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Abstract

In this work we extend the well-known spectral cover construction first developed by Friedman, Mor-
gan, and Witten to describe more general vector bundles on elliptically fibered Calabi-Yau geometries. In
particular, we consider the case in which the Calabi-Yau fibration is not in Weierstrass form, but can rather
contain fibral divisors or multiple sections (i.e. a higher rank Mordell-Weil group). In these cases, general
vector bundles defined over such Calabi-Yau manifolds cannot be described by ordinary spectral data. To
accomplish this we employ well established tools from the mathematics literature of Fourier-Mukai func-
tors. We also generalize existing tools for explicitly computing Fourier-Mukai transforms of stable bundles
on elliptic Calabi-Yau manifolds. As an example of these new tools we produce novel examples of chirality
changing small instanton transitions. The goal of this work is to provide a geometric formalism that can
substantially increase the understood regimes of heterotic/F-theory duality.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

Heterotic/F-theory duality has proven to be a robust and useful tool in the determination of F-
theory effective physics as well as a remarkable window into the structure of the string landscape.
The seminal work on F-theory [1-3] appealed to heterotic theories and ever since, many new
developments and tools have been built on, or inspired by, the duality. Despite the important
role that this duality has played however, it has remained at some level limited by the geometric
assumptions that have been frequently placed on the background geometries in both the heterotic
and F-theory compactifications.

In this work we aim to broaden the consideration of background geometry of manifolds/bun-
dles arising in heterotic compactifications with an aim towards extending the validity and un-
derstanding of heterotic/F-theory duality. In particular, we will focus on elliptically fibered
Calabi-Yau geometries arising in heterotic theories in the context of the so-called Fourier Mukai
transforms of vector bundles on elliptically fibered manifolds (see e.g. [4] for a review).

To begin, it should be recalled that compactifications of the Eg x Eg heterotic theory on an
elliptically fibered Calabi-Yau n-fold,
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T Xy s By (1.1)

will lead to the same effective physics as F-theory compactifications on a K 3-fibered Calabi-Yau
n + 1-fold,

K3
Tf:Ypr1 —> By . (1.2)

Here the base manifold B,,_1 appearing in (1.1) and (1.2) is the same Kihler manifold (thus in-
ducing a duality fiber by fiber over the base from the 8-dimensional correspondence of [5]).
Within the heterotic theory, the geometry of the slope stable, holomorphic vector bundle,
m:V — X,, must also be taken into account. In particular, to be understood in the context
of the fiber-wise duality (induced from 8-dimensional correspondence), the data of the vector
bundle must also be presented “fiber by fiber” in X,, over the base B,,_.

To this end, the work of Friedman, Morgan and Witten [3] introduced the tools of Fourier-
Mukai Transforms into heterotic theories. In this context, the data of a rank N, holomorphic,
slope-stable vector bundle & : V — X is presented by its so-called “spectral data”, loosely de-
scribed as a pair

(S, Ls) (1.3)

consisting of an N-sheeted cover, S, of the base B,,_1 (the “spectral cover”) and a rank-1 sheaf
Lg over it. Very loosely, this encapsulates the restriction of the bundle to each fiber (given by
the N points on the elliptic curve over each point in the base) and the data of a line bundle, Lg
encapsulating the “twisting” of this decomposition over the manifold. More precisely a Fourier-
Mukai transform is a relative integral functor acting on the bounded derived category of coherent
sheaves @ : D?(X) — DP (X ) (where X is the Altman-Kleian compactification of the relative
Jacobian of X). Let £ € D(X) and define

XXB)A(
PN
X B X

E— D) :=Rmpu(n{ERP), (1.4)

with X x g X is the fiber product and P is the “relative” Poincare sheaf and the so-called “kernel”
of the Fourier-Mukai functor,

P =I5 @7 Ox(0) @ 1304 (0) ® p* K. (15)
and where 7 is the ideal sheaf of the relative diagonal divisor,

0—Zr— O — 6,0x — 0,

XXxp X
5:Xf—>X><BX, (1.6)

and finally, K p is the canonical bundle of the base B. This functorial/category-theoretic view-
point will prove a powerful tool as we examine and define the concepts above more carefully in
the Sections to come and consider their generalizations.

In the context of heterotic/F-theory duality, a range of possible geometries are possible in the
elliptic and K 3-fibered manifolds appearing in (1.1) and (1.2) (with many possible Hodge num-
bers, Picard groups, etc appearing). However, thanks to the work of Nakayama [6], the existence
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of an elliptic fibration guarantees the existence of a particular minimal form for the dual CY
geometries — the so-called Weierstrass form in which all reducible components of the fiber not
intersecting the zero-section have been blown down.

It has been argued [5] that from the point of view of F-theory, Weierstrass models are the
natural geometric point in which to consider/define the theory. In order to make sense of the axio-
dilaton from a type IIB perspective, we require the existence of a section to the elliptic fibration,
and for all reducible components of fibers not intersecting this zero section to be blown-down
to zero size. This choice provides a unique value of the axio-dilaton for every point in the base
geometry. Once it is further demanded that the torus fibration admits a section, it is guaranteed
that the Weierstrass models are available and obtainable form the originally chosen geometry via
birational morphisms [7].

If the F-theory geometry also admits a K 3-fibration then the choice of Weierstrass form de-
scribed above also imposes the expected form of the heterotic ellitpically fibered geometry in
the stable degeneration limit [8—10]. As a result, in much of the literature to date, it has simply
been assumed that the essential procedure of heterotic/F-theory duality must be to place both CY
geometries, X, and Y, into Weierstrass form from the start.

However, this Weiestrass-centric procedure overlooks the fact that while the CY manifolds
can be naturally transformed into Weierstrass form, the data of a vector bundle in a heterotic
theory may crucially depend on the geometric features that are “washed out” in Weierstrass
form. In particular, due to a theorem of Shioda, Tate and Wazir [11-13], it is known that the
space of divisors of an elliptically fibered CY threefold may be decomposed into the following
groups:

1) Pull-backs, 7 *(Dy) of divisors, D, in the base B,,_1,

2) Rational sections to the elliptic fibration (i.e. elements of the Mordell-Weil group of X,,), and
3) So-called “fibral divisors” corresponding to reducible components of the fiber (i.e. vertical
divisors not pulled back from the base).

As a result of the above decomposition, it is clear that the topology (i.e. Chern classes), coho-
mology (i.e. H*(X3, V)) and stability structure (i.e. stable regions within Kihler moduli space)
of a stable, holomorphic bundle V on an elliptically fibered manifold can depend on these “extra”
divisors (and elements of h1-1(X3)) which are not present in Weierstrass form. In addition, if X,
contains either a higher rank Mordell-Weil group or fibral divisors, the associated Weierstrass
model is singular, leading to natural questions as to how to interpret the data of gauge fields/vec-
tor bundles over such spaces. As a result, in the processing of attempting to map the heterotic
CY manifold into Weierstrass form, important topological and quasi-topological information —
and its ensuing physical consequences — could be lost.

It is the goal of this work to investigate Fourier-Mukai transforms of vector bundles over
elliptically fibered manifolds not in Weierstrass form as a necessary first step in extending het-
erotic/F-theory duality beyond the form considered in [3].

The key results of this work include:

e A generalization of the topological formulae for bundles described by smooth spectral cov-
ers to the case of Calabi-Yau threefolds involving fibral divisors and multiple sections (i.e.
a higher rank Mordell-Weil group associated to the elliptic fibration).

e We generalize the available computational tools to explicitly construct the Fourier-Mukai
transforms of vector bundles on elliptically fibered geometries. That is, given an explicit
vector bundle constructed on an elliptic threefold (for example built using the monad con-
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struction or as an extension bundle), we provide an algorithm to produce the spectral data (a
key ingredient in determining an explicit F-theory dual of a chosen heterotic background).
This extends/generalizes important prior work in this area [14—16].

e We apply the generalized results for spectral cover bundles to the particular application of
so-called “small instanton transitions” in heterotic theories (i.e. M5-brane/fixed plane transi-
tions in the language of heterotic M-theory [17].). We find more general transitions possible
than those previously cataloged in [18].

The outline of the paper is as follows. In Section 2 we review the basic tools and key results
of Fourier-Mukai transforms and spectral cover bundles in the case of Weierstrass models. We
then generalize these results to the case of elliptically fibered manifolds with fibral divisors in
Section 3 and geometries with additional sections to the elliptic fibration in Sections 4 and 5. In
Section 6 we provide explicit examples of Fourier-Mukai transforms by beginning with a bundle
defined via some explicit construction (e.g. a monad or extension bundle) and then computing its
spectral data directly. In Section 7 we apply our new results to the problem of chirality changing
small instanton transitions. In Section 8 we illustrate the distinctions and obstructions that can
arise between smooth and singular spectral covers. Finally in Section 9 we summarize this work
and briefly discuss future directions. The Appendices contain a set of well-known but useful
mathematical results on the topics of derived categories and Fourier-Mukai functors. Although
the material contained there is well-established in the mathematics literature, it is less commonly
used by physicists and we provide a small overview in the hope that readers unfamiliar with these
tools might find a brief and self-contained summary of these results useful.

2. A review of vector bundles over Weierstrass elliptic fibrations and Fourier-Mukai
transforms

In this section we provide a brief review of some of the necessary existing tools and standard
results of Fourier-Mukai transforms arising in elliptically fibered Calabi-Yau geometry. Since
the literature on this topic is vast (see for example [3,8]) and applications [19-33], we make no
attempt at a comprehensive review, but instead aim for a curated survey of some of the tools that
will prove most useful in later Sections. Moreover, we hope that this review is of use in making
the present paper somewhat self-contained. However, the reader familiar with this literature could
skip straight on to Section 3. For more information about the applications of Fourier-Mukai
functors in studying the moduli space of stable sheaves over elliptically fibered manifolds, the
interested reader is referred to [34].

2.1. Irreducible smooth elliptic curve

To set notation and introduce the necessary tools let us begin by considering the case of n = 1
in (1.1), a one (complex) dimensional Calabi-Yau manifold — that is X is a smooth elliptic curve,
E. In the case of a smooth elliptic curve, there is a classical result due to Atiyah [35] (which can
generalized to abelian varieties [34]) which states that any (semi)stable coherent sheaf, £, of rank
N and degree zero over E is S-equivalent' to a direct sum of general degree zero line bundles,

1 For any semistable vector bundle (or torsion free) V with slope p(V), there is a filteration — the Jordan-Holder
filteration [36]) of the form 0 = FO c Fl c ... ¢ F¥=1 ¢ Fk = v, where F’/F“1 is stable torsion free with
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E~EPLEN,  mN=N, deg(£)=0. @1
i
In the context then of the moduli space of semi-stable sheaves on an elliptic curve, one can
introduce an integral functor

®F . :D"(E) — D"(E) (2.2)

(note that here E the Jacobian of E is simply isomorphic to E and thus we do not make the
distinction). This functor admits a canonical kernel, P, the so-called Poincare sheaf,

P :=IA ®n{Op(po) @ 150k (po) 2.3)

where 7y, mp are the projection of E x E to the first and second factor respectively, po is the
divisor corresponding to the zero element of the abelian group on the elliptic curves, and A is
the diagonal divisor in E x E (and also § is the diagonal morphism). It is not hard to prove that
‘P satisfies the conditions due to Orlov and Bondal ([34], see Appendix B) that guarantee that
<I>7E)_> g is indeed a Fourier-Mukai transform (i.e. it is an equivalence of derived categories).

To illustrate how this specific Fourier-Mukai functor acts on coherent sheaves of degree zero,
it is useful to highlight its specific behavior in several explicit cases. To begin, consider the
simplest possible case of £ = Or(p — po), i.e. a generic degree zero line bundle over E. Here,

OL (O (p — po)) = Rmaw(m; Op(p — po) @ P)

To compute this explicitly, consider the following short exact sequence induced by the mor-
phismé: E — E x E,

0— P —> 7{OE(po) ® 150 (po) —> 8:Or(2po) —> 0. (2.4)

Twistin the sequence above with Og(p — po), and then applying the (left exact) functor R, to
that yields the following long exact sequence (to see the properties of derived functors refer to
Appendix A),

0 —— ®°Op(p — po)) — (RO OE(p) ® Op(po) —— Ok(po) ® OE(P)(2 )

—— N OE(p - po)) — R'moun{OL(p)) ® Op(pp)) ——— 0.

To determine the FM transform, it is necessary to understand the sheaves appearing in the
middle column, and to that end, it is possible to apply the base change formula for flat morphisms,

ExE 25 E
Trll J/p
P
E—L 5 p
Rmo, | >~ P*RP;, (2.6)

where P is just a projection to a point. Therefore,

R Op(p) = P*RI(E, Op(p)) = Ok. 2.7

;L(Fi/Fi_l) = (V). Associated with this filteration there is a graded object gr(V) = @szFi/Fi_l, and V and
gr(V) are said to be S-equivalent.
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Consequently, it follows that O (p — po) must be a WI Ty, and it is supported” on p,
®” (Op(p — po) = Opl~11. 2.8)

In summary, the Fourier-Mukai transform of any direct sum degree zero line bundles on an
elliptic curve, is a direct sum of torsion sheaves supported on the corresponding points of the
Jacobian.

As another simple example, consider the non-trivial extension of two trivial line bundles,

0— O — & — O — 0. (2.9)

Applying @ on this short exact sequence yields
0 —— ®°0p) —— d%(&) —— °(OF) @.10
— &1 (Op) — ?1(&) —— D'(Op) —— 0.

From the previous discussion we have reviewed that <I>77((’) £) = Op,[—1], so the first row must
be zero (i.e. ®°(E») = 0), and

00— 0y — (&) — 0, — 0, 2.11)
but this cannot be a non-trivial extension of the torsion sheaves, and one concludes,

D7 (&) = (Opy ® Opy)[—11. (2.12)

Note that & is S-equivalent to 0?2 but not equal, however, Fourier-Mukai of both of them is the
same.

2.2. Weierstrass elliptic fibration

With the results above in hand for a single elliptic curve, they can now be extended fiber-by-
fiber for a smooth elliptic fibration. We begin with the simplest case, that of a smooth Weierstrass
elliptic fibration 7 : X — B. This fibration admits a holomorphic section o : B — X and every
fiber X = n_l(b) is integral, and generically smooth for b € B. Note that from here onward
we will mainly work with smooth Calabi-Yau threefolds and since there exists an isomorphism,
X ~ X, we will ignore the distinction between X and its relative Jacobian.

In general, on a fibered space, it is possible to define a relative integral functor & in almost the
same way it was defined for a trivial fibration (i.e. E x B, see Appendix B for more information
on integral functors). So for any £* € D?(X) there exists the following:

X XB X
2N
X B X
D(E®) 1= Rmou(nfE° ®F K*), (2.13)

2 Note that there is a more intuitive way of getting the same result. The presheaf of the Fourier-Mukai transform of
OE(p — po) over any point q is related to Hi(E, OF(p —q)), and for i =0, 1 it is zero unless p = g, so naively, both
(o) E(p — po)) and ol E(p — po)) are some torsion sheaves supported over the point p. However, note that since
OEg(p — po) is a locally free sheaf, and the projections are flat morphisms, @0 (OFE(p — po)) cannot be a torsion sheaf,
so only o (Op(p— Po)) is non-zero, and the only possibility is the skyscraper sheaf O,.
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with X x g X is the fiber product and the kernel is chosen as C® € Db (X xp X). In the case at
hand, the kernel is required to be the “relative” Poincare sheaf,

P:=IA@n{O0x(0) @n;O0x(0) @ p* K}, (2.14)
where Z4 is the ideal sheaf of the relative diagonal divisor,

0— Zpn —> Oxxzx — 8:0x — 0,
5:X <> X xp X, (2.15)

and K p is the canonical bundle of the base B (which is chosen to make the restriction P| wro
Oy, and similarly for o7).

From this relative integral functor, it is possible to define “absolute” integral functor with ker-
nel j, P, where j: X xp X < X x X is a closed immersion. Note that ®(£®) ~ @;}‘Zx(g') for
any £°. It can be proved [34] that this kernel is indeed strongly simple, so the corresponding inte-
gral functor is fully faithful. Moreover, since X is a smooth Calabi-Yau manifold, it follows that
this integral functor is indeed an equivalence, i.e. a Fourier-Mukai functor. Look at Appendix B,
references there.

It should also be noted that there exist simple formulas for base change compatibility (see
Appendix B), and it can be readily verified that the restriction of this Fourier Mukai functor over
a generic smooth elliptic fiber is the same as the absolute integral functor that was reviewed
briefly in the last Subsection with pg being the point chosen by the section.

2.3. Spectral cover

It is proved in [37] that the restriction of a stable coherent sheaf on a generic fiber is (semi)sta-
ble. As we have seen, the relative Fourier-Mukai transform defined in the last subsection, is
compatible with base change, and hence its restriction on generic fibers, is the same as the
Fourier-Mukai transform on elliptic curves defined in Section 2.1. On the other hand, the Fourier-
Mukai transform of a (semi)stable degree zero sheaves of rank N over the elliptic curves is a
torsion sheaf of length N (roughly speaking, the support of a torsion sheaf is a set of N points,
these points can be infinitesimally close).

These set of N points over generic fibers define a surface S C X and a finite morphism,
7s : S —> B, of degree N. This surface S is called a spectral cover,’ and is the support* of
o).

On the other hand, the restriction of the torsion sheaf ®!(€) over its support (which is §), is a
rank one coherent sheaf. This can be seen from the fiberwise treatment (note that cho(®'(€)) =
0, and ch(®1(E)) = N = Rank () when restricted over a generic fiber, since S is actually an
N-sheeted cover of the base). As a result, the rank of the torsion sheaf over its support must be
one (for the cases the support is a non reduced scheme this argument should be modified a little,

3 Depending on the choice of gauge group, there are constraints on the position of the points. For example for SU (n)
bundles (to which we will restrict our focus in this paper) the sum of these points under the group law of the elliptic curve
must be zero. This implies that the spectral cover must be given by a holomorphic function on that torus. For other gauge
groups refer to [3], and [38].

