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Abstract

We prove that generalized conifolds and orbifolded conifolds are mirror symmetric under
the SYZ program with quantum corrections. Our work mathematically confirms the gauge-
theoretic assertion of Aganagic—Karch—Liist-Miemiec, and also provides a supportive evidence
to Morrison’s conjecture that geometric transitions are reversed under mirror symmetry.

1 Introduction

In [Mor], Morrison proposed that geometric transitions are reversed under mirror symmetry. A
geometric transition is a birational contraction followed by a complex smoothing, or in the reverse
way, applied to a Kéhler manifold [Ros]. We will denote a geometric transition by X -3 X~ X ,
where X --» X is a birational contraction and X ~ X is a smoothing. The conjecture can be
formulated as follows.

Conjecture 1.1 (Morrison [Mor])A. Let X and~)~( be Calabi-Yau manifolds, and suppose they are
related by a geometric transition X --+ X ~» X. Suppose Y1 and Yo are the mirrors of X and X
respectively. Then there exists a geometric transition Yo --+ Y ~~ Y] relating Y1 and Ys.

The present paper investigates mirror symmetry for geometric transitions of two specific types
of local singularities, namely generalized conifolds and orbifolded conifolds. Let us first recall mirror
symmetry for a conifold. A conifold is an isolated singularity defined by {zy — zw = 0} C C*. It is
an important singularity appearing in algebraic geometry and also plays a special role in superstring
theory. A folklore mirror symmetry for the conifold [Mor, Sze| that the deformed conifold is mirror
symmetric to the resolved conifold can be refined in the framework of SYZ mirror symmetry as
follows.

Theorem 1.2 (Conifold case of Theorem 3.1). Let X := Opi(—1)®2\ D be the resolved conifold
with a smooth anti-canonical divisor D removed, and

X ={(z,y,z,w) eC! | zy—z2w=1}\ {z =1} U{w =1})

the deformed conifold with the anti-canonical divisor {z = 1} U {w = 1} removed. Then X and X
are SYZ mirror to each other.

Although removing the divisors certainly does not affect the local geometry of the singularity,
it is important for defining wrapped Fukaya categories and homological mirror symmetry!.

We now focus on two natural generalizations of the conifold: generalized conifolds and orbifolded
conifolds. For integers k,l > 1, a generalized conifold is given by

"'We are grateful to Murad Alim for informing us about the importance of this issue.



and an orbifolded conifold is given by
Ol%;,l = {(u1,v1,ug,v9,2) € C° | ugvy — (14 2)F = ugvy — (14 2)! = 0}.

(We have made a change of coordinates, namely z — 1+ z and w — 1 + w, for later convenience.)
They reduce to the confold when & = [ = 1. The punctured generalized conifold is defined as
Gr = Gi , \ Dg, where Dg := {z = 0} U {w = 0} is a normal-crossing anti-canonical divisor

of G,ﬁcvl, and the punctured orbifolded conifold as Oy, := O,ﬁgl \ Do, where Do := {z = 0} is a

smooth anti-canonical divisor of Olﬁ ;- As is the case of the conifold, their symplectic structures
and complex structures are governed by the crepant resolutions and deformations respectively. The
main theorem of the present paper is the following.

Theorem 1.3 (Theorem 3.1). The punctured generalized conifold Gy is mirror symmetric to the
punctured orbifolded conifold Oy, in the sense that the deformed punctured generalized conifold

évw is SYZ mirror symmetric to the resolved punctured orbifolded conifold 5;:1, and the resolved
punctured generalized conifold Gy, is SYZ mirror symmetric to the deformed punctured orbifolded
conifold Oy .

Gri<~~ Grg <Gy

SYZi IMS 1SYZ

O > Ogyg ~~ Oy

According to Theorem 1.3 the mirror duality of the conifold is purely caused by the fact that the
conifold is a generalized and orbifolded conifold. The mirror duality of Gi ; and Og ; has previously
been studied by physicists Aganagic, Karch, Lust and Miemiec in [AKLM], where they use gauge
theory and brane configurations.

In the present paper, we use the framework introduced by the second author with Chan and
Leung [CLL] for defining SYZ mirror pairs. Namely, generating functions of open Gromov—-Witten
invariants of fibers of a Lagrangian fibration were used to construct the complex coordinates of the
mirror. The essential ingredient is wall-crossing of the generating functions, which was first studied
by Auroux [Aur]. We can also bypass symplectic geometry and employs the Gross—Siebert program
[GS] which uses tropical geometry instead for defining mirror pairs. This approach was taken by
Castano-Bernard and Matessi [CM] in the study of mirror symmetry for conifold transitions for
compact Calabi—Yau varieties. In this paper this would be unnecessary since symplectic geometry
can be handled directly.

One interesting feature of the present work is the involutive property of SYZ mirror symmetry.
Namely, taking SYZ mirror twice gets back to itself, which we believe is an important point but
often overlooked in literatures. We exhibit this feature by carrying out the SYZ construction for all
the four directions in Theorem 1.3, namely from le to Ok 1, and from Ok 1 back to Gk 13 from le

to OkJ, and from OkJ back to kal- The SYZ construction from kal to Ok,l is a bit tricky and we
will discuss it in details. We will employ the various techniques developed in [Aur, CLL, AAK, Lau].

Another interesting feature is the dependence of the choice of a Lagrangian fibration, namely a
Lagrangian fibration has to be compatible with the choice of an anti-canonical divisor in order to
obtain the desired mirror. For example, G} ; admits two different Lagrangian fibrations: the Gross
fibration and a ‘doubled’ Gross fibration. The former is not compatible with the anti-canonical
divisor D¢, and does not produce the orbifold conifold as its SYZ mirror. Choosing appropriate
Lagrangian fibrations is a key step in our work.

Lastly, Theorem 1.3 not only unveils a connection between geometric transitions and SYZ mirror
symmetry, but also yields many interesting problems and conjectures that naturally extend what
is known for the conifolds.



Structure of Paper

Section 2 introduces generalized conifolds and orbifolded conifolds and basic properties thereof.
Section 3 begins with a review on the Lagrangian torus fibrations and the SYZ program. Then we
prove the main theorem (Theorem 1.3) by carrying out the SYZ constructions. Section 4 discusses
global geometric transitions and provides a few examples.

Acknowledgement

The authors are grateful to Murad Alim and Shing-Tung Yau for useful discussions and encourage-
ment. The first author is supported by the Center of Mathematical Sciences and Applications at
Harvard University. The second author is supported by Harvard University.

2 Generalized and orbifolded conifolds

In this section, we introduce two natural generalizations of the conifold, namely generalized conifolds
and orbifolded conifolds. These two singularities possess interesting geometries and were studied
by physicists in the context of gauge theory, for instance in [KKV, AKLM, Mie].

2.1 Generalized conifolds Gi,z

A toric Calabi-Yau threefold can be described by a lattice polytope A C R? whose vertices lie in
the lattice Z2 C R2. Its fan is produced by taking the cone over A x {1} C R3. A crepant resolution
of a toric Calabi-Yau threefold corresponds to a subdivision of A into standard triangles?, which
gives a refinement of the fan. For instance, the total space of the canonical bundle Kg of a smooth
toric surface S is a toric Calabi—Yau threefold. In this situation, the surface S is the toric variety
PA whose fan polytope is A.

