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Abstract: Hidden sector D7-branes with non-zero gauge flux are a generic feature of type

IIB compactifications. A non-vanishing Fayet-Iliopoulos term induced by non-zero gauge

flux leads to a T-brane configuration. Expanding the D7-brane action around this T-brane

background in the presence of three-form supersymmetry breaking fluxes, we obtain a pos-

itive definite contribution to the moduli scalar potential which can be used as an uplifting

source for de Sitter vacua. In this way we provide a higher-dimensional understanding

of known 4D mechanisms of de Sitter uplifting based on hidden sector F-terms which are

non-zero because of D-term stabilisation.
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1 Introduction

Chiral 4D string compactifications have several generic features, like extra dimensions, D-

branes, background and gauge fluxes. In recent years global string models compatible with

full closed string moduli stabilisation and a semi-realistic chiral visible sector have been

constructed [1–4]. These models have to satisfy some global consistency constraints, like

RR tadpole cancellation, Freed-Witten anomaly cancellation and discrete K-theory charge

cancellation [5, 6]. Moreover the presence of chiral visible sector D-branes can reduce the

effects that can be used to fix the moduli [7].

One of the brane configurations should host a visible sector that includes the Standard

Model while other brane configurations give rise to hidden sectors. These hidden sectors

are in general needed in order to guarantee the global consistency of the underlying com-

pactification. Even though the coupling of these hidden sectors to the Standard Model

is only gravitational, they may still play an important rôle to determine the physics of

the visible sector by participating in the process of moduli stabilisation and by providing

candidates for inflation, dark matter, dark radiation and dark energy.
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The strongest global constraints come from the cancellation of D7- and D3-brane

charges. The typical presence of O7-planes induces a D7-brane charge that has to be

cancelled by some D7-branes which typically belong to the hidden sector, especially in

models where the visible sector is realised on D3-branes at singularities [2–4, 8]. In order to

cancel also the D3-brane charge in the presence of a large number of positively contributing

three-form fluxes [9], the D7-branes should in general wrap a high degree divisor in the

compact manifold. In Large Volume Scenario (LVS) models [10, 11], these cycles have very

large volume. Moreover, in the models studied so far with small h1,1(CY) [1–4], this divisor

has another peculiar feature: the pull-back of the harmonic (1, 1)-forms from the Calabi-

Yau to the D7-brane divisor has a 1D image, implying that any two-form of this kind is

proportional to the pull-back of the Kähler form. A gauge flux on such a D7-brane has

a remarkable effect: it induces a never-vanishing (inside the Kähler cone) Fayet-Iliopoulos

(FI) term in the 4D effective action obtained by compactifying the D7-brane worldvolume

theory. An image of the pull-back with dimension one is a sufficient condition to have

a non-vanishing FI-term. For more generic cases, the FI term is a linear combination of

several Kähler moduli and might vanish inside the Kähler cone; other competing effects

in the moduli stabilisation process could however fix the Kähler moduli such that the FI

term is non-zero.

In order to have a supersymmetric configuration at leading order, the D-term potential

must vanish inducing a non-zero VEV for some charged matter fields if the corresponding

FI-term is also non-vanishing. This 4D result, that has been studied in concrete examples

in [2–4], can also be derived from an 8D perspective: by solving the 8D equations of motion,

a non-zero flux induces a non-zero VEV for the adjoint scalar Φ living on the D7-brane

stack, so that [Φ,Φ†] 6= 0. This condition is solved by a T-brane background [12–14].

T-branes are particular brane configurations for which the non-Abelian Higgs field Φ

describing D-brane deformations is not diagonalisable but takes an upper triangular form.

This configuration generates a positive definite contribution to the scalar potential if non-

supersymmetric three-form fluxes are switched on. The volume dependence of this new

contribution can be computed explicitly, and so its influence on moduli stabilisation can

be explicitly analysed. The presence of this uplifting terms allows for dS vacua by tuning

background three-form fluxes.

The paper is organised as follows. In Section 2 we present the 4D mechanism to

generate a dS minimum from a hidden sector D7-brane. The flux on such a brane induces

a moduli-dependent FI term in the effective field theory. Vanishing D-terms in turn induce

a non-zero VEV for a hidden sector matter field that when substituted in the F-term scalar

potential gives rise to a positive definite moduli-dependent term that plays the rôle of an

uplifting term. The positivity of the F-term is understood as a soft mass term for the

corresponding hidden sector matter field. We also study in detail the tuning of microscopic

parameters needed to achieve a viable dS vacuum. In Section 3 we present instead the

main result of this article: we show that from a higher dimensional point of view the

4D mechanism can be understood in terms of the presence of a T-brane. We consider

supersymmetry breaking imaginary self-dual (ISD) three-form and gauge field fluxes in
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(hidden sector) D7-branes. The gauge fluxes lead to a T-brane configuration. We expand

the D7 action and find a positive definite contribution to the scalar potential that precisely

reproduces the uplifting term found from the 4D effective field theory point of view. This

provides a higher dimensional implementation of this mechanism. A concrete example

is based on the LVS scenario of moduli stabilisation in which three-form fluxes break

supersymmetry. We present the equivalent analysis for the KKLT case [15] in Appendix A

where the vacua, as expected, are only AdS. Finally in Appendix B we briefly review the

derivation of the 4D D-term potential from the D7 brane action summarising some useful

conventions used in the literature.

2 4D point of view: dS from hidden matter F-terms

In this section we review a mechanism for obtaining dS vacua based on F-terms of hidden

sector matter fields which are non-zero due to D-term stabilisation.

2.1 Hidden D7-branes and gauge fluxes

Hidden sector D7-branes are a generic feature of globally consistent compact Calabi-Yau

(CY) models because of D7-tadpole cancellation [1–4]. In these backgrounds, the orientifold

involution typically generates O7-plane fixed points. These objects have a RR D7-brane

charge that is measured by −8[O7], where [O7] is the homology class of the four-cycle

wrapped by the O7-plane. The simplest way to cancel this charge is to place four D7-

branes (plus their images) on top of the O7-plane locus. The resulting D7-wordvolume

gauge group is SO(8). Here, without affecting our final results, we consider a simpler

situation: we recombine the four D7-branes into a D7-brane wrapping the invariant divisor

Dh in the homology class 4[O7] (where h stays for ‘hidden sector’). Its image will wrap

the same divisor, creating an SU(2) ∼= USp(2) stack (the diagonal U(1) is projected out

by the orientifold action on the Chan-Paton factors). These branes can support a flux F
along the Cartan generator of SU(2):1

