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Abstract

We study geometric transitions for topological strings on compact
Calabi—Yau hypersurfaces in toric varieties. Large N duality predicts
an equivalence between topological open and closed string theories con-
nected by an extremal transition. We develop new open string enumera-
tive techniques and perform a high-precision genus zero test of this con-
jecture for a certain class of toric extremal transitions. Our approach
is based on (a) an open string version of Gromov—Witten theory with
convex obstruction bundle and (b) an extension of Chern—Simons theory
treating the framing as a formal variable.

1 Introduction

Large N duality [21,23,53] predicts a highly nontrivial relation between
open and closed topological strings on Calabi—Yau three-folds connected
by an extremal transition. Originally formulated for local conifold tran-
sitions, the duality has been extended in various directions in refs. [2-5,
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15-18, 29, 30, 38-40,47, 52, 54]. The generalizations considered in refs. [4, 5,
15,16] are especially interesting since they shed a new light on the structure
of Gromov—Witten invariants of toric Calabi—Yau manifolds. These develop-
ments are based on an earlier idea of Witten [58], who outlines a beautiful
approach to A-model topological open string amplitudes. The main idea
of this approach is based on a subtle combination of Chern—Simons theory
and open string enumerative geometry, which will be discussed in detail
below. At present, open string enumerative geometry is not a fully devel-
oped mathematical formalism. The basic principles understood so far have
been developed in refs. [25,33,45] in the context of toric Calabi—Yau three-
folds. Additional work on the subject exhibiting various points of view can
be found in refs. [1,2, 15,16, 24, 31, 32,41-43, 48, 49]. In particular, the work
of Diaconescu et al. [15,16] was successfully applied to geometric transitions
for noncompact Calabi—Yau hypersurfaces in toric varieties.

In this paper, we consider large N duality for extremal transitions between
compact Calabi—Yau hypersurfaces in toric varieties. Geometric transitions
for compact Calabi-Yau manifolds have been proposed in ref. [57], but no
concrete results are known so far. There are many conceptual as well as
technical issues that have to be addressed in this context. Perhaps the most
challenging obstacle is the absence of a rigorous mathematical formalism for
open string amplitudes on compact Calabi—Yau three-folds.

Keeping the details to a minimum, let us summarize our results. We
develop a computational approach to genus zero open string A-model ampli-
tudes on a certain class of compact Calabi-Yau target manifolds. This
approach follows the basic principles outlined in ref. [58] supplemented by a
heavy use of equivariant enumerative techniques. There are two key aspects
in the whole process. First, we develop an open string version of the con-
vex obstruction bundle approach usually encountered in Gromov—Witten
theory. Second, we propose a formal extension of standard Chern—Simons
theory in which the framing is regarded as a formal variable. In particular,
it could take fractional values. Using these two elements, plus a great deal of
patience, we run a successful genus zero test of large N duality for compact
Calabi—Yau hypersurfaces in toric varieties. Along the way, we gain new
insights into the structure of Gromov—Witten invariants, and we also clar-
ify some aspects of local geometric transitions [5,15,16]. A more detailed
overview of the general set-up and the results is included in the next section.

The paper is structured as follows. In Section 2, we present the stage, the
cast of characters and outline the main plot. Section 3 consists of a concep-
tual discussion of open string enumerative geometry for compact Calabi—
Yau manifolds. In Section 4, we describe the main examples to be used
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for concrete computations. We revisit local geometric transitions in Section
5, focusing on the interplay between equivariant enumerative geometry and
Chern—Simons theory. The main outcome of this discussion is a notion of
formal Chern—Simons expansion which will prove crucial for compact three-
folds. Sections 6 and 7 are devoted to an implementation of our program in
a concrete model.

2 Large N duality for compact three-folds — preliminary
remarks

Although the problem can be formulated in a more general context, in this
paper we will consider only toric extremal transitions between Calabi—Yau
hypersurfaces [6, 8, 50]. Recall [7] that a family of Calabi—Yau hypersurfaces
Y in a toric variety Z is described by a reflexive Newton polyhedron Pa,, .
The class of extremal transitions we are interested in is described by an
embedding of reflexive polyhedra Pa, CPa,. It has been shown in refs. [6,
8,50] that such an embedding gives rise to a commutative diagram of the
form

y —=2

l

Yo—>2

(2.1)

The vertical arrows are extremal contractions and Yy is a singular hyper-
surface in the family Y corresponding to special values of complex struc-
ture parameters. The toric extremal contraction Z—Z admits a simple
toric description in terms of a similar embedding of dual reflexive polyhedra
Py, C Pvf,- The vertices of }P’V? not belonging to Py, correspond to toric

divisors on Z which are contracted in the process. In the following, we will
consider only singular hypersurfaces Yy with isolated ordinary double points.
Moreover, the contraction Y —Y is a simultaneous crepant resolution of
the nodes. Also, we will assume Z, Z to be smooth toric four-folds. This
can always be achieved by triangulating the toric fans.

To be more concrete, let us consider a one-parameter family Y, of hyper-
surfaces in Z which degenerates to Yy for p = 0. We denote by v the number
of nodal singularities of Yy and by [L1],...,[L,] the corresponding homol-
ogy classes of vanishing cycles on Y. The [L;], i=1,...,v, generate a
rank (v —r) sublattice H, C H3(Y,,Z), where r is the number of relations
among vanishing cycles. Without loss of generality, we can assume that
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[Lyy1],...,[Ly] is an integral system of generators for H,. Therefore, we
have the following linear relations with integral coefficients

(2

L= > aim[Ln] (2.2)

m=r+1
fori=1,...,r.

The exceptional locus of the crepant resolution Y —Y consists of v
isolated (—1,—1) curves C1,...,C, on Y. Clemens [12] shows that the

curve classes [C1],...,[Cy] € Hy(Y,Z) are subject to (v —r) relations, so
that we are left with r independent curve classes on Y. Without loss of
generality, we can take them to be [C1],...,[C;]. The numbers (v,r) can be

related to the toric data described in the previous paragraph using Batyrev’s
formulae [7]. We will work under the simplifying assumption that all extra
r (1,1) classes on Y are toric, i.e., r = h(Z) — hY(Z). Therefore, the
curves C1,...,C, determine r independent curve classes on Z as well. We
will understand why this assumption is necessary by the end of this section.

In this geometric context, we consider an open string A-model specified by
wrapping N; topological branes on a collection of vanishing cycles L; € [L;]
[58]. In order to obtain a well-defined topological open string A-model,
the cycles L; should be Lagrangian. Physical considerations [26, 55] suggest
that each class [L;] should contain a unique special Lagrangian cycle home-
omorphic to S? in order for the transition to make sense in string theory.
Unfortunately, this does not seem to be a well-established mathematical
result for a generic deformation Y),. For the remaining part of this section,
we will assume this to be true. In later sections, we will work with a spe-
cial degeneration of Y,, where one can explicitly construct such Lagrangian
representatives.

In a topological theory, there should not be any constraint on the N;
arising from flux conservation. If we regard our model as the topological
sector of an underlying superstring theory, the total D-brane charge has to
be zero because Y is compact. Therefore, we must have

S Ni[Li] = 0. (2.3)

Although this is not strictly a necessary condition in the topological theory,
it seems to be required in order to match the number of parameters in the
context of large NV duality. This can be seen by substituting equation (2.2)
in equation (2.3) and using the fact that [L,y11],...,[L,] form a basis. We
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obtain
,
Np + Z Niajm =0, m>r+1. (2.4)
i=1
This shows that there are only r independent D-brane charges Ny,..., N,
in one-to-one correspondence with the exceptional curves C1,...,C.

As topological A-model amplitudes depend on Kahler moduli, we choose
specific parameterizations of the Kéahler cones of Z, Z as follows

hb1(2) hh1(Z)
T= Y tada, J= > tJy (2.5)
a=1 v=1

Here J,, a =1,...,h"(Z), and, respectively, j.y, ~y=1,.. .,hlvl(z;,’v), are
Kahler cone generators. Note that ¢, and t~7 are classical Kahler parame-
ters. The topological amplitudes should be written in terms of flat Kéhler
parameters, which include instanton corrections. Abusing notation, we will
use the same symbols for classical and flat Kéahler parameters. The distinc-
tion should be clear from the context.

After all these preliminary remarks, we are ready to discuss the large N
duality conjecture in the present context. Following the general philosophy
of [22], large N duality should predict a relation between topological closed
strings on Y and topological open strings on (Y, L), where L = U}_,L;.
Therefore, it would be tempting to conjecture a direct relation between the
Gromov—Witten expansion of Y and a hypothetical open string expansion
associated to (Y, L). While such a relation may exist abstractly, at present
such a direct approach is out of reach. Instead, we will concentrate only
on the genus zero part of the duality and follow one of the main lessons of
mirror symmetry for Calabi-Yau hypersurfaces. In the linear sigma model
approach, the genus zero Gromov-Witten expansion of a hypersurface Y’
is defined extrinsically in terms of maps to the ambient toric variety Z,
using the convex obstruction bundle approach. Roughly, this means that
one counts holomorphic maps to Z, subject to an algebraic constraint. This
produces a genus zero closed string expansion of the form

0 . B _ i
‘7:}(7;2:1(987 t’y) = 0s 2 Z 00’5 € (Jﬂ)a (26)
BeHs(Z,2)

where the coefficients 5’0 7 have a standard definition in terms of intersection

theory on the moduli space of stable maps to Z which will be reviewed in
the next section. It is worth noting here that only the data of Z and the
linear system |Y| enter the definition of 6075. Therefore, these coefficients
are manifestly independent of complex structure deformations of Y.
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Following the same idea, one would like to define a similar instanton sum
for topological open strings on (Y, L) using maps to the ambient space Z
with boundary conditions on L. This is a very delicate construction for
many reasons explained in detail in Section 3. One of the obvious problems
is that such a construction would not be manifestly independent on complex
structure deformations of Y, since the cycles L move with Y. Moreover, for
fixed (Y, L), there is no rigorous mathematical formalism for counting open
string maps in an appropriate sense. Finally, in open string theories one has
to sum over highly degenerate maps which contract a bordered Riemann
surface into an infinitely thin ribbon graph [58]. From a physical point
of view, this yields a Chern—Simons sector of the topological string theory
consisting of v Chern—Simons theories with gauge groups U(N;) supported
on the cycles L;, i = 1,...,v [58]. The coupling of this sector to open string
instantons is a very subtle issue not fully understood at this stage. This
subject will be discussed in detail in Section 5 for local models and Section 7
for compact Calabi—Yau three-folds.

We will not attempt to fill all the gaps mentioned in the previous para-
graph in the present paper. Instead, we will assume invariance under
complex structure deformations, and construct a genus zero open string
generating functional using a special degeneration (Y, L) of the pair (Y, L).
The construction relies heavily on the existence of a toric action on Z which
induces a subtorus action on Y. The existence of a suitable degeneration
places important restrictions on the range of validity of this approach. As
explained in Sections 3 and 6, such a direct construction can be carried
out only for extremal transitions in which the nodal points are fixed points
of the torus action on Z. Without giving more details here, let us note
that in favorable cases we can construct a genus zero open string generating
functional of the form!

Fyop(erton M) = Flulgsta) = D F (g M) e 0 2)

BeHa(2,L;Z)

Here \; = gsN; are the ‘t Hooft coupling constants for the v Chern—Simons
theories on L;. Given the relations (2.4), we have only r independent ‘t Hooft
couplings \;, i =1,...,7, in formula (2.7). This matches the number of
exceptional curve classes on Z , according to the paragraph below equation
(2.2). In the right-hand side of (2.7), Fyci(9s, ta)(o) is the genus zero closed

Here we ignore some subtleties related to open string quantum corrections to the flat
Kahler parameters. Since this is a general discussion, these corrections can be absorbed
in the definition of Fﬁ(o)(gS7 Ai).
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string Gromov—Witten expansion of Y

Fgsita) =92 > Coge 9. (2.8)
BEH(Z,7)

The construction of the generating functional in equation (2.7) is discussed
from a conceptual point of view in Section 3, and carried out for a concrete
compact example in Sections 6 and 7.

Granting the existence of a well-defined open string partition function,
what are the predictions of large N duality? The conjecture is that the two
generating functionals (2.6) and (2.7) should be equal, subject to a certain
identification of parameters which is the duality map. To this end, let us
introduce a different system of generators (7*(J,), D;), a =1,...,hb(2),
i=1,...,r,0f Hl’l(ZN). Here 7: Z— Z is the contraction map and D;, i =
1,...,r, are divisor classes on Z such that 7«(D;) =0 and D; - C;j = §;5 for
1 <4,7 <r. Then, modulo some subtleties concerning open string Kéhler
moduli which will be considered later, the duality map is specified by the
following relations

J=m"J—iY \D;. (2.9)
=1

Using this map, we will test the duality predictions for a concrete example
in Section 7.

3 Open string A-model approach — general considerations

In principle, large N duality should hold for any conifold transition between
Calabi—Yau three-folds. However, our current understanding of topological
open string A-model amplitudes is restricted to the so-called local models,
i.e., noncompact Calabi—Yau three-folds admitting a torus action. The case
of compact Calabi—Yau three-folds is especially hard, no concrete results
being known so far. In this paper, we would like to propose an approach
to this problem for a certain class of hypersurfaces in toric varieties. This
section is a rather general exposition of the basic principles. The details will
be worked out for concrete examples in the next sections.

Let us start the discussion with some general considerations on open
string A-models, following ref. [58]. Suppose we have a model defined by v
Lagrangian cycles Lq,..., L, as in the previous section. The target space
effective action of such a theory consists of v Chern—Simons theories with
gauge groups U(NV;), i =1,...,v, supported on the v Lagrangian cycles.
This is a universal sector of the theory which is present for any target
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manifold. Then one has instanton corrections to the Chern—Simons theory
obtained by summing over holomorphic maps f: ¥, ,—Y with Lagrangian
boundary conditions on the L;. Obviously, these corrections depend on
the geometry of the target manifold, and the sum should be properly for-
mulated in terms of intersection theory on a moduli space of stable maps
Mgﬁ(Y, L). There is, however, an important subtlety in this approach which
may be easier to understand for a concrete example. Suppose one can find
a rigid holomorphic disc D; embedded in Y with boundary I'; C L;. Let
B = [D;] € Hy(Y,L; Z) and let v = [I';] € H1(L;,Z). This yields an instanton
correction of the form

e Tr (Pexp/ f*Al-) (3.1)
ry;

to the U(N;) Chern—Simons theory on L;. Here 7; is the symplectic area
of the disc and A; is the U(NV;) gauge field on L;. It is important to note
that A; is not a fixed flat connection on L;. Since the cycle is compact,
A; is a dynamical variable, and one should integrate over all connections.
However, this proposal immediately raises a puzzle if the disc D; moves in
a family on Y. Since 4; is not flat, the holonomy factor Tr (P exp fFi frA)
depends on the position of I in L;. Therefore, it is not clear how to write
down the instanton corrections in this case. Since A-models make sense on
general symplectic manifolds equipped with a compatible almost complex
structure, one solution is to deform to a generic situation in which we have
a finite number of rigid discs. Then each disc would yield a correction of
the form (3.1). Conceptually, this is a satisfying solution, but it is not very
effective in practice if one is interested in explicit numerical computations.
The solution proposed in refs. [15,16] is based on localization with respect
to a toric action. More precisely, if Y admits a torus action which pre-
serves the Lagrangian cycles, the idea is to sum only over fixed points of
the induced action on the moduli space of maps. To each fixed point, one
can associate an instanton expansion consisting of terms of the form (3.1)
and multicovers. In order to obtain the topological free energy, one has to
first sum the instanton expansions over all fixed points and then perform
the Chern—Simons functional integral with all these corrections taken into
account. Such computations have been performed for noncompact manifolds
in refs. [5,15,16].

At this point, it may be helpful to emphasize the distinction between
compact and noncompact cycles. If L; were a noncompact cycle in some
noncompact Calabi—Yau manifold, one could take A; to be a fixed flat con-
nection on L;. For a flat connection, the holonomy factor Tr (P exp fFi A
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depends only on the homology class «. Therefore, for fixed homology classes
(8,~) the instanton series can be thought of a formal series in two sets of
variables [33]. The computation of topological amplitudes is then reduced
to the construction of a virtual cycle of dimension zero on the moduli space
of stable open string maps. The structure of this moduli space is not very
well understood at the moment, hence there are various technical problems
with such a construction. Nevertheless, one can go a long way exploiting the
presence of a torus action [25,33,45,49]. Even if the moduli space is very
complicated, the fixed loci of the induced torus action are much simpler and
can be described in detail. Then one can define the virtual cycle by directly
summing over invariant maps. Since the moduli space has boundary, the
resulting invariants will depend on a choice of boundary conditions, which
can be encoded in a choice of the torus weights [33]. Therefore, we obtain a
family of invariants depending on a discrete set of choices.

If the cycles L; are compact, the local contribution of a fixed locus is to be
interpreted as a series of corrections to Chern—Simons theory, as explained
above. As a result, each term in this series will be a rational function of
the weights of the torus action. The final expression for the open string free
energy is obtained by computing the free energy of the corrected Chern—
Simons action. At this point, we seem to obtain a puzzle since a priori the
resulting open string amplitudes will depend on the weights of the torus
action. This dependence is not physically acceptable in the context of large
N duality, since there are no discrete ambiguities in the dual closed string
expansion.

The resolution of this puzzle is that the choice of the toric weights has
to be correlated to the framing of the knots I'; in Chern—Simons theory in
such a way that the final result agrees with the closed string dual. Although
this idea has been concretely applied in certain local models in refs. [15, 16],
the general rules behind the weight-framing correspondence are not well
understood at present. In particular, integrality of the framing imposes very
strong constraints on the allowed weights, which may not even have solution
in many cases. One of the main results of this work is a general rule for this
correspondence based on a certain extension of the Chern—Simons expansion
treating the framing as a formal variable. This will be discussed at length
for local models in Section 5, and for compact Calabi—Yau three-folds in
Section 7.

For the remaining part of this section, we will focus on localization ques-
tions for open string maps to compact Calabi—Yau hypersurfaces. Our goal
is to develop an algorithm for the computation of the local contributions
associated with fixed loci in such situations.
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3.1 Open string morphisms — the convex obstruction
bundle approach

Open string A-model localization techniques have been first developed in
refs. [25, 33, 45] for noncompact Lagrangian cycles in noncompact toric three-
folds. An extension of these techniques to compact Lagrangian cycles has
been discussed in refs. [15,16]. In the later cases, the ambient Calabi-Yau
three-fold was a noncompact hypersurface in a toric variety. The invariants
computed there may be regarded as an open string version of closed string
local Gromov—Witten invariants [13].

Briefly, the typical situation encountered in closed string computations
is the following. One has a toric Calabi—Yau variety X isomorphic to the
total space of a holomorphic vector bundle N over a base B. Usually B
is a rational curve or a toric Fano surface, so that the zero section of the
fibration N— B is rigid in X. The basic data of the enumerative problem
is given by the negative obstruction bundle & = R'p,(ev*N) on the mod-
uli space of stable maps M, (B, 3), with fixed class 3 € Hy(B,Z). Here
ev: My 1(B,3)— B is the evaluation map and p: M, 1(B, 3)—M,0(B, 3)
is the forgetful map. This is standard material. The local Gromov—Witten
invariants are defined by integrating the Euler class of £ against the vir-
tual fundamental class [Myo(B, 3)]. Alternatively, we can define the same
invariants as the degree of the virtual cycle [M (X, 3)], which is of dimen-
sion zero. One can show without too much effort that the two definitions
are equivalent (see, e.g., Section 9.2.2 of ref. [12]). Since B is toric, we can in
fact explicitly evaluate these numbers using localization techniques [20, 36].

By contrast, compact Calabi—Yau three-folds, such as hypersurfaces in
toric varieties, require a different approach. The obvious difficulty in apply-
ing localization techniques to this case is the absence of a torus action
on a smooth generic hypersurface. For genus zero maps, this problem
is elegantly solved by the convex obstruction bundle approach. Shifting
perspective, the genus zero numerical invariants are formulated in terms
of the moduli space Mg (Z,3) of stable maps to the ambient toric vari-
ety Z, which admits a toric action. Here § € Hy(Z,7Z) is a fixed second
homology class. On this moduli space, one can construct a virtual fun-
damental class of positive degree. Therefore, to obtain numerical invari-
ants, one has to intersect this class with the Euler class of the obstruc-
tion bundle V = R%p,(ev*O(—Kz)). Here p: Mo1(Z,8)—Moo(Z,3) is
the forgetful map and ev: Mo 1(Z,3)—Z is the evaluation map as usual.
Note that the line bundle O(—Kz) defines the linear system of Calabi-
Yau hypersurfaces on Z. Therefore, the zeroes of a generic section of ¥V on
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M o(Z,3) can be thought of intuitively as maps to a generic hypersurface
Y. In fact, one can show rigorously that these intersection numbers coin-
cide with the degree of the virtual cycle [Mo (Y, 3)] (see Example 7.1.5.1
in ref. [12]). Since only the data of the linear system |—Kz| enters this
definition, the invariants are manifestly independent of complex structure
deformations of Y. This approach is valid if the bundle O(—Kz) is convex,
i.e., R'p.(ev*O(—Kz)) = 0. By a slight abuse of language, we will call V a
convex obstruction bundle in this case.

Following the same general line of thought, we would like to propose an
extension of the convex obstruction bundle approach to open string A-model
amplitudes on compact Calabi—Yau hypersurfaces. It should be said at the
offset that the methods employed here are not entirely rigorous, since a rig-
orous mathematical formulation of open string Gromov—Witten invariants
has not been developed so far. We make no claim of filling this gap. More-
over, since our approach relies heavily on localization with respect to a toric
action, it applies only to a special class of hypersurfaces and Lagrangian
cycles which will be described later. The models presented in the next sec-
tion provide a good testing ground for explicit computations which can be
checked against large N duality predictions.

The main idea is quite straightforward. Given a Calabi—Yau hypersur-
face Y C Z and a collection of vanishing cycles L = U;L;, we would like to
consider the open string morphisms to Z with certain boundary conditions
along L;, viewed as cycles in Z. Obviously, the L; cannot be Lagrangian
cycles in Z for dimensional reasons, but this will not be a major obsta-
cle. More precisely, one would like to consider the moduli space of sta-
ble maps Mo ,(Z,L;3) where 8 denotes now a relative homology class
B € Hyo(Z,L;7Z). Note that Hy(Z,L;7Z) ~ Hy(Z,Z) since L is a collection
of 3-spheres, and hence we can identify 8 with an absolute class. In order
to localize the open string morphisms following refs. [25,33,45], we need a
torus action on Mo,h(Z, L; 3) compatible with the torus action on Z. The
problem here is that the torus action on Z does not preserve the vanishing
cycles L; lying on a generic hypersurface Y. This is a new element compared
to the closed string situation.

