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Abstract: A simple, KKLT-like construction of de Sitter vacua in type IIA string theory is

presented in an STU model with guidance from string theory U-duality and with an uplifting

anti-D6-brane. In four dimensions the model is reduced to N = 1 supergravity with three

chiral multiplets, namely S, T and U , as well as one nilpotent multiplet representing the

anti-D6-brane. We briefly discuss also a generalization with seven moduli.
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1 Introduction

Cosmological observations during the last two decades suggest that de Sitter and near de

Sitter four-dimensional spacetimes are consistent with the data indicating a current and early

universe acceleration. It is, however, notoriously difficult to derive de Sitter vacua from string

theory compactified to four dimensions, as well as directly in a standard linearly realized

four-dimensional supergravity.

It has been realized in [1] that, within type IIB string theory, de Sitter vacua can be

obtained in a two-step procedure. First, using stringy perturbative and non-perturbative

contributions to an effective superpotential, one can stabilize the volume of the extra dimensions

in a supersymmetric anti-de Sitter vacuum. Secondly, with the help of an anti-D3-brane, one

has to uplift this anti-de Sitter vacuum with a negative cosmological constant to a de Sitter
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vacuum with a positive cosmological constant. In four-dimensional N = 1 supergravity, this

second step of the KKLT construction associated with the uplifting anti-D3-brane can be

conveniently described by a non-linearly realized supersymmetry and a nilpotent multiplet

[2–16].1 A detailed derivation of the KKLT construction of de Sitter vacua from ten dimensions

was presented recently in [17–21].

Moduli stabilization in type IIA string theory was developed in [22–25], but consequently

many no-go theorems for de Sitter minima were derived in [26–36]. A possibility of obtaining

metastable de Sitter vacua in type IIA supergravity was proposed in [37]. It was explained

there that, by adding pseudo-calibrated anti-Dp-branes wrapped on supersymmetric cycles,

one can generalize the effective four-dimensional supergravity derived from string theory in

a way that it includes a nilpotent multiplet. However, an explicit and simple KKLT-like

two-step construction in type IIA string theory has not been presented so far.

In fact, in [37] an example with an anti-D6-brane is presented which had the following

features. The starting point, before the introduction of the anti-D6-brane, is a de Sitter saddle

point in linearly realized supergravity. When the action of the anti-D6-brane was added to

the system, this saddle point became a de Sitter minimum in which all masses were positive.

However, such a de Sitter minimum lied in fact below the de Sitter saddle point, as one can

see in Fig. 1 of [37]. Therefore, this example presenting a stable local de Sitter vacuum in

type IIA string theory was of a different nature with respect to the KKLT construction. In

particular, the construction in [37] used only classical ingredients, making an exponentially

small cosmological constant unnatural.

Nevertheless, one can take the results of [37] as a clear indication of the universality of

the uplifting nature of pseudo-calibrated anti-Dp-branes wrapped on supersymmetric cycles.

The purpose of this paper is therefore to explore constructions involving non-perturbative

corrections, that give rise to anti-de Sitter vacua that can in turn be uplifted using anti-D6-

branes. Related constructions that reproduce de Sitter vacua in the Large Volume Scenario [38]

in type IIA have already appeared in [39]. Here we study constructions similar to the original

KKLT model that use only a six-flux and non-perturbative corrections to the superpotential

W and an anti-D6-brane uplift.

2 The STU model

We will employ a simple STU model in order to exemplify how an uplift produced by an

anti-D6-brane can be studied in a supergravity setup coming from type IIA string theory. The

purpose of this section is therefore to outline such a model and to describe its ingredients.

2.1 The setup

In our notation which follows [40, 41], S is the axio-dilaton, T is a complex structure modulus

and U is the volume (Kähler) modulus. We propose to use ten-dimensional supergravity com-

1Actually, in [13] an anti-D3-brane uplift is obtained by means of a vector multiplet and a new Fayet–Iliopoulos

D-term. Its relation to the nilpotent superfield formulation is discussed, too.
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pactified on a calibrated manifold, like a Calabi-Yau manifold or a more general SU(3)-structure

manifold, such that the standard, linearly realized four-dimensional N = 1 supergravity follows.

This construction will be supplemented by pseudo-calibrated D6-branes in order to facilitate

a KKLT-like uplift.

To make our example concrete, we follow [41] and consider a T 6/(Z2 × Z2) orbifold

compactification of type IIA string theory with the ten-dimensional metric

ds2
10 = τ−2ds2

4 + ρ(σ−3Gabdy
adyb + σ3Gijdy

idyj) . (2.1)

Here the universal moduli ρ, τ and σ are identified as

ρ = Im(U) = (vol6)
1
3 ,

τ = Im(S)
1
4 Im(T )

3
4 = e−φ

√
vol6,

σ = Im(S)−
1
6 Im(T )

1
6 ,

(2.2)

while Gab and Gij correspond to the two independent three-cycles. To this construction we add

N
||
D6

and N⊥
D6

anti-D6-branes wrapping three-cycles. The first set of branes extends completely

along only one cycle, while the second set corresponds to branes wrapping directions along

both cycles, in all the possible combinations.2

After compactifying to four dimensions, the total scalar potential is given by the sum of

two pieces

Vtot = VN=1 + VD6 , (2.3)

where

VN=1 = eK
(
gi̄DiWD̄W̄ − 3WW̄

)
, i = {S, T, U}, (2.4)

is the standard N = 1 supergravity scalar potential and

VD6 =
µ4

1

Im (T )3
+

µ4
2

Im (T )2Im (S)
(2.5)

is the contribution of the anti-D6-branes. The quantities µ4
1 = 2eA1N

||
D6

and µ4
2 = 2eA2N⊥

D6
correspond to anti-D6-branes wrapped on two types of three cycles that are placed in potentially

warped regions with warp factors eA1 and eA2 , respectively.3

The Kähler and superpotential for our model are

K = − log
(
−i(S − S̄)

