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Abstract

We use tropical curves and toric degeneration techniques to construct closed embedded Lagrangian rational
homology spheres in a lot of Calabi-Yau threefolds. The homology spheres are mirror dual to the holomorphic
curves contributing to the Gromov-Witten (GW) invariants. In view of Joyce’s conjecture, these Lagrangians are
expected to have special Lagrangian representatives and hence solve a special Lagrangian enumerative problem in
Calabi-Yau threefolds.

We apply this construction to the tropical curves obtained from the 2,875 lines on the quintic Calabi-Yau
threefold. Each admissible tropical curve gives a Lagrangian rational homology sphere in the corresponding mirror
quintic threefold and the Joyce’s weight of each of these Lagrangians equals the multiplicity of the corresponding
tropical curve.

As applications, we show that disjoint curves give pairwise homologous but non-Hamiltonian isotopic La-
grangians and we check in an example that > 300 mutually disjoint curves (and hence Lagrangians) arise. Dehn
twists along these Lagrangians generate an abelian subgroup of the symplectic mapping class group with that rank.

Contents

1 Introduction 2

2  From 2,875 lines on the quintic to Lagrangians in the quintic mirror 5
2.1 The quintic threefold and its symplectic mirrorduals . . . . . ... ... ... .... 6
2.2 The real affine manifold and tropical curves . . . . . .. ... ... .. ... ..... 7
2.3 Katz’s methods for finding linesonaquintic . . . . . .. ... ... ... ... .... 8
2.4 A very symmetric subdivision and resolution of the quintic mirror . . . ... ... .. 10
2.5 The findings of a computer search for the tropical lines . . . . . ... ... .. .... 10
2.6 Lagrangian lift of a tropical curve . . . . . . ... .. L oL o o 12
2.7 Lagrangian weight versus tropical multiplicity . . . . . . . ... ... ... ... 13
2.8 Homology class of the Lagrangians . . . . . ... ... ... ... .. ... ... 14
2.9 Symplectomorphism group . . . . . . ... oL e 16

3 Toric geometry in symplectic coordinates 17
3.1 Complex coordinates . . . . . . . . . . o i e e e e e 17
3.2 Symplectic coordinates . . . . . ... ... L oL e 17
3.3 Isolated Gorenstein toric orbifold singularities . . . . . . . ... ... ... ... ... 20
34 Cornerchartsin4-orbifolds . . . . . . ... ... L o 21

© The Author(s), 2020. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in
any medium, provided the original work is properly cited.

https://doi.org/10.1017/fms.2020.54 Published online by Cambridge University Press


doi:10.1017/fms.2020.54
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/fms.2020.54&domain=pdf
https://doi.org/10.1017/fms.2020.54

2 Cheuk Yu Mak and Helge Ruddat

4 Geometric setup 21
5 Away from discriminant 24
5.1 Standard Lagrangianmodel . . . . . . . ... ... . L o oo 24
5.1.1 Neighbourhood of a point in a tropical curve . . . . ... ... ... ... .. 25

5.1.2  Local Lagrangian models at points in different strata . . . . . . ... ... .. 25

5.1.3 Gluing local Lagrangians . . . . . . . . . .. ... . e 28

5.1.4 Transition between symplectic corner charts . . . . . .. ... ... ...... 30

52 Trivalent verteX . . . . . . . . o oL e e e e 31

5.3 Assembling local Lagrangian pieces away from the discriminant . . . . . ... .. .. 33

6 Near the discriminant 34
6.1 Lagrangian construction near the discriminant under assumptions . . . . . .. ... .. 36
6.1.1 Digression into contact geometry . . . . . . . . .. ..., 36

6.1.2  Overview of the construction . . . . . . . ... ... ... ... ....... 38

6.1.3  Main construction . . . . .. ..o L e e e e 39

6.1.4 Plan for the remaining part . . . . . . . . .. .. L oo 41

6.2 Integral linear transform . . . . . . . ... L o 42

6.3 Straightening the discriminant . . . . . . . . . ... ... 0 oL 0oL, 42
6.3.1 Proof of Proposition6.19 . . . . . . ... ... L oo 44

6.4 Asymplecticfibration. . . . . ... ... oL 46

6.5 Liouvillevectorfield . . . . . . ... ... L 48

6.6 Agooddeformation . . .. .. ... ... 48

6.7 Proofof Theorem 6.6 . . . . . . . . . .. . . .. e 50

6.8 Concluding the proof of Theorem 1.1 . . . . . ... ... .. ... ... . .... 53
6.8.1 Orbifoldcase . . . . ... ... . 53

1. Introduction

Special Lagrangian submanifolds of Calabi-Yau threefolds have received much attention due to their role
in mirror symmetry. Based on Thomas [57] and Thomas and Yau [58], Dominic Joyce [31] conjectured
that a Lagrangian submanifold L admits a special Lagrangian representative (after surgery at a discrete
set of times under Lagrangian mean curvature flow) if L is a stable object in the derived Fukaya category
with respect to an appropriate Bridgeland stability condition. Therefore, roughly speaking, special
Lagrangians correspond to stable objects. In [29], Joyce proposed a counting invariant for rigid special
Lagrangians (i.e., special Lagrangian rational homology spheres) so that each of these Lagrangians L is
weighted by w(L) := |H{(L,Z)| when it is counted and, under the conjectural correspondence between
special Lagrangians and stable objects, Joyce’s counting invariant is conjectured to be mirror to the
Donaldson-Thomas invariant. One possible explanation of the weight w(L) = |H (L, Z)| is that objects
in the Fukaya category are Lagrangians with local systems and |H; (L, Z)| is exactly the number of rank
one local systems on L, giving |H; (L, Z)| many different objects in the Fukaya category. (The original
explanation in [29] is different.)

Even before counting, finding special Lagrangians is a challenging problem ([28], [30] etc). The main
source of examples is given by the set of real points. Making a given Lagrangian special is hard. Even
without the specialty assumption, there are not many explicit methods to construct closed embedded
Lagrangian submanifolds in Calabi-Yau threefolds in the literature, especially when the Calabi-Yau is
assumed to be compact and the Lagrangians spherical. In this article, we provide a new method to
address the latter difficulty using toric degeneration techniques and tropical curves.

The Lagrangians are constructed by dualizing tropical curves that contribute to the Gromov-Witten
(GW) invariant of the mirror. Therefore, even though we do not show that the Lagrangians we con-
struct are (Hamiltonian isotopic to) special Lagrangians, their quasi-isomorphism classes in the Fukaya
category are conjecturally mirror dual to the stable sheaves contributing to the Donaldson-Thomas in-
variants (via DT/GW correspondence). It is expected that these Lagrangians would give the full set of
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stable objects in a fixed K-class in the Fukaya category with respect to a stability condition and hence
play an important role in the enumerative study of stable objects in the Fukaya category. In particular,
we find that the weight w(L) indeed coincides with the multiplicity of the corresponding tropical curve,
which is also how it enters the mirror dual GW count. We communicated this result to Mikhalkin, who
then also confirmed it in his approach [41].

The idea of construction is motivated by Strominger, Yau and Zaslow’s (SYZ) conjecture [56] and
the construction of cycles in [47]. Parallel results without connection to enumerative geometry have
very recently been achieved independent from us in the situation where the symplectic manifold is
noncompact [38], [37], [25, 26], a toric variety [41], [27] or a torus bundle over torus [54].

Roughly speaking, if there is a Lagrangian torus fibration for a Calabi-Yau manifold and a tropical
curve ¥ in the base integral affine manifold such that all edges of y have weight one, then it is easy to
construct for each edge e of y a Lagrangian torus times interval L, lying above e, and for each trivalent
vertex v of y a Lagrangian pairs of pants times torus L, lying above a small neighbourhood of v.
Moreover, these local pieces can be constructed in a way that can be patched together smoothly, resulting
in a Lagrangian submanifold L7,. Furthermore, if y hits the discriminant at the end points appropriately,
then L7 can be closed up to a closed embedded Lagrangian L,,, whose diffeomorphism type is determined
by the combinatorial type of y and the local monodromy at points where the discriminant is hit. We
will explain this in more details in Subsection 2.6. We call L, a tropical Lagrangian over y. The key
point is that this construction is straightforward only when we have been given a Lagrangian torus
fibration. However, the only compact Kahler Calabi-Yau threefolds that knowingly admit a Lagrangian
torus fibration are torus bundles over a torus.

Our actual construction starts with a family of smooth threefold hypersurfaces M; C P, in a toric
4-orbifold Px degenerating to My = 0P4, the toric boundary divisor of Py with the reduced scheme
structure. Let (9P )sing be the locus of singular points of dPa, (0Pa)smooth = OPA \ (Pa)sing.
Disc := M; N (0Pa)sing be the discriminant, 7o : PA — A be the moment map and A := 75 (Disc).
Suppose that P has at worst isolated Gorenstein orbifold singularities. The singularities are necessarily
at the preimage of vertices of A under 75, and thus M, is a smooth threefold for |¢| > 0 small.

Starting with a reflexive polytope Ax, [21] exhibited a Minkowski summand A’ so that A = Ax + A’
has the property that (0A, A) is simple ([23], Definition 1.60). We equip dA \ A with an integral affine
structure using the integral affine structure on ma ((9Pa )smooth) and the fan structure at the vertices; see
Definition 3.13 in [21], Example 1.18 in [23]. Therefore, we can define tropical curves y in (0A, A);
see Definition 1 below. We require y N A to be the set of univalent vertices of y. Let A be the local
system of integral tangent vectors on dA \ A. When v is rigid and A is trivialisable over y, we can
associate to vy its multiplicity mult(y) defined in [36] (cf. [35], [42]), which we recall in Subsection
2.7. The multiplicity depends on the directions of edges of y as well as the monodromy action around
A near the univalent vertices of y. We call a tropical curve y admissible if for each univalent vertex v,
there is a neighbourhood O, of v such that O, N A is an embedded curve (rather than two-dimensional).
The tropical lines that end on the ‘internal edges of the quintic curves’ in a mirror quintic threefold
are admissible; see Lemma 2.5 — in the example of Subsection 2.5, more than half of the lines are
admissible. Moreover, an admissible tropical curve determines a diffeomorphism type of a 3-manifold
in the way that the diffeomorphism type of a tropical Lagrangian over y is determined by y. By slight
abuse of terminology, we call the diffeomorphism type determined by y a Lagrangian lift of y (see
Subsection 2.6). We denote the e-neighbourhood of y with respect to the Euclidean distance on A by
We (y). Our main theorem is the following.

Theorem 1.1. Let v be an admissible tropical curve in OA. For any € > 0, there exists a 6 > 0 such
that for all 0 < |t| < 6, there is a closed embedded Lagrangian L C M; such that na(L) € W (y)
and L is diffeomorphic to a Lagrangian lift of y. Moreover, whenever mult(y) is well defined, we have
w(L) = mult(y).

Remark 1.2. For a discussion of nonadmissible tropical curves, see Remark 6.3, 6.20.
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Remark 1.3. Though our main examples are mirror quintics, Theorem 1.1 applies to all admissible
tropical curves that arise from the setup in [21] explained above. For example, the tropical curves are
not necessarily simply connected.

Remark 1.4. Though mult(y) is only defined when A is trivialisable over y [36], in view of Theorem
1.1, it is tempting to define mult(y) by w(L) when A is not trivialisable. We believe that this definition
will have application to enumerative problems in algebraic/tropical geometry.

Remark 1.5. One can easily generalise w(L) = mult(y) to all dimensions (see Remark 2.8). However,
it was pointed out to us by Joyce that we do not expect a special Lagrangian counting invariant in
dimensions higher than 4.

Proof (Sketch of proof of Theorem 1.1). The construction is divided into two parts: for the geometry
away from the discriminant and near the discriminant. Both constructions rely heavily on the fact that
we can isotope M, symplectically to a nice symplectic hypersurface in local coordinates, as long as the
isotopy is away from the discriminant and does not produce new discriminant (see Lemma 4.1).

For the construction away from the discriminant, we isotope M, to a standard form (Lemma 5.3) in
a chart such that M, admits a local Lagrangian torus fibration and we can construct a local Lagrangian
from the torus fibration (Proposition 5.4). We have to deal with compatibility of standard forms (Lemma
5.8), transition of symplectic charts (Corollary 5.11) and the trivalent vertices of y (Lemma 5.15). The
outcome will be an embedded Lagrangian with toroidal boundaries such that the m-image lies in a
small neighbourhood of vy.

Then we need to close up the Lagrangian with toroidal boundaries by Lagrangian solid tori near the
discriminant, which is the essential part of the construction. The basic idea is that we can deform M; to
a particular M such that we have complete control away from the discriminant. We find an appropriate
open subset V of M that is an exact symplectic manifold with contact boundary (Proposition 6.28) and
we have complete control near the contact boundary of V. We show that V is a symplectic bundle over
an annulus and we use our control near dV to show that the boundaries of the fibres are standard contact
§3. By a famous result of Gromov, each fibre is symplectomorphic to an open 4-ball (Theorem 6.8).
There is a Legendrian T2 inside 3V, which is an S'-bundle over S' with respect to the symplectic 4-ball
fibre bundle structure on V. This Legendrian 72 can be filled by a Lagrangian solid torus in V by a soft
symplectic method (Proposition 6.18), which gives the Lagrangian solid torus we need.

Once the Lagrangian is constructed, the statement that w(L) = mult(y) follows from a simple
calculation using Cech cohomology (see Subsection 2.7) that was independently obtained in [41] by a
different argument after a presentation of our result given by the second author in 2017. O

Application to symplectic topology

Let S be the set of admissible tropical lines in (JA, A) associated with a pencil of mirror quintics.
We can show that the Lagrangians constructed by Theorem 1.1 are homologous and non-Hamiltonian
isotopic in the following sense.

Theorem 1.6. Let y € & and L, be a Lagrangian obtained by Theorem 1.1. For any y’ € 8, we can get
a Lagrangian L., by Theorem 1.1 such that [L,] = [L,/] € H3(M,Z). Moreover, if y Ny" = 0, then
L, is not Hamiltonian isotopic to L, .

Theorem 1.6 gives a large number of pairwise homologous but non-Hamiltonian isotopic Lagrangian
rational homology spheres, which is a rare application to symplectic topology in the literature.

When L is diffeomorphic to a free quotient of a sphere by a finite subgroup of SO (4), we can define
a Dehn twist along L, which is an element in the symplectomorphism group Symp(M) of M. It is easy
to deduce the following from Theorem 1.1.

Corollary 1.7. Let kuyax be the maximum number of disjoint tropical curves satisfying Theorem 1.1
such that for eachi = 1,. .., knax, the corresponding L; is a spherical manifold. Then mo(Symp(M))
contains an abelian subgroup isomorphic to Z*m.
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Note that, in generic situations, most tropical curves are disjoint from the others, so Corollary 1.7
gives a large rank of abelian subgroup in 7o (Symp(M)).

By a computer-aided search for a particular symplectic mirror quintic, we found 354 pairwise disjoint
admissible tropical lines giving 312 Lagrangian S* and 42 Lagrangian RP? in the mirror quintic, all
of which are pairwise disjoint. The total number of admissible tropical lines in our example is 1,451,
out of which 1,406 have multiplicity one (giving Lagrangian $3s) and 45 have multiplicity two (giving
Lagrangian RP3 s). The total number of tropical lines in our example is, however, 2, 785, out of which
2,695 have multiplicity one and 90 have multiplicity two, so the weighted sum is indeed 2,875. Their
adjacency matrix has full rank, which implies that every tropical line intersects some other tropical line.
Inspection of the centre of Figure 3 gives an impression of the meeting of tropical lines, yet tropical
lines also meet others across components of the degenerate Calabi-Yau unlike what is possibly expected.
We do not know whether this is a general phenomenon or due to possibly not having picked the most
general deformation. We chose a random small perturbation of the subdivision given in Subsection 2.4.

Structure of the article

In Section 2 we give some background of SYZ mirror symmetry and the tropical curves in the affine base.
We also explain the topology of the Lagrangians and derive some consequences, including Theorem
1.6, by assuming Theorem 1.1, which is proved in the subsequent sections. In Section 3, we review toric
geometry from a symplectic perspective. In Section 4, we explain how to perform symplectic isotopy
away from the discriminant for our pencil of hypersurfaces. Then we explain the construction of the
Lagrangians away from the discriminant and near the discriminant in Sections 5 and 6, respectively. We
conclude the proof of Theorem 1.1 in Subsection 6.8.

2. From 2,875 lines on the quintic to Lagrangians in the quintic mirror

The toy model of the SYZ mirror symmetry conjecture is the following. Set V = R” and let TV and
TV denote the tangent and cotangent bundle. Let 77V denote the local system on V of integral tangent
vectors (using the lattice 27Z" in R™). The quotient TV /T7V is an (S')"-bundle over V. Similarly, we
can define 77V and another (S " bundle TV / T;V. We arrive at dual torus fibrations over V,

X :=TV/TzV -V < T*V/T;V = X,

where the left one carries a natural complex structure with complex coordinates (z;) ;=1
(x,a=3;y;0/0x;) = (zj =x;+ \/—_lyj)jzl ,,,,, n and x; the jth coordinate on V. The right one carries
a natural symplectic structure inherited from the canonical one of 7*V. Part of the conjecture of SYZ is
that mirror symmetry is locally of this form. Unless we are talking about complex tori, in practice there
are also singular torus fibres in these bundles for Euler characteristic reasons, and we will get back to this.

Note that this toy model gives insight on how a complex submanifold ought to become a Lagrangian
submanifold of the mirror dual (see Subsection 6.3 of [3]). If W is an integrally generated linear subspace
of V, then TW/TzW is naturally a complex submanifold of X. On the other hand, W+ /(W N T;V)
as a subbundle of 7"V /T;V supported over W is a Lagrangian submanifold of X. To reach sufficient
generality, one needs to run this construction for the situation where W is a tropical variety; that
is, a polyhedral complex. At a general point it still looks just like the above but then pieces are
glued nontrivially when polyhedral parts meet another. However, this does not produce a differentiable
submanifold, let alone complex or Lagrangian. Improvements on the symplectic side can be made by
thickening the tropical W to an amoeba (see [37]). In this article, we are only interested in the situation
where W is one-dimensional, so a tropical curve, and the focus will be put on constructing closed
Lagrangian submanifolds in Calabi-Yau threefolds using tropical curves. Whenever X compactifies to
a projective toric variety and the tropical curve attaches to the codimension two strata in the moment
polytope in particular ways, Mikhalkin recently gave a construction of closed Lagrangian submanifolds
in the projective toric variety [41]. On the other hand, no Lagrangian torus fibration is known for any

n given by

.....
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simply connected compact Calabi-Yau threefold. This is the situation that we are interested in, which
is also the subject of the SYZ conjecture. Luckily, most Calabi-Yau threefolds permit degenerations to
a reducible union of toric varieties, introducing the toric techniques we lay out for the quintic and its
mirror dual in the next sections.

2.1. The quintic threefold and its symplectic mirror duals

The most famous Calabi-Yau threefold is the quintic X in CP*. Its mirror dual X is a crepant resolution
of an anticanonical hypersurface in the weighted projective space Py, associated to the lattice simplex

Ay = conv {el, ...,e4,—Zej}.

J

OnefindsPp, = CP*/(Zs)3. As progress towards nailing the SYZ conjecture for the quintic, Mark Gross
[20, Theorem 4.4] gave a topological torus fibration on a space that is diffeomorphic to X and Matessi
and Castafio-Bernard [6] showed that this one can be upgraded to a piecewise smooth Lagrangian
fibration for some symplectic structure and a similar approach works for X. Recently, Evans-Mauri
[15] gave a Lagrangian fibration local model for parts of the fibration that are most difficult to deal
with in dimension three. Whether this can be used for global compactifications of fibrations or tropical
Lagrangian attachment problems presumably requires a similarly careful analysis as for the situations
that we are going to consider. For recent progress on the SYZ topology, we refer to [49, 48, 50].

We are not working on the diffeomorphic model but on the actual symplectic quintic mirror X; in
fact, our construction applies to Lagrangians in each of the many possibilities resulting from different
choices of a crepant resolution for the quintic mirror (h"!(X) = 101). For our construction, it suffices
to have a Lagrangian torus fibration locally around the Lagrangian L that we wish to construct from a
tropical curve . To say where y lives, we make use of the construction of the real affine base space of
the torus fibration from [20].

The Newton polytope of the quintic is the polar dual to Ay; that is, the convex hull
conv{0, Sey, ..., 5e4} translated by (—1,—1,—1,—1) so that its unique interior lattice point (1,1, 1, 1)
becomes the origin. We call the resulting polytope A x. Choosing a,, € Rs for each m € dAx N Z*
yields a cone in R* ® R generated by the set of (11, a,,) and its boundary gives the graph of a piecewise
linear convex function ¢ : R* — R. We require that every face in the boundary is a simplicial cone and
we assume that each (m, a,,) generates a ray of this cone; in particular, ¢(m) = a,, for all m. There are
lots of ¢ satisfying these properties, and each one gives a toric projective crepant partial resolution

res : Py — PAS{’

where P, is given by the fan in R* whose maximal cones are the maximal regions of linearity of ¢.
Equivalently, P, is given by the polytope

A= ﬂ {(n e RY(n,m) > —am} = {n € R*(n,m) < ¢(m) for all m € R*}. 1
medAxNZ*

Lemma 2.1. Py has at worst isolated Gorenstein orbifold singularities.

Proof. If o is a maximal cone in the fan — that is, a maximal region of linearity of ¢ — then it is
simplicial by assumption and hence generated by m, ..., m4 € dAx, say. Moreover, these generators are
all contained in a single facet F of Ax because the fan refines the normal fan of A 3. By the assumption
that each (m, ¢(m)) for m € dAx N Z* is a ray generator, we find F N o N Z* = {m,...,m4}. So o
is a cone over the elementary lattice simplex given by the convex hull of my, ..., mq4, and thus gives a
terminal toric Gorenstein orbifold singularity, and these have codimension four. O
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Let w; be the monomial associated to e;. Consider the (singular) hypersurface in Py given by an
anticanonical section written as a Laurent polynomial on (C*)*,

h=awi +aawy + a3ws + auwy + ag + a’5(W1W2W3W4)71,

with ; € C* and —5¢7 # [T, @; (so that & = 0 gives a submanifold of (C*)*; cf. [4, §2]). The
monomial exponents of & are precisely the lattice points of A ;. The closure of & = 0 in P misses the
isolated orbifold points at zero-dimensional strata (Lemma 2.1) and gives a symplectic 6-manifold X
with symplectic structure induced from P, . Furthermore, X is a Calabi-Yau manifold because it agrees
with the crepant resolution under res of the anticanonical hypersurface, the closure of 7 = 0 inside P .
By deforming the a,, € Rx(, one can study continuous deformations of the symplectic structure. The
space of crepant symplectic resolutions acquires an interesting chamber structure with a point on a wall
given by a set of a,, that violates the simplicialness of ¢. Just as a remark: the wall geometry is governed
by the secondary polytope of Ax.

