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Deformed Hamiltonian Floer theory,
capacity estimates and Calabi quasimorphisms

MICHAEL USHER

We develop a family of deformations of the differential and of the pair-of-pants
product on the Hamiltonian Floer complex of a symplectic manifold (M, w) which
upon passing to homology yields ring isomorphisms with the big quantum homology
of M. By studying the properties of the resulting deformed version of the Oh—
Schwarz spectral invariants, we obtain a Floer-theoretic interpretation of a result of
Lu which bounds the Hofer—Zehnder capacity of M when M has a nonzero Gromov—
Witten invariant with two point constraints, and we produce a new algebraic criterion
for (M, ®) to admit a Calabi quasimorphism and a symplectic quasistate. This
latter criterion is found to hold whenever M has generically semisimple quantum
homology in the sense considered by Dubrovin and Manin (this includes all compact
toric M), and also whenever M is a point blowup of an arbitrary closed symplectic
manifold.

53D40, 53D45

1 Introduction

The three-point genus zero Gromov—Witten invariants of a closed symplectic man-
ifold (M, w) can be organized in such a way as to give a product *y on the ho-
mology Hi«(M;Ay) of M where A, is a certain Novikov ring. The resulting ring
(H«(M, Ay), *¢), called the (undeformed) quantum homology of (M, w), has become
a fundamental tool of modern symplectic topology, in part due to the existence of the
Piunikhin—Salamon—Schwarz ring isomorphism [49] from the quantum homology to
Hamiltonian Floer homology with its pair-of-pants product.

From the early days of physicists’ conception of quantum homology (see Witten [64,
page 323; 65, Section 3]) it was anticipated that o would be just one member of a
whole family of quantum products *,, with the deformation parameter 1 varying in the
homology of M ,! each of which has its structure constants given by an n—dependent
formula involving counts of genus-zero pseudoholomorphic curves. As Kontsevich and

1Our convention will be that, if dim M = 2n, 7 is an element of EB;’;& Hy;(M; AS,) for a certain
subring A?U < Ay containing C (see Section 1.4(c) below).
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1314 Michael Usher

Manin [34] demonstrated, the composition law which was used by Ruan and Tian [54]
to prove the existence and associativity of the small quantum product ¢ also establishes
the corresponding facts for all of the *,; the family of rings {(H«(M: Ay), *5)} (or
some other structure carrying equivalent information) is known in the literature as the
big quantum homology of (M, w).

While much interesting work has been done relating to the rich algebraic and geometric
structure intrinsic to the big quantum homology (see for instance Manin [41]), the big
quantum homology does not seem to have had many external applications to problems in
symplectic topology. In this paper we provide some such applications. The applications
have in common the following outline: one shows that a symplectic manifold satisfies
some desirable property if there is some 1 such that the ring (Hx(M, Ay), *5) obeys
a certain condition, and then argues that the condition is satisfied for some 7. Since the
rings (Hx(M, Ay), *y) are typically not mutually isomorphic, the freedom to vary n
allows one to prove more results than would be available if one confined oneself to
using undeformed (n = 0) quantum homology.

Our applications concern problems in Hamiltonian dynamics, and we bring big quantum

homology to bear on these problems by connecting it to Hamiltonian Floer theory. In
particular, we prove:

Theorem 1.1 Letne EB;’;& Hy (M ; AD). For generic Hamiltonians H: S'xM — R
we may construct an R —filtered, n—deformed Hamiltonian Floer complex

(CF(H) = Uper CF*(H). 97 1)

with the following properties:
(i) (0"H)2 =0, and where HF(H)y = H«(CF(H), om-H) js the resulting homol-
ogy, there is an isomorphism CLDI;,SEI: Hi(M,Ay) — HF(H)y.

(ii) For generic pairs (H, K), where H)K: S'x M — R denotes the concatenation
of H and K (see Section 1.4(g)), there is a pair-of-pants product
*El"er: CF(H)® CF(H)— CF(H{ K) which is a chain map with respect to the
differentials 9", restricts for each A, € R to a map CF*(H) ® CF*(H) —
CF M”‘(H O K), and whose induced map on homology fflloer fits into a commu-
tative diagram

stil QPSSK
Hi(M; Ay) ® Hi(M; Ap) ————— HF(H); ® HF (K),
Floer

Hy(M; Ay)

HF(HOK),.

For proofs of the various statements in Theorem 1.1, see Corollary 3.7 and Proposi-
tions 3.11 and 3.12.
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Deformed Hamiltonian Floer theory, capacity estimates and Calabi quasimorphisms 1315

Theorem 1.1 allows one to define deformed versions p(a; H)y of the Oh—Schwarz
spectral invariants [57; 46] in a standard way: where a € Hx(M;Ayp) and H is
suitably nondegenerate, p(a; H ) is the infimal filtration level of a chain representing
the homology class @l;’sﬁla. One can show that these invariants satisfy a number of
properties similar to familiar properties from the undeformed case; see Proposition 3.13
for a list of several of these. Among these properties we mention in particular that
p(a; )y extends by continuity to arbitrary continuous functions H: S'x M — R, and
that we have a triangle inequality

(1 plaxyb; HOK)y = pla; H)y + p(b; K)y.

The spectral invariants of most Hamiltonians are difficult to compute, so (1) is an
important tool in understanding them; since the sort of information conveyed by (1)
changes whenever the quantum multiplication *; changes, we can begin to see how
it may be useful to study the spectral invariants for all values of the deformation
parameter 7, rather than just those for n = 0 as has been done in the past.

Let us now discuss our applications.

1.1 Hofer-Zehnder capacity

The 71 —sensitive Hofer—Zehnder capacity of the closed symplectic manifold (M, w)
may be expressed as

chz (M, )

{ . I H: M — R, all contractible periodic orbits of the }
=sup ymax H —min H .

Hamiltonian vector field Xz of period < 1 are constant

While it often holds that cg,(M,w) = oo, the case when ¢, (M,w) < oo is of
considerable interest, for instance because it implies the Weinstein conjecture for
contact (or indeed stable) hypersurfaces of M . Using the deformed Hamiltonian Floer
complexes, we give a new proof of the following theorem of Lu (see also Hofer and
Viterbo [30] and Liu and Tian [38] for earlier related results).

Theorem 1.2 (Lu [40, Corollary 1.19]) Suppose that (M, w) has a nonzero Gromov—
Witten invariant of the form

([ptl, ao,[pt].ar.....ak)ox+3,4

where A € Hy(M ;Z)/torsion and aq, ..., ay are rational homology classes of even
degree. Then
iiz(M, w) = ([w], A).
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1316 Michael Usher

We prove this Theorem below as Corollary 4.3. Strictly speaking Lu’s result is (at
least superficially) a bit more general, for instance because it allows for descendant
insertions and does not require the a; to have even degree; however I am not aware of
any examples of manifolds satisfying Lu’s hypotheses but not those of Theorem 1.2.
As seen in [40, Theorem 1.21], the estimate provided by Theorem 1.2 is sharp for M
equal to a product ]_[f;l CP" with any split symplectic form which is a multiple of
the standard one on each factor.

Our proof of Theorem 1.2 brings it into the purview of Hamiltonian Floer theory. In
fact, we deduce Theorem 1.2 from part (ii) of the following Theorem 1.3 about the
deformed spectral invariants, which is new even in the undeformed case n = 0 (though
an important special case appears in Usher [62]). As notation, if H: S!x M — R isa
smooth function, H: S' x M — R denotes the time-reversed Hamiltonian H (¢, m) =
—H{(t, (1);1 (m)), whose flow is inverse to that of H.

Theorem 1.3 Fix C > 0 and n € @;’;3 H»;(M; Ay) and suppose that one of the
following two conditions holds:

(i) There are a,b € Hx(M; Ay) \ {0} such that, for all autonomous H: M — R,

(p(a, H)y —vian)(@) + (p(b, H)y — v (b)) < C.
(i) Where [pt] is the standard generator of Hy(M ;C), forall H: M — R,

p(ptl; H)y + p(lpt); H)y = —C.

Then the w1 —sensitive Hofer—Zehnder capacity of (M, w) obeys the bound
cpz(M) = C.

Theorem 1.3 is proven below as Corollary 4.1; we refer there for the definition of
the quantity vjas)(a) € R U {—oo}, noting here only that v[ps)(a) is finite if and only
if a € H,(M; Ay,) has a nontrivial component in H,,(M;Ay). Thus whenever
a,be Hy.(M; A,) each have nontrivial components in Hy, (M ; A,) and there holds
a universal bound p(a; H), + p(b; H )y < C’ we obtain an explicit finite bound for
the Hofer—Zehnder capacity of (M, w).

We obtain Theorem 1.2 from Theorem 1.3 by using the assumed nonzero Gromov—
Witten invariant to find a value (indeed an open dense set of values) n 6@7;5 Hy;(M;C)
so that [pt] 5, a¢ has a nontrivial component in H5,(M ; Ay); the triangle inequality
and a standard duality property (Proposition 3.13(vii)) of the spectral invariants allow
one to use this to obtain an estimate as in (ii) of Theorem 1.3. Here it is essential to
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consider the deformed products *; and not just *q. This point is obvious when the
number k + 3 of insertions in the assumed Gromov—Witten invariant is larger than 3,
since in that case the invariant is unseen by %o whereas it does contribute to *; for
most values of 7. In fact it is useful to allow 7 to vary even in the case that k + 3 = 3,
since if one considered only n = 0 the possibility would remain that the invariant
would be cancelled by invariants coming from other classes in H,(M ; Z), whereas
one can show that there are always some values of 1 for which such cancellation does
not occur.

1.2 Calabi quasimorphisms

Beginning with [12], work of Entov and Polterovich and others has shown that, on some
symplectic manifolds, the asymptotic spectral invariant ¢ g > limy o0 p(e; HO%)o/ k
(for H normalized and e a well-chosen idempotent with respect to the quantum multipli-
cation ) defines (after multiplication by a constant) a so-called Calabi quasimorphism
Me,0 on the universal cover ﬁ;r/n(M , ) of the Hamiltonian diffeomorphism group.?
Thus pie,0 1s a homogeneous quasimorphism (ie a map which fails to be a homomor-
phism by a uniformly bounded amount and is a homomorphism when restricted to
cyclic subgroups) which, on the subgroup given by the flows generated by Hamiltonians
supported in any given displaceable open subset, coincides with the classical Calabi
homomorphism of Banyaga [1, Proposition I1.4.1]. Moreover, in this case the formula
e, 0(H) = limg_ o0 ple; kH)o/k defines a function ¢, o: C(M) — R satisfying the
axioms of a symplectic quasistate, as defined in Entov and Polterovich [13]. These
constructions have had many interesting applications, eg to the structure of ﬁgr/n(M , W)
and to rigidity properties of subsets of M ; see for instance Entov and Polterovich [12;
15] and Entov, Polterovich and Zapolsky [16].

n—1

For any 1 € @/—y H2i(M; A2), we will denote by QH(M, »), the commutative
algebra (Hey(M; Ay), *p) given by restricting n—deformed quantum multiplication
to even-dimensional homology.

After establishing basic properties of the deformed spectral invariants as described in
Proposition 3.13, we extend the arguments of Entov and Polterovich [12; 13; 14] and
Usher [61] to obtain the following theorem, which summarizes results of Section 5:

Theorem 1.4 Let (M, w) be a closed symplectic manifold, n € @?;1 Hyi(M; A2),
and e € QH(M,w), withe x,e =e.

2In this paper we only discuss Calabi quasimorphisms on Ham(M, w); we do not address the interest-
ing question of whether these can be arranged to descend to Ham(A, ). Thus in what follows a “Calabi
quasimorphism on M ” should be understood as being defined on Ham(M, w).
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1318 Michael Usher

(i) Suppose that, for some C > 0 we have an estimate
) ples H)y + pe; H)y = C
for all H: S' x M — R. Then the functions e ﬁafn(M, ) — R and
lep C(M) — R given by

ple: HO¥), _ o plekH)y
ko SenUD=lim

define respectively a Calabi quasimorphism and a symplectic quasistate. The
quasimorphism i, obeys the stability property of Entov, Polterovich and
Zapolsky [16, (3)].

(i) Suppose that we have a direct sum decomposition (of algebras)

ﬂe,n(&H) = —vol(M)

QH(M.w), =F & A

where F is a field. Then an estimate (2) holds with e equal to the identity in the
field summand F .

Note the similarity of the criteria denoted (i) in, respectively, Theorem 1.3 and
Theorem 1.4. In particular, if e € QH(M, w),, is an idempotent which contains a non-
trivial component in H, (M ; A, ), we find that an estimate p(e; H)y, + p(e; H )y <C
simultaneously gives rise to two deep and quite distinct conclusions about Hamiltonian
dynamics on (M, w): a bound on the 7| —sensitive Hofer—Zehnder capacity on the one
hand, and the existence of a Calabi quasimorphism and a symplectic quasistate on the
other. In light of Theorem 1.4(ii), if QH(M, w)y is semisimple (ie decomposes as a
finite direct sum of fields), then at least one of the multiplicative identities in the field
summands will satisfy these conditions, since the sum of these multiplicative identities
is [M].

Of course, Theorem 1.4(ii) begs the question of under what circumstances a decom-
position QH(M,w), = F & A with F a field exists. In the later sections of the
paper we make a detailed study of this matter. To any deformation class (M, C) of
symplectic manifolds we introduce a “universal quantum coefficient ring” Rps and
an Rps—algebra Ag,, and define (see Definition 6.5 and the end of Section 7.2)
what it means for (M, C) to have “generically field-split big quantum homology” in
terms of the properties of this algebra A g,, . Since it is also of interest to know when
QH(M, w)y satisfies the stronger condition of being semisimple (for instance results of
Entov and Polterovich [15] show that semisimplicity leads to stronger rigidity results in
some contexts than does the property of having a field direct summand), we also define
a notion of (M, C) having “generically semisimple big quantum homology.” Using
methods from scheme theory, we show:
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Theorem 1.5 If (M, w) is a closed symplectic manifold with v belonging to the
deformation class C, the following are equivalent:

(1) (M, C) has generically field-split (resp. generically semisimple) big quantum
homology.

(i) Thereis n € EB::& Hy;(M; A%) such that the deformed quantum homology
QH(M, w)y splits as a direct sum F @ A where F is a field (resp. splits as a
finite direct sum of fields).

(iii) There is an open dense set U C EB?;& H;(M; C) such that QH(M, w), splits
as a direct sum F @& A where F is a field (resp. splits as a finite direct sum of
fields) whenever n € U .

See Theorem 7.8 for a slightly more specific version of this theorem and its proof.

To illustrate that the equivalent conditions in Theorem 1.5 are far from vacuous, we
mention:

Theorem 1.6 (i) The deformation class of any closed symplectic toric manifold
has generically semisimple big quantum homology.

(i) The deformation class of the blowup at a point of any closed symplectic manifold
has generically field-split big (and also small) quantum homology.

Consequently, any closed symplectic toric manifold and any blowup of any closed sym-
plectic manifold at a point admit a Calabi quasimorphism and a symplectic quasistate.

Proof As noted in Section 7.3.4, part (i) follows directly from a theorem of Iritani [33]
and Theorem 7.15. Part (ii) is proven as Theorem 7.16. O

Part (ii) of Theorem 1.6 generalizes a result of McDuff (which appears in Entov
and Polterovich [14]) which produces a Calabi quasimorphism on the blowup of any
nonuniruled symplectic manifold. Meanwhile (i) generalizes results that have been
proven for a variety of toric Fano manifolds; in particular in Ostrover and Tyomkin [48]
and Fukaya, Oh, Ohta and Ono [22], it is shown that if M is toric and Fano then
QH(M, w), is semisimple for generic choices of the toric symplectic form . However
Theorem 1.6 does not require any Fano condition, and also does not require the
symplectic form to be chosen generically.

Let us emphasize some aspects of Theorem 1.5. First of all, note that it shows that,
as soon we can obtain a single n giving rise to a Calabi quasimorphism p. , via
Theorems 1.5 and 1.4, there are in fact uncountably many such 5. It is natural to
ask whether these quasimorphisms are the same. We do not prove any results in this
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direction here, but note that work of Fukaya, Oh, Ohta and Ono [20, Theorem 1.10]
completed while this article was under review shows that, in certain toric cases, an
uncountable subset of these quasimorphisms can be seen to be linearly independent
by means of their interactions with Lagrangian Floer theory. Meanwhile it is also
possible for the Calabi quasimorphisms (¢ 5 to change as one varies the idempotent e:
examples of such behavior (with 7 = 0) have been found for certain symplectic forms
on CP2#CP? in Ostrover and Tyomkin [48, Corollary F] and on S? x S? in Eliashberg
and Polterovich [11].

We also point out that our criterion for the existence of a Calabi quasimorphism
on ﬁaﬁl(M ,w) depends only on the deformation class of @. If we had confined
ourselves to the case n = 0 we could not have expected to obtain a deformation-
invariant criterion, since the algebraic structure of QH(M, ) can be surprisingly
sensitive to deformations of w. For example, in [48, Section 5] Ostrover and Tyomkin
produce a toric Fano 4—fold M such that QH(M, w)¢ fails to be semisimple when @
is the monotone toric symplectic form but is semisimple for generic toric symplectic
forms w. Calculations in Bayer and Manin [3, Proposition 3.5.5] suggest that a similar
phenomenon occurs for the manifold obtained by blowing up CP? at 5 or more points.
However, by changing the question from, “Is QH(M, w) semisimple (or field-split)?”
to “Does there exist 1 such that QH(M, w), is semisimple (or field-split)?” we evade
such issues.

Algebraic geometers have been studying a notion of generically semisimple big quantum
homology for some time (see eg Dubrovin [9], Manin [41] and Bayer [2]), and we
show in Section 7.3.3 that our notion is equivalent to theirs.3 This effectively answers a
question raised by Entov and Polterovich [14, Remark 3.2] as to whether semisimplicity
in the sense studied there (which in our language amounts to the semisimplicity of
QH(M, w)g) can be deduced from generic semisimplicity in the algebraic geometry
sense. As stated, the answer is evidently negative, since the Ostrover—Tyomkin example
has generically semisimple quantum homology but fails to have QH(M, w)o semisim-
ple. On the other hand, from the standpoint of applications this paper shows that generic
semisimplicity suffices for the constructions for which Entov and Polterovich employed
the semisimplicity of QH(M, w)y.

3 As alluded to in Section 7.3.3, different authors use different coefficient rings in the algebraic geometry
literature when discussing quantum homology, and in some cases it is assumed that certain power series
defining the structure constants converge; however in any event our results show that the resulting notions
of generically semisimple big quantum homology are equivalent on their common domains of definition, a
fact which seems to be familiar to algebraic geometers.

Geometry & Topology, Volume 15 (2011)



Deformed Hamiltonian Floer theory, capacity estimates and Calabi quasimorphisms 1321

1.3 Summary of the paper, with additional remarks about the deformed
Hamiltonian Floer complexes

In Section 2, we review the definition of the deformed quantum rings (Hx (M, w), *5).

Section 3 develops deformed Hamiltonian Floer theory. Thus to a suitably nondegener-
ate Hamiltonian H and a deformation parameter 7 € @;’;(1) Hy; (M ; AS,) we associate
an R—filtered Floer complex (CF(H),d"H). We also define continuation maps
(CF(H-), 3" H-) — (CF(Hy), 9"-H+); Piunikhin-Salamon—Schwarz-type maps [49]
le;,S?{: CM(f;Ap)— CF(H) and ¥, g: CF(H)— CM(f; Ay») where CM(f; Ayw)
is the Morse complex; and a pair-of-pants product *,Ff"er: CF(H)®CF(K)—CF(H{K).
The deformations are especially easy to describe when n € Hy,—» (M ; Ag). For exam-
ple, whereas matrix elements for the ordinary Floer differential 3% count certain cylin-
ders u: R x S — M with rational weights €(u), for n € Hap—y(M; A) we choose a
closed 2—form 6 Poincaré dual to 1 and form the deformed differential 3" by instead
counting these cylinders with weight e (u) exp( fo g1 u*0). Similar modifications are
made to obtain deformed versions of the standard continuation and PSS maps and the
pair-of-pants product. The various standard identities involving these maps (for example
the facts that (37 )? = 0 and that the other maps are chain maps with respect to 37 )
then follow from the standard arguments together with Stokes’ theorem and the fact
that the chosen 2—form 6 is closed. This approach to “twisting” the Hamiltonian Floer
complex, though quite simple and useful (it alone would suffice for our applications in
many though not all cases—in particular it is enough to yield Calabi quasimorphisms on
all point blowups and on all toric Fano manifolds), does not seem to have been used on
closed symplectic manifolds before.i However, in the context of the symplectic cohomol-
ogy of Liouville domains the approach has been used by Ritter [51], and it is also similar
to the use of “ B—fields” in Lagrangian Floer theory (see Fukaya [19] and Cho [6]). Note
that in these other contexts (and also in a similarly deformed version of Morse homology,
where one integrates closed one-forms over gradient flowlines) the resulting homology
does depend on the deformation parameter 7, whereas in our case it does not, perhaps
surprisingly at first glance. This independence can be explained by the facts that, first,
the n—deformed homology will be independent of the Hamiltonian H by a standard
continuation argument, and second, for a small, time-independent H, all of the gradient
flow cylinders can be arranged to degenerate to lines, over which the 2—form 6 integrates
trivially, so that € does not affect the differential. On the other hand € does affect the
pair-of-pants product, which unavoidably involves genuinely 2—dimensional objects.

For more general n € EB;:& Hy;(M; AY), the differential and the other maps on
CF(H) are further deformed by the imposition of incidence conditions corresponding
to the higher-codimension components of 1. Some subtleties arise here because the
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fact that the moduli spaces have codimension-one boundary leads one to need to use
the same chains for the incidence conditions at each marked point (rather than just
homologous ones as in Gromov—Witten theory) in order for the maps to satisfy the
appropriate identities, which in turn causes potential transversality problems as the
marked points approach each other. However such issues are readily handled by using
the same machinery (the fiber product construction for Kuranishi structures) that is used
by Fukaya, Oh, Ohta and Ono [21] to deal with similar (and indeed in some cases more
difficult) matters in the construction of Lagrangian Floer theory with bulk deformations.
Our use of these sorts of deformations in Hamiltonian Floer theory appears to be new,
though Fukaya, Oh, Ohta and Ono arrived at this technique independently [20]. For
the benefit of readers who lack fluency in [21], we also provide a construction of the
deformed Floer complexes in the semipositive case which does not rely on Kuranishi
structures; due to the aforementioned transversality problems for the relevant fiber
products this does require some work, most of which is consigned to Appendix A.
However, it is still our opinion that the approach based on [21] is the most appropriate
framework for these sorts of constructions. The reader should see [20] for a more
thorough development of this approach, including a relation to Lagrangian Floer theory.

In any event, after constructing these maps, we find that the n—deformed Hamiltonian
Floer theory behaves in much the same way as the undeformed version, except that its
multiplicative structure on homology is isomorphic via the appropriate PSS maps to the
n—deformed quantum ring structure. In particular we can construct spectral invariants in
the usual way and prove that they satisfy standard properties as laid out in Section 3.4.

Section 4 contains the applications discussed above which obtain Hofer—Zehnder
capacity estimates by means of the behavior of the deformed spectral invariants. We
use arguments depending on the construction of S!—equivariant Kuranishi structures
on moduli spaces associated to the Floer differentials and the PSS maps (similarly to
what was done by Fukaya and Ono [23] and Liu and Tian [37] to prove the Arnold
conjecture; see also the proof of Oh [45, Theorem IV] for a case closely related to ours);
the polyfold theory of Hofer, Wysocki and Zehnder [31] should eventually provide
a preferable framework for such arguments. With current technology, as we explain
in Remark 3.16, the use of S'—equivariant Kuranishi structures can be avoided only
under a rather strong assumption on the first Chern class of the manifold. The results
of Section 4 are not used elsewhere in the paper.

Section 5 establishes Theorem 1.4, thus reducing the existence of a Calabi quasimor-
phism on Ham(M, w) to the statement that, for some 1 € @?;é Hyi(M; AY), the
commutative algebra QH(M, w),, satisfies an algebraic condition.

The last two sections of the body of the paper are much more algebraic, oriented toward
the goal of finding equivalent conditions to that identified in Section 5. Section 6
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is pure commutative algebra, devoted mainly to a theorem about sets of equivalent
conditions under which the spectral cover map Spec 4 — Spec R associated to a
finite R—algebra A either has an unramified point in its domain or else has a point
in its range over which all points in the fiber are unramified. The final Section 7
connects this to the problem at hand, reformulating big quantum homology as an
algebra Ag,, over a ring Rps (as alluded to earlier, Rps and Ag,, are, unlike
QH(M, w)y, symplectic deformation invariants). For a deformation parameter 7, the
n—deformed quantum homology is then recovered as the tensor product Ag,, ®g,, Aw
associated to an appropriate homomorphism ¢,: Ras — A, . The sets of equivalent
conditions identified in Section 6 are seen to in turn be equivalent in this context to
the existence of an 1 such that QH(M, w)y, respectively, has a field direct summand
or is semisimple. The nice behavior of our algebraic conditions under base change
(Proposition 6.6) enables us to move between coefficient systems with ease, leading
to results such as Theorem 1.5. Throughout Section 7 we discuss both big and small
quantum homology;* while this in principle does not lead to greater generality since
if our algebraic conditions hold for small quantum homology then they also hold for
big quantum homology, the small quantum homology is easier to compute since it
only involves 3—point Gromov—Witten invariants, and so our conditions can be easier
to check for small quantum homology. At the end of Section 7 we verify that one-
point blowups always have generically field-split small (and hence also big) quantum
homology, drawing on results of Gathmann [24], Hu [32] and Bayer [2] about the
Gromov—Witten invariants of blowups.

Finally, in Appendix A, we outline the proof of the result from Section 3.2.2 which
underlies our construction in the semipositive case of the deformed Floer complexes for
classes n € @?;é Hy;(M; A%) which are not of codimension two. This is included
only to provide a more self-contained treatment for readers who prefer to avoid relying
on the more sophisticated constructions of Fukaya, Oh, Ohta and Ono [21].
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4In our language, the small quantum homology corresponds to the deformations obtained by allowing
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1.4 Some conventions

There are multitudes of different conventions in the literature used for signs, coefficient
rings and so forth for the various characters in our story; for this reason it seems prudent
to collect some of our conventions in one place for the reader’s convenience (though
the reader will generally be reminded of these as they become relevant).

(a)
(b)

(c)

(d)

(e

)

, @) always denotes a closed symplectic manifold, an = .
M lways d losed symplecti ifold, and S! =R/Z

A “Hamiltonian” is a smooth function H: S' x M — R. The Hamiltonian
vector field of H is the time dependent vector field Xz = Xy (¢,-) defined
by tx, ) = —d(H(t,-)). (NB: The negative sign is contrary to my usage in
previous papers.)

The Novikov ring associated to w is the generalized formal power series ring

a,:{ > agT#

gely
where 'y =Im({w,-): (M) = R).

agGC,(VC>O)(#{g|ag750,g<C}<oo)}

Thus A, is “completed upward.” The subring Ag, is defined by

{ Z agT® € Ay

g€ly

ag7é0=>g20}.

The Floer complex of a (suitably nondegenerate) Hamiltonian H has underlying
module

(VC <0)

CF(H) ={ Y apyuly. il
(1. 0] | a1 2 0. A (. v]) > C} < oo)}.

[y.vle P(H)

Thus CF(H) is, unlike A, “completed downward.”

Algebraic structures such as CF(H) and the quantum rings (H«(M, Aw), *5)
will be graded by Z /27, not Z. Correspondingly, there is no “degree-shifting
element” such as that denoted ¢ in Entov and Polterovich [14].

