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Introduction

These are the notes for an advanced graduate course (given at MIT in Spring 2013). Having
been TEX’d, they may look good, but in fact they are in no way comparable to a finished
manuscript, insofar as thoroughness and attention to detail are concerned (if you find one
of the presumably many errors, please let the author know). Tongue-in-cheek, one could
describe these lectures as an antidote to [I76]. Whereas that book was focused and self-
contained, the discussion here tries to be more open-minded and diverse. This comes at the
cost of being much more tentative, and not reaching any major new results.

The subject of the lectures is symmetries of Fukaya categories. This means that the tech-
nical groundwork is largely of the general categorical kind, more precisely taking place in
the framework of A..-categories. Motivation is drawn from algebraic geometry and mirror
symmetry, but the ultimate interest is in applications to symplectic topology. More precisely,
we consider:

e (lircle actions, which more appropriately means actions of the multiplicative group
G = G,,. This does not mean that we are looking at G-actions on symplectic
manifolds (which would be an entirely different topic)! Instead, let’s say that
we start with the well-known theory of equivariant coherent sheaves on algebraic
varieties with G-actions. More precisely, the main case of interest is that of a G-
action on a Calabi-Yau variety which rescales the complex symplectic form. The
presence of such a symmetry clearly has interesting implications. Having introduced
a corresponding abstract algebraic notion of a dilating G-action on an A -category,
we then apply that to Fukaya categories, following the model of [182]. The main
drawback is that, while one can show that some examples of Fukaya categories carry
such actions, there is at present no way of constructing these actions geometrically.

e Infinitesimal actions, or categorical vector fields, which concretely are just elements
of the first Hochschild cohomology. Obviously, a general vector field is a much
weaker starting point than a circle action, but one can still extract additional
structure from it. On the algebro-geometric side, we would again be interested in
vector fields which rescale a complex volume form. The corresponding geometric
notion for a symplectic manifold was already introduced in [184] (following ideas
of Bezrukavnikov), and called dilation (we will find it useful to generalize it a little;
similar ideas appear in ongoing work of Abouzaid-Smith on symplectic Khovanov
homology).



6 INTRODUCTION

e Orbits and vector fields. Just as in standard ODE theory, one can try to integrate a
categorical vector field. Generally speaking, this is an analytic rather than algebraic
problem, but there may be orbits of the action which are algebraic (morally, these
orbits are curves lying on some “moduli space of objects”, but we consider them
more concretely as algebraic families of objects). There is an algebro-geometric
model in the form of the derived Picard group of an algebraic variety. However,
the main motivation is inherently one of symplectic geometry, where symplectic
isotopies which are not Hamiltonian are known to give rise to interesting questions
and results (such as the “flux conjecture” [144] or the convergence theory of [70]).
The ultimate task, which is far from having been achieved, is to find the correct
description of such geometric phenomena in the framework of Fukaya categories.

The word “categorical dynamics” seems to appropriately cover all three parts above, and we
have adopted it as part of the title. This is in spite of the fact that it has been previously used
in quite a different sense (in [118], which initiated the development of categorical methods in
differential geometry, leading to what is now called “synthetic differential geometry” [112]).

The actual structure of the lectures is as follows. The first part (Lectures 1-6) describes
the motivations and models for the subsequent developments, drawn both from symplectic
topology and other parts of mathematics. Lecture 3, which describes the simplest example
of equivariant mirror symmetry, may be the most noteworthy one, since this subject has
received considerable interest recently (at a level far deeper than what we are aiming for
here, see e.g. [130]). The second part (Lectures 7-12) contains more technical background,
much of which is surveyed without going into the details (besides the previously mentioned
[176], readers interested in a more thorough exposition may want to look at e.g. [106], 120],
28] for Aoo-categories; [71, 21] for Fukaya categories; and [138, 175], 157] for symplectic
cohomology). There are a few interesting technical wrinkles in our definition of the Fukaya
category (Lecture 10), but otherwise the most significant contribution may be the discussion
of local mirror symmetry in Lecture 11 (again, this is limited to the simplest example). The
remaining three parts discuss the three topics described above. The first of those (circle
action) is essentially algebraic, and even in a limited space one can cover it reasonably
well. In contrast, our treatment of the other two topics is probably best thought of as an
introduction, which hopefully motivates the reader to dig into the current literature.

Acknowledgments. My foremost thanks go to the students who attended the class, and to my
collaborators and discussion partners; their specific contributions are mentioned at the start
of the relevant lecture. The preparation of these notes was partially supported by a Simons
Investigator grant from the Simons Foundation, as well as by NSF grant DMS-1005288.
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Motivation






LECTURE 1

Vector bundles on projective space

This lecture is based on Polishchuk’s paper [153], whose exposition we simplify by a drastic
reduction in generality. For background material on holomorphic vector bundles, see for
instance [143], 161]. This is a deep subject, and one to which we cannot really do justice.
For us, it serves as a convenient point of entry into several topics which will reappear later:
the Mukai pairing; Lefschetz traces; and maybe most significantly, the idea that sufficiently
rigid objects can be made equivariant with respect to actions of reductive groups.

Acknowledgments. The argument using SU(n) symmetry presented at the end is due to
Lucas Culler; I thank him for allowing me to include it here.

The Mukai pairing

Let V = C", and M = P(V) its projective space. We are interested in holomorphic vector
bundles £ on M which are ezceptional, meaning that

C i=0,

(1.1) Ext',(E,E) = H'(M,E ®E)g{0 o

In particular, such vector bundles are indecomposable (by looking at the i = 0 case of the
equation above) and rigid, which means that they do not admit nontrivial deformations
(taking ¢ = 1). Hence, it is not a priori unreasonable to aim for a complete classification.
The case of the projective line (n = 2) is trivial: any line bundle is exceptional, and by
Grothendieck’s theorem [87], all higher rank bundles are decomposable, hence certainly not
exceptional.

A wuseful start is to look at the K-theoretic implications of exceptionality. Namely, let
Ky(M) be the Grothendieck group of holomorphic vector bundles. The Mukai pairing is the
unsymmetric bilinear form on Ky(M) defined by

(12)  (Eo, E1)pukas = Y _(—1)" dim Eathy (Eo, Br) = > (—1)" dim H'(M, Ey @ Ey).

i i

The Mukai pairing is quite accessible for general varieties, since it factors through topological
K-theory, and can be computed in terms of ordinary cohomology by the Grothendieck-
Riemann-Roch theorem. In our case, algebraic and topological K-theory actually coincide,
Ko(M) =2 Z™. An explicit basis is provided by the Beilinson [26] collection of vector bundles,

(13) Fl:Qn_l(nf]-)v FQ:Qn_2(n72)7'“aFn:OM7
M M

9



10 1. VECTOR BUNDLES ON PROJECTIVE SPACE

where 0}, are the sheaves of holomorphic differential forms, and (¢) is tensoring by the line
bundle Oy (7). This collection has particularly nice properties: the only nonzero Ezt spaces
between the F; are the degree zero morphism spaces

(1.4) Homp (F;, Fj) 2 NV74(V) fori <j.

In particular, each F; itself is exceptional. If we choose the F; as basis for Ko(M), the Mukai
pairing is given by the ranks of (|1.4)), which means by the upper triangular matrix

e ) ) G0
or o () ()

0 0 1 n
0 0 1

By definition, an exceptional vector bundle satisfies (F, E) pruke; = 1. For instance, this can
be used to show that:

LEMMA 1.1 ([61]). Let E be an exceptional vector bundle on the projective plane (n = 3).
Then its rank is not a multiple of 3. Moreover, its rank and degree (defined as the integral
of c1(E) over a line) are relatively prime.

PRrROOF. If the class of E in Ko(M) is (ry,72,73), then

(1.6) 1= (E,E)pukai =73 + 75 + 7’% + 3(rire + r17r3 + 1273).
We have

(1.7) deg(E) = —r1 — 19,

(1.8) rank(E) = ry + 2ry + 3.

If we assume that rank(E) = 0 mod 3, then ry = r; + r3, and therefore (E, E)pykai =
—(r1 — r3)?, which contradicts (I.6]).

For the second statement, note that rank(FE) = ro + r3 mod deg(FE). Therefore,
(1.9) 1= (B, E) Mukai = 73 + 75 + 72 + 3(r179 + 7173 + 1o13)
=72 — 72 = (r3 — ro)rank(E) mod deg(E).
g

REMARK 1.2. In fact, exceptional vector bundles on the projective plane have been completely
classified [61), 83]. While that result requires deeper algebro-geometric tools, Hirzebruch-
Riemann-Roch computations such as the one above still play an important role in it.

Unfortunately, the implications of the single equation (E, FE)purei = 1 get weaker as the
dimension increases. As an illustration, let’s look again at the question of ranks, assuming
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for simplicity that n is a prime number. In that case the K-theory class (r1,...,r,) of an
exceptional bundle E satisfies

(1.10) r2 4. +72 =1mod n,
since (|1.5) is diagonal mod n. Similarly, since

(1.11) rank(F;_1) + rank(F}) = (?'_f> +—(n'71) = (7) =0 mod n,

1 1

we have
(1.12) rank(E) =7y —ro+ 73 — -+ mod n.

Unfortunately, does not seem to constrain in general. It turns out that one
can introduce an equivariant version of the Mukai pairing, for which the analogue of
is much more effective, in particular yielding strong restrictions on the ranks of exceptional
bundles for prime n (Corollary [1.7).

Cyclotomic integers

As preparation, we need some elementary number-theoretic results. For some integer p > 2,
let Z[¢] C C be the subring generated by ¢ = e2mi/p,

LEMMA 1.3. [153, Proposition 2.6] Take 21,...,2, € Z[(], such that |21|* + -+ + |2.]? = 1.
Then all but one of the z; must be zero, and the remaining one is a root of unity. (]

If p is prime, Z[(] is isomorphic to the abstractly defined ring Z[t]/(1+t+---+*~1) (where
t is a variable), by mapping ¢ to ¢. In particular:

LEMMA 1.4. If p is prime, the only roots of unity contained in Z[C] are £C*. (]

LEMMA 1.5. If p is prime, there is a unique ring homomorphism Z[(] — Z/p which takes
¢+ 1. It fits into a commutative diagram

(1.13) Z)/r —1) — o7
tHC\L reduction mod p
Zi) - - - - - -~ =Z/p

Lefschetz traces

Take a finite subgroup G C GL(V'). Using equivariant vector bundles for the obvious action
of G on M, one defines the equivariant K-theory K§ (M). This is naturally a module over
the virtual representation ring Ko(C[G]). Beilinson’s original argument goes through in this
context, and shows that the sheaves from , with their natural equivariant structure, are
basis elements for K§ (M) = Ko(C[G])™. There is also an equivariant version of the Mukai
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pairing, denoted by (-, -)%u,m-, where one considers the Ezt groups in as representations
of G, and which therefore takes values in Ky(C[G]). Note that this equivariant pairing is
hermitian in the following generalized sense: if p is a representation of G, then the equivariant
Mukai pairing satisfies

(EO & p, El)%:/lukai = (EO?El)%:/Iukai ®p\/,

(1.14)
(E07E1 Y p)%\;/lukai = (E()?El)g\;/lukai X p.

From now on, we take G to be a cyclic group of prime order p, generated by some element
g € GL(V). Then Ko(C[G]) 2 Z[t]/(1 —tP), where t = [x] is the class of the one-dimensional
representation in which ¢ acts by the root of unity ¢ = €*™/P. One can use the map
Ky(C[G]) = Z[(], t — ¢ (more geometrically, this is given by the trace of the action of ¢ on
representations) to define a simplified version of the Grothendieck group

(1.15) K§ (M) @5, cia ZI[S] = Z[¢)™
By Lemma [I.5 this sits in a commutative diagram

forgetful map

(1.16) K§(M) Ko(M)
l \Lreduction mod p
K§ (M) ®k,(cla) ZI¢l - = = = = > Ko(M)® Z/p.

This means that, in this situation, the class of an equivariant sheaf in (|1.15)) recovers its non-
equivariant K-theory class mod p. There is a corresponding simplification of the equivariant
Mukai pairing, which can be concretely written as the Lefschetz trace of the action of g:
(1.17) (Eo» EV)gupar = Y _(=1) Tr(g : Eat}y;(Eo, Er) — Bty (Eo, Ev)) € Z[(].

i
As a consequence of ([1.14)), this pairing is hermitian in the ordinary sense, with respect to
the structure of (1.15)) as a module over Z[(] C C.

We now make our particular choice of group G C GL(V). Namely, we assume from now
on that n = dim(M) 4 1 is prime, and choose the subgroup of size p = n generated by
g = diag(1,¢,...,¢"1). The linear algebra computation

n n—1
(1.18) > (—DFak Tr(g: AV — AFV) = det(id —2g: V - V) = [[(Q —a¢) =1 - 2"
k=0 7=0

(z a formal variable) shows that the trace of g on all the nontrivial representations in (1.4]) is
zero. This means that in the basis given by the F;, the pairing (1.17)) becomes the standard
hermitian form (z1,...,2,) = |21)> + - + |2a]?.

PROPOSITION 1.6. Suppose that n is prime. Let E be an exceptional holomorphic vector
bundle on M which is G-equivariant. Then its class in Ko(M) is congruent mod n to one
of the classes of the F; or its opposite.
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PROOF. The action of G on Homp;(E, E) is trivial, since it must preserve the identity
endomorphism. Hence (E, E)%,,,.. = 1. Let (21,...,2,) be the class of E in (L.I5). Our
previous argument shows that |z1|? + -+ + |2,]?> = 1. In view of Lemmas and this
means that (z1,...,2,) = (0,...,4¢",...,0). The result then follows by applying (1.16). O

COROLLARY 1.7. In the situation of Proposition[1.6, rank(E) = +1 mod n.

ProOOF. This follows directly from ((1.12)) and Proposition O

Making vector bundles equivariant

It may appear that the considerations above do not address the original problem. Generally
speaking, there is no reason why an exceptional vector bundle on some variety should be
equivariant under a discrete group of symmetries of that variety. However, the situation for
continuous symmetries (connected Lie groups or algebraic groups) is quite different. The
rigidity of exceptional vector bundles provides an infinitesimal version of equivariance, and
this can be integrated under suitable assumptions on the group. In particular:

PROPOSITION 1.8. Let M be a compact complex manifold carrying an action of the circle S*.
Let E be a holomorphic vector bundle over M such that Exty;(E, E) = 0 and HomS,(E, E) =
C. Then E can be made S*-equivariant.

ProoF. We first proceed infinitesimally, meaning that we use only the holomorphic
vector field Z which generates our group action. Given that, for any holomorphic vector
bundle E we have a well-defined class

(1.19) Def (E) € Exty,(E,E) = HY(M, End(E)),

which expresses the infinitesimal deformation of E obtained by moving it in Z-direction.
Generally, this can be obtained by taking the Atiyah class [19]

(1.20) At(FE) € Ext'(E, Q) ® E)

and pairing that with Z. To get a concrete representative, choose a lift of Z to a C*
vector field Z on the total space of E, which is fibrewise linear (this is like choosing a C'>
connection, but where only differentiation in direction of Z is allowed). In a local holomorphic
trivialization of F,

(121) Zﬂc,& = (Bxgv Zz)v

where B is a matrix-valued C'*°-function of the base coordinates . Changing the trivializa-
tion by ® transforms B into ®B®~! + (Z.®)®~!. Hence, the expressions 0B glue together
to give a globally well-defined section of Q%!(M, End(E)), which we denote by def(E, Z).
Its Dolbeault cohomology class is independent of the choice of lift: changing Z by adding
C € C°°(M, End(E)) just means adding C' to def (E, Z). The cohomology class defined in
this way is the Dolbeault version of .
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Under our assumptions, that Dolbeault cohomology class is necessarily zero. Hence, by the
same argument as before, one can choose Z so that def(E,Z) = 0. Then, integrating Z
yields a family of automorphisms compatible with the holomorphic structure, which lift the
flow of Z. Now supposing that Z generates a circle action, look at the flow of Z going once
around the circle, which gives an automorphism of E (trivial over the base). By the second
part of our assumptions, this automorphism is multiplication with some nonzero complex
number. By subtracting the logarithm of that number (times the identity) from Z, we can
modify its flow so that the automorphism becomes the identity. This defines the desired
Sl-action on E. O

Proposition [1.8] is folklore. More precisely, what may be more familiar is the algebro-
geometric version, in which St is replaced by C*, and compact complex manifolds by (pos-
sibly singular) proper schemes. In that form, the statement appears in the literature about
exceptional vector bundles, and a purely algebro-geometric proof is given in the Appen-
dix to [29] (written by Vologodsky, and unfortunately absent from the published version
of the paper). Returning to the original application to projective space M = P(V'), one
can make any exceptional vector bundle equivariant with respect to the group of matrices
diag(1,t,t%,...,t""1) € GL(V), where t € S*, and then restrict to the subgroup generated
by t = (. Hence:

COROLLARY 1.9 ([152] Theorem 1.2 and Corollary 1.3]). The conclusions of Proposition[1.¢
and Corollary [I.7 hold for all exceptional vector bundles.

There are two directions in which one can go from here. One is the generalisation to chain
complexes of vector bundles, which means exceptional objects of the bounded derived cate-
gory. The analogue of Corollary still holds holds in that context, see again [153]. The
strategy of proof remains the same, but a highly nontrivial generalisation of Proposition [1.8
is necessary (we will return to this issue later). The other possible development is to make
exceptional vector bundles equivariant under the entire torus (C*)"~! of automorphisms of
M, thus putting them into the general framework of toric vector bundles. For results that
can be obtained in this way, see for instance [99].

A variant argument

As it turns out, one can bypass the number-theoretic considerations above by making more
use of symmetry and representation theory. Namely, let G = SU(V') be the special unitary
group, and Rf"(G) the category of finite-dimensional complex representations. Recall (see
for instance [40l p. 265]) that

(1.22) Ko(R™(@)) =Z[M, ..., 1),

where \; = A'(V) are the exterior powers of the fundamental representation. Dualization de-
fines an involution on this ring, explicitly given by AY = \,,_;. We denote by I C Ko(Rf"(G))
the ideal generated by (A1,...,An—1).
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The equivariant K-theory of projective space with respect to the obvious G-action is again
K§ (M) = Ko(Rf"(@))", with Mukai pairing

0 i> 7,
(1.23) (F,, Fj)¢ =41 i=7,
/\j—i 1< 7.

Take a G-equivariant exceptional vector bundle E, and write its K-theory class as (21 =
14+ Y1,y 20 = Ty + Yn), where z; € Z C Ko(R™(G)) is a multiple of the identity, and
y; € I. Then

(1.24) 1=(E,E)°=> 2'z+) 2'zX_;=x; mod I.
i 1<j

Hence, exactly one of the z; is =1, and the others are 0.

Now suppose as before that n is prime. Under the forgetful map (which counts the virtual
dimension) Rf"(G) — Z, any element of I goes to a number in nZ. Therefore, under
the corresponding map K§ (M) — Ko(M), the element (zy,...,z,) goes to (x1,...,7,)
mod n. This proves the analogue of Proposition [I.6] for bundles which are equivariant with
respect to our group GG. On the other hand, a more complicated version of the argument from
Proposition (or alternatively, an appeal to [152] Lemma 2.1]) shows that any exceptional
vector bundle can be equivariant.

REMARK 1.10. From this perspective, the role of the previously chosen cyclic subgroup can
be explained as follows. The character yields a map from Ko(RF"(G)) to the ring of class
functions on G. As ([1.18) shows, the element g = diag(1,(,...,¢(" 1) is chosen so that the
ideal I maps to that of functions vanishing at g.

REMARK 1.11. In the case where n = p*

congruence mod p. That statement also already appears in [I52], with a proof that generalizes

is a power of a prime p, the argument above gives a

the first argument (based on equivariance for cyclic groups) described here.






LECTURE 2

Equivariant cohomology

In Lecture we encountered equivariant K-theory as a recipient for information about
equivariant vector bundles. In that particular case (of projective space), it was easy to
describe the relevant Grothendieck group; but such a situation is rather untypical, and in
general one often prefers to pass from K-theory to some form of cohomology.

We start our discussion by recalling the standard topological notion of G-equivariant coho-
mology [46] (for simplicity, restricting to the case of G = S! acting smoothly on a manifold).
In complex geometry, there is also an analogue based on Hodge rather than de Rham co-
homology [193), 122]. Interestingly, part of that theory makes sense infinitesimally, which
means for arbitrary holomorphic vector fields. This is related to the insight, going back at
least to [34), [45], that the presence of holomorphic vector fields has cohomological implica-
tions. Finally, we look at another related algebro-geometric construction, which is closer to
noncommutative geometry.

Acknowledgments. The last-mentioned construction was explained to me by David Nadler.

De Rham cohomology

Let M be a manifold with an action of G = S!, generated by a vector field Z. Equivariant
cohomology H{ (M) (with complex coefficients) can be defined through the Cartan model,
which means as the cohomology of the complex

(2.1) (Q5(M),dz) € (2 (M)[[u]],d — uiz).

Here, Q*(M)€ is the graded space of invariant (complex-valued) differential forms, and u is a
formal variable of degree 2. The fact that the differential d; squares to zero is a consequence
of the Cartan formula

(2.2) dig +izd= L.

By averaging differential forms, one shows that (Q*(M)%,d) — (Q*(M),d) is a quasi-
isomorphism. Hence, the u-adic filtration of (2.1]) gives rise to a spectral sequence

(2.3) H*(M)[[u]] = Hg(M).

REMARK 2.1. It is worth while to reflect a little on the homological algebra behind (2.1]).
The operation iz makes (*(M)C,d) into a dg (differential graded) module over the graded
commutative algebra C[0], where |0] = —1 (and 0* = 0, by the assumption of commutativity).

17
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Koszul duality [25) 82] yields a full and faithful functor from the derived category of dg
modules for C[0] to that for C[u]], given explicitly by

(2.4) (@, dq) — (Q[[ul], d — ub).

Clearly, for (Q,dg) = (2*(M)%,d) this recovers [2.1)). This viewpoint can be computation-
ally useful, as explained in [82]. The structure of (2*(M)Y,d) as a C[]-module transfers
to give H*(M) the structure of a (strictly unital) Ao.-module over C[f], which is concretely
expressed by a sequence of operations

(2.5) H*(M) — H*(M)[~1 — 2d.

These operations determine the differentials in (2.3 (the operations themselves are not
unique, but the partial information about them contained in the spectral sequence is).

If Q is a free dg module, say Q = W @ A for some graded vector space W, with vanishing
differential, then (Q[[u]],d — uf) is quasi-isomorphic to W with trivial u-action. In par-
ticular, this becomes acyclic after taking the tensor product with C((u)). To formalize this
observation, take the derived category of dg modules over A, and divide out by free modules.
The quotient category still comes with a functor to the derived category of dg modules over
C((w)). This is the algebraic mechanism behind localization theorems [33] (in the simplest
situation of the circle acting on itself by left multiplication, Q*(G)¢ = A[—1] is obviously
free).

Hodge cohomology

Now suppose that M is a complex manifold. Changing notation, we write A** for the
bigraded space of C*° differential forms, and reserve 2* for holomorphic differential forms.
Let Z be a holomorphic vector field, which as before generates a circle action. Split iz =
Lz + Tz into its components of bidegree (0,—1) and (—1,0), respectively, and write (2.2))
accordingly as

Lz0 + 0Ly = 0,
(2.6) [Za—Fafz—F(‘;Lz—sz(‘;:Lz,
170+ 0tz = 0.

Take A" (M) = A**(M)¢[[u]] with the same differential dz as in (2.I). One can introduce a
decreasing filtration of that space, in which AP*(M)%u" appears at level p+7. The outcome
is the equivariant analogue of the Hodge-de Rham spectral sequence. Its starting page is the
cohomology with respect to part of dz, namely

(2-7) 52 =90— uly.

The cohomology of (Ag" (M), Jz) is called the equivariant Hodge cohomology of M (this the-
ory was considered in [193} Section 7] and [122] Section 5]). We denote it by Hy; .. (M),
where the bigrading is such that p 4 ¢ is the total degree, and classes in Hi’,:dge,G(M) are
represented by cochains in €, AP~ "*u"; hence, the action of u has bidegree (1,1).
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There is a larger cohomology group which is also of interest. Namely, by looking at
one sees that 0z squares to zero even on forms which are not necessarily invariant. Let’s call
the cohomology of (A**(M)[[u]],dz) the holomorphic equivariant cohomology (this theory
appears in [45], 123]). We denote it by H} ,(M), and equip it with the same bigrading as
before. Holomorphic equivariant cohomology carries an action of G, and

(2.8) H;S?,Z(M)G = Hiyjige.c(M).

This is shown by an averaging process. For instance, if a € A**(M)%[[u]] can be written
as a = 0z for some 3 € A**(M)[[u]], then one can make j invariant by averaging its
pullbacks over G. Note that while the G-action on H}; ,(M) is nontrivial in general, it
always becomes trivial after multiplying with u. On the infinitesimal level, this is because

(29) ulz = ézh + héz, h=uty — 0.

For another approach to holomorphic equivariant cohomology, consider the Koszul type
complex

(2.10) Iz = {-++ = @[]l =5 Qi [[u]] =% Oy [[u]] - 0},

where 4, is the coherent analytic sheaf of holomorphic p-forms (the way in which we
have written is familiar but potentially confusing: in constructing the complex, we
still place QF,u" in total degree p + 2r). By taking the Dolbeault resolution of each such
sheaf and arranging them into a double complex, one sees that (A%"(M),dz) is a Cartan-
Eilenberg resolution of that complex. Hence, holomorphic equivariant cohomology computes

the hypercohomology of (2.10) [193] Lemma 7.9]. We write this as
(2.11) Hyp (M) = H"" (M, Iz)

(hypercohomology is again bigraded since the complex (2.10) splits as a direct sum of suitable
pieces). By combining this with (2.8]), one can bring the equivariant Hodge-de Rham spectral
sequence into a form which no longer involves choices of resolutions:

(2.12) H**(M,I12)% = HE(M).

EXAMPLE 2.2. Take M = C with the obvious circle action by rotation. Since M 1is Stein,
we can compute hypercohomology through global sections of (2.10)), which yields

o(M), p=q=20
(2.13) Hpp (M) = S O(M)/20(M)=C p=q>0,
0 otherwise.

The G-invariant part consists of constant functions, and (2.12)) degenerates.

EXAMPLE 2.3. Take M = CP', again with the obvious circle action. In this case, the
computation of the hypercohomology of Iz reduces to the long exact sequence

(214) o H (M, Oap)[[ul] — H™*(M, I7) — H* (M, Q4)[[u])] =%
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Therefore
C p=q=0,
(2.15) HpS (M) = qC* p=g>0,
0 otherwise.

The G-action on H'(M,Q3,) is trivial (by Serre duality, for instance), and hence the whole
of (2.15) carries a trivial G-action. The spectral sequence (2.12)) again degenerates.

REMARK 2.4. One can put some of the features of Example in a wider context. Namely,
suppose that M is a smooth projective variety. Degeneration of the classical Hodge-de Rham
spectral sequence implies that the G-action on H*(M,Q%,) is trivial. By another spec-
tral sequence argument, the same holds for HZ(’J?Z(M), which is therefore isomorphic to
Hiiogge.c(M). Now suppose in addition that the G-action is linearizable (this means that it
lifts to a circle action on an ample line bundle, which is the analogue of the Hamiltonian
condition in symplectic topology). Then the spectral sequence always degenerates (see
[122] Theorem 5.1] or [193] Theorem 7.3]).

To conclude this discussion, let’s look at Chern classes living in Hodge cohomology. The
standard construction of such classes for a holomorphic vector bundle E goes as follows [19]
Section 5]. One starts with the Atiyah class , then takes its exponential with respect
to the algebra structure on Q* ® End(FE), which yields

(2.16) exp(At(E)) € @) HP (M, Q" ® End(E)),

P
and then takes the trace End(E) — Ops, which yields a form of the Chern character of E.
Now suppose that E is G-equivariant. In that case, an argument similar to the one used to
prove Proposition shows that the Atiyah class has a natural lift

(2.17) Atz(E) € HY' (M, 17 ® End(E)).

Since Iz is a sheaf of commutative differential graded algebras, one can proceed as before
and get a form of the equivariant Chern character taking values in Hp HYY (M). In fact,
this is G-invariant, hence belongs to the equivariant Hodge cohomology.

Vector fields

Let’s temporarily go back to de Rham theory. In principle, the condition for a differential
form « to be G-invariant can be written as Lya = 0, hence depends only on Z.
Nevertheless, in order for the outcome to be well-behaved, the fact that Z integrates to a
circle action (or at least, is part of the action of a compact Lie group) is important. This
is clear from the appearance of an averaging process in the argument leading to . The
same is true for equivariant Hodge cohomology.

On the other hand (as already suggested by the notation), H; ,(M) makes sense for an
arbitrary holomorphic vector field Z. In fact, as [45] shows, one can use the local-to-global
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spectral sequence associated to to derive localisation-type results for any Z. As
another aspect of the same idea, closer in spirit to [34], one can define (2.17)) (and hence
equivariant Chern classes in holomorphic equivariant cohomology) for vector bundles F which
are infinitesimally equivariant, meaning that vanishes.

ExAMPLE 2.5. Take Z = 0, in which case HZO’;Z(M) is ordinary Hodge cohomology tensored
with Cl[u]]. To make a vector bundle infinitesimally equivariant, one just equips it with an
arbitrary holomorphic automorphism Z. The equivariant version of the Atiyah class is the
ordinary Atiyah class plus uZ. Hence, the equivariant analogue of the first Chern class is
ordinary first Chern class in H (M, Q%) together with uTr(Z) € wHO(M, O ).

Hochschild homology

From now on, let M be a smooth projective variety, with a linearizable action of the multi-
plicative group G = G,,, = C*, again generated by a vector field Z. The graph of that action
is a smooth subvariety

(2.18) I'={(g,9(z),z)} C G x M x M,

which is itself invariant under the G-action h - (g,y,2) = (g9,hg(y), h(y)). Let pg : G x
M x M — G be the projection, and A C M x M the diagonal. Consider the “derived
intersection”

L
(2.19) Rpc .« (Ogxa ® Or) € D?Cohg(G).

Here, G acts on itself trivially (for a general group G, it would act by conjugation), and
DPCohg(G) is the bounded derived category of equivariant coherent sheaves for that action.
In fact, G is affine, so is just a bounded complex of finitely generated C[G]-modules,
which come with another action of G (preserving the module structure). We define the
equivariant Hochschild homology HH . (M) to be the G-invariant part of the cohomology

of (ZT).

REMARK 2.6. Consider the analogous construction when G is a finite group. Then the

cohomology of (2.19) is

L
(2.20) P H* (X x X, 04 ® Or,),
geG
where I'y C X x X is the graph of the action of g. For g the identity, one gets the Hochschild
homology

L
(2.21) H*(X x X,00 ® 0a) = @ HYX,0%).
q—p=x
The other summands in can similarly be thought of as the Hochschild homology groups
of X with coefficients in the sheaf Or,. The G-invariant part of is the Hodge analogue
of the orbifold cohomology of X/G. This is quite a well-studied theory (maybe even more so
in its Hochschild cohomology version), see e.g. [137)].
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CONJECTURE 2.7. Take a formal disc around the identity element in G, parametrized as
t = e*. Then, the restriction of (2.19) to that formal disc is quasi-isomorphic to the complex
(2.10), in a way which is equivariant for the action of G on both sides.

Note that the variable u switched degrees from 2 (in the discussion of holomorphic Hodge
cohomology) to 0 (in the present context). With this taken into account, the cohomology
level implication of Conjecture says that the cohomology of the restriction of to
the formal disc is the graded C[[u]]-module

(2.22) [T a5 c(n)p —q).

p,q
To make this a little more plausible, it is useful to look at the local situation first, so let’s
switch to M being an affine variety. In that case, the restriction of to a formal
disc around the origin in G is computed by an appropriate deformation of the (algebraic)
Hochschild complex for the ring of regular functions O(M), of the form

(2.23) s ()R] LRI ) —— 0,

One would then hope to use a suitable version of the Hochschild-Kostant-Rosenberg map to
show that this is quasi-isomorphic to the algebro-geometric version of (2.10). Indeed, in the
first nontrivial degree one can easily find a map satisfying the desired chain equation:

O(M)#?[[u]] — Q' (M)[[u]],
fo® fi = fae(uLz)(df1),

where e(z) = (e® — 1)/z. I have not tried to extend this to higher degrees, nor to seriously
attack the next step in the proof, which would be to globalize the argument as in [74].

(2.24)

Alternatively, one could think of Conjecture as belonging to a general circle of ideas
involving the relation between commutative and noncommutative geometry, and try to apply
the deep general comparison results that have beeen proved in that context.



LECTURE 3

Mirror symmetry and circle actions

We begin by reviewing some aspects of mirror symmetry (by now, textbook material [55],
91]), illustrated by the example of elliptic curves. After that, we consider equivariant mirror
symmetry, following [39] but again restricting it to the most basic example. The equivariant
picture is not well understood, and our discussion is heuristic, with the aim of seeing what
kind of mathematics (both existing and yet to be constructed) can play a role in it.

Acknowledgments. 1 would like to thank Roman Bezrukavnikov, Davesh Maulik, Michael
McBreen, Andrei Okounkov, and Rahul Pandharipande for explaining the philosophy behind
[39] to me (repeatedly, until it finally started to percolate into my head).

A superficial introduction

Any mathematically correct formulation of the statements of mirror symmetry is bound
to be quite complicated, even if one limits oneself to the most familiar context of compact
Calabi-Yau manifolds. A reasonable approximation would be to say that the objects involved
are smooth projective varieties M with trivial canonical bundles Kp; = Oy, equipped with
a complexified Kéhler class, which means a class [was] +iBy € H?(M; C/2miZ) whose real
part lies in the Kéhler cone (hence can be represented by a Kéhler form wys). One considers
such manifolds from two different points of view:

e The A-model involves symplectic topology, which means that it remains unchanged
under deformations of the complex structure on M, as long as we keep the com-
plexified Kahler class constant.

e The B-model involves algebraic geometry, which means that it remains unchanged
under deformations of the complexified Kahler class.

Mirror symmetry relates the A-model on M to the B-model on a different variety MV of
the same kind, and vice versa. While this symmetry manifests itself in many ways, we are

23
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specifically interested in monodromy phenomena, as summarized here:

(3.1) " A-model on M .  B-model on MV

autoequivalences _ 1 -~ autoequivalences
of DPe"f Fuk (M) of D®Coh(M)

symplectic auto-
morphisms of M

automorphisms automorphisms
of H,, (M), respecting = = ~ ~ > of K}, (M"), respecting
the intersection form the Mukai pairing

Gauss-Manin <+ _ _+ 5 Quantum connection
connection on H*(M) on H*(MY)

B-model on M “. A-model on MV

The notation in is not entirely mathematical: roughly speaking, solid arrows go from
more sophisticated to simpler structures, and dashed arrows indicate the relationships es-
tablished by mirror symmetry. Instead of continuing with the discussion in general terms,
we prefer to work through an example.

The Hesse family of elliptic curves

Consider the elliptic curve M C CP? with equation
(3.2) f(zo, o1, 29) = x5 + 2% + 25 — 3z 07172 = 0.

This depends on a parameter z € C = C U {oco}, with singularities at z = co and z € /1.
In some (not particularly distinguished) basis of H; (M) = Z?, the monodromies around the
roots of unity, and their product which is the inverse monodromy around infinity, are:

(3.3) <(1) i’) (43 32) <13 (1)>‘@ _2>
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The Gauss-Manin connection is the natural connection on the bundle with fibres H*(M;C)
induced by local trivializations of this family of elliptic curves. Besides its abstract isomor-
phism type, which is determined by the monodromy representation , mirror symmetry
is also concerned with its interplay with the Hodge filtration, which in our case consists of a
single one-dimensional subspace

(3.4) Flioage € H'(M;C).

To express this concretely, one chooses a local covariantly constant trivialization H*(M;C) =
C?, writes elements of as pairs (¢o(2), ¢1(z)), and then considers the quotient ¢ (z)/¢po(z)
as a locally defined function on our parameter space. This still depends on the choice of
trivialization, which is usually fixed by monodromy considerations around a specified “large
complex structure limit point”, in our case z = oo.

To make a direct computation, we choose the complex volume form

1
(3.5) M = Tespy (f(:lzo dr1 Ndre — 21 drg A dws + 29 drg A d:l:l))

which is a nowhere vanishing section of the family of spaces (3.4)). In a local trivialization
of the Gauss-Manin connection, [nys] becomes a solution of the Picard-Fuchs equation (this
is classical, but see e.g. [I51] Example 6.5.1])

(3.6) ((2* = 1)07 4+ 32°0. + 2) ¢ = 0.

REMARK 3.1. This form of the Picard-Fuchs equation may be slightly unfamiliar. If we
change variables to 2 = 21, and simultaneously replace ny by fing = znar, which extends
smoothly over z = oo, the equation turns into a form which is more common in the mirror
symmetry literature:

(3.7) ((20:)* — 2°(20: + 1)(20: +2)) ¢ = 0.

More precisely, we can integrate [nas] against each locally constant class in Hy(M;C), and
that yields a solution of the Picard-Fuchs equation. Hence, the previously explained recipe
is to take two linearly independent solutions of that equation, and consider their quotient.
While the Picard-Fuchs equation itself depends on the choice of holomorphic volume form,
that quotient will be a well-defined function locally on our moduli space.

Let’s stay with M for the moment, and consider its A-model, for which we need to fix a
complexified Kéahler class [wys] + iBys. Parallel transport realizes the monodromies as
symplectic automorphisms (volume-preserving diffeomorphisms, in this dimension) for wyy,
unique up to Hamiltonian isotopy. Concretely, each matrix in the left hand side of
corresponds to a positive Dehn twist along three parallel curves; on the right hand side we
have a negative Dehn twist along three parallel curves, combined with a downwards shift
in the grading by 2. For general reasons, these symplectic automorphisms induce auto-
equivalences of the Fukaya category, unique up to isomorphism and shifts (in fact, there is
a preferred lift to the graded symplectomorphism group Symp,,.(M) [169], which removes
the shift ambiguity). That takes care of the top left box in .
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REMARK 3.2. We have been implicitly assuming that the Fukaya category can be defined over
C, by integrating [war] + iBy over holomorphic curves, as commonly used in the physics
literature. While this is possible in this particular case [154], the resulting construction is
disconnected from general symplectic topology, where one uses a formal parameter to rescale
wyr (the “large volume limit”). Since we use statements from the general theory, such as the
fact about symplectic automorphisms inducing auto-equivalences, our discussion has certainly
not been rigorous at this point.

The Gauss-Manin connection is the connection on the bundle with fibres H*(M;C) induced
by parallel transport. The abstract isomorphism type of that connection is encoded in its

monodromy (3.3)).

The mirror MV is again an elliptic curve. Identify H¢*"(M";Z) = Z? by choosing generators
1o = 1 and ¢ = [point]. In particular, one can then write the complexified Kéhler class as

(3.8) [wrrv] +iBuyv = —log(q)ir

where ¢ is a complex number with 0 < |gq| < 1. The quantum connection or A-model
connection [55], Section 8.5.2] on the trivial bundle with fibres H®*"(M";C) is given by

(39) Vab = 0,0 = 5otind,

where 1, acts by the cup product. This is the counterpart of the Gauss-Manin connection.
The counterpart of the Hodge filtration is the filtration by degrees, which in this case consists
of the subspace Fjeg = H°(MV;C). To investigate the interplay of connection and filtration,
we proceed formally as before. Namely, take two covariantly constant sections of , say
Yo + (log(q)/2mi)yr and 1y /27i; express ¢ € Fj,, as a linear combination of those two
sections; and consider the quotient of the resulting coefficients, which is the function log(q).

The mirror map transforms the complex structure parameter z for M into the complexi-
fied Kahler parameter q for MV, in such a way that z = oo corresponds to ¢ = 0. This
must transforms log(q) into the quotient of solutions of , and one uses that relation to
reconstruct the mirror map. The explicit solution [I11] has the form
:%z*3+%z*6+-~

Note that the monodromy maps around roots of unity on the left hand side of do
not have counterparts for , because the mirror map converges only for |z| > 1. In
other words, if one starts from 7 then those monodromies only appear after changing
coordinates to z and analytic continuation in that variable.

(3.10) q

So far, we have not mentioned the B-model aspect of M. Suppose that we fix a generic
value of [wys] + By, corresponding to a generic choice of complex structure of MY. The
group of autoequivalences of the derived category D®Coh(M") is isomorphic to [146]

(3.11) (MY x MY) % SLy(Z).

Here, we assume a choice of base point on MY. Then, the first copy of MV is given by
translations, and the second by tensoring with degree zero line bundles. The final part
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SLy(Z) acts on Ky, (MY) = Z* by the obvious representation. In particular, one can
construct mirrors of the monodromy maps appearing in (3.3]). For instance, the monodromy
around z = oo corresponds to the autoequivalence

(3.12) DbCoh(MV) — D*Coh(M") E — E® L[2],

where L is a line bundle of degree 3 (this is an instance of a general result, see e.g. [43]).
There are many interesting examples of such “mirror monodromy” computations in the
literature, starting with [18, 93], 185].

Circle actions

We will be interested in applying mirror symmetry to situations where one side, namely MY,
carries an (algebraic) action of G = S', and such that one has a complex volume form npsv
on which the action has positive weight. This can happen only for noncompact M ", which
means that we are in a modified version of our original framework, usually called “local mirror
symmetry”. For the B-model, we will use the category of compactly supported coherent
sheaves Coh.cpy (M), and the corresponding version of topological K-theory, K¢, ...(M").
Then, the situation on this side of the mirror roughly looks as follows:

(3.13) " B-model on MY . " equivariant B-model on MV R
autoequivalences autoequivalences
of D®Coh cpi(MV) of D®Cohcpi,c(MV)
automorphisms of automorphisms of
Ky ept(MY), respecting <———— Kj, ., (M), respecting the
the Mukai pairing equivariant Mukai pairing

Quantum connection Equivariant quantum

on QH*(MV) connection on QH (M)

A-model on MY . equivariant A-model on MV

The equivariant Mukai pairing, which we already encountered in Lecture [T} is a virtual rep-
resentation of G. Concretely, if one identifies the Grothendieck ring of such representations
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with Z[t,t71], then it can be written as

(3.14) (Eo, B1)§pupai 1t — > _(—1)" Te(t : Hom'(Eo, Ex) — Hom'(Ey, Ey)).

i
The ordinary Mukai pairing on a Calabi-Yau variety is graded symmetric, by Serre duality.
In the current situation, one has to take into account the fact that the canonical bundle is
not equivariantly trivial. The resulting formula is

(3.15) (Br Eo)ruas = (1"t (Bo. k), -
where n is the dimension of MV, and d is the weight of the circle action on 7,,v. The same
holds for the extension of the Mukai pairing to Ki(f)op,cpt,G(M V). Hence, what one would

want on the mirror side is:

DESIDERATUM 3.3. A Z[t,t~']-module together with a map from its t = 1 reduction to
H,(M). This module should carry a bilinear pairing satisfying the analogue of .
Moreover, the specialization of that pairing to t = 1 should recover the ordinary intersec-
tion pairing on H,(M).

Similarly, looking at the equivariant Gromov-Witten theory of MV leads one to suspect the
existence of the following:

DESIDERATUM 3.4. A graded filtered Z[[u]]-module together with a map from its u = 0
reduction to H*(M), taking the filtration to the Hodge filtration. As the complex structure of
M waries, these modules should carry a flat connection whose u = 0 specialization recovers
the Gauss-Manin connection.

At present, these requirements are no more than intelligent guesses. In the first case, we can
at least construct some approximations to the desired object, but in the second case nothing
seems to be known. Rather than continuing the discussion in the abstract, we now turn to
an example.

The equivariant derived category

Let N be the total space of the canonical bundle over C' = CP! (N is also the cotangent
bundle T*C, or the minimal resolution of the singularity C2/ 4 1). Let D®Cohc(N) be the
derived category of coherent sheaves with (reduced) support along the zero-section C' C N.
This category can be described in more elementary terms by using the McKay correspondence
[100], but we will not need that here. The relevant Grothendieck group (algebraic and
topological K-theories coincide in this case) is

(3.16) K2(N)=K?

top,cpt

(N) =22,
with basis given by the classes of Oc(—1)[1] and O¢. In this basis, the Mukai pairing is

(3.17) (22 _22) .
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The category D®Cohc(N) carries an action of the affine braid group

(3.18) Br;ﬁ = (Fy, Fy | FoFAFoFy = FiFyFL Fy)

(this can be viewed as a toy example for the categorical braid group actions arising from
representation theory). Concretely, consider the autoequivalences

(3.19) Ty = To.(a), the twist functor [I85] along the spherical object O¢(d) d € Z,
(3.20) © =0ON(F)® —, tensoring with the line bundle Oy (F'), F = fibre of N — C.
Since ©(0¢(d)) = Oc(d + 1), we have OT;0~1 = T,;,1. Similarly, since T4(Oc(d + 1)) =
O¢(d — 1)[1], we have TdeHTgl =~ T,;_1. Taking the two together shows that

(3.21) OT,0Ty =2 OT Ty 10 = OT;_1T40 = T,0T,40.

In particular, setting Fy = © and F; = T} satisfies the relation (3.18]) up to isomorphism of
functors. The resulting representation on (3.16) is given by

0 1 1 0
.22 F F: .
(322) °H<—1 2)’ 1H<2 —1)
In fact, with some more work one can prove a stronger relation
(3.23) FoF FoFy =2 1d,

which means that the action descends to the quotient Brgﬁ — Z/2 * Z (with generators
(FoFy, Fy) for the free product).

