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ABSTRACT: We study the gravitational signatures that arise from compactifying Type IIB
supergravity on a compact space containing a Klebanov-Strassler warped throat. After
reviewing the dimensional reduction of the 10d graviton and explicitly obtaining the equa-
tions of motion for the 4d tensor h,,, vector h,, and scalar hy,, modes, we find the masses
and wavefunctions of the Kaluza-Klein tower of spin-2 states. We explore how the masses
and wavefunctions depend on the balance between the strength of the warping and the size
of the bulk, and how these relate to the range and strength of the interactions which correct
the Newtonian gravitational potential. By computing the modified Newtonian potential
for sources on a brane somewhere along the throat, and applying consistency constraints
on the Klebanov-Strassler parameters, we obtain predictions for the phenomenological pa-
rameter space. In the case of a fully warped throat, and depending on where the brane is
along the throat, these predictions are narrow in range and consistent with current obser-
vational and experimental constraints. We also begin an exploration of gravitational wave
signatures of KK gravitons in warped throats, finding that strong warping can bring the
corresponding frequencies down to the windows of current and proposed experiments.
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1 Introduction

The recent success of the LIGO and Virgo collaboration in directly observing gravitational
waves (GW) from the merger of two black holes [1] kick-started the era of GW astronomy.
Since then several signals were detected, not only originating from black hole mergers [2-5],
but also from black hole-neutron star [6] and binary neutron star [7] mergers, with asso-
ciated electromagnetic signals which can be used to extract more information from these
events. In particular, the study of GW signals can be used to test General Relativity (GR)
in an unprecedented way [8-14], constraining deviations from GR and therefore alterna-
tive theories of gravity and quantum gravity completions, such as string theory. With
several ground and space-based experiments, such as the Einstein Telescope (ET) [15] and
LISA [16, 17], planned for the near future, and interest in GW searches at ultra-high
frequencies (UHF) in the range MHz—GHz [18] not covered by these experiments, the grav-
itational signals of modifications to GR will have the potential to test any theory (such as
a UV completion) in which they arise.



This exciting progress in gravitational wave detection is complemented by a host of
other diverse experiments and observations. From torsion table-top experiments, astro-
nomical tests [19] and atom interferometry [20], to the Event Horizon telescope [21, 22]
and collider searches [23], GR is being tested in all possible regimes, with strong and weak
field tests. One should ultimately combine all these results, looking for how they match,
differ or complement each other, in order to know what kind of deviations of GR are still
possible and which are excluded [24]. A useful way to combine some of these tests is by
choosing a common parameterisation, e.g. expressing the results in terms of a correction to
the Newtonian potential [23] — we will see that one can compare a specific string theory
compactification setup with several experimental and observational results by looking at
such corrections in the form of a single Yukawa interaction.

A characteristic feature of string theory is the presence of extra dimensions and the need
to obtain a 4d effective field theory (EFT) compatible with all available observations. One
usually considers the compactification of the extra dimensions onto an internal compact
space, which results in a 4d EFT in which each higher-dimensional field gives rise to an
infinite tower of massive modes, known as the Kaluza-Klein (KK) tower,! and the UV
cutoff is the mass of the lightest KK state (or lower if lighter moduli have been integrated
out). Since in string theory gravity is described by the ten-dimensional graviton, the KK
towers include a tower of massive graviton KK modes which might have direct effects on
gravitational waves and other gravitational effects [27-34] . These massive graviton states
are usually integrated out as their masses are much higher than the energy scale of interest,
such that the low-energy 4d theory gives simply GR. However, for high enough energies, i.e.
for energies close to the masses of these states, the first KK modes will start contributing
with corrections to the effective theory and, in particular with corrections to the Newtonian
potential.?

On the other hand, within string theory, our Universe could be confined to a (3+1)-
dimensional brane (or stack of branes), since the states giving rise to the Standard Model
can come from open strings which end on different types of branes — these states are then
confined to live on the brane and cannot directly probe the extra dimensions. The brane
itself could be located at the tip of a warped throat in the internal compact space — the
warped throat allows the natural high scale of the higher-dimensional theory, typically the
string scale, to be supressed on the brane, helping to bridge the gap between the UV scales
considered in string theory and the observed IR scales of the 4d theory. Warped throats are

IThe existence of such a discrete tower of states relies on the compactness of the internal space — if the
extra dimensions are not compact, the spectrum will be a continuum of states (e.g. the spectrum of [25]
is continuous whereas the very similar setup in [26] gives a discrete spectrum because the extra dimension
is now compact). This has a direct impact on the form of the corrections to the Newtonian potential that
arise from these extra-dimensional models, which will take a Yukawa-type form for compact cases such
as [26] but a power-law form for non-compact cases such as [25].

2In principle, light moduli and higher string modes could also contribute corrections to the Newtonian
potential. We will show below that the higher string modes are typically heavier than the KK modes for our
constructions, and so present subleading corrections. We will further assume no light moduli; alternatively
their contributions could also be worked out in concrete constructions (e.g. the deformation modulus or
volume modulus).



also useful in de Sitter constructions, such as KKLT [35] and LVS [36], being responsible
for the suppression of the naturally high scale of an D3-brane responsible for uplifting an

AdS minimum into dS. An explicit solution of Type IIB supergravity describing a warped
throat, known as the Klebanov-Strassler (KS) solution, uses a warped deformed conifold as
the internal space [37] — this is a non-compact solution, but one usually considers smoothly
gluing a finite portion of this solution to a compact Calabi-Yau 3-fold (CY3), such that the
internal space is compact.

In this work we consider a flux compactification of Type IIB supergravity in the pres-
ence of a warped throat and study its effects on the gravitational sector of the 4d EFT. Our
main focus is the corrections to the Newtonian potential which can be compared to observa-
tions across diverse scales [23]. The dimensional reduction of a D-dimensional gravitational
theory down to 4d was performed in [31], with warping taken into account, in order to study
the effects of extra dimensions in gravitational wave signals. The effects of the warping
are further explored in [32, 33] in the context of warped toroidal backgrounds. Focusing
specifically on Type IIB supergravity, we dimensionally reduce the 10d action down to 4d
by considering the warped background to be described by a compact CY3 with a warped
throat described by the KS solution. The effects of this warped geometry on the tower of
KK states were previously considered in [38] (see also [39]), where the mass spectrum of
graviton KK modes was obtained. We reproduce the results found in [38], paying more-
over careful attention to the normalisation of the graviton KK mode wavefunctions which
provide the couplings to other modes in the theory. The importance of this normalisation
was already emphasised in [40], where it was noted that higher KK modes have stronger
couplings when considering a KS warped throat rather than the Randall-Sundrum model
(RSI) [26], the latter giving a good approximation only away from the tip of the throat.
Finally, we consider a braneworld model within this warped Type IIB setup and study the
corrections to the Newtonian potential between masses living on the brane due to the pres-
ence of the KK tower (this was done in the context of RSI in [41, 42]). We provide direct
relations between the phenomenological parameters characterising a Yukawa-type correc-
tion to the Newtonian potential and the parameters defining the string compactification.
By combining with consistency conditions on the string compactification, we thus identify
the exclusion region in the parameter space for a Yukawa-type correction to the Newtonian
potential arising from a Type IIB brane model in which the Standard Model hierarchy is
achieved by placing the brane somewhere along a KS warped throat. We moreover begin
a study on the implications of warped throats for gravitational wave experiments, iden-
tifying points in the parameters space of the KS solution which bring gravitational wave
frequencies down to observable scales.

The paper is organised as follows. In section 2 we obtain the 4d wave equations
describing the tensor, vector and scalar modes that descend from the 10d graviton and
depend on the geometry of the compact space, which we take to include a cut-off KS warped
deformed conifold. In section 3 we find the corresponding KK tower of tensor modes,
which describes an infinite set of massive spin-2 fields in 4d, by computing the masses and



wavefunctions of the tensor modes, with their respective normalisations. In section 4 we use
these results to compute the corrections to the Newtonian gravitational potential due to the
massive tower and compare these predicitions with current experimental and observational
constraints. In section 5 we begin an exploration of gravitational wave signatures of a
warped throat. Finally, in section 6, we provide a summary of our results and an outlook
to future research.

2 Dimensional reduction of the 10d graviton

In this section we study the dimensional reduction of the gravitational sector in 10d Type
IIB supergravity. We are interested in the equations for the 4d modes arising from the 10d
graviton, which not only provide their masses in terms of the characteristics of the compact
internal space, but also determine how the different modes couple to one another and to
modes descending from other 10d fields. In section 2.1 we obtain the 10d wave equation
for fluctuations hpry of the 10d metric Gy (2.20) on a fully general background. In
section 2.2 we discuss the deformed conifold and the Klebanov-Strassler solution, which
will constitute part of our 6d compact space together with a compact Calabi-Yau 3-fold.
Finally, in section 2.3 we dimensionally reduce the wave equation (2.20) using the Klebanov-
Strassler background and obtain the 4d equations describing the tensor, vector and scalar
modes that arise from hysn.

2.1 Perturbed Einstein equations in Type IIB

We start with the 10d action for Type IIB supergravity, which is the low-energy EFT of
Type IIB string theory, valid at energies E < M, ~ 1/v/o/,

1 1 s
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where R is the Ricci scalar, @ is the dilaton, Hg is the field-strength of the NS 2-form Bs
and F), is the field-strength of the RR (p — 1)-form C)_1,

Hs = dBs, Fy=F;— CoHs, (2.2)
- 1 1
Fp:de,l, Fy :F5—§CQ/\H3+§BQ/\F3, (23)
1
|F,% = ﬁFMlu_MpFMl---Mp. (2.4)

The action (2.1) is written in the 10d Einstein frame, with 2xk? = (27)7¢2a’*, and must
be supplemented with the self-duality condition Fy5 = «F5. We use capital Latin letters
M, N, P,Q for 10d indices, while 4d indices are represented by lower-case Greek letters



p, v, p,o and 6d ones by lower-case Latin letters m,n,p,q. The (trace-reversed) Einstein
equations for Type IIB take the form?

Ryn + = (T-l— LYGyn —Tun =0, (2.6)

where we define

oL 1 62(I> PQ

Tun = ~SGMN 25(3M‘I))(5N‘1)) + 7(5MCO)(8NCO) 4 “P(Hz)vpq(Hs)y
~ ~ 2 ~ ~
+ %(fq)(F:’))MPQ(F?))NPQ + ﬁ(FS)MPQRS(F@NPQRS (2.7)

so that 7 = GMNTyuy, and £ is the matter Lagrangian that couples to the metric (i.e.
does not include the topological Chern-Simons term),

1 M 2957<I> 2 Os &2 T
52—5(31\4‘1))(3 P) — |F1’ | H3| 5¢€ | P3| —Z|F5\ : (2.8)

We want to study the perturbations hpsy to a background 10d metric gprny. An
equation for hpsy is obtained from (2.6) by perturbing Gyny — gyn + harw to first order
in h MN

1
0= Riy+ g(T(O) + Lgnn — Tark

1 1
i Rf\?N + g(T(l) + E(l))gMN + g(7‘(0) + [,(O))hMN — T]\(41])V, (2.9)

where Ry;n, Tun, £ have been expanded to linear order in hpsn, so that RM N TJ\(/[O])V,

£ only depend on the background ¢a;n and REM)Nv 7']\(41])\,, £ depend linearly on has.
In particular, 7 = gMNT]\(/[l])V — gMPhpQgQNTA(fJ)\,. Imposing that the background metric

satisfies (2.6), we obtain

Ry + < (T(°> + L) garn = Tk =0, (2.10)
1 1
Ry + g(T(” + LM gurn + §(T( )+ LYy = Tk = 0. (2.11)

Expanding Rjsn to first order in Ay to find RE\})N,

1
Run = R(O) + <—2[110hMN + 9"V PV arhnyg — VMVth) , (2.12)

where the covariant derivatives Vj; are with respect to the background metric gysn, Lig =
gP AV, pVg and hyg = gP Qp pg- Commuting the covariant derivatives using

AB p(0
VpVarhng = VuVehng + g PR v ahas + 9 PRE) o ahsN (2.13)
3We can also write 1 1
Ryun =Tun — g(T—&- L)Gun =Tun — gG]MNT7 (2.5)
in terms of Tyny = — \/iia 5%VG;IGN£) =Tun + %GMN[, and the trace T = GMN Ty . However it is useful

here to have T and L separately.



