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ABSTRACT: We extend the dictionary between the BPS spectrum of Heterotic strings and
the one of F-/M-theory compactifications on K3 fibered Calabi-Yau 3-folds to cases with
higher rank non-Abelian gauge groups and in particular to dual pairs between Heterotic
CHL orbifolds and compactifications on Calabi-Yau 3-folds with a compatible genus one
fibration. We show how to obtain the new supersymmetric index purely from the Calabi-
Yau geometry by reconstructing the Noether-Lefschetz generators, which are vector-valued
modular forms. There is an isomorphism between the latter objects and vector-valued
lattice Jacobi forms, which relates them to the elliptic genera and twisted-twined ellip-
tic genera of six- and five-dimensional Heterotic strings. The meromorphic Jacobi forms
generate the dimensions of the refined cohomology of the Hilbert schemes of symmetric
products of the fiber and allow us to refine the BPS indices in the fiber and therefore to
obtain, conjecturally, actual state counts. Using the properties of the vector-valued lat-
tice Jacobi forms we also provide a mathematical proof of the non-Abelian weak gravity
conjecture for F-/M-theory compactified on this general class of fibered Calabi-Yau 3-folds.
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1 Introduction

Analyzing supergravity theories [1, 2] and superconformal quantum field theories (SCFT)
without gravity [3] in six dimensions geometrically, using F-theory on elliptic — or more
general genus one fibered Calabi-Yau 3-folds £ — M — B, has been very successful.
While supergravity theories are defined on compact Calabi-Yau 3-folds M, the SCFTs are
geometrically engineered on non-compact local models, that are often realizable as limits of
compact M, consisting of elliptic fibered surfaces S over curves Cs € B, 3 € Hy""P(B,Z)
with negative self intersection 52 < 0. In particular, in [3] it was proposed how to use
topological string theory on M with a skrinking dPg surface S and its mirror W to extract
information about the BPS spectrum of a prototypical (0,1)-SCFT, called the E-string,
after compactifying it on a circle to five dimensions. This idea has been pushed much further
for the non-gravitational theories by considering all possible fugacities [4] and more general
configurations of contractable curves in the base [5]. In [6-8] the elliptic genus, a BPS index
exhibiting by construction the modular transformation and the quasi-periodicity of Jacobi
forms, has been calculated using localization of an auxiliary two-dimensional non-abelian
gauged linear sigma model describing the world sheet theory of the exceptional string in
their infrared limit.

In [9] it was realized that modular covariance and the pole structure of the BPS index
expansion of the topological string partition function Z(¢, \), depending in the A-model
on the topological string coupling A and all complexified Kdhler parameters ¢, suggest
for general, and in particular compact elliptic Calabi-Yau manifolds, a base degree [5] €
H(B, Z) expansion of Z(t, \) whose coefficients Z3(7, z) are meromorphic Jacobi forms of
a very specific structure. Firstly, after an easily calculable shift [9], the K&hler parameter
of the elliptic fiber becomes their modular parameter T, while A\, or in case of refined
BPS counts the refinement parameters €1, ea (A2 = —e1,€2), as well as the Cartan Kéhler
parameters of all enhanced gauge groups, which become together with the flavor fugacities
in the non-compact cases the elliptic parameters z. The denominators of the Zg(r, z) are
fixed by the pole structure while the numerators are elements in the finitely generated ring
of weak Jacobi forms whose weight and index' is fixed geometrically in terms of the class
of the base curve class . This finiteness allows to reconstruct the Zg(7, z) for compact
Calabi-Yau manifolds to a large extend and for certain local limits completely [9], even in
the refined case [10, 11]. In the general cases with enhanced gauge symmetries the ring of
modular objects are Weyl invariant Jacobi forms [11]. The approach [9] opened a successful
strategy to obtain the automorphic transformation properties that restrict Zg(7, z) entirely
geometrically on the Type II side? by constructing the monodromies of the periods on the
mirror W or, more efficiently, the auto-equivalences of the derived category of coherent
sheaves on M [16, 17]. In particular, in [17] it was shown that for genus one fibrations

!The contribution of the Cartan gauge elliptic parameters to index can be also understood by their chiral
anomaly [10].

2A very systematic confirmation for the Jacobi form structure in the local cases are the elliptic blow up
equations [12-15] derived from Nakajima and Yoshoka’s, five dimensional blow up equations for M-theory
on M, which also allow in most cases to fix all the boundary conditions for the refined partition function.



that do not have a section but only N-sections the relevant Jacobi forms exhibit modular
transformation only under the finite index subgroups I'1 (V) of SL(2, Z).

If the F-theory compactification on M has a six-dimensional perturbative Heterotic
limit, which requires that M exhibits a (compatible) K3 fibration K3 < M — PL, the
subset, of the five-dimensional BPS spectrum with charges corresponding to curves in the
K3 fiber can be checked against worldsheet supersymmetric indices of the Heterotic string
in six or four dimensions. In six dimensions, the corresponding invariants are encoded
in the elliptic genus of Heterotic strings on K3, which is a lattice Jacobi form, while in
four dimensions [18] it can be related to the new supersymmetric index (NSI) of [19]. The
latter is essentially equivalent to the Noether-Leftshetz generator of the K3 fibration [20—
22], which is a vector-valued modular form, and is in turn encoded in the genus zero
topological string invariants that correspond to curves in the K3 fiber [20]. The fact
that this information can be extracted by mirror symmetry, as proven by Givental and
Lian-Yau, led to a proof of the Yau-Zaslow formula [23] in terms of symmetric products
of K3 for all classes [24]. While the elliptic genus and the new supersymmetric index
contain equivalent information, they are very different automorphic objects. One of the
main results of this paper is, that they can in fact be directly translated into each other
via a certain isomorphism between vector-valued modular forms and lattice Jacobi forms
that has been first introduced in [25]. This is explained in section 3 and illustrated at the
hand of several examples in sections 6 and 7. It becomes particularly powerful in cases
with a higher rank gauge group and Heterotic Wilson lines or when the gauge group is not
realized perturbatively in the Heterotic duality frame.

If M exhibits an elliptic and not only a genus one fibration, the base degree one
topological string partition function Zg—p(7, 2), with F' being the base of the K3 fiber and
a curve of self-intersection F? = 0 in the base B for the genus one fibration, is identical
to the elliptic genus.® However, if M is genus one fibered without a section but with N-
sections, the Type ITA theory on M is dual to Heterotic strings on (K3 x T?)/Zx and
the corresponding new supersymmetric index does not only contain information about the
elliptic genus but also the twisted twined elliptic genera associated to the K3. Similar to
the topological string partition functions Zg, the twisted twined elliptic genera are lattice
Jacobi forms for I'1(IV). However, as we discuss in section 7, Zg—p is not identical to
the untwisted untwined elliptic genus. In particular, to reconstruct the BPS spectrum of
Heterotic strings on (K3 x S')/Z, the higher base degree invariants with 3 = n-F for n =
1,..., N have to be taken into account and encode different twisted sectors. Nevertheless,
the same isomorphism between vector-valued modular forms and lattice Jacobi forms can
be applied to relate the twisted twined elliptic genera and the new supersymmetric index.
The only difference is, that the I'; (V) lattice Jacobi forms are vector-valued lattice Jacobi
forms under SL(2, Z) transformations.

In cases where the K3 has itself an elliptic or genus one fibration, it might be viewed as
comparable to the surface S that arises for the non-critical strings. However, there are two

3Strictly speaking, it corresponds to a refinement of the elliptic genus with the topological string coupling
as an additional elliptic parameter.



important differences. The K3 fiber is not rigid, as F? = 0, and hence not contractable
without simultaneously shrinking M. This amounts to the fact that the tension of the
Heterotic string can not be sent to zero without at the same time lowering the Planck
scale such that in the tensionless limit the theory becomes trivial. Moreover, the higher
base degree partitions functions Z,s,(7, z) can be obtained from the primitive base degree
one class [y contribution Zg (7, z), which is equivalent to the Heterotic elliptic genus, by
applying Hecke transforms T;, to Zg,(7) [26]. This is related to the fact that the nggo,07
where ¢ denotes the class of a curve in the K3 fiber, depend only on the self-intersection
©? of the class ¢ in the corresponding Picard lattice. The latter behaviour is captured
by Noether-Lefschetz theory which we review in section 3. Physically, the properties just
discussed can also be related to the fact that the Heterotic string has, as opposed to the
non-critical strings considered in [6-8], no non-trivial bound states. As we already pointed
out, a new observation in this paper is, that in the case of genus one fibered Calabi-Yau
spaces with N-sections one needs, for a primitive class [y in the K3 fiber, information
of Zyg,(7,2), k = 1,..., N to reconstruct the NSI or equivalently the Noether-Lefschetz
generators, from which follow the topological string partition function Z,g, (7, 2) for all
higher n.

As further pointed out in [20, 77] the higher genus informations can be obtained using
the Hilbert Scheme formula for symmetric products of K3, an approach which also has been
refined [27]. There is considerable interest in the refinement of the BPS invariants from ng &
Z to Njir € N. First of all, because it is the actual state count that should play a role in
all of the weak gravity conjectures mentioned below, but also because the Nj:/® decompose
and therefore detect representations of symmetry groups acting on the moduli space of the
BPS states M,., as for example the one of the Matthieu group Msy in [27]. However,
as reviewed in [28], mathematicians currently struggle with the canonical definition of
the orientation data necessary to define the N7/E € N in the compact case. Likewise a
physical understanding in the supergravity context is, apart from the attempts in [28-30],
to be developed. This is in contrast to the local or gauge theory case, because here one
has a global U(1) symmetry in the five dimensional Nekrasov background that allows the
definition of a refined index [31] and a canonical choice of the orientation data [32], i.e. the
choice of the square root (Ky;, s)% of the canonical bundle of the d-critical locus (Y, s) in
the moduli space of the BPS states M x- The latter makes a mathematical definition of the
NJR-JL in the local case possible, as for example for the toric Calabi-Yau cases, where can
be captured by the Bialinicki-Birula decomposition of M, in the localisation formulas [33].
In this work we extend the refinement conjecture of [27], reviewed in section 4, to many
more examples of elliptic K3 fibrations in section 6 as well as to the genus one fibrations in
section 7. As the K3 fiber can move, our new refinements results are somewhat in between
the local cases and the generic compact cases. Together with the techniques explained in
the previous paragraph this allows us to reconstruct the NSI, the higher genus invariants
as well as their refinements in many new cases and independent of the question if there is
a perturbative Heterotic dual.

Another main purpose of this paper is to extend and use this good understanding of
an important sector of the spectrum of F- and M-theory compactifications on elliptic or



genus one fibered Calabi-Yau 3-folds,* to prove the non-Abelian weak gravity conjecture
that has been proposed in [55].

The weak gravity conjecture [35] (WGC) is based on the (argued) inconsistency of
strongly gravitational quantum physics processes, which lead to a huge number of black
hole remnants [36]. To avoid these problems and allow for possible decay channels, one
requires that there must exist a species of superextremal states, i.e. their mass fulfills
mel < V2q gemp1, where ¢ is the charge and g is the gauge coupling. Together with
electro-magnetic duality and with dynamics modelled on the t’"Hooft Polyakov monopole it
also follows that the theory has as a cutoff scale A < gqmp). This corroborates® with the
requirement that gravity cannot respect global symmetries, for which the arguments are
more rigorous [37, 38]. In particular, when the limit g — 0 is attempted in an effective
description of a gauge theory embedded in a quantum theory of gravity, this should be at
infinite distance in the moduli space and lead to one or both of the following scenarios:

1. Gravity decouples, i.e. mp; — oc.
2. A tower of light states appears, invalidating the effective description of the theory.

In particular, the states in the second scenario are conjectured to always be excitation of
a string that becomes weakly coupled in the limit [39].

In string theory, the latter breakdowns are argued to be inevitable [40] as the natural
metric given by the kinetic terms of the moduli field in M is not geodesically closed and
starting with a string effective action at a point pg in the bulk of the moduli space M
and moving by a distance d(p,pg) in the natural metric, the masses of infinite towers of
states evolve in typical [40], and potentially all situations like m, = mpoe*ad(pvpﬂ). Here
« has been argued to be of order one in natural units in the refined swampland distance
conjecture [41, 42]. The breakdown of the effective description due to a tower of states
also suggests a refinement of the WGC to the so-called sublattice weak gravity conjecture
(SLWGC) proposed in [34, 43]. Based on a derivation in perturbative string theory and
stability under Kaluza-Klein reduction, the SLWGC states that there exists a full rank
sublattice eyt C I' of the charge lattice I', such that for every ¢ € T'ex there is a (not
necessarily stable) particle of charge §.

Compactifications on Calabi-Yau manifolds with N = 2 supersymmetry have proven
to be a rich testing ground for the swampland distance conjectures. The metric on the
four-dimensional vectormultiplet moduli space that arises from Type ITA/B strings on
Calabi-Yau 3-folds, can be readily calculated and the physics associated to the various
limiting points is relatively well understood. In this way the distance conjectures have been
tested in the Kéhler moduli space [42, 44-46] and complex structure moduli space [47]. An
intriguing connection has also been made between the distance of limiting points in the

4On higher dimensional elliptically fibered Calabi-Yau manifolds, especially 4-folds, the situation for the
monodromies and the topological string amplitudes at genus zero and one bears many similarities, which is
especially obvious if the latter exhibit a Calabi-Yau 3-fold fibration with a compatible genus one fibration
structure of the above type.

5The arguments are of course not independent as [37] also ague with the unwanted stability of remnants
in the presence of global symmetries.



complex structure moduli space, the associated limiting Hodge structure and monodromy
orbits of brane charges [48, 49]. While the conjectured identification between the brane
orbits and the infinite towers of states still poses open problems and a rigorous analysis
of the existence and stability of the associated states remains to be done, the relation to
mixed Hodge structures exemplifies the deep mathematical nature of the conjectures and
might hint towards a general proof in this setup. Using mirror symmetry these results have
also been extended to the Kéhler moduli space [44]. The hypermultiplet moduli space has
been less studied but results in the context of Type IIB compactifications can be found
in [50, 51].

The infinite tower of states at points of maximal unipotent monodromy (MUM), that
exists generically in Calabi-Yau 3-folds compactification at infinite distance in their complex
moduli space® M., has been explained as being mirror dual to the BPS bound states of
D2-D0 branes as counted by the topological string on the mirror by the unrefined BPS
indices [45] in the large volume limit. The states that are counted by the standard Fourier
expansion of the Jacobi forms Z3(7, z), the elliptic genera, or the NSI in the fibered CY-3
folds are also such large volume states. While by the nature of the expansion the base
curves are always assumed to have large volume, the information encoded the modular
and the elliptic argument in Zg(7, z) is exact at least for each 5. This allows stringent
and relatively easy checks of some of the weak gravity conjectures. For example, as in
6d F-theory the volume of the base sets the Planck scale vol ~ mfgl and the volume of
a base curve Cg> supporting a 7-brane Yang-Mills theory sets the Yang-Mills coupling
to VOI(C%/M) ~ gaz ~ vol, one can attempt to challenge the weak gravity conjecture by
holding vol(B) finite, while sending vol(CgM) — 00. It was meticulously shown in [53] that
in this scenario % = 0 and the K3 in the limit leads to a light Heterotic string spectrum
with small string tension, i.e. scenario 2). Using the properties of lattice Jacobi forms and a
careful analysis of the modified extremality bound for dilatonic Reissner-Nordstréom black
holes, this led to a proof of the SLWGC for F-theory on elliptically fibered Calabi-Yau
3-folds [53, 54].

The original SLWGC applies to the charges of particles under Abelian factors of the
gauge group and thus in particular to non-Abelian gauge groups on the Coulomb branch.
However, a subsequent refinement [55], which is again based on a proof in perturbative
string theory, makes an even stronger claim for theories with non-Abelian gauge groups:

The non-Abelian sLWGC. For any quantum gravity in d > 5 dimensions with zero
cosmological constant and unbroken gauge group G, there is a finite-index Weyl-invariant
sublattice T of the weight lattice Ly(G) such that for every dominant weight Ap € T
there is a superextremal resonance transforming in the G irreducible representation R with
highest weight Ag.

While for Abelian gauge groups this reduces to the sSLWGC, the implications for non-
Abelian theories are stronger and suggest a unified strong coupling scale for the gauge
theory and gravity [55]. In this paper we build upon the proof of the SLWGC by [53, 54]

SVery rare one parameter models called orphans do not exhibit a MUM point and are currently the only
known exceptions [52].



and, deriving a novel relation among lattice theta functions and Weyl characters, extend
it to show that F-theory on Calabi-Yau 3-folds indeed satisfied the non-Abelian sSLWGC.
This is done in section 5 and illustrated at the hand of multiple examples in section 6. We
discuss the validity for genus one fibrations in 7.
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2 BPS saturated amplitudes in Heterotic/Type ITA duality

A key quantity for our tests of the weak gravity conjectures and the starting point for our
refinement is the BPS saturated one loop amplitude that leads to the effective gravitional
couplings
I, - /M A F,(4HTY 2R, g€ Zsg (2.1)
4

in the 4d N/ = 2 supergravity action [56-58]. Here T_ is the anti-self-dual part of the
graviphoton field strength, R_ is the anti-self-dual part of the Riemann curvature tensor,
and Fg(t,f) is an effective gravitational coupling that depends at generic points in the
moduli space” only on the vector multiplet scalars t,t.

Conjectural Heterotic/Type ITA dual pairs in 4d with A/ = 2 supersymmetry involve
the Heterotic string on K3 x T? and the Type IIA string on a K3 fibered Calabi-Yau 3-fold
M. The I; can be calculated at least with partial moduli dependence on both sides and
serve as an important check of the duality. In the perturbative regime of the Heterotic
string gnet — 0, all Fy; can be calculated by a BPS saturated one-loop amplitude, which
depends in general on all vector multiplet moduli —excluding the photograviton modulus—

and the Heterotic dilaton A
Shot = —— + 0. (2.2)

et

"A mixing of the complex structure (hyper multiplet) and Kéhler structure (vector multiplet) moduli
dependence is expected e.g. at singular points that allow transitions between Calabi-Yau spaces.



Typical moduli from Abelian Heterotic vector multiplets are the Kéhler structure 7" and the
complex structure U of the two torus T2. Depending on the gauge bundle configurations
on the Heterotic side, one can have up to 15 more perturbative Abelian vector multiplets
V = (V4,...,V;) from the unbroken gauge group (we consider mainly the Eg x Eg version)
G C Egx Eg, where r = rk(G), whose moduli correspond to Wilson lines along the cycles of
T2. The Heterotic one loop computation involves an integration of the worldsheet complex
structure over the fundamental domain that can be solved by the unfolding trick [59], which
is more systematically implemented by the lattice reduction method of Borcherds [60, 61].
Examples of these calculations can be found in [22, 61-63], as well as recent extensions to
CHL-Heterotic orbifolds on (K3 x T?)/Z x [64-66]. In the perturbative Heterotic limit, the
Borcherds lift calculation implies that Fy(t, t) are automorphic forms under the T-duality
group SO(2 4+ r,2;Z). The latter group acts on the combined moduli space

M ~SO(2,2+7)
UV = 850(2) x SO(2 +

)/80(2 +1,2:7), (2.3)

which is spanned by the moduli (T,U, V') [67, 68].

On the Type IIA side, the holomorphic limits of the Fy,(t) = limg_, . F,(¢,t) are calcu-
lated by the genus g contribution of the topological string expansion. The latter localizes
on holomorphic maps and the Fy(t) = 3, Ho(M,Z) Tg e?™F are generating functions of
Gromov-Witten invariants ry € Q for these holomorphic maps @ : ¥, — C3 C M. Here X,
denotes a closed oriented world-sheet of genus ¢ that is mapped by @ into a holomorphic
curve C,; in the homology class k € Ha(M,Z). Note that in order to calculate the Fy, M
can be a generic Calabi-Yau 3-fold, i.e. not necessarily K3 fibered. We insist however that
it has a mirror manifold W, which happens in our case by Batyrev(—Borisov) construction.
This is to ensure that part of the actual calculation of the Fy(¢,t) can be done by mirror
symmetry, i.e. using the period geometry and the holomorphic anomaly equations on W.
In this way we can get fairly easily the Fy(t) and Fi(t,t) contributions. The higher genus
F, can be calculated using the holomorphic anomaly equations [56] and boundary condi-
tions [69] at the singular divisors in the moduli space. However, automorphic symmetries
can be established for Calabi-Yau manifolds with elliptic (genus one) fibration structure
on the Type II side and allow to use Jacobi-form ansétze for base degree expansion of the
topological string partition function Z(\,t), as in (3.1). That, together with Fy, F; and
vanishing conditions, determines at least the first terms in this expansion exactly to all
genus [9].