2.2. The real affine manifold and tropical curves

Following [21], we next explain how to give a real integral affine structure on a large open subset of dA
where A is a lattice polytope obtained from a ¢ as in Subsection 2.1. We split A as a Minkowski sum

AZAX +A’,

where A’ is the polytope associated to the piecewise linear function ¢’ that takes value ¢(m) — 1 at
m € OAx N Z* Indeed, this gives a decomposition as claimed because A % is the polytope of the
function ¢y taking value 1 on all of dAx, so ¢ = ¢y + ¢’. By the decomposition, every vertex v of A
is uniquely expressible as v = vy + v’ for vy a vertex of Ay and v’ a vertex of A’. We project a small
neighbourhood W, < dA of v onto the quotient of the affine four-space [v + R*] that contains W,, by
the affine line [v + Rvy] resulting an affine three-space. The projection is thus injective and thereby
gives a real affine chart for W, . There is also an integral structure obtained by complementing vy to a
lattice basis of R?* to find a lattice for the quotient. We do this for each vertex v of A. Furthermore, for
each facet F of A, its interior Int(F) carries a natural integral affine structure from the tangent space
to the facet. Combining the resulting charts W,, with the interiors of facet Int(F) yields an atlas on the
union of these charts for an integral affine structure; that is, transitions in GL3(Z) =< R3. By choosing
W, suitably, the complement of the union of charts can be made to be

A= ay(XnBY) = ma (X) n oAl
where ]P)E] is the union of complex two-dimensional strata, dA (2] is the union of two-cells of A and
7a 1 Py — A is the moment map for the Hamiltonian (S')*-action on P. We do not need A to be

a lattice polytope for this construction. The affine structure is integral affine because Ay is a lattice
polytope. Let A denote the local system of integral tangent vectors on dA \ A (we also used 77z before).

Definition 1. A tropical curve in (0A, A) is a graph y (realised as a topological space) together with a
continuous injection 4 : y — JA such that

1. a vertex of y is either univalent or trivalent,

2. h(v) e A & v isaunivalent vertex of y,

3. the image of the interior of an edge e is a straight line segment in the affine structure of A \ A of
rational tangent direction,

4. for v with h(v) € A, the primitive tangent vector of the adjacent edge e generates the image of 7;, —id
for T,, the monodromy of A along any nontrivial simple loop v around A in a small neighbourhood
of v,
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5. for every trivalent vertex v, and ey, ez, €3 € A, the primitive tangent vectors into the outgoing edges,
we have e] + e> + e3 = 0 and ey, e, span a saturated sublattice of A,,.

We consider two tropical curves I',I the same if there exists a homeomorphism I'j — I that
commutes with i, h;. By slight abuse of notation, we also use y to refer to the image of /. The following
lemma guarantees that we can always satisfy (4) above as long as the tropical curve approaches A from
the right direction. The lemma directly follows from the aforementioned simplicity of (9A, A); cf. [20].

Lemma 2.2. Let x € 0A \ A be a point contained in a small neighbourhood V so that (V,V N A) is
homotopic to (D, p) as a pair, where D is an open disc and p is a point in D. Let v € m{(V\ A) =
m1(D\ p) = Z be a generator and T, : Ax — Ay the monodromy of A along v. In a suitable basis

100
of Ay = 73, T, is given by (85 %) In particular, the image of T, — id is saturated of rank one; that
is generated by a primitive vector.

2.3. Katz’s methods for finding lines on a quintic

The quintic X permits a flat degeneration to the union of coordinate hyperplanes simply by interpolation.
If X is given by the homogeneous quintic equation f5 in the variables uy, ..., u4 then we define the family
of hypersurfaces in CP* varying with 7 by

Uy ... ug+tfs =0

and denote by X, the fibre with ¢t = 0. Because Xj is the union of five projective spaces, it contains
infinitely many lines. However, only a finite number of them deform to the nearby fibres, worked out by
Katz in [53]. Assuming f5 is general, the intersection of X with each coordinate two-plane is a smooth
complex quintic curve. There are 10 of these.

Theorem 2.3 (Katz). A line in Xy deforms into the nearby fibre if and only if it does not meet any
coordinate line of P* but meets four of the 10 quintic curves.

Note that it follows that a line that deforms needs to be contained in a unique irreducible component
H = P3 of X, and needs to meet the four quintic curves that are contained in this component, namely,
the intersections of the four coordinate planes of H with X. A general quintic hosts 2,875 = 5 - 575
many lines and in the degeneration, each H contains 575 deformable lines [53]. On the dense algebraic
torus (C*)? of CP3, we may apply the map (C*)? — R? given by log| - | for each coordinate. Each line
maps to an amoeba with four legs going off to infinity in the directions of the rays in the fan of the toric
variety P3. Furthermore, these legs ‘meet the amoeba of the quintic plane curves at infinity’. We are not
going to make this more precise because we only use this idea as inspiration. There is a closely related
theorem that was our main motivation combined with Katz’s findings.

Theorem 2.4 ([36]). The number of tropical lines in R? meeting 5 general quintic tropical curves at
tropical infinity each in one of the four directions of the rays of the fan of P> when counted with their
tropical multiplicities agrees with the number of complex lines in P*> meeting five general quintic plane
curves.

So we may almost deduce from Katz’s count of complex lines a count of tropical lines via this
theorem. The only issue here is the attribute ‘general’. Indeed, the quintic curves in Katz’s situation are
not in general position. If they were, the count would be 2 - 5* by standard Schubert calculus, but this
number is way bigger than 575. Indeed, any pair of quintic curves meets each other in five points, which
would not happen if they were in general position. They meet each other because they arise from the
same equation f5 = O restricted to each coordinate plane.

We expect that in the more special position where the tropical quintics meet each other, after removing
degenerate tropical lines (meaning those that move in positive-dimensional families, meet vertices of
the discriminant curve or do not have the expected combinatorial type ><), then one actually finds 575
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Figure 1. The tropical plane quintic curve that describes part of the discriminant A of dA.

when counting these with multiplicity. We verify this below in a global example. Before going into its
details, let us clarify why tropical lines in R? that meet tropical quintics at infinity relate to (9A,.A) in
the sense of Definition 1. For s € [0, 1], setting Ay = Ay + sA’, we observe Ag = Ay and A = A. In
this sense, A is a deformation of Ay and note that Ay has the same combinatorial type for all s > 0.
Recall the notion of the discrete Legendre transform from [22, 23, 46]. Because Ax and A y are polar
duals, their boundaries are discrete Legendre dual [23, Example 1.18]. The subdivided boundary of Ax
by means of ¢ is the discrete Legendre dual to dA. For a 2-cell 7 in dA, there are three possibilities for
what its deformation 7 in Ay = Ay can be, namely, zero-, one- or two-dimensional. These cases match
with whether its dual (one-dimensional) face 7 in the subdivision of dAx lies in a 3-, 2- or 1-cell of
Ax . Most important, because the subdivision of A x by ¢ governs the composition P = Pr, — Ay,
the following holds.

Lemma 2.5. Let T C 0A be a 2-cell. Recall the monomials wy, ..., ws. We set ws := (W1W2W3W4)_1
and i € T means that the vertex of Ay corresponding to w; is contained in T. The amoeba part A N 7 is
given by

87,0 = Z a;wi

€T

as an equation on the torus orbit dense in the stratum of Pp given by 7.
In particular, for T deforming to an edge of Ay, g0 is a binomial. Also note that ANt =0ifTisa
0-cell.

Note that g o is a binomial if and only if the corresponding amoeba is one-dimensional and hence
tropical curves ending on it will be admissible (see also Remark 6.2).

If ¢ is a unimodular subdivision — for example, as in Figure 2 — then most 2-cells of JA have
ANt =0, there are 5 - 10 many 2-cells of JA that deform to triangles in A y but most interesting for
us, 10 - 30 2-cells deform to edges; hence their amoeba is given by a binomial. These amoeba pieces
arrange as 10 plane quintic curves; for example, as in Figure 1. (One verifies that indeed the number of
interior edges is 30 here.) Each quintic curve is dual to the triangulation of a 2-face of A x; for example,
consider the front face in the right-hand part of Figure 2. Each facet of Ax contains four triangle faces;
hence, dually, four quintic curves arrange together as the boundary of a space tropical quintic surface
in R3. In particular, we can view them as lying at infinity and because they make up the discriminant in
AA, a tropical line in R® with ends on the four quintics thus gives a tropical curve in dA. There are a
lot of these (see Figure 3), and most of them are admissible; that is, they meet one of the 30 inner edges
of each quintic, rather than the 15 outer ones. Also note that this configuration appears five times in the
boundary of JA.

https://doi.org/10.1017/fms.2020.54 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.54

10 Cheuk Yu Mak and Helge Ruddat

-3 -2 -1 0 1 2 3 4

Figure 2. Graph of vy and Weyl-A3 subdivision of a facet of the moment polytope of the quintic threefold
(obtained from ¢y ).

2.4. A very symmetric subdivision and resolution of the quintic mirror

We next give an example for P, that is even a manifold (see also [20, p. 122: Figure 4.6]). The subdivision
of each facet of dAx is obtained from the affine Weyl chambers of type As; cf. [32, II1,§2]. Concretely,
let 9o : R — R be the unique continuous convex function that is linear on each connected component
of R\ Z, changes slope by 1 at each point in Z and is constantly zero on [0, 1] (see Figure 2). One
finds ¢o(n) = n(n — 1)/2 for n € Z (‘discrete parabola’). Now consider the piecewise affine function
@1 : R* — R given by

e1(x1,x2,x3,X4) = ¢o(x1) + o(x2) + o(x3) + @o(x4)
+@o(x1 +x2) + @o(x2 +x3) + @o(x3 +x4)
+o(xX1 +x2 +x3) + @0 (X2 +x3 +x4)
+ @o(x1 +x2 +Xx3 +X4),

and finally define ¢ as the unique piecewise linear function on R* that coincides with ¢; on dAx. For
m € 0Ax NZ4, set am,m = ¢(m) and recall from Subsection 2.1 that ¢ is entirely determined from the
set of a,,.

The induced subdivisions of any two facets are isomorphic and look like the right-hand side of
Figure 2. One checks that each four-dimensional cone in the fan given by ¢ is lattice-isomorphic to the
standard cone Rio c R?, so the resulting P, is smooth. In our explicit example below, we will use a
slight perturbation replacing a,, by a,, + &, for random &, to increase our chance of being in a generic
situation. Plugging the perturbed a,, into (1) yields a slightly deformed A, and though the complex
manifold P, does not change, this slightly perturbs the symplectic form in a well-understood manner.
The best way to understand what (dA, .A) looks like is by considering its discrete Legendre dual. The
subdivision of Ax by ¢ is five copies of the right-hand side of Figure 2 glued along facets. Therefore,
after identification, there are ten 2-faces, each carrying a subdivision that is dual to that of a quintic
curve in its most symmetric form shown in Figure 1.

2.5. The findings of a computer search for the tropical lines

As described in the previous section, we obtained a particular JA as a small perturbation of ¢ that
gave the very symmetric subdivision of Ax. From Katz’s work as described in Subsection 2.3, we are
looking for tropical lines in JA that meet the quadruple of tropical quintic curves where each tropical
quintic is dual to the subdivision of one of the 10 triangle faces of Ax. We used a computer for this
search following the pseudo code’.

'For more details, the complete code with instructions and results, see
https://arxiv.org/src/1904.11780v3/anc
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Figure 3. Tropical lines in R3 meeting four tropical quintics at infinity, of total multiplicity 575.

Algorithm 1: Tropical line search

Data: Unimodular regular subdivision of the convex hull Ax of 0, 5ey, ..., Ses in R* by
piecewise affine height function that is integral at integral points.
Result: Findings of all tropical lines.
compute the tropical quintic threefold inside R* associated to the height function;
compute the five tropical quintic surfaces S; (i = 1, ..., 5) at the five asymptotic directions of
infinity (each sitting inside an R3);
compute for each of these quintic surfaces S; the quintic curves C;; (j =1, ...,4) at the
respective four directions of infinity. Each C;; has 45 edges;
fori — 1,...,5do
for each of the 45* tuples (ay, ..., as) with a; an edge of C;j do
for each of the three generic combinatorial types of a tropical line in R do
Check whether there exists a tropical line of the given type meeting aj, ..., a4 and,
if so, record it.
end
end

end

From the recorded tropical lines, remove all those that are nonrigid (i.e., they are part of a
positive-dimensional family) or are special (they meet vertices of the tropical quintics C;j).
The remaining ones are the result of the search.

After removing all lines that meet vertices of the quintics, that have only one internal vertex or are
nonrigid (that is move in families), we did actually get the expected count — when counting with
multiplicity (which is remarkable in view of [60, 44, 8]). That is, maybe surprisingly, the lines were
not all of multiplicity one. We give the definition of the multiplicity in Subsection 2.7. For each of the
five facets of Ay, the count with multiplicity of the tropical curves gave indeed 575, so in total 2, 875
as expected. We found 2, 695 curves of multiplicity one and 90 of multiplicity two. These 90 did not
evenly distribute over the five facets: 15+ 16+ 18+20+21. Though 90 is a number that has not appeared
yet in the context of the quintic to our knowledge, one may speculate that relates to the count of real
lines, which was found to be 15 in [55]: for rational curves on an elliptic surface, the presence of higher
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Figure 4. A pair of pants.

multiplicity tropical curves is implied from the Welschinger invariant to differ from the GW invariant
(see, e.g., [59, Section 4.2.2]).

The goal is to construct Lagrangian threefolds from these tropical curves. The remainder of this
article carries this out for admissible curves. Recall that the requirement is that the tropical curve meets
the discriminant amoeba A in points where this amoeba is one-dimensional. By Lemma 2.5, this holds
true if the tropical line meets the internal edges of the quintic curves; that is, no outer edges. A bit
more than half the curves feature this: we get 1,451 admissible lines, out of which 45 have multiplicity
two (multiplicity weighted account is 1, 496). Interestingly, the admissible curves do not meet curves of
other facets (unlike nonadmissible ones), though possibly still other curves in their own facet. We found
a set of 354 admissible lines that are pairwise disjoint, out of which 42 have multiplicity two.

2.6. Lagrangian lift of a tropical curve

In this section, we give the definition of the diffeomorphism type of a Lagrangian lift of a tropical curve
v in (0A, A) to the Calabi-Yau given by JA; for example, the mirror quintic as before. Using the integral
affine structure on dA \ A, we can define a Lagrangian torus bundle by

X° :=T*(0A \ A) /T3 (A \ A). )

Recall the notation A = Tz(9A \ A) and note that JA is an orientable topological manifold and so
/\3 A = Z. Fixing an orientation once and for all, we can talk about oriented bases of stalks of A.

For each edge e of y and a point x in the interior e° of e, we get the two-dimensional subspace e+
of T (A \ A) consisting of co-vectors that are perpendicular to the direction of e. By Definition 1 (3),
every translation e* + a descends to an embedded 2-torus in X°. A smooth family of these 2-tori over
x € e° defines a (trivial) torus bundle L.- over e° and the total space Lo is a Lagrangian submanifold
in X°. It extends over the vertices of ¢ that do not lie in A, and we let L. denote the extension.

Remark 2.6. Let f : ¢ — R be a smooth function such that it descends to a compactly supported
function f’ : e° — R/2xZ. Given a smooth family of 2-tori over x € ¢° as above, we can define a new
family by fibrewise translating the 2-tori by f(x). The resulting Lagrangian is a different embedding of
a 2-torus times interval to X°. The function f’ being compactly supported corresponds to the fact that
the two embeddings coincide near the ends of e°.

For each trivalent vertex v of , by Definition 1 (5), we can identify the primitive tangent vector of the
outgoing edges as e; = (1,0,0), e2 = (0,1,0) and e3 = (-1, —1, 0) with respect to a Z-basis of A,, = 73,
Let L, be the subset of T, dA /(T,0A)z = (R/2n7Z)? consisting of all points (g1, g2, g3) such that

{q1,92 > 0and ¢ + g» < 7} or

3)
{91.92 <0and g1 + g2 > -7}
Equipping L, with the subspace topology yields a finitt CW complex of the same homotopy type as a
pairs of pants times a circle. More explicitly, L, has a trivial circle factor given by the ¢3-coordinate,
and (3) defines two triangles in the g, g>-coordinates and the vertices of the triangles are glued at
(q1,92) = (0,0), (0, ), (,0), respectively (see Figure 4).
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Figure 5. An admissible Cech covering of a tropical curve.

If we equip the two triangles in (3) with opposite orientations, then the boundary of them is exactly
given by the circles Cy := {g; =0}, C; := {g2 =0} and C3 := {q1+ g2 = n}. Fori = 1, 2, 3, the product
of C; with the circle in g3-coordinate is exactly e;" + a; C T;;(0A \ A), where a; = a; =0 and a3 = 7.
For an appropriate choice of orientations, one can see that the boundary of L, cancels the boundary
of U?zngi lying above v, yet L, U U?:l L., is only a Lagrangian cell complex instead of a manifold.
In Subsection 5.2, we explain how to replace the union of the triangles by a pair of pants and obtain a
Lagrangian pair of pants times circle L, that can be glued with U?:I L., smoothly.

Every univalent vertex v of y lies in A by Definition 1(2). Let v and T, be as in Definition 1(4), so,
by Lemma 2.2, T, = (é E (})) for a suitable basis. The primitive direction of the edge e adjacent to v is
by assumption given by (0, 1,0) so the 2-tori in L, lying above e are generated by d,,, 0,,. We can
glue a solid torus L, to the toroidal boundary component of L, lying above v to cap off this boundary
component. Moreover, we require that the circle generated by d,, is a meridian of L, . It is useful to
observe that d,, is characterised by being perpendicular to the invariant plane ker(7, — id).

Definition 2. The diffeomorphism type of a Lagrangian lift of a tropical curve vy is the diffeomorphism
type of the closed 3-manifold obtained by gluing L, and L. as above over all vertices v and edges e
of y.

2.7. Lagrangian weight versus tropical multiplicity

Following Joyce, we define the weight of a Lagrangian rational homology sphere L to be w(L) :=
|H{(L,Z)| and, more generally, w(L) := |H{(L,Z)|- Let y be a tropical curve in (0A,A). In this
subsection, we explain how w(L,) of a tropical Lagrangian L, can be computed by a Cech covering
of the corresponding tropical curve y. Because our Lagrangian L, is homotopic to the Lagrangian
cell complex I:y that is built by L, instead of L, at the trivalent vertices v (see Subsection 2.6), it
suffices to compute the first homology of I:y. For simplicity, we denote I:Y by L, in this subsection.
The universal coefficient theorem gives (H{(Ly,Z))or = (H 2(Ly, Z) )or, SO We may compute w(L,)
via Cech cohomology.
A collection {U; };.":1 of open sets in JA that covers vy is called admissible (see Figure 5) if

1. U;, nUj, nUj, = 0 whenever ji, j2, j3 are pairwise distinct,

2. for all j, y NUj; is connected and it contains exactly one vertex of y that is, by definition, either
trivalent or univalent, and

3. for ji # j2, y NUj NU;, (which may be empty) contains no vertex.

For {Uj};.":1 admissible, H;(U; Ny, Z) and H;(Uj; N U}, Ny, Z) are torsion free for all i, j, ji, jo and
therefore

D
w(Ly) = |coker @Hl(ngl(Uj) NnL,,7) = @Hl(n;(ui nNU)NL,2Z)| |,
j i<j tor

where the map ®, is the Cech map on H'! (restriction with sign). Recall from [36, 35, 42] the definition
of multiplicity mult(y) of a tropical curve y. Applicable for us is [36, Equation (13)] because we need
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to consider tropical curves with constraints on unbounded edges (i.e., univalent vertices for us). Let y°
be the interior of y and assume that we can trivialise A on y°; that is, set N := I'(y°, A) and N = Z3.
Furthermore, each univalent vertex v of iy gives a saturated rank two subspace A, in N as the kernel of
T, —id near v. We view this as a constraint for the tropical curve y in Ny in the sense of [36]. Given
these constraints, [36, Equation (13)] provides a map of lattices @ whose cokernel torsion gives the
tropical multiplicity mult(y) of .

Proposition 2.7. The Cech map ®,, is quasi-isomorphic to the tropical multiplicity computing map ®
from [36, Equation (13)] and thus w(L,) = mult(y).

Proof. The assertion follows if one shows that there is a natural isomorphism
H' (r"(UinU;))NL,,Z) = N/Zv

whenever U; N U; # 0 and v is the primitive generator of the edge of y that meets U; N U; and an
isomorphism

H' (m"(U)NLy,Z) =N
whenever U; contains a trivalent vertex and an isomorphism
H' (" (U) N Ly, Z) = wh/Zv

whenever U; contains a univalent vertex of y, w = ker(7,, — id) and v the primitive generator of the
image of T, — id. Furthermore, the restriction maps H' (7' (U;) N L, Z)—H" (x;'(U;nU;) N Ly, Z)
are supposed to be the natural maps under these isomorphisms. It is straightforward to check the
isomorphisms and naturality of restriction maps from the local descriptions of L, and L. given in
Subsection 2.6. |

Remark 2.8. Proposition 2.7 can be generalised to all dimensions for all tropical curves y satisfying
exactly the same set of conditions in Definition 1. The main reason is that, in higher dimensions,
ﬂ;' (UinUj)N L, and n;l (Ui) N L, split as a product and there is a trivial factor accounting for the
extra dimensions. Moreover, the universal coefficient theorem gives (H{(L,,Z))or = (HZ(Ly,Z))tOr
no matter what the dimension is, so the same Cech cohomology calculation applies to conclude that
W(Ly) = |(H1(LV’Z))tor| = mult(y).

2.8. Homology class of the Lagrangians

Recall from Section 4 in [45] that a tropical 2-cycle in an affine manifold B with singularities A is simply
a sheaf homology cycle representing a class in Ho (B, 1, A2 A) for ¢ : B\ A — B the inclusion of the
regular part. Moreover, by (0.6) in [45], there is a homomorphism r» : H2(B, 1, A2 A) — H3(X,Z)/W>
with Wy = Im(ry) + Im(rg) for similar maps rg, r1, c.f. [49, 48]. For I" € H(B, t. /\2 A), we simply
refer to any lift of r,(I") from H3(X,Z)/W, to H3(X,Z) by Lr.