and contracting the PQ indices with ¢g©'%

gPQVpVMhQN = gPQVMVthN + gPQR(O)ANMPhQA + gABRE\(/)[)AhBN , (2.14)
we can write R(l) as
MN
1
RS\?N = _iljlﬂhMN + gPQhQ(MRE\(l)gP + R(O)SMNPQPQhQS + V(MgN) 7 (215)
where Gy is defined as
1
gy = gPQVthN — ithlg. (2.16)
We can now use (2.10) to replace Rg\%, so that
1

8

and the first order equation becomes

1 1
—imlohMN + R(O)SMNPgPQhQS + Vo + g(T(l) + L) g

+9"houi Ty — Tik =0. (2.18)

Note that, by definition of Tasn, £V = T]\(JOJ)VhMN, so that 7MW + £1) = gMNTA(}J)V, where
7']\(41])\, is obtained by expanding Tasn to first order in hasy,

Tain = <g8 (e_q)(HS)MRS(H:s)NRP + eCD(F3>MRS(F3)NRP)

2
+ isl(Fs)MSUR(Fs)NPIJR> 9"%hsq . (2.19)
Finally, choosing the gauge such that Gy = 0, known as de Donder (or harmonic) gauge,
equation (2.18) becomes

Diohan — 2RO, LgPPhgs — i(gPQTég)gMN — 29" houu T +2Thtk = 0. (2.20)
This is a wave equation for the 10d metric fluctuations hpsn, sourced by Tyn. We see
that (2.20) depends on the background geometry gpsn, as well as on the background values
of the other Type IIB fields (®, By, Cy, C2, Cy). Upon compactifying the Type IIB action
from 10d to 4d, (2.20) gives rise to three equations describing tensor, vector and scalar
modes in the 4d EFT, and the way these equations are coupled depends on the background
geometry (which depends itself on the background solution for the scalars and form fields).
In the next subsection we introduce the deformed conifold which, together with a compact
CY3, describes our internal space.



2.2 Background solution — the warped deformed conifold

In order to obtain the 4d EFT, we consider a Type IIB flux compactification with an
internal space composed of a compact CY3, which constitutes the bulk of the compact
space, together with a warped throat, which can be described by the Klebanov-Strassler
solution [37], corresponding to a warped deformed conifold,* smoothly glued to the bulk.
Considering surfaces in C* given by Zle w? = €2, with € a non-zero complex parameter

(if € = 0 the conifold is singular), gives a deformed conifold with metric [37, 44-46]
2 e'/? 1 2 512 h2 1)2 212
dSgon = TIC(T) 353 (7) (dT +(9”) )+Slnh (7/2) ((9 )"+ (97) )
oo/ (@7 + 0F) ). (221

where K(7) = % and ¢ are a basis of one-forms [44]. In this basis, the metric

only depends on 7 which is related to the radial direction along the cone. For large 7 the
metric approaches the singular conifold metric

ds?,, = dri> + 7’§> (;(95)2 + éil(gi)2> ,  asT — 00, (2.22)
i=
where the coordinate r. is defined as r§> = 25%64/ 3¢27/3 while for small 7
ds2,, = drZ + %dQ% + R2d03, asT—0, (2.23)
where r2 = 544/3 2 e 72d03 = ((¢1)% + (¢°)?) is the metric of an S? and dQ} =

(9% + (g*)* + %(95)2) is the metric of an S3. We see that 7« — 0 as 7 — 0, and we are

left with the metric for an S® whose size R, is controlled by the deformation parameter e,

4/3 /9 1/3
2 _ ¢ “
rR=-5(3)" (2.24)

The Klebanov-Strassler solution is obtained in [37], using the deformed conifold as an
ansatz for the internal space of a warped solution of Type IIB supergravity. The 10d metric
can be written as

ds%o = eZAng:c“dx” + 672Agmndymdy”. (2.25)

Notice that this results in a non-compact solution, which is not suitable for phenomeno-
logical applications. Therefore, in practice only a finite portion of the Klebanov-Strassler
solution is used and glued to a compact CY3 (or more generally, a compact 6d bulk). Due
to the symmetries of the conifold, the warp factor can only depend on 7 and is given by [37]

"gs M )? > h(z) -1
f“:?ﬂﬂ%%ﬂﬂ, uﬂz/cm“WE?@mm@—nW?(mm
€ T S1n X

4The Klebanov-Strassel solution is a special case of a broader class of solutions for the deformation of
the conifold metric with fluxes that preserve the SU(2) x SU(2) X Zz symmetry of the geometry [43].



For the conifold in the small 7 limit the metric takes the form
2
ds2y = g, datda” + =24 <dr3< + %d@% + RSdQ§> : (2.27)

The physical size of the S2 is R%B, = ¢ 24R?

€

which does not depend on the deformation
parameter e
2 —2A p2 22/3 1/2 ) 7=0 /

Ry = e “"R: = m[ (1)) (gsM)a" = (gs M), (2.28)
from which follows the condition gsM > 1 for a well under control supergravity (i.e. such
that the o/-expansion with which the Type IIB low-energy supergravity used in [37] is
derived is under control).

Far away from the tip, the warp factor becomes [47]

L* 3g.M  3g.M r
—4A s S >
~— |1 1 , 2.29
‘ rd * 8K + oK P (TU\/> (2:29)
where we define
27w gs M K
et o 1 (2.30)

4 (2m)4

with K being the flux number through the non-compact cycle® and ryy the value of r,
where we cut the throat and glue it to the bulk
31/2
ruy = 25762/3671“’/3. (2.31)

The background warp factor, e %4, that solves the 10d Einstein equations in the pres-
ence of fluxes, is only fixed up to a constant shift in y™, motivating the following form [48]

e~ 4AW) = =100 4 ¢(z). (2.32)

On the other hand, gmn — Agmn together with 24 — \e?4 is a gauge redundancy of the
6d part of the metric [49, 50], and we can choose A = ¢(z)'/? to rewrite (2.25) as

—440(y)] 71/ ~440(y) /2
ds® = |1+ 60(93)1 em(z)gwdx“dx" + |1+ ec(az)} c(2) Y2 gndy™dy™ | (2.33)
and define the warp factor as
e—4Ao(y)
H=1+—"——. (2.34)

c(x)
In the limit ¢(x) — oo, H — 1 and we naturally recover the unwarped case. Approaching

that limit we identify c(xz) = V?/3, where V1 is the unwarped volume of the compact
space, as we would expect for a volume modulus once coordinates are chosen such that

5More precisely, the cycle which is non-compact in the non-compact Klebanov-Strassler solution, but
becomes compact when only a finite portion is glued to the compact bulk.
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Figure 1. Warp factor H(7) (in log scale) for different choices of 7.. We can see how the choice of
7. is directly related to the strength of the warping and the size of the warped throat (defined as
the region with non-trivial warping).

Ve = [ dﬁy\/% = lg. The factor e22*) anticipates the Weyl-rescaling necessary to go to
the Einstein frame in 4d.

Importantly, the question of whether a region is warped, through H(7), depends not
only on the solution e~440(7) but also on the size of the bulk to which the throat is glued.
The warping will dominate when e~%4°(") > ¢ and be negligible when e~440(") « ¢, so
that effectively the throat ends at e 440(7) ~ ¢. This interplay between e 440(7) and ¢
gives an interesting intermediate regime of weak warping which was explored in [51]. For
concreteness, we can define the gluing point 7, such that e 440(") = ¢ keeping in mind
that the gluing must involve a smooth transition between the warped throat and the bulk

around 7.. Therefore 7. can be defined implicitly in terms of the conifold parameters

6—4A0(Tc) (a'gsM)2 1

c ced/3 I(r.)’ (2.35)
which allows us to rewrite the warp factor as
I(7)
H =1 . 2.36
Tc(T) + I(Tc) ( )

This highlights the fact that the warp factor depends on one parameter only, 7.. Even
though it is implicitly determined by a specific combination of the more familiar parameters
through (2.35), it is a convenient parametrisation since a choice of 7, has a clear physical
interpretation. In figure 1 we show how the warp-factor H(7) behaves for different choices
of 7.

Dimensionally reducing the 10d Einstein-Hilbert term in (2.1) down to 4d using the
metric (2.33), we obtain

VO
S = 2—:2/614%/—9434 +.., (2.37)
where the Weyl factor e22(*) is defined as

2a) _ Va _ Vi
c(x)3? [dSy\fgs H Vi’

Vi = c()*? / d®y\/g6 H . (2.38)



The choice of constant V), which ensures that the Weyl factor is dimensionless, is arbitrary.%
The most convenient choice is V.0 = (V,,), such that (e*?(*)) = 1, i.e. the two frames are
the same at the vev and we can relate the string scale with the 4d Planck scale using frame
independent volumes. With this choice, the definition of Mp is
M7123 o L _ Lg — ms s
2 2k]  2K2 Mp — \/4mV0

Note that the relation between the string scale” and the 4d Planck scale is only determined

(2.39)

once the volume modulus is fixed (analogously to what happens with the dilaton in 10d,
where the physical gravitational coupling can only be related to the string frame coupling
once the dilaton is fixed). In what follows we assume that all moduli are stabilised, including
in particular the volume modulus, and work at the resulting vacuum. Therefore, we use
the metric

ds?® = H*1/2gwdw“dx” + HY2 g dy™dy" (2.40)

22) to its value at the vacuum and letting ¢ = (c(z)) and Vi, = V0 from

by setting e
now on.
For the simple case we are considering, with one bulk and one throat, V,, is the sum

of the bulk volume Vi and the throat volume Vi,

Vo =V+ Vin, (2.41)
where
Vg ~ /2 / dby /g6 = /218, (2.42)
bulk

whereas for V;;, we find

Ve /2 [ by fgge o

throat

3 / 2 Te
= 25/337(05 g;M) 6461/2/ dr sinh?(7)I(7)
3 €83 0

97° ((34'981\/-[)2 4.1/2 27¢/3 2
ST T e {1+e (37’0—1>}, (2.43)

where we used the large 7 behaviour of the integrand to perform the integral. Expressing

this in terms of ryy (2.31), using the flux quantisation condition that defines the flux

number K and the fact that strong warping requires Z—ﬁ > 1, we find

2
_ gsMK (Rthroat> ZS ’ (244)

Vin ~ 27r4gsMK(a')201/2r%V =" i
S

where we defined the physical size of the throat, Rinroat = ct/ 4ryy. This can be compared
with the volume of the unwarped deformed conifold of physical size Reon,

2 3 RCOH 6
Vconz(gl) ( ; ) s (2.45)

SNote that all the mass-scales in units of M, will be independent of the normalisation of e2?(®).

"In our conventions, (2r)%a’ = 2 and m, = I;!, which differs from M, = 1/va/ = 27wms.

~10 -



Our goal is to find the towers of KK modes that follow from the 10d metric after
compactifying the Type IIB action on the background geometry (2.40) and identify their
effects on 4d gravitational interactions. In the next subsection we decompose the wave
equation (2.20) using the background (2.40) and find the equations for infinite towers of
4d tensor, vector and scalar modes.

2.3 Wave equations in the warped deformed conifold

Using the background metric (2.40) we can rewrite the wave equation (2.20) in terms of
the 4d and 6d operators, which gives equations for h,,, h,, and hp,.