Let G = S! act on N by rotating the fibres of N — C with weight 2. Let D®Cohc g(N) be
the equivariant analogue of the previous category. The equivariant Grothendieck group is
(324) K%,G(N) = K?op,cpt,G(N) = Z[tv til]z'

G acts trivially on Homy(O¢, O¢), but with weight —2 on Ezt3(Oc, O¢) (as one can see
by applying Serre duality). Hence, the equivariant version of the Mukai pairing has the form

1472 —2¢7!
3.25 .
(3.25) ( —2t71 1+ t—2>
(We have twisted the G-action on Og(—1) by a character, in order to make the matrix

look more symmetric). The affine braid group action lifts to the equivariant case, and the
associated automorphisms of (3.24) are now given by

0 t2 1 0
(326) Fy— (_1 2t_1> , Fy— (2t_1 —t_2> .
In particular, unlike the non-equivariant case,
1 0
3.27 F? s
( ) 1 <2t_1 _ 2t_3 t_4)

acts highly nontrivially. The equivariant analogue of says that FyFiFyFy acts by
changing the equivariant structure of any object by tensoring with the one-dimensional
representation of weight —4. One can of course adjust to make this product equal to the
identity instead, and then the resulting action again descends to Z/2 x Z.
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Equivariant Gromov-Witten theory

As recalled in Lecture equivariant cohomology groups for G = S' are modules over
H{ (point) = H*(BG) = C[[u]]. If V is the one-dimensional representation of G with weight
d, then its equivariant Euler class in Hé(poz’nt) is du. Any oriented G-manifold N carries
an equivariant fundamental class, which we think of dually as a pushforward operation on
compactly supported equivariant cohomology:

G
(3.28) /N cHpy o(N) — He(point)[—dim(N)].

Now suppose that N is a smooth quasiprojective variety (on which G acts compatibly with
that structure), with the property that all non-constant closed curves are contained in a
compact subset of N. The genus zero equivariant Gromov-Witten invariants [110, 39] are
symmetric multilinear maps, defined for nonzero § € Hy(N;Z) and any n > 0,

(3.29) (- Vnp t HE(N)®™ — HE(point).

These satisfy an equivariant analogue of the divisor axiom, which comes in two parts: first,
(3.30) (1,..)5ns =0

and secondly, for z € H(N) we have [77, Equation (6)]

(3.31) (@, )ms = 2B Yoin1,0

where z(f) is defined by first mapping z to ordinary (non-equivariant) cohomology. Spe-
cializing to n = 3, one defines the small quantum product on QH5(N) = HE(N)[[q]] by
requiring that

G G
(3.32) / (z1 %G T2)T3 = / T1T2T3 + queg(ﬂ) <x1,x2,x3)€37ﬁ.

N N 3
Here, z3 € H ZPt’G(N ) is a compactly supported equivariant cohomology class, and on the
right hand side one uses its image in H(N). The degree deg() is taken with respect
to some choice of integral Kahler class [wy]. Suppose that the symplectic form wy is G-
invariant, and that the group action is Hamiltonian, with moment map py. This yields a
class [wy, un] € HE(N). One defines the equivariant form of the quantum connection by

1 [ L%
—|wn, x.
o Ny BUN|*G

(3.33) Vi =04 —
Let’s apply this to the same example N = T*C' as before. Equip it with a G-invariant Kéhler
form wy, normalized in such a way that the integral over C' is 1. Choose the moment map
pn so that pn|C = 0. We write 91 both for the equivariant cohomology class [wy, un] and
its unique lift to HZ,; (N). Then

Y? =0€ HG(N),

(3.34) fﬁ W= 12
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The relevant equivariant Gromov-Witten invariants are

(3.35) (1,91, 1) 3,010 = ()G 0.410) = d° - 2ud ™ = 2u.

In the trivial case d = 1, the relevant moduli space of stable maps is a single point, consisting
of the inclusion C' — N. Since TN|C =TC & K¢, we have

(3.36) HY(C,TN|C) = H'(C,K¢) = C,

and G acts with weight 2 on that space. Hence, the equivariant Euler class is 2u. In higher

degrees, one uses an equivariant version of the Aspinwall-Morrison formula [129]. Taking 1

and the unit class iy as a basis, one finds that the equivariant quantum connection satisfies
1

VqGII,bO = _27T2q¢17
(3.37) . L au
Vq 1 = Tomil 7q¢1-

Setting u = 0 kills all the invariants (a general fact about complex symplectic mani-
folds, but particularly obvious in this case for dimension reasons), hence the ordinary non-
equivariant quantum connection has the same essentially trivial form as for elliptic curves.
In contrast, the equivariant version shows a new pole at ¢ = 1, with associated mon-
odromy matrix

(3.38) exp (8 L) — (é (euo)4> .

The notable fact here is that after setting ¢t = e*, (3.38)) becomes conjugate to (3.27)) over
C[[u]] (the matrix (3.27) is diagonalizable away from ¢ = v/—1, and we are considering its
Taylor expansion around t = 1).

The mirror

There is no way to apply the Strominger-Yau-Zaslow (SYZ) construction of mirrors directly
to N (any Lagrangian torus in it is necessarily nullhomologous, hence can’t be Special La-
grangian). The most common approach, going back to [84], is to introduce a rational section
of the canonical bundle which is nowhere zero and has poles along a suitably chosen divisor,
and then take MV to be the complement of that divisor. One constructs M by applying the
SYZ process to MV, possibly with instanton corrections [20, Section 5]. Concretely, in our
case the divisor is a copy of C* inside N = T*C which is disjoint from the zero-section (the
graph of a one-form on C with two poles). Corresponding to our fixed choice of complex
structure on MY, we have a specific choice of Kahler class on M, which turns out to be zero.

Concretely, one can write the mirror as an affine algebraic surface
(3.39) M = {z1z9 + W(y) =0} C C* x C*,

3.39
W(y) =2y~ —2+y

where z is a parameter. We equip M with the exact symplectic form wpy; = dfy; = —ddh,
where the Kéhler potential is 1|z + 4 (log [|ly[|)? (it turns out that M is diffeomorphic to
MY, but that is a coincidence).
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Projection to y shows M to be a family of conics which degenerate over
(3.40) yr =1+ v1 -2z

The singular values are z = 0 (where y_ becomes zero, creating a singularity at infinity);
z = 1, where M develops a node; and z = oo, which one would define by appropriately
rescaling the y-coordinate. If we keep away from those values, one has

(3.41) Ha(M) = Hi(C*5{y+})

(more geometrically, embedded paths in C* joining y_ to y, give rise to Lagrangian spheres
in M, following the procedure in [109]). In a suitable basis, the monodromy maps around
z = 0,1 exactly match the matrices (in that order), and the inverse monodromy
around z = oo is therefore given by

1 0 0 1 0 1
(02 G o) (Ga)-0 )
The family is part of a larger one, where the points y+ are allowed to vary arbitrarily
in C*. The base of the smooth part of that family is parametrized by the configuration
space Conf,(C*), and this is compatible with the C*-action by rotation on Conf,(C*).
The quotient Conf,(C*)/C* is itself a copy of C* with one Z/2-orbifold point. Hence, the
monodromy yields a homomorphism

(3.43) 22 % .= w{™ (Conf 5(C*) /C*) — m0(Symp ey g (M)

into the “mapping class group” of exact (preserving 6, up to exact one-forms) and graded
symplectic automorphisms. In particular, if ¢g, ¢1 are the monodromy maps of around
z =0,1, then we get an isotopy ¢gp100¢1 =~ Id, corresponding to our previous discussion of
autoequivalences of the derived category.

Take the natural complex volume form on M,
dxy Adxo Ay~ tdy
r172 + W(y)

Under the cohomology isomorphism corresponding to (3.41)), 7, maps to the class of the
one-form dy/y. This means that the periods (solutions of the Picard-Fuchs equation) can be

(3.44) N = Tesyy

)

computed in entirely elementary terms,

vt dy
(3.45) / v = / — = log(y+/y-).
2-cycle Yy

To match this with the quantum connection, which means the u = 0 specialization of (3.37)),
one can at least tentatively take the mirror map to be

2
Yt q—1
(3.46) 1 Y- (q+1>

In particular, z = 1 corresponds to ¢ = 1, but the map ¢ — z is double branched at that
point, and since the monodromy of Hy(M) around z = 1 has order two, its pullback by that
map is trivial.
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Passing from N to MV is unfortunately not compatible with the G-action. One could get a
mirror of N itself by equipping M with a suitable regular function (which yields a Landau-
Ginzburg model) [20]. If we allow ourselves to bypass this issue, Desideratum takes
on the following form. By choosing two non-isotopic paths in C* that go from y_ to y.,
and only intersect at the endpoints, one gets two Lagrangian spheres Sy, S7 C M whose
intersection numbers are

(3.47) So-So=S1-S1=-2 So-S =51S)=2,

matching (3.17) (up to an overall —1 sign that is due to orientation conventions). One
would then want to define t-intersection numbers which yield the refinement corresponding

to (3.25):
(3.48) S+ S0 =51+S1=—-1—t"2  Sg-+S =515 =2t""

Moreover, the action of the monodromy maps ¢q, ¢; should reflect . Now ¢1 is a
four-dimensional Dehn twist, hence ¢? is isotopic to the identity as a diffeomorphism, but
not symplectically so [168]. That makes it conceivable, at least in principle, that one could
reproduce phenomena like in symplectic topology. Indeed, a construction of improved
intersection numbers with the desired properties has been given in [184], and we will show
later that this construction can be applied to M.






LECTURE 4

Derived Picard groups

Derived categories of coherent sheaves, and their automorphisms, have already appeared in
Lecture|3] We return to the same topic, and more specifically consider the “continuous” part
of the autoequivalence group, which is what appears in the following theorem of Rouquier:

THEOREM 4.1 ([159] Theorem 4.18]). The (connected algebraic) group
(4.1) DPico(M) = Pico(M) x Auto(M)

attached to a smooth projective variety M, is a derived invariant.

This reflects the infinitesimal (Lie algebra) equality
(4.2) HY(M,0y) ® H* (M, TM) = HH* (M, M),

where HH'(M, M) is the first Hochschild cohomology group, which is easily seen to be
derived invariant. However, the global result is stronger: besides its own algebraic
group structure, D Pico(M) can be equipped with additional data which are also derived
invariant (sheaves of twisted Hochschild cohomology groups). For subgroups of the actual
geometric automorphism group Awut(M), we had already considered part of this data in
Lecture [2] and interpreted it as a version of equivariant cohomology. The more general
construction, and its interaction with more classical notions of algebraic geometry, is the
object of ongoing study [156), 155, [125].

In principle, this approach is not limited to algebraic geometry, but can be applied to other
categories which admit a meaningful notion of “family of objects parametrized by an al-
gebraic variety”. See for instance [107] for the general framework. As another concrete
instance, there a parallel statement to Theorem for modules over finite-dimensional al-
gebras (besides [159], see [94), 208]).

Fourier-Mukai transforms

We consider only smooth projective varieties over C. Given P, € Ob D® Coh(M; x My) and
P, € Ob DCoh(Ms x M), we define their convolution Py x Py € Ob D®Coh(My x My) by
the formula

def * *
(4.3) Py x P1 = po2,«(p1o P2 @ poy Pr).

The tensor product takes place on My x M; x My, and the p;; are the projections from there
to M; x M;. The pushforwards and tensor product in (4.3)) are taken in the derived sense (for

35



36 4. DERIVED PICARD GROUPS

the pullbacks this is not an issue since they are already exact); this notational convention
will continue throughout the rest of our discussion. Convolution is an exact functor in either
argument. The structure sheaves of diagonals are the two-sided identity elements:

(4.4) P*0a,, 20a,, *P=P foralPe 0bD"Coh(M x My).

One can also think of P € Ob D Coh(M; x Mp) as a “kernel” which defines a functor, the
Fourier-Mukai transform

®p : D* Coh(My) — D°Coh(M,),

Qp(X) =p1(PpsX).
Here pg,p1 are again the projections from M; x My to the two factors. Of course, this is

itself technically a special case of convolution, but a case which intuitively (and historically)
plays a particularly important role. One has

(4.5)

(46) (DP’.’*Pl g (bPZ (0] ¢P1
and
(4.7 Do, =1d.

It is also interesting to see the formulae for left and right adjoint functors in this context
(see [95] Proposition 5.9] or [1386]), which involve Grothendieck-Serre duality. Namely, for
P € Ob D*Coh(M; x My) one has
Hom po con(ary) (2P (Xo), X1) = Hompe con(ar,) (P1,+(P @ pgXo), X1)

= Hompb con(m, x Mo) (P ® p5Xo, P11 X1 ® K, [n])
(4.8) = Hom pv con(y x M) (P6 X0, (PY ® K, [n]) ® piX1)

= Hom pv con(My) (X0, Do, (PY @ Kagy[n] @ piX1))

= Hom ps con () (Xos @ prian (X1)),
where n = dim(M); Ky, is the canonical bundle (pulled back to My x M, even though the
notation does not reflect that); and
(4.9) P9 — PV @ Ky, [n)].
The left adjoint is similarly given by
(4.10) Pt = PV ® Ky, [n).

REMARK 4.2. It is much harder to say how much ®p knows about the kernel P. If ®p is the
identity functor, then P = Oa,,. From that, one concludes for any P which has an inverse
under convolution, the functor ®p determines P up to isomorphism (the same is true for fully
faithful ®p [145], but it fails for general Fourier-Mukai transforms: see [44], which follows
an earlier negative answer to a related question [95, Example 5.15]). Finally, any ezact
equivalence D® Coh(My) — D Coh(My) is isomorphic to a Fourier-Mukai transform [145]
(this is an open question for general exact functors). One can doubt whether such questions
are even natural: they are the consequence of working in the world of classical triangulated
categories, inside which functor categories do not have particularly good properties.
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Following standard usage, let’s say that My and M are derived equivalent if D® Coh(My) is
equivalent to D®Coh(M;) as a triangulated category. Again by [145], there are
Py € DYCoh(M; x My), Py € DYCoh(My x M),

(4.11)
PZ*PlgOAMO7 Pl*ngoAMl.

We are interested in the implication of this for the categories D® Coh(M), x Mj,) with their
tensor (convolution) structure.

LEMMA 4.3. Suppose that My and M are derived equivalent. Then there is an exact equiv-
alence

(4.12) D Coh(M, x M) = D®Coh(My x My)

which is compatible with convolution; maps the structure sheaves of the diagonals to each
other, and the same more generally for the objects Oan, ® Kj’é[i (deZ). O

PRrROOF. If the derived equivalence is as in (4.11]), then (4.12) is given by
(4.13) P+—— Py PxPy.

Only the last property, involving the canonical bundle, is worth commenting on. Because of
convolution, it is sufficient to prove the case d = 1. For that, one can argue abstractly in
terms of Serre functors, or slightly more concretely as follows. Since ®p, is an equivalence,
its left and right adjoints must coincide, which in view of , (and the fact that an
equivalence determines its kernel up to isomorphism) means that P ® Ky, = Py x Ky, -
After dualizing and then tensoring with Kz, xar,, this takes on the form

(414) P, ®KM0gP0®KM1.

But then
P2*(OAM1®KM1)*P1gPQ*(KM1®P1):P2*(KMO®P1)

(1.15) N .
=Py x Pyo* (OAMO ®KM0) = OAMO ®KM0.

This argument is not particularly elegant, since it passes from kernels to functors and back,
but that allowed us to use the familiar language of adjoint functors. O

The derived Picard group

DEFINITION 4.4. Consider the semigroup of isomorphism classes of objects in D” Coh(M x
M), with the multiplication given by (4.3). The derived Picard group DPic(M) is the subset
of invertible elements inside that semigroup.

By the previously discussed general results, this is really the “automorphism group” of
DPCoh(M), which means the group of exact self-equivalences up to isomorphism. In partic-
ular, it is itself a derived invariant of M. The group DPic(M) can be described explicitly
in some cases (see (3.11)), and more generally [32, [146]), but in general it can be rather
large and hard to approach. On the other hand, there are some subgroups that can be easily
understood, and one of those is specifically of interest to us. Let Pic(M) be the Picard
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group, and Aut(M) the automorphism group. The latter acts on the former, and we can
form the semidirect product Pic(M) x Aut(M). Any pair ([L], f) in this semidirect product
determines a Fourier-Mukai kernel

(4.16) Pry=pL®O0r,,

where I'y € M x M is the graph. This defines an injective homomorphism Pic(M) x
Aut(M) — DPic(M). Here is a characterization of (4.16]) (roughly following [I59] Section
4.4.1)):

LEMMA 4.5. Let P be a coherent sheaf on M x M with the following properties:

e The projections po, p1 : Supp(P) — M are finite morphisms;
e po.«(P) and p1.(P) are line bundles.

Then P = Py, s for some ([L], f). O

Now restrict to the subgroup Pico(M) C Pic(M) of topologically trivial line bundles (which
is an abelian variety), and similarly to the neutral connected component Auto(M) C Aut(M),
which is an algebraic group. The action of Autq(M) on Pico(M) is trivial, hence with the
definition one has

(4.17) DPico(M) < Pic(M) x Aut(M) < D Pic(M).

The parametrized version

Let S be an auxiliary smooth quasiprojective variety. A family of Fourier-Mukai kernels
parametrized by S is an object P € Ob D?Coh(S x M x M). When it comes to defining the
notion of isomorphism between two families, we find it convenient to work locally over S.
This means that two families over the same base are called isomorphic if there is a cover of
S by Zariski-open subsets, such that the restrictions to each of those subsets are isomorphic
(with no coherence condition imposed on the isomorphisms). There is a version of Lemma
for families, leading to the following:

LEMMA 4.6. Let P be a family of Fourier-Mukai transforms parametrized by S. Suppose that
there is a point s € S such that P, = Py, for some ([L], f). Then, there is a Zariski-open
subset U C S containing s, an map f : U x M — M which is fiberwise an automorphism,
and a line bundle L on U X M, such that

(4.18) PIU = Py
is given by the family version of (4.16). |

The same thing holds if one considers only pairs ([L], f) lying in DPico(M), and we will
use this to characterize that group by a universal property. Take a connected algebraic
group G. A weak derived action of G on M is given by a family of Fourier-Mukai kernels P
parametrized by G itself, with the following two properties:
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o Restriction to e € G yields P, = Oa,,;
e There is an isomorphism of families over G x G (in the sense described above),
which fibrewise yields

(4.19) P, =P %P

Sg201 T g2 T g1
To be more precise, let m : G x G — G be the multiplication, and qg,q; : G X G — G the
projections. What we then mean by (4.19) is that Zariski-locally over G x G,
(4.20) m*P = ¢ P xqjP,

where * is convolution fibered over G x G. Now, given such an action, Lemma [£.6] applies in
a Zariski neighbourhood of the identity element in G. One can use to translate that
Zariski neighbourhood. The outcome is that we have a cover of G by open subsets U; on
which isomorphisms of type hold, say

(4.21) PlU; = Pp z. .

Moreover, each L, is topologically trivial, and each L lies fibrewise in Auto(M). These
isomorphisms glue together to define a morphism of algebraic varieties

(4.22) G —s DPico(M).

Again appealing to (4.20]), one shows that this is also a group homomorphism. On the other
hand, there is clearly a weak derived action of D Pico(M) itself on M, constructed using the
universal line bundle on Pico(M) x M and the evaluation map Auto(M) x M — M. Hence:

LEMMA 4.7. Weak derived actions of G on M (up to isomorphism) correspond to homomor-
phisms of algebraic groups, G — D Pico(M). |

Our notion of action is easily seen to be derived invariant, by a parametrized version of
Lemma [£.3] Therefore, Lemma [4.7] implies Theorem

Twisted Hochschild cohomology

The derived invariance of the group D Pico(M) comes with a corresponding property for the
kernels P, ; associated to points ([L], f). By combining this with Lemma one concludes
that the following spaces are also derived invariant:

Hom'py con(vxany (0ay @ K§y, Pry) =
= Hompy con(mx ) (Oan: Pr.p @ Ky
=~ H*(M x M,0n,, ® Pr;® Ky 1) [—n]
=~ H*(M,6* Py @ Ky~ )[-n],

(4.23)

where § : M — M x M is the diagonal embedding; n = dim(M) as before; and d is any
integer. The transformations between the various expressions (4.23) used Serre duality, as
well as the fact that the derived dual of Oa,, is Oa,, ® Ky, [-n].

Here are some illustrative examples:
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(4.24)
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e If f = idys, we can use the isomorphism §*Oa,, = €, Q4,[i] (a sheafified version

of Hochschild-Kostant-Rosenberg, proved in [207, Equation 0.5], see also [15]) to
rewrite (4.23)) as
P (M, Loyl @Ky ") -n =@ H (M, Le NTM[—-j]l K.
i J
For d = 0 and trivial L, (4.24) is the Hochschild cohomology of M. For any d and
L, the degree zero part of (4.24) is H(M,L ® K;/[d). For further discussion, see
[125].

For d = —1, trivial L, and any f, (4.23) is the cohomology of the derived intersection
Oa, ® Or,, which is a form of Hochschild homology and has already appeared

previously in (2.19)).

If f has only nondegenerate fixed points, 6" Pr, 1 = @, ¢ iy () O« 18 a direct sum of
skyscraper sheaves at those fixed points. Hence (4.23) is concentrated in degree n,
and isomorphic as a vector space to C/F#(HI irrespective of the choice of L and d.

For fixed d, the spaces are naturally fibres of an object of D®Coh(D Pico(M)). Since
the only automorphisms of Py, ; are multiplication with scalars, this object itself is derived
invariant only up to tensoring with a line bundle on D Pico(M) (which is clearly the best
possible result, since the construction of the universal line bundle on Pico(M) suffers from
the same ambiguity).
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Flux

Flux is a classical notion in symplectic topology, expressed as an isomorphism
(5.1) Sympy(M)/Ham (M) = H'(M;R)/T.

One can study flux using fixed point Floer cohomology, in a way which parallels the algebro-
geometric object , or alternatively using Lagrangian Floer cohomology. In fact, those
invariants yield useful information even in situations where I is trivial. We will illustrate
this by looking at symplectic mapping tori and some related manifolds.

Symplectic isotopies

We begin by recalling some standard terminology. Let (M,wys) be a closed symplectic
manifold. We write Symp(M) for the symplectic automorphism group, and Symp,(M) for
the connected component of the identity. Formally, these are infinite-dimensional Lie groups
whose Lie algebra, the space of symplectic vector fields, can be identified with the space of
closed one-forms:

(5.2) LSymp(M) = ker(d : Q' (M) — Q*(M)),

where a vector field X corresponds to the one-form —ixwy;. Vector fields that correspond to
exact one-forms are called Hamiltonian. The subspace of such vector fields is invariant under
the adjoint action, hence gives rise to a foliation of Symp(M) of codimension dim H*(M;R).
Isotopies which are tangent to that foliation are called Hamiltonian. We denote by Ham (M)
the (normal) subgroup of elements of Symp,(M) which can be reached from the identity by
a Hamiltonian isotopy.

Let ® = (¢¢)o<t<1 be any symplectic isotopy, which means a smooth path in Symp(M). To
this corresponds a family (d;) of closed one-forms. The cohomology class

(5.3) Flux(®) :/1[@] dt € H*(M;R)

is called the flux of the isotopy. A Hamiltonian isotopy has zero flux; and conversely, an
isotopy with zero flux can be deformed (keeping endpoints fixed) to a Hamiltonian isotopy
(for this and related elementary background, see [133 Chapter 10]). The flux subgroup

(5.4) I c H'(M;R)

41
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consists of all the fluxes associated to loops in Symp(M) (one does not lose anything by
restricting to loops in Symp, (M), since Flux(¢ o ®) = Flux(®) for any symplectomorphism
¥). Equivalently, Flux(-) is the image of [wys] under
(5.5)

H2(M;R) 228800 F2(Gump (M) x M3 R) 222 Hom (1 (Symp(M)), H (M;R)).

An elementary reformulation of (5.5) may be useful. Take some loop ® = (¢;), t € S*, in
Symp(M). Given a loop A : St — M, one defines a map

(5.6) T? = S' x S* — M, (s,t) — ¢:(\(s)).
The integral of wys over this torus equals (Flux(®), [A]).
EXAMPLE 5.1. If [was] is integral, T is a subgroup of H*(M;Z).

EXAMPLE 5.2. The flux subgroup is trivial for surfaces of genus > 2, since in that case any
map T? — M has degree zero.

ExAMPLE 5.3 (Taken from [131]). More generally, suppose that [wyr] is a multiple of c1(M).
The pullback \*T'M is a symplectic vector bundle over the circle, hence trivial, and any
choice of trivialization induces a trivialization of the pullback of TM wunder . Hence,
the integral of c1 (M) over that torus is zero, which means that T' must again be trivial.

EXAMPLE 5.4 (Taken from [103]). Similar topological arguments prove the following result:
if some Chern number of M is nonzero and the map

(5.7) — Wi s HY (M R) — H*™H(M;R),

for 2n = dim(M), is an isomorphism (the latter condition always holds for Kdhler mani-
folds), then T" = 0.

Here is another reformulation. For any class d € H'(M;R), choose a family (&:)o<t<1 of
closed one-forms whose cohomology classes integrate to d. This induces a symplectic isotopy
(starting at the identity), whose endpoint #@ is independent of the choice of one-forms up to
Hamiltonian isotopy. Then, d belongs to the flux subgroup if and only if ¢(?) is Hamiltonian
isotopic to the identity. This explains the isomorphism .

EXAMPLE 5.5. Take a symplectic vector space (V,wy) and a lattice G C V. Form the sym-
plectic torus M = V/G, so that Hy(M;Z) = G. Take a loop ® of symplectic automorphisms,
which is such that the orbit of any point is in the class corresponding to g1 € G. Take a loop
A € G whose homology class corresponds to go € G. Then by definition of the symplectic
form,

(5-8) (Fluz(®), [A]) = wv (g2, 91)

(ultimately, a formula of this kind can exist because [wys] lies in the subring generated by
one-dimensional cohomology classes). In particular, if we use wy to identify Hi(M;R) =
V =2 VY = HY(M;R), then the flur is precisely g1. Hence, with respect to this identification,

(5.9) I caG.

On the other hand, every class in H*(M;R) can be represented uniquely by a constant one-
form, which corresponds to a constant symplectic vector field, in other words to an element
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v € V. The flow of that vector field is translation x — x + tv. In particular, if v € G, the
time-one map is the identity, so G C T'. This shows that (5.9) is an equality.

Alternatively, one could have obtained as follows. If v ¢ G, the time-one map is fixed
point free, hence can’t be Hamiltonian isotopic to the identity by the (solution of the) Arnol’d
conjecture for tori. This is our first indication of a link between flux and deeper issues in
symplectic topology. Another such indication is provided by the proof of the flux conjecture:

THEOREM 5.6 (Ono [144]). For any closed symplectic manifold M, T C H'(M;R) is a
discrete subgroup.

Fixed point Floer cohomology

To describe the formal structure of “closed string” or fixed point Floer cohomology, we need
to introduce the one-variable Novikov field A, which is the field of formal series

(5.10) fa) = aoq™ +a1g"™ + -

where the coefficients ay lie in some auxiliary field K (an arbitrary field of characteristic
0), and the exponents 7, are real numbers, satisfying limy, 7, = oo. Write A=° C A for the
subring of series in which only nonnegative powers of ¢ appear, and A”° for the ideal
in which only strictly positive powers appear.

The fized point Floer cohomology group HF*(¢) is a Z/2-graded vector space over A as-
sociated to a symplectic automorphism ¢ € Symp(M). More generally, one can introduce
twisted versions HF*(¢;€), where £ is a bundle over M with fibre A and (discrete) structure
group A=”* (the group of invertible elements in A*°). Fixed point Floer cohomology is
invariant under Hamiltonian isotopies of ¢ (in the twisted case, carrying & along with the
isotopy). It is also conjugation invariant. Another fundamental property is that

(5.11) HF™*(id; &) = H*(M;¢),

where the right hand side is ordinary cohomology with twisted coefficients (and the grading
has been reduced to Z/2). In fact, those two properties (for trivial &) together yield the
proof of the Arnol’d conjecture.

REMARK 5.7. These statements are not quite the most general ones. Let’s associate to ¢ the
loop space

(5.12) LoM={z:R—= M : z(t) =¢(z(t + 1))}

Formally, fixed point Floer cohomology looks like a Morse-Novikov theory on this space. It
can therefore be twisted by a A=** -bundle on LyM. In the description above, we have only
used bundles pulled back by the evaluation map L4 — M.

On a related note, HF*(¢) remains invariant under all isotopies whose flux lies in the image
of id — ¢* : HY(M;R) — H*(M;R). This is again quite transparent from a loop space per-
spective, or alternatively one can derive it from the invariance under Hamiltonian isotopies
and conjugation.
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For our application, the relevant groups are HF*(¢(?;¢). These depend on d € H'(M;R)
and the isomorphism type of &, which one can combine into a single expression

(5.13) ¢’le] € H' (M3 AX).

From this point of view, what Floer cohomology yields is a family of Z/2-graded vector
spaces parametrized by H'(M;A*), and invariant under a suitably defined action of T.
More geometrically, is represented by a bundle whose holonomy around a loop A in
M is ¢ times the corresponding holonomy of ¢. Let’s denote that bundle by ¢%, in a
slight abuse of notation. The main result from [144], which underlies the proof of the flux
conjecture, is a generalization of :

(5.14) HF*(¢\D;€) = H*(M;q%) for small d

(there are some special classes of symplectic manifolds for which continues to hold for
all d € H*(M;R), see [119], but this is definitely not true in general, as one can already see
from Example . It would be good to go further in this direction, and to have theorems
describing the local structure of the stratification of H'(M;A*)/T" given by the ranks of
Floer cohomology groups (in analogy with the algebro-geometric situation, where the spaces
give rise to an algebraic stratification of the derived Picard group).

EXAMPLE 5.8. Take an arbitrary ¢ € Symp(M). Its symplectic mapping torus E = Ey
is the total space of the fibration over the two-torus with fibre M and monodromy v in one
direction. Explicitly,

E=R’xM/(p,q,x) ~ (p = 1,q,2) ~ (p,q — 1,9 ()),

wp =dp Ndq+ wyy-
If we take d to be the pullback of (1,0) € HY(T? R) under the projection E — T2, and
represent it by the one-form dp, the associated symplectic vector field is X = 0,, whose

time-one map is ¢'D(p,q,x) = (p,q + 1,2) = (p,q,%(x)). One expects the fized point Floer
cohomology of 3D to reflect that of ¥, and indeed

(5.16) HF*(¢\D) = H*(T% A) @ HF* ().

(5.15)

To be precise, this is easy to show in situations where the construction of fized point Floer
cohomology can be carried out with smooth moduli spaces of holomorphic curves, for instance
if c1(M) = 0. The general case, which uses virtual perturbations, should be similar, but would
require more attention to the details (hence is strictly speaking conjectural). See [167, Section
4] for further discussion of and its generalization to other cohomology classes d.

Suppose that H*(M;R) = 0, that 1. = id on cohomology, and that HF*(1)) has total rank
different from that of H*(M). Then implies that d does not lie in the flux subgroup of
E; hence, that group does not coincide with H'(E;7Z), which distinguishes E from the trivial
mapping torus T? x M. If one assumes that v is fragile [I77, Section 1], then E will be
symplectically deformation equivalent (and in particular diffeomorphic) to T? x M. This is
a good source of nonstandard (deformation equivalent, but not symplectomorphic) symplectic
structures.

We want to mention one more general property:
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PROPOSITION 5.9 (Arnol’d). For any symplectic automorphism ¢, the total rank of HF*(¢")
grows at most exponentially in k.

PROPOSITION 5.10 (Arnol’d). Equip the vector space H'(M;R) with some Euclidean metric.
There are constants C, D such that for all d € H'(M;R),

(5.17) rank HF* (¢'9) < DldlC,

This is not unexpected, and indeed, the proofs (which we will outline later on) are ele-
mentary. Proposition is noteworthy because it provides a (weak) global bound, which
complements local statements such as . Finally, note that even thought we have not
mentioned the twistings £ in the two Propositions above, that’s just because the inequalities
hold for any choice of those (with the same constants).

Lagrangian Floer cohomology

The “open string” or Lagrangian intersection version of Floer cohomology is trickier to use,
because of the complicated structure of the auxiliary choices that enter into its definition.
Let’s first consider the “topologically unobstructed” case, which does not suffer from such
complications. Inside a fixed M, consider Lagrangian submanifolds . C M which are ori-
ented, Spin, and such that

(5.18) {[war], [u]) =0 for each map w: (D,0D) — (M, L).

Floer cohomology associates to each pair (Lg, L1) of such submanifolds a Z/2-graded vector
space HF*(Lg, L1) over A. There are also twisted versions, in which each L; carries a bundle
&1, of the same kind as before. Floer cohomology is invariant under Hamiltonian isotopies
of either of the two submanifolds involved. The application to flux goes via the implication

(5.19) deT = HF*(¢'Y(Ly), L) = HF*(Ly, Ly) for all Ly, L;.

We also would like to mention the analogue of Proposition [5.9]in this context:

PROPOSITION 5.11 (Arnol’d). Let ¢ be a symplectic automorphism of M. Then there is a
constant D > 0 depending only on ¢, such that the following holds. For any pair (Lo, L1) of
Lagrangian submanifolds, there is a constant C' such that

(5.20) rank HF*(¢*(Lo), L1) < D*C for all k > 0.

As before, the same bound holds for all choices of of bundles on Lg, L.

EXAMPLE 5.12. Let M be a closed surface of genus > 0, and E the symplectic mapping torus
(5.15) of some ¢ € Symp(M). To any non-contractible simple closed curves oo C M, one
can associate a Lagrangian torus

(5.21) Ly =S8"x{0} xaCE.

This is incompressible, meaning that its fundamental group injects into w1 (E), and we also

have mo(E) = 0, which implies that (5.18) holds for Lo. The (much more straightforward)
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counterpart of (5.16|) says that
(5.22) HF*(Loy, Lo, ) = H*(SY; A) @ HF* (g, ).

Lagrangian intersection Floer cohomology in M essentially reduces to the (nontrivial, but
purely topological) theory of geometric intersection numbers [68]. Suppose from now on that
¥ has infinite order in the mapping class group. Then there are curves ag, ay such that

(5.23) limp_, 00 rank HF*(qbk(aO), 1) = 0.

By combining this with the same elementary considerations as in Example|5.8, one sees that
the image of (k,0) under the pullback H*(T?R) — H(E;R) can not lie in T, for any
ke R\ {0}.

We should stress that this is only a toy model. The same conclusion about the flux subgroup
can be derived using fired point Floer cohomology, since that has been fully computed for
surface diffeomorphisms [54]. It is even possible that it might be within reach of elementary
topological arguments involving w1 (F), in the manner of [103] Theorem A.2] or Example
9.9l

To illustrate the issues with Lagrangian Floer cohomology in general, let’s consider the case of
Lagrangian surfaces L (oriented, with a Spin structure) in a closed symplectic four-manifold
M. More specifically, we are interested in the groups HF*(¢(L), L), for some ¢ € Symp(M).
Such groups can always be defined, but they are not unique. To make the additional choices
more explicit, let’s take a compatible almost compatible structure J which is generic in the
following sense:

e There are no non-constant J-holomorphic spheres of Chern number < 1. Those of
Chern number 1 are regular, and intersect L transversally.

e There are no non-constant J-holomorphic discs with boundary on L of Maslov
number < 2. Those of Maslov number 2 are regular.

Given such a J, we can make an additional choice of a bundle &, as before. For ¢(L),
we then choose ¢.(J) and ¢.(£1). The resulting Floer cohomology is well-defined by a
cancellation mechanism first encountered in [142]. The problematic part is that passing
from one such J to a different one, while preserving Floer cohomology, requires a highly
nontrivial identification of the spaces of £, on both sides (and more generally, one may not
want to base one’s definition on choosing such a J at all, but instead on a more abstract
obstruction theory). Understanding this requires the full formalism of [71]. Still, the outcome
is that if the auxiliary choices are suitably correlated, HF*(¢(L), L) becomes invariant under
Hamiltonian deformations of ¢ or L. Moreover, the analogue of Proposition holds.

EXAMPLE 5.13. The symplectic mapping torus construction has a relative version, which
has been extensively explored since it gives rise to knotted symplectic submanifolds [69]. The
simplest class of examples goes as follows. Let Conf, (S?) be the configuration space of
unordered m-tuples of points on S?, for some m > 3. Its fundamental group, the spherical
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m-stranded braid group, sits in a short exact sequence
(5.24) 1 = Z/2 — m(Conf,,(S%) — mo(Diff 7 (S%, {m points})) — 1.

Fiz a loop B in configuration space, representing some conjugacy class [8] in the spherical
braid group. We can associate to it the symplectic surface

(5.25) S=5={(p,q,x) : € B(q)} CE=T?x S

Take a simple closed non-contractible curve o C S?\ 3(0), and consider the Lagrangian torus
L, C E\ S defined in (5.21)). The analogue of (5.22) is

(5.26) HF 3\ 5(Logs Loy ) = H*(SY) © HF G2\ g0y (@0, 1),

where we have included the symplectic manifolds under consideration in the notation, in order
to avoid misunderstandings. Defining the Floer cohomology groups in is straightfor-
ward, since is satisfied (even though E \ S is noncompact, that does not cause any
technical issues, since one can work in E but use holomorphic curves which avoid S). Let
d= (1,0) € HY(E;R). For a suitable choice of one-forms, the associated symplectic isotopy
will preserve S, and then

(5.27) ¢'D(La) = Ly(a)

where 1 is (a symplectic representative of ) the image of § under (5.24)). In particular, for
any k € Z and any o one knows from (5.26)) that

(5.28) HF (6" (La), La) = H*(S) @ HF 52 50) (" (@), ).

From now on, we consider only pure braids B (so S is the disjoint union of m tori, each of
which can be identified with T? by projection), and also we want to assume that our braids are
framed, which amounts to a trivialization of the normal bundle to (each connected component

of) S.

Take another closed four-manifold E containing a symplectic torus S = T2 with trivialized
normal bundle. Suppose that the following two conditions are satisfied:

e One has m(E \ S) = Z, in such a way that the meridian of S maps to 0, and the
two longitudes to 1 and 0, respectively.

e For a generic compatible almost complex structure on E with respect to which S is
holomorphic, there is no holomorphic sphere which passes through S.

Concrete examples of such manifolds are easy to construct, see [183]. Let’s perform the fibre
connected sum [80]
m copies

—_—
(5.29) M=Mg=E#FEU---UE),
where we glue each connected component of S to a copy of S. The outcome is a symplectic
four-manifold with m (M) = Z. All the tori L, will carry over to M (in a way which is
unique up to Hamiltonian isotopy).
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By construction, M carries a unique cohomology class whose restriction to E\ Sg equals that
of d. For simplicity, let’s denote that class again by d. A (technically highly nontrivial) degen-
eration argument in the spirit of [96] shows that the cohomology groups HF* (¢4 (L), Ly)
in M are the same as in E\ S. In particular, by the analogue of Proposition we get a
bound

(5.30) rank HF* (¢"*9(Ly), L) < DFC for k > 0,

where C' depends on the choice of a, but D depends only on ¢'¥ up to Hamiltonian isotopy.
As we will now see, this allows one to distinguish between the manifolds Mg, but in a way
which is not effective.

Namely, by a suitable choice of 8, one can achieve that there are o such that the ranks of
the Floer cohomology groups in grow exponentially in k (one can see this easily using
Thurston’s classification of surface diffeomorphisms [68]). After that, the exponential growth
rate can be made arbitrarily large, simply by replacing the chosen B with some power. By
comparison with , one concludes that there are infinitely many distinct (not pairwise
symplectically isomorphic) Mg. This is closely related to the results in [I83] (those were
proved using fized point Floer cohomology, which is a little harder to compute but yields
more clear-cut statements).

Growth of intersections

Our final task is to explain the proof of Propositions and The argument is
taken from [17], and applies in a variety of geometric situations; we will begin by considering
diffeomorphisms, and add the symplectic structures later.

Let M be a closed Riemannian manifold. Under any diffeomorphism ¢ € Diff (M), the
Riemannian volume of submanifolds grows at most by a constant, more precisely

(5.31) vol(¢(L)) < || Dg|| 4™ Evol(L).

Similarly, if (¢;) is the flow of a vector field X, one has

(5.32) Crol(pu(1) < dim(L)| VX [vol(9u(1)),

and hence for any ¢ > 0,
(5.33) vol(¢y(L)) < et dmBIVXlgo)(L).

Take two submanifolds Ly, L; C M of complementary dimension. Let inty (Lo, L1) be the
number of intersection points not removable by a small perturbation. Here, U is a neigh-
bourhood of the point corresponding to L; inside the space of all submanifolds, with the
C>-topology (by taking U small, one can ensure that all Ly in U are isotopic to L;). The
definition is

(5.34) inter(Lo, L)  ming (Lo N L),



GROWTH OF INTERSECTIONS 49

where the minimum is taken all El in U which intersect Ly transversally. We will later
modify this definition further to fit the situation in symplectic geometry.

Arnol’d’s insight is that (5.34)) is governed by the volume, in the following sense.

LEMMA 5.14 ([17, Lemma 1]). For any Ly and U there is a constant C = C(L1,U) such
that

(535) intU(Lo,Ll) S CVOI(LO) fOT all LO.

PRrOOF. This is essentially a probabilistic argument. Among a suitable family of small
perturbations of L1, we prove that there must be at least one which intersects L transversally
and in not more than C'vol(Lg) points.

Claim: There is a map
(5.36) t:PxLi — M,

where P is a small closed ball around the origin in RN for some large N, with the following
properties. First, t|{p} x L1 is an embedding for any p, specializing to the given inclusion
for p=0. We denote the images of these embeddings by El,pf and also assume that they all
lie in the neighbourhood U. The final requirement is that v should be a submersion.

To verify this claim, one first constructs a map satisfying the first requirement, and such
that D¢ is onto at every point of the form (0, x). Then, making P smaller yields the desired
submersion property. In fact, let’s agree that we shrink it by slightly more than strictly
necessary.

Claim: Fiz some Riemannian metric on P x L. Then there is a constant C > 0 such that
for any submanifold Ly C M,

(5.37) vol(t ™ (Lg)) < Cvol(Ly).

If this is true for some metric on P x Lq, then it is true for any other metric. Hence, we
may assume without loss of generality that the metric is chosen in such a way that ¢ is a
Riemannian submersion. Then,

(5.38) vol(t™*(Ly)) :/ vol(v~*(z)) |dz|.

Lo

Note that outside a subset of Lebesgue measure zero, :~!(x) intersects 9P x Ly transversally,
hence is a compact manifold with boundary, with well-defined volume. Take some zg € Ly.
There is a ball P slightly larger than P, and an extension ¢ of ¢ to P x Ly, such that (o)
intersects OP x L, transversally. Then, the same holds for all z sufficiently close to zg.
Hence, vol(i~!(z)) is locally a continuous function near x = x¢. This yields a local bound
for vol(+=*(z)) in the same region, and since Lg is compact, we get an overall bound C' valid
for all x.
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Claim: We have
(5.39) [ 100 Lu | ldpl < vl (2a)),
P

where: the integral on the left is with respect to the standard flat metric on P, normalized
so that vol(P) = 1; and the volume on the right side is with respect to the metric on the
submanifold 11 (L) induced by the product of our metric on P and an arbitrary Riemannian
metric on Ly.

The intersection Lg N il,p is transverse (hence in particular finite) for all p outside a closed
subset of measure zero. Let P™ be its complement. Then, the projection

(5.40) N Lo) N (P™ x Ly) — P™

is a finite covering. Moreover, the pullback of |dp| yields a density which is pointewise less
or equal than that used to compute the volume of ¢~ (Ly).

After combining the inequalities above into
(5.41) / |Lo N Ly | |dp| < Cvol(Ly),
P

one sees that there must be some subset of positive measure inside P on which |LyN il,p| <
C'vol(Lyp). Inside that subset, one can find a p where the intersection is transverse. O

Let’s assume from now on that M is symplectic (not necessarily in a way which is compatible
with the metric) of dimension 2n; that our submanifolds are Lagrangian; and that the topol-
ogy of the space of Lagrangian submanifolds is defined in such a way that only Hamiltonian
isotopies are continuous (this affects the definition of neighbourhoods U). In the proof of
Lemma we can construct ¢ in such a way that all the I~/1,p are Lagrangian, and depend
in a Hamiltonian way on p. Then, that Lemma still holds with our modified definition of
inty (Lo, L1). In view of this and (5.31)), we have:

PROPOSITION 5.15. Take ¢ € Symp(M). Then for any Lagrangian submanifolds (Lo, L1),
and any U, there is a constant C' such that

(5.42) inty (¢*(Lo), L) < ||Do||"™ C for all k > 0.
0

The number on the left hand side of is an upper bound for the total rank of La-
grangian Floer cohomology (whenever that is defined). Hence, Proposition follows im-
mediately, and so does its analogues for other situations where Lagrangian Floer cohomology
is well-defined. Next, recall that any symplectic fixed point problem can be converted to a
Lagrangian intersection problem by looking at the graph and the diagonal. Applying that
to Proposition [5.15] immediately yields Proposition [5.9 Proposition [5.11] is obtained in a

similar way, but using (5.32).
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Liouville manifolds

This lecture has three aims. The first one is to review some elementary notions of sym-
plectic topology, with an emphasis on explicit constructions of open symplectic manifolds.
The original sources are [66, [205]; expository accounts can be found in [148] (specifically
for the low-dimensional case) and [53] (a comprehensive reference including many new de-
velopments). The second aim is to show how a version of Floer cohomology (symplectic
cohomology) can be applied to these manifolds. Among the existing literature on this topic,
we follow [134] most closely; but the state of the art is probably better represented by [36].
The final aim is to explain some possible limitations of the use of symplectic cohomology as
an invariant.

Acknowledgments. The discussion of Weinstein handle attachment (and in particular Exam-
ple reflects discussions with Mohammed Abouzaid.

Symplectic manifolds with Liouville flows

We will consider exact symplectic manifolds, meaning symplectic manifolds (M, wys) which
additionally come with a distinguished one-form primitive 6,;, dfy; = wys. The vector field
Zr defined by iz,,war = 0 is a Liouwille vector field, which expands the symplectic form:

(61) LZ}\/[wM = d(ZZI\fwM) = WM-

We will always require that Zp; should be transverse to M, which implies that 6,/|0M is
a contact one-form. Within this fairly general class of manifolds, we will more specifically
consider the following cases:

e A Liouville cobordism is a compact M with the properties mentioned above. We
then write 9_ M and 91 M for the (open and closed) subsets of the boundary where
Z ) points inwards and outwards, respectively.

A Liouville cobordism is called trivial if every flow line of Z); is a compact interval

(with endpoints on 9+ M). In particular, M is then diffeomorphic to 9_M x [0, 1].

e A Liouville domain is the special case of a Liouville cobordism where O_M = ().