The condition that a toric Calabi—Yau threefold contains no compact 4-cycles is equivalent to
the condition that the polytope A contains no interior lattice points. The lattice polygons without
interior lattice point are classified, up to the action of GL(2,Z), into two types:

1. triangle with vertices (0,0), (2,0), (0, 2),

2. trapezoid Ay with vertices (0,0), (0,1), (k,0),(1,1) for k > 1 > 0 with (k,{) # (0,0) (Figure
1(a)).
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Figure 1: (a) Trapezoid Ay, (b) Crepant resolution qum

The former is the quotient of C by the subgroup (Z2)? C SL(3,C) generated by the two elements
diag(—1,—1,1) and diag(1, —1, —1). In this paper, we are interested in the latter, which corresponds
to the generalized conifold G}, for £ > 1 > 1. We do not consider the case | = 0, where the toric

2A standard triangle in R? is isomorphic to the convex hull of (0,0),(1,0),(0,1) under the Z* x GL(2,Z)-
transformation.



singularity essentially comes from the Aj-singularity in 2-dimensions®. The dual cone of the cone
over the trapezoid Ay ; is spanned by the vectors

v1 = (1,0,0), vo :=(0,-1,1), v3:=(=1,l — k, k), v4:=(0,1,0) (1)
with relation v1 — kvy + v3 — lvy = 0. In equation the generalized conifold Gi ; is given by
Gﬁ’l = {zy — 2Fw! =0} c C*

The coordinates x, y, z, w correspond to the dual lattice points vy, v3, v, v4 respectively. For (k,1) #
(1,1), the generalized conifold Gil is a quotient of the conifold (which is given by (k,l) = (1,1))
and has a 1-dimensional singular locus. A punctured generalized conifold is G} := Gi .\ Da,

where Dg = {z = 1} U {w = 1} is an anti-canonical divisor of G?C ;- A crepant resolution ék\l

—

of Gy, is called a resolved generalized conifold. We observe that C/lk\l = Gi ; \ Dg, where Dg is

—

an anti-canonical divisor of Gi ;» and it uniquely corresponds to a maximal triangulation of the
trapezoid Ay; (Figure 1(b)). The resolved generalized conifold C/lk\l is endowed with a natural

symplectic structure as an open subset of a smooth toric variety G’;,l.

Proposition 2.1. There are (kl—;l) distinct crepant resolutions of Gy (or equivalently G’; )

Proof. There is a bijection between the crepant resolutions of G ; and the maximal triangulations

of Ay ;. The assertion easily follows by induction with the relation (kﬁj{l) = (k”gl) + (,]:ﬂ) O

We may also smooth out the punctured generalized conifold Gj; by deforming the equation.
The deformed generalized conifold Gy, ; is defined as

k l
Grr = {(2y.2w) € © x (C\ 1) | 2y = 30 D g’ = 0}

i=0 j=0

for generic a;; € C. The symplectic structure of C?;;l is given by the restriction of the standard
symplectic structure on C? x (C\ {1})2. We observe that the complex deformation space has
dimension (k + 1)(I + 1) — 3 because three of the parameters can be eliminated by rescaling z, w
and rescaling the whole equation. On the other hand, the Kéhler deformation space has dimension
(k+1)+ (I + 1) — 3, the number of linearly dependent lattice vectors in the polytope. It is the
number of the exceptional P's’ and a Kihler form is parametrized by the area of these.

2.2  Orbifolded conifolds O,ﬁf’l

Let X! be the conifold {zy — 2w = 0} C C*. For k > 1 > 1, the orbifolded conifold Oil is the
quotient of the conifold X* by the abelian group Z; x Z;, where Z;, and Z; respectively act by

(ZL‘,y,Z,W) = (Ckx7<-k_1y7zaw)7 and (xayvz>w) = ($>y7Clz7C[_1w)

where (i, (; are primitive k-th and I-th roots of unity respectively (assume ged(k, 1) = 1 for simplicity
[AKLM]). Alternatively the orbifolded conifold Oi , is realized as a hypersurface in C:

O,EJ = {ujv, = 2P gy = zl} c Co.
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Figure 2: (a) Rectangle Oy ;, (b) Crepant resolution Og?)

The orbifolded conifold Olﬁcl is an example of a toric Calabi—Yau threefold and the corresponding
polytope is given by the rectangle O ; with the vertices (0, 0), (k,0), (0,1), (k,1) (Figure 2(a)).
The dual cone of the cone over the rectangle [;; is spanned by the following vectors

(e (1,0,0), Vg = (0, —1,[), v3 = (—1,0, k‘), V4 1= (0,1,0)
with relation lv; — kvg + lvg — kvg = 0.

A punctured orbifolded conifold is Oy, := Oil \ Do, where Dp = {z = 1} is a smooth

anti-canonical divisor of O,'i ;- Then a resolved orbifolded conifold 6\;” is defined to be a crepant

—

resolution of Oy ;. As before, 5\;” = O/,jjC O\ D45, where Dg is a smooth anti-canonical divisor of the

—

toric crepant resolution O,'i ;» and it corresponds to a maximal triangulation of the trapezoid [
(Figure 2(b)). It has a canonical symplectic structure as an open subset of a smooth toric variety

S

Oi ;- In contrast to Proposition 2.1, it is a famous open problem to find the number of the crepant
resolutions of the orbifolded conifold O/,ﬁC ; IKZ]. The punctured orbifolded conifold Oy can also be

smoothed out by deforming the defining equations. Thus the deformed orbifolded conifold évkl is
given by

k l
6;,[ = {(ul,vl,m,vg,z) e Ctx (C\ {1}) ‘ ujv] = Zaizi, UgVe = ijzj}
i=0 j=0

for generic coefficients a;, b; € C. The symplectic structure of 6\;1 is the restriction of the standard
symplectic structure on C* x (C\ {1}). The complex deformation space of 67;1 has dimension
(k+1)+ (I+1)— 3, while the Kéhler deformation space has dimension (k+1)(l+ 1) — 3. Therefore
the naive dimension counting is compatible with our claim that these two classes of singularities
are mirror symmetric. We will formulate this mirror duality in a rigorous manner by using SYZ
mirror symmetry in the next section.

3 SYZ mirror construction

The Strominger—Yau-Zaslow (SYZ) conjecture [SYZ] provides a foundational geometric under-
standing of mirror symmetry. It asserts that, for a mirror pair of Calabi—Yau manifolds X and
XV, there exist Lagrangian torus fibrations 7 : X — B and 7V : XV — B which are fiberwise-dual
to each other. In particular, it suggests an intrinsic construction of the mirror XV by fiberwise
dualizing a Lagrangian torus fibration on X. This is motivated by T-duality studied by string
theorists.

3Mirror symmetry of this class of singularities is discussed in [Sze, Section 5.



The SYZ program has been carried out successfully in the semi-flat case [Leu] in which the
discriminant locus of the fibrations is empty. When singular fibers are present, quantum correc-
tions by open Gromov—Witten invariants of the fibers are necessary, and they exhibit wall-crossing
phenomenon. Wall-crossing of open Gromov—Witten invariants was first studied by Auroux [Aur].
Later on [CLL] gave an SYZ construction of mirrors with quantum corrections, which will be used
in this paper. In algebro-geometric context, the Gross—Siebert program [GS] gives a reformulation
of the SYZ program using tropical geometry, which provides powerful techniques to compute wall-
crossing and scattering order-by-order. In this paper we will use the symplectic rather than the
tropical approach.

We will first give a quick review of the setting of [CLL] for SYZ with quantum corrections in
Section 3.1. We say that X is SYZ mirror symmetric to 'Y if Y is produced from X as a SYZ mirror
manifold by this SYZ mirror construction. The later parts of this section prove the following main
theorem.

Theorem 3.1. The punctured generalized conifold Gy, is mirror symmetric to the punctured orb-
ifolded conifold Oy in the sense that the deformed generalized conifold é;/l 1s SYZ mirror symmet-
ric to the resolved orbifolded conifold 5;71, and the resolved generalized conifold (/Jk\l is SYZ mirror
symmetric to the deformed orbifolded conifold 67”

SYZi IMS 1SYZ

Oy > Ogy ~~ Oy

This mathematically confirms the gauge-theoretic assertion of the string theorists Aganagic—
Karch-Liist-Miemiec [AKLM] and also provides a supportive evidence to Morrison’s conjecture
[Mor] from the view point of SYZ mirror symmetry.

3.1 SYZ construction with quantum corrections

In this subsection we review the SYZ construction with quantum corrections given in [CLL]. We
add a clarification that we only use transversal disc classes (Definition 3.5) in the definition of the
mirror space.

Let 7 : X — B be a proper Lagrangian torus fibration of a Kéhler manifold (X,w) such that
the base B is a compact manifold with corners, and the preimage of each codimension-one facet
of B is a smooth irreducible divisor denoted as D; for 1 < ¢ < m. We assume that the regular
Lagrangian fibers of 7 are special with respect to a nowhere-vanishing meromorphic volume form €2
on X whose pole divisor is the boundary divisor D := )" D; (and hence D is an anti-canonical
divisor). We denote by By C B the complement of the discriminant locus of 7, and we assume that
By is connected*. We always denote by Fj, a fiber of 7 at b € By.