)
− 3 log

(
−i(T − T̄ )

)
− 3 log

(
−i(U − Ū)

)
,

W = f6 +Wnp ,
(2.6)

2See section 2 of [41] for more detailed information on this setup.
3For strong warping, the warp factors could in principle depend on the moduli as was the case for the KKLT

scenario [42]. This could modify our models quantitatively but not qualitatively. To investigate this, it would

be interesting to extend the analysis of the anti-D3-brane in the KKLT scenario [16] to our type IIA setup with

anti-D6-branes.
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where f6 is the flux parameter for a six-flux and the non-perturbative part Wnp of the

superpotential is

Wnp =
∑
i

Aie
iaiΦi , Φi = {S, T, U}. (2.7)

We furthermore assume that all of the parameters f6, AS , AT , AU , aS , aT and aU are real and

constant. Indeed, the parameters Ai can, in principle, depend on the corresponding moduli

Φi like Ai(e
Φi) ≈ Ai(0) + A′i(0)e−ImΦi + · · · . However, for e−ImΦi � 1 only the constant

contribution will be significant. We will thus restrict our analysis to this case.

The non-perturbative part of the superpotential (2.7), involving S and T , may arise from

gaugino-condensation. Indeed, this effect can be parameterized by introducing terms of the

form e−a/g
2
YM into the superpotential, where a = 2π

N and gYM is the coupling constant of the

Yang-Mills theory living on D6‖ or D6⊥. It is possible to identify the coupling constants with

the moduli S and T in the following way [41]:

1(
g
‖
YM

)2 ∼ Im(S),
1(

g⊥YM
)2 ∼ Im(T ) . (2.8)

Alternatively, Euclidean D2-branes wrapping internal 3-cycles will likewise give rise to such

terms with aS = aT = 2π. The origin of the non-perturbative term depending on the modulus

U will be motivated in the following subsection.

Note that, in principle, the superpotential can have the more generic form

W = f6 + f4U + f2U
2 + f0U

3 + (hT + rTU)T + (hS + rSU)S +Wnp , (2.9)

with fp (p = 0, 2, 4, 6) arising from RR-fluxes, hS/T from integrating the NSNS-flux over the

corresponding 3-cycles and rS/T from the curvature of the internal manifold. However, in

complete analogy with the KKLT setup, which has the superpotential WKKLT = W0 +Aρe
iaρρ,

we keep only f6 and the non-perturbative exponents. Indeed, as we will discuss in appendix

A for some examples, the inclusion of flux contributions, with the exception of f6, seems to

prohibit our uplift procedure from working.

There are many no-go theorems forbidding de Sitter vacua when only certain sets of

classical ingredients are employed, see for example [26–36]. Recently it has been proposed that

the inclusion of anti-D6-branes [37, 43] or KK monopoles [44] can evade all no-go theorems

and lead to classical, metastable dS vacua. In this work we evade the no-go theorems by

including non-perturbative corrections that indeed turn out to be essential. Interestingly, our

approach in this paper does not require a non-vanishing Romans mass parameter f0
4 and

therefore, contrary to the other constructions, it does allow for a direct lift to M-theory.

It is known that the KKLT construction provides a well working mechanism of stabilizing

one complex modulus in an anti-de Sitter vacuum, assuming that the other moduli were

already stabilized by perturbative terms in the superpotential. We will show that the same

4In fact, one of the no-go theorems [28, 29] explicitly requires f0 6= 0 for the possibility of de Sitter vacua at

tree level.
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mechanism is also working well in each of the three complex moduli directions in our type IIA

model. Indeed, we will follow a two-step procedure:

1. We stabilize all moduli using the six-flux and non-perturbative corrections. In this way

we obtain a stable and supersymmetric anti-de Sitter vacuum, in which all of the fields

have positive masses.

2. We then uplift the vacuum to de Sitter by adding anti-D6-branes, namely we introduce

the corresponding terms with coefficients µ1 and µ2 in the scalar potential, as seen in

equation (2.5).

We notice that, even if the first point is met, in general it is not guaranteed that the anti-de

Sitter vacuum can consistently be uplifted to de Sitter. Indeed, examples in which the uplift

fails are presented in the appendix A.2.

2.2 Satisfying stringy requirements

For a consistent embedding of our setup in type IIA string theory, we have to satisfy Gauss’

law in the compact space. This amounts to satisfying the Bianchi identities for the RR fields

Fp. In our case for a compactification without 1- and 5-forms, the only non-trivial Bianchi

identity is the tadpole condition for the D6-brane charges. It takes the form

ˆ
dF2 − F0H = −2NO6 +ND6 −ND6 (2.10)

and needs to be satisfied for each three-cycle independently. Since we are interested in very

simple models with only non-vanishing F6 flux, we have to satisfy the tadpole condition

by adding D6-branes. These will cancel the negative contributions from the O6-planes and

potential anti-D6-branes. In order to avoid instabilities due to the presence of D6-branes and

anti-D6-branes, one has to find an appropriate geometry, which might be non-trivial (see for

example [45]). Alternatively, together with non-perturbative effects from Euclidean D2-branes,

one could try to also include more exotic O6-planes, like anti-O6-planes [46] or O6+-planes.

In particular, anti-O6-planes have negative tension but opposite RR-charge and this means

that they would contribute to the tadpole condition in equation (2.10) with the same sign

as D6-branes. Since they are non-dynamical, one would not have to worry about related

instabilities. We leave a detailed study of this aspect to the future.

