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ABSTRACT: We consider F-theory compactifications on genus-one fibered Calabi-Yau man-
ifolds with their fibers realized as hypersurfaces in the toric varieties associated to the 16
reflexive 2D polyhedra. We present a base-independent analysis of the codimension one,
two and three singularities of these fibrations. We use these geometric results to determine
the gauge groups, matter representations, 6D matter multiplicities and 4D Yukawa cou-
plings of the corresponding effective theories. All these theories have a non-trivial gauge
group and matter content. We explore the network of Higgsings relating these theories.
Such Higgsings geometrically correspond to extremal transitions induced by blow-ups in
the 2D toric varieties. We recover the 6D effective theories of all 16 toric hypersurface
fibrations by repeatedly Higgsing the theories that exhibit Mordell-Weil torsion. We find
that the three Calabi-Yau manifolds without section, whose fibers are given by the toric
hypersurfaces in P2, P! x P! and the recently studied P?(1, 1, 2), yield F-theory realizations
of SUGRA theories with discrete gauge groups Zs, Zs and Z4. This opens up a whole
new arena for model building with discrete global symmetries in F-theory. In these three
manifolds, we also find codimension two Is-fibers supporting matter charged only under
these discrete gauge groups. Their 6D matter multiplicities are computed employing ideal
techniques and the associated Jacobian fibrations. We also show that the Jacobian of the
biquadric fibration has one rational section, yielding one U(1)-gauge field in F-theory. Fur-
thermore, the elliptically fibered Calabi-Yau manifold based on dP; has a U(1)-gauge field
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induced by a non-toric rational section. In this model, we find the first F-theory realization
of matter with U(1)-charge ¢ = 3.
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1 Introduction & summary of results

F-theory [1-3] is a non-perturbative formulation of Type IIB string theory with backreacted
7-branes, that is manifestly invariant under the SL(2,Z)-duality symmetry of the theory.
String backgrounds constructed via F-theory are not only located in the heart of the web
of string dualities, but also allow for the construction of phenomenologically appealing
local GUT-models [4-7], which has recently rekindled a lot of interest into the subject.
The basic idea of F-theory is to replace the axio-dilaton 7 = Cjy + ie™® , that is only
defined up to SL(2,Z)-transformations, by a quantity, that only depends on the SL(2,Z)-
equivalence class of 7. The canonical geometrical object with this property is a two-torus
T2(7), whose complex structure is identified with 7. Thus, replacing 7 by this auxiliary
T?(7) provides an SL(2,Z)-invariant formulation of Type IIB. Non-trivial backgrounds of
7, which are sourced by 7-branes, on manifolds B are mapped under this replacement to
torus-fibrations over B. In particular, for a supersymmetric and tadpole-canceling setup
of 7-branes on a complex Kihler manifold B the total space of this T?(7)-fibration is a
Calabi-Yau manifold 7 : X — B.

Most of the torus-fibered Calabi-Yau manifolds X that have been studied are alge-
braic, that is they are realized as complete intersections in some ambient space.! In these
constructions, the torus fiber over B is realized as an algebraic curve C of genus one. In
addition, many examples considered in the literature are elliptically fibered, meaning that

For recent advances on Calabi-Yau manifolds constructed as determinantal and Pfaffian varieties,
see [8, 9].



X has a section B — X, which was traditionally assumed to be holomorphic. These el-
liptically fibered Calabi-Yau manifolds have fruitful applications, e.g. for the construction
of semi-realistic GUTs in global F-theory compactifications starting with [10, 11] or the
classification and study of 6D SCFTs [12-14].

Despite these successes, addressing open conceptual questions e.g. regarding the finite-
ness of the F-theory landscape® or which consistent 6D and 4D supergravity (SUGRA)
theories can be realized in F-theory,® as well as the understanding of the geometric origins
of discrete symmetries or analogous field theoretic mechanisms, crucial for the phenomenol-
ogy of F-theory models, requires to broaden the class of Calabi-Yau manifolds X used for
F-theory compactifications. In fact, using the well-developed map between the geometry of
F-theory and SUGRA theories, see [20, 21] for the complete map in 6D and [22] for results
about certain topological terms in 4D,* one finds that the Calabi-Yau manifolds realizing
many known consistent SUGRA theories, in particular those with U(1) symmetries [24] or
discrete gauge groups, are still unknown [25].° For the search of an F-theory realization of
these theories it is crucial to construct new classes of Calabi-Yau manifolds X admitting
new geometric features and to deduce the general SUGRA theories that arise in F-theory
compactifications on these X.6

There has been a lot of recent progress in systematically extending the set of Calabi-
Yau manifolds X that can be used for F-theory compactifications. The different approaches
can be roughly sorted into two groups. The first group of approaches focuses on the
classification and construction of all bases B that are admissible for F-theory [28-30]. The
second group, to which this work belongs, focuses on generalizing the type of fiber C and
the ways in which it can be fibered in a Calabi-Yau manifold X. There are three major
extensions in this direction:

1. Elliptic fibers with an increasing number of rational points and their corresponding
elliptically fibered Calabi-Yau manifolds X with a Mordell-Weil group (MW-group)
of rational sections of increasing rank have been systematically constructed and stud-
ied [31-46].7 The free part of the MW-group leads to U(1)-gauge fields in F-theory® [2]
and the torsion part yields non-simply connected gauge groups [53].

2. Elliptic fibrations X with a non-holomorphic zero section have been considered re-

2See [15] and the recent [16] for a finiteness proof in related Type I compactifications.

3F-theory compactifications to 8D are well-studied and classified, see e.g. the recent toric analysis of [17]
and the classification of elliptic fibrations on K3-surfaces in [18]. Last subtleties in the understanding of
the gauge group of a generic K3 have been understood in [19].

4SUGRA theories from string theory can also be constrained using tools from heterotic/F-theory dual-
ity [23].

5Of course it is a logical possibility that some of the SUGRA theories without a known F-theory real-
ization are not consistent effective theories due to a violation of consistency constraints that are unknown
at this point.

SCompactifications of F-theory on Spin 7 manifolds, considered recently [26, 27], have not yet produced
SUGRA theories that cannot be obtained by a Calabi-Yau compactification.

"Certain aspects of models with a higher rank MW-group are studied already in [47-49], see also [50]
for an analysis of models with Ds-fiber.

8See [35, 51, 52] for a discussion of (geometrically) massive U(1)’s.



cently, starting with [37, 39, 43]. This permits the introduction of discrete degrees
of freedom in the construction of the fibration of the elliptic curve over the base B
yielding a finite number of strata in the moduli space of X.

3. Algebraic curves C of one without any (rational) point have been used to construct
genus-one fibrations [54-56]. These are Calabi-Yau manifolds X which do not have
a section, but only multi-sections. These models can be analyzed employing their
associated Jacobian fibration J(X), which does exhibit a zero section, and its Weier-
strass form.

1.1 Summary of results

The Calabi-Yau manifolds X we consider in this work invoke all of the three aforementioned
extensions. We study all F-theory compactifications on Calabi-Yau manifolds Xp, with
genus-one fiber Cr, given as a hypersurface in the toric varieties associated to the 16 2D
reflexive polyhedra, denoted by F;, i = 1,...,16.2 We refer to these Calabi-Yau manifolds
as toric hypersurface fibrations. We determine the generic and intrinsic features of these
XF, that are relevant to F-theory: the generic gauge group, the corresponding matter
spectrum and the 4D Yukawa couplings corresponding to the codimension one, two and
three singularities of Xr,. These geometric results completely determine the 6D and non-
chiral 4D SUGRA theories obtained by compactifying F-theory on Calabi-Yau threefolds
and fourfolds without G4-flux. We prove completeness of our analysis of codimension one
and two singularities by checking cancellation of all 6D anomalies. All these results are
base-independent in the sense that they follow directly from the geometry of the fiber Cp,.
The only dependence on the base B enters through the choice of two divisors on B that
label the possible Calabi-Yau fibrations of Cr, [39].

We highlight the following interesting geometrical findings of our analysis of F-theory
on the Calabi-Yau manifolds Xp;:

e Every X, has an associated minimal gauge group G, that is completely determined
by the polyhedron F;. In other words this gauge group is present without tuning the
complex structure of X, by means of Tate’s algorithm [59-61] (see [62, 63] for recent
refinements) or upon addition of tops. The gauge groups G, and G Fy associated to
F; and its dual polyhedron F;* obey the rank relation

rk(Gr,) +1k(Grs) = 6. (1.1)

e We consider three Calabi-Yau manifolds Xf,, ¢ = 1, 2,4, without section. Their fibers
are the general cubic in P2, the general biquadric in P! x P! and the general quartic
in P2(1, 1, 2), respectively, where the latter is also studied in [54-56]. The fibrations
Xr, 1 = 1,2,4, only have a genus-one fibration with a three-, a two- and a two-
section, respectively. As a direct consequence of this absence of sections, F-theory
has discrete gauge group factors given by Zs, Zs and Zg4, respectively. Using prime

9These genus-one curves have also been used in [67, 58] as mirror curves for the computation of refined
stable pair invariants in the refined topological string.



ideal and elimination theory techniques from computational algebraic geometry, we
show that these Calabi-Yau manifolds, most notably the fibration of the cubic, Xp,,
have Io-fibers at codimension two that support singlet matter with charge 1 under
the respective discrete gauge groups. We explain how the charge of all matter fields
under these discrete groups are computed from the intersections of the multi-sections
with the relevant codimension two fibers.

e We show that both X, and X, give rise to one U(1)-factor, namely Gg, = U(1) x Zy
and Gg, = U(1). To this end, we show that unlike Xp,, the Weierstrass form of the
Jacobian J(Xp,) has one rational section, whereas already X g, has two sections: a
toric and a non-toric one. In both cases, we determine the coordinates of all sections
explicitly.

e For the first time, we find F-theory compactifications with matter of U(1)-charge
three. This matter is supported at a codimension two locus of Xp, with an I>-fiber
where both the zero section and the non-toric rational section are ill-behaved and
each “wrap” one irreducible fiber component.

We note that the 16 toric hypersurface fibrations Xp, were considered in [41], where a
thorough classification of their toric MW-groups was carried out. Further specializations
of the X, corresponding to toric tops [64, 65] (see [66] for a systematic approach based on
Tate’s algorithm for elliptic fibers in B1;P?(1,1,2)) permitted the engineering of toric F-
theory models with certain gauge groups, in particular with an SU(5) GUT-group. Some
4D examples of chiral SU(5) GUTs were constructed in this manner [42, 43]. Since we
determine here the intrinsic gauge groups and the non-toric MW-groups, as well as the
full matter spectrum and the Yukawa couplings of X, our approach is complementary to
these previous works.

We have to remark that none of the fibrations Xp, yield an SU(5) gauge factor in their
low-energy effective theories. Hence, strictly speaking, the intrinsic gauge symmetries
associated to the toric hypersurface fibrations do not suffice to engineer SU(5) F-theory
GUTs. There are, however, some arguments that challenge the simplest GUT picture in
F-theory, and therefore, draw our attention towards alternative schemes which may be
promising for particle physics models. In this spirit, we would like to briefly highlight some
of the effective theories we obtain, which can potentially be used to construct promising
particle physics models in F-theory. We find models with discrete symmetries and up to
three U(1) factors. These additional symmetries can be used in order to forbid dangerous
operators which would render the theory incompatible with observations, e.g. by mediating
fast proton decay. In addition, we observe theories with interesting gauge groups and
spectra. In fact, X, precisely leads to an effective theory with the Standard Model gauge
group and the usual representations,'’ and we further identify the trinification group for
Xpe as well as the Pati-Salam group for Xp ;. As we demonstrate explicitly, the matter
spectra we obtain are very close to those one usually has in both of these theories.

198ee [67] for a different realization of a standard model like theory based on tops of Xr,.
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Figure 1. The network of Higgsings between all F-theory compactifications on toric hypersurface
fibrations Xf,. The axes show the rank of the MW-group and the total rank of the gauge group of
Xp,. Each Calabi-Yau X, is abbreviated by F; and its corresponding gauge group is shown. The
arrows indicate the existence of a Higgsing between two Calabi-Yau manifolds.

In this paper we also work out the entire network of Higgsings relating the effective
theories of F-theory on the toric hypersurface fibrations Xp,. It is well-known that the
toric varieties corresponding to the 16 2D reflexive polyhedra F; are related by blow-
downs. Consequently, the Calabi-Yau manifolds X, are related by the extremal transitions
induced by these birational maps and a subsequent toric complex structure deformation.
These transitions can be understood as Higgsings in the effective SUGRA theories arising
from F-theory on the Xp;: given two polyhedra F; and Fj related by a blow-down as
F; — Fy, we explicitly determine the Higgsing that relates the effective theory of F-theory
on X, to that on Xg,. The resulting diagram of all those Higgsings is given in figure 1.
Since this chain of Higgsings is only a sub-branch of the full Higgs branch of the effective
SUGRA theories of F-theory on Xp,, we refer to it as the toric Higgs branch. We check
that both the charged and the neutral spectrum of the SUGRA theories in 6D match. This



involves the computation of the number of neutral hyper multiplets, that in turn can be
obtained from the Euler numbers of all Xf,, which we also compute explicitly.
We point out some interesting observations about the Higgsing diagram in figure 1:

o All effective theories can be obtained by appropriately Higgsing the theories with
maximal gauge groups and matter spectra obtained from F-theory on Xg, ¢ =
13,15,16. We note that these are precisely the theories with non-trivial Mordell-
WEeil torsion.

e The network of Higgsings is symmetric around the horizontal line where the total rank
of the gauge group is 3. Reflection along this line exchanges the polyhedron with its
dual. This symmetry of figure 1 reflects the rank condition (1.1). We emphasize that
this symmetry maps theories with discrete gauge groups to theories with non-simply
connected group, suggesting that multi-sections are somehow “dual” to MW-torsion.

e The three theories with discrete gauge groups arise by Higgsing theories with U(1)’s.
It is also remarkable that all discrete symmetries found are surviving remnants of U(1)
symmetries. It seems that discrete symmetries in F-theory are automatically in agree-
ment with the early observation [68-70] that in a consistent theory of gravity, discrete
global symmetries must be always embeddable into a local continuous symmetry.

e The toric Higgsings cannot change the rank of the F-theory gauge group by more
than 1. This explains why there are no arrows with slope below 45 degrees.

1.2 Structure of the paper

This paper is organized as follows. Section 2 contains a summary of the geometry of Calabi-
Yau manifolds constructed as genus-one fibrations and the physics of F-theory compactified
on them. We also present a basic account on toric geometry. This section serves mostly as
review preparing for the main analysis of the paper. It can be skipped by readers familiar
with these matters.

Section 3 contains the central results of this work. To set the stage we review the
construction and the different types of toric hypersurface fibrations Xz, over an arbitrary
base in section 3.1. The remainder of section 3 is organized as a catalog (ordered mostly
according to the order of the 2D reflexive polyhedra F;) with a separate subsection for
the analysis of each of the 16 toric hypersurface fibrations Xr,. The codimension one, two
and three singularities of the X, are analyzed, and the number of their complex structure
moduli is computed in the threefold case. The F-theory gauge group, matter spectrum
and Yukawa couplings are extracted from these results. The gauge groups of all X; are
summarized at the beginning of section 3 and the matter spectra and Yukawa couplings of
every X, are summarized in tables in the corresponding subsection, which can be directly
consulted by readers less interested in the details of the calculations.

Section 4 is devoted to the study of the physics of the toric Higgs branch of F-theory
compactified on the Xg,. One particular Higgsing is discussed in detail in order to illustrate
the relevant techniques. Here we also present the particularly important Higgsings leading
to the effective theories with discrete gauge groups.



Our conclusions can be found in section 5. This work contains additional appendices
on 6D anomalies (appendix A), additional geometrical data of the X, (appendix B) and
the explicit Euler numbers of all Calabi-Yau threefolds X, (appendix C) as well as further
details on the entire Higgsing chain in appendices D and E.

2 Geometry & physics of F-theory backgrounds

In this section, we summarize the key geometrical properties of Calabi-Yau manifolds X
that are genus-one fibrations over a base B which are relevant for the study of F-theory
compactifications, see sections 2.1 and 2.2. The structure of the 6D effective SUGRA
theories obtained by compactifying F-theory on these manifolds is discussed in section 2.3.
Since we study in this work Calabi-Yau manifolds X with their genus-one fibers realized as
toric hypersurfaces, we introduce the necessary elements of toric geometry in section 2.4.

Readers familiar with the tools and definitions presented here can safely skip this
section and continue directly with section 3.

2.1 Genus-one, Jacobian and elliptic fibrations with Mordell-Weil groups

We consider a smooth Calabi-Yau manifold 7 : X — B with general fiber given by an
algebraic curve C of genus-one. C is a non-singular curve defined over a field K that is
not necessarily algebraically closed. In particular, we can think of the fibration X as an
algebraic curve C defined over the field K of meromorphic functions on the base B, which
is clearly in general not algebraically closed. Thus, there are two qualitatively different
situations to consider.

Curves with points

First, if the curve C has points with coordinates in K, then it is called an elliptic curve,
which we denote by £, and X is called an elliptic fibration. The points on £ form an
Abelian group under addition: one point can be chosen as the zero point, denoted by
Py, and the additional points P,,, m = 1,...,r, (more precisely the differences P,, — )
are the generators of the Mordell-Weil group of rational points of £. The Mordell-Weil
theorem states that this group is finitely generated [71, 72]. Thus, it splits into a free
part isomorphic to Z" and a torsion subgroup, where the latter has been fully classified for
K = Q by Mazur [73, 74], see [71] for a review.!! Every point on £ gives rise to a section
of the fibration X, i.e. rational maps from the base B into X. The section associated to
Py is the zero section, denoted by §p : B — X, and the r rational points P, induce the
rational sections 8, : B — X. The set {5} can be seen to form a group, the MW-
group of rational sections of X, by defining the addition of rational sections by addition
of their corresponding points on £. The free part of the MW-group gives rise to Abelian
gauge symmetry in F-theory [2] and its torsion part yields non-simply connected gauge
groups [53], see also [46] for a recent discussion of MW-torsion.

HEor the field of meromorphic functions on B, there are more torsion subgroups possible than for K =

Q [53].



Every elliptic fibration X can be written in Weierstrass form (WSF) [75], i.e. as a
hypersurface in the weighted projective bundle P23 (Op @ £2 @ L£3) over B of the form

y? =23+ fazt + g2C. (2.1)

Here, Op is the trivial bundle on B and the line-bundle £ is fixed by the Calabi-Yau
condition of X as £ = K];l, with K p denoting the canonical bundle of the base B. Then,
the coefficients f and g have to be sections of K§4 and Kgﬁ, respectively. The map from
the canonical presentation of X inherited from the canonical presentation of the elliptic
curve & to the Weierstrass form (2.1) is birational. The zero section §y of X maps to the
holomorphic zero section [z : z : y] =[0: A% : A3] in (2.1) and the rational sections &,, map
to rational sections in (2.1) with certain coordinates [zp, : zp_ : yp, |, that are rational
expressions in K (we can clear denominators to obtain holomorphic coordinates).

Curves without points

Second, if the genus-one curve C does not have a point, the fibration 7 : X — B is without
section. Such a fibration is referred to as a genus-one fibration [54]. Given a genus-one
curve C, one can construct an associated elliptic curve £ = J(C), that is the Jacobian of
the curve C, i.e. the group of degree zero line bundles on C. The zero point on J(C) is
the trivial line bundle. Thus, there exists an elliptic fibration 7 : J(X) — B associated
to X with general fiber given by J(C'). This implies that J(X) can be represented as a
Weierstrass model (2.1). Furthermore, it is a key property for F-theory that the 7-function
and the discriminant of X and J(X) are identical [54].

In this work, we consider concrete genus-one curves C with K-rational divisors of
degree n > 1, respectively.'?> The corresponding fibration X does not have a section, but
an n-section, that we denote by § : B — X. Locally, at a point p on B, the function
field K reduces to C and the n-section §(™ maps p to n points in the fiber C. Globally,
however, upon moving around branch loci in B the individual points are exchanged by a
monodromy action, so that only the collection of all n points together induce a well-defined
divisor in X.

As we will see explicitly for concrete genus-one fibrations X, the map from X to the
Weierstrass form (2.1) of J(X) can be obtained by an algebraic field extension L of K.
This field extension is only necessary as an intermediate step, i.e. the final WSF (2.1) of
J(X) is again defined over K. In sections 3.2.1, 3.2.2 and 3.2.3 we explicitly work out the
maps from X to the WSF of their Jacobian fibrations J(X), namely for the fibration of
the cubic in P2, that has a three-section, and the two fibrations of the biquadric curve in
P! x P! and the quartic curve in P?(1, 1, 2), that both have a two-section.'®> We note that
genus-one fibrations X by the quartic in P?(1,1,2) have been considered recently in an
F-theory context in [54-56].

12We expect that there always exists a degree n divisor on a given algebraic genus-one curve C.
3These examples have been considered in the mathematics literature in [76].



2.2 Divisors on genus-one fibrations and their intersections

In F-theory we are particularly interested in Calabi-Yau manifolds X that arise as a crepant
resolution of singular genus-one or elliptic fibrations. These resolved manifolds exhibit three
different classes of divisors, that we discuss in the following.

The first set of divisors on X is formed by the vertical divisors, i.e. divisors that arise
as pullbacks of divisors on B under the projection map w : X — B. Hence, there are
ALY (B) such divisors on X. We denote the preimage under 7 of a vertical divisor D on
X by D’ so that D = 7*(D?). Thus, D is a fibration of the curve C (or its degenerations)
over the base DP.

The second class of divisors are the exceptional divisors of X. In more detail, if the
discriminant A = —16(4f3 +27¢?) of the WSF (2.1) of X or of its Jacobian J(X) vanishes
to order higher than 1 at one of its irreducible components

Sy ={A;=0}, I=1,...,N, (2.2)

in B, then the total space of the WSF is singular. These codimension one singularities
are classified in [59, 60]. In the resolution X the fiber over each Sgl splits into a number
of rational curves whose intersection pattern often agrees with the Dynkin diagram of a
Lie group G7.'* The shrinkable irreducible components of the fiber at Sgl represent the
simple roots of Gy and are denoted by ci’ll for i = 1,...,vk(Gy). Thus, X has a set of

exceptional divisors DiG I given as the fibration of cgéz over Sg} for every I, to which we

refer to as Cartan divisors of Gy. The DiG’ intersect the curves ci’lz as

DiGI . C? = —CSI(SIJ s (2.3)

&
where C’g’ denotes the Cartan matrix of G;. The F-theory gauge group is then given by
the product of all G, as discussed in section 2.3.

Finally, the third class of divisors is induced by the independent sections and n-sections
of the fibration of X. We denote the divisor classes of the zero section §3 and the generators
of the MW-group of rational sections §,, by Sy and S;,, respectively. The class of a multi-
section §(™ is denoted by S(™). Then, the intersections of these divisors with the fiber
f=C, € read

so-fzsm-leswf:l. (2.4)

n
The divisor classes that support Abelian gauge fields in F-theory [34, 39, 77], see also [22,
31, 78], are obtained from the Shioda map o of the rational sections §,,. To a given
generator of the MW-group 5, the Shioda map assigns the divisor

N
(3m) 1= Sm — So + [Kp] = 7(Sm - S0) + > _(Sm - L NCGHIDST . (2.5)
I=1

Here m(-) denotes the projection of a codimension two variety in X to a divisor in the
base B and [Kg] is the canonical bundle of B. The last term encodes contributions from

4 The fibers that do not have an associated group G are the unconventional fibers in table 2 of [61].



non-Abelian gauge groups GG in F-theory with (C’é})“ J1 denoting the inverse of the Cartan
matrix Cg’ .

The Shioda map (2.5) enables us to define the Néron-Tate height pairing of two rational
sections $,,, §, as

(0(8m) - 0(85)) = 7(Sm - Sn) + [KB] — 7(Sm - So) — 7(Sn - So)

+ 2 (€)Y (Sm - 9L ) (Sn - 4 )SE, (2:6)
1

where Cg i the coroot matrix of G;. We note that for evaluating this pairing in a concrete
situation, the universal intersection relations

m(Sp + [K5']- Sp) = m(S4 + [K3'] - Sm) =0 (2.7)

prove useful (cf. [35, 39, 42, 77] for details), whereas w(Sp, - Sp) and 7(Sy, - Sp) are model-
dependent.

We note that in F-theory both the vertical divisor (2.2) and the matrix (2.6) of vertical
divisors enter the coefficients of the Green-Schwarz terms [22, 34, 35] and are thus essential
for anomaly cancellation, cf. appendix A for details.

2.3 The spectrum of F-theory on genus-one fibrations

After the geometric preludes of sections 2.1 and 2.2, we are prepared to extract the spectrum
of F-theory on a genus-one fibration X. The following discussion applies most directly to F-
theory compactifications to 6D with effective theory given by an N' = (1,0) SUGRA theory.
However certain statements directly generalize to 4D F-theory vacua without G4-flux.

For a more detailed derivation of some of the following results, that oftentimes require
M- /F-theory duality, we refer [78-80] and references therein.

Codimension one singularities

All vector fields and certain hyper multiplets in F-theory arise from the singularities of the
WSF of X that are induced by codimension one singularities of its fibration. Over a given
irreducible discriminant component Sgl defined in (2.2), the fiber of X is reducible. We

assume that there is a Lie group Gy associated to this codimension one fiber of X. Then,

I

the shrinkable holomorphic curves cga

in the fiber over ’ng represent all the positive
roots of G;. By quantization of the moduli space of an M2-brane wrapping such a curve

Gr
C_Oé

one finds BPS-states transforming in one charged vector multiplet and 2g; charged
half-hyper multiplets with charge-vector —a [81, 82]. Another vector multiplet and 2g;
half-hyper multiplets with charges +a are contributed by an M2-brane wrapping cﬁg with

the opposite orientation. Here g; is the genus of the curve ng in B, that is computed as

1
gr =1+ 533:, (S, + [KB)). (2.8)

All these charged states become massless in the F-theory limit, when the volume of the
class of the genus-one fiber of X is taken to zero. In this limit, these BPS-states fall into
representations of the group G as follows.
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First, we focus on the vector multiplets. All vector multiplets for every root a of Gy
are completed into one massless vector multiplet transforming in the adjoint representation
adj(Gr) of G;. The additional vector multiplets are provided by the KK-reduction of the
M-theory three-form C3 along the harmonic (1, 1)-forms in X that are dual to the Cartan
divisor D?’ of Gy. Thus, every irreducible component (2.2) of the discriminant with
respective codimension one fiber classified by a Lie group Gy, I =1,..., N, gives rise to a
G gauge symmetry in F-theory [2, 3, 61]. Furthermore, if X has a MW-group of rank r,
there are additional (1,1)-forms on X, which are the duals of the divisors (2.5), that give
rise to vector multiplets of Abelian gauge groups [3]. Thus, the total gauge group Gx of
F-theory on X is

N
Gx =U)" x [[ G- (2.9)
I=1

This discussion and the results of section 2.2 imply further that the rank of Gx can be
directly computed in terms of the Hodge numbers A(11)(X) and A(WD(B) of X and B,
respectively, as

rk(Gx) = RO (X)) — BB (B) — 1. (2.10)

These results (2.9) and (2.10) hold in compactifications to eight,!® six and four dimensions.

Second, we turn to the massless half-hyper multiplets over Sgl. In fact, also these
fields are completed into the adjoint representation adj(Gy) of Gy. In order to see this, we
first note that there are neutral hyper multiplets induced by the complex structure moduli
of X. Their total number, denoted by Hyeut, is computed by the Hodge number h(2’1)(X )
(or equivalently the Euler number x (X)) of X as

1
Hyen = h®V(X) +1 = hD(B) + 2+ 1k(Gx) — 5x(X). (2.11)

Then, for every group Gy, the 2¢; half-hyper multiplets with charges —a« for all roots of Gy
combine with gy - rk(G) neutral hyper multiplets from (2.11) into g; hyper multiplets in
the adjoint adj(G7) of Gj. Thus, the number of hyper multiplets transforming in adj(Gy)
is given by (2.8) for every group G7j.

Let us emphasize that this discussion implies that h(3Y) (X)) contains information about
the gauge groups G of X. Furthermore, also parts of the charged matter content from
codimension two fibers are counted by h(>1)(X), however of another theory related to the
considered one by Higgsing. In section 4, for F-theory compactified on all toric hypersurface
fibrations X, we identify the part of (31 (X) that comes from matter fields in all theories
related by Higgsing.

Codimension two singularities

The rest of the charged spectrum of F-theory on X is encoded in the codimension two
singularities of the WSF of X.

Non-Abelian charged matter is located at loci in ng‘z’ where the vanishing order of the
discriminant A of X enhances. These loci are typically complete intersections of ng with

15Tn 8D vacua, no non-split fibers are possible, i.e. all gauge groups are of ADE-type [61].
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another divisor in B, that can be read off from A. The fiber of X at these codimension two
loci contains additional shrinkable rational curves ¢ that are not present in codimension
one. These curves correspond to the weights of a representation R, under the gauge group
Gx in (2.9), where ¢ = (q1, ..., ¢,) denotes the vector of U(1)-charges. The Dynkin labels
)\ZG’ of R are computed according to

AT = DY ¢, (2.12)
and the m'" U(1)-charge g,, is computed using (2.5) as [34, 77]

Gm = 0(8m) = (Sm-¢) = (S0 ) + Y (Sm - c-a;, J(CG)) (D, - €). (2.13)
I

We emphasize that these charges are automatically quantized, but not necessarily integers
due to the usually fractional contribution form the last term in (2.13).

We note that in the presence of U(1)’s, we automatically have additional matter that
does not originate from intersections of codimension one discriminant components. In fact,
the WSF of X automatically has codimension two singularities for every rational section
$m with coordinates [zp, : zp, :yp, ] at the following locus in B:

yp, = f2p +1H =0, m=1,...,r. (2.14)

This can be seen by inserting [zp,, : ©p,, : yp,,] into (2.1), which implies a relation between
f and g which allows for a factorization of (2.1) that reveals the presence of conifold
singularities in the WSF of X precisely at (2.14), see e.g. [39, 77] for details. In the
crepant resolution X, there is a reducible Io-fiber with one isolated rational curve at the
codimension two loci (2.14). The matter at the loci (2.14) are charged singlets 1, with
their U(1)-charges computed according to (2.13). This is clear as generically (2.14) does
not intersect any discriminant component, which are the loci where the Cartan divisors
DZ-G’ are supported, so that (2.12) is trivial.

In concrete applications, the complete intersection (2.14) describes a reducible variety
in B supporting multiple singlets with different charges. Matter at a generic point of (2.14)
has U(1)-charge one, whereas matter at non-generic points, i.e. points along which other,
oftentimes simpler constraints vanish, too, has different U(1)-charges. From a technical
point of view, we are interested in all prime ideals, denoted throughout the paper by I, of
the loci (2.14) for every m. These are obtained by a primary decomposition of the complete
intersection (2.14), cf. [42] for details. The codimension two variety in B associated to ()
is denoted by V'(Iy)), which is the standard notation in algebraic geometry for an algebraic
set, i.e. the set of points in B so that all constraints in I vanish. Then, we explicitly
analyze the Io-fibers of X over all these irreducible varieties V() in order to compute
the respective U(1)-charges via (2.13).

In general, the multiplicity of matter in the representation R, is given by the homology
class of the corresponding codimension two locus in B. If the base B is two-dimensional,
which is the case in compactifications to 6D, this is just a set of points and the multiplicity
is the number of these points. In F-theory compactifications to 4D, the homology class of
a codimension two locus is the class of the corresponding matter curve.
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More specifically, the multiplicity of non-Abelian charged matter is computed easily as
the homology class of the complete intersection with ng‘ However, the determination of
the multiplicity of singlets 1, is more involved since they are located on the varieties V ()
associated to the usually very complex prime ideals ;) of the complete intersection (2.14).
The respective matter multiplicities are then again given as the homology class of the va-
riety V(I(k)). It can be computed by the following procedure, see [39, 42, 44] for more
details: we first compute the homology class of the reducible complete intersection (2.14).
Given the list of its associated prime ideals /(;), we then subtract the multiplicities (ho-
mology classes) of those matter loci V' (I(), {k'} C {k}, we already know. Here we have
to take into account the order ny of the matter locus V'(I;)) inside the complete intersec-
tion (2.14). The order ny is computed using the resultant technique [39]. In all the cases
considered below in section 3, this strategy yields the homology classes of all singlets 1,.

In summary, the 6D A" = (1,0) SUGRA theory obtained by compactifying F-theory
on a Calabi-Yau threefold X has

e a total number of vector multiplets V' reading
V =adj(Gx) = ) _dim(adj(Gy)) + 7, (2.15)
I
where adj(Gx) and adj(Gy) denote the adjoint representations of G; and Gx, re-
spectively, and r denotes the MW-rank of X,
e a total number of hyper multiplets H given by

H= Hcodim:2 + Hcodim:l + Hmod

= Icodim=2 + igz(dim(adj((}[)) —1k(Gy)) + h(“)(X) 1, (2.16)

I=1

where we split into contributions Hgodim=2, Heodim=1 and Hy,oq from codimension
two fibers, from codimension one fibers over higher genus Riemann surfaces in B and
from complex structure moduli of X (plus 1), respectively,

e and a number of tensor multiplets T counted by

T=r3Y(B)-1=9-[Kz')?. (2.17)
For the second equality in (2.17) we have employed the identity
MEHWKEMZ/cﬂBP=10—M“NB» (2.18)
B

Here we used in the last equality the Euler number x(B) = (2 + h:D(B)) of a simply-
connected base B with h(39) = 0 and the index formula for the arithmetic genus xo(B) = 1,

1=mw%:{ﬂmm+qwﬂ—l(mw@Wm+/

o =1 ; 01(3)2) , (2.19)

where ¢;(B), i = 1,2, denote the Chern classes of B.
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Codimension three singularities

For completeness we note that codimension three singularities of the WSF of a Calabi-Yau
fourfold X support Yukawa points in F-theory compactifications to 4D. The codimension
three singularities are at the points in the threefold base B of further enhancement of
the vanishing order of the discriminant A. All such enhancement points are given as
intersections of three matter curves in B, including self-intersections. Technically, given
three matter curves V(I(1)), V(I(2)) and V(I3)) we have to check that the variety V (I(1))N
V (I @)V (1 (3)) contains a codimension three component in B. This is achieved by checking
that the ideal I(1)UI(9)UI(3) is codimension three in the ring of appropriate polynomials on
B, where we used the well-known equality (), V (I()) = V(U L)) for a family of algebraic
sets V (I(x)) [83]-

As we see in section 3, all gauge-invariant Yukawa couplings are realized for the case
of toric hypersurface fibrations Xr,.

2.4 Explicit examples: Calabi-Yau hypersurfaces in 2D toric varieties

All Calabi-Yau manifolds X considered in this work are constructed as fibrations of genus-
one curves C that have a natural presentation as hypersurfaces in 2D toric varieties. These
fibrations are automatically smooth, if the toric ambient spaces of the fiber C are fully
resolved. In this section we present a very brief account on the construction of Calabi-Yau
hypersurfaces in 2D toric varieties that are the basis for the rest of this work. For a more
complete account, we refer to standard text books [84, 85].

