
 

Toward de Sitter space from ten dimensions
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Using a 10D lift of nonperturbative volume stabilization in type IIB string theory, we study the
limitations for obtaining de Sitter vacua. Based on this we find that the simplest Kachru, Kallosh, Linde,
and Trivedi vacua with a single Kähler modulus stabilized by a gaugino condensate cannot be uplifted to de
Sitter. Rather, the uplift flattens out due to stronger backreaction on the volume modulus than has
previously been anticipated, resulting in vacua which are metastable and supersymmetry breaking, but that
are always anti-de Sitter (AdS). However, we also show that setups such as racetrack stabilization can avoid
this issue. In these models it is possible to obtain supersymmetric AdS vacua with a cosmological constant
that can be tuned to zero while retaining finite moduli stabilization. In this regime, it seems that de Sitter
uplifts are possible with negligible backreaction on the internal volume. We exhibit this behavior also from
the 10D perspective.
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I. INTRODUCTION

The cosmological constant (c.c.) problem stands as our
perhaps most drastic disagreement between theory and
observation. When applying quantum field theory (QFT) to
various stages of symmetry breaking and to the Einstein
field theory limit of gravity given by general relativity
(GR), we arrive at a prediction which is off by some 120
orders of magnitude from the value of the c.c. inferred
from, for example, precision observations of the cosmic
microwave background (CMB).
Attempting to resolve this tension is difficult given a no-

go theorem by Weinberg [1] which essentially states that
dynamic adjustment mechanisms based on a fully local
field theory only must fail. This leaves us with few options.
One possibility is to give up locality, motivated by the

fact that a true c.c. needs the full 4-volume of the Universe
for a proper detection, which makes it borderline nonlocal.
Recent work has shown that a combination of protective
scale and shift symmetries with the introduction of certain
effectively global variables encoded via four-form field
strengths can “sequester” the QFT vacuum energy from its
gravitating effects [2–4].

Another possibility, already foreseen by Linde,
Weinberg, and others [5–9], is to replace the QFT limit
of GR with a full candidate theory of quantum gravity, and
assume that it will render the quantum vacuum energy finite
and generically large, but produce an enormous number of
different solutions (vacua) with differing finite c.c.’s. If we
couple this with a cosmological population mechanism
such as eternal inflation [10,11], then a form of a weak
anthropic argument can explain the observed c.c. value as
natural given certain observed features such as structure
formation, and provided the number of different vacua is
larger than OðΛ−4Þ ¼ Oð10120Þ (and the distribution of
vacuum energies shows no strong features).
Crucial for this line of argument is having in hand such a

candidate quantum gravity with an enormous “landscape”
of discrete vacua with varying c.c. values [12].
The first serious and still one of the best candidates for

this task is the setup by Kachru, Kallosh, Linde, and Trivedi
(KKLT) [13] which uses string theory as a candidate
quantum gravity to realize a version of the Bousso-
Polchinski proposal, a toy model of the landscape solution
to the c.c. problem.
KKLT propose to generate de Sitter vacua in string

theory in a three-step process:
(i) Step 1: Stabilize complex structure moduli and

the axio-dilaton perturbatively using three-form
fluxes [14,15].

(ii) Step 2: Stabilize Kähler moduli using nonperturba-
tive effects. The result is a supersymmetric AdS
vacuum [13].

(iii) Step 3: Break supersymmetry and lift to de Sitter
space by including an antibrane at the bottom of a
warped throat [13,16].
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In looking at these three steps we observe the following
situation. The 4D effective supergravity description of
step 1 is derived via dimensional reduction from the warped
Calabi-Yau (CY) compactifications with imaginary self-
dual (ISD) three-form fluxes, and its critical points match
with solutions of the full 10D equations of motion, the 10D
Einstein equations, and Bianchi identities supplemented by
O3/O7 planes and D3/D7-branes as local sources. The
volume modulus ρ is a flat direction at this level [14].
The 4D effective description of step 2 is based on the

4D effective theory of gaugino condensation [17–20].
However, the presence of unbroken supersymmetry in the
ensuing AdS vacuum of ρ as well as the suppression of the ρ
mass scale with the control parameter jW0j given by the
fluxes provides justification for the choice of the form of the
4D effective field theory (EFT) of the ρ modulus, as it is
more or less dictated by holomorphy of the superpotential,
supersymmetry of the setup, nonperturbative gauge dynam-
ics, and the relation between the holomorphic gauge kinetic
function of the D7-brane gauge theory and the four-cycle
volume modulus chiral multiplet fD7ðΣi

4Þ ∼ ρi. Moreover,
all scales of the volume stabilization process lie far below
those of the flux stabilization of step 1 [13].
There is by now very strong evidence that step 3,

inserting in particular a single anti-D3-brane at the bottom
of the warped throat of step 1þ step 2, is still a well-
controlled metastable solution of the full system with
spontaneously broken supersymmetry. Its nonperturbative
instability arises from the Kachru-Pearson-Verlinde (KPV)
flux-brane annihilation process [16,21]. Describing this
system beyond the probe approximation for the anti-D3-
brane [22–33] while respecting a well-defined EFT descrip-
tion of the anti-D3 backreaction onto the warped throat
geometry, with correct matching onto the string scale
physics [34,35] provides clear arguments that the KPV
process is the microscopic nonperturbative instability of the
setup with all perturbative directions (the anti-D3 position
moduli) frozen.
However, we observe a more subtle peculiarity of this

uplift effect in the KKLT setting. Namely, the amount of
uplift necessary to reach de Sitter is tied to the mass scale of
the ρ modulus from its stabilization in step 2. To reach de
Sitter we require validity of a particular form of the 4D
EFT. Modifications to the EFT that are compatible with our
current knowledge of the supersymmetric (SUSY) moduli
stabilization as well as the classical D3-brane potential can
lead to substantial backreaction effects on the volume
modulus. In the extreme case these modifications could
lead to a flattened uplift that never reaches a positive
vacuum potential. “Flattening” means that the backreacted
uplift turns out to be smaller than the estimate without
backreaction which scales linear with the antibrane tension.
We note here that such flattening effects from moduli

backreaction were observed before in a related context:
namely, if we replace the control parameter of the uplifting

vacuum energy, the antibrane tension, by the potential
energy of a slow-rolling scalar field driving inflation, the
same backreaction effects lead to flattened scalar potentials
for inflation [36], in complete analogy with the uplift
flattening we observe here.
Indeed such modifications to the EFT can be argued to

arise through the same effects that lead to the lifting of the
moduli space of D3-brane position moduli by nonpertur-
bative effects. However, the very same reasoning suggests
that if the racetrack stabilization of Kallosh and Linde [37]
is assumed, de Sitter uplifts can be realized because the
AdS depth of the supersymmetric potential can be para-
metrically decoupled from the mass scale of the Kähler
modulus.
Consequently, the questions we would like to ask and

partially answer in this paper in the course of Secs. II
through IVare as follows. Is the volume stabilization of the
original KKLT proposal rigid enough to allow for a de
Sitter uplift or is racetrack stabilization a minimal require-
ment? If the latter is true, can we verify the stabilization
mechanism also from a 10D perspective?
We find indeed that backreaction effects play a sub-

stantially stronger role than has previously been antici-
pated. The uplift flattening we observe is strong enough
that uplifts reaching de Sitter are not possible using the
simplest version of KKLT. Instead the solutions for volume
stabilization with a single gaugino condensate are meta-
stable SUSY-breaking AdS vacua. However, assuming
certain properties of the compactification manifold, we
are able to give a 10D picture of racetrack stabilization that
strongly indicates the possibility to uplift to de Sitter in this
case.
We use these 4D insights to build a modified single-

condensate moduli stabilization scheme by including α0
corrections. This allows us to decouple the mass scale of
the Kähler modulus from the AdS depth, although not
parametrically.
We then discuss our findings and conclude in Sec. VI.

II. MODULI STABILIZATION AND DE SITTER
UPLIFTS IN TYPE IIB STRING THEORY:

THE 4D PERSPECTIVE

The best understood constructions of de Sitter vacua in
type IIB string theory start from Calabi-Yau (CY) com-
pactifications to 4D Minkowski and orientifolds thereof.
These compactifications come with many massless moduli
which need to be stabilized in order to make them
phenomenologically interesting and typically require some
extra structure/ingredient to give rise to 4D de Sitter. This
program of “moduli stabilization” and de Sitter uplift
usually is carried out in three steps:

(i) Stabilization of complex structure moduli and the
axiodilaton at tree level by introduction of three-
form fluxes [14].
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(ii) Stabilization of Kähler moduli. Different approaches
exist to stabilize them, probably the most common
ones being the following: in the so-called KKLT
approach [13], one stabilizes them using nonpertur-
bative effects, typically leading to a supersymmetric
anti de Sitter (AdS) geometry in 4D. In the large
volume scenario [38], instead, they are stabilized
using an interplay of α0 corrections with nonpertur-
bative corrections, such that the 4D vacuum is also
AdS but nonsupersymmetric. In what follows we
will mainly focus on the former approach, the only
exception being Sec. V, where we will combine α0
corrections with a gaugino condensate to stabilize
the Kähler modulus.

(iii) The final step consists of uplifting the 4D geometry
to de Sitter space. Many proposals exist to achieve
this goal (see e.g. [39–48]), the most common one
being the inclusion of a supersymmetry-breaking
source, most prominently an D3-brane, at the
bottom of a warped throat [13].

These steps are usually followed through entirely within the
framework of 4D supergravity, the low energy effective
field theory describing the 4D fields after the compactifi-
cation. In this section we will quickly review some of its
aspects.
Before doing so, let us give the main point of this section

right away: the first two steps can be followed with
reasonable amount of control purely within the 4D effective
field theory. However, in many models of moduli stabili-
zation [13] the uplift cannot be parametrically decoupled
from Kähler moduli stabilization. In these cases, although
we believe that there is nothing wrong with the use of 4D
supergravity as a matter of principle, the question whether
or not a proposed uplift can be successful heavily depends
on the detailed moduli dependence of the uplift ingredient.
We will argue that at least for D3-brane uplifts the required
knowledge about the moduli dependence is hard to acquire
from 4D effective field theory reasoning alone. In other
words, guessing the correct effective field theory is not as
obvious as it might seem.

A. Complex structure moduli stabilization

The effective 4D supergravity that governs the light
moduli of type IIB O3/O7 CY-orientifolds is well known.
For a single Kähler modulus (i.e. hþ1;1 ¼ 1) the Kähler
potential is given by

Kðρ; zα; τÞ ¼ −3 lnð−iðρ − ρ̄ÞÞ − lnð−iðτ − τ̄ÞÞ

− ln

�
−i
Z
M6

Ω ∧ Ω̄
�
; ð1Þ

to leading order in the α0 expansion. Since we are consid-
ering a unique Kähler modulus ρ, this is the (complexified)
volume modulus [ImðρÞ ¼ V2/3]. Also, τ ¼ Cþ ie−ϕ is the

axiodilaton and zα are the h−2;1 complex structure moduli
that appear in the Kähler potential implicitly via the
holomorphic three-form Ω ¼ ΩðzαÞ.
Dilute three-form fluxes (such that warping effects are

negligible) generate a superpotential, the Gukov-Vafa-
Witten (GVW) superpotential [49]

WGVW ¼
ffiffiffi
2

π

r Z
M6

G3 ∧ Ω; ð2Þ

where G3 ¼ F3 − τH3 is the complexified three-form flux.
This superpotential depends holomorphically on the axio-
dilaton and the complex structure moduli. It was derived by
comparing the tension T DW of Bogomol'nyi-Prasad-
Sommerfield (BPS) domain walls that separate flux vacua
with different three-form fluxes (i.e. D5/NS5-branes that
wrap internal three-cycles) with the change in superpoten-
tial ΔW across the domain wall and demand the standard
4D SUSY relation

T DW ¼ 2eK/2jΔWj: ð3Þ
The SUSY conditions DiW ¼ 0 (where i runs over the
complex structure moduli and the axiodilaton) require that
G3 is of Hodge type ð2; 1Þ ⊕ ð0; 3Þ. This should be read as
an equation for the complex structure moduli and the
axiodilaton, which obtain masses of the order

mCS ∼
α0

R3
; ð4Þ

where R is a typical scale of the internal geometry. Thus, at
large volume they are much lighter than the Kaluza-Klein
(KK) modes of the internal geometry. If the superpotential
is entirely determined by the GVW superpotential, which
does not depend on the Kähler modulus ρ, the 4D potential
vanishes at the minimum of the complex structure
moduli and the axiodilaton due to the no-scale relation
Kρρ̄∂ρK∂ ρ̄K ¼ 3. This means that the volume modulus
remains massless and the final SUSY condition

0 ¼ DρW ¼ ð∂ρKÞW ð5Þ

cannot be solved at finite volume unless the nongeneric
condition W ¼ 0 happens to be met, i.e. G3 is of Hodge
type (2,1).
The upshot is that for generic fluxes all but the single

Kähler modulus are stabilized and SUSY is broken. Hence,
at low energies one is left with a single modulus ρ and a
constant superpotential W ¼ W0.

B. Kähler moduli stabilization: KKLT

In order to stabilize the volume modulus, KKLT argued
for a ρ-dependent correction of the superpotential [13].
Because the superpotential must depend holomorphically
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on the volume modulus and the real part of ρ enjoys a
continuous shift symmetry to all orders in perturbation
theory, the only possible corrections to the superpotential
are nonperturbative

δWnp ¼
X
n

Aneianρ; ð6Þ

and break the continuous shift symmetry of ReðρÞ to a
discrete one. There are two kinds of nonperturbative effects
that can generate the desired exponential terms:
(a) Euclidean D3-branes wrapping internal four-

cycles [50].
(b) Gaugino condensation on a stack of N D7-branes

[17–20].
In what follows we will focus on (b): a stack of N D7-
branes wrapping a rigid four-cycle Σ, i.e. the position
moduli of the D7’s are massive. Assuming that no further
branes intersect the 7-brane stack (i.e. light flavors are
absent) the low energy effective theory is SUðNÞ SUSY
Yang-Mills (YM). At low energies this theory confines and
develops a nonperturbative superpotential via gaugino
condensation,

hλλi¼−32π2Λ3; ⇒ δWnp¼−
N

32π2
hλλi¼NΛ3; ð7Þ

where Λ is the dynamical scale of the gauge theory which
determines the perturbative running of the holomorphic
gauge coupling τYM ¼ ΘYM

2π þ i 4π
g2YM

via

τYM ¼ 3N
2πi

ln

�
Λ
μ

�
; i:e: Λ ¼ μe

2πi
3NτYM : ð8Þ

By dimensionally reducing the D7-brane action to 4D, one
can infer that classically the holomorphic gauge coupling is
identified with the Kähler modulus ρ. In the quantum
theory this equation should be read as the renormalization
condition that matches the low energy effective theory to its
UV completion. In other words

Λ ¼ μ0e
2πi
3Nρ; ð9Þ

where μ0 is a high scale. In summary, there is a non-
perturbative correction of the superpotential

δWnpðρÞ ¼ Nμ30e
2πi
N ρ ð10Þ

that we may associate to a nonvanishing expectation value
of the gaugino condensate hλλi. Combining this with the
constant flux superpotential W0, at energies below the
nonperturbative scale of the gauge theory the Kähler and
superpotential read

