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Duality between Lagrangian and Legendrian invariants

ToBIAS EKHOLM
YANKI LEKILI

Consider a pair (X, L) of a Weinstein manifold X with an exact Lagrangian submani-
fold L, with ideal contact boundary (Y, A), where Y is a contact manifold and A CY
is a Legendrian submanifold. We introduce the Chekanov—Eliashberg DG-algebra,
CE*(A), with coefficients in chains of the based loop space of A, and study its
relation to the Floer cohomology CF* (L) of L. Using the augmentation induced by L,
CE*(A) can be expressed as the Adams cobar construction €2 applied to a Legendrian
coalgebra, LC,(A). We define a twisting cochain t: LC4(A) — B(CF*(L))* via
holomorphic curve counts, where B denotes the bar construction and # the graded
linear dual. We show under simple-connectedness assumptions that the corresponding
Koszul complex is acyclic, which then implies that CE*(A) and CF* (L) are Koszul
dual. In particular, t induces a quasi-isomorphism between CE*(A) and QCF, (L),
the cobar of the Floer homology of L.

This generalizes the classical Koszul duality result between C*(L) and C_.(2L)
for L a simply connected manifold, where 2L is the based loop space of L, and
provides the geometric ingredient explaining the computations given by Etgii and
Lekili (2017) in the case when X is a plumbing of cotangent bundles of 2—spheres
(where an additional weight grading ensured Koszulity of t).

We use the duality result to show that under certain connectivity and local-finiteness
assumptions, CE*(A) is quasi-isomorphic to C_(§2L) for any Lagrangian filling L
of A.

Our constructions have interpretations in terms of wrapped Floer cohomology after
versions of Lagrangian handle attachments. In particular, we outline a proof that
CE*(A) is quasi-isomorphic to the wrapped Floer cohomology of a fiber disk C
in the Weinstein domain obtained by attaching 7*(A x [0, 00)) to X along A (or,
in the terminology of Sylvan (2019), the wrapped Floer cohomology of C in X
with wrapping stopped by A). Along the way, we give a definition of wrapped
Floer cohomology via holomorphic buildings that avoids the use of Hamiltonian
perturbations, which might be of independent interest.
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2050 Tobias Ekholm and Yanki Lekili
1 Introduction

In this introduction we first give an overview of our results. The overview starts
with a review of well-known counterparts of our constructions in algebraic topology.
We then introduce our Legendrian and Lagrangian invariants in Sections 1.1 and 1.2,
respectively, and discuss the connection between them and applications thereof in
Section 1.3. Among these the most central role is played by the Chekanov—Eliashberg
algebra with based loop space coefficients, denoted as CE*. As we show, any other
invariant can be obtained from CE* by algebraic manipulation. Finally, in Section 1.4
we give detailed calculations of the invariants introduced, in the simple yet illustrative
example of the Legendrian Hopf link filled by two Lagrangian disks intersecting
transversely in one point.

The starting point for our study is a construction in classical topology. Consider the
following augmented DG-algebras over a field K associated to a based, connected,
topological space (M, pt):

C*(M)—>K, C_(QM)—K,

where C*(M) is the singular cochain complex equipped with the cup product and
C_«(2M) is the singular chain complex of the based (Moore) loop space of M
equipped with the Pontryagin product. (We use cohomologically graded complexes
throughout the paper so that all differentials increase the grading by 1.) In the case of
singular cohomology, the inclusion i: pt — M gives the augmentation i *: C*(M) —
C*(pt) =K and in the case of the based loop space, the augmentation is given by the
trivial local system 71 (M, pt) — K.

If M is of finite-type (for example, a finite CW—complex), then it is well known that
one can recover the augmented DG-algebra C* (M) from the augmented DG-algebra
C_«(2 M) by the Eilenberg—Moore equivalence

C*(M) =~ RHOH]C?*(QM)(K,K).

In the other direction, if M is simply connected, then the Adams construction gives a
quasi-isomorphism
C_«(QM) ~ RHomc+(pr) (K, K),

and in this case C*(M) and C—, (2 M) are said to be Koszul dual DG-algebras. Koszul
duality is sometimes abbreviated and simply called duality. For more general M, using
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the method of acyclic models, Brown [13] constructed a twisting cochain
t:C_s (M) —» C_(QM).

This is a degree 1 map that induces a DG-algebra map QC_.(M) - C_.(QM),
where QC_, (M) is the cobar construction applied to chains on M ; see Section 2.2.1.
By definition, t is a quasi-isomorphism when duality holds, and this can be detected
by an associated Koszul complex, which is acyclic if and only if duality holds. In
the general case, QC_4 (M) is a certain completion of C_,(2M') and consequently
C_«(2M) is a more refined invariant of M than QC_,(M).

In this paper, we pursue this idea in the context of invariants associated to Lagrangian
and Legendrian submanifolds. Here the role played by simple connectedness in the
above discussion has two natural counterparts: one corresponds to a generalized notion
of simple connectedness for intersecting Lagrangian submanifolds and the other is the
usual notion of simple connectedness for Legendrian submanifolds.

We start with the geometric data of a Liouville domain X with convex boundary ¥ and
an exact Lagrangian submanifold L C X with Legendrian boundary A C Y. We assume
that ¢; (X) = 0, that the Maslov class of L vanishes (for grading purposes) and that L
is relatively spin (to orient certain moduli spaces of holomorphic disks). Assume that L
is subdivided into embedded components intersecting transversely L = | J,p Ly, and
that A is subdivided into connected components A =| |, Ay. To avoid notational
complications, we take both parametrized by the same finite set I' and assume that the
boundary of L, is A,. We use a base field K and define the semisimple ring

kz@Kev,

vel

generated by mutually orthogonal idempotents e,. Also, we fix a partition
r=rtur-

into two disjoint sets, and choose a basepoint p, € A, for each v € ',

For simplicity, let us restrict, in this introduction, to the following situation:

e X is a subcritical Liouville domain.

e If v € I'", then the corresponding Legendrian A, is an embedded sphere.

From a technical point of view, these restrictions are unnecessary. We make them
in order to facilitate the explanation of our constructions from the perspective of
Legendrian surgery. (Note that the topology of A, is unrestricted when v € ')
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2052 Tobias Ekholm and Yanki Lekili

We write X5 for the completion of the Liouville sector obtained from X by attaching
critical Weinstein handles along A, for each v € ', and attaching cotangent cones
T*(Ay x[0,00)) along Ay foreachv e It If 't = @, X is an ordinary Liouville
manifold. In this case Gromov compactness is ensured by convexity of the boundary.
When '™ # @, we also have part of the boundary that can be identified with a
neighborhood of the zero section in the cotangent bundle | J,cp+ 7* (A X [T, 00)), for
some 7" > 0. This is a geometrically bounded manifold, hence Gromov compactness [38]
still holds, and holomorphic curve theory is well behaved.

In Xp, for v € ' there is a closed exact Lagrangian submanifold S, = L, U Dy, the
union of the Lagrangian L, in X and the Lagrangian core disk D, of the Weinstein
handle attached to A, and for v € 't there is a noncompact Lagrangian obtained
by attaching the cylindrical boundary A, x [0, 00) to L, for v € I't, which we will
still denote by L, by abuse of notation, even when we view them now in X5 . Dually,
for each v € I'” we obtain (noncompact) exact Lagrangian disks Cy, the Lagrangian
cocore disks of the Weinstein handles attached to A, on X, and for each v € I'"
we construct dual Lagrangians disks C, intersecting L, once and asymptotic to a
Legendrian meridian of L, —these can be constructed as the cotangent fiber at the
point (py, 1), ¢t >0, in T*(A, x [0,00)) C X, where p, is the basepoint on A,.

The invariants we will construct are associated to the unions of Lagrangian submanifolds

La=|J Lyu |J Sv and Cp:=[] G

vel'+ vel— vel

The Lagrangian L 5 will be referred to as a Lagrangian skeleton of X4 ; it is a union
of Lagrangian submanifolds which intersect transversely. The dual Lagrangian Cp is
the union of Lagrangian disks which can be locally identified with cotangent fibers to
irreducible components of L 4.

We will study two algebraic invariants associated to (X, L, Cp). The first one
is the Legendrian Aso—algebra, LA*. Tt corresponds to the endomorphism algebra
of L considered in the infinitesimal Fukaya category of X (Theorem 63). The
second one is the Chekanov—Eliashberg DG—-algebra, CE*. It corresponds to the
endomorphism algebra of Cj considered in the partially wrapped Fukaya category
of Xz (Theorem 83). However, we will take the pre-surgery perspective as in Bourgeois,
Ekholm and Eliashberg [11] and construct all these invariants by studying Legendrian
invariants of A C X rather than Floer cohomology in X 4. From this perspective, the
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case I'" # @ is a new construction, which generalizes the theory from [11] in a way
analogous to how the partially wrapped Fukaya categories of Sylvan [62] generalize
the wrapped Fukaya categories of Abouzaid and Seidel [3].

The invariants LA* and CE* come equipped with canonical augmentations to the
semisimple ring k, and it is easy to see by construction that LA* is determined by CE*

via the equivalence
LA* ~ RHom¢g=(k, k).

The duality which would recover CE* from LA* holds in the “simply connected” case;
see Section 2.3. In the topological case discussed above, this is analogous to the simple-
connectedness assumption on M, which makes the augmented algebras C*(M') and
C_+(2M) Koszul dual. In fact, the topological case is a special case of our study for
the Weinstein manifold 7* M , with the Lagrangian skeleton L , = M given by the zero
section, and the dual Lagrangian C given by a cotangent fiber T ;M . This is because
the wrapped Floer cohomology complex of a cotangent fiber is quasi-isomorphic to
C_«(2M) by Abouzaid [2] and the Floer cohomology complex of the zero section is
quasi-isomorphic to C*(M) (Fukaya and Oh [35]) as augmented A ,—algebras.

We next sketch the definition of our version of the Chekanov—-Eliashberg DG-algebra
without any assumption of simple connectedness; see Section 3 for details. This is the
DG-algebra over k called CE* above. Its underlying k—-bimodule is the unital k—algebra
generated by Reeb chords between components of A and chains in C_x(£2,,Ay) for
v € I'". (This is the crucial distinction between I't and I'".)

We use the cubical chain complex (cf Serre [60]) C_«(22p,Ay) for v € 't —see
Section 3.1 for a discussion of other possible choices of chain models — to express
CE* as a free algebra over k generated by Reeb chords ¢ and generators of C_ (2, Ay)
for v € I't. The differential on CE* is determined by its action on generators. On a
generator of C_x(£2p,Ay) we simply apply the usual differential. On a generator ¢
which is a Reeb chord, the differential is determined by moduli spaces of holomorphic
disks in the symplectization R x Y which asymptotically converge to ¢y on the positive
end and chords ¢y, ..., ¢; at the negative end as follows. Consider the moduli space
of J-holomorphic maps u: D — R x Y, where D is a disk with & 4 1 boundary
punctures zj € 3D = S that are mutually distinct with (¢, z1, . . . zx) respecting the
counterclockwise cyclic order of S, and u sends the boundary component (zj—1.2j)
of ST\ {zp,...,2zx} to R x A and is asymptotic to ¢; near the puncture at z; for
j =1,...,k and to ¢q near the puncture at zq (as usual these disks may be anchored
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C1 (&) C3 C4 Cs Ce

Figure 1: The differential in CE*: the word ooc101¢2¢302¢403¢5¢6 appears
in dC().

in X'). The moduli space, which is naturally a stratified space with manifold strata that
carries a fundamental chain, comes with evaluation maps to 2, A, for v € I'". The
image of the fundamental chain determines a word in our chain model of C_4 (€2, Ay).
Reading these together with the Reeb chords in order gives the differential of cg.

We remark that loop space coefficients have been used in the context of Lagrangian
Floer cohomology before; see Barraud and Cornea [7] and Fukaya [34]. See also
Abouzaid [2] and Cieliebak and Latschev [19] for uses of high-dimensional moduli
spaces in Floer theory.

While CE* with loop space coefficients is a powerful invariant, it is in general hard
to compute as it involves high-dimensional moduli spaces of disks. As mentioned
above, duality in the Legendrian A will also play a role. More precisely, we define
another DG-algebra CE] related to CE* via a Morse-theoretic version of Adams
cobar construction whose definition involves taking parallel copies of A but uses
only 0—dimensional moduli spaces; see Section 3.4. In fact, we prove that the two
DG-algebras are quasi-isomorphic when all A, for v € I'"" are simply connected.

Theorem 1 There exists a DG—algebra map
CE* — CEj,

which is a quasi-isomorphism when the A, are simply connected for allv € I't.

Theorem 1 is restated and proved as Theorem 51 in Section 3.4.
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1.1 Partially wrapped Fukaya categories by surgery

Let A = |_|yer Ay be a Legendrian submanifold and I' = I't U '™ be as above.
Furthermore, we use the notation above for cocore disks and write CE* = CE*(A).
An important result that is implicit in [11, Remark 5.9] is the following:

Theorem 2 Suppose I' = I'". Then there exists a surgery map defined via a
holomorphic disk count that gives an A~o—quasi-isomorphism between the wrapped
Floer cochain complex CW* := @, ,,er— CW*(Cy, Cy) and the Legendrian DG-
algebra CE*.

We prove Theorem 2 in Section B.2 following [11], referring to Ekholm [25] for the
necessary technical results omitted there. Section B.1 also contains a construction
of wrapped Floer A ,—algebras that uses only purely holomorphic disks (without
Hamiltonian perturbation), and a proof that this agrees with the more standard version
defined in Abouzaid and Seidel [3], which uses Hamiltonian perturbations.

One of the main guiding principles for the results in this paper is that Theorem 2 remains
true when ' is nonempty, provided the Lagrangians C, are considered as objects of
the partially wrapped Fukaya category of X5, where the noncapped Legendrians A,
for v e I't serve as stops; cf Sylvan [62]. The full proof of this result when 't is
nonempty can be reduced to the standard surgery result, Theorem 2, and will appear
elsewhere. Here we give an outline of a somewhat different and more topological proof;
see Section B.3. We will use the geometric intuition provided by this viewpoint, and
our constructions of Legendrian invariants provide a rigorous “working definition” of
CE* even in the case that '™ is nonempty, as well as a starting point for the study of
“partially wrapped Fukaya categories” via Legendrian surgery (extending the scope
of [11] considerably). For future reference, we state this result as a conjecture:

Conjecture 3 There exists a surgery map defined via moduli spaces of holomorphic
disks which gives an As,—quasi-isomorphism between the partially wrapped Floer
cochain complex CW* := @, ,,cr CW*(Cy, Cy) and the DG—-algebra CE*.

While writing this paper, we learned that Sylvan [61] independently considered a similar
conjecture in relation with his theory of partially wrapped Fukaya categories [62].
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1.2 Augmentations and infinitesimal Fukaya categories

We keep the notation above and now consider an exact Lagrangian filling L in X of A.
Such a filling gives an augmentation

ELICE*—ék.

For chords on components A, with v € ', this is well known and given by a count
of rigid disks with one positive puncture and boundary on L,,.

For components A, with v € I't, we define an augmentation using the same disks.
More formally, we define a chain map

BL:CE* - P C_«(QLy).
vel'+
which acts on chains in @+ C—«(2A,) by the inclusion and on Reeb chords ¢ as the
chain of loops carried by the moduli spaces of holomorphic disks with boundary on L,
(for each v) and a positive puncture at c. The augmentation €y, is then this map followed
by the augmentation on @, e+ C—«(2L,) — k that takes higher-dimensional chains
to zero and takes any loop in Ly to ey.

This allows us to write
CE* = QLCx

for an Ay—coalgebra LCyx = LC4(A) that we call the Legendrian Asc—coalgebra
(which depends on €;,). Here Q is the Adams cobar construction. Writing LA* :=
(LC4)* for the Aoo—algebra which is the linear dual of LCy, the following result
recovers the Floer cochain complex of L in X :

Theorem 4 There is an Aso—quasi-isomorphism between CF* := CF*(L » ), the Floer
cochain complex in the infinitesimal Fukaya category of X p, and the Ao—algebra LA*.

By the general properties of bar—cobar constructions (see Section 2.2.1), the algebra
RHomg; ¢, (k, k) is quasi-isomorphic to the graded k—dual of the bar construction on
the algebra QLC,, which can be computed as

(1) (BQLC,)" = (LC4)* = LA*.

Remark 5 If I'" is empty, the Aoo—algebra LA* is obtained from the construction in
Civan, Koprowski, Etnyre, Sabloff and Walker [20] and Bourgeois and Chantraine [10],
known as the Aug_ category, by adding a copy of k, making it unital.
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If '~ is empty, the Ao—algebra LA* ~ (BCE*)* —see (1) —is the endomorphism
algebra of A with the augmentation €7, in the Aug, category of Ng, Rutherford,
Shende, Sivek and Zaslow [55]. In the setting of microlocal sheaves, a related result
was obtained by Nadler [53, Theorem 1.6].

1.3 Duality between partially wrapped and infinitesimal Fukaya categories

We study duality in the setting of the two categories described above: the partially
wrapped Fukaya category and the infinitesimal Fukaya category of X5 (after surgery) or,
equivalently, the augmented DG-algebra QLC, and the augmented Ao,—algebra LA*
(before surgery).

As we have seen in Theorem 4, the augmented DG-algebra QLC, determines the
augmented (unital) A.c—algebra CF*. Now, a natural question is to what extent the
quasi-isomorphism type of the Ao,—algebra CF* determines the quasi-isomorphism
type of the augmented Legendrian DG-algebra QLC..

We emphasize here the phrase “quasi-isomorphism type”: even though it is possible
to construct chain models of the 4,,—algebra LA* (which is As—quasi-isomorphic
to CF*) and the DG-algebra QLC, by counting “the same” holomorphic disks in-
terpreted in different ways, the two algebras are considered with respect to different
equivalence relations, and the resulting equivalence classes can be very different. In
particular, it is not generally true that f: ¥ — 2 being a quasi-isomorphism of Aso—
coalgebras implies that Qf: Q¥ — Q2 is a quasi-isomorphism.

We will study this question by (geometrically) constructing a twisting cochain
t: LCyx — (BCF*)*,

where B stands for the bar construction and # is the graded k—dual. See Section 2.1.4.
This twisting cochain induces a map of DG-algebras,

QLCy« — RHom¢p= (k, k),

which is a quasi-isomorphism if and only if t is a Koszul twisting cochain. For example,
we will prove the following result:

Theorem 6 Suppose that LCy is a locally finite, simply connected k—bimodule. Then
the natural map QLC4« — RHom¢g= (k, k) is a quasi-isomorphism.
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This is an instance of Koszul duality between the Aoo—algebras QLC, and CF*. It has
many useful implications; for example, it implies an isomorphism between Hochschild
cohomologies,

HH*(QLCs, QLC) =~ HH*(CF*, CF*).

When I't = @, an isomorphism defined via a surgery map [11] was described be-
tween symplectic cohomology, SH* = SH*(X ), and the Hochschild cohomology
HH*(QLC,, QLCx). Therefore, when duality holds (ie t induces an isomorphism),
we obtain a more economical way of computing SH*.

In the case of cotangent bundles 7* M of simply connected manifolds M, this recovers
a classical result due to Jones [42], which gives

Hy—y(LM) =~ HH*(C_(2M), C_x(QM)) =~ HH*(CF* (M), CF*(M)),

where M is a simply connected manifold of dimension # and LM denotes the free
loop space of M.

In Section 6, we give several concrete examples where the duality holds beyond the
case of cotangent bundles. For example, the duality holds for plumbings of simply
connected cotangent bundles according to an arbitrary plumbing tree; see Theorem 68.

In another direction, combining duality and Floer cohomology with local coefficients,
we establish the following result for relatively spin exact Lagrangian fillings L C X
with vanishing Maslov class of a Legendrian submanifold A C Y.

Theorem 7 Let I' =T'~ and assume that SH* (X)) = 0 and that A is simply connected.
If CE*(A) is supported in degrees < 0, then L is simply connected. Moreover, if A is
a sphere, then CE*(A) is isomorphic to C_(Q2L), where L = L U D, for a disk D
with boundary 0D = A.

In general, duality between QLC, and CF* does not hold — as can be seen for example
by looking at cotangent bundles of non-simply-connected manifolds, or letting A be
the standard Legendrian trefoil knot in S3 filled by a punctured torus. However, there
are cases when duality holds even if LC, is not simply connected, for instance because
of the existence of an auxiliary weight grading (see Etgii and Lekili [32]), or, for
an example in the 1-dimensional case, see Lekili and Polishchuk [48]. It is a very
interesting open question to find a geometric characterization of when duality holds.
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Remark 8 Constructions of Legendrian and Lagrangian holomorphic curve invariants
require the use of perturbations to achieve transversely cut out moduli spaces. For
our main invariant CE*, all moduli spaces used can be shown to be transverse by
classical techniques (see Theorem 74) except for the rigid holomorphic planes in X'z
with a single positive end that are used to anchor the disks (in the terminology of [11]).
These are also relevant for defining the wrapped Floer cochain complex CW* without
Hamiltonian perturbations and for constructing the surgery map. In all cases, there
is a distinguished boundary puncture in the main disk that determines asymptotic
markers on the split-off planes. Taking this marker into account removes symmetries
of the planes, and a specific perturbation scheme for transversality of the resulting
moduli spaces was constructed in [25]. We will use that perturbation scheme here; see
Section A.2 for details.

1.4 An example: the Hopf link

In this section, we study the example of the Hopf link in order to illustrate our results
in a simple and computable example. Some of the algebraic constructions used here
are explained in detail only later; see Section 2.

Let A C S3 be the standard Legendrian Hopf link. We work over k = Ke; @ Ke, and
with the Lagrangian filling L given by two disks in D* that intersect transversely in a
single point. We choose the partition A = AT U A™. This means that after attaching
a Weinstein 2—handle to A~ and T*(S! x [0, 00)) to AT, we obtain the symplectic
manifold Xa with Lagrangian skeleton
Lpa=S8*UTy;S*>CT*S?,
or, in the terminology of [62], X is 7*S? with wrapping stopped by a Legendrian
fiber sphere. The DG-algebra CE* = CE*(A) of A has coefficients in
C_+«(QAT)e; ®Key = K[t, 17 e; @ Kes.

A free model for K[¢,71] is given by the tensor algebra K(sq,;,k;, /1, u;) with
Isi]=|t1] =0, |k1| = |/1] = —1, |u1| = —2 and the differential

dki =e1—s1t1, dly=e;—1t151, duy=kis1—s1l;.

The natural map K (sq,#;, k1,1, u;) — K[t,t7!] sending t; — t and sy — ¢t~ ' is a
quasi-isomorphism. The subscripts indicate that as k—module generators, s1, t1, k1, /1
and u; are annihilated by the idempotent e;.
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&2
c]/—\ .
Clz\/

Figure 2: Hopf link when both 't and '™ are nonempty: the blue component
lies in 't and the red in T'™.

Next, incorporating the Reeb chords, with notation as in Figure 2, we get the free
algebra
k{ci2,ca1,c1,¢2,51, 11, ky, 11, uq)
with gradings
lurl ==2. el =lel =lkal =1L =—1, [eral = learl = Is1] = [t1[ =0
and differential
dey = ey +s1+craca1,  dey =112,
dk1=€1—51l1, d[1=€1—1151, du1=k151—5111.
The only augmentation to k is given by €(s;) = €(t;) = —e; and €(cq) = €(c) =

€(c12) = €(ca1) = €e(ky) = €(l1) = €(uy) = 0. After change of variables, s; — 51 — ey
and #; — t; — ey, we obtain the free algebra

k{ci2,ca1.¢1,¢2, 81,11,k 1y, uy)
with nonzero differential on generators

@ dcy =51+ ciac21, dey = 21012,
dki=s1+t1—s1ty, dlj=s1+tH—ts1, duy=11—ki+kisi—s1;.
On the other hand, we can compute the Floer cochains CF* = CF*(L ) of L as
CF* =k ®Kai, ®Kays & Ka,, where |612| =2, |6112| = |a21| =1.

The cohomology level computation follows easily from the geometric picture and
general properties of Floer cohomology: L, is a union of a disk D? and a sphere S
that intersect transversely in one point, and we have

HF*(D?, D*) =Ke;, HF*(52,5%) =Ke, ®Ka,,
HF*(D?, §?) =Kay,, HF*(S?, D?) =Kay;.

Geometry & Topology, Volume 27 (2023)
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The only nontrivial product that does not involve idempotents is my (a2, d21) = a>.
For degree reasons, the only possible nontrivial higher products are

My (a2,d21,...,d12,d21) = cap for some k > 1 and ¢ € K.

It turns out that one can take ¢ = 0 for all £ > 1. Indeed, assuming that the Aso—
structure is strictly unital (which can be arranged up to quasi-isomorphism), consider
the Aoo—relation that involves the term

ma (Mo (arz.azy, ... a12,a21), €2).

By induction on k& > 1, this term has to vanish, implying mi, (@12, d21,...,d12,4d21)
has to vanish for all £ > 1. Let us confirm this by using the quasi-isomorphism

CF* = RHomCE* (k, k)
We introduce the counital As,—coalgebra
LCy =k dKcs ®Ker @Key @ Key @ Ksy @Kty @Kk &K & Kuyg

with [u1]| = =3, [e1| = |e2| = |ki| = |li] = =2 and |c12] = [e21] = [s1| = |0 = —1,
for which A; = 0 except for i = 1 or 2, where there are the nonzero terms

Ai(cr)=s1, Ak =s1+t, M) =s1+t, Ai(u) =1 —k;.
Write Ay (x) = 1 ®g x + x @ 1 + Ay(x). Then

Z2(6’1) = (12021, Z2(02) =(21C12,

As(ky) = —s1t1, Do) =—t1s1,  Da(uy) =kysy—sih,

where the A, coalgebra operations on LCy are defined so that QLC, is isomorphic
to CE*. Thus, RHom¢g+ (k, k) can be computed as the graded dual of LC, which is
the Aoo—algebra

LA* =k ®Kce), ®Key, @ KeY ®Key @ Ks) oKt @Kk @ Kl & Kuy,
with gradings

W 1=3. Iyl =1 1= kY=Y 1=2, leYyl = e = sy = Ity = 1.
where ¢V is the linear dual of the generator ¢ of LC,. The differential is

ml(S;/)=CI/+k;/+lv, ml(llv)=k;/+lv, ml(k;/)=—u1, ml(llv)=u1,
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and the products that do not involve idempotents are

mZ(CYZ’CE/I):C;/’ m2(c;/196;/2)=c;/’ mZ(ZI\/’SY)=_k;/,
ma(sy, t))=~1,  malky,s)) =uy, mas) 1)) = —uy.

All the higher products vanish. We claim that this A,c—algebra is quasi-isomorphic to
the algebra

ko Kaj, dKayy ®Kay, where |ay| =2, |arz| = lax] =1,
with the only nontrivial product (not involving idempotents) given by
ma (a2, az1) = a;.
Indeed, it is easy to show that the map defined by
¢y —>ain, ¢y —>ax, ¢ —ay and ¢, 5] 00 k1 ul -0

is a DG—algebra (hence also an A,—algebra) map, which induces an isomorphism at
the level of cohomology.

Dually, we can construct a D G-algebra map
CE* — RHomgp= (k, k).

The Floer cochain complex CF* has a unique augmentation given by projection to k,
and we compute
RHomCF* (k s k) = QCF*,

where CFy is the coalgebra dual to CF*. This is the free coalgebra
k(ayy.a3;.a3)

with |a},| = |a,| = 0 and |a}| = —1, and the only nontrivial differential not involving
counits is
Az(ay) =ayaf;.

We have a twisting cochain

t: LCx — QCF,
given by
t(c2) = aj. t(c12) = ay,, t(ca1) = ayy,
t(c1) =0, t(s1) =—aj,ay.  Ht)=aj,a3,
() = t(ky) = ay,ayay;, t(u) = ayya;ay ay).
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This means that t satisfies the equations

dt(c1) = t(s1) + t(cr2)t(ca1),

dt(cz) = t(ca1)tc12),

dt(ky) = t(s1) + t(t1) — tls1) (1),

dt(ly) = t(s1) + t(11) — t{t1)t(s1),

dt(uy) = t(l1) — tlk1) + t(k)t(s1) — ts)tlh).

Hence, it induces a DG—-algebra map
QLCyx — QCFs.

We have not checked whether this is a quasi-isomorphism, or equivalently whether t is
a Koszul twisting cochain. Note, however, that the DG-algebra map QCF, — QLC,
defined by

\Y X \% . Vv .
Ay —>C2, dyy—>C12, Uy —>C21

shows that t is a retraction, and QCF4 is a retract of QLC,.
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2 Algebraic preliminaries

In this section, we review the homological algebra we use in our study of various
invariants associated to Legendrian submanifolds and their Lagrangian fillings. Most
of this material is well established; see [47] and also [45; 57; 56; 39; 49; 50]. Note
though that our sign conventions follow [59]; see Remark 9.

2.1 A—algebras and A,,—coalgebras

In this section we will discuss the basic algebraic objects we use. These are modules
over a ground ring k of the following form. Fix a coefficient field K (of arbitrary
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characteristic) and let k be a semisimple ring of the form:

k= @Kev,

vel

2

where e = e, and eyey, = 0 for v # w, and where the index set I' is finite.

We will use Z—graded k—bimodules. If M = @, M is such a module then we call
M connected if M° = k and either M’ =0 forall i >0, or M’ =0 forall i <0. We
call M simply connected if, in addition, in the former case M ~1 =0, and in the latter
M = 0. Further, we say that M is locally finite if each M is finitely generated as a
k—bimodule.

We have the usual shifting and tensor product operations on modules. If M = ; M i
is a graded k bimodule and s is an integer, then we let the corresponding shifted
module M[s] = P; M ] be the module with graded components
M[S]i — MH-s.
If N = @); N' is another graded k—bimodule, then M ®; N = P, (M N)k is
naturally a graded k—bimodule with
(MerN)f= @ M &N
i+j=k
For iterated tensor products we write

M®kr:M®k...®kM.

r

Our modules will often have further structure as Z—graded Aoo—algebras and Ao—
coalgebras over k; see Sections 2.1.1 and 2.1.2. The modules are then in particular
chain complexes with a differential, and we will use cohomological grading throughout;
that is, the differential increases the grading by 1. For example, if L is a topological
space then its cohomology complex C*(L) is supported in nonnegative grading, while
the homology complex C_ (L) is supported in nonpositive degrees. To be consistent
with this, we denote the grading as a subscript (resp. superscript) when the underlying
chain complex has a coalgebra (resp. algebra) structure.

2.1.1 Ax-algebras An As.—algebra over k is a Z—graded k—module « with a
collection of grading-preserving k—linear maps

TR L | B
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for all integers i > 1 satisfying the Ao—relations

(3) Z(_1)|a1|+..'+|aj|_jmd—i+l(ad7 R ?aj+i+l’ml'(a]'+l" R ’aj-i-l)’aj’ o ’al)
i,j
=0
for all d.

Remark 9 We follow the sign conventions of [59]. Even though m; is written on the
left of (aj+i,....aj41), the sign convention is so that m; acts from the right. To be
consistent, we will insist that all our operators act on the right independently of how
they are written. This convention and the usual Koszul sign exchange rule applied with
respect to the shifted grading <7[1] determine the signs that appear in our formulas.

A DG-algebra over k is an As,—algebra o such that m; = 0 for i > 3. In this case,
we call the first two operations the differential and the product, respectively, and use
the following adjustments to obtain an (ordinary) differential graded algebra:

“ da=(=1)"mi@) and ara; = (D" my(ar.a1).
In particular, the product is then associative and the graded Leibniz rule for d holds:
(5) d(azay) = (daz)ay + (=1)*lay(day).