A toric almost Fano surface is associated to each of the 16 two-dimensional reflexive
polyhedra Fj, i = 1,...,16, in a lattice N = Z2.16 These 16 reflexive polyhedra are given
in a convenient presentation in figure 2 [17]. As indicated there, the polyhedra F; and
Fi7_; fori=1,...,6 are dual to each other, F;" = Fi7_;, and the F; for i = 7,...,10 are
self-dual, F; = F}, where the dual polyhedron F* is defined in the dual lattice M = Z? of
N as

Ef={qe MaR|{y,q) > -1, Vy € F;}, (2.20)

where (-, ) is the pairing between N and M.

For a given polyhedron Fj, we denote the associated toric variety by Pp,. Toric va-
rieties are generalizations of weighted projective spaces [86]: to each integral point vy,
k=1,...,m+ 2, except the origin of F;, we associate a coordinate x; in C. Next, we
introduce the lattice of relations between the vj, with generators £() defined by

m+2
S du=0, a=1,..m. (2.21)
k=1

Then, a smooth toric variety Pr, is defined as the (C*)™-quotient

C™+2\SR m (a)
PFZ:@:{ZL‘]{;NHAQ Tk $¢SR,>\QGC*}, (222)
a=1
where the points z := (z1, ..., Zmyt2) are not allowed to lie in the Stanley-Reisner ideal SR.

16We refrain from the common notation A for a polyhedron in order to avoid confusion with the
discriminant.
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F13 F16
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Fy Fy F3 Fy

Figure 2. The 16 two dimensional reflexive polyhedra [17]. The polyhedron F; and Fy7_; are dual
fori=1...6 and self-dual for i = 7...10.

The construction (2.22) provides a dictionary between the combinatorics of the polyhe-
dron F; and the geometry of Pr,. For example, the toric divisor group on Pf, is generated
by the divisors Dy = {zx = 0} and the intersections of the Dy are encoded in the SR
ideal. A full basis of the divisor group on Pg, can be obtained using the linear equivalences
between the Dy. Due to the relevance for the smoothness of a toric hypersurface fibration
X, we stress here that points that are not vertices in F; correspond to exceptional divisors
resolving orbifold singularities in Pg;.

The polyhedra Fy, F3, Fs, F; describe the generic del Pezzo surfaces P? and dP;,
i = 1,2,3, respectively, I yields P! x P!, F; describes P?(1,1,2) and Fyq yields P?(1,2, 3).
In fact all other toric varieties P, can be viewed as higher del Pezzo surfaces at a special
point in their respective complex structure moduli spaces.

Every toric variety Pr, has an associated Calabi-Yau hypersurface, i.e. a genus-one
curve Cp,. It is defined as the generic section of its anti-canonical bundle K];FIZ The
Calabi-Yau hypersurface in Pr, is obtained by the Batyrev construction as the following

pr= > ag[Jer 0, (2.23)
k

qeEFNM

polynomial [87]

where g denotes all integral points in F}" and the a, are coefficients in the field K.
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We note that points v; interior to edges in F; are usually excluded in the product (2.23)
because the corresponding divisors do not intersect the hypersurface Cr,. However, when
considering Calabi-Yau fibrations X, of Cg;, as in section 3, these divisors intersect Xp,
and resolve singularities of X, induced by singularities of its fibration, i.e. these divisors
are related to Cartan divisors DiGI discussed above in section 2.2.

3 Analysis of F-theory on toric hypersurface fibrations

In this section we analyze the geometry of the Calabi-Yau manifolds Xf,, that are con-
structed as fibration of the genus-one curves Cr, over a generic base B. For each manifold
we calculate the effective theory resulting from compactifying F-theory on it. We calculate
the gauge group, the charged and neutral matter spectrum and the Yukawa couplings.

We start with a quick summary of some interesting results of this study. There are
three polyhedra leading to manifolds Xg without a section: Fj, F» and Fj, see sec-
tions 3.2.1, 3.2.2 and 3.2.3, respectively. They yield the discrete gauge groups in F-theory.
For three polyhedra we find associated gauge groups with Mordell-Weil torsion, giving rise
to non-simply connected gauge groups: Fis3, Fi5 and Fig, see sections 3.6.1, 3.6.2 and 3.6.3,
respectively. The analysis of the hypersurface Xp, and the corresponding effective theory
of F-theory, whose spectrum contains a charged singlet with U(1)-charge three, can be
found in section 3.3.1.

We obtain the following list of gauge groups Gr, of F-theory on the Xp;:

Gr, Zs GF, U(1)?
Gr, | Ul)xZy |G SU(2)2xU(1) Gr,, | (SU4)xSU(2)%)/Z4
Gr, UQ) Gr, SU(2)xU(1)? Gr, | SU(3)xSU(2)2xU(1)
Gr, | SU(2)xZ4 | Gpy, SU(3)xSU(2) Gr,. | SU(2)*/ZyxU(1)
Gr U(1)? Gr, | SUB)xSU2)xU(1) | Gry, SU(3)3/Z3

Gr, | SUQ2)xU() | Gp,, SU(2)2xU(1)?

From this and as a simple consequence of (2.10), we see that there is the following rule of
thumb for computing the rank of a gauge group Gp,: given a polyhedron F; with 3 + n
integral points without the origin, we have a gauge group with total rank n.

Let us outline the structure of this section. In the first subsection 3.1 we briefly discuss
the three different representations of genus-one curves Cr, realized as toric hypersurfaces:
the cubic, the biquadric and the quartic. There, we define the line bundles of the base
B in which the coefficients in these constraints have to take values in order to obtain a
genus-one fibered Calabi-Yau manifold. The functions f and g of the Weierstrass form (2.1)
for the cubic, the biquadric and the quartic can be found in appendix B. By appropriate
specializations of the coefficients, one can obtain f, ¢ and A = 4f3 4 27¢? for all toric
hypersurface fibration Xr,.

In sections 3.2 to 3.6 we proceed to describe in detail each Calabi-Yau manifold Xp,.
In each case we first discuss the genus-one curve Cr, realized as a toric hypersurface in Pr,.
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We then construct the corresponding toric hypersurface fibration Xz, and analyze its codi-
mension one and two singularities from which we extract the non-Abelian gauge group and
matter spectrum. If X, has a non-trivial MW-group, we determine all its generators, their
Shioda maps and the height pairing. For genus-one fibrations, we determine their discrete
gauge groups. For completeness, we also determine the Yukawa couplings from codimen-
sion three singularities. In each case we show as a consistency check that the necessary
6D anomalies (pure Abelian, gravitational-Abelian, pure non-Abelian, non-Abelian gravi-
tational, non-Abelian-Abelian and purely gravitational) are canceled implying consistency
of the considered effective theories.

We organize the Calabi-Yau manifolds X, into five categories: those with discrete
gauge symmetries (section 3.2), those with a gauge group of rank one and two but without
discrete gauge groups (section 3.3), those with a gauge group of rank three, whose fiber
polyhedra happen to be also self-dual (section 3.4), those with gauge groups of rank four and
five without MW-torsion (section 3.5) and those Xr, with MW-torsion (section 3.6). This
arrangement is almost in perfect agreement with the labeling of the polyhedra F; in figure 2
which facilitates the navigation through this section. We name the subsection containing
the analysis of the specific manifold X7, by its corresponding fiber polyhedron F;.

3.1 Three basic ingredients: the cubic, biquadric and quartic
3.1.1 Constructing toric hypersurface fibrations

In this section we explain the general construction of the Calabi-Yau manifolds Xz, with
toric hypersurface fiber Cr, and base B. The following discussion applies to Calabi-Yau
n-folds Xr, with a general (n — 1)-dimensional base B. The cases of most relevance for
F-theory and for this work are n = 3,4. We refer to [39, 42] for more details on the
following discussion.

The starting point of the construction of the genus-one fibered Calabi-Yau manifold
XF, is the hypersurface equation (2.23) of the curve Cp,. In order to obtain the equation
of Xp,, the coefficients a, and the variables z; of (2.23) have to be promoted to sections
of appropriate line bundles of the base B. We determine these line bundles, by first
constructing a fibration of the 2D toric variety P, which is the ambient space of Cf,, over
the same base B,

Py, —=PE(D,D) . (3.1)
B

Here Pﬁ, (D, D) denotes the total space of this fibration. The structure of its fibration is
parametrized by two divisors in B, denoted by D and D. This can be seen by noting that
all m 4 2 coordinates x, on the fiber Pg, are in general non-trivial sections of line bundles
on B. Then, we can use the (C*)™-action of the toric variety Pr, to set m variables to
transform in the trivial bundle of B. The divisors dual to the two remaining line bundles
are precisely D, D.
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Figure 3. Polyhedron F; with choice of projective coordinates and its dual with corresponding
monomials.

Next we impose equation (2.23) in Pg, (D, D). Consistency fixes the line bundles in
which the coefficients a4 have to take values in terms of the two divisors D and D. Then,

we require (2.23) to be a section of the anti-canonical bundle K, » , which is the Calabi-Yau
F

condition. In addition, equation (2.23) imposed in Pﬁ_ (D, D) clearly describes a genus-one
fibration over B, since for every generic point on B, the hypersurface (2.23) describes
exactly the curve Cp, in Pg,. The total Calabi-Yau space resulting from the fibration of the
toric hypersurface Cr, is denoted by Xf, in the following. It enjoys the fibration structure

Cr,— Xp, . (3.2)

i

B

In principle, this procedure has to be carried out for all Calabi-Yau manifolds Xp,
associated to the 16 2D toric polyhedra F;. However, we observe that all the hypersurface
constraints of the Xp,, except for X, and Xp,, can be obtained from the hypersurface
constraint for Xp,, after setting appropriate coefficients to zero. This is possible because
if F1 is a sub-polyhedron of Fj, then the corresponding toric variety Pg, is the blow-up
of Pr, = P? at a given number of points, with the additional rays in F; corresponding to
the blow-up divisors. However, adding rays to the polyhedron F} removes rays from its
dual polyhedron F}" = Fig. By means of (2.23), this removes coefficients from hypersurface
equation for X , i.e. the hypersurface for X, is a certain specialization of the hypersurface
of Xp, with some a;, = 0. We will be more explicit about this in the following subsection
(section 3.1.2).

Thus, we only have to explicitly carry out the construction of the toric hypersurfaces
separately for the two Calabi-Yau manifolds Xp, and Xp,. The details of this are given in
sections 3.1.3 and 3.1.4.

3.1.2 Fibration by cubic curves: Xp, and its specializations

We proceed to construct the Calabi-Yau manifold Cr, -+ Xp, — B with fiber given by the
curve Cg, in the toric variety Pg. In addition, we argue how the Calabi-Yau manifolds
XF,, whose fiber polyhedron F; contains F}, can be obtained from Xg .
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The polyhedron F} and its dual are shown in figure 3. The toric variety Pp,, con-
structed using (2.22), is the well-known projective space P?. We introduce the projective
coordinates [u : v : w] on P2, In terms of these coordinates, we can read off the SR-ideal
from figure 3 as

SR = {uvw}. (3.3)
The divisor group of P? is generated by the hyperplane class H. The Calabi-Yau onefold
in P? is the degree three Cr, in 3H. Its defining equation, constructed using (2.23) and
figure 3, is the most general cubic

PFR, = s1u> + s9u2v+ s3u0? 4 8403 + s5uw + sguvw + s7v*w+ sguw? + sguw? + s1ow> (3.4)

where the coeflicients s; take values in the field K.

Next, we follow the discussion of section 3.1.1 to construct the toric hypersurface
fibration Xp,. We first construct the ambient space (3.1), which in the case at hand is a
P2-fibration over the base B,

P2 — = P2(S7,8y) . (3.5)

l

B
The two divisors parametrizing this fibration are S; and Sy, cf. [39, 42]. Upon imposing
the constraint (3.4) and requiring the Calabi-Yau condition for X, we see that these
two divisors are precisely the classes of the coefficients s7 and sg, respectively. Indeed, as
mentioned above, we can use the C*-action on P? to turn e.g. w into a section of the trivial
line bundle of the base. Then, we choose the variables u and v as sections of the bundles

u € Op(Sy+ [Kp]), v € Op(Sy — S7). (3.6)

This allows us to compute the anti-canonical bundle of the P2-fibration (3.5) using adjunc-
tion as

KH;;(S?,SQ) = O(3H +2Sy — S7) . (3.7)

Finally, we impose the Calabi-Yau condition on the constraint (3.4) for Xz which fixes the
divisor classes of the coefficients s;. We summarize the divisor classes of the homogeneous
coordinates [u : v : w] and the coefficients s; in the following tables:

Section Divisor Class
s1 | 3[KE' 1 —Sr— S
82 2[K5'] — So
Kt —
Section | Divisor Class 53 [Kp]+ 87— 5
H S K S4 287 - 89
v H+ Sy — 87 . [K—l]
w H 6 B
S7 Sy
58 [K§1]+39—57
S9 Sg
510 289 — &7
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XF, as specialized cubics

As mentioned in the previous subsection, the equations of the Calabi-Yau manifolds Xp,
with ¢ # 2,4 can be expressed as specialized versions of the cubic hypersurface equa-
tion (3.4) of Xp,.

In order to find the hypersurface equation for an Xr, we begin by calculating the anti-
canonical class of the fibration IP’I% (D, D) defined in (3.1). To this end, we first note that
toric ambient spaces Pr, are obtained from P, by a certain number of blow-ups at points
P;. Assuming the number of blow-ups is k, we have

Py, =Bl p,.... p,Pp, . (3.9)

Each blow-up adds a P! with an associated new variable ej and divisor class F;. From the
combinatorial point of view, this means that there is an additional C*-action on Pg,.

Next we note that the fibration ]P’ﬁ_ (D, D) can be parametrized by the same base
divisors 87 and Sy as the fibration (3.5), i.e. we identify D = S7 and D = 8y. Indeed, this
is possible since we can use (C*)-actions, including the new (C*)-actions from the k blow-
ups, to make the variables w and e; transform in the trivial bundle on B while maintaining
the assignments (3.6) for v and v. Employing these results we calculate the anti-canonical
bundle of IP’}% (S7,89), using the adjunction formula, yielding

Kﬂgéi(&’sg) —OBH-FE| —FEy— - — E, + 28y — S7) . (3.10)
Here, H denotes the pull-back H = 7* (H) of the hyperplane class H on P? under the
blow-down map 7 : Pp, — P2. By abuse of notation, we will denote it throughout this
work simply by H. It is to be observed that if the coefficient s; is present in the constraint
of Xp,, i.e. if it is not removed by the k blow-ups, its corresponding class [s;] remains
unaltered from the one given in table (3.8).

This relation of the hypersurface constraints of the X, for ¢ # 2,4 and all the bundles
entering it to the hypersurface equation (3.4) and bundles (3.8) of X, will facilitate our
following presentation. In particular, in the respective subsections on X, for i # 2,4 only

the classes for the variables u, v, w and e; have to be given explicitly.

3.1.3 Fibration by the biquadric: Xp,

We construct the Calabi-Yau manifold Crp, -+ Xp, — B as the fibration of the curve Cp,
in the toric variety Pp, over B. As mentioned before, its hypersurface equation cannot be
described as a cubic. Thus, Xr, has to be analyzed separately.

The polyhedron F5 and its dual are presented in figure 4. The toric variety associated
to it is Pm, = P! x P! and we have introduced the projective coordinates [z : ¢] and [y : s]
on the two P'’s, respectively. The Stanley-Reisner ideal of Pf, is given by

SR = {xt,ys}. (3.11)

There are two divisor classes on Pp,, that we denote by H; and Hy with respective rep-
resentatives {x = 0} and {y = 0}. The Calabi-Yau onefold in Pg, is the curve Cp, in the
class 2H1 + 2H>. It is a biquadric of the form

P, = (01y? + basy + b3s?)x? + (bsy? + besy + brs?)at + (bsy® + bosy + bios?)t*,  (3.12)

—90 —



y x2y2 xtyQ t2 y2

2 Tyst

yst?

S x%s xts® s2t2

Figure 4. Polyhedron F; with choice of projective coordinates and its dual with corresponding
monomials.

as can be shown using (2.23) and figure 4. Here the b; denote coefficients in the field K.
In order to find X, we proceed to construct P7, (D, D), the fibration of P, introduced
in (3.1). It is possible to consistently parametrize this fibration in terms of the same
divisor classes D = Sy and D = Sy as in (3.5). In the hypersurface constraint (3.12), they
correspond to the classes of the coefficients by and bg respectively.!” This will facilitate
the matching of the effective theories via Higgsings, as discussed in section 4. Next, we
use the (C*)2-actions on Pg, to achieve that the variables z and y transform in the trivial
line bundle on B. The other two variables s and t take values in the following line bundles
on B:
te Op([Kg'1 —So), s€O0p(Kz'—87). (3.13)

With this assignment of line bundles to the coordinates on Pp,, the anti-canonical class of
sz (S7,89) is readily calculated as
Koy = O(2H) +2Hy +3[K5'| — 87 — So) . (3.14)
2
Finally, we require that the hypersurface (3.12) is Calabi-Yau, which fixes the divisor
classes of the coefficients b; in terms of S7, Sg and [Kgl]. In summary, we obtain that the
coordinates on Pr, and the coefficients b; have the following divisor classes:

Section Divisor Class
by 3[K5' — St — So
—1 _
Section | Divisor Class b2 27[5(3 I =S
x H,y 1
1 bs 2[K = |- &7
t Hl—l-[KB | —So 1 (3.15)
H be [KB ]
. Hy + [KEI] S br &1
s 2 - 57 _
B bs [KBl]+89—S7
b Sy
b1o Sg + S7 — [Kgl]

We emphasize that the classes of the coefficients b;, except for big, agree with the classes
of s; of the cubic Xp, cf. (3.8), as expected.

1"The consistency of this assignment can be seen by noting that Pr, is related to P? by the blow-up at
z =y = 0 setting bi1p = 0 and the subsequent blow-downs = y = 1. Then, (3.12) precisely yields (3.4).
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Figure 5. Polyhedron F); with choice of projective coordinates and its dual with corresponding
monomials where the blow-up variable e; is suppressed.

3.1.4 Fibration by the quartic: Xp,

We proceed to construct the Calabi-Yau manifold Cr, — X, — B with general fiber given
by the curve Cp, in the toric variety Pr,. As we have mentioned above, its hypersurface
equation is not a special case of a cubic, which requires a separate analysis of Xp,.

The polyhedron Fj and its dual polyhedron are shown in figure 5. Its associated toric
variety is Pr, = P2(1,1,2) and we introduce the homogeneous coordinates [X : Y : Z : e1].
The Stanley-Reisner ideal of this toric variety can be read off from figure 5 as

SR = {XY, Ze1} . (3.16)

There are two divisor classes on Pr,, that are denoted by H and E; with representatives
{X =0} and {e; = 0} respectively. We note that P, automatically contains an exceptional
divisor E; corresponding to the point interior to the edge of Fy. The equation for the
Calabi-Yau onefold Cr, in Pr,, which is a degree two curve, is the quartic equation in the
class 4H — 2F;. It reads explicitly

pr, = dieA X 4 dae2 X3Y + d3el X2Y2 + dye2 XY3 + dsedYt + dgey X2 Z

(3.17)
+dren XY Z + dge Y?Z 4+ dyZ? ,

as we infer from (2.23) and figure 5. The coefficients d; take values in the field K.

In order to find Xr, we construct the fibration IP’?4 (87,89), the fibration of Pr, over
B introduced in (3.1). Again, it is possible to parametrize the fibration by the identical
divisors S; and Sy as in the fibration (3.5) relevant for the Xp,.'® As before, we can use
the two C*-actions on Pp, to make two of its homogeneous coordinates transform in the
trivial bundles. However, it turns out that a convenient assignment of sections, avoiding
fractions, is given by

X e OB(SQ — [K;l]), Y € 03(89 — 87), Z € 03(89 — [K;l]) . (3.18)

18We note that this assignment is a consequence of the birational map between Pr, and Pr, induced by
the blow-up at X = Z = 0, setting ds = 0, and the blow-downs X =1 and e; = 1.
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We use this to compute the anti-canonical bundle on IP’}?’4 (S7,89) as

Kpp = O(4H — 2B, 43Sy — 7 — [K3')) - (3.19)
Fy

Imposing the Calabi-Yau condition on the constraint (3.17), we fix the classes of all co-

efficients d;. The assignments of divisor classes to the coordinates on Pp, and the d; in

summary read

Section Divisor Class
dq B[Kgl] - 87— &g
d /K5 — S
Section Divisor Class 2 _[1 B ] )
- ds [KB}+S7—39
X H—-FEi+S8y—[Kg'] dy 95 — Sy
_ _ 3.20
Y H—Ey =&+ 8971 ds —[K];l] + 387 — So ( )
VA 2H — E, +897[KB ] ds 2[K§1]—S7
e FE _
1 1 d7 [KBI]
dg Sy
dg [Kgl} —S7—|-89

We emphasize that the classes of the coefficients d; slightly differ from (3.8) in the cubic
X, due to the slightly different assignments (3.18) of classes to the coordinates.

3.2 Fibration with discrete gauge symmetry

In this section we analyze the toric hypersurface fibrations based on the fiber polyhedra Fi,
F, and F}. Since their fibrations do not have a section, but only multi-sections, they are
genus-one fibrations. We analyze the codimension one, two and three singularities of these
models, employing also their respective associated Jacobian fibrations. We show that the
effective theories of F-theory on these Calabi-Yau manifolds exhibit discrete gauge groups
and include matter that is charged only under the respective discrete group.

3.2.1 Polyhedron Fi: Gp, = Z3

We consider the genus-one fibration X, over an arbitrary base B with genus-one fiber Cr,
realized as the Calabi-Yau hypersurface in P, = P2, The toric data of P, = P? and the
construction of the Calabi-Yau manifolds Xz have been discussed in section 3.1.2. The
hypersurface equation for Xp is given by (3.4) with the relevant divisor classes of the
coordinates [u : v : w] and the coefficients s; summarized in (3.8).

The fibration m : X, — B does not have a section, but only a three-section. Thus,
X, is only a genus-one fibration, cf. the general discussion in section 2.1. In order to
obtain the WSF of X, given the absence of sections of its fibration, we have to calculate
the associated Jacobian fibration J(Xp, ). The algorithm for computing J(Xp ) is well
known in the mathematics literature, see for example [76], from where we calculate f
and g, given explicitly in (B.1) and (B.2), and subsequently the discriminant A. The
discriminant does not factorize, which shows the absence of codimension one singularities
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of Xp, and therefore, the absence of non-Abelian gauge groups in the corresponding F-
theory compactification.
The fibration X, has a three-section that is given by

30 = Xp N{u=0}: $40% + s70%w + sgvw? + sjow® =0, (3.21)

as follows from the Calabi-Yau constraint (3.4). We denote its divisor class, that agrees
with H+8g+ [Kp], by S (3). Under the degree nine map from X; to its Jacobian this three-
section is mapped to the canonical zero section z = 0 in the WSF of J(Xp, ). However,
in X, the three-section 5(3) locally maps a point on the base B to three points on the
fiber Cr,. Globally, there exists a monodromy group that interchanges these three points,
upon moving on the base B. This fact, together with the existence of Iy-fibers in Xp, at
codimension two on which the mondromy group acts non-trivially, as we present next, and
the results from Higgsing the U(1) gauge group in the effective theory associated to Xp,,
see section 4.2, leads us to postulate the following discrete gauge group of X, :

Gr =1Zs. (3.22)

In order to compute the charges of matter under this discrete group, we have to
associate a divisor class to the three-section. As certain models with multi-section are
related to models with multiple rational sections by conifold transitions, see [55, 56], a
natural proposal for such a divisor class is an expression similar to the Shioda map (2.5).
We recall the three defining properties of a Shioda map summarized on page 21 in [34].
Imposing these conditions on the divisor class associated to (3.21), we obtain the following
divisor class,

4 2
074 (§(3)) =506 4 [Kp] + gSg - 557. (3.23)

We propose that matter charges under the discrete group Zs should be computed using this
class. In fact, we demonstrate next, that the class (3.23) allows us to compute Zs-charges
of matter-representations on Xp,, that are consistent with 6D anomaly cancellation and
the Higgsing from the model Xp,, discussed in section 4.2.

Charged and uncharged matter in Xp,

We proceed with determining the codimension two singularities of the WSF of J(Xf,).
This analysis is most easily carried out directly in the smooth fibration Xp,. The same
techniques presented here will also be used in a slightly modified form for the analysis of
the fibration Xp,, Xp, and Xp,. We note that the same technique has been used recently
in [54] and [56].

Finding the loci of Is-fibers using elimination ideals

We are looking for loci of B that support Ir-fibers in Xp . At these loci, the genus-one
fiber Cr, of Xf, has to degenerate into two P’s, i.e. the hypersurface equation (3.4) has to
factor into two smooth polynomials. For a smooth cubic the only factorization with this
property is the one into a conic and a line, i.e. a factorization of (3.4) of the form

!

pr, = s1(u+ aqv + asw)(u? + f1v? + Bow? 4 Bauv + Byvw + Byuw) , (3.24)
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Representation Multiplicity Fiber Locus

14 3(6[K5") — 87 +S81So — S5 + [K5'](S7 + So)) V(Iny)

Table 1. Charged matter representation under Zs and corresponding codimension two fiber of X, .

where «; and (3 are seven unknown polynomials on B. We note that we can assume
s1 # 0, because otherwise we would obtain a locus of codimension three or higher. Making
a comparison of coefficients on both sides of (3.24), we obtain a set of constraints that
defines an ideal in the ring Ks;, o, O], where s; are the coeflicients in (3.4). We denote
this ideal by I(,, o g)- We emphasize that there are two more constraints, namely nine, in

I(Si)a7ﬁu
a solution for a;, By satisfying (3.24), if two additional constraints on the s; are obeyed.

) than unknowns «a;, B, i.e. the system is over-determined. Thus, there only exists

This implies that the ideal I(,, o g,y describes a codimension two locus of the s;.

In order to obtain the constraints that the s; have to obey for the factorization (3.24)
to exist, we compute the elimination ideal I,y = I(s, 05 N K[si],"? where K][s;] is the
polynomial ring only in the variables s;. We compute /), in the following abbreviated as
Iy = Iy, explicitly using Singular [88] and obtain an ideal with 50 generators. Further-
more, we calculate its codimension in the ring K[s;] to be two. Thus, its vanishing locus
V(I(l)) describes a codimension two variety in B. In summary, we have shown that the
factorization (3.24) corresponding to an I>-fiber in X happens at the codimension two
locus V (I(1)) in B.

We note that (3.24) is the only type of factorization that can occur. Thus, we do not
expect any further codimension two fibers and corresponding matter representation in X, .
The spectrum of Xp, is summarized in table 1. Next we argue how to compute the charge
of the matter located at V(I(l)) under the discrete gauge group Gp, = Z3. Due to the
absence of a zero section on X, there is no preferred curve in the I>-fiber in table 1. As
can be observed from (3.24), the two P1’s in this I>-fiber have intersection numbers one and
two with the three-section §(()3). By naively applying (2.13) using the divisor class (3.23),
we compute the charges ¢ = 1 and ¢ = 2 for the two rational curves, respectively. Thus,
it seems that there is no meaningful way to assign a discrete charge to the matter located
at V(I(1)). However, this seeming contradiction is resolved by noting that a 6D hyper
multiplet of charge ¢ = 1 is the same as one with charge ¢ = —1. In addition, employing
the discrete Z3 symmetry, we have —1 = 2 mod 3, showing that a 6D hyper multiplet of
charge ¢ = 1 under a Zg symmetry is physically equivalent to one with charge ¢ = 2. Thus,
the matter at V (1, (1)) has charge ¢ = 1 which is the same as ¢ = 2 under the discrete gauge
group Gp, = Zs .

We proceed to calculate the multiplicity of V' (/(1)). Unfortunately given the size and
number of polynomials in the ideal /), we are unable to obtain its multiplicity geometri-

9Here we deviate from the notation in mathematics literature, where the subscripts of the elimination
ideal indicate the eliminated variables.
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Yukawa Locus

1;,-1;-14 V(Il)ﬂV(Il)ﬂV(Il)

Table 2. Codimension three locus and corresponding Yukawa coupling for X, .

cally with the available computing power. Instead, we invoke the results for its multiplicity
that is obtained in section 4.2 using the Higgs transition Xz, — X, . It is shown in table 1
for completeness.

We complete the discussion of the matter spectrum of Xp, by calculating the number
of neutral hyper multiplets. We use (2.11) and the explicit expression for the Euler number
X(Xr ) of Xp, in (C.1) to obtain

Hpewt = 12+ 11[K51? — 3[K3"S7 + 387 — 3[K 3%]So — 3578y + 355 . (3.25)

Employing this together with the number of vector multiplets V' = 0 and the charged
spectrum in table 1 we check cancellation of the 6D gravitational anomaly in (A.1).

Yukawa couplings in Xpg,

We conclude this section by noting that there is only one gauge-invariant Yukawa coupling
possible, listed in table 2. Again, we cannot check for its presence explicitly due to the
complexity of the ideal I (1).20

3.2.2 Polyhedron F: Gg, = U(1) X Z2

Here, we analyze the genus-one fibration Xp, constructed as a fibration of the Calabi-Yau
onefold C, in Pg, = P! x P1. The toric data of P! x P! and the construction of the toric hy-
persurface fibration Xp, have been presented in section 3.1.3. The hypersurface constraint
for Xp, is given in (3.12) and the relevant divisor classes are summarized in (3.15).

First, we note that the fibration 7 : Xp, — B does not have a section, i.e. it is a genus-
one fibration. We obtain its WSF by computing its associated Jacobian fibration J(Xp,),
employing again the straightforward algorithms from the mathematics literature [76]. The
results for the functions f and g can be found in (B.3) and (B.4), from which the discrimi-
nant can be readily computed. The discriminant does not factorize, which again shows the
absence of codimension one singularities. Thus, there is no non-Abelian gauge symmetry
for this F-theory compactifcation.

The fibration of Xp, has two independent two-sections, that are given by

59 = Xp, 0 {w = 0} : bgy? + bosy + bigs®> =0,
g?) = Xp, N{y =0} : b3x? + brat + byt =0, (3.26)

where we used the hypersurface constraint (3.12) and the SR-ideal (3.11). We denote the

two corresponding divisor classes, that agree with H; and Hs, by S(()Z) and S{Q), respectively.

20The presence of this coupling can be deduced considering the Higgsing from Xr, to X, (see section 4.2).
Decomposing the states in X, in terms of states in Xp,, we observe that after Higgsing, the Yukawa
coupling 11 - 1115 in X g, (see table 8) gives rise to 11 - 11 - 11 in Xp,.
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Analogous to the previous section 3.2.1, we expect a discrete Zo gauge group associated
to the two-section S(()Q), cf. the similar discussion in [55]. We will provide independent
evidence for this by the analysis in section 4.2 of the Higgsing of the effective theory of
F-theory on Xp, that has a U(1)? gauge group, to the one arising from Xp,.

The role of the other two-section §12 , however, is less clear in the biquadric repre-
sentation. Its meaning for F-theory is unraveled by transforming the biquadric (3.12)
defining X, into a cubic hypersurface and then by computing its Weierstrass form, which
is precisely the WSF of the Jacobian fibration of Xp,, as we show. This detour via the
cubic yields a direct map to the Jacobian fibration J(Xp,), which allows us to follow the

two-section §§2) in (3.26).

Map to the cubic in Pp, & the MW-group of J(XF,)

The curve Cp, given as the biquadric (3.12) in Pp, can be treated as the cubic in P, after
an appropriate change of variables. Indeed, by applying the transformation x — = 4+ at or
y — y+ Bs, we can set the coefficient of the monomial s2t? (3.12) to zero for an appropriate
a or 3. We note that both o and S8 have to involve square roots of the coefficients b;
in (3.12), i.e. the two variable transformations are only defined in a field extension. As we
will see, this field extension will only be an intermediate step, since all square roots will
drop out in the final result of our computation. After the change of variables, we obtain a
polynomial of the following form:

p= (§1y2 + Sosy + §382)SU2 + (§5y2 + Sgsy + 5752)1325 + (§gy2 + .§98y)t2 , (3.27)

where the redefined coefficients 5; depend on the variables b; and are explicitly given
in (B.5). We note that p is precisely of the form of the cubic (3.72) in P, after identifying

t—w, s—v, T—e, y—e, u=1. (3.28)

Since the curve p = 0 is an elliptic curve, we can compute its WSF, in particular the
functions f and g. Inserting the explicit expressions (B.5) for the sections §; in (3.27)
in terms of the b; in (3.12) into the expressions for f and g, we precisely recover (B.3)
and (B.4) obtained from the WSF of the Jacobian fibration J(Xp,). Most notably, all
square roots in the coefficients 5; have dropped out, as claimed.

(2)

Next, we note that the two-section §;” in (3.26) formally maps to the section
s=1, t=—— y=0, z=1, (3.29)

in (3.27). Under the identification of coordinates (3.28), this is precisely the section §;
of Xp, given in (3.73). Inserting the explicit expressions (B.5) for the §; into the WS-
coordinates (B.9) of §;, we obtain

21:1,

Tr =

1

15 (8b1bio + b2 — 4bsby + 8bgbg — 4baby) (3.30)
1

Y1 = 5(5105255 — b1biobe + b3bgbg — babrbg — b3bsbg + bibrbg) .
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We emphasize that all square roots in the coefficients b; in (B.5) have dropped out and
we obtain completely rational WS-coordinates for the two-section §12 . We double-check
that (3.30) solves the WSF of the Jacobian J(Xp,).

In summary, we have shown for the first time that the associated Jacobian fibra-
tion J(Xp,) exhibits a rank one MW-group of rational sections generated by the sec-
tion in (3.30), which is precisely the image of the two-section ,§§2) in Xp, under the map
Xp, = J(XF,). This means that there is an associated Abelian gauge field in the F-theory
compactified on Xr,. We note that application of the same logic to the two-section §(()2),
which formally maps to the section $o defined in (3.73) in Xz, does not lead to a rational
section of the Jacobian J(X FQ() )since its WS-coordinates (B.10) after inserting (B.5) still

contain square roots. Hence, §02 does not yield an additional U(1)-factor, but corresponds

to a discrete group Zo, as claimed.

Having proven the presence of a MW-group on J(Xp,), we compute the Shioda map
)

of its generator. We note that the usual expression (2.5) has to be modified since 8,7 is
a two-section. It can be shown that the following expression obeys all conditions listed
in [34] that have to be obeyed by a Shioda map:

1
o(3?) =8 — 57 + 5 ([KB] = 87+ &) (3.31)
Then we obtain the corresponding height pairing, using (2.6), as
b = —(a(3%) - 0(5)) = 2[K5"]. (3.32)
Here, we used the following intersections
m((S67)2) = —2([K5") - So).
(5% = —2(K5Y - S7)., (3.33)
(85 - 51) = S+ 8o - [K5Y).

The first two equalities are just a translation of the SR-ideal (3.11) into intersection rela-
tions of divisor classes on Xp,, employing (3.15) and (2.4) for n = 2. The third relation
follows by noting that according to (3.26) the two two-sections é(()Q) and §§2) intersect pre-
cisely at big = 0, whose class is [b1g] = S7 + So — [K3"], cf. (3.15).

We conclude by summarizing the full gauge group of the theory:
Gp, =U(1) X Zs. (3.34)

We highlight again that the U(1) corresponds to a rational section in the Jacobian fibration
J(Xp,), that is the image of the two-section §§2) under the degree four map Xp, — J(Xp,).