In the following, we would like to propose a solution to this problem based
on the assumption that toplogical A-model amplitudes are invariant under
complex structure deformations. Working under this assumption, it suffices
to define and compute these invariants by specializing (Y, L) to a singular
hypersurface Y and a collection of cycles L preserved by a subtorus. The
main problem with such an approach is that the existence of such a “good
degeneration” of (Y, L) is not by any means obvious. This is in fact the
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main restriction on the class of transitions which can be treated in this
fashion. We have not been able to develop a systematic characterization
of “good degenerations” in arbitrary families of Calabi—Yau hypersurfaces.
Analyzing the concrete examples worked out in the next sections, it seems
that such a degeneration will exist whenever the nodal points of Yy are fixed
points of the torus action on the ambient toric variety Z. Clearly, this point
deserves further study, but this is the criterion that seems to emerge so far.

Provided one can find such a degeneration Y, the next step is to evaluate
the contributions of the fixed loci in M (2, L; ). This can be done by
constructing the tangent-obstruction complex for open string morphisms to
the pair (£, L). Although the target space is a toric four-fold, the main idea
is the same as [25, 33], i.e., one has to consider the deformation complex of
an open string map f: ¥o,—2Z subject to boundary conditions along L.
The boundary conditions can be inferred from the concrete presentation of
L, as we will discuss in detail in concrete examples. In particular, in all
these examples we will find a real subbundle Tk of Tz restricted to L so
that the pair (f*T'z, f31Rr) forms a Riemann-Hilbert bundle on ¥ j,.

We need one more ingredient, which is the convex obstruction bundle on
the moduli space. One would like to define the fiber of the obstruction bundle
V over a point (3¢ p, f), as the space of holomorphic sections of f*O(—Kz)
subject to certain boundary conditions along 0% . In order to obtain a
good boundary problem for the Dolbeault operator, the boundary conditions
should be specified by a real subbundle R of f*O(—~Kz)lss,, [33]. In fact
the pair (f*O(—Kz),R) should define a Riemann-Hilbert bundle on % .
Such a structure can be naturally obtained in the present case if we use
the isomorphism O(—Kz) ~ A*(Tz), where Tz is the holomorphic tangent
bundle to Z. Then we can take R to be f3 (A*(TR)). It is not a priori
obvious that this construction is sensible, since the structure of the moduli
space is not understood. However, we will show in the next sections that
the results are in perfect agreement with large N duality predictions. This
is a strong evidence in favor of this approach.

As mentioned several times so far, evaluating the contributions of the fixed
points is only a first step in the computation of open string amplitudes. In
order to finish the computation, the contribution of each fixed point has to be
interpreted as a series of instanton corrections in the Chern—Simons theory.
This involves another very subtle aspect of the whole approach, namely the
correlation between the toric weights and Chern—Simons framing.

Given the complexity of the problem, we will proceed in several stages.
In the next section, we describe in detail the models considered in this
paper. Although we will find explicit extremal transitions between compact
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Calabi—Yau manifolds, the starting point will be local del Pezzo models.
Section 5 will be devoted to the weight-framing correspondence for local
models, focusing on the idea of a formal Chern—Simons expansion. Finally,
equipped with a better understanding of these points, we will address large
N duality for compact models in Sections 6 and 7.

4 The models

Concrete examples in which the above program can be implemented? arise
by taking projective completions of the local Calabi—Yau models considered
in refs. [5,15,16]. Let us briefly recall the relevant geometric constructions.

We will consider extremal transitions for noncompact toric Calabi—Yau
three-folds fibered in complex lines over toric del Pezzo surfaces. The base
B of the fibration can be either dP> as in the model studied in ref. [16]
or dPs or dPs as in ref. [5]. In all cases, it is easier to describe the small
resolution X first, which is isomorphic to the total space of the canonical
bundle O(Kp). The toric diagrams for the del Pezzo surfaces dP, dPs and
dPs5 are represented below.

In each case, the toric fan of the three-fold X is a cone over the two-
dimensional polytope represented in figure 1. Note that dP» is represented
here as a two-point blow-up of P2, and similarly dP; and dPs; are con-
structed by blowing up two and, respectively, four points on Fg. In the last
case, the four points on Fy are not in general position, and therefore we
obtain a nongeneric dP5 surface. This is consistent with the toric presenta-
tion, since the generic dPs surface is not toric. We denote the exceptional
curves by €;, i = 1,...,n, where n = 2,2,4 in the three cases, as specified in
figure 1. The e; can be embedded as (—1,—1) curves in X via the zero
section o: B—X.

In the following, we will consider extremal transitions consisting of a
contraction of the curves e; on X followed by a deformation of the resulting
nodal singularities. The singular three-folds obtained in the process can be
represented as hypersurfaces in noncompact toric varieties W [16]. The toric

2These are not the only examples which can be treated this way. We will eventually
learn along the way that all extremal transitions in which the nodal points are fixed by
the torus action admit a similar approach.
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Figure 1: del Pezzo surfaces.
v Zy Zz U 'V
C* 1 1 1 -1 -2
W Zy Zs Zy U 'V
Cc* 1 1 0 0 -1 -1
cC 0 o0 1 1 -1 -1 (4.1)
Zy Zy Zs Zy UV
cc1 1 0 0 =2 0
cc o 0 1 1 o0 -2
The equations for the nodal hypersurfaces read in the three cases
dPy: UZy+VZyZ3 =0,
dPsy: UZ1Z4+V Zy7Z3 =0, (4.2)
dPs: UZ1Zy+VZ3Z, =0.

It is easy to check that the singular points are given by

dPQZ
dP32
dP5Z

Pl={Z1=Zy=U=V =0},
P ={Z1=723=U=V =0},
P ={Z1=723=U=V =0},
Py={Z1=Zi=U=V =0},

Po={Z1=23=U=V =0},
Po={Zy=2,=U=V =0},
Po={Zy=2,=U=V =0},
Pi={Zy=2Z3=U=V =0}

(4.3)

The deformations are described by adding a constant term u to the right
hand side of the equations (4.2). The geometry of the resulting smooth
variety can be analyzed in detail as in [16]. In particular, one can show
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that there are n vanishing cycles on the deformed hypersurface X, (where
n=2,2,4 as explained above) subject to one homology relation. These
cycles have the topology of a three-sphere and they can be described quite
explicitly in terms of local coordinates. We will give more details on this
point at a later stage.

Now let us describe the compact Calabi-Yau three-folds associated to
the above local models. The idea is quite straightforward. We first take a
projective completion of the ambient toric varieties WV, obtaining smooth
compact toric four-folds Z given by the following data

Zv Zy Zg U VW
dp,: ¢+ 1 1 1 -1 =2 0
cCc 0 0 0 1 1 1

Zy Zy Zs Zy U VW
cc'1 1 0 0 -1 -1 0
P cv g 0 1 1 -1 -1 0° (4.4)
cc 0 0 0 0 1 1 1
Zy Zy Zs Zy U V. W
cc'1 1 0 0 -2 0 0
AP v 9 0 1 1 0 -2 0
cc 0 0 0 0 1 1 1

Note that in all cases we obtain a P? bundle over the base B. It is a simple
exercise to check that the canonical class of Z is given by Kz = 3n, where n
is the divisor at infinity defined by the equation W = 0. The generic divisor
in the linear system |—Kz| is a smooth Calabi—Yau variety defined by an
equation of the form

> U VW fope(Z2). (4.5)
a,b,c>0, a+b+c=3

For the dP» model, fup.(Z;) is a homogeneous polynomial of degree a + 2b in
(Z1, Za, Z3). For the other two models, fup.(Z;) is a bihomogeneous polyno-
mial of bidegree (a + b, a + b) and, respectively, (2a,2b) in (21, Z2), (Z3, Z4).
One can work out the vertices of the dual toric polyhedra and the Hodge
numbers for all the three cases.®> The toric polyhedra Vy are specified by

3The Hodge numbers of all manifolds appearing in this paper have been computed
using the program POLYHEDRON, written by Philip Candelas.
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the following sets of vertices Vy
dPy: {(-1,0,0,0), (-1,1,0,0), (-1,0,1,0), (~1,0,0,1), (—1,1,1,1),
(27_1a_17_1)}a
dPs: {(0,1,0,0), (0,0,1,0), (0,0,0,1), (1,—1,0,0), (1,0,—1,0),
(1,0,0,-1), (=1,0,0,0)},
dPs: {(1,1,0,0), (1,—1,0,1), (=1,1,-1,0), (—1,-1,1,0),

(-1,-1,0,1)}.
(4.6)

The Hodge numbers of the three models are, respectively, (hi1,h12) =
(2, 92), (3, 81),(3, 63).

The local extremal transitions can be lifted to transitions between com-
pact Calabi—Yau three-folds as follows. The one-parameter families Y, are
given by the following equations

(UZy+VZyZs — MW)W2 + Z UaVchfabc(Zi) =0,

(a,b,c)’
(UZ1Z4+ V ZoZs — pW)W? + (Z) UVPW fare(Zi) = 0, (4.7)
a,b,c)’
UZ1Z2+V Z3Zs — pW)W? + Y U VW fane(Zi) = 0,
(a,b,c)’

where the (a, b, ¢)’ denote all the allowed triples (a, b, ¢) which do not appear
in the first three terms in each equation. The coefficients of the polynomials
fabe(Z;) are fixed at some generic values so that we obtain one-parameter
families parameterized by p. These hypersurfaces are smooth for ;4 = 0 and
develop isolated nodal singularities at © = 0. The singular points are again
given by equation (4.3), except that they have to be regarded as points on
the compact toric four-fold Z. These singularities can be simultaneously
resolved by performing a blow-up of Z along the section U =V = 0. Let Z
denote the resulting toric four-fold. The strict transform YCZisa crepant
resolution of Y{ with exceptional locus given by isolated (—1, —1) curves Cj,
t=1,...,n.

The blow-up of the ambient toric variety can be described torically by
adding an extra vertex to the dual toric polyhedron Vy. One then obtains
the following toric data for the dual polyhedron of the small resolution Y

dPQi Vf/ :VYU{(*Qalalal)}v
dPs: Vf/ =Wy U{(1,0,0,0)}, (4.8)
dPs: Vf/ :VyU{(*l,fl,0,0)}.
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The package PALP [37] proved to be very useful in analyzing the above
extremal transitions between the smooth three-folds Y and Y. Moreover, the
Hodge numbers of Y are, respectively, (h1,1,h12) = (3, 91), (4, 80), (4, 60)
for the three cases. In the following sections, we will develop in detail a
computational approach to open string topological amplitudes on the three-
folds Y. Although we will work out the details only for the second model
presented above, it is clear that the other models can be treated along the
same lines. Moreover, these techniques seem to be valid for all extremal
transitions in which the singular points are fixed under the generic torus
action on Z.

5 Local transitions and formal Chern—Simons expansion

Following the program outlined in Section 3, here we review the open string
localization techniques for local transitions developed in refs. [15,16]. The
main goal of this review is to clarify the interplay between torus action and
framing in Chern—Simons theory. We will find that the proper framework for
open string amplitudes is a formal extension of the Chern—Simons expansion
which treats the framing as a formal variable. This new idea will allow
us to formulate general rules for the correspondence between toric weights
and framing encompassing all cases known so far [5,15,16]. Moreover, as
discussed in Section 6, the same rules play a crucial role for open string
amplitudes on compact manifolds. Let us start with the first local model
described in the previous section, namely the local d P> model. The deformed
hypersurface X, is given by the equation

UZy+VZyZs=pu (5.1)

in the toric variety W specified in equation (4.1), and the singular points
atu:()arePlz{leZgzU:V:O} andsz{leZgzU:V:
0}. The geometry of this model has been thoroughly analyzed in ref. [16],
so we will keep the details to a minimum. The main point is that there
are two Lagrangian spheres L; and Ls on X, in the same homology class
[L1] = [Lo]. Each cycle can be described as an intersection of X, with two
real hypersurfaces in W given by the following equations

Li: UZyZy—WZ1 =0, VZ3Zy —WZs =0,
Ly: UZ3zZ3—WZ1 =0, VZ3Z3—WZy=0.
Writing these equations in suitable local coordinates centered at the points
P, P, € W, one can check that the local geometry is indeed isomorphic to
a local deformation of a conifold singularity. Moreover, it has been shown

in ref. [16] that one can choose a symplectic Ké&hler structure on W so that
L1 and Ly are Lagrangian.

(5.2)
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The open string topological A-model considered in ref. [16] is defined by
wrapping N1 and N> topological branes on L1 and Ly. As explained there,
and also in Section 3 of this paper, a crucial step in the computation of
the free energy is summing up the instanton corrections to Chern—Simons
theory. This can be done by localization with respect to the following toric
action

Zy Zo Zs U v w
D T T R e VR

Note that this action preserves both the hypersurface X, and the spheres
L; and Ly. We have to sum over open string maps which are invariant
under the induced toric action on the moduli space. As usual in localization
computations, the image of all such maps consists of a collection of invariant
holomorphic Riemann surfaces embedded in X,. In closed string situations,
these would have to be closed Riemann surfaces, or equivalently algebraic
curves on X,,. Since we are doing an open string computation, we will have
a collection of invariant bordered Riemann surfaces with boundary compo-
nents embedded in L; and Lo. According to the analysis of Diaconescu
et al. [16], there are only three such invariant surfaces—two discs and a
cylinder—which can be described as follows.

(5.3)

Let X, be the (relative) projective closure of X, in the compact toric
variety Z. The defining equation of X, is

UZy +V ZyZ3 = uW. (5.4)

One can check that Yu is a toric Fano three-fold which contains X, as the
complement of the divisor at infinity Do, = X, N {W = 0}. The bordered
Riemann surfaces are obtained by intersecting the spheres L; and Lo with
three invariant curves on Yu given by

Ci: V:ZQZO, UZ1:ALI/V,
Chy: V=273=0, UZy = uWw, (5.5)
Cé: U= Zl = 0, VZQZg = IUW

We have the following intersections Ly NC] =T, Lo NCy =T%, Ly N CY% =
=1 and Lo N CY = E), where I’} and E] and, respectively, I, and =, are
algebraic knots in L; and Ly forming Hopf links with linking number +1.
I} divides C] into two invariant discs D] and DY and T, divides C} into
two other invariant discs D) and Dj. Similarly, =} and =/, divide C% into
two discs D and D} and a holomorphic annulus A as in figure 2.

Note that the discs D} and D) have a common origin at Q = {Zy = Z3 =
V =0, UZ; = puW}. The origins of all other discs are points on the divisor
at infinity D.
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Figure 2: Primitive open string instantons on X.

A careful argument based on homology constraints [16] shows that only

1, Dy and A contribute to the open string amplitudes in the local case.
The other discs do not play any role for the local computation, but they will
enter the computation of open string amplitudes for the compact model. In
order to write down a general formula for the instanton corrections, let us
denote the holonomy variables associated to the four knots I'}, T, :’1 and
=, by V{, V5, U] and Uj, respectively. The instanton series has the form

Finst (s, 1, th, te, U1, Us, VI, V)
= Fioh (g, te: UL, UB) + Fio) (g5, 11, £, VI, V3), (5.6)

where

s

inst (gs, te, U{, U2 Z Z Z Z 'h1+h2g§9 24+hi1+ho

0 h1,h2=0d=0m;>0,n;>0

x Cg7h1,h2 (d|mla n_] H Tr U/ml H Tr UmJ7

(5.7)
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o0 o o0
2 . _
‘Fi(ns)t(.g&tllaté, VI, V) = Z Z Z Z hithz 202 +hithe

9=0 h1,h2=0d1,d2=0m;>0,n; >0

—dit! —dot!
X F97h1,h2(d1)d2‘mi,n]’)e 1t; —a2ty

h1 ha
< [T vim™ T 1 vy (5.8)
i=1 j=1

The first represents the contribution of multicovers of the cylinder A and
the second term represents the contribution of invariant maps with image
contained in the union D} U D). The parameters ¢}, ¢, and t. represent open
string Kahler moduli. At the classical level, they should equal the symplectic
areas of D}, D}, A which are equal since all these surfaces are homologically
equivalent. However, it is understood by now that these parameters can
receive quantum corrections due to degenerate instantons, which can be
in principle different for the three surfaces. The rest of the notation is
standard: d,d; and ds denote the degrees of a given map with respect to the
three fixed surfaces A, D| and D) and (m;,n;) denote the winding numbers
of the boundary components about the invariant knots in the target space.

The coefficients Cy p, n, (d|mi, nj) and Fy p, p,(di, d2|m;, nj) can be deter-
mined by localization computations for open string morphisms. This com-
putation has been done in great detail in ref. [16], and we will not repeat it
here. For our purposes, it suffices to recall the results for genus zero maps
of total degree smaller or equal than 3. We will rewrite all the formulae
obtained in ref. [16], in terms of the ratio of toric weights z = Ao/ A;.

Let us start with multicovers of the two discs. Since we do not make a
particular choice of toric weights, we will have nonzero corrections corre-
sponding to surfaces with one, two and three boundary components. We
have the following expressions.

Degree 1:
Fo10(1,0[1) = Fo,0,1(0,1]1) = 1. (5.9)
Degree 2:
2z +1
Fo10(2,012) = 1
1—=z2
F 212) = ———
07071(07 | ) 4(1+Z)7
1
Fo20(2,0[1,1) = —Z(Zz), (5.10)
z
F 0,21,1) = ———
0,0,2( ) | ) ) 4(1+Z)2’

Foq1(1,1]1,1) = —1.
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Degree 3:
3z41)(3z 42
Fo10(3,0]3) = ( )( )7
18
(1-22)(2—2)
Fyo1(0.3]3) = - =22 — <)
07011( Y ‘ ) 18(1+Z)2 Y
Fo11(2,12,1) = —2,
z
Fo11(1,21,2) =
0.1,1(1,2[1,2) o
22
F0’271(271‘17171) = ?7
2
F 1.21.1.1) = —— "
2L LD = Sy 6.11)
Z2(z+1)(2z+1
Fo20(3,012,1) = — ( )3( )
Z(l—z)
Fy02(0,3)2,1) = =~
070,2( ) ‘ 5 ) 3(1_'_2)3,
2 1 2
Fos0(3,01,1,1) = Z(6+Z),
22
Fyo03(0,3/1,1,1) = ——.
bos0: 3 1) =G

The multicover contributions of the cylinder are independent of toric weights.
In fact, one has a very simple formula of the form

Co11(d|d, d) = (_;)d (5.12)

for multicovers of degree d and all other terms being zero. The alternating
sign in this formula needs some explanation. A common problem with open
string localization computations is that the moduli spaces of open string
maps, and the obstruction bundles do not have a canonical complex struc-
ture as in the closed string case. Instead, one has only a complex structure
up to conjugation. This gives rise to a sign ambiguity in the open string
amplitudes noticed first time in refs. [25,33]. In the absence of a rigorous
framework for these computations, this ambiguity cannot be resolved from
first principles. Since the present open string model has a closed string dual,
a practical solution to this problem is to fix the sign so that the final results
agree with the closed string amplitudes. This is not a satisfactory solution,
but it seems to be the only one available at the moment. The choice made
here is different from the one made in ref. [16], where the sign was taken
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to be +1 for all d. It will be clear shortly that equation (5.12) is a more
natural choice in this context.

The next step is to perform the Chern—Simons functional integral taking
into account the instanton corrections (5.9)—(5.12). At this stage, we need to
make a choice of framing for the knots I}, T',, =2} and Zf,. The idea proposed
in ref. [16] is that this choice is related to a choice of toric weights, namely
to the value of z. Let us discuss some of the main points. Choose local coor-
dinates (z1,y1,u1,v1) centered at Z1 = Zo =U =V =0 and (z2, Y2, u2, v2)
centered at Z; = Z3 = U =V = 0. The local equations of the three-fold X,
in these patches are

T1ul + y1v1 = H, ToUg + Y2v2 = K, (5.13)
and the spheres L1 and Lo are described by the real sections
Li: wu =7, V1 = Y1, Lo ug = 7o, V2 = ¥Yo. (5.14)

The knots I'},Z] C Ly are cut by the equations y; = v; = 0 and, respec-
tively, 1 =u1 =0 on L;. In order to specify a framing of I} and =} we
have to specify sections of the normal bundles Nrv/r, and Nz, respec-
tively. Let us parameterize the knots by the angular variables 6., and 0,,
corresponding to the complex coordinates x; and y;, respectively. Then we
can write down the normal sections in the form

Fll: (y1,v1) = <N1/2 eiple””l,,ul/2 e*ipn%l) 7

. . (5.15)
Ei: (l‘l’ U’l) e (/“Ll/2 e“]leyl , ,UI/Q e_lqul) ,

where (p1, 1) determine the framing of the two knots.* We can write down
analogous formulae for the pair (I'}, Z)) of knots in Ly

I‘/z: (y2,v2) = <M1/2 eiszIQ’Iul/z e_ip2912> ’

| . (5.16)
El2: (332’ ’UQ) = (MI/Q elq29y2 , M1/2 e—1q29y2) )

The relation between the framings (p1,q1), (p2,g2) and the toric weights
follows by imposing the condition that equations (5.15) and (5.16) be pre-
served by the torus action, as first proposed in ref. [33]. This yields the

“There is a subtlety here pointed out in ref. [16]. Namely, specifying a single section
of a principal S* bundle over S* does not determine an integer number. One needs to
specify in fact a pair of sections in order to obtain integral data. In the present case, there
is a canonical choice for a reference section since we have explicitly constructed (I'}, =)
as algebraic knots. This choice determines the framing to be (p1,q1).
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following relations

)\y1 = pl)\ma )\331 = C]1/\y17

5.17
>\y2 = p2)\x27 sz = QQ)\yzv ( )

where the (Az,,...,\y,) denote the weights of the torus action on the local
coordinates, which can be easily expressed in terms of (A1, A2). This is a
very constrained system of equations, since (pi,...,q2) have to be integers
in order for the solution to make sense within the framework of standard
Chern—Simons theory. In fact, it is not hard to show that there are no
nontrivial solutions satisfying all these conditions. The solution proposed in
ref. [16] was to impose these conditions only for the knots I} and T, i.e.,
the boundary components of the two discs D] and D). Then, the framings
(q1,q2) of (], E)) were determined by more indirect arguments to be (0,0).
Furthermore, imposing the equivariance conditions for the sections of szl /I

and Ny, /p, leaves us with only two sensible solutions

pp=p2=2 = z2=0,

(5.18)
pr=p2=0 = z=1.

The first solution was shown to be a sensible choice in ref. [16], although
there were some unclear aspects of the duality map. We will shortly come
back to this point.

