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Bimodules in bordered Heegaard Floer homology

ROBERT LIPSHITZ
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DYLAN P THURSTON

Bordered Heegaard Floer homology is a three-manifold invariant which associates to
a surface F an algebra A(F) and to a three-manifold ¥ with boundary identified
with F a module over A(F). In this paper, we establish naturality properties of
this invariant. Changing the diffeomorphism between F and the boundary of ¥
tensors the bordered invariant with a suitable bimodule over A(F). These bimodules
give an action of a suitably based mapping class group on the category of modules
over A(F). The Hochschild homology of such a bimodule is identified with the
knot Floer homology of the associated open book decomposition. In the course of
establishing these results, we also calculate the homology of A(F). We also prove
a duality theorem relating the two versions of the 3—manifold invariant. Finally,
in the case of a genus-one surface, we calculate the mapping class group action
explicitly. This completes the description of bordered Heegaard Floer homology for
knot complements in terms of the knot Floer homology.

57RS57; 53D40

1 Introduction

Bordered Heegaard Floer homology is an invariant associated to a three-manifold with
boundary (see the authors [21]), depending on some additional data. More specifically,
let F be a closed, oriented surface of genus k. A bordered three-manifold with
boundary F is a compact, oriented three-manifold ¥ equipped with an orientation-
preserving diffeomorphism ¢: F — dY . Bordered Heegaard Floer homology associates
to F (and some extra data; see below) a differential graded (dg) algebra A(F). If Y
is a bordered three-manifold with boundary F, the theory associates to Y a right
Aco—module C/ELX(Y ) over A(F), the type A module of Y , whose quasi-isomorphism
type depends only on the underlying diffeomorphism type of Y. To a three-manifold
with boundary the theory also associates a left .Aoco—module over A(—F), @(Y),
the type D module of Y .
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Bordered Heegaard Floer homology is related to Heegaard Floer homology ﬁF(Y) via
a pairing theorem: if Y is a three-manifold which is divided into Y; and Y, by a sepa-
rating surface F', then E‘F(Y), a chain complex whose homology calculates ITI?(Y),
is obtained as the .4, —tensor product of @(Yl) with C/F\D(Yz). In other words,

HF (Y) = Tor 4y (CFA(Y}), CFD(Y>)).

1.1 Reparametrization and the bordered Floer invariants

A key goal of this paper is to study how the bordered Heegaard Floer invariants change
under reparametrization of the boundary. More precisely, we fix a closed surface
F and a preferred disk D C F, together with a point z € dD. Consider the space
of diffeomorphisms of F which preserve the disk D and the point z € dD. This
topological group will be called the strongly based diffeomorphism group of (F, D, z).
Its group of path components is called the strongly based mapping class group of F,
and two diffeomorphisms in the same path component are called strongly isotopic. This
agrees with the usual mapping class group of F' \ int(D) (fixing the boundary).

Consider next a handle decomposition of F with one zero-handle and where D is
the unique two-handle. We will mark in addition a basepoint z on the boundary of
F\ D. This data can be combinatorially encoded in the form of a pointed matched
circle (see Definition 3.1 below). Bordered Floer homology associates to a pointed
matched circle Z a differential-graded algebra .A4(Z). Modules over these algebras are
independent of the decomposition Z in the following sense:

Theorem 1 If Z; and Z, are two pointed matched circles representing the same
underlying surface, then the derived categories of dg A(Z1)—- and A(Z,)-modules are
equivalent.

For the purpose of this introduction, we will typically suppress the pointed matched
circle Z from the notation, referring somewhat imprecisely to A(F). Theorem 1
provides some justification for this practice.

A bordered three-manifold is a quadruple (Y, A, zy, ), where Y is an oriented three-
manifold with boundary, A is a disk in dY, z; is a point on JA and

Y:(F,D,z) = (0Y, A, z2)
is a diffeomorphism from F to dY sending D to A and z to z;.

The strongly based diffeomorphism group of F acts on the set of bordered three-
manifolds by composition:

¢'(Y7A7217¢) = (Y,A’ZI’WO¢_1),
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There are bimodules which encode this action, using the .4, —tensor product. Specifi-
cally, let M be aright 4., —module over the dg algebra A and N be an .4, —bimodule
over A and B, where B is another dg algebra. Then we can form the derived (or A )
tensor product M ® 4 N , to obtain a right A —module over B. We have bimodules
associated to reparameterizing the boundary, as given in the following:

Theorem 2 Given a strongly based diffeomorphism ¢: (Fy, D,z) — (I3, D, z) be-
tween surfaces F1 and F, (corresponding to possibly different pointed matched circles),
there are associated bimodules:

CFAA($) A(—F)). A(Fy).  AF))CFDA(®) A(Fy).  A(Fy).A(—F>) CFDD(9).!

If (Y1, A1, 21,91 Fy — 0Y1) and (Y2, Ap, 22, (—V2): —F2 — 0Y2) (s0 Y30 Fy —
—0dY> ) are bordered 3—manifolds then

CFA(Y1. Y1) & ary) CFDA(¢) = CFA(Y1, ¥y 09 "),
CFAA($) & a(y) CFD (Y2, ¥12) = CFA(Y2, —(¥2 0 $)),
CFA(Y1,¥1) ® acr,) CFDD(¢) = CFD(Yy, —(y1 0™ "),
CFDA($) & a(k5) CFD(Y2, 2) =~ CFD(Y2, Y2 0 ¢).
(This is proved in Section 7.1. See particularly Figure 17 for a schematic illustrating
why the parametrizations are as given.)
The bimodules satisfy the following invariance property:
Theorem 3 If ¢ and ¢’ are strongly isotopic diffeomorphisms of F then their associ-
ated bimodules are quasi-isomorphic.
(This is proved in Section 6.4.)
The bimodules also behave functorially under composition, according to the following

two results:

Theorem 4 The type DA bimodule associated to identity map from F to itself,
CFDA (I ), is quasi-isomorphic to A(F) as an (A(F), A(F))-bimodule.

(This is proved in Section 8.1.) Note that A(F) is the identity for the tensor product
operation.

IGiven algebras 4 and B, we write 4 Mp to denote a module with a left action of A and a right
action of B. We write 4 g M to denote a module with commuting left actions of A and B, and M4 p
to denote a module with commuting right actions of 4 and B.
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Theorem 5 Given two strongly based diffeomorphisms ¢1: Fy — Fy, ¢p: Fr — F3,
we have that

CFDA(¢1) ® (F,) CFDA($2) ~ CFDA (¢ 0 $1).

(This is proved in Section 7.1.)

Together, Theorems 3, 4 and 5 can be summarized by saying that the bimodules induce
an action of the based mapping class group of a surface F' on the module category of
A(F); see Theorem 15 in Section 8 for a more precise statement. Actions of mapping
class groups — particularly, braid groups — on categories have arisen in other contexts;
see for example Khovanov and Thomas [16] and the references therein.

Theorem 2 is also interesting in the case where ¢ is the identity map. In that case,
the theorem allows one to convert a type D module into a type A module, and vice
versa. The statement is given in the following corollary, which can be thought of as
exhibiting a kind of Koszul duality (see Priddy [32]) between the algebra of a surface
and its orientation reverse:

Corollary 1.1 There are dualizing modules @(H) and @(H) (bimodules
associated to the identity map on F ), which can be used to convert CFD —modules to
CFA —-modules and vice versa, in the sense that

CFAA(T) ® o(—F) CFD(Y, =) ~ CFA(Y, ),
CFA(Y, V) ® 4y CFDD(I) ~ CFD(Y, —).
The modules C/FA\A(H) and @(H) uniquely determine one another, as explained
in Section 9. Indeed, this description, along with the above corollary, quickly leads to

the following result which allows one to express type A modules entirely in terms of
type D modules:

Theorem 6 Let Y be a bordered three-manifold with boundary F. Then @X(Y) is
quasi-isomorphic, as a right As,—module over A(F), to the chain complex of maps
from CFDD(I) to CFD(Y).

(This theorem is stated more precisely and proved in Section 9, as Theorem 16.)

In fact, CFDD(I), and hence also CFAA(I), can be calculated explicitly; see the
authors [20].

The bimodule 4(F) CFDA (@) a(F) of a strongly based diffeomorphism
¢: (F,D,z)— (F,D,z2)
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is a bimodule over a single algebra A(F) on both sides; hence it is natural to study its
Hochschild homology. We give this operation a topological interpretation. To state this
interpretation, recall that a strongly based diffeomorphism ¢: (F, D,z) — (F, D, z)
naturally gives rise to a three-manifold with an open book decomposition. More
precisely, consider the three-manifold with torus boundary, defined as the quotient
of [0, 1] x (F \ D) by the equivalence relation (0, ¢(x)) ~ (1, x). This manifold is
equipped with an embedded, closed curve on the boundary, ([0, 1]x{z})/(0,z) ~(1,z2).
By filling along the curve on the boundary, we get a closed three-manifold, equipped
with aknot K induced from {0} x dD. We denote the resulting three-manifold by Y (¢),
and let K C Y (¢) be the canonical knot in it. This presentation of the three-manifold Y
underlying Y (¢) is called an open book decomposition of Y, and K is called the
binding.

Theorem 7 Let ¢ be a strongly-based diffeomorphism, and consider its associated
A(F)-bimodule CFDA(¢). The Hochschild homology of the bimodule CFDA(¢) is
the knot Floer homology of Y (¢) with respect to its binding K, HFK (Y (¢), K).

(This is proved in Section 7.2.)

Remark 1.2 Let K be a fibered knot in S3, F a fiber surface for K and ¢: F — F
the monodromy. A classical theorem states that the Alexander polynomial of K is the
characteristic polynomial of ¢.: Hy(F) — Hy(F). Theorem 7 categorifies this in the
following sense. On the one hand, by the second author and Szabé [28, Equation (1)],
the Euler characteristic of HFK (Y(¢), K) is Ag(t). On the other hand, the (mod-
ulo 2) Grothendieck group of the category of A(F)-modules is A* Hy(F;F,) and the
functor @(qﬁ) ® - decategorifies to ¢x: A* H(F;F,) — A* H,(F;F,); compare
the authors [23]. Hochschild homology decategorifies to the graded trace; and the
graded trace of ¢«: A*Hy(F;F,) — A*H;(F;T,) is (by definition) the characteristic
polynomial of ¢«: Hi(F;F,) — H{(F;[F;). (To obtain the decategorification with
Z—coefficients would require an absolute Z /2—grading on the bimodules, which we
do not construct.)

1.2 A more general framework

The bimodules associated to mapping classes come from a more general construc-
tion, which gives an invariant for a bordered three-manifold Y7, with two boundary
components F; and F,, and extra data specified by a strong framing, which is a
parameterization of the boundary components of Y;, and a framed arc connecting the
two boundary components of Y;,. More precisely, we have the following.

Geometry € Topology, Volume 19 (2015)



530 Robert Lipshitz, Peter S Ozsvdth and Dylan P Thurston

Definition 1.3 Fix two connected surfaces (Fy, D1, z;) and (F,, D;, z5) equipped
with preferred disks and basepoints on the boundaries of the disks. A strongly bordered
three-manifold with boundary F1 LI F, is an oriented three manifold Y;, with two
boundary components, equipped with

e preferred disks Ay and A, on its two boundary components,

* basepoints z; € IA;,

o diffeomorphisms y: (Fy LI F5, D{ LI Dy, zy L z3) — (0Y12, Aj LT Ay, 2] 11 2)),
* anarc y connecting z{ to z5, and

* aframing of y, pointing into A; at z; for i = 1,2.

(See also Definition 5.1.) Note that we can remove a neighborhood of y from Y7, to
obtain a three-manifold M with boundary F; # F,. The trivialization of the normal
bundle of y is the additional data needed to construct a parameterization of the boundary
of M from the parameterization of dY .

To obtain a bimodule, we must fix further data: we mark each boundary component of Y
with an 4 or a D. This determines whether the corresponding boundary component is
treated as a type D module or a type 4 module (and hence, whether the underlying
algebra is associated to the boundary component with its induced orientation, or the
opposite of its induced orientation). More explicitly, we have the following:

Theorem 8 Let Y1, be a bordered three-manifold with two boundary components F
and F, and a strong framing. Then, we can associate the following bimodules to Y1 :

@(YIZ)A(FI),A(FZ)» A(—Fl)@(le)A(Fz)» A(—Fl),A(—Fz)CF/D\D(le)-

The quasi-isomorphism types of these bimodules are diffeomorphism invariants of the
bordered three-manifold Y1, with its strong boundary framing.

(A graded refinement of this theorem is proved in Section 6, as Theorem 10.)

The bimodules associated to an automorphism of F are gotten as a special case of
the above construction, where Y7, = [0, 1] x F', with the identity parametrization on
one component and ¢ on the other component. In Section 7, we shall prove general
versions of the pairing theorem, from which Theorems 2 and 5 follow as corollaries.

There are other versions of the pairing theorem, including a “double-pairing theorem”,
where we glue two three-manifolds with two boundary components together, as in
Theorem 14. Theorem 7 is the specialization of this to the case where we are self-gluing
[0,1]x F.
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After building the basic background, we turn to the particular case of a surface of
genus one. In this case, we calculate the bimodules associated to an arbitrary mapping
class, hence giving an explicit description of the dependence of the bordered Heegaard
Floer homology of a three-manifold with torus boundary on the parameterization of the
boundary. This also completes the description of CFD in terms of knot Floer homology
for a knot in S3. Specifically, we showed in [21, Chapter 11] how to calculate the
type D module of a knot complement in terms of the knot Floer homology of the
knot when the framing on the knot is sufficiently large. With the help of the torus
mapping class group calculations and Theorem 2, we are now able to calculate the
type D module for arbitrary framings, as promised in [21].

1.3 Organization

This paper is organized as follows. In Section 2 we recall the algebraic background
on A —algebras and modules used throughout this paper. These include the familiar
notions of As,—modules, which we call here type A structures to distinguish them
from type D structures, which are a variant of projective modules (see Corollary 2.3.25;
compare also Remarks 2.2.36 and 2.2.37). These are then combined to give various
notions of bimodules. We discuss various operations on modules and bimodules —in
particular, the tensor product, Hom and Hochschild homology functors — and review
some category theory. Section 2 concludes with a discussion of group-valued gradings.

In Section 3 we recall the notion of a pointed matched circle Z, which is effectively the
handle decomposition of a surface used to define its associated algebra. We then recall
the definition of the algebra A(Z) (introduced in [21]). In Section 4, we turn to the
calculation of the homology of the algebra A(Z). This calculation is used significantly
in the subsequent proof of Theorem 4 in Section 8.1. It is interesting to note that, as a
consequence of this calculation, we obtain a smaller differential graded algebra A’ (a
quotient of A by a differential ideal), which can be used in place of A for the purposes
of the invariant; see Proposition 4.2. (Although we do not pursue this further in the
present work, it does considerably simplify computations in practice.)

In Section 5, we study Heegaard diagrams associated to strongly framed three-manifolds,
and recall their existence and uniqueness properties. We also turn our attention to a
case of particular importance: strongly framed three-manifolds associated to strongly
based surface automorphisms. We show how to construct explicitly the corresponding
Heegaard diagrams in this case. In Section 6, we turn to the construction of bordered
bimodules for strongly based three-manifolds, and verify their invariance properties,
verifying Theorems 8 and 3.

In Section 7, we turn to the various pairing theorems which these bimodules enjoy.
Theorems 2, 5 and 7 are deduced from these pairing theorems. In Section 8, we
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employ the calculations from Section 4, together with a suitable variant of the pairing
theorem, to deduce that the type DA bimodule associated to the identity map is A(F);
see Theorem 4. Thus armed, we complete the proof that the derived category of
modules over the algebra associated to a pointed matched circle depends only on the
homeomorphism type of the underlying surface; see Theorem 1. This information also
allows us to construct an action of the mapping class group on the derived category of
A(F)—modules. Theorem 4 is also the main ingredient we use in Section 9 to prove
the duality theorem, Theorem 6.

Finally, in Section 10 we compute the bimodules associated to torus automorphisms.
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2 A, ,—algebras and modules

In this section we recall various notions from the theory of Ay,—algebras and de-
rived categories. Most of these results are standard (see Keller [13], Bernstein and
Lunts [5], Leféevre-Hasegawa [19] and Seidel [36]), and are collected here for the
reader’s convenience. Our treatment is slightly nonstandard in that we use extensively a
certain algebraic object defined over A —algebras which we call “type D structures.”
The reader is encouraged to think of these as projective modules over the algebra.
These arise naturally in the context of bordered Floer theory — the bordered invariant
C%(Y) of [21] is a type D structure —and are convenient for various algebraic
constructions. (In fact, type D structures have appeared under various guises elsewhere;
see Remarks 2.2.36 and 2.2.37.)
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Convention 2.0.1 Throughout, (Ax—) algebras will be algebras over the a ring k&,
which is either [, or, more generally, @lNzl IF5. Unless otherwise stated, tensor
products denote tensor products over k. (When we need to refer to a second such
ground ring we will denote it j .)

Note that for most of this paper it is enough to consider dg algebras rather than more
general Ax,—algebras, so the reader could skip Section 2.1 if desired. More general
Aoso—algebras do appear in Section 4.2.

In one unusual twist, our A —algebras and modules are graded by noncommutative
groups, as explained in Section 2.5.

2.1 Ay -—algebras

2.1.1 Definition of A, —algebras

Definition 2.1.1 An Ax,—algebra A over k is a Z—graded k-bimodule A4, equipped
with degree-0 k-linear multiplication maps

(2.1.2) pi: A% — A2 —i]

defined for all i > 1, satisfying the compatibility conditions that, for each n > 1 and
elements ay,...,ay,
n—j+1

Q13 > Y (@ ® Qa1 @uilar®-- Qag )

i+j=n+1 (=

i+j=n+ 1 i ®a£+j®"'®an):0'

. — N
Here A®’ denotes the k—bimodule 4 ®j ---®x A and [2 —i] denotes a degree shift.
We use A for the Ay,—algebra and A4 for its underlying k—bimodule.

An Ay, —algebra is strictly unital (or just unital) if there is an element 1 € A with the
property that ps(a, 1) = pa(l,a) =a and p;(ay,...,a;)) =0if i #2 and a; =1
for some j. For a unital A —algebra, the unit gives a preferred map ¢: k — A.

An augmentation of an Ax,—algebra is a map €: A — k, satisfying the conditions that
€e(l)=1,
(2.1.4) €(ua(ar. az)) = €(a)e(az),
e(ur(ay,...,ar)) =0 fork #2.

This gives an augmentation ideal A4 = kere.
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One could consider a more general notion of augmentation, where € is an 4o, homo-
morphism in the sense of Section 2.1.2. We do not do this here, as we do not need
this level of generality for our present purposes, and indeed, it would cause undue
complication, especially in Section 2.3.5.

Note that in particular pq gives A the structure of a chain complex. A differential
graded algebra over k is an Ao, —algebra with p; = 0 for all i > 2.

Convention 2.1.5 Throughout this paper, A —algebras will be assumed strictly unital
and augmented.

We can think about the Ay, —relation (2.1.3) graphically. First, we associate operations
to graphs.

Definition 2.1.6 An Ay, —operation tree T is a finite, directed tree embedded in the
plane such that each nonleaf vertex of I" has exactly one outgoing edge.

In every Ax—operation tree I' there is a unique leaf that is a sink, along with 7 source
leaves. Then given an Ax,—algebra .4 we can associate to I' an operation

ur: A®" > 4

(with some grading shift) as follows. To compute ur(a; ® --- ® a,), start with
ai,...,ay at the source leaves (labeled in order, clockwise around the boundary of T").
Flow these elements along I', and when a string of elements enter a vertex of valence
k > 1, apply py . The element at the sink is the output.

In these terms, the basic Ao relation states that the sum of ur over As—operation
trees I' with exactly two nonleaf vertices is zero.

Given an Ay, —algebra A = (4, {i1;}) we can form the tensor algebra

oo

T*(A[1) := @D 4®"[n].

n=0
Setting 1y = 0, we can combine all the y; to form a single map
(2.1.7) w: T*(A[1]) — A[2].
Defining D4: T*(A[1]) — T*(A[1]) by

n n—j+1

l_)A(al®"'®an):Z Z al®"'®Mj(a€®"'®a€+j—1)®"'®an’
j=1 t=1
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the A~ compatibility relations are encoded in the relation po DA =0 or, equivalently,
D40 DA =0.

Our A —algebras also need to be appropriately bounded. Before giving the general
case, we start with the version for dg algebras:

Definition 2.1.8 We say that an augmented dg algebra A has nilpotent augmentation
ideal if there exists an n so that (44+)" = 0. We will also abuse terminology and say
that A itself is nilpotent.

Note that this is stronger than saying that every element of A4 is nilpotent. Also, a
unital algebra can never be nilpotent in the strict sense.

Definition 2.1.9 An augmented As—algebra A = (A4, {i1;}) is called nilpotent if there
exists an 7 so that for any i > n, any elements aq, ...,a; € A4 and any A, —operation
tree I', ur(a; ®---®a;) =0.

(An equivalent definition of nilpotent would be to require that there are only finitely
many [ for which ur is not identically zero on inputs from A . The definitions
of “operationally bounded” for modules and bimodules, below, can be reformulated
similarly. Also, the fact that the two definitions of nilpotent agree in the case of dg
algebras involves using the Leibniz rule to push any instances of  onto the inputs
and then using (111)? =0.)

Remark 2.1.10 In [21] we assumed a weaker condition on our algebra: that yu; =0
for i sufficiently large. The stronger condition of Definition 2.1.9 is used to ensure
that our smaller model X of the Ay —tensor product of bimodules (rather than just
modules) is well defined in all cases (Proposition 2.3.10) and for some of the categorical
aspects of this paper (in particular, Proposition 2.3.18). See also Remark 2.3.12.

Convention 2.1.11 With the exception of Section 2.1.3, all of the .A,,—algebras that
show up in this paper will be assumed (or proved) to be nilpotent.

2.1.2 Definition of .4,,—algebra maps

Definition 2.1.12 Let A and B be Ay, —algebras. An Aso—homomorphism from A

to B is a collection of degree-0 maps ¢ = {¢;: A[1]®" — B[1]}, i > 1, satisfying a

compatibility condition which we state in terms of an auxiliary map F?® = T*(A[1]) —

T*(B[1]), defined by

F¢(al®"'®an): Z ¢i1(al®"'®ai1)®¢i2(ai1+l®"'®ai1+i2)
fe=n ® - & Giy (An—if+1 ® - ® aap),
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The compatibility condition is that

(2.1.13) DBo F? = F? o DA,

Note that if ¢ = {¢;} is an Asc—homomorphism then ¢ is a chain map.

Composition of A, —homomorphisms is characterized by the property that F#°V =
F? o F¥; we leave it to the reader to verify that such a composition exists.

It turns out that A, —algebra isomorphisms are just homomorphisms with ¢; invertible:

Lemma 2.1.14 Let A be an Ay —algebra and ¢: A — B an Ay —algebra homomor-
phism such that ¢, is an isomorphism. Then ¢ is invertible, ie there is an A, —algebra
homomorphism {r: B— A suchthat poy =lg and yop =14.

Proof It suffices to show that ¢ has both left and right inverses; we will show that ¢
has a left inverse. Set {r; = ¢1_1 . Observe that v satisfies the first relation for Aso—
homomorphisms ( u“l“ oY1+ o0 ;Llf = 0); moreover, for any way of completing
to an Aso—homomorphism, (Y o)y =1 4.

Now, assume inductively that we have found y; for i < n so that for 1 <i < n,
(Y o¢); = 0. Observe that

n—1
(Yodn(ar @ ®an) = Yn(P1(a1) @+ Q ¢p1(an)) + Z E/fi(F?(al ®--Qap)).

i=1

(Here Fl.d’ is the component of F' ¢ that lands in B®' C T*B.) So, if we set

n—1
Un(b1 ® - ®by) = > Ui (F (¢7" (b1) ® -+~ @ ¢7 " (bn))).

i=1
we have (Y o¢), = 0. Continuing in this way, we construct a map v so that Yo =1 4.
We can also find a map v so that ¢ oy’ = Iz similarly; it follows, of course, that

=y
It remains to check that v satisfies the relation for .As—homomorphisms, or equiva-

lently that F¥ is a chain map. But we already know that F¥ = (F?)~!, so the result
follows from the fact that the inverse of a chain isomorphism is a chain map. |

Definition 2.1.15 An Ay, —algebra homomorphism ¢: A — B is called a quasi-iso-

morphism if ¢; induces an isomorphism from the homology of A with respect to ,u/l“
to the homology of B with respect to ,uf .

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 537

2.1.3 Induced A, —algebra structures The following is the main lemma of homo-
logical perturbation theory; see [36, Section (1i)], Kontsevich and Soibelman [18, Sec-
tion 6.4] and Keller [13, Section 3.3; 11, page 4]. For the proof we refer the reader to
the references.

Proposition 2.1.16 Let A be an A, —algebra and By a chain complex over k.

(1) If f: B« — A is a homotopy equivalence of chain complexes then there is an
Aoo—algebra structure {y;} on By and maps f;: B®" — A[l —i] (i > 1) so that

e 1 is the differential on By,
e fi is the given chain map f , and
e {fi}: (B« {1i}) — A is a quasi-isomorphism.

Moreover, if By is a dg algebra and f; is an algebra map, we can choose {4}
to be the multiplication on By.

(2) If g: A— By is a homotopy equivalence of chain complexes then there is an
Aoo —algebra structure {j;} on By and maps g;: A®' — B[1 —i] so that

e i1 is the differential on B,
e g is the given chain map g, and
o {gi}: A— (Bx,{ui}) is a quasi-isomorphism.

Remark 2.1.17 Note that over k there is no distinction between homotopy equiva-
lences and quasi-isomorphisms of chain complexes.

Corollary 2.1.18 Let A be an A, —algebra and H the homology of A, which inherits
an associative algebra structure from A. Let i: H — A denote an inclusion choosing
a representative for each homology class and p: A — H any projection that sends
each cycle to its homology class. Then there is an A, —algebra structure ‘H consisting
of maps {j;} on H such that there are Aoo—quasi-isomorphisms f: H — A and
g: A— H extending i and p respectively.

Proof The existence of {i;} and either f or g is immediate from Proposition 2.1.16;
it remains to show that the 4, —algebra structures on H given by the two parts of
Proposition 2.1.16 can be chosen to be the same.

Proposition 2.1.16 gives us two Aso—algebra structures H and H' on H and Aso—
quasi-isomorphisms f: H — A, g: A— H'. Observe that g o f] is the identity map
on H. So, by Lemma 2.1.14, go f: H — H' is an isomorphism. Then f: H — A
and (go f)~'og: A— H are the desired maps. O
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Remark 2.1.19 Even if A is nilpotent, the induced .As,—structure on the homology H
of A may not be nilpotent (or even satisfy the weaker condition that pu; = 0 for
sufficiently large 7). However, for the algebras A(Z) of interest in this paper, the
induced A —structures on H will be nilpotent; see also Remark 4.9.

Definition 2.1.20 The quasi-isomorphisms f: H — A given by Corollary 2.1.18 will
be called standard quasi-isomorphisms.

Note that the higher products on H depended on some choices. In certain situations,
however, they are canonically defined; we discuss one instance of this (which will
play a role in Section 4). Let 4 be an 4o,—algebra, with products p;, and H be its
homology algebra, with products ;.

Definition 2.1.21 A sequence «q,...,0, € H is said to be Massey admissible if
forany 1 <i < j <m with (i, j) # (1,m), we have [ij_;j (i, &itq,...,0) =0
and Hg(;, j)+1 = 0, where g(i, j) is the grading of 1;;y1(ai,.... ;) ie g(i, j) =
J—i—1+gr(e)+--+gr(e)).

Lemma 2.1.22 Let A be a dg algebra, and let H denote its homology. Suppose
Ay, ...,0, € H is Massey admissible. Then, there are elements &; ; € A for 0 <i <
j <m and (i, j) # (0, m) such that

déij= Y Eik-bkj

i<k<j
and where, fori =1,...,m, §_;; is a cycle representing the homology class o; .
Moreover, iy (o, ...,o,) is represented by the cycle
(2.1.23) > Eok-Em
O<k<m

The homology class of this cycle is independent of the choices of the &; ;.

Proof Fix a standard quasi-isomorphism f: % — A and consider the A, relation
for the map f, with inputs aq, ..., oy, . Since the target is a dg algebra, this relation
contains no trees with more than two nodes labeled by f. Indeed, there are the
following four types of trees:

(1) Trees where there are two nodes labeled by f', whose two outputs get multiplied

in A.
(2) Trees with one node which is a multiplication w; of some proper (consecutive)
subsequence of &1, ..., &, followed by a node labeled f,—;+.
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(3) The tree representing f1(im (o1, ..., %m)).
(4) The tree representing i1 ( fm(cty,...,m)).

Now set & j = fj—i(¢j+1,...,0;). We can interpret the sum of trees of type (1) as
the sum appearing in (2.1.23). Massey admissibility guarantees that higher multiplica-
tion [1; on a proper consecutive subsequence vanishes, and hence that terms of type (2)
vanish. The term of type (3) gives a cycle representing (a1, ..., ®y). The term of
type (4) evidently gives a coboundary. It follows that for one choice of the §; ; the
lemma holds.

It remains to show that the homology class is independent of all the choices made,
and hence that, for a Massey admissible sequence, [t (¢, ..., ) is independent of
the choice of compatible A —algebra structure on Hy(A). To this end, we show that
if for some ¢, we exchange exactly one of the &, for b —a < ¢ by éé’b, then we
can complete this to a system of E{ ; so that the final result changes by a coboundary.
Specifically, note that &, , — &, ;, is a cycle, and it is supported in grading g(a,b) + 1.
Hence, by Massey admissibility, in fact &, , — Eél’b = dng,p for some choice of 7, 4.
Now, define, for all i <a and j > b,

£y =Eaj+Nap &b
Ep="Eib+&ia Nab

and all other i < j, Sl’ = & j. Itis straightforward to check that the Sl’ ; satisfy the
same equations as the original &; ;, and also that

d(no,m) ifl =a,b=m,
d &y i) ifl=a,b<m,
S b - Y Gk = O0b )

O<k<m O0<k<m d(SO,a . ﬂa,m) ifl < c.l, b = m,
0 otherwise.

It is easy to see that we can go between any two solutions {£; ;} and {§/ j} by a
sequence of moves of the above type, and each step leaves the homology class of the
expression from (2.1.23) unchanged. |

Remark 2.1.24 Equation (2.1.23) is the traditional definition of the Massey product,
which is typically defined only up to some indeterminacy. The Massey admissibility
condition guarantees that there is no ambiguity in its definition.

2.2 Modules over .A,,—algebras

In this section we define various notions of .4,,—modules and bimodules which are
used throughout the paper. As noted earlier, our treatment is nonstandard in that we
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introduce an object which we call a “type D structure”, which the reader can think of
as a type of projective module; see Corollary 2.3.25.

Another slightly unusual feature of our treatment is that we will define our categories
of modules as dg categories. We start by reviewing this notion.

2.2.1 Background on dg categories The material in this section is standard, but
perhaps unfamiliar to the low-dimensional topology community. Our treatment is
drawn from Keller [14], to which we refer the reader for more details and further
results.

Definition 2.2.1 A differential graded category is a category 6 such that the mor-
phism spaces are chain complexes and composition of morphisms is bilinear and
commutes with the differential, ie such that composition of functions gives chain maps
o: Mor(y, z) ® Mor(x, y) — Mor(x, z).

The prototypical example is the category of chain complexes:

Example 2.2.2 The dg category of chain complexes has objects chain complexes Ci
and morphism spaces

Mor(Cx, Di)n =4{f = (fi: Ci = Dyti)52_ oo}

i=—00

with differential defined by

(3/)(x) = dp(f (%)) + f(0cx).

Note that the 0—cycles in (Mor(Cx, D«), d) are exactly the degree-0 chain maps
between Cy and D, and the boundaries are the nullhomotopic chain maps. The
homology of (Mor(Cyx, Dx), d) is the group of chain maps modulo homotopy.

Definition 2.2.3 Given a dg category 6, let Z(‘¢) (respectively Z.(€)) denote the
category with the same objects as ¢ and morphisms Homz ) (x, y) = Zo(Mor¢(x, »))
(respectively Homy, (¢)(x, ) = Z«(Mor¢(x, y))) the degree-0 cycles (respectively
cycles of any degree) in the morphism space of €. We call the morphisms in Z, ()
the homomorphisms in €, and sometimes denote the set of homomorphisms simply by
Hom (as distinct from the set of all morphisms Mor).

Let H(€) (respectively H«(€¢)) denote the category with the same objects as 6
and morphisms Homy ) (x, y) = Ho(Morg(x, y)) (respectively Homy, ¢y (x, y) =
H,.(Morg(x, y))), the degree-0 homology (respectively total homology) of the mor-
phism space of €.

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 541

Example 2.2.4 For € the dg category of chain complexes, Z(‘6) is the usual category
of chain complexes, in which the morphism spaces are the degree-0 chain maps. The
category H(%) is the homotopy category of chain complexes.

The category H(6) is naturally a triangulated category; see [14, Section 3.4]. One
could go further and invert quasi-isomorphisms, but for our purposes this will not be
necessary.

Definition 2.2.5 Let € be a dg category. Morphisms f, g € Morg(x, y) are called
homotopic if there is a morphism /& € Morg(x, ) so that (dh) = f — g; in this case
we write f ~ g. Acycle f € Morg(x, y) is a homotopy equivalence if there is a cycle
g € Morg(y,x) sothat go f ~ Iy and fog~1,.

Definition 2.2.6 For f € Mor(x, y), let

Jfxw: Mor(w, x) = Mor(w, y),
f*%: Mor(y, z) — Mor(x, z),

be the maps obtained by pre- and post-composing with f". We will sometimes write f
or f* if the spaces are clear from context.

Lemma 2.2.7 If f, g € Morg(x, y) are homotopic morphisms then fiy ~ gxy and
f*Z ~ g*Z .

Similarly, if f € Morg(x, y) is a homotopy equivalence then the maps fyy, and f**
are chain homotopy equivalences.

The proof is straightforward.

Definition 2.2.8 Let € and 9 be dg categories. A dg functor F: € — 9 is a functor
€ — P such that for any objects x and y of €, F(Mor(x, y)) is a degree-0 dg module
homomorphism.

Lemma 2.2.9 If F is a dg functor and f, g € Mor(x, y) are homotopic then F(f)
and F(g) are homotopic. If f is a homotopy equivalence then F( f) is a homotopy
equivalence.

The proof is immediate from the definitions.
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Definition 2.2.10 Let 6 and % be dg categories and F,G: € — 9 dg functors. We
say F is homotopic to G if for each x € Ob(‘€) there are homotopy equivalences
Nx: F(x) = G(x) so that for any x, y € Ob(6) the following diagram commutes up
to homotopy:

More(x, y) Morg (F(x), F(»))

g J J (My)«

Morg (G(x),G(»)) =y Morg (F(x),G(y))

A dg functor F: € — @ is a homotopy equivalence if there is a functor G: 9 — € so
that G o F is homotopic to I¢ and F o G is homotopic to Ig.

(In Definition 2.2.10 we have not required any coherence for the homotopies in the
diagram; one could formulate stronger notions with such coherence built in.)

Definition 2.2.11 Let € and 9 be dg categories. A functor F: € — 9 is a quasiequiv-
alence if

e forall x, y € Ob(%), the map F(x, y): Morg(x, y) = Morg(F(x), F(y)) is a
quasi-isomorphism, and

¢ the induced map H(F): H(¢) — H(%) is an equivalence of categories.
(See [14, Section 2.3] for more details.)

Proposition 2.2.12 If 7: € — 9 is a homotopy equivalence then F is a quasiequiva-
lence.

Again, the proof is straightforward.

Just as one can generalize the notion of dg algebras to Ao, —algebras, one can generalize
the notion of dg categories and dg functors to Ao, —categories and .4, —functors. Some
of the categories studied in this paper (in particular, the category of type D modules)
are Ao—categories, and some of the functors (in particular, X) are .4, —functors.
Most of the additional complications are, however, not important for the applications in
this paper: when working with dg algebras (rather than .4,,—algebras), the categories
we consider are honest dg categories (see Remark 2.2.28). So we will not spell out the
notions of Ax,—categories and Ax,—functors, trusting the reader to provide them if
desired, or to consult Seidel [35].
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Remark 2.2.13 The reader might find the following analogy helpful for understanding
the role of these dg categories. It has been understood for some time that when working
with complexes, rather than taking homology of complexes it is often better to pass to
the derived category, ie to invert morphisms which induce isomorphisms on homology.
For example, operations like tensor product and Hom are better behaved with respect to
inverting quasi-isomorphisms than with respect to taking homology, giving rise to the
derived functors Tor and Ext. The language of .4, —algebras allows one to view the
derived category of R—modules itself as the homology of a dg category. Then, if one
is interested in studying categories of modules, it is better to work with dg categories
and invert quasiequivalences of categories rather than take homology and work with
derived categories.

2.2.2 The category of .A.,—modules

Definition 2.2.14 A (right) Aco—module M 4 over A = (A,{u;}) is a Z—graded
k—module M together with degree-0 k—linear maps m;: M ® A[11®7 — M[1]
(j=0,...,00) such that foreach i =0,...,00, xe M and ay,...,a; € 4,

i—1
(2.2.15) 0= Zmi_j(mj+1(x,a1, ces ), Aj gy, )

Jj=0
i i—j+1
+Z Z Mi—j1 (X, an, .o g, @y Akt j)s Qg j415 - - - i)
j=1 k=1
An Aso—module is strictly unital if my(x,1) = x and m;41(x,ay,...,a;) =0 if

i # 1 and one of the a; € k.

We will sometimes refer to .Ax,—modules as type A modules, to place them on equal
footing with the type D modules which will appear later (Definition 2.2.23). The
bordered invariant CFA(Y') is an As,—module.

Convention 2.2.16 All A,,—modules will be assumed strictly unital.

As with the A —relation for algebras (2.1.3), (2.2.15) has an interpretation in terms
of trees. In this interpretation, there are two types of strands: those corresponding to
algebra elements, and distinguished (dotted) ones corresponding to module elements.
Precisely:

Definition 2.2.17 A (right) As—module operation tree is a finite directed tree I’
embedded in the plane so that all edges point downwards, with the edges of two types,
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the algebra edges (labeled by A4 ) or module edges (labeled by M ) and nonleaf vertices
marked either p or m, and so that:

¢ Each nonleaf vertex has exactly one outgoing edge.
e Each u vertex touches only algebra edges.

e Ateach m vertex, the leftmost incoming edge and the outgoing edge are module
edges, and the other incoming edges are algebra edges.

e There is at least one module edge.

To an As,—module operation tree we can associate an operation mp: M ® A®" — M
by flowing along the edges as before, applying p; or m; depending on the label at the
vertex. Then (2.2.15) says that the sum of mr over all A, —module operation trees I'
with two vertices and a fixed number of inputs vanishes.

An As,—module operation tree is called spinal if each node is labeled 1, ie the line of
module edges goes through each node.

Definition 2.2.18 We say that an A,—module M 4 is operationally bounded (or just
bounded) if, for all x € M there exists an n so that for any / > n and any spinal
Aoo—module operation tree I" with i 41 input edges, m(x® - )) vanishes on (44)®".

Graphically, this says that for each x there exists an n so that if iy 4 --- 4 i > n then
forany ay1,...,ax,; € A+,

X a1,1®"'®a1,i1 “ee ak,1®'”®ak,l.k
1 /
Mij+1
v
)
+
Mip+1
:
0.

The notion of operationally bounded modules is different from more traditional defini-
tions of boundedness; for instance, it does not imply any bound on degrees which have
nonzero homology groups.
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Remark 2.2.19 As in Remark 2.1.10, this is a stronger condition than the condition
called “operationally bounded” in our previous paper [21], where we just assumed that
m; = 0 for i sufficiently large. But note that a dg module over a nilpotent dg algebra
is automatically operationally bounded in the stronger sense above. The reason we
want the stronger condition relates to subtleties of the box tensor product of bimodules,
not modules.

We can combine the multiplications m; on an As,—module M 4 into a single map
m: M @ T*(A[1]) - M][1]. Because we assume M 4 is strictly unital, all the infor-
mation is contained in a map M ® T*(A4[1]) — M[1], also denoted m. If M4 is
operationally bounded then the map m extends to a map from the completed tensor

product: m: M ® T*(A[1]) — M[1]. (Here, T*(A[1]) = [[52, A[1]%".)

Definition 2.2.20 The category Mod 4 of (right) As,—modules over A is the dg
category whose objects are A,—modules M 4 and whose morphism spaces are defined
as follows. The Z—graded vector spaces underlying the morphism spaces are the vector
spaces of k—module homomorphisms

MOI‘A(M_A, NA) = Homk (M ® T*(A+[1]), N),

where A4 is the augmentation ideal of A. Here we think of the homomorphisms
between two Z—graded k—modules V' and W as a graded [F, vector space, with

Homy, (V, W); := @) Homy (V;, Wi ).
J

If i € Mor4(M_4, N.4), denote the component parts by h;: M ® (A4[1)®¢D - N.

The differential on morphisms is given by

(0h)(x,ay,...,an)

= Z hi+1(mj+1(X,al,--.,Clj),aj+1,.-.,an)
i+j=n
+ Y mipi(hjyi(x.ar.....a).aj11.. ... an)
i+j=n

n—j
+ Z Z hivi(x,ay,....ag_1, jr1(Qk, - A4j). Ak jt1s-- -2 dn).
i+j=nk=1

The Aoo—homomorphisms from M 4 to N 4 in the usual sense (see for example [13])
are the cycles in the morphism complex; cf Definition 2.2.3.
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Remark 2.2.21 Strict unitality is built into the definition of .Ax,—morphisms, since
we use the augmentation ideal in the definition of the morphism spaces.

We can again give a graphical notation for operations built from morphisms, as follows.
Let & be an Aqo—morphism from M 4 to N4. An Aeo—module morphism tree T is
a planar directed tree satisfying all the conditions of an .A.,—module operation tree,
except that the module edges may be marked either M or N, and there is one node
labeled by /& with an M input and N output which is otherwise like an m node. Again,
we can define a map hr: M ® (A4[1])®" — N by applying at each vertex u;, h;, or
m; in either M or N, as appropriate.

Definition 2.2.22 An As,—morphism /4 from M 4 to N4 is operationally bounded
if for each x € M there is an 7 so that A1 (x ® -)) vanishes on (A )®’ for all spinal
Aoso—module morphism trees I with i > n inputs.

We can also view a morphism (hj)f.i1 as a single map i: M ® T*(A[l]) - N.
Writing A: T*(V) — T*(V)® T*(V) for the natural comultiplication for any vector
space V', we can also draw the differential of a morphism /% as:

7/ /7

A A

) 7.

AN

S

oh =

+
R R i

N

| |

| |

| |

| |

| |

| |

1 v
m h

| |
h m

| |

| |

4 M

We have used dashed lines for module elements, and solid lines for algebra elements,
either in A in A4 . A doubled arrow denotes elements of T*(A[1]) or T*(A[1]).

Given f € Mory(M,N) and g € Mory(N, L), we define the composite morphism
go f eMory(M, L) by

(go Nx®a)=go(f QIr=aup)(x ® Aw)).
This induces a chain map

Mor (N, L) ® Mor4 (M, N) — Mor4(M, L).
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We can draw composition as

AN

B>

A

gof=

—--0Q - N¢-------

2.2.3 The category of type D structures Throughout this subsubsection, let A =
(A, {u;}) be an A,—algebra satisfying Convention 2.1.5.

Definition 2.2.23 A (left) fype D structure over A is an object “N consisting of
a graded k-module N equipped with a degree-0 linear map §!: N — A[l]® N,
satisfying a compatibility condition which is best described after introducing an auxiliary
construction.

Define maps §: N — (A[1])® ® N (i > 2) inductively by
§H1 = (I 41 ®6") 08"

and define §: N — T*(A[1]) ® N by

St .
(2.2.24) §(x):=) 6"

i=0
(Here T*(A[1]) = []72y A[1]®".) Then the compatibility condition is that for any
XEN,
(2.2.25) (L ®Iy)o08(x) = 0.

Here p is the sum of the structure maps of A, as in (2.1.7).

We say that AN is operationally bounded if for each x € AN, there is a constant
n = n(x) with the property that for all i > n, §*(x) = 0. This is equivalent to saying
that the above § factors thorough the inclusion of 7*(A[1]) in T*(A[1]).

When more than one module is present, we will often write V> for the operation 8¢ on
the type D structure N and 6% to denote the map § on N . This conflict of notation
with §' should not cause confusion.
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Sometimes we refer to type D structures as type D modules.

Note that the defining (2.2.25) makes sense since .A is nilpotent. We can represent
Definition 2.2.23 graphically by:

Then, (2.2.25) takes the form:

|

We can also form type D structures into a dg or an A, category ﬂMod where
Mor (M, AN) is the chain complex whose underlying space consists of maps

h': M - A® N.

Such a map can be upgraded to a map to the tensor algebra: define h': M — A®* ® N

by
i—1

= (41 @70 (I 4 @h')osMJ
j=0

and i: M — T*A® N by h:= Y 2, hi. The symbol u in the notation “Mod
indicates that objects in the category of type D structures are not required to be
bounded (ie they are possibly unbounded; see Definition 2.2.29).

The degree of an element of Mor(“AM,“N) is the degree of the corresponding map of
vector spaces M - AQ N .

The boundary operator on morphisms is defined by
@) == (u®Iy)oh,
as depicted on the left in Figure 1.
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§_‘<440§<444
\
=
o=
N’

7t §N ﬂ (hy)!
5N k/(h;)l H/

m /8}’ H (!
L Y
RNV

Figure 1: Operations on type D morphisms: from left to right, we have the
differential on Mor(*M, *N), the composition of morphisms and the higher
(Ao ) compositions.

The composition of two morphisms /' € Mor(*M,“N) and (h’)! € Mor(*N, AP) is
defined by
(2.2.26) (W oh)!