F = (2πα′)F − ι∗B , (2.1)

where ι∗B is the pullback of the NS-NS B-field on Dh. In order to cancel the Freed-Witten

anomaly [16, 17], the gauge flux (2πα′)F has to satisfy the following quantisation condition:

(2πα′)F +
c1(Dh)

2
∈ H2(Dh,Z) . (2.2)

In the chosen configuration Dh is an even cycle, and so c1(Dh) is an even integral two-form

(in a CY c1(D) = −[D̂]). This means that the gauge flux is integrally quantised and in

principle can be set to zero (for a different situation with non-spin D7-brane divisor, i.e.

c1(Dh) odd, the gauge flux cannot vanish because of (2.2)). On the other hand, F may be

forced to be non-zero by the presence of a half-integrally quantised B-field. This is typically

1The flux on one brane is equal in absolute value to the flux on the other brane but with opposite sign.
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the case for compactifications with non-perturbative moduli stabilisation.2 Therefore F
is generically non-zero, causing the SU(2) gauge group to break down to U(1), where the

U(1) group is anomalous. This anomaly gets cancelled by the Green-Schwarz mechanism

and the U(1) gauge boson becomes massive by eating up a combination of an open and a

closed string axion.

The closed string modulus Tj whose real part parameterises the Einstein-frame volume

of the divisor Dj in units of `s = 2π
√
α′ gets a flux-dependent U(1)-charge of the form:

qhj =
1

`4s

∫
Dh

D̂j ∧ F , (2.3)

where D̂h is the two-form Poincaré dual to the divisor Dh (here we take the extra-

dimensional coordinates dimensionful). Moreover the gauge flux F yields a moduli-dependent

Fayet-Iliopoulos (FI) term which looks like (see Appendix B for more details):

ξh

M2
P

=
e−φ/2

4πV
1

`4s

∫
Dh

J ∧ F =
1

2π

∑
j

qhj

2

tj
V

= − 1

2π

∑
j

qhj
∂K

∂Tj
, (2.4)

where φ is the dilaton (e〈φ〉 = gs), V is the Einstein-frame CY volume in units of `s = M−1
s

where the string scale is related to the Planck scale as Ms = g
1/4
s MP /

√
4πV, tj are two-

cycle moduli, J = tjD̂j is the Kähler form expanded in a basis of (1, 1)-forms D̂j and

K/M2
P = −2 lnV is the tree-level Kähler potential for the T -moduli.

A non-zero Fh induces also D7 matter fields φj = |φj | eiθj charged under the anomalous

U(1). These are in the symmetric representation of the U(1) group, i.e. their charges are

qφj = ±2. States with charges of both signs are typically generated for D7-branes wrapping

large degree divisors, like in the cases under study.3 The number of chiral fields with charge

+2 is [19]:

IU(1) =
2

`2s

∫
Dh∩Dh

F . (2.5)

There are also neutral chiral fields which are counted by h0,2(Dh) and parameterise defor-

mations of Dh. The resulting D-term potential takes the form [20–22]:

VD =
1

2Re(fh)

∑
j

qφjφj
∂K

∂φj
+
M2
P

2π

∑
j

qhj
∂K

∂Tj

2

=
π

Re(Th)

∑
j

qφj
|φj |2

s
− ξh

2

,

(2.6)

since fh = Th/(2π) and the Kähler metric K̃ for charged D7 matter fields depends just on

the real part of the axio-dilaton Re(S) = s [23, 24]:

K ⊃ K̃
∑
j

|φj |2 =
∑
j

|φj |2

s
. (2.7)

2A non-perturbative superpotential Wnp can be generated by D-branes wrapping four-cycles Dnp that

are typically non-spin. In order to have a non-zero Wnp, the flux Fnp on these branes should vanish. If Fnp

is half-integral, the B-field must be half-integral as well to have Fnp = 0. Hence the B-field is in general

chosen in such a way to cancel the flux Fnp on O(1) E3-instantons wrapped around different divisors since

they contribute to Wnp only if they are invariant under the orientifold involution.
3See [18] for concrete computations in analogous situations.
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2.2 Uplifting term from hidden matter F-terms

Writing the Kähler moduli as Ti = τi + iψi, the vanishing D-term condition reads:∑
j

qφj
s
|φj |2 = ξ(τi) , (2.8)

and fixes the combination of |φj | and τi corresponding to the combination of θj and ψi
eaten up by the anomalous U(1) which acquires a mass of the form [22]:

M2
U(1) '

M2
P

Re(fD7)

(
f2
θ + f2

ψ

)
, (2.9)

where for simplicity we focused on the case with just one open and one closed string mode

charged under the anomalous U(1). The two terms in (2.9) are proportional respectively

to the open and closed string axion decay constants fθ and fψ which are given by:

f2
θ = |φ|2 ' ξ ' ∂K

∂τ
M2
P and f2

ψ '
∂2K

∂τ2
M2
P ' ξ2 . (2.10)

Since ξ/M2
P ' t/V ' 1/τ � 1 for cycles in the geometric regime, we realise that fθ � fψ,

and so the combination of axions eaten up is mainly given by θ. In turn, the relation (2.8)

fixes |φ| leaving τ as a flat direction. Consequently the mass of the anomalous U(1) is of

order the Kaluza-Klein scale:

MU(1) '
fθ
τ1/2

MP '
MP

V2/3
' Ms

V1/6
' 1

Vol1/6
, (2.11)

since via dimensional reduction the Planck scale MP is related to the string scale Ms as

MP 'MsV1/2. By substituting the VEV:

|φ|2

s
=

ξ

qφ
=
qT
qφ

t

4πV
M2
P , (2.12)

into the F-term scalar potential for the matter field φ, one obtains a moduli-dependent

positive definite contribution to the total scalar potential which can be used as an up-

lifting term. In fact, the main contribution to the F-term potential for φ comes from

supersymmetry breaking effects which generate scalar soft masses of the form:

m2
0 = m2

3/2 − F
IF J̄∂I∂J̄ ln K̃ , (2.13)

where m3/2 = eK/2|W | is the gravitino mass expressed in terms of the 4D Kähler potential

K and superpotential W . Given that the Kähler metric for D7 matter fields K̃ depends

just on the axio-dilaton S which is fixed supersymmetrically by turning on three-form

background fluxes H3 and F3, i.e. FS = 0, the soft masses for D7-matter fields from (2.13)

are simply given by:

m2
0 = m2

3/2 > 0 . (2.14)
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This important relation ensures that the F-term scalar potential for the canonically nor-

malised hidden matter field ϕ = s−1/2φ is positive definite and can indeed play the rôle of

the uplifting term:

Vup = m2
0|φ|2 = m2

3/2|φ|
2 =

cup

V8/3
M4
P , (2.15)

where (writing 6V = kt3):

cup = eKcs

(
6

k

)1/3 qT
qφ

|W |2

8πs
> 0 . (2.16)

Note that the three-form fluxes H3 and F3, which fix the dilaton S as well as the complex

structure moduli, are also responsible for breaking supersymmetry by inducing non-zero

F-terms for the Kähler moduli T .