4 Note that spectral cover can wrap around some elliptic fibers. This is a symptom of the fact that the restriction of
the vector bundle over those elliptic fibers is unstable. The restricted Fourier-Mukai transform on these fibers returns
non-WIT objects (see Appendix B for definitions), and yet, if £ is a vector bundle, the global Fourier-Mukai still returns
a WIT; object. This is due the flatness of the morphisms and the kernel involved in defining the integral functor.
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and it is possible to show that the numerical rank of the spectral sheaf is one, see [34]). The rank
one sheaf £ := ®1(&)|s is referred to as the spectral sheaf, and the doublet (L, S) is called the
spectral data.

If in addition, if the spectral cover is smooth, the spectral sheaf £ is in fact, a line bundle. In
the seminal paper [3] some restrictions on the topology of £ are derived, with the assumption that
spectral cover S is an integral scheme (reduced and irreducible). We turn to these now, before
generalizing them in later sections.

2.4. Topological data

A goal of this work is to generalize the results of [3] and [39] for the topology of a vector
bundle associated to a smooth spectral cover in the following sections. As a result, it is useful to
briefly review the derivation of constraints on the topological data (i.e. the relations between the
topology of £ and ci(E)). In the following we will assume that the spectral cover is an integral
scheme, & is a WITy, locally free sheaf (vector bundle) of rank N with vanishing first Chern
class, ¢1(£) =0, and that the Chern character of £ can be written generally as,

ch(&)=N —c(E) + 563(5),
(&) =on+olfl,

where 7 is the pullback of a base divisor, [ f] is the fiber class (w is an integer).

We will derive the form of the Chern classes of a smooth spectral cover bundle using a slightly
different method than that employed in [3,39], using tools that are well known in mathematics
literature (see for example, [40]) and generalize more readily to the geometries studied in later
sections.

Recall that ®(€) = Rm24(7r{€ ® P). Thus, we can begin by computing the Chern characters
of ®(E), using the (singular’) Grothendieck-Riemann-Roch theorem [40] for 75:

h(D(E)) = 12 (0} ch (E)ch(P)1d(Tx/p)) » (2.16)

where td(Tx,p) is the Todd class of the virtual relative tangent bundle of 7 : X —> B. In addi-
tion, it is also necessary to compute the Chern character of the relative Poincare sheaf, and for
that, one needs to compute ch(Zn). This latter is straightforward to find by applying GRR to the
diagonal morphism 4,

0— ZA — Oxxzx — 8,.0x — 0,

1
ch(Zp)=1—=8,(——). 2.17)
““td(Tx,p)
With these results in place, it remains simply to compute the pullback and push forward of
cycles by using the following identities:

D=0, D e Div(B), (2.18)
mumi f =0, f fiber class, (2.19)
mu(fc-8xd)y=c-d, c¢,deAd(X), (2.20)
(i (@) -b) =b, be Au(B). 2.21)

5 Note that X x g X is singular over the discriminant of X, even though X is smooth.
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The first two identities are the result of the fact that if the dimension of the image of a cycle has a
lower dimension the corresponding push forward will be zero as a homomorphism between the
cycles in the Chow group. The last two follow from the definition of the diagonal morphism and
the section (together with projection formula for cycles).

After putting all of these together, the result is as follows,

cho(®(£)) =0, (2.22)
chi(®(€)) = —(No + 1), (2.23)
cha(D(E)) = Nno + 1) (61(23)) + %c3(5) £ (2.24)
ch3(®(€)) = —%Ncl(B)z + o. (2.25)

On the other hand, it should be recalled that £ is WITy, i.e. ®(E) = igL[—1], where ig :
S — X, is the closed immersion of S into X, and L is the spectral sheaf (or spectral line bundle
in this case). Therefore one can write,

ch(®(€)) = —ch(isL), (2.26)

A e TATS)
Ch(ls*ﬁ) =15% (6 ! 7Td(TX)
(L) 1 1
2 —561(£)-[S]+6[S]),

(2.27)

1
=[S]1+[S]- (cl(L) - 5[5]) +[S]- (

where in the second line, the GRR theorem can be applied for the morphism is.. Importantly, in
the third line it is assumed ¢ (£) can be written in terms of the divisors of X, restricted to S, by
writing [S] - ¢1(£) instead of ig. L (we’ll return to this point in Section 3.)

In summary then, by comparing these two ways of calculating the Chern character of the
Fourier-Mukai transform, it is possible to obtain the constraints originally calculated in [3,39].
The first equation (2.22) yields simply that Rank(q)o(é')) — Rank(®'(£)) = 0, and since we
have restricted ourselves to W17, sheaves, ®°() = 0 (see Appendix B for definitions), so this
means that Rank(®'(£)) =0i.e. ®'(£)) is a torsion sheaf (which is not surprising). From the
first Chern character, the divisor class of the spectral cover can be read (noting the relative minus

sign),
[SI=No +n. (2.28)
The next comparison puts non-trivial constraints on ¢ (L),

c1(B)
2

Therefore the general form of the first Chern class must be of the form,

1 1
=81+ (c1(£) — E[S]) =(No +1n) < ) + 563(5)]"- (2.29)

1
c1(L) = 3 (—c1(B) +[SD) +v, (2.30)

1
[ST-v 2—563(5)f- (2.31)

The only solution for the second equation above is
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y =A(No —n+ Nci(B)), (2.32)

where A is a constant which can be half integer or integer. So the general solutions for the ¢ (L)
and c3(&) are,

1

c1(L) = 5(—61(B)+[S])+A(N0 —n+nci(B)), (2.33)

c3(&) =2an(n — Nc1(B)), (2.34)
where in general, A must satisfy constraints (i.e. be either integer or half integer) in order for
c1(L) to be integeral [3]. Note that there is sign difference between (2.33), and the similar formula
in [3]. This arises because either P or P may be used as the kernel of the Fourier-Mukai functor.
Finally it is possible to obtain w from (2.25),
c1(£)

2

1 ) 1 (-
—5N61(B) +ow=—[S]- —501(/3)~[S]+6[S] . (2.35)

By plugging (2.33) and (2.28) into this one gets,

c1(B)*N3  ¢i(B)*N 1 , N 1

= — — BynN* — —— — —

@ T Tga®m 8 2

As a result, we arrive finally at the following well-known formulas for the Chern classes of a

bundle corresponding to a smooth spectral cover within a Weierstrass CY 3-fold:

1
c1(B)nA*N? + Enz)ﬁN. (2.36)

c1(€)=0 (2.37)

(&) =no — N N+ X (AZ — 1) n-(n— Nci(B2)) (2.38)
24 2 4

c3(€) =2xon - (n — Nci(Ba)) (2.39)

This is identical with the result of [3]. Having reproduced this classic result, we turn in the
next section to our first generalization: Fourier-Mukai transforms and spectral cover bundles for
elliptically fibered CY 3-folds exhibiting reducible fibers over co-dimension 1 loci in the base
(i.e. the 3-folds contain so-called “fibral” divisors).

3. Elliptically fibered manifolds with fibral divisors

In this section we extend the classic results of Section 2.4 and consider the Fourier-Mukai
transform of a vector bundle over a smooth elliptically fibered Calabi-Yau threefold w : X — B
with a (holomorphic) section o and so-called fibral divisors — divisors Dy, I =1, ...m, which
project to a curve in the base Bs. In the absence of any additional sections to the elliptic fibration,
we have a simple decomposition of the Picard group of X into a) a holomorphic section b)
Divisors pulled back from the base, B, and c) fibral divisors. Hence, 1! (X3) =1 + h'1(By) +
m. Moreover, as a result of the fibral divisors, it is clear that there will be new contributions to
the Picard group of S, Pic(S) compared to a Weierstrass model. These new geometric integers
clearly affect the heterotic theory (and could potentially change the G4 flux present in an F-theory
dual geometry).

Our first effort will be to derive topological formulas for the topology of a bundle over an
X3 of the form described above and compare these to the standard case (i.e. (2.4) in Section 2).
We will demonstrate that although the new divisors in X3 do in general affect the topology of
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possible smooth spectral cover bundles defined over X3, they do not contribute to the chiral
index.

In general, the form of the fibral divisors (at co-dimension 1 in B;) will be of the form expected
by Kodaira-Tate [41,42] and a rich array of possibilities is possible. For simplicity, here we will
consider the case of I,-type reducible fibers only. It should be noted that even in this simple
case, it is clear that the intersection numbers of divisors in X3 and the topology of a spectral
cover bundle 7 : £ — X3 will be more complicated than in the simple case of Weierstrass models
considered in Section 2. For instance, although some triple intersection numbers of X3 can be
simply parameterized in terms of the intersection structure of Bj, not all can (see e.g. [43] for
a list of the triple intersection numbers of an elliptic manifold which are currently known in
general). For instance, it is not currently known how to generally parameterize triple intersection
numbers involving only fibral divisors in a base-independent way.

Since generic fibers in X3 are still irreducible smooth elliptic curves, we will begin by briefly
considering what happens over fibers with “exceptional curves”, taking the case of I, fibers for
simplicity. For more details the interested reader is referred to [44—46].

3.1. (Semi) stable vector bundles over I elliptic curves

The I, degeneration of an elliptic fiber is a union of two rational curves C; U Cy with two
intersection points. We assume the section of the elliptic fibration intersects transversely with C
at a point pg. In general any locally free sheaf £ of rank N over such a reducible fiber can be
characterized by its restriction over the components [47],

0—&—E&c, ®Ec, — T —0, 3.1

where T is a torsion sheaf supported over the intersection points of /. Now consider a torsion
free rank one sheaf £ of degree zero (it is useful to recall that here the notions of degree and rank
are defined by the Hilbert polynomial). If £ is strictly semistable, the restrictions L¢, and L¢,
are Oc,(—1) and Oc, (+1) or the other way around. In any case the graded object (defined by
the Jordan-Holder filteration) is [47],

Gr(£) =0c¢,(=1) ® Oc, (D). (3.2)

On the other hand the graded object of the stable ones are,

Gr(£) = 0Oc,(p — po) ® Oc,. (3.3)

Therefore the graded object of any semi stable bundle over I is a direct sum of the cases men-
tioned above. One can also note that the compactified Jacobian of I, is a nodal elliptic curve in
which all of the semistable line bundles (3.2), map to the singular node, and the line bundles map
uniquely to the smooth points as in the smooth elliptic curve [46,47].

It is proved in [44,45] that the integral functor @ZO_) 1, defined by the usual Poincare sheaf
Po =1Za ® n{Op(po), satisfies the criteria mentioned in Appendix B, and therefore it is a
Fourier-Mukai functor. The action of this functor over the stable line bundles (3.3) is the same as
that defined in Section 2,

Po
qDIz—)IZ

(L) =0p[—1]. 34)

It remains, then, to compute the other case. Assume £ = O¢, (—1). As before, by using the exact
sequence for Zo and base change formula, one can compute,
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Po0

0 q)12~>12

(Oc,(-1)) — JT*JT*OC] —> Oc, —

— o (O¢, (=1)) —> 1*R'7,0¢, —> 0, (3.5)

hL—1D

since 7*Rm,.Oc, = Oy,, and the third map in the first row is surjective, we conclude,

@70, (Oc, (1) =T¢,. (3.6)
In the same way one finds,
@], (Ocy(—1)) = Oc, (—D[~1]. 3.7)

Therefore, the Fourier-Mukai transform of a strictly semistable rank one torsion free sheaf (3.2)
is,

@7, (L) =Tc, ® Oc,(—D[-11. (3.8)

In contrast to the stable line bundles, we see the Fourier-Mukai of (3.2) is non-WIT. However as
mentioned before, in the case of elliptic fibration, the Fourier-Mukai transform of a vector bundle
can be WIT as long as it is stable (and of course flat over the base).

Note that contrary to the case in Section 2, the “Fourier transform” of stable degree zero
sheaves over an elliptic fibration X with fibral divisors cannot live in the Jacobian J(X) of X.
This is because J(X) is indeed a singular variety, and as reviewed in Appendix B, Fourier-Mukai
functors are sensitive to singularities, i.e. a singular and a smooth variety cannot be Fourier-
Mukai partners. This means if someone tries to “parameterize” the stable degree zero vector
bundles over X by some “spectral data” in J(X) some important information will be lost. We
will return to this in Section 3.3. However, as we will see, it is possible to uniquely “parameterize”
the stable degree zero vector bundle moduli in terms of the resolution of J(X), i.e. X itself.

3.2. Topological data

The results of the previous section give us the tools to extend the Fourier-Mukai transform
discussed in previous Sections to the singular/reducible fibers present in the case of an elliptic
threefold with I,, reducible fibers. In this subsection, the same tools used for Weierstrass models
are employed to determine the topology (i.e. Chern classes) of smooth spectral cover bundles
on elliptic Calabi-Yau manifolds with fibral divisors. As in Section 2 we define the an integral
functor with Poincare sheaf as the kernel, and as discussed above, it will be Fourier-Mukai again.
So it is still possible to use (2.16) to derive some topological constraints.

The only geometric difference within the CY 3-fold is the existence of new fibral divisors
Dy € Div(X) (I =1,...r) which in general will not intersect the holomorphic zero section, and
in every “slice” w*D (with D a divisor pulled back from the base) in the intersection D; - 7*D
is a (=2)-curve.°

With these information, the essential non-zero intersections of divisors are,

o’ =—ci -0, (3.9)
oc-D;=0, for I=1,...,r, (3.10)
heg =0 - Dy - Dg  hgg is a symmetric, invertible, integral matrix, (3.1

% From now on, in this section, we define the base divisor D as D := ﬁs , where S is the “image” of the fibral
divisors in the base.
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Dy -Dy-Dj=—C;jS- Dy, (3.12)

Forl,: Crr=2, Cris1=-1. (3.13)
With the above constraints we can write the second Chern class of the tangent bundle as,

c2(X)=120-ci +cr+ 11ci + Y _&D;. (3.14)

Let us turn now to the computation of the topology of a smooth spectral cover bundle. The
general form of the Chern character of a bundle 7 : £ — X can be expanded as

1
ch(E):N—(on+a)f+Z§1D1)+503(5) (3.15)

where ¢ and 5 are Q-Cartier divisors pulled back from the base B. Similar to the Weierstrass
case, we can compute the Chern character of @7;; ¥ (&),

cho(®(€)) =0, (3.16)

ch1(®(E)) = —(No +1), (3.17)
B) 1

eha(@(E) = Vo + I 4 LesE) f + Y aDy (3.18)

ch3(P(E) =w — éncl (B)>. (3.19)

As explained before, since £ is locally free, ®(£) must be WIT]. If, as in [3], we assume the
support of ®!(£), which is the spectral cover S, is a generic integral scheme, then

(&) =ig L], (3.20)
ise: S X, (3.21)

where £ must be a line bundle over S as long as £ is given by a smooth spectral cover. After
using GRR for the surface S, the following results obtained,

[S]=no +n, (3.22)
1
(L) =S (=e1 +[SD+y + ) _Bireir, (3.23)
1
STy =—3e3( . (3.24)

where e;;’s are the fibral (-2)-curves intersecting the spectral cover. I labels the generator of the
algebra, i labels the number of the isolated curves (determined by 1). Note that the number of
such curves with the spectral cover can be determined by computing the intersection number
[S]- D% and dividing by —2. Furthermore, these (-2)-curves intersect as,

ei['ej]:—S[jC]]. (3.25)

After proceeding as before, we obtain the following solutions,

Yy =A(no —n+nci(B)), (3.26)

c3(V) =2an(n —nc1(B)), (3.27)

w=wua— (=Y B+ Bibir+), (3.28)
i,/

i,/



L.B. Anderson et al. / Nuclear Physics B 956 (2020) 115003 15

where w;:4 1S the same as (2.36). However not all parameters §;; are free, instead they should
satisfy the following equations,

k
Zﬂ”D .D;=—¢;-Dy, foreachl, (3.29)

1

where k is the number of the “sets” of (—2)-curves inside the spectral cover,

k=n-8. (3.30)

Therefore the only contribution of the (—2)-curves will appear in ¢;(£) via the correction to
(2.36) (note that similar results were derived in [22,24]).

Unlike in the case of Weierstrass models explored in the previous subsection, here it is difficult
to write a fully general expression for the Chern classes of £ due to the incomplete knowledge
of triple intersection numbers within the CY geometry. In order to make this explicit, we turn to
the case of a single fibral divisor here — that is a CY 3-fold with resolved SU (2) singular fibers.

In this case I = 1 and the correction to the second Chern class is of the form,

k
o=wu+ Yy B (3.31)
i

The condition on g; is,

k
S
O B)e—<-Di=-uD. (3.32)
oSS

This is equivalent to (by multiplying with D),

> Bi=-0-8. (3.33)

Therefore the correction would be,

k k
w=0u+ G -S+Y )+ B (3.34)

i=2 =2

It should be noted that this correction term will contribute to anomaly cancellation in the heterotic
theory and to the G-flux in the dual F-theory geometry. We’ll return to this point in later sections.
In summary then,

k k
@) =0 n+omw+@-S+Y )+ Y B+ D, (3.35)
i=2 i=2
c3(&) =2an(n —nc1(B)), (3.36)

and A is subject to the same integrality conditions as [3].
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curve

pranc”

Fig. 1. Branch locus and singularity locus near the singularity of the spectral cover.

3.3. What is missing in the singular limit

There is a “common belief” in the literature that if one need to find the F-theory dual of a
perturbative heterotic model on a non Weierstrass elliptically Calabi-Yau with fibral divisors,
then one should shrink the exceptional divisors first, and try to find the F-theory dual by working
with spectral data in the singular Weierstrass limit. Here we will comment on this from the
heterotic string point of view, and explain what will be missed if one uses the naive spectral data
in the singular limit.