The RR- and NSNS-fluxes also have to be appropriately quantized. For us this means

in particular that the parameters fp in the superpotential in equation (2.9) can assume only

discrete values. We can easily set the f6 parameter in equation (2.6) to any particular value

by rescaling the superpotential. Indeed, this will change f6 and the Ai in (2.7) but neither

the location nor the existence of the vacua.

Lastly, we would also like to ensure that higher order non-perturbative corrections, as well

as α′ and string loop corrections, are suppressed. The general form of the non-perturbative
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corrections of the kind we are considering is a sum over all the instanton contributions

∞∑
n=1

Ane
inaiΦi (2.11)

for all the fields i = {S, T, U}. However, in the non-perturbative superpotential in equation

(2.7), for each of the moduli we are keeping only the very first term in the sum (2.11). To

consistently neglect all the n > 1 terms it is necessary to require that aiIm(Φi) > 1, ∀i.
Additionally, in order to suppress α′ corrections and trust the supergravity approximation

we need to require the volume of the internal manifold to be large, i.e. vol(6)� 1. Since in

our setup vol(6) = (Im(U))3, we will demand Im(U)� 1. Finally, string loop corrections are

expected to be suppressed if Im(S)� 1
16π2 . As we discuss in the next subsection, all of these

requirements can be satisfied by using scaling symmetries of the STU model.

2.3 Scaling properties of the STU Model

From the previous discussion it seems that stringy requirements restrict the allowed positions

of the critical points of the scalar potential. However, it is known since the racetrack inflation

model [47] that one can obtain models with rescaled values of the critical points for different

choices of parameters, with respect to the original ones.

• In our STU model we notice that the kinetic terms are invariant under the rescaling

S → λSS , T → λTT , U → λUU. (2.12)

Indeed the Kähler potential changes only by an additive constant, namely − log(λSλ
3
Tλ

3
U ),

which can be compensated with a Kähler transformation. The resulting modification of

the superpotential, then, can then be taken into account by rescaling of the parameters

ai
aS → aS/λS , aT → aT /λT , aU → aU/λU , (2.13)

and by sending also {f6, Ai} → (λSλ
3
Tλ

3
U )

1
2 {f6, Ai}. Altogether, this implies that we

can in fact rescale the positions of the anti-de Sitter minima from one set of fields S, T

and U , associated to a given choice of ai, to another set with rescaled ai parameters. In

the case in which the uplifting term is present, we also need to rescale

µ4
1 → µ4

1λ
3
T , µ4

2 → µ4
2λ

2
TλS (2.14)

and send the nilpotent chiral multiplet X → (λSλ
3
Tλ

3
U )

1
2X. This last ingredient will be

introduced in section 6, in order to describe the anti-D6-brane contribution within an

effective supergravity theory.

• We also notice that an overall rescaling of the scalar potential, namely V → c2V , can be

achieved via

f6 → cf6 , Ai → cAi , µ4
1 → c2µ4

1 , µ4
2 → c2µ4

2 . (2.15)
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As a consequence of these transformations, we can change the parameters in the scalar potential

as well as the critical points at which the moduli are stabilized. The presence of the (anti-)de

Sitter minimum for the new parameters and critical points of the moduli is guaranteed by the

rescaling properties of the theory.

3 The U-exponent issue

Two possible explanations of the non-perturbative terms in the S and T directions were given

in [39], where it is argued that they can arise either from gaugino condensation on stacks of

D6-branes or from Euclidean D2-branes. We also commented on this fact previously, near

equation (2.8). On the other hand, the origin of the non-perturbative term in the volume

modulus U is less clear. We will discuss this issue in the present section.

We propose two arguments to justify the presence of exponential terms in U in the

non-perturbative superpotential.

1. The first reason is the concept/conjecture about string theory U-duality, which follows

from M-theory. String theory tends to have S-duality and T-duality, which at the level

of M-theory are expected to be combined into U-duality [48, 49]. This is known as a

discrete U-duality symmetry, E7(Z), which contains the S-duality and T-duality groups

as subgroup:

E7(Z) ⊃ SL(2,Z)×O(6, 6;Z) (3.1)

To this observation, one can add that the supersymmetric STU black holes, which have

a symmetry known as string triality, have played a significant role in studies of the

non-perturbative states of string theory, see for example [50]. From this perspective it

appears natural to expect that the non-perturbative exponential terms in W are possible

not only in the S and T directions, but also in the U directions, since at the level of

M-theory these moduli appear on equal footing, see for example [51].

The problem, however, is to identify a specific mechanism in type IIA string theory

which is capable of producing the terms eiaUU in W , in addition to eiaSS and eiaTT as

we define in equation (2.7) above. We may suggest that such term may originate from

instantons, analogous to an Euclidean D3-brane wrapping a four-cycle in type IIB string

theory, [1, 52]. The problem here is that in the early studies of string theory instantons

very often string theory moduli were viewed as constants, without the need to stabilize

them as a function of the four-dimensional spacetime.

In type IIA string theory we may think about instantons from an Euclidean NS5-brane

wrapping a six-cycle. However, such instantons in the context of volume stabilization

were already studied in [53]. It was conjectured there that these can only lead to

corrections to the Kähler potential, since the volume itself cannot be expressed as a

holomorphic function of the N = 1 chiral superfields. It would mean that NS5-brane
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instantons are not useful for our purpose. However, the argument/conjecture in [53] is

not fully clear and might need to be revisited.

