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ABSTRACT: We explore a novel type of transition in certain 6D and 4D quantum field
theories, in which the matter content of the theory changes while the gauge group and
other parts of the spectrum remain invariant. Such transitions can occur, for example, for
SU(6) and SU(7) gauge groups, where matter fields in a three-index antisymmetric repre-
sentation and the fundamental representation are exchanged in the transition for matter
in the two-index antisymmetric representation. These matter transitions are realized by
passing through superconformal theories at the transition point. We explore these transi-
tions in dual F-theory and heterotic descriptions, where a number of novel features arise.
For example, in the heterotic description the relevant 6D SU(7) theories are described by
bundles on K3 surfaces where the geometry of the K3 is constrained in addition to the
bundle structure. On the F-theory side, non-standard representations such as the three-
index antisymmetric representation of SU(N) require Weierstrass models that cannot be
realized from the standard SU(N) Tate form. We also briefly describe some other situa-
tions, with groups such as Sp(3), SO(12), and SU(3), where analogous matter transitions
can occur between different representations. For SU(3), in particular, we find a matter
transition between adjoint matter and matter in the symmetric representation, giving an
explicit Weierstrass model for the F-theory description of the symmetric representation
that complements another recent analogous construction.
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1 Introduction

A variety of different types of transitions can occur in physical theories in which the massless
or light spectrum of the theory changes. For certain types of transitions, 6D supergravity
forms a clear framework in which to classify and analyze the possible changes of spectrum;
similar transitions occur in 4D supergravity theories, though the detailed description can
involve more subtle issues. For 6D theories coupled to gravity, the different types of tran-
sitions can be characterized by the massless spectrum of the low-energy theory.

The most dramatic of these transitions in 6D theories are the tensionless string or small
instanton transitions [1, 2], which involve a change in the number of tensor multiplets in
the theory, accompanied by a corresponding change in the number of uncharged scalar
hypermultiplets. These transitions are described in F-theory by blowing up or down points
on the base manifold used for the F-theory compactification, and in the heterotic theory by
shrinking an instanton to a point. In both pictures the resulting transition is fundamentally
nonperturbative in nature, and in the low-energy theory it involves passing through a
superconformal fixed point. Higgsing/unHiggsing transitions, on the other hand, leave
the number of tensor multiplets unchanged but modify the gauge group of the theory
and generally change the number of vector multiplets in addition to modifying the matter
spectrum. Higgsing/unHiggsing type transitions have a simple description in both F-theory
and heterotic pictures, in terms of a tuning of Weierstrass moduli on the one hand and
tuning of bundle moduli on the other, and have a perturbative description in the low-
energy theory.

In this paper we describe another type of transition, in which both the tensor and
vector multiplet spectra remain unchanged, and only the representation content of the
matter fields is modified. While the possibility of such transitions has been noted in the
literature [3—6] these kinds of pure matter transitions have not been studied in depth, and
we identify a number of new interesting transitions in this class here. We describe these
transitions both from the F-theory point of view and in a dual heterotic picture. Because
of the matter representations involved (frequently involving symmetry enhancement of the
singular fibers associated to exceptional groups, etc.) these transitions are not accessible
in a perturbative Type IIB description and can only be explored in F-theory. In the F-
theory geometry these transitions can be realized by tuning Weierstrass moduli so that
certain codimension two singularities coincide and then split into a distinct geometry. On
the heterotic side these transitions arise when an instanton is shrunk and moved into a
separate component of the bundle structure group in the same FEg component. In both
cases the transition can be described by moving along a one-parameter family of theories
that passes through a strongly coupled superconformal fixed point, but does not move onto
the tensor branch. In both the heterotic bundle and the resolved F-theory geometry these
transitions are realizable as geometric transitions (i.e. topology changing transitions). Our
description of these transitions in both F-theory and the heterotic theory is for the most
part quite general, but for comparison of these perspectives we focus in particular on cases
where the F-theory geometry is compactified on a K3 fibration over a base B and the
heterotic geometry describes an elliptic fibration over the same base B.



While we primarily focus on compactifications to 6D to make the analysis completely
concrete and precise, the transitions we study are local phenomena that will also arise
in field theory without the supergravity coupling; these transitions should also arise in a
similar fashion in 4D theories. Though some of the technical details and issues involved
will be more subtle in 4D due to the presence of a superpotential and additional complexity
in the theories with reduced supersymmetry, many aspects of the analysis carried out here,
including the general forms of F-theory Weierstrass models and heterotic bundles, will hold
in a large class of dual geometries for 4D compactifications. Only the details of the anomaly
analysis and some specific features of the heterotic constructions on specific geometries will
depend upon the dimensionality of the construction.

We begin in section 2 with a low-energy description of matter transitions in 6D theories
with SU(6), SU(7), and SU(8) gauge groups. The strong constraints of anomaly cancel-
lation dictate the transitions that can occur in matter content without a change in the
gauge group of the theory. In section 3 we describe these transitions in F-theory using
Weierstrass models, some of which do not have the standard Tate form for SU(N). In
section 4 we describe the transitions from the heterotic point of view, where the transitions
are manifested by instantons moving between factors in the structure group of a bundle
within one FEg factor. In section 5 we relate the F-theory and heterotic pictures using
the spectral cover construction of the heterotic gauge bundle and explore novel forms of
the stable degeneration limit of the F-theory compactification. In section 6 we briefly de-
scribe some examples of matter transitions in other groups, and section 7 contains some
concluding comments. A variety of useful technical results are provided in the appendices.

2 SU(N) matter transitions in 6D supergravity

2.1 Anomaly-equivalent matter representations

In 6D supergravity, anomaly cancellation conditions strongly constrain the spectrum of
massless matter fields that can be charged under a given gauge group. In some cases,
however, there are multiple distinct types of matter that give equivalent solutions to the
anomaly equations.

One of the simplest examples occurs for SU(6) and higher SU(N) gauge groups, with
charged matter that transforms under the three-index antisymmetric representation, as
described in [5, 6]. In 6D, the anomaly cancellation conditions for a matter spectrum
containing g fields transforming in each representation R of an SU(NN) gauge group are
([7, 8], as described in [9])

1
—a-b= ~5 (Aadj - %:xRAR> (2.1)

0=Bl4— > zrBr (2.2)
R

1
b-b=—3 (Cadj - %:xRCR> (2.3)



where a,b are the coefficients of BR? and BF? Green-Schwarz terms, and are associated
with vectors in the signature (1,7") anomaly lattice of the 6D supergravity theory, so that
a-b,b-b are integers. The coefficients Ar, Br, Cr are numerical constants associated with
each representation computed from

trpF? = AptrF? (2.4)
trpF? = BrtrF* 4+ Cr(trF?)? . (2.5)

When multiple gauge factors G; = SU(N;) are involved, each gauge factor has an
associated vector b; in the anomaly lattice, and we have the further condition

bi-bj=> wpeARAL, (2.6)
R,S

where l‘gs is the number of fields in the representation R ® S of G; x Gj. In the simplest
cases we are interested in here, these are bifundamental representations.
There is also a constraint that arises from the purely gravitational anomaly cancellation
condition
ng —ny = 273 — 29np, (2.7)

where ng, ny, nr are the numbers of matter hypermultiplets, vector multiplets, and tensor
multiplets in the theory respectively.

When the only types of matter that arise are in k-index antisymmetric (A*) represen-
tations of SU(NV), we have, for some integer n,

b-b=n, —a-b=n+2. (2.8)

In the F-theory picture, these configurations come from gauge groups wrapped on rational
(genus zero) curves of self-intersection n.

The dimension and coefficients Ar-Cg for the adjoint, fundamental, symmetric, anti-
symmetric, and three-and four-index antisymmetric representations of SU(N) are listed in
table 1 along with the “genus” contribution of each representation ([5, 12, 13]).

The following combinations of SU(6) matter fields give equivalent contributions to
each of the anomaly cancellation conditions (including the purely gravitational anomaly
condition ng — ny = 273 — 29n7).

%20 (; >+6(D) © 15(H)+1. (2:9)

We refer to these combinations of matter fields as anomaly equivalent [6]. Note that
we can have a half-hypermultiplet for the 20, since this is a self-conjugate (pseudoreal)
representation of SU(6). These combinations of representations can be seen to be equivalent
by checking that the contribution to each of the terms ) p xrARg, > p *rBR, Y trRCR are
the same on both sides of (2.9). The equivalence of these representations under the anomaly
conditions suggests that there is no obstruction to a transition between SU(6) theories
with the different matter representations. Explicit local models from F-theory realizing



Rep.| N Dimension Ag Bgr Cr g

Adj.| N N2 -1 2N 2N 6 1

6,7, 8 35, 48, 63 12, 14, 16 12, 14, 16 6 1

0 N N 1 1 0 0

m| N Ny +1) N +2 N +8 3 1

6,78 21, 28, 36 8,9, 10 14, 15, 16 3 1

| N ML) N -2 N -8 3 0

6,78 15, 21, 28 4,5,6 2,-1,0 3 0

E N N(N—IG)(N—2) N273N+6 N271;N+54 3N —12 |0
67,8 20[10], 35, 56 6[3], 10, 15 -6[-3], -8, -9 6,9, 12

; N N(Nfl)(12\7472)(N73) (N72)(N673)(N74) (N74)(N26723N+96) 3(N272N+20) 0

- 8 70(35] 20[10] -16]-8] 18[9] 0

Table 1. Values of the group-theoretic coefficients Ag, Br,Cr, dimension and genus for some
representations of SU(N), N > 4, with specific values computed for convenience for N = 6,7, 8.
Values in brackets refer to half-hypermultiplets for self-conjugate representations.

transitions between these matter representations were identified in [5], as described in
more detail in the following section. The main focus of this paper is the detailed analysis
of this and related types of matter transitions in global models from the dual F-theory and
heterotic perspectives.

For SU(7), there is a similar type of anomaly equivalence and associated transition

35 (@)+5x7(m) o 3x21(H)+7x1, (2.10)

For SU(8), there are anomaly equivalent matter representations

56 (@)H}xs(m) < 4x28(H)+16x1. (2.11)
and

%70 (;E)+8x8(m) < 3x28(H)+15x1. (2.12)

In the following sections, we describe the extent to which these equivalences correspond
to transitions that have realizations in global F-theory and heterotic models. There is a
similar anomaly equivalence for the 3-index antisymmetric (A?) representation of SU(9),
which we discuss further below. Similar equivalences would seem at first to be possible for
A3 representations of SU(10) and higher SU(N) and for A* representations of SU(9) and
above, etc., but global considerations (discussed below) seem to rule out such models for
all values of T



2.2 SU(N) blocks in 6D supergravity

The anomaly conditions constrain the total matter content that can be charged under a
given component SU(N) of the full 6D gauge group. For the most generic 6D SU(N)
models with specific values of b-b = n, a “genus” g =1—(a-b+b-b)/2, and N > 4,
the matter content contains only adjoint, fundamental, and antisymmetric representations,
and is given by

g % (adjoint) + [16(1 — g) + (8 — N)n] x [+ (n+2 — 29) x . (2.13)

The sense in which this matter content is the most generic is that it corresponds to the
theory with the largest number of uncharged scalar fields. Each of the anomaly-equivalent
combinations involving a triple or quadruple-antisymmetric representation described above
removes some number of scalar matter fields, corresponding to a more refined “tuning” of
the low-energy field theory model.

For genus g = 0 models, we have the following spectra for SU(6), SU(7), SU(8), where
b-b=n

SU(6) : (16 +2n+7) x 6(71) + (n+2 —7) x 15 (H) + r x %20 <;@> : (2.14)

SU(T) : (16 +n+5r) x T(0) + (n +2 — 3r) x 21 (H)) +r x 35 @) . (2.15)

SU(8) : (1649r+8r") x8(J) + (n+2—4r—3r") x 28 (H) +r x 56 (E)—l—r’x%’?O (;E) .
(2.16)

The possible matter spectra for SU(6) factors was described in [14] and there also
related to F-theory and heterotic theory. As we see in the later sections, both in F-
theory and heterotic theory all of the SU(6) and SU(7) 6D models can be realized through
global constructions, and there are matter transitions along paths in the space of theories
that change between different values of r without changing the gauge group (i.e., without
involving Higgsing processes). We have identified explicit constructions only for a subset of
the possible SU(8) models, as discussed in further detail below, and it is less clear whether
there is a UV-consistent description of the SU(8) transitions.

We briefly summarize the situation for SU(N) blocks with N > 8. For SU(9), the
generic g = 0 model has 16 —n fundamentals (9’s) and (n + 2) antisymmetrics (36’s). The
SU(9) model with a A? representation and the smallest number of matter fields has n = 3
and at least 327 matter fields (1x 84 +27x 9). Thus, in the absence of other gauge factors,
ng —ny > 327 —80 = 247. SU(9) models with a A3 representation appear to be consistent
in np = 0 supergravity (with ng —ny = 273), though these models cannot have a heterotic
description on a smooth K3. It seems just barely possible to construct SU(9) models with
np = 1, where ng — ny = 244, which should in principle have an F-theory description and
heterotic duals. For example, by adding an SU(3) factor, such as can be done in a heterotic



model with 124+ 3 instantons in the two Eg factors, corresponding to F-theory on Fg3, there
is just enough room to satisfy the gravitational anomaly bound. As we discuss in the
following sections, however, it is not clear whether or how these models may be realized
in either the F-theory or heterotic constructions. Similar considerations of the global
gravitational anomaly condition show that SU(9) models with A* or SU(10) models with
A® representations are not possible even with ny = 0, assuming there are no further gauge
factors. Note that this argument does not completely rule out 6D supergravity models in
which the fundamentals of e.g. SU(9) with a A* are also charged under additional gauge
factors, effectively increasing ny without changing ny, or models where there is a second,
non-Higgsable gauge factor, which contributes to ny without a corresponding contribution
to ng. But such models seem very difficult to construct in a consistent fashion. Note also
that the constraints just discussed rely on the purely gravitational anomaly cancellation
condition, and do not in principle constrain the existence of e.g. SU(10) models with A3
representations in 6D field theory.

2.3 Higgsing processes

The different models with matter transitions that we consider are connected to one another,
and to other related models, by a network of Higgsing transitions, many of which were also
considered in [14]. In general, Higgsing a gauge group SU(N) in a supersymmetric theory
requires turning on a vacuum expectation value (VEV) for matter fields that transform in
nontrivial representations. In the language of 4D A = 1 theories, such expectation values
must be turned on in such a way that the D-term constraints of the form ), ¢iTa¢; = 0
are satisfied for each generator T4 of the Lie algebra.

2.3.1 Higgsing fundamentals

The simplest Higgsing of SU(N) is done by giving vacuum expectation values to two fun-
damental fields. Note that two fundamental fields must be given VEVs in order to satisfy
the D-term constraints in the supersymmetric theory. Supersymmetric Higgsing on a single
fundamental of SU(N) is not possible. Recall that each full 6D A" = 1 hypermultiplet in
a given representation R contains fields in both the representation R and its conjugate,
so when Higgsing two fundamental fields we are really giving expectation values to a field
component in the representation R and another field component in the conjugate represen-
tation R, allowing the D-term constraint to be satisfied. For example, for the fundamental
representation any VEV can be rotated into the canonical form (0,0,...,0,v). This can
be described in the language of Young tableaux by a single box containing the value [N].
When two fundamental fields are given VEVs in this way, the gauge group is broken down
to SU(N —1). The Goldstone bosons of the Higgsed matter fields are “eaten” by the broken
gauge generators in the usual fashion. In 6D supergravity theories this matches with the
gravitational anomaly cancellation condition ng — ny = 273 — 29n.

Explicitly, we can match the number of Goldstone bosons 2N — 1 with the number of
broken gauge generators [N2 — 1] — [(N — 1)2 — 1] = 2N — 1. After breaking SU(N) —



SU(N — 1), the other representations branch as follows:

DN —Ov-1+1 (2.17)
v = Hy_, +0v (2.18)

@ @N 1 +HN 1 (2.19)
Eg 7 E7 * @7 - @7 + @7‘ (2.20)

This can easily be understood by looking at the Young tableaux for each representation;

the k-antisymmetric representation with an N entry goes to a (k — 1)-antisymmetric rep-

resentation, and the tableaux without an N entry go to a k-antisymmetric representation

of SU(N — 1). The dimensions of these sets of representations match as, for example in
the case of triple antisymmetrics,

N(N-1)(N-2) (N—-1)(N-=-2)(N-3) (N—-1)(N-2)

6 B 6 * 2 ‘

We can see that this Higgsing process takes an SU(N) model with a specific value of n

to an SU(N — 1) model with the same value of n between the models (2.14), (2.15), (2.16).

Higgsing the SU(7) models with a value r7 > 0 gives the corresponding SU(6) model with

(2.21)

twice that value of r¢ = 2r7. Higgsing an SU(8) model with rg > 0, r§ > 0 gives the SU(7)
model with r7 = rg + r§.

In short, in breaking SU(N) to SU(N — 1) on a fundamental representation, we lose
two full hypermultiplets in the N — 1 (fundamental) representation of SU(N — 1) and one
singlet full hypermultiplet. This accounts for a reduction of 2N — 1 full hypermultiplet
degrees of freedom, one for each gauge boson that becomes massive, as required by the
six-dimensional super-Higgs mechanism.

2.3.2 Higgsing antisymmetric representations

We can similarly Higgs two antisymmetric representations, giving VEVs to states with
Young tableau entries [N — 1, N]. This breaks

SU(N) — SU(N — 2) x SU(2) (2.22)

The two antisymmetrics that break the gauge group have 2(N — 2) Goldstone bosons each,
corresponding to states with Young tableaux having entries [i, j] withi < N—2,7 > N—1,
and the number of generators in the group is reduced by

[N?> 1] = [(N =22 —1] - [3] =4N —7=2x (2N —4) + 1. (2.23)

Together with the loss of an additional singlet hypermultiplet (containing one goldstone
boson and 3 degrees of freedom fixed by D-terms) the number of degrees of freedom match.
The antisymmetric representations break down in the decomposition (2.22) as

Ov =0v—2x14+1x[h (2.24)
Hy =Hy_o X 14+0On-2 x e +1x1 (2.25)

= x 14 X o +0n-1 x 1 2.26
EN @N—2 Fhy—p X 2+ Ot (2.26)



For the two A2 fields that take VEVs, one singlet is the VEV component, and the other
singlet and the bifundamental degrees of freedom are the ones that are lost, so the number
of antisymmetric representations stays unchanged in the breaking.

More generally, Higgsing two k-antisymmetric representations breaks

SU(N) — SU(N — k) x SU(k). (2.27)

There are 2k(N — k) + 1 degrees of freedom eaten by the lost gauge bosons, and again the
k-antisymmetrics are preserved under the breaking and the bifundamentals and singlets
are lost.

2.4 Product groups and transitions

6D models with multiple SU(/N) gauge factors can be constructed in close parallel to the
single-block models with one SU(V) factor. We consider models where SU(N) and SU(M)
are both realized as in section 2.2, with the same value of b in the anomaly lattice, so that
b1 -by = by - by = by - bo = n. These are product group models with a smooth heterotic
dual. Generically, the intersection condition (2.6) is satisfied by including n bifundamental
(N,M) fields in the spectrum. For example, for n > 0, the spectrum for the generic
SU(4) x SU(2) model is

(n+2) x (54 x 1) X (T % k) + (164 2n) x (T x 1) + (16 4+ 2n) x (1 x [h) . (2.28)

Just as Higgsing SU(8) or SU(7) models on a pair of fundamentals relates models with
a non-generic (e.g. A3) representation to other such models, Higgsing on antisymmetric
representations also gives rise to exotic matter structures for product groups. For exam-
ple, consider breaking an SU(6) model with r half-hyper A? representations on a pair of
antisymmetric (A?) representations. Then, from (2.26), each of the r %20’5 breaks as

1 1
5@6 S (ux1)+ (254 X 52) . (2.29)
In general, this gives an SU(4) x SU(2) model with spectrum
1
T X 554 X[k |+Mn+2—71)X (H4 X 1) +(n—7r)x ([ Xk) (2.30)
+(164+2n+2r) x (s x 1) + (16 +2n + 1) x (1 x ). (2.31)

From this spectrum we see that there must be an anomaly equivalence
1
(254 ><Dg> +2x ([ x 1)+ (A x) ¢ (H,x 1)+ ([ xh)+2x (1 x1). (2.32)

Indeed, this relation also follows from a direct Higgsing of (2.9) under the breaking SU(6)
— SU(4) x SU(2).
A similar transition can be found for SU(5) x SU(2) theories by breaking SU(7):

(Hy XTR) +6 X (5 x 1) +5x (1 x[) 4 2x (H; x 1) +3x (5 x[) +10x (1 x1). (2.33)



And for SU(6) x SU(2) by breaking SU(8) on a pair of antisymmetric representations:
(He XTR) +8x (6 x 1) +9x (1 x[T2) > 2x (H; x 1) +4x (06 X[2) +18 x (1 x 1) (2.34)

These relations suggest that transitions between theories with these different matter
contents should be possible; in the later sections of this paper we explicitly identify these
transitions in F-theory and heterotic theories. While we find that the SU(4) x SU(2) and
SU(5) x SU(2) transitions are described nicely in both F-theory and the heterotic theory,
the SU(6) x SU(2) transition is less clear. The representation that transforms as an anti-
symmetric field under SU(N) and a fundamental under SU(M) is an exotic representation,
analogous in many ways to the triple-antisymmetric representation of SU(NN). Generalizing
these constructions, we can Higgs on a pair of triple-antisymmetric representations; this
gives interesting transitions in SU(N) x SU(3) theories, as we explore to some extent in
the following sections.

It would be interesting to explore further product representations and associated tran-
sitions. For example, Higgsing the relation (2.12) on a pair of antisymmetric representations
suggests that there should be a transition in SU(6) x SU(2) theories

<;E6 X D2>+8><(D6><1)+8><(1 X[a) <> 2><(HG><1)+3><(D6 X[T)+16x (1x1). (2.35)

Since we have not identified an explicit realization of the A* representation of SO(8) in
either the F-theory or heterotic pictures, however, it is not clear whether this transition
can be realized in consistent 6D supergravity theories. One could also use this approach to
explicitly construct representations such as the trifundamental of SU(2) x SU(2) x SU(2)
by breaking the (6,2) of SU(4) x SU(2) to (2,2,2) by breaking SU(4) — SU(2) x SU(2).
And the relations (2.32)—(2.34) suggest that similar transitions may occur for higher groups
such as SU(7) x SU(2). We leave further exploration of these possibilities to future work.

3 F-theory description of matter transitions

F-theory provides powerful methods for realizing stringy constructions of supergravity the-
ories. In this section, we give F-theory realizations of the models with matter transitions
described above, building on the work of [5]. These F-theory models provide further in-
sights into the mechanisms behind the matter transitions.

3.1 F-theory overview
Here, we briefly describe those aspects of F-theory that will be important in the upcoming
analysis. More extensive reviews of F-theory can be found in [15-17].

3.1.1 Welierstrass models

F-theory [2, 18, 19] is a method for compactifying type IIB string theory in situations where
the axiodilaton is allowed to vary over the compactification space. The axiodilaton and the
corresponding SL(2, Z) symmetry appear geometrically through an elliptic fibration over
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the compactification base. Specifically, an F-theory compactification to 10 — 2d dimensions
is given by an elliptic fibration over a base B of complex dimension d. These elliptic
fibrations can be described using the Weierstrass form

y2 =23+ fx+g. (3.1)

Here, y and x are coordinates describing an elliptic curve, while f and g vary over the base
B. To preserve supersymmetry, the total elliptic fibration must be a Calabi-Yau manifold.
As aresult, f and g must respectively be sections of O(—4Kp) and O(—6Kp), where Kp is
the canonical class of the base B. Note that B does not necessarily need to be a Calabi-Yau
manifold on its own.

The sections f and g can be described locally near a divisor ¥ on B using the formalism
of [20, 21]. Let ¥ have an associated coordinate o, so that ¥ = {o = 0}. We can then
expand f and g in terms of ¢ as

f=fo+ fio+ fao® + ... (3.2)

and

g=9go+ 1o+ g0’ +.... (3.3)

The coefficients fi and g are respectively sections of O(—4Kx+(4—k)Nyx) and O(—6Kx+
(6—k)Nx), where — Ky, and Ny, are the anti-canonical and normal line bundles for . Note
that in general the coordinate o is not globally defined, and only the first nonvanishing
f&, gk is uniquely defined, as discussed in more detail in [21]. These subtleties are irrelevant
for the discussion in this paper; for toric bases, in particular, ¢ can always be taken as a
global toric coordinate.

While the analysis in this section is quite general, and applies to 4D as well as 6D
F-theory models, in this paper we focus particularly on F-theory compactifications to 6D
with heterotic duals, where the compactification base B is one of the Hirzebruch surfaces
F,. For a description of Hirzebruch surfaces from an F-theory perspective, see [17, 19].
Hirzebruch surfaces are complex two-dimensional surfaces that can be described as Py
bundles over P;. The divisors of ), have a basis consisting of divisors .S and F. F' and
S span the cone of effective curves on F,,. S is a section of the fibration, with a 1-1 map
to the IP; base of IF,,, and has self-intersection number —n (i.e. S-S = —n). F meanwhile
refers to the fiber P1, and satisfies S- F = 1 and F' - F = 0. Another important divisor
class for F,, is S = S + nF, which satisfies S-S = 0 and S-S = n. The anti-canonical
class of IF,, is

— Kg, =25+ (n+2)F, (3.4)

so f and g are sections of O(8S + (4n + 8)F) and O(12S + (6n + 12)F). In most of our

analysis we will tune the relevant gauge groups on S. We thus associate the coordinate
o with S and z with F, f and ¢ are therefore polynomials of order 8 and 12 in o, at
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maximum. Using equations (3.2) and (3.3), we can expand f and g around S as
8
F=Y" fro",
k=0
12
9=">Y_gro".
k=0

fi. and g¢; can be described in terms of a common line bundle on P!, which we take to be
O(1). —Kg is then equivalent to 2, while Ng is n. fi and g are thus polynomials in z of
order 8 + n(4 — k) and 12 + n(6 — k). For n > 3, some of the fi or gy may be ineffective
for k < 8 or k < 12, meaning that higher order terms in ¢ must vanish. This signals the
presence of a non-Higgsable cluster (described below) on S. The expressions for f and g
given above are in fact the generic expansions near a +n curve, so long as the limits of &k
are adjusted for the appropriate situation.

3.1.2 Gauge groups in F-theory

In F-theory, the total elliptically-fibered compactification space may admit certain types of
singularities. Singularities of the fibration occur at loci where the discriminant A, defined as

A =4f3+27¢% (3.5)

equals zero. Some of these singularities in the fibration give singularities in the total
space as well. In general, not all singularities in the total space can be resolved to give
a smooth Calabi-Yau manifold. Kodaira classified all of the resolvable singularities for
situations where the singularity occurs along a codimension one locus on the base [22, 23].
As summarized in table 2, the resulting singularities can be described by the orders of
vanishing of f, g, and A on the codimension one locus. If f and ¢ vanish to orders 4
and 6 or greater on a codimension one locus, the resulting singularity has no Calabi-Yau
resolution. For F-theory compactifications, singularities that arise over codimension one
loci on the base can always be resolved to give a smooth Calabi-Yau manifold and obey
the Kodaira classification.

When an F-theory compactification has such a codimension one singularity, the phys-
ical theory has a corresponding nonabelian gauge symmetry. Resolving the codimension
one singularity will produce a set of 2-cycles whose intersection pattern can be mapped
to a Dynkin diagram. The Dynkin diagram then identifies the algebra for the physical
model’s gauge symmetry. In this paper we generally describe theories using the Lie group,
with the understanding that only the algebra is actually fixed definitively by F-theory, and
that the given Lie group may be subject to a quotient by a finite discrete subgroup. Note
that monodromy effects need to be considered when compactifying to 6D or 4D, meaning
that the same Kodaira fiber type can give different gauge algebras. In such cases, deter-
mining the resulting gauge group requires a more in-depth analysis of f, g, and A (see, for
example, [14, 24]). An example is the split condition, where an I,, fiber can correspond to
either an su algebra or an sp algebra depending on the form of fy and gq.
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Fiber Type | ord(f) | org(g) | ord(A) | Singularity Type Gauge Algebra

Iy 0 0 1 none none

I, 0 0 n An—1 su(n) or sp([5])
II >1 1 2 none none

11 1 > 2 3 A su(2)

v >2 2 4 As su(2) or su(3)
I; > 2 >3 6 Dy g2, 50(7) or s0(8)
I 2 3 n+6 Dpyy 50(2n 4 7) or so(2n + 8)

v >3 4 8 E6 f4 Oor ¢g

Irr- 3 >5 9 E, e7

Ir* >4 5 10 by es

Table 2. Kodaira classification of codimension one singularities in elliptic fibrations and corre-
sponding gauge algebras. When multiple gauge algebras are given, the gauge algebra is determined
by monodromy conditions.

The coefficients in f and g can be tuned to special values that satisfy the conditions in
table 2. In such cases, the gauge symmetry can be Higgsed by deforming the coeflicients
away from their special values. However, when constructing Weierstrass models on rigid
divisors, some coefficients in the expansion of f and g around that divisor may be forced
to vanish, giving a gauge symmetry that cannot be removed by altering coefficients. These
gauge symmetries are known as non-Higgsable clusters and are discussed further in [21, 25].
Most of the examples we focus on here will involve tuned gauge symmetries rather than
non-Higgsable clusters.

The gauge symmetry discussion has focused on local features of the Weierstrass model
near a particular divisor. Local considerations are sufficient to determine the symmetry
algebra of a nonabelian, continuous gauge symmetry. Producing abelian or some discrete
symmetries involves creating an extra section in the elliptically fibered compactification
space, which, however, requires an analysis of global behavior. Our F-theory analysis will
mostly be concerned with nonabelian algebras, and local analyses involving expansions
such as (3.2) and (3.3) will suffice.

3.1.3 Matter

If an F-theory compactification to d < 6 has a codimension one singularity, there generally
will be codimension two loci within the codimension one locus where the singularity type is
enhanced. These codimension two loci indicate that the model has matter charged under
the corresponding gauge algebra. In some cases, it is easy to determine the representations
of the charged matter. For example, if the singularity undergoes a rank-one enhancement
to a standard Kodaira fiber, the resulting charged matter can be found using the Katz-Vafa
method [26]. The enhanced singularity type has a corresponding gauge algebra; breaking
the adjoint of this enhanced gauge algebra to the original gauge algebra gives the matter
content. Importantly, the enhanced singularity does not represent an actual enhancement
of the gauge group. Breaking the adjoint of the enhanced singularity’s gauge algebra simply
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provides a convenient way of determining the matter content. As an example, consider a
situation where a codimension one A,_1 singularity enhances to an A, singularity on a
codimension two locus. The adjoint of A, breaks as

Adj — Adj+n+a+1. (3.6)

The n + i term in the above breaking pattern represents the charged matter contributed
by each A, locus. In particular, matter in 6D F-theory models must come in quaternionic
representations, and the n and i combine to form a full multiplet in the A! or [] represen-
tation. The Katz-Vafa analysis can be used for A,,_1 — D, and A¢ — E7 enhancements
as well.

However, the Kodaira classification is strictly valid only for codimension one, and
Kodaira codimension-one singularities can enhance to non-standard codimension-two sin-
gularities. Moreover, there can be codimension-two enhancements that do not enhance
the rank by exactly one. Determining the resulting matter in these cases requires a more
detailed analysis, as described in [5, 27-32]. Examples that will be of interest here are
the As — Eg and A7 — Eg enhancements described in [5]. The work of [33] presents an
alternative method of determining the matter content that does not require an explicit
resolution of singularities.

The number of singlet hypermultiplets corresponds to (one more than) the h?! of the
compactification space. Alternatively, the number of singlets can be found by counting
the number of complex degrees of freedom in the Weierstrass model. There is not a direct
1-1 equivalence between the Weierstrass degrees of freedom and the number of neutral
hypermultiplets, as automorphisms on the base and the effects of —2 curves must be taken
into account. The complete expression for relating the Weierstrass degrees of freedom to
the number of neutral hypermultiplets is given in [34].

