LECTURES ON FLOER THEORY AND SPECTRAL
INVARIANTS OF HAMILTONIAN FLOWS

YONG-GEUN OH

ABSTRACT. The main purpose of this lecture is to provide a coherent explana-
tion of the chain level Floer theory and its applications to the study of geometry
of the Hamiltonian diffeomorphism group of closed symplectic manifolds. In
particular, we explain the author’s recent construction of spectral invariants of
Hamiltonian paths and an invariant norm of the Hamiltonian diffeomorphism
group on non-exact symplectic manifolds.

1. INTRODUCTION

The main purpose of this lecture note is to provide a coherent explanation on
the chain level Floer theory and its applications to the study of geometry of the
Hamiltonian diffeomorphism group of closed symplectic manifolds (M,w), which
has been systematically developed in a series of papers [Oh5]-[Oh11]. This study is
based on a construction of certain invariants, which we call spectral invariants, of
one-periodic Hamiltonian functions H : S* x M — R satisfying the normalization

condition
/ Hydu=0
M

where dy is the Liouville measure of (M,w). We denote the set of such functions
by
Hop = C2(S' x M,R)

where “m” stands for “mean zero”. The construction of these invariants is through
a Floer theoretic version of the mini-max theory of the associated perturbed action
functional Ag
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defined for the pairs (v, w) of smooth maps v : S' = R/Z x M and w : D?* — M
satisfying

wlpp2 = 1.
These invariants form a function

p: Hm x QH* (M) — R

whose value p(H; a) is the mini-max value of the action functional over the Novikov
Floer cycles representing the Floer homology class a” which is ‘dual’ to the quantum
cohomology class a.

In the classical mini-max theory for the indefinite functionals as in [Ra], [BnR],
there was implicitly used the notion of ‘semi-infinite cycles’ to carry out the mini-
max procedure. There are two essential ingredients needed to prove existence of
actual critical values out of the mini-max values: one is the finiteness of the mini-
max value, or the linking property of the (semi-infinite) cycles associated to the class
a and the other is to prove that the corresponding mini-max value is indeed a critical
value of the action functional. When the global gradient flow of the action functional
exists as in the classical critical point theory [BnR] this point is closely related to the
well-known Palais-Smale condition and the deformation lemma which are essential
ingredients needed to prove the criticality of the mini-max value. Partly because
we do not have the global flow, we need to geometrize all these classical mini-max
procedures. It turns out that the Floer homology theory in the chain level is the
right framework for this purpose.

The idea of construction of spectral invariants is originated from the author’s
Floer theoretic construction [Oh3] of Viterbo’s invariants [V] of Lagrangian sub-
manifolds in the cotangent bundle, and is also based on the framework of the
mini-max theory over natural semi-infinite cycles on the covering space Lo(M ).
We call the corresponding semi-infinite cycles the Nowvikov Floer cycles. In this
construction, the ‘finiteness’ condition in the definitions of the Novikov ring and
the Novikov Floer cycles is fully exploited in the proofs of various existence results
of pseudo-holomorphic curves.

Now the organization of the content of the paper is in order. In section 2, we view
the free loop space of the symplectic manifold as an infinite dimensional (weakly)
symplectic manifold with the natural symplectic action of S* induced by the domain
rotation. Its lifted action to the universal covering space then has the associated
moment map which is nothing but the unperturbed action functional. After then, we
compute the first variation and the gradient equation of the action functional with
respect the L2-metric induced by a one-periodic family J = {.J; }o<t<1 of compatible
almost complex structures. We also look at the mon-autonomous version of the
gradient equation associated to each two parameter family

§:[0,1] x S* — 7,

and a cut-off function p: R — [0,1].

In section 3, we review construction of the Floer complex and of the various basic
operators in the chain level Floer theory. While these constructions are standard
by now (see [F12], [SZ]), we add some novelty in our exposition which is needed in
our construction of the spectral invariants and their applications.

In section 4, we carefully study the energy estimates and the change of action
levels under the Floer trajectories, and explain its relation to the L(1°°) norm of
Hamiltonian functions which arise naturally in this study of energy estimates.



