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ABSTRACT: Motivated by the appearance of fractional powers of line bundles in studies of
vector-like spectra in 4d F-theory compactifications, we analyze the structure and origin
of these bundles. Fractional powers of line bundles are also known as root bundles and can
be thought of as generalizations of spin bundles. We explain how these root bundles are
linked to inequivalent F-theory gauge potentials of a G4-flux.

While this observation is interesting in its own right, it is particularly valuable for
F-theory Standard Model constructions. In aiming for MSSMs, it is desired to argue for the
absence of vector-like exotics. We work out the root bundle constraints on all matter curves
in the largest class of currently-known F-theory Standard Model constructions without chi-
ral exotics and gauge coupling unification. On each matter curve, we conduct a systematic
“bottom”-analysis of all solutions to the root bundle constraints and all spin bundles.
Thereby, we derive a lower bound for the number of combinations of root bundles and spin
bundles whose cohomologies satisfy the physical demand of absence of vector-like pairs.

On a technical level, this systematic study is achieved by a well-known diagrammatic
description of root bundles on nodal curves. We extend this description by a counting
procedure, which determines the cohomologies of so-called limit root bundles on full blow-
ups of nodal curves. By use of deformation theory, these results constrain the vector-like
spectra on the smooth matter curves in the actual F-theory geometry.
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1 Introduction

String theory elegantly couples gauge dynamics to gravity. This makes string theory a
leading candidate for a unified theory of quantum gravity. As such, it must account for all
aspects of our physical reality, especially the low energy particle physics that we observe.
As a first order approximation, one desires an explicit demonstration in which one can
actually obtain the particle spectrum of the Standard Model from string theory.

In the past decades, enormous efforts have been undertaken to achieve this goal. Many
of these models concentrated on perturbative corners of string theory, such as the Fg x Eg
heterotic string [1-8] or intersecting branes models in type II [9-15] (see also [16] and
references therein). These perturbative models were among the first compactifications from
which the Standard Model gauge sector emerged with its chiral or, in the case of [4, 5],
even the vector-like spectrum. Unfortunately, these constructions are limited due to their
perturbative nature in the string coupling, and they typically suffer from chiral and vector-
like exotic matter. Among these perturbative models, the first globally consistent MSSM
constructions are [4, 5] (see [17, 18] for more details on the subtle global conditions for
slope-stability of vector bundles).

The non-perturbative effects in string theory are elegantly described by F-theory [19-
21]. As a non-perturbative extension of type IIB string theory, the framework of F-theory
describes the gauge dynamics on 7-branes including their back-reactions (to all orders in the
string coupling) onto the compactification geometry B,,. These back-reactions are encoded
in the geometry of an elliptically fibered Calabi-Yau space 7: Y,+1 — B,. By studying
this space Y, 41 with well-established tools of algebraic geometry, one can then ensure the
global consistency conditions of the physics in 10 — 2n non-compact dimensions.

An important characteristic of 4d N’ = 1 F theory compactifications (i.e., n = 3),
which must match the particle physics that we observe, is the chiral fermionic spectrum.
In F-theory, this spectrum is uniquely fixed by a background gauge flux, which in turn is
most conveniently specified by the internal Cs profile in the dual M-theory geometry. The
chiral spectrum then only depends on the flux G4 = dC5 € H??(Y}). By now, there exists
an extensive toolbox for creating and enumerating the so-called primary vertical subspace
of G4 configurations [22-28]. The application of these tools led to the construction of
globally consistent chiral F-theory models [26, 28-30], which recently culminated in the
largest class of explicit string vacua that realize the Standard Model gauge group with
their exact chiral spectrum and gauge coupling unification [31].

However, these methods are insufficient to determine the exact vector-like spectrum of
the chiral zero modes (i.e., not just the difference between chiral and anti-chiral fields). This
is because the zero modes depend not only on the flux G4, but also on the flat directions of
the potential C3. The complete information is encoded in the so-called Deligne cohomology.
In [32-34], methods for determining the exact vector-like spectra were put forward. This
approach exploits the fact that (a subset of) the Deligne cohomology can be parameterized
by Chow classes. By use of this parameterization, one can extract line bundles Ly that are
defined on curves Cr in Bs. In the dual IIB picture, this can be interpreted as localization of
gauge flux on matter curves, which lifts some vector-like pairs on these curves. Explicitly,



the zero modes are counted by the sheaf cohomologies of Lr and we have h’(Cgr, Lr)
massless chiral and h!'(Cr, Lgr) massless anti-chiral superfields in representation R on CR.

Although this procedure works in theory for any compactification, technical limita-
tions arise in practical applications. Intuitively, one may think of the technical difficulties
as reflections of the delicate complex structure dependence of the line bundles cohomolo-
gies. Even state-of-the-art algorithms such as [35-37] (see also [33, 34]) on supercomputers
specifically designed for such computations (such as Plesken at Siegen University), can
oftentimes not perform the necessary operations in realistic compactification geometries.
For instance, the models studied in [32-34] focused on computationally simple geometries
as a result. While this led to a proof of principle, these models have unrealistically large
numbers of chiral fermions. Therefore — even though it is expected — it remains an open
question whether or not F-theory compactifications can actually realize effective theories
that resemble the matter spectra of the Standard Model.

Recently, [38] the complex structure dependence of line bundle cohomologies was in-
vestigated. This analysis was inspired from the F-theory GUT models discussed in [34] and
focused on simple geometries, in which the algorithms in [35] could generate a large data
set [39]. This data was analyzed by use of data science techniques, in particular decision
trees. A theoretical understanding of this data was achieved by supplementing the data
science results by Brill-Noether theory [40] (see [41] for a modern exposition and [42] for
an earlier application of Brill-Noether theory in F-theory). These insights led to a quanti-
tative study of jumps of charged matter vector pairs as a function of the complex structure
parameters of the matter curves.

Results. In globally consistent F-theory constructions with the exact chiral spectra of
the Standard Model and gauge coupling unification [31], the vector-like spectra on the
low-genus matter curves are encoded in cohomologies of a line bundle, which are identified
with a fractional power of the canonical bundle. On high-genus curves, these fractional
powers of the canonical bundle are further modified by contributions from Yukawa points.

In order to make sense of these fractional powers, we study the G4-flux in more detail.
The models in [31] consider a background Gy-flux, which not only leads to the exact chiral
spectra but also satisfies global consistency conditions, such as the D3-tadpole cancelation
and masslessness of the U(1)-gauge boson. We lift this very background G4-flux to a gauge
potential in the Deligne cohomology to identify the line bundles Lr. This process requires
an understanding of the intermediate Jacobian J?(Y}), which labels inequivalent gauge
backgrounds. A naive analysis, which does not properly take the intermediate Jacobian into
account, leads to the fractional line bundle powers mentioned above. In past works [32-34],
such scenarios were avoided as it is not immediately clear how to interpret these fractional
expressions. However, since these expressions appear ubiquitously in compact models with
realistic chiral indices, this work analyzes the origin and meaning of these bundles in detail.

The objects we are therefore interested in are fractional powers of line bundles, also
known as root bundles. They may be thought of as generalizations of spin bundles. Similar
to spin bundles, root bundles are far from unique. The mathematics of root bundles indi-
cates that we should think of the different root bundles as being induced from inequivalent



gauge potentials for a given G4-flux. While [32-34] has already anticipated that inequiv-
alent gauge potentials for a given G4-flux lead to different vector-like spectra, the root
bundle interpretation allows one to test this expectation.

In general, not all root bundles on the matter curves are induced from F-theory gauge
potentials in the Deligne cohomology H# (Y}, Z(2)). This mirrors the expectation that only
some of the spin bundles on the matter curves are consistent with the F-theory geometry
Y,. Rather, an F-theory gauge potential in H} (Y4, Z(2)) induces a collection (DR (A))cg
consisting of a root divisor on each matter curve Cr, each of which will typically be
limited to a proper subset of all root divisors on Cr. Conversely, if we are given a collection
(Dr(A))cg, then this collection can fail to stem from an F-theory gauge potential. Namely,
it is possible for one of the roots Dr(.A) to not be induced by any gauge potential. And
even if each Dr(A) is induced, one has to ensure that they are all induced by the same
gauge potential. Therefore, it is important to study these compatibility conditions and
to identify which roots and spin bundles are induced top-down. While this work does
not investigate this important aspect, we hope that it initiates and facilitates this study
by providing a systematic analysis of all root bundles and spin bundles on the individual
matter curves. This local bottom-up analysis allows us to identify pairs of root bundles and
spin bundles on each matter curve, such that their tensor product is a line bundle whose
cohomologies satisfy the physical demand of the presence/absence of vector-like pairs.

On a technical level, this requires a sufficient understanding of root bundles and their
cohomologies on a matter curve Cr. We gain this control from a deformation Cr — CR{
into a nodal curve. On the latter, root bundles are described in a diagrammatic way by
so-called limit roots [43]. We extend these ideas to a counting procedure for the global
sections of limit roots, which we use to infer the cohomologies of root bundles on Cr.
This approach is demonstrated in the largest class of currently-known constructions of
globally consistent F-theory Standard Models without chiral exotics and gauge coupling
unification [31]. In one particular such geometry, we derive a lower bound to the number
of pairs of root bundles and spin bundles whose tensor product is a line bundle without
vector-like exotics.

Outline. In section 2, we recall zero mode counting in F-theory and the appearance of
fractional line bundle powers. We explain that these fractional powers of line bundles, also
known as root bundles, relate to inequivalent gauge potentials in F-theory. These ideas are
subsequently applied to the largest currently-known family of globally consistent F-theory
Standard Model constructions without chiral exotics and gauge coupling unification [31].
We explain how the background G4-flux, which satisfies global consistency conditions such
as the cancellation of the D3-tadpole and the masslessness of the U(1)-gauge boson, induces
root bundles on the matter curves. Details of this derivation are summarized in appendix B.
This derivation heavily relies on a detailed understanding of the elliptically fibered 4-fold
F-theory geometry }74, including intersection numbers in the fiber over the Yukawa points.
We supplement the earlier works [26, 31, 44] with a complete list of all fiber intersection
numbers in appendix A.



In section 3 we first summarize well-known results about root bundles before we de-
scribe the limit root constructions, which were originally introduced in [43]. We extend the
limit root constructions by a counting procedure for the global sections of limit roots on
full blow-ups of nodal curves. In fortunate instances, this even provides a means to explore
Brill-Noether theory of limit roots, which we demonstrate in an example inspired from [45].

Finally, we apply these ideas to globally consistent constructions of F-theory Standard
Models without chiral exotics and gauge coupling unification [31] in section 4. In an explicit
base space geometry, we deform the matter curves to nodal curves, construct limit roots on
these nodal curves, identify the number of global sections of these limit roots and finally use
deformation theory to relate these counts to the cohomologies of root bundles in the actual
F-theory geometry. Thereby, we explicitly prove the existence of root bundle solutions
without vector-like pairs. Technical details of the specific base geometry and the limit root
constructions are summarized in appendix B.4.

2 Root bundles in F-theory

2.1 The appearance of root bundles

Zero mode counting in F-theory. We consider an F-theory compactification to four
dimensions given by a singular, elliptically fibered 4-fold 7: Yy — Bs. We assume that
this fibration has a section s = B3 and admits a smooth, flat, crepant resolution 7: }74 —»
Bs. In such a compactification, the flux G4 € H (2’2)(174) is subject to the quantization
condition [46]

1 ~ ~ ~
G+ gealTy,) € HY™ (Va) = HO? (Vi) 0 1Y (Y2, 2). (2.1)

For simplicity, we focus on compactifications with even C2(T?4), which holds true for F-
theory compactifications on an elliptically fibered smooth Calabi-Yau 4-fold with globally
defined Weierstrass model [47].! Under the simplifying assumption that co(T: ?4) is even,

eq. (2.1) requires that G4 € Hém) (Y4). We will show an example of this and the follow-
ing root bundle analysis in the largest currently-known class of F-theory Standard Model
constructions with gauge coupling unification and no chiral exotics [31] in section 2.2.

Over the codimension-2 matter curves Cr C Bs, the reducible fibers of 1?4 contain
a chain of P!s. A state with weight w in the representation R corresponds to a linear
combination of these P'’s. By fibering this linear combination over the matter curve Cg,
one obtains the matter surface Sr.?> The chiral index of the massless matter localized on
the matter curve Cr C Bs is then specified by [22, 23, 29, 48-54] as

Y(R) = / Gu. (2.2)
Sr

'For zero mode counting of half-integer quantized Gy4-fluxes, see e.g. [32].

2In general, a G4-flux can induce different chiral indices and vector-like spectra on the different weight
states. In such instances, it makes sense to keep track of w and write Sg. However, in anticipation of [31],
we focus on gauge invariant G4-fluxes, which induce the same chiral index and vector-like spectra for all
weight states.



The vector-like spectrum induced by a G4-flux has been analyzed in [32-34]. We employ
the short exact sequence

0 — J2(Va) < HH(Vi, 2(2)) < HP? (V) =0, (2.3)
where there exists a surjection ¢ that maps the gauge potential A € HIA‘D(EAQ,Z(Q)) as
an element of the Deligne cohomology group to its Gy4-flux. The Deligne cohomology
classes encode the full gauge background data. Therefore, they parallel the internal 3-form
potentials C5 in the dual M-theory picture in which G4 = dC3. As long as C5 — C3 is a
closed 3-form, C% has the same field strength G4 as C3. In F-theory, such closed 3-form
potentials are encoded by the intermediate Jacobian. Put differently, two inequivalent
AV A € HE (Y4, Z(2)) with E(A") = ¢(A) = Gy differ by A’ — A = 1(B), where B € J2(Y})
is an element of the intermediate Jacobian corresponding to a closed M-theory 3-form
potential.?

The Deligne cohomology group Hf)(?z;,Z(Q)) is rather hard to handle in explicit
computations. However, we can parametrize (at least a subset of) H%(Y,,Z(2)) by the

Chow group CH?(Yy,Z). This is summarized in the commutative diagram®

0 —— CHpn (Y4, Z) —— CH2(Y1,Z) —— HP (Y1) —— 0

l b J (2.4)

0 —— J2(V)) ——— HL(V1L,Z(2)) — HED (V) —— 0

Unless stated differently, the symbol A is reserved for an element A € CH? ()74, Z), by which
we specify an F-theory gauge potential A = 7(A).
In order to count the zero modes in representation R in the presence of such a gauge
potential 7(A) € H$ (Y, Z(2)), we consider the matter surface Sg with
LSy SR — 174, TS : SR — CR - (2.5)
The cylinder map, which sends A € CH2?(Y,,Z) to a class Dp(A) € Pic(CRr), is the
restriction to S followed by integration over the fibers to Cg:
Dr (A) = Tsqa (15 (A)) € Pic (Cr) - (2.6)
The matter spectrum is then determined in terms of sheaf cohomology groups:
h° (Cr,Lwr (A)) < chiral zero modes, @7
h' (Cr,Lwr (A)) < anti-chiral zero modes, '

where
Ly (A) = Ocy, (Dr (A)) @0, OB, (2.8)

with O%)l;n an appropriate spin bundle on Cr. This is a refinement of eq. (2.2), since
Riemann-Roch gives

X(R)=h’(Cr,Lr (A))—h" (Cr, Lr (A)) = x (Lr(A)) = deg (DR (A)) = | Ga (29)
R

3Equivalently, different gauge potentials in H3, (}/}4, Z(2)) differ by their Wilson lines [55, 56].
“For more details, see [32] and references therein.




Roots of F-theory gauge potentials. For an F-theory model, we need an F-theory
gauge potential, i.e. a class in the Deligne cohomology group Hf)(f@,Z(Q)). This will
be specified as 5(A) for some “potential” A € CH?(Yy,Z). We find that the geometry
determines a class 3(A’) € Hb (Y4, Z(2)) and an integer £ € Z~g such that A is subject to
the two constraints:

Y(A) =Gy, EA(A) ~FA). (2.10)

The condition vy(A) = G4 immediately follows from eq. (2.4) and it means that 5(.A) is an
F-theory gauge potential for the given G4-flux. We will illustrate with several examples
below that the absence of chiral exotics in the F-theory Standard Models boils down to
the second constraint. It is important to notice that the gauge potential A specified by
the two conditions in eq. (2.10) is in general not unique. It is difficult to say much about
solutions in the Chow group itself, but going to the bottom row in (2.4), we see that the
collection of all {-th roots of 4(.A”) (if non empty) is a coset of the group of all &-th roots
of 0. In particular, the number of solutions is 52'dim‘c(‘]2(y“)).

All these solutions lead to the same chiral spectrum (2.2), since they all have the same
degree when restricted to the curves Cr, hence the same index. However, they could differ
in their actual spectrum (2.7). This extra flexibility is the key tool that we intend to use
to produce a desirable spectrum such as the MSSM.