An Aoo—map ¢: o/ — P between A—algebras <7 and £ over k, with operations m;
and n; for i > 1, respectively, is a collection of k—linear grading-preserving maps

i /K 5 B[ —i], i>1,
satisfying the relations

Z(_l)lall la;1 Jed—i-i-l(adv v ’aj-i-l'-i-l»mi(aj'i‘i? cee 9aj+l)’aj’ cee ’al)
L,j
= Z nj(ed_ij(ad,...,ad_ij),...,e,-z_il(aiz,...,ail+1),e,-1(a,-1,...,al)).
1<j=d

0<ij<-<ij<d

An As—map ¢: o — 2 is called an A so—quasi-isomorphism if the map on cohomology
H*(«/) — H*(%) induced by ¢! is an isomorphism.

We say that an A,—algebra & is strictly unital if there is an element 1, € & such
that m;(1,) = 0, my(l,a) = my(a,1,) = a for any a € &/, and m; for i > 2
annihilates any monomial containing 1., as a factor. Any As.—algebra .7 which has
a cohomological unit, ie a cocycle representing the identity element in H* (), is
quasi-isomorphic to a strictly unital 4.,—algebra [56, Section 7.2].
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An augmentation of a strictly unital A,.—algebra is an As,—map €: o/ — k, where k
is considered as a strictly unital A,,—algebra in degree O with trivial differential and
higher Aso—products, and is such that €;(1./) = 1 and ¢; for i > 1 annihilates any
monomial containing 1,,. An augmentation is called strict if ¢, = 0 for i > 1. The
category of augmented, strictly unital A4s—algebras is equivalent to the category of
strictly augmented, strictly unital Ao,—algebras; see [56, Section 7.2].

2.1.2 Aso—coalgebras An Aoo—coalgebra € over k is a Z—graded k—module with a
collection of k—linear grading-preserving maps

A6 — €O 2 —i]

for all integers i > 1, with the following properties. The maps satisfy the co-Aso—

relations
d d—i o .
(6) Y AT @ A @ 14T )A i1 =0,
i=1j=0
where
19E@==D @ Ay @k 1% (cq_igy, ... 1)
= (_1)|c1|+---+|c]'|—j (cd—i+1» ey Cj+2) Rk Ai(Cj+1) Rk (Cj, ey C1)

c ¢®kd—i=J) Rk @kl Rk ¢®rJ
Furthermore, the degree 1 map
o0 .
¢[-1] - [ ¢1-11%+",
i=1
with i component equal to A;, factorizes through the natural inclusion
(XD . w .
P 112" — [ [ e1-11%
i=1 i=1

of the direct sum into the direct product.

A DG—coalgebra over k is an Aso—coalgebra such that A; = 0 for i > 3. In this case,
we call the first two operations the differential and the coproduct, respectively, and use
the following adjustments to obtain an (ordinary) differential graded coalgebra:

(7) fc=(—DIA(c) and A(c) =) (-Dl@ley @ ).

where we write A, (c) =) c(1) ®k C(2)-
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In particular, the coproduct is coassociative, ie (A ®x 1) o A = (1 ®y A)o A, and the
graded co-Leibniz rule holds:

®) AB(c) =) (=) “Dleq)y @i b(c)) + 0(cry) Rk ca)-

An Aoo—comap f: € — 2 between A,—coalgebras ¢ and 2 over k, with operations
A; and ©; for i > 1, respectively, is a collection of k—linear grading-preserving maps

fi: ¢ — %K1 —i], i>1,

satisfying the relations

d d—i
DY BT @ ©; @k 1%4)f iy
i=1j=0
= > (Fa—i; ®k -+~ Ok Fir—iy Ok i) A
1<j<d
0<iy<ip<-<ij<d
where

1960710 @, 0; @k 1%%7 (dy_jy1,....d1)
= (=DM HG gy, i) @k ©i(dj4) ®k (dj ... dy)
e 9®k(d_i_j) Ok @®ki Ok @®kj.
Furthermore, the degree 0 map
o0
¢1-1]— [ ] 21-11%.
i=1

with i™ component equal to f;, factorizes through the natural inclusion

©) D 21" = [ [ 21-11"

i=1 i=1

of the direct sum into the direct product.

An Ax—comap f: € — Z is called an Aso—quasi-isomorphism if the map on co-
homology H* (%) — H*(2) induced by f! is an isomorphism.

We say that an A ,—coalgebra is strictly counital if there exists a k—linear map €: %4 — k
such that (e 1) Ay = (1® €)A, =1 and (18— Q4 € @ 1®k =) A; = 0 for all
i #2and j. Any Ay—coalgebra ¥ which has a cohomological counit, ie a cocycle
representing the counit in H*(%), is quasi-isomorphic to a strictly counital Aeo—
coalgebra; see [56, Section 7.5].
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A coaugmentation of a strictly counital 4.c—coalgebra ¢ is an Asc—comap n: k — €,
where k is considered as a vector space in degree 0 with the trivial 4,,—coalgebra
structure, and is such that en; = I and (1%% (=) @, € @4 1%k /=1)p; = 0 for all
i > 1 and j. The coaugmentation is called strict if n; = 0 fori > 2.

A DG-coalgebra ¢ is called conilpotent (also called cocomplete) if for any ¢ € €,
there exists an n > 2 such that ¢ is in the kernel of the iterated comultiplication map
defined recursively by A® = A, and AW = 1® "2 @, A)o A" for n > 2.
When considering coaugmented DG—coalgebras, conilpotency is enforced only on the
coaugmentation ideal coker (7).

2.1.3 Graded dual We next discuss the graded dual of a graded k—module. Since
we are working with bimodules over the ring k, there are two k—linear duals [8].

If o7 is a graded k-bimodule, o/ = @, <%, then the graded duals «/* = @;(/*); and
"o = @; (*</); are defined as follows. The graded components (/*); of % are left
k—module maps

homy, _(-;, k),

and the k—bimodule structure on /¥ is given as follows: if ey, ey, € k, a € («*); and
c € &/, then

(10) (ev-a-ey)(c) = alcey)ey.

The graded components (*o7); of #o7 in degree i are right k—module maps, which we
write as

hom_ (-, k),
and the k—bimodule structure is given by: if ey, ey, € k, a € (*«/); and ¢ € «/_;, then
(1) (ev-a-ey)(c) = eyaleyc).

Both canonical maps &7 —*(«7*) and &7 — (*)* are k—bimodule maps, which are
isomorphisms if &7 is locally finite.

If Vi, Vs, ..., V, are k—bimodules, there is a natural map

ViQr Vi @k @k V= (Vi ®k Va®k - ®k V)
given by

(12) (@ ®ap—1®--®a)(ci1®c2 Q- ®cy) :=aj(craz(cz--an(cp)--+)).
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Similarly, there is a natural map
Vo @k Vi1 @k - @k VI (Vi Q@ Vo Q-+ ®k Vi)
given by
(13) (@ ®ap-1®---Qa1)(c1®c2®---®cp):=an(---az(ai(ci)ca) - cn).

These give the graded duals €* and #& of a coaugmented A4 .o—coalgebra % the structure
of augmented A —algebras, with structure maps defined by

(14) mi (@i a1)(0) = (=D a; ® - @ a)Ai o).
Note that to get a nonzero product, we must have |m;(a;,...,a1)| = |c|, hence the
sign (—1)!¢! equals the sign (—1)la1l++lail=,

In general, there is no natural way of equipping the graded dual of an augmented
Aoso—algebra with an 4 —coalgebra structure. However, if the grading on <7 is locally
finite (ie .7 are finitely generated as k—bimodules), it follows that

AR SRR A = (AR A R+ R ),
ot @it Rp Q'S 2o R F -+ R ).

Using these isomorphisms, the graded duals «7# and #o7 of an augmented A oo—algebra 7
with locally finite grading can be naturally equipped with the structure of a coaugmented
Aso—coalgebra by using the formulas

Ai(e)(a; ®g - ®p ar) = (—=D)e(m;(az, ..., a1)).

2.1.4 Twisting cochains Let (¢, A,) be an Aso—coalgebra and let (&, m;, m;) be a
DG-algebra. A twisting cochain is a k—linear map t: ¢ — 7 of degree 1 that satisfies

(15) mpot—toA;+ Y (Dm0 t®%don, =0,
d=2
where mgz) :=m, and mgd) =myo(Idy ® mgd_l)). For ¢ € ¢, note that A;(c) # 0

for only finitely many 7, and hence the potentially infinite sum in (15) is actually finite
when it acts on c.

If the coalgebra ¢ is coaugmented by n: k — ¢ and the algebra ./ is augmented
€: @/ — k, we require in addition that its twisting cochains t are compatible in the
sense that

(16) ton=¢€ot=0.
We denote the set of twisting cochains from ¢ to & by Tw(¥, &).
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Let t € Tw(¥, &) be a twisting cochain. Consider the twisted tensor product .« ®;€ €
as a chain complex with differential d*: o/ ®}€ C — oA ®}€ ¢ defined by
(17) d'=m; ® ldy +1dy @ A,

+ (M ®@1dg) o (1, ® t8%4™! @ 1d¢r) o (Idy R Ag).
d=>2

Here the differential squares to zero, d‘od' = 0, since t satisfies (15). This complex
is the Koszul complex associated with t. It is called acyclic if the projection to k is a
quasi-isomorphism.

One also has an analogous complex of the form & ®}{ o

The K—vector space of k—bimodule morphisms homy_g (%, &) carries an A o—algebra
structure with operations n; for d > 1, given by

n (1) = myot+(=1) oA,
ng(ta ta—t, .. .11) = (~1)ETFD Do, 01y @---®11)0Ag  for d > 2,
where the composition (f; ® t7_1 ® --- ® t1) o Ay is defined componentwise. Thus, if
Ag(c)=cg ®---®cy, then
(ta ®k ta—1 @k Bk 1) Mg (¢) = (=1)Ttg(ca) ®k ta—i(ca—1) Ok - ®x t1(c1).

where T = ZJ — Zl_l lci| ¢ ]. In this setting, a twisting cochain t: ¥ — & corre-
sponds to a solution of the Maurer—Cartan equation

(18) Y onmitt.... =
i=1
(As before, this sum is effectively finite since, for any ¢ € €, A;(c) # 0 only for finitely

many i.)

A twisting cochain t: ¥ — « defines a twisted Aso—structure on homy, (%, <), with
operations nz, given by
la la— lo
¢ ! N— —N— ——
nd(ld,ld_l, ot = Z nd+lo+11+...+ld(’t, R 35 # 7% SN 5 2N BRRNUY » U SN )
;=0
We will denote this twisted Aso—structure by hom}‘ (%, o).

There are direct analogues of the above construction if we instead consider a DG—
coalgebra (¢, Ay, A,) and an A—algebra & with operations m;. The module
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homy_x (¢, <) has the structure of an As,—algebra with operations n; given by
@) =myor+(=DroA,
N (tg,tg—1s. - t) =g o(tg®tg_1 ® - ®11) 0 AP for d >2.

To make sense of the twisting cochain (18), one needs to make additional assumptions to
ensure the convergence of the infinite sum. This holds, for example, if € is conilpotent.

We remark that if both ¢ and . are Aoo—(co)algebras, then defining a twisting cochain
is a more complicated matter; cf [57, Introduction]. We will not need this here.

2.2 Bar-cobar duality for 4,,—(co)algebras

In this section we first introduce the bar and cobar constructions and then discuss basic
relations between them.

2.2.1 Bar and cobar constructions Let (<7, {m;};>1) be a strictly unital Aq—
algebra with a strict augmentation € : &7 — k. Define the augmentation ideal </ =ker(e).
If we are given a nonunital Ax,—algebra <7, we can turn it into a strictly unital Aso—
algebra .« := k @ «/ with an augmentation given by projection to k.

We next recall the construction of the (reduced) bar construction B</. For any aug-
mented Aso—algebra o/, B/ is a coaugmented conilpotent DG—coalgebra. As a
coaugmented coalgebra, B« is defined as

Bo =k®J]® A2,

where [1] denotes the downwards shift by 1. We write a typical monomial using
Eilenberg and Mac Lane’s notation

laglag—1|---|a1] =saq @ sag_1 k -+ Sk say,

where for a € <7, sa € </[1] denotes the corresponding element in <7[1] with degree
shifted down by 1.

The differential b: B/ — B.«7 is defined to vanish on k C <7, so b = 0, and defined
on monomials by
b(laglag—1l---la1])

=Y (=Dl =g, ag e mia . g lag] - lag).

i,Jj
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The coproduct A;: B« - B« ®j B« is defined by

d
Ap([aglag—i]--lai) =Y (=Dt el g jay |- la; o 1)®klailai—i |- ]ai].
i=0

The slightly unusual sign (—1)@ |+=+lail=i

appears as a consequence of the following
two facts:

(i) The equation b2 = 0 is equivalent to the Aoo—relations (3) for (m;);>1.

(i) The pair (b, A,) satisfies the co- Aoo—relations (6).
Redefining (b, A;) to (6, A) using (7) removes the sign in A,, and (6, A) becomes
a (usual) coassociative DG—coalgebra, where the co-Leibniz rule (8) holds. The
coaugmentation n: k — B.<7 is defined by letting n; be the inclusion of & and n; =0
fori > 0.

There is an increasing, exhaustive and bounded below (hence, complete Hausdorff)
filtration on the complex B.<7,
k=F"Bo/ C FIB«#/ C---CB«/, where FPBo/ =k @ J[1]® - ® F[1|PkP.
This induces the word-length spectral sequence with
EPY = HPY(FPBo/ | FP~'Boy)

converging strongly to

ER! = FPHPYI(Be)/FP HP T4 (B)
by the classical convergence theorem [64, Theorem 5.5.1]. It can be proved using
this spectral sequence that if an A —map ¢: &/ — % is a quasi-isomorphism, then

the naturally induced DG—coalgebra map Be: B&Z — B4 is a quasi-isomorphism; see
[49, Proposition 2.2.3].

There is a universal twisting cochain t,, : B/ — ./ which is nonzero only on «7[1] C B/

and is given by the inclusion map «/[1] — &. The twisting cochain t,, gives rise to a
free o/—bimodule resolution of <7 obtained as a twisted tensor product

t t
o @ B ;7 o,

with the differential d given by the formula

(19) d=m; @k ldpy Qk 1dy +1dy Q) b @k 1dy +1dy ® Idpy @k my

+ ( > (mg®41dp.)o(Idey @yt~ @4 Idp.r)o (Id.y R A(Zd))) ®rld.,
d=2

+1d,w®k( Z(Idgtoj@kmd)o(ldgmkt@kd—l®k1dﬂ)o(A(;’)®k1dd)).
d=2
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This can be used to compute Hochschild homology and cohomology of .7 with coeffi-
cients in an «/—bimodule .#.

Consider instead a strictly counital A,—coalgebra & with operations A; and with a
strict coaugmentation n: k — %. Let € = coker(n) be the coaugmentation ideal. We
next recall the cobar construction, which associates a DG—algebra Q% to €. As an
augmented algebra, Q% is

(20) Q¢ =k®C-10¢-11°*®--- .

As before, we write a typical monomial as

lcalca—1]+lei] =5 ey ®p s gy ®p - ®p s ey,

where for ¢ € €, s~ !¢ € €[—1] denotes the corresponding element in 4[—1] with degree
shifted up by 1. The differential m; on Q2% vanishes on k, so m;[, = 0, and acts on
monomials as

my(em| -+ lex]) = D (=Dl Hlal=te, [oep A (ciDleil - ler).
i?j
Here, by abuse of notation, we write A ; for the induced coproduct ¢[—1] — ] [—1]%/.

The product m,: Q¥ ® QE — Q¥ is given by

my([em] -+ leipal [ei] -+ ler]) = (=D lel=i e eyl -+ e

The slightly unusual sign (—1)lerltleil=i appears as a consequence of the following
two facts:

(i) The equation m% = 0 is equivalent to co-Ao—relations (6) for (Aj);>1.
(i) The pair (m;, m;) satisfies the Aoo—relations (3).

Redefining (my, m,) to (d, -) using (4) removes the sign in m,, and (d, - ) becomes a
(usual) associative DG—algebra, where the Leibniz rule (5) holds. The augmentation
€: Q% — k is given by letting €; be the projection to k and €; = 0 for i > 0.

There is a decreasing, exhaustive, bounded above filtration on the complex Q%

Q6 =F'Qe D> F'QE D,
given by
FPQE = C-1]%x? @ ¢[—-11®«PtD g ... |

This gives the word-length spectral sequence with

EPY = HPYU(FPQe | FPHIQe).
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Unlike the case of the word-length filtration on the bar construction, for the cobar
construction, in general, convergence may fail. Thus, we introduce completions. We
define the completed cobar construction to be

Q¢ = lim(Q?)/(F Q).

The length filtration on Q% induces a filtration F on Q¢ defined by

FPQe =1im(FPQe)/(F*QE),
S

which is decreasing, exhaustive, bounded above and complete Hausdorff. The spectral
sequence associated to the filtration Fon Q¢ is isomorphic to the length spectral se-
quence associated with the filtration F on Q% and converges conditionally to H* (ﬁ €);
see [9, Theorem 9.2]. It converges strongly to H* (5\2(5) if the spectral sequence is
regular, ie only finitely many of the differentials ¢/*? are nonzero for each p and ¢;
see [9, Theorem 7.1]. This holds, for example, if Q% is locally finite.

We say that Q% is complete if the natural map Q€ — Q¢ isa quasi-isomorphism. For
example, it is easy to see that this is the case if € is locally finite and simply connected.

Iff: ¢ - 2 is an Axo—comap which is a quasi-isomorphism of A,,—coalgebras, and
if Q% and 2 are complete, then Qf is a quasi-isomorphism. (This follows from
[21, Theorem 7.4]; see also [64, Theorem 5.5.11].) The completeness assumptions
are necessary and are related to the completeness of the word-length filtration. A
counterexample when the completeness assumptions are dropped can be found in
[49, Section 2.4.1].

There is a universal twisting cochain t : € — Q% given by the composition of canonical

projection ¥ — %[—1] and the canonical inclusion ¢ [—1] - Q% .

2.2.2 Bar-cobar adjunction Suppose that € is a coaugmented A —coalgebra and
</ 1s an augmented DG-algebra. Then we have a canonical bijection

2D hompg(QE, &) — TW(€, &)

given by ¢ > ¢ o t?. Similarly, if ¢ is a coaugmented conilpotent DG—coalgebra and
&/ 1s an augmented A ,—algebra, then we have a canonical bijection

(22) homeopg (¢, B«) — Tw (%, o),

given by ¢ — t, o ¢; see [57, lemme 3.17].
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Therefore, when % is a coaugmented conilpotent DG—coalgebra, and < is an augmented
DG-algebra, we have the bar—cobar adjunction

hompg(R¥E, &) = hom,pg (¢, B«).
Moreover, the natural DG—maps
(23) QB« -« and ¥ — BQY¥

are quasi-isomorphisms for any DG—algebra <7 and conilpotent DG—coalgebra %’; see
[56, Section 6.10]. It is also true that for any As.—algebra <7, the A—algebra map

o — QB

given by the adjunction map B« — BQB.# is an Aso—quasi-isomorphism; see [47,
lemme 2.3.4.3]. Note that any Asc—quasi-isomorphism is invertible up to homotopy
[59, Corollary 1.4].

Similarly, for any A,—coalgebra ¢, the A,—comap
BQ€ — ¢
given by the adjunction map QBQ% — Q% is an As—quasi-isomorphism.

However, an Ao—quasi-isomorphism for a general 4,—coalgebra is not usually a
convenient notion since, as we remarked above, a quasi-isomorphism of 4 —coalgebras
between ¢ and C’ does not necessarily induce a quasi-isomorphism of DG-algebras
Q% and QC’.

For this reason, one considers the category of conilpotent As—coalgebras. Let ¢ be
a coaugmented A ,—coalgebra generated over k by variables (¢;);cy, with I some
countable index set, such that there exists a total ordering

Co(1) <Cg(2) <'°°,
where o: I — [ is a bijection. This produces an increasing filtration
F=kcrlc---cQ¥

by setting 77 = k({cg(1), ..., Co(p))- Suppose that the structure maps (A;);>; are
compatible with this filtration, in the sense that A;(cs(p)) C F? ~! for all i and p.
Then we call € a conilpotent 4,—coalgebra. (More generally, homotopy retracts of
such As.—coalgebras are called conilpotent [56, Sections 6.10 and 9]. This notion is
called finite type in [46].). Given two such As—coalgebras ¢ and C’, one considers
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filtered Aoo—comaps between them. In the case of a conilpotent DG—coalgebra ¢ there
exists an increasing filtration on 2% given by the subalgebras Ker(A(”)) that plays the
same role; see [47, lemme 1.3.2.3].

We next state the following elementary lemma for later convenience.

Lemma 10 Let o7 be an augmented Ao—algebra such that the k—bimodule structures
on o/ and B« are locally finite. Then there are quasi-isomorphisms of augmented
DG-algebras

Q7" - Bx)* and Qo) —>*B).

Note that the assumption is satisfied when .« is locally finite and simply connected.
We shall briefly consider the case when 7 is only assumed to be locally finite and
connected, in which case we have:

Lemma 11 Let«/ =); o ! be a connected, locally finite k—bimodule equipped with
an augmented Ac—algebra structure. Then there are maps of DG—algebras

Q") > Ba)* and Q') >*(Bw)
which become quasi-isomorphisms, after completion,

Q" > Bx)* and Qo) >*B).
2.3 Koszul duality

Suppose ¥ is a coaugmented conilpotent A.o—coalgebra and <7 is an augmented DG—
algebra. Via the bijection (21), any twisting cochain t € Tw(¥, <) is of the form
t = ¢ o t* for some unique ¢ € hompg(Q%, «). Similarly, if ¢ is a coaugmented
conilpotent DG—coalgebra and <7 is an augmented A ,—algebra, any twisting cochain
t e Tw(%, &) is of the form t = t,, o ¢ for some ¢ € hom,pg(%, B«).

Definition 12 In either case above we call t a Koszul twisting cochain if ¢ is a
quasi-isomorphism, and we denote the set of Koszul twisting cochains by Kos(¢, «).

The terminology of Koszul twisting cochains is taken from [49]. They are also
called acyclic twisting cochains in other sources [47; 56]. This terminology is due
to the well-known fact that, under various local-finiteness assumptions, a twisting
cochain t is Koszul if and only if the Koszul complex (17) associated to t is acyclic;
see [56, Appendix A].
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Informally, if t € Kos(%, <), then, depending on whether we write t = ¢ o t% or
t =t o ¢, either o/ can be used in place of Q2%, or ¢ can be used in place of B/
in various resolutions. This, in turn, may lead to smaller complexes to compute with.
For example, one can compute Hochschild homology and cohomology of < and Q%
using the «/—bimodule resolution of <7 given by the complex

o ® C R o
with the differential as in (19); see [39].

Suppose that .7 is an A s,—algebra with an augmentation € : &/ — k. The augmentation €
makes k into a left .«/—module, or equivalently, a right «7°°’~module.

Definition 13 The Koszul dual of an augmented A,,—algebra <7 is the DG-algebra of
left .&/—module maps from k to itself,

E(«):=RHom (k, k).

Recall that for a unital 4x,—algebra & over a field K (or a semisimple ring such
as k), any Aso—module is both A-projective and A—injective; that is, if M is an
Aso—module over & and N is an acyclic Asc—module over <7, then the complexes
RHom,/ (M, N) and RHom,, (N, M) are acyclic [59, Lemma 1.16]. Hence, the DG-
algebra RHom,, (k, k) can be computed as the A,c—module homomorphisms from k
to itself. (More generally, this holds if .« is A—projective as a complex of k—modules,
which implies that k is h—projective as an As,—module over «.) Therefore, we have
the following:

Proposition 14 If o/ (resp. «/°P) is an augmented unital A,—algebra, then

RHom,, (k, k) = (B«)" (resp. {(B«7)).

Proof Recall that & ®j B/ is quasi-isomorphic to k as an «/—module. Hence, by
the hom-tensor adjunction, we have RHom, (& @ B«/, k) =~ RHomy (B« k). Since
&/ is h—projective as a complex of k—modules, so is B./; hence the latter is computed
by (B«)*. m]

In this model of E (<), the k—bimodule structure on E (<) can be seen as in (10),
since k is viewed as a left k—module induced from its structure as a left .«7—module. If,
instead, we have an augmentation of .&7°P, then we view k as a right .&#/—module, and
the k—bimodule structure on RHom,, (k, k) would be given by (11).
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The cohomology of E (&) is a graded algebra,
Ext. (k, k) := H*(RHom,, (k. k)) = H*((B«)").

Dually, we also have the derived tensor product k®_,k, which can be computed by the
complex B/. The cohomology is a graded coalgebra

Tor, (k. k) = H*(k®./k) = H*(B«).
In particular, if k is a field, we have that Ext,, (k, k) = (Tor,, (k, k))* by the universal
coefficient theorem.
Remark 15 If &7 is a commutative algebra (or more generally an E,—algebra), then
Tor,,(k, k) also has a graded algebra structure, defined via
Tory (k, k) @ Tory (k, k) — Torygs(k Qk, k @ k) — Tor,,(k, k),
induced by the algebra map &/ ® & — o/ (which exists since </ is commutative). This
should not be confused with the natural coalgebra structure above.
Note that o itself can be viewed as a left «#—module and the map €: .«# — k is a map
of left &7—modules; hence, it induces a map of left £ (<7)°P—modules
€:RHom/(k, k)°® - RHom, (<, k),

which can in turn be viewed as an augmentation of £ («)°® = RHom,, (k, k)°P, since
RHom,, (<, k) can again be identified with k as it is the Yoneda image of k as an
«/—module. Hence, k can be viewed as a right E(«/)-module.

Definition 16 The double dual of .7 is defined to be E(E (<)) := RHompg ) (k, k).

There is a natural map from </ to its double dual,
®: .o/ — RHomg () (k. k),

defined via viewing the right E(</)-module k as RHom,, («, k) and acting on the
left by & =~ RHom,, (<7, «).

Definition 17 We say that o7 and E (/) are Koszul dual if ®: .« — RHomg () (k, k)
is a quasi-isomorphism.

One standard situation in which Koszul duality holds is the following:
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Theorem 18 Suppose ¢ = P, < %' is a locally finite, simply connected k—bimodule
equipped with an As,—coalgebra structure and the coaugmentation k = ¢° — €. Let
o/ = Q€, which is an augmented connected DG-algebra. Then E (<) = ¢*, and
</ and €* are Koszul dual. In other words, the natural morphism

Q% — RHomg () (k, k)
is a quasi-isomorphism.

Proof First, observe that indeed E (<) = (B«?)" = (BQ¥)* = ¢* by (23) and because
Homy, _(—, k) preserves quasi-isomorphisms. Next, we have that

RHom (. (k, k) = *(B(¢%)) = Q%,

where we applied Lemma 10 to ¢* and used the fact that #(4*) = ¢ since ¢ is locally
finite. i

Rather than making the grading assumptions on ¢ as in Theorem 18, which guarantee
that B¢ is locally finite, one can directly assume that the grading on the cohomology
H*(Q%) is locally finite. This assumption is harder to check in practice but Koszul
duality still holds under this assumption, which one can prove by combining the above
argument with the homological perturbation lemma; see for example [43, Theorem 2.8].

In the case that ¥ = @), -, %" is a locally finite, connected (but not simply connected)
k—bimodule, Lemma 10 no longer applies. We instead use Lemma 11 to deduce the
following weaker duality result:

Proposition19 Let ¢ =@, ¢ ! be a connected, locally finite k—bimodule, equipped
with an Ao—coalgebra structure and coaugmentation k = ¢° — ¢, and let o = Q€ =
ko i>1 (€]—1])®*/, which is an augmented DG-algebra where augmentation is
given by projection to k. Then E(</) = ¢* and there is a quasi-isomorphism

Qv — RHompg () (k, k).

Note that in Proposition 19, &7 = Q% is not connected, and may admit other augmen-
tations €: & — k than that induced by the cobar construction. Such augmentations
will be considered below. For example, suppose that ¢ = k @ ¢ is a coaugmented
Aoo—coalgebra such that ¥ = K(c|c € R) is generated by elements ¢ from an indexing
set R and that €: Q% — k is an augmentation, which is induced by a map ¢ — k
since Q% is free. Now we can consider the coaugmented A o—coalgebra €€ = k @ €€
such that
€ =K(c—e(c)lg | c €R).
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Then Q% and Q%€ are quasi-isomorphic as nonaugmented DG-algebras, and the
augmentation on Q%* induced by the cobar construction coincides with the given
augmentation € on 2.

Remark 20 When % is not simply connected, the proof of duality fails precisely
because B¢* is not locally finite. Nevertheless, the duality result can still be proved
in certain cases where an extra weight grading (internal degree, or Adams degree) is
available; see [50; 56, Appendix A.2; 39]. We will not study this situation systematically
in this paper, but it is important as it extends the range of applicability of Koszul duality
theory. In the setting of Chekanov—Eliashberg DG-algebras, such a situation was
considered in [32].

3 Legendrian (co)algebra

In this section we introduce our Legendrian invariants. We start by discussing a model
for loop space coefficients in Section 3.1. In Section 3.2 we define the Chekanov—
Eliashberg algebra with loop space coefficients using moduli spaces of disks of all
dimensions, and in Section 3.4 we give a more computable version, which uses only
rigid disks and which carries the same information if the Legendrian submanifold is
simply connected.

3.1 Coefficients

Before defining our Legendrian invariants, we describe chain models for their coeffi-
cients C_x(2p,Ay) for v e I'T. (Notation is as above, Ay is a + decorated connected
component of the Legendrian A.) We work over a field K.

Let 2, Ay denote the topological monoid of Moore loops based at p,, where the
monoid structure comes from concatenation of loops; see [5]. Write C_« (2, Ay) for
the cubical chain complex (graded cohomologically). Since €2, Ay is a topological
monoid, the complex C_«(£2,,Ay) becomes a DG-algebra using the natural product
map X on cubical chains, where the DG—-algebra product is given as

Cos(Qp, Av) ® C—s(Rp, Ay) = Csc(Rpy Ay X Qp, Ay) —> C—sc(Rp, Av).
We point out that the x—map
X1 Cse(Rpy M) ® C—i(Rp, Av) = Cs(Qp, Ay X Qp, Ap),

when both sides are equipped with the Pontryagin product, is a DG—-algebra map.
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In what follows, we shall also make use of an inverse to the x, known as the Serre
diagonal [60], and the cubical analogue of the Alexander—Whitney map,

(24) N Cs(Qp, Ay X 2p, Ay) = C—x(Qp, Ay) ® C_s(R2p,, Aw).

To define this map consider the n—cube I with coordinates (xq,...,Xy;). For an
ordered j—element subset J C {1,2,...,n}, J = (i1,...,i;) withi; <--- <ij, and
for e € {0, 1}, let (5 : I/ — I" be the map given in coordinates y = (y1, ..., yj) by

xi, gD =ypr  and  xpm(y(y) =€ fmglJ.

Consider a cubical chain (0, 7): I" — Qp, Ay X Qp,, Ay. If J is an ordered subset of
{1,...,n},let J' denote its complement ordered in the natural way. Define 1 by

1) =) (1" (o) @ (o),
J

where the sum ranges over all ordered subsets J, and (—1)77 " is the sign of the
permutation JJ’. This is a strictly associative chain map inducing a quasi-isomorphism.

Note also that there are obvious extensions of 7 to several products of loop spaces.

As the cubical chain complex C_(£2p, Ay) is very large, it is not the most effective
complex for computation. We next discuss smaller models. Starting with a O—reduced
simplicial set X with geometric realization | X'| = A,, an explicit economical model
for C_«(€2p,Ay) is obtained by taking normalized chains on the Kan loop group GX;
see [44]. We will not say much about this, but point out that GX is a free simplicial
group, whose geometric realization |GX | is homotopy equivalent to Q| X|; see [37,
Corollary 5.11]. Hence, by the monoidal Dold—Kan correspondence [58], the nor-
malized chains on GX give a (weakly) equivalent model of C_«(£2,,Ay). (Another
similar construction is sketched in [46], and leads to a free model.)

