MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Abelian F-theory models with charge-3 and charge-4 matter

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Raghuram, Nikhil. “Abelian F-Theory Models with Charge-3 and Charge-4 Matter.”
Journal of High Energy Physics, vol. 2018, no. 5, May 2018. © 2018 The Authors

As Published: https://doi.org/10.1007/JHEP05(2018)050
Publisher: Springer Berlin Heidelberg
Persistent URL: http://hdl.handle.net/1721.1/115556

Version: Final published version: final published article, as it appeared in a journal, conference
proceedings, or other formally published context

Terms of use: Creative Commons Attribution

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/115556
http://creativecommons.org/licenses/by/4.0/

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: January 31, 2018
ACCEPTED: April 23, 2018
PUBLISHED: May 8, 2018

Abelian F-theory models with charge-3 and charge-4
matter

Nikhil Raghuram

Center for Theoretical Physics, Department of Physics, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, MA 02139, U.S.A.

E-mail: nikhilr@mit.edu

ABSTRACT: This paper analyzes U(1) F-theory models admitting matter with charges ¢ = 3
and 4. First, we systematically derive a ¢ = 3 construction that generalizes the previous
g = 3 examples. We argue that U(1) symmetries can be tuned through a procedure
reminiscent of the SU(N) and Sp(N) tuning process. For models with ¢ = 3 matter,
the components of the generating section vanish to orders higher than 1 at the charge-
3 matter loci. As a result, the Weierstrass models can contain non-UFD structure and
thereby deviate from the standard Morrison-Park form. Techniques used to tune SU(N)
models on singular divisors allow us to determine the non-UFD structures and derive the
g = 3 tuning from scratch. We also obtain a class of a ¢ = 4 models by deforming a prior
U(1) x U(1) construction. To the author’s knowledge, this is the first published F-theory
example with charge-4 matter. Finally, we discuss some conjectures regarding models with
charges larger than 4.
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1 Introduction

A key objective of the F-theory program is determining which charged matter representa-
tions can arise in F-theory models, a task with important implications for the landscape
and swampland. Clearly, we cannot characterize the full landscape of F-theory models
without knowing all of the representations that can be realized in F-theory. At the same
time, one may find that certain representations cannot be obtained in F-theory, even when
the corresponding matter spectra satisfy the known low-energy conditions. This scenario
would inspire a variety of questions, such as whether these representations could be at-
tained through other string constructions or whether some previously unknown low-energy
condition could explain the absence of these representations. And from a more mathemat-
ical perspective, exploring F-theory compactifications with different representations can
tell us about the scope of Calabi-Yau geometries. Because of these ramifications, there
has been much interest in developing techniques for building F-theory models with various
matter spectra. For non-abelian groups, this line of inquiry has led to F-theory construc-
tions admitting a wide range of representations [1-6]. Abelian constructions and their
matter spectra have been a focus of the F-theory literature as well, both in purely abelian
situations and in contexts with additional non-abelian groups [4, 5, 7-29]. In fact, classi-
fying the possible charges of abelian F-theory models has an additional phenomenological
importance given the role extra U(1)’s play in F-theory GUT model building [7, 30-32].
Nevertheless, the issue of how to construct an F-theory model with a desired abelian charge
spectrum remains challenging, even for models with only a U(1) gauge group. In partic-
ular, there are open questions regarding the construction of models with charges ¢ > 2
(in appropriately quantized units). The goal of this work is to provide new insights into
F-theory models admitting ¢ = 3 and ¢ = 4 matter, with the hope that these ideas can
inform our understanding of models with arbitrary charges.

The reason for the more challenging nature of abelian F-theory models lies in the dif-
ferent manifestations of non-abelian and abelian symmetries. F-theory models in 12 — 2d
dimensions are constructed using a Calabi-Yau d-fold that is an elliptic fibration over a
base B. Non-abelian gauge symmetries occur when the fiber becomes singular along a codi-
mension one locus in B, while charged matter often occurs at codimension two loci with
singular fibers. The codimension one singularity types and their corresponding non-abelian
gauge algebras have already been classified [33-36], and in many cases, one can relate the
codimension two singularity types to different charged matter representations [1, 2, 37].
These dictionaries provide a strategy for constructing an F-theory model admitting a par-
ticular gauge group and charged matter spectrum. One first reads off the singularity types
and loci that produce the desired gauge data. Then, one determines the algebraic condi-
tions that make the elliptic fibration support the appropriate singularities. This process,
known as tuning, has been used to systematically construct a variety of non-abelian gauge
groups and charged matter [2, 6, 38].

In contrast, abelian gauge groups are not associated with elliptic curve singularities
along codimension one loci. They instead arise when there are additional rational sec-
tions of the elliptic fibration, such that the elliptic fibration has a non-trivial Mordell-Weil



group [11, 12, 34]. Thus, the usual procedures for obtaining non-abelian groups do not
carry over to abelian groups in an immediately obvious way, making the construction of
F-theory models with abelian gauge symmetries more difficult. Take, for example, the
question of how to construct an F-theory model with a single U(1) gauge group and no
additional non-abelian groups. There is a well known U(1) construction, the Morrison-
Park model [12], but it admits only ¢ = 1 and g = 2 matter. [22] presented a construction
supporting ¢ = 3 matter, which was found within a set of toric models. However, this
construction was found somewhat by chance, raising the question of whether it could be
systematically derived from scratch. That is, instead of looking within a set of models,
could someone start with the goal of finding a ¢ = 3 model and follow a series of steps to
obtain this construction? The Weierstrass model also has a structure quite different from
the Morrison-Park form, posing the related question of whether we can understand how
and why the structures differ. While there has been some discussion of F-theory models
with ¢ = 4 matter [39], there is, to the author’s knowledge, no published U(1) model with
charges ¢ > 4. This makes an understanding of ¢ = 3 models all the more important, as
the features that distinguish the ¢ = 3 construction from the Morrison-Park form would
likely play a role in ¢ > 4 models as well.

This work presents a systematic method for tuning a ¢ = 3 construction and presents a
class of models admitting ¢ = 4 matter. A central theme is that the presence of ¢ > 3 matter
is tied to the order of vanishing of the section components. As is well known from [12],
q = 2 matter occurs when the components of the section vanish on some codimension two
locus; in Weierstrass form, the Z, &, and § components vanish to orders 1, 2, and 3. In the
models discussed here, the section components vanish to higher orders at the ¢ > 3 loci,
directly affecting the structure of the Weierstrass model. For instance, the Z component
of the ¢ = 3 construction vanishes to order 2 on the ¢ = 3 locus, reminiscent of a divisor
with double point singularities. As discussed in section 3, one can build abelian F-theory
models through a process similar to the SU(N) and Sp(/N) tuning procedure. Instead of
making the discriminant proportional to a divisor supporting a non-abelian symmetry, we
tune quantities to be proportional to the Z component of the section. When Z vanishes
to orders larger than 1, the tuning process allows for structures associated with rings that
are not unique factorization domains (UFDs); these structures can be derived using the
normalized intrinsic ring technique of [6]. Following the procedure leads to a generalization
of the previous ¢ = 3 construction in [22], with a direct link between the specific structures
in the ¢ = 3 Weierstrass model and the singular nature of 2. We also obtain a ¢ = 4
F-theory construction by deforming a previous U(1) x U(1) construction from [4]. To the
author’s knowledge, this is the first published F-theory example admitting ¢ = 4 matter.
While we do not derive this construction using the normalized intrinsic ring, the section
components of the ¢ = 4 construction vanish to higher orders as well, and the Weierstrass
model contains structures suggestive of non-UFD behavior.

The rest of this paper is organized as follows. Section 2 reviews some aspects of abelian
groups in F-theory that are important for the discussion. Section 3 describes how abelian
symmetries can be tuned and uses the process to systematically derive a ¢ = 3 construction.
In section 4, we construct and analyze a construction admitting ¢ = 4 matter. Section 5



includes some comments about ¢ > 4 models, while section 6 summarizes the findings
and mentions some directions for future work. There are accompanying Mathematica files
containing expressions for the constructions derived here; details about these Mathematica
files are given in appendix A.

2 Overview of abelian gauge groups in F-theory

In this section, we review those aspects of F-theory that are necessary for the rest of the
discussion. We will not be too detailed here, instead referring to the mentioned references
for further details. More general reviews of F-theory can be found in [40-42].

F-theory can be described from either a Type IIB perspective or an M-theory per-
spective. In the Type IIB view, an F-theory model can be thought of as a Type IIB
compactification in which the presence of 7-branes causes the axiodilaton to vary over
the compactification space. The axiodilaton is represented as the complex structure of
an elliptic curve, and the F-theory compactification involves an elliptic fibration X over a
compactification base B. In this paper, we will assume that the base B is smooth. Math-
ematically, the elliptic fibration can be described using the global Weierstrass equation

y? =23 + fazt + g20. (2.1)

[z : y : 2] refer to the coordinates of a P?%! projective space in which the elliptic curve
is embedded, and f and g are sections of line bundles over B. To guarantee a consistent
compactification that preserves some supersymmetry, we demand that the total elliptic
fibration X is a Calabi-Yau manifold by imposing the Kodaira constraint: f and g must
respectively be sections of O(—4Kpg) and O(—6Kp), where Kp is the canonical class of
the base B. The Weierstrass equation is often written in a chart where z # 0, in which
case the x,y, z coordinates can be rescaled so that z = 1. This procedure leads to the local
Weierstrass form

v =22+ fr4yg (2.2)

commonly seen in the F-theory literature. Note that the elliptic fiber is allowed to be
singular along loci in the base. Codimension one loci with singular fibers are associated with
non-abelian gauge groups, while codimension two loci with singular fibers are associated
with charged matter.

F-theory can also be understood via its duality with M-theory. To illustrate the idea,
let us first consider M-theory on 72. Shrinking one of the cycles in the 72 leads to Type ITA
compactified on S', which is dual to Type IIB on S*. The radii of the circles in the dual
Type II theories are inverses of each other, and if we shrink the Type ITA circle, the circle
dimension on the Type IIB side decompactifies. Similarly, we can consider M-theory on a
smooth, elliptically fibered CY d-fold. Roughly, applying the above shrinking procedure
fiberwise gives a Type IIB theory on the base B with a varying axiodilaton 7. This Type
IT1B model can then be thought of as an F-theory model on an elliptically fibered CY d-fold.
Of course, the full duality involves several subtleties not captured in the discussion above,
particularly with regards to singularities and the details of the shrinking procedure. While



these issues are not too crucial for the discussion here, readers interested in further details
can consult, for instance, [43, 44].

2.1 Elliptic curve group law

The ultimate goal of this section is to describe rational sections of elliptic fibrations and
their relation to the abelian sector of F-theory models. However, it is helpful to first
describe the addition law on elliptic curves, as it plays an important role in the discussion.
This subsection is largely based on [45], to which we refer for further details.

The points of an elliptic curve form an abelian group under an addition operation that
we denote [+]. To describe the addition law, we first identify a particular point Z as the
identity of the group. Given two points P and @, we find P[+]Q by first forming a line
that passes through both P and @); if P and @) are the same point, we instead form the
tangent line to the elliptic curve at P. This line intersects the elliptic curve at a third point
R. We then form the line that passes through R and the identity point Z (or if Z = R, the
tangent line to the elliptic curve at Z). This second line again intersects the elliptic curve
at a third point, which is taken to be P[+]@. One can show that the addition law satisfies
all of the axioms for an abelian group. In particular, the inverse of a point P, which is
denoted as — P, is found through the following procedure. First, we form the tangent line
to the elliptic curve at Z, which intersects the elliptic curve at a point S. Then, —P is the
third intersection point of the line passing through S and P.

It is useful to have explicit expressions for the addition law when the elliptic curve is
written in the global Weierstrass form (2.1). The identity element Z is typically chosen to
be the point [z :y : 2] = [L : 1:0]. Note that, in Weierstrass form, Z is a flex point,! as
the tangent line at Z intersects the elliptic curve at this point with multiplicity 3; in other
words, the tangent line at Z does not intersect the elliptic curve at any point other than
Z. Given two points P = [zp : yp : zp] and Q = [zq : yg : 2¢], P[+]Q has coordinates?

T =xpz (mQQ + fzé?) + xQzé (:C%; + fzjlp) —2zp2Q (ypr — gz%z%) (2.3)
Yy = —y?przé — SxQ:E%;szQz% + Sxpxéypzlazé + yéypz% — 392%,2% (szi’) — ypz%)

— fzp2g (mQsz}:’g + 2xprz?gz% — Znypz%z]% — xpypz%) (2.4)
2 =1x02p — SCpZé. (2.5)

Meanwhile, the point P[+]P = 2P has the coordinates

T = (3x%3 + fzjlg)2 — 8zpy> (2.6)
3

y=— (3:6%3 + fzjl;) + 122py3 (358%3 + fzjé) — 8y}

z = 2yPZP.

While Z is a flex point in Weierstrass form, the identity element may not be a flex point when an
elliptic curve is written in other forms. This subtlety is particularly relevant for the P? form of the ¢ = 4
elliptic fibration in section 4.

2If desired, one could use the Weierstrass equation to eliminate f and g and rewrite (2.3) through (2.5)
entirely in terms of the P and @ coordinates. Additionally, the elliptic curve addition formula is typically
written in a chart where z = 1. After setting zp and zg to 1 in the expressions and eliminating f and g,
one recovers the standard form given in, for example, appendix A of [12].



Note that the 2P expressions do not follow directly from plugging zg = zp,xg = zp,yg =
yp into (2.3) through (2.5), as all of the section components in (2.3)—(2.5) vanish with this
substitution. For a point P = [zp,yp, zp], the inverse —P is simply [xp : —yp : zp].

2.2 Rational sections, the abelian sector, and the Mordell-Weil group

Unlike the non-abelian sector, the abelian sector of the gauge group is not associated with
codimension one loci in the base with elliptic curve singularities. Instead, the abelian sector
is associated with rational sections of the elliptic fibration.

For our purposes, an F-theory construction will always have at least one rational
section, the zero section 6.3 If the model is written in the global Weierstrass form of
equation (2.1), the zero section is

o:[:g:2=[1:1:0]. (2.9)

But an elliptic fibration may have additional rational sections. In fact, these rational
sections form a group, known as the Mordell-Weil group, under the addition operation
described in section 2.1, with 6 serving as the identity [50]. According to the Mordell-Weil
theorem [51], the group is finitely generated and takes the form

yARGY (2.10)

G is the torsion subgroup, with every element of G having finite order; the torsion
group will not be important for the purposes of this paper. r meanwhile is called the
Mordell-Weil rank.