2.3 Gauge fluxes and non-perturbative effects

Let us show how the uplifting term (2.15) can be successfully combined with the effects

which fix the Kähler moduli T to obtain in the end a viable dS vacuum. A crucial ingredient

to freeze the T -moduli is the presence of a non-perturbative superpotential Wnp generated

by either gaugino condensation on D7-branes or E3-instantons.

Note that a non-vanishing gauge flux F on Dh might induce chiral states between the

hidden sector D7-stack and any E3-instanton (the situation is very similar for the gaugino

condensation case) which transform in the fundamental representation of the hidden SU(2)

gauge group. If the E3-instanton wraps the divisor DE3 and carries no gauge flux, the

number of these E3 zero-modes is given by [25–28]:

ID7−E3 =
1

`2s

∫
Dh∩DE3

F . (2.17)

If present, these charged E3 zero-modes can prevent the contribution of the E3-instanton to

the superpotential if their VEV is zero, since they appear as prefactors in Wnp [5, 7].4 Let

us consider the simplest case with just one charged matter field φ and a Kähler modulus

T with the following U(1) transformations:

δφ = iqφφ and δT = i
qT
2π

. (2.18)

The corresponding non-perturbative superpotential takes the form (setting from now on

MP = 1):

Wnp = Aφne−
2π
N
T , (2.19)

and its U(1) transformation looks like:

δWnp = Wnp

(
n
δφ

φ
− 2π

N
δT

)
= iWnp

(
nqφ −

qT
N

)
. (2.20)

4If the E3-instanton wraps the same four-cycle wrapped by the magnetised D7-brane, i.e. DE3 = Dh,

the presence of charged E3 zero-modes is almost unavoidable.
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Hence Wnp is U(1)-invariant only if:

nqφ =
qT
N
. (2.21)

This condition can be seen as a constraint that removes the tuning freedom to obtain a

dS vacuum in models where T is fixed by non-perturbative effects as in the KKLT case

[15]. On the other hand, if T is fixed via perturbative corrections like the volume modulus

in LVS models, the condition (2.21) does not impose any restriction on the possibility to

obtain dS vacua. The problem to uplift KKLT-like vacua using F-terms of hidden matter

fields which are non-zero due to D-term stabilisation, can be seen also by noting that (2.21)

can be rewritten as:

qφ
∂W

∂φ
φ+

qT
2π

∂W

∂T
= 0 . (2.22)

Recalling that DIW = WI + WKI and the expression (2.6) for the D-term potential

VD = D2/ (2Re(fi)), (2.22) becomes:

qφφ
DφW

W
+
qT
2π

DTW

W
=

(
qφφ

∂K

∂φ
+
qT
2π

∂K

∂T

)
= D , (2.23)

showing how the D-term is proportional to a combination of F-terms. Hence vanishing

F-terms necessarily imply a vanishing D-term. KKLT vacua are characterised by the fact

that DTW = 0, and so (2.23) with D = 0 implies DφW = 0, showing the impossibility

to obtain a dS vacuum following this mechanism. On the other hand, if DTW 6= 0 as in

LVS models [10, 11], DφW can also be non-vanishing giving a viable uplifting term even

if D = 0 at leading order. We shall discuss the LVS case in some more detail in the next

subsection and describe the KKLT case in Appendix A.

2.4 dS LVS vacua

Let us now consider LVS vacua [10, 11] with magnetised hidden sector D7-branes and

E3-instantons where K and W take the form:

K = −2 ln

(
V +

ζs3/2

2

)
+ c

φφ̄

s
and W = W0 +Ase

−asTs , (2.24)

where ζ = −χ(CY )ζ(3)
2(2π)3 is a constant controlling the leading order α′ correction and the CY

volume depends on the big cycle τb and the small cycle τs as:

V = λbτ
3/2
b − λsτ3/2

s , (2.25)

where λb and λs depend on the triple intersection numbers. The crucial difference with the

KKLT case is that only Ts is fixed by non-perturbative effects while Tb is stabilised thanks

to perturbative α′ corrections to K leading to a supersymmetry breaking AdS vacuum for

c = 0. Hence we can perturb this vacuum with the inclusion of magnetised branes and

hidden matter fields which can lead to a dS solution.
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In order to generate a non-vanishing Ts-dependent contribution to W , the B-field is

generically chosen to cancel the FW anomaly on the small cycle Ts. This leads to a non-

vanishing gauge flux on the stack of hidden sector D7-branes wrapping the big cycle Tb [2].

Thus Tb acquires a non-zero U(1)-charge qb generating a moduli-dependent FI-term. The

corresponding D-term potential reads:

VD =
π

τb

(qφ
s
|φ|2 − ξb

)2
, (2.26)

where the FI-term takes the form:

ξb = − qb
2π

∂K

∂Tb
=

3qb
4πτb

. (2.27)

Therefore the total scalar potential is:

Vtot = VD + VF =
π

τb

(
qφ
s
|φ|2 − 3qb

4πτb

)2

+
1

s
m2

3/2|φ|
2 +

VF (T )

2s
, (2.28)

where m2
3/2 = eK |W | 'W 2

0 /(2sV2) is the gravitino mass and VF (T ) is given by [10, 11]5:

VF (T ) =
8

3λs
(asAs)

2√τs
e−2asτs

V
− 4asAsW0τs

e−asτs

V2
+

3ζs3/2W 2
0

4V3
. (2.29)

Note that the prefactor of the non-perturbative effect does not depend on the matter field

φ since Ts does not get charged under the anomalous U(1). Minimising with respect to φ

we find:
qφ
s
|φ|2 = ξb −

m2
3/2τb

2πqφ
. (2.30)

Substituting this VEV back in (2.28) we obtain (writing τb = (V/λb)2/3 and setting s =

g−1
s ):

Vtot =
gs
2

[
cup

W 2
0

V8/3

(
1− csub

V2/3

)
+ VF (T )

]
, (2.31)

with:

cup =
3qbλ

2/3
b

4πqφ
and csub =

W 2
0 gs

6qφqbλ
4/3
b

. (2.32)

The first term in (2.31) is the uplifting term (neglecting corrections proportional to csub

which are subleading for V � 1):

Vup =
gscup

2

W 2
0

V8/3
. (2.33)

5Notice that in LVS, for W0 6= 0, the AdS minimum is already non-supersymmetric. The flux induced