Lemma 3.2 (Maslov index of disc classes [Aur, Lemma 3.1]). For a disc class 5 € ma(X, F}) where
b € By, the Maslov index of B is u(f) = 2D - 5.

Definition 3.3 (Wall [CLL]). The wall H of a Lagrangian fibrartion = : X — B is the set of point
b € By such that Fy, := 7 (b) bounds non-constant holomorphic disks with Maslov index 0.

4‘When the discriminant locus has codimension-two, By is automatically connected. Although the Lagrangian
fibrations of G, we study have codimension-one discriminant loci, By is still connected.



The complement of H C By consists of several connected components, which we call chambers.
Over different chambers the Lagrangian fibers behave differently in a Floer-theoretic sense. Away
from the wall H, the one-point open Gromov—Witten invariants are well-defined using the machinery
of Fukaya—Oh—Ohta—Ono [FOOO].

Definition 3.4 (Open Gromov—Witten invariants [FOOO]). For b € By \ H and 8 € m(X, F}),
let My (B) be the moduli space of stable discs with one boundary marked point representing [3,
and [M1(B)]""t be the virtual fundamental class of M1(B). The open Gromov-Witten invariant
associated to (B is ng := f[iml(ﬂ)]vm ev*[pt], where ev : M (B) — Fy is the evaluation map at the
boundary marked point and [pt] is the Poincaré dual of the point class of Fy.

We will restrict to disc classes which are transversal to the boundary divisor D when we construct
the mirror space (while for the mirror superpotential we need to consider all disc classes).

Definition 3.5 (Transversal disc class). A disc class B € mo(X, Fp) for b € By is said to be
transversal to the boundary divisor D, which is denoted as M D, if all stable discs in Oy (f)
intersect transversely with the boundary divisor D.

Due to dimension reason, the open Gromov-Witten invariant ng is non-zero only when the
Maslov index u(f8) = 2. When f is transversal to D or when X is semi-Fano, namely ¢;(«o) =
D -a > 0 for all holomorphic sphere classes «, the number ng is invariant under small deformation
of complex structure and under Lagrangian isotopy in which all Lagrangian submanifolds in the
isotopy do not intersect D nor bound non-constant holomorphic disc with Maslov index pu(5) < 2.

The paper [CLL] proposed a procedure which realizes the SYZ program based on symplectic
geometry as follows:

1. Construct the semi-flat mirror X of Xo := 7~ 1(By) as the space of pairs (b, V) where b € By
and V is a flat U(1)-connection on the trivial complex line bundle over Fj, up to gauge. There
is a natural map 7 : Xj — By given by forgetting the second coordinate. The semi-flat
mirror X has a canonical complex structure [Leu| and the functions e~ fﬁwHolv(aﬁ) on
Xy for disc classes B € ma(X, Fy) are called semi-flat complex coordinates. Here Holy (903)
denotes the holonomy of the flat U(1)-connection V along the path 95 € m1(Fp).

2. Define the generating functions of open Gromov-Witten invariants for 1 <7 <m

Zi(b, V)= Y. nge Js¥Holy(8), (2)
,BENQ(X,Fb)
B-D;=1,80D
for (b,V) € (7V)"Y(By \ H), which serve as quantum corrected complex coordinates. The
function Z; can be written in terms of the semi-flat complex coordinates, and hence they
generate a subring C[Z1, ..., Z,,] in the function ring® over (7V)~}(By \ H).

3. Define the SYZ mirror of X with respect to the Lagrangian torus fibration 7 to be the pair
(XV, W) where XV := Spec (C[Z1,...,Zy]) and

W= 3 nge Js¥ Holy(99).
56#2(X,Fb)

°In general we need to use the Novikov ring instead of C since Z; could be a formal Laurent series. In the cases
that we study later, Z; are Laurent polynomials whose coefficients are convergent, and hence the Novikov ring is not
necessary.



Moreover, XV is defined as the SYZ mirror of a non-compact Calabi—Yau manifold Y if it is
obtained from the above construction for a compactification of Y. It is expected that different
compactifications would result in the same SYZ mirror. In this paper we fix one compactification
as an initial data for the SYZ construction.

In the following sections we will apply the above recipe to the generalized conifolds and orb-
ifolded conifolds. We will carry out in detail the SYZ construction from le to Okl which is the
most interesting case (Section 3.2), in which we construct a doubled version of the Gross fibration
[Gol, Gro] and compute the open Gromov-Witten invariants. The other cases, namely the SYZ
constructions from Okl to Gk 1, from Okl to Gk 1, and from le to Ok 1, are essentially obtained

by applying the techniques developed in [Lau, CLL, AAK], and so we will be brief. In fact Gk .

and O,’i ; are useful testing grounds for the SYZ program and we shall illustrate how these various
important ideas fit together by examining them.

3.2 SYZ from é; to 5;/;

We first construct the SYZ mirror of the resolved generalized conifold Cjk\l While the resolved

generalized conifold G,ﬁgjl is a toric Calabi—Yau threefold, we will not use the Gross fibration [Gol,
Gro] because it is not compatible with the chosen anti-canonical divisor D¢ and hence do not
produce the resolved orbifolded conifold évkl as the mirror. We will instead use a doubled version
of the Gross ﬁbr/at\ion explained below.

The fan of Gi’l is given by the cone over a triangulation depicted in Figure 1(b). We label
the divisors corresponding to the rays generated by (i,0,1) to be D; for 0 < i < k, and those
corresponding to the rays generated by (j,1,1) to be Dy414; for 0 < j < [. Each divisor D;
corresponds to a basic disc class 8; € ma(X, L) where L denotes a moment-map fiber [CLL].

Let us first compactify the resolved generalized conifold C/lk\l as follows. We add the rays
genglzited by (0,0,-1), (0,—1,-1), (1,0,0) and (—1,0,0), and the corresponding cones, to the fan

of G,ﬁ%l. Let us denote the resulting toric variety by C/Jk\l* (and we fix a toric Kéhler form on it).
Let D.—o, Dw=co,De—0, and D¢_, be the corresponding additional toric prime divisors and .-,
Buw=ccs Be=o and [e—g be the additional basic disc classes respectively.

Note that ék\l* is in general not semi-Fano since there could be holomorphic spheres with the
Chern class ¢; < 0 supported in the newly added divisors (or in other words the fan polytope of
é\k,l* may contain a interior lattice point). However since we only need to consider transversal disc
classes (Definition 3.5) in the definition of XV, these holomorphic spheres do not enter into our
constructions.

We now construct a special Lagrangian fibration and apply the SYZ construction on (/Jk\l*
Consider the Hamiltonian 7'-action on C/;k\l* corresponding to the vector (1, 0,0) in the vector space
which supports the fan. Denote by 71 : (/Jk\l* — R the moment map associated to this Hamiltonian
T'-action, whose image is a closed interval I. Let 6 be the angular coordinate corresponding to
the Hamiltonian T'-action. Recall that x,y, z,w are toric functions corresponding to the lattice
points vy, v3, s, 4 (in the vector space which supports the moment polytope) defined by Equation
(1) respectively. Note that z = 0 on the toric divisors Dy, ..., Dg, while w = 0 on the toric divisors
Dyy1,..., Dgyiy1. Moreover the pole divisors of z and w are D,—, and D= respectively.

The toric Kéahler form on (/Jk\l* can be written as

V=T V=T
@+ 12 N G )

w:=drpm Adf + dw A dw



for some c1, ¢y € Rsg. We define a T3-fibration 7 : Cjk\l* — B = [~00,00]% x I by
m(x,y, z,w) = (b1, ba, b3) = (log|z — 1|, log |w — 1|, 71 (z,y, 2, w)).
We also define a nowhere-vanishing meromorphic volume form by
2 :=dlogz Adlog(z — 1) Adlog(w —1).
The pole divisor D of € is given by the union
D=D,1UDy=1UD,—oc UDy=0o UDe—gUDe—rg

whose image under 7 is the boundary of B (D.,—; and D,—; denotes the divisors {z = 1} and
{w = 1} respectively). Using the method of symplectic reductions [Gol], we obtain the following.