51
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o A Liouville manifold (really, this should be called a finite type complete Liouville
manifold) is an open manifold M without boundary, with the following property.
There is an exhausting (proper and bounded below) function h € C*°(M,R), such
that dh(Zyr) > 0 outside a compact subset. Moreover, we require that the flow
of Zy exists for all positive times (the corresponding statement for negative times
follows from the previous requirement).

EXAMPLE 6.1. Let M be a complex manifold which is Stein. One can equip M with a strictly
plurisubharmonic exhausting function h. Then the reqular sublevel sets of h are Liouville
domains for 0y = —d°h and its exterior derivative wyy = —d(d°h). The Liouville vector
field is the gradient of h with respect to the Kdhler metric associated to wyy.

EXAMPLE 6.2. Let M C C¥ be a smooth affine algebraic variety. Then, taking h(x) =
1llz]|? and proceeding as before equips M with the structure of a Liouville manifold (one has
dh(Vh) = ||dh||* # 0 outside a compact subset, because ||dh|* is a real polynomial). By
construction, wyy is the restriction of the standard (constant) symplectic form on CN to M.

EXAMPLE 6.3. If L is a closed manifold, then M = T*L with its canonical one-form is a
Liouville manifold.

Compact manifolds with boundary lend themselves well to gluing processes. Most obviously,
if M; and M are Liouville cobordisms such that 04 M; is diffeomorphic to 0- Mz in a way
which is compatible with the respective one-forms, then

(6.2) M = My Ug, ary~o_ar, Mo

naturally becomes a Liouville cobordism (the Liouville vector fields give canonical collar
neighbourhoods, which one uses to define the differentiable structure on M). More generally,
suppose that 9, M and O_ My are isomorphic as (oriented) contact manifolds. In that case,
the gluing process needs to be modified as follows:

(6.3) M = My Ug, m~o_c C Ua, cro_ i, Ma.

The intermediate piece C' is a trivial cobordism, whose negative boundary is diffeomorphic
to 04 M7 compatibly with the one-forms; and whose positive boundary is diffeomorphic to
0_Ms, in such a way that 6|04+ N corresponds to e®0yr, |0— My for some constant ¢. This of
course means that one needs to rescale wys, by the same factor e¢ when forming (6.3]).

The outcome of (6.3]) is no longer strictly unique (because of the choice of ¢), which brings
us to the overdue question of what the appropriate notion of isomorphism is for Liouville
domains. The most narrow notion would be this:

e Let M, My be Liouville domains. A symplectic isomorphism ¢ : M; — My is
called ezact rel boundary if ¢*0pr, = Oar, + dk for some function k& which vanishes
near the boundary.

However, this notion, as well as that of plain symplectic isomorphism, is too rigid for most
purposes; the reason being that it preserves quantitative invariants such as volume and
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capacities, which we do not want to consider. We therefore want to allow the two following
operations as well:

e Attaching a trivial cobordism to the boundary;

e Deformation (of 83 and wys, within the class of Liouville domains).

In fact, it is enough to allow one of those operations, and then the other can be expressed
as a combination of that and symplectic isomorphisms which are exact rel boundary. Let’s
call the resulting equivalence relation Liouwille isomorphism.

The situation is a little simpler for Liouville manifolds, for which there can be no quan-
titative invariants (since (M, 0y, wps) is Liouville isomorphic to (M, ey, ewyr) for any
¢ € R, using the flow of Zj;). In this context, one defines a Liouville isomorphism to be
a diffeomorphism such that ¢*0ys, = 0n, + dk for some compactly supported function k.
Deformation invariance is built in by a Moser-style argument. More precisely:

LEMMA 6.4. Fiz an open manifold M without boundary. On it, take a family of exact
symplectic structures wy = dby, with associated vector fields Z;, and a family of erhausting
functions hy, both depending smooth on t € [0,1]. Suppose that for each t, the flow of Z;
is defined for all positive times. Suppose also that for all (t,x) outside a compact subset of
[0,1) x M, we have dhy(Z;) > 0. Then (M,wo,6p) is Liowville isomorphic to (M,w1,61). O

Still remaining on the same subject, note that one can pass from Liouville domains to
Liouville manifolds by attaching an infinite cone:

(6.4) Meomplete — M Ugar ([0, 00) x M),

where the conical part carries the one-form e”(6/|0M) (r is the coordinate on [0, c0)) and
its exterior derivative. There is also a truncation construction in the opposite direction, and
the two establish a bijection on the level of Liouville isomorphism types.

Finally, given that the symplectic form is exact, it makes sense to impose corresponding
exactness conditions on Lagrangian submanifolds. For a closed Lagrangian submanifold,
exactness means that [0y/|L] € H'(L;R) is zero. Here are two generalizations:

e Suppose that M is a Liouville domain, and L C M a Lagrangian submanifold with
0L = LN OM, which is of Legendrian type near the boundary. The last-mentioned
condition means that 6;|L vanishes in a neighbourhood of dL; equivalently, 0L C
OM is Legendrian, and the Liouville flow is tangent to L near the boundary. Then,
we say that L is exact rel boundary if [0y|L] € H*(L,OL;R) vanishes.

e Let M be a Liouville manifold, and L € M a properly embedded Lagrangian
submanifold which is of Legendrian type at infinity, meaning that 6/|L vanishes
outside a compact subset. Then, we say that L is exact rel infinity if [0a|L] €
H! ,(L;R) vanishes.

cpt
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Weinstein handle attachment

Suppose that we are given a Liouville domain M; of dimension 2n, and a submanifold
K; C OM; which is Legendrian for our contact structure, meaning that dim(K;) = n — 1
and 6y, | K1 = 0. Suppose also that we have a compact manifold Lo and a diffeomorphism

(65) 0Ly, = K1 C OM;.

Recall that the normal bundle of Ky C 0M; is R@® T*K; = T*Ly|0Ls. One can therefore
attach a ball cotangent bundle D*Ls to M; along a tubular neighbourhood of K. Strictly
speaking, the outcome has concave corners, but one can smooth them to get a manifold with
boundary. In fact, a slightly fattened version of the same construction can be thought of as
attaching a Liouville cobordism My (which homotopy retracts to My Uk, ~or, L2). Let’s
denote the result of this attachment process by M.

EXAMPLE 6.5. Suppose that My itself contains a Lagrangian submanifold L, which is of
Legendrian type near the boundary, exact rel boundary, and such that 0Ly = K;. Then
L =Ly Upr,~oL, Lo is a closed exact Lagrangian submanifold in M.

EXAMPLE 6.6. The most important special case is where we start with a Legendrian K, C
OM; diffeomorphic to a sphere. In order to identify that sphere with the boundary of the
standard ball Ly = D™, we suppose that a distinguished element mo(Diff (S"~1, K1)/O(n))
has been chosen (for n < 4 this quotient is trivial). One says that M is obtained by attaching
a critical Weinstein handle to M7 along K.

More generally, suppose that we have K; C dM; which is contact isotropic, meaning that
O, | K1 = 0, but whose dimension can be arbitrary (< n — 1 because of the isotropy condi-
tion). Such a manifold carries a canonical symplectic vector bundle of rank 2(n—1—dim(K7)),
namely

(6.6) TK{/TK, — K,

where the orthogonal complement is with respect to the symplectic form on the contact
hyperplane bundle ker(6ps, |0M1) C T(0M7). Take a compact manifold Ly together with
a symplectic vector bundle v. Suppose that there is a diffeomorphism dLs = K7, covered
by a bundle isomorphism v|0L, = TKi /TK;. Then we can again carry out a suitable
attachment process, using the disc bundle of T* Ly & v.

EXAMPLE 6.7. If we again suppose that K1 is a sphere, and Lo a ball, the additional bundle
data is a trivialization of . For dim(K;) < n—1, one calls the resulting process attaching
a subcritical Weinstein handle. In the lowest-dimensional case, one starts with two points
in OM; and attaches a 1-handle (in that case, no additional choices are required, since the
linear symplectic group is connected).

Symplectic cohomology

Fix a coefficient field K, which can be arbitrary. Symplectic cohomology associates to a
Liouville domain or manifold M a Z/2-graded K-vector space SH™ (M), of at most countable
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dimension. This comes with a rich structure of operations, of which the only one relevant
for now is the structure of a graded commutative ring with unit. Symplectic cohomology is
invariant under Liouville isomorphism.

EXAMPLE 6.8. The symplectic cohomology of C™ is zero.

EXAMPLE 6.9. Suppose that M = T*L, where L is closed and oriented. If char(K) # 2,
assume additionally that L is Spin. Then

(6.7) SH*(M) = H,—.(£L; K),

where LL is the free loop space [202], 163, 1] (the isomorphism depends on the Spin structure:
changing this structure by a class « € HY(L;Z/2) yields a change in which is £1d on
each component on the loop space, depending on how « evaluates on loops). Importantly,
carries the ring structure on symplectic cohomology to the string product [2].

EXAMPLE 6.10. The product of two Liouville manifolds is naturally again a Liouville man-
ifold (the same is true for Liowville domains after rounding off corners). One then has a
Kiinneth formula [139], which is an isomorphism of Z/2-graded rings

(6.8) SH*(M; x M) = SH*(M;) @ SH*(Ms).

Also important is the Viterbo functoriality property of symplectic cohomology [203]. Namely,
suppose that M is obtained by attaching a Liouville cobordism to M, as in (6.2 or (6.3).
One then has a canonical homomorphism (of unital rings)

(6.9) SH*(M) —s SH*(M)).

In particular, if SH*(M) vanishes, so does SH™*(M7), because the unit element is zero. The
maps (6.9) are functorial with respect to repeated attachment.

REMARK 6.11. One use of Viterbo functoriality is to show that symplectic cohomology is
mvariant under symplectic isomorphisms ¢ : My — My which are exact, meaning that
@*Onr, = Op, + dE for some function k. As explained in [36, Lemma 1.1], any symplectic
isomorphism between Liouville manifolds can be deformed to an exact one. Hence, sym-
plectic cohomology is actually a symplectic invariant of Liouville manifolds in the standard
(undecorated) sense of the word.

The following theorems allow one to change the topology of a Liouville domain without
affecting its symplectic cohomology:

THEOREM 6.12 (Cieliebak [52]). If M is obtained from My by attaching a subcritical Wein-
stein handle, the map s an isomorphism.

THEOREM 6.13 (Bourgeois-Ekholm-Eliashberg). Consider four-dimensional Liouville do-
mains, and use coefficients in a field with char(K) = 0. Suppose that M is obtained from
M by attaching a Weinstein handle along a stabilized Legendrian knot. Then is an
isomorphism.

The last result may require some explanation. Stabilization is a local modification of a Leg-
endrian knot, which depends on a choice of orientation [67, Section 2.7]. For Legendrian
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knots in R3, one sees easily that the Chekanov homology [51] of a stabilized knot vanishes.
When translated into pseudo-holomorphic curve technology, that argument depends on the
existence of a low-energy once-punctured holomorphic disc, hence carries over to dM;. The-
orem is a then a consequence of [36] Theorem 5.6 and Section 7.2]. Strictly speaking,
one has to be a little careful, since [36] uses a definition of symplectic homology (and Viterbo
functoriality) which is based on Symplectic Field Theory, and therefore technically some-
what different from that in the original literature (this also explains the restriction on the
coefficient field K). However, it is generally expected that the two are equivalent, by an
extension of the arguments in [37]; we have tacitly assumed that when stating the result.

We have so far adopted a “black box” approach to symplectic cohomology, but it makes
sense to give at least a partial idea of what geometric information it encodes. Let M be
a Liouville domain. The form wjp;|0M has one-dimensional null space. Let’s assume that
all closed characteristics, which means loops tangent to that nullspace, are nondegenerate.
Equivalently, these characteristic are periodic orbits of the Reeb field, which is the unique
vector field Ropr € C°(T(OM)) in the null space such that 0y (Raar) = 1. Fix a Morse
function h € C°>°(M,R) such that h=*(1) = 1 and Zj;.h = h near the boundary. Symplectic
cohomology can be written as the cohomology of a Z/2-graded chain complex which has
generators of two kinds. First, each critical point of h gives rise to a generator, whose (mod
2) degree agrees with the Morse index. In fact, this gives rise to a subcomplex isomorphic
to the usual Morse complex of h, hence to a homomorphism (of unital rings)

(6.10) H*(M;K) — SH*(M).

Secondly, each periodic orbit of Rgps (this includes iterates of a prime periodic orbit) gives
rise to a pair of generators (of different mod 2 degrees). Of course, this is far from a complete
description of symplectic cohomology, since we have not said anything about the differential,
which involves pseudo-holomorphic curves. However, it is still fair to say that closed Reeb

orbits are the primary ingredient (in fact, symplectic cohomology was originally introduced
as a tool to study Reeb dynamics).

Open symplectic mapping tori

We have discussed the symplectic mapping torus construction for closed symplectic manifolds
in Lecture There is a variant which is suitable for the Liouville case. Namely, given a
Liouville manifold M and a Liouville automorphism %, with its compactly supported function
k satisfying ¥*0p; = 0 + dk, define

E=R*xM/(p,q,x) ~ (p,q —1,9(z)),
(6.11) O =pdq+ 0y + d(qk(z)),

wg =dlg = dp A dq + war,
which is again a Liouville manifold. It is a general fact that symplectic cohomology splits
into a direct sum of pieces indexed by connected components of the free loop space. In
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particular, one can write
(6.12) SH*(E) = @ SH*(E)*),
keZ

where k measures the degree of loops after projection E — R x S'. Then, there is a long
exact sequence

(6.13) o SHA(E) O s SH*(M) 75 S (M) — -

This closely related to the results of [140], and can be thought of as the Floer-theoretic
analogue of the classical (topological) long exact sequence

(6.14) e HY(E) — H* (M) 222 g (M) — -

LEMMA 6.14. SH*(E) vanishes if and only if SH*(M) does.

ProOF. If SH*(M) vanishes, so does SH*(FE)(®). But for general reasons, the unit
element of SH*(E) must lie in that summand. In converse direction, if SH*(M) is nonzero,
then its unit element lies in the kernel of id — ¢*, and hence SH*(FE)(©) # 0. O

One does not expect ¢* : SH*(M) — SH*(M) to carry a lot of information about 9. As a
concrete example:

CONJECTURE 6.15. Suppose that dim(M)/2 is even, and let 7, be the Dehn twist along a
Lagrangian sphere. Then, 77 acts as the identity on SH*(M).

Hence, SH*(E)(® should mostly reflect the symplectic topology of M, rather than that of
. The other summands SH*(E)®), k # 0, are much more interesting, and provide a rich
tool for studying open symplectic mapping tori. This can be motivated by looking at the
underlying Reeb dynamics, which turns out to be related to the dynamics (fixed points,
periodic points) of 1.

Nonstandard Liouville structures

We continue our discussion of open mapping tori. For simplicity, let’s suppose from now on
that M is simply-connected. In that case, projection yields an isomorphism

(6.15) m(E)2m(Rx S =7Z.

Think of £ and M as completions of Liouville domains E"“"¢ and M!%"¢. Let’s suppose
that v is compactly supported, and in fact comes from a symplectic automorphism of M trvne
which is the identity near the boundary. One can construct E'“"¢ so that it contains a piece
[-1,1] x St x OM'*"¢ with the product contact structure. Then, to a point x € M trune
one can associate an isotropic loop {0} x S* x {z} in E**"¢ which generates (6.15]). Let’s
assume that M is connected. Then, the isotopy class of that loop is independent of all
choices. We attach a subcritical Weinstein handle to it, and then complete the result to a
simply-connected Liouville domain N.



58 6. LIOUVILLE MANIFOLDS

LEMMA 6.16. If SH*(M) # 0, then SH*(N) # 0.

PRrOOF. In dimensions > 4, Theorem ensures that SH*(N) = SH*(E). This fails
in dimension 4, but Viterbo functoriality at least ensures that if SH*(E) # 0, then also
SH*(N) # 0. Applying Lemma completes the argument. |

EXAMPLE 6.17 (Adapted from [134]). Suppose that n > 2 is even. Consider the affine
hypersurface

(6.16) M={zi+ - +a22_  +a23=1}cC"
This is the Milnor fibre of the (As) singularity. Its only nontrivial homology group is
(6.17) H, (M) =72 with intersection pairing ((1) 61)

In fact, there are two embedded Lagrangian spheres L1, Lo C M (vanishing cycles) which
represent generators of , and whose intersection number is Ly - Lo = 1. The existence
of these has two consequences. First of all, each sphere gives rise to Viterbo restriction map
SH*(M) — SH*(T*S"~1), which shows that SH*(M) # 0. Secondly, by using the Dehn
twists along both spheres, one can every matriz in SLa(Z), which means every automorphism
of , is represented by an automorphism i of M.

(6.18) o= (21

then id — 1. is invertible, which by implies that E has the integer homology of S'.
After attaching a two-handle as explained above, we get a contractible Liouville manifold M
of dimension 2n. That manifold also carries an erhausting Morse function whose critical
points all have index < n. It is therefore simply-connected at infinity, and the h-cobordism
theorem applies, showing that it is diffeomorphic to R®™. On the other hand, the symplectic
cohomology of the Milnor fibre M is nonzero (this follows from Viterbo functoriality, because
M contains an ezact Lagrangian sphere). Hence, SH*(N) # 0 by Lemma[6.16, which implies
that N is not symplectically isomorphic to standard R2™.

In [134], a version of this construction was used to show that there are infinitely many non-
isomorphic Liouville manifolds which are diffeomorphic to R?", for any n > 2. This still uses
symplectic cohomology, but involves a closer analysis of the spaces SH*(E)®*), k # 0, which
we will not describe here.

Symplectic fibrations over surfaces

Suppose that we have a Liouville manifold M, together with compactly supported Liouville
automorphisms 11, ...,1,. Take a once-punctured genus g surface S, and recall that

(619) 7T1(S):<alv/81a"'aagaﬂg>

is a free group. Let E be the locally trivial symplectic fibration of S with fibre M, whose
monodromy around the «; is ¥;, and with trivial monodromy around the ;. In particular,
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the monodromy around the puncture is again trivial, since a small loop around it is conjugate
to [a1, B1] - - [ag, Bg]- One can make S, and then as before also E, into a Liouville manifold.
Note that the structure of E at infinity depends only on M and g, and not on the choice
of the 1; (if one cuts E down to a Liouville domain E'“" then the same would hold for
the contact structure on dE*"¢). Finally, 7 (E) is large since (assuming M connected) it
surjects onto 71(S), but one could kill the fundamental group by attaching two-dimensional
Weinstein handles. As before, let’s denote the result of this process by N.

One can write
(6.20) SH*(E) = SH*(E)® @ SH*(E)V & -

where the (0) summand correspond to loops which project to contractible loops in S, and
the (k) summand for k& > 0 corresponds to loops which project to a loop going k times
clockwise around the puncture (the other components of the free loop space contribute zero
to symplectic cohomology). Then,

(6.21) SH*(E)® =~ H*(SY;K) @ SH*(M) for k > 0.

For the remaining summand in (6.20]), there is an analogue of (6.13]), namely a long exact
sequence

(id =5 ,....id =)} ,0,...,0)

(6.22) o= SH*(E)) — SH*(M) SH*(M)®%9 — ...
Bearing in mind Conjecture and related ideas, one finds that SH*(E) only contains a
limited amount of information about 1,...,1%,. Of course, there are more sophisticated
symplectic invariants (notably, ones coming from Symplectic Field Theory), but still, the
study of such Liouville manifolds F (or N) remains a challenging issue. In the case g = 1,
one can compactify S to a torus, and correspondingly partially compactify F; that brings
one into a situation similar to that from Lecture |5, potentially allowing ideas of flux and
non-Hamiltonian isotopies to come into the picture. However, this approach can’t be applied
to N.






Part 2

Background






LECTURE 7

Homological algebra

Out of the many available frameworks for “chain level categories”, we choose to work with
the version based on Stashefl’s A.-algebras [189], mainly because of its natural occurrence
in symplectic topology. The motivation for, and history of, A..-categories is interesting
in itself, but outside our scope. We will not even fully reproduce the definitions (there
are many available references, among them [106), 120, 176l 108, 116], 28]), but only
say enough to fix the notation and conventions. Among other things, we will mention the
notion of smoothness for A.,-categories, since that has turned out to be important in the
development of noncommutative algebraic geometry. As a reprieve from the steady stream
of basic definitions, we briefly consider growth issues for iterated convolution functors.

First notions

Fix a coefficient field K. An A..-category A consists of a set (all our categories are small)
of objects Ob(A); morphism spaces hom4(X,Y) which are Z-graded vector spaces; and
composition maps

(7.1) p%  homa(Xg_1,X4) @ -+~ @ homa(Xo, X1) — homa(Xo, Xq)[2 —d] for d > 1,

satisfying the A.-associativity equations. Our sign conventions follow [176], so that the
third of these equations (the one that most deservedly bears the name) can be written as

12 (as, p% (az, a1)) — (1)1 2 (13 (a5, a2), a1) = —p (115 (a3, a2, a1))

— (=D)lalHlezld (u) (a3), az, a1) + (= 1)1 (ag, s (a2), a1) — iy (as, az, ply(ar)).
The associated cohomological category H(A) has the same objects; it has morphisms

(7.3) Hompa)(X,Y) = H*(homa(X,Y), ul);

(7.2)

and compositions induced by p?, more precisely

(7.4) [az] - [ar] = (=1)'** [ (az, a1))-

We always require that H(A) should have identity morphisms (equivalently, one says that
A is cohomologically unital), hence is a linear graded category in the classical sense of the
word. One can also use the subcategory H°(A) which only contains degree 0 morphisms. We
say that two objects X,Y of A are quasi-isomorphic if they become isomorphic in H?(A).
A little more generally:

63
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DEFINITION 7.1. We say that X is a homotopy retract of Y if it becomes a retract in HY(A).
This means that there are closed degree 0 morphisms p € hom 4 (Y, X) and ¢ € homa(X,Y),
such that ,ufq (p, 1) is homologous to the identity of X (in more algebraic language, one could
say “homotopy direct summand” instead of “homotopy retract”).

DEFINITION 7.2. We say that X is dependent on Y if the composition
(7.5) H(homa(Y, X)) ® H(homa(X,Y)) — H°(homa(X, X))

s onto, or equivalently contains the identity in its image. If A admits finite direct sums,
this means that X is a homotopy retract of a finite direct sum of copies of Y.

The notion of A -category is complemented by that of A -functor F : A — B. Such a
functor consists of the action on objects, together with maps
(7.6)

T homa(Xg—1,Xa) @ - ® homa(Xo, X1) — homs(F(Xo), F(Xa))[l —d] ford > 1,

satisfying an appropriate homomorphism equation (a polynomial condition on the F¢). The
leading order term F* induces a graded linear functor H(F) : H(A) — H(B). One uses that
to define quasi-isomorphism and quasi-equivalence for A..-categories, in the obvious way.
Aso-functors from A to B themselves form an A.-category fun(A,B). A significant fact is
the following;:

LEMMA 7.3. Let F : A — B be a quasi-equivalence. Then there is a quasi-equivalence
G :B — A such that G o F is quasi-isomorphic to the identity in fun(A, A), and Fo G is
quasi-isomorphic to the identity in fun(B,B). O

Some comments and variations on the basic definitions:

e An A -algebra is the same as an A..-category with one object (and A.-functors
then specialize to Ay-homomorphisms).

Here is a slight extension, which can sometimes be useful. For any m > 1, consider
the semisimple ring R = K™ = Ke; & - - - & Ke,,, (with €? = ¢;, e;e; = 0 for i # ).
Then, an A.-algebra over R is the same as an A -category with m ordered objects
(X1,...,Xm). Explicitly, if A is an A -algebra over R, one turns it into an A.-
category by taking e;Ae; to be the space of morphisms X; — X;.

e A.-categories make sense with Z/N-gradings for any even N (and even for odd
N if char(K) = 2). Nevertheless, the Z-graded version remains our default choice,
since it relates more readily to established intuition from homological algebra.

e Any dg (differential graded) category A becomes an A..-category by setting
(7.7) ph(a) = (=D)da, p2(as,a1) = (=1)1"agay, p% =0 for d > 3.

We will carry out this conversion tacitly, and just consider dg categories as a spe-
cial case of A.-categories. A frequently example is the dg category Ch of chain
complexes of K-vector spaces.
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e In converse direction, any A..-category is quasi-isomorphic to a dg category. One

place where this is convenient is when defining the tensor product A ® B of A.-
categories. It is possible to approach this directly, but that requires some choice of
diagonals, leading to explicit but lengthy combinatorial formulae [165]. However,
the situation is straightforward if one of the two factors is a dg category, and one
can always reduce to that up to quasi-isomorphism.

For functors, any dg functor between dg categories gives rise to an A-functor. In
converse direction, given any A.-functor F : A — B between dg categories, one
can construct a diagram

which commutes up to quasi-isomorphism in fun(A, @), and where B is a dg cat-
egory, F, G are dg functors, and G is a quasi-equivalence. Hence formally JF is the
“fraction” G~'F. There is a similar statement with a “right fraction” instead of a
left one.

One says that A is strictly unital if every object X has an endomorphism ex €
hom% (X, X) such that

pulex) =0, phlaex) =a, pilex,a)=(-1)"a,
u%(am ...,a1) =0 for any d > 2, if a; = ex for some 1.

Any A..-category is quasi-isomorphic to a strictly unital one, and sometimes strict
unitality can simplify the formulation of certain constructions. If A, B are strictly
unital, one can consider strictly unital A,-functors between them. Such functors,
and the corresponding notion of strictly unital A,.-transformations, form an A..-
subcategory which is quasi-equivalent to the whole of fun(A, B).

e A is called minimal if ply = 0. Any A-category is quasi-isomorphic to a minimal

one, by the Perturbation Lemma.
We say that A is proper if each space ([7.3)) is of finite total dimension.

Assume that char(K) = 0. A strictly cyclic As-category of dimension n € Z is a
strictly proper A..-category together with nondegenerate pairings

-, ) hom ) ® hom', , — K,
hom’ (Y, X hom!; ™ (X,Y K
(ar,az) = (~1) (200104 05, y),

such that the expressions € (agi1, ..., a1) = (aa+1, p% (ag, - .., a1)) are cyclically
symmetric with appropriate signs:

fd+1 ) — (_1)(|ad+1|—1)(|a1|+“‘+\ad|—d)§d+1(

(a‘da"'?al?ad+1 ad+17"'7a1)'
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A better notion of cyclicity, which requires only properness, was introduced in
[116] Section 10]. Every A.,-category which is cyclic in the sense defined there is
quasi-equivalent to a strictly cyclic one.

Twisted complexes

Any A.-category A has a canonical enlargement A, the category of twisted complexes,
which allows shifts and mapping cones. It is best to introduce this in two steps. First,
consider the additive enlargement A%, whose objects are formal sums

(7.12) C=@wWiex,

icl

over some finite set I, with finite-dimensional graded vector spaces W;, and objects X; of
A. The morphisms are matrices whose entries combine linear maps of vector spaces and
morphisms of the constituent objects in A. The A,-structure is similarly inherited from A.

Now, a twisted complex is a pair (C,d¢), where C is as in (7.12]) and the differential is an
element d¢ € homys (C, C), which explicitly means

1
(7.13) oc = (50,1‘]‘), (507”‘ S (Hom(Wj,Wi) & homA(Xj,Xi)) .

There are two additional conditions. First, C' must admit a finite filtration by subobjects
in A®, with respect to which 6¢ is strictly lower-triangular. Secondly, d¢ must satisfy a

Maurer-Cartan type equation. Morphism spaces in A are the same as in A%, but the
Ao-structure comes with additional insertions of the differential.

EXAMPLE 7.4. Given a € hom%(Xo, X1) which is closed, ' (a) = 0, one can define its
mapping cone

(7.14) C = Xo[] @ X1, 50:<2 8)

which is a twisted complex. Here, the shift operation Xo[1] means K[1] ® Xo (where K[1] is
the one-dimensional vector space placed in degree —1).

Using a more general construction of mapping cones, one equips the category H(A™) with
a triangulated structure in the classical sense. We denote this category by D*(A). It is one
of the versions of the “derived category of an A.-category” (the word derived is probably
inappropriate, since no localisation takes place, but by now well-established in the literature).

Modules

A (right) As-module M is a collection of graded vector spaces M (X), X € Ob(A), together
with operations

(7.15) ppit: M(X4) @ homa(Xa_1,Xa) @ --- @ homa(Xo, X1) — M(Xo)[1 —d], d >0,
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satisfying a suitable associativity equation. We always assume that M is cohomologically
unital, hence induces a module H(M) over H(A). Such Ay-modules form a dg category
A™04 Tn comparison with classical module categories, the bar resolution is built into the def-
inition of morphisms in A™°¢ which in particular leads to the following statement (showing
that the two possible definition of “quasi-isomorphism of A..,-modules” are equivalent):

LEMMA 7.5. If a closed morphism M — N induces an isomorphism H(M) — H(N), it is
an isomorphism in HO(A™°4). O

Due to the presence of mapping cones, the category H°(A™°4) is again triangulated; we
denote it by D™°4(A). Additionally, this category is idempotent closed (also called Karoubi
complete). This means that, given an A,,-module M and an idempotent endomorphism [7] €
HO(hom gmoa (M, M)), there is another A,.-module which is the corresponding homotopy
retract. There is a cohomologically full and faithful A..-functor, the Yoneda embedding

(7.16) A — A1,

Concretely, this maps an object Y to the module M = Y¥°" with M (X) = hom4(X,Y),
and with the A,.-module structure induced from the A..-structure of A. One can extend
to twisted complexes, either by writing down the resulting modules explicitly, or more
conceptually through the following diagram:

inclusion
(7.17) A Atw
Yonedal _ - lYoneda
-
Amod (Atw ) mod

restriction

Some additional remarks:

e There is a notion of opposite A,,-category AP, and in these terms A,.-modules
can be defined as functors into chain complexes:

(7.18) Amed = fun(A°PP Ch) 2 fun(A, ChoPP).

Similarly, left Ao.-modules (which we had not mentioned so far, but which of course
are perfectly sensible) would be functors from A itself to Ch.

e If A is a dg category, every dg module is an A.,-module. In general, the spaces
of dg module morphisms differ from those of A,,-module homomorphisms, since
the latter come “already derived”. More concretely, if M is K-projective in the
sense of [27] then the dg and A,.-versions of hom(M, —) are quasi-isomorphic. In
converse direction, every A..-module is quasi-isomorphic to a dg module.

e If A is strictly unital, one can define the notion of strictly unital A,,-module, and
strictly unital homomorphisms between such modules. This yields a dg subcategory
which is quasi-equivalent to the whole of A™%¢,
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e If A is minimal, one can consider A,.-modules M which are themselves minimal,
meaning that p}, = 0. Every A.,-module is quasi-isomorphic to a minimal one.

e An A,.-module M is called proper if the cohomology groups H (M (X)) are of finite
total dimension for all X. Such modules form a full subcategory AP™P C A™4,

e An A -module is called perfect if it is a homotopy retract of the Yoneda image of
a twisted complex. Perfect modules form a full subcategory AP, By definition,
every perfect complex can be constructed by starting from objects of A (or rather,
their Yoneda images) and taking shifts, mapping cones, and homotopy retracts. In
particular, if A is proper then so is AP¢"f. We write DP*/ (A) = HO(APef).

LEMMA 7.6. If M is perfect and N is proper, then H*(homa(M,N)) is of finite (total)
dimension.

PROOF. Suppose first that M = X¥°" is the Yoneda image of some X € Ob(A). Then
there is a canonical quasi-isomorphism

(7.19) N(X) = hom gmt(M,N).

The general case is derived from that by going through the construction steps mentioned
above (shifts, mapping cones, and homotopy retracts). O

EXAMPLE 7.7. Take a trivial example, the Ao -category K (with a single object, and only
multiples of the identity as endomorphisms). Then, the cohomologically full and faithful
embeddings

(7.20) K — Krerf —y KPP

are all equivalences. Indeed, any finite-dimensional chain complex of vector spaces can be
made into an object of K™ ; on the other hand, a strictly unital proper As-module over K is
the same as a chain complex of vector space with finite-dimensional (total) cohomology; and
the two resulting dg categories of chain complexes are themselves quasi-equivalent. Similarly,
the strictly unital version of K™% is the dg category of (arbitrary) chain complexes of vector
spaces.

Bimodules

Let A and B be A..-categories. An (A, B)-bimodule @ consists of graded vector spaces
Q(X,Y) for all (X,Y) € Ob(B) x Ob(A), together with operations
(7 21) Mgl;r : homﬂ(YS—l)YS) K- ® homA(Y07Y1) & Q(Xra }/0)

. ® homs(Xr—1,Xr) ® - @ homp (X0, X1) — Q(Xo,Ys)[1—r—s], r,s>0

satisfying an appropriate bimodule equation, and as before, a unitality condition on the
cohomology level. A,.-bimodules form a dg category (A, B)™4.
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Arguably the most important use of bimodules is through their action on modules. Any
bimodule @ gives rise to an A..-functor (sometimes called “convolution”)

(7.22) Do A — BT Po(M) =M 24 Q.

Of course, bimodules themselves admit a tensor product, which corresponds to the compo-
sition of convolution functors. We refer to [200}, [174] for more details.

Some examples and comments:

o Aitself is an (A, A)-bimodule (called the “diagonal bimodule”). More precisely, the
structure maps of the diagonal bimodule are related to the A, -category structure
of A by

(7.23) 5t (al, .. dazdl, . ah) = (=)l el sl Gl a))

ER I S i

Tensor product with A yields a functor which is quasi-isomorphic to the identity,
but not strictly equal to it (one of the less fortunate aspects of the definition of
tensor product).

e To any As-functor F : A — B one can associate a (A, B)-bimodule Q = Graph(5F),
called the graph of F. One can view this as the result of pulling back the diagonal
bimodule of B by F on the left hand side only. Explicitly,

(7.24)
Q(X,Y) = homs (X, F(Y)),

Mzg;l;r(as, a1 gy, . bl) — Z(_l)\bl|+..4+\bT\+r—1M1'"B+1+k(3rik (Cls, o 7as—ik+1)7

"7311(0'7;1’"'aal)aQ7b7‘a"'ab1)a

where the sum is over all partitions i1 + - - - + i = s. Convolution with @ fits into
a diagram (commutative up to quasi-isomorphism of A.-functors)

(7.25) A el B

Yonedal lYoneda

Amod N :Bmod
®q

This shows how bimodules can be thought of as generalization of functors.

o If R is a B-module, and L a left A-module, one can define an (A, B)-bimodule
Q=L®Rby

(7.26) Q(X,Y)=L(Y)® R(X)

with operations uglgo and ugjl;r inherited from L and R, respectively, and all other

operations set to zero. The associated convolution functor takes any module M to
(M ®4 L) ® R, where M ® 4 L is just a chain complex.
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e If A and B are strictly unital, one can define a dg category of strictly unital (A, B)-
bimodules, which as usual turns out to be quasi-equivalent to (A, B)™°4.

e Properness for bimodules is defined exactly as for modules.

e If ) is a bimodule, then for any fixed object Y it yields a module Q(—,Y). Equiva-
lently up to quasi-isomorphism, this module can be thought of as the tensor product
(7.27) Q(—,Y) =YY" 24 Q.

We say that @ is right perfect if Q(—,Y) is a perfect module for each Y. For such
bimodules, &g maps Arerf to BPerf | which is easy to see from (7.27). All graph
bimodules are right perfect.

e Even though we have not defined them as such, (A, B)-bimodules are the same,
up to quasi-equivalence of dg categories, as modules over A°PP ® B. In particular,
there is a Yoneda embedding

(7.28) APP @ B — (A, B)°PP.

Up to quasi-isomorphism, this maps a pair (X,Y") of objects to the tensor product
of Yoneda modules X¥°"™ ® Y¥°" in the sense of (7.26)) (here X¥°™ is the right
Yoneda module over A°PP, which means the left Yoneda module for A).

One can extend (7.28)) to (A°P? @ B)™, and that is used to define the notion of
perfect bimodule, just as in the module case. If Q) is perfect, then ®g maps proper
modules to perfect modules.

EXAMPLE 7.8. The dual diagonal bimodule AV is the bimodule with

(7.29) AY(X,Y) = homa(Y, X)",

and with bimodule operations obtained (roughly speaking) by partially dualizing MZHH. Sup-
pose that A is proper. Then

(7.30) v 2 AP 5 APTOP

s a cochain level implementation of the Serre functor for perfect modules. This means that
if P and Q) are perfect modules, then

(7.31) H*(hom gmod (P, ®4v(Q))) = H*(hom gme (Q, P))Y

functorially in both P and Q. For instance, if A is strictly cyclic of dimension n, in the
sense introduced above, then

(7.32) AY = Aln],
which means that the Serre functor is quasi-isomorphic to the n-fold downwards shift. In

fact, one often uses the existence of a quasi-isomorphism (7.32)) as a weak replacement for
cyclicity. Let’s call Ao -categories for which such a quasi-isomorphism exists weakly cyclic
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of dimension n (we are trying to avoid the word “Calabi-Yau” since it has acquired several
different connotations).

Smoothness

The last-mentioned class of bimodules leads to a nontrivial property of A..-categories:

DEFINITION 7.9. A is smooth if the diagonal bimodule is perfect.

If that is the case, the functor ® 4, which is quasi-isomorphic to the identity, maps proper
modules to perfect ones. Hence, over a smooth A..-category, every proper module is perfect.
As a consequence of that and Lemma the space of (cohomology level) morphisms between
two proper morphisms is finite-dimensional.

ExXAMPLE 7.10. Consider the coordinate ring of an affine algebraic variety over C. This
is an algebra, hence a fortiori an Aso-algebra. It is smooth if and only if the variety is
smooth in the ordinary geometric sense (this follows from the classical homological criterion
for regularity of local rings).

EXAMPLE 7.11. Take an Ao -category A with a finite ordered set of objects, say (X1,...,Xm).
We say that A is directed if it is strictly unital and

0 1> 7,
(7.33) homa(X;, X;) = { Kex, i=7,
finite-dimensional i < j.

Directed Ao -categories are proper by definition, and they are also always smooth. In fact,
the diagonal bimodule is a twisted complex over A°PP @ A, in a canonical way (the prototype
for this was Beilinson’s resolution of diagonals for coherent sheaves on projective space). As
a consequence, A, AP APTP gre all quasi-equivalent.

EXAMPLE 7.12. Take an A -category in which the only morphisms are multiples of the
identity endomorphisms of the objects. If the set of objects is finite, this is a trivial kind of
directed A -category. However, if that set is infinite, the category is not smooth.

Ao-categories which are proper and smooth have received considerable attention, as a pos-
sible fruitful framework for noncommutative algebraic geometry. There are sophisticated
results about modules over such a category, as well as the “moduli space” of such categories
itself [197], 196]; and there are even deeper issues, which aim at Hodge theory and a theory
of motives in the noncommutative context [98].

Iterated convolution

Let A be an As.-algebra, and P a perfect A-module. By definition, P can be built (up to
quasi-isomorphism) by starting with a finite number of shifted copies of the free module A,
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then combining and modifying these copies by mapping cones and homotopy retracts. Define
the size || P|| to be the minimal number of initial copies of A needed for this construction.
For instance, ||P|| = 0 iff P is quasi-isomorphic to zero; ||[P|| < 1 if and only if P is a
homotopy retract of A[k] for some k € Z; and || P|| < 2 if and only if P is a homotopy retract
of the mapping cone of a map A[k] — A[l]. We then have the following easy quantitative
refinement of Lemma

LEMMA 7.13. Let P be a perfect module, and M a proper module. Then

(7.34) dim H* (hom gmed (P, M)) < ||P| - dim H*(M).

LEMMA 7.14. Let P be a perfect module, and @ a bimodule which is right perfect. Then
(7.35) [@o(P)| <IIP[- Q]

PROOF. Since P can be built starting from || P|| copies of A, ®o(P) = P ®4 @ can be
built starting from || P|| copies of ®g(A) ~ Q. But each of these copies of @ can be built
from ||@]| copies of A. O

One can apply this to the iterated tensor product Q¥4* = Q ®4 --- ®4 Q, and see that
|Q®4F|| < ||Q]|F for all k > 0. Combining this with Lemma yields

(7.36) dim H*(hom gmet (P ®4 Q¥4F, M)) < ||P| - |Q||* - dim H*(M).

Suppose that A is proper. Then one clearly has dim H*(Q) < ||Q|| - dim H*(A), hence the
dimension of H*(Q®4*) grows at most exponentially in k. Moreover, if A is proper and
smooth, there is a constant C' = C'(A) such that

(7.37) dim H* (hom 4 _aymea (A, Q¥4%)) < C'||Q|".

Quotients

Let A be an A, ,-category and B C A a full subcategory. By a quotient Ay -category we
mean an A..-category C together with an A..-functor F: A — € such that:

e Any object of € is quasi-isomorphic to one in the image of F (essential surjectivity).

e The image of any object of B under F is quasi-isomorphic to zero (passage to C
kills B).
e Given any other A..,-category D, composition with F yields an A..-functor
(7.38) -oF : fun(C, D) — fun(A,D)

which is cohomologically full and faithful, and whose image up to quasi-isomorphism
is the subcategory of functors A — D which kill B.
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It is easy to see that the pair (C,JF) is essentially unique, so we will usually just write
C = A/B. The existence of quotients was first established by Keller [105]; alternative
constructions were given in [62], [126].

EXAMPLE 7.15 (Taken from [62]). Suppose that A is a dg category. Define C as a dg category
with Ob(€) = Ob(A), and
home(X,Y) = homa(X,Y)
® @  homa(Zo,Y)® homa(X, Zo)[1]
Zo€Ob(B)
@ @ homa(Z1,Y) ® homs(Zy, Z1) @ homa (X, Zy)|[2)
Zo,Z1€0b(B)

(7.39)

The differential combines the given ones on each homa space with composition (as in the
classical bar construction). In particular, if X € Ob(B), then the identity endomorphism of
X becomes nullhomologous in C, because it lies in the image of the composition homg (X, X)®
homs (X, X) — homs (X, X).

EXAMPLE 7.16. For any proper Ao -category, one has APf C AP™P. Define the singular
derived category of A to be the cohomological category associated to AP™P JAP™ . This is a
more abstract version of the basic definitions from [42], [147].

We want to consider the computation of morphism spaces in quotient categories. Start with
(7.39), which can be written more succinctly as

. A ’ — Y B A ) .
(7.40) hom5(X,Y) ~ Cone(Y?" @5 X" — homa(X,Y))

Here Y¥°" is the Yoneda module which we then restrict to B; X¥°" is the same thing with
left modules; and the tensor product is that of A.-modules over B (while the discussion
in Example was for dg categories, the general case follows by quasi-isomorphism). In
parallel with the use of resolutions in classical homological algebra, there are cases when
(7.40) simplifies further. To formulate the problem in general, take Y € Ob(A), map it to
A/B, take the associated Yoneda module in (A/B)™?, and then pull that back to A™%,
denoting the result by Y¥°". By construction,

(7.41) YY™(X) = homy s (X,Y)
and the A.-module structure of Y¥°" expresses the functoriality of (7.41)) in X € Ob(A).

LEMMA 7.17. Suppose that the object Y has the property that H*(hom4(X,Y)) = 0 for all
X € Ob(B). Then YY" is quasi-isomorphic to the ordinary Yoneda module YY", and in
particular H*(hom g, (X,Y)) = H*(homa(X,Y)) for any X.

This follows from ((7.40) since the Yoneda module of Y restricts to an acyclic module over
B. Actually, it serves only a warmup for the following more general:
LEMMA 7.18. Suppose that there is a sequence of objects and morphisms in HY(A),

(7.42) y=vy Bhy, By,
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with the following properties:
o For each k, Cone(ty)inOb(A™) is quasi-isomorphic to an object of B .

e For any X € Ob(B) we have lim H* (homa(X,Yy)) = 0.

Then YY°™ is quasi-isomorphic to the homotopy direct limit of the sequence
(7.43) Yy — Y — Y

In particular, H*(hom 4,8 (X,Y)) = ligk H*(homa(X,Yy)).

Without loss of generality, we may assume that A is strictly unital. The homotopy direct
limit is defined via the telescope construction, which one can describe as follows. Replace
Y; by the quasi-isomorphic twisted complex C}, indicated by the following diagram:

(7.44) Yo Yi cee Yi_1 Y.
—€Yy b —ey; —eYR g
wil Wl o Yeall

Then, the [tx] correspond to inclusions Cy_1 < C%. There are corresponding inclusions of
the Yoneda complexes, and the homotopy direct limit is the union

(7.45) M = h_nr;k cyen.
Now if one similarly considers the expressions
(7.46) Cone(CE™" @5 XY™ — homam (X, Cy))

there are inclusions of the (k—1)-st one into the k-th one, and the first assumption in Lemma
[7.18says that the inclusions are all quasi-isomorphisms. One can therefore pass to the limit
and consider

(7.47) Cone(M @35 X" — M(X)).

The second Assumption in the Lemma says that M becomes acyclic when restricted to B,
hence is quasi-isomorphic to M (X). To summarize, we have shown that hom 45 (X,Y)
is quasi-isomorphic to M (X). One can realize this quasi-isomorphism as the leading order
term of an Aso-module map Y¥°™ ~ M, which is the desired statement.

Via mapping cones, quotients can also be used to define the localisation of A with respect
to a set of morphisms S = {S(Xo, X1)}, S(Xo, X1) C H(hom 4(Xo, X1)). Namely:

DEFINITION 7.19. Let B C A™ be the full Ao, -subcategory consisting of mapping cones over
elements of S. Then, S™YA is defined to be the image of A under A — A™ — A" /B.
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Hochschild homology

Following [104], [187], let’s consider the idea of a homology theory for A, -categories. The
discussion here is only partly formalized: we start with a reasonable-looking list of properties
for such a theory, and extract some useful consequences (for readers interested in a more
systematic discussion, one possible approach is [I91]). In any case, we ultimately have a
single specific such theory in mind, namely Hochschild homology, and the axiomatic approach
is just one way to understand its role while keeping computations to a minimum.