If an elliptic fibration has Mordell-Weil rank r, the abelian sector of the corresponding
F-theory model includes a U(1)" gauge algebra [11, 12, 34]. The justification for this
statement is most easily seen in the dual M-theory picture, as discussed in [11]. For
concreteness, let us restrict ourselves to 6D F-theory models, although similar arguments
apply in 4D. Additionally, we assume there are no codimension one singularities apart
from the standard I; singularity, as we are not interested in situations with non-abelian
symmetry. Consider M-theory compactified on a resolved elliptically fibered Calabi-Yau
threefold X . M-theory on X is a 5D model that, in the F-theory limit, leads toa 6D N =1
F-theory model. According to Poincaré duality, there is a harmonic two-form w for every
four-cycle ¥ in X. The two-forms serve as zero-modes for the M-theory three-form Cs,
and we can expand Cj using a basis of two-forms. In other words, we write C'5 as a sum of
terms of the form A Awj; the one-forms A represent vectors in the 5D theory. Thus, to find
the vectors of the 6D F-theory model, we consider a basis of four-cycle homology classes of
X, find the corresponding 5D vectors A, and track the sources of these 5D vectors in the
6D F-theory model.

When there are no codimension one singularities (apart from I; singularities), there
are three types? of four-cycle homology classes that are of interest: the homology class

3See [46-49] for discussions of situations without a zero section.

4When there are codimension one singularities, there is a fourth type of four-cycle homology class that
corresponds to the Cartan gauge bosons of a non-abelian gauge group in the F-theory model. Since we are
not interested in the possibility of additional non-abelian gauge groups here, we ignore this fourth type of
four-cycle. See [11] for further details.



Z associated with the zero section, the homology classes S through S, associated with
the r generators of the Mordell-Weil group, and the homology classes B, that come from
fibering the elliptic curve over two-cycles in the base. 5D vectors associated with Z and
B, do not correspond to gauge bosons in the 6D F-theory model. Instead, they arise from
the KK reduction of either the metric or tensors in the 6D F-theory model. But 5D vectors
associated to S1 through S, come from vector multiplets in the 6D model. These are the
gauge bosons for the U(1)" gauge group.

However, the 5D vectors do not directly correspond to the S; but are rather associated
with combinations of §; with Z and the B,. At least informally, we must isolate the part
of the §; that is orthogonal to the other four-cycles. This is done using the Tate-Shioda
map o, which is a homomorphism from the Mordell-Weil group to the homology group of
four-cycles. For a situation with no codimension one singularities, the Tate-Shioda map is
given by [12]

o(8)=S—2Z—(S-2Z-B* — K%) B, (2.11)

where K§ are the coordinates of the canonical class of the base written in the basis B,.
Thus, the U(1) gauge bosons are actually associated with the homology class o(3;), and
the Tate-Shioda map plays an important role in physical expressions.

An important property of a rational section §, particularly for anomalies, is its height
h(8). The height is a divisor in the base given by [12]

h(3) = —7 (0(3) - 0(3)) (2.12)

where 7 is a projection onto the base. For a 6D F-theory model with no codimension
one singularities apart from I; singularities, the height can be expressed in a simpler
form [12, 26]:

h(3) =2(-Kp + (S 2)), (2.13)

where S is the homology class of the section §. This expression can often be simplified
further. Suppose that, in global Weierstrass form, the section has coordinates [z : ¢ : Z].
Additionally, assume that the coordinates have been scaled so that they are all holomorphic
and that there are no common factors between Z, y and Z that could be removed by
rescalings. We can consider a curve Z = 0 in the base, and we denote the homology class
of this curve [2]. § coincides with the zero section at loci in the base where Z = 0, so the
height is given by [12, 26]

hs) =2(-Kp+[2]). (2.14)

Since the height is written entirely in terms of homology classes of the base, this expression
is useful for calculations, particularly those related to anomaly cancellation. Note that if
there are multiple generators, one may be interested in a height matrix, which includes
entries such as —m (0(8;) - 0(8;)) for distinct generators §; and §;. Here, we are primarily
interested in situations with a rank-one Mordell Weil group, so this generalized form will
not be too important.



2.3 Charged matter

Even though the abelian gauge symmetry is not associated with codimension one singular-
ities, charged matter still occurs at codimension two loci with singular fibers, as discussed
in [11]. Again, we restrict ourselves to a model with an abelian gauge group but no ad-
ditional non-abelian gauge groups. The model has various codimension two loci with I
singularities. After these singularities are resolved, the fibers at these codimension two
loci consist of two P's which intersect each other at two points. One of the components,
the one containing the zero section, can be thought of as the main elliptic curve, with the
other component being the extra P! introduced to resolve the singularity. In the M-theory
picture, charged matter arises from M2 and anti-M2 branes wrapping this extra component.

To calculate the charge of this matter, we must examine the M2 brane world-volume
action. The action contains a term of the form [ Cj, where the integral is over the M2
brane world-volume. For the situation at hand, the M2 brane wraps a component ¢ of the
singular fiber. C's meanwhile has an expansion involving terms of the form A A w, where w
is a harmonic two-form of the resolved CY manifold X. Integrating over the ¢ component
leads to a term in the action of the form [ A over a world-line, thereby giving the action
for charged matter. The charge comes from integrating the two-form w associated with the
U(1) gauge boson A. However, for a CY n-fold, each w is dual to a (2n — 2)-cycle X, and
for any two-cycle c,

/Cw =c- 3. (2.15)

The gauge boson A for a generator § in the Mordell-Weil group is associated with o(8$).
Therefore, the charges supported at an Is locus are given by

q==0(8)-c. (2.16)

The sign corresponds to whether ¢ is wrapped by an M2 brane or an anti-M2 brane. In
situations without additional non-abelian symmetries, the charge formula reduces to [11, 12]

g=(S—-2)-c (2.17)
For a generating section § = [ : ¢ : Z], charged matter occurs at [12, 15]
g=33%+ f2t=0. (2.18)

Clearly, the above condition is satisfied if all of the components of the section vanish at
some codimension two locus. Not only is the elliptic fiber singular when this happens,
but the section itself is ill-defined. Analyzing such situations requires that we resolve the
section, a process described in [12]. Afterwards, the section appears to “wrap” one of the
PYs of the I fiber. Rational sections typically behave this way at loci supporting ¢ > 2
matter. At ¢ = 2 loci, the Z, &, and § components (in Weierstrass form) vanish to orders
1,2, and 3. As described later, the components vanish to higher orders at loci supporting
q > 3 matter. For instance, Z vanishes to order 2 for ¢ = 3 loci and order 4 for ¢ = 4 loci.
This higher order of vanishing likely affects the way the section wraps components, but we
will not significantly investigate resolutions of the ¢ = 3 and ¢ = 4 models here. However,
it would be interesting to better understand the wrapping behavior in models with ¢ > 3
matter in future work.



2.4 Anomaly cancellation

Any F-theory construction should satisfy the low-energy anomaly cancellation conditions
from supergravity. Since 6D is the largest dimension in which supergravity theories can
admit charged matter, the 6D anomaly cancellation conditions will be particularly impor-
tant here as a consistency check on the models. In 6D supergravity models, anomalies are
typically canceled through the Green-Schwarz mechanism. However, not all models are
anomaly free; in order for anomalies to cancel, the massless spectrum must obey particular
conditions. While the anomaly cancellation conditions come from low-energy considera-
tions, they do have a geometric interpretation in F-theory [11], and the conditions can be
written in terms of parameters describing the F-theory compactification.

The general anomaly cancellation conditions for models with abelian gauge groups are
given in [10, 11, 52]. Here, we restrict our attention to the case of a single U(1) gauge group
with no additional gauge symmetries. In the F-theory model, the Mordell-Weil group is
generated by a single section, which we refer to as . Suppose the model has a base B with
canonical class Kp. Then, the gauge and mixed gravitational-gauge anomaly conditions are

K h(E) = 5 3 CORICEES 33 (219)
I I

The index I runs over the hypermultiplets, with ¢; denoting the charge of the Ith hyper-
multiplet. h(§) meanwhile is the height of the section §, as described in 2.2. There are also
the pure gravitational anomaly conditions

H -V +29T = 273 Kp Kp=9-T, (2.20)

where H, V, and T denote the total number of hypermultiplets, vector multiplets, and
tensor multiplets, respectively. Again, the anomaly conditions can be viewed as fully low-
energy supergravity constraints, even though they are phrased here in terms of F-theory pa-
rameters.
The anomaly conditions can be used to derive two relations that are particularly useful
for ¢ > 3 models. The first is the tallness constraint [26]
h(S) - h(S)

A 2. 2.21
ToKg-h(S) = (2.21)

This constraint suggests that a section with large enough h(3) is forced to have some higher
charge matter. But the anomaly equations in (2.19) also imply that®

. R 1
h(s) - (h(s) +2Kp) = 3 > af (af —1). (2.22)
I
Specializing to situations where (2.14) applies, this relation can be rewritten as

8 (K + ) = 25 3 (- 1) (2.23)
I

"While this work was being completed, the author became aware of the upcoming work [53], which
independently derives (2.22) as part of a broader analysis of 6D supergravity constraints. It features a more
detailed analysis of this relation along with analogues for situations with multiple U(1) factors.



Note that ¢%(¢®> — 1)/12 is 0 for ¢ = 0,1 and is a positive integer for ¢ > 2. Anomalies
therefore directly determine the number of ¢ = 2 hypermultiplets given h(s), Kp, and
the number of ¢ > 3 multiplets; importantly, the ¢ = 2 multiplicity can be determined
without any information about the ¢ = 1 hypermultiplets. As discussed in section 3.5 and
section 4.3, this anomaly relation seems to have a direct F-theory realization: it describes
the loci where the three components of the section vanish, leaving the section ill-defined.
Moreover, every term in the sum on the right-hand side is non-negative, allowing us to
conclude that

A(3) - (1) +2Kp) > max 2 (aF — 1) (2.24)

This bound in some sense has the opposite effect as the tallness constraint: if we wish to
obtain a model admitting a certain charge ¢, we must have a sufficiently large h($). The
relation resembles the genus condition [54] for SU(2) F-theory models, although we leave
an in-depth exploration of any connection to future work.

3 Charge-3 models

While there is a previous F-theory construction admitting ¢ = 3 matter [22], there are still
open questions regarding its intricate structure. On the one hand, the construction in [22],
which we henceforth refer to as the KMOPR model, was not purposefully constructed
with the goal of realizing ¢ = 3 matter. Instead, it was found somewhat by chance in
a class of toric constructions. But if we wish to understand ways of obtaining ¢ > 3
models, it behooves us to determine whether we can construct ¢ = 3 models from scratch.
That is, rather than searching through a set of constructions with the hope of finding
a ¢ = 3 model, could we use general principles and mathematical conditions to directly
construct a ¢ = 3 model? Moreover, [5] argued that the structure of the KMOPR model
differs from that of the well-known Morrison-Park construction [12]. In [26], it was shown
that the KMOPR, Weierstrass model is birationally equivalent to one in Morrison-Park
form, although the Morrison-Park form Weierstrass model does not satisfy the Calabi-Yau
condition. Nevertheless, the analysis in [26] depended on unexpected cancellations between
expressions in the KMOPR model. [5, 26] hinted that the cancellations could be explained
using rings that are not unique factorization domains (UFDs), but they did not describe
how to understand or derive the construction’s specific structures.

This section describes a method for systematically deriving a ¢ = 3 construction. One
can construct a Weierstrass model with non-trivial Mordell-Weil rank through a process
similar to tuning SU(N) and Sp(NN) singularities. However, instead of tuning the discrim-
inant to be proportional to some power of a divisor in the base, we tune quantities to be
proportional to a power of the Z component of the section. In non-abelian contexts, models
with gauge groups tuned on singular divisors can have non-UFD structure, which can be
derived using the normalized intrinsic ring technique discussed in [6]. For the ¢ = 3 con-
struction, Z has a singular structure, and the quotient ring R/(Z) is not a UFD. Starting
with an ansatz for 2, we can use the normalized intrinsic ring to derive a generalization of
the KMOPR model. The intricate structure of the ¢ = 3 construction is therefore directly



linked to the singular nature of 2. Moreover, the normalized intrinsic ring provides a new
perspective on the birational equivalence of the ¢ = 3 and Morrison-Park models.

We first describe the tuning process for abelian models and illustrate the procedure by
rederiving the Morrison-Park form. We then briefly review the normalized intrinsic ring
technique before using it to derive the ¢ = 3 construction and analyze its structure. This
section concludes with some comments on the matter spectrum and on ways of unHiggsing
the U(1) symmetry to non-abelian groups.

3.1 Tuning abelian models

For a single U(1) group, we need a section [Z : y : Z] (other than the zero section) such that
92 — 3% =2 (fi +g2?). (3.1)

This expression is simply a rewriting of the global Weierstrass form in (2.1), with the
x,y,z coordinates replaced with components of the section. The left-hand side has a
similar structure to the expression for the discriminant A = 4f3 4 27¢?. Moreover, the

3 must be proportional to 2%, reminiscent of the conditions for

equation shows that 9> — &
an Iy singularity. These observations suggest that a U(1) can be tuned using a method

similar to that used for tuning SU(N) or Sp(/N) gauge groups:
1. We first expand & and g as series in 2. We assume that 2z,  and ¢ are all holomorphic.

2. We tune & and ¢ so that
§? — 1% o 24, (3.2)

This step bears the most resemblance to the I,, tuning process.

3. If necessary, we perform additional tunings so that §? — 23 is a sum of terms propor-
tional to either 26 or .

4. Finally, we can read off f and ¢ from the expression for ¢ — 23.

While the process outlined above is similar to the [,, tuning process, note that, unlike f
and ¢ in a standard non-abelian tuning, £ and ¢ can vanish to orders 4 and 6 on some
codimension two locus. In fact, this seems to generally happen for U(1) models with ¢ > 3.

To illustrate this procedure, we first consider a situation in which 2 is equal to a generic
parameter b. We expand z and ¢ as series in b:

£:x0+x1b+x2b2+... @:y0+ylb+y2b2+.... (33)

Note that we are only interested in expressions for the z; and y; up to terms proportional
to b; for instance, a term proportional to b in x; can be shifted to x;11 without loss of
generality. Said another way, the important properties of x; and y; are their images in
the quotient ring R/(b), in which elements that differ only by terms proportional to b are
identified. Here, R refers to the coordinate ring of (an open subset of) the base B. Since
b is a generic parameter, we assume that R/(b) is a unique factorization domain (UFD).
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We now need to tune the x; and y; so that
g7 — @3 oc bt (3.4)
Plugging the expansions of & and g gives
(vg — 23) + (2yoyr — 3xgz1) b+ ... o b (3.5)

To perform the tuning, we work order by order, imposing relations such as

ye — 23 = 0 mod b, (3.6)
and so on. Since all of the constraints involve congruence relations modulo b, we are
essentially considering the conditions to be equations in the quotient ring R/(b). But the
solutions for x; and y; that ensure §% — &3 o b* are already known for situations where
R/(b) is a UFD. We should use the UFD non-split I tuning [2, 36], only with the numerical
coefficients adjusted:®

3
&= ¢? 4 xob? g:&+§mwhwwé (3.7)
These tunings lead to
N R 3 1
9? — i =t [(¢2 + 29b?) <—433% + 2¢y4> +b? <—4IE§ + T2ys9 + 11252)} (3.8)

The right-hand side of this equation already matches the right-hand side of equation (3.2),
so no further tunings are required. We can thus read off that

3 1
f= —ng + 20y + fob? g= —ng + T9ysd + yib* — fo (67 + w2b?) (3.9)

Notice that we have added and subtracted an fo2b? term from &2 — 42, leading to the
inclusion of fo terms in both f and g.
If we redefine parameters as

2 1
T2 = —3C2 ¢ =c3 Y= 50 fa = —co, (3.10)
we find
1 1 2 2 1
f=cles — 503 — b’ g = coch — 361¢2€3 + ﬁcg’ - ngC()CQ + szc%. (3.11)

These are exactly the f and g for the Morrison-Park U(1) form [12]. The section, mean-
while, is now given by
2

1
@:%—gww g:é—#@@+§wq 2=, (3.12)

which agrees with the expressions in [12] up to an unimportant negative sign in ¢.”