As it should be clear by now, the naive spectral data in the singular limit are not in a one to
one correspondence with the bundles in the smooth limit where the exceptional divisors have
non zero size i.e. the integral functor is not going to be an equivalence. Hence, if one use the
“singular spectral data” to find the F-theory dual, some information will be lost.

More concretely, as mentioned before, the actual spectral cover in the smooth elliptic fibration
will generically wrap around a finite number of (—2)-curves, and the spectral sheaf may or may
not be dependent on them. So in the blow down limit, the (—2)-curves shrink into double point
singularities. These singularities are located at the points where the double points of the branch
curve intersect with singularity locus of the Weierstrass model i.e. if we look at their image on
the base, Fig. 1, they correspond to the points where the double point singularity of the branch
curve hits the singularity locus of the elliptic fibration on the base. On the other hand, locally
near these singularities, two sheets of the spectral cover meet each other, and one can use a local
model in C3 as,

S=z2—xy=0, (3.37)

where x, y, z are the coordinates of the C3. Here S is a cone, and can be viewed as the double
cover of the x — y plane with branch locus on the lines x = 0 and y = 0. The double point
singularity is located on the vertex of the coin i.e. x =y = 0. Now, as it is well known (see for
example [48] example 6.5.2), the generator of the curve will be a Weil divisor. So instead of the
original Cartier (—2)-curves on the smooth spectral cover, one gets Weil divisors in the singular
limit, and any line bundles on the singular spectral cover will be independent of them.

Now lets look at the situation the other way around. Suppose we naively choose a generic n-
sheeted cover of B in the singular Weierstrass limit, and a line bundle over that, and use these to
find the F-theory dual or study the moduli space of the heterotic string. First of all, for any choice
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of complex structure of this generic spectral cover, it contains a finite number of double point
singularities. To see this, restrict the elliptic fibration over a singular locus where the Weierstrass
equation factors as (in the patch Z = 1),

Y2 = (X —bo)*(X — by), (3.38)

where by and b are suitable polynomials. In addition a generic n-sheeted cover can be written
as,

S =gn-a(MX*+ gn2(N)X + g (¥), (3.39)

where g,_4, g,—2 and g, are polynomial in terms of ¥ and appropriate local coordinates on base,
and the subscripts determine the degree in terms of ¥.” After eliminating X in these to equation
we get the following interesting degree n polynomial in terms of Y,

2
(Bign—s+bogu—2+8n) (lgn—a+brgu—2+gn) + Y Gua(¥), (3.40)

where G,_; is polynomial in terms Y (of degree n — 2) and base coordinates which we don’t
need to know the details. Zeros of this polynomial (with multiplicity) are the points where the
n-sheeted cover hits the (singular) elliptic curve. Now, note that if

bgn—a(Y =0) +bigyn(Y =0) + g, (Y =0) =0, (3.41)

or

b3gn—a(Y =0) +bogn2(Y =0) + g, (Y =0) =0. (3.42)

However from the above equation it is clear that the zeros of (3.42) are order two, this means
the over these points the n-sheeted cover is locally like (3.37) (for suitable x, y, z) i.e. a double
point singularity. The conclusion from the above calculations that we want to emphasize, is that
the ubiquitous double point singularities of the n-sheeted covers in the singular Weierstrass limit,
signals the necessity of working in the blown up limit.

The second problem with “parameterizing” the vector bundle moduli with the singular data
is that since the line bundle in the singular limit doesn’t depend on the (—2)-curves, the vector
bundle that is constructed will not land on some specific components of the moduli space. In
particular, physically, at least one consequence of this is missing some new possibilities for the
small instanton transitions through exchanging 5 branes in the Heterotic M-Theory picture. In
the context of heterotic/F-theory duality, we expect that (—2)-curves inside the spectral cover
correspond to new G4-fluxes in the F-theory dual, consistent with the Fourier-Mukai calculations
above, and if one considers only the singular spectral cover such possibilities could be missed.

4. Non trivial Mordell Weil group with a holomorphic zero section
In this section we continue our generalization away from Weierstrass elliptic fibrations by
considering a Fourier-Mukai transform of vector bundles on elliptically fibered geometries in

which the fibration admits more than one section — that is a higher rank Mordell-Weil group
(the group of rational sections to the elliptic fibration [49,50]). In the case that the zero section

7 For example Y itself is of degree 3.
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is strictly holomorphic (rather than rational) the definition of the Fourier-Mukai transform intro-
duced in [3,8] can actually be applied directly. In this case there are also isolated reducible fibers,
but as we saw before one can still define a Poincare sheaf, and the corresponding integral functor
will be a Fourier-Mukai transform.® Therefore, the new Fourier-Mukai functor required for this
case is the same as that introduced for fibral divisors in Section 2. We defer to later the more
generic case of geometries with higher-rank Mordell-Weil group and only rational sections (see
Section 5).

In the case of a holomorphic section and additional (possibly rational) sections, it is clear
that the CY 3-fold X3 contains new elements in its Picard group and as a result, their restric-
tion to the spectral cover and Pic(S) will lead to generalizations of the formulas, (2.4), derived
in Weierstrass form. We will compute these generalized Chern character formulas directly in
the following subsections and independently compare these results to those found in explicit
examples in Section 2 (the latter will be obtained by direct computation of the Fourier-Mukai
transforms of a set of simple bundles).

To set notation, note that we will consider the case of multiple sections to the elliptic fibration
and consider the case where the zero section (denoted o) is holomorphic. In addition, there are
om Withm =1,...rk(MW) (in general rational) sections present. Here we take Pic(X) of the
CY 3-fold to be generated by ,

o the zero section, “.1)
Sp =0 —0 — ¥ Moo — c1(B), 4.2)
Dy, a=1,...h"(B), 4.3)

where S, is the Shioda map of the rational section. Since o, there exists a general relation of the
form,

,
o-Sp=">_ D pSn. (4.4)
m=1
where Dy, , are specific divisors in Pic(B). This is because,
02 Sp=—c1(B)- 08, =0, 4.5)
o-Dp-S,=0. (4.6)

4.1. Topological data

As in the case of Weierstrass models considered in Section 2, we begin by asking what
topological formulas can be derived (in as much generality as possible) for a bundle, £ on the
manifold above, defined by a smooth spectral cover.

On an elliptic CY 3-fold as described above, the general form of the Chern character of a
degree zero vector bundle can be written as

ch(€)=N — (o0 + Xi_y Simi + wf) + 3c3(E), (4.7)

8 Note that if there exists more than one holomorphic section, there is a redundancy in the choice of the “zero section”.
The Fourier Mukai functors defined by different choices will be equivalent to each other, and can be written in terms of
each other, so we fix the zero section throughout the calculations in this section.
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where N is the rank of the bundle, S; are the image of the Shioda map [11,12] of the generators
of the Mordell-Weil group, r is the rank of the Mordell Weil group, and o is the zero section we
chose. With the help of GRR theorem, one gets the topology of the Fourier-Mukai transform of
this bundle.

c1(B)
2

ch(®(€)) =—(No +n)+ (No +1n) +) Simi+ %%(@f + (w0 — éNm(B)z)-
i=1

(4.8)

Since £ is locally free, it must be WIT; and &' () will be a torsion sheaf. If the support of
this torsion sheaf is a generic smooth surface, then,

d1(E) = is.L,

where £ is line bundle.’ So by applying GRR to ig, topological constraints we are looking for
can be obtained,

[S]=No +n, 4.9)
1 r
(L) = 5(—01(3) +[SD + Z,BiSi +A(No —n+ Nci(B)), (4.10)
Z Si(Bimdi,j + ND;;)+n;di j)=0.=0, 4.11)
ij=1
c3(&E) =2an(n — Nc1(B)), 4.12)
1
©=0ud =3 m;,, BB (18p.m + NDp 1) SkS;, (4.13)

where the third equation is a constraint on the S,,’s, and clearly they contribute in Chern char-
acters of £ only through the corrections in w, and there is not any correction in ¢3(€), i.e. the
chirality of the effective theory is unchanged.

4.2. Rank one Mordell-Weil group

In this section, we derive explicit correction to the formulas in Section 2.4 in the case
rk(MW) = 1. The formulas above can be rewritten as,

1
c1(L) = 5(—61(3) +[SD + B1S1 + A(No —n+ Nci(B)), 4.14)
o-8S1=Dj1-81, D1 isaspecific base divisor, 4.15)
1
©=wga = 5B+ ND)ST, (4.16)
Bi1(n+ NDy1)S1 +n1 -8 =0. 4.17)

Note that o} induces an integral divisor in S, so the coefficient of o1 in ¢ (L), i.e. 1 must be
integer,

pel. (4.18)

9 Recall that smoothness of £ implies the smoothness of £ on S.
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This condition fixes 11 in terms of n. More precisely, if one expand n and 77 in terms of the base
divisor,

n=n%Dyg, (4.19)
n =1 Dq, (4.20)

then we get the following,

ny =—-p1(n* + NDY,)), (4.21)

where B is an integer. Therefore the Chern classes of £ in this case is given by,

1
) =0 -n—pi(n+NDy)-Si + (ws,d —~ 5512(17 + NDU)S%> 7 (4.22)
c3(8) =2Aan(n — Nc1(B)). (4.23)

5. Non trivial Mordell Weil group with rational generators

In this section we consider the last piece that will allow us to compute the Fourier-Mukai
transform of vector bundles (or even any coherent sheaf) over any smooth elliptically fibered
Calabi Yau variety 7 : X —> B. In the previous Section we considered the case in which the
elliptic threefold with a non-trivial Mordell-Weil Group and (importantly) the zero section was
holomorphic. But this is far from the general case, in which all sections to the fibration are
birational (i.e. the locus o = 0 for such a section is birational to B; rather than equal to it).

Here we will consider the moduli space of vector bundles over these more general elliptic
fibrations. We emphasize again that such information is potentially very important to the study
of both the heterotic theory and its F-theory dual. Below, we demonstrate that it is possible
in principle for the chirality of the effective theory to change compared to the computation in
Weierstrass form. So this case is distinct from those studied in previous Sections.

What makes this situation a little more complicated is that to define a Poincare sheaf one needs
a “true” section (i.e. an inclusion ig : B <> X such that woig = idp). In that case the section is
holomorphic. The key property is that a holomorphic section intersects every fiber at exactly one
point. However if the section is rational, this is not satisfied for finitely many fibers containing
reducible curves. As a result, the Poincare sheaf will not be a good kernel for the Fourier-Mukai
functor. It is not clear at this moment how to deal with this in general, but there are cases which
after a flop transition, the zero rational section becomes holomorphic. We restrict ourselves to
this in the following, and general case will be studied in a future work.

The key point is that one can see that derived categories stay “invariant” under flop transitions
(This is the theorem by Bondal and Orlov (see [4] Theorem 11.23, and the references therein).
So if after a finite number of flop transition one of the sections becomes holomorphic, then it
is possible to reduce the problem to one of the cases described before. The disadvantage to this
approach is that it is not guaranteed that such flops exists generally.

5.1. Flop transitions

Suppose C C X be arational curve in the Calabi-Yau threefold X, and N¢ X is the correspond-
ing normal bundle (obviously, with rank 2) over C. In general one can always blow up X around
this curve p : X —> X, and the corresponding exceptional divisor E € Div(X) will be isomor-
phic to P(N¢ X), which is therefore a P! bundle over C ~ P! If Ne X ~ Oc(—1) ® Oc(—1),
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then one can show that the exceptional divisor is just a trivial P! bundle over another P!, i.e.
e~P! x P! (see e.g. [4]). In any case, after blowing X up, one can decide to blow the rational
curve C down to get another threefold variety g : X — X'. Such geometric birational transfor-
mations are called standard flip transitions, and depending on the normal bundle N¢ X, they can
change the canonical bundle of the variety. So in general X’ is not a Calabi-Yau variety. However
in the special case which is described above, Nc X >~ O¢(—1) & O¢(—1), the canonical bundle
will remain unchanged (X’ will be Calabi-Yau), this is called the standard flop transition.

For a general flip transition, the functor Rg,Lp* : D’(X) — DP(X'), is a fully faithful
functor, and its image can be characterized by using the semi-orthogonal decomposition [4]. But
here we restrict ourselves to the standard flop transitions, and in this case Rg.Lp* will be an
equivalence. To be more clear, consider the following diagram,

% X (5.1)

X X’

To compute the topological data, we start with a bundle with most general Chern character as
before,

ch(€)=N — (on+ Zsim +wf) + %cg(e),

4

where o is the rational zero section of X, and the Chern character of the object F* := Rp,.g*E
is needed,

Td(X)

ch(Rp«q*&) = p«(ch(g*E) Tax)

), (5.2)

then, since the zero section is holomorphic in X', we will be able to compute the Chern characters
of F* in X’ as in the last section. To compute (5.2), we can find the relations between the Chern
characters of TX and 7 X. To see this, consider the following diagram,

E:=P(N.X) —> X

lg l,, (5.3)

c—"—— X

One can prove [40] the following short exact functors,

I. 0 —— O4(=1) —— g*NcX > G > 0,
II. 0 — TE » J*TX y Og(—1) —— 0, O4

I1I. 0 —> TX y p*TX > jxG > 0,
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where the first one is the relative version of the famous Euler sequence,'” the second one is the
adjunction, and the third sequence is proved by noting that TX and TX are isomorphic almost
everywhere (for details see [40], Chapter 15). In addition if the divisor in the fiber of g is ¢, and
we denote the hyperplane in C as d then one can show,

=2, t-d=1 (5.5)
By using these information, and GRR theorem, one can compute the Chern classes of X. The
result is the following,

c1(X)=—E, (5.6)

2(X) = prer(X') + jut — g*er (P1)). 5.7

Using these data we can get the Chern characters in X,
* / / 1
ch(Rpyq*€)=N — (a'n+ Y _ Sini +of) + 5¢3(E). (5.8)
i

The next part of the calculations will be the same as the previous section, but with intersection
numbers in X’ not X. So it is possible to employ the same formulas in Section 4.1, but the
intersection formulas are in X’ rather than X.

5.1.1. Carrying out the flops explicitly

The discussion above is somewhat abstract in nature, and as a result, it’s helpful to illustrate
these geometric transitions in an explicit Calabi-Yau geometry.

We can illustrate the results stated above with the following simple rank 2 bundle defined by
extension:

0 —— Ox(—o01+Dp) —— Vo —— Ox(oc1—Dp) —— 0. (5.9)

For the Calabi-Yau threefold, we will take the anti-canonical hypersurface of the following
toric variety,

X1 X2 x3 e uy vy uy vy | —K

o 0 o0 0 1 0 1 O 2

0O 0 0 0o 0 1 1 1 3 (5.10)
1 1 1 0 0 2 3 0 8

1 1 0 1 0 1 2 O 6

In this manifold, the flop transition described above (which converts a rational section to a
holomorphic one) corresponds simply to a different triangulation of the toric polytope. Each
triangulation corresponds to a specific Stanley Reisner ideal,

Isr1 = {u1uz, x3v1, V102, €V, X1X2X3, X1 X2€}, (5.11)
Ispo = {euy, uiuz, v1vy, €vy, X1X2X3, X1X2€, X3V1U2} . (5.12)

In both cases the sections are,

10 Therefore, G is the relative tangent bundle times O(—1),i.e. Ty ® O(-1).
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o1 =(1,0,0,0), (5.13)
022(_1117272)' (5.14)

However, in the first triangulation, both section are rational, and in particular, oy wraps around
two (—1)-curves. After the flop transition, in the second triangulation, the section o becomes
holomorphic, and the section o, remains rational, but it wraps around two more (—1)-curves
(which are the flop transition of the initial ones).

To fix notation, we denote the sections in the initial geometry as o1, 07 and the sections in the
second geometry as oy, 0} respectively.'! To find out the corresponding cycles the that oy wraps
around them, we should compute the intersection formulas. So for the first geometry,

o2 =—c1(B)-01+o01-E, (5.15)
1

o1 E=D-E—_D-S=2f, (5.16)

5 19

02=—c1(B)'02+ZD-S+D-e+38f. 5.17)

The corresponding intersection formulas after the flop transition are,

01/22_61(3).01/’ (5.18)
ol - E=0, (5.19)
o) =—c1(B) -0} +5D- S +40f. (5.20)

It is clear that the codimension two cycle that is disappearing from the first geometry in the flop
transition is,

[C]:D-e—%D-S—Zf, (5.21)

and the codimension two cycle appearing in the new geometry is,

1
[C’]:—D-e+ZD-S’+2f. (5.22)

In particular, note that o - [C'] = 2.

It is also possible to compute the explicit Fourier-Mukai transform of the vector bundle given
in (5.9). The details of such a computation are outlined in Section 6. Here we simply state the
following result to illustrate the general arguments above.

The Chern characters before and after the flop transition are given by

1
Ch(V)=2—((2Dp + c1(B))o| + A_LD -S—D-e— (Dg —-21)), (5.23)
Ch(Rp«q*V2) =2 — ((2Dp + c1(B))o| — Dj +[c']). (5.24)
By substituting the formula for the codimension two class [C'] we see V; and p.g™* V> have “the

same” Chern class in accordance with the general result of the previous subsection.

11 Also note that both geometries contain an exceptional divisor E, and D as the hyperplane in the base P2, which are
common to both geometries.
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5.2. Comment on the chirality of the effective theory

Here we want to study the effect of the (—1)-curves in the rational zero section in the spectrum
of the effective theory. We will fix notation as,

F*®:=Rp.q*E,
L= o (F). (5.25)

The goal then is to compute the zero-mode spectrum (i.e. bundle-valued cohomology groups) of
£ in X. Suppose the support of £* takes the most general form, ' this task reduces to computation
of R'w,E by using Leray spectral sequence. To find this, first notice that inverse functor of
Rq.Lp* is given by,

E=Rp(Lg*F* ® O3(e)). (5.26)
Therefore we get,
R,€ = Ry (F* ® Rq: O3 (e))
— Rl (F*), (5.27)

where we used Rq*(’);( (e) = Ox. Next, one can use the same techniques as before to compute
the R, F* in terms of the “spectral data” in X',

Rm& = R, F* = R, (L*® Oy). (5.28)

Naively the above result is the same as in the standard cases. But notice that £® is the Fourier-
Mukai transform of a (may be non-WIT or singular) object F* in D”(X’), and it may receive new
contributions from the original (—1)-curve in X. In the example computed before, the component
[Cé] doesn’t intersect with the zero section, so the only contribution to the spectrum of the
effective theory is through the line bundle over the component S.

