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1 Introduction

F-theory [1-3] is the most suitable setup to describe type IIB backgrounds with 7-branes.
These objects backreact on the closed string background by making the type IIB (complex-
ified) string coupling 7 (also called the axio-dilaton) vary over spacetime. The underlying
idea of F-theory is to identify 7 with the complex structure of an auxiliary two-torus. When
7 depends on the coordinates of the type IIB internal manifold Bs, the corresponding su-
persymmetric background in F-theory will be an elliptic fibration Y; over the base space
Bs (if the fibration admits a section, otherwise it will just be a genus-one fibration [4, 5]).



The power of F-theory resides not only in its unifying language, able to capture the
backreaction of the 7-branes and to explore regions of the moduli space where the string
coupling is of order one, but also in model building. In fact, an SU(5) GUT model can
be constructed with order one top Yukawa coupling [6-9], generated at a codimension-
three locus in the base of the elliptic fibration where the SU(5) singularity enhances to
FEg. This is a great advantage with respect to perturbative type IIB compactifications on
smooth Calabi-Yau (CY) threefolds, where the coupling is forbidden perturbatively. This
fact boosted numerous efforts to pursue SU(5) GUT model building in F-theory. As a
result nowadays we have global examples [10-24] exhibiting three generations of matter
and realistic Yukawa textures.

In spite of all these positive features of F-theory, it is in general important to be able
to connect the F-theory description to the type IIB one. In fact, perturbative type I11B
string theory techniques are very powerful and allow to address questions that in F-theory
are not still completely understood (e.g. the low energy effective couplings and moduli
stabilization). Having a range of parameters where both descriptions are available is es-
sential to approach problems that are understood on one side but not on the other. This
is possible when the string coupling is small almost everywhere in the ten-dimensional
space-time. The axio-dilaton 7 depends on the complex structure moduli of the F-theory
fourfold Y. To reach a weak coupling regime therefore, one needs to take a proper limit in
the complex structure moduli space. This limit is called the weak coupling limit, discussed
first by Sen [25] and recently refined in [26]. In this limit, all the 7-branes are D7-branes
or orientifold O7-planes and the CY threefold compactification manifold is easily defined,
allowing a direct match with the perturbative type IIB configuration.

In the last ten years, several globally consistent semi-realistic F-theory models were
constructed, with techniques refined through the years. It is then of great interest to
apply this limit to these models: on one side, some open issues in F-theory models can be
better addressed in type IIB, leading to intuition on how to approach them in the F-theory
language. On the other side, new type IIB phenomena can be discovered starting from the
known F-theory models. A recent example of this can be found in [27], where it was shown
that the F-theory Eg point Yukawa coupling is possible also in the perturbative type I1B
string theory: it is generated by a D1-instanton in the corresponding perturbative type I11B
setup if the CY threefold has a conifold singularity.

For some of the global models that are present in literature, especially those support-
ing an SU(5) GUT spectrum, the weak coupling limit has been studied [27-42], leading
to the fruitful exchange described above. More recently, also globally consistent MSSM-
like models [43-48] or U(1) extensions of it [49, 50] have been constructed in F-theory.
Similarly, alternative unification schemes such as Pati-Salam grand unification and Trini-
fication have been contemplated [47, 51], in addition to previous constructions based on
SO(10) GUTs [52-54]. It is then a natural question whether it is possible or not to have
analogous versions of them in the perturbative type IIB picture and if so, whether these
are competitive with the F-theory regime from a phenomenological point of view.

Following these motivations, in this work we study the weak coupling limit of MSSM-
like models constructed recently within the context of F-theory. We will concentrate only



on models where the type IIB CY threefold is smooth. For the SU(5) models, this re-
quirement discarded the top Yukawa coupling also in the F-theory compactification. In
contrast to this, in the considered MSSM-like models the would-be conifold points do not
correspond to any of the Yukawa points. Therefore, excluding these singular points in the
CY threefold does not prevent from any coupling that is present in the class of F-theory
models we consider.

We start our analysis by taking the SU(3) x SU(2) x U(1) MSSM-like model constructed
in [47, 51]. Here we apply the methods developed in [50] to compute the possible verti-
cal G4-fluxes keeping the base of the elliptic fibration generic. We then apply the weak
coupling limit to the elliptically fibered CY fourfold and find the corresponding type IIB
configuration. With this at hand, we are able to work out all the possible gauge fluxes
that satisfy the D5-tadpole cancellation condition in type IIB. An analogous procedure
has been implemented in [34] for SU(5) x U(1), models, where the corresponding type
IIB setup was found to be made up of a U(5) D7-brane stack (plus its orientifold image)
and a U(1) D7-brane (plus its orientifold image). The diagonal U(1) gauge bosons of the
two stacks are massive due to the so called geometric Stiickelberg mechanism [34, 55, 56];
however, a linear combination of them remains massless and maps to the massless U(1) y
in F-theory. The authors were able to match all the vertical harmonic G4 fluxes with the
type IIB D5-tadpole canceling fluxes, including the only flux along a massive U(1) that
does not induce a D5-tadpole. Let us comment on the last flux: the massive U(1) fluxes are
believed to be described generically in F-theory by non-harmonic four-forms [56]. In [34]
the question was then raised whether the F-theory D5-tadpole condition found in [56] was
able to cancel the non-harmonic part of all such fluxes, as in their example this actually
happened. Instead, in our example, we have found a massive U(1) flux in type IIB that
is not described by a harmonic vertical flux in the resolved F-theory manifold. Hence, it
seems that the D5-tadpole cancellation condition does not prevent having fluxes that do
not lie among the harmonic four-forms of the fourfold. However, we will show that these
fluxes always violate the D-term condition, if all the matter field’s vevs are set to zero.
In other words, we will see that these fluxes generate a T-brane background [57-60] in a
supersymmetric configuration, that obstructs the resolution [61, 62]. Hence the match of
these fluxes with harmonic four-forms on the resolved fourfold is not a well-posed problem.

We study also the more refined MSSM-like models of [49, 50] where an extra massless
U(1) is added and a richer structure of matter curves is realized. As a preparation for this
analysis we study a simpler U(1) x U(1) model [17, 20, 63—65]. In both cases we match the
7-brane configurations, the fluxes and the chiral spectrum. Again we find a massive U(1)
flux in type IIB that is not described by a harmonic vertical G4 flux in the resolved fourfold.

Finally we explore the weak coupling limit of some other interesting models: these
are toric hypersurface fibrations with fibers in the toric ambient spaces P, and Pr,. The
first is a model exhibiting a single U(1) symmetry with a particular charge spectrum, since
in addition to singlets with charge one and two, it also contains a massless singlet with
charge three [51]. We discuss the weak coupling limit of this model and find the D7-brane
setup which realizes the charge three singlet (the 3 comes merely from the massless linear
combination of the standard massive U(1)’s in type 1IB). Interestingly, we notice that in



type IIB it is not possible to Higgs these models to produce a 3-index states as it is instead
possible in F-theory [66].

The latter model, which is based on Pp, , exhibits a Zg discrete gauge symmetry [51, 67].
It is also shown to have a weak coupling limit where the discrete symmetry stems as a
discrete remnant of a global U(1) symmetry. By using the weak coupling limit we are able
to derive the number of chiral states, that in F-theory is very hard to compute.

In our analysis we also encounter something peculiar: some matter curves that in type
IIB are distinguished by a massive U(1) symmetry, join into one curve in F-theory. This
is a manifestation that the corresponding global U(1) symmetry is not a true symmetry
of the full setup. In fact, this symmetry is known to be broken to a discrete subgroup
(possibly trivial) by non-perturbative effects also in the type IIB context [68-73]. Our
claim is that the two distinguished curves one finds at weak coupling have matter with
the same charge under the surviving discrete subgroup. We check this in the simple model
mentioned above, where the discrete Zs can be detected directly in F-theory.

This paper is organized as follows: in section 2 we introduce the Sen limit, presenting
a simple exemplifying model with one massless U(1). In section 3 we consider the weak
coupling limit of the MSSM-like model of [47], we discuss the matter content and the
possible vertical G4-fluxes and we work out the corresponding perturbative type I1B setup;
we finally apply the results to a model with a specific base space. In section 4 we discuss
the weak coupling limit of a two (massless) U(1) model which is constructed by considering
an elliptic fibration with the fiber cut as a hypersurface in the 2D toric ambient space Pr,.
This constitutes a preamble to section 5 where we consider the U(1) extended MSSM-like
model of [49, 50]. There, by a careful match of geometric properties as well as the flux
directions we show that these models also exhibit a weak coupling limit. In section 6 we
explore the Sen limit of some other interesting models with charge three states and discrete
symmetries. Finally in section 7 we present our conclusions.

2 F-theory models in the perturbative type 1IB limit

Supersymmetric F-theory compactifications to four dimensions require a Calabi-Yau four-
fold that is elliptically fibered over a base manifold Bs. When the elliptic fibration has a
section, the fourfold can be described by a Weierstrass model:

V=3 frzt4g25. (2.1)

The fiber coordinates z,vy, z are embedded into P},; and are taken to be sections of (Kp ®
F)®? (Kp® F)®3 and F, respectively; where F corresponds to the line bundle associated
with the hyperplane section of that space and K g is the anticanonical bundle of the base Bs.
It follows that f and g are sections of I_(gd‘ and Kg(s, respectively. For later convenience,
they can be rewritten in terms of bs, by and bg where b; is a section of I_(gi:

f= g+2b Y N (2.2)
-3 4, 9—272 3720 6 - .
The discriminant locus, where the 7-branes are located, is given by

A =4f%+27¢% = 4b3 (bobs — b7) — 36 bababg + 32 b3 + 27 b (2.3)



and the j-function is
4(24f)°
(1) = ———. 24
jr) = 22 (24)
The Sen’s weak coupling limit [25] is a limit in the complex structure moduli space that
makes the axio-dilaton become constant almost everywhere in the Type IIB space-time.
Let us scale the b;’s with a parameter € in the following way:

b2 — 60 b2 s b4 — 61 b4 R b6 — 62 b6 . (2.5)

When € — 0, the j-function of the elliptic fiber grows as ¢ 2

(away from the vicinity of
by = 0); correspondingly, the string coupling becomes small almost everywhere over the

base space Bs. In fact, for small €, the discriminant becomes
A — —4E03AE +O()  where  Ap = b2 — bobg, (2.6)
i.e. the discriminant locus factorizes into two components:
b =0 and Ap=0. (2.7)

By looking at the monodromy of the elliptic fiber around such loci, one discovers [25] that
the first one is an O7-plane and the second one gives the location of perturbative D7-branes.
Since the O7-plane is the fixed point locus of the orientifold involution, the perturbative
type IIB double cover CY threefold (covering twice the base Bs) is

€2 =10y, (2.8)

with ¢ a section of K and where the orientifold involution is (—1)"2Q,0, with o : € — —¢.
If we introduce the coordinate x =z — %ngQ and rewrite the Weierstrass equation by
using the parametrization (2.2) for f and g we find!

Y =x3 4 by x? 2% 4 2y x2t +bg 28 (2.9)

In this form, the sections b;’s defining the perturbative O7 and D7 data appear in a simple
way. We will use this form of the elliptic fibration in the rest of the paper.

Keeping the b;’s form generic one has a smooth Calabi-Yau fourfold. At weak coupling
one finds only one invariant D7-brane described by the equation b2 —£2bg and supporting no
massless gauge boson. Due to the form of the equation this has been called in literature a
Whitney brane. To obtain a more interesting 7-brane setup, one needs to specialize the form
of the b;’s. In F-theory one obtains then singularities of the elliptic fibrations; at weak cou-
plings the Whitney brane splits into stack of D7-branes supporting Abelian or non-Abelian
gauge groups and charged matter. We will see a relevant example in the next section.

"When we rescale the b;’s as in (2 .5), this equation describes a family of Calabi-Yau fourfolds over the
e-plane. At € = 0, the elliptic fiber degenerates over all points of Bs. What is worse by and b become zero,
i.e. the information on the location of the D7-brane locus, is lost completely. In [26, 74] it has been studied
how to deal with such a degeneration.



2.1 Example: one massless U(1)

Massless U(1)’s gauge bosons are obtained in F-theory if the elliptic fibration has extra
(possibly rational) sections. In [75], the generic form of an elliptic fibration with one extra
section has been worked out. The corresponding Weierstrass model in the notation of [75] is

2 2 4 2 b2c?

1
y2 =23+ <c103 — b2y — C2> T+ cocg — =c1C203 + —=C5 — “h2cpeg + —2L (2.10)

3 3 27 3 4 7
where we set z = 1 (the interesting physics happens in this patch). Written in terms of
the variable x = = — %ngQ, the defining equation takes the form

b2c?
2 =52+ ex® + (0103 — bQCQ) X+ coc§ — b%coen + Tl , (2.11)

where b, ¢g, c1, c2 and c3 are generic sections of the line bundles B, K®* ® B®?, K®3 @ B,
K®? and K ® B respectively (with B an arbitrary line bundle on Bs).

This fourfold has two conifold-like singularities along two curves on the base Bs. They
are both resolvable and this signals the presence of a massless U(()1) gauge boson in the
low dimensional effective theory [56]. The extra-divisor giving the massless U(()1) gauge
bosons (from the redution of C3) is the new rational section. Matter fields live on these
curves and are charged under the U(()1) gauge group. The fields living on one curve have
double the charge of the fields living on the other curves. Setting charge equal to 1 for the
latter, the former are charge 2 fields [75].

Let us see now the weak coupling limit. The b;’s take now the particular form

b2 = C9, (212)
1
b4 = 5 (6163 - bQC(]) y (213)
b2c?
be = coc§ — b%coen + Tl . (2.14)

We need to rescale the sections b and ¢;’s such that the b;’s scale as (2.5). We want to do
this in the most generic way, i.e. without generating extra matter and extra gauge group

factor with respect to the F-theory setup under consideration. A proper choice is?

b—)eob, CQ—>6200, 01—>6101, 02—>€002, 03—>6003. (2.15)

We notice that at weak coupling the by loses one term and factorizes as by = “52. After

the limit, the D7-brane configuration we obtain is given by:

2
AE =0 with AE = (C?} — C2b2) (2 — CZCO> . (216)

The O7-plane is at the locus ¢; = 0. On the CY ¢2 = ¢y, the D7-brane locus becomes

02
Ap = (5 — €b) (e3 + €b) (41 - 5260> . (2.17)

2An equivalent choice is b — el b, co— e co , 1 — ¢ , Ca— ey R el s,



€4 section Line Bundle
w3 wlw U O(H —E1 —E>;— Es+ 8o+ Kp)
w 1 v O(H — E; — E3s+ Sy — S7)
w2 LN w O(H — Ey)
e el O(Ey\ — Ey)
w es O(E; — Es)
uv? es O(Es)
e3 v €4 O(Ea)

Figure 1. The polytope Fj; and its dual. The table contains the divisor classes of the coordinates
in ]P)Fn .

We recognize a system of one U(1) brane and its orientifold image, plus a Whitney brane.
The two U(1) branes are in the same homology class and hence the U(1) gauge boson is
massless (if no gauge flux is switched on). The matter occurs at the D7-brane intersections.
We have a charge 1 state at the intersection of the U(1) brane with the Whitney brane and
one charge 2 state at the intersection of the U(1) brane with its image. We obtain the same
spectrum as at strong coupling, i.e. we are describing the same physical configuration at
weak and strong coupling. This is an important requirement to fulfill in order to claim to
have a weakly coupled description of the F-theory setup. For several cases, a weak coupling
limit is possible (in the sense that the string coupling is small everywhere) but at the price
of generating extra gauge groups (see [36]).

3 An MSSM-like F-theory model

In this section we study a phenomenologically more interesting case, i.e. an elliptic fibration
supporting the Standard Model spectrum.

3.1 F-theory description

3.1.1 Geometric setup

In this model the elliptic fiber is described as an hypersurface in the 2D toric ambient space
Pr,,. This is associated to the polytope Fi; depicted in figure 1. In the associated table,
we can read the coordinates and their associated line bundle classes. These are written as
O(D), with D a divisor of the fourfold, written as a linear combination of the base divisors®
Kp (the canonical class of Bs), S; and Sy and the divisors H, Ey, Es, E5, E4. The defining

equation is pg, = 0, with

Pr, = sle%e%egeiug + Sgele%egeiuzv + 53e§e§uv2 + 856%626211,221) + sgere2ezequvw + 59elvw2 ,

(3.1)

3We will often use the same symbol for the divisor D in Bs and the vertical divisor in Y3 given by
the elliptic fibration over D. We will call D also its Poincaré dual two-form on B3 and the corresponding
pullback #*(D) that is Poincaré dual to the vertical divisor (% : Y4 — B3 is the projection from the elliptic
fibration to the base manifold).



Representation Locus
(3,2)1/6 {s3, s0}
(1,2)_1/2 {s3, s2s? + s1(s159 — s556)}
(8,1)_g/3 {s5, so}
(3,1)13 {s9, s3s% + se(s156 — s255)}
(1,1), {s1, s5}

Table 1. Matter representations of SU(3) x SU(2) x U(1) appearing in the X, ,-model, together
with their associated codimension-two loci. The charge under the U(1), generator is indicated by
a subscript.

where s; are sections of suitable line bundles, chosen such that pr,, = 0 defines a Calabi-
Yau manifold. One can write the corresponding classes in terms of the anticanonical class
of the base, and two extra divisor classes S7 and Sy:

S1 S9 S3 S5 S6 59
3[(3—87—89 QKB—SQ KB+S7—59 2[(3—57 KB So

(3.2)

By means of Nigell’s algorithm one can work out the Weierstrass form (2.1) of the
CY (3.1), with the following expressions for f, g and the discriminant A

1 2 2 1
f= -3 (Zj — Sgsg) +2 (—43339(3536 — 23139)> , (3.3)
2 2 Po /82 1 1
g= 77 <T — $2$9> 3 (Zﬁ - 8289> <—48389(8586 — 23189)> + Esgsgsg, (3.4)
1
A= ES%SS [Sgsgsg — s98%5¢ + 515550 + 27535559 — 365953555659 + 853525859

+ 305153525259 — 85159555050 — 535859 — 16555252 + 725159535253 (3:5)

+ 165155555653 — 968%83858683 + 85%525253 — 165%5%53 + 645?5353] .