3.1.4 Superconformal points and tensionless string transitions

In some situations, a codimension two locus can have an enhanced singularity such that f
and g vanish to orders 4 and 6. Resolving these codimension two singularities requires a
blow-up on the base, as described in [2, 35]. In contrast, the codimension-two enhanced
singularities giving matter can be resolved using blow-ups only on the elliptic fiber. From a
field theory perspective, blowing up the base introduces an additional tensor multiplet, and
the size of the new P! corresponds to the expectation value (S) of the tensor multiplet’s
scalar. The original codimension-two locus can then be thought of as describing the limit
where (S) approaches zero. (S) governs the tension of strings that couple to the tensor. In
the limit where (S) goes to zero, these strings becomes tensionless [36]. The blow-up and
blow-down processes associated with these codimension two loci are thus the tensionless
string transitions described in the literature [1, 37]. (S) also controls the couplings of any
gauge groups that appear after the blowup, and shrinking the exceptional curves to zero
size takes any such gauge group to its strongly coupled limit. These loci are associated with
6D superconformal field theories [38] and have been the focus of much recent work [39-43].
For this reason, we will refer to these codimension two loci as superconformal points.
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The tensionless string transitions provide a means of connecting F-theory compactifica-
tions on different bases, playing a similar role as the small instanton transitions of heterotic
string theory [1, 2]. For instance, one can blow up F; at a point and perform a subsequent
blow-down to obtain an F-theory compactification on Fy. In fact, all 6D F-theory com-
pactifications are connected into a single moduli space by such transitions [1, 9]. In some
cases, the matter content can change during such a tensionless string transition, as in the
chirality-changing 4D phase transitions studied in [3, 4, 10, 11]. Such transitions involve a
change in the number of tensor multiplets. The transitions we consider here differ in that
they also involve passing through a superconformal point in the moduli space of vacua,
but do not involve a change in the number of tensor multiplets, and are also distinct from
Higgsing /unHiggsing transitions, which always involve a change in the gauge field content
of the theory and generally do not involve passing through a superconformal point.

3.2 F-theory tunings of SU(6)-SU(8) models

In this section, we derive the explicit local forms of the Weierstrass models for SU(6) —SU(8)
that will be used to analyze the transitions. We mostly use the conventions of [5], where
gauge groups were tuned on a divisor D with associated coordinate o. We assume in
particular that the divisor D is smooth and that we are working over a unique factorization
domain (UFD). When D is singular there are more complicated ways of realizing SU(N)
gauge groups, which generally involve representations other than the adjoint and k-index
antisymmetric representations studied in this section; we describe one such example in
section 6.3. This general analysis is valid for an arbitrary choice of F-theory base B, which
could be of complex dimension two or three and an arbitrary smooth effective divisor D.
For the rest of this F-theory section, —K g will refer to the anti-canonical class of the base,
and —K and N will refer to the anti-canonical class and the normal line bundle of D
unless stated otherwise. Additionally, we will often refer to the situation where the gauge
group is tuned on a +n curve in a 6D F-theory model (such as S in F,); n will be this
self-intersection number for the rest of the F-theory section, and in this case —K = 2 and
N =m.

3.2.1 SU(6)

General tunings for SU models up to SU(6) were found in [5]. Here, we repeat the derivation
of the SU(6) model as a warmup for subsequent tunings. As described in [5], the f and g
for an SU(5) Weierstrass model are

C=d 1, dova  dT\ o 3
== = 2otoro + | 202 - T ot + 0o, (3.7)
L9y 1y, PoT  dgha ) o, 1 3 2 3
9 =564 T2\ Tig T Tar |7 T s <8¢1 180012 — 905 3)0
1
+ =5 (303 —401fs = 93 11) 0" + 0(6%). (3.8)
Here ¢q, ¢1, . . . are sections of certain line bundles over D, which can be thought of locally as

polynomials in a local set of variables on D. For example, since f is a section of O(—4Kp),
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¢o must be a section of O(—Kp), which descends to O(—K + N) on D. The discriminant
of this SU(5) tuning vanishes to order o, as expected:

1
A= 1%32 126195 — 12 f3thacho + &5 (1295 +4fa¢1 + f5¢%>}05 + O(a"). (3.9)

For the SU(6) tuning, the discriminant must vanish to O(¢%), while f and g cannot
be proportional to o. These requirements demand that the term in square brackets in
equation (3.9) vanishes. qﬁlw% must therefore be proportional to ¢g, as every other term in
the square brackets is at least first order in ¢y. However, the various factors in ¢g can be
distributed in any way between ¢ and 3. We can rewrite ¢g, ¢1 and 15 in a way that
explicitly resolves this ambiguity. Defining o to be the GCD of ¢g and 12, we have

Po = of3, (3.10)
¢1 = P, (3.11)
’lbg = —%Oz¢2. (3.12)

With these redefinitions, the discriminant now reads

A= a;fﬁ ’ [4@ (3 fs+ u¢2) + 36895 + 36° (4 fav + o8 fg,)} o° + O(a9). (3.13)

Removing the lowest order term in [ requires that there exists a A such that

f3= —%V@ — 3P (3.14)

Note that ¢2 does not share any factors with 3, under the assumption that « is the GCD
of ¢g and 1. After tuning f3, all the terms under consideration are sixth-order in 3, and
we can solve for the g5 that makes A vanish to O(o9).

1 1
g5 = Ap2 — gﬁyﬁ - Ea252f5- (3.15)
The final f and g for the SU(6) tuning are

4 n4
F= =0 gy 2 (a0t 2) o (:w " ”f?>o3 1o (316)

and

afp% P a?p? 2, 2 2 B 3 2 2 3
9= %61 T 2 0T T (4’8” ta ¢2)J +ﬁ(85” 907y gy + 2Ta ﬁA)U

+ % 4812 hs + 2% + 36620 — 3252 f4) ol
+ % (12/\¢2 —ABufy — a252f5)a5 +O(c9) (3.17)

The SU(6) model has five free parameters (apart from the untuned fj, and gx), which
are summarized in table 3. Each parameter is a section of a line bundle over D. One
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Parameter | Divisor Class | Order on +n curve | Associated Matter
~-K+N-L n+2-—r H (15)
8 L r 4 (320)
v —2K+N-—-L n+4—r —
02 —2K +L 4+r —
A —4K +N—-L n+8—r —

Table 3. Free parameters in the general SU(6) Weierstrass model. r must be greater than or equal
to 0 and less than n + 2

parameter, which we have chosen to be the divisor class L associated with (3, is independent.
Once this divisor class is fixed, all the other divisor classes can be computed from the form
of the expansion and the divisor classes of f,g. On the zeroes of «, (f, g, A) vanish to orders
(2,3,8), and the singularity type is enhanced to Dg. Every zero of a therefore contributes
a full multiplet in the H representation. A zero of $ meanwhile enhances the singularity

type to Fjg, giving a half-multiplet in the @ representation. Fundamental matter comes
from codimension two loci where (f, g, A) vanish to orders (0,0,7) and the singularity type
enhances to Ag. Finally, the number of neutral multiplets can be found by counting the
number of degrees of freedom, as described previously. The resulting multiplicities agree

with the expected supergravity spectrum of equation (2.14).

3.2.2 SU(7)

Some aspects of SU(7) tunings were discussed in [5], but a general SU(7) tuning was not
given there. Instead, tunings were presented for two limiting cases of the matter spectrum;
the models lacked either H (21) matter or @

tuning that can exhibit any of the antisymmetric matter spectra consistent with anomaly

(35) matter. We present a more general SU(7)

conditions.
The discriminant of the SU(6) model has the form

a?p

2 1) -23(voa—9)’

_ 06453
432

a5 +0(0").

o? (ﬁbg +9B8%¢pa f4+ 27896 + 9B f51+9

(3.18)
For the SU(7) tuning, A must vanish to O(c7). As noted in [5], this demands that o? is
proportional to 5. We can implement this requirement by rewriting o and S5 as
B =,
a = yoE.

This decomposition is uniquely defined if we impose the condition that v be square-free.
These redefinitions would in turn require v to be proportional to ~, so we will temporarily
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write v as 7. The term in square brackets in equation (3.18) would then be equivalent to

v%1§%¥<wma+ww%wuh%%¢+Z@%ﬁ>—m@wrﬁﬁ&2+§@.(&w>

¢ cannot share any factor with 7, since it shares no factors with 3. &2 must therefore
be proportional to 7, and since « is square-free, ¢ must be proportional to . Then, the
term lowest order in v would be 37y((¢2 — 962))?, implying that (¢ — 95?A must also be
proportional to 7. Then, 3v({¢2 — 95?X)? would be order 43, in turn demanding that ¢
must be proportional to v2. The tuning is stuck in a never-ending cycle where the two
terms must be proportional to greater and greater powers of «v. The only way out of this
cycle is if v is a perfect square, which would violate the earlier square-free assumption.
(and () should therefore be ignored in the o and ( redefinitions, leaving

B = 6> (3.20)
=8¢ (3.21)

We will continue to refer to v and will not use v or ¢ from this point.

Equations (3.20) and (3.21) could have been anticipated from field theory considera-
tions alone. While each zero of 8 gives %@ of SU(6) matter, matter in the SU(7) @ (35)
representation must come in full multiplets. When the SU(7) model is Higgsed to SU(6),
each 35 multiplet will give two $20s of SU(6). Any zeroes that produce 35s in the SU(7)
must therefore provide § with two identical factors when the Weierstrass model is deformed
to an SU(6) model. In other words, § must be a perfect square, in agreement with equa-
tion (3.20). Each 35 also gives a full 15 multiplet. From (3.20), we expect that the zeroes
of § will give the 35s of SU(7), so @ must be proportional §. The above redefinitions addi-
tionally imply that some SU(6) models cannot be enhanced to SU(7). Eq. (3.20) and (3.21)
require the divisors L' ~ %L and —K + N — 3L’ to be effective. For the +n curve situation,
only SU(6) models where rg is even and where n 4+ 2 > 3rg can be enhanced to SU(7).
These restrictions follow naturally from the SU(7) — SU(6) branching patterns.

With the redefinitions for a and 3, the discriminant is now given by

A= ot 25t (9f4¢2 + 276296 + 96* fsv + 95258) — 3(u¢2 - 962)\>2 + 243, (3.22)
432 4
Considering the lowest order term in § gives the constraint
2 <§2¢2 - 31/2) x 62, (3.23)

To satisfy this condition, one could argue that when & = 0, from (3.22) v should be
proportional to 2. This would suggest that we redefine v as

v =G+ (b (3.24)

where (1 and (o are independent, untuned polynomials. Note that we could have also
considered the possibility that £ and v share some common factors with 6. However,
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this possibility will end up being a special point in the moduli space of tunings found
using (3.24). More specifically, the tuning involving common factors can be derived by
taking the tuning found using (3.24) and further demanding that &, v, and § share common
factors. Therefore, equation (3.24) will be sufficient to find a general tuning, and we do
not need to consider the possibility of shared factors in this step.

Ultimately, we will want to solve for gg to make the sixth order term of A vanish.
There are still lower order terms to deal with before we can solve for gg, but these terms
can be removed using a set of standard polynomial redefinitions:

¢2 = 3(T + S w, (3.25)
= 2036 — T Gigw + 56w + 7, (3.26)
fa = —6C10 — %w - (3.27)

w, A1, and 94 are free parameters. We can then solve for gg:

96:@

52 4
w® +108¢; (Alw - clm) + 3652 (ww — 277 + f5(C1é+ G26°) + f6>] . (3.28)

The final tunings are

s12¢4 §8¢2 &
f=- - T (4 o) - T (25 G+ 4PGGE+ €6 + )0

- 3(46%34%42 + 0%Gw) + €66 + 2 + 185°0) ) o? (3.29)

1
— E(w £ TN — 125%4)0 + O

and
518&6 51454

864 +
6

* 216
+ 546430 + 2404 C8%0 + 1552§3C1w) o3

1052
72
(166% T 485€C1C3 + 1206°CF o€ + TOCHE

(G + G0?) o + - (4063 + 89601 Go + TGHE% + 77w

2
+ % <84Cf€2 + 01(96¢3CE + 5E%wW? + 8C1E(2TME + 5Cow))
+ 168%CRE(9€1Ga + 26w) + 40°(36Ca M€ — 3620 + 8Gw) ) o
* %( (3412 T 52“) (6C12C2 — (1w + 262 (IN € + @m) _385¢2f,

_ 52 (52<2 + 415) ( 7200+ 12024 — w2))05

(3.30)

3 2 2 4
(;]8 —i—Cl </\1w + C1¢4> 0 (1/}4w — 27)\2 + f5V—|— 57]0 ))(76 + 0(07).

There are seven free polynomials apart from the untuned f; and g, which are given
in table 4. On the zeroes of £, the Ag singularity is enhanced to an Dy singularity, giving
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Parameter Divisor Class Order on +n curve | Associated Matter
0 L r @ +0
3 —K+N-3L n+2—3r H
G -K+L r+2 —
(o —2K + N — 4L/ n4+4—A4r —
w —2K 4 —
A1 —3K - L' 6—1r —
Yy —4K - 2L’ 8 —2r —

Table 4. Degrees of freedom in SU(7) Weierstrass model. r and n must satisfy n +2 > 3r.

matter in the 5(21). The zeroes of J, meanwhile, enhance the singularity to Fr; decom-
posing the E7 adjoint into Ag representations shows that each zero of § corresponds to one
full @ (35) multiplet and one full multiplet in the fundamental (7) representation. When
the gauge group is tuned on a +n curve, there are an additional 16 + n + 4r fundamentals
coming from codimension two loci where the discriminant vanishes to order 8. The charged
matter content agrees with the results from gauge anomaly cancellation conditions, as given
in equation (2.15).

As before, the number of neutral hypermultiplets corresponds to the total number of
complex degrees of freedom. A naive counting gives more degrees of freedom than expected
from the gravitational anomaly cancellation condition. However, the polynomials in table 4
can be redefined in the following way without changing f or g:

(1 — ¢ =+ 6%,
Co — o = Co — &e,

w— W =w—6(e—30%€, (3.31)

1 1 1
A= N =+ Gwe— 54162 — 65263,

1 1
Yy — Py = 1hg + 6A1e + §w62 — (e — 15264.

€ is a section of O(—K — L'), and on a +n curve, € is a polynomial of order 2 —r. Therefore,
2 —r + 1 of the complex degrees of freedom can be thought of as redundant and should
not be considered when finding the number of neutral hypermultiplets. Subtracting these
redundant degrees of freedom in fact leads to a number of neutral hypermultiplets consistent
with the anomaly cancellation conditions. It is unclear whether the redundancies can be
avoided in an alternative tuning or whether they are a necessary part of the tuning with
some physical interpretation.
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3.2.3 SU(8)
The SU(7) discriminant has the form

A =8¢~ LE+ 10E8 + 00" 6%)) o +0(o%) (3.32)

In order for A vanish to O(¢®), ¢J¢€ must be proportional to §2. If § and ¢; share a common
factor, the resulting Weierstrass model will have a codimension two (4,6) singularity. &
must therefore be proportional to 62, and we can rewrite £ as

¢ =0T (3.33)
A now reads

6
A = 14518 [2 (42 - %@T) +0(6?) |0 + O(c%), (3.34)

implying that
1
=507+ (367 (3.35)

At this point, the leading order term in the discriminant is given by

A = 74520 [ﬁ; (4@@, — m) +0(8%) 6"+ O(®). (3.36)

4¢1¢3 — 7w must be therefore proportional to §2. Following the same strategy as in the
SU(7) tuning, we could argue that, when § = 0, (; is proportional to 7. (; would then
decompose as

G =7+ 6. (3.37)

However, equation (3.35) and the discussion of redundant degrees of freedom in the SU(7)
tuning suggests that (5 in the above decomposition could be absorbed into {3 and other
variables. Performing a full tuning with (5 indeed shows that (5 can be absorbed into other
polynomials with removing any degrees of freedom. (; can therefore be redefined as

Gl = Gat (3.38)

without any loss of generality. Substituting this {; expression into (3.36) gives a solution
for w:

w = 43¢ + 6%wy. (3.39)
Eq. (3.36) now becomes

A= %52274 [ — T (6)\1 + C47'w1> — 2(273 (T’l/J4 + 12831 + 2{3(47‘(,01)52
T (4<3g4w4 —18A2T + (278w 4+ AC2Ca(6) + C47'w1))54
+ (f5CZT4 — Car?wi (Y + 2G3Cawn) + 6A1(6C3 A + T¢4))56

+ 7'(977' + iw%((i/\l - C47'w1)>58 + (9(7'258)} ol + 0(08).
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Degree of Freedom Line Bundle Order on +n curve | Associated Matter
0 L r @ +H+D
T ~K+N -5 n+2—5br H
(3 —2K + N —6L' n+4—6r —
Ca —N + 6L —n + 6r —
w1 —2K —2I/ 4 —2r —
A2 —2K — N +2I/ —n+4+2r —
04 —4K — 6L’ 8 —6r —
Y5 —4K — N —2L’ -n+8—2r —

Table 5. Degrees of freedom in SU(8) Weierstrass model, excluding untuned fj and gi. Note that
r and n must satisfy n + 2 > 5r

Only standard redefinitions are needed from this point forward to get A in a form to solve

for gr:
1 2
A= —6C4wl7' + 6“7 Mg, (3.40)
1
Py = —3C4)\27'2 — Zézw% — 6(3)\2(52 + ¢4(54, (3.41)
f5 = 2Cacbs + 9567 (3.42)

Finally, we solve for g7:

g7 = %2 <16C3CZ¢4 — 12¢5 735 — 16624395 — pawn)

(3.43)
— 45 (180a0s + hswn) — 264 f5(26a8 + 347 — fr6%72).

For the sake of brevity, we do not rewrite the full f and g here.

The free polynomials for this SU(8) model are shown in table 5. When 7 = 0, the
singularity type enhances from A7 to Dg, so each zero of 7 contributes a full multiplet in
the 5(28) representation. Meanwhile, the discriminant takes the form

A:&%%%@#+Owﬁﬁ+ow% (3.44)

The factor in parentheses represents the discriminant locus where the singularity is en-
hanced to Ag. This discriminant locus is a section of O(—8K + 8L) and is of order 16+ 8r.
There are therefore 16 4+ 8r full multiplets in the fundamental (8) representation com-
ing from the divisor locus. On the zeroes of J, the singularity type enhances to Fg. As
mentioned in [5], if the A7 singularity structure is embedded in the standard Eg Dynkin
diagram, each zero of § contributes one [ multiplet, one H multiplet, and one [] multi-

plet. In principle, the A7 singularity structure could also be embedded in the extended
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Representation | Multiplicity (in full multiplets)

@wm r

H (28) n+2—4r

(8) 16 + 9r

Table 6. Matter content of the SU(8) F-theory model. Note that n + 2 > 5r. The SU(8) model
we have constructed does not seem to give all of the possible spectra listed in equation (2.16).

FEs Dynkin diagram in a different fashion, to give a half-multiplet in the E representation

and two full-multiplets in the H representation. In this non-standard embedding, one of
the roots of the A7 is mapped to the “extra” root of the affine Fy. Either possibility is
consistent with gauge anomaly cancellation conditions. Here, in the specific tunings we
have identified, the A7 is enhanced to an FEg singularity, which we assume gives the most
generic matter content, in the 56, 28, and 8 representations. The resulting charged matter
content is summarized in table 6.

To find the number of neutral multiplets, we again count the number of complex degrees
of freedom in the Weierstrass model and subtract any redundant degrees of freedom. As
with the SU(7) model, the f and g expressions for the SU(8) tuning are invariant under
the following transformations in the polynomials:

(3= ¢ =G+ 77,

2
(o= (=G — =6%,

3
8 4
/! © =22
w; = w) =w + 3C36+ 37 €, (3.45)
18 24 8
I y. _ 2 2 3
Ay = Ay = Ao 81UJ1€ —81C36 —817' €,

s U = s + Souc.

In these transformations e is a section of O(—N +4L’), so there are —n+ 4r + 1 redundant
degrees of freedom. After taking the transformations into account, the number of neutral
hypermultiplets agrees with anomaly conditions only when § gives @,H, and [] multiplets.
This gives concrete evidence that the generic charged matter content of table 6 is correct
for this form of Eg singularity.

The tuning presented here does not seem to give matter in the E (70) representation.

As discussed earlier, the supergravity models with (70) matter seem to be consistent with
the anomaly conditions, posing the question of whether these models have valid F-theory
realizations. At this point, it is unclear if there is some F-theory constraint that forbids the
A?* models or if the tuning presented here can be extended to give 4-index antisymmetric
matter. We will return to this issue in later sections.
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There are also certain supergravity SU(8) models with @ matter that are not allowed

in our F-theory construction. Equation (3.33) requires that —K + N — 5L’ be effective;
for the +n curve, n + 2 > 5r. The F-theory SU(8) models with » > 0 56 multiplets
therefore have at least one H multiplet, even though models without H multiplets can still
be consistent with anomaly cancellation conditions. For instance, a model on a +2 curve
with 1 56 multiplet and 25 8 multiplets is anomaly-free but cannot be realized in our F-
theory constructions. This represents another potentially interesting point of disagreement
between the low-energy anomaly analysis and what can be realized in F-theory. The
restriction also implies that only some of the SU(7) models can be enhanced to SU(8). In
particular, an SU(7) model cannot be enhanced unless it has at least two 21 multiplets
for every 35 multiplet. These restrictions on enhancement are also consistent with what
can be observed for models from a heterotic perspective (see, for example, table 24 in
appendix D.1.2).

3.2.4 SU(9)
The SU(8) discriminant takes the form

51271 8 8 2 8 9
A= 52 (36¢47° 4+ O(6%)) 0® + O(0”) (3.46)

To tune an SU(9) singularity, A must vanish to order ¢, which would require ({78 to
be proportional to 62. But from the SU(8) tuning, § cannot share factors with either 7
or (4 without introducing superconformal points where f and g vanish to order 4 and 6.
The only way to tune an SU(9) gauge symmetry seems to be to have d be a constant. If
one proceeds with constant ¢, the resulting SU(9) models have only H, fundamental, and
singlet matter.

The SU(9) tuning presents a similar challenge as the SU(8) models. From the anomaly
conditions, there appear to be consistent SU(9) supergravity models with @ matter. Yet
our tunings seem to forbid F-theory constructions of these models if one wishes to avoid
superconformal points. Both situations also require the gauge group Dynkin diagram to be
embedded in an extended Dynkin diagram. For instance, the A3 representation of SU(9)
comes from the enhancement Ag — Eg. We will further discuss these missing cases later.
Note that in [24], it is argued that all SU(N) models except those with N = 6,7,8,9 can
be put in Tate form, but that in these four cases there are non-Tate realizations. This
suggests that a more sophisticated F-theory construction may indeed realize SU(9) models

with exotic matter content, despite the analysis here.

3.2.5 SU(10)

There is no clear way in which a A? representation of SU(10) could be realized in F-theory,
since the Dynkin diagram for Ag does not embed in Eg. So there is no way to enhance the
Kodaira Ag singularity to an exceptional singularity that might carry exotic matter. Put
differently, SU(10) is a rank 9 group and cannot possibly be a subgroup of Eg. The impos-
sibility of realizing theories with SU(10) or higher gauge groups and A3 representations in

— 24 —



F-theory matches nicely with the low-energy theory where such models are essentially ruled
out by anomaly cancellation. One puzzle here, however, is that the low-energy condition
ruling out these models seems to rely on the pure gravitational anomaly cancellation con-
dition, while the F-theory obstacle seems to arise from purely local considerations. Note
that the absence of SU(10) models with A® representations is also consistent with the
results of [24].

3.3 Realization of the transitions

The free polynomials for SU(6), SU(7), and SU(8) models have ambiguous divisor classes,
as parametrized by the divisors L and L’. One can imagine a process where L or L’ is
allowed to change while keeping the gauge group and codimension one singularity structure
fixed. The matter content will change as a result; in SU(6), for instance, parameters such
as « and ( that control the number of antisymmetric multiplets will have different classes
if L changes. In fact, these transformations are the F-theory realization of the transitions
described previously in the supergravity context.

As an example, consider the SU(6) model on a +n curve. Different values of r
parametrize the space of models with different L. There is a process by which we can
transition between two models with different r. First, let «, v, and \ develop a common
factor a:

a— ad,
v—av, (3.47)
A —al\.

This can be done in particular by following a continuous family of models parameterized by
a variable £ > 0, with the factorization occurring as € — 0. At this point in the transition,
f and g vanish to orders 4 and 6 wherever a = o = 0, indicating that a is a superconformal
point. Then, we can regroup a into 5 and ¢o:

aB — 3, (3.48)

ags — ¢h.

Note that regrouping this factor does not involve any change in the Weierstrass model,
it is simply a new labeling of the factors in the Weierstrass model that leaves the indi-
vidual terms in f, g such as a?B* unchanged, since e.g. aff = ad/B = /. When a is
regrouped in this way, the new 8’ and ¢, share a common factor, while the theory is still
at the superconformal point. But 8’ and ¢/, are free parameters that can now be varied
to remove the common factor. A complex structure deformation that “absorbs” a into
B (i-e. deforms this coefficient so that it no longer factors) can be realized for example
by following a continuous family of models parameterized by the variable & < 0, with the
superconformal point at € = 0. Once the common factor is removed, the model no longer
has a superconformal point, and the transition is complete. If a is a polynomial of degree
1, then r has increased by 1 during this transition. The process can be reversed as well so
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that r decreases by one; we simply let 5 and ¢9 develop a common factor and absorb the
factor into «, v and A. We thus see that the transition process can be physically realized by
a one-parameter family of Weierstrass models, with a superconformal field theory at £ = 0
and theories with SU(6) gauge group and two distinct matter contents for & > 0 and & < 0.

The one-parameter nature of the transition can be seen more directly by writing ex-
pressions for the parameters in terms of £. To illustrate the first step in the transition,
where «, v and A obtain common factors, we could write

{ ac +a'’é

™y
IN V

(3.49)

0
) o 0’

with similar expressions for v and A. Such expressions show that the factorization step of
equation (3.47) involves moving along a path of models parameterized by . Likewise, we
could describe the side as & approaches zero from a negative value by defining 3’ as

;) B €>0
6—{ <o (3.50)

As expected, equations (3.49) and (3.50) both lead to a common superconformal point
when € is taken to 0. With these expressions, the change in multiplicities can be seen
directly. Consider the term $%v202 in equation (3.16); it vanishes on the @ loci but not on
the H loci and, along with o2 terms in g, distinguishes between the two matter possibilities.
From the é expressions, the 32202 term could be written as

(aBV + 261"O(E) + £8"1/'0(-2))? o (3.51)
where
1 >0
o(8) = . 3.52
(é) {0 f<0 (3.52)

Notice that this term vanishes on the locus a+£3” = o = 0 locus for £ < 0 but only on the
smaller locus § = ¢ = 0 when € > 0, indicating that the number of @ multiplets has changed
during the transition. Other terms in f and g can be shown to have similar behavior,
although for brevity we will not write out the full f and g in terms of £. Nevertheless,
the transition can be explicitly described as a single-parameter path through a family of
models. It should be noted that in the resolved geometry associated to the two sides of the
transition we would see that two smooth CY 3-folds with distinct topology could be tuned
in their complex structure moduli spaces (i.e., three-cycles collapsed) to share a common
singular locus (involving the superconformal point). We will return to the notion of these
matter transitions as topology changing transitions in later sections when they are realized
in the dual heterotic theories.

We can track the matter participating in the transition through each of these steps.
When «, v, and X lose a factor of a, one H multiplet is lost because of the change in the
order of a. Three of the complex degrees of freedom in «, v and X\ are traded for one degree
of freedom in a, so two neutral multiplets are lost. Finally, the number of fundamentals
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is determined by the discriminant. Prior to the appearance of the shared factor, A takes
the form
A = a3 Ao’ + 007, (3.53)

where the order of Ag corresponds to the number of fundamental multiplets in the model.
At the transition point, this expression becomes

A =aSa’ B AoS + O(07). (3.54)

Two of the factors of a have come from Ag, indicating that moving to the transition
point causes two [] multiplets to disappear. The first step in the transition can therefore
be thought of as one H multiplet, two [J multiplets, and two singlets combining to form
superconformal matter represented by a. Importantly, there are total of 29 multiplets
participating in the transition, reminiscent of the appearance of an extra tensor multiplet
in the tensionless string transitions. Thus, if we imagine going off onto the tensor branch
of the theory by blowing up at the superconformal (4, 6) point, all the matter fields at that
point would be absorbed in the associated transition.

When a is subsequently reabsorbed into 8 and ¢2, a new %@ multiplet comes from the
now enlarged 8. The single degree of freedom in a is traded for two new degrees of freedom
in 8 and ¢9, signaling the appearance of a new singlet. And as the discriminant returns to
its previous form, three factors of a are absorbed into §, while the remaining three factors
are absorbed into Af. Three fundamentals have therefore appeared in the reabsorption
step. The transition can be summarized as

1
H+ 2 x [+ 2 x 1 — Superconformal Matter — 5@ +3x0+1. (3.55)

The net change in matter content is

H+1%%@+u (3.56)

in exact agreement with the expected transition from supergravity. Note that the total
number of multiplets is the same before and after the transition.
The SU(7) transition happens in a similar fashion. First, £, {2, A1, and ¥4 develop
common factors:
£ — a’¢
(o — a'Gy
)\1 — aXl
Yy — a* ).
a is once again a superconformal point where (f,g) vanish to order (4,6). The common
factor is then absorbed into ¢ and (;:
ad — &'

ali — (3.
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We can once again track the matter in the transitions through a procedure similar to that
of the SU(6) transition, although we will only summarize the results here. To produce a
in the first step, 3 H multiplets, 3 fundamentals, and 8 singlets disappear. Note that the
redundant degrees of freedom need to be considered when counting singlets. a subsequently

breaks into a @ multiplet, 8 fundamentals, and one singlet. The SU(7) transition is therefore

3 % B + 3 x [+ 8 x 1 — Superconformal Matter — @ +8x0O+1, (3.57)
with a net change in matter content of
3><H—|—7><1—>@+5><D. (3.58)

The net matter change agrees exactly with the supergravity expectations. Just as with
SU(6), the transition can occur in reverse as well.

A total of 92 multiplets participate in the transition, which is not a multiple of 29.
While the transition does not explicitly require a blowup on the base, the general wisdom of
superconformal points and tensionless string transitions would suggest that the multiplets
in the transition should somehow fit into new tensor multiplets. To see the source of the
mismatch, we can move to the transition point and resolve a using blow-ups on the base.
The blow-ups are performed using the procedure of [2], but we will not go through the
details of the blow-up process here. In the end, a total of three blow-ups are required
to resolve a, leading to a situation illustrated in figure 1. One of the three exceptional
curves carries an I singularity, signaling the presence of a new SU(2) gauge algebra with
4 fundamentals. From anomaly considerations, the change in matter content due to the
blowups should satisfy

dng — ony = —290ny. (3.59)

87 multiplets are traded for the three tensor multiplets, while a net of 5 multiplets are
needed to create the 4 fundamentals and 3 vector multiplets of the SU(2) gauge algebra.
This adds up to a total of 92 multiplets, in exact agreement with (3.57). In the limit
where the new exceptional curves shrink to zero size, any gauge groups on the exceptional
divisors become strongly coupled. Hence, the transition point a for SU(7) should involve
a superconformal field theory with three tensor multiplets and a strongly coupled SU(2)
gauge syminetry.

Finally, we turn to the SU(8) transition. To convert H matter to @ matter, we first let

the following parameters obtain common factors:

T‘)CL5’T,

3 — aS¢s,

w1 — a2w1,
¢s — Py

Vs — a*ys.
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Figure 1. SU(7) transition point when blown up. Here, the compactification base was taken to be
F,,, while the original SU(7) gauge group was tuned on S. The blow-up procedure introduces three
exceptional curves shown in red, one of which has an I, singularity. The I singularity indicates
there is a strongly coupled SU(2) at the transition point.

5 H multiplets, 10 fundamentals, and 24 singlets disappear to form a. a is once again a
superconformal point, but (f,g) vanish to orders (6,8). a is then reabsorbed into 4, (4,
and Ag:

ad — 0

a®y — G
a2)\2 — /\2.

Once 9, (4, and A9 are allowed to vary independently, a breaks into a @ multiplet, a H

multiplet, 19 fundamentals, and 8 singlets. The complete transition is therefore
5 X H+ 10 x O+ 24 x 1 — Superconformal Matter — @+H+ 19 x4+ 8 x 1, (3.60)
with a corresponding net matter change of
4><H+16><1—>@+9><D. (3.61)

At the transition point, however, the codimension two singularity at a = ¢ = 0 does not
seem to be resolvable even with blowups on the base. If one tries to perform the resolution,
there will be a codimension one singularity along one of the exceptional curves where f
and ¢ vanish to orders 4 and 6. This result suggests that the SU(8) transition may not
be valid. However, it is unclear whether our SU(8) tuning is completely general, and a
different tuning may admit a resolvable transition point. We leave the question of whether
the SU(8) transition is valid for future work.
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But the SU(6) and SU(7) transitions do seem to be valid. The analysis here does not
give a full description of the mechanism behind these transitions. Superconformal points
seem to be key to the actual transition. Importantly, it does not seem necessary to have a
strongly coupled gauge group associated with the superconformal point. While the SU(7)
transition does include a strongly coupled SU(2), the SU(6) transition seems to not require
any additional gauge group. A better understanding of the superconformal points could
perhaps lead to a more complete picture of the transition mechanism.

