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ABSTRACT: We characterize the global symmetries for the conjecturally complete collec-
tion of all six dimensional superconformal field theories (6D SCFTs) which are realizable in
F-theory and have no frozen singularities. We provide comprehensive checks of earlier 6D
SCF'T classification results via an alternative geometric approach yielding new restrictions
which eliminate certain theories. We achieve this by directly constraining elliptically fibered
Calabi-Yau (CY) threefold Weierstrass models and find this allows bypassing all anomaly
cancellation machinery. This approach reduces the problem of classifying which 6D SCFT
gauge and global symmetries are realizable in F-theory models before RG-flow to charac-
terizing features of elliptic fibrations associated to these theories obtained by analysis of
polynomials determining their local models. We supply an algorithm with implementation
producing from a given SCF'T base an explicit listing of all compatible gauge enhancements
and their associated global symmetry maxima consistent with the geometric constraints we
derive while making manifest the corresponding geometric ingredients for these symmetries
including any possible Kodaira type realizations of each algebra summand. In mathemat-
ical terms, this amounts to determining all potentially viable non-compact CY threefold
elliptic fibrations at finite distance in the moduli space with Weil-Petersson metric which
meet certain requirements including the transverse pairwise intersection of singular locus
components. We provide local analysis exhausting nearly all CY consistent transverse sin-
gular fiber collisions, global analysis concerning all viable gluings of these local models
into larger configurations, and many novel constraints on singular locus component pair
intersections and global fiber arrangements. We also investigate which transitions between
6D SCFTs can result from gauging of global symmetries and find that continuous degrees
of freedom can be lost during such transitions.
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1 Introduction

Six-dimensional superconformal field theories (6D SCFTs) are uniquely well-suited to shed
light on the structure of the string landscape. Nearly two decades after the surprising
appearance of the first arguments demonstrating their existence [1-3] resolved earlier pro-
posals suggesting they might exist in principle but must be non-Lagrangian [4], renewed
interest over the last several years [5-15] has enabled classification results for these theo-
ries [16, 17] relying heavily on tools from F-theory. Among the features of SCFTs these
classifications leave implicit are their global symmetries.

Our primary focus here is to provide a characterization of these symmetries for conjec-
turally all 6D SCFTs realizable in F-theory without frozen singularities (i.e., those without
O7" planes in the language of type IIB string theory) [18-20] that have recently been
conjecturally classified [16]. Global symmetries play a central role in recent lines of inquiry
including investigations concerning renormalization group (RG) flows of 6D SCFTs [21, 22],
but a systematic treatment has remained lacking. We outline the general structure of 6D
SCFT global symmetries, provide summary rules to determine global symmetry maxima
for each known 6D SCFT. We also enable explicit listing of the maxima via implemen-
tation of an exhaustive search algorithm making manifest the potentially viable Kodaira
type realizations of each gauge and global symmetry summand which may occur for a given
SCFT base B = C?/T" determining a family of F-theory models where T is a discrete U(2)
subgroup meeting stringent requirements [17, 23]. In the process, we show that some of the
theories appearing in that classification can be eliminated. We also carry out a check that
our methods suffice to otherwise match the previously reported “Atomic Classification” [16]
via manifestly geometric constraints without appeal to Coulomb branch anomaly cancel-
lation machinery. With these tools at our disposal, we then briefly examine the SCFT



transitions obtained by promoting global symmetry subalgebras to gauge summands and
find that continuous degrees of freedom can be lost during these “gaugings”.

The rest of this note is organized as follows. We give a general overview of relevant
background material and our approach in section 2. In section 3, we review several features
of Weierstrass models in F-theory and previous 6D SCFTs global symmetry classification
results for the small class of theories for which these have been treated systematically. We
then detail an algorithm determining these symmetries for general 6D SCFTs based upon
restrictions we derive in appendix A and other previously established constraints [24, 25].
We turn in section 4 to a discussion of novel restrictions on 6D SCF'T bases and their gauge
enhancements providing slight refinements of the classification from [16] determined using
our algorithm. In section 5 we summarize the geometrically realizable global symmetries
of 6D SCFTs in terms of the permitted length two subquiver Kodaira type assignments for
each valid base. We then discuss the general structure of 6D SCFT global symmetries via
summands arising from the “atomic” base decomposition constituents in section 6. The
transitions between 6D SCFTs that can be obtained by occupying the degrees of freedom
permitting global symmetry summands to instead allow further gauge summands (i.e.,
by “gauging global symmetries”) are discussed in section 7. Concluding remarks and an
outline of applications and open problems appear in section 8. Instructions for using the
accompanying computer algebra workbook appear in appendix B. Finally, tables summa-
rizing global symmetries for several key cases helping to complete our analysis appear in
appendix C.

2 Overview

Global symmetries of theories with 1D Coulomb branch and those without non-abelian
gauge algebra (for cases with B containing a single compact singular locus component) have
previously been treated [24, 25]. Here we extend that approach which involves determining
geometrically realizable SCF'T global symmetries via the properties of non-compact Calabi-
Yau threefold elliptic fibrations of the form 7 : X — B underlying F-theory 6D SCFT
models. Flowing to a conformal fixed point after taking a limit in which all compact
components of the singular locus are contracted yields a CFT whose geometrically realizable
global symmetries are constrained by the permissible non-abelian algebras which can be
carried on non-compact components of the singular locus of X via a correspondence of
these algebras to global symmetries of the SCFT dating to early F-theory descriptions of
the small Eg x Eg instanton [26-28] also used recently in a number of works [15-17].

The geometrically realizable global symmetry maxima of F-theory 6D SCF'T models for
the cases treated previously [24, 25] have only a single compact singular locus component.
For those theories, these maxima are subalgebras of the Coulomb branch global symmetry
algebras permitted via field-theoretic gauge and mixed anomaly cancellation requirements
which govern the gauge enhancement prescriptions of the “Atomic Classification” [16]. We
find this is true more generally and appears to hold for all 6D SCF'Ts admitting an F-theory
description and having no frozen singularities.



While it has been argued that all continuous SCEFT global symmetries must be gauged
upon coupling to gravity [29], precise rules for determining these degrees of freedom for an
arbitrary 6D SCFT and provision of gauging consistency conditions before and after such
coupling have not been systematically treated in cases with Coulomb branch of dimension
larger than one. While we will not discuss this global symmetry gauging mandated by
coupling to gravity in any detail, we will briefly discuss gauging of global symmetries taking
one SCFT to another. However, our primary focus in this note is simply to constrain the
manifest geometrically realizable flavor symmetries of each F-theory 6D SCFT model. Note
that the construction we study identifies these degrees of freedom in the UV though such
models only give rise to a conformal theory after RG flow. This means that the actual
global symmetries of an SCFT associated to each model may differ from those degrees of
freedom we shall identify. As shown in earlier work [24, 25], these geometrically realizable
global symmetries are (in some cases strictly) more constrained than those permitted on the
Coulomb branch of the theory. Typically, the latter constrain the actual global symmetries
of a CFT since these also act on the Coulomb branch of the theory. However, additional
field theoretic constraints can in some cases provide reductions beyond Coulomb branch
gauge and mixed anomaly cancellation prescriptions, for example when we have su(2) gauge
algebra [30].

The approach we take reduces our central task to a mathematically well-defined prob-
lem. This consists of providing a series of constraints on non-compact elliptically fibered
Calabi-Yau threefolds we study by means of a singular elliptic fibration 7 determined by
Weierstrass equation of the form

V=x+ fr+g (2.1)
with auxiliary data detailed in section 3.1 and f, g locally defined polynomials on a complex
surface. More precisely, f,g are sections of O(—4Kp), O(—6Kp), respectively, with Kp
the canonical bundle over the base B, as above. The constraints we obtain involve a careful
analysis of local models for these elliptic fibrations. We treat sufficiently many cases that
it is convenient to constrain the global Weierstrass models through implementation of
exhaustive computer search routines.

Note that we do not claim the existence of globally consistent F-theory models achiev-
ing the flavor symmetry maxima we report. While proofs to that end are often possible
and even trivial in sufficiently many cases that one might expect only limited tightenings
of these maxima may be obtained, doing so in full generality is delicate and beyond the
scope of this work. Among the key difficulties in demonstrating global consistency of the
models underlying the maxima we report is the construction f, ¢ in a neighborhood of a
compact curve having intersection with multiple transverse type I, or I; fibers. When
only a pair of transverse curves is considered, we can often bypass explicit checks using
a suitable coordinate system or a sequence of blow-ups. However, when three or more
transverse curves are present explicit construction is often highly involved. Further work is
needed to show that global symmetry inducing non-compact curves meeting distinct com-
pact singular locus components remain uncoupled in cases where sequences of blow-ups do
not immediately suffice to this end. (For example, determining via explicit construction



whether ¥ in the base 2y/1y having Kodaira types I} and Iy on ¥’ and X, respectively,
can support simultaneous transverse intersection with the triple of curve stubs Ig,I3,Is per-
mitted as a point singularity collection along > by “Persson’s List” [31] is rather tedious.
Advancing to analogous cases where we modify the type on X’ and replace the type on
Y curve by I’ often presents similar but magnified challenges.) Hence, except where the
maxima we report dictate only trivial global symmetry is permitted, these algebras should
strictly speaking be viewed as upper bounds on the actual global symmetries of each theory
in the UV.

Note that restrictions on the geometry of Weierstrass models are seemingly necessary
to reach the precise conclusions of the “Atomic Classification” [16]. It is hence natural
to ask whether a parsimonious approach giving a “purely geometric” characterization of
all known constraints on 6D SCFT F-theory models is possible. In this work, we provide
strong evidence towards answering this question in the affirmative.

Our methods extend earlier work [24] to the general case, thus resulting in a geometric
classification of gauge and flavor symmetries realizable in F-theory models for all 6D SCFT's
of the aforementioned classification [16]. We shall proceed without appeal to field-theoretic
tools based on Coulomb branch anomaly cancellation requirements involving hypermulti-
plet count pairing restrictions. This enables us to provide consistency checks on results
derived via the latter approach where known. We rely instead on algebro-geometric analy-
sis of elliptically fibered Calabi-Yau threefolds with our efforts focusing on local polynomial
expansions of the sections f, g occurring in (2.1).

To enable explicit listing of global symmetry maxima for each gauge enhancement of
any fixed 6D SCFT base, we derive a series of constraints enabling our calculations to
proceed via computer algebra system. These fall into three main categories. First, we
determine which pairs of curves in B with generic fibers having specified Kodaira types are
permitted to intersect without introducing singularities so severe that Calabi-Yau resolution
of the fibration would be prevented. Second, we analyze local models for transverse sin-
gular curve collisions to determine the minimal “intersection contributions” (giving counts
towards certain degrees of freedom along each curve) from every relevant permitted inter-
section. These both entail generalizing previous analysis limited to certain single curve
theories [24, 25]. The final category concerns elimination of certain arrangements multiple
singular locus components.

Together these tools enable us to constrain 6D SCFT gauge and global symmetry alge-
bras independently of and more strongly than Coulomb branch gauge and mixed anomaly
cancellation techniques [16, 24, 25]. Our approach is parsimonious in that we obtain
constraints via a manifestly geometric approach based on inspecting elliptic fibrations
in correspondence with 6D SCFTs rather than via the hybrid approach underlying [16]
which invokes representation theoretic anomaly cancellation tools supplemented by geo-
metric restrictions.

We discuss the previously reported gauge enhancements and bases [16] which our
methods eliminate in section 4. Gauge enhancement prescriptions for certain constituents of
SCFT bases, namely “links,” obtained using the accompanying computer algebra routines
are compared with outputs of routines provided in conjunction with [16] after minor edits



aimed to match gauge prescriptions therein. Extending comparisons for links to those for
general 6D SCFT bases yields novel restrictions in certain cases.

While established local analysis including intersection contribution data [24, 25] plays
a key role, our route is complicated by the following issues meriting significant extension of
earlier treatments. The theories addressed therein involve models having a singular locus
with only one compact curve X associated to a simple gauge algebra g. Determining which
global symmetry algebras are realizable in such models can be treated via consideration of
non-compact curve collections {X}} with each X/ transverse to ¥ and carrying non-abelian
simple Lie algebra g;. Relatively maximal algebras arising as @;g, from a permissible
configuration are identified as global symmetry maxima via a limit with ¥ contracted.
For such cases, analysis concerning non-compact curves collections with @®;g; potentially
maximal suffices while configurations resulting in “small” @;g; are irrelevant.

To treat more general theories with multiple compact components {3;} in the singular
locus giving rise to gauge algebra @®;g;, we consider collections of non-compact curves
having transverse intersection with some ;. While previously determined constraints on
maximal algebra yielding configurations transverse to 3; [24, 25] are helpful, the curves
meeting Y; now include any compact neighbors ¥;_; which may carry “small” algebras
corresponding to gauge summands comprising part of the data specifying a theory. Such
local configuration hence may not be among the previously studied maximal configurations.
This presents the significantly more involved combinatorial problem of finding the maximal
configurations meeting each fixed ¥; given not only the Kodaira type along ¥; but also those
of any Y; meeting X; with global considerations introducing various subtleties. Further
complicating our task is that intersection with a compact transverse curve often requires
distinct local analysis an analogous intersection with a non-compact curve of the same
Kodaira type and can yield different intersection data.

The minimal orders of vanishing determining Kodaira types become insufficient to
realize a permitted type assignment {7;} on each {¥;} in the general case, e.g. (A.2).
This leads us to develop local models for many transverse intersections of curve pairs
with designated orders of vanishing nearly exhausting all permissible transverse singularity
collisions for CY threefold fibrations. The algorithm we supply incorporates this analysis to
yield a significant step towards explicit classification of such fibrations including a treatment
of codimension-two singularities.

In addition to enabling explicit listing of gauge enhancements and their flavor sym-
metry maxima, we shall discuss the general structure of these symmetries. We provide
two complementary prescriptions involving rules dictating the flavor symmetry maxima
that may occur for each 6D SCFT in terms of Kodaira types on curves determining a
fixed gauge enhancement. The first consists of rules summarizing these maxima in terms
of length two curve chains and constraints imposed additional neighboring curves. This
summarizes results obtained with computer routines and organizes them into constraint
equations and structured listings. Second, we detail these maxima for longer bases in terms
of contributions arising from each of the building blocks in the “atomic” decomposition of
6D SCFT bases into “link” and “node” constituents [16].



3 The strategy

Our approach generalizes earlier work [24] to cases with discriminant locus consisting of
more than one compact curve. The first ingredient involves imposing the restrictions
derived therein for single curve cases with associated non-abelian gauge algebra along with
the remaining single curve cases without non-abelian gauge algebra treated in [25].

We next check a given global symmetry summand inducing configuration for consis-
tency with the number of vanishings of f, g, and A required along each curve in a quiver.
There are a handful of additional restrictions we shall impose including the elimination
of a few configurations which are barred via earlier analysis (appearing in appendix E.3
of [16]) and a similar discussion we derive here in appendix A.

Before moving to treat the local analysis and other tools we shall require, we begin in
this section with a review of our general approach for determining global symmetry maxima
within F-theory on purely geometric grounds (i.e., sans anomaly cancellation tools). We
also pause to detail an algorithm and our accompanying implementation which allows us to
reach conclusions through an exhaustive search of configurations meeting known restrictions
outlined here and those derived in appendix A.

We shall make use of the maximal configurations for single curve theories studied pre-
viously [24, 25] updated with tightenings in certain cases having non-abelian gauge algebra
illustrated in table 3 and in one case with trivial gauge algebra discussed in section 3.3.2.
In the remainder of appendix A, we turn to a detailed local analysis on the number of
vanishings required along each compact curve for all possible pairwise intersections of dis-
criminant locus components which we shall encounter. In the process we also uncover
various forbidden curve intersections. These restrictions are central to the approach we
describe in this section, but we postpone their discussion until we have outlined the task
at hand since their details are somewhat involved.

3.1 Weierstrass models and gauge algebras in F-theory

The essential geometric ingredient for an F-theory formulation of an SCF'T is a Weierstrass
model determining a singular elliptic fibration given by « : X — B with fibers determined
by a Weierstrass equation of the form (2.1) with B = C2/T, as above, in the case of 6D
F-theory. The discriminant of this equation,

A =4f34274%, (3.1)
is a section of O(—12Kp) with its “discriminant locus,”
{A=0}, (3.2)

determining where the fibration is singular. The types of singularities that are permitted
without being so severe as to prevent a Calabi-Yau resolution X are given by the Kodaira
classification [32-34] with summary appearing in table 1. “Non-minimal” fiber types indi-
cated in the final row have resolution of singularities containing a curve which can be blown
down. Blow-down of such a curve down leads to a new Weierstrass model with orders of



vanishing of (f,g,A) along ¥ reduced by (4,6,12). We hence discard such cases without
loss of generality. Similarly, a two-dimensional Weierstrass model is minimal at P defined
by {o = 0} provided ord,—o(f) < 4, or ord,—(g) < 6. To reiterate, we confine our study
in this work to those models lacking non-minimal points. (From the Calabi-Yau condition,
we could have blown up such points. Without loss of generality, we take such a model as
our starting point.)

ord(f) ord(g) ord(A) type singularity non-abelian algebra
>0 >0 0 I none none
0 0 1 I; none none
0 0 n>2 I, An_1 su(n) or sp([n/2])
>1 1 2 11 none none
1 > 2 3 11 A su(2)
>2 2 4 v Ay su(3) or su(2)
>2 >3 6 I§ Dy s0(8) or s0(7) or go
2 3 n>"17 r_6 D, s0(2n —4) or so(2n — 5)
>3 4 8 Iv* (453 ¢g Or f4
3 >5 9 IIT* er er
>4 ) 10 I €8 €8
>4 >6 > 12 non-minimal — —

Table 1. Singularity types with associated non-abelian algebras.

The precise gauge algebra which occurs in the cases of ambiguity is determined by
inspection of the auxiliary polynomials appearing in table 2 where 3 is a curve along the
singular locus {z = 0}; larger gauge algebras result with more complete factorizations.
A significant portion of our analysis concerns which splittings can take place in various
intersection arrangements. Several existing results towards this end [16, 24, 25] are crucial

to our work.

type equation of monodromy cover
L/ n>3 2+ (99/2f)] =0
TVs/ns W2 — (g/22)] =0

I/ 4 (/) ]em0 - ¥+ (9/2%) |20
L7 n >3 | g2+ L(A/220)(22£/99)% =0
L/, n >3 | 42+ (A/2202)(22£/99) =0

[y=s/ns ¥ = (g/2%)]=0

Table 2. Monodromy cover polynomials determining non-abelian gauge algebras.

The association of non-abelian algebras to Kodaira types indicated in table 1 including
non-simply laced cases dates to [35]. The essential idea is that the resolution of singularities
X for a given Kodaira type gives rise to a graph of curves we may naturally associate to a



Dynkin diagram determining a Lie algebra g. This same g arises as the gauge algebra of a
corresponding physical theory associated to an F-theory model compactified on a Calabi-
Yau threefold X with metric furnished via work of Yau [36]. Cases in which non-simply
laced algebras may occur further involve a cover of X with properties determined by the
auxiliary “monodromy cover” polynomials appearing in table 2. These together with the
local polynomial expansions for certain Kodaira types as detailed previously (in appendices
A.B of [24]) are the main objects involved in our discussion.

3.2 Global symmetries from F-theory geometry

The field-theoretic and geometrically realizable global symmetries of 6D SCFTs with an
F-theory model having discriminant locus with a single compact component were studied
in previous work [24, 25] to treat 1D Coulomb branch cases and certain trivially gauged
theories. This leaves us to focus on theories with models having more than one compact
component after providing a few tightenings of earlier results detailed in sections 3.3.
Two ingredients are essential in our derivations. We make heavy use of earlier results
giving expansions of f, g, and A that determine general forms for expansions giving local
models of Kodaira type I? and I, curves [9, 24]. We also rely on tables 41, 42 taken (up
to minor corrections) from [24] which give forbidden curve intersections and intersection
contributions obtained from certain local models. Though we require significant general-
izations derived in appendix A, these local intersection models and contribution data play
a key role. We also will use the maximal configurations derived in those works and several

geometric restrictions on curve pair intersections derived in [16].

3.2.0.1 Setup and notation

Let us begin by reviewing aspects of our setup, notation and terminology largely based
on [16, 24].

Global symmetries arise in F-theory via non-compact components of the discriminant
locus. Coupling of the associated gauge group on each of these curves becomes zero after a
rescaling, hence leading to a global symmetry [24]. Our main focus here involves extending
earlier discussions [24, 25] concerning symmetries constructed in this way for cases with
discriminant locus containing a single compact curve (determining an SCFT with gauge
algebra consisting of at most a single simple Lie algebra summand) to the much broader
collection of theories appearing in [16]. The latter typically have bases with multiple
compact components of the discriminant locus. We shall see that this extension is simple
in principle, but presents significant combinatorial challenges.

Let us pause to discuss two limitations of our approach also noted elsewhere [24, 25].
First, the Tate’s algorithm prescription [9, 37] may not capture the most general possible
forms for Kodaira types I7<,<g. Since we shall rely on the Tate forms in these cases, it
is possible that a limited class of configurations may be missed by our approach. Second,
where local analysis permits non-compact curves to allow any monodromy designation, we
report global symmetry maxima with those possibilities giving the largest algebras con-
sistent with our analysis though additional restrictions could in principle be obtained in
some cases. However, the maxima report always appear to be subalgebras of the Coulomb



branch global symmetries which we generally expect to find as subalgebras of the actual
global symmetry algebra for a given theory. This suggests that only limited further reduc-
tions from these maxima may be obtained. Note that multiple global symmetry maxima
persist in many cases even when monodromy designations are unambiguous both in cases
for fixed geometric realization of a given gauge algebra (e.g. su(2) on a —1 curve realized
by Kodaira type IV™ with maxima appearing in table 3) and in cases where we compare
all geometries for fixed base realizing a given gauge assignment (e.g. su(3) on a —1 curve
with su(10) and su(3)®? maxima, as read from table 6.1 of [24]).

We now pause to review a few details of the “Atomic Classification” [16]. Theories
are classified therein by detailing all possible connected trees of compact curves ¥; C
{A = 0} C C? having %; - ¥; = m; over which the fibration is singular. This “atomic”
decomposition into permitted subgraphs given by the values m;, rules for their gluing
and the gauge summands from each ¥; dependent on nearby attachments leaves certain
ambiguities in the Kodaira types which can realize a given gauge summand, e.g., types I,
I, and II each yield trivial summand. One of our secondary objectives here is to resolve
these ambiguities and provide a geometric check of this classification.

Contraction of all ¥; yields the orbifold base B = C2?/T" with I a discrete U(2) subgroup
determined by the values m; or alternatively the values m; obtained after iterated blow-
down of all —1 curves to yield an “endpoint.” These were classified in [17] and restructured
in [23]. Distinct curves ¥; must have transverse intersections in at most a single point. The
curves {¥;} must be contractible at finite distance in the Calabi-Yau moduli space with
Weil-Petersson metric dating in this context to [38, 39] which leads to a pair of conclusions
via [40, 41]: i) X; = P! with negative self-intersection (that is, 3; - 3; < 0), and ii) the
graph consisting of the ¥; must have positive definite adjacency matrix given by

Aij=—% 5. (3.3)

To simplify notation, we will often omit the minus signs giving curve self-intersections
with the understanding that all self-intersections are negative (e.g., in place of the chain
—3, —2, writing instead 3,2). Any two digit self-intersections will be given with parentheses
where ambiguous. For example, when writing 1,12,1 without commas, we shall write
1(12)1.

A key ingredient for our work is the general result of [16]: with few exceptions, every
6D SCF'T base in F-theory is of the form

S 79" JPs ot
So91L1 92 LagsLs - - gpLikgk+1 - - 9m—1Lm—19mSm, (3.4)

where g; € {4,6,7,8,9,(10), (11),(12)} are “DE-type” nodes (referring to the gauge alge-
bras supported on these curves), I®' are subgraphs of the form 122....2 consisting of [
curves called “instanton links”, and S;, L; are “side links” and linear “interior links”, re-
spectively; attachment to DE-type nodes occurs via the exterior —1 curves when possible.
Truncations of this general form are also permitted. Briefly, allowed bases are linear chains
of curves with branching possible only near the ends. We refer to [16] for the details of two
exceptions to the above structure. The first allows a limited class of bases with a single



4-valent curve that are linear away from this curve. The second allows up to four instanton
branches for certain bases with precisely five nodes.

We will now review and extend the setup, notation, and terminology introduced in [24].
We let the compact irreducible effective divisors of (3.3), namely ¥; C {A = 0} lie at
{z; = 0} and designate their self-intersection numbers via m; = —3; - £;. Let P, ; denote
the intersections of X;, Xg for i # k when non-empty.

We shall consider non-compact collections of curves {E; j }jes; transversely intersecting
3, at Pi’J with ZQJ NYg = 0 for k # i. Let (a;,b;,d;) = (a,b,d)y, indicate orders of

vanishing of f, g and A along ¥; and similarly define (a; ;, b; ;, d; ;) those for ¥; ;. Should
we embed a neighborhood of the curves Y; in some larger space, it is conceivable that
one could derive more stringent requirements on global symmetries arising from the Efi’j.
Nonetheless, configurations in such contexts must still obey the constraints we shall derive
which are strictly local in ¢ up to propagation of these local constraints along the compact
curves of the quiver (in the sense detailed at the start of appendix A) due to purely local
analysis of intersections. Consequently, no extra freedom is introduced for example by
allowing the X} ; to have intersection with multiple ¥;.
For X any of the curves ¥; or ¥} ; with orders (a,b,d) = (a,b,d)s; we let
/ gy = % ) As =

2’ z 2’

sz

(3.5)
abbreviating these quantities as f,ﬁ,A where unambiguous and noting that these are
sections of the line bundles

fe O(-4Kp —aY), §¢ O(—6Kp—1b%), Ao O(-12Kp—d%).  (3.6)

We will refer to A as the residual discriminant. When ¥ is any of the compact divisors
Yk, setting m = my we have

Kp-YX=m-2, (3.7)
since ¥ = P! with genus g = 0; we define residual vanishings on ¥ as the quantities
ay = (—4Kp —aX) - X = —4(m — 2) + ma,
by, = (—6Kp — bX) - ¥ = —6(m — 2) + mb,
dy = (12K — d%) - ¥ = —12(m — 2) + md, (3.8)

which count the number of zeros with multiplicity of the restrictions to X of fv, g and A,
respectively. To improve the naive constraints on X;,Y; ; reading

—~4Kp =Y a;i%i =Y ap;%; | Tk 20,
i j

—6Kp — > bi%i— > bi;Th; | Tk >0,
e J

—12Kp = > di%i =Y di;Sh; | Tk =0, (3.9)
i i
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we begin by defining for an intersection of two curves 3, Y’ at P the intersection contribu-
tions from Y to ¥ towards the residual vanishings given by the quantities

ap = 01"dp]?|2::0 , bp = ordpﬁ‘zzo , dp = OrdPA’z:o , (3.10)
abbreviating these as (ap, I;p, d p)s. Note that strict inequalities in
ap > asy , bp > by, bp > by,
ordpf > ax + axy, ordpg > by + by, ordpA > dx; + dsv (3.11)
often follow from local analysis and that non-minimality at the intersection requires one of

ordpf <4, ordpg < 6. (3.12)

Constraints tightening (3.9) using intersection contributions following from local analysis
then read

as, > E ap; .+ E ap,,; = E ap, s s
J [

itk

by, > Z BP,;J. + ZIN’PM = Zdﬂ-,z ;
j i#k i

C{E > ZC{PIQJ —i—de,m. :ZdPi,E’ (3.13)
j i#k i

where P;s; are relabellings of any intersection points between ¥ and other components
of the discriminant locus, namely {X;};; and {X .}je;. Further restrictions come from
consistency checks for gluing these local models into globally well-defined configurations.
We shall employ the terminology of [24] referring to curves such that 3 at {z = 0} has

discriminant of the form

A 73 ~2

= <4f +272Pg ) , (3.14)
for some p > 0 and z ¢ f as having odd type and indicate the orders of vanishing as
(a,b+ B,d)s, where B =0,1,---. For such curves, the second term in the right hand side
vanishes identically upon restriction to ¥ and hence dp = 3ap. When instead (a+A,b,d)s,

A=0,1,---, the residual discriminant has the form
A ~ ~
== (4zpf3 + 2792) (3.15)

for some p > 0, and z { g making dp = 2bp, we refer to such curves as even type. The
remaining cases with Kodaira types I,, and I’} are termed hybrid types, these having both
ﬂ Lo and ﬁ‘zzo involved in contributions to vanishings of the residual discriminant.