On the other hand, the background solution for the metric (2.40) together with the re-
quirement that the 4d spacetime preserves Poincaré invariance implies that the background
solutions for Hs, F3, F5 take the form

1
Hs = o Hinnp dy™ A dy™ A dy”, (2.46)
1
Fs = 51 Fonp dy™ A dy™ Ady?, (2.47)
F5 = 5'( + %10)y/9a da A da? A da” Ada” Ada?, (2.48)

where we also use the self-duality condition that must be imposed on F5, x1¢ is the 10d
Hodge star operator and o = H~! [52]. Recalling that a = a(y), we can write these in
components as

(H3)mnp = 030N Op Hunnp (2.49)
(F5)mpPQRs = 0310p0b05%08+/94(Oma)€xnps
a r ¢s V -G mmnpo
+ 5M5%5225R5ST\/§74(3”104)6#W06 P apqrs (251)

Similarly, the background values of 9y ®, dasCy are only non-zero for internal compo-
nents. We can therefore compute the different components of TJ&O ) (2.7) and T(l) (2.19),

7;58) = W@H) Guv » (2.52)
T =0, (2.53)
) 1 e2<I>
Ton = 5(8m(1))(anq)) + 7(877100)(87100) 4 (H3)mpq(H3)
9s &1 = gz
e (B (Fy) 77 — 2 (0 ) (0 ), (2.54)
2 g2
gS m Vol
7;5;}) = W(3H)2(hw L HH/Q {9 9" (0pH) (0 H ) himin } Gy, (2.55)
gs
T = ~qoij2 goya lwumd " (OpH) (0 H) (2.56)
Js — s TS gs
7-77(1171) = W(e (I)Hm nrp + eq)Fm Fnrp)gpqhsq H7/2 —h’ (a H) (anH) ) (2'57)
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where (0H)? = ¢?4(9,H )(0,H ), from which follows the trace

2
W, (OH)? = 2o g™ (0, H) (0, H)hyun

PQ(1) _
9 QTPQ 1/2H4

2(;3;{2 (€™ Hyro H™ + ¥ Frpps F™" ) g By (2.58)

Finally, we can decompose the wave equation (2.20) into the three equations describing

the 4d dynamics of the tensor, vector and scalar modes. In doing so, we are only taking
into account fluctuations of h;sn, whereas all other field fluctuations are set to zero for
simplicity. One should ultimately check that this is consistent, e.g. because the fields are
heavier than the first KK modes of the graviton, or take into account such fluctuations.

Aph hu Ay H gp \Y% O,H
. prl/2 My uv M ao (# v)p
o< Y il crzgiz gz~ HHhead B e 2c1/2 {3/2 (2.59)
gP10ph,,, 04 H 1 9 h, )
s ey O e = o s e (0H)
gpqu‘S 1
s (e—CDH H™ra + 6<I>F Fmrq) P — ()
Sc2 fo/2 Im mrs mrs 9 Npg =Y,
Aph Pah,,V 00 H 1
.orrl/2 Mun g7 Nyup VpOn 2
prs B abyn + il = potfappan -~ oy OH) hun (2.60)
9PN uhpnOgH 1 y)n 4o 9" V) hyp
— i + §H 2gP7N yhyueOn H + 01/2H3/2
1 0 g2 2 ga
- 01/2H1/29pqh#477gp) T A2 92 (OH) hyn — 2c1/2 1972 hum g™ (Op H ) (0n H) =

Anmh hyn AMH 29" hy RP
. 1/2 Mlmn— lmn 2 M . pritv mns
mn : B g, + /22 T 90172 [3/2 /212 (2.61)

gP”Vpha(man)H gquphq(man)H gqu(nhm)paqH

H1/2 o cl/2 [13/2 + c1/2 [13/2
PN phipnOg H 1 9 5Py, Oy H Oy H
O Cl/2f3)2 + /2 5/2 (OH )" hpn, — Acl/2 [5/2
’ 1
2H3/2<HV OnH — 0, HOy, H+4gmng 10,H 0, H)
hysOp, HOg H s o e
W((spm‘sqng + Gmn (9" 9" — g gpq))
g2
2 gs n
( H?/ghp OH)" + e 9" (OpH) (0 H ) hunn
_ L(G*CPH H™q 4 ebe Fmrq) sph, . L paj, T(O)
203/2H3/2 mrs mrs 9 pq | 9mn 01/2H1/2-g q(m n)p

J - g:
e € Harp - €, By )P hay — S (O H) (00 H) = 0

where Oy = ¢"'V,V,, Apm = ¢P7V,V, and the covariant derivative V, (V,) is with
respect to the 4d metric g, (6d metric gpq).

The resulting equations (2.59)—(2.61) couple hyy, h,n and hp,,, which makes it hard
to find a general solution. Since we are most interested in the 4d gravitational modes
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hyw, we may consider the simpler case where h;, = hpy, = 0, i.e. a solution for which the
vector and scalar modes vanish.® We also make the field redefinition hyw — H —1/ 2h,w, SO
that (2.59) describes fluctuations of the 4d (unwarped) metric g,,,. The equations become

NV i B h?
uv o D4hul/ + ﬁ - 2hpaga Rp;u/o’ - m(gpqapHaqH) = 0, (262)
pn: OnH(g”Vhue) =0, (2.63)

1
mn : hpp <va8nH — 0, HO,H + 4gmngpq8pH8qH>

9;
2H?
We need to check all the equations to ensure that h,, = h;,, = 0 is a solution. For a

+ =250 ((0H) gin — 2(0m H) (0, H)) = 0. (2.64)

non-constant warp factor, which is the case we want to study, the vector equation implies
that gV ,h,, vanishes. Tracing the scalar equation we find

he (HAMH +2¢g2(0In H)?) =0, (2.65)

which gives h”, = 0. Therefore, the vector and scalar equations impose conditions on f,,
which correspond to the 4d transverse-traceless gauge [31],

9" Vohuo =0,  h,=0. (2.66)
The equation for Ay, is then
AMh’.UV ao
Oihy + T = 2hpag™ R g = 0. (2.67)

On the other hand, if we insist that the 4d spacetime is maximally symmetric, we have the
following relation

Ay
Rp;wo = ?(659;10 - 5§9W) ) (2.68)
where Ay = R4/4, which gives

oa Ay
R 9" hap = ?(h;w = guh®,) (2.69)

and using h”, = 0, the wave equation becomes

Anphy 2

D4huy + W - §A4h,u,l/ =0. (270)

This equation describes the 4d tensor components of Ay, but we should remember that
hyw(x#,y™) is still a function of both external and internal coordinates. In the 4d EFT,
we must express it in terms of modes which are only functions of external coordinates
huw(2*) — more precisely, equation (2.70) corresponds to an infinite tower of 4d spin-2
modes hfj,,(:):“), where k labels each mode in the tower. In the next section we study this
tower, including the masses of each mode, their wavefunctions in the extra dimensions and
the respective normalisations.

8Note that by choosing this simple solution, we are missing some possibly interesting effects, e.g. the
breathing mode identified in [31] will not be present. We should also recall the relation between hmn
and the complex structure and Kidhler moduli. See also [39] for an analysis of the spin-0 modes on a
Klebanov-Strassler background.
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3 Graviton KK tower in a deformed conifold

In this section we obtain the Kaluza-Klein tower of graviton modes arising from equa-
tion (2.70). In section 3.1 we identify the operator Opq whose eigenvalues determine
the masses of each mode hﬁy(a:“) in the tower and whose eigenfunctions correspond to
their wavefunctions in the extra dimensions — these form a complete basis with which
we can decompose hy, in order to have fully 4-dimensional equations and are solutions of
the Schrodinger-like equation (3.7). We discuss in particular how the masses and wave-
functions of these modes depend on the warping of the deformed conifold. We solve the
equations numerically (section 3.2) and compare the results with analytical approximations
(section 3.3) in the limits 7. — T" (fully warped conifold) and 7. — 0 (unwarped conifold).

3.1 KK wave equations and boundary conditions

We may rewrite (2.70) as
D4hw, + OMhuV =0, (3.1)

. —_ A
with Oy = iy

which are only functions of external coordinates hﬁy(x“), where £ labels each mode in an

— 2A4. In the 4d EFT, we must express hy, (z/,y?) in terms of modes

infinite tower, and a complete basis ®* of eigenmodes of Oy,
Py (2", yP) Zh (") Pr(y?P) . (3.2)

The decomposition is such that
Onthyw = Om(hyy, (2" @i (y?)) = i, O @i (y?) = —mihy, @1 (y”) (3.3)

where there is an implicit sum in &, following from the eigenvalue equation Opn Py (yP) =
—miP(yP).
Since ®, is a scalar,”

1
Am®p = %ap(\/ggpqaqcbk) ; (3-4)

and hence the equation we must solve can be written as

;gap(\/ggmaq@k) + c1/2H(m§ — §A4> Pp=0. (3.5)

We should remember that the compact space contains two pieces glued together —
a warped throat described by the Klebanov-Strassler solution and a compact bulk, which
is usually chosen to be a Calabi-Yau whose metric we do not explicitly know. Therefore
the 6d metric g,, which appears in (3.5) will be different inside the throat and in the
bulk — it corresponds to the metric of the warped deformed conifold in the throat region
and (usually) to the unknown metric of a compact CY3. However, we can still solve the
equation in the region where the metric is unkown if ®; = 0 in the CY3 bulk, which for

9Notice the difference in the form of the Laplacian Axq compared to [31, 53], which follows from the
different choice of metric conventions in (2.40).
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Figure 2. The internal space consists of a 6d compact manifold with a warped region described
by the Klebanov-Strassler solution (i.e. a warped deformed conifold). We split the bulk into two
different pieces: one piece is a generic CY 3 and the other takes the metric of an unwarped deformed
conifold and serves as a transition between the warped throat and the CY3 (with 7. < 7 < T, where
7 is the radial coordinate in the deformed conifold metric (2.21)).

consistency implies that the modes must vanish at the point where these two regions meet.
We will motivate further this boundary condition below.

This means, however, that we cannot take the interesting limit where there is no
warping and the whole internal space is the CY3 whose metric we do not know, since the
wavefunctions will be identically zero. In order to consider this regime, we may split the
bulk region into two different pieces: one piece is the generic CY3 and the other takes the
metric of an unwarped deformed conifold and serves as a transition (with 7. < 7 < T
between the warped throat and the CY3 (see figure 2). While we still solve the equation
in the CY3 with &, = 0, we can now have a non-vanishing wavefunction in the piece of
the bulk described by the unwarped deformed conifold. While 7, determines the size of the
warped throat, T" determines the portion of the bulk in which the wavefunctions do not
vanish (more precisely, T'— 7. determines the extension of the wavefunction into the bulk).
Notice that a fully warped conifold corresponds to the limit 7. — T and an unwarped
conifold corresponds, roughly, to 7, — 0.10

Therefore we will write (3.5) explicitly using the metric (2.21) in terms of the warp
factor H,. (7). We consider splitting the 6d coordinates y™ into a radial coordinate 7 and
angular coordinates #%, a = 1,...,5 (these are related to the 1-forms g* in the conifold
metric). This will split the Laplacian into two pieces, one for 7 and one along the angular

10Strictly speaking, the unwarped limit corresponds to H(7) = 1 for all 7, whereas when 7. = 0, H(0) = 2.
At 7. = 0, the second term in (2.34) becomes of the same order as the first, marking the boundary between
a warped and an unwarped regime.
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coordinates. With this in mind, we can decompose the functions ®(7,0%) as (see [38])
Oi(7,6%) = G(r) " * By(r)pr(6%) , (3.6)
such that (3.5) becomes a Schrédinger equation for By (7)
Bl — VB, =0, (3.7)

with an effective potential given by

2 Oang® (G2
— 1/2 2 ang * k
Vet = —grr <c / H(mk — 3A4) L ) + G (3.8)
where we factorise (geon)mn = Kmn(T)Ymn(0) (with no summation) and define
DA .
G(r) = esﬁg vV 9con = /C(T)2 s1nh2(7') , (3.9)
1
Oang‘Pk = Kab('r)iaOa (\/ryfyab(e)a@@pk) ) (3'10)

Nal
&4/3

with g-r = &5 OE following directly from the metric (2.21), the operator O,yg containing the
angular information of the metric and the sum in a, b implied. Since the contribution from
the angular coordinates is more complicated, we look at modes with!! Oangr, = 0 (usually
known as the s-orbital). In this case, we have ¢ (%) = const. and we can absorb it into
the overall normalisation of the wavefunction. Notice that trying a constant wavefunction
(i.e. with no dependence on the internal coordinates) requires By (7) = G(7)'/2, in which
case (3.7) reduces to

2
grr (mz - 3A4> =0, (311)
from which it follows that mi = %A4. We see that for a flat Minkowski background, i.e.

Ay = 0, the constant wavefunction ®¢ corresponds to a massless 4d graviton, which no
longer exists if Ay # 0.'> In what follows we assume a Minkowski background and set
Ay =0.