The Schwinger-loop calculation takes place in supergravity and is therefore universal
on the Heterotic and on the Type II side. On the latter it relates the topological string
free energy F(A,t) to the BPS saturated amplitude [70, 71]®

F(\t) = gFg(t)vﬂ = ¥ i i % (2 sin (”?))QH e?mimb s (2.4)

kEH2(X,Z) g9=0m=1

8We omitted in (2.4) the classical terms coming from Fy(t) and Fi(t). For an updated review on
topological string theory and mirror symmetry, we refer the reader to the survey [72].



and allows therefore to extract the BPS indices nd € Z. Geometrically, the latter have
on the Type ITA side a definition in terms of the dimensions of cohomology groups of
the moduli space /(/I\,{ of an M2 brane that wraps the curve Cy. On this cohomology H
one has a Spin(4) ~ SU(2)r, x SU(2)r Lefschetz action. It splits the cohomology H;: into
irreducible representations of this group SU(2); x SU(2)g, denoted by their highest spin
[jr] and [jg], as H; = @D, ;. N7Lig[j1][jg]). The corresponding multiplicities are denoted
by NjtI® € N. Note that the group SU(2)r, x SU(2) ; can be identified with the little group
of the 5d Lorentz representations of the effective theory of M-theory compactification on
X and the NJLIR are multiplicities of 5d BPS states with indicated spin and a mass
proportional to the charge [k]|. In particular, these are the relevant states that run in the
loop of the amplitude that leads to (2.1). Notice further that the right spin representations
of the states do not exhibit a spin dependent coupling to R_ and T_ in this amplitude.
Therefore their contribution is obtained by merely summing over their multiplicities with
alternating sign due to the spin statistic factor, i.e. what actually contributes is the trace

o0

Trpjpicn, (1D = Y (=1)¥R(2jr + YN [j1] = > nl[L] . (2.5)
JR\JL 9=0

A more detailed analysis reveals that the relevant SU(2);, representation that contributes

canonically is indeed [L4] = (2[0 L]+ [%L])@)g_ This explains the way in which the BPS

indices nJ contribute to (2.4) and (2.1).

For important physical considerations, as the counting of states that contribute to
the microscopic entropy of AN/ = 2 black holes or the existence of superextremal states as
demanded by the weak gravity conjecture, the actual multiplicities NZ/8 € N of states
in the charge sector defined by k is the canonical quantity. However for generic compact
Calabi-Yau 3 folds this quantity depends not only on the Kéhler structure — where it
is defined for large radius — but also on the complex structure as explained in [28]. A
lot of effort has been made to give a general mathematical definition of NJZJ® € N, their
piecewise stability as well as calculation techniques in certain mostly non-compact or N = 4
supersymmetric circumstances [28]. Certainly the knowledge of N/Z/® € N degeneracies as
contrasted with their index nd on compact Calabi-Yau manifolds is important for quantum
gravity questions. In this paper we follow a conjecture of [73] to extract the Njzi® € N for
K3 fibrations with higher rank of the Picard group and for Type IIA theories, which are
dual to Zn CHL Heterotic strings, i.e. with N-sections. This sheds light on the question,
whether the cancellation is small, i.e. whether the nd are a good measure for the actual
degeneracies and the effect of the cancellation is sub leading for high [x]?.

In the base expansion the volumes of base curves vol(Cg) ~ Im(T;) are assumed to

be large, i.e. Q; = 2™

is small. The large volume BPS states are therefore encoded in
the Fourier expansion of small ¢>™7 and ¢; = e?™* of the Jacobi forms. In other words
an expansion where also the genus one fiber, its sections over the base curves and the
curves whose volumes correspond to the exceptional curve classes that correspond to the
Cartan Kéhler parameters of non-Abelian gauge groups are large. In this case [k] = [3, ¢] €

Hy(M, Z) denotes now the classes in Hy(M, Z) distinguished w.r.t. to [3] € Hy(M, Z) while



[¢] = [7, (] consists of the fiber class [7], its sections and the Cartan Kéahler classes [(] of M.
For an in-depth discussion of these curve classes and their dual divisor classes, see [16, 17].

A strong non-trivial check of Heterotic <+ Type II duality, with respective compact-
ifications K3 x T? <+ M in which M is K3 fibered, is comparing the Heterotic 1-loop
amplitude with the topological free energy (2.4). This is done by choosing an appropriate
basis of Kahler moduli in M, such that ¢ = (Spet,7,U, V). In particular, we identify
Shet = Volg (P), where P{ is the base of the K3 fibration. Thus, in the holomorphic limit,
the assertion of Heterotic/Type II duality reduces in the perturbative regime to

lim  F(\ Spet, T,U, V) = F2P (N, T,U, V). (2.6)

Shet —00

The Heterotic one loop calculation from the worldsheet point has been first described
in [58] and concretely evaluated for the STU-model [74] in [61]. The topological string zero
sector for the corresponding STU Calabi-Yau 3-fold M, the standard elliptic fibration over
the Hirzebruch surface Fo realized as resolved hypersurface of degree 24 in the weighted
projective space P4(1,1,2,8,12), has been solved by mirror symmetry in [75].

The Heterotic one-loop amplitude is calculated typically for an orbifold of an 7% x T2
Heterotic worldsheet theory and splits, according to the number of insertions of the anti-
self-dual graviphoton T2 into (2.1), into integrals over SL(2, Z) invariants integrands over
its fundamental region F [58, 61, 62]

2 2g-3Py(T
Fg:/Fd rrgi S8 %: (2.7)

Here J is the label of the orbifold sectors, 7o = Im(7), Y is the space time modular real

expression which goes into the Heterotic Kéhler potential as K = —log(Y), Py(r) are
combinations of almost holomorphic Eisenstein series generated by

— 72 e}
eTr)\Tg

) 920(271'/\)29 2P, (1), (2.8)

and f7(7) is a twisted-twined oscillator sum depending on the orbifold sector. Here
¢—21(7, ) is the weak Jacobi form defined in (B.25). This sector dependence is also re-
flected in the twisted-twined Narain theta function @%J (1) defined for the invariant Narain
Lattice I'; of signature (b™,b™) with an insertion of the right momentum as

e (1) Z Py 2 exp (m(p + B5/2)% + wit(p+ Bs)2 + milp + By/2, CY])) , (29
pel’s

where the 4 indices denote the projection into an orthogonal decomposition of the I'; into
P:T;®R~RM L RP-. It is important to note that integrand in (2.7) is also spacetime
modular invariant. Combining this spacetime modular invariance with the worldsheet
modular invariance leads to the unfolding trick that results in a simpler integrand over a
simpler domain and makes the integration possible [18, 60, 61].

It has been realized [20] that in the standard cases the all genus information on the right
hand side of (2.6) can be obtained from base degree zero genus zero sector of the topological



string on M encoded in n? ,, where ¢ denotes all classes in the K3 fiber, combined with

0
the product formulas for tie Betti numbers of the Hilbert scheme for symmetric product
of the K3 fiber [76, 77] and information of the embedding of the second homology classes
of the Calabi-Yau 3-form in the Picard lattice of the generic fiber.

Moreover, the genus zero information has been noticed in [20] to be equivalent to the
information in the loop amplitude that yields the threshold correction in the Heterotic
string. This amplitude has been calculated for the STU model in [18]. It is quite similar to
the amplitude (2.7) and is integrated with the same methods discussed above. This yields
indeed the genus zero BPS numbers of [75]. The point of [18] was to relate this BPS satu-
rated amplitude to an BPS index, which is in this case the so-called new supersymmetric
index of the Heterotic string [19, 22]

Z(r,7) = Tep(—1) Fto—sigho s (2.10)

1
n*(7)
Geometrically the genus zero base degree zero information is equivalent to the Noether-
Lefschetz generators of the K3 fibration [21] and this fact has been used to prove the SYZ
conjecture [23] in [24], which will be explained in more detail in the next section.

However, there is a counter example to the claim that the genus zero base zero BPS
invariants allow always to reconstruct the r.h.s. of (2.6), namely the Enriques Calabi-Yau
manifold with SU(2) x Zy holonomy which has trivial genus zero instanton sector and so
is the new supersymmetric index (2.10) due to the enhanced supersymmetry in the genus
zero amplitude. Nevertheless, the Heterotic calculation has been performed in [62, 78] for
all ten fiber classes of the Enriques Calabi Yau and an iteration for higher base wrapping
has been given. The results agree with the higher genus BPS numbers for a reduced Type
II Calabi-Yau 3-fold compactification with two Kéhler classes in the fiber.

Of course, the left hand side of (2.6) as obtained by the all n{  is still a holomorphic
function, while the full one loop amplitude is real, but it has been shown in [57] and more
completely in [78] that the Heterotic amplitude fullfills the holomorphic anomaly equations
of [56], so that the full information can be reconstructed on both sides of (2.6).

In the next section we argue that a simple calculation in mirror symmetry provides
the necessary information to reconstruct the automorphic forms for SO(2,2+r;Z) in (2.6).
There, the computations rely purely on the geometrical information provided by the K3
fibrations. In the section 4 we follow up with the refinement of the formulas (2.1), (2.4)
to (4.1), (4.6), and discuss the extension of the Heterotic/Type ITA duality at the basis of
the refined invariants.

3 Higher rank Noether-Lefschetz loci and Lattice Jacobi forms

As we reviewed above, on the Heterotic side the BPS protected observables are encoded in
the so-called new supersymmetric index which is a vector-valued modular form. From the
Type 11 perspective this can be identified with the generator of Noether-Lefschetz numbers
that is associated to a lattice polarized K3 surfaces. The lattice polarization is determined
by the embedding of the vertical cohomology (see below) of the K3 fibered Calabi-Yau
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3-fold into the cohomology of the K3 fiber.” The information contained in the Noether-
Lefschetz numbers is equivalent to the knowledge of the Gopakumar-Vafa invariants of
degree one with respect to the P! base of the K3 fibration.

When the Calabi-Yau exhibits also an elliptic or genus one fibration structure, the
Gopakumar-Vafa invariants are in turn encoded in lattice Jacobi forms. More precisely,
the topological string partition function Z., admits an expansion

Ziop. (A7, 2,8) = Zo(A7,2) - (14 Y. Zs(r, A\ 2)exp (2miBit’) |, (3.1)
B€H,(B)

where A is the topological string coupling, 7 is proportional to the complexified volume of
the generic fiber, z are complexified volumes of components of reducible fibers that on the
Heterotic side correspond to Wilson line parameters and t are the complexified volumes
of curves in the base of the fibration. The coeflicients Zg(7, A, z) are lattice Jacobi forms
for a congruence subgroup of SL(2,Z) and 7 acts as the modular parameter while A and z
are elliptic parameters. At least for low base degrees they can be fixed with the knowledge
of genus zero Gopakumar-Vafa invariants which can in turn be calculated using mirror
symmetry. This has been called the modular bootstrap.

If the genus one fibration is compatible with the K3 fibration, the base of the genus
one fibration has to be a Hirzebruch surface. In case the fibration exhibits a section and is
therefore elliptic, the elliptic genus of the Heterotic string corresponds to the base degree
one topological string partition function Zg, where 3 = F' is the fiber of the Hirzebruch
base. However, we will show in section 7 that if the K3 fibration only exhibits a compatible
genus one fibration with N-sections, different twisted sectors that contribute to the elliptic
genus are captured by the partition functions Z,.p, n=1,..., N.

In this section we will review Noether-Lefschetz theory as well as the theory of lattice
Jacobi forms and clarify the relation between the new supersymmetric index (Noether-
Lefschetz generator), which is a vector-valued modular form, and the elliptic genus (that
for elliptic fibration corresponds to the topological string partition function Zp) which can
be expressed in terms of lattice Jacobi forms. Our discussion in this paper will not only
accomodate multiple Wilson line/elliptic parameters but also incorporate the following two
generalizations:

o We allow twists of the coroot lattice. In the language of [2] these signal non-
perturbative gauge symmetry on the Heterotic side.

e In section 7 we include Type II compactifications on genus one fibrations that are
not elliptic. On the Heterotic side this corresponds to a compactification on (K3 x
T%) /7 N.

9More generally, Noether-Lefschetz theory does not necessarily require K3 fibrations with global Calabi-
Yau condition. In these cases, applications of Noether-Lefschetz theory for counting holomorphic curves in
the K3 fibers are possible [21]. However, in order to obtain physical theories with eight supercharges, we
always consider K3 fibrations that are Calabi-Yau.
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For the elliptic cases we demonstrate how the Noether-Lefschetz generator can easily be
obtained using the modular bootstrap. Note that a direct calculation of the new super-
symmetric index using Heterotic techniques is not available when the gauge symmetry is
not perturbative. Moreover, Heterotic compactifications on (K3 x T?)/Zx have only been
considered for N < 3.

First we are going to review the Noether-Lefschetz theory associated to polarized K3
surfaces and K3 fibrations. We will then use the theory of Jacobi forms and theta blocks
to obtain the Noether-Lefschetz generators efficiently from the topological string partition
functions.

3.1 Noether-Lefschetz theory

A K3 surface with generic complex structure has a Picard lattice
Pic(S) = H*(S,Z)n H"'(S,C), (3.2)

of rank zero and therefore does not contain any holomorphic curves. We are mainly in-
terested in enumerative problems associated to K3 manifolds and here we review the im-
portant ones. Since the Gromov-Witten invariants are not sensitive to complex structure
deformations, one expects that the ordinary Gromov-Witten theory associated to K3 sur-
faces is trivial. This picture is confirmed by standard application of mirror symmetry to
K3 surfaces, which reveals that at the MUM points in the mirror dual family the double
logarithmic solutions receive no instanton corrections. A beautiful BPS number count has
been associated to projective K3 surface S with an h-dimensional linear system of genus
h curves that is generically degenerate to a rational curve with h simple nodes [23]. The
numbers of such degenerate rational curves C' with self intersection C? = 2h — 2 of formal

genus h is the ¢" coefficient of the generating functions ¢ = €277

b 1 q
%X(Hﬂb 1;[ 1_q = A0 (3.3)

In the five dimensional theory that is obtained by compactifying M-theory on K3 x T2
the BPS states contributing to Gopakumar-Vafa invariants or the BPS index vanish due a
multiplicative factor [Lg] = ( [Or] + { D that comes form the T2 factor and vanishes in
the trace (2.5) over the Lefschetz decompositions of the cohomology of the moduli space
/(/l\N [76]. Removing this zero and using the Lefschetz decomposition of the cohomology of
Hilb™(.S) as well as the sum over the right spins as in (2.5), one can associate invariants for
higher genus curves nio to the fiber S [76]. In this way, one obtains with'® y = e = 2Tz
the generating function

, = 1 AN\ .
D xy(Hilb" (S (1 — yg")2(1 — ¢")20(1 — ZO”‘P0<2SID( >) T

n>0 n:l

g=0

(3.4)

OHere 2i sin(iz) = —2sinh(z) =y~ —y and x,(X) = Zp , = Y7 (=1)?h"(X) is the Hirzebruch y genus.
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which is an extension of (3.3) and can be suitably rewritten in terms of weak Jacobi
forms (B.25) as in (3.22). This can be extended in two ways. First to include the wrappings
of the T2. With the elliptic genus of X

EH(X7 T, Z) = TrH*(X)(_l)FyFLqH = Z CX(m7l)qmyl ) (35)
m>0,leZ

one can calculate El(S,7,2) = 2¢91(7,2) = 2y + 20 + 2/y + O(q) and further with the
orbifold formula for the elliptic genus of the desingularised symmetric product [79] one gets

1
(1 _ pnqmyl)CS(mn,l) ’

G(r,z,u) = i Ell(Sym™(S),7,2)p™ =[]

m=0 m>0,n>0,leZ

(3.6)

where p = e?™. Furthermore, for the reduced BPS indices on the K3 x T2, one obtains
the generating function [76]

s A\ ) 2972 G(T,z,u)
9 (2sin(Z opf = 2L .
Onw’[?( o <2)> “p ¢—2.1(7,2) (3.

L2
g

w
Il

(=}

A second extension of (3.4) is the so called refinement which keeps now track also of
the right spin in the SU(2)1, x SU(2)r Lefschetz decomposition of H*(Hilb™(.S)). The effect
is to replace (3.4) or more conveniently its modular version (3.22) by (4.14).

Lets consider a K3 surfaces that appear as the fiber in Calabi-Yau 3-folds M as in
S—> M — [Pll). Given such an embedding in M the Noether-Lefschetz theory for a K3
family describes a minimal rank Picard lattice in the generic member of the K3 fiber,
which supports holomorphic curves in the latter indepently of the complex structure of M.
Therefore one gets nontrivial ordinary Gromov-Witten theory in the A-model localization
to holomorphic maps. Moreover, by mirror symmetry the latter can be reconstructed from
the period geometry of the B-model on the mirror W to M. The theory hence contains a
fixed Picard lattice and enumerative invariants for curves C, with ¢ in this Picard lattice
that still depend only the intersection Cfo = - = 2g — 2 and whose higher genus GW
theory is up to some technical subtleties concerning the realizable intersection ¢ - ¢ in the
lattice determined by (3.4). Moreover, the information encoded in the genus zero Gromov-
Witten invariants, which is for hypersurfaces or complete intersections in toric varieties
due to Batyrev’s [80] or Batyrev/Borisov’s [81] construction and the formalism for multi
parameter models developed in [75, 82] easily available, determines the Noether-Lefschetz
generators. More precisely, one need only the numbers genus zero invariants n&o with
zero degree w.r.t. P{. This idea has been implicitly used in [20], in order to check known
Heterotic/Type II pairs and find new one loop results for candidates on the Type II side
that have no known Heterotic dual in [20]. This leads to invariants that are physically
captured by the new supersymmetric index in Heterotic strings on K3 x T2, as well as by
certain Gopakumar-Vafa invariants associated to the dual Type II strings on a K3 fibered
Calabi-Yau 3-fold. Generically as discussed in [20], the ng’ 3 for non-zero wrapping [ of the
base P{ do depend on the fiber class ¢ not only via ¢ - = 2h —2 as in (3.7). Nevertheless
some close formulas that share light of the non-perturbative Heterotic string for non trivial
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base wrapping can be obtained in special situations [20]. In particular, for the Enriques
Calabi-Yau 3-fold [62] and with a meromorphic Jacobi form Ansatz.

We now review the aspects of Noether-Lefschetz theory that will be necessary for
our computations in the upcoming sections. In our presentation we closely follow the
references [21, 24, 83]. For a very useful review on K3 compactifications from the physical
point of view we refer the reader to [84].

A-polarized lattices. Let S be a K3 surface. We say that a primitive class L € Pic(S) =
H?(S,7) N HY1(S,C) is a quasi-polarization if

/L2>0, /LZOfor all C € Hy(S,7) . (3.8)
S C

Let A be a rank r lattice of signature (1,7 — 1) with a torsion-free embedding of the
following form
A—UaU®U® Fs(—1) ® Es(—1) = H*(S,Z). (3.9)

Here U is the hyperbolic lattice of rank 2 and signature (1,1), whereas Eg(—1) is the Eg
lattice with intersection form defined by the negative Cartan matrix of the exceptional Lie
group Eg. We say that S is a A-polarized K3 surface if there is a torsion-free embedding

J: A — Pic(9), (3.10)
such that

o« The embeddings of A in U3 @ Eg(—1)? and H?(S, Z) are isomorphic via an isometry
that restricts to the identity on A.

e 7(A) contains a quasi-polarization.

The polarization lattice A has an intersection form Iy : A x A — Z. Let {vy,...,v,} be an
integral basis of A. Tt is useful to consider Iy as the matrix with entries (Iy)" ; = Iz (vi , v;).
In this fashion, the discriminant of A reads from A(A) = |det(Iy)].

