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Figure 5: Evidence for dark energy. Shown are a combination of observations of the cosmic mi-
crowave background (CMB), supernovae (SNe) and baryon acoustic oscillations (BAO)
[12].

Figure 6: The properties of dark energy are close to a cosmological constant, wΛ ≈ −1 [11].

4 Big Bang Puzzles

It is somewhat of a philosophical questions whether initial conditions form part of a physical theory or
should be considered separately. The purpose of physics is to predict the future evolution of a system
given a set of initial conditions; e.g. Newton’s laws of gravity will predict the path of a projectile if
we define its initial position and velocity. It is therefore far from clear whether cosmology should
predict or even just explain the initial conditions of the universe. On the other hand, it would be
very disappointing if only very special and finely-tuned initial conditions would lead to the universe
as we see it, making the observed universe an ‘improbable accident’.
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• the observation:


➡the Universe expands speeding up 
 - Λ > 0 ... we live in de Sitter space!  



• a task:


➡there is a necessary dS condition in supergravity - positive sectional 
curvature of the Kahler potential  



➡it may be worthwhile to get dS from a ‘clean’ system:  
 
- dS vacua purely from topological data determining the F-term 4d 
  supergravity in F-theory/IIB  
 
- find explicit examples in F-theory on compact elliptic CY 4-folds

[Covi, Gomez-Reino, Gross, Louis, Palma, Scrucca]
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• Try to use just the closed string moduli sector of a 4d N=1 
F-theory compactification on an elliptically fibered CY 4-fold   
 
 
 
 
 
 
 
to get a dS vacuum from spontaneous F-term breaking


• key ingredient: the leading perturbative O(α’3) correction


• leads to ‘Kähler uplifted’ dS vacua - checked for one volume 
modulus + dilaton S and one complex structure U

dilaton S

h1,1 volume moduli Ti

h2,1 complex structure moduli Ua

[Balasubramanian & Berglund ’04][AW ’06]

dS vacua from F-theory/type IIB ...



the general setup ...

• Kähler potential (KK-reduction on a CY 3-fold):

K = −2 ln(V + α′3ξ)− ln(S + S̄)− ln
(
−i

∫
Ω ∧ Ω̄

)




• superpotential  
- 3-form fluxes stabilize the c.s. moduli & the dilaton  
- Euclidean D3-branes or 7-brane stacks contribute  
  non-perturbatively

W =
∫

CY3

G3 ∧ Ω +
∑

i

Aie
−aiTi

ξ = ξ(S, S̄) ∼ −χ(CY3) · (S + S̄)3/2



the general setup ...

• F-Term scalar potential in 4D N=1 supergravity:

VF = e
K

!
K

SS̄ |DSW |2 +K
ab̄
DaWDbW +K

iȷ̄
DiWDȷW − 3|W |2

"

dilaton S

h1,1 volume moduli Ti

h2,1 complex structure moduli Ua



V̂ >>> ξ̂
W0 arbitrary

V̂ >>> ξ̂
|W0| ∼ O(1 . . . 100)

[Balasubramanian, Berglund ’04]

some relationships ...

W0 != 0, α′−correction|W0|! 1, α′−correction
negligible

[Westphal ’06]
[KKLT ’03]

Uplifting to de Sitter

W0 ! 1, α′-correction

negligible [KKLT ’03]

W0 "= 0, α′-correction

[Balasubramanian,Berglund ’05]

KKLT

LVS [Balasubramanian,

Berglund,Conlon,Quevedo ’05]

Kähler uplifting

[Westphal ’06]

! D̄3 branes

! F-terms from
matter fields
[Lebedev,Nilles,Ratz’06]

! F-terms from
metastable vacua in
gauge theories
[Intriligator,Seiberg,Shih’07]

! D̄3 branes

! D-terms
[Burgess,Kallosh,Quevedo’03,

Haack,Krefl,Lüst,Van

Proyen,Zagermann’06]

! F-terms from
dilaton dep.
non-pert. effects [Cicoli,Maharana,Quevedo,Burgess’12]

! F-terms from
Kähler moduli +
α′-correction
sufficient for dS

De Sitter vacua in type IIB string theory/ F-theory by Kähler uplifting Markus Rummel 3/11

KKLT LVS Kähler uplifting
[Balasubramanian, Berglund, 
Conlon & Quevedo ’05]

[& Cicoli et al. 2012]



dS vacua from Kähler uplifting at large volume ...

• Start looking at the scalar potential: Becker-Becker-Haack-Louis 02

V = eK
{

KT T̄ [a2e−2aTr + (−ae−aTrWKT + c.c)]

+3ξ
ξ2 + 7ξV + V2

(V − ξ)(ξ + 2V)2
|W |2

}

• Has a scaling property: AW 06

N → λN , a =
2π

N
→ λ−1a , Tr → λTr , ξ → λ3/2ξ

⇒ V → λ3/2V , V → λ−3V ,
ξ

2V : invariant

de Sitter vacua from ‘Kahler uplifting’ at large volume
• 4d N=1 supergravity - scalar potential:

[Rummel & AW ’11]

[De Alwis & Givens ’11]

• expand to leading order in        and e-aT:

V ! 4AW0
ate−at

V2
cos(aτ) +

3ξW 2
0

4V3
∼ 2C

9x9/2
− e−x

x2

ξ/V

V ∼
1√
κ
(T + T̄ )3/2 , x = at , T = t+ iτ , C ∼

−W0

A
ξa3/2

√
κ



there is a de Sitter existence window for C :




- C is bounded from below:  
   
          V = V’ = 0  (Minkowski point)  
 



- C is bounded from above:  
 
          V’ = V’’ = 0 (run-away limit)  

de Sitter vacua from ‘Kahler uplifting’ at large volume

⇒ C " 3.75± 0.1 , x ∼ 2.5



de Sitter vacua from ‘Kahler uplifting’ at large volume

2 4 6 8 10
!0.00001

0

0.00001

0.00002

0.00003

0.00004

x

V!x" C ! 3.58
C ! 3.65
C ! 3.76
C ! 3.87
C ! 3.97

Figure 1. The approximate 2-term scalar potential V (x) from eq. (2.14) for different

values of C.

• Lower bound on C:

{xmin, C} = {5
2
, 225

8

√
5
2
e−

5
2} ! {2.5, 3.65}

• Upper bound on C:

{xmin, C} ! {3+
√
89

4
, 3.89} ! {3.11, 3.89}

The region close to {xmin, C} is the one relevant for obtaining a small positive cos-

mological constant suitable for describing the late-time accelerated expansion of the

universe. For a = 2π/100 the lower bound on x corresponds to a volume V̂ ! 100 so

we are indeed at parametrically large volume. The allowed window for C to obtain

meta-stable de Sitter vacuum is approximately

3.65 ! −27W0ξ̂a
3/2

64
√
2γA

! 3.89 (2.20)

In sections 3 and 4, we will show that fullfilling condition eq. (2.20) is still sufficient

to obtain a meta-stable minimum of the scalar potential when all the remaining

moduli fields of the Calabi-Yau, i.e. the dilaton and the complex structure moduli,

are included in the stabilization analysis. Hence, this is truly a sufficient condition for

meta-stable de Sitter vacua and no tachyonic instabilities occur by including further

moduli, contrary to the standard KKLT scenario [39, 40].

– 11 –



all VτIτI
> 0 if W0 < 0 at τI = 0;

or if W0 > 0 at τI = π/aI

VtIτJ
= 0 at these points, thus all axions are massive

V =
4W0

V2



atAe−at cos(aτ) +
h1,1∑

i=2

aitiAie
−aiti cos(aiτi)



 +
3ξW 2

0

4V3

+
h1,1∑

i=2

2
√

2
3

a2
i A

2
i

V2

√
ti

γi
e−2aiti V

this works for arbitrary h1,1 on Swiss-cheese CYs!
• resulting scalar potential

of                    at

the  minimum

[Rummel & AW ’11]

O(ξ2/V2)



• Starting point: S and Ua at SUSY locus, T stabilization 
breaks SUSY 
 
 
 
 
 
 
expand S and Ua in        & check that shifts are small 
- first the dilaton ...

W = W0 + Ae−aT = C1 − C2 S + Ae−aT

what about the other moduli?

ξ/V



⇒ V ∼ eK(KSS̄ |DSW0|2 + KT T̄ |DT W |2 + KTS̄DT WDSW0)

V0 δV

what about the other moduli?

perturbs S away from S0 ...

∂V

∂S
= 0S0 = −C1

C2
: DSW0

∣∣
S0

= 0 , ⇒ δS

S0
∼ ξ

V
[c.f. also: Gallego & Serone]



m2
t ∼

ξ̂

V3

m2
τ ∼

ξ̂

V3

m2
Re S ∼

1
V2

m2
Im S ∼

1
V2

m2
3/2 = eK |W |2 ∼ 1

V2

what about the other moduli?