Defining also By = e2/3c1/4

my, the effective potential can be written as

Hy (1) 2o (GM2)
6K(r)2 kT g

which we can think of as a family of potentials, each member of which is determined by a

Vet =

(3.12)

choice of 7. and is only a function of 7 (figure 3). There is no analytical solution for the
corresponding Schrodinger equations — it can either be solved numerically (section 3.2) or
we can consider approximations to this potential (section 3.3).

In order to obtain the wavefunctions, we must also impose boundary conditions, which
we choose as follows.

" These s-orbital modes will be the lightest ones [38, 54]. The isometries in the KS throat imply that KK
modes carry conserved angular momenta, which can have interesting cosmological consequences as explored
in [54-56]. Although gluing to a compact CY breaks the isometries, as the wavefunctions of the KK modes
are localised at the tip (or even vanish in the bulk), the effects of this isometry breaking should be small [54].

2Tnterestingly, if we choose a de Sitter background the zero mode mass matches the Higuchi
bound [57, 58]. Note that this mass is consistent with current constraints on the graviton mass [59].
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-Log(-Ver(1))
-Log(-Vei(1))

Figure 3. Effective potential Vg corresponding to the first mode for different choices of 7. (left)
and for the first 3 modes when 7. = 9 (right), both with T = 10.

1. The wavefunction is finite at 7 =0, i.e.

lim ®4(7) < oo = lim By(7) = 0;
70 70

2. The wavefunctions vanish as they approach the CY3 region, i.e.

®,(T) =0 = By(T)=0.

As we discussed below (3.5), the boundary condition at 7 = T is useful if one wants to
remain agnostic with respect to the geometry of the bulk beyond the conifold. Moreover,
it is a well-motivated approximation thanks to the following arguments. Locally, a van-
ishing!3:14 wavefunction in the bulk is certainly a solution to the KK wave equations (3.5)
irrespective of the metric. With limited knowledge of the compact CY region and gluing,
we could not exclude a global obstruction to such a solution. However, the localisation
of the KK modes at the tip of the throat where they minimise their energy a la Randall-
Sundrum [25, 26] suggests that the solution is a good approximation, at least in the warped
case. Moreover, it connects to the infinite throat limit (7, — T — o0), for which the wave-
function must decay towards zero in order to be normalisable. Note that in the unwarped
case an alternative boundary condition would be 9;®;(T') = 0, motivated e.g. by the
conifold ending on an O3-plane [38]. We would not expect the mass spectrum to change
qualitatively and the precise predictions could be worked out easily following the same
methods used here. However, we choose to explore the boundary condition ®4(7") = 0 also
for the unwarped case as it clearly demonstrates that the localisation of the wavefunctions
in the warped case is a consequence of the warping and not the boundary conditions.

13Note that a non-vanishing constant wavefunction would not be a solution to equation (3.5) for the
massive modes in the tower.

14 Although other KK modes will be present that are not suppressed in the bulk, we would expect these
to be heavier than the modes considered [60].
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Finally, we fix the normalisation of the eigenfunctions by looking at the kinetic terms
for hy,
1
S=5 [deV=GR
2K
1 .
=353 /d4x — 03/2/ dSy\/gcHR4 + . ..
1
=50 + @/d%f\/—iﬂ {03/2/d6y\/96H vphvahw} + ... (3.13)
1 "
=50 4 / d*zv/ =g {QVphwap e <c3/ ? / /g6 H (I)k(y)q)k’(y)) +}

In the last line, we make the usual field redefinition h,, — & hy,, which gives the standard
mass dimension of 4 for a 10d bosonic field h,, (notice that this means dg., = K hu =
%hw), and substitute the decomposition (3.2), with an implicit sum in the indices k
and k. The modes @) = Py (yP) are the eigenmodes of the operator O and form an

orthogonal basis'® under the inner product weighted by H,

[ vy H ()@ (y) = b (3.14)

k
uvo

normalisation constant in each wavefunction ®; = N(k)ék, with N defined as

In order to have canonical kinetic terms for each spin-2 mode in 4d, h?,, we include a

Ngd = 2 [ dPy g 1 18l (315)

where @ (y) = G(7)"'/2By(7) is the wavefunction obtained by solving (3.7). From the
canonically normalised action (at this order in perturbations)
_ 4 1 k INC% 1 21k 1 puv
S = d*z —4g4 §VphWV h’k - §mkhﬁ“’hk s (316)

k
pv

we find decoupled equations of motion for each h
O4hfi, — mghl, =0. (3.17)

This is an infinite set of equations describing spin-2 modes of mass my in 4d. For the
zero mode, &)0(7) = const, which we can set to one by absorbing the constant in the
normalisation N,

(I)()(T) :N(O)@O(T) :N(O), (318)

so that we have

NG2 = &2 / &y /g5 H = V. (3.19)

5One can show this by noting that (3.7) is a regular Sturm-Liouville problem, which guarantees (i)
real eigenvalues, (ii) a unique (up to normalisation) eigenfunction for each eigenvalue and (iii) normalised
eigenfunctions which form an orthonormal basis under the inner product [ /geH®x(y)®s (y). This is
equivalent to verifying that the Hamiltonian for the corresponding Schrédinger equation is hermitian.
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Hence the graviton zero mode wavefunction is simply
1
Ve

constant over the compact dimensions — the graviton zero mode does not localise.

By (1) = (3.20)

We are interested in the contributions from higher modes with myo # 0. For these
modes we find

Ngs = [y Hig) (3:21)
3/2 sin 2

=53 (/ ) [ e ol (3.22)

:27; SN2 (., T), (3.23)

where we used [[[;¢" = 6473 and the fact that ®; = 0 in the CYsy, and with 7. given
by (2.35). We also define Ny (7, T) as

k) (7e, T /d e \Bk( )N?, (3.24)

which only depends on the pair (7.,7), the known functions I(7), G(7) and the wavefunc-
tions Bg(7). Note that one can easily take the limits 7. — 0 (unwarped conifold) and
Te — T (fully warped conifold). In particular,

o1 Te I(7) | Br(7)|?
J\/(k)QNI(TC)/O ar ey | BT ,2+/ I o (3.25)

3.2 Numerical solutions

We can solve (3.7) with the effective potential (3.12) and the boundary conditions chosen
above, for different values of (7.,7"), which may be interpreted as the strength of the
warping, given by 7., and the proportion of the conifold that is warped, given by 7./T.

In figure 4 we plot the eigenvalues Ey, as a function of the ratio 7e/T for T = 10
and k = 1,2,3 (left), and for 7" = 150 and k& = 1 (right). We can see from the left plot
that the effect of the warping only starts influencing the masses once the warped throat
dominates over the (unwarped conifold) bulk 7./7 2 1/2, with higher modes starting to
feel the effects of warping for smaller values 7./7. In the right plot we clearly identify
the dominant behaviour of the masses in the different regimes (throat dominated vs bulk
dominated) — suppressed by the warping when the throat dominates and by the volume
when the bulk dominates.

In figure 5 we plot the wavefunctions ®(7) prior to normalisation (left) and the nor-
malised wavefunctions ®(7) (right) for the first three modes (k = 1,2,3), when T = 30
and 7. = 0,15, 30, representing the unwarped, partially warped and fully warped regimes
respectively. Without the warping, 7. = 0, the wavefunctions will spread throughout the
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Figure 4. (Left) Eigenvalues E), for the first 3 modes obtained by solving the Schrodinger equation
numerically with Vg (3.12), for fixed T' = 10 and different values of 7.; (Right) Eigenvalues E; for
the first excited mode obtained by solving the Schrodinger equation numerically with Veg (3.12),
for fixed T' = 150 and different values of 7.

internal space, much like the zero mode, only being forced to go to zero by our choice of
boundary conditions. When we increase the warping by setting 7./7 = 1/2, we see the
wavefunction starting to localise near the tip, but reaching a plateau in the bulk — this
is a transition between a warping dominated and a bulk dominated regime. When the
warping completely dominates, the wavefunctions localise at the tip and quickly decrease
as they approach the bulk. This illustrates how the balance between a strong warping
and a large bulk may influence the localisation of the modes, i.e. the profile of their wave-
functions, which is reflected in the couplings to other modes, as we discuss in section 4.
Finally, we see how the normalisation affects the wavefunctions, with higher modes having
larger amplitudes than lower modes — this will translate into stronger couplings for higher
modes, which was also found in [40]. We also see that the wavefunction amplitudes will be
smaller for weaker warping and larger volumes, which can be understood by noting that in
the absence of warping the wavefunctions will spread through a larger region and therefore
have smaller overall amplitudes — this translates to weaker couplings.

3.3 Analytical approximation

In order to find an approximate analytical solution for the Schrédinger equation (3.7),
we split the potential into two pieces, the warped region when 7 < 7. and the unwarped
region when 7 > 7., and approximate each region using the corresponding dominant term
in H; (7) (2.36). The asymptotic behaviours of the functions appearing in Veg (3.12), as
T — 00, are given by

I(r

) 3 —27/3
K(r)? — 5Te , (3.26)
(G1/2)Il 4 16 Cor
7(;'1/2 — § - ?7'6 (327)

and K(7) — 2Y/3¢77/3. Notice that the subleading term in the second line goes as
7(e=27/3)3, which is subdominant compared to T7e~27/3 in the first line. In this limit the
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Figure 5. Plot of ®;(7) (left) and @, (7) (right) with k = 1,2, 3, for different values of 7. = 0, 15, 30
and fixed T' = 30. When 7. = 0 (unwarped case) the wavefunctions spread as much as possible
(given our boundary conditions) through the conifold, being constant for most of values of 7, and
when 7. = T they localise at the tip 7 = 0. Wavefunctions for modes with higher k always have a
larger amplitude than lower modes.

effective potential becomes

e 27/3 4 é T <
9 C
‘/eff 7'%00 Vasym = 4 I(TC) ) (328)

“ 4
L A2 9r3 %
6-22/3Eke —l—g Te<T<T
We plot Vasym in (figure 6) together with the exact form of Veg. We can see that
this is a good approximation for large 7, as expected, but it behaves rather differently at
small 7. This can be problematic since we are dealing with an eigenvalue problem, which
depends crucially on this behaviour. For small T, Te F ~ T, so that (3.28) will approach
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Figure 6. Effective potential Vg (3.12) for the first excited mode, obtained numerically for 7. =
15, T = 25, together with Vagym (3.28) and Vapprox (3.29) for the best fit values (a,v) = (1.96,2.45).
We see that for small 7, Vogym this behaves rather differently from Veg. Using Vapprox (3.29) we
can better approximate this regime. Notice that a better fit could be achieved by introducing
further terms, but this would not allow for an analytical solution, which is the main goal of this

approximation.

the positive constant 4/9 as 7 — 0. If instead we have only the exponential behaviour,
the negative contribution at small 7 remains, which means we can better approximate
this regime (figure 6). For larger 7, however, this makes the approximation less accurate.
We can modify this approximation by including a couple of free parameters, as suggested
in [38], to obtain a Vipprox that looks more like Vg at small 7. Using the notation in [3§],
we write the potential as

NeTEF 4 4)/9, T<T,
_ e e /9, T < (3.29)

V X — T
PP (—)\ge% +4)/9, Te<1<T

N 2\ 7c
where \; = aFy/I(7.)'/?, with free parameters a and v, and Ay = )\16_(1+?)? such that
Vapprox is continuous at 7. (in the absence of the throat region, we would have Ay = %Ek,

which is what we use in the limit 7, — 0).

These free parameters should be thought of as a compensation for changing the asymp-
totic (7 — oo) form of the potential. They should be chosen by comparing the analytical
solution obtained with V,pprox (3.29) with the numerical result obtained with Vog (3.12).

