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1 Introduction

One of the hallmarks of the Standard Model is the presence of chiral fermions transforming
in representations of the gauge symmetry group (SU(3) x SU(2) x U(1))/T', where I" €
{1,Z2,7Z3,7¢} is a possibly trivial discrete subgroup of the center of SU(3) x SU(2) x U(1).
Chiral fermions charged under the Standard Model gauge group have been realized in
numerous string theory constructions — see [1] for a review of recent developments. The
purpose of this paper is to analyze the chiral matter spectrum and aspects of the Yukawa
interactions of the universal tuned F-theory model with gauge group (SU(3) x SU(2) x
U(1))/Zg introduced in [2].

There are obvious motivations for finding specific, dynamically stable solutions of string
theory that reproduce all observed aspects of the Standard Model. However, rather than
aiming for a complete string-theoretic construction of the Standard Model, we instead
take a top-down approach and focus on sets of solutions in the space of string vacua that
exhibit the gross features of the Standard Model, specifically the gauge group and allowed
representations in the chiral matter spectrum. One reason for this approach is that taking
a bird’s eye view can give us a comprehensive picture of the set of candidate string vacua,
which may help to address broad questions about how the fundamental interactions of the
Standard Model can be reproduced by a self-consistent theory of quantum gravity (many
examples of which we expect to come from string theory). Some obvious questions of
this sort are how common or uncommon various realizations of the Standard Model are in
the space of string theory solutions with given supersymmetry, and what kinds of physics
beyond the Standard Model are associated with these different realizations. Another,
related, question is what, if any, constraints are imposed on the kinematics of Standard
Model-like theories, and whether or not these constraints can teach us anything about more
general constraints imposed by consistency with quantum gravity that we might expect to
be manifest at low energies. The set of string theory vacua with prescribed low-energy
data is sometimes referred to as part of the string landscape, while low-energy effective
theories with similar kinematic structure that do not admit a UV completion in string
theory (and therefore, perhaps not in quantum gravity more generally) are said to belong
to the swampland [3, 4]. Adopting this terminology, the questions described above can be
rephrased as questions about, respectively, the prevalence of Standard Model-like vacua



within the string landscape, and identification of the “boundary” between the landscape
and the swampland as viewed from the perspective of Standard Model-like constructions.
Taking the broad approach of constructing large classes of Standard Model-like theories also
provides the more pragmatic opportunity of comparing how natural or phenomenologically-
relevant different classes of such constructions may be, and for identifying more specific
features of observed physics that may arise in subsets of the classes of constructed models.

The questions described above could in principle be explored in the context of various
different types of constructions belonging to different branches of string theory. In this pa-
per, however, we focus exclusively on Standard Model-like constructions in F-theory [5-7].
F-theory provides a remarkably effective set of tools for exploring the landscape of 4D
N = 1 string vacua. The reason for this is that F-theory relates nonperturbative type
IIB flux compactifications on compact Kéahler threefolds with 7-branes to the geometry of
singular elliptically-fibered Calabi-Yau (CY) fourfolds, and this relationship has in turn
led to the development of a systematic procedure for constructing 4D A = 1 string vacua
with desired kinematics simply by tuning the mathematical properties of the elliptic CY
singularities using celebrated results in algebraic geometry. An enormous number of string
vacua have been constructed following this procedure, and although F-theory is dual in
certain regimes to other constructions such as heterotic string compactifications, F-theory
is believed to give the broadest global picture currently available of the supersymmetric
string landscape in terms of a unified space of elliptic CY fourfolds that are connected
through various topology-changing transitions (see, e.g., [8—11]).

An extensive literature on 4D F-theory flux compactifications has been produced over
the past fifteen years, with most papers on standard model-like F-theory vacua focusing
on GUT models whose gauge group is broken, giving the Standard Model gauge group at
low energies, see, e.g., [12-28], and [29] for a review of the extensive literature on SU(5)
F-theory GUT constructions. The topic of this paper is a somewhat less extensively ex-
plored type of construction, namely F-theory vacua with exact (SU(3) x SU(2) x U(1))/T
gauge symmetry and no larger geometric GUT symmetry. Specifically, we study the family
of F-theory vacua engineered by the universal tuned (SU(3) x SU(2) x U(1))/Z¢ model
described in [2]. The (SU(3) x SU(2) x U(1))/Zg¢ model describes a universal class of F-
theory Weierstrass models with tuned! (SU(3) x SU(2) x U(1))/Z¢ gauge symmetry that
has geometrically generic matter for this gauge group,? which includes the matter repre-

LA tuned gauge group is one that is directly tuned in the Weierstrass model defining the F-theory
compactification, corresponding to fixing some specific complex structure moduli, as opposed to one that
arises on a rigid divisor as a generic feature of the F-theory base geometry, or which arises from breaking a
larger such rigid group. In this sense, the standard SU(5) F-theory GUT constructions reviewed in [29] also
rely on tuning of the SU(5) structure, while the more recent flux-breaking GUT constructions of [27, 28] and
the direct SM construction of [30] use rigid gauge factors, which may be more prevalent in the landscape.

2The notion of genericity for matter representations in 6D and 4D F-theory was defined and explored
in [31]. Note that while universal tuned Weierstrass models will exist for other choices of global gauge
group structure associated with other quotient factors I', the Standard Model chiral matter is only generic
for I' = Zs. Note also that generic matter types are associated with the geometry of general Weierstrass
tuning of any given gauge group; while in 6D this definition can be naturally understood as a feature of the
low-energy theory (where generic matter is associated with the largest-dimensional branch of the moduli
space for fixed gauge group), this distinction is less transparent in 4D, and other constructions such as that
of [28] do not seem to share the same natural structure of generic matter in 4D.



sentations of the Minimal Supersymmetric Standard Model (MSSM) and three additional
exotic matter representations; these representations can combine into three independent
anomaly-free families (one of which is that of the MSSM). Note that a subclass of these
models, which arise naturally through a toric fiber (“F1,”) construction [32], contains the
exact matter spectrum of the MSSM with no exotics; relatedly, chiral matter in F}; mod-
els was investigated in [33, 34], and vector-like matter in these models (which we do not
address here) has been explored in [35-38].

One of the primary questions we address in this paper is whether the tuned (SU(3) x
SU(2) x U(1))/Ze model over an arbitrary base that allows this tuning naturally contains
chiral matter in the other two allowed families, or whether the other two families are for
some reason forbidden by F-theory geometry and hence belong to the swampland. To this
end we use the recently developed approach of [39] to determine the lattice of vertical fluxes
of the (SU(3) x SU(2) x U(1))/Ze model defined over an arbitrary smooth base and in the
presence of a non-trivial flux background. By computing the full set of linear dependences of
the vertical fluxes, we show that all three independent families of anomaly-free chiral matter
are realized, and hence that the linear constraints imposed by F-theory geometry on chiral
multiplicities precisely match those imposed by 4D anomaly cancellation. Furthermore, we
examine aspects of the quantization of the fluxes (and hence, of the chiral indices) both in
general and for specific choices of F-theory base, and comment on the implications for the
numbers of allowed chiral families.

More precisely, we compute an explicit resolution of a presentation of the (SU(3) x
SU(2) x U(1))/Zg model in which the elliptic fiber is realized as a general cubic in P2
We use this resolution to confirm that the gauge symmetries, matter representations, and
Yukawa interactions anticipated in [2] are realized geometrically by the singular elliptic
CY fourfold associated to the (SU(3) x SU(2) x U(1))/Z¢ model. We then use the methods
of [39] to show that the lattice of vertical fluxes preserving the 4D local Lorentz and gauge
symmetry, which gives at least a subset of the full set of chiral multiplicities realized by
the F-theory model, spans the full linear space of anomaly-free chiral spectra transforming
under (SU(3) x SU(2) x U(1))/Zg. The analysis carried out here is performed in a (mostly)
base-independent fashion so that the results can be applied to a large number of F-theory
vacua with a wide range of bases. Note, however, that not all base geometries admit tuning
of this gauge structure. In particular, at large Hodge numbers, there are many rigid gauge
factors and it can become difficult to find room in the geometry for tuning additional
features.

The remainder of this paper is structured as follows: In section 2, we give a brief
summary of the main results of the paper. In section 3, we outline the basic setup and
describe explicitly the resolution of the universal tuned (SU(3) x SU(2) x U(1))/Z¢ model.
In sections 4 to 6, we study the explicit resolutions of singularities at codimension one, two,
three, corresponding to the gauge factors, matter representations, and Yukawa interactions.
In section 7, we analyze the chiral matter multiplicities in the presence of (vertical) fluxes
using the formalism of [39], and in section 8 we consider explicit examples. In section 9 we
discuss some more detailed aspects of the quantization of chiral multiplicities. We conclude
in section 10 with a discussion of the results and further directions for future work.



2 Summary of results

Our analysis of the chiral spectrum of the tuned Ggy = (SU(3) x SU(2) x U(1))/Zg model
is divided into two parts. First, we resolve the singular F-theory background Xy in order to
study the kinematics of the corresponding low-energy effective 4D theory for an arbitrary
choice of base and characteristic data where the tuned Ggy structure is possible. Second,
we switch on a generic vertical flux background and use the geometry of the resolved model
to compute the corresponding chiral excesses induced in the 4D spectrum. We summarize
the results of these two parts of the analysis in the subsections below.

2.1 Resolution of singularities and 4D kinematics

Let Xo — B be the singular elliptic CY variety defining the (SU(3) x SU(2) x U(1))/Z¢
model, where B is the base of the elliptic fibration. In section 3, we use well-established
methods? to study the geometry of a particular resolution X5 — X in order to explore
the kinematic structure of the low-energy effective 4D theory. Although for the purposes
of computing the chiral spectrum following the approach of [39] it is sufficient to simply re-
solve the singularities of Xy and use the structure of the codimension-one singular fibers of
X5 to write the intersection numbers of X5 in terms of a basis of Cartan divisors, we never-
theless provide a comprehensive description of the singular fibers over the codimension-one,
codimension-two, and codimension-three components of the discriminant locus in B. Our
analysis of the singular fibers of X5 shows that the 4D effective theory exhibits the gauge
symmetries and charged matter spectrum listed in the left-hand columns of table 1. The
gauge symmetries and charged matter spectrum we find agree with the analysis of the sin-
gular limit Xy in [2], and hence our analysis provides a check of the predictions made in [2]
regarding the gauge symmetries and matter spectrum of the (SU(3) x SU(2) x U(1))/Zs
model. Our analysis also includes detailed geometric information relevant for further in-
vestigation of structures such as the Yukawa interactions of the theory — see table 2.

2.2 Vertical flux backgrounds and chiral matter spectrum

We next use the resolution X5 — X to compute the multiplicities of 4D N = 1 chiral
multiplets in the (SU(3) x SU(2) x U(1))/Zs model induced by a non-trivial vertical flux
background. The multiplicities of 4D A" = 1 chiral multiplets can be expressed in terms of
the chiral indices

Xr = Ny — Ny~ (2.1)

3A distinctive feature of our analysis is the fact that the singular (SU(3) x SU(2) x U(1))/Zs model
is constructed using a general cubic in P? as opposed to the more standard Weierstrass equation. As a
result, the resolution X5 — X exhibits a rational, rather than holomorphic, zero section, which indicates
the presence of primitive BPS particles with non-trivial KK charge in the spectrum of the low-energy
3D theory corresponding to Xs5. The presence of non-trivial KK charges changes the way in which the
4D spectrum is “imprinted” on the spectrum of its 3D KK reduction, and thus some care is required in
recovering the 4D kinematics from the 3D KK theory. We stress that the methods we use in our analysis
here are not novel — other models sharing this feature have been similarly analyzed in the literature, see,
e.g., [32, 40, 41] for global analyses of other F-theory models with rational sections; global analyses of
gauge groups and matter spectra for F-theory models with either no sections or multisections (rather than
sections) have been carried out in, e.g., [42-47].
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Table 1. Singular elliptic fibers of the resolution X5 — Xy (see eq. (3.10)) of the (SU(3) x SU(2) x
U(1))/Z¢ model over codimension-one and codimension-two components of the discriminant locus
A = 0; these singular fibers correspond to (resp.) gauge symmetries and charged matter represen-
tations. The nodes of the graphs in the right-most columns represent irreducible components of the
singular elliptic fibers, while the edges of the graphs correspond to points of intersection between
pairs of irreducible components. Each irreducible component is birational to P. A blue (red) ‘x’
in the center of a node indicates that the curve represented by that node intersects the zero section
(generating section) at a point away from the points of intersection with other P! components. A
blue node is an exceptional P! wrapped by the zero section; such curves correspond in the M-theory
frame to primitive BPS particles whose KK central charges are approximately the same scale as
their Coulomb branch central charges. (Note that we express the loci in terms of the parameters
of the resolution X35, so that doe; = 0,b1eses = 0 are, respectively, the SU(2), SU(3) gauge divisors
39,33 C B.)

where n,, n,~ are the numbers of chiral and anti-chiral multiplets transforming in the com-
plex representations r, r*. We direct the reader to section 7.2 for a detailed review of the
terminology and concepts discussed below.
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Table 2. Table of singular elliptic fibers of the resolution X5 — Xy of the (SU(3) x SU(2) x
U(1))/Z¢ model over codimension-three components of the discriminant locus A = 0; these singular
fibers correspond to Yukawa interactions. The left-most column describes the triples of chiral
representations that are contracted to gauge-singlets in each Yukawa interaction. See the caption
of table 1 for an explanation of the graphs in the right-most column and the definitions of the
singular loci.

Computing the chiral multiplicities for a 4D F-theory compactification in terms of
the geometry of a resolved elliptic CY is a well-studied problem in F-theory, reviewed
in [48]. Base-independent analyses of this problem for specific gauge groups have also been
worked out in, e.g., [49-52]. In [39], we developed a base-independent analysis, in which the
intersection numbers of a resolved elliptic CY X are used to compute the integral pairing
on the vertical homology subgroup,

M: Hy$' (X, Z) x Hy$'(X,Z) — Z. (2.2)



After homological equivalences on vertical cycles are modded out, this nondegenerate in-
tersection pairing M,eq was found to be independent of the choice of resolution in many
cases, and conjectured to be resolution-independent in general. If true, the resolution-
independence of the matrix M,.q suggests that the integral pairing on vertical cohomology
is intrinsic to the singular F-theory limit that directly encodes information about the low-
energy 4D theory; this is physically natural since all physical features such as the chiral
spectrum should be resolution-independent, but this kind of cohomology of singular spaces
is not fully understood mathematically. Other recent work aimed at a direct characteriza-
tion of the physics of F-theory models in terms of the singular geometry described by type
IIB string theory includes [53-55].

The chiral multiplicities of any theory of interest can be computed from simple linear
algebra using M,eq, where schematically ©7; = M1k L)¢K L in terms of a (homologically
redundant) basis of surfaces S;; = DinD 7, ¢! parameterizes the allowed (vertical)
fluxes, and the chiral multiplicities can be related to certain ©;;, while other ©;; are
constrained to vanish by various symmetry principles. For example, for an F-theory Tate
model with a nonabelian gauge group (defined over an arbitrary base, and with generic
complex parameters, with no additional Kodaira singularities at higher codimension), the
reduced matrix M,.q takes the schematic form

Dy -K-Dy Dy -Dg - Dg 0 0
D, -Dg -D 0 0
Mya = | 7 27 e Z "l (2.3)
0 0 —KYY Dy - Dy *
0 * * *

in a reduced basis Soa, Sag, Sia, Sij Where 0 represents the zero section, indices a correspond
to base divisors, and ¢ correspond to Cartan elements of the gauge group; the matrix
elements denoted by “x” are undetermined and the non-zero matrix elements are given
by intersection products of divisors D, in the base B, where K is the canonical class
of the base. A rational change of basis removes all the * elements except the bottom
right block, which becomes a matrix My relating chiral multiplicities to the subset of
flux parameters ¢’ that correspond to symmetry-preserving F-theory fluxes (note that
all other flux parameters are forced to vanish in order to satisfy the constraints @7, = 0,
which are necessary to preserve 4D Poincaré and gauge symmetry). This simple schematic
structure becomes more complicated for models with additional abelian U(1) factors, as
described in [39]. In particular, the presence of additional sections complicates the form
of the reduced matrix (2.3), and makes it harder to describe the general solution of the
constraints as easily. This is described in some detail for a simpler model with gauge group
(SU(2) x U(1))/Z2 in [39]; working through the details of this for the more complicated
universal (SU(3) x SU(2) x U(1))/Z¢ model is a central part of the work in this paper. The
matrix Meq representing the integral pairing for the resolved (SU(3) x SU(2) x U(1))/Zg
model is displayed in table 5 and table 6 in two particular homologically independent bases
for S7y, which are useful in complementary aspects of the analysis. This reduced matrix
is used in section 7 to describe the chiral matter content of the model with fluxes.



(32 (31): B (L2, (L1][E1)_s (L2)s (L1):
(MSSM) 1 —1 —1 —1 1 0 0 0
(exotic 1) | 2 ~1 —4 —2 1 0 1
(exotic 2) |  —2 2 2 -1 0 0 1 ~1

Table 3. Multiplicities of the three anomaly-free families of generic chiral matter in 4D models
with (SU(3) x SU(2) x U(1))/Z¢ gauge group.