K ¼ −3 lnð−iðρ − ρ̄ÞÞ; W ¼ W0 þ Aeiaρ: ð11Þ

Now the F-term equation DρW ¼ 0 is solved by

W0 ¼ −
�
1þ 2aImðρÞ

3

�
Aeiaρ; ð12Þ

and at the minimum of the potential the value of the vacuum
energy is negative,

V ¼ −3eKjWj2 ¼ −
a2jAj2
12Imρ

e−2aImρ < 0: ð13Þ

Control over the instanton expansion requires aρ > 0 and
control over the α0 expansion of string theory requires
ρ ≫ 0. Both can be satisfied if due to a sufficient tuning of
the flux configuration jW0j ≪ 1.
An essential feature of this stabilization mechanism is

that the value of the cosmological constant and the mass of
the volume modulus are related via

jVAdSj ∼M2
Pm

2
ρ: ð14Þ

C. The uplift

The perhaps best understood way to uplift SUSY AdS
vacua of type IIB string theory to de Sitter is by the
inclusion of an anti-D3-brane at the bottom of a warped
throat. This way of uplifting is attractive because in ISD
flux backgrounds the antibrane is driven to strongly warped
regions where its associated potential energy is naturally
small [16]. Moreover such SUSY-breaking vacua are
known to be connected to the SUSY ISD vacua via the
nonperturbative KPV transition [16]. Arguably, no pertur-
bative decay channel exists [35]. In this paper we assume
perturbative stability of such a configuration.
Because the 10D warped throat supergravity solution is

dual to the Klebanov-Strassler (KS) gauge theory [51], one
should be able to equivalently describe the antibrane as a
state of the KS gauge theory that breaks supersymmetry
spontaneously rather than explicitly [35]. If this is the case,
it has been argued that at very low energies the only degrees
of freedom are the nilpotent goldstino multiplet S (nilpo-
tency means S2 ¼ 0, for constrained superfields; see e.g.
[52]) and the volume modulus ρ [53–61]. The proposals for
the Kähler- and the superpotential were

K ¼ −3 lnð−iðρ − ρ̄Þ − SS̄Þ and

W ¼ W0 þ Aeiaρ þ e2A0μ2S: ð15Þ

Here, expð2A0Þμ2 parametrizes the strength of supersym-
metry breaking with expðA0Þ being the warp factor at the
tip of throat, while μ is related to the unwarped tension of
the anti-D3-brane as jμj4 ∼ T3.
In deriving the scalar potential one should treat S as a

usual chiral multiplet and in the end set S ¼ 0. For real
parameters W0 and A, the scalar potential reads
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VðρÞ ¼ aAe−aImðρÞ

6ImðρÞ2 ½Ae−aImðρÞðaImðρÞ þ 3Þ

þ 3W0 cosðaReðρÞÞ� þ e4A0
jμj4

12ImðρÞ2 : ð16Þ

The expectation of this being the correct way to describe
the antibrane state comes from the fact that in the limit of
vanishing nonperturbative stabilization A → 0 one recovers
the known runaway potential that is easily read off of the
antibrane Dirac-Born-Infeld (DBI) and Chern-Simons (CS)
action, while in the limit μ → 0 one recovers the super-
symmetric KKLT potential. The corresponding potential is
simply the sum of the (would-be) runawayD3 potential and
the (would-be) supersymmetric KKLT potential. Tuning
the tension contribution of the antibrane (by tuning the
fluxes that determine the warp factor eA0), one can obtain
de Sitter vacua with tunably small cosmological constant
[13]. Interestingly, within this description of the D3-
induced uplift, the potential energy of the D3 adds on
top of the negative potential at the supersymmetric AdS
minimum to good approximation until a maximum uplift of
about δV ∼ 2 × jVAdSj. Beyond that we encounter runaway
behavior ρ → ∞.
However, we would like to point out that matching the

KPV form of the D3-induced uplift does not uniquely
determine the form of the superpotential. The route
determining the dependence of W on S described above
constitutes only one possible outcome of matching KPV.
The ambiguity arises from the 4D point of view by the
appearance of a new mass scale due to nonperturbative
Kähler moduli stabilization, which was absent in the
reduction leading to the KPV form of the D3-induced
scalar potential. To see this in detail, we shall repeat the
steps needed to match a candidate form ofW ¼ WðSÞ to the
KPV form of the uplift:

(i) The classical potential for an antibrane is determined
by dimensional reduction over a classical no-scale
Giddings, Kachru, and Polchinski (GKP) back-
ground [16].

(ii) The SUSY-breaking antibrane can be described
within the 4D effective supergravity of volume
stabilization in the KKLT setup by a nilpotent
multiplet S which incorporates the nonlinear SUSY
of the antibrane into the supergravity description.

(iii) The 4D volume stabilization generates a new scale
m2

ρM2
P.

(iv) In this situation, the classical potential of the
antibrane carries over from the no-scale GKP back-
ground only in the limit δV ≫ m2

ρM2
P (i.e. compa-

ratively weak warping) while a constant uplift
potential is appropriate in the limit δV ≪ m2

ρM2
P

where backreaction on the volume modulus can be
neglected.

(v) Matching with the no-scale reduction does not
uniquely fix where the nilpotent superfield S appears
in the superpotential WðS; ρÞ.

(vi) The sign of the vacuum energy as a function of
increasing uplifting depends on the detailed form
of WðS; ρÞ.

The most general superpotential to leading order in the
(fractional) instanton expansion is

W ¼ W0 þ b · Sþ Að1þ c · SÞeiaρ: ð17Þ

The special choice c ¼ 0, b ¼ e2A0μ2 corresponds to the
standard KKLT potential. The other extreme case would be
to set b ¼ 0. In this case the SUSY KKLT vacuum
corresponding to c ¼ 0 cannot be uplifted to de Sitter
for any value of c. Obviously there exist infinitely many
intermediate situations..1

Of course it would be rather surprising if the term
proportional to c were completely absent for the following
reason. It is well known that if mobile D3-branes are
present, the coefficient of eiaρ in the superpotential is a
holomorphic function of their position moduli [64,65].
Their moduli space is therefore lifted by the same non-
perturbative effects that lead to volume stabilization. If
D3-branes modify the coefficient of the exponential term in
the superpotential, one would expect an D3-brane to do so
as well.
However, this modification has to be quite drastic in

order to have any important effect. In other words, because
the coefficient b is associated with the squared warp factor
at the tip of the throat e2A0 ≪ 1 and the coefficient c is
multiplied by the gaugino condensate, the effect of the term
Seiaρ will be negligible if it is further suppressed by
warping. At first glance this seems unreasonable as the
antibrane sits in a strongly warped region of space-time. So,
why should there exist any unwarped contributions to the
superpotential? First of all, there is no 4D EFT reason that
would forbid such a term so in the spirit of a Wilsonian
effective action we should include it. If coefficients in the
effective action are small, there should better exist a good
reason for their smallness. We have such a reason, namely
warping, only for the classical term. On the contrary, we
have no a priori reason to assume smallness also of the S
coupling to the nonperturbative term. Still, an unsuppressed
coupling of the S field parametrizing a warped anti-D3-
brane may sound quite counterintuitive. While we must

1Note that this is not the most general way to parametrize the
antibrane potential (see e.g. [62]). More generally, starting from
Eq. (15) one may rescale S → e−2A0S such that the warp factor
appears in the Kähler rather than in the superpotential as in [63].
The leading nonperturbative corrections to the antibrane potential
could then be encoded by replacing e4A0 → e4A0 þ αðρ; ρ̄Þ. Only
for special choices of the real function αðρ; ρ̄Þ this can be
transformed into a superpotential correction. We thank Susha
Parameswaran for bringing this to our attention.
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leave a fuller discussion to later when we have introduced
the full 10D description, we note here that the presence of
the nonperturbative term signals the presence of a new mass
scale ∼hλλi in the effective physics. Absent any protective
symmetries or dynamical coupling suppression, such a new
mass scale will communicate itself generically to all other
scalar couplings, in particular the warped KK scale. This
would in turn lead one to naively expect couplings between
S and hλλi of Oð1Þ following the spirit of Wilsonian EFT.
Given this, to us it appears plausible that any energy

density, be it in a warped throat or in the bulk Calabi-Yau,
effectively couples to the nonperturbative effects without
any further warp. Hence, to us the following superpotential
seems to adequately parametrize the interplay of an anti-
brane with nonperturbative volume stabilization,

W ¼ W0 þ e2A0 · μ2 · Sþ Að1þ cðμ2Þ · SÞeiaρ: ð18Þ

Again, jμj4 is associated with the unwarped tension of the
antibrane. e2A0 is the IR warp factor of the classical ISD
background while cðμ2Þ is an unknown function of the
antibrane tension that we believe is not suppressed by
powers of the warp factor. Whether or not an uplift to de
Sitter is possible depends on the magnitude and functional
form of cðμ2Þ.2
The observation that the fate of the uplift depends so

heavily on the details of the moduli potential can be
embedded into a more systematic approach towards a de
Sitter uplift: in the 4D effective field theory one may
expand the scalar potential (before any attempt to uplift it)
around its SUSY AdS (or Minkowski) minimum,

V ¼ V0 þ
X
i

1

2
m2

i u
2
i þ � � � ; ð19Þ

with squaredmassesm2
i (assuming canonical normalization).

Including an uplift means adding a further term δVðuiÞ to
the potential,

VðuiÞ → ṼðuiÞ ¼ VðuiÞ þ δVðuiÞ: ð20Þ

Although in general in order to determine the value of the
potential at the new minimum u1i one has to minimize the
new potential Ṽ with respect to all moduli ui one easily sees
that the resulting shift in potential energy can be expanded
in powers of δV as

Ṽðu1i Þ − Vðu0i Þ ¼ δVðu0i Þ
�
1 −

X
i

1

2

ðMP∂uiδVju0i Þ2
M2

Pm
2
i δVðu0i Þ

þOððδV/m2
i M

2
PÞ2Þ

�
: ð21Þ

Evidently, for sufficiently small uplift potential δV the
backreaction on the fields ui can be neglected and the extra
potential energy simply adds up to the preexisting one.
However, in the simplest examples of moduli stabilization
[13] the value of the cosmological constant at the super-
symmetric minimum VAdS is tied to the mass-scale mρ of
the lightest modulus

jVAdSj ∼m2
ρM2

P: ð22Þ

Clearly, in order to uplift such vacua to de Sitter, an uplift
potential δV has to be added that is at least of the order of
jVAdSj. In this case the expansion in (21) is not under
parametric control and the strength of backreaction effects
heavily depends on the detailed moduli dependence of δV.
For the uplifted KKLT potential a strong backreaction
effect does not occur due to the proposed power-law
dependence of δV ≡ jμ4j/12ImðρÞ2. In this case the first
correction in (21) is suppressed by a volume factor
ðaImðρÞÞ−2 ≪ 1. In contrast, for an exponential depend-
ence δV ∼ e−2aImðρÞ corrections in (21) are unsuppressed.
This is precisely what a sufficiently dominant term ∝ cðμ2Þ
in (18) would entail.
We conclude that if the vacuum potential of the SUSY

AdS4 vacua can be parametrically decoupled from the mass
scale of the lightest modulus,

jVAdSj ≪ m2
ρM2

P; ð23Þ

the required uplift can be small enough such that back-
reaction effects are negligible and thus, de Sitter uplifts are
generically possible. Conversely, if this is not the case,
detailed knowledge about the moduli dependence of δVðuiÞ
is required in order to determine the uplift in potential
energy beyond parametric estimates.
Finally, we summarize the upshot of this section and set

the goal for the rest of the paper:
(i) In order to determine if an antibrane can uplift the

SUSY KKLT vacua to de Sitter we need more
information about the interplay of the antibrane with
nonperturbative effects.

(ii) In the remainder of the paper we will determine only
the sign of the cosmological constant in the presence
of an antibrane uplift using a 10D description. This
will allow us to constrain the coefficients ofWðS; ρÞ
only to the extent that the sign of the 4D vacuum
energy as determined fromWðS; ρÞmust be matched
to the 10D result. In particular we will not determine
the form of the scalar potential VðρÞ away from its

2We consider an uplift to de Sitter successful if it does not
reduce the mass scale of the lightest modulus as compared to the
pre-uplifted configuration by factors that control the perturbative
expansion of string theory such as cycle volumes or the dilaton.
Only with this restriction, a truncation to the lowest order Kähler
potential necessary for moduli stabilization is consistent in
presence of the uplift.
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minimum. This important task that would uniquely
fix the coefficients in the superpotential we leave for
future work.

III. SOME HIGHER-DIMENSIONAL
CONSIDERATIONS

In view of the surprising difficulties that one usually
encounters when trying to construct consistent de Sitter
vacua in string theory, we find it worthwhile to investigate
if the seemingly conspirative modification of the 4D
effective field theory that would prevent an uplift to de
Sitter indeed occurs.
Clearly the cleanest way to do this would be to derive the

correct effective field theory of the volume modulus
together with all its SUSY-breaking states from first
principles. Due to the obvious difficulty of this approach,
we will opt for another one. Instead of deriving the off-shell
4D effective potential, we will constrain it using a 10D on-
shell description of the nonperturbative effects as well as
the uplift. Before turning to the 10D setup we study some
general aspects of compactifications that will later be
relevant and use them to explain this notion of an on-shell
description. This concept will be clarified in terms of a toy
model that will also be useful to develop a physical
intuition that is applicable to the case of type IIB string
theory.

A. On-shell vs off-shell potentials

Let us first explain what we mean by on-shell and off-
shell potentials. We refer to the usual 4D potential that is
determined by straightforward dimensional reduction as the
off-shell potential. It is easily determined from the higher-
dimensional Einstein equations as follows: for a theory of
D ¼ dþ 4 dimensional gravity and further fields compac-
tified to 4D de Sitter, Minkowski, or anti de Sitter, the most
general D-dimensional metric ansatz is

ds2 ¼ e2AðyÞg̃4μνðxÞdxμdxnu þ gdmnðyÞdymdyn; ð24Þ

with warp factor eA, 4D coordinates xμ, and internal
coordinates ym. The higher-dimensional Einstein equations

RMN −
1

2
gMNR ¼ TMN ð25Þ

determine the effective 4D potential in terms of the
internal curvature Rd and the higher-dimensional energy-
momentum tensor TMN,

V ·M−4
P ¼ 1

4
R̃4 ·M−2

P

¼ V−2
w Md

Z
ddy

ffiffiffiffiffi
gd

q
e4A

ð− 1
4
Tμ
μ − 1

2
RdÞ

M2
; ð26Þ

where M is the D-dimensional Planck mass, Vw ¼
Md
R
ddy

ffiffiffiffiffi
gd

p
e2A is the warped volume, and M2

P ¼
M2Vw is the 4D Planck mass. 4D vacua of the higher-
dimensional theory correspond to local minima of this
potential which encodes the value of the cosmological
constant as well as the scalar mass spectrum.
In many instances it is hard to determine this potential in

full explicitness and it may be very useful to use an
alternative expression for the 4D potential that is only
valid when all geometric moduli are assumed to be at their
minimum. One may obtain such an expression by consid-
ering the trace-reversed Einstein equations that relate the
internal space Ricci scalar Rd to the energy-momentum
tensor. The result is

V ·M−4
P ¼V−2

w Md

Z
ddy

ffiffiffiffiffi
g6

q
e4A

ðD−6ÞTμ
μ−4Tm

m

4ðD−2ÞM2
: ð27Þ

It is important to realize that in writing this expression one
has integrated out all geometric moduli, that is the potential
is only valid at the minimum of the off-shell potential (26)
where the two coincide [66]. This has several conse-
quences: for example, if a higher-dimensional source
contributes an energy-momentum tensor δTMN with

ðD − 6ÞδTμ
μ − 4δTm

m < 0; ð28Þ

one must not conclude that the 4D cosmological constant
decreases when the source is included since all other terms
in the full energy-momentum tensor TMN will be perturbed
even to leading order in δTMN . Although this means that
any on-shell potential has to be treated carefully, one can
derive powerful statements from it. For example, in the
absence of any source satisfying

ðD − 6ÞTμ
μ − 4Tm

m ≥ 0; ð29Þ

the 4D vacuum energy can never be positive. Using this,
one may show that if one only allows for p-form fluxes
with 1 ≤ p ≤ D − 1 and localized objects of positive
tension and codimension ≥ 2, de Sitter solutions are ruled
out [67]. Further details are given in Appendix B.
This means that in many interesting examples the on-

shell potential encodes subtle backreaction effects that
correspond to the correction terms in (21): whenever a
source of positive higher-dimensional energy is turned on
that does not satisfy the condition (29) in a compactifica-
tion that is stabilized by sources that also do not satisfy the
condition, higher-order corrections in (21) conspire to keep
the overall potential energy negative.

