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1 Introduction

String compactifications lead to a rich array of effective supergravity (SUGRA) and quantum
(and sometimes conformal) field theories in 6- and 5- dimensions which have been the focus
of much recent work [1-11]. The close relationship between the 5/6-dimensional theories
under a circle (S1) reduction has yielded much information about the possible structure of
both theories (see e.g. [12-14]) and inspired many recent classifications. In this work, we are
interested in a new example of such 6D /5D relationships as they arise in compactications of
M/F-theory on elliptically and genus one fibered Calabi-Yau threefolds. In particular, we
are interested in circle reductions of 6-dimensional F-theory effective theories which include
flux along the circle and the possibility of twisted circle reductions|[7, 15-19] (leading to
different ranks in the 5-dimensional gauge theories compared to their 6-dimensional uplifts).
It is important to note at this point that the phrase “twisted reduction” has been used
in multiple ways in the literature (sometimes indicating only circle reductions including
flux/Wilson lines). In the context of this work we will only use the term “twisted reduction”
to refer to reductions which change the rank of the gauge group. This will include an
F-/M-theory realization of automorphisms that “fold” affine Dynkin diagrams [20-22] to
produce twisted algebras and Calabi-Yau genus-one geometries with markedly different
physics (including different rank gauge groups) to their Jacobian fibrations.

Let us begin by briefly reviewing a now well-established story [23-25] of F-theory
circle reductions with Abelian gauge groups and M-theory on genus one fibered Calabi-Yau
manifolds. We will outline a few key ideas here and leave a more detailed review for section 2.
For the purposes of this discussion it should be noted that a “genus-one fibered” manifold
is one whose generic fiber is a T2 and which does not in general admit a section to that
fibration, but rather a multi-section (which intersects the generic fiber n > 1 times). In
contrast, a T2-fibered manifold which does admit a rational section is referred to as an
“elliptically fibered” manifold. A 5-dimensional compactification of M-theory on a genus
one fibered Calabi-Yau threefold X is closely related to a 6-dimensional compactification of
F-theory on a particular elliptically fibered Calabi-Yau threefold known as the Jacobian of
X and denoted J(X/Bs2). In mathematical terms, the Jacobian of a genus-one fibered CY
manifold is an elliptically fibered manifold which shares the same base and discriminant
locus to the fibration (and the same J-function). In general, for torus-fibered CY threefolds
J(X/B3) and X are topologically distinct and many different genus one fibered manifolds
can share the same Jacobian.

The set of such geometries (together with information about the form of the birational
mapping takes) form the group of CY Torsors [26, 27]. In many cases this reduces to
the Weil-Chatalet group WC(X) [22, 26, 28-30]. The Weil-Chéatalet group contains the
Tate-Shafarevich (TS) group III(X) [28, 29] as a subgroup and the two coincide if the
genus-one fibrations do not contain isolated multiple fibres. In such simple situations, the
number of Kéhler moduli among all T'S elements have been observed to match [31-34].
Multiple fibres over smooth points!' on the other hand appear to be closely linked to the

'For a discussion of multiple fibres over isolated singularities in By see [22, 30] and for smooth points see
eq. B of [21].



twisted affine algebras that we construct in this work and hence in these cases the WC'(X)
group does not simply reduce to the TS group II(X).

Returning to the F-/M-theory physics of these manifolds, a compactification of F-
theory requires the existence of a section in addition to a T? fiber [35, 36] and thus, we
can consider defining F-theory on a given elliptically fibered CY threefold. However, this
single compactification of F-theory can give rise to a number of distinct 5-dimensional
compactifications of M-theory via circle reduction with Wilson lines (and possibly matter
field vevs). As an example, if we consider a purely Abelian 6D effective theory arising from
F-theory, then it is possible to choose a non-trivial U(1)-charged vev (¢q) # 0 and discrete
Wilson line (i.e. discrete circle flux) along the circle

&~ . A. (1.1)
As was demonstrated in [31, 32, 37|, different choices of £ lead to compactifications of
M-theory on (possibly) distinct genus-one manifolds which are elements of the group of CY
torsors (note that the reduction with £ = 0 leads to an M-theory compactification on the
elliptically fibered manifold J(X/Bs) itself). The set of these 5-dimensional theories are
connected by geometric transitions in the underlying genus one fibered manifolds [31, 32, 37,
38]. This framework has been used to gain a deep understanding of discrete symmetries in
F-/M-theory. In particular the associated Jacobian fibrations admit non-trivial torsion [32]
and terminal singularities that do not admit a crepant resolution [39, 40]. When compactified
on one more circle to 4D, one obtains type ITA strings on the same geometry but it is
possible to twist along this additional cycle, which allows to resolve the singularity via a
non-commutative resolution [41-43].

In the present paper, we will be interested in compactifications of F-theory in 6-
dimensions which include not only an Abelian factor, but also a non-Abelian gauge algebra
(e.g. g X Z,, for the Jacobian theory or g x u(1) if we move to an enhanced loci in moduli
space to simply describe the dimensional reduction). In this case, the circle reductions can
involve flux from gauge fields in the Cartan subalgebra of g as well as the U(1) factors.
Importantly, a feature that is possible in this context is the presence of boundary conditions
which can mix these different fluxes together in non-trivial ways:

AB(y) = oP(A%(y + 2n)) (1.2)

where o is associated to a discrete automorphism of the gauge group. In reductions of pure
gauge theories the discrete symmetry action ¢ is known to be an outer automorphism of
the gauge group. As we will discuss in this work, in the context of F-theory (as a theory of
supergravity) this discrete symmetry is expected to be gauged and to be locally realized
in the Calabi-Yau geometry. This involves a more complex interplay between the gauge
theory and local discrete automorphisms of the Calabi-Yau geometry.

Non-trivial circle boundary conditions such as in (1.2) (and fluxes) have been imple-
mented in a variety of other contexts under the name of “twisted” circle reductions (see
e.g. [7, 15, 17, 44]) but have not been previously studied in the compact setting in F-
theory. As we mention above, we will refer to reductions implementing non-trivial boundary
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Figure 1. From left to right: upon affinization, the ¢; Dynkin diagram obtains an Z, outer
automorphism that interchanges the affine and fundamental root o and «;. Quotienting by that
automorphism, yields twisted affine eéz).

conditions such a (1.2) as “twisted reductions”. We find that in the presence of these
boundary conditions we generate a new set of 5-dimensional vacua associated to M-theory
compactifications on genus-one fibered manifolds with “twisted” torus fibrations realizing
twisted Lie algebras (e.g. eé?)) in their fibers and non-Abelian gauge algebras of the form
h; x u(1l) where h; C g is a sub-group of the 6D F-theory gauge algebra. Geometrically,
these geometries are intriguing in that the genus one fibered manifold and its Jacobian can
realize different non-Abelian gauge groups, despite the fact that they share a discriminant
locus. This arises through a discrete “folding” of the affine Dynkin diagrams found in the
elliptic/genus-one fibers.

In this work we will provide several examples of the geometric structure described above
in which a genus-one fibered CY manifold and its Jacobian differ significantly in terms of
their respective 5D/6D physics. As our central, illustrative example, we will study in detail
the geometry and BPS spectra of a manifold whose fibers correspond to the twisted algebra
eéQ). The eé?) twisted algebra admits an f, finite sub-algebra, as observed from the Dynkin
diagram in figure 1. Upon unfolding one notices that the Dynkin diagram is obtained from
an e%l) cover, twisted by its outer automorphism. A key feature of this construction is
that this folding symmetry only exists in the diagram upon affine extension but not the
finite e; gauge algebra alone. Correspondingly, if this is to be realized inside a compact
CY fibration, the folding is incompatible with the existence of a single section, as that
would mark the affine node ag breaking the symmetry ag <> a1. Instead, as we will review
in detail below, the folded fibers appear in genus one geometries with a 2-section [7]. As
described in section 4, such a 2-section comes with a special divisor Dy = d2 + 4ds across
which the two branch points are interchanged. This monodromy divisor plays a crucial
role in realizing the folded fibers: to obtain the eg) geometry, we require the e; divisor in
the base to intersect Dy non-trivially. As we will outline in detail in section 4 below, the

singular genus-one fibration admits a quartic fiber presentation in Fo, given as

7% = 2 X+ P do XY + Pds XPY? + 2dy XY
+dsY* 4+ de2’ X2 Z + 2d7 XY Z + dgY*Z (1.3)
with what we call a type 111" non-split fiber that can be resolved to e((f).
This fiber structure leads to several open questions regarding the 5D /6D effective
physics which are explored in this work. The torus-fiber of the genus-one fibration indicates
a 6D F-theory uplift. As the 6D F-theory geometry is simply the encoding of the monodromy



data of the IIB axio-dilaton, this information can be obtained by mapping the singular
genus-one model into the Jacobian fibration [45] which takes at leading order the form

F=2Dy+0(Y, g=25g+03:%, A=22Ds+0(:0). (1.4)

Due to the presence of the section in the Jacobian, the Kodaira/Tate classification applies
and we do not obtain an f4 (e.g. via a IV*™-singularity) but instead a type I1I* which
yields an e7 gauge algebra. Thus, we find an enhancement of the non-Abelian gauge
symmetry in the 6D theory compared to that in 5D. This observation regarding the
F-theory lift of such genus-one models differs from those previously studied in the literature
(see e.g. [46]). In particular we find a difference of the Kéhler moduli of the (maximally
resolvable) Jacobian and the genus-one fibrations as also observed in [20, 21, 47]. From
the point of view of circle reductions of 6D gauge theories, this may come as a surprise,
as “twisted” dimensional reductions leading to e((f) fibers are realized in theories decoupled
from gravity by twisted reductions of ¢g (see e.g. [7, 19]). In the present context, we find
that the Jacobian symmetry instead reflects the geometric cover of eé2), that is e7. This is
further discussed in section 3. This structure appears in each of our examples and applies
also to the 5u§2) and 50%3) geometries that are explored in section 5.

Further interesting differences between the 5/6D theories arise when considering the
spectrum of light states in the two theories. Upon resolving the genus-one model, we study
the geometry over an arbitrary two-fold base and compute the number of light 5D BPS
states associated to the twisted fibration which are determined by the number of R = [2]- Ds
ramification points and the genus g of the base curve. Computing those we find that our
results are in full agreement with the multiplicities of 5D states that would arise from an eg
twisted circle reduction (despite the fact that the apparent 6D gauge symmetry is e7 as
described above). We also discuss several conifold-type transitions of the threefold, and
match it to 5D geometric transitions which change the fiber structure as egl) — eéz). Field
theoretically we realize this transition via motion along the Higgs/Coulomb branches of the
theories. We test our constructions also in the context of little string theories, by matching
higher group symmetries across T-dual pairs, as well as SCFTs.

The structure of this paper is as follows. In section 2 we give a brief introduction to
circle compactifications in F-theory and M-theory on genus-one fibrations. In section 3 we
discuss twisted circle reductions of u? and e7 x u; theories and a rich array of questions
that arise in those contexts. From there we proceed to the discussion of 5D M-theory vacua
and genus one fibrations with eé?) fibers in section 4, where we describe the full geometry,
compute BPS multiplicities and geometric transitions to untwisted theories. In section 5
we then discuss further examples including suz(f) and 505(33) twisted fibers. In section 6 we
employ the geometric constructions described above to discuss twisted T-dual little string
theories and match their global symmetries. These considerations provide a non-trivial
cross-check for our constructions. Finally, in section 7 we compare the moduli spaces of
twisted and untwisted genus-one fibrations before we conclude in section 8. Appendix A
and appendix B are devoted to additional geometric data for some of the explicit examples

presented in this work.



2 Circle reductions of F-theory to M-theory

In the following sections we provide a brief review of the relationships between 6/5 dimen-
sional theories and the geometry of Calabi-Yau elliptic and genus-one fibrations.

2.1 A brief review of twisted circle reductions

Following the analysis of [31, 48], one can consider a compactification of a 6-dimensional
U(1) gauge theory on a circle of radius R. In particular, we consider the possibility of giving
a field ¢ of charge ¢ an expectation value, possibly depending upon the circle direction,
whose coordinate we denote by y. Denoting the five-dimensional coordinates by x we can
perform the usual Fourier expansion of the scalar field.

$(x,y) = D Pnla)e®™™T, (2.1)

neEL

with the inverse circle radius 7 = %. In addition to a scalar field vev, one could consider
turning on a Wilson line associated to the U(1) gauge field which can be denoted by £ = [¢1 A
as in (1.1). In such a background, the mass term obtained for the n’th Kaluza-Klein (KK)
mode ¢,, is proportional to the following

my, = |¢€ + nT|. (2.2)

In this setting that there are several distinct possibilities for the nature of the compactified
theory. The mode of ¢ which is given an expectation value must be massless according
0 (2.2). For example, if we choose £ = —7k/q this is simply the mode n = k. One can then
ask, if we give an expectation value to a KK mode ¢, then what symmetry is preserved?
This is straightforward, but we write out the argument below here as we will soon need to
repeat it for more complicated examples. The mode transforms under the symmetry as

follows.
P — 0T (2.3)

Here 6 and v are the parameters associated to U(1)gp and U(1) gk respectively. Given (2.3)
the expectation value is invariant if,

q0 + ny = 2wy, (2.4)

where v € Z. Clearly we will always have a U(1) symmetry simply by taking v = 0 and
0 = n/qy. To complete the analysis we simply need to decide if any non-zero values of
are not identified with the v = 0 case.

The two gauge parameters are identified under

0=~0+2ma, Y=+ 2n0. (2.5)

Therefore,
g0 + ny = qf + n + 2w (g + np) . (2.6)

Comparing (2.6) and (2.4), we see that values of v for which v = (¢qa+n/) can be identified
with zero. The question therefore becomes what is the smallest positive integer combination



of ¢ and n. This is, of course ged(g, n) and thus values of « can be identified under integer
multiples of this greatest common divisor. Given this analysis, a dimensional reduction of
this type results in a symmetry U(1) X Zged(g,n)-

As an example, we see from this analysis that if ¢ = 3 then one should obtain a U(1)
symmetry unless n is an integer multiple of 3 as noted in [31]. It should be noted that
this result has implications of the structure of the group of Calabi-Yau Torsors under the
standard F-theory framework of how such geometries are related to sets of genus one fibered

geometries which share a Jacobian [26, 31, 38, 46, 48] as we discuss next.

2.2 F/M-theory circle reductions and Calabi-Yau geometry

In this section we review the geometry and physics of genus-one fibrations in M-and F-theory
on a compact threefold and its relation to discrete symmetries. Those properties can be
deduced intrinsically from the threefolds [41, 49, 50] however we will rather discuss them in
terms of a Higgs transition following [32].

In that we discuss with an elliptic threefold with a rank one MW group [2, 23, 25]
(also see the reviews [51, 52| and reference therein). A well explored example is the
Morrison-Park [2] model [24] given as the elliptic curve inside of BL1P{ | ,

p= 6?81X4+6%82X3Y+6183X2Y2+S4XY3+€%86X2Z+61S7XYZ+88Y2Z+6189Z2 .
(2.7)

Here the X, Y, Z, e can be thought of the analog of the Weierstrass coordinates, and the s;
are some non-vanishing sections of the base that are specified in appendix B. The fibral
part of the Stanley-Reisner ideal (SRI) is given by

SR :{XZ,e1Y}, (2.8)

where both X = 0 and e; = 0 are sections Sy and Sy respectively, that generate a MW
group given by the Shioda map:

o(s1) = ler] — [X]. (2.9)

The form dual to this divisor leads to a U(1) gauge potential by an expansion of the
M-theory three-form that also survives in the F-theory limit. Notably, this fibration admits
two kinds of reducible curves over codimension two points in the base, where the fiber
becomes of I form. The first is over the toric locus s4 = sg = 0 where the fiber degenerates
into T? — C; + C5 and the other one over a non-toric ideal I, (2) where the fiber becomes
T? — By + By. The fiber structures and especially their intersections with the two set of
sections are given as

C1 Oy By By
So |1 O So 1 0
St |1 2 St 0 1. (2.10)
o(s1)|—2 2 o(sy)] -1 1
vol |ty 2t vol |tg+ts ts




The volumes of those effective curves were computed using the fibral part of the Kéhler
form (see [48]) given as

J = tpSp —l—tS(So—i-Sl). (2.11)

This geometry admits two conifold transitions that either branch towards a genus-one
fibration or its Jacobian respectively. In order to do so, either of the two P'’s must be
blown-down which yields a singularity which we can then deform. The two phases are
topologically distinct geometries:

1. tp — 0 yields the genus-one fibration (after deformation). Note that the residual fibers
By /5 stay at finite volume.

2. ts — 0 yields the Jacobian fibration (after deformation). The curve By shrinks to
zero size, which results in an I singularity that can not be (crepantly) resolved.

In the genus-one fibration we deform the singular curves C; by adding the terms s;Y*
to obtain

p=51X "+ 52 X3Y + 53 X2V2 + 4 XY3 4 55Y* + 56 X% Z + 57 XY Z + sgY2Z + s922,
(2.12)

which yields the genus-one fibration. Shrinking Cy preserves the section and yields the
Jacobian fibration. From a 6D perspective, the resulting F-theory lift yields a discrete Zo
symmetry. This is clear once from observing that we Higgs on a non-minimal U(1) charged
state but also due to the fact the all elements in the TS group II(X) must yield the same
6D F-theory and thus a (discrete) gauge symmetry.

In the absence of a section we can at most define an N-section, which refers to a divisor
SY that intersects the generic torus N times

SNV .1 =N. (2.13)

Those N-points make sense only as a collection, as they are permuted along monodromies
in the base along the Monodromy divisor Dy s,. This divisor can be computed from the
discriminant locus of Sév . For the quartic the relevant monodromy divisor is given as

Dy x = s% — 4s9s5. (2.14)

While the different elements of III(X) uplift to the same 6D F-theory, their 5D M-theory
physics differs. As described previously, since M-theory is related to F-theory by a circle
compactification, the differences in 5D effective theory arise from a choice of a circle flux &
in the 6D gauge algebra G x U(1). In the context of the geometries above, these choices can
be seen by following the Higgsing in 5D and noting that M2 branes can wrap the curves Cj
which, on a generic point on the Coulomb branch (CB) obtain the masses

Myn = |wI£I + qg + nT| ) (215)



whereas w! denotes a weight of the 6D representation R, under G' x U(1). The & and &
denote the 5D Coulomb branch parameters of the non-Abelian and Abelian gauge algebras
respectively. Geometrically, those 5D Coulomb branch parameters correspond to fibral
Kihler parameters and the weights w! and g can be explicitly computed via the intersections
of the fibral curve C' with the fibral divisors D; and the U(1) Shioda map respectively. For
a singlet state under the non-Abelian gauge algebra, 1y, the choice of circle flux § = — %
from the perspective of the 6D theory allows for massless states in the 5D theory that
enable the geometric/Higgsing transitions described above. The choice of £ = 0 corresponds
to the Jacobian geometry.

From the point of view of the circle reduction, the unbroken U(1)g in 5D is a linear

combination of both U(1)gp and U(1)xx symmetries given as

flux 5D symmetry
€= —%UMWEp=n-ULe — N-UD)xx (2.16)

(where we have taken gcd(g, n) = 1 here for simplicity). Also note that the Jacobian vacuum
with € = 0 preserves the discrete gauge algebra factor in 5D? The choice with a discrete
holonomy will be relevant in the next section in conjunction with additional non-trivial 6d
gauge symmetries to lead to twisted affine type of fibers.

Note that at the origin of the Coulomb branch in the Jacobian, with £ = 0 there are
KK zero-modes which yield massless 5D states. Note also that discrete charged singlets stay
massless on a generic point of the Coulomb branch moduli space. These states correspond
to terminal I fibral singularities, that do not admit any crepant resolution [39, 40]. In the
genus-one fibration on the other hand every massless 6D state with representation R, and
Zy remnant charge ¢ mod N admits shifted 5D mass

n
Muy,n = \wI&—i— (n—q]\?> 7|. (2.17)

The total contribution gg = (n—q7) is identified with the charge® under U(1)g which is the
shifted U(1) k. The U(1) g charges can be computed geometrically via the intersections with
the “discrete Shioda map”* which is used to construct multi-section that is orthogonalized
with respect to all shrinkable fibral curves (see [45] and eq. (5.23) in [50]). Note that states
with weight w € R and non-trivial U(1)g charges stay massive at the origin of the Coulomb
branch & = 0.

Whenever g is an untwisted algebra the codimension one and two singularity structure in
either elements of the TS group III(X) are the same, as observed in all known examples [20,
34, 45, 49], with the only exception that singularities are terminal in the Jacobian. Hence

for computational purposes it is often times more convenient to use the genus-one fibration

2See [32, 41] for a discussion of the torsion cycles in the Jacobian that yield the discrete symmetry.

3The ¢ mod N identification of the 6D discrete charges is resembled by the integer shift symmetry of the
KK charges n in 5D.

“Note that the U(1) x x-tower is still integer spaced, while we will mostly use a U(1)g charge normalization
for the N-section such that KK-charges have N-integer spacing.



to compute states and charges, as the geometry can be fully resolved.? These states then
become massless in the 6D F-theory uplift and therefore must satisfy the 6D (SUGRA)
anomaly cancellation conditions.

When moving away from untwisted algebras to twisted ones however, the simple
relationship between states no longer holds. In the following we discuss in detail that these
geometries admit multiple fibers and hence, we expect that the Weil-Chatalet group WC'(X)
will not reduce to the Tate-Shafarevich group III(X) in these cases.

3 Twisted dimensional reductions in F-theory?

The geometries described in section 1 highlight an intriguing possibility, namely that circle
reductions of F-theory to M-theory may dramatically change the nature of non-Abelian
factors in the gauge group in a way that cannot be explained by standard circle fluxes
alone. The natural question then arises: what is the physical mechanism that accomplishes
this change?

At least a partial answer seems to lie within the study of twisted circle reductions of
gauge theories which have appeared in a wide range of contexts (see e.g. [7, 15, 17, 19, 44, 53]).
In brief, if we begin with a theory with gauge symmetry G, in n-dimensions and consider
the dimension reduction of this theory on an S' to produce an (n — 1)-dimensional theory,
it is natural to consider the possibility of non-trivial boundary conditions on S! for the
gauge theory. Denoting the coordinate along the S' as y, the fields of the theory could
experience ‘twisting’ conditions around the circle. For example the gauge potentials could
obey a schematic relationship of the form

AB(y) = oP(A%(y + 2)) (3.1)

where o is some discrete action mixing components of the gauge field. For pure gauge
theories, the possible discrete actions o are well understood [7]. In particular, o must be
compatible with gauge transformations of the theory but not trivializable under them,
leaving the group of outer automorphisms of G as a natural choice.

Importantly for our present purposes, for simple Lie algebras the group of outer
automorphisms are exactly the group of graph automorphisms of the associated Dynkin
diagram. This means that there is a natural identification of nodes of the Dynkin diagrams
that can “fold” the diagram in way a that feels similar in spirit to the relationship between
fibers of the twisted genus one fibered manifold X and it’s Jacobian, J(X/Bs) sketched in
section 1 and explored in detail in section 4. For example, a natural Zs automorphism of eg
can fold the group to its f4 subgroup (see figure 2). Physically, then this symmetry in (3.1)
would lead to a breaking of e¢g symmetry to f4 under a circle reduction.

Within gauge theories, the mechanism above is well understood and frequently utilized.
However in theories coupled to supergravity new subtleties arise. The most important of
these is that it is believed that discrete symmetries such as those appearing in (3.1) must
be gauged in the full supergravity theory. Thus, one must ask how the local discrete actions
such as o in (3.1) are realized explicitly in a given string/M-/F-theory context?

®As shown in [41, 42], terminal singularities can be resolved with non-Kihler non-commutative resolutions
in the type IIA compactifications. Using those resolutions, discrete charged Gopakumar-Vafa invariants
have been proposed [41], that allow to compute charges and states in the Jacobian directly.
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Figure 2. Depiction of the Dynkin diagrams of eél) and ffll), where the affine node is highlighted in

black. The later is obtained by folding by the Zs automorphism of ¢g. Note that ffll) is Langland
dual to eé2) given in figure 1.