As mentioned before, the discrete gauge Zo symmetry is induced by the two-section
.§62). For the computation of charges of matter w.r.t. the Zs, we have to associate a divisor
class to it. Imposing conditions on this divisor class similar to the one that have lead to

the Shioda map (2.5) [34], we obtain
07,37 = S8 1 [K5') - Ss. (3.35)

We use this divisor class to successfully compute the Zs-charges of matter in the following.

~ 98 —



Charged and uncharged matter in X,

Now that we know the gauge group of the theory, we proceed to derive first the matter
representation and then the corresponding 6D matter multiplicities. As in section 3.2.1,
we use the elimination ideal technique to show directly the presence of three matter rep-
resentations in Xp,, namely 1¢ ;), 1(;,_) and 1 _), where + denote the two possible
Zo-eigenvalues. Then, we compute their multiplicities, where we also invoke the equivalent
presentation of Xr, as a quartic.

In order to find the three I>-fibers at codimension two in Xp,, we first note that there
are three different possible ways to factorize the biquadric (3.12), that correspond to the
three inequivalent ways to split its degree (2,2) w.r.t. the classes H; and Hj in P! x P!,
namely as (2,2) = (1,1)+(1,1), (2,2) = (1,0)+(1,2) and (2,2) = (0,1)+(2, 1) respectively.

The first type of factorization of (3.12) corresponding to (2,2) = (1,1) + (1,1) is
given by

P = b [(y + a1s)z + (agy + azs)t] [(y + Bis)z + (Bay + Bas)t] . (3.36)
Clearly, both factors are bilinear in [z : t] and [y : s], respectively, as required. As before,
we can factor out b; because it must not vanish at a codimension two locus. We note
that there are six unknown polynomials «; and §; and eight non-trivial constraints, as
can be seen by a comparison of coefficients on both sides. Thus, the ideal of constraints
is over-determined and imposes a codimension two condition on the coefficients b; for a
solution to (3.36) to exist. The elimination ideal, that we call I(;), obtained by eliminating
the unknowns «; and 3 from the ideal of constraints is generated by 50 polynomials. It
is checked to be codimension two in the ring, as expected, proving the existence of the
factorization (3.36) at codimension two. We denote the zero set of I(1) by V([(1)), which
is the geometric codimension two locus in B.

Next, we note that each curve of the Ir-fiber described by (3.36) has intersection one
(()2) and §§2). The U(1)-charge computed using (2.13) and (3.31)
is zero. We also note that the representation has charge (—) under the discrete symmetry

with both two-sections §

because the two intersection points of §(()2) with the fiber are interchanged under a mon-
odromy action. Formally, the charge under Zs is computed using (2.13) together with the
divisor class (3.35), showing that both curves in the I»-fiber have Za-charge (—). Thus,
the representation at the locus V(1)) is 1(g ) as shown in table 3.

The second type of factorization of (3.12) into two polynomials of degrees (1,0) and
(1,2), respectively, takes the following explicit form

PF, = [y + ais] [(y + B18)2® + (Boy + Bss)at + (Bay + Bss)t?] (3.37)
where 1 and the [ are six unknown polynomials. We compute again the elimination
ideal, denote (o), that is generated by eight polynomials in the b; and check that it is
codimension two in the ring. The corresponding codimension two locus in B supporting
this type of Ir-fiber is denoted by V(I(3)). The intersection pattern of the two-sections
with the I>-fiber is shown in the second entry of table 3. The U(1)- and Zg-charges readily
follow as discussed before and we find the representation at this locus to be 1(; _).
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Representation Multiplicity Fiber Locus
10, 6[K 51>+ A[K5'](Sr + So) — 282 — 283 V(1)
X
Loy | 6IKG 2+ 4KG(So — ) + 257 — 2857 | [ V()
X
14,4 6K 52 + A[K5(S7 — Sy) — 282 + 252 V(1)

Table 3. Charged matter representations under U(1)xZs and corresponding codimension two
fibers of Xp,.

Finally, the last type of factorization corresponds to a split of (3.12) into two poly-
nomials of degrees (0,1) and (2,1). It can be written down explicitly and takes a similar
form as (3.37). The codimension two elimination ideal corresponding to this factorization,
denoted by I(3), is generated by eight polynomials and its vanishing set is denoted by
V(I(3)). The intersection pattern of the two-sections with this type of I>-fiber is shown in
the last entry of table 3. Using the charge formula (2.13) and the Shioda map (3.31), as
well as (3.35) we show that the representation at V' (I(3)) is 1(; 1)

As a confirmation of the completeness of our analysis of codimension two singularities of
X, supporting U(1)-charged matter, we recall that the codimension two locus supporting
all I-singularities associated to a U(1) is given by (2.14). In the case at hand we have
to evaluate this constraint for the rational sections of J(X2) with coordinates [z1 : y1 :
z1] given in (3.30). We calculate all associated prime ideals of the obtained complete
intersection using Singular [88] and indeed find precisely the two prime ideals I() and
I(3) corresponding to the two representations 1(; _y and 1(; 4y found previously using the
elimination ideal technique.

As a next step, we calculate the homology classes in B for the three codimension two
loci supporting the Is-fibers, which determine, according to section 2.3, the multiplicities
of 6D charged hyper multiplets in the corresponding representations. We begin with the
variety V(I(g)), whose multiplicity we denote by T, ) supporting the representation
1(1,4)- Its homology class is computed by taking two constraints of the ideal [(3y and
computing the homology class of the complete intersection described by them. Then, we
subtract (with their corresponding orders) those components that are inside this complete

— 30 —



intersection but do not satisfy the other generators of the ideal /(3). We obtain:

1, 4, = [b3bT0] - [brobabs] — 2([babio] - [b2b7] — [ba] - [bs]) ,

3.38
=6[K 5" + 4[K5"(S7 — Sg) — 282 + 252 . (3.38)

The multiplicity of V(/(z)), denoted by T1, _,, can be calculated in a similar way. It is
given in the third row of table 3. As a consistency check, we calculate the sum of both
multiplicities and it agrees with [y1] - [f2}] as it should, because the I 19y and I(3) are the
two associated prime ideals of (2.14) for the section (3.30).

For the computation of the multiplicity of the variety V(I(;)), denoted by Tl
we cannot carry out the previously mentioned algorithm, due to the size and complexity
of the ideal I(1). Instead, L1, I8 obtained by first calculating the multiplicity of all
hyper multiplets charged under the discrete symmetry, namely the 1 _y and 1(; _), and
then subtracting the number of hyper multiplets in the representation 1 _), that we
already know.

We begin by noting that the total number of charge (—) hyper multiplets under the
Zo symmetry was calculated geometrically in [55, 56] for a genus-one fibration given by the
quartic curve in P2(1, 1,2). Indeed, we can directly use their results since we can transform
the biquadric (3.12) to a quartic presentation. This quartic is to be obtained by taking
the discriminant of the biquadric (3.12) with respect to y. To this end, we rewrite the
biquadric in the suggestive form

p= Az, t)y? + B(z, t)ys + C(x,t)s? (3.39)

and then take the discriminant of this quadric in y (we also set s = 1). We construct a
genus-one curve as the double cover over this discriminant, which is then a quartic in [z : ¢]
and a new variable w of weight two of the form

w? = B(x,t)? — 4A(z,t)C(x,t) = gzt + 123t + et + ezt + egt? . (3.40)

Here we used the conventions of [55] in the last equality. The coefficients e; can be expressed
in terms of the b; in (3.12) by a comparison of coefficients.

In this form the reason for choosing the quadric w.r.t. to y in order to construct the
quartic (3.40) is evident, because the two-section §E)2) = Xp, N {z = 0} is mapped to
the two-section x = 0, w? = e4t* in (3.40). Using the results in [55, 56], we calculate
the multiplicities of all charge (—) hyper multiplets, both 1 _y, 1(; ), using the one-
to-one correspondence between the loci of Ir-fibers in (3.40) with the following complete
intersection, cf. equation (2.22) in [55],

{e] — 8epedeg + 16e3e3 — 64eges = 0} N {e3 = 0} . (3.41)

Its homology class is readily given as [4e] - [es], which has to agree as mentioned before

with the sum Ty, oy T, Thus, the multiplicity T1, follows by subtracting the

-
multiplicity z1, _, calculated previously from [4eq] - [es]. The result is given in the second

row of table 3.
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Yukawa Locus
1o, 1a4) Lo | VU) NV () NV (I3)

Table 4. Codimension three locus and corresponding Yukawa coupling for Xpg,.

To complete the matter spectrum we calculate the number of neutral hyper multiplets.
Using (2.11) and the explicit formula for the Euler number of Xp, in (C.1) of appendix C,
we obtain

Hpewt = 13 + 11[K5'* — 4[K5']S7 + 287 — 4[K5']So + 255 . (3.42)

Using this together with the charged matter spectrum in table 3, the number of vector
multiplets V' = 1 and the height pairing (3.32) we confirm that all anomalies, including
the purely gravitational one, are canceled.

Yukawa couplings in Xp,

We conclude this section by stating the geometrically realized Yukawa couplings. We
find the single Yukawa coupling in table 4, by checking explicitly that the corresponding
varieties intersect at codimension three, i.e. that the ideal I() U I(9) U I(3) is codimension
three in the ring generated by the coefficients b;.

3.2.3 Polyhedron Fy: Gg, = SU(2) X Z4

In this section we study the genus one-fibration X, that is constructed as the toric hy-
persurface fibration of Cp, in Pr, = P?(1,1,2). The toric data of P%(1,1,2) as well as the
construction of the toric hypersurface fibration X, have been discussed in section 3.1.4.
The hypersurface constraint of X, is shown in (3.17) and the relevant divisor classes can
be found in (3.20). This model has recently received a lot of attention [54-56]. Here we
provide additional insights in the nature of the Z, discrete gauge group of F-theory on
XF, as well as in the computation of the charges of matter under this discrete group. We
also check 6D anomaly cancellation, which requires knowledge of all multiplicities of 6D
charged and uncharged hyper multiplets.

We begin by noting that the fibration 7 : Xy, — B does not have a section, but
only two- and four-sections, i.e. X, is a genus-one fibration, see section 2.1. The three
multi-sections induced by the ambient space P?(1,1,2) of the fiber are

§9 = Xp n{X =0}: dse? +dserZ+doZ2 =0,
89 = Xp, N {Y =0} : die} +deerZ +do 2> =0, (3.43)
8 = Xpn{Z=0}: &X'+ XY + XY+ dy XY +dsY =0,

where we used the SR-ideal (3.16). We denote the one independent divisor classes of §§2>

by 552). It agrees with H — Ey + Sy — [K5'] according to (3.20), where F; is the class of
the exceptional divisor on P?(1,1,2).

~32 -



Figure 6. Codimension one fibers of Xp,. The crosses denote the intersections with the sections.

Since this fibration does not have a section one has to utilize its associated Jacobian
fibration J(Xg,) in order to find its WSF. We readily compute the functions f and g in (2.1)
using the algorithm in [76]. From the discriminant of this WSF, we find one I»-singularity
over the divisors S§U(2) = {dy = 0} N B in B. Along this divisor, the constraint (3.17)
factorizes as

SU@2): prla=0 = €1 g3, (3.44)

where g3 is the polynomial that remains after factoring out e;. The corresponding Is-fiber
is depicted in figure 6. Due to the absence of a zero section, there is no preferred rational
curve in this Io-fiber. Thus, a possible choice for the Cartan-divisor D; of the SU(2) is
given by

Dy = [eq]. (3.45)

In summary, the gauge group of Xp, is given by
Gr, =SU(2) X Zy . (3.46)

The discrete symmetry stems from the multi-sections. In order to calculate the charges
under the discrete symmetry we have to orthogonalize the SU(2) such that it is not charged
under the discrete symmetry. This is done in a similar way as for U(1)’s via the Shioda
map (2.5). For the two two-sections §,, with m = 1,2, we propose

02,(8%) = 5@ + 2Dy + SIK5' ~ 28— 185, (3.47)
as the appropriate divisor class to compute charges under the discrete gauge group Zj.
Here we used that both two-sections intersect each node in figure 6 precisely once. For
the four-section §:(34) we note that the node corresponding to the simple root of SU(2) in
figure 6 is not intersected. Thus, the appropriate class for computing Z4 charges based on
8 s
1 3
2 2
It is straightforward to check that the divisors (3.47) and (3.48) obey all properties of a
Shioda map [34].

Next, we analyze the codimension two singularities of the WSF of J(XF,) to determine

. - 1
02,(33") = 55 + S[K5') — S8+ 580 (3.48)

the charged matter spectrum. We find two codimension two singularities leading to the
matter representations and the corresponding codimension two fibers in X, that are given
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Representation Multiplicity Fiber Locus
A(2)
51
[e1]
6[K 51 + 287 — 28,
2 (61 B_}l 7~ 25) V(I1), given by (3.49)
x([Kg']— 87+ So)
Y
6[K5')% + 13[K;']S; — 352
1, K5 ] . Ky 157 " s V(I(2)), given by (3.50)
—5[K5"|Sy — 28578y + 82
52
3 1+ ([Kg'] — S7 + Sp)fa5r Figure 6 dg =0

Table 5. Charged matter representations under SU(2) x Z4 and corresponding codimension two
fibers of Xp,. The adjoint matter is included for completeness.

in the first and second entry of table 5, respectively.?! We have also added the adjoint
matter at the divisor Sé’U(Q) = &y for completeness. We have checked the representation
content at the two codimension two loci explicitly by computation of the Dynkin labels
using (2.12) with D; given in (3.45) and using the charge formula (2.13) for (3.47) or (3.48).
We note that the charges calculated from the two two-sections are half the integral charges
computed from the four-section. However, both charges are physically equivalent since in
the case of the two-section we have to calculate modulo two, whereas for the four-section,
we calculate modulo four. In other words, we obtain charges in two different conventions.
Here we choose the charge convention where all discrete charges are integer, which agrees
with the charges computed using o7z, (§§4)).

The codimension two locus supporting the representation 27 is given as the following
complete intersection, that can be read off directly from the discriminant of J(Xg,):

Iy = {dy, d3dg — dadsdydr + dsdsdgds — dadsdeds + didsdy + didids — 2dsdsdyds
— dydyd3drds + 3dadsdidrds + dadadedids — Adydsdedids — dydydids + didid3
— 2dydydid3 + 2dydsd3d: — dadsdgdrd? + 3dydydedds 4 dydsd2di + dadeds
— 2dydsdgd3 — dydadrds + didg} . (3.49)
This ideal is easily checked to be prime. The discrete charge of the SU(2) doublet can be

computed from the intersection of o7, (§é4)) with the irreducible fiber components, which are
depicted in table 5. There one observes that the four-section intersects one node three times

21'We note that on the charged matter spectrum in table 5, the Zy subgroup of Z, is realized as the center
of SU(2). We thank Inaki Garcia-Etxebarria for discussions on this subtlety.
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and another one just once. Recall again that 6D hyper multiplets with discrete charges 1
and 3 are physically equivalent since a hyper multiplet contains two half-hypers with charges
1 and —1 and charge —1 is identified with charge 3 under the discrete Z4-symmetry.

The complete intersection supporting the representation 15 is obtained by directly
searching for the loci of degeneration of the fiber of X, to I5. One makes a general
factorization ansatz of (3.17) and determines the ideal of constraints imposed by this
factorization [55, 56]. Then one eliminates the unknown variables introduced in this ansatz
by computation of the elimination ideal, see sections 3.2.1 and 3.2.2 for an explanation of
this technique. The obtained elimination ideal, denoted by (5), is prime and codimension
two in the ring of coefficients d;. It reads

Loy = {(d§ — 4dsdy)*dy — (dsdsdady — dsdgds — dadgdrdg + dsdedy — didzdy
— d3didg+2dydsd3dsdy+8d2did3dg +4dydsdedrdidy —did2d3de —2d3dsd2dady
+ didgdidy — didy —8dsdsdedady + 2dzdadzdidy — 16dEd3ds — 2d3dsd2d3
+ 8dzd2did3 — 4didsdgdsds + 8dsdadsdy + 16ds3d2dsdsds + 2d5drdgds
— 8d3dydsdrdgdi — 2d3didads + 8didsdids — 16dad2d3 — Ad2dgd2dgdy),
(d2 — 4dsdg)?dy — (dsd3dg — 2dsdgdrda — dyd2d2 + dydeds + dzdrdy — 2d3d3
+ 8d2dgdrdy — 2dydsd3dy — 4dydsdgdsdy + 3dadrdgdy — 4dsdsdrdgdy
— 2dsdyd2dy + 8dzdydsd3)} - I, (3.50)

where we have indicated the quotient by the ideal Lies := {2d4dg —dr7ds, 4dsdy —d%} by “:”.

The multiplicity of 6D hyper multiplets in the representation 2; is computed as the
product of the classes of the two constraints in the complete intersection I(;). The mul-
tiplicity of matter in the 15 representation is more involved since the locus described by
L), V(I (2)), is one of three irreducible components of the complete intersection in the first
ideal in (3.50). Using the resultant technique [39] we decompose this complete intersection
into V(I(Q)) + V({Sg, 89}) + 8- V({2d4dg — drdg, 4dsdg — d%, dydg — 2d5d7}. This allows us
to obtain the multiplicity shown in table 5 that we double check following the arguments
in [55] explained around (3.41).

We complete the matter spectrum of Xp, by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number of Xz, in (C.1). It reads

Hpewt = 13+ 11[K 52 — 4[K31S7 + 652 — 4[K 5] So — 4578 + 253 . (3.51)

Finally, we use SgU(Q) = {dy = 0}, the charged spectrum in table 5 and (3.51) together with
the number of vector multiplets V' =1 to check that all 6D anomalies (A.1) are canceled.

We conclude this section with the computation of the Yukawa couplings. We find the
single Yukawa coupling given in table 6. In order to check that it is realized at codimension
three in B we compute the associated prime ideals of the ideal /(1) U I(3). Indeed, we find
that it is codimension three in the ring, as required for the existence of the Yukawa coupling.
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Yukawa Locus
21211y | V(I1y) NV (Iq)) NV (I(2)

Table 6. Codimension three locus and corresponding Yukawa coupling for Xg,.

U ud ulw w?u
w9
€1 utv ww Jow?
2
M v2u 2
03

Figure 7. Polyhedron F3 with a choice of projective coordinates and its dual Fy4 with the corre-
sponding monomials. We have set e; = 1 for brevity of our notation. The zero section is indicated
by the dot.

3.3 Fibration with gauge groups of rank 1, 2 and no discrete gauge symmetry

In this section we analyze all toric hypersurface fibrations Xz, with gauge groups of rank
one and two, but without discrete gauge symmetries. They are constructed using the fiber
polyhedra F3, F5 and Fgs. Apart from Xp,, that possesses a non-toric section, all other Xf,
considered here can be analyzed using techniques already developed e.g. in [39, 42, 44].

3.3.1 Polyhedron F3: G, = U(1)

We construct a Calabi-Yau manifold, denoted Xp,, as a fibration of the toric hypersurface
in Pp, = dP; over a base B. The polyhedron of F3 along with a choice of projective
coordinates as well as its dual polyhedron are depicted in figure 7. The coordinate ey
vanishes on the exceptional divisor E; of dP; and [u : v : w] are the pullback under the
blow-down map dP; — P? of the P?-coordinates. The SR-ideal of dP; reads

SRp, = {uv,wey }. (3.52)

Using (2.23) we construct the Calabi-Yau manifold Xp, as the hypersurface

3.2 2

2
Pry, = S1u”e] + sou 3

ve% + 33uv26% + s4v7€eq

+ssulwer 4+ sguvwe; + s7v*weq + sguw? + sgvw? (3.53)
in the ambient space (3.1), that in the case at hand is a dP;-fibration over B. The coordi-
nates [u: v : w : e;] and the coefficients s; take values in the line bundles in (3.8).

The Calabi-Yau manifold Xr, is an elliptic fibration. This is clear because for a generic
point on B there is one marked point Py on its fiber, which is the intersection of e; = 0
with (3.53). This point gives rise to a section of Xp,, which we choose as the zero section.
Its generic coordinates read

So=XpN{e1=0}: [s9g:—sg:1:0]. (3.54)
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There always exists a second section of X, which generates a rank one MW-group.?? We
emphasize that this second section is not toric, i.e. not given as the intersection of a toric
divisor in the fiber Pr, with the hypersurface (3.53), in contrast to the zero section (3.54).
This can be seen as follows. Without loss of generality, set e; = 1 in (3.53) and consider
it as an elliptic curve £ over a field K. Then construct the tangent tp to the point Py
which now is at [u : v :w] =[0:0:1]. It is determined by requiring that along ¢tp both
pr, and its first derivative vanish at FPp, i.e. that Fp is a point of intersection two of £ and
tp. It is described by
tp = sgu + sgu. (3.55)

Since (3.53) is a curve of degree three, every line has to intersect it at three points. Thus,
tp = 0 intersects £ at a third point, denoted by P;, which is automatically rational. It
gives rise to a rational section of Xp,, with generic coordinates

. 2 2 2 2
$1=Xp,N{tp =0} : [—s9:s5: 5153—84.9%4—535958—323938 : 755 — 565958+ 5555] . (3.56)

Thus, the elliptic fibration X g, indeed has a rank one MW-group with a non-toric generator,
as claimed. The Shioda map (2.5) of the section $; reads

o(81) =51 — So +3[Kp]+ S7 — 28y, (3.57)

where S1, Sy are the divisor classes of the rational sections §; and §p.
This result allows us to compute the height pairing of the section §;. We obtain

b1 = —2(3[KB] + 87 — 259) , (3.58)
where we employed (2.6) along with the self-intersection (2.7) for the section §; as well as
m(S1 - So) = [21] = 2[K5'] + 289 — S7. (3.59)

This follows by noting that 7(Sy - S7) is the locus in B where the coordinates (3.54)
and (3.56) of the two sections agree, which happens at z; := 57s§ — 565859 + 8555 = 0, that
is precisely the z-coordinate of §; in the WSF, cf. (3.60). The divisor class of z; is read off
from (3.8).

Weierstrass form and gauge group

We can apply Nagell’s algorithm to the cubic (3.53) with respect to the point Py to obtain
a birational map to its WSF. We plug the coordinates of the rational section (3.56) into
this map to obtain its coordinates in WSF,

z1 = S753 — S6S8S9 + 8555, X1 =s3Sa+...=ps(s), Y1 =—siss+...=pia(s). (3.60)

Here pg(s) and pi2(s) are two homogeneous polynomials in the coefficients s; of degree
eight and twelve, respectively. We have written out only one monomial in zg, and yq,,

*2We note that this is not in contradiction with the results of [41]. There the toric Mordell-Weil group is
computed, which is indeed trivial.
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Representation Multiplicity Fiber Locus

13 So([K5' + So — S7) V(1)) := {ss = s9 = 0}

V(I(g)) =

6[K§1]2—|— [K]_;l](4$9 —587) {848% —535539—0—525833—8153

1; 5 2 2 2
+87 + 285789 — 255 = 5755 + 5555 — 565859 = 0
with (ss, s9) # (0,0)}
30 51
12[[(—1]2 + [K_l}(887—$9)
1 B B V(1)) == {3.62)}\ (V(I(2)) UV (I3)))

—48% + 5789 — S

Table 7. Charged matter representation under U(1) and codimension two fibers of Xp,.

respectively, in order to be able to determine their divisor classes. We refer the reader
to (B.8) in appendix B for the explicit and lengthy expressions for pg(s) and pia(s).

Furthermore, we determine the functions f, g and the discriminant A of the WSF
for Xp,. They are given by specializing (B.1) as sjop = 0. We observe that there is
no factorization of A indicating the absence of codimension one singularities and a non-
Abelian gauge group. Thus, the full gauge group on Xp, is given by the single U(1)
associated to its rank one MW-group,

Gp, = U(1). (3.61)
We emphasize again that the generator (3.56) of the MW-group of Xp, is not toric.

Charged and uncharged matter

Since the Calabi-Yau manifold Xz, has a non-trivial MW-group, it automatically has I>-
fibers at codimension two in B, that support U(1)-charged matter.

We first summarize the charged matter spectrum of X, before we discuss its deriva-
tion in detail. The full charged matter spectrum is shown in table 7, which includes the
U(1)-charges and the multiplicities of 6D charged hyper multiplets, as well as a schematic
presentation of the corresponding reducible fibers and the full expressions for the codimen-
sion two loci.

The starting point for the derivation of the matter spectrum of Xp, is, as discussed
in section 2.3, the complete intersection (2.14) in B with the WS-coordinates (3.56) of the
section 81 inserted:

y1 = fzi +327 =0. (3.62)

We show that (3.62) is a reducible variety with three irreducible components supporting
matter with charges one, two and three. The corresponding codimension two loci are
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denoted V' (I1)), V(I(2)) and V' (I(3)), respectively, with I(1), I(9) and I3y denoting the cor-
responding prime ideals, cf. table 7. In order to strictly prove that these three varieties
are all irreducible components of the complete intersection (3.62), we have to compute all
its associated prime ideals. Unfortunately, this is unfeasible with the available computing
power and computer algebra programs, due to the high degree of the two polynomials
in (3.62). However, we explain that Xz, has three possible types of Is-fibers corresponding
to the three possible factorizations of (3.53) and that these factorization happen precisely
at the codimension two loci V(I(1)), V(I(2)) and V(I(3)). Thus, we claim that the corre-
sponding ideals (1), I(3) and I(3) are the only associated prime ideals of (3.62). We will
further substantiate this claim by checking 6D anomaly cancellation at the end of this
section as well as by reproducing the spectrum of Xr, by Higgsing the effective theories of
Xry, and Xp;, see section 4.

We begin by analyzing the fiber at the first two codimension two loci in table 7. These
are precisely the loci where the coordinates (3.56) of the section §; are ill-defined, since
they are forbidden by the SR-ideal (3.52). This indicates, that the section §; does not
mark a point on the elliptic fiber of Xp,, but does wrap an entire P1. Since the rational
section is non-toric, determining the wrapped P! is slightly more involved than usual, as
we demonstrate next.

First, we consider the locus V(I(3)) = {ss = s9 = 0}, which we readily check to
obey (3.62). At this locus the constraint (3.53) factorizes as

3

st‘ e1(sju’e; + soulver + ssuv?e; + sqvder + ssulw + sguvw + 571)2w) . (3.63)

sg=s9=0

Clearly, V/(I(3)) is the only codimension two locus where this factorization can occur. We
immediately observe that the zero section §p defined by (3.54) has wrapped the entire
rational curve e; = 0 in (3.63). The rational section §; can be identified at this locus by
recalling the definition of the point (3.56) as the second intersection point of the tangent
to Py with £. However, at sg = sg = 0 the curve (3.63) is singular (after setting e; = 1)
precisely at FPy. Thus, every line through Py is automatically tangential at Py. This simply
means that P; has become the entire singular fiber at sg = sg = 0, since given any point
on (3.63) (for e; = 1) we can construct a tangent at Py that passes through that point.
Thus, at sg = sg = 0 the section §; wraps the rational curve described by the parenthesis
in (3.63). The resulting fiber at V/(I(3)) is shown in the second column of table 7. We
readily compute using the charge formula (2.13) that the U(1) charge of the matter is
indeed ¢ = 3 and its multiplicity is given by [ss] - [sg], which after using (3.8), yields the
result shown in table 7. We emphasize that this is the first occurrence of matter with
charge ¢ > 2 in models with Abelian gauge symmetry in F-theory.

Second, we consider the locus V(/(2)). The complete intersection in V(/(3)) shown in
table 7 has two irreducible components, one of which given by V (I, (3)), that we forbid by
requiring (ss, s9) # (0,0), and a second one described by a prime ideal /(5 with ten genera-
tors.?3 The variety V (I (2)) supports matter of charge two. We can check this locally by solv-
ing the complete intersection inside V(I(Q)) e.g. for s3 and sg and by plugging this solution

23 As all prime ideals in this work, it is computed by the primary decomposition function in Singular [88].
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into (3.53). Indeed, the fiber splits into a line and a non-singular quadric ga2(eju, e1v, w),
pry — (88U + sgv)ga(e1u, e1v, w). (3.64)

Furthermore, we prove that V(1 (2)) is the only locus that can yield an Is-fiber of this type
by computing the elimination ideal of the ideal of constraints necessary for the factoriza-
tion (3.64). We see that the zero section (3.54) is well-defined at V'(I(5)) and passes through
the line. However, the rational section (3.56) is ill-defined. This is clear because the line
in (3.64) is precisely the tangent tp at Py defined in (3.55) and since the section $; is defined
as the intersection of tp with £. Thus, the section 81 at V(I(3)) wraps the entire rational
curve given by the line in (3.64). Again we use (2.13) to show that the U(1)-charge is ¢ = 2,
as claimed in table 7. The multiplicity of a 6D hyper multiplet in the representation 15 is
given by the homology class of V([(2y). It is computed by first computing the homology
class of the complete intersection in V(I(3)) in table 7 using (3.8) and by subtracting the
class of the unwanted component V(I (3)) with the appropriate order. We determine it to
be six using the resultant technique of [39], which precisely yields the multiplicity in the
third row of table 7.

Finally, we turn to the codimension two locus V' (1, (1)) supporting matter of charge one.
In order for the charge formula (2.13) to produce charge one for an Is-fiber, both §y and
51 have to be regular and pass through different rational curves in the Io-fiber. This can
only happen for a factorization of (3.53) of the form (we can set e; = 1)

pry — (diu + dov + dzw)ga(u, v, w) , (3.65)

with go(u,v,w) denoting a quadric without the monomial w?. We note that all coefficients
d;, i =1,2,3, have to be non-vanishing since d; = 0, do = 0 or d3 = 0 lead to a factorization
in (3.65) that cannot happen at codimension two. We see that §y intersects the quadric
g2 = 0 and §; intersects the line, as required for matter with charge one. Furthermore, we
compute the elimination ideal, denoted by I(y), of the ideal of constraints necessary for the
factorization (3.65). It is prime and of codimension two in the ring, that means that the
factorization (3.65), indeed, occurs in codimension two in B. In addition, we check that
the complete intersection (2.14) is inside the ideal I(;y and that Iy is in turn not contained
in I3y or I(y), as required. Thus, we identify /(1) as the third and last associated prime
ideal of (3.62).

Under the well-motivated assumption that I(3), I(2) and I(q) are the only associated
prime ideals of (3.62), we determine the multiplicity of the 1;-matter as follows. First,
we determine the orders of the loci V/(I(3y) and V (/7)) in the complete intersection (2.13).
Using the resultant technique of [39] and random integers for some of the s; we find the
orders 81 and 16 for these loci, respectively. Then, we subtract their multiplicities with
these orders from the class of the complete intersection (3.62) and obtain, using (3.8), the
multiplicity in the last row of table 7.

The matter spectrum of Xp, is completed by the number of neutral hyper multiplets
Hyeut- Employing (2.11) and the Euler number x(Xp,) of Xp, given in (C.1), we obtain

Hpeutral = 13+ 11[K5"]* — 3[K5'S7 + 387 — 4[K5']Sg — 25789 + 255 . (3.66)
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Yukawa Locus
1,1, -1y V(1)) NV({2)
1;-15-13 V(I(l))ﬂV(I(g))ﬂV(I(g))

Table 8. Codimension three loci and corresponding Yukawa couplings for Xp,.

Finally, we check anomaly-freedom of the full 6D SUGRA theory. To this end we use (3.58),
the charged spectrum in table 7 and (3.66), together with V' = 1, to show that all relevant
anomalies of the 6D SUGRA theory in (A.1) are canceled.

There is another quantum consistency condition the spectrum in table 7 has to pass. In
order to have an effective theory that makes sense also in a quantum gravity model, it has
been argued in [89] that all charges allowed by Dirac quantization have to be present in the
spectrum. Indeed, it is clear from the multiplicity formulas in table 7 (e.g. by evaluation
for a concrete base B, see section 4.1.3) that if matter with a maximal charge ¢ is present in
the spectrum, also matter with all lower charges ¢’ < ¢ is automatically there, as required.

For completeness, we include a discussion of the Yukawa couplings. Forming the union
of the ideals and computing their codimension to be three in the polynomial ring K|s;], we
find the two Yukawa couplings given in table 8.

An alternative perspective: Xp, from Xp, by an extremal transition

There is a second perspective on Xg, that provides an alternative explanation for the
presence of the rational point (3.56) and that will be useful for the understanding of the
Higgs transition in section 4. The following can be skipped on a first reading, as it is not
important for the main thread of this work.

We begin by noting that (3.53) becomes singular if we tune the complex structure so
that s4 = 0. The induced Is-singularities occur at codimension two and can be resolved
by the blow-up in the fiber at « = w = 0. The Calabi-Yau manifold after this extremal
transition is precisely X, that we discuss below in section 3.3.2. It has been shown that
X, has a rank two Mordell-Weil group [38, 39].

In the singular fibration with all exceptional divisors blown down, the three rational
points on the fiber Cr, are the three intersection points with the line v = 0. One point
agrees with the origin (3.54) of Xp,. We denote the other two points by @1, Q2. This
implies that the point Q1 + Q2 is precisely given by (3.56), in the limit s4 = 0. Indeed, the
group law on a cubic curve is defined so that the point )1+ Q) is found by first constructing
the third intersection point of the line through @1 and ()2 and then by forming the line
through that point and the origin Py. This line again has a third intersection point with the
curve, which is defined to be Q1 4+ Q2 In our situation, the line through @1 and Q9 is u = 0.
Thus, the third intersection point of u = 0 with £ is the origin Py. Consequently, the point
Q1 + Q2 is the second intersection point of the tangent through Py with the elliptic curve.
In fact, it can be checked by performing this addition on the fiber of Xp, explicitly that
the coordinates of the point )1 + Q2 on the fiber of X, agree with the coordinates (3.56)
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after setting s4 = 0. Furthermore, we compute the Weierstrass coordinates of Q1 + @2 that
also agree with (3.60) after setting s4 = 0.%*

This is not surprising since we recall that the P; in Xp, has been constructed as the
second intersection of the tangent (3.55) to Py. Thus, we see that the section §; can
be understood as the sum of the sections §; + 52 on Xp,, which survives the extremal
transition Xg, <+ Xp,, i.e. the complex structure deformation associated to switching on
s4. In contrast, the individual sections 5; and §2 on Xp, do not map to rational sections
on Xp,. As consequence, cf. section 4, the U(1)-charges of matter in Xp, are given by the
sum of the U(1)-charges q1 + g2 on Xp,.

We can make these statements even more explicit by mapping Xr, to Xg,. The shift

2
V52— 4
_ st ;; 5459 o 1w (3.67)

9

w—w

precisely cancels the monomial proportional to s4 in (3.53). Clearly, this requires an
extension of the field of meromorphic functions on B by the square root 4/ s% — 45489. Thus,
this map is certainly not birational. After this shift, we precisely obtain the hypersurface
of Xp,, cf. (3.72) for ea = 1. Due to the shift (3.67), the coefficients s; in (3.72) have to be
replaced by

SoF>S9 — S5

S7 4+ 1/ 8% — 48489 5488 i (8788 — 5689)(87 “+ 4/ S% — 48459)
2s 2 ’

, S3+> 83—
9 Sg

59
2
S7 4+ /S5 — 45489
5686 — 58 7 , ST —y/82 — 48489, (3.68)
S9

with s1, s5, sg and sg unchanged. If we insert this variable transformation into the expres-

sions for $§; or § in (3.73), we introduce square roots, i.e. these sections do not map to
rational sections on Xp,. However, if we insert (3.68) into the coordinates for §; + $2 on
X, we precisely reproduce (3.56), i.e. all square roots cancel.