We will denote the moduli space of A-polarized K3 surfaces by My, see [24] and [85]
for a math and [84] for a physics review.

Polarized K3 surfaces from K3 fibrations. Our main interest will be A-polarized
K3 surfaces that arise from K3 fibrations

S——M
Jw : (3.11)
Py
equipped with holomorphic line bundles (Li,...,L,). The tuple (M ,Ly,...,L,,7) is a

one-parameter family of A-polarized K3 surfaces if

o The fibers (Sp, L1p,...,Lyp) of (M,Ly,...,L,) at p € Pi define A-polarized K3
surfaces via the replacement v; — L;, for every p € IP}IJ.
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o There is a quasi-polarization A7 = 3774 A\TL;, € A that satisfies (3.8) with respect
to the K3 fiber S, for all p € IP%).

The quasi-polarization vector A\™ defines a notion of positivity. We say that a vector
(di,...,dy) € Z" is positive if >i_; AFd; > 0.

We are interested in the enumerative geometry of curves ¢ € Ha(M, Z) that live in the
K3 fibers of M, i.e. that project to points in [P,la. These classes of curves are furnished by the
m-vertical cohomology Ho(M, Z)™ which is defined by the following short exact sequence

0 —— Ho(M,Z)" —— Hy(M,Z) —=— Hy(PL,2) —— 0. (3.12)

For a set of divisors (L1, ... L,) the degree of ¢ € Hy(M, Z)™ is obtained via the projection

gp|—>([DLl,...,[pLT>:(dl,...,dr). (3.13)

Noether-Lefschetz divisors. Let L be a rank r + 1 lattice with an even symmetric
bilinear form (-,-) and a primitive embedding ¢ : A — L. Consequently, the lattice L has
an additive struture of the following form

L=1:(A)® Zv, vel. (3.14)

Consider the extended basis {vi,...,v,,v}, where A = Spanz{v1,...,v,}. The bilinear
pairing (-,-) of L is encoded in the following matrix

<’U1,1)1> <U1,UT> dl

Lhd,..d = : e I (3.15)
' (Up,01) ... (Up,0p) d,
dy ... dy 2h — 2

There are two invariants for the data (L,¢), namely
o the discriminant A(h,dy,...,d,) = (—=1)"det(Lyd,...4,.),

e the coset, defined as the image of map J, represented by v; — d;, is denoted
d(h,di,...d,) € Gp/%, where Gy, = A*/A is the discriminant group, an abelian
group of order A(A).

Generically a Noether-Lefschetz divisor [Pas] C M, is the closure of the locus of
A-polarized K3 surfaces where (Pic(S), 7) has rank r 4 1, discriminant A, and coset §. We
defined the Noether-Lefschetz divisor [Dy, (4, .. 4,)] as

Dirp)] = Dom (b, dy | A,8) - [Pag) € My. (3.16)
A

Here m(h,dy,...d, | A,¢) denotes the number of elements ¢ € L of type (A, d) such that

(g, o) =2h—2,  (p,v)=d;. (3.17)

~15 —



Noether-Lefschetz numbers. The Noether-Lefschetz number N L} (d1roondy) is defined
as the classical intersection of the Noether-Lefschetz divisor (3.16) with the image of P, in
My, ie.
NLF 400y = /[P 2 [Dhary) (3.18)
b
where 1, : P{, — M is the morphism associated to a one-parameter family of A-polarized
K3 surfaces (M, Ly,..., Ly, ).
The key fact of Noether-Lefschetz theory in this context observed is that the generator
T

of Noether-Lefschetz numbers is a vector-valued modular form of weight £ = 11 — § and

type p} of the form [86],

V(@) = 38 €© =] sl (3.19)

where {e,} is a formal basis in C[G,]. The coefficients of ®7(q) are determined by the
Noether-Lefschetz numbers via

A(h,dy,....dy)
2A(N)

Coeff (@z,qANL) = NL} (4,4, Where Ay = (3.20)

For a short review on vector-valued modular forms and the definition of the representation
py we refer the reader to appendix B.1.

The GW-NL correspondence theorem [21, 83]. For degrees (di,...,d,) positive with
respect to a quasi-polarization A,

o0
Ny = > ord- NLy 4y ) (3.21)

h=0
Here n? di,....d,) 18 the Gopakumar-Vafa invariant associated to a curve class ¢ € Hy(M,Z)™
with positive degree (di,...,d;). Moreover, ri are the coefficients of the KKV formula

expansion that reads [76]

i i(—l)gri (v2 - y_%)Qg_Z "= ! (3.22)

h=0 g=0 24 (1)p—21(1,A)

with ¢ = exp (2miT), and y = exp (27i\). For concreteness we show some r{ numbers in
table 1.

As pointed out in [20] and mathematically more rigorously in [21, 24], the invariants
ng, depend only on the genus g and the lattice data associated to the degree (di,...,dy), ie.
discriminant group G element and intersection form in A. As a last remark, it suffices to fix
the Noether-Lefschetz generator (3.19) in order to reproduce all Gopakumar-Vafa invariants
for curve classes in Ha (M, Z)™. This is a consequence of Gromov-Witten/Noether-Lefschetz
correspondence together with the symmetry of the quadratic form (2.
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r lh=0 1 2 3 4 5
g=0| 1 24 324 3200 25650 176256

1 ~2 —54 —800 8550 —73440

2 3 88 1401 15960

3 4 —126  —2136

4 5 168

5 —6

Table 1. Non-vanishing BPS invariants rj for K3 surfaces with h < 5. For a physical interpretation
of these numbers, we refer the reader to [76].

3.2 Jacobi forms of lattice index and elliptic genera

Our second objects of interest that, at least in the case of elliptic K3 fibrations, exhibit a
more direct relation with the topological string partition function, are the elliptic genera
of the six-dimensional Heterotic strings, that are dual to limits of F-theory on the K3
fibration. The elliptic genera are lattice Jacobi forms and we will first introduce some of
the associated theory that will also be crucial to make the connection with the Noether-
Lefschetz generators and the new supersymmetric index.

Let L denote an integral lattice L equipped with a symmetric non-degenerate bilinear
form (-,-): L x L — Z. A Jacobi form of weight k and index L is a holomorphic function
¢(7, z) of variables 7 € H and z € L ® C which satisfies the following properties:

o Modular transformation. For all v = (Z 2) € SL(2,Z) it satisfies
aT + b z k 2mic(z,2)
) = d cr+d . 3.23
o (E00 ) = e+ @) i o, (323)

o FElliptic transformation. For all X\, u € L it satisfies

(T, z+ AT+ p) = e*%i(%()")‘)*()"z))gZ)(r, z). (3.24)

e Fourier expansion. The Fourier expansion of ¢ is of the form

o(r,z)= > 3 cln,N)g"e*™ ™) (3.25)

n>no AeL*

where g = exp(27iT), ng € Z and L* is the dual lattice of L.

If the Fourier coefficients c(n, X) of ¢ vanish for n < 0, we say that ¢ is a weak Jacobi
form. If on the other hand ¢(n,A) vanishes unless 2n — (A, A) > 0 (2n — (A, A) > 0), we
say that ¢ is a holomorphic Jacobi form (cusp Jacobi form). Otherwise, we say that ¢ is
a weakly holomorphic Jacobi form. We respectively denote by

Ter 2T 2 Ter 2 Tt s (3.26)
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the vector spaces of weakly holomorphic, weak, holomorphic and cusp Jacobi forms of
weight k and index L. It is possible to extend this definition of Jacobi forms by including
characters or by considering odd lattices. We refer the reader to the reference [87] for a
broader view of the theory of lattice index Jacobi forms.

The theta expansion of lattice Jacobi forms. The Jacobi theta functions associated
to an integral lattice L are defined as

Iurz)= S ¢#PNexp(2ri(A 2)) (3.27)

AeL*
A=p mod L

and they span a C-vector space
O(L) = Spang {0y | we L*/L} , (3.28)

which has dimension |L*/L|. Every lattice index Jacobi form ¢ € Jj, 1, has a theta expansion
of the following form [87, 8§]

o(1,2) = Z hu ()0, u(T, 2) . (3.29)

peL*/L

Moreover, the space of Jacobi theta functions O(L) follows invariance under the metaplectic
group Mp(2,Z) [88]. This enables to establish an isomorphism via the theta expansions of
Jacobi forms (3.29), which reads [25, 87]

o = (M5 @ O(L)) . (3.30)

Here Mj,_: denotes the Mp(2, Z)-module generated by all spaces Mk,%(élN ), where the
latter denotes the space of holomorphic functions f : H — C that transform as f(y7) =
w,(7)?*7" f(7) under v € T'(4N). See appendix B.1. This means, there exists an N € N
such that hy € Mk,g(llN) for each A € L*/L. In fact, the projection

r *
h: Jg — Mod (Mp(2, Z),k— 2,pL) ;o z) = h(d)= > hu(T)en,  (3.31)
peL*/L
yields an isomorphism with between Jacobi forms and vector-valued modular forms [25,
88, 89].
3.3 Elliptic genera and Noether-Lefschetz theory

We discussed in the previous section that there is a correspondence between the Noether-
Lefschetz numbers and the Gromov-Witten invariants in K3 fibrations. In a natural man-
ner, there is also a correspondence between Noether-Lefschetz theory and lattice Jacobi
forms defined by the A-polarized lattice of K3 fibrations. To make this concrete, we will
consider K3 fibrations with polarization lattice A of the form

A:U@Ll(—ml)@“'@La(_ma)v (3‘32)
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where each lattice Ly(—my) is given by the coroot lattice of a simple Lie algebra g; with
a twist determined by a number m; € N.
To obtain the A lattice (3.32) we first regard Calabi-Yau 3-folds M that admit an
elliptic fibration
E— M
Te (3.33)

Fr

which develops Kodaira singularities over curves in the base given by the Hirzebruch surface
B = F,. The latter is defined as a P'-fibration p : F,, — [P%) and the fiber F = P! has
vanishing self-intersection. It is this last property that enables us to find an elliptic K3
surface S with fibration structure

E—— S
lw : (3.34)
F

In this way, the Calabi-Yau 3-fold M has also a K3 fibration 7 : M — [P%) with fibers given
by S in (3.34). With this construction in mind, let us comment now on the appearance of
the A-polarized lattice (3.32).

On the one hand, for an elliptic K3 surface S with section there exists always an
embedding U — Pic(S,Z) [90]. On the other hand, the sublattices L;(—my) are spanned
by fibral divisors obtained by resolving singularities over components of the discriminant
locus SS’I C B. Each irreducible curve S;’I corresponds to a singularity of an ADE simple
Lie algebra gy, as the fiber splits into rk(g;) 4+ 1 curves that form the topology of the affine
Dynkin diagram associated to gy. If the monodromies along ng act on these fibral curves,
their invariant orbits result in a folded affine Dynkin diagram associated to a non-simply
laced Lie algebra g;. Otherwise gr = g7. Fibering the monodromy invariant orbits of fibral
curves over SP

91’
that follow the intersection rules [91]

where I = 1,...,a yields a set of fibral divisors {Ei; };i;—1 . ik(g;),1=1,....a

iy - By, - miD" = —my (a0 ) o1y, my =8y, - DY €N, (3.35)
where DP is the divisor associated to the volume of the base [P,la, {aiv,}zj:l,...,rk(g,),I=1,...,a
are the coroots of gr, and (-, ) is the Killing form of the Lie algebra g = @%_; g7. Hence,
we associate the fibral divisors {E;, } € HY(M, Z) with the generators of the coroot lattice
LY (gr) up to a twist factor. In other words, L;(—mj) = Spanz{E;, }.

Let us discuss now the Noether-Lefschetz theory for the lattice configuration (3.32). It
is convenient to choose the basis of curves for Ho(M, Z)™, such that it projects the degree
of a curve § € Ha(M,Z)™ as follows

a rk(gr)

B=LCy+nCr+> > N/Ci, = (Ln,Ar,..., X)) (3.36)
I=1 7;=1

~19 —



where we introduced the curves Cyy = F+ &, Cr = £, and {C}, } is the set of curves dual to
the fibral divisors {E;, }. In this way, this basis of curves follows the intersection relations

Cy-Cr=1, CiI'CiJ:—ml_l (wiI,ij)(S[J, (3.37)

whereas the rest of the intersections among curves vanish. Note that the vectors {w;,}
denote the fundamental weights, which are dual to the simple coroots {alvl} Hence,
we identify A; with an element in the weight lattice Ly (g7) with twist mfl. With this
information, we are able to compute from (3.20) that

a
1
Anr =nl — — (A, A1) +1—nh, 3.38
NL Izzjl o (A1, A1) (3.38)
which encodes the Noether-Lefschetz discriminant. The other Noether-Lefschetz invariants

are the cosets determined by the discriminant group of the lattice ©@¢L;(—my). Thus, we
observe the 1:1 correspondence

NL generator: ®" (1) <— Elliptic genus: Zp(7, 2z, ), (3.39)

where the elliptic genus is that of a string that results from a D3 brane wrapping the
base curve § = F' € Hy(B) in the F-theory picture. More precisely, this is given by the
respective coefficient in the expansion (3.1) that follows a modular Ansatz

D(7,2)
0?4 ()21 (T,A)

ZF(T,Z,)\) = @(T,Z) S JlO,La (3.40)
where the L is the lattice given by L = @ LV (gr)(m;) equipped with the Killing form in
g = @7 g7. This equivalence is obtained via the isomorphism (3.31) h : ®(7, z) — ®™(7). In
the language of Jacobi forms, the Noether-Lefschetz discriminant form (3.38) is translated
into the Jacobi form discriminant

a

1
Ay=2n—S" —(AnLAp). 3.41
J=2n ;ml(l 1) (3.41)

Moreover, the basis of theta functions (3.28) takes the role of the discriminant group Gy .
We elaborate further on this last piece in the upcoming paragraph.

For simplicity of the discussion, we restrict first to the case that g is a simple Lie
algebra. Then the lattice Jacobi forms of interest are those associated to the coroot lat-
tice L = LY(g)(m) with m-twist, i.e. the lattice is equipped with the m-scaled Killing
form m (-,-) of g. The discriminant group of LY(g)(m) can be defined by the following
quotients [92]

G = (LY(g)(m))"/L¥(g)(m) = (Lw(g)/v/m)/(vVmL"(g)) = Lw(g)/mL"(g) . (3.42)

It is convenient to use the last quotient form to express the theta functions (3.27) for
LY(g)(m) in terms of the weight lattice Ly(g) and the m-scaled coroot lattice mL"(g).
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In this way, we arrive to the following expression for each u € Gp theta function of
LY(g)(m) [93, 94]
Do (T 2) = Z qﬁ(“”“’)ezm(“”z) . (3.43)

w€Lw(g)
w=p mod mLY (g)

The extension for a semisimple Lie algebra g = @7_; g; generalizes as follows

H 09, (T, 20) (3.44)

where m = (my,...,mg), 21 € LY(g7) ® C, and

= (M1, .., ) € LW(gl)/mlL\/(gl) G- LW(Q(l)/maLv(ga) . (3.45)

Let us finally relate the Noether-Lefshetz generators to the new supersymmetric in-
dex (2.10) introduced in section 2, which corresponds to the 4d N = 2 dual Heterotic
theory on K3 x T?2. In [22] it was argued that

*6*

5(7)

)

Z HA/ +7 T, T)

(3.46)
YEGA n

where 0,/(_1);, are the vector components of the Siegel theta function (B.11) for the
extended polarization lattice A’ = U(—1) @ A, where U(—1) = HY(S,Z) ® H*(S,Z). In our
configuration (3.32) the Siegel theta function follows the form

P2 (v) ph(v)

Ori(1ysu(T,7) = Z Z Z Z qg 2z q 2, (347

Ar€L1(mi)+p Xa€La(ma)+pa (ko,wo)€U (k,w)eU(-1)

where v = (A1,...Ag; ko, wo; kb,w).  Replacing ey, Opr(_1)4u(7,7) (3.19) maps
the Noether-Lefschetz generator into the new supersymmetric index of the Heterotic
string (2.10). Note that in both (3.47) and (2.10) we have suppressed the dependence
on the four-dimensional vector moduli 7', U, V', which are encoded in the left-right moving
momenta pr,/g. We will discuss the generalization of this map for K3 fibrations that are
not elliptic but only exhibit a genus one fibration in section 7.2.

4 Refined fiber invariants for K3 fibered CY 3-folds

In this section we shortly review the proposal for defining refined amplitudes for the het-
erotic string on K3 x T? following [95, 96], as well as the proposal of [73] to refine the
counting function for BPS states in M-theory compactifications on K3 fibered Calabi-Yau
3-folds by using Noether-Lefschetz theory in the K3 fiber. We will apply this formalism to
K3 fibers with higher Picard rank at the end of sections 6.1, 6.2 and 6.3, as well as for K3
fibers with genus one fibrations at the end of section 7.4. Furthermore, we specialize the
Heterotic amplitude to an SU(2) enhancement point of the STU model to make a check on
the physical consistency of the proposal of [73].
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4.1 Refined Heterotic string theory on K3 x T?

Attempts for defining a worldsheet description for the refined topological string theory have
been addresed in the works [29, 30, 95-97]. There, the authors realized the Q-background
in Heterotic string theory on K3 x T2. In this configuration, the previous authors consider
one-loop BPS amplitudes of the form

Iyn = / A4 Fy (6, O)RET?9 2T 4. (4.1)
My

which is the refinemenet of (2.1). In the same fashion, R_ and 7_ are defined as in the
unrefined case, wheras T is a self-dual insertion that differs in the proposals [95, 96]. See
both references for details and comparison.

As a reminder, we review briefly the Q-background next. We can realize this back-
ground from a 6d N = (1,0) theory with topology R* x T? and metric [98]

ds? = (da + 'z + 0dz) + dzdz, (4.2)
where (z, z) are coordinates on 72 and the Q* entries in (4.2) fulfil the equation

T = dQ = e;dat Ada? + exda® A da?. (4.3)
Here the linear combination e1 = %(61 + €9) define equivariant rotation parameters of

C? = R*, which can be expressed in the spinor notation as

€2 = —det (Tag) , €& = —det (Tdﬁ) , (4.4)

where o, 8, &, f = 1,2 are spinor indices for SU(2)7, x SU(2)g. In addition to the non-trivial
metric (4.2), another SU(2); R-symmetry is necessary to preserve the amount of super-
symmetry. The effect of the latter symmetry is to compensate metric induced holonomies
on the spinors (4.4), which must be covariantly constant. If gravity can be decoupled,
a further SU(2); R-symmetry emerges. In this case the degeneracies of BPS states are
protected. Consequently, it makes sense to introduce the BPS supertrace [99]

Znex(e_, €4, 1) = Trgpg (—1)2LHIR) =26 T o=2e4 (JrtJ1) o =BH (4.5)

where J, is the Cartan generators of each SU(2), symmetry group. Moreover, the combi-
nation Jj = Jr + J; enables a twist of SU(2)r such that the BPS degeneracies N fL jiare
“R
invariant [33]. From now on, we will denote by jr the spin of the twisted Jj generator.
Furthermore, the refined Schwinger loop calculation yields the multicovering formula for
the refined topological free energy F(e_,e4,t) = log Znek(e—, €4, t) [33, 100]:
.7:(61,62,t) = Z Z Z (_1)2jL+2jR NjL JR _ [JLL;«: []R]"?{m _ e27rimtﬂ‘
= - m (Xz2-X"2)(Y2-Y 2)
BeH2(M,Z) jp,,jretzsom=1

(4.6)
where
X =exp (2mier) =zy, Y =exp(2miez) = J , (4.7)
x
and for j € %Zzo
[, = w2 +u 22 p 2 (4.8)
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Coming back to the refined worldsheet proposals [95, 96], we highlight two remarkable
properties of such theories. In the first place, the latter authors are able to recover the
unrefined worldsheet theory by switching off e, = 0. Secondly, at a point of SU(2) enhanced
gauge symmetry they reproduce the perturbative Nekrasov partition function below [95, 98]

N/ds —2cos(2e4) o—m?s (4.9)
pert.