6. Examples of explicit Fourier-Mukai transforms

The power of a Fourier-Mukai transform (and its inverse) is that in principle we can move
freely between descriptions of stable vector bundles on elliptically fibered manifolds and the
spectral data that we have been studying in Sections 2, 3, and 4. In this section we now uti-
lize this potential to explicitly compute FM transforms of stable bundles defined by the monad
construction or by extension (see e.g. [51]). Several explicit realizations of this type have been
accomplished before in the literature [14] and we will provide some generalizations. In particular,
we will develop general tools that are applicable away from Weierstrass 3-folds.

In these examples, we shall also observe that although we have derived general formulas for
bundles defined via smooth spectral covers, this proves to be too limited to describe the explicit
bundles we consider in the majority of cases. We will return to this point — namely that there
remain important gaps in our description of general points in the moduli space of bundles — in
Section 6.2.

Beginning with the simplest possible elliptic CY 3-fold geometry — i.e. Weierstrass form,
we will illustrate the ideas that can be generalized to compute the Fourier-Mukai transform of
sheaves which are defined by extension sequences or monads.

12 The restriction of the support on the generic irreducible fiber is a set of points such that none of them are coincident.
13 Remember that this is Fourier-Mukai functor so it has an inverse.
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6.1. Bundles defined by extension on Weierstrass CY threefolds

To illustrate the techniques of taking explicit FM transforms, we begin with the simplest
possible extension bundle — a rank two vector bundle defined by extension of two line bundles:

0— L1 — Vo, — L] —0. 6.1)

We require V» to be stable, and c1(V2) = 0. Note that a necessary (though not sufficient) con-
straint on the line bundles appearing in this sequence is that £; must not be effective (i.e. have
global sections). For such a stable bundle the restriction of V5 over E; = 7 ~!(¢) for a generic
t € B is one of the following cases [35],

Wolg, = OF, ® O,,
Wl =60 F, deg(F)=0, (6.2)
Valg, = Ok, (—p — po) @ Ok, (p — po)-

In the first case, the support of the Fourier-Mukai sheaf (i.e. spectral cover), will be a non-reduced
scheme (supported over the section o). In the second case & is the unique non trivial extension
of trivial line bundles, and F = Of, (p — po) for some p (here py is the point on E; chosen by
the section), but for Weierstrass fibration, p = po for generic fibers, and V»|g, = &. So again
the spectral cover will be non-reduced and supported over the zero section. In the final case, the
spectral cover can be non-singular. So it is clear that in the majority of cases, we do not expect
the FM transform of V5 to be in the same component of moduli space as a smooth spectral cover
of the form described in Section 2. We will illustrate this effect with two choices of £ below.

Applying the Fourier-Mukai functor to (6.1) produces a long exact sequence involving the
FM transform of the line bundles defining V;. Thus, we can compute ® (V) if we can compute
®(L1). To begin, the definition of the Poincare sheaf, (2.14) and (2.15), allows us to write the
following short exact sequence:

0— L1 QP — 7{ (L1 ® Ox(0)) @5 (Ox(0)  n*K})
— 8.(L1 ®0X(20)®N*K§)—>O. (6.3)

Now, by applying, R, to the above sequence, we can compute D (L),

0 —> (L)) — ROmunr{ (L1 ® Ox(0)) ® (Ox(0) @ T*K )
— (L1 ®0x(20)®n*Kj) —
— @' (L)) — R'mum} (L1 ® Ox(0)) ® (Ox(0) @ 7" K ) —> 0. (6.4)
With these general observations in hand, we will first consider the case where £1 = Ox (Dp)
with Dy, a divisor pulled back from the base, B;. To use (6.4), in this case, R, 71 (L1 ® Ox (o))

must be computed. To accomplish this, we can use the base change formula (see Appendix B),
which relates the following push-forwards,

XxpX 45 X
[
X —= 3B
Rmym] >~ w* Ry (6.5)
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therefore Rmo,7 (L1 ® Ox(0)) = (* R, Ox(0)) ® Ox(Dp). On the other hand, by Koszul
sequence for the section (o) we have,

0— Ox — Ox(0) — Os(Kp) — 0. (6.6)

It is well-known for Weierstrass CY elliptic fibration 7 : X — B, R7,.0Ox =Op, R'7,.0x =
Kp (see e.g. [52]). So the above sequence implies Rm,Ox (o) = Op and hence Rma.7; (L1 ®
Ox (o)) = Ox. Plugging this into (6.4), we see that this sequence is just Koszul sequence again
which is twisted Ox (o) ® T*K},

®(Ly) = Oy (Dp)[—1]. (6.7)

We can apply this result then to obtain the FM transform of V; for this chosen line bundle to
find

0—> Oy (Dp) —> ' (Vo) —> Oy (—=Dp) —> 0. (6.8)

In this case by the arguments given above, ®!(V») is supported over the section'* and its rank
(when restricted over the support) is two (the rank is one when restricted to the modified support).
As aresult, from the arguments above, we do not expect the topology of this bundle to match the
formulas given in (2.16) (and indeed they do not though we will not yet make this comparison
explicitly).

Let us not contrast this with another (non-generic) choice of line bundle,

Ly =0x(—0 + Dp). (6.9)

In this case

®(Ox (0 + Dp)) = Ox(—0 + Kp + Dyp), (6.10)
®(Ox(—0 + Dp)) = Ox (0 + Dp)[—1]. (6.11)

For the choice of line bundle in (6.9), the extension bundle V5 is defined by a non-trivial
element of the following space of extensions:

Ext'(LY,L1)=H'(X,£})=H"(B,0p(2D; + c1(B)) ® 02Dy — c1(B))),  (6.12)

(note that the last equality follows from a Leray spectral sequence on the elliptic threefold (see
(A.26)), and R, Ox(—20) = K; ® Kljl. As a brief aside, we remark here that the form of this
space of extensions gives us some information about the form of the possible FM dual spectral
cover.

It is clear from the expression above that if 2Dy, + c¢1(B) is not effective, then there exists no
non-trivial extension, and the vector bundle is simply a direct sum £ @ L (and therefore not
strictly stable). If 2Dy, + ¢1(B) = 0 there is only one non-zero extension. On the other hand, if
the degree of Dy, is large enough to make 2D;, — c1(B) effective then for any generic choice of
extension there are (2dp + ¢1(B)) - (2Dp — c1(B)) isolated curves that the spectral cover must
wrap.

Returning to our primary goal of computing the FM transform of V>, it can be observed that
there is enough information in (6.10) and (6.11) to compute ®(V;) explicitly.

0 —> BO(Vy) —> Ox(—0 + K — Dp) - Ox(0 + Dp) —> &' (Va) — 0. (6.13)

14 Tt is also possible to have vertical components, depending on the degree of the divisor Dy,.
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By fully faithfulness of Fourier-Mukai functor, one can show F € Exto((’) x(—o + Kp —
Dp), Ox (0 + Dp)) ~ Ext' (LY, £1). Therefore it is necessary 2D;, — c1(B) be effective to have
anon zero F, and <I>0(V2) = 0 (and hence stability of V;). Assuming that this is satisfied, we can
find the Fourier-Mukai transform of V; as

@ (V2) = O25 120,k (0 + Dp). (6.14)

At last we are in a position to compute the topological data, and directly compare the bundle
constructed here with what would be expected from the formulas derived in [3,39] and reviewed
in Section 2. The Chern character of V; is,

ch(Va) =2 — (0(2Dp + ¢1(B)) + D). (6.15)
Therefore from (2.28), the divisor class of spectral cover must be

[ST]=20 +2Dp + c1(B). (6.16)

This is the same as the divisor class of the support of the torsion sheaf in (6.14). In addition, since
we require [S] to be the divisor class of our algebraic surface it must be the case that 2Dp, 4 ¢ (B)
is effective. This was exactly the requirement for the non trivial extension discussed above.

For this example, the general algebraic formula for S takes the form

S = fix + fr2%, 6.17)
div(f1) =2Dp — c1(B),
div(f2) =2Dp + c1(B).

So we see if 2Dy + c1(B) is effective, but 2D, — ¢ (B) is not effective, then the coefficient
/1 vanishes, and the locus f> = 0 is the position of the vertical components mentioned above.
Moreover, when 2D;, — c1(B) is effective then the position of those vertical fibers is given by the
points where f; = f> =0, again as discussed before. Comparing this with the sequence before
(6.14), we see the map F is indeed given by S, and therefore S uniquely determines an element
in the extension group.

Now from the equation (2.33), ¢{(£) =0 + Dy + A(20 + 2Dy + ¢1(B)). This is compatible
with (6.14) if we choose A = 0. With A =0 and N = 2, the equation (2.36) produces

w=D}, (6.18)

and also from (2.34) it follows that c3(v2) = 0, in agreement with the Chern character computed
directly above. Also note that the divisor class of the matter curve mustbe o - [S]=2Dj — c1(B)
[3]. So the FM transform of this vector bundle is indeed a smooth spectral cover and agrees with
the topological formulas found in [3,39] as expected.

6.2. FM transforms of monad bundles over Weierstrass 3-folds

In the following section we will provide an explicit construction of the spectral data a bundle
defined via a monad. This construction is somewhat lengthy, but is useful to present in detail to
demonstrate that FM transforms can be explicitly constructed for bundles that appear frequently
in the heterotic literature.

Over a Weierstrass CY 3-fold of the form studied in Section 2 consider a bundle defined as a
so-called “monad” (i.e. as the kernel of a morphism between two sums of line bundles over X3):
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0— V — @&l_,Ox(nio + D)) > @_,Ox(mjo + Dj) — 0, (6.19)

where Rank(V) = N =1 —k, and the divisors D; are pulled back from the base, B,. To compute
the Fourier-Mukai transform V we will see that it is necessary to begin with the transform of line
bundles of the form Ox (n;o + D;), as well as the morphism ®(F). With that information, we
can compute ® (V). We should point out that for the geometry in question, none of the n;’s nor
m’s are allowed to be negative. This is necessary for stability of the bundle.> Upon applying
the FM functor to (6.19), we get a sequence of the following form,

O(F
0 — OO(V) —— @L,d°(Ox(nio + D)) —2% @, ®%(Ox(mjo + D))

— (V) — @/L,0'(Ox(nio + D;)) —— &%, @' (Ox(mjo + D)) (6.20)

—— 0.

In the diagram above we employ the sign @’ to refer to the direct sum over the line bundles with
positive definite relative degree, and use @” to mean the direct sum over the line bundles with
relative degree zero (i.e. pull back of line bundles in the base). So to compute the Fourier-Mukai
transform of V we need to compute the Fourier-Mukai transform of the line bundles in (6.19). To
do this, one can simply use the defining sequence of the diagonal divisor in Section 2. Combining
this with the sequence above, give the following diagram,

0

0
P(Fo)

s L (Ox (g + D) ——————————— &L, 9% Ox(mjo + D)) ———— ...

| |

0——> K| ———————> A®Ox(0 +c1(B)) fo > N® Ox(0 +c¢1(B) —————— > 01 —— 0

| I I |

0 —> Ky — @/, 0x((ni + o + D;) ® Ox (0 +c1(B)) l> @;k:lox((m,/'#‘ o +Dj)® Ox(o +c1(B) —> Q2 —> 0

| |

0 0

(6.21)

Each column in the diagram defines the Fourier-Mukai transform of the (direct sum of) line
bundles by means of the resolution of the Poincare sheaf. Therefore in the second row A and A/
are the sheaves generated by the “fiberwise” global sections of the sheaves &' Ox ((n; + 1)o +
Dj) and @ Ox((m; + 1)o + D), respectively. The evaluation maps simply takes the global
section, and evaluates the sheaf at each point. Finally, the map Fj is simply the map induced by
the monad map F itself (from (6.19)) on the line bundles with positive definite relative degree
(which also acts on the “fiberwise” global sections t0o0).

15 Actually if we naively compute the Fourier-Mukai of such sheaves (with some n;’s being negative), the result is
either non-WITy or ®!(V) is not a torsion sheaf. But we know V is stable if and only if it is WITj respect to &, and
®!(V) is a torsion sheaf. In practice, this is a way to check the stability of a degree zero vector bundle over elliptically
fibered manifolds.
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The most important parts of this diagram are the induced maps between the kernels and co-
kernels, K1, Q1 and K>, Q», respectively. The kernel and co-kernel of these maps give a rather
explicit presentation of the spectral data, so we will give them specific names,

0—L—>K — Kr— L—0, (6.22)
0—M— Q0 — 0, —0, (6.23)

(note that the final map in the second line above must be surjective, otherwise it will be in
contradiction with the commutativity of the middle two columns in (6.21)).

Now, by careful diagram chasing, one can prove that the Fourier-Mukai transform of V can
be given by the following (more concise) diagram,

— o' (V) —— &L, 0! (Ox(njo + D)) —— @[5, 0" (Ox(mjo + D)) —— 0

<)
o(—i(—h(—h(—o

(6.24)

This construction is similar in spirit to the spectral data derived for monads in [16] and we will
return to this in Section 6.2.1.

To make this abstract formalism more concrete, it is helpful to consider an explicit example.
Let us take X3 to be a Weierstrass elliptically fibered threefold over P2, realized as a hypersurface
in a toric variety, given by the following “charge data” (i.e. in GLSM notation):

Yy X Z X X1 X2 | p
321 0 0 0]6
96 0 1 1 1|18

Here the holomorphic zero section is determined by the divisor z = 0. As an explicit monad
bundle over this manifold, consider the following short exact sequence:

0— V— Ox(2,3)® O0x(1,6) ® Ox (0, 1) LN 0x(3,12) — 0. (6.25)

We first need to find the Fourier-Mukai of the line bundles. This can be done using the tools
outlined in before and we simply summarize the results here:

®(Ox (D)) = Oy (Kp + D)[-1], (6.26)
0 —> ®%(Ox (20 — Kp)) — Ox(0 —2Kp) ® Ox(0) ® Ox(0 + Kp)
2 Ox(do —2Kp) — 0, (6.27)

0 «— d°(Ox(c —2Kp)) — Ox(c —3Kp) ® Ox(c — Kp)
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—> Ox(30 —3Kp) — 0, (6.28)
00— (I)O(Ox(?)d —4Kp)) — Ox(0c —5Kp)®---® Ox(0c — Kp)
2 Ox (50 —5K5) — 0, (6.29)

where the middle bundles in the each of the short exact sequences above are the “fiberwise”
global section of the line bundles in (6.19) denoted as A and N (twisted with O(o + c1(B))).
With this we have determined the columns of (6.21). By explicitly performing the fiber restric-
tions it can also be verified that

&L @' (Ox(nio + Dp) = Og ()%,

@/ ' (Ox(mio + D)) =0,

and the map Fy is a “part” of the monad map F,
Ox(2.3)® Ox(1.6) — Ox(3.12) |

_ zfo
Fo= (x N f622> . (6.30)

Obviously Fp is singular on { fo =0} N {x + fsz> =0}.

The final task will be determining the explicit kernels and co-kernels: K1, K>, Q1 and Q5.
This is local question, so we can assume we are in a affine patch with y # 0 and x; # 0 for
example. Then it is not too hard to show that free part of K is generated by

N x + foz?
K otz( i ) (6.31)

Naively, it may look like that over fo = 0, the kernel K| jumps, but this is at the presheaf level,
one can actually show that

K1 ~7*O0pa(=3). (6.32)

Similarly, one can compute the K>,
(o + forh) =
K, = f |13 (6.33)
—zf9 Lo

Where % and ﬁ are the local generators of the line bundles Ox (3, 3) and Ox (2, 6). By check-
ing the degrees, K is fixed to be the line bundle Ox (1, —3). Again naively it might appear that
K5 jumps over {fo =0} N {x + f6z2 = 0}, but this is at the presheaf level as before, and K3 is
indeed free.

With this information in hand, we can determine £ and £ in (6.21),

0 —— £ —— 0300, -3)® Ox(1,3) —23 Ox(1,-3)® Ox(1,3) —— L — 0.
(6.34)

By computing the induced map W, one finds

L=0, (6.35)
L =04 (—6). (6.36)
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As the next step, it remains to determine Q1 and Q». For the former, one should note that the

morphism on the “fiberwise” global sections i.e. A =5 Nis generically rank 4, so it is surjective
unless fo = 0. Over this locus, we obtain the following “defining” sequence for Q1,

0— (Ox®O0x(0,6)p0x(1,3)— ...
— (Ox ® 0x(0,3) ® Ox(0,6) ® Ox(0,12))|,, ® Ox(1,3) — Q1 — 0.  (6.37)
‘Which turns out to be,
01 (0x(0,12) ® Ox(0, 3)) ,—0 ® Ox (1, 3). (6.38)

On the other hand, Q> can be identified easily with Ox (4, 12) l{ fo=0}n (e + fs22=0) ® Ox(1,3). So
M will be given by,

0— M —> (Ox(0,12) ® 0x(0,3)) f,—o ® Ox (1, 3)
— Ox (@, 12)]{ fy—ojn(as fez2=0) ® Ox(1,3) —> 0. (6.39)

Therefore, M will be a torsion sheaf supported on f9 = 0 with rank 2 when restricted on the
support. So J in (6.21) can be given explicitly as,

0— Oy(—6) — T — M —0, (6.40)

and we can see the support of 7 is in the divisor class o + 18D where the 18D is the support of
the sheaf M. Finally the support of the ®'(V), i.e. the spectral cover, is in the class

[S]=40 + 18D. (6.41)

Explicitly we find that the spectral cover is reducible and non-reduced and given by the algebraic
expression

S:(fo)’z*=0 (6.42)

With this spectral data in hand we are now in a position to compare to the well-known results
for the topology of smooth spectral cover bundles derived in Section 2. Before beginning this
computation we must first observe that from the definition of the monad in (6.25), the Chern
class of V is given by,

c(V)=1+180D +48f — 162w, (6.43)

where f is the fiber class, and w is the class of a point. Now if one compares this to the topolog-
ical constraints reviewed in (2.16), it follows that n = 18 D and hence

[S]=40 + 18D, (6.44)
c3(V) =2an(n — 4c1(B)). (6.45)

The first one is always true whether or not the spectral cover is degenerate or what spectral sheaf
we choose, so it is not surprising to get a correct answer. The second equation however implies
that A = — %. If we then insert this value into the formula for the c2(V) given in (2.16), it yields

CZ(V)expecled =180cD+45f (6.46)

which is obviously wrong. This discrepancy has arisen because the chosen monad bundle man-
ifestly does not correspond to a smooth spectral cover (and must correspond to a different
component of the moduli space of bundles over X3).
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6.2.1. A comparison to existing techniques for FM transforms of monad bundles
It should be noted that several existing papers in the literature [14,16] have laid out useful
algorithms for explicitly computing the FM transforms of monad bundles of the form

0 .V s F Ly N s 0, (6.47)

where F and N are direct sum of line bundles as mentioned before.