Any ring whose name begins with the initials QH (such as QH(M, w)) cor-
responds only to the even-degree part of the quantum homology (and thus is
commutative and, in light of (e) above, is ungraded). When we wish to include
both even and odd degree elements we will directly refer to H.(M, Ay).
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(g) Hamiltonians H, K: S! x M — R are composed via the “concatenation” oper-
ation

X @) H(x(t), m) 0=<r=<1/2,

HOK(t,m) = {
X't =1/2)K(x(t),m) 1/2<t<1,

for a suitable smooth monotone surjection x: [0, 1/2] — [0, 1]. In particular the
time-one maps are related by
1 1 1
Prox =Pk °PH-

(h) A fixed parameter 1 will determine a certain natural number m and cycles
c1,...,Cm such that ¢; has dimension 2d (i), as explained in Section 3. The
letter 7 will typically refer to an element (iq, ..., i) of {I,...,m}* for some
k € N. For a previously chosen set collection of elements z; € A2 (1 <i <m)
we will write

Z] = Ziy * Zig -

k
Also, 8(I) =) (2n—2-2d(ij)).
ji=1

(This latter number is interpreted as the codimension associated to a certain set
of incidence conditions associated to 7.)

2 Quantum homology I

To fix notation, we now review the definition of the deformed quantum ring structures
*p on a closed 2n—dimensional symplectic manifold (M, w). These structures will be
viewed from a different perspective in Section 7.

Where Iy ={{w], 4) | A €e Im(2(M) — Hy(M;Z))} <R,

the Novikov ring associated to (M, w) is

o0
Ay = {Zal—Tgi

i=1

a;i €C,gi €T, (VC > 0)(#({i |a; #0,8i <C}) < oo)}

where T is a formal variable. It is not difficult to check that A, is a field (see for
instance Hofer and Salamon [29, Theorem 4.1]).
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The Novikov ring has a distinguished subring A% < A,,, defined by

A = {ZaiTg" €Ay
i

An easy exercise shows that there is a well-defined map

(Vi)(gi > 0)}-

exp: A2 — A?
defined by the usual Taylor series

o0 ak
exp(a) = Z Il
k=0

and satisfying the identity
exp(a +b) =expaexpb

(on the other hand, for a more general element a € A, the formal sum »_ ak /k!
typically does not give a well-defined element of A,).

For each n € Q};:é Hy;(M; A%), we will now define an n—deformed quantum mul-
tiplication *;, which makes Hy(M, A,) into a A, —algebra. Our reason for only
considering even-dimensional classes 7 is that it will allow us to obtain an algebra
which is commutative by restricting *; to the even-dimensional part of Hy (M, Ay).
Additionally, orientation-related issues would make it difficult to obtain results such as
Corollary 3.7 below if we did not require 7 to be even-dimensional.

Given a class A € Hy(M;Z) and classes ay,...,a € Ho(M;AD) with k > 3, let

(ay,....ax)ok.4

denote the Gromov—Witten invariant from Ruan and Tian [54], Fukaya and Ono [23],
Liu and Tian [36] and Ruan [53] enumerating (in the appropriate virtual sense) genus
zero J —holomorphic curves u: S? — M representing A with k freely varying marked
points z1, ..., z; such that u(z;) € N;, where J is a generic almost complex structure
compatible with @ and the N; are generic cycles representing the a;. (Recall that this
invariant is multilinear in the a;, so may be expressed in terms of invariants in which
each inserted homology class is homogeneous.) Let {cy,...,c,} be a homogeneous
basis for Hy (M ; Q), with Poincaré dual basis {cl, e’ (de N ¢l = 5{ where N
is the Poincaré intersection pairing). The operation *,: Hyx(M;Ayp) @ Hx(M; Ap) —
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H.(M:;Ag) is then obtained by extending linearly from the formula

3  xxgy= ) Z Z X, 9., ’7’---’77>0,k+3,AT([w]’A)CJ

AeH>(M:Z) k= 0 ! j=1

The reader may verify the fact that the above formula does indeed give a well-defined
element of H.(M; A,); in any event this follows from what is done later in Section 7.
As seen in Kontsevich and Manin [34, Section 4], the fact that *,, is associative follows
from properties of Gromov—Witten invariants (in particular the composition law) that
are proven in [54] and elsewhere.

If we write n = np +n where np € Hyy—2(M;A%) and 1’ € @:-:g Hyi(M;A%),
the divisor axiom® for Gromov—Witten invariants shows that

Xagp= )] Z Zx v n>ok+3Aexp<anA>T[w]’f“cf
A€H>(M;Z) k=0 'z_1

In particular if n € Hap—(M; AS) we simply have

Xapy= Y Y (x.v.ciosaexp(nn AT,
AeH,(M;Z) j=1

3 Hamiltonian Floer theory and its deformations

We fix our notation and conventions for Hamiltonian Floer theory. Let H: S'x M — R
be a smooth function (here and below the circle S' will be identified with R/Z). Our
convention will be that the (time-dependent) Hamiltonian vector field Xz associated
to H is given by
WXy, )@ =—d(H(t,-)).

This is consistent with the convention generally used in the papers of Entov and
Polterovich, but opposite to that used by Oh and by the present author in earlier papers;
various signs appearing below will accordingly differ from those in corresponding
results from those papers.

The Hamiltonian isotopy generated by the vector field Xz will be denoted {qﬁ}l},eR
(with ¢2, equal to the identity). The path {¢§{}05t51 determines an element in
Ham(M, o), denoted ¢ g .

5Recall that the divisor axiom (see McDuff and Salamon [44, Proposition 7.5.6]) asserts that if ¢z 41 €
Hy, (M ; Q) then one has the relation (cy,...,ck. Cky1)0k+1,4 = (Ch+1 NA{C1.. . Ch)ok,a-
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Let Lo M be the space of contractible loops in M, and

m_ {()/,U)|}/E£0M,UZ D2_>M,U|3D2:]/}

o)~ (V) ey =y and [p2v*o = [pa v 0

(In this paper the Hamiltonian Floer complex will be treated as just Z,—graded; since
we do not impose a Z—grading, we will not incorporate the first Chern class of M into
the definition of LyM as is often done.)

Define P(H)={y € LoM | y(t) = Xg (1, y(1))}
and P(H) ={[y.v]€ LoM | y € P(H)}.

Thus P(H) is the set of critical points of the action functional

1
Ag([y.v]) = — [D o+ /0 Hty () dr.

Assume that H is nondegenerate in the usual sense that, for each p € Fix(qb}q), the
linearization dy¢};: Ty M — T, M does not have 1 as an eigenvalue. We then have a
map

w: P(H) — {£1}
defined by w([y, v]) = signdet(Ild —dp¢}1).

As an abelian group, the Floer complex of H is then defined by

CF(H) = { Z a[y,v][ya v]
[y.vle P(H)
apy,p) € C, (YC e R)# [y, v] | apy,v) # 0, Ag [y, v])) > C} < oo)}.

We thus have CF(H) =CFey(H) ® CFoqq(H)

where CFey(H) = Z apy )y, vl € CF(H) | apy ) # 0 = u(ly, v]) = +1}
[y.v]leP(H)

and Craa() =1 3" apugly.vl€ CF(H) |apyuy #0 = 0y, v) = —1}.
[y.,v]leP(H)

For any g € I'y, choose an arbitrary Ag € m,(M) such that ([w], Ag) = g. Then
CF(H) has the structure of a A, module, via the action

(Z aj; Tgi) . (Z b[y’v][y, v]) = Z aib[y’v][y, v# Ag].
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Note that Ay, and CF(H) are completed in the “opposite directions”; this is an artifact
of the negative sign in the formula for Ag .

3.1 Homotopy classes of cylinders

Let Hy: S'x M — R be two nondegenerate Hamiltonians and let y~,y ™ € P(H).
Define m,(y~,y ") to be the set of path components of the space of C° maps
u: [—00,00] x S — M obeying u({£oc} x S1) = y*.

Let u: RxS!— M bea C! map such that (where s is the R—variable on R x Sy

u(s,-) —y* uniformly;
0
—u(s,~)—>0 in L%
as
du

E(S")_)XHi in L? as s — +o0.

Then u extends continuously to a map u: [—00, 0o] x ST — M with u({+oo}x S!) =

y*, so that u represents some class C € o (y~, y ).

Write

o0
QA(M:A2) = { > 6T

i=1

0; € Q*(M:;C), d; =0,0<g; /o0, gi € ra,}.

It is a straightforward consequence of Stokes’ theorem that, if § € Q2(M; C) is any
closed complexified 2—form on M , the quantity fRX g1 u*0 (which is easily seen to
be finite by our asymptotic assumptions) depends only on the homotopy class C and
not on the representative u. Accordingly, for C € m5(y~, ™) and for § € Q*(M; C)

with d6 = 0 we denote
/ 0:=/ u*o
C RxS1

where u is any representative of C as described above. Consequently, for any 6 €
Q2(M, AY) and any y* € P(H), C € ma(y~,y "), we have a well-defined value

o0
/Ce = ;(/C 0:)T% €AY,

Given three periodic orbits yy, y1, > we have a “concatenation” map

(Y0, Y1) X 2 (Y1, ¥2) = m2(¥0. ¥2)
(C_, C+) = C_#C+
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where C_#C. is the equivalence class of a map w: [—00, —00] x S1 — M defined
(for the sake of definiteness) as follows. Let u, v: [—00, 00] x S1 — M be arbitrary
representatives of, respectively, C— and C4, and define w: [—00, 00] x S — M by

W(s. 1) = u(—log(—s),1) s=0,
T v(log(s),?) s>0

(here we’ve extended the natural logarithm to a continuous map log: [0, co] — [—o0, o<];
the definition is consistent at s = 0 since by assumption u(co,-) = v(—00,-) = 7).

Evidently, if 6 € Q2(M; A), C_ € w3 (0, v1), C+ € m2(¥1, ¥2), then

4 / 0= / 0+ 0.
C_#Cy _ Cy

Another important map on 7,(y~, ¥y ") is the Maslov map

i m(y .y ) - L.
To define it, let C € w5 (y~, ¥ T) and let u: [—00, 0o]x S be an arbitrary representative
of C. Since y~ is by assumption contractible, choose any disc v: D> — M with

V|gp2 =¥~ . Glue the negative end of u to the boundary of v along ¥~ to form a new
disc u#v: D* — M, now with u#v|yp2 = y*. Now define

(C) = pcz(y T v#u) — pez(y . v).

Here the Conley—Zehnder index pcz is defined as usual (see Salamon [55, Section 2]):
for y € P(H) and v: D* — M with v|yp2 = ¥, symplectically trivialize v*TM
over D?, and let jucz(y, v) be the Conley—Zehnder index (in the sense of Robbin and
Salamon [52, Remark 5.4]) of the path of symplectic matrices which represent the
linearizations dpqﬁ)’q in terms of this trivialization. The quantity i (C) is easily seen to
be independent of the various choices involved and to obey

w(C_H#Cq) = n(C-) + u(Cy) (C- € ma(vo, 1), C+ € ma(¥1, 12))-

3.2 Differentials

An S!'—family J = {J;},cg1 of w—compatible almost complex structures on M
induces an S!—family of metrics and hence an L? metric on ZO\M in a standard way.
The negative gradient flow equation for the action functional Ay with respect to this
metric asks for a map u: R x S' — M obeying

du

- du
5) 8J’Hu.=£+J(t,u(s,t))(a[

—Xg(t,u(s, t))) =0.
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For afixed y~,yT € P(H) and C € mp(y~,y ™) write®
5 2
_ 1 0,1 =0, Jyest|5e|” < oo,
M@y~ yT.O)={u:RxS' > M u(s,-) —y*ass — oo,
[l =C em(y~,y")
Where R acts by s—translation, let
M@y ~.yT.C) =M@y .yt . C)/R.

This latter space has a standard Gromov compactification CM(y~,y T, C) (by broken
trajectories and sphere bubbles), and in Fukaya and Ono [23, Theorem 19.14] this
compactification CM(y~,y ™, C) is endowed with an oriented Kuranishi structure
with corners, of dimension i(C) — 1; moreover as C varies the various Kuranishi
structures are compatible with gluing maps in an appropriate sense made precise in [23,
Addendum 19.16] (see also Liu and Tian [37, Section 4] for an alternative construction).
In particular, if £(C) =1 the zero set of a generic multisection s¢ associated to this
Kuranishi structure consists of finitely many points each with a corresponding rational
multiplicity, and the sum of these rational multiplicities gives a value which we denote

lsc' (0)].

(See Fukaya, Oh, Ohta and Ono [21, Appendix A] for a general introduction to
Kuranishi structures. Very briefly, a Kuranishi structure on a compact space Z identifies
a neighborhood U, of each p € Z with a quotient by a finite group I', of the
zero locus of some I',—equivariant smooth map s,: V,, — E, where the smooth
manifold with corners V), and the finite-dimensional vector space E, both carry I';—
actions. The multisection s¢ amounts to the data of suitably compatible multivalued
perturbations 51,71' of sp, for certain specially chosen p; (as in [21, Lemma Al.11])
such that the Uy, cover Z, with each s;,i transverse to zero (so that s;,i vanishes at
just finitely many points when the virtual dimension is zero). [21, Definition A1.27]
then prescribes multiplicities at each point in the vanishing locus, and what we denote
by |5E1 (0)] is the sum of these multiplicities.)

Readers who do not like Kuranishi structures but are willing to restrict themselves to
the case where (M, w) is strongly semipositive (ie for any 4 € m,(M) with 2 —n <
(c1(TM), A) <0 we have [, w <0) can instead follow the constructions of Hofer and
Salamon [29]. Provided that the pair (J, H) belongs to a suitable residual set the space
M(y~,y ™, C) will be a an oriented manifold of dimension jz(C) — 1, consisting in
the case that t(C) = 1 of finitely many points; what we denote by |5E1 (0)| should

To avoid clutter we are omitting J and H from the notation for ./\71()/_, y T, C); we hope this will
not cause confusion.
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then be interpreted as the signed number of points in M(y~, y T, C). (The section s¢
can in this context be regarded as the restriction of the operator ds g to the space of
cylinders representing C € my(y~,y™1).)

The standard Floer differential is the operator do: CF(H) — CF(H) obtained by
extending linearly from the formula

doly . v7]= ) Yo Isd Ol vl
yteP(H) Cema(y~,y ™),
AC)=1

(Here and below the notation [y+, v #C] is to be interpreted in the obvious way
using concatenation; of course since the equivalence relation defining elements [y, v]
of P (H) is much weaker than homotopy the assignment C + [y, v"#C] will be
many-to-one.)

3.2.1 Small deformations We consider additionally a whole family of Floer differ-
entials, dg, where 0 takes values in the set le(M ; AQ) of closed Novikov-ring valued
2—forms. For 6 =) ; 6;T¥ € Qfl(M, AQ) and any yte P(H), Cem(y™.y),
we have a well-defined value

o0
6= (/ 0:)T% €AY,
Joo =2 oyre e
For any such 6, we then set
doly v 1= Y Yo s o) exp(/ 9)[y+, v#C).
yTeP(H) Cena(y—,¥yT), ¢
r(C)=1

Said differently, for each cylinder u counted by the Floer boundary operator, if u is
ordinarily (with respect to the standard boundary operator dg) counted with weight
€(u), we instead count u with weight €(u) exp [p, g1 u*0 € AY.

Proposition 3.1 If § € Q3 (M, AY), then 35 = 0.

Proof This follows from the standard argument (together with Stokes’ theorem as
manifested in the formula (4)). Indeed, for [y~,v™]| € P(H), 85[)/_, v~] is a formal
sum of generators [y, v"] where y* € P(H) and ucz(y T, v")—pucz(y . v7) =2.
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The coefficient on [y, v™] is equal to

)3 > X ol ole([ o)en([ o).

Cemr(y~,y1), yeP(H) C—Gﬂz()/_,_{), - +
Jeco=[p2vT*0—[pr v *0 Cirem(y,y™),
cTp b C_#Cy—=C,
w(Cp)=1

which in turn is, by (4), equal to

(©) Y oew(f) Y Y kol ol

Cema(y= ), € 7 yer) C_emy~y),
Jeo=[prvT*o—[prv %0 Crem(y,y™),
cTp b C_#Cq=C,

r(Cy)=1

But as in Fukaya and Ono [23, Lemma 20.2], for each C € m,(y~, ¥y ™) appearing
in the sum, the multisection s¢ associated to the 1—dimensional oriented Kuranishi
structure on CM(y~,y+, C) has

osc' 0= s¢' (0) xs¢! (0),

So since the sum of the multiplicities of the points of 8551 (0) is zero it follows that
the sum in (6) is zero.

(In the semipositive case where one does not use Kuranishi structures the same argument
works, as in [29, Theorem 5.1]: for C € m,(y~, y ™) the space M(y~,yT,C) has a
compactification which is an oriented manifold with boundary equal to

U Mo r.coxMy.yt.cp.
y,C_,C:
C_#Cy=C

which again causes the sum in (6) to be zero.) O

All of the boundary operators dg as 6 varies are different; however one can show’ that
if 6,6’ are cohomologous then the complexes built from dg, dg, are isomorphic in the
category of R-filtered chain complexes. Thus we have introduced a way of deforming
the standard Floer complex (CF(H), o) by a class in H*(M; A%), or equivalently
(by Poincaré duality) by a class in Ha,—(M; A%). In what follows the boundary
operator denoted dg above will instead be called gPPIOLH Presently, these deformed

7using arguments similar to those in the proof of Usher [63, Lemma 3.8]—we omit the proof since we

will not need to use the statement
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boundary operators will be generalized to the case where PD[#] is replaced by a more
general even-dimensional homology class.

3.2.2 Big deformations This generalization entails counting Floer trajectories which
obey certain incidence conditions, but requires more subtle technical arguments than
one might initially imagine. Conceptually, the relevant technical hurdles form a proper
subset of the technical hurdles overcome in the construction of A, —algebras associated
to appropriate Lagrangian submanifolds in Fukaya, Oh, Ohta and Ono [21], so we
could just appeal to that work. In the interests of not limiting the audience of this part
of the paper to those with a working knowledge of [21], though, we provide a more
self-contained description which in the case where (M, w) is strongly semipositive
does not make any use of Kuranishi structures. If (M, w) is not strongly semipositive
then one of course will need Kuranishi structures or something similar to deal with
multiple covers of spheres of negative Chern number, but at least in principle one could
use constructions just at the level of Fukaya and Ono [23] rather than [21].

Let us first give an indication of the basic strategy, with some explanations of where
the novel technical issues arise. Suppose for simplicity that we wish to deform the
boundary operator by a class n = fx[N] where f: N — M is a smooth map of a
closed, 2d —dimensional manifold N, where 2d < 2n —4. The plan is to construct

0o 1

n,H_E: n,H,k

9 _k k!a ’
=0

where, as a first (inaccurate) approximation, each 3"k counts (modulo reparametriza-
tion) solutions u to (5) having k freely varying marked points z, ..., z; with incidence
conditions u(z;) € f(N): in fiber product notation, we wish to count elements of the
spaces

@) ((/\7()/_» YO X R SH) (LX) Nk)/R

where ev; denotes evaluation at the i —th marked point: ev;(u, zq,...,zx) = u(z;).
The astute reader will already have noticed a transversality problem in (7) occurring
when k > 2 and when two of the marked points z; collide. One way of dealing with
such transversality problems is to use the fiber product construction for Kuranishi
structures, as described in [21, Section A1.2], but we will also describe a more direct
approach.

Note that in Gromov—Witten theory, one can avoid these sorts of transversality problems
by, instead of requiring that u(z;) € f(N) for all i, requiring that u(z;) € f;(N) where
the various f;(/V) are in general position with respect to each other. However in the
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Floer-theoretic context this strategy will not work, essentially because Floer theory
involves moduli spaces have that boundary of codimension 1 rather than 2, so that
varying the constraint cycle N in a one-parameter family will typically cause the
operations to change. If we apply the typical gluing argument to a chain of two Floer
trajectories each obeying one incidence constraint on the cycle N, then we are led
to considering Floer trajectories with two incidence conditions both on N, which is
not equivalent to considering Floer trajectories with incidence conditions on different
cycles homologous to N . This suggests that, in order to ensure that 977 o0 97-H =0,
the operator 9" H>2 should enumerate elements of a space such as the k = 2 version
of (7); however, as noted earlier, this space suffers from transversality problems.

Thus, in defining the operators 9™ * _ there are two competing issues to address: on
the one hand we wish the 3" H¥ to be suitably compatible with the gluing arguments
that are typically used to show that Floer differentials have square zero, while on
the other hand we need to maintain transversality as marked points approach each
other. While the preceding two paragraphs suggest that these goals are in tension, it
is reasonable to expect that the problem can be solved: the former issue relates to
behavior when marked points are far away from each other, while the latter relates to
behavior when marked points are near to each other, so one can hope to resolve both
issues simultaneously. We now set about fulfilling this hope.

For any positive integer k&, we have an evaluation map
evi: COR x ST, M) x (Rx SHk — m*

which figures in (7). Our basic strategy is to (simultaneously for all k&) modify these
maps evy to maps €vi with respect to which the fiber products as in (7) can be made
transverse, while preserving the appropriate compatibility under gluing of cylinders. We
construct €vy along the following lines. For a smooth positive function 8: R — (0, 00)
with B(s) — 0 as s — o0, for 1 <i <k define 5;: (R x S")k - R by

i—1
®) w8 ((s1.11), -, (s 1)) = ) Blsi —sj).

j=1

Then where {/}, }:cr denotes the flow of a suitable vector field V', we will set, for a map

u: RxS'— M andanelement Z = (zq, ..., zx) = ((s1, 1) - . .. (5k. 1)) € (Rx SHK,
©) & (u.2) = (D Y2 P W), v P ).

Thus the evaluation map at the i —th marked point is modified by flowing along the
vector field V' by an amount dependent on the locations of all previous marked points
relative to the i —th one. (As 74 ; () = 0 we have omitted it from the notation above.)
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Remark 3.2 Here is an intuitive description of why this approach can be expected
to address the issues described above. Consider first the issue mentioned earlier of
nontransversality as marked points approach each other. Notice that the definition (8)
of the functions tg; ensures that, if Z € (R x S 1% has z; , = zi, where i; <ij, then
TB,is (Z) > 78, (). Thus whereas the original fiber product (7) would have had an
excess-dimensional stratum in which the (equal) marked points z; and z; are both
mapped to the same point on f(N), by replacing evy with €v; we force z; and z; to
be connected to different points on f(N) by prescribed-length flowlines of the vector
field V as z; and z, approach each other (at least as long as they are not mapped to
zeros of V', as we will arrange), and this will (for generic choices of the auxiliary data)
prevent the diagonals in (R x S ¢ from contributing problematic additional strata.

At the same time, these perturbations of the evaluation maps are compatible with the
gluing maps that arise in the standard proofs that the Floer differential has square zero.
This is essentially because of the fact that S(s) — 0 as s — £00, so that distinct marked
points on the domain do not influence each other in the limit as the distance between
them approaches infinity. Somewhat more precisely, a typical end of one of these moduli
spaces involves a sequence of Floer trajectories #: R x S — M splitting into two

trajectories #4: R x S1 — M, with the marked points zﬁ") = (sﬁ"), tl(n)), e, Zl(cn) =

(sk”), ZIE") ) distributing themselves among the two components; write /" <--+ <i,
for the indices in {1,..., k} of the marked points which limit to points on the domain

of u_,and i 1+ <o < lt for those indices corresponding to marked points which limit
to points on the domain of # . Thus for some T_f_”), T™W cR with T _f_”) —TW >
there will be

Zi—

ey TP ey Dot cRxS!
1 I— ll ll

+
such that, where for T € R o7: Rx S! — R x S! denotes the map (s,1) — (s + T, 1),
we have u™ o oT} —> Ut uniformly on compact subsets, and

-1

(n)
UTj(En) (Zii ) — ZiE.

J J

Note in particular that

as n — oo for each j,/. Consequently, in view of the definition (8), we will have for
each j =1,...,14,

: (n) (n)
rﬂ,j(zl.li,...,zii):ngrgot,l.ji(zl e Z00).

Again, this statement can roughly be interpreted as meaning that our perturbations to
the incidence conditions behave compatibly under gluing of broken trajectories, as is
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required for the usual statement that one-dimensional spaces of unparametrized Floer
trajectories have boundaries given by unions of products of zero-dimensional spaces of
trajectories and that therefore the boundary operator squares to zero.

We now begin to make these statements more precise. By Thom [59, Théoréeme 11.29],
we may fix once and for all a basis for @7 ;(2, H,;(M:Q), say with m elements, each
member of which may be represented by an embedding f;: N; — M where Nj; is a
closed smooth oriented manifold, say of dimension 2d (i) (1 <i < m). We should
emphasize that we consider the f; to be chosen at the very outset of the construction
(before, for instance, we have chosen a Hamiltonian or an almost complex structure),
and we will not really make a full investigation of the extent to which our constructions
are independent of f; up to appropriate isomorphism. At least at the level of the
homology ring, our main results do imply such independence; however we do not
address (and do not need to address) whether a different choice of the f; would give
rise to different deformed spectral invariants.3

Definition 3.3 A Hamiltonian H: S! x M — R is strongly nondegenerate if, for
each p € Fix(¢}1),

e the linearization dp¢};: TyM — T, M does not have 1 as an eigenvalue, and
¢ the orbit {qﬁ;l (p) |t €]0, 1]} is disjoint from each submanifold f;(N;).

A standard argument shows that the space of strongly nondegenerate H is residual in
the C!—topology for any 2 </ < co.

Let 7! denote the space of S!—families of w—compatible almost complex structures
of class C!. Let g: M — R be a Morse function g all of whose critical points are
disjoint from the various f;(N;). For a positive integer / let V! denote the space of
c! gradient-like vector fields V for g—in other words, those V' for which there are
coordinate charts near each critical point of g in terms of which V vanishes linearly,
while dg (V') <0 on the complement of the critical points of g. Thus if V € V! then
V' has no nontrivial periodic orbits, and zero locus of V' is precisely the set Crit(g) of
critical points of g, which in particular is disjoint from each f;(N;). For V € V! let
{¥}cer denote the flow generated by V.

Meanwhile fix a strongly nondegenerate Hamiltonian Hy, and let #H! denote a small
ball around Hy in the space of C!*! Hamiltonians H: S! x M — R which coincide
to order two with Hy at the 1—periodic orbits of Xp,. Finally choose a Banach

8In the version of this construction that appears in Fukaya, Oh, Ohta and Ono [20], a result stating that
the deformed spectral invariants depend only on the homology class n appears as Theorem 7.7(2).
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space (E .- D of functions R — R which is dense in L? and all of whose elements
belong to C*°(R; R) (for definiteness let us follow Floer [17, Section 5] and use for B
the completion of C§°(R;R) with respect to a norm of the form Yreockl - lc,
for sufficiently rapidly decreasing €, with €9 = 1) and let B denote the space of
functions of the form S(s) = e_sz(l + f(s)) for f € B with ||l <1. Thus B has an
obvious identification with an open set in a Banach space and so is a Banach manifold;
moreover all of its elements are smooth, positive functions §: R — (0, 2) which decay
in Gaussian fashion at £o0.

The data of V € V! and B € B give rise to functions 78, (R x SHk > R and
&V COR x SH* x (R x S1* — M* as in (8) and (9) above.

write A = 7! x H! x J! x B, equipped with the topology coming from the c!
topology on the first three factors and the topology mentioned in the previous paragraph
on the last factor, and let A = (j2, Al with the topology coming from the C*°—
topology on the first three factors. Thus each Al is a Banach manifold and A is a
Frechet manifold.

