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ABSTRACT: Extra dimensions are present in many beyond the Standard Model scenarios,
most notably in string theory. However, direct signatures of extra dimensions are difficult
to observe in many cases. This is the situation, for example, if the energy scales associated
with extra dimensions are close to the string or Grand Unification scale. The energetic
early universe provides an exciting opportunity to overcome this challenge, since the heavy
states associated with high-scale extra dimensions, such as scalar moduli and Kaluza-Klein
(KK) gravitons, could have been produced on-shell at early epochs. In this work, we
illustrate this by focusing on how such states can be produced during inflation and leave
signatures in primordial non-Gaussianity (NG). Specifically, we consider a 5D spacetime
with a warped extra dimension that remains stabilized as inflation proceeds in the four
non-compact dimensions. By discussing an explicit stabilization mechanism, we compute the
masses and couplings of the radion modulus and the KK graviton modes. Being gravitational
degrees of freedom, these unavoidably couple to the field(s) generating curvature perturbation,
and can lead to observable NG with a distinctive oscillatory shape and characteristic angular
dependence. We give example benchmarks which can already be probed by the Planck data
and identify targets for the future. Our study shows that cosmological surveys have the
potential to observe on-shell imprints of extra dimensions in the coming years.
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1 Introduction

Models with extra spatial dimensions are some of the most widely-studied scenarios of beyond
the Standard Model (SM) physics. This stems from a theoretical interest in understanding
quantum gravity and holography, as well as phenomenological motivations to explain observed
features of the SM — such as the hierarchy between the electroweak scale and the Planck
scale [1-5], and the hierarchical nature of the SM fermion masses [6-8].

Extra dimensions also lead to robust predictions for new physics. The most observationally
relevant predictions include new scalar moduli fields, deviations from Newton’s law at small
distances, and Kaluza-Klein (KK) towers of particles. Regardless of how the SM is embedded
in the extra dimension, the existence of moduli fields, controlling the sizes of the extra
dimensions, and the KK graviton modes is generic. Their properties are determined by two
characteristic mass scales: the KK scale A and the higher dimensional quantum gravity scale
Aqc (assuming all the extra dimensions have a similar size). These scales are in turn set



by the geometry of the extra dimension and the requirement to reproduce the 4D Newton’s
constant. Collider searches for KK resonances [9-11] and moduli [12], as well as laboratory
tests of the gravitational force law [13-15], bound Aqg or A to be greater than a few TeV,
depending on the model." This constrains extra dimensional models that aim to resolve the
hierarchy problem [1-5], but often the scale A < Aqq is predicted to be much higher (e.g.
from string theory). In that case, most traditional experiments have little chance of directly
observing the smoking-gun signatures associated with extra dimensions. Secondly, depending
on the early universe dynamics, A can be time-dependent. Thus, a scenario with a value of
A ~ TeV, necessary to solve the hierarchy problem, can have A > TeV in the early universe.

Given that the energy scales in the early universe could have been much higher than
the TeV scale, cosmological observables can provide a powerful complementary probe of
physics at very high energy scales. Fields with masses of order the Hubble rate during cosmic
inflation, H, can be produced via vacuum fluctuations and leave their imprint on cosmological
correlators in the form of primordial non-Gaussianity (NG) [16, 17]. In this sense, the early
universe acts as a ‘cosmological collider’ with an extremely high energy reach [18-22], as
H may have been as high as H ~ 1013 GeV [23, 24]. For various ideas that explore the
possible signatures of particle physics scenarios in the cosmological collider and advances in
understanding and evaluating cosmological correlators themselves, see refs. [25-95].

If the KK scale is of order the Hubble expansion rate during cosmic inflation, A ~ H, the
moduli and KK gravitons can be gravitationally produced during inflation. Importantly, the
high scale of inflation means that even very heavy moduli and KK gravitons could have been
produced in such a fashion. Being gravitational degrees of freedom, these states generically
couple to the field(s) responsible for sourcing density perturbations, so will leave their imprint
on cosmological correlators in the form of NG.

It is therefore worth understanding the NG signatures of extra dimensions with A ~ H,
since that might provide powerful clues regarding the structure of spacetime both in the early
universe and at very small distances. In ref. [42], one of us explored an inflationary scenario
with a compact, flat extra dimension. It was shown that the inflationary vacuum energy gives
rise to a horizon, and it is possible to have a near-horizon stabilization of the extra dimension
such that its scale A can indeed be ~ H. With such a setup, the NG signatures mediated
by KK gravitons were evaluated and connections with Grand Unification were explored.
However, due to the flat geometry of the extra dimension, the KK graviton couplings to the
inflaton are suppressed by the 4D Planck scale (M), leading to a suppressed NG signal.
Furthermore, stabilization of the extra-dimensions was not studied in full detail. As a result,
the properties of the radion modulus, which controls the size of the extra dimension, could
not be derived. Thus, the strength of the radion-mediated NG signature remained unknown.

In this work, we improve upon all these aspects. We focus on a warped extra dimension [4,
5], which can lead to a larger coupling between the extra-dimensional states and the fields
responsible for generating the curvature perturbation. We stabilize the model by considering
a Goldberger-Wise (GW) field [96, 97], and explicitly show that it is possible to stabilize
the extra dimension so that A ~ H. After incorporating the effects of the stabilizing sector,

'Tn models with flat extra dimensions [1-3], Aqc = TeV, while the KK gravitons can appear at A < TeV.
On the other hand, in warped extra dimensional scenarios [4, 5], A 2 TeV, while Aqg > TeV.



we find a tower of spin-2 KK gravitons with mass splitting mgx ~ A ~ H, and a radion, ¢,
whose mass is also set by A, m, ~ A ~ H. This setup leads to a spin-0 cosmological collider
signal mediated by the radion, and a spin-2 signal generated by KK graviton modes. A
simultaneous observation of a combined spin-0 and spin-2 NG signal would therefore provide
a strong hint towards an extra-dimensional nature of the inflationary universe.

The KK gravitons and radion couple most strongly to fields localized towards the infrared
(IR) boundary. Therefore, the NG signals are largest when the field responsible for generating
density perturbations is also localized in the IR. We will argue that the inflaton, however,
cannot be an IR-localized field, as the energy densities produced by fields in the IR are too
small to drive inflation if A ~ H.? We are thus led to a scenario where the field driving the
homogeneous inflationary expansion is localized on the ultraviolet (UV) boundary and is
different from the field that generates density perturbations. This separation of roles is indeed
the main feature of the curvaton mechanism [98-100]. We find the NG signal is strongest
in models with a UV-localized inflaton and an IR-localized curvaton.

Our setup has a dual interpretation via the AdS/CFT correspondence [101-103]. In
the field theory language, we are considering the confined phase of a strongly coupled CF'T
during inflation [104-106]. The KK gravitons are interpreted as spin-2 glueballs in the CFT,
and their couplings are suppressed by powers of A with coefficients determined by large-N
counting [107, 108]. This is in contrast to the My, suppression in the case of a flat extra
dimension [109] (as seen in [42] in the context of NG) and allows for larger NG signals if the
field responsible for the curvature perturbation is also a composite state. This is indeed the
case if the curvaton is an IR-localized field. The expansion history required in the curvaton
scenario can then arise naturally if the SM is mostly elementary (i.e., localized on the UV
boundary in the AdS picture). The lightest composite state will then be long-lived as it has
only gravitational strength coupling to the fields on the UV boundary. In such a scenario, it
is reasonable to assume that the curvaton decays much more slowly than the inflaton and
comes to dominate the energy density before decaying. In this case, the curvaton fluctuations
determine the density perturbations observed in the cosmic microwave background (CMB)
and the large-scale structure (LSS).