3.4 Higgsing processes in F-theory

Here, we examine how the SU(6)-SU(8) F-theory models fit into the Higgsing structure
discussed earlier in the supergravity context. In F-theory, Higgs transitions occur when
the coefficients in the Weierstrass model are deformed from particular values, breaking a
gauge symmetry in the process. Such deformations were recently explored in [33, 44]. We
discuss the F-theory deformations that represent Higgsing processes where fundamental,
H, and @ multiplets obtain VEVs. We also examine how Higgsing affects the SU(6) —SU(8)
matter transitions. In particular, some the Higgsed models will have transitions where the
product-group representations change, as discussed previously in the supergravity section.

There will often be several parameters in the Weierstrass model that can be deformed to
give the same Higgsing process. We can therefore associate each Higgsing process with a set
of deformations, with each deformation corresponding to a particular degree of freedom in
the Weierstrass model. Suppose that the number of deformations for a particular Higgsing
process is np. From anomaly cancellation, we know that ng — ny stays unchanged in
the Higgsing process. This corresponds to the fact that Any of Goldstone bosons are
eaten by the gauge field, so from a Any + 1 dimensional space of deformations related by
gauge symmetry, only one remains as a deformation. The remaining np — 1 deformation
directions arise when originally charged fields become singlets after the reduction in gauge
group. In the cases considered here, this seems to occur in a similar way with a simple
characterization. From the field theory perspective, Higgsing occurs when a certain number
of multiplets in a particular representation R obtain expectation values. Let us say that
the unHiggsed model has nr multiplets in this representation and that n,e, of them need
to obtain expectation values. For the Higgsing processes we consider in this paper, the
number of deformations np seems to be related to ng:

np = NR — Nyey + 1. (3.62)

Most of the Higgsing processes we examine will involve two multiplets obtaining VEVs, so
that nyey = 2. In these cases, we will find that there is one fewer deformation than the
number of multiplets that can obtain VEVs. For most of the Higgsing processes in this
paper, this holds since each singlet in the Higgsed model arises from a single non-Higgsed
field in the representation R. But it is unclear if (3.62) should hold more generally, and
we do not present a more general proof of this conjecture here.
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3.4.1 Higgsing on fundamental matter

As described earlier, an SU(N) symmetry can be broken to SU(N — 1) by giving VEVs to
two fundamental multiplets. Because the tuning process of section 3.2 proceeds through
each SU(N) algebra sequentially, the Higgsing deformations can be read off directly from
the individual tuning steps.

The SU(6) model can be Higgsed to SU(5) through a set of possible deformations
contained in &1,1[)2, fg, and gs:

¢1=(B+ 1) (3.63)
P2 = —é(a + 1)) 2 (3.64)
f3= féuqbz —3(B8+ f3)A (3.65)
g5 = —%oﬁﬁ — %fwv + A2 + G5 (3.66)

Each of the parameters in the four polynomials is an independent deformation that can
be adjusted separately; as long as at least one parameter is non-zero, the SU(6) gauge
symmetry will be Higgsed to SU(5). $1 and f3 are sections of O(L), U9 is a section of
O(—K + N — L), and g5 is a section of O(—6K + N). When the SU(6) is tuned on a
+n curve, there are a combined 2n + 15 4+ r complex degrees of freedom, one fewer than
the number of fundamental multiplets in the SU(6) model. This fits with the expectation
that (3.62) is satisfied for the SU(6) — SU(5) Higgsing process. Note that in 4D, this set
of deformations is not in general complete since, for example, quantities such as ¢ and o
need not factorize.

From the branching patterns, all of the possible SU(6) models on a +n curve should
give the same SU(5) charged matter content when Higgsed. To see whether this is true in
F-theory, we can plug (3.63)—(3.66) into the SU(5) model of (3.7) and (3.8) (while setting
¢o = aff) and examine the resulting matter. We can consider a maximally-deformed model
in which all of the deformations are turned on. In this case, f and g vanish to orders 2 and
3 when either « = ¢ = 0 or when 8 = 0 = 0, so both a and § will give 10 matter in the
resulting SU(5) model. The discriminant meanwhile takes the form

A = o' As0° + O(0°). (3.67)

The SU(5) model thus has a total of n+2 10 multiplets and 3n+ 16 fundamental multiplets
regardless of the initial SU(6) model, indicating all of the SU(6) models have Higgsed to the
same SU(5) model. If some of the deformations are turned off, the resulting SU(5) model
may have codimension-two loci with rank-two singularity enhancements. These loci may
contribute more than one multiplet of charged matter, making the analysis more involved.
While we do not go through all of the possible situations, all of these specialized situations
should give the same charged matter content.

The SU(7) — SU(6) Higgsing pattern has a more interesting structure, as a given
SU(7) model can Higgs only to a particular SU(6) model. Moreover, only a subset of the
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SU(6) models can be reached by Higgsing an SU(7) model, as discussed previously. In
F-theory, the corresponding deformations are

B=(5+P)5, (3.68)
a=(0+a), (3.69)
¢2 = 3CF + (0 + d2)w, (3.70)
A= 206 — 1 GE+ 500w + (67 + DA, (3.71)
fa=—6G M — %wz + (6% + fa)vu, (3.72)

along with a deformation of gg by adding gs to (3.28). The resulting set of deformations
has n + 16 + 57 complex degrees of freedom, one fewer than the number of 7 multiplets for
SU(7). Note that there is no deformation associated with the v redefinition (3.24). The v
redefinition does not seem to remove degrees of freedom like the other tuning steps; instead,
the step simply reorganizes v to have a particular structure. A v deformation could be
included, but we would then need to account for the redundant degrees of freedom described
earlier in the counting. Once the redundant degrees of freedom are subtracted off, the total
number of deformations is the same as before. We therefore do not include a v deformation
in the above set of deformations.

¢ will give 15 matter in the SU(6) model, as (f, g) vanish to orders (2,3) on{ =0 =0
regardless of which deformations are turned on. When considering the maximally deformed
situation, the loci where d + @ = ¢ = 0 also contribute 15 matter. Finally, the singularity
type enhances to an incompletely resolved Eg when § = o = 0 or when 6 + 3 = 0 = 0,
giving %20 matter. In total, the resulting SU(6) model has 2r %20 multiplets, n + 2 — 2r
15 multiplets, and 16 + 2n + 2r fundamentals, so each SU(7) model is Higgsed to the SU(6)
model with rg = 2r7.

Higgsing relates the SU(6) and SU(7) transitions in a non-trivial way. Directly applying
the SU(7) — SU(6) branching patterns to the SU(7) transition (2.10) would seem to imply
that the SU(6) theory undergoes minimal transitions of the form

20(@)+2><6(D)H2><15(H)+2><1. (3.73)

However, equation (2.9) and the F-theory SU(6) model both suggest the minimal SU(6)
transition should involve half this amount of matter. This discrepancy reflects the fact
mentioned in sections 2.3.1 and 3.2.2 that only SU(6) models with an even number of
£20 multiplets can be unHiggsed to SU(7). Applying the transition (2.9) only once could
produce an SU(6) spectrum with an odd number %20 multiplets that cannot be unHiggsed
to SU(7). Thus, (2.9) should not be directly visible from the SU(7) model. Instead, (2.9)
must be applied twice to move between two SU(6) vacua that can be enhanced to SU(7),
as reflected in 3.73. Said differently, the smallest SU(7) transition changes 77 by 1, which
becomes a Arg = 2 change in the resulting SU(6) model. The heterotic analogue of this
phenomenon will be discussed in section 4.4.
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For the SU(8) — SU(7) Higgsing process, the corresponding deformations are

E= (@ +9)m, (3.74a)
(2= %CUZ + (62 + &) G, (3.74b)
w = 4(3Cs + (6° + @)wi, (3.74c)
AL = —é@nwl + (102 + M) Ag, (3.74d)
s = —3CAa — iw%(SQ — 6320 + (6" + a)da, (3.74¢)
fs = 20uoa + (6% + f5)s, (3.74f)

along with a deformation of g7 by adding §; to equation (3.43). This leads to a total
of 15 + 9r possible deformations, which is one fewer than the number of 8 multiplets.
Modifications to the (1 redefinition were not considered due to the redundant degrees of
freedom in the tuning. In the Higgsed model, there are two codimension two loci, 7 =0 =0
and 62 + é: = 0 = 0, where the singularity type enhances to D7; these loci give 21 matter.
Loci where § = 0 = 0 have an enhanced FE; singularity and contribute one 35 multiplet
and one 7 multiplet. The Higgsed model therefore has r 35 multiplets, n + 2 — 3r 21
multiplets, and n 4+ 2 + 5r fundamental multiplets, indicating that each SU(8) model is
Higgsed to the SU(7) model with 77 = rg. Once again, the restriction that 5r < n + 2 for
SU(8) means that only some SU(7) models can be reached by Higgsing an SU(8) model.

3.4.2 Higgsing on two-index antisymmetric matter

From field theory, an SU(N) gauge symmetry can be broken to SU(N — 2) x SU(2) by
giving expectation values to two H multiplets. For N = 4 and N = 5, such Higgsing
processes can be realized in F-theory by tuning an SU(N — 2) gauge symmetry on o = 0
and tuning an SU(2) gauge symmetry on o — e = 0. Here, €, like 0, is a section of the line
bundle O(D) on B. When considering a compactification base F,, with the coordinate o
associated with S, e will be a polynomial in the coordinate associated with F' of order n; the
rest of the discussion in this F-theory Higgsing section will focus mostly on this particular
setup. Note that in this discussion we treat all the coefficients in the expansion of f, g as
sections of line bundles over B and do not pull them back to a given divisor. This may
be subtle in general circumstances of is clear in the toric context at least where all these
coefficients can be expanded in a local coordinate system. In the situation just described,

N=2(5—¢)2. In the limit where € goes to zero,

the discriminant will then be proportional to o
the discriminant becomes proportional to oV, unHiggsing the gauge symmetry to SU(N).
€ therefore parametrizes the set of possible deformations corresponding to this Higgsing
process. Physically, the Higgsing process occurs by separating the stack of coincident branes
forming the SU(N) singularity into two distinct sets, with e representing the separation
between the two new sets.

Identifying the deformations requires tuning singularities on ¢ = 0 and ¢ = € simul-

taneously, which is difficult when f and g are expanded in ¢ alone. The tuning process is
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easier when f and g are expanded in o(o — €). Specifically, we write

f=Fo+ Fio(oc—e€) + Fo*(oc—€)?+... (3.75)
g=Go+Gio(oc—€) +Go*(c —e)? +..., (3.76)

where
F; = foi + foiyr10 (3.77)
Gi = g2i + 92i+10. (3.78)

With this expansion, the SU(N —2) and SU(2) symmetries can be tuned through a process
similar to that of tuning SU(N) on ¢. Some terms of the SU(N) tuning process will obtain
modifications proportional to € when tuning SU(N — 2) x SU(2). These additional terms
represent the Higgsing deformations.

€ is the only free parameter in the SU(N — 2) x SU(2) not present in the unHiggsed
SU(N) model. As an order n polynomial, ¢ has n + 1 degrees of freedom, whereas the
unHiggsed SU(4) and SU(5) models both have n+ 2 H multiplets. Once again, the number
of deformation parameters is one fewer than the number of matter multiplets that can
obtain VEVs for this Higgsing pattern. Since e will be ineffective unless n > 0, the
unHiggsed SU(4) or SU(5) model must have at least two H multiplets. Moreover, the n
zeroes of € are the only source of bifundamental matter in the SU(N — 2) x SU(2) model,
reflecting the fact that two bifundamental multiplets are eaten during Higgsing.

A similar story holds when Higgsing SU(6) to SU(4) x SU(2). As noted earlier, the
SU(4) x SU(2) model itself has a transition where the product-group representations are
allowed to change. Such transitions can be achieved in F-theory by having ¢ depend on
other parameters in the Weierstrass model. We tune SU(4) on ¢ = 0 and tune SU(2) on
o — fer = 0. The overall tuning process is similar to that of SU(6), except that some of
the tuned parameters may obtain additional terms proportional to €;. When ¢; is taken to
zero, we recover the general SU(6) model; €; therefore represents the set of deformations
corresponding to the Higgsing process. Note that €; is a polynomial of order n — r in our
standard IF,,. There are n+ 2 —r 15 multiplets in the SU(6) model, so we once again have
a number of deformations that is one fewer than the number of Higgsable multiplets. As
before, the original SU(6) model must have at least 2 15 multiplets for €; to be effective
and for the SU(6) to be Higgsable.

The zeroes of €; contribute bifundamental (4,2) matter, while the zeroes of « give
(6,1) matter. When 3 = 0, the singularity type enhances to D5, indicating every zero of
contributes a half multiplet of (6,2) matter. The total matter content from the F-theory
model agrees exactly with the spectra derived from the SU(6) branching patterns. Once
again, the fact that €] is of order n—r indicates that two bifundamental multiplets are eaten
in the Higgsing process. The transition between product-group representations occurs in a

~ 34—



similar fashion as the SU(6) transition. First, «, €1, ¥ and A obtain common factors:

a — ad,
€1 — ae,
v — av,

A—a\.

The common factor a is once again a superconformal point; (f,g) vanish to order (4,6) on
the locus a = 0 = 0. a is then absorbed into 5 and ¢2 as before:

aB — (',

/
apy — ¢y.
The transition can be summarized as

(6,1)+(4,2)+2x (4,1)+2x (1,2)+3x (1,1) = % X (6,2)+4x (4,1)4+3x (1,2)+(1,1),

(3.79)
which is the Higgsed version of (3.55). Just as in the SU(6) transition, there are a total of
29 multiplets participating in the transition. The net change in matter content is

(6.1)+ (4,2) +2 x (1,1) — % X (6,2) +2 x (4,1) + (1,2), (3.80)

as expected from supergravity. The transition can be reversed as well by inverting the steps.

To realize the SU(7) — SU(5) x SU(2) Higgsing process, we tune the SU(5) symmetry
on ¢ = 0 and the SU(2) symmetry on ¢ — §3e3 = 0. While 3 is still defined to be 62, « is
redefined as

o = 55 - C1€2. (3.81)

The rest of the tuning process is similar to that of SU(7), but the parameter redefinitions
may have additional terms proportional to €2. €9 is of order n — 3r; again, there is one
fewer deformation parameter than the number of 21’s of SU(7). Taking the ez — 0 limit
gives the SU(7) tuning, and the zeroes ez therefore contribute bifundamental (5, 2) matter.
(10, 1) matter comes from the codimension two locus where £§ — (1e2 = 0 = 0 with § # 0,
so there are a total of n + 2 — 3r (10, 1) multiplets. Finally, the singularity type enhances
to Eg on the 6 = 0 = 0 loci; each zero of § therefore contributes a (10, 2) multiplet and a
(5,1) multiplet. The resulting charged matter content agrees exactly with that from field
theory considerations.

The SU(5) x SU(2) model inherits the SU(7) transition. The steps in the transition
are the same as those for the SU(7) transition, only e, develops the common factor a along
with &, (2, A1, and ¥y:

€2 — a’el. (3.82)

The complete transition is therefore

3% (10,1)+3 x (5,2) +3 x (5,1) +3 x (2,1) + 11 x (1,1)
— (10,2) + (10,1) + 9 x (5,1) + 8 x (1,2) + (1,1), (3.83)
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which is the Higgsed version of the SU(7) transition. The corresponding net change in
matter content is

2 x (10,1) +3 x (5,2) + 10 x (1,1) — (10,2) 4+ 6 x (5,1) + 5 x (1,2). (3.84)

For SU(8) — SU(6) x SU(2), we enhance the symmetry tuned on o = 0 to SU(6) while
having the SU(2) occur on o — d%eg = 0. £ is redefined to be

§=0"—(ies, (3.85)

while some of the other SU(8) parameter redefinitions get additional terms proportional to
€3. €3 contains the set of deformations corresponding to the Higgsing process, and taking
€3 to zero recovers the SU(8) model.

es contributes bifundamental (6, 2) matter, and 7 gives (15,1) matter. When § = o =
0, the singularity type enhances to E7, so each zero of ¢ gives a (15,2) multiplet, a (15,1)
multiplet, and a (1, 2) multiplet. Finally, the singularity type enhances to Fg on the locus
62 — 2e3(4, contributing r (20, 1) multiplets. There does not seem to be a locus that gives

(20, 2) matter, which can only come from H matter in the SU(8) model. This is further

evidence that our SU(8) tuning does not have 4-index antisymmetric matter.
The SU(6) x SU(2) model has a transition similar to the SU(8) transition. The only
difference is that e3 participates in the first step along with 7, shedding four factors of a:

€3 — a’es. (3.86)
In terms of the matter content, the transition is

5x(15,1)+4x (6,2)+10 x (6,1) + 10 x (1,2) +28 x (1,1)
—(20,1) + (15,2) + (15,1) + 20 x (6,1) + 19 x (1,2) + 8 x (1,1). (3.87)

This is not the Higgsed version of the SU(8) transition, as there is a missing (6, 2) multiplet
in the transition. However, just as with the SU(8) transition, the transition point does not
seem to be resolvable even with blow-ups on the base.

3.4.3 Higgsing on three-index antisymmetric matter

We can find deformations for the SU(N) — SU(N — 3) x SU(3) Higgsing process using
a similar strategy; we tune an SU(N — 3) symmetry on ¢ = 0 and an SU(3) symmetry
ono—e=0. As in the H Higgsing process, € will take particular forms when breaking

SU(6) through SU(8) in order to accommodate the matter transitions. Because the @

representation appears only at SU(6) and above, the @ Higgsing processes will exclusively
involve situations where € has a specialized form.

To find the deformations that break SU(6) to SU(3) x SU(3), we tune one SU(3) algebra
on ¢ = 0 and the other on 0 — ae; = 0. €1 is a polynomial of order » — 2. Performing this
tuning requires a modified redefinition of ¢q:

¢ = aff — e1v.
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With this redefinition, the split condition is satisfied for both of the codimension-one sin-
gularities. The other steps of this tuning are similar to those of the SU(6) tuning, but
some parameter redefinitions may involve additional terms proportional to ¢;. The new
terms dependent on €; are the Higgsing deformations, and €; thus parametrizes the pos-
sible deformations. As expected, there is one fewer deformation than the number of %20
multiplets in the SU(6) model. Moreover, there must be at least two %20 multiplets for €;
to be effective and for the deformations to be possible.

a and €; both contribute bifundamental matter in the SU(3) x SU(3) model, while
does not contribute any matter. However, there are two ways to form bifundamental matter
in the SU(3) x SU(3) model, as described in [5]; in half-hypermultiplets, bifundamental
matter can be in the form (3,3) + (3,3) or in the form (3,3) + (3,3) . From the field
theory perspective, (3,3) + (3,3) matter should come from the %20 multiplets of the
SU(6) model, whereas the (3,3) + (3,3) matter should come from the 15 multiplets. For
this reason, €1, which represents bifundamentals originating from 10 matter, should give
(3,3) + (3, 3) bifundamental matter (which we will refer to as a (3,3) full multiplet). «
meanwhile should contribute (3,3) + (3,3) matter (or a full (3,3) multiplet). These two
realizations are physically indistinguishable in the SU(3) x SU(3) model, so the distinction
is somewhat arbitrary. However, similar types of distinctions will be important in tunings
considered later.

The SU(3) x SU(3) model has a transition, although the transition does not have as
interesting of a change in the representations. «, v, and A obtain a common factor a just
as in the SU(6) transition, while 5, ¢2 and €; each absorb one factor of a. a is once again
a superconformal point. The transition is therefore

(3,3)+3x(3,1)+3x(1,3)+2x (1,1) — (3,3)+3x(3,1)+3x (1,3)+2x (1,1), (3.88)

which is the Higgsed version of the SU(6) transition. The only net effect of this transition
is to exchange the (3,3) and (3,3) representations. Since the two bifundamental repre-
sentations are essentially equivalent, the transition may not seem to be as interesting as
the other transitions. Nevertheless, the structure of the transition is the same as that of
the other transitions, and the SU(3) x SU(3) transition will be important when analyzing
transitions in other models.

Enhancing the SU(3) algebra on o to SU(4) allows us to find the SU(7) — SU(4)xSU(3)
Higgsing deformations. The SU(3) singularity, which was previously on o — ae; = 0, now
occurs on the locus o — £5%e5 = 0. f3 is no longer forced to be a perfect square, as it is
redefined as

B =062+ ea(y. (3.89)

The rest of the SU(4) x SU(3) tuning process is similar to that of SU(7), except that the
@2 and gg redefinitions of equations (3.25) and (3.28) obtain additional terms proportional
to €9. €9, a polynomial of order r — 2, parametrizes the set of deformations.

There is a matter-changing transition in this SU(4) x SU(3) model. The steps in the
transition are nearly identical to the SU(7) transition, only ez absorbs a single factor of
a along with 6 and (3. Both e and £ contribute bifundamentals, while each zero of §

— 37 —



gives a (6,3) multiplet and a (1,3). On the locus £ — e2(2 = o = 0, the singularity type
enhances to Dy x Ag, giving (6, 1) matter. Including fundamentals and singlets, the matter
transition is

3x(6,1)+3x%x(4,3)+3x(4,1)+6x(1,3)+8x (1,1)
—(6,3)+(4,3) +9 x (4,1) +8 x (1,3) +2 x (1,1), (3.90)

leading to a net matter change of
3x(6,1)+2x(4,3)+6x(1,1) = (6,3)+6 x (4,1)+2 x (1,3). (3.91)

This transition is the Higgsed version of the SU(7) transition.

For the SU(8) — SU(5) x SU(3) Higgsing process, we tune the SU(5) symmetry on
o and the SU(3) symmetry on o — §*7e3. While we are able to find an explicit F-theory
realization of this Higgsing process, there are tight constraints on the possible SU(8) models
that can be Higgsed on 56 matter. For e3 to be effective and for this Higgsing process to
be possible, the original SU(8) model must have at least 2 56 multiplets. From anomaly
cancellations alone, this requires n > 6; our F-theory tunings support two 56 multiplets
only when n > 8. All of these models oversaturate the gravitational anomaly bound on
their own, and it is necessary to include a second gauge symmetry. For instance, when
the singularity is tuned on S with compactification base F,,, a non-Higgsable cluster on
S can allow the global model to satisfy the gravitational anomaly bound. In F-theory,
we are able to find the deformations for SU(8) models on S with explicit tunings given
earlier. These models have n > 8 and only two 56 multiplets. The resulting SU(5) x
SU(3) matter spectrum agrees exactly with that expected from the branching patterns.
However, we cannot realize SU(8) models with more than three 56 multiplets on S using
our constructions, as our F-theory tunings will not support three 56 multiplets for n < 12.
We therefore cannot see SU(5) x SU(3) transitions in the S tunings.

4 Heterotic description of matter transitions

In this section we describe the SU(N) theories with exotic matter, as well as the Higgsing
and small instanton transitions of interest in this paper in terms of the bundle geometry
on the heterotic side of the duality. We begin in the next subsection by considering the
construction of SU(N) theories where N = 6,7,8. In subsection 4.2 we describe the small
instanton transitions that are possible in such theories. Finally, in subsection 4.3, we
describe how the Higgsing processes are realized at the level of bundle geometry. Some of
the results presented here are, of course, not new and can be found in [14], for example.
We find it useful to present them again here, however, in the same language that we use
to describe previously unstudied cases.
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4.1 SU(N) theories in heterotic compactifications

4.1.1 SU(6)

The relevant group theory for studying a compactification of the Eg x Eg heterotic string
with an SU(6) gauge group in six dimensions is as follows.

Es S SU(6) x SU(3) x SU(2) (4.1)
248 =(1,1,3)+(1,8,1)+(35,1, 1)+(ﬁ, 3, 1)+(15,§, 1)+(6,3, 2)—0—(6, 3, 2)+(20,1,2)

From this we see that we need a bundle with structure group SU(3) x SU(2) to obtain an
unbroken gauge group of SU(6). We take the gauge bundle to be

V=V3sBV (4.2)

where V3 has structure group SU(3) and V; has structure group SU(2).

The matter content resulting from a sum of vector bundles such as (4.2) can be com-
puted in terms of the first cohomology groups of combinations of those objects and their
wedge powers. This can either be seen in terms of dimensional reduction of gaugino de-
grees of freedom in ten dimensions to give fermionic matter [45], or in terms of dimensional
reduction of bosonic degrees of freedom. The bosonic components of the low-energy theory
all descend from adjoint valued gauge fields in ten dimensions. We consider first cohomolo-
gies because these are associated with one forms - which can be used to account for the
space-time index of the gauge field leading to scalar degrees of freedom in six dimensions.
The particular combination of bundles that one considers is determined by the decomposi-
tion (4.1). For example, we can see from the final term in the second line of (4.1) that if we
want to obtain matter transforming in the 20 representation of SU(6), then the relevant
one forms in the dimensional reduction must carry an index in the fundamental of SU(2),
leading us to consider H'(Vs).

The different first cohomology groups of interest can be computed, in the case of K3
compactifications, by using the Hirzebruch-Riemann-Roch theorem [46]. Using the fact
that bundles in a heterotic compactification are required to be slope stable, the statement
of this theorem can be reduced to the following formula for the dimension of the first
cohomology of a bundle F in such a situation.

c2( K 3)> (4.3)

—hl(]-"):/Kgch(}")/\ <1+ 3

Applying this formula to the bundles that are relevant given the decomposition (4.1) gives
rise to the results given in table 7.

In the SU(6) case we are considering, the numbers of vector and tensor multiplets
are ny = 35 and nyp = 1 respectively. The number of half-hypermultiplets associated
to the other (“hidden sector”) Eg bundle is h'(EndoVg,) = c2(EndgVg,) — 496. We also
have an additional 20 hypermultiplets from the metric moduli of K3. This information,
together with the matter content given in table 7 can be substituted into the six-dimensional
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Representation Cohomology Multiplicity
15 H'(VY) c2(Vs) — 6
15 H(V5) co2(V3) — 6
6 H'(V3@ V) 2¢o(V3) + 3c2(Va) — 12
6 HI(VY ® V) 2¢9(V3) 4+ 3ca(Vo) — 12
20 H(W) co(Va) — 4
1 H'(Endg(V3)) @ HY(Endg(V2)) | (4e2(V2) — 6) + (6c2(V3) — 16)

Table 7. The cohomology and multiplicity associated to each representation of the low-energy
gauge group SU(6).

anomaly cancelation condition to give the following.

ng + 29np —ny = 273 (4.4)
1
= CQ(Vg) + CQ(VQ) + @CQ(EndO(VEg)) =24 (4.5)

This is precisely the ten-dimensional anomaly cancelation condition as expected.
The matter content outlined in table 7 takes the form described in equation (2.14),
where we have

n=ca(Vs3) +c2(V2) — 12 and r = ca(V2) — 4. (4.6)

4.1.2 SU(7)

The relevant group theory in this case is

Es D SU(7) x SU(2) x U(1) (4.7)
248 = (1,1)0+ (1,3)0+ (7,2)9 + (7,2) 9 + (48,1)g + (7,1)_12 + (21,2)_3 + (35,1)s
+(7,1)12 + (21,2)3 + (35,1) ¢ . (4.8)

To obtain a bundle with structure group SU(2) x U(1) = S(U(2) x U(1)) embedded inside
FEg, we take the gauge bundle to be

V=WwacrL. (4.9)

Here Vs is a U(2) bundle, £ is a line bundle and ¢;(V2) = —c1(£). The U(1) factor above
appears both in the structure group and also in its commutant inside Fg. Naively, therefore,
one might expect this Abelian group to be unbroken. However, as is well documented in
this context [47-52], this U(1) gains a mass through the Green-Schwarz mechanism. In this
process the U(1) gauge boson is made massive and one entire hypermultiplet from the K3
metric moduli is removed from the low energy spectrum. One of the degrees of freedom in
the hypermultiplet is eaten by the gauge boson and the remaining three are made massive
by the triplet of D-terms of the six-dimensional N/ = 1 theory.
The matter content that results from the bundle (4.9) is given in table 8.
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Representation Cohomology Multiplicity
1 H'(Endg(V2)) deg(Vo) —c1(L)? -6
7 H'(Vy @ £) @ H'(LY?) | (c2(V2) = 5e1(L)* = 4) + (—2c1(L£)” — 2)
7 H'WV, @ LY)® HY(L?) | (co(V2) = 3e1(L)? — 4) 4+ (—2¢1(L)? — 2)
35 HY(L) —3c1(L£)? =2
35 HY(LY) —3e1(L)? -2
21 H' (V) co(Va) — 3e1(L)? — 4
21 H'(VY) ca(Va) — 3e1(L)* — 4

Table 8. The cohomology associated to each representation of the low-energy gauge group SU(7).

Following a similar procedure to that discussed in the SU(6) case, table (8) leads to
the following anomaly cancelation constraint

ng + 29 —ny = 273 (4.10)
1
= ca(V2) — 2¢1(L)* + @CQ(Endo(VEs)) =24
Naively there is a mismatch in the second equation, which is corrected by including an addi-
tional vector multiplet, beyond those associated to SU(7), to account for the Green-Schwarz
massive U(1). Alternatively, considering the theory below the mass scale associated to the
Abelian factor, we can drop both the number of vectors and the number of metric moduli
hypermultiplets by one to account for the effects of the Higgs process described above.

The matter content outlined in table 8 takes the form described in equation (2.15)
where we have

1
n=co(Va) —2¢1(L£)*> =12 and r = —§c1(£)2 -2. (4.11)
4.1.3 SU(8) and beyond
The relevant group theory in this case is,

Eg D SU(8) x U(1) (4.12)
248 = 19+ 89 + 8 9 + 28 _¢ + 285 + 563 + 56_3 + 63 . (4.13)

To embed a bundle with U(1) = S(U(1) x U(1)) structure group inside Eg we write the
following.

V=L®LY (4.14)

Here L is a simple line bundle. Once again computing the spectrum we obtain the result
given in table 9.
Anomaly cancelation in this case is as follows.

ng + 29t — ny = 273 (4.15)
1
= —401(£)2 -+ @CQ(EndO(VES)) =24
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Representation | Cohomology | Multiplicity
8 H'(L£3) —Je1(L)* -2
8 HY LV | —a(£)? -2
28 HY(LV?) | —2¢1(L£)? —2
28 H(L?) —2¢1(L£)% -2
56 HY(L) —1e1(L)* -2
56 H(LY) —3c1(L£)? -2

Table 9. The cohomology associated to each representation of the low-energy gauge group SU(8).

Here, again, there is a massive U(1), which can be thought of as reducing the number of
massless metric moduli on the K3 by 1, so only 19 K3 moduli are included in the anomaly
matching condition.

The matter content given in table 9 takes the form described in equation (2.16) where
we have

1
n=—4c(L)?—12=8r+4 , r:—§c1(£)2—2 and 1’ =0 (4.16)

Note that we get an extremely non-generic spectrum in this case from a six-dimensional
field theory point of view. The spectrum of the SU(8) charged matter in the heterotic
compactification is controlled by a single integer rather than by 3 as in (2.16). In fact, we
see from the expression for n in (4.16), together with the topological fact that ¢ (£)? is
even on K3 for any £, that ¢1(£)? < —4. Studying equation (4.15), we see that the smallest
c1(£)? can be is —6. Thus the two possibilities are n = 4 and n = 12. Neither of these
two possibilities leaves a large enough second Chern class available for the hidden sector
bundle to completely break the Eg in the other sector. We will have at minimum an SO(8)
and Fg “hidden” sector gauge group respectively in these two cases [20]. These match the
non-Higgsable clusters that one would expect in a dual compactification of F-theory on an
elliptic fibration over Fy and Fis. As in the F-theory analysis of section 3.2.3, we obtain no

matter in the 70 representation of SU(8) in these perturbative heterotic compactifications.

The gauge group SU(8) is on the edge of what can be achieved perturbatively in
compactifications of the Fg x FEg heterotic string. SU(9) is a subgroup of Eg but its
commutant inside Fg is empty, meaning that it can not be achieved as the unbroken
commutant of some continuous bundle structure group (although it can be achieved on
singular K3 manifolds by using a Zs structure group [53]). The groups SU(10) and higher
are simply not subgroups of Fg and thus can’t be achieved as gauge groups in the case
of perturbative compactifications. It is interesting that the non-genericity of spectrum
described in the proceeding paragraph arises in the boundary SU(N) case of the largest
possible N.
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4.2 Realization of the transitions

The matter transitions described from a field theory perspective in section 2, and from an
F-theory perspective in section 3.3 are also realized concretely in these heterotic compact-
ifications.