LECTURES ON FLOER THEORY 3

In section 5, we give the definition of p(H;a) and prove their basic properties,
especially the well-definedness and the finiteness of its value.

In section 6, we discuss the so called, spectrality, i.e., whether the mini-max value
p(H;a) is indeed a critical value of Ay. We give the proof, coming from [OhS],
of the spectrality for an arbitrary smooth H on rational symplectic manifolds. For
the non-rational (M, w), we just state the theorem from [Oh11] that the spectrality
holds for nondegenerate Hamiltonian function H, whose proof is referred to [Oh11].

In section 7, we follow [Oh4], [Sc] and [Enl] and explain the pants product in
Floer homology and prove the triangle inequality

p(H#K;a-b) < p(H;a) + p(K;b).

In section 8, we explain our construction of the spectral norm, denoted by ~ :
Ham(M,w) — R4, which was carried out in [Oh9]. As illustrated by Ostrover
[Os], this norm is not the same as but smaller than the Hofer norm. Along the
way, we also introduce certain geometric invariants of the pair (H,J) and also
their family versions. These geometric invariants play crucial roles in our proof of
nondegeneracy of the spectral norm . We call these invariants the e-reqularity type
invariants in general because their non-triviality strongly relies on the so called the
e-reqularity theorem, which was first introduced by Sacks and Uhlenbeck [SU] in
the context of harmonic maps.

In section 9, we explain a simple criterion for the length minimizing property of
the Hamiltonian paths in terms of the spectral invariant p(H;1) stated in [Oh7].
An analogous criterion had been used by Hofer [Ho2] and by Bialy-Polterovich [BP]
in C™. We illustrate its application to the study of length minimizing property of
some autonomous Hamiltonians. Besides this criterion, this application is based on
a construction of an optimal Floer cycle as done in [Po3], [Oh5] and [KL], especially
the one used by Kerman and Lalonde in [KL]. We refer readers to section 9 for
more detailed explanations.

In Appendix, starting from the definition of the Conley-Zehnder index pg ([z, w])
given in [SZ], [HS], but using a different convention of the canonical symplectic
form on C™ =2 R?" from [SZ], [HS], we provide complete details of the proof of the
following index formula in our convention :

pa([z,w']) = pa [z, w]) = 201 ([w'#0)) (1.1)
or

pn [z, A#w]) = pu([z,w]) — 2¢1(A). (1.2)
There are many different conventions used in the literature of symplectic geometry
concerning the definitions of Hamiltonian vector fields, the canonical symplectic
form on the cotangent bundle, the action functional and others. And partly because
there is no literature which provides detailed explanations of the index formula in
any fixed convention, this formula has been a source of confusion at least for the
present author, especially concerning the sign in front of the first Chern number
term in the formula. We set the record straight here once and for all by announcing
that the sign is -’ in our convention which has been used by the author here and
[Oh5]-[Oh11]. And we also emphasize that the form of this index formula has
nothing to do with whether one use the homological or the cohomological version
of the Floer homology as long as they fix the definition of the Conley-Zehnder index
of the symplectic path in Sp(n) as in [SZ].
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We like to refer readers to [En2], [EnP] for other interesting applications of the
spectral invariants in which a construction of quasi-morphisms on Ham(M,w) is
given for some class of symplectic manifolds. We refer to Polterovich’s lecture [Po4]
in this volume for a survey of these works.

To get the main stream of ideas transparent without getting bogged down with
technicalities related with transversality question of various moduli spaces, we as-
sume that (M,w) is strongly semi-positive in the sense of [Se], [Enl]: A closed
symplectic manifold is called strongly semi-positive if there is no spherical homol-
ogy class A € my(M) such that

w(A) >0, 2—-n<c¢(A)<O.

Under this condition, the transversality problem concerning various moduli spaces
of pseudo-holomorphic curves is standard. We will not mention this generic transver-
sality question at all in the main body of the paper unless it is absolutely necessary.
In section 10, we will briefly explain how this general framework could be incorpo-
rated in our proofs in the context of Kuranishi structure [FOn)].