5The order one terms in the standard I, tuning can be removed by a redefinition of ¢, x2, and y4.

"To address the negative sign discrepancy, one can let b — —b, which changes the sign of 2 but leaves
# and § unchanged. Then, one can scale (Z,4, 2) by ((—1), (—1)%,(—1)) and obtain the exact form of the
section in [12].

- 11 -



3.2 Non-UFD tunings and the normalized intrinsic ring

Given that the Morrison-Park form seems to arise from the UFD solutions to the tuning
conditions, a natural next step is to consider situations in which R/(Z) is not a UFD. In
these cases, there are alternative solutions to the tuning constraints, allowing for deviations
from the Morrison-Park form. For example, suppose that

2 =0% - Bn? (3.13)
For this Z, R/(%) is not a UFD, as explained in more detail below. A constraint such as
ny2 — 3 = 0 mod 2, (3.14)
can be solved in multiple ways. We can let

T1 =& Yo = nEL, (3.15)

which is a possible solution even if R/(2) is a UFD. For this solution, nys — 3 vanishes

identically. However, one could also let
x1:=0 Y2 == nB. (3.16)

Then,
nys — x2 = n?B — 0 = 2, (3.17)

so this second possibility is also a solution. Note that this second solution depends on
the specific form of 2, as nys — 27 is an expression that happens to be proportional to the
chosen 2.
This example raises two questions: when are multiple solutions possible? And how can
we determine the form of the other solutions? Multiple solutions are allowed when R/(Z)
is not a UFD and polynomials may have multiple factorizations up to terms proportional
to 2. In the example above, 22 and 7y, represent two distinct ways of factoring the same
polynomial in R/(2), as #2 and nys differ only by a term proportional to 2. As noted
in [6], the quotient ring R/Z for an ideal Z is non-UFD if the variety V' corresponding to
7 is singular. For the abelian tuning process, we can have a non-UFD R/(Z) if the divisor
2 =0 in the base is singular. This is the case for the KMOPR model: the Z component is
given by
%= 575523 — 865859 + 3533, (3.18)

and the divisor Z = 0 has double point singularities at s§ = s9 = 0. The g =3 and ¢ =4
models derived here have a singular Z as well.

We can obtain the alternative solutions by using the normalized intrinsic ring [6], which
we briefly review here. Even if 2 = 0 is singular, it has a normalization that is smooth
in codimension one. The normalized intrinsic ring describes functions on this normalized
variety. Consider the ring R/(Z), where R refers to the coordinate ring of (an open subset
of) the base B. Because the variety 2 = 0 is singular, R/(2) is not a UFD. However,

the field of fractions of R/(%) is a UFD. The normalized intrinsic ring, written as R/(2),
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is defined as the integral closure of this field of fractions, and we can take R/(Z) to be a
UFD.? To construct it explicitly, we add elements from the field of fractions that satisfy a
monic polynomial with coefficients in R/(2). In the 2 = 0> — Bn? example, we know that

(‘7)2 ~B=0. (3.19)

Ui

We therefore add an element H satisfying ¢ — nH = 0 and H2 = B. Thus, the normalized
intrinsic ring can formally written as

P

R/(2) = R[H]/{c —nH,B — H?). (3.20)

We follow the notation in [6], in which all parameters in the normalized intrinsic ring (that
are not well-defined in the quotient ring) are capitalized and marked with a tilde.

Since we take the normalized intrinsic ring to be a UFD, the solutions to the constraints
should be the UFD solutions when we work in the normalized intrinsic ring. For instance,
the solution for (3.14) would take the form

Ty~ nZ Y2 ~ N=T, (3.21)

and for simplicity we let Z;, an element of the normalized intrinsic ring, be H. But in the
tuning process, x1 and y2 appear in the expansion of the section components, and since we
are interested in situations where & and g are holomorphic, 1 and y5 should be well-defined
as elements of R/(Z). We therefore need to use the equivalence relations implied by (3.20)
to remove all instances of H. Then,

n21=nH — o n=2 = nH? — B, (3.22)

and we recover the alternative tuning. In general, finding the non-UFD solutions involves
starting with the UFD solutions in the normalized intrinsic ring and determining how to
make these expressions well-defined in R/(Z).

3.3 Tuning models with ¢ = 3

We now describe how to systematically derive a U(1) construction admitting ¢ = 3 matter.
The goal is to demonstrate that the normalized intrinsic ring techniques can generate ¢ = 3
models, not to find the most general construction. As such, we will not focus on whether
the algebraic tunings used here are the most general possibilities. However, the tuning
presented here is more general than the KMOPR construction, as discussed later.

Our starting point is the assumption that

£ = bayny + 2b)yNams + b(o) - (3.23)

—_~

81f 2 is one-dimensional (as would be the case for 6D theories), R/(2) is automatically a UFD; see section
2.4 (particularly Theorem 2.14) of [55] for further details. In 4D, 2 = 0 would be complex two-dimensional,

—

and even after normalization there may be singularities at codimension two. Thus, R/(Z) may not be a

UFD in 4D. To derive the models considered here, we will assume that, regardless of dimension, R/(Z) is
a UFD.
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This form for 2 is equivalent to that in the KMOPR model but with differing symbols. Note
that the divisor 2 = 0 in the base would have double point singularities on n, = m = 0,
and R/(Z) is not a UFD. The tuning for & and g can therefore have non-UFD structure,
which we derive using the normalized intrinsic ring. For this particular Z, we form the
normalized intrinsic ring by adding a new element B that satisfies the relations

T]bB — (b(g)na + b(1)77b) =0 (3.24)
NaB + (bayna + boyms) = 0 (3.25)
B2~ (1)) — baybo) ) = 0. (3.26)

This normalized intrinsic ring is essentially the same as that used for the symmetric matter
models in [6].
We then expand = and ¢ as power series in 2.

T=x0+x12+ $222 J=vyo+y12+ y222 + y323 + y424. (3.27)

The series can be truncated at orders 2 and 4; if included, higher order terms can be
absorbed into other parameters once the tuning is completed.
For convenience, we define the quantity ¢ to be the left-hand side of (3.1):

6= — s (3.28)

In general, we choose notations that agree with the SU(2) model discussed in [6]. The
symbol ~ indicates that expressions are equivalent when viewed as elements of the nor-
malized intrinsic ring. For instance, an expression such as z; ~ tB would suggest that
x1 is proportional to B in the normalized intrinsic ring; however, since x; should be well-
defined in the quotient ring, the expression ¢B must be converted to a well-defined quotient
ring expression.

3.3.1 Canceling terms up to fourth order

Order O cancellation. We need
Yo — 23 = 0 mod 3. (3.29)

If R/(z) were a UFD, the only way to satisfy this constraint would be to have zy and yo
be proportional to the square and cube of some parameter, respectively. This parameter
is the equivalent of the c3 parameter in the Morrison Park tuning. For the case at hand,
R/(z) is not a UFD, but R/(2) is a UFD. In principle, we can therefore let xo and yo be

—_~—

proportional to the square and cube of some parameter T in R/(z). However, o and yo
are elements of the coordinate ring and must have well-defined expressions in R/(2). In
fact, for the 2 considered here, T? and T are well-defined in R/(%) only if T"is well-defined
in R/(2).° Thus, we can set

zo = 12 Yo := 13, (3.30)

where t is well-defined in R/(2). With these definitions, y2 — 2§ vanishes identically, and
¢ is proportional to 2.

9See section 5 of [6] for a more detailed discussion.
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The condition for § < 2 is that
(3.31)

Order 1 cancellation
3 (2y; — 3tz1) = 0mod 2
This condition can be satisfied by setting
Y1 = itfﬂl- (3.32)
(3.33)

¢ is now proportional to 2
The condition for § o 2° is that

Order 2 cancellation
3
12 <2ty2 — fx% — 3t2x2> =0mod 2

If we work in ]E_/\(A/) which is a UFD, the only way to satisfy this condition (without forcing
(3.34)

1
4
3 (36 + $2>

1 =
xXr1 gt:‘

10
(3.35)

t to be a perfect square) is to have
3
y2 ~ 5t

= is an element of R/(2), which we can write as
= =¢B

However, z1 and y» are elements of the coordinate ring, and the above tunings involving
)

B must be rewritten as expressions that are well-defined in R/(2). To obtain a non-trivial
tuning, we should not tune ¢ in a way that makes = well-defined in R/(2). Therefore, in
(3.36)

order for both z1 and t to be well-defined, ¢ must take the form
t =011 + 00y

Using (3.24) and (3.25) to replace B, and Br, with expressions in R/(2), we define z;
(3.37)

=0 [00) (b0 + bym) — 01y (byna + boym) ]

to be
Meanwhile, (3.26) implies that y2 should be defined to be
1)~ b(Q)b(o)) + 4.%'2] (3.38)

. 3 1 9
Y2 : t {36¢ (b(
(3.39)

With these tunings,
—*t 6" (b — 26000y + b0t

3
t? <2ty2 — Zx% — 3t2x2)
and J is proportional to 23, For convenience, we define the quantity ds rem to be
N 27 2
(527rem = t ¢ ( — Qb( )9(0)9(1) + b(o)H(l)) . (340)
5(1)% +&oym + &B. However, after the full tuning is
completed, £y and £(;) can be removed by redefinitions of the other parameters in the Weierstrass model.

100ne could use the more general expression 2
We therefore drop &) and &1y from the beginning to simplify the discussion
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Order 3 cancellation. The condition for § o 2% is that
02 rem — xi’ + 3tz (y2 — 2txza) + 2t3y3 = 0 mod 2. (3.41)

—_—

In R/(%), this condition can be written as

t2

]. —2 2 2 ]. =3 1 =
— @(ﬁ <b(2)9(0) — 2b(1)9(0)9(1) + b(0)9(1)> +t <2y3 + 1728: — ZxQ: =0. (3.42)

The contributions from d3 remy cannot be canceled without further tunings: for instance,
the other terms within the square brackets are proportional to either 7, or 7, while the
contributions from 62 rery are not. We should not use tunings that change the form of 2
or tune ¢ in a way that removes the non-UFD structure. But we can introduce 7, and 1,
factors by tuning (1) and 6g). In particular, we can let

(9(1) = T(2)Na + (1) (9(0) = T(Il)na + T(0) M- (3.43)

Additionally, b(2)0(20) = 2b(1y0(0)0(1) + b%o) 9%1) should be the sum of two terms: one propor-
tional to t, and the other proportional to Z. This is not the case after the tunings done so
far, but we can satisfy this condition by letting 7(1) = 7'(’1). We therefore define 6y and
9(1) as

01) = T(2)7a + (1) 0(0) 3= T(1)Na + T(0)"Mb» (3.44)
and t is quadratic in 7, and n:
t = 7-(2)772 + 27(1yNamp + 7(0)775. (3.45)
Now,
biay o)~ 2b Py 0 = (7 =~ )70)) 2+ (beyio) — Ty +boTe) - (3.46)

The 02 rem terms can now be canceled by letting

1 —
Y3 = yé + %(ﬁ (6(2)7’(0) — 2b(1)T(1) + 6(0)7(2)) , (3.47)

at least up to terms proportional to Z.
The third order cancellation condition now reads

1 -, 1 =
B 2h+ ——F3— 252 ) =0 3.48
(y3+1728 4x2> (3.48)

=3 is not well defined in R/(2), so we cannot use 4 to cancel this term. But working in

—_—~—

R/(z), we can cancel the remaining terms using tunings that, in R/(2), take the form

|

1 1 -, , 1 -
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We can immediately convert the x9 expression into a well-defined quantity in R/(Z), giving
the following definition for xs:

1 1

To 1= —8(;5 + 432¢ (b(l) b(2)b(0)> (3'50)

The ¢= term in the yj} expression, however, cannot be written in R/(2) without further
tuning ¢. ¢ must be well-defined in R/(Z), so it should take the form

¢ = O)Na + D(0) M- (3.51)

Then, y4 should be defined as

T [¢ (b2 + baym) — by (bayna + boym)] - (3.52)

To summarize, we have performed the following tunings:

01y = T(2)Na + (1) (3.53)
0(0) == T(1)Na + T(0) (3.54)
1
== By + 0m) + 1358 ()~ brbio)) (3.55)
*¢> (b@)y7(0) = 2b(1y7(1) + b(o)7(2))
1 _
— @fﬁ [¢(o) (b@yna + baym) — 1y (bayna + boym) | - (3.56)

With these tunings,

02 rem — x? + 3tz (y2 — 2txe) + 23ys = 93 rem 25 (3.57)
where
83 rem = *tzé (T 1) 2)7'(0)> *t & [o) (T(1yna+7(0)m) —(0) (T2)Ta+7(1)) |
—ﬂb 21 | () =270 ) 2+ ()70 25y T +hoy ) (3.58)
and
t = T()ma + 27(1)Ta" + T(0) ;- (3.59)

§ is therefore proportional to 2%.

3.3.2 Finding f and g
Ultimately, we need to extract f and g from the relation

U

2>

P =2t (fi+ g2?) (3.60)

Now that 42 — 23 is proportional to 2%, we can start extracting portions of f and g. Unlike
in the Morrison-Park case, we need to further tune parameters in & and ¢ to extract f
and g.
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As in the previous steps, we will work order by order. If we let

f=fo+ fiz+ 222 (3.61)

we have the condition that

92— 3 — 2 f2t — (P fr + 21 fo) 2° o 25 (3.62)

Our goal is now to cancel the order 4 and order 5 terms on the left-hand side of the
above equation.