An interesting example of this question arises in the CHL compactifications of the
heterotic string [54]. Beginning with the Eg x Eg heterotic theory in 10-dimensions it is
possible to perform a circle reduction to obtain a 9-dimensional theory with, for example,
Eg symmetry. In this case the discrete action (3.1) is simply the Zs outer automorphism
of the product group Fg x Eg which interchanges the two Eg factors, leaving a single Eg
gauge group in 9-dimensions. The question of how this apparent global symmetry is gauged
might be somewhat opaque within the 10-dimensional heterotic theory. However the local
nature is clearly visible from the viewpoint of 11-dimensional heterotic M-theory [55] in
which this Zs symmetry is realized as a discrete automorphism of the S'/Zs geometry
itself which interchanges the two FEg-fixed planes (i.e. the 9-dimensional theory is found
from compactification on a Mobius strip [56]). As an important final note on this example,
it is useful to observe that this symmetry only appears at special/tuned (i.e. higher co-
dimensional) loci within the moduli space of the heterotic compactification (or heterotic
M-theory). At generic points in the moduli space the two Eg bundles are not symmetric. It
is only by moving to a special locus where the gauge connections, etc are identical that the
symmetry becomes manifest. We will return to this important point in other contexts below.

With these general comments in hand we come now to the question of how can such
twisted dimensional reductions be realized in F-theory? There are several immediate
observations that can be made — which in turn lead to questions about the nature of
any twisting symmetries akin to (3.1) in this context. The first of these is that since we
expect this discrete action to be gauged in a compact geometry, it is natural to expect
that the symmetry must be realized in some way in the Calabi-Yau geometry of F-theory
itself (indeed, in a sense F-theory is just a geometric encoding of field theory information in
Calabi-Yau geometry). But that raises the question of how can a twisting symmetry act on
the elliptically fibered geometry?

To answer this question it is useful to first recall how diagrams such as in figure 2
are realized in F-theory. To work directly with the Calabi-Yau geometry it is helpful to
consider the resolved limit as guide, despite the fact that the physical theory is determined
by (singular) Weierstrass models (i.e. thinking of F-theory as a limit of M-theory). In the
resolved CY geometry, the Dynkin diagrams of gauge groups are realized geometrically (via
blow-ups of degenerate elliptic fibers) as diagrams of affine groups. This affine diagram
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is reduced to that of the actual gauge group by the inclusion of a section to the elliptic
fibration which intersects one component of the fiber. In the F-theory limit, all components
of the fiber that do not intersect the section (i.e. all fibral divisors) are taken to zero size.

In this context we might expect that a twisting symmetry should be visible in the
F-theory geometry itself as a discrete automorphism. But at this point several immediate
questions arise. The first puzzle is that it is the Dynkin diagrams of affine Lie groups
rather than their finite counterparts that arise in the explicit (resolved) elliptically fibered
Calabi-Yau geometry. Thus, we must ask how is the discrete action in (3.1) uplifted to the
full elliptically fibered geometry? And how does such a symmetry interact with the section
(or sections) to the elliptic fibration?

It is clear that any discrete symmetry which “folds” a Dynkin diagram such as in
figure 2 realized in an elliptic fibration must act compatibly with section(s) of the fibration.
In figure 2 this is straightforward as the affine node “spectates” through the folding, but for
some actions on affine diagrams this is not so simple. For example, the Zs action which
folds 6(71) to eéQ) identifies the affine node (intersected by the zero-section in an F-theory
fiber) with another node as in figure 1. Here the presence of a section intersecting the
fibers could generically break the symmetry. Such a symmetry could only be restored if the
fibration admitted more than one rational section (which could intersect the diagram in an
appropriately symmetric way). It is exactly this latter configuration that we find explicitly
realized in the Jacobians of CY genus-one fibrations studied here.

Summarizing the observations above: generic features of the examples we find explicitly
realized in (resolved) elliptic Calabi-Yau geometries indicate that

o The twisting symmetries are expected to “lift” to discrete automorphims (i.e. foldings)
of the affine Dynkin diagrams realized in the elliptic fibers.

e In order for symmetries to exist which can serve as twisted boundary conditions for
the actual (finite) gauge groups, the Mordell-Weil group of the geometry is frequently
required to be non-trivial, i.e. there must be more than one rational section. The
presence of these sections can “restore” folding symmetries to the fibers that would
not otherwise be present with a single rational section.

Due to the geometric relationships between CY genus-one fibrations and their Jacobians,
we do not find the standard twisted boundary conditions that arise in gauge theory (for
example the ¢ — f4 folding in figure 2, though they may exist). Instead, in the explicit
CY geometry we find that only foldings such as those in figure 1 can be realized. From the
geometric perspective, the appearance of e7 instead of eg in the Jacobian is perhaps more
expected, as its affine extension is the geometric cover for eg) fibers. These foldings arise
in the context of more complicated geometries with higher rank Mordell-Weil groups and
discrete symmetries. As a result, twisted dimensional reductions appear to be part of the
rich geometric structure linking genus one fibered Calabi-Yau manifolds and their Jacobian
manifolds as described in section 1 and 2.

Finally, similarly to the example of the CHL string mentioned above, it is clear that we
may need to tune the F-theory geometry to a special locus in complex structure moduli
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space to make any possible discrete twisting automorphisms visible. Here we expect that
these tunings may be more difficult to find/engineer explicitly depending on the interplay
between the discrete symmetries in (3.1) and the full F-theory gauge group (including
non-Abelian and Abelian factors as described by reducible elliptic fibers in the resolved
geometry and a higher rank Mordell-Weil group [35]).

3.1 A twisted circle reduction of a U(1) x U(1) theory

In the sections below we will begin by outlining a twisted dimensional reduction in which
the twisting symmetry is made completely manifest in the geometry by restricting ourselves
to a highly symmetric point in the complex structure moduli space of the elliptic Calabi-Yau
variety. In later sections we will postulate that for many examples milder tunings are
possible and can still lead to twisting symmetries involving interchange of rational sections
(similar to the freedom studied in [57]).

3.1.1 The Calabi-Yau geometry

Here we briefly review the geometry of a singular elliptic CY variety which leads to an
F-theory background with Abelian gauge symmetry U(1) x U(1).

To begin we recall the logic taken by Morrison and Taylor in [38] in characterizing a
geometry with two sections to its elliptic fibration (i.e. Mordell-Weil rank 1) and hence
a U(1) gauge symmetry in F-theory. As a starting point, one may consider a genus one
fibration defined in an ambient ]P’;}YQ 4, defined by (2.12). Fixing sg as a constant, redefining
and shifting the coordinates X,Y, Z and classes s;, we can obtain the reduced form of

the quartic
7% = 51 X 4+ 59 X3Y + 53XV 4 54 XY 4 5577 (3.2)
The s; are sections of line bundles in the base read off from appendix B as

[81} ~ 2(61 — Sg) s [82] ~ 261 — 89, S3 ~ 261 s [84] ~ 261 + 89, [85] ~ 2(61 + Sg) s
(3.3)

with Sy some line bundle class® defined in the base Bs of the genus one fibration 7 : Xcy —
By and ¢; the anti-cannonical class of Bs. This genus one fibration degenerates over higher
codimensional loci in the base (in particular the I5 loci) where the discrete singlets 1; are
located (see [38] for an explicit discussion).

The Jacobian of this geometry, is a hypersurface in ng?’}’} , given as
y? = a3 — 532227 4 (5954 — 4s185)x2" — (5385 + 5155 — 4515385)2° (3.4)

from which we can read off the Weierstrass coeflicients

1
f= (5254 — §8§ — 43135> (3.5)
1 2 8
g= (—3132 + 3525354 = 2—75% + 3515385 — 3335) . (3.6)

5The line bundle Sy is only restricted by the conditions that all [s;] are all effective sections.
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It should be noted that at the singlet locus, the discriminant becomes singular (and the
genus-one fibration reducible).

The geometry given above can be U(1) enhanced by tuning in a section. There are
actually two inequivalent ways of doing so. We call the enhancement U(1), and U(1), that
are given by setting

Ul)g:s1 —d?/4  U(l)y:ss — d2/4. (3.7)

The above factorizations make sense, as s; and s5 are both elements of even classes in the
base and therefore d; and ds are integral. We can directly see that the above factorization
yields another section in the genus one geometry e.g. in the first enhancement as

1
Z(d1X2 —22)(d1 X2 +27) = 52 X3Y 4+ 53X°Y? + 5, XY 4 5571 (3.8)

where we have two sections at Z = :t%le 2 . So now we have a section and thus, this
quartic equation is in birational to the Weierstrass model. The same factorization above
happens for the U(1)p.

Finally, a U(1), x U(1), model (our goal in this section) is then given as

1 1
zZ? = Z(d%X‘*) + 5o X3Y 4+ 53 X2V 2 + 5, XY3 + Z(dgy‘*) . (3.9)
The above geometry admits a symmetry under the exchange
d1 — d5 S9 <7 S4 XY (3.10)

while keeping s3 and Z fixed. This is only possible for the line bundle choices Sg = 0 (but
of course for many choices of base manifold, Bs, in particular for every weak Fano base).
As we will see in future sections this type of tuned Weierstrass model (and its symmetries)
is similar in spirit to the Jacobians varieties of genus-one fibered manifolds with twisted
fibers studied in this work.

3.1.2 Field theory: twisted dimensional reduction

With the geometry above in hand as a background for F-theory, we can consider the
compactification of the resulting six-dimensional U(1) x U(1) gauge theory on a circle.
We will consider giving a vev to a scalar field ¢4, 4, charged under both U(1) factors and
including Wilson lines & and & in both gauge factors. The Fourier expansion of the
scalar field, and the mass term for the associated modes are then very similar to (2.1)
and (2.2) above.

¢Q1,Q2 (33, y) = Z ¢Q1,Q2,n (x)e2mnyT (3-11)

nez
my = InT + &1 + @&2|
For simplicity let us consider the special case where one gives an expectation value to a
field where g1 = g2 = ¢ which we will denote simply by ¢. We will also specialize to the

case where & = & = &. In such an instance, the mass in (3.11) simplifies and we can isolate
a special case of backgrounds.
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The analysis of the unbroken five-dimensional gauge group in this case mirrors the
situation of a single six-dimensional U(1). Taking £ = —k/2¢ we find from (3.11) that the
massless mode is n = k. This mode transforms under the symmetries as

¢n — ei((91+92)q+¢n)¢n <312)

where 0 and 6 are the parameters of the two six-dimensional U(1)’s and v is that of
the KK gauge factor. The expectation value of ¢, is therefore invariant if the following
condition holds for some v € Z.

q(61 + 62) + nyp =27y (3.13)

Clearly, we will always have a U(1) x U(1) symmetry simply by taking v = 0 and ¢ =
—q/n(01+ 02). As before, to complete the analysis we simply need to decide if any non-zero
values of v are not identified with the v = 0 case (and so are not part of the continuous
symmetry group already identified).

The gauge parameters are identified under

01 ~ 01 +2way, by ~ 60y + 21y, Y =Y+ 270. (3.14)
Therefore we have the following identification.
q(01 + 02) + ny =~ q(01 + 02) + np + 27 (q(ar + ) + nf) (3.15)

Comparing (3.15) and (3.13), we see that values of 7 for which v = ¢(a; + ag) + ng for
some a1, as and (B can be identified with zero. Since a; + a9 is still just some general
integer, as « was in the proceeding analysis, the answer is unchanged. The full gauge group
seen in five-dimensions is thus U(1) x U(1) X Zgcq(g,n)-

Where this simple example of a U(1) x U(1) reduction differs from the analysis with a
single abelian factor is in the possibility of there being additional symmetries of the system
which can be used as boundary conditions in the circle reduction. In the proposal we
present in this paper this symmetry is an emergent one, only appearing on special loci in
the moduli space of the Calabi-Yau manifold (i.e. the tuning given in (3.7) for this example).
For those choices of complex structure there exists a Zo symmetry which exchanges the
two U(1) factors in six-dimensions as described in the previous subsection. If we use such
a symmetry as a boundary condition in traveling once around the S' upon which we are
compactifying, then the analysis of the nature of the five-dimensional theory changes.

A symmetry of the type described in the previous paragraph leaves fields of the form ¢, 4
invariant. Therefore the mode expansions (3.12) is unchanged in this case. The symmetry
does identify 6; and 6 mod 27 at the point where the boundary condition is applied,
however, and if we assume that these have no y dependence, then they are set equal mod 27
everywhere. We are thus left with a U(1) X Zgcq(q,n) theory in five-dimensions.

It is useful to also briefly review the fate of the particle spectrum on dimensional
reduction. From fields of type ¢¢ ¢ in six-dimensions which were not those which for which
there was an expectation value we obtain degrees of freedom of charge 2¢) under the low
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energy U(1). From the field of this type which we gave a vev, we of course obtain an
uncharged degree of freedom. In order for the symmetry which we have used as a boundary
condition to exist, fields of type ¢g, 4, must always be paired with fields of type ¢g, 4, in the
six-dimensional spectrum. This is automatic when starting with six-dimensional theories
of course, but the entire discussion here is essentially unchanged in compactifying from
four-dimensions where this requirement becomes non-trivial. The symmetry identifies the
fields in these pairs, and as such, each pair gives rise to a single field of charge ¢; + ¢2 in
five-dimensions.

As a final comment, it should be noted that we could give an expectation value to a
pair of fields of the form ¢4, 4, and ¢g4, 4, instead of the case of equal charges under the
two six-dimensional U(1)’s described above. In such a case, the mode expansion (3.12) is
more complicated as the boundary condition transforms one field into the other as the S!
is traversed. We have the following.

¢q1,qz = Z ¢n(x)ewinyr7 (316)
nez

¢q2’q1 — Z qbn(x)ewin(y—i-l)ﬂ— )
nez

The mass of the KK mode ¢,, is then given by the following expression.

n

mo =[5+ 06 + ] (317)
By choosing £ = —k/(2(q1 4+ g2))7 we can therefore ensure that the mode n = k is massless.
Under the symmetries present in the system, this mode transforms as follows.

(;bn N ¢nei(q191+Q292+%¢) . (318)
Thus the condition that we have an unbroken symmetry is simply,

n
q1bh + g202 + Q¥ =217, (3.19)

for v € Z. Since the symmetry operation equates 1 = 2 mod 27 the v = 0 possibility
here leads to a U(1) symmetry in the five-dimensional theory. The gauge parameters are
identified under 27 shifts as in (3.15), and as such, while non-vanishing values for ~ are
potential elements of a discrete symmetry group, they will be identified with a vanishing
transformation if the following condition holds.

2001q1 + 200q0 + fn = 2y (3.20)
The integer on the left hand side of this expression is always a multiple of
ng(2q17 2q27 TL) = ng(ng(qua 2q2>7 n) = ng(2 ng(Qh QQ)7 TL) . <321)

Therefore (3.20) has a solution iff ~ is a multiple of lem (ged(2 ged(q1, ¢2),n),2) /2. Finally,
then we arrive at a symmetry group for the compactified theory of,

U(l) X Z1cm(gcd(2 ged(q1,92),m),2)/2 - (322)

The discussion of the U(1) charges of the matter spectrum in this case is identical to that
seen in the cases where ¢, , was given an expectation value.
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3.2 A non-Abelian twisted circle reduction: the E; x U(1)/Z2 theory

With the observations of the previous sections in hand, we can return now to the geometry
mentioned in section 1. In the CY geometry defined by (1.4) we see a smooth, genus one
fibered CY 3-fold with eé?) fibers which yields an elliptically fibered Jacobian geometry (as
given by (1.4)) with egl) fibers. We expect these geometries to be part of a single group of
CY torsors and that the 5D M-theory vacua should be related to circle compactifications of
the 6D F-theory. We will explore the structure of the genus one geometry and its associated
5D M-theory physics in section 4, but to begin we will consider briefly the 6D F-theory
background and the associated circle reduction (which is dual to M-theory on the genus one
geometry in 5D). Keeping the connection between the genus-one geometry and its Jacobian
in mind, we can try to understand how the 6D /5D theories are related. In particular, we
hope to shed some light on the difference between the 6D and 5D gauge groups.

It is worth briefly taking stock of the ingredients at our disposal. As reviewed in
previous sections, for ease of description, we begin with a 6D F-theory compactification
defined via a Weierstrass model with (E7 x U(1))/Zy symmetry. How would this theory
reduce to a Fjy x U(1) theory upon circle reduction? As in section 2 we expect that the
F-theory compactified on S* vacuum could include

1. Vevs for matter with a profile along the circle (as in (2.1))
2. Gauge fields (i.e. fluxes) around the circle (i.e. (1.1))

3. Non-trivial boundary conditions (i.e. “twisting” of the circle reduction as in (1.2))

Considering the form of the genus one geometry and its Jacobian (with E7 x Zg
symmetry) we expect the first two elements of the list above to be present. The first of these
is necessary in that a matter field vev for a U(1) charged field (as we will see in section 4,
(12) # 0 for the present example) is required to break the 6D U(1) symmetry to the finite
group Zo seen in the Jacobian. Likewise, we expect non-trivial gauge flux along the circle
in order for the theory to be dual to M-theory on a genus one fibration (see [31, 32]).

However it is clear that these two ingredients alone are not enough. Given the 6D FEy
symmetry visible in the Jacobian it is clear that only U(1)-charged matter (i.e. E7 singlets)
can possibly be given a vev. Likewise with the allowed matter vevs, purely Abelian circle
fluxes could not change the rank of the gauge group. Thus, these possibilities alone could
not lead to the correct 5D gauge group to match M-theory compactified on the twisted
genus one geometry. As a result, we must consider the third item in the list above and the
possibility of a “twisted” reduction of F-theory as described in previous subsections.

As described in the start of this section, the key question in this context is what is the
F-theory origin of the twisting symmetry of (1.2)7 As discussed previously, the resolution
of this singular elliptic fibration sketched in (1.4) displays the affine algebra e(71). Taken
in isolation from the rest of the geometry, this affine Dynkin diagram admits an outer
automorphism o9 of order two. Modding the diagram by this outer automorphism leads to

e((f) (i.e. finite gauge group Fy) which is depicted in figure 1.

(2)

Importantly, as noted in section 1 these “folded” Dynkin diagrams (here ¢; ) appear to
arise in the fibers of a compact, genus one fibered CY threefold which admits an E7 x Zs
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Weierstrass model as its Jacobian in the 6-dimensional theory. This is intriguing structure
as the diagram for the affine 2(71) admits such a Zs, but of course its finite counterpart ey

does not. Thus, the central puzzles to be addressed include the following;:

e Can we perform a twisted dimensional reduction to connect a 6D Weierstrass model
with our “folded fiber” genus one geometry in 5D?

e Does the finite Zy symmetry which “twists” F; — F, under a dimensional reduction
appear as a true symmetry of the elliptic fibers (of the Jacobian Weierstrass model)
which produces the folded (i.e. genus one) threefold? Is this symmetry apparent not
just in an action on fibers, but on the full 6D theory/geometry? What is the action
on the physical theory?

In trying to address these questions we will begin by using the full, smooth resolved CY
Jacobian geometry to explore the structure of possible twisting symmetries, realizing that
we must take a singular limit (by blowing down all reducible curves in the fibers that do
not intersect the zero section) in order to discuss the 6D F-theory physics. It should be
emphasized that in this context we are only using the symmetries of the resolved Jacobian
as a guide to the symmetries of 6-dimensional theory, since in the (singular) Weierstrass
limit these symmetries may not be apparent due to some Kéhler moduli being taken to the
zero-volume limit. Note that this is the same logic that allowed us to deduce the Zy action
on the U(1) x U(1) theory in section 3.1.

As we will see below, a complete answer to the above questions proves to involve a
number of subtle aspects and it is beyond the scope of the present work. However, we will
attempt to sketch some of the ideas and the obstacles that arise in fully determining the
effective physics of the reduction.

In the resolved geometry, the diagram above makes it clear that the 2;1) fiber could
admit an appropriate Zy folding to correspond to the desired eéz) fiber in the 5D genus
one geometry. However, as discussed in the previous section this apparent symmetry is
manifestly broken in the full geometry if there exists only a single section to the elliptic
fibration which would intersect the affine node (ag above). However, the folding symmetry
could possibly exist if there were to exist two rational sections sg, s1 to the elliptic fibration
(i.e. Mordell-Weil rank 1) and those sections intersected appropriate (i.e. symmetric) nodes
in the affine fiber appropriately as shown below:

(a7)

(Oé‘o)(046)(045)(044)(%)(042)(04‘1) : (3.23)

EN) S1

In this case, the Zs automorphism that folds the fiber would only be a true automorphism
of the (resolution of the) F-theory Weierstrass model at a higher-codimensional locus in
moduli space. For example, it could arise if the geometry were fully symmetric under
the interchange of the two rational sections (similar to the geometry in section 3.1). It
is natural to ask whether this can be achieved by tuning non-Abelian symmetry into a
model such as that given in (3.9)7 Unfortunately, In this context we find that the geometry
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becomes too singular for a purely field theoretic analysis. More precisely, tuning the
Weierstrass model given in section 3.1 to achieve a E7 x U(1) symmetry leads to vanishings
of (f,g9,A) > (4,6,12) at points. This implies that the theory contains so-called “SCFT
loci” and is not described purely as an ordinary perturbative field theory. Importantly, such
geometric limits are likely still be within the realm of “good” string vacua, but we are not
able to write down a purely perturbative field theoretic circle reduction of the form shown
in section 3.1.2 in this setting.

Alternatively, the higher codimensional locus that makes manifest the Zo twisting
symmetry should be obtainable by a suitable tuning of the resolution of the Jacobian
CY 3-fold given in (1.4). Unfortunately, without knowing the particular form of the Zs
symmetry this is difficult to reverse engineer.

There is a final observation that can be made regarding the possible geometric origin of
the Zy folding symmetry. In the resolved geometry of the Jacobian CY 3-fold, either of the
two rational sections can be chosen as the zero section. The resulting Weierstrass models
that arise from blowing down fibral components not intersecting the chosen section are
identical. Moreover, the action of this interchange changes the Dynkin weights as expected
for the Zs folding symmetry of the Affine Dynkin diagram and acts on the U(1) charged
matter as charge conjugation. This action (combined with the action of R-symmetry on
the hypermultiplets) leads to an apparent symmetry of the 6D theory. Moreover, in the 5D
theory, this can be directly seen when constructing the two corresponding Shioda maps that
are required to compute the U(1) charges: their forms, in terms of the weights «; is given as

1

o(s1) = [s1] — [so] + 5(30z1 + 4ag + bag + 6 + das + 2a6 + 3ay) , (3.24)
1

a(sh) = [so] — [s1] + 5(30@ + 4o + bas + 6y + das + 29 + 3ar) . (3.25)

From the above form we find that U(1) charges flip sign under exchange, which as expected,
implements a charge conjugation operation. The symmetry of this interchange in the 5D
theory provides a hint that this symmetry may survive under the M-theory to F-theory uplift.

We view the observations above as suggestive of the origin of the twisting symmetry in
6D, but due to the higher co-dimensional nature of this symmetry in the F-theory moduli
space (and the potential presence of (4,6,12) points), there is no clear path to obtain its
explicit action, and as a result it is beyond the scope of the present work to solve. For now,
we turn our attention to the 5-dimensional theory and relationships between twisted and
untwisted genus one fiberations in the 5D M-theory geometries.

4 Phases and lifts of eéz) in 5D

In this section we discuss the geometry of an eéQ) twisted algebra in a torus fibered threefold.

The geometric origin of such a fibre is the fact that affine e(71) (unlike its finite sub-algebra)

admits a Zo outer automorphism. Using a genus-one fibration we can therefore engineer

a monodromy in the base of the fibration that folds by this automorphism, which yields
(2)

¢~ as shown in figure 1. The key ingredient to achieve such a monodromy, is to start with
a torus fibration that does not have a section but a two-section. We will also show, that
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Figure 3. M-and F-theory compactifications of three types of geometries X', connected via
geometric transitions. For I # C, the threefolds have a non-trivial TS group III, which results in
disconnected 5D vacua.

this monodromy is missing in the respective Jacobian sketched in (1.3), precisely due to
the presence of the section, such that those types of fibres evade the famous Koraira/Tate
classification of singular fibers.

Below, we will study the intersection matrix of the fibral curves of e(ﬁg) type inside the
genus one fibered manifold (over a compact two-fold base) in some detail. We also discuss
the structure of the Jacobian and its type I11* fiber structure. By directly studying the
geometry, we compute the light 5D BPS states in the M-theory compactification in both
theories explicitly for a general base.

Finally, it is possible to explore other genus one fibered geometries, related to egQ)
by geometric transitions as sketched in figure 3. Such geometric transitions usually have
an interpretation in terms of Higgs transitions across special loci in the Coulomb branch
moduli space. Identifying the massless matter multiplets is more intricate in the present

case, which we comment on below.

4.1 The geometry of eéz)

To engineer the eéQ) fibration we require a 2-section model to realize the folded fiber type.

