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ABSTRACT: We revisit moduli stabilisation for type IIB flux compactifications that include
a warped throat region corresponding to a warped deformed conifold, with an anti-D3-brane
sitting at its tip. The warping induces a coupling between the conifold’s deformation mod-
ulus and the bulk volume modulus in the Kéhler potential. Previous works have studied
the scalar potential assuming a strong warping such that this coupling term dominates, and
found that the anti-D3-brane uplift may destabilise the conifold modulus and/or volume
modulus, unless flux numbers within the throat are large, which makes tadpole cancellation
a challenge. We explore the regime of parameter space corresponding to a weakly-but-still
warped throat, such that the coupling between the conifold and volume moduli is subdom-
inant. We thus discover a new metastable de Sitter solution within the four-dimensional
effective field theory. We discuss the position of this de Sitter vacuum in the string theory
landscape and swampland.
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1 Introduction

Cosmological observations on Dark Energy are thus far consistent with a cosmological
constant sourcing a de Sitter Universe [1]. However, almost two decades after the seminal
paper by Kachru, Kallosh, Linde and Trivedi (KKLT) [2], which provided a path towards
constructing de Sitter vacua in string theory, it remains an open question as to whether
there is a vast landscape of metastable de Sitter vacua in string theory or none at all
(see e.g. [3-7] and the references therein). This paper contributes to the ongoing debate
on moduli stabilisation to de Sitter vacua in type IIB string theory, using the interplay
between fluxes, quantum corrections and an anti-D3-brane uplift. It studies type IIB flux
compactifications that include an anti-D3-brane at the tip of a warped throat region. Deep
in the throat region, the geometry is well-described by the Klebanov-Strassler (KS) solution,
known also as the warped deformed conifold. By considering the effect of gluing the warped
throat onto a compact Calabi-Yau, we investigate the stabilisation of the conifold and
volume moduli, which are coupled.



This program was initiated in [8] (see [9-14] for further work), where it was noticed
that the uplifting potential energy contribution from a probe anti-D3-brane at the tip of
the warped throat can destabilise the conifold modulus that corresponds to a deformation
of the tip, causing it to runaway to its singular point. To avoid this runaway and ensure
that the potential has a critical point, a minimum flux is required, namely /gsM 2 6.8,
with M the RR-flux on the deformed S® at the tip. At the same time, in order that the
uplifting brane potential energy be sufficiently suppressed to avoid a runaway in the volume
modulus, the warp factor at the tip, e~ 440 ~ e%, must be sufficiently strong, with K
the NSNS-flux dual to M. Together, large ,/g;M and large iz—ﬁ imply large MK and a
large positive contribution to the D3-tadpole in the compact internal manifold, which may
be difficult to cancel within perturbative type IIB string theory [8]. The bound on MK,
and other flux numbers required to stabilise bulk moduli, was further refined in [15-17],
with M K 2 500.

The same issue was studied recently for the Large Volume Scenario in [18]. Again, a
lower bound on the flux numbers was found necessary to avoid the conifold runaway, and
moreover, it was emphasised that an even stronger bound on the D3-tadpole contribution
emerges from the supergravity approximation, g;M > 1. The nature of the AdS pre-
uplift-vacuum in LVS is such that the hierarchy required to maintain volume stabilisation
after uplift is somewhat smaller, leading to a rough bound of MK 2 100. Examples of
metastable dS vacua were constructed, achieving cancellation of the D3-tadpole with the
introduction of so-called Whitney branes [19, 20].

In this paper we consider a new, previously unexplored, region of parameter space
for the interplay between the volume and conifold moduli. In particular, in the presence
of warping, there is an extra contribution to the K&hler metric of the conifold modulus,
which includes a dependence on the volume modulus, and it is this mixing that has been
studied in [8-12, 21]. However, depending on the balance between the strength of warping,
the large bulk volume and the small conifold deformation, the warping contribution may
be subdominant in the Kahler metric. By considering this latter weakly-but-still-warped
regime, we discover a new metastable de Sitter solution within the four-dimensional effective
field theory (EFT). Like the LVS de Sitter vacuum in [18], the throat fluxes are M K 2 100,
there is no bulk-singularity problem [22, 23], and the solution is consistent with the o/ and
string-loop expansions and the four-dimensional supergravity description.

The paper is organised as follows. In the next section 2, we give a brief review of the
volume modulus and the conifold deformation modulus and how they appear in the 4d low
energy effective field theory description of type IIB warped flux compactifications with an
D3-brane. In section 3, we study the stabilisation of the conifold modulus in two regimes,
the one where the warping term dominates in its Kéhler metric and the one where it is
subdominant. In the strongly warped regime, we recover the solution in [8], and in the
weakly warped one we find a new solution. In section 4, we extend this analysis to include
the volume modulus stabilisation, using the Large Volume Scenario in both regimes. Again,
in the regime of strong warping we recover the LVS solution in [18], and when the warping
is subdominant we find a new metastable de Sitter solution. We conclude in section 5 with
a brief summary and a discussion on possible control issues for our new de Sitter solution.



In appendix A we review the derivation of the conifold modulus’s Kéhler metric, including
its dependence on the volume modulus, based on [24, 25].

2 The coupled volume and conifold deformation moduli

In this section we review type IIB flux compactifications with warped throats and their 4d
effective field theory description, paying special attention to the volume modulus and the
complex structure modulus that corresponds to the deformation of a Klebanov-Strassler
throat. In particular we highlight the identification of the volume modulus and its mixing
with the conifold deformation modulus, which occurs in the Kéhler potential of the 4d
EFT, following dimensional reduction. At the same time, we review the important mass
scales. These results will be used in the following sections to study the stabilisation of the
moduli.

2.1 The moduli and mass scales

We start from the type IIB supergravity bosonic action in the Einstein-frame®
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We consider a flux compactification, whose internal compact space consists of a finite
portion of a warped throat — a warped non-singular deformed conifold [26] — glued to a
compact Calabi-Yau. The 10d metric can be written as:

ds® = eQAeQQ(x)gw,da:“daz” + e g ndy™dy", (2.2)

where the factor (@)

anticipates the Weyl-rescaling which is necessary to go to the
Einstein frame in 4d. The background warp factor, e~ 44, that solves the 10d Einstein
equations in the presence of fluxes, is only fixed up to a constant shift, motivating the

following form [27]
e 1AW = o=140(y) 4 (. (2.3)

The fact that gmn — Agmn together with €24 — Xe?4 is a gauge redundancy of the

metric [28, 29], allows us to choose A = ¢(z)/? and rewrite (2.2) as
~4Ao(y)] /2 o—440(y) 11/
ds? = |14+ —— 200) g datda” + |1+ S —— V2 ndy™dy", (2.4
s [ + @) ] e gudxtdxz” + |1+ o) c(x)<g y"dy", (2.4)

and therefore define the warp factor as
e—4Ao(y)

In our conventions, the string frame and Einstein frame 10d metrics are related by G3;x =€ 2 G¥n,

where e?° = gs with ¢o being the background value of the dilaton. This means k£ = k10gs and hence
21% = (2m) g2,



With this definition, we naturally recover the unwarped case in the c¢(x) — oo limit, when
h = 1. In that limit we identify c¢(z) = V*?, with VI8 the unwarped volume of the compact
space, as we would expect for a volume modulus, where we have chosen coordinates such
that Vs = [ d%,/g6 = I5.

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

0
S = 2‘/:2/d4m\/—g4R4 +..., (2.6)

where we have defined the Weyl factor e? as

VO VO
20(z) _ w — tw - 3/2/d6 h. 2.7
() [ dyGs b~ Vo o A et 2D

The choice of V., which ensures that the Weyl factor is dimensionless, is arbitrary.? How-

e

ever, the most convenient choice is V.0 = (V,,), such that (¢**®)) =1, i.e. the two frames
are the same at the vev, which allows us to relate the string scale with the 4d Planck scale
using frame independent volumes. In the limit of small warping (or for no warping at all),
where ¢(z) > e~*40W) and h ~ 1 for most of the internal space, we have V.0 ~ (V)I5, the
physical volume of the compact space. With our choice of Weyl-rescaling, the definition
of M, is

Mg 1 _ V’Lg ms Js
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where V) = V915 Note that the relation between the string scale® and the 4d Planck
scale is only determined once the volume modulus is fixed (analogously to what happens

(2.8)

with the dilaton in 10d, where the physical gravitational coupling can only be related to
the string frame coupling once the dilaton is fixed). Therefore, when studying the moduli
stabilisation within the 4d EF'T, we replace any string scale with the 4d Planck scale, M,,.

The mass-squareds associated with the Kaluza-Klein towers of massive states arising
from the compactification can be derived from the Laplacian [30]

e 1
— mn
A= T2 \/g’am (v99™" ) (2.9)
giving, for modes localised in the bulk and thus experiencing h ~ 1,
1 2 2
micx = () = Ty~ 21 (2.10)
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Roy (W6 ™ a2/ r

Here, we have used (¢®(*)) = 1 and identified Roy ~ ¢'/*l, as the characteristic scale of
the bulk, by analogy with a toroidal compact space, such that (2rRcy )% = (V)i5.

In the throat region, where e~440 2 ¢, we assume that the internal metric takes the
form of the warped deformed conifold. The deformed conifold arises from considering the

2Note that all the mass-scales in units of M, will be independent of the normalisation of e2?(®).

3In our conventions, (2m)%a’ = 12 and m, = I;!, which differs from My = 1/va/ = 27wms.



surfaces in C* given by 3°1 ; w? = €2, where € is a non-zero complex parameter (e = 0 for

the singular conifold), which results in the metric [26, 31-33]

4/3

dsion = ——K(n) (3}61(77) (dn2 + (95)2) + sinh?(n/2) ((91)2 + (92)2)

+ cosh?(n/2) ((o°)2 + (")?) ) : (2.11)

. o / .
where K(n) = % and ¢" are a basis of one-forms found in [31]. We see that
the metric written in this basis only depends on 7, the radial direction, reflecting the
symmetries of the conifold. For large 7, the metric (2.11) approaches the singular conifold

metric [26, 31, 32, 34]

1 1< .
dsgon = drig +75 | 5(0°)2 + 2> ()], asn— oo (2.12)
9 6=
where the coordinate 7o, is defined as 72, = 25%64/ 3¢21/3 while near the tip, where the

topology is S? x S2 with the S® of finite size, the full 10d metric becomes [26]

2
ds3y = eQAoc(x)*l/Qngx“dx” + e 240 (dr% + %OdQ%z + deﬂ%3> , (2.13)
2 et/3 (2 1/3 2 : : . .
where 75 = <~ (5 n~, with the internal space of the warped metric being the deformed

conifold and the warp factor given by
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where M is the 3-form flux through the S at the tip of the throat. The size of the S2 in
the conifold metric is controlled by the deformation parameter, €,

4/3 2 1/3
>
R; = 5 (3) , (2.15)

but its physical size at the tip of the throat, Rgs, is independent of it due to the warp
factor,

B 11/2
Ry = e 2R2 = ( 61/(377)> (gsM)a' =~ (gs M)/ . (2.16)

It follows that the o’-expansion is well under control when g,M > 1.