The wavefunction will have a profile @,(Cl)(r) inside the throat (7 < 7), a profile @,(62)
in the unwarped piece of the conifold (7. < 7 < T), and will vanish CI)](S)(T) = 0 in the CY3
(1 > T'). We therefore choose the following boundary conditions

1. The wavefunction is finite at 7 =0, i.e.

A oMy g
l%q)k (1) <00 = ;%Bk (1) =0;
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2. The wavefunctions match at 7 = 7, i.e.

oW(r) =0 (r.) and 0,0\ (r.) = 0,0 (7.);

3. The wavefunctions vanish as they approach the CY3 region, i.e. <I>§€2) (T)=0.

The Schrédinger equation in the warped region is

2 4
(Blgl))l/ + [)36—47/3V _ 9‘| B/E;I) =0,

whose solution is a linear combination of Bessel functions
A A
B (r) =y, (”21627/3'/) + DY, (”21@2T/3V> . 0<T<1,

and the Schrédinger equation in the unwarped region is

(2)y
B
(BY)" + ;

2
%627/3 — 4] Bl(€2) = 0,

with solution

B](f)(’r) = (C9J9 ()\267—/3) + DYy ()\267—/3> , Te<T<T,

(3.30)

(3.31)

(3.32)

(3.33)

where (' 2, D 2 are integration constants that are fixed using the boundary conditions 1-3

as follows

1. The wavefunction is finite at 7 = 0 (hence we use B (7)),

A A
CyJ, (’/21) + DY, (”21) —0 = D =—

with 21 = %‘1

2. The wavefunctions match at 7 = 7.. The first condition (I)S)(Tc) = <I>l(€2) (1e) =

B,(cl)(Tc) = Bl(f) (1¢) (cf. (3.6) with trivial angular dependence), which gives

CiJy(x2) + D1Y, (x2) = CaJa(x2) + DaYa(x2),

(3.35)

with o = VT’“@_QTC/:)’”. The second condition 87@,({1)(7'6) = 8T<1>,(€2) (7c), after using

1G' (1)
2G(7)

8,00 (1) = o (7) + G(r)"29,B(r), i=1,2,

(3.36)

and @,(61)(7'0) = @,(62) (7¢), implies 8, BM(1.) = 9, B®(r.). Moreover, we can use the

relation
o
Zo(w) = 2 Za(w) = Zoa(v).

for a Bessel function Z,(z), to rewrite 9, B (7,) = 8,B?)(r,) as

AM{C1du41(22) + Didys1(m2)} = —A2{CaJs3(x2) + D2Y3(x2)}
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3. The wavefunctions vanish at 7 =T, i.e. <I>,(€2) (T') = 0, which implies

with x5 = \oe/3.
Putting all these together, we find
b= _;Zggcl (3.40)
O ) e A 2
e dE e e

as well as the quantisation condition (cf. [38])

(1+2) 7% J2(22)Ya(23) — Ja(z3)Ya(wa) _  Jo(ws)Ys(w2) — Ja(wa)Ya(as)
Ju(@2)Yy(21) = Jo(z1)Yo(22)  Jusr(z2)Yo(21) — Ju(21)Yoqa(22)

(3.43)

Notice that this is an equation for \; = aFE}, depending on the choices of 7. and T'. Once
more, this cannot be solved analytically. Instead, we can look at the different limits 7. — T
(fully warped conifold) and 7. — 0 (unwarped conifold) for which there are analytical
solutions.

3.3.1 Fully warped conifold (7. — T)

In this limit 9 — 23, so that Ja(xa)Ya(z3) — Jo(x3)Ya(z2) — 0 which, together with the
property Jao(x3)Ys(x3) — J3(x3)Ya(xs) = —%m # 0, implies
! 281
Ju(x2)Y, (1) — Ju(21)Y,(22) =0 = J, - )= 0, (3.44)

where we assume z9 < 1. For large z, J,(z) can be approximated by

T (2) ~ \/Zcos <z -2 - D , (3.45)

2= kr+ (1/ - 1) T (3.46)

whose roots are

Hence, for z = ”T’\l and recalling the definitions of \; and Ek, we have
. 2w 1\ =«
& (7e) auk + v 5) 0 [ (3.47)

which we can fit to a numerical solution with 7. = T > 1 to find the best values of a
and v for this analytical approximation,'® which gives v ~ 2.45 and a ~ 1.96. Notice that

16The difference between our result and the one in [38] comes from an extra factor of 2'/2 in our definition
Of Ek .
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the energies are suppressed by the warping, as we would expect for a warped throat. The
quantisation condition also implies Dq ~ 0, so that in this limit the wavefunction takes the

simpler form

N, A
~ (k) VAL _27/3u
By (1) ~ , , 4
(7) (sinh(27’)—27‘)1/3J ( 9 ° ) (348)

which peaks near the tip of the throat and quickly decays towards the bulk (figure 7).

3.3.2 Unwarped conifold (7.

Ju(x1)Y,(22) — 0. Together with the property

—0)
In this limit x9 — 21, so that J,(x2)Y, (z1)—
= % # 0, this implies

Jop1(@1)Yo(21) — Ju(21)Yot1 (1)
Jo(21)Ya(x3) — Jo(3)Ya(z1) = 0 = Jo(AeeT/3) =0, (3.49)

where we assume 7 < 1. Using the same approximation for J,(z), these roots are given

approximately by
3

z=kmr+ Vi (3.50)

Hence, for z = Aael/3, we have

1 3
E. = — 51
k Rm{ ’”4} (3:51)

where Reon = c/ 4y is the physical size of the conifold, with r7 the value of the radial
coordinate rs = %62/ 3¢7/3 at which the conifold meets the CY3, i.e. at 7 = T. Notice
that the energies are suppressed by the size of the conifold, Rcon, which is contributing to
a large volume. This quantisation condition also implies Dy =/ 0, so that in this limit the

wavefunctions take the form!”

Nk

() ~ (sinh(27) — 27

)1/3 J2 ()\267—/3> . (352)

In figure 7 we plot the approximate wavefunctions in the two limits described above.
We can clearly see the localisation near the tip in the limit 7. — T and the spreading of
the wavefunctions in the limit 7. — 0, as one would expect from the physical interpretation
of these limits. These should be compared with the wavefunctions obtained numerically
(figure 5).

Now that we have a full description of the tower of spin-2 KK modes, hfw(a:p ), which are
the 4d manifestation of the extra dimensions, we may study its effects on 4d gravitational
interactions.

Tn this limit, it is actually important to keep the Dy term in the wavefunction at small values of 7,
otherwise it will not be regular at 7 = 0.
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—— k=1
----- k=2 \
------ k=3 ol 5

Figure 7. Wavefunctions obtained analytically in the limits 7. — T (3.48) and 7. — 0, with T' = 25.
Notice the localisation near the tip in the limit 7. — T and the spreading of the wavefunctions in
the limit 7., — 0.

4 Predictions for the modified newtonian potential

In this section we consider the corrections to the Newtonian gravitational potential be-
tween two point masses living on a (3+1)-dimensional brane sitting somewhere along the
deformed conifold region of the compact space and compare with experimental and obser-
vational constraints. In section 4.1 we derive the modifications to the Newtonian potential
induced by the KK tower of spin-2 modes, which can be parameterised by a Yukawa-type
interaction with a single-massive field and parameters («, \). In section 4.2, we relate
these phenomenological parameters to the parameters of the Klebanov-Strassler solution.
By fixing the warped-down scale at the brane to be ~TeV scale, and bearing in mind
the need for D3-tadpole cancellation, we explore the predictions for («, ) for a range of
string parameters and compare with current constraints. Then, in sections 4.3 and 4.4, we
restrict to the fully warped and unwarped cases, respectively, where we can obtain clear
theoretical bounds on the (a, \) parameter space depending on where the brane lies along
the conifold.

4.1 Modified Newtonian potential

In order to study the effects of the KK tower of spin-2 modes obtained in section 3, we pic-
ture a braneworld scenario, with the Standard Model fields localised on a (341)-dimensional
brane (stack) at Yprane in the compact space. We want to consider the corrections to the
Newtonian potential between masses living on the brane due to the presence of the infinite
tower of massive KK gravitons. The (Fourier transformed) potential is obtained by look-
ing at a scattering diagram where two particles interact through the exchange of a virtual
graviton, in the limit where the energy of the graviton goes to zero [41],

N 7 AY
AN 7/ A k. 7
\ h ’ . \ h d ’
V(g) = lim VL = lim DL(? L
IANANNAS ! SANANNS
q°—0 7 N q°—0 - 7 AN
it q AN /7 q AN

/ \ s \
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For this we need both the graviton propagator and the interactions with matter on the
brane. Using the decomposition (3.2) and normalising the wavefunctions such that (3.14)
is satisfied, each propagator is simply the 4d propagator for a spin-2 field. Assuming the
spacetime is approximatly flat Minkowski, we have [61]

4 P(mk)( ) '
(4,my) / d q pvof q —ig-(z—ax')
D = 4.1
pral (@,2) /(27T)4q2—m2 l'iee ’ (4.1)

where Dﬁ;n;)(x,x’ ) is the 4d propagator of the k'™ mode (with mass my) and with the

polarisation tensor

=0 1
P;ST&,B )(Q) = 5(77#04771’5 + NuBMva — nuunaﬁ) ) (4.2)

0 1 1
P/STOZ )(Q) = 5(77;101771/[3 + NusNva — nuunaﬂ) - w(nua‘b/@m + M8 qa + nquMQa)

1 2 2
+ 6 (nuu + WQ#QV) (naﬁ + W‘]a‘]ﬁ) . (43)

We now consider the brane action, which contains the fields living in the worldvolume
of the brane at yprane and their interactions with the graviton,

Sbrane = /d4ﬂf —9 ['M’ (44)
where g, is the pullback of the metric Gy onto the (341)-dimensional brane
oxMoxN
, = o« e 4.
g = GuN TR (4.5)

for 10d coordinates X and 4d coordinates on the brane x#, which we align with the 4d
coordinates of (2.40). Hence §,X™ = 55[ + 9,EM | with brane fluctuations £M (z#), which

gives for the pulled-back metric
v = Gy,u + 2GM(M8V)£M + GMNa/LgManN . (46)

Since the brane perturbations are assumed to be small, we may expand /—g in the action'®
and express it in terms of Gy,

1
Sprane = / d*z\/—det G, L (1 + GuG* o, M + 2GMNG“”8M§M8V§N> L4

We will neglect the fluctuations of the brane and study the interactions between graviton
KK modes and matter fields only, so that the action is simply

Sbrane = / e/~ det G Las . (4.8)

When we perturb the bulk metric Gy ny — G(J)WN + 6G N, the action becomes

1 -
Sbrane = Slgrane - 5 / d4x\/ —det G?w TMV(SGHV ’ (4'9)

18 We use the known result det(1 + eA) = 1 + €Tr(A) + O(e?), when e < 1.
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where TW is the energy-momentum tensor with respect to G,,. Using the background
metric (2.40) and the fluctuations in terms of (canonically normalised) perturbations of
G, With 0G,, = K H-1/2 Py,

1
Shrane = S e — 3 / d*zy/— det g, Z (k Pr(yp) T“”h/]’jy, (4.10)
k

where T}, is defined with respect to g,,,,

B 2 (/—det G, L
T;w - - I,M M )3/2 = TMVH(yb)g/Z . (411)
v/ —det g, gt

k™ mode couples to matter with a coupling (x ®(yp))

From this action we conclude that the
that depends on the 10d gravitational coupling x = v/V,,/Mp and its wavefunction evalu-
ated at the position of the brane y;,. For the zero mode, with constant wavefunction (3.20),
the coupling is therefore the usual 1/Mp.

Using Sgrane, we can also see how the warping affects the energy scales on the braneworld

theory. Taking £/ to include a single scalar field ¢ with a Higgs-like potential [26],

Sthane = [ A/~ det Gy 16" (D) (Dusp) = Aol = v8)?)

:/d4x\/—detguu {H ()" 29" (Du) (Dup) — AH ()~ = H () ~/*05)%}

= [dtay/= det g (9" (Dug) (Do) = Mgl = 2} (412)

with the field redefinition ¢ — H (yb)l/ 4, so that the field is canonically normalised. The

/499, which depends on the position of

mass scales are then warped down as v = H(yp)~
the brane in the compact space — the biggest hierarchy is achieved by placing the brane
at the tip of the throat, i.e. y, = 0.