In this lecture, we will be very brief in explaining the Fredholm theory and
compactness properties of the Floer moduli space the details of which are by now
well-known and standard in the literature, at least for the semi-positive cases. We
refer readers to the articles [HS], [SZ] for such details in the semi-positive case.
Instead, we will put more emphasis on the calculations involved in the analysis of the
filtration changes under the chain map, and on explaining the chain level arguments
used in our Floer mini-max theory to overcome the difficulties arising from the non-
exactness and the non-rationality of general symplectic manifolds. These chain level
arguments also require one to closely examine all the basic constructions in Floer
theory, especially in the choice of compatible almost complex structures and its
relation to the given Hamiltonian functions. These materials have recently appeared
in the series of our papers [Oh5]-[Oh11] and are less known in the standard Floer
theory. We believe that these details deserve more attention and scrutiny in the
future.

Another exposition of spectral invariants, based on the approach using the so
called “PSS-isomorphism”, has been given by McDuff and Salamon [MSa] for the
rational case. However, to make this approach well-founded, it remains to fill some
nonstandard analytic details in the proof of isomorphism property of the PSS-map
which is used in the various construction carried out in [PSS], [MSa].

We would like to thank the organizers of the summer school in CRM for running a
successful school, and also thank the speakers in the school for delivering stimulating
lectures and discussions.

Convention and Notations.

e The Hamiltonian vector field Xy associated to a function f on (M,w) is
defined by df = w(Xy,-).

e The multiplication F#G and the inverse G on the set of time periodic
Hamiltonians C>°(M x S') are defined by

F#G(t,x) = F(t.a)+ Gt (¢F) " (2))
_ N

G(t.x) = =Gt ¢g(x)
o L(M) = Map(S*, M)
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o Lo(M)= the connected component of Lo(M) counsisting of contractible
loops.

. ZO(M ) = the universal covering space or the I'-covering space of Lo(M)

depending on the circumstances.

Hp = Hm (M) = C(St x M,R)

Jw = Ju(M) = the set of compatible almost complex structures

jw = OOO(Sl7jw)

P(Hm) = C>=([0,1], Hpm)

P(]w) = Coo([()’ 1}7.7.44))

2. THE FREE LOOP SPACE AND THE ACTION FUNCTIONAL

2.1. The free loop space and the S'-action in general. Let M be a general
smooth manifold, not necessarily symplectic. We denote by £(M) := Map(S*, M)
be the free loop space, i.e., the set of smooth maps

v:8'=R/Z — M.
We emphasize the loops have a marked point 0 € R/Z and often parameterize them
by the unit interval [0, 1] with the periodic boundary condition v(0) = y(1). £(M)
has the distinguished connected component of contractible loops, which we denote
by Lo(M). The universal covering space of Lo(M), denoted by Lo(M), can be
expressed by

{[v,w] | v € Lo(M) and w : D? — M satisfying dw =: w|gp> = 7}

where [y, w] is the set of homotopy classes of w relative to Ow = ~. Here we identify
0D? with S*. We call such w a bounding disc of 7. The deck transformation of the
universal covering space Lo(M) — Lo(M) is realized by the operation of “gluing a
sphere”

(7, w) = (v, wu) (2.1)
for a (and so any) sphere u : S? — M representing the given class A € mo(M) =
m1(Lo(M)).

There is a natural circle action on £(M) induced by the time translation
Y=o Ry =9(+¢) (2.2)

where R, : ST — S is the map given by

Ry(t)=t+¢, pes.
The infinitesimal generator of this action is the vector field X on £(M) provided by

X(v) =
The fixed point set of this S! action is the set of constant loops
M — Lo(M).

This action lifts to an action on the set of pairs

(v, w) = (yo Ryywo Ry) (2.3)
induced by the complex multiplication, which we again denote by

R,:z¢ D? C C s 2™y,

The fixed point set of the induced S' action on ZO(M ) forms a principal bundle
of ma(M) over M with my(M)-action induced by (2.3): Obviously S! acts trivially
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on the constant loops v = x € M. On the other hand, it acts trivially on the
homotopy class of the pairs (z,w) because the pair (z,w) and (z o R,,wo R,,) are
homotopic as R, is homotopic to the identity.

