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Exact Calabi—Yau categories and odd-dimensional
Lagrangian spheres

Yin Li

Abstract. An exact Calabi—Yau structure, originally introduced by Keller, is a special kind of
smooth Calabi—Yau structure in the sense of Kontsevich—Vlassopoulos (2021). For a Weinstein
manifold M, the existence of an exact Calabi—Yau structure on the wrapped Fukaya category
‘W(M) imposes strong restrictions on its symplectic topology. Under the cyclic open-closed
map constructed by Ganatra (2019), an exact Calabi—Yau structure on ‘W(M) induces a class
b in the degree one equivariant symplectic cohomology SHLI91 (M). Any Weinstein manifold
admitting a quasi-dilation in the sense of Seidel-Solomon [Geom. Funct. Anal. 22 (2012),
443-477] has an exact Calabi—Yau structure on ‘W (M ). We prove that there are many Wein-
stein manifolds whose wrapped Fukaya categories are exact Calabi—Yau despite the fact that
there is no quasi-dilation in SH!(M); a typical example is given by the affine hypersurface
{x3 4+ 3+ 23 + w3 = 1} € C*. As an application, we prove the homological essentiality
of Lagrangian spheres in many odd-dimensional smooth affine varieties with exact Calabi—Yau
wrapped Fukaya categories.

1. Introduction

Given a closed Lagrangian submanifold L in some symplectic manifold M, one of the
most important questions in symplectic topology is to determine whether it represents
a non-trivial homology class [L] € H, (M ; Z). In particular, for Weinstein manifolds,
we have the following conjecture (see, for example, [24, Section 5]).

Conjecture 1 (Folklore). Let M be any Weinstein manifold and L. C M a closed, ori-
ented, exact Lagrangian submanifold with vanishing Maslov class. Then, its homology
class [L] € H,(M; Z) is primitive.

It is, however, already not obvious to see whether the homology class of an odd-
dimensional Lagrangian sphere L is necessarily non-trivial, since the topological
intersection number [L] - [L] vanishes.

This is one of the motivations for Seidel and Solomon to introduce in [67] a refined
version of the usual intersection number, called the g-intersection number, between
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exact Lagrangian submanifolds which are unobstructed (e.g., when they are simply
connected). More precisely, Seidel-Solomon’s theory relies on the existence of a dis-
tinguished cohomology class b € SH! (M) in the first-degree symplectic cohomology,
which satisfies

A(b) = h € SHY(M)* (1.1)

under the Batalin—Vilkovisky (BV) operator
A : SH*(M) — SH* '(M),

where SH?(M)* is the set of invertible elements in SH’(M). The class b will be
called a quasi-dilation (it is defined in Lecture 19 of [56] as a class satisfying

A(hb) = h,

which differs slightly from the convention used here), and in the special case when
h =1, it is called a dilation. Taking an algebraic viewpoint, a quasi-dilation b can
be regarded as a noncommutative vector field (i.e., a degree one Hochschild cocy-
cle) over the Fukaya category ¥ (M) of compact Lagrangians, so one can deform the
objects of ¥ (M) along b. For b-equivariant objects Lo, L1 C M, one then gets an
infinitesimal C*-action on their endomorphism space CF*(Lg, L), which induces
a derivation ®7 7 on the Floer cohomology algebra HF*(Lg, L1), whose non-
trivialness is ensured by condition (1.1). The g-intersection number between L, and
L is defined by considering the generalized eigenspaces of ® LoDy

Lo ey Ly := Str(e*@P%T0.11), (1.2)

where Str is the supertrace.
Note that the g-intersection number, as opposed to the usual topological intersec-
tion number, detects odd-dimensional Lagrangian homology spheres as

Le,L=1-q.

This, together with some other algebraic properties, enabled Seidel to prove that a
(finite-type complete) Liouville manifold M cannot contain infinitely many disjoint
Lagrangian spheres if it admits a dilation [63, Theorem 1.4]. Moreover, in the cases
where we have a good understanding of the geometry of the dilation, it is possible
to make the bound on the number of pairwise disjoint Lagrangian spheres explicit by
relating it to the ordinary topology of M ; in this way, the non-triviality of the homol-
ogy classes of Lagrangian spheres in certain Milnor fibers is proved, which provides
evidences for Conjecture 1. However, as is already observed in [63], the dilation con-
dition A(b) = 1 imposes very strong restrictions on the Liouville manifold M. For
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example, the only known examples of simply connected 3-dimensional smooth affine
varieties admitting dilations are Milnor fibers associated to 4,, singularities.

It is the purpose of this paper to generalize Seidel’s results on the homologi-
cal essentiality of odd-dimensional Lagrangian spheres to a more general class of
Weinstein manifolds M. More precisely, the condition we need is the existence of a
cohomology class be SH;, (M) in the degree one S!-equivariant symplectic coho-
mology, satisfying

B(b) = h € SH*(M)*, (1.3)

where the map
B : SH, (M) — SH* (M)

is the connecting map in Gysin’s long exact sequence (2.2) relating the ordinary and
equivariant symplectic cohomologies; see Section 2.3. The class b will be called a
cyclic dilation. Our main result proves that if the geometry of the class bis sufficiently
simple, which means that it appears as a class in the S !-equivariant Floer cohomology
group HF}Sl (A) of a Hamiltonian with relatively small slope A > 0 at infinity, then the
homology class of any Lagrangian sphere in M is non-trivial; see Theorem 13 below
for the precise statement. Conjecturally, the class of Weinstein manifolds admitting
cyclic dilations contains all the smooth affine varieties with log Kodaira dimension
—o0 as a subclass. Some examples and evidences are provided in Sections 2.4 and 6.4.

The notion of a cyclic dilation has an algebraic counterpart, which is known as
an exact Calabi-Yau structure on a homologically smooth A,-category (cf. Defini-
tion 2). To understand when does the wrapped Fukaya category ' W(M) of a Liouville
manifold M admit the structure of an exact Calabi—Yau category is actually the origi-
nal motivation of this work. As will be explained in Section 4.3, an exact Calabi—Yau
structure on 'W(M) is related to a cyclic dilation be SHLI91 (M) via the cyclic open-
closed string map defined by Ganatra [28]. This algebraic interpretation enables us to
implement the Koszul duality between A-algebras to deduce the existence of cyclic
dilations for many interesting examples of Liouville manifolds, including those with-
out dilations or quasi-dilations; see Section 2.4.

The paper is organized as follows. Section 2 is essentially an overview of the
contents of this paper, where the motivations for considering the cyclic dilation con-
dition (1.3) are discussed and many of our results are summarized. Section 3 is a brief
sketch of some basic algebraic notions and facts which already exist in the litera-
ture, and they are included purely for self-containedness. Section 4 contains our main
geometric inputs, where various moduli spaces arising from the parametrized Floer
theory are considered. In Section 5, we then apply the Floer theoretical techniques
collected in Section 4 to study the Lagrangian submanifolds in Liouville manifolds
with cyclic dilations. We generalize Seidel-Solomon’s construction of g-intersection
numbers in the case of a single Lagrangian sphere, and Theorem 13 is proved there.
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Finally, in Section 6, we apply Ao.-Koszul duality and Lefschetz fibration techniques
to produce examples of Liouville manifolds which carry cyclic dilations.

2. Background and results

For simplicity, we will work throughout this paper with a field K with char(K) = 0,
whose algebraic closure is denoted by K. All the dg or Aso-categories in this paper
will be defined over K, so do the corresponding homotopy or homology theories.
When the categories are split-generated by finitely many objects in the sense of [61],
it is convenient to use an equivalent language, namely, dg or Axc-algebras over the

semisimple ring
k:= @K@i,
iel
where [ is a finite set and {e; };es is a set of idempotents indexed by /. In this way,
we are not going to distinguish below between an A,-category 4 split-generated by
finitely many objects {S; };es and its endomorphism algebra of the object ;; S; in
the formal enlargement 4™, which is an A..-algebra over k.

All the dg or As.-algebras in this paper will be Z-graded. The Hochschild chain
complex of an As.-algebra 4 will be denoted by CH, (), and we use HH.(4) to
denote its homology. The more familiar notation CC () will be reserved for the
cyclic chain complex CHy(4) ®x K((v))/uK[u], which computes the (positive)
cyclic homology HC (). The definitions of these complexes will be briefly recalled
in Section 3.2.

2.1. Exact Calabi-Yau structures

Let 4 be a homologically smooth A-algebra over some semisimple ring k. It can
be regarded as a bimodule over itself, which is known as the diagonal bimodule, and
by slight abuse of notation, we will still denote it by 4. By our assumption, +4 is a
perfect bimodule. Its dual bimodule, 4V, is defined as

A := RHom 4e (s, A°),

where A° = A ® AP. A is a weak smooth n-Calabi-Yau algebra if there exists
a non-degenerate Hochschild cycle n € CH_, (+4), i.e., a cocycle which induces an
isomorphism

AV [n] = A

between #A-bimodules. Recall that CH, (A) = A ®ie A =~ RHomye (A, A°). The
reader may refer to [74], Section 8 for basic definitions and properties related to
Calabi—Yau algebras.
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Associated to # there is a long exact sequence [51, Theorem 2.2.1]
s B I
-+ > HC_s_1(A) > HC_s41(A) > HH_,(A) > HC_4(A) —> ---, (2.1)

relating Hochschild and cyclic homologies of #, which is known as Connes’s long
exact sequence [51]. The following definition is our main subject of study in this

paper.

Definition 2 ([20, Definition 2.3.6]). A weak smooth n-Calabi—Yau structure on 4
is said to be exact if the Hochschild homology class [7] lies in the image of Connes’s
map B : HC_, +1(4A) — HH_, (A).

Notice that the notion of an exact Calabi—Yau structure is strictly more restrictive
than a smooth Calabi—Yau structure in the sense of Kontsevich—Vlassopoulos [18,45],
which is defined as a negative cyclic cycle 7 € CCZ,,(+) whose induced Hochschild
cycle in CH_,, (+4) under the inclusion map of homotopy fixed points ¢ : CC_ (A) —
CH. () defines a weak smooth n-Calabi—Yau structure on +. This can be easily seen
from the following commutative diagram [51, Proposition 5.1.5]:

HC_p41(A) —— HCZ,, ()

X iz

HH_, (+4)

Just as a Calabi—Yau structure [7] € HH_, (+) is the noncommutative analog of a
holomorphic volume form 2, the existence of a lift [77] in HCZ,, (+) corresponds to
the (trivial) fact that €2 is necessarily closed. Since Connes’s differential B is the
noncommutative analog of the de Rham differential, the exact Calabi—Yau condition
imposed on # is analogous to the exactness of 2 as a differential form. This explains
the terminology.

We remark that an important class of examples of exact Calabi—Yau A.-algebras
is the so-called superpotential algebras introduced by Ginzburg [33], which is roughly
a dg algebra whose underlying associative algebra is modeled on some localization
of the path algebra and whose differential is specified by a superpotential lying in
the commutator quotient 4 /[, 4]; see Section 3.1 for details. As a special case, we
have the Ginzburg dg algebra §(Q, w) associated to a quiver with potential (Q, w);
see [33].

2.2. Wrapped Fukaya categories

Let M be a 2n-dimensional Liouville manifold with ¢; (M) = 0, which is obtained
by completing a Liouville domain M with the cylindrical end [1, 00) x dM . Associ-
ated to M is a Z-graded Ao-category W (M), well defined up to quasi-isomorphism,
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known as the wrapped Fukaya category [6]. The objects of W(M ) are closed, exact,
oriented, Spin Lagrangian submanifolds with vanishing Maslov class, together with
certain non-compact exact Lagrangian submanifolds which are modeled at infinity as
cones over Legendrian submanifolds in the contact boundary dM .

In the case when M is Weinstein, for any handlebody decomposition of M, there
is a set of distinguished objects in W (M), namely, the Lagrangian cocores L1, ..., Lg
of the n-handles. It is proved in [13,29] that W(M) is generated by these cocores. In
particular, denote by CW*(L;, L) the wrapped Floer cochain complex of two cocores
L;,L; C M, we have an equivalence

D" (W(M)) = D" (Wy)

between the derived wrapped Fukaya category and the derived category of perfect
modules over the wrapped Fukaya A.-algebra

Wy = @ CW*(Li.L)),

1<i,j<k

which can be regarded as an A,-algebra over the semisimple ring k = @, _; ., Ke;.

Combining the generation result in [13, 29] with [28, Theorem 3] im})li_es that
the wrapped Fukaya category 'W(M) of any Weinstein manifold M carries a smooth
Calabi—Yau structure. Also, in favorable situations, it is possible to upgrade the
smooth Calabi—Yau structure on ‘W(M) to an exact one. For example, the author
studied in [49] the wrapped Fukaya A;-algebras of the 6-dimensional Milnor fibers
associated to the isolated singularities

x? +y? 42" 4+ Axyz + w? =0

in C*, where A # 0,1 and % + é + % < 1, and identified them with Calabi—Yau
completions in the sense of Keller [41,42] of certain directed quiver algebras, which
in particular shows that their wrapped Fukaya categories all admit exact Calabi—Yau
structures. Earlier results in this direction include the work of Etgii-Lekili [26], which
proves the existence of an exact Calabi—Yau structure in the case when M is a 4-
dimensional Milnor fiber of type A, or D,, (char(K) # 2 in the latter case), and
Ekholm-Lekili [23], which shows the same to be true when M is a plumbing of
T*S"’s according to any tree, where n > 3. See also [68], where a relation between the
wrapped Fukaya category 'W(Yy; bo) of some quasi-projective 3-folds Y arising from
meromorphic quadratic differentials ¢, twisted by some non-trivial bulk term by €
H?(Yy;7Z/2), and the completed Ginzburg algebras arising from ideal triangulations
of marked bordered surfaces is conjectured.

However, it is in general not true that the wrapped Fukaya category of any Wein-
stein manifold carries an exact Calabi—Yau structure. The first set of such counter-
examples is found by Davison [20], who studied the fundamental group algebra
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K[71(Q)] of a K(m, 1) space Q, and showed that when Q is a hyperbolic mani-
fold, K[m1(Q)] is not exact Calabi—Yau. Note that, for a closed manifold which is
topologically K (7, 1), we have a quasi-isomorphism

Wreg := CW(T;Q.T; Q) = K[m:(Q)]

between (formal) A-algebras [3].

2.3. Symplectic cohomologies

There is a closed string counterpart of our discussions in Section 2.2. Recall that, for a
Liouville manifold M with ¢; (M) = 0, one can define, using a Hamiltonian function
which is quadratic at infinity, the symplectic cohomology SH* (M), which carries the
structure of a Z-graded unital algebra over K. There is also an S!-equivariant theory,
denoted as SH’;l (M), whose construction will be recalled in Section 4.1. Analogous
to Connes’s long exact sequence (2.1), SH*(M) and SH, (M) fit into the following
Gysin-type long exact sequence [11, Theorem 1.3]:

o= SHU(M) 5 SHE (M) S SHET (M) B sHA (M) —> -, (22)
where the composition B o I gives the BV operator A.

Remark 3. Note that, in the above, we have used the bold letters I, B, and S to denote
the maps corresponding to I, B, and S in Connes’s long exact sequence (2.1). This
is to emphasize that we are dealing with closed string invariants. As a convention, we
will use the notations I, B, and S for the open string counterparts of the maps I, B,
and S. In particular, there is a long exact sequence

S B
--» > HC_,_1(W(M)) > HC_x41(W(M)) — HH_.(W(M))
L HO_.(WM)) > -, 2.3)
which is simply (2.1) applied to the wrapped Fukaya category 'W(M ).

To relate the two long exact sequences (2.2) and (2.3), we implement the cyclic
open-closed string map constructed by Ganatra [28], which on the cohomology level
descends to a map

[OC] : HC.(W(M)) — SHET" (M),

from which one obtains the following geometric interpretation of an exact Calabi—Yau
structure on ‘W(M).

Proposition 4. Let M be a non-degenerate Liouville manifold; its wrapped Fukaya
category 'W(M) carries an exact Calabi—Yau structure if and only if the connecting
map B : SH;, (M) — SH®(M) in (2.2) hits an invertible element h € SH®(M)*.
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Proposition 4 will be proved in Corollary 37. In the above, the non-degeneracy
condition on a Liouville manifold is introduced by Ganatra in [27], which ensures
that the open-closed map [OC] : HH,(W(M)) — SH**" (M) is an isomorphism. A
Liouville manifold M is said to be non-degenerate if there is a finite collection of
Lagrangians {L;} in M such that OC restricted to the full A..-subcategory £(M) C
‘W(M) formed by {L;} hits the identity 1 € SH°(M). As we have seen in Section 2.2,
any Weinstein manifold is non-degenerate since one can take £(M) to be the full
Aoso-subcategory of cocores.

In other words, an exact Calabi—Yau structure on W(M) of a non-degenerate
Liouville manifold M induces a cyclic dilation be SHLI91 (M) mentioned in the intro-
duction. Note that if M admits a quasi-dilation in the sense of (1.1), then it also admits
a cyclic dilation b which arises as the image of b under the map

I:SH' (M) — SH{, (M).

It is natural to ask whether the converse is true. We postpone the discussions about
whether the cyclic dilation condition (1.3) is strictly weaker than the quasi-dilation
condition (1.1) to Section 2.4 and look here at an immediate geometric implication by
assuming the existence of a cyclic dilation.

Let L C M be a closed exact Lagrangian submanifold, equipped with a rank 1
local system v so that the isomorphism SH*(T*L) =~ H,_.(£L;v) holds [4], where
£ L denotes the free loop space of L. There is an S'-equivariant version of Viterbo
functoriality, namely, the (S !-equivariant lift of) the Cieliebak—Latschev map con-
structed by Cohen—Ganatra [18]

[CL] : SHY, (M) — HS',(LL:v), 2.4)

which is compatible with the Viterbo functoriality and the Gysin sequence; see Sec-
tion 5.1. Combined with Proposition 4, we can reinterpret Davison’s non-existence
result mentioned in Section 2.1 in the following slightly more general form.

Proposition 5. Let M be a Liouville manifold which admits a cyclic dilation; then it
does not contain any closed, orientable, exact Lagrangian submanifold L C M which
is hyperbolic.

Proposition 5 will be proved in Section 5.1. In particular, when M = T*Q, it
follows from Proposition 4 and the formality result mentioned at the end of Section 2.2
that the fundamental group algebra K[m;(Q)] cannot be exact Calabi—Yau if Q is
hyperbolic, which recovers [20, Corollary 6.2.4].

Analogous to what Seidel and Solomon have done in the case of dilations and
quasi-dilations [56, 67], one can use Lefschetz fibrations to produce more examples
of Liouville manifolds which admit cyclic dilations starting from the known ones.
More precisely, we prove in Section 6.2 the following theorem.
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Theorem 6. Let M be a 2n-dimensional Liouville manifold with n > 3. Suppose that
7w : M — C is an exact symplectic Lefschetz fibration with smooth fiber F. If F admits
a cyclic dilation, then the same is true for the total space M.

2.4. Trichotomy of affine varieties

The well-known trichotomy of Riemannian manifolds says that positively curved,
flat, and negatively curved manifolds have distinct geometric behaviors. In symplec-
tic topology, there is an analogy of this trichotomy for Liouville manifolds. Geo-
metrically, this can be understood by studying the existence and abundance of J -
holomorphic maps u : § — M™ with finite energy in the interior M ™ of the associated
Liouville domain M, where S is a punctured sphere; see [53].

For simplicity, we restrict our attention to the case when M C C¥ is an n-
dimensional smooth affine variety, equipped with the restriction of the constant sym-
plectic form on the ambient affine space, in which case the aforementioned trichotomy
has a numerical description in terms of the log Kodaira dimension

k(M) € {—oo} U{0,...,n}. 2.5)

This is defined by choosing a compactification X of M so that X is a smooth projec-
tive variety, and the divisor D = X \ M has simple normal crossing. k (M) is defined
as the Kodaira—Iitaka dimension of the line bundle Kx + D over X. We will be inter-
ested here in the cases when k(M) = —o0, k(M) = 0 (in which case M is known as
log Calabi-Yau), and k(M) = n (in which case M is log general type). These should
be thought of as analogs of positively curved, flat, and negatively curved Riemannian
manifolds, respectively. The existence question of a cyclic dilation (or equivalently,
an exact Calabi—Yau structure on ‘W(M)) will be considered separately in these three
cases.

First, let M be a smooth affine variety with k(M) = —oo. An important class of

such manifolds is given by the Milnor fibers M, . C C"*t1 associated to the

~n41
Brieskorn singularities

ai an An+1 __
7+ 4+ z,0 =0,

where Z:’: 11 % > 1. In this paper, we will study the simplest non-trivial case, namely,
a Fermat affine cubic 3-fold M3 333 C C*.

Theorem 7. The manifold M3 3 3 3 admits a cyclic dilation.

This will be proved in Section 6.1 using essentially algebraic arguments. Abstract-
ly, one should think of Theorem 7 as a consequence of the Koszul duality between the
compact and the wrapped Fukaya categories of M3 33 3.
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Another key point of the proof is to show that, up to quasi-isomorphism, the
wrapped Fukaya A..-algebra of M3 333 is concentrated in non-positive degrees,
which is expected to be true for any My, . 4, 41 With Z:’;Lll al > 1, although the

verification is more involved in general.

Remark 8. Since our proof of Theorem 7 relies on the results of [23], it is also
dependent on the Legendrian surgery description of the wrapped Fukaya category due
to Bourgeois—Ekholm—Eliashberg [8]. Details of the proofs of the results sketched in
[8,23] can be found in the recent work [22].

Note that if a; > 3 for all i, then My, a4,
This is argued in [63, Example 2.7] for dilations, and the argument there extends

does not admit a quasi-dilation.

trivially to the more general case of quasi-dilations (a sketch is given in the proof of
Corollary 66). In particular, Theorem 7 shows that the existence of a cyclic dilation is
strictly weaker than having a quasi-dilation.

Combining Theorems 6 and 7, we have the following corollary.

Corollary 9. Take the affine hypersurface {p(z1,...,zn+1) = 0y C C" T such that
p(z)=zi +23+z3+2; + p(Zs, .\ Znt1) (2.6)

has an isolated singularity at the origin. Let M be the Milnor fiber associated to p;
then M admits a cyclic dilation.

Remark 10. More interesting examples of Liouville manifolds admitting cyclic dila-
tions are established in the recent work of Zhou [79] based on the machinery of
Diogo-Lisi [21]. In particular, his result implies that M, _, admits a cyclic dila-
tion as long as n > a, therefore generalizing Theorem 7 above. Our method has the
advantage that it is applicable to examples beyond complements of smooth divisors
in projective varieties. As an example, see Proposition 59.

Second, we consider the case when M is a smooth log Calabi—Yau variety. These
manifolds provide important local examples for testing the validity of mirror symme-
try and have been studied extensively in the existing literature [5, 31, 32,34, 54]. As
an illustration for the general situation, we consider here the simplest case when

dime (M) = 2,

and make the following observation.' Recall that a log Calabi—Yau surface with maxi-
mal boundary is the complement X \ D, where X is a smooth projective surface, and
D C X is a singular anticanonical divisor with nodal singularities.

'The author thanks Daniel Pomerleano for suggesting this approach to prove Proposition 11,
which greatly simplifies the original argument.
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Proposition 11. Let M be an affine log Calabi-Yau surface with maximal boundary;
then M admits a cyclic dilation if and only if it admits a quasi-dilation.

Proof. With our assumptions, one can arrange so that the Conley—Zehnder indices of
the periodic orbits are 0, 1, and 2; see for example [31,54]. In particular, the cochain
complex SC*(M) defining the symplectic cohomology SH* (M) is supported in these
three degrees. Thus, any cyclic dilation can only come from a cocycle in SC! (M); see
our discussions in Section 4.2 for details. ]

We expect the same to be true in higher dimensions, although no insights can be
drawn from the argument above.

Finally, let us take a look at the case when M is a smooth affine variety of log gen-
eral type. To get some concrete examples, one can take any Milnor fiber My, . .4, .,
as above, but now with 27:11 ai < 1. In complex dimension 2, the Milnor fibers
associated to Arnold’s 14 excepti(;nal unimodal singularities are affine surfaces of log
general type, since they are complements of ample divisors in K3 surfaces; see [48].

Via the Abel-Jacobi map, we can embed a genus two curve X, in its Jacobian
variety J(X,); let M be the complement in J(X,) of the image of X,. Clearly, M is
log general type. On the other hand, since there is an embedding D*T?#D*T? — M
from the plumbing of two copies of the disk cotangent bundles over 72 into M as
a Liouville subdomain, Lagrangian surgery produces a genus two exact Lagrangian
surface in M. One can therefore use Proposition 5 to conclude that there is no cyclic
dilation in SH}91 (M). This example can be generalized to the case when M is the
complement of a nearly tropical hypersurface in the abelian variety (C*)"/T", where
I’ C R” is a lattice; see [5, Section 10].

It seems that genus two exact Lagrangian surfaces can also be established in the 4-
dimensional Milnor fibers My, 4,4, With % + % + % < 1, by imitating the strategy
of Keating [38]. However, it is not true that hyperbolic exact Lagrangian submanifolds
can always be constructed in varieties of log general type. For instance, this is the
case of the complement M of n + 2 generic hyperplanes in CP", with n > 2. These
manifolds are known as higher-dimensional pair of pants, and are studied extensively
in the context of mirror symmetry; see for example [47]. Since M is uniruled by
(n + 2)-punctured holomorphic spheres, similar argument as in the proof of [25, The-
orem 1.7.5] excludes the existence of hyperbolic Lagrangians in M.

We expect that a smooth affine variety of log general type can never admit a cyclic
dilation and will prove the following general statement in Section 6.3.

Theorem 12. Let M be a smooth affine variety of log general type which contains an
exact Lagrangian torus, then it does not admit a cyclic dilation.

Theorem 12 shows that the higher-dimensional pair of pants mentioned above do
not admit cyclic dilations, but it is not helpful in general as there are many contractible
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affine varieties of log general type, which conjecturally do not contain any closed ex-
act Lagrangian submanifold. One example is the Ramanujam surface studied in [66].

