and M. Sasaki, Equilateral non-Gaussianity from heavy fields, JCAP 11
(2013) 043 [arXiv:1306.3691] INSPIRE].

N. Arkani-Hamed and J. Maldacena, Cosmological collider physics, arXiv:1503.08043
[INSPIRE}.

H. Lee, D. Baumann and G.L. Pimentel, Non-Gaussianity as a particle detector, JHEP 12
(2016) 040 [arXiv:1607.03735] INSPIRE].

R. Flauger, M. Mirbabayi, L. Senatore and E. Silverstein, Productive interactions: heavy
particles and non-Gaussianity, JCAP 10 (2017) 058 [arXiv:1606.00513] [INSPIRE].

X. Chen, Y. Wang and Z.-Z. Xianyu, Standard model background of the cosmological collider,
Phys. Rev. Lett. 118 (2017) 261302 [arXiv:1610.06597] [INSPIRE].

X. Chen, Y. Wang and Z.-Z. Xianyu, Standard model mass spectrum in inflationary universe,
JHEP 04 (2017) 058 [arXiv:1612.08122] [INSPIRE].

A. Kehagias and A. Riotto, On the inflationary perturbations of massive higher-spin fields,
JCAP 07 (2017) 046 [arXiv:1705.05834] [INSPIRE].

S. Kumar and R. Sundrum, Heavy-lifting of gauge theories by cosmic inflation, JHEP 05
(2018) 011 [arXiv:1711.03988] [INSPIRE].

H. An, M. McAneny, A.K. Ridgway and M.B. Wise, Quasi single field inflation in the
non-perturbative regime, JHEP 06 (2018) 105 [arXiv:1706.09971] [InSPIRE].

H. An, M. McAneny, A.K. Ridgway and M.B. Wise, Non-Gaussian enhancements of galactic
halo correlations in quasi-single field inflation, Phys. Rev. D 97 (2018) 123528
[arXiv:1711.02667] [INSPIRE].

— 55 —


https://doi.org/10.1088/1475-7516/2023/03/036
https://arxiv.org/abs/2210.09977
https://inspirehep.net/literature/2166840
https://doi.org/10.1007/JHEP04(2023)059
https://arxiv.org/abs/2208.13790
https://inspirehep.net/literature/2143717
https://arxiv.org/abs/2212.07370
https://inspirehep.net/literature/2614267
https://arxiv.org/abs/2212.08009
https://inspirehep.net/literature/2614954
https://doi.org/10.1088/1475-7516/2010/04/027
https://doi.org/10.1088/1475-7516/2010/04/027
https://arxiv.org/abs/0911.3380
https://inspirehep.net/literature/837197
https://doi.org/10.1103/PhysRevD.85.103520
https://doi.org/10.1103/PhysRevD.85.103520
https://arxiv.org/abs/1109.0292
https://inspirehep.net/literature/926153
https://doi.org/10.1088/1475-7516/2012/11/047
https://arxiv.org/abs/1204.4207
https://inspirehep.net/literature/1111586
https://doi.org/10.1088/1475-7516/2012/09/021
https://arxiv.org/abs/1205.0160
https://inspirehep.net/literature/1112968
https://doi.org/10.1088/1475-7516/2012/10/051
https://arxiv.org/abs/1205.0161
https://inspirehep.net/literature/1112969
https://doi.org/10.1007/JHEP06(2013)051
https://arxiv.org/abs/1211.1624
https://inspirehep.net/literature/1198981
https://doi.org/10.1088/1475-7516/2013/05/001
https://arxiv.org/abs/1209.2173
https://inspirehep.net/literature/1185050
https://doi.org/10.1088/1475-7516/2014/01/033
https://doi.org/10.1088/1475-7516/2014/01/033
https://arxiv.org/abs/1304.5226
https://inspirehep.net/literature/1228896
https://doi.org/10.1088/1475-7516/2013/11/043
https://doi.org/10.1088/1475-7516/2013/11/043
https://arxiv.org/abs/1306.3691
https://inspirehep.net/literature/1238762
https://arxiv.org/abs/1503.08043
https://inspirehep.net/literature/1356707
https://doi.org/10.1007/JHEP12(2016)040
https://doi.org/10.1007/JHEP12(2016)040
https://arxiv.org/abs/1607.03735
https://inspirehep.net/literature/1475442
https://doi.org/10.1088/1475-7516/2017/10/058
https://arxiv.org/abs/1606.00513
https://inspirehep.net/literature/1466801
https://doi.org/10.1103/PhysRevLett.118.261302
https://arxiv.org/abs/1610.06597
https://inspirehep.net/literature/1493808
https://doi.org/10.1007/JHEP04(2017)058
https://arxiv.org/abs/1612.08122
https://inspirehep.net/literature/1506353
https://doi.org/10.1088/1475-7516/2017/07/046
https://arxiv.org/abs/1705.05834
https://inspirehep.net/literature/1599947
https://doi.org/10.1007/JHEP05(2018)011
https://doi.org/10.1007/JHEP05(2018)011
https://arxiv.org/abs/1711.03988
https://inspirehep.net/literature/1635834
https://doi.org/10.1007/JHEP06(2018)105
https://arxiv.org/abs/1706.09971
https://inspirehep.net/literature/1608144
https://doi.org/10.1103/PhysRevD.97.123528
https://arxiv.org/abs/1711.02667
https://inspirehep.net/literature/1634940

[71]
[72]
[73]

[74]

[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[36]
[87]
[38]
[89]
[90]

[91]

D. Baumann, G. Goon, H. Lee and G.L. Pimentel, Partially massless fields during inflation,
JHEP 04 (2018) 140 [arXiv:1712.06624] [INSPIRE].