2.2. The free loop space of symplectic manifolds. Now we specialize our
discussion on the loop space to the case of a symplectic manifold (M,w). In this
case, L(M) carries a canonical (weak) symplectic form defined by

1
9(51,52) ZZA w(fl(t),fg(t)) dt : (24)

the closedness of € is a consequence of the closedness of w together with the fact that
St has no boundary, and the (weak) nondegeneracy follows from the nondegeneracy
of w. The St action (2.2) is symplectic, i.e. ; preserves Q LxQ) = 0. Obviously €
induces a symplectlc form on the covering space [Zo( ) by the pull-back under the
projection Lo(M) — Lo(M), which we denote by

Lemma 2.1. The form X|Q is a closed one form on L(M).

Proof. Since the closedness is local, it is enough to construct a function A = Ay
defined in a neighborhood of any given loop 7y that satisfies

dA = X|Q. (2.5)

Note that for any path « sufficiently C'*° close to a given g, we have a distinguished
path to 7 defined by

Uygy : 5 € [0,1] — exp., (sE(y0,7)), E(0,7) := (exp%)_l(fy)
which defines a distinguished homotopy class of paths [u.,,] with fixed ends,

u(0) = 70, u(l) = 7.
We ambiguously denote the associated map
Uy 1 [0,1] x ST — M
also by u.,,. We then define the locally defined function A4 by the formula

A7) =0 — /uzmw (2.6)

where ‘0’ should be regarded as the value A(+o; 7o), which can be chosen arbitrarily.
Now we verify (2.5). We first note that for any loop 7 nearby vy and for a tangent
d

vector £ = %’ ou € T,L(M), we have
T s:O( — /uwsw> (2.7)

But we derive, after a change of variables,
/ / 8u 8u dt ds
u=0

d
*
i, w =
s=0 e du

ds
_ / —w(£(t), 4()) dt = X(7) |

0
This combined with (2.7) finishes the proof of (2.5) and hence the lemma. O

dA(Y)(§) =
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Remark 2.1. In the point of view of de Rham theory of the loop space [Ch],
[GJP], a symplectic form w on M induces a canonical cohomology class of degree
one induced by the closed one form X |, which is obtained by the iterated integrals.
This one form is not exact in general. Exactness of this one form is precisely the so
called the weakly exactness of the symplectic form w. The Floer homology can be
considered as a version of the Novikov Morse homology of this closed one form, or
the Morse homology of the circle valued functions on £(M).

If we restrict this closed one-form to L£o(M) and consider its lifting to the uni-
versal covering space Lo(M ), the formula (2.6) has a global lifting induced by the
function of the pairs (7, w), again denoted by A = A,

Ao(y,w) = _/W*W

considering w as a path from a constant path w(0) to v = Ow. We call this the
unperturbed action functional. It satisfies

dAy = X|Q (2.8)

on Lo(M). In other words, the S'-action on Lo(M) is Hamiltonian and its associ-
ated moment map is nothing but the function Ag : Lo(M) — R (see [W] for more
detailed discussions).

2.3. The Novikov covering. Following [F12], [HS], we now introduce a notion of
the Nowikov covering space of Lo(M).

Definition 2.2. Let (v, w) be a pair of v € Lo(M) and w be a disc bounding .
We say that (v, w) is T'-equivalent to (y,w’) if and only if
w([w'#w]) =0 and c;([w'#w]) =0
where w is the map with opposite orientation on the domain and w'#w is the
obvious glued sphere. Here I' stands for the group
_ ma (M)
ker (W|7r2(M)) N ker (Cl|772(M))

We denote
I, =wl) =w(m(M)) CR
and call it the (spherical) period group of (M,w).

Definition 2.3. We call (M,w) rational if T, C R is a discrete subgroup, and
irrational otherwise.

Example 2.4. The product S?(r;) x S?(ry) with the product symplectic form
w1 @ wo is rational if and only if the ratio r2/r? is rational.