2.5. Categorical dynamics

We start with a brief overview of the theory of categorical dynamics, which is devel-
oped by Seidel in a series of works [56, 62,63, 65, 67]. Various assumptions will be
imposed here to keep the exposition simple enough. Given a quiver with potential
(Q, w), one can associate to it two Ao-algebras. One of them is the (completed)
Ginzburg dg algebra §(Q, w) mentioned at the end of Section 2.1 (see also Sec-
tion 3.1 below for related backgrounds), while the other one, denoted as B(Q, w), is
introduced by Kontsevich—Soibelman [43]. B(Q, w) is related to ?(Q, w) via Koszul
duality, which means there are quasi-isomorphisms

B(Q.,w) = RHomg (g (k. k), §(0,w) = RHomg(g vk, k),

where k := @iEQ , Ke; is the semisimple ring consisting of copies of K indexed by
the set of vertices Q¢ of Q. Koszul duality between B(Q, w) and §(Q, w) induces
an isomorphism between their Hochschild cohomologies [40]

HH*(B(0, w)) =~ HH*(£(0, w)). @2.7)

In general, this is only an isomorphism of Gerstenhaber algebras, but since B(Q, w)
is a cyclic Ao-algebra and §(Q, w) is exact Calabi—Yau, their Hochschild cohomolo-
gies carry naturally induced BV structures. For cyclic A-algebras, this is proved by
Tradler [72, Theorem 1], and for smooth Calabi—Yau algebras, this is due to Ginzburg
[33, Theorem 3.4.3]. Thus, one expects that (2.7) is a BV algebra isomorphism. See
[15, Theorem A], where this is confirmed for Koszul Calabi—Yau algebras.

Let us assume temporarily that the superpotential w is homogeneous and consists
only of cubic terms, which in particular implies the formality of the A-structure
on B(Q, w) (since it is a dg algebra with vanishing differential), and works over the
ground field K = C. The graded associative algebra B(Q, w) then carries a rational
C*-action, which has weight i on the degree i part. According to [62], this C*-
action enables us to define a bigraded refinement B(Q, w)P* of the A,-category
B(Q, w)P of perfect Aoo-modules over B(Q, w). The C*-action on B(Q, w)
induces at the infinitesimal level a Hochschild cocycle eug € CH!(B(Q, w)). This
particular noncommutative vector field is known as the Euler vector field. Under the
BV operator, eug goes to a non-zero scalar multiple of the identity. Any object & of
B(Q, w)P which is rigid and simple, meaning that

H®(homg g yyet(6.€)) = C, H'(homgg yyei(E, E)) = 0,
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is C*-equivariant and therefore defines an object in the category B(Q, w)Pe*. In par-
ticular, it is infinitesimally equivariant with respect to eug. For any two such objects
&p and &1, the derivation [eug] defines an endomorphism of

H*(homgg(g,w)perf(go, 81)),

from which one recovers the weight grading on 8(Q, w)Pe™,

Geometrically, let M be a 2n-dimensional Weinstein manifold, and assume that its
wrapped Fukaya Ao-algebra Wy, is quasi-isomorphic to some Ginzburg dg algebra
5(Q,w). In view of Proposition 4, M admits a cyclic dilation. For simplicity, assume
further that the Fukaya categories ¥ (M) and W(M ) are Koszul dual so that the
endomorphism algebra ¥y of a set of split generators in ¥ (M) can be identified
with B(Q, w). Our assumptions therefore ensure that the closed-open string map

[CO] : SH*(M) — HH* (¥ (M)) 2.8)

is an isomorphism.

Via the quasi-isomorphism ¥y = 8(Q, w) and the inverse of (2.8), the Euler vec-
tor field eug gives rise to a quasi-dilation b € SH!(M). In other words, the infinites-
imal symmetry b integrates to a dilating C*-action on the Fukaya category ¥ (M) in
the sense of [65]. For any two C*-equivariant objects Lg, L1 of ¥ (M), this enables
us to define an endomorphism of their Floer cohomology algebra HF* (L, L), which
equips HF*(Lg, L) with an additional C-grading by generalized eigenspaces.

More generally, as mentioned in the introduction, one can start directly with a
quasi-dilation » € SH' (M) and consider the infinitesimal deformation of the objects
in ¥ (M) along b. For b-equivariant Lagrangian submanifolds Lo, L1 C M, the in-
finitesimal action of b still defines a derivation ® To.L, O0 the C-algebra HF* (Lo, L),
which appears in the definition of the g-intersection number (1.2). This construc-
tion is due to Seidel-Solomon [67]. As an application, Seidel proves in [63] that, for
Liouville manifolds with dilations, there is an upper bound on the number of disjoint
Lagrangian spheres.

It is natural to ask whether there is a similar theory after removing the assumption
that B(Q, w) (and thus Fjy) is formal. Note that, as a consequence of non-formality,
the aforementioned C*-action on B(Q, w) does not preserve the Ao-structure.

In general, given any Liouville manifold M with a cyclic dilation be SH;, (M),
one can try to imitate Seidel-Solomon’s construction by making use of the higher-
order closed-open string maps introduced by Ganatra [28]; see Section 5.2. Due to
the existence of certain obstruction terms (corresponding to some unwanted boundary
strata in the relevant moduli spaces), it is in general not possible to obtain endo-
morphisms on Floer cohomology groups HF*(Lg, L) of any simply connected La-
grangian submanifolds. However, for an odd-dimensional Lagrangian sphere L C M
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with dimension n > 3, the obstruction vanishes and we obtain a non-trivial derivation
@7 7 on HF*(L, L); see Section 5.3. This indicates that one can use cyclic dilations
to detect the homological non-triviality of odd-dimensional Lagrangian spheres. In
fact, we will prove the following result in Section 5.4.

Theorem 13. Let M be a 2n-dimensional Weinstein manifold, where n > 3 is odd,
and c1(M) = 0. Assume that M admits a cyclic dilation be SH}S1 (M) and satisfies
an additional property (H) (cf. Definition 50). Then, for any Lagrangian sphere L. C
M, its homology class [L] € H,(M ;K) is non-zero.

In the above, if K can be taken to be an arbitrary field, then one would be able
to arrive at the conclusion that [L] € H,(M; Z) is primitive. However, proving The-
orem 13 may involve essential difficulties when char(K) = 2; see Remark 53. Here,
property (H) imposes additional restrictions on the cohomology class b. More pre-
cisely, there is a continuation map

HFy, (1) — SHy, (M)

from the S !-equivariant Floer cohomology of a Hamiltonian with slope A on the cylin-
drical end M \ M to the S'-equivariant symplectic cohomology; see (4.9). Roughly
speaking, property (H) says that the class b appears already in HF};1 (A), with A >0
being relatively small with respect to the minimal period of the Reeb orbits on the
contact boundary dM . See Definition 50 for details.

This property is expected to be true for many Weinstein manifolds with cyclic
dilations, including the Milnor fibers My, ... 4, , With Z?;L 11 % > 1. In fact, it follows
from the argument in [79, Section 5.2] that it holds for the Milnor fibers M, .., with
n > a. When the cyclic dilation satisfies B(l;) = 1, the assumption of Theorem 13
can be equivalently expressed in terms of the first Gutt—-Hutchings capacity of the
Weinstein domain M ; see Corollary 51.

In algebraic terms, a related question is the following.

Question 14. Let X be a spherical object in the triangulated A.-category B(Q,w)P";
then is it always true that its class [X] in the Grothendieck group Ko(B(Q, w)P™) is
non-zero?

For Weinstein manifolds whose wrapped Fukaya A,-algebra Wy, can be identi-
fied with the Ginzburg dg algebra §(Q, w), the work of Lazarev [46, Theorem 1.8]
combined with Koszul duality gives rise to an injective map

Ko(¥(M)) — Hn(M:Z).

Thus, an affirmative answer to Question 14 would imply the homological essentiality
of Lagrangian spheres in M. It is in general unknown how to answer Question 14 in
odd dimensions, unless Q is a finite oriented tree and w vanishes [56, Remark 15.16].
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Theorem 13 will be proved in Section 5.4.

3. Algebraic preliminaries

We summarize in this section some basic algebraic notions and facts that will be
used in this paper. The expositions in Sections 3.2 and 3.3 follow essentially from
[28, Sections 2 and 3].

3.1. Superpotential algebras

As we have mentioned in Section 2.1, an important class of exact Calabi—Yau algebras
is given by superpotential algebras defined by Ginzburg [33], whose definition we will
briefly recall here.

Let A be a finitely generated unital dg algebra over k; denote by Qi" the A-
bimodule of noncommutative differentials on -4, which is the kernel of the multipli-
cation map A ® A — 4. A is said to be quasi-free if Q}A is projective. For example,
any path algebra of a quiver is quasi-free, so is its localization. Assume from now on
that «# is quasi-free; define the space of de Rham differential forms

DRy () 1= T (R2,4)/[Ta(2), Ta(R4)],

where T4 (Qi,“) is the tensor algebra of Q; over #, so in particular DRy (#4) carries
the structure of a dg algebra. Denote by Dery (4, #) the dg vector space of k-linear
(super)derivations on +. For a closed 2-form w € DRi (), we have a map

i : Derg (s, A) — DR () (3.1)

defined by contracting w with every derivation in Dery (4, #4). We say that w is sym-
plectic if i, is an isomorphism. Let Dery (#4) := Derg (A, A ® A) = (Qi‘))V be the
bimodule of double derivations of 4; analogous to (3.1), we have a map

le : Derg (A) — Qi&.

A symplectic form o is bisymplectic if (4, is an isomorphism.

Given any a € + and letting @ € DRZ () be bisymplectic, consider the double
derivation H, € Dery () defined by g, = Da:=a ® 1 — 1 ® a. Using H,, one
can define a bracket {-, -} on + by

{a1,az2} = o(Hg, (a2)),

where o : A ® A — 4 is the multiplication on #. It can be checked that {, -} descends
to a Lie bracket on #A/[+, +], and it defines an action of 4 /[, 4] on 4 by deriva-
tions. See [73, Appendix A].
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On the other hand, given 6 € Derg (4, #), we can define the Lie derivative Lg on

Ta(S2}) by
Lg(a) = 6(a), L¢(Da)= D(0(a))

forany a € A and Da € Qi". Clearly, Ly descends to a map on the quotient DRy (+4).

Consider the triple (4, w, 0), where A = Tg (M) is connected [20, Definition
4.3.2] and non-positively graded, with B being a quasi-free associative algebra con-
centrated in degree 0 and M a B-bimodule. The 2-form @ € DRZ (+4) is a bisym-
plectic form which is homogeneous with respect to the grading induced from +, and
6 € Dery (s, A) has cohomological degree 1, which satisfies Low = 0 and 62 = 0.
One can associate to this data a dg algebra §(w, 6), called Ginzburg dg algebra,
whose underlying graded algebra is given by the free product + * k[¢], where

lt] = |o| = 1.

The differential d on 9 (w, 0) is defined by considering the noncommutative moment
map
tne : DRE(A) — A 1= A/k

on the space of closed cyclic 2-forms DRZ (#4) C DRZ (), which satisfies
D(pne(w)) = taw,
where A € Der(+4) is the double derivation
Ala)=a®1—-1R®a.

Under the assumption that + is connected, [, lifts to a map

Tine : DRE (A)e — [, A].
With the above notations, we define

da = 6(a),dt = in(w).

Note that our assumptions on the derivation @ ensures that d2> = 0, so the dg algebra
S(w, 0) is well defined.

Definition 15. The Ginzburg dg algebra §(w, 8) defined above is a superpotential
algebra if 6 = {w, -} for some w € A/[A, A]. w is called the superpotential.

If one takes 4 above to be the path algebra K Q of the double Q~ of some quiver
0 = (Qy, Q1) obtained by adding a reverse a* to all the arrows a € Q1 (if a is acycle
of odd degree, then a* = a), the above construction recovers the Ginzburg dg algebra
(or the dg preprojective algebra, in the terminology of [74]) § (Q, w) associated to the
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Figure 1. The quiver Q1 0.0.

quiver with potential (Q, w), which can be defined in a more concrete and elementary
way; see [74, Section 9.3].

However, there are also many superpotential algebras which are not of the form
9(0,w); a typical example is the fundamental group algebra K[ (7 3)]; see [20,
Example 4.3.4]. Another counterexample is the following.

Example 16. Consider the associative algebra K[x, y][(xy — 1)7!], regarded as a
trivially graded dg algebra with vanishing differential. One can show that this algebra
has a superpotential description. In fact, consider the path algebra KQ 1,0,0 of the
double of the quiver Q1,0 which consists of a single vertex and a unique cycle x;
see Figure 1. Let

A =K(x, y)[(xy =17

be the localization of K Q 1,0,0 at xy — 1, where the generator y represents the reverse
of the cycle x in the quiver Q 1,0,0- Since ]KQ 1,0,0 is quasi-free, so is «. In this way,
we have identified K[x, y][(xy — 1)"!] with the dg algebra (A * K[t], d) so that
dx =dy = 0and dt = xy — yx. The superpotential vanishes for dimension reasons.

Theorem 17 ([20, Theorem 4.3.8]). Let §(w, 0) be a Ginzburg dg algebra so that w
has cohomological degree —n + 2; then § (w, 0) has a smooth n-Calabi—Yau structure
which is exact.

3.2. Complexes with S !-actions

This section follows closely [28, Section 2]. Let C_.(S') be the dg algebra of chains
on S!; there is a quasi-equivalence of dg algebras

C_o(SY) = K[1]/(t?), |t] = —1.

Note that the algebra structure on C_(S!) comes from the group structure of S'.
The following definition is introduced in [11,28].

Definition 18 ([28, Definitions 1 and 2]). An S'-complex, or a chain complex with
an Aso S'-action, is a strictly unital As-module & over K[¢]/(¢?). Equivalently,
it is a graded K-vector space equipped with operations S}TP P — P[1 —2j], with
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857) := d? being the differential on &, and 8}7) = MJJJI(I, ..., t,%), j > 0 being the
structure maps such that, for each k > 0, the equation

k
PP
Y 8780, =0
j=0

holds. If the Ax-module £ is a dg module; i.e., 5]‘-7) for j > 2, it is called a strict
S1-complex.

We will abbreviate 8]‘.(’3 to §; as long as there is no confusion.

S!-complexes form a dg category C_,(S!)umed

, whose morphisms we will now
recall. Let A := C_,(S!) be the quadratic algebra with a degree —1 generator; denote
by & : A — K the trivial augmentation and by A := ker(¢) the augmentation ideal. Let
P and @ be strictly unital Aoo-modules over A. A unital pre-morphism of degree k

from & to @ is a collection of maps
Fil. 4% @ 9 5 Qlk — d]
for each d > 0. Or equivalently, it can be expressed as a set of maps {F?¢}, with
F .= F( .. t,): P — Qk —2d].

The space of pre-morphisms in each degree forms the graded vector space of mor-
phisms between the objects & and @ in the dg category 4™, which will be denoted
by RHomg: (P, @). There is a differential d on RHomg: (#, @), which is defined by

(OF) ;=Y F' o8l —(~1)*=F) 3 52 o F/.
i=0

Jj=0

An S'-complex homomorphism is a pre-morphism which is closed under 9. A homo-
morphism F :  — @ between S'-complexes is a quasi-isomorphism if the induced
map

[F°]: H*(P) — H*Tde) (@)

on cohomologies is an isomorphism.

Let # and @ be S 1—complexes; one can define their (derived) tensor product,
which is another S!-complex @ ®H§, &. To do this, note that we can view @ as a
right As-module over A since A is commutative. The chain complex @ ®JI§ , P has
underlying vector space

Paesan® e 2.
d>0
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and the differential acts as

gRIR Rt ®p)
d

_ _1\lmls@ P
_Z(( D" (@) Rt®---RtQp+qRt R+ Rt ®; (P))-

d
i=0 d—i d—i

The tensor product @ ®H§ , & is functorial in the sense that if F = {F9} : Py — P

is a pre-morphism of S!-complexes, then there are induced maps

Fy: QR Po— QR P 4F: PR Q@ — P )%, Q

given by
d .
F@Rt® - - ®t®p) = Zq@t@)...@t@]ﬂ(p)
“df—/ izo ~7_,]_/
and
d .
FPpe1e-- 018 =) DI pere- -8
d Jj=0 o

which are chain maps if F is closed.

Proposition 19 ([28, Proposition 1]). Let F :  — P’ be a quasi-isomorphism of
S.complexes; then we have induced quasi-isomorphisms between hom spaces and
tensor products; i.e., we have quasi-isomorphisms

Fo : RHomg (P', Q) =~ RHomg: (P, Q),
o F : RHomg:1(Q, ) =~ RHomg:1(Q, P),
#F 1 Q®%, P =aQ ek 7,
Fy: P ®5 Q=P g% Q.
Let # and @ be two S!-complexes and f : £ — @ a chain map. We say that a
homomorphism F = {F?} from &£ to @ is an S'-equivariant enhancement of f if
[F°] = [f]. In particular, F has degree deg( f).

Finally, we notice that if * and @ are Sl—complexes, then their (linear) tensor
product # ® @ can also be equipped with an S!-complex structure with

57%%p®q) = (DT (p)®q + p ® 52 (@). (3.2)

We call this S'-action on # ® @ the diagonal S'-action.
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Definition 20 ([28, Definitions 4 and 5]). The homotopy orbit complex of & is the
derived tensor product
Prs1 =K%, P.

The homotopy fixed point complex of J is the chain complex of morphisms
2"S' .= RHomg: (K, P).

Since RHomg: (K, K) == K[u], "5 ! carries the structure of a K [u]-module. The Tate

hS!

complex of & is defined as the localization of ”° " at u:

1
e7)'1"ate = j)hS ®]K[u] K[M,M_l],

where u is a formal variable with |u| = 2.
Let F : # — @ be a homomorphism of S !-complexes; it induces chain maps
1 1 1
F'S . phS" 5 @hS" | Fugi: Pugt — Qpugi,  FTe: Pl g@Tee (33
When F is a quasi-isomorphism (of S!-complexes), F hS 1, Fj,51,and F™€ are quasi-
isomorphisms (of chain complexes).

Proposition 21 ([28, Proposition 2]). If F : # — @ is a homomorphism between
S-complexes, then the various induced maps in (3.3) intertwine all of the long exact
sequences for equivariant homology groups of P with those for Q.

For instance, we have the Gysin exact triangle [28, Remark 23]
D €D €D [1]
J—>Jhsl—></h51[2]—>.

Taking » = CH.(4) to be the Hochschild chain complex of some strictly unital
Aoo-algebra 4 recovers Connes’s long exact sequence (2.1). If F : # — @ is an
S1-complex homomorphism, there is a commutative diagram

1
S — f/-)hsl —_— fljhsl[Z] —>[]

I

Q —— Qpg1 — Qpq12] ——

d

The structure of an S!-complex (£, {8;};>0) admits an alternative description by
implementing the u-linear model. Let u be a formal variable of degree 2; consider the
u-adically completed tensor product

Pu] = POKK[u] (3.4)
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in the category of graded vector spaces. An S!-complex can be equivalently formu-
lated as a graded K-vector space & equipped with a map 8eq : $ — P[u] of total
degree 1 defined by

0 .
Beq =Y _ Siu’, (3.5)
j=0

which satisfies 562(1 = 0. The map &4 is called an equivariant differential; note that it
extends u-linearly to a map P [u] — & [u], which we will still denote by &eq.

The (positive) S'-equivariant homology, negative S'-equivariant homology, and
periodic S'-equivariant homology are defined, respectively, as homologies of the fol-
lowing complexes:

Prst = (P () /uP[u]. 8eg). (3.6)
PHS' = (Pu]. beq)- (3.7)
P = (P((u)). beq)- (3.8)

3.3. Non-unital Hochschild chain complex

Our exposition here follows [28, Section 3.1]. Let A be an As-algebra over the
semisimple ring k := @;_, Ke;. For the usual Hochschild chain complex CH, ()
to be a strict S'-complex in the sense of Definition 18, one needs to assume that -4
is strictly unital. However, in the geometric context, the Fukaya category is in general
only cohomologically unital; we therefore need a replacement of the usual Hochschild
chain complex so that it possesses the structure of a strict S!-complex and is quasi-
isomorphic to the usual Hochschild complex CH. (). This construction, known as
the non-unital Hochschild chain complex, will be recalled below.

Let 4 be a cohomologically unital A.,-algebra over k. As a graded vector space,
the non-unital Hochschild chain complex CH" () consists of two copies of the ordi-
nary Hochschild chain complex, with the grading of the second copy shifted down by
1,1e.,

CH}"'(A) := CHy(A) & CHy(A)[1]. 3.9)

With respect to the decomposition (3.9), elements in the complex CH}"(+4) can be
written as &@ + ,g , where & € CH, (s4) and B € CH.(4A)[1]. As a convention, we will
refer to the left factor in CH}"(#4) as the check factor and the right factor in CHY" (+4)
as the hat factor.

The differential 5™ on the complex CH}"(#4) can therefore be expressed as a

nu o.__ b dAV
b '_[0 b/:|’

block matrix
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where
b@) = Y (-)M R PR (g @ @ @ vy
®Xg—1 @+ ® Xptit1) ® Xpti @ -+ @ Xpey1
+o(-D¥xg @ @ p Xy j 1 ® - B X4 1) BN @ ® X

is the usual Hochschild differential on the check factor CHy (4A), with
d=x3 Q- ®xq,
b’ is the bar differential on the hat factor defined by
DB =D (-D¥xg @ ® Xy jr1 @ Py (Xsj @ - Xs1) @ X @ - ® Xy
+ DT W (g @ @ Xg 1) ® Xy ® - B x1,
where ,3 =x7 Q- ®x1,and day : CHy(A)[1] = CHx(A)[1] is defined by
dav(B) = (CDFEHRIREH @ @@+ (DM g @ @

In the above, we have followed the convention of [61]; in particular, the symbol

J
=3 Il
k=i

is used to abbreviate the signs, where || xg|| := |xx| — 1 is the reduced grading.

Remark 22. The idea of non-unital Hochschild complex also appears in the geo-
metric context, for example, in the Legendrian surgery description of the symplectic
cohomology [8].

The natural inclusion CH,(4A) — CHY'(+A) is a quasi-isomorphism since the
quotient complex is acyclic; see [28, Lemma 2]. Associated to CH}" () there is a cor-
responding non-unital version of the (chain-level representative of) Connes’s operator
B™ : CH}' (A) — CHY"()[1], which is defined explicitly by

B™(xp ® - @ X1,y ® -+ ® y1)

i sk k
= Z(_l)*l*i+l+||Xkll+*l+1(O,Xi R @ QX% @ ®Xig1). (3.10)
i

Note that we can write B™ = s™ N, where

k
U ® - ® X1,y @ ® yp) = (—D)FIHINITLO @@ ),
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and
Nop®--®@x) =1 +A+-+ 2D @@ x))

is the norm of the cyclic permutation operator
A ® -+ ® xp) 1= (DI PE NI @ v @ ® X, (3.11)

One can verify that (B™)? = 0 and h™ B™ + B™p™ = 0, which is shown in the
following lemma.

Lemma 23 ([28, Lemma 3]). CH2(A) is a strict S'-complex.

When 4 is strictly unital, there is an S!-equivariant enhancement of the natu-
ral inclusion CH, (A) < CHY"(+), which is a quasi-isomorphism of S !-complexes.
Again, one can package everything in the u-linear model and define the equivariant
differential on CHY" () as

beq :=b™ +uB™.

The positive, negative, and periodic cyclic homologies of a cohomologically unital
Aco-algebra 4 are then defined, respectively, as the homologies of the following com-
plexes:

CCy () := (CHY () ®k K(())/uK[u], beg),
CC, (A) := (CHY(A) ®k K[u], beg).
CCY" := (CHY (A) @k K((1)), beg)-

4. Parametrized Floer theory

As the general geometric setup of this paper, (M, 037) will be a 2rn-dimensional Liou-
ville manifold. In order to have Z-gradings on various Floer cochain complexes, we
assume that ¢; (M) = 0 and will in fact fix the choice of a trivialization of the canon-
ical bundle Kj;.

4.1. Equivariant symplectic cohomology

We recall the definition of the S!-equivariant symplectic cohomology SH;l (M),
whose construction is sketched in [60] and later carried out in detail in [11]. We
will actually follow closely the general framework of [28], which has the advan-
tage of being coordinate free. The idea behind the construction will also be used in
Appendix A to define higher-order operations involving the pair-of-pants surface.
The construction of SH;1 (M) is more involved than its non-equivariant ver-
sion SH*(M) in the sense that, besides the Floer differential § = d, there is now
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a sequence of higher-order corrections &, k > 1, whose definitions make use of
parametrized moduli spaces. We now recall the definition of the domains of these
parametrized maps.

Definition 24 ([28, Definition 7]). A k-point angle-decorated cylinder consists of a
cylinder
Z=RxS",

together with a collection of auxiliary marked points py, ..., px € Z such that their
s € R coordinates (p;)s, 1 <i <k, satisfy

(P1)s <+ < (Pk)s- (4.1

We call these coordinates the heights of the marked points and denote them by
hi = (p,')s, i=1,...,k.

Similarly, the ¢ € S' coordinates (p;);, 1 <i < k of the marked points are called
angles, and we introduce the notations

9,' = (p,')t, i=1,...,k.

Denote by M} the moduli space of k-point angle-decorated cylinders, modulo
translation in the s-direction. Given a marked cylinder (Z, p1, ..., px) representing
an element of My, for a fixed constant £ > 0, define positive and negative cylindrical
ends

et [0,00)xS' > Z and & :(—00,0]xS!'— Z 4.2)

by
et(s,t) =(s+he +&1) and & (s,t) =(s—hy +&E1+6), (4.3)

respectively. Note that the negative cylindrical end involves a twist by 6. If we regard
Z as a sphere S? with two punctures &;,, which is the input, and oy, which is the
output, the parametrizations of é™ and &~ in the z-component can be equivalently
described by putting asymprotic markers £y, and Loy at &, and oy, respectively.
These are half-lines in the real projectivized tangent spaces P7, S? and P T, S2.
In the present situation, £;, is pointing along the arc {& (s, 0)}, while £,y is pointing
toward p1, the closest auxiliary marked point to .. Note that there is a non-canonical
isomorphism My 2= (S1)K x [0, 1)k~1,

My, can be compactified to a manifold with corners My, by adding broken k-point
angle-decorated cylinders, by which we mean

|_| |_| Mjlx---XMjs.

S J1seesds3Ji>0,20 ji=k
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In particular, the codimension 1 boundary of M} is covered by the images of the
natural inclusions

Mi—j x M; = IMy, 0<j <k, (4.4)
Jt,’:iﬂ > M, 4.5)

where JZ;:H_I is the compactification of the locus where #; = h; 1. On M;{’iﬂ, there
is a forgetful map
T M;{’H—l — Mk—l (4-6)

which remembers only the first one of the angles of the interior marked points with
coincident heights. Since 7; is compatible with the choices of cylindrical ends e*
specified by (4.3), it extends to a map 7; : M;Hl — My, defined on the compact-
ifications.

