arXiv:1206.5090v1 [hep-th] 22 Jun 2012

LTH-949

GUT theories from Calabi-Yau 4-folds with SO(10) Singularities

Radu Tatar and William Walters Department of Mathematical Sciences, University of Liverpool Liverpool, L69 7ZL, England

radu.tatar at liverpool.ac.uk , wrw23 at liverpool.ac.uk

We consider an SO(10) GUT model from F-theory compactified on an elliptically fibered Calabi-Yau with a D_5 singularity. To obtain the matter curves and the Yukawa couplings, we use a global description to resolve the singularity along the lines of [12]. We identify the vector and spinor matter representations and their Yukawa couplings and we explicitly build the G-fluxes in the global model and check the agreement with the semi-local results. As our bundle is of type SU(2k), some extra conditions need to be applied to match the fluxes, as observed in [19].

Contents

1 Introduction 2

2 Resolution: Generalities 3 2.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 2.2 Resolution of D_5 singularity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2.1 First Two Blowups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2.2 Third Blowup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2.3 Final Two Blowups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2.4 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.3 Cartan Divisors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Matter and Yukawas 7 3.1 16 matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 3.2 10 Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 3.3 Yukawa Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 3.4 D7 enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 G-Flux 11 4.1 Local G-Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 4.1.1 Tate divisor in Y_4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 4.1.2 Tate divisor in resolved Ỹ_4 . . . . . . . . . . . . . . . . . . . . . . . . . 12 4.1.3 Local limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 4.1.4 Local flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 4.2 General G-Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

A Intersection Relations 20 A.1 Intersection Relations in X_5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 A.2 Intersection Relations in Ỹ_4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

B SO (10) weights and roots 23

1 Introduction

In recent years, F-theory phenomenology has been one research avenue providing insights into Beyond Standard Model physics. One of the successes of F-theory compactification has been the fact that it allows an interpretation for the Yukawa couplings in GUT theories. Firstly discussed in terms of heterotic-F theory duality [1], the introduction of local F-theory models as 8-dimensional field theories [2, 3] allowed some detailed studies of the localisation of Yukawa couplings on Calabi-Yau 4-folds, one of them being developed in [4–6] (for other methods and a full set of references see [7]). To study the Yukawa couplings, one is tempted to follow the procedure involving the matter fields which were described some time ago in [8]. When considering the Yukawa couplings in an SU(5) GUT, a nice feature of the F-theory description is that the up-type Yukawa couplings appear at enhancements of A_4 singularity to E_6 singularity in codimension-three, and there is no perturbative type IIB picture for this enhancement. The singular fibre is expected to degenerate from A_4 in codimension 1 to either A_5 or D_5 in codimension 2 and to either A_6, D_6 or E_6 in codimension 3.

When considering the heterotic - F theory duality [4,5], the heterotic results were mapped into the local F-theory as a choice of a diagonal expectation value for an 8-dimensional Higgs field (see also [9])^1. The non-zero values for the vevs of the Higgs field describe the deformation E_6 → A_4 after taking a singular limit of A_4 and mapping in into the E_6 [5]. Nevertheless, when applied to the global geometry, this involves applying Tate’s algorithm for codimension 3 loci which is outside its validity.

A detailed study of the F-theory geometries was started in [10] (see also [11]) for SU(5) GUT theories by considering an explicit blow-up of A_4 singularities. For a general choice of complex structure, the singularity is resolved with four additional P^1 cycles. When some complex deformations are turned off, one encounters some lines of singularities and some additional P^1 cycles are needed to obtain a smooth manifold. The intersection of the full set of resolution cycles is supposed to reproduce the Dynkin diagram for D_5, A_5 for matter or D_6, E_6, A_6 for Yukawa couplings. When studying the intersections of the full set of cycles, [10] observed that they do not fully reproduce the Dynkin diagrams for the higher singularities, the biggest departure being for the expected E_6 singularity which would provide the up-type Yukawa couplings.

The discussion of the local geometry in [10] was reconsidered in [12] by looking at global geometries and utilising their previous developed formalism [13–15] (see also [17,18] for similar approaches and [19] for using the same method in the case of the E_6 model). In the global

1If the Higgs field is not diagonal, one could use T-branes which are non-abelian bound states of branes [23, 24]

formalism, the divisors correspond to zeroes of various sections and the cycles associated to the A_4 roots appear as intersections between various divisors. At singular loci the number of irreducible components increases and some of the roots split due to the weights of 5 or 10 representations. One important aspect of the global geometries is that the number of roots does not increase and the rank of the singularity does not enhance.

In the current work we consider an SO(10) GUT model which corresponds to a D_5 singularity. SO(10) models were previously considered within the F-theory context in [20–22] and we focus on the global construction, by resolving the singularity and studying the points in the complex structure where extra blow-ups are needed. In section 2 we construct the resolution of a singularity of type D_5. In section 3.1 we describe the matter in the spinor 16 representation, in section 3.2. we consider matter in the vector 10 representation and in section 3.3 we discuss the Yukawa couplings. In section 4 we compute the local and the global fluxes. The matching is obtained in the particular case when the first Chern class of the base or the first Chern class of the divisor are even.

2 Resolution: Generalities

2.1 Setup

We consider an SO(10) GUT group in F-theory phenomenology which corresponds to compactifying on a Calabi-Yau 4-fold obtained after 5 resolution steps applied to a D_5 singularity. In this section we are going to explicitly describe the procedure to obtain the smooth Calabi- Yau 4-fold.

As in the case of SU(5), we construct the resolution in the auxiliary 5-fold

X_5 = P ( O ⊕ K^{−2}_{B3} ⊕ K^{−3}_{B3} ) . (2.1)

X_5 is a P^2 bundle, the divisors on X_5 consist of pullbacks of divisors on B_3 under the projection

π_X : X_5 → B_3 (2.2)

together with a new divisor, σ, inherited from the hyperplane of the P^2 fiber. The projective coordinates w, x, and y on the P^2 fiber of X_5 are sections of the following bundles on X_5

Section Bundle w O(σ) x O(σ + 2c_1) y O(σ + 3c_1) z O(S_2)

(2.3) z is the section that vanishes along S_2. The Tate form for an SO(10) singularity at z = 0 is

y^2w + b_1zxyw + b_3z^2yw^2 = x^3 + b_2zx^2w + b_4z^3xw^2 + b_6z^5w^3 . (2.4)

2.2 Resolution of D_5 singularity

We now embark in the procedure to resolve the D_5 singularity, involving five blowups.