B. A simple example: Freund-Rubin compactification

We will now demonstrate this behavior using the well-
known Freund-Rubin compactification. This is a 6D theory
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compactified on a S2, with the S2 stabilized by two-form
fluxes [68]. The 6D action is

S6 ¼
M4

2

Z �
�R6 −

1

2
F2 ∧ �F2

�
; ð30Þ

with a two-form field-strength F2 ¼ dA1. The equations of
motion/Bianchi identity are

RMN ¼1

2
FMPFN

P−
1

8
gMN jF2j2; dF2¼0¼d�F2: ð31Þ

These admit a solution where the 6D geometry is a product
AdS4 × S2 and the S2 is threaded by N units of two-form
flux F2 ¼ N

2qω2. Here, ω2 is the volume form of the S2

normalized to
R
S2 ω2 ¼ 4π and q is the Uð1Þ charge of the

particle that couples electrically to A1 with smallest charge.
The S2 radius is fixed at

L2
0 ¼

3N2

32q2
; ð32Þ

and in agreement with (27) the 4D vacuum energy reads

V ·M−4
P ¼V−2M2

Z
d2y

ffiffiffiffiffiffi
gS

2

q ð−2jF2j2Þ
16M2

¼−ð12πM4L4
0Þ−1:

ð33Þ

One may try to uplift the four-dimensional vacuum energy
by adding a number N3 of three-branes of positive tension
T3 smeared over the internal two-sphere. Clearly they are a
source of energy density and therefore the expectation is
that they give rise to an increase of the four-dimensional
vacuum energy. However, their energy-momentum tensor
satisfies ðD − 6ÞTμ

μ − 4Tm
m ¼ 0 and so there is no new

contribution under the integral in (26). Even without
knowing the full solution to the 6D equations of motion,
we can hence express the 4D vacuum energy as a function
of the a priori unknown size of the two-sphere:

V ·M−4
P ¼ V−2M2

Z
d2y

ffiffiffiffiffiffi
gS

2

q ð−2jF2j2Þ
16M2

¼ −
M2L2

0

12πM6L6
1

;

ð34Þ

where L0 is given in Eq. (32) and L1 is the adjusted length
scale of the two-sphere. Here, the wonders of on-shell
potentials manifest themselves explicitly for the first time:
The source of uplift in potential energy, the three-brane
tension, has apparently disappeared from the integrand of
the on-shell potential. It does, however, appear implicitly
through the dependence of the S2 radius on the three-brane
tension. This way of parametrizing the 4D vacuum energy
in terms of a single unknown quantity (in this case the
radius) should be kept in mind as it will play an important

role in the remainder of the paper. From Eq. (34) one may
already follow that no matter how much three-brane tension
is added, the vacuum energy cannot increase beyond zero
but at most approaches zero from below. In this simple 6D
case one can do better and from the internal Einstein
equations determine L1 as a function of the three-brane
tension:

L2
1 ¼ ð1 − T 3Þ−1L2

0; with T 3 ≡ N3T3

4πM4
: ð35Þ

Plugging this into Eq. (34) we see that the vacuum energy
adjusts and as expected to leading order in the dimension-
less tension T 3 the change in potential energy corresponds
precisely to the three-brane tension

δðV ·M−4
P Þ ¼ T 3

4πL4
0M

4
þOðT 2

3Þ ¼
N3T3

M4
P

þOðT 2
3Þ: ð36Þ

Of course, as we increase the three-brane tension such that
T 3 → 1 the 4D vacuum energy increases, but the higher-
order terms become relevant and will prevent an uplift to
de Sitter. Therefore, the 4D vacuum energy will approach
zero from below, the limit being T 3 ¼ 1, where the S2

decompactifies. Note that as predicted by (21) the expan-
sion parameter that controls backreaction is given by
δV/m2

KKM
2
P because the KK scale is the mass of the lightest

modulus.
One might be concerned that three-branes and two-form

fluxes share an intrinsic property making them unsuitable
uplifting ingredients because they appear with the wrong
sign under the integral of (27). Of course, if one only
includes these ingredients in the compactification, de Sitter
solutions are ruled out [67]. But as we now demonstrate it is
enough to include also a positive 6D c.c., or equivalently a
five-brane of tension T5 ≡ T 5M6, for an uplift to de Sitter
by three-branes or fluxes to be possible (see also [40] for
related conclusions). In this case the size of the two-sphere
is bounded from above via

l2≡L2M2¼ 1−T 3

T 5

 
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

3

16

T 5n2

ð1−T 3Þ2

s !
≤
1−T 3

T 5

;

ð37Þ

where n≡ N ·M/q corresponds to the number of two-form
flux quanta. When n2 > n2max ≡ 16

3
T −1

5 ð1 − T 3Þ2 the
sphere decompactifies. Thus, in order for the curvature
of the sphere to be sub-Planckian we need both a small
positive 6D cosmological constant T 5 ≪ 1 as well as a
large number of two-form fluxes n.
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The on-shell potential according to (27) reads

V ·M−4
P ¼ 1

16π

�
2T 5

l2
−

n2

8l6

�
: ð38Þ

Clearly the no-go theorem of Maldacena and Nunez [67]
is evaded and de Sitter vacua are possible although not
generic.3 We give a concrete example in Fig. 1.
For completeness we also give the off-shell potential

(plotted in Fig. 1)

V ·M−4
P ðlÞ ¼ 1

16π

�
4T 5

l2
þ n2

4l6
−
4ð1 − T 3Þ

l4

�
: ð40Þ

Evidently, the flattening behavior observed for the case
with only fluxes and three-branes does not exhibit any
intrinsic feature of branes and fluxes but is merely a
property of the simple scheme of moduli stabilization.
By including a positive 6D c.c. it was possible to
decouple the lightest modulus mass from the value of
the 4D c.c. such that a small perturbation could uplift it to
4D de Sitter.

IV. THE 10D PERSPECTIVE

We would now like to study moduli stabilization and the
uplift to de Sitter space from a ten-dimensional point of
view. The classical part is well understood: the Gukov-
Vafa-Witten superpotential can be lifted to the ten-
dimensional three-form potential of type IIB supergravity
[49] and the 4D SUSY conditions that determine the three-
form fluxes to be of Hodge-type (2,1) lift to the 10D SUSY
conditions of B type [69]. Furthermore the 4D scalar
potential is minimized precisely when the 10D equations
of motion are solved by the imaginary self-dual solutions
of [14].
An analogous 10D ↔ 4D correspondence of Kähler

moduli stabilization is somewhat harder to establish, both
conceptually as well as technically4: the dynamical origin
of the exponential superpotential is the condensation of
gaugino bilinears in the 4D SUSY YM gauge theory (or
euclideanD3-brane instantons). The scale below which the
condensation occurs is the dynamical scale of the gauge
theory which typically lies far below the Kaluza-Klein
scale. So, how can it be possible even in principle to include
the nonperturbative effects in a higher-dimensional setup?
First, there certainly exist geometrical setups compatible
with the correct order of scales: an example is that of an
“anisotropic” Calabi-Yau space in which the four-cycle that
the 7-branes wrap is much smaller than the typical length
scale of the transverse space [70]. In this case the non-
perturbative scale of gaugino condensation can lie far
below the Kaluza-Klein scale of the four-cycle and at the
same scale as the transverse Kaluza-Klein scale. Another
situation of this type corresponds to a compactification space

FIG. 1. Left: off-shell potential VðlÞ for the S2 volume modulus in the case without a 6D c.c. for n ¼ 25 flux units and different values
of the dimensionless three-brane tension T 3: T 3 ¼ 0 in blue, T 3 ¼ 0.1 in yellow, T 3 ¼ 0.21 in green, T 3 ¼ 0.4 in red, and T 3 ¼ 0.6 in
purple. As can be seen, the more energy density, the higher the vacuum energy, but the flattening prevents the minimum to go above
zero. Right: off-shell potential VðlÞ for the S2 volume modulus in the case with a 6D c.c. for n ¼ 25 flux units, T 5 ¼ 0.004 and different
values of the dimensionless three-brane tension T 3: T 3 ¼ 0 in blue, T 3 ¼ 0.1 in yellow, T 3 ¼ 0.21 in green, T 3 ¼ 0.4 in red, and
T 3 ¼ 0.6 in purple. This time it is also possible to find de Sitter minima once enough three-brane tension has been added.

3As an aside we note that the de Sitter vacua with largest
possible cosmological constant lie along the line of marginal
stability n ¼ nmax for which l2 ¼ l2max ≡ 1−T 3

T 5
. The value of the

c.c. is given by

Vmax ·M−4
P ¼ T 5

12π

T 5

1 − T 3|fflfflffl{zfflfflffl}
¼l−2max≪1

≲ l−4max: ð39Þ

It is of order the higher-dimensional c.c. times the usual volume
suppression factor. Note, however, that the required tuning of the
6D c.c. amounts to a further volume suppression Vmax ≲ l−4.

4We thank Arthur Hebecker for a very helpful discussion
concerning this point.
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that is equipped with warped throats of significant warping.
In this case the warped Kaluza-Klein scale lies exponentially
below the bulk KK scale.
There has, however, been crucial progress in recent years

in establishing a far more general ten-dimensional picture
of gaugino condensation [65,71–73]. First, note that if a
mobile D3-brane is present, the classical moduli space of
the world-volume scalars is identified with the compacti-
fication geometry. In the absence of nonperturbative
effects, there is no potential for the world-volume scalars
and the internal geometry can thus be probed at arbitrarily
small energies. Thus, even if nonperturbative effects gen-
erate a potential for the world-volume scalars one may
probe the (quantum-deformed) internal geometry at scales
that lie far below the KK scale. With this in mind one
should be able to effectively describe the SUSY vacua with
nonperturbative Kähler stabilization by the 10D equations
of motion, corrected at order of the value of the gaugino
condensate hλλi.
So, how is the 10D supergravity corrected in order to

account for the nonperturbative effects? Remarkably, the
following simple prescription advocated by the authors of
[70,72,74] seems to capture at least the leading order
effects:
(a) Use the classical type IIB supergravity together with

the DBI and CS actions for localized objects to
quadratic order in the world-volume fermions.

(b) Solve the 10D equations of motion, assuming that the
fermion bilinear that corresponds to the 7-brane
gaugino is nonvanishing.

Clearly this approach needs to be justified. For this let us
consider the nonperturbative lifting of the D3-brane posi-
tion moduli space. This can be studied from different
angles. The first is the standard 4D perspective. In
compactifications with both D7-branes and mobile
D3-branes the gauge-kinetic function of the D7-brane
gauge theory depends on the open-stringD3-brane position
moduli zi via one-loop open string threshold corrections
which were calculated explicitly for a T4/Z2 × T2 orienti-
fold of type IIB string theory [64]. Then, at low energies the
nonperturbative superpotential is a function of the position
moduli zi which obtain a potential. The open string
calculation of [64] was perfectly matched with a dual
closed string calculation in [65,71] as follows: a mobile
D3-brane treated as a classical localized source in the 10D
supergravity induces corrections to the volume of the four-
cycle that theD7-branes wrap which determines the gauge-
coupling of the D7 gauge theory. Again, the D3 position
moduli enter the nonperturbative superpotential in the 4D
EFT5 The closed string computation is particularly useful
as it readily generalizes beyond simple toroidal orientifolds.
In particular, for a stack of N D7-branes with holomorphic

embedding equation hðzÞ ¼ 0, the gauge-kinetic function
fðρ; ziÞ of the D7 gauge theory depends on the volume
modulus ρ as well as the D3 position moduli zi [65]

fðρ; zÞ ¼ ρþ ln hðzÞ
2πi

: ð41Þ

Using this dependence of the gauge-kinetic function f on
the D3-brane position moduli, one may determine the 4D
nonperturbative superpotential to be

W ∝ e
2πi
N f ¼ hðzÞ1/Ne2πi

N ρ: ð42Þ

So far, classical 10D physics has been used only to obtain
the gauge kinetic function (41) while the generation of a
nontrivial potential for the D3-brane moduli is determined
entirely within 4D effective field theory. Crucially these
two steps could be separated because the classical back-
reaction of a D3-brane on the classical 10D supergravity
solution is finite. This is clearly not the case for a
D3-brane, so the quantum corrected 10D action is needed.
So how can it be deduced? The key points were derived in
[70], where the authors analyzed the generation of a
nontrivial classical potential for the position moduli of
D3-branes in ISD backgrounds subject to harmonic non-
ISD perturbations. Crucially, it was shown that in conifold
backgrounds every superpotential that can be written down
for the position moduli in the 4D effective field theory can
be matched to a noncompact classical 10D supergravity
solution such that the scalar potentials coincide. Hence, the
quantum corrected 10D supergravity that reproduces the
correct D3-brane potential is only corrected by terms that
are localized away from the warped throat. Such localized
terms are necessary because the entirely uncorrected type
IIB supergravity equations do not admit static non-ISD
perturbations in the compact case due to the global
constraints of [14].
It is tempting to identify these localized terms with the

terms in the 7-brane action that are proportional to the
gaugino bilinear hλλi. Indeed, the superpotential (42) can
be encoded in so-called series I three-form flux

ðG3Þij̄ k̄ ∝ hλλi∇i∇lReðln hðzÞÞglm̄Ω̄m̄ j̄ k̄; ð43Þ

where Ω is the holomorphic three-form of the Calabi-Yau
[70]. This is precisely the perturbation of three-form fluxes
that is sourced by the fermionic bilinear term in theD7-brane
action (extrapolated to the non-Abelian case). Guided by this
nontrivial consistency check we believe that the relevant
details of nonperturbative volume stabilization are indeed
captured by the classical 10D supergravity action assuming a
nonvanishing expectation value of the gaugino bilinear.
While (by construction) the 10D and 4D pictures can be
used equivalently to determine the nonperturbativeD3-brane

5See also [75,76] for a derivation using the language of
generalized complex geometry.
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position moduli potential (i.e. the backreaction of the
D3-brane on the four-cycle size), the 10D approach allows
us to also incorporate the backreaction of an D3-brane
unambiguously (for a diagrammatic representation of the
argument, see Fig. 2).
Based on this conclusion, we will investigate whether or

not the nonperturbative AdS vacua of KKLT can be uplifted
to de Sitter. The approach is to compactify the (quantum
corrected) 10D theory and identify the terms in the
corresponding on-shell potential to find a 10D picture of
KKLT moduli stabilization, followed by the (partial) uplift.