In order to write down the Floer equations for the parametrized maps, we need
to introduce Floer data on the domain cylinders. We start by specifying the sets of
Hamiltonian functions and almost complex structures to work with. We say that a
time-dependent Hamiltonian H, : S' x M — R is admissible if H, = H + F; is
the sum of an autonomous Hamiltonian H : M — R which is quadratic at infinity,
namely,

H(r.y) =r?

on the cylindrical end [rg, o0) x M, where r € (1, c0) is the radial coordinate and
ro > 1, and a time-dependent perturbation F; : S' x M — R. We require that, on
M\ M , we have that, for any r1 > 1, there exists an r > ry such that F; vanishes in
a neighborhood of the hypersurface {r} x 9M C M. For instance, one can take F; to
be a function supported near non-constant orbits of the Hamiltonian vector field Xz,
where it is modeled on a Morse function on S*.

Denote by # (M) the set of admissible Hamiltonians H; on M such that all 1-
periodic orbits of the Hamiltonian vector field Xy, are non-degenerate, and write Oy
for the set of 1-periodic orbits of Xg,. For an orbit y € Oy, we define its degree to
be deg(y) := n — CZ(y), where CZ(y) is the Conley—Zehnder index of y. With these
data, one can define a Z-graded Floer cochain complex of H;, which is called the
symplectic cochain complex. It will be denoted by SC*(M), with its degree i piece
given by

sCM) = P oyl

y€Opr,deg(x)=i

where |0, |k is the K-normalization of the orientation line 0, defined via index theory.

Remark 25. For convenience, we will often choose generators of the orientation lines
0, associated to each Hamiltonian orbit and denote them by y in a slight abuse of
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notation. The same convention applies to orientation lines associated to Hamiltonian
chords when dealing with open-string invariants.

Let J; be a time-dependent almost complex structure on M ; we say that it is of
weak contact type on the conical end if there is a sequence {r; } with lim; oo 1; = 00
so that near {r;} x M we have dr o J; = —0);. Denote by (M) the set of df-
compatible almost complex structures on M which are of weak contact type on the
conical end. Recall that the usual Floer differential d : SC*(M) — SC**1(M) is
defined by counting rigid J;-holomorphic cylinders u : Z — M with asymptotics
at some Hamiltonian orbits y*, y~ € @y,. This can be regarded as the special case
k = 0 of the operations & on the complex SC*(M) defined below.

Definition 26 ([28]). A Floer datum for a k-point angle-decorated cylinder (Z, p1,
.., Pk consists of the following:

* choices of positive and negative cylindrical ends for Z, as in (4.2),

e alformway =dtonZ,

* asurface-dependent Hamiltonian function Hz : Z — J¢ (M) which satisfies
(Si)*HZ = A+ H;

for some A_ > A4 > 0, where H, € J/(M) is some fixed choice of an admissible
Hamiltonian;

* asurface-dependent almost complex structure Jz : Z — (M) such that
(Si)*-] z=J:
for some fixed choice of J; € $(M).

Remark 27. In the definition of Floer datum, we require the domain-dependent
Hamiltonian Hz to be conformally equivalent, instead of being equivalent on the
two cylindrical ends. This is due to the fact that, in order for the maximum principle
to hold in the definition of the equivariant symplectic cohomology, we need an extra
condition dg Hz < 0. This fact was not taken into account in [2, Appendix B], as the
energy computations there leaves out the derivatives of the Hamiltonian with respect
to the domain.

Universal and consistent choices of Floer data over the moduli spaces My, for all
k > 1 can be constructed in an inductive way. In our specific situation, this means the
following:

* At the boundary strata (4.4), the choices of Floer data should coincide with the
product of the Floer data chosen on lower-dimensional moduli spaces. Moreover,
the choices vary smoothly with respect to the gluing charts.
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* Ataboundary stratum of the form (4.5), the Floer datum chosen for a representa-
tive (Z, p1,..., pr) of an element of ,M;C”H coincides with the one pulled back
from the corresponding element of My _; via the forgetful map 7;.

Fix a universal and consistent choice of Floer data, whose existence is ensured by
an inductive argument. For any pair of orbits y*, y~ € 9y, and any integer k > 1,
we introduce the moduli space My (yT; y ™) of pairs

((Z,pl,... ’pk)’u)’
where (Z, p1,...,px) € My andu : Z — M is a map which satisfies Floer equation
(du—Xp, ®dt)>' =0,

where the (0, 1)-part is taken with respect to the domain-dependent almost complex
structure Jz chosen above as part of our Floer data. Additionally, u is required to
satisfy the asymptotic conditions

lim (¢%)*u(s,-) = y*.
s—>*oo

The boundary of the Gromov compactification My (yT; y7) is covered by the images
of the natural inclusions

Mi(y;y7) x Mi—; (3T y) = M (v T y7),
M Ty = aMe (v Ty,

which come from the boundary strata of My, along with the strata coming from the
usual semi-stable strip breaking

M (y;y ) x MOy y) = 0Me(y T y7),
M(y; y7) x M (YT y) = Myt y7).

For generic choices of Floer data, the moduli spaces My (yT; y™) are compact mani-
folds with corners of dimension

deg(yt) —deg(y™) + 2k — 1.

Let ((Z, p1,-.., px),u) be arigid element of J\le(y*'; ¥7), so we have
deg(y™) = deg(y™) — 2k + 1.

In this case, there are natural isomorphisms

Ky = 0y= —> 0+
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between the orientation lines defined via index theory. One defines the operation
8k : SC*(M) — SC*2k+1 (1)

by a signed count of rigid elements of the moduli spaces My (yT; y™) for vary-
ing asymptotics yT and y~. Our choices of Floer data ensures that the elements of
M;{”H (y*, y7) are never rigid, from which the identity

k
> 86k =0
i=0

follows; see [28, Lemma 9] for details. This shows that (SC*(M), {0k }k>0) is an
S!-complex (usually not strict) in the sense of Definition 18.

As in (3.4), the S'-equivariant symplectic cohomology SH;I (M) is defined to be
the cohomology of the complex

(SC*(M) ®k K((u)/uK[u]. eq).

where §eq 1= Y peg Sk u* and u is a formal variable of degree 2. Note that this is the
Ppg1 defined in (3.6).

One can replace the autonomous Hamiltonian H in the above construction (which
is quadratic on the conical end) with a Hamiltonian which is linear at infinity, i.e.,

Hy(r,y)=Ar+C 4.7

on [rg, o0) X OM, where A € R and C is some constant, and consider its time-
dependent perturbation H, ; = H) + F; as above so that all the time-1 orbits of
Xm, , are non-degenerate. The space of such Hamiltonians H ; : S x M — R with
varying A will be denoted by #,(M ), and we have

Ho(M) = | Ha (M),
AER

where #, (M) is the space of Hamiltonians of the form Hj , with fixed slope A at
infinity. We also require that A ¢ Pps, where £ C R is the collection of those A
such that the set of 1-periodic orbits Ops,3 of Xpg, , is not contained in any compact
subset of M. The same construction as above gives rise to the S!-equivariant Floer
cochain complex

CF%1 (M, 1) = (CF*(M, ) ®x K((u))/uK [u]. 8c). 4.8)

where CF* (M, 1) is the Floer cochain complex of H) ;. When it is clear from the con-
text which manifold we are working with, we will simply write these Floer complexes
as CFg, (1) and CF*(A). The cohomology of (4.8) will be denoted by HF, (). Just
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as in the non-equivariant case, for A; < A,, one can build equivariant continuation
maps

oo
khr2 = 3" A2k CFg, (M) — CFy (A2) 4.9)
k=0

via counting 1-parameter families of k-point angle decorated cylinders equipped with
monotone homotopies connecting elements of J; (M) and H#,,(M). The maps
{K,?l’lz} constitute an S!-complex homomorphism between CF*(1;) and CF*(1,).
Passing to direct limit yields an alternative definition of the equivariant symplectic
cohomology

SHg, (M) := 1_ir_>nx HFg, (1).

This approach of defining SH:;1 (M) is carried out in detail in [11]. Note that, for the
purpose of defining SHi’91 (M), one can assume that A > 0. However, the flexibility of
allowing negative A will be needed for our later purposes; see Section 5.4.

Returning to our original setup, one can arrange so that H; € J#(M) is a C2-
small and time-independent Morse function in the interior M in of M this produces a
copy of the Morse complex CM*(H;), which sits in SC* (M) as a subcomplex. When
passing to cohomology, the inclusion

CM*(H;) — SC*(M)
induces the classical PSS map
PSS : H*(M;K) — SH*(M). (4.10)

Since the homotopy S!-action on the symplectic cochain complex SC*(M) comes
from reparametrizing the Hamiltonian orbits, one may expect that it becomes trivial
when restricted to the subcomplex CM* (H,); i.e., all the operations 8, k > 1 should
vanish on it. This is indeed the case with appropriate choices of Floer data over the
moduli spaces M. As a consequence, the natural inclusion CM*(H;) < SC*(M)
can be regarded as an S !-complex homomorphism, which induces the S!-equivariant
PSS map

PSS : H*(M:K((u))/uK[u]) — SHY, (M) 4.11)

after passing to cohomologies.
As a variant, one can also use a H, ; € #, (M) whichis C 2_small and Morse in
M™, which will then give rise to maps

PSS, : H*(M:K) — HF*(1), (4.12)
PSS; : H*(M:K((u))/uK[u]) — HF}, (). 4.13)

The maps (4.10) and (4.11) can then be thought of as (4.12) and (4.13) composed with
the continuation maps and equivariant continuation maps, respectively.



Y. Li 152

4.2. Cyclic dilations

We consider in this subsection the geometric counterpart of an exact Calabi—Yau
structure on a homologically smooth A..-category. The precise relationship between
these two notions will be established in the next subsection, using Ganatra’s construc-
tion of the cyclic open-closed string map.

Take any A € [0, oo] with A ¢ Py if A < co. Recall that the S!-equivariant
Hamiltonian Floer cohomology HF, S (A) fits into the following Gysin-type long exact
sequence:

-~ HF*'(1) > HF ' (V) = HFSH (1) S HF* (L) — -+ ; (4.14)
see [9—11] for a detailed discussion. The BV operator
A = [8;] : HF*(1) - HF* "1 (})

coincides on the cohomology level with the composition B o I (in the non-trivial
order). When M = T*(Q is the cotangent bundle of a compact Spin manifold Q
and A = oo, the above Gysin exact sequence (4.14) reduces to the well-known long
exact sequence in string topology [14]

S He (£0:K) S HS. (20:K) 5 ps! (£0:K) % H(£0:K) -
(4.15)

where the maps I and B are known as the erasing map and the marking map, respec-
tively. Because of this, the same terminology will be used to refer to I and B in the
general case.

Recall that, in string topology, the map B is defined as follows: by definition,
an equivariant homology class y € HS 1(SEQ K) can be equivalently realized as a
homology class of H.—1(S*® xg1 £0;K), whose lift in H, (S x £0;K) will be
denoted by y. Let I be the trivial projection S x £Q — £Q;then B(y) = [1().

Since the natural inclusion CM*(H;) < SC*(M) is an S'-complex homomor-
phism, by Proposition 21 the long exact sequence (4.14) is compatible with the ordi-
nary and equivariant PSS maps (cf. (4.12) and (4.13)), which leads to the following
commutative diagram:

— H*'Y(M:K) — HT'(M:K) — H'(M:K) = H*(M:K) — -

lPSSA lpss 2 lﬁsvs A lPSSA

- — HF'() —5 HFG' (D) — HFST () —2 HFF() — -
(4.16)
where the upper row is the usual Gysin long exact sequence for the trivial S!-action
on M, so in particular, there is an isomorphism

5(M:K) = H*(M:K() /uK [u]).
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We proceed to give a chain-level interpretation of the condition (1.3) that appeared
in the introduction. To do this, we need to find the chain-level expression of the
coboundary map B : HF;I (A) — HF%(1) in the Gysin sequence (4.14). Write a degree
1 cocycle E in the S!-equivariant Hamiltonian Floer cochain complex CF*(1) ®xk
K(())/uK[u]) as 352, Bx ® u~*, where Bz € CF?**1(1) and only finitely many
terms in the infinite sum are non-zero. If we use B, to denote the underlying chain-
level map of the marking map B, standard diagram chasing argument enables us to
find that (see [11, Proposition 2.9])

B, ( Z Br ® u_k) = Z Sk+1(Br)-
k=0 k=0

Definition 28. A cyclic dilation is a cohomology class be SHLI91 (M) whose repre-
senting cocycle ,g € SC}S1 (M) consists of a sequence of odd-degree Floer cochains
{Bk k>0 with Bx € SC%*+1(M), and Bx # 0 for only finitely many k so that the
cocycle Y 22 o 8k+1(Bx), after passing to cohomology, defines an invertible element
h e SH(M)*.

By definition, there exists a A € R~ \ s so that E lies in the image of the
equivariant continuation map (cf. (4.9))

k&> CFg, (A) — CFY, (00) := SCj, (M).

By slight abuse of notation, the preimage (Ke)”q""’)_1 (B) € CF}S,] (A) will still be denoted
by ,g , and we will often refer to its cohomology class be HF}S,1 (A) as a cyclic dilation.

Let A > 0 be sufficiently large. We consider an important special case of the
above definition, namely, when 4 = 1 is the identity of SH®(M). It follows from the
exactness of (4.14) that there is a cohomology class be HF;l (1) satisfying B(b) = 1
if and only if 1 € HF®(X) vanishes under the erasing map I : HF®(1) — HF§, (A).

In view of the commutative diagram (4.16), this is precisely the case when the
image of the (locally finite) fundamental class 1 € H®(M;K) vanishes under the
composition

PSS;,
H*(M;K) < H*(M;K((u))/uK [u]) —> HF%, (A). (4.17)

On the other hand, it follows from [77, Lemma 4.2.4] that if M admits a dilation
in HF'(1), i.e., a class b € HF'(1) which becomes a dilation in SH' (M) under the
continuation map

k** : CF' (1) — CF!(00) := SC' (M),

then 1 € H%(M;K) lies in the kernel of (4.17). This observation enables us to relate
cyclic dilations to the following notion introduced by Zhao [77].
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Definition 29 ([77, Definition 4.2.1]). We say that a Liouville manifold M admits
a higher dilation if the identity 1 € H*(M;K) lies in the kernel of the localized
equivariant PSS map

PSS : H*(M;K((u))) — PSH*(M),

where PSH* (M) is the completed periodic symplectic cohomology, which is the
cohomology of the Tate complex (cf. (3.5))

(SC*(M) ®k K((u)). beq)-

By [77, Lemma 4.2.5], a higher dilation can be equivalently interpreted using
the equivariant PSS map (4.11). Precisely, M admits a higher dilation if and only if
1®@u* e H*(M;K((u))/uK[u]) lies in the kernel of the map PSS (cf. (4.11)) for
every k > 0. In view of the above discussions, we get the following proposition.

Proposition 30. If M admits a higher dilation, then it admits a cyclic dilation with
h=1

Remark 31. In fact, it is an observation made in [67, Remark 6.5] that the existence
of a dilation in HF! (1) is equivalent to the existence of a cocycle B¢ € CF!(1) and a
cochain B_; € CF~!(}) so that Seq(B—1 + Po @ u~') = e, where e € CF°(2) is the
chain-level representative of the identity. It is therefore natural to consider a sequence
of cochains {f;};>—1 with arbitrary length, where g, € CF?*1(}), so that

5eq( > B ®u‘f‘1) =e, (4.18)
J

=1

where only finitely many §; can be non-zero. Our discussions above show that (4.18)
holds for A > 0 if and only if M admits a cyclic dilation with # = 1. On the other
hand, the notion of a higher dilation imposes the additional restriction that e ® u™*
need to be coboundaries in the complexes CFE,Zk (A).

This observation enables us to get some first examples of Liouville manifolds
with cyclic dilations. For any closed manifold Q, one can consider the classifying
map f : Q@ — Bm(Q) for its universal cover. Q is called rationally inessential if the
fundamental class [Q] € H,(Q; Q) vanishes under the pushforward

Je 1 Hy(Q:Q) — Hy(Bm1(Q): Q).

In particular, every simply connected closed manifold is rationally inessential. It fol-
lows from [77, Corollary 1.1.6] and Proposition 30 stated above that, for any rationally
inessential manifold Q, M = T*Q admits a cyclic dilation over Q. It is, however,
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not clear whether such a cotangent bundle admits a quasi-dilation. In fact, it is even
unknown whether 7*Q admits a dilation over QQ for any simply connected formal
manifold Q; see [56, Lecture 18]. More interesting examples of Liouville manifolds
which admit cyclic dilations will be established in Section 6.

Remark 32. Related notions are introduced in [79], where the author considers the
spectral sequence associated to the u-adic filtration on the equivariant Floer cochain
complex CF;1 (A), and M is said to admit a k-dilation if, for sufficiently large A ¢
P, the identity e € CF(1) is killed in the (k 4 1)-th page of the spectral sequence.
In particular, any flexible Weinstein manifold admits a O-dilation, and a dilation in the
sense of Seidel-Solomon [67] is a 1-dilation. In general, having a k-dilation for k > 1
is equivalent to requiring that Z;:(l) B ®u/ € CF}91 (L) defines a cyclic dilation
with h = 1.

4.3. Cyclic open-closed map

We briefly summarize the construction of the cyclic open-closed string map due to
Ganatra [28]. Details can be found in [28, Section 5]. See also [30] for applications
of the cyclic open-closed string map in the study of mirror symmetry of closed sym-
plectic manifolds.

Roughly speaking, the cyclic open-closed map is a parametrized version of the
usual open-closed map

OC : CHy(W(M)) — SC*T" (M) (4.19)

considered in [2, 58], which keeps track of the Sl-complex structures on both sides.

However, as we have already noticed in Section 3.3, in order to keep track of the
Sl-action on the open-string side, one needs to consider the non-unital Hochschild
complex CH}' (W(M)) instead of the usual Hochschild complex CH,('W(M)). Thus,
the first step toward the construction of an “S!-equivariant enhancement” of the usual
open-closed map OC would be to replace OC by a map

OC™ : CH™(W(M)) — SC*t" (M)

defined on the non-unital Hochschild complex. Following Ganatra, we will call OC™
the non-unital open-closed string map. In view of the definition of CHL'(W(M))
recalled in Section 3.3, the map OC™ should consist of the check component

OC : CH,.(W(M)) — SC*T"(M)
and the hat component

OC : CH.(W(M))[1] — SC*t" (M),
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which act, respectively, on the check and hat factors of the non-unital Hochschild
complex, and
OC™(@, p) = OC(a) + OC(p),

where & € CH,(W(M)) and B € CH,(W(M))[1].

The map OC is defined on the ordinary Hochschild chain complex, and its defi-
nition in fact coincides with the ordinary open-closed string map (4.19). Recall that
OC is defined by considering closed disks S equipped with boundary marked points
l1,...,84 € 95, which serve as inputs, and an interior marked point oy, Which is
an output. There is also an asymptotic marker £, at (o, pointing toward {;. One
can assign Floer data to such disks (S;¢1, ..., ¢4; Cout Lou) in the usual way, and
when forming the moduli space of Floer trajectories, the boundary components of
dS \ {¢1, ..., ;) will be labeled with Lagrangian submanifolds L, ..., Ly which
are objects of the wrapped Fukaya category 'W(M) so that L; is the label of the arc
along the boundary between ¢; and ;41 moq 4, and the marked points ¢y, ...,y are
associated with asymptotics x1, ..., X4, which are time-1 chords of the Hamiltonian
vector field Xg, from L;_; to L; noaq for some H; € H(M). For any you € Op,
the coefficient before |0y, |k in 66(|0xd K. ....|ox,|k) is determined by a signed
count of rigid Floer trajectories u : S — M which satisfy the relevant Floer equation,
with boundary conditions determined by the Lagrangian labelings (L1, ..., Lg) and
asymptotic conditions specified by (X := (x4, ..., X1); Your)-

The definition of the map OC differs from OC in the sense that one now considers
the same closed disks (S C1s v Cas Couts Lou) With d boundary marked points and
an interior marked point as the domains, but the asymptotic marker £, is required to
point between ¢; and . The collection (X; you) of Hamiltonian chords and orbits as
above still determines the asymptotic conditions for the corresponding Floer equation.
Since the direction of £, remembers the position of ¢, its freedom to vary increases
the degree of the map by 1, which explains why OCis a map defined on the shifted
Hochschild chain complex CH.(W(M))[1].

Proposition 33 ([28, Lemma 11]). The non-unital open-closed map
0oC™ = OC @ OC
is a chain map.

Consider the natural inclusion
t: CH.(W(M)) — CH}(W(M)),
whose composition with the non-unital open-closed map gives rise to a chain map

OC™ o : CHy(W(M)) — SC*T" (M),
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which coincides on the chain-level with the usual open-closed string map OC. Since
we have learned from Section 3.3 that ¢ is a quasi-isomorphism, it follows that, as
homology level maps,

[oc™ = [oC.

The cyclic open-closed string map OC will be defined as an S !_equivariant en-
hancement of OC™, by including higher cyclic chain homotopies. More precisely, it
consists of a sequence of maps

0oC* = OCF @ OCK : CH™(W(M)) — SC**"~2k (M)
for each k > 0 such that
0C’ =0C, OcC°®=0C,

and for any k > 1, we have

k
(=" > 8 0 OCK = OC*! o B™ + OC* 0 b, (4.20)
i=0
k
(=1)" > 8 00CK = OC* 0 b’ + OCk o (1 - 1), 4.21)

where B™ : CH}"(W(M))—CHLL, (W(M)) is the map (3.10) applied to the wrapped
Fukaya category, and A is the cyclic permutation operator defined in (3 11). Roughly
speaking, the maps OC* and OCF are defined in the same way as OC and OC but
with additional interior marked points pj, ..., px included in the respective domains,
which are located near (o and are strictly radially ordered in the sense that

1
0<|p1|<-~-<|pk|<§ (4.22)

with respect to the standard complex coordinate near (o, Note that now the cylinders
in the moduli spaces M;, where 0 <i < k, break “below” the surface S at ¢, instead
of “above” it. As before, £ is required to point toward p; if £ > 0.

Define

o0
Z (OC* @ OCK)u
it follows from (4.20) and (4.21) the following.

Theorem 34 ([28, Theorem 1]). The non-unital open-closed map OC™ admits a geo-
metrically defined S'-equivariant enhancement

OC € RHomg: (CH™(W(M))[n], SC*(M)).
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Combining [27, Theorem 1.1] with [28, Corollary 1], we have the following
theorem.

Theorem 35 (Ganatra). Let M be a Liouville manifold which is non-degenerate; then
the homology level maps

[OC] : HH,(W(M)) — SH*t"(M), [OC] : HCx(W(M)) — SH (M)

are isomorphisms.

We can now fulfill our promise at the beginning of Section 4.2, namely, to explain
the relationship between exact Calabi—Yau structures on ‘W(M') and cyclic dilations.

Proposition 36. For any Liouville manifold M, there is a commutative diagram
HCyt1 (W(M)) —— HH.(W(M))
[0C] [oc] (4.23)
SHE™ 1 (M) —2— SH**"(M)

where B is the cohomology level map associated to B™.
Proof. This is a direct consequence of Theorem 34 and Proposition 21. |
As a corollary, we get the following proof of Proposition 4.

Corollary 37. Let M be a non-degenerate Liouville manifold; its wrapped Fukaya
category W(M ) is exact Calabi—Yau if and only if there exists a cyclic dilation b €
SHy, (M).

Proof. Since M is non-degenerate, it follows from Theorem 35 that both of the maps
[0OC] and [6VC] in the commutative diagram (4.23) are isomorphisms. The corol-
lary would then follow from the fact that [y] € HH_,(W(M)) is non-degenerate
if and only if its image under the open-closed map [OC] is an invertible element
h € SHY(M)*.

The proof of [28, Theorem 3] shows that the geometrically defined smooth Calabi—
Yau structure

[flua] € HCZ,,(W(M))

induces a non-degenerate class [1gqa] € HH_,, (W(M)), which is mapped under [OC]
to the identity 1 € SH?(M). According to the definition of Calabi—Yau structures, any
two such structures differ by an automorphism of the diagonal bimodule. In our case,
any non-degenerate class [n] € HH_,, (W(M)) differs from [5yq4] by an automorphism
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of the diagonal bimodule, which is an invertible element of HH®('W(M)). By [27,
Theorem 1.1], its image under the inverse of the closed-open map

[COI™! : HH*(W(M)) — SH*(M)

is an element 2 € SH®(M)*, so is [OC]([n]).

On the other hand, if [] € HH_,(W(M)) is mapped to a class & € SH*(M)*.
By applying the closed-open map, we get a class [CO](h) € HH®(W(M))*, which
induces an automorphism of the diagonal bimodule. Composing this with the iso-
morphism W(M)V[n] = W(M) between the diagonal bimodule and its shifted dual
induced by [14q], we get another isomorphism ‘W(M)Y [n] = W(M), which is in-
duced by [n]. This shows that [n] is non-degenerate. ]

5. Lagrangian submanifolds

Let M be a Liouville manifold with ¢; (M) = 0, and fix a trivialization of its canonical
bundle Kjs. We consider in this chapter the open-string implications of the existence
of a cyclic dilation. To be precise, we will consider Lagrangian submanifolds in M
which are objects of the compact Fukaya category ¥ (M); namely, they satisfy the
following assumption.

Assumption 38. L C M is closed, connected, exact, graded, and Spin.

We will actually fix the choice of a grading on L so that the Lagrangian Floer
cohomology HF*(Lg, L1) of two Lagrangian submanifolds Lg, L1 C M is well
defined as a Z-graded algebra over K.

5.1. The Cieliebak-Latschev map

Let L C M be an exact Lagrangian submanifold satisfying Assumption 38. As a
consequence of the Viterbo functoriality [4,76], we have a map

SH*(M) — SH*(T*L) =~ Hy_+(£L:v), .1

where the latter isomorphism is established in [1] in the case when L is Spin and in [4]
in the general case. Since we have required in Assumption 38 that L is Spin, the local
system v : 1 (£ L) — K can be dropped out from our notations.

There is an S!-equivariant analog of (5.1) constructed by Cohen—Ganatra [18]
(see also [77, Section 4.4.1] for a detailed exposition), which is an infinite sum

CL:= Y CLgu* : SC*(M) @k K())/uK[u] - C2, (LL:K(())/uK [u])
k=0
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whose degree 0 piece arises from relevant considerations by Cieliebak—Latschev in
[16]. In the above, C,?_* (£L;K) is a quotient of the dg algebra C,,_«(£L;K) con-
structed by Cohen—Ganatra in [18, Appendix A.1]. See also [77, Appendix B]. It has
the property that the projection

Crs(£L;K) - CO (LL:K)

is a quasi-isomorphism, and Cno_* (£ L;K) carries the structure of a strict S 1-complex.
CL defines an S -complex morphism, so it descends to the map (2.4) on the cohomol-
ogy level. We will give a brief account of Cohen—Ganatra’s construction in this section
and explain its implications for Lagrangian submanifolds in Liouville manifolds with
cyclic dilations.