Most observational searches for the cosmological collider signal have focused on the
three-point function [82, 110, 111], but in our model the dominant NG comes from the
four-point function (trispectrum), as the three-point function is suppressed by the small
curvaton mass. We find that both the spin-2 signal and the radion-mediated spin-0 signal
are suppressed by the inverse powers of the large-IN parameter of the dual 4D theory and
a ‘Boltzmann suppression’ factor exp(—mm/H). We also find benchmark parameters where
the spin-0 signal is at the boundary of the trispectrum constraints found in refs. [112-114],
while the associated signal due to the lightest KK graviton is an order of magnitude smaller.
The NG mediated by the radion and the KK gravitons could therefore be seen in upcoming
surveys, highlighting the possibility of using NG to probe high-scale extra dimensions.

The rest of this paper is organized as follows. In section 2 we discuss the 4D CF'T picture
of our setup, highlighting the cosmological history and providing general estimates for the

2t is possible to have the inflaton as an IR-localized field if A > (HMy)'/2, in which case, however, the
‘non-local’ NG signatures (characteristic of on-shell heavy particles) are negligible.



relevant couplings. In section 3 we discuss the 5D gravity picture, deriving the couplings
of the radion and KK gravitons from a 5D construction. In section 4 we incorporate a
stabilization mechanism and numerically determine the properties of the radion and the
spectrum of low-lying KK graviton states for two benchmark parameter points. In section 5
we calculate the trispectrum for these benchmark points and compare it to observational
results. We conclude and summarize our results in section 6.

2 Composite resonances during inflation

The model we consider has an interpretation as the confined phase of a strongly coupled
CFT via the AdS/CFT correspondence. In this section, we discuss this interpretation. This
allows for a qualitative understanding of the theory before we use the 5D setup in section 3
to derive precise expressions. The observability of the NG signal requires that there are
fields with masses of order H with sufficiently large couplings to the field that generates
the curvature perturbations. We provide an outline of the cosmological scenario that leads
to this being the case.

In the CFT picture, the inflaton, ¢, can either be a composite or an elementary field.
If the inflaton is composite, then we expect the potential, V' (¢), driving inflation to be of
order the confinement scale (or smaller, if the inflaton is a pseudo Nambu-Goldstone boson
(PNGB)), V(¢) ~ HQMg1 < A*. This implies that the masses of composite states ~ A are
parametrically above the Hubble scale, as A > H. Thus, cosmological production of such
states from vacuum fluctuations is exponentially suppressed, and their on-shell signatures
are difficult to observe. The inflaton should therefore be elementary for the composite sector
to be relevant during inflation, for which we require A ~ H. As the couplings between
elementary and composite fields are weak, it will be difficult to see the impacts of composite
fields on inflationary observables in single field inflation.

However, the inflaton may not be the same field as the one giving rise to density fluctuations
seen in the CMB and LSS [98-100]. If there is a curvaton field, o, that decays more slowly
than ¢, then it can come to dominate the energy density after inflation has ended and be
responsible for producing the observed density fluctuations. The curvaton can be composite
and thus have O(1) couplings to other bound states. These bound states can then lead to
a non-Gaussian spectrum of observed cosmological fluctuations. Such bound states include
spin-0 states, such as the dilaton (dual to the radion), and a tower of spin-2 states, which lead
to a distinctive angular dependence in the correlation functions. The spin-2 states are the
glueballs of the CF'T, which are described by the KK tower of gravitons in the 5D picture.

The cosmological history of the scenario we have in mind is as follows. The inflationary
expansion is driven by an elementary sector scalar field ¢ that provides the necessary potential
energy density. During this inflationary epoch the CFT is in the confined phase, and o
is misaligned on its potential. In this case, the energy density of the curvaton can easily
be smaller than H* < A%, ensuring EFT control. We assume o is the lightest state of the
composite sector, so it is natural to expect that the energy density in ¢ is much less than
the inflationary energy density and o acts as a spectator during inflation. Inflation ends
when ¢ rolls sufficiently down its potential and starts oscillating, eventually decaying into SM
radiation at a rate I'y. In the meantime, o starts oscillating in its potential when H drops



below its mass, and later decays into SM radiation with a rate I',. The end of this decay
then marks the beginning of the standard radiation-dominated era in the early universe.

In the regime I'; < I'y, o is much longer lived than ¢ and there can come to dominate the
energy density before decaying into radiation. In this case the observed density fluctuations
in the CMB and LSS arise from fluctuations in o, rather than fluctuations in ¢. The reheat
temperature from o decay, Tru ~ / I'sMp1, is below the confinement temperature if the
curvaton is sufficiently long-lived, which means that throughout the cosmological history
the composite degrees of freedom do not deconfine. Furthermore, the scattering rate of
the elementary degrees of freedom with the composites is sub-Hubble, indicating negligible
energy transfer between the sectors. Therefore, the composite sector does not deconfine
via scattering either.

2.1 Explaining the current observations

Here we show how this scenario can be consistent with CMB observations. In general, the
total dimensionless curvature power spectrum P is determined by both the inflaton and
curvaton fluctuations. In terms of the inflaton power spectrum Py, and the isocurvature
power spectrum Pg sourced by the curvaton fluctuations, P¢ is given by (see, e.g, [98, 115])

1
P =Py + 5faecPs (2.1)

where fgee is the fractional energy density in o at the time of its decay.® We assume
that the curvaton decays after the inflaton, the period between the two decays is radiation
dominated, and that o oscillations start before the inflaton decays. With these assumptions
fdec is given by?

1/2
30, - 302T}/
3/)0 + 4pr o—decay 4¢2 Fglf/2 + 3O'i2 F;ﬂ ,

osc

fdec = (22)
where p, is the curvaton energy density and p, is the energy density in radiation, and
0i, Oosc are the field values of o, ¢ when they start to oscillate. We have approximated
the potentials for o and ¢ as quadratic potentials with no mixing of the fields. Requiring
that the curvaton EFT is under control, implies that the curvaton energy density m2o? is
subdominant compared to the compositeness scale A%, which is a natural expectation if o
is a PNGB, in which case m, < A. For similar models with an axion-like PNGB acting
as a curvaton, see, e.g. [116-119].
If both o and ¢ are only gravitationally coupled to the SM then I'y ~ mi /Mgl and
Ty ~md /Mgl. This will be the case, for example, if the SM fields are elementary and the
inflaton couples only gravitationally (by assumption). In this case fgec becomes
SUZ-QmZ/ 2

492 m3* + 30?m3/ 2

fdec ~ (23)

3We note that Ps is the isocurvature perturbation during inflation, being sourced by the difference in
fluctuations of the inflaton and the curvaton. Since the curvaton decays into SM fields in this set up, there is
no surviving isocurvature perturbation during CMB decoupling.

*If faee ~ 1 then the universe will become matter dominated before o decays. The second equality in (2.2)
will therefore not be accurate but in this case fgec >~ 1 and the following analysis will still be valid.



The curvaton is long-lived relative to the inflaton if m, < mg and o; S @osc, in which case
faec ~ 1.5 The inflaton may also have stronger couplings to the SM, in which case I is larger,
and the curvaton is more likely to dominate the energy density. An alternative possibility is
that the SM fields are also bound states, in which case I'; ~ m3 /A2. This then requires m,
to be much smaller, compared to the above, for the curvaton to be long-lived.

While it is not necessary for the validity of our results, to compare to cosmological
observables we now consider scenarios with fgec & 1 (for a recent discussion that tracks how
fdec affects cosmological observables, see ref. [120]). For Pg > Py, the primordial spectrum
is then primarily determined by Pg ~ H?/(mo;)?, leading to

H2
'P< ~

9r20?’