S. Kumar and R. Sundrum, Seeing higher-dimensional grand unification in primordial
non-Gaussianities, JHEP 04 (2019) 120 [arXiv:1811.11200] [INSPIRE].

L. Bordin, P. Creminelli, A. Khmelnitsky and L. Senatore, Light particles with spin in
inflation, JCAP 10 (2018) 013 [arXiv:1806.10587] [INSPIRE].

G. Goon, K. Hinterbichler, A. Joyce and M. Trodden, Shapes of gravity: tensor
non-Gaussianity and massive spin-2 fields, JHEP 10 (2019) 182 [arXiv:1812.07571]
[INSPIRE].

D. Anninos et al., Cosmological shapes of higher-spin gravity, JCAP 04 (2019) 045
[arXiv:1902.01251] [INSPIRE].

S. Kim, T. Noumi, K. Takeuchi and S. Zhou, Heavy spinning particles from signs of
primordial non-Gaussianities: beyond the positivity bounds, JHEP 12 (2019) 107
[arXiv:1906.11840] [INSPIRE].

S. Alexander et al., Higher spin supersymmetry at the cosmological collider: sculpting SUSY
rilles in the CMB, JHEP 10 (2019) 156 [arXiv:1907.05829] [INSPIRE].

A. Hook, J. Huang and D. Racco, Searches for other vacua. Part II. A new Higgstory at the
cosmological collider, JHEP 01 (2020) 105 [arXiv:1907.10624] [INSPIRE].

S. Kumar and R. Sundrum, Cosmological collider physics and the curvaton, JHEP 04 (2020)
077 [arXiv:1908.11378] [INSPIRE].

T. Liu, X. Tong, Y. Wang and Z.-Z. Xianyu, Probing P and CP violations on the cosmological
collider, JHEP 04 (2020) 189 [arXiv:1909.01819] [INSPIRE].

L.-T. Wang and Z.-Z. Xianyu, In search of large signals at the cosmological collider, JHEP 02
(2020) 044 [arXiv:1910.12876] INSPIRE].

D.-G. Wang, On the inflationary massive field with a curved field manifold, JCAP 01 (2020)
046 [arXiv:1911.04459] INSPIRE].

N. Maru and A. Okawa, Non-Gaussianity from X,Y gauge bosons in cosmological collider
physics, arXiv:2101.10634 [INSPIRE].

Q. Lu, M. Reece and Z.-Z. Xianyu, Missing scalars at the cosmological collider, JHEP 12
(2021) 098 [arXiv:2108.11385] INSPIRE].

L.-T. Wang, Z.-Z. Xianyu and Y.-M. Zhong, Precision calculation of inflation correlators at
one loop, JHEP 02 (2022) 085 [arXiv:2109.14635] [INSPIRE].

X. Tong, Y. Wang and Y. Zhu, Cutting rule for cosmological collider signals: a bulk evolution
perspective, JHEP 03 (2022) 181 [arXiv:2112.03448] [INSPIRE].

Y. Cui and Z.-Z. Xianyu, Probing leptogenesis with the cosmological collider, Phys. Rev. Lett.
129 (2022) 111301 [arXiv:2112.10793] [INSPIRE].

X. Tong and Z.-Z. Xianyu, Large spin-2 signals at the cosmological collider, JHEP 10 (2022)
194 [arXiv:2203.06349] [INSPIRE].

M. Reece, L.-T. Wang and Z.-Z. Xianyu, Large-field inflation and the cosmological collider,
arXiv:2204.11869 [INSPIRE].

X. Chen, R. Ebadi and S. Kumar, Classical cosmological collider physics and primordial
features, JCAP 08 (2022) 083 [arXiv:2205.01107] [INSPIRE].

Z. Qin and Z.-Z. Xianyu, Phase information in cosmological collider signals, JHEP 10 (2022)
192 [arXiv:2205.01692] [INSPIRE].