= (u®lIn)o(Ir+ ®8F) o (Irs ® (1)) o (Ir+ ®8Y) o (Ip+ @ h') 0 M
this is illustrated in the middle in Figure 1.

It is straightforward to verify that this is a map of chain complexes, ie d(hoh') =
dhoh' +hodl'.

The attentive reader will notice that the composition of morphisms is not associative
but associative only up to homotopy. In fact:

Lemma 2.2.27 There are higher composition maps which make “ﬁMod into an Aeo—
category.
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Proof Let “Mj...., M} be type D structures over A. Define a higher composition
map

ox: Mor(*My, *M1) ® - -- @ Mor(“Mj_; , “ M) — Mor(* My, “My,)
by the diagram on the right in Figure 1.
It is easy to check that the higher composition maps oy, satisfy the Ay, —relation. O
Remark 2.2.28 In the case where A is a dg algebra, the higher composition maps of
Lemma 2.2.27 vanish, so {‘lMod is an honest dg category.
We call the cycles in Mor(*M, AN) type D module homomorphisms.

Note that, since composition of morphisms in Mor(“ﬁMod) is associative up to homo-
topy, the homotopy category H(“ﬁMod) is an honest category.

Finally, we can also form the category of bounded type D structures:

Definition 2.2.29 We call a type D morphism h: “AM — AN bounded if for any
x € AM , there is a constant n = n(x) such that for all i > n, (I yer ® h)o§M-i(x) =0
and (I4 ® §V¥) o h(x) =0.

Let “‘[}Mod denote the category of bounded type D structures and bounded morphisms.
In fact, it is clear from the definition that:
Lemma 2.2.30 Any morphism between bounded type D structures is bounded.

One can, of course, define right type D structures similarly; we denote the category of
right type D structures over A by Modf.

Definition 2.2.31 Given a type D structure (M, 1), define the opposite type D
structure (M4, 8') as follows. First suppose that A and M are finite-dimensional.
As a k-module, M is just M* = Homy (M, k). The map §' on M is an element of
Homy (M, AQ M)~ M*® AQ M ~ Homy (M*, M*® A), and §' is obtained by
viewing 8! as lying in Homy (M *, M* ® A). If A or M are not finite-dimensional,
Homy (M, A® M) is a subspace of Homy (M*, M*® A), and §' is the image of &'
under the inclusion.

Lemma 2.2.32 Given a type D structure (M, 8"), the opposite structure (M )™, §h
satisfies the type D structure equation (2.2.25).
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Proof The two structure equations are the same, as can be seen most easily graphically
in the finite-dimensional case:

§M a}V E;V
hvl h‘l hvl
5N 5M gM
iz 1 | I 1 Iz

In the last diagram, the dotted arrow represents the dual space M *, for which the maps
travel in the opposite direction. |

Lemma 2.2.30 of course says that “gMod is a full subcategory of “ﬁMod. We will find
it most convenient to work in a category which is in between the two:

Definition 2.2.33 Let “Mod C ﬂMod denote the full subcategory whose objects are
type D structures N which are homotopy equivalent to bounded type D structures.

See also Proposition 2.3.24 for an alternate characterization, in terms of bar resolutions.
Our reason for preferring the above category is that it is quasiequivalent to the category
of type A modules; see Proposition 2.3.18.

A type D structure “AM can be seen as a way to generalize the notion of “projective
module” to modules over an A —algebra. In particular, we will see in Section 2.3.2
how to make A ®j; M into an As—module over A, which, when A is a differential
graded algebra and “AM is bounded, is a projective module (Corollary 2.3.25).

Remark 2.2.34 The notion of boundedness is not invariant under isomorphisms of
type D structures. For example, consider the algebra A = A(T,0) discussed in
Section 3.3 and the following type D structures over A:

o AM given by M = Fy(a,b) with §'(a) = p12 ® a + (p1 + p3) ® b and
§1(b) = p23 ®b.
o AN givenby M =TF,{(c,d) with §'(c) = (p1 + p3) ® d and §!(d) = 0.
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(These are both models for CFD of the (—1)—framed solid torus; compare [21, Sec-
tion 11.2].) Clearly, *N is bounded but M is not. The map f: *N — “M given by
fl(c)=aand f1(d)=h+ pr ®a is an isomorphism.

Remark 2.2.35 Let Cob(A) = T*(A+[1]*) be the tensor algebra on the dual of A4
(the “cobar resolution” of .A) and @)(A) its completion with respect to the length
filtration. Then the operation D* dualizes to endow Cob(A) and C/JD(.A) with a
differential. One can show that an As,—module over A is exactly a type D structure
over @(A).

Remark 2.2.36 In a similar vein to Remark 2.2.35, we have the following reformula-
tion of bounded type D structures in terms of differential comodules. Consider the bar
resolution Bar(A) = T*(A4[1]), endowed with its differential, which sums over all the
ways of grouping together k consecutive elements and applying iz to them. This can
be thought of as an associative coalgebra equipped with the comultiplication A, which
sums over all the ways of splitting up an element a; ® --- ® @, as a tensor product
of two elements of Bar(A), (a1 ® - ®a;) ® (aj+1 ® -+ ® ay). Bounded type D
structures over A are precisely differential comodules over Bar(.4). Specifically, fix a
differential comodule
A: N > Bar(A) @ N

equipped with compatible differential D: N — N . Letting IT’ denote the natural
projection map IT%: T*(A4[1]) — A4+[1]®%, we can define the associated type D
structure by 8! = D + (IT' ® Iy) o A. Conversely, given a type D structure §',
the comodule structure A is given by A = [T*(I4 —€) ® Ips] 0§, where § is given
in (2.2.24), and the differential is given by (¢ ® I37) 08!. Indeed, it is interesting to
compare X with the twisted tensor product of [19]. (See also Keller [12].)

Remark 2.2.37 Given the dg algebra (respectively A, algebra) A, we can form the dg
category (respectively Aqo—category) Co(,A) whose objects correspond to elementary
idempotents of .A. Given idempotents / and J, let Mor(/, J) be the algebra elements
with J-a-I = a (endowed with the natural differential), and let composition correspond
to multiplication in the algebra (respectively higher composition correspond to higher
multiplications in the algebra). A type D structure over A can be thought of as a
twisted complex over the additive closure of Cy(A). (For the definition of twisted
complexes, see Bondal and Kapranov [7] and Kontsevich [17].)

2.2.4 Bimodules of various types Just as there are two notions of module over an
Aoo—algebra— those of an .As,—module (or type A module) and a type D structure —
there are four notions of bimodule: type DD, AA, DA and AD. Actually, there are
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subtleties about defining type DD modules over general Ay, —algebras, so for these we
restrict to dg algebras.

Definition 2.2.38 Let A and B be (strictly unital, augmented) .A,—algebras over k
and j respectively. Then an As,—bimodule or type AA bimodule 4 Mp over A and B
consists of a graded (k, j)—bimodule M and degree-0 maps

mi i A% ® M ® B[1]®/ — M[1]

such that, for m = Zi’j m;j 1,j the following analogue of (2.2.15) is satisfied:

(2.2.39) 1/// vé/// \\\\«

I
! m m
+ I I
m I I
| M v
I
I

An Aso—bimodule is strictly unital if my 1,0(1,x) = x =my,1,1(x, 1) for any x and
if mj1,j(ay....,a;,x,by,...,bj) vanishes if i + j > 1 and one of the ay or by lies
in k or j. We shall always work with strictly unital .4.,—bimodules.

A morphism 4 Mp— 4N is a collection of maps f; 1 ;: AIP"@M®BL[11®/ - N.
The set of morphisms is naturally a graded [, vector space; compare Definition 2.2.20.
Moreover, the set of morphisms forms a chain complex: writing f to denote the total
map f: T*(A+[1]) ® M ® T*(B[1]) = N, the differential of such a morphism f’
is:

SVAVAVA

m f
|
| i
v v

58

\

e““x
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Given another morphism g: 4N — 4 P define:

P —)

>

7
AN

¢---0Q E-- S e--------

gof=

We let 4Modp denote the dg category of type AA modules over A and 5. The cycles
in Mor(4 Mg, 4Ng) are the type AA bimodule homomorphisms.

Example 2.2.40 If A and B are dg algebras and M is a type AA bimodule such
that m; 1 ; vanishes whenever i + j > 1 then M is an ordinary dg bimodule.

An AA module operation tree is like an A, —module operation tree, except that the
algebra edges are now labeled either 4 or B, and nodes labeled m the incoming
module edge need not be the leftmost edge, but edges to the left of the module edge
are labeled A and edges to the right are labeled B. Similarly for AA morphism trees.

Definition 2.2.41 An As,—bimodule 4Mjp is (operationally) bounded if for each
Xx € M there is an n so that for i + j > n and any spinal AA module operation tree I"
with 7 414 j total inputs, i labeled A4 (to the left of the module edge) and j labeled B
(to the right of the module edge), mr (- ® x ®-) vanishes on (A4 [1])® ® (B4 [1])®/.
It is left (respectively right) (operationally) bounded if for each x € M and each i there
exists an n so that for all spinal AA module operation trees I" with i right (respectively
left) inputs and j > n left (respectively right) inputs, mpr (- ® x ® - ) vanishes on
(A+[1D®/ ® (B4[1)®" (respectively (A+[1)® ® (B4[1)®/).

Similarly, a morphism f: sMpz — 4Nz is called bounded if for each x € M there
is an n so that for any spinal AA morphism tree I" with i + 1+ j > » total inputs,
fr(- ®x ®-) vanishes on (AL[1))® ® (B[1])®/. It is left (respectively right)
bounded if for each x € M and each i there exists an » so that for any spinal AA
morphism tree I" with i right (respectively left) inputs and j > n left (respectively
right) inputs, fr( - ® x ® - ) vanishes on (A4 [1])®/ ® (BL[1])® (respectively
(A+[1)® ® (B+[1D®).

(See also Lemma 2.3.11 for a mild reformulation of these notions and unification with
the notion of boundedness for type DA and DD structures, defined below.)
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Example 2.2.42 An Ay, —algebra A can be viewed as an A, bimodule 4.4 4 over
itself, with

mi i@y, ....am, x,by,....,by) = piyjy1ar,...,a;i,x,by,....bj).
This bimodule is operationally bounded if A is nilpotent (as we are assuming through-

out), but not usually otherwise.

Definition 2.2.43 Let A and B be Aq,—algebras over k and j respectively. Then a
type DA bimodule “Npg over A and B consists of a graded (k, j)—bimodule N and
degree-0, (k, j)-linear maps

81 N®B]® — A[l]® N.

The compatibility condition is as follows. Let §! =Y ;6 ]1 Define maps §': N ®
T*(B[1]) — A[1]®" ® N inductively by

80 =1y,
5 = (I4ei ®8") 0 (8" @ I7=p) o (In ®A),
where A: T*(B) — T*(B) ® T*(B) is the canonical comultiplication. Let
§N: NQT*(B)— T*(A[l) ® N

be the map defined by
o0
N =34
i=0

That is, graphically:
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Then, the compatibility condition is given graphically by

| 4
: 58 5N
L7+ 7 =0,
§N DA |
e [
or symbolically by
(2.2.44) §No(Iy @ DB)+ (DA ®@IyN)osN =0

(Compare (2.2.25).)

A type DA structure My is called strictly unital if 8% (x,1)=1®x forany x e M
and 81+l(x,b1, ...,b;)=01if i > 1 and some by € j, so 811+l. is induced by a map
from N ® B4[1]®" to A[1]® N, which we also denote 811+i‘ We will assume our
type DA structures are strictly unital.

A morphism of type DA structures f': AMj —“ANp is a collection of maps f! L M®
B[1]®/ — A® N . The set of morphisms is naturally a graded vector space; compare
Definition 2.2.20. Moreover, the set of morphisms forms a chain complex: the differ-
ential of a morphism f! is shown in Figure 2 (left). Define higher composition maps
or(f1,..., fr) as in Figure 2 (right). These composition maps make the collection
of type DA structures over A and B into an A, category, which we denote “ﬁModB.
The cycles in Mor(“Mp, “Ng) are called type DA structure homomorphisms.

Let

i i _ N _ ¢N .
5/'_5 |N®B§?(’*”’ ‘Sj =4 ‘N@Bﬁ‘f_’“*“

be the parts of 6’ and §V taking j inputs.
Definition 2.2.45 A DA module operation graph I" consists of:

¢ A connected, directed graph G.
¢ Anembedding : G — D2 of G in the disk, so that all edges point downwards.

¢ A labeling of the vertices of G mapped by ¢ to the interior of the disk (the
interior vertices) by [, 8, or €.

¢ A marking of each edge of G as either a module edge (labeled M ) or an algebra
edge (labeled A or B).
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S
=
l;:-

=3
+
N

oS =

P S
_

A

|
§M
!
!
|
|
|
|

e
AN

A

/

Figure 2: The differential and composition of DA morphisms: on the left,
we have the differential of a type DA morphism, which can also be thought
of as the composition map o ; on the right, we have the composition oy of
morphisms f1,..., fk.

This data is required to satisfy:

¢ The directed graph G has no oriented cycles.
e The vertices mapped by ¢ to dD? (the exterior vertices) are leaves.

e Ateach p vertex, there is at least one incoming and exactly one outgoing edge,
all algebra edges with the same label.

e Ateach € vertex, there is one incoming algebra edge and no outgoing edges.

e Ateach § vertex, there is at least one incoming and exactly two outgoing edges,
such that the leftmost incoming and right outgoing edge are module edges, and
with the other incoming edges marked B and the other outgoing edge marked A.

¢ There is a module edge.
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Call an exterior vertex an in (respectively out) vertex if it is a source (respectively sink).
Note that all in (respectively out) vertices are consecutive with respect to the cyclic
order on dD?2. It also follows from the conditions that the edge from the leftmost in
(respectively rightmost out) vertex is a module edge, and the edges from all other in
(respectively out) vertices are algebra edges.

Associated to a DA module operation graph with (i + 1) in and (j + 1) out vertices is
a map .
§r: M ® BS' — A%/ ® M,

defined in the obvious way.

A DA module operation graph is spinal if it has no @ nodes.

Definition 2.2.46 A type DA structure M} is called (operationally) bounded if for
each x € M there is an n so that for all i + j > n and spinal DA module operation
graphs I" with i (right) algebra inputs and ;j (left) algebra outputs, T (x ® - ) vanishes
on (B4[1])®". It is right (operationally) bounded if for each x and each j there is
an n so that for spinal DA module operation graphs I with i > n algebra inputs and j
algebra outputs, §p(x ® - )) vanishes on (By[1])®". It is left (operationally) bounded
if for each x € “Mp and each i there is an n so that for all DA module operation
graphs " with i algebra inputs and j > n algebra outputs, ér(x ® - ) vanishes on
(B4[1]))®". Boundedness for morphisms is defined similarly.

We denote the category of bounded type DA structures and bounded type DA morphisms
by 5Mod,,.

Remark 2.2.47 One reason that € appears in the boundedness conditions for type
DA structures is that we want the forgetful functor from type DA structures to type A4
modules (see Section 2.3.1) to take right bounded structures to bounded modules.

Definition 2.2.48 Let A and B be Ao, —algebras over k. Given an Ay, —morphism
¢: B— A, defined by maps ¢5: B®¥ — A, define a bimodule “[¢]z with underlying
space a free rank-1 module over k and structure maps given by the ¢y . That is, let
t € [¢] be the generator and define

81kt b1. o b)) = gr(br,....bp) ® L.

As a special case, given an Ay, —algebra A we have the module “[I]4. As a k~module,
Al 4 is isomorphic to k. For k # 2, §; = 0, while

5;(L,a):a®t,

where ¢ is the generator of “A[I]4. We call “[I]4 the identity bimodule.
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Remark 2.2.49 The identity bimodule “[I]4 is typically not (operationally) bounded:
in fact, it is bounded if and only if T* A4 is finite-dimensional. The module “[I] 4 is
always left and right (operationally) bounded, however.

In fact, the modules from Definition 2.2.48 have the following easy characterization:

Lemma 2.2.50 Let A and B be Aso—algebras over k. Let “Mpg be a type DA
bimodule whose underlying k—bimodule is k. Assume furthermore that 811 = 0. Then
there is an Ao —algebra morphism ¢: B — A with the property that “Mp = “[}]5.

Proof Given “My with generator ¢ as a k—-module, the homomorphism ¢ is uniquely
characterized by

Spi1 (b1 by) = u(bi,... . by) ® L.

The hypothesis that 811 = 0 ensures that ¢g = 0, so we drop it. We must verify that
¢ = {¢;i}°°, satisfies the Axo—relation (2.1.13). Define 7: k @ T*(B) ~ T*(B) ® k

i=1
to be the canonical identification (as both are isomorphic to 7*(B)). Then we have
§=(F?®®I)or. So, by the As—relation for §,

0=80(lx ® D®)+ (D" Q1Iy)o08
=(F*®Iy)oto(lx ® DP)+ (DA @) o (F*@1I)) ot
= (F?oD®)@Ix)ot+ (Do F®)®1I)) o,
hence F® o DB + DAo F% = 0, as desired. O
Remark 2.2.51 The hypothesis that 5% = 0 can be dropped, if we allow for more

general types of As,—algebra morphisms, ie those which contain a term ¢o. The
hypotheses of Lemma 2.2.50 are satisfied in the case we use it (Theorem 4).

Definition 2.2.52 Let “Modg denote the full subcategory of “ﬁModB consisting of
type DA bimodules which are homotopy equivalent to bounded type DA bimodules.

This is equivalent to the category of type DA bimodules which are homotopy equivalent
to left bounded type DA bimodules; see Proposition 2.3.24 below.

One can define type AD modules similarly, by reflecting all of the pictures. For
instance, given ¢: B — A, one can define a module 5[¢]* analogous to the one from
Definition 2.2.48.

Like for the D structures, type DA modules have opposite type AD modules. We will
explain this operation only under some finiteness assumptions:
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Definition 2.2.53 Suppose that (“Mp, §') is a type DA structure and A, B and M
are finite-dimensional. Define the opposite type AD structure (sM*, gl) as follows.
As a (k, j)-bimodule, M is just M* = Homy g (M,k ® j) = Homp,(M,F,).
The map 5,1 on M is an element of Homy (M ® Bfk, A® M) ~ Homy, (Bf?k ®
M*, M*® A), and §' is obtained by viewing §' as lying in the right-hand side.

Lemma 2.2.54 Given a type DA structure M, the opposite type AD structure 5 M *
satisfies the type AD structure equation.

Proof We leave the verification, which is similar to the proof of Lemma 2.2.32, to the
reader. O

Next, we turn to our final notion of bimodule, a type DD structure. We will only define
these when A and B are dg algebras.

Definition 2.2.55 Let .4 and B be dg algebras over k and j . We define the category
of type DD structures over A and B, ﬁModf , to be the category of type D structures
over A ®p, B, that is, A®F2303Mod.

We denote a type DD structure M by “AMB. The cycles in Mor(*M B, AN B) are the
type DD structure homomorphisms.

We think of the data of a type DD structure as a graded (k, j)-bimodule M and a
degree-0 map 8': M — A® M ® B[1], such that the following compatibility condition
holds:

A morphism g': AM B — ANB of type DD structuresisamap g': M - AQN ® B.
The set of morphisms is naturally a graded vector space, as in Definition 2.2.20.
Moreover, the set of morphisms forms a chain complex: the differential of a morphism
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g is
3 v ‘ ‘
5! g' . v
. H g! g!
Igh= g! + 51 + N+
NN I
| My ;u;‘ l My ' l '

— 3

Given a type DD structure (M, §') define maps &' inductively by
8 = (I yoi-1» ®8' @ Tgoi-1) 08t M — A% @ M @ BY
and set § = P2, 8.
Similarly, given a morphism g!: AM 5B — ANB  define g': M — A% @ N @ B®' by
i

gi = Z(IA@]’ ®5N’i_j ®]IB®/) o (HA®(j_1) ®gl ®]IB®(]._1)) oSM,j—l
j=1

and let g =370 g’.
Note that the augmentation €: A — k of A extends to amap €: T*4 — k by €(a; ®

e ®ag) = e€(ay) - eag).

Definition 2.2.56 We call a type DD structure M ? left (respectively right) (opera-
tionally) bounded if for each x € “M %, there is a constant n with the property that for
alli >n, (I @Iy ®€p) 08" =0 (respectively (4 @ Ips ® Ipei) 08l =0). We
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call AM B (operationally) bounded if for each x, n can be chosen so that §'(x) =0
for i > n. Boundedness for morphisms of type DD structures is defined similarly.

As usual, the condition of being operationally bounded is stronger than the condition
of being both left and right bounded.

Definition 2.2.57 Call a type DD structure separated if the map §! can be written as
1L 4 §1R where 610 M - AQM ® j and §'B: M - k@ M Q B.

Remark 2.2.58 In general, over Ax,—algebras, a type DD bimodule 4 M % should
be a type D module over A ®p, B°?. The difficulty is in defining the tensor product
of As—algebras. This has been done (see Saneblidze and Umble [33], Markl and
Shnider [26] and Loday [24]) but is somewhat complicated and is unnecessary for this

paper.

Definition 2.2.59 Given dg algebras A and B, let éModB denote the category whose
objects consist of bounded type DD bimodules. Similarly, we define “Mod? to be
the full subcategory of ﬁModf consisting of type DD bimodules which are homotopy
equivalent to bounded ones.

See also Proposition 2.3.24.

So far, we have discussed bimodules with a single left and a single right action. One can
also consider bimodules with two left actions or two right actions, and, indeed, it is most
natural to define the invariant CFAA (respectively CfD\D) of Section 6 as a bimodule
with two right (respectively left) actions. Obviously, there are no new mathematical
difficulties in this theory. Moreover, the notation extends easily; for example, M 4 5
denotes a type AA bimodule with two right actions and Mod 4 5 denotes the dg category
of such bimodules.

2.3 Operations on bimodules

2.3.1 Forgetful functors In defining the tensor product and one sided Mor opera-
tions, it will be convenient to invoke forgetful functors between certain of our categories.
In particular, there are forgetful functors

F: “*Modg — “Mod,

F: aModg — 4Mod,
gotten by F (M3, {81.1 }) = (M, ') where AM is isomorphic to M as a (k, j)—

bimodule and §! = 8% ; and similarly F(4 Mg, {m;1,j}) = (4M,m;) where ;11 =
m;. 1,0. (The forgetful functor is defined similarly on morphisms.)

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 563

Similarly, there are forgetful functors

F: “Mod? — “Mod,
F: aMod® — 4Mod,

gotten by ]-"(AMB, {6'}) = ("M, 8') where M is isomorphic to M as a (k, j)—-
bimodule and §' = (14 ® M ® €5) 0 §'; and similarly F(4 M5, {§!}) = (4 M. m;)
where n1;41 = (M ® €p) 051.1. As before, €5: B— j denotes the augmentation.

These forgetful functors interact well with our definition of boundedness:

Lemma 2.3.1 Let M be a bimodule of any type. If M is left bounded then (M) is
bounded.

We leave the proof to the reader; it is not hard, but involves several cases. Note that
this lemma is actually implicit in writing, say, that F: “Mod; — “Mod, since “Mod
consists of type D structures homotopy equivalent to bounded ones.

There are, of course, also functors which forget the left action; we will denote these by
F as well.

2.3.2 Tensor products In the present section, we define a pairing between type A
modules and type D modules (and their generalizations to bimodules), which gives a
model for the derived tensor product of A, —modules. This model for the derived prod-
uct comes up naturally when one studies the gluing problems for pseudoholomorphic
curves (see Section 7). Indeed, this model typically has smaller rank than the usual
derived tensor product (though its differentials are correspondingly more complicated).

We start by considering modules with a single action, and then proceed to bimodules.
Definition 2.3.2 For A an A, —algebra, M 4 € Mod 4, and AN € AMod, with at least

one of M4 or “N bounded, define M 4 XN to be chain complex with underlying
space M ®j N and boundary operator

3:= (mpy @In) oIy ®8N).
The boundedness hypothesis implies that the tensor product is well-defined as follows.
If M 4 is bounded then the operations m1; vanish for sufficiently large 7, so they sum

to give amap M ® T*(4) — M. If AN is bounded then the image of 6"V lies in
T*A® M, to which we can apply > m;.
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Graphically, the differential on M4 XN is given by:

v ®7

|
|

v

8N

|
mar :
| |

! 3

+

The fact that 3% = 0 is verified in [21, Lemma 2.30].

We will see presently that X induces a bifunctor on the level of derived categories.
Functoriality for & on the dg level is somewhat subtle, however. Givena f: M4— M/,
and g': AN — AN’ there are two natural diagrams that one might use to define fXKg!,
shown in the left of Figure 3.

SO
Z 7"

o |

L §N !

e -k o

fo s 8N C
L . L L
N N s L
e or Y/ (ImRgH= /. ad fRIy= !/
e mo 5N /o
i N’ i 8;\7/ m i + L
W e )

m o o

Figure 3: Diagrams for defining the box product of morphisms: on the left,
we have two options for defining f X g; on the right, we have box products
with the identity morphisms.

In other words, if we define (I X g') and (£ X 1) as in the right of Figure 3 then the
two different choices correspond to (I K g!)o(fRIy) and (f K)o (I Rgl)
respectively. (Of course, for the diagram defining I, X g! to make sense we either
need M4 or both “N and “N’ to be operationally bounded, and for the diagram
defining f X1y to be defined we need either the map f or the module N to be
operationally bounded.)
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The two choices above are homotopic. Indeed:

Lemma 2.3.3 Fix M4, Ni, L4 € Mod4 and “P,*Q,“R € “Mod with “P,*Q
and R bounded or M 4, N4, L 4 and the morphisms between them bounded. Then
the maps

(- ®Ip): Mors(M4, N4) — Morg (M 4K AP, Ny KAP),
(Ipr ® +)): Mor* (AP, A0) — Morg (M4 R 4P, M4 K40),
defined above are chain maps. Further:

(1) The maps (Ips X -)) and (- X1 p) are functorial under composition in sense
that the square

® Xlp)®(gXI
MorA(M. N) @ Mor 4(N, L) Z26=VMIDeE™Ir) (MR PN X P)
® Morg (N X P, L® P)
(f®g)—>gof
J(k@l)!—ﬂok
Mor 4(M, L Mory (M R P, L® P
ory(M, L) s R org ( . )

commutes while the following square commutes up to homotopy:

Mor“(P, Q) flog—»InBfHRAMEe") Morg (M K P, M K Q)
® Mor*(Q, R) ® Morg (M X O, M X R)
(f'egh
F>glofl k(k@l)HIOk
Mor*(P, R) Mory (M R P, M K R)

Al (I RAY)

(2) The maps (- X 1) and (I X -)) commute in the sense that the square

fegl>IpRgh)

Mor (M, N) (fKlp) Morg (M X P, M K Q)
® Mor(P, Q) Q@ Morg (M K Q, N K Q)
(f®g"H->(fRIp)
R(0yXRgl) (k®l)—lok

Morg (M X P, N K P)
Q@ Mor (NXK P, N K Q) (kI)>1ok

Mor, (M X P, N X Q)

commutes up to homotopy.
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Proof We leave as exercises that the (- K 1p) and (I3s X - )) are chain maps. The
fact that the first square commutes is straightforward. The homotopy H for the second
square

H: Mor(P, Q) ® Mor(Q, R) - Mor(M K P, M X R)

is defined by

(2.3.4) H(fl ® gl) =(u®Ig)o(lpy ® ((HT*(A[l]) 2 5R) ° (HT*(A[l]) ® gl)
o (L) ®89) 0 L uyy ® 1) 087)).

Note the similarity of the right-hand side to the definition of the composition f 1o g!
in (2.2.26).

The homotopy K for the third square
K: Mor(M, N) ® Mor(P, Q) - Mor(M X P, N X Q)

is furnished by
K(f.gh(x®p)=(f®Ig)(x®@g(p)),
or pictorially:

!
!
4

. §N
| s
1 g!
e
) 8N
W
S
. .
This completes the proof. a

Let us choose, arbitrarily, to define f Rg! = (f XI)o (I X g!). Then:

Corollary 2.3.5 (1) The operation X induces a chain map
Mor 4 (M, N) ® Mor*(P, Q) — Mor(M X P, N K Q).

(2) The operation ) is functorial up to homotopy. That is, (f R g") o (f' K (g")!)
is homotopic to (f o /)R (g' o (g")!).
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(3) If f € Mor(My4, Ny) and g! € Mor(*M,“N) are cycles then f R g' is a
cycle.

(4) If f €e Mor(M4, Ny) and g' € Mor(“M,“N) are cycles and either f or g'
is nullhomotopic then f K g is nullhomotopic.

(5) The operation X descends to bifunctors
X: H(Mod"%) x H(**Mod) — H(Mody),
X: H(Mod_4) x H(*Mod®) — H(Mody).

Proof The fact that X induces a chain map on morphism spaces follows from
Lemma 2.3.3: it is defined as a composite of two chain maps. To verify part (2),
note that

(fRgHo(fR(gHH=[(/BDo(IRg"]o[(f'BI)o (IR (g™))]
~[(fRDo(fBD]e[IRg o IR (g')']
~(fof'®I)o(IRg" o(gh")
=(fo /)R (g o (g,

where the first homotopy uses part (2) of Lemma 2.3.3 while the second homotopy
uses part (1) of Lemma 2.3.3.

Parts (3) and (4) are easy to verify. Part (5) then follows formally. O
Corollary 2.3.6 If f' € Mor“(P, Q) is a chain homotopy equivalence of type D
structures, then Ip; ® f'! € Mor(M X P, M K Q) is a chain homotopy equivalence
of complexes. Similarly, it ¢ € Mors(M, N) is a chain homotopy equivalence of

A-modules, then ¢ X 1p: Mor(M X P, N X P) is a chain homotopy equivalence of
complexes.

While commuting f X1 and I X g was somewhat subtle, (Ao ) functoriality of X in
each factor is more straightforward:

Lemma 2.3.7 Let M4 be an Aoo—module and *N a type D structure. Then

(1) the operation -4 ®AN gives a dg functor Mod 4 — Mody, and

(2) the operation M 4 . extends to an Ax,—functor “Mod — Mody .
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Proof The first part is straightforward. For the second, if AN,-, i=20,...,n are
type D structures and f;: “AN; — “N; 11 are morphisms, define:

(M.A& '))l,n(]IM’fl’---’fn):

It is straightforward to verify that this makes M 4 X - into an A, —functor. |

Remark 2.3.8 Even when A is a dg algebra, so ““Mod is an honest dg category, the
operation M 4 K. is still only an A, —functor.

Next we turn to the behavior of X for bimodules. Since we have various kinds of
bimodules, there are various cases of the tensor product:

e DANXDD is atype DD module.
e AAKXDD is atype AD module.
e DAKX DA is a type DA module.
¢ AAKX DA is a type AA module.

(In each case, we assume one of the factors in the tensor product is appropriately

bounded; see Proposition 2.3.10.)
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Definition 2.3.9 Let 4Mjy and BNg (respectively AMp and BNg, Mg and BNC,
AMy and BNC) by a type AA and DA (respectively DA and DA, AA and DD, DA
and DD)? bimodules with either M right bounded or N left bounded. As a chain
complex, define

AMp RPN = F(aMp)s ®EF(ENe)

with AA (respectively DA, AD, DD) structure map given as in Figure 4 far left (respec-

tively center left, center right, far right).

(In the figure, we use the following notation: given elements by,...,b; in a dg
algebra B, I1(by,...,by) = by --- by denotes their product. Note that DD bimodules
by assumption involve dg algebras.)

N - §N s s

W 7a AR 7N\
m | st m 10 st 1 10
Lol S [ S |

Figure 4: Bimodule structure on X—tensor products of bimodules: on the
far left, we have AA X DA ; center left, DA X DA ; center right, AA X DD far
right, DA X DD. Here, for elements a;,...,a, € A of a dg algebra we let
IM(a; ®--- ®ay) denote the product of the elements, ay ---ay,.

Since most of the results in all of these cases are quite similar, we will often use the
ambiguous notation M or N to refer to any consistent way of placing superscripts
and subscripts.

Proposition 2.3.10 The condition that M be right bounded or N be left bounded
guarantees that the sums defining the structure maps for M X N in Figure 4 are finite.
In this case they satisty the corresponding structure equations. Moreover:

(1) If M and N are both left bounded (respectively right bounded) then M X N is
left bounded (respectively right bounded).

(2) If M (respectively N ) is bounded then M X N is left bounded (respectively
right bounded).

(3) If M (respectively N ) is bounded and N (respectively M ) is right bounded
(respectively left bounded) then M X N is bounded.

2In the last two cases we assume that B and C are dg algebras. In general, we implicitly add this
hypothesis any time a type DD structure is mentioned.
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The reader might find it interesting to compare Proposition 2.3.10 with Lemma 5.7.

In order to prove Proposition 2.3.10 without checking all the cases individually, we
will reformulate and unify the various definitions of boundedness. Given an operation
graph of one of the types considered above (planar, directed graphs with labeled nodes
and edges, obeying certain restrictions), we can restrict the inputs and outputs to lie in
A4 and By . (For the outputs, this means applying (1 —€) to each output edge.) This
gives a map

mf: (4% @ M @ (B4)® — (44)®" @ M @ (B4)®">

for appropriate values of ky, k», [; and /5. (Some of k1, k,, 1 and /, will necessarily
be 0, depending on the type of bimodule.)

Lemma 2.3.11 A bimodule M (of any type) is bounded if and only if for each x € M
there is a bound on the number of leaves of bimodule operation trees I" for which
the corresponding operation mIlL is nonzero when applied to x. It is left bounded if
and only if for any x and any bound on the number of right inputs/outputs there is a
bound on the number of left inputs/outputs. Similar statements hold for right bounded

bimodules and for bimodule morphisms.

Proof sketch This is very close to the definition of boundedness or left/right bound-
edness in each case, with the exception of the restriction to spinal graphs (without u
nodes). Let '’ be the graph obtained from I" by pushing all € nodes upstream through
nodes, using the relations in (2.1.4), as far as possible, and then taking the subgraph
formed by the m or § nodes and any adjacent € nodes. Because A4 and By are
nilpotent, there is a bound on the number of inputs to I' that can contribute to an
input to I''. Similarly, there is a bound on the number of outputs from I'" that can
contribute to an output of I". Thus, bounds on the inputs/outputs of I give bounds on
the inputs/outputs of I'’, and vice versa. O

Proof sketch of Proposition 2.3.10 All of the bimodule structure operations in
Figure 4 can be expanded out so that each algebra edge carries an element of 44,
B4 or C4, rather than just A, B or C, simply by taking a sum of terms where we
apply € or (1 —¢€) on each edge. Now suppose N is left bounded and we wish to
compute a structure map on M X N with some fixed number of outputs/inputs on the
right and left. Then there is a bound on the number of B4 edges leaving the dotted
line corresponding to N, which immediately gives a bound on the number of terms
contributing to the definition of the structure map.

A similar argument works if M is right bounded.
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If M and N are both left bounded and we have a bound on the number of terms on the
right of the entire diagram, then left-boundedness of N gives us a bound on the number
of algebra edges communicating between the two dotted lines, and left-boundedness
of M then gives a bound on the number on the number of algebra edges on the left of
the diagram, as desired to show that M X N is left bounded.

The other cases are similar. O

Remark 2.3.12 If we drop the assumption that the algebras involved are nilpotent,
Lemma 2.3.11 becomes false, but most cases of Proposition 2.3.10 remain true. How-
ever, in a tensor product where the right factor is a DD module (ie 4 Mz RBNC or
AMp RBNC), if we only assume that N is left bounded it does not follow that the
sums in Figure 4 are finite. A strengthening of the definition of left/right boundedness
for DD bimodules fixes this case. However, if A is not nilpotent, 4.4 4 is not usually
left or right bounded which, for instance, breaks Proposition 2.3.18.

As with tensoring type D and A modules, the tensor product for bimodules is not
strictly functorial. Again, we define the box product of two morphisms in terms of the
box product of a morphism with the identity morphism. There are now eight cases:

e Given f44: AMp— 4M}; and BN, define f44 X1y asin Figure 5(a).

» Given fp4: “Mp — “M}; and BN, define fp4 X1y as in Figure 5(b).

e Given f44: aMp— 4 M}, and BNC define f44 X1 as in Figure 5(c).

» Given fp4: aMp — aM};, and BNC define fp4 R Iy as in Figure 5(d).

e Given 4Mp and gp4: BNe — BNC’ define I3y X gp4 as in Figure 5(e).

e Given *Mp and gpa: BENe — BNé define Ips X gp4 as in Figure 5(f).

e Given 4Mp and gpp: BN¢ — B(N')¢ define Ips K gpp as in Figure 5(g).
e Given “Mp and gpp: BN€ — B(N')C define I; K gpp as in Figure 5(h).

In all cases, define f K g tobe (fRI)o(IXgl).

With these definitions, the obvious analogue of Lemma 2.3.3 holds. Moreover, similarly
to Corollary 2.3.5 and Lemma 2.3.7 we have:

Lemma23.13 (1) X: Mor(M, M’)®Mor(N, N') —Mor(M XN, M'"RN"') is
a chain map.

(2) The operation X is functorial up to homotopy. That is, (f R g)o (f' X g’) is
homotopic to (fo fYK (gog’).
(3) The operations M4 X - and - X AN extend to A, —functors, and so

(4) The operations X descend to bifunctors of homotopy categories.
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3 8;‘[ sV L 3 55V
v ¥ v ¥ ¥ N\ v ¥ N\
faa 3 /D4 3 fa4 3 I fpa 3 ul
b VA I |
(a) (b) (©) (d

>
ZTTTTTTT

o
e
I/
5M i
(e) ® (€9) (h)

Figure 5: The box product of a bimodule morphism with the identity morphism

Next we turn to the question of associativity of tensor product. Like functoriality on
the dg level this is somewhat subtle, but it is straightforward in several cases:

Lemma 2.3.14 (1) Let 4Ng be a type AA module and M and BP type D struc-
tures. Then there is a canonical isomorphism

(MAR 4Ng)RBP =~ MA K (4,NzXEP).

(2) Let “Ng be a type DA structure, M4 a type A module and BP a type D
structure. Then there is a canonical isomorphism

(M4 RANG)RBP >~ M 4R (*Ng R EP).
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(3) Let ANB be a separated type DD structure as in Definition 2.2.57. Then for
any M 4 and g P there is a canonical isomorphism

(M4 RANBY R gP =~ M4 REANE R 3 P).

Similar statements hold if M and/or P is a bimodule (of any type compatible with the
X products).

Proof The differential on the triple box product in the three cases is given by the
diagrams

sV
Z

<- - §<44444444444

respectively, independently of which way one associates. (In the separated type DD
module, the map § is defined from 8'Z in the same way § is defined from 8. The
fact that these are the only two terms in the differential follows from strict unitality of
the modules.) The same holds for bimodules, with slightly extended diagrams. a

For N a nonseparated type DD, the box tensor product is not strictly associative as in
Lemma 2.3.14. However, associativity does hold up to homotopy equivalence:

Proposition 2.3.15 Let A and B be dg algebras and M 4, “N” and 5P be right
type A, type DD, and left type A structures respectively. Suppose moreover that “N?
is homotopy equivalent to a bounded type DD structure. Then (M 4 RANB)R zP is
homotopy equivalent to M 4 X (“ANB X 3z P). The analogous statements hold if M is a
type AA or DA module and/or P is a type AA or AD module.

We will prove this in Section 2.3.3, after introducing the bar resolution.
2.3.3 Bar resolutions of modules

Definition 2.3.16 For A a dg algebra, “‘Bar(A)* is the type DD bimodule with
underlying k-module 7*(A[1]), with basis written [a| - - - |ax] for k >0, and structure
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maps
§'arl--lag) := a1 ®laz|-- lar] @ 1 + 1@ [an| -+ lag 1] ® g
+ Y I®a - (@) ] ® 1
1<i<k
+ Y 1®lay|pa@i aip)] - lag] ® 1.

1<i<k-1

Note that “‘Bar(.A)* is bounded as a type DD structure.

We can use the bar resolution to define the tensor product of .4.,—modules:

Definition 2.3.17 Given Ay —modules M 4 and 4N over a dg algebra A, define the
Aoo—tensor product of M and N to be

M4 ® 4N = M4 R*Bar(A)* X 4N.

The module “Bar(A)* is separated, so by Lemma 2.3.14 it is okay that we have not
parenthesized the triple box product. This definition agrees with the standard definition
(eg [13, Section 6.3]).

Proposition 2.3.18 Let A be a dg algebra. The map “N +— 4 A4 RAN induces an
Aoo —functor “Mod — 4Mod. Similarly, the map M 4 +— M 4 R “Bar(A)* induces
an Aso—functor 4Mod — “Mod. These two functors are homotopy inverses to one
another (and the homotopy is canonical). They entwine the tensor products X and ®
in the sense that there is a canonical homotopy equivalence

MARAN ~ (M) Q@ (4 A4 KAN).

In particular, the categories “Mod and sMod are quasiequivalent, and hence their
derived categories are equivalent.

Corresponding statements hold for the categories of type DD, DA, and AA modules.

We will prove Proposition 2.3.18 presently. The proposition justifies the following
abuse of notation: given a type D structure AM , let 4 M = 4 A4 XM . Similarly,
given a type A module 4N, let AN = “Bar(A)* K 4N . This notation extends in an
obvious way to bimodules. The statement in Proposition 2.3.18 about tensor products
becomes

MA@ANZMAéAN.

The proof of Proposition 2.3.18 is based on the following key lemma:
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Lemma 2.3.19 For any dg algebra A, the type DA module “Bar(A)* & A4 is
homotopy equivalent to [I] 4. Moreover, the homotopy equivalence k: “‘Bar(A)* X
A4 — A[1]4 is bounded.

(See Example 2.2.42 and Definition 2.2.48 for definitions of 444 and “[I]4. Also,
the homotopy inverse to k is not necessarily bounded.)

Proof This lemma is a version of the standard fact that the bar resolution is a resolution.
(See [21, Proposition 2.16] for a version that is not far from the one we give below.)
We translate the proof into our language. For convenience, write “AM 4 or just M for
ABar(A)* X 4A4. Now define k: M — I by

0 k>0o0rl>0,

ki (ar] -+ laglb.cr,....cp) = {b®1 K —l=0

Define ¥: I - M by

Y (Lay...oap) = 1®[ay] - la] 1.

It is elementary to check that x and v are homomorphisms of type DA structures (ie
cycles in their respective morphism spaces) and that x o i is the identity. The other
composition 1 o k is not the identity, but it is homotopic to the identity by the map
h: M — M defined by

hypi(ar]---laglb e, oer) = 1®@lar| -+ lag|bler] -+ |e] 1. 0

Lemma 2.3.20 Let A be a dg algebra and M 4 an A~ —module over A. Then
M 4 &A1) 4 is canonically isomorphic to M 4. Similarly, if AN is a type D structure
then “[I]4 XN is canonically isomorphic to N . Similar statements hold when M
is a type AA or DA module and when N is a type DA or DD module.

Proof This is immediate from the definitions. O

Proof of Proposition 2.3.18 The fact that 444 X - and “Bar(A)* X - are functorial
is part of Lemma 2.3.13. To see that these two functors are homotopy inverses, note
that

AAL R (“Bar(A)A R -) = (4 A4 BBar(A)) R -~ J[IAK -,

where the isomorphism uses Lemma 2.3.14 and the homotopy equivalence uses Lem-
mas 2.3.19 and 2.3.13. But 4[I[*X - is an equivalence of categories. Similar reasoning
applies to the composition “Bar(A)* X (4.44 X -), proving the result.

The corresponding statements about bimodules follow similarly. The fact that the
functors intertwine I and & is obvious from the definitions. m
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Definition 2.3.21 Given an As—module M 4 over a dg algebra define its bar resolu-
tion to be
Bar(M 4) = M4 X “Bar(A)* X 4A4.

Similarly, if 4 Mp is a type AA structure then define its bar resolution to be

Bar(4 Mg) = 4 A4 X *Bar(A)* X 4 Mpz X 5Bar(B)® K zBz.

By taking bar resolutions, over a dg algebra, every .As—module is A, —homotopy
equivalent to an honest dg module:

Proposition 2.3.22 Let A be a dg algebra and M 4 an A, —module over A. Then:

(1) Bar(M,) is Asc—homotopy equivalent to M 4.
(2) Bar(M ) is an honest dg module.

Similarly, if B is another dg algebra and 4 Mp is a type AA structure then:

(1) Bar(4Mp) is Axo—homotopy equivalent to 4 Mpg.
(2) Bar(4Mp) is an honest dg module.

Proof This is a combination of Lemmas 2.3.19 and 2.3.20. Lemma 2.3.19 furnishes a
homotopy equivalence between left-bounded type DA modules «: “Bar(A)A X 444 —
A[l]4. This induces a homotopy equivalence

Ins Ri: M4 RABar(A)A R 4 A4 — M4 RAI]4,

while Lemma 2.3.20 furnishes the isomorphism M 4 22 M 4 KA[I] 4. |
It is immediate from Lemma 2.3.19 that:
Corollary 2.3.23 If A is a dg algebra, then:

o M4® 4A4 is chain-homotopy equivalent to M 4.
o (MA®4Np)@pP =M4® (4uN3Q5P).
o Mu®(4ALRAN) ~ M4 RAN.

Thus, for instance, ® turns H(4Mod4) into a monoidal category.

The bar resolution can be used to give an alternate characterization of the subcategory
“AMod C “Mod:

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 577

Proposition 2.3.24 The following conditions on a type D structure are equivalent:

(D-1) AN is homotopy equivalent to a bounded type D structure.

(D-2) The canonical map “Bar(A)A K 4 A4 RAN — AN (induced by combining
maps from Lemmas 2.3.19 and 2.3.20) is a homotopy equivalence.

Analogously, the following are equivalent for a type DA structure:

(DA-1) “Njg is homotopy equivalent to a left bounded type DA structure.
(DA-2) “Njg is homotopy equivalent to a bounded type DA structure.

(DA-3) The canonical map “Bar(A)* X 4 A4 X ANz — “ANg is a homotopy equiv-
alence.