The construction of the maps CL; : SC* (M) — Cno_*Jrzk (£L;K) is in some
sense parallel to the construction of the maps {8} in Section 4.1, but we now con-
sider half-cylinders instead of cylinders as our domains. A k-point angle decorated
half-cylinder is a (positive) half-cylinder ZT C Z together with a collection of aux-
iliary interior marked points p1, ..., px € Z7 satisfying (4.1). Denote by My the
moduli space of such half-cylinders. Every element of My  is equipped with a posi-
tive cylindrical end

8+:[O,OO)XSI_)Z+7 (S,I)H(S‘F(pk)s‘f‘é,t),

for some fixed & > 0. Note that, unlike the case of My, there is no free R-action on
the moduli space My .

My, can be compactified to a manifold with corners My ; by including bro-
ken trajectories in the moduli space. The codimension 1 boundary strata of ,Aj(k,Jr is
covered by the images of the natural inclusions

M4 x My—j — OMy 4, 0<j <k, (5.2)
M > M4, 1<i <k, (5.3)
MEL, s DMy, (5.4)

where ,M;c’i:l is the locus where the i-th and (i + 1)-th height coordinates coincide,

Sl
and Mk_1’+

is the locus where /1; = 0. There exist forgetful maps
mit M S Mgy, 1< <k -1,
.St
gl @ Mk—l,—f— — eMk_l’+,

where the first map has been considered in (4.6), which forgets the point p;q, while
the second map forgets p;. Note that the maps 7; for i > 1 extend as maps

= . fpflitl Vi
Tt M > Mo+
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on the compactifications. The same holds for g1, and we denote its extension by
= . jirS! i/
g1 : Mk—l,—{— — Mk_1’+.

The definition of a Floer datum for a k-point angle-decorated half-cylinder (Z 7,
P1,..., pr) is completely analogous to that of Definition 26 and will therefore be
omitted. Inductively, there exist universal and consistent choices of Floer data for
each k > 0 and each k-point angle decorated half-cylinder in the following sense.

* In a sufficiently small neighborhood of L C M, the Hamiltonian H,+ = 0 near
s =0.

* Near the boundary stratum (5.2), the Floer datum coincides with the product of the
Floer data chosen on lower-dimensional strata up to conformal equivalence. The
Floer data vary smoothly with respect to the gluing charts for the product Floer
data.

* Near the boundary strata (5.3), the Floer data are conformally equivalent to the
ones obtained by pulling back from My_; 4 via the forgetful maps 7; for i =
L....k—1

Fixing a universal and consistent choice of Floer data, for each y € Oy, define
My +(y, L) to be the moduli space of pairs ((Z, p1, ..., px),u), where

(Z+9 P1s.. s pk) € Mk,-i-v
andu : ZT — M is a map satisfying the parametrized Floer equation
(du—Xpg,, ®dn»' =0,

where the (0, 1)-part is taken with respect to J,+, together with asymptotic and
boundary conditions

lim (¢7)*u(s,) =y,
§—>00
u(0,t) =y forsomey e £L.
For generic choices of Hz+, My 1 (y, L) is a smooth manifold of dimension
n —deg(y) + 2k,

which admits a well-defined Gromov bordification e/‘zk’+(y, L), whose codimension
1 boundary is covered by the inclusions

‘Azk—j,-{-(yl’L) S ‘Azj(y’ y/) — 8Mk,+(y7L)’ (55)
My L) > oMy 1 (v, L), (5.6)

MEL, L (y. L) = 3Mp 1 (v, L). (5.7)
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Choose some Riemannian metric g on L. There is an evaluation map
ev: Mg (y,L) = L£L

which is defined by restricting u € My +(y, L) to {0} x S! and taking the arc length
parametrization of the boundary of u with respect to g and a base point determined
by the position of p;. The map ev admits an extension ev : eAf_{k’Jr (y,L) = £L to the
boundary strata, and the k-th order Cieliebak—Latschev map

CLg : SC* (M) — €2, (£L:K)

is defined as
CLi (loy|x) = (—1)* VeV, ([Mr 4 (. L)]).

where [ﬂk,Jr( v, L)] denotes the fundamental chain.

Proposition 39 ([77, Proposition 4.4.12]). CL = Z/?:o CLyu* defines a morphism
of S'-complexes, and therefore it is an S'-equivariant enhancement of CLy.

The proof follows from an analysis of the boundary strata of M k.+(y,L). In par-
ticular, our choice of Floer data ensures that the elements in the strata M;{Tl (y,L)
will never contribute, since they are not rigid. For details, see the proof of [77, Propo-
sition 4.4.12]. We will encounter a similar situation in the proof of Proposition 78. On
the other hand, the contribution from the stratum M ,fll +(», L) is non-trivial and can
actually be identified with 8 o CL_;, where §; denotes the chain-level BV oper-
ator on C,,_ (£ L; K) defined by rotating the loops, which descends to a BV operator
on the quotient dg algebra C,?_* (£L;K).

On the cohomology level, CL induces a map

[CL] : SHY, (M) — HS',(£L;K).

This enables us to interpret a result of Davison [20, Corollary 6.4.4] as providing
obstructions to Lagrangian embeddings in Liouville manifolds with cyclic dilations;
see Proposition 5.

Proof of Proposition 5. Let M be a Liouville manifold with a cyclic dilation, and
assume that there is an exact Lagrangian submanifold L. C M which is hyperbolic. It
follows from Propositions 21 and 39 that there is a commutative diagram

SHY, (M) —2— SH* (M)

[(’:VL]l l (5.8)

HS' (£L:K) —2 H,_vi1(£L:K)
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where the vertical arrow on the right is the usual Viterbo map (5.1). By our assump-
tion, there is a class b € SH;I(M ) whose image under the Connes map B is an
invertible element 4 € SH®(M)*. By the commutativity of (5.8), and our assump-
tion that L is a K (7, 1) space, such a class induces an exact Calabi—Yau structure on
the fundamental group algebra K[sr; (L)], which contradicts the main result of [20].
This completes the proof of Proposition 5, under the additional assumption that
L is Spin. In general, we can use (S!-equivariant) symplectic cohomologies with
local coefficients and argue as above. Since Davison’s result holds for any closed,
orientable L, this enables us to remove the Spin assumption on L. |

It would also be interesting to take a look at the special case when 2 = 1 in the
definition of a cyclic dilation, which leads to the following generalization of [67,
Corollary 6.3].

Corollary 40. Suppose that the marking map B : SH}S (M) — SH®(M) hits the iden-
tity 1 € SH®(M), then M cannot contain a closed exact Lagrangian submanifold L
which is a K(m, 1) space.

Proof. Let L C M be an exact Lagrangian submanifold which is topologically a
K(m, 1) space. Since T*L is a Weinstein manifold, so Corollary 37 applies. It fol-
lows from the proof of [20, Theorem 6.1.3] that the marking map B : SH;w (T*L) —
SH®(T* L) cannot hit the identity. Suppose that M admits a cyclic dilation with i = 1;
one can then use the commutative diagram (5.8) to get a contradiction. ]

LetK = Q. Itis proved in [79, Theorem A] that the Milnor fibers M, ., C C n+l
associated to the Brieskorn singularities

2+ +z;,, =0 withn>a

admit cyclic dilations over Q with 7 = 1. By Corollary 40, it implies the following
corollary.

Corollary 41. The Milnor fibers M,.... , do not contain exact Lagrangian tori.

The non-existence of exact Lagrangian tori has been proved for many Milnor
fibers. For a recent account, see [50].

Corollary 40 can also be applied to deduce non-existence results concerning cyclic
dilations. For example, consider the Weinstein 4-manifold 77 1,0 C C 3 defined by the
equation

x+y+xyz=1,

which is the complement of a nodal elliptic curve ¥ C CIP2. This manifold is studied
in [12, Section 4.1], and it follows from the computation loc. cit that

SHO(Tl,l,O) ~Kx,y,z]/(x+y +xyz—1)
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as K-algebras. Since the polynomial x + y 4+ xyz — 1 is irreducible over K, the only
invertible element in SH° (77 1 o) is the identity. If T} 1 o admits a cyclic dilation, then
B : SH{, (T1,1,0) — SH®(T1,1,0) hits the identity. On the other hand, from the per-
spective of Legendrian surgery, 77,1,0 can be constructed by attaching two 2-handles
to the disk cotangent bundle D* T2, so there is an exact Lagrangian torus L C Ty 1 0.
Now, Corollary 40 shows that 77,1,0 does not admit a cyclic dilation.

One can attach one more 2-handle to D* T2 to get the Liouville domain associated
to the affine surface T7,1,1 C C3 defined by the equation

x+y+z+xyz=1.

Since 7_"1,1,0 embeds in 71,1’1 as a Liouville subdomain, we conclude that 77 ;,; does
not admit a cyclic dilation. In general, let My C M; be a Liouville subdomain; there
is a commutative diagram

SH (My) —2— SH*(M))

[a!]l l[v’] (5.9)

SHy, (Mo) —— SH*™"(Mo)

generalizing (5.8), from which we see that if M; admits a cyclic dilation, then so
is My. In (5.9), the map

ot = vpuk 1 SC* (M) @k K((w))/uK[u]

i=0
— SC*(Mp) ®k K((u))/uK[u] (5.10)
is the S!-equivariant enhancement of Viterbo functoriality v' = v(!). We refer the

reader to [77, Appendix C] for its detailed construction.

More generally, attaching 2-handles to D*7T? yields a sequence of Weinstein 4-
manifolds 7 4, with p > g > r > 0. When % + é + % < 1, these are the Milnor
fibers of parabolic and hyperbolic unimodal singularities studied by Keating in [38,
39]. Our discussions above imply the following proposition.

Proposition 42. The Weinstein manifold T, 4 » admits a cyclic dilation if and only if
qg=r=0.

Proof. Note that Ty g9 is symplectomorphic to 7*T2, so it admits a quasi-dilation.
T1,0,0 is symplectomorphic to C2 \ {xy = 1}; it follows from [56, Corollary 19.8] that
there is a quasi-dilation in SH' (7} o,0). Alternatively, one can compute its wrapped
Fukaya category explicitly using the techniques developed in [8], whose endomor-
phism algebra turns out to be formal, and is quasi-isomorphic to the associative alge-
bra K[x, y][(xy — 1)7!]; see Example 16 for its superpotential description. The case
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when p > 1 can be argued similarly, since there are Lefschetz fibrations 7}, 9,0 — C*
whose smooth fibers are 7*S1. In fact, T} 9,0 is symplectomorphic to the A p plumb-
ing of T*S 2°s. On the other hand, we have seen in the above that Ti,1,0 and 71,11
do not admit cyclic dilations. Since any Weinstein manifold 7}, 4, with p > 1 and
q > 1 contains 7_"1,1,0 as its Liouville subdomain, the non-existence of cyclic dilations
follows from the commutative diagram (5.9). ]

Observe that, among the examples T, 4, considered above, the existence of a
cyclic dilation is in fact equivalent to the existence of a quasi-dilation. This is not
surprising in view of Proposition 11. More interestingly, Proposition 42 implies the
following corollary.

Corollary 43. Let M be any 4-dimensional Milnor fiber associated to a non-simple
singularity; then M does not admit a cyclic dilation.

Proof. This follows from the commutative diagram (5.9) and the adjacency of singu-
larities. The latter implies the existence of some triple (p, ¢, r) with % + % + % =1
so that M contains T, 4 , as a Liouville subdomain. A detailed explanation of this fact
can be found in [38, Section 2.2]. However, it follows from Proposition 42 that any
such T}, 4, cannot admit a cyclic dilation. m

5.2. Parametrized closed-open maps

Let M be a 2n-dimensional Liouville manifold. As is observed by Seidel in [58]; if
one considers only closed exact Lagrangian submanifolds L C M satisfying Assump-
tion 38, then one can define a chain map

COpp : SC*(M) — CH*(F (M)).

This is usually referred to as the closed-open string map in literature. On the coho-
mology level, it is obtained by composing the closed-open map CO : SC*(M) —
CH*('W(M)) considered in [27] with the restriction morphism induced by the coho-
mologically full and faithful embedding ¥ (M) — W(M). Ganatra shows in [28,
Proposition 14] that this map also admits an S !-equivariant enhancement, which can
be written as a homomorphism between S !-complexes

Coy,
where the complex CH (¥ (M)) ® SC*(M) is equipped with the diagonal S!-action
(3.2), while K[—n] is regarded as a trivial S!-complex. TIE, construction of (Tég’m is
completely parallel to the cyclic open-closed string map OC recalled in Section 4.3.
In particular, it consists of an infinite sequence of maps

€ RHomgi (CH™(F (M)) ® SC*(M),K[-n]),

k, ~~k, ~~\k,
COg 1= COgq @ COgy’
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for each k > 0, where 66pr and (fbfptv are maps acting on the check factor
CH.(¥ (M)) ® SC*(M)

and the hat factor CH« (¥ (M))[1] ® SC* (M), respectively.

Here, instead of using the full construction of Ganatra, only the check components
{(T(Sffl;lv }e>o of the cyclic refinement of CO,p will be relevant for our purposes. For
the sake of readability, it seems to be appropriate to recall here the definitions as well
as the basic properties of the first few of these maps. Since the reader should already
be familiar with the operations associated to parametrized moduli spaces from our
discussions in Section 4, our exposition here will be very sketchy, focusing mainly on
the underlying TCFT (Topological Conformal Field Theory) structures and describing
primarily the domains defining various operations. We follow the general framework
of [63,67], while our setup is slightly more complicated as it involves one additional
piece of data: an ordered set of interior auxiliary marked points, whose flexibility
constitutes the parameter spaces of our families of Riemann surfaces.

Let S =S \ X, where S is a bordered Riemann surface, and ¥ C S is a finite
set of points. Write ¥ = X°P U > where I C S is the set of boundary marked
points, and X' C S is the set of interior marked points. There is also a strictly ordered
set of auxiliary marked points ** C § lying in small neighborhoods of the interior
marked points X' For simplicity, we assume that all of the points in ®* lie in a
small disk centered a particular point ¢, € X of radius ¢ > 0. The points in Z*"* are
ordered according to their distances to {,. With respect to a fixed choice of complex
coordinate near ., they should be strictly radially ordered, i.e., satisfying

0<|pil < <lpil<e 5.11)

if Co is an input, and
O0<|pil<---<|pxl <e (5.12)

if o is an output. As a convention, when S is the closed unit disk, we will take
&= % At each point of X9, there is a preferred tangent direction ¢, which is fixed if
¢ € 9\ {&,), and points toward the point in X2 which is closest from ¢ if { = &,.
Furthermore, we can divide the sets X°° and ¢ into inputs and outputs, namely,
0P — Eop,in U Sopsout 404 ch — Ecl,in U Ecl,out.

Additionally, S comes with a sub-closed 1-form vg € Q'(S) which satisfies

dvs =0
near ¥ and vg|ys = 0 near X°P. One can associate a real number A to every point
¢ € X by integrating vg along a small loop around ¢ if ¢ € I or by integrating vg

along a small path connecting one component of 9§ to the other one, if ¢ € X°P. For
¢ € =°, we require that A¢ ¢ P
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For each boundary component C C 95, we want to have a label L¢, which is a
Lagrangian submanifold in M satisfying Assumption 38. For any point { € 3P, this
determines a pair of Lagrangian submanifolds (L¢ o, L¢,1). The convention is that if
{ € " then L¢ g is the Lagrangian submanifold associated to the boundary com-
ponent preceding ¢ with respect to the orientation of 9.5, and L¢ q is the successive
one. When ¢ € Z°°" then one uses the opposite convention. The operation associ-
ated to the marked bordered Riemann surfaces (S; ; 22*¥) is a map

Q) e @ CF*(Lgo.Ley)

CEch.in §€E°P~i"
- Q) CFrOo® K CF*(Leo.Len) (5.13)

ZGECL"U‘ ;exop.out
of degree
n(_X(g) + 2|Ecl,0ut| + |Zop,out|) _ 2|Eauxl'

We remark that, due to the presence of X***, (5.13) is in general not a chain map.
We give a quick sketch of the definition of (5.13). Denote by ; Ry the moduli
space of domains (§ ; 20 X)), where

I =A{p1... pit-

It parametrizes the (potential) variations of the conformal structure on S, the positions

of the points in ¥ and X%, up to automorphism. For any representative of an element

of x Rx, we can assign it with a Floer datum, which consists of

* acylindrical end sgi for each point ¢ € X, which is positive if ¢ € X" and is
negative if { € X", The cylindrical ends egt are required to be compatible with
the tangent directions ¢ specified above at { € £,

* astrip-like end rgi : R4 x [0, 1] — S for each point ¢ € X°P, which is positive if
¢ € %o and is negative if ¢ € XOPoU

+ asub-closed 1-form vg € Q1(S) such that
() vs = (i) "vs = dr:
¢ ¢
* adomain-dependent Hamiltonian Hg : S — Jf;(M) which satisfies
(Ei)*HS = H/l N (Ti)*HS = HLZ,OsLZ,lat’
¢ 4 ¢

for some H,,, € #,, (M), and Hp, L, is a time-dependent Hamiltonian
which takes the form A¢r + C on the conical end of M so that all the time-1
chords of X HigoLeq between L¢ o and L¢ ; are non-degenerate, but now the
parameter ¢ € [0, 1]. Here, the A¢’s are real numbers associated to cylindrical and
strip-like ends, as mentioned above,



Y. Li 168

* adomain-dependent almost complex structure Jg : S — £(M) such that
()" Js = ()" s = J;

for some J; € $(M).

The moduli space Ry admits a well-defined compactification xRz, which is
usually a real blowup at {, of the corresponding Deligne—-Mumford compactification.
The codimension 1 boundary components of ; Ry are covered by the degenerations
of domains (as we will see in the case when S is an annulus), the real blowup loci, the
loci where two of the marked points p; and p;; in X*"™* share the same modulus, and
the locus where py (when , in the case of an output) or p; (when ¢, is an input) goes
to the boundary of the disk centered at {, (the last three strata correspond to (5.2),
(5.3), and (5.4), respectively, when S is a half-cylinder). A universal and consistent
choice of Floer data is an inductive choice of Floer data for each k > 1 and each
element of Ry so that it varies smoothly over xRy and has specified behaviors
along the boundary strata of ; Rx. In order to construct the moduli spaces defining
the operations (5.13), we need to fix such a choice.

Fix a set of Lagrangian labelings (Lc) for the boundary components in d.S and
asymptotics (X, y), where X = (x¢) is a set of time-1 chords of X HigoLpi between
L¢o and L¢ 1, one for each ¢ € X°P; and y = (y¢) is a set of time-1 Hamiltonian
orbits y¢ € Op,2,, one for each ¢ € %¢. Define the moduli space

kR=(¥;X) (5.14)

to be the space of pairs ((§; 3 XA u), where (§; 3 XAy e kﬁg, andu:S - M
is a solution of

(du — Xpg ® vs)%! =0,
u(C) C L¢ for each C C 9,
limg 400 u(ggt(s, ) = ye,

limg— 100 “(Tgt (s.7) = x¢.

For generic choices of perturbation data, the Gromov bordification R (¥: X) has
boundary components coming from semi-stable breakings, together with maps from
the boundary strata of iR A signed count of rigid elements of kﬁz()_} : X) for vary-
ing asymptotics (X, y) defines the operation (5.13).

The simplest example of interest for us is a closed disk S with T = T2 = ¢
and an interior marked point Lo, € S which is an output. The boundary 35 is labeled
with a Lagrangian submanifold L C M satisfying Assumption 38. By counting solu-
tions u : § — M of the corresponding Floer equation (with boundary and asymptotic
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Figure 2. Domain of the map ¢7"2.

conditions), this defines a Floer cocycle
¢;° € CF"(}) (5.15)

for any prescribed real number A ¢ s, whose cohomology class will be denoted
by [L] € HF*(X). A noteworthy fact here is that the only difference between the
domains defining the operation ¢i’0 and the zeroth Cieliebak—Latschev map CLy
which appeared in Section 5.1 is that the interior puncture of S is now treated as
an output instead of an input.

For the next example, let S be a closed disk with two interior marked points; i.e.,
2 = {&n, Cou)» Where &, is an input and oy is an output. There is no boundary
marked point, and 95 is labeled by a single Lagrangian submanifold L. The marked
points &, and ¢, are equipped with asymptotic markers £;, and £, so that £, points
away from {;,. Furthermore, there are k additional auxiliary marked points p1, ..., px
lying in a small neighborhood of {j,, and they are strictly radially ordered as in (5.11)
with respect to the local complex coordinate near ;. When k = 0, the asymptotic
marker £;, is required to point toward oy, but when k > 1, we require that €y, is
pointing toward py. The associated cochain-level operation is a map

97 % - CF*PK () — CF (),

where Ag, A1 ¢ Pur. See Figure 2 for the domain defining the operation ¢i’0;2.

We now recall the definitions of the check components of the cyclic closed-open
map (cf. [28, Section 5.6.2]). Let S be a closed disk with d boundary marked points
3P = {¢q,..., ¢y} ordered anticlockwise, among which ¢, is the only output. There
is a unique interior marked point {;, at the origin, which is an input. Moreover, there
are k auxiliary interior marked points, ¥** = {p1, ..., pr}, which are ordered so
that (5.11) is satisfied. This gives rise to a moduli space of domains, which will be
denoted by kﬁ;l,cpt' Label the components of 9.5 with the Lagrangian submanifolds
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Ly,...,Lg,and fix an ordered set of Hamiltonian chords X = (x1, ..., xq), where x;

is a time-1 chord of X Hi, .1 together with a Hamiltonian orbit yi, € Op 5.

i+1modd-t ’
As in (5.14), one can build a moduli space

kR Y o (Vin: X). (5.16)

A signed count of rigid elements in the moduli space (5.16) for varying asymptotics
X and yj, defines a map

gy, LCF*(0) ® CF*(Lyg-1.La) ® -+ ® CF*(Ly. L2)
— CF*(L1, Lg)[1 —d — 2k]. (5.17)

Note that, when k = 0, these operations reduce to the usual closed-open string maps
¢114’1a:“_’ Ly considered in [63,67].

Let us write down explicitly the first few of the maps (5.17) and try to understand
their basic properties. The first one of these maps is

¢l V*  CFH2R (L) — CF*(L, L), (5.18)

which is defined using a closed disk S with one interior marked point &;,, which is an
input and carries an asymptotic marker £;,, and one boundary marked point {1, which
is an output. Parametrization is given by k interior auxiliary marked points pq,..., pk,
whose positions satisfy the constraint (5.11). The asymptotic marker £;, is required to
point toward py. One can also treat the boundary marked point ¢; of S as an input,
which results in a map

(") CF* () @ CF"™*(L, L) — K.

Going one step further, adding a marked point &, € 3S which serves as an input to the
previously considered marked bordered Riemann surfaces defining ¢£’1;k gives rise
to a map

d’iifz : CF*(A\) ® CF*(L1, L») — CF*(Ly, Ly)[-2k — 1].

Consider the family of Riemann surfaces parametrized by R as shown in Figure 3,
with the marked points pq,..., px being fixed, so that (5.11) holds with ¢ = % When
k = 0, this yields a homotopy ¢ 11412 L, between

12 (b in).x) and  (=D)PPl2 00 g7 (pin):

see [67, (2.12)]. When the points pq, ..., pi are allowed to vary in the disk centered
at &y with radius %, one obtains a (2k + 1)-dimensional family ¥ of marked Rie-
mann surfaces fibering over R, whose 2k-dimensional fibers come from the freedom
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1 & {1

Figure 3. A section of the family Y, obtained by fixing the positions of p; and p».

of moving the points py, ..., px. The fiberwise compactification Y of this family
involves the strata coming from real blowups, which appear when |px_ ;41| — 0 for
some 1 < j < k. Note that this forces |p;| — O forevery k — j +1 <1 <k, so
there will be cylinder bubbles at the origin ;, of S containing the j-marked points
DPk—j+1---» Pk> Which define elements of the moduli spaces M ; see Figure 4. The
two ends of the 1-parameter family in Figure 3 still define two ends in the fiberwise
compactification Yy, and they contribute to the first two terms on the right-hand side
of (5.19). Moreover, in the fiber direction, there are two additional boundary strata
corresponding, respectively, to the loci where |p;| = |piy1| forsome 1 <i <k —1
and |p1| = % Using a similar argument as in the proof of Proposition 78, one can
show that the boundary strata corresponding to |p;| = | pi+1| do not contribute. On
the other hand, the stratum |p;| = % gives rise to an operation, which we denote by

&511;12;;[{(2_1 . CF*(A) ® CF*(L17 LZ) N CF*(LI, L2)[—2k . 2]

As a consequence, we have

k
25k 1,2;k—j in] 21,25k
1 pp oL, i )+ b2 (65 (yin), )+ (=Dl g2 (vin, 1 (x))
j=0
1,k o 1,1:k ~1,2;k—1

= 12 (pp)  (yin). X) — (DRl (e ¢ (i) + G20 (i x). (5.19)
As we will see later, the appearance of the additional term q?iffz‘l(ym, x) in the
above identity is the reason for the additional complexity that rises in our situation
compared to Seidel-Solomon’s original construction [67], see Section 5.3.

For completeness, we end this subsection by recalling some known operations
constructed in [63], which are defined by considering a 1-parameter family of annuli
S. The outer boundary of S is labeled by the Lagrangian submanifold L, and the
inner boundary of S is labeled by the Lagrangian submanifold L. There is a unique
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|p2| — 0
L 1 RN

&1 1

Figure 4. A representative of an element of the moduli space 3:7?%@1 and the sphere bubble at
the origin when |p>| — 0.

boundary marked point ¢; on S, which is an input. See Figure 5. Depending on
whether (; lies on the boundary component labeled by L, or L, there are operations

yrtp tCPY(L1 L) > K.
W)Yt CF (Lo, Lo) — K,

and they satisfy
YL, (' () = (D)2 S (x, ) — (=D (@) (6D (1)), (5.20)
WL )Y (! (x) = (D2 S (. x) — (60 (¢)Y (), (5.2D)

where by Str we mean the supertrace. In the second term on the right-hand side of
(5.20), we take ¢, € CF"(—A) and pair it with the result of

(¢p)Y : CF*(Ly, Ly) — CF**" (1),

This is a version of the Cardy relation; see [63, Section 4c] for details.