Furthermore, we can re-derive the Weierstrass coordinates (3.60) of §; on X, by first
computing the Weierstrass coordinates of Q1 + @2 and then inserting (3.68). In addition,
f and g of the WSF of X, can be obtained from the WSF for Xp, by insertion of (3.68).

3.3.2 Polyhedron F5: Gp, = U(1)?

The toric hypersurface fibration Xp, is constructed as the fibration of the elliptic curve
in P, = dP,. As it is completely analyzed in [39, 43|, we only state the results here
for completeness.

The toric diagram of F5 along with a choice of homogeneous coordinates as well as its
dual polyhedron are depicted in figure 8. In the monomials corresponding to the integral
points of F12 by (2.23) we have set e; = 1, Vi. The toric variety Pg, is the blow-up of P2
cf. section 3.1.2, at two points, i.e. dP,. The blow-up map reads

U — e1eaU, UV —r eV, W—>ejw. (3.69)

24The coordinates of Q1 + Q2 in WSF are obtained by inserting its coordinates into the birational map
from Xr, to its WSF. We note that the result agrees with the WS-coordinates of Q1+ (—Q2), not Q1+ Q2,
where ‘+’ denotes here the addition in the WSF of Xg,.
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Figure 8. The toric diagram of polyhedron F5 (dP2) and its dual. The zero section is indicated
by the dot.

The homogeneous coordinates on dP, after this blow-up are [u : v : w : ej : es] and are
sections in line bundles associated to the divisors classes

Section Divisor class
u H—E, — Ey+ Sy + [Kp]
v H— FEy+ S8y — 57 (370)
w H— F, '
€1 El
€2 Es
The Stanley-Reisner ideal of P, is given by
SR = {wea, wu, vey, egeq, vu} . (3.71)

By use of (2.23) the hypersurface equation for X, in the dP»-fibration (3.1) is given by

PRy = sle%e%u3 + 82€§€1u22) + 83e%uv2 + 85626%u2’u}

+sgesequvw + sresv’w + 88e%uw2 + sgejvw?, (3.72)

where the sections s; take values in the line bundles shown in (3.8). We see that (3.72) can
also be obtained from (3.4) by the specialization s4 = s19 = 0 and the map (3.69).
There are three rational sections of the fibration of X, with the coordinates

So=Xp N{ea=0}: [sg:—sg:1:1:0],
$1=Xp, N{er=0}: [s7:1:—s3:0:1], (3.73)
So=XpN{u=0}: [0:1:1:s87:—s9],

where we choose §y as the zero section.

The Weierstrass form (2.1) of (3.72) can be computed using Nagell’s algorithm. The
WS-coordinates of the sections §; and § are given by (B.9) and (B.10), respectively. The
functions f and g are given by (B.1) and (B.2), respectively, after setting sy = s190 =
0. After using this to calculate the discriminant we do not find any codimension one

singularities. Then the total gauge group of Xp, is

Gr, = U(1)2. (3.74)
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Figure 9. Polyhedron Fg and its dual Fi;. The zero section is indicated by the dot.

Thus, the corresponding Shioda maps (2.5) for §; and $2 read

o(81) = (51— So— [K5']),

. ) (3.75)
0(82) = (S2 — S0 — [Kp'] — [s0]) ,
which allows us to compute the corresponding height pairing (2.6) as
2(K '] [K5']+So— 7
by = B B . (3.76)
[K5'l+So—8r 2[K5'1+28 )

To determine the 6D spectrum of charged hyper multiplets we analyze the codimension
two singularities of the WSF of X .. There are six singularities leading to the matter repre-
sentations and the corresponding codimension two fibers in Xp, given in the first and third
column of table 9. The detailed derivation of these results can be found in [38, 39, 43, 44].

We complete the matter spectrum of X, by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number (C.1). It reads

Hpeut = 14 + 11[K 52 — A[K 51 S7 + 252 — A[K 51]So — S7Sg + 253 . (3.77)

The number T' of tensor multiplets is given by (2.17) and the number of vector multiplets

is V= 2. Using the above results it can be checked that all 6D anomalies are canceled.
Finally we summarize the codimension three singularities of the WSF of Xg.. This leads
to the Yukawa points given in table 10, see [42].

3.3.3 Polyhedron Fs: Gg, = SU(2) x U(1)

We consider an elliptically fibered Calabi-Yau manifold Xz, with an arbitrary base B and
general elliptic fiber given by the elliptic curve € in Pg,. The toric data of P, is summarized
in figure 9, where the polyhedron Fg along with a choice of homogeneous coordinates as
well as its dual polyhedron Fi; are shown. For brevity, we have set ¢; = 1, Vi, in the
monomials that are associated to the integral points of Fi; by (2.23). We note that P, is
the blow-up of P2, cf. section 3.1.2, at two points, defined by

u— ejesu, v — ejev. (3.78)
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Representation Multiplicity Locus

1a,-1 S7([Kg1] + 87— Sy) V(](l)) = {s3 = s7 =0}

1 6[K5'1? + [K5'](4S7 — 5S0) V(I(2)) := {5253 + 389 — 838657 = 0
(1,0) —282 4 5;80 + S2 s5s3s7 — 588 — 5751 = OP\V (I(1))

11,9 So([K5'] — S7+ So)

V(I(g)) = {38 = S9 = 0}

——
1 6[K§1]2 + [K§11(75S7 + 489) V(I(4)) = {828889 - 838§ — Sgsl =0
(H-n +82 + 8;:Sy — 252 S553 — SeS8Sy + S2S7 = ON\(V(U(3)

Lo,2 S789 V(Is)) := {so = s7 = 0}
V(Ie)) = {s15957 + (5385 + 57
X (—8689 + s857)) (535858 + s7
1 6[K5'1? + [K5'](4S7 + 4S0) X (—865889 + 5357 + 53585)) =0
(0,1) 982 _ 982 3.2, 2.4 3
- 9 828587 + 8389 — $35659S57

—53(—s65889 + sas7 + s355) = 0}
\V ) UV () UV UV ()

Table 9. Charged matter representations under U(1)? and corresponding codimension two fibers
of ,XF5 .

The homogeneous coordinates on the fiber after this blow-up are [u : v : w : e; : eg] and
take values in the line bundles associated to the following divisor classes:

Section Divisor class
u H—E| — Ey+ Sy + [Kp]
v H—-FE —85+S8 (3.79)
w H
€1 E1 — EQ
es Es
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Yukawa Locus
11,9 L2 - 110 s7=s83=289=0
1) - 1a1,-1) - 11,1 s3=s7=289=0
111 1,0 Lo V(1)) UV (L4) UV ()
11,1 - 11,0y - Lop) V(L)) UV (1)) UV (L))
Ty Loi—2) - 1o V(I(3) UV (L)) UV (L))
10,1) - L0,1) - L0,2) S7 = S9 = 4515358 — 8385 + 5955586 — sls% — 5558 =0

Table 10. Codimension three loci and corresponding Yukawa couplings for polyhedron Fj5. For
the complicated loci we refer to the literature [42, 43]

Here H denotes the pullback of the hyperplane class on P? and the E; are the exceptional
divisors of the blow-up (3.78). The Stanley-Reisner ideal of P, then reads

SR = {uv,uey, wei, wea, ves} . (3.80)

Employing (2.23) the hypersurface equation for X, in the Pg,-fibration (3.1) is

DFs = sle%ezu + SQe%egu v+ Sge%e%uv + 546162’03

+35ele%u w + Sgereauvw + S7€1U w + ssuw2 , (3.81)

where the sections s; take values in the line bundles shown in (3.8). We note that (3.81) is
readily obtained from (3.4) by the specialization sg = s19 = 0 and the map (3.78).
There are two rational sections of the fibration of Xg,. Their coordinates are

So=Xp,N{e2=0}: [—s7:1:83:1:0],

) (3.82)
$1=Xp,N{u=0}: [0:1:84:1:—s7],

where we choose §j as the zero section. The corresponding points on £ are denoted Py and
P, respectively.

We compute the Weierstrass form (2.1) of (3.81) using Nagell’s algorithm. The WS-
coordinates of the section §; are given by (B.8) after setting s9 = 0. Furthermore, the
functions f and g take the form of (B.1) and (B.2), respectively, after setting sg = s19 = 0.
From this the discriminant A is readily computed. This allows us to find all codimension
one singularities of the WSF of Xr,. We find one Ip-singularity over the divisor Sé’U(Q) =
{ss =0} N B in B. Along this divisor the constraint (3.81) factorizes as

SU(2) © Prslsg—o = €1 a3, (3.83)

where g3 is the polynomial that remains after factoring out e;. This is clearly an I»>-fiber,
cf. figure 10, giving rise to an SU(2) gauge group. In summary, the gauge group of Xg, is

Gp, = SU(2) x U(1). (3.84)
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>

1

Figure 10. Codimension one fiber of Xr, at sg = 0 in B. The crosses denote the intersections
with the two sections.

The rational curve of the I>-fiber in figure 10 that is intersected by the zero section
3¢ is the affine node and the other rational curve, c_,,, corresponds to the simple root of
SU(2). Thus, the class of the SU(2) Cartan divisor in Xp,, which is the fibration of c_,,
over S§U(2)7 reads

D1 = [88] - [61] . (385)

This can be seen by noting that [sg] is the class of the complete I-fiber fibered over the
base divisor SgU(z)’ whereas [e1] is the class of the affine node fibered over SgU(2)'
With these results, we compute the Shioda map (2.5) of the section §; as

1
o(81) = 51— So + [Kp] = Sr + 5D (3.86)
Here Sy, S1 denote the divisor classes of the sections 8y, §1, respectively, and we use
Sl . C—Oq - 17 (387)

which can be deduced from figure 10. Using (3.86), we compute the height pairing (2.6),

5

1
b1 = [Kgl} + 587 — 589, (3.88)

| W

where we use (2.7) as well as
m(S1 - So) = Sr, (3.89)

that follows since the coordinates (3.82) of the two sections agree at s7 = 0.

Next, we analyze the codimension two singularities of the WSF of X, to determine the
charged matter spectrum. Here, the corresponding representations under the gauge group
are determined following the general procedure outlined in section 2.1 for the computation
of Dynkin labels and U(1)-charges. We find five codimension two singularities. Four of
these lead to the matter representations and the corresponding codimension two fibers in
XF, given in the first and third column of table 11, respectively. At the remaining locus
sg = s2 — 4szs7 = 0, the fiber is of Type II1 , i.e. it is a degenerate version of the Ir-fiber
in figure 10 with the two P!’s intersecting in one point. Thus it does not support any
additional matter.

The spectrum of charged singlets is determined starting from the complete intersec-
tion (2.14) for the section §;, see (3.90) for its explicit expression. By computing its
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Representation Multiplicity Fiber Locus
273/2 S7([K§1] —S7 + 59) V(I(l)) = {38 =57 = ()}
V(I(g)) =
{ss = 5253 — 53545256 + 52545552
9 ([K3'] = S7+ So) — 518458 + 535257 — 250545257
1/2
/ X(G[Kgl] — 289 + 37) — 8253555657 + 35154555657
v 451535257 + S2555% — 251535552
—5152865% + 5358 = 0}
12 S7(—S89 + 257) V(I(3)) := {sa = s7 =0}
V(I(4)) =
) 6[K 5" + 13[K5']|S7 — 352 {ye = fz + 325 = 0}
1
—5[K5"]Sy — 25789 + S5 \(V{U 1) UV )
with zg,yq, f given in (3.90)
30 1+([K§1]—S7+89)% Figure 10 sg =0

Table 11. Charged matter representations under SU(2)xU(1) and corresponding codimension two
fibers of Xp,. The adjoint matter is included for completeness.

primary decomposition, we find two associated prime ideals, denoted I(3) and Iy, corre-
sponding to two different matter representations 15 and 1;. We observe that the ideal
I(3) describes precisely the locus, where the section 3.82 is ill-defined and has to acquire a
fiber component.

There is one subtlety since the constraint (3.81) does not factorize further at the locus
V(I(Q)). In order to see the I3-fiber of the representation 2/, we have to compute the
associated prime ideals of (3.81) at the locus V((3)). Indeed, we find three prime ideals
with the right intersections and, they thus, correspond to the three irreducible components
of an I3-fiber. Two fiber components are described by prime ideals generated by more than
three constraints.

The multiplicities of the charged hyper multiplets are presented in table 11. These have
been computed following section 2.3. For the case of the representations 2_3/9, 2 /5 and 13,
the multiplicities can be directly computed from (3.8) and table 11, as the corresponding
varieties V' (I(1)), V(I(2)) and V(I(3)) are irreducible complete intersections. In contrast,
V(I(4)) supporting the 1;-matter is not a complete intersection. However, note that the
varieties V' (I(4)), V(I(1)) and V (I(3)) are the three irreducible components of the complete
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Yukawa Locus

st=s53=0
2 3221214 5 ) ) ;
8458 — 835556 + S25555 — s1553 = 0

2 3/2-212- 12 s4=s87=53=0

. sS4 =587=0
1,-1;- 19 ) ) )
5355 — 525556 1+ 515§ + 5558 — 4515358 = 0

21221211 V(Ii2)) NV (Li2)) NV (I ()

Table 12. Codimension three loci and corresponding Yukawa couplings for Xg,.

intersection (2.14) for the section §;. Using its WS-coordinates, given by (B.8) for sg = 0,
it reads

2.2 4 2 2 2
Y1 = 54557 — 84858?7) — 5356,5? + 8957 — 355565758 + 253545758 + 23238 =0,
4 2 2 4 2.2 2
f2t 4323 = —12s3sgs752 + 6siss + s3s2s3(7s2 — 45557 + 8s5358) + 55(— 8256 + 25157)

+53(53(52 — 28557) 4+ 25358) + 5455(— 58 + 3555657 — 8535658 + 2525758) = 0.
(3.90)

Thus, the homology class of this complete intersection minus the classes of V(/(1)) and
V(I(3)) (with their respective orders inside (3.90)) yields the multiplicity of the 1;-matter.

The spectrum of charged matter is completed by the matter in the adjoint represen-
tation 3¢ given in the last row of table 11. We recall that it does not originate from
codimension two fibers of X, but is present if the divisor S’IS’U(Q) is a higher genus curve in
B, cf. section 2.3. The multiplicity of charged hyper multiplets in the adjoint is calculated
using (2.8).

We complete the matter spectrum of Xr, by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number (C.1) of Xp,. It reads

Hpent = 14 + 11[K5')* — 4[K5"S7 + 487 — 4[K 51]Sg — 35789 + 255 . (3.91)

The number 7" of tensor multiplets is given by (2.17) and we have V = 4. Finally, we use
SgU(Q) = {ss = 0}, (3.88), the charged spectrum in table 11 and (3.91) to check, following
appendix A, that all 6D anomalies are canceled.

We conclude this section by analyzing codimension three singularities of the WSF of
Xp,. This determines the Yukawa points in a compactification to 4D. All geometrically
allowed Yukawa couplings of the charged matter spectrum of Xp, are given in table 12. In
order to check the last Yukawa coupling in table 12, we compute the minimal associated
primes of [(5) U I(4). Indeed, it has a codimension three associated prime, which confirms
the presence of the Yukawa coupling. We emphasize that all Yukawa couplings allowed by
gauge symmetry are indeed realized.
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Figure 11. The toric diagram of polyhedron F7 and its dual. The zero section is indicated by
the dot.

3.4 Fibrations with gauge groups of rank 3: selfdual polyhedra

In the following section we analyze all toric hypersurface fibrations constructed from the
four self-dual polyhedra F», Fg, Fy and Fig. The rank of the gauge group of all these
models is three and the rank of the MW-group assumes all values from zero to three. We
encounter one novelty in the analysis of codimension two fibers in Xg, and Xg,. There
we find matter representations from non-split fibers at codimension two. The Calabi-Yau
manifold Xp,, is also a generalization of the Tate form, allowing for non-trivial coefficients
of the monomials 3 and y2. The vanishing loci of these coefficients support SU(2) and
SU(3) gauge groups, respectively.

3.4.1 Polyhedron Fr: Gp, = U(1)?

We consider the elliptically fibered Calabi-Yau manifold X, with base B and general
elliptic fiber given by the elliptic curve € in Pr,. The toric diagram of Pr, = dPs is depicted
in figure 11, where the polyhedron F% along with a choice of homogeneous coordinates as
well as its dual polyhedron F% are shown. For brevity, we have set e; = 1, Vi, in the
monomials associated to the integral points in the dual polyhedron by (2.23). The toric
variety Pr. is the del Pezzo surface dPs, that is the blow-up of P2, cf. section 3.1.2, at three
points with blow-down map defined by

U — eresu, W —r e1eW, U —> €2€30. (3.92)

The homogeneous coordinates on the fiber after this blow-up are [u : v : w: ej : eg : €3]
and take values in the line bundles associated to the following divisor classes:

Section Divisor class
u H—FE; — Es+ Sy + [Kp]
v H—FEy— FE3s+ 89— 87
w H—-FE - FE, (3.93)
e1 Ey
es E,
es E3

The Stanley-Reisner ideal of Pg, is given by

SR = {uw, uey, uv, e1ea, €10, €1€3, WU, Wes, €2€3} . (3.94)
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Using (2.23) the hypersurface equation for X, in the ambient space of the P;-fibration (3.1)
is obtained as

PRy = 82616§U2’U + 33ege§u02 + 856%6311,211} + sge1esesuvw

+s7esesvw + sgeequw? + sgereiwv . (3.95)

Here the sections s; take values in the line bundles shown in (3.8). We observe that (3.95)
can be obtained from (3.4) by the specialization s; = s4 = s19 = 0 and the map (3.92).

In total there are six rational sections of the elliptic fibration of Xz, with four of them
being linearly independent [41]. Their coordinates are

§0:XF7ﬂ{u:O} q0:1:1:s7:1: —s9],
S$1=Xp N{e1 =0}:[s7:1:—s3:0:1:1],
32:XF7ﬂ{62:0} 1 s5: :1:0:1
S3=Xp N{es=0}:[sg:—sg:1:1:1:0
Xp,N{v=0}:1:0:1:1:s5:—sg],
Xp N {w=0}:1:1:0:83:—s9:1],

9

]
]
} ’ (3.96)
]
]

where we choose §g as the zero section and the sections §,,, m = 1,2, 3, as the generators
of the MW-group of Xp,.

Using Nagell’s algorithm we compute the Weierstrass form (2.1) of (3.95). The WS-
coordinates of the section $1, §2 and §3 are given by (B.11), (B.12) and (B.13), respectively.
Furthermore, we can obtain the functions f and g from (B.1) and (B.2), respectively, by
setting s1 = s4 = s19 = 0. Since we do not find any codimension one singularity the total
gauge group of Xp is

Grp, =U(1)3. (3.97)

Thus we compute the Shioda map (2.5) of all rational sections $,,, m = 1,2, 3, as
0(8m) = Sm — So+ [KB] — 7(Sm - So) , (3.98)

where we use the following intersection relations:

7(Sy - So) =87, 7(S2 - Sp)
W(Sl'SQ):O, 71'(51 S)

0, Ss - S0) = 8o,
(S5 - S0) =S (3.99)
0 ﬂ'(SQ'Sg):O.

Using (3.98) and these intersection relations, together with (2.7), we compute the height
pairing (2.6) as
2[K5'1 4287 [K5'l+Sr [Kg'l+S87+ S
bom = —m(0(8m)a(3,)) = | [K3'1+S  20K5'1  [Kg'l+ S . (3.100)
[K5'1+ 81+ 8o [K5'1+ 8o 2[Kp5']+2Sg

mn

Next, we analyze the codimension two singularities of the WSF of Xr, to determine
the charged matter spectrum. We find ten codimension two singularities, which lead to the
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matter representations and the corresponding codimension two fibers in Xp, given in the
first and third column of table 13, respectively. Given all these codimension two fibers and
the positions of the rational sections, we readily compute the U(1)-charges using (2.13).
Here, the starting point of the analysis, that has led to the complete charged matter
spectrum in table 13, are the three complete intersections (2.14) evaluated for the three
rational sections §1, $o and S3. Then, we determine all their minimal associated prime ideals
using Singular [88], which precisely produces all the ten ideals I, (k), shown in table 13. We
note that the varieties V(I(k)), k =1,...,6, are precisely the loci where the six rational
sections given in (3.96) are ill-defined and have to acquire a fiber component.

The multiplicities of the charged hyper multiplets are presented in table 13. These have
been computed following section 2.3 as the homology classes of the respective codimension
two varieties V' (I()), k =1,...,10. In the cases where V(I()) is not a complete intersec-
tion, the multiplicities are calculated using the resultant technique similarly as described
in section 3.3.3.

To complete the matter spectrum of Xp we compute the number of neutral hyper
multiplets from (2.11) using the Euler number x(Xp,) given in (C.1). It reads

Hpeut = 15+ T[K5"? = 2[K5"|S7 + 287 — 2[K5'|Sg — 25789 + 253 . (3.101)

We note that there are T' tensor multiplets and V' = 3 vector multiplets. These results
together with the charged spectrum in table 13 and (3.101) as well as the height pair-
ing (3.100) allows us, following appendix A, to check cancelation of all 6D anomalies.

To conclude this section we analyze the codimension three singularities of the WSF of
Xp,. This determines the Yukawa points in a compactification to 4D. The geometrically
allowed Yukawa couplings of X are given in table 14. Here we confirm the presence of each
Yukawa coupling by checking that the intersection of the relevant varieties is codimension
three in B.

3.4.2 Polyhedron Fg: Gp, = SU(2)? x U(1)

In this section, we consider the elliptically fibered Calabi-Yau manifold X, over an arbi-
trary base B and with general elliptic fiber given by the elliptic curve € in Pg,. In figure 12
the toric diagram of Fg and of its dual polyhedron are depicted. For brevity, we have set
e; = 1, Vi, in the monomials that are associated by (2.23) to the integral points of the dual
polyhedron. The toric variety Pg, is P2, cf. section 3.1.2, blown-up at three non-generic
points. The blow-down map reads

U — ele%egu, v — e, w—e3w. (3.102)
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Representation Multiplicity Fiber Locus

(2[K5" — So)
1,10 )
x([Kg']+ 87— So)
. el - &)
OO (2[5 - &)
1211 57([K]§1] + 87— 89)
2(K5" - S7)
Lo,1,1) )
X([KB | =87+ 8y)
1 o-1,-2) S78q
LCRE) So([K5' — S7+ So)

2[K ' (4[K 5] — 287 4 So)
B . V(I(7)) = {s358 —s557 =0
1100 —2(2[Kp'| - &7)
(1.0,0) B 5952 — 558658 + s259 = 0}
< ([K5] - S7 + So) s b
1 Q[Kgl](Q[K_l] - S7 + 289) V(I(g)) = {8388 — 8959 =0
©0.1) —289([K_1] - S7 4+ Sg) 5553 — 865889 + 878% = 0}
Lo Q[Kgl]([Kgl} + 87 V(I(g)) = {s587 — 8259 =0
. -I—Sg) — 25789 5353 — 868789 + 8%88 = 0}
V(Iaoy) == {s3s587 + s3s2
1 4[K§1]2 + Q[Kgl](87 +Sy) —89583858¢ + 8%8388 =0
(LLD +2(—S72 + S789 — Sg) 525%59 + 535§58

— 59555658 + s%s% =0}

Table 13. Charged matter representations under U(1)? and corresponding codimension two fibers
of XF7.



Yukawa Locus

111,00 L0,-1,0) - 1(1,0,0) sg=s83=s85=0
L1110 - 120 - 1a00) sy =s83=s57=0
1(1,1,0) - L0,0,1) - 1(1,1,1) S = S3 = S555 — 56589 + 5755 =0
10,-1,0) - L0,1,1) - L0,0,1) sy =85=253=0

e el o2 2. _
1,100  L,01) - L,1,1) | 52 = 85 = $355 — 65759 + 5758 =0

121,1) - 1(—2,-1,-2) - L0,0,1) s3=s7=289=0
T a0 - 1a S3 = S7 = $28% — S55658 + SEsg =0
Lo, - T2 - 1a,00 s5 =83 =89 =10
12-1,-2) 11,2 11,00 s7 =58 =59 =0

2 2
12 1,2y L(1,01) - L,1,1) | 87 = S9 = S355 — 28586 + 5388 = 0

T el 2 2. _
11,1,2) - L0,0,1) - 1(1,1,1) 58 = 89 = 8387 — 525356 + 8355 = 0

8283 + s%sg — Sgs7Sgsg =0

1(1,0,0) - L0,0,1) - (1,01 $355 — Ses7S9 + 5355 =0

555 — 565889 + 5755 = 0

Table 14. Codimension three loci and corresponding Yukawa couplings for Xz, .

w3
€9 u €3
2
uw

u?v

€1
w w?u

v2u

v

Figure 12. The toric diagram of polyhedron Fyg and its dual. The zero section is indicated by the
dot.

The homogeneous coordinates on the fiber after this blow-up are [u : v : w : ey : e3 : e3]
and take values in the line bundles associated to the divisors given by:

Section Divisor class
u H—FEy — Ey— Es+ Sy + KB
v H—-FE -85 +8
w H — Ej (3.103)
el Ey - E,
€9 E2
€3 E3
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- 2 ‘
[u] DTU(Z)I [61] DiqU(z)2

Figure 13. Codimension one fibers of Xp, at sy = 0 and ss = 0 in B. The crosses denote the
intersections with the two sections.

The Stanley-Reisner ideal of P, reads
SR = {uw,uv, uey, e3v, eze1, eze2, wey, wea, ves} . (3.104)

Using (2.23), the hypersurface equation for X g, in the ambient space (3.1) with F; = Fg is

Pry = sle%eéegug + 826%6363’[1,2?1 + sw%e%uvz

—|—55ele§e§u2w + sgerezesuvw + srervw + 886§UM2 , (3.105)

where the classes of the sections s; are given in (3.8). We note that restriction of (3.4) as
sy = sg = s1p = 0 and application of the map (3.102) also leads to (3.105).
There are two rational sections of the fibration of Xg,. Their coordinates are

So=Xp N{ea=0}: [s7:1:1:—s5:0:1],

. (3.106)
S$1=Xp, N{es=0}: [sr:1:—s3:1:1:0],

where we choose §( as the zero section.

We compute the Weierstrass form (2.1) of (3.105) using Nagell’s algorithm. The WS-
coordinates of the section §; are given by (B.8) after setting s4 = s9 = 0. Additionally, the
functions f and g take the form of (B.1) and (B.2), respectively, after setting sq4 = sg =
s10 = 0. This allows us to find all codimension one singularities of the WSF of Xp,. We
find two I»-singularities over the divisors SgU(z)l = {s7 =0}NB and S§U(2)2 ={ss=0}NB
in B. Along these divisors the constraint (3.105) factorizes as

SU(Q)I : DPFy ‘57:0 =Uu-qz,

(3.107)
SU(2)2 : ng‘SSZO = 61 : q3 N

Here g2, g3 are the polynomials of degree n in [u : v : w] that remain after factoring out
u and ej, respectively. These are clearly Io-fibers, cf. figure 13, giving rise to two SU(2)
gauge groups. In summary, the gauge group of Xp, is

Gr, = SU((2)2 x U(1). (3.108)
Similar as in section 3.3.3, we obtain the classes of the SU(2) Cartan divisors in Xpg,
given by
SU(2 SU(2
DY = [sr] ], DY = [ss] ~ fea). (3.109)
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This allows us to compute the Shioda map (2.5) of the section §; as

1
o(51) = S1 — So + [Kp] + §DfU(2)2 : (3.110)

where we use that the two sections in (3.106) do not intersect, implying 7 (S - Sp) = 0, and

S, -V g 0Y@2 g

—Q1 Y —Q1 Y

(3.111)

which follows from figure 13. We compute the height pairing (2.6) of §; using (2.7) as

by = ;[K;} + %87 - %89. (3.112)

In order to determine the charged matter spectrum we analyze the codimension two sin-
gularities of the WSF of Xf,. For the singlets we compute the associated prime ideals of the
complete intersection (2.14) associated to §;. We find seven codimension two singularities.

Five of these lead to the matter representations and the corresponding codimension
two fibers in X g, given in the first and third column of table 15, respectively.

The representations under G g, have been determined following the general procedure
outlined in section 2.3. The remaining two loci, sy = 52—48388 =0and sg = 8%—48587 =0,
support Type 1] singularities, which do not lead to additional matter.

We note the following subtlety. The fiber supporting the matter in the representation
(2,1)o is non-split in the sense of [61].2° This means that the constraint (3.105) of the
elliptic fiber at the codimension two locus V(I (4)) does not fully factorize, as one expects,
over the field K of meromorphic functions on B. It only factorizes in a field extension
where certain square roots of the coefficients s; are allowed. In fact, the fiber we obtain
at the locus V(Iy) allowing only for factorizations in K is a line and a singular conic.
However, a singular conic describes two lines, i.e. the conic has to be factorized into two
linear constraints describing two lines. This factorization requires introducing square roots
of some combinations of the s;. Geometrically, this means that these lines are interchanged
by a codimension three monodromy (that occur only on threefold bases B).26 The two lines
of the non-split fiber that are interchanged by this monodromy are the dashed P'’s in the
fourth row of table 15.

The multiplicities of the charged hyper multiplets are presented in table 15 in the
second row. These have been computed following section 2.3. Since the locus of the
representation (1, 1); is not a complete intersection we compute its multiplicity as described
in section 3.3.3 by subtraction of the locus V ([, (3)) with its appropriate order.

The number of neutral hyper multiplets completes the matter spectrum of Xg,. It is
computed from (2.11) using the Euler number (C.1) of Xp, and reads

Hpent = 15 + 11[K5'|? — 5[K5']S7 + 357 — 4[K 3']Sg — 25789 + 255 . (3.113)

Z5We note that non-split fibers at codimension two are not classified.

26We thank Dave Morrison and Ron Donagi for explanations related to non-split codimension two fibers
and singular conics. We also thank Sakura Schéfer-Nameki and Craig Lawrie for explaining to us the
corresponding box graphs [90].
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Representation Multiplicity Locus
(2,2)-1/2 Si([K5'] = 1+ So) V(I == {s7 =ss =0}
le1]
1 V(I(g)) = {Sg =0
2([Kp'] = S+ So) - s o
(1,2)12 . $58% — 52538586 + 51535§ + S55557
B[KE ] —So) -
" —251838557 — S1528657 + 8157 = 0}
(2,11 St([K5'] + 87— So) V(l3) :={ss = s7 =0}
V() ={s7=0
(2, 1)0 87(5[[(%1} - S7 — 89) 838% — S98586 + S1S§
45358 — 4515358 = 0}
V(1)) := {s3s6 — s2s7 =0
6157 + 3[K'17 v :
(1,1) ) ) ) s7(—5256 4 25157) + 53(s5
-8 — 5[K5'1So + S5 )
—2s557) + 25358 = 0}\V ({(3))
—1
(3,1)0 148K Figure 13 s71=0
1+ S9—57
(1,3)o 2 Figure 13 ss =0
x([Kp'] = 81+ So)

Table 15. Charged matter representations under SU(2)2xU(1) and corresponding codimension

two fibers of Xg,. The adjoint matter is included for completeness.

The base-dependent number T of tensor multiplets is given by (2.17) and we have V = 7.

Finally, we use this together with SgU(Q)l = St 8§U<2)2 = 88, (3.112), the charged spectrum
in table 15 and (3.113) to check cancelation of all 6D anomalies in (A.1).

To obtain the Yukawa points in a compactification to 4D we analyze codimension three
singularities of the WSF of Xg,. All Yukawa couplings of the charged matter spectrum of

XFy are given in table 16. Clearly, all relevant loci here are codimension three.
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Yukawa Locus
(2,2) 1/2-(1,2)1/2-(2,1) sg =57 =253=0
(2,2)_1/2- (1,2)1/2- (2,1)0 S = 87 = S25% — 518556 + S052 =0
(2,1)1-(2,1)9-(1,1); S7 = S2 = —$18556 + S05& + 5158 =0
(2,2) 172 (2,2) 12 (1, 1)1 56 =57 =253=0
(1,2)12-(1,2)1/2- (1,1)1 | 53 =0= 8156 — 255 = 5157 — 8355 = 5257 — 5356

Table 16. Codimension three loci and corresponding Yukawa couplings for Xp,.

U €1 ud 2w
w UVW
€2 2
u“v vw?
€3 2 2
v vTu V7w

Figure 14. The toric diagram of polyhedron Fy and its dual. The zero section is indicated by
the dot.

3.4.3 Polyhedron Fy: Gp, = SU(2) x U(1)?

Here, we consider the elliptically fibered Calabi-Yau manifold X, over a base B and with
general elliptic fiber given by the toric hypersurface Cg, in Pg,. The toric data of Pg,
is depicted in figure 14. Here the polyhedron Fy along with a choice of homogeneous
coordinates as well as its dual polyhedron is shown. For brevity, we have set e; = 1, Vi,
in the monomials associated to the integral points of the dual by (2.23). The toric variety
P, is obtained from P2, cf. section 3.1.2, by the three non-generic blow-ups

U — e1ege3U, W —>ew, vV — 626%’0. (3.114)

After these blow-ups the homogeneous coordinates on the fiber are [u: v :w:ej:eg: €3],
which take values in the line bundles associated to the divisors:

Section Divisor class
U H — Ey — Ey+ S + [Kp]
) H—FEy— E3+ 89 — &7
w H-FE; (3.115)
€1 E1
€9 E2 — E3
es Es

The Stanley-Reisner ideal of Pg, then reads

SR = {uw, uv, ues, e1v, e1e3, e1€2, wes, weg, Ve } . (3.116)
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Figure 15. Codimension one fiber of Xr, at s9 = 0 in B. The crosses denote the intersections
with the sections.

Using (2.23) the hypersurface equation for Xp, in the ambient space (3.1) with F; = Fy is

PRy = sle%egegu:}’ + Sgelegegu% + 83€§€§u1}2

+55e%62u2w + sgeresesuvw + 37ege§v2w + 59€1Uw2, (3.117)
where the divisor classes of the sections s; are given in (3.8). We see that (3.117) can also
be obtained from (3.4) by the specialization s4 = sg = s190 = 0 and the map (3.114).

There are four rational sections on Xg, with one linear relation between them. Their
coordinates are

§0:XF9ﬂ{u:0}:
:XF90{63=0}2

0:1:1:87:—s9:1],
[1 ss:1:1:-s9:0], (3.118)
[ ]
[ ]

So=Xp,N{e1=0}: [s7r:1:—s3:0:1:1],
ngm{’u:()}i 1:0:s7: —85
We choose §y as the zero section and §,,, m = 1,2, as the generators of the MW-

group of Xp,.