(DA-4) The canonical map “Bar(A)A K 444 RANg K PBar(B)? K sBg — “Ng
is a homotopy equivalence.

The following conditions on a type DD bimodule are equivalent:

(DD-1) AN is homotopy equivalent to a bounded type DD structure.
(DD-2) The canonical map
ABar(A)* X 4 A4 RANB K gBs K BBar(B)® — ANB

is a homotopy equivalence.

Proof We start with the case of a type D module N .

(D-1)=(D-2) Let AN’ be a bounded type D structure, and ¢: N — N’ be a ho-
motopy equivalence. According to Lemma 2.3.13, we have a homotopy commutative
diagram:

kXN ~
ABar(A)A K 4 A4 RAN Ay AN = AN
Igar(ayma X ¢ ¢
ABar(A)A K 4 A4 KAN' " Al RAN’ = AN’

All arrows with the possible exception of k X1 are homotopy equivalences. It follows
that « X [ is a homotopy equivalence as well.
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(D-2)=(D-1) Since 4.A4 is a bounded type AA structure, we can form ABar(.A)A X
AA4LRAN . Moreover, since “Bar(A)* is a bounded type DD structure, “Bar(A)* X
AAARAN is a bounded type D structure.

The type DA case is similar. The type DD case follows from the type D case. O

Corollary 2.3.25 Let A be a dg algebra. Suppose ““M is homotopy equivalent to
a bounded type D structure (ie “M is an object in “Mod). Then 4 A4 X “M is a
projective A—module.

Proof By Lemma 2.3.13 and Proposition 2.3.24, 4 A4 XM is homotopy equivalent
to its bar resolution. But the bar resolution of any module is projective [5, Proposi-
tion 10.12.2.6], and projectivity is preserved by homotopy equivalences. |

Remark 2.3.26 The condition that M is homotopy equivalent to a bounded type
D structure is essential. For instance, let A = IF,[¢]/¢2, and “*M have one generator
x with §'x = ® x, then 4 M = 4 A4 RAM is acyclic but, since (A/t) ® 4M has
homology, we can conclude that 4 M is not homotopy equivalent to the trivial module.
Thus 4M is not projective.

Note in particular that this implies that not every type D structure is homotopy equiva-

lent to a bounded type D structure.

Finally, we turn to the proof of Proposition 2.3.15, which is based on the following
observation:

Lemma 2.3.27 If “N?% is homotopy equivalent to a bounded type DD structure, then
it is homotopy equivalent to a separated one.

Proof Let “M?” be a type DD module. Then “Bar(A)* K 4 A4 RAMB X zBz X
BBar(B)B is a separated type DD module, and is homotopy equivalent to M5 by
Proposition 2.3.24. a

Proof of Proposition 2.3.15 Let ANB be a separated type DD module homotopy
equivalent to “N 5. Then

(MARANP)R g P ~ (M ARANP)RgP ~ M4R(ANEPRzP)~ MR NPRgP),

where the outside equivalences use Lemma 2.3.13 and the middle equivalence uses
Lemma 2.3.14. m
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Remark 2.3.28 The results of this section generalize in a transparent way to the case
of Ac—algebras; the only obstruction is that we have not defined the bar resolution
except over dg algebras, an obstruction which is more terminological than mathematical.
The key observation is that the difficulties mentioned in Remark 2.2.58 do not arise for
separated DD modules like AM 4.

2.3.4 More Mor Recall from Section 2.3.1 that there are functors F which forget
one of the actions on a bimodule.

Definition 2.3.29 Define Morg(4 Mz, ¢ Np) to be the complex Mor(F(M)g, F(N)g).
We define a (C, A)-bimodule module structure on Morg(4 My, ¢ Ng) as follows. The
operation m1; 1 j = 0 unless either i =0 or j = 0. The operation mg, ¢ is, of course,
the differential on the Mor complex. Finally, for exactly one of i and j nonzero,
define

mi1,0(Cts s Ciy r+1(x,b1, ..., bg)
N
= Z mi,lsq(clv"'vcl.’ ﬁ+1(x7bl,---,bp)’bp+la'--vbk)’

p+q=k
mo1,i(frac,....a;)k+1(x,b1,....bg)
M
= Y Jer1mM Jar.....aj.x. b bp) by, by).
r+q=k

Graphically, if we draw [ as

then the module structure on Morg(4Mp, ¢ Ng) is given as in Figure 6.

Lemma 2.3.30 The structure defined in Definition 2.3.29 satisfies the Ao —bimodule
relation (2.2.39).

Proof This is a straightforward, if tedious, verification. It is clear from the diagrams
that the left and right actions commute. The A, —relation for the right action involves

Geometry € Topology, Volume 19 (2015)



Robert Lipshitz, Peter S Ozsvdth and Dylan P Thurston

580

R e >
s
%
%&
A%
\\\\\\\ > \\VN -->
Mo Y
¢
I
g
S —mm— - - S - - >
s

.aj)

I’}’lo’l’j(f,al,...

¢y f)

mj1.0(cy,..

Figure 6: Module structure on the Mor—complex

the following terms:
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Here, the first four terms come from m(m(f,ay,...,a;),aj41,...,ax); the first one
is the generic case, the second is part of the j = 0 case, the third is part of the j =k
case, and the fourth occurs in both the j = 0 and j = k cases. The fifth term comes
from m( f, D*(ay,...,ax)). Applying the As,—relation for M , these terms cancel.

A similar argument applies to the left action. |

Bimodule morphisms f: 4Mp — 4M} and g: ¢ Ng — ¢ N}, induce Aqo—maps

S*: Morg(aMp, ¢ Ng) — Morg(4 Mg, ¢ Np),
gx: Morg(aMp, ¢ Ng) — Morg(4Mp, ¢ Nj).

as follows. Define fl.*l j to be zero if i > 0 and define
S*: Morg(uMp, cNg) ® T*(A) — Morg(4Mp, ¢ Ni)

by:

‘ = < A
VA “N\!
MY N fr y
h . — S/
= <!
i h
2,

Similarly, define g ; 1,; to be zero if j > 0 and
Ix: T*(C) (029 MOI‘B(AMB, CNB) — MOI‘B(AMB,CNl;)

by:

nw

x
oxk

*
N nw
e == SN e
A\,
<

N
<—-- QT - -
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Proposition 2.3.31 The assignments f +> f* and g +> g, define chain maps

Morg(a Mg, AMp) — ¢Mor 4(Morg(4 M}, ¢ Ng), Morg(a Mg, ¢ Ni)),
Morg(c N, ¢ Nj) — ¢cMor4(Morg(4 Mg, ¢ Ng), Morg(4Mp, ¢ Np)).

In particular:

(1) If f and g are Aoo bimodule homomorphisms then f* and g, respect the
bimodule structures on Morg.

(2) If f': aMp — 4 M}, is homotopic to f then (f')* is homotopic to f*. If
g't ¢Np — ¢ Ny is homotopic to g then g/, is homotopic to g .

(3) If f is a homotopy equivalence then f* is a homotopy equivalence. If g is a
homotopy equivalence then g+ is a homotopy equivalence.

Moreover, these maps are functorial: given f': aMj; — 4M}[ and g': ¢ N — ¢NJj,

(f"e /)" = f*o (/)" and (g'0 g)x = g\ o gx.

Proof The statement that the assignments f +— f* and g +> g4« are chain maps
follows from a straightforward computation once you sort through the definitions. The
functoriality statement is also verified directly; this verification is less painful. m]

Recall that the operation X is functorial (up to homotopy). In particular, given a
morphism f € Mor(Mgz, N3) and a type D structure 2P there is an associated
morphism (f R 1p) € Mory (Mg R 5P, Ng X BP), defined in Figure 3. If M, N
and P are bimodules 4 Mg, ¢ Ng and BPc then we may view f X as an element of
Morg(4MpRBPs, c NgRBP).

Proposition 2.3.32 Let 4 M3, ¢ N3 and BP¢ be bimodules. Then “tensoring with the
identity map”
- R p: Morg(aMp, ¢ Ni) — Morg (4Mp R P Pe, ¢ Ns R P Pe)

is a map of (C, A)-bimodules.

An analogous result holds if P is a type AA module, with ® in place of K.
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Proof We will discuss the left action by 7*C; the other cases are similar. On one

hand,
C‘1®"'®Ck 1 ! /
| P
| &8‘
v %A |
[(c1®-®c)- [IRIp = f/ |
mN
while on the other hand:
cl®...®ck ‘ ‘
| | Az/
| A &
| P
}&5/
(1@ ® ) (fBp) = o
Yk
mN

5P

~

But, by the definition of § 7, these two diagrams are exactly the same.

The analogue if P is a type AA module follows from the definition of ® in terms
of X. |

Lemma 2.3.33 For any strongly unital A —algebras A and B and As,—bimodule
M4, s M 4 is quasi-isomorphic to Mor 4 (4 A4, M 4) as a (B, A)—bimodule.

Proof For nonnegative integers i and j, define maps

Gi1,j: (B1)® @ Mora(aAs sMa) ® (A4)®) — My

by
fj+1(1,a1,...,aj) if i ZO,

¢i,1,j(b17~--7bi’f’alv---vaj):{O lfl>0

One can check that the ¢; 1 ; piece together to give a chain map from the complex

T*(B+[1]) @ Mor g4(4 A4, sM4) @ T*(A+[1]) to sM 4; ie ¢ gives a bimodule mor-
phism.
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We claim that the component ¢ 1,0: Mora(4.44, sM4) — M 4 is an isomorphism
in homology. To this end, observe that

Mor 4 (aA A, BM 4) = Homyg (A Q@ T*(A4[1]), M),

where the isomorphism is as chain complexes and Homy, means the full chain complex
of morphisms, not just the subset of chain maps. The chain complex structure on
A Q T*(A4[1]) that makes this isomorphism true is simply the bar resolution of k (ie
itis 444 X“Bar(A)* Xk, where here k is thought of as a .A—module using the aug-
mentation €). Thus, by Proposition 2.3.22, it follows that Homy (4 ® T*(A+[1]), M)
is homotopy equivalent to Homy (k, M) = M . Indeed, it is straightforward to verify
that the homotopy equivalence is furnished by our map ¢¢ 1 0. |

Lemma 2.3.34 Let 4Mp and 4N¢ be bimodules and ¢ P a type DA structure. Then
Mor 4(aMp, aNe B Pg) 2= Mor 4(4Mp, 4Nc) B Pe

as (B, £)-bimodules.
Proof This is immediate from the definitions. O

For computations, it is often more convenient to work with Mor complexes of type D
structures, which tend to be much smaller. We will outline how this theory works,
leaving the reader to supply most of the proofs.

Definition 2.3.35 Let “Mp and “N; be type DA bimodules. Let Mor (A Mg, AN¢) =
Mor(AF(M),AF(N)) where F is the functor forgetting the right action. Endow
Mor?(AMp, “N¢) with an Ase (C, B)-bimodule structure by setting m%or] =0
if i and j are both nonzero, and defining the product 7* B ® MorA(AMp, ANe) —
Mor”(AMpg, “N¢) by

5 /e

‘ M K
S o/
E , fl N &* fl
VR <
e
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and the product Mor*(AMp, AN¢) ® T*C — Mor” (AMp, “N¢) by:

1S
Y/
5 :
R /5N
>/ :
VERE A%

The obvious analogue of Proposition 2.3.31 holds in this context. Moreover, the
following analogue of Proposition 2.3.32 is true:

Proposition 2.3.36 Let “Mp and N, be type DA bimodules and ¢ P4 a type AA
bimodule. Then the “tensoring with the identity map”
Ip R -: Mor*(“Mp, ANg) — Morg (g P4 R Mg, ¢ P4 K ANg)
is a map of (C, B)—bimodules.
Corollary 2.3.37 If A is a dg algebra then Mor*(“Mp, “N¢) is canonically isomor-
phic to the chain complex of maps
¥ aAARAMp — 4 AL BANe
which commute with the A action, equipped with the differential
Y =0amn oY + V¥ odamm.
If AM 3 and AN are homotopy equivalent to bounded type DA structures then the inclu-
sion of this subcomplex into Mor 4 (4 A4 RAMp, 4 A4 RANe) is a quasi-isomorphism.
Proof Taking P = 4.A4 in Proposition 2.3.36, we get a map
[4X -: Mor*(*Mg, “N¢) — Mor 4(4 A4 K Mg, 4 A4 KAN).

It is clear that this map is injective, and so identifies Mor*(*Mz, “N¢) with some
subcomplex of the Aso—maps 4.4 4 X AMpg — 2 ALRANG. Ttis straightforward to see
that it is the stated subcomplex. The fact that this subcomplex is homotopy equivalent
to the entire Mor 4—complex follows from Proposition 2.3.18. |
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There is one more case that we will consider: that of the type DA structure on the
type D structure morphisms from a type DA module to a type DD module. Before
discussing this morphism space, we pause to note another interpretation of the chain
complex of morphisms between two type D structures:

Lemma 2.3.38 Let “M and N be type D structures. Then
Mor*(AM,AN) = MK 4 A4 KN.
Here M* denotes the opposite type D structure to “*M , as in Definition 2.2.31.

Proof This is immediate from the definitions, as follows. The chain complex for the
morphism complex isomorphism

M hl
9 N
5N

’
L

which corresponds to the differential on the box complex:

N

1
5l Q" : \jl/
AN 5M [ 5N
AT B S N P2
// \\ @// /'L \\‘¢
// l \N
This completes the proof. |

Now, suppose that My is a type DA structure and “N€ is a type DD module. Then
we can give the morphism space Mor? (Mg, AN€) the structure of a type DA module
via the isomorphism

(2.3.39) Mor (“Mp, *N€) =~ gM* R 4 A4 KANC.

(The opposite type DA structure M+ is defined in Definition 2.2.53.) This is related
to the module structure on the space of type AA morphisms as follows:
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Proposition 2.3.40 For ‘Mz € “Modg and “NC € Alg\od€, there is a canonical
inclusion

Mor? (AMp, AN€) — Mor 4(4 A4 XA Mpg, 4 A4 KANC)

respecting the bimodule structure and inducing an isomorphism on homology.

Proof That there is such an inclusion inducing an isomorphism on homology follows
from Proposition 2.3.18. We leave verification that it respects the bimodule structure to
the reader. d

2.3.5 Hochschild homology We next turn to the Hochschild homology, or self tensor
product, of a bimodule with two actions of the same algebra. We first introduce the
classical Hochschild complex of an A, —bimodule and then give a version for type DA
structures analogous to the X tensor product; we also prove that the two definitions
are equivalent in the obvious sense (Proposition 2.3.54). The Hochschild complex of
a type DA structure arises naturally when studying the knot Floer homology of open
books; see Section 7.2.

Definition 2.3.41 Let A be an As,—algebra over a commutative ground ring k, and
AM 4 be an Aso—bimodule. The Hochschild complex CH(4M 4) of 4 M 4 is defined
as follows. Let CH, (M) be the [F, vector space which is the quotient of

n

M QR A[l] ®f - A[l]

by the relations
e xXx®a; @ - Qap=xQa; @ -Qap-e,
where e ranges over k. As a vector space,

CH(4M 1) = (D CHn(M).

n=0

The differential on CH(4M 4) is given by

Dx®a; ®---Qay)

= Z M 1,0(Ag—mt1s- 500, X, A1, ..., 0n) @dpt41 Q-+ R dy_p,
m+n=<{
+ > x®ar @ pnm@m. .. An-1) @y ® - R ay.
1<m<n=<{
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It is perhaps more instructive to think of CH, (M) as generated by equivalence classes
of collections of n elements arranged on a circle (the equivalence relation coming
from a circular tensor product). From this description, then D is a sum of maps
which take any collection of i < n consecutive terms and apply whichever higher
multiplication map is available to this collection. The result of this component of D
lies in CHy—;41(M). Graphically, D is

4

’

SN

| |
| |
| |
| |
| |
+ |
m M :
| |
¢ M

/“\+

where in the first diagram a bundle of strands in ®* A runs off the right edge and comes
back on the left.

Note that the subscript n on CH, is not a grading (though it is a filtration). The grading
on CHj is given by

g(x®a; @+ ®an) = gr(x) +gr(ay) + -~ + gr(an) +n.

Lemma 2.3.42 The endomorphism D of CH(4M 4) is a differential. If 4M 4 and
AN 4 are Ao —homotopy equivalent bimodules, the Hochschild complexes CH(4M 4)
and CH(4N 4) are homotopy equivalent chain complexes.

Proof The fact that D? = 0 follows easily from the fact that m and p satisfy the
Aoo—relations. For the second statement, for f € Mor(4M 4, 4N 4) define

CH(f): CH(4M4) — CH(4N.)

by:
| |
| A
CH(f)= « * /“\
™

(As before, a bundle of strands running off the right edge of a diagram comes back on
the right.) It is easy to verify that this definition makes CH into a dg functor, and that
CH(I) =I. The result follows. |

Definition 2.3.43 The homology of CH(M), denoted by HH(M ), is called the
Hochschild homology of the bimodule M .

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 589

We next show that, in certain cases, the Hochschild homology can be computed from a
much smaller complex.

First, some terminology. Given a k—bimodule N, let [N, k] be the submodule of N
generated by all elements of the form nk — kn, where n € N and k € k, and let
N° = N/[N, k] denote the vector space quotient of N by [N, k]. We call N° the
cyclicization of N . Note that for bimodules M and N, any (k, k)-bilinear map
N — M descends to a linear map N° — M°.

Now, let “N 4 be a type DA structure, and 4 M 4 = 4 A4 XN 4 the associated type AA
bimodule. Let .
sl N®AY > A®N

denote the structure maps for AN 4. We will assume that N 4 is bounded in the sense
of Definition 2.2.46. The vector space N ° will be the underlying vector space for the
smaller model for the Hochschild complex of 4 M 4.

The maps § 11 fit together to give a degree —1 map
§: N@T*(A4[1]) > A[1]® N ® T*(AL[1)).
defined by

§(x®a1®...®am): Z 5}(x®"'al ®"'®aj)®aj+1 R - Qap.

0<j<m
There is an [ —linear, degree 1 cyclic rotation map
R: (A[1]® N @ T*(A4[1]))° = (N ® T*(4+[1])°
defined by
Rag®x®a1 @ - ®@am) =x®a1 ® - ®am @ [(I —€)(ao)],

where € denotes the augmentation on 4. Note that the map R would not make sense
without cyclicizing: if t1,t5 € k are orthogonal idempotents, and a € A and n € N
are such that @ = tjaty and n = (ont; thena®@n=0but Rla®n)=n®a #0. We
can similarly define a map

R (T*(A4[1) @ N @ T*(A4[1])) — (N @ T*(44[1]))°
by
Ray®  ®an@XQ@ay11® Qam) =X Qa1 Q@ Radm ®@do ® -+ Qdy.

The map I — € and its tensor powers will come up frequently, so we let : A[1]®k —
A4 [11®k (respectively 7: T*(A[1]) — T*(A4[1])) denote (I — €)®k (respectively
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D, - €)®%). We will need also the obvious inclusion map t: N — N ® T*(A4[1]),
and its cyclicization, which we also denote by ¢.

Provided that AN 4 is bounded, these ingredients can be assembled to form a linear
map d: N° — N° defined by

n—1
o0
(2.3.44) §'=Y €o8o(Rob)o--0(Rod) o
=1
We can draw the map 9 as:
51
<
| /
l o
B
51
<
| /
! b4
| «
(2.3.45) EEDD (;1 oA
<
| /
! T
| «
o
o
v
51
e l

Lemma 2.3.46 Assume N 4 is bounded. For any x € “N 4 the sum defining 5()6)
is finite.

Proof This is immediate from the definitions. O

Our next goal is to show 92 = 0. In order to do this, we develop some more notation.
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For N and A as above, define maps fi: (N @ T*(A4[1]))° = (N Q T*(A+[1]))°
by defining fj to be the identity map and defining fj, by the diagram:

/ e

e z%‘? T
Jre+1 = /n i = g))
SN e r

\\ / :

N v /

Similarly, define maps f,”: (N ® T*(A4[1]) ® T*(A4[1])° — (N @ T*(A+[1) ®
T*(A+[1]))° by letting fo( ) be the identity map and:

/// o (2)

J; (2) & |

k+1 v /
¢ X\S f(z)

Lemma 2.3.47 Assume that AN, is a bounded type DA structure. Then given
any x € “N 4, there is a constant C = C(x) with the property that for all k > C,
fi(x,-)) = fip1(x, ) and moreover fi(x ® a) =0 if a € (A+[1])® for some
i > 0. Consequently, for k sufficiently large the f} are induced by a map

foot N®— (N @ T*(A4[1])°
in the sense that for k > C(x),

foo (2) (xa) ack
otherwise.

Ji(x.a) = {

Similarly, given x € ANA, there is a constant C = C(x) such that for k > C,
fk(z)( o) = fk(i)l(x, ) filx ®a®b) =0 ifa orb isin (AL[1))®" for
some i > 0, and so the f 2) are induced by a map

DN S (N @ T*(A4[1]) ® T*(A4[1])°

in the same sense.

Proof Recall that §V =1 +6!+--- . By the definition of admissibility there is a C so
that 6” =0 for n > C. In f; the operator § occurs k times in a row, and consequently
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all but C of these terms must be I . This implies that fz(x, -)) = fr4+1(x, -)) for
sufficient large k. To see that f; is induced from fo, note that [y (x ® a) = 0 if
ag T(A+[1) =k.

The arguments for the corresponding statements about fk(z) are similar. a
With this notation, we are now able to reinterpret the Hochschild differential:

Lemma 2.3.48 The operator5 is given by:

(2.3.49) 9= )

Proof Each term in (2.3.49) can be expanded to give a term in (2.3.45) (by expanding &
into copies of §1). We must show that each term in (2.3.45) occurs exactly once
this way. The idea is to read the expression in (2.3.45) from bottom to top. More
precisely, consider a term in (2.3.45); we want to write this term in the form of
(2.3.49). Label the §!’s occurring in order as 8(11), cees S(Ik). The operation S(Ik) has a
sequence of inputs ay, ..., dy. The input a; came from some 5(11.) for some i < k. Let
Sy = 5(1k—1) oRo---0 Roé(li). Similarly, the operation 8(11'—1) has inputs a/, ... ,a;,
where a is produced by 8(1].) for some j <i—1. Let §(3) = 8(1i_1)0RO- . -oRO(S(lj_l).
Repeat, producing operations 3y, . .., (). Then the term in (2.3.49) with operations
8em)>---+81).0 (lk) corresponds to the given term in (2.3.45), and moreover it is clear
from the construction that this is the unique sequence of operations corresponding to

the given term. a
Next, we summarize the properties of the operators we have introduced:
Lemma 2.3.50 With notation as above:

(1) Wehave £ = (1@ A)o foo =[(R0o8) @T]o (I ® A)o fao. That is:

!
!
+

&
>

Va
I
N v

el

\

N
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(2) The operator

: foo
foo g . > A
J;k 4% D + € ' 8‘v /

AN Tk
is independent of k .
Proof We prove part (1) by induction on k, showing more generally that:

@ _
/. 2k -

. Ji
@ _ LA
2k+1 - § &
3 /

(These identities relate to the portion of f; etc with no algebra inputs.) Indeed, the
second equality follows from the first and the definition of f, k(z). For the first equality,
the k = 0 case is trivial: both sides reduce to the identity map on N . For the inductive

step:

B>

)

N v

N
Jr+1

Il
)
N A
L R SR S NP

|

/

! Sk
5

73

N\
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<

(2
fai |
_ 8 _ .(E)
L ﬁ
b4 M 2k+2
T &
= | /
v /

where the first equality uses the inductive definition of f; 1 ; the second equality uses
the fact that § and 7 respect the coalgebra structure of 7* A ; the third equality uses

the inductive hypothesis; and the fourth uses the inductive definition of fz(,flrz (twice).

For part (2), observe that

' f; Joo - ](voo;A
Joo U §A V‘%D 51/
Jk €’ L & l T<=§
BN J kaIL < fL =
\L\ \_ k—1
PN L
v v
Joo foo
V‘) LA
. Ry
= T | + T M
= | = 51
' A?l_)A& ey A
Jre—1 Jr—1
AN AN
Joo %’%&A
= 1 §&1).»44— 817
Jrk—1 € v
. Jr—1
v
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where the first equality uses the definition of f}, the second uses the type DA structure
relation, combined with the fact that

5A0n+nol_)“4:e®n+7r®e

(which follows from the assumption that A is strictly unital), and the third uses part (1)
and the definition of fo. |

Proposition 2.3.51 If (*N 4, §) is a bounded type DA structure, then 92 =0.

Proof To see that 92 = 0, we prove that for any k:

foo - fw> A
_ v DA 8!
(2.3.52) 9% = fe = + e /
B Tk
8! ) )
e 51
-~

€ |
v

Indeed, for k > 0, the first term of (2.3.52) vanishes (because of the D followed by
the fk;see Lemma 2.3.47), while, in light of Lemma 2.3.47, the second term reduces
to the reinterpretation of d from Lemma 2.3.48.

On the other hand, it is immediate from part (2) of Lemma 2.3.50 that the expression
on the right of (2.3.52) is independent of k. For £k = 0, (2.3.52) reduces to

: foo
~ Joo V>A
92 : DA + 51
81/ <
e /51
¢ ¢ :

v

which is zero by the type DA structure relation (with one algebra element output). O
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We let Z’\ﬁ(AN 4) = (N/[k, N], 5) denote the chain complex associated as above to
the type DA structure “N 4.

Similarly, given a bounded type DA morphism between two bounded type DA structures
S AN — AN/, define amap CH(f): N/[k,N]— N'/[k,N'] by

CH(f)= ) €o@oR)o--0(BoR)ofo(Rob)o---0(Rod)oL.
n,m=0

Proposition 2.3.53 The assignment CH is an Ao functor from the category of
bounded type DA bimodules to Mody, , the category of chain complexes over k. In
particular, if f: AN 4 — AN "\ is a bounded type DA homomorphism, then /Ci/l( f) is
a chain map, and if f and f’ are homotopic morphisms, then the maps Eﬁ( f) and
CH (/") are chain homotopic.

Proof The proof is essentially the same as the proof that 2=0 (Proposition 2.3.51),
and we leave it to the reader. |

The relation between fCTI(AN 4) and CH(4M 4) is similar to the relation between X
and ® (Proposition 2.3.18). In particular:

Proposition 2.3.54 Let A be a dg algebra.

(1) Suppose that 4 M 4 is a type AA module. Then “Bar(A)* X 4M 4 is a bounded
type DA structure and the complex CH (4 M 4) is isomorphic to the complex

CH ("Bar(A)A X 4 M 4).

(2) Suppose that AN 4 is a bounded type DA structure. Then the complex ’C\I-JI(AN 1)
is homotopy equivalent to the complex CH(4 A4 RAN 4).

Proof Part (1) is immediate from the definitions. Part (2) follows from part (1), which
gives the first isomorphism in the string

CH(4 A4 X ANA) = /CTI:I(ABar(.A)A X A4 X 'ANA) ~ @(ANA);
together with the following observation: since AN 4 is bounded, the natural map
Kk @ Iy“Bar(A)A K 444 KAN 4 — ANy

is a bounded homotopy equivalence (a fact which can be seen by looking at the maps
from Proposition 2.3.22). In view of this fact, Proposition 2.3.53 supplies the second
homotopy equivalence. |
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Remark 2.3.55 The extension of Proposition 2.3.54 to Ay, —algebras is straightfor-
ward; the reason that we restrict to the dg case is that we have not defined the bar
resolution more generally.

2.4 Equivalences of categories

In Section 2 we introduced many different categories of modules and bimodules. In
Section 2.3.3 we showed that the dg categories Mod* and Mod 4 are quasiequivalent,
and also corresponding statements for bimodules; in particular, their homological
categories H(Mod_4) and H(Mod*) are equivalent triangulated categories. In this
section we continue to tame the multitude, showing that:

e If Aisadg algebra then H(Mod 4) is triangle-equivalent to the derived category
of dg A-modules.

e If A and B are quasi-isomorphic dg (or, more generally, A,—) algebras then
Mod 4 and Modp are quasiequivalent.

The results in this section are not purely of aesthetic interest: various of them will be
used in Sections 8 and 9, with consequences that are useful for computation.

2.4.1 Homotopy equivalence and quasi-isomorphism Let A be a differential grad-
ed algebra. Throughout this section, the word honest is used to distinguish ordinary
(“honest”) differential graded modules from .4.,—modules. We can consider the
following different models for the derived category of .A-modules:

» The category Dy ¢ with objects honest dg .A-modules and morphisms obtained
by localizing the homotopy category of honest module maps with respect to
quasi-isomorphisms. (Recall that a quasi-isomorphism is a chain map inducing
an isomorphism on homology.)

* The category Dy o with objects honest dg .A-modules and morphisms A, —
homotopy classes of A~ —morphisms.

e The category Dy ooqi Obtained from Dy o, by localizing with respect to Axo—
quasi-isomorphisms.

e The category Do 00 With objects Aso—modules and morphisms A, —homotopy
classes of Aso—morphisms. (This has been denoted H(Mod 4) elsewhere in this
section.)

* The category Doo,c0qi Obtained from Do, o0 by localizing with respect to Aqo—
quasi-isomorphisms.
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Proposition 2.4.1 The categories Dy gi» PH, 00> Doo,co aNd Doo,coqi are all equiva-
lent triangulated categories. Corresponding statements hold for categories of bimodules.

Proof The proof is standard so we will only sketch it. The main point is that all of
these categories are equivalent to the full subcategory of honest, projective modules.
To see this, one observes that:

(1) The bar resolution functor M + Bar(M ) maps the category of (Aso) modules
into the subcategory of projective modules, and takes .4.,—module homomor-
phisms to honest dg module homomorphisms.

(2) Any map between projective dg modules inducing an isomorphism on homology
has a homotopy inverse (see eg [5, Lemma 10.12.2.2]).

(3) The canonical map Bar(M') — M is an isomorphism in any of Dy ¢i, DH,c0>
Doo,00 and Deo,c0qi» and so the bar resolution functor is naturally isomorphic to
the identity functor.

These, together, imply the result. a

Note that, concretely, Proposition 2.4.1 implies that every quasi-isomorphism of A —
modules is a homotopy equivalence. The analogue for (bounded) type D structures,
and for bimodules, is given in Corollary 2.4.4.

The honest homotopy category of dg .A-modules is not in general equivalent to the
derived categorys; it is part (3) of the proof that breaks down.

Proposition 2.4.2 With respect to the identification from Proposition 2.4.1 the tensor
product ® of Definition 2.3.17 is identified with the usual derived tensor product.

Proof This is clear from the definitions and the fact that the bar resolution of a module
is projective. |

Definition 2.4.3 A map f: “M — AN of type D modules is a quasi-isomorphism
if the induced map 14 X f: 4 A4 X AM — 4 A4 R AN is a quasi-isomorphism.
Similarly, a map f: “Mp — “Nj of type DA modules is called a quasi-isomorphism
if the induced map T4 X f: 4 A4 X AMp — 4 A4 KN is a quasi-isomorphism,
and a map f: “MB — ANPB of type DD modules is called a quasi-isomorphism if
the induced map I4 X f X Iz 4 A4 RAMB R 3B — 4 A4 KANB X Bg is a
quasi-isomorphism.
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Corollary 2.4.4 Let *M, AN € “Mod. A map f: AN — AN is a quasi-isomorphism
if and only if it is a homotopy equivalence. The same holds if M and N are instead
in 4Modg, *Modp or “Mod?.

Proof For type D structures, this is immediate from Propositions 2.3.18 and 2.4.1.
The bimodule analogues follow from these results together with Proposition 2.4.11,
below. |

2.4.2 Induction and restriction Consider a map of A, —algebras ¢: A — B. As-
sociated to ¢ are restriction and induction functors
Resty: Modg — Mod 4,

?Induct: *Mod — ZMod,

which are defined by - X 5[¢]4 and Z[¢]4 K - respectively, where Z[¢] 4 is as defined
in Definition 2.2.48.3 One can define restriction functors of left modules and induction
functors of right type D structures similarly, using 4[¢]? instead of Z[¢] 4.

It is obvious from their definitions that these functors behave well with respect to
composition of algebra homomorphisms:
Lemma 2.4.5 If ¢: A— B and y: B — C are A, —algebra homomorphisms then

Resty o Resty, = Resty o4,
¥ Induct o ?Induct = ¥°?Induct.

For most of the rest of this section we restrict to the case that .4 and B are dg algebras.

Lemma 2.4.6 Let ¢: A — B be an A morphism. Then there is a natural map of
A-A type AA bimodules

AAL — a[p]° R pBs R P[4

Similarly, it A and B are dg algebras then there is a natural map of B-B type DD
bimodules

B[] 4 R “Bar(A)* R 4[¢p]° — PBar(B)".
When ¢ is a quasi-isomorphism, then these two natural maps are quasi-isomorphisms.

3Since “Mod and BMod are Ao —categories, the induction functor is, of course, an Aqo—functor;
if A and B are dg algebras then this complication disappears.
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Proof Define amap f: 4 A4 — 4[¢]° X zBs X Z[p]4 by
fi,laj(al,...,a,-,a',a’ll,...,a}’) = lk ®¢i+1+j(al,...,Cli,a,,all/,...,a}/)® 1k.

Using the fact that

m[¢]g3g[¢](a1, a1, @b ® lk,a/l', ... ,a}’
=l @ us(F%(ay.....a;)).b. F*(d].....d)) ® I

it is easy to verify that f is an .As,—bimodule homomorphism (ie d( f) = 0). Further-
more, if ¢; induces an isomorphism on homology, fo,1,0 induces an isomorphism on
homology, ie f is a quasi-isomorphism.

For the second part, define a map g: B[¢] 4 X“Bar(A)A K 4[¢]® — BBar® of separated
type DD modules by

gp ®[ar] - lag]® 1) = 1 @ [F?(a; ® - ®ay)| ® 1.

Then it is easy to see that g is a type DD homomorphism (ie d(g) = 0). Moreover,
if ¢ is a quasi-isomorphism then F¢ is a quasi-isomorphism, and hence g is a quasi-
isomorphism. O

Definition 2.4.7 Fix A, —algebras A and B. A quasi-inverse to a type DA bimod-
ule A Py is a type DA bimodule 2Q 4 with the property that Pz K ZQ 4 ~ Al 4 and
B0 4R APz~ Blg. A type DA bimodule is quasi-invertible if it has a quasi-inverse.

There are obvious analogous definitions if P is a type AA and Q is a type DD module,
and if P and Q are both type AA modules (using & instead of X).

Although a quasi-isomorphism between A, —algebras need not be invertible, it does
have a quasi-inverse:

Proposition 2.4.8 If ¢: A — B is a quasi-isomorphism, then “[¢]5 is quasi-invertible.

Proof We will see the quasi-inverse to M = “A[¢]z is N =PBar(B)? K z[¢]* K 4.A4.
Indeed,

N B M = BBar(B)® X z[¢]* X 444 R p]s ~ PBar(B)? X zBg ~ Z[l]5,
where the first quasi-isomorphism uses Lemma 2.4.6 and the second uses Lemma 2.3.19.
Similarly,

M RN = “[¢p]z R PBar(B)® K z[¢]* K 4 A4 ~ “Bar(A)* K 4 A4 ~ 4.

where again the first quasi-isomorphism uses Lemma 2.4.6 and the second uses
Lemma 2.3.19. o
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One reason to be interested in quasi-invertible bimodules is the following:

Lemma 2.4.9 If BM 4 is quasi-invertible then the functors Byfy R - and - RBM 4
are quasiequivalences of categories. Analogous statements hold for type DD and AA
modules. An analogous statement holds for type AA modules with ® in place of X.

The proof is straightforward.

We have now proved the dg case of the following proposition, which we state merely
for the reader’s edification (compare [5, Theorem 10.12.5.1]):

Proposition 2.4.10 Let A and B be A —algebras and ¢: A— B a quasi-isomorphism.
Let Inducty: Mod 4 — Modg denote the functor

M 4+ Induct? (M 4 R “Bar(A)*)? X zBg.

Then Resty and Inducty are inverse quasiequivalences of dg categories. In partic-
ular, the derived categories H(Mod 4) and H(Modg) are equivalent. Corresponding
statements apply to categories of type D structures and bimodules of all kinds.

The argument we have given works in general, with the only obstruction being the fact
that we have not defined type DD modules over Ay, —algebras. This is not a serious
difficulty for the purpose of this result; cf Remark 2.3.28.

2.4.3 Bimodules and (A°° ® B)-modules Let A and B be differential graded al-
gebras. An honest (A, B)-bimodule is exactly the same as a right (A°P ® B)—module.
For As,—bimodules, this is not quite true: a (A°P ® 5)—module has distinct operations
m3(x,y ®1,1®n) and m3(x, 1 ® n,y ® 1), both of which intuitively correspond to
the operation m3(n, x, ) on an Ax—bimodule.

Nevertheless, the two categories are equivalent. More precisely, let M be a right A
(A°? ® B)—module. We define an Ay (A, B)-bimodule structure on M as follows.
Given sequences Sy = (aq,...,ay) of elements of A and S = (by,...,b,) of
elements of B, we say that a sequence Sy oegp = (C1,...,Cm+n) of elements of
A% ® B interleaves S 4 and Sp if:

e Each ¢y iseither a; ® 1 or 1 ® b;.
¢ The sequence obtained from {c;} by forgetting the 1 ® b; is exactly (¢; ®

L....,am®1).
e The sequence obtained from {c;} by forgetting the a; ® 1 is exactly (1 ®
b],...,l@bn).
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The (A, B)-bimodule structure on M is defined by

Mman(@i,....am,x,by,...,by)= Z Mpytn+1(X, €1y e ooy Cntn)-
(¢15...,Cm+n) interleaves
(@1seeram) and (byy...sbp)
It is routine to verify that these higher products do, in fact, make M into an (A, B)-
bimodule. Moreover, this construction extends in an obvious way to maps, leading to a
functor from M _qoogp to 4Mp.

Proposition 2.4.11 The categories H(Mod 4rg3) and H(4Modpg) are equivalent tri-
angulated categories.

Proof This follows from Proposition 2.4.1 for (A°P ® B) modules and for (A, B)
bimodules. |

2.5 Group-valued gradings

The gradings on Floer homology theories differ from gradings in classical homology
or homological algebra in (at least) three important ways:

(1) TItis often easiest to consider Floer complexes as relatively graded groups, rather
than absolutely graded ones.

(2) The relative grading is usually only partially defined. That is, Floer chain
complexes break up as direct sums in which there is a relative grading on each
summand but no way to compare the gradings across summands.

(3) The relative gradings on Floer complexes are often cyclic, ie by Z/n rather than
by Z.

All three points lead to difficulties with homological algebra. In particular, there is no
notion of a degree-0 morphism between two different relatively graded modules, nor
is it clear how to define the cone of a morphism between relatively graded modules.

In the literature, points (1) and (2) are usually treated by fixing a lift of the (partially
defined) relative grading to an absolute grading, or quantifying over all such lifts; see
Seidel [34]. (Alternatively, for Heegaard Floer theory of rational homology spheres
there is a natural absolute (Q—grading lifting the relative Z—grading; see the second
author and Szabé [30].) In papers where point (3) leads to difficulties, authors usually
either restrict the generality of their results or work with a periodic Z—graded lift of the
7/ n—graded module (although this, too, leads to difficulties with homological algebra).

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 603

None of these approaches seem satisfactory for bordered Floer theory. Indeed, we
observed in [21] that there is a natural grading on the algebras involved in bordered
Floer theory by noncommutative groups G, and on the modules involved by G —sets.
This section is devoted to reviewing and expanding the algebraic framework of such
gradings. While group-valued gradings have occurred before in the literature (see
Nastdsescu and Van Oystaeyen [27] and Khovanov[15]), our perspective and goals
seem somewhat different.

Partially-defined relative Z— or Z /n—gradings are a special case of the construction
here. More dramatically, cyclic gradings arise naturally when taking tensor products of
noncyclically-graded modules in the G —set graded context.

This section is organized as follows. In Section 2.5.1 we review the basic definitions of
G —valued gradings from [21], and extend the theory to bimodules. Section 2.5.1 should
provide enough background on noncommutative gradings for the reader with a little
faith to understand most of the rest of this paper, except for Section 9. Section 2.5.2
extends the notion of dg categories as appropriate for categories of G —set graded
modules; the generalization is called a Z—set graded dg category. Section 2.5.3 then
organizes the G —set graded modules into Z—set-graded dg categories. This then allows
one to extend easily the homological algebra introduced earlier in this section to G —set
graded modules.

2.5.1 Basics of group-valued gradings We start by recalling some notions of group-
valued gradings of algebras and modules from [21], and then generalize them somewhat.
Note that all of our Ay, —algebras and modules have underlying vector spaces (or k—
modules), and all of the structure maps of Ay, —algebras and modules are maps between
tensor products of vector spaces. So to grade these modules and speak about the degrees
of structure maps it suffices to explain gradings of vector spaces and tensor products of
vector spaces. We do so as follows:

Definition 2.5.1 Let (G, A) be a pair of a group G and a distinguished element A in
the center of G. A G—graded k—bimodule is a k-bimodule V' which is decomposed

as a direct sum
V=@&pv..
geCG

We say that an element v € Vy is homogeneous of degree g and write gr(v) = g.

If V and W are two G—graded k—bimodules then V ® W is itself G—graded by
gr(v @ w) = gr(v) gr(w).

For a G—graded k—bimodule V', the space V[n] is a G—graded k—bimodule with
gradings shifted by A": V(n]g = V3—n,.
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A homomorphism f: V — W between G—graded k-bimodules is homogeneous of
degree k € 7. if forall g € G, f(Vg) C Wy

Using Definition 2.5.1, the definitions of A, —algebras and A, —algebra homomor-
phisms (Sections 2.1.1 and 2.1.2) carry over to the G —graded case without change. For
example:

Definition 2.5.2 Let (G,A) be a group with a distinguished central element. An
Axo—algebra graded by (G, \) is an Ax,—algebra A with a grading gr by G (as a
k-bimodule), ie a decomposition A = geq Ag, satisfying the following condition:
For homogeneous elements a;, we require that

(2.5.3) gr(pj(ay,...,a;)) = gr(al)'--gr(aj)kj_z.

Example 2.5.4 In the case that G = Z and A = 1, Definition 2.5.2 reduces to a
classical (Z—graded) As,—algebra.

If A is G—graded, we could consider modules that are also G —graded. However, we
prefer to consider modules which are graded by G —sets. Again, it suffices to explain
the notion of A—modules graded by G —sets:

Definition 2.5.5 Let (G, A) be a group with a distinguished central element, and let .S
be a right G—set. An S —graded k—-module is a k-module V' which is decomposed as

a direct sum
M =PV

seS

If V is an S'—graded k—module and W is a G—graded k—bimodule, then V ® W is
itself S —graded by gr(v ® w) = gr(v) gr(w). Similarly if T is a left G—set and V is
a T —graded k—-module, then W ® V is T —graded by gr(w ® v) = gr(w) gr(v).

For any module V' graded by a set with an action of A, the space V[n] is V with

shifted grading: V[n]y = Vj-n,. Note that we need not distinguish between left and
right actions of A since A is central.

Via Definition 2.5.5 the definitions of As,—modules and type D structures (Sec-
tions 2.2.2 and 2.2.3) carry over to the G —set graded case without change. For example:

Definition 2.5.6 For (G, A) a group with a distinguished central element, A a G-
graded Aoo—algebra, and S a right G—set, a right S—graded Aoo—module is an Ago—
module M 4 whose underlying k—module is graded by S, such that for homogeneous
elements x € M and aq; € A4,

gr(mjq1(x.ay,....a;5)) = gr(x)- A "' gr(ay) - - gr(a;).
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Example 2.5.7 The case that G = Z, A = 1, and S is a freely transitive G—set is
equivalent to relatively Z—graded modules. In particular, given a transitive Z—set
graded module M one can define a relative grading on M by gr(x, y) = if x and y
are homogeneous and gr(x)A” = gr(y). Conversely, given a relatively Z—graded
module M it is not hard to construct a canonical Z—set S and an associated S —graded
module.

Definition 2.5.8 For S a G-set and M an S-graded module, we say that a G-
invariant subset 7" C S is essential if each G —orbit in T contains an element s so
that M is nontrivial.

The theory of G —set gradings has a simple extension to bimodules:
Definition 2.5.9 If (G{,A) and (G, A,) are two groups with distinguished central
elements, define the group

G1 X0 G2 := G x G2 /(A = A2)

with the distinguished central element A = [A;] = [A2]. So, a (G x) G,)—set is a set
with commuting actions of G; and G,, where the actions of A; and A, agree.

A left-right (G, G,)—set graded k—module is a left (G x;, G;p)—set graded k—module.
(Left-left and right-right graded modules are defined similarly.)

Via Definition 2.5.9 the definitions of bimodules of various types (Section 2.2.4) carry
over to the G —set graded case without change: if 4 is G{—graded and B is G,—graded,
then we consider bimodules that are left-right (G, G,)-set graded.

We next turn to tensor products of G —set graded modules.
Definition 2.5.10 If (G, A) is a group with a distinguished central element, S is a
right G—set, and T is a left G —set, define their twisted product

SxgT :=(SxT)/(sxgt)~ (sg xt).

The set S Xg T has an action of A defined by A -[s x ¢] :=[sA x t] = [s X At], but in
general has no further structure. For V and W two k-modules graded by S and T,
respectively, V ® W is graded by the Z-set S xg T, where if v € V5 and w € Wy,
then v @ w € (V@ W)[5xs]-

Thus, for instance, if M4 is graded by S and N is graded by T, M4 K AN is
graded by S xg T'.
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More generally, for the tensor product of bimodules, if G, G, G3 are all groups with
distinguished central elements, S is a left-right (G, Gy)—set, and T is a left-right
(G2, G3)-set, then S xg, T is a left-right (G, G3)—set in an obvious way. As before,
if V and W are two spaces graded by S and 7', respectively, V ® W is graded by
S %G, T. In particular, if 4Mp and BN, are two left-right set-graded Ao, —bimodules,
then 4 Mp X BN, is also a left-right set-graded .Ax,—bimodule.