First properties

We again work over a fixed field K. Let’s say that a homology theory H, should associate to
an A.o-category A a graded vector space Hl, (A), which is functorial under A..-functors. More
precisely, quasi-isomorphic A..-functors should induce the same map, which in particular
implies that H,(A) is invariant under quasi-equivalences. We require the following basic
properties:

e (Morita invariance) The Yoneda embedding A — AP induces an isomorphism
H,. (A) = H, (APeTT).

o (Kiinneth formula) There is a canonical isomorphism H, (A®B) = H, (A) @ H..(B).
e (Opposite property) There is a canonical isomorphism H, (A°PP) = H, (A).

e (Normalisation) There is a fixed isomorphism

K *=0,
(8.1) H, (K) =
0 x#0.
Moreover, for any P € Ob(KP®/) and its associated functor K — K¢/ (see Ex-
ample in which the notation used here is decoded), the induced map H, (K) —
H, (KPe™f) = H, (K) is multiplication with the Euler characteristic of P.

This formulation is internally incomplete, since there are various compatibility requirements
between these isomorphisms, which have not been stated explicitly; the single exception to
that is the normalisation property, in whose statement we have included a compatibility
requirement with Morita invariance, since that is particularly important for our purpose.

75
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As pointed out in [187], the properties above already yield the existence of a Chern character
for perfect A-modules. Namely, a P € Ob(AP¢™Y) corresponds to an A -functor K — AP
which induces a map K = Hy(K) — Ho(AP*) ~ Hy(A). We denote the image of 1 under
that map by

(8.2) [Pl € Ho(A).

Because of functoriality, this is an invariant of the quasi-isomorphism class of P. Moreover,
passing from P to P[k] changes (8.2)) by (—1)*, because of normalisation. Dually, given a
proper module M € Ob(AP™P), which is an A,-functor A°PP — KPP = K/ we get a
class

(8.3) [M]Y, € Ho(A)Y = Hom(Hy(A),K).

If we compose the functors corresponding to P and M, the result is a functor K = KPP —
KPP which maps the unique object of K to the chain complex hom gme (P, M). The in-
duced map on our homology groups can be described in two ways: as the canonical pairing
between and ; or directly in terms of the normalization property. Comparing these
two yields the following (which on one hand is almost a tautology, and on the other hand
important as a first version of a “Cardy relation”):

LEMMA 8.1. For any perfect module P and proper module M,
(8.4) (M, [Pl = x(H* (hom s (P, M))). O

Here is a slightly different perspective on the same construction. There is a natural As.-
functor AP™P @ (APef)oPP s KP™P which takes a pair (M, P) to the chain complex
hom gmoea (P, M). This induces a pairing

(8.5) H, (AP™°P) @ H, (AP = H, (AP™P @ (APeF)°PP) — HL, (KP™°P) = K.

Any proper module has an associated class [M]g € Ho(AP™?). Under the pairing (8.5)), the
image of that class is (8.3), and (8.4) is then obvious.

Consider the convolution functor ®¢ : AP¢"f — BPef associated to a right perfect (A, B)-
bimodule. By Morita invariance, this induces a map

(8.6) H.(®0) : H,(A) — H.(B),

which depends only on the quasi-isomorphism type of @, and is functorial under tensor
product of bimodules. If one takes @ to be the graph bimodule of an A..-functor ¥ : A — B,
then agrees with the map induced by F. Again, there is a universal viewpoint on this.
Write (A, B)™Pef (A, B)™°? for the full subcategory of bimodules which are right perfect.
Tensor product yields a map

(8.7) M, (Aperf) ® H,((A, 3)r—perf) LM, (ane'rf)’
and the maps are obtained by specializing this to a given class
(88) [Q]IHI c Ho((ﬂ, B)r—perf>.
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The smooth proper case

Let @ be an (A, B)-bimodule which is perfect. Then, one can improve on (8.8)) and associate
to it a class

(8.9) [Qlm € H,(AP? @ B) 2 H, (A) ® H,(B).

The action of &g : AP™P — Brerf on H, is then given by contraction with , using (8.5)),
hence has finite rank. We can apply this to the diagonal bimodule, and obtain the following;:

LEMMA 8.2 ([188]). Suppose that A is smooth. Then the map H,(AP™P) — H,(A) induced
by inclusion AP™P — AP¢"T has finite rank. O

Let A be a proper As.-category. Since any perfect module over A is proper, one can restrict
(8.5) to get a pairing
(8.10) () H(A) @ HL(A) — K.

THEOREM 8.3 ([187], where the result is attributed to Kontsevich-Soibelman). Suppose that
A is smooth and proper. Then H, (A) is of finite total dimension, and (8.5)) is nondegenerate.

PROOF. Finite-dimensionality follows from the previous Lemma. For the second part,
we inspect more closely the argument given there, which says that the identity map on H, (A)
factors as

(8.11) H, (4) e,

H, (A) ® H,(A) ® H, (A) 222208, 1 (4).

This immediately shows that the pairing is nondegenerate (on the left, and therefore also on
the right). O

Exactness and homotopy invariance

Some additional properties of a homology theory can be formulated by prescribing the value
it attains for specific examples of categories, generalizing the normalisation condition. Take
the following:

o (Weak exactness) Let A be a directed Ao-category with objects (X1,..., Xm)-
Then H, (A) =2 K™, concentrated in degree zero.

The Yoneda modules associated to the objects X; have classes (8.2]). They are also proper,
hence have dual classes (8.3). By Lemma the composition of the two resulting maps

(8.12) K™ — Hp(A) — K™
is given by the matrix with entries x(hom(X;, X;)), which is invertible by directedness.

Hence, both maps in (8.12)) are isomorphisms.

At this point, we need the definition of the Grothendieck group of an A..-category: Kq(A)
is the abelian group generated by classes [C]k for any C € Ob(A™), with the relations
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[Cone(Cy — Co)]k = [Co]k — [C1] Kk (this implies that the classes of objects of A themselves
are already generators). It may be tempting to think of Ky(A) itself as a homology theory,
but it does not satisfy Morita invariance: passage to idempotent completions (Karoubi com-
pletions) generally makes the Grothendieck group much larger, a phenomenon that has been
studied in depth [195].

LEMMA 8.4. If H.(-) has the weak exactness property, the assignment (8.2) defines a group
homomorphism Ko(APe™) — Ho(A). Similarly, (8.3) yields a map Ko(AP™P) — Hy(A)V.
Finally, the maps only depend on [Q]x € Ko((A,B) Perr). O

ProoF. Consider first the simplest non-semisimple directed category. This category,
which we call A37, has two objects X7, X2 and a one-dimensional morphism space

(8.13) hom sz (X1, X2) =K, concentrated in degree zero

(these properties, together with directedness, determine A3”). It is the universal model for a
morphism, in the following rather obvious way. Given any A.-category A and a morphism
in HY(A), there is an A,-functor (unique up to quasi-isomorphism) Ay — A which maps
the generator to that morphism.

A simple Euler characteristic computation shows that the classes of the objects X7, Xo and
Cone(X; — Xs) in (A37)P¢f go to (1,0), (1,1) and (0,1) under the second map in (8.12).
Since that map is an isomorphism, we have

(814) [Cone(X1 — XQ)]H = [XQ]H — [XI]H-

By the universal property, the same will hold for cones of morphisms in any A.-category.
Applying that to AP proves the first statement; applying it AP™P and then using (8.5))
proves the second statement; and similarly with (A, B)™P¢” and (8.7) for the last one. [

There is a somewhat stronger property one could require:

e (Exactness) Let B — A be a full A,.-subcategory, and A/B the quotient. Then
there is a long exact sequence

(8.15) cr =5 HL(B) — Ho(A) — H.(A/B) — H,11(B) — - -

This implies weak exactness, by an inductive argument: if A is directed and B & K is
the full subcategory corresponding to the first object, then A/B is directed with one less
object than A. More importantly, (8.15)) provides a link between the different degrees of H,,
which had been conspicuously missing from our discussion so far. Note that even though
we use a subscript following standard notational conventions, our grading of H, is in fact
cohomological, as witnessed by the fact that the differential in raises the degree.

So far, our discussion centered on what, in an analogy to the Eilenberg-Steenrod axioms,
would be a combination of excision and the long exact sequence. What about homotopy
invariance? The fact that quasi-isomorphic functors induce the same map on H,(-) can be
taken as answering that, but there is also a totally different possible viewpoint:
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e (Homotopy invariance) For the polynomial algebra K[t] considered as an Aoo-
algebra in the obvious way, the inclusion of constants K — K[¢] induces an iso-
morphism on H, ().

However, it is doubtful whether there are homology theories which satisfy this as well as
the previous conditions (periodic cyclic homology, which has homotopy invariance, does not
have the normalisation property in the form we have stated it).

The definition

After this long preliminary discussion, we finally introduce the theory of interest, together
with a twisted version. Given any A-bimodule @), define the Hochschild homology of A with
coefficients in @ to be

(8.16) HH.(A,Q) = H (Q @uaomrga A),

where we think of @ as a right module over A°PP ® A; of A as a left module over the same;
and tensor them together to get a chain complex. The standard Hochschild chain complex,
somewhat simpler than the one suggested by ({8.16)), has this form:

(8.17) CC.(A, Q) = D Q(Xa, Xo) ® homa(Xg-1,Xa) @+ @ homa(Xo, X1)[d],
where the direct sum is over all d > 0 and objects (Xo, ..., X4). The differential is
(8.18)

A(q) = gy (q),

Ag@a)=q@ py(a)+ (=) 6 (@) @ a + pg (g a) + (=111 G (a; ),

Clearly, (8.16) is covariantly functorial in @. Moreover, for any A.-functor ¥ : A — B and
any B-bimodule @) we get a map

(8.19) HH,.(A,3°Q) — HH.(B,Q)
where F* is pullback on both sides.

REMARK 8.5. If A and Q are strictly unital, there is a quasi-isomorphic reduced version of
(8.17), where each hom (X, X) factor that occurs gets quotiented out by Kex. This slightly
smaller complex, denoted by CCT (A, Q), can sometimes be useful in computations.

Ordinary Hochschild homology HH . (A, A) is obtained by specializing to the diagonal bimod-
ule Q@ = A. Any A -functor F : A — B comes with a canonical bimodule homomorphism
A — F*B. In view of the previous discussion, it follows that HH.(A,A) is covariantly
functorial; alternatively, the maps induced by functors can be defined directly in terms of
(8.17). We will now consider its other properties as a “homology theory” in the previously
explained sense:
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(Morita invariance) This is straightforward from (8.16)): the inclusion A — AP
induces a restriction map from AP -bimodules to A-bimodules, which is a quasi-
equivalence and sends the diagonal to the diagonal.

e (Kiinneth formula) This is a consequence of (8.16)), obviously best proved by passing
to quasi-isomorphic dg categories. For explicit formulae see [124] Section 4.2].

e (Opposite property), (Normalisation), (Weak exactness) These are straightforward
in terms of (8.17)) (using the reduced complex in the last two cases).

e (Ezactness) This is a nontrivial result, proved in [104].

e (Homotopy invariance) Hochschild homology does not have this property. Instead,
as a special case of the Hochschild-Kostant-Rosenberg theorem [90], one has:

(8.20) HH ,(K[s], K[s]) = {K[S] *=0-1

0 otherwise.
The failure of homotopy invariance is actually useful, since it allows for the existence of
“Lefschetz trace” type formulae. As a toy model, suppose that we have a chain complex C'
of vector spaces with finite-dimensional cohomology, together with an endomorphism ¢ of
that complex. These data can be described by an A..-functor K[s] — KP*/ mapping s to

c. By explicit computation, one shows that the induced map on Hochschild homology is
( ) K[s] = HHo(K[s], K[s]) — HHo(Kr*) = K,

8.21
sk — Str(ch).

If one thinks of this map as an element of HH(K)[[u]] = K[[u]], where u* is dual to s*,
then the expression can be written as ., u” Str(c*). Now suppose that over some A..-
category A, we have a perfect module P together with a (closed degree zero) endomorphism
p € hom gmet (P, P). In the same way as before, this gives rise to an element

(8.22) [plrm € HHo(A, A)[[u]],
and the relevant “Lefschetz trace” formula says that for any proper A-module M,

(8:23) (Mg, [plum) =Y u¥ Str( - [p]* + H* (hom guoa (P, M)) = H* (hom ot (P, M))).
k
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Hochschild cohomology

Hochschild cohomology is to Hochschild homology as Fxt is to Tor. However, its internal
structure is far richer. HH* (A, A)[1] carries the structure of a graded Lie algebra, reflecting
its role in the deformation theory of the A.o-structure on A (Hochschild cohomology itself
parametrizes first order deformations, and the bracket yields the second order obstruction).
Furthermore, HH* (A, A) carries the structure of a graded commutative algebra, which is
the endomorphism algebra of the diagonal bimodule A. Both operations combine to form a
Gerstenhaber algebra structure [73].

On the chain level, the complex CC*(A, A)[1] carries the structure of a dg Lie algebra, which
transfers (non-canonically) to an L.-structure on HH* (A, A)[1], encoding the deformation
theory of the A..-algebra A to arbitrarily high order. Similarly, the dg algebra structure on
CC*(A, A) induces an A.-structure on HH* (A, A), but that loses the information about its
homotopy commutativity. To recover a fuller picture, one needs to use a version of Deligne’s
conjecture (for which now many proofs are available), which says that CC* (A, A) carries the
structure of an algebra over the (chain level) little disc operad. Since that operad is formal
[192], it follows that HH*(A,A) carries the structure of a homotopy Gerstenhaber algebra
in an appropriate sense.

Our aim in this lecture is much more modest, and is limited to considering the two classical
structures (Lie bracket and product) on Hochschild cohomology essentially separately. We
will be particularly interested in the following: the role of Hochschild cohomology in classi-
fying A.o-structures with fixed cohomology [97]; and the deformation theory of the diagonal
bimodule, which is related to the commutativity of the product.

The Lie bracket

Let A be a graded vector space over a field K, assumed to be of characteristic 0 (see Remark
for a discussion of this assumption). Write

(9.1) TAN) =Ko Al @ A®?)2] @ - -
We turn ([9.1]) into a coalgebra, with coproduct
d
(9.2) 1 ® - ®ay— Y (4@ ®ai1) ®(a; @ Qa)
i=0

81
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and counit which is the projection to K. Write
(9.3) CC*(A,A) = Hom(T(A[1]),A) = [ Hom(A®*, A)[~d].
d>0
There is an isomorphism between this and the graded space of coderivations of our coalgebra
(see e.g. [60], Proposition 4.19]). More precisely,
(9.4) Coder(T(A[1])) = CC* (A, A)[1].

In one direction, one takes a coderivation and composes it with the projection T(A[1]) —
A[1]. In the opposite direction, one takes a homogeneous element v = (74)4>0 of CC*(A, A)
and associates to it the coderivation

(95) T(aa®---®a1) = Z(_l)(w_l)(lal|+“'+‘a”_i)ad ® -y (@iyj, .. 0i41) - @ ay.

0,J
Here, the degrees |a| and |y| are taken in A and CC*(A,A), which means without taking
shifts into account. While we are on the subject of signs, note that we think of coderiva-
tions as acting from the right, which affects (9.5) through the Koszul sign conventions. For
instance, if v° = 0 then

(96) F(az ® al) — (_1)(|’Y|—1)(|a1\—1)1"(a2) ®a +as ® I‘(al)7
where |y| — 1 is the degree of the coderivation T', and |a;| — 1 the degree of ay in T'(A[1]).

Coder(T(A[1])) is naturally a graded Lie algebra. The corresponding structure (the Ger-
stenhaber bracket) on CC*(A, A)[1] is

(9.7) [Ba, B1] = B2 o B1 — (_1>(|ﬂz|—1)(\51|—1)51 o Ba,

where

(9.8)

(B20B1) (@, ... ar) = Y _(=1)IB =D mbeHad =0 g2 g Bl(airg, .. aip1), ... a1).
(2]

by itself has no meaning in terms of coderivations, but will become important later on.

In parallel with what we’ve said for coderivations, a coalgebra endomorphism of T(A[1])
is determined by its composition with the projection to A[1], which means that it can be
described by a sequence of maps G¢ : A®4 — A[1 — d]. The actual analogue of ([9.4) is:

LEMMA 9.1. A sequence G = (G%) defines an endomorphism of T(A[1]) if and only if G° = 0.
If moreover G' is invertible as a linear map, then the endomorphism is an automorphism.

PROOF. Suppose that € € T(A[1]) is a coaugmentation. This means that its composition
with the counit is 1, and that the following diagram commutes:

(9.9) K - T(A[1])

idl lcomultiplication

K®K—=" » T(A[1])) ® T(A[1]).
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If we expand it as

(9.10) e=l+e+é4+ - cKoA'QAURA @ -

then says that €2 = ! @€', € = €2 e = e ® € = -+, and hence that ¢! =
el ® - ® el for any d. Because (9.10) has to terminate, it follows that ! = 0, hence there
is no coaugmentation other than the trivial one. Every endomorphism has to preserve that

coaugmentation, which shows that necessarily §° = 0. On the other hand, given any such
G, the associated endomorphism is

(9.11) ag® - Qay — ZQT"’(ad,...,ad_Tk+1) Q-G (ap,,...,a1),

where the sum is over all partitions d =ry + --- + . O

The issue with in the case e* # 0 is one of “convergence” (for the same reason, T'(A[1])
is not a cofree coalgebra in the strict sense; see the discussion after [60] Definition 4.17], or
[127, Section I1.3.7]). Let’s temporarily ignore such problems, and make a formal attempt
to integrate a derivation y € CC'(A, A) to an automorphism § = exp(7y) of T(A[1]). This
yields the formulae

=7+ () + 300+ O+
(9.12) ' =ida+7" + 3V + 3G+ 320N )+

The summands are indexed by planar trees with d inputs and one output. The constant in
front of a tree with k vertices is 1/k! times the number of ways in which the vertices can
be ordered compatibly with the input-to-output orientation (the same concept of ordered
planar trees describes the face structure of permutohedra). Of course, since G° is nonzero,
and all the formulae contain infinite sums, this is not meaningful in general.

To get around this problem, one can proceed in two different ways. CC*(A, A) has a complete
decreasing filtration, the length filtration, by the subspaces FP CC*(A,.A) of maps which
vanish on A®* k < p. This is compatible with the Lie bracket up to a shift by 1:

(9.13) [FPCC™ (A, A), F1CC™ (A, A)] € Fr+a=1CC* (A, A).

In particular, F2CC*(A,A) is a pro-nilpotent Lie algebra. If one allows only 7 lying in that
subspace, then all sums in (9.12)) are finite, leading to a well-defined automorphism § with

g% =0,
91 = Zda
(9.14) 52 = 42,

$* =7+ 37277 + 377 (),

Slightly more generally, one could allow 7! to be nontrivial as long as it is nilpotent. There is
another case which can be treated in the same way. Namely, suppose that K =R or C, and
that A is finite-dimensional in each degree. Take v € F*CC*'(A,A). Then (9.12) converges
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componentwise in the standard topology, yielding

§° =0,
§' =exp(y"),
(9.15) 2 _ RN avi2 v
5 _;N“*’f““( ) ey, (i

The other (more obvious) approach is to introduce a formal parameter u. One can then
consider formal one-parameter families of automorphisms of T'(A[1]) which specialize to the
identity at u = 0. Such an automorphism is given by a sequence of maps G : A®? —
(A[[u]])[1 — d] such that GL = id + o(1), and G¢ = o(1) for d # 1, where o(1) means of order
u or higher. In particular, one may now have a nonzero term GY, as long as it is o(1) (with
respect to the situation in Lemma the difference is that the u-adically completed tensor
algebra T'(A[[u]])[1] admits many augmentations). Given any 7, € uCC(A,A)[[u]] (note
this is o(1) by assumption), one can define such a family by taking

(9.16) Gu = exp(Va)-

The formulae in (9.12) are now all w-adically convergent, since there are only finitely many
terms which are nonzero at a fixed power of u.

Aso-structures

We will consider A-structures on A, but for now without any unitality requirement, which
means pq = {ply,p?, ...} satisfying the A-associativity equations. One can think of 4
as an element of F'CC"(A,A), and then the equations are

(9.17) la, pal = 0.

Equivalently, 114 is a differential on the coalgebra T'(A[1]) whose composition with the coaug-
mentation K — T'(A[1]) vanishes. Given any such pa, one can introduce a differential
0 = [pa,:] on CC*(A,A). The resulting complex is called the Hochschild cochain complex
of A, and its cohomology is the Hochschild cohomology HH*(A,A). For general reasons,
HH*(A, A)[1] inherits a Lie bracket from (9.7).

REMARK 9.2. It is instructive to compare this with , which for the present case of an
Aso-algebra would be written as CC (A, A) = A T(A[1]). In parallel with that situation,
there is a generalization to Hochschild cohomology with coefficients in an As-bimodule @Q,
which is the cohomology of the compler CC* (A, Q) = Hom(T(A[1]), Q) with differential

(08) au, ... ar) = — 3 (1) Bl tanl=n sl oy
(918) s,T 5d_s_r(adfs7«~~7a7‘+1);a’7"’"'7a1)

+ Z(—l)lﬂl—i_‘al‘+m+|ai|_iﬂd_i_j+1(ad, ce ,/Jlfq((lprj, e ,ai+1), N ,al).
0]
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In view of (7.23]), this indeed reduces to the previous definition if Q@ = A is the diagonal
bimodule.

REMARK 9.3. Another recurring feature (compare Remark is that for strictly unital A,
there is a reduced version CC7. (A, A) of the Hochschild complex, consisting of multilinear
maps which vanish when any one of the inputs is the identity. This encodes deformations
of A inside the class of Aso-algebras with the same strict unit. Actually, since the inclusion
CCr. (A A) = CC*(A,A) is a quasi-isomorphism, any deformation of A is equivalent to
such a strictly unital one.

We now consider the role of Hochschild cohomology in the deformation theory of A..-
structures. Let K. = K[e] /€.

DEFINITION 9.4. A first order deformation of the A -algebra A is a K.-linear Ay -structure
wa, on Ac = AR K., which reduces to pa if one sets e =0.

Explicitly, such a deformation can be written as
(9.19) pa, = pia +ef for € FLCC*(A,A).

From one sees that 8 is a Hochschild cocycle. There is an obvious notion of iso-
morphism of deformations, and this corresponds to being cohomologous in F!CC*(A,A).
Hence, H2(F1CC*(A,A)) classifies first order infinitesimal deformations of A up to isomor-
phism. Now suppose that we have a deformation which extends to second order, meaning
over C[e]/e3. Writing that as

(9.20) pa + eB + ey
and taking the Taylor expansion of (9.17)), one finds that
(9.21) o+ 18,5] = 0.

This gives a (necessary and sufficient) cohomological obstruction for extending a given first
order deformation to second order. All of this is an instance of the standard Maurer-Cartan
formalism of deformation theory [79], which means that it is a consequence of writing the

Aso-equations in the form (9.17]).

REMARK 9.5. One can also allow curved deformations, where :“915 can be monzero as long
as it is o(1), and the notion of equivalence of deformations is similarly generalized, allowing
all of HH* (A, A) to appear in the deformation theory. This is particularly important in a
categorical context, as we will now explain (a similar discussion would apply if one remained
within the world of As-algebras, but considered them up to Morita invariance).

Hochschild cohomology for As-categories can be built in the same way as Hochschild homol-
ogy (8.17), using composable chains of morphism spaces (in fact, one could formulate the
entirety of this lecture on that level of generality, even though we have not done so for the
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sake of brevity). Concretely, this means that the underlying chain complex is

ccr(AA) =] [ Hom(homa(Xa-—1,Xa) @
(9.22) d Xo,..,Xq
<o ® homy (Xo, X1), homA(Xo,Xd))[fd].

The resulting cohomology theory HH*(A,A) is invariant under quasi-equivalences. More-
over, the inclusion A — AP yields a quasi-isomorphism HH* (AP | APeTF) — HH*(A,A).
Hence, if AP is quasi-equivalent to BPe | then curved deformations of A, up to isomor-
phism, correspond bijectively to such deformations of B. This would fail if one removed
the word “curved”. Indeed, an ordinary deformation of A generally gives rise to a curved
deformation of A, because not every twisted complex over A can be deformed to a twisted
complex over A..

One can apply this deformation theory to classify A.-structures with a fixed cohomology
[97]. For that, take a graded algebra A, and view it as an A..-algebra with only one
nontrivial operation. Consider A..-deformations of that algebra are defined formally to all
orders, meaning over K[[¢]]. There is an additional grading in this situation, which we want to
exploit. Namely, give elements of A their natural degrees; give € degree one; and require that
A be homogeneous in this sense. Then, the only nontrivial components of the deformation
are

(9.23) A% 5 7242 — d], d>3.

If we set € = 1, then these components define an A..-structure, which extends the algebra
structure of A by higher order operations. Write CC*(A, A[t]) for the space of maps A®* — A
of degree t. The Hochschild differential arising from the algebra structure on A has bidegree
(1,0) in this respect, leading to bigraded cohomology groups HH®(A, A[t]). To first order,
the homogeneous deformation theory introduced above is governed by HH%(A, A[2—d]) with
d > 3. By combining this idea and the Perturbation Lemma (see Lecture , one obtains for
instance the following:

PROPOSITION 9.6 (Intrinsic formality, an analogue of [88]). Suppose that HH (A, A[2—d]) =
0 for all d > 3. Then, any A -algebra A whose cohomology is isomorphic to A (as a graded
algebra), is actually quasi-isomorphic to A (as an Ax-algebra). a

PROPOSITION 9.7 (See for instance [172], Section 3]). Suppose that there is exactly one value
of d > 2 such that HH(A, A2 — d]) is nonzero. Then, any As-algebras A together with
a cohomology level isomorphisms H(A) = A determines an element of HH(A, A[2 — d]).
Moreover, from those elements one can recover the Ao -structure up to quasi-isomorphism.

O

The Yoneda product

We return to (9.8), which defines a product on CC*(A, A)[1] that is neither commutative nor
associative. Its failure to be commutative is measured by (9.7). Its failure to be associative
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takes on the following form:

(9-24) (yoa)oB—yo(Boa)= (-1 VIAD (. 8) + (3,5, a),
where we introduce the notation (only of temporary importance)
(v, )4 aa, ) = Y (=1)yI R (ag,
(9.25) i,5,k,l
A apys, .- aps1), .. BN (@igjy ey @ig)s . ar),
with the sign given by * = (|8] — 1)(la1| + - - - + |ai| — i) + (Ja| = 1)(Ja1| + - - - + |ag]). There

is one particular case where the terms (9.25]) cancel, namely

(9.26) yola,fl = (voa)o s — (~1){*=VIF=D (30 5) 0.

Now suppose that A carries an A-algebra structure. Define a product on CC*(A,.A) by
(9.27) By = (pa,B,7)-

This is compatible with the differential, in the same sense as in the A..-associativity equa-
tions (we omit that computation). Moreover,

(=) sy = (=) PVl s« 8 = (—1)P (a0 ) 0 B = pra o (v 0 B))
(9.28) = (—)MoyoB—(voua)oB—(=1)Ma(yoB) = (=1)1Pl(yo B) o pa

= (=)M(@y08 - (-1)"y0 0B —d(y0H)),
where the last step uses (9.26). Hence, the product on HH*(A,A) induced by (—1)1713 % v
is graded commutative. Note that by definition, that product makes the canonical map

HH*(A,A) — H*(A) (induced by the projection onto the first term of the Hochschild
complex) into a homomorphism of graded algebras.

We want to take a more roundabout way which gives an alternative, and more conceptual,
explanation for homotopy commutativity. The starting point for that is the interpretation
of Hochschild cohomology as bimodule homomorphisms; from this point onwards, we again
assume that A is cohomologically unital. For any bimodule @ there is a quasi-isomorphism

(9.29) CC* (A, Q) —> homa_aymn (A, Q)

From now on, we will only use the case of the diagonal bimodule Q = A. In that case, the co-
homology level isomorphism induced by identifies the product with the Yoneda
product (composition of bimodule maps). The commutativity of the Yoneda product in this
particular situation is a consequence of a general categorical Eckmann-Hilton argument [63],
which we will now explain. Take two endomorphisms [¢], [¢] of the diagonal bimodule in
the category H*((A,.A)™°?). Using the quasi-isomorphism

(9.30) A@q AXA,
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we construct the diagram

(9.31) A A A
= A®q A =
lea ®] W\]
Aoq A il Aoy A
[p®ean] lea®y]
o ARy A o
A (4] A [¥] A

This is commutative (up to, in the case of the bottom triangle, the Koszul sign (—1)!¢1%1),
so by going around its outer edges one obtains the desired result.

There is also a deformation-theoretic version of the argument, which is particularly simple in
degree 1. To emphasize that this is different from our previous discussion of the deformation
theory of A.-algebras, and also for compatibility with similar notation in the rest of the
book, we denote the formal variable by u, so that the analogue of Definition [9.4] is this:

DEFINITION 9.8. Take an A-bimodule Q. A first order deformation of Q is an A-bimodule
structure on Q, = Q ® K,, which is K, -linear and reduces to pg if one sets u = 0.

If one writes pug, = 1o + u@, then it follows that ¢ defines a class
(9.32) [¢] € H' (homa,a)m(Q,Q)).

Conversely, this class determines the deformation up to isomorphism. The second order
obstruction is given by the Yoneda square [¢]> € H?(hom g aymed(Q,Q)). Slightly more
generally, consider the graded Lie bracket

H* (hom gnoa (Q,Q))®? — H* (hom 401 (Q, Q)),
(6] ® [1h] — [8] [] — (—=1)?I I [y] [g].

Its deformation-theoretic meaning, in degree 1, is as follows. Suppose that [¢] and [¢] classify

deformations @, and @, over K, and K,, respectively, Then (9.33) is the obstruction to

combining them into a deformation over K[u, v]/(u?,v?).

(9.33)

Note that there is a related problem which is always unobstructed. Namely, if @, is a first
order deformation of @, and R, a first order deformation of R, then Q,® R, is a deformation
of Q® R over K[u, v]/(u?,v?). For Q = R = A, the tensor product is a deformation of A® 4.A.
However, one can transfer that deformation back to A via . Hence must vanish
in that case. By using deformations whose formal variables have nonzero degrees, one can
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extend this argument to give another proof of graded commutativity of the product on
HH*(A,A).

The preceding discussion looks somewhat like the beginning of a T-lifting argument [102].
The general aim of such arguments is to show unobstructedness of formal deformations to
all orders. There is indeed such a result in our case, but it is best approached in a different
way:

LEMMA 9.9. For any element 3] € HH'(A,A), there is a deformation of the diagonal
bimodule over K|[u]], whose reduction to Klu]/u? is classified by [5].

Fix a cochain representative 3, and form the formal one-parameter family of A,,-homomorphisms
Gu = exp(uf3) in the sense of (9.16) (these may have a curvature term G2, which is of order
0(1), meaning infinitesimally small). One can associate to G, an A-bimodule

(9.34) 0" = Graph(G.),

which we call the infinitesimal orbit bimodule. Tts underlying graded vector space A[[u]], and
the As-bimodule structure defined as in ((7.24)). Expansion in u yields

s;lsr s m "o AN al |+-+|af|+r—1 s+14r/ 1 /
/iow(as,...,al,a,ar,...,al)7(—1)‘ | |ai iy (ag,...,a,...,a})
(9.35) : .
. r+s+2—35/ 1 " " /
+u§ Wy (as,...,vj(aiﬂ»,...,aiﬂ),...,,a,...,al)—|—-~->
1,J

Since the order u term is the image of v under (9.29)), this explicit construction proves Lemma
9.9

REMARK 9.10. The definition of Hochschild cohomology works over a field K of arbitrary
characteristic. The same is true of its role in the first deformation theory of Ao -structures,
even though that theory can then no longer interpreted as part of the general Maurer-Cartan
formalism. More concretely, one rewrites without denominators as pa o pug = 0. For
a deformation A., one then Taylor-expands

pa.opa, = (Ha+eB+ eyt )o(ua+ef+ely+--r)
=c-B+E@y+Bof)+-
In particular, Propositions and [9.7 continue to hold in arbitrary characteristic. On the

other hand, the discussion of formal exponentiation of derivations, (9.16), and therefore also
Lemma require the assumption that char(K) = 0.

(9.36)






LECTURE 10

The Fukaya category of a surface

Setting up Fukaya categories for general symplectic manifolds is quite an involved process (see
[71]; we got a taste of that in Lecture [5] when discussing Lagrangian Floer cohomology).
There are several ways of simplifying the problem, by drastically shrinking the level of
generality. Among them are:

e Considering only Weinstein manifolds, where the symplectic form is exact, and im-
posing similar conditions on the Lagrangian submanifolds. This allows one to avoid
Novikov fields as well as “curved” A.o-structures, hence to stay on a level of diffi-
culty comparable to the early Floer theory literature (there are other possibilities
which lead to similar simplifications, such as suitable “monotonicity” conditions,
e.g. [141, [204], but we will not consider them here).

o Restricting to the lowest-dimensional case (of a surface). In that dimension, La-
grangian submanifolds are just (arbitrary) embedded curves, and there are no gen-
uinely symplectic phenomena. Correspondingly, one can avoid pseudo-holomorphic
curves, and argue in a purely combinatorial or topological framework. This still
comes at a price: pseudo-holomorphic curve theory allows a large class of pertur-
bations of the relevant equations; the combinatorial theory lacks that flexibility,
which makes some formal workarounds necessary.

To make things as simple as possible, we adopt both these restrictions at the same time,
which means that our symplectic manifolds are open (punctured) surfaces. These are also
“symplectically Calabi-Yau”, meaning that their first Chern class vanishes, allowing us to
make Fukaya categories Z-graded.

We proceed in several iterations, gradually increasing the level of sophistication. Fix the
surface M (with some auxiliary structures) and a coefficient field K.

e The Donaldson-Fukaya category DF (M) is a Z-graded category linear over K, en-
coding “cohomology level” data, which means the Floer cohomology groups of
simple closed loops (with some auxiliary structures), and the triangle product on
those groups. The combinatorial approach, of which we give a version, is explained
in detail in [56] (which of course has a lot of precursors, e.g. computations in [113]).

o Directed Fukaya categories FPuk™ (L1, ..., Ly,) are associated to finite ordered col-
lections of simple closed curves (L, ..., L,,). They partially refine the cohomology

91
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level structure to an A,.-structure, using directedness to avoid technical compli-
cations with self-intersections. They depend on the choice of objects and their
ordering, hence are not invariants of M. The combinatorial aspects of this are
described in [176] Section 13] or [23].

o The Fukaya category is an As-category Fuk(M) with DF (M) = H(Fuk(M)). We
construct it using a formal quotient trick (there is at least one alternative approach
to this technical issue, namely: to introduce the Fukaya category as an A.,-pre-
category in the sense of [115]; and then either work with it directly as in [3], or
else apply a rectification procedure as in [206]).

There are several variations and generalizations of these ideas. Maybe the conceptually most
important one is this:

e The wrapped Fukaya category W(M) contains Fuk(M) as a full A,.-subcategory,
but enlarges it by allowing non-compact curves, which go towards the punctures.

For general Weinstein manifolds, the definition of W(M) involves Hamiltonian dynamics
“at infinity” [8], but in the two-dimensional case there is a quotient trick similar to our
definition of F(M), which we will outline briefly. We end by discussing F(M) and W(M) in
the simplest nontrivial example, which is when M is a cylinder.

Acknowledgments. The quotient construction of Fukaya categories is borrowed from (cur-
rently unpublished) joint work of Mohammed Abouzaid and the author.

Geometric setup

Let M be a punctured surface (obtained by removing a nonempty finite set of points from a
closed oriented surface). We equip it with a symplectic form, which here means an everywhere
positive two-form wjy, as well as a primitive 6,;. Additionally, we choose a nowhere vanishing
vector field Yjy.

REMARK 10.1. 6p; matters only up to adding exact one-forms, so the overall amount of
choice is an affine space over H*(M;R). Similarly, Yo only matters up to homotopy, so
the effective choices are an affine space over H*(M;Z). Another way to think of Y is to
choose a positively oriented complex structure Jys. Then, there is a unique nowhere vanishing
C complex one-form npr such that ny(Yar) = 1. In higher dimensions, the corresponding
choice is that of a C* complex volume form, for some compatible almost complex structure

Jur.

We will consider oriented simple closed loops L C M with the following conditions and
decorations:

e (Ezactness) [0r|L] € H'(L; R) must vanish. More concretely, [} 0 = 0.
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e (Grading) We want to choose a one-parameter family of nowhere zero sections
(Y r)o<r<1 of TM|L such that Y7, o is positively tangent to L, and Yz 1 = Yar|L.
In fact, this family only matters up to deformations rel endpoints. The obstruction
to its existence is the rotation number of L with respect to Yjs; and the possible
choices form an affine space over Z. Following [169], one calls this a grading of L.

e (Local coefficients) L should also come with a flat K-vector bundle £, — L. Up to
isomorphism, this is classified by a conjugacy class in GL,(K), where r is the rank.

Borrowing terminology from physics, let’s call such objects closed exact Lagrangian branes.

REMARK 10.2. Since we ask for all our categories to be small, the flat vector bundles should
be taken from some fixed “repertoire”, in order to avoid set-theoretic issues. We leave it to
the reader to flesh out this issue.

A collection of closed exact Lagrangian branes is said to be in general position if: any two
of them intersect transversally; and there are no triple intersection points. Of course, this
can always be achieved by a small perturbation (within the same isotopy class of branes).
It is maybe worth while to spell out what we mean by an isotopy between two closed exact
Lagrangian branes L and L’. Take a closed connected surface I C M x [0, 1] which intersects
each M x {r} transversally, and with 81 = I N (M x {0,1}) = (L x {0}) U (L' x {1}); this
implies that I is an annulus. We want the isotopy to be Hamiltonian, meaning that the
pullback of wys to I is exact; we need it to carry an orientation and grading compatible with
those of L and L’; and we also want to have a flat bundle £ — I together with specified
isomorphisms

&L x {0} = &z,
£]|L X {1} = EL/'

REMARK 10.3. In the general construction of Fukaya categories (at least if the coefficient field
is of characteristic char(K) # 2, making signs meaningful), an additional Spin condition on

(10.1)

the Lagrangian submanifolds is necessary. In the surface case, we implicitly assume that each
curve comes with the trivial Spin structure (the one coming from the unique trivialization of
TSY). Instead of changing the Spin structure to the opposite one, one then changes the sign
of the holonomy of &y,.

Also interesting is the corresponding class of symplectic automorphisms ¢ : M — M:

e (Exactness) ¢ should be exact with respect to €57, meaning that ¢*0y — 0y is an
exact one-form.

e (Grading) nar and ¢*nys should lie in the same connected component of the space
of nowhere vanishing one-forms, and in fact fix a path connecting them (as before,
only the homotopy class of the path matters).

o (Local coefficients) We additionally fix a flat K-line bundle &, — M.
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Ly
Zo

Z1
Lg

FIGURE 1.

Such extended automorphisms act on closed exact Lagrangian branes. For instance, if we
take ¢ = idps, with the trivial grading and a general flat line bundle &4, the action on objects
twists the flat vector bundles

(10.2) L — €1 ® &y|L.

Floer cohomology

Suppose that (Lg, L1) are closed exact Lagrangian branes which are in general position. We
can assign to them a Z-graded chain complex CF*(Lg, L1); Floer cohomology HF*(Lg, L1)
is defined as the cohomology of that complex. To any intersection point x € Lo N Ly one
associates a degree (or absolute Maslov index) i(x) € 7Z, using the gradings of both Ly and
L, (we refer to [176l Section 13] for the detailed conventions). Then

(10.3) CF (Lo, L) € @D Hom(€pew.Er,.0).

i(z)=k
The differential on is obtained as a sum of contributions associated to orientation-
preservingly immersed bigons or lunes with boundary sides on Lg, L1, and (convex) corners
at xo,x1 (Figurel). To any such bigon u one associates a sign o(u) € +1, which depends
on the orientations of (Lo, L1) (see again [I76l, Section 13]) as well as an isomorphism

(104) T(u) : Hom(gL()ﬂ?l?ELlﬂéil) — Hom(§L07IO’€L17-'L'O)?

obtained by using parallel transport along the boundary sides. The contribution of u to
the differential is o(u)7(u). Elementary combinatorial arguments show that the resulting
operation has degree 1 and squares to zero.

Similarly, if (Lo, L1, Lo) are in general position, there is a canonical map
(105) CF*(Ll,L2)® CF*(Lo,Ll) — CF*(Lo,LQ),

obtained by counting immersed triangles (as indicated in Figure [2)) with signs and weights
similar to . One can show by elementary means that is a chain map, and induces
a product on Floer cohomology which is associative for quadruples (Lo, L1, Lo, L3) which are
in general position. This means that in that case, the two ways of bracketing yield the same
map

(106) HF*(LQ, L3) ® HF*(Ll, LQ) ® HF*(L(), Ll) — HF*(L(), Lg)
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(note that there are less generic situations, such as when Ly = Lo, where one can make sense
of ([10.6) by bracketing in a particular way).

Because of the general position requirement, the structures defined so far not quite constitute
a category. To make up for that deficiency, we need some additional Floer-theoretic data.
Suppose that (L, L’) are in general position and related by an isotopy I. That isotopy gives
rise to a distinguished continuation element

(10.7) cr € HFY(L, L),

REMARK 10.4. ¢; depends on the choice of . For instance, multiplying those maps by
constants by, € K* changes ¢y by by/bg. There is one special case where the isomorphism
are unique, namely when K = Z/2 and the &1, have rank 1; restricting to that case would
simplify the construction of DF (M) a little.

Here are the fundamental properties of continuation elements:

e (Deformation invariance) ¢y is invariant under deformation of I rel endpoints;

e (Composition) If we have I as well as another isotopy I’ from L’ to L”, and
(L, L', L") are in general position, then the image of ¢;» ® ¢; under the cohomology
level product HF*(L',L") @ HF*(L,L') — HF*(L,L") agrees with the element
given by the composite isotopy.

o (Pseudo-invertibility) Suppose that L; is isotopic to L} by an isotopy I, and that
(Lo, L1, L)) is in general position. Then left multiplication with ¢;, yields an iso-
morphism HF*(Lg, L) & HF*(Lg,L}). Similarly, if Ly is isotopic to Lj by an
isotopy Ip, and (Lo, Ly, L1) is in general position, right multiplication with ¢y,
yields an isomorphism HF*(L{, L1) = HF*(Lg, L1).

We will not describe the combinatorial definition of the c¢;. The prototypical case is when
M is an annulus and L its meridian; the general situation can be reduced to that one by
passing to a suitable covering. The only part which involves more complicated topology is
the proof of pseudo-invertibility, which can be done (assuming that the other properties have
been established first) by breaking up the isotopy into small pieces.
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LEMMA 10.5. Suppose that Ly is isotopic to L} by an isotopy I, and that (Lo, L1, L}) is in
general position. Let I, be the result of reversing I,. Then the maps

C]l
— T

(10.8) HF* (Lo, L1) HF" (Lo, L)

are inverses of each other.

This is not immediately obvious: the composition of I; and its inverse is an isotopy between
Ly and itself, which has no associated element because the endpoints coincide, hence
are not in general position. The following argument is a typical workaround for such situa-
tions (for instance, the same argument yields the corresponding result for left multiplication).

PROOF. Choose an auxiliary small perturbation L} of Ly, such that (Lo, L1, L}, L) are
in general position. Take the isotopy I* from L; to Lj. By the composition property and
deformation invariance,

(10.9) (cr-cq,)er, = cp- € HF®(Ly, LY).
The bracketing on the left hand side of (10.9)) ensures that all the products are defined. As
a consequence, for all © € HF*(Lg, L1) we have:
cr-x = ((cr=cf, )er, )
(10.10) = (crecp,)(er, @)
= cr+ (e, (cp, @)
Here, associativity is applied twice, for the quadruples of objects are (Lg, Ly, L}, L}) and

(Lo, Ly, L1, L}), which are in general position. Finally, left multiplication with c¢7+ is an
isomorphism HF*(Lg, L1) — HF*(Lo, L}), hence x = ¢, (cr, x), as desired. O

We are now ready to define the Donaldson-Fukaya category DF(M). Objects are exact
closed Lagrangian branes. The morphisms are

* def *
(10.11) Hom'ypap) (Lo, L1) & HF* (Lo, L}),

where L) is isotopic to L; by a fixed isotopy, and transverse to both Ly and L;. It is
important to remember that L} depends on Lj as well as Ly (even though the notation does
not reflect that). Composition of morphisms is given by

Hom'pypary (L1, La) ® Hompap) (Lo, L1) = HF*(Ly, Ly) ® HF* (Lo, L})
(10.12) ~ HF*(L),L}) ® HF* (Lo, L) 22 HF* (Lo, L})
= HF" (Lo, Ly) = Hompp () (Lo, L2).

Here, (Lo, L}), (L1,L%) and (Lo, LY) are the pairs whose Floer cohomology defines the
morphisms in the Donaldson-Fukaya category. One chooses an auxiliary L3 isotopic to Lo,
so that each of the triples

(10'13) (L07L/1aL;)’ (leL/ZaL;)v (Ll’Llle;)v (LO,L/Q/’L;)
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is in general position. The isomorphisms in are all given by multiplication with
continuation elements. Of course, one needs to prove that this is independent of the choice
of perturbations (which involves Lemma and associative. Having defined DF (M)
in this way, a further use of the continuation elements shows that isotopic closed exact
Lagrangian branes give rise to isomorphic objects. We will not pursue the details of this
further. Eventually, the perturbations become part of the basic machinery underlying Floer
theory: one writes HF*(Lg, L1) for any pair (Lo, L1), where is understood, and
similarly for the product.

EXAMPLE 10.6. The endomorphism ring of any object L is
(10.14) HF*(L,L) = H*(L; Hom({1,€L)),

where the right hand is ordinary cohomology with twisted coefficients in the endomorphism
bundle. This isomorphism is canonical, and compatible with the ring structure. More gen-
erally, if we have two objects Ly, L1 which share the same underlying curve L (including the
orientation and grading), but carry different flat bundles, then

(10.15) HF"(Lo, L1) = H*(L; Hom (8L, €L, ))-

All these results carry over to higher-dimensional closed exact Lagrangian submanifolds (with
different proofs, of course).