If we look at earlier treatment of Fivebrane Instantons in Sec. 4 of [54], we may notice

that the volume of the six-dimensional manifold is not present in their equations (4.1)

and (4.2). The instanton action of the Fivebrane is given by

e−S6 = e
− 1

g2s
−ia

, (3.2)

where a is the axion field. There is no six-dimensional volume in this expression and it is

not clear how to apply this to our situation. However, this form of the instanton action

shows clearly that one of the U-duality symmetries, namely the axion shift symmetry of

the theory which is part of the SL(2,R) symmetry,

a→ a+ c, (3.3)

is broken unless c = 2πn, where n is an integer. This identification breaks the continuous

SL(2,R) symmetry down to its discrete SL(2,Z) subgroup.

Notice that the other parts of the E7(Z) U-duality symmetry mix our three moduli, S,

T and U , with some discrete parameters. To start with supergravity where we have

a continuous U-duality and to end up with a discrete one, we need exponential terms

involving axions, as we explained above, but we need them in all directions, including U .

In the past, it was not always easy to find evidences of stringy U-duality, but many

useful examples were found. Here, we will suggest to consider string wormholes [55]

as a possible evidence towards U-duality and a possible source of the non-perturbative

exponential for the modulus U . Indeed, consider the case in which the ten-dimensional

theory is reduced to four dimensions by compactification on a six-dimensional Calabi-Yau

(or other) manifold and assume that the ten-dimensional metric has a breathing mode,

related to the volume modulus of the six-dimensional space. In this setup, the wormhole

solution of [55] involves the radial axion and the breathing mode, which form a natural

complex variable Z = iU . In particular, the real part of Z(x) is related to a breathing

mode field and the imaginary part is an axion field. The kinetic term for the complex

field Z was identified in [55] in equation (15). In this equation, we take a more recent

standard normalization of the scalar curvature term in supergravity into account, with

1/2R as the Einstein term rather than R. Then the kinetic term of a modulus associated

with the stringy wormhole becomes

− 3
∂Z∂Z̄

(Z + Z̄)2
. (3.4)

This supports the identification of Z with our volume modulus U . Thus, we find that

the stringy wormholes presented in [55] suggest evidence for the existence of a non-

perturbative exponential term in string theory associated with the modulus U , which
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in type IIA string theory describes the volume modulus or, using the earlier name, the

breathing mode field of the ten-dimensional metric defined in equation (3) of [55].

This fact by itself does not tell us that such non-perturbative exponential terms in string

theory, associated with the modulus U , have to appear in the superpotential W . The

reasoning here which we suggest is the fact that in type IIA such exponential terms

in the S and in T directions do appear. Thus, if U-duality is indeed a property of

non-perturbative string theory, we can conclude that we do have a reasonable expectation

that non-perturbative exponential terms for the modulus U are possible in W . It would

be very nice to understand these issues much better.

In addition to this, open string worldsheet instantons in N = 1 orientifold compactifica-

tions of type IIA string theory are generically giving rise to the required exponential

terms in W that depend on the Kähler moduli [56, 57].5

2. Our second reason to add an exponential in U to the superpotential is the following.

In type IIA string theory it was always difficult to find de Sitter vacua and even more

difficult to find de Sitter minima. We will show below that with the new ingredients:

non-perturbative exponents in W in all directions and uplifting anti-D6-branes, building

de Sitter vacua is not complicated anymore. In fact, our new cosmological model with

all three exponents, respecting the U-duality symmetry of string theory, works extremely

well for the purpose of getting anti-de Sitter minima, which in turn admit an uplifting

via anti-D6-branes, producing de Sitter minima.

We can start now with the analysis of the model presented in section 2. Indeed, in the

following two sections we will show how to construct de Sitter vacua in type IIA string theory.

4 Supersymmetric anti-de Sitter minimum

The first step in constructing a KKLT-like de Sitter vacuum is finding a stable anti-de Sitter

vacuum of the N = 1 supergravity scalar potential (2.4). For stability in an anti-de Sitter

spacetime it is sufficient to satisfy the well-known Breitenlohner-Freedman bound, which

allows for negative mass values. However, in the present work we prefer to make a stronger

request and ask that all the masses are positive. Indeed, we believe that such a situation is

preferable in order to avoid instabilities at the step in which the anti-de Sitter vacuum will be

uplifted to de Sitter.

To find a supersymmetric anti-de Sitter vacuum it is sufficient to solve the F-term equations

DiW = 0, i = {S, T, U}, (4.1)

using the Kähler potential and the superpotential given in (2.6) and (2.7). It is a known

fact that these equations imply ∂iV = 0 but, importantly, not the other way around. For

5We are grateful to Ralph Blumenhagen for pointing this out to us.
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simplicity, at the supersymmetric anti-de Sitter minimum we set the axions to zero, namely

those fields which receive a mass only through Wnp:

Re (S) = Re (T ) = Re (U) = 0 . (4.2)

Such an assumption can be safely made as long as the masses in the vacuum are positive.

Denoting the positions of the remaining fields at the minimum with

Im (S) = S0 , Im (T ) = T0 , Im (U) = U0 , (4.3)

we solve the equations (4.1) for the pre-exponential factors Ai and find an expression for them

in terms of the seven parameters of our choice:

Ai = Ai(f6, aS , aT , aU , S0, T0, U0) , i = {S, T, U}. (4.4)

Notice that we are keeping f6 as a free parameter. This choice will make the flux quantization

straightforward to implement. Once the solution (4.4) is known, it is possible to check its

stability by calculating the canonically normalized mass matrix

mi
j =

1

2
gjk∇k∂iV (4.5)

at the minimum.6 Notice that, upon substituting (4.4), the mass matrix becomes a function

of the aforementioned seven parameters: mij = mij(f6, aS , aT , aU , S0, T0, U0).