Putting everything together, the gravitational potential in momentum space is given by

T.UVP( ) Taﬂ

Z|‘I>k Up \2—‘ prob

4.13
| (4.13)

q°—0

where T!" = m18465 and T5” = my8980 are the energy-momentum tensors of two point
particles of masses m; and mo at rest, so that only Pég?)z] is relevant, which in the ¢° — 0
limit simply gives

1
Piiab(a) { 2 (4.14)
3

Inserting this in the potential, we obtain

Vig) = mima Vi {1|<I>o(yb)|2 + 2 > |¢>k(yb)!2} ’ (4.15)

M3 2 g2 35 q?+m?
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or in position space

mims 4
Vi |q)0(yb)|2 +3

V(ir)=Gn . 3

> 1 Pw(ys)[Pe ™ b (4.16)
k>0

where we used M ]32 = 87Gy, together with the factor of 47 coming from the Fourier
transform, to write the potential in terms of Newton’s constant G . The first term gives
the contribution of the massless graviton, which is independent of the position of the
brane due to (3.20) and reproduces the Newtonian gravitational potential. The second
term contains the contribution from the tower of massive KK-modes, weighed by their

MET - which corrects the

respective wavefunctions and suppressed by the exponential e~
Newtonian potential and becomes negligible for large distances and larger KK masses.

Using the zero mode (3.20) we have

mms 4
r 3

V(r)=Gn Vo Y [@r(y)[Pe™™ 5 . (4.17)

k>0

Figure 8 shows the experimental bounds on deviations from the Newtonian gravitational
potential — from laboratory, geophysical, astrophysical and collider constraints'? [23, 64]
— parametrised as V(r) = Gy ™72 (1 + 0V) with

SV =ae ", (4.18)

where « is a dimensionless parameter describing the strength of the interaction and A has
dimensions of length and is given in meters (m). This parametrisation arises from con-
sidering the correction coming from a Yukawa-type interaction involving a single massive
field, which takes the exponential form above. Since we have an infinite tower of massive
scalars, we will have an infinite sum of such Yukawa terms. We must, however, either keep
only the first mode, which is the dominant contribution due to the exponential suppression
for larger masses, or rewrite the sum of Yukawa terms in the form of 6V given above if we
want to compare our predictions with the experimental constraints.

After exploring the general case, we will consider in detail the warped (7. — T') and
unwarped (7. — 0) limits, with the brane located at different points in the compact space
— either at the tip (7 = 0) or away from the tip (7 > 1). In these limits we are able
to exclude large portions of parameter space from the usual control requirements in string
compactifications; gs < 1, gsM > 1, and well-motivated upper bounds on the flux number
M coming from the flux contribution to the D3 tadpole.

4.2 General case

As discussed in section 3.2, solving numerically the Schrodinger equation (3.7) with the
potential®® (3.12) for a given choice of (7, T) we find a set (Ej, By(7)) of eigenvalues and

198ee [62, 63] for cosmological constraints from overclosure and the diffuse cosmic gamma ray background,
which however assume Planckian couplings with the KK tower.
20With trivial angular dependence, i.e. s-orbital.
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Figure 8. Experimental constraints on the parameters a (coupling strength) and A (range) of a
Yukawa-type interaction, with the shaded area indicating the excluded region of parameter space
at 95% confidence level. figure adapted from [23, 64]. See [23, 64] for details and further references.

eigenfunctions. We then substitute

Qi(r) = N(k)(i)k(T) ; (4.19)

N2 = 2 N2 4.2
0 = 3¢ N (e T), (4.20)
G(7) = (sinh(27) — 27)%/3 (4.21)
p = B/ (e3¢, (4.22)

with ./\/(;)Q(TC,T) as defined in (3.24) and ®(7) = G(7)"'/2By(7), into (4.17) to obtain

BT
0V = 7r3 63/264 ZNk) 7o, T) | @ () |Pe” 2371 (4.23)
k>0

Defining A(7y, 7, T) and p(7.,T) such that

N R
Ay 7o, T M AT = 37 NB (7, D) (m) e s (a.24)
k>0
we can write the parameters (o, A) in (4.18) as
2 Vu 1 w7, T)
o = ﬁmA(Tb, Tc, T) A == m . (425)

It will be useful to replace the volume?! with the hierarchy between the tip of the throat
and the bulk, which has a direct physical interpretation. From (4.12) we know that the

21The total volume includes both the bulk and the throat, V,y = Vohuk + Vin, with the bulk being a

combination of the CY3 and the unwarped region of the deformed conifold, Viux = Voy + Veon = 03/212.
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hierarchy between the fundamental scale and the brane is given by the warp factor (2.36)
on the brane,

I(n)
I(r)

For string theory, the natural scale in the UV is the string scale mgs. Let Mj be the scale

H: (m) =1+ (4.26)

on the brane. Using (2.39), we can write it in terms of the known Planck scale Mp,

(/= U Mo _ My VIV,

H =
K Vo ms Mp 9s

c

: (4.27)

where Mp = 2.14 x 10'® GeV. This implies that the hierarchy between the known scales
Mb and M P,

H = He (n) VT (4.28)

depends on the volume and string coupling, as well as the warp factor H (7). If we
choose M, = 1TeV, trying to solve the hierarchy problem, the hierarchy takes the value
H ~ 10715
Using this in (4.25), we find

B (2m)? 2A(7y, 7, T)
(gsM)3 ()2
_ H 27 HTC(Tb)1/4 w(te, T')
T2l 1),

The free parameters in (4.29) are (7, T, gs, M, H,7p), six in total. We should remem-

2
() /2 25 (4.292)

H 27

c

)\—l

(4.29D)

ber that H is keeping the dependence on V,,, which is fully determined by the choice of
(Te, Th, gs, H) through (4.28) — one should check that a choice of these parameters is consis-
tent with the supergravity requirement 1, > 1. Note also that 7. is determined by the de-
formation modulus |z| = €2/I3, which means we can think of a choice of 7. as representing a
choice of |z| (which in turn depends on the flux parameter K via z ~ e ot [51, 52, 65-68]).
We will fix the H and 73, the position of the brane, which leaves four free parameters. In
principle, the position of the brane should also be determined dynamically, since it becomes
a modulus that experiences a potential due to several different ingredients [69-71]. In this
work we will assume that the position can be fixed to a certain value due to the balance
between these ingredients, without addressing the issue explicitly.

In figure 9 we show a sample of predictions ()\;, ;) for different choices of these pa-
rameters, divided in three main groups: the fully warped limit, with 7. = T'; the unwarped
conifold limit, with 7. = 0; and a mid-regime with 7. = 7'/2 — in this regime we see the
competition between the throat trying to localise the modes and the bulk trying to spread
them evenly throughout the compact space, since they are not forced to vanish in the bulk
as in the fully warped case (see discussion on boundary conditions in section 3.1). The
hierarchy is fixed to H = 10~® and g, = 0.2 in all parameter sets. Tables 1-3 summarize
the parameter choices and the relevant quantities for each set of examples.

The first thing to note is that none of these examples lies within the excluded region
of parameter space, both due to the small couplings and small length scales — this means
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M | 7 Vo Mgx | H(m) YV*Mgg | MEx | Vi MK
A | 20 6 L 14 19.2 755
0 |9.6x10 600 3x10
Ay | 75 7.3 | 1.0x10% | 10382
As | 20 | 15 | 3.0x10% 3 8x 1074 0.253 19.2 806

Table 1. All points A; have 7. = T = 40 (corresponding to the fully warped conifold) and fixed
H =10"15, g, = 0.2. Masses are given in TeV and volumes are in string units. See main text for

discussion.
M| Vi My | MR R Veon MK
By | 20 o7 5| 0275 | 7.0x10% | 3.7x10% | 556
0 |23%x10%7 | 7x10
By | 75 0.142 | 1.4x10* | 2.0x10% | 7585
Bs | 20 | 15 | 3.2x10%7 | 6x107° | 0.232 | 7.0x10% | 3.7x10% | 558

Table 2. All points B; have 7. = 0,7 = 30 (corresponding to the unwarped conifold) and fixed
H =10"15, g, = 0.2. Masses are given in TeV and volumes are in string units. See main text for

discussion.
M| 7 Ve Mgy | Him) V*Mgr | M | R Veon MK
Ch | 20 04 L . 4.9 125 | 1.2x10" | 546
0 | 1.0x10%* | 1x10 2x10
Cy | 75 2.5 | 243 | 6.3x10™ | 7442
Cs |20 |15 | 23x10% | 7x107° 6x107° 0.104 | 125 | 1.2x10 | 595

Table 3. All points C; have 7. = 15,7 = 30 (corresponding a partially warped conifold) and fixed
H =10"1%, g, = 0.2. See main text for discussion.

that none of them can be excluded from this large set of gravitational experiments and
observations. The most likely case to be probed in the near future is the fully warped
limit, which is not far from the collider experiments — these need to go slightly up in
energy, but mostly be able to probe smaller couplings, which requires an increase in the
statistics (i.e. higher luminosity). By contrast, the case that seems harder to probe is the
unwarped conifold (representing an unwarped compactification),?? which must have all its
scale suppression coming from a large compactification volume, V.

We can see that in all cases, increasing the flux number M slightly lowers both the
masses and the couplings of the graviton KK modes. It also leads to a larger tadpole charge
MK, which is determined through the choice of (7., gs, M) — ¢|z|*/3 — MK from (2.35)
and z ~ e_%, with V,, being determined through (4.28) by further fixing (H, 7). In fact,
we can put this together to find

3(gsM2> 91/3 VoM o it
MK~ = o log PLECEE I(7e) P 1(m) " H : (4.30)

22This can be compared with the ADD models [72, 73], with n = 6 large extra dimensions. Note that we
cannot model n = 1,2 ADD models with the conifold.
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The tadpole cancellation condition is an important constraint in the context of moduli
stabilisation, since one typically uses fluxes to stabilise complex structure moduli and the
axio-dilaton — in doing this, one needs to make sure that the D3-tadpole is cancelled
once all the ingredients are taken into account. This interplay was recently given a lot
of attention in the context of the Tapole Conjecture®? [74, 75], where it was argued that
even with O3-plane, O7-plane and D7-brane negative contributions to the D3-tadpole,
the presence of these ingredients will actually bring a larger positive contribution to the
tadpole once the stabilisation of all the moduli is taken into account. If we restrict to
O3-planes, all examples in the literature have the number of O3-planes less than or equal
to 64, which gives a tadpole charge contribution |Qos3| < 32. With no other ingredients,
tadpole cancelation would require M K < 32. Note however that, even staying close to the
boundary of control (e.g. gs = 0.5,M =4 = g¢g,M = 2) and with very small warping
7. = 1, (4.30) gives M K ~ 47 > 32. Relaxing the hierarchy such that it connects the string
scale with e.g. 102 TeV rather than 1 TeV still gives MK ~ 38 > 32.

If one doubles g;M for better control of the supergravity approximation (e.g. gs =
0.25,M =16 = gsM = 4), (4.30) gives MK ~ 360. For the choice of parameters in
A; we find MK ~ 755 as reported in table 1 (in choosing the parameters for the sample
points A; we also require My, < Mgy and ryy > ls, which is why we actually use
different values of gs and M giving the same gsM = 4). Just asking for the hierarchy
to come (at least partially) from the warping requires a large tadpole contribution MK,
which leads us to consider the Tadpole Conjecture.

In these setups, we also see that moving the brane away from the tip of the throat has
a big effect on the gravitational corrections. For Ag the effect is more intuitive, being due
to the localisation of the modes, since the couplings depend explicitly on the wavefunction
profile (figure 5). Graviton KK modes will therefore have much weaker couplings with
modes living away from the tip of the throat. However, (4.29a) tells us that the coupling
strength also depends on the warp factor, with weaker warping giving stronger couplings,
which explains why the coupling actually increases for C5, rather than decrease — in
this mid-regime the wavefunctions reach a constant plateau rather than quickly decaying
towards zero (see figure 5), so that the biggest effect will come from the decrease in the
warp factor and the coupling increases.

Note also that in C; a big part of the hierarchy is coming from the volume rather than
the warp factor, which is why the volume is much larger than in A; and why it does not
change a lot from C to ('3 when moving the brane away from the tip. This leads to smaller
Mgk and H(Tb)_1/4MKK and does not require M K as large as in A;.