Lemma 2.9. There is a tropical 2-cycle I' C A whose associated 3-cycle Lr inside M, has intersection
number +1 with each Lagrangian L, constructed from a tropical line y. Changing the orientation of
L, if needed, we can thus assume this intersection number is +1.

Proof. Recall from Subsection 2.3 that the subdivided boundary of A, call it B, is discrete Legendre
dual to B := dA. In particular, B and B are homeomorphic with dual linear parts of their affine structures.
This means the homeomorphism ® : B — B identifies the local system A 5 of integral tangent vectors on
B\ D(A) with the similar local system A on B\.A. We remark that D(A) is contained in a neighbourhood
of the union of 2-faces of A x. Making use of D, in order to produce the desired tropical 2-cycle T, it
therefore suffices to give a cycle for H,(B, I, A2 A ;) where [ is the inclusion B\ D(A) — B. Because
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Figure 6. Intersection of a tropical line y and a tropical 2-cycle I" in 0Ax where T" consists of five
copies of the depicted cycle Ty, one copy for each facet of dAx. The line y, however, is contained in a
unique facet of 0Ax.

B is orientable, we have an isomorphism Z, A* Ay = I,A for Aj the dual of A 5. We may thus give a
suitable cycle I representing a class in H»(B, I, A ) in order to prove the lemma.

Recall that dA x consists of five tetrahedra. Figure 6 shows one such tetrahedron containing a union
Iy of six polyhedral disks. The configuration I'y can be described as a homeomorphic version of the
compactification of the union of two-dimensional cones in the fan of P?. Each of the five facets of Ay
contains such a configuration Iy, and we may move the five copies of [y so that they fit together to a
cycle I'. That is, I" is actually a union of only 10 disks, each of which is glued from 3 disks that stem
from different copies of I'g. The 10 disks of I are naturally in bijection with the edges of dA x; indeed,
we simply match a disk with the edge that it meets (transversely).

As the next step, we need to attach a section in I'(D, [, A é) to each of the 10 disks D so that the 10
sections satisfy the cycle condition at the 1-cells where disks meet (three at a time). We make use of
the fact that the tangent space to a cell of the polyhedral decomposition of Ax is always monodromy-
invariant for all monodromy transformations along loops in U \ (D(A) N U) for U a neighbourhood of
the interior of the cell. In the case of a pair (D, ¢) of a disk D of I and the corresponding transverse
edge e of Ax, we may choose a primitive generator vp of the tangent direction to e as the section of
I'(D, I.A ) that we associate with D. Making use of the existence of an orientation of B, the sign of vp
and orientations of D can be chosen so that the cocycle condition on {vp}p is satisfied and we have
thus produced a valid cycle I" as desired.

It remains to show that L satisfies the claimed intersection-theoretic property. For this purpose,
we take the image of y along ® and view y as a cycle in H; (B, i,A). Theorem 7 in [45] says that the
intersection number L,.Lr agrees with the tropical intersection of y and I'. The tropical intersection
number in turn is defined in item (3) of Theorem 6 in [45]. Note that y and I" have a unique point
of physical intersection. We are left with verifying that the sections carried by y and I' at this point
respectively pair to +1. The sections of y carried by the outer legs are precisely generators for the perp
space of the 2-cells of Ax that they meet. The balancing condition then implies what the section at the
central edge of y is. With this information and the knowledge that a disk D of I" carries the section vp
that is a generator for the tangent space to the edge of Ax that is met by D, it is easy to see from Figure 6
that the tropical intersection of y and I is indeed +1 (and invariance of the intersection number under
deforming the cycles being given by Theorem 6 in [45]). m

For a fixed tropical line v, there are more than one L, that can be constructed from Theorem 1.1
due to the freedom of choices in the construction. In particular, for each L, and any integer a, we can
construct another Lagrangian (L, )’ by Theorem 1.1 such that the difference of their homology classes
[(Ly)'] = [L,] is a times the torus fibre class. Using this freedom, we can prove the following.
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Proposition 2.10. If y,y’ are two disjoint tropical lines, Lagrangians L., L,, can be constructed via
Theorem 1.1 so that they are homologous.

Proof. We use the well-known fact that the vanishing cycle @ = T? of the quintic mirror degeneration
is a primitive nontrivial homology class (it generates Wy = Z of the monodromy weight filtration) with
a.a = 0. Using the cycle Lr from Lemma 2.9, we find the following intersection numbers:

LrL,=1, Lra=0, Ly,a=0, LyL,=0, )

where the middle ones follow from the fact that a can be supported in the complement of Ly and L, and
the last one follows because the intersection pairing is antisymmetric on H3(M,;). We have equations
(4) similarly for L, in place of L,. Because the middle cohomology of the mirror quintic has rank
four, we can complement [«], [L, ], [Lr] to a basis of H3(M,,Z) by adding a fourth cycle S. Moreover,
because the restriction of the intersection pairing to the span of L, Ly is ( % ), we can require S to be
in its orthogonal complement. We write [L,/] = a[a] + b[L,] + c¢[Lr] + dS and want to determine the
coefficients a, b, ¢, d. From the analogue of (4) for L., we find d = 0 by pairing L,/ with « because
necessarily .S # 0 for [@] being nonzero. Because y, y’ do not meet, L,.L,, = 0, which yields ¢ = 0.
Consequently, 1 = Lr.L,, = b and hence [L,/] = a[a] + [L,] for some a.

As explained in Remark 2.6, for the construction of the Lagrangian torus bundle over an edge e of y’,
there is a freedom given by translating the 2-tori fibres by a function on e. Note that [«] is exactly the
fundamental class of the trace of the 2 translation by a 2-torus in a 3-torus fibre. By applying the freedom
in the construction and wrapping around —a times, we can construct L, such that [L,/] = [L,]. O

Proof (Proof of Theorem 1.6). The Lagrangians L,, and L, being homologous is the content of Propo-
sition 2.10. Because they are rational homology spheres, they have unobstructed Floer cohomology
over characteristic 0 [16] and we have HF (L,,L,) = HF(L,/,L,) = H*(S%) by the degeneration
of the spectral sequence in the second page. Moreover, when y Ny’ = 0, we have HF(L,,L,/) = 0.
By Hamiltonian invariance of Floer cohomology, we conclude that L, is not Hamiltonian isotopic
to L. i

Remark 2.11. Theorem 1.6 also works when y Ny’ is a single point. In this case, if L,, is Hamiltonian
isotopic to L,, then HF (Ly, Lyr) would be well defined but, one can see from the local model that L,,
intersects cleanly with L, along a circle, so HF(L,, L,/) is either O or concentrated on consecutive
degree. This gives a contradiction.

It is less clear what HF(L,, L,/) is when y overlaps with y” along a codimension 0 subset. These
cases arise in our computer-aided search.

2.9. Symplectomorphism group

Proof (Proof of Corollary 1.7). Each spherical Lagrangian submanifold L; gives rise to a symplecto-
morphism 77, : M — M, called the Dehn twist along L;, supported inside an arbitrarily small neigh-
bourhood of L; (see [51], [34]). Therefore, it is clear that {7y, }f;“l“* generates an abelian subgroup in
Symp (M) that descends to an abelian subgroup G of 7y(Symp(M)) = Symp(M)/Ham(M) (the equal-
ity uses the fact that ) (M) is trivial).

We recall from [51] that each 77, can be lifted canonically to a Z-graded symplectomorphism because
c1(M) = 0. Moreover, we know that 77, (L;) = L;[-2] and 77,(L;) = L; are Z-graded Lagrangians,
for all i # j. Therefore, g € G is completely determined by (HF(L;, g(L j)))l.k:;?"‘:‘l and G is isomorphic
to ZKmax m|

Remark 2.12. If L; is a spherical Lagrangian with |7;(L;)| = m, then (17,)sA = A + m([L;] -
A)[L;] for A € H3(M,Z). Because [L;] = [L;] for all i, j (Theorem 1.1(2)), the natural map G C
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mo(Symp(M)) — Aut(H3(M,Z)) has a large kernel. It is less clear what the kernel of the natural map
G C mo(Symp(M)) — mo(Diff(M)) is.

3. Toric geometry in symplectic coordinates

We review some material about complex toric orbifolds. The presentation below is extracted from [1]
and [2] (see also [24], [33] and [5]). Any projective complex toric orbifold X is Kdhler and can be
equipped with a Kihler form wy such that, for i = V-1, the action of the real torus

T" = iR"2riZ2" c C"[2miZ" =: T}

is effective and Hamiltonian with respect to wx. The effective Hamiltonian action induces a moment
map ma : X — R™ with image A := 75 (X) being a simple and rational convex polytope. This means
that A is a convex polytope such that

o there are precisely n edges meeting at each vertex p;

o each edge meeting a vertex p is of the form {p +rv;|r € [0, r;]} for some v; € Z", r; > O for
1<j<n

o {vj }7:1 form a Q-basis of the lattice Z".

If the last bullet is replaced by that {v; };‘zl can be chosen to be a Z-basis of the lattice Z", then A is

called a Delzant polytope and X is a smooth manifold.
We call a face of codimension one of A a facet.

Definition 3. A labeled polytope is a simple rational convex polytope A plus a positive integer m (label)
attached to each facet of A.

The label m of a facet F is the order of the orbifold structure group of the generic points in ()~ (F).
If not mentioned, we assume all labels to be 1.

Lerman and Tolman [33] proved that a labeled simple rational convex polytope A determines a
unique (up to equivariant symplectomorphism) compact symplectic orbifold (X, wy) with effective
Hamiltonian torus action and moment map image A, which is a generalisation of Delzant’s result on
Delzant polytope and compact symplectic manifold (X, wy) with effective Hamiltonian torus action
[9]. They also proved that if J; and J, are torus-invariant complex structures on X that are compatible
with wy, then (X, J;) and (X, J,) are equivariantly biholomorphic ([33, Theorem 9.4]; see also [1,
Section 2]). However, because there can be different torus-invariant Kéhler structures on X, we need to
go into details about the transition between complex and symplectic coordinates.

3.1. Complex coordinates
Let X° := {x € X |T" acts freely on x}. There is a biholomorphic identification
X°=C"2miZ" ={u+iv|ueR",v e R"/27Z"}
such that t € T" acts by
t-(u+iv)=u+i(v+t).
The Kihler form wy is given by wy := 2idd f,, for a potential f,,(u,v) = f,(u) € C*(X°), depending
only on u (see [24] or [2, Exercise 3.5] for the definition of f,,(u)).

3.2. Symplectic coordinates

Dually, we have the symplectic identification X° = A° X T", where A° is the interior of A. The torus
actson (p,q) € A° xT" by

t-(p.q) =(p.q+1)
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and the symplectic form is wx := dp A dq. The complex structure J is determined by a function
fi(p.q) = fr(p) € C*(X°) according to the following procedure. Let F; := Hess,(f;) be the
Hessian of f; in the p coordinates (f; and F; are denoted by g and G, respectively, in [1]). The
complex structure in (p, g) coordinates is given by

0 —F;!
— J
J—[FJ 0 }

The transition maps between the complex and symplectic coordinates are given by
_ 0o  _
p =9, 49=V
{ & &)

There are restrictions for f,, and f; to satisfy near infinity so that we have a well-defined Kihler structure
on X.

A canonical choice of complex structure is given by Guillemin as follows. The simple rational convex
polytope A can be described by a set of inequalities of the form

(p,pry—pr =0forr=1,...,d,

where d is the number of facets, each y, is a primitive element of Z" and p,, € R. We define affine
linear functions [, : R"* - R, r=1,...,d,

I (p) =(p,mrpy) — A,

where m, is the label of the rth facet and A, = m,p,, so p € A if and only if /.(p) > 0 for all
r=1,...,d.

Theorem 3.1 ([1], [2], [24]). The ‘canonical’ compatible complex structure Jn on A° x T" is given (in
(p, q)-coordinates) by

0 -F;7!
Jr = J,can , 6
A [FJ,can 0 ] ( )
where Fy can = Hess, (f7 can) and
| &
fr.ean(p) =5 ) 1r(p) log(Ls (p)). )
r=1

Remark 3.2. Fixing wx, all torus-invariant complex structures J on X compatible with wx are classified
in [1, Theorem 2].

Example 3.3 (Extending charts). We consider the following important noncompact example. Let
X = C" with moment polytope A = R} and /,(p1,...,pn) = pr. We have symplectic coordinates
(pj,q;) € X°=(C")" c X.Define z; = x; +iy; = /2p;exp(ig;) € C*, so that we have Z;’zl dx; A
dy; = Z;?zl dpj A dq;. We can extend the domain of z; from C* to C and thus provide a symplectic
"o s givenby (z1,....20) = 3211 . zalP).

For the complex coordinates, (7) yields f7 can = % 27:1 pjlog(p;) and aimfj’can = %(1+10g(pj)),

so the Hessian of f; c4n is given by

chart to X and moment map X — R

1
5 00
Frean=|0 ... 0
0 0 5

2pn
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We define Jo by Equation (6). Then a direct calculation gives

Ja (ax) = ay
Letu; = ‘m’g—;:(”), v;=gq;and w j = """ be the holomorphic coordinates on (C*)" (see (5)). Then
uj = %(1 +log(p;)) and w; = el \/_e“lf = (¢ )211 The holomorphic coordinates (wy,...,w,) on

(C*)™ naturally extend to holomorphic coordlnates on C",

Lemma 3.4 (Integral linear transformation). Let A be a labeled polytope and Ay = AN + v where
A € GL,,(Z) and v € Z". Let X| and X, be the canonical Kdihler toric orbifold with moment polytope
being A1 and A,, respectively. Then X, and X, are Kdhler isomorphic.

Proof. This follows from realising that neither the definition of the symplectic nor complex structures
needs coordinates, because the y, are intrinsic to the integral affine structure and hence are the /,. O

Example 3.5 (Transforming hypersurfaces). Let X be a toric manifold with moment image a Delzant
polyhedron A. By picking a vertex v and replacing A by A(A — v) for some A € GL,(Z) (see Lemma
3.4), we can assume [, (p1,...,pn) = pr forr =1, ..., n and the remaining facets of A are contained
—6fj can (P) +ig;) € C*, which
gives a T equivariant identification between (C*)" c C" and X°. We know thejlt (see (7))

respectively in/, =0forr=n+1,...,d. Letw; = exp(uj +iv;) = exp(

1 &
fJ,can :=Ezpjlog(pj)+Rv (8)
=1

where R is the contribution from other facets. Assume now we are given a family of hypersurfaces via
Wi...w, =tg(w) 9

for some polynomial g in holomorphic coordinates and ¢ € C a family parameter. The logarithm of this
hypersurface equation is transformed to

ﬂm+lZm > 250D gt +logg (. )) (10)

J=1

in symplectic coordinates. Notice that R can be smoothly extended to the origin, so by exponentiating
and setting z; := 4/2p exp(iq;), we may write this equation as

[z =119 (11)
j=1
where
f(p.q) =gw(p,q)h(p) (12)

forh = V2" exp(-5-X% ;?:] ag_;(yf) ). Most important, later on, / is anonvanishing C*-function depending
only on p.
With the above example, we know how to transform a complex hypersurface defined by the equation

wi...w, =tg(w) into a symplectic hypersurface in symplectic coordinates (p, g) for a toric manifold
X. To cover a large range of applications, we need an analogue for toric orbifolds.
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3.3. Isolated Gorenstein toric orbifold singularities

Now consider a cone A C R" generated by vy,...,v, € Z". The ring C[A N Z"] is the coordinate
ring of an Abelian quotient singularity X, as follows. The ring is regular if and only if the v; form
a lattice basis. Let o be the dual cone of A. It is also integrally generated, so let N be the sublattice
generated by the primitive ray generators of o as a sublattice of (Z")*, the dual lattice M = Hom(N, Z)
contains the original lattice Z" and the cone A is a standard cone when viewed with respect to M,
that is, C[A N M] = C[wy,...,w,], where w; is the monomial given by the primitive generator of
(Rxov;) N M. The subring C[A N Z"] € C[A N M] is the ring of invariants of the group action
K = (Z™)*/N that acts on a monomial z” via g.z"" = exp(27i{g, m))z™ (see [17, Section 2.2, p. 34]).
We need this a bit more explicit and also want to make further assumptions. We require the singularity
to be isolated. Because then K necessarily acts faithfully on the subring C[w;] = C[(Rxqv{) N M], we
conclude that K is cyclic, say, K is the group of kth roots of unity. Let { be a primitive generator. The
action is

L1 wa) = (CW1 e L)

for some integers a; with ged(aj, k) = 1 for all j, which is equivalent to the isolatedness of the
singularity. One can check the following result.

Lemma 3.6. Under the given assumptions, the cover C* — C" /K is unbranched away from the origin.

We want to further assume that the singularity is Gorenstein, which is equivalent to the statement
that the Gorenstein monomial w;w»...w,, is invariant under K; that is,

Zaj € kZ.

J

We now address the symplectic coordinates. Let 7y = (S')" and consider the standard Ty-action on
C'by 0 - (wi,...,wy,) = (ePwy,...,e%'w,). Recall from Example 3.3 that the standard symplectic
coordinates of the toric variety C" are z; = eiw j and z; = \[2p; exp(ig;) giving the moment map
C" — RY,. Note that K is a subgroup of Ty, so 71 = Tp/K acts faithfully on the orbifold singularity
C" /K. We claim that the moment map of C" factors through that of C"/K; that is,

" —>C"/K

Ll

RY, A

where the bottom horizontal map is the real affine isomorphism given by the fact that A becomes a
standard cone with respect to M. The right vertical map is the moment map of the orbifold singularity.
The diagram clearly commutes and because the symplectic structures can be defined using the moment
maps, the diagram is compatible with symplectic structures. The only thing to check is that the complex
structures used in the diagram coincide with the canonical ones obtained from the complex potential
f7,can in Theorem 3.1. By Example 3.3 this is true for the left vertical map. Because the u; are actually
the primitive generators of the rays of o, and are therefore contained in N, we find that the potential
J7.can Tor (A,Z™) is identical to the one for (A, M), which gives the desired compatibility.

We finally want to consider the situation where the Gorenstein singularity appears locally at the vertex
of a compact polytope A. Let P be the compact Kéhler orbifold obtained from A and p : Po — A the
moment map. Let v € A be a vertex. Replacing A by A — v and invoking Lemma 3.4, we may assume
v = 0. Compared to the local study above, there is no difference for the complex structure; however, the
compact polytope A gives a different symplectic structure on the local model C".

Consider a neighbourhood O,, of v in A that is then also a neighbourhood of v in the cone R>oA. The
two inverse images under the moments maps ﬂ;l (0,) and 771 (0,) resulting from this are naturally
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(23 1)

v=(0,0) =z (1,0) v=(0,0)

Figure 7. Left: two-dimensional analogue when n;l(v) is a smooth point. Right: two-dimensional
analogue when ﬂ;l (v) is an orbifold point.

symplectomorphic. Assume now that we have a family of hypersurfaces in C" /K as given by (9); that is,
Wi wy, =1g(w),

where we use the coordinates of C"* and so g(w) is now a K-invariant polynomial. By the Gorenstein
assumption, the monomial wiw,...w, is K-invariant. The same analysis as in Example 3.5 gives (10)
as the equation for the family of hypersurfaces in symplectic coordinates with the only difference that
now f and & are K-invariant.

3.4. Corner charts in 4-orbifolds

Let P5 be a four-dimensional Gorenstein-projective toric orbifold with isolated singularities and moment
polytope A. For each point z of P, we can choose a vertex v of A lying in the face containing 7 (z). Let

(= A\ Upgr F 13)

where F are facets of A. If ﬂ;l (v) is a smooth point of P4, then we can, by an integral affine linear
transform, assume v is the origin and the primitive edge directions emerging from v coincide with the
positive real axes in R*. If A has integral points in its interior, after the transform, (1, 1, 1, 1) must be
one of them (in fact the only one if A is reflexive). We can give a symplectic chart U ¢ R8 to n;l ()
as in Example 3.3, which is Té—equivariantly biholomorphic to C* (see Figure 7). More generally, if
7'(;1 (v) is an orbifold point of P4, then we have just shown in Subsection 3.3 that 71';1 (%) is equivariantly
symplectomorphic to the model X, = C*/K with the symplectic structure induced from 75 . The smooth
case can be viewed like the situation K = {id}. In both cases, we call X,, a symplectic corner chart for
P, associated to the vertex v. All mirror quintic threefolds are hosted inside a toric variety P, of the
type considered here.

4. Geometric setup

Let Po be a complex projective toric orbifold of complex dimension four with moment polytope A.
Recall that —Kp, = dP,; we assume this is nef or, equivalently (for a toric variety), that O(—Kpg,) is
generated by global sections ([43], Theorem 2.7). Let Agx denote the corresponding lattice polytope.
We have a birational morphism Py — P, that we will use to pull back an anticanonical hypersurface.
We equip Py with the canonical Kéhler structure. Set £ := O(—Kp, ) and let s € HO(P,, £) such that
55" (0) = OP,.

Let C* (P, £) denote the vector space of C*-sections of L. For every s € C®(Py, L) and ¢ € C,
we define

M; = {50 = l‘S} C Pa. (14)

The total family of M; is denoted by M*. Let (0P )sing denote the locus of singular points of 0P (we
also used PE] before). We define the discriminant of s via

Disc(s) := 571 (0) N (OPa)sing- (15)
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As explained in Subsection 3.4, a symplectic corner chart U/K comes together with the quotient
map Iy /x : U — U/K and the diffeomorphism &y : U — C*. In a symplectic corner chart, we define

M; =TI (M7 N U/K) (16)
=0y ({w € C*lwiwawsws = 1f(w)}) (17

for some K-invariant function f € C®(C?* C). The second equality comes from the fact that, with
respect to a choice of trivialisation, so = wiwyw3swah(w) for some nonvanishing K-invariant function
hon C*. Itis clear that if s # 0 at the orbifold points of P, then M does not contain any orbifold point
whenever ¢t # 0.

When s; € H(P,, £), we get a family of complex subvarieties M;' parametrized by ¢ € C. Let

H(Pp, L)reg := {51 € H(Pa, £)|M;" is smooth for all |¢| > 0 small}. (18)

When M, is a smooth manifold, it is a symplectic hypersurface in P5 and the symplectomorphism type
is independent of # by Moser’s argument. For smooth but not necessarily holomorphic sections, we have
the following sufficient condition to guarantee that M; is symplectic (when ¢ is sufficiently close to 0).