To obtain such a model we employ a quartic fiber model [38] that was already introduced
in the section 1. We repeat the respective hypersurface equation here for convenience, as

p=s51X 4+ 52 X3Y + 53 X2V 2 4 54, XY3 + 55V + 56 X2 Z + 57 XY Z + ssY 27 + 5922,
(4.1)

where we can fix sg = 1 globally and with the monodromy divisor for the 2-section X = 0
ﬁlX = S% - 485 . (42)

In order to engineer an e((f) type of fiber over the base divisor Z := z = (, we treat the s;
of (4.1) as the generalization of the Tate coefficients in the quartic genus-one model. All of
those sections are associated to certain line-bundles” that are given in appendix B. Similarly

"Sometimes care has to be taken, that the s; do not become constants. In such situations the multi-section
may split into multiple one-sections and Abelian gauge enhancement may occur [45].
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to the Tate-model, we engineer singularity by imposing certain vanishing orders of the s; in
codimension one. In order to do so, we factor powers of the line bundle z out of the s; as

S; — diz"i s such that [dl] ~ [Si — nIZ] s (43)

which characterises the singularity in the genus-one fiber at the vanishing locus of z. We
package those vanishing orders into the generalized Tate-vector 7i. For an elliptic fibration
those singularities are classified, but for a genus-one model this remains an open problem.?
A toric classification has been given in [58] in terms of tops, introduced in [59] which we are
using throughout this work. In this section it is our goal to engineer what we call a I11*

(2)

non-split singularity that corresponds to an eg” resolution, specified by the Tate vector
n=1{3,3,2,1,0,2,1,0} . (4.4)

Note that this factorization is specifically chosen such that the monodromy divisor (4.2)
intersects Z generically. The resolution (following [58]) is given via the following four
additional coordinates g, go, k1,11 given in the toric hypersurface’

p=dif3gsh Xt + o f3 g7 MR XPY + d3 f397 g5 ik XPY? + dy fagigahi by XY
+dsgi Y + do f3 91950 kI X Z + dr fogrgohi i XY Z + dsgi Y2 Z + Z2 (4.5)
which admits the following Stanley-Reisner ideal”
SRI :{YX,Y f2,Yg2,Yh1,Yk1,Zg1, X g1, X g2, Xh1, Xku, foh1, fok1,g2k1}.  (4.6)
In our toric description, the base divisor Z is then given via the projection
7 X3 : (f2, 01,90, k1) = Z = fog2hlkiga . (4.7)

The intersections of the fibral curves is depicted in figure 4. Note that we have highlighted
when multiple curves are part of a fibral divisor, e.g. when the self-intersection is —4 instead
of —2. E.g. the fibral intersection D*/ = D; - D; and the Cartan matrix €%/ = —22 g

: D
given as
—42 0 0 0 2 =10 0 0
2 =42 0 0 ~12 -10 0
D=0 2 -42 0 and €= 0 -1 2 -2 0 (4.8)
00 2 —21 0 0 -12 -1
00 0 1 —2 00 0 —-12

Those fibral curves are given as the expressions
Plo:{p=/fa=0}: dsgi+dsnZ + 2°
Pi& Ap=ga=0}: dsg? +dsg1 Z + Z*
]P)ll:,Q {p=h1=0}: dsgi +dsquZ + Z° (4.9)
Py:{p="k =0}: dsgi+dih1+dsgp:1Z + Z*
Pi:{p=g1=0}: 1+difSg3h.

8 At present even a classification of genus-one fiber models and the range of possible N-sections is not

known. The state of the art is the 5-section model presented in [37].
9See [34, 60] for a discussion of related techniques used here.
10Note that we have resolved the ambient space, such that the singular point X =Y = 0 is absent.
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[f2] [92] (1]

Dy x=0
Em—

Figure 4. Depiction of the ef(f) fiber. On the left, fibral divisors, curves, intersections and Kac
labels are depicted. Crossing the 2-section monodromy divisor Dj y, interchanges the two fibral
curves in [fa], [g2] and [h1]. At Do x = 0 the fiber degenerates into a multiplicity two fiber, depicted
on the right.

Importantly inside of IP’LJ- with 7 = 0,1,2 we find two curves that are interchanged along
the monodromy divisor (4.2) of the 2-section X = 0. This is also clear by inspection of the
intersection picture given in figure 4. There we find that the 2-section X intersects each
of the two curves of IP’;O, inducing a monodromy action on the respective curves as well.
From the intersection picture we find the affine Cartan matrix of e((f).

An important consequence for this type of geometries is the appearance of multiple
fibers [22, 30, 61, 62]: these appear exactly at the smooth codimension two degeneration
loci where the monodromy divisor Do x = 0 intersects the base curve of the type I11*
fiber Z. In order to see this, recall that the generic fiber £ over Z becomes reducible and

degenerates into
[€] = [f2] + 2[g2] + 3[ha] + 4[k1] + 2[g1] , (4.10)

where the multiplicity factors are the respective Kac labels. Now at the codimension two
intersection locus with Dy x = 0 the fibral curves in [f2],[g2] and [h1] degenerate into a
single curve of multiplicity two as depicted on the right side of figure 4. Hence the whole
fiber becomes

EQ’XZO
e

€] 2+ ([fo] + 2[g2] + 3[h1] + 2[k1] + [91]) (4.11)

that is a non-reduced fiber of multiplicity two. Note again, that those multiplicity two fibers
appear over smooth points in By and hence are of very different kind than those discussed
n [22, 30, 61, 62]. More generally, the presence of those multiple fibers implies that the
group of CY torsors does not reduce to the TS group III(X“/By) but the Weil-Chatalet
group WC(X4/Bsy) [28].

Similar degeneration structures also appear for non-simply laced groups, at the loci
where two fibral curves are interchanged. The important difference in the present case is
that this monodromy action can never involve a section, as these are just a single point.
A section, in turn, must intersect a multiplicity one fibral curve, typically the affine node.
Hence an elliptic fibration can never have a monodromy action on the affine node of some
ADE fiber and therefore can only lead to untwisted algebras.

Having discussed the geometry of a non-trivial WC (X4 /By) element we can discuss
the geometry of the Jacobian J(X“/Bsy). The singular Jacobian is obtained, by employing
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the tuning as given by the generalized Tate-Vector in (4.4) and substituting it into the
Jacobian map given in appendix B of [45]. To compare the fiber structures over Z, we only
give the relevant leading order Weierstrass coeflicients as

f=72diDyx +0(zY), g=z2"diPug+0(z°), A= 429dzfﬁg,x +diO(=").  (412)

Note that we find a type 111" fiber, just as in the genus-one geometry, i.e. an e; singularity.
This may come as a surprise as one could have expected a IV* split singularity here, i.e. an

¢g instead, as this is the field theory lift of an e(62)

reduction. Instead the Jacobian yields
the geometric cover of the twisted algebra. Interestingly the monodromy divisor of the
genus one fibration appears at leading order of the discriminant in (4.12) and leads to local
matter fields.'! Unlike in the genus-one fibration, we can not expect the monodromy divisor
to lead to a non-simply laced type of group in the Jacobian, simply because E7 does not
possess an outer automorphism, only its affine extension does. Consequently we find the
genus-one fibration and its Jacobian do not have the same number of Kéahler moduli similar
to the cases discussed in [20, 21, 47] which had multiple fibers as well. It appears that this
may be a common feature in the presence of non-trivial Weil-Chatelet groups.

Note that we use the typical polynomial map from the genus-one fibration to the
Jacobian, which might not see potential non-polynomial deformations. Indeed, such
deformations are often times present, which we will discuss in section 7 in more detail.

4.2 Geometric state counting

Having discussed the difference in codimension one structure between the genus-one threefold
and its Jacobian, we now compute the number of charged states for each geometry. We will
focus in particular on those states that carry non-trivial representations under the maximal
5D finite sub-group f4 C eé2) and ignore massive singlet states in the rest of this work. We
wish to return for a complete discussion of all such states in future work.

State counting in the eg) genus-one fibration. Having discussed the general features
of the genus-one geometry, we turn now to the generic matter spectrum of the eéz) fibration.
To do so, we first need to understand which line bundles the s;, and upon tuning the
d;, are sections of. These are determined by the line bundles/divisor classes summarized
in appendix B and tuning by the generalized Tate-Vectors in (4.3). From the resolved
geometry as well as its Jacobian we find a non-minimal singularity over z = d; = 0 that
exhibits a vanishing order ordyan(f, g, A) = (4,6,12). Those points are generally associated
to superconformal matter, i.e. E-string theories associated with tensionless strings in the
spectrum. To avoid further complications we use the line bundle class §7 dependency of
[d1] to restrict to fibrations where such loci are absent by demanding

(2] - [d1] = 4e1 - 2 — 287 -2 -322 =0. (4.13)

"Eor non-simply laced groups, the monodromy divisor also appears at leading order in A but does not
directly imply localized matter there.
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In this way we can solve for the intersection Sy - Z, which yields the intersections
1
[dg]-Z:S7-Z:201-2—222:4(1—9)4-532, (4.14)

with g being the genus of the curve Z C By. Throughout this work we implicitly assume
the base By to be smooth and hence all base divisors to be Cartier [63] resulting in
integral intersection numbers. It may therefore seem puzzling to find a factor % factor
in the intersection formula (4.14). However as we explicitly assumed a smooth base, we
should view this ocurance rather as a geometric condition that forces Z2 to be an even
self-intersection. This condition has also been found in [19]. In section 4.3 we give a physical
interpretation of this phenomenon which is related to 56-plets that are not pseudo-real and
must therefore appear in pairs of half-hypers.

To compute the multiplicity of BPS particles, charged under the physical gauge group
inside eé2), we need to compute the moduli spaces of divisors D that collapse to curves
Z. The collapsing P'’s are wrapped by M2 branes in M-theory which yield states in the
5D theory. In order to do so we adopt the geometric framework pioneered in [64—66]
and [46]. The main complication to consider is the monodromy under which the fibral P1’s
are branched in the base. Before computing the exact moduli spaces we want to find the
respective weights of the states. To do so we start with the covering algebra and then
implement the monodromy in a second step. In our case, we have an e¢; cover and the M2
states that wrap those shrinkable curves form the adjoint representation. We write those
curves schematically as C = ), a;C; for i = 1...8. The curves satisfy the C;-C; = —Q:m(egl))
being the affine Cartan matrix. In the following we write those curves graphical as
as — a4 — as

C=a1—as < (4.15)

ag — a7 — ag
We can then generate the 126 curves with a; > 0 and C? = —2 that generate the roots of ey
following [46].
In the next step we implement the monodromy on the 126 curves. In order to do so,
we need to decompose all curves into orbits under the Zo action

Zo : C5(—>Cg, C4HC7, C3HCG, (4.16)
and group them into the invariant curves such as
C = (617627C3 +C67C4+C7)(C5+Cg) ) (417)

with the combination Cs + Cg denoting the affine curve. We have summarized this split
in table 1 for several example curves. Shrinking all but the affine curve yields a maximal
faxui g € e(()?) sub-algebra. We can verify this explicitly when computing the representations
and multiplicities of states obtained by M2 branes that wrap the collapsing fibral P'’s.
First note that the moduli space of a degree d branched curve g can be computed via the

Riemann-Hurwitz (RH) theorem

g—g=Wd-1(g-1)+ %deg(R) . (4.18)
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Mono | # Curves Example Curve f4 weight X
Inv 24 1-1< 8:8:8 (-1,-1,2,0) | g
Zy 24 1—1<é:8:8 + 1—1<§):8:8 (=1,0,0,1)0 | 7
Zs 24 0—1<1:(1):2 + 0—1<1:(1):(1) (1,0,-1,1)1 | g
Zs 3 1—2<§:1:é + 1—2<;:1:? (0,0,0,0)1 | g

Table 1. Schematic reduction of the 126 curves of ¢; roots into Zs invariant linear combinations,

their §4 C eéz) charges and respective moduli spaces dimension x computed in (4.20).

Here g denotes the genus of the curve Z C Ba, d denotes the order of the cover and deg(R)
the degree of the ramification. The degree deg(R) can be computed from the intersection
of the monodromy divisor with Z as

deg(R) = [D2,x] - [2] = 2[ds] - [Z], (4.19)

given in (4.14) and in our case we have d = 2. Putting it all together we get
_ L5
g—g:3(1—g)+§Z . (4.20)

Now we can read off the associated 5D states, when the respective curves collapse. We first
consider the shrinkable curves, given by those that admit trivial affine weight, depicted
by the 24 + 24 curves in the first and second row of table 1. Upon including the four
invariant Cartan generators those make up the 52-dimensional adjoint representation of f4.
In total those curves contribute a 5D vectormultiplet and g hypermultiplets in the adjoint
representation [64].

Note that the moduli space of the of the 24 Zs branched states, computed in (4.20) is
g-dimensional. Hence there are still § — g massless hypermultiplets that did not get paired
up to the adjoint representation. Those left-over states are completed to 26¢-plet charged
hypermultiplets, upon adding two uncharged fields. The later ones are counted as complex
structure deformations on the CY geometry (see section 7 for more details).

The other representations work similarly: there are 24 non-shrinkable curves that admit
an affine charge and weights of the 26, with multiplicity g. Note that two singlets from the
last row in table 1 are needed to complete the 24 states to a full 26;-plet. Summarizing the
hypermultiplet sector in terms of geometric data we then have

ns2, = 9,
_ 1
nae, =59 =3(1-9)+ 527, (4.21)

1
77,261:?:3(1—9)-1-5324-9.

— 24 —



The residual charged singlets are given as
_ |

Note again that all fields, that have a non-trivial uy g charge should be regarded as having
a shifted KK-momenta and thus, stay massive at the origin of the f4 Coulomb branch.
Evidently, the above formula does not satisfy the 6D anomaly cancellation condition for an
f4 algebra by exactly one

n26, + N26, = 5(1 — g) + z? +1. (4.23)

As the 6D lift of the above theory is not an {4, however there is no direct reason to expect
such a cancellation to occur. In fact, in our construction we argue that the correct lift
is given by the Jacobian, i.e. an e; theory with a matter spectrum that we will discuss
momentarily. It is important to remark, that our results are different than the interpretation
provided in [46, 61], where it was proposed that the maximal finite subgroup, f4 in our case,
would lift to 6D. It turns out however, that there do exist distinct but related geometries
which exhibit fz(ll) fibers instead of eé2) that do lift to Jacobians with Fj gauge symmetry in
6D, as we discuss in section 7.

Comparison with eg — eéz) reduction. The typical way in which a 5D twisted theory

with f4 symmetry is obtained in the literature [7, 19, 67], is by starting from a 6D ¢4
gauge theory and performing a twist by an outer automoprhism (as in figure 2) when
compactifying on a circle. In contrast to this, we find an e7 theory in the Jacobian, instead
of eg. Despite this difference however, we find the eg C e7 subgroup to be acted upon as in
the “usual” twisted reduction. In the following we show that the spectrum agrees between
these two viewpoints.

To begin we will consider a 6D ¢g gauge theory. In order to make contact with our
geometric formulas, we will express the number of 6D hypermultiplets in terms of the
standard formulas that include the self-intersection and the genus g of the curve Z that
a stack of 7-branes with eg world-volume gauge theory wraps. Assuming a geometric
engineering of such a symmetry in F-theory the massless hypermultiplet spectrum can be
expressed as

nor =6(1—g) + ZQ, ngz =¢. (4.24)

This 6D theory is the starting point for a twisted compactification. The Zy twist o appearing
in (1.2) acts as the outer automorphism of ¢g by exchanging the two legs of the ¢g Dynkin
diagram as shown in figure 2. This acts as complex conjugation on the representations

o 27+ 27. (4.25)

Upon the S' reduction we impose ¢ twisted boundary conditions when going around the
circle. This effectively shifts the KK-tower by a half-integer multiple and leaves a f4 finite
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sub-algebra in 5D. For an integer-spaced KK tower we obtain the decomposition of the
adjoint [7, 19] as

78 — 520 & 26 , (4.26)
2

where the subscript denotes the shifted KK-charge. Since a 6D hyper contains a fundamental
and its conjugate, we can take a pair of them and mod by the ¢ upon the circle reduction.
This condition requires an even amount of 6D hypermultiplets which in terms of the F-theory
geometry requires Z2 to be even. Note that this is exactly the geometric condition we
found in the section before.'? Decomposing a pair upon the o-quotient one obtains

(27 © 27) — (260 @ 26, 116 1g). (4.27)

The subscript denotes the shifted KK-mass of the fields. As discussed before, we expect
those fields to stay massive, as e.g. the 26 1 vectormultiplets. Collecting the multiplicities
of 5D hypermultiplets in terms of the geometric data of the eg theory we find

n26, :3(1—g)+%2’2, n26 :3(1—9)4‘%324‘9,
2
ni :n10:3(1—g)+%22,n520:g,

1
2

(4.28)

where we added the contribution of fundamentals from 6D adjoint hypermultiplets.

Upon rescaling the shifted KK-charges by two, to obtain the same charge normalization
as used in our geometric derivation, we find full agreement of the multiplicities (4.21).
Moreover, we also find a prediction for the amount of additional neutral singlets ny, in
the geometry that we were not able to obtain from in the geometric computations. Those
later ones we identify as complex structure moduli specific non-polynomial realized complex
structure deformations, that we will discuss in more detail in section 7.

While the state counting coincides with those of a typical eg — eg) twisted reduction,
the e7 in the Jacobian suggests a potential different 6D uplift in our case. Note however,
that the 6D e7 is always Higgsable to the desired ¢. Hence, it might be that the Jacobian
map that we used in this work might somehow implicitly require those complex structure
deformations to acquire non-trivial values and hence breaks e; — ¢ in the Jacobian. As
discussed in section 3 we expect the 6D Zy twisting symmetry to be of more intricate origin
in the elliptic fibered geometry. But as seen above, its action on the ¢g subgroup of e7 must
be consistent with that given above.

Another interesting distinction between the reduction proposed in this work and the
standard eg construction is their relationships to the IIB axio-dilaton 7: as the genus-one
fibration admits the same 7-profile as the Jacobian, the type II11* singularity fixes this
value to 7 = i. An eg singularity on the other hand, fixes the coupling to 7 = e~27%/3 locally.
In this regard, our construction with eé?) fibers seems to have a different 6D origin to the
usual twisted reductions considered in the literature.

12(Cases with unpaired matter have been considered in [68] and are not described by our geometric setup.
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State counting in the egl) Jacobian. Having analyzed the eg?) fibration, we turn

now to its Jacobian given by the Weierstrass model in (4.12). For this we consider the
codimension two enhancements of the Weierstrass model of the e¢7; divisor Z : z = 0 with
the monodromy divisor Do x of the genus-one model. At those loci the vanishing orders
enhance as

2=0: ordpn(f,0,A) = (3,5,9) =25 ordyan(f, 9, A) = (4,5,10), (4.29)

i.e. from a type I11* to a type II* singularity which corresponds to an Fg. Those enhance-
ment loci we associate with 56-plet representations. Note that the multiplicity of those
states is precisely given by the number of ramification points in the genus-one fibration

nse =2 - [ds] - 2 = deg(R) = 8(1 — g) + 22, (4.30)

consistent with the 6D anomalies. Next we should infer the Zgy charges of the e7 fundamentals.
In order to do so, we would typically use the genus-one fibration and uplift the 5D shifted
U(1)g charges to discrete ones in 6D. As the genus-one fibration admits a very different 5D
gauge group however, we can not use this approach here. In fact, the following two charge

assignments are consistent with the pseudo-reality of the states
56, with ¢ = 0,1 mod 2. (4.31)

This is still a non-trivial charge assignment, as there could have been a non-trivial mixing of
the Zs discrete gauge symmetry, with the center of e7, which have lead to fractional charges
that are not compatible with the pseudo reality, as we demonstrate in the next sections. It
would be interesting however to deduce those discrete charges from first principles.

Toric examples. To be fully concrete, we give explicit toric examples. For the first one,
we specify the toric rays that make up the 4D ambient variety in appendix A: the example
(2)

is a genus-one fibration on an Fy base, with an ¢~ on a Z? =0 curve of genus g = 0. The
Hodge numbers are computed as

(RMY, 2N (W2 )(XC) = (7, 95(9)) . (4.32)

We have also added the h%’pl non-polynomial contribution of the complex structure defor-
mations, that we will discuss in more detail in section 7. The resulting 5D theory admits
3 X 26 ® 3 x 261-plets in its spectrum. The spectrum also contains several I fibers and
95 uncharged singlets. We will not discuss those charged singlets but comment on the 95
complex structures via a Higgs transition in the next section. As expected, we find three

Kahler parameters from generic fiber and Hirzebruch base as well as four more from the

0

Consulting the general expressions for the spectrum in (4.28), we find the possibility
for a 5D theory with a trivial Higgs branch, i.e. a trivial hypermultiplet spectrum for
g =0 and 22 = —6. Indeed, we can engineer a simple toric example, where the genus-
one fibration has an Fg base as given in table 2. The associated threefold X admits
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F¢ B (2) .
Generic Fiber 6 Dase Fiber

1,0,0,1 -
X100 | 00D | [n](5-20-2)
Y|(=1,-1,0,0)| |* (=4,5,—1,-6) | 1go|(~ 5’ 1 0 -2
2 oo | |10 —10 0 a (<7, -2,0.-3)
y Uy Uy fo (_3’0707—1) kl( 9,-3,0, 4)

(2)

Table 2. The toric rays, of an ¢’ genus-one fibration X over a Fg base with f2 being the affine

node.

Hodge numbers
1,1 22,1 32,1\ ¥Cy _
(h", b= (hyy) )(X™) = (7, 151(0)) . (4.33)

The structure of the fibration can be readily be read off from the structure of the toric
vertices: the Fg base is given via the projection onto the last two coordinates of each ray.
The identification of base rays are

{1590, Y15 f2, 91, 92, ha, k1 } = {15905 01; 20} with 2o = fagigshiky . (4.34)

The base curves Dy, are the respective O-curves while Dy, is the +6 curve and we identify
Z = Dj, : 2o = 0 as the —6 curve. This example is significant for various reasons: first, it
has a trivial f4 charged hypermultiplet spectrum, i.e. a trivial Higgs branch, analogously to
the Non-Higgsable cluster theories. Second, this 5D theory makes it clear, that this theory
can not be uplifted to 6D with an f4 gauge theory, as the —6 self-intersection would make it
impossible to satisfy the 6D gauge anomalies.

4.3 Transitions to eéz)

Another way to understand various 6D and 5D theories is to connect them via geometric
transitions. In the following we will carry this out for the eé ) fibration and its Jacobian.
These geometric transitions typically map to chains of Un/Higgsings in the effective theories.
We can therefore learn a lot about the (change of) degrees of freedom in the various theories
by moving in a larger moduli space. In particular we want to discuss the relationship
between the twisted affine fibration and an untwisted one. Hence we need to consider
tunings in the complex structure moduli space that result in an unfolding of the fibers and
match the geometric quantities to the associated 5D states. Our starting point is therefore
a tuning of the geometry that introduces a section to the genus-one fibration such that it
becomes birationally equivalent to the Jacobian fibration. This gives us a useful starting
point from which we can follow the branching structure in 5D towards the phase with the
twisted eég).

For this we recall the critical role of the monodromy divisor bg, x and its intersection
with the curve Z in the base to produce the affine folding. To unfold the geometry we thus

have two options:

1. Tuning the monodromy divisor, such that it does not intersect Z anymore, resulting

(1

in an un-folded genus one fibration with ey ) fiber. This model might correspond to
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the generalized Tate-tuning

ii={3,3,2,1,1,2,1,0} . (4.35)

2. Tuning the geometry to an elliptic fibration results in a complete removal of the
monodromy divisor and adding a two sections via the generalized Tate-vector

i =1{3,3,2,1,-,2,1,0} for el (4.36)

Here the entry “—" refers to setting the coefficient ds to zero globally. Doing so splits
the monodromy divisor into a perfect square

d5 —0
S

Dy x d3 . (4.37)

In the following we will discuss a chain of transitions, that will go through both phases.
For ease of exposition we start from the tuning to an elliptic fibration, i.e. the second type
of tuning.