Remark 2.5. We note that for an irrational (M, w), the period group is a countable
dense subset of R. In general, the dynamical behavior of the Hamiltonian flow on
an irrational symplectic manifold is expected to become much more complex than
on a rational symplectic manifold. The period group I',, is the simplest indicator
of this distinct dynamical behavior.
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From now on, we exclusively denote by [y, w] the T-equivalence class of (v, w)
and by Lo(M) the set of I'-equivalence classes. We denote by 7 : Lo(M) — Lo(M)
the canonical projection. We call Lo(M) the I'-covering space of Lo(M). We denote
by A or ¢ the image of A € mo(M) under the projection 73(M) — T'. There are
two natural invariants associated to A: the valuation v(A)

v: T >R, v(A) =w(A) (2.9)
and the degree d(A)
d:T—7Z; d(A)=c(4). (2.10)
In general these two invariants are independent and so ¢” is a formal parameter
depending on two variables. In that sense, we may also denote
qA _ Tw(A)ecl (A)
with two different formal parameters T and e.

The (unperturbed) action functional Ay defined above obviously projects down
to the I'-covering space by the same formula

Aol = = [

as in subsection 2.2. This functional provides a natural increasing filtration on the
space Lo(M): for each A € R, we define
L5 (M) 1= {[zw] € Lo(M) | Ao([z,w]) < A}.
We note that B B
Ly(M) C Ly (M) if A< ).
It follows from (2.8) that the critical set, denoted by Crit.Ag, of Ay : EO(M) - R
is the disjoint union of copies of M
CritAg(M) = | Jg- M
gel’
where M — Lo(M);x — [z,7] is the canonical inclusion, where Z is the constant

disc Z = x. The following is well-known and straightforward to check.

Lemma 2.2. At each [x,7#A] € Crit Ay, the Hessian d* Ay defines a bilinear form
on

Tigzpa)Lo(M) = Ty Lo(M)
which is (weakly) nondegenerate in the normal direction to CritAg. In particular,
Ao is a Bott-Morse function.

For the convenience of notations, we also denote
[,2] =2, [z, Z#A]=T® .

2.4. Perturbed action functionals and their action spectra. When a one-
periodic Hamiltonian H : (R/Z) x M — R is given, we consider the perturbed
functional Ay : Lo(M) — R defined by

Athha%—/HmﬂMM:—/w%—/HmﬂMﬁ. (2.11)

Unless otherwise stated, we will always consider one-periodic normalized Hamilton-
ian functions H : [0,1] x M — R.
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Lemma 2.3. The set of critical points of Ag is given by
Crit(Ag) = {[z,w] | z € Per(H), 0w = z}

to which the T action on Lo(M) canonically restricts.

Definition 2.6. We define the action spectrum of H by
Spec(H) := {An(z,w) € R | [z,w] € Q(M), z € Per(H)},

i.c., the set of critical values of Ay : £L(M) — R. For each given z € Per(H), we
denote

Spec(H; 2) = {Ag(z,w) €R | (z,w) € 77 (2)}.

Note that Spec(H;z) is a principal homogeneous space modelled by the period
group I'y,. We then have

Spec(H) = U, per(g)Spec(H; 2).

Recall that T, is either a discrete or a countable dense subgroup of R. The following
was proven in [Oh5].

Proposition 2.4. Let H be any periodic Hamiltonian. Spec(H) is a measure zero
subset of R for any H.

We note that when H = 0, we have
Spec(H) =T,.
The following definition is standard.

Definition 2.7. We say that two Hamiltonians H and F are homotopic if ¢}; = ¢
and their associated Hamiltonian paths ¢y, ¢ € P(Ham(M,w),id) are path-
homotopic relative to the boundary. In this case we denote H ~ F' and denote the
set of equivalence classes by %(M ,w).

The following lemma was proven in the aspherical case in [Sc], [Po3]. We refer
the reader to [Oh6] for complete details of its proof in the general case.