• mass scales:

➡ SUSY is broken at 
the GUT scale,  but 
below KK-scale!

m
2

KK =
1

L2
α
′
∼

1

V4/3



what about the other moduli?
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ξ̃ = 0.1733 (χ = −200)
C1 = −13.743
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2π

100
A = 1



K = . . .− ln
(∫

CY3

Ω(Ua) ∧ Ω̄(Ua)
)

C1, C2 become functions of Ua

what about the other moduli?

• similarly for the complex structures Ua ...



V0 δV

⇒ V ∼ eK(Kab̄DUaW0DUb
W0 + KT T̄ |DT W |2 + KTS̄DT WDSW0)

what about the other moduli?

perturbs U away from U0 ...

Ua,0 : DUaW0

∣∣
Ua,0

= 0 ,
∂V

∂Ua
= 0 ⇒ δUa

Ua,0
∼ ξ

V
[c.f. also: Gallego & Serone]



need (∂a∂b̄V0) > 0

what about the other moduli?

but this is guaranteed:  



- flux alone gives a no-scale vacuum  



- V0 positive semidefinite  
         stable 
 
- no-scale breaking is volume suppressed       
         stability survives



F-theory ...26 F. Denef

(pq)-7

T2

B6

Fig. 3. F-theory realization of (p, q) 7-branes.

where the forms C′
3, B2, C2 and B1 live on M9 and L was defined in (3.13)

and (3.18). After reduction, T-duality and taking the L2 = v → 0 limit, B2

becomes the NSNS 2-form potential in type IIB, C2 becomes the RR 2-form
potential, C′

3 turns into C
(y)
4 = C′

3 ∧ dy, i.e. half the components of the self-dual
4-form potential, andB1 gives rise to off-diagonalmetric components mixing the
y-direction with theM9 directions, giy = (B1)i.
Note that geometric SL(2, Z) transformations of the T 2 will exactly act as

(3.8) on (B2, C2), and as (3.7) on τ .

3.3. Branes

Let us see how various branes get mapped between theM-theory and IIB pictures.
Of particular interest for our purposes in the case of M-theory on R1,2 × Z with
Z an elliptic fibration over a base B6 are:

1. The R1,2 space-filling M2 gets mapped to a R1,3 space-filling D3.

2. At special complex codimension 1 loci of the base B6, the elliptic fiber can
degenerate, with generically some 1-cycle of the T 2 collapsing to zero size.
If this is the 1-cycle along the x-direction (the A-cycle), this maps to a space-
filling D7-brane localized at the degeneration locus in B6. Note that this is a
purely solitonic, geometric object from this point of view. We will see further
on how the usual worldvolume degrees of freedom familiar from the perturba-
tive string theory D-brane picture arise in a particular limit identified with the
weak coupling limit in type IIB. More generally, if it is the 1-cycle pA + qB
which collapses, we get a (p, q) 7-brane. As we will see in a detailed explicit
example in section 3.6, there is an SL(2, Z) monodromy acting on the T 2

fiber — and therefore on the fields τ , B2 and C2 — when circling around

torus fiber with

complex structure S







described by an 
elliptic curve 

}
elliptic Calabi-
Yau 4-fold of 
F-theory type:



an elliptically 
fibered bundle

base B6: 

- 3-complex dimensional compact space  
 

- simplest case: complex projective space CP4 


- more general class: hypersurfaces described by  
  polynomial equations in an ambient toric variety

The elliptic fibration becoming singular can be visualized by a pinching of the

fibered torus, i.e. one of the torus cycles shrinks to zero size. The singularity is

resolved via a series of blow-ups, where the blow-ups are such that they reproduce

on the fiber the Dynkin diagram of the gauge group singularity that was originally

imposed on the fiber. More precisely, the pullback to the base of the double inter-

sections of the blown-up divisors build the Cartan matrix entries of the gauge group.

For instance, the resolution of an Sp(1) singularity is visualized in Figure 4.

Figure 4. Visualization of a blown up Sp(1) singularity.

These blown-up divisors can also be formalized by means of toric geometry [60, 61].

To resolve an Sp(N) singularity, N new coordinates v2i−1, i = 1, .., N , are introduced

with projective scaling relations

Xamb
6 :

σ X Y Z v1 v3 · · · v2N−3 v2N−1

0 2 3 1 0 0 · · · 0 0

1 1 1 0 −1 0 · · · 0 0

1 2 2 0 0 −1 · · · 0 0
...

...
...

...
...

...
. . .

...
...

1 N − 1 N − 1 0 0 0 · · · −1 0

1 N N 0 0 0 · · · 0 −1

. (B.1)

The resolved fourfold is embedded into the ambient sixfold Xamb
6 (B.1) by the two

equations:

Y res :






Y
(
Y + a1XZ + a3,NΠ

N
i=0v

N−i
2i−1Z

3
)

= X3ΠN
i=0v

i
2i−1 + a2X

2Z2 + a4,NΠ
N
i=0v

N−i
2i−1XZ4 + a6,2N

(
ΠN

i=0v
N−i
2i−1

)2
Z6 ,

pD̂ = ΠN
i=0v2i−1 .

(B.2)

where we have defined v−1 ≡ σ.

The vanishing of the new coordinates defines the exceptional divisors E2i−1 :

{v2i−1 = 0}. As far as divisor classes are concerned there are the following equiva-

lences:

[σ] = D̂−
N∑

i=1

E2i−1 , [X] = 2([Z]+K̄)−
N∑

i=1

i E2i−1 , [Y ] = 3([Z]+K̄)−
N∑

i=1

i E2i−1 .

(B.3)

– 47 –
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where the forms C′
3, B2, C2 and B1 live on M9 and L was defined in (3.13)

and (3.18). After reduction, T-duality and taking the L2 = v → 0 limit, B2

becomes the NSNS 2-form potential in type IIB, C2 becomes the RR 2-form
potential, C′

3 turns into C
(y)
4 = C′

3 ∧ dy, i.e. half the components of the self-dual
4-form potential, andB1 gives rise to off-diagonalmetric components mixing the
y-direction with theM9 directions, giy = (B1)i.
Note that geometric SL(2, Z) transformations of the T 2 will exactly act as

(3.8) on (B2, C2), and as (3.7) on τ .

3.3. Branes

Let us see how various branes get mapped between theM-theory and IIB pictures.
Of particular interest for our purposes in the case of M-theory on R1,2 × Z with
Z an elliptic fibration over a base B6 are:

1. The R1,2 space-filling M2 gets mapped to a R1,3 space-filling D3.

2. At special complex codimension 1 loci of the base B6, the elliptic fiber can
degenerate, with generically some 1-cycle of the T 2 collapsing to zero size.
If this is the 1-cycle along the x-direction (the A-cycle), this maps to a space-
filling D7-brane localized at the degeneration locus in B6. Note that this is a
purely solitonic, geometric object from this point of view. We will see further
on how the usual worldvolume degrees of freedom familiar from the perturba-
tive string theory D-brane picture arise in a particular limit identified with the
weak coupling limit in type IIB. More generally, if it is the 1-cycle pA + qB
which collapses, we get a (p, q) 7-brane. As we will see in a detailed explicit
example in section 3.6, there is an SL(2, Z) monodromy acting on the T 2

fiber — and therefore on the fields τ , B2 and C2 — when circling around

described by an 
elliptic curve in CP3

w/ coord.

(X,Y,Z)

}
elliptic Calabi-
Yau 4-fold of 
F-theory type:



an elliptically 
fibered bundle

elliptic curve of fiber described a ‘Weierstrass model’:

• To check if the brane-stack contributes to the superpotential in a suitable way

for the method of Kähler uplifting one has to fullfill additional constraints. First

of all, in order to have a pure SYM theory that undergoes gaugino condensation,

possible light matter fields must be forbidden. A sufficient condition is that

the wrapped divisor is rigid and that the brane intersections and worldvolume

should not produce additional chiral zero-modes. Note that with growing rank

of the weight matrix, D1 tends to be rigid since it typically cannot be deformed

into other toric divisors. Furthermore, the volume form of the threefold has to

be of the approximately swiss cheese type. Finally, the factorization in eq. (2.9)

should not force a further factorization of the remaining Whitney brane in toric

divisors which enter the volume form with a negative sign. In fact, since gaugino

condensation forces the volumes of these divisors to be large, this would make

the overall volume small. This does not necessarily have to be a problem since

in the approximately swiss cheese type the enforced brane stacks on other toric

divisors might also increase the overall volume.

We mention these points to make it clear that the indicator Nlg only serves as an

easily computable estimate for the largest gauge group rank one can obtain in a

threefold of the F-theory type. To see if one can stabilize the Kähler moduli in

a large volume, one has to check the additional constraints case by case. We will

do this in Section 3, constructing a consistent model of a Kähler uplifted de Sitter

vacuum.

2.2 D7-branes from the F-theory perspective

Let us now discuss the constraints on the large gauge group rank in the perturbative

limit of F-theory. This theory is physically equivalent to weakly coupled type IIB,

discussed in the previous section. However, the geometric F-theory picture provides

a different perspective and a cross check of our results.