Lemma 4.1 (Good deformation). Let s; € HO(PA,L)Reg. Suppose we have a smooth family
(s")uefo,1] € C*(Pa, L) such that

o s = sy near Disc(sy) for all u,
o Disc(s*) = Disc(sy) for all u,

then there exist 6 > 0 such that M} = Mfu is a smooth symplectic hypersurface in P forall 0 < |t| < 6§
and all u.

Proof. For any regular neighbourhood N of 0P, there exists ¢’ > 0 such that M;* c N for all [¢| < ¢’
for all u. This is because M* C°-converges to 3P, uniformly as |¢| goes to 0. Therefore, if for each point
x € 0Py, we can find a neighbourhood O, of x such that M;* N O is symplectic for all |t| > 0 small
and all u € [0, 1], then M} is symplectic for all |¢| > 0 small and all # € [0, 1].

Because M} is independent of u in a neighbourhood Opjs. of Disc(s;) (by the first bullet), we can
take O, = Opijsc if x € Opjsc. Now we assume that x € 9Pa \ Opisc.

First suppose 7 (x) lies in the interior of a 3-cell. There exists a symplectic corner chart U/K and
an open subset V C U such that x € Iy (V), Iy (V) N Disc(s1) = 0 and

M NV =y ({wi =tf"(w)})

for some smooth family of functions f* : @y (V) — C. This is because we can assume wy, w3, w4 are
invertible in ® (V) and absorbed by f*. Let F}* = w; — ¢ f*(w). The differential is given by

DF* =[1,0,0,0] —tD f*.

Because ker(DF*) = TM! and the first term of DF* dominates (say, with respect to the Euclidean
norm in the chart) when |¢| small, 1\7,” NV is symplectic for all || > 0 small and all u € [0, 1]. Therefore,
we can take O, = Iy /k (V).

Now suppose 74 (x) lies in the interior of a 2-cell. There exists a symplectic corner chart U/K and
an open subset V C U such that x € Iy /x (V) and

M} NV =05 ({wiwa = tf*(w)})

for some smooth family of functions f* : ®y (V) — C such that f*(0,0,ws, ws) # 0 (by the second
bullet and the assumption that x € 0P, \ Opisc). This is because we can assume w3, w4 are invertible in
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Figure 8. The symplectic model M close to the boundary of Py.

@y (V) and CDU(H{]]/K((BPA)Smg) NV) =®y (V)N {w; = w; = 0}. Therefore, there exists ¢ > 0 such
that max{|w |, [wzl, | f*“(w)|} > c for all points in @y (V). Let F}* = wywy — tf*(w). The differential
is given by

DFtu = [wy,w1,0,0] —tDf“.

Again, we want to show that the first term of DF}* dominates for w € {F}* = 0} for all u when [¢| > 0
small.

Because ||D f*|| is bounded, the norm of the second vector is of order |¢|. At points where |w;| > ¢
or |wj| > ¢, the first term clearly dominates when [¢| > O small. By the assumption, all other points
satisfy | f*| > c. As a result, for w € {F* = 0}, we have |w;|> + [wa|*> > 2|lwiwa| = 2[tf%| > 2|t|c so
the norm of [w,, wy, 0] is of order at least \/m and hence dominates when |¢| > 0 small. This implies
that there exist § > O such that 1\7[,” NV is a symplectic manifold for all 0 < |¢| < ¢ and all u.

Similarly, when 7 (x) lies in the interior of a 1-cell, we have

M NV =@ ({wiwaws = tf“(w)})
for some V and f“. There exists ¢ > 0 such that
max{|wiws|, [waws|, [wiws], | f*(w)|} > c.

At points where |wiw;| > c or [wows| > ¢ or [wiws| > c, the first term of DF}*, which is given by
[waw3s, wiws, wiws, 0], dominates when [¢| > 0 small. At points where |f“| > c, we have |wiw,|> +
lwaws|? + [wiws|? = 3lwiwaws|3 > 3|t|3¢ so the norm of the first term of DF*" is of order lt|3 and
the second term of DF}* is of order |z so the first term dominates when |¢| > 0 small.
One can do the same analysis when 7 (x) is a vertex of A. In this case, the norm of the first term
and second term of DF}* is of order |t|% and ||, respectively.
O

We remark that Disc(s*) = Disc(s;) implies that s* does not vanish at the orbifold points. In view
of Lemma 4.1, it is convenient to have the following definition.

Definition 4. Let 5; € HO(PA,L)Reg. We say that s € C®(Pa, L) is si-admissible if s = s; in a
neighbourhood of Disc(s) and Disc(s) = Disc(sy).
We say that s € C®(Py, £) is admissible if it is s;-admissible for some 51 € HO(Pa, £)Reg-

Corollary 4.2. For s; € HO(]P’A,L)Reg and any regular neighbourhood N of (0P )sing, there is a
symplectic hypersurface M C P such that M is symplectic isotopic to M;" for some |t| > 0 small, and
(0PA \ N) € M C (OPp U N); see Figure 8.

Proof. Let N’ C N be a smaller neighbourhood of (9P )sing. Let x : PA — R be a smooth function
that has values 1 in N’
and O outside N. Then s := ys; is an s;-admissible section. Moreover, s* := (1 — u)s; + us is a smooth
family of sj-admissible sections, so we can apply Lemma 4.1. Let the resulting family be M;‘. By
Moser’s argument, M = M} is symplectic isotopic to M := M, when 0 < |t| < 6.
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It follows from the definition of s that for x € (Px \ N), we have
xeM oo sox)—-ts(x)=0 & s50(x)=0 & x€dPp\N.

This gives the assertion. O

An important consequence of Corollary 4.2 is that we can transfer the Lagrangian torus fibre bundle
structure of dPx \ (P4 )sing to a Lagrangian torus fibre bundle structure in a large open subset of M,
and hence a large open subset of M.

Lemma 4.3. If (s*)yef0,1] Is a family of si-admissible sections such that, for some open subset V. C
Pa, s*|p,\v is independent of u, then there exists § > 0 such that for all 0 < [t| < § there is a

symplectomorphism ¢y ; : Mfo — Mfl such that ¢y ;| is the identity.

MO\V
Proof. By Lemma 4.1, M#" is a family of symplectic hypersurfaces for 0 < |¢| < §. By assumption,
M ;‘" N (PA \ V) is independent of u. The existence of ¢y, follows from a standard application of Moser’s
argument. O

Outlook: recall y, W¢ (y) and M; from Theorem 1.1. In its proof, for all € > 0, we will construct
a family of admissible sections (s*),e[0,1] such that Mfo = M, and Mfl N 7r£1(WE (y)) contains a
Lagrangian L that is diffeomorphic to a Lagrangian lift of y for all |z| > 0 small. Moreover, for V :=
ng' (We(y)), s*|p,\v Will be independent of u. We can apply Lemma 4.3 to get a symplectomorphism

ov. M — Mf' and ({){,lt(L) will be our desired Lagrangian in M; N ﬂ;l (We(y)).

5. Away from discriminant

This section gives the construction of Lagrangians away from the discriminant. In Subsection 5.1,
we give a local Lagrangian model and explain how to glue these Lagrangian models away from the
discriminant. We will complete our Lagrangian construction away from the discriminant after the
discussion in Subsection 5.2, which concerns trivalent vertices of a tropical curve. We conclude
the proof of Theorem 1.1 in Subsection 6.8. For simplicity of notation, in the rest of the article, we only
consider M} fort € R, t > 0 instead of € C*.

5.1. Standard Lagrangian model

There are four tasks to be completed in this subsection, which will be accomplished in the four subsequent
sub-subsections, respectively. Firstly, points on a tropical curve y can lie in different strata of A, so we
want to enumerate all possibilities and describe the neighbourhood of points in different strata. Then,
for each point x € y and a neighbourhood O, C A of x, we want to isotope M; N n;l (Oy) to a standard
form for constructing a local Lagrangian in M} N7, (O,). After that, we explain how to glue the local
Lagrangians in M; N 7;'(Oy,) and M; N 73! (O4,) when Oy, N Oy, # 0. Finally, because the local
Lagrangians are constructed with respect to a symplectic corner chart, we will deal with the transition
of symplectic corner charts so that all of the local Lagrangian models in different symplectic corner
charts can be glued together.

In sub-subsections 5.1.1, 5.1.2 and 5.1.3, we work inside a single symplectic corner chart U/K with
moment map image L := 7 (U/K). There is an induced moment map rz : U — R* and we denote the
image by [*:. Recall from Subsection 3.3 that the images [ and (*: are related by a rational linear affine
transformation (in particular, a bijective map) so there are corresponding subsets X, y, A, Oy, etc., in
(:. On the other hand, subsets in U/K (e.g., M] N U/K) can be lifted to K-invariant sets in U (e.g.,
Mf) that are compatible with the moment maps. For simplicity of notation, we omit all of the (:5 in
Subsections 5.1.1, 5.1.2 and 5.1.3 and work K-equivariantly in U (U/K will also be denoted by U). By
possibly adding a translation, we identify [: with an open subset of Rio that contains the origin.
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5.1.1. Neighbourhood of a point in a tropical curve
We define a function Type : 0A — {0, 1,2, 3} such that Type(x) = n if x is in the interior of an n-cell.
In other words, Type specifies the stratum that x lies in.

For a neighbourhood Oy c [ \ A of the origin such that Oy N JL= is contractible, the integral
affine structure on Oy N JL is inherited from the Co—embedding Op NI — [3/R(1,1,1,1) (see the
definition of the chart W,, in Subsection 2.2).

Letx € d: and c(r) : [—1,1] — dL=\A be a straight line (regarded as a closed segment in a tropical
curve vy that contains x) in a small neighbourhood of x such that ¢(0) = x. We have the following
situations using that A is simple.

(A) If Type(x) = 0, then (Type(c(-1)), Type(c(0)), Type(c(1))) can only take values (modulo the
symmetry r — —r) (2,0,2), (1,0,3), (2,0,3) and (3,0, 3).

(B) If Type(x) = 1, then (Type(c(—1)), Type(c(0)), Type(c(1))) can only take values (modulo the
symmetry r — —r) (1,1, 1), (2,1,3) and (3, 1, 3).

(C) If Type(x) = 2, then (Type(c(-1)), Type(c(0)), Type(c(1))) can only take values (2,2,2) and
(3,2,3).

(D) If Type(x) = 3, then Type(c(r)) = 3 for all r.

Remark 5.1. From the enumeration above, we can see that for any straight line ¢: [-1, 1] — 9A\A, if
r = rg is a discontinuity of Type(c (7)), then Type(c(rg)) < Type(c(r)) for all r close to but not equal
to rop.

5.1.2. Local Lagrangian models at points in different strata

For each point x € y and each open subset ¢ C y containing x, we want to isotope M; N nZI(OX)
to another K-invariant hypersurface so that we can build a K-invariant Lagrangian in M} N 71';1 (Ox)
whose ma-image is close to c. First we describe a class of symplectic manifolds in ﬂgl (O«) to which
we would like to isotope M; N zrgl (Oy).

Definition 5. For a point x = (x1,...,x4) € (d(%) \ A and an s;-admissible section s € C* (P, L),
we say that M* is x-standard with respect to U if there is a neighbourhood O, C [ of x that does not
meet any facet that does not contain x, and furthermore such that M; N ﬂ;l (Oy) is given by

1_[ N SHla+atastqs) — 4. 19)

J>xj=0

for some constant ¢ € C. If Type(x) =0, 1, 2, we require ¢ # 0.
For a point x € A \ A, we say that M* is x-standard if there is a symplectic corner chart U such
that M* is x-standard with respect to U.

Because the K action on U acts only on the g; coordinates and the Gorenstein coordinate ¢ +g2+g3+4q4
is invariant under the K action, M* is K-invariant if M*® is x-standard with respect to U. To see that this
is a sensible notion, we at least need to observe the following.

Lemma 5.2. If M* is x-standard with respect to U, then (M, N 71;1 (0x)) N (0PA)sing = 0. In other

words, M} N ﬂ;l (0y) is disjoint from the discriminant for all t > 0.
Proof. Notice that we can rewrite equation (19) as

21222324 = \16p1 papapae’ W) = 41c 1—[ Vp;-

J»xj#0

To prove the lemma, it suffices to show that the zero locus of 47c []; ;40 4/P; does not intersect with
(0P )singNy' (Ox). When Type(x) = 0, 1,2, by Definition 5, we have ¢ # 0. Moreover, inside 7' (O,),
we have p; > 0 when x; # 0. Altogether this implies that 4zc []; ., +0 v/P; never vanishes in 71';1 (Ox).
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Because (0Pa)sing = n;l (codim-2-strata), when Type(x) = 3, (0P )sing N n;l (04) = 0. O

The next lemma addresses that we can always isotope M; N ng‘ (Oy) to an x-standard one through
admissible sections that are K-invariant in U.

Lemma 5.3. Let s be an si-admissible section. Let x € A\A be a point and Ny be a neighbourhood
of x in A such that Ny N A = 0. Then there is a symplectic corner chart U containing x and a family of
s1-admissible section (s*),e[0,1] such that sO =, forall u, s* = s outside ﬂ;l (Ny), s* is K-invariant

. 1 .
inU and M} is x-standard with respect to U.

Proof. 1f Type(x) = 0, then x is a vertex and we take the symplectic corner chart U associated to x.
Because x ¢ A, there exists a neighbourhood O, C N, of x such that ﬂ;l (Oy) is contractible and, by
(1), M7 n n;l(Ox) is given by

21222324 = V16p 1 papapae’1¥42¥a3%a) — 1 ¢ (20)

for some f € C oo(71; (04),C"). Because ﬂ;l (Oy) is contractible, f is null-homotopic. For any subset
O c O, \ {x}, because f is null-homotopic, we know that f |,r£1 (0) 18 null-homotopic and it descends
to a null-homotopic function in the quotient by K. Therefore, for any neighbourhood O’, ¢ O, of x,
we can deform f, through K-invariant nonvanishing functions inside ﬂgl(Ox), to a function that is
constant in n;l (O%). Moreover, the deformation can be chosen to be compactly supported. There is
no new discriminant created during the deformation because it is through nonvanishing functions (cf.
Lemma 5.2). The deformation is constant near the discriminant A because N, N A = (. Because the
deformation is compactly supported, it can patch with f outside a compact set in 71';] (Oy) to give a
family of K-invariant s;-admissible sections with required properties.

If Type(x) = 1, let § be the 1-cell in A containing x. By simplicity of (dA, A) (see introduction and
[23], Definition 1.60), there is a vertex v in ¢ that can be connected to x by a path ¢’ in ¢ that does not
intersect with A. Let U be the symplectic corner chart associated to v. Without loss of generality, we
assume x; # Oand x; = Ofor j = 2, 3, 4. Notice that §’N.A = 0 implies that there exists a neighbourhood
Ns C 0A of 6’ such that 7' (Ns) NDisc(sy) = 0, 7' (Ns) is contractible and 71y (N ) N M} is given
by equation (20) for some f € C* (72’;1 (Ng), C*). This implies that for a neighbourhood O, € NyNNg
ofx, f |7r£l (0,) is null-homotopic even though n;l (Oy) is not contractible. In other words,

(f|ﬂ.gl(0x))* : nl(ngl(Ox)) — 11 (C*) = Z is zero [@2))

and the same is true when f |7r5‘<ox) is descended to the quotient by K. On the other hand, for O
not containing v, p; > 0 in ngl(Ox), so it gives a map \/pllngl(ox) — R.g C C*. Moreover,

(VP1) = 71 (7r;1 (Ox)) — m1(C) is also zero. Therefore, there is no topological obstruction to deform
fl 7 (0, 1© Vil 7 (04) inside ﬂ;l (Oy) via K-invariant C*-valued functions. Most notable, C*-valued
functions are nonvanishing functions. Similar to the previous case, we can assume that the deformation
is compactly supported and it gives a family of s;-admissible sections with required properties by
patching with f outside 71';1(0 %)

If Type(x) = 2, we use simplicity of (A, A) again to find a vertex v and a path such that it lies inside
a 2-cell of A, connects v and x, and does not intersect with A. Let U be the symplectic corner chart
associated to v. The equation of M is again locally given by Equation (20) for some f. Moreover, f
is again null-homotopic. If x1, x5 # 0 and x3 = x4 = 0, we can deform f to 4/p1p> inside ngl (Oy) for
some small neighbourhood O, of x. This gives our desired family of s;-admissible sections as in the
previous case.

If Type(x) = 3, then we can take O, such that it does not intersect 0, 1, 2-cells of A. Therefore,
we can do any compactly supported deformation of the corresponding f without creating/destroying
discriminant loci (i.e., we allow deformation of f via functions that vanish somewhere). It is instructive
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to compare it with the proof of Lemma 5.2. The outcome is that the lemma is trivially true when
Type(x) = 3. O

We are now ready to give the local Lagrangians in M; N n;l (Ox) when M is x-standard.

Proposition 5.4 (Standard Lagrangian model). Ler M* C U be x-standard for some x € 0L and
Ox be a neighbourhood of x such that (19) holds. Let W be a rationally generated two-dimensional
affine plane in R* containing x and (1,1,1,1) € TW. Let ¢ := W N O, N 8L (regarded as a straight
line segment in OL:). Then there is a family of proper K-invariant (possibly disconnected) Lagrangian
submanifolds L, in nZI(Ox) NM;, fort > 0, such that

() W+ CT(pqg L forall (p,q) € Ly, and
(1) 7a(L;) C W.

Moreover, every family of proper K-invariant Lagrangian submanifolds L] in ﬂ;l (Ox) N M satisfying
(1), (II) can be given one of the following parametrizations (either Case A or Case B).

Let W3 be the quotient of W by the lattice W N (2rZ)*. Under the natural identification between
Wi and the T? subgroup of (R/2xZ)* in the g-variables, the cyclic group K is either contained in Wi
or KN Wy = {0}.

Case A. If K is contained in W, then L, is connected and there exists an R*-valued function P(r,t)
and an (R/ZﬂZ)4-valuedfuncti0n O(r,01,01,1), for (r,01,0,) € (0,1) x (R/27Z)?, parametrizing L.
In this case, L; is given by

{(p.q) € 1, (0x) "M |p = P(r,1),q = Q(r,61,602,1) + H(r)} (22)

for some H(r) € C®((0, 1), (R/27Z)*) satisfying 2jHj(r) =0forallr € (0,1), where Hj is the jth
component of H.

Case B. If K N Wi = {0}, then L; has |K| connected components and there exists P(r,t) and
Q(r,01,0,,1) as above parametrizing one of the connected components so that the other connected
components are parametrized by p = P(r,t) and g = Q(r,01,0,,t) + k for k € K. In this case, one of
the components of L; can be parametrized by p = P(r,t) and q = Q(r,01,02,t) + H(r) for some H(r)
as above and the other components are obtained by adding k € K in the q coordinates.

Furthermore, in either Case A or Case B, the family of {P(r,t)|r € (0, 1)} Hausdor{f converges to c
when t approaches 0.

Definition 6. A proper Lagrangian submanifold L; in n;l (Ox) N M satistying Proposition 5.4 (1),
(II) is called c-standard.

Before giving the proof, it would be helpful to have an intuitive understanding of what L, looks like.
For fixed (r,1), {Q(r,8,0,,1)|0,0, € R/2nZ} is a 2-torus lying inside L, with p-coordinates being
p = P(r,1t),so when K is contained in W, L, is a 2-torus bundle over the curve {p = P(r, )} and when
K n Wz = {0}, L, has |K| connected components and each of them is a 2-torus bundle over the curve.
Moreover, condition (/) describes the tangent directions of the 2-torus. Condition (/1) implies that the
curve {p = P(r,t)} is a subset of W N O, which Hausdorff converges to ¢ when ¢ approaches to 0.

Also note that the function H(r) in (22) plays exactly the same role as f in Remark 2.6.

Proof. We have enumerated the possibilities of ¢ in Subsection 5.1.1. Existence of L, is a simple case
by case calculation.
For cases of type A, we have x = (0,0, 0, 0) and 71';1 (Ox) N M} is given by

( p1p2p3p4)gi(q1+qz+q3+q4) - tcpei"q

for some constants ¢, > 0 and ¢, € R/2nZ. In particular, a point (p,q) € ﬂgl(Ox) N M; has
to satisfy pipap3ps = tzc?). Notice that, for each fixed t+ > 0, H; := {pipap3ps = tzc%,} is a
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hyperbola so H; N W N [+ is a smoothly embedded curve. More rigorously, let g : Rio — Ryo be
g(p) = p1p2p3ps. For each p € W N (JL%), the ray {p + A(1,1,1,1)|]1 > O} lies in W and the
function g, (1) := g(p+A4(1, 1,1, 1)) is a strictly monotonic increasing function on the ray because, for
V= ijl 0p;» we have v(g) > 0 over Rio. Because g, (0) = 0, for each fixed ¢ > 0 there is exactly one

A > Osuchthatg, (1) = tch,. This means that for each p € WNJLs, there is at most one p’ € WNL= such
that p’ € H, and p’ = p+A(1, 1,1, 1) forsome A > 0. Because WNJL: is a continuous curve, H, "W NL:
is a smoothing of it and hence a smoothly embedded curve. We define P, := H,NWNO,, which is smooth
because it is an open subset of a smooth curve. It is clear that P, Hausdorff converges to ¢ when ¢ goes
to 0.

For each ¢ > 0 and p € P;, we can pick 2-tori O, ; C ﬂ;l (p) such that Q, ; varies smoothly with
respect to p, O, is parallel to W+ and ¢! (41+%2+%:+44) = ¢i<a for all ¢ € Q. This family of 2-tori
gives a submanifold L, C 72';1 (Ox) N M;. The fact that P, ¢ W and TQ, , = W for all p € P, implies
that L, is a Lagrangian submanifold.

When K C Wy, itis easy to see that (22) gives all proper K-invariant Lagrangians satisfying (), (I1).

On the other hand, when K N Wz = {0}, we replace L, by its K-orbit. It is also easy to see that
any other proper K-invariant Lagrangian satisfying (7), (II) is given by adding a function H(r) to the
g-coordinates of all components simultaneously.

For cases of type B, we have x = (0,0,0,a) for some ¢ > 0 and we need to consider the set of
p € W N Oy that solves 4/p1p2p3 = tc,. This time, we can take g(p) = p1p2p3 for p € Rio and
gp(A) =g(p+a(1,1,1,1)) for p e WN {ppap3 =0},and 2 > 0. Let v = 9, + 0, + Op, + 0p,, and
we have v(g) > 0 over Rio. Similar to the previous case, it means that for each p € WN {ppop3 = 0},
there is at most one p’ € W N L such that p’ € H, and p’ = p + A(1, 1, 1, 1) for some A > 0. The rest
of the argument is the same.