Employing Nagell’s algorithm we compute the Weierstrass form (2.1) of (3.117). The
WS-coordinates of the sections §; and $3 are given by (B.9) and (B.10), respectively, after
setting the appropriate sections s; to zero. To get the functions f and g we specialize (B.1)
and (B.2) as s4 = sg = s10 = 0. Using f and g we can compute the discriminant A to find
all codimension one singularities of the WSF of Xp,. We find one Iy-singularity over the
divisor SSU(2) = {s9 =0} N B in B. Along this divisor the constraint (3.117) factorizes as

SU(2) : pF9|89=0 = €2-°4g3, (3119)

where g3 is the polynomial that remains after factoring out es. This is an Is-fiber, cf. fig-
ure 15, giving rise to an SU(2) gauge group. In summary, the gauge group of Xp, is

Gr, = SU(2) x U(1)2. (3.120)
Similar as in section 3.3.3, we compute the divisor class of the Cartan divisor as
Dy = [sg] — [ea] = [so] — B + Ej. (3.121)

Employing this we obtain the Shioda map (2.5) of the sections as

1
0(8m) = Sm — So + [KB] = 6m257 + §5m,2D1 . (3.122)
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Here Sy, S, denote the divisor classes of the sections 8y, $,,, m = 1,2, respectively, and
we used the relation

Sp - Cay =0ma,  (So-Sm) =0maSr,  w(Si-S2) =0, (3.123)

which can be deduced from figure 15 and the coordinates (3.118) of the sections, respec-
tively. Using these relations and (2.7), we compute the height pairing (2.6) of the §,, as

2K ! K1+ S
bmn—< Kl Kl 5 ) . (3.124)
[Kp'l+ 81 2lKp" +28 - 38/,

Turning to the charged matter spectrum we analyze the codimension two singularities
of the WSF of Xpg,. The matter in non-trivial representations of the non-Abelian part
of G, follows directly from the discriminant with s9 = 0, whereas the charged singlets
are most easily seen from the primary decomposition of the complete intersections (2.14)
corresponding to the two sections §1, S2, respectively. We find eight codimension two
singularities. Seven of these lead to the matter representations and the corresponding
codimension two fibers in Xp, given in the first and third column of table 17, respectively.
Here, the corresponding representation under the gauge group are determined following
the general procedure explained in section 2.1. At the remaining locus sg = sg —4s557 =0,
the fiber is of Type 11, cf. the discussion in section 3.3.3. Thus it does not support any
additional matter.

We note that at the locus V/(I()) the linearly dependent section in (3.118) is singular.
At the locus V([(7)) corresponding to matter in the representation 2, _;/9) the elliptic
curve (3.117) does not naively factor into three rational curves. To correctly derive its
splitting one needs to compute the associated prime ideals of the elliptic fiber at this locus.
We find three ideals corresponding to three rational curves, which indeed intersect as an
I3-fiber.

The multiplicities of the charged hyper multiplets are presented in table 17. These
have been computed following section 2.3. The multiplicities of V' (I(3)) and V/(I(4)) must
be calculated by appropriately subtracting the multiplicities of the loci V'(I(y)), V' (I(5)) and
V(I (6)), respectively, as described in section 3.3.3 and indicated in table 17.

We complete the matter spectrum of Xp, by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number x(Xg,) given in (C.1). It reads

Hyent = 15+ 11[K5')* — 4[K5")S7 + 257 — 6[K5']So + 255 . (3.125)

The number of tensor multiplets 7' can be obtained by (2.17) and we have V = 5 vector
multiplets. To check that the anomalies are canceled we use SgU(Q) = {sg = 0}, (3.124),
the charged spectrum in table 17 and (3.125), following the discussion in appendix A.

We conclude this section by analyzing codimension three singularities of the WSF of
XF, determining the Yukawa points in a compactification to 4D. In table 18 all geometri-
cally allowed Yukawa couplings of the charged matter spectrum of Xp, are given.

— 60 —



Representation Multiplicity Locus
1(1’2) S7([K§1} + S7 — Sg) V(I(l)) = {57 = 83 = 0}
2Kz -8
1(1’0) ( [713 } 7) V(I(Q)) = {55 = 81 = O}
BIKg =8 = 8)
(B[K3'] - So)
B V(I)) = {5952 + 5259 — 535657 =0

Lo, ><(2[KBl} + 2857 — &) a s5s3 — s7s1 = ON\V (I(1))

—25:([K5'] + 87 — So) :
V(I(4)) := {s2595% + 5353

1 G[KglP + [Kgl} —53565957 — 5585 = 0

(.1 X (487 — 289) — 252 518987 + S5(8389 — s786) = 0}
\(V({1) WV (I5) UV (L))
2(,1’,1/2) Sg(Q[Kgl} - &7) V(I(5)) = {s9 = s5 =0}
2(1’3/2) 5789 V(I(G)) = {Sg = 87 = 0}
V(I(7)) = {89 =0
2.2
1 s55% + s3(—s68285
20.-1/2) 255(3[Kp ] = o) —&—5%51 — 2578551) + s7(s3s5
—868251 + s75%) = 0}
3(0,0) 1+ Sgw Figure 15 $9 =0

Table 17. Charged matter representations under SU(2)xU(1)? and corresponding codimension

two fibers of Xp,. The adjoint matter is included for completeness.

3.4.4 Polyhedron Fjo & the generalized Tate form: Gr, = SU(3) x SU(2)

The elliptically fibered Calabi-Yau manifold X, is constructed as the fibration of the
elliptic curve £ in P, = P%(1,2,3) over an arbitrary base B. Thus, the generic fiber in
Pp, is just the elliptic curve £ in the Tate form of the WS equation (2.1), however, with

non-trivial coefficients in front of the terms 2% and y?, that are usually set to one.

The toric data of Pg, is encoded in the polyhedron Fig, that is shown along with a
choice of homogeneous coordinates and together with its dual polyhedron in figure 16. In
the dual polyhedron, we have set e; = 1, Vi, in the monomials that are associated to its
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Yukawa Locus
11,0 - 1o - T11) S1 = S5 = $25% + 5559 — S38657

T(0,1) - 2(=1,-1/2) - 2(1,3/2) s5 =s7 =289 =0
11y 2(21,-1/2) - 200,-1/2) 85 = Sg = §7(s358 + 157 — s28657) = 0
1(1,0) - 2(1,-1/2) - 2(0,-1/2) s5 =89 =351 =0

112y - 2(1,3/2) - 2(0,-1/2) s7 =89 =s83=0

Ty - 201,3/2)  2(0,-1/2) s7= 59 = 55(s352 + 515§ — 525556) = 0
2(0,—1/2) " 2(0,—1/2) " L(0,1) | S9 = 257 — 356 = S157 — S355 = S156 — S255 = 0

Table 18. Codimension three loci and corresponding Yukawa couplings for Xp,.

el w 2

e u?y | UYW

€3 Uu u“w wu

Figure 16. Polyhedron Fjy and its dual. The zero section is indicated by the dot.
integral points by (2.23). We obtain Pr,, = P?(1,2,3) by blowing-up P2, see section 3.1.2,
in the following way:

U — ejedesu, v — ejegesv. (3.126)

After these blow-ups, the homogeneous coordinates on the fiber are [u: v :w:ej: ey : €3]
and take values in the line bundles associated to the divisor classes given by:

Section Divisor class
U H—FEy — Ey— Es+ Sy + [KB|
v H—FE+ 8y — 87
w H (3.127)
el By — Es
() FEy — Es
€3 ES

The Stanley-Reisner ideal of Pg,, reads
SR = {uey, uei, uv, egeq, esv, e3w, €av, 2w, e1w} . (3.128)

Employing (2.23) we obtain the hypersurface equation for X, in the ambient space (3.53)
with general fiber given by P?(1,2,3) given by

2.3 2

2.4 6,3 4,2 2.2 2
PFo = S1€1€2€3U” + S2e7€5e3U"V + S3€]ese3uv

+S4€%€27)3 + S5ele%e§u2w + sgeqesesuvw + sguw? . (3.129)
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Here the sections s; take values in the line bundles associated to the divisor classes shown
in (3.8). The hypersurface equation (3.129) can also be obtained by the specialization
s7 = sg = s1p = 0 and the map (3.126) applied to (3.4).There is one rational section of the
fibration of Xp,,. Its coordinate is

So0=Xp,N{es=0}: [sa:1:1:1:-s3:0]. (3.130)
Since this is the only section we naturally choose it as the zero section.

Comparison with the Tate form

Before proceeding with the analysis of Xp,,, let us pause to compare with the standard
elliptic fibration with fiber in P2(1,2, 3), that is the Tate form. We emphasize that (3.129)
describing X, can be viewed as a two-fold generalization of the standard Tate form of an
elliptic fibration studied e.g. in [2, 3, 91] , which is produced in the special case sg = 1 and
S4 = 1.

First, we identify the usual projective coordinates [z : x : y] on P2(1,2,3) and the Tate
coefficients a;. They read

z=e3, T=0, =w,
’ Y (3.131)

alr = Se¢, as = 83, as = Sy, as = Sg, ag = S1 -

Using this, we see that (3.129) is indeed in Tate form. However, we note that there are
two additional coefficients, namely sg and s4, that do not have an analog in the standard
Tate form, because they correspond to the coefficients of 2 and 23, that are typically set
to one. As we see below, at the vanishing loci of these sections we find a SU(3)- and a
SU(2)-singularity, respectively. Thus, allowing for non-trivial sy, ss, is the first of the two
aforementioned generalizations of X, compared to the standard Tate form.

In addition, consistently imposing s4 = sg = 1 fixes the degrees of freedom in construct-
ing the fibration of the elliptic curve Cr,, over the base B. Indeed, setting s4 = sg =1
requires their divisor classes to be trivial, [sg] = 0, [s4] = 0. This fixes S; and Sy according
to (3.8) as

S = [Kpl,  So=28:=2[Kp|. (3.132)

Thus, the fibration Xp,, is completely fixed in terms of the canonical bundle Kp of the
base B. As we see from (3.127), the coordinates u and v transform as a section of the
line bundles K % and Kp, respectively. Using the C*-action on Pp,, this is equivalent,
employing (3.131), to

v € Op([K5"]), e Op(K5%). (3.133)

Thus, we see that by relaxing s4 = sg = 1, we also get more freedom, parametrized in the
divisors S7 and Sy, in constructing the fibration of Cr,, over a given base B. This is the
second generalization of Xg, in contrast to the standard Tate model.
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Figure 17. Codimension one fibers of Xp,,. The crosses denote the intersections with the zero
section.

Higher codimension singularities & the spectrum of F-theory on Xg,,

We consider in the following the most general elliptic fibration X, with general, non-
trivial coefficients s4 and sg. In order to compute the Weierstrass form (2.1) of the general
hypersurface equation (3.129) we apply Nagell’s algorithm. After setting s7 = sg = s19 =0
in (B.1) and (B.2) we obtain the functions f and g. From this we compute the discriminant
A to find all codimension one singularities of the WSF of Xr,,. We find one Ip-singularity
over the divisor S§U(2) = {s4 = 0} N B in B and one I3-singularity over the divisor
Sé’U(3) = {ss =0} N B in B. At the singularities the constraint (3.129) factorizes as

SU(2) : priglsa=0 =u-q2,

(3.134)
SU(S) : me‘Ss:O = €1€2 - (g3,

where ¢o and g3 are the remaining polynomials after factoring out u and ejes, respectively.
The reducible fibers at these loci are depicted in figure 17. Thus, the total gauge group of
X Fio is

Gr,, = SU(3) x SU(2). (3.135)

The divisor classes of the corresponding Cartan divisors can be calculated in a similar
fashion as in section 3.3.3. We obtain the classes

DY = [si) —lul, DYV =fea], D" = [ss] - fea] — [ea]. (3.136)
Next, we turn to the charged matter spectrum, which is obtained by analyzing the
codimension two singularities of the WSF of X . All loci of codimension two singular-
ities directly follow from the behavior of the discriminant and the representation content
under the gauge group G, is determined following the general procedure outlined in sec-
tion 2.1. We find five codimension two singularities. Three of these lead to the matter
representations and the corresponding codimension two fibers in Xp,, in the first and third
column of table 19, respectively. We note that the fiber corresponding to matter in the
representation (2,1) is non-split, cf. the discussion in 3.4.2. The two nodes that are iden-
tified by codimension three monodromies are drawn with dashed lines in table 19. At the
locus s4 = s2 —4s3ss = 0 the fiber is of Type I1T and at the locus sg = sg = 0 it is of Type
IV, i.e. the fiber is a degeneration of the I3-fiber at the locus sg = 0, where the three P!’s
intersect in one point. Thus both loci do not support any additional matter. The matter
in the adjoint representations has been added to table 19 for completeness.
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Representation Multiplicity Locus
([Kg'] = Sr+ So) {s4=s3 =0}
(257 — Sy) V)= tea=0=
(2,1) — 5352 + $95556 — 5152
K5 — 8 — S MR
(U5 - 57— ) -
258 + 4818388}
V(I ={sg =0
(K" — 87+ S) ) = tos
(17 3) 8483 - 538286
(6[K5'] — 87 — So) y
" +59855% — s158 = 0}
[e2]
287—So—[K 7]
1 B
(3,1) + 2 Figure 17 s1=10
x (287 — So)
1 4 Se=57
(1,8) T 2 Figure 17 s =0
X([Kg'] — S7+ So)

Table 19. Charged matter representations under SU(3)xSU(2) and corresponding codimension
two fibers of Xr,,. The adjoint matter is included for completeness.

In the second column of table 19 the multiplicities of the charged hyper multiplets are
presented. They have been computed following section 2.3, directly from the classes of all
varieties V (Iy), k = 1,2,3. This is straightforward, employing (3.8), as these varieties are
irreducible complete intersections.

Finally, the number of neutral hyper multiplets is computed from (2.11) using the
Euler number (C.1) of Xp,,. It reads

Hpeut = 15 + 11[K5']? — 6[K5']S7 + 657 — 3[K 5']Sg — 65789 + 355 - (3.137)

The number T of tensor multiplets is given by (2.17) and we have V' = 11. We check that
all 6D anomalies, cf. appendix A, are canceled using Sé’U@) ={s4 =0}NB, SgU(s) = {sg =
0} N B, the charged spectrum in table 19 and (3.137).

We conclude this section by the analysis of codimension three singularities of the
WSF of X, and the corresponding Yukawa points in compactifications to 4D. We find
one possible Yukawa coupling of the charged matter spectrum of X, which is given in
table 20.
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Yukawa Locus
(2,3)-(2,1) - (1,3) | s4 =58 =0 = 8352 — 598556 + 5153
(2,3)-(2,3)-(1,3) sS4 =86=s83=0
(1,3)-(1,3)-(1,3) s5 =8¢ =583 =0

Table 20. Codimension three loci and corresponding Yukawa couplings for X, .
eq

2 uvw

§ el
€2
w
v2w
v

€3

vw

Figure 18. The toric diagram of polyhedron Fj; and its dual. The zero section is indicated by
the dot.

3.5 Fibrations with gauge groups of rank 4, 5 and no MW-torsion

In this section we analyze toric hypersurface fibrations based on the fiber polyhedra Fii,
Fio and Fiy. These are the fibrations that give rise to F-theory models with simply-
connected gauge groups of maximal rank among all toric hypersurface fibrations, that is
four and five. Most outstanding here is Xp,, that exhibits the gauge group and the matter
representations that coincide precisely with that of the Standard Model.

3.5.1 Polyhedron Fii: Gg,, = SU(3) x SU(2) x U(1)

We construct an elliptically fibered Calabi-Yau manifold Xz, with an arbitrary base B and
general elliptic fiber given by the elliptic curve £ in Pp,,. The toric data of Pp,, is encoded
in figure 18, where the corresponding polyhedron Fi1, a choice of homogeneous coordinates
as well as its dual polyhedron Fg are shown. In the monomials that are associated to the
integral points of Fy according to (2.23), we have set e¢; = 1, Vi, for brevity of our notation.
Starting from P2, we obtain the toric variety Pr,, as a blow-up at four non-generic points.
The blow-down map reads

U — elegegeiu, w — ejeqw, vV — egegv. (3.138)

After these blow-ups, the homogeneous coordinates on the fiber, given by [u: v : w: e :
e : e3 : 4], take values in the line bundles associated to the following divisor classes:

Section Divisor class
U H—El—EQ—E4+89+[KB]
v H—Fy— FE3+ 89— 57
v H =5 (3.139)
e1 By — Ey
e Es — E3
€3 Es
e4 Ey
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The Stanley-Reisner ideal of Pr,, can be read off from figure 18. It is given by
SR = {uey, uw, uv, ues, e4w, e40, e4€3, €4€2, €1V, €1€3, €1€2, WE3, We, Ve } . (3.140)
We obtain the hypersurface equation of Xp, in the ambient space given by the Pp,, -

fibration (3.1) either by applying (2.23) or by specializing (3.4) as s4 = s7 = sg = s10 =0
and applying the map (3.138). It reads

Pr, = 816%6%6363"&3 + SQele%egeiu% + 836%6%1[[)2 + 85e%ezeiu2w

3.141
+ sgeresesequvw + 8961Uw2 , ( )

where the sections s; take values in the line bundles associated to the divisor classes in (3.8).
The elliptic fibration Xz, has three rational sections. Two of these are linear indepen-
dent, that means the MW-group of X, has rank one. The coordinates of the sections read

So=Xp,N{v=0}: [1:0:s1:1:1:—s5:1],
Xp,N{es=0}: [l:ssg:1:1:—s9:0:1], (3.142)
$1=Xp,N{ea=0}: [sg:1:1:—s3:1:1:0],
where we choose 5y as the zero section and 51 as the generator of the MW-group.

The WSF (2.1) of (3.141) is computed using Nagell’s algorithm. The WS-coordinates
of the section §; are given by restricting (B.8) as s4 = s7 = sg = 0. The functions f and g of
the WSF can be obtained by setting s4 = s7 = sg = s190 = 0in (B.1) and (B.2), respectively.
Using that we calculate the discriminant A. This allows us to find all codimension one
singularities of the WSF of Xp,,. We find one Is-singularity over the divisor Sé’U(Q) =
{s3 = 0} N B and one I3-singularity over the divisor SgU(S) = {s9 =0} N B in B. Along
these divisors the constraint (3.141) factorizes as

SU(Q) : PFy; |83=0 = €1-°4g3,

(3.143)
SU(?’) : pFn’sg:O = eu - q2,

where ¢a, g3 are the homogeneous polynomials in [u : v : w| of degree two and three that
remain after factoring out e; and esu. The corresponding I»- and Is-fibers are depicted in
figure 19. In summary, the total gauge group of Xp,, is

Gr, =SU(3) x SU(2) x U(1). (3.144)
Following the path of section 3.3.3 we calculate the classes of the Cartan divisors as
DI = [ey], DIV®) =1[ey] D3V =[u]. (3.145)
This enables the computation of the Shioda map (2.5) of the section §;. It reads

1 1
o(81) = S1 — So + [Kp] + §D§U(2) +3 (DY 42DV | (3.146)

which follows since the section §; does not intersect the zero section, see (3.142), implying

F(Sl . So) = 0, (3.147)
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Figure 19. Codimension one fibers of Xr,,. The crosses denote the intersections with the two

sections.

and from the intersections of 59 and $; with the codimension one fibers in figure 19, yielding

S, -0V 1 5.8 — 5,05V — g (3.148)

—Q1 —Q1 —Q1
The data of the MW-group is completed by the height pairing (2.6) of §;. It is computed as

1 1
[K5') = 587 = S0, (3.149)

DO o

b1 =

where we use the universal intersection relation (2.7) as well as (3.147).

Next, we turn to the codimension two singularities of the WSF of Xp,, to calculate its
charged matter spectrum. Here, all representations under the gauge group are determined
using the methods outlined in section 2.1. The non-Abelian representations readily follow
from the discriminant, whereas the charged singlets are determined from the primary de-
composition of the complete intersection (2.14) for the section $;. Using this, we find seven
singularities in codimension two. Five of these lead to the matter representations and the
corresponding codimension two fibers in Xp,, given in the first and third column of ta-
ble 21, respectively. The remaining singularities at s3 = s% — 48959 = 0 and sg = sg = 0 are
of Type I11 and IV, respectively. Since they are just degenerations of the codimension one
fibers in figure 19 without additional P'’s, they do not yield further matter representations.
The adjoint representations in the last two rows of table 21 are shown for completeness.

The multiplicities of the charged hyper multiplets that are presented in table 21 are
straightforwardly computed from the homology class of all complete intersections V(1 (k)),
k=1,...,5.

We complete the matter spectrum of Xg, by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number x(Xf,,) given in (C.1). It reads

Hpewt = 16 + 11[K 51 — 4[K31S7 + 282 — T[K 5] So — S7S9 + 353 . (3.150)

There are T' tensors computed by (2.17) and we have V = 12 vector multiplets. Using
S§U(2) = {s3 =0}, SgU(?)) = {sg9 = 0}, (3.149), the charged spectrum in table 21 and (3.150)
we check cancelation of all 6D anomalies in (A.1), following the discussion of appendix A.

We conclude our analysis with the Yukawa couplings of the charged matter spectrum of
XF,,, corresponding to the codimension three singularities of its WSF. All Yukawa points
of Xp,, are presented in table 22.
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Representation Multiplicity Splitting Locus

(3,2) 16 So([K5'l+ S7— So)

([K5']+ 87— So) V(L) :={s3=0
(1a 2)1/2 1 2
(6]K5"] — 287 — S9) s28% + s1(s189 — s556) = 0}
(3, 1)_2/3 Sg(Q[Kgl] - 87) V(I(g)) = {85 = S9 = 0}

V(I4)) = {s9=0

(3,1) So(5[K5'] — Sr — So)
1/3 B 5353 + s6(s156 — s255) = 0}

(K5l -8
(1, 1)_1 ( [,13 ] 7) V(I(5)) = {51 = 85 = O}
BIKp] — 87— S5)
(8,1)p 1+ 89% Figure 19 s9=0
1 4 S1=50
(1,3)0 T Figure 19 s3 =0

x([Kp'] + 87— )

Table 21. Charged matter representations under SU(3) x SU(2) x U(1) and corresponding codi-
mension two fibers of X ,. The adjoint matter is included for completeness.

3.5.2 Polyhedron Fia: G, = SU(2)? x U(1)?

In this section, we analyze the elliptically fibered Calabi-Yau manifold X, with base B
and general elliptic fiber given by the elliptic curve £ in Pp,. The toric data of Pp,
can be extracted from figure 20, where the fiber polyhedron Fis together with a choice of
homogeneous coordinates as well as its dual polyhedron are shown. As before, we have set
e; = 1, Vi, in the monomials associated to the integral points of F5 by (2.23). The toric
variety P, is P2 blown-up at four non-generic points. In our conventions, the blow-down
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Yukawa Locus
(8,2) 176 (3,1) 93 (1,2)1/2 53 =155=259=0
(3,2)_1/6- (3,1)1/3- (1,2)1/2 | s3==59 =0 = 5156 — 5255
(8,1) 9/3-(3,1)1/3-(1,1)_1 s1=85=59=0
(8,2) 16 (3,2) 176 (3,1)1/3 53 =259 =256=0
(1,2)1/2-(1,2)12- (1,1)1 51 =85 =53 =0
(3,1)1/3-(3,1)1/3-(3,1)_93 55 = 56 = S9

Table 22. Codimension three loci and corresponding Yukawa couplings for Xp,, .

U e1 e4 ud u?w

es w UVW )
w2 vw

€3 v v2w

Figure 20. The toric diagram of polyhedron Fjs and its dual. The zero section is indicated by the
dot.

map takes the form
u — eregezequ, W —> elezw, v — egegv, (3.151)

so that the homogeneous coordinates on the fiber after this blow-up are [u:v:w:ej:e2:
es : e4]. In the total space of the Pp,,-fibration constructed as in (3.1), these coordinates
have the divisor classes given by:

Section Divisor class
u H—Ei — Ey+ Sy + [Kp]
v H—FEy— FE3+ 89 — &7
H—-—F —FE
v - (3.152)
e1 Ei - Ey
€2 E2 - E3
es E3
eq Ey
The Stanley-Reisner ideal of P, follows from figure 20 as
SR = {uey, uw, uv, ues, e1w, €10, €1€3, €1€2, €4V, €4€3, €4€2, WES, WE, Ve } . (3.153)
The hypersurface equation for X, can be obtained employing (2.23). It reads
DF, = sle%egegeufq’ + 82@1e§e§u2v + 85e%egeiu2w + sge1ezezequvw (3.154)

+ 57ege§v2w + 59eleﬁvw2 ,
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1 2 SU(2),
piUeh D;
[e2]

Figure 21. Codimension one fibers of Xg,. The crosses denote the intersections with the three
sections.

where the divisor classes of the sections s; are fixed by the Calabi-Yau condition as shown
n (3.8). We note that (3.154) can also be obtained from (3.4) by the specialization sz =
sy = sg = s10 = 0 and the map (3.151).

There are five rational sections of the elliptic fibration of Xp,,. Their coordinates are

§0:XF12ﬁ{u:0}2
§1:XF120{63=0}2

0:1:1:87:—s9:1:1],
[
§2:XF120{64:0}2 [
[
[

]

lisg:1:1:—s9:0:1],
1:1:89:—s7:1:1:0], (3.155)

Xp,N{v=0}: |1 ]

X, N{w =0} : ]

:0:s7:1:1:—s5:1
1:57:0:1:1:1:—s59],

)

where we choose §y as the zero section. Clearly, only three of these sections are linearly
independent. We choose 5; and $3 as the generators of the rank two MW-group of Xp,.

We compute the Weierstrass form (2.1) of (3.154) using Nagell’s algorithm. The WS-
coordinates of the sections §; and §p are given by (B.9) and (B.10), respectively, in the
limit s3 = s4 = sg = sj0 = 0. Similarly, we obtain the functions f and g from (B.1)
and (B.2) using this specialization. From this the discriminant A is readily computed.
The factorization of A shows the presence of two Iz-singularities in X, over the divisors
S§U(2)1 = {s7 =0}NB and S§U(2)2 = {s9 = 0}NBin B. At these loci, the constraint (3.154)
factorizes as

SU(Q)I : pF12|57=0 = €143,

, (3.156)
SU(2)2 : pF12|89=0 = €243,

where g3, ¢4 are the remaining polynomials after factoring out e; and e3. The corresponding
Ir-fibers are depicted in figure 21. In summary, the total gauge group of X, is

Gr,, = SU(2)? x U(1)%. (3.157)

Analogous to section 3.3.3, we obtain the divisor classes of the Cartan divisors of Xp,, as
SU(2 SU(2

D" = (o] = [e1], DYV = [sg] — [ea). (3.158)

Using these results, we compute the Shioda map (2.5) of the sections §,,, m = 1,2, as

1 1
0(8m) = Sm — So + [KB] + §5m,1DfU(2)1 + §5m,gD§U(2)2 : (3.159)
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Here Sy, S, denote the divisor classes of the sections §g, §,,, respectively, and we used
(S -S2) =7(S1-S0) =7(S2-50) =0, (3.160)
which follows directly from (3.155) as well as
S CO0N =50 S OO 5, (3.161)

which can be deduced from figure 21. Employing these intersection relations along
with (2.7), we obtain the height pairing (2.6) as

b (2[K§ | — 387 [Kp'] ) . (3.162)
(K5'l 20Kg'1—38)

To obtain the charged matter spectrum we analyze the codimension two singularities
of the WSF of Xp,. The corresponding representation under the gauge group are deter-
mined following the general procedure outlined in section 2.1. As before all non-trivial
representations of the non-Abelian part of G, are easily read off from the discriminant.
The charged singlets are obtained by the primary decompositions of the two complete
intersections (2.14) associated to the sections §; and S. We find ten codimension two
singularities, eight of which lead to the matter representations and the corresponding codi-
mension two fibers in Xp,, given in the first and third column of table 23, respectively. At
the remaining loci, namely sy = s% — 48989 = 0 and sg = s% — 4s5s7, we find Type I11
singularities and thus no additional matter, cf. section 3.3.3 for more details. We note that
the matter locus V(I(3)) agrees with the singular locus of the dependent rational section
in (3.155). For completeness, matter in the adjoint representation of G, is also given in
the last two rows of table 23.

The number of neutral hyper multiplets completes the matter spectrum of Xp,,. It is
computed from (2.11) using the Euler number (C.1) of Xp,. It reads

Hpews = 16 + 11[K5']? — 6[K 5"]S7 4 252 — 6[K 5']So + S7So + 2S5 . (3.163)

There are a base-dependent number 7' of tensor and V' = 7 vector multiplets. Finally, we
use SZS7U(2)1 = {s7 = 0}, SgU(2)2 = {s9 = 0}, (3.162), the charged spectrum in table 23
and (3.163) to confirm that all 6D anomalies in (A.1) are canceled.

We conclude with the list of all codimension three singularities of the WSF of Xp,
and the corresponding Yukawa points in table 24.

3.5.3 Polyhedron Fis: G, = SU(3) x SU(2)? x U(1)

Consider the elliptically fibered Calabi-Yau manifold Xr,, with base B and general elliptic
fiber given by the elliptic curve £ in Pg,,. In figure 22 the toric data of Pp,, is summarized
in terms of its polyhedron Fi4, a choice of homogeneous coordinates as well as its dual
polyhedron Fj with all monomials (shown in the patch e; = 1, Vi) corresponding to its
integral points. Note that Pf,, is the blow-up of P? defined by the blow-up map

U — e1egezeqesl, W — eleiegw, v —> egeg)v. (3.164)
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Representation

Multiplicity

Locus

(2,2)(1/2,1/2)

S7- 8y

V(I1y) = {s9 = s7 =0}

(1,2)(—1,-1/2)

Sy (2[K5'] - S7)

V(I(Q)) = {89 = S5 = O}

(2,1)(—1/2,-1)

S7- (2[K5'] — So)

V(I(d)) = {57 = S9 = 0}

(3[K5'] — Sy — S7)

(2(Kp'] — S7) v

- Dao (3[K§1f, S 757) | ] V(I(9) = {s5 = s1 = 0}
—1 . w

(1, 1)(071) Gl ]~ ) | } V(I(5)) = {s9 =51 =0}

(1,2)(0,-1/2)

Sy - (6[K5'] — 289 — S7)

V(I(G)) = {Sg =0

55,9% — S6S281 + 878% =0}

(2,1)(—1/2,0)

S7- (6|K5"] — So — 257)

V(7)) ={s7=0

5957 + S95% — sgs5s1 = 0}

2[K5']- B[K5"] — &)

V(I(g)) = {8982 — 8785 = 0

(1,1)q, _

(L) ~So - (2[K5"] — S9) 5951 — 8586 = 0}\V (I(2))
3,1 1+S;- _771]) s7=0
(8,1)(0,0) Sy - S
(1,3)(0,0 1+S8y- (So=lK5) s9 =10

( ) ) 2

Table 23. Charged matter representations under SU(2)2xU(1)? and corresponding codimension
two fibers of Xf,,. The adjoint matter is included for completeness.
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Yukawa Locus

(L, )0 - (1, 1) 00 (1, 1)1 sp=55=51=0

(1,2)0,-1/2) - (1,2)(—1,—1/2) - (1, )11y | 89 =55 =0, 8652 — 5751 =0

(2,1)(c1/2,-1) - (2,1)(c1/20) - (1, 1) 1,1y | 87 =52=0, 5159 — 5556 = 0

(2,2)(1/2,1/2) * (2, 1) (—1/2,0) " (1,2)(0,—1/2) | So = 87 =0, 5285 — 8651 = 0

(2,2)1/2,1/2)  (1,2)(—1,-1/2) - (2, 1) (—1/2,0) sg =57 =55=0
(2,2)1/2,1/2)  (1,2)(0,-1/2) - (2, 1) (—1/2,-1) sg=257=252=0
(2,2)(1/2,1/2) " (2,2)(1/2,1/2) - (1, 1) 1,1 sg =s7=359=0
(1,2)0,-1/2) - (1,2)(0,—1/2) - (1, 1)0,1) S1=52=289=0
(2,1) (1720 (2,1) (120 - (1, 1) (1,0 s1=s5=357=0

Table 24. Codimension three loci and corresponding Yukawa couplings for Xp,,.

U e €4 es ud ww
e uvw
w 1)’LU2
e
3 v V2w

Figure 22. The toric diagram of polyhedron Fj4 and its dual. The zero section is indicated by

the dot.

The homogeneous coordinates [u : v :w : ey :ex:eg: ey : es] on Pr, take values in the

line bundles associated to the following divisors:

Section Divisor class
u H - FE; — Ey+ Sy + [KB]
v H—FEy—FE3+S8y— 657
w H—F,— E,— Fs
€1 E1 — E4
€2 Ey — E3
€3 Es
€4 Ey — Ej5
€5 Es

The Stanley-Reisner ideal of Pp,, is given by

SR = {ue4, Uues, uw, uv, ues, €1€5, €1W, €1V, €1€3, €1€2,

€4W, €40, €4€3, €4€2, €5V, €5€3, €5€2, WEZ, WE?2, U€2} .
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3 Di@t:(z)2

Figure 23. Codimension one fibers of Xp,,. The crosses denote the intersections with the two
sections.

In order to find the hypersurface equation for Xp,, we either use (2.23) or specialize (3.4)
as sp = 83 = s4 = sg = s19 = 0 and apply the map (3.164). It reads

PRy, = 816%6%6364713 + 35e%egeie§u2w + sgereaeseqsesuvw + 37626%1}2111 + SQeleZeg’vw2 ,
(3.167)

where the classes of the sections s; are given in (3.8).
There are four rational sections of the fibration of Xp,,, two of which being linearly

independent. The coordinates of the sections are

S0 =Xp,N{u=0}:
§1=Xp,N{es =0}:
Xp,N{es =0}:
Xp, N{v=0}:

0:1:1:87:—89:1:1:1
1:1:87:1:1:1:—-57:0
l:isg:1:1:—s9:0:1:1
1:0:87:1:1:—55:1:1],

)

)

[ ]
[ I,

3.168
: | (3.168)
[ ]

where we choose 5 as the zero section and 31 as the generator of the MW-group of Xp,.

As a prerequisite for the analysis of the singularities of Xf,,, we compute its Weierstrass
form (2.1). This is obtained by applying Nagell’s algorithm to (3.167). The WS-coordinates
of the section §; are given by (B.8) after setting so = s3 = s4 = sg = 0. Similarly, we obtain
the functions f and g using the specialization so = s3 = s4 = sg = s19 = 0 from the general
expressions (B.1) and (B.2), respectively. To find all codimension one singularities of the
WSF of Xp,, we calculate the discriminant from f and g. The discriminant A factorizes
as follows: we find two Ip-singularities over the divisors S§U(2)1 = {s1 = 0} N B and
Sé’U(Q)Q = {s9 =0} N B in B and one I3-singularity over the divisor ‘SgU(B) ={sy=0}NAB
in B. The constraint (3.167) factorizes along these divisors as

SU(2)1 : pF14|81=0 =w-qz,
SU(3) : pF14‘S7:0 = €1€4 43, (3169)
SU(2)2 : pF14|Sg=0 = €2 Q:,),a

where ¢2, g3 and ¢4 are the polynomials that remain after factoring out w, ejeq and es.
The fibers at these three codimension one loci are depicted in figure 23. In summary, the
gauge group of Xp,, is given by

Gr,, = SU(3) x SU(2)? x U(1). (3.170)
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The divisor classes of the Cartan divisors are calculated in a similar way as in section 3.3.3.
They read

SU SU
DY =], DY =fer], D3V = fsr] —fer] —[ea] s DYV = [so] — [ea].
(3.171)
Using these results, we compute the Shioda map (2.5) of the section §; as
1 1 1
o(31) = Sy — So + [Kp] + §DfU(2)1 + §(2DfU(3) + D3V 4 §D§U(2)2 L (3.172)

Here Sy, S1 denote the divisor classes of the sections §g, §1, respectively, and we have
employed
w(S1-Sp) =0, (3.173)

which follows from (3.168) as well as

5. 0SUEN _1 g oSV _ (;) s c®_y (31w
which can be deduced from figure 23. Employing (3.172), we compute the height pair-
ing (2.6), using these results and the intersection (2.7), as

1 1

Next, we determine the spectrum of charged matter by investigating the codimension
two singularities of the WSF of Xr,,. As before, all matter representations under the gauge
group Gp,, are determined by application of the techniques introduced in section 2.1.
Again all the non-trivial representations under the non-Abelian part of Gp,, easily follow
from the discriminant A, while the charged singlets require the primary decomposition of
the locus (2.14) for the section ;. We find nine codimension two singularities in Xp,,. Six
of these lead to the matter representations and the corresponding codimension two fibers
in Xp,, given in the first and third column of table 25, respectively. The remaining loci,
namely s; = s% —4s587 =0, 59 = s% —4s5s7 = 0 and sg = sy = 0, support two type [1]
and one type I'V fiber, respectively, and thus do not support further representations. The
adjoint representations of G r,, are shown in the last three rows of table 25 for completeness.