Before we discuss the D7-brane setup in F-theory let us set the stage. To obtain

an N = 1 effective four dimensional effective theory starting from 12-dimensional

F-theory we have to compactify on an elliptically fibered Calabi-Yau fourfold. More

specifically, the fourfold can be described as a hypersurface in an ambient fivefold

which is a CP2
123 fibration over a three dimensional base B3, i.e. one introduces three

additional complex coordinates coordinates and a scaling relation

(X, Y, Z) ∼ (λ2X,λ3Y,λZ) . (2.11)

As far as the scaling in the classes of the base is concerned Z scales as a section of the

canonical bundleK of B3, in order to ensure the Calabi-Yau condition of the fourfold.

The elliptically fibered Calabi-Yau fourfold can be defined by the Weierstrass model

Y 2 = X3 + f XZ4 + g Z6 , (2.12)

– 11 –

f and g are sections of 4K̄ and 6K̄

(deg. 4 and 6 polynomials in the coord.s on B6)

K̄ = c1(B6) is the anti-canonical bundle of B6

The elliptic fibration becoming singular can be visualized by a pinching of the

fibered torus, i.e. one of the torus cycles shrinks to zero size. The singularity is

resolved via a series of blow-ups, where the blow-ups are such that they reproduce

on the fiber the Dynkin diagram of the gauge group singularity that was originally

imposed on the fiber. More precisely, the pullback to the base of the double inter-

sections of the blown-up divisors build the Cartan matrix entries of the gauge group.

For instance, the resolution of an Sp(1) singularity is visualized in Figure 4.

Figure 4. Visualization of a blown up Sp(1) singularity.

These blown-up divisors can also be formalized by means of toric geometry [60, 61].

To resolve an Sp(N) singularity, N new coordinates v2i−1, i = 1, .., N , are introduced

with projective scaling relations

Xamb
6 :

σ X Y Z v1 v3 · · · v2N−3 v2N−1

0 2 3 1 0 0 · · · 0 0

1 1 1 0 −1 0 · · · 0 0

1 2 2 0 0 −1 · · · 0 0
...

...
...

...
...

...
. . .

...
...

1 N − 1 N − 1 0 0 0 · · · −1 0

1 N N 0 0 0 · · · 0 −1

. (B.1)

The resolved fourfold is embedded into the ambient sixfold Xamb
6 (B.1) by the two

equations:

Y res :






Y
(
Y + a1XZ + a3,NΠ

N
i=0v

N−i
2i−1Z

3
)

= X3ΠN
i=0v

i
2i−1 + a2X

2Z2 + a4,NΠ
N
i=0v

N−i
2i−1XZ4 + a6,2N

(
ΠN

i=0v
N−i
2i−1

)2
Z6 ,

pD̂ = ΠN
i=0v2i−1 .

(B.2)

where we have defined v−1 ≡ σ.

The vanishing of the new coordinates defines the exceptional divisors E2i−1 :

{v2i−1 = 0}. As far as divisor classes are concerned there are the following equiva-

lences:

[σ] = D̂−
N∑

i=1

E2i−1 , [X] = 2([Z]+K̄)−
N∑

i=1

i E2i−1 , [Y ] = 3([Z]+K̄)−
N∑

i=1

i E2i−1 .

(B.3)
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where the forms C′
3, B2, C2 and B1 live on M9 and L was defined in (3.13)

and (3.18). After reduction, T-duality and taking the L2 = v → 0 limit, B2

becomes the NSNS 2-form potential in type IIB, C2 becomes the RR 2-form
potential, C′

3 turns into C
(y)
4 = C′

3 ∧ dy, i.e. half the components of the self-dual
4-form potential, andB1 gives rise to off-diagonalmetric components mixing the
y-direction with theM9 directions, giy = (B1)i.
Note that geometric SL(2, Z) transformations of the T 2 will exactly act as

(3.8) on (B2, C2), and as (3.7) on τ .

3.3. Branes

Let us see how various branes get mapped between theM-theory and IIB pictures.
Of particular interest for our purposes in the case of M-theory on R1,2 × Z with
Z an elliptic fibration over a base B6 are:

1. The R1,2 space-filling M2 gets mapped to a R1,3 space-filling D3.

2. At special complex codimension 1 loci of the base B6, the elliptic fiber can
degenerate, with generically some 1-cycle of the T 2 collapsing to zero size.
If this is the 1-cycle along the x-direction (the A-cycle), this maps to a space-
filling D7-brane localized at the degeneration locus in B6. Note that this is a
purely solitonic, geometric object from this point of view. We will see further
on how the usual worldvolume degrees of freedom familiar from the perturba-
tive string theory D-brane picture arise in a particular limit identified with the
weak coupling limit in type IIB. More generally, if it is the 1-cycle pA + qB
which collapses, we get a (p, q) 7-brane. As we will see in a detailed explicit
example in section 3.6, there is an SL(2, Z) monodromy acting on the T 2

fiber — and therefore on the fields τ , B2 and C2 — when circling around

described by an 
elliptic curve in CP3

w/ coord.

(X,Y,Z)

degenerate fiber: zeros of discriminant of  ‘Weierstrass model’:

The elliptic fibration becoming singular can be visualized by a pinching of the

fibered torus, i.e. one of the torus cycles shrinks to zero size. The singularity is

resolved via a series of blow-ups, where the blow-ups are such that they reproduce

on the fiber the Dynkin diagram of the gauge group singularity that was originally

imposed on the fiber. More precisely, the pullback to the base of the double inter-

sections of the blown-up divisors build the Cartan matrix entries of the gauge group.

For instance, the resolution of an Sp(1) singularity is visualized in Figure 4.

Figure 4. Visualization of a blown up Sp(1) singularity.

These blown-up divisors can also be formalized by means of toric geometry [60, 61].

To resolve an Sp(N) singularity, N new coordinates v2i−1, i = 1, .., N , are introduced

with projective scaling relations

Xamb
6 :

σ X Y Z v1 v3 · · · v2N−3 v2N−1

0 2 3 1 0 0 · · · 0 0

1 1 1 0 −1 0 · · · 0 0

1 2 2 0 0 −1 · · · 0 0
...

...
...

...
...

...
. . .

...
...

1 N − 1 N − 1 0 0 0 · · · −1 0

1 N N 0 0 0 · · · 0 −1

. (B.1)

The resolved fourfold is embedded into the ambient sixfold Xamb
6 (B.1) by the two

equations:

Y res :






Y
(
Y + a1XZ + a3,NΠ

N
i=0v

N−i
2i−1Z

3
)

= X3ΠN
i=0v

i
2i−1 + a2X

2Z2 + a4,NΠ
N
i=0v

N−i
2i−1XZ4 + a6,2N

(
ΠN

i=0v
N−i
2i−1

)2
Z6 ,

pD̂ = ΠN
i=0v2i−1 .

(B.2)

where we have defined v−1 ≡ σ.

The vanishing of the new coordinates defines the exceptional divisors E2i−1 :

{v2i−1 = 0}. As far as divisor classes are concerned there are the following equiva-

lences:

[σ] = D̂−
N∑

i=1

E2i−1 , [X] = 2([Z]+K̄)−
N∑

i=1

i E2i−1 , [Y ] = 3([Z]+K̄)−
N∑

i=1

i E2i−1 .

(B.3)
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the  elliptic curve 
can degenerate:





vanishing  fiber 
describes a 7-brane

Les Houches Lectures on Constructing String Vacua 33

Up to normalization, Ω1 is the unique holomorphic 1-form on the torus. In sec-
tion 5, we will see how to construct in general the up to normalization unique
holomorphic n-form on any algebraic Calabi-Yau n-fold. The result for the T 2

described by (3.33) at fixed u is

Ω1 =
c dx

y
, (3.35)

where c is some normalization constant. Choosing a basis of 1-cycles (A, B) on
the algebraic T 2, the modulus τ is then given by

τ =

∮
B Ω1∮
A

Ω1
. (3.36)

The ambiguity in choosing a basis is just the SL(2, Z) S-duality frame ambiguity
we expect.
In principle we could now figure out the relation between τ and f and g our-

selves by computing period integrals, but it turns out that industrious mathemati-
cians figured this out already more than a century ago, and fortunately left notes.
The result can be expressed as

j(τ) =
4 · (24 f)3

∆
, ∆ = 27 g2 + 4 f3 , (3.37)

where j(τ) is the SL(2, Z)modular invariant j-function, j(τ) = e−2πiτ +744+
O(e2πiτ ).
Although we will not need it, let me mention that once we know τ(u), we

know the exact metric on the base too [58]:

ds2 =
a τ2(u) |η(τ(u))|4

|∆(u)|1/6
du dū , (3.38)

where η(τ) is the Dedekind eta function and a an arbitrary constant setting the
size of the CP

1.
The function∆ in (3.37) is called the discriminant of the elliptic curve; when

it vanishes, the elliptic curve becomes singular, generically with a 1-cycle col-
lapsing to zero size. It is a homogeneous polynomial of degree 24 on the base
CP

1, so ∆ has 24 zeros. Generically they will all be distinct, distinct from the
zeros of f and g, and distinct from the point (1, 0). Assuming the latter we fix
the CP

1 scaling by putting v ≡ 1. Near a generic zero u = ui (i = 1, . . . , 24),
(3.37) becomes

j(τ(u)) ∼ 1

u − ui
, (3.39)

order of zero = rank of gauge group = # (stacked 7-branes)
order of zeros in f,g = gauge group type

                                   An (SU(n)) , Dn (SO(n), E (E6,E7,E8)



Explicit models ...