The 6(71) X u; model. Using the tuning in eq. (4.36) we obtain a Morrison-Park type of
U(1) model. The singular model can directly be mapped into the birational Weierstrass
model where we find at leading orders

f=2dids + O,  g=22dipa(di) + O(°), A =2d3dS+ O(d32'0). (4.38)

We can directly infer the gauge group and matter structure from the above model. We
find two discriminant components. The first component is given by z = d;y = 0. This
is a (4,6) locus which we have tuned to zero via the specialization given in (4.13). The
second component is a (4,5,10) locus at z = dg = 0 where we find matter in the 56
representation which admits a non-trivial charge under the additional U(1)gp. By resolving
the full geometry, we can compute its charge directly. The U(1)gp symmetry is associated
to the higher rank Mordell-Weil group of the geometry whcich is generated by the two
1-sections

so: X=0 and s1:e1=0, (4.39)
as reviewed in section 2. The fully resolved model is then given as the hypersurface
p=dif3 fig3gsm X er + dof3 fR 919303 nSIT XY €f + ds f3 fagT93gshihali X7V ey

+ dafogigahih XY + do f3 fi 019593 Wi h3 13 X2 Z et + dr fa fagrg2g3hihali XY Zey
+dsg1Y?Z + fagskeZ%en, (4.40)

with the Stanley-Reisner ideal

SRI ={XY,e1Y, f2Y, fuY, 92Y, g3Y, k1Y, Y, hoY, X Z, foZ, n Z, g2 Z, k1 Z, i Z, 1 X,
€191, fa91, 9193, g1he, f4X, g2 X, 93X, k1.X, hi X, ho X, e1g2, €193, e1k1, e1hq,
erha, fag3, fak1, fahi, faha, fak1, fahao, g2ha, hiha, 9293, g2k1} - (4.41)
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Figure 5. Depiction of the e(71) fiber and their corresponding fibral divisors. Depicted are also the
two section X = 0 and e; = 0 that intersect the affine and fundamental node respectively.

The fibral divisors fa, f1, 91, 92, g3, h1, ho, 1 resolve the fibral singularity fully and exhibit
an intersection picture as depicted in figure 5. The fibral divisors intersect like the affine

(1)

ey -Cartan matrix as expected, with ordering as

(gl) (017) (442)

(f2)(g2)(hn) (k1) (h2)(g3)(fa) (o) () (as)(aa)(as)(e2)(a) -

The intersection picture is relevant as the additional section s1 intersects the fundamental
node o of the egl) fiber. This signals a non-trivial mixing of the U(1)gp with the center of

¢7 which yields the global gauge group

This is clear, when writing the U(1) generator in terms of the orthogonal divisors. First we
note that the naive U(1) generator is generated by the difference of the sections [e1] — [X].
However, this combination is not properly orthogonalized with respect to fy, that is the
fundamental node a;. We thus must therefore orthogonalize the U(1)gp properly by taking
the linear combination of fibral divisors

1
o(s1) =[er] = [X]+ 5 Y bici, with b; ={3,4,5,6,4,2,3}, (4.43)
2 N—_——

We

to obtain the actual U(1)gp that is orthogonal to the e7. The important point is that the
linear combination W corresponds to the Zsy center generator of E7. Hence its appearance
in the U(1)gp generator implies a global shift by a Za center values [13, 69] of E;. Note that
the above configuration admits also a Zs symmetry when interchanging the two sections'

and reordering the fibral divisors:

w: apral,agraz,az<raq and S > St (4.44)

13Similarly, one can obtain the dual Shioda map
wio(d) = o(5) + A,

upon relabeling roots and zero-section. The difference term A = 2(sg—s1)+ % (a1 —ao)+(ag—a2)+ % (as—as)
vanishes upon the identification of the four classes that are related via the folding procedure.
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From this perspective we directly see that a fundamental 56 must have a %—fractional
charge under the U(1)gp. Clearly, the U(1)gp get conjugated upon exchanging the Shioda
map generator. Hence we have constructed a concrete geometric realization of the section-
interchange symmetry, discussed in section 3.2. This can be verified by investigating the
explicit degeneration locus of the E7 fiber over dg = 0, where 56-plet states reside. Their
charges and multiplicities can then be computed as

1
nse, = 4(1-g) + 527, (4.45)
2

which we have expressed in terms of geometric intersection numbers. Note that this might
look puzzling at first: as 56-plets are pseudo-real, one typically obtains half-hypermultiplts
in 6D. In our case the 56-plets carry U(1)gp charge and hence renders the states not
pseudo-real anymore. We therefore expect to find full hypermultiplets, which is exactly
accounted for by the multiplicity formula (4.45).

In an example model over an [Fy base given in appendix A.2 we find the Hodge numbers

(RbY RPN (X4 = (11, 59) . (4.46)

We identify the Kéhler moduli as the eight from the gauge group and three from the fiber
and base respectively. We then identify

Z~H,, Sy~ 2H,, (4.47)

and ¢; ~ 2H; + 2Hy where Hp are the hyperplane classes in Fy. Using the divisor
classes given in appendix B and (4.36) we can then identify [d4] ~ 3H; + 6 H2 and [dg] ~
2H; + 4H,. This allows us to deduce the 6D /5D F/M-theory spectrum which includes the
following matter

H=4-56,324 1,070 1,601, T=1, V=13301. (4.48)

The 2(71) genus-one model. The next step in the chain towards the eéz) theory is to

remove the sections. This can be done via a conifold transition which does not affect the
egl) fiber but only the additional U(1)gp part as reviewed in section 2.2. From a geometric
point of view, we simply change the generic fiber structure from an BI'P?,, to P3,, which
does not affect the Fy; fiber itself. This is associated to a Higgsing on a field which is
a hypermultiplet with charges 12 and a non-trivial KK charge. The resulting resolved
genus-one fibration X is given via the hypersurface

p=dif3 119395 X" + dofs fs[Tg1 0303 MNSkY XY + ds f3 fs fagi g3 gahhoki XY
+da fogtg2 ki XY + ds fag1 93930 W3k Y + do 3 79193931 h3k12X 2 Z
+ dr fo fag19293ha haks XY Z + dsg1 Y Z + do fagsha Z° (4.49)
with the following Stanley-Reisner ideal
SRL :{YX,Yfo,Yf1,Yq2,Ygs,Yh1,Yho,Yki,Z fo, Zg1, Zg2, Zh1, Zk1, k1h1,
X g1, f191, 9193, g1ha, X g2, X g3, Xh1, Xho, Xk1, fah1, faha, fak1, fags, foh1,
faha, fak1, gaha, g3k, gak1} . (4.50)
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Figure 6. Depiction of the (E7 X Z4)/Z2 Dynkin diagram obtained by unfolding egf). We depict
the divisor classes of the respective P!’s as well as their Dynkin multiplicity and intersections with
the two sections [X] and [Y] as well as the 4-section [Z]. The affine node is given by the fibral curve
at fg =0.

Note that the fiber model is the quartic model which we obtain by adding the monomials
dsY* after removing the MW generator given by the divisor e; = 0. The intersection
picture is summarized in figure 6 which yields the expected 2(71) shape. As a result of the
conifold, the two 1-sections sp and s; of the Morrison-Park model have merged into a single
2-section 562) : X = 0 that maintains their intersections with the fiber as shown in figure 6.
However as we identify the class of the 2-section with the generator of generic fiber class
which contains the uy xx we find that it is not orthogonalized to the e7 fibral divisors. This
is not surprising when recalling that the 5D U(1)g is a linear combination of KK U(1) and
the massive uy gp which mixed with the center of E7. Hence the orthogonalized 2-section

analog in the genus-one fibration is given as
1
o(si)) = [X]+ 5 We, (4.51)

shifted by the same center Wilson line combination W¢ as in (4.43). In the above linear
combination we have fixed the u; g charges and its mixture with the KK-tower. E.g. since
X = 0 is a two-section we have

o(sH T2 =2. (4.52)

Thus an M2 brane state that wraps the a fibral curve and the generic torus n times yields
5D particle with uy g charges ¢ + 2n. The above structure is in fact useful to deduce the
discrete charges ¢ in the 6D (and Jacobian) compactification as we discuss next.

Shrinking all nodes but the affine fo we can map the configuration into the Jacobian,
i.e. the singular Weierstrass form. At leading order in z we still find the form to be given
as (4.38).

In the following we investigate the locus of the e; fundamentals (inside dg = 0) in a bit
more detail. In order to discuss the degeneration at this codimension two locus we list all

eight fibral curves of 6(71) in detail as

Poy : fo =0 =dgfs+ dgg1,
Po, : f1=0=dsfogs + ds fog395 + ds Z ,
Po, : g3 = 0 = dygoh1ks + dg 2 ,
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sho =0=dyg3 + dyk1 +dsZ ,

Po, : k1 =0=dsg1 + digsh1 + dogsha,

Pos i h1 =0 =dgg1 + dogs ,

Pog 1 g2 = 0 =dgg1 + do fags

Poy i g1 =0=1+d f3g3h . (4.53)

Some curves above become reducible when imposing dg = 0 where curves split as

P, =% 5" pl (4.54)
j

Indeed, we find the curves to degenerate into 9 distinct curves with an intersection structure
which resembles the affine Fg Dynkin diagram as given in figure 7. This is in fact also what
we expect from the Jacobian, which highlights again the close connection between the two
(non-birational equivalent) geometries.

We can use the resolved geometry to deduce the properties of the 5D theory on the
Coulomb branch. We do so by considering M2 branes that wrap the reducible fibral curves
and compute their charges under the Cartan subalgebra. This allows us to compute E7
weights and U(1)g charges by considering the following set of intersections

(fa, 94, ha, ks b, 92, 91 f2) o) - P - (4.55)
We pick two of the reducible curves, given in figure 7 and compute the intersections

Pi,:  (=1,1,0,0,0,—1,0[1) 1, (4.56)

. (4.57)

N|=

Py (1,-1,0,0,1,-1,0[1)

N[

Note that we have also highlighted non-trivial charges under the affine node fo, which is
non-trivial for both curves. The above charges are weights of an 56 representation with
uy, g charges ¢ = % as expected.

When taking the singular limit, the above genus-one fibration admits the 5D gauge
group Gsp = (E7 x U(1)g)/Zy. The global shift by W¢ effectively mixes the E7 center
with U(1)g similar to the case of the Shioda map [51]. This non-trivial global structure
lifts in a non-trivial way to the 6D theory as the u; g contains the massive u; gp and in
particular its discrete remnant. Recall that the 6D theory is obtained from the Higgsing on
a 15 state, which breaks the uy 6p to a Za subgroup. The non-trivial center mixing however
changes this group to
F-theory lift E7 x 7y

Gep = ——— | (4.58)

Gsp = (E7 x U(1)Eg)/Z2 Zo

(see [70] for related effects). This global structure is compatible with the 6D charge
assignment

S S (4.59)
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Figure 7. The fiber structure over Z and dg = 0 where 56 1 matter resides. The fiber admits an
FEg structure consistent with the expectation of the Jacobian.

given that they are taken mod 2, even though that the ¢; fundamentals have a fractional
charge. Furthermore these discrete charges make clear that the ey fundamentals are
not pseudo-real and thus not half hypermultiplets, consistent with the count of their
multiplicities (4.45).

When performing the transition from X4 to X? as shown in figure 8, the U(1)
generator gets eaten by the 1o Higgs fields. The remaining degrees of freedom of the same
charge become neutral singlets. This can be seen in the example geometry, which admits
Hodge numbers

(Rb B2 (XB) = (10,82). (4.60)

Note the decrease in Kéhler parameters in X? compared to X (see (4.46)) agrees with
the breaking of U(1)gp and the enhancement of 23 complex structure parameters can be
explained by the 24 15 fields.

Transition to egz). The geometry X P provides a key step in our goal of engineering a

transition to the eéQ) fibration. In terms of the singular geometries this is due to the fact
that the order two monodromy divisor does not intersect the e; singularity, while it does in
the eg). This can also be observed by comparing the vanishing orders in the two relative
singular genus-one geometries (i.e. one can compare the Tate-vectors in (4.4) with (4.35)).
The eéz) leaves the monodromy divisor invariant, while the e7; tuning does not.

In the following we want to discuss the geometric transition and match it to the 5D
field theory. The two types of states of relevance, are the scalars in the 5D vector multiplets,
that break the theory to a (partial) Cartan subgroup and parametrize the Coulomb branch,
and the 561-plets whose VEV parametrize the Higgs branch of the e7 theory. A straight

2
forward way to obtain the 4 theory from e7, is via the non-Levi type branching as given as
e7 X up g —> fa X sUg X up g — fa X ﬁl,E, (4.61)

which can be attributed to a VEV in the (1,4) 1€ 56 1. This however raises an immediate
puzzle: in order to trigger the Higgsing on the 561-plets, we require those fields to
be massless. ’

Those states however admit a uy g charge, and hence one expects them to admit a
non-trivial mass, proportional to the u; g Coulomb branch parameter. As the u; g Coulomb
branch parameter is proportional to the inverse of the 6D circle radius. It cannot be taken
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to zero size at finite distance in the moduli space.'* However, the fact that we can perform
an infinitesimal deformation in complex structure moduli space to go from the singular X5
geometry to X suggests that those states should be massless.

We do not resolve the above puzzle here, instead we bypass it by a different mechanism
to obatin a massless Higgs field. Instead of a simple complex structure deformation in
the singular limit, we first move on the 5D Coulomb branch by performing a particular
resolution of the singular fiber. Thus we break the gauge algebra to e; — eg x 1y which
then will allow us to obtain massless states, that can be given a vev.

In geometry this branch corresponds to only shrinking the eg sub-diagram inside of the
affine egl) given in figure 6, keeping the affine and fundamental nodes at finite sizes. The
resulting 5D theory admits an eg X u; 4 X u; g gauge algebra and the e7 representations
decompose as

1335 — 78070@2720@27 2 0@100,
’ (4.62)

561 — 27 D2 D1 1169111.
2

wh—‘

1 1
2 37

W=

As expected only 5D states with trivial u; 4 X uy g charges are massless which again is not
possible at a generic point in moduli space. The masses of the resulting particles becomes

1 1
mer o, =|—g8a+ 57| (4.63)
33 3 2
Hence when taking the linear combination
. 3
Up = SULA —ULE, (4.64)
there is a combined CB parameter
s 3
§= *§A —&E- (4.65)

Setting § = 0 makes the 27_ 11 plets massless. Now we are in the position to give those
states a vev and break the gauge symmetry. The resulting gauge theory breaking is then
given as egly, 4 X U1, g — f4 X Uiy . Note that the eg — f4 folding inside of the e7 resembles
nicely the geometry action of the e(l) — egf) fiber. After collecting the charges under the
massless u; generator, we can obtain the multiplicities of the massless {4 BPS states in

terms of the ¢7 ones as
n26, = N56,,, +N133, — 1, (4.66)
which matches the geometric computation. Similarly, the massive 26 plets are given as
n26, = 156, ,, + 21133, - (4.67)

The above expression however, deviates from the geometric computation of 26, multiplicities,
performed in the eé2) theory by over counting by one. This suggests that one more massive
field should decouple in the transition. It would be interesting to investigate this miss-match

in future work.

MRecall that Higgsing from the e7 x uy 6p theory has fixed the U(1)sp Coulomb branch parameter to
&p = 7/2. This also implies that 56% must be massive at the origin of the ¢z Coulomb branch as well.
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We can proceed similarly with the i; g-charged singlets. However we want to focus
in particular on the change of neutral singlets 1y, as those contribute to the change in
complex structure moduli A*! which is easy to match across the transition. E.g. there
are neutral fields 27 11 — 26 @ 1p upon the breaking to f4 x 1i; g that contribute
uncharged singlets to tfie geometry. However further singlet contributions are more subtle
and deserve a more detailed discussion: recall that the shifted KK symmetry is given as
Ui = W 6p — 2uy k- Thus before Higgsing, a singlet state with charges 1_1’% € 56%
under 1y 4 X Uy g is accompanied with a KK-tower 1_17 1ion having KK momenta n. Upon
the Higgs transition such singlet towers therefore change into of 1_5,9, under the unbroken
tiy . This is important as there is a mode in the tower with n = —1 that is neutral and
massless and therefore contributing to h%! in the geometry X4 of the eé?) theory.

The second source of neutral singlets are the massless representations 26y. Recall that
those hypermultiplets admit only 24 non-trivial weights and two more trivial ones that
contribute to h21(X4) each. (see section 7 for more details). Hence, each 56 1 KK-tower
of states, contributes four neutral singlet components upon the Higgsing. Finally we need
to take the 7 neutral states in any 133 hypermultiplet that reduce to just 4 in 52 and
therefore need to be subtracted. Also recall, that there are the Goldstone modes 26y @ 1
that need to be removed and thus, subtract three more neutral fields.

Summing up all contributions, we obtain the following change in neutral charged fields
Alg=—3-n133, — 3445615 = 13(1 — g) + 22* — 69, (4.68)

which is identified with the change in complex structure moduli upon the conifold transition.
The above considerations are confirmed in the example geometries. Recall the Hodge
numbers of the two geometries are

(RM1, A1) 1 (10,82) — (7,95). (4.69)

As the respective gauge algebras are over Z2 = 0 of genus g = 0, we find exactly the
difference of 13 complex structure moduli that was expected.

Another puzzle remains, the Higgs transition in the 6D theory associated to the Jacobian
geometry appears to be more subtle than that realized in the 5D genus one geometries.
When making the transition from the Jacobian of X to that of X we find the codimension
one structure unchanged i.e. the F; singularity is preserved. At codimension two however,
the locus of 56-plets has changed to the intersection locus with the two section monodromy
divisor. In particular we find that the 564-plets should now be counted as half-hypers
which implies a change in the discrete Zy charge to ¢ = 0 or ¢ = 1 but not ¢ = % This
furthermore implies a subtle modification of the global gauge group structure in the 6D
theory as

_E7XZ4

G
6D Z

— GGD = E7 X ZQ. (470)

It would be interesting to explore the origin of the corresponding transition and its relation
to the 5D twisted reduction in more detail in the future.
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Figure 8. The chain F/M-theory vacua on torus fibered threefolds X’ highlighting the 6D gauge
symmetry G and 5D fiber structures.
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Table 3. Tunings of sections in the quartic genus one model (4.1) for suz(f) fibers and related models.
The fiber structure in genus-one and Jacobian is given in the two rightmost columns.

5 More twisted affine fibrations

In this section we will follow the same approach used in section 4 to study the eéQ) geometry

(2)

and discuss further examples of twisted fibers. We will consider the twisted algebras 5u32
and 505(33). For each we will discuss the structure of their Jacobians and the general conifold
relations as given in figure 8.

5.1 The geometry of 5u§2)

In this section we describe the geometry of the 5u§2) fiber. Its fiber structure is given on

the left of figure 9. When interpreted as a fiber graph, we see that its geometric cover is
that of an 502(31) with a degree 4 folding acting on the four outer nodes. More precisely,
the folding proceeds by its Zg x Zs center. In order to perform this geometric action, we
require a four-section with the appropriate monodromy. One such example can be found
in a manifold with CICY genus-one fiber given by P3[2,2] [49]. Luckily, there is a simpler
model which allows us to resolve the singularity in a single hypersurface: the model is the
quartic fibration given in (4.1). Besides the two 2-sections X, Y there is also a 4-section
Z =0 that brings with it the right monodromy.

To proceed, we employ the same algorithm used to analyze the geometry in section 4:
we need to tune an I type of singularity over Z = 0 in the quartic model and let it
intersect the order four monodromy divisor. This monodromy divisor can be found by first
considering the four-section Z = 0 which yields

04 :{Z=p=0}: 51X+ 52X3Y + 53X°Y? + 5, XY> + s5Y* (5.1)
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and then finding its discriminant locus

Dy z = 253(255 — 9s35455) + 2515254(—9s357 + 405355 + 965152)
4 275552 4 s5(—s357 + 45555 + 6515555 — 14451 5352) (5.2)

+ 51(4s55% 4+ 275157 — 1653(55 + 95157 )55 + 128515352 — 2565753) .

Proceeding further, in table 3 we have summarized the vanishing of the generalized Tate-
coefficients and the resulting fiber structures in the quartic threefold and its Jacobian

(2)

fibration. Hence the singular genus-one su; is given via the tuning
si — 2"d;, with 7©=(0,0,0,0,0,1,1,1,1). (5.3)

Note that we are required to keep the sg section explicitly at this point to be able to perform
the tuning.

The twisted affine fiber is given by the second row of table 3. The tuning is chosen so
that it respects the generic four-monodromy locus. The resolved quartic hypersurface is
then given as

p=di X+ doX3Y +ds X?Y? + dy XY3 + d5Y?
+dsfrn X2 Z + de fron XY Z + ds fr1 Y2 Z + do f1 27 . (5.4)

The geometry can be fully analyzed given the Stanley-Reisner ideal
SRI:{YXZ,Zq:}, (5.5)

and the two fibral divisors are explicitly given as

Py {p=fi=0} i X'+ o XY + ds X2V + dy XY? +dsVt, i=1...4, 5.6)
Pl:{p=g1 =0} :d1 X* + doX3Y + ds X?Y? + dy XY3 +dsY* + dofy . '

Note that the four P's inside of f; = 0 admit an Sy symmetry and take the very same form
as the four-section Z = 0 and hence, experience the same mondromy effect.

In order to obtain the correct gauge algebra factor of the quartic model we need
to choose the fibration so that upon factorizing the divisor Z : z = 0, the residual dg
polynomials becomes a constant. For this we set

[z do] ~ 1 =87+ Sy, (5.7)

and solving for S; ~ ¢; + Sg — Z. In what follows we will then set dg = 1.

The fibral graphs and intersections with the 2-sections and 4-section is given in figure 9.
Note again, that we obtain an order two multiple fiber, over each intersection locus of 547 A
with the fibral curve Z as depicted in figure 9.
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Dy, z=0
—— (2) (W

Figure 9. Depiction of an su:(f) fiber. The two two-sections X, Y both intersect the middle node.
All four fibral curves in [f1] are permuted by the four-section Z. At the intersection with the
monodromy divisor the fiber degenerates to a multiplicity two fiber.

5.1.1 Counting states in the 5u§2) genus-one model

As in the previous section, we turn our attention now to the BPS states. To count the
states, within the twisted affine fiber we split up all curves of the sog cover into orbits of the
Eigenspaces of the monodromy action. The starting point are curves C of self-intersection
—2 that are linear combinations C = ), a;C; for i = 0...4 where the basis curves C; intersect

(1)

as nodes of the affine Dynkin diagram sog . Graphically we write those curves as

ai
Ci=ag— ay —aq, with a; € Nand 1 =0...4. (5.8)
as

In this way we setup the 24 states that make up the W bosons of the adjoint of the covering
s0g. In the second step, we incorporate the Z4 action that fixes Co but rotates the other C;.
The invariant combination of curves is then given by the collection (Co,Ci + C3 4+ C4 + Cs)
which we will also use in order to compute the weights of states via the intersections of the
covering algebra. Then within the 24 states, we need to collect together the Eigenspaces
under the action and split them up into shrinkable and non-shrinkable curves. The result is
given in table 4.
The permutation action o4 acts on the outer roots as

2.
oy 4.—-0-1., (5.9)
3.

where we have chosen the ¢ — th root to be permuted to 7 + 1 under the Z4 we quotient
by.'®> We find two 21 doublets as well as two types of singlets as shown in table 4. Note
that one of the singléts is only an order two ramified curve under the order four action.
In order to compute the moduli space dimensions, we need the divisor class of the
monodromy divisor. In order to deduce it, we first note that the ramification divisor is

5Note that there might be other potential subgroups of the Sy symmetry to quotient by and an interesting
point for future research (see. e.g. [71] for S3 example of sog).
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Mono|#Curves| Example Curve |sup C suy~ weight | x
0
Inv 2 0-1-0 (—2) g
0
0 1
1-0-0+0-0-0
0 0
Zy 2 0 0 (—1) g/
+0-0-04+0-0—1
1 0
0 1
1-1-0+0-1-0
0 0
Zy 2 0 0 (*1) g/
+0-1-0+0-1-1
1 0
1 1
0-1-0+0-1-0
v/ 1 ! ! 0
4 0 0 () g/
+1-1-0+1-1-1
1 0
1 0
Zo 1 1-1-0+4+0-1-1 (0) g/
0 1

Table 4. Schematic splitting of the 24 curves of sog roots into Z, invariant curves, their sus C 5u§2)

charges and respective moduli space dimensions x computed in (5.13).

associated to the base line bundle class
[Dy, 7] ~ 2[d1] + 4[d4], (5.10)
and we further observe
[di] ~ 2¢1 — 289+ 2 [dy] ~ 2¢1 +Sg —2Z. (5.11)
Plugging those in, we find that Sg cancels out and we obtain
[Dy.z] ~12¢; — 6Z. (5.12)

Intersecting the monodromy divisor Dz 4 with Z yields the points of ramification that we
need to compute the moduli spaces of fibered P!’s. There we count the moduli spaces g/
and g/ for degree 4 and 2 covered curves respectively which are given as

g=91-g)+32%+g, G=111-9g)+32*+g. (5.13)
When adding up, the non-trivial representations, we obtain
ng, =g, n2, =18(1—g)+62*+2g, (5.14)
2

ny =20(1 —g) +62%+2g. (5.15)

Note that all states carry a non-trivial u; g charge and are therefore generically massive.
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Comparison with sug — 5u§2) reduction. In pure field theories, the 5D sui(f) theories

have been observed to arise from an outer automorphism twisted 6D theory with a sus
gauge algebra. The autormorphism acts as complex conjugation among the fundamental
representations, and leaves an sus maximal sub-algebra. Similarly to the examples given in
section 4 we will observe below that the Jacobian admits an go gauge algebra instead of
susg. Thus, we expect that the genus one geometry we outline here will arise from a circle
reduction of a 6D go F-theory background, but that the twisting symmetry will act on the
su3 € go sub-algebra as in the usual gauge-theoretic twisted reductions.
The decomposition of the fields under the twisted reduction'® results in

8—)30@2%@2%@1% and (3@5)—)2&@2%@10@1%. (5.16)

The subscript R denotes the shifted KK charge ¢ = s + n and KK-momentum n typically
used in the literature.