For cases of type C or Type(x) = 3, we need to consider p € W N O that solves y/p1p> = tc,, and
\/P1 = tcp, respectively. The rest of the argument is the same. O

5.1.3. Gluing local Lagrangians

In the previous sub-subsection, we explained how to construct a local Lagrangian when M* is x-standard.
Now, suppose ¢ : [—1,1] — 0L (again, Im(c) is regarded as a closed segment of a tropical curve )
has the property that Type(c(r)) is discontinuous at r = 0 and M* is c¢(0)-standard with respect to U.
Then M* is not ¢(r) standard with respect to U for any r close to but not equal to 0. Therefore, we need
to generalise Proposition 5.4 and explain how to glue the local Lagrangian models together.

Definition 7. Let U be a symplectic corner chart and [ = ma (U). Let ¢° C dL= \ A be an open
straight line segment. Let ¢ : [0,1] — JL% \ A be a straight line such that ¢((0,1)) = ¢° and
Type(c(0)) < Type(c(1)) = Type(c(r)) for r € (0, 1]. Given an admissible section s € C*(Py, L),
we say that M* is c°-transition-standard with respect to U if M* is ¢(0)-standard and ¢(1)-standard
with respect to U and there is a neighbourhood O .- C 3 \ A of ¢° such that ¢° is proper inside O .- and
71 (Oce) N M is given by

1_[ \/p_] PUCIRT AT EREY =lfp 1_[ P, e'a(p) (23)
j»¢(0);=0 J»¢(0);=0,c(1);#0

for some function f;, € C*(U,R/27xZ) depending only on p (in particular, K-invariant), and some

fp € C*(Ryz0,Rs50) is such that J+(u) is a monotonic increasing function and f), is an interpolation
r

from ¢, to c},x/ﬁfor some constants ¢, c}, > 0.1In (23), c(k); is the p j-coordinate of c(k) for k = 0, 1,
and, whenever Type(c(0)) = Type(c(1)), 1 J.e(0);=0.c(1);#0 Pj (Which is a product over the empty set)
is interpreted as 1.
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We say that M* is c°-transition-standard if M°® is c°-transition-standard with respect to some
symplectic corner chart.

Remark 5.5. Note that for M* to be ¢(0)-standard and ¢(1)-standard simultaneously, it is necessary for
fp to be an interpolation from c, to c;,\/ﬂ. The monotonicity of —*“— is imposed to achieve Lemma

£7 (u)
5.8 below.

Lemma 5.6. Let s be an si-admissible section. Let ¢ : [0,1] — O:\A be a straight line such
that Type(c(0)) < Type(c(1)) = Type(c(r)) for all r € (0,1]. Let ¢® := ¢((0,1)) and N. be a
neighbourhood of Im(c) in \A. Then there is a symplectic corner chart U and a family of si-
admissible section (s*),e[0,1] such that sY =5, forall u, s* = s outside ﬂzl(Nc), s* is K-invariant in

1. .. .
U, and M* is c°-transition-standard with respect to U.

Proof. The proof is in parallel to Lemma 5.3. We give the details when Type(c(0)) = 1 < Type(c(1))
and leave the remaining to the readers.

Let x = c¢(0). We pick a vertex v and the corresponding symplectic corner chart U as in the
proof of Lemma 5.3. We can find a neighbourhood O, of Im(c) such that M; N n;l(OC) is given
by (20) for some f € Cm(ngl(Oc),C*) and (f). : nl(ﬂzl(Oc)) — 11 (C*) is the zero map (see
(21)). Say x; # 0 exactly when j = 1 and ¢(1); # 0 exactly when j = 1,...,n. (here n. € {2,3}).
Let g(r) = [T} .c(0),20.c(1);%0 c(r)j = c(r)a...c(r)n,., where c(r); is the jth-coordinate of c(r) for
r € [0, 1]. Note that g(0) = 0 and g(r) is strictly increasing.

Inside n;l (O.), there is no topological obstruction to deform f through K-invariant nonvanishing

functions to v/p1fp(p2 .. . pn,)eaP) for some fp € C*(Rx0,R50) such that % is a monotonic
P

increasing function, and there are constants ¢, ¢}, > 0 such that f},(u) = ¢, near u = 0 and f},(u) =

¢}, Yu near u = g(1). The conditions on fj, near u = 0 and u = g(1) imply that M* is c¢(0)-standard and

c(1)-standard simultaneously. Moreover, there exists O, C O, such that ¢° is proper inside O.. and

ﬂ;l (Oc) N M satisfies (23). Therefore, the result follows. ]

A simple but crucial observation is that we can extend the ‘standard region’ by a further isotopy
without destroying the previously established standard region in the following sense.

Lemma 5.7. Let c1, ¢y : [0, 1] — 93\ A be two straight lines as in Lemma 5.6 such that ¢1(0) = ¢, (0)
or c1(0) = ca(1) or ¢1 (1) = c2(1). Suppose we have applied Lemma 5.6 to ¢ and denote the resulting
s' as s. Let N be a neighbourhood of Im(c,) in U:\A. Then there is a family of si-admissible sections
(5" )uefo,1] such that sO = s, for all u, s* = s outside ﬂ;l(Nz), s is K-invariant in U, and M*' is

simultaneously c}-transition-standard and c5-transition-standard with respect to U.

Proof. We want to apply (the proof) of Lemma 5.6 to ¢,. The key point is that, inside ﬂgl (O¢,), there
is no topological obstruction to deform f through K-invariant nonvanishing functions to a function as
in Lemma 5.6 and, in addition, we are free to choose the deformation to be trivial inside ﬂ;l (O¢,) for

some small neighbourhood O, of Im(c;). In this case, the corresponding section s! will make M*'
simultaneously c¢{-transition-standard and c3-transition-standard. O

Lemma 5.8. Let M* be c°-transition-standard with respect to U. Let O - C [: be a neighbourhood of
c® such that (23) holds. Let W be the rationally generated two-dimensional plane in R* that contains
c® and (1,1,1,1) € TW. Then there exists a family of proper K-invariant (possibly disconnected)
Lagrangian submanifold L, in n;] (Oco) N M?, fort > 0, such that

(D) W+ cT(pqg L forall (p,q) € Ly, and
() 7 (L;) C W.

Moreover, na(Ly) Hausdor[f converges to ¢® when t approaches 0.
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Proof. Similar to Proposition 5.4, because f,; only depends on p, it suffices to show that for each # > 0,
the set of p € W N O that solves

[T vei=t| [] »i (24)
j,C(O)j=0 j,C(O)j=0,C(1)j¢0
is an open subset of a smoothly embedded curve.

We only consider the case that Type(c(0)) = 0 and Type(c(1)) = 3. The other cases can be dealt
with similarly. In this case 7, (0.) N M is given by

(‘/p1—p2p3p4)ei(q1+qz+q3+q4) =tf, (p2p3p4)eif;](p)’

Notice that v := Y4 dp, satisfies v(-BL2EL2) > ( for all p € [3\OL: because we assumed that

J=1 12 (p2p3ps)
—“__ js monotonic increasing and 9,, (BU2P3PL ) — _P2P3Pi__ -, () for a]] p € [:\JL:. The rest of the
R J P (G2 papap) = T2 papape) p €L
argument is the same. O

Definition 8. A proper K-invariant Lagrangian submanifold L; in 7131 (Oco) N M} satisfying Lemma
5.8 (1), (I1) is called c°-transition-standard.

We summarise the steps taken so far.

Proposition 5.9. Let ¢ : [0,1] — ILN\A be a straight line and N, be a neighbourhood of Im(c) in
s\ A. Let ¢® = ¢((0, 1)). Then for any s|-admissible section s, there is a family of s|-admissible section
(s")uefo,1] such that sO =5, for all u, s* = s outside n;l(Nc), s* is K-invariant, and for all x € Im(c),
MS' is either x-standard with respect to U or there exists an open line segment c, C c°® containing x
such that M*' is ¢ -transition-standard with respect to U.

Moreover, there is a neighbourhood O .- C 3\ A of ¢® and a family of proper K -invariant Lagrangian
Ly in M,Sl N ﬂgl (Oco), fort > 0, such that c° is proper inside O .-, L; is a 2-torus bundle (or union of
|K| disjoint 2-torus bundles) with respect to np and np (L;) Hausdorff converges to c¢° as t goes to 0.

Proof. The function Type(c(r)) is discontinuous at finitely many points, say, at0 < r; < --- <rg < L.
By extending c slightly, we assume »; > O and rx < 1. Pickad; € (rj,rjs1) forj=1,...,k - 1.
Letdy =0and d = 1. For j = 1,...,k, let c}f(r) = ¢|(y;.4;1(r) and c;(—r) = ¢l(g;_y.r;1(r)- By
reparametrizing the domain of chT, we can assume that they satisfy the assumption of Lemma 5.6. We
can apply Lemma 5.6 and 5.7 to the neighbourhoods of {Im(cjf)};?:l to find a family of s;-admissible
section (s“),efo,17 such that s® = s, for all u, s* = s outside 7' (N,), s* is K-invariant, and M*' s
(c;—f)"-transition—standard with respect to U for all (cf)", where (c;—f)" is the set of interior points of
Im(c;—f).

For each cf, we obtain a K-invariant Lagrangian (L,)C; by Lemma 5.8 such that (/) and
(II) are satisfied. By definition of transition-standard, M s' is x-standard with respect to U for
x=do,...,dg,r1,...,rr. Therefore, by Proposition 5.4, there exist neighbourhoods O 4; of d; such that
(Lt)C; N 71';1 (Oy) and (L’)C}+| N ﬂgl (O) are given by (22) for some appropriate P, Q, H. By interpo-
lating the H, we can concatenate the K-invariant Lagrangians (L,)C; N n;l (Ox) and (L,)C/f+I N n;l (0Ox)
(forall j =1,...,k — 1), so the result follows. ]

5.1.4. Transition between symplectic corner charts

Because tropical curves considered in Theorem 1.1 are not necessarily contained in a single [:, we now
want to explain the transition between different symplectic corner charts and then how the Lagrangians
from different symplectic corner charts can be glued together. The key conclusion we want to draw is
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that being x-standard is independent of choice of symplectic corner charts when x is suitably far away
from A (see Corollary 5.11).

Let Uy, U; be symplectic corner charts at vertices vo and v; of A, respectively. We assume that v
and v are connected by a 1-cell § in A. Recall that A = Ax + A’ and thus both v and v{ decompose
accordingly, say, as vo = v + v{ and v; = v¥ +v}. From the description of the monodromy in [21,
Proposition 3.15] that involves the vector vY — v, we see that v} = v{ holds if and only if § does
not meet the discriminant A. Let us assume that the reflexive polytope Ax has been translated so that
its unique interior lattice point coincides with the origin. By the Gorenstein assumption, the monoid
(R>0(A = vg)) N Z* is Gorenstein; that is, the ideal of integral points in its interior is generated by
a single element and this element is —vé‘ (the Gorenstein character). A similar statement holds if we
replace vo by v{. We conclude the following consequence from this observation.

Lemma 5.10. Let Uy/ Ko and U1 /K| be corner charts at vy and v| respectively connected by an edge 6 so
that SNA = 0, then the Gorenstein characters of Uy /Ko and U1 /K| agree on the overlap U, /K| NUy/ K.

Lemma 5.11. Let x € A and T1 be the cell of 0A whose interior contains x. Let v, v be vertices of
I1 such that there exists a union of 1-cells {6;}; in 11 connecting vy and vy and 6; N A = 0 for all i.
Let Uy/ Ky, Uy /K be the symplectic corner charts at vy and vy, respectively. If M* is x-standard with
respect to Uy then M?® is x-standard with respect to Uj.

Proof. Tt suffices to assume that vy and v; are the endpoints of a single edge 6 with 6 N A = 0.
By the standardness assumption on U, there is a neighbourhood O of x such that the hypersurface
M} N n;‘ (O) in the coordinates of Uy is given by

H Nn e ratastas) — 4. (25)

j,Xj=0

The Gorenstein character e!(91+92+4:+44) descends to Uy/Ko and by Lemma 5.11, it agrees with the one
in Uj. The coordinate p; measures the distance from the corresponding facet of A that contains x. In
other words, the map p +— p; is given by pairing with a dual vector that is an inward normal to the
facet. This is true for both U; and Uy. Note that the interior of the facet corresponding to x; = 0 is
necessarily contained in both p (Uy/Ky) and ma (U} /K ) because both charts contain x and x lies in that
facet. Because the coordinate transformation of the p-coordinates from Uy to U is affine Q-linear and
identifies the respective placements of the polytope, it follows that, if x; = 0, the respective coordinates
pj for Up and U, are constant multiples of one another. If we transform (25) from the coordinates of Uy
to the coordinates of U, the left-hand side takes the same shape up to multiplication by a constant that
we can absorb into the constant ¢ on the right, so we see that M*® is also x-standard with respectto U;. O

When Type(x) = 3, we can remove the assumption that vy and v are connected by a union of 1-cells,
in the following sense.

Lemma 5.12. Let I and x be as in Lemma 5.11 but we assume that Type(x) = 3 (so dim(I1) = 3). Let
vo, v1 be vertices of Il and Uy, U| be the corresponding corner charts. If M* is x-standard such that
equation (19) holds for ¢ = 0 with respect to Uy, then the same is true with respect to U.

Proof. That equation (19) holds for ¢ = 0 implies that M} N 7' (Ox) coincides with ;' (O N 1I),
which is independent of coordinates. Therefore, it is true with respect to Uy if and only if it is true with
respect to Uj. ]

5.2. Trivalent vertex

In this subsection, we construct a local Lagrangian modeled on a trivalent vertex of a tropical curve y.
Near the trivalent vertex, y is contained in a two-dimensional plane, so we start our construction in 772,
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Lemma 5.13. InT*T?, there is a Lagrangian pair of pants L such that outside a compact set, L coincides
with the union of the negative co-normal bundles of a (1,0) and (0, 1) curve and the positive co-normal
bundle of a (1, 1) curve.

Proof. Letr;, 0; be the polar coordinates of R?\{0} fori = 1, 2. For a symplectic form on (R?\{0})> we
use w := Y; d(log(r;)) A df;. Now, T*T? is symplectomorphic to ((R?\{0})?, w) by the identification
(pi»qi) = (log(r;),6;), where the g; are the base coordinates of 7*72. In the complex coordinate
z; = r;e'%, the holomorphic pair of pants H = {(z1,22) | z1 + 22 = 1} is given by

ricos(61) +rpcos(6) =1, rysin(6y) +rpsin(6;) = 0.

To obtain a Lagrangian pair of pants, we use hyperkéhler rotation. Concretely, by transforming 6; —
0,, 0, — —0; keeping rq, r fixed, we know that

I {(r1,91,r2,92) e R0 | cos(62) +racos(0y) =1, }

) sin(Gl) +r sin(@z) =0
is diffeomorphic to a pair of pants. The three punctures correspond to r; = 0,7, = 0and r; = rp = oo,

respectively. We next check that L is Lagrangian.
The tangent space of L is spanned by

cos(01)dy, — SO0 5 cos(02)d), + Smr(@)agl, (26)
1 2
sin(@)r, + SO 50+ sin(02)a, + <502, 27)
r

as can be checked by applying these to the defining equations of L. Computing w((26), (27)) gives zero;
hence L is Lagrangian.

Let 7 : T*T? — R? be the projection 7(p;, ¢;) = (p1, p2), which is a Lagrangian torus fibre bundle.
Note that 7(L) = n(H), which is an amoeba with three legs asymptotic to the negative p; axis, the
negative p, axis and the line {p; = p>|p1 > 0}. More precisely, when r; > 0 is sufficiently small, 6, is
close to 0 and r; is close to 1. The situation is similar when r, > 0 is sufficiently small. When r{, r, are
sufficiently large, we consider the equation rf + r% +2rirycos(6) + 6,) = 1 obtained by sum of squares
of two defining equations of L. This implies that 1 > (r; — r2)? and cos(; + 65) is close to —1 when
r1, rp large, which in turn implies that :—; is close to 1 and 81 + 6 is close to —x. To complete the proof,
it suffices to deform L to another Lagrangian L’ such that the three legs of 7(L’") completely coincide
with the asymptotic lines outside a compact set.

We now explain the deformation procedure. One can check that @ := p;dg; is exact when restricted
to L by showing that fc a= 0, where c; are simple closed loops wrapping around the asymptotes r; = 0
fori =1, 2. Define

Ey :={(p1,91,P2,92) |1 =0,p2 =0},

which is the co-normal bundle of {g| = p; = p» =0} C {p; = p2 = 0} when we identify {p; = p» = 0}
with the zero section of 7*T?. In particular, E is a Lagrangian. The projection 7| : L — E| defined by
m1(p1,q1, P2, q2) = (p1,0,0, g2) is injective and submersive near the end corresponding to p; = —oo.
By locally identifying a neighbourhood of the zero section of T7*E; with an open subset of T*T2, L
can be identified as a section of T*E; — E| near p; = —oo. Because we checked that L is exact for
a, one can find a Hamiltonian isotopy to move this end of L to E;. For the end of L corresponding
to pp = —c0 and p; = py = oo, we can take E> := {(p1,q1,P2,92)|q2 = 0,p1 = 0} and E3 :=
{(p1,91, P2, 92)|p1 = p2,q1 = = — g2} to substitute Ey, and m2(p1, g1, p2,92) = (0,41, p2,0) and
m3(p1, 41, P2, q2) = (P1,—7 — q2, p1, q2) to substitute ry, respectively. This completes the proof. O

By multiplying Lemma 5.13 with a trivial 7*S' factor, we have the following.
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Corollary 5.14. In T*T3, there is a Lagrangian pair of pants times circle L such that outside a compact
set, L coincides with the union of the negative co-normal bundles of a (1,0, 0)-curve times a (0,0, 1)-
curve, of a (0, 1,0)-curve times a (0,0, 1)-curve, and the positive co-normal bundle of a (1, 1,0) curve
times a (0,0, 1)-curve.

By applying backward Liouville flow for the standard Liouville structure on T*T>, we can assume L
to lie inside a small open neighbourhood of the union of the zero section T and the negative/positive
co-normal bundles, and the neighbourhood is as small as we want.

Lemma 5.15. Let M*® be x-standard for some x € dL:\A so that n;l (0 )NM; is given by equation (19)
for asmallneighbourhood O, of x. Letc; : [0,1) — O, NOL: for j = 1,2, 3 be proper straight lines such
that ¢ ;(0) = x for all j. Assume the directions of c; is integral linearly equivalent to {e1, ez, —e1 — €2}
with respect to the integral affine structure on 01\ A. Then there exists a small neighbourhood O C O,
of x, small neighbourhoods O, C O’ of Im(c) and a family of proper Lagrangian pair of pants times
circle L,y C n;l (0%) N M}, fort > O, such that L; N n;l (Oc;) is Im(cj)-standard outside n;l (Oy) for
j=12,3

Proof. By Proposition 5.4, we can construct Im(c ;)-standard Lagrangian L in n;l (0%,)N M. The set
of p-coordinates of L; is determined by condition (//) in Proposition 5.4. Let the set of p-coordinates
of L; be P;. Notice that N;—; 5 3P; is a singleton given by the unique element in 75 (M;) such that
P1— X1 = -+ = p4 — x4. Let p* be the unique element in Nj-1 2 3P; and T+ := n;l(p*) N M} be the
Lagrangian T3 in M;.

The assumption of the directions of ¢; implies that, for some choice of coordinates in 7+, the
intersection pattern of L; with T,- is exactly given by (1, 0, 0)-curve times (0, 0, 1)-curve, (0, 1, 0)-curve
times (0,0, 1)-curve and (1, 1,0) curve times (0, 0, 1)-curve. We can do a Hamiltonian perturbation of
L such that, with respect to a choice of Weinstein neighbourhood of T},+, L ; coincides with the negative
co-normal bundles of a (1,0, 0)-curve times (0,0, 1)-curve, (0, 1, 0)-curve times (0,0, 1)-curve, and
the positive co-normal bundle of a (1, 1,0) curve times (0, 0, 1)-curve.

We can also adjust Tj,+ N L; by parallel translation of the 2-tori using H(u) in Proposition 5.4 if
necessary. Therefore, we can apply Corollary 5.14 to glue the L ; together and obtain a proper Lagrangian
pair of pants times circle L;. It is clear that L, N 71';1 (O¢;) is Im(c)-standard outside ﬂgl (Oy) for some
small neighbourhood O of x. O

5.3. Assembling local Lagrangian pieces away from the discriminant

We apply the results in the previous two subsections and conclude the construction of the Lagrangian
away from the discriminant.

Terminology 5.16. A solid torus is a manifold diffeomorphic to S' x {z € C||z| < 1}. An open solid
torus is a manifold diffeomorphic to the interior of a solid torus.

Let y be an admissible tropical curve (see the assumption of Theorem 1.1). Let N be a nelghbourhood
of y and B’ ¢ B C N be small open tubular neighbourhoods of the ends of y such that the closure B
of B’ lies inside B. In particular, we can write B = U, B, and B’ = U, B/, where the union is taken over
all the ends e of y and B,., B, are small topological balls containing e.

Proposition 5.17. Suppose there exists an s-admissible section s and, for all t > 0 small and for each
end e, a Lagrangian open solid torus L{ in n;l (B) N M such that L¢ is (B, \E;) Ny-standard, and the
directions of the meridian and longitude of L{ with respect to the integral affine structure are as in L,
in Subsection 2.6. Then, for all t > O sufficiently small, there is a closed Lagrangian L, C M} such that
L; is diffeomorphic to a Lagrangian lift of v and na(L;) C N. Moreover, we have w(L;) = mult(y).

Proof. We first explain the construction of L, and the proof concept is the same as for Proposition
59.Let D := {di}ili , € v\ B be a finite collection of points such that it contains all of the trivalent
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points of  and all of the points in B N y. By adding more points to D if necessary, we can assume
that every point x on vy is contained in the image of a curve ¢ : [0,1] — [\ A, for some L3, such
that Type(c(0)) < Type(c(r)) = Type(c(1)) for all » € (0, 1]. In particular, it implies that the interval
between two adjacent points d,d’ of D (adjacent with respect to the topology on 7y) is the image of
such a curve ¢. We denote the open (respectively closed) interval between two adjacent points d, d’ by
(d,d’) (respectively [d, d’]).