— 56 —


https://doi.org/10.1007/JHEP04(2018)140
https://arxiv.org/abs/1712.06624
https://inspirehep.net/literature/1644060
https://doi.org/10.1007/JHEP04(2019)120
https://arxiv.org/abs/1811.11200
https://inspirehep.net/literature/1705687
https://doi.org/10.1088/1475-7516/2018/10/013
https://arxiv.org/abs/1806.10587
https://inspirehep.net/literature/1679921
https://doi.org/10.1007/JHEP10(2019)182
https://arxiv.org/abs/1812.07571
https://inspirehep.net/literature/1710039
https://doi.org/10.1088/1475-7516/2019/04/045
https://arxiv.org/abs/1902.01251
https://inspirehep.net/literature/1718361
https://doi.org/10.1007/JHEP12(2019)107
https://arxiv.org/abs/1906.11840
https://inspirehep.net/literature/1742060
https://doi.org/10.1007/JHEP10(2019)156
https://arxiv.org/abs/1907.05829
https://inspirehep.net/literature/1743771
https://doi.org/10.1007/JHEP01(2020)105
https://arxiv.org/abs/1907.10624
https://inspirehep.net/literature/1746298
https://doi.org/10.1007/JHEP04(2020)077
https://doi.org/10.1007/JHEP04(2020)077
https://arxiv.org/abs/1908.11378
https://inspirehep.net/literature/1751946
https://doi.org/10.1007/JHEP04(2020)189
https://arxiv.org/abs/1909.01819
https://inspirehep.net/literature/1752574
https://doi.org/10.1007/JHEP02(2020)044
https://doi.org/10.1007/JHEP02(2020)044
https://arxiv.org/abs/1910.12876
https://inspirehep.net/literature/1762028
https://doi.org/10.1088/1475-7516/2020/01/046
https://doi.org/10.1088/1475-7516/2020/01/046
https://arxiv.org/abs/1911.04459
https://inspirehep.net/literature/1764126
https://arxiv.org/abs/2101.10634
https://inspirehep.net/literature/1842869
https://doi.org/10.1007/JHEP12(2021)098
https://doi.org/10.1007/JHEP12(2021)098
https://arxiv.org/abs/2108.11385
https://inspirehep.net/literature/1912386
https://doi.org/10.1007/JHEP02(2022)085
https://arxiv.org/abs/2109.14635
https://inspirehep.net/literature/1935827
https://doi.org/10.1007/JHEP03(2022)181
https://arxiv.org/abs/2112.03448
https://inspirehep.net/literature/1985672
https://doi.org/10.1103/PhysRevLett.129.111301
https://doi.org/10.1103/PhysRevLett.129.111301
https://arxiv.org/abs/2112.10793
https://inspirehep.net/literature/1994999
https://doi.org/10.1007/JHEP10(2022)194
https://doi.org/10.1007/JHEP10(2022)194
https://arxiv.org/abs/2203.06349
https://inspirehep.net/literature/2051690
https://arxiv.org/abs/2204.11869
https://inspirehep.net/literature/2072402
https://doi.org/10.1088/1475-7516/2022/08/083
https://arxiv.org/abs/2205.01107
https://inspirehep.net/literature/2075907
https://doi.org/10.1007/JHEP10(2022)192
https://doi.org/10.1007/JHEP10(2022)192
https://arxiv.org/abs/2205.01692
https://inspirehep.net/literature/2077172

[92] Z.-Z. Xianyu and H. Zhang, Bootstrapping one-loop inflation correlators with the spectral
decomposition, JHEP 04 (2023) 103 [arXiv:2211.03810] [INSPIRE].

[93] X. Niu, M.H. Rahat, K. Srinivasan and W. Xue, Gravitational wave probes of massive gauge
bosons at the cosmological collider, JCAP 02 (2023) 013 [arXiv:2211.14331] [INSPIRE].

[94] A. Achicarro, V. Atal, C. Germani and G.A. Palma, Cumulative effects in inflation with
ultra-light entropy modes, JCAP 02 (2017) 013 [arXiv:1607.08609] [INSPIRE].

[95] A. Achicarro, G.A. Palma, D.-G. Wang and Y. Welling, Origin of ultra-light fields during
inflation and their suppressed non-Gaussianity, JCAP 10 (2020) 018 [arXiv:1908.06956]
[[INSPIRE].

[96] A. Achucarro, S. Cespedes, A.-C. Davis and G.A. Palma, The hand-made tail:
non-perturbative tails from multifield inflation, JHEP 05 (2022) 052 [arXiv:2112.14712]
[INSPIRE].

[97] A. Achicarro et al., Shift-symmetric orbital inflation: single field or multifield?, Phys. Rev. D
102 (2020) 021302 [arXiv:1901.03657] [INSPIRE].

[98] L.H. Ford, Quantum instability of de Sitter space-time, Phys. Rev. D 31 (1985) 710 [INSPIRE].

[99] I. Antoniadis, J. Iliopoulos and T.N. Tomaras, Quantum instability of de Sitter space, Phys.
Rev. Lett. 56 (1986) 1319 [INSPIRE].

[100] N.C. Tsamis and R.P. Woodard, Strong infrared effects in quantum gravity, Annals Phys. 238
(1995) 1 [INSPIRE].

[101] N.C. Tsamis and R.P. Woodard, The quantum gravitational back reaction on inflation, Annals
Phys. 253 (1997) 1 [hep-ph/9602316] [INSPIRE].

[102] D. Seery, Infrared effects in inflationary correlation functions, Class. Quant. Grav. 27 (2010)
124005 [arXiv:1005.1649] [NSPIRE].