Note that the complex M 4X“N is not in general Z—graded; rather, the action of A on
S x@g T breaks up the morphism space into a sum of chain complexes according to the
orbits of the action, with possibly cyclic grading on each orbit. (See [21, Example 2.46]
for an example where the grading ends up being a finite cyclic group, even though the
action of A on each side has infinite order.)

The grading on the Hochschild complex of a G —set graded bimodule behaves as one

would expect:

Definition 2.5.11 For S a left-right (G, G)-set, define

S°:=5/(s-g)~(g-9),

where s € S, g € G. S° has a Z-action given by multiplication by A on the left or
right.

There is a quotient map from S to S°, which we denote s > s°.

Lemma 2.5.12 Let M 4 be a type DA bimodule graded by a left-right (G, G)—set S .
Then CH (M) is graded by S°. The analogous statement holds for the Hochschild
complex of a type AA bimodule.

There are two ways to form G —set graded modules into categories. The easier of the
two, which will suffice for most of the paper, is to define a category for each transitive
G-set S, and to restrict to morphisms which only shift the grading by a power of A:

Definition 2.5.13 Fix (G, A) a group with a distinguished central element and S a
right G —set where the action of G is transitive. Let n be the order of A in S. (This
order is well defined since the G action is transitive.) For V' and W two S —graded
k-modules, let Hom s(V, W) be the (Z/nZ)—graded [F, vector space with

Hom s (V, W); := ) Hom(Vy. Wyy.).

seS

These can be organized into a category I\’/I\o/dk,S, whose objects are S—graded k-
modules and morphism spaces are Homg (V, W).
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For A a G-graded A —algebra, the category Mod 4,5 of right S—graded Axo—
modules over A is the dg category whose objects are right S —graded Ao, —modules M 4
and whose morphism spaces are

Mor 4 5 (M4, No) = Homg(M ® T*(A+[1]), N),

with the differential as in Definition 2.2.20. (Here we have extended the notion of dg
categories in the obvious way to allow cyclic gradings.)

The definitions in Section 2.2.1 of homotopic morphisms and homotopy equivalences
carry over unchanged. We extend the definitions of Z(Mod 4 s) and H(Mod 4,5) in
the obvious ways, and H(l\7lz>/d A,s) is still a triangulated category.

We define categories of other kinds of modules in the G —set graded case analogously.
For instance we have a category “*Mod g of left S—graded type D structures over A,
as well as categories of bimodules of various types.

The invariants CFDD(Y,s), CFAA(Y,s) and CFDA (Y, s) defined in Section 6 will
be well defined up to isomorphism in H(Mod g) (for appropriate grading sets .S).

2.5.2 Set-graded dg categories It is natural to talk about morphisms between mod-
ules graded by different G —sets, or in other words to collect the S'—graded modules for
all G-sets S into a single category. In doing so, one encounters the following issues:

¢ There is no natural way to define a degree-0 morphism from an S -graded
module to a T—graded module if S is different from 7 .

¢ More generally, if M and N are graded by G —sets .S and T respectively then,
like M ® N, the collection of morphisms Mor(M, N) is graded by a Z—set
constructed from S and 7' rather than simply by Z.

¢ Further, with this construction, there are natural morphisms, like the identity
morphism, which are not homogeneous (not supported in a single grading).

We will formalize these notions as follows. We will define a category of Z—set graded
chain complexes. If M and N are graded by G-sets S and T respectively then
the morphisms from M to N will be a Z—set graded chain complex. (That is, the
categories of G —set graded modules of various kinds are enriched over the category of
Z—set graded chain complexes.)

Definition 2.5.14 Let S and 7 be two sets, each endowed with a Z—action (written
as multiplication by A). A relation between S and T is a subset R C S x T'. We
write SRt to mean that (s,7) € R. We say that R is A—invariant if it satisfies the
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property that s R¢ if and only if (As) R(At). The composite of two relations Ry C SxT
and R, C T x U, written R; o R, C S x U, is the relation

RioRy={(s,u)|seS,ueU,3teT:sRit and tRyu}.

Definition 2.5.15 A Z —set graded chain complex over k is a triple (S, C, d), where
S is a set with a Z action (written as multiplication by 1), C is a k—-module graded
by S, and 9 is an operator on C satisfying > = 0 and such that for x € Cy, 9x € Cy 1.
We form Z-—set graded chain complexes into a category as follows. A morphism from
(S,C,01) to (T,C’',9,) is

e a A—invariant relation R between S and T, and
e a k-module map ¢: C — C’ that is compatible with R, in the sense that

$(Co) cPc.

teT
SRt

Let Mor((S, C,d1), (T, C’,d,)) denote this space of morphisms, with its natural dif-
ferential.

If in addition ¢ intertwines the actions of d; and d,, we say that ¢ is a homomorphism.
To compose two morphisms, we compose the relations in the sense of Definition 2.5.14
and compose the k—module maps.

The category of Z-set graded chain complexes has objects triples (S, C, d) as above
and Hom((S, C, d), (T, D, d')) the set of homomorphisms (not just morphisms) from
(S,C,0) to (T, D,?).

Given two Z-set graded complexes (S,C,d) and (T, D, d,), we can form their
tensor product

(8,C.0)Q®(T,D,03) :=(SxzT,.C®k D,d; ®p +1Ic ®03y),

where gr(x ® y) = [gr(x) x gr(y)] for homogeneous x, y. This tensor product extends
in an obvious way to (homo)morphisms, giving a monoidal structure on this category.

Example 2.5.16 Consider a 3—manifold Y. The Heegaard Floer complex E‘F(Y) is
a set-graded chain complex where the grading set .S is (noncanonically) given by

U z/divieis)).
s€spin€ (YY)

(In fact, the grading set can be defined canonically. First one fixes a Heegaard diagram
and base generator and uses these to define a G —set grading as in Section 6.5. Then
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one observes that different base generator or Heegaard diagram lead to canonically
isomorphic G —sets.)

The most useful notion of an element of a Z—set graded chain complex (S, C, 0) is
not the naive notion of an element of C: elements carry with them some additional
grading information, as follows.

Definition 2.5.17 Let k denote the Z—set graded chain complex (Z, kg, 0), where
ko denotes a copy of k lying in grading 0. An element of a Z—set graded chain
complex (S, C, d) is a morphism of Z—set graded chain complexes k — (S, C, d).
(Note that k is the identity for the tensor product, and so this is natural from the point
of view of category theory.)

Lemma 2.5.18 An element of (S, C, 0) (in the sense of Definition 2.5.17) is equiva-
lent to a pair (T, x) where T C S and x € @7 Cs.

Proof A morphism k — (S, C, d) is given by a A—invariant relation R between Z
and S, and a map ¢. Let T be {t € S | 0Rt}, the set of elements that are related
to 0, and let x = ¢(1). In the opposite direction, for any subset 7" of S, there is a
unique A—invariant relation R between Z and S with the property that T is the set of
elements related to 0; and similarly, any element x € C can be viewed as ¢ (1) for a
uniquely determined ¢: k — C. m|

For T C S we let Cr denote the set of elements of C with grading set 7', ie the
elements of the form (7', x). For s € S, then, Cyy; is isomorphic to Cs as defined in
Definition 2.5.15.

We can use the tensor product to define an internal Mor for (appropriately finite) Z—set
graded chain complexes, just as for ordinary chain complexes. We start by explaining
G —set gradings of dual spaces:

Definition 2.5.19 For G any group and S a right G-set, let S* be a set with el-
ements s* in bijection with elements s of S, and with a left G —action defined by
g-s*:=(s-g~)*. If V is an S—graded k-module, the graded dual of V , which we
will denote V& *, is an S*—graded module with

(VES) g = (V)™

With these definitions, if ¢ : V — V is homogeneous with respect to the right action
of g on S, then ¢*: V* — V* is homogeneous with respect to the left action of g
on S*.
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Definition 2.5.20 Suppose that (S, C,d;) and (T, D, d;) are set-graded chain com-
plexes such that C is supported on finitely many orbits of the action of Z on S. Then
we define a Z-set graded chain complex Mor((S, C, d;), (T, D, d;)) to be a chain
complex graded by T x; S* with

Mor((S.C.01).(T.D.0x))u:= [[ €D Hom(Cy. Dy).

s*eS* teT
u=[txs*]

The differential on Mor((S, C, d1), (T, D, d,)) is given as usual by
(0¢)(x) = (¢ (x)) + ¢ (dx).

Note that if C is finite-dimensional, then
Mor((S, C,91),(T, D, d,)) ~ (T, D,9,) ® (S*, C&*, 8’{‘).

We have defined two different notions of “a morphism” between Z—set graded chain
complexes. Fortunately, they agree:

Lemma 2.5.21 The set of elements (Definition 2.5.17) of the internal morphism
complex Mor((S, C,0dy), (T, D, d,)) (Definition 2.5.20) are in natural bijection with
the morphisms of Z —set graded complexes defined in Definition 2.5.15.

Proof An element of the internal morphism complex gives a morphism as follows.
Thanks to Lemma 2.5.18, we can think of an element of the internal morphism complex
as a subset R’ of T x; S*, together with a choice of

pe P  Mor((S.C.01).(T.D.d)),

WER'CTx; S* - P [[ € Hom(G. D).

UeR'CT x) S* s*eS* teT
u=[txs*]
This ¢, of course, can be thought of as a k~module map from C to D. Now, subsets
of T x; S* are in one-to-one correspondence with subsets of (7 x S)/Z, which in
turn are in one-to-one correspondence with A—invariant relations R between S and T .
Under this correspondence, we think of ¢ as a k—-module map from C to D which is
compatible with R (in the sense of Definition 2.5.15).

Conversely, given a morphism, an element of the morphism complex can be constructed
by reversing the above process. a

We next turn to issues of injectivity. The notion of injectivity for morphisms of Z—set
graded chain complexes takes into account also grading information, as follows:
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Definition 2.5.22 A relation R C S x T is said to be injective if for every s € S,
there is a ¢ € T so that sR¢ and s’ Rt does not hold for any other s’ € S'.

A morphism (R, ¢) € Hom((S, C, d), (T, D, d")) (in the sense of Definition 2.5.15) is
said to be homology injective if R is injective in the sense above and the element ¢,
thought of as a homomorphism from C to D, induces an injective map on homology.

If R is arelation between S and 7', and X C S, let ¥R C T denote the subset of all
t € T with the property that s Rt holds for some s € X.

Lemma 2.5.23 A relation R is injective in the sense of Definition 2.5.22 if and only
if for any two subsets X, X' C S, ¥R = ¥'R implies that ¥ = ¥’ (ie R induces an
injective function from subsets of S to subsets of T ).

Proof Suppose first that R is injective in the sense of Definition 2.5.22. For s € S,
let f(s) € T be the element promised by that definition. Then R induces a bijection
between S and f(S),andif XR=X'R,then f(X)=ZRN f(S)=X'RN f(S) =
f(X),s0 X =%

Conversely, suppose that R induces an injective function on subsets of .S. Then in
particular, for each element s € S, SR 2 (S \ {s})R. Let f(s) € T be an element
of SR thatisnotin (S\{s})R. Then f(s) satisfies the conditions of Definition 2.5.22.

O

Lemma 2.5.24 A homomorphism (R, ¢) of Z—set graded complexes is injective in
the sense of Definition 2.5.22 if and only if composition with ¢ induces an injection on
the set of elements of (S, C) (in the sense of Definition 2.5.17) to the set of elements
of (T, D).

Proof Let (R, ¢) be a morphism from (S, C) to (7, D). For an element (X, x) of
(S,C) (where ¥ C S and x € Cy), the image (element of (7', D)) under (R, ¢) is
the pair (¥R, ¢(x)).

From Lemma 2.5.23, we see (R, ¢) is injective on elements of (S, C) of the form
(2,0) (with ¥ C §) if and only if R is injective; and it is injective on more general
elements if and only if ¢, thought of as a homomorphism from C to D, is injective. O

Since the set of morphisms between Z-—set graded chain complex (S, C,d;) and
(T, D, d,) (with C supported on finitely many Z—orbits) is itself a chain complex,
there is an obvious notion of when two morphisms are homotopic. In fact, the definition
of homotopic morphisms can be extended without difficulty to the general case without
the finiteness restriction on C.
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Definition 2.5.25 A Z-—set graded dg category is a category ¢ where the morphism
spaces are Z-—set graded chain complexes over [, and composition of morphisms
gives a Z—set graded chain maps o: Mor(y, z) ® Mor(x, y) — Mor(x, z).

Example 2.5.26 An ordinary dg category ¢ gives a Z—set graded dg category € as
follows. Let Ob(6) = Ob(%). For objects M, N € Ob(%) define Mor(é(M, N) =
(Z,Morg(M, N), d), where 9 is the differential on Morg(M, N).

Example 2.5.27 As a special case of Example 2.5.26, consider a Z—graded Aso—
algebra A and its Z—set graded dg category of right modules M_4. Given mod-
ules M 4 and N4, the space Mor(M 4, N4) is a Z—set graded chain complex. As in
Definition 2.5.17, an element of Mor(M 4, N4) —ie a morphism from M 4 to N4 —
has some grading information built into it.

More precisely, an “element” of the morphism space Mor(M 4, N 4) consists of a pair
(S, ), where ¢p: M @ T* A — N is a map of As—modules and S C Z is such that
if x € M; then ¢1(x) C Djeg4; Nj. and similarly for higher products.

The definitions in Section 2.2.1 of homotopic morphisms and homotopy equivalences
carry over unchanged to an arbitrary Z—set graded dg category €. The definitions
of Z«(6) and H« (%) also carry over. However, it no longer makes sense to talk about
morphisms of degree 0, so we no longer have Z(6) or the triangulated category H(€).

Definition 2.5.28 A Z-set graded dg functor F: € — 9 is a functor enriched so that
for x,y € €, the map F: Mor(x, y) — Mor(F(x), F(y)) is a Z—set graded chain
complex homomorphism (Definition 2.5.15).

Lemma 2.2.9, Definitions 2.2.10 and 2.2.11, and Proposition 2.2.12 carry over almost
unchanged to the context of Z-set graded dg functors. (In Definition 2.2.11, con-
sider Hy (F) instead of H(F').) The basic example is provided by tensor products: see
Example 2.5.35.

2.5.3 Categories of G —set graded modules We now define a category of G—set
graded modules where the sets may vary.

We start by defining the grading set for the Hom—space:

Definition 2.5.29 If (G, 1) is a group with a distinguished central element, S and T
are two right G—sets, and V' and W two k-modules graded by S and T, respectively,

then Homy, (V, W) is defined to be V&* @ W (as a [F, vector space) with its 7 xg S™*
grading.
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Remark 2.5.30 One might imagine the grading set for the Hom space between S —
and 7 —graded modules should be the set of G —equivariant maps S — 7. However,
in many situations (eg, if G =Z, S = Z/2 and T = 7Z) this prevents there being any
homogeneous homomorphisms at all. Our philosophy is that any module map (between
finite-dimensional modules, say) should be decomposable as a sum of homogeneous
maps.

Definition 2.5.31 For A a (G, A)-graded Ao, —algebra over k, let Mod 4 be the set-
graded dg category whose objects are strictly unital, set-graded .4o,—modules (ie pairs
(S, M 4) where M 4 is graded by S'), and whose morphism spaces are

(2.5.32) Mor 4((S, M.4). (T, N.u)) := Homg (M ® T*(A4[1]), N).

with a grading by T xg S™* and differential as in Definition 2.2.20. (The right-hand
side of (2.5.32) is to be interpreted as a Z-set graded chain complex.) To define
composition, we need to give Z—set graded chain maps

Mor4((S, M), (T, N.A)) Py MOI'_A((T, NA), (U, Py)) > Mora((S, M), (U, Py)).

On the chain level, this map is defined as in Section 2.2.2. It preserves the grading
relation R generated by

(5" xg 1) x; (t* xgu)) R (s* xg u)

forseS,teT,andueclU.

Example 2.5.33 Specializing Definition 2.5.31 to the case where A =k =F,, we
see that Modp, is the category of Z—set graded chain complexes. Indeed, the above
definition allows us to consider the category of set-graded chain complexes as a set-
graded dg category (compare Example 2.2.2).

For a fixed transitive G—set S, the category Mod A,s with grading set S (compare
Definition 2.5.13) is a subcategory of Mod 4, but not a full subcategory: morphisms in
Mod 4,5 are only allowed to shift the grading by a power of A, while in Mod 4 there
is no such restriction.

We define Mod similarly, using type D structures instead of .As,—modules. When A
is an Ao, —algebra rather than a dg algebra, M- is a Z —set graded A, —category, which
is defined analogously to Z—set graded dg categories. The variants 4Mod and “‘Mod
are defined symmetrically, using left actions instead of right actions. Categories of
bimodules are defined similarly; cf Definition 2.5.9.

We can consider Z—set graded functors from the set-graded category M 4 (from
Definition 2.5.31) to the category of Z—set graded chain complexes. Although the
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definition of this notion can be pieced together by what has been written so far, we
spell it out for the reader’s convenience:

Example 2.5.34 Let A be a (G, A)—graded A —algebra, let M 4 (whose objects
are pairs (S, M 4), where S is a G—set and M 4 is graded by S) be its category
of G—set graded Aso—modules, and let Modp, denote the category of Z—set graded
chain complexes. A differential set-graded functor (or, less precisely, a dg functor)
F: M4 — Modg, consists of the following data:

e For each (S, M 4) € M4, a pair F(S, M4) = (S’, M), where S’ is a Z—set
and M’ is a chain complex graded by S’.

 For each pair (S, M 4), (T, N4) € M4, an element F(s ar),(1,n) (in the sense
of Definition 2.5.17) of the internal hom set

Hom¢ (Mor 4((S, M), (T, N)),More((S", M), (T', N')),

which in turn consists of a pair (R(s,ar),(T,n)» P(s,M),(T,N)), Where R is a
A—invariant relation

Ris,m), vy C (T x6 8*)* X (T" %3, (S))
and P (s ar),(r,n) 1S a cycle in
More(Mor4((S, M), (T, N)), Morc((S', M"),(T',N"))
which is supported in R(s ar),(1,N) -

Moreover, we demand that the F(g ar),(r,n) Tespect composition, in the sense that the
following two conditions are satisfied:

(D) Res,m),w,L) = Rs,m)(r,n) ° Rr,n),U,L)-

(2) The following diagram commutes:

Mor4((S, M), (T, N)) o4

® Mor4((T, N), (U, L)) Mor4((S, M), (U, L))

®s.M).(T.N)

@
QP (,N),(U.L) (S.M).(U,L)

More(F(S, M), F(T,N))

®More(F(T.N). FU.Ly) " More(F (S, M), F(U. L))
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The following example (and its generalizations to bimodules) will be of importance
to us:

Example 2.5.35 Let A be a G-graded A, —algebra, and fix a G —set graded type D
structure (U, P). The operation (S, M4) — (S xg U, M4 ®4P) induces a dg
functor F from the category of G —set graded .As,—modules, Mod 4, to the category of
Z—set graded chain complexes. In particular, given two G —set graded A, —modules
(S, M4) and (T, N,4), we define a homomorphism

Fs,m),(T,N) = (R, ®) € Hom(Mor(M, N),Mor(M X P, N X P))
as follows: R is the tautological relation in
(T xG S*)x (T xg U) %3, (Sxg U)*")) = (T xg S*) x (T xg U) x (U* xG %))
given by
[t xg s*|R[[t xG u] x3 [u* xgG s*]],

and ® is the map - X I from Section 2.3.2.

Definition 2.5.36 A dg functor F: M 4 — Modp, (as in Example 2.5.34) is said
to be homology faithful if the homomorphisms F(s ar),(7,n) are homology injective
in the sense of Definition 2.5.22 (that is, F induces an injective functor H(M 4) —
H(Modp,)).

It is necessary to take morphisms of bimodules over one of the two actions, and to
consider the bimodule structure on the result (see especially Sections 2.3.4 and 9). This
operation interacts with the gradings as follows:

Definition 2.5.37 If S is left (G x; G,")-setand T is aleft (G3x;, G,")—set, define
Homg, (S, T) :={(s,t) |s€ S, t € T}/{{sg.tg) ~ (s.1) | g € G2}
=T XGy S*.
We view the result as a left (G3 x;, G(l)p)—set, as in the description as a product over G5.

If V and W are graded by S and T, respectively, then Homy, (V, W) may be graded
by Homg, (S, T). In particular, all of the one-sided Mor—spaces between various
bimodules are graded by sets like this. For instance, if A, B, C are Ax,—algebras
graded by G, G5, G3, respectively, and 4Mp and ¢ Np are graded by S and 7T as
above, then Morg(4 Mg, ¢ Np) has underlying space Homy (M ® T*(B[1]), N), which
is graded by Homg, (S, T'). With this grading on Morg(4 Mz, ¢ N), the differential
is a graded map.
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3 Pointed matched circles

3.1 The algebra of a pointed matched circle

We start by recalling the following definition [21]:

Definition 3.1 A pointed matched circle is an oriented circle Z, equipped with a
basepoint z and additional 4k points @ = {ay, ..., asx} (all distinct from z) which are
partitioned into pairs in such a manner that the one-manifold obtained by performing
surgeries on the 2k pairs of points gives a circle.

The pairing of points can be thought of as map M taking an element of a to its
equivalence class (consisting of two elements). Alternately, we may think of the pairing
as an involution x + x’ on a, taking a point to the other element of its pair. We often
abbreviate the data (Z,{ay,...,a4;}, M,z) by Z.

Construction 3.2 Given a pointed matched circle Z, we can associate a surface whose
boundary is a circle, containing a marked point z. We denote this surface F°(Z),
and let F(Z) denote the result of filling in the boundary component of F°(Z) with a
disk D. Note that any two surfaces specified by the same pointed matched circle are
homeomorphic, via a homeomorphism which is uniquely determined up to isotopy.

Any surface of genus k& > 1 can be represented by more than one pointed matched
circle. There are two convenient families of pointed matched circles which can be
used to describe an arbitrary oriented surface. One is the split pointed matched circle,
which is obtained as the k—fold connected sum of pointed matched circles representing
genus-one surfaces (and dropping extra basepoints). The other we call the antipodal
pointed matched circle, where x > x’ is the map exchanging antipodal points. See
Figure 7. One can also reverse the orientation of a pointed matched circle Z to get a
new pointed matched circle —Z.

Recall from [21] the algebra A(n, k). An F,-basis for A(n, k) is given by triples
(S,T,¢), where § and T are k—element subsets of [n] ={1,...,n}and ¢: § —> T
is a bijection with ¢ (x) > x for each x € S . Associated to any such triple is a number
inv(¢), the number of inversions of ¢. We define

(81, T1,¢1)- (82, T2, $2)
_ {(Sl,T2,¢20¢1) T: =8>, inv(¢2 0 ¢1) = inv(¢py) + inv(¢h2)

0 otherwise.

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 617
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Figure 7: Two convenient pointed matched circles for the genus-2 surface:
on the left, we have the split pointed matched circle; on the right, we have the
antipodal pointed matched circle.

Let Inv(¢) denote the set of inversions of ¢, so inv(¢) = #Inv(¢). For 0 = (i, j) €

Inv(¢) define g5 by ¢ (i) = ¢(j), ¢o(j) = ¢(i), and ¢5 (k) = ¢(k) for k #1i, j.
There is a differential on A(n, k) given by

S T.¢)= Y  (S.T.¢).
o€lnv(g)
inv(o)=inv(#)~1

We draw basis elements of A(n, k) as strand diagrams with upward-veering strands,
like this:

— N WA W

The product becomes concatenation (with the convention that double crossings are set
to zero) and the differential corresponds to smoothing crossings.

Now, let Z be a pointed matched circle. Foreach i = —k, ..., k we define a subalgebra
A(Z,i) C A4k, k +1) as follows. Cutting Z at the basepoint z, the orientation of Z
identifies a with [4k], so we can view the matching M as inducing an involution
x > x’ of [4k], which we extend to an involution on the set of subsets of [4k]. For
a=(S,T,¢) abasis element of A(4k,k +1i) and i C Fix(¢) a set of fixed points of
¢ define a map
¢i: (S\I)U@E) > (T\i)u (@)
by
. o(j) if j &i’,
s = {0 LR
j if jei’.
Define
E(S.T.¢)= > ((S\i)Ui'(T\i)Ui'.¢;).

i CFix(¢)
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(Loosely speaking, E(S, T, ¢) is obtained by “smearing” the locations of the hori-
zontal strands in ¢ according to the matching.) Then, A(Z,7) is the subalgebra of
A(4k, k 4+ 1) generated by

{(E(S$.T.$)|SNS'=TNT' =02}.
(In fact, these elements span A(Z,i) as an [F,—vector space.)

Note in particular that the primitive idempotents in A(Z,i) correspond naturally to
(k + i)—element subsets of [2k] = [4k]/M . Given a (k + i)—element subset s of [2k]
we let /(s) denote the corresponding idempotent.

The subalgebra A(Z,0) C A(Z2) is the summand directly relevant to the case of 3—
manifolds with connected boundary. The other summands become necessary when con-
sidering three-manifolds with disconnected boundary (as in, for instance, Theorem 7).
Consider the extreme cases A(Z, —k) and A(Z, k). The algebra A(Z, —k) is isomor-
phic to [F,; the generator is the identity permutation of the empty set. By contrast,
the algebra A(Z, k) is quite large, but it follows from Theorem 9 in Section 4 that
Hy(A(Z, k) =T;.

We can put the algebras together to form

k
A2 = P Az,

i=—k

which we think of as an algebra with an extra integer grading (represented by the
integer i), so that elements with different grading multiply to 0. We call this grading
the strands grading on A(Z).

Let Z(Z,1) denote the ring of idempotents in A(Z,7) and Z(Z) the ring of idempotents
in A(Z). Of course, we can think of A(Z,i) = A(Z)-Z(Z,i) =Z(Z,i)- A(Z). We
think of the ring of idempotents as the ground ring. The algebra A(Z) has a natural
augmentation €: A(Z) — Z(Z2), sending any strand diagram with a nonhorizontal
strand to 0.

The algebra A(Z) can also be defined in terms of Reeb chords in (Z, a); see [21, Sec-
tion 3.1.3]. In particular, given a set of Reeb chords p there is an associated algebra
element a(p) (which may be zero if p does not satisfy some compatibility conditions).

Remark 3.3 It is not hard to show that if Z represents a surface F of genus k then
the Grothendieck group of projective A(Z, i )—modules has rank ( sz i) . It is interesting
to compare with the homology of Syrnk THF®).
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3.2 Gradings

As discussed in [21, Section 3.3], the algebra .A(Z) is not graded by Z, but rather by
a noncommutative group G, a Z—central extension of H;(F(Z)). In fact, it is more
naturally graded by a larger group G’. We recall that construction first (and discuss
some of its key properties) and then we turn to the refinement to gradings in G (which
depends on some auxiliary choices).

Let Z'=Z\z. Fix p€a and o € H|(Z',a). We define the multiplicity m(c, p)
of o at p to be the average of the local multiplicity of « just above p and just below p.
Extend this to a bilinear pairing

m: Hy(Z',a)x Ho(a) > 3Z.
Let G'(Z) denote the Z—central extension of H;(Z', a) with the commutation relation
a-B=pB-a- r2mBi

where «, B € H{(Z',a), & and B are lifts of @ and B to G’, A is a generator for the
center, and 0: H{(Z’,a) — Hy(a) denotes the connecting homomorphism. The group
G'(Z) can be realized explicitly as an index two subgroup of the group %Z x H\(Z',a)
endowed with the multiplication map

(Ly,01) - (Lp,0p) = (U + £y +m(az, doy), a +2),

This index-two subgroup is generated by elements A = (1, 0) and (—%, [i,i+1]), where
i=1,...,4k —1. We call £ (respectively «) the Maslov component (respectively
spin® component) of (£, a). Concretely, G'(Z) consists of pairs (£, «) where

= L#(parity changes in o) (mod 1).
A basis element a of the algebra A(Z) has an associated one-chain in H{(Z, a), [a].
Recall also that «a is a linear combination of basic elements of A(4k,k +i); let ag
be any of the terms appearing in this linear combination. Using aqy and [a] we can
construct the G’(Z)—grading by the formulas

t(a) = inv(ao) —m([ao]. S).
g'(a) = ((a). [a)).

where S is the initial idempotent of ag (ie I(S) - a9 = agp). A short argument
shows that the quantity ¢(a) is independent of the choice of ag; for more details,
see [21, Proposition 3.40]. It is also not hard to show that for any a, gr'(a) is an
element of G’(Z), and the map gr’ gives A(Z) a G’(Z)—grading, in the sense that
gr'(a-b) = gr’(a)-gr'(b) and gr'(da) = A~! gr'(a); see [21, Proposition 3.39].

3.1
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As an immediate application of the grading, our algebras satisfy the condition of
Definition 2.1.9.

Lemma 3.2 For any pointed matched circle Z, the algebra A(Z) has nilpotent aug-
mentation ideal.

Proof This is immediate from the facts that A(Z) is finite-dimensional and elements
of the augmentation ideal have positive H,(Z’, a) gradings. |

In Section 8.1, we will use a stronger grading-positivity result for our algebras:

Lemma 3.3 For any pointed matched circle Z, A(Z) is gr'—graded in nonpositive
Maslov degrees. More precisely, if a is a generator of A(Z), then the Maslov degree
of a is less than or equal to zero, with equality if and only if a is an idempotent.

Proof We will show that ¢(a) is less than or equal to —% times the number of moving
(nonhorizontal) strands in a. Letting ¥ denote the set of moving strands in a, observe
that

@y =24 3™ s ) - m ). 57D (). D),

5;i,85; €X

5 F#Sj
where 1(s;) denotes the initial point of the strand s;, and [s;] is its associated interval.
(Horizontal strands do not contribute to ¢(«).) Evidently, the only positive contributions
here come from crossings of s; and s; . For each, the contribution is at most 1 for each
pair {s;, sj}. However, if 5; and s; cross, then either the initial point of s; is contained
in the interior of [s;] or the initial point of s; is contained in the interior of [s;]. Thus,
we can cancel off each positive contribution with a corresponding —1. a

3.2.1 Refined gradings The Heisenberg group G(Z) of H;(F) is the central exten-
sion of H{(F';Z) by a subgroup Z generated by A, with commutation relation

g-h=h-g 22EN0D

for any g,h € G(Z). (Here, [g] and [/] are the images of g and % in H{(F).)

As in [21, Section 3.3.2], there is a natural inclusion ix: H{(F)— H{(Z’,a), with im-
age the kernel of My 00. Since [g]N[h] = m(i«[h], dix[g]), it follows that this inclusion
G(Z2) <> G'(Z2) is a group homomorphism. As explained in [21, Section 3.3.2], the G’
grading on the algebra can be refined to a G—valued grading. (The refined grading
leads to cleaner statements of the pairing theorems; see, for instance, Theorem 13 in
Section 7.) That construction involves certain choices, as we now elaborate.
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Definition 3.4 Fix a pointed matched circle. Given an element « € H;(Z,a) and
subsets s and t of [2k] we say « is compatible with the idempotents 1(s) and 1(t) if

Myi(a) =t —s.

In particular, for a generator a of A(Z) with I(s)-a-I(t) = a, the homology class [a]
is compatible with s and ¢.

Definition 3.5 Grading refinement data for the algebra A(Z) consists of a function
Vi {s|s C2k]} - G'(2)
satisfying the condition that if g’ € G’(Z) is a group element so that [g'] is compatible
with I(s) and I(z), then ¥ (s)-g’ -y ()~ ! liesin G(Z) C G'(2).
Grading refinement data for A(Z,i) can be specified by choosing, for each i =
0,...,2k, abase idempotent ¢; C [2k] with |t;| =i and maps
Vit s |s C[2k]), |s| =i} — G'(2)

satisfying
My o[Yi(s)] = s —t;.

Definition 3.6 Given grading refinement data y as above, we can define a corre-
sponding G(Z)-valued grading gr,, on A(Z) as follows. For any generator a of
A(Z,i) C A(Z) with idempotents s and ¢, define

gry (@) =y (s)-gr'(@) -y ()"

It is straightforward to verify that this is indeed a grading with values in G(2) C G'(2).

For fixed refinement data i, we can consider the categories of G(Z)-graded Axo—
modules and type D structures (and corresponding bimodules). For the few times we
wish to call attention to all this information, we will decorate the relevant categories,
writing, for example, Mod%f) for the category of G(Z)-graded Ao,—modules over A
with its G(Z)—grading induced by the refinement data .

The reader is warned that if ¢ and v’ are two different refinement data for Z then the
induced G(Z)—graded algebras are typically not graded quasi-isomorphic. They do,
however, have isomorphic module categories, according to the following:
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Proposition 3.7 If ¢ and ' are two different refinement data for A(Z), the identity
type DA bimodule “[I]4 can be given a grading, “-¥[I] A,y So that the functors

(- BAY[I]4p0): ModS®) — Mod%2)

Ay Ay’
A, . Ay’ Ay
(“V[Iay R -): Modgz) — Modg 7,

induce equivalences of categories.
(See Definition 2.2.48 for the definition of “A[I]4.)

Proof Consider the left-right (G(2), G(Z))-set T = G(Z), with action given by
(g1X82) 8 =g1-2-2>. We endow “[I]4 with a grading by T, as follows. Recall
that generators of “[I]4 are of the form I(s) where s is any subset of [2k]. We endow
the generator I(s) of “[I]4 with the grading

(3.8) ery () =V(s)-¥'(s) ' eT.

We denote the resulting T —graded module by “¥[I] A,y - We must check that, for any
homogeneous algebra element a = I(s)-a- I(t), the gradings of I(s)-a and a- I(¢)
are consistent. We compute (using Definition 3.6):
(3.9) grz,(I(S)) -gry (@) = (W)Y () HW () g (@y' (1))

=y () gl @y ()"

= gry (a) - grly, (I(1)),
showing that “-¥[I] Ay is indeed a T —graded A(Z,¥)-A(Z,v¥’) bimodule. An
inverse to this bimodule is supplied by the analogously-defined bimodule A"/’/[I[] A

where we use the canonical identification 7" Xg(z) T' — T induced by multiplication
to grade the isomorphism from the tensor product to the identity. |

Definition 3.10 Let S be a right G'—space and M 4 an A.,—module over A graded
by S. Consider choices of x, y € M 4 and s,t C [2k] with the following properties:

o x-I(s)=x.

sy 1) =y.

e x and y are nonzero elements which are homogeneous with respect to the
S —grading.

We say (S, M 4) is G —refinable if for all choices of x, y, s, and ¢ as above, any group
element g € G’ such that gr'(x)-g = gr’(y) is compatible with the idempotents 7(s)
and 1(¢).
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Remark 3.11 Let (S, M 4) be G -refinable. If x € M 4 is a homogeneous element,
then there is an elementary idempotent /(s) with the property that x - I(s) = x. To see
this, note that if x is homogeneous of some degree (in S), then x - I(s) and x - I(¢)
are homogeneous of the same degree; thus, if both elements are nonzero, then the
identity element e € G’ is compatible with the idempotents I(s) and I(¢), which in
turn forces s =t.

Lemma 3.12 For any grading refinement data v, there is a natural functor

G(2)
A

G'(2)

FV: Mod ' — Mod

which is homology faithful (ie the induced functor on homology is injective on mor-
phisms). These functors are compatible with changing refinement data, in the sense that
there is a natural isomorphism of functors

FV =7V o (- AV ).

Let M4 € Modfl/(z) be an object with grading set S that is essential in the sense of
Definition 2.5.8. Then, M 4 is isomorphic to F¥ (N 4,y ) for some N 4y € Modj(i)
if and only if M 4 is G —refinable.

Proof First we define the functor F¥ . Recall that objects in Modj(j) consist of pairs
(S, M4), where

e S isaright G(Z)-set and
e M, isaright A Aso—infinity module graded by S

(satisfying the necessary compatibility conditions). The functor is defined on objects by
FU(S. Ma) = (S xG(z) G'(2). Na.

where on the right-hand side, the module M 4 is given the grading gr(x) = gr'(x) -
¥~ 1(s), where x - I(s) = x.

We now must define the functor on morphisms. (See Example 2.5.34.) Given two
objects (M 4,S) and (N4, T) in Modg(i), we must define a homomorphism of
set-graded complexes

Mor (S, M), (T, N.))

— Mor§ D (S x6(2) G'(2). Ma). (T xG(2) G'(2). N.a)).
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This consists of two pieces of data: a chain map ® of morphism spaces, which in this
case we take to be the identity map (as a graded linear map), and a A—invariant relation
(on which it is supported)

R C (T xgz) S™) x5 (T xg(z) G'(2)) Xg/(2) (S Xg(z) G'(£))")
which in this case we take to be the relation
(t xG s™)R(t xg &') xg (&' X6 5¥),
for arbitrary s € S, t €T, g’ € G'.

The identity map P is clearly injective, both as a chain map and on homology. To
check that R is injective (as in Definition 2.5.22), note that

(txg SRt xg 1) xg (1 X 5¥)
and that
(t1 xg 1) xg' (1 xg s7) = (2 X6 &') X6' (&' %G 53)

if and only if there is an element k € G’ so that
(11 %6 1) x (1xG57) = (12 xG 8'F) x k™" (¢ xg 53) = (12 xg g'K) x (g'k X 53):
ie there are g, 1 € G so that the following equations hold:

nxl=t-gxg gk,

six1=s-hxh lg'k.

We conclude that g =/, and hence ¢} =5-g and 51 = 55-g; ie (51 Xg1]) = (s2XG1}),
as needed.

One can think of the functor F¥ as given by (- XY 4), where we think of Y1 4
as the identity bimodule with its G(Z)-G’(Z) grading by the set G'(Z), endowed
with the left G(Z) action by left translation, and right G'(Z)—grading by G’(Z). The
stated isomorphism of functors (gotten by varying i) follows from the fact that

'Ai/f]IAﬂ/, X A’WI[A = A’W/HA.

Finally, we prove the claim about the image of F¥ . Given a G(Z)-refinable module
(M4, S), we proceed as follows. For each nonzero, gr'~homogeneous element x we
define

(3.13) gr(x) =gr'(x) -y (s)~ .

where I(s) is the idempotent with x - I(s) = x (see Remark 3.11). Let gr(M 4) denote
the image in S of all homogeneous elements. Let 77 C S denote the G(Z)-orbits
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of gr(M 4). The grading gr can be viewed as giving a T —grading on M 4, for the
G(Z)-set T. Moreover, applying F¥ to this object, we obtain an object which is
isomorphic to M4 with its original S-grading, via the G’(Z)-space isomorphism
T xG(z)G'(2) = S (given by (t,g') —t-g’). (Note that we are using here the fact
that the grading set S is essential; otherwise the canonical map T Xg(z) G'(Z£) — S
would fail to surject.) a

Remark 3.14 We have phrased Lemma 3.12 in terms of right .4.,—modules over A;
but the same arguments work for type D structures, and indeed bimodules of various
types. Note, however, when refining left, rather than right, modules, (3.13) gets
replaced by gr(x) = ¥ (s) - gr/(x). Similarly, if M is a left-right A-bimodule, we
define gr(x) = ¥ (s)-gr'(x)-¥ ()~ when I(s)-x-I(t) =x.

When working with type D modules, we also need to relate the grading on A(Z) and
A(—2Z2). Recall from [21, Equation (10.19)] that, if r: Z — —Z is the (orientation-
reversing) identity map, then

(3.15) R(j,a) = (j.r«(a))

defines an group antihomomorphism from G(Z) to G(—Z). For s C[2k] corresponding
to an idempotent in A(Z), let s’ =[2k]\s correspond to the complementary idempotent
in A(-2).

Definition 3.16 Given grading refinement data ¢ for A(Z), the reverse of ¥ is
defined on the idempotents of A(—Z) by

Y'(s) = R(W(s) .

Lemma 3.17 The reverse grading refinement data v’ of Definition 3.16 is grading
refinement data for A(—Z) (ie satisfies Definition 3.5).

(Compare [21, Equation (10.35)].)

Proof For g’ € G'(—2) compatible with I(s") and I(¢’), we have

v'(s) g ') = Ry(s) T g RO (@) = RW () - R(g)-¥(s)™).

Now observe that R(g’) is compatible with 1(¢) and I(s), so ¥ (¢)- R(g’)- ¥ (s)~ ! is
in G(Z) as v is grading refinement data for .A(Z). Thus the last line in the displayed
equation is in G(—Z2), as desired. O
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3.3 An example: The algebra of the surface of genus-one

We recall the algebra for a genus-one surface, as described in [21, Section 11.1].

Consider the surface F of genus 1. This can be represented by a unique pointed
matched circle Z. The corresponding algebra A(Z) has three nontrivial summands

A2)=AZ,-1) @ A(Z,0) ® A(Z,1).

The two outermost summands are not very interesting. The summand A(Z, —1) is
isomorphic to F, (there are zero moving strands). Although A(Z,1) is not one-
dimensional, its homology is, and indeed A(Z, 1) is quasi-isomorphic to I, .

Thus, in the genus-one case, the interesting algebra is the summand A = A(Z, 0).

That algebra is generated (over 5 ) by two idempotents ¢ and ¢, and six nontrivial
elements p1, p2, P3, P12, P23, and p123.

The differential is zero, and the nonzero products are

P1P2 = P12, P2P3 = P23, L1023 = P123, P1203 = L123-
(All other products of two p’s vanish.) There are also compatibility conditions with
the idempotents:

P1 =LlopP1t1, P2 = L1p2lo, P3 = LlopP3ll,

P12 = loP12l0, P23 = L1Pp2301, P123 = loP123L1-

The unrefined grading takes values in the group G’ generated by quadruples (m1;a, b, ¢)
where j € %Z, a,b,c e’ and j isanintegerif a,b,c € 2Z orif b €27 and a,c €27,
and a half-integer otherwise. The multiplication on G’ is given by

(my:ay,by,cq)-(my;az, by, cy)

by ¢
by ¢

ap by

=(W11+W12+%a2 bz %

say +az, by +ba,cq +Cz)-

Here A is the element (1;0, 0, 0). Gradings on the algebra are specified by

g’(p1) = (=3:1,0,0),  @’'(p2) = (=5:0,1,0), ' (p3) =(—3:0,0,1).
The group G C G’ is generated by elements (1;0,0,0), (%; 0,1,1) and (%; 1,1,0).
One choice of grading refinement data {i} is given by the function ¥: {to,t1} — G’

(3.1) ¥ (ko) = (0;0,0,0), ¥(ty)=(~1:1,0,0).
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With respect to this refinement, then, the induced G —grading on the algebra is speci-
fied by

gr(pl) = (0’ 0’ 0’ 0)’ gr(/OZ): (_%’1’1’0)’ gr(P3) = (0’_1’071)
3.4 Induction and restriction functors

Consider two pointed matched circles Z = (Z,a, M, z) and Z2' = (Z',a’, M’,Z’).
Taking the connect sum of Z and Z’ at the points z and z’ we obtain a new matched
circle (Z#Z',aUa’, M U M'). There are two natural choices of where to put the
basepoint for Z # Z’; for definiteness, we will put the basepoint in Z N (Z # Z'),
slightly counterclockwise of where the original z was. Thus, we obtain a new pointed
matched circle Z# Z’. See Figure 8. If Z specifies a surface F and Z’ specifies F’
then Z# Z’ specifies F# F’.

011

Figure 8: The connect sum of pointed matched circles

There is an obvious inclusion map
izz: AZ)RAZ) —> AZ#Z').

This is a morphism of differential algebras. If we fix grading refinement data for ¥,
for A(Z), ¥, for A(Z’), and 1, for A(Z# Z’) independently, then the bimodule
A(Z#Z/)[iz,z/]A(Z)®A(Z/) is graded by G(2) xz G(Z') = G(Z# Z’) as follows. For
Ls,xs, an idempotent in A(Z) ® A(Z’), set the grading of the generator /(s X §7)
to be

(3.1 gr(I(s1 x 52)) = Y1a(s1 xs2)¥1(s1) " Yals2) "

(Compare Equation (3.8).) We must check that, for a € A(Z) ® A(Z’) from idempotent
§1 X8y to t; X ty, that (5, xs, -a and a- (s, x¢, have consistent grading, ie

gr(I(s1 X 52)) - 8y, xy, (@) = gry, , (@) - gr(I(t; x 12)).

This straightforward computation is analogous to Equation (3.9). Thus, these inclusion
maps induce (graded) restriction functors of module categories

(3.2) Restz,z/Z MOdA(Z#Z’) — MOdA(Z),A(ZQ?
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see Section 2.4.2.
There are also projection maps
Pz ACZHZ) > A(Z) ® AZ')

obtained by setting to zero any basis element which crosses between Z and Z’.
(This can also be thought of as adding a second basepoint to Z # Z’.) For ar-
bitrary grading refinement data for A(Z), A(Z2’), and A(Z # Z’), the bimodule
A@BAE) p 5 2] 4(z4zr) can be graded by Equation (3.1) as before. Thus, we get an
induction functor

Induct®Z"; AC*2)\1od s AR@AE )\ 0d:

again, see Section 2.4.2.

These restriction and induction functors will be used in defining the type AA and DD
modules, respectively, in Section 6.

3.5 Mapping class groupoid

Fix an integer k. Let Z be a pointed matched circle on 4k points, and let F°(Z) be
the associated surface-with-boundary.

Given pointed matched circles Z; and 2, let
MCGo(21. Z5) = {¢: F°(21) > F°(2,) | ¢(z1) = z2}/isotopy

denote the set of basepoint-respecting isotopy class of homeomorphisms ¢: F°(Z;) —
F°(Z,) carrying z; to z;, where z; € F°(Z;) is the basepoint. (The subscript 0 is
to indicate that the maps respect the boundary and the basepoint.)

The genus-k bordered mapping class groupoid MCGy(k) is the category whose objects
are pointed matched circles with 4k points and with morphism set between Z; and 2,
given by MCGy(Z1, Z;). This is clearly a groupoid: each morphism is invertible, and
any two objects can be connected by a morphism. Moreover, the endomorphisms of a
given pointed matched circle is identified with the strongly based mapping class group
of the surface of genus k.