Note that the analysis of [24] for single curve theories addressed the general cases
having any permitted A > 0 and B > 0 via the observation that maximal global symmetry
algebras arise for a given Kodaira type when A = B = 0. Theories having multiple compact
components of A however often require some >; have A > 0 or B > 0 to realize a maximal
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configuration making our analysis somewhat more demanding. For example, consider the
gauge enhancement with type assignment given by

3 1 . 3.16
el oy 186S] (3.16)

(A,B,0)

Observe that the maximal global symmetry algebra [gas| which can arise is eg realized by
a type IV* fiber meeting the —1 curve. This requires A > 1 in (3.16) by (3.9). Hence,
to search for consistent geometric assignments yielding maximal algebras, it becomes rel-
evant to consider non-zero A, B. In fact, non-zero A, B values are often required by a
gauge enhancement before any global symmetry considerations as noted above, e.g. the
configuration of (A.2). Together, it is hence natural to study nearly all A, B local inter-
section models in development of a brute force algorithmic approach to finding maximal
configurations.

3.3 Theories with one compact singular locus component

We now review details of global symmetry algebra maxima realizable in F-theory for single
curve theories. Our approach to treat arbitrary 6D SCFT bases found in F-theory con-
structions via our algorithm requires also the data consisting of the maximal transverse
configurations for single curve theories as detailed in [24, 25]. Many of these configurations
do not lead maximal algebras for single curve theories. They do, however, constrain the
transverse configurations we encounter in trying to do determine these maxima for more
general bases.

3.3.1 Non-trivially gauged theories

Global symmetries realizable in F-theory for those cases where a single compact curve in
the base carries non-abelian gauge algebra first appeared in [24]. We use these restrictions
with a few new tightenings for type III and IV curves that we indicate with a ‘3’ symbol in
tables 3. In cases with non-abelian gauge algebra, the Coulomb branch global symmetry
predictions from field theory are remarkably close to the constraints we find from F-theory

geometry, the latter being more restrictive in some cases.!

3.3.2 (Gaugeless theories

The global symmetries and maximal transverse configurations which may arise in F-theory
models lacking non-abelian gauge algebra (i.e., where the discriminant locus contains only
a single trivially gauged compact curve) first appeared in [25] as tables 3,5,7, thus com-
pleting a characterization of the geometrically realizable global symmetries for single curve
theories. We shall use the fact that a further tightening is possible for an I; curve; the fla-
vor symmetry maximum coming from an I’ transverse fiber with n = 4 can be constrained

! As noted in [24], results of [30] constrain field theory global symmetries beyond Coulomb branch gauge
anomaly cancellation requirements in some cases including one with su(2) gauge algebra in which the
reduction resolves a mismatch with geometrically realizable global symmetries to bring agreement with
predictions from F-theory. Whether yet unknown further constraints on field theory might allow precise
matching in all cases remains an intriguing question.
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type along ¥ | algebra on ¥ | —¥? | max. global symmetry algebra(s)
2 50(7)
I su(2) 50(7) @ s0(7) B su(2)
1 50(7) B sp(3) (1)
sp(5) (1)
su(2) 2 g2 (1)
92 © g2 ®su(3) (1)
1 g2 ®sp(2) (1)
sp(3
. 3 PG) (1)
5 su(3) @ su(3)
sp(2)
su(3) su(3)%4
) su(3)2 @ 5p(2)
su(3) ¢ sp(3)
sp(4)

Table 3. Global symmetries of gauged F-theory models on Kodaira type III and IV curves.

slightly by observing that such a fiber must have monodromy, yielding a reduction for one
of the maxima from s0(16) to so(15). We shall also use the maximal configurations and
tabulations of intersection contributions (appearing in [25] as tables 4,6) in these gaugeless
cases. Generalizations of this data to cases with A, B > 0, are treated in the appendix A.
Arguments yielding these results appearing in [25] use the same approach we take here and
in [24]. We extend this analysis in part for treatment of arbitrary bases since gaugeless
compact components of the discriminant locus often can appear in longer bases only if
A, B > 0. We detail the relevant intersection contributions and forbidden intersections for
such curves. This extension plays a key role in our algorithm determining global symmetry
maxima consistent with the other restrictions derived in appendix A.

A few comments in the case of a single type Iy curve ¥ may be helpful. The maximal
configurations from [31] are those permitted as collections of singular points along ¥, but
we impose stronger requirement that these arise from a transverse curve configuration. As
with many other cases we study here, these maximal configurations may place distinct
restrictions on the singularity type of the compact curves they intersect. As an example,
among the maximal gauged curve configurations above for a type Iy are [III*,III] and
[IV*$TV?], from which the algebras e7 @ su(2) and eg @ su(3) arise. These require B > 0
and A > 0, respectively where (a,b,d)s, = (A, B,0). Since A, B cannot simultaneously
be non-zero in type Iy, a given fixed compact component of the discriminant locus with
designated orders of vanishing permits only one of these transverse curve collections. In
this sense, they can only arise in distinct geometries. This phenomenon is one motivation
for tracking the geometric data captured by the orders of f,g,A in our work. In our
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example, we have a larger algebra in which these are both subalgebras, namely egs. We
might hastily conclude the geometrically realizable global symmetry algebra for all models
with a single Iy curve is then always egs. However, when B > 0, intersection with any eg
bearing curve is non-minimal. Our approach intends to enable a broader determination of
whether the distinct global symmetries we find may arise from distinct SCFTs with their
data specified by the geometry of the fibration at a level of precision beyond specification
of the gauge algebra. For this reason and to confirm preliminary existence checks for
geometric realizations of each configuration, we further track the orders of f,g, A along
each of the compact and non-compact components of the discriminant locus.

3.4 Algorithm summary

In this section we describe an algorithm we have implemented via series of computer algebra
system routines. These routines are intended to allow adaptation for other purposes,
though the primary focus in their development is the computation of 6D SCFT global
symmetries. There are three main groupings of methods. The first computes 6D SCFT
gauge enhancements from geometric considerations. The second handles semisimple Lie
algebra inclusion rules. The final grouping determines curve configurations leading to
geometrically realizable global symmetry maxima. Several subroutines dual a purpose role
in the first and third groupings. The reason for this is that many of the restrictions on
which Kodaira types may be paired in curve collisions often hold even when one of the
curves is non-compact.

A summary of the algorithm determining gauge enhancements and global symmetries
for each enhancement on a quiver given by the values m; follows.? Certain subroutines are
more elaborate than indicated to allow efficiency boosts and result formatting including
‘sewing’ results by combining shorter quivers together to treat longer quivers, storage of
partial results during computation, writing data to file for later use and presentation in
text, and enabling parallel computation. Since these are non-essential to the underlying
algorithm, we will not further discuss these aspects here, instead providing the precise
work-flow via inclusion of our implementation with arXiv submission of this note.

Given a quiver () specified via the values m;, the first leg of the algorithm finds all com-
patible gauge algebra assignments on () while tracking the Kodaira types 7T; yielding gauge
algebras @;g;. For each of these type assignments 7 ~ {7}, the second leg determines all
geometrically realizable global symmetry maxima for 7.

This process begins by assigning all possible orders of vanishing (a, b, d)s;, on each ¥;
in @ compatible with naive non-minimality constraints (3.9) up to user specified maximum
values AmaxT; Bmax,7 to be allowed for each Kodaira type 7. Each order assignment
{(a,b,d)s,} is then paired with every naively permitted monodromy assignment appearing

2Bases permitting infinitely many enhancements complicate our summary and we shall separate the
statements for such quivers. The core algorithm applies identically for such “rogue bases.” Since our
implementation includes an argument effectively giving an upper bound on the algebra rank permitted
for any gauge summand to yield a finite time algorithm through bypassing the infinity of enhancements
permitted on a rogue base, awkward summary statements extending those we provide follow in the obvious
way with this caveat introduced by such a user determined rank bound.

— 14 —



in table 1. Intersection contributions are computed for each 7; in each assignment 7 to
check (3.13) with failing assignments discarded. Any remaining 7 are checked against
restrictions on pairwise intersections of compact curves. Each length three subquiver is
then checked against restrictions on maximal configurations involving such triplets. If )
is a branching quiver, a final check against restrictions on transverse trio configurations
mostly derived in [24, 25] is applied. The resulting list of permitted 7 determines the
gauge enhancements we allow for the given quiver.

The second leg of the algorithm constrains any geometrically realizable global sym-
metries by finding transverse configurations {Z; j} permitted for each assignment 7. This
beings by assigning for each fixed 7 every transverse collection {E;j} of non-trivially
gauged non-compact curves, again in two phases with the second involving decoration by a
monodromy assignment with constraints on configurations provided by (3.9), (3.13), respec-
tively. Each collection is then checked against restrictions on pair intersections, transverse
duets and triplet degenerations, and certain larger maximal configurations slightly general-
izing those determined in [24]. The remaining transverse configurations {7 ~ {¥{ ;}} e s,
determine all possible geometrically realizable global symmetry summands for fixed T .

Each configuration 77 for a fixed 7 is then explicitly associated to a global symmetry
algebra summand ggs 77 = @;,;0:,;. Any relatively maximal algebras among {gas 77} 77,
are determined via an implementation of semisimple Lie algebra inclusion rules and analysis
of maximal semisimple Lie subalgebras from [42]. These are the global symmetry algebras
we permit for the enhancement 7. Any 7’ with strictly smaller associated algebras are
discarded and the resulting list returned to give the explicit geometric realizations of any
global symmetry maxima for 7. In making the maxima comparisons, we put all 7 having
differing A;, B; assignments on the same footing provided the Kodaira types are matching.

A repackaged version of the program provided in conjunction with [16] is included along
with methods allowing direct comparisons of enhancements described in the literature and
those we compute via other methods enabling tracking of geometric data not previously
available. We generally find agreement for the enhancements permitted on links with those
of [16] and consequentially also for most 6D SCFTs with a handful of exceptions eliminated
via geometric constraints on F-theory bases as detailed in section 4. The input @ for our
implementation is not confined to links; only the finitely many 4-valent bases are barred.

3.5 Flavor summand locality

We now pause to provide an example illustrating one result of our analysis. Briefly, global
symmetry contributions are local in quiver position for fixed Kodaira type but not for fixed
gauge algebra. Each assignment 7, for o ~ 2215 with ggauge = s1(2) @eg appears in table 4,
where ng denotes the trivial algebra, flavor summands appear below the curves on which
they arise, and the right-most column contains the flavor symmetry maxima for a given
type assignment. While we can realize a go global symmetry summand from the left-most
—2 curve and an su(3) summand from the —1 curve, these options are mutually exclusive,
i.e., all global symmetry algebras for an su(2) @ ¢ gauge theory realizable in F-theory via
this quiver are strictly smaller than su(3) @ go.
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2 2 1 5 GS Total:
(III,su(2)) (II,II()) (I(),no) (IV*S,QG)
Ay 0 Ay 0 A2
(IV”S,SU.(Q)) (II,H()) (10,1’10) (IV*S,BS)
g2 0 Ax 0 A1 @ g2
(12,511(2)) (Il,no) (Io,no) (IV*S,QG)
A 0 A 0 A3
(su(2)) (no) (no) (e6)
As 0 Ao 0 A2
g2 0 Ay 0 A1 @ g2
(II,no) (I11,5u(2)) (To,no)  (IV*e6)
0 Aq 0 0 Aq
(II,n0) (IV™isu(2))  (TIomo) (IV*e)
0 g2 0 0 g2
(Il,no) (12,511(2)) (I(),no) (IV*S,%‘)
0 Ay 0 0 Ay
(no) (su(2)) (no) (c6)
0 g2 0 0 g2

Table 4. All global symmetry maxima for 2215 with gauge algebra su(2) @ eg along with each
possible Kodaira type assignment to the quiver realizing this gauge algebra.

For a quiver «, we thus fix a Kodaira type assignment 7, before addressing which
global symmetries are geometrically realizable. We can then compare results among all 7,
having shared gauge algebra, as above. Somewhat surprisingly, while various constraints
are “non-local” in curve position including the permitted orders (a, b, d)y, (as illustrated in
table 19), the ggioha1 maxima for fixed 7, instead appear to always include every relatively
maximal product of any permitted curve contributions. In contrast, this ceases to hold
when varying 7T, for ggauge fixed as illustrated by the above example.

3.6 Distinguished Calabi-Yau threefolds from global symmetry maxima

In this section we introduce a distinguished class of elliptically fibered CY threefolds deter-
mined by global symmetry maxima of 6D SCFTs. We examine the role of these symmetries
in the field-theory to geometry “dictionary” and show that a nearly bijective correspon-
dence results when including these symmetries among the data specifying an SCFT.
Briefly, the idea is to consider which singular elliptically fibered CY threefolds 7 :
X — B give F-theory models for a 6D SCFT having data (ggauge, Gglobal; I'), Where ggauge
and gglobal are gauge and global symmetry Lie algebras, respectively, and I' discrete U(2)
subgroup gauge fields. As discussed in [16], I' determines a unique quiver {m;} that is
the minimal blowup of the endpoint associated to I' permitting gauge enhancement given
by ggauge- Such quivers do not exhaust those for F-theory models with matching gauge
content, i.e., dropping gglobal from the SCFT data leaves the geometry severely under-
specified. Models compatible with (ggauge, ') often allow many choices for {m;}, 7 with
geometrically realizable global symmetry algebras {gglobai} so different that their common
merger at a conformal fixed point upon renormalization would be highly surprising. When
instead tentatively regarding ggional as an essential ingredient in specifying a CF'T, match-
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ing models become so constrained that we find a nearly bijective map from 6D SCFTs to
corresponding CY threefolds. The distinguished collection of all threefolds determined via
this correspondence from the 6D SCFT landscape appears to be a natural candidate for
further study.

We now turn to an example before further discussing this correspondence more gener-
ally. Consider the collection of theories having ggauge = ¢6. The compatible bases include:
1,2,21,3,31,131,4,41,141,5,51,151,512,1512. The number of curves in the base is not fixed by
ggauge, DOT by also specifying I'. We can say more upon fixing ggiopal. We consider the case
that gglobal = su(3) and note that any compatible base has at least two curves since each
single curve theory with ggauge = ¢¢ gauge algebra has ggiobal trivial via table 6.2 of [24].
We can eliminate the bases 131,141,151,1512 since each has all ggauge = ¢ compatible
enhancements with ggona being too large.

We should now specify I' to distinguish between the bases 51,512, and others. Con-
sider the ggauge = ¢¢ compatible 7 on 51,512. These appear in tables 5 and 6. Upon
fixing either base, 7 is determined by a choice of ggiohal. Now we observe that the field
theory data I' distinguishes between the remaining gglonal = su(3) compatible bases and
hence in conjunction with ggioha1 specifies the geometry uniquely up to quiver and Kodaira
type assignment.

5 1 GS Total:
(IV*S,BG) (Io,no)
0 Ao Ao
(III*,€7) (Io,no)
0 Ay Ay
IV™5a) - (Io,no)
0 As As
(IV*™54)  (ILng)
0 92 g2
AV™a) - (I,no)
0 As As
(Fa) (no)
0 g2 g2

Table 5. All gauge and global symmetry options for 51 with each possible Kodaira type specification
realizing a given gauge theory.

5 1 2 GS Total:
(IV*S,Q(;) (I(),Ilo) (Io,no)

0 Aa 0 A
(IV*S,%) (Io,no) (ILno)

0 Ay Ay A?
(IV*S,%) (I(),no) (Il,no)

0 As Ay AL @ Az

(c6) (no) (no)
0 Az Ax A1 @ Az

Table 6. All global symmetry maxima for 512 with gauge algebra ¢g and each Kodaira type
assignment realizing this algebra.
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This example suggests that it is natural to consider a field-theory/geometry “dic-
tionary” relating elliptic fibrations compatible with a choice of field theory data
(I, ggauge> Gglobal). Here gglobal constrains which blowups of the aforementioned minimal
(ggauge, I') compatible base should be considered, for example by requiring blowup of a
base with a single —4 curve to 51 when ggauge = f4 and ggiobal is non-trivial, or with an-
other I', from —3 to 512. Such a dictionary formulation thus gives a natural route from
field-theory to the bulk of geometries in correspondence with 6D SCFTs, with the role of
Oalobal €ssential in accessing the better part of this geometric landscape. The fibration with
minimally blown-up base can be viewed as a degenerate case in which we have omitted any
Gglobal specification.

Let us return to our ggauge = ¢6 example, instead now fixing I'_3 corresponding to the
endpoint —3. Since ggauge has a single summand and all curves ¥ having my > 3 carry
non-trivial gs;, there can only be one m > 3 curve in any compatible base. All curves must
have 1 < m < 6 since my, > 7 requires X minimally support gy, = ¢>7. For the base —3, we
have gglohal = 0, and this is the only such base. The remaining bases with shared endpoint
which can match ggayge have

1
o € {41,151,512,1612, 161} .

For 41, we have a unique gglobat = su(3). From the data above for 51, we can deduce
that when « given by 151, the unique ggoba = su(3)®2. For the only trivalent option,
this becomes su(3)®3 (noting table 7). For 1612, options for ggoba match those from
512 after appending an su(3) summand coming from the outer —1 curve. To simplify the
correspondence, let us consider only the geometries leading to the maximal ggiona1 0n each
quiver. This gives for 512, gglobal = 5u(2) @ su(3) and for 1612, ggiobar = su(2) & su(3)%2.
To summarize, o and 7 are determined uniquely in each case by gglobal-

Observe that “special” CY threefold fibrations are singled out by this “dictionary,”
namely those which have singular curve collections carrying one of the ggloha maxima for
a 6D SCFT. Denoting this collection of varieties Mg, ,, our example summary amounts
to concluding that inverting the map

Mgglobal ’(ggauge%QG,F73) = (267 ggIObal’ ]‘_‘_3)

from bases with enhancements specified up to Kodaira type to their relatively maximal
global symmetries gives an injective map from gglobal t0 Myg,,,,.,- Generalizing this state-
ment to all 6D SCFTs is non-trivial due to subtleties including the presence of multiple
relative maxima for ggonal. Note that there is an analog of this distinguished class of
threefolds in the moduli space of compact Calabi-Yau threefolds upon consideration of a
compact base giving an F-theory model coupled to gravity wherein the global symmetries
we describe are promoted to gauge symmetries via assignment of values m; to non-compact
gglobal carrying curves when possible while our transversality requirements are relaxed.
The distinguished threefolds Mg, , ., in contact with F-theory models are remarkably
sparse among CY threefold elliptic fibrations. Consider a fibration with base containing a
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single compact curve ¥ and Tx ~ Iy. The unique degenerate fiber collection along ¥ cor-
responding to the unique flavor symmetry maximum for such models, namely gglohal = ¢s
arising from a transverse curve X/ with T% ~ II*, corresponds to the a distinguished geom-
etry among the many others appearing as entries of “Persson’s list” from [31]. Enhancing
3 to reach Ty ~ I"® for n odd makes the number of transverse configurations grow expo-
nentially in n while only ”T‘"S geometries are in correspondence with the ggiopa maxima of
tables (6.1-2) of [24]. This sparsity is not limited to single curve bases. For example, there
are infinitely many minimally enhanced bases with outer links permitting an eg & eg global
symmetry. For each, we have a variety with that flavor symmetry arising in the singular
limit which is distinguished from the remaining varieties inducing any of the 6757 proper
gglobal Subalgebra isomorphism classes.

6 1 GS Total:
(IV*S,%) (Io,no)

0 As A
(III*,€7) (Io,no)

0 Aq Ay

Table 7. All gauge and global symmetry options for 61 with each possible Kodaira type specification
realizing a given gauge theory.

4 Gauge algebras

In this section we discuss gauge algebra assignments for each base permitted via [16] though
forbidden via the geometric constraint algorithm outlined in section 3. We also outline our
method for comprehensive comparison of gauge enhancements permitted via [16] versus
our algorithm. The latter are strictly more constrained with a minority of cases excluded.

4.1 Link enhancements

We now inspect the link gauge assignments compatible with some explicit Kodaira type
specification meeting our geometric constraint algorithm. We compare our prescriptions
for links with those determined in [16] and then extend to a comparison for general 6D
SCFT bases via the node attachment restrictions of [16].

4.1.1 Consequences of s0(13) global symmetry constraints

An s0(13) gauge summand can only be carried on a curve of negative self-intersection
m = 2 or m = 4. The F-theory global symmetry from [24] for such a curve, sp(5), is
independent of m, while the Coulomb branch global symmetry is given by sp(9 + X2).
These agree for m = 4, but the discrepancy for m = 2 leads to gauge enhancements for a
family of bases which are more constrained than those characterized in [16]. In particular,
gauge enhancements for quivers which are truncations of 21414 --- containing the link 21
beginning s0(13),sp(6 <1 <7),--- are eliminated.
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4.1.2 Further link enhancement restrictions

We have carried out a comprehensive comparison between the link gauge enhancements
permitted by our approach versus those prescribed in [16]. The few discrepancies between
these prescriptions are discussed in this section. Our comparisons are drawn after adjust-
ments to the gauge enhancement prescription algorithm implementation accompanying [16]
aimed to make these fully consistent with the gauge algebra constraints of [16] and iden-
tification of su(2) and sp(1).> We find agreement for all link enhancements except those
appearing in table 8 or contained in the family detailed in section 4.1.1. We now briefly
discuss geometric elimination of the former.

Enhancement Permitted via [16] Geometrically realizable
5p2(1)
3 1 3 v X

sp(l) so(7) 50(9)

92 fa g2

92
1

2 31513 2 2 v X
sp(l) g2 fa g2 sp(1)

Table 8. Discrepancies with gauge enhancements prescribed via [16].

4.1.2.1 No gy trifecta branching from f4

Certain enhancements permitted via [16] contain the configuration

3

g2

1
31551 3 (4.1)
g2 f4 g2

on a sub-quiver. This can be excluded via the following geometric considerations.
For a gaugeless curve to support an f4,g2 neighbor pair, it must be a type II curve.
This leaves only

3 1 5 1 3 (4.2)

3These edits resolve mismatches with prescriptions of [16] for the bases 13, 213, and 2{151 (affecting
results for longer quivers) resolved by adjustments bringing listings for these into agreement with underlying
gauging rules. Details of edits appear in the workbook accompanying the arXiv submission of this note in
the subroutines for those quivers.
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as an assignment of Kodaira types potentially realizing this enhancement. However, this
too is ruled out since dy; = deg(Ag) = 4 along a —5 curve X with f4 algebra while each
type II contributes two vanishings of As,.

This in turn eliminates each enhancement from [16] containing the above gauge as-
signment, these being the five truncations of

3
g2
1

2 31513 2 2 (4.3)
sp(l) 92 fa g2 sp(1)

obtained by removing any choice of —2 curves.

2
4.1.2.2 Eliminating a 2313 enhancement

2
Enhancing the quiver 2313 to yield the enhancement

sp%l) (4 4)
2 3wy 1y 3 .
sp(1)  so0(7) 50(9)

appears to be permitted by [16] gauging requirements and is among the companion work-
book enhancement listings. However, geometric considerations eliminate this enhancement.

We proceed by inspecting which Kodaira types might be permitted to realize the
relevant gauge algebra assignments. The —2 intersections with an so0(7) algebra carrying
—3 curve requires these have Kodaira type ITI. This implies that of the 6 residuals in Ay,
available along the —3 curve, we have used three for each —2 curve intersection. This leaves
no residual vanishings for the —1 curve to carry a Kodaira type other than Iy. However, a
type Iy assignment is not permissible since 6 4+ 7 vanishings of Ay, are required along this
curve to support intersections with the neighboring curves which must have Kodaira types
I°* and 11 (as we can read from their algebra content) making their ds. contributions to
the —1 curve at least 6 and 7, respectively.

4.1.3 Summary of link comparisons

After compensating for the aforementioned issues, we find agreement with the gauge en-
hancement structure on all links with that of [16]. In other words, there is some Kodaira
type assignment and chosen orders of f, g, A along each curve of the link that meets all
geometric constraints known to us and realizes each link enhancement dictated via the
auxiliary computer algebra workbook listings of [16] after the minor aforementioned edits
with the above eliminated enhancement exceptions.

4.2 Comprehensive enhancement comparison

We now compare enhancements for bases with nodes we obtain with previous results. After
accounting for a few technical exceptions, the enhancements we permit match those of [16].
We begin with a summary of comparisons for single node attachments to a link and then
turn to discuss attaching a pair of nodes to an interior link.
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4.2.1 eg, e7 and eg attachments

Enhancements of bases formed by left attachment of an e; or eg node to a link of the
form L ~ 1223--- yield matches as do instanton links (taking the form 122-.-) with eg
node attachment. Explicit comparisons for the latter are made awkward by differences in
the handling of infinite link enhancement families but can be treated by confining listings
of [16] to those with empty gauge summand on the two leftmost curves and the rightmost
matching a corresponding term from our listings.

We also find agreement for left e and e; attachments to links of the form 123-- -,
1223, and 122---. Comparisons for the latter can be made with a procedure analogous
to eg instanton link case, here instead via restriction to link enhancements obeying the
gauging condition of [16] making the leftmost —2 curve empty, sp(1), or su(3) (with the
latter only for eg attachment).

Excluding the links 1%3 and 122315131 discussed in section 4.2.4, explicit comparisons
yield agreement for the remaining branching links meeting e>¢ curves, thus confirming all
link attachment prescriptions of [16] for a single compact curve carrying an esg algebra
with exceptions noted above.