An interesting question one can ask related to the landscape of F-theory compactifica-
tions is whether or not all linearly independent anomaly-free combinations of chiral matter
can be realized in F-theory, i.e., whether F-theory imposes further linear constraints on the
available chiral spectrum beyond those associated with anomalies. (Note that we expect
that all F-theory models will satisfy anomaly constraints; the geometric manifestation of
these constraints has been studied in, e.g., [52, 56-58]). We address this question by geo-
metrically computing the possible combinations of chiral matter multiplicities that can be
realized in the (SU(3) x SU(2) x U(1))/Z¢ model and comparing them to the full list of
possible chiral matter combinations compatible with 4D anomaly cancellation, namely the
set of all integer values for the chiral indices x, (where r is one of the eight complex repre-
sentations appearing in the left-most column of the right hand table in table 1) subject to
the constraints

X(381); = ~X(1.1) + 2)((1,2)% T XBY_y
X(31) ) = ~X@1) + 2)((1,2)% - 4X(3,1)7%

X(2), = “X@n T X@a2)y 2X(3,1)7% (2.4)
X@B2); = X@in 2)((1,2)% + 2X(3,1)7%

X(1,1), = - X(1,2)% + X(3,1)7%-

Since there are eight possible chiral matter representations and five constraint equations
(above), this leaves behind a three-dimensional linear space of anomaly-free chiral mat-
ter multiplicities. One basis for the three linearly-independent families of anomaly-free
matter is displayed in table 3. Note that setting the chiral multiplicities of the exotic?
representations (1,2)% and (3,1)_ 4 equal to zero reduces this three-dimensional family
of anomaly-free chiral multiplicities to a one-dimensional family corresponding to a single
generation of the MSSM chiral matter spectrum.’

We compare the anomaly-free chiral matter spectra satisfying eq. (2.4) to the chiral
indices of the resolved (SU(3) x SU(2) x U(1))/Z¢ model induced by a non-trivial verti-

4We refer to charged matter transforming in representations that do not belong to the MSSM as “exotic”
matter, although these are still generic features of the class of universal tuned (SU(3) x SU(2) x U(1))/Zs
F-theory models.

5 Another specific linear combination of the anomaly-free families (with multiplicities of each family
multiplied by 2,0, 1 respectively), has no matter charged under the SU(3) factor and indeed the resulting
multiplicities correspond precisely to those of the (SU(2) x U(1))/Z2 model [32] whose chiral spectrum is
explored in [39].



cal flux background; see eq. (7.47). Consistent with the findings of [39], namely that all
anomaly-free linear combinations of matter can be realized in F-theory (without consid-
ering multiplicities) for the models considered there, we indeed find that the full set of
three independent linear families of possible chiral matter multiplicities are realized in the
(SU(3) x SU(2) x U(1))/Ze model in the presence of a non-trivial vertical flux background
for a generic choice of base. We comment on the precise quantization of the chiral indices
imposed by the geometry of specific F-theory vacua (i.e., a specific choice of base and
associated topological data) in section 9. In addition to the quantization constraints, tad-
pole constraints, which we do not consider here, will also limit the range of chiral matter
multiplicities available in any given model.

3 Basic setup and resolution

The universal tuned (SU(3) x SU(2) x U(1))/Z¢ model was identified in [2] by un-Higgsing
a U(1) model with charge ¢ = 4 matter introduced in [59]. The charge ¢ = 4 U(1) model
of [59] was constructed as a singular hypersurface of an ambient projective bundle Y{ whose
fibers are isomorphic to P? with homogeneous coordinates [u : v : w]. The hypersurface
equation is as follows:

pg:4 = (a1v + byw) (dov2 + dyvw + d2w2> )
3.1
+ u(31u2 + souv + 5302 + ssuw + sgvw + 38w2) =0.

In terms of the above construction, the un-Higgsing U(1) — (SU(3) x SU(2) x U(1))/Zg is
achieved by restricting to a special locus in complex structure moduli space on which the
sections a; = s3 vanish:

Xo={pl™" = a1 =s3 =0} = {pp = 0} C Yp, (3.2)
so that
po = blw(d0v2 + divw + d2w2> + u<51u2 + souv + ssuw + sgvw + 58w2> =0. (3.3

We now discuss this construction in more detail. First, observe that the above elliptic

fibration is equipped with two rational sections:®

zero section: {sju+ sov =w =0},
¢ J (3.4)
generating section: {u =w = 0}.

The coefficients of the cubic (in u,v,w) monomials appearing in the homogeneous poly-
nomial pg in eq. (3.3) are (the pullbacks to Yj of) sections of various line bundles over B.

SNote that in this paper we assume, but do not prove, that X, does not contain any additional rational
sections beyond those described in eq. (3.4), given a generic choice of sections as parameters for the cubic
polynomial po (see eq. (3.1)) and a generic base B. Although it would be interesting and useful to either
exclude or confirm the existence of additional abelian gauge symmetries in the (SU(3) x SU(2) x U(1))/Zs
model, computing the exact Mordell-Weil group of a general elliptic fibration such as Xy is a difficult
problem that we do not address further here.



We may equivalently express these line bundles in terms of their first Chern classes, each
of which can in turn be expressed as a linear combination of the following divisor classes:

K, 22 = [d()] s 23 = [bl] s Y = [82] . (35)

We refer to the above four divisor classes as the characteristic data of the elliptic fibration
Yo — B. Let us describe these divisor classes in further detail:

e K is the canonical class of B;
o Yo, Y3 are the su(2), su(3) gauge divisors wrapped by 7-branes;

e and Y is the divisor class of the locus in B over which the zero section and the
generating section associated with the u(1) factor intersect.

The classes of the zero loci of the other sections appearing in pg besides dg, b1, so are

The ambient space of the elliptic fibration, Yy, can be viewed as the projectivization of a
rank-two vector bundle:

Yo=P@_,.%) 5B, % —B. (3.7)
To ensure that the homogeneous polynomial pg is a well-defined section of the line bundle

®i-Z; (3.8)
we assign the following choice (unique up to an overall additive constant) of divisor classes”
L; = ¢1(%) to the hyperplanes u,v,w = 0 in the Chow ring of Yj

[uy=H+L =H-Y + 33
W=H+Ly=H-K-Y — 3%, (3.9)
[w]:H+L3:H7K+23
Although the hypersurface equation eq. (3.3) differs from the standard Weierstrass form
presented in [2] (with the two equations being related by Nagell’s algorithm®), the singular

locus of Xy is nevertheless still given by the zero locus of the discriminant A = 43 4 2742
Explicit expressions for f, g can be found in [2, 59] (for related discussions, see also [60, 61]).

"We use bold symbols D to denote divisor classes in the Chow ring of the ambient projective bundle Yj;
in particular, D, denotes the pullback of a divisor Do € B (e.g., K = K“D,, is the pullback of K to the
Chow ring of Yp).

8See appendix B of [60] for a discussion of Nagell’s algorithm.
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We resolve the singularities of Xy through codimension two by means of the following
sequence of blowups’

X; (wi|e>5) X, (uﬂ|e>4) X (emﬂf's) X, (bl,i\t?) X, (dom;)wleﬂ X,. (3.10)

In this sequence of blowups, the variable ¢ appearing in the defining equation for X, is
defined as follows:

t:= S9U + e1e9e3€451U . (3.11)

The first three blowups appearing in eq. (3.10) (counting from the right) are conceptually
straightforward, as they are restricted to codimension-one components of the discriminant
locus in B. However, the fourth and fifth blowups appearing in eq. (3.10), whose corre-
sponding blowdown maps are (respectively) X4 — X3, X5 — X4, are somewhat unintuitive
in that they appear to blow up the entire base B. However, it turns out that these choices
of blowups produce new divisors with precisely the desired geometry: the proper transform
of each blowup is topologically a small blowup of the base B at the points over which the
elliptic fibers become singular, and hence is a smooth birational representative of a rational
section (see eq. (3.4)).1°

The proper transform of Xy under the above composition of blowups, X5, is the com-
plete intersection

X5 ={ps1 =ps52 =0} CYj;

P51 = bld1€36465’0w2 + bldgelegeiegw?’ + bldov2w + egeqtu’ + €1€2€3€i85u2’w

5 , (3.12)

+ e4S6UvW + e1€3e;€E588UW

P52 = — t€5 + e1eg2e3e481U + S2v
9The notation fit1 = (gi+1,1,---,Gi+1,n,.1|€i+1) is shorthand for the blowup fit1 : Yip1 — Yi of the
ambient space Y; along the blowup center {gi11,1 = -+ = Gitlngyy = 0} C Y; whose exceptional divisor

is the zero locus e;+1 = 0. The corresponding blowup X;+1 — X; is then given by the restriction of fi41
to the complete intersection X; = {p;1 = -+ = pi,m;, = 0} C Y;. We abuse notation and implement the
i + 1th blowup by making the substitution g;4+1,; — ei+19i+1,; whenever g;4+1,; is a local coordinate, and
we denote the proper transform of X; C Y; by X;41 C Yita.

1076 see why the fourth and fifth blowups in eq. (3.10) have precisely the intended effect, let us study
blowups of this form in the context of a toy model. Let Yy be the total space of a P? fibration over a base
B. Suppose that the fibers of Yy have homogeneous coordinates [z : y : 2] and let us restrict to a C2 open
set of B with local affine coordinates (a,b). Let Xo C Yy be the hypersurface ax +by = 0. The hypersurface
Xo has a section x = y = 0. There is a conifold singularity at a = b =z = y = 0. Suppose we resolve this
singularity by means of a blowup along x = y = 0, i.e. we make the substitution z — ei1z,y — e1y with
e1 = 0 a local equation for the exceptional divisor in the ambient space. The proper transform X; is the
hypersurface ax+by = 0 in the new ambient space Y7 with an affine open set described by the homogeneous
coordinates [z : y][eiz : e1y : z](a,b) (and some unspecified C* action). Having blown up the section, we
can study its proper transform by restricting to the exceptional locus e; = 0. Away from the “discriminant
locus” @ = b = 0 in B, we find that the exceptional divisor is isomorphic to the original section, and
corresponds to the set of points [—b : a][0 : 0 : z](a,b). When restricted to the discriminant locus, we find
that the point [0 : 0 : 2] of the fiber has been replaced with a P!, i.e. the set of points [z : 4][0: 0 : 2](0,0).
Thus, we see that the proper transform of the section has the topology of a small blowup of the base B
at the point (0,0). An analogous story holds for the proper transforms of the sections eq. (3.4) under the
fourth and fifth blowups in eq. (3.10).
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and the ambient space Y5 is equipped with homogeneous coordinates

[eregesequ : v : ejesesesw] [egesequ : eseqesw : do)

(3.13)
[eau = b1] [e2 : esesw] [u : esw] [w : t]
The above homogeneous coordinates are identified under the rescalings
u — )\0)\1)\2)\4’&, v — )\011, w — )\0)\1)\3)\4)\5’[0, d(] — do)\l, b1 — bl)\g, (3.14)
A
61—)%, 62—>6§\723, 63—)%, 64—)%, 65%%, t—>)\o/\5t

for A\; € C*. One can verify via explicit computation in the affine open sets of X5 that the
rank of the Jacobian [[9;ps ;]| does not (in general) reduce over any codimension-two loci in
B, indicating that X5 is smooth through codimension-two in B without additional tunings
of the parameters defining the (SU(3) x SU(2) x U(1))/Z¢ Weierstrass model.'! We abuse
terminology and refer to X5 as “smooth”, a “resolution”, etc., keeping in mind that X5
may contain singular fibers over certain codimension-three loci; these codimension-three
singularities do not affect the main results of this paper.

We next analyze the geometry of X5 to identify the kinematics of the low-energy
effective 4D N = 1 supergravity theory describing the (SU(3) x SU(2) x U(1))/Zg model at
long distances. Unless otherwise stated, throughout our analysis we work over an arbitrary
smooth base B.

4 Codimension one: gauge symmetry

In this section, we analyze the geometry of the singular elliptic fibers of X5 over codimension
one loci of the discriminant locus in B, in order to verify that our resolution correctly
exhibits the expected gauge algebra

g = Dsgs = su(3) ®su(2) du(l) (4.1)

characterizing the 4D N = 1 theory describing F-theory compactified on the singular
fourfold Xj.

4.1 u(l1)

In F-theory compactifications pure u(1) gauge symmetries are identified with the Mordell-
Weil (MW) group of rational sections of the elliptic fibration [7, 62-64], where the zero
section (i.e., a choice of zero element of the MW group, extended fiber-wise over B) cor-
responds to the Kaluza-Klein (KK) u(1) and all other sections generating the free part
of the MW group correspond to additional u(1) factors.'?> Therefore, pure abelian gauge

HNote that certain choices of base B can impose additional specializations on the Weierstrass model pa-
rameters that can in principle lead to additional singularities appearing over higher codimension components
of the discriminant locus.

2More precisely, in the dual M-theory picture, in the vicinity of a divisor of a smooth elliptic CY, it is
possible to locally expand the M-theory 3-form in a basis of harmonic forms w; as Cs = Af Aw;+- - -, where
A? are abelian gauge fields and the harmonic forms w; are Poincaré dual to the divisors ﬁz See section 4.3
of [48] and references therein for further discussion.
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symmetries are not determined by codimension one singularities in B, although they are
nonetheless associated to smooth divisors Dy of X5; see eq. (7.2) for a description of the
proper transforms of the zero and generating sections Dy, D1 under the composition of
blowups leading to X5.

Note that since Dy is rational, rather than holomorphic, the resolution X5 describes
a phase of M-theory in which some of the primitive BPS particles in the 3D spectrum
carry non-trivial u(1)gk charge; this point is explored further in section 5.1.'3 Since
3D BPS particles arise from M2-branes wrapping holomorphic curves C, these quantized
u(1)kk charges can be computed in terms of the intersection pairing 155 -C'. Similarly, the
addtional u(1) charges of BPS particles can be determined by computing the intersection
pairings D - C.

4.2 su(3) & su(2)

In contrast to u(1) gauge symmetries, simple nonabelian gauge symmetries g, are associated
to singularities of the elliptic fibers over codimension one components of the discriminant
locus A = 0 in B. Since the discriminant A of the singular Weierstrass model eq. (3.3)
exhibits the following behavior,

f=0E%, g=0(E%, A=eb3dy?+ 0, (4.2)

we can see there is an Iy singularity overe dy = 0 and an I3 singularity over by = 0 in Xy
(see, e.g., [65]). We use our explicit description of the resolution X5 — X in egs. (3.12)
and (3.13) to verify that both singular fibers are split in the sense of arithmetic geometry
and indicate the presence of (resp.) su(2) and su(3) gauge symmetries. We describe the
singular fibers in more detail below.

In the following discussion, for convenience, we study the singular fibers and their
intersections in the affine open set eses # 0, away from possible points of intersection with
the rational sections ﬁo, ﬁl. The singular elliptic fibers F' over the locus dye; = 0 split
into the following irreducible rational curves:

511(2) : F’doe1=0 =+ . (43)

Setting dyp = 0, we learn that the irreducible curve Fjy is the normalization of the singular
cubic curve in P? with coordinates [u : v : w] (after appropriate coordinate redefinitions),
where the singularity © = w = 0 has been replaced with the exceptional curve Fj. Setting
e; = 0, one can see that F} is a smooth conic in P? with coordinates [u : w : dg]. The
intersection Fp N Fy consists of two distinct points, hence the generic fibers are type I,
and we associate Fy, F to, respectively, the affine and non-affine nodes of the affine su(2)
Dynkin diagram. In codimension one, Dy intersects Fy in a point, whereas D; intersects
F1 in a point.
Next we turn our attention to the fibers over the locus bieses = O:

su(3) : Flyepesmo = Ff) + Fhy+ F. (4.4)

13Gee, e.g., [40] for a discussion of the interplay between rational sections and KK charges in the context
of 6D F-theory compactifications.
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Figure 1. Schematic diagram of the singular elliptic fibers over the codimension-one su(2) (left)
and su(3) (right) loci of the discriminant locus in B. Over the su(2) locus dpe; = 0, the singular

elliptic fiber F is Kodaira type I, and admits the decomposition F' = Fy + Fi; over the su(3)

locus bieses = 0, the singular elliptic fiber is Kodaira type Izplit, and admits the decomposition

F = Fj + Fj + F;. Note that all irreducible components F, F} are rational curves. The blue x
indicates that Fp, F} intersect the zero section Dy in a point, whereas the red x symbol indicates
that F, F} intersect the generating section D; in a point.