Combining our discussion on the volume modulus and warped deformed conifold, we
use only a finite portion of the non-compact Klebanov-Strassler solution, with the latter
assumed to be glued smoothly onto a compact Calabi-Yau 3-fold. We thus introduce a
cutoff scale, Ayy ~ ryy where the conifold connects to the bulk. To this purpose, it is
useful to note that, far away from the tip, the warp factor becomes [34]

4
674140 ~ LT 1+ 3gsM + 39sM IOg ( T'o )
T Tuv
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where we define

4 (2m)t

27Tm gs MK
4= : 1 (2.18)

with K being the flux number which appears through (2.36) below. Cutting off the warped
throat where the warp factor (2.5) becomes h ~ 1 implies ryy is defined by ryy ~ cl%'
We define the radial size of the throat as Riproat ~ L.

Upon dimensional reduction, the deformation parameter ¢ becomes a complex structure
modulus, which is part of a chiral superfield in the 4d effective action. It is usually denoted
|S| = €% with units of (length)3, or the dimensionless z = S/I2. The volume modulus
c¢(xz) = V?/3 also falls into a chiral superfield with scalar component p and ¢ = Imp. It will
be useful to bear in mind the warp factor at the tip of the throat,

J-aate _ 2°7°1(0) (g5M)?
C@mt R

(2.19)

and the hierarchy between the bulk (UV), where e~44vV < ¢(z), and the tip of the throat
(IR),

1+ 6_4Agp 4A8P

) _

IR _ OIS I (2.20)
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which is large for i M c(x) = VI3,

At the tip, where the warp factor is relevant, every mass scale is suppressed. Looking
at the 4d part of the metric G, = h~"/2e*¥@)g , and recalling that (e2?@) = 1 by
definition, energy scales measured at the tip will be suppressed compared to the bulk
scales as m* ~ h~Y*m [30]. For the warped string scale, we obtain

—1/4

o—4A45"°
my = ( ) M . (2.21)

c

For KK modes localized near the tip, from (?7), we derive

w (eQ(’”)> 1 27
MKK = Cl/4h1/2§6 ~ /g5 M

(01/46A3ip)ms . (2.22)

2.2 Kaihler potential and superpotential
The complete Kéhler potential for a type IIB flux compactification can be written as [24]

dSy. /G5 h
K/M2 =—3log <V2/3 x fyv%> ~log (—i(r — 7))
6

Dilaton

Universal volume modulus
) — 1
“log (%/h QA Q) “log (6/d6y\/g% h) : (2.23)
kg kg

Complex structure moduli Other Kahler moduli




For simplicity, we start with a single Kéhler modulus, the universal volume modulus, p,
with Imp = ¢ = V2/3. Here and below we keep Vi = 1S explicit for clarity, and notice the
correction in the kinetic term of the volume, which is shown in [27] to arise in a warped
compactification.? Under the usual assumption that the bulk dominates the volume of the
compact space, we can neglect this correction in the volume modulus kinetic term and

instead use the usual form,
K/M} ~ —2log V. (2.25)
The metric in the complex structure moduli space can be computed using [35]

 JhixaNXg
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(2.26)

Following closely [25], we review this computation for the conifold deformation modulus, z,
using the KS metric in appendix A, making explicit the appearance of the volume modulus.
The final result, valid when |z| < A3, is

l6 A3 C/ 1 (g M)2
== oo (log T TRt I 2.2
¢ 7|2 [* Ve (Og ERRC NP (2.27)

where we define the dimensionless Ag = Ayy/ls and the constant ¢/ = 1.18, and recall that
19|12 = %anpﬁm”p = 8 is fixed by the normalisation of the globally defined covariant
spinor which is a requirement for preserving N' = 1 supersymmetry in 4d [36]. This metric
corresponds to a contribution to the Kéhler potential of the form:

- 19 2 A% 90/(9 M)2 2
=5 log— +1 SIS 1 12/8) 2.2
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Notice that the warping contribution to the Kéhler potential mixes the deformation mod-
ulus z and the volume modulus V, in such a way that large volumes suppress the effect of
the warping contribution. We can combine the Kéahler potentials for the two moduli such
that (see e.g. [11])

1 3c(gsM)? 15
= — 2/3 _ s s 2/3
K 3log (V @)t AR Ve | 2| +... (2.29)

It is interesting to note that despite the mixing between z and V, the no-scale structure of
the Kéhler potential is preserved [9, 35].

“In equation (5.10) of [27], the correction to the Kihler potential arising from the warping is given as
0
K = —3log (V2/3 + ‘%V)a where Vy, = [d% Gee 40, To match (2.23) and (5.10) of [27], notice that
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Having described the relevant terms in the Kéahler potential, we now turn to the su-
perpotential, which takes the well-known Gukov-Vafa-Witten form?

1/2

/})0

Wzgsigw/Gg/\Q, (2.30)
kg

with the 3-form flux G3 = F3 — 7Hs. The periods over the 3-cycles A and A!, I =

0,...,h%" —1, define the coordinates in the complex structure moduli space S48 =S and

S Q= Z', and the periods over the remaining elements of the basis of 3-cycles, B and
B!, must be functions of these coordinates. In particular [8, 25]

OF S [ A3 OF
Q=20 2+ = (log 20Y 41 /Q:— 2.31
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where F' is the prepotential and the period over B follows from monodromy arguments

for a conifold singularity while II is independent of S. Given oy, 3%, the dual cohomology
basis to the 3-cycles such that [,; s = [a; A7 = & and fBj Bl = [B"Naj = =0}, we
can write the 3-form fluxes on the 3-cycles as

1

1 .
Wﬂg = KB - K8+ K'a; , (2.33)

where the RR-flux on the S? cycle at the tip of the throat, M, and its NSNS partner, K,
were singled out, being the fluxes responsible for the deformation of the conifold

1 1 1 1
— | 3= ——— =M, — | Hy=—~— H: =K
<27r>2a'/A ’ <2w>2a'/ss T <2w>2a'/3 ’ <27r>2a'/ngm s
(2.34)

with 7y corresponding to the radial coordinate where we cut the throat and glue it to
the compact Calabi-Yau. The second integral can be computed for the conifold, using the
approximation of the metric (2.11) in the limit 7 — oo, (2.12), with 72, = 25%64/36277/3
and the functions (A.7) determined in [26]. We can introduce the radial cutoff in these
coordinates as

3
A2 = ﬁ|z|2/36277’\/3, (2.35)

where we replaced the deformation parameter € by the complex structure .S, since we are
now looking at the 4d EFT, and rewrote the relation in terms of the dimensionless Ag and
z. It follows that

1 gsM gsM< A3 3 25/3>
K=—— Hs ~ = log =2 + Zlog =— 2.36
2m)2d /n<77A /32 3 om 1A or 0g H + 5 0g 3 ) ( )

5The normalization of the superpotential W changes depending on the way we write the volume modulus
and axio-dilaton terms in the Kéhler potential. If we write —3log(—i(p — p)), where Imp = c(z) = V?/3,

there is an extra factor of 2%/2 in W. If the Kahler potential for the axio-dilaton is written as — log(ImT),

there is an extra factor of 27 /2

¢—=(¢)
2

. Similarly, if the transformation between the string and Einstein frame

metrics, Gfl, =e foy, does not include the vev (¢), the factor of gs will not be present. The same is

true for V9, which comes from the Weyl rescaling in 4d.



which therefore must be imposed as a consistency condition for the solution |z| together
with the parameters g5, M, K, Ag. This shows that the flux number K is not an independent
parameter as it might seem, but instead is related to the parameters gs;, M and Ag, which
is nothing but a reflection of the fact that the warped conifold solution [26] only has a free
flux number M, since it is a solution for constant dilaton and therefore satisfies the relation
g%|F3|> = |H3|?. Interestingly, this relation between K and the cutoff scale Ag takes the
form of the supersymmetric strong warping solution of the deformed conifold [25, 37]

2K
2| ~ Ade 951 (2.37)

Finally, the Gukov-Vafa-Witten superpotential (2.30) takes the form

1/2 A0 M A3
W/M, = W(zw)%/ [ - MTlp — 55 <log % + 1) —7KS — M°F,
Ky e
+ M;Z — 7(KoZ° — KF)] (2.38)
Is\° M A3 K
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We will focus on the deformation modulus z and assume that the other complex structure
moduli and the dilaton are stabilised by the remaining fluxes, with (7) = ig; !, contributing
only with a constant superpotential Wye'®, with phase o, corresponding to the remaining
terms evaluated at their vevs.

2.3 The D3-brane uplift

In uplifting scenarios like KKLT and LVS, an D3-brane is placed at the tip of a warped
throat in order to uplift the potential from an AdS minimum for the volume modulus into
de Sitter.® This will affect the potential for the deformation modulus when the latter is
lighter than the other complex structure moduli, since it is the deformation modulus that
determines the warping which suppresses the brane potential [8]. The potential is obtained
from the brane action in the warped background

Sps = Spar + Scs = —2T3 /d433\/m’ (2.40)

where G, = h—1/2¢28) guv is the Einstein frame metric, giving

0\ 2
Spz = 2T3/d4:m/— det g, <“§U> Rt (2.41)

Since we will be placing the D3-brane at the tip of the throat, e~ *40(ranc) > ¢(z) and

therefore h ~ %. The potential is minimized for 7prqne = 0. When integrated over

the whole compact space, we assume that the warping is negligible, so that V,, ~ c(x)3/ V.

6See [38] for an extended version of the KKLT scenario without a supersymmetric AdS vacuum.



Using T3 = W, the relation between mg and M), (2.8), and the warp factor at the
tip (2.19), we obtain
3 4 4/3
- [ 9s (2m)* , |2 4
Vs = (8%) Vi/3 c (gSM)2Mp ) (2.42)
where we have introduced ¢’ = % ~ 1.75. Note that the D3-brane can equivalently

be described in a supersymmetric way within the low energy effective supergravity theory
using constrained superfields [39-48], though this is not necessary in what follows.

3 Deformation modulus stabilisation

In this section we compute the scalar potential that stabilises the deformation modulus, z,
including the contribution from an D3-brane at the tip of the KS throat. We identify a new
regime of parameter space that occurs at large volumes and weak warping, and thus find a
new minimum for the deformation modulus. In the next section we extend this analysis to
include volume modulus stabilisation using the Large Volume Scenario [49, 50], and find a
new metastable de Sitter minimum.