Proposition 3.6. The T3-fibration m defined above is a special Lagrangian fibration with respect
to w and Q.

Proof. Consider the symplectic quotient of the Hamiltonian T -action: M := 7r;11({b3}) /T for

certain bg € R. Since the toric coordinates z and w are invariant under the T*-action, they descend

to the quotient M. This gives an identification of M with P! x P!. The induced symplectic form
on the quotient M is given by

G-Vl qndze VL

ci(1+[2[?)?

V/1z -1

Ca(l+[2)?

2dw/\d1f)

co(1+ |wl?)
V=1w -1

co(1+ ,w|2)2dlog(w — 1) Adlog(w — 1).

dlog(z — 1) Adlog(z — 1) +

The induced holomorphic volume form S~2, which is the contraction of €2 by the vector field induced
from the T'-action, equals to

Q = dlog(z — 1) Adlog(w — 1).

It is clear that that w and Re(f2) restricted on each fiber of the fibration (|z — 1|, |w — 1|) are both
zero. Hence the fibers of the map (|z — 1], |w — 1|) are special Lagrangian in M. By [Gol, Lemma
2], we therefore conclude that the fibers of 7 are special Lagrangian. O

We may think of this fibration as the combination of a conic bundle (Figure 3) and the moment

Gy >©<Tl

(z,w) -
l I SRR

C? —

2
R0

Figure 3: Conic fibration after resolution

map 71 associated to the lift of (x, y)-coordinates (Figure 4(a)). The latter measures the volumes
of the exceptional curves P! of the crepant resolution Gri — G-



\

Figure 4: (a) Moment map 71, (b) Crepant resolution

Proposition 3.7. The discriminant locus of the fibration © is the union of the boundary 0B
together with the lines {by = 0,bg = 8;}¥_ U{by = 0,b3 = tj}é-:1 C B for s;,t; € R with Crit(mp1) =
{81,y Sk, t1, ... 1}

Proof. The first and second coordinates of 7 are by = log|z — 1| and by = log|w — 1| respectively,
which degenerates over the boundaries b; = log|z — 1| = o0 or by = log|w — 1| = +oo. The
third coordinate 71 degenerates at those codimension-two toric strata whose corresponding 2-
dimensional cones in the fan contain the vector (1,0,0). These cones are either [i —1,7] x {0} x R
for1<i<kor[j—1,7] x {1} xR for 1 <j <. The corresponding images under 771 are isolated

points si1,..., s or ty,...,t; respectively. Moreover z = 0 on a toric strata corresponding to a cone
[i —1,4] x {0} x R, while w = 0 on a toric strata corresponding to a cone [j —1, j] x {1} x R. Hence
b1 =1 or by = 1 respectively, and the discriminant locus is as stated above. O

Proposition 3.8. The wall H of the fibration w is given by the union of two vertical planes given
by by =0 and by = 0.

Proof. Suppose a fiber F, bounds a non-constant holomorphic disc u of Maslov index 0. By the
Maslov index formula in Lemma 3.2, the disc does not intersect the boundary divisors {z = 0} nor
{w = 0}. Thus the functions (z — 1) ou and (w — 1) ou can only be constants. If both the numbers
z ow and w o u are non-zero, the fiber of (z,w) is just a cylinder, and a fiber of b3 defines a non-
contractible circle in this cylinder, which topologically does not bound any non-trivial disc. Thus
either z = 0 or w = 0 on the disc, which implies that b; = log|z — 1| = 0 or by = log|w — 1| = 0.
In these cases F,. intersects a toric divisor and bounds holomorphic discs in the toric divisor. [

Figure 5(a) illustrates the wall stated in the above proposition.

(a) : (b) ;
: @ ]__‘.]1

Figure 5: (a) Walls, (b) Holomorphic spheres

From now on we fix the unique crepant resolution of Gy ; such that s; < ... <sp <t;... <1
holds (Figure 4(b)). For other crepant resolution the construction is similar (while the SYZ mirrors
have different coefficients, namely the mirror maps are different). Such a choice is just for simplifying
the notations and is not really necessary (see also Remark 3.13).
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We then fix the basis
{Ci}io) U{Co} UL{E -] (3)

of Hg((j;:l) (Figure 5(b)), where C; for 1 < i < k — 1 is the holomorphic sphere class represented
by the toric 1-stratum corresponding to the 2-cone by {(0,1), (7,0)}; Cy corresponds to the 2-cone
generated by {(0,1), (k,0)}; E; corresponds to the 2-cone generated by {(7,1), (k,0)}. The image
of a holomorphic sphere in C; under the fibration map lies in {0} x R X [s;, s;4+1]; the image of Cy
lies in {0} x {0} X [sg,t1], and the image of F; lies in R x {0} x [t;, ti+1].

Fix the contractible open subset
U := By \ {(bl,bg,bg) ‘ by =0o0r by =0,b3 € [S1,+OO)} C By

over which the Lagrangian fibration = trivializes. For b = (by, ba, b3) with by > 0 and by > 0, we
use the Lagrangian isotopy

L' = {log|z — t| = by, log |w — t| = by, wp(z,y, 2, w) = bg} (4)

for t € [0,1] to link a moment-map fiber (when ¢ = 0) with a Lagrangian torus fiber Fj, of 7
(when t = 1). Then for a general base point b € U, we can link the fibers F, and Fy by a
Lagrangian isotopy induced by a path joining b and b’ in the contractible set U (and the isotopy is
independent of choice of the path). Through the isotopy disc classes bounded by a moment-map
fiber L can be identified with those bounded by Fy, that is, ﬂz(é\m*, Fy) = Wg(é\m*, L). Note that
this identification depends on choice of trivialization, and henceforth we fix such a choice. The
two vertical walls {b; = 0} and {by = 0} divides the base B = [~00,00]? x I into four chambers.
Lagrangian torus fibers over different chambers have different open Gromov—Witten invariants.

Theorem 3.9. Denote by L a moment-map fiber of ék\l* and by Fy a Lagrangian torus fiber of ™
at b € By. Let B € my(Gry , Fy) with B D.

1. Qwer the chamber Cy4 := {b1 > 0,by > 0}, we have ng” = né

2. Owver the chamber C_ := {by > 0,bs < 0}, we have ngb = 0 unless 8 = Bri1, Be=0, Be=cos
Brmoos Bw=oo + (B — Bry1) +a fork+1<j<k+1+4+1and a € Hglzo being a class of
rational curves which intersect the open toric orbit of the toric divisor Dj, or 8 = B; + « for
0<i<kand ac HQCFO being a class of rational curves which intersect the open toric orbit
of the toric divisor D;. Moreover

nkt =npft =pft  —pf g gl =nk
Br+1 Be=0 Be=co Bz=00 ’ Bw=co+(Bj—Br+1)+a Bj+a

fork+1<j<k+1+1, and
R L
nﬁf—&-a:nﬁﬁ-a

for 0 <i<k.

3. Owver the chamber C_ = {by < 0,by > 0}, we have ngb = 0 unless = Bo, Be=0, Be=co:
Buw=cos Breoo+ (Bi—Po)+a for0 <i<kanda € Hglzo being a class of rational curves which
intersect the open toric orbit of the toric divisor D;, or B =B +a fork+1<j<k+1+1
and « being a class of rational curves which intersect the open toric orbit of the toric divisor
D;. Moreover

F, _ _F _ F _ F _ Fy _ L
Mgy =M =M =Tp o =L Mgl 8 go)+a = Mhita

11



for 0 <i<k, and
an _ nL
Bi+a = "Bt

fork+1<j<k+I1+1.