Recollecting the 5D multiplicities of states, we write the 6D spectrum in geometric
terms as

ns, = 18(1 —g) + 62>, ng=g. (5.17)

Since 2: states are in the same tower as 23 we can simply sum them up to obtain the
4 4
multiplicity of
ng, = 18(1 —g) +62%* +2g. (5.18)

i
Finally we need to match the normalization of the shifted KK-charges with those used for
our intersections. In order to do so, we need to multiply the above shifted KK-charges by
two to obtain a match of both multiplicities.

(2)
6

Similar as in the e¢;’ case, we also obtain a prediction for the neutral singlets that are

inherited from the fundamentals, given as

n
ny, = 73 =9(1—g)+322%. (5.19)

The states above in (5.19) we will interpret as non-polynomial deformations of the toric
hypersurface in section 7.

State counting in the ggl) Jacobian. Lets compare those computations with that of

the Jacobian which admits an unaltered 6D uplift. Similar as for the eg) geometry, we
expect to find a generic I} fiber i.e. a go. Indeed at leading order of the Weierstrass form

along the singularity at z = 0 we find
f= —Z2é(d§ + dody — 4dyds) + O(23),
g= —z3237(2d§ — 9dydsdy + 27dyd? + 27d3ds — T2d1dsds) + O(2Y), (5.20)
A=2:D, 7+ 0(:").

5Note that our shifted KK charge for the fundamentals differ from those, given in [19].
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IF; Base

Generic Fiber

-2,—-1,0,1
X| (-1,1,0,0) o (1(0 1’0 ’1’ ;) 5ug2) Fiber
Y (_17_17070) :Z(l) (_;) _710 ,1 0) ’gl‘(l,0,0, *2)‘
A 1,0,0,0 ’ T
(1,0,0,0) fil (1,0,0,—1)

Table 5. Toric rays, of a genus-one fibration over F3 base, with suéz) where the ray fi yields the

affine node.

with Dy 7 the monodromy divisor. In the Jacobian we find over z = 0 simply an I§ non-split
fiber, i.e. an gy singularity. The monodromy divisor takes on a similar role as in the
genus-one fibration but in this case, it only rotates three of sog outer roots, instead of four.
Hence the fibral P'’s undergo a degree d = 3 monodromy. This is important to compute
the moduli spaces of the curves that yields ny = (g — ¢g) fundamental hypermultiplets of go.
Using the same amount of ramification points as for 5u§2) but this time d = 3 in the RH
theorem yields the multiplicities

na=g, nr=10(1-g)+322, (5.21)
which satisfies the go anomalies in 6D.

Toric examples. In the following we discuss two concrete toric examples. The first

(2)
3

threefold, admits a P? base with an sus~ over a Z2 = 41 curve of genus g = 0. The toric

rays are given in appendix A and the respective Hodge numbers are computed as
(WM R (h))) = (3,107(12)) . (5.22)

Note that the number of Kéhler parameters matches the expectation. The charged spectrum
comes with multiplicities

nsg, = 0, ng, = 24 . (5.23)

[

We will return to the model above, when discussing another transition to an actual 5ugl)

fiber, which shares the very same Hodge numbers as the model above in section 7.
Finally we also present the geometry that correspond to the twisted reduction of a
non-Higgsable suz theory. From a 6D perspective, this comes when g = 0 and 22 = —3.
From the general considerations we find, that we should also find no 5u§2) particles. Such
an example can easily be constructed, over an F3 base. The toric rays for this model are

given in table 5 and the Hodge numbers can be computed as
1,1 72,17722,1\y _

admitting the four expected Kéhler parameters and notably only polynomial complex
structure deformations.
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Figure 10. Summary of three fiber structures. On the left is the go fiber in the elliptic model and
in the middle in the genus-one model and their intersections. Shown are the two-sections X,Y and
the four-section Z = 0. On the right is the so19 degeneration shown where matter is localized.

5.1.2 'Transitions to 5u:(,,2)

In the following we explore various transitions towards the 5D 5u§2) theory. We have

observed already, that this theory admits a gs X Zo theory in its Jacobian. We therefore
tune the theory to an ga X uy gp in 6D via various transitions.

Geometrically, the way this fibration is constructed follows the same approach as in
the eéQ) theory, by having a monodromy that acts non-trivially an the affine node.

The g2 X [U(1)sp — Z2] transition. The basis for the sugf) model was the existence
of the 4-section monodromy divisor that folds the 505(31) covering fiber. We will not present
a complete such unfolding, but only a deformation which grants us a section and hence an
elliptic model. As the generic fiber description is the same as in the eg) model.

For this we can start with an gs X uy gp 6D theory by using the tuning given by general
Tate-vector!” specified in table 3 and at the same time tuning ds to zero globally.

The resolved hypersurface is given as

p=di f3UX* + dy f2UPX3Y +d3 foUX?Y? + dy XY
+ d6f1f22_glU2X2Z + d7 f1foqnUXY Z + d8f1g1Y2Z + dgflUZ2 . (5.25)
The zero-section is again denoted by U = 0 and the second section by X = 0. The

above fiber is of go type as can be seen from the fibral curves and their intersections using
the

SRZ . {YX, YU, Yfg, €1Z, €1U, elfl, €191, elfQ,XZ, Zgl, ng,Xfl, flfQ,Xgl} . (526)

This leads to the following form of fibral curves:

Pl:[f1]: diU? 4+ doU?Y +dsUY? 4 dyY?3, i=1,2,3,
PL:[g]: dofiU + dif3U3 + dof2UY + dsfoUY? 4 dyY?3, (5.27)
IP(l) : [fg] : dggr + doU + dy X .

"Note that we have used fi as the affine coordinate to make contact with the su:(f) geometry. The affine
coordinate however is given as fa, which can equally well be given by the tuning

n=1{3,21,0,-,2,1,0,0}

in the quartic model. Consistently, this tuning also leaves D3 7 invariant.

43 —



The divisor fi; = 0 itself is a cubic polynomial that decomposes into three irreducible curves
P!, that are interchanged by the monodromies. Note that Z = 0 is a 3-section in the MP
model but will become a 4-section in the quartic genus-one fibration.

The intersections in the fiber are depicted in figure 10. To compute the spectrum it
is convenient to map the geometry into the Weierstrass form which we sketch to leading
orders here

1
f= —g(dg — 3dady)2* + O(2%)

1
g = — 5= (2} — 9dadsds + 271 3)=* + O(="), (5.28)

A =25d3D3 7 + O(27),

with D3 7 the Zs monodromy divisor of the three-section Z = 0, that also permutes the
three P'’s in f; = 0. Its polynomial equation is explicitly given as

D3 7z = (—d3d3 + 4dyd3 + 4d3dy — 18dydadzdy + 27d3d3) . (5.29)

Precisely due to the reason that D3 7 is not a perfect cube leads to the non-split type I§
fiber. From the intersections with the additional section, we find the U(1) Shioda map to
be simply given as

o(s1) = [X] = [U]. (5.30)

Unlike to the other examples there is no geometric mixing of the U(1) with the go center at
this point as this is simply trivial. The presence of the extra U(1) leads to the expectation
of non-trivial charged matter. The first source is non-localized matter induced by the
monodromy locus D3 7 but we also find a (2, 3,7) enhancement locus over z = dy = 0. In
the resolved model we find the curves P} to split into two curves which thus gives the fiber
the topology of 50%) as depicted in figure 9. One of these components, e.g. g1 = U = 0
contains the zero-section and admits the following intersections with the Cartan generators

(flvglan)cr(sl)
(1, —1; 1)1 571, (531)

i.e. a weight from the fundamental of go with non-trivial U(1) charge.

When Higgsing to the genus-one model, the gs stays basically as it is, so we will not
discuss matter multiplicities up to this point.

When performing the conifold transition to the genus-one geometry we blow down
U and add the deformation term dsf1g?Y* to the hypersurface. This results in changing
Z =0 and X = 0 into a four- and a two-section respectively. This is reflected by the change
in the intersection picture depicted in the middle of figure 10 for which we used the fibral
Stanley-Reisner ideal

SRI = {YX,Y fo, Zg1, X f1} . (5.32)

In analogy to the procedure before we use the two-section X = 0 as the analog of the
zero-section. As all of its strains intersect the affine node Pao only, we do not have to
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node Irreducible components over dy = 0
Pl [fi]|Poa: fon fi, Pot : fiN(f2 £pY)
P : [91] [P3: g1 0 (dofi + difs + dof5Y + d3foY?)
Pg:[fo] [Poy:fofi PBgu: fon(fog1 +q2)

Table 6. The codimension two irreducible components of the fiber at d4y = 0, where go fundamentals
71 are located. Their intersection picture is given on the right of figure 10.

orthogonalize it with respect to other go Cartan generators, just as in the case before.
Hence we use X as the discrete Shioda map generator itself which in order to compute the
6D discrete Zy charges or 5D KK charges. Lets investigate the reducible fibers below in
codimension one, for which we find

Pt (AN + dof3Y 4+ dsfoaY? +dgY?, i=1,2,3,
Pl o (g Ndofi +dif3 X+ daf2X3Y +d3foX?Y? 4+ dy XY3, (5.33)
P, [folNdsfigi +daX +dsfrgn Z + do fL 27

From the point of view of the four-section Z = 0 it is notable, that the three fibral curve P}
undergo only a Zs monodromy. Indeed one of the four-section strains of Z = 0 attaches
to the affine node in fo = 0. This is also reflected in the Jacobian of the genus-one model
which at leading order is exactly the same as given in (5.28). Hence we also find the same
degeneration locus over dy = 0 again. This is the important locus that triggers the 5D
Higgs transition to the 5u§2) theory so we will discuss it in a bit more detail. Moving onto
the locus d4 = 0, the fibral curves split as summarized in table 6. When investigating the

curve IP’(l)i, we find the M2 brane states to support the following weights
Poy : (1,0;=1)1 3 71, (5.34)

Similar as in U(1)gp phase, the new fibral component gives rise to a charged fundamental.
When lifting to 6D, the charge under U(1)g becomes a Zg charge, while in the genus-one
geometry it combines with the U(1)xx charge.

Up to this point we have not yet computed the multiplicities of the go charged states
in either geometry. In order to do so, we take f; as the affine coordinate that factored out
of d;. The full factorization in terms of the quartic model is given in table 3.

Using the formulas for the classes first, we need to set dg to be a constant in order
to avoid additional sus gauge factors. In order to achieve this, we can fix the line bundle
classes of the base as

St~ + 85— 2. (5.35)

Important for what follows are the classes of the two sections d; and d4. Those can be
deduced to transform in the base classes

[dl] ~2c1 — 2859 + Z, [d4] ~2c1+8g— Z. (5.36)
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From this data we can read off the class of the Z3 monodromy divisor (5.29) to

[Dz3]- 2 =[2dy +2d4) - Z =8¢ - Z —22% ~2S9-Z =16(1 — g) + 62> — 28y - Z.
(5.37)

With this topological information we can compute the multiplicities of the charged matter.
First there is as usual the adjoint valued fields counted by the genus of Z. Then there are
the two sources of 7-plets The first source is counted by the intersections of z = 0 with
dy4 = 0, while the second uses the moduli spaces of the degree three branched curve z =0
via Riemann-Hurwitz. The result is

ny, =[d]-Z=4(1-9g)+S-Z, nug, =y,

1 ) (5.38)
n70:2(g—1)+§R:6(1—g)+3Z —Z~Sg.

Note that there is the additional free line bundle class Sy which is not fixed. The freedom
of tuning this classes and the intersection with Z allows to control the relative difference of
charged and uncharged 7-plets.'® Consistent with gauge anomalies we find that the sum of
the representation does not depend on the additional parameter Sy as it must be

ng, +ng, = 10(1 — g) + 323, (5.39)

To illustrate those general considerations, we discuss a concrete toric example in the following

For this we fix the base to be P? and the full toric data is given in appendix A. The
model admits an gy over a genus 0 curve with the additional data Z-Sy = Z2 = 1 and
Hodge numbers

(Rt R = (4,98). (5.40)

Indeed, besides the two classes of fiber and base, there are two more Kéhler classes that
parametrize the go Coulomb branch. Focusing on the go charged spectrum, we find

ny, =5, nr, = 8. (5.41)

Transition to su:(,,z). With all the details at hand, we can perform the conifold type of

transitions. In order to do so, we first need to go to a partial Coulomb branch, as in the

2
67—>2é)

case. The reason is again, that the 7; states admit a non-trivial u g charge and
therefore do not become massless at the Coulomb branch origin of go. While we can break
the go — sus X sus and then move to the Coulomb branch, followed by a Higgsing.
Instead we break the go — sua x u; 4 such that there is a second CB modulus to make
states massless. In geometry, the respective curve in g; may be shrunk while f; and fo

stays finite. This realizes an sup X uy 4 X u; g gauge algebra and the 7 plets decompose to
7 — 2%71 D 2_%71 ®©1.11®911,1D1g,,
7o — 2%,0 @ 2_%70 ©110®110D 1oy, (5.42)
149 — 300D 2 x 27%70 ®2x 27%70 CL D1 10D 1pp.

8The class Sy is constrained by the existence of sections d; to be effective.
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dy|ds|ds|dy|ds|dg|d7|dg|dg|dio] [ g| Al Genus-1 Fiber |Jac Fiber
2l2(1]ol2]1]0|1]o] 1[3]4]8 o {1
ol201]0|2]1]|0|1|0]|0 |3]4]8 50l {1
ol1|1lol1|olol1]0|o0|3]4]s g5 gy

Table 7. Tunings of sections in the cubic genus one model and the resulting fiberes.

In the 1_1; € 71, we find a good Higgs candidate, that leaves the sus subgroup invariant.
This state can become massless when the u; 4 and u; g CB moduli become the same. Now,
we can Higgs on the 1_; 1 by giving it a VEV that corresponds to a complex structure
deformation of the geometry. Field theoretically, the Higgsing leaves a {i; g = U1 4 + U1 g
symmetry unbroken.

Collecting the 2 1 -plets'? yields a collection of massive states of multiplicity

ng, = 2n7, + 2n7, + 4nia, , (5.43)

Nl

which matches the geometric computation but over counts by two.

In a similar way, also the charged and neutral singlets can be counted. Especially the
later ones correspond to complex structure moduli, which can be used to predict the change
in h*! upon the conifold transition, given as

AP =20y, — 1. (5.44)

Note that the 7g and 14 representations already contain one and two neutral singlets
respectively before and after the transition that are included in the overall count already.
Importantly, we must also count the 1o-plets that originiated from the 7;-plets, as neutral
states that contribute to h?!. This is again due to the fact, that the whole tower of KK

states, is given as 1g49, and hence, for n = —1, there is a zero mode that contributes a
neutral singlet.
When comparing the amount of complex structures upon the ggl) — ﬁug) deformation,
we find the Hodge numbers
(RBL A2 = (4,98) — (3,107), (5.45)

where we have Ah?! = 2n7, — 1 =9 as expected from the above field theory arguments.

5.2 The geometry of 502(;3)

In this section we describe the geometry of the twisted sags) algebra. This geometry can

be interpreted as the twisted compactification of an sog by its order three automorphism,

which admits a go invariant sub-algebra. However, when viewed as a fiber graph, the 50%3)

(1)

Cartan matrix admits reversed arrows when compared to gy '. Hence its geometric cover

is rather that of an eél) affine Dynkin diagram folded by its order three automorphism.

9Note that 2% are part of the same KK-tower and are therefore counted as the same representation.
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To engineer a geometry with such an order three (affine) automorphism, we are therefore
required to consider genus-one fibrations with a three-section. We must therefore depart
from the quartic fiber model, that worked well in the models before, but not in this case.

The simplest choice for a three-section genus-one model is the cubic fibration, where
the fiber is represented as a generic degree three polynomial, given as

D= 51u3 + 822’2u2v + 53uv2 + 541/3 + 55u2w + sguvw + S7v2w + dguw2 + 89vw2 + 510w3 ,
(5.46)
in P2 ww- Lo promote the genus-one curve to a fibration, the s; must become sections of

line bundle of the base By which we consider as the generalized Tate-sections of the cubic.

The specific dependencies of those line bundle classes that are in agreement with the
CY conditions can be found in appendix B and follow the convention used in [45]. The
above model admits a 3-sections, given by the vanishing of any of the toric coordinates
which makes the geometry into a genus-one fibration. Following the logic in the sections
before, we define the monodromy divisor as the discriminant locus of a three-section. In
the following we use u = 0 as the reference 3-section, which results in the solutions of
the polynomial

5(()3) =S4 + S7w + sgw? + sjow?, (5.47)

with discriminant locus
D3, = 2753053 + 451055 — 18510545759 — 5255 + 45450 . (5.48)
The line bundle classes of the monodromy divisor can then be read off from appendix B as

[ﬁg’u] ~ 289 + 257 =2R. (549)

The respective 3-section class 0’(3[()3)) = [u] is also used to obtain the respective charges
under u; g of the 5D states. Due to the usual mixing, KK-tower states admits charges
qe = q + 3n for the n-th KK-mode.

Similar as in the quartic, this can be tracked field theoretically by a u; gp Higgsing of
a ¢ = 3 state, that carries 5D KK-momentum [31, 45].

Using the Artin-Tate algorithm, we can map the cubic into the Weierstrass form
(see [45]). Following the usual logics, we need to tune a type IV* singularity that intersects
the monodromy divisor D3, non-trivially. This ansatz is motivated as the geometric cover
of 50( ) is eél). We again employ a tuning of the s; — d;2™ in (5.46) and emply the following
generalized Tate-vector

:{232a170727170717070}7 (550)

(3)

which yields an sog~ singularity. The respective toric resolution requires two more resolution

divisors, which yield the toric hypersurface

p =di figiu® + da fLgihiuPv + d3 frgihiuv® + dgv® + ds 7 gt hiu*w
+ dg figrhiuvw + drv*w + dg f1grhiuw? + dgvw? + digw?® . (5.51)
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Figure 11. Depiction of the intersection structure of the 50&3) fiber. Numbers denote the multiplicity
of the divisor, that coincide with the Kac labels. The three-section u = 0 interchanges the three
curves in [f1] and [¢1] along its monodromy divisor. Along its intersection the fiber degenerates into
an order three multiple fiber depicted on the right.

Here fi replaces the singularity z and g1, h; yield the exceptional divisors. Using the
Stanley-Reisner ideal

SRZI : {ugi,uhy, frh1, wou,wv f1, wvgy, woh } . (5.52)
The explicit form of the fibral curves is given as
]P)(llo,i © fiNdav® + dvw + dgvw? + digw?
Ph it g1 Ndgw® + drvw + dgvw? + dyow® (5.53)

IP):;(2 : hiNdigr + dav® + div*w + dgvw? + diow? .

Note that the first two fibral divisors contain three irreducible curves each that are permuted
along the Z3; monodromy of the 3-section D3, = 0 given in (5.48). This allows us to
compute the intersections as given in figure 11. Similar to the other twisted algebras before
the degeneration picture of the fibral curves, with the monodromy divisor is of central
importance: as can be seen from the fibral curves in eq. (5.53), at the intersection point
of the curve Z with the monodromy divisor D3, we find the fiber to degenerate into a
degree three multiple fiber. This phenomenon is indicative, that the group of CY-torsors,
the Weil-Chatalet group does not simply reduce to the Tate-Shafarevich group.

When compared to the singular Weierstrass model, this structure is absent due to the
presence of a section. Here we find at leading orders the Weierstrass coefficients

1
f= 523d1(9d10d4d6 — 6dyodsdy + 2d3dg — dedrdy — 6dydgdy + 2d3d3) + O(2*),
1 _
g=-77"d{Dsu + d1O(%), (5.54)
27 4 gm
A = Tediz* Dy, + diO(),

which yields the expected type IV*™ i.e. f4 singularity. Just as in the other twisted
cases, we find the monodromy divisor Ds,, of the genus-one fibration, to also appear as a
codimension two component in the discriminant in the Weierstrass model. However, note
that there is also an E-string component localized over z = d; = 0 where the WSF sections
vanish to orders (4, 6,12). To keep the discussion simple, we want to avoid those additional
non-perturbative contributions in the following.
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5.2.1 State counting in 50&3) genus-one fibration

Next we compute the number of BPS states that are non-trivially charged under 50&3) from

((52) model.

geometry. The discussion is analogous to that in the e

The starting point here are the 72 W-bosons of the adjoint representation of the eg
covering algebra as this is the geometric cover of 50%3). The M2 branes states wrap the
curve C that we are the linear combinations of the base curves C; which intersecting as the
affine e¢g Cartan matrix. We express those curves graphically as

az — a4

C = ag— a1 —ag < (5.55)

9
as — Qg
with a; € N? and start with all combinations that yield the 72 W-roots of the ¢g adjoint.

In the second step, we implement the Zs monodromy action which is given as

Zg : {Co — C4 — C6 — Cg} and {Cl — Cg — C5 — Cl} . (5.56)

An invariant basis of curves under the Zs action is given by the combination®’

{CQ,C1+63+C5,C()+C4+C(3}. (5.57)

We can now split up the 72 base curves of ¢g into invariant curves under the Zgs action
and compute their weights. The go weights are then computed as

C-(C3,C1 +C3+Cs). (5.58)

Furthermore it is important to identify shrinkable and non-shrinkable curves, given by a
non-trivial combination of affine curves ag + a4 + ag modulo 3. Those later three numbers
also yield the shifted KK-momenta.

Reducing the 72 roots by the Zs monodromy into invariant curves is depicted in table 8.
In order to compute the moduli spaces, we first need to compute the intersection of the
monodromy divisor with Z. Before doing so, we need to restrict to the locus without
E-strings by demanding [d;] - Z = 0, which results in the condition

(S74+89)-Z=R-Z=3c;- Z—227. (5.59)

From this we can compute the number of ramification points R = 2R - Z. Using the RH
theorem, we can compute the moduli spaces of each of such curve for d = 3 for which
we obtain

g=41-9)+2*+g. (5.60)

Computing the moduli spaces g/ on the other hand is a bit more involved. These elements
have a trivial Ss stabilizer and were for an ¢ = 0, 22 = 1 case computed in [46]. In the
following we propose to compute the general case as follows: we start with the order three

20For more details, the very same fiber geometry has been discussed in [46] with a P? base.
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(3)

Mono | #Curves Example Curve g2 € sog ' weight | x
0—-0
I 6 0—-0—-1< —-3,6
nv 0—0 ( ) g
0—-0 1-0 0-0
Zs 6 0-1-0<, ,+0-0-0< S 4+0-0-0< ¢ (=2, -3) g/
1-1 0-0 0-0
Zs 6 |0-0-1< ~ +1-1-1< " +0-0-1< (-1,0)  |g/
1-0 1-1 1-1
Zs 6 I—1-1< | [+40-1-1<  +1-1-1< | (-1,-3) |¢
0—0-1< 70 L1170 gt
1-1 0-0 0-0 _
Ze 1 (0,0) g/
0—0—1<  l 4111?70 p 011 070
1-0 1-0 1-1
0—1-2< 27 L1027 goqioe T
1-1 1-0 2-1
Zs 1 (0,0) g/
T T T T D R
1-0 1-1 2-1

Table 8. Schematic decomposition of the 72 curves of ¢g roots into Zgz invariant curves, their
g2 C 50533) charges and respective moduli space dimensions x computed in (5.60) and (5.61).

ramified P!’s, given by ¢/ and take another order two cover, ramified at the same points.
This then yields

1
g=(-D+5R+g, (5.61)
=13(1 —g) +g+322, (5.62)

which reproduces the result given in [46]. We are now in the position to identify the
respective 5D states and their representations. First we have the states with trivial weights
under Cy + C4 + C¢ which are hence shrinkable curves. Those 6 + 6 states from the first two
rows in table 8, together with the two Cartan generators combine to the vector multiplets
of go as well as ¢ adjoint charged hypermultiplets. The moduli space of the shrinkable
Zs3 branched states however has dimension g/ and thus, additional hypermultiplets in the
fundamental of gy are provided upon adding the neutral hyper. Subtracting the contribution
to the g adjoint hypers, we therefore get

nr, =g/ —g=4(1—g) + 2%, (5.63)

fundamentals with trivial U(1)g charge. In the last four rows of table 8 we find the
non-shrinkable curves, i.e. states that have a non-trivial U(1)g charge which therefore stay
massive at the origin of the go Coulomb branch.