Alternatively, one can work with CW—complexes. We start with the simply connected
case: for a 1-reduced (unique O—cell and no 1—cells) CW-structure on A,, the Adams—
Hilton construction [5] gives a free DG—algebra model for C_4 (€2, Ay) as follows.
Denote the k—cells of A, by e}; fork >2andi =1,...,my. The Adams—Hilton
construction gives a CW-monoid with a single 0—cell, and generating cells ¢; in
dimension k — 1, which is quasi-isomorphic to 2, (Ay) as a monoid; see [14]. This
gives a DG—algebra structure on the free algebra,

A(Ay) =K(e,y,....e5% 85, ....ex%,......), with [ef| =1—k,
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and a DG—algebra map v
A(Ay) — Cx(2p, Av),

which is a quasi-isomorphism. The differential d on A(A,) is generally not explicit. It
is defined recursively as follows. For every 2—cell e;, we have d (éé) = 0. In general,
assuming that d_; and Wj_; have been defined on the k—skeleton A(vk) of Ay, then
for each (k+1)—cell e, with attaching map f: S¥ — A(vk), define dié = c so that
(Ur_1)(c) = (2f)«(£), where & a generator of Hy_;(2S%), and define Wy, (¢) to be
the k—chain of loops in e (which then depends on earlier choices along the boundary
of &). We remark that A(A,) can be identified isomorphically with QCEW(A ) for a
suitable A4s,—coalgebra structure on the cellular chain complex CSW(A).

This construction can be generalized to the non-simply-connected case as follows. !
Begin with a 0-reduced CW-structure on A,. Denote the k—cells by e;'c for i =
1,...,my. For each k—cell elk with k£ > 2, we have a free variable in degree 1 — £,
which we again denote by é;{. For each 1—cell e{ with j =1,...,m, we have two

variables 7; and tj_1 in degree O such that ¢; tj_l =1= tj_llj. Thus, the underlying

algebra is the “almost free” algebra of the form

ANy =K sl e, e e et ).

This presentation is often more efficient than the presentation one gets from the Kan loop
group construction using a simplicial set presentation of A,. However, the differential
in the Adams—Hilton model is not easy to describe explicitly. Note that we have

d(tj)=d(t;7") =0
for degree reasons. For every 2—cell eé, we have
d@h) =1-c,

where ¢; € ]K(t]-il | j =1,...,my) represents the class of the attaching map of e;. The
differential on higher-dimensional cells is generally harder to compute and is exactly
as in the simply connected case discussed above.

Augmentations €: A(A,) — K correspond to solutions of the equations

{e(tj)e(tj_l) =1 forj=1,...,my,
e(dé;) =0 fori=1,...,m,.

ISee [40; 41]: a generalization was given earlier in [33], however that paper contains an error.
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Since K(tjil,j =1,...,m |dé;,i =1,...,my) is a presentation of the fundamental
group algebra K[y (A, py)], augmentations correspond exactly to local systems
w1 (Ay, py) = K.

We will use the cubical chain complex C_«(£2p,Ay) to define Legendrian invariants
below. Cubical chains work uniformly for all spaces A, and are convenient for showing
that the fundamental classes of moduli spaces of pseudoholomorphic disks M?*Y, via
evaluation maps, take values in the chain complex. The Legendrian invariants can also
be studied using any of the smaller models discussed above. It is however important
to note that in the non-simply-connected case, we only have either weak equivalence
in the homotopy category of DG-algebras, or Morita equivalence [40; 41] of these
models and the cubical chain complex C_4(£2,, Ay).

In the case that A, is simply connected, we can use a DG-algebra map
O: C_s(Qp,Ap) = A(Ay)

that goes in the opposite direction to the Adams—Hilton map to pass to a more eco-
nomical quasi-isomorphic model. Such a homotopy equivalence @ is constructed in
two steps: first construct, as in [54] using Eilenberg—Moore methods, a DG-algebra
quasi-isomorphism

(25) C_s(R2p,Ay) = QCx(Ay),

where in both instances Cy refers to the normalized singular chains. Second, using
the standard A ,,—coalgebra quasi-isomorphism between the DG—coalgebra of singular
chains Cx(Ay) and the Ao,—coalgebra C*CW(AU) of normalized cellular chains, one
obtains a DG—algebra quasi-isomorphism

QCx(Ay) = QCEV(Ay) = A(Ay),

since we assumed that the complexes Cyx and CEW are simply connected. (In Section 3.5,
we also give a more geometric construction of a DG-algebra quasi-isomorphism ¢
corresponding to (25) landing in Morse chains, using Morse flow trees.)

Similarly, if A, is homotopy equivalent to an Eilenberg—Mac Lane space K(y, 1),
then the singular chains can be replaced with the group algebra K[m{]: there exists a
quasi-isomorphism of DG-algebras

Cos(Rp, Av) = K[m)]
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given by sending a O—chain to its homology class, and sending all higher-dimensional
chains to 0. Note that this DG—algebra map exists for any space A, but is a quasi-
isomorphism only in the case that A, is homotopy equivalent to K(ry, 1).

It is often convenient to use a cofibrant (or free) replacement for K[r;]. For example,
if Ay = S, then K[7r;] = K[t,#7 '] and a cofibrant replacement is given by the free
graded algebra

K{sy,t1, k1,11, ur),  where [si| = |t1| =0, |ki| = |l1] =—1, |u1| =-2,
with the differential
dki=1—s1t;, dli=1—t151, duj=kis1—s1l;.

A DG-algebra defined over K[z, 7] can be pulled back to a weakly equivalent DG—
algebra over this cofibrant replacement. (See [63] for background in model categories
on DG-algebras that we are using in a very simple case here.)

3.2 Construction of Legendrian invariants

As above, let X be a Liouville domain with ¢1 (X)) = 0 (for Z—grading) and 0X =Y its
contact boundary. Let A = |_|v€no (A) Av be a Legendrian submanifold in ¥, where A,
is a connected component of A. Assume that A is relatively spin and that its Maslov
class vanishes. Let each connected component A, be decorated with a sign and write
A" and A~ for the union of the components decorated accordingly. (Our different
treatment of AT and A~ is natural from the point of view of handle attachments; recall
from the introduction that when A~ is a union of spheres, we attach usual Lagrangian
disk-handles to A~ and handles with cotangent ends to A*.) When we have an exact
Lagrangian filling L of A (relatively spin and with vanishing Maslov class), L can
also be decomposed into embedded components L = | J,p Ly. These embedded
components are not disjoint: they are allowed to intersect transversely at finitely many
points. There is a bijection between I' and the embedded components of L.

We require that if two components A4,, and A, are boundary components of the same
embedded component L, then either both belong to A~ or both to AT. Using this
property, we get a decomposition I' = 't LI '™, corresponding to the decomposition
A=ATUA".

Let k be the semisimple ring generated by mutually orthogonal idempotents {ey }yer.
If we are not given a filling of A, then the index set I is taken to be the connected

Geometry & Topology, Volume 27 (2023)



Duality between Lagrangian and Legendrian invariants 2085

components, g(A), instead. If we need to distinguish between the two choices, we
will denote them as k5 and k. Note that there is an injective ring map ky — k
which takes the idempotent e, corresponding to an embedded component L, to the
sum ey, + - -+ + ey, of idempotents of its boundary components Ay, . In particular,
this map turns any k o —bimodule into a k ; —bimodule.

Let R denote the set of nonempty Reeb chords of A. This is a graded set: the grading of
a chord ¢ € R is given by |c¢| = —CZ(c), where CZ(c) is the Conley—Zehnder grading;
see Appendix A. (With this convention, the unique chord ¢ of the standard Legendrian
unknot in R3 has |¢| = —2 and for the corresponding Legendrian unknot in R2"~!
with one Reeb chord ¢, we have |¢| = —n. See also Remark 30.)

Note that the vector space generated by R is a k—bimodule, where e, Re,, corresponds
to the set of Reeb chords from A, to Ay. The underlying algebra of the standard
Chekanov—Eliashberg DG-algebra is generated freely by R over k. We need to modify
this in the case that AT is nonempty to incorporate chains in the based loop space
of Ay for v e I't. Let us first do this using cubical chains.

For each v € '™, consider the cubical chains C_«(2,, Ay) as a k—algebra by requiring
that the left or right action of e, is trivial except if w = v, when it acts as identity.
Let CE* be the algebra over k given by adjoining elements of R to the union of
C_«(R2p,Ay) forv e I't. Thus an element of CE* is a sum of alternating words in
Reeb chords, o1¢102¢5 « - 0CmOm+1, Where ¢; are Reeb chords and o; chains of
based loops in the component of the Legendrian where the adjacent Reeb chord lies.

Now the differential on CE* is defined by extending the differential on the cubical
complexes C_x(2,,Ay) for v € I'y. We describe the differential on a single Reeb
chord and extend it by the graded Leibniz rule. The differential d on a Reeb chord
decomposes to a sum

d=>"Ai

i=0
where for any Reeb chord ¢ only finitely many A;(cg) are nonzero. The operations
Aj(co) are defined as follows.

Consider moduli spaces of holomorphic disks with positive puncture at cq; for defini-
tions and notation see Appendix A. More precisely, consider Reeb chords ¢;, ..., cq
(;"ci_ -=-c¢; . Consider the
space of disks D; 41 with one distinguished positive puncture and i negative punctures

such that cgc; --- ¢y is a composable word and let ¢ = ¢

(across which the boundary numbering is constant, in the terminology of Appendix A).
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Consider the moduli space MY (¢). As we use a translation-invariant almost complex
structure on the symplectization, R acts by this moduli space by translation. Write

(26) MR (¢) := M¥(¢)/R

for the quotient. Theorems 74 and 75 imply that M*YR (¢) is a smooth orientable
manifold, with a natural compactification as a stratified space that carries a fundamental
chain. It follows, via the evaluation map at a point in the boundary arcs of D; 1, that
MR (¢) parametrizes a chain of paths in the (i +1)—fold product A,

We transform these chains of paths to chains of based loops as follows. On each
component A, pick reference arcs connecting all Reeb chord endpoints to the basepoint.
Let U, C Ay be a disk which is a regular neighborhood of these arcs. For convenience
we take the disk to be smooth. Then a collar neighborhood on its boundary gives a
smooth map 0y : (Ay, *y) = (Ay, *y) such that 0, (Dy) = *y and Oy| o )\ D, : Av\ Dy —
Ay \ {*y} is a diffeomorphism. To get a chain of loops parametrized by M*(¢) we
compose its chains of paths with the maps 6,. The resulting chain of paths then takes
all Reeb chord endpoints in component A, to the basepoint *,. Thus by composition
with 6,, the moduli space parametrizes a chain of loops in (£2 pA)X(i"'l).

We treat two cases separately. First, if all boundary components of D;4; map to
components in A, then we let
nei---cq  if dim(M%(e)) =1,
0 if dim(M%(¢)) # 1,
where 7 is the algebraic number of R components in the moduli space. Second, if

@7 M2 (¢)] = {

some boundary component maps to a component in A1, then we write [M*® (¢)] for
the chain of paths in (2 pA)X(H'l), where we separate the components in the product
by the Reeb chords ¢/ = ¢;---¢1:

[MPR(¢)] = 0j41¢i0i -+~ 02101,

where o; are the components of the fundamental chain o : M*¥R(¢) — (L2 A)X(i +D),
Further, we write e, for each boundary component that maps to a component in A™ in
between the Reeb chords ¢; - - - ¢; as above.

A subtle point here is that the moduli space M*YR (¢) naturally gives rise to a chain o in
C_ (QA*EHD) rather than in C_4(QA)®E+D | Note that o; are simply components
of o, they are not considered as chains. To separate these out we apply the cubical
Alexander—Whitney map

n: Coi (AT o C_(QA)PETD,
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recalled in Section 3.1. With these conventions we then define for i > 0,

Ai(co):= Y pMY(e)].
c=c0+ ¢, Cy
where we separate the components of the tensor product by the Reeb chords in ¢/, in
analogy with the notation for the product chain and where 7 is the Serre diagonal from
equation (24). The output of A;(cg) is thus a sum of alternating words of chains of
loops in C_,(€2A) and Reeb chords, and A; is an operation of degree 2—i on LC«(A).
We point out that if there are AT components, then higher-dimensional moduli spaces
contribute to the differential (unlike the case when A = A™). Note also that it is possible
to have holomorphic disks contributing to Ay, which means that the chord cy is the

positive puncture of a disk without negative punctures.

Our next result shows that the operations A; give a differential on CE*. The proof
uses boundaries of moduli spaces of holomorphic disks. By SFT compactness [12] and
standard gluing results —see eg [31, Appendix A; 23, Appendix B] — the boundary
of a moduli space M*(c) consists of several level holomorphic buildings of curves
with top level in M* (¢”) and lower levels in M (¢”"), where the positive puncture of
a curve in a lower level is attached at a negative puncture of a curve above it. In terms
of M*R(¢), standard gluing results imply that in a neighborhood of several-level curves
where positive and negative punctures are joined at d Reeb chords, the moduli space
MR (c) is C-diffeomorphic to
d

(28) 0. )7 x [ [ M¥=(¢)).

j=1
where the product runs over positive punctures in the holomorphic building which are
not the positive puncture of the curve in M*R(¢).

We will use the compact notation x to denote all such broken configurations and write
simply
IMIR () = MR () x MR ().

We next need to consider the fundamental chain of loops [M*E (¢”) * MR (¢”')] carried
by MR (¢") x MR (¢"), or in other words the codimension 1 boundary of [MY& (¢)].
If the dimension of M*R(¢) is d then its boundary gives (d—1)—dimensional chains
of loops in A. Consider a several-level building with moduli space components ./\/tj.y
of dimension d; > 1, j = 1,...,m. Then, by SFT compactness, d + 1 = Z;'n=1 d;.
A boundary component of a several-level disk that consists of boundary segments

from k disks in Mj{ o Mji ® will then carry a chain of loops in A of dimension
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Zle (dj, —1) =d —1, with equality only if the broken configuration consists of only
two levels. It follows that only two level curves contribute to [M¥E (¢’) * M¥YR (¢)].
More precisely, the codimension 1 boundary of MR (cg' Cp + - €7 ) corresponding to
curves joined at only one Reeb chord contributes with top-dimensional stratum of the
boundary in the form of a product,

MSyR(CS_C CbTe e % /\/IWR(bJr 1 )
In particular, the chains of loops along the two-level boundary segments of the two-
level curve are given by the Pontryagin product of the two adjacent chains of one level
segments that form the two-level segment. In the two-level moduli space above, if
k > 1 there are two two-level boundary segments: the segments between ¢ and b~
in the upper-level curve joined to the segment between ™ and iy and the segment
between Ci k41 and b in the lower level is joined to the segment between b~ and
¢k in the upper level. If the upper-level moduli space parametrizes the chains of
loops in C_y(QA*=5)) with components given by
OmCmOm—1""" cjﬂj,'_lbﬂj_kcj—k ©+01€100,
and the lower-level the chain in C—,(QA*® 1) with components given by
By _1¢ji-10j—2"+0j—k41¢j—k+1B]

and if * denotes the constant chain and - the Pontryagin product, then the chain in
C_ (QAXM+1) that contributes to the boundary has components
(29) (om-*)cm (Om—y %)+ (Uj - %) Cj (ﬁ}—l : }/_1) Cj—1 (* 'Uj—z)

(k0 0j k1) Gkt (Bi_g - By _g) €imk (Tj—p—1 %) -+ (01 - %) €1 (00 - %).
In the case that k = 1, the lower-level curve lies in M*® (bT) and has no negative
punctures. In this case the boundary contribution is
(30) (om =) em++ (0 %) cj(@j_y - B vj_y) cj—1 (Gj—a %) -+ (01 - %) 1 (00 - %),
where o’ - 8” -’ denotes the chain of loops parametrized by

MSYR (c(—;_cm b cl) X MSyR (b+)’

which at (s, 1) € MR (c(;“cm covb--ocp) X MYR(BT) is the loop o/ (s) - B (t) - y'(s),

where - denotes concatenation.

Proposition 21 Let d: CE* — CE* be the map extended to CE* by the graded
Leibniz rule. Then d is a differential, d* = 0. We call CE* with the differential d the
Chekanov-Eliashberg DG-algebra.
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Remark 22 When A = A—, CE* was called LC A* in [32]; this is the cohomologically
graded version of the usual Legendrian homology algebra LHA, in [11]. By definition,
we have LHA, = CE™*,

Proof When there are only components in A~ involved, the result follows from
standard arguments involving the boundary of 1-dimensional moduli spaces; see eg
[28; 23; 11]. Consider therefore the case when there are chains in the loop space
involved.

— ot
Lete =c¢y ¢,

The codimension 1 strata of its boundary consists of broken curves with one level of

-+¢| . The d—dimensional moduli space M*¥(¢) contributes to dcy.

dimension d — k and one of dimension k for 0 < k < d. We find, with d denoting the
natural tensor extension of the boundary operator in singular homology over boundary
components involved in AT, that

IMPE (e)] = [MVE (") x MV ()],

where « is as explained above and

'—etemeTh™ ceeclT "—pter et
' =cycpyrcih Ci_g-rcp and ¢ =b"¢;_, €kt

We next apply the cubical Alexander—Whitney map 7 to this formula to deduce
9 o n[MP (e)] = 10 IMVE (¢)] = MR (¢/) x M ()]
= MR ()] M= ()],
where - is the Pontryagin product (see (29) and (30)) and we used that 7 is a chain map
and is compatible with the product. The fact that 7 is a chain map is well known. We
verify that it is compatible with the product below. It follows that the terms contributing

to d? which arise from the differential acting on chains and acting on Reeb chords
cancel.

It remains to check that n is compatible with the product. By the explicit product for-
mulas for boundary contributions (29) and (30), we need to check that the compositions

Cose (R A X py Ay) ® Cs(2py Ay X Ry A)
2 Cos(Qpy A X Qpy Ay X Qpy Ay X 2p, Ay)
D, Ry A X Ry Ay X 2y Aw)
> Ca(py Au) ® C—s(Rpy Ay X p,, Aw)
Oy C o Rpy ) ® Con(Rp, Av) ® Coa(Rpy, Auw)
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and
Cs(Rp, Ay X Qp, Ay) @ C—(Qp, Ay X Qp,, Aw)

BN C (R M) ® Cos(Qpy M) ® Cs(py Av) ® Cse(p,, Aw)

TEEL R, M) ® Cs (R, Aw X L, M) ® Cs(Rp,, Aw)

1981, € (Qpy M) ® Cs(Rpy Av) ® Cs(pyy Aw)

agree. This is easily checked by evaluating them on a test chain (o, 7). Note that this
uses the fact that the cubical chain complex is a quotient; namely, degenerate cubical
chains are divided out. i

Remark 23 As discussed in Appendix A, the moduli spaces in the definition of
the differential on CE* above are defined in terms of anchored moduli spaces M%,
ie moduli spaces of disks with additional interior punctures where holomorphic planes
in the filling with asymptotic markers are attached. We point out that in order to
calculate the differential one need only take into account rigid such holomorphic planes
of dimension zero. For higher-dimensional moduli spaces of planes of dimension
do > 0, the dimension of the curves in the symplectization is d + 1 — dy and does not
contribute to the d—dimensional chain [M*®].

Remark 24 As mentioned in the introduction, we relate CE* as defined above to a
parallel copies version of the same algebra, which is defined solely in terms of rigid
moduli spaces. In order to do so it is convenient to use a topologically simpler but
algebraically more complicated model of CE*, defined as follows. The generating set
of our algebra is extended to chains in the product (2A)*¢+1 | where we separate the
coordinate functions by Reeb chords. We define the product of two such chains by
taking the Pontryagin product of the chains at adjacent factors, giving an operation

C_((QA) D)) @ C_, ((RA)UTD) =5 C_ (QA)ETITD),

See (29) and (30) for explicit formulas. The differential on this version of CE* is then
defined by the singular differential on the chain, and as
Ai(co):= Y M)
c=c6" ci_ ---cl_
on Reeb chord generators. (In other words, we define it as above but disregard the
diagonal approximation.) It follows from the Kiinneth formula that the two versions of
CE* are quasi-isomorphic.
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Although the definition of CE* given above works generally, from a computational
perspective it is hard to get our hands on, as the cubical chain complexes C_(£2p,Ay)
have uncountably many elements.

Next, we provide a modification of the definition, which gives a quasi-isomorphic
DG-algebra under the assumption that for each v € I'T, there exists a DG—algebra
quasi-isomorphism

D: C_s(2p,Ay) = K(&),

where K (&) is a DG-algebra structure on a free algebra generated by a graded finite
set &. For example, as discussed in Section 3.1, such a DG-algebra map exists when
Ay is simply connected. (Or, if A, is a K(irq, 1) space, one can first work with the
group ring K[mr{] and base-change to a cofibrant replacement of it.)

We define a graded quiver Q with vertex set Q¢ = I' and arrows in correspondence
with
2:=RU |} &.
vel't

More precisely, there are arrows from vertex v to w corresponding to the set of Reeb
chords from A, to A,,. In addition, for each v € I'T, there are arrows from v to v
corresponding to the elements in &,. Let LC«(A) be the graded k—bimodule generated
by Q. Thus, there is one generator for each arrow in Q and an idempotent e, for each
vertex v € Qg. We write L_C*(A) for the submodule without the idempotents.

Let CE*(A) be k—algebra given by the tensor algebra

o
CE*(A) = k & @D LCL(A)[- 1]+,

i=1
Recall that the path algebra of a quiver is defined as a vector space having all paths in
the quiver as basis (including, for each vertex v an idempotent e, ), and multiplication
given by concatenation of paths. Thus, the k—bimodule CE*(A) is the path algebra
of the quiver Q4 , where the grading of each arrow is shifted up by 1. Just like in the
cobar construction, we write elements in CE*(A) as

[Xm] - [x1] = 57 oom @ -+~ Qg 57 1x1 € CE*(A),
where x; € LCx«(A).

Next, we equip the k—algebra CE*(A) with a differential using the moduli spaces of
holomorphic disks defined in Appendix A. This differential is induced by operations

Ai:LCx(A) = LCx(A)®*, i =0,1,...,
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where LC4(A)®*° = k, which give LC«(A) the structure of an Aso—coalgebra if
AO - 0

Consider a generator of LCx(A). If it is a generator o € &, of the free model of
C_+(2p, Ay) for some component A, C A, then we define

3D Ajo = djo,

where d; is the coproduct that corresponds to i homogeneous piece of the differential
in the free model K(&y) of C_«(2p, Ay). If itis a Reeb chord ¢ then we define A;(co)
as before using moduli spaces M (¢) but now take the image of all the singular chains
in C_4(2p,Ay) under the map ®: C_4(2,,Ay) — K(&). Since the map & is a
DG-algebra map, the proof that d is a differential on CE* is the same. Furthermore,
since @ is a quasi-isomorphism, we get a quasi-isomorphic chain complex CE* if we
use K(&y) coefficients instead of C_x(£2p, Ayp).

From now on, unless otherwise specified, we will always assume that we work with a
free (over k) model of CE*,

If there exists an augmentation € : CE*(A) — k, then there is a change of coordinates
which turns LC(A) into a Asc—coalgebra. More precisely, consider the restriction
of €, €;: LC«(A) — k, where we think of LC«(A) as the degree 1 polynomials in
CE*(A). Define

LCS = k @ ker(e;).

Note that ker(e;) is generated by idempotents e, and by ¢ — €(c), where ¢ ranges over
the generators of LCx(A). Let

¢e: PLCEF — PLCE

i=0 i=0

be the k—algebra automorphism defined on generators as ¢¢(c) = ¢ + €(c¢). Define the
operations AS: LCS(A) — LCS(A)®k! by

A= geoAjogy .

Theorem 25 The operations (A;);>1 satisfy the Ao—coalgebra relations, and with
these operations, LCS (A) is a coaugmented conilpotent coalgebra.

Proof Let d denote the differential on CE*(A) and let ¢ be a generator of LCx(A).
Since € is a augmentation, €(dc) = 0 and it follows that Aj = 0. The A4—coalgebra
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relations then follow by combining the equation d? = 0 from Theorem 25 with the
automorphism ¢..

The coaugmentation is simply the inclusion of k. The fact that LCS is conilpotent
follows from Stokes’ theorem: the sum of the actions of the Reeb chords at the negative
end of a disk contributing to the differential is bounded above by the action of the Reeb
chord at the positive end. This gives the desired finiteness. |

Remark 26 If the original operation Ay on LCy«(A) equals 0, then the map € which
takes all generators of LCx(A) to 0 is an augmentation. In this case LCx(A)€ =LCx(A)
by construction.

Remark 27 If there is an augmentation € : CE* (A) — k, then CE* (A ) can be expressed
as the cobar construction of a coalgebra: by construction,

CE*(A) = Q(LCE(A)).

We next consider the k-linear dual LAY (A) := (LC$(A))* of LCS(A). It follows
from Section 2.1.3 that this is an augmented Ac—algebra. We call it the Legendrian
Aoco—algebra.

Remark 28 In the case A = A7, it can be shown that this 4.—algebra can be obtained
from the endomorphism algebra of the augmentation € in the Aug_ category of [10]
by adjoining a unit to it, but is, in general, different from the endomorphism algebra in
the Aug category of [55].

Definition 29 Given an augmentation €: CE*(A) — k, we define the completed
— %k

Chekanov—Eliashberg DG-algebra to be CE_ := B(LA¥)*. The underlying k—algebra

is the completed tensor algebra

CE'(A) = im CE*(A)/I" = k(LCL(A)[-1])).

where LCE (A) is the ideal determined by the natural augmentation.
Note that there is a natural chain map
®: CE*(A) — CE, (A).

Remark 30 To illustrate the various gradings, the unique Reeb chord for the standard
Legendrian unknot A in R?"~! has degree —n in LCy, 1 in LA* and —(n — 1) in CE*
(while it is # — 1 in LHA). Therefore, we have the graded isomorphisms Hy(LC) ==
H_.(S™), H*(LA) =~ H*(S") and H*(CE) == H_.(22S8").
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3.3 Parallel copies

In this section we will describe the perturbation scheme we will use to define various
versions of Lagrangian Floer cohomology. For exact Lagrangian submanifolds with
Legendrian boundary we get an induced perturbation scheme for the Legendrian
boundary that will allow us to define a simpler version of the Chekanov-Eliashberg
algebra which is isomorphic to it when the Legendrian is simply connected.

Let X be a Weinstein manifold and let L C X be an exact Lagrangian submanifold
with Legendrian boundary A. We assume that A is embedded but allow L to be a
several-component Lagrangian with components that intersect transversely. Assume
that the components of L are decorated with signs and write L™+ and L~ for the union
of the components decorated with 4 and —, respectively. We will use specific families
of Morse functions to shift Lagrangian and Legendrian submanifolds off of themselves
in order to relate holomorphic curve theory to Morse theory, and to perform Floer
cohomology calculations without Hamiltonian perturbations. Before we discuss the
details of this we recall some general results for Morse flow trees.

3.3.1 General results for flow trees In this section we recall several basic results
for Morse flow trees from [22]. Morse flow trees live in a neighborhood of a given
Lagrangian or Legendrian and are thus defined in the corresponding cotangent bundle or
the 1—jet space. In this paper, we will consider only the case of graphical Lagrangians
and Legendrians, in the cotangent bundle and 1—jet space, respectively. That corresponds
to a simple special case of the more general situation considered in [22], where the
nearby Lagrangians and Legendrians are allowed to have singularities when projected
to the zero section.

Let M be a smooth manifold with cylindrical ends of the form dM x [0, co). Con-
sider the cotangent bundle 7* M and the 1—jet space J! M. We consider graphical
Lagrangians and associated Legendrians Iyr C T*M and I'jip C J UM . At the ends
our functions will have the form F = e’ f(¢q) + ¢, where 7 € [0, 00), f: IM — R and
c is a constant. Let Ly, ..., Ly, be a collection of graphical Lagrangians in 7* M and
L; be a Legendrian lift of L;. As in [22, Section 2.2.2], L; defines local gradients as
well as cotangent and 1—jet lifts of paths in M . Furthermore, [22, Lemma 2.8] shows
that there are maximal flow lines, and as in [22, Definition 2.9] we define their flow
orientation. We define flow trees of L = U I L j as in [22, Definition 2.10] and we
will also use partial flow trees, which are flow trees with “free” 1—valent vertices, not
necessarily at a critical point.
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We next discuss transversality for flow trees following [22, Section 3]. There are two
concepts of dimension of a flow tree I" involved here: the formal dimension dim(I") (see
[22, Definition 3.4]) and the geometric dimension gdim(I") (see [22, Definition 3.5]).
In the graphical case considered here these can be described as follows. The formal
dimension dim(I") is the dimension of the space of flow trees around a tree I" without
degeneracies (ie only trivalent internal vertices and nonzero length flow lines at positive
punctures not at a minimum and negative punctures not at a maximum) assuming
transverse intersections of flow manifolds at each vertex. The geometric dimension,
on the other hand, is the dimension of a flow trees near I' with fixed degeneracies
(higher-valence vertices, etc). It is then clear that gdim(I") < dim(T").

We will use a transversality result that says that for generic geometric data, we have:

(FT) Every flow tree I' comes in a smooth family of dimension gdim(T"). If T is de-
generate then there is a natural Whitney stratification of the dim(I")—dimensional
space of flow trees around T" with strata of dimension gdim(T").

This result follows from [22, Proposition 3.14]. We next discuss the adaption (sim-
plification, actually) in the current set-up of the results from [22, Section 3] that lead
to [22, Proposition 3.14]. First, since all Lagrangians considered here are graphical,
their front projections are smooth with empty singular locus of the front, and the
preliminary transversality conditions of [22, Section 3.1.1] hold trivially. This absence
of singularities also means that all the results [22, Lemmas 3.9-12] guaranteeing finitely
many vertices for trees in the presence of front singularities hold automatically. Then
[22, Proposition 3.14] follows readily and shows that for an open dense set of graphical
Lagrangians or Legendrians, (FT) holds.

We say that a finite collection of functions Fi,..., F; on M is flow-tree generic
provided (FT) holds. It is a consequence of [22, Proposition 3.14] that any collection
of functions can be made flow-tree generic by an arbitrarily small perturbation and
furthermore that if Fy, ..., Fj_ is already flow-tree generic then F1,..., Fi_q, Fy
can be made flow-tree generic by an arbitrarily small perturbation of Fy.

3.3.2 Systems of parallel copies In this section we describe how to choose systems
of parallel copies for Lagrangians and Legendrians in such a way that higher product and
coproduct operations on the Morse complexes can be directly defined (without mapping
telescopes of continuation maps, typically used in Hamiltonian Floer cohomology).

Let L be a Lagrangian with Legendrian boundary A. Then a neighborhood of L in X
looks like 7* L, and along the cylindrical end [0, 00) x A, the vector tangent to 7* L in
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the direction of the dual of the [0, co)—direction corresponds to the Reeb direction. We
consider a collection of parallel copies L; for j =0,1,2,..., with L = Ly. Here L; is
the graph in 7* L of the differentials d F; of a Morse function Fj: L — R. The Morse
functions F; will have critical points in the compact part of L and in the cylindrical
ends they will look like Morsifications of the Reeb push-off; see below for details.

We next discuss the main strategy without all technicalities: the first Morse function
H, = F; gives the first parallel copy at small distance € > 0 from Lo = L. We
define L as the graph of the differential of € F';. We want all other copies to be good
approximations of L as seen from L, so that flow lines between L; and L and
between L and L are sufficiently close that the corresponding spaces of flow lines
can be canonically identified. Let le. =L, forj>1.