Directed Fukaya categories

Let (Li,...,Ly) be a finite ordered collection of closed exact Lagrangian branes, which
are in general position. Omne can associate to such a collection an A..-category A =
Fuk™ (L1, ..., L) which has the L; as objects, and is directed (Example [7.11)). The non-
trivial morphism spaces are homq(L;, Lj) = CF*(L;,L;) for i < j. Correspondingly, the
nontrivial As.-compositions (i.e. those that are not uniquely determined by the strict uni-
tality assumption) are

(10.16) ul o CF*(Li, . Li,) ® - ® CF*(Liy, Ly, ) — CF*(Liy, Li,)[2 — d]

109
ford>1and 1 <ig<--- <ig <m. One defines them by a count of immersed (d+ 1)-gons.
For d = 1,2 this reduces to the previously defined differential and product (up to the usual
slight differences in sign conventions (7.7))).

At this point, it is worth while to make a strategic observation. As we have just seen, di-
rectedness simplifies the technical issues involved in defining Fukaya categories considerably,
since it removes the need to define morphisms from an object to itself geometrically. The dis-
advantage is that in a directed A,-category, no two distinct objects can be quasi-isomorphic.
Our plan for defining Fuk(M) is to start with an algebraic structure which has an ordering
property similar to directedness, and then add the “missing” quasi-isomorphisms in a purely
algebraic way, by localisation.
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Defining the Fukaya category

For any exact closed Lagrangian brane L, fix a family of perturbations L), L(?) ... (each
L™ being isotopic to L) with the following property: any finite subset (L(()kO)7 ... ,Lgf’")),
with ko, . .., ky, pairwise distinct, is in general position. This may seem tricky at first glance,
but it can be achieved, for instance by choosing all such perturbations from a sufficiently
large countable set of simple closed curves. One chooses the first perturbations L(*) from
that set, for all L (with no particular restriction); then the second perturbations, making
sure that each of them is in general position with respect to all the L(*) (which yields only
countably many conditions, hence can be satisfied); and so on.

We will first construct an A..-category A whose objects are the L) (but really considered
as pairs consisting of L and k). Morphisms are

cF (LY LF)Y ko < ke,

(10.17) homa (LY, LE)) = { K e, Lo =
0 otherwise.
We should emphasise that the middle case of ((10.17)) really applies only to the endomorphisms

of a given object (it can happen that L(()kO) has the same underlying curve as Lgkl), with the

same grading and isomorphic flat bundles; but that does not matter unless the objects are
actually the same element of the set Ob(A)). We define a strictly unital A..-structure on A
exactly as in the directed case.

Let’s fix, for each L and k, an isotopy from L*) to L**1) Denote the associated continuation
elements by

(10.18) e € HFO(L®  L*E+DY = HO(hom 4 (L®), LE+D)),

Take the set S of all such morphisms, and form the localisation S~ A in the sense of Lecture
In the localised category, L) and L") becomes quasi-isomorphic for any (F, 1). Moreover:

LEMMA 10.7. For any two objects,

(10.19) H* (homg-14 (LS, L)) = HF* (Lo, Ly).

PROOF. For an object L(lkl), consider the sequence
(10.20) JAGRITL N UL TR AN SUR SN

)

Given any other L((Jk0 , we have

(10.21) limyy, H* (homa (L™, L)) 2 limy, HE*(LGY, L)
10.21

= lingg, HF" (Ly™, ™)) &= limy, H* (homa (Lg'™, L)),

where the direct limits are formed with respect to (10.20)), and the nontrivial map between
them is given by multiplication with cr, r, on the right. These are precisely the conditions
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needed to apply Lemma [7.18] which shows that
(10.22)
H*(homg— (L4, L{")) 2 limg, H* (homa (L™, L)) 2 limyy,, HF* (LS, L),

Because of the isotopy invariance of Floer cohomology, the direct limit stabilizes as soon as
k1 > ko. For the same reason, the outcome is isomorphic to HF*(Lg, L1). ]

With this in mind, we define

(10.23) Puk(M) < 571 A.

One can show that this is independent of the choice of perturbations L), and of the iso-
topies between L*) and L+ up to quasi-equivalence; and that (10.19) is compatible with
products, which means that H*(Fuk(M)) is canonically equivalent to DF (M), as required.

REMARK 10.8. The standard definition of Fukaya category is based on pseudo-holomorphic
curves, even in the case of surfaces, see e.g. [176]. If one denotes that construction by C,
then it is not hard to show that there is an Aso-functor A — C which maps the elements
of S to quasi-isomorphisms, and which therefore (by the universal property of categorical
quotients) induces a quotient A -functor S™A — €. Using Lemma one sees easily
that the quotient functor is a quasi-equivalence, which proves the compatibility of the two
approaches.

The wrapped version

Suppose now that M is actually a (two-dimensional) Weinstein manifold. This means that
its structure at infinity is that of a finite disjoint union of cylindrical ends

(10.24) [1,00) x St < M, 0y =p dgq, wy = dp Adg.

We want to fix such coordinates on the ends. Along with the previous objects, we now
allow certain non-compact curves, namely properly embedded (connected oriented) L C R
which are exact rel infinity, as defined in Lecture [} Concretely, this means that L has two
ends, which look like half-infinite lines {¢ = const} in the coordinates (10.24), and that
the (compactly supported) one-form 6,/|L has zero integral. We choose a grading and flat
bundle £, as before. Let’s call the resulting larger class of objects exact Lagrangian branes.

If two such branes (Lo, L1) are in general position, the intersection Ly N L; must be finite,
and it is straightforward to define HF™*(Lg, L1). However, a simple perturbation such as
no longer yields a unique result, because isotopies may create or cancel intersection
points at infinity. The solution to that is to include an “infinite reservoir” of intersection
points at infinity into the definition. Concretely, one defines the wrapped Floer cohomology

(10.25) HW* (Lo, L) = lime HF* (6% (Lo), L)

where H is a Hamiltonian function on M which satisfies H(p,q) = p for p > 0 on the
ends (10.24), and whose Hamiltonian vector field is therefore Xy = J, at infinity. If one
considers the flow ¢f; for a generic choice of ¢, then ¢4 (Lo) N Ly will be compact, and
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therefore HF*(¢';(Lo), L1) can be defined by a further compactly supported perturbation
(which we have suppressed from the notation). The direct limit in is taken over
larger and larger such ¢. The maps between the different groups are defined using canonical
continuation elements

(10.26) Lty .o € HF (9% (L), 8'(L)), t1 > to.

These are partially similar to , but taking the product with them does not usually
induce an isomorphism, which means that the direct limit fails to stabilized (indeed,
while each of the Floer cohomology groups on the right hand side is finite-dimensional,
wrapped Floer cohomology is infinite-dimensional in many cases).

One can define a wrapped version of the Donaldson-Fukaya category, with exact Lagrangian
branes as objects and as morphisms. On the chain level, there is a wrapped version
W(M) of the Fukaya category; in analogy with our construction of F(M), this can be defined
by starting with an “ordered” version and inverting .

The cylinder

Take M = R x S, with 65, and wys as in (10.24), and with a constant (in (p, ¢)-coordinates)
vector field Yy,. For simplicity, we assume that the coefficient field K is algebraically closed.

Any exact simple closed curve on M is necessarily isotopic (through such curves) to the
meridian {0} x S*. The meridian has a standard orientation and grading, which we adopt.
The remaining choice is that of local coefficient system (or flat bundle), which is determined
up to isomorphism by its monodromy A € GL,.(K). Denote the resulting exact closed
Lagrangian brane by L4 (or by L, for » = 1, in which case A consists of a single element
a € K*). After a suitable perturbation, the chain complex CF*(Ly,, L,) can be identified
with this:
Hom (K™ K™) — Hom(K"™, K"),

10.27
( ) X — AlX — XAO

PROPOSITION 10.9. D (Fuk(M)) is equivalent to D’ Coh i (M), the bounded derived cat-
egory of compactly supported coherent sheaves on the affine algebraic curve MY = G, (the
punctured affine line).

If one is willing to ignore the triangulated structure, this could be proved by establishing a
one-to-one match between isomorphism classes objects, as in [154]. The object L4 corre-
sponds to the sheaf X 4 defined by

(10.28) 0— 0%, A2 08 X, —0,

where w is the coordinate on MV, and I the identity matrix. Note that, because MV is
one-dimensional, any object of the derived category is isomorphic to the direct sum of its
cohomology sheaves. Moreover, each compactly supported coherent sheaf is a finite direct

sum of (10.28]).
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On the other hand, there is an underlying cochain level statement, which implies the coho-
mology level statement in a form that includes the triangulated structure, and whose proof
is simpler and more conceptual. It is based on the following chain of observations:

e Each L4 is quasi-isomorphic to a twisted complex constructed out of L,. Hence,
it is sufficient to consider the full A..-subcategory with objects {L,}.

e There are no morphisms from L, to L; for a # b. Hence, it is sufficient to consider
each object L, separately.

o HF*(Lg,L,) & H*(Ly;K) is an exterior algebra in one variable. One can show
(either as a consequence of the general classification theory from Lecture @ or by
a more direct argument involving passing to a strictly unital model) that the un-
derlying Aoo-structure must be quasi-isomorphic to the trivial (formal) one, which
we denote by A.

As a consequence,

(10.29) Fuk(M)™ = P A™.
acC*

The same argument applies on the coherent sheaf side.

Proposition is a simple example of Kontsevich’s Homological Mirror Symmetry (HMS)
[113], with M"Y the mirror of M. However, in view of the content of that statement
is maybe disappointing: the categories involved do not seem to reflect the geometry of
the underlying manifolds, and they are also not particularly well-behaved (not smooth, for
instance; compare Example [7.12). Therefore, the following wrapped version is maybe more
meaningful:

PROPOSITION 10.10. D* (W(M)) is equivalent to D®Coh(M").

This reduces to computing the endomorphisms of the object L = R x {0} (). One shows
that
(10.30) HW*(L,L) = Kw,w™ '],

concentrated in degree 0. The underlying A..-structure is then again necessarily formal (for
degree reasons). Under the mirror equivalence, this object corresponds to the structure sheaf
Opgv.






LECTURE 11

A four-dimensional example

We return to local mirror symmetry, in an example which is close to the one that already
appeared in Lecture However, this time we want to go into more depth concerning the
symplectic topology, and specifically the Fukaya category, or our manifold. This gives us the
chance to demonstrate several of the approaches to such categories that have been explored
in recent years (the discussion stops short of an actual proof of Kontsevich’s Homology
Symmetry Conjecture, even though such a proof is in principle within reach of the existing
technology).

Acknowledgments. Mohammed Abouzaid and Nicholas Sheridan graciously allowed me to
include their proofs of Lemma and so did Ailsa Keating for Remark [11.11] Obviously,
any errors in the presentation are my own.

Affine conic fibrations and their mirrors

To place the following example in context, we recall one of the early approaches to construct-
ing local mirrors [92], 84]. Take an integer polytope P C R™~!1. This singles out a class of
Laurent polynomials

W (CH" ! —C,
(11.1) W(ylw-‘vynfl) = Z L
vepnzr—1t
Within the linear space of such W (or equivalently the space of possible coefficients {z,}),
there is a Zariski open subset of “nondegenerate” ones (these have the property that W=1(0)
is smooth, and satisfy additional nondegeneracy conditions at infinity, in the manner of [41]).
We choose a Laurent polynomial in that subset, and form the conic fibration

(11.2) M = {(z,y) € C* x (C)"™ : 220 + W(y1,...,yn_1) = 0}.

As the name suggests, projection p : M — (C*)"~! has conic fibres, which degenerate exactly
along W~1(0). If one equips M with an appropriate Kihler form, it becomes a Liouville
manifold. We also equip it with the trivialization of the canonical bundle given by
dzy A dxro A dyl/yl AR dynfl/ynfl

1202 + WY1, Yn-1) .

(11.3) MM = respyr

Suppose that we have a maximal triangulation of P, which means a decomposition into
integer simplices of minimal volume. There is an additional condition (the triangulation

103
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must be induced from a piecewise affine convex function P — R). Form the cone over P,
which is the set of points in R*~! xR of the form (tp, t) for p € P and t > 0. The triangulation
gives rise to a fan structure on the cone, which determines a smooth toric Calabi-Yau variety
N. The projection R"~! x R — R corresponds to a toric function F : N — C. If we remove
F~1(0), then this function is just the projection (C*)® — C*. However, instead we want to
remove the fibre over a nonzero point, say F~1(1) & (C*)"~ %

(11.4) MY =N\ F~(1).

This is a non-compact smooth Calabi-Yau variety, which we call the naive mirror of M.
The word “naive” is appropriate, because the construction is heuristic. A better motivated
version can be carried out in the general context of Strominger-Yau-Zaslow mirror symmetry
with instanton corrections, either in the algebro-geometric framework of the Gross-Siebert
program [86), [85] or by counting holomorphic discs |20}, [48]. In particular, this provides a
precise mirror map, which should replace the use of nondegenerate Laurent polynomials in
the definition of M. However, we will stick to the “naive” version for the sake of simplicity.

There are at least two possible versions of HMS in this context:

?

(11.5) DPe" Fuk(M) = D Coh (MY,

?
(11.6) DPePW(M) = D® Coh(MY).

These are obviously analogues of Propositions and [10.10| (which can actually be thought
of as a special case, even if a somewhat degenerate one, with n = 0). The reservations ex-
pressed there, namely that the categories involved do not reflect the geometry appropriately,

also apply to (11.5)), making (11.6) the more formally satisfying statement.

REMARK 11.1. One difference between the formulations of HMS here and in Lecture 18
the appearance of DP*™ instead of D*. We recall that, for any As-category A, DP™F (A) is
the Karoubi completion (obtained by formally introducing retracts of idempotent endomor-
phisms) of D™ (A). This completion is unwelcome from a symplectic geometry viewpoint,
since it leads us further away from the original objects (Lagrangian submanifolds). But it
seems indispensable, both because the categories on the right hand side of , are
already Karoubi complete, and because of the role played by split-generation results [176), [4]
i understanding the Fukaya category.

It is maybe worth while mentioning that, due to a general algebraic result of [195], the
difference between D™ (A) and DP*™f (A) is essentially one of Grothendieck groups. Namely,
if T is any triangulated category which is Karoubi complete, and 8 C T a full triangulated
subcategory whose Karoubi completion is T, then § can be completely reconstructed from the
subgroup Ko(8) C Ko(7T). In particularly simple examples, this may allow one to prove that
D™ and DP*"f of the Fukaya category coincide (this was the case for the annulus).

EXAMPLE 11.2. Take P =[0,1] C R. For W(y) =y — 1, one gets
(11.7) M = {(z1,22) € C* : 129 # 1},
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with the holomorphic volume form

d.]?l A dJ?Q
11.8 = ——.
( ) M 1-— T1Xo
It is important to write down ny because HY(M) = Z, which means that there are dif-
ferent homotopy classes of C° trivializations of Ky (leading to different Z-graded Fukaya
categories). A suitable choice of Kdhler form is wy = dfy = d(—d°h), where the Kdhler
potential is

(11.9) h=tlz1? + §|@2]? + 3 (log |1 — z122])2.

On the other side of the mirror, the associated toric variety is N = C2, and F(wy,ws) =
wiwse. Hence,

(11.10) MY = {(wy,wy) € C? : wywy # 1}

is isomorphic to M (a low-dimensional coincidence).

EXAMPLE 11.3. Take P to be a minimal integer simplex. This yields

(11.11) M = {(z1,72,91, - ,Yn) €C* x (C*)" : zymy=ys +yo+ - +yn — 1}
This time, the mirror has quite different topology:

(11.12) MY ={w-w, #1} =C"\ (C)" 1.

EXAMPLE 11.4. Let’s again start from Ezample but generalize that in a different di-
rection. Namely, take P(™ = [0,m] C R. For a suitable choice of Laurent polynomial, one
gets an M™) which is a Z/m-covering of the space M from . On the other side, for
the unique decomposition of P\, the associated toric variety N(™ is the minimal resolu-
tion of the (A,_1) quotient singularity C?/G, where G = Z/m is generated by diag(¢,¢ 1),
¢ = e¥™/™. To form M)V one removes the preimage of the conic {wywy = 1} € C?/G.
This time, M)V is still diffeomorphic to M™) | but carries a different complex structure
(the m = 2 case is the example of local mirror symmetry which appeared in Lecture @ with
the notations for the two manifolds switched around).

On the categorical level, the relation to Example is expressed as follows. Take MY as
in that Example. Thanks to the McKay correspondence [100], one has

(11.13) Db Coh(M ™)) = Db Cohg (M),

and similarly for the compactly supported versions. On the other hand, G acts on the Fukaya
category of M (by tensoring objects with flat line bundles on M whose holonomy is a root
of unity), and this leads to a relationship with the Fukaya category of M™) analogous to
. Making this precise requires one to admit certain immersed Lagrangian submanifolds
as objects of the Fukaya category of M. We will return to this issue later on, when carrying
out concrete computations.
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FIGURE 1.

Lagrangian spheres

From now on, we concentrate on the simplest of the examples introduced above, namely the
manifold M from Example In this case, the conic fibration

(11.14) y=1—x129: M — C*

has a single singular point, lying over y, = 1 € C*. We had mentioned in Lecture [3] that
there is a way to go from paths in the base to (S!-invariant) Lagrangian surfaces in the
total space. Explicitly, let’s start with an immersed path +v : I — C*, whose domain is
either I = S or I = [0,1]. In the first case, v should avoid y.; in the second case we want
v~ Y(y«) = {0,1}, and 7/(0) should not be a positive multiple of 4/(1) (but can be a negative
multiple). One associates to v a Lagrangian immersion, whose image is

(11.15) {12y =1 —(¢t) for some ¢ € I, and |z1| = 22|} C M.

The domain of this immersion is a torus if I = S, and a sphere if I = [0,1]. In the first
case, the pullback of 6, to the torus is exact if and only if

(11.16) / 7 (d(log [y])?) = 0.

Let’s start by taking I = [0, 1], and with + that has no selfintersections other than at the
endpoints, and goes once around y = 0 (Figure. This gives rise to a Lagrangian sphere with
a single self-intersection point, which we denote by S. This sphere is automatically exact, and
one can equip it with some grading as well as the unique Spin structure. Generally speaking,
immersed Lagrangian submanifolds can be accomodated into the Fukaya category only after
a substantial effort [13]. However, in this particular case the sphere lifts to an embedded one
in the universal cover of M, which makes the definition of Floer cohomology unproblematic
[186]. Throughout this lecture, we use Floer cohomology with complex coeflicients.

LEMMA 11.5. HF*(S,S) = A*(C?) is an exterior algebra with two generators.

SKETCH OF PROOF. In such a situation (an exact Lagrangian submanifold with a single
self-intersection point, which disappears when lifting to the universal cover) one has [12]

(11.17) HF*(S,S) = H*(S;C) & Ca & Ca*,



LAGRANGIAN SPHERES 107

where the extra generators a, a* have degrees that add up to n = dim(S), and can be chosen
so that the ring structure on HF*(S, S) satisfies

aa® = [point] € H"(S;C),

(11.18) a*a = (=1)l1 [ point].

In our case, we only need to check that a, a* have degree 1, and then the ring structure is
completely determined by and degree arguments. The relevant degree is the absolute
Maslov index between the two branches of S at the selfintersection point. In our case, if we
take v to be exactly the unit circle, then S becomes special Lagrangian, which makes the
computation particularly simple, compare [194]. O

LEMMA 11.6 (Abouzaid). The A -structure underlying HF* (S, S) is formal (quasi-isomorphic
to that with vanishing higher order products).

PROOF. This is an application of the general computational method developed in [6]
(some of the underlying ideas go back to [160]). The Abouzaid model for the cochain level
structure is given by the dga

(11.19) A=Q%(8)® Q" (U)[~1] & Q(U)[1].

The first summand in consists of (complex-valued) differential forms on S = S2.
For the rest, we take an open disc U and embeddings ¢4, : U — S whose images are
neighbourhoods of the two preimages of the selfintersection point, and which have opposite
orientations. The ring structure is given by

(02, B2, 72) (01, B, 1) = (a2 Aan) + (=) (By Aya) + (=1)1PH iy (92 A BY),
(o) A B+ (—1)'“1‘62 A (a), (o) Aya + (—1)'0“‘72 AE (al)).

Here, ¢4 is pullback, and ¢4 . is extension of compactly supported differential forms (by
zero). ([L1.20]) satisfies the usual sign conventions for dga’s (determining the signs is a bit
tricky, because the last two summands in (11.19)) are shifted from their natural gradings).

(11.20)

Take 1 € Q°(S), an n € Q2(U) which is homologically nontrivial, and a ¢ € Q!(S) such that
T 5 = L*—ga

(11.21) -
d€ = tq .+t i)

Then, the elements
(1707())7 (L+,*n7050>7 (Lf,*777070)a(§7070)a
(Oa 170)7 (07L*j:€70)3 (037770)7 (070377)

span a quasi-isomorphic dg subalgebra of A. There is a two-sided differential ideal in that
subalgebra, spanned by

(11.22)

(67 07 O)a (L+,*77 + L 7], Oa O)a
(0, L;kl:& 0), (O> 7,0).
That ideal is acyclic, and quotienting out by it yields a quasi-isomorphic to H*(A). (]

(11.23)
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ALTERNATIVE PROOF (Sheridan). This is based on a modified version of the classifi-
cation theory for A,.-structures from Lecture 0] Let’s first see why such a modification
is necessary. We generalize slightly, and write A = A(V) for the exterior algebra on an
n-dimensional vector space V. Its Hochschild cohomology is computed by a version of
Hochschild-Konstant-Rosenberg theorem:

(11.24) HH®(A, Alt]) = Sym*(VY) @ ASTH(V).

This is bad news, since the spaces classifying first order deformations of the A..-structure
(s > 2, s+t = 2) are large. Moreover, these deformations are not obstructed to higher
order. In fact, they can be explicitly realized in terms of non-commutative deformations of
the Koszul dual algebra (which is the ring of functions on V, the formal neighbourhood of
the origin in V), using Kontsevich’s Formality Theorem [114].

Switching to a general discussion, consider A..-algebras A which come together with a
bimodule homomorphism ¢ : A — AV [n] from the diagonal bimodule to its dual (of some
fixed degree n). There is a cohomology theory which captures first order deformations of the
pair (A, ¢), in a way analogous to Hochschild cohomology. The cohomology groups of that
theory, here denoted just by K* since there is no established terminology for them, sit in a
long exact sequence

(11.25) -~ — HH*"""*(A,AY) — K* — HH*(A,A) — HH*T""HA,AY) — -

The map K? — HH 2(A,.A) corresponds to forgetting ¢, and just considering deformations
of A. The other map HH" (A, AY) — K? corresponds to deformations of ¢ alone, keeping
A constant. The remaining piece of information is the connecting map, which we conjecture
to be the map induced by ¢, HH*(A,A) — HH**"(A,AY), composed with Connes’ B
operator HH* (A, AY) — HH* *(A,AY).

We now specialize to the case when A is a graded algebra which is Frobenius of degree n,
hence comes with a bimodule isomorphism A — AY[n]. The conjecture made above can
easily be verified in this case. Moreover, the Hochschild cohomology groups with coefficients
in A and AV are obviously isomorphic. Finally, there is a bigraded refinement K** of the
groups above. One then gets a version of of the form

(11.26) -~ — HH*%(A, A[t]) — K*' — HH®(A, Alt]) — HH* (A, A[t]) — - -

where the connecting map is just the Connes operator. The classification of A..-structures
A with H(A) = A, together with A,,-bimodule maps ¢ which on cohomology induce the
given isomorphism, is governed by the groups

(11.27) Ko s4+t=2 s5>2,

in the same sense as in Propositions [9.6] [0.7]



LAGRANGIAN SPHERES 109

With this general theory at hand, we return to the case of the exterior algebra A = A(V),

where (|11.26) can be written as
(11.28)
RPN Symsfl(v\/) ®Anfsft+1(v\/) i> Sym372(v\/) ®An757t+2(v\/) —y K5t

SN SymS(V\/) ®An757t(VV) i> Symsfl(v\/) ®An757t+1(VV) ..

Here, we have used a choice of nonzero element of A™(V) to identify A*(V) = A" H(VV),
since that allows us to write the Connes boundary operator as the de Rham differential d
(this is a well-known addition to the classical Hochschild-Kostant-Rosenberg theorem). Now
let’s specialize back to n = dim(V') = 2, and to the case s+t = 2 relevant to . Then
(11.28) turns into

(11.29) -+ — Sym* ' (V)@ VY L Sym® 2(VY) @ A2(VY) — K

— Sym*(VY) 4, Sym* M V)V ...

The first de Rham differential in (11.29) is onto; the second one is injective except in the case
s = 0, which is irrelevant for us. The outcome is this: if A is any Ax-algebra with H(A) =
A(C?) and which comes with a quasi-isomorphism of bimodules A = AV[—2], inducing the
standard duality A'(C?) =2 A274(C?)V on cohomology, then A is formal.

The rest of the proof is again completely general: as a weak form of cyclicity for Fukaya cat-
egories, the A.-structure underlying HF*(S, S) is weakly cyclic in the sense of Example
which means that it comes with the required bimodule quasi-isomorphism (see for instance
the proof of [I79, Proposition 5.1]). O

REMARK 11.7. There is a variant of this argument using the deformation theory for cyclic
Aso-structures [150], which is based on cyclic cohomology. After collapsing the bigrading for
the sake of simplicity, the cyclic cohomology of an n-dimensional exterior algebra is [124]
Chapter 3]

(11.30) HO*(A) = ker(d : Qn= — Q=) @ A2 g fn—+i g ...

)

where O is the space of differential forms in a formal neighbourhood of 0, and H* the
cohomology of the de Rham complex of such forms. In particular,

(11.31) HC?*(A(C?)) =,

and once one re-introduces the bigrading, this one-dimensional space does not belong to
the part relevant for classifying cyclic Aso-structures. On the other hand, the geometric
application of this theory is harder, since it requires one to show that Fukaya A -structures
can be made cyclic (the general issue is discussed in [T0], but the case under consideration
here would be less complicated).

From the point of view of , it is plausible to expect that S should correspond to the
skyscraper sheaf at the origin (wq,ws) = (0,0) in the mirror (there is obviously an
ambiguity in setting up the mirror map, so this is heuristic reasoning about what should
happen for a particular choice of map). This structure sheaf F satisfies Frty,v(E, E) =
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A*(C?), and one can use explicit Koszul resolutions to show that the underlying cochain
level structure is formal (alternatively, the second proof given here also goes through in the
algebro-geometric context).

Lagrangian tori

We want to consider two exact Lagrangian tori 7,7 C M, which are related to the Clifford
torus and Chekanov torus in affine space. This follows closely Auroux’ paper [20], even
though we avoid the use of wall-crossing formulae (making those rigorous requires more
advanced pseudo-holomorphic curve techniques); see also [47].

The first torus T C M is obtained from an embedded loop in the base C* which winds
once around the origin and around y, = 1. The second torus 7" is defined in the same
way, but using a loop which only winds around the origin (see Figure [2]). Because the loops
have to satisfy the exactness condition , they must intersect. Both T" and 7" can be
equipped with gradings, and with their trivial (compatible with the standard trivialization
of the tangent bundle of the torus) Spin structures. Finally, we choose flat complex line
bundles &, ¢ on them, which are classified by their holonomies (sq, s1), (s}, s}) € (C*)? (this
involves conventions that will be explained below).

PropPOSITION 11.8. HF*(T,T") is nonzero if and only if
50 = S0,

11.32
( ) s = s1(1+ s9).

In fact, if this equation holds, then (up to a shift) T and T' are quasi-isomorphic objects of

PROOF. One can arrange (see again Figure [2)) that T and T intersect cleanly in two
circles, C; and C_. Then (assuming that the gradings have been chosen appropriately) an
application of basic Morse-Bott methods yields a long exact sequence
(11.33)

oo HF*(I,T') > H*(Cy; Hom(€]Cw, €'|C4)) — H*(C_s Hom(€|C-,€/|Cy) — ---

When introducing the holonomies, we have implicity assumed that sg is the holonomy around
a circle of T lying in the fibre of M — C*, and similarly for sj. Hence, the holonomy of
Hom(&|C4,&'|Cy) is si/so. If that is nontrivial, the cohomology of Cy with these twisted
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coefficients vanishes, which shows that the condition s = s¢ is necessary. We will assume
from now that this is satisfied, so that the two last terms in (11.33]) can be identified with
the ordinary cohomology groups H*(Cy;C) = H*(S%; C).

The map between these groups ((11.33) is given by counting Floer trajectories that project to
one of the two shaded regions in Figure [2l One region contains no critical point, and (with
suitable conventions) it contributes

(11.34) —id: H*(Cy;C) = H*(C_;C).

The contribution from the other region is a map that occurs in the long exact sequence
[173]. The detailed analysis in [I76] Section 17] shows that there are two homotopy classes
of Floer trajectories, whose boundary loops differ from each other by going once around the
fibre circle. Assuming as before that sg = s, the resulting contribution is

(11.35) (s, /51 + s08) /s1) id : H*(C;C) — H*(C_; C).

(This vanishes if and only if sg = —1; this choice is equivalent to equipping our tori with
trivial flat bundles but changing their Spin structures, which is what one does in the context
of the long exact sequence). Returning to our application, the Floer cohomology in
is nonzero if and only if (11.34) and (11.35) add up to zero, which is exactly the second

condition in (|11.32]).

What we have shown so far is that if is not satisfied, HF*(T,T’) vanishes; and if it
satisfies, HF*(T,T’) is isomorphic (as a graded vector space) to the ordinary cohomology
of a two-torus. In the second case, the same analysis of moduli spaces shows that the “cap
product” maps

) H*(T';C) ® HF"(T,T") — HF*(T,T"),
11.36
( HFY(T,T") ® H*(T;C) — HF*(T,T")

are nonzero. For general reasons of Poincaré duality in Floer cohomology, these maps are

dual to the triangle products
HF(T',T) ® HF*(T,T') — HF°(T,T) = H°(T;C),
11.37
( ) HFY(T,T") ® HF*(T',T) — HF°(T',T') = H°(T’; C).

Since all the Floer cohomology groups appearing in (11.37)) are one-dimensional, it follows
that T" and 7" are indeed isomorphic in HO(Fuk(M)). O

From the point of mirror symmetry, the putative interpretation is as follows. T and T’
correspond to the structure sheaves of the points

(wo, w) = ((s0 + 1)s1, 57 1),

(wo,w1) = (51, (55 +1)/57).

(One can take this as the starting point for a SYZ construction of the mirror, see [47]).
The formulae (11.38)) define two charts C* x C* — MV, which are precisely related by the

coordinate transformation (11.32]). Neither chart contains the origin, and that predicts the
following easily checked statement:

(11.38)
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PRrROPOSITION 11.9. HF*(T,S) and HF*(T’,S) both vanish, for any choice of line bundles
onT,T. O

Conversely, one can use mirror symmetry to classify objects of the Fukaya category with a
given behaviour. A notable example of this process in the literature is [9]. For our particular
example, one has:

ProrosIiTION 11.10. Suppose that the Homological Mirror Symmetry conjecture holds in the
form (L1.6)) for (11.7)), and that the equivalence of categories involved does have the properties
listed in the previous discusston:

e The Lagrangian sphere S corresponds to the structure sheaf of the origin in MY ;

e The tori T and T’ correspond to the structure sheaves of points (11.38)).

Then, if L C M is any exact Lagrangian torus which admits a grading, [L] € Ha(M) is
nonzero and primitive.

PROOF. One has a ring isomorphism

(11.39) H*(hom pue(any (L, L)) = HF*(L, L) = H*(L; C).
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Let X be the putative mirror of L under (11.6]), which is an object of D®Coh ., (M") whose
endomorphism ring must match (11.39). Let H* be the cohomology sheaves of X.

Claim 2. There is only one nonzero H*.

There is a spectral sequence

(11.40) EY = P Eath, (H", H™) = Homy goarvy(X, X).

For dimension reasons, each group Ext}, (H*, H*) survives to the E,, page. On the other
hand, if H* is nonzero, that Ezt' group has rank at least 2 (corresponding to the first order
deformation which move the point(s) where H* is located). Comparison with the degree 1
part of then leads to the desired conclusion.

Claim 8. Up to a shift, X is isomorphic to the structure sheaf of a point w € MV.

The previous step that, after possibly shifting the grading, we may assume that X is a
single sheaf. It is also indecomposable, hence supported at a single point. The fact that
Hom v (X, X) is one-dimensional then leads directly to the desired conclusion.

By the rest of the assumptions in the Proposition, X is isomorphic to the mirror of S, T,
or T'. Hence L is isomorphic to S, T or T in H°(Fuk(M)). It is a general result that two
such isomorphic objects must have the same class in Hy(M; C). g

There are further questions, which don’t have obvious answers even if one assumes suitable
forms of mirror symmetry (notably, whether there is an exact Lagrangian torus which is
quasi-isomorphic to S in the Fukaya category; and whether there are Lagrangian tori which
are exact but do not admit gradings).

REMARK 11.11 (Keating). It is worth while to consider briefly one possible generalization,
namely the m = 2 case of Example[11.4, As already discussed in Lecture [3, that manifold
is a conic fibration over C* with two singular fibres. The paths in Figure [3 yield the two
Lagrangian spheres Sy, S1 from , and the loops from Fz'gure describe four Lagrangian
tori T, T",U,U’, which however are not geometrically independent: up to Hamiltonian iso-
topy, two of them differ by a Dehn twist

(11.41) U' ~ 715, (U).

Under mirror symmetry, these tori should correspond to three different rational maps from
(C*)? to the mirror. Here, “different” means that the coordinate transformation between
any two of them is not of monomial form. For generic choices of flat line bundles (but not
for all choices) one has HF*(Sy,U) = 0, in which case U and 75,(U) are quasi-isomorphic.
Because of this and , the rational maps corresponding to Z and Z' won’t be different
in the previously explained sense.
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Wrapped Floer cohomology

In [149], Pascaleff considered a certain non-compact Lagrangian submanifold R? = O C
M, and computed its wrapped Floer cohomology, which is the ring of cohomology level
endomorphisms in the wrapped Fukaya category:

(11.42) HW*(0,0) = H* (homyoar) (0, 0)).

The computation uses methods similar to Proposition (but is more complicated). The
outcome is:

THEOREM 11.12 ([149] Theorem 1.3]). There is a ring isomorphism
(11.43) HW?*(0,0) = C[M"].

The obvious mirror symmetry explanation is that under , O should correspond to a
locally free sheaf, let’s say the structure sheaf of M. Note that the underlying A,o-structure
A = homyw(r)(O,0) is necessarily formal, since its cohomology is concentrated in degree
zero. One can therefore construct an A..-functor

(1144) homw(M)(O, 7) . Fuk(M) N AmOd ~ C[Mv]m0d7

where the right side is the derived category of quasi-coherent sheaves on M. This is of
course one way to set up the desired mirror functor, with the main remaining task being to
show that it is full and faithful.

One can show that the Floer cohomology of O with any of the Lagrangian submanifolds
S, T, T' is one-dimensional. Hence, the image of each of these submanifolds under
would indeed be the structure sheaf of a point of MV. If one used as a mirror
functor, one could then rigorously verify the previously stated formulae relating choices of
flat bundles with coordinates on the mirror, by computing the multiplicative structures on
Floer cohomology.

There is an alternative approach to the computation of wrapped Floer cohomology groups
(and the wrapped Fukaya categories) in M, which has the following two ingredients: first,
general conjectures on wrapped Fukaya categories, from [178, [174]; and second, mirror
symmetry considerations from [20] Section 5], made concrete in this case in [149] (see also
[49] for a discussion of the implications of these ideas, which is similar to the following one).
Consider

Q:M—C,

(11.45) 3

_ 2
Q(z1,m0) =1 + vz 1

This is a Lefschetz fibration (has only nondegenerate critical points, and no singularities at
infinity). In fact, if we consider a chart (z1,29) = (r1 + 72,75 ") for (r1,79) € (C*)? (this is
as in (11.38]) but with the role of M and its mirror exchanged), then

1
(11.46) Q(ri,re) =711 + 12+ ——
rir2
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is the well-known toric mirror to CP2. The smooth fibres of are three-punctured
elliptic curves, and adding M \ (C*)? = C corresponds to filling in one of the punctures.
Homological mirror symmetry for was first considered in [I70] (see also [23]), where
it was shown that the Fukaya category Fuk(Q) of this Lefschetz fibration is derived equivalent
to the derived category of coherent sheaves on CP?. A crucial observation from [22] is that
this result remains unchanged under (partial or full) fibrewise compactification.

We have not previously mentioned Fukaya categories of Lefschetz fibrations, and will not
engage into a detailed discussion now. For our immediate purpose, it is enough to know
that the non-compact Lagrangian submanifold O mentioned above can be thought of as a
Lefschetz thimble for @, hence an object of Fuk(Q). The general conjecture from [174] says
that can be computed as follows:

(11.47) HW*(0,0) = lim, H* (hom puu(q) (87 (0), 0)).

Here, § is the Serre functor. The direct limit in uses a natural transformation from
the Serre functor to the identity, which is an additional piece of Floer-theoretic information
obtained from the geometry of the Lefschetz fibration. For , this additional piece
of information can be computed either using the general theory of [181], or else directly
geometrically [49]; and then will follow.

This approach relies on , which we have presented as a conjecture, but in fact consid-
erable progress has been made towards establishing it. On the level of graded vector spaces,
one can derive that identity from Symplectic Field Theory surgery formulae [36, Appendix],
and this approach can at least in principle be extended to include ring structures [35]. On
the other hand, there is work in progress towards a more direct proof, which will yield results
on the level of A-structures [7].






LECTURE 12

Symplectic cohomology

We have already encountered symplectic cohomology SH* (M) as an invariant of a Liouville-
type symplectic manifold M (in Lecture@. At this point, we want to dig a little deeper into
its structure and significance, specifically in relation with Fukaya categories. This has been
the focus of much recent attention [171], 4, [72), 158], in particular as regards the wrapped
version of the Fukaya category.

To see some of the motivation for this, suppose for simplicity that M is Spin, and consider
M x M, where the sign of the symplectic form on the second factor has been reversed. The
diagonal Ay C M x M can be made into an object of the wrapped Fukaya category, and
one then has a ring isomorphism

(12.1) SH*(M) = HW*(Aur, Anp).

Because of the formal analogy between the right hand side and Hochschild cohomology, one
is led to the following conjecture (which no longer depends on the Spin assumption):

(12.2) SH* (M) = HH* (W(M), W(M)).

See [72] for further discussion. Of course, there is a similar conjecture for the conjecture for
closed symplectic manifolds, involving quantum cohomology instead of symplectic cohomol-
ogy [113], but that seems unlikely to hold in general, whereas is plausible at least for
Stein manifolds (with their natural Liouville structures; there are Liouville manifolds which
are not Stein [132], but little is known about their Fukaya categories). Here, we do not
try to establish any connection at this level of depth; instead, the discussion is limited to
describing the open-closed string maps which link symplectic cohomology and Lagrangian
Floer cohomology, and some of their properties.

Acknowledgments. 1 would like to thank Sheel Ganatra and Yiannis Vlassopoulos for very
useful discussions about higher Hochschild cohomology and open Calabi-Yau structures;
their unpublished writings [72}, 117] have strongly influenced the exposition here.

Geometric setup

To harmonize the formalism here with that in Lectures we work with Liouville man-
ifolds (M?",wys = dfy;) which have vanishing first Chern class, and choose a trivialization
of their canonical bundle Ky, = AT M, which means a C*° complex volume form 7s for

117
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some compatible almost complex structure. This makes SH*(M) into a Z-graded vector
space (over an arbitrary coefficient field K), refining the Z/2-grading from Lecture @

REMARK 12.1. As already mentioned in Lecture[6, there is a canonical decomposition

(12.3) SH*(M) = @ sH*(M)©

indexed by connected components ¢ of the free loop space LM, or equivalently conjugacy
classes in w1 (M). Suppose that we change the trivialization of Ky by multiplying it with
some function M — C*, which represents a class v € H'(M;Z). The effect on symplectic
cohomology is to shift the grading of SH*(M)(®) by 2(v,c). In particular, if we restrict to the
trivial summand (as is often done elsewhere in the literature), the choice of nys is irrelevant.

REMARK 12.2. In analogy with what we’ve done for fixed point Floer cohomology on closed
manifolds (in Lecture @, one can define symplectic cohomology with coefficients in a flat K-
vector bundle over the free loop space LM . For simplicity, we will not make use of this, but it
would be convenient at several points; for instance, if one wished to remove the assumptions
of Spinness (or even orientability) from .

Finally, we define symplectic homology SH . (M) to be the dual of SH*(M) (this reverses the
situation for ordinary cohomology and homology). More precisely, we would like to consider
SH,.(M) as coming from a chain complex with differential of degree +1, hence adjust the
gradings so that

(12.4) SH, (M) = SH™*(M)".

Batalin-Vilkovisky algebras

DEFINITION 12.3. The operad of framed little (two-dimensional) discs [T5l, [164] is the fol-
lowing operad {FDg}q>0 of topological spaces. Let D C C be the closed unit disc. A point
of FDy is given by a d-tuple of embeddings

€1,.-.,€6q: D — D\ 0D,

12.5
( ) ek(z):akz—i—bk (akG(C*, ka(C),

which have pairwise disjoint images. The action of the symmetric group on F Dy permutes
the embeddings, and the maps

(12.6) 0;: FDy x FD, — FDpyq 1

are obtained by composing embeddings (sticking a big disc inside a smaller one).

Each FD, is an open complex manifold of (complex) dimension 2d, homotopy equivalent
to the “framed ordered configuration space” (S1) x Conf3™(C). An explicit description of
the homology operad {H_.(FDg;K)}4>0 was given in [75], the outcome being that algebras
over it are identified with BV (Batalin-Vilkovisky) algebras. To make this explicit, let S* be

a graded vector space which is an algebra over the homology operad. F'Dy is a point, and
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the generator of Ho(FDg;K) 2 K gives a distinguished element, the unit
(12.7) 1e s
Next, FD; ~ S*. We will always assume that [point] € Ho(FD;) acts as the identity on S.

In the next degree, a (choice of) generator of Hy(F'D;) gives rise to the Batalin- Vilkovisky
or loop rotation operator

(12.8) A ST — §*[-1],

which satisfies

A(1) =0 because Hy(F D) =0,
(12.9) .
1) = 0.

A?=0  because Hy(FD,)

Next, FDy >~ (S1)3. We get a new generator in degree 0, the product

(12.10) 5* @ S* — S*,

which is graded commutative, and for which is a two-sided unit. All the higher

homology of F' Dy is generated by Ho(F D2) and Hy(FD;) under compositions (12.6). One
noteworthy composed operation is the degree —1 bracket

(12.11) [b2, b1] = —(—1)1"2IA(b2by) + (1)1 (Aby )by + ba(Aby),
which (as a consequence of the previously stated properties) is graded antisymmetric on
S*[1], and satisfies [1,:] = [-,1] = 0. From FDs, we do not get any additional generators.
However, in degree 0 we get an additional relation, namely associativity of (12.10). And in
degree 1, we get the seven-term relation
A(bg,bgbl) = A(bgbg)bl + (—1)‘b3|b3A(b2b1) + (—1)(|b3|_1)|b2|b2A(b3b1)

— (Abs)baby — (—1)1P2lbs (Abg)by — (—1)P2IT1b2lpsby (ADy).
In terms of , one can interpret as saying that [b,-] acts as a derivation of
degree |b| — 1 on the algebra S*:
(12.13) [b3, bab1] = [b3, ba]by + (—1)Ubsl=DIb2lpy (b5 by].

Vanishing of A% and ((12.12)) also imply that the bracket satisfies the graded Jacobi identity
on S*[1]. The main theorem from [75] says that the generators and relations introduced
above form a complete list.

(12.12)

This general discussion is relevant to us for the following reason, to be explained in more
detail later:

THEOREM 12.4. SH*(M) carries a natural structure of an algebra over {H_.(FDg)}a>0, or
equivalently of a BV algebra.

While the unital commutative ring structure already played an important role in Lecture [6]
the BV operator (12.8) is a new ingredient in our discussion, whose importance will increase
in the future. Theorem appears in [I75]; a more detailed construction can be found in
[157].
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EXAMPLE 12.5. Consider the case of cotangent bundles M = T*L (Ezample and with
the same assumptions on L). Choose a complex volume form myr whose restriction to the
zero-section is real (this fizes ny; up to homotopy). Then, the isomorphism will respect
the integer gradings on both sides. In terms of that isomorphism, the BV algebra structure of
symplectic cohomology has an interpretation in terms of string topology [50]. More precisely,

the BV operator corresponds to the homomorphism induced by
S'x LL —s LL,

(12.14)
(ryu) — u(- — 7).

This can be proved using the same techniques as itself (the possible exception is the ap-
proach in [202], which breaks circular symmetry, hence seems less suitable for this purpose).
The more difficult part of the relationship, namely that the product corresponds to the string
product, was proved in [2].

The mirror symmetry viewpoint

Let’s temporarily specialize to the simplest instance of Example namely M =R x S! =
T*S. Write

(12.15) SH*(M) = Klw,w™ !, 8y,

where the generator 9, has formal degree 1, and the whole expression is a commutative

graded algebra (with unique relation ww =1 = 1). We find it convenient to choose the degree
one part of ([12.15)) in a slightly non-obvious way: namely, so that the decomposition

(12.16) SH*(M) = @SH*(M)("”')
k

into summands parametrized by homotopy classes of loops, which means by k € mo(LM) =
m1 (M) = Z, is given by eigenvalues of the Euler (or homogeneous rescaling) operator wd,,.
Concretely, this means that
(12.17) SH*(M)®) ~ Kuw* & Kw**+1a,,.
With this taken into account, the BV operator satisfies

A(w*dy,) = (k — 1w 1,
(12.18) o
A(w”®) =0.

Geometrically (for k # 0), this reflects the fact that the Reeb orbit representing w*~! and
w*3,, is a |k — 1|-fold multiple. The associated bracket (12.11)) satisfies

[W*Dy, w'Dy] = (I — k)w" =171,
(12.19) X . el 1
[W" 0y, w'] = lw" 719,
Thinking of the mirror MY = G,,, (as in Propositions and[10.10), one finds that SH* (M)
is isomorphic to the Hochschild cohomology of that variety, which in this (smooth affine)
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case is
(12.20) HH*(MY,MV) = H* (MY, \*T(M")).