Curves in the third and fourth row of table 8 makeup 7; and 7s-plets respectively.
Their multiplicities are given as

ng, =ng, =gl =4(1—g)+ 2% +g. (5.64)

When turning to the singlets 1; and 1, we again need to take into account, that each of
them is needed to complete the shifted 7-plets. Hence we find for both of them

ny, =n1, =g/ — g/ =91 — g) + 222, (5.65)
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We summarize the non-trivially charged spectrum under the go subgroup as

Ni4y = 9, 7171:4(1—9)—1—32

) (5.66)
ne, = Ny :4(1—9)+Z —l—g.

Comparison with sog — 50§3) reduction. An 50533) theory can be obtained, by starting

with an sog 6D theory and mod by the triality symmetry that interchanges vector, spinor
and co-spinor representations upon the circle compactification. In geometric terms of an
(unfrozen) 6D F-theory model, the mulitplicites of the respective states are given as

ng, = ngg = ng, =4(1 —g) + 2% nog=g. (5.67)
The twisted compactifiation breaks sog to its go subgroup. The light states then branch to

28 140D 71 D T2, (5.68)
3 3
(8v€985€98V)—)(70@7%@7%@10@1%@1§), (5.69)

where the subscript denotes the usual shifted KK-charge. Collecting the multiplicities of ga
charged states in terms of geometric data, we find

=ng, =4(1—g)+ 2%+ g, (5.70)

2
3

n7O:4(1—g)+ZQ, nr

o=

which matches the geometric count upon rescaling the KK-charges to our geometric conven-
tions. This perspective also gives a prediction for additional singlet states, counted as

ni, = 4(1 — g) + 22. (5.71)

In section 7 we will come back to those states and interpret them, as parts of the complex
structure moduli space, not realized as polynomial deformations of the CY hypersur-
face equation.

State counting in the fil) Jacobian. The Jacobian of the 50%3) model lifts to the
geometric cover, which is a generic Type IV*™ singularity, as given in (5.54). This can be
readily seen by noting, that the monodromy divisor of the genus-one model D3, appears
at leading order at the discriminant as well as the g coefficient of the discriminant. Hence
g/z* at z = 0 is not a perfect square by construction and therefore the fiber is non-split.
Note also once again, the appearance of the E-string points at z = d; = 0 which we have
switched off by fixing the base line bundle intersections accordingly.

We continue to compute the spectrum in a similar way as in the cases before. Here the
appearing monodromy is only of degree d = 2 and split the ¢g adjoint as

78 — 52 @ 26. (5.72)

The multiplicity of the adjoint is simply given by the genus g of Z and the fundamentals
originate from degree 2 ramified curves. Their moduli spaces are just computed as before,
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IF4, Base

Generic Fiber

@)
—1,-1,0,1 suy” Fiber

(o1, =100 %L LOLE o

(0,1,0,0) | | (8,8,—1,—4)| |91((1,0,0,-2)
v

(1707070) Y1 (_7; _8,1,0) h1 (]_’0707 _3)
w

s U, Uy fl (1,0707—1)

Table 9. Toric rays, of an 50;3) genus-one fibration X over a Fy base with f; being the affine node.

using the RH theorem using R = [D3,] - Z. Upon absorbing g x 26-plets to complete the
adjoint of f4 we are left with the following spectrum

1
ng2 =g, n262(9—1)+§R:5(1—g)+Z2, (5.73)

which is exactly what one expects from an anomaly free f4 gauge group in 6D. Note also,
that we can not infer the potential discrete charges for the f4 fundamentals directly from
the genus-one fibration.

Toric examples. We close by presenting two explicit toric examples. The first one is an
3)

$0g° on a Z? = —1 curve within a dP; base. The toric divisors are given in appendix A.
The Hodge numbers are given as

(hM RN (h))) = (5,71(6)) . (5.74)

We find the 1 + 2 + 2 expected Kahler parameters that originate from fiber, base and the
go Cartan generators as well as six non-toric polynomial deformations. The non-trivial go
charged spectrum is given as

N7, =Ny, =Ny = 3. (5.75)

Another interesting example, is to have a trivial go hyerpmultiplet sector, which can
be achieved by having Z being a curve of self-intersection Z2 = —4 and genus g = 0
(see (5.70)).

Such geometry is nothing but the sog non-Higgsable cluster theory after a twisted
reduction. The minimal compact base, that hosts such a curve is therefore F4. It is then
straightforward to find a toric realization of 50%3) over the —4 curve. The toric rays that
engineer the respective polytope are given in 9. The polytope data one can compute the

Hodge numbers to
L1 32,1/72,1\y _
(h" k™ (hyp)) = (5,92(0)) . (5.76)

The five Kéhler moduli can again be attributed to three classes coming from fiber and base,
and two more from the go. Also note, that the geometry does not posses any non-polynomial
complex structure deformations. We will come back to this point in section 7 and propose
a physics explanation for that.
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5.2.2 Transitions to 50%3)

In the following we want to use geometric transitions to connect other torus-fibered threefolds
with enhanced gauge symmetries to the 50&3) model.

In order to do so, we employ the toric tunings of the generalized Tate-vectors as
summarized in table 7 and first start with an enhanced singularity which engineers an f4 in
the Jacobian and genus-one model with a three-section. It is straightforward to unhiggs the
Z3 to an uj g4 by tuning the section dig to zero globally (see [31, 45] for more details). We
will skip this part, for brevity and keep in mind that the 4 singulariry is simply a spectator
of this transition, similar to the unhiggsings of Zs — u; gp we encountered in the examples
before. Recall however, that the resulting 5D uy g is a linear combination of the 6D Z3
with the KK U(1).

When compared to the 50&3) geometry, the main difference is the additional tuning

dip — 2dio - (5.77)

Due to this, the type IV* singularity in the genus-one model is not intersected by the order
three monodromy divisor D3, in (5.48) and hence, does not experience the full monodromy
but only a subgroup thereof. This can be observed by noting, that the monodromy divisor
Ds,, splits over z =0 as

D3y — d3 Dy, with  Day, = ds — 4dady . (5.78)

The appearance of the Dy, divisor intersecting z = 0, highlights the fact that the type IV*
singularity is folded to an f4. This can be explicitly seen in the resolved genus-one fibration
which is given as

p=di ff o’ +da f1 f3 91 g5 hiu v +ds f1 5 195 hawv® +da f3 g30° +ds [T fagi gahiuw
+d6f1fgglggh1uvw+d7fgggv2w+d8flgl hluwQ+d9vw2+dlof19%gghi’w3 , (5.79)

where the additional exceptional coordinates g1, h1, g2, fo are required. Computing their
intersections can be done, when employing the Stanley-Reisner ideal

SRT : {wf2, wga,vf1,vg1,vh1,ug1, ug2, uhi, f192, fihi, foh1, wou} . (5.80)

The fibral intersections are summarized in figure 12. We find that this figure corresponds
to a folding along two legs of the eg cover. The respective fibral curves are given as

]P%vo Pfan d10f19%92 +dg fig1u + dgv,

PL, : g2 Nd1fag1 + dsgihy + dyv,

P i hiN dig1 + d4g§ + drgow + d9w2, (5.81)
Pl .+ 0 91N daf3g5 + dr fagow + dow?,
[P1114,:|: fL 0 dyf3 + dr fow + dow? .

Note that the fibral divisors f; = 0 and g; = 0 consist both of two fibral curves, that are
interchanged along D3 ,. Note again, that we took f; as the singular divisor upon which
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node Irreducible components over dg = 0
Poo : [fol|Pos: fanfis Poo: fangr, Phg: foN (diogrge + dsu)
Py, ¢ [92]|P1y 92N g1, Piy: 92N (difa + dsha)
P, ¢ [P1]|P : by Ndygr + dags + drgow
Pl :191]|Poo:91N fa, Pio:giNga, Pyy: g1 N (dafogs + dyw)
P, : [A)|Poa: fi0 fo Pii: fi0 (dafa + drw)

Table 10. The codimension two irreducible components of the fibre at dg = 0, where f4 funda-
mentals 26, are located. Their intersection picture is given on the right of figure 12.

we tuned the model, although here f> yields the affine node. However, independent of
which node we use to map into the singular Weierstrass model, it leads in both cases to the
following form

1
f= §z3d1(9d10d4d6 — 6dyodsdy + 2d3ds — dedrdy — 6dydgdy + 2d3d3) + O(2*),

1 _

g =7 dtd§D2y + dO(7), (5.82)
27 _

A= TGzSdildg(Dg,u)z + d3O(2Y).

It is straight forward to see, that also the Jacobian admits an f4 singularity over z = 0 as
long as the polynomial Ds, does not become a perfect square at z = 0. As the genus-one
fibration does not posses multiple fibers, it admits the same type of fiber structure as
its Jacobian. We can therefure use the Weierstrass form, to deduce codimension two
singularities, which should lead to charged matter in both models. First we find an E-string
locus over z = dy = 0, which was also present in the 503(33) model. The second component
at the locus z = dy = 0 yields a vanishing order (3,5,9) singularity, which is an E7 point
where we expect to find matter. Finally, we also have the monodromy divisor appearing.
Indeed, apart from d; = z = 0, we find the other two loci to yield reducible fibers whose
intersections are depicted in figure 12.

In order to compute the charges under u; g in the genus-one geometry, we pick u = 0
as the reference 3-section class and orthogonalize the other generators to obtain the discrete

Shioda map as
o(u) = [u] + 2[ge] + 4[h1] + 3[g1] + 2[f1], (5.83)

which is constructed such, that all three intersection points of o(u) intersect only fa = 0.
Over z = dg = 0 we expect to find charged fundamentals, which we will verify in the
following. To do so, we impose dg = 0, which results in the fibral curves to split into various
fibral P's. The irreducible curves are given in table 10.

The intersections of the curves are summarized in figure 12 and admits the shape of
Eél), just as suggested by the Jacobian. These components are of importance as they get

wrapped by M2 branes giving rise to multiplets that trigger the Higgsing in 5D to the 505(53)
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(1] [91] dg—0
,’/" N iy \\‘ —

[g2] [f2]

©
®
©
©)
©

Figure 12. Depiction of the ffll) fiber in the cubic model and its intersections with the three-section
[u]. There are two loci, where the fiber degenerates further, depicted on the right. Multiplicities of
fibral curves are highlighted below.

fiber geometry, by effectively folding the third leg of the eél). Computing intersections of
the reducible fibral curves and the divisors allows to deduce weights of the hypermultiplets
at the Coulomb branch. We obtain the weights by intersection with the fibral divisors
(92, h1, 91, f1) (o). In the following we pick the curve Piz and compute the weights

Pio- (92,1, 91, [1)(0) 1 (—=1,0,1,0) (1), (5.84)

which indeed are weights of an 26;-plet. The U(1)g charge is given by o(u) which lifts to
the Zs charge in the 6D F-theory lift.

The second type of matter originates from the monodromy divisor Dj,,, leading to
non-localized f4 fundamentals. Due to the geometric origin in the eg/f4 adjoint, they must
have a trivial uy g-charge.

We can then continue by counting the multiplicities of those states in terms of inter-
sections of line bundles of the base. There are two line bundle classes S7 and Sy as before.
Demanding absence of E-string points, fixes the sum of the intersections (5.59), analogous
to the 50553) model.

To compute the multiplicity of 261-plets we simply take the intersection of dg = 0 with

Z which hence results in
n2e6, = 89 - Z. (585)

The second source of the 26(-plets originates from the monodromy divisor that yields the
ramification points R = Da,, - £ which is used in the RH theorem, resulting in

nag, = 5(1 —g) + 22 —Sy- Z, (5.86)

where we have used (5.59).
The sum of the two contributions of fundamentals is given as

n2e, + n2e, = 5(1 — g) + 22, (5.87)

consistent with the 6D gauge anomalies of f4. This result is expected, as the theory admits
no twisted algebras and hence a 6D SUGRA lift with the same gauge algebra structure. In
that lift, only the u; g charges turn into Zs discrete charges.
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Similar to the g2 model in the section before, the Sg - Z intersection may result in
different numbers of charged and uncharged fundamental multiplets depending on the
chosen compactification.

Before discussing the Higgsing in the next section, we present a concrete toric example.
The base is a dP;, where the f4 is placed over the 22 = —1 curve of genus g = 0. The
toric rays that of the 4D polytope that underlie the CY hypersurface are summarized in
appendix A. The Hodge numbers are given as

(hM1 R (h))) = (7,67(4)) . (5.88)

Indeed, we find three Kéhler parameters of fiber and base, and four more that correspond
to the f4 Cartan generators. Analysis of the geometry reveals the intersection number
Sy - Z = 2 by finding the class of the section dyg which yields the spectrum

n26, = N26, = 2. (589)

(3)

Higgsing to sog’. To Higgs to the twisted algebra 505(53)

and its go finite sub-algebra,
we can employ the group theory decomposition

fa XUy p — g2 X S X U g, (5.90)

and then in the second step to break sus x u; g. A related type of breaking, that resembles
the same type of breaking directly in the 5D Coulomb branch is given as follows: starting
off with the maximal enhanced gauge algebra f4 x u; g that we constructed in the geometry
before, we move to a partial Coulomb branch by keeping the curves inside of the fibral
divisor f; and f> finite. On this locus in the Kéhler moduli space, there is a breaking as

fa X uip 507 X Uj 4 X UL
520  [21(0,0) D 81,00 D 81,00 ® 72,00 D T(—2,0) D L(0)0)
260 | 81,00 D8(—1,0) D T(0,0) ® L(_20) D L2,0) D L(0,0)
261 | 81D 1D T DL 21) DLl D Loy

(5.91)

This group theory breaking is clear from geometry, simply by observing that we shrunk an
s07 C fgl) sub diagram.

On this more generic point in the CB moduli space, we may identify the 8_; 1 € 26,
as the Higgs candidate to break so; down to go. Note that this constrains the line bundle
Sy and in particular its intersection with Z to be non-trivial for the respective Higgs to
exist and the transition to be possible.

This path in the CB moduli space, allows to find the locus, where the 8_; j-plets become
massless in order to allow for a non-trivial VEV that triggers the respective Higgsing. At a
generic point of the 2D Coulomb branch the 5D 8-plet admits the mass

mg_,n=|—&a+7(143n)], (5.92)

with {4 and 7 being the CB parameters of u; 4 x u; g. The respective state becomes
massless, when choosing £4 = 7 and picking the n = 0 KK-mode. Upon this choice of
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Coulomb branch parameters one obtains the new unbroken generator iiy g = uy 4 + U1 g.
Upon the Higgsing, we collect all states with non-trivial charges as

n21, = N52, = 9,
N, = Nag, + nae, — 1+ ns2, = 4(1 — g) + 22, (5.93)
ny, = N7, = Nag, + N2e, + 2ns2, = 5(1 —g) + zZ% 4+ 2g,

which matches the geometric computation, but over counts the multiplicity of massive states
by one.

Note that the states recombine exactly in such a way, that the dependence on the class
Sy drops out.

Having identified the Higgs particles, we can also obtain predictions for the change in
complex structure moduli upon the transition. Care needs to be taken when doing so as the
26 contains already two uncharged states, just as 7o of go that contribute to h%!'. Taking
this into account, we simply obtain

Ah*! = 3ngg, —2=3Sg-Z —2. (5.94)

Another important detail, that already appeared in the examples before, is the number
of neutral fields. IL.e. we also find singlets states with u; g 13 in the transition. However
as there is full a K K-tower of such states present, we also should have states, such as
1343, with masses m = |(3 4+ 3n)7|. Therefore, for n = —1, there is a zero model that
contributes a neutral massless hypermultiplet, which appears as a complex structure modulus
in the geometry.

Our general considerations are consistent with the toric examples. Consider for this,
the change in Hodge numbers, given as

(RML A1) = (7,67) — (5,71). (5.95)

First we find a rank reduction by 2, consistent with the f4 — g2 reduction in gauge symmetry.
Second, there is a change of four complex structure moduli that originate from the nog, = 2
Higgs fields.

6 Decoupling gravity and non-compact limits

Up to this point, all the theories studied in this work were associated to compact geometries
and hence gravitational theories. This proved useful in understanding symmetries and
global constraints arising from the geometry. In this section however, we take a different
approach and systematically decouple gravity by taking a decompactification limit of the
threefold. The limits are chosen such that the non-compact threefold still admits compact
divisors with twisted fibers.

The resulting theory is not a SUGRA, but merely a supersymmetric quantum field theory
(SQFT) (which thanks to its origin, is guaranteed to have a consistent UV completion). In
particular, we will chose the decompatification limit such that the SQFT flows to a little
string theory (LST) in the UV. Analyzing this LST will the provide an additional cross
check of our geometric construction.
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In order to do so, we exploit two of the striking features of little string theories. First,
they admit a continuous global 2-group symmetry [72] and second, they often exhibit
T-duality. T-duality in this context refers to the feature that one or multiple theories can
share a Coulomb branch upon circle compactification.?! In [74] it was proposed that the
universal part of the 6D 2-group symmetries should match across T-duality.?? This is very
useful as the 2-group symmetries depend on the dual Coxeter numbers hy of gauge algebra
factors that are coupled to the 6D tensors and therefore on the un/twisted affine extension.

The match of the 2-group structure constants among two dual theories therefore provides
another robust test of our geometric construction.

6.1 Supergravity phase and T-duality

The starting point of our construction is a compact genus-one fibered threefold X specified
by a toric hypersurface in an ambient fourfold, obtained from a regular fine star triangulation
of the toric rays given in table 11. The threefold X admits the following Hodge numbers,
that can be computed from the structure of the polytope as

(WM RPN (W) (X) = (15,63(3)) . (6.1)

This geometry admits two toric fibrations that are inherited from the ambient space which
can be identified by its 2D relexive sub-polytope structure?® in A. We are then guaranteed
to have (at least) one regular fine star triangulation that respects that fibration structure.
We will discuss the two fibrations in detail: one is a genus-one fibration and the other an
elliptic fibration. The two corresponding 6D theories are therefore (twisted) T-duals.

In the following we use the quiver notation of base curves and their fibers, which is
commonly used in the literature (see e.g. [4, 77]). A quiver is written as

e
T (6.2)

ES) an (s) twisted affine algebra sitting over a curve w; of genus zero and self-

? = —n; and two neighbouring curves in the quiver intersect. For more details

where g
intersection w
see [4, 77] for recent reviews. The full structure can readily be obtained from the toric
diagram of the base.

The genus-one fibration. The first fibration admits an Fy ambient space in the
(a,b,0,0) plane in the enumeration used in [45]. The base is spanned by the primitive
rays that have the F; ambient space over the generic point. This yields the base divisors
wo,0, W1,0, W2, Y1, Y1,0, Y2, Y3, Y4,0 obtained from the primitive rays of (—, —, ¢, d) vertices and
then constructing a fan from those. The resulting base admits h!(By) = 6 or equivalently

21See also [73] for related work.

#2Gee also [75-77) for a systematic exploration of heterotic LSTs and their T-duals exploiting the match of
2-group structures.

ZThe 2D sub-polytope criterion [78] also allows to deduce a triangulation that respects the fibration of
the ambient space, although it might lead to a non-reflexive but VEX polytope.
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T = 5 in six dimensions. In addition there are fibral divisors of Euél),ﬁugl),ﬁugl) and

eé2)—type. This is consistent with the number of Kéahler moduli

RM(X)=24T+1k(G)=2+5+8=15. (6.3)

The full quiver of the model admits the following ring like structure

(&
Lo
5112
1 2
5u<21) 5115,)1)
0 0 2 (6.4)

Red marks the choosen curve, whose volume is send to infinity in the decompactification
limit to a little string theory in the next section.

As discussed in section 4, the eg) twisted algebra admits a spectrum as follows

260 P26, ®1; 1 (6.5)

This twisted reduction admits a Jacobian fibration with an e¢; gauge algebra and two full
hypers in the 56 representation.

The second elliptic fibration. The second torus fibration is given by the second 2D
sub-polytope structure and found by projecting onto the (a, 0,0, d)-slice in the ambient 4D
polytope. The 2D sub-polytope that is given by Fg yields a Morrison-Park model [24, 45]
which is elliptic and hence not twisted. As before, the base is found by inspection, resulting
in the ring like-quiver

(1)

512 2
1 9

5ug1)

3 0 -1 (6.6)

In the LST decompactification limit, the volume of the curve in red is taken to infinite.
This curve is dual to the one in the quiver (6.4). Note that there is also a curve with a
geometric self-intersection +1, which we denote as —1 in the quiver convention. Due to
the presence of a section, the resulting 5D compactification is untwisted and hence we only
find untwisted algebras over each curve. The 6D theory admits T'= 6 and an sus X f4 X u;
gauge algebra, which matches the 15 Kéhler moduli of the geometry.

6.2 Little string limit and twisted T-duality

In this subsection we will decouple gravity to obtain an LST. At the level of the quiver, this
can be achieved by removing the curve wsy from the base, such that the resulting intersection
form of the residual curves wr - wr = €z, is positive semi-definite [26]. The respective base
curve lifts to a toric divisor of the ambient space, given by the ray (1,—1,—1,—1).
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Genus 1 fiber
X (-1,1,0,0)
Y (-1,-1,0,0) Compact curves

Z (1,0,0,0) y1 | (-3,-1,1,1)
woo | (-1,0,0,-1) yii | (-3,0,1,0), (-5,-2,2,0) , (-7,-2,3,0), (-9,-3,4,0) ,(-5,-1,2,0)
wo,1 (—1,—1,0,—1 ) Y2 (—7,—3,3,—1)

(_
(_

wo2 | (0,-1,0,-1) Y3 5,-2,2,-1)

w1,0 (070,0,1) Yqi 3,—2,1,—1) s (—3,—1,1,—1)
w171 (—1,0,0,1)
wy | (1,-1,-1,-1)

Table 11. Toric rays of the compact threefold with inequivalent genus-one and elliptic fibration
descending from the ambient space.

The residual toric rays lift to divisors on the full threefold and in fact also to the 4D
ambient space?* which yields a non-compact ambient space. This limit is exactly chosen
such that it removes the red 0 curves in the quiver diagrams (6.4) and (6.6). While the red
curve is completely removed, the neighbouring quiver nodes become non-compact and their
fibers become flavor algebra factors that we denote by [gg)]. The decompactification limit
of the threefold is chosen such that the two torus-fibration structures are still part of the
non-compact threefold which preserves T-duality for the LSTs.

As there are two LSTs we can compute and match their 2-group structure constants.
In order to do so, we first need to compute the little string charges Nj. These are given as

the multiplicities of the unique null vector [26] of the intersection form Q;;
So=_ Nyw'. (6.7)
i

We summarize the resulting non-compact quiver with its LS charges as the vectors

NE R CY

lsup] 1 4 12 2 [sus], Ny=(1,1,3,21). (6.8)

The above LST admits four compact base curves and twisted fibers of total rank 5 and
hence a Coulomb branch of dimension dim(CB) = 9. We have excluded other flavor and
matter factors from the quivers, as they are not important for our arguments. The second
LST quiver is given as

f(l)
lsus) 1 5 1222,  Np=(1,1,4,3,2,1). (6.9)

The theory admits five compact base curves and a rank four gauge group which also yields
a Coulomb branch dimension dim(CB) = 9 as expected.

Consistency check from 2-groups. As mentioned above, the fact that these two theories
have the same compact geometric origin implies that the two LSTs are (twisted) T-duals.

*More details to the construction can be found in [76].
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Beyond that however we can also match the 2-group structure constants characteristic to
the LSTs as proposed in [74].