A. Stabilization of complex structure moduli:
ISD solutions

Flux compactifications of type IIB string theory were
pioneered by Giddings, Kachru, and Polchinski [14]. They
showed that in the limit of dilute three-form fluxes the
Gukov-Vafa-Witten superpotential descends from the 10D
potential of type IIB string theory by straightforward
dimensional reduction. Moreover, even for nondilute
fluxes, the 4D solutions obtained from minimizing the
GVW superpotential lift to full 10D solutions, the imagi-
nary self-dual solutions. These feature exponential warping
thus realizing the proposal of Randall and Sundrum [77] to
naturally generate large hierarchies.
Following their discussion one may derive an on-shell

expression for the 4D potential that will prove extremely
useful (see appendix A for details). Starting from the 10D
Einstein frame action of type IIB supergravity, we make a
warped compactification ansatz for the metric

ds2 ¼ e2AðyÞg̃ð4Þμν ðxÞdxμdxν þ g6mnðyÞdymdyn; ð44Þ

and write the self-dual five-form flux as F5 ¼
ð1þ ⋆10ÞdαðyÞ ∧

ffiffiffiffiffiffiffiffiffiffi
−g̃ð4Þ

p
d4x. The corresponding trace-

reversed Einstein equations allow us to write the 4D
Ricci scalar R̃4 in terms of the matter content on
the compactification. The result can be combined with
the Bianchi identity for F5 such that

∇̃2Φ− ¼ R̃4D þ e2A

ImðτÞ jG
−
3 j2 þ e−6Aj∂Φ−j2 þ e2A

Δloc

2π
;

ð45Þ

where

G�
3 ≡ 1

2
ð�6 � iÞG3; Φ� ≡ e4A � α;

and Δloc ≡ 1

4
ðTm

m − Tμ
μÞloc − T3ρ

loc
3 : ð46Þ

Here G3 is the complexified three-form F3 − τH3.
Moreover T loc

MN and T3ρ
loc
3 are the energy-momentum tensor

and D3-brane charge density of localized objects. We work
in units such that ðMP;10DÞ8 ¼ 4π.
By assuming the existence of a solution and demanding

its global consistency one obtains an expression for the
on-shell potential by integrating the above equation over
the internal space

V ·M−4
P ¼

Z
d6y

ffiffiffiffiffi
g6

p
16πVwṼw

�
−e8A

Δ
2π

− j∂Φ−j2
�
; ð47Þ

where

FIG. 2. From the classical 10D supergravity to the quantum 4D theory with broken supersymmetry. Green arrows denote steps that can
be followed through unambiguously and with reasonable amount of control. The dimensional reduction of the classical 10D theory is
well understood. Incorporating nonperturbative quantum effects in the 4D EFT can be performed with reasonable amount of control as
well. The de Sitter uplift of the supersymmetric KKLT vacua within 4D EFT suffers from ambiguities as explained in Sec. II C. For this
reason we follow the authors of [65,70–72] in first lifting the SUSY KKLT vacua to 10D. Since at this stage we have a quantum
deformed 10D action, we may include the SUSY-breaking effects of an antibrane and thereafter dimensionally reduce the 10D potential
to 4D. This prescription avoids the intermediate classical 10D/4D descriptions with a SUSY-breaking runaway potential (marked in red).
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Δ≡ 2π
jG−

3 j2
ImðτÞ þ Δloc; Ṽw ≡

Z
M6

d6y
ffiffiffiffiffi
g6

q
e6A; and

Vw ≡
Z
M6

d6y
ffiffiffiffiffi
g6

q
e2A: ð48Þ

From the on-shell potential (47) it follows immediately that
as long as all localized sources satisfy Δloc ≥ 0 the unique
classical Minkowski solutions of type IIB string theory are
the ISD solutions,

G−
3 ¼ Δloc ¼ R̃4D ¼ Φ− ¼ 0: ð49Þ

Under the same assumption de Sitter solutions are ruled out
as well. Therefore, a necessary condition for realizing 4D
de Sitter solutions is that there exists at least one localized
object that satisfies Δloc < 0.
It is important to note that the ISD solutions also match

the 4D no-scale behavior: the volume modulus remains
unfixed and corresponds to an overall rescaling of regions
of weak warping, leaving strongly warped regions approx-
imately invariant [66]. Therefore, the inclusion of any
further sources of positive potential energy cannot lead to a
stable solution but must rather lead to decompactification.
Therefore, in order to discuss the inclusion of further
sources of positive energy, one first needs to incorporate
Kähler moduli stabilization.

B. KKLT Kähler moduli stabilization:
The 10D perspective

As explained in the introduction of this section we will
determine the effective on-shell potential (47) by dimen-
sionally reducing the 10D action of type IIB supergravity in
the presence of a nonvanishing value of the gaugino
condensate. In order to do so the following quantities have
to be evaluated:
(a) the value of Δloc induced by the nonvanishing gaugino

bilinear that appears in the D7-brane action;
(b) the backreaction on the three-form fluxes G3 and Φ−.
We evaluate these quantities only in the bulk Calabi-Yau
where the effects of warping and three-form fluxes are
volume suppressed. We will neglect these effects and thus
work to leading order in an inverse volume expansion.
Moreover we assume the 7-brane configuration to be in the
Sen limit [78], i.e. fourD7-branes on top of anO7 plane. In
this case there is no classical 10D backreaction on the
Calabi-Yau geometry and the axiodilaton is constant. The
gauge group is SOð8Þ.
The calculation is a somewhat tedious but straightfor-

ward exercise that has been partially done by the authors of
[70,72]. We have provided the detailed derivation in
Appendix C and merely quote the result here: the piece

in the action responsible for the perturbation of the ISD
background is6

SD7 ⊇
Z
M10

πδð0ÞD eϕ/2e−4A
λ̄ λ̄

16π2
G3 ∧ �Ωþ c:c: ð50Þ

The action (50) acts as a source for G3 and a particular
solution to the equations of motion is given by [72]

Gλλ
3 ¼ Gþ

3 þG−
3 ; ð51Þ

with ISD component

e4AGþ
3 ¼ 1

π
e−ϕ/2

hλλi
16π2

ðgij̄∇i∇j̄ΨÞΩ̄; ð52Þ

and imaginary anti-self-dual (IASD) component

ðe4AG−
3 Þij̄ k̄ ¼ −

i
π
e−ϕ/2

hλλi
16π2

ð∇i∇lΨÞglm̄Ω̄m̄ j̄ k̄; ð53Þ

where Ψ is determined by ∇2Ψ ¼ 2πδðΣÞ, and δðΣÞ is the
scalar delta function that localizes on the four-cycle that the
7-branes wrap.7 Note that Ψ is identified with Re log hðziÞ,
where hðziÞ ¼ 0 is the holomorphic embedding equation of
the 7-brane divisor [70]. The flux profile (51) is only a
particular solution to the equations of motion and is
completed by the global harmonic fluxes.
Building on these results we now proceed. In order to

match the 4D description of KKLT we should be able to
determine the value of the volume modulus at the super-
symmetric minimum from the value of the GVW super-
potential. In order to do this in general one would have to
derive the full off-shell potential (26) while we derive only
the on-shell potential (47). Fortunately if we assume a
relation between the condensate and the 4-cycle volume
hλλi ∼ eiaρ we may deduce the value of ρ by demanding
that the quantum deformed 10D SUSY conditions are
fulfilled. These were derived in [72] and we merely quote
their result: to leading order in the gaugino condensate, the
three-form flux G3 is given by

6Note that we extrapolate the Abelian D7-brane term to the
non-Abelian case. λλ will be shorthand for TrðλαλαÞ. We would
like to stress that the most powerful argument for the validity of
this approach comes not from the fact that this term can be
obtained from the (non-Abelian) 7-brane action but rather from
the 10D ↔ 4D matching of the D3-brane position moduli
potential. Therefore the extrapolation of the non-Abelian 7-brane
action is no further reason of concern for us here.

7Strictly speaking, Ψ is the solution to ∇2Ψ ¼
2πðδðΣÞ − VolðΣÞ

V Þ [65]. We will be interested in the behavior of
supergravity fields in the vicinity of localized objects. In this
regime the constant correction to the source of Ψ only gives rise
to small (i.e. volume suppressed) corrections which we shall
neglect consistently.
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G3 ¼ Gð2;1Þ
3 þ Gλλ

3 ; ð54Þ

whereGð2;1Þ
3 is harmonic and of Hodge type (2,1). Thus, the

(0,3) component of G3 localizes completely on the 7-brane
divisor and is related to the value of the gaugino condensate
via theG3 equations of motion. As a consequence, just as in
the 4D EFT description the value of the Gukov-Vafa-Witten
superpotential determines the value of the condensate,

W0 ∼
Z
M6

G3 ∧ Ω ∼ e−ϕ/2hλλi ∼ eiaρ: ð55Þ

Apart from the harmonic (2,1) component the G3 flux
profile is thus fully determined. Furthermore one may show
that the field Φ− is not perturbed to leading order in the
condensate.
Δloc is given by

Δloc ¼ −
3π

4
eϕ/2e−4A

hλ̄ λ̄i
16π2

Ω ·G3δ
ð0Þ
D þ c:c: ð56Þ

This means that all the ingredients of the on-shell potential
are gathered and after some algebra (see Appendix C) we
arrive at

V ·M−4
P ¼ −

Z
M6

d6y
ffiffiffi
g

p
8π3VwṼw

���� hλλi16π2
∇i∇jΨ

����2: ð57Þ

Just as we know from the 4D EFT analysis the cosmo-
logical constant is negative and proportional to the strength
of the gaugino condensate.
One can readily generalize this expression to the case of

n stacks of 7-branes that wrap different holomorphic
representatives of the same divisor,

V ·M−4
P ¼ −

Z
d6y

ffiffiffi
g

p
8π3VwṼw

�
4

����Xn
a¼1

hλλia
16π2

∇i∇jΨa

����2

− 3
Xn
a¼1

���� hλλia16π2
∇i∇jΨa

����2
�
: ð58Þ

Crucially, the sign of the cosmological constant depends on
the relative phases between the condensates hλλia. This
suggests that for two condensates one may be able to obtain
a cosmological constant that is parametrically smaller than
the strength of the individual condensates that set the mass
scale of the lightest modulus. For more than two con-
densates it may even be possible to obtain de Sitter
solutions.
This fits nicely with the effective 4D description of

multiple condensates: the case of two condensates was
studied by Kallosh and Linde [37] who show that it is
possible to tune the cosmological constant to zero super-
symmetrically while retaining a finite volume stabilization.

Before we proceed one more comment is in order: the
integrals (57) and (58) are quadratically UV divergent.
Imposing a UV-cutoff ΛUV one finds

jVj ·M−4
P ∼

VolðΣ4Þ
V2

���� hλλi16π2

����2Λ2
UV þ finite: ð59Þ

Since we are not interested in overall order one coefficients
we leave a proper EFT treatment of this divergence for
future work and simply cut off the integrals at the string
scale8 Λ2

UV ∼ eϕ/2. We note that this divergence is analo-
gous to the divergent self-energy of an antibrane at the
bottom of a warped throat which is explained in [34,35].

C. The uplift

In order to determine if an antibrane (or in fact any other
source of SUSY breaking) at the bottom of a warped throat
can uplift to de Sitter in the presence of only a single
condensate, we have to take a closer look at the on-shell
potential (47). The antibrane perturbs it in two ways
(see Fig. 3).
(a) It sources all local 10D supergravity fields in the

throat. Away from the brane their field profiles are
harmonic and fall off towards the bulk CY.

(b) It pulls on the volume modulus, the lightest degree of
freedom in the problem. Because we assume an
exponential relation between the condensate and the
volume modulus, the value of the condensate is
changed as well.

Let us focus on the local backreaction first. The naive
approach to include the effect of the D3-brane would be to
compute its corresponding contribution to the on-shell
potential. The outcome isΔloc

D3
¼ 2T3 > 0 (T3 is the tension

FIG. 3. Two aspects of D3 backreaction: on the one hand the
local throat perturbations sourced by the D3-brane at the bottom
of the throat fall off exponentially towards the bulk Calabi-Yau.
Their UV tail can be neglected in our analysis. On the other hand
the overall volume of the bulk Calabi-Yau adjusts and so does the
condensate hλλi. This global backreaction effect turns out to be
crucial for our analysis.

8Recall that we work in 10D Einstein frame in units
M8

P;10D ¼ 4π.
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of the brane), so the inclusion of the D3-brane implies a
new negative contribution to (47). Then, how is the
antibrane going to provide an uplift? As we already saw
in the toy model, the use of on-shell potentials comes with
certain peculiarities: The dominant source of uplift (the
three-brane tension) did not appear explicitly in the on-shell
potential. Rather its uplifting effect is contained implicitly
in the induced shift in the volume modulus by which the
uplift can be efficiently parametrized even when the
backreacted solution is not known. Now, we are in a
similar situation. The explicit appearance of the antibrane
via Δloc and in fact all the details of the backreacted warped
throat geometry are suppressed by eight powers of the warp
factor.9 We know from the off-shell potential (26) that the
leading order uplift should be of order e4A0T3, and there-
fore, if we only work to order e4A0 we can completely
neglect the local physics of the throat, making the sign of
Δloc

D3
irrelevant. Instead, as in the toy example, the leading

order uplift is parametrized implicitly by the induced
backreaction on the bulk Calabi-Yau on which we will
focus in the following.
Before doing so let us set a precision goal for the

upcoming analysis. Because the minimal uplifting potential
must compete with the AdS depth of the SUSY KKLT
minimum one should have e4A0 ≳ jhλλij2 as a minimal
requirement. Guided by this in the following we will work
to leading order in

eð4−2qÞA0 jhλλijq; ð60Þ

for any q and consistently neglect higher combined powers
of the condensate and the warp factor.
The next step is to estimate how the local physics of the

bulk is affected by the SUSY-breaking source in the
strongly warped region. Of course one cannot use on-shell
methods to do this. But since the supergravity solution
corresponding to a warped throat is known in full detail,
this estimate can be done explicitly by perturbing the IR
end of the throat and deriving how fast the corresponding
field profiles fall off towards the UV. Building on the work
of [70,79,80] we have provided a treatment of this question
in Appendix E.
The outcome is simple and intuitive: all field profiles fall

off exponentially towards the bulk such that for an IR
perturbation of order one the corresponding perturbation in
the UV is suppressed by powers of the IR warp factor eA0. If
we neglect dependencies on the CY volume which we
assume to be only moderately large it, turns out that to
leading order in eA0 all local supergravity fields receive
corrections of order

OðepA0 · T3Þ; p ∈ f3; 4g: ð61Þ
Because both G−

3 as well as Φ− appear quadratically in
(47), we may neglect their adjustment that is sourced
directly by the antibrane. Also the localized contribution
in (56) contains an overall factor of hλλi. Hence, local field
profiles would have to be corrected at least at order e2A0 to
enter our discussion. No such field profiles can be sourced
directly by the antibrane.
Hence, we need only consider the adjustment of the

universal Kähler modulus. However, calculating the value
of the volume modulus is not possible using our on-shell
methods and we lack the required off-shell methods to
explicitly determine backreaction effects in the bulk. The
only reason that we were able to deduce its value at the
supersymmetric point and relate it to the value of the GVW
superpotential was that the 10D SUSY conditions gave us
enough constraints. At no point did we explicitly minimize
an effective off-shell potential of the volume modulus.
Let us argue why we are able to proceed despite this

shortcoming of the on-shell methods. First, the validity of
the on-shell methods as such does not require supersym-
metry. We assume that once the antibrane is included all
fields adjust to their new respective minima. Hence once
the system has found its energetically most favorable
configuration, the outcome must be consistent with the
on-shell potential (47). The only technical difference
between the supersymmetric and nonsupersymmetric con-
figuration is that we are no longer able to determine the
shifted value of the volume modulus. For our purposes this
is not a problem. We simply assume that the new minimum
lies at a different volume

ρ → ρþ δρ; ð62Þ
and express all the quantities that need to be evaluated as
functions of the new (unknown) value of the volume
modulus. When the volume modulus assumes a new value,
all 7-brane sourced effects adjust accordingly. Discarding
effects that are subleading in inverse volume (to be
addressed shortly), this means that in configurations with
one or more gaugino condensates stabilizing the Kähler
modulus, upon the inclusion of the antibrane, equations (57)
and (58) still hold albeit as a function of the (unknown)
shifted value of the volume modulus. Hence, from (57) it is
easy to see that in the case of a single gaugino condensate
even in the presence of the antibrane the on-shell potential
is manifestly negative.
Ultimately, the reason that the contribution of a single

gaugino condensate to V is always negative rests on the fact
that its contribution to the integrand of the on-shell potential
is always negative10 (see Appendix C for details). Although

9Note that close to the anti-D3-brane the potential Φ− is
sourced atOðe4A0Þ. Hence, the integrand of the on-shell potential
is dressed with an overall factor of e8A.