Here we would like to propose a different solution to this problem which
involves far less obscure choices. The main idea is to relax the condition that
the framings (p1, q1, P2, g2) be integral. Instead, our proposal is to treat them
as formal variables which can in particular take fractional values. Although
this idea seems to be at odds with standard Chern—Simons theory, we will
show below that it makes perfect sense provided one treats the vacuum
expectation values of Wilson loops as formal power series expansion in the
framing variables. Following this idea, we can easily solve all equivariance
conditions (5.17)

1 z+2 z+1

— 2 - —_— = —, = —, 519
pL=z2+2 Q1 PEDE P2 1 q2 P ( )

where z is left undetermined. This fixes the framing of all knots in the
problem with no ambiguities. At the same time, the instanton corrections
(5.9)—(5.11) also depend on the variable z. The next step is to perform the
Chern—Simons computations treating z as a formal variable and expanding
all knot and link invariants in powers of z. The truly remarkable aspect of
this procedure is that the final result turns out to be independent of z, as
it is usually the case with closed string localization computations! Below
we will perform the computations for genus zero amplitudes up to degree 3,
finding very strong evidence for this conjecture.
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For concreteness, let us collect the instanton corrections (5.9)-(5.12) in a
single formula

iq] iq; 2+ 1
Fose = Bt vy 4 Bqy vy g Ty 4 02 v
S S gs
igg (1 —Z) ,22(1+2)
—= TrV 2 T Ty V2 (T V!
1
+ q1gpTr V] Tr V3 + §q§ Tr UP Tr Uy
o 0 Bt D2 D)y g 12 (L 22)C D)y g
Gs 18 ! gS 18( )
+ ¢z Te V2 Tr Vi — 1 Tr V{ Tr Vy?
1)(2z +1 1
q’13z(z+ 2z + )Tr V2 Te V{ — /3MTTV 2Ty v

3 23(1+2)

2
s (T8 VT V] — i 5 T V(T V)

1+ 2)2
. 2°(1+ =z . 22
— 1gsq13(6)(Tr Vll)g — lgsqé?’m(Tr V2/)3
1
— T UPR T UR. (5.20)

3

In this formula, ¢, =e ", ¢5 =e " and g.=e ' denote the instanton
factors associated to the three primitive open string instantons.

The free energy of the topological open string is given by the following
formula

fOP(g&qi’qévqm)‘la)\Q) = ‘7:108()‘17.95) fcs()\%gs) +1n< mSt> (521)

where A1 and A\ are the ‘t Hooft couplings of the two Chern—Simons theories,
which are related to the string coupling by A1 2 = Nj 2gs. The first two terms
in the right-hand side of this equation represent the contributions of the two
Chern—Simons sectors while the third term represents the expectation value
of the instanton corrections. In the following, we will concentrate on the last
term. As mentioned above, our goal is to show that the resulting expression
for the free energy agrees with the closed string expansion of the local dP,
model. In particular, it should be independent of z. Similar computations
have been performed in ref. [16], so we will not repeat all the details here.
The important point in the present approach is that all knot invariants
occurring in the process have to be expanded as formal power series of the
framing variables.
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Let us explain the algorithm for a general link £ with ¢ components R,
and framings p,, @ = 1,...,c¢. The framing dependence of the expectation
value (Wg, (L)) is of the form

(WRo (L)) .ipe) = €1/ Tz Kb (N2 Lccslobo (Wy (L)) 0....00
(5.22)
where [, is the total number of boxes in the Young tableau of R, and kg,
is a group-theoretic quantity defined as follows. Let v =1,...,r label the
rows of the Young tableau of a representation R and [, denote the length of
the vth row. Then we have [47]

kp=1+Y (Is = 20l,), (5.23)
v=1

where [ = >"! _, 1, is the total number of boxes. In the process of evaluating
equation (5.21) we will encounter trace products of the form [], Tr V"™,
where V' is any of the holonomy variables V/, VJ, U] and Uj. Such products
have to be written as linear combinations of the form ), Trg V' in order
to evaluate the Chern—Simons vacuum expectation values. A general rule
in all such cases is that the number of boxes in the Young diagram of any
representation R in this sum equals the total degree d = ). n; of the open
string map. All the resulting terms will be weighted by ¢%, where ¢ = e
or q. is the appropriate instanton factor. This means that we will always
obtain combinations of the form (q eV 2)p)d in the final expression for the
free energy (where p is the framing of the appropriate knot). Therefore, we
can simplify the computation by absorbing all the prefactors e(i*/2) 2a=1lapa
in a redefinition of the instanton factors. Since these factors are independent
of gs and do not play any role in the expansion, we will call them trivial
framing factors. With this redefinition understood, we can use the following
expression for the link invariants in the Chern—Simons expansion

W (L)) ey = €1/ ot a2 (Wi (L)) 0....0)- (5.24)
As explained above, all the expectation values must be written as power
series in the framing variables, which appear in the exponential prefactor
of equation (5.23) multiplying the string coupling gs. Since we want to
obtain the result as a power series in g5, the most efficient way to pro-
ceed is to expand all expectation values equation (5.23) in gs. Given the
particular form of the framing dependence, the resulting expressions will
also be series expansions in p,. The expectation values in canonical fram-
ing (Wr,(£)),..,0) can be written as rational functions of the variables

Yy = eM2 g = el9s/2 Therefore, the expansion is straightforward, although
somewhat tedious. Without giving more details here, let us record the final
answer for this computation. We will write down only the genus zero contri-
bution, i.e., the coefficient of g2 in the final expression for the free energy,
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truncated to terms up to degree three®

FO (g5, d1. b, Ges M1, A2)

P LY Y B I

8?J1 2791 92 892 27

-y )+ dh (=) +ae (Wye — s — v e — s )
1 _ 1 _

= ga (Tyf — 8+ y1%) — gdf (Tuh 8+ 157)

— iy (2 — vy — v e+ ey )

=y +

1 L L,
— g2 (Tytys — 8yt — 83 + 8+ vty +ui"v3 — i *w )
—diac (Yiye — o —vivs "+ ur ) — dhae (i3 —vi —yi w3 +yr )

1 _
+ o5 27 (55y1 - 81y1 + 27y1 — U 3)

1 _
+ —=q5 (555 — 81ya + 2Ty5 ' — y5 ")

27

+q2dh (3ytye — dyo — 3ytys '+ 4yt +y e — s )

(
+ q1a5 (3yrys — 4y — 3yy 'y + Ay st — s )
+ 47 qc (3yTy2 — 4y1y2 — 3ytyy ' +4yiys e — s )
+q1q7 (3ytys — 47 — dyys + 5 +ur s iyt — vy — )
+d5ac (3yrys — dyye — 3y s + Ay e +is - v s )
+aha? (3ydys — 4y — dydys + 5y + yiug  Hur s — vy — 3 )
+ qidhae (3ytys — 4yf — 4y + 5+ yiys P Ui Cws — it — vy )
+q2 (29393 — 3ydye — 3y1ys + dyrye + ydyy !
Y s — ) (5.25)

A first observation is that the final answer does not depend on z, as promised
above. Moreover, it is not hard to show that the above formula has the
correct integrality properties of a genus zero closed string expansion. In
order to compare with the Gromov—Witten expansion of the local d P> model,
we have to rewrite equation (5.25) in terms of closed string variables using

5There is a subtlety here. The instanton sum (5.20) contains only terms of genus zero.
It is not a priori clear that higher genus corrections do not affect the final answer for the
genus zero free energy. In principle, this could happen since the Chern—Simons expansion
generates various powers of gs, which mix with the instanton corrections in a nontrivial
way. However, in all known examples of generic transitions (present cases included), it is
a posteriori clear that such effects are absent. This pattern will be confirmed for compact
hypersurfaces in Section 7.
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the duality map

Yt = q1, Y3 = Go, QY = Y2 = qeyiy2 = q. (5.26)

Here G1, g2 and ¢ are the instanton factors associated to curve classes ey, es
and h on dP,. Then we obtain the following expression

FO@, 00 =@+ @+ @@ 6" —2d0 26, +3)
+ ¢ (—44, g+ 56, + 53,1 — 6)
+3(=63,°, ' — 64 '@y 7 + 74 + Tdy 0 + 350, Gy
— 32471 =324, +27) +

1. N Y — .
+Z[qf+q§+q2(q12q22—2q1 24,2 +3)+ -]

1 e o o
+ o+ &+ @767 267 -2+ 3) 4

(5.27)

which is precisely the genus zero Gromov—Witten expansion of dPs.

This result has been obtained previously in ref. [16]. The novelty here
is that we have a much better understanding of the choices made in the
process. In particular, we have found and tested a general framework for
these computations which does not require fixing the toric weights. This
formalism is closer in spirit to closed string localization computations on
moduli spaces of stable maps. Similar techniques can be applied at higher
genus, although the localization computations for arbitrary z become more
involved. We will not try to pursue these computations here, but there is
little doubt that the results will be in perfect agreement with the closed
string expansion.

If one is interested in computational power, a particular choice of z may
be very useful. For example, we could choose z = 0 as in ref. [16], in which
case we would obtain a closed form for the instanton corrections

inst = ——Tr —Tr
st — 2d sin (dgs/2) b7 2d sin (dgs/2) 2

Z 192, vyl Z qc Sl gy Ut (5.28)
d=1

The framings of the four knots can be read off from equation (5.19) as
PL=p2=2,q1=q2 = % Therefore, we still have fractional framing for the
knots Z} and Zf,. Using this expression, one can perform the Chern—Simons
integration as in ref. [16] obtaining agreement with the closed string dual
for all genera up to degree 4.
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It is interesting to note that this system of Chern—Simons theories is
different from the one found in ref. [16], although they give rise to identical
expressions for the free energy. This is a very interesting phenomenon whose
origin can be traced to a special symmetry of the Gromov—Witten expansion
of the local dP» model. We will sketch an argument here, leaving a more
thorough investigation of this aspect for future work. Let us recall the
expression for the instanton corrections found in ref. [16]

= iqid 1d iqéd 1d
Enst :Z—T‘r Vl +—Tr‘/2

= 2dsin (dgs/2) 2d sin (dgs/2)
— 145 — g¢

+2) %Tr VIO vt =) T Ul T U (5.29)
d=1 d=1

with framings p1 = p2 = 2 and ¢; = g2 = 0. Note that the contributions of
multicovers of the annulus A and the pinched cylinder D} N D have different
coefficients, and also ¢; and ¢» have different values.

In order to understand the meaning of these different choices, it suffices
to consider the terms of order 2 in the free energy. More precisely, let us
look at the degree 2 multicover contributions of the annulus A. Formula
(5.28) yields

1 2 2 2 2 -2 -2 2 -2 -2 2 2 2 2 2
e (Yivs —vivs * — v vs — v ovs ) — @ (vivs —vi —ys +1) . (5.30)

The first term in this formula represents degree 2 multicovers of the degree 1
contribution. The second term represents a nontrivial contribution to the
degree 2 Gromov—Witten invariants. If we perform a similar computation
starting with equation (5.29), we find that only the multicover contributions
are present. Hence in this case, the degree 2 annulus corrections do not
generate genuine new contributions to the Gromov-Witten invariants of
degree 2. Instead, the corrections corresponding to the pinched cylinder
D’ N Dj have to be counted twice in order to compensate for the missing
terms. Of course, it is highly nontrivial that this correction yields the correct
results at higher degree as well.

From the closed string point of view, this phenomenon has the following
interpretation. Let us consider, e.g., the localization computations for the
Gromov—Witten invariant of the local dP, model in curve class 2h—ej—es.
Adopting a Kontsevich graph representation [36] of the fixed loci, we obtain
the graphs in figure 3.

These graphs can be easily evaluated according to standard deformation
theory techniques. For z = 0, one finds that graphs I, II and III contribute
—1 each while the sum of the graphs IV,V and VI is also —1. The total
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Figure 3: Closed string Kontsevich graphs in the class 2h—e;—es.

is —4 as expected. Now, we can establish a correspondence between these
contributions and various terms of degree 2 in the open string free energy
(equation (5.25)). The contributions of I, IT and III correspond to the terms
—qi by st —dhqeyr t and, respectively, —ghq.yy b The first term arises in
the Chern—Simons evaluation of the correction ¢jg) Tr Vi Tr Vo associated
to the pinched cylinder. The next two terms appear in the Chern—Simons
evaluation of the connected expectation values

(—1)qige [(Tr V{ T Uy) — (Tr V{) (Tx U7)] (Tr Us)

(—)ghge [(Tr V4T US) — (Tr V3) (Tr U3)] (Tx U}) (5.31)

of the links (I}, Z)), and, respectively, (I'}, Z)). Note that there is a clear
geometric interpretation of this correspondence since each invariant primi-
tive open string instanton corresponds to an invariant primitive closed string
instanton. According to this rule, we would expect the sum over the last
three graphs to be associated to a term in the Chern—Simons expansion of
the following annulus instanton corrections

qg 2 2 1 12 Y2 1 1\2 1\2
5 (Tr UP) (Tr Uy”) + 3 ((Tr U7)*) ((Tx Uy)*) — 3 (Tr U)” (Tr Uy) }
(5.32)

This is indeed true if we use the instanton series (5.28). The relevant term is
—q? in equation (5.30). However, if we use equation (5.29) there is no such
term in the expression of the free energy. Instead, we find that the term
—q\¢hyy tyy ! appears with coefficient 2, so that the final answer in closed
string variables is the same. Moreover, similar phenomena can be noticed for
higher degree terms in the expansion. This suggests a nontrivial symmetry
in the graph representation of Gromov—Witten invariants of the local dP;
model. Perhaps this symmetry can be better understood if we regard the
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Figure 4: Fj and dP» discriminant loci.

dP, as the one-point blow-up of a Hirzebruch Fy surface. Obviously, the
Kontsevich graphs of the local Fy model are symmetric with respect to
reflections with respect to the diagonal (see figure 4).

The above observation suggests that this symmetry is somehow present in
a hidden form in the graph expansion of the local dP> model, at least for a
specific choice of weights. These issues deserve a more detailed investigation
since they are very likely related to localization of the integral invariants of
Gopakumar and Vafa.

To summarize this discussion, we conclude that both systems of Chern—
Simons theories represent sensible large N dual models for the local dP»
geometry. However, the model specified by equation (5.28) is preferable
from a conceptual point of view since it was obtained as a result of a rather
general set of rules. Essentially, the only ambiguities left in this construction
are related to the sign of various open string corrections, which cannot be
fixed rigorously at the present stage. To illustrate the general character of
this approach, let us briefly consider other local transitions.

5.1 Local dPs and dPj5; transitions

The remaining local models can be analyzed along the same lines. Given
the deformed hypersurface equations

dP3: UZ1Z4+VZyZ5 = JiR

dPs: UZ1Zs+VZ3Z4 = p, (5.33)

we can find again the vanishing cycles for each model. For local dPs, we
find two spheres L; and Lg cut by the following real equations on X,

Ly: UZyZoZy = 7, VZyZyZy = Zs3,

_ _ _ (5.34)
LQt U212123 == ZQ, Vle;ng == Z4.
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In terms of local coordinates (x1,y1,u1,v1), (2, Y2, u2,v2) centered around
the points P;, P, the equations of L, Lo take the canonical form

Li: xiui +y1v1 =p, up =71, v1 =7,

- ° (5.35)
Lo: xoug +yovo = p, Uz =Tz, V2 =Y.

For local dPs, we obtain similarly four spheres L1, Lo, Ly, L4, whose local
equations are identical to (5.35) when written in terms of coordinates cen-
tered at Py, P>, P3, Py. The resulting geometry is represented in figure 5
below.

In order to proceed with the localization computations, we have to define
suitable torus actions on the deformed hypersurfaces X,,, which preserve
the vanishing cycles. It turns out that we can choose the same form of the
action for both local models

Zv Zy Zs Zy U v

SU XA 0 As 0 —A —As (5.36)

The next step is to identify the invariant open string Riemann surfaces in
X, with boundary components contained in the 3-spheres. This can be done
using the same techniques as in the previous section. Namely, we consider
projective completions Y/u and identify all S'-invariant curves thereof which
intersect the vanishing cycles. This results in a collection of invariant discs
and annuli embedded in Yu' For the local transitions we have to keep only
those surfaces which do not have points at infinity, as before. We will not
repeat all the details of this algorithm, since it is very similar to the local dP»
example. Moreover, we will study the compact version of the dP3 model in
great detail in the next section. The resulting configurations are represented
below.

Note that in the dP5 case, the open string maps localize on a collection
of four discs D%, D)), D§ and D} so that Dj and D) end on L;, whereas DY
and D) end on Ly. D% and D)) have common origin Q3 = {Z; = Z, = U =0,
VZyZ3 = p} and D and D) have common origin Q4 = {Zy = Z3 =V =0,
UZ,Zy = p}. We will denote the boundary components of D5, D)), Dy and
D} by I';, T, T% and T, respectively. A short local computation shows
that (I'4,I)) and, respectively, (I'5,I"j) form algebraic Hopf links in L,
and Lo with linking number | = +1. We will also denote the holonomy
variables associated to the four link components by V3, V/, V3" and V. In
the dP5; example, the open string maps localize on a collection of four annuli
Aqs, Ay, Aog and Asy. The boundary components of each pair of annuli
ending on a given sphere form again an algebraic Hopf link with linking
number +1. Let us denote by V/,..., V]’ the holonomy variables associated
to the eight boundary components, as shown in figure 5.
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Figure 5: Primitive open string instantons on X.

Next, we have to compute the instanton corrections Fij,g for these con-
figurations. To keep the exposition simple, for the dPs model we will only
write down genus zero corrections up to degree 2. For the dP; model, we
can write down a closed form expression for all instanton corrections. The
results of localization computations can be written as rational functions of
z = A3/A1. We find the following expansions.

Local dP;:

i, ig? id’ ig" 1/22—7;
Py = =2 Vi — 30y v — my vy — gy vy 2022y 2

Js Js Js Js Js
+ lqé/Q 2 B ZT V/12
gs 4z
4 M 1Q4 2z — Tr V4'2 1QZ2 2z — T V//2
qs qs
X 1 //2
—dqs 422 (TI‘ V3) a3 4z .2 (TI‘V )
1-— 1-—
_qu( y )(T ‘/;1) //22( y )(Tr ‘/;1//)2
+ ¢35 Tr V5 Tr Vi + q3q) Tr V3'Tr V', (5.37)

where ¢4, ¢4, ¢4 and ¢J are open string Kahler moduli associated to the four
discs.
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Local dPs:

oo n n
Fist = Z (qnl?’Tr V" Tr V3’” + %Tr | VR

n=1

mn mn
+ By ym Ay oy v4’”> , (5.38)
n n

where q13, q14, q23 and go4 are open string Kéahler moduli associated to the
four cylinders. Note that in both expressions we made particular choices
of signs for the open string computations. For the dP; model, the correct
choice involves an alternating sign in the multicover contributions of a single
disc. Since all open string invariant maps can be reduced to discs and closed
string components using a normalization sequence, this choice fixes the sign
ambiguity for all localization contributions. Note also that the choice made
for the annulus corrections in the dP; example is different from the corre-
sponding choice in the dP, case. We will discuss a potential explanation
for this discrepancy after fixing the framing, which is the last piece of the
puzzle.

In order to determine the framing for all boundary components, we will
proceed by analogy with local dP» example. Namely, we will impose
Sl-invariance for all sections to the normal bundles to the knots. After a
straightforward computation, we find the following values

1
dPs: pézpé’:;, py=p) ==z
1 1 5.39
dPs: pi=py=—, py=pj=—-, (5.39)
V4 V4
pl=py=2 ph=pj=—z

As discussed before, the framings are to be thought of as formal variables. In
order to perform the Chern—Simons functional integral, we have to expand
all expectation values of knots and links as formal power series in gs. Follow-
ing the same steps as in the dP» example, one can show that the resulting
free energy agrees with the closed string expansions of the local dPs and
dPs models. In particular, the final answer is independent of z, without
making any further choices.

Several remarks are in order here. The dP; example has been consid-
ered before in ref. [5]. The dual Chern-Simons theory found there is

5There are some subtleties with the closed string instanton expansion for dPs related
to the fact that the toric model is not generic.
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formally identical to equation (5.38), except that the framing is integer-
valued. However, it was also shown there that for annulus corrections, the
result depends only on the effective framing, which is defined as the sum of
the framing assigned to the two boundary components. In our case, we have
to treat the framing as a formal variable, but the conclusion turns out to be
the same, i.e., the final result depends only on the effective framing, which
is an integer in all cases. For the annulus in the dP,; model, the effective
framing is g1 + g2 = 1, while for all annuli in the dP5 model, the effective
framing is zero. These values are in agreement with the general prescrip-
tion given in ref. [5], except that our algorithm is different and it applies
equally well to invariant discs. In the later case, treating the framing as
a formal variable is crucial since the corrections themselves have a similar
dependence.

The effective framing of a cylinder has a simple geometric dependence,
which can be described as follows. Let us note that each invariant open string
surface on X, corresponds to an invariant rational curve on the resolution X.
Using this correspondence, we can find a correlation between the effective
framing of a cylinder and the normal bundle of the associated curve on X.
Suppose an annulus A corresponds to a curve C, and let S C X denote
the image of the zero section. The normal bundle N,y is an extension
of it;Ng/x by N¢ss which is typically split. It can be easily seen that the
effective framing of A is given by deg(i5;Ng/x). Presumably, this rule is
consistent with the general prescription of ref. [5], which is formulated in a
different language.

Finally, there is one more aspect that deserves a few comments. We noted
above that the sign ambiguity was given different resolutions in the dP» and,
respectively, dPs models. Note that a concise rule encompassing all choices
is to take the sign of a term of degree n to be (—1)"? where p is the effective
framing of the cylinder. This rule is very likely connected to a subtle sign
problem found in a similar context in ref. [47]. There it was found that the
holonomy variable for a knot had to be redefined by a sign (—1)? in order
to obtain the desired integrality properties. We believe that these problems
are related, but we will not discuss this aspect further here.

In conclusion, the main idea developed in this section is that the proper
framework for open string amplitudes is a formal extension of Chern—Simons
theory which allows the framing to become fractional. Within this formal-
ism, we have found a natural relation between framing and the torus weights
which can be uniformly applied to local transitions. In the next sections,
we will extend the analysis of this section to transitions between compact
Calabi—Yau manifolds.



LARGE N DUALITY FOR COMPACT CALABI-YAU 3-FOLDS 65

6 Localization of open string morphisms
to compact three-folds

After this rather long digression, we return to open string amplitudes on
compact Calabi—Yau target spaces. We outlined the main principles of the
approach in Section 3. In this section, we will carry out this program in
detail for one of the models introduced in Section 4. For concreteness, we
focus on the compact transition based on the local dP; model. The other
models admit a similar treatment.