Notice that (3.1) is the resolved version of the given Weierstrass model. We will call both
spaces Yy in the following, which one we mean will be clear from the context.

Following Kodaira’s classification, the vanishing order of the above quantities confirm
that the fiber degenerates to an I-fiber over the locus {s3 = 0} and to an I3-fiber over
the locus {sg = 0}. The matter content for this model has been computed in refs [47, 51]
and it is summarized in table 1. By looking at the Tate form of the present fourfold, one
moreover realizes that the Io-fiber is associated to a Sp(1) = SU(2) gauge group, while the
Ajs singularity is ‘split” and the gauge group is SU(3) [76].4

4One can see this by shifting the = coordinate to x and realizing that the coefficient of x> becomes a
square on top of sg = 0.



By comparing (3.3) and (3.4) with (2.2), one extracts the expressions for the sections
b/S:

52
bg = 6 _ $9289 , (36)
4
1
b4 = —18389(3586 — 28189) 5 (37)
1
bg = Zs%s%s%. (3.8)

The defining equation for our CY fourfold is then
2 3 55 2 1 4,1 o996
Y =x + 4 5259 X222 - 58389(8586 —28189) x2" + 15355502 - (3.9)

Over the codimension-one loci in B3 where the non-Abelian gauge group live, the
singular point in the fiber is given by:

{s3=0}: [x:y:2]=[0:0:1], (3.10)
{s9 =0} : [X:y:z]:[—fg:O:l}. (3.11)

The Weierstrass model includes naturally the zero section
So: [x:ty:z]=[1:1:0]. (3.12)

In order to devise the location of the extra section one can rewrite (3.9) in the factorized
form (in the patch z = 1) as

1 1 2 1
<y2535559> <y+ 2535559> =x (x2+ <8465289> X25359(555625159)) , (3.13)

from which one can obtain the fiber coordinates of the extra section:®

Sy [X:y:z]:[O:m:l}.

; (3.14)

From these two inequivalent sections one obtains the Shioda map for the generator of a
geometrically massless U(1) symmetry:

1 1
o1 = 51— So+ Kp + 5 D% 4 o (DY) 4 205 (3.15)
The exceptional divisors DSY(?) and D?U(S), D§U(3) are given by the following divisors in
figure 1:
S S
DSU® =[] DIV = [ey], DV =[u]. (3.16)

®One can actually read two extra sections, the second being at [x: y : 2] = [0 - 285830 1] This second
one however is not independent from the given ones.



3.1.2 Fluxes and chiral matter

In order to obtain the chiral indices associated to the different matter curves present in
this model, we have to construct the G4 fluxes that lie inside the primary vertical cohomol-
ogy H‘(/? ’2)(Y4) [77], where Yy is the resolved foufold defined by the equation (3.1).5 The
relevance of the vertical fluxes for the chiral spectrum was first noticed in [15, 33, 80, 81]
where explicit examples were constructed and the generated chiral spectrum computed.
For the chosen setup, the vertical fluxes have been explictly constructed for a particular
base choice, B3 = P3| in [47]. In this work we follow instead the methods of [34, 50, 82],
which enables us to address the issue of fluxes in a base independent way.

The vertical cohomology H‘(/2 2) (Yy) is constructed as a quotient ring at grade two. Its
elements are linear combinations of products DsADpg, with {Da} (A =0,..., A (Yy)—1)
a basis for H(V(Y}). The vertical flux can then be written as

G4 =capDy N Dpg, (3.17)

with some coefficients cap. In the following we will often omit the A symbol.

In all cases of our interest the Calabi-Yau fourfold is described as a toric hypersuface,
where all the two-forms of the Calabi-Yau Yy are pullbacks of two-forms in its correspond-
ing ambient space X5. Of particular importance are the quartic intersections in Yy, which
in our case can be related to the quintic intersections in the ambient space. The quintic in-
tersections can be computed as a polynomial ring at grade five, modulo the Stanley-Reisner
ideal (SR) and modulo linear relations (LIN) that can be read off from the toric diagram
of the fiber ambient space. After imposing a few (known) explicit fiber intersections one
can readily express any quintic intersection in terms of cubic intersections in the base Bs

Dy, Dp,Da,Da, Dy, = 24444 p Do D, (3.18)

o203

with D, being base divisors.

The computation of the quartic intersections in the Calabi-Yau fourfold Y} relies on the
quintic intersections in the ambient space X5. Taking any product of divisors at degree four
Da,Da,Da,D 4, together with the class of the hypersurface [pr| gives a quintic intersection
in the ambient space which corresponds to the quartic intersection D4, D4, D4, D 4, in the

fourfold, i.e.

Q[DA]4 A [PFll]
SR + LIN
With the quartic intersection numbers at hand we can discuss the physical requirements

H(4’4) (Y4)

I

c HOY(X5). (3.19)

that have to be imposed on the G4 flux. These are called transversality constraints and
correspond to demanding that certain Chern-Simons coefficients vanish [20, 81, 83-86]:

1
Ooa = 5 Gy4NSoyNDy =0, (3.20)
Yy
1
@ag = 5 G4/\Da/\Dﬂ =0. (3.21)
Yy

STf one is interested in the full massless spectrum, including vector-like matter, more refined techniques
must be used [78, 79)].

~10 -



Here D, denote the vertical divisors. The previous conditions are necessary in order to
ensure that the resulting four dimensional theory is Lorentz invariant [83]. Additionally
we want to ensure that all non-Abelian gauge symmetries remain unbroken, which is guar-
anteed by the following condition

1
@ma:Q/G4/\Em/\Da:O, (3.22)
X

with E,, being the exceptional divisors associated to the non-Abelian factors.
The vertical flux takes the form

Gy = C]Gi[) s (3.23)

with {Gfll)} being a set independent solutions to egs. (3.20)—(3.22). For the case we are
concerned with, the basis of divisors reads

D4 ={S0,S1, Do, DSV®) DSUB) pSUG):) (3.24)

with D, the vertical divisors associated with the elements of a basis for H:D(B), i.e.
a=1,...,h5)(B), and DSV®), DSUB)1 DSUB): the exceptional divisors in the resolved
fourfold. Out of all vertical divisors D, we distinguish among the subspace f = (Kg, S7, So)
whose generators determine the fibration structure. For the purposes of our entire discus-
sion it is irrelevant whether or not they are linearly dependent. One can always express a
base divisor as a linear combination of the elements of f and of some remaining independent
divisors, that we denote as D', o = 1,..., h(bD(B) — 1k(j).

A simple Mathematica code can be used to compute the quintic intersections in the
ambient space upon reduction of quintic monomials in a Groebner basis for the Stanley-
Reisner ideal. As said above, the quartic intersections on the fourfold Y; can be easily
computed by intersecting four divisors with the class of Y; in the ambient space. After
imposing the transversality constraints and getting rid of redundant flux pieces, we find
the following expression for the G4 flux over a generic base Bs:”

Gi=FANo1+A (GK% +KBS0 —i—S(Q) — 5KBS7+S$ — 2[(339 +S739) , (3.25)

where o(S1) is the Shioda map of the section S; given in (3.15), and F = ,D, (with
a=1,...,hY(B)) is a vertical divisor. The coefficients 7, and A are subject to the
flux quantization condition and must also be in agreement with the cancellation of the
D3-tadpole [87].

We can finally use the flux to compute the chiral indices for the matter representations.
These are given by integrating the flux G4 on the corresponding matter surfaces [6, 88].
These matter surfaces can be described as algebraic four-cycles in X5 (the pushforward of
the surfaces on Yy via the embedding map). For a given representation R there will be a
six form [ygr| Poincaré dual to the corresponding four-cycle, such that the chirality can be
computed as:

\®) = [ Gi- [ Ginpa). (3.26)

"For the case of base Bs = IP’37 with K =4H, S; = n7H, So = ngH and H being the hyperplane class
in P*, we can show that the flux expression correctly reduces to the one found in [47].
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Gy = A(GK% + Sg + S7(S7+ Sy)
+Kp(So — 587 — 28))

(3,2)1/6 tFKp(Kp+ St — S) 0

Representation Gy=F Noy

2A(Kp + 87 — Sy)
x(2Kp — 87)(3Kp — 87 — Sy)
(3,1)_o3 —2FSy(2Kp — S7) ASy(2Kp — 87)(3Kp — S7 — So)
(3,1)1/3 1FSy(5Kp — Sr — So) —ASy(2Kp — S7)(3Kp — S7 — Sy)

(1,2),1/2 %]:(KB+S7—Sg)((—6KB+257+59)

A2Kp — 87)(3Kp — 87 — S)

(1,1)1 f(2k3—$7)(3}?3—87—89) _
><(—4KB + 257 + Sg)

Table 2. Chiralities for the charged matter in the Fi; model over a generic base. It is understood
that the triple intersection numbers are to be computed over the base Bs.

The chiralities for the charged states are summarized in table 2. By the procedure outlined
above, they can be written as cubic intersections in the base Bs.

We finish this section with an observation. In the absence of the SU(2) singularity
the gauge symmetry reduces to SU(3) x U(1). One can show that in this case the A flux
simplifies to

G} = 12K% + KpSy + Sz — 10KpSy + 252, (3.27)

and it becomes equivalent to a flux of the form (—6Kp + 3Sg) A 1. This is in agreement
with the observations of [34], stating that for SU(n) x U(1) models only fluxes of the form
F A o are allowed for n < 5.

3.2 The weak coupling limit

In order to take the weak coupling limit we follow the same procedure we used in the
example in section 2.1. We need to find a scaling of the sections s;’s such that the b;’s

in (3.6) scale as (2.5). A proper choice is®

S1 — 6181, S3 — 6083, S5 — 6185, S — 6086, S9 — 6089 . (328)

The double cover CY threefold X3 is described by the following equation

32

&= ZG — 5259, (3.29)

where we used (2.8) and (3.6). In order to prevent a conifold singularity along the locus
& = s = sg = s9 = 0 we will consider bases Bs for which this locus is empty. Dealing with
smooth CYs allows us to compute the relevant quantities through standard techniques;
this makes the match with the F-theory result easier to check. However, one may deal with
such singular CY threefolds by using non-commutative resolution techniques, as explained

80ne may also choose to scale only s3; however this choice is equivalent to (3.28), as s3 appears always
in product with either s; or ss.

- 12 —



in [27]. From equation (3.29), one sees that the divisor {s9 = 0} (and {sy = 0} as well)
splits into two components:

1 ~ 1
W:{SQZO, 525620} and W:{59:0, §+286:0}. (3.30)

These two divisors are in different homology classes in X3 and are mapped to each other
by the orientifold involution £ — —£.

3.2.1 D7-brane setup

One can now look at the D7-brane locus Ag = 0 at weak coupling;:

ow

538
A = 3T (518586 — 5255 — 5189 . (3.31)

Intersecting the D7-brane locus Ag = 0 with the CY equation (3.29) one obtains the
following D7-branes (see figure 2):

e U(3) stack: there are three D7-branes wrapping the divisor W and their images
wrapping the divisor W. Since the two divisors are in different homology classes, a
geometric Stiickelberg mechanism occurs making the diagonal U(1) massive [89-91].

e SU(2) stack: there are two D7-branes wrapping the invariant irreducible divi-
sor U = {s3 =0}. The two branes are image to each other and they support an
Sp(1) = SU(2) massless gauge boson. The diagonal U(1) vector multiplet is pro-
jected out of the spectrum by the orientifold, even though there is still the possibility
to have a gauge flux associated with this U(1) that is the pull-back of a CY odd form
to the invariant divisor U.

e U(1) stack: the remaining locus in Ap is
A™ = 5952 — 565155 + s957 = 0. (3.32)

When we intersect this locus with the CY equation (3.29) it factorizes into two
divisors [34]. These can be described algebraically as non-complete intersections by
the following equations

V= {3139 + s (5 — 8—6> =0, s582 — 81 (§ + s;) =0, eq. (3.29)} , (3.33)

2
V= {8189 — 85 <§ + 35(5) =0, s582+ $1 <§ - %6> =0, eq. (3.29)} . (3.34)

Again these loci are in different homology classes and hence the associated U(1) is
massive. We will see that however a linear combination of the two massive U(1)s (the
second being the one supported on the U(3) locus) is in fact massless [34].

At this point it is convenient to remark some homological relations among the four-
cycles we have just specified. First of all, it is possible to relate divisor classes of the base
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o7

Figure 2. Schematics of the brane stacks in the weakly coupled type IIB limit.

Bs to divisor classes of the double cover the Calabi-Yau threefold X3. The pullback to X3
of the anticanonical divisor of B3 coincides with the class of the orientifold plane

7 (Kp) = [¢§] = Dor, (3.35)
where 7 : X3 — Bs is the two-to-one projection. Similarly, one can show that
™([s0]) =W+ W and 7*([s3]) =U. (3.36)

As stated above, we will focus only on models with non-singular X3 at weak coupling.
Hence we require the absence of the conifold singularity? at

S9 = S = S = 0. (3.37)

In other words, we have the vanishing of the following triple intersection [34]

| Dor(2Dor = W)Wy = | Dor(2Dor = (W + W)W +W) =0, (3.38)
3 3

where we have defined WL =W =+ W as orientifold even and odd combinations. One can
additionally prove the following relations [34]:

DoiW = DosW =WW = W2 —-W? =2Do;Wy, DorW-=0. (3.39)

Note that (3.39) contains more information and automatically implies eq. (3.38).

One can also find the class of V and V: consider the locus s9AE™ = 0. It is in the
class 2(4Do7 — U — (W + W)). If we intersect it with the CY equation (3.29), this locus
factorizes as

SgAR™ = (8189 + s5 (5 — Sg)) . (3139 — 85 (f + %)) . (3.40)

°In SU(5) F-theory models, the absence of this point is related to the absence/smallness of the top
Yukawa 10-10-5 [27, 92]. For the SU(3) x SU(2) x U(1) model the conifold singularity happens away from
any of the Yukawa points {s3 = s5 = s9 = 0} and {s3 = s9 = s15¢ — s285 = 0}, corresponding to the top

and bottom quark Yukawas, respectively.
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Both components are in the homology class 4Do7 — U — (W + W) By using the defining
equations for W, W, i.e. (3.30), and for V, V, ie. (3.33) and (3.34), one sees that the first
component is in the class V + W, while the second is in the class V + W. Hence we
conclude that

V =4Do7 — QW +W)-U, V="V, (3.41)
which of course is consistent with the D7 tadpole cancellation condition
(V4+V)+2U +3(W + W) =8Dpr. (3.42)

Let us now comment on the U(1) symmetries. As we noticed above, in the type IIB
model we see two Abelian gauge symmetries: one is on the locus V' (and its image f/),
while the other is the diagonal U(1) of U(3) on the locus W (and its image W). Since the
homology classes of these divisors are different from the ones of their orientifold images, the
corresponding U(1) gauge bosons are massive [89-91]. On the other hand, in F-theory we
have one massless U(1) gauge boson. Actually this happens also in the type IIB setting; in
fact, one linear combination of the massive U(1)’s is massless. The D7-brane worldvolume
coupling that gives mass to the gauge bosons is the following:

Ce NF. (3.43)

D7
F is the four-dimensional gauge boson field strength. Cj is the RR six-form potential
(dual to C2). It is odd under the orientifold projection, hence it gives zero modes when
expanded along odd forms. The relevant zero modes for our discussion is a two-form
potential that appears in the expansion of Cg along odd four-forms. In the present example
h*?(X3) = h"'(X3) = 1, so that we have only one zero mode: Cg = ¢y A w! ™) with

wi_) € H**(X3). From (3.43) we obtain the following terms in the four-dimensional action:

> /RBIRIF[/\CQ. (3.44)

I=W,V

Here F7 is the four-dimensional field strengths of the U(1) gauge boson living on the I-th D7-
brane wrapping the divisor D;. n! is the coefficient of D; — 0* D along the odd generator
W_ times the number of branes wrapping such divisor; in the present case, n'V' = 3 and

V' = —1. Upon dualization, the four dimensional two-form ¢s becomes a pseudiscalar

n
axion that is eaten by one gauge boson, giving it a mass through what is known as the
geometric Stiickelberg mechanism [56, 80, 89-91]. Since there is only one axion field,
only one linear combination of the two U(1) gauge bosons become massive, leaving the

orthogonal combination massless. The massless (hypercharge) U(1) generator is then

Qv = £ (3Qv +Qw). (3.45)

with Qv being the charge under the U(1) associated to V and Qw the charge under the
diagonal U(1) C U(3).
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The matter fields live at the intersections of the brane stacks. In the following we
list the matter content and the curves where they live. The fields will be labeled by their
transformation under the gauge groups: (Rgy(s), RSU(Q))?QYV’QW), where (Rgy(s), Rsu(2))
is the representation under the SU(2) x SU(3) gauge group. Again (Qv,Qw) denote the
charges under the U(1),, and the U(1)y, C U(3) and Qy is their massless combination
(even though it is determined by Qv and Qw, we write it explicitly for later use).

e WU: (3, 2)%661). The associated locus is given by the vanishing of the elements of
the following ideal
{533 89;5_856}' (346)

—2/3

o« VIV: (3, 1)(_1 _1)- The associated locus is given by the intersection of the SU(3)
stack with the that of U(1) which is given in eq. (3.33):
s
{597 85;5756}‘ (347)
o VIW: (8, 1)%1/3_1). The corresponding locus reads
56
{89, $285 — 5186, { — 5} : (3.48)
o« WW: (3, 1)%?’2). The intersection is given by
{59, s6.,&}- (3.49)
e UV: (1, 2)(31/ 20). The intersection is given by
S6 S6 2 S%
53, 189 + S5 (f - 5) ; 8552 — 81 (5 + 5) , € sase 0 (3.50)
e VV: (1, 1)%2 0 The intersection is given by
2
{31, 55, —&2+ Zﬁ - 5239} . (3.51)

The loci of the complex conjugate representations, which appear at the image of the ones
above, are obtained by replacing £ — —¢, in eqgs. (3.46)—(3.51).