The product and bracket on SH*(M) correspond to the standard product and bracket of
polyvector fields. These can also be viewed as the Gerstenhaber algebra structure defined on
by identifying it with the Hochschild cohomology of coherent sheaves on M"Y (in the
general categorical sense of Lecture E[) The situation with is a little more interesting:

the corresponding operation on (12.20)) is given by
(12.21)

HOMY, AT(MY)) S HO(MY,Q770) L HO (MY, Q=) = HO(MY A T(MY)).
Here, the two isomorphisms are determined by the complex volume form

d
(12.22) v =
w

and the remaining map is the de Rham differential. For instance, the action of on
vector fields can be written as
d(iznmv) _ Lznuv

UhYat B nmv

(12.23) Z—

and this indeed reproduces (({12.18]).

It seems plausible to expect the same relation between symplectic cohomology and Hochschild
cohomology in a general context of local mirror symmetry (Lectures [3[ and , but this
conjecture has not been tested exhaustively so far. Maybe the most interesting point is that
the BV operator on SH* (M) contains information about the choice of complex volume form
on the B-model (mirror) manifold M.

Relation with the Fukaya category

There are canonical open-closed string maps [171]
(12.24) SH*(M) — HH*(Fuk(M), Fuk(M)),
(12.25) HH ., (Fuk(M), Fuk(M)) — SH.(M).

The first of these is a map of (unital) Gerstenhaber algebras, which means that it is com-
patible with the ring structure and the bracket. The second map sends the Connes operator
on Hochschild homology to the (dual of the) BV operator. One can put both structures
under the same hat, as follows. As already mentioned in (the second proof of) Lemma
A = Fuk(M) is weakly cyclic (in the terminology of Example [7.8]). This induces an

isomorphism
(12.26) HH*(A,A) = HH* "(A,AY) = HH,_,(A,A)",
where the second isomorphism can be read off directly from the underlying chain complexes.

With this isomorphism taken into account, (|12.25) turns into the dual of (12.24). Equiva-
lently, one can use ([12.26]) to equip Hochschild cohomology with a counterpart of the Connes
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operator, following the algebro-geometric model of (12.21]), see [199]; and then (12.24) be-
comes compatible with all the operations on symplectic cohomology.

EXAMPLE 12.6. Take M =R x S' as before, and assume that K is algebraically closed. As

a consequence of (10.29) we have
(12.27) HH*(Fuk(M), Fuk(M)) = [[ HH*(A,A).
acK*

A is an exterior algebra in one variable, whose Hochschild cohomology can be written as

(12.28) HH*(A, A) 2 CJ[[v,8,]].
The map
(12.29) SH*(M) = K[w,w™", 0] — HH*(Fuk(M), Fuk(M)) = [] Cllv,9,]]

acK*
consists of taking the Taylor expansions of a Laurent polynomial around all possible points
a € K* at the same time. In particular, it is far from being an isomorphism.

EXAMPLE 12.7. Take M = T*S™ for some n > 1. In that case, it is easy to see that
Puk(M)Perf = APef where A is the subcategory having only the zero-section as an object
(hence quasi-isomorphic to the algebra K[0]/02, where |0] = n). Using techniques from [5],
one can prove that s an tsomorphism.

Open-closed string maps have a couple of straightforward applications. Let L C M be an
object of Fuk(M) (which means, a closed Lagrangian submanifold which is exact, graded,
Spin, and carries a flat K-bundle £7,). The first order term of yields a homomorphism
of unital rings SH*(M) — HF*(L, L), which fits into a commutative diagram

(12.30) SH*(M) HF*(L, L)

| |

H*(M;K) H*(L; Hom(&1,€L))-

The left hand 1 is the map already mentioned in (6.10), and the bottom — is the restriction
map to L C M in cohomology, combined with the inclusion of the trivial line bundle K- id C
Hom(&r,,€L). In particular, if a class x € H™(M;K) has the property that {x,[L]) # 0,
then the image of x in SH™ (M) is nonzero (one can give an alternative proof of this using
Viterbo functoriality, but that is effectively a much more difficult tool). Dually, we get a
map H,(L; Hom(&p,€L)) — SH _.(M), and in particular can use the fundamental homology
class on the left hand side to define an element

(12.31) [Llsg € SH_,,(M).

Under the map SH (M) — H_,(M;K) dual to (6.10), this becomes the ordinary fundamen-
tal class [L], hence one should think of as a refined homology class. Equivalently,
it is simply the image of the Hochschild homology class of the object L under . The
latter interpretation has the advantage that it can be generalized to objects of Fuk(M)Pe'/.
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EXAMPLE 12.8. Suppose that M = R x S, and that L = {0} x S* equipped with a flat
K-vector bundle whose holonomy is A. If we use (12.15) and (12.22) to identify

(12.32) SH (M) = Cl[w,w™ ],

then

(12.33) Ll =Y Tr(AF)w = " mida, (w).
kEZ %

where the sign depends on the orientation. In the second equality, we are assuming that K
is algebraically closed, and that A has (generalized) eigenvalues a; with multiplicity m;. The
formal Laurent expansion of the Dirac §-function at the point w = a is 6 (w) = >, .5 (w/a)k,
whence the equality. The outcome matches expectations from mirror symmetry (compare with
the discussion preceding Proposition [10.9). Taking the image under SH _1(M) — Hy(M)
corresponds to retaining only the constant term of .

Relation with the wrapped Fukaya category

For this version of the Fukaya category, one again has natural open-closed string maps:
(12.34) SH*(M) — HH*(W(M),W(M)),

(12.35) HH,_,(W(M),W(M)) — SH*(M).

The second map has a slightly different form than in , and that has nontrivial impli-
cations. For instance, if one starts with an object L of W(M), we again get a class

(12.36) (L] € SH™ (M),

but that one no longer contains much interesting information: it is the image of the Poincaré
dual of L in H"(M;K) (which exists even if L is not compact, as long as it is properly
embedded) under the map H*(M;K) — SH*(M). However, that does not mean that the
entire map factors through H*(M;K).

REMARK 12.9. One can start more generally with an object of W(M)P™f | and use (12.35)
together with the Morita invariance of Hochschild homology to associate to this object a class
in SH"(M). There seems to be no reason for such classes to come from ordinary cohomology.

One of the interesting aspects of ((12.34]), (12.35)) is that one can compose the two maps to
get a homomorphism
(12.37) HH, ,(W(M),W(M)) — HH*(W(M), W(M)).

This map has an interpretation purely in terms of additional structures on W(M ), which we
will now explain. Interested readers should also consult [72], which in particular raises the
question of whether , , and are isomorphisms (for the latter map, this
would be an “open Calabi-Yau” property of the wrapped Fukaya category, in the sense of
[201}, [76]).
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FIGURE 1.

Diagonals

Let’s temporarily return to the basic algebraic framework. Take an A.-algebra A over K (for
our application, we need the generalisation to A, -categories, but that is straightforward).
Define the second order Hochschild cochain complex [117), Section 3] to be

(12.38) CCP*(A,A) = [] Hom(A®PT,A?)[p + q.

P,q4=20
The notation does not give a good intuitive picture. It is better to think of elements of
CC®*(A, A) as operations with inputs and outputs arranged in a circle (Figure [1). The
differential 0 on is obtained by composing with the A-operations either on any
input point or on one of the two output points. For instance, suppose that we start with
o=>; o) ® o] € A®2. Then the first terms of the cocycle equation do = 0 are
(12.39)

S (=Dl (0d) @ of + 0f @ ph (o) =0 p=q=0,
Z](fl)lll'(‘f"{“‘rl)luil(a’%?a) ® 0'{ — Z](—l)(lal*f’l)lo'{‘a’% ® Mi{(G’?U{) p = 0, q e 17
>, (=)lealtlalleii ol 2 (a,0d) ® of = (—1)l"l0] ® p? (0], a) p=14¢=0,

The secondary Hochschild cohomology HH ?*(A, A) is the cohomology of (12.38). Note
that this carries an action of Z/2, induced from one on the underlying chain complex (which
exchanges p and ¢). Projection to the p = ¢ = 0 term yields a map HH®* (A, A) —
H(A)®2. By , any class s = Zj sé ® s{ in the image of that map must satisfy

{ Zj(—l)lsél-\ﬂs%x ® s = Zj(_1)|s~;\-|m|sg ® sl
Zj msé ® 5{ = (_1)Is\ |z| Zj sé ® s{m

for all z € H*(A). Finally, note that CC®*(A,A) carries an action of Z/2 (exchanging
p and ¢) which is compatible with the differential, hence induces an action on secondary
Hochschild cohomology.

(12.40)

REMARK 12.10. There is also an interpretation in more abstract categorical terms, along
the lines of (9.29)). In order to explain that in concise terms, suppose temporarily that A
is a dg algebra. One can introduce “A-quadrimodules”, which are chain complexes with
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four mutually commuting actions of A (a corresponding notion of multi-As-module for A, -
algebras was introduced by Ma’u [128]). In particular, D = A ® A is a quadrimodule. We
denote by D7 the same object but where the the ordering of the four A-actions is permuted
cyclically. Then [117, Section 4]

(12.41) HH®* (A, A) = H*(hom(D, D7),

where the right hand side takes place in a suitable derived category of quadrimodules.

Second order Hochschild cohomology comes with an analogue of the (classical) structure of
HH (A, Q) as amodule over HH* (A, A). Namely, for any A-bimodule @, there is a canonical
map

(12.42) HH®*(A,A) @ HH (A, Q) — HH*(A, Q).

An elementary piece of this goes as follows. Let s € H(A)®? be an element satisfying (12.39).
This induces a map

H(Q) — H(Q),
g 3 (=) sgs],

which lands in the center Z(H(Q)) = {q € H(Q) : xq = (—=1)l91#lgz for all 2 € H(A)}, and
it kills the commutator [H(A), H(Q)]. In fact, if s comes from an element of HH®"* (A, A),
the corresponding specialization of (12.42)) and ((12.43)) fit into a commutative diagram

(12.44) HH.(A,Q) HH*(A,Q)

! |

H(Q)/[H(A), H(Q)] Z(H(Q))

(12.43)

DEFINITION 12.11. A diagonal on A of dimension n is an element of HH®"™ (A, A) which
is invariant under the Z/2-action.

THEOREM 12.12. The wrapped Fukaya category W(M) has a canonical diagonal of degree n,

which gives rise to ((12.37)).

We will not explain this in detail. It involves additional moduli spaces of Riemann surfaces,
which are again punctured discs (as in the definition of the Fukaya category) but have two
outputs. The simplest such moduli space, where the Riemann surface is a single infinite
strip, gives rise to an element of HW™* (Lo, L1) ® HW™(L4, Lo) of degree n for each pair of
objects (Lo, L1), which is the categorical counterpart of s € H(A)®2.

REMARK 12.13. Our notion of diagonal is a first order approzimation to that of pre-Calabi
Yau structure in [I17], which includes the A -structure, a cochain representative of a di-
agonal, and higher order terms (for the special case of a finite-dimensional A, an equivalent
notion of boundary A.c-algebra appears in [I81]). It is plausible that wrapped Fukaya cat-
egories should have natural pre-Calabi Yau structures, but it seems that the required moduli
spaces have not been constructed it.
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Two versions of the definition

In order to give some background to the rather formal discussion so far, we should review
the definition of SH*(M). The starting point is the structure of M at infinity, which can be
described by an embedding

(12.45) N x [0,00) = M

where (N, ay) is a manifold with a contact one-form, and where the pullback of 8, by
is e"ay (r € [0,00) is the radial variable). In particular, the Hamiltonian vector
field associated to the function e” is (0, R,), where R, is the Reeb vector field of (N, an).
By perturbing the embedding slightly, one can always achieve that all closed Reeb
orbits (including multiples of the primitive ones) are transversally nondegenerate, and we
will assume from now on that this is the case.

Choose a function h € C*°([0, 00), R) with the following properties:

h'(0) > 0 is small,
(12.46) W'(r) > 0,

lim, o A/ (r) = oo.
Take a Morse function H on M, such that dH is small outside (12.45)), and H(r,y) = h(e")
at infinity. The associated time-dependent Hamiltonian vector field X then satisfies
(12.47) X(r,y) =h'(e")(0,Ry).

By choosing h and H suitably, one can achieve that one-periodic orbits of X are either
constant x(t) = p, where p is a critical point of H, or else of the form

(12.48) w(t) = (ryy(p14))
where y : R — N is a periodic Reeb orbit, p > 0 the period (but not necessarily the minimal
period), and r > 0 the unique number such that h'(e”) = p.

As usual in Hamiltonian Floer theory (see e.g. [L162] for an introduction), we formally set
up Morse theory on the free loop space LM with respect to the action functional

(12.49) Ap(z) = /5 =l + Hia(t)) dt.

Critical points are (parametrized) 1-periodic orbits of X. One can arrange that the orbits
disjoint from are nondegenerate. Those of the form come in S'-families
(because of the parametrization) which are transversally nondegenerate. On each S!-family,
one can choose an auxiliary Morse function with two critical points. The resulting Morse-
Bott type Floer cochain complex is of the form

(12.50) CF*(H) = PK-i(p)] & @ (K[-i(y)] & Kl-i(y) - 1)).

where the first sum is over critical points of M, and the second one is over periodic Reeb
orbits on N (including multiple orbits). The degree i(-) is a Conley-Zehnder index. The
definition of the differential on (12.50) involves a mixture of pseudo-holomorphic cylinders
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and Morse trajectories, in the manner of [31]. SH*(M) is then defined as the cohomology
of (12.50)) (this description, which partially fleshes out the one given in Lecture @ is closely
related to the points of view adopted in [38], [36]).

There is also an equivalent, but technically a little simpler, approach. Choosing an increasing
sequence of numbers A, > 0 such that limg A\, = oo, and such that N has no closed Reeb orbit
of period A,. Correspondingly, take Hamiltonians Hy, such that H;(r,y) = Age” over the cone
. Note that these can now be time-dependent (on the rest of M), with t € R/Z = S*.
This breaks the S'-symmetry, and one can therefore achieve that the one-periodic orbits are
nondegenerate. The resulting Floer cochain complexes CF*(H}) are related by continuation
maps CF*(Hy) — CF*(Hy41), and one defines

(12.51) SH*(M) = limy, HF*(Hy,).

In either version of the Floer-theoretic framework, operations on SH™*(M) arise from Rie-
mann surfaces S with marked points ¥ C S and additional marked tangent directions at each
of those points. There is an additional condition, namely that there should be a one-form
Bs on S\ X such that:

e dfg is everywhere < 0, and vanishes near X.

e The integral f Bs along a small loop around any point of ¥ is nonzero.

The second condition divides ¥ = " U X°", depending on the sign of f Bs. The associated
operation will take as inputs elements of SH*(M) at every input point, and take values in
the tensor product of copies of SH* (M) associated to the output points. Instead of a single
Riemann surface, one can also use a family of such surfaces parametrized by a closed oriented
manifold. The spaces of framed little discs appear naturally as moduli spaces of genus 0
Riemann surfaces with a single output point. More details can be found in [175}, 157, 184].
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LECTURE 13

Equivariant modules ***WARNING***: CONTAINS AN
ERROR (MARKED AS SUCH)

Our next topic is the equivariant counterpart of the basic theory from Lectures [7] and [§
Before we start with that, a few general remarks may be helpful. Given a discrete group
G acting on an algebra A, a G-equivariant A-module is the same as a module over the
semidirect product (also called skew group ring, or smash product) algebra A x G. This
makes it straightforward to set up the theory of equivariant modules, even though its eventual
complexity depends on that of the representation theory of G over the ground field K of A;
and the same remains true in the context of A.,-algebras. We will see a bit of this theory
in Lecture [[4l

However, our primary interest lies in continuous symmetries, specifically actions of the al-
gebraic group G,,, and the ground field C (so G,, = C*). A bit more generally, we will
allow any reductive algebraic group G over C, since that can be done without adding much
complexity (readers interested in an exposition specifically geared towards G, might look at
[182] Section 2]). The theory of (rational) representations of reductive groups is fairly close
to the finite group case. However, the semidirect product trick no longer works, and in fact
the theory of equivariant A.,-modules is a little quirky.

Background from representation theory

Let G be a linear algebraic group over C (one possible textbook reference for the material
which follows is [81]). A linear representation of G is called rational if it is the direct
sum of finite-dimensional (algebraic) representations. For instance, the space of regular
functions C[G], with g € G acting by f — f(-g), is rational. Rational representations and
equivariant linear maps between them form an abelian category, which is in fact equivalent
to the category of comodules over C[G] (with the coproduct dual to the group structure of
G). From this viewpoint, C[G] is the cofree comodule, which means that

(13.1) Hom (W, C[G))Y =WV

for any rational representation W (the map is given by composing with evaluation at the
identity, C[G] — C; and the G-action on the right hand side of corresponds to the
action f — f(g~!) on the left hand side). We should also recall the notion of character of
a finite-dimensional representation,

(13.2) xw € C[G]¢less,

131
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This is defined by xw(g) = Tr(g : W — W), and takes values in the ring of class functions
(conjugation invariant regular functions, with the usual multiplication). Let R"(G) be the
abelian tensor category of finite-dimensional representations. Then, characters define a ring
homomorphism

(13.3) X : Ko(R"(@)) — C[G]ass,

From this point onwards, we will assume that G is reductive. Then, each rational represen-
tation has a canonical decomposition

(13.4) W= wy,

where the direct sum is over representatives of each isomorphism class of (finite-dimensional)
irreducible representations, and Wy is a direct sum of copies of V. More explicitly,

(13.5) Wy = (VVeW)?®V = Hom(V,W)° eV,
where the map from right to left is the contraction ¢ ® v — ¢(v). As an example, setting

W = C[G] and using (13.1) (with V replacing W) gives us C[G]y = V'V, which yields a
well-known algebraic analogue of the Peter-Weyl theorem [81] Theorem 4.2.7]:

(13.6) CleI =PV eV.
1%

Applying (|13.4) to finite-dimensional representations shows that the category of such repre-
sentations is semisimple. In fact, (13.3)) yields an isomorphism

(13.7) Ko(RF™(@)) @7 C — C[G] .

ExaAMPLE 13.1. For G = G,, = C*, the irreducible representations V are one-dimensional
and labeled by integers. Hence, a rational representation is simply a vector space W with a
decomposition as a direct sum of graded pieces. If we identify C[G]°** = C[G] = C[t,t™!]
in the obvious way, then Ko(R"(G)) = Z[t,t71].

We will also encounter representations which are not rational, but only products
(13.8) w =[] w,
iel
where the W; are rational. For any irreducible V, set Wy = [],.; Wi v. One gets a diagram

of injective maps

(13.9) ®V Wy —W

inclusk l

[Ty Wv.

The inclusion Wy C W can be characterized intrinsically, which means without reference
to the product (13.8), as the image of the (injective) contraction Hom(V,W)% @ V. — W.
Unfortunately, it seems that there is no similar characterization of the projections W — Wy,
which enter into the | map in . One way to add the necessary information is to equip
(113.8) with the product of the discrete topologies on the W; factors. Let’s call the result a
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pro-rational representation. Note that €, Wy is then dense in W (and so is the smaller
subspace @W W; v). In particular, for any V' there is a unique idempotent endomorphism
of W which is the identity on Wy, kills the subspaces associated to other finite-dimensional
representations, and is continuous. This provides the desired description of the projections
to Wy, at the cost of having to remember the topology.

EXAMPLE 13.2. Let W,U be rational representations, say W = @, W; with W; finite-
dimensional. That makes

(13.10) Hom(W,U) = [, Hom(W;,U) =[[, WY @U

into a pro-rational representation. The associated topology is that of pointwise convergence
of maps W — U.

Now suppose that C' is a chain complex of pro-rational representations, with a differen-
tial which is equivariant and continuous. The differential preserves each Cy C C, and by
continuity it also commutes with the projections C' — Cy . Then, (13.9) induces a diagram

(13.11) @, H*(Cy) H*(C)

inclusion i

[Ty H*(Cv).
In particular, specializing to the trivial representation, one finds that
(13.12) H*(C%) — H*(C)¢

is split-injective.
ExAMPLE 13.3. The | in (13.11) is not necessarily injective. For instance, consider
(13.13) C={@v nclwion, TTv}.

v v

This is a complex of pro-rational representations. In fact, the first term is rational, hence
carries the discrete topology, which means that the differential is obviously continuous. We
have H*(Cy) = 0 for any V, but H*(C) # 0. Unfortunately, I do not know an example

where (13.12) fails to be an isomorphism.

Group actions on A, -categories

Throughout the rest of our discussion, A will be an A..-category with a G-action. The action
is understood in a naive sense, meaning that each space hom” (X,Y) (X,Y € Ob(A), k € Z)
is a rational representation of GG, in a way which is strictly compatible with A.-operations.
We denote by A% the subcategory with the same objects, but where only invariant morphisms
are allowed. Among the standard results that carry over to the equivariant context without
problems, two are worth mentioning because they will be used later on: the theorem that
says that any A is quasi-isomorphic to a strictly unital one; and the Perturbation Lemma,
which says that any A is quasi-isomorphic to a minimal one (one with vanishing differential).
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EXAMPLE 13.4. Let A be an Ayo-algebra such that that ﬂi{ =0 for alld # 2. Then, it carries
an obvious action of the multiplicative group G,,, namely the one that acts with weight d on
A, Of course, our assumption just says that A is a graded algebra in the classical sense. It
is therefore not surprising that in this case, the category of G, -equivariant A-modules (to
be introduced soon) is essentially equivalent to the derived category of complexes of graded
modules in the classical sense; see [182, Section 2].

There is a “converse” statement, stating that the presence of a suitable (infinitesimal) sym-
metry enforces formality. Let A be a minimal Ao -algebra. Suppose that there is a Hochschild
cocycle ¢ € CCH(A, A) such that ¢° € A vanishes, and such that ¢' € HomO(A,fl) is the
Euler derivation, meaning tht it is d times the identity on A* for all k € Z. Then, A is
necessarily formal. One proof involves the spectral sequence associated to the length filtration
of HH* (A, A). Its starting page is

(13.14) BV = HHY (A, Alg)),

where A is the graded algebra of which A is an As-deformation. Suppose that A is not
formal, and that m = [uga] € HH*(A, A[2 — d]) is the first nontrivial deformation class

(d > 2). In that case, the first nonvanishing differential on (13.14)) is the Gerstenhaber
bracked with m. If f € HHl(A,A) is the class of the derivation ¢!, then by definition

(13.15) [m, f] = (d —2)m # 0.

But that would contradict the assumption that f survives to yield the leading order term of
a class in HH" (A, A).

EXAMPLE 13.5. Let M be a smooth projective variety, E the total space of its canonical
bundle Ky, and i : M — E the zero-section. Suppose that X is an object of D®Coh(M).
There are canonical (up to quasi-isomorphism) proper differential graded algebras A and B
such that

H*(A) = HomEbCoh(M)(XvX)7

(13.16) . N . .
H (’B) = HomeCoh(E)(Z*X7Z*X)'

One can arrange that A is a subalgebra of B (the induced map on cohomology is that given
by ix ). One can further arrange that B carries a G,,-action, corresponding to rotation of the
fibres of the anticanonical bundle, which is trivial on A and has weight 1 on a complemen-
tary subspace. If we identify that complementary subspace with B/ A, the existence of this
symmetry implies that the only nontrivial As-operations on B are of the form

(13.17) AP 5 A,

(13.18) A% @ (B/A) @ A®P — B/A.

The products (13.18)) define the structure of B/A as an A-bimodule over A, and then B
is the so-called trivial extension algebra formed from A and that bimodule. In the particular
case of the canonical bundle, we actually have

(13.19) B/A ~ AY[~dim(E)].

Therefore, B is entirely determined by A (see [166), 24}, [179] for more details).
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We should point out that these considerations have geometric significance. Suppose for a
moment that E is a general Calabi- Yau variety, containing M as a hypersurface. The normal
bundle to M is then necessarily identified with Kp;. However, it is not necessarily true that
the formal neighbourhood is isomorphic to that of the zero-section inside the anticanonical
bundle (the first example would be where M is a fibre of an elliptic fibration E — C; then,
Ky is trivial, but the j-invariant of the fibres usually varies, and that affects the structure of
the formal neighbourhood of M ). Correspondingly, the isomorphism of bimodules still
holds, but fails to describe B completely; the additional information contained in B reflects
the higher order infinitesimal geometry of the embedding M C E.

REMARK 13.6. It is legitimate to ask why we restrict our discussion to actions of G in a
naive sense, rather than introducing a more “categorically appropriate” notion (as done in
[67] for classical categories; the cochain level version would obviously be more complicated).
The answer lies in our choice of intended applications. In simple algebraic situations (such
as Example , the strict action on G can be written down directly. In algebro-geometric
examples (such as Examplem one can again get G to act strictly on the resulting Ao -
algebras, even though that requires a little more care. Finally, in situations arising from
symplectic topology, we will indeed encounter difficulties in constructing group actions: but
those difficulties are primarily geometric ones, in which the lack of an more sophisticated
algebraic formalism is only a secondary issue.

Twisted complexes

One can define, in a relatively straightforward way, the category of equivariant twisted
complexes A%, This is again an A -category with a G-action, and contains A as a full
Ao-subcategory. Objects of A% are of the form (C, d¢) as in , but where the W; are
finite-dimensional graded representations of G. The differential - should be G-invariant,
and the filtration which is required to exist as part of the definition of a twisted complex must
be compatible with the G-action. Morphism spaces are the same as in the non-equivariant
case, and carry an obvious G-action.

***Warning***. The following Lemma is wrong. As an example, consider
D®Coh(CP'), with the C*-action induced from . All objects are direct sums
of their cohomology sheaves, and similarly for equivariant objects. However, the
structure sheaf of a (general) point is not a direct summand of an equivariant
sheaf. If one follows through the proof, it would tell one to write that structure
sheaf first as Cone(O(—1) — O), and then make the arrow equivariant by passing
to Cone(0(—1) - 0@ O® V), for a suitable character V. But that cone is isomor-
phic to O(+1), of which the structure sheaf of a point is not a direct summand.
The error lies in the construction of . This affects some of the arguments
in the following lecture — I will fix it at some point.

LEMMA 13.7. (¥***Incorrect®***) Fvery twisted complex is a homotopy retract of an equi-
variant twisted complez.
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PRrROOF. As mentioned before, after applying a G-equivariant quasi-isomorphism, we
may assume that A is strictly unital. Our strategy of proof will be to show that if Cy, C are
homotopy retracts of equivariant twisted complexes, and a € hom$.,... (Co, C1) is a closed
degree 0 morphism between them, then the mapping cone Cone(a) is again a homotopy
retract of an equivariant twisted complex (note that we do not assume that a is G-invariant;
otherwise, the statement would be trivial). This clearly implies the desired result.

To keep the notation simple, let’s first consider the special case where we start with two
objects X, X7 of A itself. For any irreducible representation V', consider the equivariant
twisted complex (with zero differential) V @ VV ® X1, with the given action of G on V'V,
and the trivial action on V. This comes with morphisms

diagonal®ex contraction®ex,

(13.20) X, VeVYeX; X,

whose composition is dim (V') times the identity. Because of the way in which we have defined
V ®@VV ® X1, these maps are generally not G-invariant. Instead, composition with the first

map in (|13.20)) recovers the isomorphism
(13.21)  homa(Xo, X1)v = homaw (X0, VY @ X1)9 @V 2 homa(Xo,V @ VY @ X1)°.

Given a closed a € homgl(Xo, X1), write it as a = ay, + - - - + av,, where each ay, belongs to
the subspace associated to some irreducible representation V;. Compose ay, with the first
map in (|13.20]) for the corresponding representation to get a G-invariant morphism

&:&Vl @---Bav,

(13.22) Xo Pvievex.
If we compose this with the direct sum of the second maps in (|13.20]), the outcome is a times
dim(€P, V;). After dividing by that constant, one gets the following diagram in A™:

(13.23) Cone(a) — Cone(a) — Cone(a).

\/

identity

Since a is invariant, Cone(a) is an equivariant twisted complex, hence Cone(a) is a homotopy
retract (a strict retract, in fact) of an equivariant twisted complex.

The same argument applies if, instead of (Xo, X1), one starts with equivariant twisted com-
plexes and a morphism between them. Finally, suppose that we have two twisted complexes
(Cp, C1) which are homotopy retracts of equivariant twisted complexes (C'o, C'l) Then, the
cone of every morphism Cy — (7 is a homotopy retract of the cone of a morphism Co — Ch,
to which the previous statement applies. |

Modules

An equivariant A-module M associates to every object X in A a graded vector space M (X)
whose graded pieces are rational representations of G, together with A,.-module operations
which are G-equivariant.
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ExXAMPLE 13.8. If Y is an object of A, the Yoneda module YY" (X) = homa(X,Y) is
naturally equivariant.

EXAMPLE 13.9. Given an arbitrary A-module M, one can define an equivariant module
M™% qs follows. The underlying vector space is

(13.24) M (X) = C[G) ® M(X),

with the G-action inherited from C[G]. This means that if we think of elements as functions
m: G — M(X), then the action is by (gm)(-) = m(-g). In the same terms, the As-module
structure s

(13.25) foytonss (M5 0, -, 01)(9) = py (mA(g); glaa), - ., glar)).

Note that is local in g € G; or to express it more formally, M°™"(X) is a module
over the algebra of functions C[G] by pointwise multiplication, and this is compatible with its
Aoo-module structure (later, we will think of this additional structure as making M™% into
a family of modules over the affine algebraic variety G).

ExAaMPLE 13.10. Suppose that M is already equivariant, and W is a rational representation.
Then, one defines another equivariant module W @ M by setting (W @ M)(X) = W @ M(X)
with the tensor product action of G, and the A~ -module structure

(13.26) u‘l,é,d@)M(w ®M;ad,...,01) =W u}\j[d(m; Agy - -, 01).

In the special case W = C[G], the tensor product is isomorphic to M°™". This is not entirely
trivial: even though these two modules associate the same space to any X, the G-actions are
different. The isomorphism is set up in such a way that the image of m € M°™"*(X) in
(C[G] ® M)(X) is the function g — g~ m(g).

We denote the dg category of equivariant A-module by A®-™°¢  This has the same mor-
phisms as in the non-equivariant case, except that now hom gee-mea (M, N') carries a natural
G-action. Restricting to invariant morphisms yields a subcategory A-"°%¢ (Example m
is part of the right adjoint to the forgetful functor Ac-med.G — gmed),

There is a hidden technical issue in this description. To simplify the notation in the following
discussion, let’s assume that A is just an A..-algebra, so that modules consist of a single
graded vector space, equally denoted by M. The morphism spaces in A™°¢ are not rational
representations of G. Instead,

(13.27) hom ey mot (M, N) = hom)joa(M, N) = [ [ Hom*~*(M ® A®%, N)

d>0
can be made into a pro-rational representation (by writing M and A as the direct sum
of finite-dimensional representations, and Hom(-, N) correspondingly as a direct product).
More concretely, the associated topology is the topology of pointwise convergence (in the
discrete topology) of each expression ¢'i%(m;ag,...,a1). In particular, the differential on
is continuous, as is the composition of morphisms. Applying the previous general
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considerations, one has graded subspaces
hom gea-mot (M, N)y =V @ Hom(V, hom geq-mot (M, N))€
(13.28) 2V ® hom gegmoa,c(V & M, N)
=2V ® homge-moc (M, VY @ N),

associated to irreducible representations V', a diagram
(13.29)
D, V @ H*(hom geq-moac (M, VY @ N))

H*(hom geq-moa (M, N))

|

[Iy V ® H*(hom ges-moa.c (M, VY & N)),

inclusion
and a split injection
(13.30) H*(hom geq-mot,c (M, N)) <= H*(hom geq-moa (M, N))©.

It will be important for us that the splitting is natural (under composition of morphisms).
Of course, all of this also holds for general A,,-categories rather than algebras.

LEMMA 13.11. Let A be a proper A -category, and M, N equivariant A-modules which are
proper. Then the | map in (13.29)) is an isomorphism, and so is ({13.30)).

ProOOF. Without loss of generality, we may assume that A and the modules are minimal,
hence consist of finite-dimensional graded vector spaces. In that case, hom geq-moa (M, N) is
a direct product of finite-dimensional representations of G, hence isomorphic to the direct
product of , and the result is obvious (readers wishing to avoid the initial use of
Perturbation Lemma techniques may want to rely on the spectral sequence associated to the
length filtration instead). O

Perfect modules

Take an equivariant A.,-module N. One can extend this to an equivariant module over
At in a canonical way. On the vector space level, this looks as follows:

(13.31) c=Pwex; = NOCO=PNX)aW,
il i€l
and then dc enters into the definition of the A,-module structure. In particular, N(C)

is a again a rational representation in each degree. Now let CY°" be the Yoneda module
associated to an equivariant twisted complex. There is an equivariant quas-isomorphism

(13.32) N(C) — hom, geamea(CY°", N),
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By taking the mapping cone of (13.32) and applying (13.11)) to it, one sees that the in-
duced map on the subcomplexes associated to rational representations V are again quasi-

isomorphisms. Hence, we get a commutative diagram

o

(13.33) Dy H*(N(C)v) H*(N(C))

l: l:

B H*(hom geqmoa (CY™, N)y ) ——= H*(hom geq-moa (CY°™, N))

which shows that the — in (13.29)) is an isomorphism if the first of the two modules involved
comes from a twisted complex. We want to extend this property to a slightly larger class:

DEFINITION 13.12. Let M be an equivariant A-module. We say that M is equivariantly
perfect if, in HO(A®m°)C it is a retract of the Yoneda module associated to an equivariant
twisted complex. We write AP C Ao for the full A -subcategory of equivariantly
perfect modules.

We have required the retractions to be G-invariant only on the cohomology level, but this is

yon

in fact not an issue. To see that, take C as before, and let

(13.34) [1] € H (hom geqma (C¥O", C¥O7))C

an endomorphism which is idempotent and G-invariant (on cohomology). It follows from
that one can choose a representative m which is strictly G-invariant. Now suppose
that M is the homotopy retract associated to [r]. This means that we have maps C — M
and M — C, which are G-invariant on the level of cohomology, and whose composition is
[r]. Using the split-injectivity of , one can apply a projection and obtain new maps
which have G-invariant cochain level representatives, and whose composition is still [7] on
the cohomology level. Applying again, it follows that the cochain level product of
those new representatives differs from 7 by the coboundary of a G-invariant cochain. Hence,
M is in fact a homotopy retract of C' in A-m°%C  which means that Definition is not
actually more general than the obvious stricter-looking alternative. This and our previous
considerations of twisted complexes imply:

LEMMA 13.13. Suppose that M is equivariantly perfect. Then the — in (13.29) is an iso-
morphism. As a consequence, H*(hom geq-moa (M, N)) is a rational representation of G. [

In particular, if we define A°1Perf.G c Aea-mod.G to he the full subcategory of equivari-
antly perfect modules (and their G-invariant morphisms), then H*(hom geq-perr,c (M, N)) =
H*(homﬂeq—perf (M, N))G.

Let’s continue our earlier discussion in a slightly different direction. Our representative 7
can be taken to be the Yoneda image of a cocycle p € homY.-w. (C,C)%. As in [T76] Section
4b], one can extend p to an idempotent up to homotopy, which involves a series of higher
order cochain, all of them again strictly G-invariant. This in turn allows the construction of
an equivariant A,,-module M as in [I76, Lemma 4.4], which in H°(A¢-m°4.G) is the retract

of CY°™ associated to [r]. Hence:



140 13. EQUIVARIANT MODULES ***WARNING***: CONTAINS AN ERROR (MARKED AS SUCH)

LEMMA 13.14. HO (A Pe/G) s Karoubi complete (admits homotopy retracts for all idem-
potent endomorphisms). O

ProprosITION 13.15. Let M be an equivariant A-module. Suppose that if we forget the
equivariant structure, M is a perfect module. Then it is also an equivariantly perfect module.

PROOF. Suppose that (forgetting the equivariant structure) M is a homotopy retract of
Cv°"™ the Yoneda module of a twisted complex C. By Lemma [13.7] we can assume without
loss of generality that C' is an equivariant twisted complex. Take the morphisms

p € homYpme (CY", M),
v € homycmoa (M, CYO™)
which express the fact that M is a retract. Under the | map in , these turn into
(pv) € [ [ hompananc (VY @ C¥", M) @ VY,
1%

(13.35)

(13.36)
(by) € H hom, g eq-moac (M, VY @ C¥") @ V.
%

By ((13.33]), only finitely many cohomology classes [py ] can be nonzero. Denote the associated
irreducible representations by (V1,...,V;). Since [p] - [¢] = [eam] on the cohomology level, it
follows that

T
(13.37) > lovi] - v = [ead]-
i=1
Here, the product of [py,] and [cy;] is given by composition of morphisms together with the
dual pairing of V and V'V (it is easy to see that no other ¢, can contribute). Equivalently,
form C =@, V; ® V;¥Y ® C, made into an equivariant twisted complex just as in the proof of
Lemma with its associated Yoneda module C'Y°"™". We then have maps

p=(pvy,...,pv.) € hom gegmot,c (CY", M),

(13.38) .
U= (tvy, .-y tv.) € hom gegmot,c (M, CY™)

whose composition is again [eps] on cohomology. (]

Equivariant Hochschild homology

Suppose, again for the sake of notational simplicity, that A is an A,.-algebra with a G-action.
We can apply the same idea as in to Aso-bimodules, twisting the action by G on the
right hand side only. In particularly, by starting with the diagonal bimodule, one gets the
orbit bimodule

0 =A®C[G],

(13.39) ugt(al, ... s 0iar,. .. a1)(g)

(—p)laletleclbeml P (ol dl 0(g), g(ar), - g(an))
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This is a G-equivariant bimodule, with h € G acting by
(13.40) o(g) — h(o(h™*gh)).

We define the equivariant Hochschild complex to be the invariant part of CC.(A,O) with
respect to the action induced by (|13.40)):

‘ G
(13.41) CC%(A,A) Y cC,(A,0)C = ((C[G] © DA - 1])
i>1
The expression in brackets is again a rational representation, hence if we define the equivari-
ant Hochschild homology HHS(A,A) as the cohomology of (13.41]), then

(13.42) HHS(A,A) = HH,(A,0)¢.

As in Example O carries an additional structure of module over C[G|, and (13.40) is
compatible with the conjugation action of G on itself. Hence, (13.41)) and its cohomology are
naturally modules over C[G]*/%**. In more geometric terms, the spaces HH(A,O) can be

thought of as quasi-coherent sheaves on GG which are equivariant with respect to conjugation,
and (|13.42)) are the invariant sections.

REMARK 13.16. If G is a finite group, one has O = EBgeG g* A, where g*A is pullback of
the diagonal bimodule by g acting on the right. One then finds that, in agreement with our
original motivational remarks,

(13.43) HHS(A,A) = HH,(A x G, A x G).

The right hand side has been studied extensively as an algebraic analogue of orbifold coho-
mology, see for instance [L72), Section 4] or [59].

Given a equivariant A..-functor F : A — B, one gets an induced equivariant bimodule map
Oaq4 — F*Op (where we have added the subscripts to distinguish between the two orbit
bimodules involved), given by a formula similar to . Hence, there is an induced map
between equivariant Hochschild complexes. Carrying over the discussion from Lecture 8] we
note the following properties:

e (Morita invariance) The map HHS (A, A) — HHE (Acrrerf Aearerf) induced by
the Yoneda embedding is an isomorphism.

e (Kinneth formula) Suppose that G acts on A and B, and we form the tensor
product A ® B in a way which is compatible with that action. Then there is a
quasi-isomorphism of chain complexes of modules over the function algebra C[G],

(13.44) CCL(A,04) Rcia CCL(B,0p) — CCL(ARB,Oaxs)

which is compatible with the action of G by conjugation. In particular, from that
one gets an exterior product

(13.45) HHY(A,A)® HHS (B, B) — HHS (A ® B,A® B).

e (Opposite property) Consider A°PP with the same action as A. Passing to the
opposite transforms the right pullback in (13.39)) to the left pulback. Due to the
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equivariance under conjugation, what one then gets is an isomorphism
(13.46) HHE (A°PP A°PP) =~ HHC (A, A)
which is C[G]¢***-linear in a twisted way (one has to change the module structure

by the automorphism g ~— g~1).

e (Normalisation) For A = C with the trivial action of G, it is straightforward to see
(using the reduced version of the equivariant Hochschild complex) that

(13.47) HHEY(C,C) = C[G]¢=.

Thanks to functoriality and Morita invariance, one can associate to any equivariantly perfect
module P a class

(13.48) [P)%y € HHS (A, A).

In the special case of A = C, this means that to any complex of rational representations
with finite-dimensional cohomology one can associate a class function, which unsurprisingly
recovers (|13.3)). For any proper equivariant module one has a dual class,

(13.49) M)}, € Hom(HHS (A, A), C[G]¢@*),

and the analogue of , an “equivariant Cardy relation”, says that

(13.50) (MG, (PG 4r) = X(H* (hom geaenea (P, M) € C[G]1.

Supposing that A is proper, one can also restrict to considering only perfect modules, which
yields a pairing

(13.51) ()G s HHS (A, A) @ HHS (A, A) — C[G]¢1*.

Since it involves passing to the opposite of A, is C[G]%-linear in the second variable,

but linear only in the twisted sense in the first variable. This is compatible with what
happens in (|13.50)) if one tensors M or P with finite-dimensional representations of G.

EXAMPLE 13.17. Suppose that A is a directed A -category with objects (X1,...,Xm), car-
rying an action of G. Then

(13.52) Ko(AeTtwG) = [ (AcPer)-G) = [ (RN (G))™

where the map from the right to the left carries (Wi, ..., Wy,) to the twisted complex @, W;®
X;. It is easy to see that

(13.53) HHS (A, A) = (C[G]ass)m

(concentrated in degree 0). The map from (13.52)) to (13.53) consists of m copies of (13.3).
Starting from this and (13.50)), one can give an explicit formula for (13.51)) in terms of the

characters of the morphism spaces in A.

EXAMPLE 13.18. Let A be a linear graded algbra, carrying the action of G = G,, which has
weight j in degree j, as in Example[I5] In that case,

(13.54) O0=AaC[G]=Alt,t'] = Pt'A.

keZ
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The Ay -bimodule structure has only two nontrivial terms,

e A®0 — 0

13.55
( ) pgtt i 0® A — 0.

Both of them are given by the multiplication in A (up to signs due to general conventions).
However, the left action of A preserves each piece of (13.54), while the right action of A7
maps the t* piece to the t*+7 one.
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Making objects equivariant ***WARNING***: PART OF
THIS INHERITS ERRORS FROM THE PREVIOUS LECTURE

Given a category with an action of a group G, one can ask when a given object Y can be
made equivariant (in an appropriate sense). One significant example is Polishchuk’s result
for derived categories of coherent sheaves (which was already mentioned in Lecture [I} as a
generalisation of Proposition :

PROPOSITION 14.1 (Part of [I53] Lemma 2.2]). Let M be a smooth complex projective variety
with an action of G, a connected reductive algebraic group such that 71(G) is torsion-free.
Let Y be an object of D®Coh(M) such that

0 *=1,
(141) HomeCOh(M)(K Y) = C x= 07
0 *x<0.

Then'Y is quasi-isomorphic to a bounded complex of G-equivariant coherent sheaves.

Proofs of such results seem to naturally break into two steps. The first step is to make Y
equivariant in a weak sense, which involves only cocycle identities that can be stated on the
cohomological level. The second step is to replace weak equivariance by a (more desirable)
stricter counterpart. For this second step, two alternative strategies have been pursued in
the literature:

e One strategy involves obstructions which are cohomology classes of G with coeffi-
cients in the negative degree endomorphisms of Y. While this obstruction theory
is very general, one then needs to impose suitable assumptions on G and Y which
ensure that the obstructions vanish. A form of this is implicit in [I53], and the
fully developed idea would find a natural place in the theory of (higher) moduli
stacks of objects [198]; there is also a more elementary formulation in [I82], which
the exposition here fllows. One unfortunate aspect of this approach is that, in
the case of algebraic groups, it ultimately encounters “convergence” issues, which
apparently force one to impose additional assumptions.

e The other strategy, carried out in [65], is to impose restrictions on G from the
start, which allow one to use a more elementary “averaging” process.

145
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We will explore both approaches, since each is instructive in its own way. Ultimately, the
more elementary approach seems to be more useful for our purpose. For expository reasons,
we start by looking at discrete group actions, and then return to algebraic groups.

Acknowledgments. 1 would like to thank Bertrand Toén for explaining to me which form the
obstruction theory should take.

Discrete groups

Let A be an A.-category over a field K, carrying an action of a (discrete) group G. Here, the
notion of action is again understood in the naive sense, as an action on Ob(A) accompanied
by maps between the morphism spaces, which strictly satisfy the relations of G and are
compatible with the A..-structure.

DEFINITION 14.2. Suppose that A is strictly unital (the G-action then automatically preserves
the strict units). A strictly equivariant object of A is an object Y together with morphisms

(14.2) py(g) € homY (g(Y),Y), ge€@,
such that

pa(py(9)) =0,
(14.3) 15 (py (92); 92(py- (1)) = Py (9291),

If Y is strictly fixed by G, then it becomes strictly equivariant by setting pj-(g) = ey for
each ¢ € G; or one can also twist the action by a character x : G — K*, by setting
pi-(9) = x(g)ey. Strictly equivariant objects are a little more general than this example,
but still not flexible enough for general use.

DEFINITION 14.3. A weakly equivariant object of A is an object Y together with morphisms
py(9) € homy (9(Y),Y), g€G,

p%/(QZagl) S hom;[l(gzgl(y)vy)v 91,92 € G7

such that the following relations hold:

palpy(9)) =0,

1 (P3 (92, 91)) + 1o (py (92): 92(p3-(91))) = Py (g2g1) = O,

and p3y-(eg) is cohomologous to the identity of Y.