To fix ideas, let us recall the toric data of the ambient toric variety Z
Zy Zo Zs Zy U VW

¢c 1 1 0 0 -1 -1 0

¢c 0o 0 1 1 -1 -1 0

¢c 0o 0 O o 1 1 1

and the generic Calabi—Yau hypersurface

> UVWE fape(Zi) = 0. (6.2)
a,b,c>0,a+b+c=3

(6.1)

Here fup.(Z;) are bihomogeneous polynomials of (71, Z3) and, respectively,
(Z3,Z4) of bidegree (a+b,a+b). We consider a one-parameter family of
hypersurfaces Y,, defined by

(UZ1Zs+V ZaZs — pWI)W2 + > U VW fape(Zi) = 0, (6.3)
(a,b,c)’

where the triples (a,b,c)’ take all allowed values except (1,0,2), (0,1,2),
(0,0,3). The coefficients of fu.(Z;) are fixed to some generic values. One
can check that equation (6.3) is smooth for generic u # 0 and develops two
ordinary double points

P Z1=023=U=V=0, Py Zo=Zy=U=V=0 (64)

at p = 0. As discussed in Section 4, the two conifold singularities can be
simultaneously resolved by performing a toric blow-up of Z along the section
U=V =0. The strict transform Y is a crepant resolution of Y. The
exceptional locus consists of two homologous curves Cy and Cs.

The smooth fiber Y),, 1 # 0 contains two vanishing cycles L1 and L in the
same homology class [L1] = [Lo] € H3(Y,,Z). The topological open string
theory considered in this section is defined by wrapping N; and No A-branes
on L; and Lg. Then the charge constraint (2.4) yields N; + Ny = 0. This
means the D-brane configuration should be interpreted as a brane/anti-
brane system. We have N = N; branes on L; and N anti-branes on Lo,



66 DUILIU-EMANUEL DIACONESCU AND BOGDAN FLOREA

which can be thought of as N branes wrapping the cycle Lo with opposite
orientation. This is a particular case of our general discussion in which v = 1
and r = 1, hence the lattice of vanishing cycles has rank 1. Formula (2.7)
for the genus zero topological open string free energy takes the form

F o (Gsrtar ) = Fih(gta) + > Fi (g, Ne™ P, (65)

ﬁeHQ(Z7L)

where A = Ngs and t,, o = 1,2, 3, are the Kdhler moduli of Y. In order to
compute the coefficients F éo) (gs, A), we have to follow the steps outlined in
Section 3.

Consider the following G = (S')7 action on Z
(€91, ... ,e97) (21, Zo, ..., W)—(e'"1 Z1,€92 25, ..., e9"W).  (6.6)

As explained in Section 3, one of the main problems is that the cycles L1 and
Lo are not preserved by the torus action (6.6). The solution is to specialize
the triple (Y, L1, Ls) to a degenerate hypersurface Y and two cycles Lp
and Lo which are preserved by a certain subtorus. In general, it is not
clear that such a limit in the complex structure moduli space always exists.
However, for all the models discussed in Section 4, a suitable degeneration
immediately presents itself. Recall that in the local context of the previous
section, we had to take a projective completion Yu of X,,, which was a toric
Fano three-fold. For the dP; example, the equation of X, is

UZ\Zy+VZyZs3 = uW. (67)

Moreover, Yu admits a torus action which preserves the vanishing cycles.
The degeneration we are looking for is the reducible nonreduced hypersurface
Y defined by

(UZ1Zy+V ZoZ3 — pW)W?2 = 0. (6.8)

Y has two components Y| = Yﬂ and Y defined by W2 = 0. The cycles Ly
and Lo are the vanishing cycles defined in equation (5.34), which are obvi-
ously embedded in Y. By construction, the triple (Y, L1, L) is preserved
by a subtorus (S')? C G. We will give more details on the local geometry
below.

Note that similar degenerations can be found without difficulty for the
other two models discussed in Section 4. Moreover, we believe that a suitable
limit in the complex structure moduli space can be found for all transitions
for which the singular points are fixed by the torus action. This is in fact
the main restriction on the present approach to open string amplitudes on
Calabi—Yau hypersurfaces.
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6.1 Local geometry on Z

A thorough analysis of open string maps in the present context requires a
systematic description of the local geometry. Recall that the toric four-fold
Z is isomorphic to the projective bundle P(O & O(—1,—-1) & O(—1,-1))
over Fg, and U,V and W are relative projective coordinates. The torus
action (6.6) leaves the sections S ={U =V =0}, ' ={U =W =0}, 5" =
{V.=W =0} and thefibers F1 = {Z) = Z3 =0}, Fh ={Zy = Z, = 0}, F3 =
{Zy = Z, =0}, Fy = {Zy = Z3 = 0} invariant. Note that S,S" and S” are
isomorphic to Fy and Fi, ..., Fy are isomorphic to P2. The fixed locus of the
G-action on Z consists of 12 isolated points Py, P, P/, k =1,...,4, which
are intersection points of S, S’, S” and Fj. More precisely, P, = Fy N S, P, =
F,nS, Pl=F,nS" k=1,...,4. For a given k, the points (Py, P, P')
determine three invariant curves PP}, PP/ and P/P,'. The fixed points
lying in a given section, say S, determine four invariant curves Py P3, P; Py,
P,P; and P,P,. The same is true for the sections S’ and S”. Overall,
we obtain a toric skeleton consisting of 24 invariant curves intersecting at
12 fixed points as in figure 6.

For later applications, we have introduced a color coding for the homology
classes of curves on Z as follows. We choose a basis in Hy(Z,Z) consisting of
the Mori cone generators (hi, ha, hg). Using equation (A.1) in Appendix A,
one can check that (hi, he, hg) are represented by the following curves on Z
hli 21:Z3:U:0,
hoy: Z1=U=V =0, (6.9)
h3! Z3 =U=V=0.

Figure 6: Four-fold skeleton for the generic toric action. The color coding is
the following: green = hp, blue = ho, red = h3, cyan = h; + ho, magenta =
hi + hs.
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By construction, h; is the hyperplane class of a P? fiber of Z over F
while hg and hg are (1,0) and, respectively, (0,1) classes of the zero sec-
tion U =V = 0. For convenience, we will call h; vertical class, and ho and
hs horizontal classes. In figure 6, green line segments represent curves in
the class hi, blue line segments represent curves in the class ho and red line
segments represent curves in the class hz. We also have curves in mixed
classes hi + ho represented by cyan line segments and h; 4+ hs represented
by magenta line segments. This color coding will also be used later for
invariant discs in Z.

This skeleton plays an important part in the localization computation of
closed string Gromov—-Witten invariants. In the following, we will explain
that it also plays an important role in the localization computation of open
string instanton corrections.

In order to analyze deformations of open string maps we will also need
local coordinates (g, Yk, Uk, V), (T, Yy, Wes V% )s (T4, Yo, uy, vp), k=1,...,4,
centered at each fixed point. We will adopt the following conventions:
(zk, yk), (x)., y) and (zf,y)) are horizontal coordinates along the sections S,
S" and S” while (ug,vg), (u),v,) and (uf,v)) are vertical coordinates along
the fibers Fy, k=1,...,4. For concreteness, let us write down the affine
open subsets and local coordinates centered around P;, P{ and Py'.

Uy = {22 # 0,24 # 0, # 0},

Uy ={Zs #0,Z4 # 0,V # 0}, (6.10)
u{/ = {ZZ 7&07Z4 #O’U#0}7
Us - _ 4 73 - UZyZy  VZyZy
1+ 1‘1—727 91—747 up = W V1 = W
YA 73 U w
ul / _ = / - 2 / —_ ! = 6.11
10 2 7y’ Y1 7y 51 Vv’ U1 V 222y ( )
Zl Z3 %4 w
U’ n_ 21 n__ 43 n_ Y " _ ]
1 :I"l Z27 y Z47 ul U’ Ul UZ2Z4

The other coordinates can be obtained by permuting the indices. The local
equations of Y1 in these coordinate patches are

Ui: Trug +y1v1 = o,
U zhul +y) = po, (6.12)

", " "o "
Up: oy +ypvy = puy.

The cycles Ly and Lo on Y are given by the following local equations
fl: Uy = T, /Ulzy ’
_ - . (6.13)
Lo: us = o, V2 = Y.
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Given these local equations, one can deform the symplectic Kahler structure
on Y so that the cycles Ly and Lo are Lagrangian. The details are explained
in Appendix A of ref. [16]. Therefore, the topological open string A-model
is well defined, at least in this limit.

One can check that the triple (Y, L1, Ly) is preserved by a subtorus
(S1)2 C G. In fact for localization computations, it suffices to consider a
one-parameter subgroup 1’ C G defined by

(ei‘z’1 el ,ei¢7) = (ei’\l‘z’, 1,eM3¢ 1 e7M? N3¢ 1). (6.14)

In the next section, we will determine the structure of T-invariant open
string morphisms with boundary conditions on L; U Ls.

6.2 The fixed loci

At a first look, one would like to sum over open string maps to the singular
hypersurface Y. This is, however, a very difficult task, since the degeneration
considered here is not semistable. Therefore, we do not have a good control
of intersection theory even on the moduli space of stable closed string maps.
Instead, it is more convenient to consider open string maps to the ambient
toric variety Z, as explained in Section 3. In order to obtain numerical
invariants, we will have to develop an open string version of the convex
obstruction bundle.

First note that the fixed point set of the T-action on Z consists of eight
isolated fixed points Pi, P», P{, Py, P{,..., P} and two fixed curves P3P}
and W. The presence of fixed curves in the target space will cause some
complications at a certain point in our analysis.

Now, let f: ¥y ,—Z be a genus zero open string stable morphism which
sends the boundary 0%, to the cycle L = L; ULy. We also fix the homol-
ogy class 8= f.[Xon) € Ha(Z,Z) ~ Hy(Z,L;Z). The torus action (6.14)
induces an action on the moduli space of such maps Mg ,(Z, L; 8). Our goal
is to determine the structure of fixed loci for this action. By T-invariance,
the domain of such a map must be either (i) an annulus or (ii) a nodal bor-
dered Riemann surface ¥ = 3o U A1 U---UAy, where X is a prestable
curve of genus 0 and Ay, ..., Ay are h discs attached to g by identifying
the origins with the marked points (p1,...,pn). The data (Xo,p1,...,pn)
defines a prestable marked curve of genus 0.
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Obviously, the first case can be realized only if h = 2. Then the image of
f should be an invariant holomorphic annulus embedded in Z with bound-
ary on L. We will show in the following that there are no such annuli in the
present example. In the second case, the morphism f should map ¥y to a
curve in Z which is preserved by the subtorus action (6.14). The disc com-
ponents should be mapped to invariant discs embedded in Z with boundary
on L. One must also impose a stability constraint on (f, ¥o,5) which makes
the automorphism group finite.

It is clear that we should start by identifying the invariant annuli and
discs in Z with boundary on L. Using an argument similar to ref. [15,
Section 5], one can show that any invariant embedding f: 3 ,—Z can be
extended to an invariant embedding f : ¥— Z, where X is a closed Riemann
surface without boundary. Moreover, since we are only interested in discs
or annuli, 3 will be a smooth rational curve. Therefore, we have to find all
T-invariant smooth rational curves on Z which intersect the cycles L; and
Lo along orbits of the torus action. Since L and Loy are cycles in Y, it
follows that any such curve must be in fact contained in Y;. This reduces
the analysis to the local case considered briefly in the previous section. Let
us give more details here.

As Y is a toric Fano three-fold, this is a simple question which has been
addressed in similar situations in refs. [15,16]. In the present case, we find
the curves

Cls: Z1=U=0, VZyZ3 = uW,
Cly: Zz3=V =0, UZ\Zy = pW,
Clla: Zy=V =0, UZ\Zy = pW,
Chy: Zy=U =0, VZyZ3 = pW,

(6.15)

which intersect the cycles L; and Lo along invariant circles as follows

Ty =Clanly={z1=u1 =0, [yu| =] =p'?},  ClzNLTy=0,
I =ClUNnLy = {|o| = |m|=p"? pp=v1=0}, ClNIy=0,

Cy3 N Ly =0, 5 = Cy3 N Ly = {|aa| = |ug| = P2 gy = vy = 0},
Coy N Ly =0, Iy =ChNly={x2=u2=0, |y2| = |va| = u'/*}.
(6.16)

Note that all circles are algebraic knots with orientation induced by the
canonical orientation of Z. Moreover, I'y and T"}, respectively, I, and T')
form Hopf links in L1 and L with linking number +1. For later use, let us
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introduce the holonomy variables

v/ :Pexp/
r

where A® and A® are the Chern-Simons gauge fields on L1 and Lo. Note
that the curves Cig, ..., Ch, are invariant under the T-action on Z, but not
under the generic G-action.

AD =12, W’zPexp/ AD =12, (6.17)
T

/
%

Each knot divides one of the curves (equation (6.15)) into two invariant
discs embedded in Z with boundary on Lq or Lo as follows

Ciz = Dy Ury D5,

{, = D} Uny D,

CY = DY Uy D}

C5y = D5 Upy D

Note that D}, DY, D} and DY intersect the toric skeleton at the fixed points

P/, P/" and Py, P} lying on the divisor at infinity (. The discs Dj, D and,
respectively, D, and D) have common origins Q3 and Q4 given by

DyNDy={Z1=2=U=0, V2223 = uW} = Qs,
DyND)={Zy=23=V =0, UZ1Z4 = pW} = Q4.

(6.18)

(6.19)

Note that Q3 and Q4 lie on the G-invariant lines P3P; and P, Py, but they
are not fixed points of the G-action. The resulting configuration of invariant
discs is represented in figure 7.

For future reference, let us determine the relative homology classes of the
discs (equation (6.18)). As noticed earlier, we have Ho(Z,L;Z) ~ Ho(Z,7Z),
which is generated by the curve classes hi, ho and hs specified in equation
(6.9). The homology classes of the discs can be determined by deforming to
the singular hypersurface Y| as discussed in Section 5 of [15]. In the present
case, we obtain
[D1] = [DY] = [Dy] = [Dg] = ha, D3] = [D5] = hy,  [Dy] = [Df] = hs.

(6.20)
Adopting the same terminology, we will call the discs D}, DY, D} and DY
vertical discs and Dj, DY, D) and D) horizontal discs. The homology classes
are represented in figure 7 using the color coding introduced below (6.9).

From equation (6.20), it follows that the symplectic areas of the discs are
given at the classical level” by the closed string Kahler parameters ¢1, to and
ts. If open string quantum effects are taken into account, the symplectic area

"What is meant here is classical level from the open string point of view. The param-
eters t1,t2 and ts are flat coordinates on the closed string Kéhler moduli space.
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Figure 7: Discs in Z invariant under the restricted torus action. The points
Q3 and Q4 have been represented by yellow dots in order to distinguish them
from the fixed points under the generic torus action. The color coding for
discs is the same as for curve classes: green = hy, blue = ho, red = hgs.

is shifted by a multiple of A\/2 (recall that A is the ‘t Hooft coupling constant)
as discussed in ref. [15]. Therefore, we introduce the corrected Kéhler
parameters 7/, 7', i = 1,...,4, for the eight discs. The relation between 77,
7/" and the closed string Kéhler parameters on the small resolution Y is part
of the prescriptions of the duality map, and will be discussed later.

Having determined all invariant discs in Z, we can now understand the
structure of a more general invariant map f: 3¢ ,— 2.

As stated above, the domain ¥, is the union of a prestable curve ¥ of
genus zero with h marked points p1,...,p, and h discs Ay, ..., Ay attached
to Xg at p1,...,pn. Each disc A, is mapped d4: 1 to one of the eight discs
found above. The closed curve ¥ is mapped to a genus zero curve in Z
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which is preserved by the restricted torus action (6.14). As we are working
with the restricted torus action, there may be nontrivial families of invariant
curves on Z. Therefore, the connected components of the fixed loci may have
a complicated structure, as discussed in more detail below.

We are interested in computing all open string instanton corrections for a
fixed relative homology class 8 € Hy(Y, L;Z) ~ Hy(Z, L; Z). Therefore, we
have to sum over all fixed loci in My, (Z, L; ) which are compatible with
the given homology class 6. In order to make this sum more explicit, first
we have to classify the fixed loci according to the images of the discs A, in
Z. There are eight invariant discs D},..., D}y, D{,..., D} embedded in Z,
and in principle any such disc can be the image of any component A, of the
domain. Let us introduce the set of labels I = {1’,...,4/,1",... 4"} for the
invariant discs in Z. The notation is self-explanatory. Specifying the image
of each component A, is equivalent to giving a function p: {1,...,h}—1,
and we have to sum over all such functions. The instanton series can be
written schematically as follows

[e%S) h
Z Z Z Ch.p(da, B) o~ (B~ 0—1 dalDp(a)]) o= X1 daTp(a) H Tr Vpcé(zlz)'
h=1(da,B8) P a=1

(6.21)
Let us explain this formula in detail. The coefficients C}, ,(dq,3) repre-
sent the sum over all fixed loci with given (h,p) and (d,, ). We have
suppressed the genus subscript g since we will exclusively consider genus
zero maps. The exponential factors e~ (B Lh=1 dalDp(@)) o= Lozt daTp(a) rep-
resent the instanton factors associated to a given map. Naively, these
factors should be written as e~{/#  where the pairing in the exponent is
well defined since J|; =0 by the Lagrangian condition. We have modi-
fied this expression in order to allow for a possible shift in the open string
Kahler moduli 7,(,) with respect to the closed string parameters. This shift
can be interpreted as an open string quantum effect and plays an impor-
tant role in the duality map [15]. Therefore, one has to write down sep-
arate expressions for the instanton factors of the open and closed string
components, obtaining the expression in equation (6.21). The area of the
closed component —(J, 5 — 2221 da[D(q)]) must be expressed in terms of
the closed string parameters ¢1,t2 and t3. Finally, V), represents the holo-
nomy variable associated to the knot I',) = 0D,(,), which is defined as
follows. If p(a) € {1,17,2",2"}, say p(a) = 1', V,(,) = V{ is the holonomy
of the U(N) connection about the knot I'} defined in equation (6.17). Note
that the canonical orientation on D] induces an orientation on I'} using the
inner normal convention. The holonomy V{ is computed with respect to
this particular orientation. This convention is valid for all vertical discs
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1, DY, Dy and Dy. 1If p(a) € {3',3",4",4"}, V) =V,"4, i=3,4, since
the canonical orientation on Dj, ..., D/ induces the opposite orientation
on I',..., T} (see figure 7).

Our main problem is to evaluate the coefficients Cj, ,(dq, 3) using open
string localization techniques. This requires a thorough understanding of the
deformation complex and the obstruction bundle for open string morphisms.

6.3 Deformation complex and obstruction bundle
for open strings morphisms

To begin with, let us consider the definition of the instanton coefficients
Ch,p(da, 3) in more detail. We stress that the following considerations are
only heuristic arguments based on unproven assumptions. Essentially, we
will assume that certain known results in the theory of closed string Gromov—
Witten invariants [9, 10, 20, 44] carry over to the open string case. As in refs.
[25, 33], these arguments will eventually lead us to a precise computational
definition of the enumerative invariants C, ,(dq, 3). The first assumption is
that the moduli space (or, more precisely, the moduli stack) Mo ,(Z, L; 3)
exists in the appropriate category, and can be endowed with a perfect
obstruction complex. Then one would have a virtual class [Mg (2, L; 3)]
(of positive dimension, since Z is not a Calabi-Yau three-fold). Follow-
ing the closed string approach, we would also need an obstruction bun-
dle V on Mo(Z,L; 3) of rank equal to the dimension of [M(Z, L; 3)].
Assuming these elements can be constructed, we could define ‘open string
Gromov—Witten invariants’ by pairing the Euler class e(V) with the virtual
fundamental class. However, even in such an ideal situation the coefficients
Ch,p(da, B) could not be simply defined by this pairing for reasons explained
in Section 3. In order to write down the couplings to Chern—Simons theory,
one needs in fact an equivariant refinement, as discussed below.

The holonomy V about the boundary I' of an open string surface is
defined with respect to an arbitrary (not necessarily flat) U(N) connec-
tion. Therefore, it depends continuously on the position of the boundary
[ in the cycle L. In formula (6.21), the V; are holonomy variables about
the boundaries I'; of the T-invariant discs in Z. Hence the torus action on
(Z,L) enters in a crucial way. This suggests that the appropriate refine-
ment of open string Gromov—Witten invariants should be considered in an
equivariant setting. The torus action on (Z,f) induces a torus action on
M&}L(Z , L; 3). Under the above assumptions, we can define equivariant open
string Gromov—Witten invariants by working with the equivariant virtual
cycle [Mo (2, L; 8)]r and equivariant obstruction bundle Vr.
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Following this line of argument, one would finally have a localization
formula for the equivariant invariants of the form

_ er(Vz)
/[MO,h(Z’L§/8)]T er(V) = Z: /[E]T er(N=)’ (6.22)

In this formula, we sum over all fixed loci = in the moduli space of open string
maps. ep(Vz) is the equivariant Euler class of the obstruction bundle Vp
restricted to = and ep(Nz) is the equivariant Euler class of the virtual normal
bundle N(Z) to Z in Mox(Z,L;3). [E]r is the equivariant fundamental
class of the fixed locus =. The intersection pairing in the left-hand side
of equation (6.22) takes values in the cohomology ring Ry = H*(BT) ~
H*(BS'). The local contributions in the right-hand side take values in the
associated fraction field Crp.

Now, the fixed loci = can be classified according to the degrees d, and the
map p as discussed in the paragraph below equation (6.21). The refinement
we are looking for is defined by summing only over those fixed loci = with
given (p,dy). We will refer to these loci as fixed loci of type (p,d,). The
maps therein will also be referred to as open string maps of type (p, d,). We
define

Ch7p(d(z7/8) = Z:/[E]T :jjg};i%, (623)

where the sum is restricted to fixed loci of type (p,d,). Clearly, the result-
ing invariants C, ,(dq,3) take values in Kp. The instanton coefficients
Ch,p(da, 3) are defined as the nonequivariant limit of Cy, ,(dq, 5) [12]. More
precisely, let ip: {pt}— BT be the embedding of a point in BT. Then we
define C}, ,(dq, 3) by

Chop(da; B) = ipiChp(da, B) € H*(pt). (6.24)

If we identify H*(pt) with Q, we can regard C}, ,(d,, 3) as a rational function
of the toric weights A1 and A3. In the following, it is very convenient to regard
A1 and A3 as formal variables. This is our heuristic formula for the instanton
coefficients. Besides lacking a rigorous formulation, this expression raises
another question. If C}, ,(dq, 3) are to be thought of as rational functions of
formal variables, what is the physical meaning of the resulting open string
expansion? This question has been given an elegant answer in the previous
section in the context of local transitions. There we found that the framing
in Chern—Simons theory should also be treated as a formal variable, which
is related to the toric weights. The final result was shown to be a series with
numerical coeflicients, as expected. We will show in the next section that
similar considerations can be applied to compact models as well, although
the final picture will be more subtle in that case.
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At this point, we still have to set the formula (6.23) on firmer grounds.
The main idea is to rewrite the open string formula (6.22) in terms of
equivariant integrals on moduli spaces of closed string maps with marked
points. This approach has been successfully employed in a local context in
ref. [25]. The extension to compact three-folds will involve some additional
(sometimes delicate) steps. Although our arguments are mostly heuristic, we
will eventually obtain well-defined integrals on well-defined moduli spaces.
Following the strategy of refs. [25,33], we proceed with the analysis of the
deformation-obstruction complex for open string morphisms.