(2.4)

Thus o; =~ 2.3 x 103H based on the inferred amplitude of primordial scalar perturbations [23].
The slow roll parameter e is determined by the inflaton potential € = —H/H? ~ mi /(3H?).
This controls the spectral tilt of P,
2
2 My
12 ® 2.

Recent measurements of ns, using Planck, ACT, and DESI data [123], require mé ~ 0.04H2.
The ratio of the tensor power spectrum Pr and the scalar power spectrum is given by

o2
r=— ~ 18—, (2.6)
Pe M;%l
which shows that for sufficiently small o;, the current upper limit » < 0.038 [24] can be

easily satisfied. The curvaton scenario also predicts an observable amount of local NG
(bispectrum) with a strength [121],

5
loc % 2.7
NL 47 ( )

within the target sensitivity of the recently launched SPHEREx mission [124].

2.2 Curvaton couplings and large-IN counting

The curvaton will have couplings to other bound states of the CFT, which can be parametrically
estimated using large-N counting. Of particular interest for us will be the coupling of o to
the radion, ¢, and spin-2 bound states which correspond to KK gravitons iLW in the 5D
setup. The leading terms can be written as,

/

c - 5 c
L~ Mhu,,vl‘av o+ M@V“Uvua. (2.8)

5Note, our above assumption that the oscillations of o start before the decay of ¢, is easy to satisfy since
this imposes a weak restriction m, 2 m:;/Mgl.

5Tt is possible to have a reduced hierarchy between o; and H. From (2.1), if faec < 1, P, and hence,
H/o; can be larger, while keeping the combination f2,.P, fixed. In that case fi increases o< 1/ faec [121]

and current constraints on fi5¢ = —0.9 4+ 5.1 [122] become relevant.



Other than the curvaton mass m,, the two independent scales in the theory are the Planck
scale My and the confinement scale A, while the couplings ¢, ¢ can contain additional factors
of N. Since the interactions above should survive in the limit M, — oo, the scales M, M’
which appear in (2.8) must be identified with A. There are also couplings of the radion and
KK modes to o that are proportional to m,. Due to the smallness of m,/H, these terms
are suppressed and they mediate a smaller NG signal compared to the couplings via the
kinetic terms, so are not shown explicitly.

Both the radion and KK gravitons can be interpreted as glueballs in the dual description
of the theory. One way to see this is that their kinetic terms scale with N?, characteristic of
glueballs. The glueball 3-point function scales like 1/N in the 't Hooft limit [108], implying
that ¢,/ ~ 1/N. This again aligns with the gravitational picture (section 3), where the
kinetic terms for B/w and ¢ are schematically given by,

L~ N (VHRY iy + V0V 0) (2.9)

After canonically normalizing, the operators in (2.8) will be multiplied by factors of 1/N.

3 5D gravitational theory

In this section, we describe the 5D gravitational theory. The geometry is a slice of AdSs
spacetime bounded by two branes, the UV and the IR branes (boundaries). These boundaries
contain localized energy densities that give rise to inflationary expansion of 4D slices [125—
127]. Similar models with inflation generated by brane-localized fields have been considered
extensively in the past [84, 128-132]. In the context of an AdSs geometry, most studies have
focused on the case where the IR brane is behind the cosmological horizon, A — 0. The
theory is then a gapped CFT with a continuum of states above the scale H, a situation which
has also been studied from the purely 4D perspective and been shown to lead to non-Gaussian
density perturbations [133-135]. Another well-studied scenario where extra dimensions are
invoked is brane inflation, where a brane moves through a warped background, which has
an inflationary metric induced on the brane [136-144]. In this work, we instead consider
situations where the IR brane is present, and the UV-IR brane separation, parametrized by
the vacuum expectation value (VEV) of the radion field, remains constant during inflation.

3.1 5D geometry
The 5D action is given by

5 — / die /_ LL dyv/—G(MERs5 — A5) + / iz /_ LL dyv/—G (—;GMNaMcpaN@ - V(cp))
s [ate [ TGILs  Vo(@) ) + (s~ V(@) ity — D),
(3.1)

with the AdS bulk cosmological constant A5 = —12M3k* and 5D Ricci scalar R5. Here Ms is
the 5D Planck scale and k is the AdS curvature scale. The second term in (3.1) denotes the
action of a Goldberger-Wise scalar field ® that will be relevant for the stabilization of the



extra dimension [96, 97]. The third term in (3.1) captures boundary-localized terms, which
include the radion and curvaton Lagrangians, denoted L4 and L, respectively.
The homogeneous 5D metric is given by,

ds? = GyydeMdz = n(y)?gudatda” + dy?. (3.2)

Here and below, we will use Gy and g, to denote the bulk 5D metric and the 4D
metric induced on a constant y hypersurface, respectively. The static Randall-Sundrum
(RS) geometry [4, 5], in the absence of backreaction from ®, is obtained for a warp factor
n(y) = exp(—ky) and g, = 1 (Minkowski metric), with Vo = 12M3k and Vi, = —12M3k.

Our goal is to study how this geometry is changed when V and V7, take on different
values such that the 4D slices undergo inflationary expansion with Hubble rate H, in which
case the 4D metric is given by:

gudrtda’ = —dt? + a(t)?dx* = (—dn? + dx?), a(t) = exp(Ht). (3.3)

n2H?
Here we have also expressed the metric in terms of conformal time 7, which we will use
to compute NG in the later sections.

Using the stress-energy tensor of the GW field, the 00 and 55 components of the Einstein
equations can be written as [145],

1 n? 2

1 n
2 2 2
Goo=3(H*—n' —nn")zmTooerg <A5+2(I)' +V>+2M§’ (Vod(y)+VLo(y—L)),
(3.4)
6 12 2 1 1 ( 1 12 >
=— —H)=—T55=——7% | —A5+-D“— . .
G5 n2(n ) 2M§’ 55 2M53 5+2 Vv (3 5)

The boundary potential energies determine the junction conditions on the warp factor, with
€ infinitesimally positive:
L—e VL

= L (3.6
L+e 6M53 )

nl

n

. 6M3

+e ‘/0 |:nl

n

The equations (3.4), (3.5), (3.6) hold for arbitrary warp factors n(y). However, we can obtain
analytical solutions and gain insight by first dropping the GW contribution.

3.2 Geometry in the absence of stabilization

Here we discuss the solutions for the warp factor and KK spectrum when & = 0. In section 4,
we will include ® and discuss how to stabilize the extra dimension, but many of the results can
already be obtained by considering the model for ® = 0. In fact, for the example benchmarks
we end up considering, we will see that the leading order spacetime geometry approximately
follows the ® = 0 solution, except in a small region near the IR boundary.

The bulk equations of motion (EOM) (3.4) and (3.5) can be simplified as n” = nk?,
which is solved by

n(y) = c1e® + cpe™, (3.7)



where the coefficients ¢; and ¢y are determined by the boundary conditions (3.6). As discussed
in the previous section, we consider an inflaton localized to the UV brane. For now we take
the inflaton potential, Viy¢, to be constant, leading to exact de Sitter space. This contribution
modifies the boundary tension in the UV to be Vg = 12M53k + Vint.