4.2.2 Attachments to an interior link

Gauging rules of [16] for interior links with node attachments match those following from
our approach in all cases except for exclusion of a forbidden node pair to 122315131 dis-
cussed shortly. Matching for cases with attachment of a —6 or —4 curve to the link 1315131
and all allowed attachments to 131513221 or 13151321 can be confirmed by comparison
of these gauging rules with our listings for each quiver of this form. Agreement for en-
hancements of node attachments to the links 12231, 12321, and 1231 follows from link
enhancement agreement and inspection that our prescriptions respect those attachment
gauging rules as does that for 131, though checks for the latter are involved as specifi-
cation of enhancements permitted by [16] require supplementing attachment rules with
convexity conditions.

These checks can be extended to confirm that all bases with interior links and no
side-links having up to two nodes except bases of the form (1)4141--- yield matches.* In
fact, after matches confirmed in the following subsections, we can conclude that with the
aforementioned exceptions for noble branching link discrepancies, so(13) caveats, certain

pairings for 122315131, and bases with node attachment to 1%3, we find agreement for all
gauge enhancements. This follows from checks on multi-node bases revealing no further
eliminations. Whether stronger geometric restrictions on short quivers can be derived to
more significantly reduce the 6D SCFT landscape via our algorithm remains an intriguing
question for future work.

4This accounts for two exceptions we have noted elsewhere. The first concerns 12231513221, which does
not permit (¢g, ¢6) attachments as a consequence of blowdowns induced on neighboring nodes, namely (5, 5).
The second concerns attachment of a —4 curve to 122315131 curve with so(N) with 8 < N < 12, which
appears to be permitted.
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4.2.3 Enhancements on quivers of the form (2)(1)414...

Excluding the restriction discussed in section 4.1.1 above, our method yields matching en-
hancements for quivers of the form (2)(1)414 --- with those prescribed via [16]. Carrying
out this check is delicate as each such quiver permits infinitely many enhancements. How-
ever, these obey a simple set of rules determined in [16] which match the restrictions on
length three sub-quiver gauge algebra assignments dictated by geometric global symmetry
restrictions excluding the aforementioned s0(13) caveat.

To explicitly confirm matching away from those special cases detailed in section 4.1.1
using our algorithm, we begin by fixing a quiver in this family and choosing an upper bound
on gauge summand rank. Listing all compatible enhancements and discarding those having
summands matching the rank bound allows confirmation via inspection that remaining
enhancements obey the corresponding gauging conditions of [16]. Checks through large
rank and quiver length reveals the claimed matching.

4.2.4 Novel links and link attachment restrictions

The links 1%13215 and 31%1315 appear to be allowed, though absent from the listings
of [16]. These blow-down consistently and permit multiple valid gauge assignments includ-
ing options with f4 on the rightmost —5 curve. It thus appears that each is a properly a
noble link rather than its truncation (of the outer —5 curve) being an alkali link permitting
only right eg or e; attachment.

Among the links listings of [16] is 3%12 with indicated attachments for (only) eg, e7,
though neither appears to be permitted. The ¢g algebra is not possible, since this requires
attachment to a curve with m < 6 which then cannot satisfy the adjacency matrix condi-
tion. For ey algebra, we have m < 7 similarly barred, leaving m = 8 as the only potentially
consistent option. However, this is also barred as after one blow-down we reach

2
317, (4.5)

which is inconsistent with the normal crossings condition. We conclude this link is not
permitted any attachments (making it a noble link), though an ¢z global symmetry can
arise from X.

4.2.5 Link and attachments summary

Novel links and link attachment prescriptions (comparing with [16]) appear in table 9.

2 1 1
321 1513215 3151315 12231513221 122315131
no attachments v v (6>6+k; ¢>6+k,) (e>6; f4,e>6 or s0(N))
T ky+ke>0 8<N<12

Table 9. Summary of novel links and link attachment prescriptions versus those [16]. Here ‘v’
indicates a link that appears to be allowed though not listed in [16].
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4.3 No trios of branching side-links, implementation scope

Our implementation of the algorithm outlined in section 3.4 does not treat 4-valent bases.
The only bases not treated directly are the single instanton link decorations

S % Sk (4.6)

én

of single node bases which are treated directly, these being of the form
S
SL'd Sk (4.7)

Our implementation also does not treat branching from any vertical branches, but this
does not impose any limitations. While a priori the classification of [16] allows for a pair
of branching side-links S, Sy meeting a node which then joins the backbone giving

S
SL gULR--‘ s (4.8)

this situation is never encountered in practice. To check this, we confirm that —12 is the
only possible node allowing a pairs of branching side links and an interior link Lg. In this
case, we can only have Ly be interior link —1 and no attachments to this link are possible.
In fact, there is only one such base and it can be rewritten in the form

1
Sp(12)Sr, (4.9)
1
where Sy, is given by 1513221 and Sg is the reverse of this link.

5 Global symmetry classification summary via local contributions

Since flavor symmetries for bases with a single compact singular locus component were
characterized in [24, 25], we are left to contend with bases containing at least two compact
curves. In this section, we detail analogous results capturing the general case obtained via
the algorithm of section 3.4 by dictating the flavor summand maxima arising from each
segment of a base with specified enhancement.

Though curves ¥; in a base may have any of the values 1 < my, < 8 or my, = 12,
length two chains are highly constrained with the only options being a € {1k for k >
1, 22,23}. We shall use this fact to characterize flavor summands arising from each curve
of every viable short subquiver decorated with a Kodaira type assignment. This yields a
classification of 6D SCFT flavor symmetries via decomposition of an arbitrary base into
short chains for which we prescribe summands with a combination of configuration listings
and short constraint equations. In many cases, these tighten the permissible symmetries
beyond those permitted by the free multiplet counts for the cases detailed in [16].

A fact we shall use frequently is that any curve carrying gauge algebra fq, eg, ¢7, or
¢g does not support any non-abelian global symmetry summand. As elsewhere in this
note, bracketed terms indicate global symmetry summands. Note that for a curve ¥ with
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7 < myx > 8, only the assignment [11*<> e7 is permitted; for 6 < my > 8, type IV« f4 is
barred while eg<z<7 types are permitted; for my < 4, each of f; and eg<r<7 assignments are
valid; finally, es assignment requires my = 12. We shall use these facts to treat multiple
quivers simultaneously and refer to them as “the permitted gauging rules.”

It will be convenient to introduce notation [g,] for flavor symmetry summands arising
from a subquiver o C 8 (e.g. 23 C 232) upon fixing a type assignment on 3 given by 73,
taking 0 = « when no containing quiver is apparent from context. For example, since
the type assignment 7 ~ Ta3 ~ IILI{* to 23 allows an su(2) flavor summand from the
—3 curve via (5.1), we shall write [gog 7] = su(2)] or simply [gos] = su(2) when context
makes 7 unambiguous. We will similarly refer to flavor summands arising from a given
curve X by [gs] when context makes the containing type assignment clear, e.g. in 23y with

T, ~ I§*%, we have [gx] = su(2).

5.1 23

The only permissible Kodaira type assignments for the bare quiver 23 are

2 3%
Ir/Ivn"s e
su(2) 92 (5.1)
11 Iiss
su(2) 50(7)
[su(2)]

noting that the indicated [gs] may be further constrained by the presence of an additional
neighboring curve ¥’ which must have 1 < my < 2. Resulting reductions of [gx] are
dictated by the Kodaira type Ty on ¥’. When myy = 2, a unique assignment

2 3 2
111 I 111 (5.2)
su(2) s0(7) su(2)
results and [go32] is trivial. When myy = 1, [gos] is trivial provided Ty is non-trivially

gauged or type II. When Tyv € {Ip, 1}, [gx] = su(2) persists.

5.2 (12)1,81,71,61,51

Since the unique gauge assignment for (12)1 has no flavor summand arising from either
curve and a unique Kodaira type assignment given by

12 1
IT* Iy , (5.3)
es

neighboring curves are irrelevant to prescribe contributions from this curve pair.
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The permitted configurations for the bare bases m1 with 5 < m < 8 are

5<m<38 1

IT* Iy [su(2)]
e7
IV;4 /IY; Iy [su(3)] (5.4)
I\/;*”S I [su(3)]
4
Iv*ns 1II [g2]

fa
Note that the permitted gauging rules constrain the allowed values of m in various cases.
This condition will be implicit in the further listings with indeterminate m in this section.
Since flavor summands which can arise from the curve pairs m1 in longer quivers depend
on Kodaira types of right neighboring curves, we next detail the effect of these attachments
while observing the irrelevance of any left attachment.
Via [16], the only forms for links which can attach to an e node are

123 1223---, or 12(2)(2)--- . (5.5)

We proceed through the type assignments for these links compatible with the presence of
node with 7 < m < 8 and detail flavor summands arising from the subquiver m1 for each.
All remaining links allow only m < 6 attachment, these being of the form 13- ... Briefly,
a —m curve carrying f4 or eg gauge have an su(N < 3) maximum for [gx] in mly--- with
N dependent on other curves attached ¥; for m1--- with m > 7, this is reduced to su(2).
Note that Tx ~ Ij is required for m > 7 as intersection with III* is otherwise non-minimal.

e 123---: attaching a —7 or —8 curve ¥ to a link of this form requires the —2 curve
have su(2) gauge summand from Kodaira type III. When 7 < m < 8, [gy,1] is trivial.
The only difference when attaching a curve with 5 < m < 6 is that we can realize
this su(2) gauge summand via IV™®. All configurations are among

5<m<8 1 2 3
III* /IV*$ JTV*ns Iy IIT |l
[su(2)]
@ /IV*/IVens T, M1 I (5.6)
IV*S/IV*”S IO IVnS I(ﬂsns
Tvens mIves T
e 1223--.: link attachments of this form to a curve ¥ with 5 < my < 8 require [gy1]

for ¥ enhanced to e7 as is required when my, > 7. Otherwise an su(2) flavor summand
can occur. All potentially viable configurations are

5<m <8 1 2 2 3
Ir- Io I rves e (5.7)
IV*s [TV*ns To I’ 1ve Iy
[su(2)]
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e 125,(2)(2)---: when X has non-trivial gauge summand, [gy,1] is trivial as required
by [25, 31]. For gaugeless X, instead [g,,1] are constrained by Ty according to

5<m<8 1 2
I+ Ty To/I;
e [su(2)]
11" Io Tx. ¢ {Ip,I1}
e7
[V*7s JTV*s Iy Io/I;
fa 6 [su(3)]
Iv*ns/lv*s IO 11 (58)
Fa ¢ [5u(2)]
IVf*”S JIVE Ty Tx ¢ {Io,I1,IT}
4 6
s II II
fa [su(2)]
s I I
fa [su(2)]

All configurations for the bases m12 with m > 5 appear in table 46. Note that
attachment of additional —2 curves does not ensure further constraints except when
their types require Tx, be raised beyond I;.

e 1x3---: attaching links of this form to X’ requires myy < 6 and [g,,1] being trivial.
This follows since the unique assignment to 613 is IV**IgIV?®, which leaves no further
residual vanishings of Ay, along ¥. The only possible assignments for m13 with
5<m <6 are

5<m<6 1 3
Ve /Ivens I IVE
eo/fs e (5.9)
IV*'N)S II IE")TLS
fa 92
u(2)

Note that the above treatment also captures each possible linking to a curve with m < 4
enhanced to one f4, ¢g<rp<7 provided we substitute m = 5 in the above discussion with the
appropriate value of m and consider only links consistent with the number of blowdowns
permitted by m as detailed in [16] appendix D. (For m = 4, links of each form discussed
are permitted.)

5.3 41

Our discussion here more involved since —4 node permits gauged —1 neighbors. We first
discuss the highly constrained configurations for certain bases with subquiver 4x1y/. As
there are infinitely many enhancements of the base 41, determining [g41] presents certain
difficulties. However, there is little freedom for the Kodaira types of curves permitted
intersect a —4 curve while maintaining non-minimality. The only infinite family of en-
hancements have the form so(N),sp(N’) and flavor summands for these enhancements can
be characterized by a few simple conditions with the rest easily handled by inspection.
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Non-trivial [gy] may arise depending on the neighboring Kodaira type Tss provided
Ts, +» s0(N). The only compatible gauged types are I'* curves carrying sp(N') algebras.
A constraint on [gx] accounting for any neighboring curves can be derived via simple
tallying conditions for contributions towards the residual vanishings ds;. Simple conditions
capturing this constraint treat all but finitely many cases which we resolve first by working
through the permitted attaching links and discussion of the bare base 41. We confine
ourselves to Ty, <+ s0(IV) since f4 and e>¢ assignments are captured in section 5.2.

The only permitted right attachments to a —4 curve are among

2
132, 123--., 1223, 13--., 14---, and 12(2). (5.10)

We proceed through these possibilities, in each turning to consider simultaneous left at-
tachments after discussing the bare cases, i.e., those without a left attachment to X.

2
e 4132: this base has a single type assignment given by

2
(II1,5u(2))
4 1 3 2
(15°,50(8))  (Io,mo)  (I5*%,50(7))  (IlLsu(2))

with trivial flavor symmetry from all curves, thus making left attachments irrelevant.

e 4125,3...: here [g41] is trivial except for gaugeless ¥/, as we can read from (5.2) and
table 3. This is also trivial when gy is fa or e>g, and again when gy = s0(8) and
Ty ~ II; we can confirm the latter using the maximal configurations for type II and
I§° curves from [25] and [24], respectively.

The remaining gaugeless types, Iy and I; arise in few configurations. For gy, = s0(8),
these have a —1 curve summand [gsy] = su(3) when 7%, ~ III and [gy/] otherwise
trivial when Tx, ~ IV". In the remaining cases Tx <> so(N) for 9 < N < 12 with
[gsv] is trivial for 11 < N < 12. When 9 < N < 10, [gy/] is trivial for Ty, ~ IV™
otherwise has maximum for T, ~ III given by su(2). Finally, the —4 curve summand
[gx] = sp(INV — 8) except for the unique assignment to the quiver 4123 featuring a
type I; curve along ¥’ when is reduced to [gx] = sp(1).

e 413...: since the quiver 413 permits a (large but) finite number of enhancements,
all configurations with flavor symmetry maxima indicated can be listed directly with
the accompanying workbook.® The key features of every such configuration can be
captured as follows.

When gy, is any of f4,¢6, or e; algebra, [g41] is trivial. Remaining cases involve an
s0(N) algebra on ¥ with 8 < N < 24, with [gx] obeying the following constraints. For
N =9, it is trivial unless Tsy ~ Iy when [gx] = su(2). For N > 10 and Tx ~ Iy we
have [gs] = sp(2) and [gyy] is trivial. Otherwise, we have (in agreement with convexity

5To provide a listing including all enhancements, the parameter restricting N in so(NN) gauge summands,
namely ‘maxNForInstar’ should be set to allow N > 24 (i.e., by setting the value as at least 8 to allow I, <5)
and the global symmetry I,, fiber maximum chosen accordingly via consultation of table (6.1) of [24].
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conditions) Tsv <+ sp(M) for M > 1 and [gx]| = sp(M') with M + M’ < |[N/2] — 1.
Attachment of further —1 curves X, ¥y meeting ¥ give [gx] obeying M + M'+ My, +
My < [N/2] -1 where gy, , gy, are given by sp(My), sp(My), respectively. Tracking
the Kodaira types along the —1 curves gives a stronger constraint depending on the
types realizing neighboring gauge summands (particularly when N is even) via (3.13)
used with the raised intersection contributions appearing in table 34. To simplify the
statement here, we consider the configuration

15,
1y, 4z 1, (5.11)

[X4]

with types T, ~ I¥ and Ts ~ I}, <+ so(IV). Configurations are then constrained by
dy, = 4n via

4n > (Z n) + N even (Z 5ni,odd> : (5.12)

This extends to restrictions on sub-configurations obtained by omission of terms
corresponding to any removed outer curves (e.g. to also constrain 141).

Here [gy] can also be non-trivial. When gs, = so(Np) with Ny, < 9, this summand
is trivial with a single exception for Tsy ~ I§® and Ny, = 9 allows [gy/] = su(2). If
the —3 curve Xp has gy, = g2, then [gsy] is trivial except again when T3 ~ I3* and
Np, =9 allows [gyy] = su(2). The remaining enhancements appear as

[su(N7)]
(5, 80(NL)) (1%, sp(M)) (I, 50(NR)) (5.13)

with 10 < Ny < 24 and 7 < Ni < 12; note that [n/2] = M and that 7+ ny +
0Ny even = N, where the Kronecker symbol is nonzero for even values of Ny. Values
of N and npg are related similarly. These cases have [gy/] trivial or of the form
su(Nr) with Np constrained via a generalization of conditions from [16] obtained by
type tracking which reads

4M + 25n,2M+1 > NL + NR + 2]VT — 14+ (25n,2M+1 - 1)(5NL,even + 5NR,even)-
(5.14)

414 .. .: quivers of this form support infinitely many enhancements, but enhancement
of either —4 node to §4 or e>¢ is forbidden. Constraints here mirror those for 413.
Again [gyv] obeys with (5.14). The summand [gyy] is essentially captured by gauging
condition of [16] (which can be viewed as counting roots Ay, needed for I};? junctions
requiring n; vanishings). In the presence of a left neighboring —1 curve ¥ (giving
--+1y,41---) noting assignments to 141 are of the form sp(M;),s0(N), sp(Ms) while
[gx] = sp(M3) with M3 constrained by

N > M; + My + M3 + 8, (515)
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with the corresponding term dropped for ¥ absent. Similarly, the flavor summands

1
which may appear from the —4 curve at the T-junction in 141 are constrained by
N > My + My + My + M3z + 8, (5.16)

where sp(Mj) gives the gauge algebra along the upper —1 curve.
The gauging restriction on M of [16] for so(Ny),sp(M),s0(Ng) enhancements reading

4M > Nj, + Nr — 16

naturally generalizes to constrain [g§,] = su(M’) in 4154 via (5.14). Note that Ko-
daira type specification beyond the precision needed to determine the gauge content
is essential.

412y, ...: the discussion for 413 captures all details here except in cases with ¥
gaugeless or carrying su(n). The [g4;] restriction for so, sp, so enhancements is again
given by (5.14). We shall treat the remaining cases in three groups. The first features
gaugeless Y, Y5, The second feature type III or IV. Both are quickly characterized
explicitly using the accompanying workbook by selecting small bounds for I,, and I},
fibers. The final group contains infinitely many enhancements with so, sp, su gauge

summands arising from I7, |I7* I} = assignments.

The latter are again governed by extension of [16] conditions on 412 gauging. We
shall account for a triple of curves meeting >’ with fibers of the types

[EIM}

so(Nr) sp(lna/2]) su(ngr)
lor] 4 o 2 lorl. (5.17)

Here g7, = sp(N;) where Ny, obeys the same restriction leading to condition (5.16)
with the appropriate terms dropped in the absence neighboring curves, namely

NLZNL—FLTLM/QJ—&-S. (5.18)
The summand gr = su(Ny) must satisfy
2ng > ny + Nllq (5.19)
Finally, [gar] maxima may be realized by a type I* , fiber giving [gar] = so(M') with
one of M’ = 2m’ + 8 or M’ = 2m’ + 7 and M’ required to satisfy constraints on d
along the —1 curve reading

ny = NR+ m/ +nr + 5nM,odd(5NL,even + 5M’,even)v (520)

or by a second type of potentially relatively maximal flavor summand with one of
the forms su(M’) or &y su(My) obeying dsy constraints (generalizing the maximal
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configurations for an I7'® fiber appearing in [24] to include multiple su curves and a
single so curve) which reads

ZM’; S4+”M_nL_(SnM,odd(]-_‘_(SNL,even) —NR. (5.21)
k

One can check this implies that in all cases where m/ is permitted to be non-negative
and nps > 2, the so(M') summand is always the unique maximal global contribution
from the —1 curve and when (5.20) requires m’ < 0, instead the second type of
summand gives the maximal contribution and does so when k = 1. When nj; < 2, a
IV? intersection is also permitted, which makes the analysis more involved and leads
to multiple relative maxima for [gys] under certain conditions, in particular when
ny = 2, N = 9 and ng = 1 where these are s0(8) and su(2) @ su(3) (the latter
arising from I5,IV?).

54 21

Our treatment here is simplified by the fact that left attachments to 2y 1y can only begin
with a —2 or —3 curve. Attachments to ¥’ can result in many enhancements, in particular
when the curve attached is a —4, —3 or —2 curve. We shall proceed by determining the
[g21] in cases without left attachment before returning to treat their presence. Observe
that we have already treated 21m via table 46 when 5 < m < 8 or m = 12. We begin by
reviewing these cases.

e 21(12)---: here [go1] is trivial since ¥’ must have type Iy. Left attachments are hence
irrelevant.
e 218--- or 217---: an su(2) flavor summand can arise from each of ¥,¥’ simulta-

neously provided Txy ~ I; and Tsy ~ Ip. As we can read from table 46 (providing
identical data via replacement in the ¢ cases of the —6 curve with a —8 or —7 curve),
for [g21] = su(2) with 721 ~ Ip,Ip or Ta1 ~ I1,Ig. Otherwise [go1] is trivial.

e 2lmy, --- with 5 < m < 6: all configurations for these quivers appear in table 46.
In all cases the rank of [go1] is bounded by 5. Enhancement of X to e7 is covered by
the above treatment for 217. When X <> ¢g, non-trivial [gy] may arise depending
on T21 beyond the precision for gauge specification and [gs] may be trivial, su(2), or
su(3). When m =5 and gy, > f4 specification of [go;] is sufficiently involved that
we defer to table 46 noting the bound [gs] C sp(4).

e 214y, ---: left attachments here can only yield (3)2214 or 3214. The highly con-
strained configurations on these quivers are treated in our section 6.2 discussion for
side-links. Right attaching links and further nodes do not affect the structure of
[g21]. The presence of Y. places strong restrictions on permitted enhancements since
g5, = 50(Np) requires Ty be gaugeless or type I . The discussion of [gs] and [gs]
complements that for 412 and only involves conditions introduced there together a
restriction on [gx] given by (5.22).
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e The bare quiver 21: infinitely many enhancements of the form su,su and su, sp re-
alized by types I} I} ~and I} ,I}%, respectively, are permitted here. The main
ingredient determining [go1] is the discussion for I,, fibers appearing [24]. There are
finitely many remaining enhancements, though numerous. These are readily listed
explicitly via the accompanying workbook (via rank bounds on I,, and I} similar to

those we detailed to 413.). We hence abbreviate their discussion here accordingly.

Let us first detail [gx] for the aforementioned infinite families. In su, su enhancements

with I, I} = realization, [gs] is of the form su(nys) where

2np, > np+ny- (5.22)

This constraint also governs the contributions from the —2 curve in su, sp enhance-
S ns
ny, 7ITZR °

ments realized by I
Prescribing [gsy] is slightly more involved. Most relevant details appear in our treat-
ment for 412. Consider the cases with such su,su enhancements. When ng > 3,
intersection with an so(M) fiber is barred via non-minimality requirements. Result-
ing maxima are given by su(np;) terms with 8 + nr + d6ny, > nr + nppy. When
nr < 2 the su(M') contributions are governed by the same conditions as the cases
with su, sp enhancements. The latter allow two possible forms for [gx] consisting of
s0(M') and su(M'’) summands. The former is maximal when permitted with M’ > 8.
These appear from a type I¥ , fiber having M’ = 6+2m/ or M’ = 5+ 2m/ (depending
on monodromy) and must obey

4+ng>ng+ m' + 5nR,odd(1 + 5M’,even)~

The su(M') summands which may appear from a type I3, fiber are slightly more
constrained than in the su, su enhancement cases. These obey

124+ np >np+ M +4+ 26, 0dd-

This leaves us to contend with finitely many remaining 751 involving at least one of
the types IL, III, IV, or I} -,. When the latter occurs as T5; to give an enhancement

of the form so, sp with gauge summands realized by types I}, ,I37, [gs/] is governed
by the maximal configurations discussed in [24] concerning type II'* curves; these
consist of so(M’ > 8) flavor summands when permitted and otherwise involve only
su(N < 4) terms. We omit further discussion for the finitely many remaining 7a;

since complete listings are quickly obtained via the accompanying workbook.

Let us now also briefly discuss consequences of left attachment to 21. All such at-
tachments are via a —2 or —3 curve. The former leads to a short instanton link with
further right attachments discussed in section 6.3. Instead attaching a —3 curve is highly
constraining as it gives a 32 subquiver; further right node attachments is discussed in 6.2.
This leaves discussions for the quiver 321 and right attachments giving 3215, and 3213. The
latter are detailed in table 44 while 321 is discussed in section 6.2.2.4 with all configurations
captured via table 14.
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5.5 31

Left attachment of ¥, to 3x 15y requires 1 < my, < 2. Right attachment of X is permitted
for 2 < my, < 6. There are many enhancements of quiver involving such attachments and
these often feature a rich global symmetry algebra structure making this perhaps the most
non-trivial case. We begin by discussing [gx] in each of these contexts.

5.5.1 The —3 curve contributions

e ---231---: left attachment with my, = 2 is highly constraining, as we can read from
table (5.1). Here [gx] is at most su(2), with non-triviality requiring gy, = s0(7) rather
than go, the Ty € {Ip,I1}, and 7%, ~ III rather than TV"*.

e ---315--- and ---316---: right attachment with 5 < my, < 6 also places tight re-
strictions on the gauge and flavor summands from ¥. We can read from table (5.9)
that an su(2) flavor summand [gy] may arise, but only if my, = 5 and Xp is unen-
hanced (with f4 algebra) while gy 2 go. Any gauged left attachment again makes
[gx] trivial.

e The bare base 31: this base permits a wide variety of enhancements and flavor
symmetries detailed fully in table 45. The structure of [gs] permits a condensed
description. These summands are of the form sp(/V) for N < 5 except when gy, is
given by s0(8) in which case [gx] = sp(1)®" for n < 3, where n is determined by T5v.
The value n = 3 only occurs when Tsy ~ Ip; n = 2 can arise when Tsr ~ Ii<p<o;
we have n = 1 for Txy ~ I3®. For gs € {su(3),fs, ¢s, 7}, instead [gx] is trivial. For
gy = g2, we have [gx] C sp(1) with non-triviality precisely when ¥/ is gaugeless.
The remaining cases have gs = so(M) with [gx] = so(/N) where N is determined by
gy = sp(N'); for M = 7, we have N + N’ < 2; otherwise 9 < M < 12 and N is
constrained by N + N' < M — 7.

e ---3l4y,---: the Xy attachment still allows enhancement ¥’ which makes a full
treatment somewhat involved. However, quivers containing 314 permit finitely many
enhancements. Hence, all configurations are readily detailed via the accompanying
workbook. Sub-enhancements along 31 are the subset of those for 31 allowing ¥ and
consequently [gx] can be read from table 45 by confining to compatible enhancements
conveniently detailed in [16]. These [gx] are bounded by sp(1) for gs = s0(9), by
sp(2) for those with gx = s0(10 < N < 11), and by sp(3) for gs = s0(12), as follows
by confining to the subset obeying convexity requirements on ¥’ with minimally
enhanced X i neighbor having gy, = s0(8).

e ---313y, ---: details here are identical to the previous base except for freedoms
introduced when we reduce gy, below s0(8). This reduction allows [gs] C sp(3)
when gy = s0(10 < N < 11) and [gx] C sp(4) for gy = so(12) with proper
inclusions mandated by the condition for gy = so(N) having [gx] = sp(M) and
gy = sp(M') neighbors requiring M + M’ < N — 7. Details for all (of the finitely

many) configurations are readily available via the accompanying workbook. Note
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that left attachment of ¥ <« sp(Mp) with my, = 1 reduces [gx]| according to
N —7> M + M' + My, with further reductions possible for even N dependent on
the types realizing sp(M'), sp(M},) through introduction of Kronecker symbols for 17
realizations having n odd via (5.24).

e 312 : The noble link 35152 permits a large but finite number of enhancements. We
can treat the bare quiver by listing all possible configurations via the accompanying
workbook. Since this is a “noble link” and enhancements of containing links are
strongly limiting, we shall content ourselves with explicit configuration listings for
these links without loss of depth in our discussion for longer bases. Attachments on
the right must begin with a —3 curve while those on the left attachments must begin
with a —2 curve X. Contributions from [gyx] are easily determined from 7%, using
subquiver 23 constraints of (5.1) while noting that reduction to trivial [gy] results
for Tyy ~ 11 or Ty gauged.

e ---131---: many of the large but finite number of enhancements on 1y, 3x.1yy feature
multiple flavor symmetry maxima. Outer attachments X, and ¥ require my, > 3
and my, = my, = 3 is forbidden (to blow-down consistently). As a result, features of
[g31] for enhancements of 131 occurring in longer bases are captured by discussion in
section 6 while most 131 configurations are irrelevant except in discussion of the bare
quivers 131 and 3131 for which we content ourselves with the availability of explicit
workbook listings as in the previous case.