By repeatedly applying Lemma 5.7, we get a new s;-admissible section s’ such that M*" is (d, d’)-
transition-standard for all adjacent points d,d’ € D and s’ = s outside ﬂ;l(N). Moreover, because

M?* is standard for points in (B \ E’) N 7y a priori, when we apply Lemma 5.7, we can assume that the
outcome s’ equals s inside ﬂ;l (B).

As a consequence of M s’ being (d, d’)-transition-standard, M 5" is x-standard for all x € D (here, we
use Corollary 5.11 and Lemma 5.12 to guarantee that being x-standard is independent of corner charts:
if y € (d,d’) has Type(y) = 3, we apply Lemma 5.12; if y € (d, d’) has Type(y) < 3, the assumption of
Corollary 5.11 will be satisfied, so we can apply Corollary 5.11). In particular, M* is x-standard for all
trivalent points x of y. Let x be a trivalent point of y and let d;,, d;,, d;; € D be the three adjacent points
of x on the three incident edges of x, respectively. We can apply Lemma 5.15 at x. The result is a point
bi, € (x,d;,) for each k = 1,2, 3 such that, for all # > 0 small, there exists a Lagrangian pair of pants
times circle L} ¢ M s" such that LY is (x, b;, )-standard outside the preimage of a small neighbourhood
O, of x under 7p. Because M s s (x, d;, )-transition-standard for all k£ = 1,2, 3, we can apply Lemma
5.8 to extend L} so that it becomes (x, d;, )-transition-standard outside n;l (Oy).

Now, as in the proof of Proposition 5.9, for all adjacent d, d” € D such thatd, d’ are not trivalent points
of v, we can also construct Lagrangian local pieces in M* that are (d, d’)-transition-standard. Moreover,
we can glue these local pieces together smoothly to get, for all # > 0 small, a closed Lagrangian L;.

Because s and s’ are interpolated by a family of s;-admissible sections that is unchanged outside
ngl (N), we can apply Lemma 4.3 to conclude that L, C M,S' can be brought back, via a symplectic
isotopy, to a closed embedded Lagrangian inside M N ng' (N).

Finally, for the diffeomorphism type and topology of L;, it is clear from the construction that the
diffeomorphism type of L, is governed by y and coincides with Definition 2. In particular, for a rigid y
of genus zero, L, is a rational homology sphere and w(L) = mult(y). O

6. Near the discriminant

In this section, we explain the construction of a local Lagrangian solid torus that serves as capping off
the Lagrangian 3-folds near the discriminant. We first explain the case where P, is a toric manifold;
Subsection 6.8.1 reduces the more general orbifold situation to the manifold case.

Let U be a symplectic corner chart. As explained in Section 3 (see (5)), we have an explicit diffeo-
morphism @y : U — C* given by

. 9 :
wji=exp(u;+iv;) = Dy _;(z) = exp (%) exp(iq;), (28)
J
where (Wl, e ,W4) S C4, = (Z], e ,24), ;= \12[).,' exp(iqj) and (I)U = (q)U,h Ce ,(DU’4).

Let 51 € HO(PA,L)Reg and M, = Mf‘ (see (18)). For the purpose of capping off the Lagrangian,
we will make an assumption on the shape of the discriminant near the ending. Say the piece of the
discriminant that we want to cap off the Lagrangian at is contained in the complex two-dimensional
stratum 7' = {w; = wy = 0, wzwy # 0}.

Assumption 6.1. In this section, we assume
M, NU = @Z,l({w1WZW3W4 =tg(w)}), (29)
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where g(w) = c(b — w3) + wih1 (W) + waha(w) for some polynomial functions hy, hy : C* — C and
constants b, ¢ € C*. In other words, the restriction of g to T is constant in w4 and degree one in ws.

Remark 6.2. As aconsequence of Lemma 2.5, the situation of Assumption 6.1 is equivalent to the corner
chart U being based at a vertex with an adjacent 2-cell that deforms to a 1-cell in A ;. Furthermore,
g being locally of this form is equivalent to its amoeba A locally being one-dimensional. By the
admissibility assumption on the tropical curves that we build Lagrangians for, its univalent vertices
permit a nearby vertex of A that is contained in a 2-cell so that the associated chart @ gives the
hypersurface the form of (29) for T the toric 2-stratum associated to the 2-cell in A that contains the
univalent vertex of y. A is locally of dimension one if and only if (29) holds.

Remark 6.3 (Trivalent vertex). It is natural to ask whether Theorem 1.1 can be generalised to tropical
curves whose univalent vertices end at a codimension one part of A. In this case, the local model is

M, NU = @y ({wiwawswy = 1g(w)}) (30)

and g(w) = c(b — b3ws — bawy) + w1 hy(w) +wohy (w) for some polynomial functions hy, hy : C* — C
and constants b, ¢, bz, by € C*.

The key difficulty for this generalisation is whether one can straighten the discriminant as in Propo-
sition 6.19. More details will be explained in Remark 6.20.

Let g9 := gl|r. Because go(w3,wq) = g(0,0,ws,wq) = c(b — w3), the discriminant Disc(s)
intersected with the stratum 7 is

Disc’(sy) :=Disc(s1) N T = {go =0} = {w3 =b} N T. (31)

Let 7 : U — [ be the moment map restricted to U and A := 7(Disc%(s;)).

Lemma 6.4. 7T|Disc0( s isan§ L_fibre bundle over A and the tangent space of each S'-fibre is generated
by 04, = 0,,. Moreover, A is an open embedded curve inside the 2-cell {p\ = p» = 0} C [ such that A
is transverse to the slices {p4 = const}.

Proof. Because Disc(s1)NT is connected, so s its projection A. Inserting w ; = "V into go (w3, wa) =
£(0,0, w3, wy) and taking logarithm yields that Disc(sy) N T is given by u3 = const and v3 = const, so
it is invariant under the subtorus action {(0, 0,0, ) € T#|# € S'}. This proves the first statement of the
lemma.

The curve A in p-coordinates is found by inserting uz = d f; (p)/dp3 into us = const and because f;
is a smooth function, A is a smooth connected curve. Let p = (0,0, f,(r), f2(r)) be a parametrization
of A. Note that Disc(s) N T is symplectic with tangent space generated by {f(r)0p; + f5(r)0p,, 0g, }-
This means that w(f|(r)0p; + f,(r)0p,,0g,) = f,(r) # 0 for all r, so A is transverse to the slices
{p4 = const}. O

Remark 6.5. An alternative proof of Lemma 6.4 suggested by an anonymous referee is as follows: the
Hessian of f; is positive definite so aZf,(p)/apg > 0, and therefore A = {u3 = const} is a curve as
claimed.

We consider a straight line segment y(r) = (0,0, r, R) € L for some fixed R € R parametrized by
r € (rg,r1], inside the 2-cell {p| = p» =0} = n(T), suchthat0 < ro < riand y(r) e A & r=r
(see Figure 9).

The main result we want to prove in this section is the following.

Theorem 6.6 (Lagrangian solid tori). Let s be an si-admissible section. For any neighbourhood
N C 5 of y(ry), there exist v’ < r” < ry with y([r’,r1]) C N, and a family of s1-admissible section

(5" )uefo,1] such that 5O = s, for all u, s* = s outside n;l (N) and M3 is x-standard with respect to U
forallx € y([r',r"]).
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Figure 9. The straight line segment vy inside the two cell {p| = p» = 0}. The transition from the left to
the right image is addressed in Subsection 6.3.

Moreover there exists a neighbourhood N' C N of v((r’,r1]) such that y((r’,r1]) is proper in N’
and there exists a family of proper Lagrangian open solid tori L, C (M;‘1 N~ Y(N"), forallt > 0
sufficiently small, such that L, is (y((r’,r"")))-standard (see Definition 6 and Terminology 5.16).

Note that, in Theorem 6.6, L; being (y((r’,r"")))-standard and proper in (MiYl N7~ (N")) implies
that the infinite end of L, is contained in 7~' (y((r",7""))). We will use this property to glue L, with the
standard Lagrangian models constructed in Section 5 to conclude the proof of Theorem 1.1, eventually.

6.1. Lagrangian construction near the discriminant under assumptions

In this section, we give the construction of a Lagrangian solid torus under two additional assumptions
on M, near Disc(s1) N T, and we later show how to reduce the general case to this case. We start with
some preliminaries about contact geometry and Legendrian submanifolds.

6.1.1. Digression into contact geometry

Let (P, w) be a compact symplectic manifold with boundary. A Liouville structure on (P, w) is a choice
of @ € Q!(P) such that dr = w and that the vector field Z, w-dual to « (i.e., tzw = @), points outward
along dP. The triple (P, w, @) is called a Liouville domain.

r
Example 6.7. Let (B>", 3’ rdr j Ad6);) be the standard symplectic closed ball. We can pick @ = ¥, +d6);.
In this case, Z = ), %6‘, . points outward along dB™".

Given a Liouville domain (P, w, @), (0P, ker(algp)) is a contact manifold (see, e.g., [18], [40]) and
we call it the contact boundary of (P, w, @). The contact boundary of the Liouville domain in Example
6.7 is called the standard contact sphere (S>"~!, £,,4). In general, there are many contact structures one
can put on an odd-dimensional manifold even if one restricts to those that arise as the contact boundary
of a Liouville domain. In contrast, there is a unique contact structure on the three-dimensional sphere
(up to contactomorphisms) that can be the contact boundary of a Liouville domain, namely, the standard
one (see [12]).

Theorem 6.8 (see [11] and also Theorem 1.7 of [39]). If (P, w, @) is a Liouville domain with its contact
boundary being the standard contact 3-sphere, then (P, w, @) is symplectic deformation equivalent to
the standard symplectic closed 4-ball.

A knot K in (83, &) is called Legendrian if T,K C &g4q for every point p € K. A Legendrian
unknot is a Legendrian knot such that its underlying smooth knot type is an unknot.

Example 6.9. Let K c (53, &,,4) € R* be the intersection of (S3,&,,4) with a Lagrangian vector
subspace of (R*, wy;q). Then K is a Legendrian unknot and we call it a standard Legendrian unknot.

The Legendrian isotopy type of a Legendrian unknot is classified by its Thurston-Bennequin number
and rotation number (see [ 13] and also [ 14, Section 5] for more about these background materials). There
is exactly one Legendrian unknot with Thurston-Bennequin number —1 up to Legendrian isotopy and
it is realised by the standard Legendrian unknot. By the Thurston-Bennequin inequality, a Legendrian
unknot can bound an embedded Lagrangian disk in (B*, w,;¢) only if its Thurston-Bennequin number
is —1. The converse is also well known to be true.
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Lemma 6.10 (Bounding a Lagrangian disk). Lef (P, w, @) be a Liouville domain with contact bound-
ary (83, &xq). IFA € (OP,ker()) is Legendrian isotopic to the standard Legendrian unknot, then there
is an embedded Lagrangian disk D C (P, w) such that 9D = D N 0P = A.

Proof. By Theorem 6.8, it suffices to assume that (P, w, @) is a star-shaped domain in (R*, wy;4). By
[7, Theorem 1.2], there is a small Darboux ball B* ¢ P and an embedded Lagrangian L c P \ Int(B*)
such that LN AP = A and L N dB* is a standard Legendrian unknot. Moreover, we can assume that L is
invariant with respect to radial direction near d B*. Therefore, we can close up L by a Lagrangian plane
in B* by Example 6.9. O

Let M| :={(z1,22,23) € C3 |z1z2 = 73}, which is a complex and hence symplectic hypersurface for
all r # 0. With positive €, let Ye := {z € C3||z1]? + |z2|* + |z3]> = €} be the 5-sphere equipped with the
2

standard contact structure and contact form aly, = 2, %d@i (see Example 6.7).

Lemma 6.11. For t € R, the contact form aly, restricts to a contact form onYe ; := M] N Y, such
that (Ye 1, ker(aly, ,)) is contactomorphic to the standard contact 3-sphere.

Proof. This result is well known (see Remark 6.12), but we still want to give some details. Without loss
of generality, we assume ¢ is real positive. Note that Y ; is the union of Y, ;\ {z; = 0} and Y ; \ {z2 = 0}.
We parametrize Ye ; \ {z1 =0} and Y¢ ; \ {z2 =0} by

€, L, r)t
{(r1391’r2’023r3’03) = (r901’ p(f)

p(e, t,r)t
r

,00,p(€,t,r),01 + 02)|r € (0, Vel, 01,0, € R/Zﬂ'Z},

{(71,91,r2,92,r3,93) = (

where p(€,t,r) = ’2r(f+_t§2) , so when r = /e, we have p(e, t, v/€) = 0 and the corresponding angular

variable (i.e., 6, for the first equation and 6; for the second equation) collapses. In particular, the
parametrizations of Y¢ ; \ {z1 =0} and Y ; \ {z2 = 0} exactly give a Heegaard decomposition of Y ;.
The collapsing circles at the ends have intersection pairing one in the Heegaard surface (a 2-torus) so
YE,Z = SS.

Let @ (51,19, 52, %) = (s1Vtexp(ith), s2Vtexp(ithy), s152 exp(i( + 12))) be a chart for M/ and

2
let @ := ), %d9j|M, and recall that w = 3} rjdr; A 6. Then we have

,01,7,00,p(€,t,r),01 + 92)|r € (0, Vel, 01,0, € R/27rZ},

S2 S2
o = 31(: +s2)dd + Ez(t +57)d s,

O'w=1s(t+ s%)dsl Add + s%szdsz Add + slsgdsl Ad + sy(t+ s%)dsz A d, so

. (51t + 5Dy, + 52( + 53)ds,)

2(t + s% + s%)

is checked to be the dual of ®*a with respect to ®*w|yy,. In particular, the Liouville vector field Z;
points outward along d(M; N {|z| < €}). Therefore, M/ N {|z| < €} is a Liouville domain with contact
boundary (Ye;,ker(aly,,)). Because the standard contact 3-sphere is the only contact 3-sphere that
arises as the boundary of a Liouville domain, the result follows. m}

Remark 6.12. Y, ; is called the link of the ‘singularity’ of M/ at the origin. Because M, is smooth at
the origin for ¢ # 0, the link of the origin is contactomorphic to the standard contact 3-sphere.

By translating the z3 coordinate, we know that Y, ; := {z € C?|z122 = t(z3 —a)} N {z € C||z1 > +
|z2|% +|z3 — a|?® = €} is naturally equipped with a contact structure making it a standard contact 3-sphere
forae Cand e > 0.
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Lemma 6.13. With t € R, the following is a Lagrangian disk in M, , == {z122 = t(z3 — @)},

. . 2
L= {(re'® re7i rT +a)|r € [0,),0 € R/27Z}. (32)

Moreover, 0L := LNY, ¢+ is a Legendrian and has the Legendrian isotopy type of a standard Legendrian
unknot in Yg ¢ ;.

Proof. Being a Lagrangian disk is an easy check. Using the chart ® for M, from above, shifted by

(0,0, a), we have
. r r
= {(\/?’9’ \a 9)}'

By the proof of Lemma 6.11, Z; = 5—h—(s1(+57) 05, +52(t+53)0s,), so we have Z; | € T (®'(L))

2(t+slz+s22)
for all x € @' (L). Therefore, dL is a Legendrian. The only Legendrian isotopy type that can bound a
Lagrangian disk is the standard one, so d L is Legendrian isotopic to the standard Legendrian unknot. O

Remark 6.14. Forevery ¢ € R/2nZ, there is a symplectomorphism M,, , — M, , givenby z; ez,
22+ %2, 23 - €!??) (23 — a) + a. Therefore, if the domain of 7 in (32) is replaced by e?[0, co) for
some ¢ € R/2x7Z, Lemma 6.13 still holds.

Having reviewed some basic contact geometry, now we explain the construction of Lagrangian solid
tori under Assumptions 6.15 and 6.17 below.

6.1.2. Overview of the construction

In one dimension lower like the situation we just considered, let z1, z2, z3 be symplectic coordinates of
C3 and suppose we have a family M, of hypersurfaces in C> with My = {z;z2 = 0}, M, a symplectic
submanifold for 7 # 0, for all ¢ # 0 the discriminant M, N Sing(My) equals {(0,0, a)} for fixed a € C*.
Say we have two balls V, U centred at {(0,0, a)} with V c U so that

My
~(0,0,a)
M, N (U\V) ={z1z2 =t(z3 - a)}, (33)
M, N U is a Liouville domain. (34)

By (33) and Lemma 6.11, we know that d(M; N U) is the standard contact 3-sphere. By Lemma 6.13,
we have a Legendrian unknot

. . r2
Ay o= { (re‘e,re_’g, " +a)

0 R/27rZ} 35)

inside d(M, N U) for some appropriate r. Furthermore, by (34) and Theorem 6.8, we know that M, N U
is symplectic deformation equivalent to the standard symplectic ball when ¢ # 0. Moreover, by Lemma
6.10, we know that we can fill A, by a Lagrangian disk in M; N U. This Lagrangian disk will generally
allow us to construct closed Lagrangian surfaces for a tropical curve ending at the discriminant with
such a disk closing up the ending.
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In the situation that interests us one dimension higher, the ending needs to be given by a solid 3-torus.
This situation is considerably harder for the following reason. Ideally, we would like to have a product
situation locally. This means that there is a symplectic annulus (A, w4) such that the family is simply
given by M, x A where M, is as above, the discriminant is then {(0,0, a)} x A, we obtain a Lagrangian
disk D in the first factor M, as before and then for any circle C in A that generates the fundamental
group of A, we find D X C as the desired solid torus in M; x A. However, it is very hard to understand
the symplectic form near the discriminant, not to mention to try to deform it to a product situation, so
this easy setup will not be achievable for us. The next weaker concept from a product is a fibration,
which is what we will be using instead, as follows.

Let z1, 22, 23, z4 be symplectic coordinates of C* M, a family of hypersurfaces in C* with My =
{z1z2 = 0}, M, a symplectic submanifold for ¢ # 0, and for all ¢ # 0 the discriminant M, N Sing(Mp)
equals {(0,0, a)} x A for fixed a € C* and some 0-centred annulus A c C. Again, say we have two balls
V’, U’ c C3 centred at {(0,0,a)} with V' c U’ so that setting U = U’ X A,V =V’ x A,

M, N (U\V)={z1iz2=1(z3 —a)}, (36)
M, N U is a Liouville domain. 37

We will show below that the restriction of the projection U — A to M, gives a ‘nice’ exact symplectic
fibrationr : M; NU — A. Every fibre of r is the lower-dimensional situation as above. After symplectic
completion, we get an exact symplectic fibration Comp(x) : Comp(M, N U) — T*S' such that fibres
are standard symplectic R*. Because the compactly supported symplectomorphism group of standard
R* is trivial, we can find a compactly supported exact symplectic deformation from Comp(M; N U) to
Comp(M; NU)’ such that Comp(7) is still an exact symplectic fibration and the symplectic monodromy
around a simple loop C C A is the identity. Therefore, we can construct a Lagrangian disk as above in a
fibre of a point of C and apply symplectic parallel transport along C to get a Lagrangian solid torus in
Comp(M,; N U)’. Because Comp(M; N U)” and Comp(M, N U) are related by a compactly supported
exact symplectic deformation, we get a corresponding Lagrangian torus in Comp(M; N U) and we can
apply the backward Liouville flow to obtain a Lagrangian solid torus in M; N U.

In the sections below, we will explain this construction in more details.

6.1.3. Main construction

Let U be a symplectic corner chart such that Assumption 6.1 holds. Let s be an s;-admissible section
and let T, A,y and n : U — L be the ones from the beginning of Section 6. By Lemma 6.4, the g3-
coordinate of Disc(s) N T is a constant and we denote it simply by g. We are interested in the circle
in the discriminant that lies above the point where 7y hits its amoeba image A. Also by Lemma 6.4,
we find C := 77! (y(r1)) N Disc(s;) N T to be a circle with constant radial coordinate, say, given by
|psl = R = |zs] = V2R. So in z-coordinates, by setting a = v2r e'?, the circle C is given by

C-= {zz(o,o,a,u)(lzuzﬁ}. (38)

We will construct a Lagrangian solid torus inside M; N U for an appropriate closed neighbourhood
Uc of C. From now on, every tubular neighbourhood of C that we choose will be closed and of the form

Uc:=BxBxDxAc (R})* (39)
for B a O-centred disk, D an a-centred disk and A a 0-centred annulus (shrinking and then taking closure
of the one we had before) so that the circle of radius V2R is contained in A. We will make two further
assumptions for which we will show in later sections how these can be achieved. The first assumption

is that Disc(s) N T depends only on the z4-coordinate near C as illustrated on the right in Figure 9.
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Assumption 6.15. There exists a tubular neighbourhood Uc of C such that
Disc(s) NTNUc ={(0,0,a,z4) € Uclz4 € A} (40)

for A a shrinking of the previous annulus A still containing the circle of radius V2R. In particular,
AnNna(Uc) ={(0,0,r1)} X I where I is a straight line segment in the affine p-coordinates of s and 1
is given by projecting the radial part of A.

To construct the Lagrangian solid torus, we also need to make an assumption on the restriction of &
to Uc N M, and for that we introduce the following notion.

Definition 9. Let (E, wg) be a symplectic manifold with corners and (X, wy) be a symplectic surface
with boundary. Let 7 : E — X be asymplectic fibration. The vertical boundary of ris 0V E := 7~ (9X).
The horizontal boundary 0" E of r is the closure of E \ 3" E. The fibration r is called a smoothly
trivial exact symplectic fibration if

1. m is a smoothly trivial fibre bundle,

2. there is a one form ag such that dag = wg and the induced Liouville vector field points outward
along 3VE and 0"E,

3. there exists a neighbourhood N of 0" E and a symplectic manifold (F, wr) with smooth boundary
such that there is a symplectomorphism ¥ : (N, wg|y) = (F X X, wr ® wy) and 1y o ¥ = 7|y,
where 15 : F X ¥ — X is the projection to the second factor.

The last condition is also referred to as & being symplectically trivial near the horizontal boundary.

Remark 6.16. A smoothly trivial exact symplectic fibration is a strictly more restrictive notion than
that of an exact symplectic fibration as given in [52, Section 15].