Analogous to Fp, we associate F{) to the affine node and Fj, F3 to the other two nodes of the
affine su(3) Dynkin diagram. Making the redefinitions w — uw/(eses),e2 — ea/ez, v —
erequv, we learn that Fy) can be described locally as a smooth conic in a subspace birational
to P? with coordinates [e : v : w] with the points [0 : 1 : 0] and [sav : s1eq : 0] removed.
Next, we consider the curve Fj. Making coordinate redefinitions v — u/(ejeq),e3 —
es/(eresesw), we find that F} is the sum of a base and fiber curve in F; with homogeneous
coordinates [v : es][u : b1] = [Aov : Aopes|[AoA2u : A2bi]. Finally, in the case of the curve
F3, after making the coordinate redefinitions w — vdow/(eses), u — vdpu/es we learn
that the class of F3 is a sum of the base and fiber curve classes in F_; with homogeneous
coordinates [u : bi][es : w] = [Aou : Aobi][Ay ' Azea : Asw]. Tt is straightforward to verify
that the three pairwise intersections Fjy N Fy, Fyy N F3, Fy N Fy are all points, and hence the
fibers over bieses = 0 are of Kodaira type Izplit. In codimension one ]50 intersects F{) in a
point, whereas ﬁl intersects F3 in a point.
See figure 1 for a schematic depiction of the codimension-one singular fibers.

5 Codimension two: local matter

In this section we study the geometry of the codimension-two singular fibers (i.e., collisions
of codimension-one singular fibers including those described in section 4) associated to local

matter representations
(Rs, R2)uw;, (5.1)

where
Rs :=rs®r; (5.2)

is an irreducible quaternionic representation of the nonabelian gauge algebra g; and wi = ¢
is the u(1) charge. We show, in particular, that the codimension-two singularities are
consistent with the matter spectrum discussed in [2].
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5.1 Kaluza-Klein charges

As was mentioned briefly in section 4.1, a special feature of the resolution Xj is that the zero
section Dy is rational, rather than holomorphic, which is closely related to our realization
of the F-theory vacuum X, as a hypersurface of a general P? fibration as opposed to a
Weierstrass model 32z = 23 + fxz? + g2z (the Weierstrass model, by contrast, is naturally
equipped with a holomorphic zero section x = z = 0). It turns out that the zero section Dy
is isomorphic to a small blowup of the base B at various points and is hence only birational
to B. This can be seen by noting that the locus sy = 0, over which the zero and generating
sections intersect (and hence over which our choice of zero section fails to be holomorphic),
has non-trivial intersection with the discriminant locus. Thus, the singular elliptic fibers
of X over the codimension-two locus A = s = 0 have singular points that are blown up
as part of the resolution X5 — Xg; the proper transforms of these points are irreducible
P! components of I singular fibers over A = s = 0. Since these exceptional P!’s are by
definition extremal generators of the Mori cone of X35, they necessarily have non-trivial
intersection with Dy 2 Blia—s,—0} B, and thus it follows that the central charges of the
primitive 3D BPS particles corresponding to M2 branes wrapping these exceptional P'’s
carry non-zero u(l)gx charge. These 3D BPS particles” KK central charges are in fact
small in comparison to their Coulomb branch central charges (see eq. (7.43)), so there is no
mass hierarchy between BPS particles with zero KK charge and BPS particles with non-
zero KK charge. While the presence of light particles with non-trivial KK charge clearly
does not alter the 4D spectrum, this does imply that we cannot simply read off the 4D
kinematics from the naive 3D BPS spectrum in the usual manner.'* Thus, we need to be
able to use the geometry of X5 to precisely specify the contribution of the KK charges to
the 3D Coulomb branch dynamics, so that we can disentangle the KK spectrum from our
analysis. We discuss how to do this below.

We first focus on the zero section. Rescaling the homogeneous coordinates appropri-
ately and defining w — equw, e4 — e4/u, we can describe the restriction of the zero section
to the locus sy = 0 by the complete intersection

150|32:0 : s1e1egezeq = eqt + (sgv + b1d0v2)w + S5€1€2€3€Zw =0. (5.3)
In the above equation, the monomial sqejeseges vanishes on the union of three components
of the discriminant locus restricted to so = 0, namely the union of the loci s; = 0, dge; = 0,
and bieqeg = 0:

f|32=0 = 0(50)7 g|82=0 = 0(60)1 A|32=0 = 59(b162€3)4(d061)33% + 0(510) : (54)

We thus expect the intersection of Dy NY with each of these codimension one loci to
describe the following collection of exceptional P's:

MFor example, in this situation the one-loop Chern-Simons couplings receive contributions from the KK
central charges. Thus, it is not possible to determine the form of the Chern-Simons couplings from purely
3D field-theoretic considerations, as the KK tower now participates in the light spectrum [40, 66].
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Setting e; = 0 and working in the affine open set sjeses # 0, after appropriately
rescaling and defining new variables e4 — vey/(eze3),t — vt we find

Dolsy=er=0 : eat + brdow + sgeaw = 0 (5.5)

in a subspace birational to P! x P! with homogeneous coordinates [e4 : do][w : ¢]. Similarly,
by setting es = 0 and working in the open set sjejes # 0, after making some appropriate
coordinate redefinitions we find an identical local description in a subspace birational to
P! x P! with homogeneous coordinates [e4 : by][w : t]. Finally, by setting s; = 0 and working
in the open set ejeses = 0, and making the coordinate redefinitions dy — do/e1,b1 —
b1/(e2e3),e4 — e4/(e1e2e3), we may write

150]52151:0 ©oeqt + 35wei + sgweqv + dobiv?w =0 (5.6)

in a subspace birational to a Hirzebruch surface!® F; with coordinates [es : v][w : t] &
[Aoes : Agv][Asw : AgAst]. In all three cases, we see that the zero section wraps a full
rational curve, i.e., the elliptic fiber splits as ' — F' 4+ F” with F', F” = P!, As discussed,
since these exceptional curves F” lie in Dy, the primitive BPS particles corresponding to
M2 branes wrapping F’ carry non-trivial KK charge given by Dy - F” # 0.

Having specified the geometric origin of the light BPS particles in the 3D spectrum
with non-trivial u(1)gk charges, we next turn our attention to local matter charged under
su(3) & su(2) & u(l).

5.2 (1,1)y;
The pure u(1) charged matter loci were found in [2] to corresponds to singular fibers of Xy
over the following components of the discriminant locus A = 0:

(17 1)1 : ‘/qzl =0

(1,1)2 : s1=s52=0. (5.7)

In the above equation

Vq:l = V\({Sl = §9 = 0} U {bl = §9 = 0} U {do = 89 = 0})

—dobls%SQ(dls% — 2dpsaS5 + 2d08186) + d%b%szll
V= +dosS — 53(s085 — 5156)(d153 — dos2ss + dos156) (5.8)
= —bldlslsg + 2d0b181858% — 3d0b18%8286 ’
+2b3d3s3 + s3ss — s38556 + S15552

To see that the fibers in the resolution X5 degenerate as expected over the total transforms
of both loci described above, we work in the open set dpeibieses # 0. For the charge
q = 1 locus, we further restrict to the open set sy # 0 and solve for ds, sg in the equation
Vg=1 = 0. Doing so, we find that

Fly,_,—0 = F}

PSS (5.9)

5F,, denotes the Hirzebruch surface P(6 @ &(n)) — ¢, with divisor classes f, ¢ satisfying f> =0, f ¢ =
1,¢% = —n.
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We learn also that the zero section intersects F ", in a point, while the generating section
intersects F,_; in a point. Moreover, it is stralghtforward to verify that the intersection
Fq+: N F,_, consists of two distinct points, hence we see the fibers over Vo= = 0 are
type I, as anticipated, where Fq:1 as the affine component of the affine su(2) Dynkin
diagram describing the intersection structure of the enhancement. The enhancement of
the elliptic fiber to an Iy Kodaira fiber indicates the presence of charged matter and since
this enhancement occurs away from the components of the discriminant locus associated
to nonabelian gauge symmetry, we conclude this matter can only be charged under the
u(1) of the 4D gauge algebra. The u(1) charges can be checked by computing intersection
products D1 Fi
We treat the charge g = 2 locus in a similar manner. Setting s; = s2 = 0, eq. (3.12)
splits into two components, ps 2(s1 = s2 = 0) = est = 0. It follows that the fibers over this
locus degenerate:

F|51:52:0 = F(;:Q + F({:Q? F;;Q = F’81:82=t207 F(;ZQ - F’51:52:55:0 . (510)

Notice that the above definitions imply that the zero section wraps the exceptional curve
F,_5. To study the geometry of the degenerated fibers more explicitly, we use local de-
scriptions of the fibers in affine open sets, as we now describe.

For F " 5, Making the redefinitions u — u/(ejezeq), w — w/(e1e3eq), we can describe
F, t, locally as a smooth conic in P? with homogeneous coordinates [u : v : wes] with
the point [0 : 1 : 0] removed. For F,_,, we make the redefinitions w — esequw /€3, eq —
es/(ereau) so that F,_, can be descrlbed locally as a sum of base and fiber curves in [F;
with homogeneous coordlnates [eq s v][w : ] = [Aoeq : Aov][Asw : AgAst].

The generating section Dy intersects F,_5 in a point, but does not intersect F+
Moreover, the intersection FqJr NF,_, con51sts of two distinct points, hence the fibers over
the charge ¢ = 2 locus are type 12. Once again, the charges can be determined explicitly

by computing the intersection products ]_A)i -F qi:Q.
5.3 (1,2)y,
The residual discriminant locus intersecting the codimension-one I, locus dy = 0 is
f = (4br1drss — 53)? + O(do)
9= (4b1d182 - 86) + O(do) (5.11)

2
A = —1—6d b SQA(a) <4bld132 - 36) + O(dO)

where
A(a) = b2 d151 + b1d18285 bld%818586 — 2b1d%818288
— 2b1d2d1$2$5 + 3b1dad1 515286 + bld%S‘; + dls%sg (5.12)

2 2 2
+ d1515558 — d152555658 — dgslsg + d2S25555 — d2555658 -

thus according to Tate’s algorithm [65] we can anticipate the presence of localized matter
charged under su(2) for all codimension-two loci except for dy = 4b1d1s9—s2 = 0. According
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Figure 2. Schematic depiction of the degeneration of the I Kodaira fibers over the codimension-
two loci corresponding to local matter transforming in the representations (1,2);/o (over doe; =
Ag) = 0) and (1,2)3/5 (over doge; = so = 0). Note that a blue (respectively, red) x in the center
of a node corresponding to an irreducible P! component of the singular elliptic fiber indicates that
Dy (respectively, Dl) intersects the said P! in a point. The blue node is wrapped entirely by Dy.

to the analysis of [2], we anticipate the following representations

11 dp=A =0,
? (5.13)
: d0:82:0.

In this subsection we focus on the local matter away from the collision of I and I;pht fibers;
see figure 2. Bifundamental matter, which is localized at the collision of the Is and I;pht
fibers, is discussed in section 5.5.

Judging from eq. (5.11), we expect the I, fiber to enhance to I;pht over A,y = 0.
Unfortunately, an explicit algebraic description of the degeneration of the elliptic fibers
over A,y = 0 is difficult to obtain so we simply verify that the discriminant Ap, of the
cubic polynomial defining Fy in eq. (4.3) vanishes on this locus. In particular, we find

Ap, = (- )Aw)- (5.14)

In the above equation, (---) denotes factors of by, ez, e3 responsible for the degeneration
leading to bifundamental matter; we analyze this degeneration in detail in section 5.5.
Schematically, we write

FO’A(a)ZO = Fdi_ + Fy . (515)

Unfortunately, without an explicit algebraic description, it is not precisely clear how 150, Dy
intersect the irreducible components FOi of the elliptic fiber over this locus. However, given
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that the BPS particles corresponding to M2 branes wrapping FolL have much larger KK
central charges than Coulomb branch central charges, we can further anticipate that Dy
only intersects either F0+ or Fy in a point, rather wrapping the entire curve.

Turning next to s = 0 and keeping in mind ps2(e1 = s = 0) = tes = 0, we find

Filsy=0 = F} + F{>. (5.16)

The above equation describes a pair of curves intersecting transversally. A local algebraic
description of F} can be obtained by restricting the description of F; (see eq. (4.3)) to the
locus s = 0. Making appropriate coordinate redefinitions, F}® can be described locally as
a sum of a base and fiber curve in subspace birational to [F; with coordinates [u : dy][w :
t] =2 [Au 2 Aido][AMAsw @ Ast]. A straightforward computation shows that the pairwise
intersections Fy N Ff, Fy N Fy®, Ff N F{° are distinct points and hence the degeneration
over sy = 0 enhances the I, fiber to an I;pht fiber, indicating matter transforming in the
2 of su(2).

Note that 150 wraps the entire curve Fy°, and both 150,151 intersect F} in distinct
points.

5.4 (3,1)u,

The residual discriminant intersecting the Izpht locus by =0 is

4

_ _5% 2

_ 5 owh
9= 364 s

(5.17)
1
A= —Eb?d%SQS%(SSS% + 5152 — 595556) (doe1 sz + das? — dysgse)
4
+ O(b]) .
Following Tate’s algorithm, we expect to see localized matter charged under su(3) at all
codimension-two components of the discriminant locus except for by = sg = 0.'° The
analysis of [2] anticipates the following su(3) charged matter representations (see figure 3):

(3, 1)% 1 b = 888% — 555956 + slsg =0
(3, 1)7% b= dgsg — d18688 + doels§ =0 (5.18)
(3,1)7% : b1:82:0.

Over the locus sgs3 — 55256 + 81 s% = 0, we find that the fibers in the resolution X5 behave
as follows:
Fy| =Ft+F . (5.19)

585245152 —s25556=0
2 6

Substituting w — w/(eqes5), €2 — e2/(equ) we find in the open set so # 0 that F(’)jE can be
given a local algebraic description as a pair of lines in P2 with coordinates [ereses v : ejesw]

16The locus by = s¢ = 0 is an IV locus, and does not support any charged matter [2].
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Figure 3. Schematic depiction of the degeneration of the I;p“t Kodaira fibers over the codimension-

two loci corresponding to local matter transforming in the representations (3,1)s/3 (over bjezes =
5853 — 858286 +s158 = 0), (3, 1)_1/3 (over bieses = dos? —dysesg +dperss = 0), and (3, 1)_4/3 (over
bieses = so = 0). Note that a blue (respectively, red) X in the center of a node corresponding to an
irreducible P! component of the singular elliptic fiber indicates that Dy (respectively, 151) intersects
the said P! in a point. The blue node in the bottom-most graph is wrapped entirely by Dy.

and the point [1 : 0 : 0] removed. Given this description, it is straightforward to verify that
the pairwise intersections FO/_ N Fy, F6+ N Fj, F6+ N Fé_ are distinct points, hence the fiber
enhances to Izpht indicating matter in the 3. Note that Dy intersects Fj~ in a point along
w = 0, whereas Dy does not intersect F(')+.

Similarly, over the locus dpeq 3§ —i—dgs% —dys3se = 0 the curve Fj degenerates as follows:

Fé’doelsg-l—dzsg—dlsgsgzo = F2,+ =+ F2_ . (520)

Making the coordinate substitutions ez — es/(esesw), u — u/eq we find that in the open
set sgsg # 0 that FQ’jE can be described locally as as a pair of lines in F; (the homogeneous
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coordinates for this F; are described in section 4.2). The pairwise intersections Fy* N
F}, Fy™ N F}, F5" N Fy~ are distinct points, and thus we find an enhancement to an I
fiber again indicating matter in the 3 of SU(3).

Finally we come to the locus so = 0. The component Fj degenerates as follows:
Fi|sym0 = F§f + 5. (5.21)

Making coordinate redefinitions t — vt,u — dovu, w — dgvw, we find that the irreducible
components of the above degeneration can be described by

F = {t = biw + egeqtu® + egsguw = 0} C Pl 0 X Py (522)

F?Z% = {65 =bjw + €2€4tu2 + eq4s6uw = 0} c K [eau:b1][e2:eqes5w]
where [equ : bi][e2 : eqesw] = [Aaequ : )\2()1”)\3)\5162 : Azeqesw]. The pairwise intersec-
tions 4§t N Fy, F5 N F), FiE N FYS, FY N FY are all distinet points, hence we again find an

enhancement of type 1P,
Note that Dy wraps F5 and Dy intersects F5 in a point Do N Dy away from the

intersection Fjf N F45%.

5.5 (3,2)u,

In this section we describe the collision of I,, I;pht fibers over the codimension-two locus

by =do=0:

Flbyeses=doer=0 = Foo + Fo2 + Fio + Fi2 + Fi3, (5.23)
where Fy;, denotes the curve obtained by setting e, = e, = 0 for a,b # 0, or dy,b; = 0 for
(resp.) a,b=0.