[103] S.B. Giddings and M.S. Sloth, Semiclassical relations and IR effects in de Sitter and slow-roll
space-times, JCAP 01 (2011) 023 [arXiv:1005.1056] [INSPIRE].

[104] S.B. Giddings and M.S. Sloth, Cosmological diagrammatic rules, JCAP 07 (2010) 015
[arXiv:1005.3287] [INSPIRE].

[105] D. Anninos, T. Anous, D.Z. Freedman and G. Konstantinidis, Late-time structure of the
Bunch-Davies de Sitter wavefunction, JCAP 11 (2015) 048 [arXiv:1406.5490] [INSPIRE].

[106] B.-L. Hu, Infrared behavior of quantum fields in inflationary cosmology — issues and
approaches: an overview, arXiv:1812.11851 [INnSPIRE].

[107] V. Gorbenko and L. Senatore, A¢* in dS, arXiv:1911.00022 [INSPIRE].

[108] M. Mirbabayi, Infrared dynamics of a light scalar field in de Sitter, JCAP 12 (2020) 006
[arXiv:1911.00564] [NSPIRE].

[109] T. Cohen and D. Green, Soft de Sitter effective theory, JHEP 12 (2020) 041
[arXiv:2007.03693] [INSPIRE].

[110] T. Cohen, D. Green, A. Premkumar and A. Ridgway, Stochastic inflation at NNLO, JHEP 09
(2021) 159 [arXiv:2106.09728] [INSPIRE].

[111] D. Green, EFT for de Sitter space, arXiv:2210.05820 [INSPIRE].

[112] T. Cohen, D. Green and A. Premkumar, Large deviations in the early universe, Phys. Rev. D
107 (2023) 083501 [arXiv:2212.02535] [INnSPIRE].

[113] A. Vilenkin, The birth of inflationary universes, Phys. Rev. D 27 (1983) 2848 [iINSPIRE].

[114] A.A. Starobinsky, Stochastic de Sitter (inflationary) stage in the early universe, Lect. Notes
Phys. 246 (1986) 107 [nSPIRE].

— 57 —


https://doi.org/10.1007/JHEP04(2023)103
https://arxiv.org/abs/2211.03810
https://inspirehep.net/literature/2178083
https://doi.org/10.1088/1475-7516/2023/02/013
https://arxiv.org/abs/2211.14331
https://inspirehep.net/literature/2601315
https://doi.org/10.1088/1475-7516/2017/02/013
https://arxiv.org/abs/1607.08609
https://inspirehep.net/literature/1478561
https://doi.org/10.1088/1475-7516/2020/10/018
https://arxiv.org/abs/1908.06956
https://inspirehep.net/literature/1750069
https://doi.org/10.1007/JHEP05(2022)052
https://arxiv.org/abs/2112.14712
https://inspirehep.net/literature/1998301
https://doi.org/10.1103/PhysRevD.102.021302
https://doi.org/10.1103/PhysRevD.102.021302
https://arxiv.org/abs/1901.03657
https://inspirehep.net/literature/1713392
https://doi.org/10.1103/PhysRevD.31.710
https://inspirehep.net/literature/203753
https://doi.org/10.1103/PhysRevLett.56.1319
https://doi.org/10.1103/PhysRevLett.56.1319
https://inspirehep.net/literature/218204
https://doi.org/10.1006/aphy.1995.1015
https://doi.org/10.1006/aphy.1995.1015
https://inspirehep.net/literature/371926
https://doi.org/10.1006/aphy.1997.5613
https://doi.org/10.1006/aphy.1997.5613
https://arxiv.org/abs/hep-ph/9602316
https://inspirehep.net/literature/415995
https://doi.org/10.1088/0264-9381/27/12/124005
https://doi.org/10.1088/0264-9381/27/12/124005
https://arxiv.org/abs/1005.1649
https://inspirehep.net/literature/854832
https://doi.org/10.1088/1475-7516/2011/01/023
https://arxiv.org/abs/1005.1056
https://inspirehep.net/literature/854204
https://doi.org/10.1088/1475-7516/2010/07/015
https://arxiv.org/abs/1005.3287
https://inspirehep.net/literature/855307
https://doi.org/10.1088/1475-7516/2015/11/048
https://arxiv.org/abs/1406.5490
https://inspirehep.net/literature/1301883
https://arxiv.org/abs/1812.11851
https://inspirehep.net/literature/1711829
https://arxiv.org/abs/1911.00022
https://inspirehep.net/literature/1762612
https://doi.org/10.1088/1475-7516/2020/12/006
https://arxiv.org/abs/1911.00564
https://inspirehep.net/literature/1762859
https://doi.org/10.1007/JHEP12(2020)041
https://arxiv.org/abs/2007.03693
https://inspirehep.net/literature/1805791
https://doi.org/10.1007/JHEP09(2021)159
https://doi.org/10.1007/JHEP09(2021)159
https://arxiv.org/abs/2106.09728
https://inspirehep.net/literature/1869256
https://arxiv.org/abs/2210.05820
https://inspirehep.net/literature/2164540
https://doi.org/10.1103/PhysRevD.107.083501
https://doi.org/10.1103/PhysRevD.107.083501
https://arxiv.org/abs/2212.02535
https://inspirehep.net/literature/2611077
https://doi.org/10.1103/PhysRevD.27.2848
https://inspirehep.net/literature/13032
https://doi.org/10.1007/3-540-16452-9_6
https://doi.org/10.1007/3-540-16452-9_6
https://inspirehep.net/literature/238463

[115] S. Renaux-Petel, S. Mizuno and K. Koyama, Primordial fluctuations and non-Gaussianities
from multifield DBI Galileon inflation, JCAP 11 (2011) 042 [arXiv:1108.0305] [INSPIRE].