We also allow for a detuned brane tension in the IR, Vi, = —12M3k — V.7 The conditions
satisfied by c12 are then

Vi

c1+co=1, c1—ca = —(c1 + ) (1—1—12];2;]{:), (3.8)
where we have imposed a normalization n(0) = 1 and the second expression is the boundary
condition at y = 0. The solutions are given by ¢; = —Vine/(24M3k) and co = 1+ Vine/(24M3k).
Plugging the expression of n(y) into eq. (3.6), with ¢; o derived above, we obtain the relation
between Vi and H:

Vine = 1203 (\/kQ T H? - k) . (3.9)

Using this relation, we can express c; 2 in terms of H and k, and obtain an alternate form
of the warp factor,

n(y) = cosh(ky) — k:?]:H? sinh(ky). (3.10)

To satisfy the jump condition on y = L boundary, we need V # 0. Defining

o= ‘/inf 6 — Vv
~ 1203k = 1203k

(3.11)
as the two detuning parameters that parametrize the deviation from the original RS con-
ditions [4], we find

exp(2kL) = m. (3.12)

For 0 < a <« 1,0 < 8 <« 1, such that the amount of detuning is small, the above equation
has a solution only when 8 > «. In this case we can approximate

exp(2kL) ~ 27 (3.13)

and a large warp factor is obtained for 8 > a. As evident from the form of the warp factor
in (3.10), the geometry features a horizon. To derive its location, we first express

H2
a= 1+ —1. (3.14)

The location of the horizon is given by n(yy) = 0 with

2
exp(2kyy) =1+ —. (3.15)
a

"The curvaton energy density will in general contribute to V7, but is much smaller than the critical detuning
so we can ignore it’s contribution.



The horizon is behind the IR boundary as long as L < yg which gives 5/(2 + ) < 1 and
a+ 2 > 0, both of which are obeyed given the conditions discussed above (3.13). Note the
above conditions do not necessarily imply that the extra dimensional geometry is stable.
In fact, we will see below that the radion fluctuation around this solution is tachyonic,
indicating an instability [146]. The solution (3.13) is a maximum of the radion potential;
to find a stable solution we need to introduce a stabilization mechanism, which we will
consider in the following section.

3.3 Conditions for 5D EFT control

Within this setup, several conditions are required to have a viable 5D EFT description. For 5D
EFT control, we first require that the AdS curvature is sub-Planckian, k < Ms. The warped
down 5D Planck scale and the Kaluza-Klein scales are given by A, = n(L)Ms5 and A = n(L)k,
respectively, where n(L) is the warp factor on the IR brane. This relation makes precise what
we meant by A in the above discussions. On the IR boundary, we then have a controlled 5D
description for energies A < E < A, while for energies £ < A the theory is effectively 4D.
This requires a hierarchy between k and M5, which we parametrize by the large-N parameter

N = (J\ZS)S/Q . (3.16)

We now revisit the motivation for considering the curvaton as a composite field from
the 5D perspective. First, we see why it is problematic to treat the inflaton as composite —
which corresponds to localizing the inflaton on the IR boundary in the gravitational picture.
For EFT control, the inflaton energy density should be smaller than the warped down 5D
gravity scale A., which requires:

Vine  H2M3 E 1 1 <
A4 kA4 A% n(L)2 N2/3

C

1. (3.17)

We are interested in A ~ H such that the cosmological production of the KK graviton states
is not exponentially suppressed. Additionally, we require n(L) < 1, such that the coupling of
the KK gravitons to the curvature perturbations is only suppressed by A. = n(L)M, < M.
In particular, the benchmark examples we discuss in the next section have n(L) ~ 1074
Thus, we see that unless N is extremely large, we are led to Viye > A%, violating the above
condition and implying that the 5D EFT is not under control in this regime. This points
to the inflaton being on the UV boundary. However, then its coupling to the graviton KK
modes is suppressed by M, since those KK modes are localized in the IR, with negligible
overlap on the UV boundary.

As discussed in the previous section, a curvaton localized on the IR brane resolves this
issue. The graviton KK modes will then couple significantly to the curvaton and lead to
non-Gaussianities, while remaining under EFT control. In that case, comparing the energy
densities on the IR boundary gives us

V(o) m20? m2o? H*

AL AT T R HE AT (3.18)




As seen from (2.4), explaining the density perturbations requires o; > H. However, a small
curvaton mass m, < H can naturally compensate this to ensure V(o) < A%, indicating
5D EFT control.

3.4 KK graviton fluctuations

Having discussed the behavior of the homogeneous metric and the conditions for a valid 5D
EFT, we now study the tensor fluctuations around the background solution. The tensor
modes can be parametrized as G = n2(y)guw + huw(2,y), where g, is the background
de Sitter solution (3.3) and hy,, satisfies the transverse V,h*” = 0 and traceless hf; = 0

constraints. The full metric then becomes
ds? = n(y)*(—dt* + a(t)?dx?) + dy* + h,, (2, y)dztda”, (3.19)
At linear order, the Einstein equations in terms of h,, reduce to (see [42] for a derivation),
Oashyw + n*R, — 2nhyy, — 200" hyy, — 2H?hy, =0, (3.20)

where the Laplacian [gs is computed using the 4D dS metric g,,. We can then do a KK

decomposition,
Py (, y) Zn Pyt () x1(y) (3.21)
where
Oashywg = (mf + 2H) by, (3.22)
and
n?x] +4nn'x| +mix; =0. (3.23)

For the zero mode m; = 0 and the above equation can be solved for any warp factor n(y):
(3.24)

The yx; satisfy Neumann boundary conditions, x;(y) = 0 for y = 0, L, which forces C' = 0
and xo(y) to be a constant.

To study the mode functions for the massive KK gravitons, it is convenient to go to
conformal coordinates z by demanding dy = n(y)dz so that the homogeneous metric becomes

ds? = f(2)? (—dt + a(t)%dx® + d=?), (3.25)

with n(y) = f(z). Defining x;(y) = ¢i(2)/n*? with d/dy = (1/n)(d/dz), and denoting
U = dvy/dz, the profile equation (3.23) in terms of 1; becomes,
d*y 3 f

A 3 =, (3.26)
dz2 2 f L g2t TR
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When the GW field is absent, egs. (3.4) and (3.5) determine f(z) = H/(ksinh(Hz)) and
give the eigenvalue equation

2
(ji;gl - %H% + 3 cosh(2Hz)) esch(Hz) 4y (2) + mia(z) = 0,

2 (3.27)

my

1 9
= Tz~ g b n(z) + <H2 - 4> $i(z) =0,

with z = zH. This is now in the form of a Sturm-Liouville problem and thus the KK graviton
masses satisfy mlz > 9H?/4. The KK graviton spectrum is therefore gapped from the zero
mode, with a lower bound on the gap set by 3H/2. In particular, these massive spin-2
particles satisfy the Higuchi bound [147].

To determine the normalization condition for the KK graviton mode functions, one can
expand the bulk action (3.1) to quadratic order in the tensor fluctuations and canonically
normalize the 4D graviton. Going back to a generic warp factor, this gives,

M}

Zir L
20 [ e, (o) = 203 [ dynt ), ) = 5 o (329)

where 2y, and zj are the locations of the UV and the IR boundaries, respectively, in the
z-coordinates. As H — 0, the quantity My — My, the reduced 4D Planck scale. For the
zero mode, since yo(y) is a constant, we can set xo(L) = 1 and get

L
M3 = 4M3 / dyn?. (3.29)
0

3.5 Radion fluctuation

The radion field controls the size the extra dimension, and in this case, the separation
between the IR and the UV boundary. We parametrize the radion field r(z) such that its
VEV determines L via L = n(r(z)),

ds? = n? <7T7“(Lx)y> (—dt? + a(t)?dx?) + (7%@)2 dy?. (3.30)

In the discussion below we will drop the argument in r(x), using r to refer to the full field
and using L to refer to the VEV, where relevant. Using this ansatz, we can split the 5D
action (3.1) into potential and kinetic terms for the radion:

»Crad = Lkin - V}ad . (331)