The analysis of [2] indicates that su(3) @ su(2) charged matter is localized at the

collision of the Ip, I’ singularities (see figure 4):

(3, 2) : do == b1 =0. (524)

3
Working in the affine open set A5 = e5 # 0, we can give the above irreducible components
local descriptions as follows. For Fyy, making the redefinitions w — w/(eszeqes),ea —
e2/(equ) leads to the local description of Fyg as a smooth conic in P? with coordinates [e1es :
v : eqw] with the point [0 : 1 : 0] removed. For Fpg, redefining u — egeswu,ea — ea/es
leads to a description as curve of bi-degree (1,1) in P! x P! with coordinates [v : ejw][u : by].
For Fig, redefining w — vw/(eqes), e2 — ves/equ allows us to describe Fig locally as a line
in P? with homogeneous coordinates [esea : esw : dp]. For Fja, making the redefinitions
u — vu/eq,e3 — veg/(esesw), we find that Fip can described as a curve of bi-degree
(1,1) in F; with homogeneous coordinates [e3 : dp][u : b1]. Finally, for Fi3, making the
redefinitions ey — doves/u,w — ww/es and rescaling the coordinates appropriately, we
find that Fi3 can be described by the equation

Fi3 = {826264 + biw + sgeqw = O} c (5.25)
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/ Fio
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Fl QFO

Figure 4. Schematic depiction of the collision of Iy and I;plit Kodaira fibers over the codimension-
two locus corresponding to local matter transforming in the representation (3,2)_; /6 (over doe; =
bieses = 0). Note that a blue (respectively, red) x in the center of a node corresponding to an
irreducible P! component of the singular elliptic fiber indicates that Dy (respectively, ﬁl) intersects
the said P! in a point.

where the Fy in the above equation has homogeneous coordinates [e4 : bi][es : eqw] =
[A2eq @ Aabi][Ay IX\seq : Aseqw]. Tt is straightforward to verify that the only intersections
Foo N Fyo, Fog N Fig, Foo N Fio, F9 N Fi3, F12 N Fi3 are distinct points, hence we find that
the elliptic fiber is type I;pm.

Note that ]jo intersects Fyo in a point, while ﬁl intersects Fi3 in a point.

6 Codimension three: Yukawa interactions

In this section, we study the degenerations of the elliptic fibers over codimension-three loci
in B that are characterized by triple intersections of matter curves,

CR1 N CR2 N CR3 C B. (6.1)

Since the orders of vanishing of the sections f, g, A can further increase at these codimen-
sion-three loci, the singularity type of the elliptic fibers can enhance; we refer to this
behavior as a degeneration of the elliptic fibers because analogous to the degenerations of
the elliptic fibers over codimension-one or codimension-two components of the discriminant
locus, these singularity enhancements also manifest themselves in the resolved geometry as
the splitting of one or more of the components of the elliptic fibers into multiple irreducible
P! components. However, there is an important distinction to be made here, in that
the elliptic fiber degenerations over loci of the form eq. (6.1) do not produce additional
generators of the cone of effective curves. This is because the degenerations are of the
schematic form

Fr, = F, + F, (6.2)
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at a given point in the locus eq. (6.1). In the above equation, Fg, is an irreducible com-
ponent of the elliptic fibers (and hence a generator of the cone of effective curves) over a
generic point the codimension-two locus CR;, and thus we see that the classes of any ap-
parently “new” curves that appear as a result of these degenerations turn out to be linear
combinations of existing curve classes.

Eq. (6.2) implies that at each degeneration point in the resolved geometry, there resides
a localized interaction in the M-theory effective action that mediates the splitting of a BPS
state corresponding to an M2-brane wrapping Fg, into a pair of BPS states corresponding
to M2-branes wrapping Fg, and Fg. [49]. The representation-theoretic version of this
statement that characterizes the F-theory limit is that degenerations of the form eq. (6.2)
indicate the existence of maps

R1 X R2 X R3 — 1, (63)

which produce gauge singlets from the weights of the matter representations in the low-
energy effective action. In other words, these codimension-three singularities correspond
to Yukawa interactions appearing in the low-energy effective 4D action [12-14] (see also
section 6 of [48] and references therein). An important check that such interactions in-
deed can appear in the low-energy effective action is to identify an explicit elliptic fiber
degeneration in the resolution of the singular F-theory background.!'”

In the case of the (SU(3) x SU(2) x U(1))/Z¢ model, we anticipate the existence of
Yukawa interactions corresponding to the following gauge singlets:

(r37 r2>w1 X (rl3= ",2)11/i X (rg,rg)w’i” : (6'4)

To ensure that the couplings are gauge singlets separately for each gauge factor su(3), su(2),
u(1) we require that the nonabelian irreps are either singlets or pairwise complex conjugates
and that the u(1) charges sum to zero.'® In more detail, we compute the full list of possible
Yukawa interactions by identifying all solutions to the equation w; + wf +w{ = 0, where
wy, wy,wy are a subset of u(1) charges in the low-energy (anti-)chiral spectrum, and then
excluding all candidate solutions for which the nonabelian factors cannot be combined into
a gauge singlet. With the exception of the possible gauge singlet described in footnote 18, it
turns out that all possible Yukawa interactions consistent with the matter representations

of the (SU(3) x SU(2) x U(1))/Z¢ model arise as elliptic fiber singularity enhancements

"Note that while there are also Yukawa type couplings that include (non-chiral) adjoint representations of
the nonabelian factors, associated with non-localized matter fields in the bulk of the 7-branes, we focus here
on localized Yukawa couplings associated with nonabelian fundamental fields and the charge combinations
of local matter described in the previous section.

18 As the one possible exception to this characterization of the Yukawa interactions in the (SU(3) x
SU(2) x U(1))/Ze model, we point out that there could also exist a Yukawa interaction of the form (3, 1)% X
(3, 1)% x (3, 1)7% (along with its conjugate). This interaction would have to be localized at the double
intersection of the (3, 1)7§ locus biezes = so = 0 with the (3, 1)% locus bieses = sgs3 — s55256 + s152 = 0.
However, the only possible double intersection would occur at tangent point sz = 0, which lies along the
IV locus biezes = sg = 0, which does not support any charged matter, hence there is no additional Yukawa
interaction.
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over codimension-three loci in B, assuming generic characteristic data. In the following,
we discuss one of a pair of complex conjugate Yukawa interactions associated to each
codimension-three singularity.

6.1 (3",2)uy X (3, 1)y X (1,2)yr

First we consider the case (wi, w}, wf) = (— 1 Using the description of the fiber

D 6 =35 3):
degeneration eq. (5.23) associated with local matter transforming in (3, 2) over the locus

s9 = 0 we observe an additional degeneration I3 — Fj4 + F|5> inherited from the (3,1) 4
degeneration I} — Fi + F4% described in eq. (5.21), so that

3

Flosezes=doer=sa—0 = Foo + Fig + F5 + Fis + Fly + Fgy . (6.5)

The nontrivial intersections are the distinct points Foo N Fi§, Fi§ N F3, F{3 N Flg, Fls N
Fly, Fly N Fly, Fly N Fyo, thus we observe an enhancement IEP™ — TP Note that Dy
wraps Fyj and FY35, while Dy intersects FY% in a point.

The second case is (wg, wl, wl) =(- %, %, —%) In the open set e5 # 0 we observe the
further degeneration Fyg — Fyfy + Fyg, that is

F|b16263:d061258837828586+81$§:0 = F(;E + F(;O + Fo2 + Fio + Fiz + Fis. (66)

Setting ss = (525586 — s152)/53, and making the coordinate redefinitions w — w/(ezeqes),
the new rational curves can be described as
Fyf = {s2e2 + sgw = 0},

_ 9 (6.7)
Fog = {s152e1€2 + s3v + sasseqw — sysgeqw = 0} .

The new intersection points are Foo N Fogy Foo N Foz, FOJB N Fio, with all other intersection

split

points unchanged and thus we find another Iy™" enhancement. Here, Dy intersects Fy, in

a point.
The final case is (wi, w},wf) = (- %, —%, ). We observe the further degeneration

F02 — FOJE + FOE? i.e.,
F’b16263:d061:dgsé—d15683+doels§:0 = FOO + FU-S + FO_Z + FIO + F12 + F13 ) (68)

where setting dy = dysg/sg and making the coordinate redefinitions v — ezeswu,w —
w/(e1eseqe5), we may write

Fd; = {dlbl + sgu = 0},

- (6.9)
F02 = {S6U + Sgw == 0} .

The new intersection points are Fgg N Foo, FOE N Fia, Fyy N Fyo with all other intersection
points remaining the same, hence we again find an Izpht enhancement.

See figure 5 for a schematic depiction of the singular fibers over these special points
in B.
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Figure 5. Singular fibers associated to Yukawa interactions of the form (3%,2),,; x (3, l)w% X

(1,2),0-
6.2 (3%, L)uy X (3, 1) % (1,1),0
First, consider the case (wy,w! ) = (%, %, —2). We use the description of the (3,1) a

3
degeneration given in eq. (5.21), in which we already see the degeneration I} — Fj + F3.

Over the locus s; = 0 an additional exceptional curve Fées appears due to the intersection
of the zero section Dy with the affine component F} of the singular elliptic fiber, leading
to the degeneration

F’b16263=82=81=0 - F(/)t + F[;% + FQI + F?:t + F?/)€5 : (6'10)
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The new intersection points are Fy"> NFt, Fo™ NFy, FltNFS, hence we find an enhancement
Iipht — Igpht. Notice that Dy now wraps both Fy®, F)®, while Dy still intersects F4* in
a point.

Next, consider the case (wg, w},wy) = (— %, —%, 1). We work with the description of
the (3, 1)% degeneration in eq. (5.19), in which Fj — " + F,~. Here, consistent with the
local matter representation (3,1)_ 1 for which we see the degeneration F} — F2'+ + Fy,

we find that the elliptic fiber decomposes as

Fr+F + Y+ F +F;. (6.11)

F|b1€263:dgsg—d18688+d0618328883—828586—0—818%:0 =

Solving simultaneously for sg, d; and making the coordinate redefinitions w— w/(ejeseqes),
t — sot/es, and u — u/eq, we may write

FJt = {s¢t + ssw =0},

) ; (6.12)
FQ = {bldoelsﬁt + e1sgu + bidisgw — bidper ssw = 0} .

The new intersections points are Fy" N Fy~, Fy™ N Fy ™, Fy~ N F}, hence we find another
enhancement of the form TP — [EP1°,

Finally, consider the case (wg,wf, w{) = (3,—%,—1). In this case we again work
with the (3, 1)7% description given in eq. (5.21). Consistent with the (3, 1)% degeneration

F} — Fyt + Fy~, we find
F’blegeg:szzdzsg—dl3638+doels§:0 = Fé + Fé-‘r + F2_ + Fét + F?/)es . (613)

Using the projective scaling symmetry of the ambient space and making the coordinate
redefinitions u — u/(e1e4),e3 — e3/(e1ese5w), dy — do/e1, the new irreducible curves can
be expressed as

Fyt = {s¢v + sge3 = 0}

~ ) (6.14)
F2 = {s6u + Sﬁdoblv + 86d1b1€3 — 88b1d063 = 0}

The new points of intersection are F2’+ nFk", Ff N Fy, F5~ N F4' and therefore we see an
enhancement of the form Iipht — If-)pht.

See figure 6 for a schematic depiction of the singular fibers over these special points
in B.

6.3 (1,2)1”1 X (112>w X (1,1)w/i/

/
i

; _ ol m _ (1 3
The first case is (wg, w}, wy) = (3,-3,
fiber degeneration F; — F} + F}® that occurs over the codimension-two locus associated

1). In this case, we borrow the description of the

to local matter transforming in the representation (1,2)s. In codimension three, we see

3
3
the degeneration

F|d061=,52=A(a)/81=0 = FO+ + FO_ + Flt + Ff5 (615)

where now, in contrast to the discussion in section 5.3, the polynomial A, factors over
the locus so = 0:

A

S = Sldi’b%(%e% — 8685d%b1€263 — Sgdg + S%Sgdl + O(SQ) . (616)
1
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Figure 6. Singular fibers associated to Yukawa interactions of the form (3%,1),,; x (3, l)w% X
(1, 1)w/i/.

The above factorization permits us to straightforwardly solve for an explicit algebraic
description of the curves Foi. Solving A(,)/s1 = sg = 0 for sg and eliminating the unit ez
in the affine open set sjejesequ # 0, we may use the following local descriptions

F(;_ = {b1d163€5’w + sgu = 0} ,
Fy = {—bld%egethw + diesset?u + dyejeseqessssgtuw (6.17)
+ d161€3€4818guvw + d26%€§6365518%uw2 = O} .

The new points of intersection are FO+ Nky, FOJr NFY, Fy NEY?, hence we see an enhancement
split split
| Vi
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2.5U(3) 28U(2)

Figure 7. Cartoon depiction of the various junctions of triples of matter curves Cr, Cr/,Cr+ € B
associated to candidate Yukawa interactions appearing in the low-energy 4D A = 1 action. Each
codimension-three point in B in the above figure (represented by a black dot) is labeled by the
triple of u(1) charges wy, wj, w{ of the three representations r,r',r” (see eq. (6.4)) contracted into
a gauge singlet term in the low-energy Lagrangian; note that each triple labels one of a pair of
possible complex conjugate interaction terms. The red, blue, and purple curves correspond to
matter curves associated to non-trivial su(3),su(2), and su(3) @ su(2) representations, respectively.
By contrast, the dashed lines denote matter curves corresponding to pure u(1) charges. Note also

that the (1,1)_; matter curve intersects the (1,2); /9 in a tangent point.

The next case is (wy,w!,w?”) = (3,3, —2). This Yukawa interaction can be analyzed

171 202
in a manner analogous to that of the previous case, with the key distinction being that
we now solve Ag)ls,=0 = 0 by setting s; = 0. Here, it is illuminating to denote both

degenerations by Fy — F} + F$°, Fy — Ff + Fy5:
Flager=so=s1=0 = Fo + Fg* + F{ + F{", (6.18)

where the points of intersection are F{ N FS°, Fi N FPPFf N Ff, F5® N FY®. We thus see an
enhancement of the form I;pht — Iipht. Notice that Do now wraps both F§® and Fy°, while
D continues to intersect F! in a point.

The final case is (wg, w}, w]) = (3,4, —1). The restriction of the locus Ay =Vg=1=0
to dge; = 0 can be expressed as

{A(a) = ‘/:1:1 :O}‘doelz() = {dQS% —d18589 +d1515¢=b1d1€e2€e38159 — Sgsg + 858682 — 818% = 0}

(6.19)
Note that the intersection of V,—; = 0 and A(a) = 0 occurs at a tangent point as depicted
in figure 7, i.e., if we write V=1 := {Vy=1,1 = Vy=1,2 = 0} then

A lyri=0 =V 10, A@lvyio=0 =V, 11- (6.20)
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Figure 8. Singular fibers associated to Yukawa interactions of the form (1, 2),,; x (1, 2)w/i x (1, 1)w%/.

We solve the above equations by eliminating ds, sg. Over this codimension-three locus,
using the degeneration Fy — Fj + Fj; inherited from the codimension-two enhancement
associated with local matter in the representation (1,2)1 described in eq. (5.15), we see

1
2
the further degeneration FO+ +Fy — F0++ +Fy " + Fo:
Flagei=Agy=Vymr=0 = Fo "+ Fy ~ + F§ + Fy, (6.21)

where the points of intersection of the irreducible components are Fgr N FO,FO_ N EY,
signaling an enhancement Igpht — ijht.
See figure 8 for a schematic depiction of the singular fibers over these special points

in B.
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7 Intersection theory, 3D Chern-Simons couplings, and chiral matter
multiplicities

In the preceding sections, we have studied the geometry of the resolution X5. This analysis
confirms that the singularities of Xy are consistent with the expected kinematics of the
low-energy 4D theory [2], and provides a geometric grounding for further investigation
of the structure of the matter spectrum and Yukawa interactions in the theory. In this
section, we shift our attention to computing the chiral excesses introduced to the 4D
matter spectrum by switching on a non-trivial flux background. Since we closely follow
the approach described in [39], we omit here many technical details of the methodology
involved and mostly focus on describing the results of using these methods to analyze the
(SU(3) x SU(2) x U(1))/Z¢ model; the interested reader should refer to [39] for details of
the approach that are not spelled out here explicitly, and to [48] and further references in
these two papers for further background and the earlier literature on chiral matter analyses
in F-theory.

7.1 Quadruple intersection numbers and the reduced intersection matrix

The analysis of [39] provides a framework for understanding chiral multiplicities from fluxes
in terms of a reduced intersection pairing matrix on the vertical part of the middle coho-
mology of the resolution X5 — Xg. This reduced intersection matrix can be computed from
the quadruple intersection numbers of divisors in X5. One of the central results of [39] was
the observation that the intersection pairing matrix appears to be independent of resolu-
tion, despite the fact that the quadruple intersection numbers are resolution-dependent.
If this result indeed always holds, it suggests that the reduced intersection pairing matrix
is the underlying resolution-independent mathematical structure that encodes information
about the chiral matter spectrum in 4D F-theory compactifications. In the following dis-
cussion, we adopt this viewpoint and turn our attention towards computing the reduced
intersection matrix associated to X5 as a means to recover the chiral spectrum of the
(SU(3) x SU(2) x U(1))/Z¢ model.
The resolution X5 has a basis of divisors

Di—01.0isis » (7.1)

which includes a rational zero section Dy and rational generating section Dy associated to
the u(1) gauge factor,

Dy={es =0} NX5, Di={es=0}NXs, (7.2)

as well as an su(2) Cartan divisor D;, = D3, and su(3) Cartan divisors D;, = Dy, D5
appearing as irreducible components in the pullback of the gauge divisors ¥ from B
to X5:

M

% Ea:(22_D3)+b3:{d0€1:0}0X5,

«
2 2
Egﬁa = (23 — D4 — D5) + 154 + ﬁg) = {b16263 = 0} N Xs.