5.3. Seidel-Solomon’s construction

Let M be a 2n-dimensional Liouville manifold, and let A ¢ #s be a real number.
Fix an arbitrary cohomology class b € HF1S1 (4), with its cochain-level representative



Exact Calabi—Yau categories and odd-dimensional Lagrangian spheres 173

&

Ly Ly

Figure 5. Domains defining the operations wg;}l 1, and (1#21)1 L )WV,

given by
— [e.e]
B:=> Bou™ (5.22)

k=0
Note that the sum on the right-hand side of (5.22) is actually finite since only finitely
many cochains B € CF**1(2) are non-zero. When f; = 0 for all k > 1, Seidel and
Solomon constructed in [67] a derivation on Floer cohomologies HF* (L, L) of any
simply connected Lagrangian submanifolds. In this subsection, we study a higher-
order analog of Seidel-Solomon’s construction. This is in general not well defined
and only works in very special cases, say, when

is a Lagrangian sphere of some odd dimension n > 3, which turns out to be enough
for the purpose of proving Theorem 13.
For any Lagrangian submanifold L C M satisfying Assumption 38, consider the

Floer cochain
o0

> o (Br) € CFU(L. L) (5.23)

k=0
obtained by applying the closed-open maps (5.18). This is in general not a cocycle,
due to the fact that the boundary of the moduli space kﬂv?},cpt(yin; X) contains the
stratum g_; ﬁiipt(ym, x), whose contribution cannot be ignored in general.
From now on, let L be a Lagrangian sphere of some odd dimension n > 3. In this

case, one can arrange so that
CF*(L,L) =0,

which means that (5.23) defines a cocycle. However, for our purposes, we will need
to show that, when b is a cyclic dilation, this is the case regardless of the Floer data
used in the definition of HF* (L, L).
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Lemma 44. The image of the cyclic dilation be SH‘lg1 (M) under the S'-equivariant
Viterbo functoriality [0'] : SHg, (M) — SH, (T*L) (cf. (5.10)) is of the form

oz -I(h) mod u™?t, (5.24)
where a, € K* and the class b € SH' (T*S™) is a dilation.

Proof. It follows from the diagram (5.9) that [¢'] (13) € SHklgl (T*L)isacyclic dilation.
On the other hand, according to the computation of [19, Theorem 2 (2)], we have the

Kix]
x2)
where |x| = n, |y| = 1 —n, and n is odd. This implies that SH®(7*S5") = K, so the
class b satisfies B o [v! ](b) = o, for some oz € K*. It follows from the computations
in [70, Section 4.1] that

isomorphism

Hy— s (£85":K) = ® K[yl

n—1

HS' (£5"K) = K(I(x ® y)) & K<()f,_21)'>,
=51

where y is the degree 2 generator dual to x € H2(CP®; Z), which gives rise to the
map S : H l(éﬁS" K) — HSII(SES" K) in the Gysin sequence (4.15). Moreover,
the marking map

B: HS' (£S"K) — Hyi1(£S™;K)

n 1

sends £ —~!t0 0, and
Cl
Since x ® y defines a dilation under the BV algebra isomorphism
Hy—«(£S™";K) =~ SH*(T*S")

established in [4], and the u® part of SH;1 (T*L) is given by the image of the erasing
map; we have proved (5.24). |

Proposition 45. Let b e HF}91 (A) be a cyclic dilation; then (5.23) defines a Floer
cocycle for any choice of Floer data which defines CF*(L, L).

Proof. The idea of the proof is to regard the operation ¢i’l’k as (up to homotopy)

the composition of the (parametrized version) of the Viterbo functoriality relating
the symplectic cochain complex SC*(M) of the ambient space to that of a Weinstein
neighborhood SC*(7* L) and the ordinary closed-open map ¢ 114’1 defined in the Wein-
stein neighborhood of L. Since the image of the cyclic dilation under the Viterbo map
has been determined by Lemma 44, this allows us to conclude that Zk 0 ¢1 Lk (Br)
is a cocycle. The proof is divided into four steps.
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Step 1: Realizing SH*(T* L) as the Floer cohomology of a Hamiltonian on M. Con-
sider a family of marked bordered Riemann surfaces

(Saigm s 28 2 (5.25)
q q

parametrized by g € [1, co), where §q is the closed unit disk centered at the origin,
whose center {;, is an interior puncture serving as an input, and ¢; is a boundary
puncture serving as an output. The marked points py, ..., px are ordered so that (5.11)
holds. As part of our Floer data, denote by

s; i [~loggq,00) x S' — S,

the family of positive cylindrical ends fixed at ;. Note that, for ¢ = 1, (5.25) is just
the domain defining ¢£’1’;k considered in Section 5.2. We equip these domains with
a family of Hamiltonians (H,) so that Hs, : S1 — J;(M) is part of the Floer data
defining the operation ¢i’l;k. In particular, (af')*HSl = H) ; € #H)(M) for some
A ¢ Puy. For the purpose of our argument, we need to work with the Floer cochain
complex CF?a, p)(4) truncated in the finite action window (a, b], where —oo0 < a <
b < oco. This is defined as the quotient complex CFZ,(A)/ CFZ,(A). Assume that
there are sequences of real numbers {v;}, {r; }, {n;} and {A;} so that

e v; > 0is smaller than the distance from 5; to 7=, and v; — 0 as i — o0;

e ri > max{l, "ivl_,a};

. %</\i<%andli¢§/’M.

Let Hy, »;, be a small time-dependent perturbation of a one-step Hamiltonian H, ;.
which vanishes on the Liouville subdomain D*L C M linear and has slope 7; on
[1,7;] x dD* L for some r; > 0; constant and equal to 7; (r; — 1) on ¥'°¢"i (M \ D*L),
where /1277 is the Liouville flow at time log r;; and equals n; (r; — 1) + A; (r — 1;)
on [r;,00) x dM . Consider the Floer cochain complexes CFfa’b] (Hp; 2;,1); it follows
from [17, Lemma 5.1] that there is an identification

CF:a,b] (Hyp0) = CFEFa,b](T*L’ i) (5.26)

between the Floer cochain complexes defined on M and those on its Liouville subdo-
main D* L. In particular,

l.i)nl HF?a,b](HnlsAl’t) = SHEka,b](T*L) = li_I)nl HFZku,b](T*L’ Th).

Step 2: Interpreting Viterbo functoriality as continuation maps. For each Hamiltonian
of the form H,, , ;, there exists a Hamiltonian H, ; € #; (M) such that

H): < Hy,;.
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Choose a monotone homotopy /i between the Hamiltonians Hj ; and H,) 5 ; so that
the continuation maps

F;‘j,f" (V) = CF{, 5 (Hy.a.0)-

which are variants of the components K,’}"'lz in (4.9) and well defined for all k > 0,
and altogether they form the (truncated) S !-equivariant Viterbo functoriality

[0'] : SHS1 (@.b] (M) — SH;lj(a’b](T*L)
after passing to direct limits. We will denote by
SC*+2k (M) — SC*(T*L)

the components of the S '-complex morphism '. Let p be a non-negative, monotone,
non-decreasing cut-off function such that

, §KO0,
p(s) =
I, s>0.

We require that the family of Hamiltonians (Hs, )4>1 to satisfy
(e7)*Hs, = p(s + q)hs. (5.27)
Note that this is compatible with our requirement that (¢])* Hs, = Hj ;.

Step 3: Degeneration of domain. Assume that the input {;, receives generators from
the truncated complex CFZ‘a, b] (). When g — o0, the points py, ..., pr move to the
origin and a cylinder with all the auxiliary marked points bubbles off at {;,. According
to (5.27), this k-point angle decorated cylinder is equipped with the Floer data defin-
ing the continuation map «. On the other hand, the component carrying the boundary
marked point defines an operation

¢ CF, ) (Hy ) > CF*(L, L),
which is a slight variation of the usual closed-open string map
¢ 1 CF*(A) — CF*(L, L).

There are also boundary strata when g € (1, co), which correspond to the cases when
a cylinder, which may contain several of the marked points py, ..., px, breaks off at
Cin and when the coordinates of the auxiliary marked points satisfy | p;| = | p;j+1] for
some 1 <i <k — 1. We know from the previous discussions that the latter strata are
non-rigid by appropriate choices of Floer data, which can clearly be achieved here.
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For the former ones, we can arrange the choices of Floer data so that Hg, pulls back
to H) ; under the negative cylindrical end of the marked cylinder bubbled off at ;.
As a consequence, their contributions can be identified as

k
1 Gy (),
j=0
where '
tp CRYT Q) - CF*(L. L)

is the operation defined by counting rigid elements in the moduli space of triples

(05020 ) )

where u : §; — M is a solution to the equation
0.1 _
(du — Xpg, ® v5,)%' =0

with boundary on L and asymptotics at {;, and {; being generators of CFZ:, b (1) and
CF*(L, L), respectively.
To sum up, we have proved the cochain-level identity

k
oL ) = byt o) = 1 O+ Y G 0) (5.28)
j=0

for any y € CF(, 5;(4).
Step 4: Applying to the cochains Bi. In view of (5.26) and the identification (ob-
tained by rescaling the Hamiltonian perturbation) of CF* (L, L) with a Floer cochain

complex CFj..; (L, L) computed in the Liouville subdomain D*L C M, the map
qﬁi’l can be identified with the usual closed-open map

¢pager : CF (T L.n) — CF (L. L) (5.29)

for the Liouville manifold 7* L by an appropriate version of the maximum principle.
See [6, Lemma 7.4]. Choosing the action window (a, b] so that 83 € CF%L]:,Z_]l (A) for all
k > 1 (which is possible since B # 0 for only finitely many k), it follows from (5.28)
and (5.29) that

> o0 B — bl ( > ki (ﬁk))
k=0 k=0

00 oo k
=u' ( > fi’“kwk)) YY1 Sk (Br)). (5.30)
k=0

k=0j=0



Y. Li 178

The double sum on the right-hand side of (5.30) vanishes by the equivariant cocycle
condition satisfied by

B = Z Br @uk.
k=0

For the reader’s convenience, we will spell out the details. The equivariant differential
o0
Seq = Y Su*
k=0

applied to E gives

oo k
SegB) =YY Sk (B) ®u~ =0,

k=0,=0

which implies that, for any fixed j,

Do G B =1 ( PR W) =0
k=j k=i

After passing to the inverse limit @ — —oo (which is finite due to the existence of the
lower bound of the action) and the direct limits & — 0o, A — 00, and  — oo, we see

that > "2, ¢i’1;k (Bk) is cohomologous to ¢i’C1T*L(Zz°=0 v} (Bk)). By Lemma 44,
the image of the cyclic dilation B under the S'-equivariant Viterbo functoriality is

ar - B ®1modu~!, where oy € KX and B € SC!(T*L) is a dilation. It follows that

') = D vi(Bi) € SC(T*L) C SC'(T*L) ®x K((u))/uK[u],
k=0

which is equal to ¢z, - 8. Since ¢i’éT*L is a chain map and ¢i’éT*L(aL - B) is a Floer

cocycle, s0is Y e, ¢i’1;k (Bk)- "

Since HFI(L, L) = 0, it follows that there is a cochain y1, € CF° (L, L), which
satisfies

w @) =Y e (o). (5.31)

k=0
Two y1.’s are considered to be equivalent if their difference is a degree 0 coboundary.
Note that the set of equivalence classes of choices of ¥y, is an affine space over

H°(L:K) = K.

Following [67], the pair L= (L,yL) will be called a b -equivariant Lagrangian sphere.
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Let
Lo=(Lo.YL,). Li=(L1.7L,)

be two odd-dimensional E—equivariant Lagrangian spheres. One can define a cochain-
level endomorphism

¢7,.f, : CF" (Lo, L1) — CF*(Lo, L1)
by

S0.2, () = D $L7F (BeX) — 12 (FLy . %) + 1P (x. ,)- (5.32)

Note that ¢7 7 is in general not a chain map. In fact, it follows from (5.19) and the
fact that Y22, Bx ® u~* defines a cocycle in CF;, (A) such that

n @7, 1,00 = 7,1, (1! (x))+2¢i02£‘11 ).

Proposition 46. Assume that b € HF! s1(A) is a cyclic dilation. Let Lo = Ly = L,
and YL, = YL, in the above; then ¢ 7 is a chain map.

Proof. The idea of the proof is similar to that of Proposition 45. Using a degeneration
of domain argument, the operation qﬁi ZLk can be shown to coincide up to homotopy
with the composition of the (parametrized) Viterbo functoriality and the usual closed-
open map ¢i2L defined in the Weinstein neighborhood D*L C M. Lemma 44 then
enables us to understand the map Y 7o, ¢z .7 (Br)-

Denote by
(3% CF2()) @ CF*(L, L) — CF*(L, L)
the operation defined by a family of domains

(Eq; Gins €1, 82 &, cee &>
q q

parametrized by the auxiliary marked points pq, ..., pr and ¢ € [1, co), which is

basically the family of domains which appeared in the proof of Proposition 45, except

that now there is an additional boundary marked point ,, which is an input. A similar

degeneration of domain argument as in the proof of Proposition 45 implies that

1,2;k

¢ .x) = Lcr*L(vkm xX) 4 e F(

yox) + 175 (ot (1)

+Zri T (G- (). %),
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where
G2 cpep s SCH(T*L) & CF*(L, L) — CF*(L, L)[~2k — 1]

is a closed-open map defined in the Liouville subdomain D*L C M. When applied
to the cyclic dilation 8 € SC}S,1 (M), we obtain by Lemma 44 that

Zfﬁlzk(ﬂk’ X) = ¢y LCT*L(Zv;c(ﬂk)’x) (Zf”k(ﬁk x))

k=0

+ZILL (Bie- 1t (x))+ZZri (85 (Br)- )

k=0,=0

a9l () w(zr;ik(ﬂk,x))
k

+ 3 1T Bt ().

where o7, € K* and the cocycle B € SC!(T*L) represents the dilation. Note that, in

the computations above, the term Y o, Zf 0 tLl ZLJ (8k—j (Bk). x) vanishes because

E defines an S !'-equivariant cocycle; see the proof of Proposition 45. We then have

) — o812 e o) ( 012 g, x>)
k=

oo

+ 3 B 1 () — 2L x) + 12 (x5

a9 B+ MZ(Z LLkwk),x)

( Zt“"(ﬂw)—pﬂ(h,x)wz(x,m), (5.33)

where the second equality holds because the map ¢ Ll ZLk gives the homotopy between

7 (tl’l’k (Br), x) and p2(x, tl L k(ﬁk)). The proposition now follows from the fact
that

b7 Forer = 0L bp 7 cper (Box) — P (yL. x) + u(x. 70). (5.34)
where

YL —)’L—Z 0 (B

is a chain map, which is proved in [67, Sectlon 4]. [
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In this way, we obtain an endomorphism
q>Z,Z = [¢Z,Z] :HF*(L,L) — HF*(L, L),

which is independent of our choice of y. To understand the endomorphism, ®; 7 is
equivalent to understanding its action on HF®(L, L) and HF" (L, L).

Proposition 47. &5 7 acts trivially on HF(L, L).

Proof. If we use the fact that b e HF}q 1(A) is a cyclic dilation, then by (5.33), the
action of @7 7 can be identified with the action of [¢7 7 7+, ] on HF*(L, L) com-
puted in the Weinstein neighborhood D*L C M. It is proved in [67, Section 4]
that [¢7 77| is a derivation. Since HF’(L, L) = K, the action of (97 fcrer]
on HF°(L, L) must have weight 0. Alternatively, one can make the argument inde-
pendent of the fact that bisa cyclic dilation. This is inspired by [67, Remark 4.4].
Consider the moduli space My (v, L) of pairs (Z T, p1, ..., px),u) studied in Sec-
tion 5.1; there is a double evaluation map Ev : ST x Mk,Jr(y, L) - L x L defined
by
(t,u) — (u(0,0),u(0,1)).

The formal sum of Ev,[S! x CAT(k,Jr(,Bk, L)] for each k > 0 represents a topological
cycle in L x L. If we use the singular chain model of Lagrangian Floer cohomol-
ogy HF*(L, L) =~ H*(L;K); then the action of @7 7 on H*(L;K) can be equiv-
alently interpreted as taking a cycle on the first sector L, intersecting with the cycle
> re o Eva[ST x e/\j(k,Jr(,Bk, L)], and then projecting to the second factor. In particular,
the class @ 7 ([er]) is represented by the evaluation maps (¢, u) > u(0,0). Since the
evaluation maps factor through the projections S' x e/\/_tk,Jr( v, L) —> e/\/_tk,Jr( y, L), it
represents the zero homology class. |

To see that the endomorphism @7 7 is non-trivial, the fact that bisa cyclic dilation
plays a crucial role.

Proposition 48. Leth € HF}S,1 (1) be a cyclic dilation, and let L be a I;-equivariant
Lagrangian sphere, then the action of ® i.on HF"*(L, L) is the multiplication by a
non-zero scalar ap. Moreover, if h = 1 in the definition of a cyclic dilation, then one
can take ap, = 1 for all L.

Proof. As noticed in the proof of Proposition 47, the action of & 7.[ on HF"(L, L)
coincides with the action of [¢p7 77, ] on HF"(L, L) computed in the Weinstein
neighborhood D*L C M.If h = 1, then oy = 1 in Lemma 44, and B € SC!(T*L)
in (5.34) represents a dilation, so it follows from [56, Lemma 18.1] that the action of
[d)z,ch* 1] on HF" (L, L) has weight 1. The general case follows from a rescaling
by ay.. |
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For convenience, we introduce the following notation:
LeL :=Su(d;7)ekK.
It follows from Propositions 47 and 48 the following lemma.

Lemma 49. Let L C M be a Lagrangian sphere with dimension n > 3 and n is odd;
then L o L = —aj.

This fact will be crucial to the proof of Theorem 13.

5.4. Odd-dimensional spheres

In this subsection we prove Theorem 13. The argument is a modification of that of
Seidel in [63, Sections 3 and 4], and the main new ingredient that enters into our
proof is the operation *; introduced in Appendix A. First, we want to make precise
the meaning of property (H) in the statement of Theorem 13.

Definition 50. Let M be a Liouville manifold with ¢y (M) = 0. We say that M has
property (H) if there is a real number A > 0 such that

@ 24 ¢ Pu;
(i) A < min $py. In particular, the PSS map H*(M; K) — HF*(1) is an iso-
morphism;

(iii) there is a cyclic dilation b € HF‘lgl 221).

The above definition is motivated by [63, Definition 2.11], where the correspond-
ing notion deals with the special case of a dilation. As has been mentioned in Sec-
tion 2.5, a lot of known examples of Liouville manifolds admitting cyclic dilations
satisfy property (ﬁ). On the other hand, it is currently unknown whether there are
examples of Liouville manifolds with cyclic dilations for which the property (ﬁ) is
violated.

We take a brief look at the situation when 2 = 1 and explain what does property
(ﬁ) mean in this special case. Recall that the Gutt—Hutchings capacities [35] of the
Liouville domain M are a sequence of symplectic capacities {c,?H (M)}x>1 defined
to be

cSH(M) := inf{a | 8eq(x) = u e for some x € F=4 SCEIZkH(M)},

where F* is induced by the action filtration on SC* (M) (cf. (6.12)). It is clear from
the definition and our discussions in Section 4.2, in particular Remark 31, that M
admits a cyclic dilation with 2 = 1 if and only if ¢H(M) < cc.

Suppose that there is a sufficiently small number @ > 0 so that there exists a
cochain x € F=¢ SC;I1 (M) with 8eq(x) = e, then, according to the definition of the
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action functional (cf. (6.11)), we conclude that there exists a small enough A > 0 so
that x € CFE} (21), which in turn implies that property (H) holds for M. On the other
hand, knowing the geometry of M would enable us to find the largest possible a for
a fixed slope A. Denote this number by a,; then M satisfies property (H) with = 1
as long as ¢§H (M) < a;. Define

ay ;= lim ay.
A—min Ppy

Thus, as a special case of Theorem 13, we have the following corollary.

Corollary 51. Let M be a Weinstein domain with dimension 2n > 6, where n is
odd, and whose first Gutt—Hutchings capacity satisfies CIGH(M ) < apg. Then, for any
Lagrangian sphere L C M, its homology class [L] € H,(M ; Q) is non-zero.

From now on, let M be a 2n-dimensional Weinstein manifold satisfying prop-
erty (H). As before, we denote by ,g =Y reoBk® uke CF;1 (2A) the cochain-level
representative of the cyclic dilation b.

Let L C M be any Lagrangian submanifold satisfying Assumption 38. Following
[63, Section 4d], for every k > 0, we define a map

xx : CF**12)) > K,

which is the sum of the following six expressions:

70k (070

¢
(i CF**t12)) £ — CcF'(1) —5 K,
1,1:k 0,1
L,

op" v
(i CF*t1(2)) £— CFY(L,L) —5 K,
(i) x> (=1)"HD2H (g5 (x, ),

¢1,1;k _ (1,01 W
(ivig CF*t1(2)) = — CFY(L,L) ——“ K,

97" 0"t %)
W CF**12)) L cPr()) —— 25K,
Ve (D" (% we ¢ 0),s

where non-degenerate pairing
(1) : CF*(1) ® CF*"*(-1) — K,

gives the chain-level realizations of the Poincaré duality isomorphism on Floer coho-
mologies. When k = 0, y¢ is a chain map, and it is proved in [63, Proposition 4.11]
that yo is nullhomotopic, since the expressions (i),—(vi), correspond to boundary
components of a 2-dimensional family of Riemann surfaces. See also [63, Section
5b]. In general, we have the following proposition.
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Proposition 52. When n is odd, there exist choices of Floer data so that the following
identity holds:

o0

> xe(Br) = 0. (5.35)

k=0

Proof. Let S be an annulus with a unique interior puncture ¢;,, which is an input,
and no boundary punctures. Denote by 0;,S the inner boundary of S and by 04,.S the
outer boundary of S; both of them are labeled by L. Moreover, there are k auxiliary
marked points pq, ..., pg lying in a small neighborhood of {j,, and they are ordered
so that (5.11) is satisfied with respect to the local complex coordinate near (;,. The
asymptotic marker £, at j, is required to point toward py. See the central picture of
Figure 6 for a description of the domain. The associated operation will be denoted as

v 9*  CF*H2(2)) > K.

When there is no auxiliary marked point, the Riemann surfaces (S_’ ; Cin» £in), Where
iy is allowed to vary in a specific way, form a 2-dimensional family 7, which com-
pactifies to a hexagon 7; see Figure 6. The construction of this 2-dimensional fam-
ily, which arises as the real blowup of the KSV (Kimura—Stasheff—Voronov) com-
pactification, is explained in detail in [63, Section 5b]. Note that the orientations
of the boundary components (iii), (iv), and (v) reverse that of the usual boundary
orientation of a hexagon, which leads to an additional —1 in the definitions of the
operations (iii), (iv),, and (v); appeared in the expression of yi. After the points
P1. ..., pr are added, we get a (compactified) (2k + 2)-dimensional family 7% of
domains (S; &, Lin: P1, - ... px) which fibers over the hexagon, whose fibers can
be identified with the compactifications of the moduli space of k-point angle deco-
rated half-cylinders My, considered in Section 5.1. Figure 6 depicts a section of the
moduli space 73 obtained by fixing the positions of p;, p2, p3. There are six codimen-
sion 1 boundary strata in T which correspond, respectively, to the boundaries of the
hexagon labeled by (i)-(vi) in Figure 6, and they give rise to the operations (i), —(vi),
defined above. When the points pq, ..., pr are allowed to vary, there are additional
strata in 97, corresponding to the loci where |p;| = |pi4+1| and |p1| = .

For the boundary strata |p;| = |pi+1], where 1 <i < k — 1, it is clear from our
previous discussions that one can choose Floer data so that they are non-rigid.

For the boundary stratum |p;| = &, denote its contribution by

vt CPR 20) S K.
Consider the automorphism of the annulus S which switches the boundary circles
0inS and 0oy S, under which we obtain an operation which, up to homotopy, can be
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Figure 6. A section of the family 73.

identified with ‘/fz’(i;.ks_ll . Since exchanging the order of the two boundary circles leads

to a Koszul sign of (—1)" [63, Remark 5.3], we have
,05k— ,0;k—
v s — D"y = null homotopy. (5.36)
This shows that the stratum |p;| = % of 8% does not contribute when 7 is odd.
Finally, there are strata coming from real blowups in the fiber direction of the

compactification 7%, which correspond to sphere bubbles at the puncture ¢;,, contain-
ing at least one auxiliary marked point. These strata, together with the sphere bubble
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at {;, without auxiliary marked point, contribute

>~

Z T8 (Br)) (5.37)

for each k > 0. Using the fact that E € CF}S1 (2A) is an equivariant cocycle, we see
that the sum of (5.37) over k > 0 vanishes.
Combining the above analysis, we get (5.35) when 7 is odd. ]

Remark 53. Note that when char(K) = 2, the relation (5.36) holds for trivial reasons,
so we cannot use it to deduce that

1,05k—1
WLLSI =0,

and the argument above fails.
Denote by (C*, d) the direct sum of two Floer cochain complexes
C* := CF*(—1) ® CF*(}),
d(§.x) = (d§. dx).

where d is the ordinary Floer differential, and A > 0 is chosen as in Definition 50.
The cohomology of (C*, d) will be denoted by H*. Note that, by item (ii) of Defi-
nition 50, we can choose the Hamiltonian H ; in the definition of the Floer cochain
complex CF* (1) so that it is isomorphic to the Morse complex of some function

¢: M — R,

which computes the ordinary cohomology H *(M ; K). Since M is a Weinstein man-
ifold, we may assume that the ¢ is J-convex so that all the Morse critical points have
index < n, and therefore CF* (1) is supported in degrees * < n. For similar reasons,
we can arrange so that CF*(—A) is supported in degrees * > n.

We define a pairing on the above chain complex

:C*C¥™™ S K,
o0
Z(( ) ( ) = (—1)lEelq *
(50, x0), (51, x1 (x0,&1) = (=D)"Nx1,60) + ) (Bk. b0 *k &1).
k=0
In the above, the operations

sk : CF*(=1) ® CF*"™*(=1) — CF?"~2~1(_2))

are parametrized analogs of the usual star product (A.18) on the Floer cochain com-
plex. Their detailed constructions are recorded in Appendix A.
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Lemma 54. 7 is a chain map.

Proof. Picking any cochains (&, xo) and (&1, x1) whose degrees add up to 2n — 1,
we have

i((d£o. dxo), (€1, x1)) + (=D)Vi((&, x0). (d£1, dx1))
= (dxo, &1) + (=)l (xo, d&1) — (—=D)E1!(x1, d &) — (dx1, o)

+ ) (Br.déo i £1 + (—D)IIgg w d&y)

k=0

= (B dEo xi &1 + (—1)%lgg % d&y).
k=0

Since CF*(—A) is supported in degrees * > n and
ol + 1§11 =2n—1
by our assumption, either &y or &; is zero, which in turn implies that
do *i §1 + (=115 % dgy = 0. .
The induced pairing on cohomology will be denoted by
I:H*® H"™* > K.