We next construct L, = L% as the graph of the differential of a function €2 H, over
Lé = L. For small € > 0, L, is then well approximated by L as seen from L, and
flow lines between Lg and L can be identified with flow lines between Lg and L,.
We also want spaces of flow lines between L and L, to be identified with flow lines
between Ly and L. This holds provided H; is a sufficiently good approximation
of H;. Thus we take

H, =F+eHy,= H{+€H,,

where H, is sufficiently close to H; that the following further condition holds. The
Lagrangians L, L1 and L, together also define flow trees with three punctures. We
take H; so that (FT) holds for Ly, L, and L,. It follows from [22, Proposition 3.14]
that this can be achieved by an arbitrarily small perturbation of Hj.

The construction now proceeds in the same manner. First, preliminarily, set LJZ. = L,,
j>2 Thenlet L3 = Lg be the graph of the function €3 H3 over L% = L,. In order
for L3 to look like L from the point of view of L, and like L, from the point of view
of L, we take

Hy=F,+e¢?Hy = Hy +€H, + > Hs.

For € > 0 sufficiently small we may then identify flow lines and flow trees of any three
of the functions, and after an arbitrarily small perturbation of H3, condition (FT) holds
for L; for j =0,1,2, 3. Continuing like this we get

k
(32) Hy=Feoy+ T He =) .
k=1
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The corresponding collection Ly, . .., L of parallel copies then has the following prop-
erties: flow trees with boundary on any increasing collection L;,, ..., L;, are arbitrarily
close to flow trees of Ly, ..., Li_;, and condition (FT) holds for L, ..., L.

In order to get the system of parallel copies, we need first to set conventions for
the description of the ends. Along the ends our Lagrangians L look like cylinders
over Legendrians A. A small neighborhood of A in the contact boundary can be
identified with a small neighborhood of the zero section in the 1—jet space of A. We
think of this as the intersection of (—§,§) x T*A with a small neighborhood of the
zero section in the cotangent bundle factor, and the contact form is ds — p dgq, where
s is a coordinate on (—e, €). Along this end the Lagrangian is [0, c0) x A and the
corresponding neighborhood is (—¢, €) X [0, 00) x T*A C T*[0, 00) x A. We observe
then that the result of moving A € units along the Reeb flow is the graph of the
differential of the function B(z,q) = €t, (t,q) € [0,00) x A. We will Morsify this
Bott situation by considering graphs of F(z,q) = €(t + f(q)), where f(g) is a Morse
function. Then the Reeb chords inside the neighborhood of L at infinity between the
graph of F and [0, c0) x A are in natural one-to-one correspondence with critical points
of /. In this set-up, with infinite ends, there are also flow trees with positive punctures
asymptotic to Reeb chords at infinity. In the compactification of the space of flow trees
there are flow trees entirely in the R—invariant end, 7*R x A. Along the end we have
dF =e(dt 4+ (0f/dq) dq) and the results about Morse flow trees from Section 3.3.1
follow readily from the corresponding results for flow trees of f on A.

We now turn to a more detailed description of the construction of parallel copies such
that flow trees of ordered subcollections of parallel copies can be identified as discussed
above. Write [0, 00) x Y and [0, 00) x A for the ends of X and L, respectively. We
use coordinates (¢, g) € [0, 00) x A. Consider a collection of pairs of Morse functions
(Fj, fj)suchthat Fj: L - Rand fj: A =R, j =1,2,..., are related at the ends by

Fj(t,q) =€+ fj(q))+b for 1 >»e>0and b >0,

and F; does not have any local maxima. We next discuss further restrictions related to
critical points.

Let (Fy, f1) be any pair of positive Morse functions as above. Let le, ..., zf" be
the critical points of F; and let xll, e ,x{ be the critical points of f7. Fix disjoint
coordinate balls B Jl C L around Z} and D} C A of x} such that F; and f] are given
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by quadratic polynomials in these coordinates. Fix small ¢ > 0 such that

m /
|dFi|>01=0 onL—UBf and ldfi| >0y =0 onA—UD{.
j=1 ji=1
Let (F», f») be another pair of positive Morse functions with m and / critical points

1 m 1 l :
Zys-. .2y and X, ..., X5, respectively, where

Zg € B{ with index(zg )= index(z{ ),
xi € D{ with index(xg) = index(x{).
Let 0, < 00 and fix coordinate balls Bg C B{ and Dg C Dg such that

m l
|dF,| >0, on L—UB; and |df2]| >0, on A—UD;.
ji=1 ji=1
Finally, we make sure that F, < o F and f, < o f1, which we obtain by overall scaling.
Note that we might have to shrink o, after scaling.

We continue inductively and construct a family of pairs (Fy, fz), k = 1,2,... of
positive Morse functions with the following properties. Each Fj has m critical points
Z/i, .. ,Z,’C”, each fk has / criFical poipts x,i, .. ,.x,l(. There are o5 > 0 and disjoint
coordinate balls B,ﬁ around z,]c and D,ﬁ around x,i such that
m . I )
|dFy| > o on L—UB,i and |dfi| > o on L—UD;{.
j=1 j=1

Furthermore, the following hold:

J J J J

* B, CBy_,and D; C Dy _,.

® O <00k—1.

o Fi <0F;_jand fr <0ofr_q.
We next take into account the sign decoration. Assume that L™ is nonempty. In this
case we first construct functions {(Gj, gj)};.";l exactly as above on all components
of L. The actual functions {(Fj, fj)} on (L, A) are then (Fj, f;) = (Gj, gj)on L™
and (Fj, fj) = (=Gj,—gj)on L.

Consider now the Morse functions
(A=Y mm=Y 1)
j= j=
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(Compare (Fj, f;) to the function €k Fy. in the discussion preceding (32).) Define
the system of parallel copies Ly, ..., Lg,... by letting L be the graph I';;g, of the
differential of Hj. Then we have the following:

Lemma 31 For generic choice of functions (Fj, f;j) and all sufficiently small o > 0
in the construction above, the resulting system of parallel copies {L; }]9‘;0 has the
following properties:
* Intersection points Ly, N Ly, are transverse and are in natural one-to-one corre-
spondence with intersection points of Ly N Ly (or, in terms of L only, critical
points of F; and self-intersection points of L = Ly).

* On L+, if kg <ky, then Reeb chords from Ay, to Ay, are in natural one-to-one
correspondence with Reeb chords from A to A (or, in terms of A only, critical
points of f1 and Reeb chords of A = Ay).

* For all ordered finite subcollections Ly, Ly, ..., Ly, withko <ki <--- <k,
of parallel copies, flow-tree transversality (FT) holds. Furthermore, for any two
such ordered collections Ly, Lg,,...Lg,, and Lj,, Lj,,...Lj,, the spaces of
flow trees are canonically isomorphic.

Proof Intersection points Ly, N Ly, correspond to intersections between the compo-
nents of L and critical points of Hj, — Hjy,. Since

Hk1 - Hk() = Fk()+1 + O(O.Fk()-}—l)’

we find that, from the point of view of Ly, Ly, can be viewed as a small perturbation
of Ly,+1. In particular, if ko # ky, then Ly, N Ly, is transverse and there is a unique
intersection point near each intersection point in L N Ly which corresponds to critical
points of F; and self-intersections of L. The statement on Reeb chords follows similarly.
The last statement follows from the special case of [22, Proposition 3.14] as described
above. m

Remark 32 In Sections B.2 and B.3, we will also apply this construction to Lagrangian
submanifolds C C W where W is a Weinstein cobordism with both positive and negative
ends. Our Lagrangian submanifolds C that will be equipped with systems of parallel
copies will, however, have only positive ends in that case, and the above discussion
applies without change. See Remark 65 for a version when both positive and negative
ends are perturbed.
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3.3.3 Holomorphic disks and flow trees In this section we discuss results relating
holomorphic disks and Morse flow trees that are used in computations with parallel
copies.

Let L C X be a Lagrangian with cylindrical end R x A C R x Y and let L(0) =
{L; (0)}]9‘;0 be a system of parallel copies for L constructed as in Section 3.3, where
o > 0 is the scaling parameter. (Roughly, Lo = L, and for k =1,2,3,... Li(0) is at
distance ¥ from Lj_1(0).)

We first consider the relation between local holomorphic disks and Morse flow trees.
We have the following result for words a and ¢ of Reeb chords and intersection points
corresponding to critical points of the shifting functions (Fy, f1); see Section 3.3.

Lemma 33 If L is flow-tree generic and k = (kg,K1,...,Kmn) is an increasing (or
decreasing) boundary numbering, then for all o > 0 sufficiently small there is a natural
one-to-one correspondence between rigid holomorphic disks in M"(a, k) and rigid low
trees of Ly, ..., Ly,, with asymptotics according to a: there is a neighborhood of the
cotangent lift of each rigid tree that contains the boundary of a unique rigid holomorphic
disk that is transversely cut out, and each rigid disk has boundary in the neighborhood
of some rigid tree. Similarly, there are natural one-to-one correspondences between
rigid disks in M®°(c; «) and Miy (¢, k) and corresponding rigid flow trees determined
by Liy. ..., Lg,,-

Proof This is a consequence of the main results in [22], namely Theorems 1.2 and 1.3,
which show, for compact L, as 0 — 0, that any sequence of rigid disks converges to
a rigid flow tree (“compactness”) and also that near any rigid flow tree in the limit
there is a unique rigid holomorphic disk for all sufficiently small o > 0 (“gluing”).
It is essential for this one-to-one correspondence to hold that there be no multiply
covered disks. In the present case the increasing (or decreasing) condition guarantees
no disk is multiply covered. The modifications necessary for the case of cylindrical
ends and corresponding Lagrangians of the form A xR C T*A xR are straightforward;
see eg [29] for flow tree results in a related setting. |

The second result concerns a mixed picture where the disks do not lie entirely in
the cotangent bundle. In this case holomorphic disks on a system of parallel copies
admit a description with holomorphic disks on the underlying Lagrangian with flow
trees attached along their boundaries. Such configurations were considered and the
main correspondence was worked out in the setting of knot contact homology in [26].
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Consider a Lagrangian L and a system of parallel copies L = {L j }f.io as above,
and let ¥ be an increasing (or decreasing) boundary decoration. A quantum flow
tree of L is a finite collection of holomorphic disks Dy, ..., Dy, with boundaries on
subdecorations k! C k™ of k with flow trees emanating from their boundaries with
boundary subdecorations 6 1 ..,6" such that inserting flow-tree domains in the disks
gives a disk, and such that inserting the cotangent lifts of the flow tree at the insertion
points we get a boundary condition respecting the decoration «.

In order to establish the desired correspondence between rigid quantum flow trees and
rigid holomorphic disks, we need additional transversality properties of the shifting
Morse function that controls the interface of holomorphic disks and flow trees. The
argument is the following. Start with a system of parallel copies that satisfies flow-
tree transversality, and perturb the almost complex structure so that moduli spaces of
holomorphic disks with decreasing (or increasing) boundary decoration (that cannot be
multiply covered) are transversely cut out. Then perturb the shifting Morse functions
slightly so that partial flow trees are transverse to the boundary evaluation maps of
the transversely cut out holomorphic curves. We say that parallel copies and almost
complex structures with this transversality property are quantum flow-tree transverse.
Arguing as for flow-tree transversality it is straightforward to show that flow-tree
transversality holds after arbitrarily small perturbation of the shifting Morse functions.

Remark 34 One feature of using parallel copies that all approximate a single push off
is that, for a rigid configuration of quantum disks, disk components can be connected
only by Morse flow lines (not trees). To see this, consider a rigid configuration with
three disks connected by a tree with a trivalent vertex. As 0 — 0 the tree converges to
a flow line and all three disks have to intersect it. This will generically not happen for a
rigid configuration, ie such configurations can appear only when the formal dimension
is at least 1.

Lemma 35 If L is quantum flow-tree generic and k = (ko, K1, . . ., Km) is an increasing
(or decreasing) boundary numbering, then for all o > 0 sufficiently small there is a
natural one-to-one correspondence between rigid holomorphic disks in M"(a, k) and
rigid quantum flow trees of Ly, . .., Ly,, with asymptotics according to a: there is a
neighborhood of the cotangent lift of each rigid quantum tree that contains the boundary
of a unique rigid holomorphic disk that is transversely cut out, and each rigid disk
has boundary in the neighborhood of some rigid quantum tree. Similarly, there are
natural one-to-one correspondences between rigid disks in M (¢; ) and Miy (c,x)

and corresponding rigid quantum flow trees determined by Ly, ..., Ly,,.
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Proof As for flow trees there are two main ingredients: “compactness”, ie as ¢ — 0,
any sequence of rigid disks converges to a rigid quantum flow tree, and “gluing”,
ie near any rigid flow tree in the limit there is a unique rigid holomorphic disk for all
sufficiently small o > 0. The technically most difficult point is gluing. It is present
already in the flow tree case in [22] discussed above. The full correspondence was
worked out with all details in the case of knot conormals in [26, Sections 5.3 and 5.4].
The case considered here can be established in the same way, as follows.

For compactness, the first step is straightforward: if the positive puncture of a disk maps
to a Morse Reeb chord of length O(7), then the whole disk lies in a small neighborhood
of the Lagrangian, there is no holomorphic disk part, and the correspondence between
disks and flow trees in [22] applies; compare [26, Lemma 5.7]. The second step
is to show, via an action/area argument, that for any sequence of disks there are
neighborhoods of the punctures mapping to short Reeb chords where the disks converge
to flow trees. This argument follows the usual steps in flow-tree convergence once
segments of action (O(n) near such punctures have been found; see [26, Lemma 5.8 and
Corollary 5.9]. The third step uses the fact that there is only one positive puncture to
show that there can be only one big disk component in the limit; see [26, Lemma 5.11].
The final step is to show that the flow-tree limits that end at punctures meet the big disk in
the limit. This follows from an action argument; see [26, Lemma 5.13]. This establishes
flow-tree convergence. (Although the arguments in [26, Section 5.3] are written in the
case where the Lagrangian is 2—dimensional, the arguments work unchanged in any
dimension 7.)

For gluing, the first step is to arrange, by standard transversality arguments for curves
and perturbation of Morse functions, transversality of the Morse flow data and evaluation
maps of holomorphic curves; see [26, Section 5.4.1]. Then there are finitely many
rigid flow-tree configurations. The metric and Lagrangian is adapted near the flow tree
parts and the points where they meet the boundary of the disk so that there are explicit
holomorphic curves near large parts of the flow trees. Flow tree parts and big disk parts
are joined over finite regions in the domain and we construct a weight function which
is of size 1 in the finite joining regions and exponentially growing along the parts of
the domain where we have solutions. The Floer gluing scheme is applied in this setting
and surjectivity of gluing is established; see [26, Section 5.4.3]. Again, [26] works
with a 2—-dimensional Lagrangian, but most of the arguments above are dimension
independent and local models generalize to general dimension in a straightforward
way. d
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Remark 36 In the setting of Lemma 35, the action integral | da of a holomorphic
disk in Mﬁy (c, k) is positive since the almost complex structure J is compatible with
the contact form. By Stokes’ theorem the action integral equals the difference between
the action of the Reeb chord at the positive puncture and the sum of the actions at
the negative punctures. It follows in particular that if the positive puncture is a Morse
chord, then all negative punctures are Morse chords as well and the moduli spaces are
controlled already by Lemma 33.

3.4 Chekanov-Eliashberg algebra with parallel copies

We will relate the Legendrian invariants LA* and LCy to Floer (co)homology of exact
Lagrangian submanifolds. When studying Lagrangian Floer (co)homology we employ
the technique of parallel copies. In this setup no holomorphic disk under consideration
is multiply covered, and transversality is achieved by perturbation near punctures
as in [28, Lemma 4.5]; see Theorem 74 for an outline of the argument. It will be
convenient to express the Legendrian invariants in the same language. As it turns
out, in the case that the Legendrians are simply connected this technique leads to a
simpler formulation of the theory which incorporates a model of chains on the based
loop space automatically. Recall that Lagrangian fillings of Legendrian submanifolds
induce augmentations, which after a change of variables lead to noncurved Legendrian
Aosc—coalgebras. Geometrically, this means that one uses anchored holomorphic disks.
We will assume that an augmentation of A has been fixed in this section and all disks
considered will be anchored with respect to this augmentation. We now turn to the
description of this theory in the Legendrian setting.

Let A be as above with decomposition A = AT LU A™. Fix a Morse function f: A — R
which is positive on AT and negative on A~. Use it as described in Section 3.3 to
construct a system A = {A j };";1 of parallel copies of A = Ay.

Let Q, k and R be as above. Let R™ denote the Reeb chords connecting A to A that
lie in a small neighborhood of A (. By construction there is then a natural one-to-one
correspondence between R and the set of critical points of / on A*. (Since f shifts
A in the negative Reeb direction there are no such short chords near A™.) Write

Ri=RURT,

and think of chords in R ™ as connecting a component A, to itself. Again the set R is
a graded set: Reeb chords ¢ € R are graded as above, |c| = —CZ(c), and the grading
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of a short chord ¢ € R™ equals the negative of the Morse index of the critical point
of f corresponding to c.

We define a graded quiver Q) A with vertex set Q¢ = I' and arrows in correspondence
with
Qi :== Ry

More precisely, there are arrows from vertex v to w corresponding to the set of Reeb
chords from Ay to Ay, if v # w, and corresponding to short Reeb chords from A, = Ay
to Ayp if v =w.

Let LCLL(A) be the graded k-bimodule generated by Q). We define an A ,—coalgebra
structure on LCL(A) given by operations A; as follows. Given a chord ¢¢ (input) and

chords ¢;, ..., c; (outputs), we consider the disk D;; with distinguished puncture
+ —

‘ : o€
the moduli space Miy (c;x). We write |/\/liy(c; k)| for the algebraic number of R

at ¢ and a strictly decreasing boundary decoration . Let ¢ = ¢ -¢y . Consider
components in this moduli space provided dim(M®% (¢;«k)) = 1, and |[M¥ (¢;k)| =0
otherwise. Define, fori > 0,

Ailco):= D IMJ(e0)ld,
c=cg'ci_-~-cl_

where ¢/ = ¢; ---¢q. This gives an operation of degree 2 —i on LCl(A). Note that
Ao = 0 trivially, since the decoration « is strictly increasing.

It is not a priori clear that the maps A; are well-defined, as the sum may involve
infinitely many terms. This can be avoided easily if A, are simply connected for
v € I't. Namely, the simple connectedness of A, guarantees that the short chords
cost index (recall the grading of a Morse chord of Morse index p is graded by —p,
which means that its input in the dimension formula is —p 4 1, and in the simply
connected case —1 < —p 4+ 1 < —dim(A) + 1), whereas the long chords cost energy.
In the non-simply-connected case, we will only consider a completed version of LC!=
where infinite expressions are allowed. We define the parallel copies algebra first in
the simply connected case and turn to the non-simply-connected case in Section 3.4.2.

3.4.1 The parallel copies DG—-algebra in the simply connected case When the
operations A; defined above have suitable finiteness properties they define a coalgebra.
More precisely, we have the following:
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Lemma 37 Suppose A is simply connected or, more generally, that A; factorizes
through the natural inclusion

éLcl[—l]@)k" — ]o_o[ LCL[-1]®*

i=1 i=1

forall i > 1. Then LCl equipped with the operations (A;);>1 is an Aso—coalgebra.

Proof Recall that the moduli spaces involved in the definition of the operations A;
are moduli spaces of anchored disks, where we use the augmentation induced by the
filling L. Consider a 1-dimensional moduli space M*Y(c; k) and note that its boundary
consists of two-level rigid disks by Theorems 75 and 74. There are two cases, either
the levels are joined at a chord connecting the same copy of A to itself, or the chord
connects distinct copies. Since we count anchored disks, the first type of breaking
cancels algebraically; compare with [23, Lemma B.6; 29, Section 1.2; 24, Section 3.4;
6, Section 6.1]. (In the usual treatment of Chekanov-Eliashberg algebras this is the
statement that augmentations are chain maps.) Theorem 76 then shows that there are
canonical identifications between moduli spaces for different increasing numberings
and the proof follows since the breakings of the second type are exactly what contribute
to the coalgebra relations and are then in algebraic one-to-one correspondence with the
endpoints of an oriented compact 1-manifold. |

We will define the parallel copies version of the Chekanov—Eliashberg algebra as the
reduced bar construction of the coalgebra above. To simplify matters we show that for
a generic system of parallel copies, the coalgebra has a strict counit. (For more general
systems of parallel copies one can instead use the definition in Section 3.4.2.) Consider
a generator of LCLL which is a small Reeb chord z that corresponds to a critical point
of the Morse function f. The coalgebra operations A;(z) then count holomorphic
disks with positive puncture at z which, by an action argument, must lie in a small
neighborhood of R x A and rigid such holomorphic disks are in natural correspondence
with rigid Morse flow trees; see Remark 36. In the simply connected case, ie for Morse
functions without critical points of index 1 and n — 1, we have the following result:

Lemma 38 Suppose A is simply connected. If the Morse functions for parallel copies
described above are sufficiently close to the first function (ie if € > 0 in the construction
of shifting copies is sufficiently small) then, if x, is the minimum of the Morse
function on the component A, the following holds: A{(xy) =0, Az (xXy) = Xy ® Xy
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and A;j(xy) = 0 fori > 2. Furthermore, if ¢ is any other generator corresponding to an
arrow from v to w, then A, (c) = ¢ ® Xy + (—1)I¢Ixy, ® ¢ + Dy (c), where D, (c) does
not contain any x, factor, and A;(c) does not contain any factor x,, fori # 2.

Proof Consider a system A (o) = {A j (o)} of parallel copies as in Section 3.3.2. Note
that x, is a Morse chord of action O(c’). Hence, disks with one positive puncture at x,
can have only other Morse chords as negative punctures. For sufficiently small o > 0,
Lemma 33 then shows we can compute A;(x,) by counting all flow trees with a positive
puncture at x, and Lemma 31 shows that the flow trees are independent of increasing
boundary decoration. The equation A (x,) follows since there is no (negative) gradient
flow line emanating from a minimum. For the equation A(x,) = x, ® x, we consider
three copies L, L1 and L, and observe that there is a unique flow tree with positive
puncture at x, and two negative punctures at x,, this flow tree consists simply of
two flow lines starting at the minimum chord connecting L to L, and ending at the
minimum chords connecting Lo to L and L to L, respectively.

To see the equations A;(xy) = 0 for i > 2, we start from a general limiting argument
for flow trees of parallel copies. Consider a flow tree with positive puncture at a Morse
chord a and negative punctures at Morse chords by, ..., b,. As we take the limit
o — 0, all shifting functions approach multiples of the same Morse function and the
flow tree limits to a broken flow line starting at @ connecting to b;,, then from b;,
to b;,, continuing in this way until all negative punctures have been met.

Consider now a tree with positive puncture at x,. In the limit this converges to a flow
line emanating from Xx,, which must then be constant. This shows that all negative
punctures must be x, as well. Since the dimension of a tree with positive puncture
at x, and i negative punctures at x, is i — 2, it follows that A;(xy) = 0if i > 2.

We next consider the properties of A;(c) for ¢ # x,. The flow trees contributing
c®xy+ (=1)€lxy, ®c to Ay(c) are easily found. Considering three parallel copies Lo,
L1 and L,, the flow trees consist of a single flow line from either one of the endpoints
of the chord ¢ to the minimum x, or x,, of the corresponding component.

We next show that these are the only contributions with negative punctures at minima.
We start in the case when c is a Morse chord. Consider a tree with positive puncture at
some Morse chord ¢ which does not limit to a single flow line to the minimum as o — 0,
and assume that one of the negative punctures is x,. Consider first the case when x, is
at the last puncture corresponding to the smallest function difference. Assume that the
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negative punctures are x, and a word of punctures b. Then |c|| — ||6]| — |[xu]|— 1 =
llcll = 16|l = 0, where || y|| = index(y) — 1. Consider the limit when this function
difference goes to zero. Then the flow tree goes to a flow tree with a flow line to x,
attached. The remaining flow tree has dimension ||¢|| — ||6|| — 1 = —1 and hence does
not exist by the flow-tree transversality condition (FT) in Section 3.3.1 for the subset
of parallel copies obtained by forgetting the last copy.

Consider next the case that x, is at some other function difference. Then we have
negative punctures b before x, and a after x, and thus a are Morse chords of smaller
function differences. Consider the limit when all these smaller function differences
shrink. In the limit we find a flow tree with negative punctures at (b, x,) with a partial
flow tree with negative punctures at a attached. The evaluation dimension of the latter
tree (ie the dimension of the partial tree with a free positive puncture) is

(n—=1) —|lall <n—1,

where we use the simple connectedness to get strict inequality. Applying the degenera-
tion above to the remaining tree we get a tree with a flow line to x, attached, and its
evaluation dimension is

lell =121l

Now, |[c|| = ||o]| — la|| = 1 = —1 so these two trees do not meet by condition (FT) in
Section 3.3.1.

The remaining possibility is that the small tree with negative punctures a intersects
the flow line towards x,. However, such a tree can be viewed as the original partial
tree merging with a flow line from the minimum and then continuing. For o > 0, at
the scale of the tree with punctures ¢ and b (ie o for some k) the flow line from the
minimum and the flow at the positive puncture of the partial tree attached are very close

to parallel (nonparallel only at order okl

for [ > 0), therefore the evaluation map at
the positive puncture of the partial tree with negative punctures (x,, @) is arbitrarily
close to the evaluation map of the original partial tree with negative punctures a and
taking the limit 0 — 0, the dimension count ||c|| — ||o|| — ||a]| — I = —1 above shows

that these do not intersect if (FT) in Section 3.3.1 holds and o > 0 is sufficiently small.

We finally consider the case when c is not a Morse chord, and a disk which in the limit
o — 0 does not converge to a constant disk with a flow line attached and which has a
puncture at x,. Such a disk must have a nonconstant disk component in the limit and by
Lemma 35 it converges to this disk with flow trees attached in the limit. Let » denote
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the negative punctures of the disk in the limit and a all Morse chord negative punctures
except xy. If a flow line to x, is directly attached to the disk then the dimension of the
quantum flow tree obtained by removing this flow line is ||c|| — ||o]| = |la|| — 1 = —1
and hence it does not exist by quantum flow-tree transversality; see Lemma 35. If this
is not the case then X, is one of the negative punctures in a flow tree attached to the
disk. Now that partial flow tree with positive puncture constrained to the evaluation
map of the disk must be rigid, and arguing exactly as for the trees above, we see that
quantum flow-tree transversality shows that no such configuration exists for sufficiently
small o > 0. O

Remark 39 The simple connectedness is used in the above proof to ensure that cutting
with a small tree really reduces dimension. Here, cutting means intersecting and starting
a flow from the intersection locus. In the case that there are index 1 critical points
one could have |a¢| = 0 in the above, and indeed there are trees with arbitrarily many
punctures at index 1 critical points and then a puncture at x,.

Lemma 38 shows that, in the simply connected case, there is a strict coaugmentation
(33) Nk —k_®LC., with n(e,) = xy,

where 7 is defined by
Xy if Ay CAT,
(34) n(ey) = { S

ey 1fAyCA™.

Definition 40 If A is simply connected, the parallel copies Chekanov—Eliashberg
DG-algebra is
CE} = Q(k_ ®LC)).

3.4.2 The parallel copies DG-algebra in the non-simply-connected case In the
non-simply-connected case, the operations A; defined counting holomorphic curves
are not necessarily finite. To get a workable definition we will instead start from an
algebra structure on the dual LA* of LC. More precisely, we proceed as follows.

Let LAJ'(A) be the graded k—bimodule generated by Q). We define an 4 ,—algebra
structure on LA (A) given by operations A’; as follows. Given chords ¢;, .. ., ¢y (inputs)

and a chord c¢( (output), we consider the disk D; 4 with distinguished puncture at cq

+

and a strictly increasing boundary decoration k. As above, let ¢ = ¢,

consider M%(¢; k). Define, fori > 0,

Ni(e') = Z M (e:6)|co,

—T
C=Cg, C

AR and

i C]
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where ¢’ = ¢; ---¢;. This gives an operation of degree 2 —i on LA (A). Note that
A’O = 0 trivially, since the decoration « is strictly increasing.

Lemma 41 LA[ equipped with the operations (A;);., is an Ac—algebra.
Proof This is identical to the proof of Lemma 37. |

In order to define the parallel copies DG-algebra, consider the minimum x of a Morse
function on a component of A 4. Write u, € LA for the corresponding generator. Add
idempotents e, to LA], one for each component A, C A~. We then get the algebra
k_®LA[. Equip it with the trivial augmentation ¢” which is the projection to k. Define

CE; = (B(k— ®LA})*,

and let .# denote the subalgebra of CEH defined as the space of functionals which
vanish on monomials not containing u, for some minimum chord x € A.

Lemma 42 The subalgebra .7 is closed under the differential.

Proof To see that .# is closed under the differential we check that if u, is an output
puncture of the differential then u is also an input puncture. Here the output puncture
is the positive puncture of the holomorphic disk. The minimum corresponds to a Morse
chord which is of smaller action than any Reeb chord of A. This means that all negative
punctures in a disk with positive puncture at x must also be Morse chords and that the
corresponding disks correspond to Morse flow trees. Since there is no negative gradient
flow line that starts at a minimum, any gradient flow tree with positive puncture at x
must also have a negative puncture at x. This shows that u, is an output in a differential
disk only when it is also an input. a

Remark 43 In the 51mply connected case, LA|f = (LCL)* and there is a natural
restriction map p: CEH — QLCL. Since uy are strict idempotents by Lemma 38, this
is a chain map. The kernel of p is .# and, consequently, QLC!< = CEH /.

Guided by Remark 43 we define the parallel copies DG—algebra as follows, in the
non-simply-connected case.

Definition 44 If A is not simply connected, then we define, with notation as above,
the completed DG-algebra

%k ~ %

CE;(A) =CE;/.s.
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3.5 Isomorphism between Chekanov—-Eliashberg algebras in the simply
connected case

We next show that if A is simply connected then CEJ(A) is in fact isomorphic to
CE*(A). To this end we first establish a Morse-theoretic version of the Adams result
mentioned in the introduction, which here corresponds to the purely local situation of
the zero section in a 1—jet space.

Let Q be a simply connected smooth manifold with a basepoint g € Q. Fix a system of
positive Morse functions f = { f}'}]?il as in Section 3.3, and assume that the functions
have only one minimum and no index 1 critical points. (This can always be arranged by
handle cancellation if dim(Q) > 5; see Remarks 50 and 52 for the lower-dimensional
case.) We will first discuss a Morse flow tree model for chains on Q, which we denote
by CM_,(Q). Our treatment of Morse flow trees follows [22]; see Sections 3.3.1 and
3.3.2. We first recall the details of the flow tree definitions from [22, Section 2] in the
special case needed here.

Consider a strip R x [0, m2] or half-strip [T, 00) x [0, m] with coordinates s 4+ i t and with
m—1 slits along [aj,00) x j for j =1,...,m—1, and T < a; in the half-strip case. In
the half-strip case the vertical segment 7" x [0, m] is a finite end that will be used as an
input, and we do not consider it as a part of the boundary of the strip with slits. In the
strip case, the input is at the puncture —oo X [0, m], and in both cases we call punctures
at +oo “output”. Order the boundary components according to the positive boundary
orientation of the disk with punctures starting from the input and decorate its boundary
components by a strictly increasing sequence of positive integers k1 < ky < -+ < Kp.
Let k = {«;}7L, denote this decoration. Cutting the strip by line segments a; x [0, m]
for j =1,...,m—1, subdivides it into strip regions of the form [sg, s1]x[7o, 1], Where
Sg € {—00,day,...,am}, s1 €{dy,...,am,o0} and 19, 71 € {0, 1,...,m}, and with a
numbering «; on each boundary component [sq, s1] X {to} and [so, s1] X {71}.