We note that the fiber corresponding to the representation (2, 1, 2)g is non-split, cf. sec-
tion 3.4.2 for a more detailed discussion. We have indicated the fibers that are exchanged
by codimension three monodromies by dashed lines in table 25.

The multiplicities of the charged hyper multiplets are presented in the second column of
table 25. They are computed directly from all complete intersections V' (1, (k)), k=1,...,5.

The matter spectrum of X, is completed by the number of neutral hyper multiplets,
which can be computed from (2.11) using the Euler number (C.1) of Xf,,. It is given by

Hpeut = 17+ 11[K5')? — 9[K5']S7 + 357 — 6[K 5']So + 25789 + 255 . (3.176)
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Representation Multiplicity Fiber Locus
(2,1,1)12 (3[K5'] = S7 = So) V() =
x(2[K 5] — Sr) {s1=s5 =0}
V(I = =0
(1a3a1)—1/3 S7(3[K§1] ) ( (2)) {s7
55586 — 5159 = 0}
[64}
[e2]
V(ls)) =
(1,1,2)1 So(2[K5'] — S7) (I3))
{85 =s9 =0}
V(ly) =
(2,3,1) 16 S:(3[K5'] — S — So) (L(g))
{81 = 87 = 0}
V() =
(2,1,2)0 So(3[K5'] — S7 — So) (5))
{s1 =59 =0}
V() :=
(1’332)1/6 S78g ( (6))
{s7 =59 =0}
1+ i2[K5" — 87— S
(37 17 1)0 * 2( [_1B ] ! 9) Figure 23 S1 = 0
X(B[Kp] — 87— S)
(1,8,1)o 1+ S7w Figure 23 s7=0
(1,1,3)0 14 Sgw Figure 23 s9 =0
2

Table 25. Charged matter representations under SU(3) x SU(2)?xU(1) and corresponding codi-
mension two fibers of Xp,,. The adjoint matter is included for completeness.
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Yukawa Locus

(2,1,1)1/-(1,3,1) 13- (2,3,1)15
(2,1,1)1/5 (1,1,2)12- (2,
(1,3,1) 13- (1,1,2)1/2- (1,3,2)1/6 | 55 =57 =59 =0
(2,3,1)1/6-(2,1,2)0-m s1=57=59=0
(2,3,1)1/6 - (2,3,1)1/6-(1,3,1) _1/3 | 51 =356 =57=0
(1,3,2)1/6 - (1,3,2)1/6 - (1,3,1)_1/3 | s6 = s7 =359 =0

3,1)1/6 | 51=85=357=
1

,2)o 51 =85 =589 =0

Table 26. Codimension three loci and corresponding Yukawa couplings for Xp,,.

We note that there are a base-dependent number 7' of tensor and V' = 15 vector
multiplets. As a consistency check we confirm cancelation of all 6D anomalies follow-
ing appendix A, employing the divisors ‘SgU(2)1’ Sé’U@)Q, SgU(3), (3.175), the spectrum in
table 25 and (3.176).

Finally, we list all codimension three singularities of the WSF of Xr,, and the corre-
sponding Yukawa points of an F-theory compactification to 4D in table 26.

3.6 Fibrations with gauge groups of rank 5 and 6 and MW-torsion

In this section we study the toric hypersurface fibrations constructed from the fiber polyhe-
dra Fi3, Fi5 and Fig. These are the three toric hypersurface fibrations that have non-trivial
Mordell-Weil torsion and give rise to non-simply connected gauge groups in F-theory.

The Calabi-Yau manifold Xp,, has Mordell-Weil group Zs, Xp,, has Mordell-Weil
group Z & Zs and the fibration X, has Mordell-Weil group Zs [41, 46]. We confirm these
findings by explicitly working out the WSF of these toric hypersurface fibrations, which
are shown to precisely take the standard form of WSF’s with these MW-torsion groups,
cf. [53].

The influence of the MW-torsion on the spectrum of F-theory was discussed recently
n [46]. There, the models considered in this section were also studied, but under the
assumption of a holomorphic zero section. Here, we relax this condition which results in
additional gauge groups and matter representations. This has interesting consequences for
the phenomenology of these models, because we find that the gauge groups and matter
representations of Xr, and Xp , are completed precisely into the ones of the Pati-Salam
and trinification model, respectively.

3.6.1 Polyhedron Fi3: Gp,, = (SU(4) x SU(2)?)/Z

Consider the elliptically fibered Calabi-Yau manifold Xp, with base B and general fiber
given by the elliptic curve £ in Pg,,. The toric diagram of the fiber polyhedron Fi3 as well
as a choice of homogeneous coordinates and its dual polyhedron are depicted in figure 24,
where we have set e; = 1, Vi, in the monomials that are associated to the integral points
of Fy by (2.23).
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Figure 24. The toric diagram of polyhedron Fi3 and its dual. The zero section is indicated by
the dot.

We note that Pp,, is the blow-up of P? at five non-generic points, that is defined by
U — 61626364e§u , W — eresw, UV — egegeiv. (3.177)

The homogeneous coordinates on the fiber after this blow-up are [u: v :w:ej:ex:e3:
e4 : e5] and take values in the line bundles associated to the divisor classes given by:

Section Divisor class
u H—FE,— FEy— FE5+ 8+ [KB|
v H—FEy—FE3—FE;+ Sy — S7
w H — F;
e1 E, — E5 (3.178)
€9 E; — E3
€3 FE3 — E,
€4 Ey
€5 Es

The Stanley-Reisner ideal of Pg, follows from figure 26 as

SR = {uey, uw, uv, uey, ues, esw, esv, e5€4, €5€3, €5€2, €1, €164, €1€3, €1€2, (3.179)
wey, wes, wey, ves, Ve, 42} .

We find the hypersurface equation for Xp, in the total space of the fibration (3.1) with
F; = Fy3 using (2.23) or directly from (3.4) by setting s4 = s5 = s7 = sg = s10 = 0 and by
applying the map (3.177). We obtain

DFys = sle%egege‘éﬁ + szele%egeiegu% + 53e%e§eiuv2 + sgeresesesesuvw + 59611)102 ,

(3.180)

where the divisor classes of the s; are given in (3.8).
There are two seemingly rational sections of the fibration of Xp,. However, there is
one torsional relation between them, which reveals that the MW-group is pure torsion,
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[v]

Figure 25. Codimension one fibers of Xr,,. The crosses denote the intersections with the zero
section.

namely Zy [41]. The coordinates of our choice for the zero section §y and the section of
order two are

So=XpsN{ea=0}: [l:sp:1:1:1:—=s9:0:1],

(3.181)
XpsN{es=0}: [sg:1:1:—s3:1:1:1:0].

The presence of MW-torsion restricts the matter spectrum realized in F-theory [53].
Indeed, the torsion acts on the gauge group, turning it into a non-simply connected group,
which reduces its weight lattice, i.e. the realized representations. In [46] this has recently
been understood in terms of a geometric k-fractional refinement of the coweight lattice.
In particular, it has been argued that the MW-torsion Zs of Xp, forbids the presence
of fundamental matter in this model. We will confirm these findings in the following
explicit analysis.

We begin by computing the Weierstrass form (2.1) of (3.180). As an intermediate step
we use the birational map of Xp, to the Tate form given in [39] in the limit s5 = s7 = sg = 0.
We obtain the local Tate coefficients (B.14) from which we readily compute the functions
f and g, that are given in (B.16). We note that the same WSF arises from the global
Tate model given (B.15), which precisely agrees with the Tate form of a model with Zs
MW-torsion as argued in [53], confirming the presence of Zy MW-torsion in Xp,,.

Using these results, we readily compute the discriminant A, which allows us to find
all codimension one singularities of the WSF of Xr,,. We find two I>-singularities over the
divisors S(S’U(Q)l ={s1 =0}NB and Sé’U(z)z = {s3 =0}N B in B as well as an I4-singularity
over the divisor S§U( y = {s9 = 0} N B in B. Along these divisors the constraint (3.180)
factorizes as

(2)1 : pF13|S1=0 =v-q2,
(2)2 1 DPrilsa=0 = €1 g3, (3.182)
SU(4) : pF13|89=0 = uezes - qIQ 5

SU
SU

where g2, g3 and ¢} are the polynomials that remain after factoring out v, e; and ueses.
The corresponding fibers are depicted in figure 25 and give rise to two SU(2) and one
SU(4) gauge groups. There is another potential codimension one singularity of the WSF
of Xp,,, where the fiber of X, splits into two P!. However, as it is shown in [46], the
torsional MW-group identifies these two P!’s, so that the fiber in the quotient space is a
single singular P'. Thus, there is no additional gauge symmetry and the gauge group of
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XF13 is
Gry, = (SU(4) x SU(2)?)/Zs. (3.183)

We note that this is precisely the Pati-Salam group. The action of the MW-torsion on
the gauge group G, is worked out in appendix B. To this end, we show that the WS-
coordinates of the generator of the Zy MW-torsion, given in (B.17), pass through the
WS-coordinates of the singularities in the fiber at all codimension one loci s1 = 0, s3 =0
and sg =0 in (3.182).

As before, cf. section 3.3.3, we calculate the classes of the Cartan divisors of Xp,, as

DYV = [s1] — [o] , DYV e,

3.184
foU(4) — [s0] = [u] — [ea] — [es], D§U<4) = [u], D?U(‘U = [eg] . ( )

Next, we calculate the charged matter spectrum of X, ,, which requires the analysis of
all its codimension two singularities. We directly read off from the discriminant of Xr,, the
loci of six codimension two singularities. Four of these lead to the matter representations
in the first column of table 27 that are determined, using the techniques discussed in
section 2.1, from the corresponding codimension two fibers in X, given in the third
column of the same table. The remaining loci s; = s% — 45989 = 0 and s3 = s% — 489589 =0
are both of type I11 , that we first encountered in section 3.3.3, and, thus, do not support
additional matter representations. The three adjoint representations in the last three rows
of table 27 are shown for completeness.

We find three singularities which support the bi-fundamental representations and one
singularity leading to an anti-symmetric representation of SU(4), but no fundamental
representation. This has been anticipated before, due to the action of MW-torsion on the
gauge group G, given in (3.183). In addition, we find that the fibers at the loci V/(I(y))
and V' (I(4), that correspond to the (2,2,1) and the (1,1, 6) representation, are non-split,
cf. section 3.4.2 for more details. The P!’s drawn with a dashed line are interchanged by
codimension three monodromies.

The spectrum of matter of X, is completed by the number of neutral hyper multiplets,
which is computed from (2.11) using the Euler number given in (C.1) of Xp,. It reads

Hpeutral = 17 + 11[K 51?2 — A[K5'|S7 + 252 — 10[K 51]So + 455 . (3.185)

The number 7" of tensor multiplets is given by the base-dependent expression (2.17) and
we have V' = 27 vector multiplets. In order to check that all 6D anomalies are canceled
we use the divisors SgU(2)1’ SIS’U(z)2 and SgU(4) as well as the charged spectrum in table 27
and (3.185). Indeed, we find that all 6D anomalies in (A.1) are canceled.

We conclude this section with the list of all geometrically allowed Yukawa couplings
of the charged matter spectrum of Xp,,, that is given in table 28.

3.6.2 Polyhedron Fi5: G, = SU(2)*/Z2 x U(1)

We construct an elliptically fibered Calabi-Yau manifold Xg, over a base B and with
general fiber given by the elliptic curve £ in Pg,. The toric data of Pr,, is encoded in
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Representation Multiplicity Fiber Locus
(2.2,1) (B[K '] — 7 = 8) V(l) =
X([Kgl] + 87— 8o) {81 =83 = 0}
V() =
(2,1,4) (B[K 5] — S7 — S0)So U)
B
{81 = Sg9 = 0}
V() :=
L2.4) | (K5 + S - 80 )
B
{83 = 89 = 0}
V() :=
(1,1,6) SolK5"] )
{86 = SS9 = 0}
1+ (2[K5"1-87=89))
(3,1,1) . 2 Figure 25 s1=0
X(3[Kp] — 87— &)
1 (87—=Sv)
(1,3,1) _t 2 Figure 25 s3=0
x([Kp']+ 87— )
—1
(1,1,15) 1+ Sgw Figure 25 sg =0

Table 27. Charged matter representations under (SU(4) x SU(2)%)/Zy and corresponding codi-
mension two fibers of Xp,,. The adjoint matter is included for completeness.

Yukawa Locus
(2,2,1)-(2,1,4)-(1,2,4) | s1=83=59=0
(1,1,6)-(2,1,4)-(2,1,4) | s1 =86 =59 =0

(1,1,6)-(1,2,4)-(1,2,4) | s3=86=59=0

Table 28. Codimension three loci and corresponding Yukawa coupling for Xp, .
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Figure 26. The toric diagram of polyhedron Fj5 and its dual. The zero section is indicated by
the dot.

figure 26, that shows the polyhedron Fis, our convention for projective coordinates as well
as the dual polyhedron Fj, with the monomials (in the patch e; = 1, Vi) associated to its
integral points. We note that Pp,. is obtained from P? by the five non-generic blow-ups
defined by

u — ejegezeqt, W — eleie5w, v — 626%65@. (3.186)

The homogeneous coordinates on the fiber after this blow-up are [u:v:w:ej:ey:e;3:
ey : es]. Their divisor classes are given by:

Section Divisor class
u H—Ei — Ey+ Sy + [Kp]
v H— FEy— E3— FE5+ 89 — S7
w H-FE —FEys— E5
€1 E1 — E4 (3187)
es FEy — E3
es FEs
eq Ey
€5 E5

The Stanley-Reisner ideal of Pr, is can be read off from figure 26 as

SR = {U€4,UW,U%,UU;U€3,€1w,616576107616376162,646576411,6463,6462, (3 188)

WU, wes, weg, e5€3, €562, Ve } .

We use (2.23) to find the hypersurface equation for Xp,. in the ambient space given by
the fibration (3.1) with P, = Pp,,. Alternatively, we can set s; = s3 = 54 = sg = $10 = 0
in (3.4) and use the map (3.186). Either ways, we obtain

DFys = 8261€%6§U2U + S5e%egeiu2w + sgeiesesesesuvw + S7ege§e§v2w + Sgeleiegvuﬂ ,
(3.189)

where the sections s; assume values in the line bundles associated to the divisor classes
in (3.8).
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Figure 27. Codimension one fibers of Xp .. The crosses denote the intersections with the two
sections.

The fibration Xp,; has four seemingly rational points with one linear and one torsional
relation between, showing that the MW-group is Z @ Zgy [41]. Their coordinates are

§0:XF15ﬂ{u:0}:

$1=Xp,N{es=0}:
X, N{es =0} :
Xr, N{es=0}:

0:1:1:87:—89:1:1:1]
1:1:89:—87:1:1:0:1],
2 ] (3.190)
lisg:—s9:1:1:1:1:0],
lissg:l:1:—s9:0:1:1]

[ ,
[
[
[ ,

where we choose §y as the zero section and 31 as the generator of the free part of the
MW-group.

Next, we compute the Weierstrass form (2.1) of (3.189). Again, we use the birational
map from Xp in [39] to first obtain the local Tate coefficients (B.21), which determine
the WSF (B.23). The equivalent global Tate model in (B.22) is precisely of the form of an
elliptic fibration with Z&Zs MW-group, that has been studied in [53]. The WS-coordinates
of the section §; are given by (B.8) after setting s; = s3 = s4 = ss = 0 and the torsion
point is given in (B.24).

These results allow us to compute the discriminant A of Xp,. We find four Io-
singularities over the divisors SgU(Q) = {s2 =0} N B, SgU(z) = {s; =0} N B, SgU(2)
{s7 =0} N B and SgU( = {s9 =0} N B in B. Along these divisors the constraint (3.189)
factorizes as

SU(2); :  PRisls;=0 = w - g2,
SU2)y:  PRislss=0 = v -5, (3.101)
SU(2)3:  PFisls,=0 = €1 g3,
SU(2),:  PRslse=0 = €2 - qé )

where g2, ¢5, g3 and g3 are the polynomials that remain after factoring out w, v, e; and e,
respectively. The corresponding codimension one fibers in X, are shown in figure 27. In
summary, the gauge group of Xp, is

Gr,. = (SU2)%)/Zy x U(1). (3.192)

As before we confirm the action of the MW-torsion on the non-Abelian factors in ap-
pendix B by explicitly working out the WS-coordinates (B.24) of the generator of the Zs
MW-torsion.
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In order to calculate the Cartan divisors of X, we use a similar logic as in section 3.3.3.
We obtain the following divisor classes:

SU SU SU SU
DY — ], DY =], DY < s~ fer], DT = o] — [e] . (3.193)
With these results at hand, we compute the Shioda map (2.5) of the section §; as

1 1
O’(§1) =51 -5+ [KB] + §D§U(2)1 + §D

Here Sy, S1 denote the divisor classes of the sections §g, §1, respectively, and we used

U@ (3.194)

7T(Sl . S()) = 0, (3.195)
which directly follows from (3.190) as well as

Sy U 5. 0@ g g 0P g 5. 0@ 21 (3.196)

—Q1 —Q1 —Q1 —Q1

which can be read off from figure 27. Using (3.194), we compute the height pairing (2.6),
b = —[Kp], (3.197)

where we used (2.7) and (3.195).

Next, we turn to the analysis of the codimension two singularities of the WSF of X,
and the determination of the charged matter spectrum. As before, all representations are
determined from the codimension two fibers in Xp,, following the procedure presented in
section 2.1. All codimension two singularities are easily seen from the discriminant A. We
find nine codimension two singularities. Seven of these lead to the matter representations
and the corresponding codimension two fibers in X, given in the first and third column of
table 29, respectively. At the remaining two loci so = S%—48587 =0and sg = s%—43537 =0,
the fiber is of Type I11 , cf. section 3.3.3, which means that there are no additional matter
representations. Again, we observe the absence of fundamental matter which is consistent
with the action of the MW-torsion on the gauge group in (3.192). The spectrum of charged
matter is completed by the matter in the adjoint representations (3,1,1,1)g, (1,3,1,1)o,
(1,1,3,1)p and (1,1,1,3)y given in the last four rows of table 29.

We emphasize that the representations (2,1,1,2)¢ and (1,2,2,1)p at the loci V(I(3))
and V'(I(4)), respectively, arise from non-split codimension two fibers. The dashed nodes
in table 29 are interchanged by a codimension three monodromy.

The total matter spectrum of X, is completed by the number of neutral hyper mul-
tiplets, which is computed from (2.11) using the Euler number x(Xg,,) given in (C.1).
It reads

Hpewt = 17+ T[K3"? — 4[K5'|S7 + 287 — 4[K5"Sy + 255 . (3.198)

The number T of tensor multiplets is base-dependent, cf. (2.17), and we have V' = 24 vector
multiplets. Finally, we use this together with the divisors SgU(Z)ﬂ I=1,...,4, (3.197),
the charged spectrum in table 29 and (3.198) to check that all 6D anomalies in (A.1)
are canceled.

Finally, we present our analysis of codimension three singularities of the WSF of Xp,,
and the corresponding Yukawa points in a compactification to 4D in table 30.
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Representation Multiplicity Locus
(2,2,1,1)1)2 (2[K5") - 57) V() =
X(Q[Kgl} - So) {s2 =85 =0}
V(lzg)) =
(2,1,2,1)1 (2[K5"] - So)S7 ()
{59 =87 =0}
[ea] L
S V(lg) =
(2,1,1,2)o So(2[K5'] — So) %0 (I(3))
. {82 = 59 = 0}
lea] £ [v]
5 V() =
(1,2,2,1)o 2[K3"] - 87)S 0 ()
R {85 =57 =0}
V(I3)) =
(1717272)1/2 15789 ( (5))
{s7 =59 =0}
V(leg) =
(1,2,1,2) )2 2[K5"] - S7)S ()
{85 = s9 =0}
V(I = =0
(1,1,1,1), 2Kl (L) = {s6
5557 — 5259 = 0}
(3,1,1,1)o L+ W(Q[Kél] - Sy) Figure 27 59 =0
(1, 3, ]_7 1)0 1+ WQ[KEI] _ 87) Figure o7 55 = 0
(1,1,3,1)o 1+ 37%1{;]) Figure 27 s7=0
(1,1,1,3)0 1 -‘r&)% Figure 27 S9 =0

Table 29. Charged matter representations under SU(2)* xU(1)/Zs and corresponding codimension

two fibers of Xp,.. The adjoint matter is included for completeness.

— 86 —




Yukawa Locus
(2,2,1, 1)1/2 -(2,1,2, 1)1/2 (1,2,2,1)g | s2 =85 =57 =
(2,2,1, 1)1/2 (2,1,1,2)0-(1,2,1, 2)1/2 2 =85 =59 =0
(2,1,2,1)1/2-(2,1,1,2)0 (1,1,2 2)1/2 S§p =87 =259 =0
(1,2,2,1)0-(1,1,2,2)1 5 (1,2,1,2)15 | 85 =57 =59 =0
(2,2,1,1)1/2 (2211)1/2 (1111) 2 =85 =56 =0
(2,1,2,1)1/2 (2121)1/2 (1 1,1,1); | so=86=57=0
(1,1,2,2)1/2 (1122)1/2 (1 1,1,1); | ss =87 =859=0
(1,2,1,2)1/2 (1,2,1 2)1/2 (1 1,1,1); | s5=86=59=0
Table 30. Codimension three loci and corresponding Yukawa points for polyhedron Fis.
U €1 €4 €5
ud
€s w
vw?
es f
v2w
€6

Figure 28. The toric diagram of polyhedron Fjg and its dual. The zero section is indicated by
the dot.

3.6.3 Polyhedron Fig: Gr,, = SU(3)%/Zs3

Consider the elliptically fibered Calabi-Yau manifold Xp, with base B and general fiber
given by the elliptic curve &€ in Pg . The toric data of Pp is summarized in figure 28,
where the polyhedron Fig, a choice of projective coordinates as well as its dual polyhedron
Fy are depicted. The monomials associated to the integral points of F; are presented in
the patch e; = 1, Vi. The toric variety Pp, is the six-fold blow-up of P? at non-generic
points, that is defined as

U — e1esezeqesegl, W — eeqesw, v — exeresv. (3.199)

After this blow-up the projective coordinates on the fiber are [u:v:w:ej:ex:e3:eqy:
e5 : eg] and take values in the line bundles associated to the following divisor classes:

Section Divisor class
u H—E| — Ey+ Sy + [Kp]
v H— FEy — E3— FEg+ Sg — S7
w H-FE —E,— E5
a o1~ By (3.200)
es FEy — FE3
es E3 — Eg
eq Ey— Es5
€5 E5
eg FEg
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The Stanley-Reisner ideal of Pr,, can be seen from figure 28 to be given by

SR = {ues, ues, uw, uv, ueg, ues, e1€5, €1W, €10, €1€6, €1€3, €1€2, E4W, €4V, €4€6, (3.201)
e4€3, e4€2, €50, €56, €5€3, €52, WEG, WE3, We2, VE3, Ve, €6E2 | -
We obtain the hypersurface equation for Xp,, either employing (2.23) or by setting sp =
s3 =S4 = 55 = S = 510 = 0 in (3.4) and applying the map (3.199). It reads

PR = S165e5ezequ’ + sgereaezesesesuvw + syeaeiesv?w + soerededvw? . (3.202)

where the divisor classes of the sections s; are given in (3.8).

There are three rational sections of the fibration of Xp,, with two torsional relations
between them which shows that the MW-group is Zs [41]. The coordinates of the sec-
tions are

So=XpeN{u=0}: [0:1:1:87:—s9:1:1:1:1],
XpeN{es=0}: [1:1:s7:1:1:1:—s7:0:1], (3.203)
XpeN{eg=0}: [l:sp:1:1:1:—s9:1:1:0],

where we choose 3§y as the zero section.

In order to compute the WSF (2.1) of (3.202), we first compute the Tate form using
the birational map from Xg [39] in the limit s = s3 = s5 = sg = 0. The global Tate
coefficients are given in (B.28), which is precisely of the form of an elliptic fibration with
MW-group Zs [53]. The WSF is given in (B.29) and the WS-coordinates of the torsional
section are given in (B.30).

We readily compute the discriminant A, which allows us to find all codimension one
singularities of the WSF of X ,. We find three I3-singularities over the divisors S§U(3)1 =
{s1 =0} N B, Sé’U(s)Q ={s; =0} N B and S§U(3)3 = {s9 =0} N B in B. The hypersurface
constraint (3.202) factorizes along these divisors as

SU(3)1 : pF16|S1=0 =vw-q1,
SU3)y:  Prglsr=0 = e1ea- g3, (3.204)
SU(3)3 : pF16|39=0 = €2€3 - Qéa

where ¢1, g3 and ¢4 are homogeneous polynomials in [u : v : w] that remain after factoring
out vw, ejeq and egez. The corresponding fibers are depicted in figure 29. In summary,
the gauge group of Xp,, is

Gr = SU(3)%/Z3. (3.205)

We note that this is precisely the gauge group of the trinification model. Here we confirmed
the action of the MW-torsion on the non-Abelian factors in appendix B by explicitly
working out the Weierstrass coordinates (B.30) of the generator of the Zs-torsion.

We calculate the classes of the Cartan divisors in the same fashion as in section 3.3.3.
Using (3.204) we obtain the classes

DfU(g)l — ], Dgu(z)l = [w], DfU(i’»)z = [ed], (3.206)
D" = fsr] —fea] = [ea] . D = feal, D3 = [so] — fea] — fea].
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Figure 29. Codimension one fibers of Xp,,.

The determination of the charged matter spectrum requires the knowledge of the codi-
mension two singularities of the WSF of Xp,,. Again, we then extract the corresponding
representation data by application of the general recipe outlined in section 2.1. By investi-
gation of the discriminant of X, we readily find three codimension two singularities that
lead to bi-fundamental representations. These and their corresponding codimension two
fibers in Xp,, are listed in the first and third column of table 31, respectively.

There are three additional codimension two singularities at sg = sg = 0, s¢ = s7 =0
and s; = s = 0, that, however, yield fibers of Type IV in Xp,,, that do not support any
additional matter.

Again, we do not find fundamental matter, confirming the restrictions imposed on the
spectrum of Xp, by the MW-torsion. The spectrum of charged matter is completed by
the matter in the adjoint representations (8,1,1), (1,8,1) and (1,1, 8) given in the last
three rows of table 31. We recall that they do not originate from codimension two fibers
of X, but are present if the divisors Sg are higher genus curves in B. The multiplicity
of charged hyper multiplets in the adjoint is given by (2.8).

We complete the matter spectrum of Xz by the number of neutral hyper multiplets,
which is computed employing the Euler number (C.1) of Xp, from (2.11). It reads

Hpent = 18 + 11[K5']? — 9[K5']S7 + 357 — 9[K 5']So + 35789 + 355 . (3.207)

The base-dependent number T" of tensor multiplets is given by (2.17) and we have V' = 24
vector multiplets. Finally, we use this together with the divisors 5§U(3>, for I =1,2,3, the
charged spectrum in table 31 and (3.207) to confirm cancelation of all 6D anomalies (A.1).

By analyzing the codimension three singularities of the WSF of X, we finally cal-
culate all Yukawa couplings of the charged matter spectrum of X, that are given in
table 32.

4 The toric Higgs branch of F-theory

In section 3 we discussed in great detail the geometric derivations of the gauge groups and
matter spectra of all genus-one fibrations X, based on the 16 polyhedra. Here we show
that the effective SUGRA theories obtained from these fibrations are not isolated from
each other but connected by means of the Higgs mechanism. This section is devoted to
the study of those transitions and the resulting network of theories summarized in figure 1.
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Representation Multiplicity Locus
_ V(I =
(3.3.1) | S(3[K5'] - S7— So) Uw)
{Sl = S7 = 0}
_ V(I =
(3,1,3) So(3[K 5" — 87 — So) Ue)
{s1 =159 =0}
_ V(I =
(1,3,3) 5189 Ues)
{s7 =59 =0}
14 (2[K5"1-87—89))
(8,1,1) . 2 Figure 29 51=0
x(3[Kp'] — St — So)
-1
(1,8,1) 1+ 57&2[(3]) Figure 29 s7=0
-1
(1,1,8) 1+ SQ%QI{B]) Figure 29 s9=0

Table 31. Charged matter representations under SU(S)3 /Z3 and corresponding codimension two

fibers of Xf,,. The adjoint matter is included for completeness.

Yukawa Locus
(3,3,1)'(3,1,3)'(1,3,3) 51 =87 =589=0
(3,3,1)-(3,3,1)-(3,3,1) | sy =86 =57=0
(3,1,3)-(3,1,3)-(3,1,3) | sy =s6 =83 =0
(1,3,3)-(1,3,3)-(1,3,3) | s6 =87 =259 =0

Table 32. Codimension three loci and corresponding Yukawa points for Fig.

As we have noted earlier, this network is nothing but the field theoretic realization of the
network of extremal transitions relating the X, that are induced by blowing up/down in
the toric ambient varieties Pg, of their genus-one fibers. This network, to which we refer
to as the toric Higgsing diagram, is a powerful consistency check for the results of section 3
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and exhibits some remarkable features:

e The Higgsing diagram is symmetric with respect to the horizontal axis corresponding
to the self dual polyhedra, all of which have a gauge group rank equal to three.

e The rank of the gauge groups of a polyhedron and its dual sum up to six.

e Every toric hypersurface fibration can be reached upon a chain of Higgsings starting
from one of the three manifolds X, X, and Xp, which exhibit non trivial MW-
torsion.

e Both the analysis on the geometrical side (see sections 3.2.1, 3.2.2 and 3.2.3) and the
Higgsings (see section 4.2) lead to the conclusion that the MW-torsion in the Xp,
with fibers in Fi3, Fi5 and Fjg, manifests itself as discrete gauge symmetries in the
X, with fibers in their respective dual polyhedra Fi, F; and Fj.

In the following we discuss the above features and the Higgsing diagram in more detail.
In order to illustrate the relevant features of the Higgsing we focus on a particular sub-
branch of the Higgsing diagram which we depict in figure 30. This includes the transition
of the effective theory derived from F-theory on Xpg, to that on Xp,. This transition is
convenient in order to discuss certain (unphysical) redefinitions of the divisor classes that
are sometimes needed in order to match the field theoretic results with the geometrical
computation. In this example we also describe the matching between the gauge group
generators before and after the Higgsing, and how this information can be inferred from
the toric diagram (see section 4.1). After these redefinitions we obtain a perfect match of
the massless spectrum of the effective theory after Higgsing with that obtained from the
geometrical computation. While our results apply for any generic two-dimensional base B,
we also discuss the Higgsing for the specific case of a P? base. Here we comment on specific
boundary strata of the moduli space where a specific Higgsing might not be possible but
different equivalent Higgsings are.

In section 4.2 we focus on the theories corresponding to the genus-one fibrations Xp, ,
Xp, and Xp,. The field theoretical Higgsings imply the presence of discrete gauge sym-
metries Zs, Zo and Z, which confirms the results of the geometrical computations. In
section 4.3 we discuss the full chain of Higgs transitions. There we summarize the rele-
vant redefinitions of the gauge group generators and divisor classes needed to match the
spectrum obtained in the geometrical computations of section 3.

4.1 Toric Higgsing: an example

We are interested in Higgs transitions relating two supersymmetric vacua in a 6D N =1
SUGRA theory. This requires that the vacuum expectation value (VEV) of the Higgs field
triggering this transition must preserve supersymmetry. This is guaranteed by imposing
flatness of the D-term potential along the direction of the VEV. As it has been observed
in [92], for the case of a Higgs field that is not in the adjoint representation, at least two
hyper multiplets with identical quantum numbers have to acquire a VEV in order to achieve
a D-flat direction.
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Figure 30. A subbranch of the Higgsing chain which we use to illustrate certain features relevant
for all Higgsings. We use the Higgsing from X, — Xp to demonstrate the type of bundle and
charge redefinitions which are needed in order to match a Higgsed model with the geometrical
computations. The Higgsings to Xg,, X, and Xp, are used to confirm the presence of discrete
gauge symmetries.

Furthermore, the Higgs mechanism of interest here has to relate two toric hypersurface
fibrations. Transitions of this type have a clear geometric interpretation in terms of the toric
diagrams. This can be seen as follows. First recall that the coefficients s; which appear in
the hypersurface constraint of Xp, correspond to integral points in the dual polyhedron FF,,
see (2.23). As we have seen in section 3, many Xp, exhibit hyper multiplets at codimension
two loci of the form {s; = s; = 0}, where s; and s; are neighboring vertices in the dual
polyhedron F} connected by an edge. If the Higgs fields are of this type, they lead to a toric
Higgsing, i.e. the resulting theory is associated to a new toric hypersurface fibration Xp,,,
k' # k.2" Here the polyhedron Fj, is obtained from Fj, by blowing up the dual polyhedron
F} precisely at the edge connecting the vertices corresponding to s;, sj, respectively, and
taking its dual. In F}, this corresponds to the blow-down associated to removing the corner
that is dual to the aforementioned edge in F}. Note that, since the Higgs fields in the toric
breaking are never in the adjoint representation, the toric Higgsing is not rank preserving.

To exemplify this, consider the Calabi-Yau manifold Xp,. There the possible toric
Higgs fields are, cf. section 3.4.3,

1) @ {s3=s7=0}, 1) @ {51 =355 =0}, (4.1)
2(_17_1/2) : {35 = 89 = 0}, 2(1,3/2) : {87 = S9 = 0} . (4.2)

2TNon-toric Higgsings on the other hand are transitions for which the resulting fibration can not anymore
be described by one of the 16 polyhedra.
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Figure 31. (a) Possible toric Higgsings in Xp,. The transitions to Xp, are achieved by Higgs fields
in the representations 2(_y,_1 /2y (b) or 2(1,3/2) (c).

Considering the group theoretical breaking that could be induced by these fields, we see
that taking the Higgs fields in any of the singlet representations in (4.1), for instance 1(; o)
leads to SU(2) x U(1), which coincides with the gauge group of the fibration X,, while a
VEV in the 2(_; _y/9) or 2 3/2) (see (4.2)) leads to U(1)?, i.e. the gauge group expected
for Xp.. In figure 31 (a) we depict the polyhedron which is dual to Fy on the right and
highlight in different colors the edges corresponding to the fields in (4.1) and (4.2). They
have to be blown up, i.e. subdivided by a new ray, for each of the possible toric Higgsings.
In the actual polyhedron of Fy, we indicate the vertices that are dual to these edges and
get cut off in the toric Higgsings. In the following we consider the Higgsing from Xp, to
XFp, in more detail.