2.2.1 First Two Blowups

The locus x = y = z = 0 (2.5)

is singular. To blow up along it, we introduce

x = ζx_1 , y = ζy_1 , z = ζz_1 , (2.6)

where ζ = 0 gives rise to an exceptional divisor E_1. The new classes of the sections are

Section Bundle x_1 O(σ + 2c_1 − E_1) y_1 O(σ + 3c_1 − E_1) z_1 O(S_2 − E_1) ζ O(E_1)

(2.7)

After a proper transform, the equation for Y_4 becomes w ( −ζz_1 ( ζwz^2_1 ( b_6ζw^3z^2_1 + b_4x_1 ) + b_2x^2_1 ) + ζy_1z_1 (b_3wz_1 + b_1x_1) ) + wy^2_1 − ζx^3_1 = 0 (2.8)

The second blowup is along x_1 = y_1 = ζ = 0, which is obtained by setting

x_1 = x_2α , y_1 = y_2α , ζ = ζ_2α . (2.9)

The section α = 0 gives rise to an exceptional divisor E_2. The new sections are

Section Bundle x_2 O(σ + 2c_1 − E_1 − E_2) y_2 O(σ + 3c_1 − E_1 − E_2) ζ_2 O(E_1 − E_2) α O(E_2)

(2.10)

The proper transform of the fourfold defining equation is

wy_2 (ζ_2z_1 (b_3wz_1 + αb_1x_2) + y_2) = αζ_2 ( b_6ζ^2_2 w^3z^5_1 + b_4ζ_2w^2x_2z^3_1 + b_2wx^2z_1 + αx^3_2 ) (2.11)

2.2.2 Third Blowup We can then blow up along y_2 = ζ_2 = α = 0, which we do by setting y_2 = y_3β , ζ_2 = ζ_3β , α = α_3β . (2.12) The section β = 0 gives rise to a new exceptional divisor E_3. So the new sections are Section Bundle

y_3 O(σ + 3c_1 − E_1 − E_2 − E_3) ζ_3 O(E_1 − E_2 − E_3) α_3 O(E_2 − E_3) β O(E_3)

(2.13)

The proper transform of the equation for Y_4 is

wy_3 (ζ_3z_1 (b_3wz_1 + α_3βb_1x_2) + y_3) = α_3ζ_3 ( b_6β^2ζ^2_3 w^3z^5_1 + b_4βζ_3w^2x_2z^3_1 + b_2wx^2z_1 + α_3βx^3_2 ) (2.14) 2.2.3 Final Two Blowups The last two blowups are carried out as in [29]. The fourth blow up is along y_3 = ζ_3 = 0 and we do this by setting y_3 = y_4δ_4 , ζ_3 = ζ_4δ_4 . (2.15) The proper transform is

wy^2_4δ_4 + b_1wx_2y_4z_1ζ_4α_3βδ_4 + b_3w^2y_4z_1ζ_4δ_4 = x^3_2ζ_4α^2_3β + b_2wx^2z_1ζ_4α_3 + b_4w^2x_2z^3_1 ζ^2_4 α_3βδ_4 + b_6w^3z^5_1 ζ^3_4 α_3β^2δ^2_4 (2.16) The fifth blow up is along y_4 = α_3 = 0 and is given by y_4 = y_5δ_5 , α_3 = α_5δ_5 , (2.17) giving a proper transform

wy^2_5δ_4δ_5 + b_1wx_2y_5z_1ζ_4α_5βδ_4δ_5 + b_3w^2y_5z_1ζ_4δ_4 = x^3_2ζ_4α^2_5βδ_5 + b_2wx^2z_1ζ_4α_5 + b_4w^2x_2z^3_1 ζ^2_4 α_5βδ_4 + b_6w^3z^5_1 ζ^3_4 α_5β^2δ^2_4 (2.18)

The sections δ_4 = 0 and δ_5 = 0 give rise to new divisors E_4 and E_5 respectively. The sections are now Section Bundle

y_5 O(σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) ζ_4 O(E_1 − E_2 − E_3 − E_4) α_5 O(E_2 − E_3 − E_5) δ_4 O(E_4) δ_5 O(E_5) w O(σ) x_2 O(σ + 2c_1 − E_1 − E_2) z_1 O(S_2 − E_1) β O(E_3)

(2.19)

The resolved fourfold has class

[Ỹ_4] = 6c_1 + 3σ − 2E_1 − 2E_2 − 2E_3 − E_4 − E_5 . (2.20)

2.2.4 Constraints

The blowups give rise to the following projective coordinates

[w, x, y] = [w, x_2ζ_4α^2_5β^3δ_4δ^2_5 , y_5ζ_4α^2_5β^4δ^2_4 δ^3_5 ] [x_1, y_1, z_1] = [x_2α_5βδ_5, y_5α_5β^2δ_4δ^2_5 , z_1] [x_2, y_2, ζ_2] = [x_2, y_5βδ_4δ_5, ζ_4βδ_4] [y_3, ζ_3, α_3] = [y_5δ_4δ_5, ζ_4δ_4, α_5δ_5]

[y_4, ζ_4] = [y_5δ_5, ζ_4] [y_5, α_5]

(2.21)

None of these combinations are allowed to simultaneously vanish.

2.3 Cartan Divisors

The section z = 0, where the D_5 singularity is located, splits after the blowups as

z = z_1ζ_4α_5β^2δ_4δ_5 = 0 . (2.22)

Note that the component δ_4 = 0 is reducible, with one component given by ζ_4 = 0.

The Cartan divisors are these six factors restricted to the resolved 4-fold Ỹ_4, and are given by Cartan Divisor Component Class in Y_4 D_{−α0} (z_1 = 0)|_{Y4} S_2 − E_1 D_{−α1} (δ_4 = 0)|_{Y4,ζ4≠0} −E_1 + E_2 + E_3 + 2E_4 D_{−α2} (ζ_4 = 0)|_{Y4} E_1 − E_2 − E_3 − E_4 D_{−α3} (β = 0)|_{Y4} E_3 D_{−α4} (δ_5 = 0)|_{Y4} E_5 D_{−α5} (α_5 = 0)|_{Y4} (E_2 − E_3 − E_5)

(2.23)

The intersection of the Cartan divisors {D_{−α1} , D_{−α2} , D_{−α3} , D_{−α4} , D_{−α5} , D_{−α0} } with the dual curves are −2 0 1 0 0 0 0 −2 1 0 0 0 1 1 −2 1 0 0 0 0 1 −2 1 1 0 0 0 1 −2 0 0 0 0 1 0 −2

. (2.24)

3 Matter and Yukawas

The discriminant of the SO(10) singularity has an expansion

Δ = − 16z^7b^3_2b^2_3 + ( −27b^4_3 − 8b^2_1b^2b^2_3 + 72b_2b_4b^2_3 + 4b_1b_2 ( 9b^2_3 + 4b_2b_4 ) b_3 + 16b^2 ( b^2_4 − 4b_2b_6 )) z^8 + O ( z^9 ) . (3.1) From this and the Tate algorithm table, we expect to get an enhancement to D_6 at b_3 = 0, corresponding to matter in the 10 representation, and an enhancement to E_6 along b_2 = 0, which corresponds to matter in the 16. Where both of these matter curves intersect, i.e. at b_2 = b_3 = 0, we expect an enhancement to E_7, and therefore the Yukawa interaction point.

