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ABSTRACT: Holomorphicity of vector bundles can stabilize complex structure moduli of a
Calabi-Yau threefold in N = 1 supersymmetric heterotic compactifications. In principle,
the Atiyah class determines the stabilized moduli. In this paper, we study how this mech-
anism works in the context of elliptically fibered Calabi-Yau manifolds where the complex
structure moduli space contains two kinds of moduli, those from the base and those from
the fibration. Defining the bundle with spectral data, we find three types of situations when
bundles’ holomorphicity depends on algebraic cycles exist only for special loci in the com-
plex structure moduli, which allows us to stabilize both of these two moduli. We present
concrete examples for each type and develop practical tools to analyze the stabilized mod-
uli. Finally, by checking the holomorphicity of the four-flux and/or local Higgs bundle data
in F-theory, we briefly study the dual complex structure moduli stabilization scenarios.
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1 Introduction

Compactification of Eg x Eg heterotic string [1, 2] on a Calabi-Yau threefold with a vector
bundle is a promising approach to derive the Standard Model of particle physics in the
four-dimensional spacetime [3—11]. To preserve supersymmetry, the bundle should be holo-
morphic, slope zero, and poly-stable. Fluctuations of the complex structure and Kahler
form of the base manifold and fluctuations of the bundle appear as moduli particles in
the effective theory. Holomorphicity of the bundle has been used to stabilize the complex
structure moduli in these models [12-16]. The idea is that only some of the deformations
of the complex structure are consistent with the supersymmetry. The others will force
the bundle to become non-holomorphic. This will generate non-trivial F-terms for such
deformations in the effective theory, and the complex structure moduli corresponding to
them are stabilized. As shown in [14], this mechanism, together with a similar one due to
bundle poly-stability [17-21] is an effective way to stabilize geometric moduli in heterotic
Calabi-Yau compactification.

Deformations of the complex structure-preserving bundle holomorphy are described
by the Atiyah class [22]. The computation of it is, in general, challenging. However, for



holomorphic bundles in which the necessary ingredients in the construction have a complex
structure dependence, these deformations can be calculated efficiently by a “bottom-up”
approach. For example, extension bundles [5] are defined by specifying an element in the
Ext group. As shown in [12, 13], the Ext group jumps in dimension for a special choice
of the complex structure. This signals that some of the complex structure moduli are
stabilized locally over the particular locus in moduli space. Instead of the Atiyah class,
the stabilized moduli can be identified quickly by a computation of “jumping” Ext. As a
result, the “bottom-up” approaches are equivalent to the calculation of the Atiyah class
and are efficient tools for the complex structure moduli stabilization.

In this work, we will focus on Calabi-Yau threefolds with an elliptic fibration' [23-
30], and study how its complex structure moduli can be stabilized by bundle holomorphy.
Bundles on an elliptically fibered Calabi-Yau threefold can be constructed by spectral
data [31-34], which can be mapped to the extension or monad bundles by a Fourier-Mukai
transformation. The reason to work with the spectral cover bundle is that poly-stability, a
difficult property to check for other constructions, is straightforward to study in terms of
spectral data, at least as long as the spectral cover is smooth. Besides, since the spectral
data specify the Heterotic models, the Heterotic model’s moduli stabilization process can
be translated to an associated process in the dual F-theory model. Hence the relation with
moduli stabilization scenarios in F-theory/type II models will be manifest.

Complex structure moduli of an elliptically fibered Calabi-Yau threefold X can be
either the complex structure moduli of the base B or the complex structure moduli of
the fibration F'. As we will see later, both of them can be stabilized using holomorphic
bundles. Specifically, we find three types of approaches to do that but, from the perspective
of spectral cover bundles, they all correspond to emergent algebraic cycles in X. In more
technical terms, we look for the Noether-Lefschetz loci in the complex structure moduli and
specify the spectral data so that the associated vector bundle stays holomorphic only on
these loci. For type I case, we consider a SU(2) extension bundle with Ext group jumping on
a special locus in complex structure moduli space of B. One can observe that variations of
the complex structure away from the special locus in moduli space will make the algebraic
curve disappear. The spectral cover is not algebraic anymore. Hence the corresponding
vector bundle becomes non-holomorphic, and the associated complex structure moduli of
B are stabilized. We will get some insight into how the stabilized moduli can be identified
by studying the spectral data directly.

In the type II approach, we find that the Picard group of B jumps when the complex
structure of the base takes some “special” form. Suppose the holomorphic bundle is defined
with the new algebraic cycles in the “jumping” Picard group. Then, variations of the
complex structure that does not preserve this “special” form of complex structure will
make the bundle non-holomorphic, and the corresponding moduli are stabilized. Besides
the base’s complex structure moduli, holomorphic bundles can also stabilize the moduli
of the fibration. The type III approach is similar to the type II one, in which taking a

!The Calabi-Yau manifolds considered here are all in the Weierstrass form. This paper’s ideas will be
valid for any elliptic fibration, as long as there is at least one holomorphic section. However, when all of
the sections are rational, one will need more careful analysis [33, 34].



“special” complex structure gives new algebraic cycles in the base. The difference is that
this time, the algebraic curves appear in the total space of the fibration. Suppose the
spectral data are defined in terms of these emergent algebraic cycles. Then, variations
of the complex structure away from the “special” form will make algebraic cycles non-
algebraic, the bundle becomes non-holomorphic, and the associated moduli are stabilized.
Notice that the last two approaches do not require the bundle to be constructed as an
extension and are applicable to more general bundles. We give explicit examples for all
three approaches. Like “jumping” Ext, we develop practical tools to identify variations
of the complex structure that does not preserve the “special” form used above and thus
obtain the stabilized moduli in type II and type III approaches.?

The image of these moduli stabilization scenarios is also interesting. In the type
I example, the flux derived from the spectral line bundle is responsible for the moduli
stabilization. Finally, the four-flux in type II example is the horizontal algebraic four-flux
constructed in [35]. A recent work on complex structure moduli stabilization also used the
idea of algebraic cycles is discussed in [36].

This paper is organized as follows: in section 2, we review how a vector bundle’s
holomorphicity can be used for complex structure moduli stabilization in Calabi-Yau com-
pactification. Specially we review the Atiyah class and illustrate it with a SU(2) extension
bundle. In section 3, we introduce three approaches to stabilize the complex structure
moduli of an elliptically fibered Calabi-Yau threefold with holomorphic bundles in spectral
cover construction. In section 4, we discuss how these approaches in heterotic compactifi-
cation manifest themselves in F-theory. In section 5, we conclude our work. Some of the
technical discussions are presented in the appendices.

2 The Atiyah class

Let X be a Calabi-Yau threefold with a vector bundle V. To preserve N = 1 supersym-
metry, the bundle should have a connection satistfying the following (zero slope) Hermitian
Yang-Mills equations,

Fab = Fal_) = 07 gabFaB = Oa (21)

where F is the gauge field strength associated with that connection and a and b are holomor-
phic and anti-holomorphic indices on the Calabi-Yau manifold. The first equation in (2.1)
implies that the bundle is holomorphic [37]. It is the property that will be used for moduli
stabilization. The second equation in (2.1) means that the bundle is poly-stable [38, 39].
We will always keep V' poly-stable when the complex structure of X is varied. As shown
in [12, 13], one can do that as long as the bundle is holomorphic.

We start with a supersymmetric vacuum where the initial Kahler, complex structure,
and bundle moduli are chosen to obey the Hermitian Yang-Mills equation in (2.1). Notice

b

that the initial objects will be denoted with a superscript “(0)” and their deformation

2Tt is interesting to see how many of the moduli fields can be stabilized in the phenomenologically
interesting models using the methods presented in this paper. However, we only explain the general ideas
here and leave these questions for a future project.



will be denoted with a § in front. From the deformation theory of compact complex
manifolds [22, 40-43], the space of simultaneous holomorphic deformations of X and V is
measured by H'(Q) with Q satisfying the Atiyah sequence

0-VeV =205 TX 0. (2.2)

The extension class is
a=[FOY e H{ Vo VY@ TXY) (2.3)

the (1,1) component of the initial field strength F(© of the background, referred to as the
“Atiyah class” [22]. From the long exact sequence of (2.2), we have

0 H'(VeVY)= H(Q B H(TX) S H2(VeVY)—. ... (2.4)
The simultaneous holomorphic deformations space H'(Q) is given by
HY(Q)=H'(VaVY)eKer(a) . (2.5)

Notice that we have used the fact that H°(TX) = 0 for the stable bundle TX in (2.4).