In the case of Higgs fields in the representation 2(_; _;/7), the Higgsing corresponds to
a removal of the lower left corner in the polyhedron Fy and to a blow-up at its dual edge,
which is the edge between s5 and sg, in its dual polyhedron (see figure 31 (b)). After that,
we obtain the toric diagram of Fj as given in section 3.3.2. Similarly, if we pick VEVs
in the 2(; 3/9) representation, we observe that after the Higgsing, the resulting polyhedron
and its dual both have to be reflected along the horizontal axis (see figure 31 (c)) in order
to recover figure 31 (b). Thus, the obtained effective theories after these two Higgsings are
physically equivalent.

However, we note that the geometrical computations leading to the spectrum of Xp,
have been made for the polyhedron given in figure 31 (b). Thus, whenever we perform a
Higgsing with the Higgs in the representation 2(; 3/9) (leading to figure 31 (c)) we have to
transform certain divisor classes in order to match the multiplicities of hyper multiplets
resulting from the Higgsing with those found geometrically. More general, the “Higgsed”
polyhedron of Fy can be brought to the canonical form (i.e. the one used for the compu-
tation of the matter spectrum and multiplicities) by means of an SL(2,Z) transformation,
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which acts simultaneously on the polyhedron and its dual. This transformation deter-
mines how to transform the divisor classes in order to recover precisely the effective theory
obtained by the geometric computation on X, as we demonstrate next.

4.1.1 Matching the charged spectrum

In order to match the charged spectrum in the Higgsed theory arising from F-theory on
XF, with that on Xg,, we first have to relate the generators of the gauge groups before
and after the Higgsing. In Xp,, the U(1) generators are (see (3.118))

o(81) =[es] — [u] — [K5'],  0(82) =[er] — [u] — [K5"] - S + %Dh (4.3)

with D being the class of the SU(2) Cartan divisor given in (3.121) as D; = Sy — [ea].
The Shioda maps in Xp, are given by (see (3.75))

o(81) =[e1] = [eo] = [K5'], () = [u] = [e2] = [K'] = Sy (4.4)

Let us consider first the canonical Higgsing induced by VEVs in the 2(_; _; /). As
shown in figure 31 this corresponds to blowing down the divisor e3 = 0. We see that after
setting its divisor class [e3] = 0, the following relations hold

0(8) = 0(82) ~0(81) + 5 D1~ (K514 87— 8o, o(3) = ~o(d) + D~ 2([K5'] + ).

(4.5)
Since the vertical divisors [K5'], S7 and Sy do not contribute to the U(1) charges, these
equations allow us to make contact with the charges in Xz (which we denote by @}
and @%). Indeed, recalling that Dynkin labels and U(1)-charges are computed according

to (2.12) and (2.13), respectively, we translate (4.5) into the charge relation®®

Q=Q:-Q+T°, Qy=-Qi+2T°, (4.6)
with Q1, Q2 being the U(1)-charges and 7° = %Dl the Cartan generator of the
For the Higgsing with fields in the 2(; 3/9) representation we can proceed in a similar
manner. In this case, according to figure 31, one has to set the divisor class [u] = 0. In
addition, one must take into account that the toric diagram is reflected with respect to
the canonical one (compare figure 31 (c) with figure 8, including the location of the zero
section). This implies that the classes of [e3], [v] and [e1] in Xp, get mapped to [u], [e1]
and [v] in Xp,, respectively. Hence, the Shioda maps (4.3) for Xp,, written in terms of
divisor classes on Xp,, read

o(o) =[]~ [K5'],  o(62) = o] = 3[K5' ]+ + 5D (47)

Writing both (4.4) and (4.7), in terms of the exceptional divisors Ej, Ep as well as the
hyperplane class H using (3.8), we find the following relations among them

. R . 1 . R
o(8)) = o(52) — o (81) + §D1 -8y, o(84) = o(81) + D1 — 28y, (4.8)

28Note here the importance of the fact that the choices of zero sections in Xry, cf. figure 8, and X, after
Higgsing, cf. figure 31 (b), are different. This corresponds to an SL(2, Z)-transformation of the U(1)-charges.
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VEV: 201 19 VEV: 21 3/
Q= (Q2—Q1+1?) Q) =(Q2—Q1+1T?)
Qy = (—Q1 +2T°?) Q4 = (Q1 +27?)
L12) La,-1 L
Lo L1 L1y
Lo L10) L0
Lay Lo.-1) Lo
2(-1,-1/2) Yoo+ 1a2 L0t 10,2
2(1.3/2) Lo,-2)+1ao Li2) + 100
2(0,-1/2) L-1-n+ 1o Loy +1-1,-1)
300 | 112t lag t1le0 | 1oz t1lei-2)+ 100

Table 33. Possible state decompositions from X g, to those of X, for different Higgses.

from which it follows that the U(1)-charge redefinition in this case is given by

Q=Q:—Q+T°, Qhy=0Q1+2T". (4.9)

The charge formulas in both cases agree with the field theory expectations i.e. there
is a complete gauge singlet in the decomposition of the Higgs field into representations of
the residual gauge symmetry. The decomposition of the states for both cases is given in
table 33. We observe that, indeed, all charged states in X, have been reproduced.

In order to match their multiplicities as well, we first recall the basic fact that a hyper
multiplet consists of two half-hypers transforming in representations conjugate to each
other. Thus, in order to compute the resulting multiplicities after Higgsing, one has to
take into account all states transforming under the representation of interest together with
their complex conjugates. For example, note that in the branching induced by 2(_; _;/2),
the states 2(g _1/2) and 1(; 1) decompose as
(4.10)

20,-1/2) = L1y T L) L = Lo-1),

thus, the multiplicity of hyper multiplets in the representation 1(q 1) after the Higgsing must
be computed as the sum of the multiplicities of 2(5 _1/9) and 1(; 1) in Xp,. Similarly, note
that every Higgs doublet decomposes into a neutral and a charged singlet. In computing
the multiplicity of such charged singlets after Higgsing, one has to take into account that
two of these are absorbed as longitudinal components of the massive W bosons from the
broken SU(2).

In the case of the Higgsing induced by a VEV in the 2_; _; o) representation of Xp,, we
can directly compare the resulting multiplicities with the geometric result of section 3.3.2.
However, in the case where we turn on VEVs for the fields in the representation 2(; 3/9), the
multiplicities only match after performing a redefinition of divisor classes. Indeed, we note
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that on the dual polyhedron, the reflection®” relating figure 31 (c) with figure 8 enforces an
exchange of the sections s5 and s; in X g, with sy and s3 in Xp,, respectively. From (3.8)
we see that this effectively amounts to a shift in the bundles S7 and Sy from Xg, to Xg,,
which is given by

St = 2K5' 1 =S, So— Sy (4.11)

Using the shift (4.11) for the second Higgsing, we find that in both cases (either VEVs
in 2y _q/) or 2(173/2)), there is a perfect agreement with the spectrum in table (9) of the
toric hypersurface fibration Xp,.

4.1.2 Matching of the neutral spectrum: Higgsing & Euler numbers

So far we have matched only the charged spectrum of the Higgsed theory of Xg, with
that computed geometrically on X, . In this section we work out the counting of complex
structure moduli, that determine the number of neutral hyper multiplets by (2.11), before
and after Higgsing. We show that the mismatch of the Hodge numbers h(31) (X ) —
h(Q’l)(X r,) > 0 precisely agrees with the amount of massless neutral singlets contributed
from the Higgs multiplets.

First, let us discuss the geometric side of the matching. For a given Calabi-Yau man-
ifold X, the amount of complex structure moduli can be inferred from its Euler number
X(X) as

h(2,1)(X) _ h(l,l)(X) _ X(2‘X)7 (4.12)
with h(l’l)(X) given by
h(Ll) (X) =1 + rk(Gx) + h(l»l) (B) , (413)

where rk(Gx) is the rank of the total gauge group Gx of X. Thus, in an extremal transition
from a toric hypersurface fibration Xp, to Xp;, with the same base B, the change in R
reads

X(XF) — x(XF)
5 .

WD (Xp,) — hPD(Xp) = 1k(Gr,) — rk(Gr) +

J

(4.14)

For the specific Higgsing X, — X, their Euler numbers are given according to (C.1) as

X(Xp,) = —24[K 5" + 4[K5')(2S7 + 3So) — 4(S2 + S2),

—112 —1 2 2 (415)
X(XFs) = —24[KB ] + S[KB ](87 + Sg) — 2(287 + 2855 — 8789) ,
so that the difference in their Hodge numbers h(?1) is given by
2D (Xp) — hPY(Xp) = Se(2[K5'] — S7) — 1. (4.16)

Here the —1 is the contribution from the change in the rank of the gauge group.

29 Another possibility to bring the polyhedron Fy “Higgsed” by 2(1,3/2) back to the canonical form of F,
is to rotate it by 90 degrees clockwise. In this case, the bundle redefinitions are S7 — Q[K];l] -8y, Sg — S7.
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Next, in the corresponding field theories we consider the canonical Higgsing, that is
induced by a Higgs in the representation 2(_; _; /). The multiplicity of hyper multiplets in
the representation 2(_; _y/9) is So(2[K5']—S7), cf. table 17. This is also the number of new
uncharged singlets produced in the Higgsing Xp, — Xp,. However, out of those neutral
singlets, exactly one gets massive, as can be seen from the D- term potential.?® This is also
closely related to Goldstone’s theorem: as three vectors have been lifted (an entire SU(2)
is broken), three hyper multiplets must be removed from the massless spectrum. Two of
these hyper multiplets are charged, as we discussed in the previous section, while the third
one must be neutral, since it provides the longitudinal component of a massive U(1). In
fact, only the simultaneous removal of three vectors and three hyper multiplets makes it
possible for the purely gravitational anomaly in (A.1) to cancel after the Higgs mechanism.

Thus, there are precisely So(2[K3'] — S7) — 1 massless singlets after the Higgsing,
which precisely agrees with (4.16). In other words, we observe that the neutral massless
hyper multiplets resulting from the Higgs mechanism become the complex structure moduli
that were gained in the transition Xp, — Xp,. In this work, we explicitly confirm the
matching of the complex structure moduli for all toric Higgs transitions between two toric
hypersurface fibrations .

4.1.3 Allowed regions for base P2

While we considered in the previous sections the Higgsings for fibrations over an arbitrary
two dimensional base, we regard it appropriate to devote some time on a concrete example
with base P? in order to discuss some subtleties that might arise.

Choosing the base fixes the range of allowed divisor classes for S7 and Sy [39]. Ex-
panding these divisors and the canonical class Kp2 in terms of the hyperplane class Hp on
P2, we have

Sr=n7Hp, Sy=noHp, Kp =—3Hp, (4.17)

with n7 and ng being positive integral coefficients.

The effectiveness condition on all divisor classes [s;] in (3.8) that occur for a given
manifold X7, imposes constraints on the allowed values for n; and ng. These allowed
values depend on the choice of the fiber. For the case of Xp, and Xp, the allowed regions
are depicted in figure 32. A choice of a point in this diagram constitutes a consistent
fibration. Note that the allowed region for Xp, is fully contained inside that of Xg,. Thus,
there are compactifications Xp, inside the blue region in figure 32, for which the transition
to Xp, is not possible because the effectiveness condition for some coefficient s; in Xp,
would be violated.

Indeed, this can also be seen from the field theory perspective, as for the points outside
the allowed region for Xp,, the multiplicity of Higgses in the representation 2(71’7 1
that reads

Sy (2[K5'] — S7) = ng (6 —n7) | (4.18)

39Tn the case of an adjoint Higgs, all neutral hyper multiplets remain massless as the D-term is exactly zero.
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Figure 32. Allowed regions of S7 and Sy for Xp, (blue and purple regions) and Xp, (purple
region) with base B = P2.

is smaller than two. Recall that in order to have a D-flat potential we need at least two
Higgs fields in the same representation to acquire a VEV.3! We also observe that the Higgs
mechanism is possible for all points (n7,n9) in the interior of the allowed region of Xp,.
However, for certain points on the boundary of the allowed region for Xp we see that
the amount of doublets does not suffice for a supersymmetry preserving Higgsing. These
points are

e 0 <ny <3, ng =0: here we see that sg belongs to the trivial bundle. Since in Xg,
the locus of the SU(2) singularity is precisely {sg = 0}, cf. (3.119), it is removed and
the gauge group of X, at these points equals that of X, namely U(1) x U(1). In
addition, we see that the spectra of X, and Xp, in tables 9 and 17, respectively,
match perfectly. Hence we are at points where the strata of the moduli spaces of the
two theories overlap and a transition among them is trivial.

e n7 = 6, ng = 3: at this point there are no states in Xp, which transform in the
2(_17_ 1), 80 that the toric Higgsing is again not possible. Note also that since sg does
not belong to the trivial bundle, the SU(2) factor is part of the gauge symmetry of
the effective theory. However, in the hypersurface constraint for Xr,, the sections
$1, s5 and sg transform in the trivial bundle. Hence, at this particular point one can
shift the toric coordinates u, v and w in order to globally set the section s; = 0 [42],
resulting in a non-toric U(1). This shows that the effective theory of Xp, coincides
with that of X, precisely at the point n; = 6, ng = 3. Since the rank of the gauge
groups of Xp, and Xp, coincide, no toric Higgsing is possible. However, on Xp,, one
sees that there is one hyper multiplet in the adjoint of SU(2). In fact one can use this
field to induce an adjoint (non-toric) Higgsing which leads precisely to the effective

31Note that in this region, a different Higgsing with 2(17%) is possible.
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theory of Xp, at ny = 6, ng = 3. Indeed, we have explicitly computed that at this
particular stratum in moduli space the numbers of complex structure moduli in Xg,
and X, coincide. Similarly, we have confirmed that the entire matter spectrum in
X, is reproduced (with the correct multiplicities) after the adjoint breaking from
Xp,. We omit all the details and just state the corresponding U(1) redefinitions, in
terms of the generators in Xpg,:

Q) =-3T3-2Q1+Q2, Qy=-T3-201+Q2, Q3=-2T3-Q1. (4.19)

Looking at the Calabi-Yau constraint for Xz, we also observe that, by a shift in the
toric coordinates, we can set s; = 0. Hence, the hypersurface constraint for Xp,
only contains the additional monomial sgw?u which is absent in the one of X - At
ny = 6, ng = 3 the coefficient sg is just a constant, cf (3.8), i.e. one degree of freedom.
On the field theory side, this degree of freedom corresponds precisely to the single
adjoint Higgs on Xp,.

4.2 Higgsings to theories with discrete gauge symmetries

From the analysis carried out in section 3, we observe that the presence of discrete gauge
symmetries is exclusive to the polyhedra £y, F» and Fy. On the field theory side, we can
use the Higgs mechanism to track the discrete symmetries as well, since these correspond to
surviving remnants of broken U(1) symmetries. In fact, one can use the Higgsing diagram to
show that the only Higgs mechanism for which the U(1)s are broken to a discrete subgroup,
are those leading precisely to Fi, F> and Fj, as expected geometrically. In this section we
want to discuss in some detail those Higgsings leading to the toric hypersurface fibrations
with discrete symmetries. To this end, we focus on the possible Higgs branches of Xp;,
XF5 and XF3 .

In many of the transitions considered here, the charge of the Higgs fields does not
allow us to directly infer whether or not there is a non-trivial discrete symmetry. Consider
for example the Higgsings from Xp, — Xp,, with the toric Higgses given in (4.1). One
possibility is to have VEV fields in the representation 1(; 9). In principle one might think
that, given the charge of the Higgses, there is a discrete remnant of the second U(1).
However, this leftover symmetry is trivial, since there is an SL(2,Z) transformation which
maps the charge of the Higgses from (1,2) to (1,0). As discussed in section 4.1, the field
1(1,0) allows for a geometrically equivalent breaking, where it becomes clear that no discrete
symmetries are present in X, as there the U(1) charge is minimal.

More general, if we break a U(1)" gauge symmetry by the VEV of a field ¢, there is
no discrete symmetry left provided the existence of an SL(n,Z) which makes its charge
minimal. In other words, after the SL(n,Z) transformation of the VEV field, the charge
(q1,92, - .,qn) takes the form (1,0,...,0). In this new basis it is obvious that no discrete
gauge group is left after the breaking. In other cases a seeming discrete group can be
embedded into an unbroken U(1) or the center of a non-Abelian gauge group, showing
again the absence of a discrete group.
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VEV: 27% VEV: 1,
Q= (37~ Q) | @' = Q mod 2
2 3 1p+1_3 2,
2 2
21 1, +1 21
2 2
15 1o 1y
14 14 14
30 | lo+13+1_3 30

Table 34. Branching of representations under the possible Higgsings of Xg, to X, and Xp,.

Xr, Higgs branches

From the spectrum in Xpg, given in table 11 we see that there are two possible toric
Higgsings, depending on whether the Higgs fields are taken in the representation 2_3/,
or 1. In the first case the SU(2) x U(1) symmetry in Xp, is broken to a single U(1),
so that this Higgs branch leads to Xp,. In the second case the SU(2) symmetry remains
unbroken, as expected from a Higgsing to Xg,. The splitting of the states in either cases
proceeds according to table 34. Using these branchings of the representations on Xp, into
representations of Gp,, we can compute the multiplicities of the multiplets after Higgsing
using table 11. They read

15: (Sg — S7) ([K]_;l] -8+ Sg)
. ([Kp'l—8o+87) (6]Kp5"] — 280+ S7) (4.20)
1, 12[K5'° + [K5' (887 — Sg) — 482 + 5789 — S .

The above multiplicities agree with our geometrical result for the spectrum of Xp,, see
table 7. Note also that naively, due to the non-primitive U(1)-charge of the Higgs field
2_3, we expect a surviving discrete Z3 symmetry. However, this symmetry is contained
in Ehe surviving U(1) symmetry in Xg,, i.e. there is no discrete gauge group on Xp, as
expected geometrically.

In contrast, we see that the U(1)-charge of the VEV 1, triggering the transition X g, —
X, is non-minimal. Thus, we expect a discrete gauge symmetry to be left unbroken, in
addition to the SU(2) gauge factor. The decomposition of representations for this Higgsing
is given in table 34. There we see that the doublet after the Higgsing carries a half integral
charge with respect to the discrete gauge factor. Hence, one has to rescale all charges
by a factor of two, so that all charges become integral. Thus, we see that the resulting
discrete symmetry is in fact Z4. Note that in this case, the discrete factor is of physical
relevance, since we can not embed it into the local gauge group of Xr,. This implies that
in a four dimensional theory, there will be gauge invariant couplings which are absent due
to selection rules imposed by the Z4-symmetry.
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VEV: 1y 9 | VEV:1_y, VEV: 1(9)
Q=201 —Q2) | Q1 =(Q1+Q2) | Q) =(Q1), Qz, = Q2 mod 2
1g 1 13 1o 1,
11,0 1y 1 11,4
L-1,-2) Lo 13 L4
11 1 1 1 La-
1,2) 1y 19 Lo,+)
101 1 1 10,y

Table 35. Branching of representations under the possible Higgsings of Xp. to Xp, (first two
columns) and Xp, (third column).

The multiplicities of charged states following from tables 34 and 11 are given by

210 ([K5'—Sr+8) (6[K5"] — 28y +287) |

1y: 6[K 5" + [K5'] (13S7 — 5Sg) — 352 — 25:S9 + S3 , (4.21)
-S7 + S

3o : 1+([K§1]—57+39)(72+9)-

This precisely agrees with the geometrically obtained spectrum of Xp, in table 5. We
emphasize that charges of the matter states w.r.t to the Z4, that we have obtained by
Higgsing X, precisely coincide with those computed by intersections with the four-section
in (3.48).

X, Higgs branches

In Xr, there are two possible toric Higgsing to Xp,. The Higgs fields in that case are in the
representations 1(_y _g) or 11 _y), cf. table 9. The branching of the representations of X,
into representations of G, are shown in table 35. The resulting spectrum matches that
in (4.20), cf. table 7, up to redefinitions of S7 and Sy, that correspond to the transformations
needed in order to bring the resulting polyhedron to its canonical form in figure 7.

Similarly, the polyhedron allows for an additional toric Higgsing from Xr, to Xx, which
is triggered by VEVs in the representation 1y _oy. This leaves the first U(1) unbroken,
together with a remnant discrete Zy symmetry from the second U(1). The multiplicities
of the charged matter in Xp, that are deduced by Higgsing from Xp, are obtained from
the group-theoretical branchings shown in table 35 and the spectrum of Xp, in table 9.
They read

Loyt 6[K5'T +4[K5"(So — S7) + 287 — 257,
1oy 6K +4[K5" (Sr — So) — 287 + 257, (4.22)
Lo-):  GK5" +4[K5" (S7+ Sy) — 257 — 253,

which precisely matches the geometrical result in table 3.
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VEV: 13
Q7, = q mod 3
13 19
1, 1,
1; 1

Table 36. Branching of representations under the toric Higgsing of Xp, to Xg,.

Xr, Higgs branches

In the spectrum of Xp,, the singlet 13 allows for a toric Higgsing. In this transition, the
U(1) symmetry gets broken to a Zs subgroup. The decomposition of representations of
X, for this Higgsing is shown in table 36.

As mentioned before, 6D hyper multiplets in the representation 1o under the discrete
group Zs are equivalent to hyper multiplets in the representation 1;. Hence, there is only
one type of charged hyper multiplet in Xp,. This is in agreement with the geometrical
computation (see section 3.2.1), where one sees a single codimension two locus supporting
an Io-fiber. From the Higgsing we can read of the multiplicity of this charged state as

1t 3(6[K5') —SF+81Sy— S5+ [K5' (St + Sy)) - (4.23)

4.3 The complete Higgsing chain

Having summarized the relevant features of the toric Higgsing procedure, we devote this
section to a complete account on all possible toric Higgsings, that are summarized in
appendix D, tables 37-39. In these tables we indicate in the first column, which toric
hypersurface fibrations Xp, — Xp;, i # j, are to be related. Then, in the second column,
we state the possible toric Higgsings and which fields are to be identified as the Higgs
fields that acquire a VEV in the transition. We note that all toric Higgsings between
the same two toric hypersurface fibrations are physically equivalent. In the third column
the U(1)-generators on Xp, are expressed in terms of the U(1)-generators and Cartan
generators on Xg,. We have checked explicitly in all Higgsings that all matter charges of
the fibration X, determined in section 3 are obtained. In addition, in some Higgsings, the
unbroken non-Abelian gauge group factors are interchanged in the Higgsing process. In
these cases, the change of the order of non-Abelian factors is indicated in the third column
of the tables in appendix D. In addition in most of the cases, an SL(2,Z)-transformation
on the “Higgsed” polyhedron is necessary in order to bring it into the canonical form used
for the geometric computations in section 3. These transformations determine a unique
redefinition of the divisor classes, similar as in (4.11), that is necessary in order to compare
the matter multiplicities of the representations obtained after the Higgsing with the ones
obtained by inspecting the geometry of Xp,. The relevant redefinitions are shown in the
last column of the tables in appendix D.

The decompositions of the representations on Xg, under the group G'r, into represen-
tations of the unbroken gauge group G, after Higgsing can be found in appendix E for all
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canonical toric Higgsings. We have checked in all cases that the matter spectra obtained by
Higgsing the theory on Xp, to the one corresponding to Xp; agree with those of section 3,
which provides another non-trivial check of the geometric analysis presented there.

We conclude this section with one final observation. As highlighted before, we observe
that for every transition between two toric hypersurface fibrations X, — Xp, there exists
a dual transition between X = X Fr- This symmetry of the Higgs diagram in figure 1
can be directly understood from the interpretation of the toric Higgsing on the level of the
fiber polyhedron and its dual as we will explain in the following.

As pointed out in section 4.1, a toric Higgsing acts exactly as a blow-down in the
original polyhedron F} and a blow-up F;‘ in its dual polyhedron:

(F;, Fr) 88 (g Plomdeve | PSP ey (4.24)
with j > k. Next we consider the inverse of the above process: we take F}; as the starting
polyhedron with Fj as its dual. From the diagram (4.24), we know that there exists a
blow-up map from Fj to F};. However, now we take its inverse map as the blow-down from
Fy; to F7. The same can analogously be done for the dual polyhedron Fj whose blow-up
map is obtained from the inverse of the blow-down map in (4.24). Consequently, we arrive
at the following map for the dual Higgs transition

(Fy, Fy) P08 (pp Pomdpn pr g, PSP ) (4.25)

The above relation holds for every toric Higgsing and hence shows, that every Higgs
transition has indeed a dual counterpart. However in general we observe more equivalent
transitions between higher polyhedra than in their dual counterparts. In the geometry
this reflects the fact, that in polyhedra with a larger area, there are more ways to embed
subpolyhedra. On the field theory side this corresponds to less representations, that can
be used for the Higgsing. An example is the transition Xp,, — Xp, which can be equally
realized by cutting any of the four vertices in the square of Fi5. However the dual transition
F5; — F5 can only be achieved by deleting the unique node and hence there is only one
Higgsing possible.

5 Conclusions

In this work we have analyzed F-theory compactifications on all toric hypersurface fibra-
tions Xr,. In these manifolds the genus-one fibers are given as a hypersurface in any of
the 2D toric varieties associated to the reflexive polyhedra F; depicted in figure 2. For
each of these 16 Calabi-Yau manifolds we have computed the full MW-group (cf. with the
results of [41] for the toric MW-group) and determined all codimension one, two and three
singularities and the corresponding reducible fibers in the crepant resolutions Xg,. Our
work presents the first complete analysis of all these aspects. In the course of our study,
we have encountered some codimension two fibers which are non-split and others whose
complete splitting is visible only by computing their associated prime ideals. In addition,
we have computed the Hodge numbers of the X, in the case of Calabi-Yau threefolds. All
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these geometric results determine the gauge groups, matter representations and Yukawa
couplings of the effective SUGRA theories of F-theory on these manifolds. We have shown
that these effective theories are anomaly-free in 6D, which proves in turn the completeness
of our analysis of codimension one and two singularities of all these models [93].

The gauge groups we have found range from rank zero to six with up to three U(1)-
factors corresponding to a rank three MW-group of rational sections. The Calabi-Yau
manifolds Xp,, Xp, and Xp,, that are constructed as fibrations of the cubic in P2, the
biquadric in P! x P! and the quartic®? in P?(1,1,2), respectively, do not have a section and
lead to F-theory models with discrete gauge groups Zs, Z2 and Z4. We have established
a relationship between the order of the multi-section in these Calabi-Yau manifolds and
the order of the discrete gauge group. Furthermore, we have shown the existence (and
computed the multiplicity) of Is-singularities that support matter charged only under these
discrete groups. We have also a proposal for a “Shioda-map” of multi-sections, that allowed
us to consistently compute the charges of all matter fields under these discrete gauge groups.
In addition, by an explicit computation of the respective generators of their rank one MW-
groups, we have demonstrated that Xp, and Xp, (which is constructed as a fibration of the
elliptic curve in dP;) both yield effective theories with one U(1)-gauge field. Most notably,
we have found the first F-theory realization of charged singlets with U(1)-charge ¢ = 3
in Xp,. Furthermore, the non-trivial consistency conditions imposed on the U(1)-charge
lattice of a model in quantum gravity [89] have been checked.

We emphasize that the non-toric nature of the generator of the MW-group of the fibra-
tion X, was key to obtaining this U(1)-charge. We expect that the presence of non-toric
sections can lead to more exotic U(1)-charge assignments of matter than those that occur
in toric cases. Such a situation can be desirable as these exotic charge assignments could
serve to control the phenomenology of particle physics models constructed in F-theory.

Besides these geometrical advances, we have shown that those extremal transitions
between all toric hypersurface fibrations Xp,, which are induced by toric blow-downs in the
toric varieties Pf,, can be described by a corresponding Higgs mechanism in the effective
theories of F-theory on the Xp,. Although this correspondence between geometry and
physics is expected to hold in general, also in chiral F-theory compactifications to 4D,33
we considered here the 6D case.

We have explicitly worked out the full network of all toric Higgs transitions, shown
in figure 1, in the 6D SUGRA theories of these F-theory models. Cutting off a vertex
in a polyhedron F; corresponds to a blow down in Pg,, which implies the removal of a
corresponding divisor in Xp,. After this blow-down, a new monomial can be added to
the hypersurface constraint of Xp,, resulting in a new Calabi-Yau manifold Xp,. In the
effective theory of F-theory on Xp, this transition corresponds to giving a VEV to a
particular matter field along a D-flat direction and a consequent breakdown of the gauge
symmetry of the theory. For all extremal transitions, we have identified the relevant matter
field that has to acquire a VEV and matched the effective theory after Higgsing with the

32 As remarked already, this case has been subject of recent attention in [54-56].

33As 4D chirality is induced by G4-flux in F-theory, this requires the understanding of the behavior of
G4-flux during extremal transitions in Calabi-Yau fourfolds, which is discussed in [94]. The results of [95]
will be crucial for carrying out any quantitative analysis in this context.
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one obtained geometrically from F-theory on Xp,. As an explicit example, for a specific
choice of the base B = P2, we have described the transition Xz, — Xp for all strata in
moduli space, that are labeled by (n7,ng), cf. figure 32. There we have found that a D-flat
Higgsing in the effective theory is only possible for those points (n7,ng), that are allowed
for both Xg, and Xp,. In this context, we have also commented on the different gauge
groups that appear on the boundary of the allowed region for (n7,ng) in Xg,.

We have found that the full toric Higgs network in figure 1 is beautifully mirror sym-
metric under the exchange of a polyhedron F; and its dual Fi*.34 This gave rise to a number
of interesting observations: the toric hypersurface fibrations X, and Xp- always have the
same amount of U(1)-symmetries and the ranks of their gauge groups, G, and G Fr, always
sum up to six. Indeed, this sum rule of the rank of the gauge group is a direct consequence
of the sum rule for the volumes of F; and its dual F}*.*> The duality between Xp, and X Fr
is realized also on the level of the Higgs transitions, i.e. for every toric Higgs transition
Xp, — XF,, there is a dual Higgs transition Xp: — X Fr In addition, we have observed
that this duality maps discrete symmetries in F—‘Eheory to Mordell-Weil torsion.

Finally, let us highlight some features of toric hypersurface fibrations, which make them
attractive for particle physics applications. First, recall that the presence of discrete sym-
metries is a desirable feature in field theoretic constructions beyond the standard model.3°
So far, all efforts towards embedding the standard model in F-theory have been based on
compactifications with a zero section, which are typically free of discrete symmetries.?”
Since discrete symmetries arise naturally in genus one-fibrations with multi-sections, this
type of compactifications constitutes a promising new arena for engineering semi-realistic
particle physics models.

In addition, we have found concrete toric hypersurface fibrations, that directly realize
the gauge group and representations of the Standard Model (X, ), the Pati-Salam model
(Xry,) and the trinification model (Xf,,). Even more interestingly, we have found that the
Standard Model can be obtained via toric Higgsings from the Pati-Salam or the trinification
model, both of these models being at the same time the two theories with the maximal
non-Abelian gauge groups among all toric hypersurface fibrations.

Outlook

For future directions it would be interesting to use the effective theories we have obtained
for particle physics applications. Since the Pati-Salam and trinification model are the two
maximal toric enhancements of the Standard Model, as we have seen, they are natural
candidates for toric unified model building in F-theory. It would be fascinating to work
out the phenomenological implications of this observation.

34We note that a similar observation has been made for elliptically fibered toric K3 surfaces in [96].

35We thank Albrecht Klemm for explaining this fact to us.

36The reader is referred to [97-101] for a selection of discrete symmetries which have been invoked in
order to forbid certain unappealing operators in supersymmetric models.

3TInstead of discrete symmetries, the phenomenology of these models is kept under control by virtue of
additional U(1) symmetries. Discrete symmetries can arise by a manual breakdown of these additional
U(1)s. This possibility has been studied in e.g [102, 103].
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Clearly, the results of this paper most directly apply to six dimensional or to non-chiral
four dimensional compactifications of F-theory. Thus, a natural and most straightforward
extension of this work, that would also be crucial for phenomenological applications, is the
inclusion and construction of G4-flux as well as the computation of the chiral indices of
all the matter representations found in all toric hypersurface fibrations X, following the
recipe and techniques described in [42].

The beautiful realization of mirror symmetry in the Higgs network and related obser-
vations like the sum rule for the gauge groups and the connection between Mordell-Weil
torsion and discrete symmetries are topics of further investigation. It would be exciting
to understand all these observations by unveiling a common structure underlying all toric
hypersurface fibrations, for example a master gauge group into which all gauge groups G,
could be embedded. This might require a departure from the toric framework.

There has been a lot of recent progress in obtaining matter representations in F-theory
using deformations or, in physical terms, the Higgs mechanism [104, 105]. It would be very
interesting to see how the results about the Higgs network of the toric hypersurface fibra-
tions obtained here can be worked out using the deformation techniques employed there.

Finally, it would be interesting to use the toric hypersurface fibrations studied here also
for compactifications of M-theory to engineer 3D N = 2 gauge theories and to study their
Coulomb-branches and phase structures, see [106-109] (and also the seminal works [110,
111]) for recent detailed analyses of the phase structure of 3D SU(NV)-gauge theories for
all N <5.
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A Anomaly cancellation conditions in 6D

In this appendix we summarize the consistency relations that have to be obeyed by an
anomaly-free 6D SUGRA theory. We follow the conventions and notations of [24, 39, 80],
to which we also refer for further details.

There are three qualitatively different types of anomalies, the pure gravitational
anomalies, the mixed gauge-gravitational anomalies and the pure gauge anomalies. De-
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pending on the number of gauge group factors, mixed anomalies between different gauge
group factors are present. A theory is referred to as anomaly-free if all one-loop anomalies
are canceled by the contributions from the anomalous variations of Green-Schwarz (GS)
counter-terms.

For an effective SUGRA theory in 6D, the anomaly cancellation conditions read:

trR*: H —V 4+ 29T =273, (trR*)?: 9—T =a-a (Pure gravitational)

1 b
trF2trR? 8 (Aadjﬁ - ZCCRAR> =a <;> (Non-Abelian-gravitational)
R K
1
F,F,trR? : 6 Z Zgpmrgn @mn = @ byn, (Abelian-gravitational)
q
trF); : = i
rF,. : Bagj, — ZJ«“RBR =0, (Pure non-Abelian)
R
2 2. 1 _ b’i ?
trFstrEy § ER: 2rCR — Cadjn = )\7,.{
F, F,F.F Z T g oy I @n @@t = O(mn Okp) (Pure Abelian)
q
2 bli . .
E FotrFy . Z TR, gm.qgndmIn AR = ~ “bmn (Non-Abelian-Abelian)
Rﬂlm:qn "
FmtI‘Fg : Z a;R,qmqiER =0. (Al)
R,gm

Here, we have given the terms in the 6D anomaly polynomial, whose coefficients are the
respective anomalies. The Ricci tensor is denoted by R and the field strengths of the non-
Abelian and Abelian gauge field for the gauge group factor G and the m* U(1) are denoted
by F, and F,,, respectively. The overall number of hyper, vector and tensor multiplets
is denoted by H, V and T, respectively and the variables ‘x.” denote the multiplicities
of certain charged hyper multiplets: zr, TR, and TR, q. are the number of hyper
multiplets in the representation R, in the representation R with charge ¢, under U(1),,
and in the representation R with charges {gy,, g» } under U(1),, xU(1)y, respectively; zg,, 4.
and Zq,, g..q0.qr denote the number of matter hyper multiplets with charges (¢, qn) and
(Gm @ns qk, q1) under U(1),, x U(1), and U(1),, x U(1), x U(1)x x U(1);, respectively.