In summary, we have the following enhancements:

D_6 : b_3 = 0

E_6 : b_2 = 0

E_7 : b_2 = b_3 = 0

D_7 : b_3 = b^2_4 − 4b_2b_6 = 0 .

(3.2)

3.1 16 matter

We expect to get matter in the 16 of SO(10) along z = b_2 = 0.

To see the relevant root splitting, we look at one specific component of z = 0, namely β = 0. We can see that β = b_2 = 0 gives

y_5δ_4(y_5δ_5 + b_3ζ_4) = 0 , (3.3)

so it reduces to three components:

[β] · [b_2] = [β] · [y_5] + [β] · ([δ_4] − [ζ_4]) + [β] · ([b_2] − [y_5] − [δ_4] + [ζ_4]) (3.4)

The second component is specifically [β] · ([δ_4] − [ζ_4]) since the first Cartan divisor restricted to b_2 gives β = 0. So z = 0 splits into 7 components along b_2 = 0, these are

Component of (z = b_2 = 0)|_{Ỹ4} Equations in Ỹ_4 Cartan charges (S_2 − E_1) · (2c_1 − S_2) z_1 = 0 (0, 0, 0, 1, 0) b_2 = 0 (−E_1 + E_2 + E_3 + 2E_4) · (2c_1 − S_2) δ_4 = 0|_{ζ4≠0} (−2, 1, 0, 0, 0) b_2 = 0 (E_1 − E_2 − E_3 − E_4) · (2c_1 − S_2) ζ_4 = 0 (1, −2, 1, 0, 0) b_2 = 0 (E_3) · (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) β = 0 (1, 0, −1, 1, 0) y_5 = 0 (E_3) · (−σ − c_1 − S_2 + 2E_1 − E_4 + E_5) β = 0 (1, 0, −1, 0, 1) b_2 = 0|_{y5,δ4≠0} (E_5) · (2c_1 − S_2) δ_5 = 0 (0, 0, 1, −2, 0) b_2 = 0 (E_2 − E_3 − E_5) · (2c_1 − S_2) α_5 = 0 (0, 0, 1, 0, −2) b_2 = 0

(3.5)

The splitting of the weight associated to the third root is

− α_3 = (0, 1, −2, 1, 1) → (−2, 1, 0, 0, 0) + (1, 0, −1, 1, 0) + (1, 0, −1, 0, 1) , (3.6)

with the latter two components corresponding to −(μ_{16} − α_1 − α_2 − α_3 − α_4 − α_5) and μ_{16} − α_2 − 2α_3 − α_4 − α_5, which confirms the matter in the 16 representation.

3.2 10 Matter

We expect to get matter in the 10 along z = b_3 = 0.

To see the relevant root splitting for the matter in the vector representation, we look at another specific component of z = 0, namely δ_5 = 0. We can see that the Cartan divisor δ_5 = 0 splits here to α_5(b_2x^2 + b_4x_2β + b_6β^2) (3.7) where we have set equal to 1 any variables which cannot vanish simultaneously with δ_5. So this has split into three components, the first is just another Cartan divisor restricted to b_3 = 0. The expression in brackets is factorised if we assume b_2 ≠ 0. We do this as b_2 = b_3 = 0 corresponds to a Yukawa coupling which we consider in the next section. We call the 2 factors γ_+ and γ_− and they have the same homology class. Overall, δ_5 = 0 reduces as

[δ_5] · [b_3] = [δ_5] · [α_5] + 2 ×

[δ_5] · ([b_2] − [α_5]) 2 (3.8)

So we see that z = b_3 = 0 splits into 7 components, as one would expect from a ”D_6” enhancement. The seven components are

Component of (z = b_3 = 0)|_{Ỹ4} Equations in Ỹ_4 Cartan charges (S_2 − E_1) · (3c_1 − 2S_2) z_1 = 0 (0, 0, 0, 1, 0) b_2 = 0 (−E_1 + E_2 + E_3 + 2E_4) · (3c_1 − 2S_2) δ_4 = 0|_{ζ4≠0} (−2, 1, 0, 0, 0) b_2 = 0 (E_1 − E_2 − E_3 − E_4) · (3c_1 − 2S_2) ζ_4 = 0 (1, −2, 1, 0, 0) b_2 = 0 (E_3) · (3c_1 − 2S_2) β = 0 (0, 1, −2, 1, 1) b_3 = 0 1 2 (E_5) · (3c_1 − 2S_2 − E_2 + E_3 + E_5) δ_5 = 0 (0, 0, 0, −1, 1) γ_+ = 0 1 2 (E_5) · (3c_1 − 2S_2 − E_2 + E_3 + E_5) δ_5 = 0 (0, 0, 0, −1, 1) γ_− = 0 (E_2 − E_3 − E_5) · (3c_1 − 2S_2) α_5 = 0 (0, 0, 1, 0, −2) b_2 = 0

(3.9)

The δ_5 = 0 root splits as

(0, 0, 1, −2, 0) → (0, 0, 1, 0, −2) + (0, 0, 0, −1, 1) + (0, 0, 0, −1, 1) . (3.10)

The first component is a Cartan divisor, but the other two are both given by

μ_{10} − α_1 − α_2 − α_3 − α_4 , (3.11)

So indeed this corresponds to matter in the 10.

3.3 Yukawa Coupling

We expect to get a Yukawa interaction at the point which corresponds to an ”E_7” enhancement which is given by b_2 = b_3 = 0. We could think of this as a further enhancement of the ”E_6” curve, therefore instead of looking at how the six components of z = 0 split, we study how the seven components of z = b_2 = 0 split.

Firstly we can see from above that the third component of β = b_2 = 0 will split further to

y_5δ_5 = 0 . (3.12)

Also, we have δ_5 = b_2 = b_3 = 0 gives

α_5β(b_4x_2 + b_6β) = 0 (3.13)

We already had the first two components, but the last is new. So altogether we see that z = b_2 = b_3 = 0 has 7 components, given by