Note that one has an extra triplet in comparison to the F-theoretic spectrum. This is
due to the fact that in the limit € — 0, the curve (3,1); /3 splits into two components. Its
e dependent locus reads (see table 1)

{sg,€ 53s§ + esp(s156 — S255) } - (3.52)
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Taking the leading order in € we find two irreducible components: the curve {sg, (s156 —

s285)} corresponding to the triplet (3, 1)%1/3_1), and the curve {sg, sg} corresponding to

(3. 1))

Let us comment on the splitting of the curves at weak coupling. Notice first that the F-
theory curves really split into two components when € vanishes, i.e. at zero string coupling.
At this value the mass of the U(1) massive gauge boson becomes zero as well [37, 56]. For
small € F-theory is already saying that something is happening: two curves supporting fields
that had different global charges join into one curve. However, in F-theory fields living on
the same curve should have the same charges under all the global symmetries. Hence one
concludes that the continue (massive) U(1) symmetry that is visible in perturbative type
IIB string theory must be broken, by some non-perturbative effect, to a discrete subgroup
I’ for which the massive U(1) charges gets identified (I' may also be trivial). We will
investigate this issue in a simple model in section 3.3.

One may wonder if the extra symmetry at € — 0 prevents some couplings in type 1B
that are allowed in F-theory. This actually does not happen: all triple couplings present
in F-theory are also allowed in perturbative type IIB. Let us see how it works for some of
them: the coupling (3,1)~2/3(3,1)1/3(3,1)/3 is localized in F-theory at the locus'®

{85:0, 8620, 8920}, (353)

where there is a gauge enhancement to SO(8). In type IIB this corresponds to the coupling

(3, 1)(_2{311)(3, 1)21/3_1)(3, 1)20/32) where there is the intersection of the U(1) stack with the

U(3) stack and the orientifold plane (that actually gives again the enhancement to SO(8)).
Another important coupling is the down Yukawa coupling (3, 2)Y/%(3,1)Y/3(1,2)~"/2. In
F-theory it occurs at the locus

{83 = 0, S9 — 0, §285 — 81586 — 0 } . (3.54)
In type IIB we have two curves supporting the right-handed down quark: (3, 1)%1/ 34) and
(3, 1)% 32). We have then in principle two types of Yukawa couplings. However the coupling
1/6 ;5 411/3 —-1/2
(3,2)105 3. V05 (1.2) 15
corresponding curves do not intersect geometrically). On the other hand, the allowed one,
. 1/6 ;5 411/3
ie. (3,2) 3,1,
Finally, notice that this structure allows a mechanism that suppresses the down Yukawa

) is forbidden by the massive U(1) symmetry (and in fact the
(1, 2)(__11/20), is exactly at the same locus as (3.54).

coupling with respect to the top one in perturbative type IIB: if by a proper choice of

zl/il)’ then we could forbid the

down Yukawa perturbatively. In F-theory this should correspond to having the field wave

fluxes we have no chiral zero modes on the curve (3,1)

function (determined by the same flux choice) localized all away from the Yukawa points.
The weak coupling limit will then split the F-theory curve, keeping all the zero modes of

the curve (3, 1)2({32). At small € this hierarchy should still work.

10This coupling violates baryon number and can potentially lead to proton decay. Its presence both in
F-theory and type IIB is a consequence of the lack of matter parity in these models. The realization of
realistic models from this type of constructions depends on a careful tuning of the Yukawa textures. This
might involve an appropiate choice of a base space on which the (3, 1)72/3(3, 1)1/3(3, 1)1/3 is forbbiden
geometrically and the right hierarchies could be achieved.
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3.2.2 Fluxes and chiralities

Having worked out the matter representation we proceed to the computation of the corre-
sponding chiralities. For this purpose we first need to deduce the gauge fluxes allowed by
the D5-tadpole cancellation condition:

0= n;[D;F; + (0" Dy)(o"Fy)] (3.55)
I
where the index I runs over all brane stacks, Dy is the divisor where the I-th brane stack
sits and ny the number of branes wrapping Dy. F7 are the gauge flux on the brane wrapping
Dy. In principle it will be an element of H?(Dy) (subject to a Freed-Witten quantization
condition [93, 94]). Since we are interested in the chiral spectrum, we will consider only
the subset of two-forms on Dj that are the pull-back of two-forms on the CY threefold X3,
ie. 1w withw € H?(X3). We will then omit the tp, symbol.
For our concrete example, the condition (3.55) reads

0=3W4FY + W_FY)+ (Vo FY + V_FY) +2UFY

3.56
=W_BFY + FY) + 3w (FY - FY) +2Uu(FY - FY), (3.56)

after writing both fluxes and divisors in terms of orientifold odd and even components.
Note that, since the divisor U is orientifold-even, there is no even gauge flux on it that
leaves the SU(()2) gauge group unbroken. We can distinguish between purely even, purely
odd and mixed fluxes satisfying the D5-tadpole cancellation condition:

e Allowed even fluxes are (we write only the non-zero fluxes)

2\ 1 1
(FYY, FY) = <3D07,0>, (FY, FY) = <6F,—2F>, (3.57)

where F' is an even two-form and A a generic rational coefficient (that should satisfy
the proper quantization condition).

e In the orientifold odd sector we can see that the general solution to the D5-tadpole
implies FW = FV = FU. As the flux is uniformly tuned over all divisors it can be
reabsorbed into the B field. This type of flux does not contribute to the chiral index
of any matter representation [55]; hence, we do not consider these odd type fluxes
any further.

e Finally, there are in principle two combinations of even and odd fluxes, i.e.

(FY,FV)=a <—;W+, ;W> , (FY,FY =3 (—;U, —;W> , (3.58)
with a and § generic coefficients. However, one can show that the a- and A-
fluxes living on the U(3) stack are not independent: the first one is the two-form
FYV = —%O‘L*W, while the second is F}V = %L*D07 (where we made the pull-back
symbol explicit). From the identity (3.39), one can see that ¢y, W = i}, Do7. For
this reason, to avoid redundancies, we will set & = 0. Moreover, notice that if the
homology class of U is proportional to the class of Doz, then (j;WW_ = 0 (see (3.39))

and the g-flux is also equivalent to the A-flux.
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Rep. (FY, FY) = (§F.—3F) | (FY,FY) = (3 Do1,0) (FY, FU) = p(~ U, W)

(3,2)(0,1) LSFUW, FADor WU LBU(6Do7 — 2U — 3W, )W
(3,1) 11y | 3F(=3Do7 +U + W)W, | tADorW4(U — Dor) | —§BU(5Do7 — U — 2W, )W,
B. 1)1 | §F6BDor —U —2W )Wy | $ADorWy(Dor —U) | —3BU(3Dor — U — W)Wy

(3: )02 §FDorW IAD2 Wy 3BDorUW,
(1,2)(_10) | $F(=8Dor +2U + 3W,)U 0 1BUW,(2Do7 — W)

1F(4Do7 — U 4 2Wy)
x(BDo7 —U +Wy)

(1,1) 20 0 0

Table 3. Chiralities in the perturbative limit for the allowed D5-tadpole canceling fluxes. In the
central column we used the identity (3.38).

A generic flux choice will be a combination of the inequivalent fluxes described above and
it will then depend on the arbitrary data F, A, 8.

Having all the inequivalent allowed fluxes we proceed with the computation of the
chiral indices. For a given matter representation at the intersection of brane stacks a and
b, its corresponding chiral index is given by!!

X(No,Ny) = [ DoDy(Fy — Fy), (3.60)
X3

where D, and D; are the divisors on which the brane stacks sit, and F, and F} their
corresponding world-volume fluxes. For the case under consideration, the chiralities for
the pure even and mixed type fluxes are summarized in table 3.

Type IIB fluxes vs F-theory G4-flux. We can now check that the type IIB chiralities
match with the F-theory result. Since the states (3,1)(1,_1) and (3, 1) (g 2) exhibit the same
hypercharge, their chiralities have to be added in order to match with the chirality of the
(3,1)1/3 on the F-theory side.

Let us also recall that the triple products of divisors in tables 2 and 3 mean triple
intersections in the base Bz and the threefold X3, respectively. Using the relations (3.35)
and (3.36) together with the fact that in the double cover Calabi-Yau the intersections are
twice as in the base, i.e.

/ 7 (Do) (Dy)7* (Do) = 2 / DoDyDe, (3.61)
X3 B

"Tn the case of symmetric and antisymmetric representations living at the intersections of brane/image
brane, the chirality equation picks the form:

X(Na,No) = [ Da(Da + Dor)Fa, (3.59)

X3

in which the plus sign gives the chirality of the symmetric and the minus, that of the antisymmetric
representation.
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one can immediately show that the first columns of tables 2 and 3 match after setting
F=n"(F).

The remaining F-theory A flux must be a combination of ', A and S fluxes on the type
IIB side. The proper combination matching all the F-theory chiralities of the A flux is

F=-6ADo7+2AU +3A W, , A=0, B=A. (3.62)

The previous equation holds also in cases when Doy, U and W, are not linearly
independent.

Notice one relevant fact: while the massless U(1) fluxes match nicely, not all the type
IIB massive gauge fluxes have a counterpart in F-theory. The A-flux is not represented
in F-theory by a harmonic vertical divisor. As mentioned in the introduction, we should
not switch on this flux in the resolved fourfold, because it breaks supersymmetry: let us
consider the Fl-term generated by this flux in type IIB,

2
5)\0</WD07/\J:3)\/CJ. (3.63)

We see that it is proportional to the volume of the curve C' = Dp7 N W, that is the matter
curve where the anti-symmetric matter lives. In a smooth CY threefold this volume is
always finite and then the FI-term never vanishes. To preserve supersymmetry (D-term
condition) one then needs to have a non-vanishing vev for a charged field. In the 8-
dimensional theory living on the D7-brane, this corresponds to have a T-brane [57-60].
It is known that a T-brane obstructs a full resolution of the space [61, 62].12 Hence it is
not a well-posed problem to match this flux with a G4 in the resolved fourfold. However,
one may wonder whether there is a four-form G4 that has the same chiral intersections
and the D3-charge of the A-flux in type IIB. This flux should be non-primitive (breaking
supersymmetry) and hence it may be harmonic or not.'?

In [34] the A-flux (for the SU(()5) model) was found among the harmonic vertical four-
forms, even if on a resolved four-fold this G4 violates the D-term conditions (analogously
with what happens in (3.63)). The authors of [34] raised the question whether all D5-
tadpole canceling fluxes (massless and massive) were at the end represented by harmonic
vertical divisors. The answer is negative: only part of them will behave in this way.
However in all the studied examples, all the (D5-tadpole cancelling) I1IB fluxes that satisfy
the D-term condition with vanishing vev for the charged matter fields (in some corner of
the Kéahler moduli space) are represented by harmonic four-forms in the F-theory resolved
manifold.

12There is also the option that the matter field vevs correspond to a deformation of the singularity; in
this case there would be nothing to resolve.

13Remember that the fact that the G4 flux satisfy the D-term condition implies that it is harmonic, but
if it violates the D-term condition it may be harmonic or not.
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Matching D3-tadpole and FI terms. If the matching prescription done above is cor-
rect, the fluxes should contribute the same D3-tadpole in type IIB and F-theory. Moreover
they should generate the same FI-term for the U(1) symmetry. Let us check this.
We first start with the matching of the flux-dependent part of the D3-tadpole. On the
F-theory side it is given by
QDS,F = % . G4 NGy, (3.64)
Ya

while in type IIB it is given by

1 *
Qp3 1B = ~1 Zz:nz (/D F? + /Di(U Fi)2> ; (3.65)

that for the present case takes the form

1
Qpsus = — /X SWL[(FY)? = (FY)?] +8Dor(FY)? + 2U[(FY)? + (FY)?].  (3.66)
3
Let us consider the F vs F fluxes. In F-theory the flux G4 = F A o1 has the following
D3-charge:

1 . 1 2.1
Qhsr = Q/B]:27r (01-01) = _2/13 <2KB - 589 - 253) F2, (3.67)

where we have used the Neron-Tate height pairing b1; = —7*(01-01) = Kp+ %Sg — %83 as
computed in [51], with S5 = Kg + S; — Sy and with # the projection map from the elliptic
fibration to the base Bs. On the type IIB side we have the flux (F}V,F}) = (%F, —1F).
Substituting it into the expression (3.66) we obtain

1 1 1 2 1
Qbsup = 16 /X3 <3W+ + V+> F? = ~1 /X3 <2DO7 —3We - 2U> F?,  (3.68)
1 _ 2 1
——1 [ (27 &) = s - i) ) w P (3.60)
3

which matches with the F-theory result (we used the fact that Doy = n*Kp, Wy = 7*Sq,
U=7n*S3 and F = 7*(F)).

Next let us consider the contribution of the A-flux in F-theory and its counterpart in
type IIB. On the F-theory side the contribution to the D3-charge is

A A? - > >
Qpsr = —5 (6KB — 283 — 389) (4KB - 83— 289) (3KB — 83— Sg) . (3.70)
B

On the type IIB side this flux is to be matched in part by an F-flux, with F' = A(—6Do7 +
3W, + 2U), together with the S-flux with 8 = A. Plugging FV' = A(—Do7 + W),
FY = A(Do7r — W, —U) and FY = AW_/2 in eq. (3.66), one obtains

A2
Qs = = [ (6Do7 =20 =3W,) (4Dor U = 2W2) (3Dor ~U = W), (.71
3
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that matches the F-theory result (after substituting Doy = n*Kp, Wy = 7*So, U = %S5
and F' = 7*(F)).

A generic flux in F-theory is Gy = G + fo. Its contribution to the D3-charge also
includes a mixed term of the form [ G} A G}. On the other hand also a generic choice
for the type IIB fluxes will have some mixed contribution. By following the same type of
computation done above, one can show that the mixed term between J- and A-fluxes also
matches its type IIB counterpart.

Finally one has to match the FI terms. In F-theory, the FI term for the massless
hypercharge U(1) is given by:

1

FIY ~—— J/\Jl NGy
2Vp
1 _ 2 1 _ _
N/ J|=-F|2Kg—=89— =853 +A(4KB—83—289)(3[(3—83—59) . (3.72)
2Vp /B 3 2

From the type IIB perspective, the FI term is obtained as:

1
FI}EBN@ /X (BVitr(FY)—Witr(F)) (3.73)
3

1 2 1
~ / J|—F(2Do7—=W4+—=U |+A(4Do7—U —-2W,)(3Do7—U—-W4)|,
2Vx Jx. 3 2
which matches the F-theory one.
Notice that these FI-terms are not proportional to the volume of a holomorphic curve.
Hence they can be zero in some corner of the Kahler moduli space.

Matching geometrical quantities. To conclude this section, we show that also the
geometric contribution to the D3-charge on the two sides match. The number of D3-branes
needed to cancel the D3-tadpole is given in F-theory by

Y,
Np3 = X(244) — Qb3 (3.74)
while in type IIB we have
D
Np3 = X 60 7) + LQT — Qp31B - (3.75)

In these formulae, @psr and @Qpsnp are the flux contributions given in egs. (3.64)
and (3.65). Above we have shown that these two quantities are equal to each other.
Therefore, the Euler number of the Calabi Yau fourfold must coincide with the quantity
4X(DO7) + XD7, with

XD7 = ZNI (D1) +x(Dr)), (3.76)
and x(D) the Euler characteristic of the divisor D, i.e.

\(D) = /D (D)= [ DD+ (X)), (3.77)
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r1 we w3 x4 x5 X6 a7 | Deg. eqy,

Table 4. Scalings of the coordinates for the Q%" space together with the multidegree of the
equation cutting the double cover Calabi-Yau threefold Xs.

We start with the F-theory computation. The Euler characteristic of the Calabi-Yau
fourfold can be derived from the Chern class, which is computed by adjunction. In the

case under consideration we have

C(B?))C(PFM)
(1 + [pFu])

where [pp,] = Kp + c1(Pr,) is the class of the hypersurface described by pp, = 0.
Working out the expansion we get c4(Yy). The integration of this form on the Calabi-Yau
fourfold reduces to cubic intersections on the base by means of the methods highlighted in
section 3.1.2. We finally obtain

co(Ys) = (3.78)

(Y1) =3 / (4c2(B)Kp + 48K} — 32K3S; + 8K pS;
B

(3.79)
— 56 K38 + 25 KpS3Sy — 3858y + 22K Sy — 585385 — 253) .
in agreement with the result of [47]. On the type IIB side we have
4x(Dor)+Qp7 = 4x(Dor) +3(x(W)+x(W))+2x(U) +(x(V)+x(V)),
=3 / (4c2(X3)Dor+44D3); —32D3,U+8Dp7U? —16 D3, W, (3.80)
X3 :

+25D0rUW —3U*W +2Dor W2 —5UW?2 —2W3).