4. Quer the chamber C__ := {b; < 0,by < 0}, we have ngb = 0 unless B = Po, Br+1, Be=0,
Be=oos Bamoc + (Bi — Po) + a for 0 < i < k and a € HZCFO being a class of rational curves
which intersect the open toric orbit of the toric divisor D;, or Byw—ec + (85 — Pr+1) + a for
k+1<jij<k+l+1andac HQCFO being a class of rational curves which intersect the open
toric orbit of the toric divisor Dj;. Moreover

Fb Fb Fb Fb _ 1 Fb

_ _ _ _ L
Mg, = n6k+1 - nﬁg:o - nﬁg:oo . nﬂz:oo+(ﬁi_50)+a = NBita

for 0 <i<k, and
nth =nk
ﬁw:oo‘i‘(ﬁj_ﬁk—o—l)‘f'a Bj+a

fork+1<j<k+1+1.

Proof. The open Gromov-Witten invariants ng is non-zero only when § has Maslov index 2, and
so we can focus on pu(8) = 2 with g D.

For a fiber Fiy, 4, 4,) with b1 > 0 and b > 0, Fip, 4, ;) is Lagrangian isotopic to a moment-map
fiber L through L; defined by Equation (4). Moreover each L; does not bound any holomorphic
disc of Maslov index 0 because for every ¢ € [0, 1], the circles |z — t| = by and |w — t| = be never
pass through z = 0 and w = 0 respectively. Thus the open Gromov—Witten invariants of L and
that of Fiy, 3, ,) are the same.

Now consider the chamber C;_. First we use the Lagrangian isotopy

Ll’t = {log |Z - 1| = blalog |’LU - t| = b277rT($7yazaw) = b3}

for t € [1, R] which identifies F{y, 4, ,) with LYE for R > 0. L' never bounds any holomorphic
disc of Maslov index 0, since for every ¢ € [1, R], the circles |z — 1| = b; and |w — t| = bg never pass
through z = 0 and w = 0 respectively.

Then we take the involution ¢ : C/lk\l* — C/}k\l* defined as identity on z,7p1,6 and mapping
w ffu}%. This involution maps the fiber L1 to the Lagrangian

L' = {log|z — 1| = by, log |w — R| = 2(log R) — be, 77 (x,y, 2, w) = b3}

which can again be identified with the fiber Fiy, o(10g R)—bs,b;) With b1 > 0 and 2(log R) — by > 0.
Also ¢ tends to the negative identity map as R tends to infinity. Hence for R > 0, the pulled-
back complex structure by ¢ is a small deformation of the original complex structure, and hence
the open Gromov-Witten invariants of F;, 3, 4,) Temain invariant. Now using Case 1 the open
Gromov-Witten invariants of F{y, 2(10g R)—bs,b;) €an be identified with a moment-map fiber L.

By considering the intersection numbers of the disc classes and the divisors, one can check that
the disc classes 3; for 0 < i < k, Bri1, Be=0, Be=oos Brmoo, (Bj — Pry1) for k+1 < j <k+14+1,
and all rational curve classes « are invariant under the involution. Moreover Bi+1 and Sy=oo are
switched under the involution. Putting all together, we obtain a complete relation between open
Gromov—Witten invariants of F, 4, 5,) and that of L, and this gives the formulae in Case 2.

Cases 3 and 4 are similar. For Case 3 we use the Lagrangian isotopy

Lt’l = {10g|2 - t’ = blalog ”IU - 1‘ = bz,ﬂT(%y;Zaw) = b3}

12



for t € [1, R] and the involution defined as identity on w, w1, 60 and mapping z — ZIEZR. For Case 4
we use the Lagrangian isotopy

L' = {log|z — t| = by, log |w — t| = b, 7p(2,y, z,w) = b3}

Rz

for t € [1, R] and the involution defined as identity on 771,60 and mapping z — = ot

Rw
w e SEE.
L]

We can compute the the open Gromov—Witten invariants of the moment-map fiber, using the
open mirror theorem [CCLT, Theorem 1.4 (1)]. The result is essentially the same as the one in
[LLW, Theorem 4.2] for the minimal resolution of A,-singularities as follows.

Theorem 3.10. Let L be a regular moment-map fiber of C/J\k,l, and consider a disc class [ €
mo(X, L). The open Gromov—Witten invariant né’ equals to 1 if B =Bp+a for 0 <p<k+1+1,
where « is a class of rational curves which takes the form

ShlsiCy when1<p<k-—1;
o= Zi;}SlEz when k+2 <p<k-+1;
0 whenp:07k’k+1ork+l+17

and {s;}"' (where m equals to k in the first case and | in the second case) is an admissible
sequence with center p in the first case, which means that

1. 5; >0 for all i and s1, Sm—1 < 1;
2. 5; <841 <8;+1 wheni<p, and s; > ;41 > S; — 1 when i > p,
and with center p — k — 1 in the second case. For any other 3, né = 0.

Proof. We will prove the assertion by using the open mirror theorem. Recall the curve classes
C;, Cp and Ej introduced in Equation (3) for 1 <i < k—1land 1 < j <l—1. C; and E; are
(=2, 0)-curves, while Cy is a (—1, —1)-curve. The intersection numbers with the toric prime divisors
D; are as follows:

1. C;-Di1=C;-Diy1 =1;,C; - Dy = =2 andC’i-Dj:0forallj7éi—1,i,i+1;

2. CQ'Dk = C()'Dk+1 = —1;Co‘Dk_1 = CO‘_Dk+2 = 1; and C[)'Dj = 0 for allj 75
k—1kk+1k+2

3. Bi-Dyyio1 = Bi-Dyyiy1 = 1; Bi-Dyyy = —2; and E;-D; = 0 for all j # k+i—1, k+i, k+i+1.

Let ¢%¢, ¢“°, ¢¥ be the corresponding Kéhler parameters and ¢, G0, ¢¥ be the corresponding
complex parameters. They are related by the mirror map:

k+141

(=% exp (= Y (Ci D)gi(@)) = 0% exp (— (g:1(0) + 9:11(0) — 26:(@),
=0

k+1+41

0 =@ exp (= > (Co- Di)gs(@)) = A% exp (= (g-1() + g+1(0)))
j=0

and

k+1+1

0% =" exp (= 3 (Ei-Dy)g;(@) = 0™ exp (= (gosin1 (@) + girisa (@) = 20544(0)
j=0

13



The functions g¢;(§) are attached to the toric prime divisor D; for 0 < ¢ < k+ 1+ 1. We have
9o = gk = gk+1 = gk+i+1 = 0. Moreover for 1 < ¢ < k — 1, g; only depends on the variables Gor
for 1 <r < k—1; for k+2 < i < k+1, the function g; only depends on the variables ¢ for
1 <r <1 —1. Explicitly g; is written in terms of hypergeometric series:

_1NDid)(— (D, . d) —
B e L R

d-D; <0 Hp;éz(Dp : d)'
d-D,>0
for all r#i

where for 1 < ¢ < k — 1, the summation is over d = Zf;ll n;C; (nj € Z>o) with d - D; < 0 and
d- Dy, >0 for all p # i; for k42 < i < k+1, the summation is over d = Zf;ll njE; (nj € Zxo) with
d satisfying the same condition. Then the open mirror theorem [CCLT, Theorem 1.4 (1)] states
that

> np4+aq®(@) = exp gi(4).
«

Note that for 1 < ¢ < k — 1, the function g; takes exactly the same expression as that in the
toric resolution of Aj_i-singularity; for 1 < ¢ <[ — 1, the function g;, 1 takes exactly the same
expression as that in the toric resolution of A;_;-singularity. Thus the mirror maps for ¢“ and
q% coincide with that for Aj_;-resolution and A;_j-resolution respectively. Moreover the above
generating function of open Gromov-Witten invariants coincide. Then result follows from the
formula for open Gromov-Witten invariants in A,-resolution given in [LLW, Theorem 4.2].

O

Remark 3.11. Theorem 3.10 can also be proved by comparing the disc moduli for ék\l and
resolution of Ap- and A;-singularities, which involves details of obstruction theory of disc moduli
space. Here take the more combinatorial approach using open mirror theorems.