Component of (z = b_2 = b_3 = 0)|_{Ỹ4} Equations in Ỹ_4 Cartan charges (S_2 − E_1) · (2c_1 − S_2) · (3c_1 − 2S_2) z_1 = 0 (0, 0, 0, 1, 0) b_2 = 0 b_3 = 0 (−E_1 + E_2 + E_3 + 2E_4) · (2c_1 − S_2) · (3c_1 − 2S_2) δ_4 = 0|_{ζ4≠0} (−2, 1, 0, 0, 0) b_2 = 0 b_3 = 0 (E_1 − E_2 − E_3 − E_4) · (2c_1 − S_2) · (3c_1 − 2S_2) ζ_4 = 0 (1, −2, 1, 0, 0) b_2 = 0 b_3 = 0 (E_3) · (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) · β = 0 (1, 0, −1, 1, 0) (3c_1 − 2S_2) y_5 = 0 b_3 = 0 (E_3) · (−σ − c_1 − S_2 + 2E_1 − E_4 + E_5) · β = 0 (0, 0, 0, −1, 1) (3c_1 − 2S_2) b_2 = 0|_{y5,δ4≠0} δ_5 = 0 (E_5) · (2c_1 − S_2) · (3c_1 − 2S_2) δ_5 = 0 (0, 0, 0, −1, 1) b_2 = 0 b_3 = 0|_{α5,β≠0} (E_2 − E_3 − E_5) · (2c_1 − S_2) α_5 = 0 (0, 0, 1, 0, −2) b_2 = 0 (3.14) We can see that this corresponds to the Yukawa coupling 16 × 16 × 10 by approaching this point along the 16 matter curve,where we can see the splitting:

(1, 0, −1, 0, 1) → (1, 0, −1, 1, 0) + (0, 0, 0, −1, 1)

(μ_{16} − α_2 − 2α_3 − α_4 − α_5) → − (μ_{16} − α_1 − α_2 − α_3 − α_4 − α_5)

+ (μ_{10} − α_1 − α_2 − α_3 − α_4)

(3.15)

This gives the desired Yukawa coupling. It is interesting to note here that our ”E_7” enhancement has only 7 components instead of the expected 8, this is similar to what was shown to happen with E_6 in [10] (see also [11]), where one node was missing.

3.4 D7 enhancement

We expect to get a ”D7” enhancement at b_3 = b^2_4 − 4b_2b_6 = 0. Starting from the ”D6” enhancement, i.e. with b_3 = 0, the effect of setting b^2_4 − 4b_2b_6 = 0 is to make γ_+ = γ_− ≡ γ, so these two previously separate components are now the same. So despite it being a ”D7” enhancement, we actually only get six components instead of the expected eight. These are:

Component of (z = b_3 = b^2_4 − 4b_2b_6 = 0)|_{Ỹ4} Equations in Ỹ_4 Cartan charges (S_2 − E_1) · (3c_1 − 2S_2) · (8c_1 − 6S_2) z_1 = 0 (0, 0, 0, 1, 0) b_2 = 0 b^2_4 − 4b_2b_6 = 0 (−E_1 + E_2 + E_3 + 2E_4) · (3c_1 − 2S_2) · (8c_1 − 6S_2) δ_4 = 0|_{ζ4≠0} (−2, 1, 0, 0, 0) b_2 = 0 b^2_4 − 4b_2b_6 = 0 (E_1 − E_2 − E_3 − E_4) · (3c_1 − 2S_2) · (8c_1 − 6S_2) ζ_4 = 0 (1, −2, 1, 0, 0) b_2 = 0 b^2_4 − 4b_2b_6 = 0 (E_3) · (3c_1 − 2S_2) · (8c_1 − 6S_2) β = 0 (0, 1, −2, 1, 1) b_3 = 0 b^2_4 − 4b_2b_6 = 0 1 2 (E_5) · (3c_1 − 2S_2 − E_2 + E_3 + E_5) · (8c_1 − 6S_2) δ_5 = 0 (0, 0, 0, −1, 1) γ = 0 b^2_4 − 4b_2b_6 = 0 (E_2 − E_3 − E_5) · (3c_1 − 2S_2) · (8c_1 − 6S_2) α_5 = 0 (0, 0, 1, 0, −2) b_2 = 0 b^2_4 − 4b_2b_6 = 0 (3.16) Here, at the point of enhancement, we see that the two previously separate 10 matter curves become one, we believe that this corresponds to a 10 × 10 × 1 coupling, we do not see a curve for the singlet as it is not part of the GUT divisor.

4 G-Flux

The existence of the (2,2) form G-flux is a requirement of the heterotic - F-theory duality. For local geometries, the G-flux can be constructed from Heterotic string data in terms of spectral covers [5, 25]. For global geometries, [15, 16] proposed a global approach to G-fluxes which was successfully applied to the case of A_4 singularities in [12]^2.

In our work, we are firstly computing the local flux and then the global one.

4.1 Local G-Flux

4.1.1 Tate divisor in Y_4 Our original 4-fold Y_4 is given by

y^2w + b_1zxyw + b_3z^2yw^2 = x^3 + b_2zx^2w + b_4z^3xw^2 + b_6z^5w^3, (4.1)

and we are interested in the Tate divisor wz ( b_2x^2 + b_4z^2xw + b_6z^4w^2 − b_1xy − b_3zyw ) . (4.2)

Along the Tate divisor we have wy^2 = x^3. By assuming w ≠ 0, we can then rewrite the Tate divisor in terms of the t = y/x as z ( b_2t^4 + b_4z^2t^2 + b_6z^4 − b_1t^5 − b_3zt^3 ) (4.3)

By setting s = z/t and holding s fixed in the limit t → 0, z → 0, we obtain st^5 ( b_2 + b_4s^2 + b_6s^4 − b_3s ) (4.4)

4.1.2 Tate divisor in resolved Ỹ_4 Now we look at the resolved Calabi-Yau Ỹ_4, setting x = x_2ζ_4α^2_5β^3δ_4δ^2_5 y = y_5ζ_4α^2_5β^4δ^2_4 δ^3_5 z = z_1ζ_4α_5β^2δ_4δ_5 .

(4.5)

This makes t = y x = y_5βδ_4δ_5 x_2 s = z t = z_1x_2ζ_4α_5β y_5

(4.6)

The limit t → 0 with s held fixed can be achieved by taking the limit δ_4 → 0 or δ_5 → 0.

Now we take the total transform of the Tate divisor,

wy^2 − x^3 = 0 (4.7)

2For other recent approaches to G-flux see [26]

which gives ζ^2_4 α^4_5β^8δ^3_4 δ^6_5 ( wy^2_5δ_4 − x^3_2ζ_4α^2_5β ) = 0 (4.8) The term wy^2_5δ_4 − x^3_2ζ_4α^2_5β = 0 (4.9) is the proper transform of the Tate divisor, which we then restrict to the resolved Ỹ_4.

With this restriction, the proper transform of the Tate divisor is reducible, with components given by ζ_4 = 0, z_1 = 0, and the remainder.

To see this, set ζ_4 = 0. By using (A.4), we see that we cannot have w = 0, y_5 = 0, α_5 = 0 or δ_5 = 0, so we set these equal to one. The Tate divisor equation is now δ_4 = 0 , (4.10) and the equation for the resolved Ỹ_4 also becomes δ_4 = 0 . (4.11) Which means that the Tate divisor equation is automatically satisfied.