(7.3)

M

3
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The u(1)kx and u(1) divisors (i.e., the images of Dy, Dy under the Shioda map [67]) are
given by

K 4
51 (7.4)

. A P . .
Di:a{DI:D1—D0+K—Y+§D3+§(D4+2D5), (7.5)

R PP
Dy =alDr =Dy -

where K = K*D,,,Y = Y®D,. Note that our convention for ordering the indices i, of the

Cartan divisors D;, matches the following presentation of the su(2) @ su(3) Cartan matrix:

2.0 0
[kl =10 2 —1]. (7.6)
0-1 2

Now that we have identified a suitable basis of divisors, our next task is to compute
their quadruple intersection numbers. We use the adaptation of the pushfoward technology
of [68] to compute the pushforwards Wik of the quadruple intersection numbers

D;-Dy-Dg-Dy (7.7)

(here, - denotes the intersection product in the Chow ring of X5) to the Chow ring of B. In
more detail, we first represent the pullbacks of the divisor classes Dy as linear combinations
of the divisors D, H, E; = [e;] restricted to the class X5 of the hypersurface X5 € Y:

D; Xs. (7.8)
In the above equation, the class X5 is given by
X5 :=psi| =3H — K — %3+ 2%3 —2Y —2E, — E; — E5 — E;, — Ej; (7.9)
and
Dy=Es, Dy =E,, Ds=E,, D,=FE,—E;, D;=E;s (7.10)
so that in terms of the projection
m:Ys = B, (7.11)
the pushforwards of the quadruple intersection numbers can be expressed as
Wikr =m(Dr- Dy Dk - Dp - X5). (7.12)

The above formulas allow us to represent all intersection products as products of divisor
classes in the Chow ring of Ys5. We then use the fact that the projection map 7 can be
represented as a composition of maps,

T=wo fio---0 f5, (7.13)

where f; are the blowups appearing in eq. (3.10) and the w is the canonical projection
Yo — B in eq. (3.7), to represent the pushforward map 7, acting on elements of the Chow
ring of Y5 as the composition

Ty = TWs O f14 00 fru. (7.14)
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Since the action of w,, f;x on any formal power series in the appropriate Chow ring is known
explicitly, this decomposition enables us to compute the pushforward of any quadruple
intersection number — see appendix E of [39] for more details.

For convenience, we follow the approach of [69] and arrange the intersection numbers
into the generating function

el = exp(¢!Dy) - X5 (7.15)

The real parameters ¢! in the above expression, which may be regarded as real numbers
parametrizing a choice of Kéhler form

J=¢'Dy, (7.16)

provide a useful parameterization for the generating function. The pushforward of eq. (7.15)
is

Z,=m(e’). (7.17)

The intersection numbers can be extracted from Z, by computing derivatives:

o4
= Z,
WiikL ol 00T DK 9L 7%

(7.18)
©=0

The pushforward of the generating function e’ under the map 7, encodes all of the inter-
section numbers of X5:
Z Z4+ 2
Zy,=¢€ *D ( +
o = (" Do) T e V) (R 15 V) (2K + 55 1 V) - @K + 55 + 55 + V)
Z9 + Z3 Zs

- (K+%3) - (K+X24+%3) - (K+Y) +(K+E3+Y)-(2K+Zg+23+Y)
Z7
+K-(K+23)-(K+Y)-(2K+23+Y)> (7.19)

where the functions Z1,..., Z7 are given by
Z = e¢1K+¢322+s&523+¢°Y7
Zy =3y Y . ¥ (KHE24Es) 400 (K4Y) ,
Zy= (K - %9 —T34Y) - (K 4 %) - # KHY)
Zi=—(BK+ 9+ X34Y) - 2K +Y +53) - 5z e K
Zy = —(4K + o + 255 + 2Y) - #%5 | (7.20)
Z = —(K 3. e (CEY)
H2K 4 D5+ Y) - (K + V) - e#'5) . 3y 0 of QRS
Zr=— (V2K + 5 +Y) - el¢' ¢ CH el (KrY)

+(K +33) K- €(¢5_¢4)(2K+23+Y)) L5y - ¥ (K+Ea)16°%s
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Table 4. Matrix of pushforwards of quadruple intersection numbers My (xr) = Srs- Sk (recall
that S7y := Dy - D) associated to the resolution X5 of the (SU(3) x SU(2) x U(1))/Z¢ model. The
entries of the uppermost (leftmost) row (column) are the indices I.J of the corresponding classes
Sr7. We work in the basis Djzg,l,aﬂ-s where ﬁo, ﬁl are the rational sections, ﬁa is the pullback
of a divisor in B, and D;,—3, D;,—45 are (resp.) the su(2),su(3) Cartan divisors. We omit the -
notation indicating the intersection product for brevity and use the shorthand D2 = D, - Dg, D3 =
D, -Dg-D,.

Following the analysis of [39], we organize the pushforwards of the quadruple intersection
numbers into a matrix of intersection pairings:

M1y =Wrikr = St Skr,  Sry:=Dr-Dj € Ag, (7.21)

where we view the matrix M) k1) as acting on an integer lattice Ag spanned by the
elements Sy;. The components of My (kr) are displayed in table 4. Although the matrix
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33 34 55

Q
5
Q

o

Qo Lo o3 o3

Oa| KDZ |YDZ D2 0 0 ~YD, 2, 0 ~YD, 23
lo| YD2 K D2 D? D2 =, ) D2 3 D, =% 0 D, 2%
3 D3 D3 ) ) ) [) 2D2 3, ) 2D2 53
a3 <] D2 3, <] 2023, <] <] D, 22 D, 53 B3 2D, % B3
(4K +Y +43; +2353)
a4 ) 0 ) 0 -2D2 23 D2 23 -Dgy 5 23 -Dy 23 23 D, 23 (2K+Y+23)

as 0 D2 53 ) [) DZ 53 -2D2% %3 0 D, 27 T3 Dy %3 (4K+Y+4353)
33|-YD, 2 |D, 23 |-2D2 2, | -D, =, Dy 23 53 0 -5 (BKZ+5KY +Y2+ -5y %3 23533,
(4K+Y+45,+223) 12K35; +3Y 35, + (2K+Y+232; +23)
6353 +8Kz3 +2Y 23+
63, 53 +233)

34 0 0 0 -D, 52 23 -D, 2, 23 D, %3 33 -5, 33 -5, %3 (K+ 33 +33) 5223 (2K+ Y+ 33)

(2K+Y+23; +23)

55|-YD, 23 |D, 23 [-2D2 =3 -2D, % 23 D, 23 (2K+Y+23) [-DyZ3 (4K+Y+433) 2333, 2323 (2K+Y+23) -Z3

(8K2 +5KY+Y?+12K
Z3+3Y23+623)

Table 5. Matrix elements M,eq(17)(xr) for the reduced intersection pairing Meq of the lattice
H%’ert(Xg,,Z). We compute the matrix elements M,cq(rs)(xr) by quotienting by the equivalence
relation ~, where ¢ ~ ¢ iff M1y x1)(¢ — ¢")EL = 0, assuming additional null vectors have been
removed to get reduced bases for S, g, Stq, etc.. Note that the indices used in this reduced basis are
1J = I, 33,34,55. We use the same notation as in table 4, namely we omit the - notation indicating
the intersection product for brevity and use the shorthand D2 = D,, - Dg, D3 = D,, - Dg - D.,.

M(r5y(rx1) may appear at face value to simply be a trivial repackaging of the intersection
numbers, as discussed in [39] we expect the nondegenerate part of this matrix to be in-
dependent of resolution (up to a choice of basis), despite the fact that complete set of
intersection numbers does not share this feature. The matrix M7y (xr) has a non-trivial
null space

{v" € As|Mgpyryv"’ =0 for all (KL)}, (7.22)

which is spanned by (at least) the following vectors:

Y510 — So1
So4
S14
X510 — S13
K*S10 — S11
23‘51(1 — S5

7.23
(K +Y)*Soq —Y*S1a — Soo (72

(KZg + EgY)aSQOl + (—K + X3 — Y)QSOA — EgS()a — E‘gSla — Suu
(2K + X9+ X3+ Y)O‘Sag — 22%51(1 — Sp3 — S33 — S35
(2K + X0+ X3 + Y)aSag — QEg‘SM — Z%Sag, — Sp3 — Ss33
(=K = Y)*Sas + X551a + Sos — Sus
(2K + 33+ Y)*Sa5 — 283 S10 — Sos — Sss

The quotient of the lattice Ag by the complete set of null vectors is isomorphic to the
nondegenerate lattice H. ggft(X 5, Z) defined by the pairing M.q. While in simple cases (such
as the base P3), the set eq. (7.23) is a complete basis of the nullspace of M, there may
be further null vectors, associated, for example, with fluxes ¢*3D, = D, with D - ¥y =
0. We write a general abstract form of Meq in table 5 and table 6, in two different
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O la |af ald ad ab 03 05 34
0a'| KD? | YD2 |D? 0 0 0 —5Y D, —¥3Y D, 0
/| YD? | KD? |D3| %,D2 0 ¥3D? YYD, YYD, 0
o'l D2 D3 10 0 0 0 0 0 0
a'3 0 YoD2 | 0 | —2%9D2 0 0 —Y5Y Dy 0 —¥9%3D,
o4 0 0 |o 0 —2%3D2 | $3D2 0 0 ~%9%3D,
a'b 0 ¥3D2 | 0 0 Y3D2 | -2%3D2 0 —%3Y D, 933D,
03 | =%2Y Do |%oY Dy| 0 | —X2Y D, 0 0 |-SYV(K+%+Y) —5553Y 0
05 |[~¥3Y Dy |23V Dy 0 0 0 ~Y3Y D, NG ~S3Y(K + 33 +Y) 0
34 0 0 | 0|-%9%3D,|—283D0 | 22X3D, 0 0 —D9%3(K + T + X3)

Table 6. Matrix elements M,cq(15)(xL) in alternative basis. Compared to the basis used in table 5,
we find this basis to be more convenient in some approaches for computing the chiral indices — see
section 7.5.

choices of bases, with the understanding that some further null vectors may need to be
removed to define the reduced basis for some bases, as discussed above. While we have
computed this from a particular resolution, as in the cases studied in [39] we expect this
form of M,q to be resolution-independent. We discuss the relationship between M-theory
flux backgrounds and the middle cohomology subgroup Hﬁ’gt (X5,Z) in more detail in the
following subsection.

7.2 Fluxes preserving 4D (SU(3) x SU(2) x U(1))/Z¢ gauge symmetry
7.2.1 Fluxes through vertical surfaces

As described in section 7.1, our primary purpose in computing the quadruple intersection
numbers is to determine an explicit parametrization for the lattice of M-theory fluxes
through vertical surfaces

O = Gy.
Sry

In the above equation, G4 = dC} is the field strength of the M-theory 3-form C3 and is
expected to satisfy the shifted quantization condition G4 — c2/2 € H*(X5,7Z) in consistent

(7.24)

M-theory vacua [70], and Sy := D;-Dy (see eq. (7.21)) are so-called “vertical” 4-cycles
whose homology classes generate the subgroup H%’%rt (X5).

While G4 could in principle be any element of H*(X5,7Z), because the middle coho-
mology of smooth elliptic CY fourfolds X admits an orthogonal decomposition [71, 72]
@ H,

rem

2,2
H:

H4(X) = vert(X) ® Hﬁor(X) (X) ’ (725)

for the purpose of computing eq. (7.24) we can restrict our attention to vertical flux back-
2,2
H )

vert

grounds, i.e., G4 € (X5,7Z/2), possibly at the expense of being able to determine
the precise quantization of the chiral indices (further discussion of the quantization issue
appears in section 9). We follow this approach, and for convenience we parametrize the
vertical part of G4 by its Poincaré dual,

PD(GYY) =: ¢ = ¢!’ Sy, (7.26)
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where we view ¢& € Ag as an integer'® vector living in the integral lattice Ag of vertical
flux backgrounds spanned by the 4-cycles S7y. This convenient choice of parametrization
leads to the following simple linear algebraic expression for the space of vertical fluxes:

@[J:S[J~SKL¢KL:M(L])(KL)qbKL. (7.27)

7.2.2 Symmetry constraints

We are specifically interested in M-theory fluxes that lift to 4D F-theory fluxes preserving
local Lorentz and (SU(3) xSU(2) x U(1))/Z¢ gauge symmetry. In the above equation (7.27),
these symmetry constraints can be imposed by restricting ¢ to live in the sublattice A¢ C
Ag of vertical flux backgrounds that preserve 4D Poincaré and (SU(3) x SU(2) x U(1))/Zs
symmetry, i.e., flux backgrounds whose corresponding fluxes satisfy [12, 73]

Or0 =0. (7.28)

We defer explicitly solving the constraints ©7, = 0 to sections 7.5 and 7.6, where we give
two complementary approaches to analyzing the lattice of constrained fluxes. For now, we
focus on computing the constraints imposed on the vertical fluxes O;; by the geometry of
the (SU(3) x SU(2) x U(1))/Ze model defined over an arbitrary base, when these symmetry
conditions are imposed. These constraints on the vertical fluxes will reveal whether or
not the full set of chiral matter combinations compatible with 4D anomaly cancellation
can be realized in a generic F-theory compactification. In [39], it was observed that the
homology relations associated with the nullspace of the matrix M) xr) correspond to
linear constraints on the vertical fluxes ©7y, due to the symmetry of M. Thus, an arbitrary
null vector v = v!7 Sy in the span of the vectors described in eq. (7.23) implies the existence
of a null relation among fluxes,

VIJ@[J = VIJM([J)(KL)¢KL =0. (729)

This implies that there exists a set of equivalences among vertical fluxes given by eq. (7.23),
in which the basis elements S;; are replaced by fluxes ©;;. For example, ©g4 = 0 and
Y01, —0¢1 = 0. Restricting attention to fluxes obeying the symmetry constraints Oy, =
0, this leads to the following relations among vertical F-theory fluxes:

0=060 =060 =014 =013 =011 =O15 = O

0=0y

0 =003 + O33 + O35 (7.30)
0 =093 + O33

0 =005 — O35

0 = Og5 + Osz5 -

19The flux background ¢ could also be a half-integer vector. This is required, for example, when ¢y is
not an even class as a consequence of the shifted quantization G4 — c2/2 € H*(X5,Z) as first pointed out
in [70]; see section 7.2.3 for further discussion.
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In section 7.4, after equating the F-theory fluxes O7; to 3D Chern-Simons couplings, we
translate the above linear relations into relations among chiral indices and compare the
resulting relations to the 4D anomaly cancellation constraints to see whether or not F-
theory geometry is more restrictive then the physical anomaly cancellation conditions.

7.2.3 Integrality of the second Chern class

The shifted quantization condition G4 —c2/2 € H*(X5,Z) implies that when cp/2 is not an
integer class, G4 must also be a half-integer class. This in turn implies that ¢ = PD(Gy)
cannot take integer values. Note, however, that ¢ can be fractionally quantized in some
cases even when c2/2 is an integer class, as discussed further in section 9, although in such
situations integer values of ¢ are still possible.

To clarify some of the issues involved here, let us define?’ two sublattices of Hy (X5, 7Z):

Ayert = spang (Sry)/ ~ (7.31)

Avers = Ha(X5,Z) N H3$'(X5,C). (7.32)

The quotient in the first line of the above equation is by the nullspace of M, i.e., by the
equivalence relation

¢~ ¢ < My (o—¢)F =0forall (I1J). (7.33)

In general, Avert is an overlattice of Ayere. While Ayer is easily computed from the set of
integral divisors, as far as we know there is not yet any systematic way of determining Avert
for an arbitrary CY fourfold. When ¢y is even, but c2/2 is not contained in Ayey, then
integer values of ¢ are still allowed. When ¢y lies in Aye but is not even in Hy(X5,7),
however, then ¢ must have some half-integer components. Half-integer elements of ¢ can
modify certain important aspects of the theory, such as the precise quantization of the
chiral indices or even the enforcement of the symmetry constraints (7.28), although as
discussed in more detail below we do not encounter the latter issue for the constructions
here. For this reason, it is important to determine for what choices of characteristic data
co/2 fails to be an integer class.

One way to check if ¢2/2 is not an integer class is to compute x/24 where x is the Euler
characteristic of the smooth CY fourfold X5. If x/24 fails to be an integer, this indicates
that c/2 is not an integer class. In fact, from a physical standpoint, in such situations it
is important that cz/2 is not an integer class in order to maintain the integrality of the

M2-brane tadpole,

1

1
Nyg = —x(X5) — 7/ Gi NGy € Z>g. (7.34)
24 2 Jx,

When x/24 fails to be an integer, the fractional part of x/24 is precisely canceled by
contributions to the integral [y G4 A Gy coming from the fractional part of Gy (i.e., c2/2),
see, e.g., [74].

vert

20The expression H3%5"(X5,Z) is defined in [39] as the first of these objects, but may in other places in
the literature be defined as the latter; we define these distinct symbols to avoid confusion and ambiguity.
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We can use the pushforward technology described in the previous subsection to evaluate
the pushforward of the Euler characteristic to B:%!