Roots on the matter curves. In theory, we could simply analyze the algebraic cycles
A which satisfy eq. (2.10). However, as we will demonstrate momentarily, we can explicitly
construct A’ € CH? (}?4, Z). Therefore, we have a sufficient level of arithmetic control over
7(A’) and it is natural to ask how the induced divisors D (A’) and Dg(A) are related. The
map Dr: CH?(Y},Z) — CH'(CR,Z) = Pic(CR), as defined in eq. (2.6), factors through 7
and a group homomorphism

H}, (Y4, Z(2)) — Pic(CR) . (2.11)
Thus, it follows that
§-Dr(A) ~ Dgr (.A/) € Pic(CRr) - (2.12)

This means that the F-theory gauge potential A = 7(.A) induces a divisor Dgr(.A), whose
&-th multiple is linearly equivalent to the divisor Dg (A’) that is induced by the F-theory
gauge potential A’ = F(A') € HA (Y4, Z(2)). Such a divisor DR (A) is termed a &-th root
of Dr (A).

In general, ¢-th roots of Dr (A’) do not exist. When they do, they are not unique.
This is particularly well known for the case £ = 2 and Dgr (A’) = Kgr, where the 2nd
roots of the canonical bundle are the spin structures on Cr. If Cr is a curve of genus
g, then it admits 229 spin structures (see e.g. [57, 58]). This easily extends to £ > 2 and
Dr (A’) # Kr. While we will provide more details on root bundles in section 3.1, it suffices
to state here that &-th roots of Dg (A") do exist if and only if ¢ divides deg (Dg (A’)). So
on a genus g curve, there exist £29 &-th roots of Dgr (A').



In general, it cannot be expected that ¢-th roots of Dg (A’) € Pic(Cr) and &-th roots
of A/ = F(A') € HY(Yy,Z(2)) are one-to-one. Rather, only a subset of the &-th roots of
Dr (A’) will be realized from F-theory gauge potentials in H2 (Y, Z(2)). In this sense,
the root bundle constraint in eq. (2.12) is necessary but not sufficient to conclude that the
divisor DR (A) stems from an F-theory gauge potential.

It is an interesting question to investigate which roots of Dgr (A') € Pic(Cr) are
induced from F-theory gauge potentials. While this work does not answer this question,
we hope to initiate and facilitate this study by providing a systematic approach to all £&-th
roots of Dr (A’). In particular, we will provide a counting procedure, which allows one to
infer the cohomologies of some of these root bundles. This allows one to search for roots
which satisfy the physical demand of the presence/absence of vector-like pairs.

Before we show an example of these notions in the F-theory Standard Models [31], let
us briefly comment on spin bundles (’)2?11:. Recall that Freed-Witten anomaly cancelation
requires spin‘-structures on D7-branes in perturbative IIB-compactifications [59]. As
explained in [60], this extends to the demand of spin®-structures on gauge surfaces S C B3
in F-theory compactifications. Then, a choice of spin®-structure on N¢y|s induces a unique
spin®-structure on Cr [61]. Therefore, the question of which spin®structures are realized
from the F-theory geometry Y, arises. While this is a fascinating question, we will not
answer it in this work. Rather, we will systematically study all £-th roots of Dg (A’) and
all spin bundles on Cr. Our goal is to identify combinations of root and spin bundles such
that their tensor product is a line bundle whose cohomologies satisfy the physical demand

of presence/absence of vector-like pairs.

2.2 Root bundles in F-theory Standard Models

We will now exhibit an example of the root bundle analysis in the largest class of currently-
known globally consistent F-theory Standard Model constructions that support gauge cou-
pling unification and avoid chiral exotics [31]. Earlier geometric details can be found in
the works [26, 44]. For convenience, we briefly summarize the geometry before we discuss
the G4-flux and its lifts.

The analysis of the induced line bundles, i.e., evaluating eq. (2.6), is both tedious and
lengthy. It makes use of the intersection numbers in the fibers over the matter curves and
Yukawa points. As an extension of the past works on this class of F-theory geometries,
we list exhaustive details of the fiber geometry in appendix A. The necessary intersection
computations are detailed in appendix B. The latter includes a section on topological
intersection numbers of non-complete intersections, which we determine rigorously from
the Euler characteristic of the structure sheaf of the intersection variety.

2.2.1 The resolved elliptic fibration /}74

4-fold geometry. For a base 3-fold Bs, the resolved elliptic fibration Yiisa hypersurface
in the space X5 = Bs x Pr,. The fiber ambient space P, is the toric surface with the



following toric diagram. In the accompanying table, we indicate its Z%-graded Cox ring:

€4
q
u A% W el €2 €3 €4
€1
U H |1 1
Ei | a1 (2.13)
B | -1 -1 1 '
€294 w Es -1 11
Ey | 1 1 1
[
€3 (Y

Equivalently, the Stanley-Reisner ideal of Pr,, is given by
Isg (Ppy,) = (eqw, eqeq, e4e3, €40, €1, €169, €1€3, €10, WU, Weg, wes, veg, uv, esu) . (2.14)

Consider sections s; € H(Bs, K p,). Then, in the space X5, the resolved 4-fold ?21 is the
hypersurface V(pg,,) with

PR, = sle%e%egeﬁu?’ + SQele%egeiuzv + 33e§e§uu2 + 556%6262’&210

) (2.15)
+ sgeresesequvw + Sgejvw” .
It is instructive to note that
{6%6%636311,3, ele%egeiu%, e%e%mﬂ, eleseiutw, eresezequvw, elvw2} (2.16)

is a basis of H (}P’FM,FPFH) Since X5 = B3 x P, and s5; € H°(B3, K p,), it follows
from the Kiinneth-formula that pg,, is a section of K x,. Consequently, Y, is a smooth
elliptically fibered Calabi-Yau 4-fold.

Gauge group, matter curves and Yukawa points. Over V(s3) = {s3 = 0} C Bs, the
fibration Y3 admits an SU(2) gauge enhancement. Similarly, there is an SU(3) enhancement
over V(sg). The fibration 7: Y4 — Bs admits two independent sections so = V (v) and
s1 = V(ea). We call sop = V(v) the zero section and employ the Shioda map to associate
a U(1)-gauge symmetry to s;. Consequently, Y} admits an SU(3) x SU(2) x U(1) gauge
symmetry with zero section sop = V' (v).

We label the matter curves by the representations of SU(3) x SU(2) x U(1) in which
the zero modes, localized on these curves, transform:

C32), = V(s3,59), Caz) ., =V (837 $25% + s1(s189 — 8586)) : (2.17)
C(§,1)_2/3 = V(ss,59), C(§71)1/3 =V (59, 5352 + s6(s156 — 5255)) , (2.18)
C(1,1)1 = V(Sl, 85) . (2.19)

These curves intersect in the Yukawa loci

Y1 = V(s3, s5,59), Yy = V(s3, s9, 5255 — 5156) , Y3 =V (s3, s6,59) , (2.20)
Yy =V (s1,53,55), Vs = V (s, 85, 5¢) , Ys = V(s1, 55, 59) - (2.21)



We represent the intersections among the matter curves including the physically relevant
self-intersections as follows:

(17 2)71/2

(3,2)1/6

(37 1)1/3
(17 1)1

(2.22)
The topological intersection number is K?fg?’ at Y1, Y3, Yy, Y and 2 ~FSBB at Yo, Ys.

2.2.2 Gy-flux

Let us identify the root bundles whose sections count the localized zero modes in the
presence of the (candidate) G4-flux introduced in [31]. This flux is a base dependent linear

combination of the U(1)-flux w A o, where ¢ is the Shioda (1,1)-form associated to the
(3,2)1/6

divisor s; = V(e4), and of the matter surface flux G on the curve C(3,2)1/6:
Gala,w)=a- G rwno e HED(Y)). (2.23)

The parameters a € Q and w € 7* (H(l’l)(Bg)) are subjected to flux quantization, Ds-
tadpole cancelation, masslessness of the U(1)-gauge boson, and exactly three chiral families
on all matter curves. These conditions are solved by

3 = 15
w:j-Kng, a:j. (224)
Kp, Kp,

Explicitly, the resulting flux candidate can be expressed as (see appendix B.1 for details)

-3

Gi=—
K,

- 5le1] Aled]
3 ( (2.25)

~

+ 7t (?33) /\(—3[61]—2[62]_6[64]"_7?* (st) _4[u]+[v])> %

In this expression, [e;] = v(V(e1)) € H&(lllg’l)(X5) is the image of the divisor V(e;) C X5
under the cycle map . Also, we use the projection map 7: Vi —» Bjs. This Gy4-flux
candidate cancels the D3-tadpole and ensures the masslessness of a U(1)-gauge boson.
We must verify that the G4-flux candidate in eq. (2.25) satisfies the flux quantization
Gy + %@(Tﬁ) € Hg’z)(ﬁ) [46]. As a necessary check, in [31], the integrals of G4 +

%cz(Tﬁ) over all matter surfaces Sr and complete intersections of toric divisors were



worked out. By employing the results in [47, 62], these were found to be integral. A
sufficient check for eq. (2.25) to be properly quantized is computationally very demanding
and currently beyond our arithmetic abilities. Therefore, the authors of [31] proceeded
under the assumption that this candidate G4-flux is properly quantized. We will also
follow this line of thought.

Furthermore, we slightly extend this result. Namely, we integrate only co (T?4) over
the matter surfaces and over the complete intersections of toric divisors. By the reduction
technique in [28], we can relate these integrals to intersection numbers in the base Bs. An
explicit computation reveals that the only quantities which are not manifestly even are

/B e2(B) N K, /B QA (ea(By) + Kp,2) forall o € HY'(Bs,Z),  (2.26)
3 3

where c9(Bs) is the second Chern class of Bs. For smooth 3-folds Bs that appear as a
base of a smooth elliptic Calabi-Yau 4-fold, it is known [47] that ca(B3) +F332 is an even
class. Furthermore, [62] states that [ ca(Bs) - Kp, = 24 is even as well. It thus follows
that co (Tﬁ) passes the necessary conditions for being even. Likewise, we can integrate the
G4-flux candidate eq. (2.25) over the matter surfaces and over the complete intersections
of toric divisors. All of those are found to be integral. Since a sufficient check is currently
beyond our arithmetic abilities, we proceed under the assumption that CQ(T?4) is even and
that the G4-flux candidate eq. (2.25) is integral.

It should be mentioned that the G4-flux (candidate) eq. (2.25) was chosen so that the
F-theory Standard Model vacua are stable, that is the D3-tadpole can be canceled. This
requires

X (T 1 !

Yy

Moreover, the masslessness condition for the U(1)-gauge boson was enforced:

V€ HYY(B3) : GiAo AT =0, (2.28)
Yy
Here, o is the (1,1)-form that relates to the so-called Shioda-divisor associated with the
U(1) [63, 64].

2.2.3 Zero modes and root bundles

We now discuss the zero modes in the presence of the flux in eq. (2.25). As explained in sec-
tion 2.1, we thus look for a lift to H%)()AQ, Z(2)) in the diagram eq. (2.4). For computational
simplicity, we aim to parametrize such a lift as A = 5(A) with A € CH?(Yy, Z). To describe
a candidate, we recall that the cycle map ~v: CHQ(XA/Z;,Z) — Hsl’g (}74) is a ring homomor-
phism in which the intersection product in CH* (X5, Z) is compatible with the cup product
in H*(X5,C). By De Rham’s theorem and the Hodge decomposition, it follows that

H?*(X5,C) ® Hpp(X5,C) = P HP(Xs). (2.29)
p+q=2k
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The cup product in H*(Xj5,C) respects the grading, and restricts to the wedge prod-
uct of (p,q)-forms. For any two divisors V(r) and V(s) on X5, it therefore follows that
Y(V(r,s)) =4(V(r) - V(s)) = [r] A[s]. This also shows that [r] A [s] € He-(Y4) is in the
image of v. With this in mind, it is natural to consider

A = -3 <5V(61, eq) — 3V (e1,t1) — 2V (e, ta) — 6V (eq, t3)
(2.30)
+V(tg, t5) — 4V (ts, u) + V(tﬁ, 1))) € CHZ(Y4, Z) ,
Y

where t; € H*(X5,a*(Kp,)) and a: X5 = B3 x Pp,, — Bs. Note that y(A’) = FB33 - Gy.
Therefore, the gauge potential A" = 7(A’) would induce chiral exotics unless we “divide” it
by £ = FB33. Hence, we are led to consider gauge potentials A = 5(A) € Hp(Ya, Z(2)) with

Y(A) =Gy, EA(A) ~FA). (2.31)

Hence, we can infer that the line bundles induced from A = 5(A) are F?];%—th roots of the
ones induced from A’ = F(A’). We can explicitly compute the latter from eq. (2.30) and

eq. (2.6). As an example, let us consider the curve C(g g), .. For this curve, we find (details

1/6"
in appendix B)
D(3,2)1/6 (.A/) =3 V(t, S3, 89) =3 FB?’ s te HO(B3,FB3) y (2.32)

(3:2)1/6

where the last equality follows from the adjunction formula. From this, we conclude that
Dy3,2), 4 (A) satisfies

J— 3 J—
g D(372)1/6 (A)=Kp," - D(3,2)1/6 (A) ~ D(3,2)1/6 (.A/> =3 - Kp,

2.33
C(3,2), 6 ( )

The zero modes in the representation (3,2), /s are counted by the tensor product of the

line bundle associated with D(3 2), , (A) and a spin bundle. Let us emphasize again that

1/6

we wish to provide a systematic study of all {-th roots of D32y, (A") and all the spin

bundles on C(3 2) To this end, recall the defining property of spin bundles on C'3 2), /6"

1/6°

. spin ~ e
2 D(372)1/6 K(372)1/6 KBg‘C(&?h/G . (2.34)

Consequently, we notice

3 in — 3 — 3 spin
2K B, '(D(3,2)1/6 («4)+D?§,2)1/6)N2'(K83 D32y, 6 (A))+KB3 ‘(Q'D(g,zh/ﬁ)

3\ — (2.35)
~(6+K5,") Kp, .
0(3’2>1/6
Expressed in line bundles, we thus conclude that®
- 3
_ ®|6+KpB 7

R e | (o+2") N o(6+Kz, ) (2.36)
(8,2)1/6 Bs 0(372)1/6 (8,2)1/6 ’

SInspired by P{la, which is greek for root, P refers to root bundles throughout this article.
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By repeating this computation for the other matter curves, one finds the following root
bundle constraints:

curve root bundle constraint
— 3
= 3 ®(6+K
®2K B ( Bg )
0(372)1/6 = V(s3,59) (3,2)1/2 = 3.2)1/6
— 3
- 3 Q| 4+KpB )
®2KB 3
Ca2)yy, =V (53, Pr) (1,2)_13/2 - K(l,z)_l/z ® Ocyy ) 12 (=30-11) 5 37
®2K 3 & 6+f333) ( ’ )
C= :V(S5 89) _ s =K
(3.1)—2/3 ’ (3,1)_2/3 (3,1) _2/3
— 3
®2K 5 3 ®|4+KB, )
C(§71)1/3 =V (0, Pr) (511)1/2 - K(§71)1/3 ® Ca 1)y/3 (=30-¥3)
— 3
7= 3 ®|6+Kp
Q2K 3
Caay, = Vst 55) Pay),” :Ku,(l)l )

In this table, we use Py = s25% + s1(s159 — s556¢) and Pr = s3s2 + sg(s156 — s285). Note

that the line bundles on the Higgs curve C(y o) and the curve 0(571)1/3 depend on the

—1/2

Yukawa points Y7 = V(s3, s5,59) and Y3 = V(s3, sg, S9) (see appendix B for details). It
must also be noted that for two divisors D and F,

D~FE = n-D~n-E. (2.38)

The converse is not true. This is why we do not cancel common factors. Finally, let
us point out that the toric base spaces for these F-theory Standard Model constructions
must satisfy FBSP’ € {6,10,18,30} [31]. We provide an explicit list of the root bundles
constraints for these values of FBB?) in appendix B.3.

3 Root bundles from limit roots

In the previous section, we explained that root bundles feature prominently in vector-like
spectra in F-theory. For the largest currently-known class of globally consistent F-theory
Standard Model constructions without chiral exotics and gauge coupling unification [31], we
have worked out these bundle expressions explicitly and summarized them in appendix B.3.
In aiming for MSSM constructions, i.e., vacua without vector-like exotics, the cohomologies
of root bundles beg to be investigated. Therefore, our goal is to construct roots whose
number of global sections is exactly the amount required by the physical considerations.
Before we exhibit an example of this in section 4, we first summarize well-known facts
about root bundles in general. In particular, we outline an argument for the existence of
such bundles on smooth, irreducible curves. From this argument, it can be extrapolated
that explicit constructions of root bundles on smooth, irreducible curves — not to mention
an explicit count of their sections — are very challenging at best. Fortunately, we can
employ deformation theory to simplify the task. Namely, it is possible to relate root
bundles on smooth, irreducible curves to so-called limit roots on nodal curves. This follows
from the detailed study in [43]. For convenience to the reader, we summarize the essential
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steps in these limit root constructions before we extend these ideas. Namely, we provide a
simple counting procedure for the global sections of many limit root bundles. Our analysis
in section 4 will employ exactly this counting strategy in order to gain insights into the
vector-like spectra of F-theory Standard Models.

3.1 Root bundles

Let us look at root bundles on a smooth, complete Riemann surface (or curve) C' of genus
g. We focus on a line bundle L € Pic(C) and an integer n with n > 2, and n|deg(L). We
first recall the following definition.