Theorem 3.12. The SYZ mirror of the resolved generalized conifold C/lk\l is given by the deformed
orbifolded conifold in C* x C* defined by the equations (Uy,Us, Vi, Vo € C and Z € C*)

Uy = (1+Z)(1+qu)...(1+q1...qk_lZ),
UsVo=(1+cZ)1+qicZ)...(1+q...q_1c2),

Je Je Jeogw

—fw M w _
where ¢; = e i,q;-:e i ,andc=q1...qQx_1€

Proof. Let Zg =e fﬁwHolv(ﬁﬁ) be the semi-flat mirror complex coordinates corresponding to
each disc class 8 € Wg(é\m*, F,) for b € By \ H. For simplicity we denote Zﬁg:o by Z, Zﬁo by U1,
ngﬂ by Us, Zﬁz=oo by Vi, and Zﬁw:oo by Va. We have ZZBg:oo = ¢Pe=0tPe= is a constant (since
Be=0 + Be=oo € Hg(ék\l*)), and for simplicity we set the constant to be 1. Thus 255:00 =7z L

Let Zp be the generating function of open Gromov—Witten invariants corresponding to a bound-
ary divisor D (Equation (2)). By Theorem 3.9 there is no wall-crossing for the disc classes [¢—
and f¢—~, and they are the only disc classes of Maslov index 2 and intersecting D¢—y and De—q
exactly once respectively. Hence Zp,_, = Z and Zpe_,, = Z~L. For simplicity we denote Zpe_y by
Z, and hence Z = Z (meaning that the coordinate Z does not need quantum corrections).

Theorem 3.10 gives the open Gromov—Witten invariants of moment-map tori, which then gives
the open Gromov—Witten invariants of fibers of our Lagrangian fibration by Theorem 3.9. Then
by some nice combinatorics which also appears in [LLW, Proof of Corollary 4.3], the generating
functions factorizes as follows:

14



1. Zp._, = Uy and Zp,_, = Us over C__,
2. Zp._, =U0(1+2)A+q2)...(04+q...qu12) and Zp,_, = Uy over C, _,
3. Zp._, =Ui and Zp,_, = Uo(1 +cZ)(1 + ¢icZ) ... (1 +q, ...q_,cZ) over C_,

4. Zp_, =001+ 2)A+qZ)...(1+q ...qu17Z) and Zp,_, = Us(1+cZ)(1 + ¢cZ) ... (1 +
¢ .. q_cZ) over Cpy.

D. ZDz:oo = Ul_l over C++ U CJrf,
Zp._ =U'0+2)0+qZ)...(0+q...qu_1Z) over C_  UC__,

pr:oo = (72_1 over C++ U C_+,

® N

Tpy = U (1 4+ cZ2) A+ ¢icZ) ... (1 + ¢ .. .q_ycZ) over Cy_UC__.

Therefore we conclude that the ring generated by the functions Z = Zp,_,, Zp,_,, = Z LU =
Zp,_, Vi == Zp.__, Us := Zp,_,, Va := Zp,___ is the polynomial ring C[Uy,Us, Vi, Vo, Z, Z~1]
mod out by the relations

U vy = (1—|—Z)(1—|-Q1Z)...(1—|—ql...qk,1Z),
UsVo=(1+4+cZ) 1+ qicZ)...(1+4q}...q_1cZ).

This completes the proof of the theorem. O

Remark 3.13. If a different crepant resolution is taken, the mirror takes the same form as above
while the coefficients of the polynomials on the right hand side are different functions of the Kéhler
parameters ¢; and ¢;. They correspond to different choices of limit points (and hence different flat
coordinates) over the complex moduli.

3.3 SYZ from C/T’kvl to 5;;

The deformed generalized conifold CT;;Z is given by

kool
{(m,y,z,fw) €C? x (C\ {1})? ‘ Ty — ZZai7jziwj = O}
i=0 j=0
for generic coefficients a; ; € C. It is a conic fibration over the second factor (C\{1})? with discrimi-
nant locus being the Riemann surface ¥y ; C (C\{1})? defined by the equation Zf:o Zé‘:o ai jz'wl =
0 which has genus kl and (k + [) punctures. The SYZ construction for such a conic fibration fol-
lows from [AAK]. Here we just give a brief description. We will use the standard symplectic
form on C? x (C\ {1})? restricted to the hypersurface (/}\k/l First, évkl is naturally compactified
in P? x (PY)? as a symplectic manifold, and we denote the compactification by C?k./l* There is a

natural Hamiltonian T'-action on C?;:l* given by, for t € T' ¢ C
t-(z,y,z,w) = (tz,t ty, z,w).

By carefully analyzing the symplectic reduction of this T'-action, a Lagrangian torus fibration

T C/J\;:l — B := [~00, 00]® was constructed in [AAK, Section 4]. Topologically the fibration is the
homeomorphic to the naive one given by

1
(ZE,y,Z,’UJ) = (b17b27b3) = <log\z|,log|w|, §(|Zl’}‘2 - |y|2)>
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However since the symplectic form induced on the symplectic quotient is not the standard one on
P2, it has to be deformed to give a Lagrangian fibration.

The discriminant locus of this fibration consists of the boundary of B and Ay ; x {0}, where Ay, C
[—00,00]? is the compactification of the amoeba Ag; C R%, of the Riemann surface ¥, (Figure
6), namely the image of ¥, under the map (z,w) — (log|z|,log |w|). The wall for open Gromov—

Gy T!

(log|z],log|w]) Akl

=

Figure 6: Conic fibration and amoeba Ay

Witten invariants is given by H = Ay x [—00, o0] [AAK, Proposition 5.1]. The complement B\ H
consists of (k+1)(I+1) chambers. In this specific case, we have a nice degeneration as follows. Let

us consider a special point on the the complex moduli space of C/J;/l* where the defining equation
of the Riemann surface ¥ ; factorizes as

ko1
YD aigFw! = f(z)g(w)

i=0 j=0

for polynomials f(z) and g(w) of degree k and [ respectively (and we assume that their roots are all
distinct and non-zero). At this point, (?k/l acquires kl conifold singularities. The wall becomes the
union of vertical hyperplanes {by = log |r;|}¥_, U {b3 = log |5J|} _; C R3, where r; and s; are the
roots of f(z) and g(w) respectively (Figure 7). These hyperplanes divide the base into (k+1)(I+1)

Conifold point

EE—

Figure 7: Amoeba around conifold locus

chambers. We label the chambers by C;; for ¢ = 0,...,k and j = 0,...,[ from left to right and
from bottom to up.

Theorem 3.14. The SYZ mirror of the deformed generalized conifold Cf}\,:l is given by, forU;,V; € C
and 7Z € C*,
UVi=(1+2)% WVh=01+2),

which is the punctured orbifolded conifold Oy .

Proof. The wall-crossing of open Gromov—Witten invariants was deduced in [AAK, Lemma 5.4],
and we just sketch the result here. For p = 1,2, let U, be the generating function of open Gromov—
Witten invariants for disc classes intersecting the boundary divisor 7=1({b, = 0}) once. Denote
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the semi-flat coordinates corresponding to the basic disc classes emanated from 7 1({b, = 0}) by
Z;, and denote by Z the semi-flat coordinate corresponding to the bs-direction (which admits no
quantum corrections). Then U; restricted to the chamber C; j equals to the polynomial Zl(l +2Z)t,
and Us restricted to the chamber C; ; equals to 22(1+Z )7, By gluing the various chambers together
using the above wall-crossing factor 1 + Z, we obtain the SYZ mirror as claimed. O

Remark 3.15. The equation in Theorem 3.14 defines a singular variety Oy ;. This is a typical
feature of our SYZ construction, which produces a complex variety out of a symplectic manifold:
we may obtain a singular variety as the SYZ mirror, and we need to take a crepant resolution to
get a smooth mirror. Since we concern about the complex geometry of this variety, Oy is not

distinguishable from its crepant resolution 6\;“

3.4 SYZ from 5; to C/J\k/l

—

The partial compactification O,EJ of 5;1 is a toric Calabi—Yau threefold and its SYZ mirror was
constructed in [CLL]. In this section we quote the relevant results, omitting the details. First,
a crepant resolution 5\;” of 5\/” corresponds to a maximal triangulation of O ; (Figure 2(b)).
We have the Lagrangian torus fibration 7 : 5\;” — B = R? x R>q constructed in [Gol, Gro],
whose discriminant locus consists of two components. One is the boundary 0B, and the other
is topologically given by the dual graph of the maximal triangulation lying in the hyperplane
{bs = 1} C B, where we denote the coordinates of B by b = (b1, ba, b3).