SUSY breaking is captured in the effective field theory by a non-vanishing F-term for the large modulus

field Tb which is proportional to W0. Other fields such as the dilaton and φ itself will also contribute to the

breaking of supersymmetry but their F-terms appear at higher orders in the 1/V expansion. The leading

contribution to the goldstino comes from the fermionic component of Tb.
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This term modifies the scalar potential such that it now admits a dS minimum. In fact,

minimising (2.31) with respect to τs we obtain:

V =
3λsW0

√
τs

4asAs
easτs

(1− ε)
(1− ε/4)

with ε ≡ 1

asτs
∼ O

(
1

lnV

)
� 1 . (2.34)

Substituting this result back in (2.31) we find an effective potential for the volume V:

Vtot(V) =
gsW

2
0

2V3

[
cup V1/3 − 3λs

2a
3/2
s

ε−3/2

(
1−

(
3ε

4

)2
)

+
3ζ

4g
3/2
s

]
, (2.35)

where:

ε−1 = ln

(
cs
V
W0

)
− ln
√
τs + ln

(1− ε)
(1− ε/4)

= ln

(
cs
V
W0

)[
1− ε

2
ln τs +O(ε2)

]
, (2.36)

with cs = 4asAs/(3λs). Given that ln τs ∼ O(1), (2.36) scales as ε−1 = ln
(
cs
V
W0

)
(1 +O(ε)),

and so it can be rewritten iteratively as:

ε−1 = ln

(
cs
V
W0

)
− 1

2
ln

[
1

as
ln

(
cs
V
W0

)]
+O(ε) . (2.37)

The uplifting term (2.35) does not have a large tuning freedom since, as can be seen

from (2.32), cup is an O(1) number which depends just on triple intersection numbers and

gauge flux quanta. On the other hand, the second and the third term in (2.35) have a

strong dependence on gs and as = 2π/N (where N is the rank of the condensing gauge

group) while a milder logarithmic dependence on W0. Hence a vanishing vacuum energy

can be obtained by tuning the depth of the original AdS minimum by a proper choice of

background fluxes, i.e. of gs and W0. In general, for N = 1 and large values of W0 of order

100 the scalar potential has a runaway behaviour unless As is tuned to values of order 100

to compensate the large value of W0. In this case the potential has a dS minimum around

V ∼ 106 if cup is of order 0.01 and gs is appropriately tuned so that the third term in (2.35)

is of the same order of the first two. Larger values of N and smaller values of W0 give rise

to dS minima for larger values of V.

Let us see the tuning of the vacuum energy more in detail by minimising the potential

(2.35) with respect to V that leads to:

3ζ

4g
3/2
s

=
3λs
2
τ3/2
s

[
1− ε

2
+O

(
ε2
)]
− 8

9
cup V1/3 , (2.38)

which substituted in (2.35) gives a vacuum energy of the form

〈Vtot〉 =
gs
18

W 2
0

V3

[
cup V1/3 − 27λs

4a
3/2
s
√
ε

(
1− 9

8
ε+O(ε2)

)]
, (2.39)

where V (and hence ε given in (2.37)) should be meant as a function of the underlying para-

menters (like W0 and gs) following the minimizing equation (2.38). Setting this expression

equal to zero and plugging the result for cup back in (2.38), we find:

τs =

(
ζ

2λs

)2/3 1

gs

[
1 + 3ε+O

(
ε2
)]
. (2.40)
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Comparing this result with the location of the AdS vacuum for cup = 0 we find that the

shift of the VEV of τs is proportional to ε:

∆τs
τs|cup=0

=
8ε

3
(1 +O(ε)) . (2.41)

Plugging this result in (2.34) the shift of the volume VEV is instead of order:

∆V
V|cup=0

= e8/3 (1 +O(ε))− 1 ' 14.4 (1 +O(ε))− 1 , (2.42)

showing that for ε � 1, i.e. in the regime where higher order instanton contributions to

W can be safely neglected, the new dS vacuum is at values of the volume which are about

one order of magnitude larger than those of the old AdS vacuum.

We conclude this section by showing in Figure 1 how the position of a leading order

Minkowski minimum changes as a function of gs for three values of N , for fixed W0 = 1

and natural values of the underlying parameters, while in Figure 2 we present the same

behaviour for fixed N = 6 and different values of W0. To do this, we plot what is inside

the square bracket in eq. (2.39) and we call it V0 (i.e. V0 ≡ 18V3

gsW 2
0
〈Vtot〉).

0.1 0.2 0.3 0.4 0.5
gs

-30

-20

-10

10

20

30

V0

Figure 1. Vacuum energy as a function of gs for λs = λb = W0 = As = 1, qφ = 2qb, ζ = 2 and

as = 2π/N . The intersection of the three curves with the abscissa shows the value of gs that gives

a minimum where at leading order 〈V 〉 = 0 for N = 2 with V ' 7.5 · 107 (green), N = 6 with

V ' 6.5 · 106 (blue) and N = 10 with V ' 3 · 104 (red). Notice that we have plot V0 ≡ 18V3

gsW 2
0
〈Vtot〉

instead of 〈Vtot〉, as we are interested in the zeros.

2.5 Open questions in the 4D approach

The uplifting mechanism described above from the 4D effective point of view is based on

two crucial ingredients, gauge and background fluxes, which induce non-zero hidden sector

F-terms via D-term stabilisation. This mechanism for obtaining dS vacua seems to be

rather generic and elegant but it raises some open questions which we list below:

• Is it consistent to include an anomalous U(1) in the 4D effective field theory if it

acquires a mass of order the Kaluza-Klein scale?
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Figure 2. Vacuum energy (V0) as a function of gs for λs = λb = As = 1, qφ = 2qb, ζ = 2 and

as = 2π/6. The intersection of the three curves with the abscissa shows the value of gs that gives

a minimum where at leading order 〈V 〉 = 0 for W0 = 1 with V ' 6.5 · 106 (blue), W0 = 10−5 with

V ' 1.8 · 107 (green) and W0 = 10−10 with V ' 3.5 · 107 (red).

• What is the correct higher-dimensional understanding of this uplifting mechanism?

Are we actually expanding the effective theory around a solution which at leading

order is supersymmetric?

• Does a non-zero VEV for φ correspond to a brane/image-brane recombination (or

better a bound-state) that makes the whole procedure inconsistent since the flux −F
on the image brane would cancel off with the flux F on the brane? This would mean

that we have expanded around a supersymmetry breaking solution which might not

be under control.

These questions can be clearly answered only by developing a higher-dimensional under-

standing which we present in the following section.

3 8D point of view: dS from T-branes

In this section we present an 8D description of the 4D dS vacua presented in Section 2.