Definition 1 (n-th root bundle). An n-th root bundle of L is a line bundle P such that
P" = L. Collectively, we denote the n-th roots of P by Roots(n, L)

Equivalently, in the language of divisors, an n-th root D of a divisor D is a divisor
such that nD ~ D. The first important result about root bundles concerns their existence.
While this seems to be a well-known fact, we were surprised to notice that well-established
references, such as [65-67], do not give an explicit proof. Not only does the proof nicely
illustrates the challenge in constructing root bundles on high genus curves, it also allows us
to easily understand why there are n29 root bundles and why their differences are torsion
divisors. For all these reasons, let us give a proof for the existence of root bundles on
smooth, complete Riemann surfaces.

Proposition 2. Let n € Z with n > 2. For every L € Pic(C), there exists an n-th root
bundle P of L if and only if n|deg(L).

Proof. For the forward direction, if there exists an n-th root bundle P such that P" = L,
then ndeg(P) = deg(L) and n|deg(L). Conversely, suppose that n|deg(L). Recall that
J(C) is a complex torus of the form V/A, where V is a vector space of dimension g, and
A is a discrete subgroup of V' of rank 2g. Denote the n-fold tensor product of line bundles
by [n] : P+ nP.

First, we will describe some properties of the map [n] : J(C) — J(C). Observe that
its kernel is given by

ker([n]) = {P € V/A:nP + A=A} = (1/n)A)/A = A/nA = (Z/nZ) (3.1)

because A is a discrete subgroup of rank 2g. Hence, ker([n]) = [n]71(0) is finite, and has
dimension 0. Since J(C) is a complete variety, its image [n](J(C)) is a closed subvariety.
For any a € [n](J(C)), the translation map

to:[n]7H0) = [n] " Ya), z—z+a, (3.2)
is an isomorphism. It follows from the dimension formula that
0 = dim[n]~(0) = dim[n] ' (a) > dim(J(C)) — dim[n](J(C)) > 0. (3.3)

Hence, [n] : J(C) — J(C) is surjective.
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Now, consider the following commutative diagram, where deg is the degree map, and
(xn) is the multiplication of integers by n.

deg
0 —— J(C) — Pic(C)

7
l[”] l[”] ln (34
deg

0 —— J(C) — Pic(C) 7 0

Applying the Snake Lemma yields an exact sequence of the cokernels of the vertical maps,
ie.

0= J(C)/[n](J(C)) — Pic(C)/[n](Pic(C)) = Z/nZ — 0, (3.5)

where the isomorphism is provided by the degree map. Since n|deg(L), we have that L €
[n](Pic(C)). So, there exists P € Pic(C') such that P" = L, i.e. an n-th root bundle. [

There are two important lessons that we can learn from this proposition. First, there
are n?9 n-th root bundles P of L. This is because eq. (3.2) is an isomorphism, and so,

taeg(L) : (Z/nZ)?9 = ker([n]) = [n]*(0) = [n]*(deg(L)) = Roots(n, L), (3.6)

is an isomorphism as well. If L = K¢, then the n-th roots are called n-spin bundles [68].

The second lesson concerns the difference between two root bundles. Any two n-th
root bundles differ by an n-torsion line bundle, i.e. a line bundle M € J(C) such that
M™ = Oc¢.

The Jacobian and the linear equivalence of divisors is well-understood for elliptic curves
E (see [65-67] for background). This allows us to exhibit examples of the above notions
fairly explicitly. First, recall that £ = J(E) 2 C/A and A =Z @ Z - 7, where 7 € C is the
complex structure modulus of the elliptic curve. We denote D € Div(E) by

D:an(pl)v ni€Z> pi€E> (37)

=1

i.e. we place the points p; € F in round brackets for notational clarity. Note that deg(D) =
Y1 n; and that a zero degree divisor satisfies

D~0 & (Zni-pZ)eA. (3.8)
=1

From this, we can work out the divisor classes of the 2-torsion divisors in J(E):

2
D = [—1-(0)+1- (;)} : Dy = {—1-(0)+1- (142”” . (3.10)

Di=10] Dy = {—1 (0)41- <1)] , (3.9)
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It follows ker([2]) 2 (Z/27)?, which we can intuitively collect in the following picture:

%(Z)z\
.
D
D, Da (3.11)
Dy Dj R (2)

Note that {D1, D2, D3, D4} are exactly the four spin structures on E.

In making contact with our physics applications, we should next investigate the sheaf
cohomologies of root bundles. Generally speaking, this is a very challenging task. However,
on elliptic curves, the situation simplifies and we can achieve a complete classification.
Recall that any line bundle L € Pic(E) with deg(L) # 0 is in the Kodaira stable regime,
i.e. we can infer its cohomologies from its degree. For deg(L) = 0 we have

RY(E,L)=1 & L=0g. (3.12)

Therefore, it merely remains to study the cohomologies of roots P of a line bundle L €
Pic(E) with deg(L) = 0. This is achieved by the following proposition.

Proposition 3. Let L € Pic(E) with deg(L) = 0 and consider an integer n with n > 2.
Then,

(i) L = Op: exactly one n-th root P of L has h°(E,P) = 1, and the remaining n-th
roots @ have h’(FE, Q) = 0.

(ii) L % Og: all n-th roots P of L have h°(E, P) = 0.

Proof. (i) Since Of is an n-th root of itself, there is one n-th root P = Opg with
RY(E,P) = 1. Any other n-th root @ differs from P by a non-trivial n-torsion
line bundle. As such, Q is non-trivial and has h°(E, Q) = 0.

(ii) L is non-trivial. Hence, all n-th roots P are non-trivial and have h°(E,P) =0. [

For example, among the 9 3rd roots P of a line bundle L € Pic(E) with deg(L) = 0,
at least 8 have h?(E, P) = 0. We will make use of this simple result in section 4.2.

3.2 Deformation theory and global sections

For applications in F-theory, we wish to generalize proposition 3 to matter curves Cr with
g > 1. Unfortunately on such curves, it is very hard to tell if a divisor is linearly equivalent
to zero. This is due to the current lack of practical understanding of the Abel-Jacobi map
Divo(Cr) — J(Cr), whose kernel is exactly given by the (classes of) trivial divisors. This
in turn makes it very challenging to identify n-torsion bundles, which forms a measure-0
subset of the Jacobian J(Cgr). Consequently, it becomes almost impossible to explicitly
identify a single n-th root bundle P of a line bundle L on CR.
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To overcome this hurdle, we wonder if it is possible to simplify the matter curves CRr.
However, recall that the geometry of the matter curves is dictated by that of the elliptic
fibration 7: Y4 — Bs. Therefore, even though special, non-generic elliptic fibrations Ya may
contain matter curves Cr with simple geometries, it can be expected that such fibrations
lead to physically unwanted gauge enhancements.

Therefore, in order to remain on physically solid grounds, we stick to the geometry of
the matter curves Cr as enforced by the generic fibration Ys. In this situation, there is still
a way to improve our situation. Namely, suppose that ¢: Cﬁmple — (R is a deformation
of a curve Cﬁmple, whose simple geometry allows easy access to root bundles and their
cohomologies, into the actual physical matter curve Cr C Ya. Then, we can wonder if the
root bundles Pfsimple on Cﬁmple approximate the roots Pgr on CR.

In general, this sort of question leads to a deep discussion of deformation theory (see
e.g. [69, 70] for a modern exposition). In this work, we will not attempt to give a complete

CE™ ' Inspired by [43], we focus on curves

answer. Rather, we make a special choice for
C’ﬁmple with singularities, which locally look like {x - y = 0}, i.e. are nodes. On such nodal
curves CR, roots P admit a description in terms of weighted diagrams [43]. Even more,
there are exactly as many roots Pg as there are roots Pr and we can, at least in theory,
identify them with each other by tracing them along the deformation C{ — CR.

That said, the next question is in what sense we can use the roots Pg on CR{ to
approximate the cohomologies of the roots Pr on the physical matter curve Cr. To this
end, we first recall that refined section counting mechanisms exist for line bundles on
singular curves [38]. In exactly this spirit, we are able to extend the ideas from [43]. In
section 3.3 we will argue that it is often possible to count the number of global sections of
roots P on a nodal curve C{ from simple combinatorics.

It now remains to relate the cohomologies hi(Cp, Pg) to h*(Cr, Pr). Since, the chiral
index is fixed from topology, it suffices to study how hO(Cg, P}) relates to h°(Cr, Pr).
Since CF is singular (and therefore non-generic) and Cr expected to be smooth, a tendency
is known. This tendency goes by the name upper semi-continuity. It means that the number
of global sections of Pr must not increase when traced along Cx — CRr to the root PR, i.e.

h? (Cr, Pr) < h° (CR, PR) . (3.13)

It is a very interesting but also very challenging question to distinguish the roots Pg that
lose sections along C{ — CRr from the roots with a constant number of sections. While
we hope to return to this question in the future, the physics applications in section 4 focus
on a subset of roots, which do not lose sections. Namely, if x (Pg) > 0 and

h° (Ch, Pa) = x (PR) , (3.14)

then PR cannot lose sections, since its numbers of sections is already minimal. In particular,
it then holds h° (Cr, Pr) = h° (Cr, Pr)-

3.3 Limit roots

In proposition 2 we saw that n-th roots P of a line bundle L on a smooth curve C' exist
if deg(L) is divisible by n. This is not the case for reducible, nodal curves C*. Indeed,
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a root P*® of a line bundle L* on such curves should restrict to a root on the irreducible
components. However, even if n divides the degree of L®, it may not divide deg(L|z) for
some irreducible component Z of C'*. This is elegantly circumvented by passing to limit n-
th root bundles P° on (partial) blow-ups C° of C*®, as originally introduced in [43]. Just as
every nodal curve C*® can be described through its dual graph, these limit n-th root bundles
P° are determined by weighted graphs. This combinatorial data can be exploited to make
the task of section-counting more tractable. For convenience to the reader, let us outline the
important steps in these constructions before we explain the section counting for limit roots.
For more material on limit roots, we refer the reader to [71, 72] in which the pushforwards
of these limits roots along the blow-up map, and their moduli are extensively studied.

3.3.1 Nodal curves and blow-ups

A point is a node if it has a neighborhood where the curve locally looks like {zy = 0} in
C2. A nodal curve is a complete algebraic curve such that every point is either smooth, or
a node. Let C*® be a connected (possibly reducible) nodal curve of arithmetic genus g. We
associate to C* a dual graph Ilge in which

(i) every vertex corresponds to an irreducible component C? of C*,
(ii) every half-edge emanating from a vertex C} is a node on C.

If a node lies on both C7 and C7?, then the half-edges exiting from C? and C7 join together
to form an edge. For example, consider the Holiday lights — a nodal curve H® with 11
components given by:%

 a rational curve I' with genus ¢(I') = 0,
o 10 elliptic curves Ey, ..., F1g with genus g(F;) = 1.

Each elliptic curve intersects no other curve except I', hence the name Holiday lights. Its
dual graph can be visualized as follows:

By E,
E2 E5
E @ @ Es (3.15)
T
Eho Er
Ey Eg

In all base spaces Bz of the globally consistent F-theory Standard Model constructions discussed in
section 2.2 and originally introduced in [31], the matter curves Cr are contained in K3-surfaces. Motivated
from [45], it stands to wonder if the matter curves Cr admit a deformation into such a Holiday lights. Even
more, Holiday lights allow easy access to Brill-Noether theory of limit roots as we will see momentarily. As
such, they are very favorable nodal curves for our study. We hope to return to this question in the future.
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Each elliptic curve Ej; is represented by a green vertex, while the rational curve I is repre-
sented by the pink vertex.

If #: C° — C*® is a blow-up of C*®, then for every node n; € C*®, we denote the
exceptional components by

7 ng) =& =P, (3.16)

Set CN = C°\ U;&;. Then, 7|on : CV — C*® is the normalization of C*. For every node
n;, the points in (7|cv) "1 (n;) = & NCN = {p;, ¢;} are called the exceptional nodes.

From this point forward, we will consider blow-ups of C*® on the full set of nodes
unless stated otherwise. We will often refer to this setup as a full blow-up. More general
statements exist for partial blow-ups, the details of which are fully treated in [43].

3.3.2 Limit n-th roots and weighted graphs

Let n be a positive integer, and L® be a line bundle on C* so that n|deg(L®). Denote the
full set of nodes by Ace.

Definition 4. A limit n-th root of L*® associated to Age is a triple (C°, P°, ) consisting of:
o the (full) blow-up 7 : C° — C*°,
e a line bundle P° on C°,
o a homomorphism « : (P°)" — 7*(L*),
satisfying the following properties:
(i) deg(P°|g;) =1 for every exceptional component &;,
(ii) « is an isomorphism at all points of C° outside of the exceptional components.

(iii) for every exceptional component &; of C°, the orders of vanishing of « at the excep-
tional nodes p; and ¢; add up to n.

We can also define limit n-th roots associated to a subset A C Age in which the full
blow-up is replaced by the partial blow-up at A, see [43] for details.

Limit n-th roots over C*® carry some combinatorial data, in the form of weighted graphs,
that takes into account the combinatorial aspects of the nodal curve C®. Conversely,
these weighted graphs allow one to construct and recover limit n-th roots. Although the
correspondence between limit n-th roots and these weighted graphs are not one-to-one, it
allows for a convenient parametrization of limit roots. First, let us introduce the weighted
graphs in question. Let Aco be the exceptional nodes corresponding to Age.

Definition 5. A weighted graph associated to a limit n-th root (C°, P°, «) of L® is the dual
graph Iloe endowed with weights assigned by the weight function

w:&co—%{l,...,n—l}, (3.17)

where w(p;) = u; and w(g;) = v; are the orders of the vanishing of « at p; and ¢; respectively.
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Such weighted graphs naturally satisfy two conditions:
(A) w(pi) +w(gi) =wi +vi=n,

(B) For every irreducible component C? of C®, the sum of all weights assigned to the
vertex corresponding to CF is congruent to deggoe L® (mod n).

We illustrate an example of a weighted graph by returning to the Holiday lights H®. We

wish to find the limit 3rd roots of K%.. If C? is a component of H®, then set k; = #CP N

(H*\ C?). Therefore, deg(Kpe|cs) = 29(C7) — 2 + ki, and the multi-degree of Ky is
(deg(KH-\p), deg(KHo ’E1)7 ce ,deg(KHo |E‘10)) = (8, 1, ey 1) s (318)

which has total degree is 2g(H®) — 2 = 18. So, the multi-degree of K%. is (16,2,...,2).
A weighted graph associated to the limit 3rd roots of K%, as well as the multi-degrees of
K?%., is given below. The labels inside the vertices are the multi-degrees of K#%., while the
labels outside the vertices are the weights.

2 2
’\2\ \1 1/ /2/.
‘jjij‘ o

1 1
@ , , ©

Given a weighted graph satisfying conditions A and B, we have a recipe for constructing
limit n-th roots of L°.

Proposition 6. Every weighted graph, whose underlying graph is IIce, and whose weight
function w : AC. — {1,...,n — 1} satisfies conditions A and B, encodes a limit n-th
root (C°, P°,«v) of L. Moreover, this weighted graph coincides with the weighted graph
associated to (C°, P°,«a) of L®.

Proof. Suppose we have a weighted graph satisfying the hypothesis of the proposition, and
let 7|on : O — C® be the normalization of C'*. Thanks to condition B, the line bundle

(mlow)*(L®) | - Z~(U¢p¢+viqi) (3.20)
Pi @i €A

has on each irreducible component of CV degree divisible by n. Thus, on each irreducible
component of CV it admits an n-th root. The collection formed from an n-th root on
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each irreducible component is a line bundle PV € Pic(CV). Let m : C° — C*® be the
full blow-up. Over each exceptional component, glue a degree one line bundle to PV to
obtain a line bundle P° € Pic(C°). Finally, define o : (P°)" — 7*(L®) to be zero on the
exceptional components, and

alen : (PY)" = (wlen) (L) | = Y (wipi +vigi) | = (wlen)*(L%) (3.21)
Pi,(h‘ez
on CN. Then, (C°, P°,q) is the desired limit n-th root of L® associated to Acs. O

The same statements follow when Age is replaced by a subset A. In this case, the
limit roots associated to A give rise to weighted subgraphs satisfying conditions A and
B. Using the same procedure from proposition 6, we can construct a limit root from a
weighted subgraph.

Every nodal curve C* and line bundle L* on C® has a total of n®(Ilc*) weighted
subgraphs satisfying conditions A and B, where

b1 (Ilge) = #edges + #connected components — #vertices , (3.22)

is the first Betti number of IIge. We emphasize that this counts all of the weighted
subgraphs, whose edge sets coincide with subsets of Age. Curves, whose dual graphs are
trees, will have zero by, and thus, will only have one weighted graph. These curves are
said to be of compact type. This is certainly the case for the Holiday lights H®. Here,
b1(ITs) = 0 and the weighted graph depicted in eq. (3.19) is the only possible weighted
graph for the 3rd limit roots of K%..

The correspondence between limit n-th roots and weighted graphs satisfying conditions
A and B is not one-to-one. Indeed, the construction detailed in proposition 6 involves a
choice of a root PV of (m|con)*(L®)(— Y (uipi + vig;)). A careful count reveals that there
are n?9 limit n-th roots [43].

We will apply the limit root construction in proposition 6 to describe the limit 3rd
roots of K%{. on the Holiday lights H®*. We proceed as follows:

1. Blow-up all nodal singularities, and denote the exceptional component at the i-th
node by & = P'. This P! touches E; at the exceptional node p; and I at g;.