Znek (€1, €2) se1 )

s sin (%54) sin (°52)

In the next section, we will consider the Type ITA dual side on a K3 fibered CY 3-fold
M, where we argue the decoupling of gravity me — oo by taking the limit Volg(Pi) —
oo [101, 102]. With this in mind, we will examine the refinement proposal of [73]. We will
argue that this proposal satisfies the requirement (4.9). In addition to that, it provides a
solution to the refined amplitudes (4.1) in the Heterotic weak coupling limit, which gives
back the unrefined theory when ey = 0.

4.2 The KKP conjecture

Following the formulation of [73], we introduce refinements for the Noether-Lefschetz num-
bers (3.18), which are representations of SU(2); x SU(2)g lying in the space

Z50[0,0] & Z50 [0, ;] . (4.10)

,0

There are two kind of refined Noether-Lefschetz numbers to be considered: RN LZ (oo d)
and RN LZ;> i)’ The former ones are defined as follows

RNLZ:?dl,...,dn) =NL} (ay,...a,) " 10,0] . (4.11)

The other Noether-Lefschetz refinement requires more explanation. Let an effective divisor
[Dh,(dl,...,dn)} be divided in two components

Dy, (ay,....dn) =S+ 1o (4.12)

where S, is the sum of divisors not containing 1, (P{) and 7, is the sum of divisors containing
12(P{). Having said this, we define the refinement RN LZ’E> dioodn) in the following way

o 1f A(h,dy,....dy) <0, then RNLJC, ) =0,
7r7 —_ 1
o 1 A(hdi,..,dn) =0, then RNLFC, = [0, 1].
e If A(h,dy,. .. dy) > 0, then
RNLT™ [ L[ 1
ho(dyyedn) — /“311) 125, - [0,0] — 2 /[Pll) - 0,5 . (4.13)

As we will see, the KKP conjecture is a refined version of the GW-NL correspondence
theorem (3.21). Therefore, an important ingredient will be the refinement of the KKV
formula (3.22), which we introduce next.
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RO jn | 274 =0 Ri jn | 2+=0 1 RS jn | 24=0 1 2
2j- =0 1 2j-=01] 20 2j_=0] 231
1 1 1 21
2 1
RS in | 204 = r 2 3 Ri, in | 204 = 1 2 3 4
2j-=0] 1981 1 2j- =0 | 13938 21
1 252 1 2233 1
2 1 21 2 21 253
1 3 1 21
4 1

Table 2. Non-vanishing refined BPS invariants RA for K3 surfaces with h < 4.

JL.JR

The refined BPS invariants R?L jp for K3 surfaces, where jr,jr € %Zzo, were defined

in [73] via the refined KKV formula:

S ljr] lir] - 1 1
h Yy x h—1 __
Z Z R]L 7jRX —Xﬁ q - 7724(7_) ¢717%(T’61)¢717%(T’ 62) . (414)

1 1 1
0. . 2 2Y2-Y~
h=0jp,,jre1Z5

[N

For illustration, we show a few BPS invariants R?L,jR in table 2. Let the K3 invariants
R be divided into two parts

JL.JR
h _ phyo h,o
RJL JR RJL JR + RjLJR ’ (4‘15)
where the RJL iR contributions read from the formula
i > RS iel, Ul = ¢ ! . (4.16)
T LD C B G D G R nH(7) ¢_11(T.e1)d_y 1 (T €2)
7 252

With this information at hand, we can compute refined BPS numbers along K3 fibers via
the KKP conjecture, which we state now.

Refined P-NL correspondence conjecture: [73]. A I-parameter family of A-polzarized
K3 surfaces
M —PL, (4.17)

with Calabi-Yau total space determines a division (4.15) satisfying the following property.
For degrees (dy,--- ,d,) positive with respect to the quasi-polarization \™,

(di,-, h,o 0
Z NJLljR ]L jR Z Z RJL JR ® RNLh,(dl,---,dn)

JL.JR Jjr.jr h=0

0
+ Z Z R]L JR ® RNLh,(dh"’,dn) )
jLu?Rh 0

(4.18)
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We give a few remarks about the numbers Ngilm ‘) that we obtain from (4.18). First,

recall the 5d Hilbert space of BPS states due to M2-branes wrapping a curve k € Hao(M,7Z),
whose structure reads

1 .
> N (|00 @20.0) 9l (4.19)
JLJRELZ>0
Here N, ,  count the multiplicities of the SU(2)1, xSU(2) g representations [jz,jgr]. This
physical constraint implies that N . € Z>¢. For a positive degree (d1,...,d,) € H2(M,Z)",
the refined BPS number IV ](?JR ") can be calculated via the stable pairs of moduli spaces of

M [33, 73]. As argued from previous section, we expect these BPS counts to be invariant

under complex structure deformations of M, as well as Ngilj’-g’d") =N J(glj?;’d”). In this

work, we give plenty of evidence for N§L13R’ " e Z>o. Furthermore, we observe that our
computations always fulfil the additional constraint
2j : seeesln) 70
S (~1)¥R2jp + DN =3 sl (4.20)
JLJRESZ>0 9€Z>9

g
where e

d,) Are the unrefined Gopakumar-Vafa invariants in (3.21) and I{ denotes the
SU(2)r, representation that reads
1

- (2 0] + {2 >®g . (4.21)

Now, we argue that the KKP conjecture leads to a consistent refinement for the type
II theory side, whose dual is the Heterotic on K3 x T2 with Q-background. In the refer-
ence [96], it was shown that an SU(2) enhancement point leads to a symmetrized pertur-

bative Nekrasov partition function. The latter authors found out that in the 5d limit

Flenet) g, ~ Gan@lf) +1-a alld) (4.22)
where [98]!!
> 1 e~ B
751762 (‘riﬂ) = Zl % (eﬁmel - 1) (eﬁm€2 — 1) . (423)

To compare this result with the KKP conjecture, we take the STU model as an example.
The latter contains an SU(2) enhancement at the conifold locus T'— U = 0. This has
been identified with the lattice points (k,w) € U that have an intersection kw = —1, i.e.
(k,w) = (1,-1) or (k,w) = (—1,1) [61]. As a first step, we calculate the topological free
energy contributions associated to these lattice points. For this, we introduce the notation
r==(1,-1)-(T,U) = (T -U), = 2mi and recall that the only non-trivial GV invariant

for these lattice points is ni(l _1) = —2. Thus, the corresponding contributions read
A 29—2
F(\T,U) ‘ :—QZZ <2sin<n;>)
g=0m=1

(4.24)

o0
B
9\ 271: —Bx\ _ 2921 1. P2 L. —pB
=2\ L13(e w) 2§:1jA9 (—1)9+ 29(2992)!L13_29(e f”)

1 As mentioned in [96], we only regard the cut-off independent contribution.
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where By, are Bernoulli numbers. Notice that this result coincides with (4.22) and (4.23)

in the case e = —ej, as described in appendix A.0.3 in [98]. The refinement of this com-

putation amounts to replacing ni(l = —2 with Ni(ll’fl) = 1 as the only non-vanishing
) ’g
contribution. With this in mind, we calculate the refined multicovering formula (4.6) at

the SU(2) enhancement point

=1 yrry —m-B
ue mZ::l m(x% - x~%) (V¥ - Y—%)e o (4.25)

= — (761762([13‘5) + 7—61,—62(x‘5)) :

In other words, with only Noether-Lefschetz information and the KKP conjecture we obtain

‘F(617627T7 U)’S

the expression (4.22), which was shown in [96] to be equivalent to (4.9).

5 The non-Abelian sublattice weak gravity conjecture

Perhaps the oldest and most widely accepted swampland conjecture states that a complete
theory of quantum gravity can not exhibit any global symmetries [37]. There are several
arguments supporting this claim, see [103] for a review of this and also the other swampland
conjectures that will be discussed below, but the most intuitive reason is that black holes
can swallow objects that carry arbitrary amounts of global charge and subsequently evap-
orate. Quantum gravity effects will only become relevant at the very end of this process to
potentially alter the classical “no-hair” behaviour. However, at that point the black hole
does not have enough mass to radiate particles that carry a sufficiently large amount of
global charges. The only alternative is that the black hole does not evaporate completely
but turns into a remnant. For this to be the possible fate for all states that can form such
black holes the number of distinct remnant species in the theory would need to be infinite.
While there are convincing arguments that this leads to a thermodynamic catastrophe [36]
it is difficult to turn them into a general proof.'> Nevertheless, many refinements of the
conjecture have been proposed and they are generally motivated from properties of string
compactifications, that seem to be universal in that no counterexamples are known.

One of these refinements is the weak gravity conjecture [35]. It states that for a theory
of gravity that is coupled to a U(1) gauge symmetry there should always exist a stable
superextremal particle, i.e. one of mass m and electric charge g such that

m
9elq 2 —7=— (5.1)
¢ V2mp

where g is the electric gauge coupling constant and mpj is the Planck mass. The analogous
constraint on magnetic charges implies that there exists a cutoff scale A < go mp; above
which the effective field theory description breaks down and additional degrees of freedom
must be taken into account. Together this ensures that all electrically or magnetically
charged black holes in the theory can decay. The weak gravity conjecture implies the
absence of global symmetries in the sense that a global symmetry can be interpreted as a
gauge symmetry with vanishing gauge coupling. Plenty of arguments have been brought
forward to support this conjecture and we again refer to [103] for a review of the literature.

2For a derivation in the context of AdS/CFT duality see [38].
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The generalization of the weak gravity conjecture to theories with multiple U(1) factors
leads to a so-called convex hull condition [104] which ensures that superextremal states exist
in every rational direction of the charge lattice. However, it was subsequently observed that
in all known constructions an even stronger statement holds true [34, 43]. The latter authors
used Kaluza-Klein reduction of Einstein-Maxwell theory on tori and toroidal orbifolds as
well as modular invariance in string theory to show that, at least in those examples, not
only one superextremal particle exists but there is a sublattice I'ext of the lattice I' of
charges that are compatible with the Dirac quantization condition such that at every site
of the sublattice there exists a (possibly unstable) superextremal state. Furthermore, it was
suggested that the mass scale associated with this sublattice gives rise to the cutoff scale A
and in the limit of small gauge coupling the tower of particles in the corresponding direction
of the charge lattice becomes massless and leads to a breakdown of the effective theory.

A striking check of this “sublattice weak gravity conjecture” (sSLWGC) has been per-
formed in F-theory on elliptically fibered Calabi-Yau 3-folds [53, 54]. First the authors have
shown that in the moduli space of the corresponding six-dimensional supergravity a limit in
which a gauge symmetry becomes global while keeping the Planck mass finite is necessarily
at infinite distance. Moreover, in order for such a limit to exist in the first place, the base
of the fibration has to be itself fibered over a P!, and therefore be a Hirzebruch surface, or
it is a blow-up thereof. The volume of the fiber of this surface is then inversely proportional
to the (squared) gauge coupling constant and a tensionless Heterotic string arises in the
decoupling limit. At least for theories with purely Abelian gauge group, the particle-like
excitations of this string were then found to contain the sublattice of superextremal states
that is required by the SLWGC. To verify superextremality, the condition (5.1) had to be
modified to take into account the Yukawa forces that are present in the dilatonic Einstein-
Maxwell theories that arise from F-theory [54]. The presence of the sublattice was then
shown to be a consequence of the properties of the Jacobi and lattice Jacobi forms that
appear in the elliptic genus of the tensionless string.

An extension of the SLWGC for non-Abelian gauge groups has been formulated in [55].
Non-Abelian gauge theories are already constrained by the sSLWGC applied to the Cartan
torus of the gauge group. However, it was observed in [55] that a stronger statement,
namely that superextremal particles should exist in every representation of the gauge group,
is supported by perturbative string theory and stable under compactification.

In this section we will show that the non-Abelian sublattice weak gravity conjec-
ture (nAsLWGC) can, for F-theory on genus one fibered Calabi-Yau 3-folds, again be
derived as a consequence of the properties of lattice Jacobi forms.

5.1 The non-Abelian sELWGC and lattice Jacobi forms

Let us first repeat the precise proposal for a nAsLWGC that has been made in [55]:

The non-abelian sLWGC. For any quantum gravity in d > 5 dimensions with zero
cosmological constant and unbroken gauge group G, there is a finite-index Weyl-invariant
sublattice I' of the weight lattice Ly (G) such that for every dominant weight Ap € T’
there is a superextremal resonance transforming in the G irreducible representation R with
highest weight Ag.
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Note that for purely Abelian gauge groups this reduces to the ordinary sLWGC. In
particular, the condition that a resonance is superextremal means that its charge to mass
ratio is greater than that of a large, extremal Reissner-Nordstrom black hole with parallel
charge vector.

Let us now consider this proposal in the context of F-theory on a Calabi-Yau 3-fold
such that the effective theory admits a limit in which the gauge coupling would go to zero.
It follows from the general results in [53] that the base of the elliptic fibration contains a
curve of self-intersection zero and geometrically the limit amounts to this curve shrinking
to zero volume. The string that arises from a D3-brane that wraps this curve becomes
tensionless and is dual to a, not necessarily perturbative, critical Heterotic string. More
precisely, the string is weakly coupled if the base of the fibration is a Hirzebruch surface.
In general additional tensor multiplets signal the presence of NS5-branes and therefore of
non-perturbative effects. Nevertheless, in each case we can calculate the elliptic genus and
this will be a modular or, in the non-perturbative case, a quasi-modular Jacobi form. Let
us stress that the non-perturbative effects due to the presence of NS5-branes are different
from those that lead to a non-perturbative gauge group. In those cases where the gauge
group is not perturbative but the base of the Calabi-Yau 3-fold on the F-theory side is a
Hirzebruch surface, the elliptic genus of the dual Heterotic string will still be a modular
Jacobi form.

The elliptic genus encodes a subset of the particle-like string excitations via a trace
over the Ramond-Ramond sector along a torus

Z(r, %) = Tern(=1)F F2qfe g [ (¢ | (5.2)
a=1

where F' is the Fermion number, Hy r are the left- and right-moving Hamiltonians and
q = exp(2miT) is the modular parameter of the torus. Moreover, the rank of the gauge
group is ny and it acts as a global symmetry with generators J, on the worldsheet theory.
The corresponding fugacities are denoted by (* = exp(27iz?). In terms of modular objects
the elliptic genus takes the general form

(5.3)

where ®10 ., (7, 2) is a holomorphic, Weyl invariant lattice Jacobi form of weight 10 with
index matrix m. It therefore admits an expansions (3.29)

D10,m (7, 2) Z hu(T)0L,u(T, 2) , (5.4)
peLl* /L

with 97 (7, z) being Jacobi theta functions associated to the, in general twisted, coroot
lattice L of the gauge group.

The elliptic genus essentially encodes only the left-moving excitations and the states
have to be paired with right moving excitations, taking into account the level matching
condition, to lead to actual states of the theory. In particular, the numerator ®1¢ y, in (5.3)
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always contains a non-zero constant term that arises from the left-moving tachyon. This
implies that there is always a contribution'3

(DIO,m = h0(7)19£70(7', Z) + ..., (5.5)

with ho(7) = =2 + O(q) [105]. It was shown in [54] that the states from this sector, with
the corresponding Jacobi theta function given by

Ipo(mz)= > ¢@™Vexp(2mi(A, 2)), (5.6)

AeL*
A=0 mod L

are superextremal with respect to a dilatonic Reissner-Nordstrom of the corresponding
Cartan U(1) charges. Moreover, they form a sublattice of the U(1) charge lattice and
therefore are sufficient to satisfy the original sublattice weak gravity conjecture.

We will now argue that, at least for simple gauge groups, this sector in fact satisfies
the stronger claim of the non-Abelian SLWGC. To this end we need to see how the states
encoded in (5.6) arrange into representations of the gauge group G with Lie algebra g.
More precisely, we will rewrite the right-hand side in terms of Weyl characters. Let us first
recall some definitions.'* Let (R, Vi) be an irreducible, finite-dimensional representation of
a complex semisimple Lie algebra g with Cartan subalgebra §. Here Vy is a highest weight
module with highest weight A, and R is the g-representation associated to V. The Weyl
character of (R, V)) is the function yy : h — C with

() = tryy (exp (2miR(=))) - (5.7)

From now on we assume that the gauge group is a simple Lie group with algebra g.
However, we remark that the upcoming derivations can be generalized for semisimple Lie
algebras via the product formula (3.44). Thus, for a simple Lie algebra the index m of
the elliptic genus as a lattice Jacobi form will then be m times the negative of the coroot
lattice intersection form, where m is some positive integer. The numerator of the elliptic
genus admits an expansion in terms of Weyl invariant lattice theta functions

(1)107m(7-a Z) = Z h)‘(T)ﬁg%)\(T, Z) ) (58)
AELw(g)/mLY (g)

with the states encoded in —2- 19,?170(7, z) again forming the superextremal sublattice. The

expansion
. 1w
Ipo(m2)= D Y sign(w)gmm ANy, (2), (5.9)
weW (g) w-AemLY (g)
AEP(9)

follows from a more general relation that we are going to prove in the next section. Here
W (g) is the Weyl group and the shifted Weyl reflection

i W(g) X Lw(g) - Lw(g)’ (5'10)

13We thank Timo Weigand for explaining this point to us.
MFor further guidance on Lie algebras and representation theory, we refer the reader to appendix A.
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acts as w - XA = w(A 4+ p) — p. Moreover, P (g) = Ly(g) N W(g) is the set of dominant
weights, i.e. those in the fundamental Weyl chamber W(g).
We can further decompose the expansion into

1
98 o(1,2) = > gz ANy (2)
AemLY (g)NPy(g)
. 1 (- 511
+ S sign(w)gE ANy, (), (5.11)

weW (g) w-AemLY (g)
wAid  AePy (g)

It is easy to show that (w - A,w-AX) > (A, A) for A € P(g) if w # id. This follows from
the inequality
(w- A w-A) = (w(A+p)—p,w(A+p)—p)
=(AA)+ (>\+p,p—w_1(p)) + (p,A+p—w_1(>\+p)) >(AA),  (512)

>0 >0

where p is the Weyl vector

p:% Z «, (5.13)
acdt(g)

with ®*(g) being the set of positive roots. The inequality is in turn a consequence of
proposition 2.4 and note 4.14 of [106]: If v € W(g) and w € W (g), then (v —w(y),7) >0
for every T € Int (W(g)); v+ p € Int W(g)) iff v € W(g). Here Int (WW(g)) denotes the
interior of W(g).

The second line of (5.12) ensures no cancelations for the first line in (5.11). This
implies there is a superextremal resonance transforming in the irreducible representation
associated to every dominant weight X in the sublattice mLY(g) C Ly(g).

5.2 Weyl invariant character sums over dominant weights

We now introduce a generalized version of the identity (5.6) and prove it:

Claim I. Let g be a complex simple Lie algebra. For any positive integer m € N and Weyl
invariant subset {g; j=1, x} C Lyw(g)/mL"(g) we can define the lattice subset

K = (p1+mL"(g)) @ & (px +mL"(g)) , (5.14)

and the corresponding sum of theta functions satisfies the relation

Oy (752) + -+ 05, (T,2) = Z Z sign(w)q%(w')"w')‘)x,\(z) ) (5.15)
weW (g) w-AeK
AEP4 ()

In order to prove the claim I, we need to discuss the Weyl character formula. The
trace (5.7) that defines the Weyl character x(z) results into a weighted sum over the
highest weight module V). We recall that the latter decomposes as a direct sum of weight
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spaces, i.e. VA = @ V,. This means that the Weyl character x(z) admits an expansion
of the form
Xa(z) = D mge?™ @) (5.16)
weVy
where m,, € N is the multiplicity of each weight space V,, C V) associated to a weight w.
Alternatively, we can expand the characters using the famous Weyl character formula [107]

. > sign(w)exp [2mi (w(A + p), 2)] (5.17)
weW (g)

where p is again the Weyl vector and Ay (z) is defined by

Aw(z)= ] (em(a7z) —e_”(""z)> = Y sign(w)exp[2mi(w(p),z)] . (5.18)
acdt(g) weW (g)

Here ®*(g) denotes the set of positive roots in g. Note that w(\) is the Weyl reflection w
applied to the weight A and should not be confused with the shifted Weyl reflection w - A
defined in (5.10). With this information at hand, we proceed to prove claim I.