As we can see in (2.5), all bundle moduli in H'(V ® V") belong to H'(Q) while for
complex structure moduli, only those that are in the kernel of the Atiyah class are elements
of H'(Q) and should be regarded as the “true” moduli in the effective theory. The other
ones have non-zero images in H?(V ® V'), which lead to non-vanishing field strengths F-2
in the background and make V' non-holomorphic. Thus, variations of the complex structure
along those directions are stabilized by non-trivial F-terms in superpotential. The number
of stabilized moduli is counted by the dimension of Im(«). From the sequence in (2.4), it is
bounded by h?(V ® VV), so there are at most h?(V ® V") complex structure moduli that
can be stabilized by the holomorphic bundle.

The above mechanism can be made more precise if we write the elements of H'(TX)
explicitly as v = §3/v$. where vy are tangent bundle valued harmonic one-forms and 3’
are variations of the complex structure moduli 3/. By the sequence (2.4), elements in the
kernel of Atiyah class should satisfy,

05105, F) = DAy, (2.6)

@~ |clo] [a

where A is a bundle-valued one-form and D is the covariant derivative with respect to
the initial connection A(®). Notice that the right hand side of the equation above is an
exact 2-form in H2(X,V ® VV). In fact, the bundle-valued one-form A can be understood
as deformation of the connection A; = 0A;. Thus, for deformations of complex structure
83! that are in Ker(a), there exist a deformation of the connection §A such that the
equation (2.6) is satisfied and V' can remain holomorphic. However, other deformations
will make V' non-holomorphic, and the associated moduli are stabilized.

In conclusion, with Atiyah class defined in (2.3), we can determine which deformations
of the complex structure in H'(T'X) can keep V holomorphic and which are not. The
number of these independent deformations are given by the dimension of Ker(«a) and Im(«)

respectively. In general, they can be computed directly from the long exact sequence



n (2.4) known as the “top-down” approach. However, for some holomorphic bundles
defined properly only with some special complex structure, there is a quick way to determine
the Ker(a) and Im (o). This “bottom-up” approach is equivalent® to the direct computation
of H'(Q) but is much easier computationally [13]. We will illustrate this method with a
simple extension bundle in the following subsection.

2.1 A rank two extension bundle

We assume that the Calabi-Yau threefold X is defined as a hypersurface in a product of
projective spaces A = P x ... x P". We will further ask that it is “favorable,” i.e. the
Picard group of X is spanned by the restriction to X of ambient divisors, D;, associated
with the hyperplane class in P". The defining polynomial of X is given by pg € H(A, N).
Here N is the normal bundle of the hypersurface. Notice that the defining polynomial pq is
a redundant description of the complex structure. The independent ones can be obtained
from the computation of H!(X,TX). We will discuss this in section 3.

Consider a rank two bundle V defined as an extension of a line bundle L and its dual

0—-L—-V L =0 (2.7)

with the extension class ¢ € Ext!'(LV,L) = H'(L?). If ¢ # 0, the extension is non-
trivial and the bundle defined is a SU(2) indecomposable bundle, otherwise, the extension
is trivial, and the bundle splits into V = L @& LY. However, the non-trivial extension
does not always exist on X because the Ext group H'(L?) that the extension class takes
value in depends on the choice of complex structure. We will be interested in a situation
where H'(L?) is non-trivial only for some special complex structure of X and H!(L?) =0
otherwise. Thus, the indecomposable SU(2) bundle is well-defined on a special locus in the
moduli space, and it splits when the complex structure is deformed away from this locus.
This setting will play a key role in the moduli stabilization discussed later.

Let’s assume that the initial complex structure is chosen such that the H'(L?) jumps
in dimension and the bundle defined in (2.7) is an indecomposable SU(2) bundle. At the
same time, one needs to choose the initial Kéhler form w of X so that V is poly-stable.
Although poly-stability is in general difficult to check, for this simple extension bundle, it
can be determined relatively easier? by the following criterion [19]. V is poly-stable if the
Kéhler form w satisfies (L) < 0 where (L) is the slope of L defined by

(L) = mn;(v)/Xq(L) AwAw. (2.8)

With this condition, we will fix the initial Kéhler moduli of X so that V is poly-stable in
this example.

Now, let’s consider the complex structure deformations with respect to this back-
ground. From the equation (2.3), deformations that are consistent with the holomorphic

3For the rank two vector bundles constructed as an extension of a line bundle and its dual, it is proved
in [13] that the Atiyah class computation is rigorously equivalent to an analysis of “Jumping” of Ext group.
This is an example of the “bottom-up” approach.

4Tt have been shown in [19], it is a sufficient condition for V' being poly-stable.



bundle is measured by the kernel of the Atiyah class « € HY(V @ V¥V @ TXV). For this
example, it can be shown [19] that « is an element of H'(X,L? ® TXV), a subset of
HY(V ®VY®TXY). Thus, the part of the sequence in (2.4) containing o becomes

o: HY(X, TX) — H*(X, L?). (2.9)

By Bott-Borel-Weil Theorem [37], one can express the source H'(X,TX) and target
H?(X, L?) in terms of homogeneous polynomials. The kernel of the map a can be found
by a direct computation of these polynomials. However, the non-trivial extension does not
always exist on X because the Ext group H'(L?) that the extension class takes value in
depends on the choice of the complex structure.

The idea of the “bottom-up” approach [19] is that instead of the direct calculation of
Ker(a) outlined above, the same information can be obtained by studying the “jumping”
of Ext group H'(X, L?). Specifically, recall that the indecomposable bundle V' considered
here is defined on the special locus in the moduli space where Ext group H'(X, L?) jumps.
Consider the deformation of complex structure pg — po+dp. If 4 P is within the special locus
of moduli space, the V' is still indecomposable and holomorphic. However, if § P is generic,
the Ext group becomes H'(X, L?) = 0. It seems that in this case, the only choice for exten-
sion class is ¢ = 0 and the bundle becomes a direct sum L@ LY. In fact, the extension class
¢ € H'(X, L?), does not change when we vary the complex structure moduli. Instead, ¢ is
no longer a closed (0, 1)-form with respect to the new complex structure. It means that V
after generic deformations dp is not holomorphic anymore. In this example, we find that de-
formations of the complex structure that make the Ext group “jumping” are the same defor-
mations that keep V holomorphic. In contrast, deformations of the complex structure that
leads to the trivial Ext group correspond to ones that make V' non-holomorphic. Thus, we
see clearly that the calculation of “jumping” Ext is equivalent to the Atiyah computation.

Next, let’s briefly describe how to identify the special locus where the Ext group
H'(X, L?) jumps in the moduli space. By the Koszul sequence, [37], the line bundle L?
on X can be expressed in terms of bundles on the ambient space A. For the manifold
considered here, it is

0N @L43 B 1% 12 -0, (2.10)

where NV is the dual of the normal bundle of X. The cohomology H'(X,L?) can be
computed via the associated long exact sequence

0— HY(X,L?) — HY ANV @ L) B H*(A, %) » H*(X,L?) =0 . (2.11)

Here pgo is the defining polynomial of X. Thus, we have H'(X,L?) = Ker(py) and
HY(X,LV?) = Coker(py). For generic defining polynomials, both Ker(pg) and Coker(pg)
are trivial. While for some special choice of pg, they can “jump” together so that the index
Ind(L?) = —h'(X, L?) + h?(X, L?) is preserved [13]. Note that, for the variation of the
complex structure p — po + dp, the number of independent variations that make h'(X, L?)
jumps is the same as the dimension of Ker(a) computed from the equation (2.9) while
the other variations of complex structure with h!(X, L?) = 0 corresponds to Im(«) in the
Atiyah computation.



This moduli stabilization mechanism can also be understood in the low-energy effective
theory. Let 309 be the initial complex structure moduli chosen within the special locus of
moduli space where Ext group of the bundle defined in (2.7) jumps. The non-trivial
extension defines a SU(2) bundle. The low-energy gauge group is E7. However, if the
extension class is trivial, V splits and the low-energy gauge group is enhanced by an
anomalous U(1) factor to Ey x U(1) [17-19]. The bundle moduli (and matter fields) are
charged under the enhanced U(1) symmetry denoted by

Cl e H\(L?), 7 eHY(LY), (2.12)

with the subscript + indicating the U(1) charge. We will take the extension class <C’i> #0
not far from the zero in H'(X, L?) and keep <C’J,> = 0 in the following.

The nontrivial F-term comes from the Gukov-Vafa-Witten superpotential [48, 49]. For
bundle considered in (2.7), one can show that superpotential from the contribution of
bundle moduli is [13]

W = )\ZJ(Z,O)CQC'J_ + ... (2.13)

where the coefficients \;; depends on the complex structure moduli 36 € HY(X,TX) ex-
plicitly. Note that for the generic complex structure, the holomorphic function A;;(30) # 0.
As a result, the fields C’i and C? are massive. However, on the special locus in complex
structure moduli space, \;j(30) = 0, which indicates that C and C? are massless. The
non-trivial VEVs of them define the non-Abelian SU(2) bundle [19]. This corresponds to
the “jumping” of the Ext group described above.