• search for:  
- elliptically fibered CY 4-folds  
- with good Sen limit to weakly coupled type IIB  
- Kähler uplifting       large-rank 7-brane gauge group 

• tool:  
- ‘mini’-landscape of 7,602 four-folds of F-theory type 
from the Kreuzer-Skarke classification with distinct 
Hodge number pairs (h1,1,h2,1)  
 
- 3,040 of those give type IIB on a CY3 with negative 
Euler number
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Explicit models ...
Maximal gauge group rank in the landscape (I)

’Mini’ landscape: 97,036 models of the F-theory type: [Kreuzer,Skarke ’00]

! Ambient toric variety described by (resolution of) weight system

CPn1n2n3n4nξ : 0 < n1 ≤ n2 ≤ n3 ≤ n4 < nξ =
∑4

i ni

! CY hypersurface ξ2 = P(2nξ ,... ) = 0.

D7 branes:

! [D7] = −8[O7] = −8(nξ , . . . )

! More specifically for η ∈ K̄ 4, χ ∈ K̄ 6: [Collinucci,Denef,Esole’09,

Braun,Hebecker,Triendl’08, Sen’96]

[D7] : 0 = η2 − ξ2χ = u2N1
1

(

η̃2(4nξ−n1N1,... )
− ξ2χ̃(6nξ−2n1N1,... )

)

! ⇒ Maximal gauge group Sp(N1) with rank N1 < Nlg ≡ 3
nξ

n1
.

De Sitter vacua in type IIB string theory/ F-theory by Kähler uplifting Markus Rummel 5/11

Our laboratory will be the landscape of complex three-dimensional Calabi-Yau

manifolds that are hypersurfaces in toric varieties. These were classified in [25]

by constructing all 473,800,776 reflexive polyhedra that exist in four dimensions,

yielding 30,108 distinct Hodge numbers of the corresponding Calabi-Yau manifolds

X3. For simplicity we will study a subset of these, i.e. the set of 184,026 maximal

polytopes yielding 10,237 distinct Hodge numbers. These can be represented by a

weight system of positive integers n1, ..., n5. To each integer ni one can associate one

of the projective coordinates {u1, ..., u4, ξ} of a four-dimensional toric space:

u1 u2 u3 u4 ξ

n1 n2 n3 n4 n5

with 0 < n1 ≤ n2 ≤ n3 ≤ n4 ≤ n5 . (2.1)

The integers ni determine the scaling equivalence relation the coordinates satisfy:

(u1, ..., u4, ξ) ∼ (λn1u1, ...,λ
n4u4,λ

n5ξ) , with λ ∈ C∗ . (2.2)

The divisors Di : {ui = 0} and Dξ : {ξ = 0} are called toric divisors. A hypersurface

in such toric space is a Calabi-Yau (i.e. its first Chern class vanishes) if the degree

of the defining equation is equal to
∑5

i ni.

Eq. (2.2) defines the complex four-dimensional projective space CP4
n1n2n3n4n5

. Of-

ten it is useful to think about the weights as defining a gauged linear sigma model

(GLSM) [26]. If one of the weights ni is greater than one, the ambient space is not

smooth. This is the case for any toric Calabi-Yau that is not the quintic, which is

given by ni = 1,
∑5

i ni = 5. The corresponding singularities have to be resolved if

they intersect the Calabi-Yau hypersurface. The resolution process yields additional

weights, i.e. eq. (2.1) becomes a k × (k + 5) matrix, called the weight matrix, that

defines the resolved toric ambient space Xamb
4 . Generically, the greater the ni in

eq. (2.1), the more lines of weights have to be added to obtain a smooth Calabi-Yau.

Often there is more than one choice to resolve the singularities, corresponding to

different triangulations of the corresponding polytope. The number of lines of the

weight matrix k gives the dimension of H1,1(Xamb
4 ,Z). Since some divisors of Xamb

4

might either intersect X3 in two or more disconnected and independent divisors of

X3, or even not intersect X3 all, dimH1,1(Xamb
4 ,Z) is not necessarily the same as

h1,1 = dim H1,1(X3,Z). However, increasing k will generically also increases h1,1.

To realize an N = 1 supersymmetric compactification of type IIB in four dimen-

sions and to consistently include D-branes and fluxes we introduce O7 orientifold

planes in the construction. For simplicity, we only consider orientifold projections

O = (−1)FΩpσ acting via the holomorphic involution

σ : ξ &→ −ξ , (2.3)

i.e. the sign of the coordinate with the highest weight is reversed. We demand

nξ ≡ n5 =
4∑

i=1

ni , (2.4)
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Explicit models ...

• the toric divisors Di , Dξ are hypersurfaces (4-cycles) 
given by holomorphic equations:  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Explicit models ...

• a CY 3-fold is then a hypersurface describing a 
double-cover of B6 in the complex-4d toric ambient 
space 
 
 
 
 
 
if its degree = 2nξ   and  
 
 

such that the Calabi-Yau hypersurface equation symmetric under (2.3) is given by

ξ2 = P(2
∑4

i ni,... )
. (2.5)

The dots denote possible additional weights that have to be added to obtain a three-

fold free of singularities. Note that eq. (2.5) only holds if nξ =
∑

ni also for the

resolution weights which we assume is in many cases possible and which we have

verified in various examples.

Hence, all information of the Calabi-Yau three-fold is stored in the weights n1, . . . , n4

and the chosen triangulation. Moreover, the resolution of the three dimensional man-

ifold CP3
n1n2n3n4

is the baseB3 of the elliptically fibered fourfold that realizes the uplift

of the type IIB model to F-theory. For this reason, models fulfilling eq. (2.4), are

named models of the ‘F-theory type’. These are 97,036 weight systems leading to

7,602 distinct pairs of Hodge numbers. The first Chern class of B3 defines a non-

trivial line bundle, the anti-canonical bundle K̄, with K̄ = c1(B3) (in this paper we

use the same symbol to denote the line bundle and its corresponding divisor class).

Due to eq. (2.4) the homology class of the O7-plane at ξ = 0 is given as [O7] = K̄.

2.1 D7-branes from the IIB perspective

Now, we discuss the inclusion of D7-branes from the IIB perspective. The presence

of the O7-plane induces a negative D7 charge of −8[O7]. This has to be compensated

by the positive charge of the D7-brane stacks [D7] ([D7] is the homology class of the

surface wrapped by the D7-brane configuration). In other words, since [O7] = K̄,

[D7] has to be given by the vanishing locus of a section of K̄8 to saturate the D7

tadpole. More specifically, it was found in [27] that for a single invariant D7-brane

saturating the D7 tadpole cancellation condition, its worldvolume is given by the

(non-generic) polynomial equation

η2 − ξ2χ = 0 , (2.6)

with η and χ sections of K̄4 and K̄6, respectively. (For practical purposes, η and

χ can be seen as polynomials in the complex coordinates ui of the resolved base

manifold B3.) This brane can be understood as the result of the recombination of

one standard D7-brane wrapping the surface η − ξψ = 0 with its orientifold image,

wrapping η+ξψ = 0. In fact, such a brane configuration is described by the vanishing

locus of the factorized polynomial (η − ξψ)(η + ξψ) = η2 − ξ2ψ2. By adding to this

polynomial the term ξ2(ψ2−χ), i.e. by recombining the two factors, one obtains the

equation (2.6). The resulting recombined invariant D7-brane is called in literature

‘Whitney brane’, as it has the singular shape of the so called Whitney umbrella [27].

For non-generic forms of the polynomials η an χ, the Whitney brane can split

into different stacks. In particular a stack of 2Ni branes wrapping the invariant toric
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Often there is more than one choice to resolve the singularities, corresponding to

different triangulations of the corresponding polytope. The number of lines of the

weight matrix k gives the dimension of H1,1(Xamb
4 ,Z). Since some divisors of Xamb

4

might either intersect X3 in two or more disconnected and independent divisors of

X3, or even not intersect X3 all, dimH1,1(Xamb
4 ,Z) is not necessarily the same as

h1,1 = dim H1,1(X3,Z). However, increasing k will generically also increases h1,1.

To realize an N = 1 supersymmetric compactification of type IIB in four dimen-

sions and to consistently include D-branes and fluxes we introduce O7 orientifold

planes in the construction. For simplicity, we only consider orientifold projections

O = (−1)FΩpσ acting via the holomorphic involution

σ : ξ &→ −ξ , (2.3)

i.e. the sign of the coordinate with the highest weight is reversed. We demand

nξ ≡ n5 =
4∑

i=1

ni , (2.4)
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⇒ K̄(CY3) = c1(CY3) = 0
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• can do this in F-theory with a Weierstrass model 
fibered over the toric base B6 :  

• rewrite the Weierstrass equation in Tate form:  with f and g being sections of K̄4 and K̄6, respectively. However, for the purpose of

detecting singularities it is more convenient to bring (2.12) in the Tate form [31, 32]:

Y 2 + a1XY Z + a3Y Z3 = X3 + a2X
2Z2 + a4XZ4 + a6Z

6 , (2.13)

where the Tate polynomials ai are functions of the base coordinates ui such that

they are sections of K̄i. The Tate form (2.13) and the Weierstrass form (2.12) of the

defining equation can be related by completing the square and the cube and shifting

the X, Y coordinates.