The largest family of enhancements for this base is of the form

[121]

(5.23)
1y, 3y 1y,

with types Ty, ~ I? and Ty, ~ I}, <> s0(N). The analog of (5.12) for these cases
is relies on (6.73),(6.77) of [24] to obtain sharpening beyond bounds imposed by
dy, = 6 + 3n, this being replaced instead by

~IE = Jg - (24 5n,odd) =4+ 3n— 5n,odd-
to yield

44 3n — 5n,0dd > (Z nz) + 5N,even(z 5ni,odd) . (524)

Analogous restrictions hold on sub-configurations obtained by omission of terms cor-
responding to removed outer curves (e.g. to also constrain 31).

5.5.2 The —1 curve contributions

We now discuss flavor summands from 31y arising via X/. We proceed through these cases
for right attachments ¥ which constrain these, starting with the largest values for msy,,.

e 315--- and 316---: here [gyy] is trivial for each enhancement.
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e 314y, ---: non-trivial [gsy] requires gy, = s0(Nr). Compatible assignments appear
as §0(Np)sp(M)so(Ng) with [gyy] = su(N7) having Nr constrained via T, T,
(beyond the precision to specify gz, gs,,) via (5.14).

e 312,3123,131,31: each of these cases permits finitely many enhancements and we
can proceed by listing all possible configurations via the accompanying workbook.
Since there are very few arrangements for 23, the configurations for 3123 are rather
limited. Strong restrictions from context in longer bases limits the relevance of a
discussion for the bare quivers 312 and 131, thus we leave details to explicit listings
without loss of general structural insight.

e 313y, ---: as for 314, enhancements of the form so(NNy,) sp(M)so(Ng), all have [gs/]
obeying (5.14). The remaining enhancements have trivial [gsy] with the exceptions

gx [hop Ty [gs]
su(3)  su(3) Iy su(2) @ su(2)

su(3)

g2 g2 111/12 5u(2)

V" /I su(3) (5.25)

g2 50(7) II1/1, su(2)
I su(2)

g2 50(8) IQ/I?S 5u(2)
g2 50(9) Iys su(2)

and those obtained by reversing roles of X, Y.

5.6 22

We first discuss the infinite family of classical enhancements and conclude with the few
remaining cases featuring non-su(NV) algebras. The only essential restriction for the classical
enhancements of bases of the form ---222--- is a condition which extends naturally to
constrain flavor symmetries for such configurations. The extended condition reads

2Npr > N + Nr + Ng (5.26)

for a subquiver of the form

su(Ng) su(Nps) su(Ng)
2 2 2,
[su(N)]

where the flavor symmetry contribution from the middle curve is indicated with brackets.
Note that in the absence of a neighboring curve, the condition is that obtained by dropping
the corresponding term N;. In the case of a T-junction, an additional term appears and
gives flavor contribution from the —2 curve at the junction of
su(Ngy)
2
su(Np) su(Na) su(Ng)
2 2 2

[su(N7)]
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obeying

2Ny > N, + Nr+ Nr + Ny .

(5.27)

The remaining enhancements of the above quivers feature fiber types other than I,,.

These appear below along with global symmetry summands indicated.

2 II1
222 : Inmr - Igse 111
[su(2)]

111
mr Iy II/Ivns

[5u(2)]

1
IT 1ve 1IV?®
[5u(3)]
vrs
IV’nS ISTLS IV’I’LS

Il
I v II/111/IV"S

22 II 1II

I 1III
[su(2)]

II 1V™s
[92]

II/Ives Ivns

11 11
[su(2)]  [su(2)]

I 11
II/IVes - TVS
[su(3)]

s 1v?
[su(3)]  [su(3)]

Ir/Ives 15"
[sp(3)]

111 I5%¢
[sp(3)@sp(1)]

222 : II II/III 1I

Ives 11
[su(3)]

I 1ves III/1ves

I 1Ir III
[su(2)]
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2 2 2 (continued) : Imr - I1r I

[su(2)] [su(2)]
I v 1Iv®
[su(3)]

Ir/rves  1vs II1/IV"s
Ir/rves 1ve  1v®

f5u(3)]
Ve Ve IV (5.31)
u(3)] fsu(3)]
I Ivee [
5 (3)]
[I/IVes  Ts II/IVS
[sp(2)]
m I I
(5p(2) Dsp(1)]

6 Flavor symmetry structure via “atomic” decomposition

Here we discuss the structure of 6D SCFT global symmetries with help from the “atomic”
base decomposition (3.4) of [16]. Briefly, flavor symmetries only arise from curves near
the tail ends of a base with the largest rank summands coming from side-links and short
subquivers containing the few permissible —4 curves when either is present. The only
exceptions are also the only bases for which decomposition summand and total rank bounds
are absent, these having the form (1)2---2 or (1)414---4(1). The latter are readily treated
separately via the methods section 5 using simple constraint equations.

This decomposition allows us to characterize flavor summands for each theory by way
of contributions from each term in (3.4) upon fixing an enhancement, i.e., via summands

[hi,s] in

51,0 (]

I L
So gi Ly - gm Sm (61)
[hO,'r'] [bl,l] [blﬂ'} [bm,l] [hmﬂ‘}

giving total flavor symmetry gas = @; ;b; ;, with b; ; depending on the enhancement. To
achieve this, we simply detail contributions from each link with node attachment(s) which
can appear in a base. Let us begin with an abbreviated summary of this approach and
its results.

For linear bases, global symmetry summands arise only near the tail ends of multi-node
bases with the exception of those for which the only nodes are —4 curves. This follows from
our discussions in sections 6.1.1, 6.1 together with the permitted chains of nodes classified
in appendices B,C of [16] obeying the algebra inclusions of (5.48) from [16] requiring that
gauge summands g; from the nodes g; obey

g1 CgC- - Cgnd: - Do- (6.2)
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This containment property implies that subquivers with —4 curves only occur towards the
periphery of a base. The classification of node chains places severe limits the number of such
nodes. (In the presence of any other node type, at most eight can occur; in nearly all node
chain families, far fewer are permitted.) This means that determining flavor symmetries
arising for a typical base is achievable in practice via classification of contributions from:
(1) interior-link node pairings (section 6.1), (ii) side-links attachments (section 6.2), and
(iii) instanton-link attachments (section 6.3).

Flavor summands for theories with a linear base have all rank r; contributions from
curves ¥; such that r; > 1 arising in subquivers where the only nodes (if any) are —4
curves on the base periphery (via (6.2)) when any e>¢ gauge summands are present. The
total contributions arising from an interior link L; joining nodes having gauge summands
gz, and gg are severely constrained. In fact, we have

gr 9RrR [hi,r] C
e>7 e>7 0
fa/es  fa/e>6 su(2) (6.3)
50(NL) f4/926 511(2)

s50(Np) so(Ng) su(2)® or sp(2) for L; £ 1,

with precise specification depending on the enhancement as detailed shortly and summa-
rized in (6.3), (6.7) and (6.9)—(6.11). Flavor summands from g; are trivial for g; # 4 and
g; % so(N); for g; = 4 we have [h;;] C sp(4) unless L; = L;_1 = 1 where sp(M) = [b;],
M > 4 summands can appear, as detailed section 6.1.1. The tight constraints on the num-
ber of D-nodes in node chains featuring any E-nodes as classified in appendices B,C of [16]
together with our interior chain, side-link and interior-link node attachment contribution
treatments readily yield bounds on the flavor symmetries arising for all enhancements of
each base not permitting infinitely many enhancements (i.e., excluding (2)(1)414 --- and
(1)222--- and their branching variants). In most cases, these constraints suffice to deter-
mine flavor symmetries precisely with little effort up to treating any side-link summands.

Note that explicit listing via the accompanying workbook is also computationally fea-
sible in practice except with very large numbers of nodes for which supplementing outer
subquiver results using interior link contributions summands detailed here suffices as a
practical route. Enhancement listings even for long quivers are typically computationally
inexpensive. Side-link flavor summand maxima detailed here (or readily computed in iso-
lation for a designated node attachment) allow extension to the general case. (In fact, all
enhancements and these maxima for every side-link with node attachment can be quickly
procured with the accompanying workbook.) Side-link enhancement matching on overlaps
with nodes allows easy lookups enabling a practical method for arbitrary base treatment
(even when exceedingly large). Assisted by the long and short base classifications of [16]
appendix C, global symmetries for all 6D SCFTs classified therein are thus readily deter-
mined. The number of side-links which can attach to certain bases is significant. Hence,
for expository purposes we shall stop short of providing explicit listings for each short and
long base, instead contenting ourselves with having provided a route that makes explicit
listings computationally feasible.
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6.1 Interior links with node attachments

As shown in [16] and reviewed here in section 3.2.0.1, the structure of any 6D SCFT base
consists of a linear quiver with decoration possible only near the ends. Hence, treatment
for linear bases consisting of an interior link with a pair of outer node attachments is a
key ingredient in a general characterization of SCFT flavor symmetries. In the following
subsections we determine global symmetry contributions from these subquivers.

6.1.1 Interior of linear base flavor contribution summary

We shall proceed by treating each interior link with a pair of outer node attachments.
The left-right symmetrization of rules below applies, i.e., rules for node pairs follow upon
reversing the link orientation. We tacitly exclude the single —1 curve link as the only
permitted node attachments are —4 curves yield the 414 --- quivers already treated in
section 5. Our statements here hold for cases with a node bounding each side of an interior
link, which shall also remain implicit. We shall refer to the flavor symmetry contribution
from the left and right portion of each quiver by [gz] and [gr], respectively.

o Attachment of a node n to the interior link
o e {12231513221, 1223151321, 122315131, 12231}

forming na ~ nyly -+ for n > 7 or gx e>7 requires [gr] is trivial, while an

unenhanced n = 6 node has [gr] = [gsy] = su(2)

e Right attachment of a curve with m > 6 to
a € {1223151321, 122315131, 13151321, 1315131, 12321, 12231, 1321, 131}
leaves [gg| trivial.

o Left attachment of ¥ with my, = 4 to an interior link o when gy, is among f4, e>¢
yields trivial [gz] with two exceptions: (i) an f4 attachment to « of the form 1351 - --
with assignment

fa II g2 II
4 1 3 1---

allowing [gs] = su(2), (ii) o ~ 1, i.e., for 41 when [ga.,1] C g2 with precise specifica-
tions in (5.4).

e For Q ~ -.-14141---, [gg] obeys (5.12), (5.14) and weaker simplified con-
straints (5.10) and (5.14) as discussed in section 5.

e Left attachment of a —4 curve ¥ with so(IN > 9) gauge assignment to an interior
link of the form 1y, 35,15, - - - requires [gx, ] = [g5,,] = 0 with the exceptions: (i)
non-trivial [gr] as indicated for the sub-enhancements

s0(9) (su(2),13°)  s0(7) s0(9) (su(2),12%) g
4 3 - and 4 1 3.,
[su(2)] [su(2)]
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noting that all T%;,, ¢ I which realize gys;,, = su(2) have [gy,] trivial (e.g., for
Ty, ~ ), and (ii) classical enhancements of 41314 which we cover separately. These
are simply governed by (5.12), (5.14), (5.24). Contributions from 3 when T%, ~ I
are [gy] = sp(M), where M = N —8. For N = 8, we have [gx,,] trivial unless ¥, Xp
are gaugeless and [gy,,] = su(2) may occur for gs; = go. For gy, = sp(M’), maxima
o] = sp(M) obey

M+M <N-8, (6.4)
For Ty, ~ I"? with n’ odd and N even, (5.12)) gives the stronger constraint

M+ M <N-9. (6.5)

We shall employ the notation of [16] (section 5.2.1) for interior links via tracking induced
blow-down counts to condense our summaries. For example, in place of an interior —1 link,

1,1
we write &. Recall this notation for the remaining interior links reads

2,2 3,3 4,4

& + 131 &+ 12321 & + 123151321

2,3 3,3 4,5

O « 1321 O + 1315131 & + 1231513221 (6.6)
2,4 3,4 5,5

&+ 13221 & + 13151321 @& ¢ 12231513221,

allowing us to refine (6.3) via (6.7).

quiver [Bir] (B3]
E>7 @ E>7 0 0
k<4,
Es & FE>g 0 0
D+ E>7 0 0
Eg zé E>¢ su(2) 0 (6.7)
D+ % au(2) 0
EZg & EZs 0 0
s0(8 < N < 10) & A su(2) sp(N — 8)
s0(11 < N <12) 3@’5’ EZg 0 sp(N — 8)

Here we have substituted node gauge summands while suppressing their self-intersections
while D indicates any permitted so(N > 8) node, DT an so(N > 8) or f4 node, and E;"
an I, or f4 node. We now extend the above shorthand to treat link enhancements by
labeling forced 7; (or g; when unambiguous) while unlabeled positions remain a priori
unconstrained. We denote minimally (non-minimally) enhanced links via an ‘~’ (‘%’)
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symbol. For example,

2,2
® > 1 3 1
~ Io su(3) Io
1,1 .
& — .
* T+, (6.8)
3,3
ns g ~ 1 31513T1.
Tn"02 fo4 I g2 fa
We have the following abbreviated summary.
3,3
(O + 1315131 E-to-E pairings: [5,r] [hit]
3,3
Ef O Es 0 0
55
50(8)/fa O s0(8)/fa 0 0 (6.9)
3,3
50(8)/f4 go— O Eg su(2) 0
3,3
50(8)/f1 g2~ O g 50(8)/fi su(2)°2 0
3,3
(O <+ 1315131 D-to-E pairings: [Bi.r] [hi.t]
3,3
so(N <10) O Eg 0 sp(N —38)
3,3
50(9) I75ga— O Fs 5u(2) 0 (61())
3,3
50(9 < N <12) 1psg,— O Es 0 sp(N —9)
3,3
50(10 < N < 13) I%go— O Es 0 sp(N —9 — 0N cven)

3,3
The remaining D-to-D node pairings via () are more easily characterized using decompo-

sition about the —5 curve as detailed above.

2.2
@© < 131 pairing: [Bi,1] (Bt @ Bit1,e]
2,2
Ef & B 0 0
2,2
fr @ fa 0 0
2,2
so(Ny, <10) & Ef 0 sp(Ny — 8)
2,2
so(Ng <10) & so(Ng < 10) 0 sp(N — 8) @ sp(Nr — 8)
2,2
50(8)/ fa & 50(8)/ fa su(2) 0
2

(6.11)

2,2
The few @ D-to-D node pairings not covered above are characterized by (5.12), (5.14),
(5.24) with complete listings available via the auxiliary workbook.
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6.2 Side-links with a node attachment

We shall break our discussion of these cases into two parts. The first concerns determining
flavor symmetry contributions arising on the inner side-link curves and the second those
appearing from outermost curves. We shall tacitly exclude instanton-links from being
considered as side-links, instead addressing these in section 6.3. We also separate our dis-
cussion of two particular cases: 413 (discussed in section 5) and 4131. Each permits finitely
many enhancements and is readily treated via direct listings supplied by the accompany-
ing workbook. We hence treat the remaining cases with statements requiring modification
when applied to instanton-links and side-links 13 and 131 attached to —4 curves.

6.2.1 Contributions from non-outermost curves of side-links

For each curve ¥ in a non-instanton side-link with node attachment, [gx] is highly limited
except when 3 is “outermost curve,” i.e., one having a single compact neighbor. Even these
typically have [gx] trivial unless my, = 1. Non-outermost curve contributions typically obey
[gs] C su(2) and are always among su(2)®*<3 su(N < 4), or sp(2) when non-trivial (upon
the aforementioned tacit exclusion of 13 and 131 from our discussion).

We now detail all non-trivial non-outermost curve flavor symmetry contributions. Note
that having excluded instanton-links from our discussion rules out non-trivial [gsy]| for
example from myx1lyy when gy = e>7.

e E7 linking curve contributions: in mylyiry, -+ with g = ex>g, [gsy] is trivial unless
k = 6 and X is gaugeless when [gy/] = su(2) can arise. When instead gy = f4, we
have [gsy] = su(N < 3) with N = 3 requiring T%,, ~ Lj<;; for Ty, ~ II, N < 2. For
Yk gauged, [gs] is trivial. In particular, this allows non-trivial [gr] in E;% 4o only
when o ~ 1223 - -. -

e Interior go curve contributions: the subquiver 13y/1 occurs in many links and permits
Tiz1 ~ ILI§™ II in many contexts. These curves may support [gyy] = su(2). This
accounts for many of the non-trivial contributions in longer bases.

e D-node linking curve contributions: note that we are not treating the bare quiver
cases 41, 412 and 413 here, but rather focusing on longer side-links. Hence, [gsy] in

a ~ 41yy - - - for the remaining cases is limited to one of the following: (i) [gy/] = su(2),
where we must have T ~ I7" 195 15" - or T ~ I7%/17"° Io,III (relevant in links

beginning as 413 and 412, respectively), (ii) [gsr] = su(3) for T ~ I§*,Io,III (applicable
in412--.).

6.2.2 Outermost curve contributions

To treat the outer curves of a side-link, it will be helpful to separate our discussion of
such curves with m = 1. The remaining cases contribute small summands and are easily
characterized.
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6.2.2.1 Outer curves with m > 2

e ---23y: side-links of this form with 733 ~ IILI§* permit [gx] = su(2).

e ---135: here instead Ti3 ~ ILI{™ permits [gx] = su(2). This is supported on many
links ending as - --513.

e ---551y2: here ¥’ must be gaugeless and left attachments require gy, = f4. Hence,
the f4 compatible enhancements of 512 appearing in table 46 determine [gs12] for the
side-links of interest.

6.2.2.2 Outer curves with m =1

We begin by treating the outermost —1 curves bordering a —5 curve. With two exceptions
we shall discuss shortly for the links

1 1
231  and 2321, (6.12)

these are the only outer —1 curves which can arise off the linear portion of a link, instead
bordering a —5 curve T-junction. Such curves can give rise to su(3) or ge flavor summands,
the latter requiring Kodaira type II along the —1 curve. At most two type II curves are
permitted to meet a —5 curve as discussed in section 4.1.2.1. Links with a —5 curve bearing
a T-junction often require type II curves on each side of the junction (e.g. those with linear
portion having truncation of the form 2315132). Hence, only an su(3) contribution is
typically possible from the outermost —1 curves branching from the linear portion of a
link away from its ends. When the T-junction is in the outermost (penultimate) position,
however, a g summand may appear from (typically at most one of) these outermost —1
curves. All possible configurations such inner and outer T-junctions appear in table 10.

The remaining outermost —1 curve contributions from side-links with a node attach-
ment arise in ---21 and ---31.

6.2.2.3 Owutermost —1 curves in ---31

We begin with treating the two special cases noted above in which such a —1 curve can
appear over a —3 curve T-junction.

1
e 2321: this link L permits ¢g and ¢7 node attachments. Both result in the same 7T,
with the only non-trivial flavor summand arising from the outer —1 curve. The same
essential details persist for f4 attachments. All configurations are among

[s0(8)]
1
Io

2 3 2 1 5<m<8 (6.13)
Imr - Igee III  Ip IV*s /II1*

1s
° 22L3Zj4123: the only node ¥ which may attach to this link « has my = 4, as

required for blow-down consistency. Further attachment to ¥ is similarly barred
making our discussion irrelevant for longer bases. We condense it accordingly while
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Interior T-junctions
[su(3)]
1
Io
1 5 1-..
N AV 11
Exterior T-junctions
[su(3)]
1
Io
1 1
11 1\/5"5 11 lo2]
[su(3)]
1
10/11
-1 1 3
I W™ I/ [su(3)]
[92]
1
11
-1 1
Io 1\75"5 11 [02]

Table 10. —5 curve T-junction flavor symmetry contributions from links.

providing enough detail to illustrate a few subtleties. Gauge enhancements of «
are highly constrained by the subquiver 23 allowing only su(2),s0(7) and su(2), g2
enhancements of (5.1) from which we read that Ty, € {IIL,LIV™*}, the latter possible
only in select go cases.

Enhancing to gs = 4 requires gx,, = g2 and 7%, ~ Iy since Tx, ~ II; this yields
(95, ] = s0(8). In the remaining cases, gy = s0(N < 13). For N = 8, the maximum
[95,] = 50(8) requires T%, ~ Ip. When gyx,, = g2, the maximum [gy, ] = f4 requires
T, ~ II; this is reduced to [gx,] = su(4) when T%, ~ Ij, in turn demanding
Ts, ~IV™ and Tig4 ~ Ip,I§°. For N > 8, we have gx,, = s0(7); the above completes
all g2 cases with those remaining having 7%, ~ III. This in turn requires 1%, ~ I,
and T%,, constrained by n (since dy,, + dx, < 3) with [gy,] then determined from
compatible pairs Tk, Ty, via table 11.

Note that an su(2) flavor summand can also arise from X in s0(7) cases with
ds, + dx, < 1. Non-trivial [gx] may also arise when N > 10 (and [gx] C sp(4)),
as can non-trivial [gx,] C su(2) provided Tx,, ~ I3® and gx,,, gx ~ s0(7),s0(9). For
N =13, the maximum for [gx] is sp(4). For N = 12, this becomes sp(3) for Tx, ~ I
and sp(2) for Ty, ~ I3°. For N = 11, these Ty, cases instead yield su(2) @ sp(2) and
sp(2), respectively; these become su(2) and trivial summand, respectively, for N = 10.

A similar case merits mention with those above, that for 125231, a left-attachment per-
mitting link. The structure of enhancements and flavor symmetries here follows at once
from our discussion since this is simply a rearrangement of the curves in the first case
above obtained by swapping the outer —2 and —1 curves. Details are thus also captured
by (6.13).
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Type on X Compatible types on ¥’ GS summand maxima from X
11 Iy s5u(2) @ so(7)
sp(3)
Ips Io su(3)®3
50(13)
su(2) @ su(6)
su(3) @ su(5)
I, To s0(12)
su(2) @ su(3)®?
su(2) @ su(5)
I Io g2
Il 10/12 50 (9)
su(3)9?
su(3) @ su(2)®?
Iy Io/12/15% 50(8)

1
Table 11. —1 curve T-junction flavor symmetry contributions for 2 3 1y/4.

Having concluded discussion of the special cases involving T-junctions at a —3 curve,
we now turn to the cases involving linear

e ---5131: there are many links of this form permitting left node-attachment. Since
the —5 curve requires a gaugeless neighbor and the e¢g gauging condition applies to
the neighboring curve, the resulting configurations are highly limited. In fact, there
are only two possible configurations for the inner curves and we can easily detail the
resulting outer —1 curve flavor summand possibilities in each case as in table 12.
Note that an su(2) flavor summand may arise from the —3 curve in precisely the

-+-31 terminations. We begin with a few cases
meriting separate discussion as they have highly constrained enhancement structure.

cases when it has a pair of gaugeless neighbors and Kodaira type Ij"*.

Type on ¥, Typeon X Typeon ¥, GS summand maxima from X,
I 1I vns go P su(3)
sp(2)
Izs 50(13)
11 s0(7) @ su(2)
sp(3)
Iy 50(12)
1I fa
I su(4)
Io 50(8)
Ivs IO IQ (43}

Table 12. —1 curve flavor symmetry contributions for - -- 51y 35,15, .

e -2y 3y, 1y, : since the subquiver 23 again severely restricts assignments on a ~ 231,
we can easily list all configurations for links of this form along with [gx] (as shown in
table 13). These are the only flavor summands from « except for su(2) contributions
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from 3, when T, ~ I while T, € {Io,]i}. Note that left attachment of an
¢>6 node to 12231 allows only those configurations with Kodaira type assignments
V7™ 15" to the subquiver 23.

Type on ¥, Typeon X Typeon X, GS summand maxima from X,
111 I5%° I® 50(13)
I 50(7) & su(2)
5p(3)
Iy 50(12)
II 5p(3)
92
I 50(9)
su(3)®?
su(3) & su(2)®?
Ip 50(8)
IIr/Ivne I5ne 11 fa
11 511(4)
Iy 50(8)

Table 13. —1 curve flavor symmetry contributions for - -- 25 35, 15..

e g131: one can confirm via the comprehensive link listing appearing in appendix D
of [16] that the only remaining link allowing a left node to attach and ---31 right
termination is o ~ 131 (as all remaining links feature terminations - - - 5131 or - - - 231).
We now work through the permitted node attachments to o« while noting that only
nodes carrying so(IN) or ¢g are permitted by the eg gauging condition. The unique
configuration when carrying eg is

eg 1 3 1 [eg], (6.14)

and the unique flavor symmetry contribution from na is also eg.

We abbreviate our discussion for so(/N) attachments since explicit listing for each of
the finitely many allowed configurations of this type captures all relevant details and
is available from the listing provided for 4131 via the accompanying workbook.

6.2.2.4 Outermost —1 curves in ---21

The only curves permitting e7 and eg global symmetry summands are of this form. We
proceed through the forms for endings of such links.

e ---3221: the unique flavor symmetry maximum arising from the outer —1 curve of
such links is eg. The type assignments on these curves must appear as

3 2 21 .
Ers Ve I I les]
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e ---2321: the unique flavor symmetry maximum arising from the outer —1 curve of
any such link with a node attachment is e7. Configurations for these links simply
appear as

2 3 21 .
I e I Ip [e7]

2
e 1321y,. This link permits left attachment to a —4 curve ¥ provided gsx. = s0(8). All
curves give trivial flavor summand except ¥z which has [gs,] = e7.

e ---51321: links of this form permit various maximal global symmetry summands to
arise from the outermost curve depending on the Kodaira types realizing the unique
gauge assignment. All assignments are of the form

) 1 3 2 1
AV TR N R oY o]

where [g] is determined from 77,75 via table 14.