In particular, [14] utilizes the simple and useful observation that the “fiberwise” global sec-
tions of the twisted vector bundle V ® Ox (o) contain information about the spectral cover.
Specifically, the zeros of these sections along the fiber are coincident with the points where the
spectral cover intersects the fibers. So one can consider the kernel of the map F in the following
sequence,

0 —— 7*m1,,(V®0O0x(0) —— 7*1.(F ® Ox(0)) £, 7*m. (N ® Ox (o)) —— 0,
(6.48)

where the morphism 7 is the usual projection of the elliptic fibrations.'® Therefore wherever the
rank of the kernel drops, must be the position of the spectral cover.

This approach, though explicit and computationally tractable, has some drawbacks. The ob-
vious one is that it cannot immediately provide information about the spectral sheaf. The other
problem is that it is possible and quite common that the spectral cover may wrap components
of some non-generic elliptic fibers (i.e. when the restriction of the vector bundle on those non-
generic fibers is unstable). In such cases it is possible that the number of global sections of the
twisted vector bundle on these fibers jump instead of dropping, and since the algorithm sketched
above is designed to detect where the kernel drops, it cannot find these vertical components of
the spectral cover.'”

To solve the first problem in [16], it was conjectured that the cokernel, £, of the following
evaluation map can provide a defining relation for the spectral sheaf,

0 — 7*m.(V®Ox(0)) —= V®Ox(0) — L — 0. (6.49)

However, although L is supported over the spectral cover, it is not the spectral sheaf generally
(in particular when some of the line bundles in the monad have zero relative degree zero).

In our approach, we simply use the resolution of the Poincare sheaf to compute the Fourier-
Mukai transforms directly, and is clear from (6.21) that this yields something very similar in
spirit to the approaches mentioned above.

6.3. An extension bundle defined on an elliptic fibration with fibral divisors

In a similar spirit to the previous sections, it should be noted that a generic bundle chosen
over an elliptic threefold with fibral divisors will unfortunately not necessarily correspond to a
smooth spectral cover with the topology we derived in Section 3. However, we can verify that in
some simple cases the explicit examples we construct do produce smooth spectral covers with

16 Ty derive this sequence the flatness of 7 and stability of V are necessary.

17" As long as one wants to find the spectral cover only, it is still possible to use this algorithm, but with other twists to
find the missing components. We have employed this technique in recent work [53], but in practice it can be very slow
for Calabi-Yau threefolds.
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the expected form. Moreover, the techniques outlined in the previous subsections for explicitly
computing FM transforms carry over smoothly into this new geometric setting.

For simplicity, we will fix the Calabi-Yau geometry explicitly from the start to be given by an
anticanconical hypersurface in the following toric variety:

X Y Z E x1 x3 x3|p
321 0 0 O 0|6
96 0 0 1 1 1|18
&8 5 0 1 0 1 1]16
Note that here we denote the single exceptional (i.e. fibral) divisor in this geometry as E and
the divisor class of x; is D — E with D being the hyperplane divisor in the base, B, = P2. The
image of E on the base is a line homologous to the hyperplane, here denoted D. Over D all of
the fibers are degenerate of the Kodaira type 1. Also one can show that E satisfies

(6.50)

E’=-20-D+7D-E —6f. (6.51)

To illustrate a Fourier-Mukai transform here we can begin by choosing the simple rank two
bundle defined by an extension of two line bundles chosen in (6.9) (there in the case of a Weier-
strass threefold)

0— Ox(—0 + Dp) —> Vo —> Ox (0 — Dp) —> 0.

The calculation follows along exactly the same lines as outlined in previous sections, the only
interesting point here is the existence of the (-2) curves. As we saw in the Weierstrass case,
requiring a non degenerate spectral cover, implies that 2Dj, — c¢1(B) must be effective. So in the
present case, the Fourier-Mukai transform of V; is given by,

®(V2) = O2542Dy+¢1(B) (0 + Dp).

In this case, the number of (—2)-curves in the spectral cover induced by the exceptional divisor
is k := D -, 2Dy + c1(B)). So clearly the line bundle over the spectral cover is trivial with
respect to the (—2)-curves, since ¢1(L£) =0 + Dy.

From this starting point though, it is clear that we choose a new spectral sheaf with some of
these exceptional divisors “turned on”, and apply the inverse Fourier-Mukai transform. This will
allow us to see how to modify a simple vector bundles line the one above so that its Fourier-
Mukai transform will have some non-trivial dependence on the fibral (—2)-curves.

To this end, recall that the Fourier-Mukai transform above is given by a short exact sequence,

0— Ox(—0o + Kp — Dp) —> Ox (o + Dp) —> ®(V,) — 0.

Now if we twist the above sequence with the Ox (E), then we obtain a Fourier-Mukai transform
of a new stable rank two bundle V, with spectral line bundle,

K
clL)y=0+Dy+ Y e (6.52)
i=1
So twisting with Ox (E) turns on all of the exceptional divisors with multiplicity one.
Now it is possible to apply an inverse Fourier-Mukai transform. We will omit the details here
from brevity and simply state the result, namely a defining sequence for a new bundle V>,

0—> Ox(—o +Dp) — Vo —  Ox(6 —Dp+D —E) —>
Op-g(=0+Dp+ D+ Kp) — 0. (6.53)
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Note that D — E is an effective divisor. We can easily compute the Chern character of V, from
the exact sequence above (and using GRR),

ch(V3) =2~ 02Dy +c1(B)) + E - 2Dy +¢1(B)) — D} + D - (Kp —2Dp).  (6.54)

This is in agreement with the topological equations derived above with §; =1,k = D - (2D, +
c1(B)) and ¢ = —(2Dp + ¢ (B)).

6.4. A bundle defined via extension on a CY threefold with rk(MW) =1

Once again in the case of an elliptic manifold with more than one section (and a holomorphic
zero-section) we can illustrate the techniques of an FM transform via a simple rank two vector
bundle defined via an extension,

0— Ox(—0 — 81+ Dp) —> Vo —> Ox(c + 81 — Dp) — 0, (6.55)

where here S is the Shioda map (see Section 4) associated to the second section to the elliptic
fibration.
Following the same pattern as in the Weierstrass case, we first compute the extension group,

Ext"(Ox(o + S| — Dp), Ox(—0 — S1 4+ Dp)) = H' (X, Ox (=20 — 281 +2Dp)).
(6.56)

To use Leray spectral sequence we need to know the derived direct images of Ox(—207). With
the help of Koszul sequence for o1 one obtains

Rm,Ox(~201) = (Kp ® K[~ 11. (6.57)
So we see that the extension group decomposes into two subgroups,

Ext'(Ox(0 + S1 — Dp), Ox (=0 — 81 + Dp)) =

H(B, Op(2Dy + c1(B)) ® O (2D, + 3c1(B))). (6.58)

We expect that these two subgroups determine the complex structure of the spectral cover, and
if we choose a generic element (assuming 2Dy, + 3¢ (B) is effective), the spectral cover must be
smooth, and the topological formulas derived in Section 4 must be valid.

Before computing the Fourier-Mukai transform of this bundle, it is useful to consider the
Chern character of the bundle given in (6.55),

ch(Va) =2 — (3¢1(B) 4 2Dp)o — (3¢1(B) +2Dp)S1 + Di — 2¢1(B)>. (6.59)
From this form, we expect that if the topological formulas given in Section 4 are satisfied, the
divisor class of S must be 20 + 2Dy, + 3c1(B), and ¢| (L) =0 — S| + ¢1(B) + Dy.

Now we can compute the Fourier-Mukai explicitly (along the same lines as in previous sec-
tions) and obtain

D(Ox (o + 81— Dp)) =0x(—0 — S1 —2c1(B) — Dp), (6.60)

P(Ox (=0 = Si + Dp)) = Ox (0 — 81 + c1(B) + Dp)[—1]. (6.61)
Therefore the Fourier Mukai transform of V; is simply given by the following torsion sheaf,

(V1) = Oz 12Dy +3¢1(B) (—0 — S1 +c1(B) + Dp)[—1]. (6.62)

In this carefully engineered example then, we are once again able to confirm the results derived
in Section 4, but we emphasize again that the topological formulas derived will not generally
satisfied by a randomly chosen bundle on the elliptic threefold.
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7. Small instanton transitions and spectral covers

An application of the tools we have developed in Sections 3 is to consider small instanton
transitions [ 18] (i.e. M5-brane/Fixed plane transitions in the language of heterotic M-theory [17])
involving spectral cover bundles. This subject was first explored in depth in [18,54] and there a
simple form for such transitions was found for smooth spectral covers within Weierstrass mod-
els. Within that geometric setting, the authors categorized possible small instanton transitions
involving spectral covers as a) Gauge group changing or b) Chirality changing depending on
which components of the effective curve class

W =Wgo +ayf (7.1)

(wrapped by the 5-brane) are “absorbed” into the bundle on the boundary brane. Here o is the
holomorphic section of the Weierstrass 3-fold, Wp is a curve within the base B, and f the fiber
class. The authors concluded that in the case that a part of the 5-brane wrapping the fiber class is
absorbed into the bundle this can result in case a) above while if a curve in the base is involved
(i.e. Wp above) then the transition will induce a chirality change in the heterotic effective theory,
while in the case of purely “vertical” transitions (involving detaching a part of ay above) the
chirality is unchanged.

In the following section we will demonstrate that the generalized geometric setting for ellip-
tically fibered CY 3-folds and spectral covers that we have found in Sections 3 provides new
possibilities for such 5-brane transitions. In particular, we will illustrate these possibilities in the
case of a transition involving a 5-brane wrapping a curve that is part of a fibral divisor (in the
geometric setting of Section 3)

7.1. New chirality changing small instanton transitions

Consider for simplicity the case that X3 contains a single fibral divisor class, D;. Suppose
that the small instanton is localized on a component of the I fibers, C; (as defined in Section 3)
with class,

[Cil=(D—-Dy)-D (7.2)

where D is a divisor pulled back from the base, B, and D is the fibral divisor. Recall that in
the case of a CY 3-fold of the type described in Section 3 we can parameterize the topology of a
general bundle V as

1
ch(S):N—(Gn+wf+Z§D1)+EC3(V). (7.3)

As described in [18], if the 5-brane is moved to touch the Eg fixed plane in a small instanton
transition, this geometrically results first in a torsion sheaf V¢, supported over Cq, which can be
combined with the initial smooth SU (N) bundle V to make a torsion free sheaf V:

0 » V >V > icxF — 0, (7.4)

where ic, : C1 < X is the inclusion of the curve mentioned above, and F is the sheaf supported
over the curve C1, wrapped by the 5-brane. The specific order of the sheaves in (7.4) is chosen
to describe the absorption of the 5-brane.

The final step in the process of the small instanton transition is to consider, for specific choices
for F, whether it is possible to “smooth out” ‘7, to a final smooth/stable vector bundle, V as
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in [18]. To this end, we consider choices of sheaf F above (corresponding to parts of the 5-
brane class which can be “detached” and absorbed into V) and ask whether the resulting bundle
can be smoothed. In the case of the single fibral divisor we are considering (i.e. I fibers as in
Section 3), the curve being wrapped by the 5-branes is topologically a P! and we can take the
sheaf supported over the 5-brane to be simply a line bundle. Below we explore two choices of
this line bundle.

Case 1: F =Oc,(—1)
From (7.4), the total Chen character of V is,
ch(V)=ch(V)—[Cil=ch(V)+ D-D; — f. (7.5)

In addition, recall that the Fourier-Mukai transform of O¢,(—1) is Z¢, = O¢,(—2). So one can
apply the Fourier-Mukai functor to (7.4) to obtain,

0 —— ic,:O(=2) s il > il y 0, (7.6)

where ®(V) =igL[—1] and CD(V) = £ are Fourier-Mukai transforms Of V and V which are
torsion sheaves supported over the N-sheeted covers of the base, S and S respectively. Taking
the case that § is integral, and C; is one of the (—2)-curves which S wraps, then § = §, and we
get,

c1(L) =ci1(L) +er. 1.7)

Note that £ is singular over C; (= e}), as may be expected,'® however, in the process of de-
forming V to a smooth bundle, L may also be smoothed out to a line bundle £ with the same
topology. In this case we can say from the topological data derived earlier in this section that the
corresponding (hypothetically) smooth vector bundle V must have the following topology (see
(7.3) above)

¢(V)=¢(V) - D, (1.8)
oV)=w(V)+ f, (7.9)
ch(V)y=ch(V)+ DDy — f. (7.10)

For these choices, ch(V) is the same as ch(\7). So we conclude this transition is topologically
unobstructed. In this case we can see that the third Chern character doesn’t change in this tran-
sition (also y remains unchanged), therefore neither the chiral index or zero-mode spectrum are
changed.

Case 2: F = O, (-2)
As above, from (7.4) we compute the Chern character of V as
ch(V)=ch(V) —[Ci]+ lw, (7.11)

where w is dual to the zero cycles. Note that if V can be smoothed, we expect ch(V) = ch(V) for
the final smooth bundle after the small instanton transition. Thus it is clear that both the second
Chern class and chirality can change in this case,

18 Due to the flatness of the projection and the Poincare bundle in the definition of the FM functor we use here, singu-
larity of the “vector bundle” and the spectral sheaf are closely correlated.
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c2(V)=co(V)+D- (D — Dy), (7.12)
1 A 1
563(V) = §C3(V) +1. (7.13)

To address the question of smoothing, we simply apply the Fourier Mukai functor to (7.4) for the
chosen ic,«F and assume V is already W77,

0 > g L > QgL > ic;+Oc, — 0, (7.14)

and we noted that ®(ic,+Oc,(=2)) =ic,+Oc,[—1].

Now it must be observed that as long as the above short exact sequence can exist, the sheaf V
is indeed W I T;. Note that since an irreducible spectral cover never wraps C1, then the existence
of this sequence forces both § and S to have vertical components that contain C;. As a result
then, we can choose to consider a small instanton transition in which the spectral cover of the
initial bundle V is reducible with vertical (i.e. fiber-directions) and horizontal components,

S=S8SyUSH, (7.15)

where Sy contains C;. For simplicity, we will illustrate this transition below in the case that the
divisor class Sy is simply D, and Ly is a line bundle.

Note that although we are choosing the spectral cover to be reducible, it is not the case that V
itself must be a reducible bundle. As a next step, we can consider what topological constraints
must be in place for a stable degree zero vector bundle such that its Fourier Mukai transform
is« L is made of a vertical and horizontal piece:

0 —— isysly — iseL — isps Ly —— 0. (7.16)

Following the same procedure as before we can derive the topological data,

[Sgl=No +n—D, (7.17)
1 1
[Sul- (Cl(ﬁH) - E[SH]> +D- <01(£v) - §D>
1 1
=(No +1n) <—§C1(B)> - 563(V)f GE (7.18)
A solution for this equation can be given as,
1
ci(Ln)= =5 (@ (B) = [Sub) +vyu. (7.19)
yu =Ag(No —n+ D+ Nci(B)) + éo, (7.20)
c1(Ly)=—¢e+ Ay D —do, (7.21)
1 1
503(V) =Aun(n—Nci(B)) — iy + ED (D —c1(B)). (7.22)

After a tedious algebraic calculation, one can derive a formula for w, but it is not necessary
here. Finally if we require both V and V have the same spectral cover,'” then (7.14) implies the
following relation between the vertical parts of the spectral sheaves,

L;=Ly®0Os,(~D+E). (7.23)

19 Note for simplicity we assumed L g is independent of the (—2)-curves on the horizontal components Sg .
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Therefore we easily get the following relations between the parameters of VandV,

ho =y — 1, (7.24)
tp =ty —1 (7.25)

Moreover if we put §y = §;, = 0, we can see by the above arguments that,

w, =owy + 1 (7.26)

14

Finally, we arrive at a point where we can compare the above conditions on V and V with the
relations (7.12) derived before and observe that they are exactly the same. Thus, the transition
is unobstructed and we have provided an example of a complete (i.e. smooth-able) chirality
changing transition involving fibral curves.

We should emphasize that the above geometry is by no means general and many choices were
made for simplicity of computation. None-the-less, it serves to illustrate that the existence of
fibral divisors in the elliptically fibered CY 3-fold will make new forms of small instantons pos-
sible. In particular, the example above is a chirality changing transition that is unique compared
to those classified in [18] for Weierstrass form (in which “vertical” transitions changed only the
gauge group and “horizontal” curves led to chirality change). In this example we find chirality
change from new vertical curves for the 5-brane to wrap and the gauge group remains unchanged
even though C is a vertical curve.