2. Let HY be the (full) normalization of H*®, and consider the bundle
10 10
(] )" (K Fre ) <—2 > pi— Z%) , (3.23)
i=1 i=1

which has multi-degree (16 — 10,2 — 2,...,2 — 2) = (6,0, ...,0). This bundle admits
3rd roots on HY, namely 329(Ei) = 9 roots on each elliptic curve E; and 3290) = 1
root on I'. Hence, there are 9'° = 3% roots, and each has multi-degree (2,0, ...,0).
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3. Pick a 3rd root PV, and glue to it a degree one bundle over every &. The resulting
limit 3rd root P° of K%I. has multi-degree (2,0,...,0,1,...,1) over H°, where

deg(Polci-) = deg(PNlciO), deg(P°lg,) = 1. (3.24)

These limit roots can be represented as follows:

. . 9 . . (3.25)

As before, the green vertices represent the elliptic curves E;, and the pink vertex rep-
resents I'. The blue vertices represent the exceptional component &;, which intersects
E; and I". The multi-degrees of the limit root P° is written inside the vertices. In
particular, P° restricts to a degree 1 line bundle over each exceptional component.

3.4 Global sections of full blow-up limit roots

Of ample importance for our analysis is the number of global sections of the limit roots.
These arise from gluing sections on the irreducible components of the nodal curve across
exceptional divisors, which is addressed in the next lemma.

Lemma 7. Let pi,ps be two distinct points on P!, and aj,as € C. For every ps €
P\ {p1,p2}, there exists a unique section s € H°(P!, Op1(p3)) such that s(p1) = a; and

s(p2) = az.

Proof. Endow P! with its standard open cover {Uy,U;}. Let z € Uy and w € Uy be local
coordinates so that w = % in UgNU;. Since PGL(2) acts transitively on P!, we may assume
that

p1=0, pao=1 p3=00, (326)

without loss of generality. The desired section s is given by

slug(2) = (a2 —a1)z+ a1, sly, = (a2 —a1) + qqw. (3.27)
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It remains to show uniqueness. Recall that every section t € I'(P, Op1(p3)) is given by two
analytic functions to = t|y, € I'(Up, Op1(p3)) and t1 = t|y, € T'(Ur, Op1(p3)) such that over
UpNUy,

to(z) = zt1(w) = zt1(1/2) . (3.28)

If t9(2) = Mgz k2" and t1(w) = Yy Brw”, the above implies that

Z apzf =2 (Z Bkwk> =z (Z Bkz_k) = Z Brz' k. (3.29)

k>0 k>0 k>0 k>0

It follows that ax = B = 0 for & > 1, which leaves ag = 51 and a3 = fy. As such, every
section ¢ is given by ty(z) = apz + a1 and 1 = ap + cyw. If ¢ also satisfies £(0) = a; and
t(1) = ag, then within the chart Uy containing 0,1 € P!,

al :to(O) =7, az :to(l) =oyg+a =qp+aj. (330)
Thus, to(z) = (a2 — a1)z + a1 and t1(w) = (a2 — a1) + ayw, which coincides with s. O

By virtue of the above lemma, there is a unique way of gluing a local section over an
exceptional component to local sections over the irreducible components at each end. This
leads us to the following corollary.

Corollary 8. Let C*® be a connected nodal curve with irreducible components C7,...,C}.
Let L® be a line bundle on C*®, and n be an integer with n > 2 and n|deg(L®). For any
limit n-th root (C°, P°, ) of L°®,

k
RO(C°, P°) =S hO(CE, PPles). (3.31)
i=1

Proof. Let two irreducible components C; and C; intersect an exceptional component
EXPlatp, € CPand p; € C7 respectively. Set Y = C? UE&UCY. Then, we have

hO(Y, P°) 2 h°(CF, P°lce) + hO(C5, P°les) + hO(E, P°le)
—h(CF NE P?lesng) — hO(C NE, P°lesne)
> H(CT Polep) + H(Cy. Pleg) +2 =1 - 1
> h(C, P°les) + BO(CF, P°les). (3.32)
It remains to prove equality. Recall that the number of independent conditions met at p;
and p; is at most 2 — the number of intersection points on £. The previous lemma showed
that there are exactly two independent conditions; one at each p; and p;. Thus, equality

holds. Since any two irreducible components of C*® either intersect a common exceptional
component, or they do not in the full blow-up, the result follows. O
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Let us apply these results to the Holiday lights H®, and count the global sections of the
limit 3rd roots of K%I.. Recall that H*® is the union of a rational curve I', and 10 elliptic
curves E;. Also, the limit 3rd root P° of K%. has multi-degree (2,0,...,0,1,...,1). Since
[ is rational, h%(T', P°|r) = h°(P!, Op1(2)) = 3. By the above results, we have

hO(H®, P°) = hO(T, P°|r) + iho(Ei,Po\Ei) =3+ { (1) } + -+ { (1] } (3.33)

i=1

The last term in the above expression means 0 or 1. This refers to the two cases described
in proposition 3 in which P°|g, is either non-trivial or trivial.

This example highlights the general fact that a line bundle of degree d over a smooth
curve can have different h%’s. Since counting the global sections of a limit root is equivalent
to counting its local sections over the smooth irreducible components, we address the effect
of this phenomenon on section-counting in the following corollary.

Corollary 9. Let C*® be a connected nodal curve with irreducible components C7,...,Cp.
Let L*® be a line bundle on C*, and n be an integer with n > 2 and n|deg(L®). For any
limit n-th root (C°, P°,«) of L®,

k k
S min h0(CF, P°les) < RO(C°, P°) < 3 max hO(Cy, P°lcs), (3.34)
=1

=1

where for each ¢, the minimum and maximum are taken over all line bundles of degree
deg(P°|cs) over C7.

In the example of the Holiday lights H®,

min KT, P°|r) = 3, max  h9(T, P°|r) = 3, (3.35)
Pe|p€Pic(T) Pe°|p€Pic?(T)

i hO(E;, P°|lg) =0 hO(E;, P°lg,) =1 3.36
PO|I§?€H}(E1) ( v ‘El) ) PO'E?S‘)]((EZ) ( 19 ’Ez) ) ( )

fori =1,...,10. Hence, 3 < hY(H°, P°) < 13.
Let Roots(n, L*®)° be the set of limit n-th roots of L* on C*®. In a broader sense, we

wish to understand the map,
R°(C°,) : Roots(n, L*)° — NU {0}, P°~ r°(C°, P°). (3.37)

For curves of compact type, every limit root comes from one weighted graph, and is con-
structed over the full blow-up. In this case, the global sections of the limit root are fully
determined by the local sections over the irreducible components. Hence, we can compute
|RO(C°,-)"Y(a)| for every a € NU {0}, i.e. the number of limit n-th roots with h° = a.
We illustrate this with the Holiday lights, which is a curve of compact type. Denote the
number of elliptic curves on which P°|g, is non-trivial by N;. Then, the number Npo(h°)
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of limit 3rd roots with specific h® are as follows:

N; 10 9 8 7 6 5 4 3 2 1 0
Npe3) | 1 ()-8 )-8 ()-8 ()-8 8 8 -8 -8 8 (7) 8
Nps(4) LG8t (e O 08 ()8 (8 () ()
Npe(5) 1 ()-8 ()-8 ()8 ()-8 ()-8 ()-8 (-8 ()-8
Np-(6) 1 ()-8 ()-8 (58 (-8 (-8 (5-8° (3-8
Npe(7) 1 @8 Q-8 (-8 -8 ()-8 ()-8
Np(8) 1 @-8" ()-8 (-8 ()-8 (¥)-8
Npo(9) 1 @-8" @8 @8 (-8
Np=(10) L8t )8 (7)8
Npo(11) 1 @) -8 (1) -8
Npo(12) 1 (y) -8t
Npo(13) 1
Factor 320 318 316 314 312 310 38 36 34 33 30

This table says that for N; = 10, we find Npo(3) = 1 - 32° limit 3rd roots P° with h® = 3.
Similarly, for N; = 4, we find Npo(3) = (g) -83.38 limit 3rd roots P° with h = 6. For ease
of presentation, the overall factors are collected at the bottom of this table.

We would like to generalize this section-counting of limit roots for all curves, which may
have multiple weighted subgraphs. Complications arise when counting the global sections
of limits roots over partial blow-ups; namely, it is unclear what k" of a limit root is over a
singular component of the curve, i.e., the component containing a singularity that has not
been blown up. Although we will not discuss this direction in this paper, it presents an
interesting problem which we hope to revisit in the future.

4 Limit root applications in F-theory

After the detailed exposition of root bundles and limit roots in the previous section, we
now wish to apply these techniques to F-theory. We first outline how limit roots can
be used to provide an explicit and oftentimes constructive argument for the absence of
certain vector-like exotics. We demonstrate these ideas in one particular geometry among
the largest class of currently-known globally consistent F-theory Standard Models without
chiral exotics and gauge coupling unification [31]. We will argue that there are solutions
without vector-like exotics in the representations C(3,2)1/6, C(§71)72/3, C(§71)1/3 and C(q 1),

4.1 Absence of vector-like exotics

Let us look at an F-theory compactification to 4-dimensions on a space Yy, which admits
a smooth, flat, crepant resolution 174. As explained in section 2.1, root bundles appear
naturally in such settings when studying vector-like spectra. We found that the geometry
determines a class A’ = 5(A') € HA (Y4, Z(2)) for some A’ € CH?(Y},Z), and an integer
& € Z~q such that A is subject to the two constraints:

YA) =Gy, EA(A) ~ A (4.1)
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The condition vy(A) = G4 immediately follows from eq. (2.4) and it means that A = 5(.A)
is an F-theory gauge potential for the given G4-flux. The second condition ensures the
absence of chiral exotics in the F-theory Standard Models [31]. It follows that the line
bundle on the matter curve Cr satisfies

Pr = Ocy (DR(A)) @0, Ocr (DEYN) (4.2)
where Dg(A) and DSCPI;H are solutions to the root bundle constraints
¢ Dr(A) ~Dr(A),  2-DE" ~Kg. (4.3)

Recall from section 3 that these root bundle constraints have many solutions. In general,
it cannot be expected that all solutions are realized from roots in H?)()AQ, Z(2)) and spin®-
structures on the gauge surfaces. We reserve a detailed study of this interesting and
challenging question for future works. In this article, we study all the ¢-th roots of Dg (A’)
and all of the spin divisors DZI?;H systematically. Our goal is to identify roots Pr subject to
the physical demand of absence/presence of vector-like pairs. In future works, we hope to
identify which of these desired roots stem from F-theory gauge potentials in H%(f@, 7(2)).

At special loci of the complex structure moduli space, massive vector-like pairs can
be rendered massless. Mathematically, this is reflected in the fact that deformations of a

line bundle can have higher cohomologies. For example, if we assume y(Pgr) > 0, then we

could have:
Geometry of curves Cr (h°(Cr, Pr), h*(Cr, Pr))
Generic (X(Pr),0)
Less generic (x(Pr) +1,1) = (x(Pr),0) & (1,1)

Even less generic (x(Pr)+2,2) = (x(Pr),0) & (2,2)

In [38], such cohomology jumps have been analyzed in large detail. In particular, it was
explained that even on generic curves, line bundles with the same chiral index need not
have the same cohomologies. This classic observation goes by the name of Brill-Noether
theory [40] (see also [42] for another application of Brill-Noether theory to F-theory). This
observation in particular applies to root bundles. In section 3.1, we have explained that
of the four spin structures on an elliptic curve, one has h°(E, O™) = 1 and the other
three have vanishing number of global sections. This is a special instance of the results
in [57, 58], which show that all odd spin structures have odd number of zero modes, while
the remaining even spin structures have even number of zero modes. Generally speaking,
different roots Pr will have different numbers of zero modes.

That said, our task is to construct root bundles Pr with the cohomologies that are
physically desired. For simplicity, let us assume x(Pgr) > 0. Inspired by physics, we should
then distinguish the generic case h°(Pr) = x(Pr) and the non-generic case h°(Pr) >
X(Pr). The former corresponds to the absence of exotic vector-like pairs, while the latter
most prominently features on the Higgs curve in F-theory Standard Model constructions.
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Matter curve Cr Nodal curve Cg Blow-up curve Cg

Pr Deformation Py Limit roots P
| | :
Upper SC Pushforward
/\_/—\ D — m -«
hP remains 3 hO(P°) = hO(P*)

Figure 1. Roots Pr with h°(Cr, Pr) = 3 from roots P on a nodal curve Cg and limit roots Pg
on its blow-up Cg.

In the latter case, for MSSM constructions, one wishes to achieve h®(Pgr) = x(Pr) + 1 so
that the additional vector-like pair describes a Higgs field.

We approach the task of constructing such physically desired root bundles Pr by first
considering a deformation Cr, — CR{, where Cg is a nodal curve. Therefore, PR — P}
becomes a root bundle on the nodal curve Cj. We focus on roots Pg, which we can
describe by limit roots Pg on the full blow-up C{ of Cg. For those limit roots, we can
employ the technology described in section 3 in order to identify hO(Cﬁ, Pg ). This enables
us to identify roots Pg with h?(Cg, Pg) = x(P°) + & from simple combinatorics, where
0 € Z> is the physically desired offset.

The pushforward of limit roots Pg along the blow-up map 7: Cg — CR preserves
the number of global sections, i.e. h°(Cg, PR) = h°(Cx, P)- We have thus identified the
roots on C'* which have the physically desirable cohomologies. In theory, we can trace
those roots Pg along the deformation C'y — CRr to find roots Pr on the original curve
Cr. Crucially though, such a deformation can change the number of sections (see e.g. [38]).
For the deformation Cx — CRr, which turns a nodal (i.e. singular and thus non-generic)
curve into a smooth, irreducible curve, it is known that the number of sections is an upper
semi-continuous function. This means that the number of sections either remains constant
or decreases as we trace P to Pr on CRr:

h°(Cr, Pr) < h°(CR, Px) = x(Pr) + 6. (4.4)

The natural question is thus to look for roots Py for which equality holds. This happens in
the generic case, i.e. the case § = 0. This is because the number of sections is then already
minimal on CR{ and thus, it must remain constant along the deformation to CR:

h’(Cw, Pr) = h*(CR, PR) = x(Pr) - (4.5)

The upshot of this strategy, which we summarize in figure 1, is that we can provide a lower
bound to the number of roots Pr without vector-like exotics by studying the combinatorics
of limit roots on the full blow-up Cg of the nodal curve C’ﬁ.7

In aiming for F-theory MSSMs, the non-generic case § = 1 is also fairly important

for the Higgs curve. While it is not hard to construct limit roots on C’Fl with ex-

’2)—1/2
. . '} : O o (] —
actly 4 sections, the corresponding roots P(172)71/2 satisfy h (C(1’2)71/2,P(1’2)71/2) = 4,

"Recall that at least one of these roots stems from an F-theory gauge potential in CH? (?4, Z).
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which is larger than the minimal value X(P(l,z) ) = 3. Since the number of sections is

—1/2
non-minimal, we cannot conclude from upper semi-continuity that the number of sections

remains constant. Rather, we expect some of those roots P('1 2)_y,, 1O lose a section when

-1/

traced to C(q2) Currently, we do not know a sufficient discriminating property that

—-1/2"

allows us to identify the roots P('1 2 1o for which the number of sections remains constant.

-1/
We reserve this interesting mathematical question for future work.

4.2 Application to F-theory Standard Models

We now continue the analysis initiated in section 2.2, where we summarized the geometry of
the largest currently-known class of globally consistent F-theory Standard Models without
chiral exotics and gauge coupling unification [31]. The chiral index on all five matter curves

C3,2),5 = V(s3,5), Caz),,=V (83, s25% + s1(s189 — 8556)) ; (4.6)
C(§71)_2/3 = V(s5,59) 0(511)1/3 =V (897 S3S§ + s6(s156 — 8285)> ) (4.7)
Ca,1), = V(s1,85), (4.8)

is thus exactly three. We worked out the root bundle constraints (cf. appendix B.3). In
aiming for an MSSM construction, which comes with exactly one Higgs pair, the vector-
like spectrum is subject to the demand 4 = hO(C(l,z)fl/Q, P(172)71/2). As explained above,
since 4 =1+ X(P(172)7 ) /2), our current technology does not allow us to tend to this case.
However, we can address the absence of vector-like exotics on the remaining matter curves
in a constructive way. That is, we can construct solutions to the constraint

0 0
3="1(C2),,6 L3216 =" (Can)_,. PE1) ) (o)

- hO(C(§71)1/3’ P(§,1)1/3) - hO(C(Ll)l’ Paay,)-

To outline these steps, let us first look at the quark-doublet curve C(3 2), o = V(s3, 89),
where s3, 59 are generic sections of K p,. To make our construction explicit, let us focus
on base spaces Bs with ?333 = 18. It then follows from appendix B.3 that we are trying
to argue for the existence of root bundles that satisfy

®36 ®24 0 _
P(372)1/6 ~ K(372)1/6 ’ h (0(372)1/6’ P(3’2)1/6) =3. (4.10)

For this, it suffices to argue that root bundles with the following properties exist

®3 ®2 0 _
Py ~ Ky, 1(Ca2,0): Pa2),,) =3 (4.11)

We achieve a proof of existence by studying a deformation C3 2, , — C?. Let us work

1/6 (8,2)1/6"
with a concrete base geometry, we opt for the toric base space By = P39 with ?333 =18,
whose details are summarized in appendix B.4.