The wall is exactly the hyperplane {bs = 1} containing one component of the discriminant
locus. It is associated with a wall-crossing factor, which is a polynomial whose coefficients encode
the information coming from holomorphic discs with Maslov index 0. The explicit formula for the
coefficients were computed in [CCLT]. Applying these results, we obtain the following;:

Theorem 3.16. The SYZ mirror of the resolved orbifolded conifold 5\;” is a deformed generalized

conifold C?;:yl given as

k l
{(U, V.ZW)eC?x (CP UV =33 ¢% 1+ 5ij(q))ziwj}.
i=0 j=0

The notations are explained as follows. Let 3;; be the basic disc class corresponding to the toric
divisor D;; C Og;. Then Cj; denotes the curve class B;; — i(810 — Boo) — j(Bo1 — Boo) — Boo- The
coefficients 1 + §;;(§) is given by exp(gi;(¢)) where

. (_1)(Dij~d)(_(Dij d)—1)!
9i5(q) == i
zd: H(a,b);é(i,j)(Dab -d)!

and the summation is over all effective curve classes d & HSH(Ok,l) satisfying D;;-d < 0 and D,-d >
0 for all p # (i,j). Lastly ¢ and § are related by the mirror map:

¢“ = ¢%exp ( DI C)gij((j))'
1,J

It is worth noting that the above SYZ mirror manifold can be identified with the Hori-Igbal—
Vafa mirror manifold [HIV]. The former has the advantage that it is intrinsically expressed in terms
of flat coordinates and contains the information about certain open Gromov—Witten invariants.
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3.5 SYZ from Oy, to Gy,

Recall that the fan polytope of the orbifolded conifold Oil is the cone over a rectangle [0, k| x [0, ].

Smoothings of 6\;71 correspond to the Minkowski decompositions of [0, k] x [0,] into k copies of
[0,1] x {0} and [ copies of {0} x [0, 1] [Alt]. The SYZ mirrors for such smoothings were constructed
in [Lau]. Here we can write down the Lagrangian fibration more explicitly by realizing (7;:1 as a
double conic fibration. Recall that the deformed orbifolded conifold 67” is defined as

6:71 = {(u1,ug,v1,v2,2) € C* x C* | urvr = f(2), ugve = g(2)}

where f(z) and g(z) are generic polynomials of degree k and [ respectively. We assume that all
roots r; and s; of f(z) and g(z) respectively are distinct and non-zero. Moreover, we can naturally
compactly 67” in (P?)2 x P! to obtain 67”* C (P2)2 x P! (where (u1,u2) and (v, vs) above become
inhomogeneous coordinates of the two P? factors.). There is also a natural Hamiltonian 72-action
on 6\;1* given by, for (s,t) € T? C C?

s,t) - (u1,v1,u2,v2,2) := (su1, s “vi,tu,t "v2,2).
(s,t) - ( ) = ( Loy, tug, t g, 2)

On the other hand, 5;71* admits a double conic fibration 7, : 6\;1* — P! by the projection to
the z-coordinate (Figure 8). In this situation, the base P! of the fibration can be identified as

0 \/
} /|\ | |
AR

T} |z]|=r

Figure 8: Double conic fibration

the symplectic reduction of 67”* by the Hamiltonian T2-action. As is discussed in [Gro], the
Lagrangian fibration |z| : P* — [0, 0o] gives rise to the Lagrangian torus fibration 7 : Okz,l* — B =
[—00, 00]2 x [0, c] given by

1 1
(w1, v1, ug, v2, 2) = (§(IU1|2 - |U1\2)a §(|U2|2 - |U2\2)» |Z\)-

The map to the first two coordinates is the moment map of the Hamiltonian T2-action. We denote
the coordinates of B by b = (by, ba, b3).

Proposition 3.17. 1. The discriminant locus of the fibration w is given by the disjoint union
9B U (Ui {br = 0,65 = Inif}) U (Uji b2 = 0.5 = [s,[}) € B.

2. The fibration w is special with respect to the nowhere-vanishing meromorphic volume form
—— %
Q= duy Aduz Ndlogz on Oy .

Proof. The fibration has tori T as generic fibers. Over OB where z = 0, the fibers degenerate to
T2, Thus OB is a component of the discriminant locus. Away from z = 0, the map z — |z| is a
submersion. Hence the discriminant locus of the fibration 7 comes from that of the moment map
of the Hamiltonian T2-action. This action has non-trivial stabilizers at u; = v1 = 0 or uy = vy = 0,
which implies f(z) = 0 or g(z) = 0 respectively. Their images under 7 are {b; = 0,b3 = |r;|} or
{ba = 0,b3 = |s;|} respectively. O
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Proposition 3.18. A reqular fiber of the fibration m bounds a holomorphic disc of Maslov index 0
only when b3 = |r;| or b3 = |s;|. Thus the wall H of the fibration 7 is H = (Ule{bg = ]n|}> U

<U§-:1{b3 = \sj\}) C B.

Proof. A singular fiber of the double conic fibration 7, : 6vkl* — P! bounds a holomorphic disc,
which has Maslov index 0 by Lemma 3.2, and this happened only when b3 = |r;| or b3 = [s;]. [

P
——
P

Figure 9: Walls (k,1) = (2,1)

The wall components {b3 = |r;|} and {b3 = |sj|} correspond to the pieces [0,1] x {0} and
{0} x [0,1] of the Minkowski decomposition respectively. Wall-crosing of open Gromov-Witten
invariants in this case has essentially been studied in [Lau| in details, and we will not repeat the
details here. The key result is that each wall component contributes a linear factor: each component
{b3 = |r;|} contributes 1 + X, and each component {b3 = |s;|} contributes 1 4+ Y. The SYZ mirror
is essentially the product of all these factors, namely, we obtain the following.

Theorem 3.19. The SYZ mirror of(/)vk,l is given by
UV =(1+X)"1+Y)
for U,V € C and X,Y € C*, which is the punctured generalized conifold G ;.

An almost the same remark as Remark 3.15 applies to Theorem 3.19 and thus we confirm the
SYZ construction in this case.

4 Global geometric transitions: some speculations

We are now in position to turn to global case. Let X and X be compact Calabi—Yau threefolds. We
call a geometric transition X-»XwXa generalized conifold transition if X has only generalized
conifolds and orbifolded conifolds. The birational contraction appearing in the geometric transition
of compact Calabi—Yau threefolds can be factorized into a sequence of primitive contractions of type
I, type II and type III [Ros|. In general, type I and type III appear in the geometric transition of
G, and all types appear in the geometric transition of Oy .

Motivated by the local case, we are tempted to propose that generalized conifold transitions
are reversed under mirror symmetry. However, this naive conjecture does not hold because some
conifold transitions are mirror to hyperconifold transitions, which are not generalized conifold
transitions [Dav]. The geometric transitions among Calabi—Yau threefolds may behave in a more
exotic manner under mirror symmetry.

Example 4.1 (Quintic threefold and its mirror). We set (k,l) = (4,1) or (3,2) in the following.
Let X C P* be the singular quintic threefold defined by

I'Of(.%'(), .. 7334) + (Elf.%'é = 07
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where f(x) is a generic homogeneous polynomial of degree 4. The singular locus of X consists of 2
curves

{ro=21=f(z)=0tU{zg =22 = f(z) =0} C X

of genus 3 intersecting at 4 points. The quintic threefold X has Gj; around the each intersection
point. Successively blowing up X along the two curves followed by the blow-up along the divisor
{zp = x1 = 0}, we obtain a projective crepant resolution X of X. Thus a quintic threefold admits
a generalized conifold transition.

On the other hand, the mirror quintic (of a generic quintic threefold) is defined as a crepant
resolution of the orbifold

Y, = {igﬁ —i—qbﬁxi = o}/G, G = {(ai) € (2s5)° | iai - o}/z5
=0 =0 =0

for ¢ € C. The orbifold Yy has As-singularities along 10 curves Cj; = {z; = x; = 0} /G = Pl (0<
i < j <4). We can partially resolve Yy to obtain ¥ whose singular locus consists of Aj-singularities
along Cp; and A;j-singularities along Coo such that Y has Oy around Cy N Cpz (Figure 10). It is

Figure 10: 2-dimensional faces of the polytope for O4 1 and O3

interesting to ask whether or not ¥ admits any smoothing.