After performing some algebra we derive the kinetic term for the radion as,

o 2 rmr
fun = 12M3v=5 255 [y )+ ') (332

where we note that £y;, contains derivative interactions as well as the usual kinetic term.
We can canonically normalize the radion kinetic term by expanding r around its VEV,
r = (r) + dr, in Ly (3.32):

Lign = 1202 M2 \/—g

r 2
(8’252 ) /OL dyyn'(y)(n +yn'(y)) + ..., (3.33)
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9

where the ‘..." refer to derivative interactions of » which we neglect. We can then define

the canonically normalized radion field
p=Fpe (3.34)

where

7 24 M3 ekl

L
D= e ) W)+ ). (3.35)

This leads to the leading order kinetic term for the fluctuations, dp = Fwe_kL(—k:Trér),

1 —
Lyin = —5\/—9((‘3“6@2 o (3.36)

In the following section we will use the full expression (3.35) to calculate F,, with a numerical
solution for n(y), but we can perform a sanity check by using n = exp(—ky), valid in the zero
backreaction and H = 0 limit. The integral then gives (—1/2)k(nr)? exp(—2kmr), leading to

['kin

V=9

This matches with the result of ref. [148] (up to the different normalization convention for
the 5D action).

Next we focus on the potential terms, using the dimension reduction formula

RO) = (1/n?)RW + ... and the Einstein equations (3.4) and (3.5) to derive the radion
potential from the bulk action (3.1). Doing so gives

3
— —6M3Ikm? exp(—2kmr)(0,r)? = —% (8, exp(—kmr))?. (3.37)

‘/rad
V=g

= 12M3 (n?’(e)n'(e) —n’(rr — e)n'(7r — €) + <H2 - 724> 0” dyn(y)2> (3.38)

+ Von(0)* + Vin(rr)t.

To derive the above ‘off-shell’ potential, we have not used the junction conditions (3.6),
which are only satisfied at the extrema. We can again perform a sanity check in the zero
backreaction and H = 0 limit. Using n(y) = e " eq. (3.38) becomes

Viaa — 12M3k (77" — 1) 4+ Vj 4 Vye 2. (3.39)

Therefore, the tuned values Vy = 12M3k and V, = —12M3k lead to a vanishing radion
potential, as expected. In general, the boundary conditions (3.6) imply the V; (V1) terms and
n'(e) (n'(7r — €)) terms in (3.38) cancel each other at the extrema. Then the 4D cosmological
constant comes from the H? term and is given to leading order by 6 M3H?/k = 3H QMSI,
giving the correct vacuum energy that drives the inflationary expansion in the 4D EFT.®
With the generic radion potential (3.38) at hand, we can also compute the radion mass

in the unstabilized (® = 0) model. To do so we take the solution (3.10) for n(y) and set

8Note, the Ricci term R4 is part of the standard 4D Einstein-Hilbert action and does not contribute to 4D
vacuum energy.
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R4 = 12H?, as the 4D homogeneous metric is exact de-Sitter space. The mass of the radion,
to leading order in (H/k)?, is then given by
2 _ PVia _ 1 d*Viaa 24H*(1 + B)

L _ a2
F= a4 T FIa(e R T So(11B)+ AR+ A)loglC+ B ]

(3.40)

where the expression has been evaluated at the critical point exp(2knr) = 8(2+«a)/(a(2+ 5))
(eq. (3.12)), with «,  defined in eq. (3.11). The final step is obtained assuming «, f < 1
and the logarithmic factor is not large. Here we see explicitly that the radion is tachyonic
in de Sitter space without a stabilization mechanism.

3.6 Couplings to the curvaton

We can now determine the coupling of the curvaton to the radion and KK graviton fluctuations
from the kinetic term for o,

1 1 -
Liin,o = —5\/ -GG, VH'oVio = —5\/ —g (guy"i_z xi(L) h;w,l) nQ(WT)V“aV”J. (3.41)
1

We can then canonically normalize o by rescaling ¢ — o/n(L) and the KK graviton by
Buu,l — fLW’l /My. Expanding around the radion background, mr = L + wdr, we then find the
kinetic term and leading order couplings to the radion and KK gravitons

1 —|_ 2n/(L) 1 .
Liin.o = _5\/fg lgw (1 + (L) 7767") + A zl:Xl(L) hw,l] VHoVYa (3.42)
Since xo(L) = 1, this shows the curvaton couples to the graviton zero mode with M,

suppression, as expected. However, for the KK modes, the graviton wavefunction is peaked
at the IR boundary, which enhances the coupling to the curvaton. For example, the ratio
of the coupling strength of the I-th KK mode with respect to the zero mode is given by,
xi(L)/x0(L) = ¥i(2ic) /0 (zir) = i(zin)/ 372 (21). With ¢y determined by solving (3.26), the
above ratio can be calculated for any warp factor.

We can then write the radion interaction term in Ly, , in terms of the canonically
normalized radion, ¢, as

1 (2n/(L) 5go> _ Apo 80—
- — ) v—-99"*'V,oV,0 = ——"-+/—gg"*'V,oV,0, 3.43
2 \ kn(L) {(p) " 2 () p (3.43)

where we have defined the radion-curvaton coupling (using A = kn(L))

B 2n'(L)

Apo = A (3.44)

The discussion so far has assumed that there is no mixing between the curvaton and the
radion. This mixing could be induced if there is a coupling of the curvaton to the Ricci scalar,
£0?Ry [149, 150]. The coupling £ also generates a Hubble-scale mass for the curvaton, so must
be small for o perturbations to generate an approximately scale-invariant power spectrum.
For the curvaton scenario to make sense, we therefore require £ < 1. Furthermore, if £ were
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nonzero there would be mixing set by angle tan(f) = 6£(c)/(p). Requiring this mixing angle
to be small imposes a more stringent requirement { < (¢)/(o), since (o) ~ 0; > H ~ () to
get the correct amplitude for the power spectrum (see eq. (2.4)). Additionally, for & # 0, the
coupling in (3.44) would be multiplied by an overall factor of (1 — 6¢). In the following, we
assume ¢ is sufficiently small such that tan(f) < 1, satisfying the more stringent requirement.
However, it is straightforward to include the mixing effects if (p)/(0) < £ < 1.

4 Stabilization and the KK graviton spectrum

In this section we include the effect of a GW field ®, in order to stabilize the extra dimension.
We will consider only a mass term for ® in the bulk so that the equation of motion and
boundary conditions for ® can be solved analytically. We then use this solution to numerically
solve for the backreaction of ® on the metric, and with these ingredients derive the effective
potential for the radion. Finally, using the numerical profiles for two benchmark parameter
points, we derive the quantities relevant for calculating the NG signal. These quantities
are: the radion mass my, the radion VEV (¢), F,, the radion-curvaton coupling Ay, the
IR scale A, and the lowest order KK graviton masses and wavefunctions. These results are
summarized in table 1 and the field profiles shown in figures 1 & 2.

4.1 Equations of motion

In order to source the GW field we include ®-dependent potentials on the boundaries in
addition to the constant tensions (see eq. (3.1)):

Vo = 12M2k + Vint + vo(®) V= —12M2k —V +vp (D). (4.1)
The background solution for ® then satisfies the boundary conditions
[T = (D), P[EEe = ) (®). (4.2)
We also consider a bulk mass term for ®, so that the potential is given by

V@) ==

2, (4.3)
where € is a dimensionless parameter that controls the bulk mass of ® in units of k.
As discussed in the previous section, the 4D effective potential reduces to a sum of
boundary terms plus the term generated by H:
Vet

=n*(nr) |— 3
= i) [ 120

n'(mr)

n(mr)

+ [120M3k + Ving + 00(@(0)) + 12M30/(0)| = 12M5H? | dyn(y)?,  (4.4)
0

oMV 4 UL@(W))}

where we have used the normalization condition n(0) = 1. We have also set Ry = 12H?
to include the R4 term in addition to the H? term in (3.38). A more complete analysis
would involve performing a Weyl rescaling to go the Einstein frame, but the corrections this
would introduce are suppressed by extra powers of n(L) relative to the terms in (4.4) so can
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safely be ignored. We also note that the terms in the square brackets are proportional to
the boundary conditions satisfied by n(y), so vanish at the minimum.