To describe the deformation C’(3,2)1/6 — C(‘3’2)1/6, we first notice that ss is a polynomial
in the homogeneous coordinates {z;},.,.;; of P3g. Since s3 is a section of K p,,, it contains
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the monomial [[:X, 2;.5 This allows us to consider the deformation

11
V(Sg, 89) = 0(3’2)1/6 — 063’2)1/6 =V <H Zi, Sg) . (4.12)
=1

Since we assume generic Sg, C('3 2)1/6 is manifestly nodal in the K3-surface V(sg) and the

techniques of section 3 apply. To this end, we first identify the dual graph of C

(3,:2)1/¢’
which has 17 irreducible components:
curve equation genus deg <2 - Koo )
@216,
Cl V(.lel, 89) 1 6
Cs V(xs, sg) 1 6
CG V({L‘G, 89) 0 12 (4 13)
Ciu V(z11, 89) 0 12
Cy V(z2, s9) 0 0
{cgﬂ}wﬁ V(zs,z1 — cyz3) 0 0
{C%)}1<i<6 V(l’lo, xr1 — O(il‘;g) 0 0

For convenience, we list the degree of 2 - KC(-3 2, OB all irreducible components since
2)1/6

eq. (4.11) instructs us to construct third roots of this bundle. By taking the Stanley-

Reisner ideal of P39 into account (see appendix B.4), one finds the dual graph of C('3 2), 6"

We mark the P's in pink and the elliptic curves in green. This diagram is easily extended

to a weighted diagram, which encodes a 3rd root of 2 - KC(-3 2 This involves placing
2)1/6

weights w; € {1,2} subject to the following two rules (cf. section 3.3):
1. Along each edge: the sum of weights is 3.

2. At each node: the sum of weights equals the degree in eq. (4.13) modulo 3.

8For any toric base space Bs with homogeneous coordinates z;, H2 x; is a section of Kp, ~ Zl [x4].
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It is readily verified that the following weighted diagram satisfies these rules:

1—24’72—1

e
%@év@é@%

f C’(’372)1/6, which are

We then study the limit roots P(% 2), 5 O the full blow-up C(°3 2), 6 ©
encoded by this diagram. The degree of each such limit root P(% 2), /6 is as follows:

(4.16)

Note that we denote the blow-up P's in blue and that, by construction of the limit roots,
we consider a degree 1 line bundle on each of these. It follows that the (total) degree of
each such limit root P(o3 2)1/6 is 12. This is expected from eq. (4.11) since it is equivalent

to X(P(O3»2)1/6

exactly three global sections.

) = 3. Here, we claim even more, namely that some of these limit roots have
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To see this, recall from section 3.4 that the number of global sections of a limit root

P(% 2), 6 is simply given by the sum of the sections on each irreducible component of

C?. .
(372)1/6
ponents in eq. (4.16). From the degrees, it follows that only Cy, C3 and C1; support a

Hence, we have to add the number of sections on the green and pink com-

non-zero number of sections, namely

W (C1, Pl g, ) = {?} B (Cs, Py, ) =1, B (Ci, PG ) =2, (417)

The notation for C7 reminds us of the fact that on an elliptic curve, a line bundle with
vanishing degree can either have 0 or 1 global section. Moreover, recall from section 3.3
that the limit roots on C' are actually the 3rd roots of a line bundle of vanishing degree. In
anticipation of this situation, we have already given a detailed exposition of exactly those
root bundles on elliptic curves in section 3.1. In particular, it follows from proposition 3
that at least 8 of the 9 3rd roots on C satisfy h%(Cy, P(O3’2)1/6) =0.

Note that also C3 admits 9 = 32! different roots. However, in contrast to Cj, all of
these roots are in the Kodaira stable regime and have exactly one section. Therefore, we

conclude that we found at least 8 - 9 = 72 limit roots P(% 2)1 /6 with
3 - hO (023372)1/6’ P(03:2)1/6) . (418)

It therefore follows from our discussion in section 4.1 that there are at least 72 solutions
to eq. (4.11) and consequently, also to eq. (4.10). Let us emphasize that this analysis does
not guarantee that one of these 72 solutions stems from an F-theory gauge potential in
H% (Y4, Z(2)). This top-down study is reserved for future work.
Along exactly the same lines, we can argue that also C(§71)72/3 = V(s5,9) and the
singlet curve C(q,1), = V(s1,s5) admit at least 72 solutions to the root bundle constraints
with exactly three global sections. This leaves us to discuss the vector-like spectrum on

0(5’1)1/3 =V (59, 53s§ + s6(s156 — 5255)> . (4.19)
On this curve we look for root bundles with (cf. appendix B.3)
®36 7> ®66 _an . 0 B 3 -
PEa),, ~ KBs@1),, © Ocgyy,  (730-Y3) 0 W(Cay), 0 PEay,,) =3, (420)

where Y3 = V(s3, sg, S9). For this, it suffices to find solutions to

®6 - ®11

0 _
B~ KB331),,, © (90@1)1/3 (=5-Y3), W (Caay, . PBay,,) =3 (421)

To this end we consider the deformation C(g s (@) with

/3 (8113
C(.§,1)1/3 = V(sg,s5 — s6) U V(59,53 — s6) UV (s9,85 + s6) = Q1 URQ2UQ3, (4.22)

which is obtained from

11 11
S1 — S¢ — S3, SQ*)Sg,*HSL‘Z', 89—)]:[561', (423)
i=1 i=1
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and generic s3, S5, sg. Therefore, C(g V15 p turns this matter curve into three

C
1/3 (3,1)1y3
nodal curves, each of which looks like the curve C('3 2)1 /6 that we discussed above. From

this point on, we can again employ the limit root techniques. On a technical level, the only
distinction to the constructions presented for C(’3 2), 6 is that we have to carefully take
into account the line bundle contributions from the Yukawa point Y3. Also, the resulting

weighted diagrams become very large since the nodal curve C’('§ D1s has 51 irreducible
)1

components. For these reasons, it suffices to state that we can argue for at least 362 - 35*
solutions to eq. (4.21). Details are provided in appendix B.4. We reserve a detailed top-
down study of which root bundles arise from an F-theory gauge potential in H% (Y3, Z(2))
for the future.

5 Conclusion and outlook

This work is motivated by the frequent appearance of fractional powers of line bundles
when studying vector-like spectra of globally consistent 4d F-theory Standard Models with
three chiral families and gauge coupling unification [31]. In these models, the vector-like
spectra on the low-genus matter curves are naively encoded in cohomologies of a line bundle
that is identified with a fractional power of the canonical bundle. On high-genus curves,
these fractional powers of the canonical bundle are further modified by contributions from
Yukawa points. In order to understand these fractional bundles, we have analyzed their
origin and nature.

First, in section 2.1, we analyzed the origin of such fractional powers of line bundles.
We recalled that the vector-like spectra are not specified by a G4-flux, but rather by its
associated gauge potential in the Deligne cohomology Hjlj(fq,Z(Q)) [32-34]. In fact, a
given G4-flux has many such gauge potentials. To see this, recall that in the dual M-theory
picture, G4 = dC3, where Cj3 is the internal M-theory 3-form potential. Any other 3-form
potential C% with closed C§ — C3 still has G4 as its field strength. Such closed 3-form
potentials are encoded by the intermediate Jacobian JQ(EAQ) in the F-theory geometry.
While it is well-defined in theory, it can be very challenging to associate even a single
gauge potential in Hé(fq, Z(2)) to a given G4-flux in practice. We were able to tie the
appearance of fractional powers of line bundles to exactly this challenge.

For an F-theory model, we need an F-theory gauge potential, i.e., a class in the Deligne
cohomology group A € Hf)(fil, Z). This will be specified as 7(.A) for some “potential” A €
CH?(Yy,Z). We found that the geometry determines a class A’ = 5(A') € H (Y4, Z(2))
and an integer £ € Z~q such that A is subject to the two constraints:

YA) =Gy, §A(A) ~FA). (5.1)

The condition v(A) = G4 immediately follows from eq. (2.4) and it means that A = 5(A)
is an F-theory gauge potential for the given G4-flux. In the dual M-theory picture, it states
that the 3-form potential C5 satisfies dC3 = G4. We illustrated with several examples that
the absence of chiral exotics in the F-theory Standard Models [31] boils down to the second
constraint.
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It is important to notice that the gauge potential A = F(A) specified by the two
conditions in eq. (5.1) is in general not unique. The collection of all &-th roots of F(.A")
(if non-empty) is a coset of the group of all &-th roots of 0. In particular, the number of

2dime (72(¥1)) * A]] these solutions lead to the same chiral spectrum (2.2) since

solutions is &
they all have the same degree when restricted to the curves Cr, and hence, the same index.
However, they could differ in their actual spectrum (2.7). This extra flexibility is the key
tool that we intend to use to produce a desirable spectrum such as the MSSM.

In theory, we could proceed by studying gauge potentials A = J(A) € H%)(?4,Z(2))
subject to eq. (5.1). However, in practice it seems more efficient to proceed with the
algebraic cycle A’, which we could construct explicitly in the largest currently-known class
of globally consistent F-theory Standard Models without chiral exotics and gauge coupling
unification [31]. Hence, we have a sufficient level of arithmetic control over A’ = (A’). In
particular, we can identify the Z-Cartier divisor Dgr(A’) induced from A’ on the matter

curve Cr. It follows that
- Dr(A) ~ Dr(A). (5.2)

Divisors Dg(.A), which solve this equation for given Dg(A’) and &, are called root divisors
and their associated line bundles are root bundles. They exist if and only if £ divides the
degree of Dr(A"). Such root bundles are by no means unique. For example, spin bundles
on a genus ¢ matter curve Cr are 2nd roots of the canonical bundle Kg and there are 229
such roots. Similarly, on a genus g-curve, eq. (5.2) admits £29 solutions (if they exist).

It is well-known that not all spin bundles have the same number of global sections.
Rather, roughly half of the spin bundles on a curve Cr have an odd number of global
sections and the remaining ones have an even number [57, 58]. More generally, we can
therefore expect that the gauge potentials A = 5(.A) subject to eq. (5.1) lead to different
vector-like spectra. This mirrors the physical expectation that inequivalent F-theory gauge
potentials — equivalently, in the dual M-theory picture, two 3-form potentials C3 and C%
that differ by a closed 3-form — will in general lead to different vector-like spectra. This
was anticipated e.g. in [32-34].

In general, only a subset of the root divisors in eq. (5.2) are induced from F-theory
gauge potentials in H4D(}A/4,Z(2)). More explicitly, a gauge potential induces a collection
(Dr(A))cg consisting of a root divisor on each matter curve Cr, each of which will typi-
cally be limited to a proper subset of all root divisors on Cr. Conversely, if we are given
a collection (Dgr(A))cg, then this collection can fail to stem from an F-theory gauge po-
tential. Namely, it could be that one of the roots Dr(.A) is not induced by any gauge
potential. And even if each Dgr(.A) is induced, one has to ensure that they are all induced
by the same gauge potential. A study of these compatibility conditions is an important
task. While this work does not investigate this important question, we hope that it initi-
ates and facilitates this study by providing a systematic analysis of all root bundles and
spin bundles on the individual matter curves. As this ignores compatibility among root
bundles on different matter curves, we have thus conducted a local bottom-up analysis in
this article. Our goal was to identify combinations of root bundles and spin bundles on
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the individual matter curves, such that their global sections satisfy the physical demand
of the presence/absence of vector-like pairs.

While we expect that our techniques apply more generally, we have focused on the
largest currently-known class of globally consistent F-theory Standard Models with realistic
chiral spectra [31], which emphasizes the genuine appearance of root bundles in vector-like
spectra of F-theory compactifications. It should be mentioned that the background Gy4-flux
in these F-theory Standard Models models does not only lead to realistic chiral spectra,
but also allows cancelation of the D3-tadpole and ensures masslessness of the U(1)-gauge
boson. We summarize the involved technical steps in the derivation of these root bundle
constraints in appendix B. This derivation heavily relies on a detailed understanding of
the elliptically fibered 4-fold F-theory geometry )74, including intersection numbers in the
fiber over the Yukawa points. We supplement the earlier works [26, 31, 44] by providing a
complete list of all fiber intersection numbers in appendix A.

Our approach to identifying root and spin bundles on the matter curves, whose
cohomologies are physically desired for the presence/absence of vector-like pairs, is inspired
by the work in [43], which gives a diagrammatic description of root bundles on nodal curves
Ch- More explicitly, it relates these roots with so-called limit roots on (partial) blow-ups
Cg of Ck. We summarized these ideas in section 3, and then introduced counting pro-
cedures for the global sections. In order to fully appreciate this finding, recall from [38]
that in general one will merely find a lower bound. The argument that we provide in this
work is stronger — it provides an exact count of the global sections of limit roots on full
blow-ups of CR{. This observation may be interesting in its own right since it provides
a combinatoric access to Brill-Noether theory of limit roots. We demonstrated this for a
nodal curve — the Holiday lights H®. This curve is of compact type and its only blow-up
that is to be considered for the limit root is its full blow-up. Our approach then allowed
us to identify exactly how many limit roots possess a certain number of global sections. It
will be an interesting mathematical question to extend these ideas to partial blow-ups. We
reserve this analysis for future work.

Given these insights on root bundles on nodal curves CR, it remained to extract
information on root bundles on actual matter curves Cr in F-theory compactifications.
As the latter are typically smooth, it is natural to wonder what we can say about (limit)
roots when traced along a deformation Cj — Cr. In particular, we can wonder if there
are deformations of Cr that are conducive for a more fruitful analysis. As we have already
mentioned, curves of compact type, such as the Holiday lights, are prime candidates. The
lack of cycles in their dual graph limits the number of possible weighted graphs, so much
so that we have a complete understanding of the limit roots and their global sections. In
contrast, the dual graphs of the deformed matter curves CR in explicit geometries are more
complex in which there are multiple weighted subgraphs, and limit roots over partial blow-
ups. In particular, some singularities on the curve still remain in its partial blow-up, and it
is therefore far more challenging to count the sections. It would be useful to compare these
two examples in more depth and to determine exactly what features of the dual graph allow
for better section-counting. One obvious feature is the cyclomatic number, which happens
to be the first Betti number of a graph when viewed as a 1-dimensional simplicial complex.
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Curves of compact type have zero cyclomatic number, and thus, are topologically simple.
Subsequently, we can explore possible ways of deforming Cr to a nodal curve whose dual
graph has these desirable features.

In this work, we have focused on deformations Cr — CR{ which arise naturally by
modifying the defining polynomials in a concrete base geometry Bs. Most curves that
we encountered in this way had planar dual graphs. Still, for the most involved matter
curve discussed in this article, the dual graph is non-planar. The subject of planarity
raises many interesting questions and applications in graph theory [73-77]. However, the
geometric significance for a nodal curve to have a non-planar dual graph is not mentioned
in the literature to our knowledge [78, 79]. It is possible that planarity does not play a role
in the geometry of nodal curves. Indeed, the curve associated to the well-known non-planar
graph K33 is quite ordinary. Nevertheless, it would be useful to explore this feature as it
raises the question of whether there are better ways to represent a given dual graph.

For a physical application, we have studied vector-like spectra of F-theory Standard
Models without chiral exotics in section 4. In aiming for MSSM constructions, we should
wonder what we can say about the global sections of a root Pg as we trace it to a root Pr
along a deformation Cx — Cr. In this work, we did not attempt to provide a complete
answer to this question. Rather, we recalled that a certain behavior of the cohomologies
along such a deformation is known. This is called upper semi-continuity and it means that
the number of global sections cannot increase when tracing a root Pg on Cg to a root Pr
on Cr. Put differently,

h° (Cr, Pr) < h° (CR, PR) . (5.3)

For F-theory MSSM constructions, it is important to understand (limit) roots on the Higgs

curve with hO(C(172)71/2, P(172)71/2) =4=1+ X(P(1,2)71/2). While we can construct roots
P(.172)71/2 with ho( ('172)71/2,P('1,2)71/2) = 4, upper semi—co.ntinuity doe?. then not guara.ntee
that P(.1,2),1/2 — P(1,2)71/2 along (7(‘1’2)71/2 — C(172)71/2 yields roots with 4 global sections.

Rather, the roots could lose sections along this transition (cf. [38]). To our knowledge, a
sufficient criterion that identifies the Higgs roots ]3('172)71/2 that do not lose sections is
currently unknown. However, given the physical significance of such a condition, we hope
to return to this interesting question in the future.

Even a subset of (limit) roots that do not lose sections along Cx — CR is valuable. We
identified a family of such roots Pg. Namely, for a root with h% (CR, P§) = x(Pr) > 0,
it follows from upper semi-continuity that h° (Cr,Pr) = h°(Cx,P%). Any such root
thus satisfies h' (Cr, Pr) = (x(Pr),0), which means it describes a zero mode spectrum
on Cr without vector-like pairs. For example, in the F-theory MSSM constructions, this
is a desired feature for the representations 0(372)1/6, O(g,l)_Q/g’ 0(5,1)1/3’ C(1,1), for which
vector-like pairs are exotic, i.e. have thus far not been observed in particle accelerators.