We see that the two contributions (3.79) and (3.80) match after we substitute ca(X3) =
co(B) + K%. In fact, one has (again by adjunction)

c(B)(A1+[€))

o(X3)= 1+ 20

=1+ (ca(B)+c1(B)*)+(—2¢1(B)?—c1(B)ca(B) +c3(B)).  (3.81)

3.3 A concrete example: the base as an orbifold of Q(4Fr )?

We now consider an explicit example where the generic features described above become
concrete. On the type IIB side we take the Calabi-Yau threefold known as QP ") [30,
31, 55]. It is a hypersurface in the toric ambient space defined in table 4 (the last column
shows the multidegree of the defining equation) and with the Stanley-Reisner ideal given

by {z12223, T526, TaT7}.
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r1 we w3 S22 Sg S9 | Deg.eqp,
2 1 0 5
0O o o0 1 1

Table 5. Degrees of the coordinates and of the equation defining the base Bj.

A basis for H11(X3) is given by the divisor classes D; = {x1 = 0} N X3, Dg = {26 =
0} N X3 and D7 = {x7 = 0} N X3. Their intersection polynomial in the Calabi-Yau reads

I =2(D3+D3)+2D3(D7+ Dg)— D2(2D; +Dg) — DZ(2D1 4 D7)+ D1 Dg D7 . (3.82)

The manifold has been constructed such that it contains two Del Pezzo surfaces which
get interchanged under the orientifold involution

o T4 &> T Tg <> T7. (3.83)

The D7-brane setup will include a U(3) stack wrapping the Del Pezzo surface at xg = 0
(and its orientifold image at z7 = 0) and one SU(2) stack wrapping an invariant divisor.
To make the quotient we construct the two to one map

(w4, 5, T6,7) = (S2,86,50) = (22475, 2(T527 + T476), 27627) (3.84)

where we have called sg the last coordinates to be consistent with the generic case, where
the U(3) stack was at sg = 0. The odd combination is given by { = x5z7 — x4x6, i.e. the
involution acts as £ — —&. Notice that the new coordinates must satisfy the equation

82

2 G
= — — 8989.
3 1 259

In this representation, the type IIB CY threefold is given as two equations in a five-
dimensional toric variety. One of these equations is exactly what we read in (3.29).

The quotient Bj3 is a hypersurface in the four-dimensional toric variety in table 5,
with the SR ideal {z1zox3, s2sg9sg} (notice that the conifold point sy = s9 = sg = 0 is
automatically forbidden by this SR ideal).

In the base manifold Bj3, both divisors Dg and D7 are projected down to the divisor
Dg7 whose pull-back is 7*(Dg7) = Dg + D7. In terms of these, we obtain the following
classes on Bjg

[s2) =2D1+ D¢7  [s¢] = D1+ De7, [s9] = Sg = D7, (3.85)

where, by abuse of notation, we called D; also the divisor {1 = 0} on the base. The
intersection numbers on the base B3 are given by:

D?=0, D?Dg;=2, DDi =D§ =-1, (3.86)

such that [s2] - [se] - [s9] = 0 ensuring the absence of the conifold singularity in Xj.
In order to fully specify the fibration we have to give the class of S; = ni1 D1 4+ neDgr.
On the type IIB side, this is equivalent to fixing the class of the invariant divisor U to be
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U = (14 n1)D1 4 neDg7. Effectiveness of the fibration restricts the values for ny and ng
to lie in the following range

—1<n <2, 0<ny <2, (3.87)

in addition to that, one must ensure that the relevant base sections s; do not factorize (in
their most generic form allowed by their degrees). In our model (see table 5), the sections
s; involved in the fiber equation (3.1), whose associated class is [s;] = n;1 D1 + nj2Dg7, do
not factorize if n;; > n;o (except for the case n;; = 0 and n;2 = 1). This leads to a much
stronger relation on S7:

ng—1<ny <ng. (3.88)
The four-form flux takes the form (3.25), that in the present example becomes
G4=a101D1+as01Dg7 (3.89)

15
+A <D(257(n2—4n1—|—8)(n2—2)+D% (n%+n1—9+2n2—3n1n2> +(D1+D67)50+Sg) .

Having a concrete model at hand we can explore the possibility of having a complete
family structure (i.e. all the SM representations have the same number of chiral modes).
For the particular matter configuration we are considering, the complete family structure
is equivalent to the requirement of an anomaly free hypercharge. Written in terms of the
Chern-Simons coefficients, the anomaly freedom condition reads

GyNo1 NDy = GaNoy N Dgr =0, (3.90)
Y4 Y4

which is satisfied whenever
192— 80n1+16n1 168n9 +48n1n2—12n1n2 —|—42n2—|—6n1n2 9n2
—252+232n1 —80n1 —1—12n1 +66n5—18n1n9 — 612 Tno— 18n2—|—9n1n
124—56n1+12n1—30n2—6n1n2+9n2
! 2(—252+232n4 —80n% + 12n:{’ +66n9—18n1n9— 671%712 — 18n% +9n1n% '

as = —
(3.91)
A=—

The number of generations will be given by the following expression:

—a —1044-24n1 +80n2 —40n 48n} 413612 — 1120112 +28n7ns — 12n3no — 7613 +32n1n2 4+ 6ninZ+17n3 —4nind 73n2

2(—252+4-232n1 —80n2 +12n3 +66n2 —18n1ns —6n2ns — 18n2 +9nin2)
(3.92)

where a; has to be chosen in such a way that y is integer.!* Eqgs. (3.91) have one pole at
(n1,n2) = (2,2), simply implying that at this stratum the fluxes do not allow for a full

“Egs. (3.91) and (3.92) seem fairly involved in terms of the integers n; and ns so one might ask whether
there are additional conditions imposed on a; due to the flux quantization condition. In order to answer this
question one must recall that in this work we are only considering the vertical part of the flux which is re-
sponsible for inducing chirality. Adding horizontal parts might allow fluxes to comply with flux quantization
while leaving the chiral structure intact. This is possible only if the Chern Simons coefficients satisfy

9”‘:/ GiND;AND; €Z/2,
X

whith D; € H"'(X). In the case we consider, we checked that this condition is fulfilled.
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no\ny | -1 0 1 2 na\ny | -1 0 1 2
0 | 0 167 — 27 0 | 0 =507 + 107,
1 -2y m 1 —m =277 + 42
2 —671 0 2 —6y1 —10m

(a) (b)

Table 6. (a) The net number of families as a function of the parameters v; and v (F =

1 D1 4+ 72Dg7) (b) The difference among the chiralities for the split matter curves Ax(3,1);/5 =

3 1/3 3 1/3
X(37 1)(1/7_1) - X(37 1)((472)

family structure and therefore the hypercharge gauge boson always gets a mass by fluxed
Stiickelberg mechanism. One can further work out the number of families as a function of
the parameter a; to show that it is zero also for (n1,n2) = (—1,0).

Given that the duality has been shown to work in general, we can approach the generic
case in type IIB, where we have some split matter curves and one flux more, and from there
we obtain the F-theory limiting case in which the A-flux is turned off.

First let us consider the a very special case: note that when no = ny + 1, the SU(2)
divisor U and the orientifold plane are proportional: U = (1 4+ n1)Do7. As we mentioned
above, this makes the - and the A-fluxes equivalent. We can therefore make A = 0 and
work out the conditions for a complete family structure in terms of the - and F-fluxes,
with F' = y1D1 +72(Dg + D7). We obtain

1 (103 — 74ny + 15n%)7
Yalnp=ni 41 = 7 (~11+501)71,  Blnymmis1 = = M) L=, (3.93)
Note that as we have conveniently set A = 0 to remove redundancies, at the strata

ng = n1 + 1, the type IIB models already match the F-theory ones.
Away from the strata ns = nj + 1, the 5- and A-fluxes are inequivalent. Demanding
complete families implies relations for 8 and A in terms of «; and s

A= — (=12 — 8ny + 4nf — 2ny — 2mnp + 3nf)m + (8 + 81 — 12n9)7 (3.94)
= 3(1+n1 —ny) 7 |
—14+2 3 —1+3n; —3
g (S 20 o )y o+ (<14 31— Bna)e (3.95)
1+mn1—neo

We can use these parameters to compute the number of families, for the cases away from
ny = n1 + 1, while for ng = 1 + n; we will take (3.93) with A = 0. Additionally, recall
that in type IIB the matter curve (3,1); /3 splits, therefore we can compute the difference
among the chiralities as well. Both the number of families and the chirality splitting for
the (3,1); /3 curve are shown in table 6. The type IIB models which have an F-theory
version must have A = 0. The result matches the type IIB one at the strata no = ny + 1.
Away from those strata, we see from eq. (3.94), that this implies a relation between the
coefficients 1 and 7o such that the number of families depend on a single parameter as
expected from eq. (3.91). Written in terms of 7, the chiralities as well as the splitting
between the families is given in table 7.

— 96 —



TLQ\TLl -1 0 1 2 nz\ﬂl -1 0 1 2
0 0 13w 0 0 —35m
1 —By By 1 —LBy —10y
2 —6’}/1 0 2 —6’}/1 0

(a) (b)

Table 7. After setting A = 0 we can get the number of families in the F-theory limit (a) The net
number of families as a function of the parameter ;. (b) The difference among the chiralities for

the split matter curves Ax(3,1);/5 = x(3, 1)(11/371) - x(3, 1)%32). Recall that the chiral index for
the field (3, 1)1 /3 is given as x(3, 1)1/5 = —x(3, 1)21/)371) - x(3, 1)253).

It was already stressed that in contrast to SU(5) F-theory GUTs, in this F-theoretic
MSSM-like model the requirement of a having a smooth CY threefold in the weakly coupled
type IIB background does not compromise the presence of the Yukawa couplings. Therefore,
in principle both weak and strong coupling limits are suitable grounds for phenomenology.
There are however, some differences between the F-theory and the type IIB models:

1) In F-theory we have five matter curves, one for each chiral field appearing in the
MSSM. Since the down-type Higgs and lepton doublets are not distinguished in this
model, we expect the Higgses to arise from a vector-like pair living at the (1,2)_; /2
curve. In contrast to that, in the type IIB model we have six curves as a consequence
of the (3,1);/3 curve splitting into (3, 1)21/’?11) and (5,1)%2). Hence, one can dis-

tribute the chiralities among these two curves, such that in the end their chiralities

add up to the net number of families.

2) In type IIB, there are two U(1) symmetries, one of which is geometrically massless
and coincides with that in F-theory. The other U(1) is Stiickelberg massive and leaves
behind a global U(1) remnant at the perturbative level. Under this global U(1) the
up type (3,1)%761) : (1,2)%1/720) . (§,1)(__21/73_1) and down-type (3, 1)%,?) . (1,2)(__11/720) .

1/3

(3,1) (1.—1) Yukawa couplings are allowed. However, the down-type Yukawa of the

form (3, 1)%761) (1, 2)(5{,2()) (3, 1)%2)

are in the representation (3, 1)1/ s !

is forbidden. Therefore, if all down-type quarks

(0.2) SO that the (3, 1)(1/?_1) curve is depleted of chiral
states, the down-type Yukawa coupling must be suppressed in comparison with the
up-type one. This type of hierarchy is more difficult to see in F-theory at the level
of the codimension-three singularities. It is expected that the hierarchy is manifest
once we compute the Yukawa couplings as wavefunction overlaps [10, 95-105] or from
analyzing the fiber splittings from codimension two to three [40, 41].

3) There is apparently one more flux direction in type IIB. The so-called A-flux in
type IIB has to be set to zero in order to match the harmonic vertical fluxes in
H‘(/2 2 (V) € H?2)(Y,). However if we insist to consider backgrounds with zero vevs
for the charged fields (such that the F-theory brackground can be described by the
resolution of the starting singular fourfold), then this flux cannot be switched on in
type 1IB as well.
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TLg\n1 -1 0 1 2
103 75
O 1 7
73 33
1 T2
31
2 319

Table 8. The quantity x/24 entering the D3 brane tadpole.

Looking back at table 7, we identify an F-theory model where the hierarchy mentioned
in 3) occurs. Note that for the choice (n1,n2) = (1,2) the number of families is —6~;.
Therefore, if the flux quantization as well as the D3-tadpole allow it, for v3 = +1/2 we
have a three family model with a perturbative as well as an F-theory description. Note
now that the (3,1);/3 matter comes all from the x(3, 1)25’2) curve in type IIB. Therefore,
in this case the hierarchy of masses for up-type and down-type quarks is manifest.

The next thing to consider when aiming at realistic models are the flux quantization as
well as the D3-tadpole cancellation. For this particular example, the Euler characteristic
has been computed and it is reported in table 8.

To end the discussion about this particular example we would like to highlight some
of the challenges faced by the models produced in this type of constructions, wich adds to
the general phenomenological discussion provided in [47]:

e The MSSM like models that can be obtained from the toric hypersurface fibration
based on the refelxive polytope Fi1, lack of any suitable symmetry that could help
to suppress dangerous baryon and lepton number operators. In the absence of a
symmetry that exactly forbbids such couplings, one can only hope that they can be
sufficiently suppressed. At first one can think of using particular base spaces where
the Yukawa points in question are not present. Then the dangerous couplings will
only be induced by non perturbative effects. It is still to be seen if this mechanism
can work.

e [t would be important to investigate the possible presence of a T-brane affecting
the Yukawa couplings. The different D7-branes meeting at the Yukawa point can be
thought as the deformation of a single stack: this can be described by giving vev
to a scalar field ® in the adjoint representation of the enhanced group. When the
D7-brane loci are obtained by a non-abelian vev for ® we say that a T-branes is
present [60, 106]. These data affect the matter curves and the wave functions and
hence the Yukawa couplings [97, 98, 102, 103, 105]. These type of T-branes may
be described globally in perturbative type IIB (see [107]) and it would be nice to
see their effect on the Yukawa couplings away from the weak coupling limit. In this
respect, our map between the type IIB language and the F-theory one may be useful.
We leave this for future work.

e The curve splitting in the down-type quark sector opens space for the possibility of
a hierarchy between up- and down-type quarks, in the region of moduli space close
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Figure 3. The polytope F5 and its dual. The table on the right contains the divisor classes of the
coordinates in Pg, .

to weak coupling. This has potentially appealing implications for phenomenology.
However, there are still important issues to address, such as the textures in the
lepton sector or the number of heavy up-type quarks. Regarding the latter issue, the
most immediate quantity to coupute is the number of points supporting the up-type
Yukawa. For the specific example we considered and the stratum n; = 1, ng = 2
where the up-down hierarchy is explicit we find that the number of points is given
by [s5][s3][s9] = 2 — 2n? — 3ng + 2n1ns + n3 = 2. This implies that in this example
there are two heavy up-type families, not one as it should be in phenomenologically
viable model.

e In our setup we have assumed that up- and down-type Higgs multiplets correspond
to a vector-like pair stemming from the same curve as the leptons. We have not
computed such a quantity and we expect that with the help of newly developed
techniques [79] one can also reach the vector-like sector of these models.

4 A U(1) x U(1) F-theory model

In this section we consider the weak coupling limit of a U(1) x U(1) F-theory model which
has been studied in [17, 20, 49, 50, 63, 64].

4.1 F-theory description

4.1.1 Geometric setup

The fiber is cut as a cubic hypersurface in the toric ambient space Pr, corresponding to a
P? blown up at two points. The polytope Fj as well as its dual are shown in figure 3. The
fiber equation is pg, = 0, with pp, given by the following expression:

PFy = sle%e%us—1—326561u2v+33e%uv2+35ege%u2w+866261uvw+3762v2w+38e%uw2—|—396111w2.
(4.1)
The sections s; have the same degrees as in eq. (3.2), to which we have to add s7 and sg:

S7 S8
Sy KB+39—S7

(4.2)
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The Weierstrass equation, written in the form eq. (2.9), has the following expressions for
the coefficients:!®

2
s
by = Zﬁ — 8587,
1
by = 2 (838%88+28385S788 —352363738—1—6313%38 —23%3% (4.3)

—383858689—|—828%$9+28285S789—381868789—1—282838889—28%834‘6818383) ,
1
b = 108 (38%8%8%—|—248§85878§ — 185953565755+ 27555252
—72 252 853531852 6 25359—6
51535758 5358 8385565859+ 5253565859 595355575859

1853 1 2 1259525259+ 275355252 4.4
— 185556575859 +90515356575859 — 185152575859+ 12525355359 +27555% 59 (4.4)
—183233353683+3s§s§s§+24S§S537s§—543133353733—183132363733

427535252 +1252535858 — 7251 555852 —88%834—3681828383) .

The fiber exhibits three inequivalent rational points which are related to the three sections
of the elliptic fibration. The first is the zero section at

So: [xry:z]=[1:1:0], (4.5)
while the others are
1 1
S1: [xry:iz]= [3(25358 — S8989) : 5(535658 — 898788 — 838559 + $15789) : 1] (4.6)
and
2 L5
So: [xiy:iz]=|s7 (8788—363839+8589)+§89 (28358 —$259) : (4.7)

1 1
3 (25758 —5659) (57 (5758 — 865859 +5559 ) + 535855 ) + 583(5385—1—5187) : 59] )

We notice that the last one is a rational section. Having three inequivalent sections, the
Mordell-Weil group of the fibrations is two-dimensional. The number of massless U(1)
gauge bosons is then two. The corresponding divisors are

01:(S1—SO—KB), (48)
g9 = (SQ—SO—KB—SQ).
Looking at the Weierstrass model, one can confirm that the fibration is not singular at

codimension-one. Hence there are no non-Abelian gauge symmetries in this model. In-
stead, at codimension-two there are six loci along which the fiber degenerates to an Is.