The key-ingredient of this higher-dimensional understanding is the presence of T-branes

induced by gauge fluxes.

3.1 T-brane background due to gauge fluxes

We consider a stack of N D7-branes wrapping a compact four-cycle Dh in the CY three-fold

X3. Since Dh must be holomorphically embedded in X3, it has an inherited Kähler form

and it is a Kähler manifold. When the closed string fields have vanishing VEVs, the 8D

theory living on their worldvolume is a twisted N = 1 SYM theory [29]. The field content

is made up of an 8D vector and a complex scalar Φ in the adjoint representation of the

gauge group (in this case U(N)).

The compactification on Dh breaks the 8D Poincaré invariance and breaks the N = 1

8D supersymmetry. Thanks to the topological twist, four supercharges are still preserved.
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Hence the fields organise themselves in 4D N = 1 supermultiplets. We have a 4D vector

multiplet with gauge field Aµ, and two chiral multiplets with complex scalars A and Φ

in the adjoint representation. Due to the twist, the scalar Φ transforms in the canonical

bundle of Dh like a (2, 0)-form, while A is a (0, 1)-form on Dh. The 8D supersymmetric

equations of motion also split according to the breaking of the 8D Poincaré group. Along

the compact direction they are given by:

F0,2 = F2,0 = 0 , ∂̄AΦ = ∂AΦ† = 0 , (3.1)

where F is the curvature of the gauge bundle along Dh and ∂A is the holomorphic covariant

differential relative to its connection and:

J(h) ∧ F −
[
Φ,Φ†

]
= 0 , (3.2)

where J is the Kähler form on Dh (in this case it is the pullback of the Kähler form of X3,

i.e J(h) = ι∗J). Note that this relation is valid for a canonically normalised 8D scalar field.

In 4D these equations boil down to F- and D-term conditions respectively. The second one

will receive perturbative corrections. However in the cases we shall consider, the volume

of Dh is very large and these corrections are negligible.

The structure group of the gauge bundle on Dh breaks the 4D gauge group to its

commutant. As an illustrative example, we consider a stack of two D7-branes with gauge

group U(2) and we choose F to be an Abelian flux along the Cartan of SU(2):

F = f ⊗

(
1 0

0 −1

)
, (3.3)

where f is a (1, 1)-form on Dh. We will consider the case when f is the (non-trivial)

pull-back of a two-form of X3. This solves automatically the F-term eq. (3.1).

Regarding the D-term eq. (3.2), the flux F and the Kähler form J(h) determine if Φ

can be zero or not. In particular, for simplicity (but without affecting our final results)

we will restrict to the case when the pull-back map from two-forms on X3 to two-forms

on Dh has a 1D image (typical of the CY Swiss-cheese explicit models of [2–4]) generated

by the (1, 1)-form ω on Dh. This implies that for any combination ajD̂j its pull-back is

ι∗ajD̂j = aω. Then, J(h) = t ω (where t is a linear combination of the coefficient of the

CY Kähler form J = tiD̂i), f = nω and

J(h) ∧ f = ( t n )ω ∧ ω . (3.4)

This is different from zero for non-zero volume of Dh (in our cases this always happens

if we want to keep the volume of X3 different from zero as well, since volDh ∝ t ∼ τb).
6

6 The expression J(h)∧f is always different from zero under the sufficient assuption that the pull-back has

a 1D image on H2(Dh) and that Dh is a large cycle. However it is a quite generic feature of a background

with Kähler moduli stabilised by several effects whenever they imply J(h) not orthogonal to the flux f .
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Hence (3.2) implies that the commutator [Φ,Φ†] is non-zero. The simplest solution is given

by the nilpotent matrix:

Φ =

(
0 ϕ

0 0

)
, (3.5)

that solves (3.2) if ϕ ∧ ϕ̄ = t n ω ∧ ω. Recall that ϕ is a (2, 0)-form. On a local patch

of Dh we have ϕ = ϕ̂ dz1 ∧ dz2, where ϕ̂ is a scalar field and z1, z2 are complex local

coordinates. The solution (3.5) is called a T-brane (because of the triangular form of the

matrix) [12–14]. This VEV for Φ does not change the D7-brane locus but anyway breaks

the gauge group to the diagonal U(1) of the original U(2). This is interpreted as a bound

state of the two branes, even though the locus is made up of two copies of Dh. In particular

the broken (Cartan) U(1) disappears from the low energy spectrum, where no FI term will

appear.

3.2 4D uplifting term

As we will claim later, the solution described in the previous section is the leading piece

of the solution in the presence of supersymmetry breaking ISD three-form fluxes for large

volumes of Dh and X3. We can then plug this into the 8D action of the D7-branes and

expand around this solution. When the supersymmetry breaking three-form fluxes are

equal to zero, no dS uplift term is generated (by consistency). In fact the scalar potential at

tree level is positive definite or identically zero (depending if we switch on supersymmetric

fluxes).

To see how the situation is modified by the presence of three-form fluxes, we need to

compute the coupling of the relevant closed string p-form potential to the D7-worldvolume.

Eventually we switch on a T-brane background and see how this interplays with three-form

fluxes.

We start by reviewing what happens to a single D7-brane. Its 8D action is given by

expanding the DBI and CS actions

S = −µ7STr

{∫
d8ξ e−φ

√
−det(ι∗eφ/2GAB + FAB)−

∫
(ι∗C6 ∧ F + ι∗C8)

}
, (3.6)

where µ−1
7 = (2π)3(2πα′)4, ι∗ is the pull-back map from the bulk to the D7-brane world-

volume and F = (2πα′)F − ι∗B. We want to understand what is the coupling of the bulk

fields to the open string scalar Φ. For a single D7-brane, this field controls the deformations

of the D7-brane worldvolume in the orthogonal directions in the bulk. For a D7-brane we

have one (complex) dimensional normal bundle. In local coordinates for an open patch

of the CY three-fold X3, z1 and z2 are complex coordinates tangent to the D7-brane and

z3 is orthogonal to it. We then make the identification z3 = (2πα′)Φ and expand the

closed string fields around z3 = 0, keeping only the leading terms and making the given

identification. We will follow [30, 31] and refer to them for more details.