10The reason for this is that the 7-brane contribution to

Δ≡ 2π
jG−

3
j2

ImðτÞ þ Δloc is positive.
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there are two 7-brane-induced contributions to the integrand
of either sign from the induced bulk and brane-localized
fluxes, the negative contribution of the 7-brane-induced bulk
piece G−

3 overcompensates the 7-brane-localized Gþ
3 piece.

This happens for all values ofρ as long as bothGþ
3 andG−

3 are
sourced by a unique 7-brane world volume coupling of the
condensate hλλi toG3.We have shown inAppendix C that in
absence of any other fermion condensates besides hλλi, the
coupling hλλiG3 ·Ω is unique at OðhλλiÞ.11 This statement
holds at the level of the 10D equations ofmotion anddoes not
use background supersymmetry for the derivation.
Hence, in the end the situation here is analogous to the

Freund-Rubin toy model (without the 5-branes) and also
here it follows immediately that vacua that are stabilized
by a single condensing non-Abelian gauge group (in a
regime where perturbative corrections can be neglected, see
Sec. V) cannot be uplifted to de Sitter.
As we have explained we cannot in principle derive the

adjusted value of the volume modulus and the correspond-
ing change in the cosmological constant from the on-shell
potential. The on-shell potential (57) only reveals the
overall sign of the resulting cosmological constant but
does not allow one to compute its value. For this one would
need the full off-shell potential which we currently lack.
Nevertheless, we can attempt a parametric estimate
(neglecting volume powers) based on generic assumptions
about the coupling of an uplift parametrized by the warped
tension e4A0T3 to the volume modulus ρ (see Appendix E)

δρ ∼
e4A0T3

m2
ρ

∼
e4A0 · T3

jhλλij2 : ð63Þ

This estimate is easy to understand: the weaker the
stabilization the stronger the volume modulus will react
to a small IR perturbation. Therefore for e4A0T3 ≪ jhλλij2
we can plug this estimate into the on-shell potential (57) to
obtain

δV ∼ V|{z}
∼jhλλij2

· δρ|{z}
∼e4A0 ·T3/jhλλij2

∼ e4A0 · T3; ð64Þ

which describes the naive result of adding energy contri-
butions. Note that this regime corresponds precisely to the
region of parametric control where the uplift is small
compared to the initial vacuum energy δV ≪ jVAdSj and
thus the final state is also AdS.
When the warped tension is not much smaller then

jVAdSj it is not possible even to estimate the magnitude of
the uplift since δρ is no longer small. From the on-shell
potential we only know that the final state will be 4D AdS
and the inclusion of the antibrane should increase the

potential energy. From here we conclude that its magnitude
will be flattened out due to strong backreaction on the
volume modulus and thus the final energy is not just the
sum of VAdS and the warped antibrane tension.
It is now interesting to go back to the 4D superpotential

(17) to note that our 10D analysis is compatible with the
extreme case b → 0, suggesting the existence and signifi-
cant strength of the superpotential term describing the
interaction between the antibrane and the gaugino con-
densate (see Fig. 4). We will comment further on this in
Sec. IV D.
For completeness, we would like to comment here on an

interesting effect of the volume shift caused by theD3-brane.
We are assuming an exponential relation between the
condensate hλλi and the volume modulus, and so the
condensate must be reduced in magnitude due to the shift.
Since the profile Gλλ

3 is uniquely determined by the strength
of the gaugino condensate, the situation is so far analogous
to the supersymmetric case except that we have to allow for a
global harmonic (0,3) component in the three-form

G3 ¼ Gð2;1Þ
3 þ Gð0;3Þ

3 þ GðλλÞ
3 : ð65Þ

The global (0,3) component enters the on-shell potential
(47) via Δloc and thus gives rise to a further term in the on-
shell potential. The magnitude of the global (0,3) com-
ponent is determined as a function of the shifted volume
by demanding the value of

R
G3 ∧ Ω to be conserved.12

Since the localized (0,3) piece is reduced in comparison

FIG. 4. The F-term potential of (17) for the case b ¼ 0 as a
function of the uplift parameter c. In this case the superpotential
reads W ¼ W0 þ Að1þ cSÞ expðiaρÞ. The ρ minimum moves
out to larger values and stays AdS as c increases. This behavior is
compatible with our 10D analysis but does not uniquely follow
from it.

11We use the straightforward non-Abelian generalization of the
single D7-brane outcome, guided by our expectation that gauge
symmetry and supersymmetry will uniquely fix this.

12Here we assume that backreaction on complex structure
moduli is negligible.
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with the supersymmetric setup, part of it is converted into
the global (0,3) component. This harmonic (0,3) compo-
nent is interesting because it determines soft masses on
branes [81–83] of order the warped tension of the
antibrane. For our purposes, it enters the on-shell potential
(47) via Δloc only with a relative volume suppression
with respect to e.g. the localized flux contribution on the
D7-brane stack (see Appendix D for details). We work to
leading order in 1/V and therefore neglect this contribution.
The obstruction towards reaching de Sitter in the single

condensate configuration can be evaded in a rather simple
generalization of the setup: in racetrack configurations with
at least two condensing non-Abelian gauge groups the
multicondensate potential (58) confirms from a 10D
perspective the possibility to decouple the lightest modulus
mass from the AdS depth in the supersymmetric vacuum by
giving the individual condensates opposite phases. In a
limiting case it may even allow for Minkowski vacua after
stabilizing the Kähler modulus. This situation would
correspond to the case when the two terms in (58) are
of the same magnitude upon integration and thus compen-
sate each other. Note that in this case there exists the
required positive contribution to the on-shell potential,
allowing one to evade the Maldacena-Núñez theorem,
in analogy with the Freund-Rubin toy model when the
5-brane is present. Therefore, the inclusion of theD3-brane
on the bottom of a warped throat in this configuration could
well provide the necessary uplift to de Sitter (see Fig. 5).

While we cannot prove the full 10D consistency of such
racetrack stabilization mechanisms we see no sign of failure
in an anticipated fully fledged backreacted 10D solution. If
the required tuning can be realized it would seem that such
vacua can be uplifted to de Sitter generically (as explained
in Sec. II C), i.e. by any SUSY-breaking energy density that
is redshifted sufficiently strongly to suppress backreaction
on the volume modulus (i.e. e4A0 ≪ jhλλiaj2). Thus, it
seems that such two-condensate (racetrack) stabilization
mechanisms are ideal backgrounds for uplifting scenarios,
independently of the details of the uplifting mechanism,
and the details of its couplings to the lightest moduli.
However, we would also like to point out that the mere
existence of warped throats with warping in the regime
e4A0 ≪ jhλλiaj2 is not obvious.

D. Towards an interpretation of an
unsuppressed Shλλi coupling

Wewould like to conclude this section with an attempt of
a physical interpretation of our result. We have constrained
the anticipated fully fledged backreacted solution using
on-shell methods. Although these methods are powerful
enough to constrain the sign of the cosmological constant,
they reveal very little about its physical origin. So, let us
speculate about it:
We are assuming that near the bottom of the warped

throat the local description of a warped throat à la
Klebanov-Strassler still holds, while at the same time we
believe that the 4D EFT description of the antibrane state
using a nilpotent superfield is valid. Putting these two
expectations together, and recalling the superpotential of
Eq. (18), we are led to the interpretation that the IR warp
factor itself receives corrections of order jhλλij, i.e.

e2A0 → e2A0 þOðjhλλijÞ: ð66Þ

We have asked ourselves if this expectation is reasonable in
view of considerable effort that has been put into determin-
ing the position moduli potential of D3-branes [70] and
D3-branes [80]. In principle, the quantum corrected warp
factor can be reconstructed by adding the D3 and D3
potentials. In [70] it was found that the D3-brane moduli
potential as induced by the nonperturbative bulk effects is
of order eAcl;0 jhλλij2 and is hence suppressed by a classical
warp factor. However, to the best of our knowledge, the
tools used in [70] are only sensitive to the force that acts on
the D3-brane, that is only the position-dependent part of
the D3-brane moduli potential is determined. Their results
are hence compatible with the correction that we have
suggested.
If this correction indeed occurred, an interesting conse-

quence would be that the IR warp factor receives significant
corrections in the regime e4A0 ∼ jhλλij2. Nevertheless, the
local description of the IR region of the warped throat

FIG. 5. The F-term potential analogous to (17) for the case
b ¼ 0 as a function of the uplift parameter c for racetrack
superpotential. In this case the superpotential reads W ¼
W0 þ A1ð1þ cSÞ expðia1ρÞ þ A2ð1þ cSÞ expðia2ρÞ. For sim-
plicity we have put the coefficients of the S dependence in both
gaugino condensates equal. For vanishing uplift c ¼ 0 the scalar
potential shows the tuned racetrack Minkowski minimum at
smaller values of ρ then the coexisting KKLT AdS minimum at
larger values or ρ. Clearly, the racetrack minimum gets success-
fully uplifted to de Sitter even for c ≪ 1 while the KKLT
minimum at larger ρ continues to move out to larger values
and stays AdS as c increases. Note that this is a 4D effective
extrapolation to the two-condensate case, for which we do not
have a fully matching 10D description yet.
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would stay intact as long as the weaker requirement
jhλλij2 ≪ e3A0 is fulfilled.13 A local throat observer would
notice the effect we are suggesting merely as a change of
Newton’s constant.
An interesting prospect for future research would be to

validate or falsify our interpretation by finding the explicit
backreacted warped throat solution. The tools needed to do
this have been laid out in [79] who have put the type IIB
supergravity equations of motion into “triangular” form
suitable for determining the response of the throat to a
source term in a systematic fashion. Following their
strategy one could expand the fields Φ− and Φþ that
determine the backreacted warp factor as

Φ− ¼ Φ−jISD|fflfflffl{zfflfflffl}
¼0

þ δΦ−jIH þ δΦ−jH; ð67Þ

ðΦþÞ−1 ¼ ðΦþÞ−1jISD|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
¼1

2
e−4AjISD

þ δðΦþÞ−1jIH þ δðΦþÞ−1jH; ð68Þ

where the subscripts IH andH denote the inhomogeneous,
respectively homogeneous, part. Integrating the equations
of motion would determine Φ− as well as Φþ from which
the warp factor can be determined uniquely.

V. APPLYING THE LESSONS: DE SITTER
IN KKLT WITH α0 CORRECTIONS?

Let us use the lessons learned from the previous analysis
to speculate about alternatives to the racetrack setup in the
language of 4D EFT. From the type IIB analysis in [84,85]
as well as more recent lifts to F-theory in [86], we know
that the R4 terms and their supersymmetric completion in
10D induce the leading correction to the 2-derivative
kinetic terms of the Kähler moduli at Oðα03Þ.
The results of [87] demonstrated that other α0 corrections

involving higher powers of the Ramond-Ramond (RR)
and/or Neveu-Schwarz-Neveu-Schwarz (NSNS) p-form
field strengths produced 4D contributions suppressed by
additional inverse powers of the compactification volume,
while the results of [88–93] show that the same is true for
string loop corrections due to the extended no-scale
structure present in type IIB Calabi-Yau compactifications.
As a result, the Kähler potential of the volume moduli
acquires at leading order an Oðα03Þ correction
K ¼ −2 lnðV þ ξ/2Þ þKc:s: with∶ ξ∼−g−3/2s χCY ð69Þ
where χCY ¼ 2ðh11 − h21Þ is the Euler characteristic of the
Calabi-Yau in question.
We again assume supersymmetric flux stabilization of

the c.s. moduli and axiodilaton. We then proceed to use the

superpotential of KKLT W ¼ W0 þ Aeiaρ. The resulting
scalar potential is (see [38,84])

VF ¼ eK
�
Kρρ̄ða2A2eiaðρ−ρ̄Þ þ iaAðeiaρW̄Kρ̄ − e−iaρ̄WKρÞÞ

þ 3ξ
ξ2 þ 7ξV þ V2

ðV − ξÞð2V þ ξÞ2 jWj2
�

¼ eKc:s:

8σ3

�
4σ2

3
ða2A2e−2aσ þ 2aAe−aσImðe−iaReρWKρÞÞ

þ 3ξ
ξ2 þ 7ξσ3/2 þ σ3

ðσ3/2 − ξÞð2σ3/2 þ ξÞ2 jWj2
�

ð70Þ

where we defined σ ≡ Imρ ¼ 1
2
V2/3. We plot this potential

as a function of σ for the parameter choice of the original
numerical example in KKLT: a ¼ 0.1, A ¼ 1,W0 ¼ −10−4
in Fig. 6. We see that the α0 correction only starts to modify
the vacuum energy of the SUSY KKLT vacuum signifi-
cantly once ξ is large enough to violate ξ ≪ V.
Looking at the figure, we observe the following. First,mρ

is determined roughly by the whole potential difference
between the minimum and the barrier top. Second, by
arranging for ξ → V we can get a finite hierarchy between
the AdS vacuum energy of the minimum and the total
potential difference between the minimum and the barrier
top jVAdSj≳1/3ΔV tot<ΔV tot where ΔV tot ¼ Vbarrier − V top.
Putting this together, this implies that we can arrange for a
finite hierarchy of the necessary dS uplift δV ∼ jVAdSj∼
1/3ΔV tot < ΔVtot ∼m2

ρM2
P.

As this hierarchy was the condition for perturbatively
small uplifting to de Sitter which we learned from the

FIG. 6. Volume stabilization in KKLT with a single gaugino
condensate but including the leading Oðα03Þ correction to the
volume moduli effective action. For ξ → V we see that the
correction begins to create a barrier towards decompactification
at positive values of the potential. We see that the total potential
difference between the SUSY minimum and the barrier top can
become as large as about 4×jVAdSj. The curves show the potential
for values of ξ¼3.1×103 (black solid line), ξ¼3.55×103 (brown
dotted line), and ξ ¼ 3.6 × 103 (green dashed line).