The effective potential can then be determined by solving the equations of motion for
n and @ for different values of L and substituting them into (4.4). The bulk solutions for
® and n are determined by the EOM:

477/@, = dv

" -7 4.5
O+ — T (4.5)

along with the Einstein equations (3.4) and (3.5). To solve this system we write the warp
factor as

n(y) =no(y) +n1(y), (4.6)

where ng is given by the ® = 0 solution (see eq. (3.10))
no(y) = cosh(ky) — /1 + (H/k)? sinh(ky), (4.7)

and nq(y) captures the backreaction on the warp factor from ®, which must be included
so that (4.4) captures all the contributions from the stabilizing sector [151]. Assuming this
backreaction is small, however, we can solve the ® EOM by setting n = ng. Doing so allows
for an analytic solution in terms of hypergeometric functions:

P(y) = c1 @4 (y) +c-P_(y),

4.8
D1 (y) = ™Yo 11 (276&; ar — 1; —bezy) ; (48)

where:
11— /1+(H/E)?
1+ 1+ (HR)?

After determining the solution for &, it can be put back into the Einstein equations to

ai:2:|:\/4-|-57

determine n;(y):

ng + N1

”—k2
ny ni + SYRVE

(307 +20?) =0. (4.9)

This equation has no analytic solution for general ®, so must be solved numerically for a
given choice of parameters.

The main approximation we make in this procedure is using the unbackreacted warp
factor, ng, in eq. (4.5) when solving for ®. A more complete solution would involve solving
the coupled equations for ® and n numerically, but as this is a boundary-value problem the
boundary conditions are difficult to implement. A common solution to this type of problem
is to use a shooting method, varying the profiles ®,n and their derivatives in the UV so
that the profiles reach appropriate values in the IR. However, this is complicated by the fact
that ® and n grow/fall exponentially, so small changes in the UV lead to exponentially large
changes in the IR. Thus, for simplicity, we adopt the following approach:

e We set n = ng in eq. (4.5), which allows us to derive an analytic solution for ®, where
we can use the boundary conditions (4.2) to fix the coefficients ¢t in eq. (4.8).
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Benchmark 1 Benchmark 2
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Figure 1. Figures showing the Goldberger-Wise field profile (top) and warp factor (bottom) for
the benchmark parameter points in eqgs. (4.11) and (4.12). Units are set so that k = 1. The grey
dashed lines in the bottom plots show the H = 0 warp factor, which deviate from ng(y) at large y.
We observe that, except in a region close to the IR boundary, n; represents a small correction to nyg.

e We then solve eq. (4.9) for ny with the boundary condition n1(0) = n{(0) = 0. This
preserves the normalization condition 7(0) = 1 and the UV boundary condition satisfied
by ng, which sets H, is unchanged.

e With these choices we then solve for n; and can adjust the detuning parameter V (see
eq. (4.1)) so that the boundary condition for n is satisfied on the IR boundary.

4.2 Numerical solutions

The coefficients c4 in (4.8) are determined by the boundary conditions (4.2), which depend
on the choice of boundary potentials. For concreteness, we take the boundary potentials
to be given by

2 2
vo(®) = ko (@ = k¥2fo) " + Vi, vr(®) = kA (@ = K¥2f)" (4.10)

where we include factors of k£ to make the quartic coupling A; and the VEV f; dimensionless.
dVuy is a constant tension which we adjust so that vo(®) = 0 after solving for ® — this is not
necessary, but ensures that Vi, directly controls the Hubble scale as in eq. (3.9), without
additional contributions from vy. The model is completely determined by the parameters
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Figure 2. Plots showing the extra dimensional profiles for the first 3 KK modes for each of the
benchmark points. The co-ordinate used is the homogeneous co-ordinate z, with the metric given
in (3.25). Units are such that k = 1.

Ai, fi, €, which determine the GW profile, the Hubble scale H and the large-IN parameter
(after choosing My = My;). The numerical solutions are most easily found if the hierarchies
between scales H < k < My, are as small as possible, so we take H = 2 x 10'3 GeV, close to
saturating the current bound from ACT/Planck [23, 24]. We give the parametric dependence
on H where possible so our results can be extrapolated to smaller H.

For the other parameters we consider the benchmark points:

Benchmark 1

e=—0.44, Io=Ar=1, fo=8x10"3, fr,=23, N=10, a=6.8x10"Y [B=-0.2,
(4.11)

Benchmark 2

e=—0.6, X=08, Ar=1, fo=56x10"% fr=4.16, N=3, «a=62x10"1" f=-0.24.
(4.12)

In the first benchmark Ms = 8 x 1017 GeV, k = 1.7 x 10'7 GeV to reproduce correct My in
the H — 0 limit, while for benchmark 2, M5 = 1.2 x 10'® GeV and k = 5.7 x 1017 GeV.

In both cases we find that A is stabilized at the Hubble scale, with m, and the mass
of the lightest KK graviton mode, my, also set by H. The first benchmark corresponds to
a case where we are safely in the large-N regime, but the NG signal is difficult to observe
with current data as the couplings of the radion and KK gravitons are suppressed by N.
However, these signatures would be observable in proposed 21-cm surveys [152, 153]. For
this reason we include the second benchmark, which has a smaller N. While this may be
more sensitive to quantum gravity corrections, it leads to observable radion-mediated NG
and more promising KK graviton-mediated NG, as shown below.

We choose negative values for €, so that ® grows in the IR. This has a natural holographic
interpretation as a marginally relevant coupling. The magnitude of & determines how quickly
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Benchmark 1 | Benchmark 2

A/H 0.6 0.6
my/H 1.7 1.7
my/H 1.8 1.8
1 (21) x 102 1.4 0.8
Fo/k 56 9
Ao -1.8 -2
o)/ H 31 5

Table 1. Table summarizing the results obtained for each of the benchmark parameter points.

® grows, at least in the region where y is small enough that H can be ignored. Smaller values
of |e] will lead to an IR boundary stabilized closer to the horizon. In the IR, when ng starts
to deviate from the H = 0 solution, ® starts to grow exponentially. In each case ® ~ O(M5)
in the IR, which is necessary for the radion mass to be positive after including the tachyonic
contribution from H (see eq. (3.40)). The solutions for ®, ng and n; for each benchmark are
shown in figure 1. Here we can see that n; < ng except for a small range of y values close to
the IR boundary, implying that the approximation we made of using ng in the equation of
motion for ® is good except in that range. As a check, we numerically solved for ® using
n = ng + ni1, with n; calculated using the analytic solution for ® in eq. (4.8), and found that
this does not significantly alter our results. With the numerical solutions for n and ®, we can
also determine the KK graviton spectrum by solving the eigenvalue problem in eq. (3.26).
We show the wavefunctions, 1;(z), of the lowest-lying KK modes for both the benchmarks
in figure 2, as a function of the co-ordinate z defined in eq. (3.25).

4.3 Spectrum of the stabilized 5D model

For these benchmark points, the relevant parameters for the radion-mediated and KK graviton-
mediated NG follow from egs. (3.42) and (3.43), and are given in table 1. These results are
tree-level predictions, we comment on possible high-order corrections in appendix A.