Definition 45 [22, Definition 2.10] A flow tree is a continuous map from a strip
with slits into Q which in each strip region [sg, 51] X [to, 1] depends only on the first
coordinate s € [sg, 51], and there satisfies the gradient equation

X(s) = =V fi; = fi; ) (x(5)),

where «; is the numbering of the upper horizontal boundary of the strip region and «;
that of the lower.
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A partial flow tree is defined analogously except that the domain is a half-strip with
slits [T, 00) x [0, m].

If y is a critical point of f; then we let |y| = —index(y) denote the negative Morse
index of y. If y = ygy1 -+ ¥m is a word of critical points of f; then the space of flow
trees 7 (y) with input puncture at yo and output punctures y’ = yq - -+ yp,, in the order
induced by the boundary orientation, has dimension (formal dimension in the language
of Section 3.3.1)

(35) dim(7(»)) = ¥ = yol + (m —2).

For a sufficiently small perturbing system of Morse functions £, the space of flow trees
is independent of the increasing boundary decoration k; see Lemma 31.

Let CM_.(Q) denote the K-module generated by critical points of f; and equip
CM_.(Q) with the structure of a coalgebra with operations A; given by

Aiyo)= > ITWIY,
1y/1=lyol—(—2)
where the sum ranges over all y’ of word length i. It is not hard to see that the boundary
of a 1-dimensional space of flow trees consists of broken rigid flow trees from which
it follows that the operations A; satisfy the coalgebra relations; compare Lemma 37.
Furthermore, by Lemma 38, the coalgebra has a natural counit, the critical point which
is the minimum of /7. We will call this critical point the counit critical point. We say
that a flow tree with no puncture mapping to the counit critical point is counit-free.

The coalgebra CM_,.(Q) agrees with the Floer coalgebra CF,(Q), where we view Q as
the zero section in its own cotangent bundle 7* Q as follows. Let O(n) = {Q (1) }j?’io
be the system of parallel copies of the zero section Q C T*Q corresponding to the
system of functions ]7 , where 1 > 0 gives the size of the perturbation, | fx+1 — fx|cs =
O(n*+1); see Section 3.3.2. Then, by Lemma 33, there is, for all sufficiently small
shifts, a natural one-to-one correspondence between rigid holomorphic disks with
boundary on Q and Morse flow trees in Q determined by f_ . This gives a chain
isomorphism CM_,(Q) — CF«(Q).

We now return to the Morse-theoretic approach to Adams’ result. We will define a map
¢: C_x(QQ) - QCM_4(Q)

in terms of the operation of attaching counit-free partial flow trees to Moore loops
0v:[0, 1] = Q, 1y > 0, based at ¢ € Q, parametrized by a simplex v € A. To define this
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Figure 3: A configuration with three partial flow trees attached to o, at the
points 0y(fy), 0y(¢1) and oy (¢2). The numbers on the right determine the
gradient equation at that end. The dashed part represents the loop oy.

operation we will use the following notion: we say that a partial flow tree parametrized
by a half-strip y: [T, 00) x [0, m] — Q starts at a point p € Q if its input puncture
maps to p, where (T x [0, m]) = p.

Attaching partial flow trees to 6y : [0, ] — Q then means fixing points 0 <y <ty --- <
tm < ry and partial flow trees I'; for j = 1,...,m that start at 0y (#;). Our map ¢ takes
values in QCM_,(Q) and will accordingly be defined by attaching flow trees which
have no output at the counit.

Take the system of parallel copies Q(1) to be flow-tree generic (to satisfy (FT) of
Section 3.3.1). Then the set of positive punctures of minimum free partial flow trees
for a fixed increasing boundary numbering constitutes a codimension-two subset in Q
and that the corresponding subset for any numbering lies in an O(5*)-neighborhood
of it. We pick our Morse functions for the flow trees so that the basepoint ¢ does not
lie on any minimum free partial flow tree.

If 6y : [0, ry] = Q is a loop with flow trees attached at 0 <ty <ty <--- <ty <1y, We
also introduce a numbering of the components of [0, ry] — {t1, ..., i} induced by the
flow trees attached as follows. The rightmost interval (#,,, 1] is numbered by . The
right boundary segment of the strip with slits attached at o (¢,) is numbered by k¢ as
well, whereas the left boundary segment of its domain is numbered by «, . We number
the boundary segment (#,,—1, #,) and the right boundary segment of the domain of the
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flow tree attached at oy (#,—1) by K, as well. The left boundary segment of the flow
tree attached at oy (#,,—1) is then numbered by «g, _,, which determines the numbering
of the segment (¢,;,—>, t;,—1) as well as the right boundary segment in the flow tree at
oy(tm—2), etc. We view the end result of this process as the domain for a loop with
flow trees attached with numbering x that decreases; see Figure 3.

Note next that if o: 7% — QQ is a d—dimensional cube in general position with respect
to Q (ie transverse to the stratified space of the partial puncture of all minimum free
partial flow trees), the set of o, with v € 1 4 for which a single partial flow tree can
be attached is at most (d—1)—dimensional. Attaching more partial flow trees, the
dimension decreases further, by at least one for each flow tree. We say that the loops
in o with flow trees attached which form a 0—dimensional family are the rigid loops
with flow trees in 0. If o is a cubical simplex in 2Q and if y is a word of critical
points, then we let 7 (o; y) denote the space of loops with flow trees in o, where the
critical points at punctures of the flow trees read in order give the word y. The formal
dimension of 7(o; y) is then

dim(7 (0 p)) = [y |+ dim(o) + (£(y) — 1),

where £ is the word length, and for chains transverse to the system of parallel copies
the formal dimension equals the actual dimension.

Note that if the set of loops in o with flow trees is transversely cut out, then, by
construction of the system of parallel copies, loops with flow trees corresponding
to different decreasing numberings are canonically diffeomorphic; see the proof of
Theorem 76. We define the map ¢ by counting rigid loops with flow trees in cubical
simplices o'

(36) )= > [TO:»ly.

dim(7 (o;y))=0

Remark 46 We sketch technical aspects of the definition of the map ¢ in (36). In
order to get a suitable chain model for 2 Q on which the map ¢ is defined we equip QO
with a Riemannian metric and consider piecewise smooth loops in Q. It is shown in
[52, Section 17] that the inclusion of piecewise smooth loops into all loops is a homo-
topy equivalence and we will work with piecewise smooth loops. In [52, Section 16]
it is shown that if £ is the energy functional on the space of piecewise smooth loops,
then the preimage £~!(b) for any noncritical value b is compact and is a deformation
retract of the corresponding subset of the space of piecewise geodesic loops, which
has a natural structure of a finite-dimensional manifold. Furthermore, as we increase
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the energy level the spaces of piecewise geodesics are naturally included in piecewise
geodesics with finer subdivision. In this way we get a directed system of inclusions

]\4]50C]\4E1 C'-'CME]. cC---

such that E~1(h) N ME; C E-1(b)n Mg, for b < Ej < Ey is a deformation retract.
To define the map ¢ we can, for example, use chains of simplices in a sufficiently fine
triangulation of the finite-dimensional manifolds Mg; that are suitably transverse to
the system of parallel copies Q(n).

Since the shifting Morse functions do not have any index 1 critical points a partial flow
tree has at most dim(AM) punctures. Consider the natural evaluation map on partial
flow trees that takes a flow tree to the location of its positive puncture discussed above.
The image of this map for partial flow trees not involving the minimum is a stratified
space of codimension two and by construction of parallel copies, the corresponding
set for partial flow trees defined by distinct boundary numberings lie O(?)—close
to each other. The map ¢ above is defined for chains in MEg; (chains of piecewise
smooth loops) with evaluation maps that are transverse to this stratified subset. It is
straightforward to see that the chains of simplices in Mg; can be made transverse
without destroying transversality for chains at earlier energy levels. This means that we
can define the map on the direct limit of chains which is a chain model for the based
loop space.

In order to connect this to the path loop fibration we consider a similar map
¢: C_(PQ) > QCM_4(Q) ®' CM_.(0Q),

where t denotes the canonical twisting cochain of the cobar construction and PQ
the based path space. This map can be described geometrically as follows. The
chain complex C_4(PQ) — QCM_4(Q) ® CM_4(Q) can be thought of as generated
by words of critical points in which the last letter is distinguished and may be the
minimum X; in other words, the words are either minimum free, or the last letter (and
only the last) is the minimum. The differential counts rigid flow trees as usual and also
here only the last letter may be the minimum. To define the map qg we consider chains
of paths. As above we attach counit-free partial flow trees to paths in such a chain at
interior points and also attach a partial flow tree with last puncture distinguished at the
endpoint of the path. Also here, only the distinguished (ie the last puncture in the tree
at the endpoint of the path) may be the minimum. The map ¢A> then counts rigid paths
with flow trees attached as described.
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Lemma 47 The maps ¢ and $ are chain maps.

Proof For the chain map property of q§, we consider 1-dimensional moduli spaces of
chains of paths with flow trees attached as described above, including flow trees at the
endpoint. This moduli spaces form oriented 1-manifolds with a natural compactification
consisting of the following 0—dimensional configurations:

(i) spaces of paths with flow trees attached which is obtained by attaching trees to
the boundary of the original chain of paths, and

(ii) spaces of paths with flow trees attached where one of the flow trees is broken.

The configuration (i) contributes to the composition $ od and the configuration (ii)
to d o ¢. Since the algebraic number of boundary points of a 1-dimensional oriented
manifold equals zero we conclude the chain map equation, d o¢p = pod = 0.

The chain-map property of ¢ is proved applying the same argument to 1-dimensional
spaces of chains of loops with flow trees attached. |

Remark 48 The codimension-one boundary of 7 (o; y) corresponds either to the loop
or path moving to the boundary of o or to the breaking of a flow tree at a critical point.
Instances when two trees are attached at the same point are naturally interior points of
the moduli space where the disks with slits join to a new disk with a slit of width equal
to the sum of the widths. See Figure 4.

X~ B~

Figure 4: Flow trees attached at the same point are interior points: in the
source, top, and in the target, bottom.
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With this established we can now prove Adams’ result:
Theorem 49 The flow tree map ¢: C_,(Q2Q) — QLCM_,(Q) is a quasi-isomorphism.

Proof The first observation is that the chain complex QCM_,(Q) ®' CM_,(Q) is
acyclic. To see that, note that for each critical point y there are exactly two flow trees
with positive puncture y and two negative punctures, one at the counit x and one at y;
see Lemma 38. Exactly one of these — the tree in which the negative punctures are in the
order y followed by x — contributes to the differential on QCM_,(Q) ®' CM_4(Q).

Add a constant to the Morse function f used to build the parallel copies so that the
minimum Xx lies at level 0 and all other critical points at positive levels. We then filter
by action of the parallel copies f_ = {fj}; more precisely, we associate to a word
V1 ym of critical points the action }_;(fj — fj—1)(»j). Then, by definition of a
flow tree for the flow-tree map, the differential does not increase action. (To see this,
recall that the flow-tree map uses flow trees with only one positive puncture which
decrease action since the value of a Morse function decreases along negative gradient
flow; see [22, Lemma 2.3, equations (2-2)—(2-3)] for the calculation.) Since all flow
trees except those involving the counit decrease action, we find that the differential on
the associated graded complex acts only on the last (distinguished) letter in the word
and it acts there as y — yx if y # x and x — 0. Since this is an isomorphism from
words not ending with the counit x to those which end with x, the desired acyclicity
follows. Clearly, C_«(PQ) is also acyclic.

Consider next the stratification of Q induced by the stable manifolds of the Morse
function f and the corresponding filtration on C_,(PQ) induced by evaluation at
the endpoint. The corresponding filtration on QCM_,(Q) ®' CM_4(Q) is filtration
by degree of the distinguished (the last) critical point and the map $ respects these
filtrations.

The corresponding E{—terms with induced maps are
C_x(Q; H-x(20)) = H«(QCM_«(Q)) ® CM_«(Q).

To see this, consider first the left-hand side. The associated graded complex can be
represented by chains of paths in Q with endpoint in a Morse stratum of fixed dimension,
divided by such chains of paths with endpoints in Morse strata of lower dimension, and
the differential in the associated graded complex acts as the singular differential on
such paths. The resulting homology is then the homology of the chain with endpoints
in cells of fixed dimension modulo their boundary, which gives C_(Q; H«(2Q)).
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Consider the right-hand side: here the associated graded complex can thought of as the
direct sum of complexes with fixed distinguished last critical point. The differential
attaches minimum-free flow trees at all nondistinguished critical points. The resulting
homology is clearly Hyx(Q2CM_4(Q)) ® CM_.(Q).

The E,—terms are then

(37) H_+(Q; H-+(RQ)) — H-+(Q; H(QCM_+(0Q))).

To see this, on the left-hand side the part of the boundary operator on a chain of loops
that remains after passing to the E{-level corresponds to the endpoint going to the
boundary of the Morse chain in Q. On the right-hand side, it remains to add flow
trees at the last distinguished critical points. The homologies of these differentials
are then clearly as stated. Equation (37) together with Zeeman’s comparison theorem
[51, Section 3.3] then establishes the result. O

Remark 50 If dim(Q) = 4 then the Morse function may have critical points of index
one. In this case we use stabilization as follows. Multiply Q by R¥ for any N > 2, and
consider the function F(q, x) = f(g) + x2. Then F has the same critical points as f
and —V F is inward pointing at infinity. In Q x R¥ there is room to cancel 1-handles
and the above applies. In this case we define CM_(Q) to be CM_,(Q x R™), which
is a 1-reduced version of the original complex. Noting that C_(Q xR™) and C_.(Q)
are canonically isomorphic, the result follows also in this case.

We next show that CE;'(A) and CE*(A) are isomorphic if A is simply connected.
This is a more or less a direct consequence of the description of rigid disks on a
Legendrian with parallel copies in Lemma 35 and the isomorphism in Theorem 49.
Since components in A_ are not affected by this choice of CE} versus CE*, we
disregard them and assume that A = A 4 in what follows.

Recall the definition of CE*(A) given in Remark 24, which is generated by chains
C_ (2 pA)X(i"'l)) in the product of the based loop space of A with factors separated
by Reeb chords. Here the differential of a chain is just the usual differential of the
chain whereas the differential of a Reeb chord is a sum over all moduli spaces of disks
with one positive puncture at the chord and any number of negative punctures. Such a
moduli space carries a fundamental chain and the contribution to the differential is an
alternating word of chains in the based loop space corresponding to the boundary arcs
of the disk carried by the fundamental chain and Reeb chords at the negative puncture,

deo =) MY (@)

c/
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where ¢ = ¢oc¢’ and ¢’ is a word of Reeb chords. Here we use the diagonal in the
product of loop spaces; see Remark 24.

We next consider a system of parallel copies A (1) = {A i(m) }J?’io defined by a system
of positive Morse functions (Section 3.3.2), where Ay = A. Recall that the generators
of the algebra CE[f(A) are the Reeb chords connecting Ag to A, and that these can
be long, corresponding to Reeb chords of A, and short, corresponding to critical points
of f1 except for the minimum. The differential counts rigid disks with one positive
puncture in Miy (b; k) where « is a decreasing boundary numbering, b = bob’.
We next consider the map

¢:CE*(A) — CE[(A)
which takes every Reeb chord to itself and takes a chain o in the based loop space
to ¢ (o), where ¢ is as in (36) and where we identify the critical points of f; with the
corresponding Reeb chords connecting Ay to Aj.

Theorem 51 The map ¢ is a DG—-algebra map and if A is simply connected then
¢ is a quasi-isomorphism.

Proof The fact that ¢ is a chain map follows from Lemma 35. Filter the algebras by
action of Reeb chords on the left-hand side and actions of long Reeb chords on the
right-hand side. The map respects this filtration. The E,—pages are obtained by acting
by the differential on the chains on the based loop space only on the left-hand side
and on Morse chords only on the right-hand side. The result is words of Reeb chords
separated by homology classes in the based loop space and by homology classes in the
(reduced) bar construction on the Morse coalgebra on the left- and right-hand sides,
respectively. On these E,—pages the map ¢ induces an isomorphism by Theorem 49.
Since the sum of actions of the Reeb chords at the negative end is bounded by that at
the positive end, the spectral sequences converge. The theorem follows. O

Remark 52 The isomorphism in Theorem 51 is compatible with the stabilization
of Remark 50. To see this we multiply the ambient contact manifold ¥ with contact
form o by T*R*Y and consider A xRN c ¥ x T*R¥ with contact form 6 = (¢ —y dx).
The Reeb chords of A x R¥ then come in RY —families, one for each Reeb chord of A.
Consider the contact form e*” and note that with respect to this contact form the Reeb
chords of A x R¥ are in natural one-to-one correspondence with those of A and there
is a canonical isomorphism between CE*(A) and CE*(A x R™). In fact the disks in
the differential are canonically identified. It follows in particular that Theorem 51 holds
also if dim(Q) < 4.
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4 Lagrangian (co)algebra

As before, X is a Liouville manifold with ¢;(X) = 0 and L is an exact relatively
spin Lagrangian in X with vanishing Maslov class and ideal boundary given by the
Legendrian A.

We will associate several chain-level structures to L. To begin with, let us first assume
that L is an embedded Lagrangian. Since L has boundary, in classical topology, one can
consider either C*(L) or C*(L, dL). In our case, these two choices are reflected in the
choices of 4+ or — decorations on L, respectively. More generally, let LY, v € T, be the
(irreducible) components of L. As with the Legendrian submanifolds in Section 3.2, we
assume these components of L are decorated by signs and we write L = L™ U L™~ for
the corresponding decomposition. Let F': L — R be a Morse function with prescribed
behavior at infinity (depending on the + or — decoration) as explained in Section 3.3.
o

j=1
shifted at infinity along the Reeb flow either in the positive or negative direction on

We use this to construct a system of parallel copies L = {L it as in Section 3.3,

LT and L™, respectively.

Now, using the parallel copies, {L; }j’i |» we define a graded quiver Qy, as follows. The
parallel copies {L; }j?'il give rise to following sets, for fixed i; < i, positive integers,
and v, w € I with v # w:

¢ Intersection points L;’l N L;’z in bijection with the union of critical points of F|z .

These critical points may depend on the + or — decoration on L, one can for
example turn a — decorated component L into a + decorated one, by introducing
critical points corresponding to the topology of dL,; see Figure 5.

¢ Intersection points L}’l N Ll.“; in bijection with LY N LY.
ir Iy iy I1 i1 iy i1 iy

Lt L~

Figure 5: Difference between + and — generators for iy < i>. Both the
left- and the right-hand sides depict shifts corresponding to Morse functions
with a maximum. One of the intersection points in L is the minimum and
corresponds to the unit for the Floer cohomology product.
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X4
Ly, Ly,
X0 X3
Ly { Ly,
X1 LK3 2

Figure 6: An example of a disk with labelings. The blue labeled Lagrangians
are perturbed with + perturbations and red labeled Lagrangians are perturbed
with — perturbation.

Furthermore, by the construction in Section 3.3, there are canonical bijections between
the above sets associated to any pairs (i1, i) and (i{, i) with i} < i, and i| <i}. So,
fix a pair (i, ip) such that i; <i,, and define a graded quiver Q; with vertex set [ and
with an arrow connecting v to w (possibly equal to v) for each element of the above
sets. Let Z denote the set of arrows.

Alternatively, one can describe the generators as the set of intersection points in LoN L1,
between the original L and the first shifted copy.

Let CF* (L) be the graded k—bimodule generated by Z. Thus, there is one generator Xy,
in degree |xyy | for each arrow in Qy from v to w. We endow CF* (L) with the structure
of an Ayo—algebra. Let x( be an intersection point generator and let x’ = x; --- x be
a word of intersection points. Consider the disk D;; with i 4+ 1 boundary punctures
and with a decreasing numbering of its boundary arcs k. Let x = x¢x; - - - x1. Consider
the moduli space M (x:«); see Appendix A for notation. Define the operations m; by

m()= Y [ Mxe)lxo,
L(x")=i
|xo|=|x"|+(2—1)
where £(y) denotes the word length of y and | M (x; k)| denotes the algebraic number
of points in the oriented O—dimensional manifold.

Lemma 53 The operations m; satisty the A~—algebra relations and are independent
of the decreasing boundary labeling k.

Proof This follows by the usual argument: after noting that the decreasing boundary
numbering ensures that there is no boundary bubbling, one observes that the terms in
the Ao—algebra relations count the ends of a 1-dimensional oriented compact manifold
by Theorems 74 and 75. The operations compose because of Theorem 76. |
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We call CF*(L) the Lagrangian Floer cohomology algebra of L. Let u, denote the
generator corresponding to the minimum on the component L, C L. If L, is simply
connected, then, by Lemma 38, u,, is a strict idempotent. We write k— @ CF*(L) for the
augmented algebra where we adjoined an idempotent ey, for each component L, C L.
(On these components the shifting function is decreasing at infinity and has a maximum
rather than a minimum in the compact part.) This is a connected algebra over k.

Remark 54 The two different choices of perturbations at infinity corresponding to
+ and — are the two extremal constructions, where one pushes the copies either always
in the positive direction or always in the negative direction. One can also choose
perturbations at infinity to depend on the topology of the manifold at infinity; see, for
example, Section 4 of [1]. All our constructions should extend meaningfully to this
more general setting, but we have not pursued this direction in this paper.

We next consider various linear duals of CF*(L) and associated algebraic objects. The
simplest case occurs when CF*(L) is simply connected. In this case the linear dual
CF«(L) is a coalgebra with operations A; dual to m;, and as before we can adjoin
k_ so that k_ @ CF4 (L) is coaugmented over k. Then we define the Adams—Floer
DG-algebra

Q(k_— @ CF«(L))

by applying the cobar construction.

In the non-simply-connected case, we replace this object by the completed Adams—Floer

DG-algebra
(B(k—_ & CF*(L)))".

Example 55 Let L be the standard Lagrangian D" filling of the standard Legendrian
unknot A C S?"~1. The Floer cohomology can be computed as

CF*(L) = {

Alternatively, if we want compatibility with the inclusion C*(D", dD™) — C*(D"), it
can be computed as
KedKy®Kx with|c|=n,|y|=n—1,|x|=0anddy =c¢
CF*(L) = if L is decorated with +,
Ke with |¢| = n if L is decorated with —.

Kx with |x| = 0if L is decorated with +,
K¢ with |c¢| = n if L is decorated with —.

In Section B.1, we introduce a model for wrapped Floer cohomology without a Hamil-
tonian term and prove it is quasi-isomorphic to the usual wrapped Floer cohomology.
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We refer there for details and give only a short description here. The chain complex
underlying CW*(L) is the following. Let L = L and shift L off itself to L by a
Morse function that is positive at infinity (as in the definition of parallel copies when
L is decorated +). The generators of CW™* (L) are then Reeb chords connecting L to
L and intersection points in Ly N Lj.

There is an Ao—functor, often called the acceleration functor,
CF*(L) — CW*(L).

If L is decorated +, it can be shown that this functor is unital.

5 Maps relating Legendrian and Lagrangian (co)algebras

We continue with our usual set-up, where X is a Liouville manifold with ¢; (X)) = 0 and
L is an exact Lagrangian in X with vanishing Maslov class and ideal boundary given
by the Legendrian A. Let I" be the set of embedded components of L subdivided into
It UT™. Let © be the set of components of A with induced subdivision ©T U ®~.

In this section we will define twisting cochains and associated DG—algebra maps
relating the parallel copies version CEj'(A) and the Floer cohomology CF*(L). Since
L is an exact filling, we have an augmentation €7 : CE'(A) — k. As in Section 3.2 we
use this augmentation throughout to change coordinates in such a way that Ay = 0.

As explained in Section 3.4, the definition of CE] differs depending on whether or
not the components of A in ®% are simply connected. We will start in the simply
connected case and turn later to the non-simply-connected case, using the definitions
in Section 3.4.2.

Assume thus that all components of A in ©% are simply connected. As usual, let
k_® LCl(A) denote the coalgebra corresponding to CE[(A) augmented by the La-
grangian filling, with counits e, adjoined to all components A, in ®~. As AT has
simply connected components, by Lemma 38, this is a counital coalgebra with counit

Z Xy + Z €y.-
ve®@+t vEO®™
Letn:k > k_® LCLL(A) denote the coaugmentation
Xy ifve®t,
ey, ifve®,

(38) n(ey) = {

(see (33)), so that CE| = Q(k_ EBLCLL). This means that x, is traded for e, forv e ®.
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Consider the Floer cohomology As,—algebra CF*(L). If all components of L™ are
simply connected there exists a strict idempotent u,, € CF*(L) for each v € 't
corresponding to the minimum of the shifting Morse function, and we make CF* (L)
unital by adding an idempotent e,, for each w € I'”. We write the strictly unital algebra
as k_ ®CF*(L). Let e: k_ & CF*(L) — k be the augmentation that maps u, to e,
for ve 't and ey, to ey for w € I'~. Consider the dual of the bar construction,

(39) o = (B(k—®CF*(L)))",

or in other words the completed Adams—Floer DG-algebra. In what follows we will
represent ./ as a quotient in way that generalizes to the non-simply-connected case in
analogy with the construction in Section 3.4.2. In the non-simply-connected case we
introduce strict idempotents by hand as follows.

Consider adding extra idempotents e, for v € I'" to k_ @ CF*(L). This gives
k & CF*(L) and we equip it with the trivial augmentation ¢’ which is the projection
to k. Let

' = (B(k ®CF*(L)))",

and let .# denote the subalgebra of o7’ given by the space of functionals which vanish on
monomials not containing u, for some v € 't Let p: &7’ — < denote the restriction
map induced by the inclusion k_ @ CF*(L) — k & CF*(L).

Lemma 56 The subalgebra .# is closed under the differential. In the simply connected
case, the map p is a chain map with kernel .# and consequently </ is quasi-isomorphic
tod'| 7.

Proof Similar to Lemma 42. To see that .# is closed under the differential we check
that if u, is an output of the differential, then u, is also an input. Here the output is the
positive puncture of the holomorphic disk, or equivalently flow tree; see Lemma 33.
Since there is no negative-gradient flow line that starts at a minimum, any gradient flow
tree with positive puncture at a minimum must also have a negative puncture at that
minimum. This shows that if u, is an output then it is an input as well.

In the simply connected case, monomials not containing u, come from B(k_ & CF*),
therefore the kernel of p is contained in .# and, conversely, any element in . restricts
to zero on B(k_ & CF*). Thus, in this case .# is the kernel of p. |

In the general case we define &/ = &'/.#. Lemma 56 shows that in the simply
connected case this definition agrees with the alternative definition of .7 given in (39).
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Ly, Ly,
Xo,1 Xo0;4
Lis Ly,

X0,2 Ly, X0,3

Figure 7: An example of a disk contributing to t'. The blue labeled La-
grangians are perturbed with 4 perturbations and red labeled Lagrangians
are perturbed with — perturbation.

Remark 57 The somewhat artificial construction of o7 as .« = </’/.# is used to adapt
the bar construction to a not necessarily strictly unital algebra.

We next define a map ' on generators of CE|'(A) which then gives a map
t:LCL(A) > o'
in the simply connected case, and in that case it will induce a twisting cochain
t:k_®LCLA) > .

The map t’ is defined by the following curve count for generators of LCl(A). Fix
systems of parallel copies L of L. Recall that the components labeled with a + sign
are shifted by a positive Morse function and the components labeled with a — sign are
shifted by a negative Morse function.

Let ¢ be a Reeb chord of A and let xo = Xo;1 - Xo;j» J > 0, be a nonempty word of
intersection points of L. Let
c=cxg
and define
(40) fo= Y IM©lx,
lxol=lc|+(1—/)

where we interpret xg as an element in .7’

Remark 58 1In the non-simply-connected case we use the same formula to define t'(c)
and note that the sum in the definition may be infinite.

We have the following:
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X

Uy

Figure 8: Minimum X, is sent to the minimum ,,.

Proposition 59 If v € @ is such that A, is a boundary component of L, forw € I'T,
then

t'(xy) = 1y,
where u',, is the dual of the minimum u.,. Furthermore, ' satisfies the equation of a
twisting cochain.

Proof For the first property we need to understand rigid holomorphic disks with
positive puncture at the Reeb chord x,. By small action such a holomorphic disk must
lie in a neighborhood of L, and is hence given by Morse flow trees. There is only one
flow line emanating from the minimum in A, and the flow line generically ends at the
minimum of the shifting of L,,; see Figure 8. The first equation follows.

To see the twisting cochain equation, we need to check that
miot —t' oAy + Z(—l)dmgd) ot/ ®kd Ay =0,
d=2

where m® - W . (d—1)

:=mp and m,” ‘= my o (Id, ®x m, ). To this end, we consider
the boundary of the 1-dimensional moduli space M'i(cox). By Theorem 75 this
corresponds to two-level curves which by Theorems 74 and 76 form the boundary of
an oriented compact 1-manifold. |

Proposition 59 shows that ' maps the submodule generated by x,, for v € ®* into
# C o/'. Hence, by letting t(ey) = 0, t' induces a map

tk_@®LCLA) > &' |5 = .

Note that, if n: k > k_ & LCLL(A) is the coaugmentation in (38) and €: & — k is the
trivial augmentation, then eot =ton =0.

Corollary 60 The map t is a twisting cochain.

Proof Since t' satisfies the twisting cochain equation, so does t. |
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X0;1 X0;4
X0;1 X0;4

X0;2 X0;3

X0;2 X0;3

Figure 9: Left: a two-story disk contributing to the term m, 0t®20 A, applied
to ¢. There are similar disks in the compactification of the 1-dimensional
moduli space, with 2 replaced by n. Right: a two-story disk which contributes
to the term my o t applied to c.

This twisting cochain is always defined, and determines a map
41) CE[(A) —» «.
We next consider the question whether t € Kos(LCL(A), «). The following theorem

gives a sufficient condition for t to be Koszul:

Theorem 61 Suppose that LC‘,L (A) is a locally finite, simply connected k—bimodule.
Suppose further that HW* (L) = 0. Then < is quasi-isomorphic to Q(k_ @ CF,(L))
and t: LC!k (A) — « is a Koszul twisted cochain. In other words, the induced DG—

algebra map
CE[(A) —> o ~ Q(k_ & CF4(L))

is a quasi-isomorphism.
Corollary 62 In the situation of Theorem 61, suppose that L is connected and deco-

rated by — and that 9L = A is diffeomorphic to a sphere S"~!. Writing L = L Uy D",
there exists a quasi-isomorphism of DG—algebras

CE*(A) — C_«(Q2L),
where QL is the based loop space of L.

Proof We first note that there exists a quasi-isomorphism k @ CF* (L) — C*(L) since
L is an exact Lagrangian; this is well known and can be deduced eg from Lemma 33.
We next use Theorem 61 and Adams’ cobar equivalence [4]

Q(Cx (Z)) >~ Cx (QZ),

which holds for the simply connected topological space L. |
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Theorem 61 is obtained as a corollary of Theorem 18 and the following result. For the
notion of wrapped Floer cohomology, see [3] and Section B.1.

Theorem 63 Suppose that HW* (L) = 0. Then there exists a quasi-isomorphism of
augmented A,—algebras

e: CF*(L) — LAJ(A)
such that

e(uy) = Z Xy forvelT.
Ay COL,y,

Note that HW™* (L) = 0 if X is subcritical [3], or more generally a flexible Weinstein
manifold. (A Weinstein manifold is flexible if the attaching spheres of all top handles
are loose and hence have trivial Chekanov—Eliashberg algebras [18]; see Section B.2
for the vanishing of wrapped Floer cohomology.)