Givena=(J,H,V,p)e A, y~ .yt eP(H),Ceny(y",yT)and I =(iy,....ix) €
{1,... ,m}k (where k € Z>¢), let

MOy~ yT,C; Ny)
:{(u,Z,nl,...,nk) .
e M(y—.yt.C) x R x SHk x 1_[ Ni;
i=1

evi(u,z1, ..., z) }

=(fiy(n1). ..., fi (ni))

Again, the map évy is determined by 8 and V via (9).

Note that since the functions 7g;: (R x § Yk R of (8) obey
tgi(or(z1),...,or(ZK)) = 18,i (21, - - -, Zk),

the spaces /\7“()/_, yT.,C; Ny) admit R—actions induced by translation of the domain.
These R—actions are free except in the degenerate case where y~ =y, k =0, and
C e my(y~,y") is the trivial homotopy class. Let

MOy~ yt, CiNp) = MOy~ yT,C; N)/R.

Recalling that the dimension of the manifold N; is 2d (i) where d(i) <n —2, for
I=0(i1,....0g) €{l,....,m}¥ let

k
8(I) =) (2n—2-2d(ij)).

j=1
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We have:

Proposition 3.4 Assume that (M, w) is strongly semipositive. Then there is a residual
subset A"¢8 C A such that for each a = (J, H, V, B) € A"¢8 the following holds:

(i) Each moduli space M“(y_, vy T, C; Ny) is a union of a smooth oriented man-
ifold of dimension j1(C) — §(I) together with spaces which are contained in
smooth manifolds of dimension at most p(C)—68§(1) —2.

(ii) When ji(C)—8(I) = 1, the quotient M®(y~,y ™, C; Ny) consists of finitely
many points; we denote the oriented number of these points by |5E1 1 (0)].

(iiiy When ji(C)—8(I) =2, the quotient M*(y~,y ™, C; Ny) has a compactification
which is a smooth oriented 1-manifold with boundary dM®(y~,yt,C; Ny)
given by

(10) ]_[ ( ]_[ My~ vy, CoiNp_(1,85)) x M (y. vy, Cys NJ+(I,S)))-
y,C—,C: > SC{l,....k}
C_#C4=C
Here for I = (iy,....ix) €{l,....,m¥* and S C {1,...,k} (say with #S =1)
we denote by J_(I, S) the element of {1, ..., m} consisting of the entries i,
with m € S (taken in order) and by J(I,S) the element of {1,...,m}*~!
consisting of the entries iy, withm e {1,...,k}\ S.

The proof of Proposition 3.4 is outlined in Appendix A; the basic scheme of the proof is
fairly standard but there are some tricky details to address regarding various strata in the
compactifications of the moduli spaces. To connect (iii) above to Remark 3.2, the set S
corresponds to what would be denoted there by {i,,...,i;” }; thus S corresponds to
the set of marked points which fall onto the first component of a broken trajectory,
while {1,...,k}\ S corresponds to those which fall onto the last component.

To generalize to the nonsemipositive case (in which one has problems arising from the
bubbling of multiply covered spheres of negative Chern number), one can put Kuranishi
structures with boundary and corners on the Gromov-Floer compactifications of the
moduli spaces M%(y~,y ™, C; Ny) using the techniques of Fukaya and Ono [23].
Alternately, and we would say somewhat more naturally (though it requires more
machinery), one can use the constructions of Kuranishi structures on (unperturbed)
fiber products from Fukaya, Oh, Ohta and Ono [21]. Choose any strongly nondegenerate
Hamiltonian H and an S'—family J of w—compatible almost complex structures. For
y~.yT e P(H) and C € mp(y~,y ™), denote

M=y O)= M@y~ yT.O) x R x SH-.
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Where again R acts on each factor by translation of the first variable, we have a quotient
My~ v ", C) =My~ ¥+, O)/R

whose compactification C My (y~,y T, C), carries an oriented Kuranishi structure
with corners (this can be shown by adapting the construction of [21, Section 7.1]
from the Lagrangian to the Hamiltonian context). Moreover, we have evaluation maps
evi,....evg: CMy(y~,yT,C)— M (ev; is given by evaluating at the i —th marked
point; in other words, for [u,z1, ..., zx] in the dense subset My (y~,y ™, C) we have
evi([u,z1,...,zk]) = u(z;)) which are weakly submersive (see [21, Definition A1.13]
for the definition), in view of which, for any I = (i1, ..., i), there is (as explained in
[21, Section A1.2]) an oriented Kuranishi structure with corners on the fiber product

M@y~ v CiND = C M. 7T O evynnevi) X(fiysees fir) NVig X2 X Niy).
Where I = (iy,...,ir), this Kuranishi structure has dimension
dimM(y~,yt,C; Niy,..., Nip) = g(C)—1-8(I),

and just as in Proposition 3.4(iv) the codimension-one stratum of its boundary consists
of the interior of

an ] ( [] MG~ v.CoiNp_g.s) x My v, Cy; NJ+(1,S))),
y,C—,Cq: N SC{l,...k}
C_#Cy=C

where the notation J4 (/,.S) has the same meaning as in (10).

In the case that t(C) =146(1), let sc,; denote the multisection associated to the
Kuranishi structure on M(y~,y ™, C; Ny), and let |5511 (0)| denote the sum of the
rational multiplicities of the points of the (zero-dimensional) vanishing locus of sc .

With this preparation regarding the relevant moduli spaces, we can now explain how
to deform the standard Floer differential by a general homology class of even codi-
mension. Recall that at the outset of the construction we have specified smooth
embeddings fi: N;j—> M (i =1,...,m) of smooth 2d (i) —dimensional manifolds N;
such that the classes ¢; = f;«[N;] represent a basis for @;?;3 H,;(M;Q). For any
ne EB:-:& Hyi(M;A%),let 0 € le(M; A9) be Poincaré dual to the degree—(2n —2)
component of 7, and write the lower-dimensional part of 1 as

m n—2
n—PD[0] =Y zic; € @) Hai(M; A))
i=1 i=0
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(so z; eAg). For any I:(il,...,ik)e{l,...,m}k,let

Z] = Ziy *** iy,

Either choose (J, H, V, B) € A"“8 as in Proposition 3.4, or choose a strongly nondegen-
erate Hamiltonian H and an S!—family of almost complex structures J for input into
the Kuranishi structure construction described after Proposition 3.4; in either case this
gives rise to curve counts |5a11 (0)|. Given two elements [y, v ], [y, vt] e ﬁ(H),
consider the expression

(12) (@ Hy= vyt et

> 1
—1
(X x e[ o))
k=0 Cem(y—,yt): I€{l,...m}<:

ytotl=ly v #Cl(C)=8(1)+1
Proposition 3.5 Only finitely many nonzero terms appear in the sum defining (12).
Consequently we may define an endomorphism

a"H. CF(H) — CF(H)
by extending A 4 —linearly from

[y~ v = Z (@ H = v Lyt oyt vt
[y+,vt1eP(H)

Proof The condition that [y, vT] = [y, v™#C] is equivalent to the statement
that [~ o = [p v *w — [}, v w. A standard computation shows that any element
of M(y~,y™,C) has energy precisely equal to Ag([y~,v7]) —Ag(y*.vT]) =
Jow+ fol (H(t,y~(t))— H(t,y ™" (t))) dt. Gromov—Floer compactness then implies
that there are just finitely many homotopy classes C € my(y~,y 1) with fC w =
[p2vT*® — 12 v"*» which have M(y~,y ™, C) # @. Thus there are only finitely
many C which contribute nonzero terms in (12).

Let po be the maximal value of £(C) over these finitely many C. For any k and
I C {1,...,m¥* contributing to (12) we have 8(I) < jo — 1. But we also have
d(I) = 2k since each d(ij) < n —2, so all nonzero terms appearing in (12) have
k < %(/L() —1). Since the union of the sets {1, ..., m}* for these values of k is finite,
this shows that there are only finitely many possible choices of / which can contribute
a nonzero term to (12). This completes the proof that the right hand side of (12) is a
finite sum.

It quickly follows that 37 [~ v™] is a well-defined element of CF(H); the relevant
finiteness condition is satisfied by the standard Gromov-Floer compactness argument,
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owing to the fact that an element of M(y~,y™",C) has energy Ag([y~.v7]) —
Ag(yt,vT]). Itis easy to see that we have " (T8[y~,v7]) = T8 H [y~ v7]
for any g € I, from which it follows that ¥ may be extended to a A, —linear
operator on CF(H). a

Proposition 3.6 Given y~,y T € P(H), C € my(y~,y ™), and k € N, we have

k
Yy ¥ % ) Z,{,;—‘;j),w 7 Ollsc! ;. (0)]=0.

k—-=0yeP(H) C_em(y™,y), J_e&{l,...m}*—,
C+€n2(y,y+) Jyefl,..., m}" k—,
C#C1=C  [(CL)=8(J1)+1

Proof Since the number of subsets of cardinality k_ in {1,...,k} is k!/(k_!(k—k-)!),
the sum is equivalent to

LS Y sslsd, Ollsc L, O
y C_,Cy J_,J4,S

where y, C_, C4 satisfy the same constraints as in (13), and where J_, J are required
to be tuples of elements of {1,...,m} of combined length k and S is a subset of
{1,...,k} of cardinality equal to the length of the tuple J_.

Now the assignment (1, S) — (J-(I,S), J+(1,S),S) (notation as in (10)) is a bijec-
tion from the set

() [ ITcil,....m* s cil,... k}}

to the set of data (J_, J+,S) as in the inner sum above, and if we have J (I, S’) =
J+(I,S) then

I = ZJ (I,8)ZJ_(I,8) = ZI'-

So the sum reduces to

1 —1
a Z I Z Z |sc! Ty Ollsc, s 1,50

TIefl,.omik  Sc{l,..k}y,C—,Ct

But by (10) the inner two sums, for any given I, enumerate with multiplicity the points
on the boundary of 5511 (0), and so for each I the coefficient on zj is equal to zero. O

Corollary 3.7 Forany 6 € Q (M AQ) and any ¢ = Y z;¢; as above we have
@mH)2 =0
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Proof Denote the left hand side of (13) by r¢ (y—, y+, C). It is straightforward to see
that, in the sum defining (37 )2[y~, v™], the coefficient on [y, vT] is

o0
1
> > en([ 0)ntmn 0
k=0 Cema(y—,y 1),
Jew=[p2 v+*w—f02 v w
So the corollary follows directly from the fact that each ri(y~,yT,C) = 0 by
Proposition 3.6. ]

3.3 Other maps on the Floer complexes

For n, H as in the previous section (together with appropriate auxiliary data which are
suppressed from the notation), the data

cn.ir = (P(H) — P(H), Ag,w, 9" )

comprise the structure of a “filtered Floer—Novikov complex” in the sense of Usher [60;
61], with Floer chain complex equal to CF(H) and boundary operator 3" (since we
only consider a Z,—grading, the grading and degree in the definition in [61] can just
be set equal to zero). Following those references, for any ¢ = c[,, [y, v] € CF(H)
we set

(14) £(c) = max{Ag ([y, v]) | cpy,v) # 0}
Also, for A € R, let
CF*(H)={c e CF(H)|l(c) <A}

In the standard case n = 0, there are a variety of maps that can be defined on the
Floer complexes which formally count solutions to appropriate modifications of the
Floer equation (5). These maps have straightforward analogues when the deformation
parameter 1 is nontrivial; loosely speaking, the maps simply need to be modified in
the same way that the standard differential is modified. Our discussion will use the
framework of Kuranishi structures on fiber products of [21]. In the strongly semipositive
case one can instead use the approach described in Section 3.2.2 to achieve transversality
for the relevant fiber products in a more direct way; we omit the details of this, as the
arguments are essentially identical to those in Section 3.2.2. At least after restricting to
appropriate residual subsets of spaces of auxiliary data, this approach would give rise in
the strongly semipositive case to “Kuranishi-structure-free” proofs of all of the results
in the rest of Section 3 except for Theorem 3.15 (regarding Theorem 3.15, which is
used only for the results of Section 4 and not for the other main results of the paper;
see Remark 3.16).
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3.3.1 Continuation maps For example, given 1, let H_, H: S1x M — R be two
strongly nondegenerate Hamiltonians, let H:RxS!x M — R be a smooth function
such that H|{S}X51XM = H_ for s <—1 and H|{S}XS1><M = H, for s > 1, and also
(for reasons that will become apparent later) choose an additional smooth function
K: R xS!x M — R having support in [-1,1]x S x R.

Where {J(s,1)}(s,r)erxs! 18 a family of a)—compatlble almost complex structures
with a =0 for |s| large, for C € mo(y~,y ") let N(y~,y™.C, H, K) denote the
space of finite energy solutions u: R x S' — M which represent C and obey

0 0

(15) a —Xg(s,t,u(s,t)) )+ J(s,t,u(s, 1)) o _ s, t,u(s,1)) ] =0.
as ot

As in [23, Section 20; 21, Chapter 7], the compactification CN (y~, y"‘, C, H , K) ad-

mits a Kuranishi structure with corners. The compactification CNy (y~,y ", C, H, K)

of the space Ny (y~,yt.C. H,K)=N(y~,y+,C, H, K) x (R x S1)¥ also admits

such a structure, and the evaluation maps evy, ... ,evg: CNx(y~, v ™. C, H, K)y—>M
are weakly submersive. Recalling the maps f;: N; — M that were fixed above
Definition 3.3, it follows that for any I = (i1,...,ix) € {1,...,m}¥ the fiber product

Ne(y~.y*.C.H.K:Ny)
= CNk()/_, )/+, C, ﬁ’ K)(evl,...,evk) X(fi1 seees Ji) (Nil Koo X Nik)

has a Kuranishi structure with corners, with dimension £(C)—4(/). Letting s 5 ;
be the associated multisection, define

® . CF(H_) — CF(Hs)

nHK

by extending A, —linearly from
(16) Cbnﬁ,K[y_, v

= Z Z Z Z H X C1(0)|6Xp</c 9)21[)/+, v #C).
yteP(HY) Cena(y—,y+) k= 0 S re{l,..omd*,
m(C)=48(I)

Some words are in order regarding why the formal sum right hand side of (16) validly
defines an element of CF(H ). Remark first of all that a direct computation shows that,

where
E(u) = /
RxS!
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and {fl, K} =w(X g, Xk), any solution u to (15) with [yt v #u]=[y™,vT] obeys

(7 Am_(y~,v ‘D—AH+([ +, +])

=FE(u)— / ( (s, t,u(s, t))— T (s,t,u(s,t))—{ﬁ, K}(s,t,u(s,t))) ds dt.

Write

~ oo rl oH oK ~
CT(H,K)= —(s.t,))——(s.t,-)—{H,Ks.t,-) | dsd
(7. K) [_OO[O {(nge}};(M( 1) = 1) T K st )) sdt

(note that the integrand is supported in [—1, 1] x S by the construction of H and K).
Then (17) shows that, given [y~,v™],[y™,vT"], any cylinder u solving (15) with
u(s,-)—y* ass— tooand [+, v #u]=[pT,vF] obeys E(u) <Ay _([y ", v ])—
A, (yt.vt)+C +(H, K ). Gromov-Floer compactness consequently shows that
there can be just finitely many homotopy classes C € (¥, y ) which contribute
to the coefficient of [y*,v™] in the formula (16) for an g xly—v7]. So, as was
the case with the boundary operator, the fact that §(/) > 2k shows that, since the
only pairs (C, I appearing in (16) have (C) = §(1), the coefficient on any given
[y+,v"] in the expression for ® o0 K[y_ v™] is a sum over just finitely many
C.k, I and so is a well-defined element of AY. Moreover, for any given m € R
and [y~ ,v7] € P(H ), any cylinder # which contributes to a nonzero coefficient
in <I>n . K[y ,v7] on some [yt,vT] with Ag, (y *,vT]) > m necessarily has
Ew)<C™t (H Ky+Ag ([y~,v7])—m. Consequently Gromov-Floer compactness
implies that there can be just finitely many [y+, v*] with Ag, ([y*,v*]) = m which
appear with nonzero coefficient in dDm i. kv, v7]. This establishes the Novikov
finiteness condition for the right hand side of (15), and so justifies the definition of the
A, -linear map q)n,FI,K: CF(H-) — CF(Hy).

Moreover, the map CI>17 i x s achain map (with respect to the differentials RLECEDR
this follows from a consideration of the boundaries of one-dimensional moduli spaces
Ni(y~.y*.C, H, K; Ny) in much the same way as in the proof that (3"#)% = 0.

Observe also that, since we always have E(u) > 0, the estimate (17) shows that, for
all ce CF(H-),

(18) U@, g x¢) =) +CH(H, K).
Thus, on the filtered subcomplexes CF' )‘(H_) of CF(H-), @ K restricts as a map

®, 7 ki CF-(H- ) — CPMCTUHK) (.
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A noteworthy special case is that in which the two Hamiltonians /4 are normalized (ie
[y Hx(t,-)o™ =0 for all 7) and induce paths {¢§1i},€[0,1] in Ham(M, @) which are
homotopic rel endpoints. In this case, as is done in Usher [63, page 20], we may choose
H:RxS!x M — R so that the {¢H(s yt (=1 =5 = 1) realize a homotopy from
{¢H } to {¢H } with each H (s,+) normahzed If we then define K(s,7,-): M — R
to be the unique mean zero function so that 4 Is (95 H(s P) = Xk (s.t. )(¢ H(s, )(P))
for all p, it will hold that

0 ~
—(s, ,-)—8—If(s,t,~)—{H, K}(s,t,-)=0

(this is a well-known consequence of Banyaga [1, Proposition 1.1.1] and the normaliza-
tion condition on H and K).

So in this special case we have C"'(H K) =0, and so K CF)‘(H ) —>
CcF* (H+). We can equally well construct a similar map in the 0pp051te direction,
and then an exact reproduction of the proof of [63, Lemma 3.8] shows the following:

Proposition 3.8 Given a closed symplectic manifold (M, ) and an element 1 €

= é Hyi(M; A° w) let be Ham(M ) be represented by strongly nondegenerate
normalized Hamiltonians Hy: S' x M — R. Then for a suitable choice of H, K, the
chain map

®, 7.x: (CF(H-).0""") — (CF(Hy). 9™ )
is an isomorphism of chain complexes which, for each A € R, restricts as an isomor-
phism
CF*(H_) —= CFM(Hy).

3.3.2 PSS isomorphisms The Piunikhin—Salamon—Schwarz isomorphism [49] from
Morse homology to Floer homology can likewise be adapted to the deformed complexes
(CF(H),d"H). Given ne @?;5 Hy;(M; A%), choose a suitably generic pair consist-
ing of a Morse function f: M — R and a Riemannian metric g on M (with the stable
and unstable manifolds of f transverse both to each other and to the maps f;: N; — M ).
The data (f, g) determine a Morse complex CM(f; Ay) =Y peciit(f) Do (Pp), with
differential 0y counting negative gradient flowlines in the standard way.

For H astrongly nondegenerate Hamiltonian, the usual PSS map CIDPSS CM(f;Ap)—
CF(H) enumerates “spiked planes” comprising a half-infinite negatlve gradient flowline
¢ (—00,0] > M for f and a finite-energy map v: C — M obeying, with respect to
the standard polar coordinates r, 6 on C,

ad ; ; d
(19) ra—: + J(re'? v(re'?)) (% - %XH(9/2H v(re’e))) =0
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with ¢(0) = v(0) where B:[0,00) — [0, 1] is a smooth monotone function with
B(r) =0 for r <1/2 and B(r) =1 for r > 1. A straightforward modification of
this map along the lines of the construction of 3™ produces a deformed PSS map
CIDPSS CM(f;Ay) — CF(H), as follows.

Given y € P(H), write m,(y) for the set of relative homotopy classes of discs
u: D* — M with v|yp2 = y. If C € ma(y), write i(C) = jucz(y,u) where u is
any disc representing C. A finite-energy map v: C — M which obeys (19) and has
v(ret?) — y(6/2m) as r — oo determines a class [v] € 72 (y) (by rescaling the radial
coordinate to [0, 1) and compactifying). For C € m,(y), let

MESS(y, C) = {(v,7) e Map(C, M) x C¥ | v satisfies (19), [v] = C}

and write its standard compactification as C MZSS (v, C), with evaluation maps ev;
(1 <i <k) at the i —th marked point. Thus an element of C ./\/liSS (v, C) amounts to the
data of a tree consisting of a solution of (19) and some number (possibly zero) of pseu-
doholomorphic spheres and Floer trajectories, with total homotopy class C, together
with & marked points distributed among the domains of the various components.

Define e¢g: MESS (y,C) = M by ey(v,Z) = v(0) (and also use the notation eq
for the extension to the compactification C MiSS (y,C)), and, for p € Crit(f), let
Jp: W"(p) — M denote the inclusion of the unstable manifold of p. The appropriate
spaces of spiked planes can then be written as

MESS(y, C; p. Np)
= CMP 1 C)epreviomevi) XCips fiy oo fir) W (D) X Niy X% Niy).

This fiber product has a Kuranishi structure of dimension (C) +inds(p) —n—48(1)
where indy(p) denotes the Morse index of the critical point p. Where sc, 7 is the
corresponding multisection, the PSS map CDP SS: CM(f; Aw) — CF(H) is defined by
extending A, —linearly from

qDPSSp Z Z Z |5E’1p’1(0)|exp(/c Q)ZI[J/,C],

k= 0 " yeP(H), I€{1,...,m}*,

.....

}
Cema(y) m(C)+indr (p)= n+8(1)

where of course [ 6 denotes the integral of the closed AY —valued 2—form 6 over
any disc with boundary y representing the homotopy class C. The fact that the right
hand side of the above formula validly defines an element of CF(H) follows by an
argument very similar to that used earlier to establish the corresponding fact for the

continuation map an, AK
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In the other direction, one gets a similar map \IJESIS{: CF(H) - CM(f; Ayp) formally
enumerating configurations consisting of a finite-energy solution v: (CU{oco})\{0}— M
of the equation

v B
a0 2

(20) rg—: + J(re'? v(re’o))( XH(G/Zn,v(rem))) =0

and a negative gradient flowline ¢: [0, 00) — M for /', with £(0) = v(c0), v(re'?) —
y(0/2m) as r — 0 for some y € P(H), and such that v obeys appropriate incidence
conditions. Where, for p € Crit(f), y € P(H), I C{l,...,m}*, and C € m5(y),
we let 5¢, 1 be the multisection associated to the Kuranishi structure on the space of
such configurations asymptotic to y, such that the map v(re’?) = v(r—'e??) repre-
sents C € m,(y), and obeying the incidence conditions corresponding to 7, the map
\IIPSS CF(H) — CM(f; Ay) takes the form

W (. ul)
© *
Z Z_l Z |§E,lp,l(0)|exp (_/ Q)ZITszu w_fcwp.
PECrit(f) k=0 C,p.I: C

—(C)—inds (p)=—n+8(I)

(Note that, if v is a solution as above contributing to the term corresponding to
C € my(y), then [ prufw— fC w is the integral of w over a sphere obtained by gluing
the capping disc u to the solution v along y, so that this quantity does belong to I',).

The following summarizes some properties of the PSS maps:

Proposition 3.9 For suitable choices of auxiliary data involved in the construction of
the deformed PSS maps, the following properties hold:

(i) Both
OFSY: (CM(f: Aw).dp) > (CF(H), 0" )
and \pPSS (CF(H), " ) — (CM(f; Aw), dr)
are chain maps, which respect the 7, —gradings of the respective complexes.

(i) If H-, Hy are two strongly nondegenerate Hamiltonians and if H., K are data as
in Section 3.3.1, resulting in a continuation map nHK (CF(H-),omH-) -
(CF(H4), 0™ H+) the maps

OS5, and @, g o Py 1 (CM(f; Aw), dp) — (CF(Hy), amH+)

are chain homotopic.
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(iii) The compositions \IJESEI o CDI;S%: (CM(f:Ap),0r) — (CM(f:Aw).0f) and
qDI;I’SISLI o lIJfISEI (CF(H), ") — (CF(H), 3" are each chain homotopic to

the identity.
(iv) For x = Zloil xipiT8 € CM(f:Ay) (Where p; € Crit(f),x; € C,g; €Ty)
write
v(x) = max{—g; | x; # 0}.
1
Then E(CDI;S}SLIX) <v(x)+ / max H(z,-)dt,
b O M

where £ is defined in (14).
(v) Force CF(H),

1
Lc) > v(\pgsgcwr/ min H(¢,-) dt.
H 0 M

Proof Properties (i) and (ii) follow from standard gluing and cobordism arguments
as in Piunikhin—Salamon—Schwarz [49] and Lu [39]; the only new feature is the
presence of incidence conditions, which are handled in the same way as in the proof
that (3" #)%2 = 0. (The grading property is a straightforward consequence of the
definitions (in particular see the second displayed equation of Robbin and Salamon
[52, Remark 5.4]), taking into account that §(/) is always even.)

Consider the composition \I":]SIS{ o @:;Slsi. A gluing argument as in [49; 39, Proposi-
tion 4.6] shows that this composition is equal toamap ¢ g: CM(f; Ay) —>CM(f; Ap)
given by

QD ¢ap

= Z i% Z Z n(}_l;p,q,A,I)zIexp</CG)ch“’q.

geCrit(f) k=0~ Aem (M) I€{l,...m¥%,
2{c1(M),A)~+inds(p)—inds (q)=6(I)

Here the rational number n(H; p,q, A, I) formally enumerates triples (¢_,u, ¢y )
where
o ( :(—00,00—> M, ¢4:]0,00) > M are negative gradient flowlines of f with
((t)—> past— —oo0and {4(t) > g as T — o0;
e u: CU{oo} - M is a solution to 5J gu = 0 which represents 4 in 5 (M)
and satisfies incidence conditions corresponding to 7, for a suitable Hamiltonian
perturbation H which vanishes near 0 and oo;

e u(0) =¢-(0) and u(o0) = £+(0).
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Meanwhile, a standard cobordism argument shows that the chain homotopy class of the
map ¢ is independent of the Hamiltonian perturbation H . Moreover, a cobordism
argument also shows that the chain homotopy class of ¢ g is unchanged if we replace
the cycles fi: N; — M used for the incidence conditions I = {iy,...,i;} with an
arbitrary family of choices

(ol aly|Tefl. .. .m¥ k=0
so that for each I, j the cycle oejI represents the same homology class c¢; ; as does fi,- .

In particular, we can choose H = 0, in which case the spherical component u of the
triple ({—,u, {4) is required to be J—holomorphic. There is then an S!—action on the
relevant moduli spaces (induced by rotating the sphere) and as in Lu [39, Proposition
4.7] and Fukaya and Ono [23, page 1036], the fact that this action is locally free on all of
the spaces except those corresponding to a topologically trivial # implies that only the
class A =0 € m,(M) contributes nontrivially to ¢, and the only contributions come
from constant maps u: S — M to points x of the intersections W¥(p) N W*(q)
(which have dimension ind¢(p)—inds(¢)). Moreover, the point x must meet the cycles
11 , ozlg; if these latter are mutually transverse to each other and to the W¥*(p), W¥(q)
(as we may and do choose them to be) this imposes a condition of codimension

o

k
> (@n—2d(ij)) = 8(I) + 2k.

j=1

So since the only terms in (21) corresponding to 4 = 0 have inds(p)—indy(q) = (1)
the only contributions to ¢ (for these choices of the osz ) have k = 0, and so just as
in [49; 39, Proposition 4.7] we find that the map ¢¢ is the identity.