The basic ingredients are three-form fluxes encoded into the complex three-form G3 =

F3 − τH3, where F3 and H3 are the field strengths of the (respectively) RR and NSNS
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two-form potentials and τ = e−φ + iC0 is the axio-dilaton. The three-form G3 can be

decomposed into imaginary selfdual (ISD) and anti-selfdual (IASD) pieces:

G±3 =
1

2
(G3 ∓ i ∗6 G3) , ∗6G±3 = ±iG±3 . (3.7)

These components can be decomposed in irreducible pieces of the SU(3) structure group

of the CY manifold. For example the ISD component in 10 representation of SO(6) splits

into 10 = 1̄ ⊕ 3̄ ⊕ 6̄ where the singlet is the (0, 3) piece Gk̄j̄ ¯̀ and the antisymmetric and

symmetric representations are:

Aīj̄ =
1

2
(εik`Gk̄ ¯̀j − εjk`Gk̄ ¯̀i) , Sīj̄ =

1

2
(ε̄ik̄ ¯̀Gj̄k` + εj̄k̄ ¯̀Gīk`) . (3.8)

For the IASD 10 component the definitions are analogous (after taking the complex con-

jugate). Following [30, 31] we neglect the non-primitive components Aīj̄ and Aij as they

are incompatible with the CY topology (even though there can be a local component)

and set to zero S3i and S3̄̄i since these components would generate a FW anomaly on the

worldvolume of the D7-brane (that happens when ι∗G3 is a non-trivial three-form on the

D7-brane worldvolume).

We can now expand the axio-dilaton and the B-field in powers of Φ:

τ =
i

gs

[
1 +

τ33

2
(2πα′)2Φ2 +

τ3̄3̄

2
(2πα′)2Φ̄2 + (2πα′)2τ33̄|Φ|2

]
, (3.9)

B12 = −i gsπα
′
(

(G1̄2̄3̄)∗Φ− 1

2
S3̄3̄Φ̄−G123Φ +

1

2
(S33)∗Φ̄

)
, (3.10)

B12̄ = −i
gsπα

′

2

(
−S2̄2̄Φ + (S1̄1̄)∗Φ̄− S11Φ̄ + (S22)∗Φ

)
, (3.11)

where the B-field has been derived from dB2 = − ImG3

Imτ
and τ33̄ can be computed from the

10D supergravity equation of motion τ33̄ = 1
2i |G|

2 (assuming that localised sources give a

negligible contribution). Here and in the following we define (setting A = 0):

|G|2 ≡ 1

12
gmm

′
gnn

′
gkk

′
G3|mnkG3|m′n′k′ = |G123|2 +

1

4

3∑
k=1

|Skk|2 . (3.12)

Finally, from:

dC6 = H3 ∧ C4 − ∗ReG3 and dC8 = H3 ∧ C6 − ∗Redτ , (3.13)

we obtain:

Cµνρσ12 = −iπα′
(

(G1̄2̄3̄)∗Φ−G123Φ +
1

2
S3̄3̄Φ̄ +

1

2
(S33)∗Φ̄

)
, (3.14)

Cµνρσ12̄ = −i
πα′

2

(
S2̄2̄Φ + (S22)∗Φ− (S1̄1̄)∗Φ̄− S11Φ̄

)
, (3.15)

Cµνρσ11̄22̄ = −gsπ
2α′2

4

{
[−2G123S33 + (S11S22)∗ − S1̄1̄S2̄2̄ + 2(G1̄2̄3̄S3̄3̄)∗] Φ2 + h.c.+

+
[
|S33|2 − |S3̄3̄|2 − 4|G1̄2̄3̄|2 + |S1̄1̄|2 + |S2̄2̄|2 + 4|G123|2 − |S22|2 − |S11|2

]
|Φ|2

+i gsπα
′ [τ33 + (τ3̄3̄)∗] Φ2 + h.c.

}
. (3.16)
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We now plug these expressions in (3.6) and expand up to quadratic order, obtaining

the following contribution to the 8D Lagrangian (we do not write the kinetic terms):

L ⊃ −2gs|G|2|Φ|2 +
gs
4

{
(S3̄3̄)∗ [(G1̄2̄3̄)∗ −G123] +

1

2
(S11)∗ [(S22)∗ − S2̄2̄]

−(G1̄2̄3̄)∗S33 −
1

2
(S22)∗S1̄1̄ − 2iτ33

}
Φ2 + h.c. + [ Φ ∂A ] , (3.17)

where the terms in the last line are linear in Φ and in the derivatives of the connections.

This is the result for a single D7-brane. When we have several D7-branes on top of

each other, each one will contribute with a term like (3.17). Moreover, the gauge group

is enhanced from U(1)N to U(N), due to the massless strings stretching between different

branes. The gauge field A and the scalar field Φ live in the adjoint representation of U(N).

The terms in the Lagrangian that vanish for zero three-form fluxes are:

L ⊃ −2gs|G|2Tr|Φ|2 +
gs
4

{
(S3̄3̄)∗ [(G1̄2̄3̄)∗ −G123] +

1

2
(S11)∗ [(S22)∗ − S2̄2̄]

−(G1̄2̄3̄)∗S33 −
1

2
(S22)∗S1̄1̄ − 2iτ33

}
TrΦ2 + h.c. + Tr(Φ ∂A) , (3.18)

We now want to insert in this Lagrangian the T-brane background (for simplicity we

take N = 2 D7-branes in the stack). Since the matrix Φ is nilpotent and A is diagonal (it

is along the Cartan), we have:

TrΦ2 = 0 and Tr(Φ ∂A+ Φ [A,A]) = 0 . (3.19)

The only contribution to the vacuum energy is then given by the first term in (3.18). Hence

the term contributing to the dS uplift is:

Lup = 2gs|G|2ϕ ∧ ϕ̄ . (3.20)

Let us see what is the volume dependence of this term. First of all, consider the

three-form fluxes. Since they are quantised according to 1
(2π)2α′

∫
Σ3
G3 = nF − τnH (with

nF , nH ∈ Z), the field strength has to go like (using Ms = `−1
s ):

Gmnp ∼ (nF − τnH)Ms ∼ (nF − τnH)
MP

V1/2
. (3.21)

Hence:

|G|2 ∼ (g−1)3M2
s ∼

1

V
M2
P

V
=
M2
P

V2
. (3.22)

Finally, from the T-brane equation of motion (3.2) and assuming that the D7-brane wraps

a large cycle (whose volume is 1
2

∫
Dh
J2

(h) ' t
2 ' τb ' V2/3), we have:

|ϕ|2 ∼ V1/3M2
s ∼

M2
P

V2/3
. (3.23)
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Hence the uplift term in the 4D potential takes the form:7

Vup =
Cup

V8/3
M4
P , (3.24)

where Cup ∼ 2gsn
∫
Dh
|Ĝ|2 ω ∧ ω is a constant that depends just on three-form and gauge

fluxes (the dilaton is also a flux dependent function after stabilisation) since we set Ĝ =
G
MP
V. This term is positive definite and is therefore suitable to uplift an AdS LVS vacuum

to a dS solution. Note that (3.24) has the same volume scaling as the uplifting term (2.33)

which we found using the 4D effective action.