3.1 The scalar potential
Combining the Kéahler potential and superpotential presented above, (2.28) and (2.39), the
resulting scalar potential is:

-1 2
g2 gs ( Aj 1 Cl(gsM)2>

M, . (3.1)

M., A K
27 z Js

=95 95 (15p 20
Vis =gyn {8 1+ @ryavars)pr

In addition to this scalar potential originating from the fluxes, we include the contribution
from a probe D3-brane at the tip of the warped throat (in such a way that its energy
contribution to the potential is suppressed down from its natural string scale)

3 4 4/3
- [ 39 (2m)* , |2 / 4
VD3 = (8']1') V4/3 C (gsM)QMp . (32)

The deformation modulus appears in the brane potential through the warp factor of the
metric, and we see that the suppression is provided by the vev of this modulus, through
|2|*/3. In the classic KKLT scenario [2], this energy suppression ensures that the positive
energy density from the probe D-brane uplifts an otherwise AdS minimum for the volume
modulus to a near Minkowki minimum, instead of dominating the potential and causing a
runaway. How much suppression is required, and hence how large the hierarchy (2.20) needs
to be, depends on the stabilisation mechanism of the volume modulus and, in particular,
on the depth of the AdS minimum prior to the uplift.
It is useful to introduce the following constants

T B I RS R
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as well as the parameter

V2/3log ATS

e
b= — e = CV*BAS ze™ 57, (3.4)
2m?* ¢4/3
where we deﬁned z = (e, introduced the constant C' = 7 g”]@)g, and the useful variable

x = log =0 Using these parameters and constants, the potentials (3.1) and (3.2) become
(in Planck units, M, = 1)

51C A} 2
V = Vs + Visg = 1V4/3Oe 57 [(1+ﬁ) H1-ex) +62]. (3.5)

where we assumed that the axion is stabilised at zero, (#) = 0 (this will be confirmed
below).

The parameter 8 measures the suppression of the warping contribution to the potential,
where large values of 3 reflect a large suppression of the warping. This is what we want
to explore, since all previous works have assumed the regime 5 < 1, where the warping
completely dominates (this is even true in the LVS case studied in [18, 50], where the large
volume of the bulk is still not relevant for the stabilisation of the deformation modulus).
From the definition (3.4),

V2/3 A3
—4ApP log == ¢’

and we see that leaving the 5 < 1 regime requires us to have weak warping, large enough

B~ (3.6)
(&

volumes and long throats.

3.2 Strongly warped scenario (§ < 1)

In previous studies, it has been assumed that the warping term dominates over the volume
term in (2.28), that is § < 1, in which case the potential becomes

n<C g
Vo~ v14 G A eI [(1 - cn)? + 8] (3.7)
and hence
o1 e 3 3
! o e 2
V= V4/3CA 3 [<1+62+28) <2+2£) ex + (ex) } , (3.8)

which shows a minimum at ¢ = 0 (zr — oo0) and may or may not have critical points for
¢ > 0 (z finite). Notice that, in the absence of the brane (d2 = 0) one immediately obtains
the GKP solution (which corresponds to ex = 1). Once the brane is introduced (d2 # 0),
the condition that guarantees the existence of a non-trivial minimum is

by  Amc'c 9
- = — < — 3.9
g2 gsM? — 16’ (3:9)

and once this is satisfied we obtain the solutions

2K 3 9 Andd
A3 - S+ == . 1
Smin 0 XP { gsM (4 16 gsM? ) } (3.10)
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Figure 1. Comparison between two different choices of M (M = 5, M = 25 with K = M in
both cases) for the potential (3.5) for an example with § < 1, with the choice of parameters
Ao =10, gs = 0.1, V =10 and given ||Q|]> =8, ¢/ =1.18, ¢’ = 1.75.

The bound (3.9) corresponds to that found in [8], \/gsM 2 6.8, where the conclusion is
that, together with the requirement that the suppression to the brane potential, through
the deformation modulus

z|4/3~exp{—§;j\(/[} :exp{—W} , (3.11)
be large enough,” this translates into a lower bound on MK which makes the D3-tadpole
cancellation condition difficult to satisfy (see [8, 16-18]).

It is important to notice that the solution must be consistent with the approximation
we started with, i.e. the non-trivial solution (i, that follows from this analysis must be
such that 8 < 1 given the vev for the volume once it is stabilised (which is verified for the
parameters used in figure 1).

3.3 Weakly warped scenario (8> 1)

We now consider a new regime, where the warping term in (2.28) is subdominant,® that is
8> 1, so that the potential becomes

Vo~ 312; [(1 - ;) (1 _ 533)2 +552}

4
011 e3” 2 2/3 74 . —2z
_WxKl_C})?/?’Ag:g)(l_m) POV Te 12

”As we mentioned before, in this argument, “large enough” can only be made precise when one includes
the stabilisation of the volume modulus explicitly.

8To be precise, we consider a “weakly-but-still-warped scenario”, by which we mean that the ¢’ term
in the deformation modulus metric — the strong warping correction to GKP by DST [25] — provides an
important subleading correction to the scalar potential (3.12), even though the interplay of all the ingredients
is such that the warping is small. Starting with a conifold provides us with an explicit background metric
onto which we can add a probe anti-D3 brane. However, to stabilise the conifold modulus, we need fluxes,
which then source a warped throat.
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and thus

,  21—ex)(3-2z(l—ex) & 4616, CC3 0 3(1 — (ex)?) &y
Vi=- 33 C73CV8/3 + 3)4/3 + 322 A (3.13)

Without further assumptions, it is difficult to solve V’ = 0 analytically, but we can still
learn about the solutions by looking at different regimes for ex.

We first consider the case without an anti-D3-brane, i.e. o = 0. Apart from the
solution at ¢ = 0 (which one sees from (3.1) regardless of 3), we identify from (3.13) a
minimum ¢ = Age_g%g (corresponding to ex = 1). Given these two minima, we expect to

/ 2
see a maximum between them, with ez > 1, which we find at ¢¥/3 = ¢ ((%;];/{1) 31;%/3,

differing
from the maximum one finds when § < 1.

We now add the antibrane, i.e. o # 0. We immediately see that ex = 1 is not a
solution of (3.13) and, contrary to the 8 < 1 case, there is no solution near it. For ex < 1
and large 3, (3.13) becomes

Vi 28-20) & 46, 6o C ¢1/3 51 (3.14)
~ 33 C7/3C 18/3 3)4/3 2027 )
for which again there is no solution. Finally, the case ex > 1 implies
V!~ 0 4§ 5,c8/3 3 & 4/3 e? 3.15
RVYVE 3¢7/3 2077 = ZC]/?/?’C + V43 | (3.15)
which has solutions
(27.‘_)4 <4/3 B gsMQ § g B drc (3.16)
d (gsM)?2  dmd V23 \ 8 64  gsM? )’ ’

provided that the new bound
16
Vs —Vrdcd" = 13.6, .
M>3\/ ¢/ =~ 13.6 (3.17)

is satisfied. Notice that the maximum stays near the maximum without the brane, but the
minimum no longer corresponds to a small perturbation of the GKP solution.

In (3.16), C4/ 3 ~ V~2/3 which means that the brane potential suppression comes from
the volume modulus itself, provided there is a solution. This might be especially useful
for the tadpole problem discussed in [16, 17], since we no longer require a large hierarchy
or large M K (in contrast to the case § < 1 (3.10)). Indeed, notice that the hierarchy as
defined in (2.20) becomes

hir 8 3 9  dncdcd
— ~l+—>r<114 ith = - —_—
+ B T Vel

~ 3.18
hyuv q1(gsM?) (3.18)

which reflects the fact that we have a weakly-but-still-warped throat.
Given our approximate solution (3.16), we need to verify our starting assumptions. In
particular, we need to check that 8 > 1 and ex > 1. These conditions evaluated at the
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solution (3.16) imply

MK
p~ W(Eﬂf) >1, (3.19)
3 gsM? 32md V3,
~ lo A 1. 3.20
R (MK) 3g. M2 > (3:20)
These can be achieved as long as

32770/ 2/3 87T MK
— Ad D —— 3.21
3(gsM2)V 0 > exp 3 Mz, ( )

for which we need exponentially large volumes and/or throats, with smaller values for
K being favourable, since we must satisfy the bound ,/gsM > 13.6 in order to have a
solution (3.16). Given the necessity of having a large volume, we are naturally led to the
Large Volume Scenario [49, 50] in an attempt to treat the volume modulus stabilisation
explicitly. For comparison, we will use a similar construction to the one in [18] and take the
same “Swiss cheese” Calabi-Yau manifold for the bulk geometry as the one in the example
therein.

4 Volume and deformation moduli stabilisation

We now study the full moduli stabilisation problem including the coupled system of Kéhler
and complex structure moduli, by embedding the above system into the Large Volume
Scenario. We therefore extend our bulk Kéhler moduli field content to include the two
moduli of a “Swiss cheese” Calabi-Yau. After working out the full scalar potential for this
six real field system, we proceed to find metastable de Sitter vacua in the two regimes
explored above, where the warping dominates or is suppressed in the deformation modulus
dynamics. The strongly-warped regime (5 < 1) was studied recently in [18], and we
reproduce their results giving some further consistency checks. The weakly-warped regime
(8> 1) is new as discussed above.

4.1 The scalar potential

In the Large Volume Scenario [50], the Kéhler moduli are stabilised by balancing different
quantum corrections against each other. It relies on both perturbative o’ corrections to
the Kahler potential and non-perturbative corrections to the superpotential,

S

K/M? = —2log [V - pl (4.1)

W =W 43 AT, (4.2)
7

where = )6(4)((67))(), X(Xs) being the Euler characteristic of the Calabi-Yau 3-fold Xg that
describes the internal space and ¢(3) ~ 1.202, W is the flux superpotential responsible for
stabilising the complex structure moduli and the dilaton, and the real part of T; = 7; + ¢6;

is the volume of an internal four-cycle, being therefore related to the volume of the internal
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space, while the axion 6; corresponds to deformations of the RR-form Cy. As in [18], we
consider a CY 3-fold with A% = 2 and a “Swiss cheese” form for the volume

V= 5575/2 — 557'53/2 , (4.3)

with kK, = 1 in what follows, which can be achieved through a suitable redefinition of
Tp. We focus on the simple case where only the leading non-perturbative effect is consid-
ered [18, 49, 50]

W =W + Ae s, (4.4)

Therefore, we consider the following Kéhler and super potentials

IC/MI? = ko — 2log

£ L A} ks
V+fm‘4%0ﬂﬁ—fﬂ+hvﬁl%kj+1+vwﬁﬁﬂ,@@
M A3 K
oz (log =0 1) —im
271 z Js

with z = ¢ e and the parameters kg, k1, ko and wy defined as

W/M3 = w (Woew +

+ Ae—aTs> : (4.6)

IIQH%) (v6 ) 1 1 9¢(g:M)?
ko = —log —log|—= ], ki=—5, ko = ,
( K K 7|2 (2m)* w[1Qf?
I, \°
wy = g2V <> : (4.7)
K4
Below we will use the expression for the gravitino mass that follows from these definitions
2
P L va 48
maje = W]~ 0, (4.9

We now compute the scalar potential V' in the limit V > 1 (i.e. we use the supergravity
formula for the scalar potential and expand it around 1/V = 0) and ¢ < 1:°

3¢ 2
N~ W

3 -1 2 3 2
gs 2/31 ﬁ k2 > M~ o %1 ﬁ _ 5 4
MRVZTE <k1v o6 toan) e T\t T T, - 49

Notice that the Tj axion, 0, remains a flat direction at leading order and would be