Although X and Y lie in the boundaries of the complex moduli space of the quintic and the
Kahler moduli space of the mirror quintic respectively, we do not know whether or not they cor-
respond each other under the mirror correspondence. This may be seen by the monomial-divisor
correspondence in toric geometry, but it is possible that the mirror of X is a non-toric blow-down
of the mirror quintic.

It is straightforward to generalize this type of constructions to Calabi-Yau hypersurfaces in
4-dimensional weighted projective spaces.

We may also consider existence of generalized conifold transitions for compact Calabi-Yau ge-
ometries. Let X be a smooth threefold and C4, ..., C, be (—1,—1)-curves in X. Let X be their
contraction and X be a smoothing of X. Small resolutions and deformations always exist topolog-
ically, but there are obstructions if we wish to preserve either the complex or symplectic structure:

Theorem 4.2 (Friedman [Fri], Tian [Tia]). Assume that X satisfies the 80-lemma (for exzample
Kdhler). Then a smoothing X to exist if and only if there is a relation y ;| N[Ci] =0 (N\; # 0 Vi)
m HQ (X, Q) .

Theorem 4.3 (Smith-Thomas—Yau [STY]). Let Y be a symplectic sizfold with embedded La-
grangian S3s’, say L1,...,Ly. Then there is a relation >~ | Ni[L;] =0 (X\; # 0 Vi) in Hs(Y,Q) if
and only if there is a symplectic structure on one of 2" choices of (reversed) conifold transitions of
Y in the Lagrnagians L1, ..., Ly, such that the resulting exceptional P's’ are symplectic.

In our case, the contractions collapse 4-cycles as well as 2-cycles. On the other hand, smoothing
G, ~ G, produces (k+1)(l+1) — 3 vanishing 53s’ and smoothing Og, ~+ Oy, produces k+1—2
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Figure 11: A double Riemann surface fibration

vanishing S' x §2s” and one vanishing S3. The generators of these cycles can be found by considering
the standard double Riemann surface fibrations [FHKV](Figure 11). It is interesting to investigate
the obstructions to the deformations/resolutions of the generalized and orbifolded conifolds in terms
of these cycles. We hope to come back to these questions in future work.

References

[AAK] M. Abouzaid, D. Auroux, and L. Katzarkov, Lagrangian fibrations on blowups of toric
varieties and mirror symmetry for hypersurfaces, Publ. Math. de 'IHES, 23, Issue 1 (2016)
199-282.

[AKLM] M. Aganagic, A. Karch, D. Liist and A. Miemiec, Mirror symmetries for brane configura-
tions and branes at singularities, Nuclear Phys. B 569 (2000), no. 1-3, 277-302.

[Alt] K. Altmann, The versal deformation of an isolated toric Gorenstein singularity, Invent. Math.
128 (1997), no. 3, 443-479.

[Aur] D. Auroux, Mirror symmetry and T-duality in the complement of an anticanonical divisor,
J. Gokova Geom. Topol. 1 (2007), 51-91.

[CM] R. Castano-Bernard and D. Matessi, Conifold transitions via affine geometry and mirror
symmetry, Geom. and Topol. 18 (2014) no.3, 1769-1863.

[CCLT] K. Chan, C.-H. Cho, S.-C. Lau and H.-H. Tseng, Gross fibration, SYZ mirror symmetry,
and open Gromov—Witten invariants for toric Calabi—Yau orbifolds, J. Diff. Geom. 103 (2016),
no.2, 207-288.

[CPU] K. Chan, D. Pomerleano and K. Ueda, Lagrangian torus fibrations and homological mirror
symmetry for the conifold, Comm. in Math. Physics, 341 (2016), Issue 1, 135-178.

[CLL] K. Chan, S.-C. Lau and N.-C. Leung, SYZ mirror symmetry for toric Calabi—Yau manifolds,
J. Diff. Geom. 90 (2012) 177-250.

[CC] C.-H. Cho and Y.-G. Oh, Floer cohomology and disc instantons of Lagrangian torus fibers in
Fano toric manifolds, Asian J. Math. 10 (2006) 773-814.

[Dav] R. Davies, Hyperconifold transitions, mirror symmetry, and string theory, Nuclear Phys. B
850 (2011), no. 1, 214-231.

[FHKV] B. Feng, Y.-H. He, K. Kennaway and C. Vafa, Dimer models from mirror symmetry and
quivering amoebae, Adv. Theor. Math. Phys. 12 (2008), no. 3, 489-545.

21



[Fri] R. Friedman, Simultaneous resolution of threefold double points, Math. Ann. 274 (1986),
671-689.

[FOOO] K. Fukaya, Y.-G. Oh, H. Ohta and K. Ono, Lagrangian intersection Floer theory: anomaly
and obstruction. Part I/II, AMS/IP Studies in Advanced Mathematics, vol. 46, American
Mathematical Society, Providence, RI, 2009.

[Gol] E. Goldstein, Calibrated fibrations on noncompact manifolds via group actions, Duke Math.
J. 110 (2001), no. 2, 309-343.

[Gro] M. Gross, Examples of special Lagrangian fibrations, Symplectic geometry and mirror sym-
metry (Seoul, 2000) (World Scientific Publishing, River Edge, NJ, 2001) 81-109.

[GS] M. Gross and B. Siebert, From affine geometry to complex geometry, Ann. of Math. (2) 174
(2011), no. 3, 1301-1428.

[HIV] K. Hori, A. Igbal, and C. Vafa, D-branes and mirror symmetry, arXiv:hep-th/0005247.

[KKV] S. Katz, A. Klemm and C. Vafa, Geometric engineering of quantum field theories, Nuclear
Phys. B 497 (1997), no. 1-2, 173-195.

[KZ] V. Kaibel and G.M. Ziegler, Counting unimodular lattice triangulations, in C.D. Wensley
(Ed.), British Combinatorial Surveys, Cambridge University Press, 2003, pp. 277-307.

[Lau] S.-C. Lau, Open Gromov-Witten invariants and SYZ under local conifold transitions, J.
London Math. Soc. 90(2) (2014), 413-435.

[LLW] S.-C. Lau, N. C. Leung and B. Wu, Mirror maps equal SYZ maps for toric Calabi-Yau
surfaces, Bull. London Math. Soc. 44 (2012), no.2, 255-270.

[Leu] N.-C. Leung, Mirror symmetry without corrections, Comm. Anal. Geom. 13 (2005), no. 2,
287-331.

[Mie] A. Miemiec, Branes between geometry and gauge theory, Fortschr. Phys. 48 (2000), no. 12,
1143-1227.

[Mor| D. Morrison, Through the looking glass, Mirror Symmetry III (D. H. Phong, L. Vinet, and
S.-T. Yau, eds.), American Mathematical Society and International Press, 1999, 263-277.

[Ros| M. Rossi, Geometric transitions, J. Geom. Phys. 56 (2006), no. 9, 1940-1983.

[STY] I. Smith, R. Thomas and S.-T. Yau, Symplectic conifold transitions, J. Diff. Geom. Vol. 62,
No. 2 (2002), 209-242.

[SYZ] A. Strominger, S.-T. Yau and E. Zaslow, Mirror symmetry is T-duality, Nuclear Phys. B
479 (1996), no. 1-2, 243-259.

[Sze] B. Szendréi, Contractions and monodromy in homological mirror symmetry, in: Strings and
geometry (Douglas, Gauntlett and Gross ed.), AMS, 2004.

[Tia] G. Tian, Smoothing 3-folds with trivial canonical bundle and ordinary double points, Essays
on mirror manifolds (1992) 458-479, Int. Press, Hong Kong.

DEPARTMENT OF MATHEMATICS, HARVARD UNIVERSITY
1 OXFORD STREET, CAMBRIDGE MA 02138 USA
kanazawa@cmsa.fas.harvard.edu
s.lau@math.harvard.edu

22