Order 4 cancellation. The condition for the order 4 terms to cancel is that
83 rem + Y5 — 3739 + Stryys — 3t2x3 4+ 263y, — t2 fo = 0 mod 2, (3.63)

where 03 yem is given by (3.58). There are several terms in the above expression that are
explicitly proportional to 2. Such terms can fairly easily be canceled by tuning f to take
the form

¢ [61) (T(1)na + T0ym) — D0 (T(2)1a + (1)) ]

1 1
Jo = —— (md) + 77a,¢(1)) 2

18
1 -2 52

- 5% () — o) + 25 — 52 (bh) — b)) (m60) + M)
11 1

+ 1812967 (b<1>—b(o>b<2)) + fo. (3.64)

The cancellation condition now takes the form

1-— 3 2
tr [_E(ﬁ (¢(0) (b(l)nb‘i‘b@)na) (b(l) ( 77b+b( ) )) +@¢ (5(2)7'(0) —2b<1)7(1)+b(0)7(2)):|
+a3 5 (oo +mad) ~ 1516” (bh)~boybe ) |~ 62 =0 mod 2. (3.65)

—_~—

Working in R/(Z), this condition is equivalent to

—4 2 —3
752[— ¢ B +£B (Dym+d)1a) — f0+1(¢28

5184 2883 (b2)7(0) = 2b(1)7(1) +b<0)7<2>)] =0

(3.66)

If all the terms in square brackets were well-defined in R/(Z), we could immediately read off
an expression for f{ that would cancel terms. However, this is not currently the case. The
terms that have even powers of B are already well-defined in R/(Z), since B2 is equivalent
to b(1) b(o)b(2).- But the B term in the square brackets is currently not well-defined in

R/(%). Without modifying ¢, which would lead to a trivial tuning, the only way to fix this
term is to force (b(z)T(O) —2b(1)T(1) + b(l)T(Q)) to be a sum of terms proportional to 7, or 7.
This can be accomplished with the ansatz that 7(g), 7(1), and 7() take the form

T(0) = Loy + t(1)Ma T1) = )M + t(2)Na T(2) = L2)M + t(3)7a- (3.67)
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These tunings make ¢ cubic in 7, and 7, as

= tayns + 3tyman + 3ta)ymaty + to)nh- (3.68)

Now, the third term in (3.66) is well-defined in R/(Z), as

B (b)m0) — 2by71) + boy7(2)) = (b)to) — 26yt + boyt) (bya + baym)
— (b)) = 2byt) + boyts)) (bayna + boym) (3.69)

P

in R/(z). We thus define f{ to be

1

1 —ay/, 2
fo=—=g9 (b(1) - b(2)b(o)) + 33

5184 8¢ (b(1) be b(O)) (D) + D(1)7a)

+ ng) {( @t — 2byta) + boyte) (be)na + baym)
— (beytay = 2bqyta) + boyt()) (bayna + boym) ] : (3.70)

The left-hand side of (3.63) is now equal to 04 rem 2, Where

I 12 -3
54,rem = _7¢x1 [¢(0) ( Yo + T(2)" ) ¢(1 ( T(0)"b + (1 )na)} - Z8¢ T1Tsq + ﬁqb Tcu?
—2
¢ (19
+ @ﬁﬁ <¢> )b + G(1)a — 15 (b(l) - b(o)b(z))
x [(b)7(0) = 26y 1) + b)) £+ TsaZ] (3.71)

Tsq 1S given by 7'(21) — T(0)T(2), and

1 3 2 3 2 2 2
Teu — 5 |:— <2t(2) —3t(1)t(2)t(3) +t(0)t(3)> na -3 (t(l)t(2) —Qt(l)t(g) +t(0)t(2)t(3)> 77a77b

+3 (t%l)t(g) —2t(0)t%2)+t(0)t(1)t(3)) Tath+ (275?1) —3to)tamte) +t%0)t(3)) 77;?] . (3.72)

9?2 — @3 — fi:2% is therefore proportional to 2°.

To summarize, we have tuned 7(3), 7(1), and 7 to take the form in equation (3.67)
and have found fj to be

1_
+ 579 [90) (Ta + T0ym) = é0) (7270 + 7(1y)]
_ Z8¢ (’T(21) — T(Q)T(O)> + 2tyy

1 —2 1 —4
- @gb (b%) b(0)b(2 )(776¢(0) + Mad(1)) — 52208° (b%l) —b(O)b(z))
TR * byt — 26t + bote) (bea + baym)

1728
— (beyta) = 2oyt + bote) (bayma + boym) |- (3.73)

1
Jo = —@ (b o) + 77a¢(1))

2
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Order 5 Cancellation. The condition for the order 2° terms to cancel is that
04 rem — 37175 + 2y2y3 + 2y1ys — for1 — f1zo = 0 mod 2. (3.74)

Using the previous expressions for the various parameters, this can be rewritten as
1_
— 2 fi+ a1 [tyzx - 139 (@0 (Tme + 7)) = S0 (T 0 + 7(0)))

- %Qﬁ t (éyna + D0)m) (b)) — 2byT(1) + boy7(2)) =0 mod 2. (3.75)

—_~—

Working in R/(Z), the cancellation condition reads

1-— - 1 _
2 [6<Z>By4 - f1] - 576¢2t[23 (600) (7210 + T1ym) — Sty (T(1)Na + T(0)) )

+ (¢yna + do)m) (be)7(0) — 20Ty + b0y T2)) | =0 (3.76)

The t? term is order 6 in 7q,7, as t is order 3 in 7,,n.'" However, the other terms are
order 5 in 74, m. (Recall that T(0), T(1), and Ty are all order 1 in 74,7, as can be seen
from (3.67).) These terms can be canceled only if we perform some tuning to increase their
order in 74, 7,. Making ) through ¢(3) proportional to 7, and 7, will not fix the issue;
this tuning would increase the orders of both ¢ and the order 5 terms, and the mismatch
in orders would persist. But we can tune ¢(g) and ¢(q) to be!?

b1y = h2yNa + hym b(0) = hyNa + h(oym- (3.77)

—_—

With these redefinitions, the R/(Z) cancellation condition becomes (after dropping terms
proportional to 2)
1— -
6¢By4 576¢ (h(g — 2h(1)b(1) + h(o ) fil =0. (3.78)

If the remaining terms were all well-defined in R/(Z), we could immediately read off the
f1 tuning that would cancel the remaining terms. However, the By, is currently ill-defined
as an element of R/(Z). y4 must therefore be written as a sum of terms proportional to 7,
and ny:

1
=g ()\(1)77(1 + )\(0)771;) : (3.79)

We can now tune f; to cancel all of the order 2° terms:

1 2
fr= —%¢ (h@)b©) = 2hba) + ho)be)
+ 7 ¢> [Noy (b)ma + bayms) — Ay (b(1yna + boym)] - (3.80)
Finally,
§° — 2% — fizt oo 20, (3.81)

and the tuning process is complete.

"Note that converting expressions involving B to well-defined expressions in R/(2) does not change the
order of the expression in 74, 7.

120ne could consider a more general redefinition by = hyna +hyns, ¢y = hyna + h'(1>77b. However,
by performing shifts in the other parameters (namely y4), one can set h(yy = h'(l) without loss of generality.
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Parameter Homology Class Equivalent in [22]
Na 1] —58
b (1] S9
b(o) (2] — 2[ms)] 55
ba) [2] = [1a] = [1me] s6/2
b(z) [2] — 2[1na] s7
¢ ~Kp — 2] + [na] + [ms] ~12
t0) —Kp + [£] — 3[m) s1
ta) —Kp + 2] = [na] — 2[m)] s9/3
te) —Kp + 2] = 2[na] — [m] s3/3
t3) —Kp + [2] — 3[nd] S4

ho) —2Kp — 2[n) 0
hq —2Kp — [1a) — [m0] 0
h2) —2Kp — 2[n] 0
A —3Kp — [£] — [m)] 0
A —3Kp — [£] = [nd] 0
f2 —4Kp — 2[2] 0

Table 1. Parameters for the ¢ = 3 model. The center column lists the homology classes of the
parameters in terms of the homology classes for 7,, m, and Z. Kp refers to the canonical class of
the base. The rightmost column gives the dictionary between the parameters used here and those
used in the previous model in [22].

3.4 Structure of the charge-3 construction

The f, g and section components for the ¢ = 3 model are given in appendix B. The
homology classes of the various parameters, which are listed in table 1, can be found by
requiring that f and g are respectively sections of —4Kp and —6Kp, where Kp is the
canonical class of the base.

Even though the ¢ = 3 model differs from the Morrison-Park form, there is a link
between the two models. [26] pointed out that the KMOPR Weierstrass model is bira-
tionally equivalent to one in Morrison-Park form, but the Morrison-Park form model may
not satisfy Calabi-Yau condition. A similar phenomenon occurs for the ¢ = 3 construction
derived here. If we allow division by 7, the ¢ = 3 Weierstrass model can in fact be written
in the Morrison-Park form

1 1 2 2 1
f=aas — ga% — b2ag g= a0a§ — §a1a2a3 + 2—7a§ - ngaoag + Zbga%, (3.82)
with
o b +b
0 — - <t+ % (2)77anb (1)771)2) 7 (3.83)
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¢
heayne + 2hynane + hoyls + == 36 <b( D~ b(o)b(z))>

as =
Gt + 2yt + Ly b
s R 2 3.84
Ty m "oz (3.84)
é h@)yna +haym
ay = <A< e + A + ﬂT
—2 —3
o+t b @ bi)Ta + b
N B t3)Ma + L) N @)@ beyn i L 7 (3.85)
48 nb 1728 ;,
—3 —4 2
_ dMy O hey Pty 6 Ny
=Rty n 5% 576 n? T 1728 n} 5201 nt’ (3.86)
b= (3.87)

Since the ¢ = 3 tuning was derived using the normalized intrinsic ring, this observation
comes as no surprise. Recall that B is in the field of fractions of R/(%), and for the tuning,
we use the UFD structures but include a dependence on B. The normalized intrinsic ring
essentially provides a convenient method for determining how the a; parameters can depend
on fractional terms so that all the fractional terms cancel when f and g are expanded.
Indeed, the expressions for the a; involve (b(2)na +b(1ym) /M, which, in the field of fractions,
is equivalent to B. But the expressions in (3.83) through (3.87) also imply that 7} f and
771?9 can be written in Morrison-Park form without division by ny:

1 1 2
nglf = cic3 — gcg — b2¢p ngg = cocg — 5616203 + 2—762 — *bQC()CQ + b cl, (3.88)
with
_ ) _ .3 4
c3 = Mpas c2 = Mpas c1 = npa1 co = My a0- (3.89)
In other words,
y? =2+ fa' + iy (3.90)

is a bona-fide Weierstrass model in Morrison-Park form. This new Weierstrass model is
a non-minimal transformation of the ¢ = 3 model: if f € —4Kp and g € —6Kp, then
nif € —AKp +4[np) and g € —6Kp + 6[n]. Unless [n] is trivial (in which case there is no
g = 3 matter), the Morrison-Park form Weierstrass model will not be Calabi-Yau. Thus,
we see that the ¢ = 3 model is birationally equivalent to the Morrison-Park form, with the
Morrison-Park model satisfying the Calabi-Yau condition only when ¢ = 3 matter is not
present. This is in agreement with the results of [26].

In some sense, the normalized intrinsic ring led to the specific tunings of the a; that
allow the Morrison-Park form model to be blown down to the ¢ = 3 model, even though
we did not use the normalized intrinsic ring directly in this fashion. One might therefore
be tempted to use the following strategy to obtain this ¢ = 3 construction or even other
models: start with the Morrison-Park form, let the parameters be rational in, say, 7, and
determine the appropriate expressions that allow the fractional terms to cancel. While
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Charge I locus
3 V(Ig=3) = {na = mp = 0}
2 V(lg=2) = {t=2=0}/V(I4=3)
1 V(I=1) = {9 = f2*+ 322 =0}/ (V(I,=3) UV (I;=2))

Table 2. Charged matter loci for the ¢ = 3 model.

Charge Multiplicity
3 m3 = [na] - [me]
2 my = (—Kp + [£]) - [£] = 6[na] - [1ms]
1 my = 12(—=Kp + [Z]) - (=K + [2]) — 81m3 — 16my

Table 3. Charged matter multiplicities for the ¢ = 3 model.

this strategy may indeed work, determining the exact structures that enable the correct
cancellations may be challenging. For instance, in the construction presented here, ¢ has a
cubic structure, and it at least naively seems difficult to predict the particular form that
t must take without the help of the tuning procedure. Of course, this alternative strategy
may prove fruitful for obtaining new models and would be interesting to explore further.

Finally, we note that the Weierstrass model we have derived is a generalization of the
KMOPR construction. In particular, we can recover the previous ¢ = 3 construction by
setting various parameters to particular values. The dictionary between the parameters
used here and those used in the KMOPR model is given in table 1. Note that we must
set ¢ to a constant in order to recover the KMOPR model, forcing a relation between the
unspecified homology classes in table 1:

(2] = —KB + [1a] + [1m]- (3.91)

The tuning derived here can therefore produce a wider variety of models. For example,
suppose we take our compactification base to be P2 and consider the situation with [n,] =
[m] = H. As discussed shortly, this is a situation with a single ¢ = 3 hypermultiplet in
six dimensions. The KMOPR model requires that [2] = 5H, whereas [Z] is not restricted
to a single homology class in the model derived here. In turn, the new ¢ = 3 construction
admits a wider range of matter spectra.

3.5 Matter spectra

The ¢ = 3 model has several codimension two Io loci that support charged matter. In
general, I5 loci occur where § = 322 + f2% = 0, but this locus consists of several sub-loci
supporting different types of charged matter. We therefore need to examine the expression
further to determine the loci corresponding to particular charges. The types of charges
supported and the corresponding I loci are summarized in table 2, and their multiplicities
are given in table 3. Our matter spectrum analysis will focus primarily on 6D models.
From the dictionary relating the ¢ = 3 model derived here to the KMOPR model, we
know that the n, = 1, = 0 locus supports ¢ = 3 matter and that the ¢ = 3 multiplicity is
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[Na] - [mp]. Note that, as can be seen in the explicit expressions for the section components
in (B.1) through (B.3), all of the section components vanish at n, = n, = 0. Specifically,
Z, &, and g respectively vanish to orders 2, 4, and 7 at n, = n, = 0.

q = 2 matter occurs at loci where all of the section components vanish that are not

part of the ¢ = 3 locus. Importantly,

t* mod 2 g =1 mod 2 (3.92)

z

with ¢ given by
t =t + tynam + 3taynan + to)h- (3.93)

This implies that the section components vanish at loci where 2 = ¢t = 0. However, the
charge-3 locus 7, = 1, = 0 is a solution to 2 = ¢ = 0; this is to be expected, as the section
components vanish at 1, = n,. Therefore, to describe the true ¢ = 2 locus, we must exclude
Mg =M = 0 from ¢t = 2 = 0. This leads us to describe the ¢ = 2 locus as

V(L) = {t = 2 = 0}/V(I,s) (3.94)

where V' (I,=3) is the variety corresponding to the ideal 7, = 1, = 0. This result is in exact
agreement with the ¢ = 2 locus of the KMOPR model [22].