150f course other choices are possible. We will see in the following that this choice is the proper one to
define a weak coupling limit that gives the same 7-brane setup in F-theory and in type IIB.
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Representation Locus
1a,-1 V(I(l)) = {s3 =57 =0}

V(I(g)) = {SQS% + 8%89 — s3sgs7 =0

L0)
858387 — S%Sg - S%Sl = O}\V(I(1)>

11,9 V(I3)) == {ss = s9 = 0}

V(I(4)) = {828889 — 5353 — 3331 =0

1oy 2 2
8585 — S6S8S9 + SgS7T = 0}\(V(I(3))

L(0,2) V() = {s9 = s7 =0}
V(Ig)) = {s1595% + (5355 + s7

X (—sgs9 + 8887))(838883 + s7

X (—s6S889 + 5357 + 8385)) =0

Loy 3.2 1 2.4 3
528587 + 5359 — S3565957

—53(—s65859 + 5257 + s385) = 0}

\(V(I1)) UV (L3) UV (L))

Table 9. Charged singlets under U(l)2 with the expressions for their corresponding codimension-
two loci.

Therefore we have six charged!'® superfields distinguished by their charges under the two
U(1) symmetries. Their corresponding charges and associated loci are summarized in
table 9.

4.1.2 Fluxes and chiral matter

Following a similar method as in section 3.1.2 we obtain the independent flux directions
in H‘(/2 2) (X). In this case the fibral divisors are Sy, S1 and S3, while among the vertical
divisors we have the special ones {Kp,S7,So}, as in the previous case. The most general
flux expression consistent with the vanishing of the Chern-Simons terms of the form O,
O3 is given by

Gy=FiNor+FaNos+ A (Sg + [Kgl](—[Kgl] + 52) + Sg(—87 + 89)) (4.10)

with F; and Fy being generic vertical divisors. The chiralities for the singlet fields under
this flux are reported in table 10.

181n literature, these fields are called singlets, to make it clear that they are not charged under a non-
Abelian gauge symmetry.
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Gy=A(S3 + Kp(—Kp + S2)

Representation Gy=FiNo1+FaNoo
+Sg(—87 + 89))
1(1’_1) (F1 —]:2)87(RB +87—8) —ARBS7(RB + 87— 89)
f1(6K2 + KB(487 - 589) _
1(1,0) N —AS1Sy(Kp — 87+ S))

—282% 4+ 578y + S3)

—ASg(QKB + 87— 28y)
X(KB — 87 + Sg)
—(F1 + Fo)(6K% + Kp(—587 + 489) | A(—6 K3, + 2(S7 — S9)S2 + K2(587 + 289)

11,9 —(F1+2F2)Sy(Kp — St + So)

11,1 L824 818y — 252) —Kp(82 + 17858y — 653))
1(02) 2F>57Sy ASr(Kp + S = 50)S
1o Fo(6K% + Kp(4S7 + 4Sy) 2ABKp — KpSr +2KpSy — 55)

282~ 282) X(Kp+ 87— S9)

Table 10. Charged matter representations under U(1)? and corresponding codimension-two fibers
of .XVF5 .

4.2 The weak coupling limit

In order to take the weak coupling limit we must first specify the e scalings of the sections

s;. A choice that leads to the same setup in type IIB is
Sg — €'sg, Sg — €189, 8 — €08; (i #8,9). (4.11)

In the limit € — 0, the D7-brane locus is Ag = 0, with

1
Ap = 15T [(3335 — 5157)% — (5356 — s257) (5255 — 8186)] : [878% — 868889 + 55852)] . (4.12)
Given the above expression for by, the double cover Calabi-Yau threefold is given by
s2
€2 = ZG — 8557 . (4.13)

In order to deal only with smooth CY threefold, we restrict the base space Bs to those
spaces for which the conifold point £ = s = s5 = sy = 0 is absent.
4.2.1 D7-brane setup

To understand how many irreducible D7-branes we have, we need to intersect the three
factors in eq. (4.12) with the Calabi-Yau equation (4.13). As we will see shortly, each of
the components is going to split in such a way that in the type IIB model we have three
U(1) gauge symmetries:

e U(1), stack: consider first the locus {s7 = 0}. One can see that in the Calabi-Yau
it splits into the following components:

1 ~ 1
XE{S7=0, 5—236:0} and XE{S7=0, {—1—256:0}. (4.14)
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These two divisors are in different homology classes and therefore the U(1) symmetry
resulting from one brane wrapping X and its image wrapping X is geometrically
massive.

e U(1), stack: let us now consider the second factor in eq. (4.12),
ArEem,l = (8385 — 8187)2 — (5386 — 8287)(8285 — 8186) . (4.15)

Once intersected with the Calabi-Yau equation, this locus decomposes into two non-
complete intersection four-cycles, one of which is given by the following expression

Y = {(f - S§6> (s356 — s257) + s7(s385 — 5157) , (4.16)
(5 * 556) (5285 — 5156) — 55(5355 — 5157) (4.17)
(f - i;) (8385 — s157) + s7(5255 — 5156) , €q. (4.13)} , (4.18)

the other Y = ¢*Y is obtained from (4.16) upon exchange £ — —¢. The divisors
Y and Y are in different homology classes (as we will show below). Hence, the D7
branes wrapping such divisors give rise to a massive U(1) symmetry.

e U(1), stack: the remaining factor in eq. (4.12) reads
ArEem’Q = 5752 — 565859 + 5554 - (4.19)

When intersected with the Calabi-Yau equation it splits, giving rise to two divisors
in different homology classes and defined by the following set of non-transversely
intersecting polynomials

Z = {5758 — 89 (f + %6) , S559 + Sg (f — %6> ,eq. (4.13)} , (4.20)
7= {5758 + 89 (5 - %6) ,S589 — Sg (§ + %6> ,eq. (4.13)} . (4.21)

Again, the associated U(1) is massive.

Let us now discuss some of the relations among the divisor classes we have just de-
scribed. Note first that in the Calabi-Yau the locus 37A§m’2 = 0 splits as

37ArEem’1\X3 = 5252 +45759(— 5658+ 5559) = (3738—39 <§—i— %6» <3738+39 ({—%ﬁ» . (4.22)
Both components are in the class 4Do7 — %(Y+ Y), where once again Do7 = [¢] is the class
of the O7 plane. From eqgs. (4.14) and (4.16) one also sees that the first factor must be in
the class Z + X, while the second must live in Z + X. By using this and the D7-tadpole
cancellation condition 8 Doy = X, + Y, + Z, (where we have rewritten the divisors in
terms of orientifold even and odd combinations, i.e. Dy = D £ D), we obtain

1 - N
Z=4Dor —5(Y+Y) =X, Z=0"7. (4.23)
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Next lets consider the polynomial s%A?m’l, whose vanishing produces a divisor in the
class 2(X + X) 4 (Y + Y). In the double cover Calabi-Yau thereefold, this polynomial
factorizes as

rem 56
S%AEG ’1‘){3 = ((f — 5) (8386 — 8287) + 87(8385 — 8187))

X ((5 + %) (s386 — s257) — s7(s385 — 3137)> . (4.24)

Once again both factors are in the same homology. The homology class of the first monomial
is in the class 2X + Y, while the second is in 2X + Y, therefore implying

Y=Y -Y=-2X_. (4.25)

Hence we have three unrelated even divisors Do7, X4 and Y, and one odd divisor X_.
The even ones are to be related to the base divisors 7*(Kpg), 7*(S7) and 7*(So). The first
obvious identifications are

7 (Kp) = Do7, " (S1)=Xy. (4.26)

As regard Y., note that Y, = [AF™!] = 2(7%(S3) + 7*(S5)). Using table (3.2) to write
these classes in terms of &7 and Sg we find

1
77*(89) = 3Do7 - §Y+ . (4.27)

Similarly as in the previous section, we have the relations Dp7X = DorX = XX , imply-
ing the absence of the conifold singularity on the type IIB side. These relations can be

rewritten as
2Do7 X4+ = X3 — X2, DorX_=0. (4.28)

Even though we have a set of three massive U(1)’s, there are however two linear
combinations of the three U(1) generators that lead to massless U(1) gauge symmetries as
expected from the F-theory side. As we have just shown, the relation between the odd
part of the D7-brane divisors is X_ = —%Y_ = Z_. This implies that there is only one
combination of the D-brane U(1)’s that eats the odd axion and becomes massive. The
orthogonal combinations remain massless. The two massless U(1) generators are given by

Q1= %(QX +Qy+Qz) and Q2=-Qx+Qz. (4.29)

4.2.2 Charged matter

The next step will be to obtain the corresponding matter living at the brane intersections.
The schematics of the intersections is given in figure 4. The corresponding intersections
are following, where the sub-indices are the charges (Qx,Qy,Qz) under massive U(1)’s,
while the upper indices are the charges (@1, @Q2) under the massless U(1)’s (reported for
later use):
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Figure 4. Depiction of the three U(1) brane stacks in the presence of the orientifold plane O7.

XX: 1(1’8 0" The would-be singlet is localized at the vanishing of the following ideal

{57 ST, 56} .

(4.30)

However, this coincides with the O7 plane, where no symmetric matter is allowed.

Due to that, this field is not part of the spectrum.

XY:

XY:

XZ:

: 1(1’0)

01

1(17_1)

(1.1,0)° This state sits at the vanishing of the ideal

56
{577§+ 5?83} .

(1.0,1)" The singlet is located at the vanishing of

S
{87,5 + 56, 5589 — 3638} .

1%8’})1 0)° This state sits at the vanishing of the ideal
56 2 2
{57,5 — 55355 — 528556 + 8186} .
lg(ﬁ)o 1" This state sits at the vanishing of the ideal
_% }
{577 g 97 S9 ¢ -
E(l]:g’)o). This state sits at the vanishing of the ideal

{8385 — 5157, 5285 — S1S6, S356 — S257,€q. (4.13)}.
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e VZ: 1! This state sits at the vanishing locus of the union of the ideals for Y

(0,1,1)"
and Z, which occurs to be prime.
o YZ: 1%8’1_)1 1" This state sits at the vanishing of the ideal:

{25788 —S659+289&, S658 — 28559 +258E, 2535658 +2£ 8259 — 2838559 — S28659 +281 759,
2 2 2
5383 — 525859+ 5183, 2535558 — 2525559+ 515659 +2£5189, 2£8356 — 5355 —2£ 5257 +2535557+
2
+828657—25157,2£5355 — 535556 —2£5157+2525557— 518657,

265955 — 25352 —2£51 56+ 595556 — 5150 +2515557, eq. (4.13)}. (4.36)

o 77: 1Y The ideal associated to this state is given by

(0,0,2)°
{ss, s9,eq. (4.13)}. (4.37)

Let us focus on the charges of these fields under the two massless U(1) generators (4.29).
As in the SM example of section 3, there are fields that have different charges under the
three D7-brane massive U(1)’s, but have the same charges under the two massless U(1)’s.
Correspondingly if one goes away from the weak coupling limit (i.e. take e finite), the
corresponding matter curves join: there is one matter curve for each pair of massless
charges. Said differently, we can look back at the F-theory table 9 and consider the €
scaling for the matter loci, taking only the leading order in € for the various ideals. One
notices that some curves split into two irreducible loci. The splitting occurs for the loci
associated to the singlets 1(; g) and 1 ). The correspondence for the matter curves works
as follows

Type IIB | 11,1,0) | 1,01 | T0,20) | 1100 | 101,10 | 10,02 | (=110 | L0,-1,1)

F-theory | 1(; _y) 11 102 1q1) | 1ao 10,1

where for the type IIB matter we reported only the massive U(1) charges.

To make the phenomenon clearer, let us consider one of the splitting. Take the curve
1(1,0) in F-theory. Its locus is given by the following ideal (it is not a complete intersection,
as it can be inferred from the more implicit form in table 9):

V(I(g)) = {838688 — S28788 — §355S89 + S1S7S9, S356S7 — 828% - S%Sg,
§38587 — 3183 - 5§58, 5285587 — 515657 — 525358 + 15359,
59555658 — 313338 — s%s% — 323339 + 51858659 + 2 51528859 — s%sg} .
At leading order in € (remember that only sg and sg scales with €) one has
V(I(z))w'c' = {—53(5559 — s658) + s7(5159 — 5288), (5386 — 5257)57,
(8385 — 8187)87, (8285 — 8186)87, —(8285 — 8186)(8589 — 8688)} .

The vanishing locus associated with this ideal is then the union of the loci given by the
ideals'”

{s7, s589 —sgss} and {s3s5 — s157,5255 — S1S6, S35¢ — S257} -

'"To make it manifest, one can notice that the first equation of V' (I(2))" " can be rewritten as ss(s3se —
8257) — 89(8385 — 8157).
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The last one further splits on the CY threefold. We recognize the loci of the curves 1(; g 1)
and 1(g 2,0 in type IIB.

4.2.3 Fluxes and chiralities

Finding all admisible gauge fluxes amounts to finding all solutions for the D5-tadpole
cancellation condition, that in this case takes the form

0=X_FX+Y.FY +Z FZX, + FX + Y, FY + Z_+ F? (4.38)
=X _(FX —2FY + F?) + X (FX — FZ) + Y. (FY — F?). (4.39)

We find three types of independent solutions to this equation:

e Db5-tadpole canceling even fluxes are

1
(F¥,FY,F?), = S(LLDF, (4.40)
(F—57FI7F—€)2:(_1’0’1)F27 (441)
(F¥,FY,F?), = A(Dor,0,0). (4.42)

The first two are the fluxes along the massless U(1) generators, with Fj, Fy €
H(j’l)(Xg), and the last one is a flux for a massive U(1), with A a suitable ratio-
nal number in agreement with flux quantization.

e As regard the orientifold odd sector we only get the general solution FX = FY = FZ
which corresponds to a shift in the B-field.

e There is also a mixed flux solution
(FZ,FY)y = a(Yy, —X_), (4.43)
where again « is a rational number compatible with flux quantization.

The matching to the vertical fluxes in F-theory proceeds as follows: the fluxes F; and F»
are related to F; and F» in the same way as in section 3.2, while the A flux requires taking
a linear combination of F}, F5, A and « fluxes. If we take

1 1
=0, F2:—<2Do7—2X+—2Y+>A, A=-2A, 2a=A, (4.44)
the FI terms, D3-tadpoles as well as the chiral indices induced by the A flux match the result

in the type IIB setup. Hence, one concludes that the remaining type IIB flux combination
cannot be among the harmonic vertical fluxes in F-theory.

5 SU(3) x SU(2) x U(1)* model

A variation of the F5 polytope model which allows the incorporation of non-Abelian sym-
metries and matter has been constructed in refs. [49, 50|, for standard model like theories
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with one extra U(1). Their approach consists in modifying the fibration by toric construc-
tion known as a top [108, 109], and elaborates on the classification of all possible tops for
fibers cut as hypersurfaces in any of the sixteen 2D toric ambient spaces [110]. There are
only five inequivalent SU(3) x SU(2) tops of dPs, out of which we focus on the one that
has been studied more widely, denoted as I x A in [49].

5.1 F-theory description
5.1.1 Geometric setup

Inducing non-Abelian gauge enhancements first requires specifying additional base divisors
along which the fiber degenerates. In this case we define Wy ={wy=0} and W5 ={w3=0}
as the base divisors where the SU(2) and SU(3) gauge symmetries live.

The top construction automatically provides the (toric) resolution divisors that make
the fiber smooth over wo = 0 and w3 = 0 as well. In the hypersurface equation, the presence
of additional divisors is manifest by the presence of additional blow up coordinates fo, fi
and go, g1 and go for SU(2) and SU(3), respectively. The idea is to refine the sections s;
of section 4 such that f, g, A have the right vanishing orders for wy and ws; they will then
be of the form s; = §ifé° {1967109717119;@7 with suitable integers [;, m;.

For the top model I x A of [49, 50], the fiber equation is given by p}éA =0, with

Pt = siefes fogogiu® + saerel fogogruv + sses fogouv® + sseteagiuw

(5.1)
+ Sge1equvw + 87629092U2w + 586%f19192uw2 + 59€1f192vw2 )

where by abuse of notation we have written s; instead of 5;. As already mentioned, for
each of the top coordinates f;, g; there is a toric divisor corresponding to a P! fibered
over either W, or Wj, in such a way that the different fiber P!’s intersect according to
the affine Dynkin diagram of the Lie algebra under consideration. Therefore the divisors
classes satisfy

W) = [fol +[A], 770Vs) = [go] + [91] + [92], (5-2)

where 7*(Ws) and 7*(Ws) are divisors in the Calabi-Yau fourfold Yy obtained by pulling
back the base divisors Ws and W5 by the projection map 7 : Yy — Bs. As done in the
previous sections, we will use Wy and Ws to denote the pull-back to the fourfold as well as
base divisors. The pictures of the top as well as the divisor classes for fiber ambient space
and top coordinates are given in figure 5.

In order for p%A to give a Calabi-Yau after introducing the top, some of the divisor

classes associated with the s; have to be modified:

S1 89 S3 ST
3KB—S7—89—W2—W3 2KB—89—W2—W3 KB+S7—59—W2—W3 S7—Ws .