3 8 2A2 —2aTs 4 A —arTs
v=_9 < gsa”A7/Tse y —GsAATsC Wo cos(abs + o)

e 3ksV V2

stabilised by subleading non-perturbative effects. Looking at 9yV = 0p,V = 0, we find the
solutions for the remaining axions

©) =0, (0,) = , nez, (4.10)

9We treat the term K**(D,W)(D;W) separately, since there is a competition between these two limits,
whose result depends on the [-regime we are working in. Usually, it is assumed that the warp factor
completely dominates the bracket (8 < 1) in the second line, which is equivalent to taking the limit with
the constraint §4/3V2/3 < 1.
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and choose n = 1, such that cos(afs + o) = —1. By inspecting the Hessian matrix in the
axion directions, 0;0pV and 0;0y,V, where i runs through all fields, we conclude that these
completely decouple from the other moduli and therefore we can fix the axions to their
minima and then analyse the 3-field system (V, 7, s). In particular, the axion masses are
always positive, making these stable directions. The potential then becomes

3 2 42 —2ar —ar
g 8gsa“A*\/Tse s 4gsaATe s 3¢ 9
87|22 ( EPRY V2 0 5 g0

mgs||Q|% (2m)t ¢Y3 1(M A} K>2 g2 @m)t, ¢
* c Vi/3 (gsM)2 (1+B) 2 log C s 8m V4/3 ¢ (.gsM)2 ’ (4‘11)

where we introduced our variable 3, defined in (3.4), and the brane potential (see sec-
tion 2.3)

Ve — ig (277)4 ! <4/3
D3 ™ g VA3~ (g, M)2 "
It turns out that the solution for 7, does not depend on the choice of 3 regime, giving

Vo 7_3/2 _ SWoﬁs\/EeaTS 1—ars
b aA 1 —4ars

in both cases. However, we see that the solution is given in terms of 75, which means that

(4.12)

(4.13)

there is an implicit dependence on the choice for § hiding in the solution for 7. In turn,
both ¢ and 75 will have different solutions depending on the regime of 8 that we look at.
We now proceed to study the two regimes of strong warping, 5 < 1, and weak warping,
B> 1.

4.2 Strongly warped scenario (§ < 1)

We now review the usual limit considered in the literature, 5 < 1. In this limit, the
potential is'?

3¢

3 2 12 —2ar, —ar

s 895@ A \/?Se s 4gSaATSe ° 2

V= o W W

87THQH2 ( Sl‘isv V2 0+ 2\/g>sV3 0

2
2m)t (P [t (M AS K

gy 9s Bt ¢ Mol 8 4.15
+ (ﬂ'H H ) c V4/3 (95M)2 Tgs + o og C s ’ ( )

ONotice that our potential differs from the one in [18], apart from the overall factor g2 /8, in 4 ways:
(i) our warp factor (2.14) is e %40 ~ (g, M)? instead of e #40 ~ g,M?, which is a consequence of our
convention for the Einstein frame metric with the g = '’ (see footnote 1); (ii) we have the factor ||Q||?,
which is coming from taking into account other complex structure moduli in the Kahler potential and is
not an overall factor (this contribution is hinted at in [18] in the form of e*e= after equation (4.3)); a factor
of (2r)* multiplying ¢*/® which comes from defining ¢ in units of I5; and (iv) Ao is explicit as opposed to
the potential used in [18]. There is, however, a simple way to map the two potentials. We simply remove
the overall factor in (4.15) (which does not affect the stabilisation of the moduli in any case) and perform
the following combined transformation

A3 <(7T|Q|2)(27T)4) 71§4/3, A} — <(7T|Q||;)(27r)4)3/4/\3- (4.14)
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and therefore the solution is [18]

16ats(ats — 1) 13 8q0(4/37-5/
3/2 s s _ 9 4 Q 2, 890C 7T, " 116
Ts (]_ _4a7—5)2 93/2,‘{8 +( 71') (7T|| || ) 27g§/€5W02 ) ( )
(o no o Eh (i) (1)
with the constant gy = g2 (5 — \/m)‘
The value of the potential at the critical points is given by
Vige = gs W‘|m|2(27r)4 5q0C*/3 _ SWOQgsns\/ﬁ 16ats(ats — 1)
cri 87| Js 97.b2 4(”5)/2 (1 — 4ar,)?

92 (TP oy a500CH  3WGgetiey'Ts (4.18)

8|22\ gs 97 s )

which must be positive if we want to have a dS solution. Whether this corresponds to a
local minimum (rather than a maximum or a saddle) is related to the masses of the three
fields and is analysed in [18]. Two of the mass-eigenvalues are always positive, but a second
bound is derived from requiring

3 [52TWigsks\/Ts Q2
mi~—— |- 095sy/Ts _ 1Y (2m)qo¢?? ) > 0. (4.19)
2 \4  20a7;"” 9s

Satisfying the two conditions Vit > 0 and m% > (0 provides a constraint on the value of
2
p= %LS”(QW)‘lqO&/S [18], which can be written as a € [1,5/4] where

2TW§
- aL’;“‘Q\/ﬂ. (4.20)
20aT,
The hierarchy (2.20) in this regime becomes
h 8TK
395 M
IR e (4.21)

oy T ANV

which depends not only on the flux numbers and string coupling, but also on the volume
V (which is now exponentially large) and the length of the throat Ao, large values of which
will decrease the hierarchy between the UV and the IR.

4.2.1 Example

Using a set of parameters which corresponds to the example given in [18], we find the
expected minimum and saddle point with one unstable direction. This is summarised in
table 1 and figures 2 and 3.

This solution gives the hierarchy of scales m3z/,, < mygy < M < mgrg < Ms. The
cutoff scale will be m; K,H with mg/, < My consistently with the 4d supergravity EF'T

1Tf the masses of the other complex structure moduli and the dilaton are significantly lighter than this
scale, then they should be integrated in.
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Wolol| g | M| K| Ay | Ks X a | A
23 [0 [023|22| 4 005 ¥2|-260| 7|1
Solution T Th ¢ m2 ~ mg m3 ~m2, m3 ~ m.zrb

Minimum | 7.52 | 655 | 6.96 x 1077 | 1.31 x 107° | 2.76 x 1079 | 1.56 x 10~1°
Saddle | 8.26 | 1144 | 6.96 x 10~7 | 7.51 x 1076 | 6.34 x 10710 | —2.04 x 10716

1% MS MKK m3/2 M;‘U m%K

1.68 x 10* | 3.15x 1073 | 6.22x 107% | 5.12x 1076 | 3.82 x 10~* | 1.70 x 10~*
3.87x10% | 207 x 1072 | 3.56 x 1074 | 2.22 x 1076 | 289 x 1074 | 1.30 x 10~*

Table 1. Solution and masses for the fields (75,7, (), and physical scales associated with the
solution, for a set of parameters with 8 < 1. The mass scales are expressed in units of M.
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Figure 2. Plots of the potential (4.11) in each direction (7, 7, () near the minimum (left) and the
saddle point (right), for the choice of parameters in table 1.
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Figure 3. Plot of the potential (4.11) in the (71, 72) plane (which is just a rotation of the (73, 7s)
plane aligned with the eigenvectors of the Hessian matrix), for the choice of parameters in table 1,
where we can see both the minimum and saddle point solutions.

description (see also [51]). The o’ expansion remains well under control, being governed
by R?gg < o or gsM > 1 near the tip, as can be verified by estimating the suppression of
higher derivative terms in the warped background. Two other possible control issues that
have been raised in the recent literature [22, 23] are the danger that the throat does not ‘fit’
into the bulk, and that singularities are induced in the bulk with no physical interpretation.
For the present solution, 2.59 ~ mRcy > Rinroat = 0.72 so that the throat fits the bulk,
where the factor of m comes from approximating the bulk with a torus, as pointed out in
appendix A of [23] and as consistent with the estimate of mx g made in (2.10). Moreover,
the solution, corresponding to the usual LVS, also avoids the bulk singularity problem
due to the hierarchy 7, < 7 ~ V2/3 where 74 corresponds to the small cycle wrapped
by the E3 or D7 branes that are responsible for the non-perturbative contribution to the
superpotential.?

Finally, we consider the consistency condition (2.36), which comes from integrating the
NSNS flux through the B-cycle stretching along the cutoff warped throat and corresponds
to the strongly warped solution of [25, 37]. The current solution is indeed in the strong
warping regime and the fact that the volume is large (compared to the alternative KKLT

2In detail, the bulk-singularity problem [23] emerges when we consider two ways that the physics at the
tip of the throat is tied to physics in the bulk region. The first relation is from the requirement that the
D3-brane energy, fixed by the warp factor and thus the flux numbers at the tip, uplifts the KKLT AdS
vacuum to an almost Minkowski spacetime, that is Vaas ~ Vupiise. The second relation comes from the
negative D3-brane-charge sources that must be present in the bulk in order to cancel the positive D3-brane-

charge sourced by the fluxes within the throat. Together, these relations imply that the warp factor on
|9h]
“h
becomes negative, apparently far from any sources that might resolve the singularity. The LVS solution

the wrapped 4-cycle in the bulk satisfies > gsM? > 1 leading to a singularity where the warp factor

circumvents this problem by relaxing the bound to Iah—h‘ > :—: gsM?2.
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Figure 4. Plotting the potential (3.5) for two different choices of the flux M, with all other
parameters fixed at 92 = 8,Ag = 102, K = 1,g9, = 0.1,V = 10", in a regime with 8 > 1. Note that
we have to keep two terms in the expansion of (1+ /3)~! since keeping only the first term won’t give
us the correct behaviour as ¢ — 0. In the insets, we have zoomed in to highlight how the minimum
exists or disappears depending on whether or not the bound (3.17) is satisfied.

setup) does not affect the solution for the conifold, which effectively still does not feel the
effects of a large bulk. Therefore, it is not surprising that, given the analytical solution for
¢ (4.17), the relation (2.36) is approximately respected, as the probe brane only brings a
small correction to the supersymmetric solution with no brane [37].