Proof of claim I. First, we prove the relation

SR = N xu(2), (5.19)

weWy weWy

where we introduced Wx = {w(A)}yew(q) for a given A € Ly(g). This is equivalent to
showing that

S Aw(z) @A = 37 AL ,(2), (5.20)

weWy weWx

where A, is the numerator of the Weyl character formula (5.17), i.e. xw(2) = Ay Awtp(2).
It directly follows from expanding the left-hand side of the equation (5.20)

Z Aw(z) . e2m’(w,z) _ Z Z sign(w/)ezm(w/(”Hw()‘))’z)
weWx w' €W (g) weW (g)

= Z Ay +p(2) (5.21)
weW (g)

= Z Aw+P(z)7

weWy

where we have used the fact

Z Q2mi(w(N),z) _ Z 2mi(w'w(A)z) w' e W(g). (5.22)
weW (g) weW (g)

Now we proceed to prove the formula (5.15). Recall that the left-hand side reads

Ig(r,z) =098 , (1,2)+--+ ﬁQm,M (1,2). (5.23)

m,
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Using the identity (5.19) this can be rewritten as

Z qu (w, w) 2mi(w,z)
weK

— Z Z qﬁ(w,w)eZM(w,z)

AEKNW(g) wEWN
(5.24)

where we used the fact the K C Ly(g) is Weyl invairant.
Moreover, a simple calculation reveals the following identity

Xw-)\(z) = Am}(z)

Z sign(w')eQ’Ti(w’(pr)»Z)
w'eW (g)
: -1
_ T S ign(ul e v (5:25)
AW (z) w €W (g)

= sign(w)xa(2) -

Inserting the identity (5.25) into the last expression in (5.24) gives the conjectured expres-
sion (5.15).

To prove the non-Abelian sublattice weak gravity conjecture, we were particularly
interested in the Weyl invariant theta function ¥, 0(7, 2) = ¥,,1v (q)(7, 2) which corresponds
to the sublattice mLY(g) C Ly(g) [55]. However, our claim I is more general. In the
following we provide two examples to illustrate this.

Example 1. Let us consider the gauge algebra g = A and lattice L(m) with twist
given by the index m = 2. The discriminant group G, = Ly(g)/mL"(g) has dimension
dim(Gp) = m™*L7@)det(LY (g)). In this case we therefore find dim(Gy) = 12. With this
in mind we take the following weights as representatives for the cosets {u;} of G,

¢ (0,0), e (0,1), e (0,2), e (2,-1),
(2,0), °(2,1), (1,0), e (1,1), (5.26)
e (1,2), (3,-1), o (—1,2), e (—1,3),

where w; = (1,0) and wy = (0,1) are the fundamental weights basis vectors in Ly (Az2).
Each representative in (5.26) is labelled with a color e that indicates the class of points
associated to each coset [¢] = p; in Gr. The corresponding cosets are illustrated in figure 1.
Let us take the Weyl invariant sublattice [o] = 2LY(A3) to exemplify the formula (5.15).
For this we introduce the short-hand notation

¢ = ¢ + ¢, (5.27)
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Figure 1. Schematic representation of the lattice L*(2) in terms of the weight lattice Ly (As).
Each coset in the discriminat group G is represented by a color in (5.26), e.g. the dark blue dots e
represent the sublattice 2LV (As). The long arrows indicate the scaled root system 2®(A3) contained
in 2LV (Az), whereas the short arrows indicate the root ®(Az) system contained in LY (Az).

where (; = exp(27i(w;, z)). Having said this, we provide a few g-expansions for ¥4|(7, 2).
First by uisng formula (3.43), and then by using formula (5.15). This reads

I (7,2) = 14+ (V4 2P+ ) 24+ (04 +) P +0(¢®)

= + z)— z)— - z)) ¢
X(0,0) (X(2,2)() X(o,s)() X(0,0) X(3,0)( )) (5.28)

+ (x(03)(2) +x06)(2) = X(1.0) (2)+X3.0) (2) X4 (2) +X(60)(2)) ¢°
+0(¢%),
Comparison of both expansions can be verified by using the Weyl character formula (5.17).
Moreover, we provide more Weyl invariant subsets of the type (5.14)
Ko =], Ky =], Ky =[],

X, (5.29)

I
0
@
<
©®
0
=

I
o
S
=
S
o
=

I
<
@
©®

We provide the Weyl character expansions for the rest of the theta functions Vg, (7, z)
in (B.28). Essentially, combinations of the Weyl invariant subsets in (5.29) fulfill claim I.

Example 2. Let us now consider the gauge algebra g = G2 with no twist. In this case we
have that dim(Gp) = 3. We choose the following weights as representatives for the cosets

{pi} of Gp.
po=(0,0), p =(4,-2), pr=(2,-1). (5.30)
When taking the combinations of theta functions

LY(Ga) : 1p(T, 2), (5.31)
(,ul + LV(GQ)) o (“2 + L\/(G2)) W (1,2) + V1, (1,2), (5.32)

the relation (5.15) holds. Note that the lattice subsets LY(G2) and py + LY(G2) & po +
LV (G2) are invariant under Weyl reflections in W(Gs). See figure 2.

— 33 —



Figure 2. Weight lattice Ly(G2). We indicate each Weyl chamber by a colored shaded region,
e.g. the orange region corresponds to the fundamental Weyl Chamber W(G3). The fundamental
weights are indicated by w; and ws. The arrows indicate the root system ®(Gz2). We denote by @,
m, and A those points associated to LY(Gs), p1 + LY(G2), and ps + LY (G2) respectively.

6 Examples

In this section we are illustrating the non-Abelian sublattice weak gravity conjecture, as well
as the refinement of the Nother-Lefschetz invariants, at the hand of several examples. First
we are studying a family of elliptic fibrations with I3 singular fibers that via F-theory lead to
an SU(2) gauge symmetry with matter in the fundamental representation. Next we move on
to analogous families with I3 singular fibers and correspondingly an SU(3) gauge symmetry
in F-theory. In both cases there will be one geometry where the gauge symmetry in the
Heterotic string, that is dual to the corresponding Type IIA compactification, is realized
perturbatively. Most of the time, the gauge symmetry is non-perturbative and therefore
the usual perturbative Heterotic techniques can not be applied. Finally we consider one
elliptic fibration where a family of singular fibers is folded by monodromy around points in
the base such that the resulting gauge symmetry in F-theory is Go. Note that genus one
fibrations without sections will be discussed separately in section 7.

6.1 G = SU(2) geometries

We study elliptic fibrations Mig(z) over the Hirzebruch surface 1 that exhibit one inde-
pendent section Eg and one fibral divisor Dy. The fibrations exhibit families of I3 singular
fibers over a curve S}?h in the base that are resolved by Dy, The points of the correspond-
ing polytopes as well as the generic parts of the linear relations among them are listed in
table 3 and we consider the 20 geometries for values a = —5,...,—land b=a —3,...,a.
Another three geometries correspond to a =0 and b = —3,...,—1. The case (a,b) = (0,0)
leads to a geometry with h'! = 5 and will not be considered.

In every case there is a unique triangulation that is compatible with the projection
onto the last two coordinates. Indeed, the corresponding fibration of the associated toric
variety induces the elliptic fibration of the Calabi-Yau hypersurface. The intersection of
the fibral divisor with the vertical divisors 7=!(B) and 7~ (F), that respectively stem from
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cCi C, B F
1 0 0 0 1 0 x ok
0 1 0 0 0 1 X %
-3 -2 0 0 1 -1 * % | < holomorphic section FEj
—1 —1 0 0] -2 3 * x| < fibral divisor Dy
0 0 1 0 0 0 0 1
a 24+a -1 0| 0 0 —1 1|« vertical divisor 77(B)
0 0 0 1 0 0 1 0
b 3+b -1 -1 0 0 1 0| < vertical divisor 7~ !(F)
0 0 0 0 0 -3 X%

Table 3. The points of a set of reflexive polytopes that lead to elliptically fibered Calabi-Yau
manifolds with families of I fibers. Some parts of the linear relations among the points are given
in the last four columns.

the base and the fiber of the Hirzebruch surface, are determined by
D} -n(B)=2(a—b)—6, Dj-n '(F)=-2a—12. (6.1)

Using the general results from [108] we find that the Euler characteristic x of MaSE(Q) is

x = —6(32+a — a® + 2b + 2ab) , (6.2)

while the genus g of S}Zh and the number of isolated I fibers ng are given by
1
9=506+a)10-a+2b), ny=2(24-2a+ a® — 4b — 2ab). (6.3)

The polarization lattice (3.32) of the K3 fibration has rank rk(A) = 3. Moreover,
the theory of lattice index Jacobi forms reduces to that of ordinary Jacobi forms that has
been introduced in [109]. The expansion of the topological string partition function (3.1)
encodes the elliptic genera of two types of strings. Six-dimensional E-strings arise in F-
theory from D3-branes that wrap the base of the Hirzebruch surface and the elliptic genus
can be identified with Zg(7, A, z). In particular, the index of Zg(7,\, 2) as a Jacobi form
with respect to the geometric elliptic parameter z is

1
mB:—iDi-fl(B):Hb—a. (6.4)

It actually turns out that Zp(7, A, z) depends only on mp and we find

1 Eymy(7,2)
n(r)2 ¢_21(1,A)

Here Ej,, are the Jacobi-Eisenstein series of weight & and index m introduced in ap-

Z(BmB)(Ta A\ z) = mp € {0,1,2,3}. (6.5)

pendix B.2. The expression (6.5) is a generalization of the elliptic genus of an E-string as
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first observed in [3]. Here the Ej,, can be identified with the Jacobi theta function of the
Es root lattice as follows [110]

Eym(7,2) = Ugy (7, 2Am) , for a Ay, € Eg, such that (Ap, Am) g, = 2m, (6.6)
where
Vs (T, 2) = Z q%()"}‘)ES exp (2772' ()\,z)Eg) , (6.7)
AEEg

and (-, ) g, is the Killing form associated to the Eg Lie algebra.

On the other hand, the six-dimensional strings that arise from D3-branes wrapping the
fiber of the Hirzebruch surface can be identified with dual Heterotic strings. The elliptic
genus is given by Zp(7,\,z) in the expansion (3.1) of the topological string partition
function and the index

1
mF:—iD]%«Tr_l(F) =6+a, (6.8)

of Zp(7, A, z) only depends on a, but Zp(7, z,\) itself also depends on the value of b. The
contribution of massless states to the Heterotic elliptic genus is given by the chiral index
of the dual F-theory spectrum [53] and this fixes

Zp (T A, Z)]A , =20+ (20=2) og — D +n2 (e +X0,) —x+0(),  (6.9)

where x), is the Weyl character associated to the representation R and the label A2
indicates restriction to genus zero contributions. Note that we substract the uncharged
states from the adjoint representation since they are already contained in the contribution
from the Euler characteristic. This fixes the numerators of the elliptic genera

]_ @(mB,mF)(T’ Z)

Z{mBme) () = 6.10
F ( ) 7](7-)24 ¢_271(T, )\) ( )
to take the form
13 mp 11 mp
UERY) =— < > EyFg, — ( — ) By, E
(7, 2) 19 + 6 41461 9 6 4,146 ,
13 11
(me2)(1, 2) = — < + mB> EyEg2 — ( - mB) Ey2Es ,
12 12 ’ 12 12 ’
15 m 9 m (6.11)
H(mB:3) - _ ( B) EyEr o — ( _ B) Eu o F,
(1,2) 19 + 6 4,1862 19 6 42861,
1 mp - 1 mp\ =
P(ms) = ( > EyF¢4 — 2E4oF ( ) Ey4Es.
(1,2) 19 + o1 4106,4 4,202 + 2 + 24 4,416

Now, we proceed to apply the technology exposed in sections 4 and 5 to address the
refinement of 5d BPS invariants and the non-Abelian sSLWGC for 6d (1,0) supergravity
theories with SU(2) gauge symmetry. The essential point of these computations is to
regard the theta expansion of Jacobi forms

T2 -
O(r,2) = D hu(@)9pt(r2), Ol rz)= > qwm(, (=e¥F, (6.12)
HEZ/2mZ B TGZd )
r=p mod 2m
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where ¢ € Ji (A1) is a generic Jacobi form of weight £ and index m. Here we introduced
the notation h,(¢) to denote the h, theta-coeflicient of ¢. Having this expansion in mind,
we look into the theta expansions for the holomorphic Jacobi forms (6.11) that determine
the elliptic genera (6.10). Thus, we summarize our main applications in the following way:

o The h-map projection (3.31) on ®(msmr) fixes the Noether-Lefschetz generator, i.e.

= Y hu(@m&mﬂ)eu. (6.13)
WEZ/2mpZ

This object determines all Noether-Lefschetz numbers via the GW-NL theorem (3.20).

Furthermore, we obtain refined BPS numbers for all curve classes in the K3 fiber of

MSE@) by using the KKP conjecture formula (4.18).

e We consider the term associated to the Weyl invariant sublattice 2mgpZ

QM) (1 2)| = o (@meme)) gL (), (6.14)

2mpZ mp,0

which is given by genus zero contributions of the elliptic genera (6.10). As proved in
section 5.1, we find that the non-trivial series contribution

2

-9 Z g F XAri1 (z) C q)(mB,mF)(T’ Z)‘

TeszZZO

(6.15)

ompZ’

as well as Weyl-invariance of 192;’0(7', z), suffice to manifest the non-Abelian sSLWGC.

We provide supplementary material [111] in which we exemplify explicitly the ap-
pearance of the contribution (6.15) in the Weyl characters expansions (6.9) for all
the SU(2) models associated with the Jacobi forms (6.11).

To elaborate on explicit computations for the theta expansions, from now on, we keep
the discussion to the elliptic genera Zp(7, A, z) corresponding to the cases (mp,2). We
remind the reader that this case corresponds to one with non-perturbative gauge symmetry.
As a starting point, we reckon the theta expansions (6.12) of the Jacobi-Eisenstein series
E,2 and Eg4. The Taylor expansions thereof read

Eu(7,2) =1+ (14C2 4645 +84) + % ((F44 64 +280¢ 2+ 448¢F +574) +0 (%) ,
Eoa(r,2) =14¢ (—10@[2 —128¢E —228) 1 (gi‘* —128¢*3 —1496¢+% —3968¢E —5450) +0 (q3) .
(6.16)

Next, we introduce the following basis

a(r) =92,0(7,0),  B(r) =92,1(7,0), (7) = Va2(7,0), (6.17)

— 37 —



where o, 8,y € M, /2(8). See appendix B.1. An Ansatz for the Jacobi-Eisenstein se-
ries (6.16) in terms of the basis (6.17) leads to the following expresions

ho(Esz2) = o +21a°92 4 35034 + 7anS |

hi(Ey9) = 320333y + 3208342,

ha(Eyz2) = Taby + 350493 4+ 21a%9° + 47,

h3(E4p) = 32013537 + 320&/53 ? (6.18)
ho(Ee2) = ol — 570 — 342a"y* — 4340°7° — 187a4® — 5ay™° '
hi(FEe2) = 40/537 448a5/33 3 — 44803 8%4° — 6403347,

ha(Eg2) = — 187084 — 43405~ — 3420147 — 57a%4° + 41

h3(Fe2) = 7537 4480° 33~3 — 44803 63~° — 640337 .

In this way, we obtain the following vector-valued modular forms

hEs2)= >  hu(Es2)e,

1€{0,1,2,3}

9 7 15 23
= (1+84q+574¢% ) g+ (64¢% +448¢ % +1344¢ % ) 1
1 3 5 T 15 23 3
+ (1492 +280g% +840g7 ) es + (6497 +448¢ % +1344g % ) e3+0(q),

hWEs2)= > hu(Es2)ep
ue{0,1,2,3}

2 z 15 23
- (1—228q—5450q ) eo+ (—128qs —3068¢% — 2726445 ) el

+ (—10q% —1496¢%/% — 14088q5/2) st (—12&15 —3068¢% —27264q?) es+0(g%).
(6.19)

Note that the series expansions of (6.16) and (6.19) encode the same information in their

Fourier coefficients. With these pieces of information, the calculation of the h-map projec-
tion (3.31) for ®("5:2) (7, 2) reduces to

g -(5-9)
v = (12 12>E4 "(Ep.2) (12 13 ) "(Ba2) - Ee, (6.20)

which is a vector-valued modular from of weight 19/2 that transforms under the Weil
representation pzv( Ay Here we expressed (6.20) in terms of the genus g of the curve 8}2117
as mp = g for the (mp,2) cases.

To proceed with the computation of BPS invariants, we introduce the Jacobi form
discriminant Az, equivalently the Noether-Lefschetz discriminant Apny, given by

Ajmomt— T Anp =21 (6.21)
J = 2n 2m7 NL — 9 3 .

where (n,¢,r) are the degrees of the curves (3.37) correponding to the TUV parameters
in the Heterotic language (2.6), and m = 2 for the current cases of discussion. Making
use of the GW-NL correspondence theorem (3.21), we obtain the GV invariants shown in

table 4. We note that all GV invariants ng with the same curve class intersection form
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N |1 -3 3 0 3 : 1 3 a
0 |—2 —2+2g 80+16g 324—36g 10384—192g 686566249 124652—896g 1019376—3312g 4169808-+8208g
10 o0 0 4 4-4g  —160-32g —636+4729 —20756+3729 —137792—1344g
2 1o o0 0 0 0 0 -6 —6+6g 240+48g
300 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0
Table 4. anJﬂ] GV invariants of the K3 fiber with A=U®LY(A;) (-2).
Nﬁ-ﬁ% 2j+=0 1 NL‘% 2. =0/ | N5 |25 =0
> —J+ J—sJ+
2j_=0 1| [2j_=0] 2g—2 | |2j_=0|80+16g
o 2ie=0 12
2j_ =0 | 332—36g
1 1 1
Bl 2.=0 1 NEL T 2 =0 1
2j_ =0 10392—200g 2j_ =0 | 68336+560g
1 29—2 1 80+16g
NP | 2ie=0 I 1 I T 7 P 1 2
2j_ =0 123352—752¢ 1 2j_ =0 | 977834—2538¢
1 332—36g 1 1 10390—198¢
2 1 1 2 29—2

Table 5. Refined BPS invariants NE-%;;-QQ] of the K3 fiber with Ag=U®LY(A;)(—2) and g=1,2,3.

©? = Ay are equivalent,'® where ¢ € Hy(M,Z)™. Hence we denote by n‘[’AJ/Q] that class of
GV invariants.
The refined version of the latter computation is the KKP conjecture (4.18). For the
cases g € {1,2,3}, we obtain the BPS numbers that appear in the table 5. For the case
Ay

g = 0, we note that the values =* —% and h = 0 yields the Noether-Lefschetz numbers

NLj (ner) = —2. This indicates a Noether-Lefschetz divisor of the form {Dh7(n7g7T)} =1,
See (3.18). Taking into account this observation in (4.13), we obtain the refined BPS
number shown in the table 6.

As a complement, we provide further BPS numbers N;‘-’_ j, n the supplementary mate-
rial [111] in which we regard the KKP conjecture for the rest of the SU(2) models associated
with the Jacobi forms (6.11).

15Generally speaking, if the respective degrees of ¢, ¢’ € Ha(M,Z)™ belong to different cosets in G, the
numbers nf, and ni/ can differ in the case that ¢? = ¢2. However, in the examples we show here it always
occurs that ng, = ni, when ¢? = ¢'2.
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NEY 25 =0 1) | NEE 2520 1| | NEE 25 =0
e + Jod+ | 4+ Jodr | <0+
25_=0 1 2j_=0 1 25_=0 80
NO o =01 2| | NE |25, =0 1 2
T Josiv | H+ T
2j_=0| 332 2j_ =0/ 10392
1 1 1 1 1 1
NEL foji—0 1| [N 2i0=0 1 23] [NE Joj,—0 1 2 3
P J+ = J—J+ J+ J—J+ J+ =
2j_=0| 68336 2j=0]123352 1 2j_=0]977836 1
1 80 1 1 3321 1 1 10392 1
2 1 1 P 1 1

Table 6. Refined BPS invariants N[A’Jj/f] of the K3 fiber with As =U®LY (A1) (—2) and g=0.