In the SU(6) case of section 4.1.1 we can utilize small instanton transitions to swap
second Chern class contributions between V3 and Vs, subject to the overall constraint (4.5).
Note that we could also swap second Chern class with the “hidden sector” bundle but this
would lead to an intermediate stage involving an increase in the number of tensor multiplets.

Studying table 7, we see that lowering c2(V2) by 1 and raising co(Vs) by 1 causes the
number of 6 and 6’s to go down by a single unit and the number of 20’s also to lower by
1. Conversely we gain one 15, one 15 and two singlets. This is precisely a transition of
the form described in equation (2.9) from a field theory perspective and in equation (3.56)
in an F-theory context (it is important in making this comparison to realize that the
multiplicities given in tables such as table 7 count half-hypermultiplets).

In the SU(7) case of section 4.1.2, small instanton transitions within one Eg factor
swap contributions to cz(V2) with ¢1(£)? in such a manner as to preserve equation (4.10).
Note that not only the second, but also the first Chern class of Vs changes under such a
transition.

We see from equation (4.10) that if we increase ¢;(£)? by 2! in table 8 we must also
increase c2(V1) by 4. Studying table 8, we see that, under such a transition, the number
of 35 and 35 half hypermultiplets lowers by 1, the number of 7 and 7 half hypermultiplets
lowers by 5, the number of 21 and 21 half hypermultiplets increases by 3 and the number
of singlet half hypermultiplets increases by 14. This is precisely a transition of the form
described in equation (2.10) from a field theory perspective and in equation (3.58) in an
F-theory context.

The SU(8) case of section 4.1.3 mirrors what was found in an F-theory context in
section 3.3. No small instanton transitions purely in one Ejg factor, giving rise to either of
the forms (2.11) or (2.12) seen in our field theory discussion, is possible, however, due to
the constraint given in equation (4.15). Small instanton transitions are of course possible if
one allows a modification of the second Fg bundle and it is also possible that more generic
results from a field theoretic point of view could be obtained on a singular K3, where
non-perturbative contributions to the gauge charged sector are possible.

4.3 Higgsing processes

In heterotic compactification, Higgsing processes in the low-energy field theory have a clear
interpretation in terms of deformations of the gauge bundle. Here, we describe one example
each of the deformations associated to Higgsing on fundamental, double antisymmetric and
triple antisymmetric matter, together with a table detailing some of the key information in
the other cases. The full analysis of the remaining examples can be found in appendix D.

!This is the minimum possible change given the expression for the number of 35’. In fact, that ci(£)?
is even for an arbitrary line bundle £ is enforced by the topology of K3.
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Representation | Cohomology | Multiplicity
5 HY(A%D) 3ca(V) — 20

5 HY(A2VY) | 3ea(V) —20

10 H'(VY) c2(V) — 10

10 HY(V) c2(V) — 10
H(Endo(V)) | 10c2(V) — 48

Table 10. The cohomology associated to each representation of the low-energy gauge group SU(5).

4.3.1 Higgsing on fundamental matter

Let us start by considering what happens to the bundle as we Higgs from SU(6) to SU(5).
The relevant group theory in this case is

SU(6) — SU(5) x U(1) (4.17)
6 =1_5+5 (4.18)

15 = 5_4+ 10, (4.19)
20 = 10_3 + 103 . (4.20)

Clearly, we wish to turn on the singlet of SU(5) inside the fundamental of SU(6) to achieve
the Higgsing. We see from table 7 that the 6 and 6 half hypermultiplets, which combine to
form a single hypermultiplet, are given by the cohomologies H!(V3 ® Vs) and H' (VY ®@Vs)
respectively.

In terms of bundle geometry, turning on fields descending from these cohomology
groups corresponds to forming the following extension.

0—=Vo—=>V—>V3—-0 (4.21)

In fact, the bundle that we form is a deformation of this extension and its dual, as described
in the work of Li and Yau [54].

The bundle V in (4.21) has structure group SU(5), which is the relevant case to arrive
at an SU(5) low-energy symmetry. One can check how the matter that one obtains from
V compares to that which follows from a simple decomposition of the multiplets in the
original SU(6) theory using the branching rules in (4.17).

We start by computing the matter content associated to an SU(5) bundle, with the
general result being given in table 10. In computing this table we have used the usual
decomposition of the adjoint representation of FEg,

Eg D SU(5) x SU(5) (4.22)
248 = (5,10) + (10,5) + (10,5) + (5,10) + (24,1) + (1,24) (4.23)

together with Hirzebruch-Riemann-Roch.
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SU(5) Representation | # from SU(6) multiplet decomposition | # found after transition
1 10¢2(V3) + 10c2(Vs) — 46 10¢2(V3) + 10c2(Vs) — 48
5 3c5(Vs) + 3ca (Vo) — 18 3c5(V3) + 3ca (Vo) — 20
5 3ca(Vs3) + 3c2(Va) — 18 3ca(Vs3) + 3ca(Va) — 20
10 ca(V3) + ca(Va) — 10 ca(V3) + ca(Va) — 10
10 co(V3) + ca(Vo) — 10 ca(V3) + c2(Va) — 10

Table 11. Matter content after Higgsing an SU(6) to an SU(5) theory, both via a naive decompo-
sition of the initial SU(6) multiplets and via a direct computation from the resulting SU(5) bundle.

Next we note that the second Chern class of the V resulting from a Higgsing transition
such as that being considered in equation (4.21) is given by,

(V) = c2(V3) + c2(V2) (4.24)

Using these results we can compile table 11, which compares the matter content asso-
ciated to the bundle V in (4.21) with a naive decomposition of the original SU(6) matter,
as given in table 7, using the branching rules (4.17).

The differences in the last two columns of table 11 consist of two full fundamental
hypermultiplets and one scalar hypermultiplet, and arise naturally due to degrees of free-
dom being absorbed by massive gauge bosons, or being given a mass by D-terms, in the
Higgsing process. We can now confirm that this result matches the field theory analysis
given in section 2.3.1.

Similar results are found by Higgsing SU(7) and SU(8) on their fundamental repre-
sentations. The details of these computations can be found in appendix D. The SU(7)
case in particular has some different structure in that there are two different sources of 7
representations in terms of cohomology, corresponding to two different bundles that are
being deformed during the transition. Here we content ourselves with a presentation of the
relevant bundle deformations in table 12.

4.3.2 Higgsing on two-index antisymmetric matter

In this case we will give the example of Higgsing an SU(7) gauge group on the 21 dimen-
sional representation. The relevant group theory in this case is the following.

SU(T) 5 SU(5) x SU2) x U(1) (4.25)
21 =(1,1)—10+(5,2)—3+ (10,1)4
7=(1,2)-5+(5,1)
35 = (5,1)_g + (10,1)5 + (10,2)_;

We see that giving a VEV to a 21 21 pair will break SU(7) down to SU(5) x SU(2)
with a Green-Schwarz massive U(1) also being present (this Green-Schwarz U(1) is the
one originally present in the heterotic SU(7) model and does not correspond to the U(1)
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Group transition Bundle transition Fields Gaining Vev

Vsuz) © Vsu@) — Vsu(s)

SU(6) — SU(5)
where 0 — Vsy(2) = Vsui) — Vsuz) — 0

H'(Vsu(2) ® Vsus))

Vi) & £ = Vsu) @ Vsu)

SU(7) — SU(6) where 0 — LY = Vgy) = £ =0

and 0 — £ — Vgys) — Vy@) = 0
Le LY _>]>U(2) oL

where 0 = L2 = Vyg) = L =0

H' (W © L)
Hl (£v2)

SU(8) — SU(7) H(L3)

Table 12. Higgsing on the fundamental in various heterotic theories, and the resulting deformation
of the gauge bundle. The tildes over some bundles in the second column indicate a Li-Yau type
deformation of the untilded object and its dual [54].

in (4.25)). The 21’s, according to table 8, lie in the cohomology H'(V,). In terms of
bundle topology, giving an expectation value to such a field corresponds to forming the
following bundle.

V=0acL (4.26)

where 0 > Vo - 9 -0 —0

As in previous cases, one should really think of ) as being a deformation of this extension
and its dual, a la Li-Yau [54]. Here Q is a U(3) bundle and the line bundle £ is unaffected
by the transition. The overall structure group is S(U(3) x U(1)) which does indeed break
Eg to SU(5) x SU(2) x U(1) (where the last factor is a common Green-Schwarz anomalous
factor between the structure group and the visible gauge group).

In order to compare the matter content before and after such a Higgsing transition,
we must first compute the matter content in the SU(5) x SU(2) theory. The group theory
for a general heterotic SU(5) x SU(2) case is as follows.

Eg o SU(5) x SU(2) x SU(3) x U(1) (4.27)
248 = (5,1,1) ¢+ (5,1,3)4 + (5,2,3)_1 + (10,2,1)_3 + (10,1, 3)> (4.28)
+(10,2,1)3 +(10,1,3) 2+ (5,1,1)6 + (5,1,3) -4 + (5,2,3)1
+(247 17 1)0 + (17 17 1)0 + (17 3a 1)0 + (17 27 3)5 + (17 275)—5 + (17 17 8)0
This leads us to the matter content given in table 13 for such a theory.

For the particular case of an S(U(3) x U(1)) bundle formed by a transition of the form
given in equation (4.26) we have:

c2(Q) = ca(V2) (4.29)
Cl(ﬁ) = C1 (ﬁ) . (4.30)

Given this we can form the same table as we did in the case of Higgsing on the fundamental:
comparing a direct decomposition of the SU(7) multiplets under the symmetry breaking
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Representation Cohomology Multiplicity
(5,1) HY L)@ HY QY ®L) | c2(Q) —5cr(L)? —8
(5,2) H(Q) 2(Q) — 3e1(£)* — 6
(10,2) HY(LY) —%cl(ﬁ)Q -2
(10,1) HY(Q®L) c2(Q) —c1(L)? -6
(1,1) H'(Endy(Q)) 6c2(Q) — 201(5) — 16
(1,2) HY(Q® £2) e2(Q) — $er(£)? ~ 6

Table 13. The cohomology associated to each representation of the low-energy gauge group SU(5) x
SU(2) x U(1).

SU(5) x SU(2) Representation | # from SU(7) multiplet decomposition | # found after transition
(1,1) 6ca (Vo) — 2¢1(L£)? — 14 6ca (Vo) — 2¢1(L£)? — 16
(1,2) ca(Va) — 2e1(L£)? -6 ca(Va) — 2c1(L£)? — 6
(5,1) c2(V2) —5¢1(L£)? -8 ca(V2) — 5e1(L£)? —
(5,2) (Vo) — 2c1(L£)? — 4 c2(Va) — 21 (L)? —
(10,1) ca(V2) — 1 (£)* — 6 ca(W2) — 1 (£)* — 6
(10,2) —2c1(£)? -2 —2c1(£)? -2

Table 14. Matter content after Higgsing an SU(7) to an S(U(5) x U(2)) theory, both via a naive
decomposition of the initial SU(7) multiplets and via a direct computation from the resulting
S(U(5) x U(2)) bundle.

with the spectrum of the bundle after the transition. This is given in table 14. Once more,
the differences between the second and third columns in table 14 precisely match what we
would expect from an analysis of the Higgs mechanism in such a situation. This Higgsing
is precisely of the form described in a field theory context in section 2.3.2.

Similar results are found by Higgsing SU(6) and SU(8) on their two-index antisymmet-
ric representations. The details of these computations can be found in appendix D. Here
we content ourselves with a presentation of the relevant bundle deformations in table 15.

4.3.3 Higgsing on three-index antisymmetric matter

To illustrating Higgsing on three-index antisymmetric matter we will consider the example
of SU(8). The relevant group theory in this case is as follows.

)—15 + (5)§)—7 + (1 ) 1)9 + (107 3)1
)—5 + (57 1)3
)—10 +(5,3) 2 +(10,1)6

Giving a VEV to the SU(5) singlets in a 56, 56 pair will therefore break SU(8) —
SU(5) x SU(3) with a Green-Schwarz massive U(1) also being present. The 56’s, according
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Group transition Bundle transition Fields Gaining VEV

V. V, =V V.

SU(6) — SU() x SU()| 300 T 0O T I E G g

where 0 — VSU(3) — VSU(4) -0 =0
Y L—YV L

SU(7) — SU(5) x SU(2) u@ S5 Vue @ H' (Vo)

where 0 — VU(Q) — VU(S) -0 =0
L&LY =V Lo LY

SU(8) - SU(6) x SU(2) © su() &£ @ HY(LY2)

where 0 — L\/ — VSU(Q) —L—=0

Table 15. Higgsing on the two-index antisymmetric representation in various heterotic theories,
and the resulting deformation of the gauge bundle. The tildes over some bundles in the second
column indicate a Li-Yau type deformation of the untilded object and its dual [54].

Representation | Cohomology Multiplicity
(5,1) H(L£Y3) —Jar(L)? -2
(5,3) H(L?) —2c1(L£)? -2
(5.3) H'Y(QY) c2(Q) — 5e1(L£)* — 4
(10,1) HY QY ®L?) | 2(Q) — 3e1(£)? —4
(10,3) HY(L) —te1(L)? =2
(1,1) H'(Endo(Q)) | 4e2(Q) — e1(£)* — 6
(1,3) HY (Q®L?) | e2(Q) — Fer(£)* —4

Table 16. The cohomology associated to each representation of the low-energy gauge group SU(5) x
SU(3).

to table 9, lie in the cohomology H'(L£). In terms of bundle topology, giving an expectation
value to such a field corresponds to forming the following bundle.

V=0acr' (4.31)
where 0 - L—-Q -0 —0 (4.32)

Here V is an S(U(2) x U(1)) bundle. The correct embedding of S(U(2) x U(1)) does indeed
break Eg to SU(5) x SU(3) x SU(2) x U(1).
The group theory for the SU(5) x SU(3) case is as follows.

Eg O SU(5) x SU(3) x SU(2) x U(1) (4.33)

248 = (5,1,1) ¢+ (5,3,1)4 + (5,3,2)_1 + (10,1,2)_3 + (10,3, 1),
+(10,1,2)3 + (10,3,1) 2 + (5,1,1)6 + (5,3,1)_4 + (5,3,2);
+(24,1,1)0+ (1,1,1)0 + (1,1,3)0 + (1,3,2)5 + (1,3,2)_5 + (1,8,1)

This leads to a spectrum for such a heterotic compactification as given in table 16.
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SU(5) x SU(3) Representation | # from SU(8) multiplet decomposition | # found after transition

(5,1) —2¢1(£)? -2 —5a(L)? -2
(5,3) —2¢1(L£)? -2 —2¢1(L£)? -2
(5,3) —3c1(£)? =2 —3c1(£)* -4
(10,1) —2¢1(£)* -4 —2¢1(£)* -4
(10,3) —2c1(£)? -2 —1a(L)? -2
(1,1) —c1(L£)? -4 —c1(£)?2 -6

(1,3) —Be (L) -4 —Bei(L)? -4

Table 17. Matter content after Higgsing an SU(8) to an SU(5) x SU(3) theory, both via a naive
decomposition of the initial SU(8) multiplets and via a direct computation from the resulting
S(U(2) x U(1)) bundle.

Group transition Bundle transition Fields Gaining VEV
V. oV S Vo DV
SU(6) — SU(3) x SU(3) | U@ = 7SUG) 77 Fsu(s) & FSUE) H'(Vsu)
where 0 — Vgy(2) — VéU(3) —-0—=0
Vi) ®L =V ®Y
SU(7) — SU(4) x SU(3) S v T Ue) HY(L)
where O—>£—>V{J(2) -0 -=0
L&LY =V LV
SU(8) — SU(5) x SU(3) © v @ HY(L)
where 0 — L = Vyp) - 0 =0

Table 18. Higgsing on the three-index antisymmetric representation in various heterotic theories,
and the resulting deformation of the gauge bundle. The tildes over some bundles in the second
column indicate a Li-Yau type deformation of the untilded object and its dual [54].

For the particular S(U(2) x U(1)) bundle that we achieve after transition, as given in
equation (4.31), we have that,

c2(Q) =0, (4.34)

With this information we can finally construct the table comparing the break up of the
SU(8) multiplets with the directly computed matter spectrum after the bundle transition,
as we did in the previous cases. This is found in table 17.

As in all of the previous cases, this result is in perfect agreement with the field theory
expectations given in section 2.3.2.

Similar results are found by Higgsing SU(6) and SU(7) on their three-index antisym-
metric representations. The details of these computations can be found in appendix D. Here
we content ourselves with a presentation of the relevant bundle deformations in table 18.

It should be noted that, due to the lack of 70 (quadruple antisymmetric) representa-
tions in the perturbative heterotic spectrum, one can not break to SU(4) x SU(4) x U(1) in
this context and so our analysis of the possible Higgsing transitions terminates here. Once
again, it is this boundary case of what is possible in perturbative heterotic theory that fails
to reproduce the most general possibility from a field theory perspective.
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4.4 Small Instanton transitions and Higgsing

It is interesting to note that the processes of Higgsing and undergoing small instanton
transitions need not commute. We illustrate this here with the case of small instanton
transitions before and after Higgsing SU(7) to SU(6).

As described in section 4.2, before the Higgsing a minimal small instanton transition
results in the following change in spectrum.

1x(85+35)+5x(7T+7)«+3x(21+21)+ 14 x (1) (4.35)
The group theory governing a Higgsing of SU(7) on the fundamental representation is as
follows.
SU(7) — SU(6) x U(1) (4.36)
7=1¢+6;

21 = 6_5+ 159
35 = 15_4 + 203

Application of these branching rules to the transition (4.35) results in the following SU(6)
transition

2% (20)+2x (6+6)«4x(1)+2x (15+15) (4.37)

Purely from the point of view of an SU(6) bundle as in section 4.1.1, after Higgsing,
we know that one can have the following small instanton transition

(20) + (6 +6) <> 2 x (1) + (15 + 15) (4.38)

which is more minimal than the one in (4.37) above.
If an SU(6) theory is obtained by Higgsing SU(7), however, then the bundle of structure
group SU(2) will have the special form described in table 12:

0— LY = Vsyp) =+ L—0. (4.39)

Such a bundle has c¢1(Vsy2)) = —c1(£)?. The quantity c¢;(£)? for line bundles on K3 is
always even and thus small instanton transitions involving an exchange of second Chern
class between SU(3) and SU(2) bundles of the form (4.39) always results in a non-minimal
transition of the type given in (4.37) in the SU(6) theory.

After an SU(7) Higgsing, a subsequent small instanton transition in the SU(6) theory
can change the bundle associated to the SU(6) theory such that its SU(2) valued component
is not of the form (4.39). Such a transition could be of the more minimal type (4.38) and
the resulting SU(6) theory then could not be obtained by Higgsing any SU(7) model.

5 Heterotic/F-theory duality

The solutions presented in previous sections provide an interesting playground for
heterotic/F-theory duality since they correspond to generically reducible vector bundles
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in the heterotic theory. Such reducible vector bundles give rise to many interesting fea-
tures not yet fully explored in even the 6-dimensional duality, including small instanton
transitions on a single Fg fixed plane, the intricate intersection structure of reducible spec-
tral covers and the presence of generically massive Green-Schwarz U(1) symmetries.

In this section we consider the geometry of heterotic/F-theory dual pairs to be as
follows [2, 18, 19]:

Heterotic on 7, : X, E, B,_1 < F-theory on 7f:Y,41 K3, B,_1 (5.1)

where X, is elliptically fibered over B,,_; and the K3-fibered manifold Y, ;1 admits a more
detailed description as an elliptically-fibered Calabi-Yau (n 4 1)-fold with section over a
base B,, which is itself P! fibered over B,,_;.

5.1 The stable degeneration limit

To begin, we review briefly the standard arguments of heterotic/F-theory dual-
ity [2, 14, 19, 55]. As discussed in the Introduction, in the case that the heterotic geometry
is elliptically fibered and the F-theory geometry is K3 fibered, there exists a weakly coupled
limit of both theories.

As is well-known in the literature (see [20, 55, 56] for reviews), this limit in parameter
space corresponds to the large volume and weak coupling regime in the heterotic theory
and is realized geometrically in the F-theory geometry via the following log semi-stable
degeneration of the Calabi-Yau manifold, Y:

Yo — Y up v@) (5.2)

where Y1) and Y®) are non-CY, dPy fibered (n + 1)-folds, glued along a common divisor
D [56-58]. In the case of heterotic duality, D = X, is a CY variety of one lower dimension
than Y, 41 and forms the background of the heterotic geometry.

Now, the heterotic/F-theory dictionary says that if the Eg x Eg heterotic theory is
compactified on D = X,, with vector bundles Vi, Vs over X,,, the spacetime symmetries
and matter spectrum should should match that of F-theory compactified on Y Up Y2,
That is, for singularities leading to symmetries G; on Y (%) (i = 1,2), we expect structure
groups H; for V; where G; C FEg is the commutant of H;. Moreover, the full degrees of
freedom of the theory can be counted and found to match (see table 19 for a schematic
review of the matching of the geometric degrees of freedom in the 6-dimensional effective
theories).

Practically, to take the stable degeneration limit of the F-theory geometry we must
consider scaling the coefficients of f,g such that the (n + 1)-dimensional F-theory K3
fibration degenerates into a fiber product of dPys. In terms of the Weierstrass model itself,
if 0 = 0 and 0 = oo are chosen to define the loci where the symmetries arise in each Ejg
factor of the heterotic dual (i.e., the two sections defining the base B, of the P! fibration),
then we have

12
fd fiot, g~ gl (5.3)
. par
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Het/Bundle Het/Spec. Cov. F-theory
HY(Endo(V;)) Def(S) H>' (Y(®)
Jac(S) H (Y R/Z)
Discrete data of Ls  H>2(Y (") 7)

Table 19. A schematic matching of the duality in 6-dimensions: heterotic vector bundle moduli,
encoded as spectral data (S, Lg) are matched to geometric moduli of the (resolved) F-theory dPy-
fibered geometry in the stable degeneration limit [55-57].

and in the stable degeneration limit, it is possible to choose a scaling in which

fi scales as ™ (5.4)

g; scales as =6

In the limit that € — 0, it is clear that the zero locus of the discriminant A = 4 f3 + 2742
can be divided in “half” with nonabelian symmetry potentially present on each pole (¢ =0
and 0 = 00) of the P! fiber. In particular, the limit e — 0 divides the K3 fiber into two
rationally elliptically fibered surfaces (i.e. dPy surfaces) [55, 57]. This well-known limit is
straightforward to apply for all Weierstrass models with SU(N) symmetry with N < 6. In
these cases, if the complex structure is tuned to induce an SU(5) symmetry on the o = 0
locus for example, the stable degeneration limit isolates the SU(5) C Eg inside a single Eg
factor and effectively “separates” all f; with ¢ > 4 and g; with j > 6 which correspond
to the second Eg factor (fully broken in this case). However, for SU(7),SU(8) as we will
see below, this limit can be somewhat subtle to take, since some f;,g; with ¢ < 4,5 <6
are determined in terms of fii,, gj4+m for some n,m such that i +n > 4,5+ m > 6 (See
for example the Weierstrass coefficients in (3.29) and (3.30) in section 3.2). In these cases,
care must be taken with the powers of € in each term. We will return to this issue in the
following sections.

For now, we will begin our investigation of heterotic/F-theory dual solutions, as well
as the “Higgsing chains” linking them, by reviewing a particular representation of the
geometry of principal bundles in heterotic compactifications — the so-called spectral cover
construction [59, 60].

5.2 A very brief review of the spectral cover construction

In order to match the degrees of freedom in the heterotic geometry (X,,7:V — X,,) with
that in the F-theory (n + 1)-fold (i.e. Y41 in (5.1)), it is necessary to present the data of
the heterotic bundle as a spectral cover [59-61] or more generally, a cameral cover [61-63].
For a review of this bundle construction see [60]. For now, we will focus on the simple
case of SU(NN) structure groups and spectral covers. It will suffice to recall that under the
Fourier-Mukai transform [59], a vector bundle with structure group SU(N) is equivalent to
a pair (S, Ls) where S is a divisor in the elliptically fibered heterotic CY geometry and Lg
is a rank 1 sheaf over §. The heterotic fibration can be presented in Weierstrass form as

Y2=X34 14X +g6 . (5.5)
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Then, the divisor S is called the “spectral cover” and can be represented as the zero locus
of a polynomial constraint of the form

aoZN +aaXZN 2 4 a3y ZVN 3 4. =0 (5.6)

ending in ay X % for N even and ayX 2 Y for N odd [55]. The coefficients a; are sections

of line bundles over the base B, of w : X, NyS , given by
a; € H(B, K @ O(n)) (5.7)

where in 6-dimensional compactifications, n = c2(V') and in 4-dimensional compactifica-
tions co(V) = So A n + ¢%? with Sy the form dual the zero section and ¢*? the pullback
of a {2,2} form on B. The class of S is determined to be [S] = N[Sy] + 7*(n). The class
of the rank one sheaf on the spectral cover Lg is also determined entirely by the topology
of V (see, for example, [20] for a review). With this in hand we turn now to the mat-
ter transitions explored in sections 4, viewed now through the lens of the spectral cover
construction.

5.3 Matter transitions in spectral covers

To begin, let us consider briefly the form that the matter transitions described in sec-
tions 3-4 will take in the context of heterotic/F-theory duality. Examples of other related
transitions have been explored in the heterotic literature (see [64, 65] for representative
examples). As described in those works and in section 4, small instanton transitions on a
single Fjg fixed plane can only arise when the vector bundle geometry — an H-principal
bundle on X,, with H C Eg — is reducible. That is, when H = H; ® Hs and the associated
vector bundle decomposes as a direct sum V = V; @ Vs. In this case, the small instanton
transition takes the form

VioVe —VieWhodI —VieVs (5.8)

where 7 is a sky-scraper sheaf supported on the codimension 2 locus wrapped by M5/N5-
branes in X,,. In the language of spectral covers then, we consider the simplest case where
V1, Vo are both SU(N) bundles for some N. In particular, the situation in which instanton
number is removed from V; and then added to V5 can be summarized as

(81)(S2) = 0 — a(w)(851)(S2) =0 — (51)(Sp) =0 (5.9)

where w represents coordinates on the base B of the heterotic elliptic fibration. Here a(w) is
a so-called “vertical component” of the spectral cover — corresponding to a small instanton
in the heterotic theory [66]. The function a(w) corresponds exactly to the function (also
called “a”) describing the F-theory matter transitions given in section 3.3.

As a concrete example, consider an SO(12) theory. The commutant of this symmetry
within Eg is SU(2) x SU(2) which leads to a heterotic bundle geometry consisting of a sum
of two SU(2) vector bundles V; @ Vs. For such reducible vector bundle, the spectral cover
takes the form of a product

Sy = (a0 Z? + a2 X)(boZ* + by X) = 0 (5.10)
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In the SO(12) theory, the matter consists of localized 32 and 32’ multiplets, located at
the zeros of ay and bg, respectively, and fundamental matter (12s) associated with the
intersection §; N Sz of the two SU(2) components of the spectral cover. The simplest
transitions then take the form of separating out a common factor of (for example) a9, ag
and then “absorbing” it into by, bs.

To illustrate this more concretely, consider 6-dimensional heterotic/F-theory geometry
with the spectral covers given above corresponding to curves inside a K3 surface. Since the
minimal second Chern class for an SU(2) bundle on K3 is c2(V) = 4, we will parameterize
the topology of the pair Vi,Vs as co(V1) = 4+ 1, ca(V2) = 8 + n — r [14]. It follows that
the degrees of the functions in (5.10) are

ag~4+r bp~8+n—r (5.11)
ag ~r by ~4d+n—r (5.12)

With this in mind, we can denote an arbitrary function of degree k on P! via the subscript
fr- Then, as in (5.9), a transition removing a small instanton from V; and merging it into
the bundle Vs, takes the form

(e4+r22 + fTX)(98+n—rZ2 + h4+n—rX)
— (ap)(6£1+r—pZ2 + fvi—pX)(98+n—rZ2 + h4+n—?“X)
— (eﬁl+r—pZ2 + f;—pX)(gE/S+n—T+pZ2 + h’il-&-n—r-&-pX) (5'13)

where p < r. Note that in the process of realizing the transition in the spectral cover
((tuning a common factor in ;) — (identifying it as an overall factor of S )— (deforming
Sy away from factorized form)), the topology of the bundles V; and V» has changed since
ca(V'1) =4+ r—pand c2(V'9) =8+ n—r+p. In this case the spectrum changes only
between the 32 and 32’ fields:?

1 1 1 1
(r) 532/8 +4d+n-—r) 532'5 = (r—p) 532,8 +@d+n—r+p) 532/8 (5.14)

As a concluding observation, it should be noted that while we illustrated this example
in 6 dimensions for simplicity, entirely analogous structure exists in 4 dimensions. There
the spectral covers are complex surfaces inside Calabi-Yau 3 folds and once again, co-
dimension two components (here curves) can be separated off one component and the
deformed smoothly into the other. One remarkable difference in the 4-dimensional theory
however is that in the A/ = 1 theory, such transitions can also be chirality changing [64, 65].
We will return to this point later. For now, we continue towards understanding the basic
structure of the transitions described in sections 3—4, and the Higgsing chains linking them,
beginning with the SU(6) theory.

2Note that the number of 12’s is unchanged in this correspondence since it is determined solely by the
geometric intersection number [S1] - [S2] C K3. For the geometry above this gives 2(8 4+ n) points which is
independent of the transition given in (5.13).
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5.4 SU(6) heterotic/F-theory dictionary

As described in section 3.2.1, and equations (3.16) and (3.17), the SU(6) F-theory geometry
is parameterized by 5 functions

¢27 a, ﬁv Va)\ (515)

associated, respectively with the divisors
—2K+L,-K+N-LL,—2K+N—-L —-4K+ N -1L (5.16)

The matching of the heterotic and F-theory effective physics can be made readily in both 6-
and 4-dimensions. For concreteness, in the following paragraphs we will make the explicit
correspondence between the degrees of freedom in the 6-dimensional theory, but it should
be kept in mind that the general structure is equally applicable to 4-dimensions.

From section 4.1.1, it is clear that the heterotic dual SU(6) theory on K3 has commu-
tant SU(2) x SU(3) inside Eg. The bundle V, with ¢2(V') = 12 4+ n can be denoted as

V=V, ®V3 (5.17)

As above, let V, have structure group SU(2) and c¢3(V2) = 4 + r, while V3 has structure
group SU(3) and c2(V3) =8 +n —r.

Using the spectral cover construction as described in the previous section, the vector
bundle V in (5.17) can be described as a reducible spectral cover, Sy = S USs of the form
given in (5.6), inside the elliptically fibered K3 surface. Explicitly,

Sy = (a0 Z* + as X)(boZ3 + bo X Z +b3Y) =0 (5.18)

where the degrees of the functions a; and b; (over the P! base) are

ag~4+r bp~8+n—r (5.19)
as ~r by ~4d+n—r (5.20)
b3 ~2+n—r (5.21)

A key to matching these 5 functions with those in (5.15) is to note that the 20’s of SU(6)
are located at the zeros of as and the 15’s at the zeros of b3. It follows by inspection
of (3.16) and (3.17) then, that the parameter matching takes the form

agp | ag b() b2 b3 (5 22)
~lpa| BIA|V |« )
This matches with the association made in table 3.
Re-writing the spectral cover in this notation we have:
Sy = (2 2%+ BX)NZ2 +vXZ +aY) =0 (5.23)

It is important to recall here that the matching in (5.22) is only up to proportionality. There
may be constants/normalization in this matching that could be significant in understanding
the dual pair; we return to this topic below.
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Finally, as observed above, it can be verified that the charged matter spectrum of the
SU(6) theory is readily understood in terms of the spectral cover as the loci where o = 0
(15 representations), § = 0 (20s)and the points where S1 NSz (6s). The matter transitions
corresponding to (5.8) in this case exactly match those found in the F-theory geometry
given in section 3. Recall, from section 3.3 the transition was realized via

a— ad,
v—av, (5.24)

A —a).

which corresponds to the separation of a small instanton from the SU(3) bundle V5 in (5.23).
This was followed by a deformation which deformed the instanton into a smooth SU(2)
bundle Vj:

aB — B, (5.25)

ags — .

exactly as expected from (5.23). Given this exact matching between the parameter spaces
of the heterotic and F-theory descriptions, we can clearly follow the heterotic transition
just as the F-theory transition along a one-parameter family of theories with the parameter
€ = 0 at the superconformal point and taking positive and negative signs for the theories
with two different matter contents.