Remark 3.1 Our mapping class groupoid is closely related to the Ptolemy groupoid
studied by Penner [31]. In particular, our pointed matched circles are called chord
diagrams in the fat graph literature; see Andersen, Bene and Penner [1] and Bene [4].
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4 Homology of the algebra

In this section we compute the homology H(A(Z)) of the algebras A(Z). We will
denote H(A(Z)) by H(Z). Like A(Z), H(Z) is graded by G'(Z). Specifically,
the degree (€, h) part of H(Z) is represented by cycles whose spin part is /, and
whose number of crossings is determined, up to an additive constant depending on the
one-chain and initial idempotent, by £; see Equation (3.1).

This calculation will be used later in proving functorial properties of bordered Heegaard
Floer homology (especially in showing that the identity diffeomorphism induces the
identity bimodule, Theorem 4). For the purpose of the following statement, recall that
if p e [4k], we let M (p) denote its corresponding equivalence class with respect to
the matching.

A

Figure 9: Illustration of the statement of Theorem 9: from left to right, we
have an algebra element whose homology class is ruled out by condition (2),
an algebra element whose homology class is ruled out by condition (3), and
two algebra elements representing the same homology class. In each case
only a portion of the matched circle is drawn.

Theorem 9 Let s,t be a pair of subsets of [2k]. The degree (£, h) part of I(s)-H(Z)-
1(¢) is trivial unless all of the following conditions hold:

(1) The homology class h is compatible with I(s) and I(t), in the sense of
Definition 3.4.

(2) The local multiplicities of h € H(Z,a) are 0 or 1.

(3) If p1, pa € a are matched points (so M(p1) = M (p2)), p1 € Int(supp(h)), and
p2 & Int(supp(h)), then M(py) ¢sNt.

(4) The Maslov degree £ is minimal among all algebra elements with associated
one-chain h.

Furthermore, for every (£, h), 1(s), and I(t) satisfying the conditions above, the degree
(€, h) partof I(s)-H-1(t) is 1 —-dimensional, and is represented by any crossingless
diagram of the correct grading.
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The above result can be used to calculate the ranks of the homology. For example,
by counting the spin® parts allowed in the above theorem, one finds that for the split
pointed matched circle for the surface of genus-two Zg,, H(Zp1) has total rank 164,
divided up according to the number of strands as follows:

> dim(H(Zgp. i) T'=T72+32.T7" +98+32.T' + T2,
i
On the other hand, if Z is the antipodal pointed matched circle for the surface of
genus-two then H(Z, 0) has rank 70, though the other ranks are the same; ie

D dim(H(Z.i)-T' =T +32-T7' +70+32-T + T
i

(so the total rank is 136). The different ranks here underscore the fact that the algebra is
really associated to a pointed matched circle, rather than its underlying surface. We shall,
however, see later that the derived categories of modules for different representatives
of the same surface are equivalent; cf Theorem 1.

4.1 Computing the homology
Before proving Theorem 9, we first study the (rather simple) homology of A(n, k).

Lemma 4.1 For § and T two subsets of {1, ...,n}, if the unique homology class
h € Hi(Z,a) satisfying oh = T — S has all nonnegative local multiplicities then
I1(S) - A(n,k) - I(T) is nonempty. If some local multiplicity is at least two, then
I1(S)-A(n,k)-I1(T) has dimension at least 2 (ie there is some element with a crossing
in it).

Proof If #=0,then S =T and we can take the element /(S). If /2 has nonnegative
local multiplicities, pick some maximal interval [, j] C Z with positive multiplicity,
connect 7 to j, and subtract 1 from all multiplicities in [i, j]. The result still has
nonnegative multiplicity and by induction we can find an element of A(n, k — 1) with
these multiplicities. When we add the first strand we get our desired element. If / has
multiplicity at least 2 anywhere, we will consider nested intervals in this procedure
and therefore construct an element of the strands algebra with a crossing. a

Proposition 4.2 For S and T two subsets of {1,...,n}, if I(S) - A(n,k)-I(T) is
1 —dimensional, so is its homology; otherwise the homology is 0.

Proof Each summand 7(S)-A(n,k)-I(T) has a well-defined induced one-chain /
with 0h =T — S . If I(S)-A(n,k)-I(T) is more than one-dimensional, it is easy to
see that at least one of following two conditions is satisfied:
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(1) Some element of S N T is in the interior of the support of /.
(2) The chain / has local multiplicity at least 2 at some point.

Thus, our goal is to show that if / satisfies either of the above two conditions then the
corresponding summand of A(n, k) is acyclic.

We start with case (1): suppose that i € § N T is contained in a part of the support
of h where the local multiplicity (both just above and just below i) is 1. (The other
possibilities in case (1) will be handled in case (2) below.) Then we define a map

H: I(S)-An,k)-I(T)— I(S)-A(n,k)-I(T)

as follows. Recall that the part of the algebra I(S) - A(n,k)- I(T) is spanned by
upward-veering maps ¢: S — T . Given such a map ¢, define H(¢) by

0 o) =i,

Py @) Fi¢(j)=1.

(Recall that for o a transposition, ¢, was defined in Section 3 and switches the roles
of the inputs 7 and j.)

H(¢)={

We claim that this map H is a nullhomotopy of the identity on this part of the algebra:
(4.3) doH+ Hod=1.

It suffices to verify this for generators ¢: § — T, with the same two cases as in the
definition of H':

e Suppose ¢(i) =i. Then, H(¢) = 0. Moreover, there is exactly one term in d¢
for which H does not vanish: it is the term corresponding to the resolution of the
horizontal strand at / with a unique strand corresponding to ¢(j) = k, where
j < i < k. (Note that this term is nonzero: since the local multiplicity of / at i
is one, the resolution of this crossing cannot introduce a new double-crossing.)
Of course, H applied to this resolution is ¢ ; thus we have verified (4.3) in this
case.

e Suppose there are k <i < j with ¢(i) = j and ¢ (k) = i. Now, terms in
0H (¢) and those in Hd(¢) pair off except for the single term in dH (¢)) where
we resolve the crossing in H(¢) which did not already appear in ¢. This term,
of course, gives ¢.

We have verified (4.3), and hence the homology of 1(S) - A(n, k) - I(T) is trivial in
this part of case (1).
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For case (2), we proceed similarly. Now, choose i so that the local multiplicity of /
just below 7 is 1 and the local multiplicity just above i is 2. Indeed, we can choose i
so that the local multiplicity of /4 at any point less than i is strictly less than 2. We
then let j denote the element of §' just below i. Since we have already considered
case (1), we can also assume without loss of generality that the local multiplicity of
h just below j is zero. Once again, we define a map H satisfying (4.3), by defining
H(¢) for ¢: S — T ; only now, the cases are slightly different:

0 ¢@) <o(j),
ba,j) o) <o(@).

We verity (4.3) for generators ¢: S — T . In either case, there is a strand s; starting
at i and a strand s; starting at j .

H(g) = {

e Suppose that ¢(i) <¢(j). Then H(¢p) =0, and there is exactly one term in d¢
for which H(¢) is nonzero, corresponding to the resolution of the crossing of s;
and s;j. (Again, the assumptions on the multiplicities guarantee that this term is
nonzero.)

e Suppose that ¢(i) > ¢(j). We divide the crossings in ¢ into two kinds: a
special crossing is a crossing of a strand s with s;, which has the property that s
also crosses s;. Any other crossing is said to be generic. If ¥ is a resolution
of ¢ at a generic crossing, then it is easy to see that ¥ (i) > ¥ (j), and hence
that the terms in H(d¢) which come from generic resolutions of ¢ cancel
corresponding terms in dH (¢). If i is a resolution of ¢ at a special crossing,
however, ¥ (i) < ¥ (j) and hence H(y) = 0. Likewise, the corresponding
terms in dH (¢) which are gotten by resolving the special crossings are also
zero, as these resolutions all introduce double-crossings in H(¢). Finally, there
is one leftover term in dH (¢) which does not appear in H(d¢), namely the
term gotten by resolving the crossing between s; and s; ; this gives ¢ back, as
desired.

This completes the proof of the proposition. a
Remark 4.4 We could alternately prove Proposition 4.2 by identifying 7(S)-A(n, k)-
I(T) with an interval in Hasse diagram of the Bruhat order of the symmetric group
on k letters, and applying the results of Bjorner and Wachs [6], which imply that such
an interval is acyclic if it has more than one element. The argument above can be

viewed as an explicit proof of this fact.

Proof of Theorem 9 We first prove the necessary hypotheses as stated.
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ey

(@)

3)

Without the compatibility condition, the degree (£, i) part of I(s)- A(Z)-I(t)
is trivial.

If the local multiplicity of /4 is negative anywhere, then the degree (x, /1) part of
1(s)- A(Z2)-1(t) is empty. Otherwise, suppose that the multiplicity of / is bigger
than 1 somewhere. Consider the filtration on I(s) - A(Z)- I(t) given by the
number of horizontal strands. The differential on A(Z) can decrease the number
of horizontal strands by at most one, in the case where we smooth a crossing with
a horizontal strand. We will show that the homology of the associated graded
complex C({, h, ) = P,,cz C(L, h,m) is zero. Here £ and / are the gradings
inherited from before, and m is the newly-introduced grading, which we think
of as the number of nonhorizontal strands. We claim that C(x, &, m) is nearly
identified with the corresponding subcomplex of A(4k, m). The complex is not
quite the same since we need to forbid horizontal strands; however, we can shift
down the endpoints on the right by one half unit, to obtain an embedding of
C(*,h,m) into I(S)- A8k, m)-I(T’) C A(8k, m) (where here T’ is gotten
from T by shifting down by one half). If /s has local multiplicity greater than
or equal to 2 somewhere, then so do the generators of 1(S)- A8k, m)-I(T’).
It follows from Lemma 4.1 that the dimension of I(S)- A(8k,m)-I(T’) is at
least two, and hence, by Proposition 4.2, that its homology is trivial.

Suppose not; then M (p;) is in both the initial and final idempotent. Modify
the filtration from case (2) by considering the filtration on I(s) - A(Z) - I(t)
given by the number of horizontal strands other than the one at py (if there is
one). Again we can identify the associated graded pieces with an appropriate
part of A(8k, m), where we shift all right endpoints other than p; down by half
a unit. (To see this identification, note that since p, ¢ Int(supp(/#)), there are
no crossings with the horizontal strand at p,.) If we delete p; from the initial
and final idempotent, by Lemma 4.1 we can construct an algebra element with
these endpoints in the corresponding summand of A(8k,m — 1). If we then
add a horizontal strand at p;, we introduce an element with a crossing (since
p1 € Int(supp(h))). It follows from Proposition 4.2 that the homology of this
piece is trivial.

If none of the other conditions apply, our homology class / consists of a disjoint
union of intervals with multiplicity 1, so that for every matched pair {p;, p,} thatis
contained in both s and ¢, either both of p; and p, are in Int(supp(%)) or neither
is. Let m be the number where both are. As before, consider the filtration by the
number of horizontal strands. In this case the filtration is actually a grading (which the
differential drops by one), since the only possible crossings are between nonhorizontal
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strands and horizontal strands. Then the complex I(s) - A(Z)- I(t) is isomorphic to
the standard complex for the m—dimensional hypercube, with the gradings matching
(up to an overall shift). In particular, there is a unique element in Hy (which is the
lowest Maslov grading), represented by any generator in this grading. Such a generator
corresponds to a crossingless matching. |

4.2 Massey products

Recall (Corollary 2.1.18) that one can endow H(Z) with an A, —structure so that
A(Z) is quasi-isomorphic to H(Z). As discussed in Section 2.1.3, while many of
the induced higher products on #(Z) are not entirely canonical, some of them are.
The aim of the present section is to show that the homology #H(Z) is generated by
canonically determined higher products of chords of length one, in a suitable sense.
This will have as a corollary a certain rigidity of the algebra (Proposition 4.7), which
will be useful for us in Section 8.1.

Proposition 4.1 Let { € H(Z) be a nontrivial, homogeneous homology class whose
support has length greater than one. Then there is some m > 1 and a Massey
admissible sequence (in the sense of Definition 2.1.21) of homogeneous elements
ai,...,0y € H(Z) with nonzero support with the property that { = (01, ..., 0Qm).

We will use the following technical lemma to ensure Massey admissibility.

Lemmad4.2 Let A= A(Z). Let oy, ...,an be a collection of homogeneous homol-
ogy classes in H, and choose homogeneous representing cycles ay, . .. ,am, . Suppose
that there are elements &; j € A defined for 1 <i < j < m so that:

e Fori=2,....m,&_1;=a;.
o d&ij =2 ick<jbik bk
e Foreach j >i+1, we have d§; j #0.

e For | <i < m, there is no algebra element whose support is [o1] + - -+ + [i]
and whose initial idempotent agrees with the initial idempotent of oy .

Then the associated homology classes o1, ..., a, form a Massey admissible sequence,
and moreover a - &y ,, represents [l (¢, ..., on) (for any choice of compatible [i; ).

Proof We wish to apply Lemma 2.1.22. When 1 <i < j <m, &; ; is a chain whose

grading is A-g(i + 1, j), where g(i, j) is the grading of ft; _;+1(c;, ..., c5). (We
write now A-g(i, j) in place of the g(i, j)+ 1 appearing in Definition 2.1.21, where the
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grading set was Z.) Since for 1 <i <i+1 < j <m the differential of d&; ; is nonzero
(by hypothesis), it follows from Theorem 9 that the homology group Hj.g(;+1,;) 18 0
forall 1 <i <i+1< j <m. Moreover, the final condition ensures that for 1 < j <m,
wi(ay, ..., o) =0 since in fact there is no algebra element in the appropriate grading.
Similarly, Hy.g(1,;) 18 0. Thus, ay, ..., a, is a Massey admissible sequence, and in
fact Lemma 2.1.22 applies (after we extend the &; ;’s above by setting £y ; = a; and
§,j =0for 1 < j <m). |

Before proving Proposition 4.1, we introduce some more terminology, and then some
further lemmas.

Let ¢ be an element of H(Z) supported in grading (¢, /). A point p in a is called
Sfully unoccupied if M (p) does not appear in either the initial or the final idempotent
of . A point p; in a is called fully internal if both p; and its mate p, are contained
in Int(supp(h)). It is called fully internal and unoccupied if p, is fully internal and
M (p1) is not contained in the initial (and hence also the terminal) idempotent.

Lemma 4.3 Suppose that ¢ is a nontrivial homology class in H(Z) supported in
degrees (£, h), and suppose that there is a point p which is fully internal and unoccupied.
Then, we have a Massey admissible sequence of m > 1 homology classes a1, ..., 0,
each of which has nontrivial support, with

é':ﬁm(als-"sam)

Proof According to Theorem 9, { can be represented by a single diagram (rather
than a formal sum of diagrams). Now, any representative for ¢ has some strand which
crosses p. In fact, we can find a representative for { with the property that on the
strand s through p, there are no points which are fully internal and occupied. We find
a representative a € A for ¢ with the property that all the other strands of ¢ become
stationary after the moment when s; hits p;, after which point only s; moves. See
Figure 10 for an illustration.

This provides a factorization (in A) a = by - by, where b; is the part of { before s
crosses p, and b, corresponds to the portion of s; starting at p (and whose initial
idempotent coincides with the terminal idempotent of 51). Our condition on the
strand s; ensures that b; is a cycle. By contrast, b, need not be a cycle: we can
break s; into m —1 segments by positions ¢, ..., ¢,—1, Where the ¢; are those points
in the interior of the support of s; but above p which are occupied but only partially
internal in b, . In order for ¢ to be homologically nontrivial, each ¢; must be matched
with some corresponding ¢; contained in the support of ;. The ¢; are necessarily in
the terminal but not initial idempotent of by, so that there is a strand in b; entering g;.
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Figure 10: Illustration of the proof of Lemma 4.3: we start with the cycle ¢,
which has a strand s; which crosses the position g4, which is fully internal
and unoccupied. The strand s; then crosses two other positions (g3 and ¢5)
which are matched with terminal points in ¢. Thus, factoring the portion of
the strand starting at g4 to the right, we obtain a factorization of ¢ into b; - b5,
where b, is not a cycle. The Massey factorization into a1, ..., a4 is shown
on the right.

(The ¢; are not in the interior of /, since the ¢; were not fully internal and occupied;
we will use this observation towards the end of the proof.) We label the ¢; with the
following conventions:

e g is the terminal point of the strand s .

e {q;} are ordered in the opposite order to the order they are encountered along s .

* dm=7P.

We construct cycles {a;}7_, as follows. Let a; = by. To define the other a;, note
that the terminal idempotent of b; has the form I(s), where s = 51 \ {M(¢1)}
and s includes all the M(g;). Now, for i = 2,...,m, the initial idempotent of a; is
s1\{M(g;—1)} and a; consists of a single moving strand, which is the portion of s
from ¢; to g;—;. Clearly, each a; is a cycle.

Now, define &; ; for 1 <i < j < m to be the algebra element obtained from the
substrand of s; which goes from ¢; to g;, and with initial idempotent I (s \{M(g;)}).
In particular for 2 <i <m, we have &_;; = a;. Any algebra element with support
[@1] 4+ -+ [a;] with i < m has some strand which starts at ¢;; but M(g;) is not in
the initial idempotent of ¢, so there are no such elements. (Here we are using the
fact that none of the ¢; was fully internal and occupied, as promised). Lemma 4.2
applies, showing o1, ..., &y, is Massey admissible, and further that iy, (¢, ..., 0n) =

ay-E1m =b1-by =[{]. o
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Lemma 4.4 Suppose that { is a nontrivial homology class in H(Z) supported in
degrees (£, h), and suppose that there is a point p in the interior of the support of
h which is matched with another point p’ on the boundary of the support. Then we
have a Massey admissible sequence of m > 1 homology classes o1, ..., 0y, each with
nontrivial support, with

§=mm(ar, ..., 0m).

Proof By hypothesis, M (p) occurs in either the initial or the terminal idempotent
of ¢, but not both. We focus first on the case where M (p) is in the initial idempotent.

As in the proof of Lemma 4.3, we find a strand s; which moves across p, and in fact,
we can find a representative of { so that no points which are fully internal and occupied
are encountered on that strand. We then find a representative a for { so that all the
other strands of @ are stationary after the moment where s; hits p.

As before, this gives a factorization a = by - b,, where b, corresponds to the substrand
of 57 starting at p. Once again, b; is a cycle. The strands picture for b, might have
some crossings, which are in one-to-one correspondence with points in the support
of 51 above p and which are matched with terminal points of b;. (Figure 10 can be
modified to give a picture of the present case: simply cut off the bottom-most length
one interval in the pointed matched circle, so that now ¢4 is matched with an initial
point of b;.) Our sequence ay,...,d, is now obtained by the same mechanism as in
the proof of Lemma 4.3.

The case where M (p) is in the terminal idempotent of ¢ follows similarly. In this case,
we find a representative for our strands so that all the strands of z are stationary until
the moment where s; hits p. This now gives a factorization z = b - b,, where by
corresponds to the substrand of s; starting at its initial point and going until p, and b,
consists of the rest of s and all other strands. Now, b, is a cycle. The strands picture
for b1 might have some crossings, which are in one-to-one correspondence with the
points in the support of §; after its initial point but before p. A slight modification to
Lemma 4.2 then applies. O

Lemma 4.5 Suppose that { is a nontrivial homology class in H(Z) supported in
degrees (€, h), and suppose that there is no point in the interior of the support of h which
is matched with either an initial or terminal point of {, or which is fully unoccupied.
Then, there is some terminal point which is not matched with any other point in the
support of h.

Proof Suppose on the contrary that every terminal point is matched with another
point in /. Since no point in the interior is matched with an initial or terminal point,
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it follows that each terminal point is matched with an initial point. Moreover, since
there are no fully unoccupied points, and ¢ is nontrivial, criterion (3) in Theorem 9
ensures every point in the interior of /4 is matched with another point in the interior
of /. Tt is now easy to see that the support of /& disconnects the one-manifold obtained
by doing surgery on the matched pairs in Z, contrary to the definition of a pointed
match circle. d

Proof of Proposition 4.1 Suppose ¢ € I(s)-H(Z)- I(t) is a nontrivial homology
class whose support has length greater than one. Let p; be any point in the interior of
the support of ¢, and let p, be the other point with M (p;) = M (p,). We have the
following cases:

o If M(p1)¢s Ut,then Lemma 4.3 provides the desired factorization.

e If p, is in the boundary of the support of ¢, then Lemma 4.4 provides the desired
factorization.

e If p, is not contained in the closure of the support of ¢, then but M (p;) € s Ut,
then this also forces M (p;) € s Nt (since p; is in the interior of the support
of ¢), which, in view of Theorem 9(3), contradicts the assumption that ¢ is
homologically nontrivial.

Thus, we can assume that every interior point is occupied in both initial and terminal
idempotents and is equivalent to some other point in the interior (ie it is fully internal
and occupied). Moreover, Lemma 4.5 ensures that there is a point p on the boundary
of the support which is not equivalent to any other point in the support of /. We assume
that p is an initial point; the case when it is a terminal point is similar.

Consider the point ¢ just above p. We have shown that it is in the terminal idempotent,
whether or not it is in the interior of the support; in any case, there is a representing
cycle a which contains a length one strand from p to ¢. We can factor this strand off
the right, so as to factor a as a product of two cycles. O

As a digression, the following is a corollary of the above proofs, showing that for the
split genus-k matched circle, Proposition 4.1 can be strengthened.

Corollary 4.6 For the split genus k matched circle Z,), H(Zsp1) is generated as an
algebra by homology classes of Reeb chords of length 1.

Proof Suppose first there is a point p; on the boundary of the support which is
matched with a point p, in the interior. Then, since the since the distance between p,
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and p, is two, there is a unique point ¢ in between them. We can factor off the chord
between p; and ¢ on one side or the other (depending on whether the idempotent of ¢
is occupied or not), so that the two factors are both cycles.

Otherwise, if Lemma 4.3 applies, the factorization of a into algebra elements b; - b, is
a factorization into cycles.

In the remaining case of Proposition 4.1 (when neither Lemma 4.3 nor Lemma 4.4

applies), we obtain a factorization into cycles as in the proof of Proposition 4.1. O

Aspects of Proposition 4.1 are illustrated in Figure 11. In particular, the second example
shows that A(Zp) is not formal when the genus is bigger than one, and the last example
shows that Corollary 4.6 is not true for the antipodal matched circle of genus 2.

Figure 11: Factorization in the algebra: on the left, we have exhibited an
element of the algebra for the split genus-two matched circle which cannot
be factored into length one chords; however, this is not a cycle. (Note also
that its differential cannot be written as a product of length one chords.) In
the middle, there are 4 algebra elements in the split genus-two case with a
well defined, nonzero Massey product, showing that the algebra is not formal.
On the right, we have exhibited a homology class for the antipodal pointed
matched circle which can be written as a Massey product, but not an ordinary
product, of Reeb chords of length 1.

Proposition 4.1 has the following consequence which will be used in the proof of
Theorem 4:

Proposition 4.7 Suppose that ¢: A(Z) — A(Z) is a G —graded Ay, morphism such
that ¢1(§) = & where & is any Reeb chord of length one. Then ¢, induces the identity

map on homology.

Proof Precomposing ¢ with the standard quasi-isomorphism f: H — A, we reduce
to the following statement: Let ¥: H — A be a morphism of Ay, —algebras with the
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property that for each length 1 chord &, (&) is a cycle representing the homology
class of &, then ¥; induces the identity map on homology; ie if ¢ is any homology
class, then ¥ (¢) is a cycle representing .

We prove this by induction on the total size of the support of ¢. Let ¢ be a nontrivial
homology class with support of size bigger than 1, and find a corresponding Massey
admissible sequence «q,...,0y so that { = um,(ay,..., o), where the support
of each «; is smaller than the support of {. Define & ; = ¥j_i(¢tj41,....}), s0
that &_1; = ¥1(;). By the inductive hypothesis, &_ ; is a cycle representing the
homology class «;. The Ay relation for i, together with Massey admissibility,
ensures that for (i, j) # (0,m),

déij= Y ik i
i<k<j
Lemma 2.1.22 ensures ) o _x <m £0.k - Ek.m 18 a cycle representing i, (@1, ..., 0n).
On the other hand, another application of the A, relation (and Massey admissibility)
gives
déom= D Eok Em+ V1 ([Em(@r. ... em)):;

O<k<m

ie Y1(O)=v1(@m(xy, ..., o)) represents the homology class (o1, ..., 0n)=¢. O

Remark 4.8 The above proof works, provided ¢ preserves the relevant notions of
homogeneity: ie it works whether ¢ is G- or G’'—graded. In the application (see
Section 8.1), we are interested in the case where ¢ is G —graded.

Remark 4.9 The Ay —structure on #(Z) is nilpotent (Definition 2.1.9), by the argu-
ment of Lemma 3.2.

4.3 A smaller model for A(Z2)

Let Z be a pointed matched circle. Of course, H(Z) is derived equivalent to A(Z).
Thus, for our purposes, we could always work with 4., —modules over this homology.
This has the advantage that the underlying algebra has smaller rank, but the disadvantage
that now one must always keep track of 4., operations. There is, however, a natural
intermediate level: there is a differential graded algebra A’(Z) which is a quotient
of A, but which is quasi-isomorphic to A.

Definition 4.1 Let Z C A(Z) denote the differential ideal generated by all algebra
elements which have local multiplicity greater than 1 somewhere.
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Proposition 4.2 The quotient map
A(Z) = A(2)]T = A (2)

is a quasi-isomorphism. Moreover, the map sending M + M ® Az) A'(2) induces
an equivalence of derived categories.

Proof The quasi-isomorphism statement is a direct consequence of Theorem 9(2).
The equivalence of derived categories statement follows; see Proposition 2.4.10 (or
indeed [5, Theorem 10.12.5.1]). O

In view of Proposition 4.2, we could with use A’(Z) in place of A(Z) throughout the
present paper. We chose not to do this for aesthetic reasons; but note that, for practical
calculations, it is indeed preferable to work in A'(Z).

S Bordered Heegaard diagrams

In this section, we extend the notion of a bordered Heegaard diagram of [21, Chapter 4]
to 3—manifolds with two boundary components. (The generalization to manifolds with
more than two boundary components is straightforward, and we mostly leave it to the
interested reader; see also Remark 5.7.) This generalization was first sketched in the
appendix to [21], which the reader may want to consult for a condensed treatment.

First, we recall the notion of strongly bordered three-manifolds with two boundary
components, introduced in Definition 1.3. We adapt the definition slightly, so that
borderings are specified by pointed matched circles, and give notation which will be
used later.

Definition 5.1 A strongly bordered three-manifold with two boundary components )
is a tuple

y - (Yv ZLv ALasz ¢L72R’ AR7ZR7¢R7 )/27 l)Z)7

where:

e Y is a compact, oriented three-manifold with two boundary components d; Y
and dgpY .

e Ay COdrY and Ar C dRY are preferred disks.

e z7 €dAL and zg € dA g are basepoints on the boundaries of the disks.
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e ¢1 and ¢ are homeomorphisms

¢L: (F(Z2L).Dr,zp) — (LY, Ap.z1),
®r: (F(ZR). DR.zR) — (0RY. AR, zR).

(Here, Dy, and Dp are the preferred disks in F(Zr) and F(ZR), equipped
with the basepoints z7, and zg coming from the pointed matched circles; see
Construction 3.2. In the interest of notational simplicity, we do not distinguish

the notation for the basepoints in the model surface from the preferred basepoints
on dY.)

e y;isapathin Y connecting zy to zg.

* v, is an isotopy class of nowhere vanishing normal vector fields to y, pointing
into Ay, at zy and into Ay at zg.

We wish to describe Heegaard diagrams which specify the above data. Before doing this,
we recall how we specify bordered three-manifolds (with one boundary component) by
diagrams.

Definition 5.2 A pointed bordered Heegaard diagram with one boundary component
is a quadruple H = (2, a, B, z), where X is a compact surface of genus g with one
boundary component; f is a g—tuple of pairwise disjoint curves in the interior X of X;

a’ of

&:{&?,,&gk,a(f,,ag_k}

is a collection of pairwise disjoint embedded arcs (the &) with boundary on 9% and
circles (the af) in the interior X of ¥; and z is a basepoint in X \ &?. We require
that &\ & and =\ B both be connected; this translates to the condition that the or—
(respectively B—) curves be linearly independent in H; (X, dX).

Given a bordered Heegaard diagram H = (X, a, B, z), the boundary X is a pointed
matched circle in a natural way, with @ = a“ N dX, M the matching pairing up the
endpoints of each @f, and z the basepoint z. We call this pointed matched circle Z(#).

Construction 5.3 A pointed bordered Heegaard diagram H with one boundary com-
ponent specifies a 3—manifold Y (#) with one boundary component as follows:

(1) Thicken X to = x [0, 1].
(2) Attach three-dimensional two-handles along the a—circles in > x {0}.

(3) Attach three-dimensional two-handles along the S—circles in X x {1}.
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©
@

Figure 12: A pointed bordered Heegaard diagram and the associated 3—
manifold: the picture on the left is a Heegaard diagram for the bordered solid
torus shown on the right. The shaded part of the boundary is F°(Z(H)).

A parameterization of the boundary is specified as follows. Consider the graph
(@® U (3 \ nbd(z))) x {0} C T x {0},

thought of as a subset of Y . The closure F° of a neighborhood of this graph is naturally
identified with the surface-with-boundary F°(Z(#)) associated to the pointed matched
circle Z(H). (This identification reverses orientation with our orientation conventions.
Note that this neighborhood of the «—arcs is orientation-reversing homeomorphic to a
portion of dY (), so that the orientation of F°(Z(H)) agrees with the orientation of
dY (H).) The deleted neighborhood of z is an interval with endpoints z_ and z4, and
we can take either of them (say, z4 ) as corresponding to the basepoint on the boundary.
The complement of F° in dY is a disk. See Figure 12.

Thus fortified, we turn to the two boundary component case.

Definition 5.4 An arced bordered Heegaard diagram with two boundary components
is a quadruple (X, &, 8, z) where:

. f]g is a compact surface of genus g with two boundary components, d7
and 0gX.

e B isa g-tuple of pairwise disjoint curves in the interior ¥ of X.
e « is a collection

—a,L —a,R
o o of

__{—a,L —a,L —a,R —a,R ’ ¢ c }
@ ={a],.0aT0adg ,
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is a collection of pairwise disjoint embedded arcs with boundary on 97X
(the &i"’L ), arcs with boundary on dg X (the &i"’R ), and circles (the o ) in the
interior ¥ of X.

e zisapathin =\ (@ Up) between ;% and IgX.
These are required to satisfy:

e X \& and T\ B are connected.

e « intersects B transversely.

An arced bordered Heegaard diagram #H with two boundary components specifies two
pointed matched circles

ZI(H) = (aLi,&“’L N aLi, My, zN aLi),
ZR(H) = (ORE, @R NS, Mg, zNdgY),

where M (respectively M g) is the pairing matching the endpoints of each arc in &f’L

(respectively o R,
() P ()
7 ( ¢ - )
& Vo
o) N4
& (@)
~ N7
N (D)
) Z/
Z4 u z @
— L )
\/ - \_/

Figure 13: Drilling Heegaard diagrams: on the left, we have an arced bor-
dered Heegaard diagram H for T?x [0, 1]; on the right, we have the result H g,
of drilling the tunnel z from H, a bordered Heegaard diagram with a single
boundary component.

Definition 5.5 Given an arced bordered Heegaard diagram H = (., &, 8, z) with two
boundary components, there is a bordered Heegaard diagram Hg4 with one boundary
component, obtained by deleting a neighborhood of the arc z from X. The boundary
of the deleted neighborhood of z consists of two disjoint pushoffs z and z_ of z,
and 9% 4, is

(. \nbd(zz))U (3gZ \ nbd(zg))Uz; Uz_.
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We can equally well choose to put the basepoint of Hg; on z4 or on z_. We will call
these two choices of basepoint z4 and z_ respectively. For either of these choices,
we call the pointed bordered Heegaard diagram Hg4, a diagram obtained from # by
drilling. Note that Z(Hgq,) is the pointed matched circle Zr (H) # Zr(H).

We will use the notation Hg;» to denote the doubly pointed Heegaard diagram obtained
by viewing both z4 and z_ as basepoints of the drilled diagram.

See Figure 13 for an illustration of the drilling construction on Heegaard diagrams.

Construction 5.6 An arced bordered Heegaard diagram with two boundary compo-
nents in the sense of Definition 5.4 gives rise to a strongly bordered three-manifold in
the sense of Definition 5.1, as follows. Let Hg4; be the Heegaard diagram obtained from
‘H by drilling (Definition 5.5). The boundary of Y (#g4,) is decomposed as a connect
sum F(Z1)# F(Zg). We attach a three-dimensional two-handle along the connect
sum annulus to obtain Y. To see the other structure, we perform this construction with
more care. The boundary of Y (#4,) consists of three pieces:

¢ A neighborhood of the graph
(@4 U (3L T \ nbd(z1))) x {0} C T x {0},

whose closure is identified in an orientation-reversing way with F°(Zg), which
we denote Fy . (Note that F) contains the basepoint ZZ_ on its boundary.)

¢ A neighborhood of the graph
@k U (BT \ nbd(zg))) x {0} C  x {0},

whose closure is identified in an orientation reversing way with Fp := F°(ZR).
(Note that F} contains the basepoint 21’; on its boundary.)

e An annulus A, equipped with a path zT connecting ZZ_ to z; (this is the

path zy on the boundary of £4, = X4, x {0}, thought of as a subset of the
boundary of Y (Hqr).)

Now, we attach a three-dimensional two-handle to Y (#Hq4;) along the annulus A. More
precisely, let A be a two-dimensional disk. We glue A x [0, 1] to Y (Hgq,), identifying
(0A) x [0, 1] with the annulus A, so that (0A) x {0} is glued to the boundary of F7,
while A x {1} is glued to the boundary of Fy. Let Ay = Ax{0} and Ag = A x {1}.
It is easy to see that this gives a three-manifold homeomorphic to Y . Moreover, in this
model, the boundary of Y consists of the disjoint union of F; UAr and Fp U Ag,
and Ay, and A g respectively contain ZZL and Z; on their boundary. Our preferred
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disks are Ay and Apg, and their basepoints are ZZF and Z}Jg. The homeomorphisms ¢y,
and ¢ are supplied by the pointed matched circles. The arc y, is supplied by z,
which in turn gives a path on (dA) x [0, 1]. The framing is specified so as to point into
A x {t} for each ¢ € [0, 1]. See Figure 14.

[ [

Figure 14: Constructing a bordered 3—manifold with two boundary compo-
nents from an arced bordered Heegaard diagram: the Heegaard diagram on
the left represents an elementary cobordism from the genus-two surface to the
genus-one surface. The lightly shaded region on the right picture is F°(drH)
(a surface of genus-two), while the darkly shaded one is F°(dg#H) (a surface
of genus-one). There is a 2—handle attached along the thick (green) curve.

We call the data (Y, Ar,zr, AR, zZR,¢r, ®R, yz) from Construction 5.6 the strongly
bordered 3—manifold associated to the arced bordered diagram 7. We will often abuse
notation and use Y or 4, Yy, or z, Yz, to denote all the data of a strongly bordered
3—manifold (depending on which pieces we want to emphasize).

Remark 5.7 In the case of strongly bordered Heegaard diagrams with more than
two boundary components, one replaces the arc z with a tree (or, as a special case, a

sequence of arcs) connecting the various boundary components.

There is an inverse to the drilling construction, filling, defined as follows.
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Definition 5.8 Let Hy, = (X, &, B, z1) be a pointed bordered Heegaard diagram with
one boundary component. Let z_ be another point in 9%, and suppose that, writing
dX \ {z4,z_} = I 1I Ig, there are no a—arcs running between I; and Ig. Then
{z4,z_} decomposes Z(Hg;) as a connect sum, Z(Hq,) = Z1 # Zg. Attaching a band
(two-dimensional one-handle) to Hg4, between z4 and z_ gives a Heegaard diagram
H 5 with two boundary components, with d.H y = Z; and dgH y = ZR.

The three-manifold Y (# f) is obtained from Y (#q;) by attaching a 3—dimensional
2-handle to dY (Hq;) along the connect sum curve.

5.1 Arced bordered Heegaard diagrams

We can use the drilling construction to rephrase questions about arced bordered Hee-
gaard diagrams with two boundary components in terms of ordinary (one boundary
component) bordered three-manifolds. For example, we have the following:

Definition 5.1 Let #H be an arced bordered Heegaard diagram.

e A generator of H is a generator of Hg.. We let G(7) denote the set of generators
of H.

e Given generators x,y € G(H), the set of domains connecting x and y,
my(x, y), is the set of domains in Hg, connecting x to y that do not cross
either z or z_. We view domains as linear combinations of components of
¥\ (¢ UB). Recall that 3?(B) denotes the intersection of B with 9.

o Let 7123 (x,p)={B e m(x,y)|3°B =0}. These are the provincial domains
from x to y.
There are natural isomorphisms

mo(x, x) = Hy(Y(H),0Y (H)),
73 (x, %) = Hy(Yar(H)),
corresponding to [21, Lemmas 4.18 and 4.20].

e  We call elements of 75 (x, x) periodic domains.

¢ The arced bordered Heegaard diagram with two boundary components # is
called admissible (respectively provincially admissible) if the associated drilled
Heegaard diagram 4., is admissible (respectively provincially admissible) in
the sense of [21, Definition 4.24] (respectively [21, Definition 4.23]), ie if every
nontrivial periodic domain (respectively provincial periodic domain) of # has
both positive and negative coefficients.
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Proposition 5.2 Any strongly bordered three-manifold with two boundary compo-
nents comes from an admissible arced bordered Heegaard diagram with two boundary
components.

Proof Choose a bordered Heegaard diagram for the bordered three-manifold (with one
boundary component) Y \ nbd(y;). This can be done according to [21, Lemma 4.9];
moreover, it can be made admissible by [21, Proposition 4.10]. (Note that admissibility
with only one basepoint which is gotten from [21, Proposition 4.10] is slightly stronger
than the admissibility we require here.) The filling construction of Definition 5.8 then
produces the desired diagram for Y. O

Proposition 5.3 If 1 and H' specify the same strongly bordered 3—manifold then H
and H' are related by a sequence of the following moves:

e Isotopies of the a— and 8 —curves.
e Handleslides among the « —circles and among the 8 —circles.
e Handleslides of an o —arc over an o —circle.

e Stabilizations of the diagram.

Moreover, if H and H' are admissible (respectively provincially admissible) then the
moves can be chosen so that all intermediate diagrams are admissible (respectively
provincially admissible).

Proof Suppose H and H’ are provincially admissible and specify the same strongly
bordered 3—manifold. Then Hq, and #. specify the same bordered three-manifold
(with one boundary component). Thus, Hq: and #),. can be connected by a sequence
of provincially admissible Heegaard moves which do not cross either of the basepoints,
as in [21, Propositions 4.10 and 4.25]. Filling all the diagrams, we obtain the desired
sequence connecting H to H’'.

The case when H and H' are admissible is similar, except that H4, and A} are not
necessarily admissible, as there may be periodic domains with positive coefficients
crossing the extra basepoint (say z_, if z4 was the basepoint for H). The doubly-
pointed diagrams Hg,» and 7—[3 -, are admissible (in the obvious sense), and [21, Propo-
sitions 4.10 and 4.25] adapt easily to the doubly-pointed case. O

We call two diagrams which are related by the moves of Proposition 5.3 equivalent.

In the case of 3—manifolds with two boundary components, we can refine some
of the notions related to domains. Given a domain B, BiB (respectively B%B)
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denote the intersection of B with 97 X (respectively dgX). Let nzaL (x,y)=1{4¢€
my(x,y)| 8iA =0} denote the set of left-provincial domains connecting x and y , and
Jrg R(x,y)={Aem(x,y)]| 8‘33A = 0} the set of right-provincial domains connecting
x and y. Itis easy to show that

7yt (x, ) = Hy(Y (M), 0gY (H)),
wIR(x,x) = Hy(Y(H), 8L Y (H)).

Definition 5.4 An arced bordered Heegaard diagram H with two boundary compo-
nents is called left (respectively right) admissible if every nontrivial right-provincial
(respectively left-provincial) periodic domain has both positive and negative coefficients.

It is easy to show that Proposition 5.3 still holds if one replaces “admissible” by “left
admissible” or “right admissible”.

Lemma 5.5 The Heegaard diagram H is left (respectively right) admissible if and only
if there is an area form on X with respect to which every right-provincial (respectively
left-provincial) periodic domain has signed area 0. The diagram H is admissible if and
only if there is an area form on % with respect to which every periodic domain has
signed area 0.

Proof The proof is exactly the same as the proof of [21, Lemma 4.26], which in turn
is the same as the proof of the second author and Szabé [29, Lemma 4.12]. O

Note that

admissible = left or right admissible
= left and right admissible = provincially admissible.

All of these implications are strict.

Finally we discuss how spin®—structures on manifolds with two boundary components
relate to arced, bordered Heegaard diagrams.

Before doing this, we recall some generalities (see [28]). Suppose that M is a three-
manifold, equipped with an oriented, nullhomologous knot C. Then, there is a notion
of relative spin® structures, denoted spin®(M, C). These are defined to be spin®
structures on the zero-surgery manifoFMo(C ). If C is equipped with a Seifert
surface F, there is an identification

spin® (M, C) = spin“(M) ® Z.
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The projection onto Z is gotten by
s+ 3{ei(e), F),

where F is gotten by closing off F in My(C). This projection to Z is called the
Alexander grading on relative spin® structures.

Let ) be a strongly bordered 3-manifold with two boundary components specified by
an arced bordered Heegaard diagram Y. A meridian C of y, C Y specifies a knot K
in Ygr = Y (Hqr). This knot is nullhomologous. Indeed, the surface F°(ZgY) provides
a natural choice of Seifert surface for K (and in particular an orientation for K).

Lemma 5.6 There is a natural identification spin‘(Yq, K) = spin®(Y). Under this
identification, the Alexander grading of s corresponds to the evaluation of the corre-
sponding spin® structure on dgY .

Proof Let Y’ denote zero-surgery on Yy along K. It is easy to see that Y’ is
naturally identified with the three-manifold obtained from Y by attaching a one-
handle to its boundary connecting the left and right basepoints. The identification
spin® Yy, K) = spin®(Y") follows at once. Under this identification, dgY is clearly
mologous to the capped-off Seifert surface. |

As in [28], an oriented knot is specified by a Heegaard diagram with two (ordered)
basepoints z4 and z_ (denoted w and z in [28]). The oriented knot in the three-
manifold is specified as follows: draw an arc from z_ to z4 which crosses only
B —circles, and then close this up by drawing an arc from z4 to z— which crosses only
a—circles. (It might be necessary to push the two arcs into the two handlebodies to
make the knot be embedded.)

Lemma 5.7 The Heegaard diagram Hg» is a doubly-pointed bordered Heegaard
diagram for (Yg;, K), where K is oriented as the boundary of F°(ZgY).

Proof Let y be a path in ¥4, connecting z4 to z— in the complement of the o—
curves and 1 a path in X4, connecting z_ to z4 in the complement of the §—circles.
Then the pushoff of y U n is the knot specified by Hg». We can choose y to lie in a
neighborhood of the ar®—arcs and 7 to lie near dg =4, and cross only a®—arcs. Then
it is clear that y U 7 is isotopic to =K. With our orientation conventions, if we wish
for K to be oriented as the boundary of F°(Zg), then we order z4+ and z_ so that
the arc from z4 to z— in Z(Yg;) (with its induced orientation) contains the matched
pairs for Zg. (Equivalently, if we think of the arc z in H connecting d; H to dgH
as running left to right, then z is gotten by translating z upwards in A, and z_ is
gotten by pushing it down.) |
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Definition 5.8 We can define amap s: S(H) — spin®(Y) as follows. View x € S(H)
as a generator for S(Hg,), let s(x) denote its corresponding relative spin® structure,
and then let s(x) be the corresponding spin® structure in spin(Y’), according to the
equivalence of Lemma 5.6. Let

G(H,s5) ={x € 6(H) | s(x) = s}.
Lemma 5.9 Given x,y € 6G(H), we have m,(x, y) # & if and only if s(x) = s(y).

Proof In view of Lemma 5.6, this statement is equivalent to the corresponding state-
ment for knot Floer homology (see [28, Section 2.3; 29, Sections 2.4 and 2.6]). Recall
that this is proved first by constructing a difference element e€(x, y) € Hy (Y4 \C, 0Y4;)
for x, y € G(H) (which vanishes if and only if 75(x, y) is nonempty), and then
showing that s(y) = s(x) + PD(e(x, y)). O

As noted in the discussion of the Alexander grading above, there is a restriction map
spin€(Y) — spin®(dgY) = Z. We will see in the proof of Theorem 14 in Section 7
that this restriction map is closely related to the strands grading on the algebra.

5.2 Gluing Heegaard diagrams
In Section 7, we will see how bordered Floer homology groups transform under three

gluing operations one can perform on bordered three-manifolds.

The first of these gluing operations glues a bordered three-manifold with one boundary
component to one with two boundary components.

Construction 5.1 Suppose Y is a bordered three-manifold with one boundary compo-
nent whose parameterization is specified by a homeomorphism ¢: F(Z) — dY, and
let Y/ be a strongly bordered three-manifold with two boundary components d;, Y’
and dgY’ with parameterizations specified by

¢ F(Z1)—>0LY', ¢ F(ZR) — dgY’.
Suppose moreover that Z = —Z; . Then we can form the bordered three-manifold
Y oy Us LY’ Y /,

which is obtained by gluing Y to Y’ via the identification of dY with —dy Y’ given
by ¢} o ¢~!. (Note that for the purpose of this definition, we do not need Y’ to be
strongly bordered, just bordered; however, in our applications Y’ will be equipped
with this extra data.)
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The second of these gluing operations glues two strongly bordered three-manifolds
with two boundary components.