[116] D. Baumann and L. McAllister, Inflation and string theory, Cambridge University Press
(2015) [arXiv:1404.2601] [DOI:10.1017/CB09781316105733] [INSPIRE].

[117] S. Renaux-Petel and K. Turzynski, On reaching the adiabatic limit in multi-field inflation,
JCAP 06 (2015) 010 [arXiv:1405.6195] [INSPIRE].

[118] S. Renaux-Petel and K. Turzyniski, Geometrical destabilization of inflation, Phys. Rev. Lett.
117 (2016) 141301 [arXiv:1510.01281] INSPIRE].

[119] A.R. Brown, Hyperbolic inflation, Phys. Rev. Lett. 121 (2018) 251601 [arXiv:1705.03023]
[INSPIRE].

[120] A. Achicarro et al., Universality of multi-field a-attractors, JCAP 04 (2018) 028
[arXiv:1711.09478] [INSPIRE].

[121] P. Christodoulidis, D. Roest and E.I. Sfakianakis, Angular inflation in multi-field a-attractors,
JCAP 11 (2019) 002 [arXiv:1803.09841] [INSPIRE].

[122] S. Garcia-Saenz, S. Renaux-Petel and J. Ronayne, Primordial fluctuations and
non-Gaussianities in sidetracked inflation, JCAP 07 (2018) 057 [arXiv:1804.11279]
[INSPIRE].

[123] A. Achicarro and Y. Welling, Orbital inflation: inflating along an angular isometry of field
space, arXiv:1907.02020 [INSPIRE].

[124] T. Bjorkmo, R.Z. Ferreira and M.C.D. Marsh, Mild non-Gaussianities under perturbative
control from rapid-turn inflation models, JCAP 12 (2019) 036 [arXiv:1908.11316] [INSPIRE].

[125] A.E. Romano, S.A. Vallejo-Pefia and K. Turzyniski, Model-independent approach to effective
sound speed in multi-field inflation, Eur. Phys. J. C' 82 (2022) 767 [arXiv:2006.00969]
[INSPIRE}.

[126] C. Gordon, D. Wands, B.A. Bassett and R. Maartens, Adiabatic and entropy perturbations
from inflation, Phys. Rev. D 63 (2000) 023506 [astro-ph/0009131] [INSPIRE].

[127] K. Enqvist and M.S. Sloth, Adiabatic CMB perturbations in pre-big bang string cosmology,
Nucl. Phys. B 626 (2002) 395 [hep-ph/0109214] [INSPIRE].

[128] D.H. Lyth and D. Wands, Generating the curvature perturbation without an inflaton, Phys.
Lett. B 524 (2002) 5 [hep-ph/0110002] [NSPIRE].

[129] T. Moroi and T. Takahashi, Effects of cosmological moduli fields on cosmic microwave
background, Phys. Lett. B 522 (2001) 215 [Erratum ibid. 539 (2002) 303] [hep-ph/0110096]
[INSPIRE].

[130] G. Dvali, A. Gruzinov and M. Zaldarriaga, A new mechanism for generating density
perturbations from inflation, Phys. Rev. D 69 (2004) 023505 [astro-ph/0303591] [INSPIRE].

[131] A.A. Starobinsky, Multicomponent de Sitter (inflationary) stages and the generation of
perturbations, JETP Lett. 42 (1985) 152 [INSPIRE].

[132] D. Langlois, Correlated adiabatic and isocurvature perturbations from double inflation, Phys.
Rev. D 59 (1999) 123512 [astro-ph/9906080] [INSPIRE].

[133] S. Groot Nibbelink and B.J.W. van Tent, Density perturbations arising from multiple field
slow roll inflation, hep-ph/0011325 [INSPIRE].

[134] S. Groot Nibbelink and B.J.W. van Tent, Scalar perturbations during multiple field slow-roll
inflation, Class. Quant. Grav. 19 (2002) 613 [hep-ph/0107272] [INSPIRE].

[135] A. Achucarro et al., Features of heavy physics in the CMB power spectrum, JCAP 01 (2011)
030 [arXiv:1010.3693] [INSPIRE].