Our numerical results indicate the scaling
— ~0(1), — ~0(1), (4.13)

which is expected from the H = & = 0 case where the KK wavefunctions can be solved
exactly. Each of our parameter points also satisfy the bound m; > 3H/2, as expected from
the ® = 0 solutions (see eq. (3.27)). We found that we required a strong backreaction from
® in order to stabilize the radion with H # 0, with ® reaching field values ®, ®' ~ O(Ms)
in the IR for our benchmarks. This indicates that the scale invariance in the dual theory
is badly broken, and m,, is set by A — without the suppression from approximate scale
invariance that occurs in some models [154]. We also note that in each case (p) > H, in
accordance with swampland arguments [155, 156], meaning that radion oscillations around
the minimum during inflation are negligible.
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h/l,l/,l

Figure 3. In-in diagrams showing the radion (¢)-mediated (left) and KK graviton (h,,,;) mediated
(right) trispectra. Time flows vertically upwards and the horizontal lines denote the end of inflation,
parametrized by ¢g. Both the radion and the KK graviton decay into curvaton (o) fluctuations.

5 Non-Gaussianity from the radion and KK gravitons

In this section we calculate the NG signal for each of the benchmark points outlined in the
previous section and compare to observational constraints from the CMB. In our scenario,
the three-point function @ = ((k1)((k2)((ks) is suppressed by the soft breaking parameter
me, the curvaton mass, which we take to be m, < H (see the discussion below eq. (2.2)).
Hence the leading NG signal in our model comes from the four-point function.

We calculate the NG using the ‘in-in’ formalism, in which the expectation value of a
generic operator (), is given by,

(@) = (QUUTQr(to)U1R2), (5.1)

where U = T exp(—i ffooo(l_ie) dt HIPt(¢)) is the time evolution operator written in terms of the
interacting part of the Hamiltonian in the interaction picture, H"*. The relevant in-in diagrams
mediating NG are shown in figure 3, and the associated operator is Q = ((k1)((k2)¢(ks)((ky).
In the scenario we are interested in the curvature perturbation ( is dominantly sourced
by curvaton fluctuations do,

_ 240
_30'1'7

¢ (5.2)
where o; is the background value for o. In eq. (5.2) we have assumed an mZ2o? potential,

fdec = 1, and chosen a gauge where the scalar fluctuations of the spatial metric vanish.

5.1 Radion-mediated non-Gaussianity

We first compute the scalar NG signal generated by radion exchange. We focus on the coupling
of the radion to the kinetic term for ¢ as this gives the dominant contributions, with additional
couplings being suppressed by m, (see discussion in section 2.2). The bulk-to-boundary
propagators describing the massless curvaton final states are given by

2

H
Ga(ka 77) - @(1 - Zak??) exp(ia]ﬁﬁv (53)

where a = + denotes whether the bulk end of the propagator comes from time-ordering
or anti time-ordering operator in eq. (5.1). The quantized radion field can be written in

9In this section, k denotes the magnitude of three-momentum k, and not the AdS curvature scale.
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terms of mode functions as,

Sk, n) = f(k,n)*af, + f(k,n)a_x, (5.4)

with

i) = =T e (0 (5 i) ) (=20 (o), (55

and p, = ,/mﬁ, JH? —9/4. In terms of these mode functions, the four bulk-to-bulk prop-
agators for the radion can be written as,

D*+(kan1’772) = f(kanl) (k 772)*5
Dy (kym,m2) = Dy (k,m, 772)9(771 —n2) + Dy (k,n1,m2)0(n2 — m),
D__(k,n1,m2) = Dy—(k,n1,m2)0(m — n2) + D4 (k,n1,m2)0(n2 — m)-
The leading interaction Lagrangian follows from (3.43),
s 0
/d4 <_¢<p>) V=99""V ,0V,0. (5.7)

Therefore, the four-point function can be computed by using the above interaction Lagrangian
and the propagators for the curvaton and the radion. The result is:

<(50’(k1)(50’(k2)50’(k3)50’(k4)>/

dn; d
nm 7;72 030, Ga(k1,m) 0, Ga(ka,m) —n7 (k1 ko) Ga(k1,m1)Ga(k2,m))
—00 1 2
(*7723772Gb(k‘sam)ansz(kM?z)*W%(ks'k4)Gb(k53,772)Gb(k4ﬂ72))Dab(kz,mmz)+2 perms.,

(5.8)

with k; = ki + ko. The two permutations include the ¢ and the u channels. The above
integral can be computed numerically.
To parametrize the NG mediated by the radion, we recall the definition of the local 711\%5

parameter describing the trispectrum [157],

(¢ (k)¢ (k) (k3)C (ka))' = TN Pe (k) P (ks) Pe (kp) + 11 perms. (5.9)

Here and above, the prime on the correlator denotes that the three-momentum-conserving delta
functions have been taken out, i.e., (((ki)---((ky)) = (2m)363 (kg +- - +k,){C(k1) - - C(kn))'.
We fix k1 = ko = k3 = k4 = k and consider the explicitly written contribution in (5.8) to
illustrate the size of the trispectrum. In this case, the trispectrum depends only on k and
kr = |ki + k|, and we define its strength via,

3
(€0t ) e (s k)’ = ()RR, (Ga0)
ki |=k, kr <k
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Using Pe(k) = (C()C(—k)) = 2H2/(902K?), we get

: 18)2 02
T](Iaﬁhon = # radlon(kl/k ,Unp) (511>

where Tiaqion is a dimensionless function of the momentum ratio k;/k and the radion mass,
which we compute numerically. As per the cosmological collider physics mechanism, Tyadion
describes the on-shell propagation of the radion before its decay into curvaton fluctuations.
Accordingly, the temporal oscillations of the radion translates into oscillations in k;/k [22],

as shown explicitly in figure 4. Parametrically, the prefactor in 1{?‘110“ can be expressed as,
2 ;2 2
Ago /\“’U U (5.12)
(p)2 ~N2A2Y

which illustrates the scaling with V.

5.2 KK graviton-mediated non-Gaussianity

To evaluate the spin-2 NG signal mediated by the exchange of KK gravitons, it is useful
to decompose the [-th KK graviton, with five degrees of freedom, into helicity eigenstates
iLW,l = Z%\Zd ]N“L;(j\y)’l, where B;w,l satisfies eq. (3.22). While all the helicity modes would
mediate NG, here we focus on the helicity £2 modes, which are unique to a massive spin-2
particle. The helicity £2 components can be isolated by writing ?‘LS:I ) = h( 2) (iz) + ey

where - - - includes helicity 0 and 41 states. For a mode propagating along the 2 d1rect10n,
the polarization tensor is given by

1 +i 0
@) =+i-10]. (5.13)
0 00
The mode functions are given by
+2 _ V7k i (1 )) =127 5.14
W) = S exp (5 (5 +in) ) (—hon) 2 HL) (k) (514

with = /m2/H? — 9/4, and conjugate of hi**(k,n). In terms of these mode functions, the
four bulk-to-bulk propagators can be written as,

2 (k)b (k)

(k m)*hi (k. me),
(ko m2)0(m = m2) + Dy (k,m1,12)0(n2 — m),
(ki m2)0(m — m2) + Dy (ky 1, m2)0(n2 — ).

Dy (k,mi,m2
DJr*(kv ;12
(
(

(5.15)
kyni,me

kymi,me

) =
)
Dy ) =
D__ ) =
The interaction Lagrangian follows from (3.42)

1 . 1
— X )/d41‘\/—7§V“50V”50hW71 > _MXZ(L)/dnd3xai50'aj50'hl(i2)€§;t2) 4.