Construction 5.2 Fix two strongly bordered three-manifolds with two boundary
components

/ 4 / / / / / / / / /
(Y ’ZL’AL’ZL’¢L’ZR5AR9ZR’¢R’J/27U2)1

" 1 " " " 1 " 4 " 4 i
(Y™, 20, AL 21, b, ZR AR: 2R @R V20 V2)-

Suppose moreover that Z = —Z;. Then we can form a new strongly bordered
three-manifold with two boundary components. The underlying three-manifold is

Y/” - Y, aRY/UaLY” Y//,

gotten by gluing dgY’ to 9L Y" via ¢ o (¢%5)~". The path y" is gotten by connect-
ing y. to y!. Framings are obtained similarly.

The third gluing operation is a kind of self-gluing.

Construction 5.3 Suppose that

(Y9 ZL9AL92L9¢L’ZR9 AszR’ ¢R9 VZ’ ‘)Z)

is a strongly bordered three-manifold with two boundary components; and suppose
moreover that Z; = —Zpg. Then identifying the two boundary components of Y
together, we obtain a new three-manifold which is equipped with a framed knot, gotten
by gluing up the framed arc y,. Performing surgery on this framed knot in the self-
glued three-manifold, we obtain a new three-manifold denoted (Y °, K), equipped with
aknot K gotten as the core of the surgery torus. We call (Y °, K) the generalized open
book associated to the strongly bordered three-manifold Y .

The justification for this terminology is the following. If we consider a strongly based
mapping class ¢: F°(Z) — F°(Z), there is an associated strongly bordered three-
manifold My whose underlying topological space is [0, 1] x F(Z), parameterized by
the identity on one boundary and (the map on the closed surface induced by) ¢ on the
other; see Construction 5.2 and Lemma 5.6. The associated three-manifold (Y °, K)
gotten as above is classically known as the open book associated to ¢.

On the level of Heegaard diagrams, the three gluing operations can be described as
follows.

Let H = (X, a,B,z) be a pointed bordered Heegaard diagram with one boundary
component, and H' = (X', &/, B, z’) an arced bordered Heegaard diagram with two
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boundary components. Suppose that the pointed matched circle Z(#) associated to H
is the orientation reverse —Zy (H') of the left pointed matched circle associated to H'.
Then gluing the boundary of H to the left boundary of ' we obtain a new pointed
bordered Heegaard diagram

H Uy, H=(Z aUa, 2/,0t3U3L o, BUB, IgZ).

Similarly, if H” is another arced bordered Heegaard diagram with two boundary
components, such that Zy (H"”) = —Zg(#H’) then we can glue H” to H' to get

/ " / 7, Y, "o 7
H 9.Us, H' = (X 5,Us, " 'y, Uy, o, BUB", 2" 5,Uy, 27).

Lemma 5.4 With notation from above, gluing bordered Heegaard diagrams corre-
sponds to gluing bordered three-manifolds as follows:

Y(H Uy, H') =Y (H) Uy, op—1 Y (),
Y(H Uy, H') =Y (H) Uy o(gl)~! Y(H").

Proof This is straightforward. |

Finally, we have the following construction mirroring Construction 5.3 on the level of
Heegaard diagrams:

Construction 5.5 Suppose that # is an arced bordered Heegaard diagram with two
boundary components such that Z; H = —Zg#H. Then we can glue d; H to dgH. The
result is a closed surface =5 of genus g+ 1 with g a—circles and g B—circles, as well
as a closed curve z° corresponding to the arc z. Place basepoints z4 and z_ on the
two sides of z°, and then surger out the arc z° from X5 . The result is a doubly-pointed
Heegaard diagram H° = (2°, &°, B°, z+, z—), which we call the self-glued diagram
associated to H.

Lemma 5.6 The self-glued diagram H° of Construction 5.5 represents the gen-
eralized open book associated to the strongly bordered three-manifold (Y°, K) of
Construction 5.3.

Proof This is straightforward; see also Lemma 5.7. |
Next, we discuss how the gluing constructions interact with the admissibility hypotheses.

Lemma 5.7 Let H; and H, be arced bordered Heegaard diagrams with two boundary
components, such that Zgr(H1) = —2p(H2). Let H = Hy 5,Us, Ho. If Hy is right
admissible and H, is provincially admissible, or if H1 is provincially admissible and
‘H, is left admissible, then H is provincially admissible. Moreover:
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(1) If H, and H, are both left admissible (respectively right admissible) then H is
left admissible (respectively right admissible).

(2) If H,y (respectively H, ) is admissible then H is left admissible (respectively
right admissible).

(3) If Hq (respectively H, ) is admissible and H, (respectively Hy ) is right admis-
sible (respectively left admissible) then H is admissible.

The obvious analogues hold in the case that H; has only one boundary component.
(Many of the statements become the same in this case.)

Proof We will discuss the case that #; is right admissible and #, is provincially
admissible, and the case that both #; and H, are left admissible; the other cases are
similar.

Suppose H; is right admissible. If P is a nontrivial provincial periodic domain in #
then P N#H, is a left-provincial periodic domain in #;. Hence either P N has
both positive and negative coefficients or P N #H, is the trivial domain. In the latter
case, P NH, is a provincial periodic domain, and hence has both positive and negative
coefficients. In either case, P has both positive and negative coefficients.

Similarly, suppose #; and #, are both left admissible. If P is a nontrivial right-
provincial periodic domain in A then P N%H; is a right-provincial periodic domain
in #H,, and hence either has both positive and negative coefficients or is trivial. In the
latter case, P N7y is a nontrivial right-provincial periodic domain in #;, and hence
has both positive and negative coefficients. |

We say a doubly-pointed Heegaard diagram is admissible if all periodic domains (ie
domains which miss both basepoints) have both positive and negative local multiplicities.
This is the condition required to define knot Floer homology using the given Heegaard
diagram. (It corresponds to weakly admissibility for all spin® structures for singly-
pointed Heegaard diagrams, in the sense of [29, Definition 4.10].)

Lemma 5.8 Let H denote an arced bordered Heegaard diagram with two boundary
components and such that Zy (H) = —Zg(#). Suppose that H is admissible. Then
the doubly-pointed Heegaard diagram H° is admissible.

Proof Note that the set of periodic domains in #° is a subset of the set of periodic
domains in #. By Lemma 5.5, we can find an area form on S with respect to which
any periodic domain has signed area zero. This induces an area form on X° with the
corresponding property. |
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5.3 Bordered Heegaard diagrams for surface diffeomorphisms

Definition 5.1 Given a bordered 3-manifold (Y, ) (where ¥: F(Z) — dY) and
$eMCGy(Z, 2'),let (Y, ) denote the bordered 3—manifold (Y, o), the result
of twisting the parameterization of the boundary by ¢. This has a natural extension to
strongly bordered three-manifolds as well: given a strongly bordered three-manifold
v Yy Where Yp: F(ZR) — 0RY, and ¢ € MCGo(ZR, Z%), let ¢(y, Yy ) be the
strongly bordered three-manifold (y, Yy .0p-1)-

When considering the above action of the mapping class group on bordered three-
manifolds, the following strongly bordered 3—manifolds arise naturally:

Construction 5.2 Fix pointed matched circles Zy and Zg, and a strongly based
mapping class ¢: (F(Zr), Dr,zr)— (F(ZR), DR, zg). We can form a corresponding
strongly bordered three-manifold with Y = [0, 1] x F(Zg), dpY = {0} x —F(ZR),
IRY = {1} x F(2ZR), AL = {0} x DR, yL = {0} x —¢, Ag = {1} x D, Yr =
{1} x I, y, =[0,1] x {zr}. We call it the mapping cylinder of ¢, and denote the
resulting arced bordered three-manifold by ([0, 1] x F(Zg))y or simply M. Note
that 8LM¢ =—-F(Z1).

Remark 5.3 In general, for two topological spaces X and Y and a map ¢p: X — Y,
the mapping cylinder of ¢ is the quotient space

My = ([0, 1]x X ILY)/((1. x) ~ ¢(x)).
equipped with maps
V. X —> My, YR Y — My,
Yr(x) =0xx,  Yr(y)=y.

This definition works for arbitrary maps ¢ and, for instance, gives a CW complex
if X and Y are CW complexes and ¢ is a cellular map. In the case when ¢ is a
homeomorphism, the above space is equivalent to [0, 1] x X with ¥; = {0} x Iy and
Vg = {1} x ¢, which in turn is equivalent to [0, 1] x ¥ with ¥; = {0} x ¢ and
Yr={1}xIy.

Lemma 5.4 Any strongly bordered 3—manifold Y whose underlying space can be
identified with a product of a surface with an interval (so that y; is identified with the
product of a point with the interval, respecting the framing) is of the form My for
some choice of strongly based mapping class ¢ . Moreover, two such strongly bordered
three-manifolds are isomorphic if and only if they represent the same strongly based
mapping class.
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Proof Suppose that , Yy, . is a strongly bordered three-manifold whose underlying
space is homeomorphic to the product of a surface with an interval. To keep orientations
consistent, let F(Zr) =—0r(Y) and F(Zg) = dg(Y). We extract a strongly based
mapping class ¢ e MCGy(F(ZL), F(ZR)) as follows. Fix a diffeomorphism ®: [0, 1]x
F(ZR) — Y so that the following hold:

* DlixF(zr) = VR-
o O(0,1]xzg) =yz.
s O({0}xDR)=ApL.
e O({1}xDg) = Ag.

e The normal vector v, is never tangent to ®([0, 1] x dDg).

We then define

¢ = (Plioyxr(zp) ' o (=VL): F(ZL(H)) — F(Zr(H)).

Then ® provides an isomorphism between Y and the strongly bordered three-manifold
¢(0.1]x F(Zr))1-

Next, we claim that the strongly based mapping class of ¢ is independent of the
choices made. Indeed, if ®': [0, 1] x F(Zg) — Y is an alternate choice of ®, then
@~ ' o @’ is a pseudoisotopy from (P|oyx F(zz)) ' © ¥ |{0x F(z) to the identity map.
(A pseudoisotopy between two self-diffeomorphisms fy and f; of a closed manifold
M is a self-diffeomorphism of [0, 1] x M that restricts to fy on {0} x M and f; on
{1} x M .) Since the equivalence relations induced by pseudoisotopy and isotopy agree
in dimension 2,* it follows that

(PlioyxFzg)) o (=) and (®|jyxr(zp) " o (VL)

are isotopic, as desired. O

These three-manifolds encode the action of the mapping class group on bordered
three-manifolds, in the following sense.

Lemma 5.5 Fix a strongly based diffeomorphism ¢: F(Z) — F(Z'). The associated
strongly bordered three-manifold My has the following properties:

4Proof: if a map ¢ is pseudoisotopic (concordant) to the identity then, in particular, ¢ is homotopic to
the identity. But homotopic homeomorphisms of surfaces are isotopic.
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(1) If (Y,v) is a bordered three-manifold, where ¥: F(Z) — 0Y is a strongly

based mapping class, then ¢ (Y, ) is obtained by gluing Y and My,
P(Y. ) =Y yyUs, My,
canonically.

(2) If y, Yy, is a strongly bordered three-manifold with two boundary compo-
nents, where Y g: F(Zg) — 0RrY and Z = Zg, then ¢(y, Yy ) is obtained by
gluing Y and My along drY ,

¢(¢L YWR) = (1/fL YWR) arYa, My,
canonically.

(3) Given another strongly based diffeomorphism ¢’: F(Z') — F(Z"), we have
that Mo is obtained from gluing

Myrop = My, Ua, My
canonically.

Proof It is straightforward to construct the isomorphism realizing properties (1) and (2).
Property (3) follows from property (2), as

¢'(Mg) = ¢'(4(0. 1] x F(2")1)
= 50, 1]x F(Z)) (g1
= g0 (0. 11 X F(2"))1
= Myop-

This concludes the proof. a
Similarly, for self gluing, we have:

Lemma 5.6 Let ¢: F(Z) — F(Z) be a strongly based ditfeomorphism. Then the
generalized open book associated to My (Construction 5.3) agrees with the open book
associated to ¢ (with the orientation conventions from Geiges [10, Section 4.4.2] or
Etnyre [8, Section 2], say).

Proof The open book associated to ¢ is given by

(1, x) ~(0,9(x))
([0, 1] X (F(Z) \ A)) / ((Z,X) ~ (l‘,,X) for x € 8A) ’

which agrees with the conventions from Construction 5.3. O
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In the sequel, we will find it convenient to reformulate the above properties in terms of
Heegaard diagrams.

Definition 5.7 Fix a strongly based mapping class ¢. We say that a Heegaard diagram
‘H represents ¢ if its underlying three-manifold Y (#) is homeomorphic (respecting
the marking) to the mapping cylinder My of Construction 5.2.

Lemma 5.8 If H and H' represent the same element ¢ € MCGy(F(ZL), F(ZR))
then H and H' are equivalent.

Proof By Proposition 5.3, it suffices to show that Y (#) and Y (#’) are isomorphic
strongly bordered 3—manifolds. But this follows from Lemma 5.4. O

Lemma 5.9 Fix strongly bordered mapping classes ¢ € MCGo(F(Z2), F(Z')) and
¥ € MCGo(F(2'), F(2")), and let "4 and H,, be Heegaard diagrams representing ¢
and v respectively. Then the union (Hg) 5,Us, (Hy) is a Heegaard diagram which
represents the composite ¥ o ¢.

Proof This follows from Lemma 5.4 and part (3) of Lemma 5.5. O

It will be useful to have an explicit construction of a Heegaard diagram associated to a
strongly based mapping class ¢.

Let Z be a pointed matched circle. Consider the product of the circle and an interval,
[0,1] x Z. Attach one-handles to {1} x Z as specified by the matching. For each
pair p; and ¢; on the pointed matched circle which are matched (ie with M (p;) = ¢;)
we run an arc a; through the one-handle and extend a; as {p;, ¢;} x [0, 1] through the
annulus [0, 1] x Z, so that its boundary lies on {0} x Z. This gives a surface-with-
boundary Fy which is homeomorphic to the surface F(Z) with two disks removed, and
which is equipped with 2k arcs {ay,...,ayr}. Equip Fo with an additional 2k arcs
{b1,...,by}, which are chosen so that the arc b; is contained in the i™ one-handle
attached to the original annulus, and is dual to ¢;. (That is, b; meets a; in a single,
transverse intersection point, and is disjoint from all the a; with i # j.) The boundary
of Fy has two components, one of which contains all the endpoints of the b;, which we
denote dp Fy, and the other which contains all the endpoints of the ;. The basepoint in
the pointed matched circle equips F with an arc ¢ which connects the two boundary
components of Fy. See Figure 15 on the left.

Now, let Fy be another copy of F, with orientation reversed, equipped with curves
{5,-}1.2"1 and {bi}l.zi ;- Let X be the surface with two boundary components, obtained
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from Fo11 Fy, by identifying 5 Fy with dp Fy in such a manner that the boundary of b;
is identified with the boundary of b, and the 3 F, boundary point of ¢ is identified
with the corresponding boundary point of § The surface ¥ comes with 4k arcs oza L
and oz @R given by oz al _ =a; and oz @R _ =a;. The surface ¥ also comes with 2k 01rcles
Bi —b U b; andonemorearc z —CUC Then (X, a ,...,a’z’]f,ﬁl,...,ﬂzk,z) is
a diagram for the identity map. Again, see Figure 15, in the middle.

by /M \
@
N\
[75) @/
—®—
D “ :

Figure 15: Constructing a Heegaard diagram for a surface automorphism: on
the left, we have the surface Fy and the arcs a; and b; in it; in the center, we
have the surface X, and a— and f—curves giving a diagram for the identity
map. The subsurface Fy of X is shaded; note that Fy \ ¢ is (orientation-
preserving) homeomorphic to F°. Right: the resulting diagram for a Dehn
twist along the dashed curve in X.

Definition 5.10 For ¢ a strongly based diffeomorphism F (2) —» F (Z’ ), let X

be the surface obtained by gluing Fo(Z') and Fo(Z) along A, af™ = ¢(ai) C
FO(Z’) R =7a; C Fo(2), ,3, = b; Ubj, and z = L U L. We call H(p) =
(Z,oz .. a‘zlkL,a‘ll R o asy ,,31,...,,82k,z) the canonical bordered Heegaard

diagram assoczated to ¢.
(Again, see Figure 15.)

Lemma 5.11 The canonical bordered Heegaard diagram H(¢) associated to ¢ repre-
sents the map ¢ in the sense of Definition 5.7.

Proof We first verify the statement in the case where v is the identity mapping class.
Let H be the corresponding Heegaard diagram. Clearly, the three-manifold Y () is
a surface times an interval. Thus, according to Lemma 5.4, Y (#) represents some
mapping class . Moreover, after performing some handleslides and cancelations, one
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can see that H j,9,Up, 3y H is equivalent to H. Thus, by Lemams 5.9 and 5.4, ¢ o/
represents the same mapping class as . Thus, i represents the identity mapping
class.

In general, the mapping cylinder My, is ([0, 1] x F(Z'))1, which we can think of as
obtained from the mapping cylinder for the identity by twisting the parametrization
by ¢ on the left, which is just what we did above by changing the a®® arcs. a

6 Bimodules for bordered manifolds

Recall from [21] that bordered Floer homology associates to a bordered 3—manifold Y
with one boundary component modules C%(Y) and C/Eﬁl(Y ). The module C%(Y)
is, more precisely, a type D structure in the sense of Definition 2.2.23, and encodes
all the holomorphic curve counts in its differential. The module CFA (Y) isan Axo—
module, which encodes holomorphic curve counts in all its actions.

For a 3—manifold ¥ with two boundary components, we can treat each boundary
component in either a type A or a type D manner. Treating both as type A boundaries
leads to C/FA\A(Y ). Treating one as type A and the other as type D leads to CFDA (Y).
Treating both as type D leads to @(Y).

It turns out that both C/I-%\A(Y) and @)(Y) can be obtained from the modules
for 3—manifolds with a single boundary component via the drilling construction of
Definition 5.5 and the restriction / induction functors of Section 3.4. Defining the
module CFDA (Y) seems to require some new work, though the ideas (and analytic
machinery) are all present in the single boundary component cases.

The reader is encouraged to consult Section 10 for examples of the bimodules. The
reader may also want to refer to [21, Appendix A] for an abbreviated (and, in the case
of CFAA and CFDD, slightly different) account of this material.

6.1 The type AA bimodule

Definition 6.1 Let Y be a strongly bordered 3—manifold with d.Y = F(Zr) and
drY = F(ZR). Fix an arced bordered Heegaard diagram # for Y, and assume H is
provincially admissible. Then, define

CFAA (H) = Restz, 2/ ( CFA (Mar))

which, in light of Section 2.4.3, we can view as a bimodule with 4., —commuting right
actions of A(Zr) and A(ZR).
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The module CFAA (H) decomposes as a direct sum

CFAA(H)= (P CFAA(Y.s).
s€spin€ (Y)

Geometrically, Definition 6.1 means that CFAA (#H) is generated over [, by g—tuples
of points in & N B, one on each o— and B—circle and no two on the same «—arc.
The differential counts provincial holomorphic curves, ie curves not approaching 9.
The right bimodule structure come from counting curves with asymptotics at 97 =
and 0 g%, with appropriate height constraints on the asymptotics.

Proposition 6.2 If H and H' are Heegaard diagrams for the same strongly bor-
dered 3—manifold Y then CFAA(H) a(z, ), A(zg) and CFAA(H') a(z,),A(zx) ar€ Aoo—
homotopy equivalent bimodules.

Proof As in the proof of Proposition 5.3, the drilled Heegaard diagrams g4, and #)
are equivalent, so the result follows from invariance of CFA [21, Theorem 7.17]. O

Because of Proposition 6.2, we are justified in writing C/FA\A(Y ) to denote the (homo-
topy equivalence class of) CFAA (#) for some (any) diagram H for Y.

Lemma 6.3 If H is admissible (respectively left admissible, right admissible) in
the sense of Definition 5.1 (respectively Definition 5.4) then CFAA (H) is bounded
(respectively left bounded, right bounded) in the sense of Definition 2.2.41.

Proof This follows easily from Lemma 5.5, similarly to [21, Lemma 7.7]. O

6.2 The type DD bimodule

Definition 6.1 Let Y be a strongly bordered 3—manifold with ;Y = F(Zr) and
dRrY = F(Zg). Fix an arced bordered Heegaard diagram # for Y, and assume # is
provincially admissible. Then, define

CFDD () = Induct 2L~ 2R (CFD (Hay)),

a type DD structure over A(—2Z7) and A(—Zg) (where —Z denotes Z with its
orientation reversed).

The module @)(H) decomposes as a direct sum
CFDD(H)= (P CFDD(Y.s).

sespin€ (Y)
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Geometrically, Definition 6.1 means that CTVFD(H) is generated as a type DD structure
over A(Zr) ® A(ZR) by g—tuples of points in & N B, one on each «— and S—circle
and no two on the same a—arc. The differential counts holomorphic curves with
asymptotics at 9%, without height constraints. These curves contribute coefficients
corresponding to their asymptotics.

Proposition 6.2 If H and H' are Heegaard diagrams for the same strongly bordered
3—manifold Y then
A=Z1),A2R) CFDD(H) and AZL-ACZR) CEDD (W)
are homotopy equivalent bimodules.
Proof As in invariance of CFAA, the proof of Proposition 5.3 implies that the drilled

Heegaard diagrams g and H),. are equivalent, so the result follows from invariance
of CFD [21, Theorem 6.16]. O

Because of Proposition 6.2, we are justified in writing (77D\D(Y) to denote the (ho-
motopy equivalence class of) CFDD () for some (any) diagram H for Y.

Lemma 6.3 If H is admissible (respectively left admissible, right admissible) in
the sense of Definition 5.1 (respectively Definition 5.4) then CFDD (H) is bounded
(respectively left bounded, right bounded) in the sense of Definition 2.2.56.

Proof As for CFAA, this follows easily from Lemma 5.5. |

6.3 The type DA bimodule

Fix a provincially admissible arced bordered Heegaard diagram H = (T e, B.z),
with boundaries Z; and Zpg representing surfaces of genus ky and kr. We will
associate to H a bimodule over A(—Z21) and A(ZR),

A(=ZL) CFDA (") A(zr)-
(As usual, —Z;, denotes the orientation reverse of Zj .)

Recall that §(#) is the set of g—tuples of points x in X so that

¢ exactly one x; lies on each o— and each B—circle, and

e no two x; lie on the same a—arc.
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Let X(H) be the IF, —vector space spanned by §(#).

Given x € §(H) let oz (x) denote the indices of the ol —arcs occupied by x and
og(x) the indices of the a®—arcs occupied by x. We let §(H,i) C §(H) denote the
subset of generators with #og(x) = i. Note that #or (x) + #og(x) = kr + kg. Let
Ip.p(x) = I([2kL]\ oL (x)) and IR.4 = I(0®(x)). We define a left (respectively
right) action of Z(Zy) (respectively Z(Zg)) on §(H) by

I(s)-x-1() 1= {x 1(s) :.IL,D(x) and I(¢) = Ig 4(x),
0 otherwise,

where s and ¢ are subsets of [2k].

As an (Z(Zr),Z(Zg))-bimodule, A(_ZL)@(”H) A(zg) 18 §(H), with the above
action.

Our next task is to define the type DA structure maps on CFDA (H), for which we
resort to holomorphic curves.

As in [21], we will count holomorphic curves in
(Z\z)x[0,1]xR, (e x {1} xR)U (B x {0} xR)).

To avoid repeating the seemingly innumerable definitions and propositions of [21, Chap-
ter 5], we will use the drilling construction of Section 5 and simply use moduli spaces
defined in [21]. (Since we are considering only curves missing the region containing z,
moduli spaces in the tunneled diagram contain the moduli spaces in the original
diagram.)

So, let Hq, = (f]dr, ®gr, B4 z+) denote the bordered Heegaard diagram vxiith one bound-
ary component obtained by drilling a tunnel from 7. Reeb chords in (0Zgr \ z+, 0ge N
Y4r) come in three kinds:

¢ Reeb chords connecting points in 3&3;L; we refer to these as left Reeb chords,
and decorate them with an “L”.

¢ Reeb chords connecting points in 8&3;R; we refer to these as right Reeb chords,
and decorate them with an “R”.

¢ Reeb chords connecting points in a&d“;L to points in B&g;R; we refer to these as
mixed Reeb chords and shall have no use for them in the present discussion.

Note that there is a one-to-one correspondence between §(#) and S(Hg,).

Recall that a decorated source S is a Riemann surface S with boundary and boundary
punctures, where each puncture is either labeled +o00, —oco or eoco, and the eco
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punctures are further labeled by Reeb chords at east infinity. Given generators x and y,
a homology class B € m,(x, y) connecting x to y, a decorated source S*, and an
ordered partition p of the Reeb chords labeling punctures of S* we have a moduli
space

MB(x,y;:S”:p)

of holomorphic curves u: S — X4 X [0, 1] x R in the homology class B with asymp-
totics specified by x, y and p [21, Definition 5.11]. The expected dimension of
MB(x,y;:S>;p) is given by

(6.1) g—x(S)+2e(B)+|p|—1=:ind(B,S”,p)—I;

see [21, Proposition 5.8]. If the curve u is an embedding then the Euler characteristic
of S is determined by

(6.2) X(S) = Xemb(B.p) := g + e(B) —nx(B) —ny(B)—1(p);
see [21, Proposition 5.62]. In particular, this leads us to define
(6.3) ind(B, p) :=e(B) +nyx(B)+ny(B)+1(p) + |p].

If the asymptotic data (x, p) is such that ! (&l‘.”L x (1,1)) (respectively u~! (&l‘.”R X

(1,1))) consists of at most one point for any given ¢ (ie (x, p) is strongly boundary
monotonic) then the moduli space MB(x,y;5%;p) is well behaved, and we can
understand its codimension-one boundary:

Proposition 6.4 [21, Theorem 5.55] Suppose that (x, p) is strongly boundary mono-
tonic. Fix y, B € my(x,y), and S® with eco punctures labeled by p, such that
ind(B, S”,p) =2. Let M = MB(x,y;S";p). Then the total number of all

(1) two-story ends of M,
(2) join curve ends of M,
(3) odd shuffle curve ends of M, and

(4) collision of levels i and i +1 in M, where p; and p; are weakly composable
is even.

Examples of the four types of degenerations are shown in Figure 16.

To define the multiplications on CFDA (H) we collect certain of the M(x, y;S";p).
Specifically, given a sequence pL of left Reeb chords and a sequence of sets of right
Reeb chords (pf, e ,p,’f), we say that a sequence p = (pq,...,p,,) interleaves
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y y < - 2
! s = ) ! T
N S L, o>
X1 Y2 2INIZY = X5
X2 X2 X1 X1
)1 1 1 7
2
X1 V2 X1| »2 &
X2 X2 X1 X2
X1

Figure 16: Examples of the four codimension-one degenerations: on the far
left, we have a two-level splitting; in the center left, degenerating a join curve;
in the center right, degenerating a split curve (a collision of levels); on the
far right, degenerating a shuffle curve. The dark dots indicate branch points.
This figure is adapted from [21, Figures 5.1 and 5.5].

(ﬁL;pf,...,pf) if, as a multiset, {p{,...,p,,} = ol I {pf,...,pf}, and the

orderings of s~ and (p,...,p ) agree with the orderings induced by f.
Now, let
MB(x, yiptipf.. o) = g MB(x,y;:S”:p).

p interleaves (f)L;pfe,...,pf)
X(S):Xemb(Baii)

Lemma 6.5 If p and p’ both interleave (,BL;pf, ... pR) then (x,p) is strongly
boundary monotonic if and only if (x, p) is strongly boundary monotonic. Moreover,
for any homology class B, ind(B, p) = ind(B, p").

Proof The boundary monotonicity statement is immediate from the definition. It is
also immediate from the definitions that if p interleaves (p%; pf, ces 0 ,If) then

() =1(pM) + 1. B,

So the statement about ind follows from the definition, Equation (6.3). O
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Consequently, it makes sense to talk about a triple (x; pL: pf yeees P ,f) being strongly
boundary monotonic: such a triple is strongly boundary monotonic if for some (equiva-
lently, any) sequence p interleaving (p%; ,ofe ey p,lf), (x,p) is strongly boundary
monotonic. Similarly, define ind(B; pL; pf, Y ,If) to be ind(B, p) for any p which
interleaves (,BL;pf, k.

With these moduli spaces in hand, define a type DA structure (Definition 2.2.43) on
CFDA by

6.6) 8L, (x,a(p®),....a(pR))

=D > #MByiptief e a(—pl) - a(=pf)y
y€§('H) Benz(x,y)
ind(B;pL:pR,...0R)=1

where pL = (,0{“ e ,0,%,) and —p; denotes p; with its orientation reversed. The
reader may find it helpful to compare this definition with [21, Chapter 7]. Also,
note that the case n = 0 is essentially the differential on CFD from [21, Chapter 6].
Finally, notice that if (x; pL; pf, R ,If ) is not strongly boundary monotonic then
either the left-hand side of (6.6) is nonsensical or the element a(—p{‘) S a(—,o,ﬁ) y is
automatically 0.

Lemma 6.7 Under the provincial admissibility hypothesis, the sum defining &, is
finite.

Proof This is a trivial adaptation of [21, Lemma 7.7]. O
This completes the definition of CFDA (#H). It remains to check that:

e The maps §, satisfy the compatibility conditions of Definition 2.2.43 (see
(2.2.44)).

o If H and H’ define the same strongly bordered 3—manifold then @(’H) is
Aoo—homotopy-equivalent to CFDA (H').

We start by refining Proposition 6.4.

Proposition 6.8 Fix generators x and y, B € m,(x,y), a sequence of left Reeb
chords pL and a sequence of sets of right Reeb chords (pf?, .. .,p,lf), such that
(x; pL; pfe, e ,p,lf) is strongly boundary monotonic. Assume that

ind(B;,BL;pfe, opBy =2,

Then the sum of the following numbers is even:
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(1) The number of two-story ends of/\/lB(x,y;ﬁL;pf?,...,pn) ie

> #MP xwiptipf ) xMBw oy pRp R 0D,
ind(By;pF:0R,...0F)=1
ind(B2;p% 508 1,0 )=1
where the sum is over w € §(H) Biem(x,w), Bpenm(w,y), B=B*B,,
i=0,.. nand(,ol,pz)—
(2) The number of join curve ends among right Reeb chords, ie
- R,a,b
Z #MB(x,y;,oL;pf?,...,pl @ ,...,pn)

i=1,...,n
Pi.j =Pa¥pp

R.,a,b

where p; is obtained from p I.R by replacing p; j € p I.R by pa, pb -

(3) The number of odd shuffle curve ends among right Reeb chords, ie

n
5 R,
Z#MB(x,y;pL;pf?,...,pi /,...,pn)

i=1
where p I.R /' is obtained from p I.R by performing a weak shuffle.

(4) The number of collisions among right levels, ie

n
do#MB piptipf o pfeel e,
i=1

where p; and p; ; are weakly composable.

(5) The number of join curve ends among left Reeb chords, ie

n

L,
Y #MmByiptipf k),
i=1

where f)L’/ = (,0{“, cees ,ol 5 {,oa ,,ob .. ,,0,%) is obtained by replacing ,ol.L =
pkw pf in pb with {pk . pF}.
(6) The number of split curve ends among left Reeb chords, ie

Z #MB(x’yﬁ(IO]L5,/OlL—l’lolLLﬂ/OlL-}-ly1pr€1)’le”pn)

L+_ L.—
P =P

(7) The number of other collisions of left levels p;, p;+1, ie

_'La.
d #MBxyip e D).
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where

_'L’ L7+ La_
14 /:(/OIL”plL—ls{plL’plL+l}99/015‘) aﬂd IOi ?éloi+1'

Moreover, ,oiL and piL+1 must satisfy

o ,ol.L + and /01L+T do not lie on the same o —arc, and
J (,ol.L, piL+1) are not interleaved (in that order).

Proof Recall that embedded curves have maximal index and, in codimension one,
families of embedded curves converge to embedded curves [21, Proposition 5.62,
Lemmas 5.69 and 5.70]. So summing Proposition 6.4 over all S* with embedded
Euler characteristic, there are four kinds of ends not accounted for:

e The first is collisions of levels between right and left Reeb chords; these cancel
in pairs.

e The second is collisions of right levels which are not composable; these are
prohibited by [21, Lemma 5.70].

e The third is collisions of left levels not satisfying the conditions set out; the
first condition comes from the fact that boundary degenerations are prohibited
(see [21, Lemma 5.54]). (Note that collisions where ,ol-L T = ,olLJrT are included
in sum (6).) The second comes from the fact that {,ol.L} and {,ol.LH} must be
composable [21, Lemma 5.70].

¢ The last possibility is shuffle curve ends among left Reeb chords. These are
prohibited because each part of gL has only a single Reeb chord.

The result follows. O

Proposition 6.9 The maps §, satisfy the compatibility conditions of a type DA struc-
ture.

Proof The proof is a combination of the proofs of [21, Propositions 6.7 and 7.12],
and we shall be somewhat terse. We must show that for any p4,..., 0,

0=0RIN)p+1(x®a(p)) ® - ®a(p,)))
+ Y (a®Iy)o(L®8)E(x®alp @ -+~ ®alp;_))®a(p,)® -~ Va(p,))

i+j=n+2

n
+) Sur1(x ®alp)) ®-+-@da(p;) @ @ py)

i=1

+) Sn(x ®alp)) ®---®a(p;)a(pi1) @+~ ® p,);

i=1
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cf Definition 2.2.43.

The second term corresponds to two level splittings, sum (1) of Proposition 6.8.
The third term corresponds to the right join and shuffle ends, sums (2) and (3) of
Proposition 6.8; see also [21, proof of Proposition 7.12]. The fourth term corresponds
to the collisions of right levels, sum (4) of Proposition 6.8; again, see also [21, proof of
Proposition 7.12]. The first term corresponds to sum (6) of Proposition 6.8; compare [21,
Lemma 6.11].

It remains to see that the sums (5) and (7) of Proposition 6.8 cancel in pairs as long as
a(—p; Ly.. a(—,o,ﬁ) = 0. (See also [21, Proof of Proposition 6.7] for this part of the
proof.) This product being nonzero imposes the following additional conditions on
collisions of left levels p; and p;41:

J ,ol.L  and ,ol.L JJ lie on different ow—arcs. Similarly, ,ol.L 7 and ,ol +1 lie on
different o—arcs. See [21, Lemma 6.9].

L, + L,— L,+
o If /01 " and p; 71 lie on the same or—arc then p;” = p;7 . This is immediate
from a(—p)a(—pk,) 0.
(,ol e P ) are not interleaved (in that order). Again, this is immediate from the
fact that a( 0; Lya(— pl+1) #0.

Thus, the two allowed kinds of left collisions which are not algebraically 0 are:

e Collisions with ,olL o= /01 +1 ,
ends of the factorization a(—p; Ly...a(— (,oi O /Oi+1)) ~a(— ,om)

these moduli spaces cancel with the join curve

J Colhslons with the endpoints of /01 and pk ;-1 lying on four different «—arcs, and
with pl and ,o ", either nested or d1s101nt in this case, the same degeneration
also occurs for the factorization with a(p ) and a(,ol 1) switched.

This concludes the proof. a
We next turn to the issue of invariance.
Proposition 6.10 If H and H' are provincially admissible arced bordered Heegaard

diagrams defining the same strongly bordered 3—manifold z, Yz, , then the correspond-
ing bimodules

ACZL CFDA (M) (z) and T2 CFDA(H') gz

are Ao —homotopy equivalent.
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Proof As in the case of a single boundary component, the invariance is proved by
constructing homotopy equivalences corresponding to each of the Heegaard moves of
Proposition 5.3; the reader should have no difficulty adapting the proof from [21, Sec-
tion 7.1] to the present situation. O

Because of Proposition 6.10, we are justified in writing C/Fﬁl(Y) to denote the
(homotopy equivalence class of) CFDA (#) for some (any) diagram # for Y.

We conclude this section with a lemma about admissibility.

Lemma 6.11 If # is admissible (respectively left admissible, right admissible) in

the sense of Definition 5.1 (respectively Definition 5.4) then @(H) is bounded
(respectively left bounded, right bounded) in the sense of Definition 2.2.46.

Proof As for CFAA and @), this follows easily from Lemma 5.5. |

Remark 6.12 It follows from the pairing theorems of Section 7 that the module
CFDA (Y) is determined by @)(Y) (or, equally well, CFAA (Y)). Consequently,
the bimodules associated to 3—manifolds with two boundary components are com-
pletely determined by the invariants of 3—manifolds with connected boundaries, via
the induction/restriction functors.

6.4 Modules associated to surface automorphisms
Given a strongly based diffeomorphism ¥: (F, D,z) — (F, D, z), define

CFAA(V) A(F), A(F) = CFAA(H) A(F), A(F)
AF).ACE) CEDD(yr) := ACF)ACE) CEDD(3),
A(_F)@(W)A(F) = A(_F)@(H)A(F)»

where H is any Heegaard diagram representing ¥ (in the sense of Definition 5.7).

Proof of Theorem 3 This is immediate from Lemma 5.8 and invariance of C/FA\A
CFDD and CFDA, Propositions 6.2, 6.2 and 6.10 respectively. a

6.5 Gradings

Suppose Y is a strongly bordered three-manifold with boundary parameterized by Z
and Zpg, and choose a compatible provincially admissible arced bordered Heegaard
diagram H.
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The gradings on CFDD(Y) and CFAA (Y) are induced by the induction and restriction
functors, so we will focus on the grading of CFDA (Y) = A(—2L) CFDA(Y) A(zg)- (An
alternate approach to the gradings on CFDD(Y) and CFAA(Y) is in Remark 6.16.)

The bimodule @(Y) interacts with the strands grading in the following way. The
condition that #oy, (x) + #og(x) = kz + kg for all generators x gives

I(—Z21.,i)- CFDA(Y) = CFDA(Y)-I(Zg.i).
Thus, defining @(Y,i) = @(Y) -Z(ZR,i), we have that @(Y,i) is a
type DA structure over A(—Zy,i) and A(Zg,i), and

(6.1) ACZL) CFDA(H) a(z) = @D AT #4) CFDA(H. 1) a(z .-

i€Z
Moreover, by Lemma 5.9, there is a natural splitting of CFDA (Y) according to spin®
structures: CFDA (Y) = @seSPinC(Y) CTV-D\A(Y, 5). In particular, to define the sum-
mand CFDA(Y,s), we repeat the construction from Section 6.3, using only the subset
§(H,s) C §(H) of generators representing s.

We would like to endow C/FELX(Y) with the structure of a left-right (G'(—Z2L),
G'(ZR))-set graded bimodule (in the sense of Definition 2.5.9); ie we would like
to grade CFDA(Y) by a set with a compatible right action by

Gpa(OH) := G'(=ZL)® x5 G'(ZR).

(When the Heegaard diagram is clear from the context, we will sometimes write G,
to mean G},,(dH).) This is done by a suitable adaptation of the grading on CFD and
CFA from [21].

We will often work in the isomorphic group
Gia(0H) = G'(2L) %, G'(ZR).
Recall from (3.15) that, if »: Z — —Z is the (orientation-reversing) identity map, then
R(j.a) = (j.r«(@))

defines a group antihomomorphism from G(Z) to G(—Z), and so an isomorphism
G(Z2) = G(—2)°P. Then

R x; I: Gy, (0H) — G 4(0H)
is a canonical isomorphism, which we denote R.

We will construct the grading one spin® structure at a time. Specifically, fix a Heegaard
diagram H for Y and a spin® structure s over Y. Suppose that there is at least one
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generator for G(#) which represents s; we will return to the case that H has no
generator representing s at the end of this subsection.

There is a map
gt ma(x, y) = Gy, (OH)

defined by
(6.2) ¢'(B) = (—e(B) —nyx (B) —ny(B), 3L B, 3% B),

where e(B) is the Euler measure of B and ny (B) is sum of the average local multi-
plicities of B at each coordinate of x. (Compare [21, Section 10.2].)

Recall from Section 3.2 that G’(Z) is an index two subgroup of the group %Z X
Hy(Z',a) (with a twisted multiplication), so we must show that g'(B) € G ,(0H).
To this end, we have the following:

Lemma 6.3 The tuple g'(B) defined in (6.2) is an element of G/, ,(0H).

Proof This follows from [21, Proposition 10.3] by drilling. |
Lemma 6.4 If B; € ny(x,y) and B, € my(y, w), then

(6.5) g'(B1* By) = g'(B1) - g'(Ba).

Proof This follows from [21, Lemma 10.4] by drilling. |
For x € 6(H), let Py C G} ,(0H) be g'(m2(x, x)).

Corollary 6.6 For x € &(H), P, is a subgroup of G),,(0H). Also, if y € &(H) is
another generator and C € my(x, y), then Py = g'(C)- Py, -g'(C)7 1.

Proof Both parts follow immediately from Lemma 6.4. O

Definition 6.7 Fix xo € &(#,s). Let S},,(#,xo) denote the quotient IAQ’(P,’CO)\
G, (0H) as a set with a right action of G’DALaﬂ), or equivalently as a left-right
(G'(—ZL), G'(ZR))-set. There is a grading on CFDA(H, s) with values in S},,(*, Xo),
defined by gr. (x)=[R(¢'(B))] for any B € m5(xo,X).

With the above definition, Lemma 6.4 ensures that if B € 7,(x, y), then

(6.8) grh, () = gt (x) - R(g'(B)).

where the multiplication on the right is right translation in G},,(dH) of the right
coset gry (x).
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Lemma 6.9 If B € m5(x. y), and (3L, p%) is compatible with B, then
SR . op.oL . oR . ~ -
MBT=indBEEET) o (5%) = R(g'(B)) - gt (—p1)

inside G, (0H).

Proof This is a combination of the following facts:

—»R —>R
g/ (3%) = (7). 0,3%B),
o' (—pL) = (—|pE | - «(ph), -89 B, 0),
. - -R -R > > >R
ind(B; 555 p™) = e(B) +nx (B) +ny (B) +1(p") + t(5%) + L] + 157

The first of these equations is verified in [21, Lemma 5.60]; the second is verified in
the proof of [21, Lemma 10.20]; and the third is the definition, (6.3). Note that the two
terms on the right-hand side, gr’(—p%) and R (¢’(B)), commute with each other, as
the spin® component of gr’(—pL) is the negative of the portion of the spin® component
of ﬁ(g’ (B)) that lies on the left boundary. a

Proposition 6.10 The map gr’, , defines a grading of CFDA as a DA structure with
values in the right G|,, (0H)—set S},,(H, xo). Different choices of xo € G(H, s) lead
to canonically isomorphic G},,(dH)-set graded modules.

Proof For the first part, suppose that a(—p~) ® y appears with nonzero multiplicity

in 8rll+1(x,a(p1), ...,a(p,)). Then there is a domain B € m,(x, y) so that (ﬁL,,T)R)

is compatible with B, and indeed ind(B, pL; ,?)R) = 1. We need to know

n
e ) - [T el (0f) = e (=55 * g, ()

i=1
(where here x refers to the left action of G'(—Z), which in turn can be viewed as

right translation by an element of G'(—Z21)° C G},,(3%)). But this follows from
Lemma 6.9 and (6.8).

Suppose now x and x are two different choices of generator both of which represent s.
This means that there is a domain C € 5 (x¢, x1). We define now an identification

O R(PY \Gpy(3H) — R(PY)\Gpa (9H)
by
OEN(R(PL,)-h) = R(P,)- R(g'(C))-h.

X0
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This gives a well-defined map on coset spaces since Py = g'(C)- Py -g'(C )~ 1, by
Corollary 6.6. Now, for any other y representing s and any B € m(x1,y),

O (et (1) = O (R(Py,) - R(g' () = R(Py,) - R(g'(C))- R('(B)
= R(Py,)- R(g'(C * B)) = griy, (),

by the various definitions and another application of Corollary 6.6. Thus, the desired
isomorphism

(CFDA(H.5), gty . Spa(H.x1)) > (CFDA (M. 5), gty . Shs(H. x0))

is supplied by the identity map on the modules, combined with the map deval on the
Gy (0H)—sets. o

Finally, we comment briefly on the case that 7 has no generators representing the
spin—structure s. In this case, @4(7—[, s) is the trivial module, but (perhaps) we
should still specify its grading set. Choose another diagram #’ so that there is a
generator xo € G(H') with s(x¢) = s, and define the grading set for C/FELX(”H, 5) to be
SHa(H', x0) and the grading on CFDA(H, 5) to be the unique map from &(H, 5) = @
to S}, (H',x0). A simplified version of the invariance proof (keeping track only of
the G’-set gradings, and not the modules themselves) shows that, up to isomorphism
(in the category of G’—set graded bimodules), this is independent of the choice of H’;
see the proof of Proposition 6.14 for more details.

6.5.1 Refined gradings We now give the bimodule @(Y, s) a grading by a left-
right (G(—ZL), G(ZR))-set, using the smaller grading group from Section 3.2.1. Let
Gaa(0H) = G(ZL) %), G(ZR) and Gpa(9H) = G(—ZL) x) G(ZR).

The existence of a refinement is a formal consequence of the following:

Lemma 6.11 The image P, of w5(x,x) in G} ,(dH) is in fact contained in Gaa(0H).
Moreover, given two generators x and y representing s, if gr'(x) - ﬁ(g) = gr'(y),
with ¢ = g1 X ggr. then R(gr) is compatible with the idempotents I, p(x) and
Ir.p(y), and gg is compatible with the idempotents Igr_4(x) and Ir _4(y), in the
sense of Definition 3.4.

Proof Suppose x and y represent s, and let B € m,(x, y). It is clear that the
homology class 8% (B) is compatible with the idempotents /7 _4(x) and I _4(y),
or equivalently that r (8% (B)) is compatible with I p(x) and I p(y). Similarly,
8%(3) is compatible with /g _4(x) and Ig_4(y).