— H8 —


https://doi.org/10.1088/1475-7516/2011/11/042
https://arxiv.org/abs/1108.0305
https://inspirehep.net/literature/921734
https://arxiv.org/abs/1404.2601
https://doi.org/10.1017/CBO9781316105733
https://inspirehep.net/literature/1289899
https://doi.org/10.1088/1475-7516/2015/06/010
https://arxiv.org/abs/1405.6195
https://inspirehep.net/literature/1297913
https://doi.org/10.1103/PhysRevLett.117.141301
https://doi.org/10.1103/PhysRevLett.117.141301
https://arxiv.org/abs/1510.01281
https://inspirehep.net/literature/1396108
https://doi.org/10.1103/PhysRevLett.121.251601
https://arxiv.org/abs/1705.03023
https://inspirehep.net/literature/1598635
https://doi.org/10.1088/1475-7516/2018/04/028
https://arxiv.org/abs/1711.09478
https://inspirehep.net/literature/1638955
https://doi.org/10.1088/1475-7516/2019/11/002
https://arxiv.org/abs/1803.09841
https://inspirehep.net/literature/1664422
https://doi.org/10.1088/1475-7516/2018/07/057
https://arxiv.org/abs/1804.11279
https://inspirehep.net/literature/1670881
https://arxiv.org/abs/1907.02020
https://inspirehep.net/literature/1742508
https://doi.org/10.1088/1475-7516/2019/12/036
https://arxiv.org/abs/1908.11316
https://inspirehep.net/literature/1751749
https://doi.org/10.1140/epjc/s10052-022-10669-3
https://arxiv.org/abs/2006.00969
https://inspirehep.net/literature/2145725
https://doi.org/10.1103/PhysRevD.63.023506
https://arxiv.org/abs/astro-ph/0009131
https://inspirehep.net/literature/533194
https://doi.org/10.1016/S0550-3213(02)00043-3
https://arxiv.org/abs/hep-ph/0109214
https://inspirehep.net/literature/563346
https://doi.org/10.1016/S0370-2693(01)01366-1
https://doi.org/10.1016/S0370-2693(01)01366-1
https://arxiv.org/abs/hep-ph/0110002
https://inspirehep.net/literature/563616
https://doi.org/10.1016/S0370-2693(01)01295-3
https://arxiv.org/abs/hep-ph/0110096
https://inspirehep.net/literature/563915
https://doi.org/10.1103/PhysRevD.69.023505
https://arxiv.org/abs/astro-ph/0303591
https://inspirehep.net/literature/615796
https://inspirehep.net/literature/229378
https://doi.org/10.1103/PhysRevD.59.123512
https://doi.org/10.1103/PhysRevD.59.123512
https://arxiv.org/abs/astro-ph/9906080
https://inspirehep.net/literature/499757
https://arxiv.org/abs/hep-ph/0011325
https://inspirehep.net/literature/537454
https://doi.org/10.1088/0264-9381/19/4/302
https://arxiv.org/abs/hep-ph/0107272
https://inspirehep.net/literature/560690
https://doi.org/10.1088/1475-7516/2011/01/030
https://doi.org/10.1088/1475-7516/2011/01/030
https://arxiv.org/abs/1010.3693
https://inspirehep.net/literature/873436

[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]

[153]

[154]
[155]
[156]

[157]

J.-O. Gong and T. Tanaka, A covariant approach to general field space metric in multi-field
inflation, JCAP 03 (2011) 015 [Erratum ibid. 02 (2012) E01] [arXiv:1101.4809] [INSPIRE].

A. Achucarro et al., Effective theories of single field inflation when heavy fields matter, JHEP
05 (2012) 066 [arXiv:1201.6342] [INSPIRE].

A. Achucarro et al., Heavy fields, reduced speeds of sound and decoupling during inflation,
Phys. Rev. D 86 (2012) 121301 [arXiv:1205.0710] [INSPIRE].

S. Garcia-Saenz, L. Pinol and S. Renaux-Petel, Revisiting non-Gaussianity in multifield
inflation with curved field space, JHEP 01 (2020) 073 [arXiv:1907.10403] [INSPIRE].

C. Cheung et al., The effective field theory of inflation, JHEP 03 (2008) 014
[arXiv:0709.0293] INSPIRE].

L. Hui et al., Soft theorems for boosts and other time symmetries, JHEP 02 (2023) 123
[arXiv:2210.16276] [INSPIRE].

J.M. Maldacena, Non-Gaussian features of primordial fluctuations in single field inflationary
models, JHEP 05 (2003) 013 [astro-ph/0210603] [INSPIRE].

S. Weinberg, Quantum contributions to cosmological correlations, Phys. Rev. D 72 (2005)
043514 [hep-th/0506236] [INSPIRE].

X. Chen, Primordial non-Gaussianities from inflation models, Adv. Astron. 2010 (2010)
638979 [arXiv:1002.1416] InSPIRE].

X. Chen, Y. Wang and Z.-Z. Xianyu, Schwinger-Keldysh diagrammatics for primordial
perturbations, JCAP 12 (2017) 006 [arXiv:1703.10166] InSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Implications of conformal invariance in
momentum space, JHEP 03 (2014) 111 [arXiv:1304.7760] [INSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Scalar 3-point functions in CFT: renormalisation,
beta functions and anomalies, JHEP 03 (2016) 066 [arXiv:1510.08442] INSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Renormalised CFT 3-point functions of scalars,
currents and stress tensors, JHEP 11 (2018) 159 [arXiv:1805.12100] NSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Conformal n-point functions in momentum
space, Phys. Rev. Lett. 124 (2020) 131602 [arXiv:1910.10162] [InSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, A handbook of holographic 4-point functions,
JHEP 12 (2022) 039 [arXiv:2207.02872] [NSPIRE].