As discussed in subsection 2.2, there are some restrictions that we need to impose on the

general solution (4.4). A first requirement is related to the non-perturbative corrections. In

order to consistently neglect higher order instanton contributions in the superpotential, we will

choose the parameters ai such that e−aiIm(Φi) is smaller than O(10−1) for each i individually,

i.e. along each field direction. Second, in order to trust the supergravity approximation of

string theory, we have to require the volume of the internal manifold to be large. This will be

implemented by choosing a sufficiently large value for the parameter U0, e.g. : U0 ' O(10).

Finally, we will set the parameter S0 to be O(1), such that string loop corrections are

suppressed.

In the following we show that the class of stable and supersymmetric anti-de Sitter

solutions (4.4) with the aforementioned restrictions is not empty. In particular, we will give

two concrete examples of such solutions, corresponding to two different choices of the free

parameters, and we will check that the masses in the vacuum are all positive. Since we find

that the required properties hold, even for small variations of the parameters, we believe that

solutions of the type (4.4) have a sufficiently large parameter space and are not isolated points.

4.1 Two specific anti-de Sitter solutions

As we will show in this subsection, by giving two explicit examples, it is not hard to find some

set of parameters giving a solution of the type (4.4), with the desired properties. In both

6Here gij is obtained by rewriting the Kähler metric in real coordinates.
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cases we set S0 = T0 = 1 for simplicity and we choose U0 = 10 in order to implement the large

volume approximation. We then are left with four parameters, namely f6 and the triplet ai.

Two possible choices for them are given in the following table.

f6 aS aT aU
Set 1 1 3 3 0.5

Set 2 2 3.1 3.3 0.32

Table 1: The two sets of parameters that we investigated in detail. For both of them we find

a stable anti-de Sitter vacuum with positive masses.

Notice that the parameter aU is roughly one order of magnitude smaller than aS and

aT , but the restriction e−aUU0 < 10−1 is still satisfied since U0 is one order of magnitude

bigger than S0 and T0. We can now check the stability of these two anti-de Sitter vacua by

calculating the masses for the various fields. The results are reported in table 2.

m 2
1 m 2

2 m 2
3 m 2

4 m 2
5 m 2

6

Set 1 4.36 · 10−4 3.79 · 10−4 1.01 · 10−4 7.37 · 10−5 5.66 · 10−5 3.64 · 10−5

Set 2 1.19 · 10−3 1.01 · 10−3 2.43 · 10−4 2.20 · 10−4 1.64 · 10−4 1.45 · 10−4

Table 2: The canonically normalized masses squared for both sets of parameters are all

positive.

With the parameters given in table 1, we get the values for the Ai and e−aiImΦi , listed

below in table 3. To check whether or not these make sense, we need to evaluate Aie
−aiImΦi ,

which should be smaller than the tree level contribution of f6, as discussed in section 2.2. This

is the case for our values, which were indeed chosen to comply with these requirements.

AS AT AU e−aSImS e−aT ImT e−aU ImU

Set 1 −1.70 −5.11 −22.6 0.0498 0.0498 0.00674

Set 2 −3.43 −11.8 −11.0 0.0450 0.0369 0.0408

Table 3: The resulting values for the parameters in front of the exponentials.

We did not encounter any particular difficulties in finding an appropriate choice for the

parameters that yields an anti-de Sitter vacuum with the desired properties. For this reason,

it seems plausible that a considerably large parameter space of working models exists. We

notice that, when increasing the values of the parameters ai, the masses approach zero. This

is expected, since in the regime of large ai the non-perturbative corrections become small.
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5 Uplifting anti-D6-branes and de Sitter minimum

In this section we show how the previously found anti-de Sitter vacua can be uplifted to de

Sitter. For this purpose, we add a new ingredient, namely a certain number of anti-D6-branes,

to the setup. We stress that, even if an anti-de Sitter vacuum with the desired properties is

found, it is not guaranteed that it can be always uplifted to de Sitter. On the contrary, in

many situations we looked at the uplift did not work, eventually giving one or more runaway

directions. The very fact that we can uplift the two anti-de Sitter vacua presented in the

previous section is a non-trivial result. Therefore, let us add two sets of anti-D6-branes
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Figure 1: 2D plots of the total scalar potential Vtot, the anti-de Sitter potential VN=1 and

the D6 potential VD6. The left column of plots corresponds to Set 1 while the right is Set 2.

Starting from the top we have the Im(S) direction, followed by Im(T ) and Im(U). In all plots

we see clearly the anti-de Sitter and de Sitter vacua as well as the uplift term.

wrapping two 3-cycles in the internal manifold to the setup, as described in section 2 with the

potential presented in equation (2.5). In section 6 we will explain how such an uplift term can
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be reproduced from a purely four-dimensional perspective by using a nilpotent chiral goldstino

multiplet.

By appropriately tuning the parameters µ1 and µ2, it is possible to obtain de Sitter vacua

in which the cosmological constant can be arbitrary small and we could even match it with

the measured value at present. However, for convenience of the presentation, we choose the

following values:
Set 1 µ4

1 = 2.01 · 10−6, µ4
2 = 5.21 · 10−6,

Set 2 µ4
1 = µ4

2 = 1.34 · 10−5.
(5.1)

After introducing the uplift, we need to check the stability of the resulting de Sitter vacua by

calculating the masses of the various fields. The results are reported in table 4.

m 2
1 m 2

2 m 2
3 m 2

4 m 2
5 m 2

6

Set 1 3.43 · 10−4 3.38 · 10−4 6.46 · 10−5 5.40 · 10−5 4.15 · 10−5 3.47 · 10−5

Set 2 8.00 · 10−4 7.40 · 10−4 1.76 · 10−4 1.63 · 10−4 1.61 · 10−4 1.50 · 10−4

Table 4: The canonically normalized masses squared after the uplift remain positive. This

shows that the de Sitter vacua under investigation are metastable.