J—

¢, Cy C3 B F

1 0 0 0 0 1 * %
0 1 0 0 0 1 0 x ok
-1 0 0 0 1 -2 0 x o | < fibral divisor D}
-2 -1 0 0|-2 1 2 x x| < fibral divisor D}
-3 -2 0 0 1 0 -1 * % | < holomorphic section Ejy
0 0 1 0 0 0 0 0 1
20—-2 a—-2 -1 0| 0 0 0 —1 1|+ vertical divisor 7—(B)
0 0 0 1 0 0 0 1 0
26—-3 b—-3 -1 —-1| 0 0 0 0 | < vertical divisor 7~ !(F)
0 0 0 0 0 0 -2 x 0 k

Table 7. The points of a set of reflexive polytopes that lead to elliptically fibered Calabi-Yau
manifolds with families of I3 fibers. Some parts of the linear relations among the points are given
in the last five columns.

6.2 G = SU(3) geometries

We now want to study geometries M S ij(?))

where the corresponding gauge group via F-
theory is SU(3). As base we choose again B = F; and the points of the corresponding
polytopes as well as the generic parts of the linear relations among them are listed in
table 7. We consider (a,b) for a € {—1,0,1} and b € {a — 1,a,a + 1} as well as (-2, —2),
(2,1), (2,2) and (4,6). Using the general results from [108] we find that the geometry
indeed contains a curve of I3 singularities as well as isolated reducible fibers that via F-
theory lead to matter in the fundamental representation of the associated SU(3) gauge
symmetry. The genus g of the curve 8}2‘2 and the multiplicity ng of the matter loci are

given by

1
g:1+§(a—a2)+b+ab, nsg =3(16 + a + a* + 2b — 2ab), (6.22)
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while the Euler characteristic of the Calabi-Yau is
X = —12(16 — 2a — a® — 4b + 2ab). (6.23)

We denote the fibral divisor that corresponds to the point (—1,0,0,0) by D}' and find
the intersections

(D))" 7 (B) =2(a—b) -2,

5 (6.24)
(D})" 7 '(F) = —2a -4,
The corresponding indices with respect to the geometric elliptic parameter are
mp=1+b—a, mrp=a+2. (6.25)

In order to perform the modular bootstrap we need rank two Jacobi forms that are invariant
under the Weyl group of As [11]. A basis of the corresponding ring is given by the three
Jacobi forms [112]

)

3
1
ﬁnel(T,Ui) .
04,01 (7, u;
(Z él >'¢3
— 1Tuz

E 2
¢o = < 20, — =2 + = 3 (Dgl +0§2 +Dzlbz2>) ° P2,

(6.26)

’
Uk —> Zx

2
which are of index one and the weight of ¢_j is k. In the definitions we introduced the
derivative 0, = (27ri)_18x, while u, — 24 is the change of parametrization

Uy = 21, Ug = 29 — 21, us = —29. (6.27)

We can again consider the elliptic genera of Heterotic strings that in F-theory arise
from D3-branes that wrap the fiber of the Hirzebruch surface. Using the generic form
Q)(mB:mF) (7-’ 21, 22)

(1) p_2.1(T, M) (6.28)
= =20 + (29— 2) (0a — 2) + 13 (s + 003 ) — X+ O(0)

ZF(T7 )‘7 21, ZQ)‘/\_Q —

we can fix the numerators
oY) = By Bogo — 1272 [(13 + 2mp) B} + (11 — 2mp) EZ| 6o,
oo = —97 By Bogf + 1272 [(13 + mp) Bf + (11 — mp) B | ¢oes
— 12 B} Begd + 27 12731+ mp) (B — BY) Eag}, 20
o(me8) = 47 B Bgg — 5767 (313 + 2mp) Ef + (3- 11— 2mp) B | ¢ (6:29)
+ 4871 B Bggodd — 127" (9 — 2mp) B} + (15 + 2mp) B | Bag

+272.1274(3 + 2mp) (EZ’ - Eé) (12E4¢0 — 2E6¢2) ¢3 -
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Figure 3. Weight lattice Ly (As). The black dots represent the coroot lattice LY (As). The red and
blue dots represent the cosets associated to w; and ws respectively. The red shaded region represents
the fundamental Weyl chamber W(A). The arrows point out the roots in ®(As) C LY (Asg).
Moreover, we label the set of dominant weights Ag in LY (Az) by circles O. To each point O there
is an associated superextremal resonance transforming in the irreducible representation R.

Note that we are not aware of a higher rank generalization of Eisenstein Jacobi series
and therefore used the generic generators for the ring of Weyl invariant Ay lattice Jacobi
forms. We remind the reader that each Jacobi form ®(™5r) in (6.29) corresponds to a
K3 fibration with polarization lattice

A=U®®LY(A)(—mp). (6.30)

To make contact with the applications of sections 4 and 5, in the upcoming, we exemplify
the theta expansion calculations for the elliptic genera (6.28), or equivalent the numera-
tors (6.29). For simplicity of the exposition we restrict to the cases when mp = 1. However,
similar computations are possible for non-perturbative gauge cases, in which mp > 1.

We know that the discriminant group is of the form Gpv(a,) = Z/(n + 1)Z [90].
Consequently, we can decompose the weight lattice Ly (As) in terms of cosets. Without
loss of generality, we choose the fundamental weights as representatives of such cosets, i.e.

Ly (A2) = LY (A2) @ (w1 + LY(A2)) @ (w2 + LY(A2)) . (6.31)
See figure 3. Given a LY (Ay)-lattice Jacobi form ¢, we want to perform its theta expansion
O(7, 21, 22) = ho(@)915 (7, 21, 22) + haoy ()01, (7, 21, 22) + hay (9)97, (7, 21, 22) . (6.32)

As an example, we regard the ring generators (6.26) of W (Ay) invariant Jacobi forms.
To calculate the theta coefficients h,(¢), we use the basis of vector-valued modular forms
M, 5(24) in (B.8). For this, we introduce the notation

On.0(7) = Ot,(7,0). (6.33)
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Then, the theta coefficients for the J, .(A2) generators (6.26) read
ho(¢s3)

w1(¢3)=77 ?(06,1—065),

heoy (¢3) = —hes, (3),

ho(¢2) =30~ (96,096,3—96,393,6) :

1
he, (2) = X -0 (496,206,396,6+96,10(23,6+06,5‘9§76—406,096,306,4—eg,oeﬁ,l_937096,5> , (6.34)
hwz (¢2) hw1 (¢2)
ho(¢o) = —20"5ho(¢2),
hwl (¢0) _28Rshw1( Q)a
hw2 (¢ ) = _28Rshw2 (d)?)

Here ORS : My(T') — My, o(T) is the Ramanujan-Serre derivative, which acts on a holo-
morphic modular form f € My (') with I' C SL(2, Z) as follows [113]

k
S f=0,f— TR (6.35)
To explain the Ramanujan-Serre derivative in (6.34), we notice that the heat differential
operator £ = —20,; + A4, acts on the theta functions as &9‘14; = 0, where Ay, is the
Laplacian operator associated with the Killing form in As. Then, by the definition (6.26),
we have that

Po = (c — ;EQ) 0 gy =—23 (o) 972, (6.36)
)7i

where we identified that each h,(¢2) has weight & = —3. Notice that the theta coeffi-
cients (6.34) are all the information we need to obtain the theta expansions of ®("5:1),
Now, we consider the non-Abelian SLWGC. The contributions of the Weyl invariant
sublattice L (As) to the elliptic genus arise from the term
1
LV(4z) — m?4(7)

Let us regard the Fourier expansions of (6.37) as follows

Z(T) 21, 22)

ho (91m2D) 91%(7, 21, 20) (6.37)

= an 1(21, 22)" (6.38)
n=0

Z(1,21,22)
LY (A2)
where p, (21, 22) is a Poincaré polynomial in Z[Cf[, CQi] Due to our claim I in section 5.2, we
can express these polynomials in terms of Weyl characters x(x, x,)(21, 22), where (A1, Ag) is
a dominant weight corresponding to an irreducible representation of SU(3).'® In table 8,
we provide the Weyl character expansions of polynomials p,,—1(z1, 22) up to n = 4. On the
one hand, we find superextremal states at each excitation level

1
n(As,de) = 5 (B + A2 +23) . (M, Ao) € Lu(A2) N LY (4y), (6.39)

5For instance, the weights (1,0) and (1,1) correspond to the fundamental representation 3 and the
adjoint representation 8 respectively.
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Pn-1(2)

= w NN = o 3

—2X(0,0)
(352—72mp) X (0,0~ 2X(1.1) (%)
(120480 —504mp) X (0,0) +(348—72mp) x(1,1)(2)
(5444788 —2592mp) x(0,0) + (121180 —648mp) x(1,1)(2) —2X(3,0)(2) —2X(0,3)(2)
123698662 —10512m 5+ (5686448 —3744mp) x(1,1)(2) +(350—72mp) (x(g,o)(z)+x<o,3) (z)) — Xy (2)

Table 8. Weyl character expansions of Z(7,z)|5v(a,). We indicate by red color those contributions
associated with the superextremal resonances. Note that mp € {0,1,2}.

which corresponds to nearly tensionless strings of mass M2 = 4T (n — 1) and tension T' =
Vol,(F') [54]. On the other hand, as proved in section 5.1, there is a contribution deriving
from (5.11) that counts at every (A, \2) € Py(As) N LY(As) superextremal resonances
transforming in the SU(3) irreducible representation R with highest weight (A1, A2). In
table 8, we marked such contributions with red color. With these two points together, the
Weyl invariant sublattice LY (A2) C Ly (As2) satisfies the non-Abelian sSLWGC.

More generally, the non-Abelian sSLWGC holds for all SU(3) geometries with polar-
ization lattice A = U & LY(As2)(—mp). There, the Weyl invariant sublattice that fulfils
the conjecture is mpLY(As) C Ly (A2). To illustrate this, we provide supplementary ma-
terial [111] in which we reproduce higher order Weyl characters expansions of the elliptic
genera (6.28), together with the terms in the first line of (5.11).

In the following we regard the computation of BPS invariants obtained by using the
GW-NL correspondence theorem (3.21), as well as the KKP conjecture (4.18). In our
example of interest, i.e. those geometries that give rise to elliptic genera with numerator
d(ms:1) the Noether-Lefschetz generator read

"= N [EaBshu(do) — 1272 (13 + 2mp) B + (11 — 2mp) EZ ) hu(d)| ey
,uE{O,wl,wz}
(6.40)
The Noether-Lefschetz discriminant Ay, is given by
AJ:2n£—§(A1+)\1>\2+A2)7 ANLZT_'_l_h? (641)

where (n,?, A1, A\2) are the degrees of the curves (3.37) correponding to the TUV param-
eters in the Heterotic language (2.6). With this information we calculate BPS invariants
associated to the K3 fiber. We provide a few GV invariants in the table 9 and their
corresponding refinements in the table 10.

6.3 G = G2 geometry

Let us now discuss an example of the non-simply laced Lie algebra G5. To this end we
consider the geometry introduced in [114] that corresponds to the toric data in table 11.
It is an elliptic fibration over the Hirzebruch surface Fo and we choose a basis of fibral
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w N o= O

& 0-1 -1 0 2 1 s 2
—2 24+12mp 348—T2mp 26580+168mp 121176—648mp 1747434+1104mp 5687144—3888mp
0 0 4 —48—24mp  —684+144mp  —53304—408mp —244424+1728mp
0 0 0 0 -6 72436mp 1012—216mp
0 0 0 0 0 0 8

Table 9. n[gAJ/Q] GV invariants of the K3 fiber with polarization lattice A=U® LY (A2)(—1). Here
mp €{0,1,2}

Ny e |2 =0 L] PN ] 2 =0
2)-=0 1 2j_ =0 |24+ 12mp
NEO—} J+ 2j+=0 12 NE'%—]J# 2j+ =0 1
2j—-=0| 356 —T72mp 2j_ =0 | 26484 + 120mp
1 1 1 1 24 + 12mp
N 2j, =0 1 2 3
2j_ =0 | 119780 — 360mp 1
1 1 356 — 72mp 1
2 1 1
NG 2j, =0 1 2
2j_ =0 | 1641186 + 468mp
1 26508 + 132m
2 24 + 12mp
NE 2j, =0 1 2 3 4
2j_ =0 | 5203476 — 1512mp 2 1
1 2 120136 — 432mp 2
2 2 356 — 72mp 1
3 1 1

Table 10. Refined BPS numbers NE’A 2l of the K3 fiber with polarization lattice A = U ®
LY(As)(—1). Here mp € {0,1,2}.
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Ci Cy C3 Ci Cs
-1 0 0 0] 0 0 0 0 1
0 -1 0 0 o 0 1 o0
2 3 0 0| 1 -2 0 0 O
2 3 -1 0[-2 1 0 0 1|+ fibraldivisor E;
2 3 =2 0 1 0 0 1 —2 | < fibral divisor Fs
1 1 -1 0o 0 0 0 -2 3
2 3 2 1| 0 0 1 0 0
2 3 0 —-1| 0 0 1 0 0] < vertical divisor 7~ !(F)
2 3 1 0| 0 1 =2 0 0]« vertical divisor 7~ 1(B)
0o 0 0O o0 0O O 0O 0 -3

Table 11. Toric data associated to an elliptic fibration that leads to a G5 gauge symmetry in
F-theory.

divisors that leads to the polarization lattice
A=UaLY(Gy)(-1). (6.42)

As discussed in pervious sections, our main object to compute is the elliptic genus
Zp(7, A, z) resulting from D3 branes wrapping the Hirzebruch surface fiber curve F. For
this, we consider the basis for the ring of G2 Weyl-invariant Jacobi forms given by [112]

)

po(r, 2) = 5 8}(7. )

Ty —>2x
302(7—7 Z) = ¢2(7—7 w) ) (643)
Tx—>2x
900(7_>z) = ¢0(7—a m) )
To—>2x

where {¢3, 2,0} is the basis of Ay Weyl-invariant Jacobi forms as defined in (6.26).
Moreover, we introduced in (6.43) the reparametrization

X1 = 29 — 22’1 y To = —21. (6.44)
We observe that the elliptic genus that follows an expansion of the form
Zp(1, A, z)‘)\i2 = 207" = 2xa (2) + 207X, (2) — X — 207 + 2tk(Go) + O(q) . (6.45)
Here the Weyl characters are those associated with the Lie algebra G2 and not As. More-
over, 14 is the adjoint representation of GG that has an associated highest weight A14 = wo;
7 is the fundamental representation with associated highest weight Ay = w;. See figure 2.
In this particular geometry, we identify that ny = 16. For further discussion on counting
matter representations via Gromov-Witten invariants, see the references [115, 116]. Thus,
the explicit form of the elliptic genus reads

O(T, 2) 1
&(1,2) = EsEgpo — —
PG T T B g

Zp(r,\ 2) = (TEf +5E3) ¢>.  (6.46)

46 —



g\ﬁ_ _1 9 2 1 5 9 8 3 11 4

2 3

3 3 3 3

0 0 4 —60 —612 —53508 —243560 —3656196 —12097980 —109879200 —305208720
0 0 O 0 —6 90 904 80472 367458 5671932 19003080
0 0 O 0 0 0 0 0 -10 150 1464

0 0 O 0 0 0 0 0 0 0 12

Table 12. anJﬂ} GV invariants of the K3 fiber of Mg, .

As in previous sections, we provide supplementary material [111] that contains higher order
Weyl character expansions (6.45) of the elliptic genus (6.46). Moreover, in the supplemen-
tary material, we include the terms (5.11) required to satisfy the non-Abelian sSLWGC. In
this case, the Weyl invariant sublattice LY(G2) C Ly(Gs) fulfils the conjecture.

As exemplified in section 5.2, we take as representatives of the discriminant group
G v (a,) the lattice points po = (0,0), p1 = (4, —2), p2 = (2, —1). We remark that generally
speaking the space of Go theta functions (3.28) differs from those of As. Despite this
difference, we find out the following equivalences

ho(p2) = ho(#2), ho(po) = ho(éo),
hHl (902) = huz (902) = hdu (¢2 = hc:?z (¢2) ) (6'47)
Py (90) = hyy (90) = hay (¢0) = ha, (¢o) -

Here we used the labels @; to indicate the fundamental weights in Ly, (A2). We remind that

~— ~—

the explicit expressions for (6.47) are given in (6.34). Similarly as in the previous section,
we calculate the Noether-Lefschetz generator via the h-map projection of (6.46) by using
the theta coefficients (6.47). Moreover, now the Noether-Lefschetz discriminant Ay7, now
reads

Ay

1
AJ=2n£—2<A%+A1A2+3A§), Anp == +1-h. (6.48)

Using the GW-NL correspondence theorem (3.21), we obtain the GV invariants shown
in table 12. Note that our results are exactly those provided by the Heterotic 1-loop
computation in table 5.4 of [63]. By using the KKP conjecture (4.18), we obtain the
refinement for the latter invariants that appear in the table 13.

7 Sublattice conjectures for M-theory on genus one fibrations

With our previous discussion we have focussed on F-theory compactifications on elliptically
fibered Calabi-Yau 3-folds that, in order to exhibit an appropriate weak coupling limit for
the gauge theory, also had a K3 fibration. In particular, the identification of the tower of
states that satisfies the sublattice weak gravity conjecture and its non-Abelian extension
was based on the duality with Heterotic strings, compactified on another K3, that arise
from D3 branes wrapping the base of the K3 fiber. More precisely, the elliptic genus of the
Heterotic strings encode certain particle-like exitations and the properties of Jacobi forms
imply that a superextremal subset populates the desired sublattice.
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NG [ 2e=0 L] N |2 =0
2j_ =0 1| |25 =0 30
NDLT2ie=0 1 2 NE}H 2. =0 1
2j_ =0 320 2j_ =0 | 26544
1 1 1 1 30
NP fzie=0 12 3] Nl gm0 1 2
2j_ =0 | 119600 1 2j_ =0 | 1641420
1 1 320 1 1 26574
2 1 1 2 30
NPl 2j0=0 1 2 3 4
2j_ =0 | 5202720 2 1
1 2 119920 2
2 2 320 1
3 1 1

Table 13. Refined BPS invariants N%fjﬁ 2 of Mg,.

If we compactify on a circle to five dimensions, the excitations of the wrapped strings
turn into BPS particles and the same argument about the sublattice holds. However, we
also have the freedom to perform an orbifolding on the Heterotic side of the duality and
consider compactifications on (K3 x S1)/Zy. These are dual to M-theory compactified on
genus one fibered Calabi-Yau 3-folds that do not have a section but only N-sections [17, 65,
117]. In this situation the elliptic genus of the Heterotic strings is replaced by the twisted
elliptic genera and the arguments for the sublattice conjectures have to be modified.

7.1 Genus one fibered K3 surfaces without section
As a starting point, let us consider the 5d Heterotic strings on (K3 x S1)/Zx with no
Wilson lines turned on. The Zy orbifold group acts on the circle via the shift

2
0 — 1
J:r—>:c+NR, (7.1)

and on the K3 via some non-trivial order N automorphism. We choose the momentum
and winding numbers (k,w) along the circle to be quantized in Z @ Z such that the left-
and right-moving momenta satisfy

1 k wR k wR
<R ~NRT N)' (7.2)
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K3:

Figure 4. Schematic representation of a genus one fibered K3 surface with 2-section.

With this in mind, the momentum lattice F}\}l is equipped with the quadratic form

2kw
-

pi —ph =

(7.3)
Note that a state with momentum number k will have eigenvalue exp(27ik/N) under the
action of §. Moreover, with 1, we denote a state in the r-twisted sector on K3/Zy with
eigenvalue g = exp(—2mik/N), where g acts as a Z automorphism on the CFT associated
with the K3 [118]. Together the invariant states in the spectrum of the compactification
on (K3 x S1)/Zx are then of the form [119, 120]

|k, w, ), r=wmodN . (7.4)

Now we turn back to the M-theory compactification on a genus one fibered Calabi-
Yau 3-fold my : M — B with N-section. By the latter, we mean a multivalued function
sy : B — M such that |[771(p)| = N for almost all points p € B. See figure 4. For recent
reviews on F-theory and M-theory that discuss genus one fibrations we refer the reader to
the references [91, 121]. We want the Calabi-Yau to also exhibit a K3 fibration 7 : M — P
such that in the limit of large I]:’]lD we have a dual description in terms of weakly coupled
Heterotic strings. Recall that a K3 fiber with polarization lattice A of rank two has an
intersection form

Ip

= 2a b , abceZ, dac—1b*<0. (7.5)
b 2c

rk(A)=2

An algebraic K3 surface with A-polarized lattice of rank two admits a genus one fibration
with N-section iff b2 — dac = N2 [122-124].