Ref. [31] also studied corrections to the soft terms due to a non-zero gauge flux on the

D7-brane worldvolume. In principle we should consider this effect as well, as the T-brane

solution contains a non-zero flux. However, the extra contribution given by the presence of

non-zero gauge fluxes is suppressed with respect to (3.24). In fact, following [31], we find a

correction of the form |G|2|Φ|2|F|2M−4
s . The factor |F|2M−4

s goes like V−2/3 (due to two

powers of the inverse metric) and provides a suppression factor of order V−2/3 for the flux

correction to the uplift potential.8

One could also question the procedure of expanding around the T-brane solution when

three-form fluxes are switched on since they modify the equations of motion for Φ. However

a careful analysis reveals that the new solution is only a small perturbation around the

used T-brane background and that this perturbation does not affect the uplift term.9

4 Conclusions

In this paper we have shown how a dS minimum can arise in type IIB CY compactifications

if a T-brane is present among the hidden sector D7-branes.

We have first reviewed the 4D effective field theory picture that has been studied in [2–

4]: the dS uplift term is generated by a fluxed D7-brane in the hidden sector. The flux on the

D7-brane induces an FI-term. When this is different from zero, the D-term potential forces

some charged hidden sector modes φ to get a non-zero VEV. When three-form fluxes are

switched on, supersymmetry is broken and a positive soft supersymmetry-breaking mass-

squared is produced for φ. Since the VEV of φ is different from zero, due to the D-term

condition, this mass term produces a constant positive definite term that can be used to

achieve dS vacua. We have explained how this term can lead to a dS minimum by tuning

W0 and gs.

This description can raise some concerns. First of all, in the effective field theory we

have a non-vanishing FI-term. This means that the fluxed D7-brane is not supersymmetric.

7No factor V2/3 appears after integrating over Dh. This is because we are taking a volume one surface

and treating the volume modulus as a parameter. The canonical normalised 8D scalar that appears in (3.2)

has already absorbed the factor coming from this modulus.
8As we have a non-abelian stack, one should have in principle included terms from the Myers action,

proportional to TriΦC and TriΦiΦC. For the solution (3.5) these are zero, as TrΦ = 0 and Tr[ReΦ,ImΦ] = 0.
9Here we have considered the expansion of the 8D action in Φ up to quadratic order. This reproduces

the controlled expansion in φ in the 4D approach, where it is more manifest that the higer order terms are

suppressed by powers of the volume V.
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In fact, from the 4D point of view we see that it is the VEV of φ that restores supersymmetry

(at the leading order). The field φ describes deformations of the D7-brane. The effective

theory we have used is defined for the D7-brane on a given locus and corresponds to φ = 0.

On the other hand, this effective theory is telling us that the VEV of φ is non-zero. This

means that the right minimum is not the configuration around which we are expanding.

Moreover, note that to cancel the FI term it is enough that only one charged hidden field

takes a non-vanishing VEV.

All these considerations led us to conjecture that the right supersymmetric configura-

tion, that one should expand around, is a T-brane solution of the 8D equations of motion

for the theory living on the D7-brane worldvolume. This takes place indeed when a non-

zero gauge flux prevents the adjoint field Φ to commute with its conjugate. One can check

that this is realised if an off-diagonal element of Φ gets a non-zero VEV that corresponds

to a chiral state in the 4D effective field theory. To check this conjecture, we considered

a simple SU(2) model that has a T-brane solution, i.e. a proper VEV for Φ. Three-form

fluxes induce some particular couplings for Φ in the 8D worldvolume theory. After substi-

tuting the non-zero VEV of Φ in these couplings, we obtain exactly the uplift term found

by using the 4D approach.

We have therefore succeeded to obtain metastable de Sitter string vacua starting from

standard manifestly supersymmetric configurations with supersymmetry broken sponta-

neously. The mechanism is understood from both the 4D effective field theory and the

higher dimensional one. The phenomenological implications of this class of de Sitter sce-

narios have been studied in [32]. It would be interesting to construct a consistent compact

setup with a global T-brane solution, as those constructed via tachyon condensation in [33]

and where moduli stabilisation is obtained in a dS LVS minimum. In principle this could

be done in the global models presented in [2–4] (where the uplift mechanism was studied

only form the 4D point of view) by constructing the tachyon matrix realising the T-brane

configuration and studying its stability and its low energy spectrum like in [33]. We leave

this for future work.
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A AdS KKLT vacua

In this appendix we consider for completeness the case of KKLT vacua. Unlike the LVS

vacua discussed in the text in this case, as expected, there are only supersymmetric AdS

vacua. We focus on KKLT-like vacua with magnetised D7-branes and E3-instantons where

K and W take the form:

K = −3 ln(T + T ) + c
φφ̄

(T + T )α
and W = W0 +Aφne−aT . (A.1)
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where α ≥ 0. The original KKLT model with just a closed string mode T can easily be

recovered by setting c = n = 0. The two Kähler covariant derivatives read:

DTW = −aAφne−aT − 3

T + T

(
1 +

αc

3

φφ̄

(T + T )α

)
W

DφW = nAφn−1e−aT + c
φ̄

(T + T )α
W (A.2)

Imposing DTW = 0 implies:

aAφne−aT = − 3

T + T

(
1 +

αc

3

φφ̄

(T + T )α

)
W . (A.3)

Substituting this result into DφW we obtain:

DφW =

[
− 3n

T + T
+ ac

φφ̄

(T + T )α

(
1− nα

a(T + T )

)]
W

aφ
(A.4)

DφW = 0 has a solution at:

c
φφ̄

(T + T )α
=

3n

a(T + T )

(
1− nα

a(T + T )

)−1

. (A.5)

Plugging this solution back in (A.3) we find:

aAφne−aT = − 3

T + T

[
1 +

nα

a(T + T )

(
1− nα

a(T + T )

)−1
]
W

= − 3

T + T

(
1 +

∞∑
k=0

εk+1

)
W with ε ≡ nα

a(T + T )
� 1 . (A.6)

The parameter ε is very small since a(T +T )� 1 in order to neglect higher order instanton

contributions to W . It is clear that the solution with n 6= 0 is just a small perturbation

with respect to the supersymmetric solution of the original KKLT model with c = n = 0.