E. Pajer, G.L. Pimentel and J.V.S. Van Wijck, The conformal limit of inflation in the era of
CMB polarimetry, JCAP 06 (2017) 009 [arXiv:1609.06993] [INSPIRE].

D.S. Salopek and J.R. Bond, Nonlinear evolution of long wavelength metric fluctuations in
inflationary models, Phys. Rev. D 42 (1990) 3936 [INSPIRE].

M. Sasaki and E.D. Stewart, A general analytic formula for the spectral index of the density
perturbations produced during inflation, Prog. Theor. Phys. 95 (1996) 71 [astro-ph/9507001]
[NSPIRE].

A.A. Starobinsky, Multicomponent de Sitter (inflationary) stages and the generation of
perturbations, JETP Lett. 42 (1985) 152 [INSPIRE].

M. Sasaki and T. Tanaka, Superhorizon scale dynamics of multiscalar inflation, Prog. Theor.
Phys. 99 (1998) 763 [gr-qc/9801017] [INSPIRE].

D.H. Lyth, K.A. Malik and M. Sasaki, A general proof of the conservation of the curvature
perturbation, JCAP 05 (2005) 004 [astro-ph/0411220] [INSPIRE].

H.-C. Lee et al., A new 6N formalism for multi-component inflation, JCAP 10 (2005) 004
[astro-ph/0506262] [INSPIRE].

— 59 —


https://doi.org/10.1088/1475-7516/2012/02/E01
https://arxiv.org/abs/1101.4809
https://inspirehep.net/literature/885345
https://doi.org/10.1007/JHEP05(2012)066
https://doi.org/10.1007/JHEP05(2012)066
https://arxiv.org/abs/1201.6342
https://inspirehep.net/literature/1086617
https://doi.org/10.1103/PhysRevD.86.121301
https://arxiv.org/abs/1205.0710
https://inspirehep.net/literature/1113421
https://doi.org/10.1007/JHEP01(2020)073
https://arxiv.org/abs/1907.10403
https://inspirehep.net/literature/1746088
https://doi.org/10.1088/1126-6708/2008/03/014
https://arxiv.org/abs/0709.0293
https://inspirehep.net/literature/759730
https://doi.org/10.1007/JHEP02(2023)123
https://arxiv.org/abs/2210.16276
https://inspirehep.net/literature/2173070
https://doi.org/10.1088/1126-6708/2003/05/013
https://arxiv.org/abs/astro-ph/0210603
https://inspirehep.net/literature/600699
https://doi.org/10.1103/PhysRevD.72.043514
https://doi.org/10.1103/PhysRevD.72.043514
https://arxiv.org/abs/hep-th/0506236
https://inspirehep.net/literature/690111
https://doi.org/10.1155/2010/638979
https://doi.org/10.1155/2010/638979
https://arxiv.org/abs/1002.1416
https://inspirehep.net/literature/845045
https://doi.org/10.1088/1475-7516/2017/12/006
https://arxiv.org/abs/1703.10166
https://inspirehep.net/literature/1520681
https://doi.org/10.1007/JHEP03(2014)111
https://arxiv.org/abs/1304.7760
https://inspirehep.net/literature/1230988
https://doi.org/10.1007/JHEP03(2016)066
https://arxiv.org/abs/1510.08442
https://inspirehep.net/literature/1401389
https://doi.org/10.1007/JHEP11(2018)159
https://arxiv.org/abs/1805.12100
https://inspirehep.net/literature/1675693
https://doi.org/10.1103/PhysRevLett.124.131602
https://arxiv.org/abs/1910.10162
https://inspirehep.net/literature/1760410
https://doi.org/10.1007/JHEP12(2022)039
https://arxiv.org/abs/2207.02872
https://inspirehep.net/literature/2107183
https://doi.org/10.1088/1475-7516/2017/06/009
https://arxiv.org/abs/1609.06993
https://inspirehep.net/literature/1487760
https://doi.org/10.1103/PhysRevD.42.3936
https://inspirehep.net/literature/298022
https://doi.org/10.1143/PTP.95.71
https://arxiv.org/abs/astro-ph/9507001
https://inspirehep.net/literature/396945
https://inspirehep.net/literature/229378
https://doi.org/10.1143/PTP.99.763
https://doi.org/10.1143/PTP.99.763
https://arxiv.org/abs/gr-qc/9801017
https://inspirehep.net/literature/466106
https://doi.org/10.1088/1475-7516/2005/05/004
https://arxiv.org/abs/astro-ph/0411220
https://inspirehep.net/literature/663990
https://doi.org/10.1088/1475-7516/2005/10/004
https://arxiv.org/abs/astro-ph/0506262
https://inspirehep.net/literature/684778

[158]
[159]
[160]
[161]
[162]

[163]

[164]

[165)

M. Dias, R.H. Ribeiro and D. Seery, The N formula is the dynamical renormalization group,
JCAP 10 (2013) 062 [arXiv:1210.7800] [INSPIRE].