To each B-univariant Lagrangian sphere L= (L, ¥L) we can associate a cocycle
o0
(L. x1) = (¢i’°, (D™ " 92O () + (¢i’1>V(7L)) eC". (538
k=0

To see that (£1,, x7 ) is indeed a cocycle, notice first that ¢i’0 € CF*(—A) is by defini-
tion a cocycle. On the other hand, our assumption implies that the differential of the
second entry of (5.38) vanishes for degree reasons. Denote by [L] € H” the coho-
mology class of (£, xz). As a simple observation, under the natural projection

H" — HF"(-}),
the class [L] goes to the Floer cohomology class [L] defined by (5.15).

Theorem S55. Let L C M be a Lagrangian sphere of dimension n > 3 and n is odd;
then
I([LLIZ]) = (~1)"®* V2L e L. (5.39)



Y. Li 188

Proof. We have

(_l)n(n+1)/2 Str((pZ’Z)

k=0

= (—1)"¢+ V2 ( > Ste(gp T (Br. ) — St (Fi. ) + Str(p3 (-, m))

= (=)™ 3 S (g T (B ) — (DY v (6 (Br))

k=0 k=0
— (" (o) (L))
+ D" WDV @ BO) + (D00 (oY GL).
k=0

where the first line follows from (5.32), and the second line follows from (5.20),
(5.21), and (5.31). Proposition 52 applied to the components of 8 € CF!(21) yields

(—D)"FD2 N S T (B ) — (D" Y v (60 (Bo))

k=0 k=0

+ (=DYWY @ (Br)
k=0

oo (o, ¢]

==Y b1 e BV Y (B by ke )+ (DY (010 07 (Bo)).

k=0 k=0 k=0

SO one can rewrite

(D)2 Str(gr 1) = <(—1)"“ > 67" B + ()Y FL). ¢i’°>
k=0
- (—1)"((—1)"“ S92 () + (1) (). ¢i’°>
k=0

+ > (Bt i br°)
k=0

= U6, xL), (6L, xL))-

Our assumption ensures that ¢7 7 is a well-defined chain map, so on the cohomology
level, we get (5.39).

Proof of Theorem 13. Let L C M be any Lagrangian sphere of some odd dimension
n > 3; it follows from Lemma 49 that L ¢ L = —ay, for some o7, # 0. By Theorem 55,
this implies that 7 ([L], [L]) # 0.
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By definition, HF*(1) C H™" is a half-dimensional subspace, which is isotropic
for the pairing 7. This implies that by projecting to the first factor HF” (—A), the class
[L]. which is the image of [L], is non-zero. By Definition 50 (ii), the dual of the
PSS map HF"(—A) — H[,(M:K) is an isomorphism, and the Floer cohomology
class [L] is therefore mapped to the Poincaré dual of the ordinary homology class
[L] € H,(M;K). ]

We end this section with a short remark on the signs appeared in various formulas
in Sections 5.3 and 5.4. Basically, we follow the convention in Seidel’s original argu-
ment; see [63, Section 5c] for details. The only difference here is that we are dealing
with operations defined using an additional parametrization by k auxiliary marked
points, so the orientations of the relevant moduli spaces defining the operations relat-
ing open and closed string invariants are fixed by following the original convention of
Seidel and choosing a preferred orientation of the moduli space M k,+ of k point angle
decorated half-cylinders. The (relative) orientation of M k,+ 1s determined inductively
in [77, Lemmas 4.4.7 and 4.4.11]. This allows us to arrange the signs involved in the
above computations so that they coincide with those of [63,67].

6. Existence of cyclic dilations

Let M be a 2n-dimensional Liouville manifold with ¢; (M) = 0. In this section, we
consider the existence questions of cyclic dilations. In Section 6.1, we use Koszul
duality to show that the manifold M3 3 3 3 admits a cyclic dilation. This example is
non-trivial as M3 3 3,3 does not admit a quasi-dilation. With the help of Lefschetz
fibrations, one can produce more examples of Liouville manifolds which carry cyclic
dilations starting from the known ones. This is done in Section 6.2. Section 6.3 proves
the uniqueness of smooth Calabi—Yau structures on the wrapped Fukaya categories of
log general-type affine varieties containing exact Lagrangian K (7, 1)’s, from which
Theorem 12 follows as a corollary. The discussions in Section 6.4 are mostly specu-
lative; they are included here merely as supplements to Section 2.4.

6.1. Koszul duality

Although for the most part of this paper we have been taking a geometric viewpoint,
dealing with cyclic dilations in equivariant symplectic cohomologies instead of exact
Calabi—Yau structures on wrapped Fukaya categories, this subsection is an exception.
Here, we will return to the original notion of an exact Calabi—Yau structure (Defini-
tion 2) which motivates the whole paper and study it essentially from the algebraic
perspective, based on a result of Van den Bergh (Theorem 56).
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Before we proceed, recall that smooth Calabi—Yau structures are Morita invariant,
so it makes no difference to study smooth Calabi—Yau structures on an A.-algebra
A over some semisimple ring k, or to consider them as Calabi—Yau structures on the
Aso-category AP, See [18, Theorem 3.1] for an explanation of this fact.

One of the main ingredients of our proof of Theorem 7 is the following theorem
due to Van den Bergh [74], which enables us to characterize a large class of exact
Calabi—Yau A -algebras in terms of its Koszul dual. Recall that a cyclic Aso-algebra
B over k is an Aoo-algebra equipped with a chain-level perfect pairing

(0,0) : B R B — k[—n]
such that the induced correlation functions

(e, 0)0)
are strictly (graded) cyclically symmetric for each k > 1.

Theorem 56 ([74, Theorem 11.1]). Let A be a homologically smooth, complete, aug-
mented dg algebra over k so that H* (A) is concentrated in degrees < 0. Denote by
A' := RHomy (k, k) the Koszul dual of 4. Then, the following statements are equiv-
alent:

o A'is a proper Aso-algebra which, up to quasi-isomorphism, carries a minimal
cyclic Aso-structure of degree n.

e A is exact n-Calabi—Yau.

Here, by complete we mean that the underlying associative algebra of 4 is a quo-
tient of the path algebra of some quiver completed at path length.

Theorem 56 should be understood in the more general framework of Koszul dual-
ity between Calabi—Yau structures, which we now describe. Recall that, over a field K
of characteristic 0, cyclic A -structures provide explicit models for the more general
notion of a proper Calabi—Yau structure. Precisely, a proper n-Calabi—Yau structure
on a proper Ao-algebra B over k is defined as a degree n chain map

tr: CC4(B) — K[—n]

whose projection to the Hochschild complex, tr : CH, (8) — K[—n], defines a weak
proper n-Calabi-Yau structure; i.e., it induces a perfect pairing

* n—x [M?ﬁ] n
H (homﬂperf(f/), Q)) ® H (homﬂperf(a, 5))) —— H (homﬂperf(éz, Q))

s HH,(8) 5 K.

When char(K) = 0, any cyclic Axo-algebra B over k has a canonically defined proper
Calabi-Yau structure, and any proper Calabi—Yau structure on an A..-algebra B
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determines a quasi-isomorphism between 8B and a cyclic Axo-algebra; the latter fact
is due to Kontsevich—Soibelman [44]. It is proved by Ganatra [28, Theorem 2] that
any full subcategory of the compact Fukaya category ¥ (M) admits a geometri-
cally defined proper Calabi—Yau structure (under certain technical assumptions which
ensure that the Fukaya category & (M) is well defined). As a consequence, we have
the following proposition.

Proposition 57 ([28, Corollary 2]). Let M be a Liouville manifold with c;(M) = 0.
If char(K) = 0, then any full Aso-subcategory of the compact Fukaya category ¥ (M)
admits a minimal cyclic Aso-structure.

If A and B are Koszul dual A..-algebras, then there is a duality (cf. [37, Sec-
tion 4])
CH.— () = hom(CHy4,(B), K)

between their Hochschild chains, which suggests that, under Koszul duality, non-
degenerate cycles in CH_,, (#4) should correspond to maps CHy4,(8) — K which
induce proper Calabi—Yau structures on 8.

Theorem 58 (Cohen—Ganatra). Let #A be a homologically smooth dg algebra over k,
and let A' be a proper Aoo-algebra so that 4 and A' are Koszul dual. Then, 4 carries
a smooth Calabi—Yau structure if and only if A' is a proper Calabi-Yau Aso-algebra.

Proof. This is a slight variant of [18, Theorem 25], where 4 is required to be strongly
smooth (cf. [18, Definition 3]), which means that «# is homologically smooth and k is
perfect as a module over . This latter property is needed to ensure that ' is proper,
which we have included in the assumption. ]

From this perspective, the content of Theorem 56 can be understood as saying
that if we further impose the assumptions that # is complete and supported in non-
positive degrees, then the Calabi—Yau structure on 4 induced by the proper Calabi—
Yau structure on ' is not only smooth, but also exact.

Geometrically, the As.-Koszul duality between the endomorphism algebras of a
set of generators in & (M) and ‘W(M) is first studied by Etgti—Lekili in [26] when M
is a plumbing of T*S?’s according to a Dynkin tree and later generalized in [23,49]
to many interesting examples of Liouville manifolds in higher dimensions. More pre-
cisely, denote by F37 and Wy, the Ao-algebras of some fixed sets of split-generators
of ¥ (M) and 'W(M), respectively, and assume in addition that both of these sets are
indexed by the same finite set I". By saying that the Fukaya categories ¥ (M) and
W(M) are Koszul dual, we mean that there are quasi-isomorphisms between aug-
mented A o-algebras

RHomg,, (k,k) = Wy, RHomy,, (k, k) = Fy,



Y. Li 192

where k := @, Ke, is the semisimple ring consisting of |I"| copies of the ground
field K, and it is regarded as a left F37-module in the first quasi-isomorphism, and a
right ‘Wjs-module in the second quasi-isomorphism above.

We will need several results from [23], which enables us to verify the complete-
ness of the Ayo-algebra ‘W), required in Theorem 56.

Fix a finite set . Let M_ 4 be a 2n-dimensional Weinstein domain, with its Liou-
ville form denoted by 6ys. For each v € T, let ZU C M_ be an oriented, connected,
Spin Lagrangian submanifold with vanishing Maslov class such that its boundary
9L, C OM_p defines a Legendrian sphere A, with respect to the contact structure
on dM_ defined by the restriction of 67. Moreover, we assume that different Ly’s
intersect with each other transversely, and the intersections happen only in the inte-
rior of M_ 4. In particular, the Legendrian spheres A,’s are disjoint from each other
in 9M_y; together they form a link A := Llyer Av. Attaching n-handles to M_j
along the Legendrian link A gives rise to a new Weinstein domain M. Note that M
contains a set of closed Lagrangian submanifolds {L.},cr, which are unions of L,
with the Lagrangian core disks of the Weinstein handles attached along A. Define

V= @ CF*(Ly.Luw).

v,wel

to be the Fukaya A ,-algebra of these Lagrangian submanifolds, which is well defined
and Z-graded with our assumptions on the L,,’s. This is an Ay-algebra over k. For
simplicity, we will assume that Vjs is strictly unital. Otherwise, there is always a
standard algebraic procedure which replaces it with a quasi-isomorphic A.,-algebra
which is strictly unital [61, Lemma 2.1]. On the other hand, the Legendrian link A C
dM_ also has an associated dg algebra, the Chekanov—Eliashberg algebra CE*(A).
Denote by R the set of Reeb chords ending on A; we have

CE*(A) := P K(R)®",

i=0

with the differential defined by counting anchored holomorphic disks with bound-
ary punctures in the symplectization R x dM_, whose boundary components lie in
the Lagrangian submanifold R x A and whose punctures are asymptotic to the Reeb
chords in R; see [8, Section 4.1]. Note that CE* (A) can also be realized as a dg alge-
bra over k by declaring e,, Re, to be the set of Reeb chords from A, to A,. Since
the union of the Lagrangian submanifolds | J,r Ly C M_x gives a filling of the
Legendrian link A, there is an induced augmentation

er : CE*(A) — k, 6.1)

which equips CE*(A) with the structure of an augmented dg algebra over k.
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By [23, Theorem 4], we have the following quasi-isomorphism, which should be
understood as a general version of the Eilenberg—Moore equivalence:

RHomggx(p)(k, k) = Vy. 6.2)
Using the augmentation (6.1), we can write
CE*(A) = QLC«(A), (6.3)

where 2 is the Adams cobar construction, and LC«(A) is an Axo-coalgebra over k
whose underlying k-bimodule is generated by R, which is called the Legendrian Aoo-
coalgebra in [23], whose linear dual LC4(A)* is quasi-isomorphic to the Fukaya A oo-
algebra V), defined above. On the other hand, the completed Chekanov—-Eliashberg
dg algebra is defined to be

CE*(A) := (BVm)", (6.4)

where on the right-hand side the bar construction is taken with respect to the trivial
augmentation ¢ : Vyy — k defined by projecting to the idempotents in the degree 0
part.

By (6.3), we have

CE*(A) = k & (DLC.(A)[-1]%+,

i=1

where LC4(A) C LC«(A) is the submodule obtained by quotienting out the idempo-
tents e, of k . It follows from the definition (6.4) that, as a graded algebra over k,

CE*(A) = k({LCx(A)[-11)),

which is the completed tensor algebra of K(LCx(A)[—1]), regarded as a module
over k. In particular, there is a completion map

¢ : CE*(A) — CE*(A). (6.5)

Define a quiver Q  so that its vertices correspond to elements of I', and its arrows
are in correspondence with the set of Reeb chords JR. More precisely, for v, w € T,
there is an arrow from v to w for every Reeb chord in R from A, to Ay, . In this way,
the underlying k-algebra of CE*(A) is the path algebra of Q , while the underlying
k-algebra of CE* (A) is the completed path algebra ]I@ In particular, CE* (A)isa
complete augmented dg algebra in the sense of Theorem 56.

We now apply Theorem 56 to concrete geometric situations. As a quick appli-
cation, let T be a tree with vertex set Tp. For each v € Ty we associate a simply
connected closed manifold L, of dimension n > 3. For simplicity, we also assume
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that L, is Spin. Denote by M7 the result of plumbing the cotangent bundles 7*L,
according to the tree T. As a Weinstein manifold, M7 admits a handlebody decom-
position, whose associated subcritical Weinstein manifold is the plumbing of T*L,
according to T, with L, being the manifold with boundary obtained by carving out
an open disk from L,. Denote by

AT=|_|AU
v

the union of the boundaries of the manifolds {Ly }yeT,-

Proposition 59. The wrapped Fukaya category W(Mr) carries an exact Calabi—Yau
Structure.

Proof. According to [23, Theorem 83] (see also [8,22]), there is a surgery map
O : WMT — CE*(AT), (6.6)

which induces an isomorphism on homologies. In particular, the dg algebra CE* (A7)
is homologically smooth. It suffices to show that the Chekanov—Eliashberg dg algebra
CE*(A7) is an exact Calabi—Yau algebra.

It follows from the proof of [23, Theorem 68] that CE* (A7) is quasi-isomorphic
to a dg algebra concentrated in degrees < 0, and it is Koszul dual to the Fukaya A -
algebra F)y,. of the compact cores { Ly }ye7,- Combined with (6.4), we have

CE*(A7) = CE*(A7),

so the completion map ¢ is a quasi-isomorphism. CE* (A7) is therefore a complete
dg algebra in the sense of Theorem 56. Since char(K) = 0, Proposition 57 implies
that, up to quasi-isomorphism, ¥y, carries a minimal cyclic Ao-structure. Now, the
conclusion follows from Theorem 56. |

Note that this gives an alternative way of seeing that the cotangent bundle 7* Q of
a simply connected manifold Q admits a cyclic dilation; compare with our discussions
at the end of Section 4.2. It is an interesting question whether the Weinstein manifolds
M admit higher dilations.

Our second application deals with the specific case of the affine hypersurface
Ms3333 C C*. Recall that the Liouville 6-manifold M. 3,3,3,3 arises as the Milnor
fiber associated to the isolated singularity at the origin

*+y 2w =0,

which is known as a 3-fold triple point. The smoothing of this singularity has been
studied by Smith-Thomas [69], according to which we know that there is a basis
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Vit Vo Vi3
Vit | Viza | Vs
Viy
Vor"| Vao'| Vas
Vay
Vai"| Vao"| Vi3
V3y

Figure 7. Configuration of vanishing cycles in M3 3 3 3. Note that the spheres colored in blue
are mutually disjoint.

of vanishing cycles in M3 3 3.3 which consists of a configuration of 16 Lagrangian
spheres, whose intersection pattern is indicated in Figure 7, where each arc represents
a Lagrangian sphere.

One obtains from this the Legendrian surgery description of M3 3 3 3.

Lemma 60. The Milnor fiber M3 3 3 3 is the result of attaching Weinstein 3-handles
to DS along a Legendrian surface N3 333 C (S°, Eqa), Which is a disjoint union of
16 standard unknotted Legendrian S?’s. Up to Legendrian isotopy, the Legendrian
fronts of 10 of the components in link A3 33,3 are depicted in Figure 9, where each
Legendrian unknot in the picture should be understood as a 2-sphere obtained by spin-
ning the I-dimensional unknot around along the vertical axis of symmetry of its front
projection. The remaining 6 components A1, A13, A1, Az, A3y, Asy are unknots
linking A1y and A2, A1y and Ay3, Aoy and Ay1, Apy and A3, Azy and Ay, and
A3y and A ,, respectively, with all the linking numbers being 1. They are pairwise
disjoint and disjoint from A,,,.

Proof. Consider the Lefschetz fibration ¢ : C3 — C obtained as the Morsification
of the polynomial x3 + y3 + z3. The smooth fiber of ¢ is symplectomorphic to the
Milnor fiber T3 3 3 associated to the singularity x3 + y3 4+ z3 = 0, and its total mon-
odromy is the composition of Dehn twists along a basis of 8 vanishing cycles in
T33,3; see [38, Section 4.2] for a detailed description of this Lefschetz fibration. By
[75, Theorem 4.4], this describes D® as the result of attaching 8 Weinstein 3-handles
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Figure 8. Base of the Lefschetz fibration 7 : M3 333 — C.

to 73,33 x D? along a link of 8 Legendrian 2-spheres in T3 3 3 x S, which restricts
to the basis of vanishing cycles in 73 3 3. Moreover, M3 3 3 3 also carries a Lefschetz
fibration 7w : M3 333 — C, with T3 3 3 as its smooth fiber, under which the vanish-
ing cycles of M3 3 3 3 described in Figure 7 can be realized as Lagrangian matching
spheres. Figure 8 gives a description of the base of &, where the 24 crosses are crit-
ical values, which are divided into three groups, and 7~ (%) is a smooth fiber. See
[38, Section 2.5], where the detailed construction of such a Lefschetz fibration is
explained. The blue arc in Figure 8 which ends at two different critical values of 7
is the projection of a matching sphere V' C M3 33 3. This shows that M3 33 3 can
be constructed by attaching 24 Weinstein 3-handles to 7533 X D? along a link of
24 Legendrian S2’s, whose restrictions in 7~ (%) are vanishing cycles of 7. Note
that it can be arranged so that the basis of vanishing cycles of 7 contains the afore-
mentioned basis of vanishing cycles of ¢ as a subset. Comparing with the handlebody
decomposition of D¢ described above, this realizes the Weinstein domain M3 3 3 3 as
D with 16 Weinstein 3-handles attached along a link of 16 unknotted Legendrian
S2°sin (87, £4q). When restricting to the smooth fiber 7! (x) of 7, these Legendrian
spheres form a subset of the basis of vanishing cycles of 7, and every one of them lies
in a matching sphere, in the fiber above x € C. More precisely, consider the associated
Lefschetz fibration 7 : M 33,33 D? on the Liouville domain (with corners) ]\7[3,3,3, 3
obtained by cutting off the cylindrical ends of the fibers and removing the preimage
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A1 Ao A33

Figure 9. Front view of the Legendrian front of A3 3 3 3, where the components Az, A3,
As1, A23, A3y, and A3; are omitted since they are covered by the other components.

of the part outside of the dashed circle in Figure 8, where the fibration is locally trivial
(this is the original setup of [61]). If we cut the base of 7 along the orange dashed
arc in Figure 8, the preimage under 7 of the lower left half of the disk, which we
denote by D_, with the corners rounded off, is deformation equivalent to D%, and the
restrictions of the 16 matching spheres to 7 ~! (D_) become exact Lagrangian fillings
of the corresponding vanishing cycles, which are considered as Legendrian spheres in
the contact boundary 97 ~!(D_). For example, for the matching sphere V in the fig-
ure, its restriction ¥V := V N 7~1(D_) is a Lagrangian disk, which fills its boundary
dV c 97~ 1(D_), which is a Legendrian 2-sphere. In this way, the linking pattern of
the 16 Legendrian S?’s in 7! (D_) is determined by the intersection pattern of the
Lagrangian matching spheres in M3 3 3 3, which is shown in Figure 7. ]

In Figure 9, we have arranged so that the labelings of the components of A3 333
coincide with that of the vanishing cycles in Figure 7, which means that for any van-
ishing cycle Ve, the Lagrangian 3-disk Vee N D is a filling of the component A e
with the same labeling. The set of Lagrangian cocores {Lee} Will be labeled in the
same way, with L. being the cocore of the 3-handle attached along A 4. As a conse-
quence, V,o intersects Lo non-trivially and transversely at a unique point if and only
if they have the same labeling. We denote by Wy, , 5 , the Fukaya Ao-algebra of the
cocores {Lee}.

Regarding A3 333 as a Legendrian surface in J 1(R?), one can consider its image
under the base projection py : J ! (R?) — R2. Under suitable Legendrian isotopies, the
image px(A333,3) C R? consists of 31 circles; see Figure 10. The largest solid circle
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Figure 10. Base projection of A3 3 3.3, where the orange arcs are auxiliary edges added in
order to obtain a cellular decomposition.

is the projection of the cusp edges of the spheres A11,..., A3z, Ayy; the 6 small solid
circles are projections of the cusp edges of the remaining components A1y, Ay1, A2y,
Ay2, Asy, and A3, which are colored blue in Figure 9. For every one of these solid
circles, there is a slightly smaller dashed circle, which is the projection of a crossing
arc between a blue sphere and A, . Finally, in each of the 6 dashed circles, there are
3 small dashed circles, which are projections of the crossing arcs formed by a blue
sphere and a red one. Note that for each blue sphere, say A1, , its front intersects with
three red spheres A1y, A1z, and Aqs.

Lemma 61. Up to quasi-isomorphism, the wrapped Fukaya Ac-algebra Wy, ; 5 4
is concentrated in degrees < 0.

Proof. By the surgery quasi-isomorphism (6.6), it suffices to check that the Chekanov—
Eliashberg dg algebra CE*(A33,3,3) is concentrated in non-positive degrees up to
quasi-isomorphism.
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Equip the Legendrian link A3 33 3 with a Maslov potential it : A3z 33,3 — Z as
follows. For the green component A,,, let © = 1 on the upper strand, and . = 0
on the lower strand. For each blue component, put & = 0 on the upper strand, and
@ = —1 on the lower strand. Finally, for each red component, set © = —1 on the
upper strand and = —2 on the lower strand.

To show that CE* (A3 3,3,3) is quasi-isomorphic to a dg algebra with all the gen-
erators concentrated in non-positive degrees, we make use of its cellular model intro-
duced by Rutherford—Sullivan [55]. Recall that Rutherford—Sullivan’s combinatorial
model of CE*(A333,3) starts with a A3 3 3 3-compatible polygonal decomposition
associated to the base projection of A3 333, which can be obtained by subdividing
the base projection of A3 33 3. For example, for the base projection shown in Fig-
ure 10, one way to obtain its A3 3 3 3-compatible polygonal decomposition is to add
the orange arcs. For each i-cell eé, where 0 < i < 2, the set of sheets of A3 333
above e(’;l can be equipped with a partial ordering < based on their heights. In par-
ticular, if the sheet S,, has larger height than S, then S,, < S,, and we label the
sheets so that m < n. There is a generator of CE* (A3 3.3,3) associated to each pair
of sheets (S,,, S,) above eé with S, < S,. The generators associated to 0-, 1-, and
2-cells labeled by « are denoted, respectively, by ag ™, by ", and ¢y ", and they can
be assembled in strictly upper triangular matrices Ay, By, and C,. The gradings of
these generators are given as follows:

|a;n,n = u(Sn) — u(Sm) + 1,
by " = 1(Sn) — 1(Sm),
|C(T’n = w(Sn) — 1(Sm) — 1.

Observe that, by our choice of the Maslov potential u, for any sheet S, with

larger height than S,,, we necessarily have ©(Sy,) > ©(S,), which implies that all
the generators of the form by " and ¢, " have non-positive gradings. However, there
may still be generators ag " with |ag"

= 1. For each such generator, consider any
1-cell eé in the A3 3,3,3-compatible polygonal decomposition which ends at €2, with
the other endpoint being eg,’ for some y. The differential d¢ on cellular dg algebra is
defined in completely combinatorial manner. In particular, by [55, Section 3.6.2], we
have (over K = Z/2)

debf™ =al" +al + Y arfbg + Y bptdbn. o (6)
m<k<n m<k<n

By a lemma of Chekanov [55, Theorem 2.1], there is a quasi-isomorphism
CE* (A3’3’3,3) >~ CE* (A3,3’3,3)/ (dc bg”n s b;}n,n)

between CE*(A 3 3,3,3) and its quotient dg algebra, where (d¢ b;"’n, b;"’") is the ideal
generated by dcby”" and by"". By [49, Lemma 6.1], if one can always achieve that
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ay”™ =0 or 1 in (6.7), then by replacing the cellular model of CE*(A3333) with
a quasi-isomorphic (actually, stable tame isomorphic) dg algebra if necessary, all the
generators with positive degrees can be canceled out. Here, we check this explicitly
for the generator a§’3 associated to the 0-cell eg in Figure 10 explicitly; the verifica-
tions for the other generators ay " with |ag | = 1 are similar. Since the Legendrian
front of A3 33,3 above the largest solid circle consists of cusp edges, it follows that
a§’3 = 0. Applying (6.7) to b; 3 whichis a generator associated to the 1-cell e%, we
have
deby? = ad”?,

so after passing to the quotient dg algebra CE*(A3,3,3,3)/(b§’3, a§’3), we have by

(6.7) applied to the generator b§’3 associated to ej that d¢ b§’3 = a§’3. The dg algebra
CE* (A3,3,3,3)/(b§’3, a§’3, b§’3, a§’3) is quasi-isomorphic to CE*(A33,3,3) and has
one less generator of positive degree.