The proof that CDPSS o \IIPSS (CF(H), 3" ") — (CF(H), 3" H) is chain homotopic
to the identity is Just the same as that outlined in [49; 39] (note that to complete this
outline one needs to incorporate the gluing analysis of Oh and Zhu [47]): using the
appropriate gluing and cobordism arguments one finds that <I>P S8 o \IJP SS s chain
homotopic to the map that in the notation of Section 3.3.1 Would be denoted Dy H,0,
with H (s,t,m) = H(t,m). But this latter map is the identity as in Fukaya and Ono
[23, (20.7)], since with the exception of the “trivial cylinders” u(s, ¢) = y(¢) all of the
cylinders which might contribute to it are members of orbits of free R—actions and so
do not arise in zero-dimensional moduli spaces. This completes the proof of part (iii).

As for (iv), note that in order for [y, v] to appear with nonzero coefficient in CI>$,SS p there
must exist a solution u: C — M to (19) asymptotic to y having f(c u*ow = |, p2vi.
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In this case a computation gives

1
Agr(y.v) = — [C uo+ /0 Ht.y (1)) di
1 o0
=—E(u)—|—/0 /0 B () H(t, u(re®™")) dr dt

1
5/ max H(t,-)dt,
0o M

where we’ve used the facts that [~ B'(r) dr = 1 and that E(u) := [ g—’:}zr dr do
is nonnegative. Bearing in mind that the expression exp( [ 0)zy belongs to A9, so
that its action on CF(H) does not increase the value of £, this implies that, for any
p € Crit( f), we have

1
U(P} Y p) 5[0 max H(t,-)dt,
and then (iv) follows from obvious properties of the function £.

The proof of (v) is similar: For a term 7€ p to appear in \IJFISEI [y, u] there must be a
solution v: (C U {oo}) \ {0} = M of (20), asymptotic to ¥ as |z| — 0, and having

/ vie = —/ uwro+g
(CU{oco)\{0} D2

For such a solution we find

/ v¥w
(CULooN\(0} 1

1 o) d .
:E(v)—/o H(t, y()) dt—/o /0 E(,S(r—l))H(z,v(rezﬂ”)) dr dt

1 1
> —/0 H(l,y(t))dt-i—/o nj&nH(t,-)dt.

Hence we obtain
1 1
gi/ u*a)—/ H(t,y(t))dt—i—/ min H (¢,-) dt
D2 0 o M

1
= —Au(lya+ [ min He. ),

and then from the definitions of W, g, £, v we see that for any ¢ € CF(H),

1
v(\IJn’Hc)fﬂ(c)—/ min H(t,-) dt. |
0o M
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3.3.3 Pair of pants products We now discuss the deformed versions of the pair-of-
pants product on Floer homology. We continue to regard as fixed the class n €
@;:é Hy;i(M;A%) and the representing chains fj: N; — M and 2—form 6 €
QI(M:AYD).

In general, if H: S!x M — R is any Hamiltonian and if x: [0, 1] — [0, 1] is a smooth
monotone function with x(0) =0, x(1) =1, and x’(0) = x'(1), define

HX(t.m) = x'(t)H(x(t). m).

Note that contractible 1—periodic orbits of Xgx are just reparametrizations of con-
tractible 1—periodic orbits of Xy, in view of which HX is strongly nondegenerate
if and only if H is. Since H and HX represent the same element of ﬁE?Il(M ,w), if
H (hence also H*) is normalized and strongly nondegenerate then the n—deformed
Floer complexes of H and H* are isomorphic as R-filtered chain complexes by
Proposition 3.8.

Fix a smooth monotone function ¢: [0, 1/2] — [0, 1] such that £(0) =0, {(1/2) =1,
and ¢’ vanishes to infinite order at both = 0 and ¢ = 1/2. Given smooth functions
H, K: S'xM — R, define HOK: S! x M — R by
"(OH( (), 0<t=<1/2,
oK = [EOHEO.m) <=1/
¢t —1/DKE@E—~1/2).m) 1/2<1=1.

The choice of ¢ ensures that H{ K is well-defined and smooth; also, if H and K are
normalized then sois HOK .

Be given two Hamiltonians H, K: S ' M — R. For some small € > 0, we assume
that H(z,-) = K(¢,-) = 0 for |t| < €; this can be achieved by replacing H, K with
HX, KX as defined above for some x: [0, 1]— [0, 1] as above whose derivative vanishes
identically on [0,€] U [l —€, 1]. We assume that H, K, and H{ K are each strongly
nondegenerate; a standard argument shows that this condition holds for generic pairs
(H, K). We now explain the definition of the pair-of-pants product

%" CF(H) ® CF(K) — CF(HOK),

carefully arranging the details so that the product will behave well with respect to
the filtrations on the complexes. The construction of course closely resembles that in
Schwarz [57, Section 4.1], but we phrase it a bit differently, working always in terms
of an explicit smooth trivialization of the relevant bundles in order to facilitate the
introduction of incidence conditions.
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Let ¥ denote the thrice-punctured sphere, and let 3o C X be the compact submanifold
with boundary obtained by deleting from X small punctured-disc neighborhoods of
the punctures.

Figure 1: The surface X(, decomposed into annuli Ay, A; and a square
B. The thrice-punctured sphere X is obtained by adding cylindrical ends
(—OO, O] X C(), (—OO, 0] X Cl N [O, OO) X Cz.

As in Figure 1, express X as a union of disjoint annuli Ag, 4; 2[0,1]x S! and a
square B 2 [0,1]x [0, 1]. For i =0, 1 let ; be the angular (S! = R/Z) coordinates
on the annuli Ay, A;; values of the #; at certain points are indicated in the figure.
Consider the manifold ¥¢ x M with projection p;: X9 x M — M, equipped with
the symplectic form wq defined by

wolagxm = pyw—d(H(to,-) dty)
wola,xm = pyw—d(K(ty,-) dty)
wolBxm = pro.

Because of our assumption that H(z,-) = K(¢,-) = 0 for |¢| < ¢, the above definitions
of wg are consistent on the overlaps (4; N B) x M .

For any parametrization of the third boundary component C, of ¥, by a coordinate
t» € R/Z with orientation and basepoint #, = 0 as in the figure, the restriction wo|c,x
will take the form

wolcyxm = pro + B(t2) Adty

where B: R/Z — Q' (M). By considering the horizontal distribution (7'M )>“0, one
finds that we will have B(t;) = —d((H { K)X(¢,-)) for some reparametrizing function
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X: [0,1] — [0, 1]; indeed, we may and do choose the parametrization of C, so that ¥
is the identity and so

wolc,xm =@ —d((HOK) (12, m) dty).
Accordingly, where we view the thrice-punctured sphere ¥ as obtained from X, by
attaching cylindrical ends C; = (—00,0]x C; (i =0, 1, where C; = {0} x S! C 4;)
and C, = [0, 00) x C, to the three boundary components Cy, Cy, C, of ¥y we may
define a closed 2—form @ € Q%(X x M) by
Olzoxm = wo
blg, = Pso —d(H(t.)d1)
dlg = pyo—d(K(t,-)dr)
blg, = pro—d(HOK)(t.-)do).
Let H C T(Z x M) be the @—orthogonal complement of the vertical bundle TM C
T(X x M). Thus we have a splitting T(EX M) =H B TM ; givenve T(Zx M)

write v¥! for the component of v in the TM summand. Notice that it is a direct
consequence of the construction of @ that

(22) if ¥ =0 then (,® = 0.

Let j: TYX — TX be the standard complex structure and choose a smooth family
{Jz}zex of w—compatible almost complex structures on M , such that for z = (s, #;)
on the ends C; 2 (—00,0]x S! or [0,00) x S! we have J(si0) = J,i[ for some one-
periodic families Jf (i =0,1,2). Given u: ¥ - M, define U: ¥ — ¥ x M by
U(z) = (z,u(z)), and define the energy E(u) as the integral of the 2—form e, on X
whose value ¢,(z) € A2TFY at z € ¥ is given by choosing a basis {ey, e;} for T,
with e, = jey, letting e!,e? € T}X be the dual basis, and putting

eu(z) = 3 (w((Uxe), J(Use1)") + o((User)", J(Usxez)"")) e' ne?.
Where again U(z) = (z,u(z)) for u: ¥ — M, if we have, foreach ze€e X, v e T, %,
(23) J(Ux)*" = (Usju)*",
then (using (22)) if ey, e; € T, X with e; = jeq, we have
(U*®), = &(Ugey, Uxer)e' Ae? = d((Uxep)V!, (User)V el Ae? = ey(2),
and hence

(24) / U*®»=Ew)>0 if E(u) < oo and (23) holds.
z
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Now for a suitable zeroth order term Y, the equation (23) can be rewritten directly as
an equation for a map u: ¥ — M of the form

du+ Jz(u)oduoj+Y(z,u)=0.

Along the cylindrical ends @i, one finds more specifically that (23) is equivalent to a
standard Floer equation:

ou ou N
P J2(u(s, 1)) (a_z — X (¢, u(s, t))) =0onC,
ou , du ~
a—l—], (u(s,?)) E—XK(t,u(s,t)) =0on Cy
du ’ du ~
g—i-J, (u(s, 1)) a—XHQK(Z,u(s,t)) =0on C;.

In particular, a finite-energy solution u to (23) will necessarily be asymptotic to some
vo € P(H) as s > —o0 in 60; to some y; € P(K) as s - —o0 in 61 ; and to some
vy, € P(HOK) as s — 400 in C,. Given such Y0, Y1, V2, let w2 (yo, ¥1; ¥2) denote
the set of relative homotopy classes of maps u: ¥ — M with these asymptotics. If for
i =0, 1 we choose discs v;: D? — M with v;|3p2 = y;, for any P € w2 (yo. y1: ¥2)
we obtain a relative homotopy class of discs vy # P #v; bounding y, by gluing in the
obvious way.

Lemma 3.10 If u: ¥ — M represents P € mwy(yo, y1;Y2) then where U(z) =
(z,u(z)) we have

/E U*® = A (v, vo) + Ax (1. v1]) — Ao x (v2. vo # P#v1)).

Proof Cap off the cylindrical ends Ciof & by discs D; (identified with {z € CU{o0o} |
|z| <1} for i = 0,1 and with {z € C U {00} | |z| = 1} for i = 2) to form a copy
of S?2. Extend the form @ on ¥ x M to a form @ on S? x M by, where (r,27t)
are polar coordinates and S: [0, 1] — [0, 1] is a smooth monotone function equal to 0
for s < 1/3 and to s > 2/3, putting @|pyxm = @ —d(B(r*)H(t,-) dt), ®|p,xm =
w—d(B(r*)K(t,-)dt),and ®|p,xm = o —d(Br ) HOK(,-)dr).

Now for p € M the map fp: S* — S%x M defined by f,(z) = (z, p) is easily seen
to have

1 1 1
Sprwz/o H(t,p)dl+/0 K(t,p)dl—/o (HOK)(t, p)dt =0.
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Let vo: Dy — M be any map such that, where 7: D? — D, is the orientation-reversing
diffeomorphism re?™! 1 =127’ the composition v, 0 I: D* — M represents the
relative homotopy class vo # P #v1 in m,(y2). The map U: S? — S2 x M obtained
by combining the map U on X with the maps V;: z+> (z,v;(z)) on D; fori =0,1,2
has its projection to M homotopic to 0, so

/ Ua=| fra=o.
S2 S2

But /A;*z ﬁ*(’f):/;:U*&)_F/;) Vo*(w_d(ﬂ(rz)H(l,-)dt))

+/ Vi (w—dBGr?)K(t. ) dr))

D,

+ /D Viw—dBe Y HOK(. ) d1))

= /z U*&—Ag (v, vol) — Ak ([y1. v1]) + Ar ok ([2. vo# P#v1)),

as follows from an application of Stokes’ theorem. |

Given P € m,(y0, ¥1;Y2), choose an arbitrary representative u of P and arbitrary
capping discs vg, vi: D* — M for y,y; and set

w(P) = pcz(y2, vo#u#vy) — pcz(vo, vo) — pcz(yi, vi) —n.

(This is easily seen to be independent of the choices of vy, v;). By Schwarz [56,
Theorem 3.3.11], at any finite energy solution # of (23) which represents the class
P e m3(y0, v1: ¥2), the linearization of (23) is Fredholm of index t(P). Thus in the
usual way one obtains a Kuranishi structure with corners of dimension (P) + 2k on
the compactified moduli space C M (Yo, Y1, V2, P) of such solutions with k& marked
points, and, for I = (iy,...,i;) a Kuranishi structure with corners of dimension
W(P)—48(1) on the fiber product

M(yo.v1.v2: PiND) = CMp(vo. Y12 V2 Ph(evyeevi) X (i s fiy) Nig X2 X Ni).
Then where the associated multisections are denoted sp y, the pair-of-pants product

%" CF(H) ® CF(K) — CF(HOK)
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is defined by extending linearly from

[¥0. vol 3, [y1. v1]

Zi' Z Z |51_J,11(0)|CXP(/P Q)Zl[yz,vo#P#vl].

k=0 'V2€P(H<>K), I€{1,...m}¥,
Perma(vo.v1;v2) m(P)=86(1)

We have:

Proposition 3.11 (i) *iloer is a chain map (with respect to the differential
P @1+ (-l gk

on the domain and 3" H X on the range).

(i) For A,u €R, *Ek’er restricts as a map
«Hoer CFM (H) ® CF*(K) — CFMTH(H O K).

Proof The first item follows by a standard gluing argument as in [56], combined
with the same analysis of incidence conditions as in the proof that (97-#)2 = 0. The
second item follows from (24) and Lemma 3.10: indeed, M (o, ¥1, V2, P; Ny) is
empty unless there is a representative of P which obeys (23), in which case (24) and
Lemma 3.10 show that

Aa ok (2. vo# P#v1]) < Ag([yo. vo]) + Ar ([y1. v1]).

The conclusion then follows directly from the definitions of #; and of the filtration. O

Now consider, for generic Morse functions f, g, /1, the composition

@PSS cpPSS

CM(f; Ay) ® CM(g; Aw) L CF(H)® CF(K)

Floer
* n

CF(HOK) CM(h; Aw).

A gluing argument shows that this map *Mome P SEI 0K © *Floer o (CIDPSS <I>P 83 %) 18

obtained by extending linearly from (for p € Crit( f ).q € Crlt(g))

Morse

P*y o q

Zi, Z Z nL(p,q;r,A,I)exp(/A@)ZITwar.

k=0 Aemy (M), I€{l,...,m}k,
reCrit(h) 2¢y(A)+indy(p)+indg(g)—indy (r)=2n+8(I)
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s Here ny(p,q;r, A, I) enumerates solutions u: S> — M to an equation 5J,Lu =0
for a suitable Hamiltonian perturbation L, which represent the class A € (M), pass
through the unstable manifolds W*(p; f), W*(q; g) and the stable manifold W*(r; h)
and additionally satisfy incidence conditions corresponding to I = (iy, ..., ig).

Now, a cobordism argument shows that the chain homotopy class of such a map is
independent of the Hamiltonian perturbation L, so the map on homology is unaffected
if we replace L in the above description by 0. The homologies of the Morse complexes
CM(-; Ay) are of course canonically isomorphic to Hy(M; A,), and so arguing as
in Piunikhin—Salamon—Schwarz [49, Section 5] we find that, on homology, the map
*],‘I/Iorse induces the map Hy(M;Ay) @ Hy(M; Ayp) — Hy(M; Ay) which sends an
element a ® b to the sum

Z Z Z Z a,b, CJ’lecll"'"Zikcik)O,k+3,A eXp(L Q)Twacj

! J=1Aen, (M) I€{1,...,m}k

b
:Z Z Z abv"j»’%---»U)o,k+3,ATwaCj,

AGJrz(M)

where {c; }?zl is a basis for Hy(M; A,) with dual basis {c/} and where we recall
that recall that by definition n = PD[] + ) 7_, zic;. But the last formula above is
precisely that for the n—deformed quantum product *, on Hy(M; Ay). This proves®:

Proposition 3.12  Where the homology of the complex (CF(H), 3""*) is denoted by
HF(H)y, the map ® (I)PSS Hy(M; Ay) — HF(H), on homology induced by the chain
map CIDPSS CM(f; Aw) — CF(H) is an isomorphism of A,-modules. Furthermore,

where *Floer is induced on homology by *Floer we have a commutative diagram

PSS PSS

Ho (M A) ® Ho(M: Ay) ——"—"" HF (H), ® HF (K),

* Floer
n *n
HPSS

Hy(M; Ay) oK HF(HOK),.

(Of course, the first sentence already follows from Proposition 3.9(iii), and shows that,
module-theoretically but not ring-theoretically, HF(H)y is independent of both H
and n.)

9To be precise we are implicitly using here the fact that the map Hy (M; Ay) — HF(H) induced on

homology by the PSS chain map is independent of the Morse function used; this can be established by a
standard continuation-type argument that is left to the reader.
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3.4 Spectral invariants

For ne @?;é H,;(M; A2) and a strongly nondegenerate Hamiltonian H: S'xM —R,
we have constructed the chain complex (CF(H),d" ) and a PSS isomorphism
CI_DI;,SISLI: Hy(M;Ay) — HF(H)y to the homology HF(H), of (CF(H), Yy - Ac-
cordingly, for such data H, 7, and for any class a« € H.(M; Ay) \ {0}, we may define
the n—deformed spectral invariant

pla; H)y = inf{l(c) | ¢ € CF(H), [c] = ©;°}a € HF (H)y}.

The finiteness of p(a; H); follows from Proposition 3.13(iii) below (or, on more
general grounds, one could appeal to Usher [60, Theorem 1.3]).

Let us also introduce some notation pertaining to Hy (M ; Ay). First a general element
a € Hy(M;Ay) can be written as a = del"w ag T8 where each ag, € Hy(M;C),
and we put

v(a) = max{—g | ag # 0}
(just as was done at the chain level in Proposition 3.9(iv)). Also, fora =3} cr, agT¥,
b= ZgEI‘w bgT¥, put

gely,

where N denotes the Poincaré intersection pairing. It follows from standard properties
of Gromov—Witten invariants that

(a *y b,[M]) = II(a, b),
independently of 7.

Recall also the definition of the Hofer norm on the space of continuous functions
H: S'xM — R:

1
|H| = / (max H(z,-) —min H(¢,-)) dt.
0
Proposition 3.13 The spectral invariants p(-;-)y have the following properties, for
any a,b € Hy(M; Ay) \ {0}:

(i) Ifr: S'— R is a smooth function then

1
plas H 410y = pla )y + [y,

where (H +r)(t,m) = H(t,m) +r(t).
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(i) If H and K are both strongly nondegenerate, then

1
plas )y = plas Ky < [ max(H = K)(t.)
0
Consequently if H and K are both normalized then
|pla; H)y — pla; K)n| = | H - K|,

and so the function p(a;-)y extends by continuity (with respect to || - ||) to the
set of continuous H: S' x M — R such that each H(t,-) has mean zero for
all t, and then to all continuous H: S' x M — R by (i) above.

(iii) v(a) + fol min H(t,-) dt < p(a; H)y < v(a) + fol max H(t,-)dt forall H €
C(S'x M,R).
(iv) If H is strongly nondegenerate, there is ¢ € CF(H) such that p(a; H), = {(c).

(v) If H and K both represent the same element in ﬁ;r/n(M ,w) and are both
normalized, then

pla; H)y = p(a; K)y.
(vi) Forany H,K € C(S! x M,R),

plaxyb; HOK)y < pla; H)y + p(b; K)y.
(vii) Where H(t,m) = —H(t,';(m)) (so that qb% = (¢%;) "), we have
pla: H) = —inf{p(x: H) | 1(x,a) # 0}.

(viii) If ¢ € Symp(M, w) is any symplectomorphism then p(¢«a; H o ¢_1)¢*,, =
pla; H)y.

Proof Since, in light of the results proven so far, most of these properties follow by
straightforwardly adapting arguments that are well-known in the n = 0 case (see eg
Oh [46]), we just briefly indicate the ingredients of the proofs.

(i) is an immediate consequence of the definitions, since replacing H by H + r does
not affect the Floer differential or the PSS map, and affects the function £ by addition
of fol r(¢t) dt. The first sentence of (ii) follows from Proposition 3.9(ii) combined
with the estimate (18) applied to the continuation map & .01 with H (s,t,m) =
B(s)K(t,m)+ (1 — B(s))H(t,m) where B: R — [0, 1] is smooth and monotone with
B(s) =0 for s < —1 and B(s) = 1 for s > 1. The second sentence of (ii) follows
from the first by interchanging the roles of H and K and then using the fact that a
mean-zero function cannot have a positive global minimum.
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(ii1) follows directly from Proposition 3.9(iv)—(v), together with an approximation
argument via (ii) in case H is not strongly nondegenerate (the first inequality also uses
that WHy o ®7%3; is the identity).

(iv) is a special case of the main result of [60].

As for (v), by continuity we may reduce to the case that H and K are both strongly
nondegenerate. But in that case the statement follows directly from Proposition 3.8
together with the naturality statement Proposition 3.9(ii).

In (vi), by continuity we may assume that H, K, and H{ K are all strongly nondegen-
erate (since generic pairs (H, K) have this property). Moreover by (v) we can reduce
to the case that H(z,-) = K(¢,-) = 0 for |t| < € where € > 0. But in that case the
result follows from Proposition 3.11 and Proposition 3.12.

Now consider (vii). The pairing I1: Hy(M; Ay) Q@ He(M; Ay) — C is, for a suitably
generic Morse function f', induced on homology by the pairing

T Morse. CM(—fAp) @CM(f;Ap) > C

( Z ag,pTgl’)@’( Z bg,ngq)'_) Z A—g,pbg.p-

g€ly, gely, gely,
pECrit(f) g €Crit(f) peCrit(f)

(Of course we use here the fact that Crit( /) = Crit(—f).)

Meanwhile, since elements of ﬁ([-_l ) are precisely obtained from elements of P (H) by
orientation reversal, and since formal negative gradient flowlines of A g are equivalent
to formal negative gradient flowlines of Ag with both s and 7 coordinates reversed!©
the Floer complex (CF(H),d™H) is the opposite complex to the Floer complex
(CF(H), 3" in the sense defined in Usher [61]. For [y, v] € P(H) write [y, V] €
P (H) for the generator obtained by reversing the orientations of both y and v. Then,
as in [61, Section 1.4], we have a pairing

rteer: CF(H) @ CF(H) — C

defined by

HFloer( Z a[fj][?’ v], Z b[g’w][(s, w]) = Z a[?,i]b[)’,v].

[y,v]leP(H) [6,wle P(H) [y.v]le P(H)

10Hence the integrals of 2—forms are the same, not opposite to each other, over the corresponding
flowlines.
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Now the spiked planes counted by the map &, 7: CM (—f:Aw) — CF(H) are equiv-
alent to those counted by the map W, g: CF(H) — CM(f;A), in view of which
one obtains the adjoint relation

Mo (d, W, ge) = nFloer(cpm gd.c) (c€CF(H).d € CM(—f; Ay)).

Consequently, where T17°°": HF(H), ® HF(H), — C is the pairing on homology
induced by T1F1°°" | we find, for x,a € Hy(M; Ay),

(x,a) =TI(x, Yy g (P, ga)) = ﬂFloer(‘l’n,gx, O, ga).

Consequently (vii) follows from the definition of p and [61, Corollary 1.3].
Finally, (viii) is a consequence of standard naturality properties of the construction
of p. a
For ¢ € Ham(M, w), a € Hyo(M; A) \ {0}, n € @=g Hai(M; AD), define

c(a;a)77 = p(a; H), where H: S! x M — R is normalized and b=o¢mu.
(By Proposition 3.13(v) the right hand side is independent of the choice of H with
bg=9)

Proposition 3.14 Suppose that H: S' x M — R is a Hamiltonian with support
contained in a set of form S x S where S C M is a displaceable compact subset (ie
thereis K: S' x M — R with qb}((S) NS = @). Suppose also that a € Hy«(M; Ay)
obeys a *ya =a. Then

lim (@ i _—JoJu Ht, o

Proof Given Proposition 3.13, the proof is essentially identical to that of Entov and
Polterovich [12, Proposition 3.3]. Namely, if K is as in the statement and is strongly
nondegenerate (as we can arrange, since the condition ¢ Il( (S)NS = @ is an open one
on K) one finds using Proposition 3.13(ii),(iv) that p(a; (sH OO K )y is independent
of s, and hence that (by Proposition 3.13(i))

~ ~k ~
caspg o)y =cla;dg)y—k
Since the triangle inequality Proposition 3.13(vi) shows

le(a: Bk o Fp)n— (@ Bl < (@ gy +c(@: dg .

the result follows. O
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Typically, the spectral invariants p(a; H), are difficult to compute. However, we will
now discuss an important exception. Let H: M — R be a smooth function (which
we view as a time-independent Hamiltonian). Following the terminology in Usher
[62, Definition 4.3], we will call H slow if all contractible periodic orbits of the
Hamiltonian vector field Xz having period at most 1 are constant, and flat if, at all
critical points p € Crit(H), every periodic orbit of period at most 1 of the linearized
flow (¢4 )«: TpM — Tp M is constant.

Also, given a class a € Hy(M; Ay), write

a= ( > ang)[M]+a’

gerly,
where a’ € @12261 H;(M:A), and set

viar)(@) = max{—g | ag # 0}
(said differently, vpri(a) = v(a—a’)).
The following generalizes Oh [45, Theorem IV] and Usher [62, Proposition 4.1], which

apply when n = 0 and a = [M]. The result plays an important role in the results of
the following Section 4, though it is not used for the other main theorems of this paper.

Theorem 3.15 Let H: M — R be a slow autonomous Hamiltonian, and suppose
a€ Hie(M;Ay)\{0}. Then

pla; H)y = max H + vjpr(a).
In particular,

if vipry(a) = v(a), then p(a; H); = max H + v(a).

Proof The second sentence follows from the first together with Proposition 3.13(iii).

By [62, Theorem 4.5], our slow autonomous Hamiltonian A may be arbitrarily well-
approximated in C® norm by an autonomous Hamiltonian which is slow, flat, and
Morse; a further arbitrarily small perturbation yields an autonomous Hamiltonian which
is additionally strongly nondegenerate (which, given the “slow” property, just means
that its critical points miss the images of the fixed maps f;: N; = M). So by the
continuity statement Proposition 3.13(ii), it suffices to prove the theorem under the
assumption that H is slow, flat, Morse, and strongly nondegenerate.

Since H is slow, P(H) consists of the critical points of H, and for ¢ € P(H) =
Crit(H) the set m,(q) of relative homotopy classes of discs with boundary mapping
to ¢ can be identified with 7, (M). Since H is flat, for A € 7,(M) the corresponding
element A4 € m2(q) has t(Ay) =n—indg(q) +2¢1(A).
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Choose a Morse function f: M — R having a unique local (and global) maximum at
a point pg such that H(po) = max H, and consider the PSS map

%y CM(f; Aw) — CF(H),

constructed using a family of almost complex structures {J(re’ 9)}rei9€(c which is
independent of the angular coordinate 6. This map is given by, for p € Crit(f),

(25) q)flslsﬁlp Z Z Z IEZ’IP’I(O)WXP(/CQ)ZI[P,A]

=0 qunt(H) Aeny (M) [€{1,...mM*,
indy (p)—ind gz () +2¢1 (A)=3(I)
Recall here that 54,  is the multisection associated to the Kuranishi structure on the
fiber product

Mg, A; p, Np) = CMES (4, A) (e vt oeni) <G o fi) W (D)X Niy X+ + X Nij )

where C /\/liss (g, A) is the compactification of the space of perturbed-holomorphic
planes with & marked points representing A and asymptotic to ¢; thus a general
element of C Miss (¢, A) has one plane component and possibly a variety of other
components, each of which is either a cylindrical solution to the Floer equation for H
or is a J(r)-holomorphic sphere for some r.