The F-terms of the bundle moduli follows directly from the superpotential above. In
particular, the F-terms of C’i vanish while the other one becomes

Fo_ = ggg = Aij(30) <Ci> : (2.14)
As discussed above, since the initial complex structure is chosen in the special locus of the
moduli space, hence, \;;(30) = 0. Consider fluctuations of 35 — 35+83. If these fluctuations
are within the sub-locus where H'(X, L?) # 0 (denoted by 5ﬁ), the new complex structure is
still in the sub-locus and hence \;;(30) = 0 and F_ vanishes. However, for the fluctuations
away from this sub-locus (denoted by 39 ), the new complex structure is a generic element
in the moduli space and A;;(30) # 0. Up to the quadratic order, we have the non-zero
F-term of F_ and the potential is given by

OXij(30)

y = 22ild0)
o5t

(COPI60 P+ ... . (2.15)
This gives mass to the moduli 34 and these degrees of freedom are stabilized. The number
of these moduli is the same as the Im(a) computed in the Atiyah sequence.

In summary, we review the complex structure moduli stabilization in Calabi-Yau com-
pactification due to the presence of holomorphic bundles. The “true” moduli are those that
keep the bundle holomorphic, while the other moduli are stabilized. With a simple rank
two extension bundle (2.7), we demonstrate that Ker(a) can be calculated by an analysis of



“jumping” Ext group, which is equivalent to the direct computation from the sequence (2.4)
and much easier computationally. Next, we will focus on the moduli stabilization on an
elliptically fibered threefold and study how this mechanism works in that context.

3 Complex structure moduli stabilization mechanisms

An elliptically fibered Calabi-Yau threefold X consists of a complex two-surface B and an
analytic map

m: X > B (3.1)

with the property that for a generic point b € B, the fiber E, = 7—!(b) is an elliptic curve.
In addition, we will require that there exist a global section ¢ : B — X that assigns to
every point b € B the zero element o(b) = p € Ej discussed below. Let Kp be the canonical
bundle of B. The Weierstrass form describes the elliptic fibration as

y? —a® — fazt —g28 =0, (3.2)

where f and g are sections of K5* and K% and (x,y, 2) are global sections of Ox(20) ®
K% Ox(30) ® K5° , Ox(0) respectively.

Consider a SU(n) vector bundle V' on X. The Chern character of V' can be written as
the following general form,

ch(V) = n+ om'n + wlf] + %@,(V), (3.3)
where n is the rank of V, o is the section of the fibration, n € H?(B,Z) is a divisor in the
base, w in an element in H*2(B,Z), and [f] is the fiber class of the elliptic fibration. The
bundle V' can be constructed in terms of a spectral cover S, and a spectral line bundle
N [31, 32]. The spectral cover is a n sheeted cover of B given by a finite morphism
ws : S, — B. In affine coordinates, where z = 1, we can write it as

Sp = ag + asx + asy + asx® + asziy + - + anz™? =0 (3.4)

Note that the last term is a,z(™3)/2y when n is odd. A is a line bundle over S, (or
a rank one coherent sheaf generally). The set of data (S,N) is called spectral data. It
is shown [31, 32] that there is a one-to-one correspondence between holomorphic vector
bundles and the spectral data,

V 4 (Sn, N). (3.5)

For an elliptically fibered Calabi-Yau threefold, the complex structure moduli space
contains the moduli from the base B and the moduli from the fibration. In fact, one
can show that the moduli space H'(B,TB) is a subset of H'(X,TX). The detail of the
derivation can be found in appendix A. The moduli space H'(B,TB) can be computed
from the Euler sequence and adjunction formula. Suppose B is defined as a hypersurface of
an ambient space A, where A can be the direct product of projective spaces P™ x ... x P"»



or in general toric varieties. The defining polynomial of B is pg € H(A, N) for the ample
line bundle N. Then the tangent bundle is described by

005" 5% @ 0p(D)*"+) 5 TAlp—0 (3.6)

i=1,...,n

0=TB—TAp3 N0

where D; are the restriction of the hyperplane divisors of each projective factor of the
ambient space A, and the polynomial maps l1, [y satisfy s o [y = py. From the long exact
sequence of cohomology groups, we have

0— H(B,TB)— H°(B,TA) 3 H*(B,N)— H(B,TB) » H\(B,TA) 3 H(B,N) - ...

In general, it contains the polynomial deformations and the non-polynomial ones. We will
only focus on the polynomial part Héoly(B ,TB) C H(B,TB) which is given by

H°(B,N)

H! (B,TB) =
poly( ) ) Im(lg)

(3.7)
The fibration F' of the Calabi-Yau threefold is taken to be in the Weierstrass form. The
complex structure moduli space of F' can be determined following a similar calculation.

We wish to use the spectral data to find new examples of the complex structure moduli
stabilization. There are three types of examples that we are going to consider. In the first
type, some complex structure deformations are obstructed simply because the spectral
cover cannot be defined globally everywhere in moduli space. In the second type, however,
the Picard group of the base space jumps over some loci in the complex structure moduli,
and if the spectral data depends explicitly on these new divisors, the deformations normal
to this loci is obstructed. In the third type, the Picard group of the Calabi-Yau threefold
jumps. More clearly, some specific algebraic curves inside the ambient four-fold will lie
inside the Calabi-Yau threefold. For some specific bundles, these algebraic curves lie inside
the spectral cover.?

3.1 Type I: “jumping” extension group

Consider the rank two extension bundle V' defined in (2.7). As discussed in section 2,
on special loci in complex structure moduli space, cohomology H?(X,V ® VV) jumps
in dimension and the rank of Atiyah class « in (2.4) jumps as well. Hence, complex
structure deformations perpendicular to this special loci will make V' non-holomorphic,
and the associated moduli are stabilized [14]. In this subsection, we consider a similar
set-up over an elliptically fibered Calabi-Yau threefold 7 : X — B, and by analyzing such
bundles using spectral cover/Fourier-Mukai construction, one gets a better insight about
how exactly such bundles become non-holomorphic.

5Notation: from now on, we will denote the divisors in the base without writing the pullback 7* on the
front, e.g., we will write n instead of 7*n. We also denote the spectral cover simply by [S] or S without
emphasizing its degree.



As in [33] we take £L = Ox(—oc + Dp). The extension group of V is given by

Exth(LY,L) = H'(X,0x(—20 + 2Dy)) (3.8)
~ H°(B,0p(2Dy + Kp)) ® H(B, Op(2D, — Kp)),

where the last isomorphism is derived by the Leray spectral sequence relative to the mor-
phism 7. It is also not hard to show [14] that the (holomorphic) deformations of V i.e.,
HY X, VV®V)~H?*X,VY®V) depend on the extension group above.

On the other hand, over the elliptically fibered Calabi-Yau X the vector bundle V' can
be parameterized by the spectral data (S,N) [31, 32], where S is a double cover of the
base B and N is a rank one coherent sheaf over S. When & is smooth, A is simply a line
bundle. The divisor class of § is determined by the topology of V,

[S] =20+, (3.9)
n = 2Dy + c1(B). (3.10)

Also the general form of the algebraic equation of S (when X is given by the Weierstrass
fibration) is given by,

S = asZ? + apX, (3.11)
ap € H(B, Og(c1(B) +2Dy)), as € H*(B,Op(—ci(B) + 2Dy)). (3.12)

By computing the Fourier-Mukai transformation of V, it is shown [33] that the polynomials
az and ag can be identified with the elements of the extension group (3.8). Therefore in
the spectral cover language, the loci in the complex structure moduli where the group
H?(X,VY ® V) jumps correspond to the loci where it is possible to add new terms in
the polynomials as and ag. Once one adds such terms in the spectral cover, the complex
structure moduli are stabilized. The complex structure deformations that turn off such
terms make the spectral cover non-algebraic, hence the associated vector bundle becomes
non-holomorphic.