In F-theory, D7-branes manifest themselves via singularities of the elliptic fibra-

tion. To engineer a singularity on a divisor Dj : {uj = 0} the Tate polynomials have

to factorize as

ai = uwi
j ai,wi

, (2.14)

with positive integer numbers wi encoding which kind of singularity is realized. Since

ai,wi
has to be holomorphic, wi cannot be made arbitrarily large. For a tabular

overview of the possible resolvable singularities that can arise in such a construction

see [33]. The singularities with Coxeter number larger than 30 are either of the Sp,

SU or SO type (see table 1).

a1 a2 a3 a4 a6 ∆

Sp(N) 0 0 N N 2N 2N

SU(2N) 0 1 N N 2N 2N

SU(2N + 1) 0 1 N N + 1 2N + 1 2N + 1

SO(4N + 1) 1 1 N N + 1 2N 2N + 3

SO(4N + 2) 1 1 N N + 1 2N + 1 2N + 3

SO(4N + 3) 1 1 N + 1 N + 1 2N + 1 2N + 4

SO(4N + 4) 1 1 N + 1 N + 1 2N + 1 2N + 4

Table 1. The exponent wi in (2.14) is given for all ai and ∆ and for different singularities.

The discriminant ∆ depends on the ai according to eq. (2.21).

We can again analyze the constraints on the maximal gauge group rank in more

detail. Since the anticanonical class of the base B3 is given by K̄ =
∑4

i=1 Di and

nξ =
∑4

i=1 ni, eq. (2.14) can be written as

a(i nξ,... ) = uwi
j a(i nξ−win1,... ) , (2.15)

where the dots once more denote scalings originating from the resolution of the sin-

gularities of the original weight system of the base. If one considers the singularities

listed in Table 1, the most severe constraints regarding holomorphicity of eq. (2.15)

come from a3 and a6. A sufficient condition for the ai to always be holomorphic at

least under the first scaling is

Ni ≡ wi ≤ 3
nξ

ni

, (2.16)
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ai are functions of the ui on the base
such, that they are sections of iK̄

Our laboratory will be the landscape of complex three-dimensional Calabi-Yau

manifolds that are hypersurfaces in toric varieties. These were classified in [25]

by constructing all 473,800,776 reflexive polyhedra that exist in four dimensions,

yielding 30,108 distinct Hodge numbers of the corresponding Calabi-Yau manifolds

X3. For simplicity we will study a subset of these, i.e. the set of 184,026 maximal
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u1 u2 u3 u4 ξ

n1 n2 n3 n4 n5
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The integers ni determine the scaling equivalence relation the coordinates satisfy:
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n4u4,λ
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in such toric space is a Calabi-Yau (i.e. its first Chern class vanishes) if the degree
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∑5

i ni.

Eq. (2.2) defines the complex four-dimensional projective space CP4
n1n2n3n4n5

. Of-

ten it is useful to think about the weights as defining a gauged linear sigma model

(GLSM) [26]. If one of the weights ni is greater than one, the ambient space is not

smooth. This is the case for any toric Calabi-Yau that is not the quintic, which is

given by ni = 1,
∑5

i ni = 5. The corresponding singularities have to be resolved if

they intersect the Calabi-Yau hypersurface. The resolution process yields additional

weights, i.e. eq. (2.1) becomes a k × (k + 5) matrix, called the weight matrix, that

defines the resolved toric ambient space Xamb
4 . Generically, the greater the ni in

eq. (2.1), the more lines of weights have to be added to obtain a smooth Calabi-Yau.

Often there is more than one choice to resolve the singularities, corresponding to

different triangulations of the corresponding polytope. The number of lines of the

weight matrix k gives the dimension of H1,1(Xamb
4 ,Z). Since some divisors of Xamb

4

might either intersect X3 in two or more disconnected and independent divisors of

X3, or even not intersect X3 all, dimH1,1(Xamb
4 ,Z) is not necessarily the same as

h1,1 = dim H1,1(X3,Z). However, increasing k will generically also increases h1,1.

To realize an N = 1 supersymmetric compactification of type IIB in four dimen-

sions and to consistently include D-branes and fluxes we introduce O7 orientifold

planes in the construction. For simplicity, we only consider orientifold projections

O = (−1)FΩpσ acting via the holomorphic involution

σ : ξ &→ −ξ , (2.3)

i.e. the sign of the coordinate with the highest weight is reversed. We demand

nξ ≡ n5 =
4∑

i=1

ni , (2.4)
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such that the Calabi-Yau hypersurface equation symmetric under (2.3) is given by

ξ2 = P(2
∑4

i ni,... )
. (2.5)

The dots denote possible additional weights that have to be added to obtain a three-

fold free of singularities. Note that eq. (2.5) only holds if nξ =
∑

ni also for the

resolution weights which we assume is in many cases possible and which we have

verified in various examples.

Hence, all information of the Calabi-Yau three-fold is stored in the weights n1, . . . , n4

and the chosen triangulation. Moreover, the resolution of the three dimensional man-

ifold CP3
n1n2n3n4

is the baseB3 of the elliptically fibered fourfold that realizes the uplift

of the type IIB model to F-theory. For this reason, models fulfilling eq. (2.4), are

named models of the ‘F-theory type’. These are 97,036 weight systems leading to

7,602 distinct pairs of Hodge numbers. The first Chern class of B3 defines a non-

trivial line bundle, the anti-canonical bundle K̄, with K̄ = c1(B3) (in this paper we

use the same symbol to denote the line bundle and its corresponding divisor class).

Due to eq. (2.4) the homology class of the O7-plane at ξ = 0 is given as [O7] = K̄.

2.1 D7-branes from the IIB perspective

Now, we discuss the inclusion of D7-branes from the IIB perspective. The presence

of the O7-plane induces a negative D7 charge of −8[O7]. This has to be compensated

by the positive charge of the D7-brane stacks [D7] ([D7] is the homology class of the

surface wrapped by the D7-brane configuration). In other words, since [O7] = K̄,

[D7] has to be given by the vanishing locus of a section of K̄8 to saturate the D7

tadpole. More specifically, it was found in [27] that for a single invariant D7-brane

saturating the D7 tadpole cancellation condition, its worldvolume is given by the

(non-generic) polynomial equation

η2 − ξ2χ = 0 , (2.6)

with η and χ sections of K̄4 and K̄6, respectively. (For practical purposes, η and

χ can be seen as polynomials in the complex coordinates ui of the resolved base

manifold B3.) This brane can be understood as the result of the recombination of

one standard D7-brane wrapping the surface η − ξψ = 0 with its orientifold image,

wrapping η+ξψ = 0. In fact, such a brane configuration is described by the vanishing

locus of the factorized polynomial (η − ξψ)(η + ξψ) = η2 − ξ2ψ2. By adding to this

polynomial the term ξ2(ψ2−χ), i.e. by recombining the two factors, one obtains the

equation (2.6). The resulting recombined invariant D7-brane is called in literature

‘Whitney brane’, as it has the singular shape of the so called Whitney umbrella [27].

For non-generic forms of the polynomials η an χ, the Whitney brane can split

into different stacks. In particular a stack of 2Ni branes wrapping the invariant toric
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• to construct the 7-brane singularity for a given gauge 

group on divisor Dj, ai have to scale in uj with certain 
weights 

• Kodaira classification gives weights:

with f and g being sections of K̄4 and K̄6, respectively. However, for the purpose of

detecting singularities it is more convenient to bring (2.12) in the Tate form [31, 32]:

Y 2 + a1XY Z + a3Y Z3 = X3 + a2X
2Z2 + a4XZ4 + a6Z

6 , (2.13)

where the Tate polynomials ai are functions of the base coordinates ui such that

they are sections of K̄i. The Tate form (2.13) and the Weierstrass form (2.12) of the

defining equation can be related by completing the square and the cube and shifting

the X, Y coordinates.

In F-theory, D7-branes manifest themselves via singularities of the elliptic fibra-

tion. To engineer a singularity on a divisor Dj : {uj = 0} the Tate polynomials have

to factorize as

ai = uwi
j ai,wi

, (2.14)

with positive integer numbers wi encoding which kind of singularity is realized. Since

ai,wi
has to be holomorphic, wi cannot be made arbitrarily large. For a tabular

overview of the possible resolvable singularities that can arise in such a construction

see [33]. The singularities with Coxeter number larger than 30 are either of the Sp,

SU or SO type (see table 1).

a1 a2 a3 a4 a6 ∆

Sp(N) 0 0 N N 2N 2N

SU(2N) 0 1 N N 2N 2N

SU(2N + 1) 0 1 N N + 1 2N + 1 2N + 1

SO(4N + 1) 1 1 N N + 1 2N 2N + 3

SO(4N + 2) 1 1 N N + 1 2N + 1 2N + 3

SO(4N + 3) 1 1 N + 1 N + 1 2N + 1 2N + 4

SO(4N + 4) 1 1 N + 1 N + 1 2N + 1 2N + 4

Table 1. The exponent wi in (2.14) is given for all ai and ∆ and for different singularities.