For elliptic fibrations, i.e. when N = 1, five-dimensional light BPS states arise in the
limit Volq;([Plla) — 00, where the dual Heterotic string is weakly coupled, from M2 branes
that wrap curves of the type [39]

Cyz = kT? + w(P} +T7), (7.6)

with [P} being the base of the K3 fiber and T? the generic fiber of the genus one fibration.
The shift of [P} by T? is fixed by demanding that the self-intersection of Cypo inside the
K3 fiber matches the quadratic form on the momentum lattice. However, on a genus one
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fibration with INV-section we find components of reducible fibers that intersect the N-section
only once so that the analogous expansion reads

T2
Crnip = b + w(Py + 1717, (7.7)

with self-intersection given by (7.3), i.e.

2kw
Chip = ——. 7.8
b = (78)
A crucial implication is, that the coefficients Zn.[P} ,nm=1,...,N —1 of the topological

string partition function (3.1) encode twisted sectors of the dual Heterotic strings, while
the contributions from untwisted sectors appear in Zn-[P}, ,n=0modN.

As a next step we extend the construction and turn on Heterotic Wilson lines. On
the M-theory side this amounts to considering K3 fibrations with A-polarized lattices of
the form

A=U(N)® L(—m), (7.9)

where m € N is some twist that signals a non-perturbative realization of the Heterotic gauge
group. So far the situation is completely analogous to that of elliptically fibered K3 surfaces
which we described in section 3.3. The new feature here is that the discriminant group
G associated with the lattice (7.9) decomposes into two factors Gn = Gy(y) @ Gr(—m)-
Consequently, the Noether-Lefschetz generators of these geometries will be vector-valued
modular forms that transform under the dual of the Weil representation p} : Mp(2,Z) —
End (C[G,]), where C[G)] = C[GU(N)] Kc C[GL(_m)].

If we recall that for Heterotic strings on K3 x T2 the elliptic genus could be obtained
from the Noether-Lefschetz generator by inverting the map (3.31), this leads to the question
what happens when the latter transforms non-trivially with respect to

Gy = (Z/NZ)* . (7.10)

It turns out that the objects we obtain are the twisted twined elliptic genera

ny
209 (r,2) = Try,g° (1) F2q"r g™ [T (¢, (7.11)

a=1
that have been introduced by [125] and further studied in [64-66, 118, 126]. Here we use
the same notation that we already defined for the ordinary elliptic genus in (5.2). The
only difference here is that the trace is taken over the r-twisted Ramond-Ramond sector
‘H,, whereas the insertion g¢° projects multiples of the phase eigenvalue of states (7.4).
Moreover, the twisted twined elliptic genera are lattice Jacobi forms for I'y(/V), while the
vector (Z (8) (7, z))mEZ transforms as vector-valued lattice Jacobi form under SL(2, 7).
In particular, the refevagt object to extend the discussion of the sublattice weak gravity
conjecture to M-theory on genus one fibrations is the untwisted, untwined elliptic genus
709 (7, z). Contrary to the elliptic case this receives contributions not only from base
degree one invariants of the topological string partition function but from the first N
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degrees with respect to the base of the K3 fiber. However, before we flesh out the details
of the sublattice conjecture, let us discuss how exactly the twisted twined elliptic genera
can be obtained from the Noether-Lefschetz generator and also how the latter relates to

the new supersymmetric index.

7.2 Twisted elliptic genera and Noether-Lefschetz theory

We will now extend the discussion of the Noether-Lefschetz generator, the new supersym-
metric index and the elliptic genera to Heterotic strings on (K3 x S1)/Z, where we in fact
have to consider the twisted twined elliptic genera (7.11). For simplicity we again restrict
to the case where the Heterotic gauge algebra consists of a single simple factor g. The dual
K3 fibered Calabi-Yau 3-folds S — M = [Pll3 then exhibit a polarization lattice

A=UN)® L(-m), AN =U(-1)@A, (7.12)

where A’ is the extended lattice defined by U(—1) & H°(S,Z) @ H*(S,Z). Moreover, L is
a rank rk(g) lattice associated with the Wilson lines parameters, whose intersection form
is given by —m(-,-) with (-,-) the Killing form of g for some twist m € N. If the gauge
group is realized perturbatively, the twist is m = 1.

In [126] the authors introduced the shifted Siegel theta function

2
res) = Y S ek FE (7.13)

AEL(m)+p ko,wo,k€EZ wEZ+ 57

oS

where they considered the case L = LY(A;) and pu € Z/27. The left- and right moving
momenta can be obtained from the relations

1 1
5(]9% —p%) = 5m (A, A) — kw + kowy
Zp2 — _ . T — w9 Yl
P TR AU R
where y denotes the (T',U, V') Heterotic moduli with intersection pairing
(y,y) = 2TU + m(V, V). (7.15)

Note that here we choose the signs to match the conventions for the quadratic form of [18,
22]. Based on the results from [64-66, 118] we observe that the new supersymmetric index
for Heterotic strings on (K3 x T?)/Zy factorizes as

-~ 1 s - s
Zri) =5 > > EnZidm, (7.16)
neGr rscZ/NZ

where we denote by G, the discriminant group of L(m) and ZLT’S) are the components
of a meromorphic vector-valued modular form

T8 7,8 h(r’S)T
2= ¥ e, 00 ="0 @)
NGGL(m) r,s€Z/NZ n
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We claim that (Z;([’S))MGGL(M is nothing but the h-map projection of the twisted twined
elliptic genus (7.11). In other words, the vector of twisted twined elliptic genera, which form
a vector-valued Jacobi form under SL(2, Z) transformations, can be obtained by replacing

ey ﬁL(m),u(T,z) . (718)

To make the connection with the Noether-Lefschetz generator, we expand the new
supersymmetric index into

=CREND SEED DD DD WY e

”eGL(m) r SEZ/NZ ko, woEZ wEZ+ =

keZ
2 2
PL _PR 5
= > X X X ez
HEGL(m) TAEZ/NZ ko,wo€Z weZ+ 5>
’ renz Y (7.19)

ST NN DI SR DR v R

HEG L(m) (ko,wo)€U (r0)€Gs (k,w)e LY +(r,L)

= Z Z 9/\’ 1)+pd(r,f) (7—7 77_)2;([’6) (7—) )

/.LEGL(m) (’r‘ 5)605

where we used several new definitions. First, we introduced the Fourier discrete transform
of a C[Z/NZ x Z/NZ]-valued function F' on H, whose component read [127]

& _ 1 —27rz—
Firg =+ SG;NZ N Fr.s) - (7.20)

Second, following the discussion of section 2.2 from [120], we introduced the CHL lattice
Ls = N~'7Z @ Z spanned by the vectors § = e; /N = (1/N,0) and ey = (0, 1), such that

1

=% (7.21)

whereas the untwisted d-invariant sublattice L§™ C U = Spany {e1,e2} 2 Z®Z is defined as
L™ = {(w,k) €U | (w,k)-§ €Z} 27D NZ. (7.22)

Note that by definition (L§y™)* = Ls and the intersection form of L¥™ is that of U(N).
Moreover, the CHL discriminant group is given by

Gs = Ls/L§™ = Gyv) = (Z/NZ)* . (7.23)

Third, we introduced the components of the Siegel theta function @A/(_l)(T, T) associated
with the lattice A’(—1), which we describe in more detail in (B.11) in appendix B.1. With
this in mind, let us now recall the claim of the authors [22]

()
n?4(r)’

Z HA’ +’y T, 7') (724)

vEGA
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where in our case Gy = G, © Gu(ny. By comparing (7.19) and (7.17) we find that the
Noether-Lefschetz generator is given by

= hrO (7). (7.25)

o7 (7) i

7 ‘7=u€9(nf)

Together with the NL-GW correspondence theorem (3.21) we have thus found a
straightforward recipe to obtain the twisted twined elliptic genera directly from the topo-
logical string partition function of a K3 fibered Calabi-Yau 3-fold that also exhibits a
compatible genus one fibration:

1. Calculate the genus zero Gromov-Witten invariants, for example via mirror symme-
try, and use (3.21) to determine the Noether-Lefschetz generator (7.25).

2. Invert the discrete Fourier transformation to recover (7.11).
3. Apply the replacement (7.18) to obtain the twisted twined elliptic genera.

Below we will illustrate this procedure at the hand of genus one fibrations with 4-sections.
However, let us first extend the previous discussion of the sublattice weak gravity conjecture
to genus one fibrations.

7.3 The sublattice weak gravity conjectures for genus one fibrations

We will now discuss how the arguments for the sublattice and the non-Abelian sublattice
weak gravity conjecture apply to M-theory on a genus one fibered Calabi-Yau 3-fold M
with N-sections. The existence of a limit in which the gauge coupling goes to zero while
the Planck mass remains finite still implies that the base is a Hirzebruch surface or a
blowup thereof [53]. Moreover, in the same limit a dual Heterotic string, that is now
compactified on (K3 x S')/Zy, becomes weakly coupled and, using the prescription that
we worked out in the previous subsection, one can calculate the twisted twined elliptic
genera Z"%) (7, z) (7.11) which are of the form

r,8 s _ s a (P(T’S) T,Z
AR )(T,z) =Try,g (—1)FF2qHLqHR 1—[1(C )Ja — 77(7_()24)’ (7.26)

with &) (7, z) being holomorphic, Weyl invariant lattice Jacobi forms for I'y(N). We can
therefore again perform an expansion (5.4)

e0rz) = 3 WY (iLu(nz), (7.27)
KEL*/L

where 9, (7, z) are Jacobi theta functions associated with the, in general twisted, coroot

lattice L of the gauge group and (hg’s))(r, s)ou are vector-valued modular or, in the presence
of NS5-branes, vector-valued quasi-modular forms that transform under the dual of the Weil
representation p* : Mp(2,7) — C[Z/NZ x Z/NZ] ® C[L*/L].

The Tachyon is part of the untwisted sector and appears in Z (0,0) (1,z). We can
therefore apply the same arguments that held for elliptic fibrations to conclude that there
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is a sublattice of superextremal states which satisfies the sublattice weak gravity conjecture
and, in the case of a single simple factor of the Heterotic gauge group, also the non-Abelian
generalization. In fact, the untwisted untwined elliptic genus Z(%0) (7, z) is identical to the
elliptic genus of the Heterotic string on K3. The crucial difference to the elliptic case is
now that it is not identical to the genus zero contribution to the topological string partition
function Zg—_p(7, ) but receives contributions from Zg_,.p(7,A) forn =1,...,N.

Example. We consider the genus one fibered Calabi-Yau 3-fold
M = (Fy — F1) [SU(2) x Zo]; '
that has been discussed in [17]. Here the polarization lattice is of the form A ~ U(2) ®

LV(A1)(—2). The twisted elliptic genera (7.26) can be fixed via the procedure outlined in
section 7.2 and we obtain the following result:

11 13
(P(O’O) (7‘7 Z) = *EEﬁ(T)E4,2(Ta Z) - EE4(T)E672(T’ Z) ’

OV (7, 2) = —ﬁ (Ea(r) —4522(7))2 [2@52_ 21(1,2)Ex(7) (TE3(7) ~5Ea(r))

+¢—2,1(7,2) P01 (7, 2) (E4(T) —9522(7')> +465 1 (T, 2)52(7')] :

310 (1, ) = —ﬁ (E4(7')—522 (;))2 l¢2_2,1(7'a 2)& (;) <5E4(T)_1522 <;)>

+60a(r2)ous(r,2) (Ealr) - 163 (3 ) ) -208, (2 (;)] ,

<I>(1’1)(7', 2)= _ﬁ <E4(7-)—522 <T2—H>)2 l¢2_2,1(7'vz)52 <T;1> <5E4(T)_1522 <T2+1>)

(7.28)

Here & (1) = E2(27) — Ea(7). Indeed, the untwined untwisted elliptic genus is identical to
the one we obtained in (6.11) for the Heterotic strings dual to elliptic fibrations. Morever,
we find out the following exchange transformation under S, T € SL(2, Z):

T O Q)(O:l) <i> Q)(l:o) <L> @(171) O S . (729)

This observation derives from the trivial relations @19 (741, 2) = &1V (7, 2) and & (74
1,2) = ®OD (7, 2), whereas the exchange under S transformations follows from the identities

1y 9 i 1 9 T+1
& (-5 ) =-2am. &(-5+;3)-"a(5). (7.30)
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7.4 New supersymmetric index of CHL strings on (K3 x T?)/Z4

In order to construct Calabi-Yau 3-folds that exhibit not only a K3 fibration structure but
are at the same time genus one fibered with four sections, we have to go beyond hypersur-
faces in toric ambient spaces and consider complete intersections. If we consider complete
intersections in codimension two and, moreover, assume that the genus one fibration arises
from a compatible fibration of the toric ambient space, then there is exactly one choice for
the toric fiber that leads to four sections, namely P3. In order to ensure that the geometry
also exhibits a compatible K3 fibration structure, we will first construct K3 varieties as
complete intersections in P3 fibrations over P!. We will then fiber the corresponding ge-
ometries over another P!. For a general choice of the fibrations this will lead to Calabi-Yau
3-folds with hb! = 3.

To construct K3 varieties with Picard rank two that are genus one fibered with four
sections, we consider toric ambient spaces that correspond to polytopes A°(ni,ng2) with

vertices
vi /1 0 0 0
1 o1 0
Bl o 0o 1 0
vl-1 -1 -1 o) (7.31)
Pl ng ne 0 1
LN 0 0 0 -1
where we can restrict to ny,ne = 0,...,2, and determine all nef-partitions A°(ni,ng) =
(V1,V3) such that two of the points v%, i = 1,...,4 are contained in each component

Vi, @ € {1,2}. It turns out that we can restrict the values (n1,n2) even further and only
need to consider the four pairs

I:(0,0), II:(1,0), IIT:(1,1), IV : (2,0), (7.32)

in order to obtain all inequivalent models that do not exhibit additional divisors that are
torically realized. Judging from the analogous construction of K3 hypersurfaces in toric
ambient spaces with two- and three-sections we expect that one of the ambient spaces
actually leads to K3 varieties with Picard rank five which arises from a toric four section
that is actually a union of four independent sections. However, once we consider fibrations
of the K3 over another P!, those sections can merge into a genuine four section and therefore
it makes sense to consider those geometries as well. One can check that, independently of
the choice of nef-partition, the four choices for (ni,ns) lead to the intersection forms

44 24 04 04
s <40>, I <40>7 I <40>, v <40> (7.33)

Only the last two cases are compatible with T-duality on a dual Heterotic compactification
on (K3 xT?)/Z4.

Let us now take the K3 complete intersections and construct K3 fibered Calabi-
Yau 3-folds. To this end we consider the toric ambient spaces that correspond to the
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w\k| 0 1 2 3 4 5
0 0 128 X+224 128 X 128
1| 128  800—2y 5120 5x+21040 70656 217792—12y
2 | x+224 5120 69632—8x 626688 426880040y 24164352
3 | 128 21040+5y 626688 10345120 — 58 119377920 10781704084 812
4| —x 70656 4268800440 119377920  2151677952—552x 28827891712
5 | 128 217792—12y 24164352 1078170408+ 512y 28827801712 547018864352 6302y

Table 14. Genus zero Gopakumar-Vafa invariants for fibrations of type I1I and IV. Here (w,k)
indicates the degrees of the K3 fiber.

polytopes A°(ny,ny,v) with vertices 7 = (+/,0) and 77 = (,0), 78 = (0, —1), where
v € 2A°(n1,n2), and nef partitions that extend those that we considered for the K3 fibers.
The condition on v ensures that the polytope is reflexive. We find that for geometries with
fibers of type I, I11 and IV, the corresponding Gopakumar-Vafa invariants of degree zero
with respect to the base of the K3 fibration only depend on the type of (ny,n2) and the
Euler characteristic x of the complete intersection. The invariants are listed in table 14.
The inequivalent Euler characteristics that we obtain for each type of fiber are

I: —104,
IT: —92, —96, —100, —104, —108, —116,
IIT: —96, —100, —104, —108, —112,
IV : —96, =100, —104, —112, —116, —128.

(7.34)

Let us now focus on the cases 111 and IV.

In the following, we want to find a set of modular forms in Mjg (I'1(N)) that fix the
Noether-Lefschetz generator components (7.25). We can do this via the GW-NL correspon-
dence theorem relation (3.21). By following the discussion of section 7.2, the GV invariants
along the K3 fiber with polarization lattice A = U(N) results into the expression

- € T,8 w
= D Coeff (80)(r), g E ) (7.35)
h=0s€Z/NZ

where ®(%) ¢ My (I'1(N)), r = wmod N and £ = k mod N denote the entries in the
discriminant group (r,£) € Gy(n), whereas the Noether-Lefschetz discriminant form reads

kw
Note that we kept the label N for generality of the discussion, although our case of study
here concerns the case N = 4.!7 It turns out that the genus zero GV invariants obtained
by mirror symmetry computations suffice to fix the modular forms ®). We provide a

few genus zero invariants of this type in the table 14. We remark that the latter objects

"These expressions can also be implemented for the geometries that were studied in [17, 65].
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must fulfil vector-valuedness, as described in the previous sections. To take into account
this property in our 4-section example, we make an Ansatz for the various ®(5) such that
they follow the same vector-valued transformations under SL(2,7Z) as the twisted elliptic
genus of class 4B in [64]. For this purpose, we introduce generators for the ring of modular
forms that transform under the congruence subgroups I'1 (V)

R oo [ 1(7) o
Ex(r) = N—1071g<77(]§77)>7 N e N. (7.37)

For the 4-section geometries of current interest, we only need the generators & and &j4.
With this in mind, we obtain the following result:

00 = 2, (r)Es(7),

301 _ 2% [252( )EF(T)(8164+9x) —E3(T)E3 (1)(656+Tx) +E3 (T)E4(T) (96 +X)

—4&(T)EF(T) (5 +432)+8E7 (T) (x+80) |,

1
(%) = 1265 (r) 3 (7) + 1663 (1)E3 (1) +483 (1)E4(r) - 53 (7) —8&(T) €4 (7)
@(073) — @(0,1) ,

1) — % l—(192+2x)5§1( e(T) - woroer ()

7'1—8) (432+5X)52(7’+8)54 (71—3)

+(656+7x)€§(T;S)€Z(TIS)

+(816+9x)E2 (T+S)54(

)

@(3,38) — @(1,8) 7

e Lot 502 (50 st () () et ()52

9

—SS(T;_S)—SQ(T+S)€4 (71—3)

2D = £5(7) - (32 X)EHTEA(T) — 16 (T2 T)ER(TER(r) + £ (560 +9)EF(P)EL(T),

16
1 1
— 1 (B868+5X)E(T)E4(7) + 5 €8 (7).

Y =Y. (7.38)

Note that the corresponding Noether-Lefschetz generator reads

~ ~ 1
O = (r,6) (r6) — - —27i 3¢ & (r, s) ‘

Yo o (nepy, @ DI L (7.39)

rleZ/NZ s€Z/NZ

as implicitely expressed in (7.35). With this information at hand, we apply the KKP conjec-
ture and obtain the refined BPS numbers Ngf]k; that appear in tables 15, 16, 17, 18, and 19.
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(1,0)
J—J+

2j_=0] 128 2j_=0[800—2x| |2j_=0]| 5120 2j_=0120816+3x
1 56+ %

2j.=0| | N®D T2j =0 | N2 g =0 | NV

Josdt Josd+ 2j+=0 1

Table 15. Refined BPS invariants Nﬁ?}r with w =1, which corresponds to the twisted sector r = 1.

(270) (211) y —
Jodt iy | 2+ =0

2j_=0|224+y | | 2j_=0] 5120

2j, =0

(2,2) . (2,3) _—
NG| 2 =0 1 NG 2. =0 1
2j_ =0 | 69504 — 4y 2j_ =0 | 606208

1 32 —x 1 5120

Table 16. Refined BPS invariants Nﬁ)ﬁ with w = 2, which corresponds to the twisted sector r = 2.