5.5 SU(7) tuning

In this section we explore heterotic/F-theory dual pairs in the SU(7) theory. Unlike the
case of SU(6) given above, here the spectral cover is not a simple factorization of the
form (5.10) and (5.18), but a more interesting and complex object. To begin, we will
compare the tunings/symmetry enhancements described in sections 3 and 4 for SU(7)
gauge symmetry. Recall that from (3.29) and (3.30), the tuning taking SU(6) — SU(7) is
given by

b2 = 312 + wé? (5.26)
B = o
A= 1C1242 - ilew + 152(200 + A16%¢
3 18 9
v = (26" + G
a =€

and the “middle” coefficients that will be related (in the stable degeneration limit) to the
heterotic Weierstrass model, (5.5) take the form:

1
f1=—6CA — EwQ + 1h4 62 (5.27)
1
g6 = m(—sﬁ F501Co4+9720%M1? =36 567 1€ — 9 £60°6% —108(1ps — 1081 A\iw — 366 ¢paw —w? )
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The key question that must be addressed is whether or not this choice of complex
structure corresponds in the heterotic theory to the deformation (i.e. splitting) of vector
bundles required by this symmetry enhancement described in section 4.1.27

First, it is useful to briefly review the enhancement of symmetry from the point of
view of vector bundle geometry in the heterotic theory. As in (5.17), the reducible bundle
with structure group SU(2) x SU(3) leading to commutant SU(6) C Eg is

V=V®Vs (5.28)

From section 4, we recall that in the transition from SU(6) — SU(7) the heterotic bundle
structure group must reduce from SU(2) x SU(3) to S[U(2) x U(1)] via the “splitting” of
the bundles Vs, V3:

Vo = L& LY (5.29)
V3 — LY Uy (5.30)

where L is a line bundle and ¢; (Uz) = ¢1(L) (i.e. Us is a U(2) bundle). The commutant of
SU(7) C Es is SU(2) x U(1) and the underlying (fundamental) bundle geometry is £V &Us
(the decomposition of Vs above is simply auxiliary information in this case).

To match the tuning in the heterotic and F-theory descriptions, the first step is to
consider how such a decomposition is manifest when the bundle V = Vs & V3 is described
via a spectral cover as in (5.23). Can we match this decomposition to the enhancement
given in (5.26)? For a bundle described via a smooth spectral cover,® decomposition of the
vector bundle into a direct sum usually corresponds to factorization of the spectral cover
(i.e. the spectral cover becomes reducible). In the case above, it is clear from (5.29) that
the SU(2) portion of the bundle must split into a sum of two line bundles. As it turns
out, this decomposition into Abelian components is a particularly subtle process from the
point of view of a spectral cover description [55, 60, 68]. A well-behaved (i.e. smooth)
spectral cover (corresponding to a rank N vector bundle) intersects each fiber at exactly N
points. Thus, by definition, a smooth spectral cover associated to a line bundle must be a
1-sheeted cover of the base, intersecting each fiber exactly once. This however, is a familiar
object in the fibration geometry: such a 1-sheeted cover is in fact a section of the elliptic
fibration. It is important to note that it is not the case that any line bundle produces a
section of the fibration under Fourier-Mukai transform. Instead, generic line bundles lead
to singular/vertical spectral covers.? However, it is the case that any smooth 1-sheeted
cover of the base (describing a line bundle) is also a section to the elliptic fibration.

Returning again to the expected geometry, it is clear from (5.29) that upon tuning
SU(6) — SU(7) the SU(2) bundle should decompose as a sum of a line bundle and its dual.
As a result, if such a bundle can be described as a smooth spectral cover, this should in
turn correspond to an extra section appearing in the K3 geometry. In this vein, a sum of
the form (£ @ L£Y) should correspond to a section and the “inverse” of that section (i.e,
two sections leading to marked points on each elliptic fiber with coordinates [X', Y, Z] and
(X" Y" —Z] which sum to the zero section under the addition law of the elliptic curve).

3T.e. for so-called “regular” bundles [60, 67].
“In some cases these can correspond to so-called “T-brane” solutions [69]. See also section 7.9 of [20].
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5.5.1 The heterotic K3 geometry

As described above, an SU(7) gauge symmetry must correspond to the reduction of an
SU(2) bundle structure group to S[U(1) x U(1)], which after Fourier-Mukai transform will
correspond to 1-sheeted spectral covers of the base P! € K3. As a result, an SU(7)
symmetry in the heterotic theory does not allow the form of the spectral cover and that of
the K3 surface to be considered separately. They are intrinsically correlated and a generic
SU(7) tuned F-theory geometry (with a heterotic dual) should lead to an enhanced Mordell-
WEeil group in the dual K3 geometry. To investigate this expectation we first consider the
form of the Weierstrass coefficients f; and g¢ from (5.27). If this K3 geometry has an
additional rational section (i.e. Mordell-Weil rank 1), then as derived in [70] it must be
possible to write it in the following general form (see eq. (B.19) of [70]):

52612

4

022

1 2 2
y?=Xx3 + <6163 — bQC[) — 3) xz4 + <60032 — —cjc203 + 7023 — §b26062 + A

(5.31)

3 27

for some functions c;, b.

However, before comparing to (5.27), care must be taken with the stable degeneration
limit. In matching the degrees of freedom in the heterotic and F-theory geometries, it
is necessary to take the limit described above in (5.2) and (5.4) in which the F-theory
geometry undergoes stable degeneration. In this case we hope to compare the coefficients
of f; with 0 <i < 3 and g; with 0 < j < 5 with the data of the spectral cover in (5.23)
(subject to the tuning in (5.26)) and (5.5) with the coefficients of f4 and gg given in (5.27).
However, as described in section 5.1, we must consider the powers of ¢ present in each
term in the Weierstrass model in the limit that ¢ — 0. In fact, for the SU(7) solution,
g6 (5.27) has been tuned in terms of f5 and fg, both of which carry additional powers of e.
As a result, this dependence must be taken into account in the e limits, where the terms
dependent on f5 and fg vanish. Here the stable degeneration limit leads to a modified form
for the “middle” coefficients in (5.27):

1
f4 — —6(1A1 — —12w2 + 1/14(52 (532)
1
g6 = 7og (9720°A0% — 108¢Tu — 108G Aw — 368% 4w — ) (5.33)

It is these values that we must take as defining the heterotic base geometry (5.5) in the
stable degeneration limit. That is, this elliptically fibered K3 forms the divisor D along
which Y7 and Y3 are glued in (5.2).

Remarkably, an inspection of (5.33) shows that it is of precisely the form required
by (5.31). The exact matching to the general two-section Weierstrass model is

co =Yy (5.34)
c1 = (6i)\

co =—(1/2)w

c3 = (1)

b==£(:)d
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Choosing the sign identification of b = —id, then the fiber coordinate of the new section
in the K3 geometry is

1 1
(X,Y,Z] = -5 (3G1% + 6%w) i <g13 + 5@5% - 3/\164> , —w] (5.35)

With these observations in hand, it is at last possible to compare the tuning given
in (5.26) to the spectral cover and the expected bundle geometry in (5.29) and (5.30).

5.5.2 SU(7) symmetry and the spectral cover

We must begin by substituting the tuning (5.26) into the general SU(6) spectral cover
in (5.23). But first, it will be convenient for to choose the constants of proportionality
that were left free in (5.22) through specific normalization (this normalization choice is not
physically significant, but will merely serve to provide the clearest interpretation of the
degrees of freedom in the dual theories):

ap = ¢9 (5.36)
as = —30

bp = —3A

by =v

bs = —«

With these choices, the tuning of the complex structure in F-theory given by (5.26) can be
substituted into the heterotic spectral cover in (5.23), to yield a new spectral cover:

((3¢ + 0*w) 2% — 36%X)) x (5.37)
1 1 1
(—3 (3(12@ — Eggw + §52§2w + )\152§> Z3 4+ ((0° + (EXZ — 5§Y> =0
Which can be re-written as

((3¢¢ + 0*w) 2% — 36°X) x (5.38)

(—%Z (3¢ + 6°w) 2% — 36%X) + ¢ [—3(_118@0 +0°M) 2+ (X Z - 6YD =0

If the degrees of freedom have been paired correctly in the dual theories, this new spectral
cover must be exactly the Fourier-Mukai transform of the reduced bundle geometry given
in (5.29) and (5.30).

To verify this, consider first the SU(2) component of the spectral cover. This vanishes

on the locus 1

352
But by inspection, this is exactly the constraint yielding the additional rational sections

X = — (3¢ + 6°w) 22 (5.39)

given in (5.35)! As expected, it is clear that over every point on the base, the two roots of
the SU(2) spectral cover sweep out precisely the new section and its “inverse” under the
addition law of the elliptic curve (replacing Z = —id with Z = +id). Now, since the new

— 59 —



sections are “horizontal” in the K3 elliptic fibration, they intersect each fiber exactly once
and at equal and opposite points on the elliptic curve relative to the zero section (located
at Z = 0). As a result, in the Fourier-Mukai transform this is exactly a pair of line bundles
of the form

Lo LY (5.40)

Thus, the tuning of (5.26), the enhanced rational sections of the elliptically fibered K3 and
the SU(2) component of the spectral cover exactly match the expectation of the bundle
decomposition given in (5.29). All that remains then, is to examine the SU(3) component
of the spectral cover.

Not only must the SU(3) component also decompose, it is clear by inspection of (5.29)
and (5.30) that one line bundle factor (L") is repeated in both the SU(2) and SU(3)
components of the reducible bundle. In the spectral cover description, we have seen that
the two roots of the SU(2) spectral cover have formed into a pair (corresponding to a line
bundle and its dual) and now it must be verified that at least one of those roots has also
become a root of the SU(3) spectral cover.

Inspecting (5.38), it is clear that the form of the SU(3) component on the locus
where (5.39) is satisfied (i.e. the roots of the SU(2) factor) reduces to

¢ [3 <118C1w + 5%) 224+ 0XZ—-6Y| =0 (5.41)

We can now ask, does this vanish along either of the roots of (5.39)? Substituting the
new section of the K3 fibration (5.35) (i.e. the root with Z coordinate Z = —id) into the
remaining expression in (5.41), we find that it vanishes identically. Thus, our expectations
are fully verified and a single SU(2) root is now overlapping with one root of the SU(3)
spectral cover. Moreover it is easy to verify that this expression does not vanish on the
other SU(2) root (with Z = +4id) as required. The remaining two roots of the SU(3)
component are distinct and correspond to the expected rank 2 bundle in the heterotic
geometry given in (5.30).

Thus far, on this locus, the correspondence is perfect between the F-theory Weierstrass
data, the heterotic bundle geometry, and the spectral cover description. There is only one
remaining element to be considered and this is the presence of a Green-Schwarz massive
U(1) in the heterotic effective theory.

From group theory alone, the reducible bundle V = LY + Uy with ¢1(Us) = ¢1(L)
given in (5.30) has structure group S(U(2) x U(1)) and within Eg this gives rise to a
commutant SU(7) x U(1). That is, at the level of group theory, any SU(7) symmetry
arising in a heterotic theory must be accompanied by an additional abelian gauge symmetry.
Generically, by the Green-Schwarz mechanism, this enhanced U(1) couples to the Kéhler
axions of the base CY geometry (which transforms via shift symmetries) and becomes
massive (see [47-50, 52]). Since the presence of Green-Schwarz massive U(1)s in F-theory
has been the topic of much recent interest (see for example [71-78]), we turn now to the
appearance of this enhanced U(1) in heterotic/F-theory pair described above.
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5.5.3 SU(7) and Green-Schwarz massive U(1)s

As described in the previous subsection, the presence of an enhanced U(1) symmetry in
the heterotic theory is unavoidable (by group theory within Eg). How then, are we to
understand this U(1) from the point of view of F-theory? To explore this, consider the
stable degeneration limit Y — Y1) Up Y as described in section 5.1 and (5.2), and the
Weierstrass model of Y1) corresponding to the physics of a single Fg factor of the heterotic
effective theory. In this limit, the Weierstrass coefficients of Y1) are given by

51254 1 10 ) 1 . ;
+ %02 (—26°C* — 48°¢iGot — 89w — 55¢1%¢%)
o (‘254ng = 36IALE - 267G %G — %62@5@ - C13§>
2
4 2 o B i
and
61866 1 16 ~ ¢4 14 ¢5
9~ ger T (0768 +07GE) (5.43)
- %02 (461:%€2 + 8521 (o€® + 6126 hw + 701G %€ ")
+ 750" (165265 485700 26 4245 %+ 545100 € +1205°G 2 (o8 +155°G %+ T00°G, %)
+ LU4(3268C22W+1446842)\1§ — 1268£2w4+96(56C12C22+40(56C1<2£w+21656<1A1€2+5(56€2u}2

144
+ 14464¢1 36 +3204¢1 22w 48402, *6?)

1
+ %05(—1256C2¢4+7264§1§2)\1 — 12641 Epa+50%Cow? +3604 N Ew—+246%C1 2 Cow+ 1806212 M\ €
— 6°Créw® + 361" G2 — 6¢1°¢w)

1 f
+ ﬁ"6 (97262 X% — 366%¢psw — 108(1%1hs — 108¢ Mw — w?)

where o = 0 defines a section of the P! fiber of the F-theory base geometry (recall o = 0
and o = oo mark the locations of the symmetry groups arising from each FEg factor).

By group theory alone, the U(1) accompanying the SU(7) in the heterotic theory
should be visible in this limit. How then do we see it? Remarkably, we find that the U(1)
is very much present in this limit! Let us compare once more to the generic two-section
Weierstrass model given in (5.31). We will see that in fact an additional section, and hence
U(1) symmetry has become visible in the entire Weierstrass model of Y (1),

As in section 5.5.1, we must establish the dictionary that puts the coefficients given
in (5.42) and (5.43) into the form necessary for a generic two-section model, (5.31). Here
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we find that this correspondence can be achieved by one of two choices. First,

co = —%56@202 + (=GR - %52@))03 + 1o (5.44)
o = %m%éa +i(62CG + CRE+ %52&)02 +6idio” (5.45)
er = 0 4 (10 + e — Juo? (5.46)
es = 2o+ i (547)
b= —ib (5.48)

The second choice for a variable change arises from the freedom associated to a Weierstrass
model with Mordell-Weil rank 2 (i.e. the freedom to define which, of the section S; and it’s
inverse —S7, we choose to call “positive” in the elliptic addition law). The other solution is

0= (~30°G - 106 ~ °E67) o + (~Cha — 50% — 6Nag) o + ot (5.49)

=i <;56g25 + 544152> o+i (52g1<2 + e — 252@;) 0% + 6irio° (5.50)
ey — 35652 + (—;54@ - 252g1§> - %MQ (5.51)
c3 = —%545 +i1o (5.52)

b= —id (5.53)

Either of these two solutions makes it clear that in the stable degeneration limit, ¥ (!) has
a non-trivial Mordell-Weil group and a new rational section. Once again, in the stable
degeneration limit and from the section addition law of the elliptic fiber of the dPy fiber
of Y this U(1) symmetry was expected to arise and it is gratifying to see it manifestly
appear. It only remains then to understand in the F-theory geometry how to understand the
Green-Schwarz massive nature of this Abelian symmetry. We will return to this question
in a following section.

5.5.4 SU(7) matter transitions

For SU(7) it is possible to once again compare the realization of F-theory matter transitions
with heterotic small instanton transitions. From the F-theory geometry in section 3.3, a
matter transition of the form (3.57):

3 X H + 3 X[J+ 8 x 1 — Superconformal Matter — @—i— 8§xO+1, (5.54)
is realized by first deforming
¢ — a’¢ (5.55)
(= a'Gy
)\1 — aXl
by — a*Y)
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and then tuning further so that the common factor is then absorbed into § and (;:

ad — &' (5.56)

ai — (1

In the heterotic geometry this should correspond to removing m point-like instantons (tak-
ing a to be a degree m polynomial over P! above) from either factor of the reducible bundle
L & Us in (5.30) and then smoothing them back into a new sum £’ & U. Let us consider
this from the point of view of the spectral cover given in (5.37):

(3¢ + 6%w)Z? — 36 X)) x (5.57)

(_3 (;@2@ ~ G+ Gw+ Ala‘%) 254 (G0 + GEXZ - 5£Y> =0

Recall that this corresponds to the bundle geometry (£ & LY) @ (LY & Us). Substituting
the tuning of (5.55) into (5.57) above we find a transitional spectral cover

((3¢¢ + 6%w) Z? — 352 X)) x (a*)x (5.58)

( — 3@(@2)(12@ — 1—18(a)C1§w + %(a2)52§2w + Al(a2)62§) z3

(@) + (a)(1E)X Z — (a)é{Y) —0

This is precisely of the form required to consistently allow ¢ and (; to each absorb a factor
of a (as in (5.56)) and return the spectral cover to its canonical form of (5.37) but with
the degrees of the relevant functions shifted.

The remarkable observation to be made is that it is clear from the quadratic terms
in this spectral cover that the only transitions possible are ones which involve a perfect
square vertical factor (a?) as above. That is, the only consistent transitions must involve
an even number of point-like instantons. This exactly matches the observations made in
section 4.2 (and under (4.39)) on the smooth heterotic geometry, even-ness of Chern classes
and the particle content of the SU(7) heterotic theory on K3. Finally it should be noted
that the transition above clearly deforms the dPy-fibered 3-fold Y1) as well as the class
of the enhanced sections to the elliptic fibrations (with non-trivial Mordell-Weil group) of
the elliptically fibered K3 surface. As a result, its impact on the dual heterotic/F-theory
pair is more substantial than in the case of SU(6) theories.

5.6 SU(8) tuning

In this section, we will repeat the symmetry enhancement analysis described above for
the tuning of SU(7) — SU(8). Once again, we return to the F-theory tuning described in
section 3 for SU(8) gauge symmetry.
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Recall that from section 3.2.3, the tuning taking SU(7) — SU(8) is given by

§=68r (5.59)
2
G =%+ ST
G =GT
w = 6%w1 + 4¢3¢
A = 82 hor — C4T6°"1

52wy

Yy = 04y — 60%C3Ng —

f5 = 6%s + 2

- T12(_7254A2¢4 45 s — 166%C3Catbs + 1662Caw g + 16(3Ca%ha — 120427240
—46%¢s fo — 654 Cafe + M0 (= f1)77)

— 3 AoT?

g7

and again the “middle” coefficients (fy, g¢) will be related (in the stable degeneration limit)
to the heterotic Weierstrass model.

As described in section 5.1, it is clear that the SU(8) symmetry depends on a Weier-
strass model with structure that is spread across both “halves” of the F-theory base geom-
etry and not easily localized on a single patch of the P! fiber. Unlike in SU(NV) heterotic/F-
theory dual pairs with N < 5, care must be taken in the stable degeneration limit.

In order to take the stable degeneration limit described by (5.4), specifying the overall
powers of € in each Weierstrass coefficient f;, g; is not sufficient. Since f5, g7 are determined
by the functions &, (2, (1, ... above, it it must further be specified how these functions are
chosen to scale so that f5, g7 — 0 in the ¢ — 0 limit.

A Groebner-basis calculation (using [79]) demonstrates that there are three possible
paths to the stable degeneration limit in this case corresponding to

1. 5, ¢4 — 0
2. (4, 0 >0
3. (Gs®da — 24N 64° — T205% — dbswi4®) — 0
As argued in appendix B, in fact only the first of these paths leads to a smooth K3 surface

in the dual heterotic theory.

Thus, the appropriate limit to take which leads to a smooth, weakly coupled (pertur-
bative) heterotic theory with SU(8) symmetry is

Y5 =0, foe—0, ¢a—0, fr—0 (5.60)
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In this case then, the form of the SU(8) Weierstrass model of Y (1) is given by

52074 lag, o lag. 4
f~= 18 +o <—65 (377 — 15 CaT ) (5.61)
+ %02 (—46"2¢5% — 26" 72wy — 200'0¢3¢aT? — 156%¢4 %) (5.62)
2 8
+03 <—358C3w1 — 368 \y72 — 55%32(4 — 45%¢3¢% % — 252@374) (5.63)

4¢3%¢2
3

54(4}12 2

5~ 552C3C4w1 — 952 NaT? —

+ ot (654C3)\2 - + 4427%1) (5.64)

and

53076 1 1 1
g~ 861 +0<72(526<374+48524C47’6>+7202(4(522<32T2+(5227’4w1+16520C3C4T4+12518C427’6)

+%a3 (80"8¢5+126" Cam2w1 276" Ao 7 +846"0 (5 (477 4950 Cartn
+1446M ¢3¢0 > +726"%¢4%70)

%04(851443%1 +546 4¢3 Ao 2 +2614 72001 2 432012 (33 ¢4 422012 3w +-816 2y Mg T
+1166"°¢3% ¢ 72 4+3610Cs w1 +1206%¢3 (s 7 +456%¢, 1)
—|—%05(72610C32>\2+8610§3w12+36610)\272w1 +4068¢32Caw1 436008 C3CaNaT2 +8085¢33¢42
+27089C4* Mo +1206% 524377 — 306G Thwr +605°Cals 7 +18¢4°7°)

1
+——0%(2160°C3 Aow1 +9720% X072 +86%w1 ® +8646% (32 Cu Ao +246" (3Cawn

108
— 3246% a2 wr — 486232 4w +6488% (3¢ P Ao+ 720242 T2 w1 2 — 64¢33¢43
+72¢3¢3 T2 w1 + 324¢43 o) (5.65)

A remarkable observation can be made at this stage by considering the coefficients of o*
in f and % in g above. In this limit, the heterotic K3 surface is defined by

w2 2 4¢32¢42
fa= <—654<3A2 - 31 - ga%ggm — 952y hor? — % + 44%%1) (5.66)
1
9 =108 (2166%¢3 owr + 9720509272 + 855w1® + 86454 ¢32CuNa + 246* (3Cawn
— 3246% oWy — 4862 (3242w + 6485%¢3Cu % NaT? + 7262 C4 2 T2 ? — 64¢33¢,3
+ 72¢63 TP wr + 324¢3 AaT?) (5.67)

which leads to a discriminant locus for the K3 of the form

Ags = — (—30%2 + 64Cawn + 26%Ca¢s® + ¢4372)°
x (9633 N\ + 4G3%w1? — 108G Aam°wr — 24300274 — 472w, ?) (5.68)

Inspection of this discriminant leads us to an immediate and important observation. As
we have constructed this SU(8) solution thus far, it is clear that the discriminant in (5.68)

— 65 —



is generically singular. As a result, the generic heterotic dual of the SU(8) F-theory Weier-
strass model defined in (5.59) must be generically non-perturbative. But from section 4.1.3
it is clear that perturbative SU(8) heterotic theories do exist. It is natural to inquire then,
under what circumstances could we find a perturbative heterotic dual to (5.59)7 By inspec-
tion of (5.68) it is clear that the K3 surface will be singular unless the first quadratic factor
in the determinant is in fact a constant. Consulting table 5, the degrees of the functions
appearing in this term are given by

Ao G | wi (3 T
4+r—n|3r—m|d—rin+4—3r n—|—2—5§

(5.69)

| O,

degree

Thus, the quadratic factor (—3(56)\2+54(4w1 —1—2(52(3(424—(4372)2 in (5.68) will be a
(generically non-zero) constant if 4(r + 1) = n. In this section r = 2rg and thus the
non-trivial condition on the spectrum is that

A(2rs +1) =n (5.70)

which is precisely the integer restriction seen to determine the topology of the bundles
V = L& LY in section 4.1.3! (See (4.15) and the following equations for the restricted
spectrum.) As a result, we see a perfect correspondence between those SU(8) F-theory
solutions which have a perturbative heterotic dual, as well as the origin of generically
non-perturbative heterotic duals with singular K3 surfaces.

All that remains is to match the spectral cover associated to the tuned complex struc-
ture in (5.59) to the bundle geometry given in section 4.1.3. What do we expect to happen
to the spectral cover in this case? From the bundle analysis in section 4.1.3, we expect the
S[U(2) x U(1)] bundle from (5.30) to decompose further into a sum of line bundles with
structure group S[U(1) x U(1)] as

LU — LD (LoLE?) (5.71)

In the spectral cover then, one must once again consider the possible overlapping of roots
for the order 2 component. Under the tuning given in (5.59) the SU(7) spectral cover
of (5.38) specializes further to

((3(¢am) + 6(0%wn + 4(364)) 2% — 35°X) x (5.72)
1 52 C47—2
<3 < (3 + 5

e {_3< — (GNP + 4G + 07 <52>\27 - 4476“1»23 +GrXZ - 54 ) =0

)Z ((3¢a7? + 6%(6%w1 +4¢3¢4)) 2% — 36°X)

The essential structure of the enhanced Mordell-Weil group of both the heterotic K3
surface and Y1) are both preserved in the present case. For the K3 geometry, on the patch
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Z =1, the rational section is now defined by

(0%w1 + 4¢3¢s) + 3¢4>T2

52
X — 352 ,

L0%Gar (% +4GsC) — 36" (807 — 4222) 4 (079
63

v Z 1|  (5.73)

In order to make the correspondence between (5.71) and (5.72), we need to demonstrate
that if the line bundle £ corresponds to the rational section S, then —25; (corresponding
to £Y®?) is now a root of (5.71). Given the rational section, S; in (5.73), we need first
to determine the coordinates of —25; under the addition law of the elliptic fiber. This
addition is reviewed in appendix A. Using these standard techniques, —257 can be found
to correspond to the points on the fiber given by

R C RO R B (3C4
[X — ) + 152 - 526 w1 + T, (574)
86% (¢33 — G37%w1 — Bham?) + 46%Cur? (% — T2wr) — 282G3¢ 2Tt — (PO
Y — ,
8373
Z —1

Finally, then it is possible to substitute this point into the spectral cover given by (5.72)
and verify that it vanishes identically. Thus, as expected, the vector bundle has reduced
to two copies of the rational section S and one of —25] which corresponds exactly to the
required bundle geometry: £ @ (L @ £V®2).

As pointed out in section 4.2, due to the restricted spectrum imposed by the condition
for a smooth K3 manifold, (5.70) matter transitions are not possible in this stable degen-
eration limit. If we allow for singular K3 surfaces the analysis is of the same form as those
for SU(7) given in section 5.5.4 above.

We turn now to other Higgsing transitions in the language of spectral covers.

5.7 Higgsing on antisymmetric matter

In this section we briefly review the deformations of spectral covers corresponding to Hig-
gsing on antisymmetric matter in the SU(6),SU(7) and SU(8) theories described in the
previous sections. Such Higgsing chains are surprisingly simple in the language of spectral
covers

Consider a heterotic gauge bundle V = V| @V, with reducible structure group G x Gbs.
As discussed above, this can be described via a (possibly further reducible) spectral cover
with structure group SU(n) x SU(m):

SIUSy = (agZ" + ...anX 2 )(boZ™ + .. .bp X" Y) (5.75)

(illustrating here the case where n is even and m is odd).
Then Higgsing on an antisymmetric tensor field corresponds to non-trivial deformations of
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either
Vi@ Okgs =V (5.76)

or
Vo® O3 — V' (5.77)

In the language of spectral covers, these deformations correspond to
S1 = (02" @, . anY +ap 1 X TY) or Sy — (boZ™ @, by Y +bppr X 2) (5.78)
controlled by the coefficients a1 and by,41 respectively.

5.8 Comments on Green-Schwarz massive U(1)s

The nature of the Green-Schwarz massive U(1) symmetries of the previous section pro-
vides an intriguing puzzle in heterotic/F-theory duality. In the heterotic theory, the U(1)
symmetries are required by the group theory of Eg subgroups alone. The fact that they
generically become massive arises from a separate field theory mechanism: namely the
transformation of K&hler axions under U(1) shift symmetries. Since the U(1) symmetry
is clearly visible in the Weierstrass model of Y'(!) in the stable degeneration limit (5.2) it
is natural to ask: how can we understand the origin of its mass term in F-theory? While
we leave a systematic study of this question to future work, for now we simply raise two
possibilities:

1. In 6-dimensional compactifications of F-theory the presence of massless U(1) sym-
metries is controlled by the structure of the Mordell-Weil group of Y, the CY 3-fold.
Since in all the cases studied here the U(1) is present only in “half” the geometry
(Y (1), one should not view this as generating a massless U(1). This agrees with the
analysis of [78]. In particular only in the limit where ¢ = 0 would this become truly
massless. To some extent this agrees with the expectation in the heterotic theory
since the non-trivial mass terms scale as 1/(Kahler modulus) [49] and in the limit of
strictly infinite volume these would vanish.

2. The geometric origin of the heterotic U(1) mass term is separate from the group
theory of the elliptic fibration. Thus, it is possible that in F-theory the mass originates
(even in 6-dimensions) from a source entirely separate to the holomorphic geometry
of Y (i.e. a “Stuckelberg” mechanism [71, 73-75]).

The clarification of these possibilities is an intriguing area to study further. For now, though
we make one final observation: it should be noted that the presence of U(1) symmetries in
the stable degeneration limit is itself a subtle thing.> We give a brief illustration of some
of the uncertainty that may arise in appendix C.

"While this paper was in the final stages of preparation we became aware of the work of [78] which is
also focused on the question of massless and Green-Schwarz massive U(1) symmetries in heterotic/F-theory
duality and has some overlap with the content of this section and appendix C.
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6 Matter transitions in other gauge groups

In the preceding sections we have focused on matter transitions involving gauge groups
SU(N) with N = 6,7,8 and 3-antisymmetric (A3) representations. There are a variety of
other situations where similar transitions can occur. Here we explore a few such cases,
particularly those related to the SU(N) A3 matter transitions. These include models with
Sp(3) and SO(12) gauge groups, and a class of SU(3) transitions involving matter in the
symmetric representation, where there is an intricate structure to the Weierstrass model
similar to that found recently in [80]. The existence of distinct families of Sp(3), SO(12),
and SU(3) models with varying matter content was recognized in [14]; we explore here the
explicit connection of these models through matter transitions and comment on general-
izations to other related models.

6.1 Sp(/N) matter transitions

6.1.1 Field theory

While breaking an SU(N) theory on a pair of k-index antisymmetric representations gives
a theory with gauge group SU(N — k) x SU(k), it is also possible to Higgs SU(2k) on a
single A? representation, giving the breaking

SU(2k) — Sp(k) . (6.1)

In this case, the Higgs field takes the VEV ® = J, where J is the antisymmetric matrix
defining Sp(NN) through [h, J] = 0 for h € SU(N). For SU(6), this breaking gives a branch-
ing of representations 20 — 14’ 4+ 6 and 15 — 14 + 1. The SU(6) blocks (2.14) thus are
Higgsed to Sp(3) blocks

(16 +2n +3r/2) x 6 + (r/2) x 14"+ (1 +n—7) x 14. (6.2)

The transition (2.9) becomes a transition between Sp(3) representations

1 3
514/+§6<—>14+2X1. (6.3)

Similarly, for SU(8) there is a breaking

SU(8) — Sp(4) (6.4)
56 — 48 + 8 (6.5)
28 — 27 +1 (6.6)

8 — 81, (6.7)

from which we expect an Sp(4) transition that follows from (2.11)
484+ 10x 84 x274+20x 1. (6.8)

Note that the 70 of SU(8) branches to 42 + 27 + 1, so we would expect SU(8) with a A*
representation to break to an Sp(4) with a matter field in the 42 representation.
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Representation Cohomology Multiplicity
14/ H(W) co(Vo) — 4
6 H(Vy @ V) Tea(Va) + 2¢2 (V) — 28
14 HY(W) ca(Vh) — 14
1 H'(Endo(V2)) @ HY(Endo(V5)) | (4ea(Va) — 6) + (dea(Vh) — 28)

Table 20. The cohomology associated to each representation of the low-energy gauge group Sp(3).

6.1.2 F-theory

From the F-theory point of view, the Sp(k) and SU(2k) models are very closely related.
Both come from a Kodaira type I singularity, the only difference is whether it is a “split”
type singularity or not. At the level of the Weierstrass model, the Higgsing is achieved
by allowing ¢2 to deform into an irreducible polynomial ¢ in the tunings of section 3.2.
This deformation must be associated with an analogous deformation of «,f in (3.10).
Specifically, a? is allowed to deform into the irreducible polynomial h, while 3 is unchanged.
With this modification, all the tuning, transition, and Higgsing analysis for SU(6) goes
through unchanged for Sp(3). The story would be more complicated for SU(8), where «
and S themselves are decomposed into further components.