In order to simplify the exposition, let us first consider the case h = 1, i.e.,
the domain 3¢ ; has a single disc component A. After a detailed treatment
of this case, we will consider the generalization to h > 1. The disc A can
be mapped to any of the discs D} and D/, hence we should consider all
these cases separately. In fact, it suffices to consider only a vertical disc, say
f(A) = D}, and a horizontal one, f(A) = Dj, since all other cases can be
treated by analogy.

6.3.1 Vertical discs

Let us start with f(A) = D}. We have an invariant map f: ¥ — Z, where
0,1 = Yo Up A and X is a prestable curve of genus zero with a marked point
p. We denote by fg, fa the restrictions of f to ¥y and, respectively, A, and
by fo the restriction of f to the boundary 9% = 0A. Moreover, from now
on we will suppress the subscript (0,1) on 3. In local coordinates, fa is
given by

ry =u} =0, Yy = vy = t'dll, (6.25)

where t’ is a local coordinate on A. Note that there is an induced torus
action on A with weight Ay = A, /dj.

The map f represents a point in some component = of the fixed locus.
Following our main strategy, we would like to identify = with a component
Zp of the fixed locus in a certain moduli space of stable closed string maps.
Note that the triple (A, fa,p) defines an isolated fixed point in the moduli
space of dj: 1 multicovers of the disc D} with a marked point.

If 3¢ is empty, this is in fact an isolated fixed point in the moduli space of
open string maps Mo 1(Z, L; d} h1), since [D}] = hq, as explained in the para-
graph containing equation (6.20). The associated coefficient Cy 1/(d},d}h1)
is evaluated in Appendix B. We will shortly review some aspects of that
computation.
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If ¥y is not empty, the triple (2o, fo,p) is a stable closed string map
to Z with a marked point subject to the constraint f(p) = P| € Z. More-
over, the homology class of fy is determined by ' = 8 — d\hi € Ho(Z,7Z).

Therefore, (X, fo,p) represents a fixed point in a closed subspace M Pl of

the moduli space of stable closed string maps M 1(Z, ') defined by the
following commutative diagram

Jpr___

Mp — M1(2,5)

l l (6.26)
Pz
1

Note that the T-action on Mg;(Z,3') induces a T-action on Mpl/ since
P/ is a fixed point on Z. In principle, (3o, fo,p) is not an isolated fixed
point, but it belongs to a component = of the fixed locus of the induced
T-action on Mpll. By construction, there is an obvious 1:1 map between
Y E—E( defined by (3, f)— (2o, fo,p). This map is well defined and 1:1
since (A, fa,p) is an isolated fixed point. Now, the fixed locus Z is in fact
a closed subspace of the moduli space Mplz (more precisely, it is a closed
algebraic substack) and is equipped with an induced virtual fundamental
class [Zg] = L!EO [Mpll]. Here (z,: Eo—>MP1/ denotes the embedding map
and L!E()i A*(Mp{)—nél* (Z0) denotes the associated Gysin map. The vir-
tual cycle [Mp{] is induced by the base change diagram (6.26), [Mpll] =
i!Pl, [Mo1(Z,8)]. All these considerations carry over to the equivariant setting.

As part of our assumptions, let us suppose there is a similar structure
on Z so that the map v described in the above paragraph becomes an
isomorphism. Then = will also be endowed with a virtual cycle v'[Z],
where ¢ : A,(Z9)—A.(Z) is the Gysin map. This is the first ingredient in
a rigorous formulation of the integral in equation (6.22). We still need to
make sense of the integrand.

To this end, we have to determine the virtual normal bundle N= using
the tangent-obstruction complex of (X, f), and to construct the obstruction
bundle V. First we have to introduce some notation. The restriction of the
holomorphic tangent bundle Tz to L admits a real subbundle T defined
as the fixed locus of the local antiholomorphic involution (z1,y1, u1,v1)—>
(u1,71,71,y;). We denote by T the sheaf of sections of Riemann-Hilbert
bundle defined by the pair (f*Tz, f57r) on 3. Note that T|x, = f5T=z. We
will also denote by Ta the restriction of 7 to A. The deformation complex
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for the map f is of the form
0—Aut(X)— H(S, T)—T!'—Def(X)—H' (X, T)—T?—0 (6.27)

where T' and T? are the deformation and, respectively, obstruction spaces
of the map (X, f). Using a normalization exact sequence with respect to
the decomposition ¥ = ¥y U, A, one can split the terms in equation (6.27)
into open string and closed string parts, plus corrections due to the node
p. We will show below that the closed string part reduces to the standard
deformation complex for Zy. The open string part and the node correc-
tions become part of the data of an equivariant integral on =Zy. In order
to completely specify the integrand, we also have to construct the obstruc-
tion bundle V. As outlined in Section 3, the fiber of the obstruction bundle
over a point (X, f) is given by the space of global holomorphic sections
of a Riemann-Hilbert bundle £ = (f*A*(Tz),R) on . The real subbun-
dle R C f3 (A4(Tg))|f1 is defined as the fixed set of the local antiholomor-
phic involution (z1,y1,u1,v1)— (U1,71,%1,7;). V= can also be decomposed
in closed and, respectively, open string parts using a normalization exact
sequence. The terms in equation (6.27) and in the various normalization
sequences encountered in the process are not in general vector bundles over
the fixed loci because the fiber dimension may jump. Nevertheless, we will
formally manipulate such objects as if they were locally free following, e.g.,
the approach of ref. [36]. This approach yields correct results since it is
only the equivariant K-theory class of these objects which enters the com-
putations. Equivariant K-theory classes will be denoted by [ ]. We have to
distinguish two cases.

(i) If Xp is empty, there is no closed string part and = is an isolated fixed
point. In this case, we will denote = by Za to avoid any confusion with
the general case. The deformation complex becomes

0—Aut(A)—HY(A, T)—T'—0—HYA, T)—T?>—0  (6.28)

since the domain A has no deformations. The automorphism group is
generated by holomorphic vector fields of the form ady + bt'0y, where
a € C and b € R. Therefore, in terms of T' = S representations we have

Aut(A) ~ (0)r D (—A). (6.29)
The cohomology groups HY(A,7) and H'(A,T) are computed in
Appendix B. We have H'(A, T) = 0, hence T? = 0 as well, and the com-
plex (6.28) reduces to

0—Aut(A)—HY(A, T)—T!—0. (6.30)
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The remaining term H°(A, T) decomposes into representations of T as

follows
& 2] )
HYA,T) ~ A+ 2 LUSY 6.31
(A,T) ?i( 1+d,1 3)@?_%( a0 (6.31)

Note that for n =d} in the second sum we obtain a term of weight
zero (0)c containing the image of the fixed part (0)g of Aut(A). It
follows from the exact sequence (6.30) that we obtain a term of weight
zero (0)g in the equivariant decomposition of T!. The obstruction space
Va = HY(A, L) is also computed in Appendix B, with the result

3d,

0 _ n
HY(A, L) = (0)r @ @ ( 7 >\3> . (6.32)

Note that this is a real vector space containing a fixed direct summand
(0)gr. The local contribution of such a fixed point should be of the form

Cuuldidiin) = [ er(va) - N, (6.33)
ptT
where Np is the virtual normal bundle to =a. A straightforward extrap-
olation of standard localization results would predict that Na is given by
the moving part of T'. However, we have to be more careful here. Since
ZA is an isolated fixed point, we will define Na to be the tangent space
T, including the fixed real deformation (0)g noticed above. The obstruc-
tion space contains an identical fixed real summand, and the two terms
cancel off in the formula (6.33), leaving a well-defined nonzero answer.
This cancellation reflects the fact that the fixed infinitesimal deformation
is obstructed. The situation encountered here is a bit unusual compared
to standard localization computations for closed string maps, but we do
not see other sensible solution for the moment. This unusual behavior
is very likely related to the fact that the cycles L are not Lagrangian
middle dimensional cycles on Z. The solution proposed here should be
regarded as an experimental result, which will be backed up by numerical
computations in the next section. We leave a more conceptual treatment
for future work.® Collecting the facts, this leaves us with the following

8 Another point of view one could take is to consider open string maps to the singular
three-fold Y instead of Z. The problem is that the vertical discs intersect the singular
divisor Deo on Y and it is not clear how to write down the deformation complex of such a
map. (Recall that Y contains nonreduced components.) This approach has been effectively
used for horizontal discs in the local case since they do not intersect the singular locus.
According to our calculations in Appendix B, for horizontal discs the two methods give
the same answer. This is an encouraging sign, although much more work remains to be
done.
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formula for d} multicovers of D}

o (—1)% (3d})! At
Cry(dy,dhy) = ~— :
i) i [P 10 (<A + (n/d))As) .

There is a subtle sign ambiguity in this expression reflecting the choice of
a complex structure on moduli space of open string maps, as explained
in Appendix B. In the absence of a more rigorous construction, the only
criterion for fixing the sign at present is agreement with the closed string
dual. This will be shown in the next section.

If ¢ is not empty, we have to split [T!], [T?] and [V=] in open and closed
string parts using the exact sequences

0—T—foTz ® Ta—(f"Tz)p—0, (6.35)

0—L—fiA Tz) & La—(f A (Tz)),—0. (6.36)

The associated long exact sequences read

0—H"(S, T)—H"(S, fTz) & H°(A, Ta)—(Tz) py

—HY 2, T)—H\Z, fiT=z) ® HY(A, Ta)—0, (6.37)
0—H°(S, £)—H°(So, fiA (Tz)) & HO(A, La)— A (Tz) py
—HY (2, L)—H (X0, fiA (T)) @ HY(A, LA)—0. (6.38)

We claim that H'(Xo, ffA*(Tz)) = 0. This follows from a similar nor-
malization sequence applied to the irreducible components of ¥y. The
pull-back f§A4 (T'z) has nonnegative degree on each irreducible compo-
nent of ¥ since A*(Tz) = O(—Kz) is negative on Z. Since all com-
ponents are rational, the claim follows easily from the associated long
exact sequence. With more effort, we can also show that H'(A, LA) =0
(according to Appendix B), hence the last term of the exact sequence
(6.38) is trivial. ~ The morphism H%(Xo, ffA*(Tz)) ® HO(A, La)
— A (Tz) p; 1s surjective since Xy has genus zero and A*(Tz) is negative
on Z. Therefore, we conclude that H(X, £) = 0, i.e., the obstruction
bundle is convex, as promised before. The exact sequence (6.38) reduces
to the first three terms.

Moreover, note that Aut(X) decomposes as Aut(3g,p) ® Aut(A,p) in

automorphisms of ¥, respectively, A which preserve the point p. Def(X)
decomposes similarly as Def(Xg,p) ® T,X0 ® TpA in deformations of ¥
leaving p fixed and deformations of the node. There are no deformations of

A.

Using the exact sequences (6.27), (6.37) and (6.38), we find the following



LARGE N DUALITY FOR COMPACT CALABI-YAU 3-FOLDS 81

relations in the equivariant K-theory of =
[T = [1%) = [H°(2, T)] — [H'(Z, T)] + [Def ()] — [Aut(2)]
= [H°(A, Ta)] = [Aut(A)] + (0] + [HO (20, f5T2)]
— [H' (20, f5T2)] + [Def (S0, p)] — [Aut(Zo, p)]
— [(T2) p] + [TpX0 @ THA], (6.39)
and
V=] = [HY(A, L)) + [H (S0, f5AN(T2))) — [AY(Tz) py)- (6.40)
The combination [H%(A,7a)] — [Aut(A)] is precisely the K-theory class of
the normal bundle Na to the fixed point (A, fa) defined at point (i) above.
In order to identify the remaining terms in equation (6.39), let us write down
the tangent-obstruction complex for the stable map (3o, fo,p) regarded as
a point in Mo 1(Z, )
0—Aut (Xo, p)—H (S0, £3Tz)—Tp—Def (S0, p)
—HY (2, fiTz)—T2—0. (6.41)

Using the K-theory relations derived from equation (6.41), we can rewrite
equation (6.39) as follows

[TY] — [T?] = [Na] + [0¢] + [Tg] = [T3] = [(T2) py] + [Tp 50 @ TpAL (6.42)
The combination [T§] — [T2] — [(T%) p;] represents the image in K-theory of
the deformation complex of (Xg, fo,p) regarded as a point in Mpl/. This

follows from the construction of Mpll as the subspace of Mo,l(Z ,3") defined
by fo(p) = P|. Therefore, the K-theory class of the virtual normal bundle
Nz, in M p; is given by the moving parts

[N=o] = [(Tg)™] = [(T3)™] = [((T2) p)™]. (6.43)

We will define the class of the open string virtual normal bundle N= to be
[N=] = [Na] + [(Tg)™] = [(T§)™] = [((T2) pp)™] + [(0)™]

+ [(TpX0 @ Tr,A)™]. (6.44)

Up to the first term, which has been explained above, this is just the mov-

ing part of equation (6.42), as expected. The fixed part of equation (6.42),
[(THT] = [(T3)] - [((Tg)p{)f], enters the construction of the induced vir-

tual cycle [Zo]r € AL(Zy), [So]r = L!EO [MP{]T [20]. This is consistent with
our earlier proposal [Z] = ¢'[Zg] for the open string virtual cycle (see the
paragraph below equation (6.26)).

The K-theory class of the obstruction bundle splits similarly in an open
string part [Va] which has been considered before, and a closed string part
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[HY (S0, fEAY Tz ))]. The later is the K-theory class of the standard obstruc-
tion bundle over Mg 1(Z,3') restricted to Z. Recall that the fiber of VY
over a point (Xg, fo, p) is given precisely by H° (3, fiA*(Tz)).

We can now tie all loose ends together and write down a well-defined local
formula for the open string invariants Cy 1/(d, )

0 4
Ci,17(dy, dihy) / 1 er(Vg, — A (Tz)p]) (6.45)
Eo)r €7 (

(= \vH) N=z,) X\ H — 1, ’

where H is the generator of H*(BT'). The factor (—Ay H) in the denomina-
tor represents the equivariant Euler class of [0y], ¢, is the Mumford class
associated to the point p and A*(Tz) p; should be regarded as an equivari-
ant bundle over =y. Summing over all fixed loci Z, we obtain the following
expression

Gy [ U0 AR
[

/
Cl,l/( 17B) - (_)\t/H) MP{]T _)\t/H_wp )

where A4(Tz) p; should be regarded as an equivariant bundle over MPII.

Although this formula is now well defined, it is also of little use for explicit
computations. The major problem is that the fixed loci =y can have a very
complicated structure, since the T action on Z is not generic. Ideally, we
would like to be able to compute the invariants (6.46) in terms of standard
Kontsevich graphs for closed string maps to Z. In order to do so, we have to
take one more step and rewrite the formula (6.46) in terms of a generic torus
action. Recall that T is a subgroup of the torus G = (S1)7 which acts on Z
and P is a G-fixed point on Z. Then we have the following commutative
diagram

PE— S PE—
(Mpy)r —— (M py)c

]

BT BG

Let (m1,...,n7) denote the generators of H*(BG) defined by the characters
of G as explained in Chapter 9 of ref. [12]. Then we have

Ka~Qn,...,n7), Kr ~Q(MH,\3H). (6.48)
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The map s in the above diagram induces a pull-back map s*: Kg— K1 by
localization, which factorizes as

wl / (6.49)

Ka @re (Ra/T)

where J C R is the ideal generated by (n2,n4,m1 + n5,m3 + 16, 77), and
S is defined by S(m1) = A\iH and 5(n3) = A3H. Using these relations, we
can write the class —AyH — ¢, = —(A3/d})H — 1, in equation (6.46) as
s*(—ns3/dy —1p). Moreover, the equivariant virtual class [MPI/]T and the

obstruction bundle V° are pulled back via S from (MPII)G (for the virtual
cycles, we have to use the Gysin map). Therefore, using the projection
formula, we can rewrite (6.46) in the form

el B Coy(d),dhy) / ea(lip (V7)) — A(Tz)py))
1,1/ ) e — .
! (=AvH) e —n3/dy — p
(6.50)
We will explain how to perform explicit computations using this formula in

the next section. Here let us note that we can rewrite equation (6.50) in a
different form which is closer to the integrals written in ref. [25]

Cya(dy, dihy) 1
! —_ i *
Cru(dy, B) = (—\y H) 6G(A4(TZ)P1’)
VO * ,
. / ea( )e/vg(¢P1) ’ (6.51)
(Mo (2,80 —M3/d1 —¥p

where evg: Mo1(Z, 8')a— Z¢ is the equivariant evaluation map and ¢ P €
H}.(Z) the equivariant Thom class of the fixed point P;. The equivalence of
the two expressions follows from the commutative diagram (6.26) by a series
of formal manipulations based on the functorial properties of Chow groups

. . . B . eqa(VY)
given, e.g., in ref. [46, Chapter V, Sections 5-8]. Let a = =0y €
1

A% (Mo1(Z,3)) and note that the equivariant integral in equation (6.50)
can be written as

/ ec(lip (V) = AYTz)p)) 1
[MP{]G

Sl Gy ea(Ta) ) m) (652)

where we use the notation of equation (6.26). Then, using the projection
formula, we have

ey (@) = i!Pl,ev* (an[Moa(2,0)])- (6.53)
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All these manipulations are carried out in equivariant setting, but we sup-
pressed the subscript G for simplicity. If we denote by II: Z—pt the
projection onto a point, the equivariant integral in equation (6.51) can be
written as

ec(V)evg(op) . Wi '
/[MOJ(Z’Q/)]G “ld b, I, ev, (a Uev(¢py) N[Moq(Z, 8 )32 54)

Now we can use localization on Zg to rewrite the right-hand side of
equation (6.54) as

[T.evi(aU ev*(d);:l/) N [Moq(Z,3))])
= i 6y e (@ U NFon(Z. ) N —

Py m
in(bp) _ /
::Ejgg@f;;jr”aem(aUVWWmﬂZM3ﬂ% (6.55)

where the sum is over all fixed points P of the G action of Z. The equivariant
Thom classes of the fixed points satisfy orthogonality conditions of the form

eq((Tz)p) if P = Py,

6.56
0, if Py # Pl (6:56)

ip(dp;) = {

Therefore, equation (6.55) reduces to
IL.evi (U ev™(¢py) N [Mo1(Z2,8)]) = i!P{ ev, (aUN[Mo,1(Z,0)]) (6.57)

as claimed above.

6.3.2 Horizontal discs

Let us now consider horizontal discs, i.e., fa is an invariant dj: 1 cover of
Dj. Most of the above considerations go through, but there is an important
difference, namely the origin Q3 of Dj is not a fixed point under the generic
G action. Instead, it is a degenerate T-fixed point lying on the fixed curve
P3P;. The contribution of the isolated fixed point (A, fa) can be computed
along the same lines

(—1)% [T (O — (n/dj)As)

C13(ds, dshg) = (6.58)

The overall sign is again ambiguous; the present choice should be regarded
as part of the prescriptions of the duality map. Formula (6.46) goes through
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essentially unchanged

c ( , ﬁ) C1,3/(d§,,d§h2) / eT(Uég,(VO) _A4(TZ)Q3])

Lya3, P) = —F———F~— [ __ ;
¥ (—\eH) (Mo, )r —MH — 1y,

where \; = A3/dj is the weight of the induced torus action on the domain.

Now we have to integrate against the virtual cycle of the moduli space M ¢,
defined by the following diagram

(6.59)

4j>Q3M0,1 (2,0
lev (6.60)

Z

Mg

y

Q3

3

iQg

and ' = 3 — dshs.

At this point, we encounter an extra complication, since (J3 is not invari-
ant under the generic torus action. Nevertheless, we would still like to
rewrite equation (6.58) in terms of a generic torus action in order to per-
form the computations efficiently. A key observation is that there exists
a T-equivariant automorphism h: Z—Z mapping the G-fixed point P; =
{Z, =2, =U =W =0} to Q3. In terms of homogeneous coordinates, h is
given by

h: [Zla Z2a Z3a Z4a U7 V]—>[Z17 Z2a Z3a Z4a U7 V7 W — ,U,‘/Q‘[g,] (661)
It is straightforward to check that equation (6£1) is compatible with the
(C*)3 action (6.1) and the T-action on Z. Let M p; be the subspace of the

moduli space Mo 1(Z,3') defined by a commutative diagram of the form
(6.60), with Q3 replaced by Pj. Since Pj is a fixed point, there is an induced
T-action on Mpé. Then composition by h : Z— Z induces a T-equivariant

automorphism W,,: Mo 1(Z, 3 )— Mo 1(Z, ') and we obtain a commutative
diagram of the form

JQs

MQS MOJ(Z’ ﬁ,)

Mp, Mo1(Z2,0)

(6.62)
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The obstruction bundle Vy over Mo 1 (Z, #') and the virtual cycle [Mg
(Z,p")] are invariant under h by construction. That is, we have Wy (V) =
Vo and h'[Mo1(2,08)] = [Mo1(Z,")]. The virtual cycles [Mpé] and [Mq,]
are determined by Gysin maps [Mp?/’] = i!P?( [Mo1(2,8)] and [Mg,] = z'!QS
[Mo1(Z,0)]. Therefore, we have ¢;[Mq,] = [Mpy] and ¢354, (Vo) = Ty
(Vo). Moreover, A4 (Tz)q, ~ A*(Tz) p; as T-vector spaces. We conclude
that the equivariant integral (6.59) is equal to

Ci3(d3, )

SGottudite) [OOSR g
(M prlr

(—=A\eH) —\H — 1y,

Since Pj is fixed under the generic torus action, we can further rewrite this
expression as

C ( / ,8) o C173’(dgadgh2) * / eT([];’é(VO) - A4(TZ)P3/D
e (=AcH) [Mprlc ns/dy — vy ’
(6.64)
or, equivalently, as
Cy 3 (db, dshs)
! _ Lisrlds, asiz)
Ci3(dy, ) = =W s
1 ec(V0)ev* (¢ pr
4/ al )/ (op) (6.65)
e (A (TZ)Pé) [Mo,1(Z,8)] n3/ds — ¥p

This formula will be used for explicit computations in the next section.