4.3 Weakly warped scenario (8> 1)

We now consider the new limit where the warping is subdominant in the Kéhler metric for

the conifold modulus, 3 > 1. In this case, the potential becomes'3
v g3 i (SQSCLQAQ\/T:e_Q‘”S B 4gsaA7'§e_‘”5 Wo + 3¢ 3W02)
8|92 3ksV 1% 2,/9sV
!(gsM)? .
9 e G \[M, M k] g @b, ¢
t 7|1 | |5-log — — —| +2= c S5, (4.22)
V2 log % V2/3 log % 2m ¢ Js 8m V4/3 (gsM)
which only has a minimum for ¢ in the limit ¢ log Afg > 1, with e = gjr]\;,
16ats(ats — 1) 13
3/2 SRS = 4.23
A e P, (4.23)

8m,  ,(2m)¢h3 4(%1‘%(%3)‘%)2

+ (x| )

277T95"%WO2c (9sM)? IWks log (A?%) |

4/3 M? (3 9  Adnce!
omter S _ 9 RAVINY (LA 4.24
(2m)"e (gs M2~ dmmy \8 V64 g2 ) (4.24)

from which we extract the expected bound

16
VIsM > —=Vrdd % 13.6. (4.25)

13We keep two terms in the expansion of (14 3)~! as explained in figure 4.
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As we have seen with (3.16), this solution is not a perturbation of the GKP solution. In
particular, the minimum is not a small uplift of a solution without the brane, but rather a
new solution which relies on the presence of the brane. In particular, the brane uplifting
is suppressed due to the large volume, whilst the solution always has weak warping and
hence a small hierarchy of scales (2.20)
h 8T 3 9  Adncdc
ﬁwumgmm with ¢ = 2+ 61~ Il (4.26)
with % <q < % following from (4.25).
It is difficult to give the solution for the fields explicitly in terms of the parameters.
However, we can rewrite the equations in a form that allows us to find a numerical solution.
In detail, we write

3/2 3Wokis\/Ts€™
~ N— 4.2
VET 4aA ’ (4.27)
43 M? (3 Woksy/Tse™ \ 2/
o)A ¢ _9s ( 075V s ) 4.2
( W) ¢ (QSM)2 A 1 daA ) ( 8)
M2 A
ME e (4))
3/2 o § 2y (2m)? ¢ ats
TS~ + (7||Q|]7) —F——"¢ Ts s 4.29
UL R e Y (4.29)
where we use ex > 1 and log(%g) > q1. In order for a solution to (4.29) to exist, the

/2

exponential term cannot be too large since it has to balance with the 722 on the opposite

side of the equation. In figure 5, we plot the function
M2 A3
£ ey log (2

_ _3/2 2 ) aTs
Pl == o (ol L e (1.30)

defined such that F'(75) = 0 corresponds to a solution to (4.29), where we have replaced
¢ by its solution in terms of 75. In the approximation ar; > 1, we can estimate a lower
bound for the product AW} as

7||Q|? M? A ag?/3
AW,y = 1 — 4.31
0= 9 (271')2 og C eXp gsfgg/g ’ ( 3 )

by requiring the minimum of F(75) to be negative. For a set of favourable parameters, e.g.
E~0(), ks ~0O(107Y), gs ~ 0.2, M ~ O(10) as well as log (ATS) ~ O(10) so that ( < 1
with Ag ~ O(1), we find AWy > 10°. This suggests that we require large values of Wy
and/or A in order to have a solution in this region of parameter space. Notice also that if
A becomes too large, V becomes small, and that large values of AW, push the minimum of
the potential towards AdS (cf. (4.32) below), which implies that we need to find a balance
between these parameters.
The value of the potential at the critical points is now

4 2 3
@ (M A3 3 B
Verit & . 1 AW s s 4.32
' 247—1:)3 <(2”)2 o8 ( C ) “||Q||2( 0)6 ( & )
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Figure 5. The plot shows (4.30) for different choices of the parameters Wy and A, with all other
parameters fixed. Critical points for the scalar potential (4.22) exist when F(75) = 0. We see that
the product Wy A (which appears in the equation (4.29)) needs to be large enough for a solution to
exist.

which must be positive for a dS solution. In the above, we use the approximations ars >
3
1, ex>1, q1 <log (%) In order to determine whether this critical point is a minimum,
we compute the mass matrix
0%V

M=ht 4.
W s (4.33)

crit
where p®={7, 75, (} and hg is the field space metric defined via K, i;@@fﬁﬁ = %habﬁgaa@gpb.

To find the masses (m?, m3, m3), we diagonalise M in the limit V ~ 7'[? /> 1 and using

ats > 1 and ex > 1. We obtain, in Planck units:

3 276 113/2 0ll2
it e IR (439
0v/mgs " (9,M)2g; " og (48)
3 2.2, 2
5 G 1 4gsWgyasts
~ 25 4.35
AR (4:35)
3g2 (3 3 _ M? A}
2 S arT. 0
~ — AW, s — 1 — 4.36
= (wumr“ e e "g(c ’ (4:36)

where q2 = q1(9+4q;) — 119%7;\2/20”, which we can show is always positive provided there is a

solution. Since ¢ > %, indeed

321 112med” ( 9 4770’0”)
= > 0.

szl Hemeed  gq (20 dmee 4.37
2789 T g2 61 g2 (4.37)

q

We also used the fact that a solution requires large enough Wy to simplify the expression

for m3. Note that only m3 can be negative and gives us a condition for the minimum.
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Putting this together with Vi, > 0 from (4.32), we find

3 —arT, M2 A% 3 3 —arT,

Defining the parameter

e log ()

oz (AWo)eam

u (4.39)

the condition for a metastable dS solution is simply 1 < p < % A positive potential only
requires p > 1, so cases with u > % will be at best dS saddle points, which could be used
for example for quintessence or inflation. Notice also that the condition for the existence of
a solution, (4.31), corresponds to u < 3, which is compatible with a metasable dS solution.
With sufficient fine tuning of the parameters (see table 2 for the tunable parameters), we
could also effectively find a metastable Minkowski minimum.!*

It is important to note that the consistency condition (2.36), which comes from inte-
grating the NSNS flux through the B-cycle that extends along the cutoff warped throat, is

not automatically satisfied for our new de Sitter solution. In fact, the condition

gsM | A}
K~ Z=—log— 1=~ 4.4
5 108 c = £x (4.40)

is not compatible with the region where the regime 5 > 1 has a solution (ex > 1). This
reflects the fact that this regime does feel the influence of a large bulk and the solution for
¢ depends explicitly on the volume. In such a case, the approximation where the B-cycle
is completely contained within the warped throat is no longer good and bulk effects should
become relevant and contribute to the flux. It is therefore not too surprising that the
relation (4.40) is farther from being satisfied in this regime, where the value ex quantifies
how far way we are from satisfying it.

Another important consistency requirement is mg/, < mgk, so that the gravitino mass
of the 4d EFT remains below the cutoff and is not integrated out. Using the scales (2.10)
and (4.8), together with the solution (4.27) and the condition (4.31) required for a solution
to exist, we can write the ratio

3 31173 7/2
< m3/2 > o gs WO > WO (aTS)(gSM) K (El’) ’ (441)

mirr)  4rV2||QIBV ™ V2||Q|| M5/2 9¢

where recall that ats > 1, gsM > 1, ex > 1, and the fact that a too small Wy results in
a small volume. This makes it difficult to find a region in parameter space for which the
supergravity description remains valid, however, we show a working example below.

71n the example below, with the parameters shown in table 2, we find Vet ~ 8.7 %X 10710 M;,l. From (4.32)
we see that one can obtain a smaller cosmological constant by increasing Wy so that the two terms cancel
more precisely. For example, by choosing Wy = 801, we find Veyiy = 1.7 x 10712 M:f. With Wy = 801.231,
Verie = 3.2 x 107'° M}, and for Wy = 801.2314198164254, Veuie = 3.4 x 107> M,. By making Wy ever
more precise, we may lower the cosmological constant as much as we wish. In the limit of infinite precision,
we find a Minkowski minimum.

~ 93 -



W() g gs M| K Ao
700101014 139| 3 |11

X a A
4300

oS |8

—150

ol

Table 2. Choice of parameters for the potential (4.11), with 5> 1.

i Th ¢ m3 ~ mz- m3 ~ m2, m3 ~ m2,

8.79 | 62.8 | 0.0062 || 1.56 x 10~% | 5.77 x 107% | 3.11 x 1079
9.09 | 78.5 | 0.0054 || 1.05 x 107* | 3.14 x 10~% | —1.30 x 10710

Table 3. Solution and masses (in units of M,,) for the fields (75, 7, ¢) for the two parameter sets in
table 2. The first solution is metastable, whereas the second has negative m?%, revealing an unstable
direction.

)% MS MEKK m3/2 M;U m}“{K

498 | 1.11 x 1072 | 3.95x 1073 | 1.95 x 1073 | 1.04 x 1072 | 4.46 x 1073
696 | 9.41 x 1073 | 3.16 x 1073 | 1.39 x 1072 | 8.82 x 1073 | 3.77 x 1073

Table 4. Physical scales associated with the solutions in table 3, for the parameter set in table 2.
The mass scales are expressed in units of M),

4.3.1 Example

We choose a set of parameters that satisfies the conditions (4.38) discussed above, which
guarantee both V. > 0 and m% > 0 and thus a dS minimum. We have parameters as-
sociated with the fluxes for the remaining complex structure moduli and the axio-dilaton
(Wo, gs), with the conifold (M, K, Ay) and with the CY and Kahler moduli (ks,&,a, A),
where £ = —4%23))3. The fixed parameters in the potential are ¢/ =1.18, ¢’ =1.75, ||Q||?=8.

In table 2 we present a set of parameters that serve to provide a concrete example of

the stabilisation mechanism presented in this subsection.

For the parameter set in table 2, we find two solutions for equation (4.29) and there-
fore two approximate solutions. We solve the system numerically, using these as initial
conditions, to determine the true critical points of the full potential (4.11). We find one
minimum and one saddle point with a single unstable direction (roughly corresponding to
7). The solutions are summarised in table 3.

From table 4 we see that the cutoff for the EFT is now mgx ~ m%, since this is the
smallest scale, which reflects the fact that this solution has weak warping. Note that % ~
%, which is marginally consistent with the 4d supergravity description (see also [51]). We
have 1.41 ~ mRcy > Rihroat =~ 0.69, so that the throat still fits the bulk [22, 23]. Similarly
to the usual LVS, this solution avoids the bulk singularity problem [23, 52] due to the
hierarchy'® 7, < 7, ~ V2/3,

In figures 67 we show the plots of the potential in each direction and in the plane (75, 7).

5Tn detail, using (4.32) for the uplift to near Minkowski along with the arguments in [23], the warp factor

on the wrapped 4-cycle can be shown to satisfy @ pe :—Z log%f,OA

so that bulk singularities can be avoided.
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Figure 6. Plots of the potential (4.11) in each of the 3 directions ({, 7y, 7s), for the parameter set
in table 2, around the minimum (left) and the saddle point (right).
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Figure 7. Plot of the potential (4.11) in the (71, 72) plane (which is just a rotation of the (7, 7;)
plane aligned with the eigenvectors of the Hessian matrix), for the parameters in table 2.
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5 Conclusions

We have revisited moduli stabilisation for type IIB Calabi-Yau flux compactifications that
include an D3-brane at the tip of a KS throat, a warped deformed conifold. In particular,
we have focussed on the stabilisation of the conifold’s deformation modulus, including its
coupling with the Calabi-Yau bulk volume modulus. It is important to study the coupled
conifold-volume-moduli system because the flux-induced mass of the conifold modulus is
extremely light, and it may be destabilised by the ingredients introduced to stabilise the
volume modulus.