Example. To be more concrete, consider a Weierstrass elliptically fibered Calabi-Yau
threefold X over the following surface,

PL|2
B=| 2 , B) = Hs. 3.13
lpz 2] a(B) = Hs (3.13)
Let us choose Dy = —H1+2Hs, where Hy and Hs are hyperplanes in PL and IP’Z respectively.
Therefore
ap € H°(B,05(-2,5)) , (3.14)
as € H'(B,0p(-2,3)) . (3.15)

Generic defining equation P for B can be written as

P = 27Pi(y) + 25 Pa(y) + m122P3(y), (3.16)

~10 -



where Py, P,, P53 are degree two homogeneous polynomials in y. However, line bundles’

cohomology over B can jump over codimension one loci in complex structure moduli of the

base B. In particular the cohomology of Op(—2,3) and Op(—2,5) can jump as,’

0, P i
hO(B, 0(727 3)) _ generic

) ) , (3.17)
3, P=uz{Pi(y)+a5P(y)

9, P i
hO(B,0(~2,5)) = e
13, P=uz1Pi(y) +25P(y)

The details of the computations are in the appendix C. This means the spectral cover,
in general, can be written as,

agZ?, P generic
S = ) ) ) (3.18)
apZ® + asX, P =2xziPi(y)+ 25P(y),

where in the second case ag is a rational polynomial [50] which is holomorphic over the
hypersurface P = 0,

P, P, P,
ag = lx(Qy) 1, ;gy)y s ;(231) Ys3. (319)
2 2 2

Similarly, the extra terms for the special defining equation P = 0 is generally of form
Plx—(zy) f3(y). Where f3 is degree three polynomial in y1, y2, y3, but we don’t need the detailed
2

form of it. Therefore in the complex structure locus where P = z2P;(y) + 23P(y) the
extension group (3.8) jumps, and it is possible turn on these new terms. This corresponds
to add the new terms in ag and as in the spectral cover. We consider the new terms in ag
and a9 in turn.

First consider the ay term. When we turn on terms (3.19), the spectral cover is smooth.
As it is shown in [31-33] generally the spectral line bundle N is

N = Og(o + Dy). (3.20)

Therefore in general N depends on the divisor o|g. The image of this curve on B is the curve
(a2 = 0). When one turns on the term 122 P3(y) in (3.16), this curve “disappears”. In other
words, away form the locus (in the complex structure moduli space) where P3(y) in (3.16)
is nonzero the divisor —2H7 + 3H> is not effective anymore. This means after this complex
structure deformation the curve (ag = 0) mixes with (2,0) or (0,2) cycles. Therefore the
corresponding curve o|g on the spectral cover is not algebraic anymore and mixes with
(2,0) or (0,2) cycles. Hence the corresponding vector bundle becomes non-holomorphic.
Next, suppose ao = 0. Instead, we turn on the extra terms in ag. In this case
the spectral cover’ S = agZ?%. Similar to the previous case if ay depends on the terms
P;—(Qy) f3(y), the corresponding curve ag becomes non-algebraic after these complex structure
deformations. Therefore the corresponding vector bundle V' becomes non-holomorphic.

5The surface B is still smooth over this special complex structure locus.
"In this case the spectral cover is a union of two copies of the zero section Z = 0 (which are “infinitesimally
close” to each other) and the vertical surface as = 0.
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The usual stabilization scenario of complex structure moduli by rank two vector bun-
dles [14, 16] translates to whether the coefficients of the spectral cover equation exists
globally. Therefore one may generalize this type of stabilization to vector bundles of ar-
bitrary ranks simply by asking if a holomorphic vector bundle with the Chern character
ch(V) = n + on + w[f] is given, then does the divisor [S] = no + n have global section
everywhere in the complex structure moduli?

Now, we will see how many complex structure moduli are stabilized in this example.
If the initial defining polynomial is fixed by equation (C.7), the complex structure moduli
space H'(B, TB) can be computed by the equation (3.6) and (3.7). It follows that the space
of polynomial deformations le)oly(B, TB) has dimension 6 with basis {d;},i = 1,2,...,6.
As discussed above, if any monomials in a polynomial deformation of P contains xgxr1 term
and spectral cover depends on the extra terms in (3.17), then S will be non-algebraic after
the deformation, and V' is not holomorphic any more. It turns out that there are 4 such
deformations in {dj,ds,...,ds}.5 Therefore, we find that 4 out of 6 complex structure
moduli of B are stabilized.

3.2 Type II: “jumping” Picard group

For an elliptically fibered Calabi-Yau threefold, the Picard group of the base B can jump
in dimension, which can be used for moduli stabilization. The idea is that look for the loci
in the complex structure moduli that the Picard group jumps (Noether-Lefschetz loci) and

”

choose the spectral data to depend on the “new” elements of the Picard group. There-
fore deforming the complex structure back is impossible because the corresponding vector

bundle becomes non-holomorphic. We will explain this approach using an example.
Example. Consider the following surface

r1 o 21 22 Ul 'LLQP

p_ 1100001 (3.21)
01 1 0 03
01 11 13

1
0
where P is generically given by

21(2 f3(u) + 2z fo(u) + 2125 f1 + 25 fo) + x2(27 g2 (1) + 212291 (w) + 2590) = 0. (3.22)

Here, fg(u) and g4(u) represent generic degree d homogeneous polynomials in {uj,us}.
This is actually the blow-up of F; at the following six points

23 f3(u) + 2720 fo(u) + 2123 f1 + 23 fo = 25 92(u) + 212001 (u) + 2390 = 0. (3.23)

However the Picard number of B is three (p = 3), but A’ = 8. In other words, this
surface is not favorable. This is because the six points are blown up “at the same time”.

8Note that by an argument from linear algebra, this result does not change by choice of basis in
H} ., (B, TB).
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Note that the exceptional divisor can be identified by —J; + 2Js + 2J3 is effective and has
self-intersection (—6). The global section of the corresponding line bundle is given as

_ 22g9(u) + 212291 (w) + 2390
]

(3.24)

The zero locus e = 0 corresponds to a union of six P'’s each one is a (—1) curve.
Let us tune the complex structure of the base P to”

x1(z%f3(u) + Z%ZQfQ(U) + legfl + ng()) + $2(2’1h1(u) + Zgho)(zlll(u) + Zglo) = 0. (325)
Now there are two independent sets of three curves over
2 fa(u) + 2122 fo(u) + 2123 f1 + 23 fo = z1h1 (u) + 22ho =0,

and over
Zig’fg(u) + Z%ZQfQ(U) + legfl + Z%fo = lel (u) + Zzlo =0. (326)

So the Picard number jumps to 4. To make this more clear, one can rewrite the same
geometry in the following way

Y1 Y2 T1 T2 21 22 Ul u2|P1 P
110 00O0O0O0[1 1

B'= 001100001 0. (3.27)
02011100/[2 3
0201011 1[2 3

Py = y1za(21h1(u) + 22ho) + y271 = 0,

Py = —y1(2} f3(u) + 2222 fo(u) + 2125 f1 + 23 fo) + y2(z1l1(u) + 22lp) = 0. (3.28)

The geometry above is equivalent to (3.25) by eliminating y; and y2. The two (—1)-curves
and their global sections can be identified as

Z1l1(u) + ZQZ()
Y1 ’
y1(z1h1(w) + z2h0)

€9 = Jl - J2 + J3 + J4, ag = - . (330)
1

e1 = —Ji1 + J3s + Jy, ap = (3'29)

Now, we want to use this jump in Pic(B) to stabilize the complex structure deformation
that makes the divisor e; + eg irreducible. To do this, consider, for example, a holomorphic
vector bundle with Chern character,

ch(V)y=n—(o(no+e1) +w[f]) +..., (3.31)

where 79 depends on ej 4 es. Due to the special form of 1 = ng + €1, the spectral cover of
V is reducible. Therefore the spectral sheaf N is therefore defined as an extension,

0= L1 =N = Ly—0, (3.32)

9The hypersurface is still smooth after this tuning.
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where £ is a line bundle supported on 7*ey, and L5 is a line bundle supported over smooth
surface in the divisor class no + 1. After a calculation similar to [33] one can show!’

(L) = %(cl(B) ~1So]) + A (n0 — 10 + ner (B)) + Aser. (3.33)

The details on how to derive it is left in appendix B. What is important here is the
dependence of the spectral sheaf on e;. This means that deforming the complex structure
back to the point where e; + eg is irreducible is impossible for two reasons. First the
spectral cover [S] = [Sp] + e1 becomes non-effective, i.e. one cannot define the spectral
cover globally. Second, if A\; # 0 the line bundle L5 over Sy becomes non-holomorphic as
we deform the complex structure.

We will see how the complex structure moduli of BY are stabilized in this example.
Set the initial defining polynomial P to be the special polynomial defined in (3.25).
To simply the notation, let’s write it as P(©) = a:1F1(0) + xQFQ(O) where Fl(o) = 23 f3(u) +
2229 fa(u) + 2123 f1 + 25 fo and F2(0) is a reducible polynomial given by

F2(0) = (A1u121 + A2u221 + Agzz) (Blulzl + Bousgz1 + 3322) R (3.34)

with A;’s and B;’s the coefficients. As discussed above, the base B® admits two algebraic
divisors e; and ey given by equation (3.29). With them, one can define a holomorphic
bundle V.