The inequivalent sections of the elliptic fibration can once again been represented by the
divisors Sy = [ea], S1 = [e1] and So = [u]. The exceptional divisors are DSV =

DfU(?’) = (1 and DgU(S = (2. Due to the presence of these, the Shioda maps have to
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section Line Bundle
1 A U O(H —E1 — Ex+So+ KpB)
u €1 go v O(H_E2+G1 +89—S7)
w O(H — E1 — F1 — G2)
FE
€2 w f1 Jos g1 ° O(B1)
es O(E»)
) fo fi go g1 | g2

WQ_Fl F1 W3—G1—G2 Gl GZ

Figure 5. The tops I and A used to engineer the non Abelian gauge symmetry SU(3) x SU(2)
over Fy [49, 50]. The table contains the divisor classes of the Pg,, ambient space as well as the top
coordinates. Note that some divisor classes for the ambient space coordinates get modified in the
presence of the top.

be modified such that the U(1) generators are orthogonal to the Cartan generators of the
non-Abelian gauge symmetry:

_ 1 1
o1 =81 = So— K+ 5D 4 2 (2D§U(3> + D§U(3)) , (5.3)
_ 1
02 =S — S0~ Kp—So+ 3 (2DfU<3) n D§U(3)) . (5.4)
After mapping the fiber equation to the Weierstrass equation, one can work out the b;’s
sections:
L5
bg = 156 — S5S7W3 , (5.5)
1
b4 = —Ewgwg(—838%88 + 383858689 — 828%89 — 233555738w3 + 382868788w3
— 2898587S9W3 + 35186S7S9W3 + 25§s§w2w3 — 2595358S9WoW3 (5.6)
+ 23%33102103 — 6515353w2w3 - 6818%8810%) ,
1
b = ﬁwgwg(—&}s%s%s% + 188%85868889 — 65253555859 — 273%3%83 + 185253555654
— 33%3%33 — 245%55373%103 + 18323386878§w3 + 65953555758S9Ws3
+ 188%86878889’11}3 — 9051 5356S8758S9wW3 — 248%8587831113 + 548133858783103 (5.7)

+ 18818286878311)3 + 85§sgw2w3 — 1252535359102103 — 128%83888311)211)3
+ 723133383310211)3 + 8s§sgw2w3 — 3681828383’(1]211]3 — 278%8%8%’11}%

+ T2s1535255w3 + 18515952 8859w5 — 27575255w3)

which can be used to construct f, g and the discriminant. After doing so, one finds that at
codimension-one there are indeed two singularities, one over the locus wo = 0, exhibiting
the right vanishing orders to coincide with an A; singularity. The other lives at w3 = 0 and
corresponds to an Ao singularity. At codimension-two we find several loci corresponding
to the location of charged matter. They are summarized in table 11, together with the
representations for the matter associated with those singularities. Note that the singlet
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Representation Locus

(3, 2)(%5%) {ws = wy = 0}
(37 1)<7%%) {’w;;:Sg:O}
(1)1 {ws = s9 = 0}
(3, 1)%,_%) {ws = —s687 + s3sgwa = 0}
(3, 1)(_%,_@ {ws = —s6s8 + s559 = 0}
(3, 1)(%,%) {ws = 8332 — 898556 + sls% =0}
(1, 2)(%771) {wy = s7 =0}
(1, 2)(%’1) {wy = —868859 + 5553 + s752w3 = 0}
(1,2) (1) {wy = s3s2 — 59535586 + 515358 + s35557w3 — 251838557Ww3 — S1S286S7W3 + sswE = 0}
1,1 V([(l)) = {s3 =57 =0}
1 V(I(g)) = {—s3s657 + s%@wg + szsgwg =0,
(170)

5358587 — s§38wg - 818%103 = O}\V(I(l))
1(71772> V(I(3)) = {Sg = 89 = 0}

V(Iy) = {s258s9 — s3s3 — s3s1 =0

$553 — S6S859 + SEsTws = 0I\(V(I(3))
L2 V(I(5)) = {s9 = s7 =0}

V(le) = {s3(—s657 + $359w2)(—5657Ss + 555759 + 535859W2)

+3359(7236575§ + 85575859 + 2533%5911)2 + slsgwg)wg + s%sgwg =0,

5353102(75657 + s389w2) + 8%39(868738 + s9(—8587 + S259ws))ws — sésgwg =0}

NV 1)) UV (I(3) UV (I5)))

1)

Table 11. Charged matter under SU(3) xSU(2) x U(1)? with the expressions for their corresponding
codimension-two loci.

sector, which was already discussed in the previous sections suffers from slight modifications
when the top is introduced. In particular, note that the sections w; and ws enter into the
definition of the singlet curves that can not be written as complete intersections.

In comparison to the minimal standard model of section 3, the presence of the ad-
ditional U(1) symmetry gives many more matter representations which could be of great
use for model building. For example, for the model of section 3, there is only one doublet
curve, hence the Higgs fields in that model must be vector-like. Here instead, one has three
doublets, distinguished by their U(1) charges. Hence there is in principle the possibility
to put leptons, up-type and down-type Higgses in different curves. For a thorough phe-
nomenological discussion of the features of this model such as how the fluxes are tuned or
how the Yukawa couplings are generated, the reader is refered to refs. [49] and [50].

5.1.2 Fluxes and chiral matter

After computing the quartic intersections in the Calabi-Yau fourfold one can determine the
inequivalent vertical flux directions. The G4 fluxes in this model were originally computed
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in [50]. Here we have followed a slightly different notation in order to keep a more uniform
structure throughout the paper.
As expected, we obtain the usual gauge flux directions along the U(1) generators

Gfl =01 NF1, Gf2=0'1/\./_“2, (5.8)

as well as a version of the A-flux,
1
GY = A |82+ [Kg' [(—[Kg"| + S2) + So(—S7 + So) + 5[1{;%(2@1 +G)| . (5.9)

This expression coincides with the A-fux obtained in the previous section (see eq. (4.10))
if we set G1 and G5 to zero.

Additionally to the previous fluxes, we obtain four extra inequivalent flux directions
which are due to the tunning of the complex structure in the presence of the top:

Gfl—%Al [2F2—2(Gy+ Gy —2(—[K 5]+ 80))Wat Fy (—2(— [K 51— So + Wa) + Ws)] |
G2 — éAz [2(2G) +Ga—3([K ']+ S0)) Wa+3F1 (281 — Sy + Wa+ Ws)] |

GfS_éAg [6G2+G1 (6K 5] — 67 +480 —8Ws) +2G(So— 2Ws3) —3(Fy —A([K 5] +S0))Ws] |
G4A4_éA4[ 26 ([K 5" +87 —2Ws) +3(Fy —2([K ') +50)) W5 +2G1 (3G2 —2[ K 5|+ S7 4+ W3)] .

This coincides with the observation of [50] that in this model there are five extra flux
directions in addition to the massless U(1) G4 fluxes. Our flux expressions can be matched
to those found in [50] up to SR-ideal components. The chiralities can be straightforwardly
computed by using the curve representatives provided in [50].

5.2 The weak coupling limit

One can see that the weak coupling limit remains the same as in the F5 model, and that
ba, by and bg scale accordingly with e provided sg — esg and s9 — €sg, while all other base
sections remain independen of €. The weak discriminant then reads
Ap= —lw% wh-s7- [(8385 —s157w3)? — (5356 — So.57w3) (5255 — 8186)] : [878%11)3 — 865889 —{—8533] ,
4

(5.10)
from which we can read out the U(3) and SU(2) factors as well as the three U(1) factors
which change just slightly in comparison with eq. (4.12). The Calabi-Yau Equation in this

case reads )

s
£ = ZG — $587W3 . (5.11)

Note that in this case, we must not forbid one but three conifold points, namely: £ = sg =
ss=87=0,{=5¢6=97=w3=0and £ = sg = s5 =ws =0. Moreover the CY threefold
has now h™' = 2 (and hi’l = hb1(B3) > 2): the two independent loci s5 = 0 and s7 = 0
both split into two divisors mapped to each other by the orientifold involution & — —&,
and in different homology classes.
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Figure 6. Schematics of the brane setup for the SU(3) x SU(2) x U(1) x U(1) model. The SU(2)
brane lies on a symplectic cycle. The two U(1) symmetries in F-theory result from two geometrically
massless combinations out of three U(1) symmetries in type IIB.

5.2.1 D7 brane setup

After the introduction of wy and ws, the new brane stacks that one obtains are (see figure 6)

e U(3) stack: in the Calabi-Yau, the locus {ws = 0} splits into the following
components:

1 ~ 1
Wz{w3:0,§—25620} and WE{’U)gZO, 5—}—256:0}. (5.12)
The U(3) symmetry results from wrapping three D7 branes on each of these divisors.
Since W and W are in different homology classes, the U(1) C U(3) symmetry is
geometrically massive.

e SU(2) stack: there are two D7-branes wrapping the invariant irreducible divisor
U = {we = 0}. The two branes are image to each other and support an Sp(()1) =
SU(()2) gauge symmetry. Once again, the diagonal U(1) is projected out by the
orienfold action, but there remains the possibility of having an orientifold-odd gauge

flux with along the divisor U.

In addition we have again the three U(1) divisors inherited from F%, which however suffer
from slight modifications in the presence of the top.

— 492 —



e U(1), stack: over the Calabi-Yau, the locus {s7 = 0} splits into two components:
1 - 1
XE{S7=0, 5—236:0} and XE{S7=O, §—|—256:0}. (5.13)

e U(1), stack: let us now consider the following factor in eq. (5.10),
Argm’l = (8385 — 5157w3)2 — (8386 — S287ws3) (8285 — $156) - (5.14)

The ideal generated by ArEem’l together with the Calabi-Yau equation decomposes into

two prime, non complete intersection ideals, one of which is given by the following

expression
Y = {(5 — %) (s386 — Sas7w3) + syws(s3ss — s1S7ws) , (5.15)
(g + %6> (5285 — s156) — 85(8355 — s187w3), (5.16)
(5 - %6) (8355 — s157w3) + s7w3(s255 — 5156) , €q. (5-11)} ; (5.17)

while its image Y = ¢*Y is obtained by changing & — —¢ in eq. (5.15).
e U(1), stack: the remaining locus to be analyzed reads
A2 = srw3s2 — 65859 + 8552 , (5.18)
that in the Calabi-Yau splits into two components:

7 = {2s7w3sg — sS¢S9 — 259&, S6S8 — 28559 — 2586, eq. (5.11)}, (5.19)
7= {2s7w3s8 — s659 + 259&, 658 — 28559 + 258, eq. (5.11)}. (5.20)

Note that in all cases the discriminant components split into divisors in the Calabi-Yau
which are in different homology classes. Therefore they receive a geometrical mass and
therefore, any massless U(1) is going to be a linear combination of these. In particular, the
massless generators are

1

Q1:§

(%QW +Qx +Qy +Qz) and Q2= *éQW -Qx+Qz, (5.21)

in terms of the massive U(1) generators Qw,Qx,Qy,Qz.
For this case as well, one can check that some homology relations are satisfied. First
note that one can multiply eq. (5.18) by s7ws to obtain

rem S S
37w3AE ’1|X3 = <S7w388 — Sg (f + 56)) (S7w388 + s9 (f — 56)> . (5.22)

Note that both of these factors must be in the class 4Do7 — (W + W) — U — sV + Y), and
that the first is in the class Z + X + W, from which we can deduce the following relation

- -1 N N
Z=4Dor — (W +2W) ~U~X - (Y +Y), Z=0"Z, (5.23)
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in agreement with the D7 tadpole 8 Doy = 3W, +2U + X4 + Yy + Z, where we have
written everything in terms of orientifold even and odd divisors.
In a similar fashion we can multiply s2w3 with Ag’m’l in order to deduce

s
s%w%Agm’HX?, = ((5 - 56) (8386 — Sas7Ww3) + S7Tw3(S385 — 8137w3)>
s
X ((§ + §6> (8386 — 8287’11)3) — 8711]3(8385 — 818711)3)) . (5.24)

Since both factors are equal in homology and the first is in the class Y + 2X + 2W, while
the second is its orientifold image, we can derive the following relations among the odd
divisors:

Y.

Zo=—F =X_+W_. (5.25)

Hence we can choose W_ and X_ as generators of H"'(X3). Couplings between the U(1)
gauge fields to the corresponding two odd axions will give a mass to two out of the four
U(1) directions in type IIB.

The absence of the conifold points imposes certain restrictions on the brane inter-
sections:

XX =Do7X =Do7X, WW =DosW =Do:W, XW=XW=0, (5.26)
which written in terms of orientifold odd and even classes, translate into

X2 - X2 =Dor Xy, W2-W?2=Do:Wy, DorX-=Do:W-=0,

(5.27)
X+W+ :X_W_, X_W+ :X+W_.

Finally it is convenient to remark some relations between divisors in the base and divisors
in the Calabi-Yau threefold:

_ 1
W*(KB)ZD07, 7T*(87)=X++W+, W*(89)=3D07—U—W+—*Y ,

2 (5.28)

T (Ws) = Wy, T Wsy) =U.

5.2.2 Charged matter

There is a rich spectrum of matter fields living at the intersections of the divisors introduced
above. All matter fields in the type IIB theory are going to be characterized by four U(1)
charges in addition to their corresponding representation under the non-Abelian gauge
symmetries. In the non-Abelian matter spectrum one finds (where once again the upper
indices give the charges under the massless U(1) generators):

One bifundamental:

(%77%)

e WU : (3,2)(1,070,0).

This state sits at the vanishing of the ideal

{w3,§ - %G,wz} : (5.29)
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Six triplets:

o WX: B =1=100) (=5:3). The would-be triplet is localized at the vanishing of the
following ideal

{57 877w3a56}7 (530)

which is one of the forbidden conifold points. Due to that, this field is absent from
the matter spectrum.

S -
o WX: (3, 1)53’1’33’0). The state is located at the vanishing of
s
{wg, s7, &+ 56} . (5.31)

(3:3)

e WY: (3, 1)(_1 0.1,0)° Taking the union of the ideals for W and Y (i.e. intersection of
the corresponding vanishing loci) one finds that it decomposes into two prime ideals,
the first being the conifold point {ws, &, s5, 56} and the other being

s
{w3,§—|—56,53} . (532)
e~ (21
e WY: (3, 1)E_i’05;)_1’0). This state sits at the vanishing of the ideal
s
{w3,§+ 56, 5353 — 595556 + 818(2;} . (5.33)
- (14
o WZ: (3, 1)53’137370’1). This state sits at the vanishing of the ideal
56
{w3,§ + 5 —sess + 3589} - (5.34)

. (_2_2 - .
o WZ: (3, 1)27{”00311). From the union of the ideals for W and Z, one obtains two

prime ideals, one corresponding again to the conifold point {ws,¢&, s5,s6} and the
other being

{w3,5+%6,39}. (5.35)

(2
o WW: (3, 1)&5’7’0,03:3). This state is the antisymmetric representation of U(3) and sits

on top of the orientifold plane:
{w3,36,§} . (5.36)

Three doublets:
- _1
e UX: (1, 2)&0712”017)0). This field is localized at the vanishing of the following ideal

{57’10275_‘_8726} . (537)
1
e UY: (1, 2)&027’007)170). This state lives at the union of the corresponding ideals for U and
Y which is prime.
1 -
e UZ: (1, 2)%02”0%’1). This field lives at the union of the generating ideals for U and Z

and it is also prime.
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Eight singlets:
o XX: %. The would-be singlet is localized at the vanishing of the following
ideal
{€, 57,56} - (5.38)
However, this coincides with the O7 plane, where no symmetric matter is allowed.
Due to that, this field is not part of the spectrum.

o XY: 1%:;1’)0). This state sits at the vanishing of the ideal
S
{37,§+ 56 33} . (5.39)
o XZ: 1%5:2?0’1). The singlet is located at the vanishing of
56
{87,5 + 58550 — 3658} : (5.40)
e XY : 1%8’1_)1 1,0)° This state sits at the vanishing of the ideal
56 2 2
{57,§ — 55385 — 528556 + 3136} . (5.41)
o X7: 1%8:2_)1’0’1). This state sits at the vanishing of the ideal
56
{57,5 -%, 59} . (5.42)

e YY: 1%:87)270). This state sits at the vanishing of the ideal

{8385 — 5187, 8285 — $1S6, S35 — S257,€q. (5.11)}. (5.43)

e YZ: 1%’(1])1 1" This state sits at the vanishing locus of the union of the ideals for Y

and Z, which occurs to be prime.

7. 1(0,1)
e Y/ 100

(0.0,—1,1)° This state sits at the vanishing of the ideal:

{28788—86894—2895,8688—285894—2885, 2535658 +2£5959 — 2835559 — S256S9 + 2515759,
2 2 2
5353 — 52585915159, 2535558 — 2525559+ 515659 +2£5159, 2£5356— 5355 —2£5257+2535557+
2
+ 525657 —25157,2£5355 — 535556 —2£5157+2825557 — 515657,

25955 — 25352 — 265156+ 525556 — 5158 +2515557, eq. (5.11)}. (5.44)

« 77: 1%’3)0 2 The ideal associated to this state is given by
{Sg,Sg,eq. (5.11)} . (5.45)
Note that, additionally to the recombination of singlets, the matter curves associated

. a7 1\(3—3) 7 (33
with the states (3, 1)(2 0,0.0) and (3, 1)(_1 1,0,0)

recombine to the matter curve (g, 1)( 12y
37 3
in F-theory. In fact the locus of the last one is {ws, —sgs7 + sgsgws }: the second equation

becomes simply sgs7 in the weak coupling limit.

— 46 —



5.2.3 Fluxes and chiralities
Next we have to find all gauge flux directions consistent with the D5-tadpole which reads
0=W_(3F) —2F} + F?)+ X_(F —2F) + F?) (5.46)
+3We(FY — FZ) 4+ U(FY — F?) + X, (FX — F#) + Y. (FY - F?). (5.47)
Once again we distinguish between three different types of flux solutions:

e Even fluxes are

1/1
(FY,FX FY ,F?), = 3 (3, 1,1, 1) Fi, (5.48)
1
(Y XY = (-3, -1.00) B (5.49)
(FY,F, FY,F?),, = \M(Dor,0,0,0), (5.50)
(FY,FX,FY,F?),, = X2(0, Do7,0,0), (5.51)

where the first two are identified with the massless U(1) directions. The two forms
F7 and F; belong to Hil’l)(Xg). The coefficients A1 and A9 are rational parameters
in agreement with flux quantization.

e Further we have some mixed directions

1 1 1
(FIV7F—U)041 =] (3U7 _2W—> ) (FXV7F3()042 = Q2 (3X+7 _W—> )
1 1 5.52
(F—Kvan/)Ots:O‘fi <3Y+7_W—>7 (F—&)-(7F£J)a4:a4 <U7_2X—>7 ( )
(Fi(v Ff)as = 045(Y+, _X—) ’
where again «;, i = 1,...,5 are rational numbers compatible with flux quantization.