In all cases, the scale associated with the graviton tower (M for A;, C; and M5PR
for B;) is around the TeV scale, which is reflecting our choice of hierarchy. One might
expect that this alone would be enough to make these modes detectable since we are able

ZTadpole Conjecture. The fluxes that stabilise a large number of moduli at a generic point in moduli
space have a positive contribution to the tadpole-cancelation condition that grows at least linearly with the
number of moduli n,

Qstabilisation > 0(1) xn. (431)
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Figure 9. A few examples of the corrections 6V (4.18) to the Newtonian potential for different
choices of the free parameters in (4.29). The hierarchy is fixed to H = 107! and g; = 0.2 in all
parameter sets. All points A; have 7. = T = 40, corresponding to the fully warped conifold limit.
All points B; have 7. = 0 and T' = 30, corresponding to the unwarped conifold limit. All points
C; have 7. = T/2 = 15, corresponding to a mid-regime with a warped throat and a piece of the
bulk described by an unwarped conifold. We also choose M = 20 and 75 for ¢ = 1,3 and i = 2,
respectively, and 7, = 0 and 15 for ¢ = 1,2 and ¢ = 3, respectively. We notice in particular that
all predictions are outside the excluded region, with the couplings being too small to be probed at
colliders and the length scales too small to be probed by large scale experiments. See main text
for detailed discussion. Figure adapted from [23, 64], with the shaded area indicating the excluded
region of parameter space at 95% confidence level.

to access these energies at colliders like the LHC. However, as is well-known, the energy
scale (masses of the modes) alone is not enough to determine whether new effects are
detectable. The way these extra modes couple with Standard Model particles (which in
our setup are confined on the brane) is extremely important — the KK gravitons might be
extremely light and yet couple so weakly to Standard Model particles that they are still
undetectable with current experiments and observations. This makes the details of the
compactification crucial when studying these effects, not only because they determine the
masses of the modes, but also because they will affect the profile of the wavefunctions over
the extra dimensions and consequently the couplings to other modes.

When looking for examples to show in figure 9 we are not able to find any points
within the excluded region, despite apparently having a lot of freedom.?* In the next two
sections, we study the fully warped and unwarped limits, which provide more insight into
the allowed region of parameter space.

24The conifold background we are considering does not allow for an anisotropic compactification, which
would be required to realise an unwarped ADD with less than 6 large extra dimensions.
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4.3 Fully warped deformed conifold

The fully warped deformed conifold corresponds to the limit 7. — 7. In this limit, the
solution pair (Ek, ®y) only depends on 7., so that A(my, 7¢, T) = A(m, 7) and p(7.,T) =
w(1e). In particular, we know from the analytical approximations (confirmed using the

numerical solutions) that in this limit
N 2 1
By~ I(r) e, ep =k + (u - ) - (4.32)

with v ~ 2.45,a ~ 1.96. Notice that we must always have 7, < 7. since our boundary
condition ®x(T = 7.) = 0 would imply vanishing countributions to a brane at 7, > 7,
and hence

~

(7v)
ol (4.33)

Assuming that only the first massive mode has a relevant contribution,?® we find
A(mp, Te) = /\f(Ql)(TC)|<I>1(Tb)]2 and u(r.) =~ I(1.)"/?e1, where N(%)(TC) ~ Aol(7.) and Ap ~ 0.3
(see figure 10) — physically this implies weaker couplings for modes living in longer throats

HTc (Tb) ~

~

(i.e. with stronger warping), as well as smaller masses. Notice that taking the leading
contribution to be the first KK mode rather than the massive string states is well-justified
as, in this strongly warped limit, we have

o H(0)™Y/4 MY

M. = ~ = 4.34
RKEMS G L VD (434

that is, the first KK mode is suppressed with respect to the warped string scale by the

factor y/gs M. Since the supergravity approximation requires gsM > 1 and masses appear

25 Although higher modes have larger couplings at the tip, as emphasized in [40], the exponential sup-
pression from higher masses will dominate, so that the net result is an exponential suppression of the
contributions from higher modes to the gravitational potential compared to the first mode in the tower.
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exponentially in the corrections dV (4.23), effects from the warped down tower of string
states should be suppressed with respect to leading effects from the first KK mode in which
we focus here.
The parameters (o, \) become
2m)? 2|® 2 g2
on ZT)° 2®1(n)] Is (4.35a)
(9sM)3 I(m)t/2 H?
H 271— 1 €1
~— 1 M
2/ Vg1 ™

For fixed (73, H), the bounds gs < 1 and gsM > 1, required for control of the string
loop expansion and supergravity approximation, respectively, translate into direct bounds
on (a, A),

)\—1

(4.35b)
lp

(2m)% 4|91 (1) |2

4.36
H2 ()2 (4.36a)
H e
-1 _ 7t 1/4€1
AT < 5176 (2m)I(7p) L (4.36D)
However, there is a stronger bound on « given by the combination
1 4 é 2 2 (6
Oé)\G — ’ 1(Tb)‘ 9s ‘p (437)

@2r)* I(n)> HB€S

which is bounded from above and is a diagonal line with fixed negative slope in figure 11.
Finally, one can find a lower bound on the combination

o 2Y3210y(n)P 3 1

A\ = o Bl S22 B A
“ HY I(m) €2 M2

(4.38)
by putting an upper bound on the flux number M. Thinking in terms of the tadpole contri-
bution M K and since the flux numbers are both positive, we have MK < (M K)pax —>
M < (MK)max- Imposing the bound M < (MK)max allows us to connect with the
tapole cancellation discussion in the previous section. Inspired by the examples given be-
low (4.30) we choose three reference bounds, M < (MK )max = 32,100,1000. Note that
all of these will include point A; in figure 9 (M = 20), although MK ~ 755 — for a given
choice of bound M < (MK )pax, all points with MK < (MK )pax clearly lie within the
allowed region M < (M K )max, even though there are also points inside that region with
MK > (MK )pax, such as Aj.

The allowed regions of parameter space are shown in figure 11. The points (A, B, C)
correspond to the specific choice gs = 0.2 and M = 20, for each choice of 7, = 0, 20,40
(note that « and A in (4.35) are independent of 7., though recall that a combination of 7.
and V), is fixed by our choice of hierarchy via (4.28)). Putting the brane away from the
tip allows the KK graviton modes to have lower masses due to stronger warping without
affecting the hierarchy between the bulk and the brane (which we keep fixed), while at
the same time suppressing their couplings to matter on the brane, which depends on their
wavefunctions (see figure 5). This means that we can move to regions of larger A but at the
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Figure 11. The shaded triangles correspond to the allowed regions of parameter space for the fully
warped limit 7. — T, for different choices of 7, and fixed H = 107'%. All points (A, B,C) have
gs = 0.2, M = 20. The upper right bounds on each region follow from (4.37) and ¢s < 1, while the
left bounds follow from (4.35b) and gsM > 1. The lower lines in each triangle represent the lower
bound on (4.38) with M < 32,100, 1000 (with larger values giving weaker bounds, i.e. lower lines).
Figure adapted from [23, 64], with the shaded area indicating the excluded region of parameter
space at 95% confidence level.

expense of also moving to lower v — this gives rise to the diagonal dashed line in figure 11,
which is an upper bound for the allowed regions which never crosses the excluded region.

The upper right bounds on each region follow from (4.37) and g5 < 1, while the left
bounds follow from (4.35b) and gsM > 1. The lower lines in each triangle represent the
lower bound on (4.38) with M < 32,100,1000 (with larger values giving weaker bounds,
i.e. lower lines).

4.4 Unwarped deformed conifold

The unwarped deformed conifold corresponds to the limit 7. — 0. In this limit, the solution
pair (Ey, ®;) only depends on T, so that A(my,7e,T) = A(m,T) and ju(7e, T) = p(T). In
particular, we know from the analytical approximations (confirmed using the numerical

solutions) that
3T

95/6

Notice that we must always have 7, < T since our boundary condition ®¢(7") = 0 would

By~ e T3¢, (4.39)

imply vanishing countributions to a brane at 7, > 7T'. In this limit

(4.40)
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The general result (4.29) is expressed in terms of 7., whose (implicit) definition is (2.35).
However, this follows from the condition H(7.) —1 = 1, whereas a fully unwarped conifold
would have H(7) = 1 for all 7. This is not possible for the deformed conifold, since
the presence of fluxes, necessary to deform the conifold, will automatically source some
warping, i.e. H(1) # 1 for any finite 7. Nevertheless, we could still have a deformed
conifold for which

! 2
H(r)—1= 22/3%1(7) <1 VY, (4.41)
c e8/3

which gives H(7) ~ 1 as we would expect from an unwarped compactification. In this case,
the definition of 7. (2.35) is no longer useful — one should instead substitute back in (4.29)
the parameters of the conifold and remove 7. completely. This gives

1 8A(mw,T) g2

- H o ()
1 _
One can now relate ¢'/4|z|'/3 to the physical size of the conifold,
812 s T3
Reon = W(C/ ‘Z| / )6 / ls, (443)
such that the parameters become
1 27A(1,T) op [ 1s \° 62
e (27[_)4 8 e (Rcon> ﬁ 5 (444&)
31/2 l w(T)
M= H ( 2 ) el (4.44b)
25/6 "7 \ Reon I

Assuming that only the first massive mode has a relevant contribution (as all other
modes will be exponentially suppressed), we find A(7,T) ~ /\/(21)(T)]<§1(Tb)\2 and N(21) ~

~T/3¢; — we can interpret this physically

xe 2T with x =~ 193 (see figure 12), and u(7.) ~ e
by noting that larger conifolds (larger Reon ~ €7/3 = Vion ~ RS, ~ €2T) will lead to
mode wavefunctions spreading over a larger volume, and since they spread evenly through
the internal space, they consequently have a smaller amplitude at each point. This means
that modes living on larger unwarped conifolds have weaker couplings to fields living on the

brane. Again, neglecting contributions from massive string states is well-justified as now
M;
(Rcon/ls) ’

which gives the usual hierarchy between the KK and string scales in the absence of warping,

MKK =mp = (4.45)

with the characteristic scale of the compact space given by Reon.
With these simplifcations we find

1 27x|®(n)2 [ 1 \°® g2
o~ @) S <Rcon) 27 (4.46a)
31/2 l e1
-1 s
AN M ( RCOH) 0 (4.46b)
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T as xe~*", with x =~ 193 and a ~ 2. See main text for further discussion.

From the condition Reon > Rmin > ls, one can immediately put a bound on A for each
choice of Rpyin, while the strongest bound on « comes from eliminating R.o, through the

6 _ WPm)® (1)\° g2

combination

which is bounded from above by g5 < 1.

With these bounds we can plot the allowed region of parameter space over the exper-
imental and observational constraints (see figure 13). The points (A, B, C') correspond to
the specific choice gs = 0.2, M = 20, and with Reon = 10l for A and B, and Reon = 10%1
for C. Notice that the upper limit following from (4.47) is only a function of 7, and in the
unwarped limit the wavefunctions are constant for most values of 7 (see figure 5). Therefore
the allowed regions in this case are only functions of Ry, larger values of which decrease
their size within the region with Ry, = [s (bigger triangle). One should remember that
the example points in figure 9 have ¢!/4|z|'/3 fixed by (gs, M, 7. = 0) through (2.35) — for
T = 30 as in figure 9, this implies Reon ~ 5 x 103 I,. There is again no overlap between the
theoretically allowed regions of parameter space and the experimentally excluded regions.