NGO oge =0 | NED T 250 =0 1
2j_ =0 128 2j_ =0 | 20816 + 3x
1 56 + 3
NP2 o =0 1 N 2j, =0 1 2
2j_ =0 | 606208 2j_ =0 | 9476352 — 16)
1 5120 1 215392 — 6
800 — 2y

Table 17. Refined BPS invariants Nﬁﬁ with w = 3, which corresponds to the twisted sector r = 3.

A caveat to have in mind are the 4-section geometries of type IV with y = —116, —128.
In these cases, a special the Noether-Lefschetz numbers N (1,3) and N (3.1) result with
negative value. We attribute these values to Noether-Lefschetz divisors of the type T,

in (4.12). Then, implementing the formula (4.13), we obtain the refined BPS numbers
03 _ G

shown in the table 19. Moreover, in these cases the following holds N; " PR

8 Conclusion

The enumerative geometry that is captured by the topological string partition function on
elliptic and genus one fibered Calabi-Yau 3-folds exhibits a deep relation to the theory of
lattice Jacobi forms. On the other hand, if the Calabi-Yau also exhibits a K3 fibration
one can study the associated Noether-Lefschetz theory which expresses a subset of the
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NGO oie=0 1 2| | NP o5 =0 1
2j_=0] 8—x 2j_ =0 | 70144
1 1 1 1 128
N2 2j, =0 1 2
2j_ =0 | 3982752 + 11
1 71008 + 5y
2 224 +
NG 2 =0 1 2 3
2j_ =0 | 102530688 128
1 4052992
2 128 70272
3 128

Table 18. Refined BPS invariants Nﬁ)ﬂ with w = 4, which corresponds to the untwisted sector
r=0.

N3

J—J+

2j+ =0

1

2

X:—116: 2]’7:0

1

20468
1

1

)

y=—128:

N(3)

J—sJ+

2jy =0

1

2

2j_ =0
1

20432
4

Table 19. Special cases for Refined BPS invariants of type IV geometries.

invariants in terms of vector-valued modular forms. In this paper we have explored the
relation among these theories and then utilized them in various applications.

For elliptic fibrations we could identify an isomorphism between the space of lattice
Jacobi forms and vector-valued modular forms that essentially maps the topological string
partition function Zr with F' being the base of the K3, which is equal to the elliptic genus
of a dual Heterotic string on K3 x T2, to the generator of Noether-Lefschetz numbers.
In the case of genus one fibrations that do not have a section but only N-sections we
found that the relation is more intricate and higher base degrees have to be taken into
account. The reason is that the dual Heterotic strings are compactified on (K3 x T?)/Zx
and invariants with base degree 8 =n-F, n=1,..., N do not correspond to states with
multiple Heterotic strings but to twisted sectors of a single string. Nevertheless, we worked
out the relation among the twisted twined elliptic genera of the dual Heterotic string and
the Noether-Lefschetz generator. Together with the Gromov-Witten <> Noether-Lefschetz
correspondence theorem this allows to determine the former two objects in terms of the
genus zero free energy of the topological string.

We then used the theory of lattice Jacobi forms and proved the non-Abelian sublattice
weak gravity conjecture for F-theory on elliptically fibered Calabi-Yau 3-folds. To this end
we built upon a previous derivation of the ordinary sublattice weak gravity conjecture and
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proved a novel relation that expresses lattice theta functions in terms of Weyl characters.
We also showed that the discussion extends straightforwardly to genus one fibrations.

Let us stress that the original motivation for the non-Abelian sublattice weak gravity
conjecture was stability under compactifications as well as confirmation in simple pertur-
bative string models. The fact that it holds true in the vast landscape of six-dimensional
F-theory compactification is highly non-trivial and begs for a deeper physical understanding
of the conjecture. It would also be very interesting to study the physical consequences that
have been invertigated in [55], in particular a potential unification of the strong coupling
scales for the gauge theory and gravity, in terms of the dual Heterotic strings. Technically
this mechanism seems close enough to the BPS saturated amplitudes calculated here, as
they encode at least in four dimensions threshold corrections to the gauge as well as to
gravitational couplings. However we leave a more detailed discussion of the interesting
estimates for the loop corrections in [55] in the light of the Jacobi-form structure for the
BPS multiplicities for future work. Let us note however that the asymptotic contribution
in the limit of large charge and large spin of exactly these BPS degeneracies in the K3
confirms detailed predictions for the microscopic entropy of 5d small black holes [128].

As another application, we have checked a conjecture on the refinement of the Noether-
Lefschetz invariants for elliptic and genus one fibrations. The calculation of refined enu-
merative invariants for Calabi-Yau 3-folds is a very active area of mathematical research
but few examples have been explicitly worked out. Also from the physical side there are
different proposals to which amplitudes the refined invariants actually contribute. Our
results therefore not only provide non-trivial evidence for the conjecture [73] but provide
important test cases against which each of those proposals can be checked.

As recalled in the introduction one the most stringent consistency condition for a
description of quantum gravity is the absence of global symmetries [37, 38], an argument
that has been extended to higher form global symmetries [129, 130]. In the geometrical
context of string compactificatios it has direct bearings on the question when it is possible
to embed a member of the infinite class of non-gravitational quantum theories based on a
local or non compact Calabi-Yau geometry geometries into the presumably finite number
of topological classes of compact Calabi-Yau manifolds, where finiteness is proven for 3-
folds with elliptic fiberation structure [131]. If it is possible, the global symmetry must
be either broken or gauged. This explains on the one hand why the definition of refined
invariant is so hard [28] on compact Calabi-Yau manifolds. It is precisely because the
global U(1)r symmetry used to define their index in the local cases [33] is broken upon
embedding them into a gobal Calabi-Yau manifold. On the other hand the local elliptic
Calabi-Yau spaces, for which the refined invariants have been calculated by now in almost
all situations [12-15] have rich flavour — and in the case of E-strings higher form global
symmetries. They hence are very interesting class to study how this algebraic censorship
on global symmetries works in their embeddings into compact Calabi-Yau fibrations.
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A Summary of Lie algebras and representation theory

To guide the reader with notions of Lie algebras and representation theory, we include a
summary thereof. We stick mainly to the conventions and notation of [132].

o A Lie algebra g is a vector space equipped with a commutator operation [-,-] : gxg —
g, that is bilinear, antisymmetric, and satisfies the Jacobi identity

(X,[Y, Z)] + [Z,[X, Y]] + [V, [Z,X]] =0 VX,Y,Zcg. (A.1)

o We say that a Lie algebra g is abelian if [g,g] = {0}. We say that a Lie algebra
is simple if it is not abelian and it contain no proper ideals, i.e., there is no non-
trivial subset £ C g such that [¢, g] C . A direct sum of simple Lie algebras is called
semisimple.

e For a complex simple Lie algebra g, the Cartan-Weyl basis consists of the decompo-
sition
g=ho @ Yo - (A.2)
acd(g)
Here b denotes the Cartan subalgebra of g, which is spanned my a maximal set of
commuting Hermitian generators {H i}i:17...’rk(g), where rk(g) = dim(h). Moreover,
®(g) is the root system, which is a set of vectors a = (a',...,a™ @) ¢ R called
roots. Furthermore, Each g, is the linear span over C of a generator £ in g. Putting
all together, the Cartan-Weyl basis obeys the following commutator relations

const - E@TA if a4+ B € @(g)
2 a-H ifa+B8=0 . (A3)

(o, )
0 otherwise

[H!,H)=0, [H' EY=dEY, [E*EP=

o The Killing form on g is the symmetric bilinear map (-,-) : g x g — C given by
1
(X, Y) = 2*131‘ (adX o ady) 5 (A4)
g

where adx : g — g is the linear map defined by adx(Y) = [X,Y], and ¢ is a
normalization constant that will not be relevant for us. A finite dimensional Lie
algebra g is semisimple if and only if (-,-) is non-degenerate.

« Through the linear map a(H?) = o, we associate roots a € ®(g) with elements in
the dual vector space h*. In fact Spang(®(g)) = h*. Thus, we can transfer the Killing
form for elements in the Cartan subalgebra § as follows

rk(g)

(. B) = (H*, H?), HY=Y ~'H' forye®g). (A.5)
i=1
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For each root o € ®(g), then —a € ®(g). It is possible find an hyperplane H that
contains no roots, such that it divides the root system into two disjoint half-spaces
Hi. We can declare the set of positive roots ®*(g) C ®(g) to be those roots lying
on Hi. A simple root ; is a root that cannot be written as a sum of positive roots,
where i = 1,...,1rk(g). There are rk(g) simple roots that provide a basis for h*.

To each root av € ®(g) there is an associated coroot " defined by the normalization

a’ = . (A.6)

The set of simple roots {e;}i=1, 4k(g) With associated simple coroots {o};—1,  ri(g)

define the Cartan matrix via the intersections

Cij = (ai,a}/) . (A7)

Given a complex semisimple Lie algebra g, every g-module V has a basis in which
the Cartan subalgebra b acts diagonally. Thus, there is a decomposition

V=W, (A.8)
A

into weight spaces Vy, such that R(H?)|A) = A |A) for all |[A) € Vx. Here R: g —
End(V) is a representation of the Lie algebra g. The vectors A = (AL, ..., X)) are
called weights of the module V.

We associate the weights with elements in h* via the linear maps A(H?) = \'. Tt is
convenient to introduce the basis of fundamental weights {w;}i—1 . k() defined by

In this basis, each weight X has an expansion

rk(g)
A= Nwi, = N=A\«a), (A.10)
=1

where each A is the eigenvalue assoiated to the representation R(H®), also called
Dynkin label. Moreover, X is a weight of a finite dimensional module if and only if
its Dynkin labels A’ € Z.

Given two weights A = Zzﬂ;(f) Nw; and p = Zgi(lg) pw;, their intersection pairing
reads

M) = QuNp, Qi = (wi,w)) (A.11)

i?j

where we identify ();; with the weight space metric.
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There are three lattices relevant for Lie algebras. These are the weight lattice, the
root lattice and the coroot lattice

Ly(g) = Spanz {w;} , L(g) =Spanz {ew}, LY(g) =Spanz{e/}. (A.12)
Note that the weight lattice is the dual lattice over Z to the coroot lattice, i.e.,
Ly(g) = (LY(9)" ={A | (Na")eZVa¥eL(g)} . (A.13)

Throughout this paper we use the upperscript V to denote coroots, whereas we reserve
the notation (-)* for dual vector spaces.

Another integral space of interest is the set of dominant weights defined by

Pyi(g) = Zsowi + -+ + Z>owik(g) - (A.14)

For every finite-dimensional g-module V' there exists a maximal weight Ar € P1(g),
such that

R(E*)|Ar) =0, ¥V a € dT(g). (A.15)

If the g-module V is irreducible, then there is exactly one weight with the prop-
erty (A.15). In this case, we call Ag the highest weight of the irreducible highest
weight module V.

The highest weight theorem states that for any dominant weight A € P, (g) there
exists a unique, irreducible, finite-dimensional representation Ry of g with highest
weight A. Here Ry acts on an irreducible highest weight module V). A proof of this
theorem can be found in [107].

For each root a € ®(g), there is a map wq : ®(g) — P(g) whose action reads
we : BB —(a,B)a. (A.16)

The Weyl group W(g) is the group generated by all the wy’s with a € ®(g). The
action of the Weyl group extends to the weight space of g.

We say that a connected component of the complement of the union of the hyper-
planes

AerRMD |\ a)=0 Vaca()}, (A.17)

is an open Weyl chamber. We call Weyl chamber the closure of an open Weyl chamber.
The Weyl group acts simply transitively on the set of Weyl chambers, i.e. for every
pair of Weyl chambers C,C’ there is exactly one w € W(g) such that wC = C’. We
define the fundamental Weyl chamber W(g) by the set

W(g) = {Ae R | (A ) >0, i=1,...rkig)} . (A.18)
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B Modular appendix

B.1 Vector-valued modular forms

In this section, we review the theory of vector-valued modular forms based on the litera-
ture [25, 133, 134]. For more details on the subject, we encourage the reader to consult the
latter references.

o The metaplectic group Mp(2, Z) is a double cover of SL(2,Z). Its elements are pairs
of the form

(fy: (Z 2) ,ﬂ:\/CT+d> , (B.1)

where v € SL(2, Z) and w~ (1) = v/¢7 + d is a holomorphic function on H whose square
is ¢r 4+ d. The multiplication in Mp(2,Z) follows the composition law (y1,w, (7)) -

(72, wr2 (7)) = (1172, Wy (V27) W5, (7))

o Let V be an r-dimensional vector space and let p : Mp(2,Z) — End(V') be a repre-
sentation of Mp(2,7Z). A vector-valued modular form of weight k& and type p, where
ke %Z, is a real analytical function ® : H — V that transforms as follows

®(77) = wy (1) (7,w,(7)) @(7), for all (v,w,(7)) € Mpy(Z). (B.2)

We denote the space of such vector-valued modular forms by Mod(Mp(2,7), k, p).
An element ® € Mod(Mp(2,Z), k, p) has a Fourier expansion at the cusp at infinity

=YY cln)q e, (B.3)

{=1n€eQ

of the form

where {e/} is a basis of V.

o Let G = L*/L be the discriminant group endowed with a quadratic form P : L*/L —
Q/Z defined by A+ L — (X, ) mod Z, where L is an even lattice with quadratic
form (-,-). A canonical cho1ce for a representation p : Mp(2,Z) — End (C[G]) is the
Weil representation. The latter is defined by the following action on the standard
basis {ex}acq of C[G]:

p(T)(ex) = exp (2miP(A)) ex |
] slgn(L)

( i) Z 2m(P(,\ V+P(p)— P(A—i—p))e (B.4)
/1T * o
L /L pneL*/L

where sign(L) denotes the signature of the lattice L and T, S € Mp(2, Z) read

(D) ()

Moreover, p* denotes the inverse transpose of p.

p(S)(ex) =
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o A relevant normal subgroup of Mp(2, Z) is the following one

B.2

0
P(AN)* = {(79((”9) e Mp(2,2)|y eT(M) | | (B.6)
where 0(7) = 3,7 q”2 and I'(4N) is a principal congruence subgroup of SL(2,7Z)
defined by

r(4zv):{<j b)ESL(2Z)‘b :0(modN)anda:d:1(modN)}. (B.7)

We denote by My(4N), where k € %Z, the space of holomorphic functions f: H — C
such that f(y7) = w.(7)% f(7) for all (y,w, (7)) € T(4N)*. To span the latter kind
of modular forms, we use as basis the space M 1 (4N). This can be written as [87, 135]

My N = @ e™(zed), (B.8)
? N
% squarefree

where O™ (Z(2m)) is the space of “Thetanullwerte” defined by

0" (z(2m)) = Spang {V¢(7,0) | £ € Z/2mZ} , (B.9)
and ,
Ime(r,2) = Y g, (= (B.10)
rez

r=¢ mod 2m

Let T’ be an even lattice with signature (b,b7), dual lattice I'*, and an isometry
P:T®R — R . The isometry P defines projections on R0, R0 written as
Py (p) = pr, P_(p) = pr, respectively. The Siegel Theta function O of T' is defined
by

w\w

2
@F(Ta% Z 9F+'Y(T T)e’}/v 01—‘+'7 T, T Z q (jTR ; (Bll)

~yel'* /T pel+~

where 7 € H. Further generalizations of Siegel theta functions can be found in [60],
such as the one introduced in (2.9).

Modular operators

The Eisenstein series Eoi(7), k > 1 are modular forms for SL(2, Z) of weight 2k and
can be written as

00 2k1n

o q
E2k(7)_1+ 1—2]{,‘ Z:: —q" :

(B.12)

For k =1 one obtains the quasi modular Eisenstein series Ea(7) of weight 2.
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e The Dedekind n-function

o0

n(r) =7 [[(1 - &), (B.13)
=1

is also not quite modular but satisfies
n(r+1) = efn(r), n(-1/7) = V=irn(). (B.14)

However, Aq2(7) = 7*4(7) is a modular form of weight 12 for SL(2,Z) that vanishes
as T — 100.

e Analogous to the ordinary Eisenstein series, the Jacobi Eisenstein series can be de-
fined as orbit sums [109]

2

1 _ at+b z mcz
Eym(1,2) = 3 Z Z(CT—i—d) Fexp (m/\207+d+2m)\cv-+d_07+d) , (B.15)
AeZ

c,deZ
(e,d)=1

with a,b such that the Mobius transformation acting on 7 is in I'y. They admit a
Fourier expansion

Epm(r,2) = > exm(n,r)g"¢", (B.16)

n,r €”Z
dnm > r?

and for Ej, ; the coefficients are

H(k —1,4n —r?)
B 2h)

ex1(n,r) = (B.17)

Here H(r, N) are Cohen’s functions [136] and for our purposes it will be sufficient to
know the generating functions

He(q) =Y H(r,N)g", (B.18)
N>0

for r =3 and r = 5. They can be expressed in terms of I'g(4) modular forms [136]

Fy(1) = ERTE O(1) = 1+2n§>:1q" , (B.19)

and read

_ 1 7 3
Hy= 55 (9 — 146 FQ) ,
_ 1 11 7 3 2
Hs =~ 15 (61 — 2207 F, + 886°F3) .

(B.20)
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» The Hecke operator V; : Jj, », — Jim acts on a Jacobi form ¢ € J .,
=2 c(n,r)g"¢, (B.21)
n,r

as

n,r

Vig=>_ (QIZ a" e (Zé Z)) q"¢", (B.22)

(n,m,0)

and, for m square free, it can be shown that [109]

Ek7m = O—k—l(m)_lvak,l . (B23)

o We introduce the normalized Eisenstein series F4 4 and Eg 4

Era=> es1(n,r/2)q"¢",
n,r

N (B.24)
E674 = Z 6671(71, T’/2)qncr .

e The ring of weak Jacobi forms of a single variable and integer index is freely generated
over the ring of modular froms by the two generators

01(r, 2)?
6-2alrz) = =0

92(7‘, 2)2 93
=4
¢0,1 (T, Z) 92(7’, 0)2 + 03 +

(B.25)

of index one and respective weight —2 and 0. Here the expressions are written in
terms of Jacobi theta functions, which are defined as

01(7,2):19%%(7,2), 92(7',2):19%0(7,2),
O3(1,2) = Voo(T,2), O4(1,2) = 190%(7', z), (B.26)
ﬁab(ﬂ Z) — Z erri(nJra)27’+27riz(n+a)+27rib(n+a) '

e When we discuss the refinement of the topological string partition function we will
also need the Jacobi form

¢_11(7:2) =i (B.27)

of weight —1 and index 1/2.
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B.3 Modular expressions

Weyl invariant theta combinations. Here we provide explicit combinations of theta
functions that obey the formula (5.15). These theta functions are defined by the Weyl
invariant subsets in (5.29)

5 4
9je)(7,2) = (é++@)qs+(<i‘+<ﬁ+é>q +O(qs)

¢t
¢
= (x02(®)=xa0@) 67+ (X0 (&) ~Xen (=) +x00 () aF+0 (47
G
¢
( z)

(ct+8+5) o (a)
)

++C1> q%+
2 8 14
y(2) =X, (2 )q3 + (X(0,4)(z)—X(1,2)(Z)+X(0,1)(z)> q3+0 (q 3 ) )
@Y+l + ) g4 (PO+ I+ P g7 +0 (¢3)
1

7
=(X<1 n(z ) 2X(0,0) q§+(2X(oo +x(3,0)(2) —2x(1, 1)(z)+X(0,3)(Z))q2+O( 5)

/N

Vfelofo]afs] (T:2) =

1 1
Vfejofe]efe] (T:2) = (C+ qs + (g, — +<2<1+2 gj>q +O(q6)
=X(o,)(z )q6+(X(12 (z)— X(zo)( ) X(0,1)(z ))q@—k@(q%)’
¢ 1 ¢ ¢ 7
ﬁ[-]@[]@[](T@:(Cﬁ + (é aate +<1<2+<; <;>q +0( )
=X(1,0)(2 )Q°+(X(21(Z) X02)(2)~x(1.0)(2)) €5 +0 (47 ) . (B.28)
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