Now MZSS (9, A; p, N7) has an S'—action given by angular rotation of each of the
plane and cylinder components of the domain. Just as in Fukaya and Ono [23,
Mainlemma 22.4], the fixed locus of this action is isolated; away from the fixed
locus the action is locally free, and so one can construct a Kuranishi structure of
dimension —1 on the quotient of the complement of the fixed locus and lift it to
Miss (¢, 4; p, Ny) in order to deduce that, for suitable choices of the multisection
S4,p,1- the quantity |5_ 1(0)| receives contributions only from the fixed locus of
the S action on MPSS (q A; p, Ny) (ie the locus for which all planar or cylindrical
components are 1ndependent of the angular coordinate). An object in this fixed locus
is equivalent to the data of: a solution x: [0, 00) = M of rx'(r) = —B(r)VH(x(r))
such that x(0) € W¥*(p; f) (corresponding to the C—component); some number of
negative gradient flowlines of H (corresponding to the cylindrical components); and
some number of spherical bubbles; all subject to appropriate incidence conditions. Now
a dimension count!! shows that, after perturbing by a generic multisection, all of the
spherical components will be constant (which forces 4 = 0 since the nonspherical
components are S ! —independent), that we must have k = 0 (so = &; the point is that

1 This count uses the fact that the appropriate expected dimension is indg(p) —indg (q) +2¢1(A4) —

8(I), which depends on the fact that A is flat; if H were not flat then some of the conclusions that we
are drawing here would be false.
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now that the spiked planes map to 1-dimensional objects in M they will not satisfy
nontrivial incidence conditions) and that there will be no cylindrical components.

Consequently (25) simplifies to

Dpss,yp = > m(p.q)lg. 0]
q:indy (p)—ind g (g)=0

where the number m(p, ¢) enumerates pairs consisting of: a negative gradient flowline
y: (—00,0] > M for f with y(t) - p as t — —o0; and a solution x: [0, 0c0) —> M
to rx’(r) = —B(r)VH(x(r)) with x(r) — q as r — oo and x(0) = y(0).

Now if p = pg (the common global maximum of f and H) the only such pair (y, x)
has both y and x equal to the constant map to pg, and as in Oh [45, page 14] we obtain
m(pg, po) = 1. On the other hand if p # pq, since the only solution x: [0, 00) —> M
with x(r) — pg as r — o< is the constant map to pg, if m(p, pg) # 0 we would
require a negative gradient flowline y for f asymptotic at —oco to p with y(0) = pg,
which is impossible since pg is a maximum for f. Thus

mp.poy =1 PP
0 p# po.
We now prove the theorem. If v[ps1(a) = —oo the statement is vacuous, so assume

viapr(a) € R. Since py is the unique local (and global) maximum of f', the class a is
represented by an element of the form

T @) po + > Ip P>
PECrit(f),p#po

where Ay = del‘ agT® € AQ has ag # 0, and where u, € A,. Consequently,
CDPSS a € HF(H)y is represented by an element of the form

¢ = T=0@ ) [po. 0] + (terms involving ¢ € P(H))‘

with ¢ # po
Evidently we have £(c) > vjarj(a) + H(po).

Now any representative of @PSS a will take the form ¢ 4 0" d for some d € CF(H).
Just as in the proof of [45, Theorem 5.1] (and similarly to the situation with the PSS
map above), for a suitable choice of multisection the differential 37 will only receive
contributions from Floer cylinders which are independent of the S!-variable, ie from
negative gradient flowlines of H . But (other than a constant flowline, which has the
wrong index) there are no negative gradient flowlines for H asymptotic at 400 to
the maximum py, and so the coefficient on po in 3" d is zero. Consequently the
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coefficient on [pg, 0] in ¢ + 8"H d is, independently of d, equal to T"1M1(@ ) and
so we have, for all d,

e+ " d)y > vipn(a) + H(po).

This immediately implies the theorem. |

Remark 3.16 Removing the dependence on Kuranishi structures in Theorem 3.15 is
a somewhat more delicate matter than for the other results in this paper. The proof
of Theorem 3.15 relies on an argument that, if the Hamiltonian and almost complex
structure are taken independent of time, moduli spaces of spiked discs underlying the
PSS maps admit an action of S, and that therefore only spiked discs which are fixed
by this S! action will appear in zero-dimensional moduli spaces if these spaces are
cut out transversely. If one does not want to use Kuranishi structures to achieve this
transversality, then one can adapt Theorem 7.4 of Floer, Hofer and Salamon [18] to
argue that time-independent H and J can be chosen so that the spaces are cut out
transversely except at multiply covered spiked discs. However, this is useful only if the
expected dimension of a space of simple discs underlying a space of multiply covered
discs never has expected dimension which is both positive and larger than the expected
dimension associated to the multiply covered discs. One can check that this can be
arranged provided that the minimal Chern number of (M, w) is at least n. Thus under
this latter topological condition (which of course is stronger than strong semipositivity)
one can dispense with Kuranishi structures in the proof of Theorem 3.15 using the
techniques from Section 3.2.2; however in greater generality Kuranishi structures (or
something similar) do seem to be needed.

4 Capacity estimates
Recall that the 771 —sensitive Hofer—Zehnder capacity of the symplectic manifold (M, w)
is, by definition,

ciz (M, w) = sup{ max H —min H | H: M — R is a slow Hamiltonian}.

We begin with the following easy consequence of Theorem 3.15.

Corollary 4.1 Fix C >0 and n € G};:é Hy;(M; A%) and suppose that one of the
following two conditions holds:

(i) There are a,b € Hyx(M; Ay) \ {0} such that, for all autonomous H: M — R,

(p(a, H)y —viar)(@) + (o(b, H)y —viar (b)) < C.
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(i) Where [pt] is the standard generator of Hy(M ;C), forall H: M — R,

p(ptl; H)y + p(lpt]; H)y = —C.

Then the w1 —sensitive Hofer-Zehnder capacity of (M, w) obeys the bound
iz (M) = C.

Proof We need to show that, under either of the given conditions, for any slow
autonomous Hamiltonian H: M — R we have max H —min H < C. Of course for
an autonomous Hamiltonian one has H = —H , so this is equivalent to showing that
max H +max H < C.

The sufficiency of (i) is then clear from Theorem 3.15, since if H is slow we have
max H +max < (p(a; H)y —vian(@)) + (p(b: H)y = viagy (b)) < C
by assumption.

Now instead assume (ii). Let H: M — R be slow, and choose any ¢ > 0. By
Proposition 3.13(vii) we have

—C = —inf{ p(a; H)y | M(a,[pt) # 0} —inf{ p(b; H)y | TL(b, [pt]) # 0},

so there are a, b with T(a, [pt]) # 0, TI(b, [pt]) # 0, and p(a; H) + p(b; H) < C +€.
But from the definition of the pairing IT one sees easily that in order for IT(a, [pt]) # 0
one must have v[psj(a) > 0. This fact (for both a and b) together with Theorem 3.15
gives

max H + max H <C +e,

completing the proof since € was arbitrary. |

Lemma 4.2 Suppose that (M, @) admits a nonzero Gromov—Witten invariant of the
form

([ptl, ao. [ptl. a1, . ... ak)ok+3,4
where A € Hy(M ;7Z)/torsion and aq, ..., ay are rational homology classes of even

degree. Then for an open dense set of possible choices of the deformation parameter
ne @;’;3 Hy;(M;C) we have

vim([pt] #y ao) = —([]. A).
Proof Since [pt] N [pt] = 0, the class A appearing in the Gromov—Witten invariant

cannot be zero, in view of which none of the classes ay, ..., a; can be a multiple of
the fundamental class. Moreover using the divisor axiom we can reduce to the case
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that ay,...,a; € @?;gHZi(M; Q). Choose a homogeneous basis Ay,..., Ay for
the Z-module EB;:& Hy;(M;Z)/torsion, with Aq,..., A (for some s < N ) a basis
for Hy,—»(M; Z)/torsion. Using the multilinearity and symmetry properties of the
Gromov—Witten invariants we can assume that our nonzero Gromov—Witten invariant
takes the form

0 # ([ptl @o. [pt]. Ag41, .-  Agirse oo AN ANDO Y 0 43,4

Og+41 N
for some o = (a5 1,...,ay) € NV=5,
For y = (y1,...,ys) €C*S andZ:(zs+1,...,zN)e(CN_s,write
s N
n()jaz)zzyiAi'f‘ Z zZiA;.
i=1 i=s+1

Consider the class [pt] *, (5 z) @0 € Hx(M; Ay) as a function of (¥, Z). On expanding
out the formula for [pt] *, (5 ) o and using the symmetry properties of the Gromov—
Witten invariants, one finds that the coefficient on the fundamental class [M] is an
expression of the shape

3 3 fep(P)zbtt AN e

g€lw B=(Bs+1---.BN)ENN=S

for a certain function fg g(y) of y which is identically zero for all but finitely
many S !2; for the particular values g = ([w], A) and B = « we have

N
( I (am) fiaaya )

i=s+1

= Z (([Pt],ao,[Pt]» As-i-la"'aAs-i-l’"-’AN7--'7AN)O,ZOCJ'+3,B
BeH,(M;Z)/tors, o1 N

([0] B)=(l0].4) ;
“ ( I (eyk)AkmB))

k=1

where N denotes the Poincaré intersection pairing. Now since {A}i<x<s forms a
basis for Hy,—»(M;Z)/torsion, the map B — (A; N B,..., Ay N B) is injective.
Thus our assumed nonzero Gromov—Witten invariant implies that the coefficient on
[Tr—(e%)2c"4 in the above sum is nonzero.

12This finiteness statement follows from the dimension axiom for Gromov—Witten invariants; see the
proof of Proposition 7.3 for the argument.
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This proves that the coefficient on 7 {[“}-4)[Af] in the expansion of [pt] *
polynomial in e??, z; having a nonzero coefficient multiplying

n(y.z) 40 184

s N
( l_[(eyk)AkﬂA) l_l Z;xi.
k=1 k=s+1

In particular, since this polynomial is not the zero polynomial, there is an open dense
set of choices of (¥,Z) at which the coefficient on 7'{{*:4)[Af] does not vanish. It
then follows directly from the definition of v[ps that, for (¥,Z) in this open dense set,
we have viar([pt] *,5.3) @0) = —([w], 4). ad

Corollary 4.3 Suppose that (M, w) admits a nonzero Gromov—Witten invariant of
the form

(Ipt]. ao. [ptl. a1, . ... ak)ok+3,4-
where A € Hy(M ;7Z)/torsion and aq, ..., ay are rational homology classes of even
degree. Then
¢hr (M. o) < ([0]. 4).

Proof By Lemma 4.2, choose 1 € @;:5 H,;(M;C) sothat y := van([pt] ¥, ao) >
—([w], A). From the definition of the Poincaré pairing IT, one then sees that
([pt] 4y T ao. [pt]) = I(T” ([pt] %y ao). [pt]) # 0.
Thus, for any normalized Hamiltonian H, we have by Proposition 3.13(vi), (vii),
p(pt: H)y = supt—p(a; H)y | T(a, [pd) # 0}
> —p(Ipt] sn TV ao: H)y = —p((ptl: H)y — p(T7 ao: 0)y

(we’ve also used here that, for normalized H and any a,n, p(a; H$0), = p(a; H)y,
which follows from Proposition 3.13(v) and the fact that H <0 is normalized if H is).

Now recall that ag is a rational homology class, so p(T7ag:0)y =v(T7ag) = —y by
Proposition 3.13(iii). Thus we obtain, for any H,

o(ptl; H)y + p(ptl; H)y =y = —([o], 4),

so the desired result follows from Case (ii) of Corollary 4.1. O

Remark 4.4 More generally, one could consider the “mixed” invariants that in Ruan
and Tian [54] are denoted by ®4 4, 0(a1,...,ak | b1, ...,b;) (with k > 3); for this
invariant one specifies fixed marked points z; € S? (1 <i < k) and generic representa-
tives a; of a; and B; of b; and formally enumerates pairs (u, {w;};<;<;) consisting
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of a pseudoholomorphic representatives u: S? — M of A with u(z;) € o, u(w;) € Bj
forall i, j. A modification of the proof of Corollary 4.3 shows that, if there is a nonzero
invariant of the form ®4 4, o([pt], [pt]. @3, ..., ax|b1, ..., b;) (with the classes b; even-
dimensional) then we have the same estimate c;,(M, ®) =< ([w], A). The key idea is
to modify the pair-of-pants product *1'°": CF(H) ® CF(K) — CF(H{K) to a map

I;l‘;er :CF(H)® CF(K) — CF(H <>K) which counts pairs of pants u: ¥ — M like
those in the definition of *Fl"er which additionally satisfy u(z;) € o; for 3 <i <k
for some preassigned fixed marked points z;. (On homology, this has the same effect
as composing the pair-of-pants product and the quantum cap actions (as in Piunikhin—
Salamon-Schwarz [49, Example 3.4]) by each of the a; for 3 <i < k.) On homology,
one obtains the same type of triangle inequality for the spectral invariants (as in
Proposition 3.13(vi)) for this operation as one does for the pair-of-pants product, as a
result of which the proof of Corollary 4.3 can be extended to this case. Details are left
to the reader.

5 Calabi quasimorphisms

Recall that if G is a group, a quasimorphism on G is amap i: G — R such that there
exists a constant C (called the defect of 1) such that, for all g,/ € G, we have

lu(gh) — pu(g) — ()| < C.

Proposition 5.1 Let (M,w) be a closed symplectic manifold, let C > 0, let €
n—1
; =
Di—o Hai (M Aw) and suppose that e € Hy (M, A ) has the properties that expe =e
and, for all ¢ € Ham(M w),

(26) ple: H)y + ple: H)yy < C

forall H: S' x M — R. Then the function c(e; Dt H_Efn(M, ®) — R defined by
c(e; 5),, = p(e; H); for any normalized H with éu = ¢ defines a quasimorphism
with defect at most C .

Proof Sinceif H and K are normalized then H { K is also normalized with $ HOK =
dx o Pp . the triangle inequality Proposition 3.13(vi) immediately gives

c(e; 5 ° 1;)71 = C(ﬁa)n +c(e; l7&)17
for all ¢, ¥ . On the other hand (26) shows, for all ¢,

ce; Py +ele:d Hy=C
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So for any 5, {ﬂ,
~ ~ ~ ~—1 ~ ~
cle;P)yt+clesy)y=cle;d)y+clesd opoy)y
~ ~—1 ~ ~ ~ ~
<cle;P)y+cle;d Ip+clesdpo)y <C+cle;doy)y,

proving the proposition. a
If (U, wy) is an open symplectic manifold, let Ham(U, wyy) denote the group of
diffeomorphisms of U which arise as time-one maps of the vector fields of compactly

supported time-dependent Hamiltonians, and let I:I-Eﬁl(U ,wy) be the universal cover.
Recall that there is a homomorphism Caly: Ham(U, wy) — R defined by

Caly ($)
1
= / H(t,- )" for any compactly supported H: S' x U — R such that ¢ = ¢.
0

(In particular, the right hand side is independent of H.) Following Entov and Poltero-
vich [12], we make the following definition:

Definition 5.2 If (M, w) is a closed symplectic manifold and C > 0, a Calabi
quasimorphism on M is a map u: Ham(M, w) — R such that the following holds:

(1) p is a quasimorphism.
(i) w is homogeneous: for all 5 € I-/I;r/n(M, w) and [ € Z we have
~1 ~
w(@) = lu(d).

(iii) If ¢ =g where H: S' x M — R has support contained in S! x U for some
displaceable open set U, then

(@) = /0 1 fM H(, Yo,

Recall that Banyaga [1, Théoréme 11.6.1] shows that %(M ,w) is perfect, and so
cannot admit any nontrivial homomorphism to R.

The following is an easy generalization of results of [12]:

Proposition 5.3 Suppose that 1 € @;’;3 H.(M;A%) and that ¢ € H.(M, A) has
the properties that e %, e = e and, for some C > 0, the estimate

ple: H)y +p(€;]‘_1),7 =C
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holds for all normalized H: S' x M — R. Then the formula
~k
~x . C(€,¢ )7]
= (- n) lim —— 7
e (P) ( [M w )kimw B
defines a Calabi quasimorphism [L. y: ﬁafn(M, w) — R on M with defect at most

2C | v @". Also, ey obeys the following stability property (cf Entov, Polterovich
and Zapolsky [16, 3)]): If H, K: S! x M — R are normalized then

[ min(H (1) = K( ) de = ——— (@) — @)

B fM
< /0 mj&x(H(t,) — K(t,-)) dt.

Proof The fact that p.,y is well-defined (ie that the relevant limit always exists)
follows from Proposition 5.1 and standard facts about subadditive sequences (see eg
Pélya and Szegd [50, Problem 99]). Given that p. 5, is well-defined, the fact that it
satisfies the homogeneity condition (ii) is trivial. Quite generally (see Calegari [5,
Lemmas 2.21, 2.58]) the homogenization A of a quasimorphism A is a quasimorphism,
with defect at most twice the defect of A; this establishes condition (i) and the estimate
on the defect for pe,,. The Calabi property (iii) is just a restatement of Proposition 3.14.
Finally, the stability property follows directly by homogenizing Proposition 3.13(i1). O

For n e EB;:& Hy;(M; A%), we denote by QH(M, )y the commutative A, —algebra
whose underlying Ag,—module is the even-degree homology !_, Hai(M;Ay),
equipped with multiplication given by the deformed product *.

Proposition 5.4 Suppose that there is a direct sum splitting of algebras QH(M, w), =
F & A, and let e € F be the multiplicative identity for the subalgebra F. Then, for
some C > 0, we have

ple:H)y+ple, H)y =C
for all Hamiltonians H: S' x M — R.

The above three propositions immediately imply:

Corollary 5.5 If there is a direct sum splitting of algebras QH(M,w), = F ® A,
then where e is the multiplicative identity in F, the function [t 5: Ham(M, w) — R
defines a Calabi quasimorphism.

Proof of Proposition 5.4 Given what we have already done the argument is essen-
tially a duplicate of one in Entov and Polterovich [12, Section 3]; we include it for
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completeness. First, by [12, Lemma 3.2] there is a constant K such that, for any x € F,
v(x)+v(x ) <K.
Recall from Proposition 3.13(iii) that p(x;0); = v(x). Also, since e *, e = e, for any

a € QH(M, ), we have e xya € F with p(e x,a; H)y < p(a; H), +v(e). We now
have, making liberal use of Proposition 3.13,

—ple: ), = inflp(a; H)y | Ti(e,a) # 0}
> —v(e) +inf{p(e *ya; H), | (e xya,[M]) # 0}

> —v(e) +inf{p(e; H)y —v((e *ya)™") | Tl(e %y a,[M]) # 0}
> —v(e) + ple; H)y — K +inf{v(e *y, a) | I1(e *, a,[M]) # 0}.

Since whenever IT(x,[M]) # 0 we have v(x) > 0, we hence obtain
ple: H)y + p(e:s H)y < v(e) + K,

completing the proof with C = v(e) + K. |

Remark 5.6 It follows also that, under the assumptions of Corollary 5.5, the function
{ne: C(M) — R defined by {(F) = limg_, p(e;kF)y/k defines a symplectic
quasistate in the sense of Entov and Polterovich [13]; given Proposition 3.13 and
Corollary 5.5 the proof of the quasistate axioms for ;. is an exact replication
of [13, Section 6].

The remainder of the paper (except the Appendix) will be concerned with studying cir-
cumstances in which the hypothesis of Corollary 5.5 and some other similar conditions
are satisfied.

6 Some algebraic input

In this section all rings are assumed commutative with unit, and a ring morphism
necessarily maps unit to unit. We deliberately do not assume our rings to be Noetherian.
If R is aring and p € Spec R we use the customary notation R, for the localization
at p (ie (R\p)~'R) and k(p) for the residue field R,/ (pRy).

The commutative algebra background that we require is mostly summarized by the
following two-pronged theorem (we imagine that little if any of this will be surprising
to an expert in commutative algebra). For our later purposes, the most important
implications of this theorem are that the subset of Spec R on which the condition
denoted (A3) holds is open and is equal to the subset on which (A4) holds, and similarly
that the subset on which (B3) holds is open and equal to that on which (B4) holds.

Geometry € Topology, Volume 15 (2011)



1374 Michael Usher

Theorem 6.1 Let R be a ring containing Q as a subfield and let A be a commutative
R -—algebra which, considered as an R-module, is finitely generated and free. Denote by
f: Spec A — Spec R the morphism of schemes induced by the unique ring morphism
R — A (sending r tor-1).

(A) The following are equivalent, for a point p € Spec R:

(A1) The morphism f is unramified at every point in f~'({p}).

(A2) There exists a field extension k (p) —k such that the map Spec(A® rk)—
Spec k induced by the unique ring morphism k — A ® g k is unramified.

(A3) There exists a field extension k(p) — k such that A ® g k decomposes
as a direct sum'3 of field extensions of k .

(A4) For every field extension k(p) — k the algebra A @ g k decomposes as a
direct sum of field extensions of k .

Moreover, the set Uy of points p € Spec R at which (A1) holds is open in
Spec R.

(B) The following are equivalent, for a point p € Spec R:

(B1) There is some q € Spec A such that f(q) =p and f: Spec A — Spec R
is unramified at .

(B2) There exists a field extension k (p) — k such that the map Spec(A® rk)—
Spec k induced by the unique ring morphism k — A ® g k is unramified
at some point q € Spec(A @r k).

(B3) There exists a field extension x(p) — k and a direct sum splitting of
k —algebras A®@grk = K ® S where k — K is a field extension.

(B4) For every field extension k(p) — k there is a direct sum splitting of
k —algebras AQgrk = K ® S where k — K is a field extension.

Moreover, the set U, of points p € Spec R at which (B1) holds is open in
Spec R.

Proof of Theorem 6.1 We begin with a lemma.

Lemma 6.2 The morphism f: Spec A — Spec R induced by R — A is flat, open,
and closed.

Of course, f: Spec A — Spec R is defined by sending a prime p in Spec 4 to its
preimage under R — A, ie to p N R. By definition, a morphism of schemes is open
(resp. closed) if and only if it is open (resp. closed) as a map of topological spaces.

13 All direct sums in this theorem are direct sums in the category of algebras—thus both addition and
multiplication split component-wise
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Proof of Lemma 6.2 We first show that f is closed. Let V(I)={qeSpec 4|1 Cq}
be an arbitrary closed set in Spec A. The set V(I N R) ={peSpec R| I N R C p}
is then closed in Spec R (of course we’ve identified R with its image in A), and
clearly f(V(I))={qN R|qe V(I)} C V(I N R). We claim that in fact equality
holds. Indeed, note that by Eisenbud [10, Corollary 4.5], A4 is integral over R. Let
peV(INR),so INRCp. The Going Up theorem [10, Proposition 4.15] then shows
that there is q € Spec A such that N R =p (ie f(q) =p) and I C q. But this is
precisely the statement that p € f(V([)). Thus f takes an arbitrary closed set V (/)
to the closed set V(I N R), proving that f is closed.

Since A is finitely generated and free as an R—module, it is clearly flat as an R—
module, and then the standard fact that flat ring maps induce flat morphisms on Spec
(see Hartshorne [27, Proposition I11.9.2.d]) shows that f is flat.

We now show that f is open. Since f is of finite presentation (as A is a finitely
presented R-algebra), Grothendieck [25, Corollaire 1.10.4] asserts that f is open if
and only if for any q € Spec A and any generalization'# p’ of the point p = £(q), there
is a generalization g’ of q so that f(q") = p’. But by Matsumura [42, 5.D] the Going
Down theorem holds for R — A because A is a flat R—module, and the statement of
the Going Down theorem precisely amounts to the existence of such a p’. |

Let U = {x € Spec A | f is unramified at x}.

By definition (see Grothendieck [26, 17.3.7]), f is unramified at x if and only if there
is a neighborhood U of x so that the restricted morphism f|yy is unramified; thus our
set U is obviously open. Consequently Lemma 6.2 shows that f({{) is open, and that
f(Spec A\ U) is closed. In the statement of Theorem 6.1, we evidently have

U, = f(U) and Uy = (Spec R) \ f(Spec 4\ U).
This proves that these sets are open.

Now since R contains QQ as a subfield, the residue fields x(p) all have characteristic
zero, so they are perfect fields (that is, all of their extensions are separable). The
equivalence (A3) < (A4) is then a quick consequence of the following basic theorem
about coefficient extensions of algebras over fields.

141f x and y are points in a topological space, x is called a generalization of y if we have y € {x}.
In the case where the topological space in question is the Spec of a ring, so that x and y are prime ideals,
this is equivalent to requiring that x C y.
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Theorem 6.3 (Bourbaki [4, V.6.7, Theorem 4]) If B is a finite-dimensional algebra
over a field k, the following are equivalent:

e There is one perfect field extension k" of k such that the k' -algebra B ®y k' is
reduced (ie its only nilpotent element is 0).

e Forevery extension k — k', the k’ —algebra B ®y k' is reduced.

e B decomposes as a direct sum B = K| ®---® K, where each K; is an algebraic
field extension of k.

The equivalence (A3) <> (A4) follows immediately from this: if 4 ® g k is a direct sum
of k—extensions for one extension k of «(p) (which will necessarily be of characteristic
zero and hence perfect), Theorem 6.3 shows that 4 ® g k& will be reduced for all
extensions k of k(p), and so any such 4 ® g k will be a direct sum of k—extensions
by another application of Theorem 6.3.

Meanwhile, the equivalence (B3) < (B4) follows in a similar way from Entov and
Polterovich [14, Proposition 2.2(A)], which asserts that if & — k' is an extension of a
field of characteristic zero and B is a finite-dimensional algebra over k then B has
a field as a direct summand if and only if B ®; k' has a field as a direct summand.
In particular, this result shows that if (B3) holds then it holds with k¥ = «(p), and so
applying the result again proves (B4).

The equivalences (A1) < (A2) < (A4) and (B1)=(B2) hold by the following argument:
Since f~1({p}) = Spec(4 @ gk (p)), we appeal to Grothendieck [26, Théoréme 17.4.1,
(a)< (d)], which asserts that / is unramified at q if and only if f~1({f(q)}) is
unramified over «( f(q)) at q. It immediately follows that (A1)=(A2) and (B1)=(B2)
(just take k = k(p)) in view of the fact that a morphism of schemes is unramified if and
only if it is unramified at every point of the domain, as noted just after [26, Définition
17.3.7]. Tt also follows that the special case of (A2) in which £ = «(p) implies (A1),
in view of which the proof of the implications stated at the start of this paragraph will
be completed by the following lemma:

Lemma 6.4 Condition (A2) is equivalent to the following condition:

(A2") For every field extension k(p) — k , the map Spec(A4 ® g k) — Spec k induced
by the unique ring morphism k — A ® g k is unramified.

Moreover, we have the equivalence (A2") < (A4).

Proof Let p € Spec R and let k be a field extension of k(p) obeying the conclu-
sion of (A2). Write fi ,: Spec(4 ®pg k) — Speck for the morphism induced by
k — A ®g k. Since the latter ring map is flat (see Matsumura [42, 3.C]), fi, is
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flat. Our assumption (A2) also states that fi , is unramified. So by the implication
(c)=(c’) of [26, Corollaire 17.6.2], the unique fiber of fk,]J is the Spec of a direct
sum of finite extensions of k. Thus A ®g k is reduced. Of course k is perfect
since it has characteristic zero, so Theorem 6.3 shows that A ® g k(p) is reduced, and
moreover decomposes as a direct sum of «(p)—extensions. Applying Theorem 6.3
again shows that if &’ is now an arbitrary extension of k then A ® g k’ is a direct sum
of k’—extensions. We have now shown that (A2)= (A4). Given (A4), applying the
implication (c’)=>(c) of [26, Corollaire 17.6.2] shows that for any extension k of x(p)
the morphism Spec(A4 ® g k) — Spec k is unramified, thus establishing (A4)= (A2").
Since (A2")=>(A2) is trivial the proof of the lemma is complete. O

We have now established all of part (A) of Theorem 6.1; to complete the proof of (B)
we will prove that (B2)=>(B3) and (B4)=-(B1).