Note also that if there is no bijection between connected components of L and connected
components of A, then we have to work over the semisimple ring of idempotents
determined by the Lagrangian.
Proof We construct an As,—map ¢ = (¢;);>1, where the maps

e;: (CF*(L))®*" — LAF(A)

are constructed by dualizing the components of the map t'. More explicitly, given ¢

and xo = Xg.p, ..., Xo:1, Write ¢ = ¢oX as in (40), and define
fi
ei(xo) = Y [Mi(e)lco.
COER

The proof that (¢;);>; is an A,—map follows as in the proof of Proposition 59.

Now, we need to check that ¢; is a quasi-isomorphism. We point out that ¢; concerns
only strips and is defined using only two parallel copies. In the case that L = L™, this
is a consequence of the exact sequence for wrapped Floer cohomology induced by the
subdivision of the complex into high- and low-energy generators,

0 — CWi(L) = CW*(L) - CW* (L) — 0,

as follows. In terms of the version of wrapped Floer cohomology presented in
Section B.1.1, the low-energy subcomplex CW (L) is generated by Lagrangian intersec-
tion points in LN Ly, where L = L and L is the first parallel copy of L, shifted by a
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positive Morse function f that increases at the end; see Section 3.3. The differential on
CW (L) counts holomorphic strips which are incoming along L and outgoing along
L at the output puncture. Similarly, the high-energy quotient CW? (L) is generated
by Reeb chords connecting A to Ay, and the differential counts holomorphic strips
interpolating between such Reeb chords. Since CW*(L) is acyclic it follows that the
connecting homomorphism HWfr (L) —> HW;Jrl (L) is an isomorphism. In order to
connect this to CF*(L) and LA[f(A), renumber the parallel copies so that L now lies
in the negative Reeb direction of L at infinity and the shifting function f is replaced
by — /. Then note that since L is labeled by — it holds that:

o The linear dual of CW*~!(L) is canonically identified with LAj*(A) as a chain
complex. Note that CW*+_1 (L) also has an 4o—coalgebra structure as defined
in [30] and this should dualize to the Aoo—algebra structure on LA*, but we do
not need that here.

e The linear dual of CW (L) is canonically identified with CF*(L) as a chain
complex.

¢ The linear dual of the connecting homomorphism can be canonically identified
with the map ¢ : k_ @ CF*(L) — k— @LA[ (A) on critical points which counts
strips with an input puncture at Ly N L and output puncture at a Reeb chord
and is the canonical map on k_.

Since the connecting homomorphism is an isomorphism so is its linear dual. (The
argument here is originally due to Seidel; compare [29, Theorem 7.2].)

In the case that L™ # &, the argument just given applies after a certain deformation,
which we describe next. For components in LT, we define CF*(L) and LAJf(A) via
parallel copies shifted in the positive Reeb direction at infinity. To connect to the
previous case we consider a Lagrangian cobordism of two cylinders: R x A, which is
constant, and R x A1, which is the trace of an isotopy pushing A across Ay in the
negative Reeb direction. This can be arranged so that the intersection points of the
two cylinders are in natural one-to-one correspondence between the short Reeb chords
between Ag and A . Furthermore, there is exactly one transverse holomorphic strip
connecting each intersection point to the corresponding Reeb chord at the negative
end of the cobordism. To see this, note that R x A can be obtained from a graphical
Lagrangian in a cotangent neighborhood of R x A that intersects the zero section
R x Ag cleanly along Ay x {0}. More precisely, it is the graph of the pullback of a
I-form on the R—factor with a single transverse zero at 0 € R. The corresponding
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Lagrangians are then a product of the zero section in 7*Ao and a 1-dimensional
Lagrangian in 7*R, and of the zero section and a curve that intersects the zero section
once transversely at 0. The transverse holomorphic strips after perturbation by a Morse
function on A are products of constants at the critical points of the Morse function and
the obvious strips for the 1-dimensional Lagrangian. Transversality is a consequence
of transversality for the components of the product. We call such curves basic strips.

Adding these cylinders to Lt we get a 1—parameter family of pairs of Lagrangian
submanifolds Zg and Ii‘l’ , where p > 0 is a gluing parameter that measures the length
of the trivial cobordism between L™ and the added cylinders. The wrapped Floer
cohomology CW* (ip , i’;’ ) between Lagrangians ig and ffl) vanishes: it is isomorphic
to the wrapped Floer cohomology CW*(L) by Hamiltonian deformation invariance.
Write CW* (Zp) = CW*(L?, L’l) ). This complex is then acyclic and is generated by
the set of long Reeb chords C* from Lg to L1, the set of intersection points / between
the cylinders, and intersection points P in L. Let C~ denote the short Reeb chords
connecting Lo to L; and recall the natural one-to-one correspondence C~ & [ above.
Let p > 0. We claim that the following sets are in natural one-to-one correspondence
for all sufficiently large p:

(i) Rigid strips of L with input puncture at ¢ € C* and output puncture at p € P
and rigid strips of L with input puncture at ¢ € C* and output puncture at p € P.

(i) Rigid strips of L with input puncture at ¢ € C* and output puncture at g € I
and rigid-up-to-translation strips of R x A with input puncture in ¢ € C* and
output puncture at g € C ™.

(iii) Rigid strips of L with input puncture at p € P and output puncture at ¢ € I and
rigid strips of L with input puncture at p € P and positive puncture at g € C .

To see this note first that the strips in (i) are unaffected by adding the almost trivial
cobordism: the strips are transversely cut out and therefore solutions for small variations
of the boundary data are canonically identified. Taking p sufficiently large the boundary
data of the disks can be made arbitrarily close.

For (ii), in the limit p — oo the disks limit to an anchored disk with a positive puncture
and a puncture at the intersection point. Gluing to it the basic strip (see above for this
notion) connecting the intersection point to the short Reeb chord gives a 1-dimensional
moduli space. The other boundary component of this moduli space consists of a rigid
strip in the cobordism and a disk or plane of dimension one at either symplectization
end. We next argue that the other boundary component of the moduli space must be
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a trivial strip followed by a strip connecting ¢ to ¢ at the negative symplectization
end. To see this we note that the cobordism is obtained by a very small perturbation of
the trivial cobordism R x A. It is well known that the only rigid strips of the trivial
cobordism are the trivial strips; nontrivial curves have dimension > 1. Therefore, a
rigid strip limits either to a trivial strip or does not leave a small neighborhood of the
trivial cobordism R x A. In this neighborhood holomorphic strips correspond to Morse
flow lines of the shifting function, and thus the only rigid strips in the cobordism with
negative ends at Reeb chords are either close to trivial strips or a basic strip. Our
assertion follows. For (iii) we note that every rigid strip must break under stretching
into two rigid strips. Since the only rigid strips in the upper part are the basic strips,
the claim follows.

Observe that the strips in (i) and (iii) contribute to t’, the strips in (ii) to the differential
on LC‘,‘k (A). The vanishing of the wrapped Floer cohomology of LP then implies that
¢q 1s a quasi-isomorphism. The last statement follows from Proposition 59. |

Proof of Theorem 61 The Ay,—quasi-isomorphism given in Theorem 63 induces a
quasi-isomorphism of DG—algebras

®:B(k_ @& CF*(L)) — B(LAF(A))

by an application of [21, Theorem 7.4] with respect to length filtrations on the bar
construction.

By the local-finiteness and simple-connectedness assumptions, each of these bar
constructions is locally finite. So we can apply the linear dual operation to get a
quasi-isomorphism of DG—algebras

(42) ®*: B(LAF(A))* — B(k— @ CF*(L))*.

The result then follows as in Theorem 18, where local-finiteness of the grading enabled
us to appeal to Lemma 10. Therefore, the quasi-isomorphism given in (42) induces the
required quasi-isomorphism

QLCL(A)) — Q(k— & CF(L)). O
We next turn to the non-simply-connected case, where we use CEJ(A) as defined
in Section 3.4.2 directly without using the corresponding coalgebra. Note that the

Aco—algebras k_ @ CF*(L) and LA[ (A) are finite-rank k—bimodules (in particular,
they are locally finite), thus we can consider their k—duals, which are, by definition,
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the Aso—coalgebras k_ & CF4 (L) and LCl(A). However, unless we have the simple-
connectedness assumption, the Aso—quasi-isomorphism

e:k_®CF*(L) - LAJ(A)
does not necessarily dualize to an A,—comap
f: LCL(A) — k_ @ CF4(L),

because A ,—comaps are required to factorize through inclusion of the corresponding
direct sum into the direct product as in (9). This is to ensure that a A,,—coalgebra
map f induces a DG—algebra map Q2f on the cobar construction.

If we drop this condition, the Ao—quasi isomorphism dualizes to DG-algebra map
=k

and this is just the map (41) induced by the twisting cochain t{. Furthermore, by
Proposition 59 this gives a DG—algebra map

Q(7): CEf(A) > Q(k— ®CFu(L)).

Now, since f is a quasi-isomorphism, by using the length filtration on SA2, and appealing
to [21, Theorem 7.4], we can conclude the following:

Theorem 64 Suppose that HW* (L) = 0. Then there exists a quasi-isomorphism of
DG-algebras
CE[(A) = Q(k— @ CF4«(L)).

Note that the completion C/E‘T is in general a cruder invariant than both CE;'(A) and
CE*(A). Nevertheless, we always have a map

CE*(A) — CEF(A).

Theorem 64 can be used to compute C/E\‘T in a variety of cases. For example, if L is
a connected Lagrangian filling decorated by — of a Legendrian A diffeomorphic to a
sphere $"~!, then writing L = L Uy D", we have a quasi-isomorphism k @ CFy (L) ~
Cx(L) since L is an exact Lagrangian. Hence, we have a map

CE*(A) — Q(Cx(L)).

Here the right-hand side can often be computed; in particular, H° (SAZ (C *(L))) is the
group ring of the unipotent completion of the fundamental group 7 (L); see [16].
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In particular, any information on the completion map CE*(A) — C/E\"‘k (A) can help to
obtain information about CE*(A). We will see an application of this idea in the next
section.

We end this section with a discussion of the twisting cochains constructed above from
an after-surgery perspective. Assume that all components of A~ are spheres and recall
the surgery isomorphism

©:CW*(C) — CE*(A)

of Conjecture 89. Let 0= ¢ o ®, where ¢ is the identity map on components in A_
and the map ¢ of Theorem 51. We next note that there is a natural A,—algebra map

V:CW*(C) > Bk ®CF (L) =o' > o/ ="/ 7,

where we identify k_ @& CF*(L) with the Floer cohomology CF*(L’) of the manifold
after surgery obtained by capping off all boundary spheres in A~ by disks. (Note that
in the simply connected case, the shifting Morse function then extends with a unique
minimum in each disk which gives an idempotent corresponding to e,.)

The map W is defined by a curve count. Fix systems of parallel copies C of C and L’
of L'. Let ¢/ = ¢; -+ ¢; be a word of Reeb chords of C and let xo = x¢.; -+ Xo;; be a
word of intersection points of L’. Let

/
and define

U= Y [MP)lxo.

lxol=le’|+(1—-i)

Remark 65 We require here that the parallel copies L’ give a system of parallel copies
of A near the surgery region in such a way that, for the components of A, labeled
by — (resp. +), the induced parallel copies A, lie in the negative (resp. positive) Reeb
direction. Compare with Figure 5.

Theorem 66 The map W is a map of Aoc—algebras and V(z,) = u’,, where z, is the
strict unit in CW*(Cy) and v/, is the dual of the unit in Ke, & CF*(L,) for each v.

Proof This follows as usual by identifying terms contributing to the A—relations
with the oriented boundary of an oriented 1-manifold and Theorems 74-76.

To compute W(z,) note that we can represent z, as the minimum of the shifting Morse
function of C and there is a unique flow line from this minimum to the intersection

Geometry & Topology, Volume 27 (2023)



Duality between Lagrangian and Legendrian invariants 2133

point C, N L/}, and a unique flow line in L, from the intersection point to the minimum
in L,. The corresponding holomorphic disk starts at the intersection point between Cy
and Cy, has two corners at Cy N Lg and C; N L/l, and ends at the intersection point in
Lg N L’1 corresponding to the minimum of the shifting Morse function. |

The pre-twisting cochain t": LCLL (A) — o7 can now be seen to arise via SFT stretching
as follows. Consider the first component W; of the 4.,—map above and a holomorphic
disk contributing to it. Now stretch the lower end of the cobordism. Then by SFT com-
pactness each curve contributing to W; breaks up into a curve contributing to the map
¢ o © followed by the twisting cochain at each negative puncture. The z, are the only
low-energy generators, so it follows that the map induces a map of the high-energy
quotient into coker(n), and we can write the induced map ‘-Ilfr as \I/fr =(Qt)opoOT.

6 Examples and applications

6.1 Concrete calculations

In this section we compute Legendrian and Lagrangian invariants in a number of
concrete examples.

6.1.1 The unknot Consider the Legendrian unknot A C S2"~! for n > 1 with its
standard filling L = D" C D?". Then A can be represented as a standard unknot in
a small Darboux chart which has effectively only one Reeb chord with respect to the
standard Reeb flow on S2"~1; see [11, Section 7.1].

We work over a field K. Consider first the case when L is decorated by —. Then
LCx(A)=K-1®K-c with |c|=—n,
with all coalgebra maps (A;);>; trivial, except A,, for which we have
Ar()=1®1 and A(c)=1Qc+c®1

by the counitality. Using a Morse function on D?” with a unique local maximum a and
which decreases along the end corresponding to a shift in the negative Reeb direction,

we have
KeCF«(L)=K-19K-a with |a| =—n.

Let & = Q(K & CF. (L)) be the Adams—Floer algebra, where the degree of a is now
shifted up by 1. Then we have the twisting cochain

t:LCx(A) > o, t(c)=a.
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Figure 10: Computation of t for the Legendrian unknot. The disk drawn lies
in an (n—1)—dimensional family that sweeps the filling once.

Here the disk with input ¢ and output a corresponds to the family of disks with positive
puncture at ¢ that sweeps L once.

The case of n = 2 is drawn in Figure 10.

k

The Koszul complex is generated over K by ak, a*c with k > 0. We can compute the

nontrivial part of the differential to be
dt(akc) =d**t! forall k > 0:

hence, t is acyclic. This is consistent with the classical Koszul duality between the
algebras C*(S") and C_4(2S") forn > 1.

Consider next the case when L is decorated by +. Since $”~! is simply connected,
CE*(A) ~ CEj(A) and we will use the parallel copies version in our calculation.
Choose a Morse function on A with a single minimum and a single maximum. Denote
the corresponding Reeb chords by x (the counit chord) and y. Then

LCl(A)=K-x®K-y®dK-c, with |x|=0, [y|=—n—1), |c|=—n.
Here
A©)=y, A(X)=x@x++D)"1x®y+ryQx+(-1)"xQc+c®x,
and all other operations are trivial. It follows that
CEf(A) = Q(LCL(A)) ~ K.

This is in line with Conjecture 3, which says that CE*(A) ~ CEJ(A) is isomorphic
to CW*(C), where C is the cotangent fiber in the manifold obtained by attaching a
cotangent end 7*(S”~! x [0, 00)) to the ball along A. The manifold that results from
this attachment is simply 7*R”, and the wrapped Floer cohomology of the cotangent
fiber C has rank 1 and is generated by the minimum in the disk C, in accordance with
the above calculations.

Geometry & Topology, Volume 27 (2023)



Duality between Lagrangian and Legendrian invariants 2135

y ~
12

Figure 11: Hopf link with one (blue) marked + and one (red) marked — component.

Finally, the twisting cochain t in the + case is the canonical map K — K, and again
the Koszul complex is acyclic. As explained in Section 5 this map is induced by a map
' LCL(A) — (BCF*(L))*. To define CF*(L) we use a Morse function on L with a
single local minimum and which is increasing along the end corresponding to a shift
in the positive Reeb direction. Denote the generator of CF*(L) corresponding to the
minimum by u, |u| = 0. Then
t(x)=1u,

where u’ is the dual of u and the holomorphic strip is the thin strip corresponding to a
rigid Morse flow line from the minimum # to the minimum y in the boundary.

6.1.2 Geometric twisting cochain for the Hopf link In this section we carry out the
geometric calculation of the twisting cochain for the Hopf link. As explained we cannot
directly calculate the twisting cochain into the Legendrian coalgebra with coefficients
in chains of the based loop space. We can however calculate the corresponding twisting
cochain when we replace chains on the based loop space with the Morse theory of
parallel copies for the components decorated by a positive sign. To carry out the
calculation we pick a Morse function on the component A™ with on minimum x and
a maximum y. We place them on the circle and choose parallel copies as shown in
Figure 11. The parallel copies algebra CE}'(A) is

k(x,y,c1,c12,¢21,€2),

where we use notation for Reeb chords and Floer cohomology generators as in
Section 1.4. The differential is

dcy =xc1+c1x+y+ciac21,  dx =xx, dy =xy—yx,
dciy = —xcqa, dcyy = c1x, dey =caq012.
Passing to CE|'(A) means dividing out by the cokernel of the coaugmentation that

takes e to x. This gives the algebra

k(y,c1,c12,¢21,¢2),
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and the differential becomes
dcy =y +ciac21,  dey =cai0q2.

The twisting cochain t is induced from a map ¢ : LCL(A) — (B(k_ & CF* (L)))# that
counts holomorphic disks with one positive puncture and boundary on L, and with
several punctures at Lagrangian intersection points in the compact part; see (40). In
the current example it is straightforward to find these disks. Note first that, by general
properties (see Proposition 59),

t'(x) =a,

where a; is the idempotent corresponding to the minimum of the shifting Morse
function on L;. The holomorphic disk corresponds to a Morse flow line connecting x
to u1. We next consider t'(c) and t'(c,). Consider first the moduli spaces Mf(c;) of
holomorphic disks with a positive puncture at ¢; and boundary on L;. As in the case
of the unknot this moduli space sweeps L;. On both L and L the shifting functions
have one critical point, on L it is a minimum and on L, a maximum. The maximum
is constraining for the map into the linear dual of CF*(L;), whereas the minimum is
not. We find that

t'(c1)=0 and t(c2)=a;.

The spaces /\/lﬁ(c]-) give further information of the twisting cochain as follows. Note
that as the evaluation map hits the double point one can glue on a constant disk. These
broken disks are also the boundary of the 1-dimensional moduli spaces MO (cra2a21)
and MU (cyar1a1,). The other end of these moduli spaces correspond to broken disks
with one level in the symplectization, a disk in M®Y(cqc¢12¢21) in the former case and in
M (ca¢a1¢12) in the latter, and two disks one in M'i(¢q2a;,) and one in Mfi(c21a21)
attached at its negative end. The last disks contribute to t' and we conclude that

t'(c12) =aj, and {t(cz1)=ay;.

Finally, we compute t'(y). Since y is a small chord corresponding to a critical point
at infinity of the shifting Morse function the only contributions to t'(y) come from
small holomorphic disks that are controlled by the Morse theory. It is straightforward
to check that the only rigid disk corresponds to a flow line in L connecting y to
the intersection point and that this flow line corresponds to a holomorphic triangle in
MU (yaisasy). It follows that

t'(y) = a}’la\{z.
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Figure 12: Front of products of spheres.

The actual twisting cochain takes the cokernel LC«(A) of the coaugmentation into the
cokernel of the counits. Concretely, this means disregarding x and a;’, and we get

tc;) =0, te)=ay, tln)=a),, tea)=ay,, Hy)=alay.

Remark 67 The parallel copies algebra CE| (A) is defined using a fixed augmentation
(in the current example the zero augmentation) on the one copy version of CE*(A).
Here this is reflected in the change of variables t —e; = .

6.1.3 Products of spheres We consider a Legendrian embedding A ¢ R2(m+K)—1,
where the ambient space is standard contact (2(m—k)—1)—space with coordinates
(x,y,z) € RmHh—1 x Rm+k=1 R and contact form dz — y dx. We will define it by
describing its front in R” %=1 xR To this end consider first the following construction
of the front of the Legendrian unknot in R” x R. Take a disk D" lying in R”. Think of
it as having multiplicity two and lift one of the sheets up in the auxiliary R—direction
(with coordinate z) keeping it fixed along the boundary. In this way we construct the
front of the standard unknot with Reeb chord at the maximum distance between the
two sheets and a cusp edge along the boundary of D”. Consider now instead the base
R™+k=1 and the standard embedding of the k—dimensional sphere S k into this space.
A tubular neighborhood of this embedding has the form S k' D=1 with fibers D1,
Now take two copies of this tubular neighborhood and repeat the above construction
for the D™~ in each fiber. The result is the front of a Legendrian S k % §m=1 with
an S* Bott family of Reeb chords corresponding to the maxima in fibers. Figure 12
shows this front after Morse perturbation. The resulting Legendrian A has only two
Reeb chords. We denote them by a, with grading |a| = —(m + k), and b, with grading
|b| = —m. Note also that A has an exact Lagrangian filling L ~ D™ x Sk.

Consider first the case when L is decorated by —. If d is the differential in CE*(A),

we have
da=0 and db=0.
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The Floer cohomology of L is defined by choosing a shifting function which is decreas-
ing at infinity and we find that CF* has two generators M, with |[M | =m +k, and S,
with |S| = m. As in the case of the unknot Mf(a) sweeps L and M (b) sweeps
D™ x pt. It follows that the twisting cochain satisfies

ta)=M"Y and t(b)=S",
and duality holds.

Consider second the case when L is decorated by +. In this case there are additional
generators of LC‘L(A) corresponding to the Morse theory of A. We have in addition to
a and b above also

X, 81, 82, ¥, with |x|=0, |s{|=—k, |s2]=—-(m—1), |y|=—(m+k-—1).

It follows that CE[ (A ) is generated by s1, 52, ¥, @ and b. Using the flow tree description
of moduli spaces M* one verifies that if d is the differential on CE|f(A) then

da=y—((=1)F"bsy +s1b), dy =s155 + (1)K Vg5,
db = S, dS] =0, dSz =0.

The Floer cohomology of L is defined by choosing a shifting function which is increas-
ing at infinity and we find that CF* has two generators M, with |M | = 0, and S, with
|S| = k, where M is the unit. It follows that (BCF*(L))* ~ QCF,(L)) is generated
by SV with |SVY| = —k and the twisting cochain is

ta)=0, t(y)=0, tbh)=0, t(s5)=0, t(s;)=9",

and duality holds.

6.1.4 Plumbings of simply connected cotangent bundles Let 7 be a tree with
vertex set I'. For each v € T', let M, be a compact simply connected manifold of
dimension n > 3. We will see that duality holds between the wrapped and the compact
Fukaya categories of the symplectic manifold X7 obtained by plumbing the collection
of T* M, according to the tree T.

As usual, we take the pre-surgery perspective. Hence, consider a handle decomposition
of each M, with a unique top-dimensional n—handle. Removing this handle, we
get manifolds L, with spherical boundary A,. Let Wy be the subcritical Weinstein
manifold obtained by plumbing the cotangent bundles 7* L,, according to the tree 7.
We take the plumbing region to be away from the boundary of L. Write A = | |, Ay
for the Legendrian in the boundary of the subcritical Weinstein manifold Wy which is
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filled by the Lagrangian L = | J,, L,. Equip the components of A with either + or —
labeling.

Theorem 68 If n > 3 and L, is simply connected for each v € T, then CE*(A) and
CF*(L) are Koszul dual.

Proof Consider first the case n > 5. Pick a handle decomposition of L, without 1—and
(n—1)-handles. The existence of such a handle decomposition is equivalent to simple
connectedness in high dimensions by the work of Smale. Consider the corresponding
Weinstein handle decomposition of 7* L,. Attaching a k—handle alters the Legendrian
boundary by surgery and adds Reeb chords in the cocore sphere of the handle, of
grading < —(n — k). It follows that all Reeb chords of A, have grading < —2. To
construct A C dW7, we perform a version of boundary connected sum as follows. For
each edge in 7 we pick a 2n—ball B with two transversely intersecting Lagrangian
disks D C B that intersect the boundary sphere dB in a standard Legendrian Hopf
link A. We then make the boundary connected sum adding (B, A) to join the T* L,
according to the tree. This adds Reeb chords of index < —(n — 1) in the boundary
connected sum handles and further Reeb chords corresponding to the Reeb chords of
each Hopf link, which effectively has four Reeb chords: two Reeb chords connecting
the unknot components to themselves of grading —», and two mixed Reeb chords
connecting distinct components. We can pick gradings so that the gradings of these
two mixed chords are —d and —(n — d) for any d, where the first Reeb chord goes
from the component closest to the a priori fixed root of the tree 7 to the one further
from it and the other in the opposite direction. Taking d between 2 and n — 2, we find
that LC,(A) is simply connected, as is A. The result then follows from Theorem 61.

For n = 4, we can stabilize by multiplying by R as described in Remarks 50 and 52
to get 1-reduced versions of the Legendrian and Lagrangian algebras, then use the
above argument.

Finally, for n = 3, the assumptions of Theorem 61 do not hold, but we recall from
Remark 20 that to apply the duality result from Theorem 61 all we really need is
that B(LA¥) is locally finite. This is easily seen to be the case in our case, since the
plumbing is according to a tree (which by definition has no cycles) and for any word
of Reeb chords that do not consist of connecting Reeb chords going away from the
root of the tree, the grading has to increase with the size of the word. Alternatively,
in this case we know by Perelman’s theorem that we can take A as a link of standard
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Legendrian spheres linked according to the tree as Hopf links, and B(LA*) can be seen
to be locally finite directly. a

Remark 69 The case n = 2 corresponds to plumbing of copies of T*S2. This
case was studied in [32] and a version of the duality result still holds, at least when
char(K) = 0. However, the above argument fails in that case and a more complicated
argument using an additional grading is used in [32]. Also a set of examples for n = 1
are studied in [48], where the plumbing tree is a star and the corresponding symplectic
manifold is a punctured torus. The duality still holds in this case, even though this is a
plumbing of 7*S! copies (not simply connected). The proof of duality given in [48]
uses homological mirror symmetry.

6.1.5 The trefoil Consider the standard Legendrian trefoil A C S described in
Figure 13. Let us first consider the case when A is marked —. With respect to the
standard choice of orientation datum, the Chekanov—Eliashberg DG-algebra CE* is
then given by the free algebra

K{c1,¢2,b1,b2,b3), with |¢1| = |c2| =—1 and [by| = |b2| = |b3] =0,
and the nontrivial part of the differential can be read from Figure 13 as
dC] =1+b1+b3 +b3b2b1, d02=—1—b1—b3—b1b2b3.

It is well known that A has an exact Lagrangian torus filling. (In fact, there are at least
five of them; see [29].) Any of these can be obtained by doing surgery (pinch move) at
by, by and b3 in some order. Corresponding augmentations €7, : CE* — K are given by
their values €(by), €(b3), €(b3) € K subject to the condition

1 +€(by) +€(b3) +€(by)e(ba)e(b3) = 0.

Note that since CE* is not simply connected, Theorem 61 does not apply here. In fact,
duality does not hold in this example. However, Theorem 64 shows that there is a

Figure 13: Trefoil.
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quasi-isomorphism of completions
CE" = QC(T?) = K[u, v].

where the latter is a power series ring in two commuting variables concentrated in
degree 0.

Thus, the completion map composed with the twisting cochain gives an algebra map
H°(CE*) = K(b1,b,b3) /{14 by + b3+ b3byby, 1 + by + b3 + bihyb3) — K[u, v].

We claim that this map is injective. Indeed, observe that H°(CE*) is a commutative
algebra,

d(ci 4+ o+ b3bscq +Clbzb3) = b3by — by b3,

and thus, b, commutes with b3 in homology. Using this, one shows similarly that
b1 commutes with b, and b3; see [15]. Hence, we have a completion map from a
commutative ring to its completion,

H°(CE*) =K][by, by, b3]/(1 + by + by + b1byb3) — K[u, v].

It is a well-known theorem in commutative algebra, the Krull intersection theorem,
that, for any commutative Noetherian ring which is an integral domain, the completion
map is injective. Thus, even though duality fails in this example, partial information
can still be obtained by considering completions.

We next describe the twisting cochain t: LCy(A) — BCF* (L)* for one of the Lagrangian
fillings L of A. More precisely, we choose the filling which is obtained by pinching first
at by, then at b,, then at b3, and finally filling the resulting unknots with Lagrangian
disks; see [29, Section 8.1]. We think of the Lagrangian filling as two disks connected
by three twisted bands corresponding to the three pinchings. We next consider moduli
spaces of holomorphic disks with boundary in L. Here [29, Sections 4-5] gives a
description in terms of Morse flow trees which gives the following:

o Mfi(by) consists of one disk, 511.
o Mfi(b,) consists of two disks, 5; and 8%.

o Mi(b3) consists of two disks, 5; and 8%.
The boundaries of these disks are as follows:

. 8811 is a fiber in the first twisted band.
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o 88% is a fiber in the second twisted band, and 85% runs across the first and the
second twisted band.

. 38; is a fiber in the third twisted band, and 85§ runs across the second and the
third twisted bands.

We next describe the moduli spaces Mi(c;) and Mfi(c;) in a completely analogous
manner. The space has four components, all diffeomorphic to intervals, as follows:

¢ 0, with one boundary point the disk in M% (c,b1) with & 11 attached, and the
other the disk in M (c,b;byb3) with §1, 8% and 8§ attached.

¢ 6, with one boundary point the disk in M*% (¢c,b3) with 8; attached, and the
other the disk in M (c,b1byb3) with §!, 8% and 8; attached.

¢ 63 with one boundary point the disk in M (c,b3) with 8% attached, and the
other the disk in M (¢,b1b,b3) with 8}, 5% and 532. attached.

e 04 with one boundary point the disk in M*(c;) and the other the disk in
M (c,b1byb3) with 81, 8% and 5; attached.

Here the disks in 64 sweep the right-hand disk of L, whereas the evaluation maps of 6;
for 1 < j <3 do not map surjectively onto either disk. The moduli space M(c;) also
has four components, only one of which sweeps the left-hand disk of L.

In order to compute the Floer cohomology CF*(L) we pick a Morse function with
one maximum M and two saddle points S; and S5. Letting the maximum lie in the
right-hand disk we find

t((} 1) = 0,

since the only way to rigidify a disk of dimension one is that its boundary passes the
maximum M .

The twisting cochain can now in principle be computed from the moduli spaces M
described above by attaching flow trees. To get an algebraically feasible twisting
cochain we first arrange the perturbation scheme so that

t(b1) =S/ +S8/S),

where the first term is 8% with a flow line and the second with a flow tree, and next so
that
t(b3) = —SY,

the disk 8% with a flow line contributes, while other contributions cancel (the disk 8%
with two flow lines and the same disk with a flow tree, the two distinct disks with
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one flow line). Remaining parts of the twisting cochain are now determined from the
coproduct in the Floer homology

dMY = SYSY —SYSY,
the twisting cochain equation, and the sweeping property of 64, as
1+ 8) Sy
1+ 87 +8/S) (1+S8Y+S)Sy))

It is possible to check that these power series agree with the geometric count. We leave

t(cy) = MV( ) and t(by) =

out the details but describe the mechanism. In order to arrange that only one flow line
can be attached to & 11 we order the stable manifolds of the flow line of the parallel
copies so that if a flow line (or flow tree) between copy j and j —/ is attached then
following 811 we already passed all intersections with stable manifolds between copy
j—1 and k for k < j —[. Now, if the disk intersects the collection of stable manifolds
in the opposite direction this means that we can jump down in all ways, which then
gives the desired power series.

We finish this section with a brief discussion of the case of L decorated by + and
parallel copies. As usual this introduces two extra generators in addition to the Reeb
chords above in LCy, namely x, with |[x| = 0, and y, with |y| = —1, where X is
the counit corresponding to the minimum of the shifting function and y is the maxi-
mum. In the reduced coalgebra (disregarding x) we get the new differential (using the
augmentation €7, above to change coordinates)

dCl = bl + b3 —b3b2 + b3b2b1, dCz =y —bl —b3 + b2b3 —b1b2b3.