X(X5) = / cy
X5
= —12¢3(B) - K — 144K3 — 96 K2 - ¥5 — 168K?% - 3

— 24K -3 — 66K - $2 — 75K -y - ¥ — 653 — 155, - X2 —9x2. 53 (7.35)
- (—144K2 ~ 51K - Y9 — 111K - X3 — 3%3 — 21%3 — 18%5 - 23) Y
+ (—66K — 1555 — 27%3) - Y? — 6Y3.

This expression for the Euler characteristic may be useful in various aspects of further anal-
ysis of these constructions, for instance aspects involving the tadpole constraint (eq. (7.34)).
It is also useful to have an explicit expression for c3. For example, using the fact that the
hyperplane class is

H X;=-K—35+ Dy+2D; + D3+ Ds (7.36)
we can represent the image of ¢y of in the lattice Hy%"(X5,7Z) as
c2(X5) = (—6K — 239 — X3 — Y)¥Spq + (—6K + 2% + X3 4+ V)51,
+ (Q(B)+5K2+2K~22+K-23+5K-Y+Y2+22-Y)aﬂSag

+ (—4K — Y3 — QY)aSag + (4K + 2o+ X3+ 2Y)a5a4 + (22 — QK)aSag,
+ 3503 + Sos — 534 . (7.37)

Notice that the above expression for cs is expanded in the reduced basis Sy, Sos, Sos, S34 of
H%’Ert (X5,Z). From this expression we can immediately see that for all our constructions,
¢2/2 cannot be an element of Ayert, since it contains the components (3Sp3 + Sos — S34)/2.
As discussed above, however, this does not definitively indicate that c2/2 cannot be an
integral element of Hy(X5,7Z), as it may live in Avert.

Another way to check if c/2 is not an integer element of cohomology is to compute
c3 /4. If this is not integer-valued, then c3/2 cannot be an integer class, since the intersection
product on integer cohomology takes integer values. The matrix M.,.q, of intersection
pairings of any two elements belonging to Hg’grt(Xg,,Z) is presented in table 6 using the
basis relevant for eq. (7.37). Using the explicit expression given there for M,eq, we find
that one-fourth of the square of the second Chern class is given by

1 17
ZCQ(X5)2:—602-K—8K2-22—14K2-23—12K2-Y—12K3—ZK-Z‘Q-Y
37 11 25 11
—ZK-Eg-Y—2K-E%—?K-Eg—ZK-EQ-Eg—?K-YQ
5 9 1 7 3 5
SRS IORD G 3 (S 3 ) R 3 ) (g 3 AN DRI e YA 3
477 47° 472 473 272 s 472
3 1 1
—123-23—52}5%”. (7.38)

2INote that the total Chern class ¢(X5) can be expressed as a formal power series in Do, H, E; — see
appendix E of [39].
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Whenever the characteristic data K, s, >3,Y are such that the above expression is non-
integer valued, ¢y cannot be an even class. In section 8.1 we show explicitly that there
are many cases where this occurs, so that integer flux parameters ¢!/ are not possible in
those cases.

7.3 3D Chern-Simons couplings

As described in section 5 of [39], and following [51, 66, 75, 76], the final step in our strategy
for computing the chiral indices x, = n, —n,= of the (SU(3) x SU(2) x U(1))/Ze model is to
match the vertical F-theory fluxes ©;; (satisfying the symmetry constraints eq. (7.28)) with
the one-loop Chern-Simons (CS) couplings @%—) characterizing the low-energy 3D N = 2
action describing M-theory compactified on X5.22° We then use the fact that the 3D CS
couplings can be expressed as linear combinations of the chiral indices,

@‘;3? = —Z77Xr, (7.39)
leading to the invertible?® system

O = —x}jxr . (7.40)

Inverting the matrix of coefficients 27 ; allows us to write the chiral indices as linear com-
binations of Ojj.

Since we have already computed the F-theory fluxes through surfaces, what remains
is to compute the coefficients 2. This can be accomplished with the help of 3D N =2
supersymmetry. From the point of view of the 3D effective field theory, the one-loop 3D

CS couplings can be expressed as?*

1 :
0} = Z<2 + Llrkke - wU) sign(p - w)wiw ,

01 = (5 + g lime -l Uirce - ul + 1) ). (7.41)

1
o055 = > g LIrkxe - wl](Urkkye - wl] +1)2llrkxe - w]] +1).
w
In order to match the above expressions with our M-theory vacuum, we must supply as

input the signs of the central charges of 3D BPS particles in the specific phase of the
vector multiplet moduli space described by the resolution X5. These signs can in principle

22The “gauge” basis indices I take the values I = 0,1, a, 3,4, 5, where b(),bi are defined in eq. (7.4).
See also appendix A.

231t is not entirely clear that every crepant resolution corresponds to a 3D phase in which the system
eq. (7.40) is invertible — see appendix G of [39].

240ur conventions are as follows. Let g be a semisimple Lie algebra. We may view a collection of real
Coulomb branch moduli ' as the components of a real 3D vector multiplet scalar expanded in a basis of
simple coroots, ¢ = p‘ay where i = 1,...,rank(g). Similarly, a weight w transforming in a representation r
of g may be expanded in a basis of fundamental weights, w = w;w’. The fundamental weights are canonically
dual to the simple coroots and we denote their inner product by o) - w’ = 65, hence ¢ - w = p'w;. We
define goé =1/rkk.
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be computed geometrically by using the Kahler class J = gpj 151- to compute the volumes
vol(Cy) = J-Cy = gof wj of all primitive holomorphic and anti-holomorphic curves C,
in the Mori cone of X5 (and its negative), as the 3D BPS particle spectrum descends
from M2 branes wrapping these curves.?> Since the volumes vol(C,,) are equal to the BPS
central charges, partitioning the Mori cone generators {Cy,} into holomorphic and anti-
holomorphic (based on whether vol(C,,) is positive or negative) determines the full set of
signs associated to Xs.

Rather than following the above approach, we use a shortcut. Namely, we identify the
signs appearing in eq. (7.41) by formally matching intersection numbers of the form W5y
with 5D CS couplings k775 in which the coefficients have been appropriately “promoted”
to the classes of matter curves Cr € B; see section 5 of [39] for a more detailed discussion
of this procedure.

To simplify the task of computing the 5D CS couplings, we first focus on the KK
charges. To this end, we use the fact that Y is the pushforward of the intersection of the zero
section with the generating section to conclude that the only elementary BPS particles with
nontrivial KK charge are those transforming in the representations (1,1)s, (1, 2)%, (3, 1)7%,
as these are the only local matter representations whose associated matter curves in B have
the schematic form

Cr=Y (). (7.42)

We then proceed to compute 5D Chern-Simons couplings according to the standard match-
ing procedure detailed in section 5.2 of [39]. Following this approach, we find that the
resolution eq. (3.10) that leads to X5 corresponds to the signs in table 7 and KK masses
in the parametric regime

(1,2)

(3,1)
ke - w2 || = | |rke - w,

3
1] = llrkxy - w_

4
3

=1, (7.43)

with all other primitive BPS particles having vanishing KK charge. This data can in turn
be used to evaluate the one-loop exact expressions for the 3D Chern-Simons couplings
presented in eq. (7.41).

In the following subsection, we describe the results of inverting the linear system
eq. (7.40).

7.4 Chiral indices

Our goal in this section is to match the geometric fluxes with the 3D Chern-Simons (CS)
terms in order to determine the chiral indices of the (SU(3) x SU(2) x U(1))/Ze model.
For ease of comparison, we first convert the fluxes to the gauge basis I = 0,1, a, i, using
eq. (A.5) (recall that the indices 0, 1 correspond, respectively, to the abelian gauge factors
U(1)kk, U(1)). In the gauge basis, we find that the linear relations eq. (7.30) can be

Z5The coefficients w; can either be interpreted as KK charges wg, or as Cartan charges/Dynkin labels w;
of weights transforming in some representation R of g.
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(1, 1), (1,2)u, (3, 1), (3,2)u;

ﬁwiw3w4w5
+15 010 pw
T | Wy W3 W4 Ws
ﬂw7w3w4w5 _ %0_11 \80—:)\ 11 13 14 Oo
pw | el | 2 — i 001 6
Tpw] | W1 W3 W4 Ws + |5 1 0 0 T o0 1 + 15 1 -11
+ 1 00 0 + |3 -100 10 11 + 1310 -1
+1]2 00 0 +13 1 00 P00 1 +li-11 0
3 — "3 - 1
+13-100 ST 0 1 o — g 11l
+ 12 0-11 —ls 710 A
3
+]12 00 -1

Table 7. Signs and Cartan charges associated to the BPS spectrum of the (SU(3) xSU(2) xU(1))/Zg¢
model resolution eq. (3.10). The charges are the Dynkin coefficients w; of the weights w transforming
in various representations and the signs correspond to the signs of the BPS central charges ¢ - w for
a given choice of Coulomb branch moduli ¢’. The indices i of the Dynkin coefficients are chosen
to match the indices of the Cartan divisors D; in eq. (7.10) associated to the simple coroots of the
gauge group. We adopt the convention that the Coulomb branch modulus cpi dual to the u(1) factor
is non-positive in the Coulomb branch, in contrast to the Coulomb branch moduli =3, pis=4%"5
associated to nonabelian Cartan u(1)s, which are non-negative.

expressed as:

0 =055 =05 = O35 = Oy,

0 =045+ Os55,

0 = 305, — 4055,

0 =Og5 + Os5,

0= 601, — 3034 + 4055, (7.44)
0 = 6075 — 9933 — 2034,

0 = BOp3 + O33,

0 = 1205; — 15033 — 403, — 16055 ,
0= 6@61 + 3@33 + 4@55 .

Moreover, the one-loop 3D Chern-Simons couplings 9:13:]3 are given by

1 11 1 7
3D
O01 = X — g X T X, T XA,
1 1 1
+ 6)((3,1)% - EX(&I)*% + X(3,1)7% - EX(3,2)% )
1 1 9
O = Sx@a, 06X, + 7 X(12), T 5X(12)s
2 4 3 2 3
N 2 1 40 N 1
3XB1z T XY _1 T g XB)_s T 36X3.2)

— 41 —



3 1

e __°Z _ =
13 2X(172)% 3X(372)% )

1

3D
O1f = 3XE1_y ~ gXB.2);
6

3

o =

3D
015 = 3XG_y
3

9

O3 = x(1.2), T 2X(1.2); T X(3.2)
2 2

e3) = ~X(32); »
03 =0,
3D _
O =X(3,1), —X3,1) 4 TX(3,2); >
3 3 6
1 1 1
3D _
O = —oXEn; toXen T oXED 4
9?513 =X(3,1)> —X(3,1) 1 — 2X(3,1) 4 - (7.45)
3 3 3

By identifying the 3D CS terms with the geometric fluxes in section 7.4 (see eq. (7.24)), we
learn that the following constraints are satisfied by the chiral multiplicities in the (SU(3) x
SU(2) x U(1))/Ze model:

1 1
0= —X@1., ~X@2); T 3XE1). ~ 3XE1)_ 1
2 3 3 3 3
9 1
0=—=X@12), —3X1,2); T3XB1: T 3X@E1)_, >
2 2 3 3 3 3

1 1

0= —X(3,1)_% + §X(3,1)% BERCENE (7.46)

4 1
0= =X@: +2X(12); ~ 3XE1; T 3XEY

2 1
0= —X(3,2)% - gX(3,1)% - §X(3,1)_% .

17
-3

After rearrangement, these constraints exactly match those in eq. (2.4). The constraints
can also be used to write the chiral indices in terms of a minimal subset of the fluxes:

X(1,1); = 2033 + O34 + 2055,
X(1,1), = —O33 — Os5,
X(12); = —3033 — O34,

X(1,2)% = B33,
X@1)_g = —Os5, (7.47)
X(3,1) ; = 2055 — O34,

3

X(3,1), = O34 — 055,

i

X(3,2)

1
6
In terms of the parameterization in table 3, we see that the multiplicities of the first and
second families are given by —Os55 and ©as3 respectively, and the number of Standard Model
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generations is given by ©s4 + 2(O33 + O55). When there is no exotic matter, the number
of generations of MSSM matter is then simply O34.

Note that in the chiral multiplicity formulae of eq. (7.47), we can freely replace the
fluxes ©O33,055 with —O¢3, —Oqs, using eq. (7.44) and the fact that Oy = Og; in the
symmetry-constrained space where ©,; = 0. This allows us to easily move back and forth
between the bases of table 5 and table 6.

7.5 Chiral spectrum

We now use the formulation of M;eq in table 6 to solve the constraint equations ©,; = 0
and compute formulae for the chiral multiplicities, where © ~ M,¢q¢ is expressed in terms
of flux parameters ¢!7. This can be done in a systematic fashion even though, as mentioned
above, in some bases null vectors may remain for table 6. However, unlike F-theory models
without U(1) factors, it is not straightforward to obtain a completely general solution by
solving the constraint equations for all flux parameters ¢®!. As discussed in [39], the
main obstruction to obtaining completely general solutions in models with U(1) factors is
imposing the constraints

O14=0. (7.48)

Despite these apparent obstructions, in the case of the (SU(3) x SU(2) x U(1))/Zg model
we nevertheless find that we are able to circumvent the difficulties associated with solving
the above constraints in full generality. The approach described in this subsection thus
leads to a general solution to the constraints O, = 0, along with general expressions for
the associated fluxes and chiral multiplicities, but at the cost of leaving the solution for the
variable ¢'® implicit. In section 7.6, we specialize to specific bases and follow an approach
that more closely parallels the approach used in [39] for purely nonabelian theories.

To illustrate our systematic solution, we spell out the first constraints explicitly. We
begin by solving the constraint ©,5 = 0. Note that the space of homologically nontrivial
Sap has the same dimension hY'(B) as the space of, e.g., Son by Poincaré duality. From
table 6, we see that this set of constraints simply imply that

O = —g0. (7.49)
We next solve the equations O, = 0 for the flux parameters ¢*?, giving
07 = (Y — K)P + 6% (S)°Y7 + ¢ (353)°Y " (7.50)
Next, consider the equation for ©4:
07 (8)" = 2671 (33)" + 6™ (22)(83)” (7.51)

Since ¢®° Dy, is always combined with a factor of X3, we can use this equation to replace ¢*°
everywhere it appears, and although not all the parameters ¢ are fixed through this equa-
tion, those that are not are null vectors. Note that the constraint equations (7.49), (7.50)
and (7.51) are all consistent even when ¢z is not an even class, so that the associated sym-
metries can be preserved even in such cases. For example, from eq. (7.37) we see that ¢'®
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and ¢" each are half-integer flux parameters precisely when (334 Y)? is odd and ¢z is not

even, so eq. (7.49) is consistent even in these cases. Similar arguments hold for the other

symmetry constraints, using in particular the fact that co(B) + K?2 is always even [74].
Continuing in this fashion, we can solve the ©,3 = ©,5 = 0 constraints, giving

63(5%2)° = (6" — () — Y%’ -
D
F(55)" = 5 (~6% — ()" — V(D).

Note that this implies some extra nontrivial integral constraints on some of the flux pa-
rameters.
Putting this all together, the remaining constraint ©1, = 0 states that

A-H = ¢y 23— 9988y Y —8¢%%3 .Y (7.53)
where
A=¢"D, = —¢'*D, (7.54)
and
H = —12K — 433 — 3%, + 12V (7.55)

is the (scaled) height pairing divisor. Before imposing this set of constraints, the remaining
fluxes are given by

1
Op3 = 522 Y (=344 9383 — 2085 — 9B (2K + 255 +Y)),

1
Ous = —523 Y - (4A + ¢3189 + 300385 + ¢B(BK + 3%, + V), (7.56)

Osu = % Sy (A+ (36 — 20%)¥ — (6K + 25, + 355))

Note that this matches with the expectation that the exotic matter multiplicities x(1,2),,
X(3,1) , associated with ©g3, Op5 explicitly can only be nonzero when Yo - Y, Y3 - Y are
-3

non-vanishing as expected from table 1, while the possibility of matter charged under both
the SU(3) and SU(2) factors controlled by ©34 can only be non-vanishing if ¥y - X3 is a
nontrivial curve in the base.

The constraints imposed by eq. (7.53) reduce the number of independent fluxes ¢'®,
#%3, ¢%°, $3* to three independent parameters that give the fluxes eq. (7.56) and some null
vectors associated with parameters in A. One way to think about these constraints is as a
geometric condition on curves. The curves 533, 39 - Y, 33-Y span a space of dimension
at most three in the linear space of curves on the base. We can think of H as a linear
map from the space of divisors on B to the dual space of curves on B. The set of possible
flux configurations can be determined from the intersection of the image of this map H
with the space of curves spanned by the primary pair intersections listed above. These
constraints can be thought of as constraints on the parameters in A or on the ¢%3, %, ¢34,
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For example, if all three of the primary pair intersections are independent and the image
of H contains this full space (in which case, the curves are all contained in the divisor
H), then we can take as the basic set of three parameters any set of all or some of the
parameters ¢%3, ¢%° 34, and a complementary set of parameters in A.