Now, consider the polynomial deformations of P(9) given by 6P = z16F) + 220 F,. At
first, we keep our discussion in general and allow 6P to be any elements in H°(B°, N).
oly(B%, TBY).  To keep
V' holomorphic, the term FQ(O) + 6F, in deformed defining polynomial P(©) + §P should
remain reducible. Deformations satisfying this condition are called reducible deformations.

Eventually, we will restrict them to be the deformations in Hg

Before studying complex structure moduli stabilization, one needs to find all the reducible
deformations.

Obviously, 6 P with 6 F» = 0 are reducible deformations because they have no effect to
FQ(O). Let M?, be the space of all such deformations. For deformations with §Fy # 0, it is
not clear if FQ(O) + 0 F5 remain reducible. However, we know that the deformed F5 term, if
reducible, should be able to be written in the form of (3.34). The first-order deformation
dF5 just shifts the initial coefficients in (3.34) to a set of new coefficients A; + dA; and
B; + 6B;. We will see this in details in appendix D. Notice that if F5 is a deformations
that keeps of FQ(D) + 0 F5 reducible, then 6P = x9dF5 is a reducible deformation of pO),

To obtain the reducible deformations of FQ(O) it is sufficient to calculate the § F;, obtained
by a shift of each coefficient. For example, the reducible deformation corresponding to a
shift of the first coefficient A1 + dA; is obtained by

Fy = ((A1 + 0A1)urz1 + Aguaz + Asze) (Biuiz1 + Baugz + Bsza)
= FQ(O) + 0A1ur21 (Bruyz1 + Bougzy + B3za)
— B\ 54,1 .

0The term Aiep in c1(L2) have to be compensated with a term —A1So in ¢1(L1). They contribute to
c3(V) and w, but since these are not important for the main purpose of this paper, we ignore further details.
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In a similar manner, one can obtain the reducible deformations from shifting the other
coefficients

6114 = U121 (Blulzl + Bougz1 + 3322) , €1B = U121 (A1U1Z1 + Asugzr + AgZQ) (3.35)
€5 = usz1 (Biuizi + Bougz1 + Bsza), €5 = uaz (Ajurz1 + Aguszy + Azzs)

e4 = 2y (Biuiz1 + Bougz + Bszo), el = 2y (Ayuy 2y + Agugzy + Aszo) .

The linear combinations of {e#'} and {ef} give reducible deformations of §F,. However,
there is a relation among them

FY" + Avef + Aged) + Azef) = Fy” + Biel + Bae} + Bl (3.36)

as one can easily check with the equation (3.34) and (3.35). Thus, only 5 of {e/'} and {6;3}
are independent and, when multiplying them by zs, they span a vector space denoted by
M? containing all the reducible deformations with 6F» # 0. Therefore, the space of all
reducible deformations for P is M, = M, U M?..

The complex structure moduli space H(BY, TB) is determined by the equation (3.6)
and (3.7). It follows that the space of polynomial deformations Héoly(Bo,TBO) has di-
mension 5,'' spanned by homogeneous polynomials d;,i = 1,2,...,5. The intersection
H;Oly(BO, TB®) N M, contains all the polynomial deformations from B° that keep V holo-
morphic and contribute to the nontrivial kernel of Atiyah class in (2.4). The dimension of
this intersection determines the number of the “true” moduli in the effective theory while
the moduli in the complement of the intersection are stabilized. In our example, M, N
!

01y(BO, TBY) is a 4 dimensional space. Thus, 1 complex structure moduli is stabilized.!?

3.3 Type III: emergent algebraic cycle

In the final example, we find that there exist algebraic curves in an elliptically fibered
Calabi-Yau threefold for special complex structure of the fibration. As in the previous
example, defining a vector bundle with these curves stabilizes the complex structure moduli
in the fibration.
Consider an elliptic fibered Calabi-Yau threefold 7w : X — B with Weierstrass fibration
given by
FY =y —a®— faz' — g =0, g=ag, (337)

where f € HO(B,K]§4) and g € HO(B,K§6) chosen to be a product of two polynomials
a and ¢’ with correct degree. This reducible polynomial g allow us to define an algebraic
2-cycle on X

[C]={x=y=a=0} (3.38)

HThere are also non-polynomials deformations, but we will not consider them here.

120ne could guess this result by comparing the complex structure of B® and B'. Since the complex
structure of B! is “frozen” in the sense that it is impossible to “glue” the divisors e; and ez into a single
divisor e, but any other complex structure deformation of B° is in a one-one correspondence with the com-
plex structure deformations of B'. So the space H' (T B') corresponds to the flat (unstabilized) directions.
Finally one can check that hl, (B',TB") — h},, (B° TB°) = —1 as expected.

poly poly
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Note that this algebraic cycle is independent of the intersection of divisors o - "D and
the fiber class [f]. Now consider the spectral cover of a general rank n vector bundle V,,

S(V) = aoz" + apz" 2 + - - + a,z™?. (3.39)

The 2-cycle [C] intersect with spectral cover at a finite number of points. However, after
choosing ag to be reducible

ap = aay, (3.40)

the curve [C] can lie inside the spectral cover. So if the spectral sheaf A depends on this new
divisor inside S(V},) we can stabilize the complex structure moduli, simply because any de-
formation that removes [C] from S(V},) makes A/ and hence the bundle V;, non-holomorphic.
However, a Fourier-Mukai analysis as in [33] shows that if the Chern classes of the vector
bundle do not depend on the 2-cycle [C], then the spectral line bundle also does not de-
pend on the new divisor [C] in S(V},). Therefore the complex structure moduli cannot be
stabilized. So suppose the Chern character of V,, is of the form (See appendix B for details)

1
Ch(Va) =n — (o -0+ w[f]+[C]) + Se3(Va). (3.41)
By doing similar calculations as in [33] we can derive the topological constraints on the
divisor class of S(V},), Chern classes of V,, and £. We will not repeat them here. However,
we just mention the part of the results that we will need,'3

[S(Vn)] =no +1n+ Ty [0]7 (3.42)
ca(N) = % ([S(V)] = c1(B)) + X (no — n + nei (B)) + (iw [C] — [C]) . (3.43)

Therefore N explicitly depends on the divisor [C] in the spectral cover. This dependence
(partially) stabilize both complex structure and vector bundle moduli.

Consider a deformation of Weierstrass fibration F{E[(/)) — FIEI(/)) + 6¢2%, which induces a
deformation to function g by

ag — g. (3.44)

If the deformed g can be expressed as a product of two polynomials (having the same
degree with a and ¢'), then the algebraic curve [C] defined in (3.38) still exist, and the
bundle V' remain holomorphic. However, if the function g after deformation is irreducible,
the curve [C] is not algebraic anymore, and the vector bundle defined by the spectral
line bundle (3.43) which explicitly depends on [C] becomes non-holomorphic. Therefore
the associated complex structure moduli of Fyy can be stabilized. As we will explain in
section 4, these polynomial deformations map to complex structure moduli in the F-theory
dual picture, and a four-flux stabilizes them.

'*Note that we should choose a such that 27.[C] be integral.
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Example. Let 7 : X — P? be an elliptically fibered Calabi-Yau threefold with base
P2. The fibration is Weierstrass introduced in equation (3.2) with f € H°(P?,0(12)) and
g € H°(P?,0(18)). Let {uy,uz2,u3} be the homogeneous coordinates of P2. Choose the
initial fibration to be

O = Fow), ¢© =aF) (3.45)

where F12 and Fig are generic polynomials with degrees 12 and 16 and « is a degree 2
homogeneous polynomial. As shown in (3.38), the fibration with reducible g admits an
algebraic curve [C] in P2, which will be used to define the topology of vector bundles.
Consider a SU(2) extension bundle V' over X. The spectral cover construction of V'
introduced in equation (3.11) is S = a2z? + apz where x, z are coordinates of the fibration.
If Dy, = O(2), then ay and ag should be global sections of Op(7) and Op(1). Let’s take
them to be
ag = Fy(u1,ug,us), az = aFs(ui,uz, us) (3.46)

where Fj; is a generic homogeneous polynomial with degree d. As discussed in (3.41)
and (3.43), if the Chern character of V' depends on the algebraic 2-cycle [C], then the
Chern class of spectral sheaf depends on [C] explicitly. Thus, the holomorphy of V' depends
on the existence of the algebraic cycle [C] that will be used to stabilize complex structure
moduli in a second.