13If this requirement is violated, local IASD field strengths
would become dominant [70].
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preceding discussion, it is possible that this simple modi-
fication of KKLTwith a single gaugino condensate for each
volume modulus might allow for perturbatively controlled
uplifts to de Sitter. Note, however, that for the hierarchy
m2

ρM2
P > jVAdSj to emerge, we need to have ξ ≃ V. This is a

regime where we might worry about further, higher α0
corrections no longer being smaller than the leading one, so
further analysis is necessary to clarify the viability of this
modification of KKLT to get to de Sitter.
Given these observations, it is tempting to speculate

about the situation in models where the α0 correction toK is
under parametrical control, such as the large volume
scenario (LVS) [38]. In its simplest version it involves a
CY with two Kähler moduli ρb and ρs and a volume of
swiss cheese form

V ¼ σ3/2b − σ3/2s ð71Þ

where we denote the four-cycle volumes as σi ¼ Imρi.
Furthermore, the only relevant nonperturbative contribution
to W will wrap σs

W ¼ W0 þ Aseiasρs : ð72Þ

For this setup there exists for generic values of jW0j ∼Oð1Þ
a minimum for both V and σs ∼ ξ2/3 ∼Oð10Þ at exponen-
tially large volume

V ∼ jW0jeasσs ≫ σ3/2s : ð73Þ

The interesting observation for our purpose here is that this
minimum is a SUSY-breaking AdS minimum with the
following scales

jVAdSj∼
jW0j2
V3

∼m2
VM

2
P∼m2

σbM
2
P≪m2

σsM
2
P∼

jW0j2
V2

: ð74Þ

Hence, in the LVS setup the amount of antibrane uplift
δV ∼ jVAdSj ∼ V−3 ≪ m2

σsM
2
P is much smaller than the

mass scale of the only four-cycle volume directly control-
ling the scale of a nonperturbative effect.
Naively, this seems to satisfy the upshot of our preceding

4D and 10D analysis, namely the controlled-uplift con-
dition δV ≪ m2

ϕi
M2

P for all moduli ϕi involved in non-
perturbative moduli stabilization dynamics. However, LVS
setups involve always at least two volume moduli, and their
mechanism uses the α0 correction to produce one volume
modulus with exponentially enhanced vacuum expectation
value (VEV) via an exponential lever arm in terms of a
small but heavy blow-up volume modulus. At this point it is
therefore far from clear that the naive scale separation
between the necessary amount of uplift in LVS models and
the parametrically heavier blow-up four-cycle controlling
the leading nonperturbative effect will shield the light
overall volume direction sufficiently from the backreaction

effects of uplift to conclude a higher level of safety of LVS
compared to KKLT models with a single nonperturbative
effect per four-cycle.
Another important point pertains to the fact that the

inclusion of the α0 correction is so far only possible in 4D
EFT, given that its effect on the scalar potential only
emerges after compactification. It is an open question how
to include such α0 corrections from higher-curvature terms
at the level of the 10D description directly. Hence, we leave
the analysis of the 10D stability of scenarios like LVS under
uplifting as a tantalizing problem for the future.

VI. CONCLUSION

In this paper we have reported progress towards a 10D
description of the steps involving volume moduli stabili-
zation without and with anti-D3-brane uplifting as part of
the KKLT mechanism of generating a landscape of con-
trolled metastable de Sitter vacua in type IIB string theory.
We started by outlining a simple bottom-up 4D EFT
argument indicating that models which require an uplift
of the order δV ≳m2

ρM2
P (such as the simplest version of

KKLT) are highly sensitive to the functional form of δVðρÞ
with ρ being the lightest modulus. We have argued that with
our current knowledge of nonperturbative volume stabili-
zation and D3-brane potentials, the existence of SUSY-
breaking de Sitter vacua within the simplest version of
KKLT is hard to establish.
It is for this reason that we have turned to a 10D

description of the required nonperturbative effects that is
powerful enough to decide the fate of the original version of
the KKLT uplift as well as its racetrack improvement.
In order to do so, we have relied on two central

methodological steps. First, we were interested in the
energetics of the volume modulus in a full 10D description.
Assuming a solution to the full 10D system exists, we were
interested in the on-shell potential of this solution, and its
scaling under changes of the stabilized CY volume.
Conveniently this on-shell scalar potential incorporates all
geometric backreaction effects by expressing them via the
matter contributions to the theory—provided the back-
reacted solution exists. For this purpose it was crucial that
we could determine this on-shell potential from the matter
sources alone by combining the trace-reversed 10DEinstein
equations with the 10D Bianchi identities [70,72,73].
We have analyzed a simple toy model in 6D consisting

of a quantized two-form flux on a positively curved S2 and
3-branes, where fully backreacted solutions are easy to
establish. We showed that sufficient uplifting by the
3-branes to naively reach de Sitter led to significant
flattening of the uplift: by this we mean that the increase
of the S2 radius R with increasing uplift occurred such that
the total vacuum energy remained AdS while approaching
zero from below, supporting the 4D EFT worry. Without
including the backreaction on R the uplift would have been
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linear in the tension of the 3-branes which would have
naïvely allowed for de Sitter minima.
We then extended this toy model by adding a positive 6D

cosmological constant. This allowed us to somewhat
decouple the scale of the AdS vacuum energy from m2

ρ

prior to adding the 3-branes for uplifting. In this case, the
flattening from volume increase becomes less pronounced,
and it is possible to reach de Sitter. From here we concluded
that for models where reaching de Sitter requires δVD3 ≳
m2

ρM2
P according to the off-shell potential, the details of the

method of volume stabilization are essential.
Based on this, we needed to reanalyze volume stabiliza-

tion in KKLT itself in 10D. We started by rederiving the
backreaction onto the flux geometry caused by the gaugino
condensation process on a D7-brane stack in the KKLT
setup based on [70,72,73] and extracting for the first time
the full contribution from the D7-gaugino condensate to the
matter field side of the trace-reversed Einstein equations.
This allowed us to calculate an on-shell potential for the ρ
modulus in the simplest KKLT setup. In turn, this enabled
us to understand the minimization of the ρ potential into a
SUSY AdS minimum while matching the step 2 4D
effective description outlined above. A crucial result of
this analysis is that the (0,3) component of the three-form
flux generating the small jW0j VEV of the Gukov-Vafa-
Witten flux superpotential in step 1 becomes effectively
localized at the D7-brane stack due to the backreaction to
the formation of the gaugino condensation on the 7-branes.
Finally, we added back an anti-D3-brane at the bottom of

the throat to complete the KKLT recipe.We observed that the
in general complicated field profiles that the antibrane
sources in the warped throat fall off too rapidly towards
the bulk Calabi-Yau to cause relevant effects in the on-shell
potential. In contrast the on-shell potential preserves its
functional form but is to be evaluated at the adjusted value of
the Calabi-Yau volume and the condensate. In other words
wehave calculated theon-shell potential forρ as a function of
the anti-D3-induced ρ increase.
Because for a single gaugino condensate arising from a

single D7-brane stack the on-shell potential remains
manifestly negative (at leading order in an expansion in
inverse compactification volume), the 4D vacuum energy
flattens out as a function of increasing anti-D3-brane
tension sufficiently strongly to prevent a successful uplift
to de Sitter. The simplest KKLT vacua are therefore
metastable SUSY-breaking AdS vacua always. For suffi-
ciently small warped antibrane tension, the uplift simply
adds to the AdS vacuum energy as predicted by the usual
off-shell potential. We match this behavior to the effective
4D description of the anti-D3-brane by a nilpotent super-
field S appearing in the superpotential. The flattening of the
uplift then requires the presence of an unsuppressed Shλλi
coupling in the superpotential.
However, we then proceed to replace the single non-

perturbative effect driving SUSY stabilization of ρ by a

racetrack superpotential arising from a product gauge
group with at least two condensing subgroups (on one
or several D7-brane stacks). In this case we can tune the
supersymmetric AdS vacuum energy before uplifting
arbitrarily close to zero, thus breaking the single-conden-
sate KKLT relation m2

ρM2
P ∼ jVAdSj into m2

ρM2
P ≫ jVAdSj.

While this tuning possibility was long known in the context
of the effective 4D supergravity description of the gaugino
condensates, we provide a 10D description of this situation,
and identify the 10D origin of the tuning possibility.
Relying on this tuning, the amount of uplifting δV ∼

jVAdSj ≪ m2
ρM2

P is now perturbatively small. We can thus
treat ρ as rigid, which seems to make uplifting to de Sitter
possible in the racetrack case both from the 4D and 10D
perspectives.
Summing up our results, we believe that they enable a

10D understanding of the KKLT mechanism including its
racetrack improvement. This relaxes the necessity of
relying on the purely 4D methods employed so far for
the steps of volume stabilization and uplifting in the KKLT
framework.
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APPENDIX A: TYPE IIB AND THE NO-GO
THEOREM OF GKP

For flux compactifications of type IIB string theory, the
no-go theorem of [67] was extended significantly by
Giddings, Kachru,and Polchinski [14]: following them, we
start with the Einstein frame action of type IIB supergravity,

SIIB ¼ 2π

Z
M10

�
�R10 −

dτ ∧ �dτ̄
2ðImðτÞÞ2 −

G3 ∧ �G3

2ImðτÞ

−
F5 ∧ �F5

4
−
iC4 ∧ G3 ∧ G3

4ImðτÞ
�
þ Sloc; ðA1Þ

where τ ¼ C0 þ ie−Φ is the axiodilaton, G3 ¼ F3 − τH3 is
the complexified three-form field strength, and
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F5 ¼ dC4 −
1

2
C2 ∧ H3 þ

1

2
B2 ∧ F3: ðA2Þ

Sloc is the action of localized objects and we have
set ð2πÞ2α0 ¼ 1.
Let us take the following ansatz for the 10D metric:

ds2 ¼ e2AðyÞg̃ð4Þμν ðxÞdxμdxν þ e−2AðyÞg̃ð6ÞmnðyÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
≡g6mnðyÞ

dymdyn; ðA3Þ

where g̃4μν is a maximally symmetric 4D metric. Then, the
most general ansatz for F5 that respects the symmetries of
the 4D space-time is

F5 ¼ dC4 þ F 5; ðA4Þ
where F 5 is purely internal and satisfies

dF 5 ¼
iG3 ∧ G3

2ImðτÞ þ T3

2π
ρlocD3; ðA5Þ

with D3-brane charge T3 ¼ 2π and D3-charge density of
localized objects ρlocD3. C4 can be expressed as

C4 ¼ αðyÞ
ffiffiffiffiffiffiffiffi
−g̃4

q
dx0 ∧ dx1 ∧ dx2 ∧ dx3; ðA6Þ

with a real function αðyÞ and is subject to the self-duality
constraint �dC4 ¼ F 5.
The 4D components of the 10D Ricci tensor can be

expressed as

Rμν ¼ R̃μν −
1

4
gμνe−4A∇2e4A; ðA7Þ

where R̃μν is the 4DRicci tensor of themetric g̃4μν. Therefore,
the trace over the 4D components of Einstein’s equations can
be expressed as

R̃4 − ∇̃2
6e4A ¼ −

e2A

2ImðτÞ jG3j2 − e−6Aðð∂αÞ2

þ ð∂e4AÞ2Þ − 1

8π
e2AðTm

m − Tμ
μÞloc; ðA8Þ

where T loc
MN ¼ − 2ffiffiffiffi−gp δSloc

δgMN is the energy-momentum tensor of

localized sources and R̃4D is the Ricci-scalar of themetric g̃4.
For the ansatz (A6), the F5 Bianchi identity can be

expressed as

∇̃2
6α¼

ie2A

2ImðτÞG3 ·�6G3þ2e−6Að∂αÞ · ð∂e4AÞþT3

2π
e2Aρloc3 ;

ðA9Þ

and by taking the difference between (A8) and (A9) one
obtains

∇̃2Φ− ¼ R̃4D þ e2A

ImðτÞ jG
−
3 j2 þ e−6Aj∂Φ−j2 þ e2A

Δloc

2π
;

ðA10Þ

where R̃4D is the 4D Ricci scalar and we have defined

G�
3 ≡ 1

2
ð�6 � iÞG3; Φ� ≡ e4A � α; and

Δloc ≡ 1

4
ðTm

m − Tμ
μÞloc − T3ρ

loc
3 : ðA11Þ

Integrating this expression over the compact manifold, it
follows that in the absence of localized sources that violate
the BPS-like bound

Δloc ≥ 0; ðA12Þ

the 4D vacuum energy V ·M−4
P ¼ 1

4
M−2

P R̃4D is negative
semidefinite,

V ·M−4
P ¼

Z
d6y

ffiffiffiffiffi
g6

p
16πVwṼw

�
−e8A

Δ
2π

− j∂Φ−j2
�
≤ 0; ðA13Þ

where

Δ≡ 2π
jG−

3 j2
ImðτÞ þ Δloc; Ṽw ≡

Z
M6

d6y
ffiffiffiffiffi
g6

q
e6A; and

Vw ≡
Z
M6

d6y
ffiffiffiffiffi
g6

q
e2A: ðA14Þ

In this notation the solutions of [14] correspond to

G−
3 ¼ Δloc ¼ R̃4D ¼ Φ− ¼ 0: ðA15Þ

It is important to note that these solutions leave at least one
modulus unfixed, the volume modulus. Clearly the inclu-
sion of any further sources of positive energy cannot lead to
a stable solution but rather lead to decompactification.
This is true in particular for D3-branes: the fact that they

give a negative contribution to Δloc has the following
simple interpretation: without Kähler moduli stabilization
the presence of an D3-brane leads to decompactification.

APPENDIX B: CONTRIBUTIONS OF FLUXES
AND LOCALIZED OBJECTS TO THE

ON-SHELL POTENTIAL

In this appendix we would like to summarize the con-
tributions of localized objects of tension Tp and p-form
fluxes to the on-shell potential (27) following [67].

1. The contribution of p-form fluxes

For definiteness, we consider the case of a higher-
dimensional p-form field strength, with action
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Sp−form ¼ MD−2

2

Z �
−
1

2
Fp ∧ �Fp

�
: ðB1Þ

Then, the energy-momentum tensor reads

TMN ¼ 1

2

1

ðp − 1Þ!FMO2���Op
FN

O2���Op −
1

4
gMN jFpj2: ðB2Þ

Let us now write Fp ¼ Fp;ext þ Fp;int, where Fp;ext threads
the four noncompact directions if p ≥ 4 and vanishes if
p < 4 while Fp;int threads internal directions only. It
follows that

TP
P ¼ 2p −D

4
ðjFp;extj2 þ jFp;intj2Þ and

Tμ
μ ¼ jFp;extj2 − jFp;intj2; ðB3Þ

and the on-shell potential (27) is proportional to a
(weighted) integral over the expression

ðD − 6ÞTμ
μ − 4Tm

m

¼ 2ðD − p − 1ÞjFp;extj2|fflfflfflffl{zfflfflfflffl}
≤0

þ 2ð1 − pÞjFp;intj2|fflfflffl{zfflfflffl}
≥0

: ðB4Þ

It follows that internal components make a positive con-
tribution only in the case p ¼ 0 and do not contribute when
p ¼ 1 [67]. External components make a positive contri-
bution for the top-form p ¼ D and a vanishing contribution
for p ¼ D − 1. The latter two are of course equivalent to
the former two by Hodge duality.

2. The contribution of localized objects

In addition, let us see how localized objects of spatial
dimension p and tension Tp contribute. For this, consider a
DBI-like action

Sloc ¼ −Tp

Z
dpþ1ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− det ðP½g�Þ

p
; ðB5Þ

where P½g� is the pullback of the ambient space metric on
the localized objects world volume. The energy-momentum
tensor is

TMN ¼ −
Tp

MD−2ΠMNðΣÞ · δðΣÞ; ðB6Þ

where ΠðδÞ is the projector on the p − 3 cycle Σ that the
object wraps and δðΣÞ is the transverse δ function. Hence,
they contribute with

ðD − 6ÞTμ
μ − 4Tm

m ¼ −4ðD − p − 3Þ Tp

MD−2 δðΣÞ: ðB7Þ

For positive tension Tp one immediately sees that positive
contributions to the on-shell potential (27) come only from

space time filling or codimension one objects. Also,
negative tension objects of spatial dimension smaller than
D − 3 give a positive contribution, while codimension two
objects do not contribute directly.

APPENDIX C: GAUGINO CONDENSATES
AND THE COSMOLOGICAL CONSTANT

In this appendix we would like to provide the detailed
derivation of the formulas used in Sec. IV. The perturbed
G3 profile has previously been calculated in [72]. We
provide also the contribution of all the terms under the
integrand of (27).
We are interested in the effects of the gaugino condensate

in the bulk Calabi-Yau where (by definition) the back-
reaction of fluxes on the geometry is negligible. Thus, in
the following we work in the constant warp factor approxi-
mation where Rmn ¼ 0. Hence, all results are valid to
leading order in an inverse volume expansion.