Specializing to the case where x = y, Py is contained in Gas(0H) C G} ,(0H).
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We turn to the second condition. For notational simplicity, let /44(x) denote the pair
of idempotents (/1 4(x), Ig 4(x)). Since x and y both represent s, there is some
B ems(x,y). Moreover, gr'(y) = gr’(x)- R(g(B)), which ensures that g = h-g’(B)
for some i € P}, (since gr'(x) and gr’(y) are cosets of P, ). Since /i € G44(9H) and
g’ (B) is compatible with 7(x) and I(y), it follows readily that g is also compatible
with the idempotents I44(x) and I44(y), or equivalently that R(gy) is compatible
with I, p(x) and I _p(y) and gg is compatible with /g _4(x) and Ig 4(y). O

Lemma 6.11 ensures the type DA bimodule CFDA (H, s) is refinable, in the sense of
Definition 3.10, provided our Heegaard diagram has a generator which represents s
(except now we are using left-right (G(—Z21), G(ZRg))—sets, rather than just right G-
sets). Thus, the analogue of Lemma 3.12 (adapted to bimodules) applies, allowing us
to think of CFDA (H,s) as aleft-right (G(—ZL), G(ZRr))—graded type DA structure.

More concretely, fix a reference point x¢ € &(#,s), and fix refinement data V7, 4
and Y g 4 for A(Zr) and A(ZpR), respectively. Let Y1 _p be the reverse of ¥ 4
(see Definition 3.16), which is grading refinement data for A(—Zr) by Lemma 3.17.
Define Y44 (x) € G}, (0H) and ¥pa(x) € G}, (0H) by

Vaa(x) = (YL, a(Ip,4(x)). YR, 4(IR,4(x))),
Yoa(x) = (WL oL p(x) ™ YR a(IR, 4(X))) = R(Was(x)).

For B € my(x,y), let g(B) = Yaa(x) - g’ (B) - Yaa(y); by Lemma 6.11, g(B) €
Gaa(0H). Let Py = g(ma(x,x)). Let Spa(H, x¢) be the quotient R(Px,)\Gpa(0H)
as a right Gpa(dH)—set. For any x € G(H, 5), define

(6.12)  gry,(x) = grh, () R(aa(x)™") = grly, (x) - Ypa(x) ™!
=YL, p(x)- g, (X)- YR 4(x)"
as an element of Spa(H, x¢). (Compare Equation (3.13).)

For a different choice of initial point x; representing s, we define a canonical identifi-
cation of grading sets as in the proof of Proposition 6.10:
(6.13) OYL(R(Px,)-h) = R(Px,) - R(g(C))-h.

X0

where C € m,(xg, X1).

Proposition 6.14 Fix a spin® structure s on some strongly bordered 3-—manifold
2, Yz, and let H and H' be Heegaard diagrams for Y in each of which there is at
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least one generator representing s. Fix refinement data Yy and Y g for A(—Zr) and
A(ZR) respectively. Then the induced bimodules

ACZL CFDA (M, 8) a2y, 2L CFDA (M, 5) a(zp)

are Ao —homotopy equivalent as left-right (G(—Zr), G(Zg))—graded bimodules.

Proof Invariance in the ungraded sense was verified in Proposition 6.10. We will
first produce a map of G}, (dH)—sets S},,(H,s) — S}, (H',s) compatible with the
continuation isomorphism of Proposition 6.10. The isomorphism of Proposition 6.10 is
a sequence of elementary isomorphisms corresponding to stabilizations, handleslides,
and isotopies and changes of almost complex structure, and we will treat these separately.
Note that, by Proposition 6.10, in each case we are free to choose base generators for H
and H’ that are convenient.

Suppose H’ is obtained from H by stabilizing in the region containing the basepoint z.
Then there is an obvious identification of generators in &(#, s) and &(#H’',s). Fix a
base generator xo € (4, 5) and let x, denote the corresponding generator of G(H’, 5).
Then the obvious identification between Py~ and P;() induces an identification of
grading sets, which commutes with the stabilization isomorphism on CFDA .

Next, suppose H' is obtained from # by a handleslide. There are several cases: a
handleslide among the B —circles, among the a—circles, or of an «—arc over an a—circle.
The case of sliding an arc over a circle is the most complicated, so we will restrict to
that one; for definiteness, suppose that a‘ll’L is slid over ozf. As in [21, Section 6.3.2],
arrange that each a—arc of H’ is close to the corresponding «—arc of H and intersects
it in a single point, denoted GiL or Hl.R, and that for each GiL (respectively QiR ) there is
abigon in (X, a, a’) originating at GI.L (respectively QiR) (ie the GI.L would correspond
to the top graded generator in a closed diagram). Let f3, 7 denote the triangle map
giving the isomorphism of Proposition 6.10.

Then, fix a base generator xg € G(H,s). There is a corresponding generator x6 €
&(H’, 5) so that there is a provincial domain in (X, e, &, B) connecting xo, x, and a
generator ®( composed of 9,.]“ and QiR; and so that this domain consists of a disjoint
union of triangles supported in the isotopy region and possibly an annulus with boundary
on oz‘ll’L, a‘ll’L’/ and af. Then there is an obvious identification between P, 0 and P; g

which gives an identification of grading sets S;,,(#.s) = S;,,(H'. ).

To see that this identification is compatible with the isomorphism of Proposition 6.10,
recall that to each domain B’ in (¥, «a, a’, B) counted in the triangle map there is an
associated domain B in (X, e, B). Moreover, if (B’, p) contributes to f3 3 then
ind(B, p) = 0. It follows that from this and the fact that the map f3 3 treats the p
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in the same way that §! does that the map f3,3/ preserves the relative GJ,,(0H)
gradings.

The case that H’ differs from # by an isotopy or a change of complex structure is
similar to, but easier than, the case of a handleslide, so we leave it to the reader.

Finally, we turn to the Gps(dH)—set gradings. In view of Lemmas 3.12 and 6.11, the
G’ —set gradings can be lifted to G —set gradings. Moreover, since we choose the same
refinement data for the two Heegaard diagrams, compatibility of the map of G’—sets
with the isomorphism of Proposition 6.10 implies compatibility of the map of G —sets
with the isomorphism of Proposition 6.10. |

The above proposition allows us to use Heegaard-diagram-free notation for CFDA:
we write A-2L) CFDA (Y, ) 4(zg) for A(_ZL)@(H,s)A(ZR), where H is any
Heegaard diagram which represents Y. We also let Spa (Y, s) (or just S(Y,s)) denote
the corresponding grading set.

Moreover, we can let

(6.15) sm= |J s,

sespin(Y)

and define

ACZDCFDA(M) g2y = @D 20 CFDA(Y, ) a2
s€spin©(Y)

and think of it as graded by S(Y).

Remark 6.16 Instead of using induction and restriction, the gradings on the bimodules
@)(Y) and C/FA\A(Y) can be treated similarly to the discussion above. The in-
variant CFAA(H) is graded by the right Gy (0H)—set Sy, (0H) = P \G),(0H).
The refined grading on C/FA\A(%) is by the right G4y = G(Zr) xz G(Zg)—set
Saa(0H) = Px\Gaa. Tracing through the definitions shows that this grading set
(and the corresponding grading) is the same as that given by the restriction functor.

Similarly, the invariant @)(H) is graded by the left G},,(0H) = G'(—ZL) xz
G'(—Zpg)-set S}, (0H)=G',,(0H)/RR(Py) (where RR denotes the map G'(ZL)P xz
G'(ZR)® — G'(—Z2r) xz G'(—ZR) gotten by applying R to each factor). The
refined grading on @)(H) is by the left Gpp(dH) = G(—ZL) xz G(—ZRg)-set
Spp(0H) = Gaa(0H)/ RR(Py). Again, it follows from the definitions that this agrees
with the grading given by the induction functor.
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6.6 Invariance
We collect the results from this section into the following:

Theorem 10 Let Y{, be a three-manifold with boundary, strongly bordered by Z;
and Z,, and fix grading refinement data for A(Z;) and A(Z,). Then we can associate
the following G —set graded bimodules to Y15 :

CFAA Y12) 4z, A(Z2)r  A(=2)) @(YIZ)A(ZZ)» A(=21),A(=22) CFDD(Y,).

The quasi-isomorphism types of these G —set graded bimodules are diffeomorphism
invariants of the bordered three-manifold Y, with its strong boundary framing.

Proof Without the gradings, this is immediate from Propositions 6.2, 6.2 and 6.10. The
fact that the isomorphisms respect the grading on CFDA is proved in Proposition 6.14;
the proofs that the isomorphisms respect the gradings on CFAA and CFDD are
analogous. O

7 Pairing theorems

Theorems 2, 5 and 7 can all be seen as pairing theorems, which express how the
bordered Floer homology groups transform as bordered three manifolds are glued
in the three situations discussed in Section 5.2. The aim of the present section is to
study how the bordered invariants change under these three gluing operations, to obtain
proofs of the aforementioned three theorems. (Indeed, we obtain three generalizations,
Theorems 11, 12 and 14 below.)

7.1 Pairing along a connected surface
Here is the promised generalization of Theorem 2:

Theorem 11 Let Y1, be a strongly bordered three-manifold with boundary parameter-
ized by —Z; and Z,. Let Y; be a three-manifold with boundary parameterized by Z; .
Then there are A~ —homotopy equivalences:

CFA(Yy) W 4(z,) CFDA(Y12) ~ CFA(Y| UF, Y15),
CFAA(Y12) B4 z,) CFD(Y}) ~ CFA(Y; UF, Y12),
CFA(Y1) ® 4(z,) CFDD(Y13) ~ CFD(Y, UF, Y1),
CFDA(Y12) ® 4(—z,) CFD(Y) ~ CFD(Y; U, Y12).

The first two are equivalences of type A structures over A(Z,), while the second two
are equivalences of type D structures over A(Z).
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(Here and later, the A, —(bi)modules like CFDA (Y1) are required to be appropriately
bounded for the tensor product to exist. This is always possible, as we just choose the
Heegaard diagram to be the appropriate variant of admissible.)

In a similar spirit, we have the following generalization of Theorem 5:

Theorem 12 Let Y1, be a strongly bordered three-manifold with boundary parame-
terized by — 2, and 2, . Let Y,3 be a strongly bordered three-manifold with boundary
parameterized by —Z, and Z5. Then there are A~ —quasi-isomorphisms:

CFDA(Y1,) X A(z,) CFDA(Y13) ~ “ZVCFDA (Y, Ur, Y23) A(z3)
CFAA(Y,,) X A(z,) CFDA(Y,3) ~ CFAA(Y:, Up, Y23) a(—z)),4(23)
CFDA(Y1,) X A(z,) CFDD(Y,3) ~ AGV-ACZICEDD(Y ), U, Ya3),
CFAA(Y12) R 4(z,) CFDD(Y23) ~ “CZ)CFDA(Y 2 UF, Y23) a(—2y)-

Proof of Theorems 11 and 12 Both of the proofs of the pairing theorem in [21]
extend easily to these cases. To belabor the point, we will prove in detail the first
equivalences of Theorem 11 via nice diagrams; the proofs of the other parts of the
theorems proceed similarly.

So, let #; be a nice diagram for Y7 ; existence of such is guaranteed by [21, Proposi-
tion 8.2]. Let H’ be a Heegaard diagram for Y, . Apply the algorithm from [21, Propo-
sition 8.2] to H(’ir and then fill in the tunnel; the result is a Heegaard diagram H i,
for Y1, so that Hgrq, is nice. (We will simply call 71, nice in this case.)

We turn to the first isomorphism of Theorem 11. Note that the fact that 7, and H;
are nice implies (by [21, Lemma 8.3]) that they are admissible; Proposition 2.3.10 and
Lemma 6.11 imply that the box product CFA (H1) X a(z,) CFDA (H12) is well defined.
On the other side, Lemma 5.7 implies that the glued diagram H = H; yUy, Hy is
admissible. (In fact, # is nice, and hence admissible by [21, Lemma 8.3].)

We claim that @(Hl) X (z,) CFDA (H1) is exactly equal to CFA (H). As a first
step, note that there is an obvious correspondence between generators. (In particular,
only CFDA (H12,0) C CFDA (H12) contributes to the tensor product.) So, we need to
check that this identification respects the differentials and right module structures.

On the one hand, the diagram A is obviously nice. So, by [21, Proposition 8.4],
the differential on CFA (#H) counts (provincial) rectangles and bigons, while the only
nontrivial (right) algebra actions correspond to unions of half-strips through dgH.
Note that these half strips are entirely contained in H, C H.

On the other hand, in CFA (H1) X a(z,) CFDA (H12), the differential comes from three
different contributions:
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¢ Provincial curves in H;, which correspond to bigons and rectangles by [21, Propo-
sition 8.4].

¢ Provincial curves in #H1,, which again correspond to bigons and rectangles
by [21, Proposition 8.4].

¢ Contributions of the form
I®§! my QI
X1®x1—— X1 @(PR®y12) =(x1 ®p) ®yi12 —— y1 ® 2.

The third kind of contributions correspond exactly to rectangles crossing 0H1 = dypH1>.
The other two correspond to bigons and rectangles in 7 contained entirely in one
of H; or Hy,. Consequently, the differentials on @(Hl) XN A(z,) @(le) and
C/’EX(’H) agree.

Since H 1, is nice, the right module structure comes entirely from juxtapositions of
half-strips crossing d g1, . These are exactly the same curves which define the module
structure on CFA (), and they contribute in the same way.

Thus, we have an isomorphism of right differential modules

CFA(H1) K 4(z,) CFDA(H,,) = CFA(H). O

Proof of Theorems 2 and 5 Theorem 2 (respectively Theorem 5) is an immediate
consequence of Theorem 11 (respectively Theorem 12), together with the definition of
the bimodule of a surface diffeomorphism, and the interpretation of the derived tensor
product in terms of X, Propositions 2.3.18 and 2.4.2. (A schematic, illustrating one
way to keep the compositions straight, is given in Figure 17.) |

Similarly, we have the following:

Proof of Corollary 1.1 This is a special case of Theorem 2, using the identity map
for . |

7.1.1 Gradings We discuss now how the pairing theorem intertwines the gradings
on the two sides. For definiteness, we will consider the X product of two type DA
modules; the other cases are similar.

Fix strongly bordered 3—manifolds Y; and Y, with two boundary components, where Y;
is parameterized by Z7 (Y;) and Zg(Y;), with Zg(Y;) = —Zr(Y3), so that we can
form the manifold ¥ =Y 5.y, Us, v, Y2 . For brevity, let Z,iq be Zr(Y1) =—Z21(Y2).
As in (6.15), we let Spa(Y;) and Spa(Y) denote the various grading sets for the
bordered Floer homology bimodules. Since ZrY = ZrY; and ZgY = ZgrY,,
Spa(Y1) XG(z,) Spa(Y2) is naturally a left-right (G(=2.(Y)), G(Zgr(Y)))—set.

As before, we will write, for instance, Gpa(0Y') for G(—ZL(Y))? x; G(Zr(Y)).
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CFA(Yy. V1) X aF)) C/FE‘\(‘P) CF/TA(‘P) X a(Fy) CFD(Y5, 2)
~ CEA(Y;, Y1 0~ ) ~ CFA(Y2, —( 0 $))

Y2 Y2

¥

Y, v [0, 1] x F

= >
PN
=

T
A
¥ ¢ F
F
[O, 1] X F2 8Y2 Y2
s /A
F2 Fl F2
CFA(Yy, 1) B uc,) CFDD(¢) CFDA(¢) 8 4(r,) CFD(Y2. )
~ CFD(Y1.—(Y1 097 1)) ~ CFD(Ya, Y5 0 ¢)

Figure 17: Schematic illustration of Theorem 2: the four cases are shown
in order left-to-right, top-to-bottom. To compute the parametrization of the
boundary after gluing, start at the unglued boundary component and follow
the arrows until you reach dY;, composing the maps labeling the arrows (or
their inverses).

Theorem 13 If Zg(Y)) = —Z1(Y2) = Zmia and Y = Y; 3, v,Us,Y, Y2 as above,
there is an identification of Gpa(0Y)—sets

Spa(Y1) XG(z,0) Spa(Y2) = Spa(Y)

so that the isomorphism in Theorem 11 is a Gps(dY ) —set graded isomorphism.

In fact, we can refine this statement slightly: there is a natural identification between
spin®—structures on Y and G(9Y)-orbits in Spa(¥Y1) XG(z,,0) Spa(Y2) = Spa(Y),
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which is refined by the identification in Theorem 13; the identification is given in the
proof.

Proof of Theorem 13 The identification of Gps(dY)—sets
Spa(Y1) XG(2pg) Spa(Y2) = Spa(Y)

is given one spin® structure (over Y') at a time. More precisely, fix s € spin°(Y), and
let s; denote its restriction to Y;. We will exhibit an identification

Spa(Y1.51) XG(zm) Spa(Y2.52) = | Spa(Y.s+PD[A).
heH(0rY1;Z)

We work with a Heegaard diagram H = H; z, Uz, H, for ¥ which has a generator x
representing s, so that the restrictions x; of x to H; represent s;. Thus, our goal is to
construct a map

Spa(H1.X1) XG(2a) Spa(H2, X2) = U Spa(Y, sz(x) + PD[A]).
heH{(ORY1;Z)

First, however, we construct the identification on the level of orbit spaces, ie spin®
structures. And indeed, before this, we construct a map

Px: Spa(H1,x1) XG(z,) Spa(Ha, x2) — H(Y,0Y),

as follows. Recall from Section 6.5 that Spa(H,x1) and Spa(H;, x,) are the coset
spaces ﬁ(le)\GDA(aHl) and ﬁ(sz)\GDA(aHz) respectively. For brevity, we
will write P, for R(Px) Thus we can write elements of Spa(H1,X1) XG(z,,4)
Spa(Ha, x2) as (Px, - (n1,a1, B1)) x (Px, - (n2. 0, B2)), where we have n; € Z,
a; € H(F(—Zp(Y;))) and B; € H1(F(Zgr(Y;))). We then define

Px((Pe, - (n1.a1, B1)) X (P, - (n2,02. B2))) = ix(B1 + 2),

where here i, is the inclusion map from H;(dgY7) = H1(—0d.Y>) to H{(Y;Z). With
this definition, elements

5,1 € Spa(H1.X1) XG(2) SpA(H2, X2)
lie in the same Gpa(0Y)—orbit if and only if py (s) = px (2).
The map p, depends on the base generator x . However, the map

g =qx: Spa(H1,X1) XG(2,) Spa(H2, x2) — spin‘(Y),
gx (51 x52) =5(x) + px (s1 X 52)
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is independent of x, in the following sense. If x and y are two choices of base
generators, then gy o ®% = qy , where here

DY : Spa(H1.X1) XG (20 Spa(H1.x2) = Spa(H1. ¥1) XG(z0) Spa(H1. V2).

given by @3 = (®3! x ®3?2), is the map gotten by putting together the two canonical
identifications of grading sets (see (6.13); see also Proposition 6.10). More explicitly,
if there are C; € m,(x;, y;i), then

DY (Py, - g1 X Py, -g2) = (Px, - R(g(C1)) - g1 % Py, - R(g(C2)) - g2).

Now, i*(a%[Cl] + rx (82[C2])) =¢€(x, y), where €(x, y) is the map giving the differ-
ence in spin® structures between x and y as in the proof of Lemma 5.9. Thus,

qx 0 ©X (Px, - (n1, a1, B1) X Px, - (12,0, B2))
= qx(Px, - R(g(C1)) - (n1, @1, B1) X Py, - R(g(C)) - (12,02, B2))
= 5(x) + ix(B1 + 0B[C1] + r« (32 [Ca]) + a2)
=s(x)+e(x,y)+ix(B1+a2)
=5(p) +ix(f1 + )

=qy(Py, - (11,21, B1) x Py, - (2.3, B)),
as claimed.

Thus, if we write s; = 5|y, , the map ¢ defines an identification of Gpa(dY )—orbits in

Spa(Y1,51) XG(ze) Spa(Y2,52)
and those spin® structures on Y which are of the form s + PD[ix (/)] for some

he HI(BRYI).

We refine this to a map of grading sets, as follows. Given orbits O; and O, of
Gpa(dY7) and Gpa(3Y,) respectively, fix a Gpa(dY)—orbit 01, in O; x O,, and
suppose that there is a generator x for # which represents the corresponding spin®
structure. Without loss of generality, we can think of Spa(Y, s) as the orbit of gr(x),
and its components x; as determining the grading sets Spa(#;, x;), so that O, is
contained in the orbit of gr(x;) x gr(x;). Then define a map O, — Spa(Y,s) as
follows. Any element of O1;, can be represented as

ﬁxl ~(ny, 01, Br1) x ﬁxz'(nz»fxz,ﬁz),

where B; + o, = 0. Then define a map ¢: Oy, — Spa(Y,s) by

¢ (Py, - (n1. a1, B1) X Py, - (3. @3, 2)) = Py - (n1 +nz. 1. B2).
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It is clear that this defines a map of Gpa(0H) = G(—Z21)°P x; G(ZR) sets.

To verify this map respects the gradings on CFDA (H) X CFDA (H,) and CFDA (H),
suppose y = y1 ® y, is another generator of CFDA(H) and B € m,(x, y). We can
decompose B as By x B, where B; € m(x;, y;) and 8%31 = 8%32. Then

gre (y) = Px - (=e(B) —nx (B) —ny(B). r+(0] B1), 0% B2) - ¥pa(») ™"
gy, (¥1) = Px, - (—e(By) —nx (By) —ny (By).1(93 B). 0% B1) - Ypa(y1) ™",
gre,(¥2) = Py, - (—e(B2) —ny(B2) —ny(B2).r+(39 B2). 0% B2) - vpa(y2) ™"
(By Section 6.5.1, Ypa(y) = (WL, p(IL.p(¥) ™" Vg, 4(Ir,.4(¥))).) Thus

¢ (gr(p1) x gr(y2))
= ¢(Py, - (—e(B1) —nx,(B1) —ny, (B1),7+(33 B1). 0% B1) - Ypa(y1) "
x Py, (—e(Bay) —ny,(By) — 1y, (B2). 18] B2), % B2) - ¥pa(¥2) ™)
= ¢(Py,(—e(B1) —nx, (By) —ny, (B1).7+(33 B1). 0% By)(¥L,.p(IL,p(¥1)).0)
x Py, (—e(B2) —nx,(B2) =11y, (B2). 1+(3) B), 3% B2)(0, Yg, 4(Ir,4(2))""))
= Py-(—e(By)—nx, (By)—ny, (B1)—e(B2)—nx,(Bs)—ny,(B3).r+ (3] By). 0% Bs)
(YL oUL,p(¥1), VrAUIR 4(¥2)™H)
= (—e(B) —nx(B) —ny(B).r«(33 B).0g B) - Yrpa(y) ™"
=gr(y1 ® y2),

as desired. O

7.2 Hochschild homology and knot Floer homology

To give a precise statement of the self-pairing theorem, we will need to discuss the
relevant Alexander grading on knot Floer homology for generalized open books.

Let Y be a strongly bordered three-manifold with two boundary components speci-
fied by —Z and Z, and let (Y°, K) be its associated generalized open book, as in
Construction 5.3.

Recall that F°(Z) = F(Z)\D?. Then we can think of F° C Y° as an embedded Seifert
surface for K. As such, it induces an integral grading on the knot Floer homology
CFK (Y°, K). Specifically, thinking of knot Floer homology as graded by relative
spin® structures spin®(Y °, K), the summand of HFK (Y°, K) in Alexander grading
i is the sum of knot Floer homology groups over all relative spin® structures s with
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%(cl (5), [ﬁ 1) =i, where here F is the surface gotten by capping off F° in the zero-
surgery of Y°(F), and 5 is the extension of the relative spin® structure s over the
Zero-surgery.

On the bordered side, the bimodule C/Fﬁl(Y) splits according to the strands grad-
ing CFDA(Y) = @,z CFDA(Y,i) (see (6.1)); and hence, so does its Hochschild
homology.

The following is a generalization of Theorem 7:

Theorem 14 Let Y be a strongly bordered three-manifold with two boundary compo-
nents parameterized by —Z and Z. Let (Y °, K) be the open book obtained by gluing
the boundary components of Y together and performing 0—surgery on y . Then there is

an identification between the knot Floer homology of the generalized open book and
the Hochschild homology of the bimodule of Y

HFK(Y°, K) =~ HH(*®) CFDA(Y) 4(z)).

which identifies the Alexander grading on knot Floer homology with the strands grading
on the bimodule; ie

HFK (Y°, K, i) = HH(*@) CFDA(Y, i) o(z.i))-
Moreover, this isomorphism intertwines the Z —set gradings on HH (A(Z)@(Y) A(2))
(from Lemma 2.5.12) and on HFK (Y °, K).
(For the statement about gradings, we have chosen the same grading refinement data
(Definition 3.5) for the two sides of #.)
We prove this theorem in two ways, first with nice diagrams and then with deforming

the diagonal.

Proof via nice diagrams As in the proof of Theorems 11 and 12, choose a nice
diagram H for Y. By [21, Lemma 8.3], the diagram A is admissible. Hence, by
Lemma 6.11, the bimodule CFDA (H) is bounded. Also, by Lemma 5.8, the doubly-
pointed Heegaard diagram H° is weakly admissible.

Note that, by assumption, Zg(H) = —Z(H); denote Zg(H) simply by Z.
View C/FEM’H) as a type DA structure with structure maps
Sntr1: X(H) @ A(2)®" > A(Z) @ X(H).

By Proposition 2.3.54, the Hochschild homology of @(H) is computed as the
homology of (X(#)°, d) where X (H)° = X(H)/[Z(2), X(H)] is the cyclicization of
X(H) and 0 is as in Equation (2.3.44).
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Let #° be the doubly-pointed Heegaard diagram for (Y °, K) gotten by self-gluing #,
as in Construction 5.5. We will show the complex (X(H)°, 5) is exactly CFK (H°).
First, as an [F, —vector space, X (H)° is isomorphic to CFK (H°): the Fp—vector space
X ()° has basis the generators x € &(#) such that Iy p(x) = Ig 4(x): there is a
natural one-to-one correspondence between such generators in §(7) and the generators
of §(H°).

Since # is nice, the definition of 5, Equation (2.3.44), simplifies considerably. Indeed,
forn>1,
7o(Rob)"or=0.

Consequently, the differential 9 has two contributions, corresponding to the cases n =0
and n = 1. The n = 0 part of 9 corresponds to provincial domains in the differential
on C/FELX(H), ie rectangles and bigons in 7. These also contribute in exactly the
same way to the differential on CFK (H°).

The n =1 part of F] corresponds to chains of the form
ad R my
X—=>py —yp—w
These correspond exactly to rectangles in ° which cross dp H = dgH: the first arrow
comes from one half of the rectangle, which crosses the left boundary in a chord p,
while the third arrow comes from the other half, crossing the boundary in the same p.
In total, this rectangle contributes exactly as it would for CFK (H).

Certainly no bigons in 7-[° cross through d7 #, and no rectangle can cross dp H twice.
So, the differential on CFK (H°) is exactly the same as the differential don X (H)°,
proving the isomorphism.

We turn next to the strands grading. Let §(#)° be the generators in §(#) that survive
in X(H)°. This set is naturally identified with §(#°). To verify the statement about
the Alexander and strand gradings, it suffices to show that generators x € §(H)° with
#og(x) = k +i are mapped under the natural one-to-one correspondence to generators

x° € §(H°) with Alexander grading equal to i. (Recall that o g(x) denotes the set of

a® —arcs which are occupied by the generator x.)

To verify the this assertion, observe that the surface F° is isotopic to the union of

e aregular neighborhood N of Ul_l af RU0RE and
o the descending disk of IN \ dgX.

So, it follows from the description of s(x°) from [29, Section 2.6; 28, Section 2.3] that

(c1(5(x°)), F°) = —2k + 2#(x° N N) = 2i.
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Finally we turn to the Z-set gradings. Fix a generator x° € &(#H°) for the self-
glued Heegaard diagram, and let x € G(H) denote the corresponding generator
for the bordered Heegaard diagram. Regard gr(x) as an element of Spa(H)/~ =
ﬁxO\GDA (0H)/~, where ~ is the equivalence relation

(n.a.p) ~ (n.a+p.0),

and otherwise the notation is as in Section 6.5. (This is the same as the equivalence
relation from Lemma 2.5.12. For brevity, we denote Gps(0H) by G.)

We first show that the divisibility of gr(x) and gr(x°) are the same. Indeed, n-gr(x) =
gr(x) means there is a periodic domain P € m,(x,x) with R(g(P)) = (n,a, —).
But then P closes up to give a periodic domain in 7, (x°, x°) with ind(P) =n.
Next we identify the Z—orbits in Spa(#)/~ with the Z—orbits of the grading set of #°,
ie the relative spin—structures on Y °\ K, as follows. Fix a spin®—structure s on H
and let x be a generator representing s. Recall that the spin®—structure s corresponds

to the G—orbit of gr(x); we will use x as the base generator for this orbit. The sum
map G — H;(dp(Y(H))) given by

(n.a,p)—a+p

does not descend to the G-orbit of gr(x), as there may be elements of P, with
nontrivial image under this map. However, the inclusion Hy (07 (Y (H))) — H; (Y °\ K)
kills the image of Py . If we further compose with the Poincaré duality isomorphism
H{(Y°\ K)= H*>(Y°, K) we get a map

px: gr(x)-G — H*(Y°, K).
This map depends on the choice of x ; however, the map ¢: gr(x) -G — spin°(Y, K)

defined by ¢g(gr(x)-g) = s(x°) + px(g) is independent of the choice of x. In fact, ¢
descends to an identification of Z—orbits in Sps(H)/~ with relative spin®—structures.

Now, focus on the Z—orbit in Spa(H)/~ which contains the generator x. The map of
grading sets (on this Z—orbit) is completely determined by the requirement that gr(x)
map to gr(x°). It remains to check that this map is compatible with the isomorphism

HH(*® CFDA(Y) 4(z)) = HFK(Y°, K).

Let y be in the Z—orbit of x. Then there is a domain B € 5(x, y) so that r*(aiB) =
—8‘3?B . Taking x as our base generator (ie setting gr(x) = Py C Gpa(0H)), we have

gt(p) = Py - (—e(B) —nx(B) —ny (B).r«(3} B), 9% B)
(WL p(»), ¥Ur,4(p)) ™),
gr(»)° = [(—e(B) —nx (B) —ny(B),0,0)] = A&E"¥7),
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where gr(y)° is defined in Definition 2.5.11; the factors ¥ (I p(y)) and ¥ (Ig 4(y)) ™!
cancel in S(#)° because I, p(y)=1g,4(y); gr(x°, y°) denotes the (Z/n)-grading
difference between x° and y°; and the last equality follows from the fact that B gives
adomain B° in 7, (x°, y°) with the same Euler measure and point measures as B. O

Proof via deforming the diagonal (sketch) Fix an admissible Heegaard diagram
H=(Z,a,p, z) for Y. Given a holomorphic map u: S — X x [0, 1] x R with right
punctures pf s piR and left punctures p{‘, ey p}‘ we have points

evr(u) = (tou(pl).....ou(pf)) e R",
evL(w) = (tou(pb).....tou(ph)) e RY.

By a self-matched curve we mean a holomorphic map u: S — X x [0, 1] x R with the
same number of right punctures as left punctures, labeled by the same Reeb chords in
the same order, and such that evg(u) =evy (u). Let M fM denote the set of embedded,
self-matched curves in the homology class B. One can show that, generically, M fM is
a manifold, transversely cut out and of dimension e(B) 4+ nx(B) +ny(B)—1. Also,
for appropriate almost complex structures, the differential on CFK (H°) is given by

dx=7)_ > (#Mg3)y.

y Bems(x,y)
e(B)+nyx(B)+ny(B)=1

Next, we deform the condition of being self-matched in two stages. First, for ¢ €[0, 00),
a T—shifted self-matched curve is a curve u with right punctures le s p]R and left
punctures p{“, .. .,p]!“ so that foreachi =1,...,J,

tou(pl )—l—T—tou(pl )

(and u is asymptotic to the same Reeb chords at pl and pL) A 0—shifted self-matched
curve is just a self-matched curve as previously defined. Let M3 T-S.5M denote the
moduli space of T —shifted self-matched curves. Defining d instead using M? S.SM>
we get a new chain complex which is homotopy equivalent to CFK (H°).

Now, take 7" — co. Sequences of 7;—shifted self-matched curves with 7; — co con-

verge to many-story holomorphic combs (u1, u5, ..., u;) where each u; € 712 (xi, x ,+ 1)
(with x; = x and x;41 = y), subject to the following condition. Let pl Loeeos pl R
denote the right punctures of u; and piljl, cees p, b denote the left punctures of u;.
Then:

e Foreachi=1,..../—1, j®R=jk  and jR=jF=0.

e Foreachi=1,...,/—1and j=1,...,j;, uis asymptotic to the same Reeb

chords at pfj and piL+1,j‘
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e Foreachi=1,...,/—1land j=1,...,j;—1,
(7.1) loui(p£+1)—l°ui(Pfl) =toui+l(ij+1,[+1)_toui'i‘l(piL-i-l,l)'

We call such combs oco—shifted self-matched combs, and let MZ _ s.su denote the
moduli space of co—shifted self-matched combs. Using MOO_S’ sy instead of MfM,
we again obtain a new chain complex, homotopy equivalent to CFK (H°). (See
Figure 18 for an example of this shifting and the further steps in the proof.)

Next, we further deform the diagonal as follows. An co—shifted, T —self-matched holo-
morphic comb is a holomorphic comb (u1, u,, ..., u;) satisfying the same conditions
as a oo—shifted self-matched comb, except that (7.1) is replaced with the formula

T-(toui(pfyp)—toui(pf)) =touip1(pf 0 —touiri(pfi ).
An oo-shifted, 1—self-matched comb is the same as an co—shifted self-matched comb.

Let ME_ S.T-sm denote the moduli space of oco—shifted, 7"—self-matched combs. By
replacmg MB sy With MB 0o-S,T—sm» We get another chain complex homotopy equivalent
to CFK(H°).

Now, send 7" — oco. One can show that sequences of co—shifted, 7;—self-matched

combs converge to holomorphic combs (u1, #3, ..., u;) such that:
¢ [Each u; is asymptotic to a sequence of sets of Reeb chords Z),R— (pR ENERRRE pR 1 R)
at dgX, and to a sequence of Reeb chords ,T)IL = (,ol-Ll, ey P} ]L) at dp X.
¢ The sequence of algebra elements az(,o1 1) a(,o1 jR) a(pR 2. ). and the
sequence of algebra elements a(—p; Ly, a( ,02 ) . are the same.

e [Each u; is rigid, as a one-story comb with the specified asymptotics.

We call such a comb a co—shifted, oo—self—matched holomorphic comb, and denote
the moduli space of such combs by M5 50-S.00-SM Replacing M W by MB 50-S.,00-SM*
we obtain another chain complex homotopy equivalent to CFK (7—[ ). But th1s chain
complex also has an alternate description: it is the Hochschild complex for CFDA (H)
of Proposition 2.3.54. This implies the result.

The statements about gradings follows exactly as in the “nice diagrams” version of the
proof. |

Proof of Theorem 7 This is immediate from Lemma 5.6, Theorem 14 and the defini-
tion of CFDA (¥) in Section 6.4. O
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Figure 18: Hochschild homology via deforming the diagonal: on the far left,
we have a region in a Heegaard diagram 7, contributing to the differential on
CFK (H°). All of the a—arcs shown are parts of different o —curves; center
left, we have a schematic of the corresponding self-matched curve; center
right, we have a schematic of the corresponding co—shifted self-matched
curve; far right, we have a schematic of the corresponding co—shifted co—self-
matched curve. Another interesting example can be obtained by reflecting
the diagram horizontally.

8 The mapping class group action

In this section, we show that the bimodules C/FEM(Z)) associated to surface diffeomor-
phisms ¢ induce an action of the bordered mapping class group on the derived category
of A(Z)-modules. A key step towards establishing this result is that the bimodule
associated to the identity surface diffeomorphism is the identity map, ie @(H F(2))
is homotopy equivalent to A(2)[I] A(z) (Definition 2.2.48), verifying Theorem 4. This
is done in Section 8.1. The mapping class group action on the derived categories is
stated precisely in Section 8.2, and verified in Section 8.3.

8.1 Identity bimodules

We first prove that the identity map on Z induces a bimodule which is quasi-isomorphic
to the identity bimodule on A(Z), as stated in Theorem 4.

We make our notation slightly more precise than in the original statement of the theorem,
writing A(Z) for A(F), so the desired result is CFDA(Ip(z)) =~ A(Z)[]IA(Z)]A(Z)
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During the proof we also make our notation also less precise, dropping the subscript
from the identity I (which could be either the algebra of Z, or the surface associated
to Z): it should be clear from the context.

Proof of Theorem 4 We start by arguing that A(2) C/FE4(]I) A(2) 18 quasi-invertible
in the sense of Definition 2.4.7. Consider the canonical bordered Heegaard diagram for
the identity diffeomorphism (Definition 5.10), illustrated in Figure 19 (left). It is clear
from inspection that A(2) CFDA (I) 4(z) is isomorphic to A(F) as aleft A(F)-module.
Moreover, 51 = 0: any nontrivial domain meets the type 4 A boundary in the canonical
diagram. Thus Lemma 2.2.50 applies, showing that CFDA (I) 4(2) is isomorphic to
AF)g)] A(F) for some Ax—endomorphism ¢ of A(F).

/)

exel© ©

796 wﬂ

796

Figure 19: The canonical Heegaard diagram for the identity map: on the left,
we have the identity map of the split genus-2 surface; center and right, we
have two of the holomorphic disks implying ¢«(p) = p for any length 1
chord p.

For any Reeb chord p of length 1, ¢.(p) = p, as there is an obvious holomorphic
disk; see Figure 19 (center, right). By Proposition 4.7, ¢; induces the identity map on
the homology of A(F); in particular, ¢ is a quasi-isomorphism. By Proposition 2.4.8
AZ) CFDA(I) 4(z) is quasi-invertible.
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Next, according to Theorem 5,
A2) C/FE4 (H)A(Z) X A2) C/FE4 (H)A(Z) il A2) C/FE4 (H)A(Z) .

Hence, applying X with the quasi-inverse to A2) @(H) A(z) to both sides of the
above quasi-isomorphism, we obtain the desired quasi-isomorphism

A@ CFDA(I) 4z) ~ “P1] u(z). 0

Corollary 8.1 Let ¢ € MCGy(F(Z)). Then the functors
- ®AE)CFDA($) 4(z): Mod 4(z) > Mod ().
AG)CFDA(¢) 42y R -: “@Mod — A FMod,
are auto quasiequivalences of Z —set graded differential categories.

More generally, if ¢ € MCGo(F(Z), F(2')) is in the mapping class groupoid, then the
functors

) IZIA(Z)@@)A(Z’): Mod 4(z) — Mod 4(z/),
- RA@ACZVCEDD(¢): Mod 4(z) — 7 Mod,
AECFDA@) a2 B - *Mod — 4 Mod,
CFAA(®) 4~ 2),4(z) B -2 “¥Mod — Mod 4 z),

are quasiequivalences of Z —set graded ditferential categories.

Proof We will prove that
- R AE) CFDA (¢) 4(z7): Mod_4(z) — Mod 4(z)

is a quasiequivalence; the other cases are similar. By Lemma 2.4.9 it suffices to show
that A2) CFDA (¢) A(z’) 1s quasi-invertible.

Fix any Heegaard diagrams # for ¢ and #’ for ¢~ 1. It follows from Lemma 5.9 that
Hyr Us, H' is a Heegaard diagram for the identity map Ir(zy € MCGo(F(Z), F(2))
while H'y,, Uy, H is a Heegaard diagram for Ipzy € MCGy(F(Z'), F(Z')). By
Theorem 12,

A@)CFDA(H) a(zry ®AEVCFDA(H') 4(z) ~ “@ CFDA(H 3, U, H') a(z7),
AEVCFDAH') 4(zy B A@)CFDA(M) 42y = “E)CFDAH 3, Uy, H) a(z")-
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By Lemma 5.8 and Proposition 6.10,
AP CFDA(M o, Uy, H) az) = P CFDAMH (L (2))) ac2).
ACVYCFDAM 3, s, H) aczry = ) CFDAMH (L p(31))) a2
So, by Theorem 4,
AE CFDA(H) o2y B AP CFDAH) acz) = “ MMz,
AEVCFDAM') 2y B AP CFDA(H) 4¢zr) ~ ] (2.

This proves the claim. |

Finally, as another corollary, we have Theorem 1, the statement that different pointed
matched circles for a given surface have equivalent derived categories.

Proof of Theorem 1 This follows from Corollary 8.1 by choosing any mapping class
¢EMCGO(ZI,22). O

8.2 Group actions on categories

To state the mapping class group(oid) action precisely requires a little categorical
algebra, which we review in this subsection.

Definition 8.1 Let G be a group and € a category. Let End(€¢) denote the class of
functors F: € — €.

e A strict action of G on € is a map 4: G — End(%6) such that A(I) is the
identity functor and if g,# € G then A(gh) = A(g)o A(h).

e A weak action of G on € is a map A: G — End(%6) together with a natural
isomorphism Aq of the identity functor I¢ to A(I); and for each g,/ € G,
an isomorphism A, (g, i) from A(g) o A(h) to A(gh), so that the following
diagrams commute:

A(g) o A(h) o A(k) AxgWeLaw, A(gh) o A(k)

La(gy0A2(h,k) Az (gh,k)

A(g) o A(hk) RETT A(ghk)
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A(g)oly ———— A(g) IgoA(g) ——— A(g)
A(g)oAo = A00A(g) -
A@)0 4D ——— A(]) AW o A(g) - Alg)

(Compare Mac Lane [25, Section XI.2].)

If € has some extra structure (for example, if it is triangulated) then we replace End(%)
by the class of endofunctors preserving that structure.

Remark 8.2 This terminology is not entirely standard. In particular, the reader is
cautioned that some sources call our weak action a strong action.

We want to extend the notion of weak group actions to actions of groupoids, so first
we reinterpret it. Recall:

Definition 8.3 If & and € are 2—categories then a weak 2—functor from % to €
consists of’

e A map 4: Obg — Obg.
» For each a,b € Obg a functor A, ;: Morg (a, b) — Morg(A(a), A(b)).
* For each a € Obg a 2—morphism A4, € 2Mor(Il 4(g), Aa,a(Ia)).

e Foreach a,b,c € Obg, f € Morg(b,c), and g € Morg(a, b), a 2—morphism

Aap,c(f.8) €2Mor(Ap,c(f) o Aap(8) Aac(f 08)),

forming a natural transformation of functors; more precisely, as f and g vary,
both Ap (f) o Agp(g) and Ag(f o g) give functors from Morg (b, c) x
Morg (a, b) to Morg(A(a), A(c)); then A, p . is required to be a natural trans-
formation between these two functors.

These data must satisfy:
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e For any objects a, b, ¢, d € Obg and morphisms f € Morg(c, d), g € Morg (b, ¢)
and h € Morg(a, b) the diagram

Ac,a(f)o(Apc(g) o Aqp(h)

(Ae,a(f) o Apc(g)) o Aap(h)

La, gr0dan.c(g:h) Ap.c.a(f,8)°La, ;)
Aea(f)oAac(goh) Ap,a(fog)oAgp(h)
Aa.c.a(f.goh) Aap.a(fog:h)
Aga(fo(goh)) = Aga((fog)oh)

commutes.

e For any morphism f* € Mor(a, b), the diagrams

Aap(f)olgpy ———— Aap(f)

Au,b(f)oAbh =
A o A(llp) —— A ol
ab(f) o A(lp) da D ab(folp)
Tg@) 0 Aap(f) = Agp(f)
AaOAa,h(f)h =

A(l A Yy— A I
(Iz) o a’b(f)Aa,a,b(]I,f) a,b( aof)

commute.

See Bénabou [3, Definition 4.1], which defines the notion more generally for weak
2—categories (or bicategories), although we choose to keep the standard convention for
order of composition.

We may view a group G as a 2—category I" with a single object ¢, Mor(e, ¢) = G, and
2Mor(g, h) empty if g # h and consisting of the identity map if g = h. A category €
specifies a 2—category énd(‘€) with a single object *, Mor(x, x) = End(¢), and
2Mor(F, F3) the set of natural transformations from F; to F,.
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Lemma 8.4 With the above setup, a weak action of G on % is a weak 2—functor
from T" to énd(6).

Proof This is largely immediate from the definitions: Given a weak action 4, we
define a weak 2—functor B by:

° B(o) = x.
e B, .(g) = A(g); this function on the objects of Morr (e, ¢) extends trivially to
the morphisms of Morr (e, ®) (which are the 2—morphisms of I').

* B...(g.h)=A>(g, h); this map automatically defines a natural transformation,
since Morr (e, ®) X Morr (e, ¢) has only identity morphisms.

The diagrams that are required to commute are precisely the same in the two cases. O
This leads easily to the notion of a groupoid action.

Definition 8.5 Let 6y,...,%, be categories and I' a groupoid. Make I" into a 2—
category with only identity 2—morphisms. Let énd({6,...,%,}) denote the full
2—subcategory of 6ar generated by 61, ...,%,. That is,

Ob(€) ={€y,...,6,},
Mor(6;,6;) = {functors F: €; — €;},
2Mor(F, F,) = {natural transformations from F; to F,}.

Then a weak action of T on {61,...,%,} is a weak 2—functor from I" to énd(%).
(Again, if the categories €1, ..., €, are triangulated, say, then we restrict to triangulated
functors.)

(There is an obvious analogue when € has infinitely many elements, but we shall not
need this.)