For the component z_1 = 0, we cannot have α_5, β or δ_5 equal to zero, so again we set these equal to one. The Tate divisor equation takes the form wy^2_5δ_4 − x^3_2ζ_4 = 0 , (4.12) and the equation for Ỹ_4 wy^2_5δ_4 = x^3_2ζ_4 . (4.13) This again means that the Tate divisor equation is satisfied automatically in Ỹ_4. So we define the Tate divisor by C_{Tate} = [wy^2_5δ_4 − x^3_2ζ_4α^2_5β] · [Ỹ_4] − [ζ_4 = 0] · [Ỹ_4] − [z_1 = 0] · [Ỹ_4] (4.14) Which is in the class 3σ + 6c_1 − S_2 − 2E_1 − E_2 − E_3 − 2E_5 . (4.15) Its intersection with the Cartan divisors takes the form: C_{Tate} ·~_{Y4} Σ_{αi} = (0, 0, 0, 1, 0) × 4 . (4.16)

4.1.3 Local limit As discussed before, the local limit may be either δ_4 → 0 or δ_5 → 0. However, if we set δ_4 equal to zero in the Tate divisor equation, and take x_2 = α_5 = 1 as they cannot vanish together with δ_4, then we obtain ζ_4β = 0, . (4.17) But since ζ_4 = 0 is one of the reducible components we remove from the Tate divisor, this leaves β = 0, which means that s = z/t becomes zero, instead of being held fixed. So the local limit here must be given by δ_5 → 0, so we intersect with E_5:

C_{Tate} ·~_{Y4} E_5 = [wy^2_4 − x^3_2α^2_4βζ_3] ·~_{Y4} E_5 − [ζ_3 = 0] ·~_{Y4} E_5 − [z_1 = 0] ·~_{Y4} E_5 = [wy^2_4 − x^3_2α^2_4βζ_3] ·~_{Y4} E_5

(4.18)

where the last terms vanish because we cannot have δ_5 = z_1 = 0 or δ_5 = ζ_4 = 0. Setting δ_5 = 0, and w = z_1 = ζ_4 = 1, the equation for the Tate divisor becomes

y^2_5 = x^3_2α^2_5β . (4.19) Notice that if α_5 = 0, then y_5 = 0, but these two conditions are not allowed to hold simultaneously, so we set α_5 = 1. This implies that the equation for Ỹ_4 becomes

b_3y_5 = b_2x^2ζ_4α_+b_4x_2β + b_6β^2, . (4.20)

If we now set x_2 = 0, the Tate divisor equation gives y_5 = 0 and so the equation for Ỹ_4 becomes 0 = b_6β^2. (4.21) For generic b_6 this sets β = 0. Under the identification δ_5 = 0, ζ_4 = δ_4 = 1, the coordinates of the P^2 from the second blow up become

[x_2, 0, β] (4.22)

x_2 = 0 would imply β = 0 so x_2 = 0 is not allowed and we can set x_2 = 1. The Tate divisor equation is y^2_5 = β (4.23) which, after substituting it into Ỹ_4, gives the required spectral equation

b_6y^4_5 + b_4y^2_5 − b_3y_5 + b_2 = 0 (4.24)

4.1.4 Local flux To construct the local flux, as in [12], we firstly construct the surface S_p∗_D by

S_p∗_D = C_{Tate} · D − (3σ + 6c_1) · D (4.25)

which only intersects the Cartan root D_{−α4} , and we have made a subtraction to get the required orthogonality properties.

We now consider the intersections between the matter surfaces of the 16 (which we can either take as β = y_5 = 0 or β = δ_5 = 0) and C_{Higgs,loc} = C_{Tate} ·~_{Y4} E_3, along the curve

y_5 = b_2 = 0 (4.26)

So for S_{σ·C} we take the surface of the 16 which implies y_4 = b_2 = 0 i.e. β = y_5 = 0. In order for this to intersect Cartan divisors other than D_{−α4} , we must make subtractions from it to obtain the desired intersection properties. We end up with

S_{σ·C} = [β] ·~_{Y4} [y_5] − [b_2] ·~_{Y4} (D_{−α2} + 2D_{−α3} + D_{−α4} + D_{−α5} )

= E_3 ·~_{Y4} (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) − (2c_1 − S_2) ·~_{Y4} (E_1 − E_4)

(4.27)

Using these two surfaces, we can construct a local G-flux with a traceless combination G_{local} = 4S_{σ·C} − S_p∗_{(2c1−S2)}

= c1 ·~_{Y4} (−4E_1 + 2E_2 + 14E_3 + 8E_4 + 4E_5) + S_2 ·~_{Y4} (2E_1 − E_2 − E_3 − 4E_4 − 2E_5) − 4E_3 ·~_{Y4} (E_1 + E_2 + E_3 + E_4 + E_5) . (4.28) This can be further simplified by using the relations in the appendix to

G_{local} =c_1 ·~_{Y4} (4E_1 − 6E_2 + 6E_3 − 8E_4 + 4E_5) + S_2 ·~_{Y4} (−2E_1 + 3E_2 − 5E_3 + 4E_4 − 2E_5) + 4E_3 ·~_{Y4} E_4 − 4E_3 ·~_{Y4} E_5 . (4.29) The ramification divisor can be computed using

r = C_{Higgs,loc} · (C_{Higgs,loc} − σ − σ_∞) (4.30)

whose odd part is given by S^{(odd)}_r = c_1 · E_2 + c_1 · E_3 . (4.31) We have the quantization condition that

αG_{local} + 1 2 S^{(odd)}_r (4.32) be integrally quantized, for some choice of α ∈ C . Looking at G_{local} and S^{(odd)}r , [19] has argued that that this can not be done generically. We can satisfy this requirement by imposing extra conditions on B_3 and S_2. Now if we look at the last two terms of G, we see that they do not depend on B_3 or S_2, and so to satisfy the quantization condition we require α ∈^Z_4 . Since our condition only concerns the non-integer part, we then have four cases to consider: α ∈ Z, α ∈ Z +^1_4 , α ∈ Z +^1_2 and α ∈ Z +^3_4 .

Firstly, for α ∈ Z, we simply require that the odd part of the ramification divisor vanishes, which can be done by choosing the base such that c_1(B_3) is even.

For α ∈ Z +^1_2 , we require c_1(S_2) even, for later use we note that this means that the odd parts of c_1(B_3) and S_2 now match.

The last two possibilities, α ∈ Z ±^1_4 both give the same condition, which is that the class S_2 be a multiple of 4.