In the contributions from the GS counter-terms, a, b, and b,,, are the anomaly co-
efficients. These transform as vectors of SO(1,7"), and are determined by the underlying
microscopic theory. In our F-theory compactification these coefficients can be readily in-
terpreted in terms of geometrical objects. We have

a=[Kgl, be=8% .,  bun=-7(0(3s) 0(3m)), (A.2)

where Kp is the canonical divisor of B, Sgﬁ is the divisor on B defined in (2.2) sup-
porting the non-Abelian group G, and w(o(8y) - 0(8y)) is the Néron-Tate height pairing
defined in (2.6). Under these identifications, the inner product in (A.1) is replaced by the
intersection pairing on the base B.

- 107 -



In addition, in the anomalies (A.1), we have made use of the following group theoretical
relations between traces in different representations R.:

trrF? = ARtrF?2, trrF> = ErtrF?, trrF} = BrtrF! + Cr(trF?)%.  (A.3)

Here ‘tr’ denotes the trace with respect to the fundamental representation, while trg is the
trace for a given representation R. For k = SU(V) with N > 3, the group theory factors

in (A.3) assume the following values:3®
Representation | Dimension AR Br Cr Egr
Funda%n%ental 2N 1 1 0 1 (A4)
Adjoint N°—1 2N 2N 6 0
Antisymmetric | N(N-1)/2 | N-2 | N-8| 3 | N—-4

For the specific case of SU(2) and SU(3), the coefficients Ar coincide with those given
in the table. In contrast to that, the coefficients Br and Egr are equal to zero in both
cases. The actual coefficient Cr can be computed using the values for Bg and CR in the
above table, as Cr + %BR, for N = 2,3. Finally, the coefficient )\, in (A.1) corresponds to
the group normalization constant defined by A\, = 2¢,/ Eagqj, , where ¢ is the dual Coxeter
number for the group G, and Eaqj, is Er for the adjoint representation. For G, = SU(N),
we have A\, = 1.

B Additional data on toric hypersurface fibrations

In this appendix we provide the explicit expressions for f and g of the WSF of the Jacobian
fibrations of Xr,, X, and Xr,. Additionally, we present the explicit WS-coordinates of the
rational sections of Xp,, Xp, and Xg,. The functions f, g as well as the WS-coordinates
of the rational sections of all other toric hypersurface fibrations X, can be obtained by
specializing the ones presented here. Finally, we derive the Tate form, the WSF and the
WS-coordinates of the generators of the MW-torsion of the toric hypersurface fibrations
XF137 XF15 and XF16-

WSF of J(XF,)

Here we explicitly write out the polynomials f and g of the WSF of the Jacobian fibration
J(Xp, ). The discriminant A is calculated straightforwardly from these quantities but is
omitted here due to the length of its explicit form. The functions f, g in the WSF of (3.4)
read

1

= 4—8(—(5% — 4(8587 + 8388 + 8289))2 + 24(—86(8108283 — 95181084 + S4S5S8

+ S28788 + 35589 + S157S9) + 2(8108%85 + 815338 + 89535859 + 315333
2
+ s7(81085 — 35151083 + S38588 + $25559)

+ 84(—38108285 + 82852; + (Sg — 38188)89)))) (B.l)

38See [80] for further details.
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1
g= @((8% — 4(s557 + 5358 + 5259))> — 36(s2 — 4(s557 + 5358 + 5259))

X (—s6(s105253 — 95151054 + S45588 + S257S8 + S35559 + S157S9)

+ 2(3108§85 + 315338 + 59838859 + slsgsg +57(sws§ —358151053 +538558 +5255S9)

+ s4(—3s105255 + 323§ + (sg — 35158)59))) + 216((s105283 — 95151054 + S485S8

+ 595758 + 535559 + 515789)% + 4(—5155055 — 5751055 — 55(27s35%) + S1058

+ 51(—95105558 + 53)) + 51055(— 5255 + 5156)59 — 51555854

— s3(s10(s35 — 2515355 — 515256) + S158(8358 + 5250))

— 8387(810(—828586 + 818% + S%Sg + 83(5’% — 28188) + 815259)

+ 59(525558 — 515658 + 515559)) + S4(—579(55 — 9515953)

+ s10(s6(—s28586 + 818% + 5%58) + 53(5%56 — S98588 — 3515658))

+ (510(25355+3515355 — 3515256) +58(— 5352 + 595556 — 5152 — S358+2515358))S9

+ (*828§+818556+2818258)53* 5%53+57(510(2525§7 3518556 + 3515258+95%59)

— 88(828588 — 818658 + 818589)>)))) (B.Q)
WSF of J(XF,) and the cubic form of the biquadric

First, we present the explicit expressions for f and g in the WSF of the Jacobian fibration
J(Xp,), where we omit the expression of the discriminant A. The functions f, g in the
WSF of (3.12) read

f= 4% [ — (—4b1big + b5 — 4(bsb7 + bsbs + babg))?
+ 24(—bg (biobabs + babrbs + bsbsbg + bybrbg)
+2(b10(b1bsbr + 3bs + b3 (b3 — dbibg) + bibabo) + by (brbrbs + babsbo)
+ by (bsbrbs + babsbg + b163)))] ,

(B.3)

and

1
g = —— [(—4b1b1o + b§ — 4(bsbr + bsbs + babg))?

0t — 36(—4b1b1g + b2 — 4(bsby + bsbs + baby))
x (—bg(b1obabs + babrbg + bsbsbg + bybrbg)
+ 2(b1o(b1bsby + b3bg 4 by (b2 — 4b1bg) + bybabg)
+ by (bybrbg + babsbg) + b3(bsbrbg 4 babgbg + b1b3)))
+ 216((b1gbabs + babrbg 4 bsbsbg + bybrbg)?
— 4(babsbsbrbgby 4 b2b1o(—4b1obsbs + b2bg + b3b2) + b1 (b3b2bs + babsbrbg
+ bobs(—bsbgbs 4 bab3 + b2bg)) + b1 (b3,(bsb2 + b3bg) + bob2bsgbg + b3bgbi
+ b3by (brb% — bebsbg + bsb3)
+b10(—4b3b5 + bsbe(bsbs — bsby) + babr(—bgbs + bsbe)))))] -

(B.4)

Second, the explicit expressions of the §; in (3.27) obtained by mapping X r, to X g, read

51="b1,
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1 /

1
S3 = —= < — 2b1b19bg + 2b3b§ — bobgbg + blbg

— bobgy/ —4bigbs + bg + blbgw —4bygbg + bg) ,
1 s
Sg = ™ bebg — bsbg — bs4/ —4b1obg + b5 |
8

1
ST = —% < — 2b19bsbg + 2b7b§ — bgbgbg + 6553

— bgbg/ —4b1gbs + b?) + b5b9\/ —4b10bg + bg) s

58 = bg,

S9 = —y/ —4b1obg + b% . (B5)

WSF of J(XF,)

The explicit expressions for f and ¢ in the WSF of the Jacobian fibration J(Xp,) associated
to Xp, with hypersurface equation (3.17) read

1
fi= Z8[—24619(—2d5d§ + dydgdr — 2d3dgdg + dadrds
— 2dyd% — 2dodydg + 8d1dsdy) — (d? — 4(dgds + dsdy))?],

(B.6)

and

1

gs = @[36d9(—2d5d§ + dydedr — 2d3dgds

+ dodzds — 2d1d3 — 2dadadg + 8d1dsdy) (d2 — 4(deds + dsdy))

+ (d? — A(dgds + dsdy))® + 216d3[4dadsdedy — Adydsd? (B.7)
+ d3d2 + dy(—2dodgds + 4dydrdy)

— Ad5dsdy + d3(d2 — 4dydg) — Ad3(dsd2 + did2 — 4dydsdy)]] .

WS-coordinates of the non-toric section of Xpg,

As we have shown in section 3.3.1, there is one additional rational section, besides the toric
section S, of the fibration of Xp,. The section §; has coordinates [x; : y1 : z1] in the WSF
that are given by

1
T = 5(128%88 =+ 4(282(8% — 3s5188) — 3818586)88 + ((S% - 43537)s§ + 12(5% + 25133)5§
— 4(4s352 + 595655 — 351(52 + 25557))58) 50 — 258(—4(5657 + 35458) 5%
+ (sg — 10838856 + 4525788)85 + 258(9s18657 + 6515488 + 32(33 + 63338)))83

+ sg(sg — 255575% — 88%8% + 12(8% + 28284)$§ — 4(9s48556 — s7(Ds2se + 6s157)
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+ s3(s§ + 25557))58)55 — 253(12535453 + 2(57(8386 + 45257) — 354(5§ + 28557))8s

+ 5657(33 — 48587))S9 + sé((s% — 43537)5% + 4(2s387 — 35486)S857 + 12842182)) ,

Y1 = %(23:{’38 + 51(252(s2 — 35188) — 3515556)58 + (5352 — 525655 + 51(52 — 5557)) 5%
+ 681(8% + 5153)53 + (-28%8% + 251595655 + 81(381(8(23 + 2s587) — 4333%))58)55
— 53(2(s3 + 6515352 + 35754)5% — (555655 + (65352 — 451(58 + 25557))52
+ 51(6545§ + 2535655 — 9518657))ss + 85(3548% + 25356s§ — 382878% — 2525255
+ 51565755 + 25158))5 + s2(s15¢ — 598555 + 535252 + 751555752 + 9545556
— 859525756 + 515252 + 6(s3(55 + 5153) + 2515054)52 — s35557 + (—4s3s2
— 8595452 — 651545655 + 5358 1+ 65552 + 259(5255 + T5156)57 + 53(251 (52 + 28557)
— 6325536))88)58 - sg(58(63238 - 55556)33 - 55657(,9% — 25188)S3
+ 5s7(s65855 — 35(s§ + 5587)82 + 251578852 + 3136(32 + 2s5587))
+ 54(5(252% + s557)52 — 10(5355 4 5256) 5855 + 6(53 + 25153)52)) 50
+ 58(2(s3 + 6595453 + 35153) 52 — (65782 + 5352 — 4(s3 + 25153)27
+ 253(s385 — 33236)s+234(328% + Ts38556 — 3515756 + 2525557))Ss
+ 5(848586(8(23 + 2s587) + 57(57(2515§ — 898586 + $18557) — 8385(8(23 + 5557))))53
— 53(358(25958 — 35556)52 + (s¢ + (Tszs7 — 4s358) 52 + 250575856 + 5252
— 853858788 + 658(585?)) + 5153))54 + 87(86888§ — (sg + 8855756 — 6525758) 53
+ 57(9515657 + s2(52 — 5557))))58 + 83 (358(—52 — 28557 + 25358)53
+ 57(252 + 855786 — 2538886 + 4525758)84 + 53(25&9% - 25%53 — 3858753 + 3sls$
+ 2598687))89 + sg(—ngsi + 356575857 + s%(—sg + 5587 — 28358) 54
+ 53(s356 — s257))) ,

21 = 575% + s9(8559 — S658) - (B.8)

WS-coordinates of the two rational sections of X g,

In addition to 5, there are two rational sections of the fibration of Xp,. The WS-
coordinates have been worked out first in [38, 39]. We reproduce these results here for
convenience.

The section §; has coordinates [z : y; : z1] in the WSF given by

1
21 = 155 ~ 557+ Ssgsy — dsuse).
Y= 5(835658 — $28783 — 535559 + S15759) (B-9)

2’1:1.
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The section $3 has coordinates [z : y2 : 23] in the WSF given by
1
To = 5(128353 + Sg(sg + 8s358 — 48289) + 48759(—35658 + 25559)) ,

1
Yo = 5(28%82 + 5353(—5658 + s589) + 5%5859(—33638 + 2s559) (B.10)

2.2 2 2
+ s7s5(sgss + 25355 — S55659 — S25859 + 5155)

Z9 = 89.

WS-coordinates of the three rational sections of Xp,

There are three rational sections of the fibration of Xp. besides 9 [41, 45]. The following
results have been obtained using the birational map in [39] in the special case s; = 0.
The coordinates of §; in the WSF, denoted by [z : y; : 1], are

1

T = ﬁ(s%s% — 4353? + 8833%38 — 1253868789 + 8823%39 + 123%33) ,
1 9343 3/ 2 _9 3
Y1 = 2( 5355 + s25%(—s758 + S659) + 535759(—25758 + 35659) (B.11)

+ 333%(368738 — 5259 + s9(s587 — 25259))) ,
21 = S7.

Similarly, the coordinates of s in WSF, denoted by [z2 : y2 : 22], read

1
Lo = E(s% — 4s587 — 48388 + 85259) ,
1
Yo = 5(525758 + 838559 — $256S9) , (B.12)
zZ9 = 1.
Finally, the coordinates of §3 in the WSF, that we denote by [z3 : y3 : 23], are
1
T3 = E(12s$s§ -+ sg(s% + 8s3sg — 45259) + 4s759(—3s688 + 25559)) ,
1 3.3 1 2 3
Y3 = 5(—23758 + 575859(35658 — 25559) + 5355(5658 — 5559) (B.13)

+ s753(—s2ss + 555659 + s3(—25358 + 5259)))
zZ3 = S9.
Tate form, WSF and the MW-torsion of Xp,,

In this appendix we determine two Tate forms and the WSF of Xz ,. We explicitly derive
the WS-coordinates of its torsional section and use this to show, that the MW-torsion
acts on all codimension one singularities in Xp,,, i.e. on all non-Abelian gauge group
factors in Gp,,.

We directly employ the birational map in [39] for s5 = s7 = sg = 0 to obtain a Tate
form for the hypersurface constraint (3.180) of Xp,. The Tate coefficients we naively
obtain read

s% + 25959 5259(—5% + s289)
ap = ———-—, ag = — 5 :
S6 S6
2 3
as = 825689 , as = 515385, ag = 51525354 - (B.14)
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Due to the poles at sg = 0, this Tate model is clearly globally ill-defined. However, there
exists an equivalent Tate model with WSF identical to the one of (B.14). It reads

y? + seryz = ($2 + 51558321 — 5259:L"z2) . (B.15)

This is precisely of the form of an elliptic curve with Ze MW-torsion given in [53], after
the shift y — y — %86.'172’. Thus, the MW-group is indeed Zs, in agreement with the results
of [41, 46].

The following analysis is presented in the patch z = 1 without loss of generality. The
Weierstrass equation of (B.15) takes the form

9 1

= @(8%_43259_12'7:)(Sé_8528%Sg+168583—728183852)—68%$+248289$—72x2). (B.16)

Y

The coordinates of the section of order two in (B.15) are

1
{x: 5(32—45259), y:O}. (B.17)

At the loci of codimension one singularities, s; = 0 and s3 = 0, the WSF takes the form

9 1

= @(sg — 45959 — 122)2(s2 — 45959 + 61) (B.18)

Y

and on the locus sg = 0 it reads

2 1

= @@g — 122)%(s2 + 62) , (B.19)

Y

showing that the A4- and both As-singularities at codimension one in the fibration are
located exactly at the point of order two. This implies that the Zs associated to the
torsional section acts on all non-Abelian gauge group factors, rendering the gauge group

Gr, = (SU(4) x SU(2)?)/Zs. (B.20)

Tate form, WSF and the MW-torsion of Xp,

Here, we determine two Tate forms and the WSFE of Xp,;. The explicit WS-coordinates
of its torsional section allow us to show that the MW-torsion acts on all codimension one
singularities in Xp,,, i.e. on all non-Abelian gauge group factors in G, .

We apply the birational map in [39] for s;=s3=s3=0 to (3.189) to obtain the Tate
coefficients

s2 — 28557 + 28259 898259 — (8557 — $289)2
ay = , a2 = , a3 = 828659, a4 =ag=0.

S6 S%
(B.21)
Clearly this Tate form has poles at sg = 0 and is ill-defined. Fortunately, there exists an

equivalent Tate model that has the same Weierstrass equation as (B.21). It reads

y? + sgryz = x(x2 — (s7s5 + 8289)1‘2’2 + 8287855924) . (B.22)
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Now we see that this elliptic curve is precisely of the form of the elliptic curve with a Zo ®Z
MW-group studied in [53]. This result agrees with the findings in [41, 46]. We note that
the Tate coefficients (B.21) can be parametrized as a1 = 71, aa = —(72 + 02), ag = Y202
according to [46], where we obtain v, = sg, 72 = s3sg and dy = $259.
Let us work in the patch z = 1 without loss of generality. The WSF of (B.21), (B.22)
reads
9 1

= @(sg — 485587 — 45959 — 1233)(Sé — 8858(2387 + 168%8% — 8525259

—40s9555759 + 165%53 — 65(2330 + 2485870 + 2489891 — 72332) , (B.23)

Y

in which the coordinates of the point of order two are

{:1: = %(3% — 4s5s7 — 4s989), Yy = 0} . (B.24)
At sy = 0 and sg = 0, the location of two SU(2) singularities, the WSF simplifies to
Y’ = 86%(52 — 4s557 — 122)2(s2 — 4s557 + 62) (B.25)
and at s5 = 0 and sy = 0, the location of the two other SU(2)’s, it reads
Y= glél(s% — 45959 — 122)2(s2 — 45959 + 61) . (B.26)

Thus, the section of order two goes through all As-singularities, which implies that the Zo
acts on all non-Abelian gauge group factors, i.e.

Gry, = (SU22)1)/Zy x U(1). (B.27)
Tate form, WSF and the MW-torsion of X,

Here, we compute a Tate form and the WSF of Xp,,. Using the explicit WS-coordinates of
the Z3 MW-generator, we show that the MW-torsion acts on the entire gauge group Gr.

The Tate form of the hypersurface equation (3.202) is obtained employing the birational
map of [39] for sg = s3 = s5 = sg = 0:

Y2 + sgryz — S187892° = 2. (B.28)

This is the normal form of an elliptic curve with Z3 torsion [53], in agreement with [41, 46].
We work in the patch z = 1 in the following, without loss of generality. The WSF reads

2 1
y? — (8182789) = @(sg — 12x)(sg + 3651565759 — 6521 — 72x2) (B.29)
from which we obtain the WS-coordinates of the order three section as
1 2 818789
{m 125 Y 5 } (B.30)
This section passes through the As singularities as we see from (B.29) at s; = 0, s7 = 0,
S9 = 0: 1
Y’ = @(s% —122)%(s2 + 6z) . (B.31)
Thus, the Zs acts on all SU(3)’s and the gauge group is
Gr, = SU(3)%/Z3. (B.32)
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C Euler numbers of the Calabi-Yau threefolds X,

In this section we present the explicit expressions for the Euler numbers of all Calabi-Yau

threefolds Xf, that are constructed as toric hypersurface fibrations over an arbitrary two-

fold base B with their fibrations parametrized by two divisors S7 and Sy, see section 3.1.1.

The Euler numbers are computed using the presentation of the vertical cohomology

ring of X, as a quotient ring in its divisors, see [48, 112], and the adjunction formula. For

a detailed explanation in an F-theory context and many explicit examples, we refer the

reader to [42].

The following table contains our results for the Euler numbers of Xr,, where we denote

the first Chern class of the base B by ¢y, implicitly invoke Poincaré duality between divisors

and forms and suppress the integral over B:

Manifold

Euler number x(Xg,)

Xr
Xr,
Xr,
Xr,
Xry

—6(4¢? — 187 + 82 — €189 — 578y + S3)
—4(6¢F — 2¢1S7 + 8% — 2¢18g + S2)
—2(12¢2 — 3¢1S7 + 382 — 46189 — 2578y + 2S52)
—4(6¢2 — 2¢1S7 + 382 — 2618y — 2578y + S2)
—2(12¢% — 4¢187 + 282 — 4¢1Sg — S7Sg + 252)
—2(12¢2 — 46187 + 482 — 46189 — 35789 + 252)
—4(4c2 + 82 — 878y + SZ — ¢1(S7 + So))
—2(12¢3 — 5¢1S87 + 382 — 4¢1Sg — 28578y + 252)
—4(6¢3 — 2¢1S7 + 8% — 3¢1Sg + S2)
—6(4¢? — 26187 + 252 — 1Sy — 2578y + S3)
—2(12¢2 — 4¢187 + 282 — Tc1Sg — S7Sy + 352)
—2(12¢% — 6¢1S7 + 282 — 6¢1Sg + S7Sg + 252)
—4(6¢3 — 2187 + 8% — 5¢1Sg + 253)
—2(12¢2 — 9¢1S7 + 382 — 6¢1Sg + 25789 + 252)
—4(4¢3 — 26187 + S — 2¢1Sg + S2)
—6(4c? — 3187 + 82 — 3¢1Sg + S7Sy + S3)
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D The full Higgs chain of toric hypersurface fibrations

The complete Higgs chain of all toric Higgs transition Xz — Xj, the relevant hyper
multiplets acquiring VEVs, the U(1)-generators and the necessary redefinitions of divisors
classes are shown in tables 37, 38 and 39.

Higgs transition VEV U(1) Generators Divisor Class Matching
(3,1,3) Q=—(TF +T%) trivial
_ S — S
(1.3,3) Q= —(T5 +1%) T
Xrg = Xry So =+ 3[Kg' | —S7— 8o
_ S7 = So
37371 Q:_T8+T8
( ) (TY +1T7) S S
!/ __ 3
(2,2,1,1) (12 Qll - 23 +Q trivial
Q=T +Q
1=T5 S = 2[Kg'] - S
(2,1,2,1) (12 Qll 33+Q 7 [Kp']— 87
Q=17 +Q So = S7
XF15 — XF12 ] 3
(1,1,2,2) @ =Ti+Q St = 2[Kg'] — So
g Ly Ay 1/2
e QA=T5+Q Sy = 2[Kp'] = S
1=T¢ Sr— S
(17271a2)(1/2) Q/l 4;+Q 7 ?
Qy=1T+Q So — 2[K g } Sy
P =T%+2
(2,3,1)1/6 ,Ql . N 3Q trivial
¥ Qy=2T°—-T"4+Q
Fiqy — XF12 ] 3 3
(1,3,2)1/6 Q=21 T +Q 57 8
T Q) =T%+2Q So — 3[K5'] — Sy — S
S — S
(1,1,2)15 Q =Q—T° S 27 i S
_)
XF14 - XF11 o [ } ’
(27171)1/2 Ql :Q*TJ 57 *)‘59
Sg — 2[ } 87
(2,1,4) Q=T7"-T° trivial
XF13 — Xr, (1 2 4) Q, _ 15 _ 3 S7 — Q[Kgl} - Sy
Y Sg — 89
A —
(2,1)(~1/2,-1) Q,1 = 3 trivial
Xpy, = X @ = Q2 — 2T
F F,
- ’ Qi =21° - Sr— So
(1,2)(-1,-1/2) . s
Q2 =T"— Q2 So — 2[K;'] - Sr
87 — 87
(1,10 Q = Q-
X X 0 Sg—)[KEI]—S7+Sg
Fip —7 XFg . T 3 ST
(1.1) Q' '=Q1,5U(2)1 =SU(2) St = [Kg' | -8 +8
e SU(2)s = SU(2)! Sy = Sr

Table 37. Data of toric Higgs transitions for F-theory compactified on Xp, — X5y, .
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Higgs transition VEV U(1) Generators Divisor Class Matching
r_ _ 3
Q - 2Q2 Ql + Tl 87 N 89
X, = Xpy (22) 11y | Qy=Q1—Q—T7 - T3 So = 2[K3'] - S
Q3 :Q2+2T13+T23
87 — 87
XF — XF 1,1)4 -
1 10 1,1 Sy — [K5'] — S+ S
I _ 2T8 T3
XF11 - XFg (3’2)71 Ql @ T trivial
C | a=myom
87 — 89
Xp, = X (3,1)1 Q =2T°-Q
F11 Fy 3 So— Sy
Xy — Xpg (3,2) Q' =18 —2T3 trivial
S —2 Kil - S7
19 Q' =20Q1 - Q2 S0 K [] ]S s
9 7 9
XF9 — XFG
1 Q/ . Q 87 — 87
= (2
0 Sy — [K5'] — S1+ Sy
9 Q=Q2—Q1+1° .
(-1,-3) 0\ = Oy 12T trivial
= -G
XF9 - XF5 / ’ 3 -1
2 Qr=Q2— +T Sy = 2[K5| - &7
42 Qh = Q1 +27° Sy — Sy
Xp, — XF, (2,1); Q' = (Q +2T}) trivial
A _ Tl
Xp, — Xp, (2,2)1/2 /Ql Ql 2 , trivial
Qy = 2(T3 - Ts)
/
=—-Q1+
Lo-1.0) < , Q1+ Qs trivial
QQ = Q3
) Q) =Q1— Qs St — [Kp'] = St + Sy
1,1,0
( ) QQ QB 89 — 89
QI =Q2—Q3 St — 2[K5' - S
1(27171) /
Qy=01—Q2—Q3 Sy — [K5'| =81+ Sy
XF7 — XF5 ;
1 Ql = _Ql S7 — Sg
0,1,1
O+ Qy=0Q2— Q3 Sy — [K5') — Sr+ Sy
L Cors) QI =0Q1—-Q3 Sr = 2[Kg' - So
C Qy = Q1 —2Q2 Sy — 2[K5'] — S
1 QI =0Q1— Q2 S — [K5'] = S1+ Sy
1,1,2
2 QY =01+ Q2—2Q3 59—>2[KB]—S7

Table 38. Data of toric Higgs transitions for F-theory compactified on Xp,,
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Higgs transition | VEV U(1) Generators | Divisor Class Matching

Xr, = Xp, 1, Q/Z4 = 2@ mod 4 trivial
Xp, — Xpy 2 3 Q' =31°-Q trivial
2
, fﬁ<—>fb
1q,9) | @ =2Q1—Q2
XF5 — XF3 89 — 87
11y Q=01+ Q2 trivial
r_
XF5 — XF2 1(0,,2) Ql Ql trivial
QZQ = QQ mod 2
Xp, — Xpy 13 Q’Z3 = mod 3 trivial

Table 39. Data of toric Higgs transitions for F-theory compactified on Xr, — Xp,.

E Group theoretical decomposition of representations

In tables 40, 41, 42, 43, 44 and 45 we show the explicit decompositions of representations
of the group G'f, into representations of the unbroken group G, for each Higgs transition
X F, — X Fj-

Breaking Starting Multiplets Target Multiplets
(3737 1) (2737 1)71/6—’_ (1737 1)1/3
_ 2,1,2)+(2,1,1
(3.1.3) ( Jo + ( )1/2
+(27 1, 1)71/2 + (17 1, 1)0
(17373) (17372>1/6+(17371)—1/3
Xre = Xy (3,1,1)9 + (2,1,1),
s y s s 4y /2
VEV: (3,1,3) (8,1,1)

+(2,1,1) 15 + (1,1,1)

(1,8,1) (1,8,1)0
(1,1,3)0 4 (1,1,2)1 5

+(1,1,2) 10 + (1,1,1)

(1,1,8)

Table 40. Group theoretical decompositions of representation in toric Higgsings of X g .

- 118 —



Breaking

Starting Multiplets

Target Multiplets

(2,2,1,1): (L, 1))+ (1,1)q,0
: +(1,1)0,1) + (1,1)(0,0)
(2,1,2,1), (2, 1)1 + (2,11
(2,1,1,2)0 (1,2) 0.1+ (1,2)_1,
(1,2,2,1) (21)10) + (21 1y
Xp. = X, (1,1,2,2), (2, 2)(% 5
VEV: (2,2,1,1)(1)9) (1,2,1,2), (1,2)(1,1) + (1,2) 1)
(1,1,1,1); (1, Do
(3,1,1,1)o (1, )0, + (1,1)0,—1) + (1, 1) (0,0
(1,3,1,1)0 (1,1)1,0) + (1,1)(—1,0) + (1, 1) (0,0)
(1,1,3,1)0 (3,1)0,0)
(1,1,1,3)0 (1,3)(0.0)
(2,1,1)10 (1,0 + (1, 1))
(1,3,1)13 (2,1) 120 +(1,1) (1,11
(1,1,2)y)9 (1,2)1,1/2)
(2.3,1), 0 (2, )20 +(2,1) /21
+(1,1)0,—1) + (1, 1) (0,0
Xry = X (2,1,2)0 (1,2)(0,-1/2) + (1,2)(0,1/2)
VEV: (23, Ly (1,3,2)1/6 (2,2)1/2,1/2) + (1,2)(0,-1/2)
(3,1,1)0 (1, 1) 0,0 + (1,1)0,1) + (1,1)(0,-1)
(1,8,1)q (3,1)(0,0) + (1,1)(0,0)
+(2,1) /2,1y + (2, 1) (—1/2,-1)
(1,1,3)0 (1,3)0,0)
(2,1,1)15 (2,1)1/2
(1,3,1)13 (1,3)13
(1,1,2)y)5 (1,1)0+(1,1);
Xy = Xy (2,3,1)1/2 (2,3)1/6
VEV: (1,1,2) /5 (2,1,2)0 (1,2)12 + (1,2)_1 /9
(1,3,2)/6 (3,1)2/3+ (3,1)_1y3
(1,1,3)o (1,1); +(1,1)

Table 41. Group theoretical decompositions of representation in toric Higgsings of X,
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Breaking

Starting Multiplets

Target Multiplets

(2,2,1) (2,1) 12+ (2,1)12
(2,1,4) (1,1) 1+ (1, 1) + (1,3)_yj5 + (1,3):
(1,1,6) (1,3)_%4-(1,3)%
j‘;v(; fﬁ) (1,2,4) 28+ @1ap
(1,1,15) (1,8)0 +(1,1)0 +(1,3)2 +(1,3) 2
(1,3,1) (3,1)0
(3,1,1) (1,1)o+(1,1)—1 +(1,1);
(2,2)1/2,1/2) 2(0,-1/2) T 2(1,3/2)
(1,2)(—1,-1/2) 21,2172
(2,1)(1/2,-1) 1_1,-2) + 1(0p)
(1,1)(10) 110
Xry, = Xn, (1,1)0,) 10,1
VEV: (2,1)(_1/2,-1) (1,2)0,-1/2) 200,-1/2)
(2,1)(<1/2,0) 1q1-1)+ 1)
(1, 1)) 1
(1,3)(0,0) 3(0,0)
(3,1)0,0) 11,2y + 1.2 + Lo
(2,2)(1/2,1/2) (2,2)1/2
(1,2)(1,-1/2) (1,2) 10
(2,1)(—1/2,1) (2,1)-1
(1,1)q,0 (1,1)0
Xpy, — Xp, (1, )0, (1, 1)y
VEV: (1,1) ) (1,2)(0,-1/2) (1,2)_1/2
(2,1)(—1/20) (2,1)o
(L, 1), (1,1)
(1,3)0,0) (1,3)o
(3,1)0,0) (3,1)0

Table 42. Group theoretical decompositions of representation in toric Higgsings of Xp,, — Xp,,.
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Breaking Starting Multiplets Target Multiplets
(2,2)1/2,1/2) L-10-1)+ Lo
11, 1,-2)+ 1000
(1,2)(—1,-1/2) 1(0,0,1) T1(0,-1,0)
(2,1)(1/2,-1) 1q00+1(—2,-1,-2)
Y ¥ (1, 1)10 1(1,1,0)
Fio =7 AFy
1,1 1
VEV: (2,2)11, (1,1)(0,1 (2,1,1)
(1,2)(0,-1/2) 11,1y + 11,00
(2,1)(~1/2,0) 101 + L1,
(L, 1) 1101
(1,3)0,0) 1o1,1) + Lo,-1,-1)
(3,1)(0,0) 112 + 11,212
Xp, — XFIO trivial
(3, 2)7% 1(0’0) + 1(1’2) + 2(07%) + 2(7177%)
(1,2)1 1) + Lo,—1)
(37 1)—3 1(0,1) + 2(_1 )
XFll — XFg (3 1) 13 1 + 2 2
VEV: (3,2)_: 'y (L1) T “4(0,—3)
6
(1,1) 1.0
(8,1)o 203y 213y + o0 + 300
(1,3)o Lo,0) + 112 +1(—1,—9)
(3,2)_é (2,2)12+(1,2)_1p2
(1,2)% (1,2)_%
e (3.1) (11)_1 + (2, 1)
Fiy 7 AR
VEV: (3,1), (3, 1) (2,1)0+(1,1)o
: (1,1)_4 (1,1);
(87 1>0 (37 1)0 + (27 1)1 + (27 1)—1 + (17 1)0
(1,3)0 (1,3)0
(3,2) 2 90+230+12+1
(17 2) 11 + 1_1
Xry = XFy (3,1) 1y0+1
VEV: (3,2) 1.9) oty 1
(8,1) 30+ 232 +2 32+ 10

Table 43. Group theoretical decompositions of representation in toric Higgsings of Xp,, — X, .
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Breaking Starting Multiplets Target Multiplets
119 1o
11,0 1z
10,1 1,
Xpy = Xp, L L
VEV: 1(1 9 2(1,-1/2) 2 39
2(1,-3/2) 2172
2(0,-1/2) 2 9,2
3(0,0) 30
119 1o
L(1,0 L1-1)
Lo Lo
Xy = Xpy 11,1 10,1
2:?32) 2(1-172) Loo + 112
’ 2(1,-3/2) Lio,-2) + 1)
2(0,-1/2) Ler-n + 1oy
3(0,0) L-1-2) +1a2) + 100
(2,2)1)2 21 +2.;
(1,2)1/2 21
(2,1); 10+ 1o
Xp = XR (2,1)o 141,
VEV: (2,1);
(1,1); 1
(3,1)o lp+12+ 12
(1,3)0 (1,3)o
(2,2)1)2 1100+ L-1,-2) + Lo2) + 10,0
(1,2)1/2 L1+ 1ay
(2,1)1 1)+ 10,1
é?}:_(;);?l (2,1)o 1o1)+ Lo,-1)
e (1,1) 11,21
(3,1)o 12) + Lo,—2) + 10,0
(1,3)o 112) + L—1,-2) + 10,0

Table 44. Group theoretical decompositions of representation in toric Higgsings of X, — Xr,.
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Breaking

Starting Multiplets

Target Multiplets

1110 110
1o,-1,0 10,0
121, 11
Lo,1,1) 1,
Xr = Xp, 121,29 1,2
VEV: 1,10 a2 L)
11,0,0) 110
10,01 11
101) 101
1i11) 1o,
27% 2%
2% 2%
Xry = XF, 1, 1
VEV: 1, 1, 1,
30 30
2, 1o+1_o
2, 1, +1,
X, = Xpy 1, 1,
VEV: 27% 1, 1,
3, To+1s+1 5
14 1) 13
110 1
Xr = Xp, L-1-2) Lo
VEV: 1(_;,_o) L1-1 L
102) 1,
1) 1
La-1 La-
110 1a.4)
Xp, = Xp, 14,9 1a 4
VEV: 1(g.9) L-1-1) La-
L2 Lo+
1o.1) 1o,
13 1
Xpy, = Xpy 1, 1,
VEV: 13 1, 1,
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Table 45. Group theoretical decompositions of representation in toric Higgsings of Xp, — Xp,.
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