There are three additional flux directions

(F-E/aFl/V)N(W—H_W—)v (F—i)f?Fi()N(X-i-v_X—)v (F-i)-(vFi()N(W-&-?_W—):
(5.53)
which are consistent with the D5-tadpole. In analogy with the observations made in

previous sections, we can see that the first two are equivalent to the \; fluxes, while
the third is trivial owed to the fact that XW = 0.

e For the orientifold odd sector we get the usual uniform distribution of odd fluxes
over all brane divisors FW = FU = FX = FY = FZ which is irrelevant for chirality,
D3-tadpoles and FI computations. In addition to that there is a component which
could be of relevance, namely

(FV, FX) ~ (;X_, —W_> : (5.54)

However this purely odd flux is equivalent to the ap flux in eq. (5.52).

Therefore, we obtain nine flux directions, controlled by the two-forms Fi, F5 and the seven
parameters A1, Ao, o, ..., Q5.
The chiralities for the type IIB matter spectrum have been summarized in appendix A.
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Type IIB fluxes vs F-theory G4-flux. We work out now the match between F-theory
and type IIB fluxes. The fluxes Gf ! and G4f 2 match straightforwardly with the F} and Fy
fluxes defined in eq. (5.48) and (5.49), when we set F; = 7*(F1) and Fy = 7*(F32). In that
case the F-theoretic as well as the type IIB contributions to chiralities, D3-tadpoles and
FI-terms coincide.

For the remaining F-theory fluxes one has to find a combination of type IIB flux
directions which reproduce the effects of the A-flux as well as the four A;-fluxes. We obtain
the following match

’Gfl\:
=0 = 2D U 3W 1X 1Y A
1 =Y, 2 — o7 92 + 9 + 9 + ) (5'55)
)\12042:0, )\2:—2A, a1:a4:2a3:2a5:A,

onl

[ ]
Q
-

o

QGZB
1
F1:F2——§W+A3, 041—20(3—Ag, )\1—)\2:a2—a4—a5—0, (558)
on4
1 2
F1:§W+A4’ F2:0, )\1_—§A4’ AQ—O&l—O{Q—Oég—OéAL—O%:

Again we see that there are two flux directions in the type IIB model which can not be
found in the vertical cohomology of the Calabi-Yau fourfold: the first is the ao-flux, which
as discussed around eq. (5.54) can be reinterpreted as a fully orientifold-odd flux direction;
the second is a combination of As- and as-fluxes with as = 4),.

6 Charge 3 states, discrete symmetries and massive U(1)’s

In this section we would like to discuss some additional models which exhibit some inter-
esting properties from the F-theory point of view. The first one is a toric hypersurface
fibration based on the toric ambient space Pp,. The resulting model has a U(1) gauge
symmetry with three singlets, one of which has charge ¢ = 3 under the U(1) [51]. This
model is appealing for various reasons: charges higher than two might seem exotic from

48 —



section Line Bundle
w w2 9 U O(H — E1+ S0+ KB)
€1 uvw S ow
v O(H — E1 + Sy — S7)
v vTw el O(FE1)
,1)3

Figure 7. The polytope F3 and its dual. The table on the right provides the line bundle classes
for the coordinates in Pg,.

the perturbative point of view. Additionally, this model can be obtained as the Higgsed
version of an SU(2) theory in which the charge three state originates from a decomposition
of a three index symmetric representation of SU(2) [66]. The latter is a truly exotic matter
representation, only conceivable from the point of view of intersecting [p, ¢] 7-branes with
multi-pronged strings.

The second model corresponds to a Higgsed version of the Fj fibration, and has only a
Zs3 discrete symmetry. This model is also a toric hypersurface fibration based on the toric
space Pg, [51, 67].

6.1 A U(1) model with charge three singlet

The toric ambient space Pr, = dP; is shown in figure 7. In addition to the sections s; that
we have in the Pg, fibration of section 4, here we have to introduce the additional section
s4 of the line bundle O(2S87 — Sg). The fiber is cut by the following cubic polynomial

Pry = slu3e% + szu%e% + 33uv26% + 841]36% + 55u2w61 + sguvwey + 871)2w€1 + ssuw2 + 39vw2 .

(6.1)
After mapping pr, to the Weierstrass form we obtain f, g and A, which we take from
ref. [51] and summarize in appendix B for completeness.

In eq. (6.1) one immediately recognizes a rational section at e; = 0, which in the
(birationally equivalent) Weierstrass model becomes the zero section Sy of the elliptic
fibration. Additionally, as discussed in [51] there is an extra non toric section, whose
coordinates S7 : [x1 : y1 : 21] in the Weierstrass form can be found in appendix B. This
produces a massless U(1) gauge symmetry in the four dimensional effective theory. Its
corresponding generator is given by the Shioda map

o=81—Sy)—3Kg+S;—25. (6.2)

There are no codimension-one singularities. At codimension-two one finds three I
fibers corresponding to singlets charged under the U(1) symmetry. The loci for the corre-
sponding singlets are given in table 12.

Let us now discuss the type IIB limit of this model, which we can reach upon setting
the following € scalings for the sections s;:

51— €lsy, s5— €'ss, sy —elsg, s —e's; (i#£1,5,8). (6.3)
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Representation Locus
13 V(I3)) = {ss = s9 = 0}
1, V(I(z)) = {8483 — 535389 + 525855 — $155 = $75% + 5555 — 865859 = 0}\ V(I(g))
L VL) = (= 2 1858 = 0]\ (VL) UV (L))

Table 12. The loci for the charged matter representations under the U(1) symmetry. The charges
are written as subscripts. The locus for the singlet 1; is given in terms of the sections z1, y; and
z1 given in appendix B.

The location of the D7-branes can be read out from the irreducible components of Ag =0
with
Ag = —139 (—535657 + 5252 + 5359 + 54(5% — 45259))
4 (6.4)
X (3%3% + s2(—s55658 + 5359 — 2518889) + 31(5258 — 858659 + 3133)) )

We encounter three factors, two of which split in the Calabi-Yau threefold
2
S

52 =08 5289,

4
while the one in the middle gives an orientifold invariant D7-brane. The brane configuration
looks schematically as depicted on the right hand side of figure 8.

In the Calabi-Yau treefold the locus sg = 0 splits into the following components:

1 ~ 1
XZ{ngO,é—QSGZO} and XZ{39:0,£+236:O}. (6.5)

The invariant brane is given by:
W = {—s35657 + 5252 + 5359 + 54(52 — 4s959) = 0} N X3. (6.6)

Finally we have the remaining locus. Here we do not write explicitly the ideals of the two
components. We instead compute their homology classes. We start by noticing that

SEAR™ = (Ss (%6 - 5) — 89 (8189 + s5 (% — §)Z>>
X (38 (%6 +§> — 89 (3189 + 85 (%6 +§)2>> :

The class of each factor is %(8Do7 — W — (X + X)), while the class of the product of the
two must be Y +Y +2(X + X), where Y and Y correspond to the split divisors for A%™ in
the Calabi-Yau threefold. Identifying the first factor with Y + 2.X we obtain the following

homology relation:

(6.7)

Y = % (8DO7 ~W - (3X — 5()) . (6.8)

We see that Y_ = —2X_. The splitting loci support of a brane and its image in differ-
ent homology classes. Hence the corresponding gauge bosons are massive. The massless
combination has the following generator:

QR =2Qx +Qy . (6.9)
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XX | Xy | WXx YY XY | YW
Type IIB

Lo6) | 1oy | 110 | Lo-2 | La-1 | Lo
F-theory — 13 1. 1,

Table 13. The matter arising at the different brane intersections and their recombination pattern
in the F-theory model. Note that the singlet 1(5 ) is not present because the divisors X and X
only intersect on top of the orientifold plane.

The matter representations living at the brane intersections are summarized in table 13.
We also include the corresponding curves in F-theory. We notice once more that curves that
have the same charges under the massless U(1) merge away from the weak coupling limit
(e # 0). Moreover we see that the charge 3 state arises also in perturbative type IIB theory.

Let us finish with an observation. By tuning the complex structure moduli of the
F-theory model under consideration, one can un-Higgs the massless U(1) symmetry to an
SU(2) with exotic three-index symmetric representation matter [66]. One could wonder
what happens in the weak coupling limit. In fact one realizes that there is no e scaling
that does not destroy the spectrum.'® This is actually expected, as in perturbative type
IIB, there are no states in the three-index symmetric representations.

Fluxes. In F-theory, the generic vertical G4 flux is
Gi=0ANF+AS2+ Kp(So+ S) — S8y + S2), (6.10)

with F a vertical divisor.
On the type IIB side, the D5-tadpole cancellation condition involving the gauge fluxes
on the D7-branes is

X_(Ff —2F))+ X (FX¥ - F)+ W(FEY - F) =0, (6.11)
from which we obtain the following flux directions
(FYFY) = (2,)F, (F¥ FY)\=MDor,0), (F¥ FY)s=8W,-X_), (6.12)

in addition to the odd component FX = FY = FW corresponding to a choice of B-field.

The matching of the flux components in type IIB with the ones in F-theory proceeds
as follows. The massless U(1) gauge fluxes match under the condition F' = 7*(F). As
for the A-flux we see once more that it is matched by a linear combination of F-, A- and
S-fluxes:

1 1

We note again that in the type IIB limit we have one additional flux direction in comparison
to the F-theory uplift.

B The complex structure must be tuned such that ss = sgos5, s6 = sso7 + s9os , s7 = sgor [66]. In
order to have the proper weak coupling scaling, one imposes sg — €ss. But this would also require to set
s6 — S9osm making the CY threefold to develop an A; singularity over a curve. Moreover the invariant W
brane would factorize giving an extra brane wrapping the sg = 0 locus.

~ 51 —



6.2 A model with Z3 discrete gauge symmetry

Let us start from the F-theory U(1) model just described and let us give a vacuum expecta-
tion value (VEV) to the charge 3 state. We expect to break the massless U(1) symmetry to
the Z3 subgroup that preserves this VEV. Under this discrete group, the other two states
have the same charge, since —2 = 1 mod 3.

Geometrically, this VEV can be viewed as a complex structure deformation of the
Weierstrass model. The same space can be described by cutting the fiber out of the toric
ambient space Pr, = P? instead of dP, so that in comparison with figure 7 we do not have
the divisor E; (the zero section). The deformation can be read in the extra monomial in
the fiber equation (i.e. an extra node in the dual polytope) which we denote by s19 and
which is a section of O(2S8g — S7). The corresponding fiber equation reads

PR :51u3—|—32u2v+53uv2+54v3—|—85u2w—|—86uvw—|—5702w+58uw2—i—59vw2+510w3. (6.14)

This equation does not define an elliptic, but a genus-one fibration [4, 5] given that it does
not have sections but merely three-sections, out of which we can choose S(3) = {u = 0}NY}
as a representative.

In order to get the Weierstrass form for this model one take its Jacobian'® J([pg]),
which does exhibit a zero section corresponding to the trivial line bundle. The final ex-
pressions for f and g for this model have been presented in appendix B. One can show
that at codimension-one there are no singularities in the fourfold. Moreover there are no
extra sections in the Weierstrass model. Hence, as we expected, there are neither non-
Abelian nor Abelian continuous gauge symmetries in this model. Instead, the presence of
the three-section together with the fact that the model can be understood in terms of a
Higgs mechanism in which a charge three singlet picks a VEV are supporting evidence for
the presence of a discrete Zs3 gauge symmetry?? [67].

As explained in [51], looking back at eq. (6.14) one finds that an Iy fiber develops
whenever pp, factorizes as

pr, = s1(u+ v + avw) (u? + 1o + Bow? + Bauv + Byvw + Byuw) (6.15)

with «;, §; suitable polynomials in the s;. From the naive counting of parameters we can

deduce that this type of factorization occurs at codimension-two.?!

The corresponding
singlet carries charge 1 = —2mod 3 under the discrete symmetry. We see that after the
transition the two curves that have the same charges under the surviving symmetries join

together into one curve.

9That is the group of degree zero line bundles over [pry -

20More formally, the presence of the discrete symmetry can infered explicitly after finding the Tate-
Shafarevich goup of the Jacobian fibration J([pr,]) [67].

*Tn [51] it is shown that once one has constructed the ideal Ia; 8;,s,) after comparing monomial in (6.14)
and (6.15), and constructing the corresponding elimination ideal I(5,) = I(s, ,5) N K[si] in the polynomial
ring K|[s;] generated by the sections s; only, the ideal I(,,) is generated by 50 polynomials and that its
codimension in K([s;] is indeed two.
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Figure 8. The intersecting brane configurations for the fibrations based on Pp, (left) and Pp,
(right). In the limit s19 = 0, the brane Z splits into two.

The type IIB limit of this model is obtained after setting the following e-dependence
on the sections s;:

S1 — 6181, S5 — 6185, S8 — 6188, S10 — 61810, S; — EOSZ‘ (’l 75 1, 5, 8, 10) . (616)

In this limit the locus of the D7-branes is given by
_ 1 2, .2 2
Ap = 4( $3586S7 + S287 + 5559 + S4(sg — 45259))

X [ — 52055 + s10(5158 — 5956(5556 + 35159) + 55(5658 + 25559)) (6.17)

+ Sg(S%S% + sa2(—s55658 + s§39 — 2518889) + 81(s§58 — 858689 + slsg))] .

In the Calabi-Yau threefold once again we have an invariant D7-brane W, in addition to
the remaining part of the discriminant which splits into two divisors Z and Z (see the
left-hand side of figure 8). One can easily prove the following homology relations

Zy=Z+2Z=8Dp;—W, Z_=7-7=-3X_, (6.18)

where we have used the divisor X_ = X — X, with X and X as defined in eq. (6.5). Recall
that in this model the absence of the conifold point is given in terms of the divisor X,
i.e. Do7X4(2Do7 — X1) = 0, even though there is no physical brane configuration along
this divisor.

At weak coupling, the spectrum of this model is identical as in the Morrison-Park
model of section 2.1, with a singlet with charge 2 (under the U(1) living on the Z-brane)
living at the intersection of the banes Z and Z away from the orientifold plane, and a
singlet with charge 1 living at the intersection of Z with the invariant brane W. However,
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Type IIB | F-theory
77 | 1.,
ZW | 14

Table 14. On the left column, the states in type IIB with the charges under the massive U(1). On
the right column the F-theory state (charged under the discrete Zs symmetry).

in contrast to the Morrison-Park model, the divisors Z and Z are in different homology
classes. For this reason, the U(1) gauge symmetry in our case becomes massive. Hence,
at the perturbative level we only have a global U(1) symmetry under which the two states
are distinguished. The matching of states between the F-theory and the type IIB model is
summarized in table 14.

If we set sj0 = 0, the setup just outlined becomes the one described in the U(1)
model above, i.e. (6.17) coincides with eq. (6.7). This is exactly the same Higgs mechanism
described on the F-theory side. Let us see how it works in type IIB: the field that takes
non-zero VEV is 11 1 sitting at the intersection XY (see table 13). The elements of U(1) y X
U(1)y are e?@x+8Qv  The state 11 transforms by the phase ¢!(®+#). The non-zero VEV
is then left invariant by the U(1), subgroup with elements eB(=@x+Qy)2mikQx - GQince all
the states in the model have integer charges, the last factor can be neglected and one gets
a U(1) symmetry with generator Q7 = —Qx + Qy. Accordingly, the D7-branes wrapping
the X (X) and the Y (Y) divisors recombine to give the brane wrapping the Z (Z) divisor.
The other states, 1(_1 o) and 1(g 1) have the same charge (Jz and the corresponding curves
join together in the matter curve for 1. The same happens for 1 _3) and 1(; _1) joining
together in 1_o.

The massive U(1), symmetry is broken at non-perturbative level by instanton effects.
In the present model, there is for instance a D1-instanton wrapping the curve ¥ = C — C ,
where C is a holomorphic curve intersecting the divisor X at one point.?? Its charge under
the D7-brane U(1) living on the Z divisor is equal to [40]

1 3
qD1:Z-Z:QZ-Z_:—QE-X_:—SE-X:—S.

In the present model we have hl_’l(Xg) = 1 and hence ¥ is the minimal (odd) curve that
can be wrapped by a D1-brane. Hence the D1-instantons break the massive U(1) to its Zs
subgroup whose elements are €??Z where 8 = % with £ = 0,1,2. One should also check
the D3-instantons, i.e. D3-branes wrapping invariant four-cycles in X3 and possibly with
flux, but the argument above works in the same way, giving the same discrete symmetry.

We then see that in type IIB the discrete symmetry arises at the non-perturbative level
and is a subgroup of the massive U(1). The two states have the same Z3 symmetry. When
we go away from the perturbative weak coupling limit, the matter curves supporting such

22This curve will exist generically. If the minimal intersection number is large than one, the surviving
discrete group may be bigger.
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states join together into one curve, supporting a state with again the same Zs charge.?? This
agrees with what claimed in section 3: when two type IIB matter curves associated with
states distinguished by massive U(1) charges (but with the same massless U(1) charges) join
together, then one can conclude that the actual symmetry is a discrete subgroup (possibly
trivial) under which the joining states have the same charges.