6.1.3 Heterotic description

From the heterotic point of view the Sp(/N) matter transitions can be computed using
techniques similar to those in section 4. Looking at the Sp(3) case as an example, the
relevant group theory is as follows.

FEs D Sp(?)) X SU(Q) x Go (6.9)
248 = (1,3,1) + (21,1,1) + (14,2,1) + (6,2,7) + (14,1,7) + (1,1,14) (6.10)

We denote the SU(2) gauge bundle by Vs and the Gy gauge bundle by V). We then have
the correspondence between representations and cohomologies, and derive from this the
multiplicities of matter representations, as given in table 20.

Computing the total number of hyper multiplets from the data in table 20 we obtain
the familiar anomaly cancelation condition.

ng + 29y —ny = 273 (6.11)
1 1
= CQ(VQ) + 502(1}5) + @CQ(EHdO(VEég)) =24

From equation (6.11) and table 20 we see that the following matter transition between
full hypermultiplets is possible upon small instanton transition (recalling that all of the
representations involved are real).

1 ., 3
5 X 14+ D x 60 x1442x1 (6.12)

This is precisely of the form (6.3) expected from field theory considerations.
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6.2 SO(N) models

There are two ways in which SO(N) models may exhibit transitions like those described
for SU(N) groups in the earlier sections. One is for SO(N) models with matter in the
analogue of the A3 representation. For example, for SO(12), which has the self-conjugate
spinorial representations 32 and 32’ there are blocks

44+n—r

(r/2) X324 ——— x 32+ (n+8) x 12, (6.13)

and associated transitions ) )
~32 & =32, 6.14
5 5 (6.14)

These representations branch to the representations in the SU(6) transition (2.9) under
the embedding SU(6) C SO(12). In the F-theory picture this transition follows much
like the SU(6) transition, and can be constructed by taking o — 0 in the general SU(6)
tuning (3.16), (3.17). The 132 and 132’ representations are respectively given by the
loci 8 =0 =0 and v = ¢ = 0, and the transition involves transferring factors between
v, \ and (3, ¢y. Like the previous transitions considered, the SO(12) transition involves
passing through a superconformal point. In the heterotic picture the SO(12) models can
be constructed by taking an Fg bundle with structure group SU(2) x SU(2), as explained
in section 5.3. These models, and similar constructions for SO(14), etc. are similar in
principle to the models already considered, with similar features on both the F-theory and
heterotic sides when applicable.

The heterotic picture, however, suggests another kind of SO(N) transition that may
occur when we construct bundles with a product structure group for the SO(32) theory.
For example, consider a SO(32) heterotic compactification on K3 in the presence of a gauge
bundle with SO(6) x SU(2) structure group. First we need the appropriate group theory.

SO(32) S SO(22) x SU(2) x SO(6) x SU(2) (6.15)
496 = (231,1,1,1) + (22,1,6,1) + (1,1,15,1) + (22,2,1,2)
+(1,2,6,2) +(1,3,1,1) +(1,1,1,3)

We will take the last two factors above to be those associated to the gauge bundle. In
particular we will describe the situation in terms of a SU(4) vector bundle V; and an SU(2)
bundle V. We are using an SU(4) rather than SO(6) structure group for ease of description.
We must account for this, however, in matching cohomologies to representations in the
decomposition (6.15) with the relevant cohomologies for determining matter multiplicities,
which are presented in table 21.

The anomaly cancellation condition nyg + 29nr — ny = 273 results in the following
condition in this case

CQ(Vl) -+ CQ(VQ) =24. (6.16)

Equation (6.16) is of course simply the 10D anomaly cancellation condition as it should be.
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Representation Cohomology Multiplicity
(22,1) HY(A?V) 2co(V1) — 12
(22,2) H (V) co(V2) — 4
(1,2) HY A2V, @ V) 4ea(V1) + 6ca (Vo) — 24
(1,1) H'(Endo(V1)) @ H'(Endo(Vs)) | 8ca(V1) — 30 + 4ca (Vo) — 6

Table 21. The cohomology associated to each representation of the low-energy gauge group

SO(22) x SU(2).

Using (6.16) and table 21, we see that, in terms of full multiplets, the following kind
of matter change can be implemented by small instanton transitions.

(22,1)+2x (1,1) & %(22,2) +(1,2) (6.17)

But small instantons behave differently in SO(32) theories than in Eg x Eg theories. Unlike
the superconformal points of the Eg x Eg models discussed earlier, the SO(32) small instan-
ton point leads to a new SU(2) symmetry that can be analyzed with field theory [66]. The
SO(22) x SU(2) transition can therefore be understood completely in terms of Higgsing
and unHiggsing transitions (see also [81, 82] for matter transitions of a similar nature), as
can be seen in its F-theory realization.

The matter content of table 21 suggests an F-theory compactification with base [Fy
where the SO(22) symmetry is tuned on a curve u = 0 of divisor class S. In fact, F-theory
models dual to SO(32) heterotic string theory can only be realized on [F4 [83]. Meanwhile,
the SU(2) symmetry should be tuned on a curve o = 0 of divisor class S + (4 + r)F, with
r = c2(V2) — 4 denoting the number of (22,2) half-multiplets. The global Weierstrass
model is then

y? =1+ ( - 4—18<I>2u2 + F10u6>:c + <8:54(I)3 3 1—12F1<I>Uu7 + 7302u10> . (6.18)
¢, F, and 2 are respectively sections of O(35+12F), O(S+ (20 —r)F'), and O(14 —r)F.

For a transition where 7 increases, F; and o develop a common factor a that is a
section of O(F) (Fi — aFi,v2 — avy2). a is then absorbed into o (ac — o), and the
divisor class of ¢ = 0 changes from S + rF to S + (r + 1)F. Immediately after absorbing
a, o is a reducible curve. ¢ can then be deformed into a non-reducible curve, completing
the transition. To perform the transition in the reverse direction, we let ¢ become ao and
reabsorb a into Fy and v, (i.e. aFy — Fy' and avys — o).

At the transition point, there is an additional Iy singularity on the a = 0 locus,
signaling the expected appearance of a new SU(2) symmetry. We will refer to this new
symmetry as SU(2), to distinguish it from the original SU(2) tuned on o = 0. There is
also matter charged under SU(2),, as a = 0 intersects the curves v = 0 and o = 0 once.
In terms of the SO(22) x SU(2) x SU(2), representations, this charged matter consists of
a half-multiplet of (22,1, 2,) matter and a full (1,2, 2,) multiplet; the a subscript is used
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to identify the SU(2), representations. The two sides of the transition correspond to the
two ways of Higgsing SU(2),. Giving a VEV to the (1,2, 2,) multiplet merges to the two
SU(2) symmetries into a single, diagonal SU(2), and the (22,1, 2,) half-multiplet reduces
to a half-multiplet of bifundamental (22, 2) matter. But when the (22,1, 2,) half-multiplet
is given a VEV, SU(2), is Higgsed separately from the original SU(2). As a result, the
(22,1, 2,) half-multiplet is left as a full (22,1) multiplet. Tracking the matter fully, the
total transition can be summarized as

(22,1) 42 x (1,2) +3 x (1,1) < %(22,2) +3x (1,2)+1x(1,1), (6.19)

reproducing the net matter change of equation (6.17). Even though the transition consists
only of Higgsing and unHiggsing transitions, the fact that 29 multiplets participate in
the transition suggests a parallel structure to the matter transitions mediated through
superconformal points, which may reflect the underlying small-instanton behavior.

A plethora of exotic transitions of this type are possible in different compactifications
of the SO(32) heterotic string. As in the SO(22) x SU(2) model, these transitions should
be described by phenomena accessible from field theory.

6.3 SU(3) with symmetric matter

A particularly interesting set of exotic matter representations are the representations of
SU(N) that have Young diagrams with more than one column. As described in [13], there
is a natural quantity g associated with any representation R of a simple Lie group G
that plays the role of a “genus” of the representation. The geometric interpretation of
this quantity is conjectured to be that when g > 0, for any representation other than the
adjoint, the representation R is realized in F-theory through a Kodaira singularity on a
divisor D that is itself singular, where g represents the arithmetic genus contribution of
the singularity to the curve D in the 6D case. This correspondence works most simply for
the symmetric representation of SU(N), which has g = 1, and which can be realized on a
double point singularity of D as first suggested by Sadov [84], described further in [5], and
recently confirmed through an explicit F-theory construction [80]. The explicit F-theory
construction of the symmetric matter representation of SU(3) has the unusual feature that
the Weierstrass model cannot be built from a standard generic Tate SU(3) construction;
rather, the vanishing of the discriminant to order 3 follows from a nontrivial cancellation
that involves the explicit algebraic structure of the singular divisor locus carrying the SU(3)
gauge group. Understanding matter transitions in this context gives further insight into
this story.

We can realize a symmetric representation of SU(3) by breaking Sp(3) into SU(3), or
more directly by breaking SU(6) into SU(3) x SU(3) and then breaking

SU(3) x SU(3) — SU(3) (6.20)

by Higgsing a bifundamental field. The anomaly equivalent matter representations in the
resulting theories exchange an adjoint (plus a singlet) with a symmetric and an antisym-
metric matter representation

8+1+6+3. (6.21)
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SU(6) Monodromy Sp(3)

> \ \ / I
Remove
Node
Y
SU(3) x SU(3) SU(3)
*—o *—0 > .‘—Q\ ,—,.

Figure 2. Higgsing chain involving SU(6), Sp(3), SU(3) x SU(3), and SU(3) along with associated
Dynkin diagrams. Dotted lines indicate nodes exchanged under monodromy. The Higgsing chain
involves two types of F-theory deformations that either introduce monodromy or remove the central
node in the Dynkin diagrams. The SU(3) singularity occurs when both types of deformations are
performed.

Thus, the generic SU(3) model with g adjoints and b-b = n (2.13) has anomaly equivalent
variations
(9g—r)8+176+ (184 6n—18g+1r)3. (6.22)

In F-theory,® the Higgsing chain for SU(6), Sp(3), and SU(3) x SU(3), illustrated in
figure 2, involves two distinct deformations. SU(6) is Higgsed to SU(3) x SU(3) by removing
the central node in the As Dynkin diagram. Meanwhile, the Sp(3) model is produced by
introducing monodromy effects in the SU(6) model that cause a Zg folding of the A5 Dynkin
diagram. The SU(3) symmetry is produced by applying both deformations to SU(6). One
can think of the SU(3) singularity as consisting of two As singularities that are mapped
onto each other through the monodromy-induced Zs folding. Thus, the two SU(3) algebras
in the SU(3) x SU(3) product model reduce to a single SU(3) algebra.

For an explicit construction of SU(3), consider an F-theory compactification with base
F,, and an SU(6) singularity tuned on a curve o = 0 of divisor class S, Using a strategy
similar to that of section 3.4.3, the SU(6) symmetry can then be Higgsed to SU(3) x SU(3),
with the two SU(3) singularities tuned on the curves

[e74]
+ —=0.
7+

This situation could be thought of as a single As singularity tuned on the reducible curve

®Here, we essentially describe the F-theory realization of the level-two SU(3) (or SU(3)2) discussed
in [14]. However, our notation differs slightly. We take n to refer to b - b or the self-intersection number
of the curve with the SU(3) singularity; in [14], n refers to the base F,. r is also smaller by 2 in our
conventions.
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since this curve can be reduced into the product of two components, it actually repre-
sents two distinct SU(3) algebras. The reducible curve can then be smoothed into a non-
factorizable quadratic polynomial in o, thereby reducing the product group to a single
SU(3). Specifically, a always appears in even powers in the SU(3) x SU(3) Weierstrass

2 can be consistently replaced with a parameter h. Note that this deformation

model, so «
is the same as that for the SU(6) — Sp(3) Higgsing process described earlier. Assuming that

neither h nor € is constant, the As singularity is now tuned on the non-factorizable curve
o — — =0, (6.23)

so the resulting gauge algebra is a single SU(3) tuned on the divisor class 25. The corre-
sponding Weierstrass model has

= —% (nB2+&v® + 4Bua)2 - é(%%)\u + s + (1857 + 202)0 ) (o - 1146%)
o) (o7 h4€%)2 +0(e - hf)s (6.24)
and
9= ﬁ(’lﬁ? £V 4 4fv0)
+% (h52 + e+ 461/0) (96%Au + hBs + (188X + 2U¢2)0) (GQ - hf)
+31—6 (S1E3N% + 13 + 86)20 — B(fa + f0) (hE” + D + 4300) ) (o7 - hf)Q
ol hf)s (6.25)

Taking the e; — 0 limit recovers the Sp(3) model, even though the Sp(3) model was
never directly used to find the SU(3) Weierstrass tuning. This fact confirms that our SU(3)
tuning agrees with the Higgsing chain given in figure 2, as we could reach the Sp(3) model
indirectly via SU(3) x SU(3) and SU(3). Moreover, we can directly see that the monodromy
“inherited” from the Sp(3) model is crucial in the SU(3) tuning. The SU(3) singularity
could alternatively be thought of as two As singularities tuned on the two curves

h1/261

+ —
o 5 0

However, the curves would interchange under the transformation h — e*™h, the same
transformation involved in the Sp(3) monodromy, and the two A subdiagrams should be
identified with one another. We are therefore left with a single SU(3) algebra, with the
h — €2™h transformation providing the Zs folding depicted in figure 2.

Turning to the matter content, a curve with divisor class 25 has a genus g given by

g:1+%(2g>~<KB+2§):m_1- (6.26)
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The SU(3) model therefore has a total of m — 1 charged multiplets in either the adjoint
or symmetric representation. Distinguishing between the two representations requires ex-
amining the two possible sources of double point singularities in the 2S curve: double
point singularities that can be deformed away contribute adjoint (8) matter, whereas non-
deformable double point singularities gives one [TJ (6) multiplet and one fundamental (3)
multiplet. The situation is the Higgsed version of a similar feature in the SU(3) x SU(3)
model, where there are subtle differences between the (3, 3) and (3, 3) bifundamental repre-
sentations [5]. There, the distinction between the two bifundamental representations does
not have significant physical implications. But upon Higgsing to SU(3), the two bifunda-
mentals branch to dramatically different representations, turning into either 8 +1 or 6 + 3.
From an F-theory perspective, monodromy identifies the nodes of the two Ay subdiagrams
in a particular way. With this identification, the redefinitions of the gauge algebras that
made the bifundamental representations essentially equivalent are no longer valid.

We can now find the specific double-point singularities that contribute symmetric mat-
ter. h can have perfect square factors that lead to double point singularities. But since
h is not required to have any perfect square factors, such double points can be deformed
away by modifying the form of h. These double point singularities therefore contribute
localized adjoints. The zeroes of €; lead to double point singularities as well, but these
double points cannot be removed by simply deforming one of the free parameters. Letting
r be the order of €1, €1 contributes r multiplets of [T] (6) matter and r fundamental mul-
tiplets. To find the additional fundamentals provided by the discriminant loci, it is easiest
to expand the discriminant around o + %hl/ 2¢1. When expanded around o + %hl/ 2¢1, there
are 3m + 18 codimension two loci where the discriminant vanishes to order 4; there are
the same number of loci when the discriminant is expanded around o — %hl/ 2¢1. A total
of 6m + 36 fundamentals therefore come from the discriminant. Considering all of these
contributions, the SU(3) models have r 6 multiplets, m —1—r 8 multiplets, and 6m+36+r
3 multiplets. Noting that 2S has self-intersection number n = 4m and genus g = m — 1,
this is in agreement with (6.22).

It is tempting to transfer factors from h to €; in order to systematically introduce non-
deformable double-point singularities. If this were possible, we could transform adjoint
matter into symmetric matter. However, there are terms in the Weierstrass model of
equations (6.24) and (6.25) that depend on €; and not on h, or vice versa. The only
consistent way to transfer factors from h to €; is to use a matter transition similar to
that of SU(6), which requires moving through a superconformal point. Suppose we wish
to convert an adjoint 8 multiplet to a 6 multiplet (along with other fundamentals and
singlets). Just as in the SU(3) x SU(3) transition, h,v, and A\ develop common factors:

h — a?*h, (6.27)
v—av, (6.28)
A= a) (6.29)

Note that there is now superconformal point at the locus a = ¢ = 0. €1, 3, and ¢2 then
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absorb the common factor:

aey — €1, (6.30)
ap — B, (6.31)
agy — ¢h. (6.32)

We have thus introduced a non-deformable double point singularity through the matter
transition. Overall, the transition is summarized as

Adj+ 6 x 0+ 3 x 1 — Superconformal Matter — [T+ 7 x[1+2 x 1, (6.33)

giving a net matter change of
Adj+1—[+0. (6.34)

Note the usual appearance of 29 matter fields in the spectrum on each side of the full
transition (6.33).

Finally, we note that the Weierstrass model of equations (6.24) and (6.25) has a “non-
Tate” structure. The SU(3) tuning cannot be written in the generic SU(3) form given
in [5]. Instead, the curve with the Ay singularity has a specific structure that depends
on variables used in the tuned Weierstrass coefficients. The coefficients then conspire to
ensure all terms in the discriminant are proportional (o2 — h%%)?’. But for the special case
with no symmetric matter, the SU(3) tuning can be written in the standard form. If r» = 0,
€1 is a non-zero constant, and we can set €; to 1 without loss of generality. With this
simplification, f and g can be rewritten as

-1

f = m vt eoto(? -2 e B0 -2 ro(2 - 1Y (6.35)

I P g 2 h vl 2 2h>2 (2 h)3
g_@%—ﬂcboqfl(a —4)+ L - S Ro (a 1) +0(* 7). (6.36)

where
®y = v + 200, (6.37)
Uy = —3\— ;W + %52%, (6.38)
Fy= it fso = 35"+ 266 (6.39)

In fact, equations (6.35) and (6.36) are in the standard SU(3) forms given in [5].

This behavior parallels that observed in the SU(3) models derived in [80]. There,
all of the higher-genus SU(3) models with symmetric matter had non-Tate structures.
The construction presented here further supports the idea that non-Tate structures are
necessary for symmetric matter; indeed, our models can only be expressed in standard
forms for exactly those cases without symmetric matter. However, our SU(3) tuning seems
to be different from the tuning given in [80]. The connection between these classes of
models is left as a question for future investigations.
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Representation Cohomology Multiplicity
1 H'(Endg(V2)) ® HY(Endo(V3)) | (4e2(V2) — 28) + (6¢2(Vs3) — 16)
3 H(Vy @ VY) (3ea(Va) + Tea(V3) — 42)
3 HY(Vy ®V3) (Bca(Va) + Tea(Vs) — 42)
6 H(Vs3) ca(Vs) — 6
6 HY(VY) e (V3) — 6
8 HY(Vy) co(V2) — 14

Table 22. The cohomology associated to each representation of the low-energy gauge group SU(3).

Matter transitions in SU(3) models with symmetric matter can also be realized within
the heterotic context. The relevant group theory in this instance is as follows.

FEs D Gy x SU(3) X SU(3)
248 = (14,1,1) + (7,8,1) + (1,8,1)+(1,1,8)+(7,3,3) + (1,6,3)+(7,3,3) + (1,

—~

6.40)
?g)

=]

We denote the G2 gauge bundle by V, and the SU(3) gauge bundle by V5. It should
be noted that we choose the second of the two SU(3)’s to be associated with the bundle
structure group. We then have the multiplicities of representations in the six-dimensional
theory given in table 22.

The anomaly cancelation condition in this case gives the relations

ng + 29np — ny = 273 (6.41)
1 1
= §CQ(V2) +c2(V3) + &Cz(Endg(VES)) =24. (6.42)
Equation (6.42) is of course simply the 10D anomaly cancelation condition as one would
expect.

Given equation (6.42) and the matter multiplicities given in table 22 we arrive at the
following matter transition induced by small instanton transitions in ten dimensions.

1+83+6 (6.43)

This is exactly of the form given in equation (6.21) in the six-dimensional field theory
discussion.

7 Conclusions

7.1 Summary of results

Novel matter transitions. We have identified a new class of field theory transitions
through which matter fields in one set of representations transform into matter fields in
another set of representations without changing the gauge group. We have explicitly de-
scribed these transitions in 6D models where the field theory is coupled to gravity, from
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tensor branch

Figure 3. The matter transitions studied in this paper can be seen as arising along one-parameter
families of theories, with the transition point at & = 0, and field theories with the same gauge group
but distinct matter representation content at € > 0 and € < 0. For these matter transitions in 6D
theories, the transition point at £ = 0 is a superconformal field theory, from which an additional
tensor branch generally extends, as well as separate branches for each of the field theories with
distinct matter contents, though the tensor branch is incidental to the matter transition. The
matter representations shown are for the simplest (SU(6)) matter transition.

both the heterotic and F-theory perspectives. These pictures match, and agree with con-
straints from gauge and gravitational anomaly conditions in 6D. In both pictures these
transitions involve passing through a superconformal fixed point (figure 3), at which an
infinite family of light fields appear and the simple perturbative low-energy field theory
picture breaks down. Similar transitions should be possible in 4D theories, though in some
cases may be obstructed by a superpotential (see section 7.2). The simplest example we
have studied is the transition between a matter field in the three-index antisymmetric (A3)
representation of SU(6), along with a fundamental (320 + 6) to a two-index antisymmetric
representation and a singlet (15 + 1). Similar transitions occur for other groups such as
SU(7), Sp(3), SO(12), and SU(3).

Heterotic picture. In the heterotic picture, these transitions occur by moving an in-
stanton between different simple factors in the structure group of a single Fg bundle, such
as SU(3) x SU(2) in the SU(6) A? case. Such transitions had not been previously explored
systematically in heterotic theories. Several novel features arise in these heterotic models.
For the SU(7) and SU(8) models with A® matter, the necessary bundles are only possible
for a fixed subset of the moduli space of K3 compact spaces, giving a nontrivial coupling
between bundle and complex structure moduli of the K3 surface. We find a new form of the
stable degeneration limit in these cases. The SU(7) construction also leads to an increased
Mordell-Weil rank on one side of the stable degeneration limit, associated with a massive
U(1) field in the low-energy theory.

F-theory picture. In the F-theory picture, we have an explicit description of these
transitions in terms of Weierstrass models. At the transition points between models with
different representations, codimension two singular loci L develop in the Weierstrass model
where f and ¢ vanish to orders 4 and 6, signaling SCFTs in the low-energy theory. Matter
transitions occur when the Weierstrass model moves from one branch to another without
changing the geometry of the compactification base B. Tensionless string transitions, on
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the other hand, are associated with a blowup of the locus L and a corresponding change
in the topology of the base B that in 6D changes the number of tensor multiplets. The
Weierstrass models for all theories with non-generic matter representations (e.g., for SU(N)
anything but the fundamental, A? and adjoint representations) are realized in a way that
is not captured by the simple general Tate form for the associated gauge group.

Heterotic/F-theory duality. In our analysis we have carried out a careful matching of
the degrees of freedom in the spectral cover construction of the heterotic bundles with the
parameters in the F-theory Weierstrass model. Matching these parameters gives a clear pic-
ture of the duality between these classes of models and illuminates many features such as the
appearance of SCFTs at the transition points and the matching of constraints between the
two pictures. We view this work as important first step into extending heterotic/F-theory
duality to include more complex and phenomenologically relevant Calabi-Yau geometries
and vector bundles (including, for example the geometries in [85-88] which involve bundles
with reducible structure groups and Green-Schwarz massive U(1) symmetries).

Higgsing deformations. In the process of constructing models with transitions, we have
discussed the F-theory and heterotic manifestations of a variety of Higgsing processes. On
the F-theory side, this analysis involved identifying explicit Weierstrass deformations for
particular Higgsing processes, For instance, our analysis has described the F-theory de-
formations that correspond to giving VEVs to antisymmetric representations of SU(N).
Examining the Higgsing connections between different models clarified how the transitions
are related by Higgsing and allowed us to investigate transitions in product group mod-
els. Moreover, the explicit F-theory deformations illuminate how the F-theory degrees of
freedom correspond to those of the low-energy theory, at least in six dimensions. Further
investigations into Higgsing deformations could help to develop a more explicit dictionary
between F-theory, the heterotic effective theory, and their low-energy limits.

Higher genus matter. An interesting subject of study in recent work is the appearance
of “higher genus” matter in 6D supergravity theories. Each representation R of a group G
can be associated with a genus contribution g, which in F-theory should have the interpre-
tation of an arithmetic genus contribution from a singularity in the divisor supporting the
gauge factor G. We have found an explicit example of such a realization in models with
the symmetric (6) representation of SU(3). These models are connected through a matter
transition to other models with an adjoint representation, but are realized, as in [80], by
non-Tate Weierstrass models that exhibit a highly nontrivial cancellation in the vanishing
of the discriminant at higher orders. The role of SCFTs in matter transitions that we have
uncovered here suggests a resolution of a question regarding under what circumstances a
Weierstrass model can exhibit such an exotic higher genus matter representation other than
the adjoint: it seems in particular that a model formed by starting with a Tate model for a
group G on a smooth divisor D and then deforming the divisor to a singular geometry will
not develop an exotic matter representation in the singular limit without moving through
a superconformal fixed point to a different branch of the set of Weierstrass models where
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the algebraic structure of the model is changed, modifying the cancellation mechanism in
the discriminant.

7.2 Further directions

4D realizations. While we have focused here on 6D models, over which we have the
greatest level of control, similar transitions should be possible in 4D A = 1 field theories,
particularly in the context of global models coupled to supergravity. From the heterotic and
F-theory points of view, the 4D constructions are almost identical to the 6D constructions.
In the heterotic picture, bundles with structure groups within Fg that are products like
SU(3) x SU(2) can arise on Calabi-Yau threefolds as well as on K3. And in the F-theory
picture, the algebraic structure of Weierstrass models giving these matter transitions is
formally identical in 4D or in 6D. One issue that may arise, however, is that while in 6D
the geometric moduli space precisely matches the moduli space of flat directions in the
low-energy theory, in four dimensions there is a superpotential that lifts some of the flat
directions. Such a superpotential could in principle either obstruct the passage between
branches with different matter content, or render unstable one of the branches. In 4D
there are fewer constraints from anomaly cancellation in the N' = 1 low-energy theory, so
it is less clear why the specific combinations of matter representations that admit matter
transitions in the 6D theories should be singled out particularly. Recent work [20] has given
a description of a very broad class of F-theory/heterotic dual pairs for 4D F-theory com-
pactifications. Further study of 4D versions of the matter transitions explored here in some
of these dual geometries would provide an interesting direction for further investigations.

Geometry of transitions. The matter transitions described here should correspond ge-
ometrically to geometric transitions between distinct elliptically fibered Calabi-Yau man-
ifolds with the same h!(X) but different intersection structure. Such transitions would
be interesting to study further from the purely geometric perspective, or in the context of
other types of string compactification.

Other groups and representations. We have focused here on a set of gauge groups
and matter transitions for the classical groups SU(NV), SO(N) and Sp(/N) that are related
to the basic SU(6) A3 example by simple Higgsing transitions. It would be interesting to
explore further other possibilities, including exceptional groups and higher representations,
such as tri-fundamental representations of SU(2) x SU(2) x SU(2), etc.

Global models and string universality. The models with unusual matter representa-
tions that we have considered here provide an interesting test of the 6D string universality
conjecture [89], which suggests that all consistent low-energy theories of matter fields,
gauge fields and tensor fields coupled to supergravity in six dimensions should have a UV
description in string theory or F-theory. The low-energy models with SU(6) and SU(7)
gauge groups and A? representations that are acceptable from low-energy anomaly cancel-
lation conditions we have identified here in both heterotic and F-theory constructions as
models with good UV completions in string theory. The SU(8) theory with a A* matter
representation, however, seems acceptable from the low-energy point of view but does not
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seem to have a clear realization in either the heterotic or F-theory pictures. This raises the
question of whether this theory suffers from some as-yet-undiscovered inconsistency, or can
be realized in some new way in F-theory or another string construction, or whether it ac-
tually represents a counterexample to the string universality conjecture. Similar questions
can be asked of the SU(9) ny = 1 model with A® representations. An interesting feature
of these models that seem acceptable from the low-energy point of view but for which we
cannot identify a consistent F-theory or heterotic construction is that on the F-theory side
they would involve in principle an embedding of a Dynkin diagram of the gauge group
into Eg and not Es at the singular point. Resolving whether there is some low-energy
problem with such configurations or some novel F-theory mechanism for realizing such
constructions is an interesting open problem. It seems promising that models with larger
N and/or higher-index antisymmetric representations, such as SU(10) with A3 or SU(9)
with A% seem to violate anomaly cancellation so there is a close connection between what is
allowed in the low-energy theory and what can be realized through F-theory, with the dif-
ference between these conditions giving only a small intermediate zone of uncertainty. One
possibly surprising feature here is that the constraints from the low-energy theory seem to
depend on the gravitational anomaly cancellation condition, while the F-theory constraints
on gauge groups that admit a A3 representation seem to come from local considerations.
This should be understood better.

Higher genus matter. The explicit F-theory construction found here of matter in the
symmetric representation of SU(3) complements another family of Weierstrass models con-
structed recently [80] that realize the same kind of matter fields. These constructions,
however, seem to give slightly different classes of models. It would be desirable to have a
more general understanding of how such Weierstrass models are constructed and a general
framework that would encompass both of these classes of models. It would also be inter-
esting to construct more general types of matter, such as a 3-symmetric representation of
SU(N), using the kinds of analysis developed here.

Transitions between conjugate representations. An interesting question, which we
have not explored here, is the extent to which matter transitions can occur for smaller
groups like SU(5). While in 6D supergravity theories, the A® representation of SU(5) is
the conjugate of the A? representation and therefore lies in the same hypermultiplets, a
Higgsing of the SU(6) A® matter transition appears to give a class of SU(5) Weierstrass
models where there is a transition between A% and A? representations through an SCFT.
For 6D theories, both branches of the theory seem to represent special cases of the general
SU(5) construction, so that there is no obstacle to deforming the theory from one branch
to the other without passing through the SCFT. In the F-theory picture this follows by
taking a general form of the parameter ¢ from (3.7), (3.8) without any factorization as
in (3.10)—(3.12). In the heterotic picture the transition can be realized by building an
SU(5) bundle with a specialized structure group S(U(2)x U(3)), where there can be small
instanton transitions between the factors, but for compactifications on K3 there is no
obstruction to deformation to a general SU(5) bundle (so long as the required matter is
present for higgsing). For 4D theories, on the other hand, there may be obstructions to
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moving between these branches, which would stem physically from the fact that in 4D
N = 1 theories there is a distinction between chiral multiplets in the A% and conjugate
representations. This would be interesting to investigate further.

Massive U(1)’s in heterotic/F-theory duality. We have found that some models
such as the SU(7) and SU(8) models with exotic matter seem to always give rise to massive
U(1)’s in the heterotic description, which correspond to an enhanced Mordell-Weil group
on one side of the stable degeneration limit in the corresponding F-theory picture, but
not both. It would be interesting to further explore the physical consequences of these
massive abelian symmetries in the low-energy theory away from the stable degeneration
limit. Particularly in 4D compactifications, it is expected that the discrete remnants of
such massive symmetries can significantly affect the structure of the theory — including
Yukawa couplings, Kéhler potentials and the vacuum structure of the theory [50, 90-93].

Superconformal points. We have found that the transitions between different matter
fields occur at points in the heterotic moduli space where instantons have shrunk to a point,
corresponding to points in the F-theory Weierstrass moduli space where (4, 6) singularities
have arisen at codimension two loci in the base. These are the same transition points that
give superconformal fixed points in the low-energy theory, and which lead to tensionless
string transitions to models with more tensor multiplets in the 6D framework. A large class
of 6D SCFT’s were constructed from the F-theory point of view in [39] and couplings of
these theories to supergravity were explored in [42]. It would be interesting to investigate
further how the SCFT’s that play the role of mediating the matter transitions considered
here fit into this picture. In particular, it would be nice to find some clear way of following
the transition from one field theory to another through the superconformal point strictly
in the language of the low-energy theory.
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A Addition of sections

In this section we review briefly the addition of points on the elliptic fiber (see [70, 94] for
reviews). Given a Weierstrass model in P[1, 2, 3]

y? = a3 + fazt + g2b (A.1)
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the zero section can be defined to be (z,y,2) = (1,1,0). On the affine patch where z = 1,
the addition (denoted [+]) of two points (a,b) and (A, B) on the elliptic fiber can be defined
as follows. On this patch the Weierstrass equation can be written as

v’ =23+ fr 4+ g = (z —a)(2® + ax + ¢) + b (A.2)
= (v — A)(2* + Az + C) + B? (A.3)

Then, P = p[+]P = (A, B) can be defined by demanding that (A, —B) is the third inter-
section point of the line that joins the points p and P. Then, in the notation of [70],

p=((220) e (520 e (B2 )

Likewise, the point 2P = P[+]P is defined via

2P = ((C;;AQY —24), - <C“2LBQAQ)3 +(34) <C;§AQ> - B) (A5)

B Three stable degeneration limits for SU(8)

As described in section 5.6, there are three possible paths that lead to stable degeneration
limits for the SU(8) F-theory geometry. Of these, only one leads to a smooth K3 manifold
in the heterotic dual theory. In order to take the stable degeneration limit given by equa-
tions (5.2) and (5.4), it is necessary to decide on a limit which takes f;,g; — 0 for i > 4
and j > 6. A Groebner basis calculation [79] demonstrates that the most general path to
such a solution can be described by the following equations (the primary decomposition of
the stable degeneration locus):

4C3h52 g — 244> — 725> — dpswida® = 0 (B.1)
5%1hs + 2Capa = 0 (B.2)

126 Xapa® + 4¢3Catpspa — Cam?1hs” — 4Gawigs® = 0 (B.3)
65* agps — 26°Cawr s — 4C3C4% By + (47775 = 0 (B.4)
300Ny — 62 Cuwr — 20%¢3¢4? — 4372 =0 (B.5)

Note that if either {4 or 7 share factors with §, (4,6) singularities are unavoidable on the
shared factor.