Assumption 6.17. There exist tubular neighbourhoods
Uc =BxBxXxDxA and Vc:=B' xXB'xD’'xA 41)

with Uc as in (39) and B’ C B a O-centred closed disk of smaller radius and D’ C D an a-centred
closed disk of smaller radius but Uc and V¢ have notably the same A-factors such that
M N (Uc\Ve) ={z1z2 =t(z3 —a)} and 42)
M NUc — Ais a smoothly trivial exact symplectic fibration,

where, as usual, z; = ijeiqj =xj+iyjforj=1,2,3,4

We next carry out the Lagrangian solid torus construction under Assumptions 6.15 and 6.17 (in fact,
we only use Assumption 6.17 for the Lagrangian construction and we will see in Subsections 6.4-6.6
that Assumption 6.15 is used to obtain Assumption 6.17). By Lemma 6.11, the contact boundaries of
fibres of the projection 7 : M; N Uc — A are contactomorphic to the standard contact 3-sphere. This
implies that 7 is actually a symplectic 4-ball bundle over A by Theorem 6.8. Moreover, by Lemma 6.13,
for every z4 € A, there is a unique » > 0 such that 7> + a € dD for D the third factor of Uc. When
t € R.g is small,

Ay r = {( Vire'? Atre 0 1 +a, z4)’ 0 € R/ZHZ} 43)

is a Legendrian unknotin d(7~!(z4)). (By Remark 6.14, we can also take r € C* with nonzero argument.)
Recall that R is the p4-coordinate of y(r1). Because r is assumed to be symplectically trivial near the
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horizontal boundary, it is clear that

Aer= | Aar (44)
zat|za|=V2R

is a Legendrian torus in the contact boundary of M; N Uc (after rounding corners to be able to call
M,; N Uc a Liouville domain, even though A, does not meet any corners because it projects to the
interior of A).

Proposition 6.18. The Legendrian torus Ac , bounds an embedded Lagrangian solid torus Lc , in
M; N Uc such that every A, , is a meridian.

Proof. We use the notation M, := M; N Uc in this proof. Let Comp (M) be the symplectic completion
of M/. In other words,

Comp(M]) := M/ Ugps; ([1,00) X IM;) (45)

and the symplectic form on ([1, 00) X dM/) is given by d(pa|sp;) for p the linear coordinate on [1, o)
and « the one-form on M, defining its Liouville structure. Because x is trivial near the horizontal
boundary (third item of Definition 9), Comp(M;) can be obtained by first performing symplectic
completion along the fibres of 7 and then completing along the base direction. Therefore, we have
a symplectic R*-bundle Comp(r) : Comp(M/) — C* extended from . We also have a Lagrangian
submanifold [1, o) X Ac,, C [1,00) x M, c Comp(M]) fibring over the circle {|z4]| = V2R} with
respect to Comp(7).

Gromov showed that the compactly supported symplectomorphism group of (R*, w,; ) is contractible
[19]. Therefore, there exists an exact symplectic deformation Comp(M/)’ of Comp(M/) supported
inside a compact set K € Comp(M;) such that after the deformation, Comp(r) : Comp(M/)" — C* is
still a symplectic R*-bundle and the symplectic monodromy along {|z4| = V2R} defined by symplectic
parallel transport becomes the identity (see [52, Lemma 15.3]).

Pick a point z4 € A such that |z4] = V2R. There exists pg > 1 sufficiently large such that [pg, co0) X
Ag.r C [1,00) x OM/ is disjoint from K. Because {po} X A, , is a Legendrian isotopic to the standard
Legendrian unknot in the relevant contact hypersurface S* of Comp(7)~!(z4) = (R*, wy;4), the proper
annulus [pp, ) X A, , can be extended to a smooth proper Lagrangian disk L., , in Comp(7)~!(z4),
by Lemma 6.10. (Note that when a Legendrian is Lagrangian fillable, one can always perturb the
Lagrangian filling near the Legendrian boundary to get another Lagrangian filling that is cylindrical
near its Legendrian boundary; therefore, the Lagrangian disk L., , can be made to be smooth.) We
engage L., , in symplectic parallel transport along {|z4| = V2R}. The fact that the monodromy is the
identity implies that the trace of L., , is an embedded proper Lagrangian open solid torus, denoted by
L’C ,» with a cylindrical end [po, ) X Ac . Because {pg} X A, , bounds adisk in L, ,, it is a meridian
of L’

Flnally, because Comp(M,)’ is a compactly supported exact symplectic deformation of Comp(/),
there is also an embedded proper Lagrangian solid torus L/ ¢r C Comp(M,) with the cylindrical end
[p1, %) X Ac,, for some sufficiently large p;. Therefore, one can argue using backward Liouville flow
as in the proof of Lemma 6.10 to rescale L. Cor and make its cylindrical part as long as we like. We
consequently obtain a Lagrangian filling L¢  of Ac,, inside M, with the properties required in the
proposition. O

6.1.4. Plan for the remaining part

In the following subsections, we will generalise Proposition 6.18. In Subsections 6.2 and 6.3, we explain
how to isotope the discriminant of s so that Assumption 6.15 holds. In Subsection 6.4, 6.5 and 6.6, we
construct a smoothly trivial exact symplectic fibration such that Assumption 6.17 holds. We conclude
the proof of Theorem 6.6 in Subsection 6.7. The proof of Theorem 1.1 is given in Subsection 6.8.
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6.2. Integral linear transform

We go back to the general setup in Theorem 6.6. In particular, we have a parametrized straight line
segmenty with y(r}) € A.Inthis section, we want to apply an integral linear transformation to transform
the (p, g)-coordinates to obtain new (p, §)-coordinates so that Z?Zl q; = 41 + ¢». This will help us to
get rid of the fourth-coordinate in the defining equation of M; N Uc later on. Define

1000 1000
~ 10100 . ~7 10111
A= 0-110]%° the inverse transpose A~ = 0010
0-101 0001
Consider a change of symplectic coordinates ¥° : =U\{p:. P4= 0} — U° := Im(¥°) c R* x
R*/27Z* given by the integral linear transform lI“’(p q) =(p,g4) = (Ap,A T 4). Note that, for j = 1,2,
we have p; = p; so we can define Z; := \/2p; -e'9 and partially compactify U° to U by allowing 2 2;=0
for j = 1,2. We can smoothly extend ¥° to ¥ : U \ {p3ps =0} — U = Im(¥) c C> x R? x R?/2n7Z>.
More explicitly,
W(2) = (V2p1€"", \2pae! BH9)  —py + p3, —py + pa, 43, q4). (46)

Note that W|(;,—,,—0) is the identity map. Therefore, just like before, by Lemma 6.4, Disc(s1) N T has
the constant §z-coordinate arg(a) and A is transverse to the slices {p4 = const}. The straight line
$(r) =¥ (y(r)) is still given by (0,0, 7, R) forro < r < ry,and C = {£ = (0,0, a, 24)| |24] = V2R}.

For use in the next section, we now apply the transformation to the pencil. Observe that we achieved
Z?:l qi = 41 + §¢> and have

Dp3 = P2+ Ps, P4 = P2+ Pa. 47

Inserting this and more broadly z; = p-! (Z;) into equation (12) in Example 3.5 yields

22120V(P2 + P3) (P2 + Pa) = th(P)g(w(p, §)). (48)

6.3. Straightening the discriminant

We assume from now until Subsection 6.7 that we have performed the transformation ¥ given in the
previous subsection (Subsection 6.2). For better readability, we will use the notation p instead of p, z
for Z and so forth.

Our next step is to apply a compactly supported Hamiltonian diffeomorphism to deform Disc(s;) N T
such that the p3-coordinate of Disc(s;) N7 becomes independent of the p4-coordinate near C. In other
words, we want that Assumption 6.15 holds after deforming Disc(s;) N T.

Similar to (39), we use a tubular neighbourhood of C of the form

Uc :={((p1.q1),....(Pa,q4)) € BXBXD XA CU (49)
and taken small enough so that p3 and p4 take positive values in Uc, which works by (46). It is then
sensible to define z; = \[2p;e'% =x; +iy; in Uc for j = 1,2,3,4.

Proposition 6.19. For any tubular neighbourhood N of C, there is a Hamiltonian diffeomorphism
o : Ppo — Py supported inside N and a tubular neighbourhood Uc C N of C given by (49) such that

o ¢p preserves all the toric strata of Pp setwise,
o ¢g(Disc(s;) NT)NUc ={(0,0,a,z4)|z4 € A}, and
0 zj=gjo0 ¢;11 inside Uc for j = 1,2.
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After establishing Proposition 6.19, we push forward all of the data and define

Ja = (¢n)eda (50)

§i =510 ¢ff (51)

L= (¢5)"L (52)

Disc(8§1) := (§1)7'(0) N (0P )sing = $u (Disc(s1)) (53)
M = {§y = ts} for s € C°(Pa, L) (54)

M, = M} = ¢ (M,). (55)

In particular, J, is a complex structure on Py, and §; are holomorphic sections of the holomorphic
bundle £. Therefore, it makes sense to talk about §;-admissible sections (which are the same as s;-
admissible sections precomposed by ¢I‘_Il). Most notable, by the second bullet of Proposition 6.19,
Disc(§1) NT N Uc satisfies Assumption 6.15 in (p, g)-coordinates.

Remark 6.20 (Trivalent vertex). As mentioned in Remark 6.3, the key difficulty to generalise Theorem
1.1 to tropical curves with ends on a codimension one part of A is whether one can establish the
corresponding result of Proposition 6.19.

More precisely, suppose we are given the local model (30) and a straight line segment y(r) =
(0,0,r, R) parametrized by r € (rg,r1] such that y(r) € A if and only if r = ry. Let (0,0,a,b) €
Disc(s1) such that 75 (0,0, a,b) = y(r1) and let C = {(0,0,a, z4) : |z4| = |b|}. We define neighbour-
hood U¢ of C as above. If Proposition 6.19 is true in this setup, which means that it is true for all the
ends of a tropical curve, then the Lagrangian construction in Theorem 1.1 applies to the tropical curve.

With that said, it is tempting to try to mimic the proof of Proposition 6.19 below to make A to be
very close to a trivalent graph and if y(r1) is not the trivalent point of the graph, we would be able to get
a Hamiltonian ¢y satisfying all three bullets of Proposition 6.19. However, such a ¢ is not supported
inside N. For ¢y to be supported inside N, we can only perturb Disc(s;) in N and hence cannot shrink
A to a trivalent graph.

If one uses a ¢y that is not supported inside N to run the rest of the argument, one can still get a
closed Lagrangian that is diffeomorphic to a Lagrangian lift of the tropical curve but one cannot control
the ma-image of the Lagrangian to be in a small neighbourhood of the tropical curve.

It is very possible that Proposition 6.19 for appropriate y(r) is true in this setup. Even though it
is a very explicit local question, we are not able to write down a clean condition on vy for it to work,
especially when y(r}) is very close to ‘the trivalent point of A’.

Before giving the proof of Proposition 6.19, we first conclude the resulting local model of M, N Uc.
We remind the reader that Z and p in the previous section are denoted by z and p in this section.

Lemma 6.21. Let ¢y and Uc be chosen as in Proposition 6.19. Then we have
M, NUc ={z122 = 18y (2)}

for some smooth function gy : Uc — C such that

o gy = g up to a change of coordinates and a multiplication by a nonvanishing function: more
precisely, gu = p(2)g(®u o ¥~ (¢3 (2))) for some p(z) : Uc — C*,

o the zero locus of (U)o = 8u l{z,=z,=0} is given by Disc(§1) N T N Uc,

o (gu)o is submersive (i.e., D(gy )o surjective) near Disc(§;) N T N Ug,

o (gu)ol(p\{a})xa is homotopic to (z3,z4) = z3 — a as C*-valued functions.
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Proof. By Assumption 6.1 and equation (48), we have

M, NUc = {2z2122V(p2 + p3) (p2 + pa) = th(p)g(w(p, q))}.

Because (py + p3)(p2 + p4) > 0, we can rearrange the terms to get

M, NUc ={z122 = th(p)g(w(p, @)}

h(p)

24/ (p2+p3) (p2+p4)
ator and denominator are both positive. On the other hand, by tracing back the definitions, we have

w(p,q) = ®y o ¥~ (p, q). Applying ¢y to M, corresponds to precomposing the coordinates in the
defining equation by ¢;{1, so we have

where A(p) = . Note that A(p) is a nonvanishing positive function because the numer-

M, N Uc ={z1% = th(¢3 (2))g(@y o ¥ (67 ()}, (56)

where Z; :=z; o ¢;11 fori = 1,2. If we define p(z) := 7z(¢;11 (2)), then by the third bullet of Proposition
6.19, we get the first bullet of this lemma.

In U, from the first bullet of Proposition 6.19 and the discussion above, it is clear that (g )y = glr
up to a change of coordinates and a multiplication by a nonvanishing function. Therefore, (gu/ ), L) =
¢r oW o®. ' ((glr)~1(0)) NUc =Disc(8;) NT N Uc, which is exactly the second bullet.

We now consider the third bullet. Because @7, ¥ and ¢y are diffeomorphisms, it suffices to check
that D (g|r ) is submersive near Disc(s1)NT. We can check it in the complex chart where g|r = a(b—w3)
and Disc(8)) N T = {b = w3, w| = wy = 0, wy # 0}. Therefore, the third bullet follows.

Finally, because ¢g is isotopic to the identity, in order to understand the homotopy class of
(guol(p\{at)xa, in view of (56), it suffices to understand the homotopy class of

h(p)g(@u o ¥~ (2))|01x(0)x(D\ {a})xA- (57)

It is clear that &(p) is null-homotopic because, on one hand, it is well defined and nonvanishing on the
whole D factor and, on the other, it is independent of the g4-coordinate. The homotopy class of the
remaining term, g(®y o ¥~!(z)), can be understood by combining the fact that, away from the zero
locus, glr is homotopic to (w3, wa) +— w3 — b € C* and g3 = v3 is preserved under ¥ (see (40)). O

6.3.1. Proof of Proposition 6.19
Let N c Uc be a tubular neighbourhood of C of a similar form as Uc. Under abuse of repeating
notation, N is thus given by

N ={((p1.91),-...(p4,q4)) € BXBx D x A}.

Let ag, a; be the radii of A in the p4-coordinate with ayp < R < a; for R the radius of C. By Lemma
6.4, there exists a smooth ppisc : [a@g, a;] = R and a constant gpjsc € [0, 27) such that

Disc(s)) NT NN ={z = (0,0, V2ppisc(pa)e'®, z4) |24 € A}.

In particular, by C c Disc(s;) N T N N, we have v/2ppisc (R) = |a| and gpisc = arg(a).

By ignoring the first two factors, we can view Disc(s;) N7 N N as a symplectic section of the
projection 7 : D X A — A. In the following lemma, we explain how to deform this symplectic section
(denoted by Z in the lemma) to another symplectic section that is locally constant near 7 (C). After that,
we will explain in Lemma 6.23 how to thicken this Hamiltonian isotopy inside 7" to be a Hamiltonian
isotopy in U¢ to achieve Proposition 6.19.
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Dx A
< ~0
L

m(C)

Figure 10. The symplectic section Z (blue) is deformed to a section locally constant near n(C) (red)
after a compactly supported Hamiltonian diffeomorphism.

Lemma 6.22. Let Z C D X A be the image of the symplectic section

A—>DxA, z4 (V2ppisc(pa)e'®s, z4)

of m. There exists a Hamiltonian H : D X A — R, supported inside the interior of the domain D X A,
and a neighbourhood W of n(C) = {p4 = R} in A such that 7= (W) 0 ¢ (Z) = {(a, z4)|z4 € W} (see
Figure 10).

Proof. Consider the Hamiltonian

H= (pDisc(p4) - pDisc(R))(q3 - qusc) € COO(D X A)

This is well defined because the g3-coordinate on D is bounded in an interval for D is a-centred with
a # 0 and D does not meet z3 = 0. The corresponding Hamiltonian vector field is (with the sign
convention dH = —x,, w) given by

Xu = _(pDisc(p4) - PDisc(R))am + P]’)isc(P4)(613 - QDisc)aq4~

In particular, Xg |c = 0 and when the time 1 flow ¢y is well defined, we have

¢ (P3.93, P4, q4) = (P3 + ppisc(R) — ppisc(P4), 43, P4s 44 + Phis. (P4) (43 — gpisc)),

$0 ¢ (C) = C and ¢y (Z) is a section over A with (p3, g3)-coordinates equal to (ppisc(R), ¢pisc)-
Note that H is not compactly supported (and ¢ is not everywhere well defined). In order to
get a compactly supported Hamiltonian A, we need to multiply a cutoff function to H of the form
p1(p4)p2(p3,q3) such that pi(psy) : A — R equals 1 near R and py(p3,q3) : D — R equals
1 near (ppisc(R), gpisc). Now, for H = pi(p4)p2(p3.q3)H, it follows that for a sufficiently small
neighbourhood W c A of {p4 = R}, we will get 7=' (W) N ¢ 5 (Z) = {(a, z4)|z4 € W}. o

We can thicken the constructed Hamiltonian as follows.

Lemma 6.23. As before, except with two extra ball factors B, let Z := Disc(s;) N N be the symplectic
section of the fibre bundle 1 : N — A given by projection and C = {(0,0,a, z4))||z4| = V2R}. There
exists a Hamiltonian H : N — R, supported inside the interior of N, and a neighbourhood W of n(C)
in A such that i~V (W) N ¢ (Z) = {(0,0,a,z4)|z4 € W}. Moreover, ¢y preserves {0} x B x D X A,
B x {0} x D x A and {0} x {0} X D X A setwise.

Proof. Leth : B — Rbe afunction supported inside the interior of B such that 4 = 1 near the origin. Let
H° : D x A — R be the Hamiltonian obtained via Lemma 6.22. We define H = h(z1)h(z2)H%(z3, z4),
so H is supported inside the interior of N. Moreover, the Hamiltonian vector field satisfies

Xul(0yx{0yxDxa = Xgo (58)
Xl j0yxBxpxa = HO(23, 24) Xn, + h(22) X g0 (59)
Xut B oyxnxa = H* (23, 24) Xn, + h(z1) Xpo, (60)
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where Xj,, denotes the unique vector field that pushes down to X}, in the ith B-factor and trivial to the
other factors. We conclude the assertion. O

Proof (Proof of Proposition 6.19). Given a tubular neighbourhood N of C, we can apply Lemma 6.23
to get a Hamiltonian diffeomorphism ¢ g : PAo — Pa supported inside N such that ¢y preserves all tori
strata setwise (so the first bullet of Proposition 6.19 holds).

If Uc is a small tubular neighbourhood of C such that 7(Uc) c W, where W is obtained in Lemma
6.23, then the second bullet of Proposition 6.19 holds.

Finally, a simple but crucial observation is that Equation (58) is true near {0} x {0} X D x A.
Therefore, Z; = z; near {0} X {0} x D X A for i = 1,2. By shrinking Uc, we obtain the third bullet of
Proposition 6.19. O

6.4. A symplectic fibration

We assume from now until Subsection 6.7 that we have applied the diffeomorphism ¢ given in
Proposition 6.19. For better readability, we will drop the ‘hat’ notations.

In this subsection and the next two, we want to equip 7 : M’ NUc — A with a smoothly trivial exact
symplectic fibration structure for some appropriate s;-admissible section s. After that, Assumption 6.17
will be justified and we can apply Proposition 6.18 to get some Lagrangian solid torus. As a first step
towards this, we consider s = s1 and equip M; N Uc with a symplectic fibre bundle structure over A (see
Proposition 6.26 below). The main tool is the following linear algebra observation first made by Simon
Donaldson (and known by the slogan ‘almost holomorphic implies symplectic’).

Proposition 6.24 ([10], Proposition 3). Let « : C" — C be an R-linear map. Let a*° and o' be the
complex linear and the anti-complex linear parts of a, respectively. If |a%!| < |a'?|, then ker(a) is
symplectic of rank 2n — 2 in C".

Let G’ := 7120 — tgu (z) : Uc — C where gy and U are obtained in Lemma 6.21 and Proposition
6.19. Because the tangent space of M; N U is given by ker(DG") for t # 0, analysing DG’ and how it
is related to the projection m will be the heart of this subsection.

In (x, y)-coordinates (see the paragraph after (49)), we have

DgU = [é)X1gU(x’ y)’ayngU(x’ y)’ e C{)X4gU(x’ y)’ay4gU(x’ y)]

Let
D3gU = [O’ ...,0, 6)C,ng(Z)’ ay3gU(Z)’0’ O]’

Dygy = [0,...,0,0y,8v(2),0y,8u (2)],

which taken together form a 2 X 8 real matrix-valued function on Uc. For ¢t # 0, we know that M; N U¢
is symplectic or, equivalently, ker(DG") is symplectic at all points where G' = 0, because M, is a

holomorphic submanifold. If D4gy = 0, then G’ is independent of the z4-coordinate, so factors as
GT ’

Uc - BXBxD (—)> C. If N, denotes the fibre of (G")’ over 0, then M, NUc = N; X A, a symplectic

product. Though there is no reason to have D4gy; = 0, we are in fact going to show that if we ‘remove’

the term tD4gy from DG?, then ker(DG' + tD4gy) is still symplectic near C, and we show that this

implies that r is a symplectic fibre bundle for U¢ sufficiently small.

Lemma 6.25. There exists a tubular neighbourhood U(. C Uc of C such that ker( (DG"+1tD4gu)|r, U'c)
is symplectic of rank 6 for all z € M; N U and all t > 0.

Proof. With the transformation after Proposition 6.19 implicit, we denote J, just by Ja etc. in the
following. We have M; = {5 = ts1} and both sy and s are holomorphic section and thus

DG’ o Jplr,ue = Jc o DG |1y,
for all z € M; and all r > 0, where J¢ is the standard complex structure of C.
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As aresult, for z € M, and any R-linear matrix A : T,Uc — C, we have

(DG" + A)"? = DG" + A"
(DG" + A)%! = A%,

where superscripts (1,0) and (0, 1) are the (Ja, Jc) complex linear part and anti-complex linear part,
respectively, so

2A"0 = A — JcAJy and  2A%! = A+ JcAJ,. (61)

Using the fact that ||/ || is uniformly bounded, applying triangle inequality to (61) gives acg > O such that
[IALO]], [JA% Y| < ¢o||A|| for every R-linear matrix A. Now assume additionally that ||A|| < ¢1||DG(2)]|
for some ¢; > 0, then

I(DG" + A)M°|| > [DG'|| - |A™]]
> [|IDG'|| = collAll

> [|DG|| = coc1|IDG|

(1 coC1)

Qo) o
coCq
1-—
= Lo ypgr .
coCq

Hence, given ¢; > 0 (independent of ) such that c¢oc; < 5, we have for all A satisfying ||A|| <
c1||DG" (2)|| for all £ that ||[(DG* + A)0|| > |[(DG" + A)%!||. In this case, ker(DG’ + A) is symplectic
of rank 6 for all # by Proposition 6.24.