Type on X3 Types on 34 GS summand maxima from %
11 Iy e7
Ivns 10 [43]
Ivns I su(7)
su(N)®su(M), N+ M =8, N >2
so0(11)
vns II fa
sp(2)®2

Table 14. —1 curve flavor symmetry contributions for - --5132x,1y, .

e ---3y,2y,1x,: now that we have treated the special cases above with constrained
gauge summands, we move to the general case which essentially merges the others. We
again read the three assignments for 32 from table (5.1). Permitted [gx,] appearing
when Ty, ~ I§"® follow from table 14. When instead Ty, ~ I5**, we follow the above
discussion for ---2321. Note that we have also now discussed all enhancements of
the bare quiver 321. The remaining links not in the above special case groupings are
(3)1321. These are quickly handled by short explicit workbook enabled listings.

6.3 Instanton-links with a node attachment

In this section we detail the flavor symmetry contributions which can arise from instanton-
links joined to nodes. The attachments of instanton-links to a —4 curve are limited in longer
bases other than (2)1414 - -- to have at most a single curve. We hence confine our analysis
to e>¢ nodes as section 5.3 treats 41 and 412 while 4122 is treated by sections 5.3, 5.6 (in
particular, by (5.12), (5.20), (5.21), (5.27) and (5.29)). Such attachments cannot occur
in bases with more than one node. Consequently, their treatment does not affect our
discussion of more elaborate bases. Note that instanton-link attachments to a —5 curve
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> must have length [ < 4 with this becoming [ < 2 for ¥ an interior curve. The latter
are covered by table 46 and we relegate [ > 3 cases to workbook listings since they are
structurally similar to the e¢g attachments treated explicitly here.

6.3.1 Gaugeless instanton links

We begin by discussing the flavor symmetry contributions from a gaugeless instanton-
link o ~ 3139 -+ attached to an e-type node g <> go with self-intersection —mg. The
permitted 7, appear in table 15.

my -1 -2 ... -2

go Lo Io -+ Iy
lg1] R[]

g Lo Lt - I
1] o (o]
[g1] o okl

Table 15. All possible gaugeless instanton-link type assignments permitting attachment to an
e-type node for links with at least three curves.

The flavor summands [g;] which can arise depend on 7, and go. We will proceed by
moving through each gg option. We first treat instanton-links having at least three curves
before returning to discuss a few exceptions to the following rules for short instanton-links.

e go = eg: in this case, all flavor summands [g;] are trivial.

e go = e¢7: only [g1] can be non-trivial. Assignments featuring type II curves give all
[g:] trivial, while the others allow [g1] & su(2).

e go = ¢s: again, only [g1] can be non-trivial. For the last type assignment form
above, non-trivial [g;] C su(2) can arise. Those without type II curves each can allow

[01] = 5u(3).

To treat the short instanton-links having length [ < 2, we can simply extract these
configurations from (5.4) and table 46, the former directly treating | = 1. For | = 2 these
simply obey the following.

~

e gy = eg: in this case, [go] = su(2) may arise for second and third type assignment
forms above.

e go X e7: for the second type assignment form above, [g;~o] = su(2) may are yielding
an su(2)®? flavor summand from «. The only non-trivial contribution which may
arise for the third form above appears as [g2] = su(2).

e go = ¢g: the summands which can arise in the three cases for link type assignment
forms are [su(3), 0], [su(3),su(2)], and [su(2),su(2)], respectively.
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Note that for [ = 1, allowed values of [g1] are simply the maximal complementary Lie
subalgebras of go in es.

6.3.2 Gauged instanton links

In this section we consider an ¢, node attached to an instanton-link X ---¥j carrying
any non-trivial gauge summand. We will break our discussion into two parts. The first
concerns “classical enhancements” of the form

Lo Tny In, Loy

-1 -2 -2 ... =2 (6.15)
The second addresses enhancements involving any other Kodaira type, these being confined
among types II, III, IV, and I§.

6.3.2.1 Classical enhancements of an instanton link with node attachment

While we have already characterized flavor summands which can arise in subquivers of this
form via characterizations for 12 and 22---2 in section 5, we pause here to make a few
comments. First note that e-node attachment requires T, ~ Iy and this imposes gy, is a
subalgebra of su(3), su(2), and ng in the cases for attachment to eg, ¢7, and eg, respectively.
Strong restrictions 7, follow via propagation of constraints along the link.

The possible [gq] for various classical enhancements are subalgebras of those for a
particular enhancement with n; < ng < --- < ng. Convexity conditions for these en-
hancements as detailed in [16] follow from the rules of section 5. These require that for
enhancements of such bases having increasing arguments of su(n;) algebras with & > 2 and
i > 1, we have n;y1 —n; = mg with ny =my <9 —q.

The aforementioned maximal [g,] yielding configuration among all enhancements of
eqor with ¢ fixed has ny chosen to allow m, and consequently nj, as large as possible. The
resulting [g,] appears as

E s s
Ip I’?Ll I2n1 Iknl

g =1 =2 =2 --- -2 . (6.16)
- - - [su((k+1)n1)]

The remaining classical enhancements of the instanton-link are required via the con-
vexity conditions for classical enhancements —2 curve chains to have n; increasing to a
maximal n; . at some in,x and are non-increasing for ¢ > ipax. Flavor summands appear
only from the curves immediately to the left of any decreases and from the final —2 curve
with ranks are governed by (5.26). Explicit workbook enabled listings of the permitted
flavor summands for these remaining classical enhancements can be quickly procured.

6.3.2.2 Non-classical instanton-link enhancements with node attachment

In cases with any curve of the instanton-link having a Kodaira type other than I, every
curve other than the —1 curve is prevented from having type I,,. These 7T, and g; obey
convexity conditions on d; and r; = rank(g;) reading

dy <dg < - <dp > dpg1 = dippg2 > - (6.17)
T <o <o Sy > T > T2 > e (6.18)
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All possible forms for enhancements of instanton-links not of the form (6.16) with e-
type node attachment appear in table 16 with any flavor summands indicated. Intersection
contribution tallying eliminates several possibilities which obey the required gauging and
convexity conditions, e.g. 7, beginning as ILIIL,IV. Trivial [g1] results for ¢ > 7 while ¢ = 6
allows [g1] = su(2) provided T¥, is gaugeless.

7 Gauging global symmetries

We now briefly discuss which flavor symmetries can be consistently gauged to yield a new
SCFT, i.e., which 6D SCFT transitions result from promotion of a global symmetry sub-
algebra to a gauge summand. While room for additional gauging is permitted should
we consider the theories coupled to gravity where B is compact (when more strongly, all
continuous symmetries must then be gauged as argued for example in [29]), the permit-
ted SCFT transitions resulting from global symmetry promotion are highly constrained
and have not been fully studied. In this section, we comment briefly on which of these
transitions are visible within F-theory using the tools we now have at our disposal.

As a first step, we shall inspect the flavor symmetry maxima for single curve theories
to examine when promoting global symmetry subalgebras to gauge summands carried on
added neighboring curves results in at most reduced-rank gaugings. Consider an SCFT
base with a single compact component of the discriminant locus ¥ with gs; = gy and a
choice ggs from among the geometrically realizable flavor symmetry maxima for such a
theory. We now ask which other 6D SCF'T bases with specified gauge assignment can arise
via promotion of a ggs subalgebra to neighboring curve gauge summands then yielding
a configuration

my

su
[9as] [gcs] [gcs]
my Mg, my My Mg, or myp My Mg. (7.1)
M R gL am 9R gL am R

This of course requires that g; ®gr® gy C gags (with terms omitted for absent neighboring
curves in the first two cases). Note that the new base may have a different discrete U(2)
subgroup I' associated to it. We can instead study a variant of this approach by requiring I"
stays fixed or focus on the nature of permitted I' transitions, but we shall focus on whether
gas can be made trivial while g7, @ gr @ gy has smaller rank than ggs, i.e., whether
“sub-maximal gauging” can occur. We will soon refine this characterization since we often
cannot gauge sufficiently many degrees of freedom via an SCFT transition to yield trivial
gas, as we now show.

7.1 Normal crossings constraints

We now pause to observe that the normal crossings condition barring three gauged neigh-
bors from meeting a —1 curve provides a variety of cases where SCF'T transitions fully
gauging ggs (or any of its maximal subalgebras) away to neighboring curves is not possi-
ble. All single curve enhancements of a —1 curve having global symmetry maxima with
at least three summands are examples since each neighboring curve can contribute only a
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ga = e>g"
mo —1 —2 —2
ga Io 5| 111 111 111 I8}
[os]
Ja Ip II wvns vs cee vs V™3 /111/11
[os]
da Io I 11 . 111 11
[os] [su(2)]
ga Io 11 vns vs . Ve s
[9b] [su(3)]
Oa Io 11 vns 5me vns (1)
[ob] [sp(2)]
ga Io I vns ne III/IV™S
[os] [sp(2)]
ga Ip 11 vns s vne (1I1)
[os]
ga Ip 11 wvns wvns (1I1)
[os]
Ja Ip 11 wvns IS"S
(o] [sp(3)]
ga Io 11 vns 11
[ob] [su(3)]
9a Io I vns
[os] [92]
ga Ip 11 IIT
[os] [su(2)]
ga = eyt
da Io 111 111 o 111 I
[su(2)]
da Io 1 111 . 111 11
[su(2)] [su(2)]
9a Io 11 vs . ve s
[su(3)]
Ja Ip 11T ve cee e II1/1vne
ga Io 111 3ne II/IV™S
[sp(2)]
da Io 111 1559 I1/IV"s
[sp(3)]
da Io 111 5me
[sp(3)]
ga Io 11 15°°
[sp(4)]
ga Ip 111 I
[su(2)]
ga Io I vns
ga & e6:
8a Ip ve ve L Ve Ve
[su(3)] [su(3)]
fa Ip IV e . v ve
[su(3)]
9a Io ve ve Ve IV™S (1I) / 111
fsu(3)]
da To vns vs VS IV™S (II) / III
ga Ip | AVALSS IS"S II1/1vne
[sp(2)]
Ga Io vns vns (11)

Table 16. Non-classical gauged instanton-link type assignments with attachment to an e-type node
for links with at least three curves.
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single gauge summand. In particular, this restriction applies to the cases shown in table 17
which we can read off from table (6.1) of [24] with the further tightenings for type III and
IV curves appearing above in table 3.

Gauge algebra on ¥ Kodaira type Flavor symmetry maxima
su(2) I1 50(7) @ s0(7) ® su(2)
Ivns g2 © g2 @ su(3)
su(3) Ivs su(3)®4
su(3)%2 & sp(2)
50(8) I sp(3) @ sp(3) @ sp(1)P3

Table 17. Selected single curve theories on a —1 curve permitting only sub-maximal gauging of
flavor symmetry maxima to yield neighboring curve gauge summands for a valid SCFT base.

Note that this restriction is irrelevant in determining which theories can be eliminated
for lack of a consistent gauging of global symmetries upon considering compact bases and
coupling to gravity. In that context, we may relax the positive definite adjacency matrix
condition to allow multiple —1 curves intersecting . Hence, full gauging of the flavor
symmetries in the cases of table 17 again becomes plausible in that context.

Having trimmed the types of configurations where we might find more meaningful sub-
maximal gaugings, we move on and discard this form of restriction as a minor curiosity.

7.2 Global to gauge symmetry promotion and 6D SCFT transitions

To motivate a more useful notion of “sub-maximal gauging,” we now detail an example
illustrating that complete gauging may be possible for a particular choice of resulting
base while others can yield a somewhat surprising loss of continuous degrees of freedom.
Consider a —2 curve with gauge algebra so(7). The unique flavor symmetry maximum for
this single curve theory is ggs = sp(1) @ sp(4). While we are able to gauge the entire flavor
symmetry and can even do so to yield an SCFT base, e.g., 221 with the configuration

2 22 1 )
(IILsu(2))  (1z°5,50(7)) (I§%,5p(4))

we cannot do so for the base a ~ 22222. Furthermore, can we cannot even gauge the
neighboring curves in this base to obtain a maximal subalgebra of ggs. Hence, even
though the number of neighboring curves we can add allows for the possibility of gauging
a maximal Lie subalgebra of ggg, careful inspection of the available type assignments to
these curves reveals only sub-maximal gauging is permitted.

More surprisingly, the neighboring curve gauge summands together with the remaining
global symmetries on ¥ in the presence of these curves gives a sub-maximal sub-algebra
gas @ su(2)®3 of gas. The required gauging of ggs to form this base in fact gives a rank-
reducing breaking of ggg, as we now confirm. Consider that the neighboring —2 curves
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must have Kodaira type III for intersection with . The resulting configuration appears as

2
(I11,5u(2))
2 2y 2
(ILsw(2)) (1255 50(7)) (HLsu(2))
[gcs]

and requires contributions to (a, b, J)E ~ (> 4,> 6,12) for the T-junction given by at least

(3,>6,9). As a result, the only symmetry bearing curve Kodaira types which can simul-

2% and III. Further gauging of any remaining global symmetry

taneously intersect Y are I
is prevented by adjacency matrix requirements for SCFT bases. The remaining global
symmetry for the resulting base (which arises purely from ¥ and hence matches ggg) to-
gether with the neighboring curve gauge summands yields a sub-maximal algebra gmax of
das sice

gas @ su(2)® c su(2)® c su(2)®  ggs.

This phenomenon motivates our working definition of sub-mazimal gauging to be a case in
which the sum of neighboring gauge algebras with the residual global symmetry algebras
gas along ¥ are not maximal splittings of ggs in the sense of being among the (relatively)
maximal subalgebras of ggg having the required number of summands to match the count
of non-trivially gauged neighboring curves. Observe that the discrete U(2) subgroup, I's
associated to the original base with the single compact curve X is trivial, while that for
the base in the above gauging, namely I',, is not. This suggests that the emergence of
non-trivial discrete U(2) gauge fields may be an ingredient in determining permitted global
symmetry gauging rules and hence a helpful tool in classifying 6D SCFT RG flows.

Considering this phenomenon more generally defines an interesting structure associ-
ating to each single curve flavor symmetry maximum the collection of relatively maximal
algebras which can be gauged given fixed neighboring curves defining a base with discrete
U(2) subgroup I'. Said differently, we have a distinguished class of Lie subalgebras for each
of the flavor symmetry maxima with each member in this class of subalgebras associated to
a discrete U(2) subgroup. Additional structure emerges since not all I' associated permissi-
ble SCFT gauging transitions are shared for the distinct flavor maxima with fixed Kodaira
type. Further refinements to the data appear since multiple Kodaira types in some cases
can realize a given gauge algebra.

A broad survey of single curve gaugings appears in table 18.

8 Conclusions and outlook

We have carried out a systematic investigation global symmetries for each 6D SCFT with
a known F-theory realization having no frozen singularities, namely those appearing in
the classification of [16]. We have produced a tentative classification of the geometrically
realizable global symmetries of these theories. The tools we have provided include an
implementation of an algorithm enabling explicit listing of the Kodaira type realizations
for each 6D SCFT gauge enhancement, thus helping to complete the geometry to field
theory “dictionary” for these theories. We have detailed the structure of global symmetries
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ggauge on X Type GS max. Gaugable Base(s) Types Ogauged D [EGSE] max(s) Sub-maximal
m = 1:
su(2) Iz 50(20) v 14 (—)1g°
(1§ /1v*]
X 12 (—) 13m° 50(13)* @ [su(3)]T v
[13°]
(=)1ve su(3) @ [so(14)] X
LI ,
(—)1v?e su(3) @ [su(7)]" v
13
(—) II1 su(2) @ [s0(16)] X
3]
X 12,13 (=) 133, 50(2M + 8) & [50(2N + 8)] X
N+M=2
ns/ss
N>/
(—) 1/, s0(2M + 7) @ [s0(2N + 7)] v
N+M=2
X 312,313 I ()14, (s0(2M + 8) @ s0(2N + 8))* X
NA+M=2
. [111/15]
I 50(7)92 @ su(2) x! 313,213 3% (=) 13°° (s0(7)92)* @ [su(2)]} X
[Ive/13]
v (g92)" @ su(3) x! 313,213 s (=) 15 o @ [su3d)} X
" [81V¥]
su(3) vs su(3)®4 x! 12 (=) 1V® su(3)* @ [su(3)®3)t X
[15/1v°,13%]
su(3)92 @ sp(2) x! 12 (=) 1V® su(3)* @ [su(3) @ sp(2)]* X
[215 %, (I11/13 /15 9))]
s0(8) 15 sp(3)%2 @ sp(1)®3 x! 12 (=) I sp(1)* @ [sp(3)9% @ sp(1)] v
m = 2:
su(3) e su(3)92 v 222 IVE(—)IV*E
v 221 IV (=) (15/1V®)
sp(2) v 21 ()13
X 222 (II/TV™®)(—)(I11/TV"®) su(2) @ su(2) X
su(2) VA 92 v 23,22, 21 (—)gns
123 (Io /11 /1) (—)I3™®
223, 222 I(—-)1yms
X 222 I(—)Ivs su(3) v
11 50(7) v 23,22, 21 (=15
11 50(7) v 123,122 Io(—)15°®
X 222 (—)Ivs® su(3)* v
X 222 II1(—)IIT (su(2)®2)* v
50(7) 1358 sp(4) @ sp(1) v 221 I(—)Ig°
(179
X 222 111 (—) I11 (sp(1)P2)* @ [sp(3)] X
2 II1
X 222 1 (—) III (sp(1)F3)* @ [sp(1)] v
[111/155]

Table 18. Selected gaugings of single curve SCFT GS maxima. Here ‘{’ indicates that a GS
factor is not gaugable onto any additional neighboring compact curve allowed in any SCFT base,
‘4’ the same due to the normal crossings condition, ‘X'’ that the GS (relative) maximum is not fully
gaugable for any SCFT base, and ‘X' the same due to the normal crossings condition. Here ‘*’
indicates a relatively maximal gauging for the given base and **’ the same among all bases; unique
gauging for a given base is indicated with an “*" symbol.

permitted via this algorithm in terms of the “atomic decomposition” of 6D SCFT bases
from [16] and in terms of certain shorter chains which may occur. This has enabled us to
recast our findings via short listings and simple constraint equations for these symmetries in
terms of the geometric realizations of each gauge theory, i.e., the Kodaira type assignments
compatible with each gauge assignment. We have made the latter manifest, resolving
certain ambiguities in the classification appearing in [16].
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In the process, we have eliminated some of the CFTs detailed in the classification
of [16] and shown that the refined classification can be recast in purely geometric terms
without appeal to anomaly cancellation. We have also investigated the gauging of 6D
SCFT global symmetries which yield transitions between SCFTs and found that these
gaugings can result in rank reductions. We have derived novel restrictions on Calabi-Yau
threefold elliptic fibrations, carried out local analysis of nearly all permitted singular locus
collisions, and found many local and global constraints on permitted collections of singular
fiber degenerations for such fibrations. This provides steps towards a general analog of [31]
by constraining singular fiber degenerations along chains of curves with arbitrary Kodaira
types. Our approach strongly constrains the space of non-compact CY threefolds and
makes explicit all potentially viable varieties of this type at finite distance in the moduli
space meeting a transverse singular fiber collision hypothesis up to specification of non-
compact singular fibers not associated to a non-abelian algebras (with this latter caveat
easily removed by trivial adjustments in our algorithm).

We hope these tools prove useful in the classification of 6D RG flows and a complete
classification of all 6D SCFTs. In particular, whether the multiple global geometrically
realizable global symmetry maxima which arise in many cases correspond to distinct the-
ories (i.e., if there terms under which the global symmetries of F-theory models provide
SCFT invariants) is a question we leave to future work. While the relations between gauge
and global symmetries of 6D SCFTs with those of discrete U(2) gauge fields determining
endpoints we have discussed are suggestive, we hope that additional investigation may
help clarify the precise interplay between these ingredients determining the field content of
these theories.
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A Intersection contributions and forbidden pair intersections

In this appendix we extend the intersection contributions data collected in [24, 25] to
include that for pairs of curves with A, B > 0 in which either curve may be compact.
The lone exception to the latter concerns cases of non-compact transverse curves which
carry no gauge-summand, namely those with Kodaira types Ig, I, or II. Such curves cannot
contribute global symmetry summands and hence only require consideration in cases where
the transverse curve can be compact component of the discriminant locus.

Before proceeding, we note that studying the contributions to curves with A > 0
or B > 0 from transverse gauged fibers was safely ignored in [24, 25]. For the theories
treated in those works, the maximal flavor symmetry inducing configurations arise for a
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curve with fixed Kodaira type when A = B = 0. However, in treating flavor symmetries
for more general SCFTs with a base consisting of more than a single compact curve, the
minimal values of A, B along a given curve may be non-zero. For example the —1 curve in
the base (12)152231513221(12) requires X here has type Iy with Ay, > 4. This minimum
value of Ay along ¥ depends significantly on the presence of non-neighboring curves, even
those which do not affect the minimum gauging of the neighboring curves as illustrated
in table 19. Note that the extent of “non-locality” is rather significant. For example, the
quiver (12)1522315 requires the same minimum as (12)1x22315132 given by Ay, = 3, while
addition of the gaugeless type Il curve of self-intersection —2 in the final position to yield
(12)15223151322 raises this minimum to Ay, = 4. By the same token, the only assignments
of orders of vanishing along each curve of the quiver 1223151322 compatible with a left
attachment of a non-compact II* fiber inducing the (unique) eg global symmetry maximum
for this quiver have assignments to the —1 curve of the form (A > 4,0,0).

Our approach stems in part from this subtlety that the minimal values of A, B are
hence “global” in quiver position as illustrated by the above example. An exhaustive
computer search approach to determining global symmetries beginning with assignment
of orders of vanishing along each compact component of the discriminant locus is hence
merited. Similarly, maximality checks of global symmetry subalgebras which may arise from
transverse non-compact singular locus components also merits consideration of compact
curves with A, B > 0 in addition to A = B = 0 cases. Hence, development of local models
for all such intersections a natural first step as these do not appear to be available in
the literature.

We shall go somewhat further than required by developing the intersection contribution
data from such local models for a somewhat broader class of intersections than actually arise
in the minimal order assignments to SCFT bases. This approach has certain benefits. First,
it allows us to be cavalier in assigning larger orders of vanishing and allowing automation
to ensure we have not missed any global symmetry maxima inducing configurations which
may require non-minimal A, B assignments. Furthermore, this allows us to more tightly
constrain non-minimal A, B configurations which we hope may find application addressing
codimension-two singularities and perhaps development of a framework which may come
to bear on issues concerning the gauging of global symmetries beyond the scope addressed
in this work.

Permitted A, B values in longer quivers are often highly constrained. Certain bases al-
low only a single globally consistent A, B assignment though locally infinitely many choices
are permitted. For example, the unique permitted values on the quiver 71231513221(12) are

e7 su(2) 92 fa 92 su(2) e
IIT* Io 111 Igme II [v*ns 11 IR AVAC 11 Io II*
7 1 2 3 1 5 1 3 2 2 1 12 (A.1)

(35,9) (0,1,0) (1,2,3) (23.6) (1,1,2) (3.4,8) (1,1,2) (33.6) (3.24) (3.1,2) (3,00) (4,510)
A=0 B=1 B=0 A=B=0 A=0 B=0 A=1 A=1 A=1 A=2 A=3 A=0
while the subquiver 13221(12) permits infinitely choices of these values consistent with the
Kodaira type assignments above.
In some circumstances, the permitted A, B values force particular gauge assignments.
Consider for example the base 232. We can bypass anomaly cancellation machinery and
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Minimum value of A along ¥ Compatible subquiver(s)
0 (12)1
1 (12)12
2 (12)122
(12)1223
(12)12231
3 (12)122315
(12)1223151
(12)12231513
(12)122315132
4 (12)1223151322
(12)12231513221
(12)12231513221(12)

Table 19. Minimum orders of vanishing of f|y for various subquivers of (12)152231513221(12)
with compatible Kodaira type (and hence gauge) assignments given by truncations of the only
viable assignment along this quiver, namely II* Iy ILIV™ Iz ILIV*™® ILI™* IV™® 111, I1*.

more involved global analysis of the monodromy cover for Ij fibers by noting that the only
orders of vanishing consistent with the naive intersection contribution constraints of (3.11)
leave the only configuration
(I1Lsu(2))  (I§°°,50(7)) (I11,5u(2)
2 3 2 , (A.2)
(1,24+Br,3)  (2,3+B,6) (1,2+Br.3)
B>1
where B > 1 requires that the Ij fiber is semi-split (as we can read from table 25 along
with the observation of A.6.2.1 that so(8) would have required purely even a contributions),
thus yielding an so(7) gauge summand.
As an example yielding novel constraints, we consider the minimal left f4 attachment
compatible enhancement of the interior link 1321 with right e;-node attachement to a
curve Y with self-intersection —m having minimal orders of vanishing along each curve as

indicated below.

?
32L 22]\4 1ER mE = 8 (Ag)
(IL,-)) (1575 g2) (I1L,5u(2)) (TIo,—) (I11* ,e7)
(H+AL2) (o4 Ay, 34By, 6) (1.24Bs,,3) (A=0,Bx,>1+Bx0) (3.5+Bx,10)

Note that X must type Iy since gaugeless curves with type other than Iy lead to non-
minimal intersection with a curve having IIT* fiber; Byy > 1 follows immediately from
the naive residuals tallying requirements of (3.11). Provided that 5 < my < 7, there is
no inconsitency with By, = 1. However, when m = 8, naive intersection contributions
of (3.11) from ¥k to X rule out the configuration. Since additional orders of vanishing of
gs and g, are coupled, i.e., By, > 1+ By, any attempt to permit the required vanishings
along Y by raising By, in turn raises By,. However, this is not compatible with the
indicated gauge assignment since it forces By,, > 0 and in turn By, > 0, thus requiring
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an s50(7) gauge summand along ¥,; as we can read from table 25. Further note that in
these cases with my = 8, this further enhancement of ¥, to so(7) is unacceptable in the
presence of a left f4 attachment (which we can easily confirm via the eg gauging condition
since 50(7) @ fa Z eg).

We next consider the quiver 2231322 which minimally supports an assignment with
Kodaira types leading to trivial contribution from the —1 curve (via “Persson’s list” re-
strictions). Now consider raising the Kodaira type on the —1 curve to type II which
allows for a potentially non-trivial flavor symmetry summand to appear there. Note that
such a summand is a priori permitted while maintaining the Fg gauging condition since
g2 @ su(2) C f4. We have the following assignment with the minimal orders along each
curve required by (3.11) indicated below.