We have applied these techniques to a particular F-theory geometry among the largest
currently-known class of globally consistent F-theory Standard Model constructions with-
out chiral exotics and gauge coupling unification [31]. To this end, we worked with the
base space B3 = P39. This 3-fold is one of the triangulations of the 39-th polyhedron of the
Kreuzer-Skarke list [80], hence the name. In this space, we have explicitly deformed the
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matter curves Cr to nodal curves Cx. On those nodal curves, we could then easily con-
struct limit roots on the full blow-up Cg of Ck which have exactly 3 sections. We collect
details on the base space By = P39 and limit roots on the blow-up of a genus g = 82 matter
curve in appendix B.4. In future works, we hope to investigate which of these desired root
bundles are realized from F-theory gauge potentials in H]%(EAQ, 7(2)).

To fully appreciate these findings, let us point out that this task cannot be performed
with state-of-the-art algorithms such as [35] unless one explicitly specifies the line bundle
divisor in question. In past works [33, 34], such constructions were described. A computer
model of such line bundles (by dualizing the corresponding ideal sheaf) requires Grob-
ner basis computations. Even by the use of state-of-the-art algorithms such as [81], the
involved geometries resulted in excessively long runtimes and heavy memory consumption.
By approaching root bundles from limit roots on full blow-ups, these complications are
circumvented at the cost of studying deformation theory.

This work provides a constructive approach to identifying limit root bundles on full
blow-ups of a nodal curve with specific number of global sections. Since our approach is
completely constructive, we anticipate a computer implementation which can find all such
limit roots. For this, one would work out all of the weighted diagrams associated to the
dual graph of a nodal curve CR, and then identify the limit roots with the desired number
of global sections. In generalizing this approach even further, we anticipate a scan over
many of the F-theory Standard model geometries in [31]. By employing state-of-the-art
data-science and machine learning techniques, it can be expected that such a scan will lead
to a more refined understanding of F-theory Standard Model constructions. We hope to
return to this fascinating question in the near future.
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A Fiber structure of F-theory Standard Models

In this section, we investigate the fiber structure of the resolved 4-fold with
SU(3) x SU(2) x U(1)y gauge symmetry as employed in the largest currently-known class
of globally consistent F-theory Standard Models without chiral exotics and gauge coupling
unification [31]. We work out the intersection numbers in the fibers over generic points of
the gauge divisors, matter curves and Yukawa loci. The knowledge of the fiber structure
determines the vector-like spectrum in this F-theory vacuum.
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A.1 Away from matter curves
A.1.1 SU(2) gauge divisor

This gauge divisor is V' (s3). Here, the defining equation of Pp,, factors as

PFy, = €1 (elegegeislu?’ + ededetsoutv + eregelssu’w + exezessguvw + 89vw2) . (A1)

The Cartan divisors are therefore as follows

DSU@) =V <€1€%€36381u3+€%6§6282u2v+€1€26285u2’w+€2€36486u’0w+891}w2,Sg) , (A )
2
DfU(Q) =V (e1,s3) .
The intersection numbers in the fiber over a generic base point p € V(s3) are:
SU(2 SU@2) ~— SU(2 SU(2
D; ()‘Dj ()‘77 1(17) Dy ® D; ® Ul)y
D3v® -2 2 0 (A.3)
SU(2
p}v@ 2 -2 0
A.1.2 SU(3) gauge divisor
This SU(3) gauge divisor V' (sg) relates to the Cartan divisors as follows:
Dg’U(?)) =V (e%egegeisluz+61626§6382UU+626253U2+€%€i$5uw+61636486vw, 59) , (A4)
DY =V (eas0), D3P =V (u,s0).
The intersection numbers in the fiber over a generic base point p € V (sg) are:
SU(3 SU3) ~— SU(3 SU(3 SU(3
DZ()DJ(),N.l(p) DO() Dl() DS() U(l)y
SU(3)
D} -2 1 1 0
(A.5)
pve 1 -2 1 0
Dp3ve) 1 1 -2 0

A.2 Over matter curves

Intersection structure over C(332), ¢ away from Yukawa loci. Over the matter
curves, singularity enhancements occur. They are geometrically related to the presence of
new P!-fibrations, of which linear combinations eventually serve as matter surfaces. Over
C’(372)1/6 = V(s3, 89) the following P!-fibrations are present:
1 _ 3.2 2 2

P, ((3, 2)1/6) = V(s3, S9, e1e2e3€551u” + eae5e452uv + e1e3Ssuw + e3sevw) ,

PL((3,2)1/6) = V(sss0.e1),  P5((8,2)15) = V(ss,50,€4), (A-6)

P} ((3, 2)1/6) = V(s3,59,u), P} ((37 2)1/6) = V(s3,59,€2) .
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These P!-fibrations relate to restrictions of the SU(3) and SU(2) Cartan divisors:

(A7)

Original Split components over Cg

D5"® | PY((3,2)16) + P ((3,2)176) + 5 ((3,2)1/6) + P4 ((3,2)16)
D' P} ((3,2)1/6)

pEv® P ((3,2)1/6) + P4 ((3,2)16) + P4 ((3,2)1s6)

DfU( ) Pl (( ( 1/6)

peue) P ((3,2)16)

Over p € C(39)

16 which is not a Yukawa point, these P!-fibrations intersect as follows:

P ((3, 2)1/6) P ((372)1/6) P} ((37 2)1/6) P} ((37 2)1/6) P} ((372)1/6)
P} ((3,2)16) 2 1 0 0 1
P} ((3,2)1/6) 1 2 1 0 0
P} ((3,2)16) 0 1 -2 1 0
P} ((3,2)1/6) 0 0 1 -2 1
P ((37 2)1/6) 1 0 0 1 9
(A.8)
The intersection numbers between the P!-fibrations over C3,2), /6 and the pullbacks of the
Cartan divisors are readily computed as follows:
DSU@) D§U(2) D(S)'U(3) DfU(?') D§U( ) U(l)y
Py ((3,2)16) | -1 1 1 1 0 -1/6
PL((3,2)1) | 2 2 0 0 0 0
(A.9)
Py ((3,2)1) | O 1 0 0 1 1/6
Py ((3,2)i5) | 0 0 1 1 -2 0
Pi((3,2)1) | O 0 1 -2 1 0

The matter surfaces 553)2)

We use P to denote such a linear combination compactly.

over C(3 2), /6 AT linear combinations of the above P!-fibrations.

Explicitly, P is a list of the
multiplicities with which these P!'-fibrations appear in the above order:

P =(0,1,0,4,0)  1-PL((3,2)y6)+4 P}((3,2)1s) -
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We apply S to indicate the Cartan charges of such a linear combination, these notations
will also be adopted for the other matter curves. All that said, the matter surfaces over
C’(372)1/6 take the following form:

Label P B Label P B
1 4

Stz (0:0.1,0,00  (1)®0,1) | Sy, =~ (0,1L11,0 () (1,-1)

5@ 1,1 1 1) | 5® 1.1.1 1 1 (4.10)
(372)1/6 (07 ) 7070) (_ )®(O7 ) (3,2)1/6 (0707 y Ly ) ( )®(_ 70)

(3) (6)

Staay, (001,100 ()@ (L=1) | Sy =~ (0,LL1L1) (~1)®(~1,0)

Intersection structure over C(y 2 , /p Away from Yukawa loci. For convenience,
we employ p!? to denote the following polynomials:

p{{ = Ss1e2e3e4U+Ss5W, pg = s%elegeiu2+slsgegege4uv—3235vw+8186vw,
p? = szegegeizﬁ+36626364uw+39w2, pf = §985€2€3€4U+ S556W — S1S9W ,

pé{ = SQS%‘FS%SQ — 815556, pé{ = 81856162€§1u2+8285€263€4u?}+81891}w,

pg = 8%616262u2—|—8586€26364UU—8159626364UU—|—8589U11). (A.11)

Over C(1,9) , P which is not a Yukawa point, the following P!-fibrations are present:

Pé ((17 2)71/2) = V(s3ap{17p‘3{{7pfap§[)a
P% ((17 2)—1/2) = V(537p£{7p5H)pé{ap7H7p{{ : 616263’1”2 +p3H : U) ) (A12)
P% ((17 2)—1/2) = V(837p£[761) :

Equivalently, P} = V (s3, pif, pi) arises from the analysis of a primary decomposition. The
above P!-fibrations relate to restrictions of the SU(2) Cartan divisors as follows:

Original Split components over Cr Original  Split components over Cr

DU By ((1,2) 1y2) + P} ((1.2) 1) | DSV P ((1,2)10)

(A.13)

Over p € C19) , /2 which is not a Yukawa point, these P!-fibrations correspond to the
representation state at the right column and intersect each other as follows:

Py ((17 2)—1/2) P ((L 2)—1/2) P} ((1>2)—1/2)
P ((1,2)1)2) 2 1 1 i
P((1,2)_1)2) 1 2 1
Py ((1,2)_1)2) 1 1 2
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The matter surfaces are

Label P I} Label P 3
g™ 5@ (A.15)
(1,2)_1/2 (1,0,0) (1) (1,2) 1,5 (1,0, 1) (—1)

Intersection structure over C 5 away from Yukawa loci. Over C 3 =
(3,1)_2/3 (3,1)_2/3

V(s5,89) the following P!-fibrations are present:

ol

1)_2/3) = V(ss, s9, e%egeisllﬁ + elegegeiszuv + 626%83112 + ere4s6vW) ,
( )—2/3) =V(s5,80,u), Py ((5, 1)—2/3) =V (s5,59,¢€2), (A.16)

P} ((ga 1)72/3) =V (ss5,59,€3) .

ol
et

These P!-fibrations relate to restrictions of the SU(3) Cartan divisors as follows:

Original Split components over Cr Original  Split components over Cr
SU(3 - - SU(3 —
Dy @ Py ((37 1%2/3) + P} ((37 1)72/3) Dy ® P3 ((3, 1)4/3)
Su(@3 =
Dy ® P ((37 1)—2/3)
(A.17)
Over p € C(g 1)_s/s which is not a Yukawa point, these P!-fibrations intersect as follows:
Py ((3 1)—2/3) P ((5, 1)—2/3) P; ((ga 1)—2/3) P; ((i 1)—2/3)
P} ((3,1)_/3) -2 1 0 1
P} ((3,1)_o3) 1 2 1 0
P} ((3,1)_o3) 0 1 -2 1
Pl ((E, 1)_2/3) 1 0 1 -2
(A.18)
The matter surfaces S'& take the following form:
(8,1)_9/3
Label P B Label P B Label P B
(1) (2) _ (3) _
S(§71)72/3 (0707071) (170) S(§71)72/3 (0707171) ( 171) S(§’1)72/3 (0717171) (07 1)
(A.19)
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Intersection structure over C 5 away from Yukawa loci. Over C5 which
(8,1)1/3 (3,1)1/3

is not a Yukawa point, the following P!-fibrations are present:
IP)(I) ((§7 1)1/3) = V(SQ,838§—525556+sls%,S5eleiu+s663v,
S1 866163’&*8385631}%8286631}, Sle%eﬁtﬂ+32616363uv+83e§v2) ,
Pl ((g, 1)1/3) = V(Sg,Sgsg—828586-}-818%,SlS6€1€2€3€iu+5385626§U+85866164w7
sle%egegeizﬁ+5261egegeiuv+55e%e§1uw+53626§v2+s6616364vw, (A.20)
8385€1€2€3€iu—8286€1€2€3€iu—8386€2€§U—Sg€1€4w, ‘
sls5elegegeiu+ 8285626%1}—81 s6ege§v+5§ele4w) ,

P; ((57 1)1/3) =V (89,8355 + 515§ — 525556, ) ,
Pé ((571)1/3) = V(397835§+813%—828586,62)-
Due to primary decomposition analysis, P} ((3, 1), /3> can be rewritten as
IP’(I) ((5, 1)1/3) = V(sg, usseies + vsges, 5156€1€5U — S355€30 + s956€30) — V (59, 55, S6) -

(A.21)

The above P!-fibrations relate to restrictions of the SU(3) Cartan divisors as follows:

Original  Split components over C(g 1) Original  Split components over C(§ 1)1

1/3

D" (3, 1)) + BB, 1)yys) | DY P} ((3,1)1/s)

DgU(S) P; ((57 1)1/3)

(A.22)

Over p € 0(5’1)1/3 which is not a Yukawa point, these P!-fibrations intersect as follows:

Py ((37 1)1/3) P ((57 1)1/3) P3 ((g, 1)1/3) P3 ((57 1)1/3)

P ((3,1)5) -2 1 0 1

P} ((3,1)ys) 1 -2 1 0 (A.23)
Py ((3,1)5) 0 1 2 1

P} ((3,1)5) 1 0 1 -2

The matter surfaces S((g?l)l/g take the following form:

Label P B Label P B Label P B
S(%?l)l/g (1,0,0,0) (1,0) Sg?l)l/g (1,0,0,1) (-1,1) S((g?l)l/g (1,0,1,1) (0,—1)

(A.24)
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Intersection structure over C(T,1)1 away from Yukawa loci. Over the singlet curve
Ca,1), =V (51, 85) the following two P!-fibrations are present:

1 222 .92, 2 2
Py ((1,1)1)=V (51, S5, e1€5e3e552u” + 626353’&0 + e1ese3e486UW + €1SgW ) ,

(A.25)
Pi((1,1)1) =V (s1,85,0) -
These fibrations intersect as follows:
Pg((1,1)1) Pi((L,1)1) | UQ)y
P ((1,1)1) -2 2 -1 (A.26)
P} ((1,1)1) 2 -2 1

We use P ((1,1)1) as matter surface for the singlet state with qy(), = 1.

A.3 Over Yukawa loci

Intersection structure over Yukawa locus Y;. Over the Yukawa point Y1 =V(s3, s5, 59)
the following P!-fibrations are present:

P (Y1) =V (83,85, 80, €1) , Pi (Y1) =V (83,5559, €2) , P3(Y1) =V (s3,8550,€3),
P3 (Y1) = V (s3,55,50,€4) , Py (Y1) =V (s3,55,50,1) ,
IP% (V1)=V (33, 85, S9, elegeislzﬁ + egezeqsouv + sww) . (A.27)

The intersection numbers in the fiber over Y7 are as follows:

Py(Y1) Pi(Y1) Pi(vi) Py(vi) Pi(v1) Pg(%1)
P (Y1) -2 0 0 1 0 1
P} (Y1) 0 -2 1 0 1 0
P} (Y1) 0 1 -2 0 0 1 (A.28)
Pi (Y1) 1 0 -2 1 0
P (Y1) 0 1 0 1 -2 0
P (Y1) 1 0 1 0 0 -2

Restrictions of the fibrations over the matter curves relate to the P! (Y;) as follows:

Split P! over Cr  Split P! over Y; | Split P! over Cr Split P! over Y;
PE((3,2)16) PV +PL(YY) | PL((1,2)-12) P} (V1)
P} ((3,2)16) BY (V1) P} ((1,2)_12) Ph (V1)
P} ((3,2)1/6) P} (V1) P5((3,1)ass)  PBY (V) +Ph(¥1) + P (V)
P4 ((3,2)1/6) P (1) P} ((3,1)-3) P} (1)
P} ((37 2) 1/6) P} (Y1) P; ((5’ 1)—2/3) Pi (Y1)
PE((1,2)-12)  SLPEYV) | PE((B1)-a) P} (V1)

(A.29)
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Intersection structure over Yukawa locus Y2. Over the Yukawa point Yo = V(s3, sg,
s255 — s186) the following P!-fibrations are present:

Py (Y2) =V (89, $3, 5255 — 5186, S5€1€3U + Se€30, S1e1€5U + 82631)) ,
Pi (Ya) = V (s9, 83, 5285 — 8186, €1) , P35 (Ya) =V (s9, 83,8285 — 5156, €2) (A.30)
PL (Y2) = V (s, 53, 5255 — 5156, €4) , Pj(Y2) = V (S0, 53, 5285 — 5156, 1) ,
IP’% (Ya) =V (s9, 83, S255 — $156, Sa€2€3€4U + SeW, S1€2€3€4U + S5W) .
The intersection numbers in the fiber over Y5 are as follows:
Py (Ya) PlH(Yz) Pi(Yz) Pi(Yz) Pi(Ya) PL(Ya)
P (Y2) -2 0 1 0 0 1
P (Ys) 0 -2 0 1 0 1
Pl (Ys) 1 0 -2 0 1 0 (A.31)
P (Y2) 0 1 0 -2 1 0
P} (Ys) 0 0 1 -2 0
P! (Y2) 1 1 0 0 0 -2

Restrictions of the fibrations over the matter curves relate to the P! (Y2) as follows:

Split P! over Cr Split P! over Y5 | Split P! over Cr Split P! over Y;
P5((3,2)16) PE(V2)+PL(Ya) | PE((1,2)12)  PE(Ya) + XiaPl(V2)
P} ((3,2)15) P} (Y3) P} ((1,2)-12) P} (13)

P} ((37 2)1/6) P (Y2) P ((57 1)1/3) P (Yz)
P} ((3,2)1/6) P} (V2) PL((B,1)ys)  PI(Ya)+ Py (¥a) + P (V3)
P} ((3,2)1/6) Py (V2) P} ((3,1)ys) P} (V2)
Py ((1,2)-172) PL(Y2) P} ((3,1)ys) P} (V2)