8. Reducible spectral covers and obstructions to smoothing

As illustrated by the examples in Section 6, there are many limitations to the analysis that
we completed in Sections 2 to 4. First, the Picard number of the spectral cover maybe larger
1 +h'1(B,) generically. This corresponds to spectral surfaces in which there exist more divisors
than those inherited from the ambient Calabi-Yau threefold. Moreover, it is known that at higher
co-dimensional loci in moduli space, this Picard group can in fact jump [55]. Second, as seen in
the examples in previous sections, the spectral cover can be singular, and therefore one cannot
predict the general form of ch(ig.L).

In these cases it may be possible to choose special sheaves L that “obstruct” the deformation
of the spectral cover to a smooth one. In other words, the corresponding vector bundles lands on
a different component” than the one that is analyzed in [3,8]. In this section we briefly outline
how such a situation might be realized in the case that spectral cover is reducible but reduced.
This analysis bears some similarity to examples analyzed in [56].

We begin with the spectral data (£, S) of a bundle V defined over a Weierstrass CY threefold
7 : X — B, where

§:= 81 Us S, 8.1
0— L —L— L,—0. (8.2)
As usual

20 Note that this cannot happen for a vector bundle over an elliptically fibered K3 surface. This phenomenon only
appears for CY manifolds of complex dimension 3 or higher.
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1
ch(V)=N — (on+w)+ zc3(V), (3.3)
2
c1(B) 1 2
—ch(®(V))=ch(L)=(No+n)+ (No +n)(— > )+ gncl(B) —w]. (8.4)
Now we assume that
[Si]=ni0 +n1, (8.5)
[S2] =n20 + 12, (8.6)
N =N|+ Ny, (8.7
n=n1+n. (8.8)
With these assumptions, the general for ¢{(£1) and ¢ (L) are given below,
1
(L) = 5(—61(3) +[S1D +y1 +ar[$2], (8.9)
1
c1(Lp) = 5(—01 (B) +[S2]) + v2 + aa[S11, (8.10)
Yi = Ai(Nio —n;i + Nic1(B)), (8.11)
! V)= N;iAini(n; — Nijc1(B 8.12
Se3( )—Z idini(ni — Nic1(B)). (8.12)

The main difference of the equations above with the standard one is the existence of the terms
a1[S2] and a2[S1]. For consistency we demand,

o] +ar =0. (8.13)

Note the existence of such terms implies (£;, S;) are spectral data of vector bundles V; with first
Chern class,

c1(Vi) =ai(N1m2 + Nani — N1Naci (B)). (8.14)
It is next possible to compute w as before,

lNcl (B)2 —w=

6

Nci(B)? N c1(B)?

1
(N7 + N3) + g (Nini(n = Nici(B)) + Nama (112 = Nac1 (B)))

8 24
1 2, 1 2
+ Eﬂl*yl + Eﬂz*yz
1
+ 53 (ofIS20 + 31811+ 20001 + 20212 (8.15)
After some algebra it can be shown that only for a1 = —ay = :I:% can the above equation be
simplified to,
1N (B)?
—Nc —w=
6 1
Nci(B)?  ci(B)? 5 1
N°+ -Nn(n—Nci(B
3 o +gNn(n = New(B))

1 2 1 2
+ Eﬂl*h + Eﬂz*yz

+ 2 (a1y1 +a2yn). (8.16)
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This is almost the same as the standard formula expected from Section 2 if there exists a A such
that
1 2 —

ET[*V

1 2 1 2
Eﬂl*)ﬁ + Eﬂz*yz +
X (aryr +azyn). (8.17)

We come now to our central claim in this section:
If the restriction of L on X is a trivial line bundle, then it is always possible to deform the
“singular” spectral data to a “smooth” spectral data, such that it satisfies the generic formulae

expected in (2.37) —(2.39). Otherwise it is impossible (generically). In particular if the restriction
is a non-trivial degree zero line bundle, the deformation is obstructed.

First note that if £ is defined as

0— L —L—L,—0, (8.18)
the restriction of £ on S} and S are

L1 ®Ks,ls,,

Lo, (8.19)
respectively. Therefore the line bundle induced over X lives in

Homz(L2, L1 ® K, |s,) = Exty (i, L. isL1), (8.20)
corresponding to extensions. Conversely, if we define L as,

0—Ly—L—L]—0, (8.21)
the restriction of £ on S} and S, are

L2 ® Ks,ls,,

Ly, (8.22)
respectively. Therefore the line bundle induced over X lives in

Homz(L1, L2 ® Ksls,) = Exty (s, L1, ispL2), (8.23)
corresponding to the opposite extensions. If we rewrite the left hand side of (8.20) as,

H(Z, F),

F:=L1Q®L,®Ks,ls,, (8.24)
then (8.23) can be written as,

HY(, F* @ Kx). (8.25)

Therefore we see?! if F ~ Oy, then both extensions are possible, and we can deform the spectral
data to generic “smooth” one described in [3].

21 We could also choose F* ® K5, ~ Ox,. But since the analysis would run along very similar lines, we choose to just
focus on the first case.
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We can indeed check that in this case there is a A that satisfy (8.17). To show that we choose,
1

o] = —ap = ) (8.26)

(the other choice corresponds to F ® Ky >~ Oy). Notice in this case if y; = y» as a divisor in X
then F >~ Oyx. This constraint is equivalent to,

Nii = Naha, (8.27)
NiA1 = mAs. (8.28)

Let us look at (8.17) more closely,
1.5
EA Nn(n— Nci1(B)) =

1 1
AN O = Nic1(B)) = S iNami (= Niey(B) +

1 1
SN — Nac1(B) + 5 haNim(n2 = Naci (B)). (8.29)

The second terms in the 2nd and 3rd line cancel. To find A we choose an ansatz A = aA{A;, and
use the constraints above, we can see the solution is,

Aha
=" (8.30)
A+ A2
On the other hand if we request y; = y» only over X, i.e.
Si-S2-vi=vilz=nrls=51-5"r, (8.31)

then it means F is an element of J(X) but it is not necessarily a trivial line bundle (as g(X) > 1
generally). In this case there is no solution for A generally.

In summary then, we have seen in this section that the properties of reducible spectral covers
may indeed be quite distinct from their smooth cousins.

9. Conclusions and future directions

In this work we have generalized the famous spectral cover construction of Friedman, Morgan
and Witten [3,8,39] to the case of elliptic Calabi-Yau threefolds with higher rank Picard group
(i.e. containing either fibral divisors or multiple sections to the elliptic fibration). In particular,
the well-established work of [3,39] provided a simple formula for the Chern classes of bundles
associated to smooth (i.e. reduced and irreducible) spectral covers in Weierstrass CY 3-folds:

c1(&)=0 9.1
N3—N N 1

(&) =no — 7 61(32)24-5( 2—Z>77'('7—N01(Bz)) 9.2)

c3(&) =2A0n - (n — Nci(B2)) 9.3)

In this work we have utilized the techniques of Fourier-Mukai functors to generalize these for-
mula to bundles defined over geometries with fibral divisors and higher rank Mordell-Weil. In
the case of I, type singular fibers we find that ¢1(£) and ¢3(€) are unchanged and in the case of
I, fibers we find a correction to the second Chern class of the form
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k k
@) =0-n+omw+@-S+Y )V +Y B +a-Di (9.4)
i=2 i=2
where D is the new fibral divisor, ¢ is an effective class pulled back from the base, B, §; are
integers and the divisor S is a component of the discriminant locus of the fibration (supporting
the I, fibers) in the base. Here

__N-N (B)2+N a2 L (n— Nci(B2)) 9.5)
Wstd = 2% (& 2 ) 4 n-m C1 2 .

Similarly, in the case of an additional, holomorphic zero section we find

1
(&) =0 -n—pi(n+ND)-Si + (wszd —~ 5/312(17 +NDU)S%) f (9.6)

where B is integer, S is the Shioda map of the new section and Dy is a divisor in B, determined
by the triple intersection numbers involving the sections.

In the case that the additional sections are rational rather than holomorphic (and hence can
wrap reducible components of fibers over higher-codimensional loci in the base), there remain
open questions about how best to define a Fourier-Mukai functor that can accommodate the sin-
gular fibers (and a section which wraps some of them). As a result, we cannot yet determine how
these topological formula will change. However, we are able to see in this case that interesting
new results are possible since we expect not only the second Chern class, but the chiral index to
change as well. We have outlined in this work several ways forward on this important problem
and we hope to return to it in future work.

Within heterotic/F-theory duality, the constrained geometric arena —i.e. Weierstrass from for
both the heterotic and F-theory Calabi-Yau backgrounds — has long been a frustrating obstacle to
studying new phenomena. Within heterotic effective theories for example, there are a number of
interesting effects that are believed to have interesting F-theory duals, including perhaps novel
mechanisms for moduli stabilization such as the linking of bundle and complex structure moduli
in the heterotic theory through the condition of holomorphy [57-60] and potentially new 4-
dimensional N = 1 dualities including heterotic threefolds admitting multiple elliptic fibrations
(and hence leading to multiple, related dual F-theory fourfolds) [61-63], the F-theory duals of
heterotic target space duality [53] or F-theory duals [64,65] of known “standard model like”
heterotic compactifications (including [66]). However in all cases, these theories have crucially
involved decidedly non-Weierstrass geometry on the heterotic side. These questions have formed
the motivation for the present work. We believe that here we have taken important first steps
towards extending the geometries for which explicit heterotic/F-theory duals can be constructed.

There remain however, important open questions. First, as mentioned above, we require new
and more robust tools to address the general case of a higher rank Mordell-Weil group with ratio-
nal generators studied in Section 5. In addition, as illustrated in the explicit examples constructed
in Section 6 all the formulas we have derived in this work have been limited by the restriction
of smoothness of the spectral cover. In general many examples in the literature (see e.g. [67])
have demonstrated that smooth vector bundles do not necessarily correspond to smooth spectral
covers. Indeed, this observation has been a powerful tool in determining the effective physics of
T-brane solutions in F-theory [68-71]. By placing the constraint of smoothness on the spectral
data, we are clearly loosing information about general components of the bundle moduli space
(as illustrated in Section 8). Finally, there remain interesting open questions about how to deter-
mine the full Picard groups of spectral covers (since these are surfaces of general type, this is a
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notoriously hard problem in algebraic geometry, see e.g. [72]) and a number of interesting possi-
bilities remaining to be explored related to higher co-dimensional behavior in moduli spaces (i.e.
so-called “jumping” phenomena or Noether-Lefschetz problems [73]).

One approach to the problem of singular covers above might arise through a recursive ap-
proach. As noted above, the only general topological formulas derived (here and in the literature
overall) are for vector bundles realized (modulo the Picard number problem) by smooth spectral
covers. In the case that the spectral cover is a union of several components which can be smooth,
or non reduced or vertical the main obstacle is providing a general form for the Chern charac-
ter of the spectral sheaf (which is clearly a hard problem in the algebraic geometry of singular
surfaces). However, we might hope to avoid this difficult question by deriving a “recursive” al-
gorithm to resolve the singularities of the spectral cover that could work in general. For example,
if the spectral cover is degenerate, it is still possible to find a locally free resolution (with length
one) of the spectral sheaf. We might hope to use Fourier-Mukai transforms to study the vector
bundles associated to this resolution. If one can argue that the “degree of the degeneracy” drops
in each step, then this process will terminate at some point.

All of these problems deserve further attention and are necessary for a general study of het-
erotic/F-theory duality. We hope to continue to explore them in future work.
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Appendix A. Basics about derived category

Since the Fourier-Mukai functor, which we use a lot in this paper, is a special integral trans-
form, we devote this appendix on reviewing some key points about them. For more details, look
at [4,34].

Hom 4 First of all note that any functor between two categories F : A — B induces a map
between the space of morphisms,

Hom g(A, B) - Homp(F(A), F(B)), (A.1)

where A, B are arbitrary objects of the category A (i.e. the map is “functorial”). In case
the categories are additive the set of morphisms form an abelian group, and in the cases
we are concerned in this paper they are actually C-vector spaces. Abelian categories are
particular additive categories that for any functor one can define kernel and cokernel.
The specific category we need in this paper is Coh(X), i.e. the category of coherent
sheaves over a variety X, and the categories derived from that.
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Fully faithful functor A functor F : A — B is called full if the map (A.1) is surjective and it
is called faithful if it is injective. So a fully faithful functor induces an isomorphism in

(A.1).
Left and right adjoint A functor G : B — A is aright adjoint of F : A — B, writtenas F 4G
if
Homp(F(A), B) ~ Hom 4A(A, G(B)), (A2)

where A € A and B € B are any arbitrary object. In particular one can see

Homp(F(A), F(B)) ~ Hom 4(A, GoF (B)).

Equivalence of categories A functor F : A — B is called equivalence if there are functors
G,H : B — A such that they satisfy the functor isomorphisms GoF ~ id 4 and
FoH ~ idg.
It is now easy to see [4] that if a functor is fully faithful and have both left and right
adjoint then it is an equivalence.
Category of complexes Suppose A is an abelian category. Then one defines the category of
complex C(A), which it’s objects are complexes of objects in A,
A e i—1dT o d i
= — AT — A" — AT — (A.3)
such that d’ o d'~! = 0. The morphisms in C(A) between two objects & : A* — B*® are
defined by a collection of morphisms {A'} in A as,
i—1

e — AT A Ay

l; | l; (A.4)

. —— BTV 2Bl

which must be commutative. There are several remarks that must be mentioned,
i) One can define the shift functor, T : C(A) — C(A), naturally in this category as,

A°[1]:=T(A®),
(A =AY dly = —dit (A.5)

ii) As usual one can define cohomology for complexes,

: Ker(d")
H (A = ——. A.6
(A =1 (A.6)
Two complexes A®, B® are said to be Quasi Isomorphic if all of their cohomologies are
isomorphic.

Derived category Roughly speaking, derived category is “derived” from the homotopy cate-
gory’” by localizing with the “ideal of quasi isomorphisms”. In other words Ob(D(.A))
:= Ob(C(A)), and morphisms in D(A) between two objects A®, B*® are like,

2 Homotopy Category is derived from category of complexes by taking quotient relative to the homotopy equivalence
relation.
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ce
qis f (A7)
A® / \ B*

In general f is a general morphism in homotopy category. As a result if f is also
a quasi isomorphism, then the corresponding morphism in the derived category is iso-
morphism. So in A, if cohomology of two complex is isomorphic, then the complexes
themselves are isomorphic.

Note: From now on we restrict ourselves to bounded derived categories, D?(A), which
it’s objects are isomorphic to complexes with bounded cohomology complexes.
Derived functor If a functor F : K(A) — K (B) between homotopy categories is compatible
with quasi isomorphisms, i.e. it sends quasi isomorphisms to quasi isomorphisms (pr
equivalently it sends acyclic complexes to acyclic complexes), then it naturally induces
a functor on derived categories. But generally it may not happen, so one need to ‘derive’
a functor from F such that it is compatible with ‘localization’ of morphisms with quasi
isomorphisms. This functor is called derived functor R F'. Here we briefly describe the
derived functors that we are going to use them in this paper. For general discussions the
reader can consult with [34].
From now on, we restrict ourselves with categories of coherent sheaves Coh(X) and
quasi coherent sheaves Qcoh(X) over a variety X. In particular it is possible to show
[34]

DY opix) (Qcoh(X)) ~ D (Coh(X)), (A.8)

where the left hand side corresponds to the derived category of complexes of quasi co-
herent sheaves which their cohomologies are coherent sheaves. One define the bounded
derived category of X as D?(X) := D*(Coh(X)).

Derived direct image Here the goal is to find the derived functor of f : Coh(X) — Coh(Y)
induced from a projective (or at least proper) morphism of varieties f: X —> Y.

If we have proper morphism of varieties f : X —> Y, then the (right) direct image

Rf,: D"(X) —> D(Y) is defined in the following way,
1) For any complex of coherent sheaves A® with bounded cohomology, we have an
injective resolution A®* —> [ (A®).

2) Define
Rf(A®) == fo(I(A%),
R £ (A®) :=H' (f(I(A®))). (A.9)

Derived Hom functor and Ext groups Lets start by the following definition,

Definition A.1. A complex in Z° € C(Mod (X)) is called injective COMPLEX if the
right exact functor Hom'C(MOd(X))(. .., I% : C(Mod(X)) —> Ab maps any acyclic
complex to another acyclic complex (or equivalently map any quasi isomorphism to

another quasi isomorphism).

Now it can be proved a bounded bellow complex of injective sheaves is actually
an injective complex. So as before for a complex A® one can define a resolution by
injective objects B®* — Z°, and define
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RHOME pgoqcxy) (A ) : Db (X) —> DP(Ab), (A.10)
RHomlC(./\/lod(X)) (A., B.) = Hl (HomC(/Vlod(X)) (A., I.)) (All)

Without getting into more details, we state that relative to the first “variable” (i.e. A®),
the functor defined above is consistent with the quasi isomorphisms. So if we consider
R Hom as a functor on the first variable, it naturally induces a well defied functor in the
derived category. Therefore,

RHom : D°(X) x D”(X) —> D(Ab), (A.12)
where D°(X) is the opposite category of D(X).

Definition A.2. Ext}, \(A®, B®) := R Hom(A®, B®).

So far we only considered the global Hom functor, but in the case of sheaves one
can define a local version [48]Hom,

RHomo, : D°(X) x D?(X) — D?(X), (A.13)
and similar to the global version one has local “ext” sheaves,

Extly (A%, B®) := R'Homo, (A®, B®). (A.14)

Derived tensor product Lets start by reviewing some standard facts,

i) For any sheaf A, the functor A ® ... isright exact, and A is flatif A ® ... is exact.
ii) For any coherent sheaf A, there is a flat resolution of finite length

i Fl— Fo— A — 0, (A.15)

where F;’s are flat sheaves.

iii) One can define the tensor product of two complexes A®* ® B*® as a double complex.
iv) A flat complex is defined as complex P°, which the functor P* ® ..., maps acyclic
complexes to acyclic complexes (or equivalently quasi isomorphism to quasi isomor-
phism).

v) A bounded above (in particular bounded) complex of flat sheaves is a flat complex.
For a bounded complex of coherent sheaves, B*®, then (using point (ii)) one can find a
quasi isomorphism P* — B*. If P* is both flat and acyclic, then B®* ® P* is again
acyclic for any complex B*®.