Recall from Definition 2.5.31 that Mod 4(z) denotes the category of G —set graded
right Ass—modules over A(Z), and Hx(Mod 4(z)) the category whose objects are
set-graded As—modules over A(Z) and morphisms are A.,—homotopy classes of
Aoso—module maps. There is no natural notion of degree-0 morphisms in Mod 4(z),
and so Hx(Mod4(z)) is not a triangulated category in the usual sense. However,
Mod 4(z) does have a (nonfull) subcategory Mod A(2),G(z) of modules graded by the
grading group G(Z) (considered as a right G(Z)—set); see Definition 2.5.13. On this
subcategory there is a notion of degree-0 morphisms and so one obtains a triangulated

category H( Mod A(2),6(2))-

The goal of the rest of this section is to prove:
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Theorem 15 The bimodules CFDA (¢) induce a weak action of the genus-k bordered
mapping class groupoid MCG (k) on {Hx(Mod 4(z)) | genus(F(Z)) = k}. This action
preserves the subcategories {H(I\f/IBJd A(2),G(2))} and acts by triangulated functors on
{H(Mod 4(z),6(2))} -

In particular, for any pointed matched circle Z, the bimodules CFDA (¢) for the maps
¢: F(Z2) — F(Z) induce a weak action of the genus-k bordered mapping class group
on Hx(Mod 4(z))., and for different choices of Z these actions are conjugate (in the
obvious sense). One easily digestible piece of Theorem 15 is that tensoring with the
bimodules CFDA (¢) induces equivalences of categories; this fact is Corollary 8.1.

Remark 8.6 It is important to note that it is the bordered mapping class group which
acts on the category, rather than the ordinary one. For example, if Z represents a
surface of genus one, and ¢ denotes the mapping class which is gotten by Dehn twist
around the boundary of Z, then the tensor product with ¢ induces a nontrivial action
on the category of A(Z)-modules. For instance, there is a module with rank one
over [F, (and trivial differential) whose tensor product with @(qﬁ) has homology
with rank 9; see Figure 20.

o2

Figure 20: Action of the unbased mapping class group: the differential
module corresponding to one idempotent can be thought of as the type A
module associated to the doubly-pointed Heegaard diagram illustrated on the
left. The Dehn twist along the dotted curve (which can be thought of as Dehn
twist around the disk in the torus minus a disk) acts to give the diagram on
the right. Since there are no differentials, the rank of the homology of the
resulting module is 9. (The diagram depicts a left-handed Dehn twist applied
to the B —circle, which corresponds to the action of a right-handed Dehn twist
on the bordered three-manifold.)
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Remark 8.7 It is possible to refine Theorem 15 by allowing triangulated actions for
different grading sets beyond just G(Z). For instance, consider the category Mod A(2),%
defined to be the disjoint union, over all right G(Z)-sets S on which A acts freely, of
Mod A(2),s - Here the “disjoint union™ of categories means the category whose objects
are the union of the objects of the summands, with no morphisms between objects from
different summands, and with the inherited morphisms between objects from the same
summand. Then each Mod A(2),s and therefore Mod A(2),% are dg categories in the
usual sense, and MCG(k) acts by triangulated functors on {H(l\m A(2),%)} -

Remark 8.8 Group actions on algebraic categories have seen considerable interest
recently; see for instance Ganter and Kapranov [9], as well as the references in Khovanov
and Thomas [16]. The reader might also wonder about groupish structures with more
interesting 2—morphisms; such objects are called 2—groups and are studied in Baez
and Lauda [2].

Remark 8.9 One could try to strengthen Theorem 15 as follows. Consider the 2—
category with objects pointed matched circles, Mor(Z, Z’) the set of diffeomorphisms
F°(Z2)— F°(Z’), and 2-morphisms 2Mor(¢, ) the set of isotopy classes of isotopies
from ¢ to . Then one could try to associate a weak 2—functor from this category to
the weak 2—category of algebras, bimodules and homotopy classes of .4.,—bimodule
maps. That is, one would associate a well-defined bimodule to each diffeomorphism
and an Ay,—homotopy equivalence of bimodules (well defined up to homotopy) to
each (isotopy class of) isotopy, satisfying appropriate coherence axioms. (One could
of course imagine going farther and look for a functor between the oo—category of
surfaces, diffeomorphisms, paths of diffeomorphisms, ... and the oo—category of
differential algebras, differential bimodules, differential bimodule homomorphisms,
....) Although this approach would lead to a slightly stronger result, it would require
additional technicalities (for example, consistent choices of perturbation data).

8.3 Construction of the mapping class group action
Before constructing the mapping class group action, we will need to study the DD—
identity bimodule.

We will need to consider simultaneously Z and —Z. To this end, recall from Section 3.2
that there is an orientation-reversing map

r. Z—-—2,

which induces the map a; — a4x41—; on the points in Z (with respect to their orderings
induced by the orientations on Z and —Z). This induces a map from [4k]/M to
[4k]/r(M).
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Definition 8.1 Let Z be a pointed matched circle. If s and r(¢) form a partition of
[4k]/ M , we say that the idempotents 1 4(z)(s) and [ 4—z)(t) for A(Z) and A(—2Z2)
are complementary idempotents.

Complementary idempotents show up in the generating set for CFDD for the standard
Heegaard diagram for the identity map, as follows:

Lemma 8.2 Consider the standard Heegaard diagram ‘H for the identity map pictured
in Figure 19. The generating set &(#) is in one-to-one correspondence with the set of
idempotents A(Z): indeed, for each pair (I, I') of complementary idempotents, there
is a unique generator x = x (I) satisfying (I @ I')-x = x.

Proof This follows from a straightforward inspection of the diagram. a

We turn now to gradings on the identity type DD bimodule. The map
R:G(—2)—> G(2)®

defined by R(s,n) = (s,7r«(n)) is a group isomorphism. Using this, we give G(Z) the
structure of a left G(Z) xz G(—Z)-set by the rule

(g1 Xz g2)*h:=g1-h-R(g2),

where the operation - on the right-hand-side refers to multiplication in G(Z). When
referring to G(Z) as a G(Z) xz G(—Z)-set in this way, we denote it by 7.

Lemma 8.3 For H the standard Heegaard diagram for the identity map, there is a
natural identification of the grading set Spp(H) of CFDD(H) with the G(Z) xg
G(—Z)-set T.

Proof Recall that Py, is the image of the space of periodic domains under the
map from (6.2). Spp(H) can be defined as the quotient of G(Z) xz G(—Z) by
(R x R)(Px,). Another glance at the standard Heegaard diagram shows that Py, is
generated by (0, —rx(m)) xz (0, m), as m runs over intervals in Z connecting matched
pairs. The map

F: G(2)x7 G(-2) > T

defined by F(gq1 x g2) = g1 - R(g>) induces an isomorphism of G(Z) xz G(—Z2)-
spaces
f1(G(2) xz G(=2))/((Rx R)(Px,)) > T. O
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Lemma 8.4 Let Z be a pointed matched circle. Any grading-preserving homotopy
auto-equivalence of A@)-A2)CFDD(I) as a type DD bimodule is homotopic to the
identity.

Proof It suffices to verify that for the standard Heegaard diagram H of the identity map,
pictured in Figure 19, the identity map is the only grading-preserving automorphism ¢
from CFDD(H) to CFDD(H).

It follows from Lemma 8.2 that our automorphism ¢ is specified by algebra ele-
ments a(l,J) € A(Z) and b(I,J) € A(—Z), indexed by pairs I and J of primitive
idempotents for A(Z), whose compatibility with the idempotents is given by

I-a(l,J)-J=a(l,J), I'-b(I,J)-J =b(1,J),
(where I’ is complementary to I and J’ is complementary to J), so that

$(x(1) =D (aI,))®b(I,]))®@x(J).
J

To draw conclusions, we must turn to gradings. To this end, note that any two gen-
erators x (/) and x(J) can be connected by a domain B with e(B) + ny ) (B) +
ny)(B)=0,and 39R (B) = r4(3°L (B)). Thus, if we fix I, we can find one-chains o 7
for each idempotent J, with the property that

g’ (x(J)) = ((0.ay) xz (0, r« () g’ (x (1)).

Let ¥ and v’ be the grading refinement data for A(Z) and A(—Z), respectively.
Recall that

gr((a(I, H®b(I, J)@x () = (Y (I)xzy'(I)-g' (a(l, J)®b(I, J)) x g’ (x (J])).
Thus, if gr((a(1,J) ® b(I, J)) ® x(J)) = gr(x (I)), then it follows that
gi'(a(I,J)®b(I,J))-gr' (x(J))) = g’ (x (1)),
so that
g’ (a(l, J)®b(I, 1)) * ((0,a) xz (0, r«(ay))) * g’ (x (1)) = gr' (x (1)).
Hence (according to Lemma 8.3) there is another one-chain 8 with the property that
gi'(a(1,J)®b(I,J))-((0,ar) xz (0, r«(ts))) = (0, B) X7 (0, 74(B)).

Using mz(ay,0B) = —m—_z(r«(ay), or«(B)), it follows that gr’(a(l, J)Qb(I, J)) =
0,8—0ay)xz(0,r«(B —ay)). From Lemma 3.3, it follows that each of a(/, J) and
b(1,J) is an idempotent.
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Thus, ¢ has the form
p(x(D) =c(, 1) ®x (1),

where here c(/, I') can be either 0 or 1. The fact that ¢ is an automorphism implies
that each of these terms is 1; ie ¢ is the identity map. O

Lemma 8.5 Let H and H' be Heegaard diagrams representing ¢ € MCGy(F(Z),
F(Z2)). Let
f.g: CFDA(#H) — CFDA(#')

be graded Aoo—homotopy equivalences of bimodules. Then f and g are Aoo—
homotopic.

Proof We start by considering the identity map I F(z) € MCGy(F(2), F(2)), with
the Heegaard diagrams H = H’. By Lemma 8.4, CFDD () has only one homotopy
class of auto-equivalences. By Corollary 8.1, @(H) X - is an quasiequivalence of
categories from the category of type DD structures to the category of type DA structures,
and by Theorem 12,

CFAA(1) R CFDD(H) ~ CFDA(H).
Thus CFDA (#H) also has only one homotopy class of auto-equivalences.

The case where H # H' follows readily: CFDA \(#) and CFDA (’H/) are homo-
topy equivalent, so the set of equivalences from CFDA (H) to CFDA (H) is iden-
tified with the set of homotopy auto-equivalences of C/FEX(’H) Finally, the case
where ¢ # I follows, since @4((]&) is carried by the equivalence of categories given
by @4(45_1) X - to @(H) (again, by Theorem 12). |

Proof of Theorem 15 For each mapping class [¢] € MCGy(F(Z), F(Z')) choose
a diffeomorphism ¢: F(Z) — F(Z’) representing [¢]. Recall from Section 6.4 that
there is a canonical bordered Heegaard diagram #(¢) associated to ¢. For each ¢
choose also a generic almost complex structure J¢ on H(¢) x [0, 1] x R. Associated
to these choices is a well-defined bimodule CFDA (p) = CFDA (H(¢)., Jp). Let Fy
denote the functor

- & CFDA(¢): H(Mod _4(z)) — H(Mod 4(z7)).

Now we define an action A of MCGg(k) on {H(Mod 4(z)) | genus(F(Z2)) =k}, asin
Definition 8.5, as follows. First, let

A(Z2) =H(Mod 4(z)). Az,z(p]) = Fg.

It remains to define the correction terms A, and A, p . of Definition 8.3.

Geometry € Topology, Volume 19 (2015)



702 Robert Lipshitz, Peter S Ozsvdth and Dylan P Thurston

By Theorem 4 and Lemma 8.5, given a pointed matched circle Z there is a unique
graded isomorphism CFDA (Irz) — AT A(z)- Together with the canonical natural
isomorphism between the identity functor and - ) X A(Z)[I[] A(z) (see Lemma 2.3.20)
this defines a natural transformation

AZ: HH(ModA(Z)) - f]IF(Z)'

Similarly, given [¢12] € MCGy(A(Z1), A(Z,)) and [pr3] € MCGy(A(2,), A(Z3)),
let ¢13 denote the chosen representative of [¢3 0 ¢p12] € MCG(A(Z4), A(Z3)). Then,
by the pairing theorem (Theorem 12) and Lemma 8.5 there is a unique isomorphism
(in the derived category)

®123: CFDA(¢p12) ® CFDA (¢b23) — CFDA (¢13).

This isomorphism induces a natural transformation

Az,,z,,2;([P23). [912]): Fppy 0 Fp1y = Fpy5-

This completes the definition of the weak 2—functor A. It remains to check that A
satisfies the three commutative diagrams of Definition 8.3. But these follow trivially
from Lemma 8.5: both paths around the diagram correspond to graded isomorphisms
between a bimodule M and a bimodule of the form @4((]&), and that lemma
guarantees that there is a unique such isomorphism, so the diagrams must commute.

Finally, it is immediate from the definitions that these functors preserve the subcategories
H(Mod 4(z),6(z))» and act by triangulated functors on them. |

Remark 8.6 We have constructed an action of the mapping class group action on
the module category. The reader might be interested in its behavior on grading sets.
Specifically, if ¢ € MCGo(F(Z), F(Z2)) is a strongly based mapping class, then one
can show that the grading set for @4((]5,5) is a left-right G(2)-G(Z)-set, for
which both the left and the right actions are simply transitive. In turn, it is easy to see
that isomorphism classes of such G(Z)-G(Z)-sets are in one-to-one correspondence
with outer automorphisms of G(Z) (fixing A). Thus, we obtain a representation
MCGy(F(2), F(2)) — Out(G(Z2)). Projecting onto H;(F(Z)), of course, we get
the induced representation of the mapping class group on homology. But in fact, the
entire representation is also determined by its behavior on homology. For more on this,
see [20]; see also Lemma 10.3 for an explicit action in the case where g = 1.

9 Duality

In this section we will deduce Theorem 6 from the fact that CFAA (I) and @(H)
are quasi-inverses to each other (Definition 2.4.7) (which in turn follows from the

Geometry & Topology, Volume 19 (2015)



Bimodules in bordered Heegaard Floer 703

pairing theorem (Theorem 5) and the fact that C/FEMH) ~ Al]4 (Theorem 4)) and
the algebraic results from Section 2 (particularly Section 2.3.4). We give a genus-1
illustration of Theorem 6 in Section 10.3.

To keep notation simple, fix a pointed matched circle Z and let A = A(Z) and
B=A(-Z2).

Recall from Section 2.3.3 that given a type D structure M we let ;AM = g A4 RAM
denote the corresponding type A module; and similarly for bimodules.
Lemma 9.1 Let C and £ be A —algebras. For any bimodules EM and CBN , the
“tensoring with the identity map” morphism (see Proposition 2.3.32)

Mor®(EM ,EN) — Mor 4(CFAA () 4.5 R EM , CFAA (1) 4 s R EN)
is a quasi-isomorphism of (C, £)—bimodules.
Proof The fact that this map respects the bimodule structure is immediate from
Proposition 2.3.36.

As noted above, by Theorems 4 and 12, it is immediate that the bimodules 3ACFDD (I )
and CFAA(Il) 4 5 are quasi-inverses to each other, as in Definition 2.4.7. It follows
from Lemma 2.4.9 that the functors

CFAA(I) 43R 5-: He(P*Mod) — Hy(Mod_4).
A RABCEDD(I): Hy(Mod_4) — Hx(®Mod),

are inverse equivalences of categories. But, on the level of morphisms, this says exactly
that the “tensoring with the identity” map

Mor?(BM,BN') — Mor 4(CFAA(I) 4 5 R M, CFAA(I) 4 5 R BN)
is a quasi-isomorphism. |
Proposition 9.2 There is a quasi-isomorphism of bimodules

Mor®(BCFDD(1), B[l]5) ~ CFAA(I) 4 5.

Proof There are quasi-isomorphisms of G —set graded (B, .A)—bimodules
Mor®(§CFDD(1), *[I]5) — Mor o(CFAA(I) 4.5 ®is §CFDD(I). CFAA(I) 4,5)
— Mora(4A, CFAA(T) 4,5)
— C/FA\A(]I) AB-
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Here, the first map is induced by tensoring with the identity, and is a quasi-isomorphism
by Lemma 9.1. The second map is induced by naturality of Mor and is a quasi-
isomorphism because CFDD and CFAA are quasi-inverses. The third map comes
from Lemma 2.3.33. Note that all of these maps respect the G —set grading. O

We are now in a position to prove Theorem 6, which we restate and generalize as
follows:

Theorem 16 Let Y be a bordered three-manifold with boundary parameterized
by F(Z). Then

CFA(Y) 4(z) ~ Mot 4(— ) (4(2),4(—2) CFDD(I), 4(—z)CFD(Y))
~ Mor* ) (M 2)CFDD(1). A2 CFD(Y)).

Similarly, suppose Y1, is a strongly bordered three-manifold with boundary parameter-
ized by F(Z,) and F(Z,). Then

ACEDCFDA(Y12) A(z,)
— A(=2) Ao _ 2 Ao
~ Mor22) (4( Z2CFDD(1 z,), AT#V)AC2)CFDD(Y1,)).

Proof As before, let A = A(Z) and B = A(—Z). By Proposition 2.3.40,
Mor®(BCFDD(1),53CFD(Y)) ~ Mors(4,5CFDD(I), 5 CFD(Y)).
By definition (Equation (2.3.39)), Proposition 9.2, and Theorem 11 respectively,
Mor®(ECFDD(1), BCFD(Y )) ~ Mor® (5CFDD(1), B[l]5) R °CFD(Y)
~ CFAA(I) 4.5 X ’CFD(Y)
~ CFA(Y) 4.
These isomorphisms are all maps of G —set graded modules.

The bimodule case is similar. O

Remark 9.3 One might imagine that
CEA(Y) 4 ~ Mor? (“BCFDD (1), ’CFD(Y)) K 4 A.4.
This is in fact the case. However, the most obvious analogue for bimodules is false.

See the authors [22].
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Remark 9.4 Like tensoring with C?«’FD(]I) or CFAA (I, the duality exchanges the
actions of A(F,i) and A(—F,—i). (Since modules associated to manifolds with
connected boundary are supported in i = 0, this reversal of spin®—structures is invisible
in Theorem 6.)

Of course, the above discussion is much more useful once one calculates @(H).

Remark 9.5 Consider the type DD structure B which is generated by elements of
the form I(r) ® I(s), where here r, s C [2k] are complementary sets of subsets of
[2k] = [4k]/ M , for a given pointed matched circle. Let R be the set of Reeb chords
for Z. For p € R, let a(p) € A(Z) denote the algebra element associated to p, and
let a(—p) € A(—Z) denote the corresponding algebra element for the pointed matched
circle with the opposite orientation. We endow B with a differential which is given by

s' () & 1(s) = > (a(p) ® a(=p)) ® (1(r') ® I(s")).
PER

I(r)a(p)=a(p)I(r")
(r’,s’) complementary

It is shown in [20] that the above explicitly-defined bimodule B is in fact quasi-

isomorphic to the bimodule CFDD (I). (See also Proposition 10.1 for a verification of
this in the genus-one case.)

It is interesting to compare the bimodule of Remark 9.5 with the dualizing modules in
the theory of Koszul algebras. See for example [32].

10 Bimodules for the torus

In [21, Appendix A], we stated various bimodules for the torus. These included
the bimodules CFDD and CFAA for the identity cobordism, and also the type DA
bimodules for Dehn twists along generators for the mapping class group. In this section
we verify those claims. Bimodules for generators of the mapping class groupoid of a
surface with arbitrary genus, given using a different mechanism, are given in [20].

We use the notation for the torus algebra from Section 3.3 (mostly from [21]). In
Section 10.1, we calculate the AA and DD bimodules for the identity map. (The
same techniques can be used to calculate the DA bimodule of the identity map: we
do not bother with this, in view of Theorem 4, which ensures that it is simply the
identity bimodule. It is worth noting, though, that a direct calculation along the lines
of Section 10.1 would result in a different, though quasi-isomorphic, bimodule.) In
Section 10.2 we calculate the type DA bimodules which represent the mapping class
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group generators in genus-one. We conclude by giving an illustration of the duality
theorem (Theorem 6) in Section 10.3.

Note that we focus here on the case A = A(F,0). This is because A(F,—1) = F,,
and A(F, 1) is quasi-isomorphic to [, so all quasi-invertible bimodules over these
algebras are quasi-isomorphic to F,.

10.1 Bimodules for the identity map of the torus

Consider the unique pointed matched circle Z for a surface of genus 1. In the present
section, we describe the bimodule C/FA\A (I, 0), but first, we must set up some notation.
Recall that C/FA\A(I[, 0) is a right-right A(Z,0)-A(—2Z, 0)-bimodule. We write A =
A(Z,0), and B = A(—Z,0). Of course A = B, but we still find it convenient to
distinguish them, to help record which actions we are using. Specifically, we think of
B as having idempotents which we denote jy, and j; (corresponding to ¢y and ¢; in
A), and generators o; (corresponding to the p; in .A). With these conventions, then,
we claim that the AA bimodule for the identity diffeomorphism of the torus (in the
i = 0 summand) is the AA bimodule illustrated in Figure 21. The idempotent actions
on the generators can be easily determined from the actions on the algebra (or indeed
they can be read immediately off the Heegaard diagram in Figure 22). We include only
two of them here and leave the others to the reader:

x-(L®jo)=x, y-(L1®j)=y.

Note that one can contract arrows to reduce to a quasi-isomorphic bimodule with only
two generators; however, in that model, the .4, operations look rather complicated.
(In particular, there are infinitely many different ones, ie the module is not operationally
bounded in the sense of Definition 2.2.41.)

We verify our description of the AA bimodule for the identity by drawing a suitable
Heegaard diagram and analyzing the holomorphic curves. Unfortunately, the canonical
Heegaard diagram for the identity map given by Definition 5.10 is not admissible.
This means that, although there are relatively few generators, we could have infinitely
many nontrivial A —products (and hence infinitely many domains to consider). To
simplify matters, then, we apply some finger moves to get an admissible diagram 7,
as illustrated in Figure 22.

The diagram H has six generators: y =ae, x =bd, wy =bf1, wy =bf3, z1 =cye,
and z, = cye. These can be connected by the domains labeled in Figure 22 to form
the graph shown in Figure 23.

This graph has the property that any homotopy class connecting two generators can be
realized as a path in the graph. Indeed, any positive domain connecting two generators
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Figure 21: The type AA bimodule CFAAA(]I, 0): the labels on the arrows
indicate the 4., operations. For instance, the label (033, o) on the arrow
from y to z, means that m(y, 023, p2) contains a term z, .

can be represented by a connected path of downward-pointing edges. For example,
there are two positive domains from w; to w,, and these are B, and the composite
domain S; M R5.

The regions corresponding to the various domains from Figure 23 represent polygons.
It follows that all the Ay, operations from Figure 21 which drop height by one are
given by the corresponding labels; ie

m(wy,01) =y, m(zy,p1)=y, m(y,o02,p2)=x, m(x,p3)=wy,
m(x,03) = z7, m(wy) = wy, m(zy) = z3.

The Ao relation for a type AA bimodule applied to the x components of m?(w; ®
01 Q03 ® p2) and m?(z; ® 03 @ p; ® po) forces the arrows from w; and z; to x:

m(wy, 012, p2) = X,

m(zy,02,p12) = X.
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Figure 22: Admissible Heegaard diagram for the identity map of the solid
torus: there are two handles attached to the surface, connecting the circles
that are vertically aligned with each other.

1 z
K %
y

B> lM B
X
% X
2 z

Figure 23: Graph of domains

w 1

w 2

Similar considerations force the arrows from y to w, and z;, from z; to z,, and
from w{ to wy:

m(y,o02, p23) = Wy, m(y, 023, p2) = 22,

m(wy, 012, p23) = Wa, m(z1,023, pP12) = Z2.
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Considering the w, and z, components of m?(z; ® 02 ® p; ® p23) and m?(w; ®
01 ® 023 ® py) respectively, we see that

m(zy,02,p123) = Wa,
m(wy, 0123, p2) = 2.

We must finally consider the possibility of alternative higher multiplications supported
by the positive domains we have found. For example, the domain S1 M S3, as we have
already seen, represents m (w1, 0>, p123) = 22, but has an alternative decomposition,
where we cut to the right wherever possible. This gives rise to a polygon representing

m(wy,03,02,01, 02) = 23.

Inspecting the existing positive domains, it is clear that no other one can give rise to an
alternate 4., operation, as corresponding cuts are not possible.

This concludes the verification that the identity map gives rise to the bimodule pictured
in Figure 21. Having found all the holomorphic curves for the AA bimodule, it is easy
to write down also the type DD bimodule. To do this, we proceed as follows: we
relabel the algebra elements on the regions to be compatible with type D labelings (ie
swap the order of the generators on the boundary), then throw out some curves which
cannot contribute for idempotent reasons, and finally add up other curve counts.

For instance, a curve which used to count as m(w;,0;) = y now counts as giving a
term of 03 ® y in dw;. Also, the curve which used to count as m(w1, 012, p2) = x
now does not count. Finally, the contributions

m(wy,0123,02) =22 and m(wy,03,02,01,02) =23

both contribute to the coefficient of (01,302) ® z5 in dw; (and hence they cancel).
The results are summarized in Figure 24.

We can simplify this further, to obtain the following:

Proposition 10.1 There is a type DD identity bimodule for the torus with two genera-
tors p and q, satisfying

(L®jo)-p=p. (L1®Jj1) q=4q,

and differential given by

0p = (p103 + p301 + p1230123) ® g, 9g = (p202) ® p.
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Figure 24: The type DD bimodule CFDD" (I, 0): the labels on the arrows
indicate differentials. For instance, the arrow from y to x signifies a term of
(p202)®x in dy .

Proof Substitute
P=x+p1®@w;+01®z; +0120123 ® Wy,
9=y,

in the description from Figure 24 to get a quasi-isomorphic submodule with the stated
differential. The idempotent actions follow immediately from the diagram. (Note that
the idempotents are the same as those arising from the interpretation of the generators
as generators for a type AA bimodule.) O

The type DD module given in Figure 24 is bounded in the sense of Definition 2.2.56,
while the module given in Proposition 10.1 is merely left and right bounded.

Determining relative gradings is also a straightforward matter, as in Lemma 8.3.

10.2 The DA bimodules for the mapping class group of the torus

The mapping class group is generated by Dehn twists 7, and 7, along meridian and
longitude respectively (ie 7, takes an n—framed knot complement to an (n + 1)—framed
knot complement). We describe the summand CFDA (+,0) of the type DA modules
for Dehn twists about these two curves and their inverses.
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Heegard diagram for 7y Heegard diagram for 7, !

Figure 25: Heegaard diagrams for mapping class group elements: we have
illustrated here genus-two bordered diagrams for the generators of the genus-
one mapping class group and their inverses, as indicated. In each of the four
diagrams, there are three generators in the i = 0 summand.

Heegaard diagrams for 7, 7, L » Tg and ‘L’Z are illustrated in E&re 25. Each
of the four type DA structures CFDA(tm,O) CFDA( 1,0), CFDA(z;,0), and
CFDA (", 1.0) has three generators, which are labeled by four possible letters p,
q,r,and s. (CFDA (T:tl) does not have s and CFDA (te:tl) does not have r.) The
compatibility with the idempotents is given as follows:

lo-Pp-lo=p, lh-q-L1=¢, L1-¥F-lo=Fr, oS-l =S5.

Next, we study the grading set for the modules. We will adopt the notation for
elements of G’ from [21, Chapter 11]; that is, elements of G’ (T2) are written as tuples
g = (m;i, j, k) where m € %Z is the Maslov component of g and 7, j, k are the
local multiplicities of [g] € H1(Z \ z, a) at the three relevant components of Z \ a;
see Section 3.3. Since G is a subgroup of G’, this gives us notation for elements of G
as well.
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Definition 10.1 Let f/: G — G be a group homomorphism. Let G be the associated
left-right G—G —space whose underlying set is G, and whose action is given by g
s* gy =gi-5- f(g2), where  denotes the left action on G, * denotes the right
action on G, and - denotes multiplication in G .

With this definition, if G = G as left-right G—G —spaces, then f and g are conjugate
to one another.

Recall that the actions of the generating Dehn twists on homology is given by

(Tm)x(m) = m, (tm)s« () =m + £,

(T )x(m) =m, (T ) (0) = —m + £,
(te)x(m) =m—4¢, (te)+(0) = £,

(ry De(m)=m+¢, (t; D)ull) = L.

Here, we are thinking of the homology classes m and £ as represented by local
multiplicities

m=(0,1,1), £=(1,1,0).

These have canonical lifts to elements in G, gotten by 77 = gr(p,3) and = gr(p12);
ie (using the grading refinement data from (3.1)), we get

We define the following lifts of the action of homology to automorphisms of G(Z2):
Sms Snls fo, and f[l . These are determined by the property that they fix A, and
transform the other generators according to the following:

S () = m, Fo@)y=a-ii- L,

T (7Y = 77 T (=l 7
(102) reta = @=L

frmy=r"tm-0t frE) =4,

£ () = a7 -4 @ =T

Lemma 10.3 Let ¢ € {tpm, 7,,,}, 70, r[l }. For the grading refinement data of (3.1), if
we base our grading sets around p, the intersection point in the o idempotent on both
the left and the right, then the grading set for CFDA (¢) is identified with G ¢4 , where
f¢ is the homomorphism corresponding to ¢ as described in (10.2).
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With respect to these identifications of grading sets, we find

2, (p) =(0;0,0,0),  gr,(g) =(0:0,0,0),  gr,(r)=(5:1.1,0),
gry-1(p) = (0:0,0,0), gry,-1(g) =(0;0,0,0), gr,,—1(r)=(—5:—1,-1,0),

gry(p) =(0:0,0.0),  gry(g) =(0:0,0,0),  gry(s) =(5:1.1,0),
grg-1(p) = (0;0,0,0), gre—1(g) =(0;0,0,0), gre—1(s) = (—5;—1,-1,0),

where the subscript on gr indicates which diagram we are considering.

V4 q
e O e
P3| D3 ; Dy |p3
¢ e Ole—
P2 D2 ! 4 P P2
O
P1{ Dy L1
M)
A\
z

Figure 26: Heegaard diagram for t,,, with labeled domains

Proof We describe in detail the calculations in the case where ¢ = 13, (and consider
gr = gr,,). (The other cases are entirely parallel.) A basis for the space of periodic
domains m,(r, r) is given by the domains D, + D3 + D4 and Dy + Dy — D4, with
diagrams labeled as in Figure 26.

Let Z;, II Zg be the boundary of the Heegaard diagram for ¢. The grading set for the
larger (G”) grading takes its values in the quotient of G'(—Z2p) x; G'(ZRg) (viewed as
a left-right G'(—Z2L)—G’(Zg)-set) by relations coming from the periodic domains;
specifically,

gr/(P) = (%9 0,—-1, _1) gr/(p) : (_%’ 0,1, 1)’

g’ (p) = (3:—1,-1,0)-g'(p) - (=1; 1,0, =1).
The first of these equations comes from D, + D3+ Dy, which has e(D; + D3+ Dy) =
—2 and 2np(Dy+ D3+ Dg) =2, (3% (Dy + D3 + Dy)) = (0, —1,—1), 3R (D, +
D3 + D4) = (0,1,1). The second equation comes from D; + D, — D4, which has
e(D1 4+ Dy — Dy) = —% and 2np (D1 + Dy — D4) = 1.) According to (6.12) (see
also Remark 3.14), we have gr(p) = ¥ (19) - gr'(p) - ¥ (19)~; but since ¥ (1g) is the
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identity, the above relations can be restated as
gr(p) = (3:0,—1,=1)-gr(p) - (—%:0, 1, 1),
gr(p) = (3:—1,—-1,0)-gr(p) - (=1;1,0, 1).

It is now easy to see that the map from the grading set to Gy given by

(10.4) g1-gr(p) g2 g1- f(g2)

(which evidently sends gr(p) to (0;0,0,0)) is an isomorphism of left-right G'-G'—
sets.

To calculate the grading of r, for example, consider the domain D, from r to p.
This domain has e(D;) = 0 and n, 4+ n, = 1/2, and hence it gives the relation

ar’'(p) = (—%; 0,—1,0)x gr’(r). Since gr(r) = ¥ (11)-gr'(r)-¥ (o)~ ', it follows that
gr(r) = (3:1,1,0).

A similar calculation (only now using the domain D;) shows gr(p) = gr(q). m|
Next we turn to computing the explicit bimodules.

Proposition 10.5 The type DA bimodules for t,,, 1, 1 7, and T, 1 are as given in
Figure 27.

Proof We give the proof in detail for @(rm). We enumerate domains which
contribute to the type DA actions, organizing them by the algebra elements they
contribute on the type D side. These algebra elements in turn are determined by how
the domain meets 07 H.

Algebra element 1 The only domain which is disjoint from dyH is D4. That
represents a rectangle, which therefore contributes to §!. We denote this by writing
Dy
(V ’ /03) —q,
to mean that ¢ occurs in §'(r, p3).

Algebra element p; There is only one valid domain which could contribute p;,
namely the domain D itself. Indeed, it is a rectangle, starting at p and ending at ¢.
Therefore, §'(p, p1) contains p;q, or graphically

D
(P, p1) —> p1 ®4q.

Algebra element p, The only domain which could contribute in this case is D, ; and
that in turn is a bigon, giving

D
(1) => p2 @ p.
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023®023 P12®(p123,02) 023®023

P1®p1+p123®0123 <_> <_> P1®P1+pP123@p123 <_>
+03®(03,023) q

r12@p12

P3®p3+p12380123 Q
+01®(p12,01) p

Figure 27: Type DA bimodules for torus mapping class group action. These
are the module associated to 7, r,;l T, 7,'(1 respectively. The notation is as
follows. Consider the module for 7,,. The label p; ® p; on the horizontal
arrow indicates that m(p, p1) contains a term of the form p;q. Similarly,
the label p3 ® (p3, p23) on that arrow indicates that m(p, p3, p23) contains
a term of the form p3¢.

Algebra element p3 There are only two domains which can contribute p3 on the
type D side, and these are D3 + D4 and D3 + 2Dy, which we consider in turn.

D3+ D4 This domain has two possible interpretations: either its input consists
of (p, pap3) or (p, p3, p2). But the first interpretation is not valid: bilinearity over
the idempotents forces such a term to vanish. The second interpretation leads to
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considering the domain D3 Dy, thought of as having a cut form p out to dgH. As
such, it represents an annulus with a cut parameter at r (whose other endpoints go
out to the other boundary component). Such an annulus is always represented by a
holomorphic curve. Hence we have

D3+D
(P 3, P2) ———> p3 .

D3 + 2D4 There are three possible interpretations of this domain: (p, p3, p23),
(p, p23, p3) or (p,ps3, P2, p3). The second interpretation is impossible because of
idempotents.

The third interpretation gives a moduli space whose expected dimension is nonzero; ie
the Maslov index of the moduli space is wrong. This is neatly formulated in terms of
the gradings calculated in Lemma 10.3. Specifically, substituting gradings calculated
from that lemma, we see that

A gr(p ® p3[11® p2[1]® p3[l]) = A% - gr(p) - £ (gr(p3) - gr(p2) - gr(p3))
— (1: 1,0, 1).

(Note that the notation p;[1] means the element p; € A with a shift in its grading.)
This is different from

gr(ps ® q) = gr(ps) - gr(q) = (0;—1,0,1).

The reader might be concerned that this calculation depends on several auxiliary choices,
such as the choice of refinement data ¥ and the identification of the grading set given
in Lemma 10.3. However, the conclusion that

A ar(p ® p3[11® pa[1]® p3[1]) = A - gr(p3 ® q),

which rules out the possibility that p3 ® ¢ appears in m(p, p3, p2, p3), is independent
of this choice (and indeed the exponent of A appearing on the right-hand side here
gives the dimension of the relevant moduli space.)

This leaves only the first possible interpretation

D3+2D.
Q1: (P, 3, p23) — > p3 4.

(The label Q here signifies that we have not (yet) determined that this contribution is
indeed 1 (mod 2).) Consider the A, relation with inputs (p, ps3, p2, p3) and output
03 ® ¢ . The composite of

D3+D
(P, p3.P2) ——> 03 @
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with
Dy
(r.p3) —¢q

gives one nontrivial term in this relation; the only possible alternate contribution is
gotten from the arrow Q' under consideration. Thus, we have verified the existence of

D3+4+2Dy
(P, p3, p23) —> p3 Q4.
Algebra element py5 The possible domain is Dy + D,, thought of as a map
Di+D
02: (1, p1) — p12-4.
But this is incompatible with the idempotents of ¢ .
Algebra element p,3 The domains are Dy+ D3, Dy+ D3+ D4 and Dy+ D3+2Dy.

D, + D3 This domain must have a cut out to d7 . After this cut is made, the domain
is a rectangle, giving a contribution

D>+ D
(4. p2) ——> pr3 ®r.

Dy + D3+ D4 This is a periodic domain, so could be interpreted to have initial and
terminal generator either p, ¢, or r. However, p;3 ® p cannot appear as the target
of a type DA action on p: the left idempotent of p is ¢, while the left idempotent
of p,3 is t1. Thus, we need consider only cases where the initial and terminal point
are ¢ or r. We exclude first the latter case. Idempotents ensure that the only possible
interpretation of D, 4+ D3 4+ D4 as a nontrivial contribution to the type DA module
with initial generator r is to think of it as a domain from (r, p3, p3) to p23 @ . But
this is ruled out by gradings because

2 gr(r @ p3[1] @ pa[1]) = A gr(r) - [? (gr(ps) - gr(p2))
=(1:1,2,1)),

which is different from
gr(pa3)-gr(r) = (0; 1,2, 1).

Thus the initial and terminal generator must be ¢ . Examining idempotents once again,
we see that there are only two possible interpretations of this domain. One is as a
domain from (¢, p2, p3) to p3 ® ¢. But this is ruled out by looking at gradings. The
only remaining interpretation of the domain is as a map
D>+ D3+ Dy
03: (¢, p23) — > 23 Q4.
We will now establish the existence of the contribution by Q3, using the .4, relation,
together with the information about the type DA bimodule which we have so far

Geometry € Topology, Volume 19 (2015)



718 Robert Lipshitz, Peter S Ozsvdth and Dylan P Thurston

collected. Specifically, consider the (p23 ® ¢)—coefficient of the A, relation with
inputs (q, p2, p3). We know that D, + D3 and D4 give a nonzero contribution of
m(m(q, p2), p3). Other terms in this A, relation include m(q, p23), which is counted
by Q3. Possible other terms are m(m(q), p2, p3) and m(m(q, p2, p3)). Looking back
at those terms which contribute algebra elements 1, p,, p3 and p;3, we see there are
no possible such terms. This forces the existence of

D>+ D3+ D
(4. p23) ————5 P13 ® 4.

D3+ D3 +2D4 This domain starts at r and terminates at ¢ . There are two possible
interpretations of the domain to p3 ® ¢: one starts at (r, p3, p23) while the other
starts at (r, p3, P2, p3). Both possibilities are excluded by considering gradings:

A gr(r ® pa[11® p23[1]) = A - gr(p23 ® @),
27 er(r @ p3[1]1® pal1]1® p3[1]) = A% - gr(pa3 ® ¢).
Algebra element p133 The domains now are D+ D+ D3 and D1+ Dy+ D3+ Dy.

D1+ Dy + D3 + Dy, first visit There are two conceivable interpretations of this
domain compatible with the idempotents: one with input (p, p123), and the other
with input (p, p3, 02, p1). The first is forced to exist by the (p123 ® ¢)—coefficient
of the Ay relation with inputs (p, p1, p23), since we have already verified that
my(ma(p, p1), p23) = p123 @ ¢. We will return to the second interpretation of
D1+ Dy 4+ D3 + Dy; but first we turn to the easier analysis of Dy + D, + Ds.

D1+ Dy + D3 The initial point is p and the terminal point r, and hence it follows
readily that the only interpretation of this domain is as a map

D+ D>+ D3
03: m(p, p12) ———> p123 F.

We verify the existence of this map, by considering the p1,3 ® r —component of the A
relation with inputs (p, p12, p3). One contribution to this is furnished by the domain
D1+ Dy + D3+ Dy, interpreted as giving the operation m,(p, p123) = p123 ®r. The
only conceivable alternate contribution is provided by the composite of the presently
considered domain ( Q3 ) with

Dy
(r,p3) — p1 ®4q,

hence forcing the existence of

Di+D>+D3
m(p,p12) ————> P123 @ F.
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Dy + D3 + D3 + D4 revisited Recall that this domain had two interpretations; one
with one with input (p, p123), and the other with input (p, p3, p2, p1). We already
verified the existence of the curve with the first interpretation.

We will see that m4(p, p3, p2, p1) vanishes (ie the contribution of D+ Dy + D3+ Dy
under this second interpretation is zero), but this is surprisingly subtle. The Ao relations
on the type DA structure are not rich enough to give information in this case: the inputs
cannot be factored, and the product of any nonidempotent element with coefficient
p123 vanishes. Moreover, there are two types of curves which can contribute to this
my: in one, there are two cuts going out to dz, #H, and in the other, there are no such
cuts. To calculate the m14, we use some information which can be extracted from the
type AA bimodule, which has the advantage that the two kinds of curves are counted
differently. To this end, we label chords on the left of the diagram in a type A manner,
ie placing algebra elements o, 0, and o3 along d7, H in the regions D3, D, and D,
respectively.

Interpret the domain D; 4+ D, 4+ D3 4+ D4 as contributing in the type AA bimodule.
Cutting all the way out to the boundary at each corner, we obtain a rectangle. Traversing
its boundary, we find a contribution

D1+Dy+D3+Dgy

X: (p,03,02,01,p3,p2,P01)

We wish to argue that there is also a curve contributing
D1+Ds+D3+Dy

Y: (p.o123, 03,02, 1)

To see this, we consider the Ay relation with inputs (p, o3, 02, 01,01, 023) (recall
that the positions of the o; relative to the p; have no meaning). One contribution to
this A relation is the juxtaposition
D3+Dy
(P, p3,p2,01) ———>r
(an annulus, which is easily seen to have a representative) with
Di+D>
(r,p1,023) —>¢

(arectangle). The only term that can cancel this juxtaposition is m4(p, 0123, 03, P2, 1),
forcing the existence of the curve Y.

Turning attention back to the type DA bimodule, observe that both the curves X and Y
contribute to the (p1,3 ® q)—coefficient of m4(r, p3, P2, p1). Thus, taken together we
see that the contribution of D; + Dy + D3+ D4 to m4(p, p3, p2, p1) vanishes. (Recall
that in the calculation of the type DD bimodule for the identity a similar mechanism
applied: the module was deduced from the AA identity bimodule, and there were two
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distinct A, operations in the AA bimodules from w{ to z, which canceled when
interpreted as contributions in the type DD identity bimodule.)

This completes the verification that C?[TA(I,,,) has the form stated in Figure 27. The
other mapping class group generators can be calculated in an entirely parallel way. O

10.3 Duality for the genus-one handlebody

We illustrate now the duality theorem, Theorem 6, by explicitly verifying that the
description of the type 4 module for the genus-one handlebody gotten by inspecting
a Heegaard diagram with one generator is quasi-isomorphic to the one gotten from
the duality theorem. This calculation will use the type DD identity bimodule in the
genus-one case.

Continuing notation from Section 10.1, we let A = A(Z,0) and B = A(—Z,0). We
abbreviate 2D for ABCFDD(I).

Our goal is to calculate the B—module Mor?(sBgR4BD, AN ), where here AN is the
type D module associated to a 0—framed solid torus from [21, Section 11.2]. We will
use the interpretation of this morphism space provided by Corollary 2.3.37. N has
a single generator as a type D module; and hence 4N = 4 A4 KN is spanned by
three elements: x, pp ® x and pj2 ® x. Note that p, ® x is in the left 1; —-idempotent,
while the two other elements are in the left (j—idempotent.

e A A

Figure 28: Module generators: in the top row, we have displayed the two
primitive idempotents (to and ¢; respectively) in the torus algebra. In the
second row, we exhibit the three generators (x, p12 ® x, and p; ® x respec-
tively) of the module for a framed handlebody. In the third row, we have
displayed the eight generators of g‘D. They are oy ® jo, Lo ® 02, Lo 012,
1 ® Jji, 1 ®o1, 1 ®03, 11 @023, and 1] ® 0123 respectively.

The differential on AN is given by §!(x) = p1» ® x, so the differential on 4N is
given by 9(x) = p;> ® x and 3(p, ® x) = d(p12 ® x) = 0.
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The module ;;‘D = 3B ®A®BD has eight generators, which are naturally labeled
Lo® Jo, lo®02, Lo ®012, L1 R J1,11R®071, 11003, L1 023, and 11 ®0123. These are
all enumerated in Figure 28. A homomorphism from ;;‘D to AN is uniquely specified
by where it takes each of those eight generators. Of those eight generators, three
are in the (g—idempotent, whereas five are in the (; —idempotent. Thus, the vector
space MorA(g‘D, AN) has 11 basis vectors, which are gotten by the six possible maps
sending any of the three elements {(y ® jo, to @ 02 Lo ® 012} to any of the two
elements {x, p;» ® x}, or the five maps gotten by sending any of the five elements
{1 ® j1,11 Q01,11 Q03,11 023,11 ®T123} 10 P R X.

|/ /
1| x|H gz
ol T
|7 |1 1|7
1=

1]

Figure 29: Differentials in MorA(g‘D, AN): we have two charts, indicating
the two types of elements (corresponding to the two left-idempotent), wherein
we relabel the eleven basis vectors MorA(g‘D, AN) by X, {T,-}l.5=1 and
{H,-};Ll. For instance, 7 is the element which carries (9 ® o, to the
element x, while Hy takes (o ® 0, to p12 ® x. There are three additional
components to the differential not captured by the convention that d7; =
H; +---:an H; termin dX, an Hy termin 077, and an Hs termin 975%.

These basis vectors are relabeled as indicated in Figure 29. The relabeling has the

convenient property that forall i =1, ..., 5, the differential of 7; contains a nontrivial

component in H;; indeed, these are all the components of the differential coming

from g‘D. There are three additional components in the differential, taking X to H3, T}

to Hy, and T, to Hs. (These are all components coming from the differential in AN).

The homology of this complex is carried by X + T3 . It is straightforward to verify that
(X +T3)-03 = Hy, Ty +Ty) = Hy,

(Th+Ts)-o0=X+T5, (T1'+Ts)-023 =H,.
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Setting y = X + T3, we see readily that this module is A, —homotopy equivalent to
the module generated by y, with A, relations indexed by integers i > 0

i

—_—
m34i(y,03,023,...,023,02) =y,

which is in fact the module which is obtained from the inspection of holomorphic disks
(see [21, Lemma 11.22]).
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