In some sense, eq. (7.56) along with the constraint eq. (7.53) give the simplest general
formulation of the available fluxes for an arbitrary base geometry. We can proceed some-
what more explicitly, however, if we assume that the primary pair intersection products
appearing in the fluxes are non-vanishing. In particular, if Y5 - 33 is a non-vanishing curve
in the base, then we can simply solve eq. (7.53) for ¢34%, - ¥3 and plug into eq. (7.56).
This gives a general formula for the chiral multiplicities

X12), = O3 =2-Y (K +33-4Y)¢" + 53V - (85 — 4Y)p”
2
1 _
— A Y (Hfszg),
=YY - (K + 39 —4Y)¢® + 53V - (8 — 4Y) %

+A-Y - (6K +2¥3+ 3%, —6Y),
= Ops = —XoY - (83 +3Y)p" — B3V - (83 + 3Y + K)o

1 _
—gAY (H+423>
= Y - (834 3Y)¢% — X3Y - (83 + 3Y + K)¢® (7.57)

+A-Y (4K + 33 +4Y),
X32) , = O3 =—3-Y (9K + 35 +4%3)¢" — 33V - (8K + 35, + 4%3)¢”
6

1 _
+ oA (22-23—H~(6K+222+323))

=% Y (9K 4 385 +4%3)¢" — X3 -V - (8K + 3%y + 4%3)¢"
—A-Y - (12K + 6%3 + 4%,)
+A- K- (12K + 1053 + 7%9)
+ A (X2 X9+ 383 X9+ 2%3 - X3).

Note that there appear to be more than three independent flux parameters here since
there are multiple parameters in A; these linearly independent extra parameters, however,
correspond to a combination of null vectors of the full matrix M;eq and directions that
are constrained by eq. (7.53) as discussed above. For generic characteristic data, there are
no further linear dependencies on these multiplicities, and we can realize all three linearly
independent sets of chiral matter for many bases with arbitrary characteristic data. Note,
however, that since the flux parameters on the Lh.s. of eq. (7.52) must be (half-)integer,
and there must be an integer (or half-integer) parameter ¢ satisfying eq. (7.53), there
are nontrivial constraints on the choices of flux parameters appearing in eq. (7.57). We
illustrate these features explicitly with some examples in the following section.

The general formula for the multiplicities eq. (7.57) holds whenever X3 - ¥ is a non-
trivial curve, even if one of the other primary pair intersection products vanishes such as
Y9 -Y = 0, in which case ©g3 = 0. In the cases where X3 - ¥ = 0, we cannot have
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jointly charged SU(3) x SU(2) matter, and the theory simplifies significantly, essentially
to the combinations of anomaly-free matter expected for gauge groups (SU(2) x U(1))/Zq
(as described in more detail in [39]) and (SU(3) x U(1))/Zs. The multiplicities in such a
case can be similarly computed assuming, e.g., that s - Y is non-vanishing, in which case
we can solve eq. (7.53) for ¢*3% - Y and compute the resulting multiplicities in a similar
fashion to the above analysis.

7.6 Alternative treatment of the symmetry constraints

As an alternative approach, closer in spirit to the direct approach used for purely non-
abelian theories in which the constraints are solved immediately for all ¢!®, one can solve
the symmetry constraints ©r, = 0 before restricting to the sublattice Hy$"(X5,Z). We

accomplish this by leaving qbf( L free (note that the indices IJ are still restricted to an ap-
propriate subset of the indices I.J) and instead replacing the intersection matrix M (LI)KL)

26

with the formal projection®® (see appendix C of [39] for further details in a more general

context)

M A8

M, Cna(IJ)(1a)"* Cha Cha(18)(KL) - (7.58)

C(IJ)(KL)

Mg, (iiy kL)
In the above expression, Mc(ryy(kr) is the restriction of My k) to Ac and similarly
Me,.(r7)(k 1) is the restriction of M(; (k1) to the sublattice Ac,, C As (note Ac C Ag,,)
of backgrounds preserving local Lorentz symmetry and at least the nonabelian (in this
case, su(3) @ su(2)) gauge symmetry. The symmetric matrix Me,, can be obtained from
M by acting on the right with a projection matrix Pp,,%"

Me,. = MPy = Pt M (7.59)
and has the following nontrivial matrix elements:
Mey. 1y xry = Wrokr = Wiy, - Wil Wi, — Wors - Wi — Wiy - Wogr  (7.60)
+ Woo - Wiy - Wk
Mcyo1ayxr) = Pa - Wikr (7.61)
= Do - (—Wi,, WE W, e + Wirs — Wokr + (Woo — Wor) - Wier)

Mcna(]_oa)(lﬁ) - DO‘ ' Dﬁ ' Wii (762)
= Dy - Dg - (=W, W Wi, 4 2(Woo — Win)) -

26Tn generic situations, we may solve the symmetry constraints ©7, = 0 by eliminating only independent
flux parameters of the form ¢’® (in fact, this can always be done for resolutions of F-theory models that
exhibit strictly nonabelian gauge symmetry and admit a holomorphic zero section). In such situations,
pairs of hatted indices IJ , for which I , J = 0,1,4s, are used to label the remaining unconstrained flux
parameters. However, when the F-theory gauge algebra g includes u(1) factors, in some cases imposing the
symmetry constraints ©r, = 0 cannot be accomplished without eliminating some independent parameters
@™ for which I,J # o (and consequently leaving a subset of parameters of the form ¢’® unconstrained.)
In these somewhat special cases, we abuse notation and use IJ , more generally, to denote the parameters
that remain unconstrained after solving ©7, = 0, keeping in mind that the definition I # a does not apply.

2TThe right-acting projection P,. always exists for the class of resolutions of F-theory models analyzed
in [39)].
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Note that in contrast to M¢,,, whose components can be expressed solely in terms of the
triple intersections of the characteristic data K, Yo, ¥3,Y, the components of the matrix
MCJCI ... (which is the inverse of M, (14)(15) 2ssuming it exists) generically depend on more
intersection numbers of B as they are determined by the intersections of the height pairing
divisor W7, with the vertical curves of B. Without a more general approach to the analysis,
Méfm can only be computed explicitly for a specific choice of base, and thus has to be worked
out on a case-by-case basis. We can plug in the values of W7y k1 presented in table 4 into
the above expressions in order to explicitly evaluate the fluxes ©;; = MC( PIVR ﬁ)qﬁf{ L We
perform this analysis explicitly for the base P? in the next section.

8 Examples

We next turn our attention to some examples with constrained choices of characteristic
data and/or a specific choice of base B.

81 B=P3

We describe the specific case B = P3, K = —4H,%y = noH, Y3 = n3H,Y = yH to
illustrate features of the general theory, which we analyze in several complementary ways.
8.1.1 B =DP? as a special case of the general formalism

The allowed values of the parameters nsg, n3, y must satisfy the inequalities
ng >0, n3 >0, [51] =44+y—no—n3 >0, [dg] =16—-2y—ng —2n3 >0, (8.1)
or
y=0, no >0, ng >0, [d2]216—n2—2n320, (82)

for a good Weierstrass model to exist with the gauge group (SU(3) x SU(2) x U(1))/Z¢ and
no further enhancement of the group [2, 77]. Note that in this example there is a single
base index o = H.

Note that for this class of examples, we have

1

ch = (17ng 4 37nz — 192)y + 22n2 + 8(ny — 16)ng + 25n9n3 — 224n3 + 22y% + 912
1 2 2 2 3

- Z[(5n2 +9n3)y” + (n2 + 6nsng + 7n3)y + ng(ng + n3)(3n2 + 2n3) + 2y°] .

(8.3)

In order for ¢3/2 to be an integer class (and note that this is a necessary, but not sufficient
condition), we at least require that the term in square brackets in the second line of the
above expression is a multiple of 4. Even for the Fj; model, there are many examples
where this condition cannot be satisfied and hence the flux must be half-integer quantized.
In the case of the Fj; model over B = IP3, we must set y = 0, so that the term in brackets
reduces to

ng(TLQ + 723)(37”62 + 2n3) . (8.4)
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By scanning over various small integer values of ns,ns, one can verify that choices of
characteristic data within this class of examples for which ¢3/2 is not integer appear to be
quite common (for example, ny = 4,n3 = 1), and hence the subtleties surrounding half-
integer quantization of the flux cannot generically be ignored when studying these models.

As mentioned earlier, a complication that appears to plague F-theory models with
U(1) gauge factors such as the (SU(3) x SU(2) x U(1))/Z¢ model is that, unlike in purely
nonabelian theories, it is not straightforward to solve the constraints ©, = 0 directly for
the full set of variables ¢’®. The approach of section 7.5 gives a general, but somewhat
more indirect solution of this problem, while the more direct approach taken in section 7.6
involves inversion of the matrix of intersections of height pairing divisor with other base
divisors, typically giving a rational form of the solution. Fortunately, for the latter ap-
proach, in this specific example, the matrix of intersections of the height pairing divisor
with other base divisors is rather simple, namely

Meamam =: h/6, (8.5)
where h is the (rescaled) height pairing divisor
h =48 + 12y — 4ng — 3ny = 12[s1] + 8ng + 9Iny . (8.6)

From the constraints on the characteristic data described at the beginning of this subsec-
tion, we know that h is invertible (in fact, positive) in the region of allowed values for
ne,ns,y. Thus, we can proceed by solving the constraint equations ©; = 0 for the cor-
responding ¢'# | leading to expressions with A in the denominator. Alternatively, we can
solve for other variables to get polynomial expressions, following the lines of section 7.5.
The following two subsections give the details of the solution using these two approaches.
We recall that the three independent non-trivial fluxes can alternatively be taken to be
©O33, O34, O55 or Ops3, Op5, O34. We use these two different basis sets in the two different
analyses that follow, recalling that they can be related through eq. (7.30).

8.1.2 Rational solution

Solving the constraint equations O = 0 for all ¢’ gives

O = Mc<ff)(33)<‘¢03 +¢%) + MC(fj)(34)¢34 + MC(fj)(55)(_¢05 ¢ +0%),  (8.7)

where the coefficients for ©33 are

noy(—192 — 3n3 — dngnz — 3ngy + 60ns — 2n3y + 1613 + 6y — 24y)

Mc33)33) = — N ;
naonsy(24 — 3ng — 2n3 + 6y)

Mc33)34) = — . ,
nansy(48 — 3ng — 4ng)

Mc(33)(55) = — W ;

(8.8)
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the coefficients for ©34 are

naonsy(24 — 3ng — 2n3 + 6y)

Mc(34)(33) = — Y ;
non3(—192 — n3 — 3ngng + 4ngy + 28ng — 2n3 + 6ngy + 40n3 — 48y)
Mco@iay@a) = — N ;
nan3y(16 — na + 4y)
Mec a5 = . ;
(8.9)
and the coefficients for G55 are
naonsy(48 — 3ng — 4ns)
Mec(s5)(33) = — . ,
nansy(16 — ng + 4y
Me(s5)(34) = ( . ) ; (8.10)
n3y(—192 — 3nans — nay + 12ns — 4n3 + 64nz + 4y> — 32y)
Mc(55)(55) = . :

From these expressions it is clear that the chiral multiplicities are parameterized by the
three independent linear combinations of fluxes appearing in eq. (8.7). While these ex-
pressions all have a factor of h in the denominator, the fact that all lux backgrounds qu J
must be (half-)integral guarantees that this factor will be cancelled properly for any set of
allowed integer fluxes, such that corresponding fluxes ©;; are then integral.

8.1.3 Polynomial expressions and chiral multiplicities

In the base P3, the triple intersection products in the base simply become products of
numerical integer factors. Thus, from the general form of M q, in a basis of fluxes (we use
the index 2 here for the divisor H)

", 9%, ¢, 9™, 9%, o' 9B, ¢%, ¢* (8.11)

the reduced matrix of table 6 is simply

-4 1 0 0 0 Y —NayY —n3y 0
1 0 0 0 0 1 0 0 0
0 0 —2ny 0 0 N9 —NayY 0 —Nong
0 0 0 *2713 ns 0 0 0 —Mnagng
Mieq = 0 0 O ng —2ng ns 0 —nsy Nons ,

y 1 mne 0 nyg —4 noYy nsy 0

—ngy 0 —noy O 0 noy (d—y—n2)ngy  —nangy 0

—n3zy 0 0 0 —ngyngy —nengy (4—y—mn3)nzy 0
0 0 —MNang —Nang MNang 0 0 0 n2n3(47n27n3)

(8.12)
Note that with this ordering we see the characteristic structure of the upper left 5 x 5 block,

which is resolution-independent and encodes the basic structure of the base geometry and
the nonabelian gauge factors.
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In this case the analysis of section 7.5 applies, and the space of curves on B is one-
dimensional (spanned by H?), so all curves in eq. (7.53) lie in the same one-dimensional
space and we can solve the constraint for any of the parameters involved. For variety, we
solve here explicitly for the ¢! variables except ¢'2 and use ¢% instead to solve eq. (7.53),

giving
n
O3 = o |(n2 + 32 — dy)yd® — (48 — 3nz — dn3)9"” + s (dy — n2)¢™ |,
n
O34 = §2 {(3112 + 4n3)y¢03 + (ng — 16 — 4y)d>12 +n3(32 — 3ng — 4n3)¢34} , (513)
i .
O =~ |(36 — 3y — nz)yd® + ns(ns + 3y — 4)6*

—(192 + 32y — 4y? — (12 — y)na — 64ng + 3nong + 4n3)6'2) .

The requirement that all ¢’ take integer (or, appropriately, half-integer) values provides
additional constraints that guarantee that these expressions related to chiral multiplicities
are all integers. These constraints all follow from the condition

8n3yd”® = —9Inoyd®™ + ho'? + nange™ (8.14)

which is eq. (7.53). Generally, the resulting chiral multiplicities are all nonzero, so that
all three independent families of chiral matter are allowable, though the multiplicities only
take certain combinations of integer values when the flux parameters ¢ are (half-)integral.

In order to make a direct comparison with the rational solutions described in sec-
tion 8.1.2, we need to use the constraint eq. (8.14) to eliminate the parameter ¢! in the
expressions for O3, O34, Ops given in eq. (8.13). For generic choices of characteristic data,
the scaled height pairing divisor h # 0, so in any such case we impose the constraint

8 = 7 (Omay0® + 8ngyo” — nanso™). (5.15)
We also make use of the relations implied by the restriction of the null vectors eq. (7.23) to
the subspace A¢ defined by the condition ©1, = 0. These relations enable us to account for
the redundancy in the set of parameters ¢%, ¢33, 34, ¢%° $%5. $°° used to parametrize the
solutions of section 8.1.2. Specifically, we find that before eliminating the null directions,
we may make the identification

$% S0 + ¢33 S35 + ¢**S34 + 0% So5 + $*7 S5 + ¢°° S5

8.16
o~ (¢03 o ¢33)S03 + ¢34SS4 + (¢05 + ¢45 o ¢55)505' ( )

The constrained null vectors also imply relations among the fluxes, in particular the last
3 relations of eq. (7.30). This in turn implies that when comparing the solutions in sec-
tion 8.1.2 to eq. (8.13), we should identify, e.g., the coefficient of (¢"® — ¢33) in ©33 in
section 8.1.2 with the coefficient of ¢% in G¢3 of eq. (8.13), and so on. As an explicit illus-
tration of this method of comparison, we impose the condition eq. (8.15) in the expression
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for O3 in eq. (8.13) to obtain
B naydos (3nay + 2nzy + Bn% — 60ng + 4nong — 16ns — 6y + 24y + 192)
3ng +4ns — 12y — 48
n2n3y¢34 (3712 + 2ns — 6y — 24) B nonsg (3n2 + 4ns — 48)y<;505
3ng + 4ng — 12y — 48 3ng +4nz — 12y — 48

which is precisely (minus) the expression for ©33 whose coefficients are presented in eq. (8.8).

O3 =
(8.17)

As an example of applying these results, consider the case with no = ng = y = 1.
In this case eq. (8.14) becomes ¢3* = —53¢12 + 993 + 8¢34. While ¢*3, %, $3* can be
half-integer valued (from eq. (7.37)), ¢'2 is integer-valued. This gives the fluxes

Op3 = —25¢12+7¢% 430", Ops = 19912 —4¢", O34 = —16842+29¢"4+25¢% , (8.18)

which are all clearly integer-valued, even when ¢%, ¢% are both half-integers.