2M,
(5.16)
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Therefore, for each helicity we have,

<50’(k1)50’(1{2)50(1{3)50(1{4))/

L 2 0 -
_xd) P(k1,k3)/ dmdnaGa(k,m) Ga(ke,m)Go(ks,m2) Go (Ka,n2) Dan (k1,01,1m2) +2 perms.,

M3
(5.17)

where P(kl, k3) = klikgjkgm/ﬂ;neg;w)(]%[)6%712)(—]%1) = k%k‘% sin2(91) sin2(93) exp(2|222'q§3) with

k; = k1 + kg, cosfy = 1%1 . lAﬁ, cosflz = 12:3 . 12:1, and ¢3 is the dihedral angle between the
two planes containing ki 2 and ks 4. The contribution shown explicitly above is from the
s-channel and the two permutations include the ¢ and u channels.

Following the same procedure as above, we can define a KK graviton-mediated trispectrum,

rav k 3 . .
(€(1e1) ()¢ (s ) — e (S Pk Pelhy)sind 0y sin® 6 cos(26).
ks |=Fk, kr <k
(5.18)
Taking into account the s-channel contribution,
18x:(L)%0?
gy _ I8D)0T gk ). (5.19)

NL M3

Similar to the radion, Tkkgrav Oscillates as a function of ky/k (figure 4), depicting the on-shell
propagation of the graviton following its production. The prefactor can be expressed as
xiL)’e} o}

~— 5.20

where we have used (3.28).

5.3 Results and future prospects

We now summarize the results of the numerical computation of the trispectrum shown in
figure 4 and compare that with expectations based on the 4D dual CFT. First, we focus on
Tl{%jhon. Based on eq. (5.12), and taking Apy ~ 2, A ~ H, and 0; ~ 2 x 103H to reproduce
the correct power spectrum (eq. (2.4)), we expect 7adion ~ 107/N2. This matches at an
order-of-magnitude level the results seen in figure 4, where Benchmark 1 and 2 correspond
to N =10 and N = 3, respectively. For both these two benchmarks, the radion mass was
given by my, ~ 1.7H. Therefore, the ‘Boltzmann suppression’, while present, is not severe:
exp(—w(mi JH?—9/4)1/2) ~ 0.1. For N = 3, these values are comparable to the observational
bound derived in [114] for a similarly massive spin-0 particle: me™Y = (—5.8 4 7.9) x 10°.
For a more detailed comparison, a full evaluation of the radion-mediated trispectrum, beyond
the specific kinematic configuration considered here, is required. This will be addressed in a
separate work. For N = 10, the NG signal is an order of magnitude below the CMB bounds
presented in [114], but future observations, especially involving 21-cm surveys [152, 153],
would provide powerful sensitivity.

The trispectrum mediated by the KK graviton, has an overall scaling which goes as
02/(NA)? (see eq. (5.20)). This has exactly the same parametric dependence on oy, A, and N,
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Figure 4. Trispectrum mediated by the radion (top) and the KK graviton (bottom). The oscillations
capture the on-shell production of the radion and the KK graviton during inflation.

as the radion-mediated trispectrum. This is expected from the 4D arguments in section 2.2
since both the radion and the KK gravitons are dual to the glueballs of the (broken) CFT.
Based on these arguments, we estimate 7o &~ ~ 4 x 106/N2 for A ~ H. This also matches
at an order-of-magnitude level with the results in figure 4. For N = 3, the trispectrum is
somewhat smaller than the bounds obtained in [114] for a similarly massive spin-2 particle:
Tlgiavy = (0.8 +2.9) x 10”7. However, we recall that we have only computed the contribution
in specific kinematic configurations and considered only the helicity £2 component of the
KK graviton. A full computation, including the other helicity modes, would be relevant in
making a concrete connection with the observational bounds. This will also be addressed
in a separate work. For N = 10, future 21-cm surveys will again be especially relevant

in constraining this signature.

In the above, we have described how to stabilize an extra dimension such that both the
radion and the lightest KK graviton have a mass of order the Hubble scale. However, extra
dimensions can have sizes much smaller sizes such that both m,m; > H. In such a scenario,
the oscillatory signatures shown in figure 4 would be exponentially suppressed as exp(—mm/H).
Several mechanisms have been proposed that can overcome this sort of suppression in the
context of standard 4D theories. Examples include ‘chemical potential’-like derivative
couplings of the inflaton field with currents consisting of massive fields [40, 47, 55, 66, 158],
and features on the inflationary potential [68, 159]. It would be interesting to explore whether
these mechanisms could also be operational in the extra dimensional scenarios discussed
in this work.
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6 Conclusions

Cosmological observations offer a way to probe energy scales far above those accessible to
terrestrial experiments. Particularly interesting in this regard are primordial non-Gaussianities
mediated by states with masses of order H during inflation. Given H could be as large as
103 GeV, this ‘cosmological collider’ could extend our experimental reach by many orders of
magnitude. This opportunity has led to a large research effort devoted to understanding the
prospects for seeing new physics in these observations. An intriguing possibility is that new
states from the presence of extra dimensions could lead to such a signal. Despite being well
motivated from UV models such as string theory, studies of the cosmological collider signal
from extra dimensions have focused on flat extra dimensions and have not fully accounted
for the effects of stabilization.

In this work we studied the cosmological collider signal from warped extra dimensions.
Scalar moduli and KK graviton modes are two generic predictions of extra dimensions, as
they correspond to gravitational degrees of freedom in the higher dimensional theory. When
the scale, A, of the extra dimension is A ~ H, both the radion modulus and KK states
have masses of O(H) and can mediate a large NG signal. When the extra dimension is
warped, the relevant couplings of the radion and KK modes to IR states are suppressed by A
rather than M. This leads to an enhanced signal compared to flat extra dimensions if the
curvature perturbation is generated by a field on the IR boundary. We explicitly showed this
by implementing a mechanism to stabilize the extra dimension, which allowed us to calculate
the radion mass, KK mass, and their couplings in a complete, stabilized 5D model.

This setup thus leads to a spin-0 cosmological collider signal generated by the radion as
well as a spin-2 signal generated by KK graviton modes. In both cases, the couplings which
generate the signal are suppressed by factors of the large- N parameter of the RS model, and

mm/H characteristic of the cosmological collider signal. The signal

by the Boltzmann factor e~
is thus largest when N is made small (while retaining theoretical control) and the masses
of the mediating states are not too much larger than H. We found benchmark parameter
points for N = 3 where the spin-0 non-Gaussianity is large enough to be constrained by
current CMB data. The spin-2 signal in this case, and both the spin-0 and spin-2 signal for
larger N, evade current bounds but may be observable in future surveys. This highlights
the exciting prospect that current and upcoming cosmological observations may see a sign

of high-scale extra dimensions.
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A Higher order corrections

In this appendix, we discuss loop corrections to the masses of the radion and curvaton
and show that they are generically suppressed, justifying our approximation of working to
tree-level. Corrections to the radion mass come from fields x on the IR boundary, which
interact with the radion through the terms (after integrating over y)

L _1@222
%_2@3) X (A1)

Expanding ¢ around its VEV leads to a cubic interaction vertex d¢x?, which generates a

correction to the radion mass which goes like [33]

) 3H*

omyg, = 872(p)2’

(A.2)

where we have assumed m, < H < A for IR-localized fields. The proportional shift in

~

my, is then

2 4
omg, __3H ' (A.3)
mfp 812 ()2 A2

The shift in the mass is therefore negligible, being suppressed by 1/N?2, loop factors and () /H.
Similarly, corrections to the curvaton mass from radion loops are controlled by the coupling
A = (my/{p))?, which is suppressed both as (p) ~ NA and as we are working in the
regime m, < A.
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