4.2 General G-Flux

In order to compute the global G-flux, we first need to compute the 2nd Chern class, since the G-flux is quantized according to G + 1 2 c_2(Ỹ_4) ∈ H^4(Ỹ_4, Z) . (4.33)

We compute the second Chern class using the formula from [28]:

c(X̃_5) =c(X_5)

(1 + E_1)(1 + σ + 2c_1 − E_1)(1 + σ + 3c_1 − E_1)(1 + S_2 − E_1) (1 + σ + 2c_1)(1 + σ + 3c_1)(1 + S_2) × (1 + E_2)(1 + σ + 2c_1 − E_1 − E_2)(1 + σ + 3c_1 − E_1 − E_2)(1 + E_1 − E_2) (1 + σ + 2c_1 − E_1)(1 + σ + 3c_1 − E_1)(1 + E_1) × (1 + E_3)(1 + σ + 3c_1 − E_1 − E_2 − E_3)(1 + E_1 − E_2 − E_3)(1 + E_2 − E_3) (1 + σ + 3c_1 − E_1 − E_2)(1 + E_1 − E_2)(1 + E_2) × (1 + E_4)(1 + σ + 3c_1 − E_1 − E_2 − E_3 − E_4)(1 + E_1 − E_2 − E_3 − E_4) (1 + σ + 3c_1 − E_1 − E_2 − E_3)(1 + E_1 − E_2 − E_3) × (1 + E_5)(1 + σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5)(1 + E_2 − E_3 − E_5) (1 + σ + 3c_1 − E_1 − E_2 − E_3 − E_4)(1 + E_2 − E_3) . (4.34) We can then restrict this to Ỹ_4 by

c(Ỹ_4) = c(X̃_5) 1 + 3σ + 6c_1 − 2E_1 − 2E_2 − 2E_3 − E_4 − E_5

. (4.35)

After expanding this out, the odd part of c_2(Ỹ_4) is given by c^{(odd)}_2 (Ỹ_4) = c_1 · (E_1 + E_2 + E_3 + E_4 + E_5) + S_2 · E_1 + E_1 · E_2 + E_1 · E_5 + E_2 · E_3 + E_4 · E_4 + E_5 · E_5 .

(4.36)

Simplifying using the relations in the appendix gives

c^{(odd)}_2 (Ỹ_4) = c_1 · E_2 + c_1 · E_3 . (4.37)

As well as the quantization condition, we also require that the G-flux be orthogonal to horizontal and vertical surfaces in Y_4. Also, to preserve the SO(10) symmetry we require that the intersection between G and the Cartan divisors vanish. As in [12], this restricts G to be a linear combination of c1 ·~_{Y4} E_i, S_2 ·~_{Y4} E_i and E_i ·~_{Y4} E_j. Using the relations between exceptional divisors in the appendix, we can eliminate all combinations of E_i ·~_{Y4} E_j except for two of them, which we choose to be E_3 ·~_{Y4} E_4 and E_3 ·~_{Y4} E_5. So overall G is then given by

G = 1 2 c_1 · (E_2 + E_3) + 5∑ i=1 (a_ic_1 · E_i + b_iS_2 · E_i) + pE_3 · E_4 + qE_3 · E_5 (4.38)

Here a_i, b_i, p and q are integers, and the first two terms are present to enforce the quantization condition.

However, using this expression for G and requiring it to vanish when intersected with the Cartan divisors does not give integer answers for all of a_i, b_i, p and q. This was of course to be expected, since in the previous section we saw that G cannot be quantized without imposing extra conditions. We now solve for the G-flux for two of these conditions.

1) For c_1(B_3) even, the odd part of c_2 vanishes and our general form for G is G = 5∑ i=1 (a_ic_1 · E_i + b_iS_2 · E_i) + pE_3 · E_4 + qE_3 · E_5 (4.39)

. The requirement that this vanish when intersected with the Cartan divisors gives the one parameter solution a_1 = 4n a_2 = −6n a_3 = 6n a_4 = −8n a_5 = 4n b_1 = −2n b_2 = 3n b_3 = −5n b_4 = 4n b_5 = −2n p = 4n q = −4n ,

(4.40)

where n is an integer. So the flux is

G =n (c_1 · (4E_1 − 6E_2 + 6E_3 − 8E_4 + 4E_5) + S_2 · (−2E_1 + 3E_2 − 5E_3 + 4E_4 − 2E_5) +4E_3 · E_4 − 4E_3 · E_5) (4.41) 2) For c_1(S_2) to be even, the odd part of c_2 can now be written as S_2 · E_2 + S_2 · E_3, and so we take G to be G = 1 2 S_2 · (E_2 + E_3) + 5∑ i=1 (a_ic_1 · E_i + b_iS_2 · E_i) + pE_3 · E_4 + qE_3 · E_5 . (4.42)

As before, we impose that G does not intersect any of the Cartan divisors, and obtain the one parameter solution a_1 = 2 + 4n a_2 = −3 − 6n a_3 = 3 + 6n a_4 = −4 − 8n a_5 = 2 + 4n b_1 = −1 − 2n b_2 = 1 + 3n b_3 = −3 − 5n b_4 = 2 + 4n b_5 = −1 − 2n p = 2 + 4n q = −2 − 4n ,

(4.43)

again with n integral. This gives G = ( n + 1 2 ) (c_1 · (4E_1 − 6E_2 + 6E_3 − 8E_4 + 4E_5) + S_2 (−2E_1 + 3E − 2 − 5E_3 + 4E_4 − 2E_5) +4E_3 · E_4 − 4E_3 · E_5) (4.44) 3) When the class of S_2 a multiple of 4, one also gets the same answer as in the local case. So altogether we see that with each of the three possible conditions, the global and local fluxes match.

We can now intersect the flux with the matter surfaces. we take our matter surfaces as S_{16} = E_3 · (σ + 3c_1 − E_1 − E − 2 − E_3 − E_4 − E_5) S_{10} = 1 2 E_5 · (3c_1 − 2S_2 − E_2 + E_3 + E_5) .

(4.45)

We then obtain G ·~_{Y4} S_{16} = α(6c_1 − 5S_2) ·_{S2} (2c_1 − S_2) G ·~_{Y4} S_{10} = 0 .

(4.46)

Both of these are in agreement with [20], the zero chirality of the 10 is of course a problem, and is resolved there by taking a factorised spectral cover. We assume that this would also work here, but leave the computations for future work.

Acknowledgements

We would like to thank Sakura Schäfer-Nameki for her very kind help, assistance and encouragement during the development of this project. We also thank Moritz Küntzler for helpful discussions.

A Intersection Relations

A.1 Intersection Relations in X_5

Here we list relations that hold in X_5 coming from the constraints we get at each blowup concerning the non-vanishing of sets of homogeneous coordinates.

0 = σ (σ + 2c_1) (σ + 3c_1) 0 = (σ + 2c_1 − E_1) (σ + 3c_1 − E_1) (S_2 − E_1) 0 = (σ + 2c_1 − E_1 − E_2) (σ + 3c_1 − E_1 − E_2) (E_1 − E_2) 0 = (σ + 3c_1 − E_1 − E_2 − E_3) (E_1 − E_2 − E_3) (E_2 − E_3) 0 = (σ + 3c_1 − E_1 − E_2 − E_3 − E_4) (E_1 − E_2 − E_3 − E_4) 0 = (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) (E_2 − E_3 − E_5)

(A.1)

As all blowups are done in the w = 1 patch, we have that

0 = σ · E_i (A.2)

since the class σ given by w = 0 cannot then intersect any of the exceptional divisors.