As another class of examples, we can look at the chiral multiplicities that are possible
without exotic matter representations. Setting Op3 = Og5 = 0 in eq. (8.12), the expression
for ©34 simplifies to

1
@3425(12—n2—ng—y)(4—m—n+y)¢12. (8.19)

For example with no = ng = y = 1, the number of generations of Standard Model matter
is given by —274'2/2. The condition from eq. (8.18) that ©p5 = 0 implies that ¢'2 is
a multiple of 2 (whether ¢* is an integer or of the form (2k + 1)/2), so the number of
generations is a multiple of 27. Imposing also the condition ©g3 = 0 gives the general

solution
11

=15 = Tp 67=28 =108, (8.20)

so in general the multiplicity can be any multiple of 198, when c3/2 is an even homology
class, and any odd multiple of 198 when ¢3/2 is not even (in this case eq. (8.3) is integral,
which does not answer the question of evenness — for further discussion of this distinction
see section 9). Note, as a cross-check on the equivalence of the different methods of analysis
used above, that plugging these values into eq. (8.17), the numerators of the first and third
terms add to 3225 3/2, while the numerator of the second term is 25, so indeed (half-)integer
quantization of ¢34 is compatible with the integrality of O34

8.2 Special cases Y =0 (F;; model)

8.2.1 General Fj; models

In the special case Y = 0 for which the (SU(3) x SU(2) x U(1))/Ze model reduces to the
F11 model [32], the chiral indices of the exotic 4D matter must vanish and we are left with
a one-dimensional family of non-trivial fluxes. ©34. In particular, in this particular class of

models, the flux parameters ¢, ¢°° become null vectors of M,eq, the multiplicity formulae
eq. (7.57) reduce to

©p3 =10,

Ops =0, (8.21)
1

O34 = 622 53+ (A = 6™ (6K + 25, + 3%3))
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and the constraint eq. (7.53) reduces to
A-H=¢%%,-%3. (8.22)
Imposing the constraint we can alternatively write

X32) , = O34 = —A(12K* + 253 + 35335 + 5 + K (1053 + 7%2)) (8.23)

S

where the parameters in A are constrained such that eq. (8.22) can be satisfied for (half-
)integer ¢3*; in particular, parameters in A with a nonzero image under the map induced
by H from divisors to curves in any direction other than Xy - X3 are fixed to vanish, while
parameters in A associated with divisors such that D-H = 0, D-%5-%3 # 0 can contribute.

8.2.2 Specialized “SU(5)” Fi;

Specializing further to the case ¥y = ¥3 = —K, as studied in [34], which are associated
with a hidden broken SU(5) unification group [2] as all the gauge branes lie on the same
divisor, we have H = —5K, % - 3 = K2, and
¢34

O34 = —AK? = ?K?), (8.24)
with the constraint 5AK = —¢3* K2, in agreement with the results of [34]. For example, if
K = kK with k € Z and K, K? a primitive divisor and primitive curve respectively, then
we can parameterize A = aA where A is the Poincaré dual divisor to K2, and we have

Og4 = —ak?, with the quantization condition 5a = —¢3*kK3. Taking the special case of
the base P? (i.e., ng = ng = k = 4, K* = 1), we have, as in [34]:

64
O34 = —16a = €¢34. (8.25)

In this case, all parts of co are manifestly even except for a shift by Sgs + Sos + S34, so if
¢o is an even class the flux parameter ¢3? is integral, while if ¢y is an odd class, ¢3* is of
the form (2k +1)/2. The quantization constraint shows that 4|a, and 5/¢3* when ¢3? is an
integer, and 2|a, 5/2¢%* when ¢3* is a half-integer. We discuss the question of whether co
is even in the next section.

As another example, for the base B = P? x P!, we have K = K, K% = 18, and
O34 = —a = 18¢3*/5, with similar quantization conditions.

9 Quantization of multiplicities

The question of precisely which chiral multiplicities are allowed for a given model is some-
what subtle. We give a few brief comments here that address some further aspects of
which fluxes and corresponding chiral multiplicities may be possible in a broad class of
flux compactifications. For convenience here, in parts of the discussion we take Gz =
Ga+c2(X5)/2 € HY(X5,7Z) to be an integer class, even when cs is not even; when cs is not
even, fluxes must be suitably shifted by a half-integer class to G4. The analysis here expands
in particular on related discussions in [34, 39]. Note that aside from the specific examples
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at the end of this section, most of the discussion of quantization here is relevant for general
classes of F-theory models, independent of the specific gauge group and matter structure.

Recall from eq. (7.31) and eq. (7.32) the definitions of the lattices Avert, Avert. The
homology lattice Hy(X5,Z) has a unimodular intersection pairing. Thus, for any surface S
that is a primitive?® element of this lattice, in particular for any primitive surface in Avert,
there exists some integer flux Gz € H*(X35,Z) such that | ¢ Gz = 1. This would suggest that
chiral multiplicities can always be quantized in arbitrary integer units, and that essentially
any model would allow three generations of anomaly-free chiral matter (leaving aside the
issue, for the moment, of non-even ¢3). There are several reasons, however, why such a flux
may not be possible or may not correspond to a physical vacuum of interest. First, it may be
the case that a vertical surface Sty = DN Dj € Ayert is primitive in Aye¢ but is an integer
multiple of an element of Ayery and Hy(Xs,Z). In particular, a (vertical) matter surface Sy
can be primitive in Aye¢ but not primitive in /_\Vm; in such a situation, since S, = m.S’, with
S’ primitive in Ayers, the associated chiral multiplicities x, = [ s, Gz will always be multiples
of m, and unit multiplicity, for example, (or multiplicity 3 if m # 3) is not possible. Second,
it is possible that the specific Gy that is dual to a surface S that is primitive in Ayer; and
H*(X5,7) breaks Poincaré or gauge invariance by giving a nonzero /. Sra Gy. If neither of
the conditions just summarized are the case, then, recalling the decomposition eq. (7.25),
the flux Gz that is dual to a primitive vertical matter surface S may have a fractional
component in the vertical cohomology and a fractional part in the horizontal or remainder
cohomology, and satisfy the desired properties. Completely determining which of these
scenarios is realized depends on a full understanding of Hy(X5,Z) and its intersection
form. Note also that while in many models the matter surfaces lie in Ayert, this need not
be the case in general; in any specific model, a clear analysis of matter surfaces and/or the
relationship between chiral multiplicities and integrated fluxes ©r; is needed for precise
statements regarding allowed multiplicities. Finally, we must incorporate the possibility
of non-even values of ¢y into the preceding discussion. Note that when ¢y is not even, as
in many examples discussed in the preceding section, the chiral multiplicities associated
with integrating over matter curves are still integral, [¢co € Z, in which case the allowed
multiplicities are odd multiples of some basic factor.

Because of the orthogonal decomposition (7.25), and the fact that the intersection
product on Hy(X5,7Z) is unimodular, the set of possible fluxes [¢ Gz through vertical
surfaces, and hence the set of chiral multiplicities, can be characterized by considering ¢’
in the projection of Hy(X5,7Z) to Avert, which is the dual lattice dual(/&vert) (i.e., the set
of points in szgt (X5, C) with integer inner product under M,oq with all points in Avert)-
When Ayert = Avert, then this dual space is characterized by the set of necessary conditions
stated in [34], which are that [¢(G4+c2(X5)/2) must be integer-valued for any allowed flux

G4 and vertical surface S € Ayers.?? However, Ayers could contain extra integral points not

2B A lattice element S € Ha(X5,7Z) is primitive iff there does not exist a distinct non-zero element S’ €
H4(X5,7Z) such that S = mS’ for m € Z>1.

2Note that when ¢y is not even, in principle it is possible that f S(G4 + ¢2/2) may be half-integral for
some vertical surfaces, although physical consistency dictates that it must be integral for any vertical matter
surface, as in the examples studied in the previous section. In such situations, Gz, but not necessarily G,

must project to dual(Avert)-
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realized in Ayert, in which case these necessary conditions would not be sufficient as there
would be points in dual(Aye) that are not in dual(l_Xvert) and hence do not correspond
to the set of physically-allowed fluxes. Furthermore, fluxes associated with some points in
dual(Avert) may break gauge or Poincaré invariance. The information of Ayery and Myeq is
not generally sufficient to uniquely determine Ayer. For example, the lattice defined by the
inner product diag(4,4) can alternatively be embedded in a self-dual Euclidean 2D lattice
by extending to an overlattice that includes one half of each generator, or can represent
the complete integral 2D subspace of the unimodular lattice Eg along a pair of orthogonal
primitive vectors of length 4.

The upshot of this discussion is that to determine the possible chiral multiplicities for a
given model, one must consider the possible integer overlattices Avert Of Ayert; for each such
overlattice the quantization condition is then determined by identifying all elements of the
dual space dual([&vert) that leave Poincaré and gauge invariance unbroken. Determining
which is the proper overlattice requires a complete determination of Hy(X5,7Z), which
is beyond the scope of this paper but will be addressed in future work. Note also that

consistent chiral multiplicities associated with points ¢, in dual(Ayer) that are not in
Avyert can be allowed only if non-vertical components of flux are turned on. In such cases,
the integrality of the D3-brane tadpole from ¢, can only be violated when the vertical
component of flux is considered; thus, that condition (which was used in [34]) is not actually
necessary for an allowed multiplicity, but rather amounts to the condition that the flux
&y lies in an allowed overlattice Ayers. Moreover, when flux is quantized properly with
Gz € H*(Xs,7), the D3-brane quantization condition is automatically satisfied. The
uncertainty of which overlattice is realized by Avert also means that unless there is a clear
signal such as non-integrality of eq. (7.38) indicating that c3/2 is not even, there may be
some overlattices Ayet that contain cs /2, in which case c¢s is even, and other overlattices
that do not, in which case ¢y is not even — this further complicates the issue of precisely
determining the flux quantization and associated chiral multiplicities.

As a specific example of the kinds of overlattice conditions that may arise, let us
consider the quantization of chiral multiplicities in the simplest model considered above
in section 8.2.2, with base P3, and ¥y = %3 = —K = 4H,Y = 0. In this case, Meq
from eq. (8.12) simplifies to (dropping the null directions ¢°3, ¢*°, and moving ¢'? to the
second slot)

4010 0 0 O
041-4 0 -4 0
1100 0 0 O
Myeg=10-40 8 0 0 —16]. (9.1)
000 0 8 —4-16
0-40 0 -4 8 16
0 0 0-16 —16 16 64

If we choose integer fluxes in Ayert, as discussed in section 8.2.2, the chiral multiplicity is
an integer multiple of 64 through eq. (8.25). The possible fluxes that preserve Poincaré
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and gauge invariance are of the form
¢ =p/16(1,—1,-4,-3,-2,1,—5/4) . (9.2)

When such a flux is allowed, it gives a chiral multiplicity ©34 = p. The flux in eq. (9.2) is
in the dual lattice dual(Ayert) whenever p is integral.
We now consider the issues of even/non-even ¢y and possible overlattices for Ayer in

this specific case. First, note that
c2/2 = +(0,0,0,0,0,0,1/2), (9.3)

where ¢/ € Ayerg. Thus, whether ¢y is even depends upon whether S34/2 € Avert. Note
that eq. (7.38) is integral in this case, so we cannot rule out the possibility that cs is even.
Furthermore, there are several overlattices of Ayert that contain co/2. There is a maximal
overlattice AT2X that includes the generators (Sp1 — S12)/2, S23/2, S24/2, S25/2, S34/8, and
which is self-dual. If Ayert = AZ2X then ¢y is even, the minimum allowed p in eq. (9.2) is
p = 16, the quantization is controlled by integer values of @ in eq. (8.25) and the chiral
multiplicity must be a multiple of 16. There is another overlattice of Ayt that contains
only the additional vector c3/2. The dual of this overlattice consists of all vectors of the
form eq. (9.2) with even p. If this overlattice is Ayert, then the chiral multiplicity must be
a multiple of 2, but non-vertical flux must be included for any multiplicity that is not a
multiple of 32. Finally, if Avert = Avert then o is odd, since c2/2 is not in Avert. Because
co € dual(Ayert) in this case, the flux associated with chiral multiplicity is quantized in
units of 1, but non-vertical flux must be included for any chiral multiplicity that is not of
the form x = 32(2k + 1), and, e.g., a model with x = 3 will appear to violate the D3-brane
tadpole integrality condition unless the non-vertical flux is properly included). There are a
variety of other possible overlattices, such as other sublattices of ALEY that contain Avert,
some of which contain cp/2 and others of which do not; we do not go through all the
possibilities here. Thus, even in this simple case there are many possibilities for Avert,
each of which gives distinct quantization conditions when restricted to vertical or more
general integral fluxes. It would be interesting to gain further detailed information about
Hy(X5,Z) to determine the precise form of Avert and definitively determine the precise

quantization condition on chiral multiplicities for these models.

10 Conclusions

In this paper we have performed a detailed analysis of the geometry and flux-induced chi-
ral matter of the universal tuned Ggy = (SU(3) x SU(2) x U(1))/Zg Weierstrass model
identified in [2]. This model admits three linearly independent families of chiral matter
transforming under the Standard Model gauge group Ggy. All three families can be pro-
duced by F-theory fluxes, so the observed Standard Model chiral matter structure is realized
in a subset of models where one or two discrete parameters are tuned to vanish. Tuning
the parameter Y = 0 gives the class of “F1;” models identified and studied in [32-34] and
related works.
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The analysis of this paper provides a framework for more detailed study of further
phenomenological features of these tuned Standard Model-like models, including aspects
of Yukawa interactions, chiral and non-chiral spectra, and moduli stabilization. This class
of models complements other types of F-theory constructions such as the tuned SU(5)
GUT models [12-15] that have been studied for several decades, or the more recently
constructed models that arise from flux breaking of a rigid Eg or E7 symmetry [27, 28].
Comparing how these different classes of F-theory Standard Model constructions differ in
detailed phenomenology and in frequency in the landscape may provide insights into what
features of beyond the Standard Model physics are correlated with the most typical or
natural realizations of the Standard Model in F-theory.

While in this paper we have focused on the specific class of models with tuned gauge
group Ggny, we have also developed here further the theoretical toolkit for analyzing the
geometric structure and chiral matter content of broad classes of F-theory compactifica-
tions, extending the framework developed in [39]. In particular, we have extended the
analysis of the middle intersection form on vertical cohomology to include theories with a
U(1) factor, which complicates the structure of the matrix Moq substantially, and we have
given a more thorough analysis of quantization questions related to the multiplicity of chi-
ral matter and allowed fluxes for large classes of F-theory models. One interesting aspect of
this is that in the particular class of models studied here we were able to completely solve
the flux constrained equations associated with Poincaré and gauge symmetries, although
part of the solution was implicit. It would be interesting to investigate whether this kind of
solution is possible for more general models with U(1) gauge factors. Regarding the quan-
tization of chiral multiplicities, the analysis here highlights the importance of attaining a
full understanding of the structure of Hy(X5,7Z) for F-theory models of interest.
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A Converting between the geometric and gauge bases

Let X — B denote a smooth CY manifold that is elliptically fibered over a smooth base B.
There is a natural relationship between divisors D 7 C X and gauge fields appearing in the
low-energy description of M-theory compactified on X. In particular, the divisors D 7 are
Poincaré dual to harmonic (1, 1)-forms wy that appear in a local expansion of the M-theory
3-form Cj in the vicinity of the 7-brane loci, i.e., C3 = Al A wi+---. Thus, to each gauge
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field A, there corresponds a particular choice of divisor ﬁ;, and the gauge charges g; of
BPS particles corresponding to M2 branes wrapping holomorphic curves C C X can be
computed in terms of their intersection product with ﬁf, ie., ¢f = [owr = Dj - C. This
suggests that the low-energy gauge-theoretic description of M-theory compactified on X
defines a canonical basis of divisors ﬁj — we refer to this basis as the “gauge” basis of
divisors.

Despite the fact that the gauge basis is natural from the point of view of the low-energy
effective theory, in practice, it tends to be simpler to expand divisors of X in terms of the
“geometric” basis Dy, where I = 0 corresponds to a (non-unique) choice of zero section and
I = a corresponds to a generator of the Mordell-Weil group of sections. As we describe
below, the divisors ﬁo, D, are linearly related to the divisors ﬁ@, ﬁa, which correspond
(respectively) to Kaluza-Klein U(1)kk and U(1) factors belonging to the free abelian part
of the F-theory gauge group.

In this appendix, we describe how to convert between the gauge and geometric bases.
The change of basis from the geometric basis to the gauge basis is given by (see appendix B
in [39])

D;=0iD, (A.1)

where in the case of the (SU(3) x SU(2) x U(1))/Zg model, the matrix elements U‘I—] are:

I 1 « !
O'(—): 1,0,—§K 7O,O,O

Wl o

1
737

N

I
of = <—1,1,K0‘—Ya, ) (#-2)
ot =65 J#0,1.
Note that Di = 0% Dy is the image of the Shioda map described in [67]. Using

_ 1 I
(U_l)(l) = <1’ 07 §Ka7 07 07 0)

7 1 1 1 2\! (A.3)
—1\7 « «@
=(1,1,—=K Y, ——, ——, —=
(U )1 < ) 9 + ) 27 3> 3>
(cHh =60 for J#0,1,
one can invert the above linear transformation:
(0 )oK =65, ol(eh] =oL. (A.4)

Thus, e.g., the change of basis from geometric fluxes ©; to gauge basis fluxes Oy relevant
for computing the image of the nullspace of M in the constrained sublattice Ac C A is

O3  O4r 2057

@IIZU{GJI:—@OI+@1I+T+T+ 3 I#1
20 40
O11 = 0{0f Ok = Oon — 26001 — O3 + O11 + O13 + 314 + 315 (A.5)

L Om O 205 Ou , 40, 405 2001 460
473 3 9 9 9 3 3
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Note that ©;53 = ©r9 on the constrained sublattice, hence one can freely exchange the
indices 0 and 0.
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