The discriminant ∆ depends on the ai according to eq. (2.21).

We can again analyze the constraints on the maximal gauge group rank in more

detail. Since the anticanonical class of the base B3 is given by K̄ =
∑4

i=1 Di and

nξ =
∑4

i=1 ni, eq. (2.14) can be written as

a(i nξ,... ) = uwi
j a(i nξ−win1,... ) , (2.15)

where the dots once more denote scalings originating from the resolution of the sin-

gularities of the original weight system of the base. If one considers the singularities

listed in Table 1, the most severe constraints regarding holomorphicity of eq. (2.15)

come from a3 and a6. A sufficient condition for the ai to always be holomorphic at

least under the first scaling is

Ni ≡ wi ≤ 3
nξ

ni

, (2.16)
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ai = uwi
j ai,wi
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• the toric base B6 of the 4-fold has anti-canonical class 

• because ai is in       we have:iK̄

K̄ = [Dξ] =
!

i=1...4

[Di] = nξ[D1] ⇒ nξ =
!

i=1...4

ni

ai = uwi
j a(inξ−winj ,...) j = 1 . . . 4

,
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• strongest constraint from a3 , a6:

• because the ai,w must be holomorphic:

Nlg ≤
3nξ

nj

N = rank(gauge group) = wi ≤
i nξ

nj
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• Sen limit - rescale the ai :  
 
 
 
 
such that:

which is exactly what we found in eq. (2.10) in the type IIB picture. Thus, also

from the F-theory perspective we arrive at the large gauge group indicator Nlg. The

caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:

f = − 1

48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)

where h, η and χ are sections of K̄2, K̄4 and K̄6 respectively. The discriminant locus

∆ = 0, where the elliptic fiber degenerates, gives the location of the D7/O7-planes.

The discriminant is given by

∆ =
1

16

(
ε2h2PD7 + 8ε3η3 + 27ε4χ2 − 9hε3ηχ

)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)

Using this equation, we see that the relation defining the D7-brane configuration in

the Calabi-Yau threefold is

PD7 = 0 , i.e. η2 − ξ2χ = 0 . (2.23)
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caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:

f = − 1

48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)

where h, η and χ are sections of K̄2, K̄4 and K̄6 respectively. The discriminant locus

∆ = 0, where the elliptic fiber degenerates, gives the location of the D7/O7-planes.

The discriminant is given by

∆ =
1

16

(
ε2h2PD7 + 8ε3η3 + 27ε4χ2 − 9hε3ηχ

)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)

Using this equation, we see that the relation defining the D7-brane configuration in

the Calabi-Yau threefold is

PD7 = 0 , i.e. η2 − ξ2χ = 0 . (2.23)
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• then we get (complete square & cube in Tate-
extended Weierstrass equation):

which is exactly what we found in eq. (2.10) in the type IIB picture. Thus, also

from the F-theory perspective we arrive at the large gauge group indicator Nlg. The

caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:

f = − 1

48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)
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The discriminant is given by

∆ =
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(
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)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)

Using this equation, we see that the relation defining the D7-brane configuration in

the Calabi-Yau threefold is

PD7 = 0 , i.e. η2 − ξ2χ = 0 . (2.23)
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which is exactly what we found in eq. (2.10) in the type IIB picture. Thus, also

from the F-theory perspective we arrive at the large gauge group indicator Nlg. The

caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:
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48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)

where h, η and χ are sections of K̄2, K̄4 and K̄6 respectively. The discriminant locus

∆ = 0, where the elliptic fiber degenerates, gives the location of the D7/O7-planes.

The discriminant is given by

∆ =
1

16

(
ε2h2PD7 + 8ε3η3 + 27ε4χ2 − 9hε3ηχ

)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)
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• the discrimant becomes:

which is exactly what we found in eq. (2.10) in the type IIB picture. Thus, also

from the F-theory perspective we arrive at the large gauge group indicator Nlg. The

caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:

f = − 1

48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)

where h, η and χ are sections of K̄2, K̄4 and K̄6 respectively. The discriminant locus

∆ = 0, where the elliptic fiber degenerates, gives the location of the D7/O7-planes.

The discriminant is given by

∆ =
1

16

(
ε2h2PD7 + 8ε3η3 + 27ε4χ2 − 9hε3ηχ

)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)

Using this equation, we see that the relation defining the D7-brane configuration in

the Calabi-Yau threefold is

PD7 = 0 , i.e. η2 − ξ2χ = 0 . (2.23)
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which is exactly what we found in eq. (2.10) in the type IIB picture. Thus, also

from the F-theory perspective we arrive at the large gauge group indicator Nlg. The

caveats discussed in the comments following eq. (2.10) of course also have to be taken

into account in the F-theory picture.

So far our F-theory discussion has been for generic values of the string coupling.

However, we eventually want to obtain a stable de Sitter vacuum by using the leading

α′ correction to the Kähler potential [34] which is only known in perturbative type

IIB. As long as this correction remains unknown in non-perturbative F-theory, we

have to restrict our analysis to Sen’s weak coupling limit gs → 0 [35].

In the Tate form (2.13), the Sen limit [35] is imposed by the rescalings [33]

a3 "→ ε a3 , a4 "→ ε a4 , a6 "→ ε2 a6 . (2.17)

and ε → 0. The string coupling is related to the parameter ε by

gs ∼ − 1

log |ε| → 0 as ε → 0 . (2.18)

Completing the square and the cube in eq. (2.13) gives a relation between f , g in

the Weierstrass model and the Tate polynomials:

f = − 1

48
(h2 − 24εη) , g = − 1

864
(−h3 + 36εh η − 216ε2χ) , (2.19)

with

h = a21 + 4a2 , η = a1a3 + 2a4 , χ = a23 + 4a6 , (2.20)

where h, η and χ are sections of K̄2, K̄4 and K̄6 respectively. The discriminant locus

∆ = 0, where the elliptic fiber degenerates, gives the location of the D7/O7-planes.

The discriminant is given by

∆ =
1

16

(
ε2h2PD7 + 8ε3η3 + 27ε4χ2 − 9hε3ηχ

)
∼ 1

16
ε2 h2PD7 +O(ε3) . (2.21)

where PD7 = −1
4
(η2 − hχ). We see that in the weak coupling limit ε → 0, the locus

∆ = 0 splits into two components. Studying the monodromies of the elliptic fiber

around such components, one realizes that at h = 0 there is an O7-plane, while at

PD7 = 0 there is a D7-brane [35]. The type IIB Calabi-Yau hypersurface that is a

double cover of B3 is given by

X3 : 0 = ξ2 − h = ξ2 − (a21 + 4a2) . (2.22)

Using this equation, we see that the relation defining the D7-brane configuration in

the Calabi-Yau threefold is

PD7 = 0 , i.e. η2 − ξ2χ = 0 . (2.23)
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• so, we are now in type IIB ...
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around such components, one realizes that at h = 0 there is an O7-plane, while at
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• this is a holomorphic D7-brane called Whitney 
(umbrella) for its shape ...



Explicit models ...

• a large-rank gauge group requires a large stack of 
coincident D7-branes - need to factorize in divisor 
coordinatedivisor Di : {ui = 0} manifests itself via the factorization

η = uNi
i η̃ , χ = u2Ni

i χ̃ , (2.7)

such that eq. (2.6) becomes

u2Ni
i

(
η̃2 − ξ2χ̃

)
= 0 , (2.8)

where on the invariant divisor at ui = 0 there is an Sp(Ni) stack and η̃2 − ξ2χ̃

describes a Whitney brane of lower degree. Since the Whitney brane has always to

be described by a holomorphic equation, Ni cannot be made arbitrarily large.

For ui=1,...,4 we can be more specific. Eq. (2.8) becomes

u2Ni
i

(
η̃2(4nξ−niNi,... )

− ξ2χ̃(6nξ−2niNi,... )

)
= 0 , (2.9)

where the dots denote the degrees that are imposed via the weight system of the

resolved ambient space Xamb
4 . If the degree in the first scaling is the most restrictive

we obtain the strongest bound from the holomorphicity of χ̃, i.e.

Ni ≤ 3
nξ

ni

. (2.10)

Due to the ordering of the ni, eq. (2.1), we expect to be able to put the largest number

of branes on the divisor D1 and the constraining quantity is the largest integer Nlg

that is smaller than 3nξ/n1. Nlg will serve as our large gauge group indicator in the

following.