A.2 Intersection Relations in Ỹ_4

Consider the sets of coordinates associated to each blow up and see which ones cannot simultaneously vanish:

[w, x, y] = [w, x_2ζ_4α^2_5β^3δ_4δ^2_5 , y_5ζ_4α^2_5β^4δ^2_4 δ^3_5 ] [x_1, y_1, z_1] = [x_2α_5βδ_5, y_5α_5β^2δ_4δ^2_5 , z_1] [x_2, y_2, ζ_2] = [x_2, y_5βδ_4δ_5, ζ_4βδ_4] [y_3, ζ_3, α_3] = [y_5δ_4δ_5, ζ_4δ_4, α_5δ_5] [y_4, ζ_4] = [y_5δ_5, ζ_4] [y_5, α_5]

(A.3)

With these relations and the equation for Ỹ_4, we see that we cannot have solutions to any of the following equations: x_2 = ζ_4 = 0 x_2 = β = 0 x_2 = δ_4 = 0 y_5 = z_1 = 0 y_5 = ζ_4 = 0 y_5 = α_5 = 0 z_1 = α_5 = 0 z_1 = β = 0 z_1 = δ_5 = 0 ζ_4 = α_5 = 0 ζ_4 = δ_5 = 0 α_5 = δ_4 = 0 δ_4 = δ_5 = 0 .

(A.4)

These imply (σ + 2c_1 − E_1 − E_2) ·~_{Y4} (E_1 − E_2 − E_3 − E_4) = 0 (σ + 2c_1 − E_1 − E_2) ·~_{Y4} (E_3) = 0 (σ + 2c_1 − E_1 − E_2) ·~_{Y4} (E_4) = 0 (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) ·~_{Y4} (S_2 − E_1) = 0 (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) ·~_{Y4} (E_1 − E_2 − E_3 − E_4) = 0 (σ + 3c_1 − E_1 − E_2 − E_3 − E_4 − E_5) ·~_{Y4} (E_2 − E_3 − E_5) = 0 (S_2 − E_1) ·~_{Y4} (E_2 − E_3 − E_5) = 0 (S_2 − E_1) ·~_{Y4} (E_3) = 0 (S_2 − E_1) ·~_{Y4} (E_5) = 0 (E_1 − E_2 − E_3 − E_4) ·~_{Y4} (E_2 − E_3 − E_5) = 0 (E_1 − E_2 − E_3 − E_4) ·~_{Y4} (E_5) = 0 (E_2 − E_3 − E_5) ·~_{Y4} (E_4) = 0 (E_4) ·~_{Y4} (E_5) = 0 .

(A.5)

There are two more relations we can get by considering the surface z_1 = 0 in Ỹ_4. Since z_1 = 0 means that we cannot have y_5 α_5, β or δ_5 vanishing, we set these equal to 1, this leaves wδ_4 = x^3_2ζ_4 . (A.6) By setting ζ_4 = 0 implies δ_4 = 0, and vice versa, so these are equivalent, giving (S_2 − E_1) ·~_{Y4} (E_1 − E_2 − E_3 − E_4) = (S_2 − E_1) ·~_{Y4} (E_4) , (A.7) or (S_2 − E_1) ·~_{Y4} (E_1 − E_2 − E_3 − 2E_4) = 0 . (A.8) Also we see that setting w = 0 implies x_2 = 0 and vice versa, so these are also equivalent, which gives the relation (S_2 − E_1) ·~_{Y4} (2c_1 − E_1 − E_2) = 0 . (A.9)

B SO (10) weights and roots

Cartan charges of 10 Root (1, 0, 0, 0, 0) μ_{10} (−1, 1, 0, 0, 0) μ_{10} − α_1 (0, −1, 1, 0, 0) μ_{10} − α_1 − α_2 (0, 0, −1, 1, 1) μ_{10} − α_1 − α_2 − α_3 (0, 0, 0, −1, 1) μ_{10} − α_1 − α_2 − α_3 − α_4 (0, 0, 0, 1, −1) μ_{10} − α_1 − α_2 − α_3 − α_5 (0, 0, 1, −1, −1) μ_{10} − α_1 − α_2 − α_3 − α_4 − α_5 (0, 1, −1, 0, 0) μ_{10} − α_1 − α_2 − 2α_3 − α_4 − α_5 (1, −1, 0, 0, 0) μ_{10} − α_1 − 2α_2 − 2α_3 − α_4 − α_5 (−1, 0, 0, 0, 0) μ_{10} − 2α_1 − 2α_2 − 2α_3 − α_4 − α_5 Cartan charges of 16 Root (0, 0, 0, 0, 1) μ_{16} (0, 0, 1, 0, −1) μ_{16} − α_5 (0, 1, −1, 1, 0) μ_{16} − α_3 − α_5 (1, −1, 0, 1, 0) μ_{16} − α_2 − α_3 − α_5 (0, 1, 0, −1, 0) μ_{16} − α_3 − α_4 − α_5 (−1, 0, 0, 1, 0) μ_{16} − α_1 − α_2 − α_3 − α_4 (1, −1, 1, −1, 0) μ_{16} − α_2 − α_3 − α_4 − α_5 (−1, 0, 1, −1, 0) μ_{16} − α_1 − α_2 − α_3 − α_4 − α_5 (1, 0, −1, 0, 1) μ_{16} − α_2 − 2α_3 − α_4 − α_5 (−1, 1, −1, 0, 1) μ_{16} − α_1 − α_2 − 2α_3 − α_4 − α_5 (1, 0, 0, 0, −1) μ_{16} − α_2 − 2α_3 − α_4 − 2α_5 (0, −1, 0, 0, 1) μ_{16} − α_1 − 2α_2 − 2α_3 − α_4 − α_5 (−1, 1, 0, 0, −1) μ_{16} − α_1 − α_2 − 2α_3 − α_4 − 2α_5 (0, −1, 1, 0, −1) μ_{16} − α_1 − 2α_2 − 2α_3 − α_4 − 2α_5 (0, 0, −1, 1, 0) μ_{16} − α_1 − 2α_2 − 3α_3 − α_4 − 2α_5 (0, 0, 0, −1, 0) μ_{16} − α_1 − 2α_2 − 3α_3 − 2α_4 − 2α_5

(B.1)

References

[1] R. Tatar and T. Watari, “Proton decay, Yukawa couplings and underlying gauge symmetry in string theory,” Nucl. Phys. B 747, 212 (2006) [hep-th/0602238]. 1

[2] C. Beasley, J. J. Heckman and C. Vafa, “GUTs and Exceptional Branes in F-theory - I,” JHEP 0901, 058 (2009) [arXiv:0802.3391 [hep-th]]. 1

C. Beasley, J. J. Heckman and C. Vafa, “GUTs and Exceptional Branes in F-theory - II: Experimental Predictions,” JHEP 0901, 059 (2009) [arXiv:0806.0102 [hep-th]].