We will study how many complex structure moduli can be stabilized in this example.
The elliptically fibered Calabi-Yau manifold X can be regarded as

uluzu?,xyz‘P
X=111690/18 (3.47)
0 0 0231(6

With it, one can compute the complex structure moduli space H'(X,TX) from the
equation (3.6) and (3.7). Again, we will only focus on the polynomial deformations
H];oly(X ,TX) which has dimension 272. Since the base P? is rigid, all the complex structure
moduli are coming from the fibration, i.e. deformations of f and g.'*

As discussed above, deformations that keep V' holomorphic are those preserve the re-
ducibility of g = aFig(u). Again, we will call them reducible deformations. Obviously,
any polynomial without 2% terms is reducible deformation. While, the reducible defor-
mations with 2% terms can be calculated from the method in appendix D. We find that
these deformations can be generated from 159 polynomial deformations ef‘,z‘ =1,2,...,6
and ef,i =1,2,...,153, which are obtained by deforming the coefficients in o and Fig(u)
respectively. In fact, the space of these deformations denoted by M?2, has dimension 158
because there is a nontrivial relation in (D.8) between {e/!}’s and {63-4}’5.

Finally, we will see how many polynomial deformations Héoly(X ,TX) are stabilized.
One needs to split 272 deformations found earlier into two groups. One group is propor-
tional to 2%, which have no effect on ¢ and should be considered as the moduli of the effective

1ndeed, the degree of freedom of f and g is h°(P?, 0(12)) +h°(P?, O(18)) = 914190 = 281. Considering
the coordinates redefinition of P?, one find the independent degree of freedom of f and g is 272, which
matches the number of complex structure moduli counted in A'(X,TX) = 272.
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theory. There are another 82 of them. These ones contain terms proportional to 25 and
could have an effect on the reducibility of g. It turns out that there are 190 such polynomi-
als. Their coefficients of 2° is denoted by d;,i = 1,2, ...,190. Then, one needs to study how
many of them, or their linear combinations can give rise to reducibility preserving deforma-
tions in M2.. Direct computations shows that all 158 polynomials in M?2, can be expressed
in the complex structure moduli {d;}. Thus, there are 241 polynomial deformations that
preserves the reducible of g while there are 32 complex structure moduli are stabilized.

4 Discussion and comments on F-theory dual

In this section, we briefly describe the F-theory translation of the Heterotic examples men-
tioned before. When the spectral cover is smooth, the duality procedure is well-known [51].
The geometry of the F-theory half-Calabi-Yau fourfold (more precisely dPg fibration) is
given by (for a SU(n) bundle with n <5),

YZ = X3+ fX0t + g8 +u® S, (X, Y, v), (4.1)

where the term in the parenthesis is the spectral cover of a SU(n) vector bundle (with z is
replaced by v), and (X,Y,u,v) are the homogeneous coordinates of W32, In addition,
using the cylinder map, one constructs the four-flux. The details can be found in [51]. It is
only sufficient to mention that the part of the ¢;(£) that lies in the kernel of 7g : S — B,
lifts to the four-flux in F-theory language,

c1(L) = 5 (e1(B) = [S]) +

=~ — Gy~ P , 4.2
ey = 0 } Y 4 cyl”Y (4.2)

where Pgy is the cylinder map which is a P! fibration over the spectral cover S,

Peyt - {Sn(X,Y,0) =0 C Xp}t 25 S(2,9,2) € Xnger. (4.3)

In terms of the local 7-brane data, there is a doublet (E,®), called Higgs bundles, which
consists of a holomorphic bundle E on B (where 7-brane wraps) and a “Higgs” field ® €
H°(E ® E* @ K(n)) which satisfy the Hitchin system equations [52]. One can study the
Higgs bundles by spectral data,

(E,®) < (Su, L), (4.4)
where Sy is a finite cover of B defined as a subvariety of Tot(K),
Sy = Det (Al — &) = 0, (4.5)

where A is the tautological section of Tot(K), and L is a line bundle over Sg. The Higgs
bundle (E, ®) can be reconstructed by the spectral data as,

E =mnLyg, ©=m, (4.6)

g :Syg — B.
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The Higgs bundle spectral data is very similar to the Heterotic spectral data derived from
the Fourier transform of V. They are indeed related to each other by cylinder construc-
tion [53].

Finally, note that what is responsible for the complex structure is the F-term derived
from the Gukov-Vafa-Witten like superpotentials, which takes the following forms in Het-
erotic, F-theory, and 7-brane

Heterotic > F-theory > 7-brane

W= [, @sAQ & W=[ GirnQ & W=[3Tr(F,A®)

Where € corresponds to the complex structure top-form and Fy is the curvature two-
form of E. With this introduction, we move forward to briefly explain the “image” of the
moduli stabilization scenarios of the Heterotic string in the dual F-theory. Locally over the
7-brane, the story is similar to the Heterotic version. The deforming away from special loci
in complex structure moduli of the base makes the Higgs bundle non-holomorphic. The
term F5 A @ in the superpotential makes some components of ® massive. Generally, since
the Higgs field corresponds to the fluctuations of the 7-brane in the normal directions, this
means that away from some special loci in the complex structure moduli of B, the 7-brane
cannot “wiggle” in specific ways. This can be seen more clearly, by noting that the spectral
cover’s coefficients can be identified with the Casimir’s of the Higgs field.

The above arguments were local, but in the following, we will mainly focus on the
effect of these deformations on the G4 flux. The type III example can only be explained in
terms of the global G4 flux stabilization rather than local two-flux.

Type I. We already know in the extension class of V in (2.7) appeared as the new terms
in ap and az in (3.8). By the well-known arguments briefly reviewed above, these jumps in
ag and as correspond to new jumps in Casimir’s of ®, in other words, new zero modes in
fluctuations of the 7-brane.

New zero modes in the vector bundle’s moduli space in Heterotic string corresponds
to new zero modes in deformations of the 7-brane in F-theory.

To construct the G4 flux, assume the spectral cover is smooth,

S = agx + a022.

Then by the introduction above, G4 flux is related to the divisor v in ¢;(N). But v =0
for SU(2) bundles.!® So one may naively expect that the G4 flux must vanish in this case.
But, note that in this case, there are a finite number of “vertical components” (i.e., isolated
elliptic curves) inside the spectral cover located above the points ag = a2 = 0 in the base B.
In the dual F-theory geometry, such vertical components become 4-cycles Cy by cylinder
map, which are (at least topologically) elliptic curves times a P!.

One can use these cycles to construct G4 flux,

G4 — C4 + Corrections, (4.8)

15+ induces non-zero chirality in the effective theory, but for SU(2) bundles, the chirality must be zero.
The vanishing of v can also be seen from direct spectral cover calculations.
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where the corrections are terms we need to add such that
G40 -7 Dpyee = 0. (4.9)

Note that this G4 flux only exists when the terms as and ag in the spectral cover are
not zero. Therefore, when we move to a generic point in the complex structure moduli
where there are no jumps in as and ag, the G4 flux constructed above “disappears” i.e.,
G4 becomes non-holomorphic, which by the Gukov-Vafa-Witten superpotential makes the
corresponding complex structure deformation massive.'%
Type II. In this case, the spectral cover is smooth, and as explained in subsection 3.2,
after the complex structure deformation, the spectral cover is not algebraic anymore. So
an argument similar to the one mentioned above is (when as # 0) also applies in this case.
In other words, the dual Higgs bundle spectral data on the F-theory side is also required
to be holomorphic, and the F-term equations obstruct these deformations in the 7-brane
worldvolume theory.

In addition, v term in (4.2) can be non-zero in general (for n > 2). The general form
of v in [31, 32] is

v = Ano —n+nci(B))|s. (4.10)

The curves (divisors) o|s and 7g, and hence v and G4 in (4.2), are holomorphic as long as
the spectral cover is holomorphic. Therefore, if the spectral cover’s coefficients depend on
the new terms that appear in the special loci of the complex structure moduli space, then
it is impossible to move away from those points since v. Hence, the corresponding G4 flux
becomes non-holomorphic.

In the example we considered here, v depends on the new divisor eq,
Y= + Arer. (4.11)

Of course 7,y # 0 now, so one should modify the corresponding four-flux, but the point
is that this four-flux is only holomorphic on the jumping locus.

Type III. In this type the v is modified as'”

1
y = \(no — 1+ ner(B)) + <n”* €] - [o}) . (4.12)
As mentioned before, on the Heterotic side, the dependence of (3.43) on [C] stabilize
both the complex structure moduli and the vector bundle moduli. But in F-theory dual,
both (3.37) and (3.40) corresponds to complex structure deformation on the F-theory side.

The Calabi-Yau four-fold of F-theory has (4, 6,12) singularity over the points corresponding to the
vertical components of S. Naively one may intend to blow these singularities up, but this is only possible
when the Heterotic “bundle” (coherent sheaf) is a direct sum of a vector bundle and small instantons

localized on the elliptic curves.
'"Note that ms. (Lm.[C] —[C]) = 0.
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The corresponding (horizontal) four-flux that is responsible for stabilizing the F-theory
complex structure is already studied [35]. A quick look at the defining relation for the F-
theory geometry (4.1) makes it clear that with this particular constraint over the geometry
of the Heterotic Calabi-Yau and spectral cover, there is an algebraic four-cycle,

Cy = {X:YZCMZO}CXF, (4.13)

which can be used to construct an “algebraic four-flux”. It is also clear that Cy is a P!
fibration (cylinder) over the algebraic curve [C] in the Heterotic geometry. Therefore we
can identify Cy with the Pg,,[C] part of the four-flux induced by the spectral cover.