In this case CF* is defined instead by choosing a shifting function that increases at
infinity, and CF* is generated by the unit u, with |u| = 0, and s and s,, with |sj| = 1.
The new twisting cochain is
1+sy
t(c1) = t(c2) = 0, t(y) = (s7sy —sys)) ———— |
(c1) (c2) () = (575, 251) 1+SY+SYS;/

and t(b;) is exactly as above, after the substitutions s; — S; for j =1, 2.

6.1.6 Mirror of 7, We next discuss an example where Koszulity fails and also the
completion map fails to be injective, even though CE* is supported in nonpositive
degrees. This example was shown to us by Lenhard Ng.

Consider the Legendrian knot A drawn in Figure 14 decorated —. It is easy to see that
two pinch moves indicated by dashed lines in Figure 14 give a Legendrian unknot,
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as as 53 b \42
bs/ bU
U4

e
Figure 14: Mirror of 7.

hence A has a Lagrangian torus filling, call it L. Thus, we again have a completion map
H°(CE*) — K[u, v],
where K[u, v] is the commutative power-series algebra in two variables.
CE* is given by the free algebra
K(ay,az,a3,a4,as,a6,b1,b2,b3,b4,b5,b6,b7),
with |a;| = —1 and |b;| = 0.
The differential is given by
day = =1+ (14+b1b2)b7 + by (1 + byb3)(1 + bebs), day =1—b3(1 +byby),
das =14 b3by, das=14bsby, das=1+bsbg, dagc=1+b7bs.
Taking the quotient of H°(CE*) by letting by = bg, b3 = bs = b7, by = 1 and

by = —1—by gives
(b3,b4)/(1 + b3by),

which is a noncommutative algebra.

Thus, the completion map cannot be injective in this case. Otherwise, H°(CE*), and
thus any quotient of it, would have been commutative.

6.2 Simply connected Legendrian submanifolds

Let A C Y be a Legendrian (n—1)—submanifold with 7{(A) = 1 in the boundary Y
of a Weinstein 2n—manifold X that bounds an exact Lagrangian L C X. Assume
that ¢y (X)) = 0 and that the Maslov class of L vanishes and that L is relatively spin.
Decorate L by —. Our next result shows that if the symplectic homology of X vanishes
and if all Reeb chords of A have negative grading as generators of CE*(A), then

Geometry & Topology, Volume 27 (2023)



Duality between Lagrangian and Legendrian invariants 2145

CE*(A) is determined by the topology of L, and conversely. If A is a sphere then we
write L = L Uy D" for the closed manifold obtained by adding a disk to L along A.

Theorem 70 Suppose that A = A~ is simply connected. Assume that SH*(X) = 0
and that CE* (A) is supported in degrees < —1. Then L is simply connected. Moreover,
if A is a sphere, then CE*(A) is isomorphic to C_4«(QL).

Proof Consider the wrapped Floer cohomology HW? , (L) of L with coefficients in
Z[m1(L)]. Using our model for wrapped Floer cohomology in Section B.1, a chain
complex CW7 (L) which calculates HW}, (L) can be described as follows. Let
L = Ly and let L be a parallel copy of L shifted in the negative Reeb direction at
infinity. The complex CW}, (L) is then generated over Z[rr;] by the intersection points
in Ly N L1, which we call the Morse generators, and the Reeb chords starting on A
and ending on A ;. The differential of a generator counts the usual rigid holomorphic
strips, keeping track of the homotopy class of the loop obtained from the boundary
component of the disk in L; completed by the reference paths connecting Reeb chord
endpoints and intersection points to the basepoint. We point out that since there are
no Reeb chords of degree 0 the augmentation induced by L is trivial and the high-
energy part of the differential on CW}, , counts honest holomorphic strips (without
extra negative punctures at augmented Reeb chords). As for usual wrapped Floer
homology, HW;’;l (L) is naturally a module over symplectic cohomology SH* (X') and
hence vanishes.

We next describe a geometric version of the complex CW> , (L) that we call CW;‘7 and
that also computes HW”!(L). Let p: L — L denote the universal covering of L and
let A = 5~!(A). Pick a Morse function f: L — R such that
e f has exactly one local maximum M,
e f has no index n — 1 critical points,
e/ has no local minima,
e fis constant on A where it attains its global minimum and if v is the unit normal
vector field along A then df(v) =—1.
The generators of CW;‘7 are of two types:
(i) The preimages of endpoints of Reeb chords Lo — L in L &~ L under p graded
as the corresponding Reeb chord in CE*(A).

(ii) The critical points of the Morse function f': L—>R graded by the negative of
the Morse index.
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Let M_, denote the Morse chain complex of f with cohomological grading, with
generators as in (ii) and differential § which counts negative gradient flow lines. Then
M _ is supported in degrees d with —n <d <—1and M_(,_;) =0. Let C* denote the
complex generated by the generators of type (i) and equip it with the differential 9 that
counts lifts of the boundary of holomorphic strips in the symplectization interpolating
between Reeb chords. (This corresponds naturally to the high-energy part of the
differential on CW}, ,-) By our assumption on Reeb chord grading, the grading of C *
is supported in degrees d where d < —1.

We now define the complex CW}} = C* @ M_,, with differential

_(0¢
(%)

where § and 9 are the differentials on M * and C*, and where ¢ counts rigid lifts of
disks with flow lines of f attached. (This is the linear part of the map ¢ in (36).)

The homology of d is then isomorphic to HW} L (L). To see this note that we can
describe CW;’;1 (L) exactly as CW}(L) just replacing the Morse function f above
with a Morse function / o p, where p is a Morse function on L without minimum
and with the required boundary behavior. Thus, pasEing from CW, (L) to CW}} (L)
corresponds to deforming the Morse function on L, and it is well known that this
induces a homotopy of complexes. In particular, CW%(L) is acyclic.

We next want to show that 7{(L) = 1 or, equivalently, that the map L — L has
degree one. To show this we first observe that since there are no Reeb chords of
grading 0 the augmentation of CE*(A) is trivial and the differential on C* counts
honest holomorphic strips in the symplectization. This in turn means that the whole
boundary of any holomorphic strip contributing to d actually lies in A xR and therefore
cannot pick up any nontrivial Z[m]-coefficient.

Consider the part of the chain complex C* & M_ given by
e T e M, > D

where we use that M_j; =0 for k =n—1 and k > n. It follows from the above discussion
and the vanishing of the wrapped homology HW™ (L) with trivial coefficients that the
cohomology HW;;’ (L) in degree —n has one generator for each nontrivial element
in /1. On the other hand, HW, (L) = 0, and we conclude that 7y = 1.

The statement about the isomorphism class of CE*(A) follows from Corollary 62. O
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Appendix A Basic results for moduli spaces

Consider as above a Weinstein manifold with an exact Lagrangian submanifold (X, L),
which outside a compact set agrees with the positive part of the symplectization of the
contact manifold with Legendrian submanifold (Y, A). We assume that the Maslov
class of L vanishes and that L is relatively spin. We will consider several versions of
punctured holomorphic spheres and disks with boundary on L. The most basic disks we
consider will lie either in X or in the symplectization R x Y. We call the former filling
curves and the latter symplectization curves. We will also consider a more general
cobordism setting where, like in the symplectization, disks may have both positive
and negative punctures. Here we assume that (W, K) is a Weinstein cobordism with
negative end (—oo, 0] x (¥, A) and positive end [0, 00) X (Z, T"), where Z is a contact
manifold and I' is a Legendrian submanifold. We call disks in W cobordism disks.

When we want to consider the relation of our “pre-surgery” invariants to “post-surgery”
invariants, we will consider the case when K decomposes as a Lagrangian C C W with
positive end I" and empty negative end and a Lagrangian L with negative end A and
empty positive end. We further assume that there is a natural one-to-one correspondence
between the components of LV of L and C? of C for v € Qy, and that corresponding
components LY and C" intersect transversely at one point z¥ and that LY N C" = &
if v # w.

We will describe a geometric setup that covers the cases considered below. Let Y be
the contact boundary of the Weinstein manifold X', where ¢;(X) =0.Let A C Y be a

Legendrian with connected components Ay, ..., A,. Let D denote the unit disk in %
and let zq, ..., z be boundary punctures and ¢y, ..., {; interior punctures. Let each
component of dD \ {zy, ..., z,} be decorated with a component A ;. The boundary

punctures come in two types, positive and negative; all interior punctures are negative.
Following [23], we make the further requirement that the disk be admissible:

Any arc in D that connects two boundary arcs in dD \ {zy, ..., z,} sub-
divides the boundary punctures into two subsets. If both these subsets
contain positive punctures, then the labels of the two boundary segments
at the endpoints of the arc are different.

Remark 71 When we consider parallel copies of Lagrangians and Legendrians, bound-
ary arcs labeled by different numbers in the numbering of parallel copies lie on copies
shifted by different Morse functions, and correspond to distinctly labeled boundary
conditions in the current discussion.
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Figure 15: Anchored disks.

We also assume that the disk has one distinguished boundary puncture. Note that using
a conformal model where the distinguished positive puncture lies at 1 € 0D and an
interior puncture {; lies at the origin, the positive real axis determines an asymptotic
marker at {; for each j. In the conformal model of the upper half-plane with the
distinguished puncture at infinity, this marker at any interior puncture is that determined
by the vertical axis.

A.1 Moduli spaces of spheres for anchoring, and compactifications of
moduli spaces of disks

Following [11], all symplectization and cobordism disks we consider will be anchored.
This means that the actual disks we consider have, aside from their boundary punctures,
also additional interior punctures, where the maps are asymptotic to Reeb orbits at the
negative end. An anchored disk is such a disk completed by holomorphic planes in X
at all its negative interior punctures; see Figure 15.

When defining our version of the Chekanov-Eliashberg algebra CE*, use moduli spaces
of anchored disks to parametrize chains of boundary paths. When defining our versions
of the Legendrian coalgebra LC4 and the wrapped Floer Ay,—algebra CW*, we will
need to consider disks in the symplectization with additional interior and boundary
punctures, completed by rigid planes in X and disks in (X, L), respectively. We will
also call such disks “anchored disks”.

Although standard arguments using classical methods allow us to prove transversality for
the disks with boundary punctures that we consider, anchored disks require transversality
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and gluing also for holomorphic planes in (X, L), and that requires a more general
perturbation scheme. Necessary perturbations for such curves were constructed in [25].

To state the relevant result let ¥ denote the contact boundary of X and consider a
Reeb orbit y in Y with a marker (ie a point p € y) on it. We write y’ for the orbit y
with a marker. Let M(y’) denote the moduli space of holomorphic planes in X with
positive puncture with an asymptotic marker where the curve is asymptotic to ¥, with
the asymptotic maker mapping to the marker on y. As in [25, Theorem 1.1], we define
perturbation data A so that Mk()// ) is a transversely cut out space of solutions to a
perturbed Cauchy—Riemann equation F] J,, u =0, where Jj is a domain-dependent almost
complex structure that is allowed to depend also on the map u in the neighborhood
of M(y’). The moduli space M*(y’) furthermore has a natural compactification
M(y") as a manifold with boundary with corners, where boundary strata correspond
to several level spheres. Here levels not in moduli spaces of the form M*(8') just
discussed lie in a moduli space M*Y-*(B’, ), where #’ is a Reeb orbit with marker and
n" =1} ---n) is a word of Reeb orbits with markers. Elements in MYA(B ') are
maps u: S — R x Y of a punctured spheres .S into the symplectization. There are fixed
cylindrical ends S! x [0, co) near the punctures in S that are compatible with breaking
in the sense of [30, Section 2.1]. The map u takes (1, 0o) at a puncture to the marker of
the corresponding Reeb orbit and # again solves a perturbed Cauchy—Riemann equation
F) J;,u =0, where J is domain dependent and only depends on the angular coordinate
along the ends near the punctures, has a positive puncture at 8’ and negative punctures
at the orbits in 5’.

We refer to [25, Section 2.4] for more details on M(y’). Here we only point out
that the asymptotic marker at the positive puncture of a curve in the compactification
determines asymptotic markers at all negative punctures and that the level structure is
compatible with this in the sense that the asymptotic marker at the positive puncture in
a lower-level curve agrees with the asymptotic marker at the negative puncture where
it is attached.

We next consider holomorphic disks in a cobordism (Z, K) with positive and negative
ends (0+ 7,0+ K). We include also the case when the cobordism (Z, K) is trivial,
ie the symplectization (R x Y, R x A), with (01 7,0+ K) = (Y, A). Let ¢ be a word
of Reeb chords of 01 K. Let y = y;--- ¥ be a word of Reeb orbits in d_Z. We
define M"€(c, p’) to be the moduli space of punctured holomorphic disks in Z with
boundary on K, with boundary punctures mapping to Reeb chords in the word ¢ and
one distinguished boundary puncture, and with additional negative interior punctures at
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1, ..., mapping to Reeb orbits in the word y. Note that the distinguished boundary
puncture determines an asymptotic marker at each interior puncture ; that determines
a marker on the corresponding y;. Let y” denote the corresponding word or Reeb
orbits with markers. Below we will show that such moduli spaces of disks with interior
negative punctures with markers that are relevant to our study cannot contain multiple
covers and are transversely cut out for a generic almost complex structure.

Recall the symplectic filling X of the negative end Y of the cobordism above. We will
use punctured sphere curves in X in the compactification of the moduli spaces M* (3')
to fill the interior punctures of the disks and treat them as disks with only boundary
punctures. For this purpose, we define the moduli space of anchored disks M*™(c) as

woete) = (ate. v x TT M),
Y’ viey
where markers on Reeb orbits are induced from the distinguished boundary puncture.
Here the topology on the moduli space of anchored curves is the product topology.
This means in particular that the dimension of the boundary evaluation map equals the
dimension dim(M?®€(¢)) only on components M"€(c¢, p’) x ]_[ngey, /\/l)‘(yjf ) where
dim(M*(y)) = 0 for all /.

We consider next the case when the cobordism is trivial (R x ¥, R x A) and when all
punctures mapping to chords in ¢ are positive. The above construction then gives a
stratification of the moduli space M(¢) of holomorphic disks in (X, L) as follows. First,
since all moduli spaces M"™8(c, y’) are transversely cut out, the corresponding moduli
spaces M2A (¢ p"), where a small perturbation near the negative ends corresponding
to the perturbation A of holomorphic planes with asymptotic marker has been turned on,
is canonically diffeomorphic to M™2(c, y’). Gluing the curves in M™ (¢, p’) to the
curves in /\/l)‘(yjf ) and extending the perturbation, we get a compactification of the
moduli space M(c), with boundary given by tree configurations of anchored disks.
Near a broken configuration the moduli space is a manifold with boundary with corners,
with corner structure induced by the gluing parameters; compare [31, Sections 6.4—6.6].

For example, if ¢ = ¢ is a single Reeb chord, then M (c) has a natural compactification
with boundary of the form

M* (e, b)x [ M™ (b))
b i €b
All moduli spaces of disks considered in this paper will be anchored, and we will drop
the superscript “anc” from the notation.
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c X
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Figure 16: Strictly decreasing (left) and strictly increasing (right).

A.2 Moduli spaces of anchored disks

Consider a system of parallel copies L = {L; };?‘;0, where Ly = L is an embedded
Lagrangian, as in Section 3.3. This induces a system A = {A j};‘;o of parallel copies
of A in Y. We first discuss numberings that determine the boundary conditions
of the holomorphic disks that we use in the various theories considered. Let Dy,
denote the unit disk in the complex plane with m boundary punctures {1y, ..., (.
One of the boundary punctures is distinguished. We choose notation so that {; is
distinguished. The m punctures subdivide the boundary of D, into m boundary arcs.
We will consider disks with numbered boundary arcs where the numbers correspond
to the parallel copies Lj. We will consider two types of numberings, increasing and
decreasing. Traversing the boundary of the disk across a boundary puncture in the
positive direction, the numbering increases, remains constant, or decreases as we pass
the puncture. We call punctures increasing, constant, and decreasing, accordingly. We
call a disk increasing (resp. decreasing) if all its nondistinguished punctures are either
increasing (resp. decreasing) or constant. Then its distinguished puncture is decreasing
(resp. increasing) or constant.

When defining operations Ay for the Legendrian A,—coalgebra LCs, we count
anchored increasing disks in the symplectization asymptotic to Reeb chords at all
punctures. When defining the operations for the Lagrangian As,—algebras CF* and
CW?, we count decreasing disks in X. When defining the twisting cochain t: LC!< —
Q(k— @ CFy), we count increasing disks in X which are asymptotic to a Reeb chord at
the distinguished puncture, and to Lagrangian intersection points at the other punctures.

We next consider asymptotic conditions at the boundary punctures. There are two basic
forms of asymptotics: a puncture is either asymptotic to a Lagrangian intersection point
or to a Reeb chord. The former case is the standard form of asymptotics in Lagrangian
Floer theory, and the latter in Legendrian DG-algebras. More precisely, we choose an
almost complex structure on X which along the cylindrical end R x Y is invariant under
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R-translation, leaves the contact planes invariant and is compatible with the symplectic
form induced on the contact planes by the contact form. Furthermore, it pairs the
R—direction with the Reeb direction. This means in particular that the Reeb chord strip,
which is the product of a Reeb chord and R, is holomorphic. “Reeb chord asymptotics”
means we study holomorphic disks with boundary punctures that are asymptotic to
these Reeb chord solutions, while “Lagrangian intersection point asymptotics” means
we study holomorphic disks that are asymptotic to constant strips at intersection points.

First we consider disks in the filling (X, L). Consider a disk Dy, as above with strictly
increasing or decreasing numbering k = (k1,...,km) and let @ = ay - - - a,;, be a word
of Reeb chords and Lagrangian intersection points in Lo N L;. We let M (a; k) denote
the moduli space of holomorphic disks #: (D, dD,,) — (X, L) such that

* u takes the boundary component labeled by «; to the Lagrangian L,;, and

e 1y is asymptotic to the unique Reeb chord or Lagrangian intersection point of

Ly; and L near a; at {j, where we let kp, 1 = K.

Kj+1

We next consider disks in the symplectization. Consider the disk D, with increasing
or decreasing boundary numbering «’ and punctures {1, . . ., {4+ . We next note that in

the symplectization there are two possible Reeb chord asymptotics, positive or negative

o1 Om+k
1 mik D€

a word of signed Reeb chords of Ay U Ay, where o € {4, —} is a sign. If m > 1 then

according to the sign of the 7—coordinate near the puncture. Let ¢/ = ¢ c

we require that the Reeb chords ¢, at all constant punctures connect Ay to Ay and

that their signs are all negative, 0, = —1. (These constant punctures will be capped

by augmentation disks.) We let Miy’o(c’ ; k") denote the moduli space of anchored

holomorphic disks v: (D, dDy) — (R x Y, R x A) such that

* v takes the boundary components labeled by «; to the Lagrangian Ay;, and

* v is asymptotic at positive or negative infinity, according to the sign of o}, to the
unique Reeb chord between Ay; and Ay, | near ¢; at a puncture ;.

If ¢ is a word of strictly increasing (resp. decreasing) Reeb chords then we define the
moduli space Miy (c; k) by anchoring also at constant boundary punctures,

MP(esx) = U(M”’°(c’;/<’>x ] M(cr)),

cCc’ cr€c’\c

where the union runs over all words ¢ extending ¢ by constant punctures.
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Figure 17: Disk contributing to M (c; x).

We will also consider a simpler version with only one copy of the Legendrian A = A
in the case that exactly one puncture in ¢ is positive and all others are negative. In the
language above, all punctures of such a disk are constant and we write MY (¢) for the
moduli space of such disks. The (constant) negative punctures of disks in this moduli
space are typically not filled by augmentation disks.

Finally, we consider disks in the cobordism and in the filled cobordism. We start
with the cobordism disks without filling. Recall that we assume a decomposition
K = C U L, where C has no negative end and L has no positive end. Consider a
system of parallel copies C = {Gj }J?";O. Consider the disk D; 4 j > where we fix two
punctures that subdivide the boundary of the disk into two arcs, upper and lower. Let
k be a decreasing boundary numbering of the boundary components in the upper arc
and extend it to a constant numbering in the lower arc. Let ¢o = ¢o;1 -+ ¢o;; be a
composable word of Reeb chords connecting Ay to Ay, and let ¢/ = ¢; -+ - ¢1 be a word
of Reeb chords of I'. Consider the word of Reeb chords and intersection points

c=co;p--cojzlcioc1zY,

and let

M (e; k)
denote the moduli space of holomorphic disks u: (D;4j42,0D;4j42) — (W, CUL)
such that:

e u is asymptotic to the Reeb chord cy., at its ' constant puncture, takes adjacent
boundary arcs to L, and neighboring punctures to the unique intersection point
near z% in L N Cp? and near z¥ in L N C, respectively.

¢ On remaining boundary arcs and punctures, the boundary maps as described by
¢ and the numbering «, exactly as above.

The disks in the filled cobordism are entirely analogous. Here we assume that L is a
Lagrangian submanifold in X = Xy U W. Consider again a system of parallel copies
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C = {Cj }]?’io and also a system of parallel copies L = {L i }f.io of L. Consider the
disk D; > where we fix two punctures that subdivide the boundary of the disk
into two arcs, upper and lower. Let « be a decreasing boundary numbering of the
boundary components in the upper and lower arcs. Let xo = Xq;1 - - - Xo;; be a word of
intersection points of L and let ¢/ = ¢; --- ¢ be a word of Reeb chords of I". Consider

the word of Reeb chords and intersection points

€ =Xo;1 X0,z ¢i 027,

and let
M (c; k)

denote the moduli space of holomorphic disks u: (D;4 j42,0D;4j42) — (X, CUL)
such that:

e u is asymptotic to the intersection point xg., at its r" puncture in the lower
arc, takes adjacent boundary arcs to L, and neighboring punctures to the unique
intersection point near z% in L}é’j ncC ,}j’ ., and the unique intersection point near

z¥in Ky, N C,ZH.

¢ On remaining boundary arcs and punctures, the boundary maps as described by
¢ and the numbering «, exactly as above.

The disks in the cobordism without filling will be used to map into the DG-algebra of
the negative end, whereas the disks in the filled cobordism will be used to map into the
Floer cohomology of a Lagrangian. This is why we use parallel copies in one case but
not the other.

The formal dimension of the moduli spaces above is computed in terms of the negative
of a Conley—Zehnder index CZ of the Reeb chords. Recall CZ(«) of a Reeb chord a
of A as defined for example in [11, Section 2.1]: we pick paths connecting basepoints
in the boundary of the various components of L, and paths connecting Reeb chord
endpoints to the basepoints. We define CZ(a) to be the Maslov index of this path closed
up by a positive rotation in the contact plane, and the grading |a| = —CZ(a). For a
Lagrangian intersection x between L' and L? we similarly pick paths connecting to
the basepoints and use these to form a loop y starting in L? and ending in L!, and
define CZ(x) to be the Maslov index of the loop of Lagrangian planes that results
from closing up the path of Lagrangian planes along y by a positive rotation, and
|x| = —CZ(x). The Conley—Zehnder index is independent of the basepoint paths since
the Maslov class vanishes.
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Remark 72 The above gradings are related to the grading |- e, in the Legendrian
contact homology algebra [28; 11] as
|C|Leg = _|C| —1.

Gradings generally depend on the choice of paths connecting endpoints to the basepoint:
two such choices differ by a loop and the grading is shifted by the Maslov index of
that loop. In particular, if the Maslov class vanishes the grading is well defined. Also,
the paths connecting tangent planes at basepoints in different components are defined
only up to choice. Changing the homotopy class shifts the Maslov potential between
components and indices of mixed Reeb chords accordingly.

Lemma 73 The formal dimension of the moduli space M"(a; k) is given by

dim MA(a:6) = (n=3) = D (la;| — (n—2)).

j=1
The formal dimension of the moduli spaces Mﬁy(c; k) is given by
dim M (e1x) = (1 =3)+ Y (gl + D= Y (Il = (1-2).
oj=—1 oj=+1
The formal dimension of the moduli spaces M (¢) is given by
dmMY(@)=@m-3)+ > (gl+D— D (¢j|—(n—2)).
0j=—1 oj=+1

The formal dimension of the moduli space M (c; «) is given by

J
dim M®(e:6) = 1= Y (le;| = (1 =2) + Y _(Icoss| + D).

r=1¢ s=1

The formal dimension of the moduli space M®°(c; k) is given by

J
dim M®(ezie) = 1= ) (ler| = (1 =2)) = > (X035 = (2~ 2)).

r=1¢ s=1
Proof See [17, Theorem A.1]. O
We next study topological properties of the moduli spaces just defined. It turns out to

be comparatively simple because of two key features. First, since we require our disks
to switch copies at punctures “in the same direction” they cannot be multiply covered,

Geometry & Topology, Volume 27 (2023)



2156 Tobias Ekholm and Yanki Lekili

and second, for the same reason there can be no boundary splitting. As in [23], the first
property allows us to prove transversality by perturbing the almost complex structure,
and the second shows that the moduli spaces admit compactifications consisting only
of punctured curves joined at Reeb chords or Lagrangian intersection points. Precise
formulations of these results are as follows.

Theorem 74 For a generic almost complex structure J the moduli spaces M'i(a; k),
Miy(c; K), M¥(c), M(c; k) and M (c; k) are transversely cut out manifolds of
respective dimensions dim M1 (a; k), dim Miy (c; x), dim M%¥(¢), dim M(c; k) and
dim M®(c; k).

Proof A well-known argument gives transversality for disks that are somewhere
injective on the boundary by perturbing the almost complex structure: any element
in the cokernel of the linearized operator must be zero on the set of injectivity and
then identically zero by unique continuation. Our disks are not necessarily somewhere
injective but the disks cannot be multiple covers and there is a region with the prop-
erty of the region of injectivity above. We briefly recall the argument for this from
[28, Lemma 4.5]. Fix a puncture of u.

Consider first the more difficult case when this puncture maps to a Lagrangian intersec-
tion. Pick coordinates so that the intersection point lies at the origin in C” and so that the
two Lagrangians correspond to R” and i R”. Let (xy +iy1,...,Xn + iy,) be standard
coordinates on C”. Consider the complex hyperplanes Hi = {x; +iy; = L£e(l +i)}.
Looking at the Fourier expansion of u near the puncture it is clear that for suitable
coordinates (such that the leading Fourier coefficient of u lies in the direction of the
first coordinate) the number of intersection points of the image of # and H4. near the
puncture have different parities depending on the sign of €. With more details: choose
coordinates in C” for which the complex structure J agrees with the standard almost
complex structure at the origin and coordinates [0, 00) x [0, 1] around the puncture
in the domain. Then the argument in the proof of [25, Lemma 2.1] shows that u is
conjugate to a standard holomorphic map # with boundary condition R” and i R”. That
map has Fourier expansion

1 .
us+it)= Z cke_(k”+2”)(s+”), with ¢ € R”.
k=0
For the intersection with H.. pick coordinates so that the first Fourier coefficient ¢y,
which is nonzero has the form ¢ = («, 0, ..., 0), with a # 0. By analytic continuation,
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other disks and half-disks mapping there either have images agreeing completely in
the ball or there are injective points of the disk near the puncture. In the case where
they agree completely, we note that the parity of the number of intersection points
in each local sheet not containing the puncture with Hy. is independent of the sign
of £e. We then find that we can achieve transversality by perturbing the complex
structure near Hi.: because the sheet with the puncture intersects only one of Hy.,
if the contributions of the sheets mapping to H_, cancel then those mapping to H ¢
cannot cancel and vice versa, by unique continuation.

Once transversality is achieved the statement that solutions form manifolds follows
from a well-known argument; see eg [28, Proposition 2.3]. O

Theorem 75 The moduli space M"(a; k) admits a compactification consisting of
several-level disks joined at Reeb chords and intersection points, where some levels
may lie in the symplectization.

The moduli spaces Miy (c; k) and M (c¢) admit compactifications consisting of several-
level disks joined at Reeb chords.

The moduli space M°(a; k) admits a compactification consisting of several-level disks
Jjoined at Reeb chords. There is one level of disks in the cobordisms and the remaining
levels are in the symplectization ends.

The moduli space M (a; k) admits a compactification consisting of several-level disks
joined at Reeb chords and intersection points.

Proof The boundary conditions on our punctured disks have the following property:
any arc in a disk with more than one positive puncture that subdivides the source into
two components with a positive puncture in each must connect boundary components
numbered with distinct numbers. This shows that there can be no boundary splitting.
The theorem then follows from SFT compactness; see [22, Appendix B.1] for the curve
with boundary version of [12]. O

We next discuss orientations of moduli spaces following [27]. We fix capping operators
at all Reeb chords and Lagrangian intersection points so that the two capping operators
there glue to a disk with the Fukaya orientation; see [36]. Recall that the relative spin
structure on the Lagrangian submanifold induces an orientation on the determinant
bundle over the space of disks with boundary condition in the Lagrangian; see [27] or
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[28, Section 4.4]. As in [27] we see that these choices then induce a system of coherent
orientations on the moduli spaces.

We will use one more property of the moduli spaces, which says that they are effectively
independent of the increasing or decreasing boundary labeling «.

Theorem 76 Let k and «’ be two increasing (decreasing) boundary numberings. Then
there are canonical orientation-preserving diffeomorphisms

MY a; k) = MUas k'), M7 (esh) = M (eik),  MO(eik) = MO (e ).

Proof Let M(k) denote either one of the above moduli spaces. This moduli space
is the transverse zero set of a Fredholm section in a Banach bundle. Changing the
numbering from « to x” corresponds to an arbitrarily small isotopy, which induces an
arbitrarily small deformation of the section. The theorem follows. O

Appendix B Wrapped Floer cohomology and Legendrian
surgery

In this section we present the argument that establishes the isomorphism between
CE*(A) and CW*(C), where C is the cocore disk of the surgery. Our proof is a gen-
eralization of the corresponding result under Lagrangian handle attachment explained
in [11], and uses the technical results on relevant moduli spaces in [25].

We first define a version of wrapped Floer cohomology using only purely holomorphic
disks and show that the resulting theory agrees with the usual version defined in
terms of holomorphic disks with a Hamiltonian term. Second we discuss the surgery
isomorphism in [11], and third we discuss how to generalize that argument to partially
wrapped Floer cohomology calculations.

B.1 Wrapped Floer cohomology without Hamiltonian

Let X be a Weinstein manifold and L be an exact Lagrangian. Fix a system of shifting
Morse functions that are positive at infinity and let L = {L i }}";0 be the corresponding
family of parallel Lagrangian submanifolds. Define CW*(L) to be the chain complex
generated by Reeb chords of L and intersection points Ly N L. We define operations
m; on CW*(L) using what we call partial holomorphic buildings.

We start in the simplest case when the output of m; is an intersection point ¢y. Consider i
generators ¢;, . . ., ¢ and consider a disk D; 4 with a decreasing boundary numbering «,

Geometry & Topology, Volume 27 (2023)



Duality between Lagrangian and Legendrian invariants 2159

distinguished negative (output) puncture and remaining punctures positive (inputs). Let
¢ =c¢j---c; and ¢ = coc; - -- 1. Define

mie)= Y M)l
leol=le’|+(2—i)
Here we use the temporary notation m; to denote the summand of the full operation m;
that takes values in intersection points. We next turn to the more complicated definition
of the part m} of the operation that takes values in Reeb chord generators, and to this
end we introduce the notion of a partial holomorphic building.

The domain of a partial holomorphic building is a possibly broken disk D;y; with
decreasing boundary numbering «. The partial holomorphic buildings we consider
always have exactly one disk in the symplectization. We call it the primary disk of the
building. We require that the distinguished puncture is increasing and is a negative
puncture of this primary disk. If the distinguished puncture is the only negative puncture
of the primary disk then the partial building consists only of its primary component. If
on the other hand the primary disk has additional negative punctures then we require
that at each additional negative puncture (which is decreasing or constant) there is a disk
in the filling with decreasing boundary condition that is attached at its distinguished
increasing or constant puncture to the additional negative puncture. We call these
disks the secondary disks of the partial building. The resulting partial holomorphic
building is then a disk with domain a broken D;,, with distinguished puncture a
negative puncture at a Reeb chord and with remaining i/ punctures either Reeb chords
or intersection points. See Figure 18.