[sp(1)]?
11 vns Igme 11 e vns 11
2 2 3 1 3 2 2 (A.4)
(1,1,2)  (2,24) (3,3,6) (>2,1,2) (3,36) (224) (1,1,2)
A>1

The only possible global symmetry can only occur from a type I, fiber. It hence is relevant
in our analysis to determine the local models for intersections of curves with fibers of
various Kodaira types having A, B > 0.

Before turning to a systematic analysis of all intersection contributions of potential rel-
evance to constraining F-theory SCFT models, we begin with a simple example to demon-
strate the method we follow to derive the intersection contribution data appearing in this
section. This data plays a key role in our algorithm to eliminate various gauge enhance-
ments of quivers and possible global symmetry summand inducing non-compact transverse
curve configurations. Additional examples for certain A = B = 0 cases following the same
approach can be found in [24, 25].

The A, B values which may appear in arbitrary configurations consisting of an SCFT
base decorated with non-compact transverse curves are somewhat non-trivial to constrain
a priori. Furthermore, the results of a comprehensive analysis of intersection contributions
for all permitted intersections of Kodaira fibers may find alternative uses in constraining
elliptically fibered Calabi-Yau threefolds more generally. We shall hence tabulate intersec-
tion contributions for nearly all curve pairs (with the exceptions of —1, —1 intersections
and gaugeless non-compact fibers which clearly do not arise in SCFT bases with non-
compact global symmetry inducing fiber configurations). Though many of the indicated
intersections do not arise in minimal assignments for SCFT bases, these cases often become
relevant when we consider any alternative settings which allow us to relax the positive def-
inite adjacency matrix condition or motivate careful study of all options for codimension
two singularities. Though extending the rest of our analysis to these settings is beyond the
scope of this work, we hope that the tools developed here facilitate such investigations.

A.1 Computing intersection contributions

We now detail an example illustrating the method underlying our approach to determining
intersection contributions. Certain subtleties make some cases significantly more involved
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than illustrated by our particularly simple choice of example. However, most relevant issues
for the types of computations we carry out have been discussed at length in [24, 25]. A few
novel subtleties arise in treating compact pair intersections as we shall discuss in various
cases treated in this appendix.

As in the configuration above, we let ¥ be a type II curve along {z = 0} with orders
of vanishing given by (1 + A,1,2) = (2,1,2) and ¥’ a type Is curve along {oc = 0} (with
orders of vanishing (0,0,2)). Let P denote the point of their intersection at o = z = 0.
The general form for f, g, A of a type Is curve can be read from (A.8) of [24] as

f= —é(f—i—fla—i-fgdg +O(03) ,

_ s 1 ~ 1 2 3
9_864¢ 12¢f10+<92 12¢>f2>0 +0(0°),
1 ~
A= (°G2 — ¢*f1) 0° + O(c?) . (A.5)
Imposing these divisibility conditions then yields
1
[ = —E22¢2 + 22 fro + 2% fr0° + O (2%0?) |
1 33 31 ~ 31 2 3
9= 362% ¢° =z 12¢f10+ <292 z 12</5f2 0+ 0 (z0”) ,
1 ~
A= 2 (0°5 — 0 fF) 0 + O(20), (A-6)

where we have replaced ¢/z, fi/2%,G2/2 with @, f;, o for simplicity of notation. We read
the minimal orders of vanishing giving “intersection contributions” to ¥ via the minimum
o-degrees of the lowest order terms in fNZ, Is, A (namely those of z-degrees 2, 1,2, respec-
tively, as required to match the z-orders along ) to obtain

(ap,bp,dp)s > (0,2,4). (A7)

Thus, the potential sp(1) flavor symmetry summand appearing in (A.4) is impossible.
Note this would have yielded a configuration with transverse curve algebras contained in
the global symmetry maxima for a type II curve appearing in [25]. The contributions
analysis therein does eliminate the configuration, but requires the above augmentation to
produce the lowered ap minimum indicated above.

A.2 Preliminaries

In the following sections, we let ¥ be a curve at {z = 0} with —3-3 = m, having transverse
intersections with curves E;- located at {o; = 0}. Let the orders of vanishing along > be
(a,b,d) and those along ¥’ be given by (a}, b}, ;).

A.3 Type II curve intersections

We introduce further constraints on collisions involving a Kodaira type II curve in A.7
for cases involving an I’ curve. Here we focus on the remaining non-trivial cases, those
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involving an I,, curve. Such collisions were studied at length in [25] when the I,, curve is
non-compact and A = 0 along the type II curve. The tight restrictions we find in sec-
tions A.4, A.5 for type III and IV curves have only weaker analogues here. Underlying this
distinction is that we are farther from non-minimality in II,I,, collisions. As a consequence,
we are required to consider intersections where the most general form for the relevant local
models of type I,, curves is unknown since the cases 7 < n <9 are included.

We now proceed to make mild generalizations of the intersection contribution data first
appearing in [25] that are required in the present work. Part of our work is dispatched by
reading from table 42 taken from [24]. We find that A > 3 is not possible for intersections
with I, curves having n > 4, a bound we revise here since this only holds for non-compact I,,
curves. The A = 0 results can be read directly from the contribution tables of [25]. In one
such case, we find a small correction. This leaves us to determine the relevant contributions
from compact I, curves for all n, and non-compact curves only for n < 4. Since type 11
curves do not carry a non-abelian gauge algebra, we can safely ignore collisions of compact
I,, curves with non-compact type II curves.

K

We collect intersection contributions for the remaining cases in table 20. The ‘!” symbol
there indicates disagreement with [25]. Entries marked with ‘f’ are not permitted via the
inductive form for I,, curves appearing as (A.25)-(A.28) in [24]. The ‘*’ symbol indicates
the contributions are only valid for a non-compact I,, curve, ‘X.” that the intersection is
valid only for non-compact I,, curve, and ‘X..” that the intersection exceeds numbers of
vanishings available for a type II curve even with m = 1. Entries to the right of those

indicated with an ‘X’ ‘X.”, ‘X..” are similarly forbidden.

A=a—-1
0 1 2 3 a—1
Nns/s
2 (1,2,4) ~o-(a mod 2,2,4)(X.if A>4)---
3ns (1,2,4) (0,3,6) (1,3,6)*X. ---(a mod 2,3,6)*X.---
3, (2,3,6) (2,3,6) (2,3,6) -+ (2(1 —84,40),3,6)(X. if A>4)"--.
dps (2,4,8) (0,4,8) (2,4,8)*X. ~--(2(a mod 2),4,8)*X. -
4, (2,4,8)' (2,4,8) (201 = 64,0),4,8) (X if A>4)F -
Bns (2,4,8) (0,5,10), (2,4,8)" (1,4,8)* o (2,4,8)" XK. -
(=5)s X
6ns (2,4,8) (0,6,12), (2,4, 8)* S (2,4,8)" X, -
Tns (£3,<6,<12) X1
8ns (£4,<8,<16)X..1
9ns  [(£4,<8,<16)'X.1
(n>10)ns |([5]).2[5),4153)X

Table 20. Intersection contributions to type II curve from a (non-compact*) I,, curve.
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A.3.1 Intersection with an I(";S curve

The analysis for intersection of a type II curve with a transverse curve holding type I’
in [25] bars such intersections but implicitly uses that B = 0 along the I§* curve, say ¥,
to obtain non-minimality of the intersection. Provided B > 2, such intersections are also
non-minimal. However, in the special case that B = 1 factorization of the monodromy is
possible. We can read from (A.9) that intersection contributions to ¥ are then given by
(24 (e mod 2),4,8) and contributions to I§* curve are (2[a/2],1,4[a/2]).

A.4 Type III curve intersections

Let 3 be a curve with Kodaira type III and orders of vanishing (a,b,3) = (1,2 + B, 3).
Suppose that Y’ has orders of vanishing (a’,b',d’). Note ¥ has odd type, making d con-
tributions thrice those of a contributions. The only technical cases for such intersections
concern transverse curves with type I, or I. The latter are restricted for n > 1 due to
non-minimality. We treat intersections with Ifj curves in section A.6, focusing here on
treating ¥’ with type I,, in each case relevant to global symmetry computation, namely
those involving at least one compact curve.

A.4.1 1III, I,, intersections
A.4.1.1 Type III with B > 0 intersection with a non-compact type I,, curve

We now extend the contribution data for cases with B = 0 analyzed in [24] to those with
B > 0. Reading from tables A.1,A.2 of [24], we find values for the local intersection
contributions to a III with B = 0 and that the restriction that B > 2 requires n < 3
for non-minimality. We make a correction to this bound; the revisions appear in the
appendices as tables 42, 41. First, we collect the results of contributions for intersections
analyzed [24] and the remaining B > 0 cases of contributions to a type III with m = 1,2
from a non-compact transverse I,, curve in table 21. Note that in the cases with n > 7, we
compute contributions working from the inductive Tate forms for I,, curves from (A.25)-
(A.28) of [24] that are potentially not the most general when 7 < n < 9. Here ¥ has
residuals given by (5,8 + B, 15) for m = 1 and (2,44 2B,6) when m = 2.

In table 21, entries indicated with ‘«’ are only valid for non-compact I,, curves and

L'?

those with ‘i’ are permitted only for I,, non-compact. Those entries with ‘I’ correct table
A.2 of [24]. The symbol ‘X’ indicates a non-minimal intersection and entries to the right
of an ‘X’ are also non-minimal. For m = 2, those entries with any contribution exceeding

those allowed are forbidden; these are indicated with a subscript ‘1.

A.4.1.2 Type Ill with B > 0 and m = 2 intersection with a compact I,, curve
with m = 1.

The only case of interest for II1,1,, intersections with I,, compact arising in F-theory quivers
involve a type III curve with m = 2 since two —1 curves do not intersect in any valid base.
Furthermore, when m’ = 2 on ¥/ with type I,, has (a, I;) = (0,0), intersection with any type
IIT curve is thus prevented. We collect the contributions for valid intersections in table 22.
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B
0 1 2 3 ... b—2
Nns/s
2ns (1,1,3) (1,0,3) (1,1,3) ... ... (1,b mod 3,3)
3ns (2,2,6) (3,0,9)1,(2,2,6)*(2,2,6)* (2,2,6) ... (2,2,6)f
3s (2,2,6) (2,2,6) (2,2,6)f (2,2,6)f
Ay (2,2,6)" (3,0,9),,(2,2,6)* (2,2,6) (2,2,6)f
44 (2,3,6) (2,3,6) (2,3,6) (2,3,6)
Bns (3,3,9), (3,0,9), X
(=5)s X
6ns (3,3,9), (5,0,15), X
(102 n 2= T)ns|([51,[51,3[5 1 X X
(= 11)ys X

Table 21. Intersection contributions to III from a (non-compact) I,, curve.

For large n, it will be helpful in making our table succinct to define

4 if n is even
gn) =93_.. (A-8)
5 if n is odd.

The table entries indicate the minimal intersection contributions to/from a ¥, a (compact
unless marked with ‘X’) type III curve having orders (1,b,3) = (1,2 + B, 3) with m = 2
transversely intersecting Y, a compact I, curve with m’ = 1. Note the residuals on
a (compact) type III curve with m = 2 are (2,4 + 2B,6). Here, ‘X’/‘X.” indicate an
intersection forbidden by the number of allowed vanishings along Y. /3’ respectively, and

3 3

—’ a non-minimal intersection. Entries to the right of an ‘—’, ‘X’ or ‘X.” are similarly
forbidden. Intersections corresponding to entries with an ‘X’ are permitted only for non-

compact X.

B
0 1 2 3 4 >5
Nns/s
1 (1,1,3)/(2,3,5) (1,0,3)/(2,3,5) ... (1,b mod 3,3)/(2[%],3[2],4[2]1+1)... X
,1,3)/(2,3,4) (1,0,3)/(4,6,6), (2,1,6)/(4,6,8) (2,1,6)/(4,6,9) (2,0,6)/(4,6,9) X.
(2,0,6)/(2,3,5)
3ns (2,2,6)/(2,3,5) X/(2,3,5) X/X
3s (2,2,6)/(4,6,6) (2,2,6)/(4,6,7) —
4y (2,2,6)/(2,3,4)  X/(2,3,5) X/X
4, (2,3,6)/(4,6,6) (2,2,6)/(4,6,6) —
Bns X/(2,3,5) X/(2,3,5) X/X.
(>5)s —
6ns X/(2,3,4) X/(2,3,5) X/X.
(> Dns | X/(2,3,q(n)) X/(2,3,5) X/X.

Table 22. Intersection contributions for (compact m = 2) type III, compact type I,, intersections.
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A.4.1.3 Intersection contribution to a compact I,, curve with m = 1 from a
non-compact III with B > 0.

The remaining intersections of interest between type III and type I,, curves concern con-
tributions to an I,, curve from a type III curve giving a global symmetry summand. The
relevant contributions to the type I, curves here are also given in table 22. Entries are
marked with an ‘X’ when we require non-compactness (or allowing m = 1, which requires
we can relax our adjacency matrix requirements) along the type III condition to hold.

A.5 Type IV curve intersections

Here we collect information about monodromy rules for type IV curves and intersection
contributions involving transverse curves. The only subtle cases involve type I, and Ij
curves since I’ intersections with n > 0 results in non-minimality.

A.5.1 Preliminaries

Let X be a curve with type IV. Orders of vanishing are then given by (a,b,4) = (2+ A4, 2,4).
Note that ¥ has even type. Reading from 2, we see the monodromy along ¥ is determined
by whether %5 is a square; the larger gauge algebra, su(3), occurs if so.

A.5.2 Intersections of IV with I,, curves

A.5.2.1 IV with A > 0 meeting I,, curves for global symmetry or quiver in-
tersections

This case is detailed in [24] when the transverse type I, curves are non-compact and
A = 0 along the type IV curve. These contributions appear with a minor correction for
intersection with an I3* fiber (which also holds for the compact pair case) in table 41. We
shall use these contributions for the compact pair case when A = 0 as then they remain
unchanged for these type pairings. Note that the actual minimal contributions must be
modified from these table values (as they depend on monodromy along the IV curve) to
give even b contributions to the type IV in the IV® case. From table (6.1) of [24], we have
that transverse I,, curves carry at most sp(4) symmetry. Note that as indicated in table 42,
n < 3 is required when A > 0 for non-minimality. We collect the results of contributions to
(and from when applicable) a type IV curve intersecting a type I,, curve for these remaining
cases in tables 23 and 24, separating the A = 0 case in which n > 3 is permitted.

A.6 Type Ij curve intersections
Here we compile information about monodromy rules for Ifj curves and intersection contri-
butions to residuals counts involving transverse curves from an Ifj curve.

A.6.1 Preliminaries

Let ¥ = {o = 0} be a curve with type If and orders of vanishing (a,b,6) = (2+ A, 3+ B, 6).
Suppose that ¥’ = {z = 0} is a transverse curve with orders of vanishing (a/,b’,d’). Recall
that we refer to the cases with 20’ = 3a’ as ‘hybrid type’, those with 20’ > 3a’ as ‘odd
type’ and those with 20’ < 3a’ as ‘even type’. The contributions to residual vanishings of
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el % 3 3,
A(ns/s)
Lns (1,2,4)//(4,6,8) -/(1,3,6) (1,3,6)/(1,2,4)//(4,6,8)
1, (1,2,4)//(4,6,8) -/(1,3,6)* (1,3,6)"/(1,2,4)//(4,6,8)"
s (0,2,4)//(4,6,8) -/(0,3,6),(1,2,4) (0,3,6)/(1,2,4)//(4,6,8)
2, (0,2,4)//(4,6,8) -/(0,3,6)°,(1,2,4) (0,3,6)*/(1,2,4)//(4,6,8)"
A>3, 2+ A€4z /(0,2,4)  -/(0,3,6)/(1,2,4) -/(0,3,6), (1,2,4)
A>30, 2+ AC2Z\4Z| -/ (0,2,4)  -/(0,3,6),(1,2,4)  -/(1,3,6),(1,2,4)
A>3, Ad 2L -/ (1,2,4) -/(1,3,6) -/(1,3,6), (1,2,4)
A>3, 2+ Acdz (0,2,4)  -/(0,3,6)"/(1,2,4)  -/(0,3, ) (1,2,4)
A>3,2+A€2Z\4Z| -/ (0,2.4)  -/(0,3,6)'/(1,2,4)  -/(1.3,6)",(L,2,4)
A>3, A¢2Z -/ (1,2,4) -/(1,3,6)" /(1,3 ) (1,2,4)

Table 23. Intersection contributions to a (compact) IV™/% with A > 0 from//to a transverse
compact/non-compact I,, curve (with ‘to contributions’ only when compact). An ‘X’ indicates the

intersection is forbidden by non-minimality considerations and a ‘-’ an intersection forbidden by
residuals considerations. Here (*) indicates an intersection allowed only when m = 1 on IV via

limitations of b on IV.

V" /Iv®
su(2) su(3)
N(ns/s)
2ns (0,2,4) (0,2,4)
3ns (0,3,6),(1,2,4) (0,3,6)%,(1,2,4)
3s (1,3,6),(1,2,4) (1,3,6)%,(1,2,4)
>4, X X
Ans (0,4,8) (0,4,8)*
Is > 1 > B (0,n,2n)* (0,2[%],4[%])*
2 9ns o e

Table 24. Intersection contributions to IV™/$ with A = 0 from a transverse non-compact I,
curve. An X indicates the intersection is forbidden by minimality considerations. Here (*) indicates
a permitted intersection only when IV has m = 1, and (-) an intersection b on IV forbids in all cases.

A along Y’ from intersection with the transverse curve X are given by 3a and 2b in the odd
and even type cases, respectively, where a and b are the residuals contributions to ¥’ from
a curve X for vanishings of f, g, respectively.

The monodromy along ¥ is determined by whether Q(¢) = ¥3 + (f/02)|{a:0}¢ +
(g9/ 03)|{U:0} is fully split (giving algebra so0(8)), partially split (giving algebra s0(7)), or
irreducible (giving gauge algebra g2).

— 64 —



A.6.1.1 Gauge algebra g-

Here we can write the monodromy cover as Q = ¥> + p + ¢, with Q irreducible.

A > 0. In this case, Q becomes 93 4 ¢ with irreducibility implying that g is not a cube;
otherwise, we could factor @ as (¢ — ) (% + arp+a?) with ¢ = —a?. Since ¢ = (9/03)|s—o0,
we conclude that ¥ cannot have intersections with curves Z; with types (—, 3b;, —) using
all available g residuals along ¥. Said differently, ¢ = o3(v¢® + gso* + O(c°)) with v
cube-free and deg(v) > 0.

B > 0. Here Q = (¢ + p), and since this is not an irreducible cubic, this case is not
possible.

A.6.1.2 Gauge algebra so(7)

Since the cover is split in this case, Q@ = (¢ — a)(¥)? + A\ + ). Since the 1)? term vanishes,
we have o = r and

Q="+ (u— N — pA.

A > 0. This case requires ;t = A2, and hence Q = ¢ — A3. This means that Q is fully
split since ¥? + \ip + p = % + Ay + A2, which has discriminant A\?> — 4\? = —3\2, which
indeed has a square root. We conclude this case is prohibited.

B > 0. In this case, Q = ¥(¥?>+ p), and that this is not fully split implies yu = (f/02)|s=0
is not a square. Hence, ¥ cannot have intersections with curves of types (2a;~, —, —) using
all f residuals along ¥ and we conclude that ¥ cannot receive purely even f intersection
contributions using all f residual vanishings. Said another way, f = 0?(u¢?+ fzo + O(c?))
with u square-free and deg(u) > 0. When m = 3, a = 2, but the form of f clearly bars
even contributions to a since deg(u) > 0. Hence, intersection with a type II curve with
orders (2,1,2) is prohibited as are intersections with an Iy with orders (2,0, 0).

A.6.1.3 Gauge algebra so(8)

The monodromy cover is fully split here and appears as (p — «)(¢¥» — 8)(¢p — 7). To have
the 1? term vanish we have

Q=1+ (=p*—a® —aB)y — aB(a + B).

Now we note that for m = 4, we have that for either A, B > 0 this is the only possible
gauge algebra. For A > 0,m = 4, we have b = 0 and hence the monodromy cover after
appropriate rescaling appears as ¢ 4+ 1 and hence factors completely. For B > 0,m = 4
the cover appears as ¥(1? + 1) after rescaling since here @ = 0, and hence the cover can be
fully split.

A > 0. In this case, —3% — o — af = 0. Substituting for 42 using this identity gives
(9/0%)9=0 = —af(a+ B) = a. Thus g = o3(a® + gso + O(c®)). This implies that all
contributions to the residuals in g come in multiples of 3. For example, we have larger
than expected contributions to g residuals from intersections with curves of type II. Since
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A > 0, inspecting the case of an intersection with type III shows that we have a (4,6,12)
point as another consequence. This follows since the remaining terms in g are of total order
at least 6.

B > 0. Here we instead have that af(a + ) = 0, giving three cases: a = 0,5 = 0, and
a = —f. In each, we have Q = ¢* + (a?)1 (renaming 3 as a as needed). Thus,

f=0c*(=a*+ fso + 0(?)). (A.9)
We conclude that all a contributions must be even.

A.6.1.4 Summary of restrictions

We collect the restricted monodromy assignments in table 25.

A>0 B>0
92 v X
50(7) X v
50(8) v v

Table 25. Forbidden monodromy assignments on I ~ (2 + A,3 + B, 6).

A.6.2 Intersections contributions from Ij

Here we study the contributions to the residual vanishings along ¥’ from a transverse
intersection with ¥ in each of the cases above.

A.6.2.1 Gauge algebra so(8)

Using the above preliminaries, we have the following table of intersection contributions
from ¥ with s0(8) gauge algebra to ¥/. This depends on the orders of vanishing along ¥,
whether the order in g there is a multiple of three, and if ¥/ is of even or odd type. Recall
that X' with orders (a’,b’,d’) is of even type if 3a > 2b, odd type if 3a < 2b, and hybrid
type otherwise. We do not explore the latter case in table 26. Note that Iy can appear in
any of the three types as orders of vanishing for Iy are given by (a’,b’,0) with one of a’ or
b’ necessarily zero.

A>0 =0 mod3 b #0 mod 3
(2+A4,3,-) (a,4,—)
Even Type on X' (a,3,6) (a,4,8)
Odd Type on ¥': (a,3,3a) (a,4,3a)

Table 26. Intersection contributions from I§* ~ (a =2+ A,b =3+ B,6).

A.6.2.2 Gauge algebra so(7)

Here we only need to study the case B > 0. When Y’ has even type, we have minimal
contributions to residuals along ¥/ given by (2,b,2b). In the odd type on 3’ case these are
instead (2,0, 6).
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A.6.2.3 Gauge algebra go

Only A > 0 is relevant here. We have contributions given by (a,3,6) in the even type case
and by (a,3,3a) in the odd type case.

A.6.3 Restricted tuples

We now discuss some consequences of the above Ij restrictions. Residual vanishing counts
along ¥ before any intersections are (8 —2m+2A,12—3m+3B,24—6m), where m = X-X.
We list forbidden collections of transverse curves simultaneously meeting > for various
values of m and a given monodromy assignment in table 27. An X indicates the monodromy
assignment for specified values of A, B, m is forbidden. Separate forbidden collections are
semicolon-separated. Note that we do not use all available vanishings with some collections.
Rather, any collection containing a forbidden collection is also ruled out since the required
vanishing conditions cannot be met with any of the indicated transverse subcollections.
For example, in the case with data given by so0(8), A > 0, m = 3, the presence of two
transverse curves with types (., 1,.) prevents § = (g/02)|,=0 from being a cube (since these
each require 2 additional vanishings of g at their intersections with ). However, this
contradicts b = 3.

A>0\m=4 m =3 m=2 m=1
92 X (,3,.) 2(-,3,.); (,6,.), 3(53,); (6,)(53,.); (1,9,
s0(7) X X X X
50(8) 2(,1,.);(,2,)(,1,) 3(,1,.;2(.,2,)(,1,.);3(,,2,.); 4(.,1,.);4(,,2,.);2(.,3,.)2(., 1, .);
(,3,)(,2,)(,1,.) (4, (52,00, 1,);
(3,920, 1,.; (4,90, 1,.) 4(,1,.);(,2,)3(.,1,.);
B>0
g2 X X X X
50(7) X (2,.,.) 2(2,.,.);(4,.,.) 3(2,.,.);(4,.,)(2,.,.);(6,.,.)
50(8) 2(1,.,.) (2,.,.)2(1,.,.);3(1.,.) 4(1,.,.);(2,.,)2(1, ., .);
(2,.,.)3(1,,.);(3,,02(1, .y )5+ -+

Table 27. Forbidden transverse curve collections meeting If with orders (a =2+ A,b =3+ B, 6).

The form of the relevant restricted polynomials for so(8) with A, B > 0 rule out
a significant number of intersections that satisfy naive residuals tallying. Notable cases
include s0(8), B > 0 intersection with a type III curve (with orders (1,> 2,3)) since this
hence induces non-minimality and so(8), B > 1 intersection with type II curves. Other
non-trivial prohibitions include so0(8), A > 0 intersections with any type IV curves or type
III curves.

A.6.4 Intersection contributions to I

A.6.4.1 Ij with A > 0 meets multiple I,, curves

Let 3 be a curve with type I at z = 0 having orders of vanishing (2 + A, 3,6). Consider
first A > 0. Here 3 has even type and the contributions to residual vanishings of A|,—
are induced precisely by those of g|,—o.
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In the case that m = —X -3 = 3, the residual vanishings along ¥ are given by (—, 3, 6).
Working from the general local form of an Iy curve found in (A.2) of [24], we can place
further restrictions to give the forms for I,, with n > 2. For an I curve at 0 = 0 to meet X,
we have z|¢p. Since A > 0, ¥ has even type so each vanishing of A along ¥ corresponds to
a vanishing of g there. Hence, for two Is curves at o, 0’, (using the general form separately
for each) restricting to o = 0 and ¢’ = 0 and using that there is a b contribution at each
intersection, we have z?|¢ in each expansion (rather than only the a priori requirement
that z|¢ needed for intersection with an arbitrary I} curve). Since g goes as ¢ + O(0),
we thus have a residuals contribution minimum from the I given by (—,> 1,> 2) at each
Iy intersection and contributions (> 4,> 6,> 8) to each I curve. When compact, the Iy
curves must have self intersections given by —1 and they cannot meet other type I,, with
n < 4 curves.% Since 22|f; and 22|¢ we can read from the form of g in (A.2) of [24] that there
are larger residuals contributions to ¥ given by (—,> 2,> 4) from each intersection with
an I, when n > 2. Hence these triples are disallowed as they exceed the permitted number
of vanishings along 3. Note that results of this kind follow from intersection contribution
tallying as read from the general forms of I,, unless A = B = 0 when special treatment
is required.

A.6.5 I restricted tuples with A = B =0

We now briefly discuss certain forbidden configurations for a curve X of type Ijj curves with
orders of vanishing given precisely by (2, 3,6). We will proceed by working through the cases
for my. The restrictions we find are helpful in allowing us to eliminate the need for anomaly
cancellation machinery while characterizing 6D SCFT gauge enhancement structure.