To count the ¢ = 2 multiplicity, we must find the multiplicity of n, = n, = 0 within
z =t = 0 in order to properly exclude the charge-3 locus. Here, we use the resultant
method described in [15]. The resultant of ¢t and Z with respect to 7, is given by

Res,, (t, 2) = nira, (3.95)

where 7o is a long expression independent of 7. The 772 factor in the resultant indicates
that 1, = m, = 0 has multiplicity 6 within 2 =t = 0. The ¢ = 2 multiplicity is therefore
given by

my = [2] - [t] = 6[na] - [m] = [2] - (=K + [2]) = 6[na] - [ms], (3.96)

implying that
2] - (=K + [2]) = ma + 6[nd] - [m] = ma + 6m, (3.97)

where mj3 is the ¢ = 3 multiplicity. This expression exactly matches the anomaly equa-
tion (2.23), with the coefficient of 6 in front of [1,]:[175] corresponding to the ¢*(¢?—1)/12 fac-
tor in the anomaly equation. Equation (2.23) therefore seems to describe the loci at which
all of the components of the section vanish. The left-hand side of (2.23), [2] - (—Kp - [Z]),
gives a geometric description of the loci where the section components of this model van-
ish. Meanwhile, the right-hand side, 1—12(12(q2 — 1), would naively seem to tell us about
the physical spectrum of the theory, in particular describing the number of charge-2 and
charge-3 hypermultiplets. Yet the right hand side of (2.23) encodes geometric information
as well. For instance, the ¢?(¢?> — 1)/12 factor in the anomaly equations predict the coeffi-
cient of 6 in front of [n,]- [m] in (3.97). But the anomaly equation was derived without any
knowledge that ¢ = 3 matter would be supported at n, = 1, = 0 or that the specific forms
of t and 2 would ensure that n, = 1, = 0 has multiplicity 6 inside of ¢ = 2 = 0. Thus, even
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though (2.23) was derived purely from supergravity considerations, it seems to be directly
encoding geometric properties of the section, namely the vanishing loci for the section com-
ponents. In fact, a similar phenomenon occurs in the ¢ = 4 model described later, hinting
that (2.23) may have a deeper meaning in terms of the geometry of elliptic fibrations.

q = 1 matter occurs at the § = 322 + f2* = 0 loci that do not support ¢ =2 or ¢ = 3
matter. The ¢ = 1 locus can therefore be written as

V(Ig=1) = {9 = 32" + 2" = 0}/ (V(Ig=3) UV (I4=2)) (3.98)

To determine the ¢ = 1 multiplicity, we must find the multiplicities of V' (I;—3) and V (I;,—2)
within § = 322 + f2* = 0. Again, this information can be read off from the resultant, but
evaluating the resultant in this case is computationally intensive. We therefore calculate
the resultant in situations where all parameters except 74, 75, and b(g) are set to random
integers. Regardless of the specific integers chosen, the resultant factorizes into the form

Resy, (9,327 + f2') = ny'r3%r1, (3.99)

where 7 is a long expression. The nfl and r3% factors suggest that the ¢ = 3 and ¢ = 2 loci
respectively have multiplicities 81 and 16 within § = 322 + f2* = 0. The ¢ = 1 multiplicity
is therefore

my =12(—Kp + [Z]) - (—=Kp + [Z]) — 81m3 — 16ma. (3.100)

This result agrees with the anomaly cancellation conditions in (2.19), as expected.

In most ways, the codimension two behavior parallels that for the KMOPR. construc-
tion. However, the ¢ = 3 tuning derived here is slightly more general and admits matter
spectra not possible in the KMOPR construction. For instance, consider a 6D F-theory
model with base P2. The ¢ = 3 construction derived here admits a model in which [?] = 3H,
[ne] = H, and [n,] = H. The matter spectrum consists of a single ¢ = 3 hypermultiplet,
12 ¢ = 2 hypermultiplets, and 159 ¢ = 1 hypermultiplets, a combination of charged matter
that is not possible in the KMOPR construction. At the same time, there are seemingly
consistent spectra that cannot be realized with the tuning presented here. As an example,
for a P? base and [2] = 10H, there is a SUGRA model with 4 ¢ = 3 hypermultiplets, 106
q = 2 hypermultiplets and 8 ¢ = 1 hypermultiplets. But this spectrum cannot be realized
with this ¢ = 3 tuning, as ¢ would be ineffective. It would be interesting to determine
whether there is an alternative ¢ = 3 construction realizing these missing matter spectra
in future work.

3.6 UnHiggsings of the g = 3 construction

Finally, let us summarize some of the potential ways that the ¢ = 3 construction can be
unHiggsed to models with non-abelian groups. The general strategy is to consider ways to
make the generating section “vertical.” Specifically, this entails making Z vanish. Since

2 3 mod 2, (3.101)

T=t"mod 2 y=t

tuning £ — 0 makes the generating section equivalent to [1 : 1 : 0], and the generating
section coincides with the zero section. The different ways of unHiggsing described below
correspond to different ways of tuning 2 — 0.
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U(1) — SU(2). Field theoretically, giving a VEV to an adjoint of SU(2) Higgses the
SU(2) symmetry down to U(1). In many cases, F-theory U(1) models exhibit the “in-
verse” of this Higgsing process, in which the U(1) symmetry is enhanced to SU(2). In
the Morrison-Park model, taking b — 0 often leads to a model with an SU(2) tuned on
3 [12, 47]. As noted in [5], the U(1) symmetry in the KMOPR construction can also
be enhanced to SU(2) in many situations: taking the limit in which % goes to zero (in a
generic way) leads to an SU(2) model with three-index symmetric (4) matter. The ¢ = 3
tuning derived here admits a similar unHiggsing. We wish to make 2 zero while keeping 7,
and 7, generic. For a smooth base whose ring of sections can be treated as a UFD,'? the

appropriate tunings are [5]

bay = 2B(2)mb by = — (B2 + Bioym) by = 28(0)Na- (3.102)

This limit leads to a model equivalent to the SU(2) model of [6] (up to simple redefinitions
of the parameters), with the SU(2) singularity tuned on

t = t@yms + 3tynam + 3taymami + toyTs- (3.103)

t has triple point singularities, as expected: a ¢ = 3 model should enhance to an SU(2)

model with matter charged in the 4 representation, and 4 matter is supported at triple point

singularities [5]. It is reassuring that the ¢ = 3 tuning process motivated this cubic structure

in ¢ and reproduced the non-UFD structures encountered in the SU(2) construction of [6].
Note that [t] = —Kp + [2], which together with (2.14) implies that

h(s) = 2[t]. (3.104)

This result reflects the known statement that h($) is equivalent to two times the homology
class of the SU(2) gauge divisor in the U(1) — SU(2) limit [12, 47].

U(1) — SU(3). We also expect that, at least in certain situations, the ¢ = 3 construc-
tion can be enhanced to an SU(3) model. In field theory, some SU(N) models with appro-
priate charged matter spectra can be Higgsed in a particular fashion down to a U(1) model
with ¢ = NV matter; if the SU(N) is supported on a divisor with homology class bsy(xy, the
height h(3) for the generating section should include a term of the form N (N —1)bsy() [56].
Some F-theory U(1) models with ¢ = 3 matter should admit the corresponding unHiggsing
process. The resulting SU(3) tuning should be a standard UFD tuning when the SU(3)
charged hypermultiplets are in either the fundamental or adjoint representations.
For the SU(3) unHiggsing, we still want to perform a tuning so that

2 = bz + 2bayNata + b0y (3.105)

vanishes. In this case, we do not keep n;, generic, instead setting 7, and b(y) to 0.'4 The
discriminant takes the form
A = tlymA. (3.106)

13Even though the divisor 2 = 0 is singular, the base itself is taken to be smooth. Thus, the ring of
sections on the base would be a UFD, but the quotient ring R/(Z2) is not.
14 Alternatively, n, and b0y could be set to zero, leading to similar results.
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Neither f nor g are proportional to ¢(3) after the tuning, so the resulting model has an
SU(2) symmetry tuned on t(3). Similarly, neither f nor g are proportional to 7,, and since
the split condition is satisfied, there is an SU(3) symmetry tuned on 7,. While there are
codimension two (4,6) singularities at ¢ = 1, = 0, this issue can be avoided if we restrict
our attention to situations in which [¢]-[,] = 0. The tuning is a standard UFD tuning [2],
and there is no exotic matter in the spectrum, as expected.

We can compare h(3) to the homology classes [t(3)] and [n,]. Since [t] = [t(3)] + 3[na],
h(8) = 2[t(3)] + 6[nal- (3.107)

The numerical factors of 2 and 6 agree with the N(N — 1) factor predicted by [56].

4 Charge-4 models

In this section, we derive and analyze an F-theory construction admitting ¢ = 4 matter.
To the author’s knowledge, this is the first published example of a ¢ = 4 F-theory model.
In principle, such a model presumably could be derived using the normalized intrinsic
ring, just as done for the ¢ = 3 case. However, given the algebraic complexity of the
normalized intrinsic ring process, we use a somewhat indirect derivation. We deform a
previous U(1) x U(1) construction admitting (—2, —2) matter [4] and thereby Higgs the
gauge group to a diagonal U(1) with ¢ = 4 matter. The deformed construction has non-
UFD structure tied to the presence of ¢ = 4 matter, which we examine after performing
the deformation. However, we will not derive this structure from scratch. Note that this
construction can likely be generalized and may not admit all of the possible F-theory
q = 4 spectra.®

4.1 Higgsing the U(1)xU(1) construction

Our starting point is the U(1) x U(1) construction in [4], which we refer to as the CKPT
model. The discussion in [4] first describes this construction by embedding the elliptic
curve in P? with coordinates [u : v : w]:

p = u (s1u® + souv + s30% + ssuw + sgvw + ssw?)
+ (a1v + hiw) (agv + baw) (asv + bsw) = 0. (4.1)

Here, the s;, a;, and b; are sections of line bundles on the base. There are three rational
sections that are immediately obvious from (4.1):

P=1[0:—-b;:a] Q=10:—b2:ay] R=1[0:—b3: a3 (4.2)

Note that exchanges as <+ as, by <> b3 swap the sections () and R. One can then convert this
construction to Weierstrass form; in [4], P is chosen to be the zero section, and the Mordell-
WEeil group is generated by @) and R. The resulting f, g, and Weierstrass coordinates for

5Evidence for this comes from unHiggsings of the U(1) x U(1) model in [4]. In particular, the U(1) x U(1)
model can be enhanced to an SU(3) model with symmetric matter, but there are SU(3) constructions with
symmetrics [6] that admit a wider variety of spectra. Since the enhanced SU(3) model is not completely
general, the U(1) x U(1) model in [4] (and the ¢ = 4 model after Higgsing) can likely be generalized in
some way.
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Q@ and R are rather lengthy, so they are given in appendix D (with some minor corrections
from [4]). The CKPT model supports (—2, —2) matter at the a; = b; = 0 loci.

We now wish to Higgs the model and preserve a diagonal U(1) so that the (—2,—2)
matter becomes ¢ = 4 matter after Higgsing. To implement this Higgsing at the F-theory
level, we remove all instances of as, as, bs, and bs through the following deformations:

asasg — do agbs + agby — dy bobs — do. (4.3)

Arbitrary expressions involving as, as, ba, and bs may not allow for this deformation, as the
quantities being deformed are all invariant under as <> as, by <> b3. But the description of
the fibration in (4.1) is consistent with (4.3), taking the form

p = u (s1u? + souv + s30% + ssuw + sgvw + sgw?)
+ (a1v + hw) (alov2 + divw + d2w2) =0 (4.4)

after the deformation. Note that this form is similar to the singular form of the KMOPR
g = 3 construction used in [22, 49], but the zero section is not holomorphic. The f and g for
the CKPT Weierstrass equation are also consistent with this deformation. The coordinates
for Q and R, either in P? form or in Weierstrass form, cannot be deformed in this way;
only expressions that are invariant under ay <+ as, by <> b3 are compatible with (4.3),
and as <> a3, by > b3 exchanges the sections Q and R.'® However, Q[+]R is invariant
under the exchange of @) and R and should be consistent with the deformation. This can
be explicitly verified by calculating the coordinates of Q[+]R and then performing the
deformation. Thus, ) and R are no longer rational sections after the deformation, but
Q[+]R is a valid rational section. Instead of a rank-two Mordell-Weil group generated
by @ and R, we now have a rank-one Mordell-Weil group generated by Q[+]R. We have
therefore Higgsed the U(1) x U(1) gauge group down to a single diagonal U(1).

The Weierstrass equation and coordinates of the generating section after the deforma-
tion are lengthy. f, g, and the Z components are given in appendix C, and the full model
is given in the included Mathematica files discussed in appendix A. The homology classes
of the parameters are summarized in table 4. A particularly important part of the model
is the Z component of the generating section, given by

A 2 2
z = (82()1 — 85a1) (dga% — dia1by + dob%) —d; (Sgb% — sgai1br + Sga%)
+ Sg (dga% —dia1b1 + dob%) (Sgb% — sga1by + Sga%)
+ 2b1 (Sgb% — s6a161 + Sga%) (b1d183 - a1d283 - b1d086 + a1d038) . (4.5)

Z vanishes to order 4 at a; = by = 0, while the & and ¢ components respectively vanish to
orders 8 and 12. a; = b; = 0 is also an I5 locus. While the I5 loci and their associated

YQ[+](~R) is not compatible with (4.3) either: under as > as, b <> b3, the [& : § : 2] components
transform to [# : § : —2]. One might wonder if the coordinates could be scaled by some expression that
changes sign under as <> as, ba <> b3, so that the Z component would be invariant under the exchanges
and could be deformed. However, this scaling would make ¢ change sign under the exchanges, and the
components still could not be deformed.
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Parameter Homology Class
ay [a1]
b1 [b1]
do [2] + 2Kp — [a1] — 3[b1]
dy (2] + 2Kp — 2[a1] — 2[b1]
do (2] + 2Kp — 3[a1] — [b1]
S3 —Kp + [a1] — [b1]
S6 —Kp
S8 —Kp — [a1] + [b1]
59 —4Kp — [2] + 2[a1] + [b1]
S5 —4Kp — [2] + [a1] + 2[b1]
$1 —7TKp — 2[Z] + 3[a1] + 3[b1]

Table 4. Homology classes for parameters in the ¢ = 4 model. The classes are written in terms of
the homology classes for a1, b1, and 2 as well as the canonical class of the base Kp.

charged matter are discussed in section 4.3, we can immediately argue that the a; =b; =0
locus should support ¢ = 4 matter from the homomorphism properties of the Tate-Shioda
map. The charge of matter at the a; = b; = 0 locus is given by

qg=0(3) ¢ (4.6)

where ¢ is the Tate-Shioda map, § is the generating section for the ¢ = 4 model, and c is the
extra fiber component at the a; = by = 0 locus. The Tate-Shioda map is a homomorphism,
and (at least prior to the deformation) § = Q[+]R. Before the deformation, the charge
with respect to Q[+]R is given by

q=0(Q[+]R)-c=0(Q)-c+c(R)-c. (4.7)

0(Q) - ¢ and o(R) - ¢ are simply the charges under the U(1) x U(1) group prior to the
deformation, and the a; = b; = 0 locus supports (—2,—2) matter. The deformations
preserve Q[+]R and affect neither a; nor b;. Therefore, the charge after the deformation
should be the sum of the U(1) x U(1) charged prior to Higgsing, implying that the a; =
b1 = 0 locus supports ¢ = 4 matter.'”