Remark 77 At additional negative punctures there may be holomorphic disks with
one positive puncture and boundary on L attached. These are the usual augmentation
disks, or disks on L used as anchoring disks in the definition of ./\/lﬁy (c,x).

We write the punctures of the partial holomorphic disk building as ¢ = coc; -+ - ¢,
where ¢ is the distinguished puncture. Write
MPP(¢: k)

for the moduli space of partial holomorphic disk buildings with boundary condition on
L according to «. Using this we define for generators ¢/ = ¢; - - - ¢; the operation

mi(c)= > |MP(e:i)lco.

lcol=le’|+(2—1)
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L; Ly

Figure 18: The domain of a partial building contributing to the operation my
of CW* (L) with a possible decoration. The map sends the tensor product of
chords Lo« Ly, L{ <« L;,...,Lg<« Lytoachord Ly« L.

where the sum ranges over Reeb chords ¢y with grading as indicated. Finally we define
the total operation m; as the sum

m;(¢’) = mj(c’) + m](c").
Lemma 78 The Aoo—relations hold for the operations m;.

Proof First, Theorem 76 shows that the operations compose and that they are inde-
pendent of the choice of decreasing boundary numbering. To see that the relations
hold, we will as usual identify the terms contributing to them with the boundary of an
oriented 1-dimensional compact manifold.

To this end we first consider 1-dimensional moduli spaces M’ of the form M’ =
Mﬁ(c; k), where the distinguished puncture cq is an intersection point. As usual,
the boundary numbering precludes boundary bubbling and we find that the boundary
consists of broken disks that either break at an intersection point, in which case the
holomorphic parts both have dimension zero, or break into a partial holomorphic
building with a rigid disk attached at its negative puncture, in which case the primary
component of the partial building has dimension one. We find the boundary points
of M’ are in one-to-one correspondence with disks contributing to compositions of m;
and m; (disks breaking at intersection points) and disks contributing to m;" and m’.

The remaining contributions to the Ao—relations correspond to compositions of m/
and m}’ . We show that all contributions to this composition constitute the boundary of
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an oriented 1-manifold. The contributions are of two forms: either the output puncture
of the first operation (which lies in the primary disk of the corresponding partially
broken configuration) is glued to an input puncture of the primary disk in the partially
broken configuration of the second operation, or it is glued to an input puncture in a
secondary disk.

The configurations of the former type correspond to a part of the boundary of the moduli
space Miy (b; k) of dimension two with distinguished negative puncture and decreasing
boundary numbering (after we divide out the natural R—action this is a 1-dimensional
space) capped off by rigid disks in M®°(a) at all nondistinguished negative punctures.
This is the part of the boundary where the distinguished puncture belongs to the lower
level disk.

The configurations of the second type correspond to the part of the boundary of the 1-
dimensional moduli space M(a; k), with a distinguished increasing positive puncture
where a negative puncture in the primary disk of the second operation is attached (other
negative punctures in the primary disk of the second operation are capped off as usual).
The part of the boundary containing the distinguished positive puncture lies in the rigid
disk in the cobordism.

Finally, the remaining part of the boundary in the first case is two-level buildings in
/\/lﬁy (b; k), where the distinguished negative puncture belongs to the top-level curves.
These are exactly the configurations that we get from the remaining parts of the boundary
in the second case (ie configurations where the distinguished puncture belongs to the
component in the symplectization) when we glue to it the primary disk of the second
operation.

We conclude that also the composition of m}" and m} cancels. The lemma follows. O

B.1.1 Isomorphism with the Hamiltonian version In this section we show that the
above definition of wrapped Floer cohomology agrees with the standard theory. Similar
results can be found in [30; 29]. Here we will give a sketch. We keep the geometric
setting as above and write CWjj,,(L) for the usual version of Hamiltonian wrapped
Floer cohomology. We give a brief recollection of the definition.

We define the wrapped Floer cohomology complex CW1j,,(L) of L as follows. Write
X = X U[0, 00) x Y, where X is a compact domain and [0, 00) x Y the positive end of
the Weinstein manifold X. Consider time-dependent Hamiltonians H,: X x[0, 1] - R
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which are perturbations of functions that equal 0 on X and are linear of the form
(t,y) > ae' +b on [0,00) x Y,

where a is not in the chord and orbit spectrum or the contact form on A. We choose
these Hamiltonians in such a way that if a9 < a; then H,, < H,, on X. After a
small perturbation, Hamiltonian time 1 chords and Hamiltonian time 1 orbits are
nondegenerate.

Define the chain complex CWjy, . (L, H,) to be generated by Hamiltonian chords
y:]0, 1] — X of C of action

1
ay) = | (M) — Ha(y(1))) dt <a.
0

The differential on CW*(L, H,) is defined by counting solutions of the perturbed
Cauchy-Riemann equation over the strip with coordinates s +i¢ € R x [0, 1]:

(du+ Xp, ®dt)*! = 0.
Choosing an increasing interpolation between Hy, and H,, we get continuation maps
CWiiam (L, Hag) = CWiiy (L, Ha)).
and we define the wrapped Floer cohomology complex as the direct limit

CWiiam(L) = lim CWii,, (C. Ha).
a

The wrapped Floer cohomology HW7;,..(C) is the homology of this complex. Writing
HW},,., (L, Hy) for the homology of CWiy,,, (L, H,) we then have
HW, (L) = lim HW;,.. (L, Hy),
a

by exactness of direct limits.

A well-known argument shows that CW* (L) with differential m; is quasi-isomorphic
to the wrapped Floer cohomology by a geometrically defined chain map [29]. We recall
the argument here.

The filling L of A gives an augmentation of CE*(A) and we define CW*(L) (as a chain
complex disregarding higher product operations) without Hamiltonian as the “Morse
extended linearized Chekanov—Eliashberg complex™ with respect to this augmentation
as generated by Reeb chords and the critical point of a Morse function on L with a
unique minimum, and take the differential to count unperturbed augmented and anchored
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holomorphic strips. We also introduce the subcomplexes CW* (L, a) generated by
chords of action < a. Then, by definition,

* 1 *

CW*(L) = h_i)n CW*(L,a).
The isomorphism CW* (L) — CWjy, .. (L) is now constructed by interpolating exactly as
in the continuation maps above from the zero Hamiltonian (ordinary Cauchy—Riemann
equation) to the Hamiltonians H, above. Choosing the interpolations compatibly, we
get the commutative diagram

CW*(L,CZ()) —>CW*(L’a1) —_— —>CW*(L,[IJ) —_—

| | |

CW:Iam(L’ Hao) — CW;-klam(L’ Hao) — T CW;’:lam(L’ Haj) —

Here all vertical arrows are chain isomorphisms by the standard argument — see for
instance [30, Section 6] — and taking limits we find a chain isomorphism

CW*(L) - CWE,..(C).

We extend this chain map to an 4 —map, then the standard spectral sequence argument
establishes the desired 4 —quasi-isomorphism.

We follow the approach in [30], where similar isomorphisms between contact and
symplectic differential graded algebras were constructed. More precisely, we construct
a splitting compatible nonnegative field of 1-forms with values in Hamiltonian vector
fields, and further a 1-parameter family of such forms interpolating between the zero
Hamiltonian at the positive end and the Hamiltonian used to define wrapped Floer
cohomology at the negative end [30, Section 2]. We then define the corresponding
moduli spaces over the deformation interval. Keeping the notation from [30] we write

Fr(a,b).

In order for the asymptotics at infinity of these maps to make sense we need to
include the parallel copies of the Lagrangians according to boundary numbering, and
in particular also to incorporate this in the description of wrapped Floer cohomology.
More precisely, as in the case above we will have moduli spaces of Floer holomorphic
disks with boundary in distinct Lagrangians that are arbitrarily close. The analogue
of Theorem 76 holds by the same argument and the corresponding moduli spaces are
canonically isomorphic for sufficiently small perturbations. Using these observations
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we then define ®: CW*(L) — CWy,,,(L) by
®@)= Y  |Fr(a.b)b.

dim Fr (a,b)=0

Lemma 79 The map ® is an Asc,—homomorphism.

Proof To see this we note again that the disks which contributes to the A, relations
correspond exactly to the ends of 1-dimensional moduli space. |

Lemma 80 The map ® is a quasi-isomorphism.

Proof The map respects the word-length filtration and is the standard isomorphism
from the linearized Legendrian cohomology to the wrapped Floer cohomology, dis-
cussed above, on the E,—page. |

B.2 Wrapped Floer cohomology and Lagrangian handle attachment

In this subsection we prove the results in [11] giving a Legendrian surgery description
of the wrapped Floer cohomology of a cocore disk in a Weinstein manifold obtained
by Lagrangian handle attachment along a Legendrian sphere, referring to [25] for the
results on holomorphic curves missing in [11]. To state this result we first introduce
notation.

Suppose that Xy is a Weinstein 2n—manifold with ideal boundary the contact (2n—1)—
manifold Yy. Let A = A U---UA,, be a Legendrian submanifold such that all of its
components A j are parametrized (n—1)-spheres. Let X be the Weinstein manifold that
results from attaching Lagrangian handles H to A. Here H = H{ U---U H,,, where
each component H; is a disk subbundle of the cotangent bundle 7"* D of the n—disk D,
and where H; is attached to A j. Then X contains m cocore disks corresponding to the
cotangent fibers at the center of the disk in each H;. We let C; C X denote the cocore
disk in Hj, let I'; C Y denote its Legendrian boundary inside the contact boundary Y
of X,and write ' =T U---UT,,.

As a first step in the calculation of the wrapped Floer cohomology of C we describe
the generators of the underlying chain complex. By definition — see Section B.1 —
generators of CW*(C) are of two kinds: Lagrangian intersection points and Reeb
chords. Here the Lagrangian intersection points are easily understood: pick the shifting
Morse function so that it has one minimum on each component of C and no other critical
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Figure 19: A picture illustrating a curve contributing to ®! of the A —functor ®.

points, then there is exactly one intersection point for each component of C. We denote
the intersection point of C; by m; and we denote the subcomplex generated by the m;
by CW;(I"). Remaining generators are Reeb chords of I' we write CW? (I") for the
quotient complex CW*(I")/CW{(I") and note that CW?_is generated by Reeb chords.

Consider the link A and let all components be decorated by minus, A~ = A. Consider
CE*(A) as a chain complex, generated by composable words of Reeb chords with
differential d and with product - given by concatenation if the words are composable
and zero otherwise. Let € > 0 denote the size of the attaching region, ie the size of the
tubular neighborhood of A where H is attached. We then have the following:

Lemma 81 For any A > 0 there exists €y > 0 such that if € < €, then there is a natural
one-to-one correspondence between the generators of CW*+ (I") (Reeb chords of T') of
action < A and the generators of CE*(A) (words of Reeb chords of A) of action < A.

Proof This is [25, Theorem 1.2]. O

We will next define the surgery map, which is an 4sc—morphism
®:CW*(T') — CE*(A)
that counts certain holomorphic disks. See Figure 19.

As in Appendix A, consider the disk D; 4 j 4, with two special punctures subdividing
the boundary into an upper and a lower arc with i and j punctures, respectively, and
with a boundary numbering in the upper arc. Let ¢g = cq;1 - -+ ¢o;; be a composable
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word of Reeb chords connecting A, to Ay, and let ¢; - - - ¢; be a word of generators of
CW*(C). Consider the word of Reeb chords and intersection points

€ =coy1--Coyjztcivc1z”.

Define ®; : CW*(C)® — CE*(A) by
Qi)=Y M)

leol=le’|+i(n—2)
Remark 82 If m? is the minimum of the Morse function on C? as above, then
¢1 (mv) = eU )

because of the unique holomorphic disk corresponding to the flow line from the
minimum to the intersection point between C? N L; for the parallel copies this gives a
triangle with corners at m?¥ = C(;’ NncC 1”, at C(;’ N L and at C 1” N L, and since there are
no negative punctures the output is e,. Also, if a word ¢’ of generators of CW*(C)
contains a generator m" and has length i > 1, then

®;(c') =0,

as this corresponds — see Lemma 35 — to a holomorphic disk with a flow line from the
minimum attached, and such a configuration cannot be rigid unless the disk is constant.

Theorem 83 The maps ®; give an Aoo—map CW*(C) — CE*(A), which is an Axo—
quasi-isomorphism.

Proof In order to see the A —relations we study the boundary of the moduli space
M(c). As usual the boundary numbering guarantees that there is no boundary splitting
on C. The fact that there is no boundary splitting on L follows from Stokes’ theorem:
such a splitting would give a disk without positive puncture. The boundary of the
moduli space thus consists of the following configurations:

(i) Two level curves with one level in the cobordism and one in either symplectization
end.

(i) Curves which split at the intersection point C N L.

Splitting (i) corresponds to the map followed by the operation d in CE*(A) when the
symplectization disk lies in the negative end, and to an operation in CW*(C) followed
by the map when the symplectization disk lies in the positive end. Splitting (ii)
corresponds to the tensor product of the map followed by the product operation - in
CE*(A). The Aoo—relations follow.
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To see that ® is a quasi-isomorphism we argue as follows. We first fix an action cut-off
A > 0 and show that ®; induces an isomorphism on homology below action A by
constructing algebraically one holomorphic disk interpolating between a Reeb chord
of I" and the corresponding word of Reeb chords of A. For a complete proof we refer
to [25, Theorem 1.3]; the argument is roughly as follows. One starts from unique
and uniformly transversely cut out such disks for single chord words obtained by a
straightforward explicit geometric construction. Gluing such disks at their Lagrangian
intersection punctures in L N C and using small action to rule out all breakings
except one, we find that there is algebraically one disk interpolating between a chord
on I' and the corresponding word of chords of A. Together with Remark 82, which
shows @ (m") = eV, the existence of such disks implies that the map ®; has a
triangular matrix with respect to the action filtration and hence is a chain isomorphism
(compare [11, Section 6.2]): since ®; is an isomorphism on the subquotients of the
action filtration (and the isomorphism on generators is given by the bijection given in
Lemma 81), ®; is an isomorphism below action 4 for any A. The Asc—isomorphism
below action 4 > 0 then follows from the usual spectral sequence argument.

To see that we get an isomorphism on the full complex we show that the isomorphisms
discussed are compatible with action limits. More precisely, in order to increase the
action limit A > 0 for the one-to-one correspondence between Reeb chords of I' of
action < A and words of Reeb chords of A of action < A, we must shrink the size
8 > 0 of the handle attached. Consider attaching a handle of size § > 0 to A and denote
the resulting new Weinstein manifold by X5 and the cocore disk by Cs C Xj.

If 69 > &1, then by the isomorphism in Lemma 80 and standard results for wrapped
Floer cohomology — see eg [30, Section 5.5] — there is a cobordism map

CW? (Cs,) = CW™ (Cs,).

which is a quasi-isomorphism. Moreover, by the surgery description of chords for
any A > 0 there exists §; > 0 such that the above map has +1 on the diagonal (with
respect to the identification of generators in Lemma 81) for all chords of I and words
of chords of A of action < A.

Consider the directed system
(43) CWi(CgO)—>CW*+(C51)—>--~—>CW”jr(C5j)—>-~ ,

where §; — 0, and let
CW?(C) = lim CW7 (Cy).
)
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Then the homology HW? (C) of CTV’_? (C) satisfies

HW? (C) = lim HW? (Cs) = HWY (Cs,)  for any fixed ;.
8

Here the last equality follows since all the arrows in the directed system of homology
groups of (43) are isomorphisms.

Consider next the Chekanov—Eliashberg algebra CE*(A) of A. We define the action-
truncated subcomplex CE*(A, a) generated by words of chords of total action < a.
Viewing CE*(A) as a chain complex generated by words of chords, we then have

CE*(A) = lim CE*(A, a).

a

For each a; the surgery map gives §; > 0 such that the map
CW* (Cs;) = CE*(A, a))

is a chain isomorphism with &1 on the diagonal below action a;j. By definition of
surgery and cobordism maps, the diagram

CW? (Cs,) — CW* (Cs,) — -+ — CWA(Cs,) — -
(44) | | : |
CE*(A,a¢) — CE*(A,ay) — -+ — CE*(A,aj) — -+

commutes, where 6; 41 < J; and a; < a;j4. Taking limits of the sequences we get a
chain map

(45) CW* (C) — CE*(A).

Taking the limits of the sequence (44) on the homology level and using that all vertical
arrows are homology isomorphisms then gives homology isomorphisms in the limit,
and (45) is a quasi-isomorphism inducing an isomorphism

HW*(C) ~ HCE*(A).

The above gives a homology isomorphism of chain complexes. To consider also
products one uses the exact same argument. The product operation on CW*(C) is
induced from the action-truncated version

CW*(C,a;)® - ® CW*(C,am) - CW*(C,ay +---+am).
and similarly, on CE*,

CE*(C,a,) ® CE*(C,a,) — CE*(C,a; + a»). O
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Remark 84 In the above proof we obtain the isomorphism by taking smaller and
smaller handles. To see that such a procedure is necessary note that the correspondence
between words of chords and chords is true only below an action limit determined by
the size of the handle. For larger actions there are Reeb flows before the surgery that
hit the neighborhood of the Legendrian without being close to a chord and which could
give chords after the surgery.

Remark 85 There is also an “upside-down” perspective on the surgery just described.
Namely, one can start from the contact manifold Y and produce the contact manifold ¥
by doing so-called + 1-surgery on I'. In complete analogy with the above, one shows
that Reeb chords on A are in natural one-to-one correspondence with words of Reeb
chords on I', and one can construct an upside-down surgery map of Ac—coalgebras,

BCW*(C) — LCx(A).

A similar argument also shows that this map is a quasi-isomorphism. Alternatively,
one can prove this from the original surgery map using only algebra as follows. First
write CE*(A) = QLC«(A). Then

BCW*(C) ~ BQLCx(A) ~ LCx(A),

since LC4(A) is conilpotent; see Section 2.2.2.

B.3 Legendrian surgery and stopped wrapping

In this section we outline a surgery approach to the computation of wrapped Floer
cohomology in a Weinstein manifold X with wrapping stopped by a Legendrian A in
its boundary. We will use the following model for the ambient manifold. Fix a tubular
neighborhood of A in the contact boundary Y of X. Attach a disk-bundle neighborhood
of the zero section in 7* ([0, co) x A) along the boundary 7*([0, c0) X A)|opxa, just
like in Lagrangian handle attachment. We use a Liouville vector field on this domain
that agrees with the standard Liouville vector field pointing outwards along fibers in
the cotangent bundle over [T, o0) x A for some T > 0. Let the components of A be
denoted by A, for v € Q. Fix a basepoint p, € A, for each v. Let CV>* denote the
cotangent fiber T(*I‘)v’r)([o, 00) X A). We compute the wrapped Floer cohomology of
Ct= UUEQO CV:? for sufficiently large 7 using a surgery approach. A straightforward
monotonicity argument shows that the noncompactness of the cotangent bundle 7* A x
[0, 00) does not interfere with the compactness results for holomorphic curves used in
the definition of wrapped Floer cohomology.
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We first consider the surgery map into the Chekanov—Eliashberg algebra with loop space
coefficients. Consider all components of A decorated by a positive sign A = At and
consider CE*(A), which now involves, aside from Reeb chords, also chains C—_(Q2A)
on the based loop space. We define an Ao,—map

®: CW*(C) — CE*(A),

where the A ,—structure on the right-hand side is the standard DG—algebra structure
induced by concatenation and the Pontryagin product (as defined in this paper). As in
Appendix A, consider a disk D;y j 4, with two dividing punctures that subdivides the
boundary into two arcs, lower and upper. Let the upper arc contain i boundary punctures
and be equipped with a decreasing boundary numbering «, and the lower arc have
J boundary punctures. Let ¢’ = ¢; - -- ¢; be Reeb chords of C and let ¢o = co.; - - ¢o: j
be Reeb chords of A. Let

c:CO;I...co;jzvcl-...cl...zw,

and consider M®(c; k), again as in Figure 19.
Theorems 74 and 75 show that this moduli space carries a fundamental chain. We view
this chain as parametrizing chains of paths in A connecting the Reeb chord endpoints

in ¢g. We write [M®°(¢)] for the alternating word of chains of loops and Reeb chords
and view it as an element in CE*(A). Define the maps

W;: CW*(C)®* — CE*(A) by W;(c') = Y [M“(c)].

co

Theorem 86 The map ¥: CW*(C) — CE*(A) is an Ayo—map.

Proof To see that the A —relations hold we look at the boundary of the moduli space
M(c) of dimension d. The codimension-one boundary consists of three splitting

types:
(i) A one-dimensional curve splits off in the positive symplectization end.
(i) A curve splits off at the negative end.
(iii) Splitting at one of the intersection points zV.
In order for splittings of the form (i) to contribute to the codimension-one boundary of
the moduli space, the part of the holomorphic building in W consists of rigid disks
with only positive punctures attached at one puncture to a negative puncture of the

disk in the positive end and a disk of dimension d — 1 in M (b) attached at the
remaining negative puncture. (Splittings where the dimension of the components of the
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holomorphic building are distributed differently have higher dimension along the disk C
and correspond to “hidden faces” from the point of view of Cx(2A).) Assembling the
rigid disks and the one-dimensional disk we get a partial holomorphic disk building
that contributes to the A,—operations in CW* (L) followed by the map W. Splittings
of type (ii) correspond to the map W followed by the differential 11 in CE*(A). Finally
splittings of type (iii) correspond to the map W followed by the product i, on CE*(A).
We conclude that the terms contributing to A4o—relations express the codimension-one
boundary of [M(c)] in two different ways and hence W is an A,—map. |

Remark 87 In the boundary of the moduli space M(c) considered in the proof
of Theorem 86 there are also higher-dimensional curves splitting off in the positive
symplectization end. Such splittings contribute neither to the codimension-one boundary
of the chains of loops, nor to the operations in the wrapped Floer cohomology, and
hence play no role in the Ao, chain map equation.

We will use slight generalizations of the map W. More precisely, if p; for j =1,...,m
are points in [0, 00) x A and if Fj is the cotangent fiber at p;, then we have a similar
surgery map

WPiPi: CW*(F;, Fj) — CE;ipj (A),

which counts holomorphic disks with a positive Reeb chord connecting F; to Fj, two
Lagrangian intersection punctures at p; and at p;, and a word of chains of loops in A
and Reeb chords of A as output, and where CE;-"]- is directly analogous to CE* but
where the first chain of loops is in a word is replaced by a chain of paths from p; to
the basepoint and the last is replaced by a chain of paths from the basepoint to p;. In
this setup the counterpart of the second component W, is

(46) WPiPiPk: CW* (Fj, Fi) ® CW*(F;, Fj) — CE}, , (A),

and counts disks with two positive punctures at Reeb chords and two Lagrangian
intersection punctures at p; and py. The counterpart of the A ,—equations in this setup
is then

(47) do\ppipk +\I;Pj17k _\I;Pil’j + \pPinPk 0(1 ®/’Ll +I’L1 ® 1) +\I;PiPk oy = O,
where d is the differential on CE;"k and - is the (Pontryagin) product

* * *

CEp, p ®CEp, p;, = CEp, p, -

The proofs of these statements are word for word repetitions of the proof of Theorem 86.
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We next sketch a proof that the map W in Theorem 86 is in fact a quasi-isomorphism, or,
in other words, that its first component W; induces an isomorphism on homology. We
filler CW™*(C) by action of its Reeb chord generators. To get a corresponding filtration
on CE*(A) we use action on Reeb chords in combination with the energy on the loops.
We start with a discussion of the energy of loops, following [52].

Equip A with a Riemannian metric and let & = Q(A) denote the space of based loops
in A with the supremum norm: for two loops y, 8: [0, 1] > A,

d*(y.B) = sup p(y(t),B(1)).

t€[0,1]

where p is the metric on A induced by the Riemannian structure. Then the metric
topology on €2 agrees with the standard compact open topology.

Let Q' = Q/(A) denote the space of piecewise smooth paths with metric

1 .
d(y.B) = d*(y. B) + /0 (91— 161> d1,

where y denotes the derivative of y. The natural inclusion ' —  is a homotopy
equivalence [52, Theorem 17.1]. We will use finite-dimensional approximations to
study Q’. The energy of a piecewise smooth loop in A is

1
E(y)=[0 72 dr.

For ¢ > 0, let Q¢ C Q' denote the subset of loops of energy E < c. The space Q¢ can
be approximated by piecewise geodesic loops. More precisely, fixing a subdivision
0=ty <t; <--- <ty =10f]0, 1] we consider the space B¢ of loops of energy E < ¢
that are geodesic on each interval [#;, #;11]. Then [52, Lemma 16.1] shows that for all
sufficiently fine subdivisions, B¢ is a finite-dimensional manifold (a submanifold of
the product A*™ in a natural way). Moreover, by [52, Theorem 16.2], all critical points
of E|qec lie in B¢, which is a deformation retract of 2¢, and for a generic metric £|pc
is a Morse function.

With these preliminaries established we turn to the actual proof. The first step will be
to describe the Reeb chords of CT. Let g be a Riemannian metric on A as above and
let f:[0,00) — R be a positive function with f(0) =1, f/(0) = —1 and f’() <0
monotone increasing. Define the metric 2 on A X R by

h=dt*+ f(t)g.
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Then, if x and y are points in A and y: [0, s] — A is a geodesic with y(0) = x and
y(s) = y, there is a unique geodesic (y(¢),7(t)) € A x [0, c0) such that

* (¥(0).0) = (x,0) and (y(s).7(s)) = (y.0);

e r(¢) is Morse and has a unique maximum at an interior point ¢ = f.

Note that the Reeb flow in the unit disk bundle is the natural lift of the geodesic flow.
Assume next as above that the metric g on A is generic in the sense that the length
functional for curves connecting any two Reeb chord endpoints in A has only Morse
critical points. Concretely, this means that the index form of any geodesic connecting
two Reeb chord endpoints is nondegenerate. As in Lemma 81, this allows us to control
the Reeb chords of C* below a given action for all sufficiently thin handles. More
precisely, let € denote the size of the tubular neighborhood of A in ¥ where we attach
T*(A x[0,00)). We introduce the following notion of a geodesic-Reeb chord word. A
geodesic-Reeb chord word is a word

Y1€1Y2C2 ** Cm¥Ym,

where y; is a geodesic from one of the basepoints p, to the start point of the Reeb
chord ¢q, where y; is a geodesic from the endpoint of ¢; to the start point of ¢, etc,
until finally y4, is a geodesic from the endpoint of the Reeb chord ¢, to one of the
basepoints p,,. We define the action of a geodesic-Reeb chord word to be the sum of
actions of its Reeb chords and the energies of its geodesics.

Lemma 88 For any A > 0 there exist ¢y > 0 and to > 0 such that for any € < €y and
any T > 1 there is a natural one-to-one correspondence between Reeb chords of CT of
action < A, and geodesic-Reeb chord words of A of action < A.

Sketch of proof The proof uses the transversality of the Reeb chords and of the
geodesics. The basic observation is that the point in the normal fiber of A where the
Reeb flow hits determines the direction of the geodesic in A x[0, 00). After introducing
a concrete smoothing of corners the lemma then follows from the finite-dimensional
inverse function theorem. d

To show that W, is a quasi-isomorphism we will show that it is represented by a
triangular matrix with ones on the diagonal with respect to the action/energy filtration.
To this end we will use the Morse-theoretic finite-dimensional model for the chain
complex underlying the homology of the based loop space described above. In order
to have [M°(c)] defined as a chain in this model we need to ensure that the paths on
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the boundary of the holomorphic disk are sufficiently well behaved. We only sketch
the construction. On holomorphic disks with unstable domains, we fix gauge using
small spheres surrounding a Reeb chord endpoint; compare [31, Section A.2]. As in
[31, Section A.1] we use a configuration space for holomorphic curves consisting of
maps with two derivatives in L2. This means that the restriction to the boundary has %
derivatives in L? and in particular the projection to A has bounded energy. Since the
action of the positive puncture in a holomorphic disk contributing to the differential
controls the norm of the solution, it follows that we can use configuration spaces of
bounded energy to study the disks in the differential: we approximate the boundary
curves uniformly by a piecewise geodesic curve by introducing a uniformly bounded
number of subdivision points and straight-line homotopies in small charts.

Conjecture 89 The chain map ¥{: CW*(C) — CE*(A) induces an isomorphism on
homology.

Sketch of proof Consider a word of the form

YoC1Y1€2 *** Cm¥Ym,

where y; are geodesics in A x [0, 00) and ¢; are Reeb chords. We aim to construct
algebraically one disk connecting the Reeb chord a of C, corresponding to this word
(see Lemma 88), to the word itself. We use an inductive argument and energy filtration.
To start the argument we pick additional fiber disks F.+ and F._ in T*(A x [0, 00))
at (¢*,€) and (c_, €) for very small € > 0 near all Reeb chord endpoints ¢4 and c_
in A. We use the natural counterparts of the correspondence between mixed words of
geodesics and Reeb chords before surgery and Reeb chords after, for mixed wrapped
Floer cohomologies. For example, there is a straightforward analogue of Lemma 88:
Reeb chord generators of CW*(F,+, C) correspond to before-surgery words of the
form
Yie1yz2 - Cm¥Vm;

where y; is a geodesic connecting the basepoint of F,.+ to the initial point of ¢, and
y» connects the endpoint of ¢; to the start point of c,, etc. To start the argument we
note that it is straightforward to construct holomorphic strips corresponding to the short
geodesics starting at F.— followed by the chord ¢ and then the short geodesic to F .+
and to show that they are unique. This corresponds to a generator of CW*(Fo—, F,+).
Likewise, it is immediate to construct the holomorphic disk connecting a Reeb chord
generator of CW*(F,+, C) corresponding to a geodesic, and show that it is unique;
compare Theorem 83.
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We now use these two to construct algebraically one disk from the Reeb chord generator
of CW*(F,_, C) corresponding to the short geodesic, the chord ¢, and a geodesic
connecting the endpoint of ¢ to the basepoint of C. To this end we consider the natural
map

WPt CWH(FL4, C) @ CW* (F—, F,+) — CE*(A);

see (47). For the two Reeb chords, a connecting F.— to F.+ corresponding to the
chord ¢ of A, and b connecting F,.+ to C corresponding to the geodesic, we then have,
with p, denoting the basepoint,

d(WP T (b, a)) + (WP (b)) - (W€ (@) + WP (my (b, a))
1 (=D)la=tgpee™ e (1 (h), @) + WP (b, my () = 0.

Here we know that the terms containing m; and d involve nontrivial holomorphic disks
or Morse flows in the finite-dimensional approximation, and hence lower action/energy
by an amount bounded below by some § > 0, which we assume is much larger than
€ > 0 above. Therefore, if we restrict attention to a small action window, we find

(quvc— (b) - \ch+c_ (@) + \I,PUC_(mZ (b,a)) =0.

Here the first term is simply the Pontryagin product at the common endpoint of the
curves, which is homologous to the word €’cy of the small geodesic, the Reeb chord
and then the longer geodesic, by rounding the corner at ¢ . It follows that m, (a, b) =r,
where r is a Reeb chord with action between the sum of the actions of @ and b and the
action of €’cy, and that W¢ Pv(r) contains this word with coefficient £1. Noting that
there is only one Reeb chord in the action window studied, we find that the desired
coefficient equals £1. It is now clear how to continue the induction: at each step we
add one more geodesic or Reeb chord to any word. Using already constructed curves
and (47) in a small action window, we find that the map W has a triangular action
matrix with £1 on the diagonal, hence it is a quasi-isomorphism. O
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