Assume that (B2) holds for p € Spec R and the extension « (p) — k, write C = AQ gk
and let fi ,: Spec C — Spec k be the map associated to k — A® gk = C. (B2) asserts
that fy , has an unramified point, and we claim that we may reduce to the case that
this unramified point is a closed point, ie corresponds to a maximal ideal in C. Indeed,
the set of unramified points of f ,, is open in Spec C, and hence is equal to a set of
the form {q € Spec C | I ¢ q} for some ideal /. The set in question is nonempty, and
so I must not be contained in the intersection of all prime ideals of C. But C, being
a finitely generated algebra over a field, is a Jacobson ring by the Nullstellensatz as
expressed in Eisenbud [10, Theorem 4.19]; thus the intersection of all prime ideals
of C is equal to the intersection of all maximal ideals. So there is a maximal ideal,
say q, such that I ¢ g, and so our open set of unramified points contains this closed
point q.

Since fi , is unramified at q, the implication (a)=>(d’) of [26, Théoreme 17.4.1]
shows that the localization Cj is a field extension of «(p) and that q is isolated in
Spec C. If q were the only point of Spec C then since ¢ is maximal C would be a
local ring, and we would have Cy; = C, so C would be a field and so (B3) would
certainly hold. So we may assume Spec C \ {q} to be nonempty. Thus since q is
isolated we can write Spec C as a disjoint union of nonempty closed sets

Spec C ={a}[[{t[ I C}

for some ideal /7 < C. Since q is maximal and / ¢ q, q+ I = C. Arguing as in [10,
Exercise 2.25], we find idempotents e; € q,e; € I with e; + e, =1 and eje; = 0.
This gives a direct sum splitting C = e;C @ e,C. Now since e; € I, the distinguished
open set D(ey) ={tr e Spec C | e, €t} is equal to {q}, so the ring ez_l C is isomorphic
to the localization Cy (for instance this follows directly from [27, Proposition 11.2.2])
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and therefore is a field. But the natural map C — e2_1 C is easily seen to restrict to e, C
as an isomorphism. Thus C decomposes as a direct sum isomorphic to e¢;C & Cq
where C is a field extension of k. This proves the implication (B2)=>(B3).

Finally, assume that (B4) holds; in particular we may choose k = k(p), so that
AQprik(p) = K@ S where K is a field extension of «(p). Then S is easily seen
to be a maximal ideal, which may alternatively be characterized as the annihilator
{x e AQRrk(p) | xK = 0}. Denote the multiplicative unitin K by e€ K C AQr«k(p).
If ¢ is any prime ideal in 4 ® g k(p), the factorization 0 = e(1 — ) shows that either
e €t or 1 —e € t; in the latter case t contains and hence is equal to .S'. Thus the open
set D(e) ={t|e €t} isequal to {S}. So S is an isolated point of Spec(4 @ g k(p))
and the local ring (4 ® g k(p))s at S is isomorphic to e~ (4 ® g k(p)), which in
turn is isomorphic to the field K. So (A ®g «(p))s = K is a field extension of «(p),
which is separable since we are working in characteristic zero. So the implication
(d’)=(a) of [26, Théoréme 17.4.1] proves that Spec A — Spec R is unramified at the
point g =¢(S) where ¢: Spec(4® gk (p)) — Spec A is the map induced by the natural
map A — A Qg k(p). This completes the proof of the implication (B4)=>(B1) and
thus of all of Theorem 6.1. |

Definition 6.5 Let A be an R—algebra as in Theorem 6.1.

e We say that A is generically semisimple if the subset U; C Spec R of Theorem
6.1(A) is nonempty.

e We say that A is generically field-split if the subset U, C Spec R of Theorem
6.1(B) is nonempty.

Proposition 6.6 Let A be an R-algebra as in Theorem 6.1, let ¢: R — S be aring
map, and consider the resulting S —algebra A ® g S'.

(i) If A®pg S is generically semisimple (resp. generically field-split) then A is
generically semisimple (resp. generically field-split).

(i) Suppose that R and S are integral domains and that the ring map ¢: R — S is
injective. Then A ® g S is generically semisimple (resp. generically field-split)
if and only if A is generically semisimple (resp. generically field-split).

Proof For (i), that A ® g S is generically semisimple (resp. generically field split)
implies, by the equivalence (A1) < (A3) (resp. (B1) < (B3)), that there is a field k
and a ring map ¥: S — k such that (4 ® g S) ® s k decomposes as a direct sum of
extensions of k (resp. has an extension of k as a direct summand) (indeed we could
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take k = k(p) where p is an arbitrary element of U; (resp. U,)). Now where k is
made into an R-algebra via the map ¥ o ¢, we have

ARrk=(ARrS)®s k.

Where q = ker(y o), q is a prime ideal of R, and since «(q) is the field of fractions
of R/q the map { o ¢ factors as a composition R — k(q) — k where k(q) — k is a
field extension. So since 4 ® g k decomposes as a direct sum of extensions of k (resp.
has an extension of k as a direct summand) we have q € U; (resp. q € U,), proving (i).

As for (i), since R and S are integral domains their spectra contain generic points
nR €Spec R, ns € Spec S, corresponding to the zero ideals in the respective rings. The
residue fields x(ng) and «(ns) at these generic points are just the fields of fractions
of the respective domains, and so the monomorphism R — § induces a field extension
k(nr) = k(ns). Moreover we have

(AQRrKMR)) Br(ng) kK(Ns) = (A®RS) ®s k(ns).

Consequently, by Theorem 6.3 and Entov and Polterovich [14, Proposition 2.2(A)],
A ®p k(ngr) decomposes as a direct sum of extensions of x(ng) (resp. has an exten-
sion of k as a direct summand) if and only if the corresponding property holds for
(A®rS)®sk(ns). Now any nonempty open set in Spec R contains 1 g, and likewise
any nonempty open set in Spec S contains 175, so by the equivalence (A1) < (A3) (resp.
(B1)< (B3)) it follows that the set U IR C Spec R (resp. UZR C Spec R) associated
to A via Theorem 6.1 is nonempty if and only if the corresponding subset of Spec S
associated to 4 ® g S via Theorem 6.1 is nonempty. |

7 Quantum homology II

What we will call the “universal big quantum homology” Ag,, in this paper may be
regarded as an invariant associated to a pair (M, C) where C is a nonempty connected
component of the space of symplectic forms on the 2n—dimensional closed manifold M ;
the pair (M, C) shall be fixed throughout this section. This invariant is a commutative
algebra Ag,, over aring Rjys; this latter ring will be referred to as the “universal
quantum coefficient ring” of M (or, more properly, of (M, C)). Writing

Hi (M 7)

H,(M) =
k(M) torsion

He (M) = @D Hai(M),
i=0
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let {Ag, Aq,..., Ay} be an integral basis of H.,(M) for which each A; has some
even homogeneous grading |A;|, such that

Ao =[M], and for some s € {1,..., N}, |Aj|=2n—-2%1=<i <.

Thus the subgroup of He, (M) with codimension at least 4 is spanned by Ag41,...,AN.
As a module, we will have Ag,, = Hey(M) ®z Rpr, with {Ag, ..., Ay} serving
as a standard Rjps—basis for Ag,,. We must now describe the ring Rps, and the
multiplication rule for Ag,, .

7.1 The universal quantum coefficient ring R,

As before Gromov—Witten invariants are denoted with the notation (a1, ..., ax)o.x,g:
from now on we will always take a; € H«(M) to be homogeneous, and 8 € Hy(M).
Note that these quantities are rational numbers (integers if M is semipositive) which are
independent of J and of the particular symplectic form @ representing the deformation
class C. The quantity is nonzero only when

k
Y @n—lai) =2+ (c/(TM), B) + (k= 3)).

i=1

Let Hs"(M) ={B € Hy(M) | Qay,...,ax € Hy(M))({ar,....ar)ok,p #0)}

and define the “GW-effective cone” to be

/
Ceff — Ceff(M) — { Zniﬂi

i=1

ny,....nj €N, By, ... B eHzeff(M)}.

Since the Gromov—Witten invariants are independent of the choice of w € C, so too is
the GW-effective cone C°'.

Lemma 7.1 (i) If w is any symplectic form in the deformation class C and if
D € R, there are only finitely many elements 8 € C°' such that fﬂ w=<D.

(i) If B e C®T then there are just finitely many pairs (B, B2) such that B, B, € C°1f
and B1 + f2 = p.

Proof If B € C°™\ {0} with fﬁa) <D,say B = Zgzlniﬂi with each n;8; # 0 (so
n; > 1)and B; € Hzeff(M ), then for J an arbitrary w—compatible almost complex
structure the existence of a nonzero (ay, ..., ax)ok,p; produces foreach i a genus-zero
J —holomorphic bubble tree representing f;. Then |, g @ = / g = D for each i. By
Gromov compactness, there are only finitely many nonzero classes f; of energy at
most D represented by a J—holomorphic bubble tree, and @ evaluates on each of
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these as at least some positive number %. Consequently there are only finitely many
positive integer combinations of these 8; having energy at most D, and therefore there
are only finitely many possibilities for the class §. This proves (a).

Part (b) then follows immediately: choose an arbitrary symplectic form @ from C.
If B1 4+ B2 =B and By, B> € C°, then B, and B, are necessarily each drawn from
among the finitely many classes y € C°T with fy w=<D:= fﬂ . |

We can now define the ring Rz : set theoretically, let

RM={ ) f)sqﬂ‘(vlﬂeceff)(fﬂe@[xs+1,...,xN])}.

ﬂECeff

We use the obvious componentwise addition ) flgq/3 +> glgqﬁ =) (fp+ glg)qﬂ,
while multiplication is, as one would expect, defined by

(£ m)(Sr)= (5 e

BeCeit necet teCe N B4n=t
That the right hand side is well-defined follows directly from Lemma 7.1(ii), which
ensures that the inner sum on the right is finite for any given ¢. So since 0 € C*f and
C* is closed under addition, Ryy is a well-defined ring (with unit 1:= qo). It is not
difficult to check that Ry is an integral domain. On the other hand I do not know what
assumptions, if any, on M are needed to ensure that Rjps is Noetherian; fortunately,
Theorem 6.1 applies regardless of whether or not the ring R in its hypothesis is
Noetherian.

Given other conventions in the literature, it perhaps bears emphasizing that while
an element of Rj; may have a nonzero coefficient fg on gP for infinitely many
different B, the coefficients fg themselves are taken to be polynomials, not power

series, in the variables xs41, ..., x5 . These latter variables may be regarded as being
dual to the basis {Ag4q,..., Ay} for @;’;g H,; (M) from earlier. Formal variables
dual to the basis {Aq,..., As} for Hy,_»(M) (or, more accurately, exponentiated

versions of these formal variables) can be regarded as being incorporated into the formal
symbol ¢. It will typically not be true that the various polynomials fg appearing in a
given element of Rjs have uniformly bounded degree.

Remark 7.2 This choice of coefficient ring Rjs is motivated by the fact that it enjoys
the following two properties:

(a) The quantum homology Ag,, of M may be naturally defined as an algebra
over Rps forany M.
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(b) For many other rings A obeying property (a), there is a diagram of ring maps
incorporating the rings Rps and A which allows Proposition 6.6 to be used
to relate the properties of the quantum homology with coefficients in A to the
properties of Ag,, .

We will see many examples of (b) below. In the simplest cases, the diagram alluded to
in (b) simply consists of a map Rps — A, and the quantum homology with coefficients
in A is just Ag,, ®R,, A. In other cases the diagram will be more complicated: the
one involved in our discussion of the quantum homology of blowups M in Section 7.4
takes the form:

Ry B B/ZB
27) RL [
yja—. R](\)Z[qzl:E’/(n—l)]

7.2 Quantum multiplication

Having introduced Rjs, we now define the quantum product * on the big quantum
homology Ag,, in a standard way. Recall that Ag,, is freely generated as a Rps—
module by the homogeneous basis Ay, ..., Ay for Hey(M), where Ag =[M] and
Aq,...,Ag span Hyy,»(M). For i, j,k €{0,..., N}, consider the formal sum

Cijk
1 a) B
= Z Z J(AiaAj7AkaAs+la--wAs—}-lw-~7AN7--'»AN)0,|a|+3,ﬂ-X qr-.
PEHS™ N Qo tovsi) @t aN

Here we use standard multi-index notation for a tuple of nonnegative integers o =

N o,
(@st1.- .. an), namely |a| =Y i, al = [[;L 1 (), and x* = x 35" - X3V

Proposition 7.3 Foreach i, j, k we have c;j; € Rpy.

Proof This proposition amounts to the statement that, for any given 8 € Hzeff(M ),
the expression

1
Z J(Ai, Aj, Ak, AS_H,..., AS_H,...,AN, ey AN)0’|O,|+3”3x°‘

o= a o
(Oterl,...,OtN) s+1 N
eNN—s
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is a polynomial, which in turn is to say that, again for any given 8 € Hzeff(M ), there
are just finitely many multi-indices ¢« such that

<Ai’AjaAkaAs-i-l"'~1As+l"~-’AN3~~~3AN)O,|(1|+3“3 750.

Ogt1 aN

Bearing in mind that, for / =s+1,..., N, we have 2n— |A;| > 4, by 7.1 the above
invariant can be nonzero only if

Haf +@2n—[Ai]) + @n—[Aj]) + @n—[Ar]) = 2(n + (1 (TM), B) + |a).

which in turn forces
Ail 1A Akl

< (TM), B) —
ol = SR+ L+ S 4 @), B)
Since, for fixed B, there are only finitely many multi-indices o obeying this bound
on |a| the proposition follows. |

For k =0,..., N define a dual element A¥ ¢ Hjp— A, by the property that
Aj N A% = 6K forall j,

where N is the Poincaré intersection pairing and 8k is the Kronecker symbol (equiva-
lently, A¥ = g i 8 ki Aj if {g*7} is the inverse of the matrix representing the Poincaré
pairing in the basis Ao, ..., An). The multiplication law for the algebra Ag,, is then
defined by extending bilinearly from

N
FAVES Aj = Z CijkAk.

Since the ¢;;i belong to Ry this multiplication law is well-defined. Ag,, is then a
commutative (since we are restricting to even dimensional homology) algebra with unit
Ao = [M]; from Kontsevich and Manin [34, Section 4] it follows that the associativity
of the algebra is a formal consequence of a certain set of axioms for Gromov—Witten
invariants, and in Fukaya and Ono [23, Section 23] it is shown that the Gromov—Witten
invariants for general symplectic manifolds constructed in [23] indeed satisfy all of the
axioms needed for associativity (Liu and Tian [36] and Ruan [53] also contain such
results).

We have now associated to the deformation class (M, C) of symplectic manifolds a
ring Rps and an Rps—algebra A g,, which, module-theoretically, is free and finitely
generated. Theorem 6.1 and Definition 6.5 thus apply to the algebra Ag,,, so we
may consider the questions of whether A g,, is generically semisimple or generically
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field-split (in which case we say that the symplectic deformation class (M, C) “has
generically semisimple big quantum homology” or “has generically field-split big
quantum homology,” respectively).

7.3 Other coefficient systems

Given aring map ¢: Rpr — S, we may form a quantum homology ring with coefficients
in S:

QH?(M;S):=AR,, ®ry, S
where we use ¢ to view S as an Rjs—algebra (if the map ¢ is obvious from the
context we will just write QH(M ; S)). Thus QH? (M S) is the S -algebra freely
generated as a module by Ay, ..., Ax with the multiplication law

N
Al’ k A] = Z ¢(Cijk)Ak
k=0

where ¢;jx € Rps are the constants defined at the start of Section 7.2. As mentioned in
Remark 7.2, our choice of universal quantum coefficient ring Rps has been motivated
in part by the existence of many ring maps from Rjps to various rings in common use
as coefficient rings for quantum homology.

7.3.1 Small quantum homology For example, let

R?w:{ Z c’ﬁqﬂ CﬂEQ}

ﬂeceff

where as before C*T is the GW-effective cone and we use the obvious “power series”
multiplication (which is well-defined by Lemma 7.1(ii)). There is an obvious map

o: Ryr — RS, defined by o (3 fﬁqﬂ) =) fﬁ(())qﬂ.
Definition 7.4 Let a deformation class (M, C) of symplectic manifolds be given.
e The small quantum homology of (M,C) is the R?\/[ —algebra
QH(M: R}y) = QH (M Ryy) = ARy, ®Ry, Riy
where o2 Ryr — R, is the above map.

e We say that (M, C) has generically semisimple small quantum homology (resp.
has generically field-split small quantum homology) provided that the R?w—
algebra QH(M ; R?w) is generically semisimple (resp. generically field-split) in
the sense of Definition 6.5.
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Proposition 7.5 If (M,C) has generically semisimple (resp. generically field-split)
small quantum homology, then (M, C) has generically semisimple (resp. generically
field-split) big quantum homology.

Proof Indeed, this follows immediately from Proposition 6.6(i). O

Consulting the definitions of the map o and of the multiplication law in big quantum ho-
mology, we see that QH(M ; R?M) is the free R?V[ —module generated by Ag,...,An
subject to the multiplication law

N

Ai*AJ’ = Z( Z (Ai,Aj,Ak)Oﬁ,ﬂqB)Ak’

k=0 " e HS"(M)

consistently with a formulation that some readers may find more familiar (again, {Al }
is a Poincaré dual basis to {A;}).

7.3.2 Novikovrings Choose a symplectic form w belonging to the given deformation
class C of forms on M, with de Rham cohomology class [w]. Let the subgroup I',, <R
and the Novikov ring A, be as before (see Section 2).

Consider a general element

N n—1
n=np+ Y nidic @D Hu(M:A))
i=s+1 k=0
where n; € AS, and np € Hy,—»(M; Ag)); here as before Agiq,..., Ay is a fixed

basis of @Z;ZO H,j (M). Define a map
On: Ry — Ay

N

@8 > ( > cozX"‘)q’3 > Z(an I1 17?"') exp(np N )T 1),
BeCt ~a=(as41,..-,ON) B o4 i=s+1

Here np N B denotes the Poincaré intersection pairing between the “divisor” class np

and B € Hy(M ). That this map is well-defined (ie that ¢, sends every element of Rps

to a formal sum which obeys the finiteness condition in the definition of A, ) follows

directly from Lemma 7.1(i).

Definition 7.6 Let (M, w) be a symplectic manifold, determining a symplectic defor-
mation class (M, C) where w € C. Let

N n—1
n=np+ »_ nidi€@ Hu(M:AD).
i=s+1 k=0
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The n—deformed quantum homology of (M, ), denoted QH(M, w),, is the
A, —algebra

QH(M’ C())n = QH¢” (M7 Aw) = AR]\/[ ®RM Aw’
where the Rjs—algebra structure on A, is that induced by the ring map ¢,
of (28).

In the special case that n = np € Hyy—2 (M), QH(M, w), will also be called
the “n—twisted small quantum homology” of (M, w).

This is clearly consistent with the terminology from before: as in Section 5 QH(M, w),
is the even part of the algebra (Hx(M; Ayp); *p).

To prepare for our next result, we introduce some notation:

Definition 7.7 Given a basis B = {Ag,..., Ay} for Hey(M) with Ag = [M] and

Ayq,..

by

and

by

., Ag abasis for Hy,_»(M), we define

n—1
Eg: @ Hau(M:C) > CN
k=0

N

EB(Z niAi) = (e'“, . ,e’“, Nsd1se--s 1’)N),
i=1

E%: Hyp2(M:C)— C*

N
E%(ZniAi) =(e™,...,e™).

i=1

Theorem 7.8 For a closed symplectic manifold (M, w), the following are equivalent:

@

(i)

(ii1)

There exists 1 € EBZ;IO Hyp (M ; AO) such that the n—deformed quantum ho-
mology QH(M, w), is a semisimple A, —algebra (resp. has a field as a direct
summand).

Where C is the deformation class of w, (M,C) has generically semisimple big
quantum homology (resp. has generically field-split big quantum homology).

There is a nonzero Laurent polynomial
—1 -1
S €Qlz1.zy . 25 25 Zg415 2542, - -5 ZN]

such that, for all n € @Z;IO Hy, . (M ;C) such that f(Eg(n)) # 0, the n—
deformed quantum homology QH(M, w)y is a semisimple A, —algebra (resp.
has a field as a direct summand).
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Remark 7.9 Note that since, in (iii), the polynomial f has its coefficients in Q, it fol-
lows that when any of the above equivalent conditions holds, if we choose a particular n
with the property that the coordinates of Eg(n) = (e™,...,e", ns41,...,nN) are
algebraically independent over Q, then QH(M, w), will automatically be semisimple
(resp. have a field as a direct summand) for this specific choice of 7.

Proof The fact that (i)= (ii) follows directly from Proposition 6.6(i). The implication
(iii) = (i) is trivial. It remains to prove that (ii) = (iii).

Accordingly, assume that (M, C) has generically semisimple big quantum homology
(resp. has generically field-split big quantum homology). Thus the open subset U
(resp. U) of Spec Rps produced by applying Theorem 6.1 to the Rps—algebra A g,, is
nonempty. Recall that a basis for the topology of Spec Ry is formed by distinguished
open sets of the form D(g) = {p € Spec Rys | g € p} where g € Rps. So the open set
produced by Theorem 6.1 contains one of these sets D(g) with g # 0 (as of course
D(0) = @); we fix this g.

Since the codomain of the map ¢,: Rpr — Ay, is a field, ker ¢y, is a prime ideal; let us
denote this prime ideal by py. If p; € D(g), then Ag,, ® g,, k (p5) is semisimple (resp.
has a field as a direct summand). Now ¢,: Rps — A, factors through the canonical map
Rpr — k(py) to give a field extension k (p,) — A, so the equivalences in Theorem 6.1
show that QH(M, w), is semisimple (resp. has a field as a direct summand) whenever
the same property holds for Ag,, ®Rr,, k(py).

As such, the proof will be complete if we show that, whenever 0 # g € Rjy, there

is f e Q[zl,zl_l, vy Zs,Z5 Y Zg 41, Zs+2s - - - ZN] such that ker ¢, € D(g) whenever
JS(Eg(n)) # 0. Of course, ker ¢, € D(g) if and only if ¢, (g) # 0. Let us write

g= Y gpq”
ﬁECeff

where each gg € Q[z541,....2zn]. Since g # 0, let Ao be the minimal value of
(lw]. B) over all those B with gg # 0. By Lemma 7.1(i), there are just finitely many

B € Hy(M),say By,...,Bx,suchthat gg # 0 and ([w], B) = A¢.

Fori=1,...,sand j =1,...,k write
A,’ﬂﬁj =njj.
N
Then, if n=> nihi,

i=1
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the coefficient on 720 in oy(g) is

k N
Zgﬂj (Ms+1+---1N) H(eni)nij‘
j=1

i=1
So let

k s
(29) f(zl,...,zN)=Zgﬁj(zs_,_l,...,zN)l_[Z?”.
j=1 i=1

The above discussion and the definitions show that we will have ker ¢, € D(g) whenever
S(Ep(n)) # 0. So the proof will be complete if we establish that f is not the zero
polynomial. But, recalling that by definition Hy(M) = H,(M ;Z)/torsion, since
{A1,...,As} is a basis for Hy,_>(M), the map

H2 (M) — Z*
IBI—)(AIH,B,...,ASH,B)
is injective. Consequently the only terms in (29) with powers of zy, ..., zs respectively

equal to n;1,...,n;s are those arising from j = 1. So since gg, is not the zero
polynomial it follows that f is not the zero polynomial and we are done. a

Similarly, we have:

Theorem 7.10 For a closed symplectic manifold (M, w), the following are equivalent:

(i) There exists n € Hyp—n(M; A2,) such that the n—twisted small quantum ho-
mology QH(M, w)y is a semisimple A, —algebra (resp. has a field as a direct
summand).

(i) Where C is the deformation class of w, (M, C) has generically semisimple small
quantum homology (resp. has generically field-split small quantum homology).

(iii)) There is a nonzero Laurent polynomial

feQlzr,zi oz, 25

such that, for all n € Hy,—»(M ;C) such that f(E%(n)) # 0, the n—twisted
small quantum homology QH(M, w), is a semisimple A, —algebra (resp. has a
field as a direct summand).

Proof The proof differs only notationally from that of Theorem 7.8 and so is left to
the reader. O

A reader who still prefers to work with undeformed (ie n = 0) quantum homology may
take solace in the following, which is somewhat reminiscent of Ostrover and Tyomkin
[48, Theorem 4.1] and Fukaya, Oh, Ohta and Ono [22, Proposition 8.8]:
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Proposition 7.11 Given a deformation class (M, C) of closed symplectic manifolds,
the following are equivalent:

(i) There exists a symplectic form w € C such that the undeformed quantum homol-
ogy QH(M, w)q is semisimple (resp. has a field as a direct summand).

(i) (M, C) has generically semisimple (resp. generically field-split) small quantum
homology.

(iii) Where [C] = {[w] € H*(M;R) | w € C}, there is a countable intersection B of
open dense subsets of [C] such that QH(M, w)q is semisimple (resp. has a field
as a direct summand) whenever w € C and [w] € B.

Proof Again (i)= (ii) follows from Proposition 6.6(i) and (iii) = (i) is trivial so we
just need to prove (ii)=>(iii). So assume that (M, C) has generically semisimple (resp.
generically field-split) small quantum homology.

We may then choose a basis for H?(M;Q), let By C H*(M ;R) be the set of classes
having rationally independent coefficients when written in terms of this basis, and
let B =By NJ[C]. Since By is a countable intersection of open dense subsets of
H?*(M ;R) and [C] is open (because nondegeneracy is an open condition on a 2—form),
B is a countable intersection of open dense subsets of [C]. Moreover if [w] € B then
B+ ([w], B) is an injective map C*T — R, and so the map

V! R?\/I — Ay

Y cpgb s 3 cprild)

ﬂGCeﬂ' [36 Ceff

is also injective. So since QH(M, w)o = QH(M; R?VI) ®RY, Aw Where A, is made
into a R?\,[—module by ¥, it follows from Proposition 6.6(ii) that, for [w] € B,
QH(M, w)y is semisimple (which, since its coefficient ring is a field, is equivalent to
being generically semisimple) if and only if (M, C) has generically semisimple small
quantum homology. |

Remark 7.12 There is an obvious isomorphism between our Novikov field A, and
the field denoted by Kt in Entov and Polterovich [14], and the algebra A, —algebra
QH(M, w) is straightforwardly seen to be isomorphic to the K —algebra QH,,, (M, w)
from [14] (in [14] a degree-shifting parameter ¢, which does not belong to Kr, is used
to move all of the even-degree homology into degree 2n; note that the ring denoted
by Ar in [14] plays a different role than our A,). In particular the notion of semisim-
ple quantum homology from [14] is equivalent to, in our notation, the property that
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QH(M, w)g is semisimple. In turn, in the case that (M, @) is monotone, this notion can
be identified with that in Entov and Polterovich [12] by the argument in [14, Section 5].

In Ostrover and Tyomkin [48], the authors use a slightly different convention for the
Novikov ring, in that they consider the ring KV in which the exponents are allowed
to be arbitrary real numbers rather than being restricted to the period group I' = I'y,.
However, as follows from Proposition 6.6 (or, indeed, [14, Proposition 2.2]), this
distinction does not affect whether the quantum homology is semisimple or field-split
provided that one works in characteristic zero.