In figure 1, two-dimensional slices of the scalar potential are shown. The presence of

the anti-de Sitter and de Sitter vacua described so far is clearly visible. We notice that the

position of the minimum shifts after the uplift. This is expected since the addition of the

anti-D6-branes modifies the form of the scalar potential. However, the actual shift is only

up to a maximum of about 10%, which tells us that the masses are large enough to keep

the minimum almost in place. In figure 2, three-dimensional plots of the scalar potential are

shown for our Set 2 of parameters. Again, a metastable de Sitter minimum can clearly be

seen.
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Figure 2: 3D plots of the de Sitter potential for the Set 2 of parameters. We have the

following slices. Top: Im(S) and Im(T ), Middle: Im(S) and Im(U), Bottom: Im(U) and

Im(T ). In all three different plots the de Sitter minimum is clearly visible and it is metastable.

We also checked that the total scalar potential is extremized at the position of the de

Sitter vacuum, namely ∂iVtot|min = 0. We indeed find that this is the case within the limits of

our numerical precision.
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Finally, we noticed that one can also get metastable de Sitter vacua by including an

anti-D6-brane uplift on either one of the two 3-cycles, i.e. by setting µ1 = 0 or µ2 = 0. It

is also possible to use Euclidean D2-instantons instead of gaugino condensation on a stack

of D6-branes by setting aS = 2π and/or aT = 2π. Therefore, we see once more that this

construction is rather robust and does not depend on any particular choice of parameters.

5.1 Simplifying or generalizing the setup

So far, we have described an STU model with three independent moduli. Such a model can

be understood as a subcase of a more generic setup, with seven moduli, namely S, T1, T2,

T3, U1, U2 and U3, in which we identified two sets of three moduli: T1 = T2 = T3 ≡ T and

U1 = U2 = U3 ≡ U . This corresponds to, for example, identifying three different tori of the

compactification manifold. Along this logic, we can also set T = S and arrive at the following

simplified Kähler potential and superpotential:

K = −4 log
(
−i(S − S̄)

)
− 3 log

(
−i(U − Ū)

)
,

W = f6 +ASe
iaSS +AUe

iaUU .
(5.2)

It is now interesting to ask whether or not this also leads to a viable model for a de Sitter

uplift with anti-D6-branes. Indeed, it turns out that the construction of the model works out

exactly in the same way as described in the previous sections. Even more interestingly, the

same statement seems to be true for the generalization to the seven moduli case.

6 Four-dimensional action with S, T , U and a nilpotent multiplet

As it was first studied in [37] and as we already mentioned before in the present work, it is

possible to include the contribution from the anti-D6-branes to the scalar potential directly in

the four-dimensional Kähler potential and superpotential. This is an example of the general

fact that a nilpotent chiral goldstino superfield X, that satisfies X2 = 0, can be used to include

the contributions from anti-Dp-branes into the potentials.

A chiral multiplet satisfying X2 = 0 has only one physical degree of freedom: the scalar is

in fact given as a fermion bilinear. In superspace notation this means that the chiral superfield

X = φ +
√

2χθ + Fθ2, with the superspace coordinates θ and auxiliary field F , reduces to

X = χ2/(2F ) +
√

2χθ + Fθ2 upon enforcing the nilpotent constraint. An important feature

of this method is that, after the inclusion of a nilpotent multiplet, supersymmetry will be

realized non-linearly.

The general form of the Kähler potential and superpotential of four-dimensional N = 1

supergravity including a nilpotent chiral multiplet and coming from type IIA string theory is

given in equation (35) of [37] (the nilpotent multiplet is called S there). When specialized to
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our model, we find:

K =− log
(
−i(S − S̄)

)
− 3 log

(
−i(T − T̄ )

)
− log

([
−i(U − Ū)

]3 − XX̄

eA1ND61

(
−i(S − S̄)

)
+ eA2ND61

(
−i(T − T̄ )

)) ,

W =f6 +ASe
iaSS +AT e

iaTT +AUe
iaUU + µ2X .

(6.1)

Now we can calculate the scalar potential using the same formulas as before and implementing

the nilpotency of X at the end. Then, we compare the resulting expression with the one we

obtained from the uplift in (2.5). They turn out to be exactly equal once we identify

µ4
1 =

1

8
µ4eA1ND61

, µ4
2 =

1

8
µ4eA2ND62

. (6.2)

This procedure has the obvious advantage that everything can be included in the four-

dimensional supergravity description and shows once more the usefulness of non-linear super-

gravity.

7 Seven Moduli Model

The STU-model studied so far is actually a simplified version of a more general type IIA model

with seven moduli, in which one identifies T1 = T2 = T3 ≡ T and U1 = U2 = U3 ≡ U . In this

section, we give some details of the analysis we performed on the seven-moduli model. In

particular, following the same strategy as in the STU-model and by using anti-D6-branes, we

have been able to find again stable de Sitter vacua even in the completely non-isotropy case.

The seven-moduli model, before the uplift, is described by the following Kähler potential

and superpotential:

K = − log
(
−i(S − S̄)

)
−

3∑
i=1

log
(
−i(Ti − T̄i)

)
−

3∑
i=1

log
(
−i(Ui − Ūi)

)
,

W = f6 +AS e
iaSS +

3∑
i=1

AT,i e
iaT,iTi +

3∑
i=1

AU,i e
iaU,iUi .