Since the Legendrian front of A3 3 33 does not involve any swallowtail singular-
ity, as explained in the proof of [49, Lemma 8.1], the cancellation of the generators
does not depend on the ground field K, so we conclude that CE* (A3 3,3,3) is quasi-
isomorphic to a dg algebra with all the generators concentrated in degrees < 0 over
any field K. |

Denote by ty the Dehn twist along the Lagrangian sphere V' C M3 3 3 3; it follows
from [57, Lemmas 4.15 and 4.16] that

3
(‘L’Vll 0:++0Ty33 0 TVyl o ‘EVyz (@) TVV3 (@) tVly @) ‘L’sz (@) TV3), o ‘L'Vyy) = [—2] (68)

Since the right-hand side of (6.8) is a non-trivial degree shift, by Seidel’s long exact
sequence [59], the compact Fukaya category ¥ (M3,3,3,3) is split-generated by the
Lagrangian spheres

Vite o s Vaz, Vi, Vo, Vs, Vi, Vay, Vay, Viy.

Denote by F; 5 5 5 the Fukaya Aoo-algebra of these vanishing cycles. As a corollary
to Lemma 61, we have the following.

Corollary 62. The Lagrangian spheres {Vee} admit gradings for which the Aso-
algebra Fp, 5 5 5 is concentrated in degrees > 0, and its degree 0 part is isomorphic

16
k:= EBKei.

i=1

to

Proof. It follows from the Eilenberg—Moore equivalence (6.2) that as a k-bimodule

o0
?M3333 >~k @@*(A3,3’3,3)[—1]®ki.

i=1
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It follows that any non-idempotent generator of Fay, 5 5 5 is of the form
ay[—1]--- a,[-1]

for some m > 1, where a; is a generator of CE*(A33,3,3) for any 1 <i < m. By
Lemma 61, CE*(A3.3,3,3) is non-positively graded up to quasi-isomorphism; there-
fore, we may assume that |a;| < 0 for each i, which implies that

lay [=1] - ap[=1]| = (—lai] + D) (—lam| + 1) = L. u

Remark 63. In fact, a more careful study of the dg algebra CE* (A3 3 3,3) implies that
it is quasi-isomorphic to a dg algebra freely generated by Reeb chords supported in
degrees —2 < * < 0, which means that one can arrange the gradings so that F; ; 5 ;
is concentrated in degrees 0 < * < 3. A similar result is proved for the WKB algebra of
Lagrangian 3-spheres in [68, Lemma 4.5]. We expect that the same grading property
holds for the Fukaya A-algebra of a basis of vanishing cycles in any Milnor fiber
Mo,y with 72 L > 1

The final ingredient needed for the proof of Theorem 7 is the following Koszul
duality result, which is essentially due to Lekili-Ueda [48].

Proposition 64. There are quasi-isomorphisms between Aso-algebras over k:

RHOH]{FM3'3’3 3 (k, k) = rWM3q3.3.3_, RHomWM3'3.3 3 (k, ]k) = f’NM3'3,3q3.

Proof. The second quasi-isomorphism follows from the Eilenberg—Moore equiva-
lence (6.2) and the surgery quasi-isomorphism (6.6). For the first quasi-isomorphism,
we use (6.8), which implies by [48, Lemma 6.6] that the wrapped Floer cochain com-
plex CW*(L, K) is bounded above for any two objects L, K of W(M33.33). By [48,
Proposition 6.5], for any object K of W(M3 3 3.3), there exists a sequence of objects
(Kji)ien of ?(M3,3,3,3)P°rf, the Ao-category of perfect modules over F (M3 33,3)
such that, for any fixed j € Z, there exists an integer i >> 1 such that

Hom’

W(M3’3'3)3)perf(Lﬂ K) = Homj (L7 Kl)

W(M3 3,3,3)P"

as K-vector spaces for any object L of W(M3 3,3 3). Note that, in the above isomor-
phism, we have identified K; with objects of W(M333,3)P" via the fully faithful
embedding

F(M3333)"" — W(Ms333)"".

In particular, CW/ (L, K) of any two objects L, K of ‘W(M3,33,3) is finite dimen-
sional for any fixed j. Under the surgery quasi-isomorphism (6.6), this translates
into the fact that the Chekanov—Eliashberg dg algebra CE* (A3 3,3,3) is locally finite
(finite dimensional in each degree) as a module over k. It follows that the filtration on
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CE* (A3 3,3,3) by word length is complete and Hausdorff, so the completion map (6.5)
is a quasi-isomorphism for the Legendrian link A3 3 3 3. By (6.4), we get the desired
quasi-isomorphism

Wity 445 = CE*(A3333) = (BFprs555)" = RHomg,, . . (k.k). "

Remark 65. [48, Theorem 6.11] proves a general version of Koszul duality between
compact and wrapped Fukaya A,-algebras for Milnor fibers associated to weighted
homogeneous singularities {w(zy....,z,+1) = 0} C C*T1. However, they assumed
that the Fukaya—Seidel category ¥ (w) admits a strong full exceptional collection,
which is not satisfied for the polynomial

3 3 3 3
w(z1,22,23,24) = 27 + 25 + 23 + 2}

Proof of Theorem 7. It follows from Proposition 57 that ¥ 5 5 5 is quasi-isomorphic
to a minimal cyclic Axo-algebra. Combining (6.4) with Proposition 64, we see that
Aoo-algebra Wy, , 5 5 is quasi-isomorphic to a complete dg algebra, whose Koszul
dual is Fpy, 5 5 5. Moreover, Lemma 61 implies that H*(Way, 5 5 5) is supported in
non-positive degrees. Applying Theorem 56 completes the proof. ]

As a by-product, we have the following non-formality result. A similar result is
proved in [48, Theorem 7.3].

Corollary 66. The Fukaya Ao-algebra Fyp, 5 5 5 is not formal over k.
Proof. Suppose that Fy, , 5 5 is formal; then there is a quasi-isomorphism
FMssss = Fssss = H (Fs )

On the cohomology level, the proper Calabi-Yau structure on Fyy, 5 5 5 induces a
non-degenerate pairing

<'7 ')CY : FM3,3.3’3 ® FM3,3,3,3 - k[—3],

which makes (Firs 5 5 5. (-, )cy) a Frobenius algebra. Denote by A r the BV operator
on the Hochschild cohomology HH* (Fay; , 5 ). For any class ¢ € HH"*(Fay, 5 5 ;)
and a € Fp, 5 5 5, We have

(AF(C)’ a)CY = (C(a)’ 1F)CYa
where 1p € Fy, 5 4 5 1s the identity. When applied to the Euler vector field eur €

HH'(F(M33.3,3)), we obtain

<AF (%CUF),Q> ={a,lr)cy = (1F.a)cy
CYy
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forany a € Fy, 5 5 5 of degree 3. It follows that

1
Ar| = =1

Denote by eug the image of the class eur under the BV algebra isomorphism
HH*(FM3333) = HH*(}V(M3,3,3,3))'

We have Ag (eug) = 1, where Ag is the BV operator on HH* (¥ (M3 3,3,3)).
By Proposition 64, there is an isomorphism

HH* (¥ (M3,3,3,3)) = HH*(W(M33,3,3))

as Gerstenhaber algebras, under which eug goes to a class b € HH!(W(M3 33 3)).
Since changing the Calabi—Yau structure on ‘W(M3 3 3,3) amounts to applying the
conjugation action of an invertible element /1y € HH® (‘W (M 3,3,3,3)) to the BV oper-
ator

Aw : HH*(W(M3333)) - HH* "1 (W(M333,3)),

the class b satisfies Ay (hwb) = hy. Under the BV algebra isomorphism
HH*(W(M33.3,3)) = SH*(M3333)

established by Ganatra (cf. [27, Theorem 1.1]), the image of b defines a quasi-dilation
in SH' (M33,3,3).

To complete the proof, it suffices to show that M3 3 3 3 does not admit a quasi-
dilation. We follow the argument of [63, Example 2.7] to show that M3 3 3 3 does not
admit a quasi-dilation. Consider the Milnor fiber M of a 5-fold triple point, which is
the affine hypersurface in C® given by the equation

3,.3,.3,..3,.3,.3
zi+z3 +z3+z+z5 +z = 1.

Since it is the complement of a smooth divisor in the Fermat projective cubic 5-fold,
there is a Morse-Bott spectral sequence [60] which converges to SH* (M ). Using this,
one can deduce that SH! (M) = 0, which in particular implies that M does not admit a
quasi-dilation. On the other hand, there is a Lefschetz fibration M — C on M whose
smooth fiber F is symplectomorphic to the Milnor fiber of a 4-fold triple point; i.e.,
the affine hypersurface in C> defined by the equation

3, .3, .3, .3, .3 _
Zi+z3+z3t+zz+zs =1

Similarly, F also admits a Lefschetz fibration ¥ — C with the Milnor fiber M3 333
as its fiber. If M3 333 admits a quasi-dilation, then by [56, Lemma 19.5] it lifts to
a quasi-dilation in SH'(F). Applying the same lemma again to the Lefschetz fibra-
tion M — C, it follows that M also admits a quasi-dilation, which gives the desired
contradiction. ]
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6.2. Lefschetz fibrations

This subsection is devoted to the proof of Theorem 6, which allows us to get new
examples Liouville manifolds which admit cyclic dilations in terms of the known
ones. The argument here is a slight variation of those in [67, Section 7] and [77,
Section 5.3].

We use the general setup of [67, Section 7]. Let w : M — C be an exact symplectic
Lefschetz fibration, which means that its smooth fibers F' are completions of Liouville
domains F. More explicitly, we require the following:

* For some almost complex structure J € § (M), the map 7 is (J, j)-holomorphic,
where j is the standard complex structure on C.

* 7 has finitely many isolated critical points so that each singular fiber contains at
most one critical point, and the almost complex structure J is locally integrable
near each of these critical points.

* There is a relatively open compact subset M C M so that its complement M \ M
is identified with

M = (R-f— X T) UR_,_xSlx]R_,_xaI*: ((C X R+ X aﬁ)’

where T = (R x F)/(t,x) ~ (¢t — 1, u(x)) is the mapping torus, with u being
the total monodromy of 7. By construction, M is a manifold with corners, which
coincides with the Liouville domain associated to M up to deformation once the
corners are rounded off.

¢ Fix the choice of a trivialization of the canonical bundle Kjs, which induces a
trivialization of K g, the canonical bundle of the fiber.

Given such a Lefschetz fibration, consider the autonomous Hamiltonian Hjy :
M — R defined by
Hy = Hp —I—JT*H((j, (6.9)

where Hc (z) = ¢|z — ¢|?/2 for some & > 0 is a function on the base, and Hp : F — R
is a Hamiltonian on the fiber which is linear on the cylindrical end [1, 00) x 3 F with
slope A > 0, where A ¢ Pfr. By [67, Lemma 7.2], for sufficiently small ¢, there is a
short exact sequence

0 — K [—n] - CF;

vert

(M., ) — CF*(F, 1) — 0, (6.10)

where the Floer complexes CFY, (M, A) and CF*(F, ) are defined by choosing

vert
time-dependent perturbations of the autonomous Hamiltonians Hps and HF, and the
notation KK ¢rit(™) [—n] means the complex with trivial differential so that there is a copy
of K in degree n for every critical point of 7. Here, we use the notation CF, (M, 1)
to indicate that when A — o0, the slope of our Hamiltonian Hjs only increases in the
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vertical direction. As a consequence, the cohomology level direct limit SH}, (M) is
in general not isomorphic to the symplectic cohomology SH*(M). The same nota-
tional convention will be used later on for equivariant Floer cohomologies.

Let M be a Liouville manifold. Recall that the action functional Ay, : £M — R
of a time-dependent perturbation H; : S' x M — R of some autonomous Hamiltonian

H : M — R is defined to be
1
A, (x) = _/1 X0 +/ H;(x(¢))dzt. (6.11)
S 0

The period spectrum £y is a strictly ordered set with elements 0 < 77 <1y < ---,
where 71 is the minimum period of a Reeb orbit on the contact boundary d M, and we
setno =0.LetA; = W#, so in particular, A; ¢ &y for any j, and introduce the
real numbers

AZ

a; = —7‘/—/\1‘, j =0.

Consider a Hamiltonian Hj ; € #, (M) so that A ¢ Pur; let Oy, be the set of 1-
periodic orbits of Xp, ,; there is an action filtration F'* on the Floer complex CF*(1)
of H, ; given by

F/ CF*(A) := a lox|K. (6.12)

x€0pM 2, AH, ,(X)za);

In order to analyze the compatibility between the S!-complex structure maps
{8i }i>0 and the filtration F* on CF*(1), we study a specific autonomous Hamilto-
nian H 2 . M — R, which has the form

some negative C 2_small Morse function, x € M™,

y(x) = { G52, xe[lA+1]x0M,

Ar—1) -2, x €A+ 1,00) x IM.

Following [77, Section 3.2.1], we define a carefully chosen small time-dependent
perturbation H At Of H - For any 1-periodic orbit x € o M, of X i, fix an isolating
neighborhood U, C M. If x corresponds to a Reeb orbit of multiplicity k € N, one
considers a Morse function fy : S! — [—1, —%] that has a unique minimum £ (0) =
—1 and a unique maximum fy(¢9) = —1/2 for some small enough o € S'. Define
hy : Uy — [—1,0] by

hy(t, x(s)) = fx(ks — ki)

on the image of x and extend it smoothly to Uy so that 4, = 0 on dU,. The time-
dependent perturbation of H) is defined to be

Hyy=H+¢ Y h(.

XE@-M.A
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where hy (1) = fe o ¢, with ¢~ being the time —¢ flow of Xg,» and g >0isa
small positive number.

With our choice of H A.> an energy estimate for Floer trajectories in JM; (y™; y ™)
with |0+ |k € F J CF*(A) implies the following lemma.

Lemma 67 ([77, Lemma 3.2.4]). For any fixed A ¢ Py, there is an &' > 0 depending
on A such that
8 (F/ CF*(1)) C F/ CF*(})

foralli,j > 0.

Proof of Theorem 6. We first show that (6.10) is a short exact sequence of S!-com-
plexes. Basically, (6.10) follows from the fact that the set of generators of CF, (M, 1)

consists of the following three kinds:
(i)  Critical points of Hf. These generators have small negative action if we
perturb H g so that it is a C 2-small Morse function with negative values in

the interior of F.

(i) Non-constant 1-periodic orbits of Xz ,.. Writing Hr = h g (r) on the cylin-
drical end [1, 00) x dF, such an orbit x has action

‘A)HF(X) =hr(ry) _rxh/F(rx) <0,

where ry € [1, 00) is the radial coordinate of x.

(iii) Constant orbits near the critical points of the function 7* Hc, which have
Conley—Zehnder index —n. If we choose the C2-small Morse function ap-
pearing in (i) to be sufficiently small, the following can be achieved:

Aty (X) = e|lm(x) —c|* + Hp (x) > 0.

By choosing the ¢-dependent perturbation of the Hamiltonian Hr (and thus Hpy)
carefully, Lemma 67 applies and shows that the operations {§; };>¢ preserve the action
filtration on CF}, (M, X). This implies that the generators of CF}, (M, 1) with pos-
itive actions form the (trivial) S'-subcomplex K [—n]. Denote by #, (M) the
space of Hamiltonians which are small 7-dependent perturbations of the autonomous
Hamiltonians of the form (6.9) and by ¢, (M) the space of compatible almost com-
plex structures which are of contact type when restricted to the fibers F so that
w:M — Cis (J,j)-holomorphic for each J € (M ). The same energy estimate as
in the proof of [67, Lemma 7.2] shows that for any solution ¥ : Z — M of the Floer
equation (du — Xp, ® vz)%! = 0 with asymptotics y* € O 3, where vz € Q1(Z),
Hz : Z — #H,(M), and the (0, 1)-part is taken with respect to some

Jz 1 Z > $(M),
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its image necessarily lies in the fiber F'. Since universal and consistent Floer data for

the operations {§; };>¢ can be chosen among # (M) and (M), the fact that u(Z) C

F implies that the quotient complex CE*,_ (M, A)/K ) [—p] can be identified with

CF*(F, ) as an S!-complex. This proves that (6.10) is a short exact sequence of S!-

complexes, and it follows from Proposition 21 that we have a commutative diagram
coo = K() /uK[u] "™ [—n] — HF}, (M.1) — HF§, (F.1) — -

S1,vert

J» J» J»
oo ——— KO [ ] ——— HE'M(M,A) — HF* " {(F, 1) — ---
(6.13)
whose rows are long exact sequences of S '-equivariant and ordinary Floer cohomol-
ogy groups, which are related through the marking map B.

Now, suppose that F admits a cyclic dilation so that, for some A > 0 and A ¢ P,
there is a class b F € HFIS1 (F, 1), whose image under the composition of the marking
map B and the continuation map x** defines an invertible element 4 € SH?(F)*.
Consider the boundary map HF, (F, 1) — K((u))/ uK [u] €9 [—n] in the first row
of (6.13). On the chain-level, it consists of an infinite sequence of maps

O : CERHL(F Q) — KO [—p)

for every k > 0, under which the cochain-level representative E F =) reoBri®
u~* of br goes to Y kw0 9k (BF.k), which lies in degree 2. However, by our assump-
tion that n > 3, we necessarily have > y., 9 (BF ) = 0. This implies that the map
HFy,

,vert
to the second row of (6.13) shows that there is an isomorphism

(M, 1) — HF}91 (F, A) in (6.13) is surjective, and applying similar argument

HF°

vert

(M, 1) = HF’(F, %),
which induces an isomorphism

SH?

vert

(M) =~ SH°(F) (6.14)

after passing to direct limits. This is in fact an isomorphism of K-algebras, since
applying the same argument as above to the pair-of-pants surface S instead of Z
shows that the image of any Floer solution u with asymptotics y,, y; € Of ; and
yt € OF,, will be contained in F. By the surjectivity of

HFg, .. (M.1) - HF, (F,})

S1,vert

and the commutative diagram (6.13), b F lifts to a class I;M € HFLl,g1 VerI(M ,A), whose
image under B, followed by the continuation map, is the lift of 4r in SH®,_ (M).

vert
In view of the isomorphism (6.14), this defines an invertible element of SH?,  (M).
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Finally, there is an equivariant continuation map
SClen(M) ®x K(()/uK[u] — SC*(M) @k K(())/uK[u].

under which the class I5M goes to a cyclic dilation in SHLI91 (M). For its construction,
one modifies the construction of the continuation map SC;, (M) — SC*(M) (cf. [56,
(18.25)]) in the non-equivariant case by replacing the (1-parameter family of) domain

cylinders with k-point angle decorated cylinders, as in the construction of (4.9). m

Remark 68. It is an easy observation in the above argument that if the cyclic dilation
b of the fiber F satisfies h = 1, then so is the total space M . In particular, according
to our remarks in Section 2.5, any Milnor fiber M of a singularity of the form (2.6)
has a cyclic dilation b with B(b) = 1.

6.3. Varieties of log general type

We prove Theorem 12 in this section. Our argument is based on the work of McLean
[53] on the symplectic invariance of the log Kodaira dimension and the techniques
in [7,36], which allow us to produce J-holomorphic curves starting from Floer tra-
jectories. For completeness, we will start by recalling some of the important notions
and results from [53].

Let (M, A7) be any Liouville domain, and let J be an almost complex structure
on M which is compatible with the symplectic form dfy. It is convex if there is some
function ¢ : M — R such that

« M is aregular level set of ¢ and ¢ attains its maximum on 9 M ;
e Oy oJ =depnear IM.

Every Liouville domain M has a convex almost complex structure since one can
take ¢ = r to be the radial coordinate function in a collar neighborhood of M and
then extend it smoothly to the interior. The following notion plays a pivotal role in
McLean’s theory.

Definition 69 ([53, Definition 2.2]). Let k € Z~g, and let & € R~y. A Liouville
domain M is (k, p)-uniruled if, for every convex almost complex structure J and
every point p € M™™ so that J is integrable in a neighborhood of p, there is a proper
J -holomorphic map u : S — M™ whose image passes through p, where S is a genus
0 open Riemann surface with dim H; (S; Q) <k — 1, and the energy of u is at most u.

It follows from [53, Theorem 2.3] that (k, pt)-uniruledness is a symplectic invari-
ant of Liouville manifolds after forgetting about the energy bound .

We now restrict ourselves to the special case when M is an n-dimensional smooth
affine variety. We say that M is algebraically k-uniruled if there is a polynomial
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map S — M passing through every generic point p € M, where S is CP! with at
most k points removed. This notion of uniruledness is related to Definition 69 in the
following way.

Theorem 70 ([53, Theorem 2.5]). Let M be a smooth affine variety. If the asso-
ciated Liowville domain M is (k, p)-uniruled for some u, then M is algebraically
k-uniruled.

k-uniruledness of an affine variety is closely related to its log Kodaira dimension
(2.5). In particular, we have the following lemma.

Lemma 71 ([53, Lemma 7.1]). Let M be a smooth affine variety which is alge-
braically k-uniruled. If k = 1, then k(M) = —o0, and if k = 2, thenk (M) <n — 1.

Proof of Theorem 12. We start with a summary of the main idea of the proof. In order
to show that M does not admit a cyclic dilation, we argue by contradiction. Suppose
that M has a cyclic dilation, we first notice that since M contains an exact Lagrangian
torus, by Corollary 40, the marking map B : SH; (M) — SH°(M) cannot hit the
identity. Thus, in order for M to have a cyclic dilation, there must be some non-trivial
invertible element # € SH?(M)*. Using a limiting argument, we will show that the
existence of such an element # would imply that M is uniruled by cylinders, which
contradicts with our assumption that M is long general type by Lemma 71. The proof
is divided into three steps.

Step 1: Existence of a Floer trajectory. Suppose that M is an n-dimensional smooth
affine variety so that SH°(M)* is not isomorphic to K*, or equivalently, there is
an h € SH®(M)* which is not a multiple of the identity. Since 7~ = 1 holds in
SHO(M), there must be some 7 € SCE’|r (M) so that « - e + 1 is the cochain-level
representative of s, where o € K and SC?F (M) C SC°(M) is the submodule gener-
ated by non-constant Hamiltonian orbits. Assume further that M contains an exact
Lagrangian torus L; consider the Viterbo map

SHY (M) — Hn(£L;K) = Z(K[m (L)) = K[z (L)), (6.15)

where Z(KK[r1(L)]) is the center of K[ (L)], which is just K[z (L)] by the assump-
tion that L is a torus. In our case,

K[ (L)] = K[xE, ..., xHt (6.16)
is just the Laurent polynomial ring. Under the isomorphism (6.16), (6.15) maps the
cocycle « - e + n to a non-trivial unit of K[xf“, el x,:fl], which must be a non-zero
multiple of some monomial z‘fl wozp", where ay,...,a, € 7. In particular, we must

have o = 0, because the map (6.15) maps the identity to t«[L], where ¢ : L — L L is the
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inclusion of constant loops, and t«[L] corresponds to 1 under the isomorphism (6.16).
It follows that the pairing

SCY. (M) ® SCY.(M) = SC*(M) 2> CO(M:K) ~ K

defined by composing the pair-of-pants product with the natural projection to the sub-
complex C%(M;K) C SC°(M) does not vanish, so there must be some yaL, yl+ €
O such that y1+ — y(;'r =« - e+ ¢, where o/ € K* is some non-zero scalar and
l e SC9r (M). Without loss of generality, we may assume that y1+ — y(T = e + { for
convenience.

This implies the existence of a map u : S — M, with S being a 3-punctured

sphere, which satisfies the Floer equation (du — Xg4 ® vs)?!

= 0, with asymptotic
conditions specified by the non-constant periodic orbits y;r , ler € Oy at two positive
cylindrical ends, and converges to the minimum y~ of some C 2-small Morse function
defined on M, Here, Hg : S — J# (M) is a domain-dependent Hamiltonian-function
so that its restriction to M™ is a (domain-independent) C 2-small Morse function, and
vs € QL(S) is a closed 1-form; they are fixed as part of our Floer data defining the
pair-of-pants product —, and the (0, 1)-part in the Floer equation is taken with respect

to some domain-dependent almost complex structure Jg : S — $(M).

Step 2: Producing a pseudoholomorphic curve. Starting from the Floer trajectory u,
one can apply a limiting argument of [7, 36] to produce a J-holomorphic cylinder
Uoo : L > M 1“‘_ . with finite energy which passes through y™ for any convex almost
complex structure J on the slightly shrinked Liouville domain

M, =M\ (1—¢0]xdM

containing y~ in its interior and whose completion is still deformation equivalent to
M, where ¢ > 0 is a sufficiently small constant.

To do this, we work with linear Hamiltonians instead and introduce a particular
1-parameter family of domain-dependent Hamiltonians H) s ¢ : S — #, (M) which
depend on a small parameter 6 > 0, where as before A ¢ Pj and A >> 0. Specifically,
for each point z € §, there is a Hamiltonian

Hjy,0=Hyg+ F),€H,(M),

where F) ; : § x M — R is independent of s when restricted to the cylindrical ends,
and since it is supported near non-constant orbits of Xy, ,, we can choose & > 0 small
enough so that F) , vanishes on M_;. Set

—8;, +0f(x), xeM™,

Hjg(x) = § hje(r), X € Myyos \ M™,
Ar—1—¢g), x €M\ My,
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where §; > 0 is a small scalar which satisfies limj _,o, §3 = 0; f is a C2-small Morse
function which satisfies —1 < f < 0 when restricted to M _,, has a relative minimum
aty~ e M _,andequalsr — 1 4+ eon [l —2¢,1] x M. h;_g(r) is an arbitrary convex
function on [1, 1 + 2¢] x M which depends only on r and whose slope varies from
6 to A as r goes from 1 to 1 + 2¢ such that 4, (r) := limg_.¢ h13,6(r) is a smooth
function.