1. The λ̄ λ̄G3 coupling

We will follow Appendix A of [72] using results of
Appendix A of [94]. For vanishing world volume flux, the
fermionic part of the κ-symmetric D7-brane action reads
[95–97]

SfermD7 ¼ iπ
Z
Σ8

e−ϕ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
− det g

p
θ̄ð1 − ΓÞ

�
ΓαDα −

1

2
O
�
θ;

ðC1Þ

where α; β… are 8d indices and θ is the two-component
Green-Schwarz (GS) spinor. The operators Dα and O are
the pullbacks of the 10D operators

DMθ ¼ ∇Mθ þ
1

4
HM

�
1 0

0 −1

�
θ

þ 1

16
eϕ
 

0 FΓM

−σðFÞΓM 0

!
θ; ðC2Þ

Oθ ¼ ∂ϕθ þ 1

2
H

�
1 0

0 −1

�
θ

þ 1

16
eϕ
 

0 ΓMFΓM

−ΓMσðFÞΓM 0

!
θ; ðC3Þ

where ΓM are 10D gamma matrices. Furthermore,

Γ ¼ −
iσ2ffiffiffiffiffiffi−gp ϵα0…α7

8!
Γα0…α7 ; ðC4Þ

and the map σ reverses the order of indices. The barred
spinor is defined as θ̄ ¼ θ†Γ0. Underlined tensors are
contracted with gamma matrices. The action (C1) is written
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in the (RR-)democratic formulation of type IIB super-
gravity. This means that F ¼ F1 þ � � � þ F9 and the
equations of motion have to be supplemented by the
duality constraint

FΓ� ¼ F; ðC5Þ

in particular F7Γ� ¼ F3. Equivalently, one may work with
F1, F3, and F5 only, while doubling the contribution of F1

and F3 in (C2) and (C3). In this case one only imposes the
usual self-duality constraint F5Γ� ¼ F5. We will do so in
the following.
Imposing the κ-fixing gauge

θ̄Γ ¼ −θ̄; ðC6Þ

and keeping only three-form fluxes with purely internal
components, the action can be written as

SfermD7 ¼ 2πi
Z

d8σe−ϕ
ffiffiffiffiffiffi
−g

p �
θ̄Γα

�
∇α −

1

2
∂αϕ

�
θþθ̄

�
1

4
ðΓαHα −HÞσ3 þ

eϕ

8

�
ΓαF3Γα −

1

2
ΓMF3ΓM

�
σ1

�
θ

�
: ðC7Þ

This action is transformed to a 10D Einstein frame using

gαβ → eϕ/2gαβ; ⇒ ΓM → e−ϕ/4ΓM; ðC8Þ

and the redefinition

Θ → e−3ϕ/8Θ: ðC9Þ

The result is

SfermD7 ¼ 2πi
Z

d8σ
ffiffiffiffiffiffi
−g

p
θ̄Γα∇αθ þ eϕ/2θ̄

�
e−ϕ

4
ðΓαHα −HÞσ3 þ

1

8

�
ΓαF3Γα −

1

2
ΓMF3ΓM

�
σ1

�
θ: ðC10Þ

Let us further massage this coupling of the schematic form
θ̄θG3. Two expressions need to be simplified,

I∶ ΓαHα −H; ðC11Þ

II∶ ΓαF3Γα −
1

2
ΓMF3ΓM: ðC12Þ

Let us decompose the three-form fluxes as follows:

F3 ¼ Fð0Þ
3 þ Fð1Þ

3 þ Fð2Þ
3 ; ðC13Þ

H3 ¼ Hð0Þ
3 þHð1Þ

3 þHð2Þ
3 ; ðC14Þ

where the upstairs index denotes the number of indices
transverse to the divisor Σ4 the 7-brane wraps. By commut-
ing Γ matrices one can show that

ΓαFΓα −
1

2
ΓMFΓM

¼ −2
Fijk

3!
ðP⊥ðΓiÞΓjΓk þ ΓiP⊥ðΓjÞΓk þ ΓiΓjP⊥ðΓkÞÞ:

ðC15Þ

Here, P⊥ðΓiÞ ¼ Γi if the index i is transverse to Σ4 while it
vanishes otherwise. Under the decomposition (C13) this
reads

ΓαFΓα −
1

2
ΓMFΓM ¼ −2Fð1Þ − 4Fð2Þ: ðC16Þ

Similarly, one shows that

ΓαHα −H ¼ 2H − 3
Hijk

3!
P⊥ðΓiÞΓjΓk ¼ 2Hð0Þ þHð1Þ:

ðC17Þ

Thus, the θ̄θG3 coupling reads

SD7 ⊇
π

2
i
Z

d8σ
ffiffiffiffiffiffi
−g

p
eϕ/2θ̄ðe−ϕð2Hð0Þ þHð1ÞÞσ3

− ðFð1Þ þ 2Fð2ÞÞσ1Þθ: ðC18Þ

To perform the dimensional reduction one decomposes the
10D Γ-matrices as

Γμ ¼ e−Aγ̃μ ⊗ 1; μ ¼ 0;…; 3; ðC19Þ
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Γi ¼ γ̃� ⊗ γi−36D ; i ¼ 4;…; 9 ðC20Þ

with 4D, respectively 6D, gamma matrices γ̃μ and γi−36D .
The dimensional reduction ansatz for the gaugino is

θ1 ¼
1

4π
e−2AλD ⊗ η1 þ c:c:;

θ2 ¼ −
1

4π
e−2AλD ⊗ η2 þ c:c: ðC21Þ

Here, λD is a 4D Dirac spinor of positive chirality, and c.c.
denotes charge conjugation. Moreover, η1 and η2 are the 6D
Weyl spinors that appear in the 10D SUSY parameters:

ϵ1 ¼ ξ ⊗ η1 þ c:c:; ϵ2 ¼ ξ ⊗ η2 þ c:c: ðC22Þ

ForO3/O7 orientifolds with ISD fluxes andD3/D7-branes,
the relation between η≡ η1 and η2 is [69]

η2 ¼ iη1: ðC23Þ

Thus, we may write

θ1¼ψþψc; θ2 ¼−iðψ −ψcÞ; ψ≡ 1

4π
e−2AλD⊗ η;

ðC24Þ

where the superscript c denotes charge conjugation.
With this one calculates that

e4Aθ̄Γijkσ3θ ¼ 2e4AψcΓijkψ − c:c:

¼ −
i

8π2
λcDλDðηcÞ†γijkη − c:c:; ðC25Þ

and

e4Aθ̄Γijkσ1θ ¼ −2ie4AψcΓijkψ − c:c:

¼ −
1

8π2
λcDλDðηcÞ†γijkη − c:c: ðC26Þ

Here, the 4D barred spinor is the usual Dirac conjugate
λD ¼ iλ†Dγ̃

0.
Let us define

Gði;jÞ
3 ≔ FðiÞ

3 − ie−ϕHðjÞ
3 ; ðC27Þ

G3 ≔ Gð1;1Þ
3 þ 2Gð2;0Þ

3 : ðC28Þ

Then we may write the result as

SD7 ⊇
Z
M10

d10x
ffiffiffiffiffiffi
−g

p
Lloc
λλ ≡

Z
M4×Σ4

d8σ
ffiffiffiffiffiffi
−g

p
e−4Aeϕ/2

iλcDλD
16π

Ω · G3 þ c:c:

¼
Z
M4×Σ4

d8σ
ffiffiffiffiffiffi
−g

p
e−4Aeϕ/2

λ̄ ̇αλ̄
̇α

16π
Ω · G3 þ c:c: ¼

Z
M10

δð0ÞD e−4Aeϕ/2
λ̄ ̇αλ̄

̇α

16π
G3 ∧ �Ωþ c:c:; ðC29Þ

where we have also used that the holomorphic three-formΩ
is given in terms of the 6D spinor η as

Ωijk ¼ ðηcÞ†γijkη; ðC30Þ

and we have written the action as a 10D integral by

introducing the scalar delta-function δð0ÞD that localizes
on the divisor Σ4. It satisfies [70]

2πδð0ÞD ¼ ∇2Re log h ¼ 2giī∇i∇īRe logh; ðC31Þ

where the holomorphic function h defines the divisor that
the 7-brane wraps via h ¼ 0.
Moreover, in the second line of (C29) we have chosen

the 4D Weyl representation where the spinor λD takes the
form ð0; λ̄ ̇αÞT . Finally, we used that λcDλD ¼ λTDCλD ¼
−iλ̇̄αλ̄ ̇α. From now on we will write λ̄ λ̄ ¼ λ̄ ̇αλ̄

̇α and
λλ ¼ ðλ̄ λ̄Þ�.

One further simplification can be made: Ω · G3 projects
on the (0,3) piece of G3. Because the submanifold that the
7-branes wrap is complex [98,99] (see also [100] for flux
compactifications beyond GKP), the components of F3 and
H3 that have precisely zero or two legs transverse to the
brane are of Hodge type ð2; 1Þ ⊕ ð1; 2Þ which implies that
G3 ·Ω ¼ G3 ·Ω. Thus, we finally arrive at

SD7 ⊇
Z
M10

πδð0ÞD eϕ/2e−4A
λ̄ λ̄

16π2
G3 ∧ �Ωþ c:c:: ðC32Þ

2. The G3 equations of motion and their solution

In the presence of a nonvanishing expectation value
hλλi, the equations of motion and Bianchi identity of
G3 read
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dΛ −
dτ

τ − τ̄
∧ ðΛþ Λ̄Þ ¼ dX −

dτ
τ − τ̄

∧ ðX þ X̄Þ; ðC33Þ

dGþ −
dτ

τ − τ̄
∧ ðGþ þ ḠþÞ ¼ dG− −

dτ
τ − τ̄

∧ ðG− þ Ḡ−Þ;
ðC34Þ

where Λ≡ e4A �6 G3 − iαG3 and X is defined via

d4x ∧
�
dX −

dτ
τ − τ̄

∧ ðX þ X̄Þ
�

¼ −
i
2π

�
τd

�∂Lloc
λλ

∂dC2

�
þ d

�∂Lloc
λλ

∂dB2

��
; ðC35Þ

which determines

X ¼ e−ϕ/2
hλλi
16π2

δD �6 Ω̄: ðC36Þ

The ISD solutions correspond to Λ ¼ e4AG− ¼ 0.
We expand the above equation to linear order in hλλi.

Equation (A10) implies that to this order Φ− ¼ 0.
Therefore,

Λ ¼ 1

2
ðΦþG−

3 þΦ−Gþ
3 Þ ¼ e4AG−

3 þOðjhλλij2Þ; ðC37Þ

and hence

dðe4AG−
3 Þ ¼ dX: ðC38Þ

Note that it is not possible to simply set e4AG3 ¼ X
because by definition G−

3 is IASD while X is ISD. In
the flat Calabi-Yau limit Rij ¼ 0 the solution was derived in
[70]. It is shown that bulk IASD fluxes of Hodge type (1,2)
are sourced:

ðe4AG−
3 Þij̄k̄¼−

i
π
e−ϕ/2

hλλi
16π2

ð∇i∇lReðloghÞÞglm̄Ω̄m̄j̄k̄;

⇒2πeϕjG−
3 j2¼

16

π
e−8A

���� hλλi16π2

����2j∇i∇jReloghj2; ðC39Þ

using jΩj2 ≡ 1
3!
ΩijkΩ̄ijk ¼ 8. Equation (C33) only deter-

mines the IASD flux. The ISD part of G3 follows from
imposing the Bianchi identity (C34), i.e.

dGþ
3 ¼ dG−

3 ¼ e−4AdX; ðC40Þ

which is solved by

e4AGþ
3 ¼ X ¼ 1

π
e−ϕ/2

hλλi
16π2

ðgij̄∇i∇j̄ReðloghÞÞΩ̄: ðC41Þ

This localized ISD flux was computed in [72].

3. The contributions to the on-shell potential

We are now ready to derive the contribution of the
fermionic action (C1) to Δloc. For this one has to vary the
action with respect to the vielbein eMa defined by

gMN ¼ eMa eNb η
ab: ðC42Þ

There are two contributions: the first is due to the variation
of the volume form. Because the D7 has codimension two,
this will drop out in Δloc. The second contribution comes
from varying the curved space Γ-matrices ΓM ¼ eMa Γa with
constant matrices Γa. Then, by using gmn ∂

∂gmn ¼ 1
2
emc

∂
∂emc it

is straightforward to obtain the desired negative contribu-
tion to Δloc,

Δloc ⊇ Δλλ
loc ≡ −

1

4
emc

∂Lloc
λλ

∂emc
¼ −

3π

4
eϕ/2e−4A

hλ̄ λ̄i
16π2

Ω ·G3δ
ð0Þ
D þ c:c:

¼ −
12

π
e−8A

���� hλλi16π2

����2jgij̄∇i∇j̄ReðloghÞj2 < 0:

ðC43Þ

Bulk IASD fluxes (C39) contribute to Δ with

Δλλ
bulk ≡ 16

π
e−8A

���� hλλi16π2

����2j∇i∇jRe loghj2 > 0: ðC44Þ

Thus finally,

Δ ⊇ Δλλ ≡ 4

π
e−8A

���� hλλi16π2

����2½4j∇i∇jRe loghj2

− 3jgiī∇i∇īRe log hj2�: ðC45Þ

For a set of n stacks of 7-branes that wrap divisors Σa,
a ¼ 1;…; n, the contribution to Δ becomes

Δλλ ¼ 4

π
e−8A

�
4

����Xn
a¼1

hλλia
16π2

∇i∇jRe log ha

����2

− 3
Xn
a¼1

���� hλλia16π2
giī∇i∇īRe log ha

����2
�
: ðC46Þ

Because the contribution to the cosmological constant is
determined by integrating this expression over the internal
manifold, we may partially integrate
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Z
M6

�6j∇i∇jgj2 ¼
Z
M6

�6giīgjj̄∇i∇jg∇ī∇j̄g ¼p:I: −
Z
M6

�6ðgjj̄ðgiī∇i∇ī∇jgÞ∇j̄gÞ

¼ −
Z
M6

�6
�
gjj̄giī

�
∇j∇i∇īgþ

1

2
½∇2;∇j�g|fflfflfflfflffl{zfflfflfflfflffl}
¼Rjk∂kg¼0

�
∇j̄g
�
¼p:I:
Z
M6

�6jgiī∇i∇īgj2: ðC47Þ

for any real function g.
Therefore, we may write

Δλλ ¼ 4

π
e−8A

�
4

����Xn
a¼1

hλλia
16π2

∇i∇jRe log ha

����2 − 3
Xn
a¼1

���� hλλia16π2
∇i∇jRe logha

����2
�
: ðC48Þ

Crucially, for a single gaugino condensate

Δλλ ¼ 4

π
e−8A

���� hλλi16π2
∇i∇jRe log h

����2 > 0; ðC49Þ

which implies that the 4D potential energy is negative and
given by

V ·M−4
P ¼ −

1

8π3VwṼw

Z
d6y

ffiffiffi
g

p ���� hλλi16π2
∇i∇jRe log h

����2:
ðC50Þ

However, for two condensates the first term in (C48) can be
made small by giving the condensates opposite phases. In
this case the two terms in (C48) cancel each other at least
partially. Of course, for a SUSY vacuum the final result can
never be positive but we find it very conceivable that a
small SUSY-breaking source (like an D3-brane) can lift
such a vacuum to de Sitter.

APPENDIX D: A VOLUME SUPPRESSED
CONTRIBUTION

Here we would like to address an example of a volume
suppressed contribution to the on-shell potential (47) that
we must neglect for consistency of our expansion scheme.
Before uplifting, the flux configuration is as follows:

G3 ¼ Gð2;1Þ
3|fflffl{zfflffl}

harmonic

þ Gλλ
3|{z}

particular solution

; ðD1Þ

where Gλλ
3 is the profile that has been computed in [70,72].