As before one can define the derived tensor product as,
RF4e = A*®L ... DP(X) — D(X), (A.16)
RF\.(B®) =H'(A®* @ P*). (A.17)
Note that the process of defining derived tensor product is symmetric, and one could

define it using the first variable. Also if there is a quasi isomorphism A*® 2 B*, then
we have a functor isomorphism F4e ~ Fpe. So naturally the derived tensor product
descends to a well defined functor in derived category relative to the first variable,

.. ®L.... DP(X) x D"(X) — DP(X). (A.18)
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Definition A.3.
Tori(A®, B®) :=H ' (A* " B*). (A.19)

Derived pullback Finally we are at the position to review the definition the left derived functor
for the pullback of a morphism f : (X, Ox) — (Y, Oy). As before, we recall some
basic facts and then compare with the general definition.

i) Recall that the pull back of a sheaf under f is defined as,

[F)=0x®10, f'F. (A.20)
ii) There is a projective resolution for every coherent sheaf,
RN » N > LNy SN |} (A.21)

This induces a quasi isomorphism for any bounded complex of coherent sheaves (at

least bounded above) one gets a quasi isomorphism P*® 2 .

So by combining these facts and what we learned for derived tensor product we can
write,

LI*(F*):=0x ® 10, ' F",
Li f5(F®) = H ' (f*(P*)). (A.22)

Important identities Here we collect the identities that are going to be useful in the calculations
throughout this paper.
Lets start with following general theorem,

Theorem A.4. Suppose F : A —> B and G : B —> C be functors between abelian
categories such that G(K r) C K¢ (look at the definition of derived functors). Then one
gets the following identity,

R(G o F)=RG o RF. (A.23)

This theorem looks pretty simple, but it allows us to combine derived functors. Ba-
sically it says there is a spectral sequence,

Ey?:=RPG(RI(F)) = ElF .= RPHG o F. (A.24)

Here we review some of the applications. First lets consider the direct image of a
bounded complex,

R fo(H (F*)) = R £ F°. (A.25)

Obviously one can write a similar spectral sequence formula to compute the derived
functor of complexes. Another example is the global section functor over a variety X, I" :
Coh(X) —> Ab. The direct images of this functor are just the cohomology of sheaves
[48], i.e. RIT(F) = H' (X, F). Now let combine this with the direct image functor
induced by a proper morphism f: X — Y,
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Iy :Coh(Y):—> point, D'y =Tyo fi:Coh(X) — point,
RTx(F) = RTy o Rf.(F),
EYY = HP (Y, R £, F) = ELM = HPY(X, F). (A.26)

Last line is nothing but Leray spectral sequence. As the final example consider the
relation between local extension £xt, and the global extension Ext,

RFORHOmOX(‘F.,g.)ZRHOme(X)(f.,g.). (A27)

In particular if we apply this to concentrated complexes at zero position (i.e. a single
coherent sheaf), we get the following famous result,

H' (X, Extly (F.G)) = Exty™ (F.G) (A.28)

Theorem A.S (Base change formula). Consider the following commutative diagram of
proper morphisms,

p QLI ¢
N
y £y
Then, in general, there is a morphism of functors,
Lf'"*Rg, —> RfiLg". (A.29)
In particular if f (g) is flat, then [’ (g') is flat, and the above morphism is actually

isomorphism of functor.

One of the main properties of Fourier Mukai functor is its compatibility with the base
change, and therefore the theorem above will be very useful.

Definition A.6 (Dualizing complex). Consider a proper morphism fy — Y, it’s dual-
izing complex is defined as,

Hom pyy (RfxF*, G*) = Hom o x) (F*, £'G*). (A30)
In particular it satisfies the identities,
G =L gt floy, (A31)
X —> Y

\l st. h=gof=h'=f'og" (A32)

So by the first identity one only needs to know the dualizing complex of morphism
relative to the structure sheaf.

Definition A.7. A morphism is called Gorenstein if the dualizing complex is a concen-
trated complex, i.e. f’(’)y = Q[k] for some k € Z.
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There two specific cases that will be useful for us in this paper,

Flat Fibration In this case f 'Oy = wy svn], where n is the relative dimension (i.e.
the dimension of the fibers), and wx/y = wx ® fFwy.

Complete intersection This is an inclusion morphism f : X < Y where X is a com-
plete intersection of varieties in Y. In this case f 'Oy = det (N)[—d], where
N is the normal bundle, and d is the codimension of X is Y.

The definition above is called Grothendieck-Verdier duality, and it is a general form of
Serre duality. There is also a local version of this duality,

RHomo, (RfxF*,G*) = Rfs RHomo, (F*, LF*G* ®F f'Oy). (A.33)

Definition A.8. One can define derived dual of a complex F* € D?(X) as,

F*V := RHomo, (F*, Ox). (A.34)
Theorem A.9.
RHom(F*,G*) ~ RHom(Ox, F*¥ @ G*) ~ F*V @t G* (A.35)

Theorem A.10. Rf, 4 Lf*,
RHOme(Y) (.7"., Rf*g.) ~ RHOme(X) (Lf*f., g.), (A36)
RHomp, (F°*, RfxG*) ~ RfxRHomp, (Lf*F*,G*). (A.37)
Theorem A.11 (Projection formula).

Rf(LF*F* ®" G*) = F* ®" Rf.G". (A.38)

Theorem A.12. From A.5, and the commutative diagram bellow for a projective mor-
phism f,

fpl lf (A.39)

we get the following results when F € Coh(X). They will be very useful in many cases,
and also give a rather clear intuitive picture about the direct images,

Li*RfxF —> Rfps(Li}F),
¢/ (Li*RfF) = Tor % (Rf.F,0,) = R LF © O,
— HI(f, 1 (p).i5 7). (A.40)

It is proved in [48] I11.12.10 that @/ is isomorphism if and only of it is surjective, and
RJ £, F is locally free if and only if 7~ is surjective.
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Appendix B. Integral functors

In this section we briefly review the main features of integral functors, specially the Fourier
Mukai functors which are the important special cases. (For more details, the interested reader
can look at [34] and [4])

Definition B.1. Let D?(X) and D?(Y) be the derived category of varieties X and Y. Consider
the following morphisms,

XxY
V Xy) (B.1)
X Y

Then the integral functor CDZ(D'_)Y is defined in the following way,
o}, : DP(X) — Db(Y),
OL () = Ry (i (...) L P*), (B.2)

where mx and my are projections to the corresponding factors, and P* is the kernel of the trans-
form. Note that 7y is a flat morphism, so Ly = nj}.z} In particular if the integral transform of
a sheaf £ (consider it as complex which is only non-zero at the zero entry, i.e. concentrated on
the zero position) is concentrated on the ith position, it is called a W T; sheaf.

Note that any integral functor is a composition of three exact functors in derived categories,
derived inverse image, derived tensor product and derived direct image. So @?‘_)Y is also an
exact functor. In particular, to any short exact sequence there is an associated long exact sequence
induced by that integral functor.

We are particularly interested in “relative” integral transforms. Suppose @’)?HY :DP(X) —
DP(Y) be an integral transform, for any variety T, the corresponding relative integral functor

(relative to T) &y T, ., is defined as

XxYxT
TXxY
XxT XxY YxT

K .
D7) = Rayxr, Ty () ®F K,
Ti=my. Ko (B.3)

Now consider a morphism of varieties f : S — T, and the induced relative morphisms:
fx:SXxX—TxXand fy:S xY — T x Y, then one can prove the following functorial
isomorphism,

23 Such functors are quite similar to the familiar integral transform of functions. Remember that to find the integral
transform of f(x) with x € R! we first consider it as a function in a product space R! x R!. This is similar to the pull
back n}"( above. Then we multiply f(x) with a kernel K (x, y) which is the function in R! x R!, this part is similar to
the tensor product in the formula above, finally we integrate over x, g(y) = [ dxf(x)K (x, y), which is analogues to the
push forward Rmy,.
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Lfy®r(E%) =~ Os(LFEE), (B4)

with £% € D?(X x T). In particular if j, : t —> T be the inclusion of a point ¢, then the identity
above gives,

Lj®r(E%) = D,(LjE®). (B.5)

This has important consequences: first of all if £ is a sheaf, one can prove (by checking the
spectral sequences of the combined functors),

Q" (jFE) x jrOT(E), (B.6)

where n,, is the maximal integer that either CD?'" or CD';’" is non zero. Moreover, if both £ and
CIDiT(S) are flat over T, then & is WIT; relative to &, if and only if £ is WIT; relative to O7.
This is an important point, and when we want to describe the Fourier-Mukai transform of vector
bundles which are unstable over some non generic elliptic fibers, or when we need to deal with
general coherent sheaves, it is going to help us.

Finally we mention that there are similar result for non trivial fibration, which we discuss
briefly later. For now, let’s move on to review Fourier-Mukai functors briefly.

Definition B.2. A Fourier Mukai functor is an integral functor which is also an exact equivalence.

Probably the first important point about Fourier-Mukai functors is that any equivalence can
be written as Fourier-Mukai,

Theorem B.3 (Orlov’s representability theorem). Let X and Y be two smooth projective vari-
eties, and let

F:DY(X) — D’(v)

be a fully faithful exact functor. If F admits right and left adjoint functors, then there exists an
object P* € D’(X x Y) unique up to isomorphism such that F is isomorphic to a Fourier Mukai
functor @7)?%),.

There is a partial inverse to this theorem, due to Bondal and Orlov [34], which states when an
integral functor is indeed fully faithful, i.e. it puts constraints over the kernel of the transform,

Theorem B.4. Let X and Y be smooth projective varieties. Consider QZ(D;Y - DP(X) — DP(Y)
with P® in D?(X x Y). Then CIDZ(D'_) y is a fully faithful functor if and only if P* is a strongly simple
object over X, i.e.
H()m"Db(Y)(Lj;‘1 P, Lj:z’P') =0 unless x1=x» and 0<i<dimX; (B.7)
HomQ, o (LjiP*, LjiP*) =C. (B.3)

In addition, if Lj¥P* is a special object of D*(Y), i.e. Lj*P* ® Ky ~ Lj*P*, then @?;Y is an
equivalence.

In particular if both X and Y are both smooth Calabi-Yau varieties, and the kernel is a strongly
simple object, then the corresponding integral functor is a Fourier-Mukai functor.
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It is worth to mention another very important property of Fourier-Mukai functors, and that is
these kind of integral functors are sensitive to smoothness and “Calabi-Yau ness”, and dimension.
In other words, if tow varieties X and Y are Fourier-Mukai partners (their derived category
are equivalent), then X is smooth if and only if ¥ is smooth (this proved by Serre’s criterion
on regular local rings of finite homological dimension), and X is Calabi-Yau if and only if ¥
is Calabi-Yau (this is proved by using Grothendieck-Verdier duality), and both of them must
have the same dimension. There are also other geometrical constraints which are induced by the
equivalence condition, but we ignore them here.

We finish this section by quickly deriving the inverse transform of a Fourier-Mukai functor
<I>7;°_>Y. Since for an equivalence of categories, the adjoint functor is actually the inverse functor,
one can find it easily for the Fourier Mukai functor as follows,

RHome(Y)(CDZ().—)Y(]:.)’ g.) = RHome(XXY) (71';2}", JT;Q. ®L P.v ® T[?}a)x[n])
= RHom pox)(F*, Ry, (3 F* @ P*Y @ miwx[n]))

PV @niox(n

= RHom py ) (F*, @) ok (gey), (B.9)

where F* and G*® are generic objects of the derived category of varieties X and Y, n is the dimen-
sion of both X and ¥,%* and wy is the canonical sheaf of X. Therefor the “inverse transform” is
itself a Fourier Mukai functor,

P @njwxin]

qDY*)X

(B.10)

References

[1] D.R. Morrison, C. Vafa, Compactifications of F theory on Calabi-Yau threefolds. 1, Nucl. Phys. B 473 (1996) 74-92,
arXiv:hep-th/9602114 [hep-th].
[2] D.R. Morrison, C. Vafa, Compactifications of F theory on Calabi-Yau threefolds. 2, Nucl. Phys. B 476 (1996)
437-469, arXiv:hep-th/9603161 [hep-th].
[3] R. Friedman, J. Morgan, E. Witten, Vector bundles and F theory, Commun. Math. Phys. 187 (1997) 679-743,
arXiv:hep-th/9701162 [hep-th].
[4] D. Huybrechts, Fourier-Mukai Transforms in Algebraic Geometry, Oxford University Press, 2006.
[5] C. Vafa, Evidence for F theory, Nucl. Phys. B 469 (1996) 403—418, arXiv:hep-th/9602022 [hep-th].
[6] N. Nakayama, On Weierstrass models, Algebraic Geom. Commut. Algebra (1987) 405-431.
[7] P. Deligne, Courbes elliptiques: formulaire d’apres J. Tate, in: Modular Functions of One Variable, IV, Proc. Internat.
Summer School, Univ. Antwerp, Antwerp, 1972, in: Lecture Notes in Math., vol. 476, 1975, pp. 53-73.
[8] R. Friedman, J.W. Morgan, E. Witten, Vector bundles over elliptic fibrations, arXiv:alg-geom/9709029 [alg-geom].
[9] P.S. Aspinwall, D.R. Morrison, Point - like instantons on K3 orbifolds, Nucl. Phys. B 503 (1997) 533-564, arXiv:
hep-th/9705104 [hep-th].
[10] R. Donagi, M. Wijnholt, Model building with F-theory, Adv. Theor. Math. Phys. 15 (5) (2011) 1237-1317, arXiv:
0802.2969 [hep-th].
[11] T. Shioda, On elliptic modular surfaces, J. Math. Soc. Jpn. 24 (1972) 20.
[12] T. Shioda, Mordell-Weil lattices for higher genus fibration over a curve, in: New Trends in Algebraic Geometry,
Warwick, 1996, in: London Math. Soc. Lecture Note Ser., vol. 264, 1999, p. 359.
[13] R. Wazir, Arithmetic on elliptic threefolds, Compos. Math. 140 (5) (2004) 567-580.
[14] M. Bershadsky, T.M. Chiang, B.R. Greene, A. Johansen, C.I. Lazaroiu, F theory and linear sigma models, Nucl.
Phys. B 527 (1998) 531-570, arXiv:hep-th/9712023 [hep-th].
[15] C. Lazaroiu, On degree zero semistable bundles over an elliptic curve.
[16] R. Donagi, M. Wijnholt, Gluing branes II: flavour physics and string duality, J. High Energy Phys. 05 (2013) 092,
arXiv:1112.4854 [hep-th].

2 Actually uniqueness of the inverse implies the dimension of X and Y must be the same.


http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC2D5E93BE9A1749B6D7A58E2EC9ECC2Es1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC2D5E93BE9A1749B6D7A58E2EC9ECC2Es1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib22B7C05208095CBBB41E8E6742C1D317s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib22B7C05208095CBBB41E8E6742C1D317s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFBEEFB27899C67B306650B392441CB0As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFBEEFB27899C67B306650B392441CB0As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibF25572A74FE0F6EB7E686ACE12CB3011s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib9D106EF310537A8E798D133AAFB5B5DFs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib7CF663420EFDBBB03DC081189D3485ECs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib13381F55E69677C5F9C424E807A17D11s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib13381F55E69677C5F9C424E807A17D11s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDC27926112A7B321E3801AF6AD703734s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC304BC14FBD14A7132B42A48D3E3B06Bs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC304BC14FBD14A7132B42A48D3E3B06Bs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib3DE65D21A69A65873744A3071F497B56s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib3DE65D21A69A65873744A3071F497B56s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib9AEEAD13B1B75C89A988E37456520AB4s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE71269A0ECADE7F5E0DA0E36A2F2E20As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE71269A0ECADE7F5E0DA0E36A2F2E20As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib488CEC90F4B8464B813CA1D652CCA91Cs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib4D3C5BBC7B116A803CF22C63E030DE79s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib4D3C5BBC7B116A803CF22C63E030DE79s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib7906F3CE44AD38BBAD4BCA0A564453ACs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib7906F3CE44AD38BBAD4BCA0A564453ACs1

L.B. Anderson et al. / Nuclear Physics B 956 (2020) 115003 53

[17] P. Horava, E. Witten, Heterotic and type I string dynamics from eleven-dimensions, Nucl. Phys. B 460 (1996)
506-524, arXiv:hep-th/9510209 [hep-th]. [,397(1995)].

[18] B.A. Ovrut, T. Pantev, J. Park, Small instanton transitions in heterotic M theory, J. High Energy Phys. 05 (2000)
045, arXiv:hep-th/0001133 [hep-th].

[19] R. Donagi, A. Lukas, B.A. Ovrut, D. Waldram, Nonperturbative vacua and particle physics in M theory, J. High
Energy Phys. 05 (1999) 018, arXiv:hep-th/9811168 [hep-th].

[20] R. Donagi, A. Lukas, B.A. Ovrut, D. Waldram, Holomorphic vector bundles and nonperturbative vacua in M theory,
J. High Energy Phys. 06 (1999) 034, arXiv:hep-th/9901009 [hep-th].

[21] R. Donagi, B.A. Ovrut, D. Waldram, Moduli spaces of five-branes on elliptic Calabi-Yau threefolds, J. High Energy
Phys. 11 (1999) 030, arXiv:hep-th/9904054 [hep-th].

[22] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, Standard models from heterotic M theory, Adv. Theor. Math. Phys.
5(2002) 93-137, arXiv:hep-th/9912208 [hep-th].

[23] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, Standard model vacua in heterotic M theory, in: Strings '99. Pro-
ceedings, Conference, Potsdam, Germany, July 19-24, 1999, 1999, arXiv:hep-th/0001101 [hep-th].