The P? form of the fibration provides an alternative way of seeing the presence of g = 4
matter. We use a method based on the analysis in [49]. In the P? form, the tangent line at
the zero section also hits the generating section §. This tangent should be homologous to
u = 0, whose homology class we denote U. Therefore, the homology class of § should be
U —2Z, where Z is the homology class of the zero section. At a; = by = 0, (4.4) factorizes
into the form

U (51u2 + souv + s30°% + ssuw + sgow + 58w2) =0, (4.8)

"The Higgsing argument suggests that, technically, a1 = by = 0 matter should support ¢ = —4 matter.
However, the sign is unimportant, as the charged hypermultiplets in 6D consist of two half-hypermultiplets
with opposite charges.
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u=0

Figure 1. Illustration of the fibers at a; = b = 0 loci for the P? form of the fibrations. The
fiber splits into two components. One component is given by u = 0, and the other is denoted as c.
The zero section P wraps the u = 0 component of the fiber, indicated by the filling of the u = 0
component in the illustration.

indicating that the elliptic curve has split into two components. This situation is illustrated
in figure 1. Note that in the P? form, the fibration is already smooth at a; = b; = 0,
although there are singularities at other codimension two loci in the base.'® At a; = by = 0,
the line u = 0 becomes a full component, and it intersects the other component, which we
denote as ¢, twice. The zero section P, meanwhile, becomes ill-defined at a; = b; = 0 and
wraps the u = 0 component after being resolved; this behavior is identical to the behavior
of the zero section in the CKPT construction [4], as the deformations do not affect the zero
section. c is therefore the extra node, and the charge is given by

g=08)-c=U-32)-c. (4.9)

As just noted, the line u = 0 intersects ¢ twice at a; = by = 0, and since the zero section
wraps the same component, the zero section intersects twice as well. Therefore,

g=(U—-32)-c=2-3(2) = —4. (4.10)

Up to an unimportant negative sign, we see that the matter supported at a; = b; = 0 has
charge 4.

4.2 Structure of the charge-4 construction

While we did not derive the ¢ = 4 construction using the normalized intrinsic ring, the
expressions for f, g, and the components of the section hint at normalized intrinsic ring
structure. Suppose we allow ourselves to freely divide by aq, as would be the case if a;
were a constant. Then, Z can be written in the suggestive form

1 1
Z = (s9b1 — s5a1) o + P (sea1 — 2s3b1) aff — . (dia1 — 2dgby) 52, (4.11)
1 1
where
o = dga% —diarby + dob% 8= Sga% — sgai1br + 83()%. (4.12)

81deally, we would use the fully resolved geometry to analyze the a; = b1 = 0 matter. But since the
fibration is smooth at a1 = by = 0, it suffices to consider the singular model in (4.4).
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Like the ¢ = 3 Z component, the ¢ = 4 2 seems to admit a quadratic structure. However,
the expressions « and S, which play the role of 7, and 1, are themselves quadratic in ay
and b;. From the discussion in section 3.5, the U(1) symmetry in the ¢ = 3 construction
can be unHiggsed to an SU(3) symmetry tuned on either 7, or 7. At the same time,
an SU(3) model with matter charged in the symmetric representation (6) can be Higgsed
down to a U(1) model with ¢ = 4 matter [4]. SU(3) gauge groups supporting 6 matter
are tuned on divisors with double point singularities [2, 37], so for the ¢ = 4 model, 7,
and 7, should be replaced with some expressions having double point structure. This
is exactly what is seen in (4.11), as @ and  have the requisite quadratic structure. In
fact, the height of the generating section is 6[3] + 2([d1] — [a1] — [b1]), which displays the
expected factor of 6 discussed in section 3.6. The ((sga; —2s3b1)/a; and (dia; — 2dgb1) /a1
coeflicients, meanwhile, are simply expressions for the normalized intrinsic ring parameters
of B and a.!?

In fact, we can obtain the f and ¢ for the ¢ = 4 Weierstrass model by starting with f
and g for the ¢ = 3 model and making the replacements given in table 5. This observation
provides further evidence that our construction supports ¢ = 4 matter, as the U(1) x U(1)
Higgsings that give ¢ = 4 matter also lead to ¢ = 3 matter. If a; is constant (allowing
us to divide freely by a1), the highest charge supported by the model is ¢ = 3, and the
two models should match. But the dictionary between the ¢ = 3 and ¢ = 4 constructions
also suggests that the two Weierstrass models are birationally equivalent. In particular,
a}f and a$g can be written in the form of a ¢ = 3 model without division by a;. Since
ajf € —4Kp + 4[a;] and alg € —6Kp + 6[a1], the Weierstrass model with ¢ = 3 structure
is not a Calabi-Yau manifold unless [a;] is trivial. Thus, the ¢ = 4 model is birationally
equivalent to the ¢ = 3 model, although the model in ¢ = 3 form does not satisfy the
Calabi-Yau condition. This result seems to be a ¢ = 4 analogue of the statement in [26]
that the Morrison-Park and the ¢ = 3 Weierstrass models are birationally equivalent. It is
tempting to speculate that U(1) models with ¢ > 4 should also be birationally equivalent to
lower charge models; we leave a thorough investigation of this conjecture for future work.

In summary, the ¢ = 3 and ¢ = 4 models seem to be related, but the ¢ = 4 construction
has some additional normalized intrinsic ring structure. It would be interesting to further
examine the connections between the two constructions and use these patterns to obtain

a more general ¢ = 4 form.

4.3 Matter spectra

We now determine the codimension two Is singularities of the ¢ = 4 construction and the
corresponding matter content. The results of this analysis are summarized in tables 6
and 7. There are two important aspects of the matter content analysis: the type of
charge supported at an I locus, and the multiplicity of matter fields with a particular
charge. While the actual charge values are typically determined by resolving singularities,
we instead use indirect methods to determine the charges, leaving a full resolution analysis

9For example, compare these coefficients to (3.24) and (3.25).
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q = 3 Parameter | Expression to obtain ¢ = 4 Model
Na o= dga% —diaib + dob%
i 8= Sga% — sga1by + Sgb%
be2) bisg — a1ss
ba) 3(s6a1 — 2b1s3) /a1
b(o) —(d1a1 — 2dpby)/aq
L(3) —81
t2) %SQ/al
t) —3s3/ai
t(0) do /a3
& 12
hoys hys P2y 0
A0)> A 0
f2 0

Table 5. Replacements for converting the ¢ = 3 model to the ¢ = 4 model. Note that divisions by
ay are required for the conversions.

Charge I Locus
4 V(lg=4) = {a1 = by =0}
3 V(lg=3) ={a=8=0}/V(I4=4)
2 Vly=2) = {t = 2= 0}/(V(I4=4) UV (I4=3))
1 V(Ig=1) = {9 =32+ f2' = 0} /(V(I=1) UV (I4=3) UV (;=2))

Table 6. I loci for the ¢ = 4 construction along with the charges of the corresponding matter.
Each locus is written as a variety V associated to an ideal I generated by two equations. « and (8
are defined in (4.12), while ¢ is given in (4.15).

Charge Multiplicity
4 my = [a1] - [b]
3 | my= (2] +2Kp — [a1] = [n]) - (=K + [a1] + [b1]) — 4[a1] - [b1]
2 me = [2] - (—Kp + [£]) — 6m3 — 20my
1 m1 = 12(—=Kp + [Z]) - (=K + [2]) — 16mg — 81m3 — 256my4

Table 7. Matter multiplicities for the ¢ = 4 construction.

for future work. However, we present more detailed calculations of the matter multiplicities.
As in the ¢ = 3 matter analysis, we assume that we are working in six dimensions.
The codimension two I loci are supported at the intersection of the divisors

§=0 332 4 f2* = 0. (4.13)

In principle, we could directly calculate the resultant of these two expressions and read
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off information about the matter spectrum. However, calculating this resultant is compu-
tationally complex, so we first consider the simpler problem of determining loci at which
the section becomes ill-defined. Matter with ¢ > 2 is supported at such loci, so this trick
allows us to more quickly determine information about the matter content.

The important starting observation is that

& =t*>mod 2 §=t>mod 2

: (4.14)

where20

t= 51a3 + (5256b1 — 8988a1 — 8583b1) a? + (25358 — S%) af — ﬁ2 (Sgdo — sgdy + Sgdg)

+ a1S8¢ (doSsbl — s3doby + sgdoa; — aldlsg) 5. (4.15)

The section is therefore ill-defined at ¢t = 2 = 0. This locus includes the loci a; = b; =0
and « = 8 = 0. By the homomorphism argument in section 4.1, the a; = by = 0 locus
should support ¢ = 4 matter, with a ¢ = 4 multiplicity of my4 = [a;] - [b1]. Meanwhile,
we know that if a; is a constant, we recover a ¢ = 3 model with ¢ = 3 matter supported
on the @ = 8 = 0 locus. This locus should still contribute ¢ = 3 matter even when ap is
not a constant, as long as we exclude the a; = b; = 0 locus. The ¢ = 3 locus is therefore
{a = =0}/{a1 = by = 0}. To count the ¢ = 3 multiplicities, we note that the resultant
of o and B with respect to aq takes the form

Resg, (o, B) = birs, (4.16)
with
ry = d%s% — dydyszsg + dodgsg + d%8388 — 2dpdas3ss — dpdi1S6Ss + d%sg. (4.17)

The b} factor in the resultant suggests that a; = by = 0 is a degree 4 root of a = 8 = 0. In
total, there are [a] - [§] points in the & = 5 = 0 locus, so the ¢ = 3 multiplicity should be

mz = [a]-[f]—4lar]-[b1] = ([Z] + 2K — [a1] = [ba])- (= K + [a1] + [ba]) —4[as]-[ba]. (4.18)

Note that if we undo the deformations in (4.3), 3 factorizes as (a1be —agby)(a1b3—asby).
This unHiggsing therefore splits the & = 5 = 0 locus into two loci: (a1by — agb1) = a =0,
and (a1bs — azby) = o = 0. In the original U(1) x U(1) model in [4], these two loci
support (2,1) and (1,2) matter, which are the types of charged matter that field theory
considerations suggest should become ¢ = 3 matter after Higgsing. The match between
these matter loci before and after Higgsing is further evidence that the a = 5 = 0 locus
supports ¢ = 3 matter.

The ¢ = 2 locus consists of the ¢ = 2 = 0 points that do not support ¢ =4 or g = 3
matter. To calculate the ¢ = 2 multiplicity, we start with the [¢] - [Z] intersection points and

200ne can actually obtain this ¢ expression by starting with the ¢ of the ¢ = 3 construction, making the
appropriate substitutions from table 5, and adding a term proportional to 2 to remove all fractional terms.
t vanishes to order 4 on a; = by = 0.
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exclude those points corresponding to ¢ = 4 or ¢ = 3 matter. We therefore must examine
the resultant of ¢ and 2 with respect to a1, which is given by

Resg, (t, 2) = b3S dary. (4.19)

79 is a complicated, irreducible polynomial that we do not give here. The b2° factor suggests
that the ¢ = 4 locus is an degree 20 root of the system, while the rg suggests that the ¢ = 3
locus is a degree 6 root of the system.?! Intriguingly, these numbers exactly match the
q*(q*> —1)/12 factors appearing in (2.23). After removing the contributions from the ¢ = 4
and g = 3 loci, we find that the ¢ = 2 multiplicity is given by

mo = [2] . (—KB + [2]) — 6msz — 20my. (4.20)

This result is in exact agreement with (2.23), suggesting an F-theory interpretation of this
anomaly equation. The [Z] - (—Kp + [Z]) reflects the fact that ¢ > 2 matter is supported
at places where the section components vanish; since

& =t>mod 2 g = t> mod 2, (4.21)

the loci where the section components vanish are simply the ¢t = 2 = 0 loci. Meanwhile,
the ¢%(¢® — 1)/12 factors represent the degree of the roots of the t = 2 = 0 system.
q = 1 matter is supported at the

g =324 f2* =0 (4.22)

loci that do not support ¢ > 2 matter. ¢ and 322 + f2% intersect at 12(—Kp + [2])?
points, but we must account for the ¢ > 2 loci before we can read off the ¢ = 1 multi-
plicity. We therefore need to calculate the multiplicities of the ¢ > 2 loci within the locus
described by (4.22). As in the ¢ = 2 and ¢ = 3 analyses, this information can be read
off from the resultant with respect to a;. In this case, calculating the resultant is com-
putationally intensive if all parameters are allowed to be generic. We therefore evaluate
the resultant for special cases in which some of the parameters are set to specific integer
values. First, consider a situation where all parameters except a; and by are set to specific
integers.Then,

Resq, (4,332 + f24) oc 255730, (4.23)

where 7o is the same factor appearing in Res,, (¢,2) with the appropriate values for the
parameters plugged in. This result suggests that the a; = by = 0 locus, which supports
g = 4 matter, has multiplicity 256 within the (4.22) locus, while the ¢ = 2 locus has
multiplicity 16. 73, which corresponds to the ¢ = 3 locus, does not depend on by, and
when all parameters except a1 and by are set to integers, r3’s contribution to the resultant
is simply an integer factor. To read off the ¢ = 3 multiplicity, we consider an alternative
scenario in which all parameters except a; and sg are set to integers. Then,

Resq, (4, 332 + f2%) oc r§tr30, (4.24)

2The d3 factor is due to fact that the highest order a; terms in 2 and t are both proportional to ds.
However, this does not correspond to a true locus at which 2 and ¢ both vanish.
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suggesting that the ¢ = 3 multiplicity is 81 and that the ¢ = 2 multiplicity is 16. With
these two results, we can now read off that

12(—=Kp + [8]) - (K + [2]) — 16my — 81ms — 256my, (4.25)

exactly in agreement with the anomaly conditions in (2.19).

Finally, let us examine some possible ways of unHiggsing the ¢ = 4 construction. Of
course, the U(1) symmetry can be unHiggsed back to U(1) x U(1) by undoing the defor-
mations in (4.3). The model can then be further unHiggsed to an SU(3) model supporting
symmetric matter [4]. But there are other ways of unHiggsing the U(1) symmetry to non-
abelian gauge groups. As with the Morrison-Park and ¢ = 3 constructions, the general
strategy is to tune parameters so that the generating section becomes vertical, coinciding
with the zero section [1: 1 : 0]. We therefore need to tune 2 to vanish; & and ¢ will then be
a square and a cube of some expression, which can be scaled so that the generating section
becomes [1:1:0].

In particular, let us restrict ourselves to unHiggsings in which a; is set to 0. Already,
the discriminant is proportional to b?, suggesting there is an SU(2) tuned on b; = 0. The
Z component (after rescaling the section coordinates by powers of b;) takes the form

dlsg — se¢dpss + Sgbld%, (4.26)

which is quadratic in s3 and dy. To make the section vertical, we should tune the above
expression to zero. We cannot let both dy and s3 be zero, as the discriminant then vanishes
exactly. However, sending s3 and s to zero makes the discriminant proportional to bi‘dgs%
f and g are not proportional to by, dy, or si,implying that the enhanced model has an
SU(4) tuned on by = 0, an SU(3) tuned on dy = 0, and an SU(2) tuned on s; = 0. The
homology classes in table 4 imply that

h(g) = 12[()1} + 6[d0] + 2[81]. (4.27)

The coefficients for the homology classes supporting SU(N) are given by N(N — 1), in
agreement with the results from section 3.6 and the expectations from [56].