Indeed, it has recently been observed that the D3-brane uplifting potential energy den-
sity can destabilise the conifold modulus, which would otherwise be stabilised by fluxes [8]
(see also [9-12, 53]). This happens because the D3-brane energy density is warped down,
and the background warp factor at the tip depends on the vev of the conifold modulus.
The full scalar potential descends from fluxes and quantum corrections, as well as the uplift
term, and can be computed within the low energy effective field theory from an appropriate
Kahler potential and superpotential. A key object in the discussion is the Kéhler metric for
the conifold modulus, which was worked out in [25] and presented in detail in appendix A,

1 A3 d 1 (gsM)?
@ = alp (l"grzﬁ @n)iVER |21 )

where the ¢’ term originates from the warping and induces a mixing between the volume
and conifold modulus. In all previous works, this warping term in the metric has been
assumed to dominate. In this work, we considered a new, previously unexplored, region of
parameter space, where the warping term is subdominant in the metric.

After reviewing the computation of the conifold-volume modulus potential, we began
in section 3 by studying the stabilisation of the conifold modulus by the flux superpotential,
deferring the full stabilisation including the volume modulus to section 4. In the case of
strong warping, we confirmed the well-known approximate GKP solution with |z| ~ e~ pet ,
present when the bound /g;M 2 6.8 is satisfied [8]. Then we considered the weakly-but-

still-warped case. Here, we found a qualitatively new solution, which takes the form |z|4/ 3~

V=2/3 and which exists only when the anti-brane is present and when the new bound
V9sM 2 13.6 is satisfied. As in the original anti-brane uplift scenarios, the gravitational
backreaction of a single probe brane can be consistently neglected when compared with
the large flux numbers that source the background warping (i.e. MK). To stay in the
weakly-warped regime, large volumes and long throats are preferred, V2/3 Af > e%.
Having identified a new region of parameter space, with large volumes, we proceeded in
section 4 to embed the above conifold modulus stabilisation into the Large Volume Scenario
to achieve a stabilised volume modulus. To this end, it suffices to extend the Kéhler
modulus sector to the large and small moduli of a “Swiss cheese” Calabi-Yau and add the
leading o’ correction to K and a non-perturbative superpotential, the interplay of which
can lead to Kdhler moduli stabilisation. After working out the general scalar potential for
the three complex-moduli system, we again analyse in turn the warping dominated regime
and the regime of subdominant warping. For the strongly warped regime, we recover the
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results of [18], and moreover show that the final dS solution is consistent with the said
regime. For the weakly-but-still-warped regime, we find new metastable dS solutions with
all moduli stabilised, consistent with the weak coupling, supergravity approximation and
the subdominance of the warping. This new solution only exists when the D3-brane is
present. Note that in our new de Sitter solution, the brane potential is still exponentially
suppressed, but this now originates not from GKP but rather from the exponentially large
volume of the Large Volume Scenario, with |z|*/3 ~ V~2/3. The hierarchy of scales between
the UV and IR is always very small for this solution.

The final vevs and mass hierarchies are not very different in the two regimes, being
distinguished in our examples mainly by the vev of the conifold modulus, |z|, which is
larger in the new regime, and the vev of the volume modulus, ¢, which ends up somewhat
smaller. In the end, the tadpole numbers from the throat fluxes are MK ~ O(100), similar
to the LVS solution [18], and there also remains the issue of tadpole contributions from
bulk fluxes [16, 54, 55]. In fact, the parameter space where we have found the new dS
solutions have somewhat large values O(102 — 103) for Wy, from the heavy bulk moduli,
and for A, from the leading non-perturbative term to stabilise the Swiss Cheese moduli.
The coefficient W) is usually taken to come from bulk fluxes, although other sources such as
from non-perturbative effects in heavy Kéhler moduli are also possible.'® The coefficient A
is related to a one-loop instanton determinant in the case of E3 branes or to the cutoff of the
effective gauge theory, possibly enhanced by threshold effects, for gaugino condensation on
wrapped D7-branes (see [59] for F-theory examples with large A). Other possible control
issues that have been raised recently for KKLT in [22, 23, 52], that is the throat not fitting
into the bulk and the appearance of pathological bulk singularities, are not a danger here.

An interesting open issue is a ten-dimensional understanding of our new de Sitter

solutions.!”

When studying the conifold deformation modulus, we start from the non-
compact ten-dimensional Klebanov-Strassler solution cut off at some radial distance ryv
and embeded into a GKP Calabi-Yau flux compactification. As has been emphasised
n [11], the deformation parameter is not a flat direction in the KS/GKP solution and is
fixed to its supersymmetric value, |z| ~ A%e_%, which can also be understood from our
consistency condition, (2.36), coming from the B-cycle NSNS flux quantisation along the
cut off throat. Therefore, one might not trust the effective field theory far from this value
for |z|, although doing so does lead to results that are consistent with the backreacted
analysis in [10] and also [12]. In our new solution, |z| is about two orders of magnitude
smaller than the corresponding GKP value. At the same time, we have introduced several
ingredients that go beyond KS/GKP into our effective field theory — quantum corrections,
localised sources, and four-dimensional effects such as gaugino-condensation — which we
have not fully described in ten-dimensions. Indeed, the new dS solution would not exist
without the D3-brane at the throat tip and we could only study the influence of the
D3-brane on the conifold deformation parameter using the four-dimensional effective field

theory. Despite the relatively large flux numbers/D3-branes at the tip, the induced mass

163ee [53, 56-58] for progress in achieving the small values of Wy necessary for KKLT.
17See [60-65] for progress towards a ten-dimensional understanding of KKLT.
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for |2| is so light that a single D3-brane and a large bulk volume can influence significantly
its dynamics and vev. Our final de Sitter solution has an ameliorated tadpole problem,
no bulk-singularity problem, and is consistent with the Kaluza-Klein truncation, o/ and
string-loop expansions and supergravity description. However, without a ten-dimensional
description, we cannot be certain that it lies in the string theory landscape and is not
further evidence of a swampland conspiracy.
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A Complex structure moduli metric

Here we review the computation of G 4g for the conifold deformation modulus, S, using the
KS metric, making explicit the appearance of the volume modulus. We follow closely [25].
The metric in the complex structure moduli space can be computed using
i[hXaXp

Gz=——o B Al
B i ThQAD (A1)

—44A0(y)

where now, h =1+ ¢ @) . This corresponds to the Kahler potential

Kes = —log (;6/119/\(_2) (A.2)
4

In our setup, it is assumed that all complex structure moduli are stabilised in the UV,
i.e. in the bulk, except for the deformation modulus S that governs the Klebanov-Strassler
geometry and lives in the highly-warped region. In particular, this means we can split the
Kahler potential into two different contributions

— hQAQ+ — / h QA Q)
bulk /@4 conifold

Q/\Q+—/ hQ/\Q)

bulk conifold

)

w§

iﬁ/ QA Q(l—FZ c.onifoldhgf\ﬂ>>
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= K 4+ K(5.5). (A.3)

where the first approximation follows from A = 1 in the bulk and the second assumes the
contribution from the bulk is much bigger than the one from the conifold.

; 2
/ngv——log< Q/\Q) :—log<HQH6V6> . (A.4)
K

bulk 4

We can now compute the conifold contribution to the metric following the computa-
tions in [25]
ICUV

e cs
Goo=""0i / hys A ye. A5
59 ng conifold X XS ( )

For the KS metric, the (2,1)-form xg is given by
xs =9>Ng* ANg® +d[F(n)(g' A g*+g° Agh] —id[f(n)(g" A g®) + k(r)(g° Agh)], (A.6)

where the functions f, k, F' were computed in [26]

sinhn —n ncothn —1 ncothn —1
(1) T (n) 3 sinh 7 (coshn —1), k(n) = — Sinh 7 (coshn +1)
(A.7)
It will be useful to look at the limits n — 0 and 1 — oo of these functions:
n? n’ U
F(n — — k(n — = — A.
n—0)= 15 fin—=0)=15, (n—=0)=3, (A.8)
1 — n n
Surprisingly the combination we need, xs A Xx g, is a total n-derivative
9
XSAXS = ~gr g nA<Hg> Lf+ F(k— f)l, (A.10)
from which we find for Ggg (with all the integrals over the conifold region)
e’
ng— 6i/hxg/\xs
k4
i / hoxs A
= XS NX§
Q% 5

rMW%mW/hWA(Hg) [f + F(k - f)]

:W(/Hgi)/dnhmmm_m
2 d dh
T (/d”dn{h [+ F(k— f)]} - /dndn[erF(k— f)]), (A11)

where we preformed the 7 integral by parts and used [ []; ¢° = 6473,
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We are left with an integral in 7, which corresponds to the radial coordinate of the
conifold. We introduce a cutoff scale where the conifold connects to the bulk. For the
coordinate defined in the limit n — oo,

3
the cutoff scale Ayvy is defined as
3 95/3 A3

where 7, is the maximum value of 7, i.e. the upper bound of our integral where the conifold
connects with the bulk. We see that the first term in the integral is just a boundary term,
so it suffices to evaluate h [f + F(k — f)] at n — 0 and n — np (where we can think of
na > 1 and use the approximations for n — 00). It is useful to recall the warp factor for
the deformed conifold, now written in terms of the complex structure s = |S| = €2

e—tow) _ 923 (09 M) / dz TN T 00) — 20013, (AL14)
s4/3 sinh” x

At n— 0, I(0) = 0.718 and f + F(k — f) =0, and at n — n,, in the bulk, h ~ 1 and

25/3 1 A3
f+F(k—f)¢a77——fl T glog =Y (A.15)
As for the second term, all we need is the derivative of h
dh 1 e (alg M) 1 dI()
dnp —c(z) dnp st3 c(x) dn
g oo M) LS+ Pk ) (A.16)
543 ¢(x) (sinh(2n) — 2n)2/3’ .
and so the second integral (which is well approximated by taking ny — oo) gives
n — k)12 / 2
« 92/3(0/gsM)? 1 /A [,f+F(f B 0.003 x (—4 x 22/3)7@ g:M)” 1
543 c(z) Jo (sinh(2n) — 2n)2/3 s4/3 c(x)
(A.17)
Hence, the metric becomes
1 3, 253 A} (/gsM)? 1
Gy3 1 log =Y 4+ 0.093 x 8 x 2%/3 x L _—_ | (A.18
55 = 2PV < 8Ty BT A 0B TG ) MY

Defining the constant ¢/ a2 0.093 x 8 x 22/3 ~ 1.18 and for s < A}, (which is equivalent to
the assumption 75 > 1), we can neglect the first term

1 A3 g M) 1
Ggs = =5 (log [sN +c (og: M) ) . (A.19)

543 c(x)
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This metric corresponds to the Kahler potential

a\ _ 1 2 A%V 9¢ (o' gsM)? 2/3

We can now make a field redefinition, introducing a dimensionless deformation modulus

z = §/12 and identifying the volume modulus ¢(z) = V?/3

12 2 A% 9¢'(g M)2 2
)= _ 85 0.9 oIS ) 12/3 A 21
IC(Z,Z) ﬂ_HQHQ‘/ﬁ (‘Z| <lOg ‘Z| + + (27T)4V2/3 ‘Z| ) ( 2 )

where now Ay = Ayy/ls is expressed in string units of [;. With this redefinition we can say
that “z is small”, i.e. the dimensionless quantity |S|/I2 < 1 or |S| is small in string units.