Finally, note that contrary to type I and II, the two-flux localized inside the 7-brane
is not responsible for stabilizing the complex structure moduli. This is because the vector
bundle in the Heterotic side is identified with the spectral data living in the compact elliptic
fibration over B. In contrast, the Higgs bundle on the 7-brane is identified with spectral
data that live in the non-compact fibration Tot(Kpg). Therefore in local F-theory /Heterotic
duality, only the part of Heterotic spectral data in the patch that contains the zero section
is identified with the Higgs bundle spectral data. In other words,

(SH6t7NH€t) ’o’—patch > (SHiggS7 NHiggs)‘ (414)

However, remember that

o-[C]=0. (4.15)

5 Conclusion

In this paper, we have studied how holomorphic bundles can stabilize complex structure
moduli of an elliptically fibered Calabi-Yau threefold in the context of a heterotic compact-
ification. In general, these moduli can come from the complex structure moduli of the base
and the complex structure moduli of the fibration. For vector bundles defined in terms of
spectral data, we find three approaches that both of these moduli can be stabilized with
algebraic cycles existing only on special loci in the moduli space. We develop practical tools
to identify the stabilized moduli and present concrete examples for all three approaches.
As a result, we show that complex structure moduli of the elliptically fibered Calabi-Yau
threefold can be effectively stabilized by the holomorphic bundles.

As mentioned in the introduction, one of the advantages of working with spectral
covers is the manifest connection with the F-theory and hence type II models. In other
words, the complex structure moduli stabilization scenarios are already well known, at
least conceptually, in both type II and Heterotic string, but apparently, they look very
different from each other. But both of these theories can be seen as different limits of F-
theory. By describing the moduli stabilization in terms of spectral data, we could see the
corresponding stabilization scenario in the dual F/type II theory. In particular, we have
shown that in the type I/II examples, the dual stabilization is made possible by the flux
inside the 7-brane worldvolume. In contrast, in the type III example, the dual F-theory
geometry is stabilized by a horizontal algebraic G4 flux.
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A Complex structure moduli space of elliptically fibered Calabi-Yau
threefold

In this appendix, we briefly discuss the relation between the complex structure moduli
space of an elliptically fibered Calabi-Yau threefold H'(X,TX) and the complex structure
moduli space of its base H'(B,TB). We assume B is a Fano surface (K5' is ample) and
h'(Op) = 0.

One can use the adjunction sequence for the section, o, of the fibration to relate the
tangent bundle of the base T'B with the tangent bundle of the Calabi-Yau manifold X,

0—+TB—TX|p— Np/x =Kp—0. (A1)

From the sequence above, one can see, as long as the base B is simply connected, H!(TB) ~
HY(B,TX|g). So we should find the relation between TX|g and TX,

0-TX®0x(—0) - TX - TX|p—0. (A.2)

The corresponding long exact sequence is,

0 — HY(TX ® Ox(—0)) - H'(TX) - HY(TX|p) —
— HYTX ® Ox(~0)) - HY(TX) - H(TX|) —
— HX(TX ® Ox(—0)) = H*(TX) - HXTX|p) —
— H}TX @ Ox(—0)) — H*(TX) — 0. (A.3)

We will show bellow that as long as Kgl is ample, the homeomorphism H'(X,TX|p) ~
HY(B,TB) - H*(TX ® Ox(—0)) have to be zero. To see this, we will use the following
sequences,

0 =>TX®0x(—0) > TAlx ®Ox(—0) = N|x @ Ox(—0c) — 0,
0= Tzlx > TA|lx - 7*TB — 0,
0— Ox — Ox(30'—3KB) @Ox(QO'—ZKB) @Ox(a) _>Tfr‘X — 0,

where 7 : A — B is the ambient space that the Calabi-Yau is embedded inside it.'® Now,
by the last sequence above, one can show

m(Tx|x ® Ox(~0)) = K5* @ (K% © Op) ® K> © Op.
On the other hand, one can use the second sequence to show,

R (TA|x ® Ox(—0)) = m(T7|x ® Ox(—0)) ®TB @ Kpg[—1].

BNote that A is a P?*! fibration.
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Finally the first short exact sequence, and the result above leads to,
0= mu(Tx|x ®Ox(—0)) = (mN|x @O0x(—0)) = R, (TX ® Ox(—0)) = TB2 K — 0,

or, by considering the cokernel of the second map, we can rewrite this sequence as

0— Kp''®Zyyg> = R'm(TX ® Ox(—0)) - TB® K — 0, (A.4)
where, Zo 2 is the ideal sheaf of a finite number of points given by the intersection of
divisors (—6Kp) - (—4Kp). Now we can talk about the cohomologies of TX ® Ox(—o)
in (A.3). By the Leray spectral sequence,

ENY = HP(B,Rim.(TX ® Ox(—0))) = HPTI(X, TX ® Ox(—0))).
Since R, (TX ® Ox(—0o)) = 0 then
HP(X,TX ® Ox(—0))) = HP"Y(B,R'n,(TX @ Ox(—0))).

The cohomology long exact sequence of the equation (A.4) leads to,

0 — HY(K5') — HYR'7.(TX ® Ox(—0))) = H(TB® Kp) —
— HY (K5'") — H' (R'7.(TX ® Ox(~0))) - H(TB® Kp) —
— H*(K3") - H*(R'7.(TX ® Ox(—0))) = HX (TB® Kg) — 0

By the ampleness assumption of Kgl we expect H'(B, Kglo) =0 for i £ 0. So

H*(X, TX ® Ox(—0)))
H3(X, TX ® Ox(—0)))

HYR'7.(TX ® Ox(—0))) = H(TB® Kp) = H"(B),
H*(R'1.(TX ® Ox(—0))) = H¥(TB® Kg) = H'(B,TB").

At the end note that in general h?(X,TX) = hb1(X) = 1+h1(B), and also from (A.1) we
can show H2(TX|g) = H*(Kp) ® H*TB) = C® H*(TB). Then to get the dimension of
H?(TX) in (A.3) correct, all of the elements of H(X,TX ® Ox(—0))) = HY(B) should
inject into H?(TX). Therefore we get a surjection (at least as long as H'(Opg) = 0),

HYTX) - H(TX|g) ~ H(TB) — 0.

We conclude that H'(T B) is a subspace of the moduli space H(TX) as expected.

YNote that 7. (TX ® Ox(—0)) = 0 because TX is a stable bundle, and one can show its restriction on
generic fiber of X is given by non-trivial extension of trivial bundles. Therefore TX ® Ox (—o) doesn’t have
any global section on generic fibers. Naively, we may say 7. (T X ® Ox(—0c)) should be a torsion sheaf on
B (probably non-zero only on the discriminant curve of X), but since 7 is flat and TX ® Ox (—o) locally
free, the pushforward 7. (T'X ® Ox(—o)) must be locally free, and hence should vanish everywhere.
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B Type II and type III Fourier-Mukai calculations

For completeness, we present some details of the Fourier-Mukai calculations as much as
is necessary in this section. Following [33] we can compute the Chern characters of the
Fourier-Mukai ®(V) of V. In type II example, it is,

en@wy =-is1+ (1] (42) + Jenin) (B.1)

where [S] = 7+ no. In type II example we chose n = 19 + €1, and with this choice the
algebraic equation of [S] will be reducible. Therefore the spectral line bundle N will be

given as an extension,
0 — e L1 — N — igyuLo — 0, (B.2)

where 7., and ig, are respectively the inclusion morphisms of the surfaces 7*e; and Sy with
divisor class no + 9. Now one can use,

B(V) = igeN[—1] = Ch(®(V)) = —Ch(iseN) = —Chlie;sL1) — ChlisgeLs).  (B.3)

Next we can use the Grothendieck-Riemann-Rock to compute,

ec1(£1)

Chic,«L1) = [e1] - (Td((')(el))> : (B.4)
gc1(£L2)

Ch(isy«L2) = [So] - (Td(O(So))> : (B.5)

In order by order comparison of the formulas written above leads to the following result,

Cl(,CQ) = %(01(3) — [So]) + A (TLO' — N + ’I’LCl(B)) + Aieq. (BG)

A similar calculation for the type III example would lead to,

CH(B(V)) = —[no + 1+ 7°1.[C]) + [n0 + 1 + 7 [C]] - (ClgB) - ;ﬂ*m[c*]) IO+ ...