A6.51 X.-¥=-3

Here (a,b,d)s; = (2,3,6). We shall inspect intersections of 3 lying along z = 0 with pairs
of transverse singular curves X1, X9 having intersections at o = 0 and ¢/ = 0, respectlvely,
with these related by o = 1/0’. Let us denote the restrictions to 3 of f 7,A to ¥ by f g,A

Result A.1. The configuration Iy Ifj Iz requires at least a semi-split If) curve X for mys, = 3.

Proof. Let the two Iy fibers be denoted X1,Ys. Now 3; intersection with ¥ requires that
the forms of f,§ are those giving the general form for I, of (A.5) modified such that the
relevant coefficient functions are instead constant.

Proceeding in this fashion while imposing both I intersections, we shall simply obtain
a partial splitting of the monodromy cover polynomial 13+ J?z/J +g via explicit factorization.
The most general J/‘\,ﬁ, A are given in the patch with coordinates z,c by

~

f= -3¢+ fio — 305>
G =2¢°— figo — f1Po? + 28353

SMore generally, for ¥’ ~I,, rather than I, with ¥’ - ¥’ = —1, we cannot have intersection with curves
other than I, with p < (n + 12) — 2n when n is even and (n + 12) — 3n when n is odd.
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where ¢, @, fi are unspecified constants. One can then partially factor the monodromy
cover as

W Y +G = ((¢+ Bo) — ) (207 — fro — 20D + 20%02) — (¢ + Do)y — 1b?)

in this coordinate patch. Note that we can now also read off the factorization of the
monodromy cover polynomial on the other patch. O

This implies the gauge assignment on the base 131 given by su(2), go,su(2) is not
viable. Similar methods forbid the triple I I§™® III and show that when the III here has
orders (1,3, 3), we can forbid that I Ij III regardless of monodromy. Likewise, the triples
I I IV and 14 Ijj I» are also forbidden for all of monodromy choices.

Result A.2. If ¥ is semi-split, intersection contributions to X' having type I3° (even if
non-compact) are at least (2,3,7). Contributions to &2 from X/ are at least (0,0,4).

Proof. Since ¥ is semi-split with A = B = 0, the monodromy cover appears as
VP 4 (F/2%)|e=0 - ¥ + (9/2%) 220 = (¥ = N> + M+ p) . (A.10)
and the residual discriminant Ay, = (A/29)],=0 is
Al — A3+ 270202 = (4 — N2 (4 202)2. (A.11)

Since A is a section of —2Kp — ¥ and p is a section of —4Kp — 2%, m = 3 gives deg(\) =1
and deg(u) = 2. Define ¢ = 4p — A2 and p = p + 2)2, noting deg(p) = deg(p) = 2. Let
Y’ be an I§® curve at {o = 0}. Now ¢ and p cannot share any roots since this would
require o|u,o|A, in turn giving J]fg and forcing splitting of ¥/ (as it yields 23\f2/ and
further consequences necessary in the non-compact case which are obtained by inspection
of (A.10) together with (A.11) of [24]), contrary to hypothesis. Since ¢ and p cannot share
any roots and we have o3| Ay, we must have 3|p? and hence o%|p2. Thus, o#|Ay; and the
discriminant expanded along {o = 0} reads

A = 2"Az0% + O(c*, 29), (A.12)

from which we conclude intersection contributions to ¥’ are at least (2, 3,7) and those from
Y/ are at least (0,0,4). O

This result prevents s0(13),sp(1),s0(7) gauge assignments to m13 for 2 < m < 4 upon
consideration of other residual contribution considerations, thus reproducing a key anomaly
cancellation result of [16] via geometric restrictions.

Since ¢ is the discriminant of the quadratic term in (A.10), this cannot be a square,
as ¥ would then be a fully split I§* curve carrying so(8) algebra. Using this fact allows
extension of the above argument to eliminate several configurations including

1D 1731%54’ L % Ig%zgzu [Io] ¥ Ig%lgzu
(A.13)

[I2] [I2]
I ¥ I, and II ¥ II.

Similar argument easily eliminates ¥,I7¢. This is also key in matching anomaly cancellation
restrictions.
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A6.5.2 X .¥=-2

Additional constraints can be derived by extending the argument of Result A.2.

1. The configuration

/1T 2y III (A.14)

*5S
IO

(o]

has [g] = [sp(2) @ sp(1)], as we now show. An IZ% intersection requires A = B = 0
along ¥ and deg(y) = 4 for m = 2. Let the t_ype ITI intersections with X be at
{oi = 0}. We have o;|p, 0i|¢. Any I, fiber at {o = 0} has n < 4 since we must have
o"|p?. The latter holds since p and ¢ cannot share a root o unless |\ and o|u, but
this is impossible since deg(A) = 2 and o02|\. An additional sp(1) summand from
an Iy fiber at {¢’ = 0} giving 0’2|p exhausts all roots of Ax. This applies to restrict

global symmetries of 122 and 222 with the above assignment.

2. Similarly,

/I 2y [g] (A.15)

*SS
IO

has [g] = [sp(3) @ sp(1)]. Here we have o1|¢, o1|p. This leaves the maximal configu-
ration for the remaining roots of ¢ and p occupied by Ig® and I3* fibers, respectively,
as two I}® fibers can be eliminated. The latter requires three distinct shared roots of
¢ and p though deg(\) = 2. In particular, this applies to the bases 12 and 22 with
type III required for 22.

A similar extension of the argument yields following holding for > with any m.

Result A.3. Let ¥ be an I}** curve at {z = 0} and ¥’ a type II with (a,b,d)sy = (1+A,1,2)
curve at {o = 0}. Contributions to ¥ are at least (1,2,3) for A =0 and (1 + A,3,4) for
A > 0. Those to ¥ are at least (2,4,8).

A.6.5.3 Additional tools to match anomaly cancellation conditions from ge-
ometry

One of the few tools for which we require further geometric insight (beyond those available
via tracking contribution counts and single curve global symmetry maxima) in order to
match known constraints derived via anomaly cancellation machinery is the following result.

Result A.4. That the quiver 322 cannot have algebras so(7),su(2), — follows from geo-
metric considerations.

This condition appears in [16] and is argued on partially on anomaly cancellation
grounds. We now show this follows from geometry without field theory considerations.
Along with the other geometric constraints derived here, in [24], and those in the appendices
of [16], non-minimality and intersection contribution tallying more than suffice to match
all 6D SCF'T enhancements constraints on all links and hence on all bases to those one can

— 70 —



reach while also employing anomaly cancellation considerations. Some enhancements are
eliminated via the present considerations, as discussed in section 4.

Proof. With residuals contribution tracking, we find that the only enhancements of 322
remaining are the options s0(7),su(2) and g, 51(2) on the 32 subquiver. To see that so(7)
is forbidden on the —3 curve X, we first note that in all the available type assignments on
the link 3y2yy, 3, ¥ have orders precisely (2, 3,6), (2,2,4), respectively. It thus suffices to
show that under the following conditions, the assignment s0(7) to X is not possible. In
fact, this argument now follows directly from appendix E.3 of [16]. Nonetheless, we shall
give a pair of alternative arguments demonstrating the utility of various tools.

Our setup leaves only one possibility for the residuals on X: they are given by (0,1, 2)
and hence the form of fg, gs, are given by f ~ ciw? and g ~ cozw? where ¢1, ¢p are nonzero
constants and the IV lies at w = 0. Observe that z # w (or we would have a codimension
two (4, 6,12) point along the I curve). The resulting monodromy cover is then irreducible.
We have the cover given by P = ¥° + ciw?) + cozw? that cannot be semi-split, since as
we saw above the 12 term vanishing requires that

Q= (¥ — a)(P* + X+ p) = > + (u — N — p.

With self intersection —3, the residuals on are (2,3,6) for type I with orders (2,3,6).
Hence deg(it— A?) = 2 and deg(s)\) = 3 with the degrees of y, A being 2, 1 respectively. We
can then identify p ~ w? and A\ ~ z where z gives the other vanishing of g along the I}
We have § = codp = (cw?)(dz) and f = (1 — A2) = (cw?® — 222), where ¢, ¢ are nonzero
constants. This means f has two distinct roots along the I, contradicting that we use
both available vanishings at once in meeting the type IV curve.

Alternate proof. Suppose we have the so(7) algebra on the —3 curve. We know that
degp = 2 and deg A = 1 in the case with orders (2,3,6) along the I§. Expanding each
and imposing that u — \? = f: fow? and =\ = g = gow? + gzw? using the divisibility
requirements from meeting a IV, where here f = (f/02)|s—0 and § = (g/03)|s—0, we have

A=A+ Ao
= po + p10 + p20”
U3+ (= Ay — ph =% + f + 3,
= Ao =po=p1 =0.

This gives u\ = O(c?), preventing matching the o2 term of § unless go = 0. The latter
induces non-minimality. O

Result A.5. When ¥ is a curve with m = 3 and type I;*S having orders (a,b,d) = (2,3,6),
a type III curve X' with orders (1,3,3) at o = 0 contributes at least (2,3,6) to the allowed
vanishings along 2.
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Proof. We proceed as above, here imposing the requirements that

A= Ao+ Ao

= o + (110 + p20”,
P (= A —ph =0 + fp+ g

f = fio+ foo?

529303-

Proceeding to match the terms of fand 1 — A2 order by order and then those of g, we find
before completing the matching that

Ao =0, po=0,
pi=fi, p2=fot+ A
== u—)\zzf,
—pA = =Af10" = M (A + fo)0.

From the latter we see that one of A, f; must be zero since g is zero at order o2. We rule out
the first case as it induces infinite intersection contribution, leaving f; = 0. Intersection
contributions to the I§* are then given by (2,3,6). (Note this forbids any additional
intersections along ¥, even with an Iy curve having A > 1.) O

The above seemingly mild restriction plays an important role in determining which
enhancement configurations are permitted and the degrees of freedom which remain to

become global symmetry summands.

A.6.6 Contributions to I with A, B > 0 from I,,

We now investigate the details of intersection contributions in the few permitted values
for n in for Ifj intersections. When A, B > 0, the situation is even more restrictive. The
maximal allowed n for I,, meeting If in each case of A, B > 0 is given in table 41. So that
we may refer to the general forms for I,, type curves, let’s suppose our Ij here lies at z = 0.

A.6.6.1 A >0,s0(8)

We will use the observation that since we have algebra so(8), intersection contributions to
b are multiples of 3. Those to d are then the doubles of those b contributions as A > 0 is
an even type Ij. From table 42, we see that the maximal allowed intersection with I,, in
this case with A > 0 is for n = 3.

I,, compact. We will treat the three possible values of n separately when Y’ here is a
Kodaira type I,, curve that is compact and has self-intersection —1. Note that we must
have A < 2, since otherwise we exceed the 4 allowed f residual contributions to ¥’. Since
A > 0, we must be without monodromy along ¥’ in the one relevant case where n = 3.
When n = 1,2 we note that 22|¢ with ¢ as in (A.4,A.8) of [24], respectively. Considering
this fact together with the restriction that we have contributions in threes yields table 28.
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1 2 3

1 |(1,3,6)/(4,6,10) X X
(0,3,6)/(4,6,10) X X

Table 28. Intersection contributions to I§® with A > 0 from/to I,,. An ‘X’ indicates the intersection
is forbidden by non-minimality.

Note that in the case when A = 1 and n = 1, we must have at least z*|g; and 2*|go in
(A.4) of [24] via the above consideration that g intersection contributions must come in
threes here. This has total order of f, g given by 4,5 in both cases, falling barely short of
non-minimality. The other cases n > 1 are barred by similar considerations.

Non-compact 1,, curves for global symmetry. We carry out a similar study here with
the change that ¢ is allowed higher degree here, introducing the possibility of intersections
with Iy or Is. Since we are concerned with global symmetry, we safely ignore n = 1 (as
I; curves carry the trivial algebra). However, intersections for n > 1 are forbidden as a
result of non-minimality following from the strong requirement that contributions to b are
divisible by 3. This result is indicated in table 29.

4 2 >3

>1[X X

Table 29. Intersection Contributions to I§® with A > 0 from an I,, non-compact curve. An ‘X’
indicates the intersection is forbidden by non-minimality.

A.6.6.2 B > 0s0(8)

This case has similar requirements to those above with the main difference being that the
contributions to residuals in f are required to be even here as we saw in the preceding
analysis. We collect results for this case in table 30.

B 1 2
1 | (2,1,6)/(4,6,10) X
2 X X
3 X X

Table 30. Intersection Contributions to Ifj® with B > 0 from/to I,. An ‘X’ indicates the intersec-
tion is forbidden by non-minimality.
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A.6.6.3 B >0, so(7)

Again we consider intersections with a transverse type I,, curve, ¥’ using restrictions from
table 42 which dictate that the maximum value of n here is 2. We will use that we have
odd type on the Ij. We will not need to use that intersection contributions to the Ijj in
this case are dictated by the lowest order z term in f, say ui1v? with pq square-free and
of nonzero degree (since in this case the relevant term cannot be a square, or equivalently,

contributions to a along an I§* cannot have purely even f residual contributions).

I, compact. With these constraints, we produce table 31 by reading from the general
forms for I,, as they appear in [24] appendix A. Note, we have B < 3, as the degree of ¢
(A.4) of [24] is 2 in the only relevant compact I,, intersections, those for a curve with self-
intersection —1. For a non-compact I,,, we can raise the degree of ¢ to allow large values of

1 2
B
1 | (1,1,3)/(4,6,10) (1,1,3)/(4,6,8)
2 | (1,1,3)/(4,6,10) X
3 | (1,0,3)/(4,6,10) X

Table 31. Intersection contributions with I§*® with B > 0 from/to an I,, curve. An ‘X’ indicates
the intersection is forbidden by minimality considerations.

B for example when meeting Is. Such intersections are barred for ¥/ compact. We have not
used the condition that a contributions cannot be purely even, instead limitations being
induced by minimality considerations. We collect our results in table 31.

Non-compact I,, curves for global symmetry. Our results here only concern n > 2
since n = 1 does not yield global symmetry. From table 42, we cannot exceed n = 2.
We have the identical result when B = 1. When B > 2, we can avoid non-minimality by
raising the degree of ¢. In this case, we only are interested in the intersection contributions
to the If. We collect the relevant result in table 32.

2 >3

1 | (1,1,3) X
2 [(1,1,3) X
>3 ((1,1,3) X

Table 32. Intersection Contributions to I§*® with B > 0 from a transverse non-compactl,, curve.
An ‘X’ indicates the intersection is forbidden by non-minimality considerations.

A6.7 A> 0, g2

The a priori restrictions in this case are similar to those for the s0(8) case with the exception
that g contributions are not forced to be multiples of three. On the contrary, we are
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prevented from having contributions which consist entirely of multiples of three, though
this is irrelevant in our analysis here. When n = 3, we use that ¢ rather than p in (A.11)
of [24] must carry all divisibility (we have z|¢o and have thus used all available roots of
¢o) since we are considering the case of intersection with a compact I,, curve while f,g
residuals are limited by 4,6, respectively. We find there is non-minimal intersection for
n > 3 as this would require z2|y»; with 11 as in (A.11) of [24].

A

1 | (1,1,2)/(4,6,9) (1,2,4)/(4,6,9) X
2 1(0,1,2)/(4,6,9) (0,2,4)/(4,6,9) X

Table 33. Intersection contributions to I§™* with A > 0 from/to I,,. An ‘X’ indicates the intersec-
tion is forbidden by non-minimality considerations.

A.7 Type I} curve intersections

In this section, we collect contributions to residual vanishings from an intersection with an
I curve. The main focus is the case with transverse curve of type I,.

A.7.1 Single I’ intersections with a type I, curve

We begin by finding the minimal simultaneous contributions to the residual vanishings to
each curve from an I} I, intersection. The result is that there is a simple general pattern
for these contributions which we expect to hold in all cases where intersection should be
allowed via the a priori residual vanishings of each curve. Some of the general forms of
such intersections have been constructed for this analysis, but the most general form in
the large n, m case for arbitrary n,m has not. Hence a portion of our results here for
7 < m < 9 is conjectural. We expect these contributions to be a generalization of the
cases we have compiled in the table below. The general form of the conjecture is then
that we have contributions to the residual vanishings along the Iy and I,, curves given by
(0,0,m) and (2,3,n), respectively, in the case with or without monodromy along the I’
for even m; for m odd instead these contributions are given by (0,0,m) and (2,3,n) in
the case with monodromy and (0,0, m + 1), (2,3,n + 1) in the case without monodromy,
respectively. Note that the I,, is non-split (i.e., has monodromy) since we consider an
intersection with I’.

A.7.1.1 Intersection with type I}

Meeting I;. We begin by considering an intersection contributions to an Iy curve from
an Ij curve in cases with and without monodromy. This requires working several cases
and looking for the minimum. The detailed calculations can be easily carried out with a
computer algebra system but are somewhat cumbersome to treat by hand. We find that
these minimal contributions to the I; are given by (2,3,7) and (2, 3,8) from I;™® and I}?,
respectively. Note the agreement with [25].
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Meeting I,. Here we find that values for the cases with and without monodromy have
the same intersection contributions to the Is, namely (2, 3,7) and those to the I} are given
by (0,0, 2) regardless of monodromy.

Meeting I3. Here we find that the monodromy again matters and the contributions to the
I3 are as in the I; case given by (2,3,7) and (2, 3,8) from I{™ and I}, respectively, before
we consider the monodromy condition along the I3. Investigating monodromy involves
detailed inspection, but again can be readily treated using a computer algebra system. We
find that for su(3) along I3, the intersection becomes a (4,6,12) point. This same result
appears to hold for either monodromy along the I7.

Since I, is obtained by imposing further constraints on an I} and we did not use the
monodromy information from the I, the above also forbids the intersection of I with
higher I};. Likewise, moving to the cases I,>3 also simply imposes additional constraints
on f,g. Meanwhile, the term dictating whether we have monodromy along > =I,, remains
the same. Its form simply becomes more constrained as we increase n. This method is
then an alternative demonstration that I’ cannot intersect I?, for (m > 3,n > 1).

Meeting I4. In this case, the minimal contributions are (2,3,7) with or without mon-
odromy along the I7.

A.7.1.2 T withn >4

Here we implement the constraints for I beginning with the inductive form of I, and
vice versa (for large n using the inductive form along the I’ and imposing the constraints
for Iy, then Io, etc.) and concluding by imposing monodromy constraints for the I. This
allows one to inspect the resulting form to determine the minimal simultaneous intersection
contributions in each case. We find the general pattern for low n appears to continue, but
proving this in full generality is beyond our reach. Those cases we have explicitly checked
are found in table 34.

A.7.2 Summary

We find the following minimal simultaneous intersection contributions to I,, from Iy, curves
and vice versa, respectively. While it is a priori possible that the minimal contributions
could be realized for each with different intersections giving the minimal ones, this does
not appear to be the case. Rather, in all cases we have inspected, simultaneous realization
of the minimal contributions to both the I; and the I, curve appears to be possible.
Note that only intersections that do not give (4,6, 12) points are considered here. Note
there is one remaining possible (necessarily simultaneous) singularity of f, g since there
are remaining residuals after the I’ intersection given by (2,3, —) (which can be located
anywhere we choose other than at the original intersection). Furthermore, there cannot be
additional transverse curves over which the fibration is singular not meeting at this point
along the I,, curve that are not of type I, for some p. The transverse curves also must have
(a,b) < (2,3). In other words, any other intersection with a curve of which the fibration
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is singular must give either contribution (2,3, —) (there can be at most one of these) or

contributions (0,0, —).

Iins Irs s I3 Ins I
I |(2,3,7)/(0,0,1) (2,3,8)/(0,0,2) (2,3,8)/(0,0,1) (2,3,9)/(0,0,2) (2,3,10)/(0,0,1) (2,3,11)/(0,0,2)
I [(2,3,7)/(0,0,2) (2,3,7)/(0,0,2) (2,3,8)/(0,0,2) (2,3,8)/(0,0,2) (2,3,10)/(0,0,2) (2,3,10)/(0,0,2)
I3 [(2,3,7)/(0,0,3) (2,3,8)/(0,0,4) (2,3,8)/(0,0,3) (2,3,9)/(0,0,4)

s [(2,3,7)/(0,0,4) (2,3,7)/(0,0,4)
Is [(2,3,7)/(0,0,5) (2,3,8)/(0,0,6)
Is |(2,3,7)/(0,0,6) (2,3,7)/(0,0,6)
Is (1) ](2,3,7)/(0,0,8) (2,3,7)/(0,0,8) (2,3,8)/(0,0,8) (2,3,8)/(0,0,8) ...

Table 34. Minimal simultaneous intersection contributions in I,,,I}, collisions to I,, and I}, respec-
tively. (The ‘4’ symbol indicates the less general inductive form is used for I,,).

A.7.3 Multiple I} curves meeting a type I, curve

In this case, we must have the self-intersection along the I,, curve, say ¥, with ¥ -3 = —1
since for —¥ - ¥ > 1 we have no vanishings of f,g possible. The total residuals are
(4,6,12 4 m) along 3, so at most two I, curves can meet ¥, and such a pair leaves the no
remaining residuals in f,g. Note that intersection with a pair of I} curves requires that

the I, curve has monodromy.

A.7.4 Compact curve intersections for pairs with types II, I*

We first observe that the only relevant case here is n = 1, as a type II curve cannot
meet an I}, curve with n > 1; such intersections are non-minimal even when the I is
non-compact. We consider here the case with both curves compact, thus introducing
additional constraints not applicable to the situations considered in [24]. Along the I
curve, (@,b) = (2(4 — m),3(4 — m)) and II gives a non-trivial f, g contribution. Hence,
m = 4 does not need to be considered. We summarize the contributions for all remaining

ns

cases of such an intersection in table 35. Since If and IY% intersections with a type

*

IT curve are non-minimal, all relevant local contribution data for II,I}

- intersections are
captured in our table. -

Note that Kodaira types beyond II other than I, family types are banned from I}
intersection by non-minimality. Thus we have given here the set of possible intersection

contributions for types other than Iy, which we have recorded separately.

A.8 Ip,I} curve intersections

We now find the intersection contributions to a curve ¥ with type Iy from an I} curve,
¥, which may be non-compact. Our computations rely on the general forms of I given
in appendix B of [24]. We impose divisibility conditions on these local models as required
for intersection with a compact [y curve having specified properties. We then read off the
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m
3 2 1
A

0 (2,3,4)/(3,4,8)

1 (2,3,4)/(2,4,8)

2 X.. (4,6,7)/(3,4,8)

3 X.. (4,6,7)/(2,4,8)

4 X.. X. (6,9,10)/(3,4,8)
5 X.. X.. (6,9,10)/(2,4,8)
> 6 X.. X X..

Table 35. Intersection contributions to/from a compact I3™* with ¥ - ¥ = —m intersecting a II.

An X indicates the intersection is non-minimal and an (X..)X. that the intersection is banned by
(naive) residuals considerations. Entries to the right of an allowed entry have the same values.

intersection contributions to X in each case while recording which of these allow ¥’ compact
and tabulating intersection contributions to ¥’ in such cases.

Let the vanishings along 3 be given by (A, B, 0), noting that we must have one of A, B
being zero. We consider >’ along {o = 0} whose form is given by one of the expansions
from [24] (B.1)-(B.5). We compile the total order at the intersection point in 36, writing

*

‘X’ for non-minimal intersections. By inspecting the form of I7,

imposing the required
divisibility conditions to have z4 dividing f or zZ dividing ¢, and then checking the mon-
odromy condition for I, we arrive at the indicated minimal total orders at the intersection.
We do not record the case A = B = 0 here since the minimal total order is always (2, 3,n)
in these cases. Hence, all intersections are allowed except when the Y’ has self intersection
—4. For such curves, all A, B > 0 intersections are trivially banned by a priori residuals
tracking. Terminal entries with A or B referenced indicate the general pattern holds for all
A or B, applying also to the entries below such an entry. Note that we need only explore

n < 4 since further intersections are forbidden via [31].

s I T I T L
A=1 (4,4,8) (4,4,8) (4,5,10) (4,5,10)  (3+ A4,5,10) X X
A=2 (4,4,8) (4,4,8) (4,5,10) (5,5,10) X X
A=3[(2+2[A4/2],4,8) (2+2[A/2],4,8) (6,5,10) (6,5,10) X X

=4 (3+A,5,10) (3+A,5,10) X X
B=1 (3,5,9) (3,5,9) (3,4+ B,9) (3,4+ B,9) X X X
B= (3,6,9) (3,6,9) X X X

= (3,6,9) (3,7,9) X X X
B= (3,7,9) (3,7,9) X X X

Table 36. Minimal total order of Ip,I} intersections.
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A.9 Compact Ip,I} curve intersections

The residual vanishing counts along an I} curve with negative self-intersection m are
given by

=—-4(m—2)+2m =8 —2m
=—6(m—2)+3m=12-3m
d=—12(m —2) + (n+ 6)m = 24 + (n — 6)m.

In particular, the constraints on @, b and the general forms of I} together imply that u; in
the general form has the number of roots indicated in table 37 where f = —%u%aQ +0(0?)
and g = 22—711,‘;’034—0(04). This data allows us to find the following rules for intersections with

m=4 m=3 m=2 m=1

deg(u1) 0 1 2 3

Table 37. Degree of uy for I, with ¥ - = —m.

type Ip~ (A, B, 0) singularities which are not necessarily compact nor transverse curves but
simply singularities along the I' locus. Hence, any remaining residuals in purely f or g yield
one of the indicated intersection contributions. Note that in some cases indicated as non-
minimal, there may be allowed point singularities in f, g to the corresponding order. Said
differently, our tables are intended to track contributions from transverse curves but also
give the contributions for point singularities when a transverse curve of the corresponding
type is allowed. Only in cases where the intersections are indicated as allowed rather than
non-minimal do we track the data since our priority is to treat transverse curves rather
than simply singular points (but some information for point singularities does result). The
contributions to the Iy are also noted for use in the case that the singularity is an intersection
with a compact transverse Iy curve. Note that for m = 4, we cannot have intersection with
a curve of type Igp~ (A, B,0) with either of A > 0 or B > 0. This fact and other restrictions
of this form are already accounted for via simple residuals tracking without modification
from what follows below. For A = B = 0, it is easy to see the intersection contributions in
both monodromy cases are simply (2, 3,6 + n), the naive estimate. We collect the relevant
results in table 38.

A91 m=3

Residuals along the I here are given by (2,3,6 + 3n). We find intersection contributions

and non-minimal intersections appearing in table 38.