[24] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, Standard model bundles on nonsimply connected Calabi-Yau three-
folds, J. High Energy Phys. 08 (2001) 053, arXiv:hep-th/0008008 [hep-th].

[25] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, Standard model bundles, Adv. Theor. Math. Phys. 5 (2002) 563-615,
arXiv:math/0008010 [math-ag].

[26] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, Spectral involutions on rational elliptic surfaces, Adv. Theor. Math.
Phys. 5 (2002) 499-561, arXiv:math/0008011 [math-ag].

[27] R. Donagi, Y.-H. He, B.A. Ovrut, R. Reinbacher, Moduli dependent spectra of heterotic compactifications, Phys.
Lett. B 598 (2004) 279-284, arXiv:hep-th/0403291 [hep-th].

[28] R. Donagi, Y.-H. He, B.A. Ovrut, R. Reinbacher, The particle spectrum of heterotic compactifications, J. High
Energy Phys. 12 (2004) 054, arXiv:hep-th/0405014 [hep-th].

[29] G. Curio, R.Y. Donagi, Moduli in N=1 heterotic / F theory duality, Nucl. Phys. B 518 (1998) 603-631, arXiv:
hep-th/9801057 [hep-th].

[30] G. Curio, Moduli restriction and chiral matter in heterotic string compactifications, J. High Energy Phys. 01 (2012)
015, arXiv:1110.6315 [hep-th].

[31] B. Andreas, G. Curio, D.H. Ruiperez, S.-T. Yau, Fourier-Mukai transform and mirror symmetry for D-branes on
elliptic Calabi-Yau, arXiv:math/0012196 [math-ag].

[32] B. Andreas, G. Curio, Stable bundle extensions on elliptic Calabi-Yau threefolds, J. Geom. Phys. 57 (2007)
2249-2262, arXiv:math/0611762 [math-ag].

[33] H. Hayashi, R. Tatar, Y. Toda, T. Watari, M. Yamazaki, New aspects of heterotic—F theory duality, Nucl. Phys. B
806 (2009) 224-299, arXiv:0805.1057 [hep-th].

[34] D.H.R. Claudio Bartocci, Ugo Bruzzo, Fourier-Mukai and Nahm Transforms in Geometry and Mathematical
Physics, Birkhéuser, Boston, 2009.

[35] M. Atiyah, Vector bundles over an elliptic curve, Proc. Lond. Math. Soc. 3 (1957) 414-452.

[36] R. Friedman, Algebraic Surfaces and Holomorphic Vector Bundles Algebraic Surfaces and Holomorphic Vector
Bundles, Springer, New York, NY, 1998.

[37] V.B. Mehta, A. Ramanathan, Semistable sheaves on projective varieties and their restriction to curves, Math. Ann.
258 (3) (Sep 1982) 213-224, https://doi.org/10.1007/BF01450677.

[38] R.Y. Donagi, Principal bundles on elliptic fibrations, Asian J. Math. 1 (1997) 214-223, arXiv:alg-geom/9702002
[alg-geom].

[39] G. Curio, Chiral matter and transitions in heterotic string models, Phys. Lett. B 435 (1998) 3948, arXiv:hep-th/
9803224 [hep-th].

[40] W. Fulton, Intersection Theory, Springer, New York, NY, 1998.

[41] K. Kodaira, On compact analytic surfaces. II, III, Ann. Math. 77 (78) (1963) 563 (1).

[42] J. Tate, Algorithm for determining the type of a singular fiber in an elliptic pencil, in: Modular Functions of One
Variable 1V, in: Lecture Notes in Math., vol. 476, 1975.

[43] T.W. Grimm, A. Kapfer, J. Keitel, Effective action of 6D F-theory with U(1) factors: rational sections make Chern-
Simons terms jump, J. High Energy Phys. 07 (2013) 115, arXiv:1305.1929 [hep-th].

[44] A.H. Caldararu, Derived Categories of Twisted Sheaves on Calabi-Yau Manifolds, Cornell University, 2000.

[45] A. Caldararu, Derived categories of twisted sheaves on elliptic threefolds, arXiv preprint, arXiv:math/0012083,
2000.

[46] D. Hernandez Ruiperez, A.C. Lopez Martin, D. Sanchez Gomez, C. Tejero Prieto, Moduli spaces of semistable
sheaves on singular genus one curves, arXiv preprint, arXiv:0806.2034, 2008.


http://refhub.elsevier.com/S0550-3213(20)30089-4/bib5536B4EB22BFCA108AB699580476986Cs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib5536B4EB22BFCA108AB699580476986Cs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibCAA5A71DE2B67D861AB504DE35DF6FA3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibCAA5A71DE2B67D861AB504DE35DF6FA3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibAF6ABDDC145D60C384AC7D51401A0093s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibAF6ABDDC145D60C384AC7D51401A0093s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE1DFE988AEE069609C9711597741E3EEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE1DFE988AEE069609C9711597741E3EEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib1B52E28C75C3102B2E777994574C9A2As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib1B52E28C75C3102B2E777994574C9A2As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibA9CE8C5A8172777BEF973FC116857701s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibA9CE8C5A8172777BEF973FC116857701s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFFA2AEFF1E147E1FFE2B6A87B85DE87Ds1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFFA2AEFF1E147E1FFE2B6A87B85DE87Ds1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibADAC30235F5FB9977A00D48B4C95BDC0s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibADAC30235F5FB9977A00D48B4C95BDC0s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib000EB0F1F7F7E80AFBD9C66493BBB2CDs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib000EB0F1F7F7E80AFBD9C66493BBB2CDs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib50C926790DFA3E162197E9BABB22CD63s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib50C926790DFA3E162197E9BABB22CD63s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC0E7D76C21ADEF57C7887FE4666150DFs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC0E7D76C21ADEF57C7887FE4666150DFs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE3CB826C5A7C0010CCA9C04EEB3B37BEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE3CB826C5A7C0010CCA9C04EEB3B37BEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib055E5C7EDC17CAC5E939610E11D7639Fs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib055E5C7EDC17CAC5E939610E11D7639Fs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE800A67E5568E5A604230E24272AB098s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibE800A67E5568E5A604230E24272AB098s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib896C8F4ABFCD35F5DF5432BE799B49A5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib896C8F4ABFCD35F5DF5432BE799B49A5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib683B8CFEAA2A86909087940368B11AF9s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib683B8CFEAA2A86909087940368B11AF9s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib045FE1764BA64DD732B4BC7BDF3FB8A5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib045FE1764BA64DD732B4BC7BDF3FB8A5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib340462B64E6B597A25599550453DEFBBs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib340462B64E6B597A25599550453DEFBBs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibEEF3487CAF14A7E037E77B025356D541s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib0AE9F05A96DD477513BB21C886AB06F3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib0AE9F05A96DD477513BB21C886AB06F3s1
https://doi.org/10.1007/BF01450677
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib8E397541B183B5D89AC1D0B79DEEDDAEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib8E397541B183B5D89AC1D0B79DEEDDAEs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibB3A126DC0A644150F9BF2F94A9A9CD29s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibB3A126DC0A644150F9BF2F94A9A9CD29s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib76DB448E3F4E0C49CD71FE38EDC2F9C1s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib539E20EAF9DB7B20A2591910BD7C8D83s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC8C01893D9BC804C03B7F7FF190FEA79s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibC8C01893D9BC804C03B7F7FF190FEA79s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibBEDAF3ACE0C9AEFC1DDA65D157E561A2s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibBEDAF3ACE0C9AEFC1DDA65D157E561A2s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib3A0A2921D2A0B2044EB4CB569BAB2236s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib80A1EE3F5BA2A81B54A0CF5178394B99s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib80A1EE3F5BA2A81B54A0CF5178394B99s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFFCE6306421CD6C825529F12B6914BCDs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibFFCE6306421CD6C825529F12B6914BCDs1

54 L.B. Anderson et al. / Nuclear Physics B 956 (2020) 115003

[47] A.C. Lépez-Martin, Simpson Jacobians of reducible curves, J. Reine Angew. Math. 2005 (582) (2005) 1-39.

[48] R. Hartshorne, Algebraic Geometry, Springer-Verlag, New York, 1977.

[49] M. Louis, On the rational solutions of the indeterminate equations of the third and fourth degrees, Proc. Camb.
Philol. Soc. 21 (1922) 179-192.

[50] A. Weil, Larithmetique sur les courbes algebriques, Acta Math. 52 (1) (1929) 281-315.

[51] H.S. Christian Okonek, Michael Schneider, Vector Bundles on Complex Projective Spaces, Birkhduser, Basel, 1980.

[52] M. Esole, Introduction to elliptic fibrations, in: Proceedings, 9th Summer School on Geometric, Algebraic and
Topological Methods for Quantum Field Theory: Villa de Leyva, Colombia, July 20-31, 2015, 2017, pp. 247-276.

[53] L.B. Anderson, H. Feng, X. Gao, M. Karkheiran, Heterotic/heterotic and heterotic/F-theory duality, arXiv:1907.
04395 [hep-th].

[54] E. Buchbinder, R. Donagi, B.A. Ovrut, Vector bundle moduli and small instanton transitions, J. High Energy Phys.
06 (2002) 054, arXiv:hep-th/0202084 [hep-th].

[55] E. Amerik, On a problem of Noether—Lefschetz type, Compos. Math. 112 (3) (Jul 1998) 255-271, https://doi.org/
10.1023/A:1000398913885.

[56] R. Donagi, M. Wijnholt, Gluing branes, I, J. High Energy Phys. 05 (2013) 068, arXiv:1104.2610 [hep-th].

[57] L.B. Anderson, J. Gray, E. Sharpe, Algebroids, heterotic moduli spaces and the Strominger system, J. High Energy
Phys. 07 (2014) 037, arXiv:1402.1532 [hep-th].

[58] L.B. Anderson, J. Gray, A. Lukas, B. Ovrut, Vacuum varieties, holomorphic bundles and complex structure stabi-
lization in heterotic theories, J. High Energy Phys. 07 (2013) 017, arXiv:1304.2704 [hep-th].

[59] L.B. Anderson, J. Gray, A. Lukas, B. Ovrut, The atiyah class and complex structure stabilization in heterotic Calabi-
Yau compactifications, J. High Energy Phys. 10 (2011) 032, arXiv:1107.5076 [hep-th].

[60] L.B. Anderson, J. Gray, A. Lukas, B. Ovrut, Stabilizing all geometric moduli in heterotic Calabi-Yau vacua, Phys.
Rev. D 83 (2011) 106011, arXiv:1102.0011 [hep-th].

[61] L.B. Anderson, X. Gao, J. Gray, S.-J. Lee, Multiple fibrations in Calabi-Yau geometry and string dualities, J. High
Energy Phys. 10 (2016) 105, arXiv:1608.07555 [hep-th].

[62] L.B. Anderson, X. Gao, J. Gray, S.-J. Lee, Tools for CICYs in F-theory, J. High Energy Phys. 11 (2016) 004,
arXiv:1608.07554 [hep-th].

[63] L.B. Anderson, J. Gray, A. Lukas, B. Ovrut, Stabilizing the complex structure in heterotic Calabi-Yau vacua, J. High
Energy Phys. 02 (2011) 088, arXiv:1010.0255 [hep-th].

[64] A.P. Braun, C.R. Brodie, A. Lukas, F. Ruehle, NS5-branes and line bundles in heterotic/F-theory duality, Phys. Rev.
D 98 (12) (2018) 126004, arXiv:1803.06190 [hep-th].

[65] H. Clemens, S. Raby, Heterotic-F-theory duality with Wilson line symmetry-breaking, arXiv:1908.01913 [hep-th].

[66] L.B. Anderson, A. Constantin, J. Gray, A. Lukas, E. Palti, A comprehensive scan for heterotic SU(5) GUT models,
J. High Energy Phys. 01 (2014) 047, arXiv:1307.4787 [hep-th].

[67] P.S. Aspinwall, R.Y. Donagi, The heterotic string, the tangent bundle, and derived categories, Adv. Theor. Math.
Phys. 2 (1998) 1041-1074, arXiv:hep-th/9806094 [hep-th].

[68] L.B. Anderson, J.J. Heckman, S. Katz, T-branes and geometry, J. High Energy Phys. 05 (2014) 080, arXiv:1310.
1931 [hep-th].

[69] S. Cecotti, C. Cordova, J.J. Heckman, C. Vafa, T-branes and monodromy, J. High Energy Phys. 07 (2011) 030,
arXiv:1010.5780 [hep-th].

[70] L.B. Anderson, J.J. Heckman, S. Katz, L.P. Schaposnik, T-branes at the limits of geometry, J. High Energy Phys.
10 (2017) 058, arXiv:1702.06137 [hep-th].

[71] L.B. Anderson, L. Fredrickson, M. Esole, L.P. Schaposnik, Singular geometry and Higgs bundles in string theory,
SIGMA 14 (2018) 037, arXiv:1710.08453 [math.DG].

[72] L.B. Anderson, Spectral covers, integrality conditions, and heterotic/F-theory duality, J. Singul. 15 (2016) 1-13,
arXiv:1603.09198 [hep-th].

[73] R. Donagi, M. Wijnholt, Higgs bundles and UV completion in F-theory, Commun. Math. Phys. 326 (2014) 287-327,
arXiv:0904.1218 [hep-th].


http://refhub.elsevier.com/S0550-3213(20)30089-4/bib876575674F373AD08BEB6C74DF492BA1s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDD7FE789FD85B84A8C6913D9A4E3E75Es1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib736F8E33007B50B1E2D5E7F073AD29C5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib736F8E33007B50B1E2D5E7F073AD29C5s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib75EBA6FF04FED09C6905DF1EAB95F037s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib0C26382DA951397EF5B74E619EC36623s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib118F04BF55A0DF601572D7F9E91A89C2s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib118F04BF55A0DF601572D7F9E91A89C2s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib7AF00513190735CC4CED06D6F9EA0F19s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib7AF00513190735CC4CED06D6F9EA0F19s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib00DBFE426869FF8CB588BCCC15212FA6s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib00DBFE426869FF8CB588BCCC15212FA6s1
https://doi.org/10.1023/A:1000398913885
https://doi.org/10.1023/A:1000398913885
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib091FA2FBFA7DD0E6E200A833311EAA00s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib5DB46B049EC7E43D8097B08EB2234BB3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib5DB46B049EC7E43D8097B08EB2234BB3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDF69098CFD60DF0A02E4B87EABCEC3B0s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDF69098CFD60DF0A02E4B87EABCEC3B0s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibEF4F722143B873313B449658C4F4C6E3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibEF4F722143B873313B449658C4F4C6E3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib47FCF2E817D4FAF1FB8FFDE18D89B592s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib47FCF2E817D4FAF1FB8FFDE18D89B592s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibAC67F501A08A246A2A6EF397E60FC9F8s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibAC67F501A08A246A2A6EF397E60FC9F8s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib556999DCB7C6B3F0BEE0D1B351FEB226s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib556999DCB7C6B3F0BEE0D1B351FEB226s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib909FF9ED6C3765BF8DE38143675F666As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib909FF9ED6C3765BF8DE38143675F666As1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib4131FA3B99327984A0076E004B9DF08Bs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib4131FA3B99327984A0076E004B9DF08Bs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibEC4D92CBD81CF95224FBB4C162AB2F27s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibBE8BA9A7271FCAC2D55C4A55339B9247s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibBE8BA9A7271FCAC2D55C4A55339B9247s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibACD253744FCB63A17E5E290A49E8F376s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibACD253744FCB63A17E5E290A49E8F376s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDA4A921C837C5045945869BADE8955EDs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibDA4A921C837C5045945869BADE8955EDs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib09E489AD1BF613A3C61AE72A2F88AB35s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib09E489AD1BF613A3C61AE72A2F88AB35s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib14F1D19F26028A1D3169761AECCABE23s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib14F1D19F26028A1D3169761AECCABE23s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib583B0D91C77A9D84C85E149F3B48B0B3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib583B0D91C77A9D84C85E149F3B48B0B3s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib266329882FCDCCF750ED0CAA79B0D967s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bib266329882FCDCCF750ED0CAA79B0D967s1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibB45FD317D93C20521BC6E2E45C9D586Cs1
http://refhub.elsevier.com/S0550-3213(20)30089-4/bibB45FD317D93C20521BC6E2E45C9D586Cs1

	Extending the geometry of heterotic spectral cover constructions
	1 Introduction
	2 A review of vector bundles over Weierstrass elliptic fibrations and Fourier-Mukai transforms
	2.1 Irreducible smooth elliptic curve
	2.2 Weierstrass elliptic fibration
	2.3 Spectral cover
	2.4 Topological data

	3 Elliptically fibered manifolds with fibral divisors
	3.1 (Semi) stable vector bundles over I2 elliptic curves
	3.2 Topological data
	3.3 What is missing in the singular limit

	4 Non trivial Mordell Weil group with a holomorphic zero section
	4.1 Topological data
	4.2 Rank one Mordell-Weil group

	5 Non trivial Mordell Weil group with rational generators
	5.1 Flop transitions
	5.1.1 Carrying out the flops explicitly

	5.2 Comment on the chirality of the effective theory

	6 Examples of explicit Fourier-Mukai transforms
	6.1 Bundles defined by extension on Weierstrass CY threefolds
	6.2 FM transforms of monad bundles over Weierstrass 3-folds
	6.2.1 A comparison to existing techniques for FM transforms of monad bundles

	6.3 An extension bundle defined on an elliptic fibration with fibral divisors
	6.4 A bundle defined via extension on a CY threefold with rk(MW)=1

	7 Small instanton transitions and spectral covers
	7.1 New chirality changing small instanton transitions

	8 Reducible spectral covers and obstructions to smoothing
	9 Conclusions and future directions
	Acknowledgements
	Appendix A Basics about derived category
	Appendix B Integral functors
	References