Again order by order comparison of this with the Chern character of the spectral sheaf
over a smooth surface g,V shows that first of all, the divisor class of the spectral cover is

[S] = no + n+ 7w ]C], (B.7)

second Chern class of the line bundle N must be,

(V) = <[s<vn>1—C1<B>>+A<na—n+nq<3»+(1m[01—[0]). (B.5)

n

DN |
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C Computation details of “jumping” ext

We show the calculation details about the “jumping” extension group used to stabilize
complex structure moduli in subsection 3.1. The base B of the elliptic Calabi-Yau threefold
X is defined in (3.13). The defining polynomial py is a degree (2,2) polynomial in {xg, z1}
and {yo,y1,y2}. The coefficient of py is a redundant description of the complex structure
of B. We will extract the independent ones from them later.

The rank two extension bundle V is introduced in (2.7) with extension group
Ext(L,LV) = H'(X, L?). If the threefold X admits an elliptic fibration, this group can be
expressed as

HY(X,L?) = H°(B,L, @ L), (C.1)

where L1 = O(Dy — C1(B)) and Ls = O(Dy, + C1(B)) are line bundles and Dy, is a divisor
on the base. Thus, the Ext group of V is a direct sum of H%(B, L) and H'(B, Ly). We
will study the “jumping” of them in the following.

The line bundle cohomology on the base B follows from a similar procedure discussed
in subsection 2.1. As before, we can write the L1 and Ls in terms of the line bundles of
the ambient space by Koszul sequence [37]. The associated long exact sequence is

0— HB,L) - HY(A N ® L4 ) B HY (A, Ly - H(B,L)—0. (C.2)

Notice that, instead of H'(X, L?), we are interested in the H"(B, L) here. For our example
considered in section 3, L1 = O(—2,3) and Ly = O(—2,5). From the equation (C.2), we find

HO(X, Ly) = Ker [H'(A,0(~4,1)) 8 H'(4,0(~2,3))| (C.3)
HY(X, Ly) = Ker [H'(4,0(~4,3)) ™ H'(4,0(~2,5))] (C.4)

To determine the kernel, we express the cohomology of the source and the target in terms
of their Bott-Borel-Weil polynomial representations. For the first one in equation (C.3),

they are
HY(P' x P?,0(—4,1 :{yoyl Y0 3/2} C.5
( X ) ( ) )) xav an xoxlv :B% ( )
H'(P' x P?,0(=2,3)) = {43, %ou1,---v3} (C.6)

and pg is the degree (2,2) defining polynomial. Note that the multiplication of -2 and

Tox1
x3y2 maps to zero in the target because the resulting monomials have the wrong degree and

should not be considered as an appropriate element of the target. The same is for a map
like z3y3. Thus, the most general form of the py that have a non-trivial kernel is given by

po = 21 P (y) + 23 P2 (y), (C.7)

where Pj(y) and P»(y) are arbitrary degree 2 polynomials in {yo,y1,y2}. There are three
independent monomials with the denominator xgx;. Therefore, the dimension of the
kernel “jumps” to 3 when the defining polynomial has the form in (C.7), and it vanishes
when pg is a generic polynomial. By the same approach, we also compute the “jumping”
of HY(X, Ly). The results are summarized in equation (3.17) that is used for complex
structure moduli stabilization in section 3.
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D Practical approach to identify reducible deformations

In subsection 3.2, we find that the space of reducible deformations M2, is generated by 5
out of 6 polynomials given in (3.35). There, we use the fact that polynomial deformation
0 Fy, if reducible, is equivalent to shifts of the coefficients in FQ(O). We will see why it is true
and verify that M?2. contains all the possible reducible deformations. In addition, we will
generalize the method introduced in subsection 3.2 to find reducible deformations of other
initial polynomials.

Let’s expand the initial FQ(O) defined in (3.34) as

FQ(O) = (aui + bugug + cu3) 2z} + (duy + eu)z122 + f23 . (D.1)
where coefficients a, b, ¢, d, e, f are given by

a=A1B1, b=A1By+ AxBq , c=AsBs , (D2)
d=A1B3+ A3B1 e= AB3 + A3Bs , f=A3B3

with Ay, As, As, By, B2, B3 the coefficient of FQ(O) in the factored form. It means that given
a polynomial with coefficients a,b,c,d, e, f, if one can find a set of {A4;} and {B;} solves
the equation (D.2), the polynomial is reducible. This is the reducible condition that will
be used later. Obviously, F20 is expressed by the following 6 monomials

2.2 2 2.2 2
(uf 27, uru2y, us2y, U1 2122, U22122, 25) - (D.3)

Thus, there are at most 6 polynomial deformations for FQ(O). Each of those is given by the
deformation of a monomial. We will study which of these monomial deformations or their
combinations d F5 can keep FQ(O) + d Fy reducible.

Suppose we deform the initial FQ(O) by the first monomial Jau?z7. The coefficients of the
deformed polynomial FZ(O) +dau?z? becomes {a+da,b,c,d, e, f}, which does not satisfy the
reducible condition in (D.2). Thus, the deformed polynomial is not reducible. To restore the
reducibility, one needs to adjust the coefficients {A;} and {B;} so that they give rise to the
new parameters {a+da, b, c,d, e, f} via the condition (D.2). Since a = A1 By, it can be done
by simply redefining A; to be A} = A; + ]%. Now, a+da = A B;. To satisfy the reducible
condition (D.2), one needs to replace the A; with A in all other equations involving Ay,
which are b = A By + A2 By and d = A} B3 + A3Bj. The redefinition is equivalent to shift
b— b+ (%)5& and d — d+ (%)5@. That means, to preserve the reducibility, whenever we
deform the F by dau?z?, we have to add the extra terms (g—f)ulungda and (g—f)ulzlzgéa
as well. The reducible deformation after a redefinition of A; is

B B
e1 = u%z% + (Bi) ’U,1U2Z% + (B‘Z’) u12122, (D.4)

which, by a factor of By, is the same deformations e = Bje; as the one obtained by a
shift of A; in (3.35).

Besides the redefinition of A, to absorb the deformation dau?z?, one can also consider
the redefinition of the B; as B} = By + f‘—‘i. From the relation (D.2), one has to redefine
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the b and d by shifting b — b+ (%)5@ and d — d + (ﬁ—i’)éa, which is given by

A A
ey = u%z% + <Aj> u1u22f + (A?) U12129. (D.5)

Again, up to a factor of Ay, it is the same deformation obtained by a shift of By. Following
the same analysis, we consider all 6 monomial deformations in (D.3). We find that the
shifts of the coefficients can absorb all these deformations {A;} and {B;}, which gives the
same reducible deformations as ones in M?.

The reducible deformations considered above are obtained by the redefinition of one
coefficients. For example, e; and ey are generated by a shift of A; and By. One may suspect
that can we get more reducible deformations by redefining A; and B at the same time? For
example, given the monomial deformation dau?z?, one can absorb it by shifting the 4; and
Bj at the same time by §A; = 2% and 0B = 2%1. It is easy to check that, to first-order,
the reducible condition (D.2) is satisfied. In particular, a + da = (A; + §A1)(B1 + 6B1).
The corresponding reducible deformations E follow by shifting the A; and By in all other
equations in (D.2). One can show that E = fej + ea, which means that E is included in
M? and redefining multiple coefficients at the same time does not give new reducible de-
formations. Therefore, we verify that M2, contains all the possible reducible deformations,
and they are generated by the shifts of each coefficient in (3.34) independently.

We can generalize the above method to study the reducible deformations of a general
initial FQ(O), which is a product of a polynomial with m terms and a polynomial with n
terms like below

FQ(O) = (Aymit + Agmi + ...+ AmD(BymP + BomB + ...+ BymD). (D.6)

Here {m#},i=1,2,...,r and {mf},j =1,2,...,s are monomials and {4;} and {B;} are
the corresponding coefficients. As before, the reducible deformations can be obtained by
shifts of each coefficient in {4;} and {B;},

= (BimP +Bym®Z +.. .+ BymPym?, = (Aymi + Aoms + ...+ AmDm

B B
el T (D7)
= (BimP 4+ Bom¥P ...+ BomPymi, eF =(Aymi+ Agmi +...+ AmDymE,

el
¢

A

T

B

e = (BymP +BymE +...+ BomP)m eB = (Ami+ Aomd + .. .+ A,mHm?P .

There are total (r + s) such polynomials. As the equation (3.36), one can verify that these
deformations satisfy the relation

94 (Ale{‘ + Aged ...+ Aref> =r"+ (Ble’f + Boel 4 ..+ Bsef> . (D.8)
Thus, there are (r + s — 1) independent polynomials, and they form a basis of M?,.
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