We will first consider (B.2). This equation would imply that (4¢4 is proportional to
to 62, and every zero of § must be in either ¢4 or ¢4. But § and (4 cannot share any zeroes
if we wish to avoid (4,6) singularities. As a result, ¢, must be proportional to §2, or

b1 = $)5°. (B.6)

This in turn implies that

Y5 = —2Cud) (B.7)
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If the expression for 15 is substituted into (B.1), it leads to
46 (26372 + 0% (G3CE + 20%Cawn — 60%X2)) =0 (B.8)

Unless ¢, = 0, we must have that (}72 is proportional to §2. However, this possibility
would introduce (4,6) singularities and will therefore not be a valid geometry. Thus, the
only option is to take ¢ = 0, and both ¢4 and 15 must go to zero. In fact, once (B.2)
is solved as above, all of the other equations similarly lead to singular geometries. As a
result the ¢4 = 15 = 0 branch is the unique smooth solution.

C Stable degeneration limits and U(1) symmetries

In this section, we briefly explore the compatibility of the stable degeneration limit and
the existence of non-zero rank Mordell-Weil group in the Calabi-Yau geometry. The ex-
istence of a log semi-stable degeneration limit [57, 58] depends globally on being able to
consistently define dPy-fibered n-folds YY) and Y2 and their ability to share a common
divisor D = X,, a CY manifold of one dimension lower. Moreover, the limit requires that
the fibrations of Y and X,, be compatible — that is, the elliptic fiber of X,, should be
the same form as the elliptic fiber of Y, etc. In what follows, we will demonstrate that
the process of stable degeneration and presentation of a manifold in Weierstrass form do
not necessarily commute. When this paper was in the final stages of preparation, [78] ap-
peared which comprehensively studies the above questions using a different approach. For
concreteness, here we will illustrate the relevant ambiguities in stable degeneration with
elliptically fibered threefold, Y, with base F,,.

To begin, we briefly review the “standard” stable degeneration limit in the case that
the elliptic fibration of ¥ admits a single section (i.e. the rank of MW (Y) is vanishing).
That is, Y is a generic Weierstrass model over F,,. We can realize this torically as a
hypersurface with Pjo3[6] fiber. That is, the charge matrix

‘ y * 2 o T1 Yo Y1
2 1
v — 6|3 0O 0 0 O (C.1)
0jo0 0 -2 o 0 1 1
0j]0 0 -2n 1 1 n O

where the first column denotes a degree (6, 0, 0) hypersurface in the toric ambient space. For
this choice of global description of the manifold, the stable degeneration limit corresponds
to choosing

‘ y r 2 o *T1 Yo Y1

v 6|3 2 1 0 0 0 O (C.2)
00 0 -1 0 0 1 1
0/0 0 2n 1 1 =n O

(with Y®) similar). The defining equation of Y(!) is of the same form as that of Y (i.e.
of Weierstrass form: y? = 2% + fxz* + ¢2%) but with f, ¢ truncated at degree < 4,6 in
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the coordinate (o = yp). This global description of Y is equivalent to the scaling limit
defined in (5.4). Briefly, for the Weierstrass coefficients of Y above, we choose

12
fr> fiot, g~ gl (C.3)
A par

where ¢ = 0 and ¢ = oo define the poles of the P! fiber of F,,. To take the stable
degeneration limit, a scaling is chosen in which

fi scales as €™ (C4)

g; scales as =6

which in the limit that ¢ — 0 “separates” the dPy-fibered halves of the Y. Note that in
this scaling, the divisor D = K3 along which Y1) and Y® are glued is defined by f4, g6
(the coefficients of weight zero in €). These “middle” coefficients define the moduli of an
elliptically fibered K3 surface with a compatible (i.e. Pj23[6]) fibration.

Now, in constrast, when the F-theory geometry has a higher rank Mordell-Weil group
then the stable degeneration limit may differ with the global description of Y. The following
example provides a simple example of a geometry where the process of presenting a manifold
in Weierstrass form and the stable degeneration limit do not commute.

Following [70], let us realize the elliptic fiber of a generic rk(MW) = 1 F-theory
geometry, Y, as a toric blow up of Pj12[4]. For concreteness, consider the global geometry

U v w t s xe X1 Yo Y1
111 0 1 -1 0 0 0 O O
v — 411 1 2 0 0 0 0 0 O (C.5)
210 0 1 0 1 0 0 0 O
00 -2 0 0 0o 0 0 1 1
0/0 m2 0 0 0 1 1 n O

This leads to generic defining equation of the form
w?s + bou2w32t + bruvwst + bov*wt = Cou4t283 + c1udvt?s® + couv?t?s + 03uv3t2 (C.6)

where b;, ¢; are functions of the base coordinates (x,y). By shifting w by a multiple of w it
is possible to set by = by = 0. Labeling by simply as b, and letting subscripts denote degree
in x;, we have explicitly

+ y2y2b4(x) + yoyibni1(2) + yibonia(e) (C.7)
) + yi(cr) o)

b= y§b4,2n(x) + ygy1b4,n(x
c1 = y3(c1)ap, (%) +yoyr(er),
c2 = Yp(c2) 4 9,(@) + y0u1(c2)s_(®) + ygyi (c2)4(2) + Yoyt (c2)pya(®) + yi (c2) g 4(2)
¢z = Y0(¢3)g_3n (%) + 0Y1(3)5_0n (€) + Y0¥ (c3)6_n () + Y37 (c3)6(2)
+ yéy%(63)n+6(:c) + yOy?(c3)2n+6(x) + y?(c3)3n+6($)

)
(
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Moreover, Y in (C.5) has a compatible K3 fibration given by

u v w t s Yy Y
111 0 1 -1 0 O O
K3= 4|1 1 2 0 0 0 0 (C.8)
2{0 0 1 0 1 0 O
o0 -2 0 0 0 1 1

Here once again we have the defining relation (C.6) where the degrees of the coefficients in
the K3 case in terms of the base variables (y) are given by

deg(co) =0, deg(c1) =2, deg(b) = deg(c2) =4, deg(cz) =6 (C.9)

Now to take the stable degeneration limit of the threefold given in (C.5) we need to
identify the “middle” K3 along which Y ® will be glued. Here the “middle” K3 coefficients
inside of X are given by

b~ y5yiba
c1 ~ yoyi(ci)sy
C2 ~ y(Q)?J%(C2)4

Cc3 ~ ygy%(c?))ﬁ

More precisely, as in the standard case above, the stable generation limit can be defined via
a scaling of the coefficients of b, ¢;. To take the stable degeneration limit Y — Y up Y (2)
with Y defined by (C.5) and D defined via (C.8) it is possible to choose

b; scales as €% (€.14)
(c1); scales as i=2)

(c2) scales as ¢*F=%)
(c3); scales as €0
In the limit that e — 0 this separates Y into two dPy fibered (non-CY) 3-folds. Now
we come to the central observation to be made from the above geometry: in this stable
degeneration limit, it is straightforward to verify that the presence of a non-trivial Mordell-
Weil group is fully preserved not only in each of YY) but also in the “middle” K3
surface (C.8) (defined by the e weight zero terms above).

Having come thus far, it should now be recalled [70] that it is always possible via
coordinate redefinitions (i.e. the Jacobian procedure) to put a two-section model such as
Y in (C.5) explicitly into Weierstrass form. The dictionary to Weierstrass form defines the

coeflicients
1
f=cies —bco — gcg (C.15)
1 2 2 1
g = coch — 361023 + 2—763 - gbchCQ + 1620% (C.16)
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With this explicit defining relation we are once again considering a manifold with Py93[6]
fiber type of the form given in (C.1). For such a geometry, the usual stable degeneration
limit (i.e. the splitting given in (C.2)) and the scalings defined in (C.4) can be employed.

To begin, the “middle” K3 coefficients can be readily identified as those of ¢ weight
zero. For example combining (C.7) with (C.15) the coefficients of yo?y1* in f include the
following terms from the product cjc3

cies ~ (yo'y1*) ((c1)a(es)g + (€1)npa(e3) g+ (€1) _nya(€3)nie) (C.17)

(with many further terms of this order arising from b?cy and c2?). These coefficients (and
the coefficients of ygy? in ¢g) determine a “middle” K3 surface along which the standard
stable degeneration limit would glue the new P23[6]-fibered manifolds Y@, Note that this
same result could be obtained simply by performing the scaling rule given in (C.14) since
according to that rule, the epsilon factors cancel in terms like (1), 4(c3)_, ¢ above.

It is clear by inspection of the Weierstrass coefficients of the K3 surface (including the
terms in (C.17)) that it is not of the form required for a higher rank Mordell-Weil group.
Moreover it does not define the same K3 surface as we obtained in (C.8) and (C.10).
Although the Weirerstrass form for Y given by (C.15) initially has a non-trivial Mordell-
Weil group, that structure is not in general preserved in either YV, Y2 or the gluing
divisor D = K3. In this case, unlike in the stable degeneration limit of (C.5), the rank of
Mordell-Weil is reduced in stable degeneration. Thus finally, we have reached our central
observation: the procedures of stable degeneration of a global elliptically fibered geometry
and putting that fibration into explicit Weierstrass form, do not in general commute. That
is, varying the order of these operations leads to different weakly coupled limits.

D Details of heterotic Higgsing analysis

In this appendix, we provide some of the details of the computations which underly the
heterotic description of the Higgsing processes as described in tables 12, 15 and 18. The
cases of Higgsing SU(6) on fundamental, SU(7) on two-index antisymmetric and SU(8) on
three-index antisymmetric matter are described in the main text.

D.1 Higgsing on fundamental matter
D.1.1 SU(7)
Let us consider what happens to bundle topology as we Higgs from SU(7) to SU(6). The
relevant group theory is
SU(7) — SU(6) x U(1) (D.1)
7 =1_446;
21 = 6_5+ 15,
35 = 15_4 + 203

Clearly, we wish to turn on the singlet of SU(6) inside SU(7) to achieve the Higgsing.
However, we see from table 8 that there are two types of 7 (and indeed 7) one associated
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to H'(Vy ® L) and another to H'(£Y?). Tt turns out that, at an arbitrary point in the
moduli space of the base K3, we can not simply choose which of these to give a VEV too.
A combination of both must be turned on simultaneously.

We can see this structure by examining the change in bundle geometry in going from
an SU(7) to SU(6) visible symmetry. Turning on the VEV associated to H'(Vy ® L)
corresponds to forming the following extension.

0—L—=Vsyg) = Va—0 (D.2)
Turning on the field associated to H'(L£Y?) corresponds to forming this extension.
0= LY = Vsyp) = L—=0 (D.3)

The conjugate representations that must also be given VEVs correspond to the dual to
the above two sequences and the actual SU(3) and SU(2) bundles are formed from the
combination of these mutually dual extensions in the usual manner [54].

We see now that the need to turn on both types of 7 corresponds to the need to form a
bundle with structure group SU(3) x SU(2), which is the relevant case to arrive at SU(6).
At special loci in the moduli space of K3 one can leave one of the two extensions (D.2)
and (D.3) split and still maintain bundle poly-stability (this is actually the same locus
on which the original S(U(2) x U(1)) bundle is poly-stable). Splitting one of these two
bundles in this fashion would induce an extra U(1) factor in the commutant of the bundle
structure group inside Eg. This additional abelian factor will be Green-Schwarz anomalous
however [47-52].

One can check that the matter one achieves in the SU(6) case obtained by Higgsing
SU(7) in this fashion agrees with what one would get by plugging in the topology of the
above bundles into a direct computation of the spectrum of an SU(6) model, as given in
table 7, a calculation to which we now turn.

Equation (D.1) describes how the SU(7) representations that we have in our initial
theory branch to SU(6) representations under the breaking. We start with a number of
each of these representations, determined by the topology of the bundle V = V) @& L, as
detailed in table 8. This information is enough to determine the spectrum after breaking.

Alternatively, from equations (D.2) and (D.3) we can determine the topology of the
bundle Vsy(3) @ Vsu(e) that we transition to and from there, using table 7, the matter
content after the Higgsing. The second Chern classes of the two bundles can easily be
determined to be,

co(Vsu)) = ca(Va) — c1(£)? (D.4)
C2(VSU(2)) = - (/3)2 )

which can be then used to determine the matter content of the resulting SU(6) theory.

In table 23 we present the matter content of an SU(6) bundle with the topology
just described, together with the matter content that would be naively expected under a
transition from the SU(7) theory to SU(6) using table 8 and the branching rules (D.1).

We can now observe that this result matches the field theory analysis of the Higgs
mechanism given in section 2.3.1.

— &89 —



SU(6) Representation | # from SU(7) multiplet decomposition | # found after transition

1 6co(Va) — 10c1(£)? — 18 6ca(Va) — 10e1(L£)? — 22
6 2¢o(V2) — 10c1(£)? — 10 2co(Va) — 5e1(L£)? — 12
6 2¢o(Va) — 10¢1(£)? — 10 2co(V2) — 5c1(£)2 —12
15 ca(V2) —c1(L£)? — 6 ca(V2) — c1(L£)? —
15 ca(Vo) —c1(£)? -6 co(V2) — c1(L)? —
20 —c1(L£)? -4 —c1(L)? —4

Table 23. Matter content after Higgsing an SU(7) to an SU(6) theory, both via a naive decompo-
sition of the initial SU(7) multiplets and via a direct computation from the resulting SU(6) bundle.

D.1.2 SU(8)

The relevant group theory in this case is as follows.

SU(8) — SU(7) x U(1) (D.5)
8 =T +1 (D.6)

28 = 7 g+ 21, (D.7)
56 = 21_; + 353 (D.8)

Given this, giving a VEV to the singlet of SU(7) inside the 8 of SU(8) will Higgs SU(8) to
SU(7). Looking at table 9, we see that the 8’s correspond to elements of H!(£V3). Giving
such a field a VEV corresponds to forming the following extension (and its dual via the
associated 8 VEV).

0L =V = L—0 (D.9)

This is a U(2) bundle which can form part of an S(U(2) x U(1)) object, in order to break
to SU(7) (with, in addition, a Green-Schwarz anomalous U(1)), as follows.

V=V,0L (D.10)

As in previous cases, we now compare the SU(7) spectrum that is achieved by a
decomposition of the parent SU(8) theory to the spectrum associated to the SU(7) theory
defined by (D.9) and (D.10).

In table 24 we have used the fact that, for the bundle given in (D.9),

ca(Vo) = —2¢1(L)? . (D.11)

As in previous cases, the differences between the second and third columns in table 24
precisely match what we would expect from an analysis of the Higgs mechanism in such
a situation. This Higgsing is precisely of the form described in a field theory context in
section 2.3.2.

It should also be mentioned that, during this transition, the ray in the moduli space of
K3 where the S(U(1) x U(1)) bundle and S(U(2) x U(1)) bundle are slope poly-stable is the
same. Therefore the K3 moduli expectation values need not change during this process.
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SU(7) Representation | # from SU(8) multiplet decomposition | # found after transition
1 —9¢1(L£)? — 4 —9¢1(L£)? — 6
7 —Lei(L£)? -4 Be(£)? -6
7 —Le(£)? -4 —Bei(£)? -6
21 —3e1(L)? -4 —2c1(L)* -4
21 —2c1(L)? -4 —2c1(L)% -4
35 —1e1(L)? -2 —te1(L)? -2
35 —tei1 (L) -2 —1e1(L)* -2

Table 24. Matter content after Higgsing an SU(8) to an SU(7) theory, both via a naive decompo-
sition of the initial SU(8) multiplets and via a direct computation from the resulting SU(7) bundle.

D.2 Higgsing on two-index antisymmetric matter

D.2.1 SU(6)

The relevant group theory in this case is as follows.

SU(6) — SU(4) x SU(2) x U(1) (D.12)
6 = (1,2)2+(4,1) (D.13)
15 = (1,1) 4+ (4,2) 1 + (6,1), (D.14)
20 = (4,1)-3+ (4,1)3 + (6,2)o (D.15)

The breaking pattern in (D.12) corresponds to giving a VEV to a 15, 15 pair. The
15’s, according to table 7, lie in the cohomology Hl(Vg/). In terms of bundle topology,
giving an expectation value to such a field corresponds to forming the following bundle.

V=Vo®Vy
where 0—>V3—>V4—>O—>O

(D.16)

The conjugate representation which must also be given a VEV corresponds to the dual to
the above sequence and the actual SU(3) bundle is formed from the combination of these
mutually dual extensions in the usual manner [54].

The group theory for a SU(4) x SU(2) compactification of heterotic is as follows.

Eg D SU(4) x SU(2) x SU(4) x SU(2)

248 = (1,1,1,3) + (6,2,1,2) + (1,2,6,2) + (4,1,4,2) + (4,1,4,2)
+(1,3,1,1) + (4,2,4,1) + (4,2,4,1) + (6,1,6,1)
+(15,1,1,1) +(1,1,15,1)

(D.17)

This leads to the low-energy spectrum given in table 25. The number of massless hy-
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Representation Cohomology Multiplicity
(1,1) H(Endo(V2)) @ HY (Endo(V4)) | 4e2(Va) + 8c2(Vy) — 36
(6,2) H(V) ca(Vo) — 4
(1,2) H'\(Vy ® A2Vy) 6ca(Va) + 4ca(Vy) — 24
(4,1) HY(VY @ V) deg (Vo) + 2¢2(Vy) — 16
(4,2) HY(VY) ca(Va) — 8
(6,1) H(A2Vy) 2co(Vy) — 12

Table 25. The cohomology associated to each representation of the low-energy gauge group

SU(4) x SU(2).

SU(4)xSU(2) Representation | # from SU(6) multiplet decomposition | # found after transition
(1,1) 4ca(Va) + 8c2(Vs) — 34 dea(Va) + 8c2(V3) —
(6,2) co(Va) — 4 ca(Vo) —
(1,2) 6co(Va) + 4ea(V3) — 24 6ca(Va) + 4ca(Vs) — 24
(4,1) 4ca (Vo) 4 2¢2(V3) — 16 4dco(Va) + 2¢2(V3) — 16
(4,2) ca(V3) — 6 c2(Vs) — 8
(6,1) 2c9(V3) — 12 2c9(V3) — 12

Table 26. Matter content after Higgsing an SU(6) to an SU(4) x SU(2) theory, both via a naive
decomposition of the initial SU(6) multiplets and via a direct computation from the resulting
SU(4) x SU(2) bundle.

permultiplets can be read off from table 25 and leads to the following anomaly cancela-
tion condition.

nyg + 29nr — ny = 273
1
= CQ(VQ) + CQ(V4) + @CQ(EndO(VES) =24 (D.18)

We can now specialize this result to the particular SU(4) x SU(2) bundle that we found
n (D.16). In this instance we have,

co(Va) = ca(V3) (D.19)

We can now construct the equivalent table to those that have been formed in the proceeding
cases. We compare the spectrum which is obtained by decomposing the initial SU(6)
multiples with that obtained by direct computation from the bundle after transition. The
results of this comparison are in table 26.

As in all of the cases in this section, the result is fully consistent with the field theory
analysis given in section 2.3.2.
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Representation Cohomology Multiplicity

(1,1) H'(Endo(V2)) dea(Vo) — 6
12) | H(CHeH(LY) | 2A-da(l)?-2)
(15,1) H(L?) —2¢1(L£)% -2
(15,2) HY(LY) —te1(L)? -2
(6,1) H(WVy® L£Y?) ca(Va) —4c1(L£)? — 4
(6,2) H'(WV,® L) ca(Vo) —c1(L£)? — 4
(20,1) H' (V) c2(V2) —4

Table 27. The cohomology associated to each representation of the low-energy gauge group SU(6) x

SU(2).

D.2.2 SU(8)

The relevant group theory in this case is the following.

SU(8) > SU(6) x SU(2) x U(1) (D.20)
28 = (1,1) 6+ (6,2) o+ (15,1),
8 =(1,2)_3+(6,1);
56 = (6,1) 5+ (20,1)3 + (15,2)

This breaking pattern of interest in (D.20) corresponds to giving a VEV to a 28, 28
pair. The 28’s, according to table 9, lie in the cohomology H'(£Y?). In terms of bundle

topology, giving an expectation value to such a field corresponds to forming the following
bundle.

V=VaLlLeL’ (D.21)
where 0 — LY = Vo — L — 0 (D.22)

As in previous cases one should really think of Vs as being a deformation of this
extension and its dual [54]. Here V is an SU(2) x S(U(1) x U(1)) bundle. The correct
embedding of SU(2) x U(1) does indeed break Eg to SU(6) x SU(2), with an additional
Green-Schwarz massive U(1) being present.

The group theory for a SU(6) x SU(2) compactification of heterotic is as follows.

Eg D SU(6) x SU(2) x SU(2) x U(1
248 = (11 1> 3)0 + (17 17 1)0 + (17 27 1 3+ (17 27 1)73 + (17 37 1)0
+(35,1,1)0 + (15,1,1)_o + (15,2,1); + (15,1,1) + (15,2,1)_;

+(67 1, 2)—2 + (67 2, 2)1 + (67 )2 + (67 2, 2)—1 -+ (207 1, 2)0

(D.23)

~— —

This leads to the low-energy spectrum given in table 27. The number of massless hy-
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SU(6) x SU(2) Representation | # from SU(8) multiplet decomposition | # found after transition
(1,1) —4c1(L)? —4 —4c1(L£)? -6
(1,2) —9¢,(L£)? — 4 —9¢1 (L)% — 4
(15,1) —2c¢1(L£)* -2 —2c¢1(L£)* -2
(15,2) —3c1(£)? =2 —3c1(£)? =2
(6,1) —5c1(L)? —4 —5c1 (L)% —4
(6,2) —2¢,(L)? — 2 —2¢,(£)? — 4
(20,1) —c1(£)? -4 —c1(£)? -4

Table 28. Matter content after Higgsing an SU(8) to an SU(6) x SU(2) theory, both via a naive
decomposition of the initial SU(8) multiplets and via a direct computation from the resulting
SU(2) x S(U(1) x U(1)) bundle.

permultiplets can be read off from this table leading to the following anomaly cancela-

tion condition.

ng + 297 — ny = 273 (D.24)

1
= CQ(VQ) — 301(£)2 + @Cg(Endo(VEg)) =24

We can now specialize this result to the particular SU(2) x S(U(1) x U(1)) bundle that
we obtained in (D.21). In this instance we have,

CQ(VQ) = —Cl([,)Q . (D.25)

We are now in a position to construct the equivalent table to those that have been
formed in the other cases. We compare the spectrum which is obtained by a decomposition
of the initial SU(8) multiplets with that obtained by direct computation from the bundle
after transition. The results of this comparison are in table 28.

As in all of the cases in this section, the result is fully consistent with the field theory
analysis given in section 2.3.2.

D.3 Higgsing on three-index antisymmetric matter
D.3.1 SU(6)

The group theory relevant to this case is as follows.

SU(6) — SU(3) x SU(3) x U(1) (D.26)
6 = (3,1)1+(1,3)_, (D.27)
15 = (3,1)2+ (1,3)_2 + (3,3)0 (D.28)
20 = (1,1)3+ (1,1)_5+ (3,3)_; + (3,3); (D.29)

The breaking pattern we are interested in thus corresponds to giving a VEV to matter in the
20 representation. The 20, according to table 7, is associated with the cohomology H' (V).
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Representation Cohomology Multiplicity
(1,1) H'(Endg(V3)) @ H'(Endg(V3)) | 6ca(V3) 4 6¢2(Vs) — 32
(3,1) H'Y(V3® V) 3c2(V3) + 3c2(V3) — 18
(1,3) H'(Vs; @ VY) 3c2(V3) + 3ca(V3) — 18
(3,3) aH(vy) (V) — 6
(3,3) H'(VY) ca(V3) — 6

Table 29. The cohomology associated to each representation of the low-energy gauge group
SU(3) x SU(3).

In terms of bundle geometry, therefore, giving a VEV to matter in this representation
corresponds to forming the following bundle.

V=Vs+ Vs (D.30)
where 0 = Vo — Vs — O = 0

As in the other cases in this appendix, one should really think of V5 as being a deformation
of this extension and its dual [54].

The group theory associated to a SU(3) x SU(3) compactification of heterotic string
theory is as follows.

Es O SU(3) x SU(3) x SU(3) x SU(3) (D.31)
248 = (1,1,1,8) + (3,1,3,3) +(1,3,3,3) + (3,3,1,3) + (3,1,3,3)
+(1,3,3,3)+(3,3,1,3) + (3,3,3,1) + 3§§ 1)
+(8,1,1,1) +(1,8,1,1) + (1,1,8,1) (D.32)

This leads to the matter content given in table 29.
The matter content in table 29 leads to the following anomaly cancelation condition.

nH +29np — ny = 273 (D.33)

= (V) + c2(Vs) + CQ(Endo(VES)) =24 (D.34)

60

As in previous cases, we can now specialize this result to the particular SU(3) x SU(3)
bundle which we obtain after transition, as given in equation (D.30). We have that,

c2(V3) = c2(V2) . (D.35)

Using this, we can compare the spectrum which is obtained by a decomposition of the
initial SU(6) multiplets to that obtained by a direct computation from the bundle after
transition. The results of this comparison are in table 30.

As in all of the cases we look at, the result is fully consistent with the field theory
analysis given in section 2.3.2
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SU(3) x SU(3) Representation | # from SU(6) multiplet decomposition | # found after transition
(1,1) 6ca(Vs) + 6¢2(V2) — 30 6ca(Vs) + 6c2(Va) — 32
(3,1) 3ca(Vs) + 3c2(Va) — 18 3ca(Vs) + 3c2(Va) — 18
(1,3) 3ca(Vs) + 3ca(Va) — 18 3ca(Vs) + 3ca(Va) — 18
(3,3) co(Vs) — 6 c2(Vs) —
(3,3) ca(V2) — 4 co(V2) — 6

Table 30. Matter content after Higgsing an SU(6) to an SU(3) x SU(3) theory, both via a naive
decomposition of the initial SU(6) multiplets and via a direct computation from the resulting
SU(3) x SU(3) bundle.

D.3.2 SU(7)
The analysis for Higgsing SU(7) on triple antisymmetrics is extremely similar. We have,
SU(7) D SU(4) x SU(3) x U(1) (D.36)
35 = (1,1)-12+(4,1)9 + (4,3)—5 + (6,3)2
7=(1,3)-4+(4,1)3
21 = (1,3)-s+(4,3)-1+(6,1)s

The breaking pattern we are interested in thus corresponds to giving a VEV to a 35, 35
pair. The 35’s, according to table 8, lie in the cohomology H'(£). In terms of bundle
topology, giving an expectation value to such a field corresponds to forming the following

bundle.

V = Vg@f}g (D.37)
where 0—>£—>1~)2—>(9—>0

As in previous cases one should really think of V5 as being a deformation of this extension
and its dual [54]. Here Vs is an U(2) bundle and the bundle V, is unaffected by the
transition. The overall structure group is S(U(2) x U(2)) which does indeed break Eg to
SU(4) x SU(3) x U(1) (where the last, U(1), factor is Green-Schwarz anomalous).

The group theory for a SU(4) x SU(3) x U(1) heterotic compactification is as follows,

Es D SU(4) x SU(3) x U(1) x SU(2) x SU(2) (D.38)

248 =(1,1,1,3)0 +(1,3,2,2)_2 + (4,3,1,2); +(1,3,2,2)2 + (4,3,1,2) (D.39)
+(4,1,1,2)_3+(4,1,1,2)3+ (6,1,2,2)p + (1,8,1,1)9 + (1, 11)
+(4,3,2,1)_1+(6,3,1,1)2+(1,3,1,1)4+(4,3,2,1);+(6,3,1,1) 5+ (1,1,1,1)
+(1,1,3,1)0+ (4,1,2,1)_3+ (4,1,2,1)3 + (15,1,1,1)

which leads to the matter content given in table 31.
This matter content leads to the following anomaly cancellation condition.

ng + 29T — ny = 273 (D.40)
- ~ 1
= CQ(VQ) + CQ(Vl) — 201(V2)2 + @CQ(EHdO(VEs)) =24
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Representation Cohomology Multiplicity
(1,1) H'(Endg(V2)) @ H'(Endg(V2)) | 4ca(V2) 4 4z (Vo) — 2¢1(V2)? — 12
(1,3) H' (Vo @ VYY) @ HY(A2VY @ A2Vy) | 2¢2(V2) + 2¢2(Va) — 5¢1 (V)2 — 10
(4,3) H'(VY) cx(V2) — 3e1(Mn)? — 4
(4,1) H'(Vy @ A2VY) @ H (Vo @ A2VY) | ca(Vo) + c2(Va) — Ber(Va)? — 8
(6,1) H' (D ® V) 2e,(Va) + 2¢2(Va) — e1(Va)? — 8
(6,3) HY(A?VY) —1ei(M)? -2
(4,3) H' (V) ca(Vo) — %01(]}2)2 —4

Table 31. The cohomology associated to each representation of the low-energy gauge group SU(4) x
SU(3) x U(1).

SU(4) x SU(3) Representation | # from SU(7) multiplet decomposition | # found after transition
(1,1) 4es (Vo) — 2¢1 (L)% — 10 des (Vo) — 2¢1 (L)% — 12
(1,3) 2e5(Va) — 5e1(L£)? — 10 2¢5(V2) — 5er (£)2 — 10
(4,3) (Vo) — 2c1(L£)? — 4 (Vo) — 2e1(L£)? — 4
(4,1) ca(Va) —5e1 (L)% -8 ca(Va) — b1 (L£)? —
(6,1) 2c5(Vo) — c1(£)? -8 2c5(V2) — c1(L£)? —
(6,3) —1c1(£)? -2 —2c1(£)? -2
(4,3) —1c1(£)* =2 —2c1(£)* -4

Table 32. Matter content after Higgsing an SU(7) to an SU(4) x SU(3) theory, both via a naive
decomposition of the initial SU(7) multiplets and via a direct computation from the resulting
S(U(2) x U(2)) bundle.

For the case of a S(U(2) x U(2)) bundle obtained by a transition of the form (D.37) we
have the following topology.

c2(V2) =0 (D.41)
Cl( 2) = Cl(ﬁ) (D.42)

Given this, and noting that the 6 of SU(4) is real, we obtain table 32, which gives the
number of SU(4) x SU(3) multiplets obtained by decomposing the SU(7) matter content,
compared to a direct computation of the spectrum of the four-dimensional theory given
the bundle topology after transition. Once more these results are consistent with the usual
understanding of such a Higgsing process and with the field theory analysis in section 2.3.2.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

— 97 —


http://creativecommons.org/licenses/by/4.0/

References

1]

2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]
[19]

[20]

N. Seiberg and E. Witten, Comments on string dynamics in siz-dimensions, Nucl. Phys. B
471 (1996) 121 [hep-th/9603003] [INSPIRE].

D.R. Morrison and C. Vafa, Compactifications of F-theory on Calabi-Yau threefolds. 2., Nucl.
Phys. B 476 (1996) 437 [hep-th/9603161] [INSPIRE].

S. Kachru and E. Silverstein, Chirality changing phase transitions in 4 — D string vacua,
Nucl. Phys. B 504 (1997) 272 [hep-th/9704185] [INSPIRE].

B.A. Ovrut, T. Pantev and J. Park, Small instanton transitions in heterotic M-theory, JHEP
05 (2000) 045 [hep-th/0001133] [INSPIRE].