An interesting question is whether the ¢ = 4 models admit unHiggsings to just an SU(2)
gauge group, like the Morrison-Park and ¢ = 3 constructions. This unHiggsing procedure
would involve setting Z to be zero while keeping a; and by generic. Presumably, the SU(2)
would be tuned on ¢t = 0, which has a quadruple point singularity at a; = by = 0. So
far, the author has not identified a way of actually performing this unHiggsing; in all cases
considered, t factorizes, indicating the gauge group is product of non-abelian groups rather
than a single SU(2). However, a systematic investigation of all possible unHiggsings has
not been performed. This issue has important implications for the F-theory swampland,
which we discuss further in section 6.
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5 Comments on g > 4

We have seen that, in models with ¢ = 3 and ¢ = 4 matter, the components of the
section vanish to higher orders at the loci supporting ¢ = 3 or ¢ = 4 matter. It is natural
to speculate that similar behavior should occur for ¢ > 4 models. Without an explicit
Weierstrass model, it is difficult to make definitive claims about ¢ > 4 matter. However,
one can make conjectures about ¢ > 4 models by considering the behavior of the sections in
a model admitting ¢ = 1 matter. Suppose that an F-theory model has a rank-one Mordell-
Weil group with no additional non-abelian gauge groups. Let us denote the generating
section as §. If this F-theory model supports ¢ = 1 matter, there is some codimension two
I locus in which the elliptic curve splits into two components. One of these components,
which we denote ¢, will not intersect the zero section, and because this locus supports
q = 1 matter,

o(§)-c=1. (5.1)

Using the elliptic curve addition law, we can construct sections ms3, where m is some integer.
From the homomorphism property of the Tate-Shioda map, the m§ sections should satisfy

o(ms)-c=m. (5.2)

The matter at this Is locus seems to have “charge” m under the section ms. Of course, ms
does not generate the Mordell-Weil group for |m| # 1, and the matter supported at this
locus does not truly have charge m. Nevertheless, the local behavior of mé likely mimics
that of the generating section in a genuine ¢ = m model. We can therefore obtain some
speculative insights into ¢ = m matter by examining the behavior of ms.

This strategy was used in [12] to anticipate the behavior of models supporting ¢ = 2
matter, and we use it here to conjecture about the behavior of sections admitting ¢ > 2
matter. We start with a simplified form of the Morrison-Park model that only supports
g = 1 matter [12]. The Weierstrass model (in a chart where z = 1) takes the form

(y+ fo) (v — fo) = (@ = fi) (2 + fow + fro = 2f3) (5.3)
while the generating section is
Silzry:z)=[fe: fo:1]. (5.4)

There are I» singularities at fo = fio = 0 that, according to the analysis in [12], support
q = 1 matter. Our goal here is to use the elliptic curve addition law to calculate the ms
sections and examine their behavior at fg = f12 = 0. For example, the 25 section takes
the form

25wy z] = [ffy — 8fefs : —fiy + 12fcfr12fd — 8fy : 2fo). (5.5)

The (2, &, ) components vanish to orders (1,2,3) at fg = fm = 0, in agreement with the
known behavior of sections at ¢ = 2 loci.
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m | 2 Order of Vanishing | & Order of Vanishing | § Order of Vanishing
2 1 2 3
3 2 4 7
4 4 8 12
) 6 12 19
6 9 18 27
7 12 24 37
8 16 32 48
9 20 40 61
10 25 50 75
11 30 60 91

Table 8. Orders of vanishing for the m§ components at fy = flg = 0. These are calculated using
the simplified Morrison-Park model described by equations (5.3) and (5.4). The orders of vanishing
for m = 2, 3, and 4 agree with the behavior of the generating sections in models admitting ¢ = 2, 3,
and 4 matter. One can therefore conjecture that the components of sections in models supporting
q = m matter would vanish to the orders listed here at the ¢ = m loci.

For m = 3, we again see behavior in line with the known ¢ = 3 models. The components
of 38, given by

2= fh—12fsfs (5.6)
i=fiyfo+ 8 iafe —24f 5 f3 15 —96 frofefo + 1443 f3 +6AfS (5.7)
=3[ fo— 6015 fo f3 +96 iy fo + 1445 f2 15 — 1152 fra fo f3 +64 (27 f3 fa +8f9) . (5.8)

vanish to orders (2,4,7) at fg = fi2 = 0, just like the components of the generating section
for the ¢ = 3 construction in section 3. The (Z,Z,y) components for 45 vanish to orders
(4,8,12). The generating section for the ¢ = 4 construction vanishes to these same orders
at the ¢ = 4 loci, giving further credence to the idea that this construction truly supports
q = 4 matter.

Table 8 summarizes the orders of vanishing for the ms sections at fog = fio = 0. As
expected, the m > 2 section components show singular behavior, with the Z, Z,and g
components vanishing to orders greater than 1. Given that the behavior of the m = 2, 3,4
sections agrees with the behavior of the known ¢ = 2, 3,4 models, one can conjecture that
the generating section components for ¢ > 4 models will also vanish to these orders at
the ¢ = m loci. In fact, the cases presented in table 8 suggest patterns in the orders of
vanishing. For even m, the orders of vanishing for (Z, Z,¢) seem to be given by

(20 )y .
47 4 4

Meanwhile, the (£, &, 7) orders of vanishing for odd values of m seem to be given by

m2 — m2 — m2 —
< 1 1,2( 1 1),3( 1 1)—1—1> (5.10)

These patterns have been verified for the ms§ sections with m < 26.
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It would be interesting to investigate whether the patterns hold for all values of m, both
in the simplified Morrison-Park form and in actual ¢ = m models. Perhaps the expressions
could be proven with a better understanding of the resolutions at the fy = flg = 0 loci.
These questions are left for future work. But if these orders of vanishing are correct, this
information may be useful for inferring features of the ¢ = m Weierstrass models. Recall
that in section 3, the ¢ = 3 Weierstrass model could be derived with the knowledge that
2 vanishes to order 2 on the ¢ = 3 loci. In the same way, one might hope that the orders
of vanishing determine the Weierstrass model’s structure in a predictable fashion, allowing
for a systematic derivation of ¢ > 4 models. These patterns could also give a quick way
of detecting the presence of ¢ > 2 matter. Regardless of the type of charge supported,
charged matter in a U(1) model (that is not also charged under some additional non-
abelian symmetry) occurs at an I3 locus, so examining the discriminant does not provide
an immediate way of reading off the charge. But if the behavior of the Z component can
distinguish between the different charges, one may be able to at least guess the charge
content of a model without the need for an explicit resolution.

6 Conclusions and future directions

To summarize, we have constructed U(1) F-theory models admitting both ¢ = 3 and ¢ = 4
matter. In both cases, all of the section components vanish to orders higher than 1 at the
q = 3,4 matter loci. As a result, the Weierstrass models have non-UFD structure that
deviates from the standard Morrison-Park form. With the aid of the normalized intrinsic
ring, we were able to find the appropriate non-UFD structures for the ¢ = 3 matter and
systematically derive a generalization of the ¢ = 3 construction described in [22]. A class of
q = 4 constructions were also constructed, although the models were found by deforming
the earlier U(1) x U(1) construction in [4]. Nevertheless, the ¢ = 4 construction shows
signs of normalized intrinsic ring structure as well. We finally discussed some conjectures
regarding models with ¢ > 4 matter.

A natural direction for future work is to search for models admitting ¢ > 4 matter.
There are a few different strategies that may give new insights into this issue. Just as
deforming a U(1) x U(1) model led to ¢ = 4 matter, deforming models with multiple
U(1) factors could lead to larger charges. This process would likely require an initial
model with somewhat exotic matter charged under multiple U(1) factors. For instance,
the possible Higgsings of the U(1)? construction in [19] cannot give ¢ > 4 matter, although
they can produce ¢ = 3 and ¢ = 4 matter. Alternatively, one could obtain large charges
by Higgsing models with non-abelian symmetry. [56] gives examples of the field-theoretic
Higgsing processes that could produce ¢ > 4 matter. However, it can be difficult to
identify the deformations of F-theory models corresponding to a specific Higgsing. A better
understanding of the F-theory realizations of Higgsing processes, particularly Higgsing on
adjoints, would be helpful to develop concrete methods for ¢ > 4 models. There is the
possibility of building ¢ > 4 models from scratch, although the algebraic complexity of
the models discussed here suggests this approach may be unwieldy. Based on the ¢ = 3
derivation in section 3, we would likely need some knowledge of the ¢ > 4 singularity
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structures. Analyses similar to section 5.1 of [12] or section 5 here could provide the
necessary insights to construct g > 4 Weierstrass models. At the very least, such efforts
could illustrate the local behavior of sections at loci supporting arbitrary charges.

But there are interesting questions about ¢ = 3 and ¢ = 4 models as well. On the
one hand, neither of the Weierstrass models discussed here admit the full range of matter
spectra consistent with the anomaly equations in (2.19), suggesting that there may be
generalizations of these constructions. In particular, the ¢ = 4 construction can almost
certainly be extended in some way. The models should also be subjected to a more thorough
resolution analysis. Resolutions of the ¢ = 3 construction should be similar to resolutions
of the KMOPR construction in [22], and the analysis of the ¢ = 4 matter loci in section 4.1
paints a rough picture of the behavior of the section there. Nevertheless, a more rigorous
analysis of the codimension two singularities would be helpful for confirming the matter
analysis presented here. It would also be useful to count the uncharged hypermultiplets in
these models, possibly with the techniques used in [57].

Meanwhile, the ¢ = 3 and ¢ = 4 sections discussed here (as well as the ¢ > 4 sections in
section 5) have components that exhibit singular behavior, raising the question of whether
the sections themselves are singular. Preliminary indications suggest that the sections are
indeed singular. One can describe the section using a system of equations: in addition
to equations describing the elliptic fibration, the system would include equations such as

2_#2% = 0, where & and 2 refer to the section components. One can then use the Jacobian

xZ
condition to determine loci where the section is singular. Of course, the elliptic fibration
needs to be resolved at the relevant codimension two singularities, and the section needs to
be resolved to account for loci where the section components vanish. After the resolution
procedure, the section may wrap a component of an I fiber, as described previously. An
initial analysis indicates that, at the ¢ > 3 loci, many of the sections described here are
singular at the intersections between the Is fiber components. This information would be
important for comparing the models presented here to the results in [25]. However, a more
thorough analysis should be performed to understand any possible singularities in these
sections. It would be interesting to explore these issues in future work, possibly in the
context of a broader analysis of singular sections.

The ¢ = 3 and ¢ = 4 models also offer avenues to explore F-theory physics. When
a model has ¢ > 2 matter, the anomaly cancellation conditions (2.19) do not uniquely
determine the spectrum, even if one fixes h(s5) and Kp. In non-abelian contexts where this
situation occurs, there are matter transitions connecting the vacua with different matter
spectra [38]. Abelian F-theory models should also exhibit such transitions, which would
change the charge content of the theory without changing the gauge group or other parts of
the spectrum. Because the SU(2) construction in [6] admits matter transitions, the ¢ = 3
construction here, which can be unHiggsed to this same SU(2) model, should admit matter
transitions as well. Seeing transitions involving ¢ = 4 matter would probably require
some generalization of the construction given here. Because abelian symmetries manifest
themselves differently than non-abelian symmetries in F-theory, U(1) transitions would
likely give a new understanding of these models. Matter transitions could also be used to
derive ¢ > 4 models. For instance, an SU(4) gauge group with 10 matter (and a suitable
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number of adjoints) can be Higgsed down to a U(1) with ¢ = 6 matter through a process
similar to the SU(4) — U(1) Higgsing discussed in section 4.3. SU(4) models have matter
transitions that change the amount of 10 matter, implying that the corresponding U(1)
models should have transitions that change the amount of ¢ = 6 matter. In particular,
one can start with an SU(4) model without 10 matter and use the transitions to grow 10
matter [6]. Thus, the explicit SU(4) transition could potentially be used to reverse engineer
a U(1) matter transition that generates a ¢ = 6 model from a known ¢ = 4 model.

Unhiggsing ¢ = 4 models could also be an important check of the swampland statement
in [6] that certain non-abelian representations, including the 5 representation of SU(2),
cannot be realized in F-theory. Field theoretically, if an SU(2) symmetry is Higgsed down to
U(1), the presence of 5 matter would lead to ¢ = 4 matter after Higgsing. An examination
of unHiggsings of the ¢ = 4 construction is therefore important, as an enhancement to an
SU(2) model with 5 would invalidate the statement. However, it is crucial to note that the
existence of a ¢ = 4 F-theory model does not by itself guarantee the existence of an SU(2)
model with 5 matter. For instance, the would-be SU(2) divisor may factor into multiple
components, much like the situation observed in [58]. Alternatively, the resulting SU(2)
Weierstrass model may have codimension two (4,6) singularities [6]. So far, the author has
not identified a way of achieving this SU(2) enhancement, but a complete investigation of
all possible unHiggsings has not been done.

Finally, the investigations here hint at a deeper interpretation of the section compo-
nents that should be understood better. The Z component seems to be the defining feature
of the ¢ = 3 construction, and the anomaly equation (2.23) seems to manifest itself through
the section components. Understanding the physical meaning of the section components
may provide new insights into abelian F-theory models. For instance, [27, 59] analyze
U(1) models, including the Morrison-Park construction and the original ¢ = 3 construction
in [22], in the Sen limit. Similar Type IIB investigations could elucidate the role played by
the section components. In any case, a more physical description of the models discussed
here may inform efforts to find U(1) models admitting larger charges.
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A Mathematica files

There are two Mathematica files, Charge3Model .nb and Charge4Model.nb, that respec-
tively contain expressions for the ¢ = 3 and ¢ = 4 constructions. These files are contained
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Parameter | Mathematica Variable

Na na
U no
b(O) b0
b(l) b1l
b(g) b2
¢ ¢
t(O) t0
L) tl
t(2) t2
t(3) t3
h(O) ho
h(l) hi
h(g) h2
)\(0) A0
)\(1) Al
/2 f2

Table 9. Mathematica variables corresponding to the parameters in the ¢ = 3 model.