In the following we focus on the universal 2-group structure constants obtained from
the mixing of the u; LST 1-form symmetry and the Poincare and SU(2)-R-symmetry. Their
structure constants are computed as [72, 74]

Rp :ZNI(Q—QII), HR:ZNIh;(s) . (610)
I I g

Here Q1 = n; and h?, being the dual Coxeter number of the s twisted gauge algebra gl
95

coupled to the curve w! with string charge N;. The dual Coxeter number can simply be
computed from the sum of the Kac labels of the Dynkin diagram. For 5u£ll) algebras, the
dual Coxeter is given as

him =n. (6.11)
We formally assign the value h¥ = 1 for curves that are paired to the trivial gauge algebra.
Most importantly, the dual Coxeter number is sensitive to a twisted or untwisted affinization

of a finite gauge algebra. For the case at hand, there is
hv(g) == 12, hv(l) - 9 . (612)
%6 4

Taking the above difference into account, we obtain the matching 2-group structure coeffi-
cients in the two theories

(kp,kr) = (2,20). (6.13)

The above check is highly non-trivial and confirms that the two LSTs are indeed T-dual as
implied from geometry.

Untwisting the fiber. At this point one might wonder how the threefold would differ if
the eéQ) fiber were to be replaced by a regular fgl) fiber over the same curve in a genus-one
geometry. In such a case at least the number of Kéhler moduli would agree, but what about
the rest of the theory?

Fortunately, such a geometry exists with polytope vertices given in table 12 and is
obtained simply by exchanging the vertex (—9,—3,4,0) for (—2,—1,1,0). It should be
noted that the resulting threefold has not only the same number of Kéhler moduli, but also
complex structure moduli

(RM h2N)(Xo) = (15,63(2)), (6.14)

as the one with eéQ) fiber (however the number of complex structure moduli realized
“non-polynomially” has reduced in number).

In this new geometry, the et(f) fibration over the curve Z with self-intersection 22 = —4
has now changed to an untwisted f[(ll) fibration. Upon decoupling gravity the LST quiver
for the first genus-one fibration is given as

fEll) suél)
[sug]) 1 4 12 2 [sug], Nr=(1,1,3,2,1). (6.15)

— 62 —



Genus 1 fiber
X (-1,1,0,0)
Y (-1,-1,0,0) Compact curves
Z (1,0,0,0) y1 | (-3,
wopo | (-1,0,0,-1) yii | (-3 0,1,0) (-5,-2,2,0) , (-7,-2,3,0),(-5,-1,2,0),(-2,-1,1,0)
wo1 | (-1,-1,0,-1) Y2 (7 -3,3,- 1)

(-5,
(-

’IUO’Q (07—1,0,—1) Y3
w170 (0,0,0,1) y4,i
w171 (—1,0,0,1)

wy | (1,-1,-1,-1)

3,-2,1,- 1) , (-3,-1,1,-1)

Table 12. Toric rays of the threefold where the eéQ) fiber got exchanged for ffll). Both geometries
share the same Hodge numbers but differ not only in curve structure but also the number of
non-polynomial complex structures deformations.

Since the Hodge numbers have not changed, the Coulomb branch dimension of the LST
remains the same. As we will explore in more generality in section 7, the f[(ll) fiber over
the 22 = —4 curve admits a single 26-plet only. Although the change in fiber structure
was very subtle, the 2-group structure constant xp is able to detect it, as the dual Coxeter
number of ffll) is lower than eé?).

Importantly, the change in the fiber structure has not eliminated the second elliptic
fibration and as a result we can discuss the change in the T-dual geometry in this new
context as well. Here we find the LST quiver

i
[sug] 1 5 122, Nr=(1,1,3,2,1) . (6.16)
1 1

Y

The resulting quiver is similar to the original one given in (6.9). The only difference is
that an E-string curve to the right of the 5 curve has been moved down, making it a
trivalent vertex.

The change in base curve structure has altered the LST charge vector Ny exactly in
such a way that the 2-group structure constants still match in both theories, given as

(kp,kR) = (2,17). (6.17)

In the following we propose a physical interpretation of the two (dual) transitions
as specific Higgs branch deformations. Indeed, in [76], the proposal was made that kg
should be thought of as a measure of the degrees of freedom of an LST which decrease
monotonoically along Higgs branch deformations, analogously to the a-coefficient in an
SCFT. This might at first seem puzzling as both geometries admit the very same number of
complex structure coefficients. However we have observed that in the untwisted case, one of
those deformations changed from non-polynomial to a polynomial deformation. This hints
at the possibility that the twisted algebra lives on an enhanced point of symmetry in the
moduli space of the theory. In section 7 we will consider this type of transition in further
generality. Similarly, for the T-dual theory we have an exotic type of E-string transition,
which has changed the number of M-strings, i.e. 2 curves into an E-string.
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We close this section by discussing how all of the above theories/geometries can be
similarly used to construct twisted 5D SQFTs with an SCFT limit in the UV. The plan
we employ is the same as for the LST phase. One simply needs to remove an arbitrary
compact base curve from an LST quiver?® to obtain an SQFT that flows to an SCFT.

The two simplest choices are to decompactify the left most 1 curve or rightmost 2 curve
in the quiver (6.8) resulting in an SCFT quiver such as

@ LW

11292 . (6.18)

4

All of the constructions presented in this sections, straightforwardly generalize to the other
twisted reductions that we discuss in section 5. In particular many of the explicit toric
examples given in appendix A have twisted algebras over 0 curves or shrinkable curves that
yield LSTs or SCFTs in their respective decompactification limits.

7 Twisted VS. untwisted genus-one fibers

In the previous section we encountered the possibility of exchanging a twisted algebra with
its untwisted counterpart

ged™ and gegh. (7.1)

) (1)
In the eil — fil case, we noted that the two compact threefolds share some important
features, in particular identical Hodge numbers. In this section we will compare twisted and
untwisted fibers more systematically and observe that these relationships can be formulated
in more generality. In fact in all the examples we have encountered, the geometries with
twisted fibrations exhibit “cousins” in the form of untwisted fibrations which share the very
same Hodge numbers and can be connected through a geometric transition.

These observations help to resolve a puzzle in the literature: in [46] the geometry of
a genus-one fibration with a twisted 50%3) algebra was considered and in that work it was
expected to lift to a 6D F-theory with an go gauge algebra. It was noted that all gauge and
gravity anomalies could be cancelled. In view of the geometries we have seen in the present
work, this conclusion may come as a surprise as the Jacobian admits a very different fiber
structure and we therefore do not expect such a gauge algebra in the 6D F-theory lift (see
section 5.2). The fact that the gauge algebra must change in the 6D lift is further signaled
from the 5D BPS state count enumerated throughout this work, which deviates from [46].
In the present work, we find that the twisted algebras do not solve the 6D anomalies if
their finite gauge algebra is not altered. At first glance, this may appear as a very unlikely
coincidence: how did the lifts of [46], which assumed that the gauge algebra was unaltered
between 5D /6D, lead to a seemingly consistent 6D SUGRA theory?

This puzzle is resolved by the geometries we present in this section by noting that most
of the twisted algebras we study are closely related to a similar geometry with an untwisted

25 As noted in [76] any such removal destroys other inequivalent torus fibration in the geometry.
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fiber. These untwisted algebras have the same fiber structure in the Jacobian and complex
structure and BPS states consistent with the 6D anomalies as proposed in [46]. This section
is therefore devoted to a comparison of these two type of geometries and the transitions
among them.

Besides the subtle difference in the fiber structure of the two geometries, there is
another similarly subtle difference in the complex structure moduli sector: we find that
twisted fibrations generally admit complex structure deformations that are realized as non-
polynomial deformations in the toric hypersurface description, as opposed to the untwisted
one. Such terms can be conveniently computed via the Batyrev formula from the toric
polytope. While this observation might first appear just as a technical detail, we propose a
physical interpretation, making those deformations relevant to understand the difference
between twisted and untwisted fibers. In order to do so, we first discuss their physical
significance in elliptic fibrations.

7.1 Enhanced symmetries and non-poly defs

The number of complex structure moduli and their non-polynomial contributions in toric
hypersurfaces can be conventiently computed from the pair of relexive polytopes A, A* in
the Batryev construction [79]. It is given via the combinatorial formula

hPHX) = 1(A*) — 4= I°(T%) + > 1" (0)I*(0Y) . (7.2)
I+ (S

2,1
hap

Here (I°)l counts (interior) points, with I'* being edges in A* and ©* being codimension
two faces of A* with duals ©. The part h%’;} is the main relevant contribution for us, that
counts complex structures without a corresponding hypersurface monomial.

For elliptic fibration such deformations can be given a physical interpretation in the F /M-
theory picture. For this we first introduce the neutral components of hypermultiplet fields

Shzy (R) = Dim(R) — Hy(R) . (7.3)

H.;,(R) denotes the non-trivial weights of a hypermultiplet representation R, called the
charge dimension of a representation. In the case of the adjoint representation, H.,(Adj) is
simply the number of roots and §h%) (Adj) the number of Cartan generators. As 6k (R)
are themselves uncharged fields everywhere at the Coulomb branch, they are counted as
complex structure moduli in the threefold. In fact there is a natural reason why those
contributions should be non-polynomial when giving them a symmetry breaking vev. For
adjoint hypermultiplets, such Higgs branches typically breaks to the maximal Cartan
sub-algebra as in

Sy — U, (7.4)

via 3 - 11 ®1_1 @ 1p. There are more options for non-simply laced algebras as those
typically admit non-trivial (lower dimensional) representations with non-trivial 6h2; (R)
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besides the adjoint. When those representations acquire non-trivial vevs, a rank preserving
Higgsing is possible such as in

g2 — su3z, fi — sog, (7.5)
via the decompositions of the Hypermultiplet representations
7-53®3®1, 26 —>8,58,P8.D1d1, (7.6)

that acquire the symmetry breaking vevs. Those vevs sit precisely in the 5h%’pl(R) parts
of R. As the Higgsing is rank preserving, no Cartan generator becomes massive and the
number of neutral fields is preserved, resulting in a conservation of Hodge numbers.

The above considerations are reflected in the geometry of the respective elliptic fibration:
e.g. for each 26-plet representation of an f; fiber, one finds two (5h,21’pl, realized as non-
polynomial complex structure deformations. When Higgsing to sog, the threefolds admits
the very same Hodge numbers. The difference however is, that the associated 5h721’pl
deformations became all realized as polynomial deformations. Similarly, when Higgsing sy
on g x 3-plets, all g non-polynomial deformations become polynomial and the geometry
acquires a non-trivial Mordell-Weil rank [38].

Turning this logic upside down, the knowledge about non-polynomial deformations may
allow us to track representation content®® of the gauge algebra, directly from geometry.
Furthermore it suggests a direct physics interpretation. In the symmetry broken phase, the
vevs are moduli that parameterize the (partial) Higgs branch of the two gauge algebras of
same rank. As those vevs are moduli, they can take on any non-vanishing value matching
the (real part of the) monomial coefficients in the hypersurface. At the locus of enhanced
symmetry, the vevs must vanish, matching the absence of the respective polynomial
coefficients, while the number of neutral fields is preserved.

We adopt this interpretation of the non-polynomial defs for the twisted algebras in
what follows. As already anticipated in section 6, the presence of those non-polynomial
deformation is a universal feature for (almost) all twisted fibers. Furthermore it suggests
the possibility that they are part of a larger twisted affine type of representation, which
can be Higgsed in a rank preserving way to a non-twisted one. Moreover we will use the
field theory of twisted compactifications, to match/predict non-poly defs in the compact
threefolds. At the same time, their presence yields a criterion when geometric transitions to
an untwisted algebra may be possible. These Higgsing transitions/singlets are generically

present but with the exception of the twisted versions of 6D non-Higgsable cluster theories
(2 (2 (3)
s 5113 50

6, 3 and A as already alluded to in section 4 and section 5.

7.2 egf) vs ffll) genus-one fibers

In the following we consider another singular genus-one model which is related to the eg?)

twisted fibration of the quartic which we will call X?. For this we consider the generalized

26Care has to be taken from other sources of such deformations, such as adjoints or empty —2 curves. See
for example [80].
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Tate-vector
n; = {37272a1a0a27170} y (77)

which reduces the vanishing order of the XY term in the quartic fiber model by one. From
) . (2) . .
this perspective, the e5” model appears as an enhanced singularity.

As we will discuss in the following, the resulting singularity will be of IV*™* type both
in the genus-one and Jacobian fibration. Note that the above tuning is such, that the
monodromy divisor Do x = d2 — 4ds stays un-affected, still intersecting the base divisor Z
non-trivially. When mapping the singular genus-one model, specified by the Tate vector (7.7)

to the Jacobian we obtain (at leading order in z) the expressions
f=25+0("),
g=2*d3Dy x + O(2°), (7.8)
A = 28d3D;  + O(29).

As long b& x|z = 0 does not become a perfect square, which is the case by construction,?” we

have a Type I'V* non-split singularity i.e. an f4 in the Jacobian as claimed. Thus we expect
an f4 X Zo gauge algebra in the 6D F-theory. We begin by analyzing the spectrum in the
Jacobian and then argue that this spectrum coincides with that in the genus-one fibration
as well. In order to do so, we first note that the discriminant admits two codimension
two components over z = 0: first there is the monodromy divisor Ds x and the second
component dy = 0. The later one yields a codimension two vanishing order (3,5,9) which
corresponds to an Fr singularity. The hypermultiplets that are localized here yield 26
matter multiplets which we will double check in the genus-one model momentarily.

When computing the multiplicity of states, we first start by being fully general. For
this we recall the line bundle classes of the various sections to be given as

[dQ] ~2c1 — 8 —2Z, [dg] ~cy+ Sy, (79)

which are needed to compute the multiplicities of states. Those of the 26, states are simply
evaluated via the intersections Z - [d2] whereas the neutral 26¢-plets are non-localized states
over the loci where the fibral curves of Z are branched, which is fixed by the number of
ramification points R = [D2 x| - [Z] in the RH theorem eq. (4.18). Taking the degree of the
cover to be d = 2, we find the following multiplicities

ns2, =49, n261:4(1—g)—89-2, n260:(1—9)+22+89-2, (7.10)

which admits the additional degree of freedom, to dial the relative multiplicities via the
Sy - Z intersections. Notably, the combined multiplicity of the f4 fundamentals yields

n26, + N2e, = 5(1 — g) + z? , (7.11)

which is consistent with 6D gauge algebra anomaly cancellation conditions (see e.g. [81]).

2"The polynomial in f is given as ;3: dodrds — 2d, dg — 2dady + 8d1ds.
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(2)

In order to compare the above model with an geometric transition to the e5” geometry

however, we also need to impose the extra condition that [di] - [Z] = 0 which resulted in

(4,6, 12) points. These points are generally absent in the ffll) model, but would appear when
(2)

performing the respective deformation to eg’. This extra condition removes the degree of
freedom and yields

1

Sg-Z=2(1—g)+ 522. (7.12)

Plugging this restrictions into (7.11) gives

1 1
ns2, =g, neg, = 2(1 —g) + 532, nag, = 3(1 — g) + 532. (7.13)
When compared to the eé?) multiplicities that were computed in section 4.1, we find the
26(-plets to exactly coincide with the multiplicity there, whereas the number of 261 is
reduced by one.

This computation concludes the f4 spectrum in the Jacobian. In the following however,

we want to double check the claim, that the spectrum coincides with the genus-one model.
For this we consider the resolved genus-one fibration X P, given as

p=difsghX* + dof3 2 XY + dsf3 307 5h1X2Y? + dufofsgi g2 XY
+ds 391 + do f3 3019503 X2 Z + d7 f2 f39192m XY Z + ds f301 Y Z + 327, (7.14)

with fibral Stanley Reisner ideal

SRL :{YX,Y f2,Yg2,Yhi,e1Z,e1f2,e1f3,e191, €192, e1h1, Z f1,

f1f3a leQ)flhh Zgl)Xf37f2f37 f3927Xgl,X92,Xh1,f2h1} . (715)
The base divisor Z then pulls back to the reducible divisor
Z = fagshigifs, (7.16)

with fibral curves

Py f2Ndsgi +dgg1 Z + 22,

Pl : g2 Ndsgi +dggn Z + 22

Py :  hiNdsfsgf +daga + d8f3glz + f322, (7.17)
P3: g10fz+difigshy + dafsgY

P}l : fgﬂdlhl +doY .

In figure 13 we have summarized the fibral intersections of the curves. The monodromy
divisor Dy x of the 2-section X is again central as it is also the locus along which the two
fibral curves in fo and go get interchanged.

Note that the 2-section X intersects the node fo which is the affine node we associate
with the base coordinate z. This however might come as a surprise, as it is f3 which lifts to
an actual Fy singularity in the genus-one geometry! In fact, when shrinking all but the f3
node, we need to again orthogonalize the reference 2-section properly with respect to the
unbroken gauge group.
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Figure 13. Depiction of the X genus-one fibration and its fil) fibral structure. Choosing f> as

the affine node results in an sog singularity while keeping f3 finite results in an f4 singularity. The
two codimension two degeneration loci shown on the right.

In order to account for both singular limits, we consider the two possible discrete Shioda
map combinations

o2(X) = [X], 05(X) = [X] +2[fo] + 3lg2] + 4[] + 2[g1] , (7.18)
for which we have the intersections

0-2(X) : (f27927h17917f3) = (2’0)07050)) and Ué(X) : (f27927h17g].)f3) — (050507072) .
(7.19)

While the topology of the resolved fiber is that of fil) the two singular limits, keeping either
fo or f3 finite, yield an sog or f4 singularity respectively.?®

In order to cross check the computations made in the Jacobian, we investigate the
matter loci in the resolved genus-one geometry next. First we recall the codimension two
locus da = 0. When investigating the fibral curves, we indeed find a split into an F; type of
fiber, just as in the Jacobian. We can then compute the intersections with the other fibral
divisors e.g. for the P%,i curve and obtain the intersections

P} . - (f2:92, 71,91, f3) (03,00) = (0,1, —1,0,1) 0,1 - (7.20)

These intersections numbers yield the charges of (massive) 5D particles obtained from M2
branes wrapping the respective curve. When taking f3 as the affine node and hence finite,
such that we obtain the f4 limit we find weights of an 26; just as claimed in the Jacobian
fibration. Similarly we find, over Dy x = 0 to support the monodromy divisor that yields
the 26¢-plets. As opposed to the e((f) model, the fiber does not become a degree two multiple
fiber over such loci as the degree one curve P} does not split here. Therefore we expect the
Weil-Chatelet group to reduce to the Tate-Shafarevich group III(XP?), which we take as
the main criterion, why Jacobian and genus-one fibration admit the very same fil) fiber
structure. From this perspective it is also clear, why the matter and its multiplicities in
genus-one and Jacobian are the same, with the only difference being that the 26,-states
stay massive at the origin of the f4 Coulomb branch.

Z8Note however, that both singular limits become identical when being mapped into the singular Weier-
strass model.
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The spectrum of the fil) genus-one geometry X appears to be very similar to that
of the f4 € eé?) geometry X4 albeit the difference in the massive 26, multiplicities. One
might then wonder, if and how the two fibrations might be related. This can be deduced
by having a closer look at the precise geometry and recalling that we kept different curves
finite throughout the transition. In X4, we kept curves in f, finte, which resulted in an
f4 singularity, keeping fo finite in X? yields an sog € fil) singularity. Using the methods
from section 4 and section 5 and can indeed compute the shrinkable curves in X while
keeping fo finite resulting 32 + 4 = 36 vector multiplets, that make up the adjoint of sog.
Hence when performing the conifold transition from f4 € eég) we rather obtain an sog via
the breaking

52— 36D 16, 2616090 1.

The curious fact however is, that the resulting genus-one fibration admits another limit
in the Coulomb branch moduli space of sog x 1i; g such that an §4 x u; g gauge algebra
arises with a massless spectrum just as in the eéQ) theory. This on the other hand suggests,
that not only Coulomb branch dimension but also the number of complex structure moduli
of XP coincides with that of XA. This is indeed the case, as we will demonstrate in an

example in the following.

Toric example. Let us move from these general considerations to a concrete toric example.
The toric rays defining the threefold are given in appendix A and the Hodge numbers can
be computed via the Batyrev construction. In our example geometries, we have the same
Hodge numbers

(hl’l, h2,1)(XA) _ (hl’l, h2,1)(XD) — (7’95) . (721)

This seems to be at odds with the fact that we performed a tuning of the generalized Tate
coefficients when relating the two theories. The resolution to this puzzle is the fact that
not all complex structure moduli in the toric hypersurface equation of X4 are realized as
polynomial deformations. Computing the complex structure moduli, and the respective
fractions of non-poly deformations of the two geometries, we obtain

REL(RZI)(XA) =95(9) and  APM(RZD)(XP) = 95(6). (7.22)

Note that there are several contributions of non-poly deformations in both geometries that
need to be discussed. The six deformations in the fgl) geometry X P are contributions from
the 3 x 2 neutral components inside the three 26¢-plets.

For the twisted fiber eé?) of geometry X4 we have two contribtutions to the nine
non-poly deformations: first there is the contribution of the 3 x 26¢-plets neutral fields,
which is the same as in the fil) model. We propose that the three missing neutral fields
correspond to neutral localized singlets. These can be directly deduced from the twisted
reduction of the eg theory, which we reviewed in section 4. From this 6D origin, we can
obtain a prediction for the non-poly deformations as

3
Shey =mn1, + 2n2e, + 4ns2, = 9(1 — g) + 522 +4g. (7.23)
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In the case at hand, the curve of consideration admits self-intersection 22 =0 and g = 0,
such that we have a match of all non-poly deformations in X“. Note that this also implies,
that an eg?) on a Z? = —6 curve of genus zero does not posses any such singlets. Indeed,
the respective genus one model, given in section 4.1 admits 151 complex structure moduli
with hZy = 0.

In analogy to the elliptic threefolds, discussed in the section before, it becomes apparent

that those singlets are an integral part of a non-trivial twisted eg) representation, and not

only its f4 subgroup. Hence, when breaking the eéQ)

symmetry via the f4 — sog chain, it is
suggestive that those singlets are not fixed to a vanishing vev any longer which translates
to polynomial deformations in the toric hypersurface. We wish to return to this specific
point in future work.

7.3 50&3) vs ggl) genus-one fibers

We now turn to a genus-one fibration X? that admits a ggl) fiber which shares the same

Hodge numbers as the genus-one fibration X4 with twisted 505(33) fiber. The singular

(1)

genus-one model with an g, ’ fiber is obtained via the generalized Tate-vector
n; ={2,1,1,0,1,1,0,1,0,0} . (7.24)

The 502(33) model, is obtained upon a further tuning of the above vanishing orders to
do — 20?2, ds — zcz5z, dg — zdg. When mapping the respective tuning into the singular
Weierstrass model, we obtain at leading orders the Jacobian J(X”/By)

1
f= gz2(—9dlodzd4d5 + 3dyod3dy — did? + 3dydidg + dadsdrdy — d3d3) + O(2%),
g=23P+0(z4), (7.25)
A= Z6Q2ﬁ3,u +0(2"),

with P some longer irrelevant polynomial and @ given as

Q = dyods — dyd2 + dod3dy — d3dsdy . (7.26)

The resulting singularity is of I, type i.e. an gél) fiber upon resolution. Note that we also

find here the order three monodromy divisor appearing at leading orders of the discriminant.
Lets compare this to the fiber structure in the genus-one model X P after sufficient resolution,
which is given as

p = difigiu® + dafru*v + ds fo frgruv? + dafov® + ds frutw
+ dg fo frgruvw + dr fov®w + ds fo f1g1uw?® + dg fovw* + dig fow® (7.27)

with Stanley-Reisner ideal

SRT : {ufo, fof1,ugr, wou,wv f1,wvg} . (7.28)
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The intersection picture of the fiber is given in figure 14. The fibral curves are given as

Ph, : foNdigr + dov + dsw

PL g1 Ndafiv+ dafov® + ds frw + dr fov*w + dy fovw? + dio fow® (7.29)
Péﬁg,i o fin d4U3 + d?'l)zw + dng2 + d10w3 .

where ng@,z‘ admits 3 components that are interchanged along the D3, monodromy divisor.
We conclude that we find a type I fiber in the genus-one model X D just as in its Jacobian.