Before we proceed, let us make a few comments on the choice of the large gauge

group indicator that were in part already addressed in the introduction:

• For n1 = 1, the first column of the k × (k + 5) weight matrix describing the

resolved ambient space Xamb
4 is always given by (1, 0, . . . , 0)T and hence Nlg

is always the limiting quantity. However, for n1 > 1 the first column of the

weight matrix has to contain additional non-zero entries smaller than n1 to

resolve the singularities. The holomorphicity of the Whitney brane equation

in the corresponding degree could in principle be more restraining than Nlg.

Even if this would be the case we still expect Nlg to give a right estimate since

in the O(10) examples where we have computed the resolved weight matrix,

using PALP [28–30], it was always the most restrictive.

• The type of gauge group enforced by the 2N1 branes depends on the geometry

of the O7-plane and the gauge flux. If the divisor is invariant under ξ $→ −ξ

and transverse to the O7-plane, we have an Sp(N1) gauge group that can be

broken by gauge flux to SU(N1). The Coxeter numbers are N1 + 1 for Sp(N1)

and N1 for SU(N1). If the divisor lies on the orientifold plane the gauge group

is SO(2N1) with Coxeter number 2N1 − 2.
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Explicit models ...

• if any ni > 1, then B6 has singularities

• thus, large rank needs large orientifold class nξ

• resolution (blow-up) adds new lines to weight system 
(GLSM)       each new line is a new independent 
divisor,  and thus new Kähler modulus

• so maximal rank will increase with h1,1



Explicit models ...

• can plot this for F-theory type Kreuzer-Skarke set:

volume. The subset of weight systems with Nlg < N crit.
lg is 444 in the general set and

267 in the conservative set, corresponding to only 5% respectively 9% of the models

where the method of Kähler uplifting is not applicable.

Another important feature we notice is the dependence of Nlg on h1,1. We see

from figure 1 that Nlg tends to increase with h1,1. In other words, if one wants

to have very large gauge groups one has to buy this by a rather high number of

Kähler moduli which of course has the disadvantage of increasing the complexity of

the model, especially if it is not swiss cheese.3 The tendency of Nlg ∝ h1,1 can be

explained from the weight system: As nξ =
∑4

i ni becomes large, a large number

of lines has to be added to the weight matrix to make the threefold singularity free

which generically increases the number of Kähler moduli.
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Figure 1. The large gauge group indicator Nlg as a function of h1,1. The grey dots denote

the general set of models, while the blue dots denote the conservative set (for explanations

see text). The red dashed line denotes the critical gauge group rank for Kähler uplifting

N crit.
lg = 30.

We conclude this section with the remark that the possibility to engineer large

enough gauge groups to obtain a large volume in the framework of Kähler uplifting

is a generic feature of the landscape we have analyzed.

3For an algorithm to check for the swiss cheese property of a 3-fold see [37].
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Explicit models ...

• thus, because (naively):

V ∼ N
3/2
lg

• volumes > 103 are possible in a large fraction of CY 
space

• this ensures control  &  separation of Kähler and 
complex structure moduli mass scales       justifies 
treating the instanton prefactors as constant!



Explicit models ...
Constraints on a consistent model

! Contribution of gaugino condensation to the superpotential, A != 0:

! Rigid divisor? [Witten’96]

! Can it be ’rigidified’ by gauge flux F? [Martucci’06,
Bianchi,Collinucci,Martucci’11]

! Swiss-cheese?

! Flux: Freed-Witten anomalies?[Minasian,Moore’96, Freed,Witten’97]

! N1 " 1 enforces factorization of D7 brane equation in coordinates
ui != u1 [Cicoli,Mayrhofer,Valandro’11]?

! Stabilization inside the Kähler cone?

! Chiral matter at brane intersections that might destroy A != 0
[Blumenhagen,Moster,Plauschinn’08]?

! D3 tadpole: QD7−stacks +QO7 = QF +QRR,NS−NS +QD3−branes ?

! Complex structure moduli stabilized such that sufficient condition
for de Sitter is fulfilled: W0 · Re(S)3/2 in right interval?
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Explicit models ...

Explicit dS example: CP11169

Explicit AdS vacuum (KKLT) has been constructed [Denef,Douglas,Florea ’04]

Some geometric properties:

! Calabi-Yau: 0 = ξ2 = P18,4(ui ) in

u1 u2 u3 u4 u5 ξ

1 1 1 6 0 9
0 0 0 1 1 2

! h1,1 = 2, h2,1 = 272

! Divisors:

h0,0 h1,0 h2,0 h1,1 χ0

D1 1 0 2 30 3
D5 1 0 0 1 1

! V̂ =

√

2

3

(

V̂1 +
1

3
V̂5

)3/2

−
√
2

9
V̂3/2
5 ⇒ ’Approx. swiss-chesse’

! Complex structure moduli: Z6 × Z18 modding: h2,1inv. = 2.
with known prepotential. [Greene,Plesser’89], [Candelas,Font,Katz,Morrison’94]
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Moduli space of CP1,1,1,6,9 [Denef, Douglas, Florea ’04]

Consider Calabi-Yau 3-fold defined as degree 18 hypersurface in

CP1,1,1,6,9 : (x1, x2, x3, x4, x5) ∼ (λx1,λx2,λx3,λ
6x4,λ

9x5)

e.g. x18
1 + x18

2 + x18
3 + x3

4 + x2
5 = 0 (h1,1 = 2 and h2,1 = 272) .

Kähler moduli:

! Non-perturbative effects: Wn.p. = O(1) e−2π/30 T1 + O(1) e−2π T2 .

Complex structure moduli: [Greene,Plesser’89], [Candelas,Font,Katz,Morrison’94]

! Γ = Z6 × Z18 modding fixes a 2 ⊂ h2,1 = 272 parameter subspace.

! No flux and DiW = 0 on all non-invariant cycles
⇒ Effectively all 272 complex structure moduli stabilized.

! G (z) via mirror symmetry in the large complex structure limit:

G (z1, z2) =
∑

i+j≤3

cijz
i
1z

j
2 + ξ + Ginstanton(e

−2πz1 , e−2πz2)

De Sitter vacua in type IIB string theory/ F-theory by Kähler uplifting Markus Rummel 11/16



Explicit models ...

A consistent dS model on CP11169: Complex structure

! Stabilizing the h
2,1
inv. = 2 moduli effectively fixes all other C.S.

moduli at DiW = 0 since V positive definite up to corrections
O(ξ̂/V̂) [Giryavets,Kachru,Tripathy,Trivedi ’03]

Strategy to find 〈W0〉, 〈S〉 suitable for Kähler uplifting: [DDF’04]

! Solve (W0,DSW0,DU1
W0,DU2

W0) = 0, for the flux quanta
f1, . . . , f6, h1, . . . , h6

! Include instanton corrections in the prepotential: shifts in 〈W0〉,
〈S〉, 〈U1〉 and 〈U2〉

A solution:

(f , h) = (−16, 0, 0, 0,−4,−2; 0, 0, 2,−8,−3, 0) , QRR,NS−NS = 66 ,

〈S〉 = 6.99 , 〈U1〉 = 1.01 , 〈U2〉 = 0.967 , 〈W0〉 = 0.812 ,

m2
U1,U2,S ∼ 10−5 − 10−1 , m2

T1,T2
, m2

3/2 ∼ 10−8 − 10−7 .

De Sitter vacua in type IIB string theory/ F-theory by Kähler uplifting Markus Rummel 10/11

• 1st step - 3-form flux fixes the 2 invariant complex 
structure moduli supersymmetrically:

• the 270 Z6 x Z18 non-invariant c.s. moduli are 
stabilized by invariant higher-order terms in W 
(from invariant higher-order terms in the 4 invariant periods) 
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generates W0 != 0, then check VEVs of W0 and S

⇒ have to fall into dS window
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The VEVs of the moduli and superpotential are

〈S〉 = 6.99 , 〈U1〉 = 1.01 , 〈U2〉 = 0.967 , 〈|W0|〉 = 0.812 . (6.16)

A posteriori, we see that the chosen values for A1 and A2 in eq. (6.5) are indeed

of the same order as the VEVs of the complex structure moduli. Furthermore, the

assumption of working in the large complex structure limit is valid since the VEVs

of U1 and U2 fullfill the condition that the instanton corrections are small, U2 # 1/6

and U1 > 1 [46]. Finally, we calculate the masses of the complex structure and

dilaton moduli to 0th order from the tree level potential V = eKKab̄DaWDbW for

a, b = U1, U2, S in table 5. A posteriori, we verify that there is indeed a separation

m2
u1

m2
u2

m2
s m2

ν1
m2

ν2
m2

σ

0.24 1.8 · 10−4 5.6 · 10−6 0.24 1.8 · 10−4 5.7 · 10−6

Table 5. Masses of the real complex structure moduli u1, u2 the dilaton s and their

corresponding axion fields ν1, ν2 and σ. For the calculation of the masses the prefactor

〈eKKähler〉 $ 3.7 · 10−4 from the Kähler moduli stabilization, see table 4, has been taken

into account.

of scales, i.e. the complex structure moduli and the dilaton are stabilized at a mass

scale roughly two orders of magnitude higher than the Kähler moduli.