(14.4)

(14.5)

This definition is of a quite different nature than the previous one: even though we have
formulated it on the level of A, its content is entirely cohomological, saying that the classes
[0 (9)] € Homiy4y(9(Y),Y) satisfy the condition

(14.6) [0y (9291)] = [Py (92)] - g2([p3 (91))])-
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Similarly, if X, Y are two weakly equivariant objects, then Homp; 4y (X,Y’) carries an induced
action of G, given by

(14.7) [a] — [py (9)] - [9()] - [P (9)] -
Even though it was not strictly necessary so far, the chain level formulation in (14.5) is still
useful, because it motivates an extension to higher homotopies:

DEFINITION 14.4. A coherently equivariant object of A is an object Y together with

(148) pg’(gTy"'agl) S hom‘]Air(gT""gl(Y)’Y)? 9g1,---,9r S G
such that the following generalization of (14.5|) holds:

Z/’Lil(pgfd(g’m s ?gT—Td+1)7 sy
(149) Gr- gT1+T2+1(p§f2 (gT1+T2’ s ’gT1+1))a gr - gT1+1(erI (gT1 yee 791)))
+) (=175 (grs -1 Gg419g5 -5 1) = 0.
q

Here, the first sum is over all partitions of r (d > 1, r1 +---+ 15 =1). We also impose the
same condition on pi (eq) as in Definition .

PROPOSITION 14.5. Let Y € Ob(A) be weakly equivariant, and make Hom 4y (Y,Y) into a
representation of G via (14.7). Suppose that the group cohomology with coefficients in that
representation satisfies

(14.10) H"(G, Homy [, (YY) =0 forr>2.

Then'Y can be made coherently equivariant.

This is an obstruction theory exercise, which we will not reproduce (for some more details,
see [182] Section 8c]).

EXAMPLE 14.6. Consider the situation where the G-action on A is trivial. Then, a coherently
equivariant structure for Y is the same as an Ao -functor

(14.11) R:K[G] — A

(the group ring K[G] is considered as an A -category with a single object, which maps to
Y under R). The standard obstruction theory for building A -functors involves Hochschild
cohomology [IT6), Section 1g]; but as already noticed in [64, Equation (5.7)], for group rings
Hochschild cohomology reduces to group cohomology.

The G-action on A induces one on A™°¢ so in principle all the flavours of equivariance
discussed above (strict, weak, coherent) could be carried over to modules. However, we will
reserve the simpler name “equivariant A..-module” for the naive notion as in Lecture
meaning that such a module consists of graded vector spaces M (X) together with linear
maps M (X) — M(g(X)), which strictly satisfy the group relations and are compatible with
the A,,-module structure. In that sense, we have:

PRrOPOSITION 14.7. Suppose that Y is coherently equivariant. Then its Yoneda module is
quasi-isomorphic to an equivariant As-module.
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PrOOF. This is done by an explicit construction, based on the standard projective bar
resolution of G-modules. To motivate that construction, it is convenient to temporarily
assume that A is strictly unital, and to write down an “infinite twisted complex” of the form

(14.12) C=Pga)r-1]
where the sum is over r > 1 and (¢1,...,9-) € G". Let’s denote the summands by
(14.13) (9r.- - 91)

gr g (Y)[r—1] -
The differential §¢ combines multiplication on G and the morphisms ([14.8)). A piece of this

“twisted complex” is represented (without signs) in the following diagram:

(93, 9291) 93(py (9291)) g3
939291 (Y)[1]

€939291 (Y) 93(p3 (92,91
93(py-(92))

(93,92, 91)  9392(py (90)) (93, 92)
€9392(Y)
€939291(Y)

939291 (Y)[2] g392(Y)[1]
(9392, 91) 9392(py (91)) g3gs

939291 (Y)[1] g392(Y")

The necessary Maurer-Cartan equation is a consequence of ((14.9)), as illustrated by the top
part of (14.14). Moreover, again using (|14.8)), one defines a “morphism of twisted complexes”
C—Y.

(14.14)

The previous discussion is not entirely rigorous, since we have not specified the meaning of
“infinite twisted complex”. However, one can certainly associate to (C,d¢) a Yoneda-type
left A-module N; and at that point, one can in fact forget about the motivation and just
take the definition of N as a starting point (this also allows one to drop the strict unitality
assumptions). The underlying graded vector spaces are

(14.15) N(X) =[] homa(gr -1 (Y), X)[1 =],
with the same indexing set as before, and with differential written in parallel with as
(#?\}l(f))r(gr, 1) = Z(_l)‘f‘(rfrd)/iﬁ[ (de (Grs s Grorat1)s oo
(14.16) gr+ Gritrat1 (0% (Gritras -1 9 41))s 90 Gra41 (3 (9o -5 1))
+Z ‘qu i 1(9r,-~~79q+19q7~~,91)~

N is an equivariant module, with the action (g - f)"(gr,-..,91) = f(gr,-..,919). There is
also a distinguished cocycle in N(Y'), which gives rise to a quasi-isomorphism from the left
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Yoneda module of Y to N (the quasi-isomorphism property is proved by a simple filtration
argument). By passing to A°PP, one obtains the corresponding statement for right modules,
which is the desired result. ]

EXAMPLE 14.8. Again, it is maybe instructive to think of the case when the action is trivial,
so that the coherently equivariant structure is given by (14.11)). Then
(14.17) N = homg(gyme (C[G], R*A),

where we pull back the diagonal bimodule A via (14.11) to an (A, C[G])-bimodule, and then
take the space of A-module maps for the right action of C[G], leaving a left A-module.

COROLLARY 14.9. Suppose that Y is weakly equivariant, and that (14.10) holds. Then the
Yoneda module of Y is quasi-isomorphic to an equivariant As-module. O

This concludes our discussion of the obstruction theory approach. We now pass to the
alternative and more elementary strategy. As before, we temporarily impose the condition
that A should be strictly unital. More importantly, we require that:

(14.18) @ is a finite group, and its order |G| is coprime to char(K).

We need to quickly reconsider the definition of equivariant twisted complex over A, to make
sure that it is properly adjusted to the finite group case. Such a complex C' is of the form
where the indexing set I carries an action of our group G, the associated objects satisfy
X4y = 9(Xs), and the vector spaces come with linear graded maps A;(g) : Wi — Wy,
whose combined action

(14.19) @)\ ®egx,) :9(C) = @Wi ®g(X;)) — C= @ 9(i) ® Xg()

yields maps of twisted complexes satlsfymg the same conditions as in Definition [1 We
will actually need only one particularly simple example: given any object Y of A, the dlrect
sum

(14.20) yorrit = @B g(v
e

(with vanishing differential) is obviously an equivariant twisted complex. In particular, it is
a strictly equivariant object of the category A with respect to the induced G-action.

LEMMA 14.10. Suppose that (14.18]) holds, and let Y be weakly equivariant. Then Y is
a homotopy retract of Y in such a way that the associated (cohomology level) maps
Y — Yortit gnd Yo't Y are G-invariant with respect to (14.7)).

PROOF. Consider first the morphisms

By (gh): Y — v,
geG

@py Yorbzt Y
geG

(14.21)
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Their composition

(14.22) > wh ey (9), 903 (971) =Y walpy(g,97)) + IGloy(e)

is cohomologous to |G| times the identity (readers will recognize this idea from Lemma [13.7)).

By assumption (14.18)), we can divide by |G|. Invariance of the maps (14.21)) under (14.7)
can be checked by hand. ([

PROPOSITION 14.11. In the same situation as Lemma[1{.10, the Yoneda module associated
to Y is quasi-isomorphic to an equivariant A.-module.

Proor. Take the morphisms in (14.21]), compose them in reverse order and divide by
|G|, so as to get a cohomology level endomorphism of Y °™# which is idempotent and G-
invariant.

As mentioned in Lecture [7, the category A™°? is closed under homotopy retracts. Similarly,
given an equivariant module and a G-invariant idempotent endomorphism, one can find a
G-invariant module which is its homotopy retract (under our assumptions on G and K).
Indeed, we have already discussed this (for the more difficult case of algebraic groups) in
Lemma Applying this fact to the Yoneda module M°™% of Y°™% and the given
idempotent yields the desired result. O

Clearly, (14.18)) implies that all the cohomology groups in vanish. Hence Proposition
is a special case of Corollary (but the proof given above is more direct). Note also
that in both approaches, we could have started with a weakly equivariant module instead of
a weakly equivariant object of A itself.

Algebraic groups

We now return to the main subject of the discussion, which means actions of reductive
groups G as in Lecture This differs from the discrete group case in two aspects: first, the
homological algebra of rational representations of G is built via comodules over the coalgebra
of functions C[G], hence uses injective resolutions dual to the projective ones appearing in
the discrete case. Secondly, actions of G on A..-categories are trivial on objects by definition,
which means that it makes more sense to argue throughout on the level of modules.

Recall from Example that to any A-module M one can associate its orbit module M °™%,
This is parallel to (14.20)) in that it assembles all the pullbacks g* M. To formulate this more
rigorously: if we take any point ¢ € G and the corresponding evaluation homomorphism
C[G] — C, then the fibre at that point is

(14.23) C ®c(g) M = g* M.

For any r > 1, we will also use the pullback of M°™* under the total multiplication map

G" =G, (gr,---,91) = gr - g1, which we denote by
(14.24) porbit,(r) ClG)®" B¢ pporhit
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Explicitly:
Morbit,(r) (X) — C[G]®r ® M(X),
(1425) :U‘Jl\;;irbn,(r) (mv Ady - vy al)(gh cee ,gl) = u}\ifd(m(gﬂ s 791); gr - gl(ad)v

--agr"'gl(al))'

DEFINITION 14.12. A strictly equivariant A-module is an Ao-module M together with a
homomorphism

(14.26) Py € homy s (M, M%)

which pointwise over G satisfies conditions analogous to those in Definition [1Z.3:
Wano (P31(9)) = 0,

(14.27) Woamea (91 P21 (92)s P (91)) = Phs(9291);

prlec) = e

“Pointwise over G” means after evaluation using (one can also formulate this def-
inition without reference to points, see [182, Equation 7.20]). Since we are considering
pullbacks of modules rather than pushforward, the action of G is on the target object of
(14.26) rather than the source as in . As a final point of comparison, no condition
of strict unitality on A is required, since we are actually working in A™°¢ which is always
strictly unital.

DEFINITION 14.13. A weakly equivariant A-module is an As-module M together with ele-
ments

Pt € homS e (M, M),
(14.28) 2 1 bit,(2
Par € hom o (M, M o ))
which pointwise over G? = G x G satisfies conditions analogous to those in Definition :
fpmoa (Phr(9)) = 0,
(14.29) fpmod (P31 (925 91)) + 1 ohmoa (91 Par (92), Par(91)) — Phs(9291) = 0,
[phs(eq)] = [en] € HY(hom gmea (M, M)).

If M and N are weakly equivariant, H*(hom gme (M, N)) carries a G-action, defined as in
(T47).

LEMMA 14.14 (Compare [182] Lemma 7.9]). If M and N are weakly equivariant, and M is
perfect, then H*(hom gmoa(M, N)) is a rational G-module.

ProOF. Consider the C[G]-linear chain maps
(14.30)  hom gmet (M, N ® C[G]) — hom gmet (M, N°™") «— hom gm(M, N @ C[G])
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pointwise given by

2,1 .
oy hotm gt (M, N) 225D, b s (M, g* N,
14.31

) 12 (e (9)

hom gmea (M, g* N ) hom gmea (g M, g* N) = hom _gmes (M, N).

Both are quasi-isomorphisms. If M is perfect, the inclusion

(14.32) hom gmot (M, N) @ C[G] — hom gmot (M, N @ C[G])

is also a quasi-isomorphism. Take the cohomology level map induced by and restrict
it to

(14.33) H*(hom gmoa(M, N)) — H*(hom gmea (M, N)) @ C[G].

This gives H*(hom gmoa(M, N)) the structure of a C[G]-comodule, which is the same as a
rational representation. One checks easily that the associated G-action reproduces (14.7). O

DEFINITION 14.15. A coherently equivariant A-module is an As-module M together with
elements

(14.34) phy € hom!or (M, Moy

for all r > 1, which pointwise over G satisfies conditions analogous to those in Definition
14.4); mamely, the last part of (14.29)) together with the following stremngthening of the first
two parts:

* r—1

oot (Do (Grs -+ 91)) F Y 1o (G5 -+ 95051 (G- 2 9i41), s (G- 91))
i

(14.35)
+ Z(_l)qp”]‘\/;l(g’l“u <3y 9q+19q5 - - - 791) = 0.
q

The simpler form of (14.35)) compared to (14.9)) is due to the fact that A™°¢ is a dg category.

PROPOSITION 14.16 ([182] Lemma 8.3]). Take a perfect Aoo-module M. If M can be made
weakly equivariant, then it can also be made coherently equivariant. O

Even though this may not be analogous from the formulation, the result and proof are
entirely analogous to Proposition One encounters obstructions to equivariance lying
in the cohomology of the algebraic group G, as in , but these vanish in our context
because G is reductive and H*(hom. (M, M)) is a rational representation (by Lemma[13.13));
see [89] for the required group cohomology background. In principle, the same idea could be
applied to other linear algebraic groups, where the obstructions may be nonzero in general,
but we have not tried to carry that out (and instead have included reductiveness in the basic
setup of the theory of equivariant modules, in Lecture .

PROPOSITION 14.17 ([182] Lemma 8.2]). Let M be a coherently equivariant G-module such
that for any X € Ob(A), the graded vector space M(X) is bounded below. Then M is
quasi-isomorphic to an equivariant As-module.
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This is the analogue of Proposition [I4.7] and is based on the same construction starting with
the right module analogue of (14.15)), which is

(14.36) HC 197 @ M(X)[1 —r]

and where G acts on the leftmost of the C[G] factors. The technical wrinkle is that, because
of the infinite product, may not be a rational representation of G in general. The
boundedness condition we have imposed ensures rationality, since it means that only finitely
many r contribute to the direct product in each degree.

One can weaken the boundedness condition to a cohomological one, see [182] Corollary 8.4].
However, it remains a clear weakness of the obstruction theory approach (which one might
interpret as a “convergence issue”). We will therefore now switch to the alternative and
more direct strategy, in which this problem does not appear.

LEMMA 14.18. Let M be a perfect Aso-module which is weakly equivariant. Then M is a
homotopy retract of an equivariant module N, in such a way that the associated (cohomology
level) maps M — N and N — M are G-invariant. Moreover, N is equivariantly perfect.

This is roughly analogous to Lemma |14.10| (which applied to finite groups). However, the
proof does not follow the same path, but instead uses the same idea as in Proposition [13.15

PRrROOF. First, let’s start with an arbitrary perfect M. Lemma shows that M is a
homotopy retract of an equivariant module N, where the latter is also perfect (since it comes
from an equivariant twisted complex). Denote the associated maps by

[o] € H®(hom gmet (N, M)),
[t] € H(hom gmea (M, N)).

At this point, add the assumption that M is weakly equivariant. From Lemma we
know that both cohomology groups in (14.37)) are rational representations of G. Hence, only
finitely many of the components

[plv € HO(hom gmet (N, M))y =2 H°(hom gmea(V @ VY @ N, M))“
[Jyv € HO(hom gme (M, N))yv = HO(hom gmea(M,V @ VY @ N))¢

(14.37)

(14.38)

can be nonzero. Here, we have formed the equivariant module V @ VV ® N by using the
trivial action on V' and the given action on V'V (as in Lemma [13.7]).

Write Vi,...,V, for the representations for which [p]y or [t]yv are nonzero. Take N =
P, Vi®V,Y ® N. Then, as in (13.38) but remaining on the cohomology level throughout,
one constructs elements

D O(hom _gmoa (N
(1439) [p] € H (hom 4 (N,J\~4))7
[i] € H°(hom gmoa (M, N))

which are G-invariant and provide the desired retraction. O
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By arguing as in the proof of Proposition [I£.11] one then concludes the following:

COROLLARY 14.19. Let M be a perfect As-module which is weakly equivariant. Then M is
quasi-isomorphic to an equivariant As-module, which is again perfect. O

Rigidity and equivariance

We now return to the first bullet point from the discussion at the start, which is how to
obtain weak equivariance for a given object. The basic idea is to first establish equivariance
on an infinitesimal level, and then to integrate that. This obviously works only for connected
groups, and for fields like C which permit exponentiation (indeed, we have already carried
out an elementary example of such an argument, in Proposition .

Let A be an A -category with an action of G. Any A,,-module M then comes with a
canonical Killing class

(14.40) Ki(M) € g¥ ® H*(hom gmet (M, M)),

where g is the Lie algebra. The natural cocycle representative of that class is

(14.41) ki(M)54(m;aq, ... a1) = — Z'ij ® u}v}d(m; ag, .- -,vj(ar),...,a1),
j.k

where (v;), (7;/) are dual bases of g and g, and 7;(ay) is the infinitesimal action on A.
Given two modules M and N, the composition with their deformation classes on either side
yields the same map

(14.42) Ki(N)- = -Ki(M) : H*(Hom _gmot (M, N)) — g¥ @ H*(Hom gme (M, N)).

In terms introduced in Lecture @ this reflects the more fundamental fact that (14.40f) is the
leading order term of a class in ¢¥ @ HH' (Amod Amed)  One consequence of (14.42)) is that
(14.40)) is invariant under quasi-isomorphism.

If M is equivariant, ki(M) is the coboundary of

(14.43) mi= (=)™ "y @ 5(m).

Hence, we see that (14.40)) is indeed an obstruction to finding an equivariant module quasi-
isomorphic to M. In fact, even if M is only weakly equivariant, differentiation of p},(g) at
g = e still yields a cochain bounding ki(M).

PROPOSITION 14.20 ([I82], Lemma 7.12]). Let A be an A -category over C, with an action
of G = Gy,,. Suppose also that the morphism spaces H*(homa(X,Y)) are finite-dimensional
in each degree. Let M be a perfect module such that (14.40) vanishes, and such that

(14.44) H(hom gmet (M, M)) = C.

Then M can be made weakly equivariant.

The strategy of proof goes as follows. The weak version of properness we have imposed on
A, together with the fact that M is perfect, implies that H°(hom gmee (M, M°"%)) is finitely
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generated as a module over the algebra of functions C[G]. Vanishing of the infinitesimal
obstruction implies vanishing of the Atiyah class for this module, which is therefore locally
free (a standard fact about coherent sheaves admitting algebraic connections). Because of
7 the module has rank one, hence is trivial. A suitable choice of nowhere vanishing
section then yields the element [p},] providing the weak equivariance structure. We will
not reproduce the details, in part because some of the relevant terminology will only be
introduced later on (Lecture .

COROLLARY 14.21. If A and M are as in Proposition [14.20, there is an equivariant As-
module which is quasi-isomorphic to M. O

This is the result we will actually use in applications. It is obtained by combining Corollary
with Proposition [14.20)

REMARK 14.22. In principle, there is no reason to restrict oneself to the multiplicative group,
but in a more general context one encounters an additional obstruction, which already appears
in Proposition [I].1l Suppose that G is a connected reductive group. Suppose also that the
group Aut(M) = H°(hom gme (M, M))* is again reductive. Then M becomes equivariant
not for the original G, but for a larger group G which fits into a short ezact sequence

(14.45) 1= Aut(M) — G — G — 1.

The obstruction consists in the fact that (14.45)) may not allow an algebraic splitting. If we
assume that HO(hom gme(M, M)) = C, then Aut(M) = C* and the extension is central. But
even then there are cases where no splitting exists, such as

(14.46) 1—- C" — GLy(C) — PSLy(C) — 1,

which appears when one thinks of the action of PSLy(C) on the projective line. The assump-
tion on w1 (G) in Proposition is exactly what allows one to rule out such difficulties.
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Spherical objects and simple singularities
FEEWARNING***: SAME ERROR PROPAGATES

We return to the fundamental idea of Lecture [T} namely that the equivariant Mukai pairing
can be used to derive restrictions on suitable classes of objects. However, instead of applying
this idea to exceptional objects as before, we now consider spherical ones [185]. In the
context of Fukaya categories, such objects arise from Lagrangian spheres, and what we are
looking for are restrictions on the homology classes of such spheres.

In order to apply this method, one must ensure two things: that a complete algebraic
description of the Fukaya category is available; and that this description allows for a circle
action of a suitable kind. While the origin of these actions is mysterious from the present
viewpoint, one can readily check that they are present in a number of examples. Specifically,
we will consider the Milnor fibres of simple (ADE type) singularities (a general background
reference for the topology of isolated hypersurface singularities is [16]). The type A case has
been studied extensively, and results similar to the ones here were obtained in [182]. Thanks
to a certain amount of streamlining in the basic machinery, the D and E cases can now be
treated in the same way (this is still by no means the most general achievable result; in fact,
these kinds of questions can be useful as a yardstick of progress).

Acknowledgments. Remark [I5.16] concerning more general plumbings of spheres, was ex-
plained to me by Mohammed Abouzaid.

Algebraic setup

Let A be an A-category over C which is proper and weakly cyclic of dimension n > 0. We
recall (from Example [7.8) that the latter property means that there is a bimodule quasi-
isomorphism

(15.1) AY = Aln).
Because of the relation (7.31)) between A" and the Serre functor, this implies that
(15.2) H* (hom s (P, Q) 2 H™*(hom e (@, P))"

157
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for any perfect modules P, (). Next, we also assume that A is simply-connected in the
following sense:

One can associate to any object X a real number ox, such that the only part of
(15.3) H*(homa(X,Y)) of degree < oy — ox + 1 consists of multiples of the identity
endomorphisms.

LEMMA 15.1. HHo(A,A) is freely generated generated by the classes [ex] of the identity
endomorphisms of the objects of A.

PROOF. Replace A by a quasi-equivalent A..-category which is minimal, and consider
an expression in the reduced Hochschild complex (Remark [8.5))

(15.4) a®ag®---@a; € CCTA,A).

This consists of a closed chain of morphisms a; € hom4(Xo, X1), ..., aqg € homa(Xa—1, Xa),
a € homy(Xg, Xo). The degree of (15.4) in the Hochschild complex is

(15.5) lal + >k lak| —d = (Ja] + ox, —ox,) + 2y (lak| +ox, —ox, ) —d =0,

and equality can only hold if d = 0 and @ is homologous to a multiple of the identity
endomorphism. On the other hand, each identity endomorphism ey is a Hochschild cocycle.
|

LEMMA 15.2. The pairing (8.10) on HHy(A, A) satisfies

(156) (Z’l,l'o)HH = (—1)"(:L‘0,$1)HH.

PROOF. By the previous Lemma, it is sufficient to show this when zy and x; are identity
endomorphisms of objects Xy and X;. But those Hochschild homology classes are also the
classes [Xo|g g and [X1]gy of those objects, in the general sense of . Then, the desired
statement reduces to by a special case of the Cardy relation (Lemma :

(15.7)
(z1,20)mm = X(H"(homa (X1, Xo))) = x(H" " (homa(Xo, X1))) = (—1)"(z0, x1) HH-

O

A perfect module S € Ob(AP¢™Y) is called spherical if its endomorphism ring is (nonzero and)
as small as it can be given (15.2):

C x=0orn,

0 otherwise.

(15.8) H*(hom gpers (S, S)) = {

PROPOSITION 15.3. Suppose that n is even. Then the class [S]py of any spherical object
is nonzero. Moreover, if Si,..., Sk are spherical objects such that H*(hom gpers (S, Sj)) =0
for all i # j, then the classes [S;|pp are linearly independent over R.

PRrROOF. These are both straightforward consequences of the same Cardy relation we
used before, which says that (S,S)gn =2 and (S;, ;) = 0. O
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We will be interested in the corresponding question when n is odd. This is a priori much
more difficult, and in fact we will be able to make progress on it only in the presence of
suitable additional symmetries.

Dilating circle actions

From now on, we suppose that A carries an action of G = G,,, = C*. The diagonal bimodule
and its dual are then naturally equivariant.

DEFINITION 15.4. We say that the G-action is dilating of weight d > 0 if there is an equi-
variant quasi-isomorphism

(15.9) AV @ Vy = Aln),

where Vg is the one-dimensional representation of G with weight d.

The sign of d is not terribly important, since one can reverse it by passing to the inverse group
action, but it will be crucial that d be nonzero. (15.9)) implies that for any two equivariantly
perfect modules, we have an isomorphism of G-representations

(15.10) H*(hom gpers (P, Q)) =2 H"*(hom g (Q, P))Y @ V.

Recall (from Lecture that we have equivariant Hochschild homology HH Oa(.A,A), which
is a module over C[G] = C[t,t7!], as well as the pairing (13.51]), which takes on the form

(15.11) ()G : HHS(A,A) @ HHS (A, A) — C[t,t7Y].

From ([15.10) and the equivariant version of the Cardy relation (|13.50), we obtain the fol-
lowing:

LEMMA 15.5. If S is spherical and equivariant, the G-action on H*(hom4(S,S)) is trivial
in degree 0 and has weight d in degree n. Hence,

(15.12) ([S)5a, [S)Fim) i =1+ (=1)"¢7.

Along the same lines, we also have equivariant analogues of Lemma and

LEMMA 15.6. The equivariant Hochschild homology HH(C);(A,.A) is the free module over
C[G] = C[t,t 1] generated by the identity endomorphisms [ex].

O
LEMMA 15.7. The pairing (15.11)) satisfies
(15.13) () = (1" (@ 0)5n)
t—t—1
O

The three Lemmas above directly imply the desired analogue of Proposition [15.3]
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PROPOSITION 15.8. Suppose that A is simply-connected in the sense of , has a dilating
action of G with weight d > 0. We assume that n > 3 is odd. Then the class [S|gn
of any spherical object is nonzero. Moreover, if S1,...,Sk are spherical objects such that
H*(hom gyers (Si,S5)) = 0 for all i # j, then the classes [S;]gp are linearly independent over
R.

PROOF. As discussed in Lecture the assumption that S is spherical and n > 1
means that one can always lift S to an equivariant module (which is then also equivariantly
perfect). Write s; = [S]%; for the associated equivariant Hochschild homology class. There
is a canonical forgetful map

(15.14) HH (A, A) ®cp1-1) C — HHo(A,A),

where the tensor product is with the simple module corresponding to the point ¢ = 1. Under
that map, s; goes to the ordinary Hochschild homology class s = [S|gq.

By Lemmas and [15.6) HHS (A, A) is a free C[t,t~']-module, and (15.14) is an isomor-

phism. If s = 0, we therefore could write s; = (1 — t)g;, which would imply

(15.15) (50,5055 = (1—D1— ) (a0, a0)Ger = (12—t a) G € (1—H*Clt, ],
But that contradicts Lemma [I5.5] which shows that

(15.16) (s6,8)G =1—t1=1—t) A +t+---+t71).

To prove the second part, one argues along the same lines (by contradiction). If the classes
in ordinary Hochschild homology are linearly dependent, we get a nontrivial relation in
equivariant Hochschild homology of the form

(15.17) a1$1.+ -+ apsee = (1 —t)q

where s; ; = [Sk]% and a; € R. But then

(15.18) (1= (1~ (g @) = (@ 4+ a2)(1 — 1),

which is again a contradiction. |

Simple singularities

Let M be the Milnor fibre of a simple (ADE) type singularity, of complex dimension n.
Concretely, these are the hypersurfaces

(15.19) M = {p(z1,...,Tn_1,y,2) =1} C C"T
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where
y? + 2"t in type (Ay,), m > 1,
yz2 + 2™ in type (D), m > 4,
(15.20) p=ai 4 a2 Ly 424 in type (Es),
Y3 4y in type (Er),

Y3+ 2° in type (Es).

We equip them with the restriction of the constant (exact) symplectic form on C"*!, and
with the complex volume form nyr = respr(dxy A -+ Adxp—1 Ady Adz/(p — 1)).

LEMMA 15.9. Let T’ be the Dynkin diagram of type (ADE) corresponding to our singular-
ity. Then M contains a collection of Lagrangian spheres S,, indexed by the vertices of the
diagram, which are in general position and satisfy

one point if v,w are connected by an edge,
(15.21) Sy NSy = { b / yan ey

1] otherwise.

Moreover, the classes [Sy] form a basis for H,(M;Z).

This is a classical result. For n = 1, one can use A’Campo’s real Morsification method
[11] to realize the required S, as a distinguished basis of vanishing cycles. The higher-
dimensional statement then follows from this and general stabilization results in singularity
theory. Another consequence of the general theory (for weighted homogeneous singularities),
spelled out in [169, Lemma 4.15], is:

LEMMA 15.10. Let ¢ be the composition of the Dehn twists along the spheres S, (in a particu-
lar order, which we will not explain), considered as a graded symplectic automorphism of M.
Then, some positive power ¢° is isotopic to a shift inside the group of such automorphisms.
More precisely,

(15.22) #° ~ [2a],
where
i+ ﬁ in type (Anm),
. N = in type (D),
(15.23) 7= 1-— 5 = in type (Es),
g in type (E7),
2 in type (E3g).

Let A C Fuk(M) be the full subcategory with objects S,. With the exception of one
case (n = 1 and type (A;), which we have in fact considered before in Proposition [10.9)),
the fraction is nonzero, which by [176, Corollary 5.8] says that the S, are split-
generators for the Fukaya category. We have not encountered this notion before: it means
that the restriction

(15.24) Fuk(M)Pe —s Apert
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is an equivalence. In particular, Fuk(M) then quasi-isomorphically embeds into AP

At least on the cohomological level, A admits a simple description, which is a direct conse-
quence of and general facts about Floer cohomology (similar to Lemma. First,
choose (arbitrarily) an orientation of the edges in the Dynkin diagram, and denote the result
by I'?. Associate to this a linear category A~ over C whose objects X, correspond to
vertices, and whose morphisms consist of the identity endomorphisms as well as morphisms
associated to edges of I'”. Compositions in A™ are zero except insofar as the identity en-
domorphisms are involved. Then, form the trivial extension with respect to the dual of the
diagonal bimodule (this is the same process as in Example :

(15.25) A=A"7 @ (A7) [-n)].
Concretely, the objects of A are still the X,,, and
(15.26) Hom’ (X, X,,) = Hom’— (Xy, X.w) ® Hom’ = (Xw, Xy)" [-n].

The nontrivial compositions come from the algebra structure of A~ and from the bimodule
structure of (A7)Y. Then, the desired description is that, if the grading of the S, is chosen
appropriately,

(15.27) H(A) = A.
LEMMA 15.11. Assume that n > 3. Then A is simply-connected in the sense of (15.3)).

PRrROOF. Assign to the vertices numbers o, € %Z, such that if there is an oriented edge
from v to w, then o, = o, — n/2 (this is always possible since I' is a tree). Then by
construction, Hom’(X,, X,,) is concentrated in degrees n/2 + o, — o, > 1 + 0, — 0y, for
v # w, while the non-identity part of Hom%(X,, X,) is concentrated in degree n. O

LEMMA 15.12. Assume that n > 3. Then A is intrinsically formal, and therefore A itself is
quasi-isomorphic to A.

ProOOF. This is the same kind of degree argument as in the previous Lemma. One shows
that the bigraded Hochschild cohomology satisfies

(15.28) HHP(A, Alq]) =0 for pn/2+q > n.

After specializing to p+q = 2, one sees that under our assumption that n > 3, HHd(A, Al2—
d]) = 0 for all d > 3. This allows one to apply Proposition (alternatively, one can
directly argue that any strictly unital A,,-structure must be formal, which corresponds to
the vanishing of the reduced Hochschild cochain complex in the relevant degrees). O

REMARK 15.13. Suppose that n = 2. Then intrinsic formality still applies in the (A.,) case,
by a computation in [185]. It is not known whether the same holds in types (D,,) and (E,,).
In contrast, for n = 1 intrinsic formality definitely fails, and in fact A is not formal (except
in the trivial (A1) case) [121].

At this point, we may just as well assume that A is equal (and not just quasi-isomorphic)
to the algebraically constructed model A. In particular, it then carries an action of the
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multiplicative group (acting trivially in degree 0, and with weight 1 in degree n), which is
dilating with weight 1. Our previous algebraic results then yield the following:

PRrROPOSITION 15.14. Suppose that n > 3 is odd. Let S C M be a Lagrangian sphere. Then
the class [S] € H, (M) is nonzero. Moreover, if S1,..., Sk are pairwise disjoint such spheres,
then their homology classes are linearly independent.

Again, the corresponding statement for even n is elementary (because then, S-S = £2 for
any Lagrangian homology sphere, and (15.21)) together with standard facts about Dynkin
diagrams implies that the intersection pairing on H,, (M) is definite).

Proor. Take the open-closed string map ({12.25)) and compose it with the standard map
SH.(M) — H_.(M;C). The outcome is a map

(15.29) HH o(Puk(M), Fuk(M)) —s H,(M;C),

which takes the identity endomorphism of any object L to the ordinary homology class [L]
(times the rank of the flat vector bundle &,; however, we will only use trivial flat line bundles).
Because of the split-generation property of the S,, and the Morita invariance of Hochschild
homology, we have HHo(Fuk(M), Fuk(M)) =2 HHy(A,A). This, together with Lemma
also implies that is an isomorphism. Under the quasi-isomorphic embedding
Puk(M) < AP | S turns into a spherical object, which by Proposition has a nonzero
class in Hochschild homology. It follows that the class of S in HHo(Fuk(M), Fuk(M)) is
nontrivial, and therefore so is its ordinary homology class.

For a collection of pairwise disjoint spheres, the same argument shows that [L1], ..., [Lx] are
linearly independent over R. But the “over R” restriction is irrelevant, since the homology
classes lie in H, (M;R) C H,(M;C) anyway. O

REMARK 15.15. Because the proof takes place on the level of the Fukaya category, one could
replace “sphere” by “rational homology sphere which is Spin”. Similarly, disjointness can
be weakened to the vanishing of HF*(S;,S;) for all i # j (which is certainly the case if the
Lagrangian spheres are pairwise disjoinable by isotopies). This has some amusing conse-
quences: for instance, for n =3, M can’t contain a Lagrangian submanifolds which is a lens
space (other than a sphere). This is because one could equip that lens space with different
flat line bundles, and then apply the previous argument to the resulting objects of the Fukaya
category, which contradicts the fact that they all represent the same homology class.

REMARK 15.16. Suppose that we are given a finite tree I'. Take cotangent bundles of spheres
(one sphere S, for each vertex) and plumb them together (along the edges). The result is a
Weinstein manifold M, which is unique if the dimension is 2n > 2. For a Dynkin diagram,
this reproduces the ADE type Milnor fibres. Suppose from now on that n is odd and > 3.
Following [10], Abouzaid suggested the following strategy for generalizing our results to this
case:

o Consider the non-compact Lagrangian submanifolds L, which are cotangent fi-
bres of the various sphere components. Show that the wrapped Floer cohomology
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HW?™(Ly,, Ly,) is concentrated in degrees < 0, with the degree zero part consisting
only of multiples the identity endomorphisms. This uses the same Maslov index
computations as in [10].

e Show that every closed Lagrangian submanifold is split-generated by the L,;

e Then, a purely algebraic argument will imply that Fuk(M) is actually generated by
the spheres S, .

Then, the part of the argument concerning equivariance would go through as before (in fact,
one could replace equivariant Hochschild homology by equivariant K-theory, since it would
follow that the Grothendieck group Ko(Fuk(M)) is the free abelian group generated by the
vertices of T).



LECTURE 16

Suspension of Lefschetz fibrations ***WARNING***:
SAME ERROR PROPAGATES

For ADE type Milnor fibres , we obtained the existence of C*-actions on the Fukaya
category by an ad hoc computation of that category (essentially, as a consequence of for-
mality, as in Example . Here, we want to explain a construction [179] which always
gives rise to such actions. The construction itself is geometric, and closely related to local
mirror symmetry, as discussed at the beginning of Lecture Unfortunately, the additional
symmetries themselves again appear only after a re-interpretation in purely algebraic terms.
Still, given the greater level of generality, this is still a first step towards building some
geometric intuition.

Acknowledgments. The idea of using Lefschetz fibrations where the Fukaya category of
the fibre has a C*-action, which leads to Corollary [16.10] was suggested to the author by
Mohammed Abouzaid.

Algebraic suspension

This discussion follows [179], with only slight changes in notation. Let B be a A, -category
over a field K, with a finite ordered set of objects (X1, ..., Xx). We assume that each object
is nonzero, meaning that homs(X;, X;) is never acyclic. We will also assume, for technical
simplicity, that B is strictly unital, and that each space home(X;, X;) is finite-dimensional
(a stricter version of properness).

We want to associate to B two directed (Example[7.11)) A..-categories, called A and €. The
first one is the directed subcategory A C B, which is defined by setting

homs(X;, X;) 1< j,
(16.1) homa(X;, X;) = < K- ex, i=7,
0 1> J;
The A.-operations on A are restrictions of those on B. Of course, in general A remembers

only small part of the structure of B, namely the A,-operations where the inputs are in
increasing order.

165
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The second construction is similar, but has an intermediate step. Introduce the A,,-category
Cl2(B) which has twice the number of objects, denoted by

(16.2) (X1, X X X,
Both XijE are thought of as copies of X;, but the — copy is shifted down by one, so that we
have
hom gy, (w)(X;, X;7) = homs (X, X;),
6.3 home(rB)(X;r,X;r) = homz(X;, X;)
(16.3) hom ci,() (X, X;) = homs (X, X;)

homClz(fB)(X;r,X;) = homg(Xi,Xj) 1]

In particular, Cly(B) is quasi-equivalent to B (the corresponding construction for algebras
would be tensoring with the two-dimensional Clifford algebra, whence the notation). Then
C C Cly(B) is the directed subcategory, where the ordering of the objects is as in .
One can schematically write

(16.4) e (B[f_ll] z) C Cla(B) = (B[i] 31[31])'

C retains a larger (but still finite, by directedness) piece of the A.o-structure of B than A.
More precisely, € depends on A together with the structure of B as an A-bimodule.

Finally, we define another (non-directed) A-category B, with objects (X7,..., X7). Namely,
this is the full subcategory of ' consisting of the twisted complexes

(16.5) X7 = Cone(ex, : X; [-1] = X;7) = <Xi & X", oxe = (60 8)) .
X

In addition to the data that enters into the construction of €, which means A and the A-
bimodule B, this also the ex, as elements of B. Of course, the quasi-isomorphism type of
a mapping cone only depends on the cohomology class of the morphism involved, and also
remains unchanged if one multiplies the morphism by a nonzero constant. Hence, if we make
the following additional simplifying assumption:

(16.6) fori=1,....k Hhoms(X;, X;)) = Klex,];

then A and the quasi-isomorphism class of the A-bimodule B determine B? up to quasi-
isomorphism.

We call B? the suspension of B. If we consider it (or rather, the direct sum of its morphism
spaces) as an A.-algebra, it looks like (16.4) but with additional contributions to uk. coming
from the differentials in (16.5). In the schematic notation from (16.4]), those contributions
are simply

a0 0 0
16.7 .
16.7) < b a+) 7 <a+ —a- 0)
Note that for ¢ < j, the diagonal embedding
(16.8) homa(X;, X;) — hompo (X7, X7)
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is a quasi-isomorphism, and compatible with A.,-composition maps. Hence, the directed
subcategory A% C B is quasi-isomorphic to A.

LEMMA 16.1. Use the quasi-isomorphism A — A° to pull back the A% -bimodule B° /A to
A. The outcome is isomorphic to (B/A)[—1]. Moreover, if we apply the same pullback to
B itself, the outcome is quasi-isomorphic to A ® (B/A)[—1]. O

LEMMA 16.2. Assume that (16.6) holds, and that the A-bimodule B is quasi-isomorphic to
A® (B/A)[—1]. Then, B is quasi-isomorphic (as an As-category) to the trivial extension
constructed from A and the bimodule (B/A)[—1].

PRrROOF. Since B depends only on A and the structure of B as an A-bimodule, we may
assume without loss of generality that B is itself the trivial extension formed from A and
B/A. In that case, a quasi-isomorphic subcategory of B? can be defined by allowing only
morphisms, in the notation from , of the form

(16.9) (Z 2) with a € A, be B/A,
and the desired result is then obvious. O

COROLLARY 16.3. Suppose that H=*(homs(X;, X;)) = 0 for all i. Then the double suspen-
sion BY is quasi-isomorphic to the trivial extension formed from A and (B/A)[-2].

This is a direct consequence of the previous two Lemmas. The assumption on H ' implies
that holds for B?. In fact, one can remove that assumption entirely at the cost of a
slightly more involved argument, for which we refer to [I79]. From now on, we again restrict
the discussion to K = C.

COROLLARY 16.4. Suppose that we have a quasi-isomorphism of A-bimodules B/A = AY[—n)].
Suppose also that H =t (homs(X;, X;)) = 0 for all i. Then B is weakly cyclic of dimension
n+ 2. Moreover, it carries a C*-action which is dilating of weight 1 (Definition m}

By the previous Corollary, B? is quasi-isomorphic to the trivial extension formed from A
and AY[—n —2]. Equip it with the C*-action which acts trivially on A and with weight 1 on
AY[—n — 2]. The required isomorphism ([15.9) is then obvious.

Geometric suspension

The construction introduced above has a geometric meaning in terms of Lefschetz fibrations.
In general, one starts with an exact Lefschetz fibration [176l Section 15]

(16.10) 7:E— D,

whose base D is a disc, and whose fibre is M. Choose a distinguished basis of vanishing
cycles, which are Lagrangian spheres (Si,...,S%) in M. Denote by B the associated full
subcategory of Fuk(M). One then constructs a new Lefschetz fibration

(16.11) w7 : B — D,
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whose fibre M is the double cover of E branched along M. The total space of E? itself is
essentially the product D x E (“essentially” means up to deformation and rounding corners).
There is a distinguished basis of vanishing cycles (S7,...,S7) in M which corresponds to
our original choice in M. Denote by B C Fuk(M?) the associated full subcategory. Then
— as already implicit in our notation — one has:

ProrosITION 16.5 ([I79, Theorem 6.4]). B is quasi-isomorphic to the previously defined
algebraic suspension of B.

As a consequence, if we suspend twice, then the part of the Fukaya category of M7 split-
generated by vanishing cycles carries a C*-action which is dilating of weight 1. It is maybe
instructive to see where instances of this process occur in more familiar geometric contexts.

Singularity theory

Let M be the Milnor fibre of an isolated hypersurface singularity p(y) = 0. This naturally
appears as a fibre of a Lefschetz fibration m, obtained by perturbing (Morsifying) p. Then,
M? is the Milnor fibre of 22 + p(y) = 0, and 7° is the corresponding Morsification. Adding
such quadratic terms is a well-known operation in singularity theory, where it behaves in a
4-periodic way with respect to the classical topological invariants.

Under suitable assumptions, one can show that the vanishing cycles split-generate the Fukaya
category (a generalization of Lemma [15.10]). The precise statement is as follows:

LEMMA 16.6. Let p(y1,...,Yn+1) be a a polynomial with an isolated singularity at 0 €
p~1(0), and which is weighted homogeneous in the sense that there are rational numbers
Wi,y ..., Wnt1 > 0 such that

(16.12) ple™tyy, ettty ) = eMp(yr, . Uit )
Set
(16.13) w=wi+- -+ wpp1 — 1.

Then, an appropriate composition of Dehn twists along the vanishing cycles is the shift by
an integer multiple of w. Hence, if w # 0, the vanishing cycles split-generate the Fukaya
category of the Milnor fibre. O

Lemma is the only place we use weighted homogeneity (it is an interesting question for
what classes of other singularities such a split-generation result holds). Of course, adding
quadratic terms preserves the class of weighted homogeneous singularities, but increases w
by 1/2. Hence, applying Proposition and Corollary we find that:

COROLLARY 16.7. Suppose that p(y) is weighted homogeneous. Let M be the Milnor fibre of
22 + 23 + p(y). Then Fuk(M) has a C*-action which is dilating with weight 1. O

REMARK 16.8. The ADE singularities in Lecture are all at least twice suspended when
the (complex) dimension of the fibre is 3 or higher. Hence, Comllary strictly generalizes
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our previous construction of group actions for ADE Milnor fibres (for type (An), complex
dimension 2 is enough, which matches well with the more ad hoc approach considered in

Remark .

Application

As before, let # : E — D be an exact Lefschetz fibration with fibre M (of dimension
2n — 2), and with zero first Chern class. Let (S7,...,S;) be a basis of vanishing cycles.
Let B C Fuk(M) the associated full A-subcategory, and A the associated directed Aoo-
subcategory. The main construction in [I76], Section 18] yields a cohomologically full and
faithful embedding

(16.14) Fuk(E) < AP/

PROPOSITION 16.9. Suppose that B carries a dilating action of G = C*, of weight 1. Take
a Lagrangian submanifold S C E with H*(S) = 0 and which is Spin. Use the embedding
as well as the results from Lecture to associate to it an equivariantly perfect module
P over A. Then, the G-action on H™(hom gpery (P, P)) has weight 1.

PROOF. After possibly rescaling the symplectic form, one can construct an exact sym-
plectic embedding of E into M?. Moreover, the image of the resulting cohomologically full
and faithful embedding
(16.15) Fuk(E) — Fuk(M?)

is split-generated by (S7,S7). This follows from [176, Lemma 18.15]. Inspection of the
construction shows that the resulting full and faithful embedding sits in a commutative (up
to quasi-isomorphism of A, -functors) diagram

(16.16) Puk(E) = AreTf

(Ba)perf_

Here, the — is ((16.14]), and the 1 is induced by projection B — A to the left upper corner
of the matrix (16.4)).

Let’s temporarily forget about group actions, and just start with a bimodule quasi-isomorphism
B = BV[1 — n]. This induces a quasi-isomorphism B/A = AV[1 — n]. Now look at the short
exact sequence of B?-bimodules schematically denoted by

(16.17) 0— (B[Al] 2) — (%[BH 33£1}> — (B(/)A g/[lfD — 0.
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The middle term carries a differential similar to (16.7)), more precisely

b__ b+_) < by 0 )
16.18 — )
( ) <b—+ byt by —b— by

which is clearly acyclic. The left term in ((16.17) is the diagonal bimodule over B?, while the
right term is quasi-isomorphic to (B?)V[1 —n]. Hence, the boundary map of the short exact
sequence yields a quasi-isomorphism

(16.19) (B7)Y[—n] = B°.

Now we return to the original context, where there is a G-action on B that is dilating
with weight 1. This induces an action on B?, such that the previously mention projection
B? — A is equivariant. Moreover, by inspection of the construction of , one sees that
the induced action is also dilating with weight 1. This implies the desired result. |

COROLLARY 16.10. In the situation of Proposition[16.9, suppose that S C E is a Lagrangian
sphere. Suppose that n > 3 is odd. Then [S| € H,(E, M;Z), where M is thought of as the
fibre over a point of 0D, is a primitive class (and in particular, nonzero).