[3] R. Donagi and M. Wijnholt, “Model Building with F-Theory,” arXiv:0802.2969 [hep-th]. 1 [4] H. Hayashi, R. Tatar, Y. Toda, T. Watari and M. Yamazaki, “New Aspects of Heterotic– F Theory Duality,” Nucl. Phys. B 806 (2009) 224 [arXiv:0805.1057 [hep-th]]. 1

[5] H. Hayashi, T. Kawano, R. Tatar and T. Watari, “Codimension-3 Singularities and Yukawa Couplings in F-theory,” Nucl. Phys. B 823, 47 (2009) [arXiv:0901.4941 [hepth]]. 1, 4

[6] R. Tatar, Y. Tsuchiya and T. Watari, “Right-handed Neutrinos in F-theory Compactifications,” Nucl. Phys. B 823, 1 (2009) [arXiv:0905.2289 [hep-th]]. 1

[7] T. Weigand, “Lectures on F-theory compactifications and model building,” Class. Quant.

Grav. 27, 214004 (2010) [arXiv:1009.3497 [hep-th]]. 1

[8] S. H. Katz and C. Vafa, “Matter from geometry,” Nucl. Phys. B 497, 146 (1997) [hepth/9606086]. 1

[9] H. Hayashi, T. Kawano, Y. Tsuchiya and T. Watari, “Flavor Structure in F-theory Compactifications,” JHEP 1008, 036 (2010) [arXiv:0910.2762 [hep-th]]. 1 H. Hayashi, T. Kawano and T. Watari, “Constraints on GUT 7-brane Topology in Ftheory,” Phys. Lett. B 708, 191 (2012) [arXiv:1112.2032 [hep-th]].

[10] M. Esole and S. -T. Yau, “Small resolutions of SU(5)-models in F-theory,” arXiv:1107.0733 [hep-th]. 1, 3.3

[11] D. R. Morrison and W. Taylor, “Matter and singularities,” JHEP 1201, 022 (2012) [arXiv:1106.3563 [hep-th]]. 1, 3.3

[12] J. Marsano and S. Schafer-Nameki, “Yukawas, G-flux, and Spectral Covers from Resolved Calabi-Yau’s,” JHEP 1111, 098 (2011) [arXiv:1108.1794 [hep-th]]. (document), 1, 4, 4.1.4, 4.2

[13] J. Marsano, N. Saulina and S. Schafer-Nameki, “F-theory Compactifications for Supersymmetric GUTs,” JHEP 0908, 030 (2009) [arXiv:0904.3932 [hep-th]]. 1

[14] J. Marsano, N. Saulina and S. Schafer-Nameki, ”Monodromies, Fluxes, and Compact Three-Generation F-theory GUTs,” JHEP 0908, 046 (2009) [arXiv:0906.4672 [hep-th]]. 1

[15] J. Marsano, N. Saulina and S. Schafer-Nameki, “On G-flux, M5 instantons, and U(1)s in F-theory,” arXiv:1107.1718 [hep-th]. 1, 4

[16] J. Marsano, N. Saulina and S. Schafer-Nameki, “A Note on G-Fluxes for F-theory Model Building,” JHEP 1011, 088 (2010) [arXiv:1006.0483 [hep-th]]. 4

[17] S. Krause, C. Mayrhofer and T. Weigand, “G_4 flux, chiral matter and singularity resolution in F-theory compactifications,” Nucl. Phys. B 858, 1 (2012) [arXiv:1109.3454 [hep-th]]. 1

[18] T. W. Grimm and H. Hayashi, “F-theory fluxes, Chirality and Chern-Simons theories,” JHEP 1203, 027 (2012) [arXiv:1111.1232 [hep-th]]. 1

[19] M. Kuntzler and S. Schafer-Nameki, “G-flux and Spectral Divisors,” arXiv:1205.5688 [hep-th]. (document), 1, 4.1.4

[20] C. -M. Chen, J. Knapp, M. Kreuzer and C. Mayrhofer, “Global SO(10) F-theory GUTs,” JHEP 1010, 057 (2010) [arXiv:1005.5735 [hep-th]]. 1, 4.2

[21] C. -M. Chen and Y. -C. Chung, “A Note on Local GUT Models in F-Theory,” Nucl.

Phys. B 824, 273 (2010) [arXiv:0903.3009 [hep-th]]. 1

[22] I. Antoniadis and G. K. Leontaris, “Building SO(10) models from F-theory,” arXiv:1205.6930 [hep-th]. 1

[23] S. Cecotti, C. Cordova, J. J. Heckman and C. Vafa, “T-Branes and Monodromy,” JHEP 1107, 030 (2011) [arXiv:1010.5780 [hep-th]]. 1

[24] C. -C. Chiou, A. E. Faraggi, R. Tatar and W. Walters, “T-branes and Yukawa Couplings,” JHEP 1105, 023 (2011) [arXiv:1101.2455 [hep-th]]. 1

[25] R. Donagi and M. Wijnholt, “Higgs Bundles and UV Completion in F-Theory,” arXiv:0904.1218 [hep-th]. 4

[26] S. Krause, C. Mayrhofer and T. Weigand, “Gauge Fluxes in F-theory and Type IIB Orientifolds,” arXiv:1202.3138 [hep-th]. 2 A. P. Braun, A. Collinucci and R. Valandro, “G-flux in F-theory and algebraic cycles,” Nucl. Phys. B 856, 129 (2012) [arXiv:1107.5337 [hep-th]].

T. W. Grimm and R. Savelli, “Gravitational Instantons and Fluxes from M/F-theory on Calabi-Yau fourfolds,” Phys. Rev. D 85, 026003 (2012) [arXiv:1109.3191 [hep-th]].

K. Intriligator, H. Jockers, P. Mayr, D. R. Morrison and M. R. Plesser, “Conifold Transitions in M-theory on Calabi-Yau Fourfolds with Background Fluxes,” arXiv:1203.6662 [hep-th].

[27] A. Collinucci and R. Savelli, “On Flux Quantization in F-Theory,” JHEP 1202, 015 (2012) [arXiv:1011.6388 [hep-th]].

[28] P. Aluffi, “Chern classes of blow-ups” Mathematical Preceedings of the Cambridge Philosophical Society 148 (2010) 227-242 [arXiv:0809.2425 [math.AG]]. 4.2

[29] C. Lawrie and S. Schäfer-Nameki, to appear. 2.2.3