A92 m=2

Here residual vanishings along the I’ are given by (4,6,12 + 2n). Hence, A, B are capped
for Iy at 4,6. The relevant contribution data is recorded in table 39.
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I>{7’LS I*S I*nS I 1*23
A=11(3,4,8)/(2,3,3) (3,4,8)/(2,3,3) (3,5,10)/(2,3,3) X. X.
A=21(2,4,8)/(2,3,3) (2,4,8)/(2,3,3) (2,5,10)/(2,3,3) X X.
A>3 — — — — —
B=11(3,4,9/(23,4) (3,4,9)/(2,3,5) (3,4,9)/(2,3,2) (3,4,9)/(2,3,2) X
B=2(3,4,9)/(2,3,4) X. X X X
B=31(3,3,9)/(23,4) X. X X X
B>1 — — — — —

Table 38. Intersection Contributions to Ip~ (A, B,0) and I} with m = 3, respectively. ‘X’
indicates non-minimal intersection and ‘-’ indicates exceeding allowed residuals. ‘X.” indicates that
the intersection is non-minimal here while in the non-compact case it is was not yet forbidden via
the previous analysis in the non-compact case.

I’{TLS I"lﬂé IE?’LS I*S Igns I*>63 I*>7£Lf
A=1](3,4,8)/(2,3,3) (3,4,8)/(2,3,3) (3,5,10)/(2,3,3) (3,5,10)/(4,6,6) X. X X
A=21(2,4,8)/(2, 3 .3) (2,4,8)/(2,3,3) (2,5,10)/(2,3,3) (3,5,10)/(4,6,6) X. X X
A=3|(3,4,8)/(4,6,6) (3,4,8)/(4,6,6) (3,5, 10)/(4,6 6) (3,5,10)/(4,6,6) X. X X
A=4|(2,4,8)/(4,6,6) (2,4,8)/(4,6,6) (2,5,10)/(4,6,6) (2,5, 10)/(4 6,6) X. X X
A>5 — — — -
B=1](3,4,9)/(23,4) (3,4,9/(23.5) (3,4,9/(2.3,2) (3,4,9/(23,2 X X X
B=2|(3,4,9)/(23,4) (3,4,9)/(4,6,8) (3,4,9)/(4,6,4) (3,4,9)/(4,6,4) X X X
B=3|(3,3,9)/(23,4) (3,4,9)/(4,6,8) X. X. X X X
B=41|(3,4,9)/(4,6,8) (3,4,9)/(4,6,8) X. X. X X X
B=5|(3,4,9)/(4,6,8) (3,4,9)/(4,6,8) X. X. X X X
B=6| (3,3, 9)/(4 6,8) (3,3,9)/(4,6,8) X. X. X X X
B>7 — — — - =

Table 39. Intersection contributions to Io~ (4, B,0) and I} with m = 2, respectively. ‘X’ indicates
non-minimal intersection or not allowed to have a particular I on a curve of this self intersection
and ‘-’ indicates exceeding allowed residuals. ‘X.’ indicates that the intersection is non-minimal
here while in the non-compact case it is was not yet forbidden via the previous analysis in the
non-compact case.

A93 m=1

In this case, the residual vanishings along the I} are instead given by (6,9,18 4+ n). Hence
A, B for I are at most 6,9, respectively. Contribution data for these intersections appears
in table 40.

A.10 Type I, intersections with A = B = 0 curves

In table 41 we show intersection contributions from type I,, curves to those of every other
possible gauged Kodaira type having minimal orders of vanishing on the transverse curve,
i.e., curves with A = B = 0. Up to a couple of minor corrections indicated here with a
superscript ‘!” symbol, this contribution data is taken from [24]. In the following table taken
from [24] for ease of reference and to provide a minor correction in one case, we collect the
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I I I I3 e Iy 1Y
A=1 | (3,4,8)/(2,3,3) (3,4,8)/(2,3,3) (3,5,10)/(2,3,3) (3,5,10)/(4,6,6) X. X X
A=2 | (2,4,8)/(2,3,3) (2,4,8)/(2,3,3) (2,5,10)/(2,3,3) (3,5,10)/(4,6,6) X. X X
A=3 | (3,4,8)/(4,6,6) (3,4,8)/(4,6,6) (3,5,10)/(4,6,6) (3,5,10)/(4,6,6) X. X X
A=4 | (2,4,8)/(4,6,6) (2,4,8)/(4,6,6) (2,5,10)/(4,6,6) (2,5,10)/(4,6,6) X. X X
A=5 | (3,4,8)/(6,9,9) (3,4,8)/(6,9,9)X (3,5,10)/(6,9,9) X. X, X X
A=6 | (2,4,8)/(6,9,9) (2,4,8)/(6,9,9X (2,5, 10)/(6,9, 9) X. X, X X
A>T — — — SR —
B=1| (3,4,9/(2,3,4) (3,4,9/(23,5 (3,49/2,3,2) (3,4,9/(23,2 X X X
B=2| (3,4,9/(23,4) (3,4,9)/(4,6,8) (3,4,9/(4,6,4) (3,4,9)/(4,6,4) X X X
B=3 | (3,3,9)/(2,3,4)  (3,4,9)/(4,6,8) (3,4,9)/(6,9,6) (3,4,9)/(6,9,6) X X X
B=4 | (3,4,9)/(4,6,8) (3,4,9)/(4,6,8) X X. X X X
B=5 | (3,4,9)/(4,6,8) (3,4,9)/(4,6,8) X. X. X X X
B=6 | (3,3,9)/(4,6,8) (3,3,9)/(4,6,8) X. X. X X X
B=7(3,4,9)/(6,9,12) X. X X. X X X
B=28 | (3,4,9)/(6,9,12) X. X X. X X X
B=9 (3,3,9)/(6 9,12) X. X X. X X X
B>10 — — — -

Table 40. Intersection contributions to Ip~ (A4, B, 0) and I?, with m = 1, respectively. ‘X’ indicates
non-minimal intersection or not allowed to have a particular I on a curve of this self intersection
and ‘-’ indicates exceeding allowed residuals. ‘X.’
here while in the non-compact case it is was not yet forbidden via the previous analysis in the

indicates that the intersection is non-minimal

non-compact case.

largest values of n permitted for I,, intersection with a non-compact curve having any of the
various other Kodaira types with the exception of I}, which we have analyzed separately.

The maximal values are A, B dependent and hence collected into separate columns.

A.11 Io,Ij curve intersections

Here we suppose that a curve 3 of type Iy with vanishings (4, B,0) at {z = 0} meets a
curve ¥’ of type If = {0 = 0} := ¥ and we investigate the restrictions on monodromy on
Y for various values of A, B, the additional orders of vanishing of f, g along X, as above.
We let Ay, By give the orders of vanishing along ¥’ as (2 4+ Ag,3 + By,6). Here we have
the monodromy cover given by ¢+ (f/0?)|(y—0} + (9/0°)|{y=0} and in the case where this

splits as (¢ — ) (v — B)(¢ — ), it is given by

O+ (=67 = o —ap) — apla+ B).

In the case that the Ij curve ¥’ has By > 4 so that we have orders of vanishing (2, > 6, 6),
we are near non-minimality. In fact, we find that if the Iy has orders (1,0,0) or beyond in
f, non-minimality forbids such an intersection.
To clarify, in this case af(a+ ) must vanish. Hence one of «, 8, or a+ 3 must vanish.
Suppose @ = —(3. Then
o+ B2 +af =a’
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n  gauge algebra a b d
G>2 s(ma2) o 0 n
v, 2 su(2) 0 2 4
IV | 3 su(2) 0 3 6
V| 3 su(3)’ 1 2 4
IV | 4 sp(2) 0 4 8
IV 5 sp(2) 0 5 10
IV| 6 sp(3) 0 6 12
IV | >7 sp([n/2]) 0 n 2n
Imr | 2 su(2) 1 1 3
Inmr| 3 b.p. 2 2 6
I | 4 sp(2) 2 2! 6
I | 4 su(4) 2 3 6
Imr| 5 sp(2) 3 3 9
Inr| 6 sp(3) 3 3 9
M| >7  sp(n/2)  [n/2] [n/2] 3[n/2]

Table 41. Local contributions from non-compact type I,, curves.

A=B=0 A=1 A>2 B=1 B>2
I 0 0 0 — —
I+ 0 — 0 0
IV* 1 1 1 — —
I 0 3 3 2 2
IV 00 3 3 — —
111 00 — e 5!
11 00 00 4 — —

Table 42. Allowed intersections for non-compact type I,, curves. Here a ‘I’ superscript denotes a
correction to the corresponding data in [24].

For z|f, we then have 22\(f/02)]{0.:0}, giving a (4,6,12) point. To see this, we note that
our requirements result in

2

f=0%(292(2) + zg3(2)0 + zga(2)o? +...)

with (f/0?)|s=0 a square, making zgo(2) is a square. Hence, orders (3,6,9) are boosted,
with non-minimality resulting after considering monodromy. The other cases are similar.
When B > 0 along the Iy, there is no analogous result.

In the case that we have Ay > 0, the coefficient on v vanishes and hence (g/03)|,—0 =
(@ + %) (a + B). The utility of this condition in considering 2*|g to study B > 0 is not
immediately obvious and we shall proceed without making use of it.
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Given so(7) algebra on Ifj, the monodromy cover splits partially. We can write it as
WP (= A2 — M.

When A > 0, this becomes ¥3 — A3. Since A3 = (g/03)|,—0, we see that z divisibility of g
along the Iy becomes 23 divisibility. In the case that Ay > 2, the order in f is already 4
before intersection with the Iy. This results in a (4, 6, 12) point as the (4,4, 8) point at the
intersection is boosted by the monodromy condition. In terms of expanding g, this reads

g =03(293(2) + zga(2)0 + zg5(2)0% +...)

with zg3(z) a cube. The latter requires that 2z divides g|,—o. Hence, Ag > 2 and B > 1
is forbidden for I§**. When we have g algebra, the monodromy cover is irreducible, and

92 50(7) 50(8)
By>0 Ay>2& B>0 By>3&A>0

Table 43. Forbidden intersections and type restrictions.

appears as ¢> + ¢ + p. If this had a root, it would appear as ¥ + (1 — A2) — Ay In
the case with Ag > 0, irreducibility implies that p # Au where u = A2, ie., (9/0%)|,=0 is
not a cube. In particular, this prevents (g/0%)|,—o from being constant, hence barring the
case with no residual vanishings along the Ijj after accounting for any other intersections.
Here, g = 03(g3 + 094 + 02g5 +...), and the above is simply to say g3 is not a cube. This
result applies in all configurations involving an Ifj with go algebra; there is nothing used
about an intersection with Iy. To phrase this differently, if we have an I with go algebra
and Ag > 0, the other vanishings of g along this curve cannot all appear as cubes. Among
other restrictions this imposes, we see that when /- ¥/ = —m, with m given by 1,2, 3, the
residual vanishings of g before considering other intersections read 9,6, 3, respectively in
these cases. This implies for example that a go gauged I with Ay > 0 cannot meet 3,2, 1
other type III curves each having types (1,3,3) in the respective cases.

Similarly, for By > 0 we have monodromy cover given by 93 + ¢i. This is not irre-
ducible, thus ruling out the case with go algebra.

A few of these results are summarized in table 43.

B Notes for using the computer algebra workbook

The arXiv submission of this work is accompanied by ‘gsFunctions.nb,” computer algebra
workbook for Mathematica enabling explicit listing of gauge enhancements and global
symmetry maxima for nearly all 6D SCFTs. This notebook can be downloaded via the
“Download:” link in the arXiv webpage featuring the submission history and abstract.
Click on the “Other format” link and then on “Download source.” After unzipping this
file, all contents should be moved to a single folder. The ‘gsFunctions.nb’ workbook contains
function definitions and the entire notebook should be evaluated to initialize them. At the
bottom of this workbook are a series of examples with comments detailing instructions
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to initiate computation of gauge and global symmetries for an arbitrary at-most-trivalent
base given as user input. Results can be written to a LaTex file in the workbook directory
which can be compiled to view results condensed to the format of tables appearing in
appendix C. Instructions for in-workbook use of several additional functions appear in
comments detailing further examples.
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C Tables of flavor symmetries for miscellaneous quivers

In this appendix we provide configuration data for a few miscellaneous bases. For each
T, summands of gglohal appear under each curve with ggiohal totals shown in the rightmost
column. Note that in listings for am, permitted 7 compatible with m are constrained via

the permitted gauging rules discussed at the start of section 5.

C.1 321m

Configuration data for the bases 321my with m € {3,5,6,7,8} appear in table 44; note

that only some 7 are compatible with the permitted gauging rules for m > 3.

3 3 1 m GS Total:
(13"*,82) (ILsu(2)) (Iomo)  (IV**,e6)
0
(Ig™%,82) (IV™®,5u(2)) (Io,ng)  (IV*®,e6)
0
(13"*,82)  (Lsu(2)) (Ipmg)  (I1%,e7)
0
(I3",02)  (Lsu(2)  (lmo)  (IVF"%,f4)
0
(I37%,92) (IV™*,5u(2) (ILng) (IV*™ fy)
0
(137,02) (IV™*.5u(2)) (Ipmo)  (IV*™* fa)
0
(15™°,82) (IV™®,5u(2)) (ILno) (I5°,50(8))
0
(157%,92)  (IMLsu(2)) (To,no)  (I5™,82)
0 0 A Aq A%
(I57%.82) (IV"*.5u(2)) (Io.mo)  (13"".02)
0 0 0 Ay A1
(15".92) (IV™*.5u(2)) (ILng)  (15"*.g2)
0 0 Aq Ay A%
(82) (su(2)) (o) (82)
0 0 Aq Ax A%
(I1g™%,02)  (I1Lsu(2)) (Ig,ng) (I7°,50(10))
0 0 Aq Cs A1 & C3
(I5™*,02) (IV™*,5u(2)) (Io,no)  (IF*,50(10))
0 0 0 Cs3 Cs
(13"*,02) (IV",5u(2)) (I1mg)  (1F%,50(10))
0 0 0 Cs3 Cs
(92) (su(2)) (no) (s0(10))
0 0 Aq Cs A1 & C3
(13",82)  (1Lsu(2))  (Ip,ng) (15™%,50(11))
0 0 0 Cy Cy
I3"%,02) (AV™®,5u(2)) (Tr,no) (I37°,50(11))
0 0 0 Cy Cy
(92) (su(2)) (no) (so(11))
0 0 0 Cy Ca
(13"*.92)  (ILsu(2)) (Ipwmo) (I5°,50(12))
0 0 0 Cs Cs
(Ig"%,02) (su(2)) (Iono) (Ig°°,50(7))
o 0 Ay Cs A1 @ C2
(157 ,82) (IV™,5u(2)) (To.no)  (I5°%,50(7))
0 0 0 Ca C2
(I57*,02) (IV™*,5u(2)) (ILng)  (I5**,s0(7))
0 0 0 C2 C2
(I5™%,92) (IV™?,5u(2)) (I1,mg) (I5°%,50(7))
o 0 Ay Cs A1 @ C2
(82) (su(2)) (no) (s0(7))
0 0 Ay C2

A1 @ C2

(15™°,92)
0
(I57™%,92)
0

(15™%,02)
0

(g92)
0
(I5"%,92)
0

(15", 92)
0

(I5™%,92)
0
(15" ,92)
0
(g92)

0
(I5™%,92)
0
0
(I5™%,82)
0
(g2)

0
0
(15°%,50(7))
Ax
(15°%,50(7))
A
(15°%,50(7))
Ay
(I5°%,50(7))
A1
(I5°%,50(7))
A
(15°%,50(7))
Ay
(15°%,50(7))
Ay
(15°%,50(7))
Ay
(I5°%,50(7))
Ay
(15°%,50(7))
A1
(I5°%,50(7))
Ay
Ay

(IT,su(2))  (Io,no) (I5°,50(8))
0 Ay A3
(IV"™#,5u(2)) (Iono)  (I5°,50(8))
0 0 A3
(IV™®,su(2)) (I1,np) (I5°,50(8))
0 0 A2
(su(2)) (no) (s0(8))
0 Aq A3
(IL,su(2))  (Ig,ng) (I7™%,50(9))
0 Ay Ca
(IV™®,5u(2)) (Io,no) (I7"%,50(9))
0 0 Co
(IV™#,5u(2)) (ILng) (I7™%,50(9))
0 0 Cy
(IV™,5u(2)) (I1,n9) (I7™%,50(9))
0 0 Cy
(su(2)) (no) (s0(9))
0 Ay Ca
(IL,5u(2))  (Io,no) (IV?,5u(3))
0 Az 0
0 Ay @ Ag 0
(IV™#,5u(2)) (Io,no) (IV®,5u(3))
0 2 0
(su(2)) (no) (su(3))
0 As 0
0 A1 @ Ag 0
(IL,su(2))  (Io,np)  (IV*¥,eq)
0 0 0
(I1L,su(2))  (Ip,np) (I11* ,e7)
0 0 0
(I1L,su(2)) (Ig,ng) (IV*™5 f4)
0 0 0
(IL,su(2))  (Io,mo)  (Ig"%,82)
0 Ay A
(IL,su(2))  (Io,np) (I7%,50(10))
0 Aq C3
(IL,su(2))  (Io,no) (I3"%,s0(11))
0 0 Cy
(IL,su(2))  (Io,no) (I5%,50(12))
0 0 Cs
(IT,5u(2))  (Io,no) (I5°°,50(7))
0 Ay Cq
(IT,5u(2))  (Igme) (I5%,50(8))
0 Ay A3
(IL,su(2))  (Io,np) (I7"%,50(9))
0 Ay Ca
(IL,su(2))  (Io.mo) (IV®,5u(3))

As 0
0 A1 @ Ag 0

Al Cs
A1 © Cy
A1 ®Cs
A2 @ O
Af
A2 @ Oo

A1 © A3
AZ @ Ay
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Cc.2 31

3 1 GS Total:
(IV*?,eq) (Io,no)
0 Ao Ao
(111" ,e7) (Io,no)
0 Aq Aq
(IV*"3 54) (Io,no0)
0 Ao Ao
(IV*"3 54) (ILng)
0 g2 g2
(IV*T354) (I1,n0)
0 Ag Ao
(F4) (no)
0 g2 92
(157", 92) (Io,no)
Ay Dy A1 © Dy
(I15"%,82) (IL,ng)
Ay Fa A1 @ fa
(I5"%,92) (I1,n0)
Ay Az A1 @ Az
(92) (no)
A fa A1 © fa
(I(*)"S,gz) (I1L,s u(2))
0 A1 @ B3 A1 @ B3
0 Cs C3
(I5™%,92) (IV™?,5u(2))
0 A2 @ g2 A2 @ g2
0 Co Co
(I5"%,g2)  (I2,5u(2))
0 Dg Dg
(I5"%,a2)  (I5%,5u(2))
0 Bg Bg
(g2) (su(2))
0 Bg Bg
(I7%,50(10)) (Io,no)
Cs3 Az A3 ® C3
Cs A1 ® Ay A1 ©A2DC3
(I3°,50(10)) (I1,n0)
Cs A2 A2 @ O3
(50(10)) (no)
Cs3 Az Az © C3
Cs3 A1 ® A2 AL ©A20C3
(I7%,50(10)) (I}%,sp(2))
Al D7 A1 & Dy
(I7°,50(10)) (I5,sp(2))
A1 Bg A1 @ Bg
(s0(10)) (sp(2))
Ay D7 A1 © D7
(I7°,50(10)) (Ig%,sp(3))
0 Dg Dg
(I7°,50(10))  (I2,5u(2))
Ca Ds Ca ® D3
(I1%,50(10)) (I5°%,5u(2))
Ca By By ® C2
(50(10)) (su(2))
Ca Ds C2 ® Ds
(13"%,50(11))  (Io,no)
Cy A2 A2 @Oy
(I13™%,50(11))  (I1,n0)
Cy Ay A1 @ Oy
(s0(11)) (no)
Cy A2 A? @Oy

(157 50(11))
Ca
(157 50(11))
C2
(so(11))
Ca
(157 ,50(11))
Ay
(I3™%,50(11))
A
(s0(11))
Ay
(I;"S,s 0(11))
0
(157 50(11))
0
(so(11)
0

(I37%,50(11))
Cs3
(I37%,50(11))
Cs3
(so0(11))
Cs
(135,50(12))
Cs
(135,50(12))
Cs
(s0(12))
Cs
(15°,50(12))
Cs3
(15%,50(12))
Cs3
(s0(12))
Cs3
(I3%,50(12))
Co
(13%,50(12))
Co
(s0(12))
Ca
(15%,50(12)
Aq
(15%,50(12))
Aq
(s0(12))
Ay
(15%,50(12))
0
(15%,50(12))
Cy
(I3%,50(12))
Cy
(s0(12))
Cy
(1555 50(T))
Ca

(T3%,5p(2)
Dg
(I5°,5p(2))

(I§°,51(3))
Dg
(I7°,5p(3))
Bg
(sp(3))
Bsg
(Ig7,5p(4))
Dio
(Ig°,sp(4))
Bio
(sp(4))
Bio
(I2,5u(2))
Dy
(I3%,5u(2))
By
(su(2))
By
(Ip,n0)
A3
(I1,n0)

0
(no)

A3
(I3°,5p(2))
D¢
(I5°,5p(2))
Bs
(sp(2))
Dg
(I§°,51(3))
Dg
(177,59 (3))
Bz
(sp(3))
Dg
(Ig%,5p(4))
Dio
(Ig°,sp(4))
By
(sp(4))
Do
(175 50 (5))
D2
(I2,5u(2))
Dy
(I3°,5u(2))
B3
(su(2))
Dy
(Io,no)
Dy

— 86 —

C2 @ Dg
Bg ® C2
Bg @® C2
A1 © Dsg
A © Bsg

A1 @ Bsg

C3 @ Dy
By & C3
By ® C3
A2 @ Cs
Cs
A2 @ Cs
C3 @ Dg
Bs ® C3
C3 @ Dg
Ca2 ® Dg
B7 & C2
Ca2 ® Dg
A1 @ Dio
A1 © By

A1 ® Di1o

C4 ® Dy
B3 ® Ca
Cy ® Dy

Ca ® Dy

(15°%,50(7))
Ca
(I5°%,50(7))
Ca2
Ca
Ca
(s0(7))
Ca
Ca
Co
(15°%,50(7))
0
(15°%,50(7))
Aq
Aq
(15°%,50(7))
Aq
(I5°%,50(7))
A
(s0(7))
A
(I5°,50(8))
a2
(I5°,50(8))
e
b
(15°,50(8))
0
(s0(8))
A7
(I5°,50(8))
a2
(I5°,50(8))
A
(s0(8))
A3

(I3"%,50(9))
Co
Co
(I3"%,50(9))
Ca
(I7™%,50(9))
Ca
(s0(9))
C2
Ca2
(IT"*,50(9))
0
(I3"%,50(9))
0
(s0(9))
0

(I3"%,50(9))
Ax
(I3"%,50(9))
Ax
(50(9))
Aq
(IV®,5u(3))
0

(II,ng)

g2 Ca2 @ g2
(I1,m0)

A3 A3 @ Ca

By By ® C2
AT @ Ay AT ® A2 © Cs

(no)

A2 AZ®Co

By By ® C2
A} @Ay AT A2 @O

(137,59 (2))
Dg Dg
(I11,5u(2))
A1 @ B A% @ Bg

Cs3 A1 ®C3
(I2,5u(2))

Dg A1 @ Dg

(I3%,5u(2))

Bg A1 @ Bg
(su(2))

Bg A1 @ Bg
(Io,no)

Dy A% @ Dy
(I1,n0)

A3 Ag @ A2

B3 A{ @ B3
(II,ng) !

92 92

(no)

Dy A @ Dy

A3 AT @ A3
(I2,5u(2))

Dg A? ® D¢

(I3°,5u(2))

Bs A1 @ Bs
(su(2))

Dg A? @ Dg
(Ip,n0)

Az Az @ C2
A1 © Az A1 © A2 Co
(IL,ng)

g2 Ca ® g2
(I1,n9)

Bs B3 @ C2

(no)

B3 B3 & C2
A1 ® Ay AL © A28 Co

(I3°,5p(2))
D~ D~
(I5°,5p(2))

Br Br
(sp(2))

Br Br7
(I2,5u(2))

Ds A1 @ Ds

(I3%,5u(2))

Bs A1 @ Bs
(su(2))

Bs Ay © Bs
(Io,mo)

6 6

Table 45: All configurations for the base 31.
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5 1 2 GS Total:
(IV*<,e6) (Io,mo) (Io,no)
0 Ag 0 Az
(IV*®,e6)  (Ig,no) (ILng)
0 Ay Ay A2
(IV*®,e6)  (Io,no) (I1,n0)
0 Ag Ay A1 @ Ag
(e6) (no) (no)
0 Az A A1 © Az
(IV*%,e6) (Io,no)  (I,5u(2))
0 0 Bs B3
(IV*®,e6) (Io,ng)  (I2,5u(2))
0 0 As As
(IV*%,e6)  (Io,ng) (IV™%,5u(2))
0 0 A1 © Az A1 © Az
0 0 92 g2
(e6) (no) (su(2))
0 0 B3 B3
0 0 A1 @© Ag A1 @ Ag
(IV*,e6)  (Io,no)  (I5,5u(3))
0 0 As As
(IV*%,e6) (Io,no) (IV®,5u(3))
0 0 A2 A2
0 0 Ca Ca
(e6) (no) (su(3))
0 0 As As
(IIT*,e7)  (Ig,ng) (Io;n0)
0 Aq 0 Ay
(I11",e7)  (Io,no) (II,ng)
0 0 Ay Ay
(I11",e7)  (Io,no) (I1,n0)
0 Ay Ay A2
(e7) (no) (no)
0 Aq Aq A2
(IIT*,e7)  (Io,no)  (I2,5u(2))
0 0 Az Az
(I11",e7)  (Io,no)  (IILsu(2))
0 0 Bs Bs
(e7) (no) (su(2))
0 0 Bs Bs

(V75 1)
0
(V7S f4)
0
(V7S 54
0
(V7S fg)
0
(V7S )
0
(V7S f4)
0
(Fa)

0
(V7S )
0
(V7S 1)
0
(V7S fg)
0
(V7S )
0
(V7S 1)
0

(IV*"45q)

0

0

(fa)

0

0
(IV*"454)

0
(IV*" 5q)

0
(IV*"25q)

0

0
(fa)
0

(ILng)
0
(Io,no)
Az
(Io,no)
Ax
(Io,no)

(I1,n9)
Aq
(no)
Az
(In,no)
0
(Io,no)
0
(IL,ng)
0
(II,ng)
0
(I1,n0)
0
(Io,no)
0
0
(no)
0
0
(Io,no)
0
(I1,n0)
0
(Io,no)
0
0
(no)
0

(I3"%,92)
Cy
(TIo,n0)
0
(II,ng)
Aq
(I1,n0)
Ay
(II,ng)

0
(I1,n0)
0
(no)
Ay
(I11,su(2))
B3
(I2,5u(2))
As
(I11,5u(2))
Ay
(IV™? s5u(2))
g2
(I2,5u(2))
Az
(IV™#,5u(2))
A1 @ Az

g2
(su(2))
Bs
A1 @ Az
(13,5u(3))
As
(13,5u(3))
Ay
(IV®,5u(3))
A3
Ca
(su(3))
As

A1 © Az
B3
Az
A
92
Az

A1 @ Az
g2

Bs
A1 @ Az

As
Ay

A3
Ca

As

any medium, provided the original author(s) and source are credited.
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