With our particular choice of the domain-dependent Hamiltonian H) g ¢ as above,
we get a Floer trajectory u, g : S — M which is asymptotic to a Morse critical point
Yg atits negative cylindrical end, and to y(‘{ g y1+’ g € O, at two positive cylindrical
ends. It follows from our definition of H} g that the non-constant orbits y;f 0 y:f 0
necessarily lie in the collar [1, 1 4+ 2¢] x dM. To achieve the non-degeneracies of
the orbits y("{ ¢ and y1+, g» the perturbation F) ; can be taken to be supported near
ySL,e and yfta, so we may assume (by possibly rescaling €) that Hy ; 9 = Hy g is
domain-independent in the shrinked Liouville domain M;_,. Applying the maximum
principle from [6, Section 7d] to the map u, g shows that u ¢(S) C M4 2,. To
achieve transversality of the moduli space & ( ygt 9 y1+’ g3 Vg ) Where the trajectory u g
lies in, one can start from any convex almost complex structure J on M and perturb it
slightly outside of Mi_. to get a domain-dependent almost complex structure J s.¢ :
S — ¢ (M). Note that we have arranged so that both of i) g ¢ and J, s ¢ are domain-
independent on M _., and we denote the restriction of J. 2.8, On My_.as J 2.0

We want to pass to the limit & — 0. Notice that, when restricted to the Liouville
domain M;_,, we have limgy_, H) ¢ = —94,, and limy_,¢ J) ¢ = J for some fixed
convex almost complex structure J € §(M ) which does not need to depend on A >> 0.
By [36, Proposition 5.11] (which deals with the case when S is a cylinder but extends
in a straightforward way to pair of pants), one can find a sequence {6, } which limits
to 0 so that the corresponding Floer trajectories {u, g,} converge to a limit u, in
CS2(S, M), and the energy of the limiting trajectory

1
B =5 [ = Xa, o @ 1],

is bounded above by some constant (s > 0, which is independent of A >> 0. Denote
by ¢ a biholomorphic map which identifies S with CP! \ {0, 1, 0o} so that the nega-
tive puncture ¢, is mapped to the origin. The composition

iy =ujo¢:CP'\{0,1,00} > M

is a map whose limit at the origin is y~ := limg_,o y, and whose image goes outside
of M'™ when approaching the other two punctures. Note that, by our choice of H} g,
the minimum y, of the C 2_small Morse function f is independent of 6 > 0, so we
actually have y~ € M{" ,_. On the other hand, it also follows from our choice of H ¢
that yg := lim; o0 yg g and y; 1= lim; 0 y{, fall outside of M™.
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Pick any R) € (1 —2¢,1 — ¢) so that limy_,o, Ry = 1 — ¢, and consider the
inverse image i1} ' (Mg, ). Since y~ € Mi™,_and ys", yi ¢ M™, ﬂ;l(M}QA) CcCP!\
{0, 1, oo} is an open punctured cylinder for some & > 0 which can be taken to be
sufficiently small. We will denote it by Z} C Z. Since H; = —§, in M™, it follows
that the map

iy Zy — Mg,

is J-holomorphic. Moreover, we have
[_ iy Om < E(uz) < -
0Z;

In particular, the removable singularity theorem for pesudoholomorphic maps applies,
which shows that 2, extends to a J-holomorphic map 1y : Z, - M Iié‘l. Letting A —
oo, we get a J-holomorphic map s : Z — M lin_s whose image passes through y~.

Step 3: Uniruledness. The uniruledness of the Liouville domain M _, follows by
noticing that y~ can be taken to be any generic point in M|" . Alternatively, one can
argue as follows.

A slight variation of the construction of the moduli space & ( y(f , yfr ; y—) enables
us to define J/"(yg' , y{" : M), which parametrizes maps

u:S—-M

satisfying Floer’s equation, but are now asymptotic to y(")Ir , yfr € Op,) at two pos-
itive ends, and lims_,_oo(¢7)*u(s, ) belongs to the relative fundamental cycle in
Con(M, M), where ¢ is the negative cylindrical end. The Gromov bordification
of P( y(f , yf’ : M) carries an evaluation map

& POd M) > M

defined to be the asymptote at the negative puncture for every u € ff"(yaL , y1+ ‘M),
and the coefficient before the identity e € CF°(21) under the pair-of-pants product
yfr — y(",Ir is defined by pushing forward the fundamental chain [ (y(;Ir , y;r : M)] via
&v. Our assumption that & defines a non-trivial unit in SH® (M) implies that, for appro-
priate choices of Floer data, there is an identification between 53( y(}L R yfr ; M ) and M
relative to the boundaries. Applying the same argument as above to every element u
of {P(y(;F , yf : M) proves that the Liouville domain M;_, is (2, tar)-uniruled in the
sense of Definition 69. It follows from Theorem 70 that M is algebraically 2-uniruled.

By Lemma 71, M cannot be of log general type. In other words, for any smooth
affine variety M of log general type which contains an exact Lagrangian torus, we
necessarily have

SHY(M)* =~ K*.

Appealing to Corollary 40 completes our proof. |
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Remark 72. A key point in the above proof is that any central unit in the fundamental
group algebra of a torus has vanishing constant coefficient. This is actually true for
the group algebra of any torsion-free group; see [50, Theorem 4.1]. Because of this,
Theorem 12 can be generalized to log general-type affine varieties containing an exact
Lagrangian K(x, 1).

Note that our theorem provides an alternative way to understand Corollary 43.
One can also try to prove a statement of similar flavor to Theorem 12 by making use
of the logarithmic PSS map introduced by Ganatra—Pomerleano in [31,32]. Under the
assumption that

M =X\D,

where (X, D) is a multiplicatively topological pair in the sense of [31], SH(M)
is isomorphic to the logarithmic cohomology le‘)g(X , D) as a K-algebra, while
ngg (X, D) does not contain any non-trivial unit.

6.4. A conjectural picture

Although the results obtained in this paper are far from providing a complete classifi-
cation of Liouville manifolds admitting cyclic dilations, in view of our discussions in
Section 2.4, it seems to be reasonable to expect the following (note that we consider
here only the case when char(K) = 0).

Conjecture 73. Let M be an n-dimensional smooth affine variety.
o Ifk(M) = —oo, then M admits a cyclic dilation with h = 1.

o Ifk(M) =0, then M admits a cyclic dilation if and only if it admits a quasi-
dilation with h # 1.

e Ifk(M) = n, then M does not admit a cyclic dilation.
Note that, in order for our conjecture to make sense, we need to regard manifolds

with SH*(M) = 0 as manifolds which carry cyclic dilations.
The expectation that cyclic dilations should exist for all affine varieties with

k(M) = —o0
is probably too optimistic; it seems to be more reasonable to state the conjecture for
all the Milnor fibers with k(M) = —oo. However, there are affine varieties with
k(M) = —o0

which are not Milnor fibers, but do admit cyclic dilations. As an example, consider
the affine hypersurface M C C* defined by the equation

x+y+xyz+wr=1.
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Since M carries a Lefschetz fibration & : M — C with the smooth fiber being sym-
plectomorphic to a 4-dimensional D4 Milnor fiber (cf. [12, Section 4.1]), combining
the argument in [49, Section 4.2] with the Lefschetz fibration method due to Seidel-
Solomon [67] shows that M admits a quasi-dilation. This example is also interesting
in the sense that the existence of an exact Calabi—Yau structure on 'W(M) does
not follow from Van den Bergh’s Theorem 56. Direct computations yield the quasi-
isomorphism
Wu =K[x,y], x| =1, [y[=-2

see, for example, [49, Section 7.4]. Since Wy is formal and has generators in positive
degrees, Theorem 56 is not applicable here.

The relation between the existence of a cyclic dilation and the finiteness of the
first Gutt—Hutchings capacity were explained in Section 5.4. In view of Lemma 71,
the first item of Conjecture 73 implies the following conjecture.

Conjecture 74. Let M be a smooth affine variety which is algebraically 1-uniruled;
then, as a Liouville manifold, we have ¢§" (M) < oc.

For related studies in the case of closed symplectic manifolds, see [52].

It seems likely that there is no exact Lagrangian tori in smooth affine varieties with
k(M) = —oo. In view of Corollary 40, this provides evidence for the more precise
expectation that the marking map B : SHLI91 (M) — SH®(M) should actually hit the
identity.

Since there should be an exact Lagrangian torus in every smooth log Calabi—Yau
variety, one expects that # # 1 in view of Corollary 40. In fact, this can be rigorously
proved. By [78, Theorem L], if a smooth affine variety M admits a dilation, then
M is (1, p)-uniruled for some p > 0 in the sense of Definition 69. In particular,
k(M) = —oo. The same argument as in [78, Section 5] can be applied to prove the
uniruledness of M by affine lines when it admits a cyclic dilation with 4 = 1.

Although this paper does not deal with affine varieties with 0 < k(M) < n, it is
not difficult to find affine surfaces of log Kodaira dimension 1 which admit cyclic
dilations. For example, since 7T* S I admits a quasi-dilation, so do T*S L« F o> where
Fg is a once-punctured surface with genus g > 2. Note that these affine surfaces can
be partially compactified to contractible affine surfaces of log Kodaira dimension 1,
whose classification can be found in [71]. It is unclear whether these contractible
affine surfaces admit cyclic dilations, although we know that there are non-trivial
invertible elements in SH®(M).

To prove the non-existence of cyclic dilations for affine varieties with k(M) = n,
one needs to exclude the possibility of having a cyclic dilation with & # 1. It seems
that the argument in the proof of Theorem 12 would still be useful, but it is in general
not clear how to show that / € SH(_)F (M).
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A. Construction of the operations *j

The construction in this appendix is motivated by the equivariant pair-of-pants prod-
uct introduced by Seidel [64]. Here, we need a slight variant of his construction for
S1 -equivariant Hamiltonian Floer cohomologies. For each & > 1, we will introduce a
chain-level operation ~— which decreases the degree by 2k. Our real goal here is to
construct a parametrized version % of the star product (A.18) on Hamiltonian Floer
cohomologies, which played a role in our proof of Theorem 13.

Let k > 1 be an integer; we first define the operation — . Consider the 3-punctured
sphere S = S2\ {&in.0> Cin.1» Cout}» With two of the punctures &, o and Lin,1 serving as
inputs and the remaining one {o as an output. As a convention, we will take the repre-
sentative of the punctured sphere so that o i, = e E lin1=e 2%, and Coy = 1, so they
are equidistributed along the equator. For the purpose of developing a parametrized
theory, we also need to introduce the auxiliary marked points pq,..., pr € S. We
require that the marked points {py, ..., pr} lie in a disk centered at o, of radius &,
and they should be strictly radially ordered in the sense of (5.12) with respect to the
standard complex coordinate near 1 € CPP!. Denote by £ the moduli space of these
punctured surfaces with k-marked points.

For any representative (S, p1, ..., px) of an element of $, we fix cylindrical
ends

e(';,ef : [0, 00) x St > 8, ¢ (—00,0] x St 5§

with coordinates (s,7) € Ry x S, where SSL and efL are positive cylindrical ends at
Cin,0 and Cin, 1, respectively, and € is a negative cylindrical end at {o,. The choices are
made here so that none of the cylindrical ends 83_ and 81"_ contain any of the auxiliary
marked points {p;}1<i<k, and €~ is chosen so that the negative s-direction is given
by 6; = arg(p1), where again the argument is taken with respect to the local complex
coordinate near the origin. In other words, the corresponding asymptotic markers £, o
and £, 1 at &ino and &y are fixed, pointing, respectively, along the arcs {86r (s,0)}
and {(9;r (s,0)}, while the asymptotic marker £, at oy is allowed to vary freely, since
it is required to point toward p;. To further fix conventions, we will require that £;, o
points toward oy, and £iy,1 points toward iy 0, O equivalently, these two arrows are
arranged so that they point clockwise along the equator. We say that the choices of
cylindrical ends 83_ , sf, and &~ are compatible with the asymptotic markers in the
sense that the positive (resp., negative) s-directions of the cylindrical ends coincide
with the directions of {;, o and iy 1 (resp., Lou), i.€.,

lim 83_(.5‘, 1) =4ino, lim sf’(s, ) =41,
S—>00 S—>00

lim & (s, 1) = £oy.
§S—>—00
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The codimension 1 boundary strata of the Deligne-Mumford compactification P is
covered by the images of the natural inclusions of the following strata:

Pix Mx—j, 0<j <k, (A.D)
PHTL 1 <i<k-—1, (A.2)
P (A3)

where the strata J’,i’”l are the loci where |p;| = | pi+1| for some i, and the stratum

!P]f_ll is the locus where |pi| = % Abstractly, the moduli space !P]f_ll can be iden-
tified with S x $P,_1, so its compactification is given by S x Pr_1. However, this
identification is not compatible with the choice of cylindrical ends and holds only on
the topological level.

Analogous to (4.6), there is a forgetful map
PP S Py (A4)

for each 1 <i < k — 1, which forgets the auxiliary marked point p;4;. Since 7l is
compatible with our choices of the cylindrical ends, it extends as a map 7* : g?’]i” o
Pr—1 on the compactifications.

One can also consider the map

1 1
x5 ‘7)15—1 - Pr_1

which forgets the marked point px. Under the identification :7’,5_11 = S'x Py, 7S !

is the natural projection to the second factor. However, since 7 " is not compatible
with the cylindrical end e~ when k = 1, the identification fails when taking the choices
of Floer data into account.

In order to write down the appropriate Floer equations, we need to specify our
choices of Floer data on the domains. For later purposes, we will work here with

Hamiltonians of the form (4.7) on the cylindrical end instead of the quadratic ones.
Definition 75. A Floer datum for a representative (S, pi, ..., pr) of an element of
Py consists of the following choices:

* cylindrical ends 83_ , sf, and e~ which are compatible with the asymptotic markers
Lin,05 €in,1, and £oy specified above;

+ aclosed 1-form vs € !(S) which pulls back to d¢ via the maps &g , ¢, and &~;

» asurface-dependent Hamiltonian Hg : S — J€;(M) which is compatible with the
cylindrical ends in the sense that

(83—)*HS = H)\Q,ts (ST)*HS = H)Ll,t’ (8_)*HS = H)Lo-i—)tl,t
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for some fixed choices of Hamiltonians Hy, ; € #H,,(M), Hy, ; € #Hx, (M), and
Hjo4a,,c € Hag+a, (M), where Ao and A, are real numbers so that Ao, A1, Ao +
A& Pus

» asurface-dependent almost complex structure Jg : S — $(M) which is compat-
ible with the cylindrical ends, meaning that

(£9)"Js = ()" Js = ()" Js = i
for some fixed J; € $(M).

Definition 76. A universal and consistent choice of Floer data for the operations
{1} is an inductive choice of Floer datum for each k > 1 and each marked sur-

face (S, p1, ..., pr) representing a point of 5, varying smoothly in (S, p1,..., px)
such that the following conditions are satisfied:

* Along the boundary strata (A.1), the Floer data should be chosen to agree with the
product of Floer data chosen previously on &?; and My _; up to conformal equiv-
alence. Moreover, the choices vary smoothly with respect to the gluing charts.

* Along the boundary strata (A.2), the Floer data are conformally equivalent to the
ones pulled back from $;_; via the forgetful map 7*.

In the above, the conformal equivalence of Floer data is defined similarly as
before. More precisely, given two Floer data (83"1., 81+,i’°‘S,i’ Hs;,Js;i), where i =
1,2 for (S, p1,..., pr), we say that they are conformally equivalent if the choices of
cylindrical ends coincide, and there is a constant ¢ > 0 such that

H) .
HA,t,l = th ° WC and J; 1 = (Wc) Ji2

on the cylindrical ends, where the value A is determined by the corresponding cylin-
drical end, namely, A = A for 83_, A = A for ef, and A = Ag + A fore™.

Remark 77. Unlike the boundary strata (A.1) and (A.2), we did not impose any
requirements on the behavior of universal and consistent Floer data along the stra-
tum (A.3) in the above definition. This is mainly due to the fact that, for the purposes
of this paper, we do not need to analyze it and identify the contribution of (A.10)
below. The same can be said for the stratum (A.16). Compare with the way we dealt
with the boundary stratum (5.7) in Section 5.1.

Inductively, since the space of choices of Floer data at each level is non-empty
and contractible, universal and consistent choices of Floer data exist. From now on,
fix such a choice. For every k > 1, and Hamiltonian orbits y(;r € Om i y1+ € Om,a,
and y~ € O 2,44, We can define the moduli space P (y(")'“, y1+; y7) of pairs

(S, p1so- s pr)s ),
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where (S, p1...., px) € Pr,andu : S — M is a map satisfying the Floer equation
(du — Xps ® vs)*' =0

with respect to the domain-dependent almost complex structure Jg, which has been
fixed as part of the Floer datum for (S, pi, ..., px), together with asymptotic condi-
tions

li +\* A li +\* ) — v
S_EI_’I_’IOO(SO) u(s7 ) y() ) S—igloo(gl) M(S, ) yl ,
lim (¢7)*u(s,-) = y~.

S—>—00

The moduli space $ (y(;r , y1+ : y~) admits a Gromov bordification % (y(;F , y1+ 1Y),
whose codimension 1 boundary 05 (y(;r , yfr ; ¥7) is covered by the inclusions of the
following strata:

Pr—j O3 T x Mi(yiy7), 1<j <k, (A.5)
MOT:y) x Peyg . yiy7). (A.6)
Mg y) X Pe(y. v y7), (A7)
Pe(yg yiiy) x M(y:y), (A.8)
P o ), (A.9)
PELOT . (A.10)

where the boundary strata (A.6), (A.7), and (A.8) come from the semi-stable breaking,
and the strata (A.5), (A.9), and (A.10) correspond to the boundary strata (A.1), (A.2),
and (A.3) of 3P, respectively.

For generic choices of Floer data, the moduli space Pr (y(]L , y;r ; ¥7) is a compact
manifold with corners of dimension

deg(y™) —deg(yg) — deg(y) + 2k.
Every rigid element of % (y;r , y;r ; ¥7) gives rise to an isomorphism
My oy1+ ® OYSL — 0y—

of orientation lines. Define the operation

—x: CF*(11) ® CF*(L¢) = CF* 2k (Ao + A1)

+iapt
TR > o,

= I=lyd 1+ =2k ((S,p10ee i) W) EPL ¥ 397)
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where the notational convention of Remark 25 has been applied, and we have used
the abbreviation | - | for deg(-).

Similarly, by considering the same pair-of-pants surface, but now allowing the
auxiliary marked points pi,..., px € S to vary in a small neighborhood of ¢, 1, we
can define an operation

k. CF**t?%*(1,) ® CF* (o) — CF*(Xo + A1).

Denote the moduli space of the corresponding domains by $*. When analyzing the
boundary strata of ¥, note that, in order for a (k — j)-point angle decorated cylin-
der to break “above” the surface S at {j, 1, the points py, ..., pr should be ordered so
that (5.11) holds with respect to the local complex coordinate near {i, 1. The codimen-
sion 1 boundary 3Pk is covered by the strata corresponding to (A.1), (A.2), and (A.3),
and, as a consequence, the codimension 1 boundary of the Gromov compactification
Pk (y(;|r , y1+ ; ¥7) is covered by the inclusions of the strata

M) x P (v vy 1= <k, (A.11)
MOyT:y) x PEyd . yiy7). (A.12)
Myg: ) x P,y iy, (A.13)
PR vy x My, (A.14)

PEa a0, (A.15)
PE g vy, (A.16)

which are analogous to (A.5) to (A.10), respectively. A signed count of rigid elements
in the moduli space "’k 1(y y1+ ; y7) gives rise to an operation

KTL R (A) ® CF*(Ag) — CF*H (Ao + A1),

and we have the following proposition.

Proposition 78. As chain-level operations,

k
y +

D500 T g =dof <) — )Py Edyy
j=0

+ oy ATy (A.17)
lkl +1 — P71, which leaves out the
point p; 41 and extends to a map 7; defined on the compactifications. The universality
and consistency of our choices of Floer data when defining the operations — imply
that the Floer data chosen for elements (S, p1,..., px) € J’i’fi 41 depend only on
their images under 7;. Since the forgetful map 7; has 1-dimensional fibers, given a

Proof. Asin (A.4), there is a forgetful map 7; :
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Zin,O Zin,l

;in,O Zin,l

Figure 11. By fixing the points p1, p>, p3, we get a slice of the moduli space P 3.

representative ((S, p1, ..., px),u) of an element of fi’fiﬂ(yaL, y1+; y7), any other
point (S, pi..... p}) € J’fl-ﬂ in the same fiber as (S, p1, ..., pr) defines another
representative ((S', p},. .., p,’c), u) of an element of ﬁ.ﬁ.ﬂ (y(;'“, yf”; ¥7). This shows
that the elements of the moduli space J"_’i’fi 41( ySL , yl+ ; y7) are never rigid.

Thus, we only need to consider the boundary strata (A.11), (A.12), (A.13), (A.14),
and (A.16). Standard breaking analysis then implies (A.17). ]

Given a family of Riemann surfaces (.S;) parametrized by ¢ € [0, 7] so that each
Sy is a sphere with three fixed punctures in o, Cin,1, and oy equidistributed along
the equator. As above, these punctures are equipped with asymptotic markers £j, ¢,
lin,1, and Loy When ¢ = 0, iy o points toward o, £in,1 points away from oy, and
Lo points toward in 1. As g varies from O to 7, all of the asymptotic markers per-
form a half-turn: anticlockwise for the output and clockwise for the inputs. These are
domains defining the operation

% : CF*(11) ® CF*(A9) — CF* (1o + A1). (A.18)

By symmetrizing it, one gets the familiar Lie bracket [-, -] on Hamiltonian Floer coho-
mologies, which, after passing to direct limit, equips SH* (M) with the structure of a
Gerstenhaber algebra.

In view of the discussions above, one may expect to have higher-order analogs *,
where k > 1 of the operation *. To define these maps, one considers the domains
(Sq. P1, ..., pi), the family of punctured spheres (S;) together with k auxiliary
marked points pi, ..., pr lying in a small neighborhood of {uy. If we fix oy at
the origin, these points should be strictly radially ordered as in (4.22). Moreover,
when g goes from 0 to 7, the asymptotic markers £, o and £;, ; are required to rotate
clockwise by an angle of s, while £, is required to point toward pi, so it is free
to vary. Figure 11 describes the family of domains defining *3 with the positions of
the marked points p1, p2, p3 being fixed. If we allow the marked points p1,..., px to
vary under the constraint (4.22), we will get a (2k 4 1)-dimensional family of marked
surfaces, which fibers over [0, 7] and whose fibers are topologically R¥ x T*.
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For a fixed ¢ € [0, ], the moduli space of marked surfaces (S, p1,.. ., px) will be
denoted by & . The choice of Floer data on its Deligne-Mumford compactification
qu,k will be essentially the same as that on &, with the only exception that the
choices of the cylindrical ends 8;:0 and 8;—’1 differ for different ¢. It is not hard to
arrange the choices of the asymptotic markers at &, 0 and (ip,; so that the moduli
space &y x is identical to & together with their Floer data.

Recall that, as part of our Floer datum chosen for (So, p1,..., px), there are a

domain-dependent Hamiltonian function
HSO . So d JQ(M)

and a domain-dependent almost complex structure Jg, : So — &(M). On the cylin-
drical ends, the Floer datum pulls back to

(e0.0) Hso = Hager  (61) Hsy = Hayus  (69) Hsy = Higay s

(8(—{0)*']50 = (‘9;)’:1)**]50 = (80_)*']50 = Js,
where Hjo ¢, Hay 0o Hagvay e € He(M), and J; € $(M).

Definition 79. In general, the Floer datum for a representative (Sy, p1, ..., pr) of
Py k consists of

I ; and a negative cylindrical

end ¢,, which are compatible, respectively, with the asymptotic markers Lin,0s
Lin,1, which depend on ¢ € [0, 7], and £oy, Which points to py;

* the choices of two positive cylindrical ends 83— 7 €

* aclosed l-form vg, € Q'(S,) which pulls back to d7 under e(‘{q, 8Iq and e

* asurface-dependent Hamiltonian Hs, : S; — J€¢(M) which satisfies

(83—,4)*HS¢1 = Hlo,t-‘rq» (Stq)*HSq = H/ll,t+q’ (8;)*qu = H),l"’),z,t"rq;

* asurface-dependent almost complex structure Js, : Sg — (M) so that
(e0,4)" Js, = (e1)"Js, = ()" Js, = Jivq.

Note that, for general ¢ € [0, ], there is an obvious identification &, = P
given by rotating the asymptotic markers iy o and £i,,; by a certain angle. Although
the identification does not preserve Floer data, this shows that the codimension 1
boundary strata of J/Sq’k correspond exactly to those given in (A.1) to (A.3).

The moduli space of domains S; defining the operation %; has an additional
parameter ¢, namely,
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Abstractly, S can be identified with [0, 7] x P, but as we have explained above, this
identification is not compatible with Floer data. Denote by Sy the Deligne-Mumford
compactification of Sj. The previous identification extends to one on the compactifi-
cations

gk = [O,JT] X f/sk.

Definition 80. A universal and consistent choice of Floer data for the moduli spaces
{Sk}x>1 is an inductive choice of Floer data for each k > 1, each ¢ € [0, ], and each
representative (Sy, p1.. .., pr) of an element of &, x in the sense of Definition 79 so
that

e when restricted to the slice Jaq,k C gk, the Floer data should be universal and
consistent in the same sense as in Definition 76;

* the Floer data on J5q,k should vary smoothly with respect to the parameter ¢;

e the Floer data on !/30, & coincides with those on f/;k under the obvious identification

P 0.k = Pk

» the Floer data on the moduli spaces Ilsq, % should be chosen so that for any repre-
sentative of an element (So, pi, ..., px) € o, the Floer datum coincides with
the one obtained by pulling back of that on (S, sw(p1),...,sW(px)) € Prx via
the automorphism sw : 2 — §2 of the sphere which swaps the two inputs in 0

and ¢ ;1 and preserves the output oy

Pick a universal and consistent choice of Floer data. For yo+ €0m,1> ler €0pm,>
and y~ € Op,ap+4,» We define for each k > 1 the moduli space Sk(y{f, ny; y7),
which parametrizes triples (¢, (Sq. p1.. ... pr).u), withg € [0, ], (Sq. p1..... pk) €
Pyk and the map u : S; — M is a solution of Floer’s equation

(du — XHSq ® Usq)o’l =0,
whose behavior at infinity is controlled by the asymptotic conditions

lim (ef )*u(s,:) = yT, lim (¥ )*u(s,:) = y7,
S_)+OO( o,q) (s.9) = Yo s—>+oo( 1,q) (s.9) =»

lim_(e;)"u(s,-) = y~.
S—>—00

Denote by gk(y("f, y1+; y~) the Gromov bordification of Sk(y;”, y1+; y~). For
generic choices of Floer data, Sk (y(}L , yf ; ¥7) is a compact manifold with corners
of dimension

deg(y™) —deg(vy) — deg(yy") + 2k + 1.

A signed count of rigid elements of Sk (y(;r , y1+ ; ¥ ) defines the map

sk : CF*(A1) ® CF*(Lg) = CF* 2*"1(1o + A1).
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Just as the usual star product * measures the homotopy commutativity of the usual
pair-of-pants product —, with our choices of Floer data as in Definition 80, there is a
relation between the operations *; and —j as well, but we are not going to discuss it
here.
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