Therefore, the localized (0,3) piece in Gλλ
3 is in the same

cohomology class as the harmonic G3 piece of Hodge type
(0,3) that would have existed without nonperturbative
stabilization. The value of the gaugino condensate is tied
to the profile Gλλ

3 via the equations of motion. Thus, the
condensate will dynamically find its correct value such that
the localized (0,3) piece in Gλλ

3 can account for all of
W0 ¼

R
G3 ∧ Ω.

We start with this supersymmetric situation and deform
it by including a SUSY-breaking source at the bottom of
a warped throat. Such a source will push the value of the
volume modulus towards larger values and thereby reduce
the magnitude of the condensate.

hλλi0 → hλλi1: ðD2Þ

Because the field profile Gλλ
3 is still tied to the value of the

condensate, in order for this to be consistent with flux
quantization and a negligible pull on the complex structure
moduli there must develop a harmonic (0,3) piece in G3,

G3 → G3 þ gð0;3ÞΩ̄; ðD3Þ

such that
R
G3 ∧ Ω

kΩk remains constant. Using the identities

kΩk2 ¼
Z
M6

Ω ∧ Ω̄ ¼ 8V

and
Z
M6

δDΩ ∧ Ω̄ ¼ 8VolðΣ4Þ; ðD4Þ

this fixes gð0;3Þ to be

gð0;3Þ ¼e−4AjΣe−ϕ/2
VolðΣÞ1

V1

 
hλλi0
16π2

VolðΣÞ0
VolðΣÞ1

ffiffiffiffiffiffi
V1

V0

s
−
hλλi1
16π2

!
:

ðD5Þ

Here the subindices 0 and 1 denote preuplift, respectively
postuplift, situations. Clearly this constant flux piece
contributes to Δloc and therefore contributes a term in
the on-shell potential (27). However, to leading order in the
inverse volume expansion this term must be neglected.

This is clear intuitively because only the value of Gð0;3Þ
3 at

the position of the 7-brane divisor Σ4 enters the on-shell
potential (47). If part of the localized term is traded for a
constant term to leading order in the inverse transverse

volume, only a reduction in the localized Gð0;3Þ
3 component
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is seen. Let us show this explicitly: the constant flux
contributes a term to the on-shell potential

Vgð0;3Þ ·M
−4
P ≡ 3

16π

VolðΣÞ21
V3
1

hλ̄ λ̄i1
16π2

×

�hλλi0
16π2

VolðΣÞ0
VolðΣÞ1

ffiffiffiffiffiffi
V1

V0

s
−
hλλi1
16π2

�
þ c:c:

ðD6Þ

Because all volumes are pushed towards larger values and
the value of the condensate decreases exponentially with
the volume, we have hλλi1 < hλλi0. Hence this contribution
is positive.
If a warped tension δV/M4

P ¼ e4A0T3
ð4πÞ2V2 is added to the

setup, it is clear that if the warp factor eA0 is sufficiently
small, the change in potential is given precisely by
this term. Using this information and our knowledge
about the off-shell potential we can deduce how far the
volume modulus shifts. We assume the usual exponential
dependence

jhλλij ∼ e−aVolðΣÞ; ðD7Þ

and choose to calculate to leading order in 1/VolðΣÞ. In this
approximation we need only consider the shift of hλλi itself
and not of explicit volume powers that appear in the above
formulas. The shift in the potential in Eq. (57) induced by a
small shift δVolðΣÞ is

δV ·M−4
P ∼aδVolðΣÞ · jV0 ·M−4

P j∼aδVolðΣÞ ·VolðΣÞ
V2

jhλλij2;
ðD8Þ

while

Vgð0;3Þ ·M
−4
P ∼ aδVolðΣÞ · VolðΣÞ

2

V3
jhλλij2: ðD9Þ

Hence the positive contribution coming from gð0;3Þ is
suppressed by the transverse volume and must be
neglected. The shift in the volume modulus is related to
the warped tension via

aδVolðΣÞ ∼ e4A0T3

VolðΣÞjhλλij2 ; ðD10Þ

which determines the value of gð0;3Þ to be

gð0;3Þ ∼ e−ϕ/2
e4A0T3

V
: ðD11Þ

Therefore, similarly to the situation of nonsupersymmetric
classical ISD solutions the value gð0;3Þ parametrizes SUSY

breaking for instance by inducing gaugino mass terms on
D7- and D3-branes [81–83].

APPENDIX E: RADIAL PROFILES
OF THROAT PERTURBATIONS

Our analysis relies on the fact that perturbations that are
sourced at the bottom of a warped throat fall off towards the
bulk Calabi-Yau fast enough to have no significant effect on
the integrand of the on-shell potential (47). Therefore, in
this appendix we provide details about the radial scaling of
throat modes. For our purpose it is sufficient to determine
the radial scaling of IR perturbations.

1. Throat perturbations sourced in the IR

In order to be able to determine how (47) is affected by a
SUSY-breaking source at the bottom of a warped throat, we
need to know the approximate radial dependence of field
profiles ϕðrÞ that correspond to perturbations of the KS
throat that are sourced in the IR. We do not need to know
their field profiles in full detail but only need to estimate the
ratio ϕðrUVÞ/ϕðrIRÞ in terms of powers of the warp factor in
the IR eA0 ≡ eAjIR and the ρ-modulus massmρ. This makes
the analysis much easier as for this purpose one may
approximate parts of the throat by AdS5 × T1;1. In this
approximation the field profiles can be determined
analytically.
In more detail: away from the tip of the throat the

geometry is well approximated by the Klebanov-Tseytlin
(KT) solution [101]

ds2 ¼ e2AðrÞdx2 þ e−2Aðdr2 þ r2ds2T1;1Þ ðE1Þ

with

e−4A ¼ L4
lnðr/rsÞ

r4
: ðE2Þ

The KT solution is valid for r ≫ rs. For our purposes the
logarithmic running will be irrelevant and we approximate
the throat by AdS5 × T1;1, i.e.

e−4A → L4/r4: ðE3Þ

For this case the analysis of radial profiles of throat
perturbation was done for instance in [79].

2. Scalar perturbations

Since we are interested in perturbations that are sourced
only deep in the IR, only the homogeneous modes of
perturbations need to be studied. For scalar perturbations
these are solutions to Laplace’s equation

∇2ϕ ¼ 0: ðE4Þ
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This is solved by a product ansatz ϕðr;ΨÞ ¼P
iϕiðrÞYiðΨÞ, where the functions YiðΨÞ are eigenfunc-

tions of the Laplacian of T1;1

∇2
T1;1Yi ¼ −λ2i Yi: ðE5Þ

Because the 10D Laplacian reads ∇2 ¼ e2A½∂2
r þ 5

r ∂r þ
1
r2 ∇2

T1;1 �, the remaining radial equation of motion reads

∂2
rϕi þ

5

r
∂rϕi −

λ2i
r2

ϕi ¼ 0; ðE6Þ

and is solved by

ϕiðrÞ¼
X
i

airΔi−4þbir−Δi ; Δi≡2þ
ffiffiffiffiffiffiffiffiffiffiffiffi
4þλ2i

q
: ðE7Þ

For an infinite throat perturbations that are sourced in the
IR are the normalizable ones. Because Δi ≥ 4, the normal-
izable mode corresponds to ϕ ∝ r−Δi . The KK zero mode
of T1;1 (i.e. the mode with λ0 ¼ 0) falls off least rapidly
towards the UV, i.e.

ϕ0ðrUVÞ/ϕ0ðrIRÞ ∼
�
rUV
rIR

�
−4

¼ e4A0 : ðE8Þ

In the following we would like to see how this behavior is
changed when the throat is finite. In this case the would-be
non-normalizable mode is not frozen and can in principle
play a substantial role as well. This is particularly clear for
the KK-zero mode: if it is sourced in the IR it will simply
adjust its VEValong the whole throat. In this case its radial
profile is determined entirely by the non-normalizable
mode.
To discuss this we have to know the UV boundary

conditions. Although we do not know these precisely we
can encode them in a “UV potential” in the effective 5D
theory. First we would like to discuss the KK modes with
λi ≠ 0. For now we set the UV potential to zero, i.e. impose
∂rϕijr¼rUV ¼ 0. In this case the solution to the equations of
motion can be expressed in terms of the value ϕIR ≡ ϕðrIRÞ
as follows:

ϕðrÞ ¼ ðΔ − 4Þeð4−2ΔÞA0r−Δ þ ΔrΔ−4

ðΔ − 4Þeð4−2ΔÞA0 þ Δ
ϕIR; ðE9Þ

which implies

ϕUV/ϕIR ¼ ð2Δ− 4ÞeΔA0

eð2Δ−4ÞA0Δþ ðΔ− 4Þ ¼

8>>><
>>>:

2eΔA0 for 1≪ λ2;

∼eΔA0 ; for λ∼ 1;
4e4A0

4e4A0þλ2
4

for λ2 ≪ 1:

ðE10Þ

Thus, up to factors of order unity the dependence on the
warp factor eA0 can be correctly determined by retaining
the normalizable mode only as long as λ2 ≫ e4A0 . For all
but the zero mode this is the case. Clearly, including a UV
potential can only further reduce ϕUV/ϕIR.
Next we consider those fields that have no bulk potential

(i.e. KK-zero modes of T1;1) but are stabilized by global
effects of the bulk CY, like the axiodilaton in generic flux
compactifications. For these fields the UV potential deter-
mines the field profile entirely so we cannot neglect it. We
approximate the UV potential around its minimum by

VUVðϕÞ ¼
m2

UV

2k
ϕ2: ðE11Þ

Now the UV-boundary condition reads r∂rϕjr¼rUV ¼
− m2

UV
k2 ϕðrUVÞ and the boundary values ϕUV and ϕIR are

related by

ϕUV/ϕIR¼
4k2e4A0

m2
UVð1−e4A0Þ

�
1þ 4k2e4A0

m2
UVð1−e4A0Þ

�−1
ðE12Þ

Again, for stabilization m2
UV/k

2 ≫ e4A0 one obtains

ϕUV/ϕIR ≈
4k2e4A0

m2
UV

: ðE13Þ

For the UV potential we may not assume that mUV ∼ k.
Thus, by only keeping the normalizable mode one would
miss a factor of k2/m2

UV. In the setting of type IIB flux
compactification with only a single Kähler modulus, all
fields but the universal Kähler modulus are stabilized
perturbatively. This means that all massless bulk fields
have UV masses m2

UV/k
2 that are at most suppressed by the

CY volume which we assume to be only moderately large.
Therefore, we may estimate the UV tails of perturbations
by keeping the normalizable mode only for all throat
perturbations.
The universal Kähler modulus ρ plays a very different

role: the volume modulus corresponds to a rescaling of the
bulk CY where warping is weak. Regions of strong
warping are not affected [66]. This means that in the
RS1 language the universal Kähler modulus is a UV-brane
field stabilized with nonperturbative mass scale m2

ρ ≪ k2

[102]. It couples universally to all UV-perturbations δϕUV,

LUV ⊃
1

2
m2

ρρ
2 þ Λ3/2δϕUVρþ � � � ; ðE14Þ

where the coupling Λ3/2δϕUVρ is perturbative and we have
omitted higher-order couplings. Then, a shift δϕUV leads to
a shift in δρ of order
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δρ ∼
Λ3/2

m2
ρ
δϕUV: ðE15Þ

Let us work in the regime of moderately large CY volume,
strong warping eA0 ≪ 1, and weak nonperturbative stabi-
lization m2

ρ/k2 ≪ 1. Let us further neglect dependencies on
the CY volume and only retain the dependence on eA0 and
mρ which we take to be parametrically small. Then,

δρ ∼
e4A0

m2
ρ
δϕIR: ðE16Þ

For the nonperturbative volume stabilization of KKLT and
uplift with an D3-brane of tension T3 this implies the
(parametric) estimate

δρ ∼
e4A0T3

jhλλij2 : ðE17Þ

3. Three-form perturbations

For the three-form field strength G3 the analogous
analysis was done in [70]. Setting the dilaton constant
for simplicity, the linearized three-form equation of motion
and Bianchi identity are

dðe4AG−Þ ¼ 0 ¼ dG3: ðE18Þ

They are solved by a product ansatz

G3 ¼
X
i

dððairδi−4 þ bir−δiÞΩðiÞ
2 Þ; ðE19Þ

where the ΩðiÞ
2 are eigen-forms of the Laplace-Beltrami

operator �5d of T1;1,

�5dΩðiÞ
2 ¼ iδiΩ

ðiÞ
2 ; ðE20Þ

with imaginary eigenvalues iδi.
In [70] it is found that the ISD/IASD pieces are given by

Gþ¼Gþ
0 þ

i
2

X
i≠0

�
ai
δi
rδi−4þ2bir−δi

��
dΩðiÞ

2 −δi
dr
r
∧ΩðiÞ

2

�
;

ðE21Þ

G− ¼ G−
0 − i

X
i≠0

ai
δi − 2

δi
rδi−4

�
dΩðiÞ

2 þ δi
dr
r
∧ ΩðiÞ

2

�
;

ðE22Þ

where the zero mode pieces are given by

G�
0 ¼ −2a0r−4

�
�5Ωð0Þ

2 � i
dr
r
∧ Ωð0Þ

2

�
: ðE23Þ

Only those eigen two-forms with δi < 2 give rise to
normalizable IASD perturbations. The lowest eigenvalues
of the Laplace-Beltrami operator are listed in tables 3-5 of
[70]. It can be read off that the zero mode falls off least
rapidly towards the UV, namely as r−4. For ISD perturba-
tions the story is a bit different as also those modes that
correspond to the coefficients bi contribute. Those that
feature δi > 2 are normalizable. The one that falls off least
rapidly towards the UV corresponds to δ ¼ 3 and has a
radial profile that is proportional to r−3 [70]. This corre-
sponds to the two-form

Ωðδ¼3Þ
2 ¼ ðg1 þ ig4Þ ∧ ðg2 − ig3Þ; ðE24Þ

using the basis of one-forms of T1;1 used in [51]. Far from
the tip, the KS solution can be viewed as a perturbation of
the KT solution and the normalizable δ ¼ 3mode precisely
encodes the leading perturbation that is sourced by the
deformation at the tip [103]. Hence, it is of Hodge type (2,1)
and does not enter (47). As a consequence, the perturbation
of three-form fluxes on (47) is irrelevant to the order of
precision we are interested in, analogous to the scalar case.

4. Metric perturbations

In [79] the radial scaling of metric modes was derived.
After gauge fixing, the only nonvanishing modes are those
that correspond to transverse traceless two-tensors of T1;1,

δgij ∼
X
n

ðanrΔnðgÞ−4 þ bnr−ΔnðgÞÞYðnÞ
ij ;

ΔnðgÞ≡ 2þ
ffiffiffiffiffiffiffiffiffiffiffiffi
λ̂2n − 4

q
; ðE25Þ

where the YðnÞ
ij are the transverse traceless eigentensors of

the Lichnerowicz operator of T1;1 with eigenvalue λ̂2n,

∇2YðiÞ
ij − 2∇k∇ðiY

ðiÞ
jÞk ¼ −λ̂2nY

ðiÞ
ij : ðE26Þ

In [80] it is found that the lowest eigenvalues are λ̂2 ¼
4; 5; 36 − 8

ffiffiffi
7

p
; 65/4; 20;… corresponding to

ΔnðgÞ ¼ 2; 3; 5.29; 11/2; 6…: ðE27Þ

The dominant normalizable mode thus falls off as r−3 and
corresponds to the deformation of the conifold. All further
perturbations fall off at least as r−5.29.
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