In particular, it follows from this that the symplectic manifolds that were found to have
semisimple or field-split quantum homology in [12; 14; 48] all fall under the purview
of Theorem 7.10 and Proposition 7.11.

7.3.3 The case of convergent structure constants Having proven results relating
generic semisimplicity in the sense of Definition 6.5 to quantum homology over the
Novikov rings used in symplectic topology, we now connect Definition 6.5 to semisim-
plicity as it is studied by algebraic geometers. As before, we will consider a basis
Ag, ..., AN for Hey(M) with Ag=[M]and Ay, ..., A spanning H,_>(M). Con-
sistently with algebraic geometry conventions, we will choose Ay, ..., Ag to be “nef”
in the sense that A; N > 0 whenever 8 € H2eff (it’s straightforward to find such a basis,
regardless of whether the symplectic deformation class (M, C) arises from algebraic
geometry: choose A equal to the Poincaré dual to a symplectic form in C representing
a primitive integral homology class; complete this to an integral basis Ay, A%, ..., A}
for H,,_»(M), and then for some large integer K set Aj = A} + KAq for2<j<s).

As far as I can tell, there is not a universal consensus in the algebraic geometry
community regarding the most appropriate coefficient ring for quantum homology.
Some authors use the Novikov rings of Section 7.3.2. In other cases, a formal power
series ring of the form Qzq, ..., ¢x] is used (see for instance Iritani [33, Section 2]
and Bayer [2]); in this case the quantum homology can be described in our language as
being obtained from the Rjs-—algebra A)s induced by the coefficient extension

®: Ry — Q[ ..., tN]
N
AN
3 g > gpltgrre..m) [P
ﬂeCeff ﬂGCeff i=1

Since @ is injective (because f+— (A1 NP, ..., AgNP) is injective, as was noted in the
proof of Theorem 7.8) it immediately follows from Proposition 6.6(ii) that (M, C) has
generically semisimple (resp. generically field-split) quantum homology in our sense
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if and only if this coefficient extension over Q[[#1, ..., 7] is generically semisimple
(resp. generically field-split).

The context in which semisimple quantum homology has been of greatest interest in
algebraic geometry is when the power series that appear in the algebra converge, so
that the coefficient ring may be taken to be C; in this case the quantum homology
gives a Frobenius manifold (rather than a formal Frobenius manifold in the terminology
of Manin [41]), and the Frobenius manifolds obtained in the semisimple case have
remarkable relations to disparate areas of mathematics (see for instance Dubrovin [9]).

Where € > 0 and B, (6) denotes the ball of radius € around the origin in C, let

Se ={f €Qlt1,...,tn§]| f is absolutely convergent on Be(f))}
and Ry =@ 1(So).

Clearly Rps e and S¢ are rings, and @ restricts to an injective map ®: Rpse — Se.
Similarly define RS, = R%, N Rpe.

Definition 7.13 Given € > 0, we say that (M, C) has e—convergent big (resp. small)
quantum homology if the structure constants ¢;;x of the start of Section 7.2 (resp. the
elements o(c;jx) € R?M where o is defined at the start of Section 7.3.1) belong to
Rpg,e (resp. R?V[,e)‘

If (M, C) has e—convergent big quantum homology, then we may define A% ~ to be
the Rps —algebra freely generated as a module by the A; with A;xAj =3 ") cijx Ak,
so that obviously Ag,, =A% ® R¢, Rar. Similarly we may define a version Aﬁégd
of the small quantum homology with coefficients in R?M, . so that the small quantum ho-
mology as we originally defined it, namely QH(M ; R?\/[), is given by QH(M ; R?W) =
Afey OB, Riy-

Incidentally, note that if (M, C) is symplectically Fano (ie if there is a symplectic
form in C representing c¢{(7TM); this subsumes all cases where M is Fano in the
complex algebraic sense), then the structure constants o (c;jx) for the small quantum
homology are all just finite sums. Indeed, the o (c;jx) involve only Gromov—Witten
invariants with three insertions, and 7.1 imposes an upper bound on (c¢;(TM), B)
for the homology class f € H,(M) of the curves counted by such invariants; in the
symplectically Fano case Gromov compactness then implies that there can be only
finitely many S represented by pseudoholomorphic curves which obey this bound. So
in this case (M, C) has e—convergent small quantum homology for every € > 0.
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The definition of Rps ¢ ensures that, for any e B (6) € CN | we have a well-defined
ring map

evy: Rype — C

S
defined by ev;( Zgﬂqﬂ) = Z g(ts 1, IN) 1_[ liA’ﬂﬂ.
B

BeCet i=1
By the same token, if Z € C* with ||Z|| < €, we have a ring map

. RO
evz: Ry —C

N
defined by ev;(Zgﬂq‘B) = Z gp HziAimB.
B

pecCett  i=1

Definition 7.14 If f € CV (resp. Z € C%), the big (resp. small) guantum homology of
(M,C) at t (resp. at Z) is the algebra defined by QH(M)|; = A%,, ®Ry C (resp.
QH(M)|; = A%gl ®RY, . C), where C has been made into an algebra over Ry, by
the map ev; (resp. C has been made into an algebra over R?\x[, . by the map evz).

Theorem 7.15 If (M, C) has e —convergent big quantum homology, the following are
equivalent:

(i) There exists f € B (6) such that QH(M)|; is a semisimple C —algebra (resp.
contains C as a direct summand).
(i) (M,C) has generically semisimple (resp. generically field-split) big quantum
homology.
(iii) There is a nonzero analytic function f: Be (6) — C such that QH(M)|; is
a semisimple C —algebra (resp. contains C as a direct summand) whenever

f(@) #0.

There is an essentially identical theorem for small quantum homology, whose statement
is left to the reader.

Proof As has become customary in this paper, (i)=> (ii) by Proposition 6.6, while
(iii)=>(i) is trivial, so we just need to prove (ii) = (iii).

Assume that (M,C) has generically semisimple (resp. generically field-split) big
quantum homology. Since Ag,, =A%, ®R,, . R, it follows from Proposition 6.6(i)
that the Ry —algebra A% =~ is generically semisimple (resp. generically field-split).
So Theorem 6.1 produces an open set U; (resp. U,) in Spec Rz ¢, which necessarily
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contains an open set of the form D(f) = {p € Spec Rys¢ | f € p} where f # 0.
By an argument that we have used before, the point 7 € B, (6) will have the property
that QH(M)|; is a semisimple C—algebra (resp. contains C as a direct summand!?)
provided that kerev; € D( f), ie provided that / ¢ kerev;. Butby definition elements f
of Ry, are power series which define analytic functions on B¢(0), and evy is just
given by evaluating such a function at 7. Thus our condition on 7 is simply that, viewing
f now as an analytic function, f(7) # 0. |

7.3.4 Examples from the literature From our above results we can immediately
read off from the literature some broad families examples of deformation classes (M, C)
which have generically semisimple (small or big) quantum homology:

¢ Any symplectic toric Fano manifold has generically semisimple small quantum
homology. This follows from the Batyrev—Givental formula for the quantum
homology of such a manifold as re-expressed by eg Fukaya, Oh, Ohta and
Ono [22] and Ostrover and Tyomkin [48]; in particular, in light of Proposition 7.11
above, we can simply read off this conclusion from [48, Theorem 4.1].

¢ Any closed symplectic toric manifold, Fano or not, has generically semisimple
big quantum homology. Indeed, Delzant’s theorem [8] shows that any closed
symplectic toric manifold is deformation equivalent to a projective toric manifold
(isotope the Delzant polytope to have integral vertices), and Iritani showed [33,
Theorem 1.3] that the big quantum homology of a projective toric manifold
has convergent structure constants and is generically semisimple in the sense
considered in Theorem 7.15.

e Of the 59 Fano 3—folds which have no odd rational cohomology, 36 of them
were shown to have generically semisimple small quantum homology (over C)
in Ciolli [7]; by the small-quantum-homology version of Theorem 7.15 this is
equivalent to generically semisimple small quantum homology in our sense (ie
over R?w ).

¢ It was shown by Bayer [2] that a blowup at a point of a manifold with generi-
cally semisimple quantum homology still has generically semisimple quantum
homology (the theorem is stated for big quantum homology, but the proof works
equally well for small quantum homology). Bayer works over a formal power
series ring into which Rjs admits an embedding as in Section 7.3.3, so once
again this is equivalent to semisimple quantum homology in our sense.

I3 Typically the condition is “contains a field as a direct summand,” but in any event this field is a finite
extension of the base field, and here the base field in C, whose only finite extension is itself
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On the negative side, it was observed by Hertling, Manin and Teleman [28] that
a projective algebraic manifold M cannot have generically semisimple quantum
homology if there are any nonzero Hodge numbers 4?9 (M) with p # ¢. In the
symplectic category it remains true that a symplectic manifold cannot have generically
semisimple quantum homology if it has any nonzero odd Betti numbers (the point is
that the product of a Poincaré dual pair of odd homology classes would be a nonzero
even homology class, which would however be nilpotent by the supercommutativity
properties of the Gromov—Witten invariants). On the other hand nonzero odd Betti
numbers do not give any particular obstruction to the quantum homology of M being
generically field-split, as Theorem 7.16 below demonstrates.

Also, all evidence points to the notion that one cannot delete the word “generically”
from the above discussion. For example, there is given in [48, Section 5] an example
of a monotone Fano toric 4—fold (thus of 8 real dimensions) whose untwisted small
quantum homology is not semisimple.

7.4 Symplectic blow-ups

The purpose of this final subsection is to prove the following, thus establishing
Theorem 1.6(i1):

Theorem 7.16 Let (1\7 ,C) be a deformation class of symplectic manifolds obtained
by blowing up a symplectic manifold (M, w) at a point. Then (M ,C) has generically
field-split small quantum homology.

As mentioned earlier, Bayer showed in [2] that if M has generically semisimple
quantum homology then so does M . At the other extreme, if M is not uniruled, then
the undeformed quantum homology of the blowup has a field direct summand; this fact
is proven based on results of McDuff [43] in Entov and Polterovich [14, Section 3],
where its discovery is attributed to McDuff.

Our proof of Theorem 7.16 will be based on largely the same approach used by Bayer
in his proof of the semisimple case. Let £ € H,,_>(M) denote the class of the
exceptional divisor, and for j > 1 abbreviate E7/ = E . We have a splitting

Hev(il?) = Hey(M) @ span{Eq, ..., E,—1}

which is orthogonal with respect to the classical cap product. Also let E’ be the class
of a line in the exceptional divisor E'; thus

E =(—1)"Ep_;.
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Let Ao, ..., An be a basis of the usual form for H., (M) with Aq,..., Ay a basis
for Hy(M), so that Aq,..., Ay, E’ is a basis for H,(M).

The standard universal coefficient ring RI(\)71 for the small quantum homology of M,
according to the conventions that we have used so far, consists of formal sums

> cpd”
ﬂeceff

where cg € Q, and where here and below C °ff refers to the GW-effective cone of M
(not of M). Following Bayer [2], we formally adjoin to this ring an invertible element

Z =g~ (W/=1)E
to obtain a ring R]%[ [¢FE/®=D]_ 1f we decompose a general element 8 € H, (1\7 ) as
B=pB +dgE B € Hy(M) dgeZ,

then a general element of R]%j [qTE ! =] may be written

i Z cppq? ZK—=Dds

k=—K BeC¢ff

where the natural number K depends on the particular element. Now let

K
B { S Y cpugh 2KV ¢ RO[EE 01y
k=—K BeCeff
k —(n—1)dg > 0 whenever cg . # O}.

In other words, B consists of elements ¢ = Zc,g,kqﬂzk of Rj%[qiE//(”_l)] such
that, when the qﬂ appearing in the sum are broken up as qﬂ/Z ! Where B’ € Hy(M),
all powers of Z appearing in the expansion of ¢ are nonnegative.

Lemma 7.17 (cf [2, Lemma 3.4.2]) Let
N =spang{Ho (M), ZE, Z*E*, ..., Z" 1 E" 1},

(So N is an additive subgroup of the small quantum homology QH(M ;R]%i[qiE Tm=1))
Then N is closed under quantum multiplication, and so quantum multiplication
makes N into a B—algebra. Moreover, this B —-algebra N is generically field-split.

Theorem 7.16 immediately follows from Lemma 7.17 and Proposition 6.6. Indeed,
assuming the lemma, we have

QH(M: RY[¢FE/"=D]) = N @p RY[¢FE /D)
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as algebras so Proposition 6.6(ii) applied to the inclusion B— R [qiE '/ ("_1)] implies

that QH(M RY [qiE /(=1)) is generically field-split. Then applymg Proposition 6.6
to the 1nclus1on map RY — RY [qiE /(n=1)] shows that M has generically field-split
small quantum homology (as deﬁned in Definition 7.4). (The relations between the
various rings involved here were summarized in (27).)

Proof of Lemma 7.17 As in the corresponding result in Bayer [2], we will use proper-
ties of the Gromov—Witten invariants of blowups that were discovered by Gathmann [24]
in the context of convex algebraic varieties, and which were extended to the symplectic
case by Hu [32] and McDuff [43]. (To be specific, we will require extensions to the
context of genus zero symplectic Gromov—Witten invariants of Lemmas 2.2 and 2.4 and
Proposition 3.1 of [24]. Of these, Lemma 2.2 is generalized to the symplectic context
by [32, Theorem 1.2], while [24, Lemma 2.4(i)] is generalized by [32, Lemma 1.1] and
[24, Lemma 2.4(ii)] is generalized by [43, Lemma 2.3]. Meanwhile Gathmann’s proof
of his Proposition 3.1 depends only on these other results together with the splitting
axiom — see McDuff and Salamon [44, pages 224-225] — for Gromov—Witten invariants,
which of course also extends to the symplectic case.)

Having started with a basis Ay, ..., Ay for He (M), we have a standard basis
Ao, A, A, By, Ag4 1, AN E o Epeg,

where Aq,..., E,_; form a basis for Hz(ﬁ). If A, ..., AV is a Poincaré dual
basis for the above basis He,(M ), then our basis for He, (M) will have Poincaré dual
basis

A A (D) E AT AN (D) E . (D)TLE,.

Consider a (small) quantum product of elements A;, A; € Hev(ﬂ ) which come from
classes in Hey(M). We have

N
(GO Aixdj=3" 3 (Ai A Arospg”AF

k=0 BeC¢ff 1

+ (DY (AL AL Egdos, 4P Eni.

k=1 BeCeff
With respect to invariants of the form (A;, A;, Ak)0’3’ 8-> [32, Theorem 1.2] shows
that, whenever § belongs to the subgroup H,(M) < H, (1\7 ), such a Gromov—Witten
invariant is equal to the corresponding Gromov—Witten invariant in M . As for classes f
not belonging to H, (M), if such a class has the form g = B'+dgE" where B’ € Hy(M)
with 8’ # 0, [24, Proposition 3.1(ii),(iii)] shows that the invariant vanishes unless
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dg < 0. Now we have gP = ¢qF 7=(=Dds 5o the term (A;, Aj, Ak)0,3,,3qﬂAk
belongs to N, and indeed belongs to the B—submodule Z"~' N of N . Meanwhile if
B = dgE’ then [32, Lemma 1.1] shows that the invariant (A;, Aj, Ag)o 3,8 is zero.
Thus all of the terms in (30) arising from invariants (A;, Aj, Ag)o,3,8 With B & Hy (M)
contribute terms belonging to the submodule Z”~!N < N, while all of the terms
arising from (A;, Aj, Ag)o,3,8 with B € Hy (M) contribute terms in Hy(M) < N .

Now we consider the invariants (A;, Aj, Ey)o 3,8 appearing in (30). Again writing
B =B’ +dgE’,if B’ =0 then by [32, Lemma 1.1] the invariant vanishes. So we may
assume B’ # 0. Then Gathmann’s vanishing theorem [24, Proposition 3.1] shows that,
in order that (A;, Aj, Ex)o,3,8 # 0, we must have

k—1=>(dg+1)(n—1), and therefore (n —1)dg <k —n.

Bearing in mind that ¢# = ¢#" Z="=1ds this shows that the term in A; % Aj corre-
sponding to any such invariant has £, _; multiplied by some Z I'where I >n—k. In
particular such terms always give rise to elements of N . This completes the analysis
of the various terms of A; * A; and proves that, for all 7, j,

(31) AijxAj €N.

Now consider a quantum product of elements A;, Z/ E i €N,wherei >1, j>2.
We have

N
(32 AixZ/Ej=)" > (Ai.Ej.A)ospq’ 27 AF
k=0 BeCeff n—1
+ (D" (AE)L Ex)o3,84° 27 Enci.
k=1 BeCef

For any of the Gromov-Witten invariants appearing in (32), we write § = ' +
dgE’ where B’ € Hy(M) and dg € Z. According to [32, Lemma 1.1], an invariant
(Ai, Ej, Ak)o,3,p or (Ai, Ej, Ey)o,3,8 necessarily vanishes if 8’ =0, so we assume
that 8’ # 0. In this case, since we assume j > 2 we may apply Gathmann’s vanishing
theorem [24, Proposition 3.1] to infer the following: the invariants (A;, Ej, Ag)o, 3,8
vanish unless (n —1)dg < j —n, while the invariants (A;, Ej, Ex)o,3,8 vanish unless
(n—1)dg < j +k —n—1. The invariants of the former type lead in (32) to a term in
which A¥ is multiplied by a power of Z at least equal to 7, while the invariants of
the latter type lead to a term in which E,_j is multiplied by a power of Z at least
equalto j + (n+1—j —k) =n—k + 1. Hence, recalling that N is by definition
spanned over B by generators Ag, Z LE;, it follows that

(33) Ay*Z'Ej e ZN ifk>1, j>2.
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As for A; x ZE{, consulting again (the j = 1 version of) (32), note first that any
invariant (A;, Ey, Ag)o,3,8 or (Ai, E1, Ex)o3,p vanishes unless g’ # 0 by [32,

Lemma 1.1]. So we assume that B’ # 0, in which case for some / € {1,...,s}
we will have A; N B 7 0. In this case we can use the divisor axiom twice to obtain
dp
(Ai, E1, Ak)osp = RNTY (Ai, A, Ak)o,3.p
(Ai, Ev, Eg)os,p=— i (Ai, Ar Eg)o,3.8
99y Al ﬂﬂ 39

so in particular the invariants are trivial unless dg 7 0. We can then use Gathmann’s van-
ishing theorem again to see that the only nonzero invariants of the first type have dg <0
and that the only nonzero invariants of the second type have k —1> (dg+1)(n—1), ie
—(n—1)dg = n— k. From this it follows directly that (33) extends to the case j = 1:

(34) Ay *ZE € ZN ifk>1.

Finally, we consider products

N
(5) Z'EixZIEj = Zi+j(2 > (Ei Ej Ai)os pa” AF
k=0 BeCeff

n—1
+E=DY N (Ai,Aj’Ek)O,LﬂEn—k)-

k=1 BeCeft

[32, Lemma 1.1] and Gathmann’s vanishing theorem show that invariants of the form
(Ei, Ej, Ak)o,3,8 With k #0 can be nonzero only when B’ #0 and (n—1)dg <i+ j—
n—1, and so they contribute terms in (35) in which A¥ s multiplied by Z to a power
at least n 4 1. As for the case k =0 (so Ay = [2\7]), we have (E;, Ej, []\7])0,3,3 =0
unless B =0 and i + j = n, in which case it equals E£; N Ej = (—1)"~1. Thus the
contribution of the terms in (35) arising from Ay is equal to (—1)"~1Zi+/ Eiyj.

As for the invariants (E;, Ej, E)o,3,8. if B’ # 0 Gathmann’s vanishing theorem shows
that they are zero unless (n —1)dg <i + j +k —n—2, so that they contribute a term
to (35) in which E" ¥ is multiplied by a power at least n — k + 2. Meanwhile the
invariants (E;, Ej, Ex)o,3,8 With ' = 0, ie the invariants (E;, Ej, Ex)o3 £’ are,
according to [43, Lemma 2.3], equal to 0 unless » = 0 (in which case they come from
the classical cap product E; N Ej = E;4 ;) or r = 1, in which case they are —1 if
i+ j+k=2n—1 and zero otherwise. In view of this, we have

ZWEiyj+ZN i+j<n,

36) Z'E;jxZ'E;e -
i J (_l)nzl+j+1—nEi+j+l_n+ZN l+] > .
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Combining (31), (33), (34) and (36), it is immediate that N closed under quantum
multiplication, so that quantum multiplication endows N with the structure of a B—
algebra. It remains to show that N is generically field-split. For this it suffices to find
one prime ideal in the set U, C Spec B associated to N by Theorem 6.1. Consider

the ideal ZB < B, which is evidently prime. Define
B = B N=NQ®pB
=T zp — P

If we let Cy =spang{Ay,..., Ay}, Cy=spangl{Ey,..., Ey—1},
we have a direct sum decomposition of modules (not of algebras, of course)
N =BAg+Cy + (.

Of course Ag acts as the multiplicative identity, and (33), (34) show that (as we have
reduced mod Z) C;C, = 0. Meanwhile (36) shows that C, is closed under quantum
multiplication, and that we have, as an algebra,

Bls]
(" = (=1)"s)
(where the variable s corresponds to ZE'). Moreover, as in [2, page 9], the element
Y = (=1)"Z"1E"1 = _(—5)" 1 € C,, Y acts as a multiplicative identity on C,,
which is thus a subalgebra. So since Y'C; =0, we have a direct sum splitting of algebras

N=Cod({(Ao—Y)+Cy)

&)

lle

(here @ denotes direct sum of algebras and + denotes module sum). But then when
we extend coefficients to the fraction field k& of B, we will have

N Q®pk =k[s]/(s" —(=1)"s)® D

for some k—algebra D. It’s obvious from the Chinese Remainder Theorem that
k[s]/{s" — (—=1)"s) in turn decomposes as a direct sum of a field and an algebra. Thus
N ®p k has a field as a direct summand. In the notation of Theorem 6.1 we have
k = k(ZB), so the prime p = ZB belongs to the open set U, of Theorem 6.1. O

Appendix A Proof of Proposition 3.4

This appendix outlines the proof of the basic properties of the perturbed moduli spaces
which are used in Section 3.2.2 to give a construction of the deformed Floer boundary
operator in the semipositive case without appealing to Fukaya, Oh, Ohta and Ono [21].
As described there, the basic strategy is to achieve transversality by means of “domain-
dependent incidence conditions”: we modify the evaluation map at the i —th marked
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point on the cylinder by the time-tg; flow of a vector field V' where 75; depends
on the locations of the various marked points as in (8). As we will see, in analyzing
moduli spaces of expected dimension 0 or 1, one in principle encounters many strata
corresponding to various configurations of Floer cylinders, holomorphic spheres, and
flowlines of V'; all of these strata except the simplest, expected, ones can be shown to
be empty for generic choices of the auxiliary data. A complete combinatorial analysis
of all of these strata would be something of a notational nightmare to which we will not
subject the reader, but we will provide enough of an outline of the required arguments
that a diligent reader who is comfortable with standard techniques such as those in
McDuff and Salamon [44, Chapter 6] should be able to fill in the details.

We fix a strongly nondegenerate Hamiltonian Hy and consider tuples (H, J, V, B)
where H varies in a small C!*!—neighborhood H/ of Hy in the space of those Hamilto-
nians whose 2—jet with coincide with H{ near each of its 1—periodic orbits; J belongs
to the space J I of $!—families of C! w—compatible almost complex structures; the
vector field V varies in the space V! of C! gradient-like vector fields for a fixed Morse
function g whose critical points are disjoint from the fixed submanifolds f;(V;); and
B varies in the space B of functions introduced shortly after Definition 3.3; recall that
this space is a Banach manifold (it is diffeomorphic to an open subset of a Banach
space) and that all of its members are smooth positive functions with Gaussian decay.

Forany y~,yT € P(H), C e mp(y~.y ) and I = (iy,....ix) €{1,...,m}¥* write

wRxS'> M, JeJ!, HeH,

Uul(C) =14 (u.J. H DU =0, fgogr|2% dsdr < oo, :

u(s,-) > y*fass—+oo, [ul=Cemy .y
(u,J,H) e (C), z e (R x SHk,

U, ny=14wzny....ng,J,HV,B) njeN;. VeV, BeB,

v D) = iy )

(The reader can think of I/ as standing for “universal moduli space.”) We have:

Proposition A.1 Assume that it is not the case that both y "=yt and C e, (y~,y ™)
is the trivial class. Then U!(C) is a C'~' ~Banach manifold. Moreover, for any fixed
Jo € J*, the subspace U (C; Jo) = {(u, H) : (u, Jo, H) € U (C)} is also a CI=1 -
Banach manifold, and for any distinct points wy, ..., wp, € R x S the evaluation map
SVwy,...,wp- ul(c§ Jo) — M?
(uv H) = (u(wl)’ ey u(wp))

is a submersion.
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Proof The proof of Theorem 5.1(ii) of Floer, Hofer and Salamon [18] shows that, for
fixed Jo, the map (u, H) — F] Jo,HU (Which is a class C =1 map between appropriate
Banach manifolds) is transverse to the zero section; by the implicit function theorem
this suffices to show that both ¢*(C) and U!(C; Jo) are C!~' Banach manifolds.
The statement about the evaluation map can be proven by combining the argument
used in the proof of McDuff and Salamon [44, Lemma 3.4.3] with properties of the
linearization of (u, H) — F] J,5Hu from [18]; see also the proof of Le and Ono [35,
Proposition A.1.4] for a similar argument. |

Definition A.2 If p e N andif S is asubset of N, asurjectivemap 7: S —{1,..., p}
is called order-respecting if whenever 1 <i < j < p the minimal element of 7~ '{i }
is less than the minimal element of 7~ 1{;}.

Note that the correspondence which assigns to each order-respecting surjective w: S —
{1,..., p} the collection of sets {w'{i } |1 <i < p} is a one-to-one correspondence
onto the set of partitions of .S into p disjoint subsets.

The space U [(C, I) has various strata corresponding to the extent to which the marked
points zj (j = 1,...,k) overlap. We label any one of these strata by means of a
surjective order-respecting map : {1,...,k}—{1,..., p} for some natural number p:
the stratum UL (C, I') will consist of those (u,Z,7i, J, H, V, B) for which z;, = z;, if
and only if 7w (j;) = 7 (J2).

Proposition A.3 Fix a surjective order-respecting map n: {1,...,k} = {1,..., p}
and let 11, ..., 1% € [0,00) have the property that t; > tjs whenever j > j' and
n(j)=mn(j’). Let

A ={(my,....mg) e M | @), j)((j) # 7(j') andmj = mjr)}.

Then the map

defined by

¢TE,T1 ..... 'Ek(ml’ e ’mp’ V) = (w[‘il (mn(l))» RO 1/,;;/( (mf((k)))

restricts to qﬁ;’lrl o (M \ Crit(g))* \ Ay) as a submersion.

.....

Proof Let (my,....mp.V) € ¢}

« o (M \ Crit(g))* \ Ay). Writing x; =
V7 (Mg (j)), we have

.....

¢]7.’,‘L'1 ..... 'Ck(m17"'7mp9V):(xlv'-~7xk)'
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Of course, since the vector field V' has zero locus equal to Crit(g), for each j neither
My (j) nor x; lies in V~=1(0). Note also that the x ; are all distinct points: the fact that
(X1,...,Xk) € Ay, immediately implies that x; # x;» when 7(j) # 7 (j’), while if
n(j)=m(j') and j > j' we have by assumption 7; > 7j» and x; = w;j (my(j)) and
Xjr = wlt,jl(m,,(j)); so since V' is a gradient-like vector field and m () € V=10) we
indeed have x; # x;j/.