(A.32)

Intersection structure over Yukawa locus Y3. Over the Yukawa point Y3=V{(s3, s¢, S9),
we use A} to denote the reduced P!-fibrations such that the following structure is presented:

Py (Y3) = Ay (Y3) = V (s3, 86,50,€1) , P71 (Y3) = Af (Y3) = V (s3, 56,59, €2) ,
Pj (Ys) = 245 (Ys) =V (83, 3673976421) , Py(Ys) =243 (Ys) =V (83, 3673977«62) , (A.33)

1 1 2 2
Py (Ys)=A;(Ys) =V (53, 56, S9, US1€1€2€3€] + VSgeges + w55ele4) .
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Restrictions of the fibrations over the matter curves relate to the P! (V3) as follows:

Split P! over Cr Split P! over Y3 | Split P! over Cr Split P! over Y3
PE((3,2)16)  SiaAl(Ys) | PY((B,1)iss)  Ab(Ys) + AL (Ys) + AL (Ya)
P} ((3,2)10) Al (Y3) P ((3,1)3) A (Y3)

P} ((3,2)1/6) AL (V3) P ((3,1)13) A} (V3)
P; (( ( 3a2)1/6) Aj (Y3) P} (( 1 1/3) Af (V3)
P ( (3, 2)1/6) A} (Ys)
(A.34)
Their intersection numbers are slightly away from standard, namely
Aj(Ys) Af(Y3) AS(Ys) A(Ys) A)(Y3)
A§(Y3) -2 0 1 0 0
Al (v3) 0 -2 0 1 0 (A.35)
AL (Y3) 1 0 3 1 0 '
AL (Y3) 0 1 1 -2 1
Al (Y3) 0 0 0 1 -2

The meaning of (A} (Y?)))2

A (Y3)

missing node Nge~

—% becomes clear once we draw the associated diagram:

Af (Y3)
(A.36)

Aj (Y3)

Consequently, we see that the node Ng is missing and it holds [P%(Yé) = 2- Ny + Ng, where

Ny is the standard node that ordinarily appear instead of P3(Y3). It follows

2
(P3(Y3))" =4 N3 +4Np N + N§ =4+ (=2) +4- 1+ (=2) = =6, (A.37)
Likewise, A3(Y3) = Ny + % - Ng leads to the half-integer intersection in eq. (A.35).
Intersection structure over Yukawa locus Y;. Over the Yukawa point Yy=V(s1, s3, s5)
the following P'-fibrations are present:
Py (Ya) = V (s1,83, 85,€1) P} (Ya) = V (s1, 83, 85,0) ,
1 222 2 2 (A.38)
Py (Yy) =V (31, 53, 85, Sa€p€3e5U” + Sge2e3e4UW + SgW ) .
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Restrictions of the fibrations over the matter curves relate to the P} (Yy) as follows:

Split P! over Cr, Split P! over Y, | Split P! over Cr  Split P! over Y
Py ((1,2)1)2) P} (Va) PL((1,1)0) P} (Ya) + P} (Va)
(A.39)
P} ((1,2)12) P} (V2) P} ((1,1)o) P} (Va)
Py ((1,2)s)2) b (Va)
The intersection numbers in the fiber over Yy are as follows:
Py (Ye) Pi(Ya) P5(Ya)
P (Y- -2 1 1
o (Y1) (A.40)
Pi(Ya) | 1 -2 1
PL(v) | 1 1

Intersection structure over Yukawa locus Ys. Over the Yukawa point Y5=V/(ss, 52, s9)
the following P!-fibrations are present:
Py (Ys)=V (85,8%, Sg,65’,8663,u281€%€%€i+u08261e%63€i+v283€§€§+vw86616264>
=ng-V (s5,56,89,62) =ng-Ap(Ys),
Pl (Y5)=V (85,8%,89,63) =n1-V (s5,56,59,e3) =n1-A1(Y5),
IP’% (Y5)=V (55,52,89@) =ng-V (85,586,509, u) =ngz-Aa(Ys), (A.41)

IP’% (Ys) =V (ss, s%, S9, u251€%6263+UU826162636?1+U28362€§+’UU)866164,

u%%e%ei +2u3vslsge:{’egeg —i—u%%%e%e%ei+2u2v281836%e§ei

+2uv35253ele§ei+v4s§e§, u251 866%63+UU8256€1€3€?1+0283866§)

=n3-V (55, 6, 59,u2516%63+u082616363+v253e§> =ng-A3(Ys).

The total elliptic fiber over Y5 is given

3
T? (Y5) = ZP} <Y5) =ng- AQ(Y5) +n1- Al()%) + no - A2<Y5) +ng - Ag(Y5) . (A42)
=0

Restrictions of the fibrations over the gauge divisor DiSU(‘g) are:

DSU(3)|Y5 =n3- A3(Ys) +ny - A1(Ys) +ng - Ag(Ys),
D"y, = ns - Ao(Y5), (A.43)

SU
D" Py, = ny - Ax(Ys).
The total elliptic fiber can be obtained from the total torus over the gauge divisor DZ-S ue),

7% (D)) = (4 + ms) - Ao(Y5) + 1 - A1(Y5) +na - Ao(Ys) +mg - A3(Ys) . (A.44)
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Since this must recover (eq. (A.42)), we conclude that
ng = N4 + N5 (A.45)

Restrictions of the fibrations over the matter curves (3,1);/3) are as follows:

P(l) ((5, 1)1/3) Iy, =V (55,56,89,u%w%eﬁ%—uvszelegei—|—v253e§> = A3(Y5),
Pi ((g, 1)1/3) Iy, =V (85, s6, 59,uzsle%ei—i—ustelegei+v233e§) +P} (Y3) +
V (s5,58, 50, €3, s6e0, u>s1€5e5¢] +uvsaer esezed +v’szese3 +vwsger ezeq)
= A3(Y5)+n1-A1(Ys)+ng-Ao(Ys),
Pl ((ﬁ, 1)1/3) ly, =V (55,82,89,62) =ns5-Ap(Y5),

P; ((57 1)1/3) lys =V (85,82789&) =ng-As(Y5). (A.46)
The fibrations over the matter curves (3,1),/3 give the total elliptic fiber over Y5 as:

T2 ((g, 1)1/3‘3/5) = (n4 + n5) . Ao(Y5) +nq - Al(Y5) +ng - AQ(Y5) +2- A3(Y5) . (A47)

Restrictions of the fibrations over the matter curves (3,1)_y/3 are:

1((7 2 2 2. 2.2 4 2,2, 2. 22
P, ((3, 1),2/3) lvs =V (85, 8§, S9, €5, Se€2, u” S1 €] €56, +uvsge) eseses +v-sgeses+vwsee eaeq)

+P3 (Ys) =ng3-A3(Ys)+na-Ao(Y5),

]P’% ((g, 1),2/3) ‘Ys =V <S5,S(23,89,u) :nQ‘AQ(Y5),
P} ((3, 1)—2/3) lv, =V (55,«9%,89762) =ns5-Ao(Ys),
P; ((3, 1)—2/3) lys=V (85,8%,89763) =n1-A1(Ys). (A.48)

The fibrations over the matter curves (3,1)_y/3 give the total elliptic fiber over Ys as:

T2 ((g, 1)_2/3’}/5) = (?24 + 715) . AQ(Y5) +nq- Al(Y%) +ng - A2<Y5) “+ns - Ag(Y5) . (A49)

We conclude that the restriction from the two triplet matter curves to the Yukawa point
Ys preserve the elliptic fiber structure as presented in (eq. (A.42)) iff ng = 2.

Before we continue our discussion of the factors n;, let us look at the intersection
numbers among the A4;(Y5) as follows:

Aj(Ys) Al (Ys) Aj(Ys) Af(Ys)
A (Ys) -2 1 1 2
A (Ys) 1 -2 0 0 (A.50)
AL (Ys) 1 0 -2 0
AL (Ys) 2 0 0 -2
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Let us return to the factors n; we can fix ny = no = 2 intuitively. Then, by infering that
-2 = (Po((3, 1)_2/3)‘Y5>2, we find ny € {1,3}. Intuitively, we discard ns = 1 and pick
ng = 3 instead. By accepting all these steps above, we are then left to conclude

ng =5, ny=ng =ng =2, ng =3, ng = 2. (A.51)

This finally, completes our understanding of the fiber structure over Ys.

Intersection structure over Yukawa locus Ys. Over the Yukawa point Ys=V(s1, s5,59)
the following P'-fibrations are present:

Py (Ys) = V (s1,55,59,€2) , P} (Ys) =V (s1,85,50,€3) , P (Ys) =V (s1,55,50,u) ,

P (Ys) =V (s1,85,80,0) , Py (Y5)=V (51, 55, 59, S2€1€2€3€U + 5362630 + 866164w) .
(A.52)

Restrictions of the fibrations over the matter curves relate to the P! (Y5) as follows:

Split P! over Cr Split P! over Yy Split P! over Cr Split P! over Y
P (B.1)ys) PLY)+PI%) | PH(B.D)_gp) P} (Ys)
P ((3,1)1/3) P} (V) Py ((3,1)_3) P} (Ye)
P4 ((3,1)1/3) P} (Y) PL ((3,1)3) P} (Ys)
Py ((3,1)y3) Py (Y6) PS((3,1)-5s3)  Ph(Ye) + P} (¥e)
Pi((1,1)1) Y0P} (Ye) + P (Ye) P3((1,1)1) P; (Ys)
(A.53)
The intersection numbers in the fiber over Yy are as follows:
Py (Ys) PI(Ys) Pi(Ye) P3(Ys) Pi(Y)
P (Ys) -2 1 1 0 0
P! (Ye 1 -2 0 1 0
P (Ys) 1 0 -2 0 1
P (Ys) 0 1 0 -2 1
P} (Ys) 0 0 1 1 -2

B Induced line bundles in F-theory Standard Models

In this section, we give details on how we identify the root bundles in the largest
currently-known class of globally consistent F-theory Standard Model constructions with-
out chiral exotics and gauge coupling unification [31]. More details can be found in the
earlier works [26, 44]. We provide details on the employed G4-flux in appendix B.1. Sub-
sequently, we outline our computational techniques in appendix B.2 and summarize the
resulting root bundle constraints in appendix B.3. Finally, we construct root bundle solu-
tions in compactifications over a particular 3-fold base space B3 in appendix B.4.
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B.1 G4-flux and matter surfaces

U(1)-flux. We associate to the section s; = V(e4) a U(1)-flux. To this end, we employ
the Shioda map to turn s; into o € HLD(Y)):

7 = (led = o) = [7* (Ry)] + 5 ler) + 5 lea) + 5 )

In this expression, [e4] = v(V (e4)) € HED(Y}) denotes the image of the divisor V(e4) C X5
under the cycle map . Furthermore, recall that 7: Y, — Bs. The U(1)-flux is then given
by

(B.1)

Vi

GiV=wnoe HRI(W),  wen (HI(B). (B.2)

Matter surface flux. To the matter surface S((;)2)1/6 over the quark-doublet curve

C(372)1/6 (cf. appendix A) one can associate a gauge invariant flux

(372) > 1
G =[5, 45 [FHE 210 + 5 [RGB, 200)] 45 [PUB.210)] . (B3)
Total flux expression. One can now con31der a linear combmation of these fluxes
Gala,w) =a-GPPV v wno e HED (). (B.4)
The parameters a € Qand w € 7* (H(Ll) (B3)) are subject to flux quantization, Ds-tadpole
cancelation, masslessness of the U(1)-gauge boson and exactly three chiral families on all
matter curves. These conditions are solved base-independently by

3 — 15
B3 KBS
This leads to
—3 —
Gy = % 3 (5[61] [ ] KB3 (3[61] — 2[62} — 6[64] + KB3 —4u + ’U)) . (B.6)
B3

For this Gy, it was verified in [31], that the integral over all matter surfaces Sg and complete
intersections of toric divisors is integral. This is a necessary condition, for this algebraic
cycle to be integral. A sufficient check is computationally very demanding and currently
beyond our arithmetic abilities. Therefore, we proceed under the assumption that this
G4-flux candidate eq. (2.25), is indeed integral and thus a proper G4-flux.
We next look at
.A, = -3 (5V(€1, 64) — 3V(61, tl) — 2V(€2, tg) — 6V(64, t3)

- (B.7)
+V(t4,t5) - 4V(t6,u) + V(t(;, U))|?4 € CH (Y4,Z),

where t; € H*(X5,a*(Kp,)) and a: X5 = B3 x Pg,, — Bs. Note that y(A') = FBS?) Ga.
Therefore, this gauge potential would induce chiral exotics, unless we “devide“ it by & =
K g, ®. Hence, we are led to consider gauge potentials A = F(A) € H (Y4, Z(2)) with

Y(A) =Gy, EA(A) ~FA). (B.8)

Hence, we can infer that the line bundles induced from A = 7(A) are K?fg?’—th roots of

the ones induced from A" = F(A’). The divisors Dr(A’) are then ?333—th roots of the
Dgr(A’). In the following, we outline the arithmetic identification of the divisors Dg (.A’).
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Matter surfaces. As eq. (B.7) is gauge invariant, it suffices to focus on the following
matter surfaces (cf. appendix A)

1) _ 1) _ 1 _
5(372)1/6 - V(s3) 59, 64) ) 5(5,1)72/3 - V(S5a 59, 63) ) S(171)1 - V(Sla S5, ’U) )
s = V( 2 4 5259 — +
(1’2)71/2 = 53, S255 5159 815586, S1€2€3€4U S5W,
S8985€2€3€4U + S5SgW — S1S9W, @e%e%eﬁtﬂ + Sge2ezequw + 89w2) R (B.9)
1 2 2 2
S(,) == V(Sg, 5385 — $255S56 + 5156, S5€1€4U + S6€30,
(8:1)1/3
S156€1€5U — 5355€30 + S2S6e3v, S1esequ’ + speiezeduv + S3e§v2) .
1 1 . . .
Note that S((l)z) e and S((§)1) are not complete intersections. In appendix B.2.1, we ex-
12) - Diys

plain how one can compute topological intersection numbers of cycles with them. Moreover,
we can simplify the expressions for those two matter surfaces.

1 2. 229 2
S((1)2)_1/2 =V (s3,usiez2e3e4+wss, u”saese3e] +uwsgesezes+wsg),

(1)
S(gvl)l/s

(B.10)
2 2. 2.4 2,.2. 2
=V (sg,usserej+uvsges,u”sieye, +uvsaeieses+v-sses)—V(sg, Ss5,56) -

Therefore, we can express all matter surfaces as pullbacks from elements in CHQ(X5):

(1)

(3.2)1/6 V(s3,eqa) = V(er,ea)ly,
((32)71/2 = V(s3,p1) — V(e1,p1) — V(s3,0)ly,
S(%?n_z/s = V(ss,e3) = V(v,e3)ly, (B.11)
(%?1)1/3 = V(sg,q1) + V(ea,e3) — V(e q1) — V(es,s9) — V(u, q1) o
Sty = V(s1,0) = V(v w)ly, |

where p; = usjesezeq + wss and g1 = US56163 + vsgez. We exploit this in appendix B.2.2
to compute the actual intersection loci.

Finally in appendix B.2.3, we make use of the fact that we know that the matter sur-
faces are particular P!-fibrations over the matter curves. The matter surface flux originates

from the matter surface S(3 ) This allows us to derive the divisors Dg(A’) intuitively

1/6°
from intersections in the fiber and intersections in the base. The former is facilitated by

knowledge of the intersection numbers listed in appendix A.
B.2 Computational strategies
B.2.1 Euler characteristic of structure sheaf of intersection variety

The twisted cubic — a non-complete intersection. Let us start with a simple
and instructive example that involves a non-complete intersection. We consider P3 with
homogeneous coordinates [x : y : z : w] and focus on the hypersurface Y = V(zw — yz). In
this hypersurface Y, we consider the twisted cubic

S=V(zz—y’yw—-2H)NY =V(zz — 9 yw — 2%, 2w — yz) = P!, (B.12)
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and a union of two lines
A=V(@)NY =V(z,zw —yz) = V(z,y) UV (z,2). (B.13)

Crucially, note that S is not a complete intersection and cannot be expressed as any sort of
pullback from P3. In order to compute the topological intersection number S - A, we notice
that this intersection number coincides with the Euler characteristic of the structure sheaf
of the intersection variety V(z, 2z — y?, yw — 22, 2w — yz).

Let us denote the coordinate ring of P3 by R. Then an f.p. graded (left) R-module,
which sheafifies to the structure sheaf in question, is given by

T
(azw—yz rz —y? yw — 22 x)

R(—2)" @ R(-1) y R — Og.4 — 0. (B.14)
Denote this sequence by Fj MR Os.4 — 0. A minimal free resolution is given by

0 F Mo Mo My Ogu— 0, (B.15)
where Fy = R(—3)®°, I3 = R(—4)%? and

—wz y 0

-y wx 0 00
r — —w
Mo —y w0 yz—w? |, M= ( 4 ) . (B.16)

—z 00 zz—yw

0 z0y?—aw

The vector bundles F; has the following sheaf cohomologies:

OIP’S(_4>€B2 OP3(_3)®5 OPS(—Q)@S D OpS(—l) Fh=R= OIP3

h0 0 0 0 1
h? 0 0 0 0
h3 2 0 0 0

It follows that h'(P3,Os.4) = (3,0,0,0), i.e. S- A = x(Os.4) = 3. Equivalently, we find
V(xw—yz,xz—yQ,yw—z2,x) :V($,y,2), (B18)
which allows us to conclude S+ A =3-V(z,y,2).