6.3.3 Multiple boundary components

We are left with open string maps with several boundary components. Let
f:3—Z, ¥ =%yUA;U---UAp be such a map of type (p,d,). Recall
that p: {1,...,h}—{1,..., 41", ... 4"} specifies the image of each disc
Ay, a=1,...,h, of the domain, and d, are the corresponding degrees.

If 3 is nonempty, we proceed by analogy with the previous two cases. A
similar sequence of arguments shows that the sum over all open string local
contributions can be written as a moduli space integral of the form

davd[ P(a)]) * 1
Ch,p(das
hp(das 5) = P L H NoH) [HZ 166(A(T2) p(a))

eV, (Op(a))
X % (6.66)
/[Mo,h(zﬂ’)]c H —Ka — Vp, ]




LARGE N DUALITY FOR COMPACT CALABI-YAU 3-FOLDS 87

Let us explain the notation. The coefficient C; ,(q)(da, da[D,(4)]) represents
the multicover contribution of the ath disc of the domain which is mapped
dq: 1 to the disc D) in the target space. P is a function from the
index set {1,...,h} to the set of fixed points of Z under the G action.
If D, is a vertical disc, P(a) is the origin of D,q; if D, is hori-
zontal, then we have P(a) = Py if p(a) =3,4', and P(a) = P} if p(a) =
3",4". Mon(Z,8') is the moduli space of stable closed string maps to Z
with h marked points {p,}. The homology class 3’ € Hy(Z,Z) is given
by B =3 — ZZZI[Dp(a)}. ev: Mo p(Z,3)— 2" is the evaluation map and
evy: Mop(Z,8)—Z denotes its ath component. k4, a=1,...,h, is an
equivariant class in g such that s*(k,) = A, H, where \;, is the weight of
the induced torus action on the disc A,. One can easily check that k, =
n3/dq if pla) =1",3", kg =m1/dg if pla) =1",4' ke = —n3/d, if p(a) =2",3
and ko, = —m/d, if p(a) = 2',4". Finally, 1/|P| is a symmetry factor which
takes into account the automorphism group of a fixed locus. The auto-
morphism group of an invariant open string map as above is of the form
ngl (Z/daZ) x P. The first h factors represent deck transformations of the
Galois cover fa,: Ag—>D,(q). Their effect would be a prefactor ngl 1/d,
in equation (6.66) which is absorbed in the coefficients Cy ,(q)(da, da[Dp(a)])-
P is a subgroup of the permutation group Sy, which permutes the marked
points p, leaving the map d, unchanged. More precisely, if we have n discs of
the domain mapping to the same disc in Z, P contains a factor S,. There-
fore, we obtain a factor 1/n! in equation (6.66) for each such group of n
discs. There are eight discs in the target space, so we can have up to eight
factors of this form.

If 39 is empty, the domain of f can be either a single disc or a two discs
with common origin forming a nodal cylinder. The first case has been treated
above. A map of the form f: A;——Z contributes Cy ,1)(d1, d1[Dp)]) to
the instanton expansion. The second case follows easily from the first using
normalization exact sequences. Given a map f: A; U, Ay—Z of type
(p,d1,dz) as above, its contribution can be easily shown to be of the form

C1,2,0(1),p(2)(d1, da, d1[D 1)) + d2[Dy2)])
= Crp(1)(d1, d1[Dy1)])C1p(2) (da, d2[Dp2)])

y er([(Tz) pay — A (T=2) pry))
(_AtlH)(_AtZH)(_)\tl - >‘t2)H‘

(6.67)

For a uniform treatment, we can extend the formula (6.66) to encompass
all possible cases. By convention, if ¥ is empty, equation (6.66) should be
interpreted as explained in the current paragraph.
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This concludes our discussion of open string instantons on compact three-
folds. Since this section is rather long and complicated, let us summarize
the main points. The open string instanton corrections take the form (6.21),
where the enumerative invariants Cj ,(dq, ) are given by equation (6.66),
which is our main formula. Although this expression has been derived
starting from heuristic considerations, it is a well-defined equivariant inte-
gral over a moduli space (or stack) of stable maps. In the next section, we
will find very convincing evidence for the approach proposed here by direct
computations and comparison with the closed string dual.

7 Explicit computations and large N duality

At this stage, we have all the ingredients needed for computing topologi-
cal open string amplitudes and testing large N duality. Some preliminary
remarks on large N duality for compact three-folds have been included in
Section 2. Let us start with a more precise account of the duality predictions
for the extremal transition under consideration.

7.1 Large N duality predictions

As explained in Section 4, we have an extremal transition between smooth
projective Calabi—Yau three-folds Y, Y which can be represented as hyper-
surfaces in toric varieties Z,é. Z is the blow-up of Z along the section
U=V =0 and Y the strict transform of the singular hypersurface Yj. Z
has the following toric presentation

Zy Zo Z3 Z4 U V W T
c* 1 1 0 0 -1 -1 0 0
c* 0 0 1 1 -1 -1 0 0 (7.1)
c* 0 0 0 0 1 1 1 0
c* 0 0 0 0 1 1 0 -1

One can easily check that k11 (Z) = h'1(Z) + 1, therefore r = 1 in the nota-
tion of Section 2. The toric contraction m: Z—Z is given in terms of
homogeneous coordinates by

Zi=2;, i=1,...,4, U=UT, V=VI, W=W (7.2

with exceptional divisor (T). Note that (T) is isomorphic to P! x Fy and
the map (7.2) contracts the P! fibers.
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Geometrically, Z is a fibration over Fo with Fq fibers. This follows from
the fact that each P? fiber of Z— [ undergoes an embedded one-point
blow-up. The Mori cone of Z is generated by (see equation (A.1))

(7.3)

hi: Z1=23=T=0, hy: Z1=U=T=0,
hy: Zs=U=T=0,  hy Z1=23=U=0

Note that l~11 and E4 are vertical classes and Eg and Eg are horizontal classes
on Z. Moreover, hy is the fiber class of (T), and hy - (T) = —1. Therefore in
the notation of Section 2, we have a single exceptional curve class [C] = El,
and one exceptional divisor D = —(T)) so that C'- D = 1.

The Kihler cones of Z and Z are generated by the toric divisors (see
formulae (A.1) and (A.3) in Appendix A)

Jp = (W), Jy = (Z1), Js = (Z3)
h=U), h=(Z), Js=(Zs), Ja=(W). (T4

Using equation (7.2) and standard linear relations among toric divisors, we
find the following relations

N=a(J1— o= J3)+(T), Jo=n"(h), Jyg=nu"(Js), Ji=r"(N).
(7.5)
Therefore, the geometric part of the duality map (2.9) becomes in this case

%vl = —i\, Zg—ﬂ = to, %vg—%vl =13, ?4 —l—a =1;. (76)

In order to test the duality predictions, equation (7.6) must be supplemented
with extra relations between the open string Kéhler parameters 7] and 7,
t=1,...,4, and the closed string parameters ftvw, v=1,...,4. These will
be determined later. We have to compare the genus zero Gromov—Witten
expansion of Y

o R
Folgst)=g:> Y CzertP (7.7)
BeH(Z,7)

to the genus zero open string expansion of (Y, L), or, more precisely, to a
generating functional attached to the triple (Z,Y, L).

Since the discussion in Section 2 was very schematic, let us summarize
the main points of the construction. We start with a generating functional
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of the form
Enst (gsa tom Ti/a Ti”)

- i Z Zch,p(da, B) o (JB=0_1 dalDp(a)]) o= Xto—1 daTp(a) H Tr Vday

h=1(da,B) P -
7.8

where the notation has been explained in detail in Section 6, and will not
be reviewed here. The coefficients Cy, ,(da, 3) = i5,Ch.(da, B) are defined by

our main formula (6.66), which is reproduced below for convenience

Cr (do.3) — " Cup(a)(as da[Dpia)]) 1
h,p( mﬁ)—WH N H S 7 1
a=1 ta [lo=1 ec(A(T2) pa))
evy ¢P )
X c(V°) (7.9)
/[Mo,h(z,ﬁ')} H —HKa — %]

The formal series (7.8) is called the open string instanton sum and should
be interpreted as a series of corrections to Chern-Simons theory.” The final
open string generating functional is the Chern—Simons free energy with all
these corrections taken into account. Therefore, the final expression for the
genus zero free energy will be of the form
0 0 0 0
‘7:((Y)L) op (s> tas A, 7, 77') = fl(/;)cl(gs’ta) + ‘7:((38),1 + fés)g
Y Fgaalon om0 o St
d;,d;/,ﬂ/
(7.10)

where

F=g2 Y CgeUA (7.11)

BeHs(Z,7)

is the genus zero Gromov—Witten expansion of Y. The next two terms
in equation (7.10) represent the genus zero contributions of the uncorrected
Chern-Simons theories supported on L; and Lo and the last sum encodes the
effect of open string instantons. Note that we sum over all relative homology
classes = 3"+ i (d}[D}] + d/[D}]), with d,d? > 0. In the remaining
part of this section, we will show by explicit computations that equations
(7.7) and (7.10) are in exact agreement. This is very strong evidence for the
large N duality, as well as the open string techniques developed here.

Let us start with some remarks on the instanton coefficients (7.9). This
formula factorizes in open and closed string contributions reflecting the

9Note that it suffices to include only genus zero corrections in this formula, in agreement
with the footnote at page 24.
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structure of a generic invariant open string map. The open string contribu-
tions are represented by the prefactor []"_, Cip(a) (da> da[Dpia)])/ — (N, H)
while the closed string contribution is the equivariant integral in square
brackets, which takes values in K ~ Q (n1,...,77). This integral can be
evaluated by localization with respect to the G-action on the moduli space
Mo p(Z,0). The fixed loci of this action can be classified using the graph
method developed in ref. [36] and the evaluation of local contributions is
standard material. The open string factors can be represented graphically
by adding extra legs to the closed string graphs as in ref. [25]. There is,
however, a subtlety in this approach, as the closed string graphs represent
fixed loci under the induced G-action on the moduli space of marked stable
maps. On the other hand, G does not act on the moduli space of open string
maps, as explained in detail in Section 6. Hence a closed string graph with
extra legs should not be interpreted naively as a graphical representation
of an open string fixed locus. Instead, one should think of such a graph as
encompassing two sets of data corresponding to the factorization of equation
(7.9) into open and closed string contributions. The closed string data are
encoded in a conventional closed string graph, while the open string data is
encoded in the extra legs. We will shortly discuss concrete examples.

The homomorphism s*: o—/r has been described in detail in Section
6, below equation (6.49). We have s*(n13) = A 3H, s*(n24,7) = s*(m +
ns) = s*(n3 + ne) = 0. These formulae must be extended to K¢ by localiza-
tion. Since we also have to take the nonequivariant limit of equation (7.9),
the final answer will be a homogeneous rational function of (A1, A3) of degree
zero. It is very convenient to express the answer as a rational function of
the ratio z = A\3/A;. Following the local examples discussed in Section 5, z
will be related to framing in Chern—Simons theory, provided that the later
can be thought of as a formal variable. We will show that this algorithm
gives rise to sensible results, although we will find some subtleties along
the way.

Spheres L; and L contain two knots I’} and T and, respectively, T%
and I'j which form Hopf links with linking number +1. As explained in
the paragraph below equation (6.21), these knots are endowed with the
orientation induced by the canonical orientation of the vertical discs with
respect to the inner normal convention. This means that the multicover
contributions of the vertical discs will be weighted by holonomy factors of
the form Tr (V{)¢ and Tr (V{")¢ and, respectively, Tr (V)¢ and Tr (V3')4,
where d > 0 is the degree. The contributions of the horizontal discs will be
weighted by holonomy factors of the form Tr (V{)~% = Tr (V/)9, etc.!® The
framing of ', ..., ") can be related to the torus weights following the same

"Here we denote by convention Trr V = Tri V for any U(N) group element V.
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considerations as in the local case. We find the following relations

1 1
Py = -, Pl =z, ph = 2, Py = . (7.12)

z z
After these preliminary remarks, let us turn to concrete computations.

For a systematic approach, we will distinguish several cases, depending on
the class 5 € Hyo(Z,7Z).

7.2 Vertical classes

We start with instanton corrections associated to vertical homology classes.
This means that the discs A, are mapped to the vertical discs D, DY, D5,

5, and the class 3" associated to the closed curve ¥ is a multiple of h;. Let
us denote by n the total degree of such a map, i.e., 3 = nhy, n > 0. The class
3 introduced in Section 6 will be of the form 3 = n'hy, with 0 < n’/ < n.
For a fixed n, we have to sum over all values of n’. Except for the individual
disc factors in equation (6.66) the computation reduces to the evaluation of
the equivariant integral by localization. The fixed loci in the moduli space
of stable maps with marked points consist of points of the form (3, fo, pa)
where the marked points p, are mapped to { Py, P/', Py, Py} and fy(Xo) is a
G-invariant vertical curve on Z. The structure of the G-fixed locus on Z and
the G-invariant curves have been described in detail in Section 6.1. There
we found a “skeleton” consisting of 24 invariant curves which is reproduced
below for convenience.

The vertical invariant curves form four connected (reducible) components
lying in four distinct P? fibers which were denoted by F1, ..., Fy. These are
the green triangles in figure 8. Since the marked points must be mapped
to either {P{, P/} or {Pj}, Py}, it follows that ¥y can be mapped either to

P % D;

P3 P

A
Py P L

P, P,

Py P,

Figure 8: The toric skeleton of Z and the configuration of vertical discs
attached to the fiber Fj. The color coding has been explained in Section 6.
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Fy or to F5, which are disjoint fibers. Therefore, the fixed loci naturally
divided into two classes depending on their image. Moreover, there is a Z/2
symmetry which exchanges the fixed loci in different classes. For each fixed
locus mapping to F}, there is an identical fixed locus mapping to Fs. A
straightforward local computation shows that their contributions are also
identical, and therefore it suffices to consider only one class, say G-invariant
maps to F1. The local geometry near Fj is sketched in figure 8. The fixed loci
are represented by closed string graphs comprised continuous line segments.
Additionally, we have extra legs corresponding to the open string factors, as
explained below equation (6.48). In particular, we can have pure open string
graphs when the domain of the map f consists only of disc components.

The image of each irreducible component of the domain is specified by
the inclination angle of the corresponding line segment and by the color
code. Uncontracted components are represented by green lines with marked
endpoints. Contracted components are represented by black line segments
with no marking at the endpoints. The degree of the map onto its image is
specified by a number d attached to each segment unless d = 0,1 in which
case the segment is left unlabeled. For example, the graph (f3) in figure 9
represents an invariant map f: P'—Z which is mapped 1: 1 to P|{Py.
The marked point p; is mapped to Pj. This corresponds to a certain local
contribution to the equivariant integral

1 / 0 evT((bP(l))
eV ——= . 7.13
ec(AM(T2)py) Jiiton(zh0))e 6l )—773 — Yp, (7.13)

S*

In addition, we have an open string prefactor of the form C1 1/(1, [D}]) cor-
responding to the dashed line segment. According to the discussion below
equation (6.48), this should not be interpreted as graphical representation
corresponding to a fixed invariant map. The correct point of view is to
regard this graphs as a pair (closed string graph, open string graph)
representing a local contribution to the instanton coefficient C 1/(1,2h1)
defined in equation (7.9). Similarly, (f5) consists of a closed string graph
which represents a f: P!—Z which is 1:1 onto ?Pl’ The marked point
p1 is mapped to P. The extra dashed leg represents an open string factor
given by a degree 1 cover of D}. The graph (f15) has a similar interpreta-
tion, except that the domain of the closed string map has three irreducible
components. One component is contracted (the black line) and two other

components are are mapped to P{P;’ with degree 1. The open string data
consist again of a degree 1 cover of D].

We list below all contributions of vertical maps to F} of total degree up
to 3. Each local contribution carries a subscript which corresponds to a
fixed locus represented in figures 9-11.
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Degree 1:
622 6
C(ﬂ) =TT C(fQ) = _z(z 1 (7.14)
Degree 2:
Con 182(z + 2)(22 + 1) o 18(z +2)(2z + 1)
N P O VI A D I
4523
Cis) = Cie) = 0, Cuny = - )E=2)
45 322
Cs) = 22(z —1)(22— 1)’ Cleo) = z—1
3
_ 1
C(flO) Z(Z — 1) (7 5)
Degree 3:
c _272(z+2)%(22 4 1)? c _27(z+2)%(2z + 1)?
()= o132z —1) 1) = G —1)B3(z-2)
degree 1
Q) ’ )
(£3) (f4) (£5) (f6)
degree 2
5 e
2
(t7) (3 () (f10)

Figure 9: Stable maps: degree 1 and 2 fiber class.
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27(z +2)%(22 + 1)2
Cn13) = C(r14) = 0, Ciis) = 1) ;

27(z +2)%(22 + 1)2
Ciri6) = — =1 ; Ciairy = Cigy = 0,

272(z+2)(z+5)(22+ 1)(5z + 1)
(2 —1)3(32 — 1) ’

Cir19) = Cro0) = 0, Ci1) = —
C27(2+2)(2+5)(22+1)(52 + 1)

Clra2) = (= 1)%(z = 3) ; Clt23) = C(r24) = Ci25) = 0
18z(z+ 2)(2z + 1
Cit26) = C(r21) = C(28) = 0, Clr29) = ( e _)1()2 )7
18(z +2)(22 4+ 1)
Clt30) = 12 Cs1) = C132) = 0,

G = 362(z +2)(22 + 1) Croern = 2702%(2 +2)(22 + 1)
B3~ o102z —2)(22 - 1) BY = T o) (z—2)(32—2)’

Croner — 270(z + 2)(2z + 1) o 42
B9 = - 1)(2z-1)(22—3)’ (86 = 2 -1
4 6023
Con=-n-1p  YeYTTLThGoo)
60 1120z%
Clso) = S 2(z—1)(22—-1) Claio = 3(z = 1)(2 = 3)(22 = 3)’
1120

Com) = 5 B — 1) (32— 2)

(7.16)

We have identical corrections for vertical maps to the fiber Fy, except that
the holonomy variables are different. Collecting all localization results, we
can write the vertical instanton corrections in the form

Fl(n];)t = —ia(t/l)qll - ia(tl,tg)qmi

. 9 . ) . 2 : 3
- 1a(2t’1)q/1 10241 ,¢4) 91 ¢ — 1a(t1,2t/1)Q1q/1 - 1a(3t'1)q/1 ) (7.17)

where

1

— [Cleny (Tr V] + Tr V5') + Clpoy (Tr Vi + Tr V)],
1

Unth) = o [(Criz) + Cigsy) (Tr Vi + Tr V5') + (Cray + Cige)

Aty) =

S

x (Tr V" + Tr VQ’)] ,
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(f11) (f12) (f13) (f14) (f23) (f24)
7 °
. :
(f15) (f16) (f17) (f18) (f25)
(f19) (20) (f21) (f22) (£26)

Figure 10: Stable maps: degree 3 fiber class-I.

1

o) = o

—iClg9) [(Tr V)2 + (Tr V3')?] = iCrr0) [(Tr V{')* + (Tx V5)?]

[Clery (Tr V2 + Tr V3'?) + Cgs) (Tr V™ + Tr V3?)]

27 28
1
Q5 a’(Ztl,t,l) = — Z ka TI"/l +TI' Z ka Tr‘/vl —|—T VQ) ,
g k=1 k=2
k odd k even

a(y20) = —1(Clragy + Clg3n)) [(Tr V{)? + (Tr V3')?]
—1(Ci30) + C132)) [(Tx V"2 + (Tr Vzl)ﬂ
— Cg3) (Tr V{ Tr V]’ + Tr V' T V)
1
+ % [Ceaa) (Tr V% + Tr V3'?)

+ C(f35) (TI' V1//2 + Tr ‘/2/2)] s
a@se) = —9s | Ce3e) [(Tr Vi) + (Tr VQH)B] + Cgzry [(Tx VI")? + (Tr Vzl)g]
— iClas) (Tr V{ Tr V{* + Tr V3’ Tr V3%
q%mﬁWﬁWMﬁ%ﬁV)
(

1
o [Clany (T VI T V%) o Gl (T V{7 4 T V).
(7.18)
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(129) (130) 31) ) @7
® 6 0
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2
¢ [} ¢ o
(133) (34) (139) (136) e m 8)
2 3
(] e ¢ [}

2 3

(38) (39) (f40) (f41)

Figure 11: Stable maps: degree 3 fiber class-II.

Some points in this formula deserve explanation. As we mentioned earlier,
for each disc A, of the domain we have to write down an instanton factor of
the form e~% (@) | where Tp(a) are flat open string Kahler parameters, which
are generally different from the flat closed string moduli. For the vertical
classes under consideration, we should have four such parameters 77, 7{, 74
and 74 corresponding to D}, DY, D) and DJ. These parameters depend
linearly on the framing of the corresponding knots, hence a priori they have
different values although all vertical discs are in the same homology class.
However, once we absorb the trivial framing dependence by redefining the
holonomy variables, as explamed below equatlon (5 23) we can take them
to be equal. We let ¢; =e M =—e M =e 2=¢" and g1 = e ! be the
closed string instanton factor for the vertical class h;.

The next step is to compute the Chern—Simons free energy including the
instanton corrections (7.17). All link and knot invariants should be expanded
in powers of g5 as explained in Section 5. The resulting expansion will
automatically be a power series of the framings p}, p{, p, and pj, which take
the values (7.12). Let us first record the final result including corrections
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up to second order in ¢; and ¢}

24241

(f2) _
g2 In <6Fm~“ > = -12¢1(y —y )

3, 19 o142t + 5123 + 17322 + 512 + 14
+5@)y 2G—2)(2 1)
3 —82% — 2423 — 8622 — 242 — 8

2(z—2)(22 - 1)
N §(q,l)2y,22z4 —323—22-32+2

2 z2(z—2)(22 - 1)

—242% — 3623 + 1222 — 362 — 24
z2(z—=2)(2z2-1)

+3¢iq(y—y ") , (7.19)

where y = ¢*/2 denotes the exponentiated ‘t Hooft coupling constant of
the two Chern—Simons theories supported on Ly and L. (The two coupling
constants must be equal as a result of the zero charge condition, as explained
above equation (6.5).)