By the second and third bullets of Lemma 6.21, we know that dy,gu(z) = dy,gu(z) = 0, and
0x,8uU (2), 0y,8u (z) # 0 for z € Disc(s). Therefore, for any ¢; > 0 such that coc; < %, there exist
small neighbourhood U, of C C Disc(s;) such that

IDagull < c1llD3gull

for all z € U[.. As aresult, we have ¢1[|DG' (2)|| > c1l[tD3gu |l > |[tDagu | so ker(DG' +tDygy) is
symplectic for all z € M; N U, and for all 7 > 0. m}

By shrinking the Uc we chose in Proposition 6.19 if necessary, we can assume U¢ is small enough
such that Lemma 6.25 is satisfied, and we will do so in the following.

Proposition 6.26. Let C and Uc be as before and let 1 : M; N Uc — A be the restriction of the
projection my : Uc — A. We find that nt is a symplectic fibration without singularities.

Proof. Let H' (z) = (G*(2),m4(z)) : Uc — CxA.Forallz4 € Aweget F,, = (HHH0, z4) = 77 (z4).
Along F,, we have

ker(DH’|FZ4) ={ve ker(DG’|FZ4) |v7 =vg =0} C ker((DG' + tD4gu)lF.,)

where v7, vg are the seventh and eighth entries of the vector v, respectively. Notice that ker((DG?* +
tD4gU)F14) = ker(DH’IFZA) ® R(v7,vg) and the left-hand side has rank 6 by Lemma 6.25; hence
dimg (ker(DH'| ., )) = 4 and therefore 7 has smooth fibres.

Moreover, ker((DG' +tD4gy )FZ4) is symplectic by Lemma 6.25. It is clear that R(v7, vg) is symplec-
tic and its symplectic orthogonal complement is ker(D H! | F., ), soker(DH d F.,) is also symplectic. O

https://doi.org/10.1017/fms.2020.54 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.54

48 Cheuk Yu Mak and Helge Ruddat

6.5. Liouville vector field

We recall that Uc = BX Bx D x A. For j = 1,2, 1et (0;,%;) = (4/2p}, q;) be the polar coordinates

of the first two factors, respectively. Using z3 = +/2p3e'??, we can symplectically identify D with a
closed disk in C centred at a. Translating by a, the polar coordinates on C induce a polar coordinate
(03,93) on D with {03 = 0} = {a}. We identify A with a S'-equivariant neighbourhood of the zero
section in 7*S' such that {|z4] = R} is mapped to the zero section. Let o4 and 94 be the fibre and base
coordinates of 7*S! and hence coordinates on A. With these new notations, the symplectic form on Uc
can be rewritten as da, where

We also have a Liouville vector field (see Subsection 6.1 for some background)

3
Zyc = Z %agi + 0400,

i=1

pointing outward along dU¢ making U¢ a convex exact symplectic manifold (or, equivalently, a Liouville
domain). The restriction of @ to M; N Uc induces a Liouville vector field Zy,, on it. We want to show
that Zy,, points outward along the vertical boundary n1(8A) of M; N Uc.

Proposition 6.27. Given U(. as in Proposition 6.26, there exists a shrinking of the B X B X D-factor of
U(. to obtain an open set Uc such that Zy, points outward along the vertical boundary of the fibration
T Mt N UC — A.

Proof. The Liouville vector field Zy, decomposes with respect to TM; & (TM;)* in, say, Z; + Z,. For
v € TM;, we have

alp, (v) = a(v,0) = wy, (Z1 + 25, (v,0)) = wy . (Z1, (v,0) = wp, (Z1,v)

because wy;. (Z2, (v,0)) = 0 by M, being symplectic in U.. This being true for all v, we conclude that
Zy, = 7y.

Let Ag := {01 = 02 = 03 = 0} X A, which lies inside M, for all 7. Note that Zy;, = 040,, on A
so it points outward along d Ag. Note also that Zyy, la, € TM;, so the (TM;)“-component of Zy,, |40
is 0, which in turn implies that Zyy, |4, points outward along dAp. Because pointing outward along
M; N (B X B XD X dA) is an open condition, by shrinking the B X B x D factor, we can ensure that
Zy, points outward along M; N (B X B X D X 0A). O

6.6. A good deformation

We are going to construct a smoothly trivial exact symplectic fibration and justify Assumption 6.17 in
this subsection. Ideally, we would like the symplectic fibration 7 : M; N"Uc — A to be a smoothly trivial
exact symplectic fibration, but it is not true in general that r is trivial near the horizontal boundary even
if we assume Uc to be very small. However, we can show that it is true after appropriately deforming
s1 to another sj-admissible section, which has been the whole purpose of introducing the notion of
admissible sections.

Proposition 6.28 (Homotoping into Assumption 6.17). For any open neighbourhood N of C, there
are tubular neighbourhoods Uc,Vc C N as in (41) so that Ve C Uc is a closed neighbourhood of
Disc(s1) NUc. The neighbourhood Uc satisfies Propositions 6.19, 6.26 and 6.27. There is also a smooth
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Sfamily (s")ue(0,1] of s1-admissible sections with s0 = 51 and for all u, s = s outside N and
o1
M; 0 (Uc\Ve) ={z1z2 = 1(z3 —a)}. (62)

Moreover, the projection to A, « : M} 'n Uc — A is a smoothly trivial exact symplectic fibration for
allt > 0 small.

Recall that every s;-admissible section equals s near Disc(s) (hence is more messy than (62)) and
recall that Disc(s;) N Uc = {0} x {0} x {a} X A, so we cannot hope for (62) to be true if Vo C Uc is
not a neighbourhood of Disc(s;) N Uc, which is why the A-factors of V¢ and U agree in (41).

The proof of Proposition 6.28 is divided into two steps. The first step is the construction of (s*),e0,1]
and V¢, and the second step is to justify that & is a smoothly trivial exact symplectic fibration for all
t > 0 small.

Proof (Proof of Proposition 6.28: Step 1). Pick U C N sufficiently small such that Propositions 6.19,
6.26 and 6.27 are satisfied. We shrink the A-factor of U(. to obtain an open set U that still satisfies
Propositions 6.19 and 6.26. Finally, apply Proposition 6.27 to U’ to shrink its BX B x D-factor and arrive
at an open set U that also satisfies all three propositions like U(. and, furthermore, Uc is contained in
the interior of U, which we will need later.

We work on Uc now. By the last bullet of Lemma 6.21, we know that (gu)ol(p\{a})xa — C is
homotopic to z3 —a : (D \ {a}) X A — C*. Therefore, there is no obstruction to constructing a smooth
family of functions (h*),ef0,1] : D X A — C such that

o h% = (gu)o,

o h" is independent of u near the discriminant {a} X A,

o (K*)71(0) = {a} x A for all u, and

o there is a neighbourhood of V; of {a} x A inside D x A such that h' l(DxanVv, =23 — a.

The second and third bullets above correspond to admissibility of sections, and the last bullet corresponds
to (62).

After h* is constructed, there is no obstruction to extend it to g* : Uc — C such that g° = gy, for
all u, g*|(z,=z,=0y = h*, g" is independent of u near the discriminant Disc(s1) N Uc and there exists
a closed neighbourhood V¢ c U¢ of Disc(s;) N Uc such that 81|Uc\Vc = z3 — a. Indeed, note that
we permit g to take value 0 outside {z; = zp = 0} N Uc. This is because {z; = zo = 0} N Uc is
exactly the intersection between the two-dimensional toric strata and Uc, so even if g* is 0 somewhere
in Uc \ {z1 = z2 = 0}, it will not create new discriminant (cf. the proof of Corollary 4.2).

With this understood, we can extend the isotopy (g*),e[0,1] from Uc to U, ’C so that it equals gy for
all u near the boundary of U(. as well as near the discriminant. Recall that M; NU(. = {so = ts1} NU[ =
{z1z2 = tgu} N U(.. We can patch g" with gy outside U/, to obtain a family of s;-admissible sections
(5" )uefo,17 such that s9 = sy, for all u, s* = s; outside N and (62) is satisfied on Uc. ]

Proof (Proof of Proposition 6.28: Step two). Now, we want to address why 7 is a smoothly trivial exact
symplectic fibration for all # > 0 small. Let 74 : Uc — A be the obvious projection (note the difference
with the 7 above, namely, x is the restriction of 74 to M N U for some s but 714 is defined on the entire
Uc). We use the notation M} := Mfu N Uc in this proof. We will choose a subset V. ¢ V¢ (for V¢
defined in step one), so the vertical boundary of the fibration m4|ps is divided into two parts, namely,
(a) 4| MOV b) 74| MEO(UC\VE) where we use different arguments. We first choose V..

Let G := z1z0 — tg"(z) for g* : Uc — C constructed in step 1. In particular, we have M}* =
(G**)~1(0). Near Disc(s;) N Uc, G"* is independent of u, so by Proposition 6.26, there exists a
neighbourhood V/. C V¢ of Disc(s1) N Uc such that my] Mrnvy is a symplectic fibration without
singularity for all 0 < |¢| < ¢ and all u. Moreover, by Proposition 6.27, Zjs« points outward along the
vertical boundary of 7T4|Mt“ﬁvé’ so we are done with (a)).
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For (b), as argued in the proof of Lemma 4.1, D(ziz2) dominates tDg"(z) outside V/.
when ¢ is small. Therefore, ker(G"") is an arbitrarily small perturbation of ker(D(z;z2)) out-
side V/. for all u when ¢ is small. More precisely, ker(G”“)|M;4\Vé converges uniformly to
ker(D(z1z2)) outside V[ for all u when r goes to 0. Because ker(D(z1z2)) N ker(D(z4)) is
symplectic, the fact that ker(G"")| Mi\vy, converges uniformly to ker(D(z;z2)) implies that
for t+ small, 4] Mp\vg is a symplectic fibration without singularity. On the other hand, by
the local model in Lemma 6.11, we also know that ker(G”“)|M;4\Vé converges uniformly to
ker(D(z1z2)) which implies that for # small, Zy« points outward along the vertical boundary of
74| MI\V,.- We conclude that there exists 6 > 0 such that 74| My is a symplectic fibration without sin-
gularity, and Zy« points outward along the vertical boundary of the fibration 7r4|psx, forall 0 < |¢] < ¢
and all u.

Finally, we need to deal with the outward-pointing vector field along the horizontal boundary. We
have g! luc\ve = 23 — a, so we have M\ Ve = {z122 = t(z3 — a) }. Because the horizontal boundary of
7 M} — Alies inside M, \ V¢ and M \ V¢ is independent of the z4-coordinate, 7 is symplectically
trivial near the horizontal boundary. By Lemma 6.11, we know that Zys« also points outward along the
horizontal boundary of . O

As a consequence of Proposition 6.18, we get the following corollary.

Corollary 6.29. Under Proposition 6.28, there exist a family of proper Lagrangian solid tori L; C
Mts1 N Ugc, for t > 0 small, such that L, C Mts1 N (Uc\Ve) is a cylindrical Lagrangian over the
Legendrian (44).

6.7. Proof of Theorem 6.6

Recall our convention to write p; as p;, etc. We undo this convention now to distinguish between the
two sets of coordinates. The last section used the p j-coordinates. Recall the transformation ¥ between
the two sets of coordinates from (46). In this section, we apply ¥~! to transform the Lagrangian solid
tori obtained in Corollary 6.29 back to (p, g)-coordinates. After that, we will conclude the proof of

Theorem 6.6.
We start with the situation as in Proposition 6.28, so we have Uc, V¢ of the form (49) and a family

(5")uefo,17 of s1-admissible sections. Recall that ¥ is merely a change of coordinates and that it preserves
the coordinates on {z; = z» = 0} = {#; = 2, = 0}. By applying ¥~! to MISl — that is, inserting (46) —
we get the following:

1 A A A
MP n(Uc\Vc)={2122=1(Z3 - a)}
=(Vap1pae! 1) = 1(\2(p3 = p2)e'® — a)). (63)
Recall that the third factor of U¢ and V¢ is disks centred at a, say, Dy and Dy, respectively (Dy &
Dy). Recall also that we have a straight line y(r) = (0,0, r, R) in p-coordinates for ro < r < ry (see the
paragraph before Theorem 6.6) and a = V2re'?, so v ends at a. We choose ro < 7’ < r” < 7" < ry

such that if A; is the O-centred annulus with radii »’,r”” and A, is the O-centred annulus with radii
r”,r’, then

AiNDy =0, A NDy=0, but A, NDy #0;

see Figure 11. We want to perform an additional symplectic isotopy for M,Sl so that the new symplectic
hypersurface is x-standard for all x € y([r’, r”’]) (see Definition 5), as explained in the following lemma.
For € > 0, let B, denote the closed 0-centred e-ball in RZ. We set

Wi,e =Be X Be X Ap X A,

Wa.e = Be X Be X Ay X A.
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Figure 11. Disks and annuli in the z3-plane.

Lemma 6.30. Let N C P be an open set such that there exists € > 0 with Uc, W1, ¢, Wz e C N. Then
there exists a smooth family (S, )ue(o,1] of S1-admissible sections such that 0 = sl and, Jor all u,

tran
Sttan = s inside Uc and outside N. Furthermore,

1 .
M™ 0 (Wye UWa, o) = {VPip2e' D+ ) = tguan(ps — P2, q3)} (64)

Jor some guan(p3 — P2, q3) € C* (Wi, e UWy ¢, C) such that guanlw, . is a nonzero constant.

1
Note that gyanlw, . being a nonzero constant implies that MIS‘”m is x-standard for x € y([r’,r"]).

Proof. This proof is very similar to the proof of Lemma 5.3 and step 1 of the proof of Proposition 6.28.
We know that Mf] N (W1,e UW, ) is given by

VP1Papspae ) = ¢ f (65)

for some f € C* (Wi e UW, ,C) (cf. (20)). Let B4 denote the smallest O-centred ball containing A
(i.e., of radius the larger radius of A). By the fact that s' is s;-admissible, we have Im( f l{pi=ps=0}) C C".
Moreover, because there is an open subset G of ({0} x {0} X B,» X B A) that is homeomorphic to a ball,
contains both the origin and (A} U Ap) X A and such that G N Disc(s;) = 0, we have that

(fl{pi=pa=01)s 1 m1((A1 U Az) X A) — 71 (C) (66)
is the zero map (cf. (21)). Thus, there is no obstruction to constructing a smooth family f¥ . :
(AJUA)) X A — C*, for u € [0, 1], such that t?an’o = fl{pi=pr=0}» Jitan,o 18 independent of u inside

(A1 U A2) N Dy) X A, fil. o = VP3P48uwan.0(P3,q3) for some guano : (A1 U A2) X A — C* and
8uran,0]A, x4 1S @ nonzero constant.

Finally, as in the step 1 of the proof of Proposition 6.28, we can extend f  and gian,0 tO fia,
and gan, which are defined over the whole W, | U W > such that, by patching, f; induces a family
(stranuero,1] of si-admissible sections with all of the properties listed in the proposition satisfied. In
particular, gyn satisfies (64). ]

Next, we want to describe the family (for # > 0 small) of proper Lagrangian solid tori L, C M} 'n Uc
in Corollary 6.29 in (p, g)-coordinates. Recall that a = v2rje’? and that Remark 6.14 permits us to
choose any argument for the Legendrian. For our purpose, we pick r to be the map r — re’? with
¢ = ”T“’ This way, 7> + a parametrizes a curve that starts at ¢ and moves straight towards the origin.
We find L, N (U¢ \ V¢) in Z-coordinates (as in (32)) given by

2
{2 = (relgl,re_lel, rT +a,V2Re'%| € M¥' 1 (Uc \ Vi)

r e el™3 (0,0),
61,6, € R/2nZ

https://doi.org/10.1017/fms.2020.54 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.54

52 Cheuk Yu Mak and Helge Ruddat

and in the (p, g)-coordinates (applying (47) alias inserting (46)) this is described by the following

equations:
2 VI = By e 2
plzplz%, p3:¥+%s p4:R+%7 (67)
T+ T+
q1 = 2q+91, q2 = 2‘1_91—92—4, q3 = ¢, q4 = 6. (68)

The tropical curve 7y is contained in the line through (0,0, 1, R) and (0, 0,0, R), so in view of Propo-
sition 5.4, we define W to be the affine 2-plane in R* containing the points (1,1,1,1+ R), (0,0, 1, R)
and (0,0,0, R), soy € W N JL=. By inspecting (67), we see that p € W for all (p,q) € L, N (Uc \ V)
and, by deriving (68), we find dg,, dg, € W+.

The following lemma gives a family (for # > 0 small) of Lagrangian solid tori (with boundary) in

1
Mts w0 that are y((r’, r””))-standard (see Definition 6).

Lemma 6.31. For st]ram in Lemma 6.30, there is a family of Lagrangian solid tori with boundary, for
1
t > 0 sufficiently small, L' C M:‘"‘" N (Wi,e UW,  UUc) such that

1. pe WUra(Ve) forall (p,q) € L™, and
2. W CT(p,qL: forall (p,q) € L™ satisfying p € W\na(Vc), and
3. the p3-coordinate of all points in the torus boundary L™ is r’.

Proof. By the construction in Lemma 6.30, 5. |y = s'|u. so the L, constructed in Corollary 6.29

1
are Lagrangian inside M,S " N Uc. Inspecting (44) and (43), for a fixed ¢+ > O sufficiently small,
by Proposition 6.18 and the paragraph before, the (p3, g3)-coordinates of all of the points in dL,
are the same and they lie in dDy . Therefore, we need to explain how to ‘extend’ L, to L}m" C

1
M,S "N (Wy,e UWa e UUc) so that, in particular, the p3-coordinate of all of the points in the torus
boundary 9L equal r’.

1
The proof strategy is the same as Proposition 5.4 and Lemma 5.8. By Lemma 6.30, M:'“‘" N (WU
W, ) is given by

P1p2e It = g (ps = P2y q3). (69)

1
We want to construct a Lagrangian in Mts‘mn N (Wi.e U W, ) such that g3 = ¢ is a constant. We
move vy inside W from the toric boundary to the nearby fibres as follows: Consider the function

o = m on A (Wi.e UW, (), so p = t? is the moment map image of the hypersurface
tran - £

(69). Let v := ijl Op;» 50 v(guan(p3 — p2,g3)) = 0. This implies v(p) > 0 for all p € A (W) e U
Wa,e)\{p1 = p2 = 0}, so p is strictly increasing in the direction (1, 1, 1, 1) and zero on the boundary
{p1 = 0} U {pr = 0}. For small r > 0, for all r € (+’,r"’), there exists a unique A such that

p=v(r)+4A(1,1,1,1) satisfies \/p1p2 = t|gwan(P3 — P2, q)|. Therefore, by the reasoning in Proposition

o1
5.4 and Lemma 5.8, we get a family of Lagrangians in M:‘“‘“ N(Wy e UW; ) thatis y((r’, r""))-standard.
By choosing g1, g2, g4-coordinates appropriately (cf. (22)), this family can be smoothly attached to L,
to give LI™" as desired. m

Now recall that we applied a Hamiltonian isotopy ¢ in Subsection 6.3 to modify s; so that the
discriminant became straight in the sense of Proposition 6.19 at the endpoint of the tropical curve. We
will account for this step in the following and conclude the proof of Theorem 6.6 where we carefully
distinguish between s; and §, etc.; see (50)-(55).

Proof (Proof of Theorem 6.6). Let s be an s;-admissible section and N be a neighbourhood of y(ry).
Letr’ < r” < ry be such that y([r’,71]) € N. Consequently, W;  C n;l(N) for € > 0 small (indeed,
recall that W, . is defined with respect to (p, g)-coordinates). Now, after applying the integral linear
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transformation ¥, we let N| C n;l (N) be a tubular neighbourhood of C such that W; N Ny = 0, where
N isdefined in (P, §)-coordinates. We apply Proposition 6.19 to N so that we get a Hamiltonian isotopy
¢ supported inside N to straighten the discriminant. By Corollary 6.29, there exist neighbourhoods
Ve ©€ Uc c Nj of C, si-admissible sections (s*),c[0,1] and for all # > 0 small, Lagrangian solid

tori L; C M,Sl N Uc. Let r””" < r; such that the corresponding W, . satisfies Wy . N Uc # 0 and
Wa,e NV = 0 as before. We can now apply Lemma 6.31 to obtain L" M,S‘l“‘“ N(Wi.e UW, UUC).

Finally, we apply the inverse of the Hamiltonian isotopy ¢g to get q&;Il(L;m“) C ¢;{1 (M; ll"““) N
¢} (Wi,e UW, ¢ U Uc). First note that ¢;‘(Mts‘l”‘“) = Mts‘l”“oq)H and sl o ¢y is s;-admissible. By

ol o
definition, ¢);Jl is the identity outside Nj. As a result, (b;ll (M: = M; w®? remains x standard in
Wi,e (because Wi . N Ny = 0). Moreover, ¢;11 (L) remains y((r’, r"’))-standard for the same reason.
This finishes the proof. O

6.8. Concluding the proof of Theorem 1.1

Proof (Proof of Theorem 1.1). Lety be a tropical curve satisfying the assumptions of Theorem 1.1. Let
N be a neighbourhood of y. We can apply Theorem 6.6 to construct open Lagrangian solid tori for
the endings of the tropical curve near the discriminant such that the noncompact ends of the tori are
standard with respect to an open subset of y. Therefore, we can apply Proposition 5.17 to obtain, for all
t > 0 small, a closed Lagrangian L, ¢ M} such that o (L;) C N.

Again, as explained in the proof of Proposition 5.17, we can assume the families of s;-admissible
sections we have constructed are constant outside n;l(N ). Therefore, we can apply Lemma 4.3 to
conclude that L, C M} can be brought back, via a symplectic isotopy, to a closed embedded Lagrangian
inside M; N n;l (N).

The statement regarding multiplicity is proved in Proposition 2.7. O

6.8.1. Orbifold case

When P, is a toric orbifold, the proof of Theorem 1.1 goes very similar. First, by Lemma 3.6, the cover
C" — C"/K is unbranched away from the origin. This means that if U/K is a symplectic corner chart
for P, then U\{0} — (U\{0})/K is an unbranched cyclic covering. Note that near the discriminant,
the tropical curve is in the direction (0, 0, 1,0) with respect to the symplectic corner chart U. Because
the cyclic group K is generated by an element in (R/27Z)* with nonzero components (otherwise, the
orbifold points will not be isolated), it implies that we are necessarily in the case K N Wy = {0} in

Proposition 5.4. Therefore, if we denote the lift of Disc ¢ U/G to U by Disc, then we can apply
Theorem 6.6 in U to get a family of solid Lagrangian tori L; near Disc and its K-orbit is a disjoint union
of |K| solid Lagrangian tori. Because L, are away from the origin in U, it descends to a family of solid
Lagrangian tori in U/K near Disc. Therefore, the result follows.
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