D.R. Morrison and W. Taylor, Matter and singularities, JHEP 01 (2012) 022
[arXiv:1106.3563] [NSPIRE].

A. Grassi and D.R. Morrison, Anomalies and the Fuler characteristic of elliptic Calabi- Yau
threefolds, Commun. Num. Theor. Phys. 6 (2012) 51 [arXiv:1109.0042] [INSPIRE].

M.B. Green, J.H. Schwarz and P.C. West, Anomaly Free Chiral Theories in Sixz-Dimensions,
Nucl. Phys. B 254 (1985) 327 [InSPIRE].

A. Sagnotti, A Note on the Green-Schwarz mechanism in open string theories, Phys. Lett. B
294 (1992) 196 [hep-th/9210127] [INSPIRE].

V. Kumar, D.R. Morrison and W. Taylor, Global aspects of the space of 6D N =1
supergravities, JHEP 11 (2010) 118 [arXiv:1008.1062] [INSPIRE].

R. Donagi, B.A. Ovrut and D. Waldram, Moduli spaces of five-branes on elliptic Calabi-Yau
threefolds, JHEP 11 (1999) 030 [hep-th/9904054] INSPIRE].

E. Buchbinder, R. Donagi and B.A. Ovrut, Vector bundle moduli and small instanton
transitions, JHEP 06 (2002) 054 [hep-th/0202084] [INSPIRE].

J. Erler, Anomaly cancellation in siz-dimensions, J. Math. Phys. 35 (1994) 1819
[hep-th/9304104] [INSPIRE].

V. Kumar, D.S. Park and W. Taylor, 6D supergravity without tensor multiplets, JHEP 04
(2011) 080 [arXiv:1011.0726] [INSPIRE].

M. Bershadsky, K.A. Intriligator, S. Kachru, D.R. Morrison, V. Sadov and C. Vafa,
Geometric singularities and enhanced gauge symmetries, Nucl. Phys. B 481 (1996) 215
[hep-th/9605200] [INSPIRE].

D.R. Morrison, TASI lectures on compactification and duality, hep-th/0411120 [INSPIRE].
F. Denef, Les Houches Lectures on Constructing String Vacua, arXiv:0803.1194 [INSPIRE].

W. Taylor, TASI Lectures on Supergravity and String Vacua in Various Dimensions,
arXiv:1104.2051 [INSPIRE].

C. Vafa, Evidence for F-theory, Nucl. Phys. B 469 (1996) 403 [hep-th/9602022] [INSPIRE].

D.R. Morrison and C. Vafa, Compactifications of F-theory on Calabi-Yau threefolds. 1, Nucl.
Phys. B 473 (1996) 74 [hep-th/9602114| [INSPIRE].

L.B. Anderson and W. Taylor, Geometric constraints in dual F-theory and heterotic string
compactifications, JHEP 08 (2014) 025 [arXiv:1405.2074] [INnSPIRE].

— 08 —


http://dx.doi.org/10.1016/0550-3213(96)00189-7
http://dx.doi.org/10.1016/0550-3213(96)00189-7
http://arxiv.org/abs/hep-th/9603003
http://inspirehep.net/search?p=find+EPRINT+hep-th/9603003
http://dx.doi.org/10.1016/0550-3213(96)00369-0
http://dx.doi.org/10.1016/0550-3213(96)00369-0
http://arxiv.org/abs/hep-th/9603161
http://inspirehep.net/search?p=find+EPRINT+hep-th/9603161
http://dx.doi.org/10.1016/S0550-3213(97)00519-1
http://arxiv.org/abs/hep-th/9704185
http://inspirehep.net/search?p=find+EPRINT+hep-th/9704185
http://dx.doi.org/10.1088/1126-6708/2000/05/045
http://dx.doi.org/10.1088/1126-6708/2000/05/045
http://arxiv.org/abs/hep-th/0001133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0001133
http://dx.doi.org/10.1007/JHEP01(2012)022
http://arxiv.org/abs/1106.3563
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.3563
http://dx.doi.org/10.4310/CNTP.2012.v6.n1.a2
http://arxiv.org/abs/1109.0042
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.0042
http://dx.doi.org/10.1016/0550-3213(85)90222-6
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B254,327%22
http://dx.doi.org/10.1016/0370-2693(92)90682-T
http://dx.doi.org/10.1016/0370-2693(92)90682-T
http://arxiv.org/abs/hep-th/9210127
http://inspirehep.net/search?p=find+EPRINT+hep-th/9210127
http://dx.doi.org/10.1007/JHEP11(2010)118
http://arxiv.org/abs/1008.1062
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.1062
http://dx.doi.org/10.1088/1126-6708/1999/11/030
http://arxiv.org/abs/hep-th/9904054
http://inspirehep.net/search?p=find+EPRINT+hep-th/9904054
http://dx.doi.org/10.1088/1126-6708/2002/06/054
http://arxiv.org/abs/hep-th/0202084
http://inspirehep.net/search?p=find+EPRINT+hep-th/0202084
http://dx.doi.org/10.1063/1.530885
http://arxiv.org/abs/hep-th/9304104
http://inspirehep.net/search?p=find+EPRINT+hep-th/9304104
http://dx.doi.org/10.1007/JHEP04(2011)080
http://dx.doi.org/10.1007/JHEP04(2011)080
http://arxiv.org/abs/1011.0726
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.0726
http://dx.doi.org/10.1016/S0550-3213(96)90131-5
http://arxiv.org/abs/hep-th/9605200
http://inspirehep.net/search?p=find+EPRINT+hep-th/9605200
http://arxiv.org/abs/hep-th/0411120
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411120
http://arxiv.org/abs/0803.1194
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.1194
http://arxiv.org/abs/1104.2051
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.2051
http://dx.doi.org/10.1016/0550-3213(96)00172-1
http://arxiv.org/abs/hep-th/9602022
http://inspirehep.net/search?p=find+EPRINT+hep-th/9602022
http://dx.doi.org/10.1016/0550-3213(96)00242-8
http://dx.doi.org/10.1016/0550-3213(96)00242-8
http://arxiv.org/abs/hep-th/9602114
http://inspirehep.net/search?p=find+EPRINT+hep-th/9602114
http://dx.doi.org/10.1007/JHEP08(2014)025
http://arxiv.org/abs/1405.2074
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.2074

[21]

)
L

[34]

[35]

[36]

D.R. Morrison and W. Taylor, Non-Higgsable clusters for 4D F-theory models, JHEP 05
(2015) 080 [arXiv:1412.6112] [INnSPIRE].

K. Kodaira, On compact analytic surfaces. II, Ann. Math. 77 (1963) 563.
K. Kodaira, K. Kodaira, On compact analytic surfaces. III, Ann. Math. 78 (1963) 1.

S. Katz, D.R. Morrison, S. Schifer-Nameki and J. Sully, Tate’s algorithm and F-theory,
JHEP 08 (2011) 094 [arXiv:1106.3854] [INSPIRE].

D.R. Morrison and W. Taylor, Classifying bases for 6D F-theory models, Central Eur. J.
Phys. 10 (2012) 1072 [arXiv:1201.1943] [INSPIRE].

S.H. Katz and C. Vafa, Matter from geometry, Nucl. Phys. B 497 (1997) 146
[hep-th/9606086] [iNSPIRE].

M. Esole and S.-T. Yau, Small resolutions of SU(5)-models in F-theory, Adv. Theor. Math.
Phys. 17 (2013) 1195 [arXiv:1107.0733] [INSPIRE].

C. Lawrie and S. Schéifer-Nameki, The Tate Form on Steroids: Resolution and Higher
Codimension Fibers, JHEP 04 (2013) 061 [arXiv:1212.2949] [INSPIRE].

H. Hayashi, C. Lawrie and S. Schifer-Nameki, Phases, Flops and F-theory: SU(5) Gauge
Theories, JHEP 10 (2013) 046 [arXiv:1304.1678] [INSPIRE].

H. Hayashi, C. Lawrie, D.R. Morrison and S. Schifer-Nameki, Boz Graphs and Singular
Fibers, JHEP 05 (2014) 048 [arXiv:1402.2653] [INSPIRE].

M. Esole, S.-H. Shao and S.-T. Yau, Singularities and Gauge Theory Phases,
arXiv:1402.6331 [INSPIRE].

A.P. Braun and S. Schéfer-Nameki, Boz Graphs and Resolutions I, Nucl. Phys. B 905 (2016)
447 [arXiv:1407.3520] [INSPIRE].

A. Grassi, J. Halverson and J.L. Shaneson, Matter From Geometry Without Resolution,
JHEP 10 (2013) 205 [arXiv:1306.1832] [iNSPIRE].

G. Martini and W. Taylor, 6D F-theory models and elliptically fibered Calabi- Yau threefolds
over semi-toric base surfaces, JHEP 06 (2015) 061 [arXiv:1404.6300] [INSPIRE].

E. Witten, Phase transitions in M-theory and F-theory, Nucl. Phys. B 471 (1996) 195
[hep-th/9603150] [INSPIRE].

M. Bershadsky and A. Johansen, Colliding singularities in F-theory and phase transitions,
Nucl. Phys. B 489 (1997) 122 [hep-th/9610111] [INSPIRE].

0.J. Ganor and A. Hanany, Small Eg instantons and tensionless noncritical strings, Nucl.
Phys. B 474 (1996) 122 [hep-th/9602120] INSPIRE].

N. Seiberg, Nontrivial fized points of the renormalization group in siz-dimensions, Phys. Lett.
B 390 (1997) 169 [hep-th/9609161] [INSPIRE].

J.J. Heckman, D.R. Morrison and C. Vafa, On the Classification of 6D SCFTs and
Generalized ADE Orbifolds, JHEP 05 (2014) 028 [Erratum ibid. 1506 (2015) 017]
[arXiv:1312.5746] [INSPIRE].

M. Del Zotto, J.J. Heckman, A. Tomasiello and C. Vafa, 6d Conformal Matter, JHEP 02
(2015) 054 [arXiv:1407.6359] [INSPIRE].

B. Haghighat, A. Klemm, G. Lockhart and C. Vafa, Strings of Minimal 6d SCFTs, Fortsch.
Phys. 63 (2015) 294 [arXiv:1412.3152] [INSPIRE].

— 99 —


http://dx.doi.org/10.1007/JHEP05(2015)080
http://dx.doi.org/10.1007/JHEP05(2015)080
http://arxiv.org/abs/1412.6112
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.6112
http://dx.doi.org/10.2307/1970131
http://dx.doi.org/10.2307/1970500
http://dx.doi.org/10.1007/JHEP08(2011)094
http://arxiv.org/abs/1106.3854
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.3854
http://dx.doi.org/10.2478/s11534-012-0065-4
http://dx.doi.org/10.2478/s11534-012-0065-4
http://arxiv.org/abs/1201.1943
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.1943
http://dx.doi.org/10.1016/S0550-3213(97)00280-0
http://arxiv.org/abs/hep-th/9606086
http://inspirehep.net/search?p=find+EPRINT+hep-th/9606086
http://dx.doi.org/10.4310/ATMP.2013.v17.n6.a1
http://dx.doi.org/10.4310/ATMP.2013.v17.n6.a1
http://arxiv.org/abs/1107.0733
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.0733
http://dx.doi.org/10.1007/JHEP04(2013)061
http://arxiv.org/abs/1212.2949
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2949
http://dx.doi.org/10.1007/JHEP10(2013)046
http://arxiv.org/abs/1304.1678
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.1678
http://dx.doi.org/10.1007/JHEP05(2014)048
http://arxiv.org/abs/1402.2653
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.2653
http://arxiv.org/abs/1402.6331
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.6331
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.002
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.002
http://arxiv.org/abs/1407.3520
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.3520
http://dx.doi.org/10.1007/JHEP10(2013)205
http://arxiv.org/abs/1306.1832
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.1832
http://dx.doi.org/10.1007/JHEP06(2015)061
http://arxiv.org/abs/1404.6300
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.6300
http://dx.doi.org/10.1016/0550-3213(96)00212-X
http://arxiv.org/abs/hep-th/9603150
http://inspirehep.net/search?p=find+EPRINT+hep-th/9603150
http://dx.doi.org/10.1016/S0550-3213(97)00027-8
http://arxiv.org/abs/hep-th/9610111
http://inspirehep.net/search?p=find+EPRINT+hep-th/9610111
http://dx.doi.org/10.1016/0550-3213(96)00243-X
http://dx.doi.org/10.1016/0550-3213(96)00243-X
http://arxiv.org/abs/hep-th/9602120
http://inspirehep.net/search?p=find+EPRINT+hep-th/9602120
http://dx.doi.org/10.1016/S0370-2693(96)01424-4
http://dx.doi.org/10.1016/S0370-2693(96)01424-4
http://arxiv.org/abs/hep-th/9609161
http://inspirehep.net/search?p=find+EPRINT+hep-th/9609161
http://dx.doi.org/10.1007/JHEP05(2014)028
http://arxiv.org/abs/1312.5746
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5746
http://dx.doi.org/10.1007/JHEP02(2015)054
http://dx.doi.org/10.1007/JHEP02(2015)054
http://arxiv.org/abs/1407.6359
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6359
http://dx.doi.org/10.1002/prop.201500014
http://dx.doi.org/10.1002/prop.201500014
http://arxiv.org/abs/1412.3152
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.3152

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

M. Del Zotto, J.J. Heckman, D.R. Morrison and D.S. Park, 6D SCFTs and Gravity, JHEP
06 (2015) 158 [arXiv:1412.6526] INSPIRE].

J.J. Heckman, D.R. Morrison, T. Rudelius and C. Vafa, Geometry of 6D RG Flows, JHEP
09 (2015) 052 [arXiv:1505.00009] [INSPIRE].

A. Grassi, J. Halverson and J.L. Shaneson, Non-Abelian Gauge Symmetry and the Higgs
Mechanism in F-theory, Commun. Math. Phys. 336 (2015) 1231 [arXiv:1402.5962]
[INSPIRE].

M.B. Green, J.H. Schwarz and E. Witten, Superstring Theory. Vol. 2: Loop Amplitudes,
Anomalies And Phenomenology, Cambridge Monographs On Mathematical Physics,
Cambridge University Press, Cambridge U.K. (1987).

F. Hirzebruch, Topological Methods in Algebraic Geometry, Springer, Heidelberg Germany
(1995).

M. Dine, N. Seiberg and E. Witten, Fayet-Iliopoulos Terms in String Theory, Nucl. Phys. B
289 (1987) 589 [INSPIRE].

E.R. Sharpe, Kahler cone substructure, Adv. Theor. Math. Phys. 2 (1999) 1441
[hep-th/9810064] [INSPIRE].

A. Lukas and K.S. Stelle, Heterotic anomaly cancellation in five-dimensions, JHEP 01
(2000) 010 [hep-th/9911156] INSPIRE].

R. Blumenhagen, G. Honecker and T. Weigand, Loop-corrected compactifications of the
heterotic string with line bundles, JHEP 06 (2005) 020 [hep-th/0504232] [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and B. Ovrut, The Edge Of Supersymmetry: Stability
Walls in Heterotic Theory, Phys. Lett. B 677 (2009) 190 [arXiv:0903.5088] [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and B. Ovrut, Stability Walls in Heterotic Theories, JHEP
09 (2009) 026 [arXiv:0905.1748] [INSPIRE].

P.S. Aspinwall and D.R. Morrison, Nonsimply connected gauge groups and rational points on
elliptic curves, JHEP 07 (1998) 012 [hep-th/9805206] [INSPIRE].

J. Li and S.-T. Yau, The FExistence of supersymmetric string theory with torsion, J. Diff.
Geom. 70 (2005) 143 [hep-th/0411136] [INSPIRE].

R. Friedman, J. Morgan and E. Witten, Vector bundles and F-theory, Commun. Math. Phys.
187 (1997) 679 [hep-th/9701162] [INSPIRE].

G. Curio and R.Y. Donagi, Moduli in N = 1 heterotic/F theory duality, Nucl. Phys. B 518
(1998) 603 [hep-th/9801057] [INSPIRE].

P.S. Aspinwall, Aspects of the hypermultiplet moduli space in string duality, JHEP 04 (1998)
019 [hep-th/9802194] [INSPIRE].

R. Donagi, S. Katz and M. Wijnholt, Weak Coupling, Degeneration and Log Calabi- Yau
Spaces, arXiv:1212.0553 [INSPIRE].

R. Friedman and J. Morgan, Smooth Four-Manifolds and Complex Surfaces, Springer,
Heidelberg Germany (1994).

R. Friedman, J.W. Morgan and E. Witten, Vector bundles over elliptic fibrations,
alg-geom/9709029 [INSPIRE].

- 100 —


http://dx.doi.org/10.1007/JHEP06(2015)158
http://dx.doi.org/10.1007/JHEP06(2015)158
http://arxiv.org/abs/1412.6526
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.6526
http://dx.doi.org/10.1007/JHEP09(2015)052
http://dx.doi.org/10.1007/JHEP09(2015)052
http://arxiv.org/abs/1505.00009
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.00009
http://dx.doi.org/10.1007/s00220-015-2313-0
http://arxiv.org/abs/1402.5962
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5962
http://dx.doi.org/10.1016/0550-3213(87)90395-6
http://dx.doi.org/10.1016/0550-3213(87)90395-6
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B289,589%22
http://arxiv.org/abs/hep-th/9810064
http://inspirehep.net/search?p=find+EPRINT+hep-th/9810064
http://dx.doi.org/10.1088/1126-6708/2000/01/010
http://dx.doi.org/10.1088/1126-6708/2000/01/010
http://arxiv.org/abs/hep-th/9911156
http://inspirehep.net/search?p=find+EPRINT+hep-th/9911156
http://dx.doi.org/10.1088/1126-6708/2005/06/020
http://arxiv.org/abs/hep-th/0504232
http://inspirehep.net/search?p=find+EPRINT+hep-th/0504232
http://dx.doi.org/10.1016/j.physletb.2009.05.025
http://arxiv.org/abs/0903.5088
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.5088
http://dx.doi.org/10.1088/1126-6708/2009/09/026
http://dx.doi.org/10.1088/1126-6708/2009/09/026
http://arxiv.org/abs/0905.1748
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.1748
http://dx.doi.org/10.1088/1126-6708/1998/07/012
http://arxiv.org/abs/hep-th/9805206
http://inspirehep.net/search?p=find+EPRINT+hep-th/9805206
http://arxiv.org/abs/hep-th/0411136
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411136
http://dx.doi.org/10.1007/s002200050154
http://dx.doi.org/10.1007/s002200050154
http://arxiv.org/abs/hep-th/9701162
http://inspirehep.net/search?p=find+EPRINT+hep-th/9701162
http://dx.doi.org/10.1016/S0550-3213(98)00185-0
http://dx.doi.org/10.1016/S0550-3213(98)00185-0
http://arxiv.org/abs/hep-th/9801057
http://inspirehep.net/search?p=find+EPRINT+hep-th/9801057
http://dx.doi.org/10.1088/1126-6708/1998/04/019
http://dx.doi.org/10.1088/1126-6708/1998/04/019
http://arxiv.org/abs/hep-th/9802194
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802194
http://arxiv.org/abs/1212.0553
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.0553
http://arxiv.org/abs/alg-geom/9709029
http://inspirehep.net/search?p=find+EPRINT+alg-geom/9709029

[61]

[62]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

R.Y. Donagi, Principal bundles on elliptic fibrations, Asian J. Math. 1 (1997) 214
[alg-geom/9702002] INSPIRE].

R. Donagi, Spectral Covers, in Mathematical Sciences Research Institute Publications.
Book 28: Current topics in complex algebraic geometry, Cambridge University Press,
Cambridge U.K. (1992), pg. 65 [alg-geom/9505009].

R. Donagi, Heterotic/F' theory duality: ICMP lecture, hep-th/9802093 [INSPIRE].

B.A. Ovrut, T. Pantev and J. Park, Small instanton transitions in heterotic M-theory, JHEP
05 (2000) 045 [hep-th/0001133] [INSPIRE].

G. Curio, Chiral matter and transitions in heterotic string models, Phys. Lett. B 435 (1998)
39 [hep-th/9803224] [INSPIRE].

E. Witten, Small instantons in string theory, Nucl. Phys. B 460 (1996) 541
[hep-th/9511030] [INSPIRE].

C. Lazaroiu, On degree zero semistable bundles over an elliptic curve, physics/9712054.

K.-S. Choi and H. Hayashi, U(n) Spectral Covers from Decomposition, JHEP 06 (2012) 009
[arXiv:1203.3812] [INSPIRE].

L.B. Anderson, J.J. Heckman and S. Katz, T-Branes and Geometry, JHEP 05 (2014) 080
[arXiv:1310.1931] [INSPIRE].

D.R. Morrison and D.S. Park, F-Theory and the Mordell-Weil Group of Elliptically-Fibered
Calabi-Yau Threefolds, JHEP 10 (2012) 128 [arXiv:1208.2695] [INSPIRE].

H. Jockers and J. Louis, D-terms and F-terms from D7-brane fluxes, Nucl. Phys. B 718
(2005) 203 [hep-th/0502059] [INSPIRE].

M. Buican, D. Malyshev, D.R. Morrison, H. Verlinde and M. Wijnholt, D-branes at
Singularities, Compactification and Hypercharge, JHEP 01 (2007) 107 [hep-th/0610007]
[INSPIRE].

T.W. Grimm and T. Weigand, On Abelian Gauge Symmetries and Proton Decay in Global
F-theory GUTs, Phys. Rev. D 82 (2010) 086009 [arXiv:1006.0226] [INSPIRE].

T.W. Grimm, M. Kerstan, E. Palti and T. Weigand, Massive Abelian Gauge Symmetries and
Fluzes in F-theory, JHEP 12 (2011) 004 [arXiv:1107.3842] [INSPIRE].

A.P. Braun, A. Collinucci and R. Valandro, The fate of U(1)’s at strong coupling in F-theory,
JHEP 07 (2014) 028 [arXiv:1402.4054] [INSPIRE].

L.B. Anderson, I. Garcia-Etxebarria, T.W. Grimm and J. Keitel, Physics of F-theory
compactifications without section, JHEP 12 (2014) 156 [arXiv:1406.5180] [INSPIRE].

I. Garcia-Etxebarria, T.W. Grimm and J. Keitel, Yukawas and discrete symmetries in
F-theory compactifications without section, JHEP 11 (2014) 125 [arXiv:1408.6448]
[INSPIRE].

M. Cveti¢, A. Grassi, D. Klevers, M. Poretschkin and P. Song, Origin of Abelian Gauge
Symmetries in Heterotic/F-theory Duality, JHEP 04 (2016) 041 [arXiv:1511.08208]
[INSPIRE].

J. Gray, Y.-H. He, A. Ilderton and A. Lukas, STRINGVACUA: A Mathematica Package for
Studying Vacuum Configurations in String Phenomenology, Comput. Phys. Commun. 180
(2009) 107 [arXiv:0801.1508] [INSPIRE].

- 101 —


http://arxiv.org/abs/alg-geom/9702002
http://inspirehep.net/search?p=find+EPRINT+alg-geom/9702002
http://arxiv.org/abs/alg-geom/9505009
http://arxiv.org/abs/hep-th/9802093
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802093
http://dx.doi.org/10.1088/1126-6708/2000/05/045
http://dx.doi.org/10.1088/1126-6708/2000/05/045
http://arxiv.org/abs/hep-th/0001133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0001133
http://dx.doi.org/10.1016/S0370-2693(98)00713-8
http://dx.doi.org/10.1016/S0370-2693(98)00713-8
http://arxiv.org/abs/hep-th/9803224
http://inspirehep.net/search?p=find+EPRINT+hep-th/9803224
http://dx.doi.org/10.1016/0550-3213(95)00625-7
http://arxiv.org/abs/hep-th/9511030
http://inspirehep.net/search?p=find+EPRINT+hep-th/9511030
http://arxiv.org/abs/physics/9712054
http://dx.doi.org/10.1007/JHEP06(2012)009
http://arxiv.org/abs/1203.3812
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.3812
http://dx.doi.org/10.1007/JHEP05(2014)080
http://arxiv.org/abs/1310.1931
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1931
http://dx.doi.org/10.1007/JHEP10(2012)128
http://arxiv.org/abs/1208.2695
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2695
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.011
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.011
http://arxiv.org/abs/hep-th/0502059
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502059
http://dx.doi.org/10.1088/1126-6708/2007/01/107
http://arxiv.org/abs/hep-th/0610007
http://inspirehep.net/search?p=find+EPRINT+hep-th/0610007
http://dx.doi.org/10.1103/PhysRevD.82.086009
http://arxiv.org/abs/1006.0226
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.0226
http://dx.doi.org/10.1007/JHEP12(2011)004
http://arxiv.org/abs/1107.3842
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.3842
http://dx.doi.org/10.1007/JHEP07(2014)028
http://arxiv.org/abs/1402.4054
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.4054
http://dx.doi.org/10.1007/JHEP12(2014)156
http://arxiv.org/abs/1406.5180
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.5180
http://dx.doi.org/10.1007/JHEP11(2014)125
http://arxiv.org/abs/1408.6448
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.6448
http://dx.doi.org/10.1007/JHEP04(2016)041
http://arxiv.org/abs/1511.08208
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.08208
http://dx.doi.org/10.1016/j.cpc.2008.08.009
http://dx.doi.org/10.1016/j.cpc.2008.08.009
http://arxiv.org/abs/0801.1508
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.1508

[80]

[83]

[84]

[85]

[36]

[87]

[88]

[91]

[92]

[93]

[94]

M. Cveti¢, D. Klevers, H. Piragua and W. Taylor, General U(1) x U(1) F-theory
compactifications and beyond: geometry of unHiggsings and novel matter structure, JHEP 11
(2015) 204 [arXiv:1507.05954] [INSPIRE].

M.R. Douglas and C.-g. Zhou, Chirality change in string theory, JHEP 06 (2004) 014
[hep-th/0403018] [iNSPIRE].

M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo and R. Valandro, The Web of D-branes
at Singularities in Compact Calabi-Yau Manifolds, JHEP 05 (2013) 114 [arXiv:1304.2771]
[INSPIRE].

P.S. Aspinwall and M. Gross, The SO(32) heterotic string on a K3 surface, Phys. Lett. B
387 (1996) 735 [hep-th/9605131] [INSPIRE].

V. Sadov, Generalized Green-Schwarz mechanism in F-theory, Phys. Lett. B 388 (1996) 45
[hep-th/9606008] [INSPIRE].

L.B. Anderson, A. Constantin, S.-J. Lee and A. Lukas, Hypercharge Fluzx in Heterotic
Compactifications, Phys. Rev. D 91 (2015) 046008 [arXiv:1411.0034] [INSPIRE].

L.B. Anderson, A. Constantin, J. Gray, A. Lukas and E. Palti, A Comprehensive Scan for
Heterotic SU(5) GUT models, JHEP 01 (2014) 047 [arXiv:1307.4787] [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and E. Palti, Heterotic Line Bundle Standard Models,
JHEP 06 (2012) 113 [arXiv:1202.1757] [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and E. Palti, Two Hundred Heterotic Standard Models on
Smooth Calabi-Yau Threefolds, Phys. Rev. D 84 (2011) 106005 [arXiv:1106.4804]
[INSPIRE].

V. Kumar and W. Taylor, String Universality in Siz Dimensions, Adv. Theor. Math. Phys.
15 (2011) 325 [arXiv:0906.0987] [INSPIRE].

R. Blumenhagen, S. Moster and T. Weigand, Heterotic GUT and standard model vacua from
simply connected Calabi-Yau manifolds, Nucl. Phys. B 751 (2006) 186 [hep-th/0603015]
[INSPIRE].

M. Kuriyama, H. Nakajima and T. Watari, Theoretical Framework for R-parity Violation,
Phys. Rev. D 79 (2009) 075002 [arXiv:0802.2584] [INSPIRE].

L.B. Anderson, J. Gray and B. Ovrut, Yukawa Textures From Heterotic Stability Walls,
JHEP 05 (2010) 086 [arXiv:1001.2317] [INSPIRE].

L.B. Anderson, J. Gray and B.A. Ovrut, Transitions in the Web of Heterotic Vacua, Fortsch.
Phys. 59 (2011) 327 [arXiv:1012.3179] [INSPIRE].

R. Hartshorne, Algebraic Geometry, Springer-Verlag, Heidelberg Germany (1977).

-102 -


http://dx.doi.org/10.1007/JHEP11(2015)204
http://dx.doi.org/10.1007/JHEP11(2015)204
http://arxiv.org/abs/1507.05954
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.05954
http://dx.doi.org/10.1088/1126-6708/2004/06/014
http://arxiv.org/abs/hep-th/0403018
http://inspirehep.net/search?p=find+EPRINT+hep-th/0403018
http://dx.doi.org/10.1007/JHEP05(2013)114
http://arxiv.org/abs/1304.2771
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.2771
http://dx.doi.org/10.1016/0370-2693(96)01095-7
http://dx.doi.org/10.1016/0370-2693(96)01095-7
http://arxiv.org/abs/hep-th/9605131
http://inspirehep.net/search?p=find+EPRINT+hep-th/9605131
http://dx.doi.org/10.1016/0370-2693(96)01134-3
http://arxiv.org/abs/hep-th/9606008
http://inspirehep.net/search?p=find+EPRINT+hep-th/9606008
http://dx.doi.org/10.1103/PhysRevD.91.046008
http://arxiv.org/abs/1411.0034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.0034
http://dx.doi.org/10.1007/JHEP01(2014)047
http://arxiv.org/abs/1307.4787
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.4787
http://dx.doi.org/10.1007/JHEP06(2012)113
http://arxiv.org/abs/1202.1757
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.1757
http://dx.doi.org/10.1103/PhysRevD.84.106005
http://arxiv.org/abs/1106.4804
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4804
http://dx.doi.org/10.4310/ATMP.2011.v15.n2.a3
http://dx.doi.org/10.4310/ATMP.2011.v15.n2.a3
http://arxiv.org/abs/0906.0987
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.0987
http://dx.doi.org/10.1016/j.nuclphysb.2006.06.005
http://arxiv.org/abs/hep-th/0603015
http://inspirehep.net/search?p=find+EPRINT+hep-th/0603015
http://dx.doi.org/10.1103/PhysRevD.79.075002
http://arxiv.org/abs/0802.2584
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.2584
http://dx.doi.org/10.1007/JHEP05(2010)086
http://arxiv.org/abs/1001.2317
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.2317
http://dx.doi.org/10.1002/prop.201000100
http://dx.doi.org/10.1002/prop.201000100
http://arxiv.org/abs/1012.3179
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3179

	Introduction
	SU(N) matter transitions in 6D supergravity
	Anomaly-equivalent matter representations
	SU(N) blocks in 6D supergravity
	Higgsing processes
	Higgsing fundamentals
	Higgsing antisymmetric representations

	Product groups and transitions

	F-theory description of matter transitions
	F-theory overview
	Weierstrass models
	Gauge groups in F-theory
	Matter
	Superconformal points and tensionless string transitions

	F-theory tunings of SU(6)–SU(8) models
	SU(6)
	SU(7)
	SU(8)
	SU(9)
	SU(10)

	Realization of the transitions
	Higgsing processes in F-theory
	Higgsing on fundamental matter
	Higgsing on two-index antisymmetric matter
	Higgsing on three-index antisymmetric matter


	Heterotic description of matter transitions
	SU(N) theories in heterotic compactifications
	SU(6)
	SU(7)
	SU(8) and beyond

	Realization of the transitions
	Higgsing processes
	Higgsing on fundamental matter
	Higgsing on two-index antisymmetric matter
	Higgsing on three-index antisymmetric matter

	Small Instanton transitions and Higgsing

	Heterotic/F-theory duality
	The stable degeneration limit
	A very brief review of the spectral cover construction
	Matter transitions in spectral covers
	SU(6) heterotic/F-theory dictionary
	SU(7) tuning
	The heterotic K3 geometry
	SU(7) symmetry and the spectral cover
	SU(7) and Green-Schwarz massive U(1)s
	SU(7) matter transitions

	SU(8) tuning
	Higgsing on antisymmetric matter
	Comments on Green-Schwarz massive U(1)s

	Matter transitions in other gauge groups
	Sp(N) matter transitions
	Field theory
	F-theory
	Heterotic description

	SO(N) models
	SU(3) with symmetric matter

	Conclusions
	Summary of results
	Further directions

	Addition of sections
	Three stable degeneration limits for SU(8)
	Stable degeneration limits and U(1) symmetries
	Details of heterotic Higgsing analysis
	Higgsing on fundamental matter
	SU(7)
	SU(8)

	Higgsing on two-index antisymmetric matter
	SU(6)
	SU(8)

	Higgsing on three-index antisymmetric matter
	SU(6) 
	SU(7)