It is important to recall that the affine node fi in the 5053) model now hosts the three

nodes of the gél), while the new divisor fy, yields the usual single affine node. Interestingly,
we could have also blow-down fi,¢g; and used fy to map the geometry into the Jacobian,
which would result in the very same singularity type. As the fiber structure is the same
in both models, we can use the Jacobian to find reducible fibers and similarly, we can use
the genus-one model to compute the 6D discrete Zs charges of the go matter states. To
do so, we first note that the discriminant over z = 0 factorizes into two components in
codimension two. The first component is given by z = () = 0 where the fiber singularity
enhances to vanishing orders (2, 3,7), which is an s01¢ singularity. The second component
in the discriminant is the intersection locus with monodromy divisor Ds3,. The later
determines the ramification points that fold the covering sog to go and provide non-localized
mater. In this situation, the curves ]P’ii degenerate to a single curve of degree three as
depicted in figure 14. Apparently, the associated genus-one fibration does not admit multiple
fibers and hence we expect the WC(XP) group to reduce to the Tate-Shavarevich group
II(XP). We can now discuss these two loci in the genus-one model to deduce the respective
matter charges.

As we have selected fj as the affine component and u = 0 as the reference 3-section,
we need to orthogonalize the respective u; generators, which yields the discrete Shioda map

o(s5)) = [ul + (2[A) + 3[01)) . (7.30)
which admits the intersections with the fibral divisors as

(D) - {fo, 1, f1} = {3,0,0}. (7.31)

We can then impose () = 0 and deduce the reducible components when solving for ds.
The respective components are summarized in table 13. A graphical representation of the
intersections of these irreducible curves is given in figure 14 and we them to have the shape
of an affine 50%) Dynkin diagram, consistent with the Jacobian prediction. The weights of

particles, obtained from M2 branes wrapping the curve Pil are computed as
P (gl,fl)a(ség) =(-1,1)_1374. (7.32)

Hence upon the singular limit, those weights are completed to full 7_;-plets with non-trival
uy, g charge, which lifts to a Z3 charge in 6D. The non-localized states, obtained from
the monodromy divisor on the other hand, are obtained from the sog adjoint and hence
correspond to uncharged 7-plets.
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node Irreducible components over @ = 0
Pog = [fol [P6 2 fo N (digr + dav + dsw),

N (diod? fov? + d2d 2 _ dodsd 2
Po, : [g1] [P : 91 N (dov +dsw), Piy: g1 , (d1ods fov® + di 7f0®2 2dsdy fov o
+d3 f1 — diodads fovw + didy fovw + diods fow?)
Poyit [fi]|Poy : fiN(dev +dsw) Pyt fi 0 (v+ (a1 £ ag)w)

Table 13. The codimension two irreducible components of the fiber at () = 0 where go charged
matter resides. The intersections are depicted in figure 14.

We turn now to the computation of the multiplicity of the states described above. To
this end, we compute the intersections that lead to localized 7; plets and the 7g-plets that
originate from the monodromy divisor. Since we took fy as our new affine node, we need to
change the factorization in the genus-one fibration above. For this we need the classes of
the monodromy divisor in the new factorization?’ geometry given as

(D3] ~ 28y + 287 —4Z, (7.33)
as well as the class of
Q] ~ =87 — Sy — Z +6¢y . (7.34)
The number of charged 7; is given by
ng, =[Q]- 2 =12(1—g) — S; — Sy + 522 (7.35)

The neutral 7-plets are computed from the monodromy divisor and the Riemann-Hurwitz
theorem, which yields

1
nr, = 2(g — 1) +5R= 29— 1)+ Sy + Sy — 222, (7.36)
Taking the sum of the two representations we obtain
ng, +nr, =10(1 —g) + 322, nig, =g, (7.37)

which satisfies the 6D anomalies as expected. Note again, that there is a degree of freedom
to tune the relative number of charged and uncharged 7-plets.

In the second step we want to relate the 50%3) and gél) models. In order to do so, we
need to make sure that there are no (4,6, 12) points after tuning, which requires d; = z =0
to be trivial (see section 5.2). This condition can be translates into the following intersection

of the line bundle classes

(S7+39)Z:3612

29We read this off from [dio] ~ 289 — S7 — Z, [d7] ~ S7 — Z and [d2] ~ 2¢1 — So.
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Figure 14. The fiber structure of the 9(21) cubic genus-one fiber and its two degeneration loci.

When using the above constraint and plugging them into the multiplicities of the states
we obtain

nr, =41 —g) + 2%, ng, =6(1—g) +22%. (7.38)

We can now compare the multiplicity of states in the gél) cubic genus-one fibration X with

that of the 50%3) fibration X4 (given in (5.66)) we find perfect agreement for the massless
7o multiplicities. However, just as in the 262 case, there is a difference in the massive 7-plet
sector. We remark, that we do not find 75 states in the ggl) theory. This can be explained
by noting, that the 7-plets are real representations. Thus, when conjugating a 7o state, it
becomes a 7_5. Recall that our KK tower is normalized with the three-section as 7_o43,.
Hence, when shifting the KK-tower to n — n + 1, we find the 75 states to sit in the same
KK-tower as the 7y states. Therefore the multiplicity given in (7.38) yields the combined
multiplicities of massive 71 and 7, states.

Similar to the other twisted fibrations, we find the number of massive 7-plets to differ
when engineered in their untwisted variants. In particular both the numbers of 7; and 72

states are each enhanced in the sog’) model, when compared to those in gél).

Similar to the eéz) — ggl) case, there exists a chain of geometric transitions from so

to ggl). For this we first need to choose the usual go € 50%3) limit when shrinking the curves

(3)
8

in g1, h1 that yields massless 7g-plets which can be used as a Higgs resulting in the familiar
breaking go — sug with the branchings 14 — 8 ®3® 3 and 7 — 3 ® 3 © 1. After the
deformation we replace the go singularity by an sus, which is resolved by fy and g; which

results in the ggl) diagram given in figure 14. As go — sus deformations preserve the Hodge
numbers of the threefolds, we therefore claim that there exists an 9(21) with exactly the

same Hodge numbers. We give an example in the following.

Toric examples. In the following we give toric example of a threefold geometry X P in
which the gauge group is supported over a curve of self-intersection Z? = —1 and genus 0
within a dP; base. The toric rays can be found in table 19 of appendix A. The go spectrum
is given as

nr, = 3, ny, =2, (7.39)
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which indeed cancels the 6D gs anomalies. When compared to the 50%3) model X4, we
find the very same Hodge numbers and a difference only in the non-polynomial complex
structure deformations

(hl’l,hQ’l(hi}}))(XA) = (5,71(6)), and (h"', B®' (h2)))(XP) = (5,71(3)). (7.40)

The three non-polynomial deformations in the X geometry can be attributed to the singlet
in the three 7¢-plets. The very same three 7o-plets are also present in X4 where three

(2)
6

additional non-poly deformations are present. Analogously to the e;’ model, we propose

those contributions to the additional singlets from the twisted reduction. In particular, we
expect to find the total contribution of non-polynomial deformations

5hf;pl =n1, +n7, + 2n14, = 12(1 — g) + 322 4+ 2g¢, (7.41)

in the 505(;3) model X4. Thus, we find three additional contributions, coming from 1, for

the 22 = —1,g = 0 case. Those considerations also show, that those non-poly deformations

should be absent for 50&2) fibers over curves with 22 = —4 and g = 0 as constructed in

section 5. As expected from the 6D anomalies, this fiber can not be Higgsed to ggl).

7.4 su;(;z) vs 5u§1) genus-one fibers

Finally we discuss the relation between the twisted fibrations X4 with fibers suz(f) and their

untwisted cousins, X with fibers 5u§1). The later geometry is obtained by the generalized

Tate-vector

n; ={0,0,0,0,0,0,0,0,1} . (7.42)
This theory admits an sugl) fiber, both in the Jacobian and the genus-one fibration. The
Jacobian J(XP?/Bs) to leading orders in z is given as

f=Q*+0(2),
9=0Q°+Q0(z), (7.43)
A =22PQ* + QO(%).
With P and @ polynomials in the d;
Q = —di+4dgds, (7.44)
P = d2d§—dydsdidy+dsdsdid? —dadsdeds+dydsda+didads —2dsdsdids — dzdydidyds
+3dodsd2drdg+dadydedids — 4dy dsded3ds — dydyd3ds +d3d2d2 — 2dadyd2d% +2dy dsd2d?
—dodsdedrdi+3dydydedrda+dydsd2d3 +d5deds —2dy d3dedy — dydadrdi+didy .

(7.45)
The fully resolved genus-one fibration X on the other hand is given as
p=difoX* + dafo XY + ds foX2Y? + dafoXY? + d5 foY*
+ deX?Z + d7 XY Z + dgY?Z + do f1 22, (7.46)
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N —

Figure 15. Depiction of the suy fiber in the quartic. Intersections with the fibral curves in the
divisors fp and f; with respect to the two 2-section classes X and Y are depicted, as well as with
the 4-section Z.

with the fibral Stanley-Reisner ideal
SRI: {YX,Zfo}. (7.47)
The two fibral curves are given as

PL, frOdufoXt + dofoXPY +dsfoX2Y? + dyfoX VP
+dsfoY* + de X2 Z + d: XY Z + dsY?Z, (7.48)
Pt fondsX? + d7 XY +dsY? +dyfi .

This results in an intersection picture as given in figure 15: Hence again, we have to
orthogonalize our reference two-section X with respect to the sus divisor that we want to
shrink, that is fy which yields the discrete Shioda map

o(X) = [X] + 5 fo]. (7.49)

Note that the sus model is precisely the same as the most general quartic fibration which
makes our discussion fully analogous to the one in [45] (see page 32).

To discuss the matter loci, it is again sufficient to simply deduce them from the Jacobian
J(XP/By) and then investigate them further in the respective genus-one geometry. First
there is the discriminant locus @ = 0 for which we find the vanishing orders (1,2,3) in
the Weierstrass model and hence a type Il enhancement where no additional matter
resides. Over the codimension two locus P = 0 instead, we find a type I3 fiber and hence
fundamental matter. Over this locus, the fibral curve P splits into IP%J + IP’(l)’2 which gives
rise to 2 1 -plets. Note that the % charge highlights a non-trivial mixing of u; g with the

Zy center of the suy, similar to the e7 case in section 4, resulting in a G = %)QXZ“ gauge

group in the F-theory lift.
In order to compute the multiplicities, we use appendix B to deduce the classes of the
polynomial P which is

[P] ~ [2(11 + 4(18} with [dg] ~c+8—Z. (7.50)
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This results in the multiplicity

ng, = Z-(8c; —22) =16(1 —g) + 622, (7.51)

Nl

consistent with the 6D gauge anomalies.

Finally we are in the position to comment on the relation of the 5u§1) theory to that of
5u§2). As noted above, the 5u§1) geometry X does not posses multiple fibers and admits
a consistent 6D F-theory uplift, highlighted by a matter spectrum that solves the 6D
anomalies. The 5u:(32) geometry X4 on the other hand admits two more massive 21-plets.
We expect again, that there exists a geometric transition between the two threefoldQS, that
preserves gauge algebra rank and number of flat direction, i.e. the exact Hodge numbers.
The exact type of conifold transition between the twisted and the untwisted theory is more
obscure than in the other cases as there is not much room for a rank preserving Higgsing in
the sup x uy g theory, apart from using adjoints. Similarly to the other examples discussed

in this section, we expect such fields to exist and return to this question in future works.

Toric example. We exemplify the general considerations with a toric example. The details
of the toric rays, from which the threefolds X4 and XP are constructed are summarized
appendix A. The threefold XP with 5ugl) fiber is engineered over a Z2 = 41 curve with
(1)

g = 0 in a P2 base. The massless suy € 5u21 charged spectrum is then given by the

multiplicities
ng, = 0, na, = 22, (7.52)
consistent with the 6D anomalies. The corresponding sug) model X on the other hand,

admits 24 massive doublets states but leads to a threefold with exactly the same Hodge
numbers, given as

(RBL h21)) = (3,107) . (7.53)

Besides the fiber structure, another difference shows up in the number of non-polynomial
complex structure deformations:

ha (X9 =12, k2 (XP)=0. (7.54)

As before, we use the twisted reduction of the 6D sus theory, to give a prediction of such
non-poly deformations. Those contributions come from singlets, and adjoint hypermultiplet
representations as discussed in section 5.1 that sum up to

Shiy =n1, +ng, =9(1 —g) +32°+¢. (7.55)

Thus, for our toric example we expect to have 12 singlet state contributions in X4. Similarly
we find that the ﬁugf) fiber over a —3 curve has a trivial spectrum. Therefore, there is no
)

transition to an 5u21 consistent with the fact that there are no non-polynomial complex
structure deformations.
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8 Summary and outlook

In this work we have initiated a detailed exploration of the geometry of genus-one fibrations
with twisted algebras and their F/M-theory physics. We have focused explicitly on the
cases of eg),soég) and 5u§2) over an arbitrary smooth and compact curve in the 2D base.
Our analysis only imposes flatness of the fibration and one non-trivial codimension one
fiber over an otherwise arbitrary base.?0 For these cases the geometry exhibits multiple
fibers over smooth points in the base and hence a non-trivial Weil-Chatalet group is a
prerequisite for these twisted algebras to exist. We compute the multiplicities of the lightest
BPS states charged under the f4, g2 and sus finite sub-algebras purely from geometry and
find agreement with prior results on twisted field theory reductions of 6D gauge algebras
¢g, 508 and sug respectively. To gain additional insight into these M-theory backgrounds, we
consider 5D geometric transitions from 2;1)? fil) and ggl) respectively, to the twisted algebras.

While we do not fully determine the 6D background that leads to these twisted M-theory
compactifications upon circle reduction, we do identify a range of features and symmetries
that it must possess. In particular we give the explicit Jacobian fibration associated to each
genus-one fibration. In each case, the fiber structure we find in the Jacobian differs from
that found in the genus-one geometries and from what would be expected from a typical,
field-theoretic twisted reduction. Instead of ¢g, 508 and sus we find the generic geometric
cover of the twisted algebras, that is e7, f4 and go respectively. As a result we find different
dimensionality in the Kéhler moduli spaces associated to the genus-one fibrations and their
Jacobians. We further discuss several applications of the geometry of twisted algebras in
SUGRAs, LSTs and SCFTs. In particular we discuss twisted T-dualities and match the
generalized symmetries, following the proposal in [74], to provide another cross-check of
our construction.

The connection between untwisted and twisted algebras with the same finite sub-algebra
are also investigated. We find evidence of (chains of) geometric transitions among them.
Surprisingly, the connected geometries admit the very same Hodge numbers, but differ not
only in the fibral curve structure but also in the number of non-polynomial complex structure
deformations of the CY hypersurface equation. We propose a physics interpretation for
those non-polynomial deformations and further use the twisted field theory reduction as a
way to understand them.

The results outlined here open up several exciting directions that deserve further
exploration in the future. In particular, limits of the geometries in consideration here
connect with several topics within the Swampland program [82] (see [83-85] for recent
reviews) such as the weak gravity [86] and emerging string conjecture [87]. First, we find
that a twisted compactification in a SUGRA theory does not only require a gauge algebra
that can be twisted but also a discrete zero-form gauge symmetry to embed the twist into as
the later ones are always accompanied in the respective F-theory lift of genus-one fibrations.
At first glance, this observation may not come as a surprise, as one expects an unbroken
discrete symmetry to be gauged in a gravity theory. However, one would have expected

39Note that restricting to only one non-trivial fiber implicitly restricts the 2D bases to have only curves of
self-intersection C? > —2 otherwise. On the other hand our spectrum computations apply for any twisted
algebra, that appears over any isolated curve in an arbitrary base.
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that a discrete automorphism of the respective gauge algebra would have been enough to
twist by. Our geometric analysis therefore suggest that an additional compatible discrete
gauge symmetry needs to be present as well to perform a perform a twisted reduction in a
SUGRA theory.

Secondly, these twisted dimensional reductions make 6D discretely charged states
generally massive, and gives them a fractional 5D U(1)KK charge, which hence makes
them relevant in the context of the (sub-lattice) weak gravity conjecture (see e.g. [88] and
reference therein). Finally, twisted compactifications display an interesting feature in that
the decompactification limit not only results in an extra dimension but also leads to a gauge
algebra enhancement.

This work has also raised a number of interesting open questions. First there is the
gauge symmetry of the Jacobian fibration, which is associated with the untwisted circle
reduced theory. There the gauge algebra seems to always be enhanced compared to the
purely field theoretic expectation (e.g. an e, symmetry instead of eg for the geometries of
section 4, for example). This enhancement is also directly related to puzzles regarding the
twisted reduction from 6D to 5D as outlined in section 3. One potential explanation might
involve the non-polynomial complex structure deformations present in the twisted genus
one fibrations studied in this work. It is possible that in the presence of such degrees of
freedom the mapping to the Jacobian geometry might be modified in a way that fixes some
complex structure moduli, potentially breaking the naive symmetry group to that expected
from ordinary gauge theory reductions.

As a further intriguing observation, in our geometric analysis the multi-section mon-
odromy divisors played a key role in describing the twisting of the fibers and also appears
to be linked to co-dimension 2 structure in the Jacobian fibration. This co-dimension 2
structure is crucial in the cancellation of the 6D discrete gauge anomalies [50] (which were
beyond the scope of the present work to explore). This observations hints at a non-trivial
interplay between the 6D discrete gauge anomalies and the existence of twisted dimensional
reductions that may also solve the puzzle outlined before. Moreover, the explicit form of the
twisted fibrations and their Jacobians here would also in principle allow for the computation
of twisted/twined elliptic genera. It would be interesting to do this and compare with the
results of [19] in non-compact scenarios as well as for those for twisted T-dualities [16, 18, 74]
and 5D SCFTs [7].

Finally it should be noted that fibrations exhibiting twisted algebras are not yet fully
mathematically explored. While we have discussed only three different types of twisted
fibers, a full Kodaira/Tate type of classification of singular genus-one fiberd threefolds would
be desirable. This could in particular include series such as 5u7(12) or 50122). As those are only
degree two twisted algebras, one might succeed in constructing these in relatively simple
2-section models such as the quartic. This is linked of course, to the question of whether all
possible n-section geometries can be classified. Thus far, some models for n < 6 [49] have
been constructed and analyzed explicitly, with an expectation that n should not be much
larger than 6 [19]. While such high multi-section degrees might not be directly required
to explore the unexplored twisted algebra series’, they are still relevant in cases where su,
gauge algebras are twisted to nothing as e.g. explored in [20-22, 47]. We hope to return to
some of these questions in future work.
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A Toric data for threefold geometries

In this appendix we present concrete threefold examples and give their concrete spectra
together with their Hodge numbers. The associated vertices of the toric variety are
listed below.

Al 5u:(,,2) example geometries

B ith
(0. ;S;? ;;1‘ z) 5D Gauge Algebra | A | 21 | Reps
5 X 71
X 5 89
g2 X U p X Uy kk 8 x 7o
P? with 5% Ty
X U 4 98
(0,1,1) 92 * ¥L.E 8 x 7
sup X p € suy) | 3 | 107 | 24 x2,
2
Sup X U g 3 107 | 22 ><2%
SUy X Uy F X Uy gk 4 93 22 x21
2
2 X 71
XUl p Xu 6 96
g2 1,F 1,kk 2 % 7o
P?, , with 2% 7,
o X 5 109
(0,-2,~2) g2 7 HLE 2 % 7y
Sup X Uy g € 5u§2) 4 112 | 6 x2:
2
Sup X U g 4 112 | 4 x2:
2
SUy XU p XU E 5 97 10 x21
2

Table 14. A chain of 5D theories, obtained from genus-one fibrations over a P? and a an Fy base
with gauge algebras over a Z2 = 0 curve of genus g = 0 and their light BPS states.

P2 Base 1
3,0, -1-1
Generic Fibers ggl) Fiber (2) 1o i B
SUg Fiber 1) 1 (0, 0, 0, 1)
X ('LLO»O) fl (1707170) f (1 0.1 O) 5112 Fiber IEDQ Base 2
Y| (1-100) | | fo | 0010 | [T [T (10.10) -
fo | (0,0,1,0) (0,0, 1,1)
Z | (1,0,0,0) g1 | (1,0,2,0) o | (1020) fo | (0,0,1,0) y | (0,0,1,-1)
U | (0,1,0,0 1,1 L ot
0100 | | f](0,11,0) 2 | (-20:1,0)

Table 15. The collection of toric rays that can be combined to the five threefolds summarized
in table 14: first pick the base and elliptic fibers is picked from the leftmost column. Second a
non-trivial fiber top is added from either of the other columns.
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A.2 e((f) example geometries

Table 16. A chain of 5D theories, obtained from genus-one fibrations over a Fy base with gauge

5D Gauge Algebra | hb! | p2! Reps
e7 XU p X W KK 11 59 4 ><561/2
e7 X UL R 10 82 4 X561 /9
fo X g g 7 | 9 g i gg;
2 x 261
f4 XUuyp € eéQ) 7 95 3 X 26¢
2x1x3

algebras over a Z2? = 0 curve of genus g = 0 and their light BPS states.

Generic Fiber

Table 17. The collection of toric rays that can be combined to the five threefolds summarized
in table 16: first pick the base and elliptic fibers is picked from the leftmost column. Second a

non-trivial fiber top is added from either of the other columns.
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Fi
X[ (~1,1,0,0) e{ 3“%63 7
Y| (-1,-1,0,0) ;2 (:2’0’ 1’0) eg) Fiber f4 Fiber
Z| (1,0,0,0) * s N o| [B] 30101 [F (—3,0,1,0)
er| (0,1,0,0) g 510y |9](5 220 |f](=2-110
52 (_4’ 1,2?0) g2 (_57_17270) g9 (_57 _27270)
Fo Base 5 ) hi|(=7,-2,3,0)| |g2|(=5,—1,2,0)
hi|(=7,-2,3,0)
1 (1,0,—1,0) kl (—9, —3,4,0) hl (—7, —2,3,0)
0.0.0 1) h2 (_65 27370)
Yo ( s Uy Uy kl (_9’ 374’0)
U1 (_27 _2707_1)




A3 50%3) example geometries

Table 18. A chain of 5D theories, obtained from genus-one fibrations over a dP; base with gauge

algebras over a Z2 = —1 curve of genus g = 0 and their light BPS states.

Generic Fibers

5D Gauge Algebra | hb! | 2! Reps
2 X 271
X X 9 60
g X U F X U kk 3 x 27,
2 X 264
8 62
fa X uw p Xup 2 % 27,
2 % 261
7 67
Fa x . 2 % 27,
3 X 71
g2 X U g € 505(;3) 9 71 3% Ty
3 X 70
2 X 71
g2 X g ) 71 2 X To
3 X 70

eél) Fiber

w -1,0,0,0

v Eo 1,0 0; fo | CLLLO)
| o) ||| ©0LO)
- -1,0,1,0
dP; Base g E:;’i’;’g;

70 | (0,0, -1,0) 92 oy
g3 (' 14y 70)
X1 ('17 27 17 '1) h (_2 2.3 0)

Z2 (070707 1) ! —

50(3) Fiber

5}) Fiber
fo | (-1,1,1,0)
fi | (0,0,1,0)
f2 | (0,1,1,0)
g1 | (-1,1,2,0)
g2 | (-1,2,2,0)
hi | (-2,2,3,0)

Table 19. The collection of toric rays that can be combined to the five threefolds summarized
in table 18: first pick the base and elliptic fibers is picked from the leftmost column. Second a

non-trivial fiber top is added from either of the other columns.
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fi
fo
9
hi

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

ggl) Fiber

bil
Jo
g1

(-1,1,1,0)
(0,0,1,0)
(-1,1,2,0)




B Line bundle data for genus-one fibrations

The various Fo and P ambient fiber types imply that the coordinates are certain projective
bundles whose data we will list here. This data is important to fix the base divisor classes
of the generalized Tate-coefficients that is used throughout this work. First the Quartic
P%LQ coordinates transform as given in table 20.

Section | Divisor Class
S 3c1 — 87— Sg
Section Bundle 52 2518_ 898
X H—Fi+S— %3 6128 739
S —
Y H-—F -8 +8 4 +733 95
s —c —
v 9H — B+ S — ¢1 > ! T
S6 261 — 87
e1 Eq
S7 C1
S8 87
S9 c1 — 87+ Sy

Table 20. Summary of the line bundle classes of a generic quartic fibration given in (2.12).
Throughout most of this work, we fix S7 ~ ¢1 + Sg such that sg is just a constant.

The second model relevant for this work is the cubic fibration with a three-section, which
admits the bundle data as summarized in table 21.

Section | Divisor Class
S1 3c1 — 87— Sy
S9 261 — Sg
Section Bundle 53 a+ 87— 5
S4 287 — Sg
U H4+ 8y —c
v H—87+89 S5 201—87
S6 C1
w H s S
S8 c1+ Sy + S7
S9 Sy
510 28y — &7

Table 21. Summary of the line bundle classes of a generic cubic fibration given in (5.46).
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