Finally, we can make the choice Vg = I5. Keeping it allows us to keep track of Vg and
remember where this factor comes from but, being just a volume integral, we can always
choose to normalize it in such a way, since the volume modulus keeps the overall volume
dependence.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

[2] S. Kachru, R. Kallosh, A.D. Linde and S.P. Trivedi, de Sitter vacua in string theory, Phys.
Rev. D 68 (2003) 046005 [hep-th/0301240] [INSPIRE].

[3] S. Sethi, Supersymmetry Breaking by Fluzes, JHEP 10 (2018) 022 [arXiv:1709.03554]
[INSPIRE].

[4] U.H. Danielsson and T. Van Riet, What if string theory has no de Sitter vacua?, Int. J. Mod.
Phys. D 27 (2018) 1830007 [arXiv:1804.01120] [NSPIRE].

[5] S.K. Garg and C. Krishnan, Bounds on Slow Roll and the de Sitter Swampland, JHEP 11
(2019) 075 [arXiv:1807.05193] [INSPIRE].

[6] M. Cicoli, S. De Alwis, A. Maharana, F. Muia and F. Quevedo, de Sitter vs Quintessence in
String Theory, Fortsch. Phys. 67 (2019) 1800079 [arXiv:1808.08967] [INSPIRE].

[7] H. Ooguri, E. Palti, G. Shiu and C. Vafa, Distance and de Sitter Conjectures on the
Swampland, Phys. Lett. B 788 (2019) 180 [arXiv:1810.05506] [InSPIRE].

[8] I. Bena, E. Dudas, M. Grana and S. Liist, Uplifting Runaways, Fortsch. Phys. 67 (2019)
1800100 [arXiv:1809.06861] [iNSPIRE].

[9] R. Blumenhagen, D. Klawer and L. Schlechter, Swampland Variations on a Theme by
KKLT, JHEP 05 (2019) 152 [arXiv:1902.07724] [INSPIRE].

[10] I. Bena, A. Buchel and S. Liist, Throat destabilization (for profit and for fun),
arXiv:1910.08094 [InSPIRE].

~ 31—


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06209
https://doi.org/10.1103/PhysRevD.68.046005
https://doi.org/10.1103/PhysRevD.68.046005
https://arxiv.org/abs/hep-th/0301240
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0301240
https://doi.org/10.1007/JHEP10(2018)022
https://arxiv.org/abs/1709.03554
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.03554
https://doi.org/10.1142/S0218271818300070
https://doi.org/10.1142/S0218271818300070
https://arxiv.org/abs/1804.01120
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.01120
https://doi.org/10.1007/JHEP11(2019)075
https://doi.org/10.1007/JHEP11(2019)075
https://arxiv.org/abs/1807.05193
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.05193
https://doi.org/10.1002/prop.201800079
https://arxiv.org/abs/1808.08967
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.08967
https://doi.org/10.1016/j.physletb.2018.11.018
https://arxiv.org/abs/1810.05506
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05506
https://doi.org/10.1002/prop.201800100
https://doi.org/10.1002/prop.201800100
https://arxiv.org/abs/1809.06861
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.06861
https://doi.org/10.1007/JHEP05(2019)152
https://arxiv.org/abs/1902.07724
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.07724
https://arxiv.org/abs/1910.08094
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.08094

[11] E. Dudas and S. Liist, An update on moduli stabilization with antibrane uplift, JHEP 03
(2021) 107 [arXiv:1912.09948] [INSPIRE].

[12] L. Randall, The Boundaries of KKLT, Fortsch. Phys. 68 (2020) 1900105
[arXiv:1912.06693] [INSPIRE].

[13] R. Blumenhagen, M. Brinkmann, D. Klaewer, A. Makridou and L. Schlechter, KKLT and the
Swampland Conjectures, PoS CORFU2019 (2020) 158 [arXiv:2004.09285] [INSPIRE].

[14] M.-S. Seo, Dilaton stabilization in KKLT revisited, Nucl. Phys. B 968 (2021) 115452
[arXiv:2103.00811] [INSPIRE].

[15] A.P. Braun and R. Valandro, G4 fluz, algebraic cycles and complex structure moduli
stabilization, JHEP 01 (2021) 207 [arXiv:2009.11873] [INSPIRE].

[16] 1. Bena, J. Blabédck, M. Grania and S. Liist, The tadpole problem, JHEP 11 (2021) 223
[arXiv:2010.10519] [NSPIRE].

[17] 1. Bena, J. Blabdck, M. Grafia and S. Liist, Algorithmically solving the Tadpole Problem,
arXiv:2103.03250 [INSPIRE].

[18] C. Crino, F. Quevedo and R. Valandro, On de Sitter String Vacua from Anti-D3-branes in
the Large Volume Scenario, JHEP 03 (2021) 258 [arXiv:2010.15903] [INSPIRE].

[19] A. Collinucci, F. Denef and M. Esole, D-brane Deconstructions in IIB Orientifolds, JHEP 02
(2009) 005 [arXiv:0805.1573] [INSPIRE].

[20] A. Collinucci, M. Kreuzer, C. Mayrhofer and N.-O. Walliser, Four-modulus ’Swiss Cheese’
chiral models, JHEP 07 (2009) 074 [arXiv:0811.4599] [INSPIRE].

[21] M. Scalisi, P. Soler, V. Van Hemelryck and T. Van Riet, Conifold dynamics and axion
monodromies, JHEP 10 (2020) 133 [arXiv:2007.15391] INSPIRE].

[22] F. Carta, J. Moritz and A. Westphal, Gaugino condensation and small uplifts in KKLT,
JHEP 08 (2019) 141 [arXiv:1902.01412] [NSPIRE].

[23] X. Gao, A. Hebecker and D. Junghans, Control issues of KKLT, Fortsch. Phys. 68 (2020)
2000089 [arXiv:2009.03914] [INSPIRE].

[24] O. DeWolfe and S.B. Giddings, Scales and hierarchies in warped compactifications and brane
worlds, Phys. Rev. D 67 (2003) 066008 [hep-th/0208123] [INSPIRE].

[25] M.R. Douglas, J. Shelton and G. Torroba, Warping and supersymmetry breaking,
arXiv:0704.4001 [iNSPIRE].

[26] L.R. Klebanov and M.J. Strassler, Supergravity and a confining gauge theory: Duality
cascades and chi SB resolution of naked singularities, JHEP 08 (2000) 052
[hep-th/0007191] [INSPIRE].

[27] A.R. Frey, G. Torroba, B. Underwood and M.R. Douglas, The Universal Kihler Modulus in
Warped Compactifications, JHEP 01 (2009) 036 [arXiv:0810.5768] [INSPIRE].

[28] S.B. Giddings and A. Maharana, Dynamics of warped compactifications and the shape of the
warped landscape, Phys. Rev. D 73 (2006) 126003 [hep-th/0507158] [INSPIRE].

[29] L. Aparicio, F. Quevedo and R. Valandro, Moduli Stabilisation with Nilpotent Goldstino:
Vacuum Structure and SUSY Breaking, JHEP 03 (2016) 036 [arXiv:1511.08105] InSPIRE].

[30] C.P. Burgess, P.G. Camara, S.P. de Alwis, S.B. Giddings, A. Maharana, F. Quevedo et al.,
Warped Supersymmetry Breaking, JHEP 04 (2008) 053 [hep-th/0610255] [INSPIRE].

~32 -


https://doi.org/10.1007/JHEP03(2021)107
https://doi.org/10.1007/JHEP03(2021)107
https://arxiv.org/abs/1912.09948
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.09948
https://doi.org/10.1002/prop.201900105
https://arxiv.org/abs/1912.06693
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.06693
https://doi.org/10.22323/1.376.0158
https://arxiv.org/abs/2004.09285
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.09285
https://doi.org/10.1016/j.nuclphysb.2021.115452
https://arxiv.org/abs/2103.00811
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.00811
https://doi.org/10.1007/JHEP01(2021)207
https://arxiv.org/abs/2009.11873
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.11873
https://doi.org/10.1007/JHEP11(2021)223
https://arxiv.org/abs/2010.10519
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10519
https://arxiv.org/abs/2103.03250
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.03250
https://doi.org/10.1007/JHEP03(2021)258
https://arxiv.org/abs/2010.15903
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.15903
https://doi.org/10.1088/1126-6708/2009/02/005
https://doi.org/10.1088/1126-6708/2009/02/005
https://arxiv.org/abs/0805.1573
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0805.1573
https://doi.org/10.1088/1126-6708/2009/07/074
https://arxiv.org/abs/0811.4599
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0811.4599
https://doi.org/10.1007/JHEP10(2020)133
https://arxiv.org/abs/2007.15391
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.15391
https://doi.org/10.1007/JHEP08(2019)141
https://arxiv.org/abs/1902.01412
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.01412
https://doi.org/10.1002/prop.202000089
https://doi.org/10.1002/prop.202000089
https://arxiv.org/abs/2009.03914
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03914
https://doi.org/10.1103/PhysRevD.67.066008
https://arxiv.org/abs/hep-th/0208123
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0208123
https://arxiv.org/abs/0704.4001
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.4001
https://doi.org/10.1088/1126-6708/2000/08/052
https://arxiv.org/abs/hep-th/0007191
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0007191
https://doi.org/10.1088/1126-6708/2009/01/036
https://arxiv.org/abs/0810.5768
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0810.5768
https://doi.org/10.1103/PhysRevD.73.126003
https://arxiv.org/abs/hep-th/0507158
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0507158
https://doi.org/10.1007/JHEP03(2016)036
https://arxiv.org/abs/1511.08105
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.08105
https://doi.org/10.1088/1126-6708/2008/04/053
https://arxiv.org/abs/hep-th/0610255
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0610255

[31] P. Candelas and X.C. de la Ossa, Comments on Conifolds, Nucl. Phys. B 342 (1990) 246
[INSPIRE].

[32] R. Minasian and D. Tsimpis, On the geometry of nontrivially embedded branes, Nucl. Phys.
B 572 (2000) 499 [hep-th/9911042] [INSPIRE].

[33] M. Aganagic, A. Karch, D. Liist and A. Miemiec, Mirror symmetries for brane configurations
and branes at singularities, Nucl. Phys. B 569 (2000) 277 [hep-th/9903093] [INSPIRE].

[34] LR. Klebanov and A.A. Tseytlin, Gravity duals of supersymmetric SU(N) x SU(N + M)
gauge theories, Nucl. Phys. B 578 (2000) 123 [hep-th/0002159] INSPIRE].

[35] S.B. Giddings and A. Maharana, Dynamics of warped compactifications and the shape of the
warped landscape, Phys. Rev. D 73 (2006) 126003 [hep-th/0507158] [INSPIRE].

[36] D. Liist and D. Tsimpis, Supersymmetric AdSy compactifications of IIA supergravity, JHEP
02 (2005) 027 [hep-th/0412250] [INSPIRE].