Having reached this point, we have to face a new puzzle: unlike the local
examples studied in Section 5, the final answer is a function of z. If this
answer has to be taken at face value, what is the correct interpretation? To
shed some light on this question, let us perform a change of variables of the
form

@ = @144, y = (@1)"?, ¢, = (@) *du. (7.20)
Note that the first two relations follow from the duality map (7.6). The third
relation involving the open string instanton factor ¢} takes into account an
extra shift in the Kahler parameters due to open string quantum corrections
[15]. As a function of the new parameters, equation (7.19) becomes

2) _ 2242+l 3 5 51722 4532417
g2 In <eFinst > =12¢4(1 — ‘h)f - 59%(12
6a 0422 +13244 35220 —32° — 2% — 3242
N4y 2T - 2) 2 1)
(7.21)

In order to understand the meaning of this expression in the context of
large N duality, it is very helpful to take a closer look at the closed string

. . . . 0 0 =
expansions on both sides, i.e., the series ]:}(,;)Cl(gs, to) and .7-"5(7;11(95, ty).
In both cases, the coefficients C'z and 65 can be computed by localization
using the convex obstruction bundle approach reviewed in Section 3. We
have studied in detail the G action on Z. There is a similar G = (S1)® action
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on Z given by
(eial,ei‘g?, e ,ei‘g8> . (Zl, Zg, e ,T) = (eiglgl,ei%Zg, . ,ei‘gsf) , (7.22)

whose fixed locus consists of all isolated points on Z which can be repre-
sented as a quadruple intersection of toric divisors. The G-invariant curves
on Z form a skeleton which can be obtained from the skeleton of Z by
replacing the fibers Fi,..., Fy with Fy surfaces Fl, .. ,F4. For later use,
note that there is a lift of the action of T to Z given by

<ei$1,ei;52 eiag) = (eD‘W, 1,639 1 e7M¢ oA 1 1) ) (7.23)

yoeey

Now let us write down the vertical Gromov-Witten expansions for ¥ and
Y. We have B8 =mnhy,n>0,onY and ﬁ —n1h1 +n4h4, ni,ng > 0 on Y.
Therefore, we obtain

0 ~nq ~
Fyu (g t) =Y Cugty  Fol = 37 Cond'di',  (7:24)

n>0 n1,m42>0

where the coefficients C,, and C~}’n1n ., have integral representations of the form

C, = / V), Com = / e, (7.25)
[Mo,0(Z,8)] [Mo,0(Z,8)]

where V and V are the obstruction bundles.

Given the structure of the toric skeleton in both cases the fixed loci in
the moduli spaces Mg o(Z,3) and My (Z, B) fall naturally in four classes,
depending on their image in Z,EE. A component of the fixed locus in
Mﬂ,o(fiﬁ) will be called of type i, i1 =1,...,4, if its image is embedded
in the invariant fiber F; C Z. Similarly, a component of the fixed locus in
M, O(Z 3) will be called of type i, i =1,...,4, if its  image is embedded in
the invariant fiber F; C Z. The coefﬁments C and C’mn4 receive contribu-
tions from all such fixed loci, i.e., we have

4 ec(Vz;)
Cn = zz; ; /[Ei]c eG(Nz;)’
) i (f} ) (7.26)
- cc\Vs,
Cring Upt ; EZZ /[§Z]~ €~(N§i)

The local contributions in equation (7.26) are homogeneous rational func-
tions of degree zero of the torus weights. In order to understand the meaning
of the open string expansion (7.21), we will specialize these local contributions
to KCr as explained below equation (6.49), obtaining rational functions of z.
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Naively, large N duality predicts a relation of the form

~ ~ni-n n (£2)
S Cona@ @ =Y Cugl + FR + F, +In <eFmst> o (7.27)

n1,n4>0 n>0

where the coefficients C,, and C,,,,,, are given by equation (7.26). Clearly,
such a relation cannot be true since C,, and C~’n1n4 are rational numbers, while
the coefficients in the open string expansion are functions of z. However,
let us recall an interesting geometric fact. The closed component ¥ of the
open string maps which contribute to equation (7.21) is mapped either to
Fy or to F5. There are no such maps to F3 and Fj since all these fibers
are supported away from the vertical discs. This suggests that in (7.27)
one should take a similar truncation of the coefficients C,, and CN”VI17L4 by
only summing over invariant maps to Fi, F» and, respectively, ﬁl, F,. More
precisely, the truncated coefficients are given by

(7.28)

where s*: Kg—Kr and s*: K5—r are specialization morphisms. Clearly
these are no longer rational numbers since we do not sum over all fixed loci.
After specialization to K7 we will obtain rational functions of z, as discussed
before. One can regard C and Cit - as equivariant refinements of standard
Gromov—Witten invariants which probe a finer structure of the moduli space

of maps. Then, we propose the following modified large N duality conjecture

~ (£2)
S CHL A =Y gl + P, + Fidy + o <eFmsr > . (7.29)

n1,n4>0 n=0

Ideally, one would like to have a conceptual proof of this conjecture, which
seems to be very difficult. Here we will restrict ourselves to a numerical test.
The truncated closed string expansions can be evaluated by summing over
Kontsevich graphs [36]. This is a standard computation, so we will omit the



LARGE N DUALITY FOR COMPACT CALABI-YAU 3-FOLDS 101

details. Up to second degree terms, one finds the following expressions

24+ 2)(22+1 81222+ 5z +2
Z Cray = 18()2)(]1 + chﬁ +0(q7),

n>0

e ny o 1 24+z+1
> Ot =24+ 1@ + 12—
n1,m42>0
3224 -32%-22-32+2,
2 (z-2)(2:-1) &

4224132 +4 32022 +2924+20 , ,

G- T oe T E 2
+ 2 q194 + 1 2 q194

+0(G,...,4). (7.30)

Using the duality relation ¢; = §1G4 and equation (7.21), it is straightforward
to check that equation (7.29) is satisfied up to terms of degree 2. This is
positive evidence for the modified duality conjecture. Obviously, one would
like to test this conjecture at higher order in the expansion. The main
problem is that the closed string computations become very tedious since
we have to sum over large numbers of graphs. Although a more thorough
investigation is possible, it would be preferable to develop a more conceptual
approach. We leave this aspect for future work.

Before we can continue our analysis, we should try to understand the
meaning of the modified duality conjecture. The truncation (7.30) seems to
be necessary because the open string expansion cannot capture all the closed
string information. For pure geometric reasons, on the open string side, we
cannot take into account the effect of the fixed loci mapping to F3 and Fj.
Clearly, this phenomenon is very specific to the present example. In other
examples, one may find that various truncations of Gromov—Witten invari-
ants are needed. For example, we expect that no truncation is necessary for
the compact dPs; model described in Section 4. This is so because in that
case we have four vanishing cycles rather than two, and the invariant open
string maps can take values in the fibers F3 and Fj as well. The general
assertion one could make in this context is that the open string expansion
computes the sum over those closed string graphs which are geometrically
accessible. The notion of geometrically accessible graphs depends on the
peculiarities of the model. We expect that such a notion and a refined dual-
ity conjecture can be formulated for all transitions in which the nodal points
are fixed points of the generic torus action. This is a very interesting subject
for future work.

Returning to our model, there is an important observation one could
make. While the unrefined duality conjecture (7.27) cannot be true for
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arbitrary values of z, quite remarkably, it holds true for the special value
z = 1! First note that if we specialize z = 1 in equation (7.30) we obtain

729 e s~
D Ca =162+ mai s Y Gl @y
n=>0 n1,n42>0
1 9. 207
=2q1+ 37 + 3604 + S5 + 126016 + = ~ai@E o (T31)

Although written in terms of truncated coefficients, these are the full genus
zero Gromov—Witten expansions of the two models (see Appendix A). The
explanation is that for z = 1, the contributions of the fixed loci of types 3
and 4 cancel each other, leaving only the contributions of fixed loci of types 1
and 2. This phenomenon is not very uncommon in Gromov—Witten theory.
Sometimes one can exploit the symmetry properties of the target space to
simplify the local contributions of the fixed loci by making a special choice
of weights (see, e.g., [19]).

Since the refined duality conjecture was shown to be true up to order 2
for any z, it follows that the unrefined conjecture also holds up to order 2
if we set z = 1. Exploiting this feature, we can perform higher-order tests
of the duality more efficiently. Below we record the open string expansion
including terms up to order 3 in Kahler classes for z =1

g: In <€Fi(nfs>t> = —36q1(y —y ") +324qq(y—y ")
+ 4504 + gq’fy’z - %q’f?f
+8748q1q1 (y —y ') — 6804q1¢1* + 5346147y
+ 8262q1417y* + %q{?’y’?’ — 5344¢Py

51496 55 .

+ 22508¢3y — -

(7.32)

Using the duality map (7.20), we can rewrite this expression in the following
form

") . 9. 261,
g2 1n <6Fmst> = 36G4 — 364144 + 5‘1‘% +126G14; — 7(1?(13
4. T
+ gqfi + 24143 + 15241q; — 7@”(13 o (7.33)
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(ml)

Figure 12: Stable maps: degree 2 mixed and degree 1 and 2 horizontal
classes. The color coding is as before.

This formula is to be compared to the closed string genus zero expansion
worked out in Appendix A. Before running this test, it is more convenient
to compute the open string expansions for mixed and horizontal classes as
well.

7.3 Mixed and horizontal classes

We have to perform analogous computations for instanton corrections in
homology classes of the form 8 = nihi + noho + nghs with ny, ns,ng > 0.
The technology is very similar, except that now one has to consider horizon-
tal discs as well. The equivariant integrals (7.9) can be computed as above
using the graph method. We record below the instanton expansion and enu-
merate the relevant graphs, which should be interpreted as explained below
equations (6.48) and (7.13).

The closed string data are encoded in continuous line segments represent-
ing irreducible components of the domain. Each such component is either
contracted or mapped to an invariant curve in Z as indicated by color, incli-
nation angle and degree. The conventions for the degree of the map are
the same as before, i.e., for d = 0,1 the segment is left unmarked, while for
d > 2 the segment is marked. The extra legs drawn with dashed colored
lines represent the open string contributions to the instanton coefficients
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(equation (7.9)). The colors correspond to different homology classes, as
explained below figure 6. For example, the graphs in the first line of figure
12 represent pure horizontal open string contributions. The vertical blue
lines correspond to multicover contributions of either Dj or DY, and the
horizontal red lines correspond to multicover contributions of D) or DJ.
Due to the symmetry properties of Z, the moduli space integrals are iden-
tical for D4 and DY and respectively, D} and D). However, the holonomy
variables are different. This is reflected in the coefficients a(y) and a(y) in
equation (7.34). (h7) is again a pure open string contribution representing
a 1:1 cover of either DjUq, Dy or Dy Ug, Dy. This gives rise to ay 4.
(m1) represents a contribution of the form (7.9) withh =1,a =1, p(1) = 3’
(or p(1) =4"),dy =1 (or dj = 1) and 8 = hy + ha. Therefore, we have one
degree 1 disc factor corresponding to a 1:1 cover of either D or D)) and an
equivariant integral on M 1(Z, h1) which localizes on a vertical curve in Fj

(F1) passing through P; (Py'). There are two such curves P;P; and P{P} in

F3, respectively, P)Py and PjP; in Fy. However, it can be easily checked
that whenever a component maps to either @ or m, the contribution
of the corresponding graph vanishes identically upon specialization to Kr.
This follows form the fact that these curves are fixed under 7', hence the tan-
gent toric weight vanishes. Such graphs will not be included in the figures.
Overall, we are left with the contribution of the vertical curves P;P; and

PJ/PJ; they determine the term aty,15)- The last graph (m2) is very similar
and yields Aty 1) The same rules apply to the third degree graphs repre-
sented in figures 13 and 14. The final expression for all relevant instanton
corrections is'!

E(nﬁ’h) = —lawyqr — iaw) g5 — iaw)as — iag, 1) 014q1 — ia@, 4) 019
- ia(tl,tg>Q1q§ - iOL(zt’I)C]i2 - ia(2t’2)q/22 - ia(2t§)Qé2 - ia(té,té)‘léqg
- ia(2t1,t’2)(ﬁqg - ia(2t1,t’3)Q%Q§ - ia(tl,tg,t’l)QIQqul
- ia(tl,t2,t’2)CI1CI2CI§ - ia(tl,tg,tg)QIQQQé - ia(tl,tg,t’l)CIlCI3q/1
- ia(tl,t3,t’2)QICI3CI§ - ia(tl,tg,tg)qmwé

— ia(t1,2t'2)qlq§2 - ia(t1,2tg)QIQé27 (7.34)

"Note that in this formula we have to include pure vertical corrections up to degree 2
as well. Such terms multiply the existing mixed and horizontal corrections in the Chern—
Simons expansion giving rise to new mixed terms in the final answer.
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where
1 7 /!
Aty) = —;%)(Tr Vi+TrVy),
1 =/ —
ay) = _;C(hz)(Tr Vi+TeV,),
1 byl =
Uty 1) = —;Cm)(ﬁ Vi+TrVy),
1 == —
At ,ty) = *gc(mz)(Tr Vi+TrVsy),
1 72 12 . — _
Ay = = o-Cog)(Tr Vi + Tr V3') = iCus) [(Tr V3)? + (Tr V)7,

=12

1 2y . - e
m@:—;qm@wq+ﬂvb—wmﬁﬁvW+aﬂ®%

. —/ —/ =N
Qe 1) = —IC(h7) (TI‘ Vl Tr V2 + Tr Vl Tr V2),

6
1 — —r
A2ty 1) = "0 (E C(mk)> (Tr Vi +Tr Vy),
k=3

10

1 — —

A(2t1,t4) = —; ( C(mk)) (Tr Vi +Tr Vy),
5 \k=7

1
Aty o) = ;[(C(mm) + Cmo20)) (Tr V| + Tr V')

+ (C(m21) + C(m22))(Tr ‘/1// + Tr ‘/é/)]?
1

Aty ,ta,th) = _E
1 <5/ —/
a(tl,tz,té) = —;C(le) (TI' Vl + Tr V2)’

S

C’(mll) (T‘I‘ Vll + Tr Vg)v

1
Aty t3,th) = E[(C(mQB) + C(maa)) (Tr Vi+TrVy)

+ (Clma2s) + Clmae)) (Tr V' 4 Tr V)],
1
1 == —/

a(tl,tg,té) = —;O(m14) (TI" Vl + TI' V2)7

S

Aty t,) = —— Clmiz) (Tr Vi +Tr V),
1 =72 —m, _ _
Oty ,2th) = —;qmm) (Tr Vi +Tr V) = iCmg [(Tr V)2 + (Tr V3)?,

1 2 /2 . = =
Aty 2t,) = _;C(m17) (Tr Vi~ + Tt V5) — iCmg) [(Tr V)2 + (Tr V)2
(7.35)
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') L) o\ o

(m3) (md) (m3) (m6)

(m8) (m9) (m10)

> — — — —

77777

(m12)

Figure 13: Stable maps: degree 3 mixed classes-I. The color coding is as

before.

The expressions for the coefficients C' obtained by localization are listed

below.
Degree 1:
Cmy) =Cu2) = -1
Degree 2:
Cnyy = _24—227 Cngy = 224— 17
Clus) = 24;21, Cone) _z(z4— 1)
Cury = —1, Ctm1) = Cm2) =
Degree 3:
2
Clma) = 4;;:; : Clant) = Clano)
Clms) = — 36(2; o8 Clmr) =
Clmg) = —36(z — 1)?, Cms) = Cmi10)

(7.36)

(7.37)
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I
I
21
I

) \

I

\ \ . 2,
77777 (m17)

(m15) (m16)

e '
(m23)
(m18)
.

—_ (m26)

(m22)

(m24)

(m20) (m19)

(m21)

Figure 14: Stable maps: degree 3 mixed classes-II. The color coding is as
before.

Clm1a) = Z(ji Clmis) = G(ZZ_ZUQ

C(m16) = —6(22_31)27 Clmry = 6(z — 1),

Clmig) = —62(z — 1), Clm19) = 26j21,

C(m20) = 52_221, Clm21) = e _z 3_)(12 — 3)7

Clm22) = C(m24) = 0, Clma2s) = o3 Z_( 21 )(312) — 2),

Clmzsy = —2(26_1), Clmsty = _2(;31)' (7.38)

For the final result, we have to compute the Chern—Simons free energy
with all these corrections included. Following the rules given so far, this
is a straightforward, although quite tedious computation. In order to sim-
plify this process, we have considered only pure horizontal corrections up to
order 2 instead of 3. The only new aspect in this calculation is that one has to
evaluate Chern—Simons expectation values of the form (Trg, (V{) Trg, (Vll)>p/1
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and (Trg, (V{) Trg, (V’ll))pzl > Where the knots I'} and I' form a Hopf link
with linking number +1. Such expectation values are typically avoided in
local geometric transitions by performing an analytic continuation [47,52].
In our situation, this is not possible, hence we have to perform the compu-
tations directly. This entails an exercise in representation theory which is
discussed in Appendix C. The final result is!?
2 F(m,h)

1 < inst >
% AC |(m.h)

1

_ _ 1 _ _
= =205y —y~) =205y —y ) — (W —y ) - i -y

— 25052y — 3+ y %) + 364145 (1 — y~2) + 3641 ¢5(1 —y?)
- 324qq1q5(1 —y~2) — 324q1q1g5(1 —y?)

+90g7° g (5y — 4y~ —y %)

+90¢7°g5(5y — 4y~ —y~?) — 216q10244 (y —y ")
—216q1g3¢)(y —y ")

+3641¢hg5(3y — 5y~ +2y7?)

+18q1ghg3(y — v~ ") + 18quqags(y —y ).

(7.39)
Using equation (7.20) supplemented with the extra relations
72 g3 - . - _
Q2 ==, 43 = =, qg = (q1)1/2qQa qé = (ql)l/QQZ’n (740)
q1 q1
we find the following expression in terms of closed string variables
9 F(m,h)
1 < inst >
I A |(m,h)
SR e 1 o . t e
=2(G2 + G3) — 2(q1G2 + q1G3 + G2G3) + Z(qg +G3) + 6414233
1, 5. 9~ e . e - o
- (@@ + 41635) — 4416203 — 36(d2 + Gs)da + 126(G2 + Gs) 4
+36(G1G2 + 133 + G233)da — 25241 (G2 + 33)d; — 1444132030
+ 1261 (G2 + 43)3 + 10847 G2q3ds- (7.41)
The contribution of the pure Chern—Simons sector reads
0 0 1 1
Fedy+ Fody = vi + 3 + Wity + i+ o, (T42)

2The subscript |(m,h) means that we only keep mixed and horizontal terms in
the final answer. The pure vertical terms have been already taken into account in
equation (7.33).



LARGE N DUALITY FOR COMPACT CALABI-YAU 3-FOLDS 109

which in closed string variables becomes

2 3
ot (7.43)

0 0 U

J:és)J + fés),z =2q1 + ZQ%

The full open closed expansion of the topological free energy is obtained

by adding equations (7.33), (7.41), (7.42), and the genus zero closed string

contribution (A.15) expressed in terms of closed string variables ¢, ..., Gs.
This gives the following expression

. () (m,h)
F}(Bl,fnst + féos) 1 + féOS)Q + g? In <eFinst> —+ gs In <eFinst >|( "
b b b m’

=2(q1 + G2+ ¢3) + 3644 — 2(G1G2 + q1G3 + G2q3) + 126(Gq1 + G2 + G3)qa

9. 1 0 1o A
+ 5613 + Z(cﬁ +B+H) - E(fﬁqg +§@q3) + gqi’ +126(q1 + Go + 33)3

g 0T
+36(q1G2 + G143 + G243)qa + 641G2G3 + EQ% + 24135 + TQ%QZ
+2178(q1G2 + §1G3)d3 — 14441 G2G3da

. Y Y20 .
— 44162G3 + 1524743 + 126(31 G2 + 41G3)d; + 10847 God3da + gq?ﬁ-
(7.44)

This result should be compared to the closed string expansion (A.14), keep-
ing carefully track of the degrees of the terms in the two formulae. It can
be easily seen that we obtain an exact agreement, except for the following
terms in the closed string formula (A.14)

2 . 207
ﬁ(qg’ +33) +2(G2 + 43)35 + T(qg +43)d; + 217832434,

— 441G2G3(G2 + d3) + 152(5 + 3)d3 + 126(q1d5 + G143 + G303 + G233) 33

H108(0 30 + )i + 5 (G + )i (7.45)
These are either pure horizontal terms of degree 3 (the first two terms) or
mixed and vertical terms of degree at least 4. Such terms cannot be obtained
in the open string expansion unless we include higher degree corrections in
the open string instanton series. (For example, we have checked that the
first two terms in equation (7.45) are recovered if we include degree 3 pure
horizontal corrections in equation (7.34). Therefore, we can conclude that
there is a perfect agreement, once the degrees are matched consistently.
This is a very convincing evidence for the duality conjecture, and of the
open string techniques developed in this paper.
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Appendix A Genus zero closed string partition functions

In this section, we will compute the genus zero closed string partition func-
tions of Y and Y using mirror symmetry. First, we determine the Ké&hler
and Mori cones of the ambient toric varieties and then we write down and
solve the GKZ systems. From this, we will determine the Gromov-Witten
invariants of the Calabi—Yau hypersurfaces.

A.1 The Kihler and Mori cones of Z and Z

Following the method of piecewise linear functions of ref. [51], we obtain
the following basis for the Mori cone of Py,

G G @G G ¢ G ¢
MW= 0 0 1 0 0 1 1

=0 1 -1 0 1 -1 0’ (A1)
=1 0 -1 1 0 -1 0
where (;, i =1,...,7, are the divisor classes corresponding, respectively, to

the ith vertex of Vy. Therefore, the Kahler cone of Py, is generated by the
divisor classes (7, (2 and (7. The only nonvanishing intersection numbers in
the Calabi—Yau hypersurface Y are

(2 =18, (7¢1= (3¢ =6, C1G2¢7 = 3. (A.2)
Similarly, the basis of the Mori cone of Py is given by
i G G & G 6 G & G
W=0 0 1 00 1 0 -1
= 01 0 0 1 0 0 -1, (A.3)
®="1 00 1 0 0 0 -1
W= 0 0 0 0 0 0 1 1
where @, t=1,...,8, are the divisor classes corresponding, respectively,

to the ith vertex of Vy. Then the Kéhler cone of Py is generated by

the divisor classes 54, 55, C~6 and 57. The triple intersections can be easily
computed using SCHUBERT [34]. The nonvanishing intersection numbers in

the Calabi-Yau hypersurface Y are
G=18, Q=6 GG=6, (G =6,
CuGslr = 3, CaGelr = 3, {5G6Cr =3, CaGsle = 2.
We also have ¢o(Y )¢ = 72 and ¢3(Y) (s = c2(Y) (s = e2(Y) (s = 24.