(7.1)

Once uplifting anti-D6-branes are introduced, they contribute to the scalar potential with the

additional term

VD6 =
µ 4

1

Im(T1)Im(T2)Im(T3)
+

µ 4
2

Im(S)Im(T2)Im(T3)

+
µ 4

3

Im(S)Im(T1)Im(T3)
+

µ 4
4

Im(S)Im(T1)Im(T2)
,

(7.2)

where µ1, µ2, µ3 and µ4 are parameters. Even in this case, the anti-D6-brane can be

implemented into supergravity by means of a nilpotent chiral multiplet X. The resulting

effective theory is a straightforward generalization of (6.1).
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The analysis of the models (7.1) proceeds as usual. First, we find a stable and supersym-

metric AdS vacuum, by solving the F-term equations DiW = 0. Again, we will give here only

two different sets of parameters corresponding to two distinct solutions, but the choice we

made is by no means exceptional. The parameters we used are reported in table 6.

S0 T1,0 T2,0 T3,0 U1,0 U2,0 U3,0

Set 1 1 1 1 1 10 10 10

Set 2 1 1.4 1.5 1.6 11 12 13

aS aT1 aT2 aT3 aU1 aU2 aU3

Set 1 3 3 3 3 0.5 0.5 0.5

Set 2 3.6 3.7 3.8 3.9 0.33 0.34 0.36

Table 5: Two choices of the parameters for the seven-moduli model. In addition, we take

f6 = 1 for Set 1, while f6 = 3/
√

2 for Set 2.

The values of the parameters Ai and of the exponentials e−aiImΦi for these two solutions

are reported in the following table.

AS AT1 AT2 AT3 AU1 AU2 AU3

Set 1 −1.70 −1.70 −1.70 −1.70 −7.55 −7.55 −7.55

Set 2 −6.09 −20.6 −31.4 −49.2 −6.22 −8.69 −13.8

e−aSImS e−aT1 ImT1 e−aT2 ImT2 e−aT3 ImT3 e−aU1
ImU1 e−aU2

ImU2 e−aU3
ImU3

Set 1 0.0499 0.0499 0.0499 0.0499 0.00674 0.00674 0.00674

Set 2 0.0273 0.00563 0.00335 0.00195 0.0265 0.0169 0.00928

Table 6: The values of Ai and of e−aiImΦi for the two anti-de Sitter solutions.

Then, we can uplift these vacua by introducing anti-D6-branes. We chose the following

values for the uplifting parameters.

Set 1: µ 4
1 = 1.23 · 10−6, µ 4

2 = 1.23 · 10−6, µ 4
3 = 3.11 · 10−6, µ 4

4 = 2.14 · 10−6.

Set 2: µ 4
1 = 5.52 · 10−6, µ 4

2 = 3.45 · 10−6, µ 4
3 = 3.68 · 10−6, µ 4

4 = 3.94 · 10−6 .
(7.3)

After the uplift, we find stable de Sitter vacua. The squared masses for the seven-moduli

are reported in table 7, for both the de Sitter solutions.
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Set 1 Set 2

m 2
1 3.33 · 10−4 3.95 · 10−4

m 2
2 3.32 · 10−4 3.62 · 10−4

m 2
3 1.55 · 10−4 1.98 · 10−4

m 2
4 1.55 · 10−4 1.73 · 10−4

m 2
5 1.44 · 10−4 1.58 · 10−4

m 2
6 1.44 · 10−4 1.45 · 10−4

m 2
7 6.31 · 10−5 1.32 · 10−4

m 2
8 4.99 · 10−5 1.23 · 10−4

m 2
9 4.13 · 10−5 1.10 · 10−4

m 2
10 4.13 · 10−5 1.00 · 10−4

m 2
11 4.11 · 10−5 8.56 · 10−5

m 2
12 3.52 · 10−5 7.35 · 10−5

m 2
13 3.08 · 10−5 6.25 · 10−5

m 2
14 2.85 · 10−5 5.50 · 10−5

Table 7: The canonically normalized masses in the de Sitter vacuum for the seven-moduli

case.

Once more, we stress that no particular fine tuning is necessary also for the uplift

parameters. To conclude, we have shown that even in this more complicated seven-moduli

scenario, the analysis proceeds exactly in the same way as in the STU-model that we discussed

in detail in the previous sections.

8 Discussion

In the past, type IIA string theory was always viewed as a theory which is difficult to make

compatible with cosmology [26–36]. A great effort in this direction was based on a complicated

polynomial in S, T and U in the superpotential, as shown in equation (2.9), with four types

of fluxes and also terms associated with the curvature of the compact manifold. Even with all

these different contributions, it was not possible to easily produce de Sitter minima in type

IIA string theory compactified to four dimensions.

The first, unexpected, result of this paper is that instead of a complicated polynomial in

S, T and U in the superpotential, as shown in equation (2.9), one can use just a six-flux and

non-perturbative exponential terms, given in equations (2.6) and (2.7) to stabilize all moduli

in a supersymmetric anti-de Sitter minimum with all six mass eigenvalues positive. Thus,

with the standard Kähler potential for the STU model in equation (2.6) and with the simple

superpotential

W = f6 +ASe
iaSS +AT e

iaTT +AUe
iaUU , (8.1)

it is easy to find parameters which lead to anti-de Sitter minima.
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The second result about the uplifting role of the anti-D6-brane was predicted in [37], but

not explicitly realized in the examples there. Here, we have found that the stable anti-de

Sitter minima obtained in the STU model in equation (2.6) are upliftable to stable de Sitter

minima, i.e. again we find all six mass matrix eigenvalues to be positive.

This situation has to be contrasted with our earlier efforts, which are reported in the

appendix. In particular, we studied STU models where in addition to six-flux and non-

perturbative corrections we engaged also other fluxes and curvature terms, like the ones shown

in equation (2.9). In these setups, we have typically encountered tachyons in the anti-de Sitter

extremum, which made these models unsuitable for uplifting. Another class of models with

two moduli is presented in appendix A.2. It was obtained from the STU model after the

identification S = T . It had the feature that the U-dependence in W was polynomial, but in

the S-direction we engaged two exponents, as in [58]. As a result, we were able to find anti-de

Sitter minima in these models, however, the anti-D6-brane uplift failed again: we were not

able to find a stable de Sitter minimum for the complex U and the complex S directions.