Parameter | Mathematica Variable

al al
b1 bl
do do
dy di
do d2
S1 sl
S92 s2
S3 s3
S5 sb
S6 s6
Sg s8

Table 10. Mathematica variables corresponding to the parameters in the ¢ = 4 model.

as ancillary files in the arXiv submission and can be obtained by downloading the gzipped
source of the submission. Each file contains the f and g of the Weierstrass model (assigned
to the variables f and g) and the Z, ¢, and 2 components of the generating section (assigned
to the variables x, y, and z). Because some of the parameters have typographical features,
such as subscripts or macrons, that are not easily used in Mathematica, the Mathematica
variable names may be slightly different than the parameter names used here. Tables 9
and 10 give the dictionaries between the model parameters and Mathematica variables.
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B Charge-3 expressions

The components of the section (in Weierstrass form) are given by

£ =b(2) M +2b(1) a7 +b(0) M » (B.1)
=t>— ﬁ [72 (h(g)ng+2h(1)77a77b+h(0)77§) —52 (b%) _b(O)b(Z)ﬂ £
+§ { (b2yna+baym) (t)na+2taynams+to)m; )
— (bayna+boym) (tayma+2t@ymam+ta)m;) } z, (B.2)
g=t"— %t {18 (hq2yna-+2h(1ynams+hoy;) -5 (ba) —b(o)b(z))} 3? +% (AyTa+A0)m) 2*

- %t [ (b +beayme) (t)ma+2t ) mam+t ) l5)
— (baayna+beoym) (ts)yma+2t@)nam+ta)ymi) } z,

+4% [(P@yma+Paym) (byna+boym) = (haayma+hioym) (bayna+baym)] 2°

—2
+;% [b2) (tyma+t0ym) =261y (o) ma+tym) +b(0) (tya+im)] 2, (B:3)

where
t= t(3)773 + 3t(2)773?7b + 3t(1)77a?7§ + t(oﬂ?&?- (B.4)

For the Weierstrass model, f is given by

1 2 2 (b 2
I=-= [h<2ma + 2y + byt + 35 (%)~ bobe)

— % [ (hyna + hoyms) (t(3)772 + 2t (2)nam + t(1)7713)

— (h@)na + hym) (t(z)’ﬂg + 261y nams + t(oﬂ?l?) ]
—2

- %8 |:(t(2)77a + t(1)77b)2 = (tayna + toym) (t@)ma + t(z)nb)]

1 -3
MRTOT [ (b2yto) — 2byty + broytie)) (bez)a + beaym)

— (b taay — 2bytea) + botes)) (bayna + boym) |
1 —2 R
+ (Ama +Am) t = == (h@)be) = 2hwba) + ho)be) 2

1 - R .
+ Eﬁb Aoy (b2)ma + baym) — Ay (bayna + boym)] 2 + f222. (B.5)

Meanwhile, g is given by
9=g0+ g2+ g2*, (B.6)
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with

go= @hi’ur@w [(h(l)na+h(0)77b) (1@ nat+71ym) — (h2yna+haym) (Tayna+70)m) ]
2

— s
h Cu
8617 864 %1% "t 576

—59 [0 )( T2 +71) M) = A1y (T1) e+ T0)7) | t— fot®

-9 2
&\ 1 .
+<144> [4 (b@)7(0) = 2b(1)T1) +b(0) T(2)) —(bu)—b(o)b(z))@q

1
(he0) =2k 70 +ho)7(@) t= 5 Ayt Aom) t

(144)2h[(b<2>t<o>—2b<1>t<1>+b<o>t<2>) (b2)a+b(1)b)

— (beytmy —2bmte) +hortm) (bayma+bom) | (B.7)

g1 = —% [(T1y1a + 7)) (b2ynia + byms) — (T(2)a + T1ym) (b(1y7a + bioym) | fo

2
1(9
+3 (48> h (b o) = 2bwyha) + b))

—9\ 2
1 (¢
+ 258 <6> by (8~ torte) ) — by (e — tote) +bo) (8 — tate))]

- mﬁm M) (bya +baym) = Ay (bayna + boym) ]

+@¢ (Awya +Aoym) ()70 = 26 7) + bo)T2))

+ ﬁéﬁ o (b (e + riym) = beay (ryma + o))

=Xy (b0) (72ya + Teaym) = bsy (7eayna + o)) |

+ 22| (o) = 2hytay + hoyta) (b + baym)

= (heyta) = 2hyte) + hote) (bayma +boym) |
—3

o
~ o3| bt — 2t + bote) (et + haym)
~ (beyta) — 2byte) + boyte) (e + hoym) |, (B.8)

and

—2
<b?1) - b(o>b<2>) + 2?@ (h?l) - h<o>h<2>)

59 2o (ma + haym) = Aq) (hayna + hoym)] - (B.9)

=
S

g2 =

1
(Ayna + >\(o)77b)2 + gfz [h -

1
4
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In the g; expressions, we have used

—2

h = h(2)772 + 2h(1)77a77b + h(o)ﬁg + % (b%l) - b(mb(g)) , (B.l())
T(2) = t(3)Na + t(2) s (B.11)
(1) = L@)la T Ly (B.12)
7(0) = t(1)Ma + t(0)M> (B.13)
Tsa = T(1) ~ T2)T0): (B.14)

and

1
Ten =5 [— (275?2) —3t)t)te) +t<o>t?3>> Na—3 (t(l)té) —2t?1>t<3>+t<o>t<2>t(3)) Nl

+3(#1yta — 20ty Hortwte) mani + (265 —3totwle Hile) 775’} - (B.15)

C Charge-4 expressions

C.1 P2 form

In the P? form of the elliptic fibration, in which the elliptic fiber is described via an
embedding in P2, the ¢ = 4 model is

p = u (510 + souv + s30° + ssuw + sgvw + sgw?)
+ (a1v + hw) (d0v2 + dyvw + d2w2) =0, (C.1)

where [u : v : w] are the P? coordinates. The zero section has components
[w:v:w]=1[0:=b1:a1], (C.2)
while the generating section has components [u : v : w]| with

U = Oé|:(82b1 — s5a1) o (C.3)
- ﬁ (doSﬁb% + 2d2$3a1b1 — Sgdlb% - d286a% — 2d038a161 + Sgdla%) :|,

v = —s1b1a> + 55026 + dy (s3b1 — seay) B2 — sg (doby — dyaq) 52,
w = 81@1043 - 820525 — 83 (d1b1 — d2a1) 62 + d() (8651 — 880,1) ,32. (04)

o and B are defined as

o = doa? — dyayby + dob? B = sga? — sgaiby + s3b?. (C.5)
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C.2 ‘Weierstrass form

The f and g in Weierstrass form are given by

f= 5 (5%~ Bs1ss) (0 (0 — 3dod) — axbrdody + Biaf)
— 2 (53 Borss) (a3 + 3 (0} — 2d0d)
- é(25235 — 3s156) (afdida + arby (df — 2doda) + bidod:)
+ é(aldl + bido) (2bid (53 — 3s153) — 3528658 + 85 (25388 + 5¢5) )
+ ardy (b1 (3156 — 25255) + 5255 @)
é(aldg + bidy) (s3(2s288 — 3s556) + 5255
+ b1d253(25335 — s356) — le (52— 4s3s5)” (C.6)
9= 8(154 (s2—4s353) 1 (d0d3a%+b3d0 (d} —3dodids) a1) 53
+5 (d2 (df —2dods) at+b7 (d —6d3d5 —A4dyds (df —2dods) ) a3 +bidg (df —2dods)) s
+ o= (A= Bdod o) Vi + %) 52 (95155 ~25)
% (drd3a+b7 (d} —3dodids) ar+b3do (di —2dodz)) ((255—3s153) s5—3515256)
+% (dodidaat+bido (di —2dods) af+bidgdiar) (253 —9s1 5855 +9b1das?)
% (dideai+by (di —2dods) a1 +bidod)

[4b1d232 252 —9s153) + 56 (56(25255+35156) — 125352)
+4 (25355~ 3 (s3—5s153) s6) ss]

+% (da (df —2dods) a3 +by (d} —3dodidz) af+bididy) (s2 (255 —3s185) —3s15556)
42 (dodBat+ B3y (df ~2doda) ) (3s15556-+2 (35155~ 253))
+a§dg (—Bb%dgstris% (2 —4s155) + 2brdoss (93138_zsg)>

36 ((d1 2dodz) bi+aids) (3 (3s3—8s1ss) 55+ (45358 —3s6(25255+5156) ) 53+25353)
+2—4b1d233 (6b1d2s3 (53 —45153) + (5256 —25355) (5§ —45358) )
+% (dodzad+brdodian) | (s3+2sass) 53+ 185505555 — 6 (s3+2s155) 53
+Abidy ((253~3s15) 55— Bs15256) — 335155

1

o (8 3dodads) a3 +H7dE) (453 +951 (801 oy —25555))
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+%a1d0 [16b%52 (95155 —252) d2
+6b1 (56 (65352 +56(9s156—8s255)) +2 (3 (55+25153) 56 —8s25355) s8) da
853 (5556 — 25255 (55— dsss) |
2 (dodi?-+ by ) (2b1ds (52 (263 ~Bs155) ~Bsrss) —Bss (su53-+ (5295 —6156)s5))
—E(bldl +aids) (12b1dass (253554 (s5—65153) s6)
+ (sg—4s3s8) (5256 +53(25258 —35556)) )
+%(bld0—|—a1d1) [2b1d2 (6 (s3+2s158) 53+ (25853 + 18555650 — 335153 ) 53+ 5555 )
— (5B —Assss) (55 (s8+2s355) ~Bsasoss)
+% (@3 ~2dodz) a +3d3) |2 (s3+2s55) 53— 62565555
+8bydy (—25553+ 3515652+ 3515355) — 355 (51 (s2+85358) —3s3s8) ] . (C.7)

The Z component of the generating section is

Z = (s2b1 —a1s5)
— ,3 (dOSGb% + 2d233a1b1 — Sgdlb% — ngGa% — 2d088a161 + Sgdla%) s (CS)

with a and § defined as in (C.5). The & and § components are lengthy and are not given
here. However, they are included in the Mathematica notebooks described in appendix A.

D U(1)xU(1) expressions

The below formulas are for the U(1) x U(1) model of [4], with some minor typos corrected.

For the Weierstrass model, the f and g are given by

1 1
f=- (36_45358) +§blbgb383(28385—8286) 3 ( b262+a2b2b3—|—a b%bg) (8%—38183)

/\OO

+ albzbg—l-(lgblbg—l—&gblbg) (828%—|—53(28288 —38556))

(b1a2a5+b2a1a3+bga1a2) (2b1b2b5 (82 38183) 3525658+ S5 (S§+25358))

+
C&O\H@\H@\H@\H%

(aga%b%bz —l—a%agb%bg—l—ala%blb% —|—a%a3b§b3 —I—ala%blbg—#—a%agbgb%) (25255 —35156)

(a2a3b2+a1a b2 +bsaial— a1a2a§b1b2—alagagblbg—a%agagbgbg) (3%—33138)

“+ajasas (blbgbg(38186—28285)4-828%— 8582688) y (Dl)
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g:

Iy
864
— f(bgbgal +bsbiag+b1boas)

1
S *48388)3+fb1b2b383 ((8286*28385) (52*48388) +6b1bob3s3 (83*45153))

72
(12b1b2b383 (825355—|— (52 65153) 56) + (52—48388) (525(25+83(25258—3S556)))

+—6 (b1b3a3+bib3a5+b3b3a7) (3 (3s2—8s18s) 53+ (45385 —3s6(25285+5156)) 83+25555)

72 —(b1azaz+brajaz+bsaiaz)

X |:2b1b2b3 (—6 (s2+2s155) 53+ (25355 + 18555652 — 335155 ) 83+ 5355 )

— (sg —48388) (85 (S%+28338) _3323688) }

i? (b?’b a3+bib3 a§’+b3b3a1) 59 (95153—253)
1

72 (b2b2a2a3+blbga§a3 +a1a%b1b§ —i—a%agbgbg—}-a%ag,b%bg +a1a§b1b§)

X [4616219382 (28% —98183) + 56 (86(28285+381 S6)— 12838%)

+4 (323335—3 (5%—55153) 56) 58}
%alagag [16b%bgb382 (98183—28%)
+6b1b2b3 (s (6838%—1—86(98186—88285)) +2(3 (33—1—23133) 56— 8525355) S3)
+3s5(s556—25258) (83—48358)}
118 (aBasb02 + adasbib2 +adar b263 +adasbibl +adasbbd + ada b203)
((23%—33153) 35—3313236)
(b a2a3—i—b a1a3+b3a1a2) [8b1b2b3( 2555§+3515652+3515355)
+2 (8%—!—23338) s§—652565855—358 (51 (8%—1—85358) —35%58) }

1
36 (a1a2a3b2b3 —|—a2a1a3b1b3 +a3a1a2b1b2)

X [4[)162()3 ((28% —38183) 55—3818286) + (8%—1—25358) Sg

+ 1859565855 —6 (32—1—23133) Sg— 33313638]
1 (b2b3a1a2+b1b a2a1 +b3b3(11a3+b1b a3a1 +b3b3a2a3+b3b2a3a2)
( (255735158) *3818586)

9 (b1b2a1a2a3+blb3a1a3a2—l—bgb3a2a3a1) (3818586+82 (33138—255))

1
18 (b1a1a2a3+b2a2a1a3—|—b3a3a1ag)
(2b152b3 (82 (285—38188) —3818586) —388 (868§+(8285—68186)88))

(b4b2a2a3+b4bga2a3+62b3a1a2+bzb3a2a1+b463a1a3—|—b2b2a3 ?) s
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313 4 313 4 313 4\ 2
- = (b1b2a1a2a3+b2b3a2a3a1+b1b3a1a3a2) 51

2

1

51 (a1a2b3+a2agb3+a1agb3) (981(3b1b2b381—28588)+4S§)

1

18 (b baaiasas+bibsasatal +b? b3a1a3a2+b3b1a1a3a2+b2b3a2a3a1+b2b3a3a2a:1)’)

(9b1b2b35%+25§—9818885)
+(a1a2a3)2 <—§b%b%b§s%+3b1b2bgs5 (95158—23§) —}—is% (5%—45158)> . (D.2)
There are two generating sections, (Q and R. The Weierstrass components of ) are
2Q = a1ba—asby, (D.3)
xq =bib3s3—biba(azby +a1b2)5356+1—12 (a3b?+aib3) (s3+8s3ss) —i—éalalebg (5sg+4s3ss)
—l—%(agbl—a1b2)2((2a3b1b2—a2blbg—a1b2b3)32+(—a2a3b1—a1a3b2+2a1a2b3)35)
—alag(agbl+a1b2)5688+a%a%s§, (D.4)

b?’b253+;(azbl—(11172)4(ag,l)1—albg,)(—agbg+ang)51—11)31)35355(1‘11—%ag,lfésté;ai1
+= a2b2b3(5556+5258)a1+;a2a3b28588a1 a2b2b35538a1+;a3b1b2(5355+5256) al
+a2a3b162(5258—55s6)a1+§b253(blb2b382+5658)a‘;’—%a%agblb%Sg,Sgga:{’
—i—ag’ (—s§+2b1b2b33538) a:%— %a%bg (blbgb3(8586+8288) —33633) azf
—i—%agb% (261b2b3(3385—3236)—58 (s%+23338)) ai’—agb%b%swga%

1
— 5&g@3b%b%(8385+8286) —7516283 (8%4—28388) a%

1
+ 5(12()1()% (Sg+5838856 —b1b2538283) a%+a%a3b%bg(25556 —8258)(1%

1 1
f§a2a3b b25558a1 a2b b355$ga%f§a2b1 (b1b2b3(5586+5258) 35653) a%

3
—a%ble (b1b263(8385 — 25286) +S8 (28% +8388)) CL% +2a2a3b‘;’b33233a1 + 5b%b§8§86a1

1 1
— 5@%&3()?[)3(83854-8286)(11 +a§a3b§b2(3238 —3536)a1 +§a§b§b3(3536+3238)a1

1 1
—agb%b%si; (28%4‘8388) aj+ 5@%@3[)%8588@1 + 5&%5%[)2 (8%4‘5838688 — blb2b38283) al
1
+ iagbf (21)16253(8385 —8286) — S8 (8(25+28388)) al —a%agb%b%SQS?,

1 3 1 1
— 5&%()%(735355 + 5&21}?6%8%86 + 5&%&3(7%1)2(8385—1-5256) — iaéagb%SQSg

1 1
— iagb:fbgs;:, (s§+25358) +§a§b?53(b1b2b382+5658) (D.5)

The components of the R section can be found by taking the () components and performing
as <> as, by < b3.
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