We are to show that if v € Tx; M then the element of T(y, . )M k whose j—th
component is equal to v and whose other components equal zero lies in the image of
the linearization of ¢ ¢,,... ¢, at (my,...,mp, V). Now since the x; are all distinct
and lie in V~1(0), we can find disjoint flow boxes for V around each of the Xj, say
with the property that the integral curve of V' starting at m ;) enters the flow box
around x; at time 7; — € and exits at time 7; + €; moreover we can arrange that the
j —th flow box intersects the integral curve of V' through one of the m, if and only if
m, and x; lie on the same flowline of V. In the case that 7; # 0, it is straightforward
to construct a one-parameter family of perturbations { Vs, j}se(—s,5) of V', each equal
to V' outside the flow box, such that

i+ -
w;ﬁje(mn(j)) =¥ " (ma())

. d o
while %w;js‘, (Wlﬂ(J)) = 0.
Then where & = dVj,;j/ds the element (0, ...,0,&) is sent by the linearization to our
desired element (0,...,v,...,0). Meanwhile if 7; = 0 (so that x; = m(;)) we can
obtain the element (0,...,v,...,0) as the image under the linearization of an element

of form (0,...,v,...,0,&) where v € Tp,,;, M = Tx; M and the perturbation & of V'
is supported in the flow boxes around the various x; with j # j’ but 7 (j) =7x(j’). O

Now, as suggested earlier, if y~,y+ € P(Hy), C e ma(y .y 1), I €{1,...,m}¥,
and w: {1,...,k} —{1,..., p} is a surjective order-respecting map, let

U, n =z J, 1V, e (C.1)|z; =z & n(j) = n(j)}.
Also let
U(C. D) = (. 2,71, J, H, V. B) €Uy (C. 1) | x(j) # (') = fi; () # fiy, (njr)}.
Proposition A.4 Assume that it is not the case that both y "=y and C e, (y ",y ™)
is the trivial class.

(i) For any surjective order-respecting map w: {1,..., k}—{l,..., p}, M;l,’*(C, I)
is a C!~' —Banach manifold.
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(i) Leta=(J,H, V.B) e J"xH x V! x B be a regular value of the projection
U (C. 1) — J' x 1! x V! x B. Then

ME*(y~y T CiND = {(u,Z,70) | (u, 2,71, J, H,V, B) € UL*(C, 1)}
is a C!=1 manifold of dimension (C)—8(I) —2(k — p).

(iii) A residual subset of the space A = (]2, J! x H! x V! x B has the property
that all of its members are regular values of the projections in (ii) above for all
sufficiently large /.

Proof For r =1,..., p write j, for the minimal element of 71 (r).

Modulo reordering of the factors, Z/{,l,’*(C , ) may be identified with the space of tuples

((u,J,H),Z,(my,...,mp,V),ny,...,nx,p) .
GUI(C)X(RxSl)kx(MprZ)x(l_[N,-j) x B

j=1
such that

° zZj=2zj if w(j) :ﬂ(j/);
o eVy oz, (WS, H) = (my, ... mp);

¢ ¢H,IB’1(2) ..... tB,k(Z)(ml’ <., Mp, V)

= (f;,(n1), ... fi (ng)) € (M \ Crit(g))* \ A.

The first condition above is obviously cut out transversely (and imposes a condition of
codimension two for each of the kX — p indices j which are not equal to j, for some r),
while the second and third are cut out transversely by, respectively, Proposition A.1
and Proposition A.3. Said differently, Z/{,l,’* (C, 1) is identified with the preimage of the
diagonal under a certain map

k
UN(C)x (R x SH* x (MP x V) x ( I N,«].) x B
j=1
— (R x SHYF=7 x MP 5 (M \ Crit(g)* \ An))’,
and the above shows that this map is transverse to the diagonal. Since

k
UI(C)X(RxSl)kx(Mprl)x(l_[Nij)xB

Jj=1

Geometry € Topology, Volume 15 (2011)



1404 Michael Usher

is a C'~! Banach manifold it therefore follows from the implicit function theorem that
l,* . . .
Uz (C, I) is as well, proving (i).

As for (ii), the implicit function theorem implies that /\71?,’*()/_, yT.C:Ny)isa C =1
manifold of dimension equal to the index of the projection; we need only determine
this index. Now as in Salamon [55, Section 2] and Robbin and Salamon [52], the index
of the projection U!(C) — J! x H! is [i(C), while of course the identity map on
V! x B has index zero. So by using the characterization of the previous paragraph of
Z/{,l,’*(C , I) as the preimage of the diagonal under a certain map, and recalling that the
manifold N;; has dimension 2d(i;), we calculate the dimension to be

k
(ﬁ(C) + 2k 4 2np + sz(ij)) —Q(k — p) +2np + 2nk)

j=1

= (C) + 2k + ZZd(ij)—an—2(k—p) =nu(C)—=48(1)—2(k — p),
j=1

as claimed in (ii).

Finally, assertion (iii) follows from the Sard—Smale theorem (applied with / sufficiently
large) together with a straightforward adaptation of the argument of Taubes described
on [44, pages 52—53] which allows one to pass from C ! auxiliary data (J, H, V) to
C° such data. O

The complement L{fT (C, 1) \I/{,l,’*(C , I) involves configurations in which one has,
among other conditions, a Floer cylinder u: R x S' — M and distinct marked points
zj,zjs € Rx St (with 7(j) # 7(j’)) such that u(z;) and u(z;/) are connected to the
same point f;; (nj) = fi, (nj’) by prescribed-length flowlines of V. This gives rise to
a variety of different substrata of Z/{,lT (C, I) determined by precisely which indices j
correspond to “duplicated” contact points with the f;; (N;). All of these substrata can
easily be seen to have large codimension in Z/{JIT (C, I). Namely, although the condition
that fi; (nj) = fi; (njs) implies that one cannot directly appeal to Proposition A.3,
one can (assuming without loss of generality that d(ij/) > d(i;)) forget about the
incidence constraint corresponding to index j’, but impose the constraint that the
distinct points z; and z;s are mapped by u to points lying on the same flowline of
the vector field V', and that moreover this flowline passes at the time 7g ;(Z) through
the submanifold f;; (N;). This amounts to replacing a constraint of codimension
2n—2—2d(ij’) by a constraint of codimension 2n — 3 + 2n —2d(i;); thus at least
formally the codimension increases by at least 2n—1. (Of course, we have 21 > 4, since
if 2n = 2 there are no “big deformations” to consider.) Moreover the newly imposed
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constraints (on u(zj) and u(zj-)) are easily seen to be cut out transversely using
Proposition A.1 and Proposition A.3. Any additional duplicated incidence conditions
may be handled by repeating this same procedure of forgetting the duplicated condition
but imposing the condition that different marked points on R x S are both mapped to
the same flowline of V' which itself satisfies various incidence conditions; it is easy to
see that at each stage the expected dimension only decreases. Consequently just as in
the proof of Proposition A.4, the Sard—Smale theorem allows one to show that:

Proposition A.5 For a residual set of a = (J, H, V, ), the set
MGy~ y T, CiNp) = {(u,2,7) | 2,7, J, H,V, B) e UL(C, I}

has the property that M%(y~,y*.C: N))\ M%*(y~.yt.C: Ny) is contained in a
union of manifolds of dimension at most M%*(y~,yT,C; N;) — (2n—1).

From this we quickly obtain:

Corollary A.6 Assume that it is not the case that both y ™ =y~ and C € mo(y~, y ™)
is the trivial class. For a residual set of a = (J, H,V, ), if w(C)—38(I) <2 then

My~ y T CiNp) = M (y vy, Ci Np)

whereid: {1,...,k}—{1,...,k} is the identity, and M®(y~,y ™+, C; Ny) is a smooth
manifold of dimension 1(C) —6(1).

Proof Since all of the various strata and substrata of ./Qa(y_, yT.C; Ny) admit free
R-actions, these strata and substrata are empty unless they have positive dimension.
But if g(C)—38(1) <2 then Proposition A.4 and Proposition A.5 show that all strata
have nonpositive dimension for generic a except when p = k. Since the only surjective
order-respecting map {1,...,k} — {1,...,k} is the identity, the result follows. O

Of course, /\7?&*()/_, ¥y T, C; Ny) can be oriented using coherent orientations in a
standard way. This therefore completes the proof of Proposition 3.4(i). For the
remainder of Proposition 3.4 we must of course address the failure of compactness of
My~ yt.C: Ny) = My~ yt,C; Ny)/R. The idea is familiar from Hofer and
Salamon [29]: the standard Gromov—Floer compactification of M®(y~,y ™+, C; Ny)
involves configurations of broken trajectories and sphere bubbles; those configurations
involving a two-stage broken trajectory and no sphere bubbles form a codimension-one
stratum of the boundary, while all other strata have codimension at least two. The
analysis is somewhat trickier than in [29], however, in part because in our case the
possible sphere bubbles that arise in studying the boundaries of moduli spaces of
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dimension two can have arbitrarily large Chern number. Indeed, the reader may have
noticed that to prove Corollary A.6 it was not necessary let the function f which
determines the “contact times” tg; vary in the universal moduli space; a version of
Corollary A.6 would have held if we had simply set 8 equal to (for instance) the
Gaussian s > e 5> . However in analyzing certain highly degenerate substrata of the
compactification of M%(y~,y ™, C; Ny) we will see that it becomes useful to vary S.

At an initial level, any stratum of the compactification of M®(y~, ¥ ™, C; Ny), where
I=(iy,....ig) €{1,...,m}*, may be described by the following data:

e Asequence Yo=Yy ,¥1,...,Yp =y € P(H).

Classes Cy € m2(Ya—1,Ya) (1 =a < p) and classes Ay,..., Ay € m2(M) such
that, where # denotes the obvious gluing operation, we have

(Cr#--#Cp)# (A #--#A4,) =C.

e A function ¢: {1,...,0} = {1,..., p} (the significance of { is that its domain
parametrizes the (stable, possibly multicomponent) sphere bubbles, while its
codomain parametrizes the cylindrical components; the s—th bubble will be
attached to the {(s)—th cylindrical component).

e A partition of the index set {1,...,k} as
{I....k}=(Sf U---USHHU(SF U---USS)

(this partition specifies the components onto which the various marked points
fall). We will write I aC (resp. 1 59) for the tuple consisting of those i; for j € S aC
(resp. Slf ), taken in increasing order of j.

e Maps Jrac: Sac —{1,.. .,pac} and JTl;Si Slf — {1,...,pl§} for appropriate in-
tegers paC , pr which are surjective and order-respecting. (These maps play the
same role as our earlier maps 7: {1,...,k} = {1,..., p}).

Any element of such a stratum of the compactification of /ﬁ“(y‘, yT,C; Ny) fora
fixed a = (J, H, V, B) is determined by the following data:

(i) Solutions ug: R x S — M (1 <a < p) to the equation 5J’Hl/la = 0 which
represent the classes C, € 72 (Ya—1,Ya)-

(i) Stable genus-zero J—holomorphic maps v, (1 < b < o) with domain D(vy)
representing the classes Ap € my(M). The vp will be assumed to have no
trivial components. (For background on stable genus-zero maps see McDuff and
Salamon [44, Chapter 6].)

(ili) Foreach b =1,...,0,a point zp € D(vp) and a point wp € R x ST with the
property that u¢ ) (wp) = vp(2po) -
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(iv) For each ¢ = 1,...,pac (resp. ¢ = 1,...,pb ), distinct points ZC eRxS!
(resp., distinct points ch € D(vp)).

(v) Foreach j €{l,...,m}*, points nj € Nj; .

These data are required to satisfy the incidence conditions which we now describe: For
a=1,...,p,let T, denote the multi-index obtained by combining together 7, C and
all of the 7 bS such that ¢(b) = a, and arranglng the indices in the original order in
which they appeared in /. Deﬁne fla€(RxS! )Ia by setting the entry corresponding
to an index j € S, C equal to z 7€ () from (iv) above, and the entry corresponding to
an index j € S S where ¢(b) = a equal to the point wy, from (iii). We then require
that, if j is the rj—th index appearing in the multi-index I, we have

T8.rj (é'a c o c
u ) if j e SE,
(37) fi; (nj) = %;Br (na)( (o)) ifj €SS
Uy (s ) i j €SP where ¢(s) = a.

Informally, these strata thus involve various combinatorial arrangements of Floer
cylinders representing the Cg; stable genus-zero J—holomorphic curves representing
the Ap; and flowlines of the vector field V' which begin at marked points on the
cylinders or spheres and pass through the submanifolds f;; (V;;) at times that are
prescribed by the locations of the various marked points. The reader will likely be
relieved to learn that we do not intend to analyze these strata in full generality in
the above complicated combinatorial notation; rather we will indicate the arguments
that are generally used, and leave it to the reader to convince themselves that these
arguments can be applied to deal with all of the strata as described above.

Let us call an element of the compactification simple provided that: none of the
spherical components of any of the stable curves v, are multiply covered; none of
the cylindrical components are “trivial cylinders” (s, ) — y(¢); all cylindrical and
spherical components have distinct images; and all of the contact points fj; (1;) are
distinct. Within any of the strata described above, the space of simple elements of
the compactification can be shown to be a manifold for generic data a in much the
same way as we handled /\71?&*()/_, vy T, C; Np): for this purpose we appeal again to
Proposition A.1 and Proposition A.3 and (for the sphere bubbles) McDuff and Salamon
[44, Lemma 3.4.2]. Note that the evaluation maps for the universal moduli spaces
of cylinders are made submersive by varying H (in Proposition A.1); those for the
flowlines of V' are made submersive by varying V (in Proposition A.3) and those
for spheres are made submersive in [44] by varying J; hence by varying the tuple
(J, H, V) we can simultaneously achieve transversality for all of the evaluation maps
at the marked points for the universal moduli spaces of simple configurations in any
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one of our strata. In view of this, if we restrict to simple configurations, arguments
much like those given in [44, Chapter 6] show that these universal moduli spaces are
Banach manifolds and that, using the Sard—Smale theorem, for generic a the associated
stratum of the moduli space has dimension at most, with notation as above and after
dividing by symmetry groups (given by translation of the cylindrical components and
automorphisms of S?2 for the spherical component),

o o
ﬁ(C)—a(n—p—zU—z(k—(ZpS + Zp;f)).
a=1 b=1

Thus if, as in Proposition 3.4(ii)—(iii), we have w(C)—48(1) <2, then all of these strata
are (for generic a) empty unless 0 = 0 (ie there are no sphere bubbles), Z;’:l pf =k,
and either u(C)—38(/)=1and p=1or u(C)—46(1) =2 and p € {1, 2}. In case
w(C)—356(1) =1, the only stratum containing any simple configurations for generic a
is thus precisely /\71{‘&*()/_, yT.C; Ny)/R, while if i(C)—§(I) = 2 the only such
strata are /ﬁ{‘&*(y_, yT.C:; N;)/R (which has dimension 1) together with all those
strata involving two cylindrical components, no sphere bubbles, and k distinct points
distributed among the two cylindrical components connected by flowlines of V' to the
appropriate f;; (N;;). These latter strata precisely give (10) in Proposition 3.4. As
described in Remark 3.2, standard gluing arguments show that corresponding to each
element of (10) one can obtain a unique end of the space /\715‘(1’*()/_, yT.C:;Np)/R.
Consequently the proof of Proposition 3.4 will be complete if we show that the com-
pactification of /ﬁf‘d’*()/_, yT.C:Ny)/R generically does not include any nonsimple
configurations when (C)—48(1) < 2.

Since

0

S((rca+ X 2atn)-(suH+ X su)))=m©) -5,
a=1 bet—1(a) bet=(a)

we may reduce to the case that there is just one cylindrical component, and so it suffices
to prove:

Proposition A.7 For generic a the following holds. Consider a stratum as described
above with p =1 and associated data (Cy, IIC, JTIC, {Ap, Il;g, n[f }5—1)- Assuming that
w(C)—6(1) < 2, this stratum contains no nonsimple configurations.

We complete this appendix by outlining the proof of Proposition A.7, leaving some
details to the reader. Within each of the strata of configurations as described above there
are various substrata describing ways in which the configuration may fail to be simple.
In effect, we show that each of these substrata is, for generic a, contained in a manifold
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of negative dimension; this suffices since there are only countably many substrata and a
countable intersection of residual sets is residual. For the most part, the proof follows the
standard strategy of associating to a nonsimple configuration by an “underlying simple
configuration” and appealing to transversality for the underlying simple configuration;
of course this only works if this replacement does not increase the expected dimension.

In particular, the semipositivity condition implies that for generic J there will be no
J —holomorphic spheres of negative Chern number. Thus as a first step we may replace
any multiply covered sphere bubble components by their underlying simple spheres;
since the Chern numbers of these spheres are nonnegative doing so cannot increase the
expected dimension of the configuration.

In most cases, nonsimple configurations in which two or more of the f;; (n;) are
equal can be handled by essentially the same method as in our earlier analysis of
MJIT(C, 1) \Z/l,l,’*(C, I): namely, we use the fact that if f;;(n;) = fi;, (nj’) and if
j eS¢ and j' e SaC, then ua(zacﬂac(j)) and ua/(zgﬂc/(j/)) must both lie on the same
flowline of V', and this flowline satisfies additional incidence conditions (if instead
jes [f and/or j' € S bS, for some b, b’ then of course a similar condition holds for
Vp (Z‘f”if (j)) and/or vb/(zgn;)s*, (j)))- Just as discussed earlier, replacing the duplicated
incidence condition at f;; (n;) by this new condition lowers the expected dimension.

However there is a new complication in this analysis that did not appear earlier, namely
that our configurations may have more than one spherical component, and it might be
the case that two different spherical components have the same image, in which case
the new condition produced by the previous paragraph may not be cut out transversely
in the appropriate universal moduli space. (Such a configuration could in principle arise
in the compactification as a limit in which the same sphere bubbles off from two distinct
points on the cylinder.) Now most configurations in which there is such a “duplicated
sphere” can also be ruled out by a similar technique as in the previous paragraph: the
sphere would have to meet the other components of the configuration at two distinct
points, and by forgetting one copy of the sphere but imposing the condition that the
other components meet the sphere twice we replace a condition which is not cut out
transversely in the universal moduli space by one which usually is cut out transversely
and does not have a larger expected dimension.

We noted that this new condition is “usually” cut out transversely: the proof of this
requires Proposition A.1 (or, in the case where the components meeting the duplicated
sphere are also spheres, McDuff and Salamon [44, Lemma 3.4.2]), but that proposition
of course requires the assumption that it is not true that y~ =y and C; € mo(y ~, ¥ ™)
is the trivial class. Thus we arrive at the one remaining set of cases where a new argument
is required, namely that where the unique cylindrical component of our configuration
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represents the trivial class; of course, by energy considerations it is easy to show that
this is equivalent to the unique cylindrical component u: R x S! — M being a “trivial
cylinder” u(s,t) = y(¢). In all other cases, the arguments sketched above allow one to
replace a hypothetical nonsimple configuration by a simple configuration contained in
a moduli space whose expected dimension before taking the quotient by translations
of the cylinder is at most £(C) — (1) —2 < 0; hence for generic a once we take the
R -symmetry into account the appropriate moduli space will be empty.

Accordingly we consider configurations in which the unique cylindrical component is
a trivial cylinder u(s,¢) = y(¢). In analyzing these types of configurations, we find it
useful to vary the function 8: R — R that we have included in our auxiliary data.

The first observation to make in this context is that for generic choices of the vector
field V', no flowline of V' will pass through both a periodic orbit y € P(H) and
one of the submanifolds f;(/N;) (since the latter have codimension at least four).
Consequently for generic a the only possible nonempty strata corresponding to a single,
trivial, cylindrical component are ones in which, in our earlier notation, .S 1C =, lein
which all of the marked points used for the incidence conditions are on the spheres,
not on the cylinder. Moreover just as in Hofer and Salamon [29] one can see that for
generic choices of the pair (J, V') any stratum involving just a trivial cylinder together
with a single sphere bubble will be empty: the single sphere bubble would represent a
class A with 2¢{(A4) = 1(C) <2+ (1), and by imposing the incidence conditions
corresponding to I together with the condition that the sphere would need to pass
through the periodic orbit y we would find the dimension of the relevant space equal to

2+ 2¢1(A) = 6—8(I) +2— (2n—1) = 2¢1(A) —8(I) — 3 < 0.

(Note that this conclusion uses the fact that since all of the marked points are on the
sphere which has bubbled off at a single point (sg,#y) on the cylinder, the element
meR®RxS l)k from (37) will have all its entries equal to (sg, fg), and so the various
g, (171) will all be zero).

A similar analysis together with the tricks that have been discussed earlier deal with all
of the other strata, except those where the following situation holds: we have two or
more copies of the same sphere (or potentially multiple covers thereof) which have
bubbled off at different points (s1,?), ..., (sr,?) on the cylinder. Indeed, in this case
we have u(sy,t) =---=u(sy,t) = y(t) since the cylinder is a trivial cylinder and so
the condition that the sphere meets the cylinder at all r of these points is obviously not
cut out transversely.

The main new difficulty that this situation creates is that, because the incidence condi-
tions that a sphere must satisfy depend in part on the positions on the cylinder at which
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the other spheres are considered to have bubbled off, there may be particular choices
of the bubbling points (s;, ) that force us to consider possible sphere bubbles whose
homology classes and incidence conditions would have been ruled out by a dimension
count if the other sphere components had not been present. The way that we resolve this
issue is by noting that the occurrence of such unexpected spheres imposes conditions
on the parameters s;, and that we can ensure that these conditions on the s; are cut out
transversely in the universal moduli space by varying the function 8: R — R.

To keep the notational difficulties under control, we will illustrate the method on
a particular type of substratum in which the essential point is present, leaving the
general case to the reader. Consider a case in which the cylindrical component is a
trivial cylinder u(s,t) = y(¢), while the spherical components have homology classes
Ay =++=A, = A and A,4+1 = B, with all of the first r spherical components
represented by the same map v;: S — M and the remaining component represented
by v,41: S — M. Assume moreover that the multi-indices 7 IS yeesd ,S representing
the incidence conditions obeyed by the various copies of v are all the same, say equal
to G =(g1,....8p) €{1,....,m}P. We then have (since u(C)—§8(1) <2),

(38) 2rei(A) +2¢1(B)—r8(G) —8(I5,,) < 2.

Also write 1 rS 1= gy g;) for the multi-index representing the incidence condition
corresponding to the other sphere. We will consider the most highly degenerate case in
which, on the r copies of the representative of A, each of the p incidence conditions
are satisfied at the same point for each of the r copies; less degenerate situations can
be handled by combining the methods described below with earlier techniques.

The problematic configurations then entail the data of tuples

(J’ H’ V,ﬁ,vl,Ur+1,(S],l]),(Sz,t]),...,(Sr,tl), (Sr+1»tr+1),
210»---,lesZr+1,0’---,Zr-i-l,q,”l’--wnp’n/l,---,n;)

such that

() yv1=0v,41=0,
(i) wvi(z10) =y (1),
(i) vr+1(zr+1,0) = V(Gr+1),
(iv) where 7j € (R x S1)?"*4 has its j—th entry given by (sp.1;) if j € S[f with

1<b=<randby (S;41,tr+1) if j € SrSH,we have

w;ﬂ’j(ﬁ)(vl (z1¢)) = fg,(ny) if j is the £—th largest element of S,‘f(l <b=<r),

w;ﬁ’j(n)(vr_,_l (zr+1,0)) = fg,(ng) if j is the {~th largest element of S5
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Here all of the z;; vary in § 2. ng € Ng,; and n’e € Ngé. For simplicity we will
assume that these points are all distinct, as the case where some of them coincide can
be handled by incorporating our previous methods.

This is equivalent to the data of
(J,H,V, B 01, V1. 1 e 1,810 820 o Sr1 {20 1o Ang b, {ng })
such that (i), (ii), (iii) above hold and we replace (iv) by

(v) we have

w;ﬁ'j(ﬁ)(vl (z1¢)) = fg,(ng) if j is the £—th largest element of SIS,
g/ff,ﬁ‘j(n)(vrﬂ (zr+1,0)) = [y, (ng) if j is the {th largest element of S5,
(vi) for 1 <b <rand 1 <€ < p write j(b{) for the £—th largest element of S[f .
Then for 2<b <, TB,j(bK)(ﬁ) = ‘L’/g’j(lg)(ﬁ).

For j =1,...,r, j(b1l) is the minimal element of Slf. The map

BxR't1 R
B.st.--- 8r1) = (g jany (s - - T8 i1 (1)

is easily seen by (8) to have rank at least r — 1 (the only reason that it might not
have rank r is that one of the indices j(b1) might be equal to one and we always
have 751 = 0). Consequently at least r — 2 of the equations in (vi) above are cut
out transversely. Meanwhile the conditions in (i), (ii), (iii), and (v) are also cut out
transversely, using Proposition A.3 and [44, Lemma 3.4.2]. Therefore the space of
data (J, H,V, B.1,5,Z, 1) obeying (i),(ii),(iii),(v), and the aforementioned r equations
of (vi) will be a Banach manifold, and we compute that the index of the projection to
(J,H,V,p)is

(2n+2¢1(A)—6) + 2n+2¢1(B)—6) + 2+ (r + 1) +2p +2¢

D q
+2) dlig)+2) dlig)—(@n+2n+2np+2nq+r—2)
=1 =1

=2¢1(A) +2¢1(B) —7—8(G) =8I, ).
In view of (38), this quantity is negative if 2¢;(A) —38(G) > 0, and so in this case the
usual application of the Sard—Smale theorem shows that for generic a = (J, H, V, B)

the substratum under consideration will not appear. It remains to analyze the case that
2¢1(A)—4(G) < 0.
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This case is handled by an argument along the following lines. Note first of all
that, if the function B were set equal to zero, then there would generically be no
J —holomorphic representative of A obeying the incidence conditions given by G (and
meeting the orbit y), since the expected dimension of the space of such spheres is
2n+2c¢1(A)—6—38(1)—(2n—3) =2c¢1(A)—38(G)—3. However the presence of § leads
to the various tg ; changing as the s; vary, and for generic but fixed J and V' the g ;
may occasionally attain exceptional values for which the sphere in question does occur.
Indeed if 2¢1(A)—8(G) = —a then for generic J and V' the presence of such a sphere
imposes a condition of codimension o« + 3 on the various tg j(1¢)(77) for 1 <£ < p (in
particular if p <« + 3, or more generally if (s1,...,5,41) = (T8, j(11)s-- -+ T8,j(1p))
has rank less than o 4 3, then the sphere will not arise for generic J and V). Now
if (s1,....8-41) = (t8,j(11),---+78,j(1p)) has rank ¢ > a + 3 one can see by taking
advantage of the freedom to vary § that at least (r —1)c of the conditions in (vi) will be
cut out transversely; this increases the codimension in the appropriate universal moduli
spaceto «+3+(r—1)c > r(a+3) =—r(2c1(4)—8(G)—3). Using this, the space of
configurations of the form in question is found to be contained in a transversely-cut-out
moduli space which, for generic a, has dimension

2n+2¢1(B) = 6—8(I5, ) — 2n—=3)+ (r + 1) +r(2c;(4) — 8(G) - 3),
which by (38) is at most —2r ; thus the relevant space is empty for generic a.

To sum up, using the methods that we have developed a sufficiently persistent reader
may show that, for generic a, if (C)—§8(/) < 2 the only nonempty stratum of our
compactified moduli space corresponding to just one cylindrical component is the main
stratum M%*(y~,¥*, C; Ny), and the only nonempty stratum corresponding to more
than one cylindrical component is the usual space of two-stage broken trajectories
(which arises only if @(C) — (1) = 2). This suffices to prove Proposition 3.4.
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