In view of these failed examples it might sound puzzling as to why the simple model in

(8.1) works well, whereas other models with a significant polynomial dependence on the moduli

do not work. One explanation is that our new STU model can be qualified as (KKLT)3: we

took a KKLT model, which is known to work in the case of one complex modulus, and we

did the same with the other directions. Indeed, we just have a constant term and exponents

in each direction in the superpotential. We have also learned that the no-scale structure of

the Kähler potential is not really important here. In fact, our STU model leads to de Sitter

minima for cases with different contribution to K: − log(−i(S − S̄)), −3 log(−i(T − T̄ )) and

−3 log(−i(U − Ū)).

In section 7, we have also checked that the same principle works for the seven-moduli

case, namely (KKLT)7, with

K = −
7∑
i=1

log(−i(Φi − Φ̄i)) , W = f6 +
7∑
i=1

Aie
iaiΦi . (8.2)

As we explained before, our STU model in equation (2.6) corresponds to the seven-moduli

case where T1 = T2 = T3 and U1 = U2 = U3 are identified. Such a seven-moduli setup is

particularly interesting with regard to the CMB B-mode targets [59, 60].

It would also be interesting to go beyond the simple STU model and study some other

compactifications. In particular, the original GKP solution in type IIB [61] has been T-dualized

to find type IIA no-scale Minkowski vacua, in which some of the moduli are stabilized by

fluxes [62–64]. These solutions have a build in tadpole cancellation condition and provide a

natural starting point for the construction of dS vacua following the original KKLT approach,

that we adapted and generalized here in the type IIA setting.
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A How fluxes prohibit stable solutions

So far, in the literature (see for example [65] and references therein), tree-level contributions

were usually employed in order to find de Sitter vacua, while in the present work we studied

the opposite situation, which made the task much easier. For completeness, in this appendix

we want to describe some models we investigated but that ultimately did not allow for a

consistent uplift to de Sitter.

Our starting point was the same Kähler potential we used in the main part of this work,

namely

K = − log
(
−i(S − S̄)

)
− 3 log

(
−i(T − T̄ )

)
− 3 log

(
−i(U − Ū)

)
, (A.1)

and the more general superpotential W = Wpert +Wnp including flux parameters not only for

6-form flux, but also 4-, 2- and 0-form flux, as well as non-perturbative corrections:

Wpert = f6 + f4U + f2U
2 + f0U

3 + (hT + rTU)T + (hS + rSU)S and

Wnp = ASe
iaSS +AT e

iaTT +AUe
iaUU .

(A.2)

Again, we assume that all parameters, fi, i = 0, 2, 4, 6, AS , AT , AU and aS , aT , aU , are real.

Starting from these K and W we have a large amount of potential models. Indeed, our

choices include identifying moduli, setting flux parameters and/or non-perturbative corrections

to zero. It is important to note that one would expect that the non-perturbative contributions

should not be significant when compared to the tree level in Wpert. This means we should set

Ai = 0, i = {S, T, U}, if the corresponding modulus appears at tree level.

A.1 STU models with fluxes

If one follows the logic concerning the coexistence of tree level and non-perturbative contribu-

tions lined out above, it seems that one generally arrives at an anti-de Sitter critical point that

includes at least one tachyon. Indeed, while tuning the parameters does allow to modify the

masses, we were not able to get rid of all tachyons: at least one mass remained negative. On

one hand we were aware of the well-known no-go theorems in [27–29], that tell us that at least

f0 and rS or rT should be non-vanishing in order to get a de Sitter vacuum. On the other
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hand, since we evaded the no-go’s by including non-perturbative corrections, it is reasonable

to consider models that do not obey these conditions.

Since we were not able to arrive at a stable anti-de Sitter vacuum with all masses positive,

there is little hope that the uplift will lead to a stable de Sitter vacuum and thus we consider

this class of models to be not viable.

A.2 A KL-type of model

In [58] a modification of the non-perturbative terms was proposed where one includes two

different exponentials for the same modulus. For a general modulus Y this looks like

AY e
iaY Y −BY eibY Y (A.3)

and it often improves the situation when the requirement that e−aY Im(Y ) needs to be small is

in the way of, for example, positive masses.

In fact in a model where we identified T = S and introduced two exponentials in the

S-direction, meaning we had

K = −4 log
(
−i(S − S̄)

)
− 3 log

(
−i(U − Ū)

)
,

W = f6 + f4U + f2U
2 + f0U

3 +ASe
iaSS −BSeiaSS ,

(A.4)

we were able to find a supersymmetric, stable anti-de Sitter minimum with all masses positive.

Interestingly, solving for DiW = 0 actually sets f0 = 0 and no solution exists where this is not

satisfied.
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Figure 3: The 3D plot for the anti-de Sitter scalar potential does exhibit a stable minimum.

However, after the uplift using a anti-D6-brane this will lead to a runaway.

Unlike for what happens in our working models presented in the main text, finding all

masses positive is not an easy task in this setup. Instead, we needed to tune the parameters

aS and bS quite a bit. Indeed, this was our reason to include two exponentials: only then were

large values for aSIm(S) and bSIm(S) possible, which is a necessary requirement in order such

that higher order non-perturbative corrections can be neglected.

After introducing the uplift, as outlined in section 5, one is unable to find a stable de

Sitter vacuum. In figure 3 we show the anti-de Sitter scalar potential before the uplift. After

the uplift, in all examples which we studied, this leads to a runaway and no stable de Sitter

solution.
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