5 Towards gravitational wave observations

All the available and planned GW experiments give us the opportunity to probe regimes
of strong gravity, which could potentially give interesting constraints to explicit mod-
els [27, 28, 30, 31, 34]. Although a more careful study is left for future research, we end
this paper by working out how a warped throat affects the scales involved in GW de-
tection. In particular, we will identify points in the Klebanov-Strassler parameter space
where the hierarchy problem is solved by warping and the gravitational wave frequencies
corresponding to the graviton KK tower reach LISA, LIGO-Virgo/ET and UHF windows.
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From (3.17) we obtain a wave equation for each mode k in an infinite tower, whose
frequency is given by?%
wi = mi + [Pl (5.2)

where pj, is the momentum of the wave. When an event (e.g. a black hole merger) generates
gravitational waves it does so by exciting h, (z*,y?), which is decomposed into an infinite
tower of modes in the 4d EFT (3.2), all of which are excited. For the zero mode we have
mg = 0, hgl, corresponds to the massless graviton and the gravitational wave will have
a frequency associated to the source event. Higher modes h,’j§0 belong to the tower of
massive spin-2 modes, which have my > 0. If my > [pi|, the frequency of the wave is given
by the mass of the respective mode,

W ~ My . (53)

When these frequencies are much higher than the frequency range covered by GW exper-
iments, we can only probe the zero mode, while the massive tower remains out of reach
together with the extra dimensions that it encodes. If on the other hand the masses of the
KK modes are low enough to give frequencies covered by current or future experiments,
then one might hope to detect a characteristic signature of the extra dimensions — a tower

26T his follows from
(Pe)" () = —mi = —Ei + || = —mi, (5.1)
and by noting that for a wave Ejx = hwy (with i=1 and ¢ =1 in all equations).
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faw (Hz) | Mgy (eV)
LISA 1074-10° | 10731 —10~27
LIGO-Virgo/ET | 10'—10* | 107261023
UHF 106-10° | 1072'—10"18

Table 4. Frequency range of different gravitational wave experiments and the associated mass
ranges for the case in which the wave corresponds to the excitation of a massive spin-2 mode of
mass Mg .

of signals whose frequencies are separated by a constant gap Aw = m; = M. For ref-
erence, we give in table 4 the frequency ranges and corresponding My - for some current
and future GW detectors.?”

We focus on the fully warped case studied in section 4.3. Since my = A71, (4.29) is
fixed by choosing a value for mj that could potentially be detected by one of these GW
experiments. In this limit my is given by (4.35b) and we can fix the ratio

Mg, IV 21 e

= S e (5.5)

by fixing both M, = m; and H, and choosing the values of the parameters g, and M.

In what follows we choose g; = 0.2 and M = 20 as before. This determines the position
of the brane 7. One can then use (4.28) to determine |z|/V,,, which emphasises the fact
that only a combination of these parameters is fixed by our choices. To have a concrete
example, we fix the volume to V,, ~ 10!, which gives |z| and therefore M K. In table 5
we give three examples by taking the upper bounds on the frequency ranges for LISA,
LIGO-Virgo/ET and UHF. We see that all these examples require tadpole contributions
of O(10%), which brings us back to considering the Tadpole Conjecture [74]. The lower
the frequency, the larger the warping must be to suppress My, which we can see by the
larger 7, that results in longer throats. Since we are fixing the volume to V,, ~ 10'® in all
cases, this also requires a larger 75, in order to keep the hierarchy fixed — if the warping is
stronger, the brane must be farther away from the tip. Different values of V,, will require
different values of MK, since the strength of the warping depends on the combination
V&/6|2|1/3 (2.35). For the UHF case, choosing V,, ~ 10? would require M K ~ 2021, while
Vi ~ 103 would require M K ~ 2847, which is always O(10%).

It is important to note that even if the warping is such that M is low enough to give
frequencies that lie in the ranges of any of these GW experiments, one is not guaranteed
to make a detection — we must also take into account the amplitude of the waves. This
requires a more careful analysis of the wave equations, which includes in particular the
source of the GWs. One would expect a source localised on the brane (e.g. a neutron

2TWe obtain few by reintroducing factors of ¢ and #, which were set to 1, such that the result is expressed
in Hz,
MY c?
2rh

faw = (5.4)

where M§ ;- must be in kg.
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few (Hz) | Mg (eV) | 7 | 7e 213 ruv | Vin | MK

LISA 100 1027 195 | 239 | 1.51x 10747 | 1.70 | 290 | 3259
LIGO-Virgo/ET 10* 10728 | 168 | 211 | 1.51x107%3 | 1.64 | 240 | 2906
UHF 10° 1018 133|176 | 1.51x 10738 | 1.57 | 183 | 2464

Table 5. Explicit examples of parameters and scales associated with GW signals covered by LISA,
LIGO-Virgo/ET and UHF. We fix H = 10715 and V,, = 10*® in all cases. Lengths and volumes are
given in string units.

star merger) to have very small couplings, due to the large suppression of the KK mode
wavefunctions away from the tip of the throat. On the other hand, a source which is
higher dimensional (e.g. a higher dimensional black hole) might be able to couple strongly
to the KK modes, not being confined to the brane far away from the tip. Bulk moduli
(e.g. complex structure and Kéahler moduli) might also source the wave equation and these
could have wavefunctions with big overlaps with the KK modes, and may therefore provide
signals with higher amplitudes. It will also be interesting to understand if any resonance
effects can enhance the wave amplitude. We leave a careful treatment of these questions
for future work.

6 Conclusions

Gravity is currently being probed with unprecedent precision, with experiments and ob-
servations covering strong and weak field regimes, and providing crucial information that
can be used to constrain modifications to GR, including those descending from specific UV
completions such as string theory. It is therefore important to derive concrete predictions
from phenomenologically interesting models that can be compared with observations. In
the context of string theory, warped throats naturally arise due to the fluxes used to sta-
bilise some of the many moduli present in the low-energy 4d theory, they provide a possible
explanation of the hierarchy problem in the Standard Model, and they are crucial ingredi-
ents of de Sitter constructions such as KKLT [35] and LVS [36]. In this work we explored
the gravitational effects of a warped flux compactification of Type IIB supergravity on
matter confined to a (3+1)-dimensional brane. More precisely, we derived the tower of
KK graviton modes arising from a compactification in which the internal space contains
a warped throat described by the KS solution and studied how this tower corrects the
Newtonian potential felt by matter confined to the brane. We derived the relations be-
tween the KS string solution parameters and the phenomenological parameters associated
with a modified Newtonian potential, and thus found some tight bounds on the latter, as
illustrated e.g. by figure 11.

After going through the dimensional reduction of the 10d gravitational wave equation
for Type IIB supergravity in section 2, taking into account the warp factor given by the KS
solution and keeping track of the contribution of the Type IIB bosonic sector, we focused
on the simple case of 4d Minkowski spacetime with the fluctuations of all fields apart from
the 10d graviton set to zero. This allowed us to explicitly derive the KK tower of 4d spin-2
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fields in section 3, obtaining both their masses and wavefunctions, and studying how it
is affected by the warping. We recovered the results in [38] for the mass spectrum, and
found larger wavefunction amplitudes for higher KK modes, which lead to larger couplings
as emphasised in [40]. We then discussed how the results depend on the balance between
the strengh of the warping and the size of the bulk — if the warping is strong enough, it
dictates the suppression of the KK masses, but if the bulk is so large that it dominates
over the effect of the warping, the masses are instead suppressed by the volume of the
compact space. We studied this effect by describing part of the bulk with the unwarped
deformed conifold, since the unknown metric of the CY3 does not allow us to find the mode
wavefunctions explicity. Interestingly, the warping becomes sufficiently strong to suppress
the masses and localise the modes when roughly half of the conifold is warped, in terms
of the radial coordinate 7 i.e. 7./T ~ 1/2 (see figure 4). Since the more intuitive radial
coordinate s, ~ €7/3 behaves exponentially in 7, this means that the throat can be an
exponentially small portion of the internal space and still provide the dominant effect.

In section 4, we showed how the masses and wavefunction profiles of the KK modes
manifest in the low-energy theory, through the range and strength of the corrections to the
gravitational interaction, respectively. After reviewing how gravity manifests on a brane,
especially when the extra dimensions are warped, and how the warping affects the scales
of the braneworld theory, we gave the general form of corrections to the gravitational
potential expressed as a single Yukawa-type interaction, which allowed us to compare
with experimental and observational constraints [23]. We gave three sets of examples,
covering the fully warped, unwarped and partially warped regimes. We also considered
placing the brane at the tip of the throat or higher up along the throat, always fixing
the hierarchy such that the string scale is lowered by warping and/or volume dilution to
~ 1TeV in the braneworld theory. The presence of warping brings the corrections closer to
collider constraints so that we might be able to probe warped models with future collider
experiments (this requires an increase in luminosity in order to probe smaller couplings).
However, strong warping typically comes with a large tadpole contribution M K, which
has been given special attention in recent works [74, 75]. Isotropic unwarped models on
the other hand are much harder to probe, staying much further from the excluded region

28 This can be understood by noting that unwarped scenarios must

of parameter space.
provide the hierarchy through a much larger volume when compared to the warped case,
which, whilst bringing down the masses, also suppresses the couplings of the KK modes

since their wavefunctions will spread evenly through the internal space.

We then focused on the fully warped and unwarped limits, in which we were able
to reduce the number of free parameters and study the parameter space more carefully.
In particular, there exist combinations of the Yukawa parameters a and A which de-
pend only on the hierarchy, the position of the brane and on either gs, M or gsM (see
e.g. egs. (4.35b), (4.37) and (4.38)). Therefore, using consistency conditions required by the
string loop expansion (g5 < 1) and the supergravity approximation (gsM > 1, Reon > 1),

Z8Models with a smaller number of large extra dimensions [72] can be excluded, but using the deformed
conifold as a background we can only consider the isotropic case with 6 large extra dimensions [23].
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and some well-motivated constraints on the flux number M based on the recent discussion
of the D3-tadpole cancellation condition within flux compactifications, we were able to
exclude large portions of parameter space. In the fully warped scenario, the tadpole can-
cellation considerations reduce the allowed region considerably, with smaller upper bounds
on M excluding larger regions. In both the fully warped and fully unwarped cases, the the-
oretically allowed regions never overlap with the experimentally excluded region. It would
be interesting to consider how these constraints could improve with future experiments and
new technologies.

The position of the brane along the warped throat drastically changes the predictions,
lowering the masses of the graviton KK modes, as well as their couplings to matter on
the brane, as the brane moves up the throat. As we have seen in section 5, this could
be especially interesting in the context of GWs, since the masses of the KK modes give
the frequency of the corresponding waves. With KK masses close to the UV scale, these
frequencies are too high for us to probe, but if they are suppressed by the warping one
might hope to detect them in future experiments. Our results show that this lowering of
the KK masses does not necessarily create any tension with current experimental data,
since the allowed regions of parameter space stay away from the experimentally excluded
regions. In section 5 we considered the required warping of the KK mode masses to bring
gravitational wave frequencies within the ranges of current and future GW experiments,
giving explicit examples of KS background parameters that achieve this. All examples
required a tadpole contribution of ©(10%); it would be important to understand how much
warping one can have in a consistent flux compactification with all the moduli stabilised
and compatible with tadpole cancellation.

There are several further questions which naturally arise from this work that we would
like to address in the future. Firstly, it will be very interesting to complete our exploration
of the effects of a warped throat described by the KS solution within this Type IIB setup
on gravitational wave signals. We have shown that the gravitational wave frequencies can
be brought down to observable windows, but it will be important to work out the signal
amplitudes. Not only do we expect extra higher frequency signals associated to the massive
spin-2 modes, but there could also be extra polarisations and modified dispersion relations,
which one might use to constrain these models with current and upcoming gravitational
wave experiments [29-34, 76]. Observational consequences could include the gravitational
memory effect; see [77] for a recent study of the memory effect due to massless fluctuations
in compactifications and [78] for the concept of “orphan memory” whereby higher frequency
gravitational waves, for instance from KK modes, can leave a detectable memory effect in
the LIGO-Virgo band. Tightly related to these questions is the effect of the scalar field
fluctuations we neglected in section 2. The zero modes of these fluctuations are the complex
structure and Kéhler moduli of the compact space — even in this work we encounter at
least two moduli, the deformation modulus z and the volume modulus ¢. One might then
expect them to affect the GW signals, in a similar way to the breathing mode identified
in [31]. On the other hand, we should expect these scalar fluctuations (and possibly even
fluctuations arising from the other bosonic fields in Type IIB) to also have their masses
lowered by the warping and it would be important to check both their effects on the 4d
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theory and whether these would change our results. Similarly, we have so far neglected the
effects of gluing the KS throat onto a compact CY as we do not know the explicit metric
in the gluing region and beyond. This could be approached analytically by considering
deformations to the KS metric [54-56], or by using numerical CY metrics [79]; see [80] for
recent work that uses numerical CY metrics to compute KK towers. Finally it would be
interesting to explore the connections between our results and the swampland program in
the context of KK towers and/or spin-2 fields [67, 81, 82].
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