(A.4)
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A.2 The GKZ operators and the prepotential
The GKZ operators associated with the Mori cone generators (A.3) read

ﬁi:é?—éi(gh—él—éQ—ég)(264+él+é2+é3+l),
1=1,...,3,

5 (A.5)
Dy =04(04—01 —03—03) - 2 H(2@4 + 01+ 63+ 0603 +1),
i=1
where Z;, 1 = 1,...,4, are the large complex structure coordinates and (:)Z =

2i0/0%;, 1 =1,...,4. Note that the GKZ operators are sufficient to deter-
mine a complete set of period integrals for the mirror of Y since Vg does not
have any points interior to codimension 1 faces and admits a (unique) max-
imal triangulation with all the cones of unit volume [27, 28]. Also note that,
as a consistency check, it is possible to rederive the intersection numbers
(A.4) starting from the principal part of the GKZ operators (A.5).

We denote by wy the solution of equation (A.5) that is analytic at Z; = 0,
i=1,...,4. This solution is given by the series [11, 27]

wy = § fo
ni,mn2,n3,n4

o Z 211202203 24T (1401 +no+ng+2n4) (A.6)
- I'(14n1)2C(14n2)?I(14n3)2T(14+n4)I(1—n1—n2—n3+na) ° :

ni,n2,n3,nq
There are four solutions of equation (A.5) that are asymptotically like In Z;,
i=1,...,4
w; = wolnz; + fi, (A?)
where

fi = Z [f0(5”1+”2+”3+2”4 - 257% + S*nlfnzfn3+ﬂ4) + h] )

ni,n2,n3,n4
i=1,....3, (A.8)
f4 — Z [f0(25n1+n2+n3+2n4 - Sn4 - an17n27n3+n4) - h] .
ni,n2,n3,Mn4

In the above, we have introduced the notation S, = Y ,_; 1/k and we have
defined

(=Z1)"1(—22)"2(—23)"3(—24)"4 T (14+n1+n2+n3+2n4)T(n1+n2+nz—ng)
h= 1 ) F(31+m)2f4‘(1+n2)2r(11+n23)2F3(1+n44) e (A9)

Following refs. [11,27], we can now write down the mirror map

=t e Ing — 2 i=1,...,4 (A.10)
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In order to compute the genus zero Gromov—Witten invariants of 17, we
need to find the second-order solutions of the system of differential equations
(A.5). These are easily obtained to be given by

wWij = wolnéilnéj —i—ln,%ifj —|—1n2jfi + fij: 7,,] = 1,... ,3, 27&],

wiy=wolnzZ;nZy +InzZ;fa+Inzyfi + fie, i=1,...,3,
was = wo(In 24)* + 2In 2 f4 + faa, (A.11)
where

fij = Z [f() (ngl +nz+nz+2ny

ni,n2,m3,n4
- S(n1+nz+n3+2n4)2 - 2S—n1 —n2—nz+ng (Sni + Snj)
+ 25n; +na+ns+2ns (S—ny—na—ns+ng — Sn; — Sn;)
+ 52 Cnangtng  S(eni—na—natna)? + 4Sn,Sn;) + 257,105 (fo)
+ 21 (Sn;+np+ns—ns—1 + Sni+na+nst+2ns — Sn; — Sny) ]
,j=1,...,3, 1 #j,
fu= Y [fo(25% tnaimsrans = 25 tnstnst2ns)?

n1,n2,n3,M4
+ S—ni—ny—ng+n4(29n; — Sn,)
+ Sn1+n2+n3+2n4 (S—n1—n2—n3+n4 - 4Sni - Sn4)
— 82 ng—matns — S(en1—ns—nstna)? + 250, Sn,)
+ h( = 250, 4notng—ns—1 + Sni4natnat2ns + 290, — Sny) ],
i1=1,...,3,

f44 - Z [fO (457%1+TL2+TL3+2714 - 4S(n1+n2+n3+2n4)2

ni,n2,n3,n4
+ 250, S —ny—ng—natns T Spy + S(na)2
— 450, tno+ng+2n4 (Sna + S—ni—no—ng+ns)
+ 5% namgtns + S(cni—ns—ngtna)?)

+ 2h(5n1+n2+n3—n4—1 - 25n1+n2+n3+2n4 + SM)]'
(A.12)

In equation (A.12), we have introduced the notation Sp,)2 = Y i, 1/k%.
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Taking into account the triple intersections (A.4), a consequence of mirror
symmetry is that the following equations hold true [11,27, 28]

3
o _ 1 o ) .
0 5, = P 2w}, +3;wj4 +3wm|, i=1,...,3, j k+#i4,
3 3 3
0

%Ff;fd p— > wij+2)  wia+ 3wl . (A.13)
i, k=1 i=1
L i<j<k

The system of equations (A.13) completely determines the prepotential.
Up to degree 6 in the instanton expansion,'® the prepotential for Y reads

]:1(70;11 = =315 — 3(f + bo + £3)8] — 3(afa + Tads + fals)la — 2h1tats

+ 11+t +t3 + 3ts + 2(G1 + G2 + @3) + 3644 — 2(q1G2 + 13 + G2d3)

P60+ @2+ )i + o + (@ BB+ 5

+126(G1 + G2 + G3)d; + 36(G1G2 + G1d3 + G243)da + 6314233

b @B @) 20+ B BT G R+ BB

+ %7(@% + 35 + @3)d + 2178012 + Q1 + G2Ga) @5 — 14401 G20

—4G1G2G3(G1 + G2 + G3) + 152(GF + @ + G3)d4

+126(G7G2 + 1G5 + G1d3 + @13 + d3d3 + G203) 3

FI08(@ 0o + 13 + DR + 5 @+ +
(A.14)

&

where ¢; =e ", 1 =1,...,4.

Proceeding in a similar manner, we obtain the prepotential for Y up to
degree 3 in the instanton expansion

F), = =365 — 33y — 3633 — 3tatats + 3ty +ta + t3 + 1624

729
T Tq% +162(q1g2 + q13) + 16247 + 2430(¢i g2 + ¢g3) + -+ ,
(A.15)
where ¢; =e %, i=1,...,3.

13We only include terms that correspond to instanton corrections of degree less or equal
than 3 on Y.
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Appendix B Disc multicovers

Here we summarize the computation of disc multicover contributions using
the convex obstruction bundle approach. As explained in Section 6, it suf-
fices to consider only the discs D] and D} since all other cases are similar.

B.1 Multicovers of D

Recall that the disc D] is obtained by intersecting the curve C{; with the
3-cycle L, according to the local analysis of Section 6.2. The defining
equations of D] in the coordinate patches Uy = {Zy # 0,24 # 0,W # 0} and
Uy ={Z2#0,Z4 #0,V # 0} are

; Y1v1 = U, ly1] < M1/27 lvg| > MUQ
, yi =i, il < et i < etV (B

We have to compute the cohomology groups H°(A,T) and H'(A,T) and
the obstruction groups HY(A, £) and H*(A, £) defined in Section 6.3. The
computation is performed in Cech cohomology, as in refs. [16,45]. We will
work with the following two set cover of the domain A

A Galois cover of degree d| of D] is given in local coordinates by

the: wi()=0.  w@=g.  w@=0 w@=t (B3
Proceeding as in ref. [16], we construct the Cech complex

0—TA(Y)) @ Ta (Y1) STA(Y) N Y1) —0, (B.4)
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where the generic sections in Ta(Y}) and Ta(Y1) can be written as

s) = <Z a;tm> Oy, + (NZ 5,%’”) 0y + (Z %t’”) Ot
n=0 n=0 n=0
+ <Z (%tm) 3U/1
n=0

(B.5)
s1 = (Z ant”> 5:(:1 —+ <leﬁnt”) ayl + (Z fynt"> Bul
neZ nez nez
+ (Z M“) D,
nez

Note that we sum over n > 0 for sections in 7a(Y}). In order to have a
uniform notation, we can extend these sums to n € Z, with the convention

that o/, ..., are zero for n < 0. The boundary conditions at [¢| = p!/?%
yield the following relations between the coefficients
an = p A, B, = p~(dtn)/dis (B.6)

Now we have to compute the kernel and cokernel of k. Using the linear
transformations

/ 1ot 12
6361 = awll, 8y1 = Byi, 8ul = Ulaull, 87)1 = —ulvlaufl — U0 81;’17
(B.7)

and taking into account the local equations (B.1), we find that & is given by

w(s1,81) = (Z(% - a—n>t’"> Oy + (u > (8, - ﬁ_n)t’”> dy,

neZ nez
+ (Z(V;l - 7—n+d’1)tln> aull =+ <Z(51/1 + 6—n+2d'1)tln> av’l
nel neZ
(B.8)

Therefore, in order to find the kernel of x we have to solve the following
system of equations

Oé;,L—O(_nzo, /8:1_/8—71:07

Vo= Ventd, =0, O+ _pyoa =0. (B.9)
Since o, ...,0,, = 0 for n < 0, we obtain
an, =0, n>0, Gn=0, n>0,

Yo =0, n>dj, 6, =0, n>2d]. (B.10)
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Moreover, combining equations (B.6) and (B.10), we find the following rela-
tions

a, =0, n<-—d, Bn=0, n<-—2d,

Yo =0, n <0, 0, =0, n<O0. (B.11)

Therefore Ker(x) = H°(A, T) is the 2(3d] + 2)-dimensional real vector space
spanned by sections of the form

0 0
o Z ant™ | Opy + | 1 Z Bnt™ | Oy,

n=—d} n=—2d}
d, 2d,

F D) ot | Ouy | D Out™ | Oy (B.12)
n=0 n=0

with the coefficients ay,...,d, subject to the boundary conditions (B.6).
Next, we compute the cokernel of k. This is generated by local sections with

coefficients an, . .., d, for which the following equations have no solutions
al —a_, = ap, Bl — Bop = by,
T = Ventd;, = Cn, Op +0_pyoa; = dn. (B.13)
Taking into account equation (B.6) and the constraints o, ... 7, =0, it is

straightforward to check that these equations admit nontrivial solutions for
any values of ay,...,d,. Therefore, Coker(x) = H'(A,TA) is trivial.

In conclusion, as shown in Section 6.3, the space of infinitesimal defor-
mations of the multicover (B.3) is isomorphic to H%(A,T). Although this
is a priori only a real vector space, it should carry a complex structure
reflecting the choice of an orientation on the moduli space of open string
maps. This is a very subtle issue since we do not have a rigorous con-
struction of the moduli space and the virtual fundamental class. Here
we will simply choose the complex structure defined by the isomorphism
HOYA, T)—C3+ 51— (am, Bp), m=1,...,d,, n=1,...,2d,. With
this choice, H°(A,Ta) is S'-isomorphic to

d, 2d!

n n
@ (—)\1 + d,)\3> @D @ (—/\3 + d,)\3> . (B.14)
n=0 1 n=0 1

One could in principle make other choices by choosing different isomoprhisms
to C31+2 e.g.) 51— (Y, 0p), m=1,...,d,, n=1,...,2d|. This would
change the representations in equation(B.14) by complex conjugation, and
it would reflect in a different sign of the multicover contribution to the
instanton sum.
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Now we turn to the computation of HY(A, La). We construct the Cech
complex

0—>£A(T/1) ©) L‘A(Tl)ﬁﬁA(T/l N Tl)—>0. (B.15)
The generic sections of £ over T} and T; have the form

[ee]
5= (Z e;tm) prmex,

n=0

e (S

nel

(B.16)

where A" =0, ANOy A Oy AOy,  and AT =0y, Ay, A Oyy A Oy,
Using equation (B.7), we find that & is given by

w(8),51) = (Z(f% - €—n+3d'1)tm> Al (B.17)

neZ

where it is understood that €/, = 0 for n < 0. Then, after using the boundary
condition €, = €_,, we find that the kernel of k is generated by sections of
the form
3d
51 =€+ Z(ent" + Ent™ ™) | AT (B.18)

n=1

This is a 6d} + 1 real vector space which splits naturally in a direct sum
of the form R @ RO, The first summand is generated by sections of the
form egA™*, and the second summand is defined by sections §; with ¢g = 0.
One can define a complex structure on the subspace ¢y = 0 by an isomor-
phism R64 —C34, 35— (e,), n=1,...,3d,. Then H°(A, L) is S'-
isomorphic to

0o (?,f) . (B.19)

Analogous considerations show that the cokernel of x is empty in this case,
and therefore H*(A, LA) = 0.

B.2 Multicovers of Di?

Since D) and D are complementary discs in C{3, Dj is covered by the coor-
dinate patches Uy ={Zy # 0,724 # 0, W # 0}, Us ={Z2 # 0, Z3 # 0, W # 0}.
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The local coordinates in the second patch are

Z1 Zy UZyZs VZy75
U _ 4 _ 4 _ 7 _ . (B.20
31 X3 7y’ Y3 Zs ug W U3 W ( )
and Dj is given by
U x1=u3 =0, y1v1 = W, ly1| > p'/? vg| < pt/? (B.21)
Us: 3 =uz =0, U3 = [, lys| < /2

We choose an open cover of the domain of the form
Ty= {25 < i < (4 AY2EY, Ty ={0< ] < V2B (B.22)

A Galois cover of degree df of Dj is given in local coordinates by

Up: z1(t) =0, y1(t) = %, ui(t) =0, vy = pt~% (B.23)
Us: ws(t) =0, ()=t w)=0, w)=p
The Cech complex for T is
0—Ta(T1) & Ta(Ys)—>Ta(Y1 N T3)—0 (B.24)
with generic sections in Ta(Y1) and Ta(Y3) given by
s1 = <Z ant"> O, + (Z 5nt”> Oy, + (Z ’y,ﬁ") Ouy
nez ne”Z ne”Z
+ (u > 6nt”> Do,
ne (B.25)

w (S ans (L) (L) o
n=0 n=0 n=0
+ (u > 5gt'"> Do
n=0

Note that we sum over n > 0 for sections in Ta(Y3). In order to have a
uniform notation, we can extend these sums to n € Z, with the convention
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that o, ..., 0, are zero for n < 0. Using the linear transformations

aﬂﬂ = 8903’ ayl = _y§8y3 + y37)3av3, 8u1 = y3_18U3’ avl = y3—181}3’

(B.26)
and proceeding as in the previous case, we obtain the following form for the
Cech differential

ils1, 53) = <Z(a% - a—n)tm> Oz + (Z(ﬂé + /g—n+2dg)tm> Oys

neZ nez
+ (Z(’Y;z - 'V—n—dg)tm) Oug
nez
+ (M 2(67/’1 - ﬁfnerg o 5ndé)tm> 81}3' (B'27)
neL

Again, in order to determine H°(A,TA), we have to compute the kernel of
k, which is determined by the following system of equations

Oéil =a-n,  Bu=-bBontoay M= Von—dy (B.28)
On = Bontdy +0-n—d,-
But a,,...,0;, =0 for n < 0, and we obtain that
a, =0, n>0, Bn=0, n>2d, Yo =0, n>—dj,
B g 40 g =0, n<O. (B.29)

We will also need to employ boundary conditions at |t| = ut/ 2d3 which yield

the following relations
an=p"B5 ., By =pl BT (B.30)

Using equations (B.29) and (B.30), we obtain

an, =0, n<d, G,=0, n<O0, Yo =0, n <0,
6, =0, n<-2d5 or n>0, (B.31)
Bayi1 = Bay—1,  O—app1 =0 gy (B.32)

Taking into account all constraints, we find that the kernel of x is generated
by sections of the form

dy—1
S1 = Z (ﬁntn - Bntn+dg+1) + ﬁdétdé ayl
n=0
0 —
ol D (Gt =0t BT gt Dy, (B.33)

n=—dj+1
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with coefficients 3, and §,, subject to the boundary conditions (B.30). Choos-
ing 0,, n = —dj,...,0, to be holomorphic coordinates, the S Lequivariant
decomposition of HY(A,TA) reads

dy
D <—)\3 n CZA?,) . (B.34)
n=0 3

Next, proceeding as in the previous case, we find that the cokernel of k is
generated by sections of the form

dy—1 1
81 = Z Odntn 021 + Z "}’ntn &Ll, (B35)
n=1 n=—dj+1

with coefficients «,, and (3, subject to the boundary conditions (B.30). If we
choose v, n = —dj +1,...,—1, to be holomorphic coordinates, H(A, Ta)
is Sl-isomorphic to

&1

D (Al . ;;>\3> : (B.36)

n=1

Finally, we are left with H°(A, £A). In this case, the Cech complex reads
0—LA(Y1) ® LA(Y3)—SLA(T1 N T3)—0. (B.37)

The generic sections of £ over T and T3 have the form

e (S o)

ne”
33 = (Z e;Lt'”) AR, (B.38)
n=0

where AT = 0, A Oy, A Oyy A Oy, and A = 0y A Oy, A Oyy N Oy Using
equation (B.26), we find that x is given by

K(51, §3) = (Z(e; - en)t'"> AP (B.39)

nEL

where it is understood that €/, = 0 for n < 0. Then, also using the boundary
condition €, = €_,, it follows that the kernel of x is generated by sections
of the form

51 = egAT™, (B.40)

Therefore, H(A, La) is S'-isomorphic to (0)g. A similar analysis shows
that HY(A, L) is trivial.
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To conclude this section, note that horizontal discs such as Df are embed-
ded in the smooth component Y of Y, and have no common points with the
singular divisor. This is already clear from the local analysis in Section 5.
Then one can compute the same multicover contributions by taking open
string maps to Y as in ref. [16] instead of Z. If the formalism proposed
here is robust, this point of view should give the same results as above. As
this computation has been performed in detail in ref. [16], let us just record
the results. With suitable choices of complex structures, we have

HY(A, Ty n@@( A3+ )
dy—1

H'(A Ty~ P (Al - d,A3>

n=1

(B.41)

Note that in this case there is no obstruction bundle since Dj is a rigid disc
on Y supported away from the canonical class. Therefore, the expected
dimension of the moduli space is zero [33]. The formulae (B.41) are very
similar to equations (B.34) and (B.36) except for a small discrepancy in
the fixed parts of the deformation spaces H(A,T) and H°(A,T)y. For
maps to Z, one finds that the fixed part is (0)¢ corresponding to the term
n = dj in equation (B.34), while for maps to Y the fixed part is (0)g. This
discrepancy is accounted for by the fixed part of the obstruction space, as
explained in Section 6.3. The final result is that the two contributions agree,
as expected.

Appendix C Chern—Simons expectation values

The Chern—Simons expansion performed in Section 7 involves products of
holonomy variables in U(N) representations of the form R; and R;, where
R; and R; are defined by Young tableaux. Such expressions can usually
be avoided in the context of large N duality literature [38, 40,47, 52, 54] by
analytic continuation. This is no longer true in compact examples, and
hence we have to evaluate such knot and link invariants by direct methods.
We only need to consider two cases.

(i) Consider unknot invariants of the form

<TrR1 VT, V>p, (C.1)
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where p denotes the framing. Proceeding by analogy with refs. [38, 40,
47,52, 54], we write

<TrRl V Trg, v>p =Y (T, V), (C.2)
P
where
Ry ®R2 = Dpp (CB)

is the irreducible decomposition of the product representation. Each
term in the right-hand side of equation (C.2) can then be evaluated
according to the rules explained in ref. [47]

(Tr, V), = & (Tr, V), (C.4)
where z = ™/ (*+N) and C) is the second Casimir of p. Therefore, the
computation reduces to some standard representation theory and expec-
tation values of the unknot in the canonical framing. Given a SU(N)
representation R defined by a Young tableau II, R is isomorphic to the
SU(N) representation defined by the complementary Young tableau II.
Two Young tableaux II and II are called complementary if by adjoin-
ing the (N — k)th row of II to the kth row of II we obtain a square
tableau with N x N boxes. Then, for two SU(N) representations R;
and Ry, one can compute the irreducible decomposition (C.3) using the
standard rules for Young tableaux. The irreducible decomposition for
U(N) representations can be obtained by tensoring the SU(N) decom-
position by appropriate U (1) representations. Using these rules, we find
the following relations

D@E:ﬂ@Al,
mRo=00 A, (05)
B@E:D@A37

where Ay, Ay and Ajg are irreducible representations of U(N) given by

P s H
Ay=: ®@(-VN), Ay=1: @(-VN), Az=: ®(-VN).
” (C.6)

The number of boxes in the first column of each tableau in equation (C.6)
is N — 1 and (w) denotes a one-dimensional U (1) representation of charge
w. A routine computation shows that the dimensions and the quadratic
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Casimir operators of Ay, Ao and Ag are

dim(Ag) _ N(N+1)(N-2)

3 )
CQ(Al) 2N, CQ(AQ) =3N + 2, Cg(Ag) =3N — 2. (07)

N2 -1,  dim(4y) = YVDOE2)

Furthermore, we have the following relations
DRA =00 A ®A3, DA =064 A3 (C.8)

The unknot expectation values in canonical framing can be computed
using the rules explained in refs. [47,52]. The U(1) factor decouples,
and hence U(N) expectation values are the same as SU(N) expectation
values. The later are of the form (Trg V') = Trg Uy, where Uy is a fixed
group element. Using this property, one can easily show that

(Tra, Vg = (Trg V))? — 1,
(Tra, V>0 = <TTDV>0 (Trm V>o - 1),

(Tra, Vo = (Trg V), (<TrBV >O - 1). (C.9)

Using equations (C.4) and (C.9) and using the normalization explained
in Section 5, we find

(Teg VIrg V) =y 2+ (Trp V)2 — 1,
(Tt VTrgV) = (Trgg V Trg V)
=y Trg V), + 2 (Trg V) ,((Trm V), — 1), (C.10)

(Trg VTrgV) = <TrgV Trg V)

=y (Trg V), + 2~ #(Trg V)o((Trg V), — 1).
(ii) We also encounter expectation values of the form

(Trg, V Trg, U) St (C.11)

p1,p2

for a Hopf link with linking number +1 and framings (pi,p2). This
computation can be reduced to a Hopf link with [ = —1 and canonical
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framing on both components as follows

(Trg, VTrg, UYL = aP OmtmCr (Tep, V Trg, U)gg (¢ — 27 1). (C.12)

The correctly normalized link invariant in the context of geometric
transitions [38]-[40] reads

(Trg V Trg U>0 0= = z(C2@+C2(O Z x” dlmq p- (C.13)
pEORT
Dropping again the trivial framing factors, we finally obtain
(TrVTrgU) = (Trg VTrgU) = y~ 2+ (Trg V)g -1,
<Trm VTrg V> = <TerTrD V>
=y 220D (Te VY + 2% (Te V) (Trem V) — 1),
(Trg VTrg V) = <TrEV Trg V)

=y 220D (T V) + 2 2 (Tr V), (<TrE]V>O - 1),
(Tr VTG VI U) = (Tr Vg VIvg U)
=2y~ (Tr Vg +2° (Tr V) (Trem V) — 1)
x_2(<TrBV>0 -1). (C.14)
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