Application to Higgs matter surface. We employ this technique as a consistency
check on intersections with the non-complete matter surfaces. For instance, let us work

out the topological intersection number of B = V' (ey, e4, pry,) with (cf. eq. (B.9) for p;)

S = S((i?2)71/2 - V(p17p27p37p47p5> . (Blg)
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in the elliptic fibration Y4 over the base space By = P39 (cf. appendix B.4). To construct
the structure sheaf of the variety V(p1,p2, ps,p4, ps, €1, €4), we model the coordinate ring
of X5 as R = Q[sy, so, 53, 85, 86, 59, U, U, W, €1, €2, €3, €4] with Z5-grading”

S1 S2 83 85 Sg Sg | u VvV W |e e ez ey
Kg, |1 1 1 1 1 1
H 1 1 1
E; -1 11 (B.20)
B, 11 1
E; -1 101
Ey 1 1 1

Then, an f.p. graded (left) R-module Og.p which sheafifies to Og.p is given by
R(_FBB) r
R(fngs) T

R(-Kp, — H+ E1) (pl P2 P3 P4 P5 €1 €4 PRy, )
R(—2Kp, — H + Ey) R — Og.p — 0. (B.21)
R(-Kp, — 2H + 2E;)
R(—E; + Ey)
R(~EJ)

Denote this sequence by F; M g 1 — Og.p — 0. A minimal free resolution is given by
0 Fp Moy g Moy My p Ms, o Mop o My O — 0, (B.22)

where tk(Fy) = tk(Fy) = 1, tk(Fg) = 6, tk(Fy) = 7, rk(F3) = rk(F5) = 19, tk(Fy) = 25.1°

We compute the Euler characteristics of the F; by computing their sheaf cohomologies.
The latter is performed by use of the Kiinneth formula. Namely, since X5 = P39 x Ppy,,
and

H"(X5,L) = H*(Psg x Pp,,, L) = € H'(P39, L) ® H(Pp,,, L), (B.23)
i+j=k
we can easily compute the cohomologies in question from line bundle cohomologies on Psg
and Pg,. The Euler characteristics of the vector bundles F; are

x(F1) =1, x(Fy) = =50, x(F3) = —82, x(Fy) = 384, (B.24)

X(F5) =699,  x(Fg) =266, X(Fr) =0. (B.25)
It follows that
S+ B =x(0s.8) = X(F1) = x(F2) + x(F3) — x(F4) + x(F5) — x(F) + x(Fy)
=1—(—50) + (—82) — 384 + 699 — 266 + 0 = 18.

9We could use the actual coordinate ring for the fibration over Psg. This ring has 18 indeterminates and

(B.26)

is Z1a-graded. As a consequence, the resulting computations take longer than the ones performed with the
simpler ring. Both lead to the same result.
10The twists of these free modules and the mapping matrices are huge. We therefore omit them here.
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B.2.2 Line bundles from Chow ring of toric ambient space

Let us repeat the intersection computation S - B by using

S = S((1)2) 1/2 = V(83ap1) - V(ebpl) - V(Sg,’l)) Y, (B27)
instead. Similarly, B = V(e1,e4)ly,. We define 5, 7" € CH?(X5,Z) via
S"=V(s3,p3) = V(er,p3) = V(sz,v), T =V(ereq). (B.28)
Then, it follows S T S"x, T' -x, V(pr, ). Explicitly, we find
V(s3,p3) x5 V(er,ea) = V(s3, 55w, e1,eq) = V(s3,55,e1,€4), (B.29)

V(elaPS) ‘X5 V(ela 64) = @, V(53’ U) ‘X5 V(elv 64) =0.

From a primary decomposition, we find (ss3, s5, €1, e4, pr,,) = (€1, €4, S3, S5, S9). Note that
e1 = eq = 0 fixes all other homogeneous coordinates of Pp,,. Hence

T (S -)74 T) =V (83,85,89) . (B.?)O)

If we consider Bs = Psg, then it follows from eq. (B.26) that V' (s3, s5, s9) must be a divisor

of degree 18 on C(y 2) Indeed, this is true because F?DBQ = 18. It is not too hard to

—-1/2°

repeat this computation and find that A" in eq. (B.7) gives

D(3,2)1/6 ("4,) =3 V(KB37 $3,59) (B.31)
D), (A) =-3 [5‘/(83, 85,89) — 2V (K ., 3, PH)} ; (B.32)
D(S,l) 2/3 (‘A,) =3 V(K337857 Q)a (B 33)
(B3 (A") = -3 {5‘/(53, S6, 89) — 2V (K By, so, PR)} , (B.34)
D1, (A) =3 V(KB s1,55). (B.35)
In this expression, we are using
Py = 82852, + s1(8189 — $556) , Pr = 53852) + s6(s156 — S285) - (B.36)

By considering FBSB-th roots and adding spin bundles on the matter curves, one arrives
at the root bundle expressions summarized in appendix B.3.

B.2.3 Line bundles from fiber structure

Finally, let us present a third way to compute the induced line bundles. Even though
this approach is equivalent, it provides more intuition than the brute-force intersection
computations in CH*(X5). To this end we make use of the genesis of the G4-flux and the
fiber structure of }74, which we outlined in appendix A.
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Let us apply this strategy for the Higgs curve. We first recall that A’ in eq. (B.7) can
be thought of as
A= Als.2)

+ Ay = 15+ Asa), o + 37" (Kp,) -0 € CHA(V1, 2), (B.37)

1/6 1/6

where (in abuse of notation) o denotes the canonical lift of the 1-form associated to the
section s; = V(e4) via the Shioda map. On general grounds, it now follows that

m (SR A) = ave K (B.39)
For the Higgs curve, we have qy(1)y = —1/2. Thus,
m (s M) =2 K, . (B.39)
* (1,2)_1/2 U(1) 2 3 0(1’2)71/2

Note that (cf. eq. (2.22)) C(1,2)_, ,
the Higgs matter surface and -’4/(3 2)1/6 is found in the fiber over Y7 and Y5:

. 0(372)1/6 = Y1 UY5. Hence, the intersection number of

Als2),,0ly - Sa2) 1)y, = (1/2,2/3,0,1,1/3,0) - (0,1,1,1,1,0) = =1/2,  (B.40)
Als 2),,0ly, - Sa2) 1]y, = (0,1/2,2/3,1,1/3,0)-(0,0,0,0,0,1) = +1/2. (BA1)
This implies
D (Afs.2),,,) =15 vy ly (B.42)
(1,2)-12 (A3.2)16) = SY1+5Ya) )
We now use Y7 +Ys = F‘C (cf. eq. (2.22)) to conclude that
(1,2) 19
1 1 3 —
, — [ —
Dz, (Alsz), ) = 15 [ Vi 21@] . K‘CM y (B.43)
—6 ?) —15Y;.
Ca,2) 1/2

Noting that Y7 = V/(s3, s5,59), and Py = s952 + 51(8159 — 8586), we thus find

D(172)_1/2 (./42372)1/6) =-3 {5‘/(83, S5, 89) - QV(FB:;, S3, PH)} . (B.44)

This is exactly the result that we found in eq. (B.32). Similarly, the line bundle expressions

found in appendix B.2.2 for C(q 1), C(§,1) 0(3,1)1/3 can be verified by using this strat-

—2/3"7
egy. For the quark-doublet curve, the situation is more involved since the matter surface

flux is defined over this very matter curve so that self-intersections are to be taken into
account. Equivalently, we can give a quick argument by noting that the divisor in question

must be a linear combination of the Yukawa loci on C3 2 Any of these Yukawa loci

1/6°
Y1, Y5, Y3 admits a pullback description:
Ys) = 2K g,

00(3’2)1/6 (Yl) = 00(3’2)1/6 (Yg’) = FBS (B45)

) 00(3’2)1/6(

(3,2)1/6 (3’2)1/6
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Therefore, the bundle must be of the form n - K g,

and the prefactor n is fixed by

(3,2)1/6

the chiral index. This gives D3 2), (A’(372)1/6> =3- FB?”C( o
3.2); /6

B.3 Root bundle constraints

By repeating the intersection computations, we obtain the root bundle constraints as func-
tions of FB;S (cf. eq. (2.37)). Since we analyze the case FBsg = 18 in more detail momen-
tarily, let us list the root bundles for such base spaces explicitly:

curve g P d | BN-theory

RO Bt p

®36 _ |9 3 0 10

C(3.2),,6 = V(s3:59) 10 P(3A,2)1/s = Kp, Com s 19 L1 e
5 2 0

KO Al p

C(1a2)—1/2 = 3 0 82
®36 - |®66 4 1 78

P =K (@) —30-Y;
, - 82 (1,2) 1/ B3 C(1,2),|/2 ® C(1,2)71/2( 1) 84
V (s3, 5252 + s1(8159 — $556))

10 7 12
KO Al p
Tp |5 30 10
Cs = V(ss, : P —Kp

323 (85, 59) 10 CRORY: s CE.1)_y 2 4 1 6
5 2 0
KO Al p
0(571)1/3 = 3 0 82
— ®66 4 1 78

82 Pg?f)l/S - KBa’ D = ® 00(5,1)1/3 (_30 ' Y3) 84
Vv (597 535?) + s¢(s156 — 8255)) (3.1)1/3 . . .
10 7 12
hO Bt p
B — ®24 3 0 10

¢ =V(s1,s 10 P36 — Kp 19
b (81, 5) .10 *leaay, 4 1 6
5 2 0

The parameter p from Brill-Noether theory [40] provides a measure of how likely it is
to find a degree d line bundle with certain number of global sections — the larger p is,
the more likely such bundles exist. Notably, this parameter does not take the root bundle
constraints into account. See [38, 42] for an application of Brill-Noether theory to F-theory
and further explanations.
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For the considered F-theory Standard Model constructions, the toric base spaces must
satisfy FBSP’ € {6,10, 18,30} [31]. Therefore, let us list the root bundle constraints for these
values of FBSS. Analogous to the above table, the root bundle constraints on C(g 1) 50

C(E,l)l/g’ C(1,1), follow once the constraints on C(372)1/6, C(1,2)_1/2 are known. For ease of
presentation, we will merely list the constraints on C(3’2)1/6 and 0(172)_1/2:
??33 curve g P d BN-theory
KW n p
C3.2),,5 = V(s3:50) 4 Pg”%l/ﬁ = Ko, 2(132-,2>1/6 6 i (1) é
5 2 -6
6 RO Bt p
Caz = 3 0 28
28 | Pia) ,,= Kb, 530 ®Ocp ,,(=30-Y1) 30 oo
V (s3, 5252 + 51(5150 — 5556)) 2172
7 4 0
Al p
C3,2),,, = V(s3,59) 6 P(%,zzo)l/ﬁ = Kp, i::zn/ﬁ 8 i ? z
b) 2 -4
10 Bt p
0(1,2),1/2 = 3 0 46
46 szzo)iw = K, iﬂ ® OC(LZ),W(_?’O ‘Y1) 48 S
V (83,5282 + 81(8189 — $556)) 2172
8 5 6
At p
C(3,2),/5 = V(s3,50) 10 (%?26)1/6 = Kp, i:m./ﬁ 12 i (1) 160
5 2 0
18 RO Rt p
Cazp, = 3 0 8
82 | Pia) ., = Kns j% ®0cuy_,,(=30-Y1) 84 s
\% (53, 525% + s1(s189 — 5556)) 2172
10 7 12
O hl p
0(3’2)1/6 =V (s3,59) 16 ng’%l/s = 733 23;2)1/6 18 i (1) 12
5 2 6
30 RO R p
Caz = 30 136
136 | P ,, = Kn im © 0044 ,,(=30-Y1) 138 Lo
V (s3, 5252 + 51(5150 — 5556)) 42172
13 10 6
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B.4 Limit roots in base space Psg

We consider the smooth, complete toric 3-fold base P39, whose Cox ring is Z8-graded

1 x2 x3 Tyq Ts Ze g xs Z9 x10 11

1 2 1 0 0 0 0 0 0 0 0

o 1 0 2 1 0 0 0 0 0 0

0O 2 0 -3 0 1 0 0 0 0 0

O -1 0 1 0 0 1 0 0 0 0 (B.46)
o 1 0 -1 0 0 0 1 0 0 0

0O -1 0 2 0 0 0 0 1 0 0

O 0 0 1L 0 O 0O 0O 0 1 0

O -1 0 3 0 0 0 0 0 0 1

and whose Stanley-Reisner ideal is given by

Isg = <$8w11,$79€11,$6$11, T5L11, L4211, X211, L9T10, L7L10, L6L10, L5L10,
T4T10, T2L10, TLY, T6LY, T5LY, T4TY, ToLg, T7T8, T5L8, T4T8, Taxg, TeTr,  (B.47)
T5X7, T4XT, X4L6, L2LEG, L2X5, $11‘3> .
P39 is a particular triangulation of the 39-th polytope in the Kreuzer-Skarke list of toric

threefolds [80], hence the name. It follows that F?;SQ = 18. Furthermore, for D; = V (z;),
we find non-trivial topological intersection numbers

D; D3 Dg D11

— (B.48)
D;-Kp, 3 3 6 6

The remaining divisors have vanishing topological intersection numbers. Even more, for
D; € {D4, D5, D7, Do}, we find D; - V(s;) - V(sj) = 0 for any s;,s; € H(Ps9, Kp,,). The
divisors Dj, Dg, Dig intersect the generic curve V(s;, s;) trivially but admit non-trivial
intersections with non-generic curves.

In section 4.2, we discussed roots on the quark-doublet curve C(§72)1/6. Here, we provide

details on the limit roots on Cz ) =V (89,5352 + s6(s156 — 5255)). We use

/

11 11
S1 — S¢ — S3, 82—)85—1—[1‘@', 39—>Hx,;, (B.49)
=1 i=1

and generic sz, S5, Sg to deform this curve into

11 11 11
C(.§1) =V (H%Ss - 36> uv (H%S:s - 86> uv (Hmi,% +36> =Q1UQUQs3.
T3 i=1 i=1 i=1
(B.50)
It is important to verify that this curve is nodal so that we can apply the limit root
techniques outlined in section 3. A computationally favorable description is that a point p
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is a node if and only if the Jacobian matrices vanish identically at p but the Hessian matrix
does not [79]. Therefore, it is readily verified that for example, the points V(x1, s5 —sg, 53—
s¢) are indeed nodes.

Consequently, we proceed to identify roots that solve the root bundle constraint

P
(3.1)1/3
in appendix B.3 and admit exactly three sections. For this, it suffices to construct solutions

to

®6 L ®11
o _ - 0 . . _
<P(3,1)1/3) =K, ©0cs (-5, h ( (371)1/3,13(3,1)1/3)_3, (B.51)

(§,1>1/3 (371)1/3

where Y3 = V(s3, sg, S9). We notice that Y3 N Q1 = Y3 N Q3 = 0, which implies

(), =L
(3,1) = A B3 )
1/3 0 Q1
. ®6 _®l1 . ®11  —  ®(=5) — |®6
(P(3,1)1/3> o = K, 0s ®0q,(=5-Y3) = Kp, 0s B3 0 = K By Qs (B.52)
2
(P' >®6 = |#1
(g’l) = B3 .
1/3 0s Qs
These observations allow us to draw a weighted graph, which encodes roots P(% 11, on
s+)1/3
() . This graph is displayed in figure 2.
(8,1)1/3

We find it important to mention that this graph is non-planar. This is remarkable
because all other dual graphs considered in this work are planar. To our knowledge, there
does not seem to be any result in the literature which suggests that the dual graph of a
nodal curve is necessarily planar. In fact, most of the literature, such as [78] and [79], only
discuss examples of nodal curves with planar dual graphs. Although there are well-known
planarity criterion theorems, such as the Kuratowski’s theorem [82], we resorted to excessive

o
(8113
minimalistic example of this sort is the nodal curve whose dual graph is K3 3. There are

computational checks to verify that C' has a non-planar dual graph figure 2. A more

many interesting questions concerning planarity that arise in graph theory, such as criterion
theorems [73, 74], enumeration [75], and other variants of planarity [76, 77]. However, the
significance of non-planarity for the geometry of nodal curves is unknown. We hope to
return to this interesting question in the future.

Turning back to solving eq. (B.51), we note that the degrees of the roots encoded by
figure 2 are listed in figure 3. In particular, the total degree is d = 84, as expected for

X(P 4
( ; )1/3
from corollary 8, i.e. we add the number of sections on all curve components except the

) = 3 on this g = 82 curve. Recall that we identify the number of global sections

exceptional P's, which are colored in blue. Therefore, it suffices to focus on the curves
c o, 09 0@2, 0¥ 09 and €. Each curve C?' and O admits 36 roots
whereas Cg ? only admits a unique root. These roots each have one section. It follows from
proposition 3 that of the roots on Cg’? L Cfb, C:,?? and C’g?’, each curve admits at least 35
roots which have no sections. We have thus found at least 362 - 35% solutions to eq. (B.51).
In future works, we wish to investigate which of these root bundles stem from F-theory
gauge potentials in Hé(ﬁ, 7.(2)).
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