PRrROOF. The strategy is the same as in Proposition but using K-theory instead of
Hochschild homology, since that turns out to be simpler in this case. In fact, the directedness
of A implies that

(16.20) Ko(APeT) = 7k,
(16.21) K§(Aca—rerly = 7]t ¢ 1k,

If one combines with the map Ko(Fuk(E)) — Ko(A™) induced by (16.14), the
resulting homomorphism takes each closed Lagrangian submanifold S C F to the collection
of intersection numbers (L-Aq,..., L-Ag), where A; is the Lefschetz thimble corresponding
to S;. In particular, it fits into a diagram

(16.22) Ko(Fuk(E)) y/

T

Take the equivariant Mukai pairing (-,-)¢ on K§(A®~P¢/). Suppose that we have a La-
grangian sphere L C E, and let P be the associated object in A®~Pf as in Proposition
By that Proposition, we know that the equivariant K-theory class [P]¢ satisfies
(16.23) ([P19,[PI%)¢ =1 —1t.

As in Proposition this implies that the reduction to ¢ = 1 (which means the ordinary
K-theory class [P]) is nontrivial. In fact, it implies that [P] is primitive: if we assume that
[P] = 0 mod p for some prime p, then [P]¢ = (1 — t)y + pz, which implies

(16.24) ([P]%,[P]%) = (1=t)(1—=t~") (5, ) +p(1—t~)(y, 2)“ +p(1—1)(2,9)“ +p* (2, 2) .
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This contradicts (|16.23]), as one can see for instance by taking the derivative at t = 1:
o ([P]€, [P]G)GL:1 =p(y, 2)¢ — p(z,9)¢ + p?04(2,2)¢ = 0 mod p,
0¢(1 —t)|t=1 = —1 mod p.

(16.25)

O

The same argument can be applied to yield independence results for the homology classes
of disjoint Lagrangian submanifolds (again, in analogy with Proposition [15.8)).

EXAMPLE 16.11. As a concrete instance where Corollary[16.10 applies, one can look at the
Milnor fibre of any isolated hypersurface singularity of the form

(16.26) o a2 a2 Fp(eg,...,0p0) =0,

since that is the total space of a Lefschetz fibration whose fibre is the Milnor fibre of x3+ 3 +
p(xa, ..., xpy1) = 0. In contrast with Comllary we do not need weighted homogeneity,
since Proposition[16.9 does not require the G-action to exist on the entire Fukaya category.
This of course includes the ADE singularities from Lecture [15]

Local mirror symmetry

Suppose that W € (C[yf, e ,yffil] is a generic Laurent polynomial, as in , but where
the interior of the polytope P is assumed to contain the origin 0 € R®~!. This can itself
be thought of as a Lefschetz fibration, and double suspension leads to the manifold M from
(11.2). Therefore, it follows that a certain full subcategory B C Fuk(M) carries a dilating
action with weight 1. Here, we have adjusted the notation to agree with that in Lecture [T1}
in particular, M already represents the outcome of double suspension.

The mirror construction leads first of all to a smooth toric Calabi-Yau variety N. One can
certainly find a complex volume form 7y and an action of C* (part of the torus action)
which acts with weight 1 on that form. That would induce an action on the derived category
of compactly supported coherent sheaves (or rather, the underlying A..-category) which is
dilating with weight 1. There are two issues with this naive interpretation:

e One can’t choose that action so that it preserves the divisor F~'(1). Hence, the
action does not restrict to one on the actual mirror MY from (11.4).

e The volume form 7,v appearing in mirror symmetry comes from a meromorphic
volume form on N having a pole along F~!(1), and is not toric.

More careful inspection of the situation shows the following. First of all, one expects the
image of the embedding
(16.27) H*(B) < H*(Fuk(M)) 27" Db Coh (M)

to consist of complexes of sheaves supported on the fibre F~1(0) of F': N — C. Therefore,
what is needed is a circle action in a formal neighbourhood of that fibre, which does not
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necessarily have to extend over the rest of MV. Secondly, while our algebraic suspension
construction provides a weak cyclic structure on B (forgetting equivariance for the moment),
it is by no means clear that this coincides with the natural (geometrically defined) structure
on the Fukaya category. This means that, while the corresponding circle action on the mirror
is expected to act with weight 1 on some complex volume form, that volume form does not
necessarily have to be the one involved in the original mirror equivalence.

These observations help clarify the situation, but they also indicate that our algebraic ap-
proach to the construction of circle actions on Fukaya categories is somewhat less than
natural.



Part 4

Infinitesimal symmetries






LECTURE 17

Basic structures

By an “infinitesimal automorphism” of an A..-category A, we will mean a Hochschild coho-
mology class

(17.1) (8] € HH' (A, A).
Such a class determines an infinitesimal deformation of each object X, which is an element
(17.2) [B%] € H'(homa(X, X)).

Objects for which [3%] vanishes can be considered as “stationary” under the infinitesimal
automorphism. We call them (with a bit of structure added) infinitesimally equivariant
objects, and explore their general properties. This follows the strategy adopted in Lecture
for A..-categories with actions of a reductive algebraic group, even though the technical
aspects are somewhat different, and closer to the behaviour of non-reductive groups. For in-
stance, while we can talk about infinitesimally equivariant objects, the notion of an invariant
morphism between such objects is not well-behaved.

In principle, one can take A = Fuk(M) to be a Fukaya category, with any choice of ,
and apply the general algebraic theory to it. However, we are interested in the case where
M is a Weinstein manifold with vanishing first Chern class, and in Hochschild cohomology
classes of geometric origin, which means ones in the image of the open-closed string map

(17.3) SH*(M) — HH*(Fuk(M), Fuk(M))

from Lecture The resulting special case of the general theory has been developed in
[184], which we follow closely both in this lecture and the next one.

Infinitesimal equivariance

Take an A.-category A over some field K, and a class as in (17.1)), represented by a
Hochschild cocycle 5. The components of § are

BY € homh(X,X) for any object X,
(17.4) Bxy.x, : homa(Xo, X1) — homa(Xo,X1) for any objects Xo, X1,

It is a consequence of the Hochschild cocycle condition 83 = 0 that uY(8%) = 0. Next, if
8%, and B%, both vanish, then S, y anti-commutes with p}. We want to work under a
weaker version of the vanishing assumption:

175
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DEFINITION 17.1. An infinitesimally equivariant object of A is a pair (X,ax) with X €
Ob(A) and ax € homgl(X,X), satisfying

(17.5) palax) = By

For brevity, we will often omit ax from the notation and speak of “the infinitesimally
equivariant object X7, but it is then always understood that a choice of ax has been made.
Obviously, the obstruction for an object to carry such a structure is [3%] € H'(hom4 (X, X)).
We consider two infinitesimally equivariant structures on X to be isomorphic if the associated
ax differ by an element in the image of uly : hom ;' (X, X) — hom$ (X, X). Hence, the
essential freedom of choice is an affine space over H°(hom 4 (X, X)).

Suppose that X, X7 are both infinitesimally equivariant. Then, the map
ot = ¢5§(07X1 : hom 4 (Xo, X1) — homa(Xo, X1),

17.6

1o 5(@) = By, () + (-1 ox,,0) — ()
satisfies

(a7.7) WO+ 6k = 0,

hence is a chain map with respect to the differential a + (—1)lul (a). We denote by
¢ = Oy, x, the induced map on H*(hom4(Xo, X1)). These maps are derivations, which
means that they satisfy the Leibniz rule with respect to composition of morphisms between
infinitesimally equivariant objects. In particular, they kill identity endomorphisms:

(17.8) qf’)gx([@x]) =0.

The derivation property again follows from the definition and the equation 95 = 0, this time
by an argument which involves the next term 2.

REMARK 17.2. One can explain in a slightly more conceptual way, as follows. Let
A be the As-category whose objects are pairs (X,ax) consisting of an X € Ob(A) and
an arbitrary ax € hom%(X,X). The morphism spaces and Ay -compositions are defined
exactly as in A, which means ignoring the ax. Hence, A is obviously quasi-equivalent to A
(all we have done is add many different copies of the same object). There is a canonical

ae CCOAA),
(17.9) &% = ax,

at=0 ford>0.
Our given [ extends in an obvious way to a Hochschild cocycle B on A. Define
(17.10) b=F—0ac CC'UA,A).
Finally, let A™ C A be the full subcategory of those objects for which the leading term ¢°
vanishes. By construction, these are the same as infinitesimally equivariant objects of A. In
addition to its A -structure, A™ carries a Hochschild cocycle ¢, obtained by restricting ¢.

Since ¢° vanishes by definition, ¢! consists of chain maps, which in fact reproduce (17.6)).
One obtains the derivation property for these maps using ¢>.
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Suppose now that A is proper, and that char(K) = 0. The “decategorification” of ® takes
the form of a Mukai-type pairing between infinitesimally equivariant objects,

(17.11) (Xo, X1)ins = Str(e“®>0x1) € K[[u]].

The reduction to u = 0 reproduces the ordinary Mukai pairing, which means the Euler
characteristic of H*(hom 4(Xo, X1)). To reformulate in even more basic terms, let’s
assume temporarily that K = C. Consider the generalized eigenspace of ®x, x, associated
to A € C, and let x) € Z be its Euler characteristics. Then

(17.12) (X0, X1)ing = »_ xa€™,

A
where only finitely many terms of the sum are nonzero. If we introduce another formal
variable ¢t = e%, then this becomes

(1713) (XOaXl)inf = ZX)\tA,
A

which is similar to the expression for equivariant Mukai pairings in the presence of a circle
action (except that here, all powers ¢* are allowed, and not just integer ones).

Instead of just having a pairing on objects, one would like to realize it as a bilinear
map on a suitable homology theory associated to (A,[(]), in analogy with and its
equivariant version from Lecture[I3] Before discussing that issue, we would like to introduce
yet another reformulation, which is natural but turns out to be potentially misleading.

A dead end

We return to the general situation (of an arbitrary coefficient field K). As discussed in Lecture
[ Hochschild cohomology describes the first order deformation theory of A..-categories.
More precisely (see Remark , HH?*(A, A) classifies first order curved deformations of A
up to isomorphism. One can carry over that discussion to HH k(.A, A) for any k, by arranging
for the deformation parameter to have degree 2 — k, including the case £ = 1 which is of
interest here.

Hence, let € be a formal variable of degree 1, and take K. = K[e]/€? (which of course is a
one-dimensional exterior algebra). Given a cocycle f € CC'(A,A), one defines a curved
deformation A, of A over K. by setting

Ob(A.) = Ob(A),

homa_(Xo, X1) = hom4(Xo, X1) ® K,

(17.14)
wy, = ep,

yjiqe =pud +ep? for d > 0.
In fact, the Ay-equations (with curvature) for A, are precisely the equations for S to be

a Hochschild cocycle. It is therefore tempting to re-interpret the previous notions in this
context. Suppose for simplicity that A is strictly unital.
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LEMMA 17.3. Infinitesimally equivariant objects of A correspond bijectively to curved strictly
unital Aso-functors Ko — A..

Here, K, is considered as a special case of an Ay-category (with one object), and everything
is supposed to be K.-linear. The statement is straightforward, once one has decoded the
terminology invoved. Generally, a curved A, -functor X : K. — A, consists of an object
X € Ob(A,) together with elements

X° € hom} (X, X) of order O(e),

17.15
( ) xX4(1,...,1) € homzd(X7X) for d > 0,

satisfying the A, -functor equations (with curvature). However, in the strictly unital case,
X1(1) = ex is the identity, and F¢(1,...,1) = 0 for all d > 1, hence all that remains is F°;
and if one writes that as ¥ = —eax, the Ao-functor equations reduce to (17.5). Going a
little further, the A-category fun(Ke, A.) of such A, -functors can be identified with the
first order deformation A of A™ associated to the Hochschild cocycle ¢ (see Remark
17.2). In particular, if Xy and X; are two infinitesimally equivariant objects, with their
associated functors Fy and Fp, one has a long exact sequence

(17.16)

s = H " (homa (Xo, X1)) — H* (homunx, .4,y (X0, X1)) — H*(homa(Xo, X1)) = -+

whose boundary map is ®x, x,.

REMARK 17.4. One can replace the strict unitality assumption by a suitable version of co-
homological unitality. A version of Lemma then still holds, but the correspondence is
a bijection only on the level of quasi-isomorphism classes, and the proof is a little more
involved.

The point of view of the curved deformation A, can be useful when thinking of defining,
say, infinitesimal equivariance for A,,-modules. In another apparently natural direction, one
could consider the Hochschild homology of A, defined in the usual way but over C.. This
sits in a long exact sequence

(17.17) o= HH (A, A) — HH,(A¢, A) — HH, (A, A) — - -

whose boundary map is the Lie action of [3] € HH"'(A, A) on Hochschild homology. We have
not mentioned this structure before, but its origin is fairly intuitive: just like actual auto-
morphisms of A act on Hochschild homology, there is a corresponding infinitesimal action,
which means that HH, (A, A) is a representation of the graded Lie algebra HH*T'(A,.A).

Via Lemma [I7.3] and the functoriality of Hochschild homology, every infinitesimally equi-
variant object gives rise to a class in HH (A, Ac). Somewhat disappointingly, these classes
are not sufficiently sensitive to the choice of ax to be of real interest (see the following
Example). Therefore, it seems that HH . (A, A) is not after all the correct homology theory
for our purpose.
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ExXAMPLE 17.5. Consider the curved Ao-functor (in fact As,-homomorphism, since both
categories involved have a single object)

§:Ke — K,
(17.18) GY = ce,

§'1)=1, §¥=0 ford>1.
Here, ¢ € K is some constant. This corresponds to making the unique object of the target
category K. infinitesimally equivariant (with respect to 8 =0), but in a way which is twisted
by the choice of c. There is an associated endomorphism G, of HH (K¢, K.) 2 K.. In terms
of (17.17), this is compatible with the identity endomorphisms of HH (K, K) = K. However,

because of that fact and the grading, it follows that G, must be the identity, hence does not
depend on c.

Infinitesimally equivariant Hochschild homology

Let’s again impose the assumption that char(K) = 0. In that case, one can associate to
3 its infinitesimal orbit bimodule O/ as in (9.34). This is a bimodule over A, which
additionally is linear over K[[u]]. In analogy with (13.41)), we define the infinitesimally
equivariant Hochschild homology to be

(17.19) HH™ (A, A) = H*(CC, (A, 0™ ),

where one starts with the Hochschild chain complex with coefficients in O™ and then takes
its u-adic completion. The wu-adic filtration gives rise to a spectral sequence which starts
with HH, (A, A)[[u]], and whose first differential is given by [3] (this time in terms of the
structure of Hochschild homology as a module over the Hochschild cohomology algebra; in
particular, commutativity of that algebra ensures that this differential squares to zero). The
edge homomorphism of that spectral sequence is the u = 0 reduction map

(17.20) HH" (A, A) — HH.(A,A).

Again because of the functoriality of Hochschild homology, any infinitesimally equivariant
object has a class

(17.21) [(X]5 € HHG" (A, A),
whose image under (17.20)) is the ordinary Hochschild homology class.

ExampLE 17.6. Take A = K and f = 0, and make the unique object X infinitesimally
equivariant by choosing some constant ax = c. The associated class is [X]ygm = € €
K{[ul]. Unlike the corresponding situation in Ezample [17.5, this definitely depends on c.

CONJECTURE 17.7. Take a proper A -category A defined over a field K of characteristic 0,
together with a class (17.1). Then, there is a canonical pairing

(17.22) ()t - HHGY (A, A) ® HHGY (A, A) — K][u]]
satisfying

(17.23) (—uo, @)y = ulwo, 21) iy = (w0, ur1) 7y,
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FIGURE 1.

and whose reduction to u = 0 recovers (8.10). The appropriate version of the Cardy rela-
tion would say that, if Xog and X1 are infinitesimally equivariant objects, then the image of

[(Xo) @ [ XM under ([17.22) recovers (I7.11).

This formulation of the Conjecture is probably not the definitive one, as one can already see
by comparing it with the discussion in Lecture[8] where the natural pairing is between classes
associated to perfect modules and “dual classes” associated to proper modules. Presumably,
the same should apply to the infinitesimally equivariant case.

Application to Fukaya categories

Let M be as in Lecture If we realize symplectic cohomology as the Floer cohomology
HF*(H) of a suitable Hamiltonian H, the chain level homomorphism underlying the open-
closed string map ([17.3)) has components

(17.24) ;' CF*(H) — CF*(L, L),
(17.25) Gy, : CF*(H)® CF*(Lo, L1) — CF* (Lo, L1)[-1],
(17.26)

Like all operations involving Lagrangian and Hamiltonian Floer cohomology, one can think
of these are being defined in terms of compact Riemann surfaces with marked boundary and
interior points, and where each interior point comes with an additional preferred tangent
direction (this is a direct relationship: moduli spaces of maps from those Riemann surfaces
to M define the operations). Concretely, there is a single Riemann surface S underlying
P10 (Figure . For ¢'i!, we have a family of Riemann surfaces S, parametrized by a closed
interval, r € [0, 1], and which degenerates at the endpoints of that interval (Figure[2). Note
the conventions for the tangent directions: in the case of S, the tangent direction at the
interior marked point goes towards the boundary marked point. The same holds for the
relevant component of S, in the degenerate cases r = 0,1. Finally, as we go from r = 0 to
r = 1, the tangent vector rotates by .

From now on, fix some B € SH'(M) and a cocycle representative b € CF'(H).

DEFINITION 17.8. An infinitesimally equivariant Lagrangian submanifold is an object L of
Fuk(M) together with o, € CF°(L, L), satisfying /‘}ruk(M)(O‘L) = qpfo(b),
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Ly
Lo
Sy, for some 0 < r < 1 S
So
FIGURE 2.

This is actually a special case of Definition Suppose for simplicity that L is connected,
and that it carries a flat K-line bundle (not a higher rank flat vector bundle). In view of the
isomorphism HF*(L, L) = H*(L;K), the obstruction to equivariance resides in H'(L;K);
and if that vanishes, then the effective freedom of choice is H(L; K) = K.

As before, given two infinitesimally equivariant objects, one gets an endomorphism

¢ = ¢ro,1, : CF" (Lo, L1) — CF*(Lo, L1),
(17.27) 11 a2 )
¢la) = 1/’LO,L1 (b,a) + (-1) :uFuk(M)(aLua) - MFuk(M)(aa ar,),
and an induced endomorphism ®p, ., of HF*(Lg,L1). We can then define, exactly as
in (17.11)) or (17.13)), the equivalent expressions (u-intersection numbers or t-intersection

numbers)
Lo -y L1 = Str(e"®ro-m1),

7:29) Lok = Yo
A

where in the second equation (for K = C only) x is the Euler characteristic of the generalized
A-eigenspace of @, 1,. Because of the grading conventions used, reduction to u = 0 (respec-
tively ¢ = 1) yields the ordinary intersection number Lo - L; up to a dimension-dependent
sign (—1)"("*1)/2_ Note that by definition

(17.29) >l < rank(HF* (Lo, L1))
A

Hence, our improved intersection numbers give a lower bound for the number of essential
intersection points (intersection points which can’t be removed by a Hamiltonian isotopy).
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This bound is stronger than that given by the ordinary intersection number Ly - Ly, and
weaker than the total rank of Floer cohomology. It is quite well-behaved, as shown for
instance by the following result:

PROPOSITION 17.9 ([I84, Theorem 5.6]). Suppose that dim(M) = 2n > 2. Let S be a
Lagrangian sphere (which is then automatically an object of the Fukaya category, unique up
to a shift, and also automatically infinitesimally equivariant), and s the associated Dehn
twist (as a graded symplectic automorphism, which acts on the Fukaya category). If Ly is
infinitesimally equivariant, then there is a preferred way of making 7s(L1) infinitesimally
equivariant. Moreover, given that and another infinitesimally equivariant Lo, we have the
t-Picard Lefschetz formula

(1730) LO ‘t TS(Ll) - LO ‘t L1 - (LO 't S)(S ‘t Ll)

This is essentially a consequence of the compatibility of the maps ® with the long exact
sequence [173]

(17.31) <+ — HF*(S,L1) ® HF*(Ly,S) — HF* (Lo, L1) — HF*(Lo,7s(L1)) — - -+

It is interesting to consider the action of 72 on ¢-intersection numbers when M is of dimension
2n with n even (which is when its action on standard homology is trivial). ®g g is a derivation
of the algebra HF*(S,S) = H*(S;C). Hence, it is zero in degree 0, but can in principle be
any constant A in degree n, and then

(17.32) S8 =1+t
Applying (17.30) yields
(1733) LQ ‘t 7'52v(L1) = LO 't L1 + (S t S — 2)(L0 ‘t S)(S ‘t Ll)

In the case where A # 0 in , this shows that ¢-intersection numbers behave fundamen-
tally differently from the ordinary topological ones (in particular, in dimensions 2n = 4,12
where Tg is smoothly isotopic to the identity, they detect genuinely symplectic phenomena).
The remaining case A = 0 is obviously somewhat less interesting.

Finally, one would like to have a geometric analogue of HH ™ (A, A), involving symplectic
homology rather than Hochschild homology.

CONJECTURE 17.10. Suppose that char(K) = 0. Then there is a graded K[[u]]-module
SHi"f(M) depending on M and B, with the following properties. First of all, there is a spec-
tral sequence SH,(M)[[u]] = SH™ (M), where the first nontrivial boundary operator is the
action of B. Secondly, each infinitesimally equivariant L defines a class [L]?IJ; € SHi_ni (M).
Finally, there is a pairing

(17.34) ()5 SHM @ SH™ — Kl[u]]

of degree 2n, which satisfies the analogue of (17.23)), and which sends [Lo]g}fl ® [Ll]gg to
Loy Ly

The edge homomorphism of our spectral sequence would yield a map SH™ (M) — SH, (M) —
H,(M;K). With this in mind, Conjecture [L7.10| can be considered as a first step towards
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Desideratum (expanding formally around ¢ = 1, which is our v = 0). Note that this
is certainly not the final answer (in the same sense as holomorphic equivariant cohomology
is not equivariant cohomology; see Lecture . In any case, even Conjecture remains
unproved at the moment. However, the first order approximation, using K[u]/u? instead of
K][u]], can be constructed using a slight variation of the argument in [I80] (for any coefficient
field K, in fact), and has the desired properties.






LECTURE 18

Dilations

The formalism from the previous lecture starts with an a priori arbitrary class B € SH* (M).
However, its ultimate behaviour depends strongly on the choice of B. For instance, if B comes
from ordinary cohomology via the map H*(M) — SH*(M), the improved self-intersection
numbers L -4 L are trivial. By this, we mean that they do not depend on ¢ at all, and reduce
to the ordinary self-intersection numbers L - L.

One condition which is useful in this context is the dilation property introduced in [184]. If
B is a dilation, then L -; L is nontrivial for certain L, such as spheres and complex projective
spaces. On the other hand, the existence of a dilation is quite a strong constraint, which will
only be satisfied by a small class of Liouville manifolds.

A topological version

Take an oriented manifold M?" and a class B € H'(M;Z), which is represented by an
infinite cyclic covering M — M. Denote the generator of the covering group by T : M — M.
Consider n-dimensional closed oriented submanifolds manifolds L C M. Let’s say that such
an L is infinitesimally B-equivariant if it comes with a lift L to M. We can then define
improved intersection numbers by
(18.1) Lo+ Ly =Y t" T*(Lo) - L.

kEZ
This may not be terribly interesting from our viewpoint, since clearly L - L = L - L, but it
still has its uses, see e.g. [78), [30]. There is also a Poincaré dual formulation, which goes as
follows. Let X be an oriented closed hypersurface in M, representing the Poincaré dual of
B. Given a submanifold L C M which intersects ¥ transversally, choose a locally constant
function «y, : L\ ¥ — Z which jumps once when crossing ¥ (in positive normal direction).
Suppose that Ly, L1 are two such submanifolds, which intersect transversally, and such that
Lo N Ly is disjoint from ¥. One then defines Ly -; L1 by counting each intersection point
with its usual sign and a power t®%1(#)=ro ()

Suppose now that M is a Liouville manifold with vanishing first Chern class, with B as

before. The composition

0 o~
(18.2) H*(M;K) —s SH*(M) Y2 gpe(L, 1) = H*(L;K)

185
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is the ordinary restriction map. Hence, if L is a Lagrangian submanifold, the condition
that L can be made infinitesimally equivariant with respect to the image of B in SH 1(M )
is equivalent to B|L = 0. In fact, a cochain level realization of (18.2)) shows that, given a
suitable choice of representing hypersurface 3, one can make L infinitesimally equivariant by
choosing an «y, as before. Up to chain homotopy, the resulting map ((17.27)) can be described
as follows. The first term 1/1%017 1, (b,a) counts Floer trajectories crossing ¥, which means
u:Rx[0,1] — M,

u(s,0) € Lo, u(s,1) € Ly,

limg, oo u(s, ) = 21,

(18.3) o
limg s 00 u(s, -) = xo,

Osu + Ji(u)Opu = 0,

together with a choice of ¢y such that u(0,%) € X.

However (assuming suitable transversality) there are no isolated points of this moduli space,
since each Floer trajectory intersects ¥ in a one-manifold. Hence, the only thing that counts
are the two other terms in , which turn out to count constant holomorphic triangles,
and contribute

(18.4) x+— ap, (z) — ar, (x).

The associated intersection numbers (|17.28)) then reproduce the purely topological construc-
tion given above. This is relevant for us mainly as a warning note: one does not want to use
classes in SH'(M) which come from ordinary cohomology.

Definition and first consequences

A class B € SH'(M) is called a dilation if its image under the BV operator is the unit for
the ring structure of SH*(M):

(18.5) AB=1.

In particular, such a class can’t come from H! (M), since its image is annihilated by A. The
key observation is:

LEMMA 18.1 ([I84, Section 4]). Suppose that B is a dilation. Let L be an object of
Fuk(M) which is infinitesimally equivariant with respect to B. Then, the action of @y, 1,
on HF"(L,L) = H"(L;K) is +1.

We will not give the proof, which in fact shows the following more general fact. If one
starts with any class B € SH 1(M ) and builds the corresponding theory of infinitesimally
equivariant submanifolds, the action of ®; ; on HF"(L,L) equals the product with the
image of AB under SH°(L, L) — HF°(L, L). In our case, that image is the identity element
[er] € HF®(L, L), whence the specific form of the result.
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Poincaré duality in Floer cohomology says that product HF* (L1, Lo) ® HF" ™ *(Lg,L1) —
HF™ (Lo, Lo) is nondegenerate. If we use the resulting isomorphism

(18.6) HF*(Ly, Lo) = HF" *(Ly,Ly)",

the derivation property of the maps ®r, 1, together with Lemma shows that

(18.7) ®p,po=1d—®y ;.

which implies that

(18.8) Ly +Lo=(—-1)"t(Lg -1 L1).

In the special case of a K-homology sphere S, Lemma determines ®g g completely: it
acts by 0 in degree 0, and by 1 in degree n. Hence,

(18.9) S S=1+(-1)"t,

which is welcome in view of .

Cotangent bundles

For M = T*L with L a closed oriented Spin manifold, we have the isomorphism .
Under that isomorphism, the class 1 € SH 0(M ) corresponds to the homology class of the
constant loops L C LL, and the meaning of the BV operator was discussed in Example
[[235] This means that the question of when M has a dilation can be answered in purely
algebro-topological terms.

EXAMPLE 18.2. If L is a K(m, 1), then M = T*L doesn’t admit a dilation. By Viterbo
functoriality , this implies that if some Liouville manifold does admit a dilation, it can’t
contain L as an exvact Lagrangian submanifold. This certainy applies to Lagrangian tori.
For instance, the manifold from Ezample cannot possibly admit a dilation (the same
applies to many other examples of local mirror symmetry).

EXAMPLE 18.3. Take L = S%, and suppose that char(K) # 2 (we point out that in principle,
the notion of dilation makes sense for an arbitrary coefficient field). Then, the evaluation
map £525? — S? induces an isomorphism Hy(L£S?%;K) — Hy(S?%K). Take a one-parameter
family of loops which fill S?, which means such that the associated map S* x S' — S? has
degree 1. Then, the class in H1(L£S?K) of that family is a dilation.

On the other hand, take char(K) = 2. Then
(18.10) H (LS%:K) =K, Hy(L£S%K) =~ K2

This is particularly easy to see from the point of view of Morse theory for the geodesic
functional. Let RP3 be the space of great circles, which is a critical manifold of Morse index
1. Any point on it defines the generator of Hy(£S5%;K). The first generator for Ha(L£S?;K)
is a loop in RP3, and the second generator consists of the constant loops [S?]. With those
conventions for , the BV operator is the diagonal map (1,1) : K — K2. Hence, there
is no dilation for this choice of coefficient field (see [135] for more complete computations).
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A simpler version of the argument above shows that 7*S™, n > 2, admits a dilation for any
choice of coefficients K.

It would be interesting to have an example of a simply-connected formal manifold whose
cotangent bundle does not admit a dilation (in characteristic zero).

Complements of smooth ample divisors

Let M be a smooth complex projective variety of dimension n. Suppose that there is a
smooth ample divisor D such that

(18.11) Ky 2 05;(—=mD)  for some m € Z.
We will consider
(18.12) M = M\ D,

which is an affine variety with a natural (up to multiplication with a constant) trivializa-
tion of Kj;. We will be interested in one of the simplest Gromov-Witten invariants of M.
Namely, let Mo’g (M;1) be the space of genus zero stable maps with two marked points which
have intersection number 1 with D. After a generic small perturbation of the almost com-
plex structure, this space will be a smooth oriented manifold, which comes with evaluation
maps evy, eve : Moo(M;1) — M. We write the resulting Gromov-Witten invariant as an
endomorphism of cohomology,
[': H*(M;K) — H*772"(M;K),

(18.13) _
I'(z) = evy «(eviT).

We then further combine T' with the inclusion maps i, : H*(D;K) — H**2(M : K) and
restriction maps H*(M;K) — H*(M;K) to get

(18.14) I': H (D;K) — H*™72™()M;K).

Let’s now turn to symplectic topology. The contact manifold describing the structure of
M at infinity is the circle bundle p : N — D associated to the normal bundle of D. The
cohomology of N sits in a short exact sequence

(18.15) 0 — H*(D;K)/im(r) LN H*(N;K) 25 ker(k)[—1] — 0,

where x : H*(D;K) — H*T2(D;K) is the cup product with the Chern class of the normal
bundle. One can choose the contact one-form so that the Reeb flow on NV is fibrewise rotation,
hence 27-periodic. Let’s think of the symplectic cohomology of M as the direct limit of Floer
cohomologies HF*(Hy), as in (12.51)), where the flow of Hj on the conical end of M equals
(2k + 1)7 times the Reeb flow. The first approximation HF*(Hy) = H*(M;K) is ordinary
cohomology. The next one includes the primitive Reeb orbits, hence sits in a long exact
sequence

(18.16) o PP (NGK) L HY(MGK) — HF(Hy) — -
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The degree shift in the cohomology of N is a consequence of and a Conley-Zehnder
index computation. Our aim is to give a description of d in terms of the Gromov-Witten in-
variant (18.13)), and then a conjectural partial description of the BV operator A on HF*(H;)
in the same terms.

LEMMA 18.4 (Diogo). Assume that m > 0. Then, the map d in (18.16) is the composition
(18.17) H*(N;K) 25 H*Y(D;K) = H**3-2m(M;K).

This is proved in [58] (it seems likely that the method used there would apply to all values
of m). An earlier related conjecture, formulated in terms of contact homology rather than
symplectic homology, can be found in [101].

LEMMA 18.5. The BV operator A on HF*(H,) fits into a commutative diagram whose rows

are given by
(18.18) i 23 (NK) — L g (M K) ——> HF*(Hp) —— - -
N
> H*T2m4(N;K) #H*A(M;K) —— HF* Y(H)) —— - .-
O

This is straightforward from a Morse-Bott formulation of Floer cohomology. However, it
does not determine the part of A which is responsible for the possible existence of dilations.
To get a better description, note (again roughly following [101]) that we can use I' to define
a secondary operation

(18.19) H*(N;K) D ker(p*p.) £ ker(p*) = im(r) < H*3(D;K)/ker(k)
= H*3(DsK)/im(p.) = H*H' 72" (M K) /im(d).

CONJECTURE 18.6. The following diagram commutes:

*+2—2m
(18.20) ker(p*p.) N ker(d) im(HIffM;K)_)I({gi)(Hl))

|a

H*H1=2m (M K) /im(d) ————— HF* 772 (H)).

Here, the top — partially inverts one of the maps in ([18.16f); the bottom — is also taken
from that sequence, in a more straigthtforward way; A descends to the quotient because of

(118.18); and the left | is (18.19) restricted to ker(d).

EXAMPLE 18.7. Take M = CP", and D = CP"~' a hyperplane. In this case m = n + 1,
M = C", and N = 8?"~1. Because there is one line through every pair of points on M, the
endomorphism maps H?"(D;K) nontrivially to H°(M;K). As a consequence of that
and Lemma d: H?>"TY(N;K) — H°(M;K) is nonzero. This means that the identity
in HO(M;K) maps trivially to symplectic cohomology, hence that SH*(C™) = 0, as already
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stated in Example (the argument we’re giving here is by no means the simplest proof of
that fact).

EXAMPLE 18.8. Take M = CP'xCP?', and D the diagonal. In this case m =2, M = T*S?,
and N =2 RP3. The relevant Gromov- Witten map is

I': H(D;K) — H*(M;K),
(18.21) () =2,

I([point]) = 0.

The first expression T'(1) counts the number of lines in M going through a fived point of M,
which is 2 because of the two rulings. For T'([point]) one fizes a point on D and adds up the
homology classes of the two curves in the rulings going through that point. The sum is the
homology class of the diagonal, which vanishes when restricted to M.

From (18.21) we see that d : H*(N;K) — H?(M;K) vanishes. Suppose now that char(K) #
2, so0 that p*p. : H*(N;K) — H?(N;K) vanishes and (1) is nonzero. Then, the secondary

operation (|18.19)) yields
(18.22) H3(N;K) —=> H(D;K) <=— H(D;K) —> HO(M;K).

From Conjecture one would then conclude that M has a dilation (we already established
that as a fact in Example by entirely different methods).

EXAMPLE 18.9. Let M be a cubic threefold in CP*, and D a hyperplane section. This is
another case with m = 2, and we take K = Q for simplicity. M is known to contain a
two-parameter family of lines (this goes back to Fano; see [14] for an exposition). However,

(18.23) p*ps  H*(N;Q) — H?*(N;Q)

is injective. Hence, Lemma[18.5 shows that no element in HF*(H,) can satisfy AB =1 in
that group; of course, it is still possible that a dilation might appear at the next step in the
direct limit leading to SH*(M).

Fibration methods

So far, we have only seen one positive example of a dilation, namely 7*5" for n > 2. By
the Kiinneth formula [139], it follows that products T*S™ x F', where F is any Liouville
manifold with vanishing first Chern class, also admit dilations. One can generalize this idea
as follows

THEOREM 18.10 ([184, Proposition 7.3]). Take an exact symplectic Lefschetz fibration m :
M — C, where the fibre F' is a Liouville manifold of dimension 2n > 4, and ¢1(F) = 0 (it
then follows that M has the same structure). If F' admits a dilation, then so does M.

SKETCH OF PROOF. One defines a “vertical” or “fibrewise” version of symplectic coho-

mology SH,,(M), which is somewhat easier to compute. Concretely, it sits in a long exact
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sequence

(18.24) oo — H*(M, {re(r) > 0};K) — SH*

vert(M) — SH*(F) —
The cohomology group on the left has one generator for each critical point of m, and that

generator sits in degree n + 1 > 3. Hence, the map SH (M) — SH,

et vert () is an isomor-
phism in degrees * = 0,1. That map is a homomorphism of BV algebras. On the other

hand, there is another homomorphism of BV algebras

(18.25) SH*_ (M) —s SH*(M).

vert

One transfers the given dilation of F' through those two maps. ]
COROLLARY 18.11. The Milnor fibre of the (A,,) singularity,
(18.26) M= {21+ +al +a =1} cC,

admits a dilation provided that n > 3 (and if n = 3, the coefficient field K has to be of
characteristic # 2).

This is a direct consequence of Theorem [18.10] since the projection z,41 : M — C is a
Lefschetz fibration with fibre 7*S”~!. By an iterated version of the same argument, one
shows:

COROLLARY 18.12. The Milnor fibre of any isolated hypersurface singularity p(x,y) = 0,
where p(z,y) = a3+ + a2 +q(y1,. .., Yms1) for n+1> 3, admits a dilation (if n =3,
one has the same restriction on char(K) as before). O

In the language of Lecture these singularities are at least triply suspended. It is useful
to compare this result with the ones obtained there by purely algebraic means. Corollary
ensured the existence of C*-actions on the Milnor fibres of doubly suspended weighted
homogeneous singularities (weighted homogeneity was necessary in order to ensure that
the our algebraic description of the Milnor fibre was complete, something that is not an
issue when using geometric methods). That C*-action was dilating, but with respect to
an isomorphism which was chosen artificially. In contrast, the dilation condition
(18.5) refers to the geometrically given operator A, or in other words to the canonical cyclic
structure of the Fukaya category (this stricter condition explains the need to suspend three
times rather than twice). The final difference is that dilations only provide infinitesimal
symmetries, whereas the algebraic construction provided ones that integrate to circle actions.
We should mention that, in spite of this fairly clear intuitive picture, the relationship between
the two approaches has not been studied rigorously.
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Quasi-dilations

The dilation property has a straightforward interpretation in terms of mirror symmetry,
which is the first point to be explained in this lecture. However, that interpretation also
shows that in most cases where mirror symmetry applies, one can’t hope to find an actual
dilation. However, there is a slightly more general property (the quasi-dilation property)
which leads to similar practical consequences for improved intersection numbers, and which
does apply to many of the basic examples of local mirror symmetry.

Acknowledgments. The present lecture contains one result (Corollary [19.6|) which is unpub-
lished joint work of the author and Jake Solomon.

Mirror symmetry motivation

Let MV be a smooth affine algebraic variety of dimension n, which comes with a complex
volume form 7y,v. In Lecture we discussed the Hochschild cohomology and its
BV operator A (in the case MY = C*, but the same formulae hold in general). In
particular, given a vector field B € HO(MY,TM") = HH' (MY, M"), we have

d(iznmv)

(19.1) AZ=1 &
N

=1 < d(iznuv) =nmv < Lznuy =nuv.

Hence, the dilation condition is the mirror dual to having a vector field which expands nsv
(this explains the terminology).

A little more generally, we can look for vector fields Z which expand some other volume
form, say fnuv for an invertible function f. The generalization of (19.1]), read backwards,
is

(19.2) Lz(fnuv) = fouv & d(igznu) = fouv & A(fZ) = f.
In terms of the Lie bracket (12.11) on HH*™'(M"Y, M") which is part of the BV algebra

structure, this can be written as

(19.3) AZ =1— 7Yt 2).

EXAMPLE 19.1. Let’s return to the original ezample of MY = C*. There can be no solutions
to , because nyv = dw/w is not exact even as a C™ differential form (the same will
hold in all cases where the SYZ form of mirror symmetry [190] applies, since by definition
v integrates nontrivially over any closed special Lagrangian submanifold).

193
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In contrast, there are many solutions of (19.2):

f(w) = w” for some nonzero integer k,
(19.4) {

Z = (zw+cw'=*)d, where c € C is an arbitrary constant.

The choice ¢ = 0 may seem most natural, since then the vector field can be integrated to
an action of G = C*. However, that action has no stationary points, hence there are no
G-equivariant torsion sheaves.

Definition

Let M be as in Lecture A pair (B, h) € SH*(M) x SH°(M) is called a quasi-dilation if h
is invertible with respect to the commutative ring structure on SH®(M ), and the analogue

of (19.2) holds:
(19.5) A(hB) = h.

Obviously, for h = 1 this reduces to the notion of dilation.

LEMMA 19.2. Suppose that (B,h) is a dilation. Let L be an object of Fuk(M) which is
infinitesimally equivariant with respect to B. Then, the action of @1 1 on HF"(L,L)
H"(L;K) is +1.

This generalizes Lemma m The first part of proof is the same: the action of @ 1 on
HF™(L, L) is multiplication with the image of

(19.6) AB=1-h"'[n,B] € SH (M)

under the cohomology level map induced by (17.24)), which one can also think of as a com-
position

(19.7) SH*(M) — HH*(Fuk(M), Fuk(M)) — HF*(L, L).

The first part of (19.7) is the open-closed string map ([12.24)), which is compatible with

both product and Lie bracket. The second part is the projection map, which exists for any
A-category A and has the form:

HH*(A,A) — H*(homu (X, X)),

(8] — [6°].

Because L is infinitesimally B-equivariant, the image of B under (19.7) must vanish. The
image of h is an invertible element of L, hence (if one assumes L to be connected, which one

can do without loss of generality) a multiple of the identity. Lemma is a consequence
of this and the following elementary algebraic fact:

(19.8)

LEMMA 19.3. Fiz an object X of A. Take two classes in HH* (A, A) whose images in
H*(homa(X,X))/K-[ex] vanish. Then, the Gerstenhaber bracket of those two classes maps
to zero in H*(hom4 (X, X)).
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PRrOOF. Without loss of generality, we may assume that A is minimal and strictly unital,
and use the reduced version of the Hochschild cochain complex. Given any two Hochschild
cocycles (B2, f1), we have

(19.9) (B2, B1]° = B3(BY) — (—1)(P-1=DUAI=D BY(89) € homu (X, X).

By assumption, 8Y and 82 are multiples of the identity endomorphism; and £i(ex) =
Bi(ex) = 0, because they are reduced Hochschild cochains. (Of course, there is a ver-
sion of the argument which works throughout with cohomologically unital categories and
the full Hochschild complex, but the formulae become more complicated in that case.) O

As a consequence, the refined intersection numbers associated to quasi-dilations will have
the same properties as for dilations, in particular (18.8)) and (18.9).

EXAMPLE 19.4. Let’s consider the mirror to Example meaning M = T*S with coeffi-
cient field K = C. A description its symplectic cohomology which is compatible with mirror
symmetry was already given in , and this implies that M admits a quasi-dilation.
For concreteness, let’s consider only the case corresponding to k = 1 in , Then, the
invertible class h lies in SH* (M), which means that it corresponds to a simple Reeb orbit

winding once around the circle. For the simplest choice of quasi-dilation, the class B lies in
HY(M;C) = SHY (M), and in particular satisfies AB = 0, while hB € SH*(M)™.

Take the object of Fuk(M) corresponding to the zero-section L C M equipped with a flat line
bundle with arbitrary holonomy a. As an instance of our previous general discussion (|18.2]),
the map

(19.10) HY(M;C) = HY(SH (M)©) » HF'Y(L,L) =~ H'(L; K)

is nontrivial, hence L is never infinitesimally equivariant.

More generally, we can add any element ¢ € SH*(M)(=Y 2 C to B, and that corresponds to
using a general value of c in (19.4). The map SH'(M)=Y — HF'(L,L) is multiplication
by a~!; this is the same computation as in . The consequence is that if we choose a
nonzero c, there will be a unique value of a for which L becomes infinitesimally equivariant.

Examples

The most basic example is the Milnor fibre of the (A,,) type singularity of complex dimension
n = 2. As in Corollary [I8.T1] we consider this as the total space of a Lefschetz fibration
7 : M — C, but where now the fibre is a conic F' = C* = T*S*. We will use the “fibrewise”
version of symplectic cohomology SH (M) as in , together with a suitably adapted
open-closed string formalism. Namely, let A C M be the Lefschetz thimble associated to an
embedded path v : [0,00) — C, where v(0) is a critical value, and re(y(t)) — oo as t — 0.
Let V C F be the associated vanishing cycle, which is just the zero-section S' C T*S!

(equipped with the Spin structure that bounds a Spin structure on the disc A). One can
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construct a diagram of open-closed string maps of the form

(19.11) .- —— H*(M, {re(r) > 0};K) —— SH;,,(M) —— SH*(F) —— - -~

| | |

HZ(AK) H*(AK) — H*(V;K) —> - -

The top row is (18.24)), and the bottom row is the standard topological diagram involving
A and its “boundary at infinity” V. The left hand | is the standard restriction map on
cohomology, while the right hand | is )] : SH*(V) — HF*(V,V) = H*(V;K).

Now take a basis of vanishing paths ;, with associated A; and V; (of course, all the V; are
the same up to isotopy). Combining the relevant diagrams (19.11]) yields
(19.12)

s (M, {re(m) > 0 K) ——> SHp, (M)~ SH*(F) ——> -

l |
D, H: (A;K)

®, (A K) — D, H* (Vi K) —— -+
where the left hand | is now an isomorphism. Diagram-chasing shows:

IR

LEMMA 19.5. A class B € SH*(F) can be lifted to SH. (M) if and only if its image in
HY(V;K) = HF'(V,V) vanishes. O

Now, take B to be a quasi-dilation which makes V' infinitesimally equivariant. This exists by
our previous discussion, and in fact there are infinitely many possible choices (corresponding
to different k& in ; the constant ¢ on the other hand is uniquely determined by our
condition). Since the map SH?_ (M) — SH(F) is an isomorphism of rings, it follows that
the lift of B to SH._ (M) is again a quasi-dilation.

vert

COROLLARY 19.6 (Seidel-Solomon). The (A,,) type Milnor fibre (18.26)) in dimension n = 2
admits a quasi-dilation. O

By the same principle as Corollary this implies:

COROLLARY 19.7. The Milnor fibre of any isolated hypersurface singularity p(z,y) = 0,
where p(x,y) = 23 + 23 + q(y1, - -, Yma1), admits a quasi-dilation. a

As already pointed out in [184) Section 7], there is a generalization of (18.24]) to Lefschetz
fibrations with base C*. This becomes particularly simple if we assume that the monodromy
around 0 is trivial, in which case the long exact sequence takes on the form

(19.13) o= H*(M, |7| < 1}, K) — SHE,, (M) — SH*(F) ® H* (S K) — - -

vert

The left-hand group is again generated by Lefschetz thimbles for vanishing paths running
towards 0, and one can generalize (19.11)) accordingly. Then, the same argument as before
yields:
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COROLLARY 19.8. The manifold (11.7)), and its generalizations from Ezxample admit
quasi-dilations. O
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Families of objects
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Basic notions
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Elliptic curves and mapping tori
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Analytic and formal geometry
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