To conclude this section, we have explicitly constructed a de Sitter vacuum with

all geometric moduli stabilized on X3. The stabilization of the two Kähler moduli,

the dilaton and two complex structure moduli has been carried out explicitly while

the remaining 270 complex structure moduli are stabilized according to general ar-

guments.

7 Conclusions

We discussed the construction of explicit global models in a type IIB context, which

exhibit the dynamics of Kähler uplifting. In this mechanism the interplay of gaugino

condensation on 7-branes and the leading O(α′3)-correction fixes the Kähler moduli

in a SUSY breaking minimum, after 3-form flux has supersymmetrically stabilized

the complex structure moduli and the axio-dilaton. The vacuum energy of this

minimum can be dialed from AdS to dS by adjusting the flux-induced Gukov-Vafa-

Witten superpotential using the flux discretuum. Both SUSY breaking and lifting

to dS are driven here by an F-term of the Kähler moduli sector arising from the

presence of the α′-correction. The dS uplift is therefore spontaneous, and arises fully

among the geometric closed string moduli. This was the motivation for trying to

construct a fully explicit consistent global model including explicit flux choice and

– 38 –



Explicit models ...

A consistent dS model on CP11169: Kähler moduli

! Brane config. (Nlg = 27): Sp(24) on D1 forces SO(24) on D5.

! D5 rigid, D1 can be ’rigidified’ by gauge flux ⇒ Sp(24) → SU(24).

! Brane intersections: Switch on gauge flux F1/5 + c1(D1/5)/2 to
cancel Freed-Witten anomalies and tune F1, F5 and B such that
F1/5 = F1/5 − B is ’trivial’ ⇒ No chiral matter or D-terms.

! D3 tadpole: QRR,NS−NS + QD3−branes = 114.

⇒ W = W0 + A e−2π/24T1 + B e−2π/22T2, A,B $= 0.

Kähler uplifting:

! If in the complex structure sector:

〈W0〉 = 0.812 , 〈S〉 = 6.99 , 〈A〉 = 1.11 , 〈B〉 = 1.00 .

! stable dS vacuum with 〈T1〉 = 10.76, 〈T2〉 = 12.15 and V̂ = 52.
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We use the fact that the Whitney brane wrapping a divisor class DW = 2DP can

be seen as the recombination of a brane wrapping the invariant divisor DP with

the image brane wrapping the same divisor class DP . On this brane the flux is

FDP
= 1

2
DP − S − B, while on the image brane, it is given by −FDP

. Here B is

the B-field and S an arbitrary integral class. After recombination only a flux that is

trivial along the CY survives (see [27, 40]). In the recombination process, the RR-

charges do not change. Hence, we can compute the D3-charge in the more tractable

brane/image-brane situation, as done in [40, 41]:

QW
D3 = −

∫

DP

F2
DP

− χ(DP )

12
. (3.45)

In order for the Whitney brane to be holomorphic (supersymmetric), DP must be

such that DP − [O7] > 0 (i.e. it can be described by the vanishing of a holomorphic

equation). The choice of S in not completely arbitrary. It must satisfy the following

constraints, in order for the Whitney brane to be stable against splitting:

[O7]

2
≤ S +B ≤ DP − [O7]

2
. (3.46)

We will compute the charge using the description of X3 as a hypersurface in the

ambient space Xamb,123
4 (3.10). The equation of the Whitney brane, after factorizing

the Sp(24) and the SO(24) stacks is given by η̂212,4 − ξ2χ̂6,2. In our example the

B-field is fixed by the vanishing of FD1 to be B = D1

2
. The class of the Whitney

brane is DW = 2DP = 2(12D1 + 4Dz), while [O7] = Dy = 9D1 + 3Dz. If we take

S = f1D1 + fzDz (f1, fz ∈ Z), the constraints (3.46) translate to 4 ≤ f1 ≤ 7 and
3
2
≤ fz ≤ 5

2
, i.e. f1 = 4, 5, 6, 7 and fz = 2.

Let us compute the Whitney brane D3-charge. The Euler number of DP is

χ(DP ) =

∫

X3

D3
P +DP · c2(X3) = 984 , (3.47)

while
∫

DP

F2
DP

=

∫

X3

DP (
DP

2
− D1

2
− (f1D1 + fzDz))

2 = −(2f1 − 11)2 . (3.48)

Inserting these expressions in (3.45) and using the possible values for f1, we obtain

two possible results for the charge of the Whitney brane, i.e. QW
D3 = −81 and QW

D3 =

−73.

Taking into account the contribution from the O7-planes and the D7-brane stacks,

eq. (3.42) and (3.44), and the negative contribution from the Whitney brane, we

obtain the following total D3-brane charge from our brane configuration:

Qtot
D3 = QO7s

D3 +Qstacks
D3 +QW

D3 =

{
−104 for QW

D3 = −81

−96 for QW
D3 = −73 .

(3.49)
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A consistent dS model on CP11169: Kähler moduli

! Brane config. (Nlg = 27): Sp(24) on D1 forces SO(24) on D5.

! D5 rigid, D1 can be ’rigidified’ by gauge flux ⇒ Sp(24) → SU(24).

! Brane intersections: Switch on gauge flux F1/5 + c1(D1/5)/2 to
cancel Freed-Witten anomalies and tune F1, F5 and B such that
F1/5 = F1/5 − B is ’trivial’ ⇒ No chiral matter or D-terms.

! D3 tadpole: QRR,NS−NS + QD3−branes = 114.

⇒ W = W0 + A e−2π/24T1 + B e−2π/22T2, A,B $= 0.

Kähler uplifting:

! If in the complex structure sector:

〈W0〉 = 0.812 , 〈S〉 = 6.99 , 〈A〉 = 1.11 , 〈B〉 = 1.00 .

! stable dS vacuum with 〈T1〉 = 10.76, 〈T2〉 = 12.15 and V̂ = 52.
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The choice of numerical values in eq. (6.5) is due to the solutions we find in the

complex structure sector, see Section 6.2. W0 and s originate from this sector and

A1 and A2 have to be chosen appropriately, invoking the constraint that they are of

the same order as the VEVs of the complex structure moduli, in this case O(1) as

we will see in section 6.2.

The phenomenology of the model (6.5) is summarized in Table 4 and Figure 3. In

particular, we note that the overall volume and the volume of the divisors D1 and

D5 are stabilized at O(10 − 100). The not too large overall volume emerges from

the fact that we have only realized an N1 = 24 gauge group on D1 which is actually

lower than the critical gauge group rank ∼ 30, as was discussed in section 2. Note

that we were forced to choose the rank smaller than the maximal rank Nlg = 27 in

order to consistently incorporate the subtleties in the D7-brane configuration and

construct a fully consistent model, see Section 3. Since models with a larger number

of Kähler moduli allow in principle larger maximal gauge group rank, one may also

realize larger overall volumes in these more complicated cases.

The Kähler moduli are stabilized inside the Kähler cone which corresponds to

t1 > 3 t5. Inverting the relation between the ti and the Vi, eq. (3.14), we find

t1 = 9.43 and t5 = 1.50 such that the Kähler cone condition is fulfilled.

〈T1〉 〈T2〉 〈V〉 m2
τ1

m2
τ2

m2
ζ1

m2
ζ2

m2
3/2

10.76 12.15 51.97 5.24 · 10−9 4.55 · 10−8 1.13 · 10−7 6.40 · 10−8 4.08 · 10−7

Table 4. VEVs and masses of the Kähler moduli. m2
3/2 = eK |W |2 denotes the gravitino

mass. For the calculation of the masses the prefactor 〈eKc.s.〉 % 0.03 from the complex

structure moduli stabilization, see following section 6.2, has been taken into account. All

masses are given in units of the Planck mass while volumes are given in units of α′.

6.2 Complex structure moduli

In this section, we study the complex structure moduli space of X3. In the end, we

will present explicit RR and NS flux choices that stabilize the dilaton and complex

structure moduli supersymmetrically such that W0 and s take the values in eq. (6.5).

Note that switching on RR and NS flux will not introduce Freed-Witten anoma-

lies [23] since the 4-cycles D1 and Dfix
5 wrapped by D7-branes have no 3-cycles (as

h1,0(D1) = h1,0(Dfix
5 ) = 0, see table 3). Hence, any three-form of the three-fold X3 is

pulled back to zero on the D7-branes, making the Freed-Witten constraint H3|D7 = 0

automatically satisfied.10 Since it was shown in the previous section that the param-

10Unfortunately we are not able to check the Freed-Witten anomaly cancellation due to H3 for

the Whitney brane. In fact, due to its singular worldvolume, the solution of this problem for a
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• We have explicit constructions of dS vacua in type IIB 
string theory/F-theory in the ‘Kähler uplifting‘ scenario 



• They are fully determined by the 4-fold data:  
 
- the Euler characteristic  
- choice of ADE-type singularities,  
- and choice of fluxes 



• They break SUSY by Kähler moduli F-terms at the GUT 
scale. No extra source of uplifting is needed 



• A whole ‘mini’-landscape of explicit examples (Kreuzer-
Skarke) is available. One example is shown to satisfy all 
known F-theory/IIB consistency constraints.  

Conclusions