Let us comment on the possible couplings. In the F-theory model studied in this
section, we expect a perturbative cubic coupling 12 at the triple self-intersection of the I
locus (or at the self-intersection of the corresponding matter curve). Hence, the respective
type IIB coupling should also be of order one. In fact, in type IIB we have two states
corresponding to the F-theory one. Most of the triple couplings involving 1_o and 1; are
allowed only by the unbroken discrete Zs symmetry, but are forbidden by the massive U(1).
If all of them would be of this type, we would have a discrepancy with what is predicted by
F-theory. However, this does not happen, because there exists one triple coupling allowed
by the massive U(1), i.e. 1_512. This is very similar to what happens with the down
Yukawa coupling of section 3, where only one of the possible coupling was allowed by the
massive U(1) and that was actually the one corresponding to the F-theory Yukawa.

In [40, 41] it was stressed that the coupling terms allowed by the massless U(1) sym-
metries can be divided into two categories: the ‘perturbative’ and the ‘non-perturbative’
couplings. The first ones are of order one and are typically associated with the points of
enhanced symmetry. The second ones are exponentially suppressed as they are mediated
by membrane instantons with finite size (also after the F-theory limit). To distinguish
among them in F-theory, one needs to find the homological relations between the fiber
components wrapped by the matter M2-branes involved in the coupling. In the first case,
the homological relation is inside the fiber homology, while in the second it is satisfied only
in the homology of the CY fourfold. In future investigations, it would be interesting to
analyze the fiber structure in the present simple model and see what is the fate of the type
IIB instantonic couplings.

Fluxes and chiralities. There is a single flux direction on the F-theory side,
Gy = % (35(3)(35(3) + 3KB — 2857 — 289) — 28% + 58578y — 285) . (6.19)
This is in agreement with the vanishing of the following Chern-Simons coefficients [82]
G4 N 8(3) AND, = G4 NDgy N Dﬁ =0, (6.20)
Yy Yy

with D,, Dg being any of the vertical divisors in the compactification. The contribution
of the G4 flux to the D3-tadpole reads

1 A2 _
5 / Gy NGy = E(S7 — 259)(287 — Sg)(—?)KB + S7 + 59) . (6.21)

23Notice that the elements 5 (~@x+QY) of the discrete symmetry in type IIB can be identified with
2mik’

those e~ 3 (2Qx+Q¥) of the Z3 subgroup of the massless U(1) (that is indeed the discrete symmetry
identified in F-theory): the difference is by the phase e?™@X that is always equal to one in this mode, due

to the fact that the states have integer Qx charges.
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On the type IIB side we need to impose the D5-tadpole cancellation condition
Z_FZ+ 7, FZ+WFW =0. (6.22)
The allowed fluxes are
(F#)y=ADo7, (FZ.FY)5 = B(W,~Z.). (6.23)

In order to match the D3-tadpole contribution of the G4-flux (eq. (6.21)) with the type

IIB one, we need to impose
A A
)\ = —— = —
3 Y ﬁ 6 )

up to terms proportional to X Dop7(2Do7 — X4) (that on the smooth CY threefold are

(6.24)

zero). This is the type IIB flux that corresponds to the A F-theory flux. Again, there is
a massive type IIB flux that is not described in the resolved F-theory background by a
harmonic vertical four-form flux.

Finally, one could use the flux match to compute chiralities in F-theory, where the
matter locus is very complicated to deal with. In fact, in type IIB we easily compute

1

x(1_5) = Z(48D%7 + W2 - 9X2 4+ 2Do7(—=TW + 9X 1)) (DorA + WS3) (6.25)
1

X(11) = 5 W(Dor(=8Do7 + W)A + (=8DorW + W2 +18Do7 X4+ — 9X2)B).  (6.26)

Adding these two chiralities we arrive at a weak coupling expression for the chirality of the
Zs singlet under the A-flux:

A
X(1)we = g(—(8D07—W)(—2Do7—|—W)2+6D07(—2Do7+3W)X+ +3(2DO7—3W)XJ2r) )
(6.27)
This can be written in terms of the base divisors, recalling that
Dor =7*(Kg), X;=7%(S), W=n"2Kp+25;—38). (6.28)

The resulting chirality at weak coupling is expected to match the F-theory result, i.e.

X(1)F =xDwe. - (6.29)

This is true when the type IIB CY threefold has no conifold singularity. If we do not
require this, then the intersection SgKp(2Kp — Sg) is generically non-zero, and we can
only claim that

X()r =x1)we + CL1$9KB(2KB - 8y). (6.30)

Note now that this model has a very special feature: it is symmetric upon exchange of
the P? coordinates v and w. In the dual polytope this corresponds to a pairwise exchange
of the sections s; which essentially amounts to exchange between the divisors S7 and Sg.
Due to this symmetry, the F; model exhibits a second weak coupling limit, which is based
on the following e-scalings for the sections s;

S1 — €181, SS9 — €'Sy, 83— €'s3, S4— €S, s — s (1#1,2,3,4). (6.31)
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In this limit we have the following relations to the base divisors
Do7:7T*(KB), X+=7T*(S7), W:W*(2K3+239—87) (6.32)

such that when we plug these expressions in eq. (6.27), we obtain a different weak coupling
limit of the F-theory chirality x (1), . satisfying

x(1)p = x(1)ye +a2S7Kp(2Kp — S7). (6.33)

By comparing the two expressions (6.30) and (6.33) we are able to obtain the general
F-theory expression for the chirality of the singlet 1 in F-theory:

X(1)r = A(S7 — 289) (287 — So)(—3Kp + S7 + So) - (6.34)

It is remarkable that we could have access to this quantity by looking at the weak coupling
limit of the F-theory compactification. Note that the locus of the Zs charged singlet
is generated by fifty non-transversally intersecting polynomials and therefore, the direct
computation of the chiral index turns cumbersome.

7 Conclusions

In this work we considered F-theory compactifications with interesting phenomenological
features, like an MSSM spectrum, a set of massles U(1) symmetries, charge three states
or discrete symmetries. For each model, we showed that a weak coupling limit exists: we
worked out the € scaling of the sections defining the corresponding elliptic fibration, such
that the resulting perturbative type IIB configuration presents the same spectrum as the
F-theory one. This is not always possible, as it happens for example when the spectrum
includes exotic matter states. As a first result, this shows once more that perturbative type
IIB is a powerful setup for model building, where several of the features of the F-theory
models can be realized.

We were able to match the gauge group and the matter content with the corresponding
type IIB model. In the F-theory models, we worked out all the harmonic vertical four-form
fluxes. We saw that these G4 fluxes can describe three types of D7-brane fluxes: 1) even
fluxes along massless U(1) generators; 2) even and odd fluxes along massive U(1) genera-
tors, provided that they cancel the D5-tadpole; 3) odd diagonal fluxes along an Sp(1) stack
(the diagonal U(1) gauge boson is projected out by the orientifold projection, but the cor-
responding flux survives if along an odd form). However, not all the D5-tadpole canceling
massive U(1) fluxes are described by harmonic vertical G4 in the resolved manifold. We
noticed that these fluxes always induce a T-brane background in a supersymmetric solu-
tion (if one does not deform the singular geometry). In F-theory, this T-brane obstructs
the resolution. Hence these fluxes may not appear among the harmonic four-forms in the
resolved fourfold. Remember that the fact that the G4 flux satisfy the D-term condition
implies that it is harmonic, but if it violates the D-term condition it may be harmonic or
not. This answers a question raised in [34], as anticipated in the introduction. These extra
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fluxes may be described by non-harmonic [12] or non-vertical four-forms [111]. It would be
interesting to identify the proper four-form in F-theory, if it exists.

We finally found that some F-theory matter curves split at ¢ — 0. This is related to
the fact that at zero string coupling one recovers a continuous U(1) symmetry [37] that at
finite coupling is broken by non-perturbative effects (like D1-instantons) [40, 41]. In fact,
in type IIB, geometrically massive U(1) symmetries are preserved as global symmetries
at the perturbative level, and are generically broken by non-perturbative effects to some
discrete subgroup. Correspondingly, at weak coupling there are distinct curves for states
that have different massive U(1) charges. In F-theory this distinction is not present: the
elliptic fibration is only sensitive to the true (unbroken) symmetries. Hence states that have
the same surviving discrete symmetry charges but different broken massive U(1) charges
live on the same curve. Said differently, the splitting of the matter curves at ¢ — 0 is a
manifestation of the fact that the full massive U(1) symmetry is restored at zero coupling
(in fact, in [37] it was shown that at € — 0 a new closed two-form arises that corresponds
to this U(1) becoming a massless unbroken symmetry). We aim to come back to this point,
by applying the approach of [40]. In the explicit model of section 3.3, we moreover showed
how to use this splitting to infer which flux localizes the zero mode wave functions away
from the down Yukawa point, in such a way to suppress this coupling with respect to the
order one top Yukawa coupling.

We believe that our constructions may be useful for future investigations, especially
when one needs to test some F-theory ideas in the most known perturative regime.
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A Chiral matter in the SU(3) x SU(2) x U(1)? model

Representation Chirality
11
(3.2){{ 1 00) LUWL(Fy — 2F, + 6DorAi + a1(—6Do7 + 2U + 3Wy) + 202Xy + 304X + 203V
3.1) 2 SWL X, (2F — AF;, — 3DorA + 3DorAz — 2(oq — 3au)U
) —2a2(6Do7 — 3Wy + Xy) — 2(a3 — 3a5)Yy)
(§ 1) %,% 117W+[(F1 + Fy —3Do7 A1 — U — a2X+)(74DO7 + 2(W+ + XJr) + Y+)
TUELOLO 30 XL (W 4 X4 ) 4 YY) — as(2Dor(6W + Yi) — (3W4 — Vi) (2(Wa + X4) + Vi)
3.1) -~z 1 HWL(2F) — Fy — 3DorA1 + arU + ap X4 )(—=4Dor + 2(W + X 1) — Vi) — 6Dor A1 Y4)
PO 0 XL (2(W 4+ X))+ V) — as(2Dor(6W4 + Vi) — (3W4 — Y)(2(Wy + X4) + Y3)))]
_ 14
B0 00n | We(~10Do7 +2(U +2Wy + Xy) + Yi)(—Fi — 4F; +3Dorhs + aaU + aa X + a3Y5)
(37 1)(1 _g) %W+(*6D()7 + 2(U + W+) + Y+)(2F1 4+ 2F5 +3Do7A\1 + anU + as Xp + 043Y+)
. (L_2
(3,130 00 LDor W (Fy + 2(—Fy + 3Dorh + anU + as Xy + asYy))
-i1
(1.2){010b) —LUX | (Fy — 2F, + 2Dor s + a4(2Dor +2U — X4) — (a1 — 2a0) W, + 2a5Y7)
1.0
(1.2){gh10) LU(F Yy +2(2Do7 — Wy — Xy )(aa Wy — 203W, + (o — 205) X))
11
(L.2)(Coby | —LUI(F: +2F3)(=8Dor +2U +3W, + X, +Y}) + (2Dor — Wy — X ) (@ Wy + 04X )]
(LD 1 X4 [(Fy = Fo + auU — asWy ) (=4Do7 + 2(Wy + X ) + Y3) + A2 Do7(—4Do7 + 2X 4 +Yy)
110 —a5(2D07(=2X1 + Y3) + (X4 = Y)Wy + X4) + Y3)]
15(132(1))011) —iX+(—10DO7 + 2(U + 2W+ + X+) + Y+)(F1 =+ D07>\2 + aqU + a5Y+) — /\2D07W+]
L0 X [(Fr — oqU — a3W4)(4Dor — 2(W4 + X1) + Yy) — \aDor(4Dor — 2X 4 +Yy)
=110 +as((2(W + X4) = Y3) (X4 +Y3) = 2Do7(2X4 + Y7))]
107 o —1X,[(6Do7 —2(U + Wy) = Y1) (=2F3 + Dorhs + aulU + a5Y) — DorhaW,]
Loi00) LR (8Dor(Wy + X1) — 4(Wy + X4)% — 2DorYy + Y2)
—3(F + F)(—2(Wy + X1)(—2Do7 + W4 + X) + (—8Dor + 2U + 3Wy + X4 )Y, + Y3)
1,1
oo HasWy + a5 X 1) (32D%, + (Wi + X4 )(4U + 6W,y +2X, +Y,)
—2Do7(4U + 12W4 +8X 4 +Y4)) — 4Dor(asW2 + a5 X2))]
T (=2(We + X1)% = (2U +3Ws + X4)Yy = Y7 +4Dor (W + Xy +2Yy4))
001 HasWy + as X1 )(32D2, + (W + X )(4U + 6W, + 2X +3Y)
—2D07(4U + 12W, +8X 4 + 3Y+)) - 4D07((13W$ + a5X$)]
o) L(F 4 2F)(6Dor — 2(U + W) — Y3)(8Dor — 2(U +2W, + X4) — Yy)

Table 15. Chiral Indices for the matter in type IIB limit of the SU(3) x SU(2) x U(1)* model

B Additional data for hypersurfaces based on F3 and F;
In this appendix we merely reproduce a part of appendix B of [51], which provides f and ¢

for the genus-one fibration based on Fj as well as the coordinates of the non-troic section
in F3.
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B.1

=

and g for the Wierstrass model based on Pg

g il

1

4—8(—(s§ — 4(s5s7 + s3ss + 5239))2 + 24(—s6(8105253 — 95181054 + S455S8

2 2 2
+ S28788 + 38559 + S15789) + 2(8108555 + S15788 + S2838889 + $1835;
2 2 2

+ 57(81052 — 35151083 + S3S588 + 825589) + 84(—38108255 + so85 + (85 - 38188)89)))) R (Bl)

1
@((32 — 4(s557 + 8358 + 5289))° — 36(s2 — 4(s557 + 5358 + 5259))

X (—56(5105253 — 95151084 + 545558 + 525758 + 535559 + 515759)

+ 2(510,9%55 + 515558 + 89535859 + 513353 + s7(51055 — 35151053 + 535558 + 5255859
+ 84(—38108285 + SQS% =+ (Sg — 38188)89))) + 216((8105253 — 95181084 + S4S5S8

+ 895758 + 535559 + 315759)2 + 4(—818%083 — s§8105§ — si(Q?s%s%O + slosg

+ s1(—9s108558 + sg)) + 5105:2,)(—5255 + 5186)S9 — 81$§88Sg

- 5%(510(5355 — 2518385 — $1825¢6) + S158(8388 + $259))

— 5357(510(—528556 + 5152 + 5358 + 53(52 — 25158) + 5152509)

+ 59(525558 — 515658 + 515559)) + S4(—570(55 — 9515253)

+ s10(s6(—s25586 + slsg + s2s8) + 53(s§56 — S98558 — 3515658))

+ (510(25355 + 3515355 — 351525¢) + 58(75353 + 898586 — slsg — 5258 + 2515358))S9
+ (8952 + 515556 + 2515258) 58 — S258 + 57(510(25252 — 3515556 + 3515258 + 955 9)

— 88(828588 — 818688 + 818589)))>)) . (B2)

These equations also provide the right expressions f and g in the case of Fi1, F5 and
F3 after setting some suitable sections to zero. For example, in order to obtain f and g for

F3 one sets s1g = 0.

B.2

The Weierstrass coordinates of the non-toric section S; in Fj

1
Y1 = 5(23?58—5—51(252(33 —3s158) —3315556)38—1—((83s§—823635+31(s§ —5557))s§

1651 (53+5153)52 4 (—25352 +251 595655+ 51 (351 (52 428557) —45352))58) 50

—58(2(55 46515350 +35754)52 — (5556554 (65352 — 451 (52 +25557) )52

+ 51 (6543%4—2535655 —9318657))38+s5(334s§+23336$§ —352575’% —28282854-81868785
+25152))58+5§(515§ f525552+535§s§+7513557sg+9545§56 7852535756+515§s$
+6(s3(53+5153) +2818254)s§ —5352374- (—4s§s§ —882343% — 651545655 —l—s%s%—i—ﬁsfs%
+259(5985+T5156)57+53(251(52+28557) —6525556))58) 5 — 53 (S8 (65258 —55556) 52
—58687(8§ —2s1 58)33—1—557(363833 —s;,(s% +8557)52+281575882 +8186(82+28587))
+54(5(252 4+ 5557)52 —10(5355+5256) 5855 +6(55+25153)52) )5 +55(2(53 +6525453+ 35157 )52
— (65952 +5358 —4(55+25153)5%+253(5355 — 35256 )57+254 (5255 + 7535556 — 3515756
+2595557))88+5(545556 (52 +28557) +57(57(251 58 — 525556 +515557) — 5355 (56 +5557)))) S0
—82(388(28288 —38556)32—1— (sé—i— (7s5s7 —45358)33—1—2525738364—3%3? — 883555758

1655 (5855 +5152))54+57(565855 — (58 +8555756 —6505758)53+57(9515657+52(55 —5557)))) 52
+53(358(—52—25557425358) 53+ 57(250+ 555756 — 2535856 + 4525758 )54+ 52(25855 — 25253

— 3855753+ 35152 +2525657)) 89+ 54(—25255 +356575853 +52(— e+ 5557 —25358)54
+57(s386—5257))). (B.3)
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I =

1
6(1283884-4(282(8% —35158) —3515556) 59+ (52 —4s557)s2+12(s3+25153) 52

—4(48352 + 595655 — 351 (8%4—28537))88)83 —258(—4(5657+35458)5%

+ (53 —10835856+4525758)55+258 (9515657 +651 5458 +52(52+65358))) 50
+52(56—2855758 — 85252 +12(52+25954) 52 —4(9545556 —57(55256+65157)
+53(s§+25557))38)53 7232(123354s§+2(37(3336 +4s9587) 7334(33 +2s557))ss

+5657(52 —48557)) 59+ 58((52 —4s557)52+4(25357 —35456)sgs7+125252)) (B.4)

21 = 8752 +59(5559 — 5658) - (B.5)
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