Because of the relation (2.23), the D-terms are automatically zero. Thus the new system

keeps featuring the same supersymmetric solution of the original KKLT model. Let us

study the form of the scalar potential to see if it can admit also dS solutions. Writing

T = τ + iψ and φ = |φ| eiθ and minimising with respect to the axions, the F-term potential

at leading order in an ε−1 expansion reads:

VF =
a2A2|φ|2ne−2aτ

6τ
− aAW0|φ|ne−aτ

2τ2
+ c

W 2
0

(2τ)3

|φ|2

(2τ)α
. (A.7)

On the other hand, the D-term potential at first order in ε−1 looks like:

VD =
1

τ

(
qφc
|φ|2

(2τ)α
− qT

3

2τ

)2

. (A.8)
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Minimising Vtot = VD + VF with respect to |φ| we find at leading order:

∂Vtot

∂|φ|
' cqφ

4

τ

|φ|
(2τ)α

(
qφc
|φ|2

(2τ)α
− qT

3

2τ

)
. (A.9)

Setting this to zero gives (we discard the solution |φ| = 0 since it gives a run-away for τ

when substituted in Vtot):

qφc
|φ|2

(2τ)α
= qT

3

2τ
, (A.10)

which has the same leading order form of (A.5) once we impose the U(1)-invariance con-

dition (2.21). Plugging this solution back in Vtot we end up with:

Vtot '
a2A2|φ|2ne−2aτ

6τ
− aAW0|φ|ne−aτ

2τ2
+
qT
qφ

3W 2
0

16τ4
. (A.11)

Minimising with respect to τ we find at leading order:

∂Vtot

∂τ
' −a

3A2|φ|2ne−2aτ

3τ
+
a2AW0|φ|ne−aτ

2τ2
= 0 . (A.12)

This equation admits a solution at:

aA|φ|ne−aτ =
3W0

2τ
, (A.13)

which reproduces (A.6) at leading order. Hence we conclude that this model can admit

only supersymmetric AdS vacua.

B D-term potential from D7-branes

In this appendix we shall work out the exact form of the gauge kinetic function and the

FI-terms following [20] and appendix A.3 of [22]. The 4D D-term potential that arises from

the dimensional reduction of the D7-brane action takes the form:

VD =
µ7

2
e−φ

I2
1

I2
, (B.1)

where:

µ7 = (2π)−3(2πα′)−4 , I1 =

∫
Di

J ∧ F , I2 =
1

2

∫
Di

J ∧ J . (B.2)

Given that the real part of the gauge kinetic function is [20]:

Re(fi) = g−2
i = µ7(2πα′)2e−φI2 , (B.3)

the D-term potential can be rewritten as:

VD =
g2

2

(
µ72πα′e−φI1

)2
=
g2

2
ξ2
i . (B.4)
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Let us work out the expression of the FI-term ξ. If we expand J and F in a basis of

(1,1)-forms as J = t
(s)
j D̂j (t

(s)
j are two-cycle volumes in the string frame and in units of `s)

and F = fkD̂k, we get:

I1 = t
(s)
j fk

∫
Di

D̂j ∧ D̂k = t
(s)
j fk

1

`2s

∫
X3

D̂j ∧ D̂j ∧ D̂k = kijkt
(s)
j fk`

4
s , (B.5)

where the triple intersection numbers kijk are defined as:

kijk =
1

`6s

∫
X3

D̂j ∧ D̂j ∧ D̂k . (B.6)

Given that the gauge flux is quantised as (D̃ denotes the two-cycle dual to the divisor D):∫
D̃k

F = 2πnk ⇔ 1

2πα′

∫
D̃k

F = 2πnk nk ∈ Z , (B.7)

we find that the flux quanta fk take the form:

fj
2πα′

∫
D̃k

D̂j = 2πnk ⇒ fk =
4π2α′

`2s
nk , (B.8)

and so the FI-term becomes (using `s = M−1
s ):

ξi =
e−φ

(2π)2

(
`2s

2πα′

)2

kijkt
(s)
j nkM

2
s . (B.9)

From the dimensional reduction of the 10D action we have:

M2
s =

(2π)3

2
eφ/2

(
2πα′

`2s

)4 M2
P

V
, (B.10)

where V = e−3φ/2V(s) is the CY volume in Einstein-frame. Hence (B.9) can be rewritten

in Planck units as (where tj = e−φ/2t
(s)
j ):

ξi
M2
P

=

(
2πα′

`2s

)
e−φ/2

`4s

1

2V

∫
Di

J ∧ F = 2π

(
2πα′

`2s

)2

kijknk
tj
2V

. (B.11)

The quantities kijknk are integers and give the charge of the j-th Kähler modulus under

the anomalous U(1) living on the i-th divisor:

qij = kijknk =
1

2π

(
`2s

2πα′

)
1

`4s

∫
Di

D̂j ∧ F . (B.12)

Moreover, using four-cycle moduli:

Re(Ti) =
1

2

∫
Di

J ∧ J =
1

2
kijktjtk , (B.13)
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and the fact that K/M2
P = −2 lnV we have that:

∂K

∂Tj
= − tj

2V
, (B.14)

and so (B.11) takes the form:

ξi
M2
P

= −2π

(
2πα′

`2s

)2

qij
∂K

∂Tj
. (B.15)

On the other hand, the gauge kinetic function (B.3) can be rewritten in a more compact

form using (B.13) as:

Re(fi) = g−2
i =

e−φ

(2π)3(2πα′)2

1

2

∫
Di

J ∧ J =
1

(2π)3

(
`2s

2πα′

)2

Re(Ti) . (B.16)

Therefore the exact expressions of ξi and fi depend on the choice of the fundamental unit

of lengths `s. Let us give two examples:

1. For `s =
√
α′ we have [20]:

fk = (2π)2nk , nk ∈ Z and M2
s =

(2π)7

2
g1/2
s

M2
P

V
, (B.17)

together with:

fi =
Ti

(2π)5
and

ξi
M2
P

= −(2π)3qij
∂K

∂Tj
. (B.18)

This is the convention we followed in this paper. If the Kähler moduli are instead

redefined as Ti
(2π)5 → Ti [20], the new expression of fi, ξi and Ms become:

fi = Ti ,
ξi
M2
P

= − qij
(2π)2

∂K

∂Tj
and M2

s =
1

2

√
gs
2π

M2
P

V
. (B.19)

2. For `s = 2π
√
α′ we have [22]:

fk = nk , nk ∈ Z and M2
s =

g
1/2
s

4π

M2
P

V
, (B.20)

together with:

fi =
Ti
2π

and
ξi
M2
P

= −qij
2π

∂K

∂Tj
. (B.21)

If the Kähler moduli are redefined as Ti
2π → Ti [21], the new expression of fi, ξi and

Ms become:

fi = Ti ,
ξi
M2
P

= − qij
(2π)2

∂K

∂Tj
and M2

s =
1

2(2π)2

√
gs
2π

M2
P

V
. (B.22)
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