[37] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluzes in string
compactifications, Phys. Rev. D 66 (2002) 106006 [hep-th/0105097] [INSPIRE].

[38] A. Linde, KKLT without AdS, JHEP 05 (2020) 076 [arXiv:2002.01500] [INSPIRE].

[39] R. Kallosh and T. Wrase, Emergence of Spontaneously Broken Supersymmetry on an
Anti-D3-Brane in KKLT dS Vacua, JHEP 12 (2014) 117 [arXiv:1411.1121] INSPIRE].

[40] E.A. Bergshoeff, K. Dasgupta, R. Kallosh, A. Van Proeyen and T. Wrase, D3 and dS, JHEP
05 (2015) 058 [arXiv:1502.07627] INSPIRE].

[41] R. Kallosh, F. Quevedo and A.M. Uranga, String Theory Realizations of the Nilpotent
Goldstino, JHEP 12 (2015) 039 [arXiv:1507.07556] INSPIRE].

[42] 1. Garcia-Etxebarria, F. Quevedo and R. Valandro, Global String Embeddings for the
Nilpotent Goldstino, JHEP 02 (2016) 148 [arXiv:1512.06926] [INSPIRE].

. Dasgupta, M. Emelin an . McDonough, Fermions on the antibrane: Higher order

43] K. Dasg M. Emeli d E. McD gh, Fermi h b High d
interactions and spontaneously broken supersymmetry, Phys. Rev. D 95 (2017) 026003
[arXiv:1601.03409] [INSPIRE].

[44] B. Vercnocke and T. Wrase, Constrained superfields from an anti-D3-brane in KKLT, JHEP
08 (2016) 132 [arXiv:1605.03961] [INSPIRE].

[45] R. Kallosh, B. Vercnocke and T. Wrase, String Theory Origin of Constrained Multiplets,
JHEP 09 (2016) 063 [arXiv:1606.09245] NSPIRE].

[46] L. Aalsma, J.P. van der Schaar and B. Vercnocke, Constrained superfields on metastable
anti-D3-branes, JHEP 05 (2017) 089 [arXiv:1703.05771] INSPIRE].

[47] M.P. Garcia del Moral, S. Parameswaran, N. Quiroz and 1. Zavala, Anti-D& branes and
moduli in non-linear supergravity, JHEP 10 (2017) 185 [arXiv:1707.07059] [INSPIRE].

[48] N. Cribiori, C. Roupec, T. Wrase and Y. Yamada, Supersymmetric anti-D3-brane action in
the Kachru-Kallosh-Linde-Trivedi setup, Phys. Rev. D 100 (2019) 066001
[arXiv:1906.07727] [INSPIRE].

[49] V. Balasubramanian, P. Berglund, J.P. Conlon and F. Quevedo, Systematics of moduli
stabilisation in Calabi-Yau flux compactifications, JHEP 03 (2005) 007 [hep-th/0502058]
[INSPIRE].

— 33 —


https://doi.org/10.1016/0550-3213(90)90577-Z
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB342%2C246%22
https://doi.org/10.1016/S0550-3213(00)00035-3
https://doi.org/10.1016/S0550-3213(00)00035-3
https://arxiv.org/abs/hep-th/9911042
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9911042
https://doi.org/10.1016/S0550-3213(99)00608-2
https://arxiv.org/abs/hep-th/9903093
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9903093
https://doi.org/10.1016/S0550-3213(00)00206-6
https://arxiv.org/abs/hep-th/0002159
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0002159
https://doi.org/10.1103/PhysRevD.73.126003
https://arxiv.org/abs/hep-th/0507158
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0507158
https://doi.org/10.1088/1126-6708/2005/02/027
https://doi.org/10.1088/1126-6708/2005/02/027
https://arxiv.org/abs/hep-th/0412250
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0412250
https://doi.org/10.1103/PhysRevD.66.106006
https://arxiv.org/abs/hep-th/0105097
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0105097
https://doi.org/10.1007/JHEP05(2020)076
https://arxiv.org/abs/2002.01500
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.01500
https://doi.org/10.1007/JHEP12(2014)117
https://arxiv.org/abs/1411.1121
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.1121
https://doi.org/10.1007/JHEP05(2015)058
https://doi.org/10.1007/JHEP05(2015)058
https://arxiv.org/abs/1502.07627
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.07627
https://doi.org/10.1007/JHEP12(2015)039
https://arxiv.org/abs/1507.07556
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.07556
https://doi.org/10.1007/JHEP02(2016)148
https://arxiv.org/abs/1512.06926
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.06926
https://doi.org/10.1103/PhysRevD.95.026003
https://arxiv.org/abs/1601.03409
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1601.03409
https://doi.org/10.1007/JHEP08(2016)132
https://doi.org/10.1007/JHEP08(2016)132
https://arxiv.org/abs/1605.03961
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.03961
https://doi.org/10.1007/JHEP09(2016)063
https://arxiv.org/abs/1606.09245
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.09245
https://doi.org/10.1007/JHEP05(2017)089
https://arxiv.org/abs/1703.05771
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.05771
https://doi.org/10.1007/JHEP10(2017)185
https://arxiv.org/abs/1707.07059
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.07059
https://doi.org/10.1103/PhysRevD.100.066001
https://arxiv.org/abs/1906.07727
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.07727
https://doi.org/10.1088/1126-6708/2005/03/007
https://arxiv.org/abs/hep-th/0502058
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502058

[50]

J.P. Conlon, F. Quevedo and K. Suruliz, Large-volume flux compactifications: Moduli
spectrum and D3/DT soft supersymmetry breaking, JHEP 08 (2005) 007 [hep-th/0505076]
[INSPIRE].

M. Cicoli, J.P. Conlon, A. Maharana and F. Quevedo, A Note on the Magnitude of the Flux
Superpotential, JHEP 01 (2014) 027 [arXiv:1310.6694] [INSPIRE].

F. Carta and J. Moritz, Resolving spacetime singularities in flux compactifications & KKLT,
arXiv:2101.05281 [InSPIRE].

M. Demirtas, M. Kim, L. McAllister and J. Moritz, Conifold Vacua with Small Fluz
Superpotential, Fortsch. Phys. 68 (2020) 2000085 [arXiv:2009.03312] [INSPIRE].

P. Betzler and E. Plauschinn, Type IIB flux vacua and tadpole cancellation, Fortsch. Phys.
67 (2019) 1900065 [arXiv:1905.08823] [INSPIRE].

K. Ishiguro and H. Otsuka, Sharpening the boundaries between fluz landscape and swampland
by tadpole charge, JHEP 12 (2021) 017 [arXiv:2104.15030] [InSPIRE].

M. Demirtas, M. Kim, L. Mcallister and J. Moritz, Vacua with Small Flux Superpotential,
Phys. Rev. Lett. 124 (2020) 211603 [arXiv:1912.10047] [INSPIRE].

R. Alvarez-Garcia, R. Blumenhagen, M. Brinkmann and L. Schlechter, Small Fluz
Superpotentials for Type IIB Flux Vacua Close to a Conifold, arXiv:2009.03325 [INSPIRE].

Y. Honma and H. Otsuka, Small flux superpotential in F-theory compactifications, Phys.
Rev. D 103 (2021) 126022 [arXiv:2103.03003] INSPIRE].

F. Denef, M.R. Douglas, B. Florea, A. Grassi and S. Kachru, Fizing all moduli in a simple
F-theory compactification, Adv. Theor. Math. Phys. 9 (2005) 861 [hep-th/0503124]
[INSPIRE].

J. Moritz, A. Retolaza and A. Westphal, Toward de Sitter space from ten dimensions, Phys.
Rev. D 97 (2018) 046010 [arXiv:1707.08678] [INSPIRE].

Y. Hamada, A. Hebecker, G. Shiu and P. Soler, Understanding KKLT from a 10d
perspective, JHEP 06 (2019) 019 [arXiv:1902.01410] NSPIRE].

F.F. Gautason, V. Van Hemelryck, T. Van Riet and G. Venken, A 10d view on the KKLT
AdS vacuum and uplifting, JHEP 06 (2020) 074 [arXiv:1902.01415] [INSPIRE].

N. Cribiori, C. Roupec, T. Wrase and Y. Yamada, Supersymmetric anti-D3-brane action in
the Kachru-Kallosh-Linde-Trivedi setup, Phys. Rev. D 100 (2019) 066001
[arXiv:1906.07727] [INSPIRE].

I. Bena, M. Grana, N. Kovensky and A. Retolaza, Kdhler moduli stabilization from ten
dimensions, JHEP 10 (2019) 200 [arXiv:1908.01785] [INSPIRE].

S. Kachru, M. Kim, L. Mcallister and M. Zimet, de Sitter Vacua from Ten Dimensions,
arXiv:1908.04788 [INnSPIRE].

— 34 —


https://doi.org/10.1088/1126-6708/2005/08/007
https://arxiv.org/abs/hep-th/0505076
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0505076
https://doi.org/10.1007/JHEP01(2014)027
https://arxiv.org/abs/1310.6694
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.6694
https://arxiv.org/abs/2101.05281
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.05281
https://doi.org/10.1002/prop.202000085
https://arxiv.org/abs/2009.03312
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03312
https://doi.org/10.1002/prop.201900065
https://doi.org/10.1002/prop.201900065
https://arxiv.org/abs/1905.08823
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.08823
https://doi.org/10.1007/JHEP12(2021)017
https://arxiv.org/abs/2104.15030
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.15030
https://doi.org/10.1103/PhysRevLett.124.211603
https://arxiv.org/abs/1912.10047
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.10047
https://arxiv.org/abs/2009.03325
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03325
https://doi.org/10.1103/PhysRevD.103.126022
https://doi.org/10.1103/PhysRevD.103.126022
https://arxiv.org/abs/2103.03003
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.03003
https://doi.org/10.4310/ATMP.2005.v9.n6.a1
https://arxiv.org/abs/hep-th/0503124
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0503124
https://doi.org/10.1103/PhysRevD.97.046010
https://doi.org/10.1103/PhysRevD.97.046010
https://arxiv.org/abs/1707.08678
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.08678
https://doi.org/10.1007/JHEP06(2019)019
https://arxiv.org/abs/1902.01410
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.01410
https://doi.org/10.1007/JHEP06(2020)074
https://arxiv.org/abs/1902.01415
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.01415
https://doi.org/10.1103/PhysRevD.100.066001
https://arxiv.org/abs/1906.07727
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.07727
https://doi.org/10.1007/JHEP10(2019)200
https://arxiv.org/abs/1908.01785
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.01785
https://arxiv.org/abs/1908.04788
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.04788

	Introduction
	The coupled volume and conifold deformation moduli
	The moduli and mass scales
	Kähler potential and superpotential
	The bar D3-brane uplift

	Deformation modulus stabilisation
	The scalar potential
	Strongly warped scenario (beta -1)
	Weakly warped scenario (beta-1)

	Volume and deformation moduli stabilisation 
	The scalar potential
	Strongly warped scenario (beta-1)
	Example

	Weakly warped scenario (beta-1)
	Example


	Conclusions
	Complex structure moduli metric