J.M. Maldacena and G.L. Pimentel, On graviton non-Gaussianities during inflation, JHEP
09 (2011) 045 [arXiv:1104.2846] [INSPIRE].

S. Raju, New recursion relations and a flat space limit for AdS/CFT correlators, Phys. Rev. D
85 (2012) 126009 [arXiv:1201.6449] [INSPIRE].

C.T. Byrnes, K. Koyama, M. Sasaki and D. Wands, Diagrammatic approach to
non-Gaussianity from inflation, JCAP 11 (2007) 027 [arXiv:0705.4096] [INSPIRE].

D. Langlois and S. Renaux-Petel, Perturbations in generalized multi-field inflation, JCAP 04
(2008) 017 [arXiv:0801.1085] [INSPIRE].

D. Langlois, S. Renaux-Petel, D.A. Steer and T. Tanaka, Primordial fluctuations and
non-Gaussianities in multi-field DBI inflation, Phys. Rev. Lett. 101 (2008) 061301
[arXiv:0804.3139] [INSPIRE].

D. Langlois, S. Renaux-Petel, D.A. Steer and T. Tanaka, Primordial perturbations and
non-Gaussianities in DBI and general multi-field inflation, Phys. Rev. D 78 (2008) 063523
[arXiv:0806.0336] INSPIRE].

F. Arroja, S. Mizuno and K. Koyama, Non-Gaussianity from the bispectrum in general
multiple field inflation, JCAP 08 (2008) 015 [arXiv:0806.0619] [INSPIRE].

[166] Y.-F. Cai and W. Xue, N-flation from multiple DBI type actions, Phys. Lett. B 680 (2009)

[167]

[168]

395 [arXiv:0809.4134] [INSPIRE].

Y.-F. Cai and H.-Y. Xia, Inflation with multiple sound speeds: a model of multiple DBI type
actions and non-Gaussianities, Phys. Lett. B 677 (2009) 226 [arXiv:0904.0062] [INSPIRE].

G. Panagopoulos and E. Silverstein, Primordial black holes from non-Gaussian tails,
arXiv:1906.02827 [INSPIRE] .

— 60 —


https://doi.org/10.1088/1475-7516/2013/10/062
https://arxiv.org/abs/1210.7800
https://inspirehep.net/literature/1194047
https://doi.org/10.1007/JHEP09(2011)045
https://doi.org/10.1007/JHEP09(2011)045
https://arxiv.org/abs/1104.2846
https://inspirehep.net/literature/896097
https://doi.org/10.1103/PhysRevD.85.126009
https://doi.org/10.1103/PhysRevD.85.126009
https://arxiv.org/abs/1201.6449
https://inspirehep.net/literature/1086843
https://doi.org/10.1088/1475-7516/2007/11/027
https://arxiv.org/abs/0705.4096
https://inspirehep.net/literature/751631
https://doi.org/10.1088/1475-7516/2008/04/017
https://doi.org/10.1088/1475-7516/2008/04/017
https://arxiv.org/abs/0801.1085
https://inspirehep.net/literature/776958
https://doi.org/10.1103/PhysRevLett.101.061301
https://arxiv.org/abs/0804.3139
https://inspirehep.net/literature/783792
https://doi.org/10.1103/PhysRevD.78.063523
https://arxiv.org/abs/0806.0336
https://inspirehep.net/literature/787116
https://doi.org/10.1088/1475-7516/2008/08/015
https://arxiv.org/abs/0806.0619
https://inspirehep.net/literature/787255
https://doi.org/10.1016/j.physletb.2009.09.043
https://doi.org/10.1016/j.physletb.2009.09.043
https://arxiv.org/abs/0809.4134
https://inspirehep.net/literature/797514
https://doi.org/10.1016/j.physletb.2009.05.047
https://arxiv.org/abs/0904.0062
https://inspirehep.net/literature/816973
https://arxiv.org/abs/1906.02827
https://inspirehep.net/literature/1738831

	Introduction
	Summary of results
	Outline and reading guide

	Disassembling the Pandora's box of multi-field inflation
	Conversion from interactions
	Towards the bootstrap of multi-field inflation

	IR divergences in the cosmological bootstrap
	Recap of bootstrap
	Contact three-point function langle vpvpphi rangle
	Massless exchange in dS bootstrap
	Mixed propagator and three-point scalar seed
	Wavefunction approach

	Inflationary massless-exchange correlators
	(Almost) dS-invariant correlators
	Boost-breaking correlators
	IR-divergent bispectra
	Boostless trispectra
	Multi-speed non-Gaussianity


	Revisiting multi-field non-Gaussianities
	The delta N formalism
	A concrete case study
	Models with higher derivatives

	Conclusions and outlook
	IR behaviour in the wavefunction of the universe
	Wavefunction and correlators
	IR behaviour in massless exchange