Proposition 2.5. Suppose that F, G are normalized. If F' ~ G, we have
Spec (F) = Spec (G)
as a subset of R.
This enables us to make this definition

Definition 2.8. For any H € C°(S' x M), we define the spectrum of h €
Ham(M,w)
Spec(h) := Spec(F)

for a (and so any) normalized Hamiltonian F' with [¢, F] = h.
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2.5. The L2-gradient flow and perturbed Cauchy-Riemann equations.
The Floer homology theory [F12], [HS] is the semi-infinite version of the Novikov’s
circle valued Morse theory [N1], [N2] of Ay on the space Lo(M) of contractible
free loops. To do the Morse theory of Ap, we need to provide a metric on EO(M ).
We do this by first defining a metric on £o(M) and then pulling it back to Lo(M).
Note that any S'-family {g;};es1 of Riemannian metrics on M induces an L2-type
metric on £(M) by the formula

<66 > / g (E1(t), Ea(t)) dt (2.12)

for &1, & € T,L(M). On the symplectic manifold (M,w), we will particularly
consider the family of almost Kdhler metrics induced by the almost complex struc-
tures compatible to the symplectic form w. Following [Gr], we give the following
definition.

Definition 2.9. An almost complex structure J on M is called compatible to w, if
J satisfies
(1) (Tameness) w(v,Jv) > 0 and equality holds only when v =0
(2) (Symmetry) w(vr, Jvs) = (v, Jor).
We denote by J, = J,(M) the set of compatible almost complex structures.
Gromov’s lemma [Gr] says that 7, is a contractible infinite dimensional (Frechét)

manifold.
We denote the associated family of metrics on M by

gj = w('? J)

and its associated norm by |- |;. When we are given a one-periodic family J =
{Ji}test, it induces the associated L2-metric on £(M) by < -,- > which can be
written as

1
<6, > / w(En(t), Ji (1)) dt. (2.13)
0

From now on, we will always denote by .J an S*-family of compatible almost complex
structures unless otherwise stated, and denote

Ju 1= C(SY, T,).

If we denote by grad ; Ay the associated L?-gradient vector field, (2.8) and (2.13)
imply that grad ; Ag has the form

grad  Agr ([, w)(8) = i (3(8) = Xnr(,7(8))) (2.14)

which we will simply write J(¥ — Xg(vy)). It follows from this formula that the
gradient is projectable to Lo(M). Therefore when we project the negative gradient
flow equation of a path u : R — L(M) to Lo(M), it has the form

ou ou
ou (2
or * ot

if we regard u as a map u : R x S — M. We call this equation Floer’s perturbed

Cauchy-Riemann equation or simply as the perturbed Cauchy-Riemann equation
associated to the pair (H,J).

XH(u)) =0 (2.15)
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The Floer theory largely relies on the study of the moduli spaces of finite en-
ergy solutions u : R x S — M of the kind (2.15) of perturbed Cauchy-Riemann
equations. The relevant energy function is given by

Definition 2.10. [Energy] For a given smooth map u : R x St — M, we define
the energy, denoted by Eg s)(u), of u by

=} [ (2] +[%

- X
J,,+ ot u(w)

) dt dr.
Ji

The following lemma exemplifies significance of the finite energy condition. Al-
though the proof is standard, we provide details of the proof for the reader’s conve-
nience to illustrate the kind of analytic arguments used in the study of perturbed
Cauchy-Riemann equations.

Proposition 2.6. Let H : S' x M — R be any Hamiltonian. Suppose that u : R x
S1 — M is a finite energy solution of (2.15). Then there exists a sequence Tj, — 00
(respectively T, — —o0) such that the loop zi = u(7y) = u(Tg,-) C°° converges to
a one-periodic solution z : S* — M of the Hamilton equation i = X ().

Proof. Since u satisfies (2.15), the energy of u can be re-written as

E,py(u //‘7*XH

Therefore the finite energy condition, in particular, 1mplies existence of 1, /" oo
such that

dtdr.

2
=0 (2.16)

/ ‘ (Th, ) — X (w(Th, -)

as k — oo. Since M is compact, Xp is bounded and so (2.16) implies

1
/ 2[5, dt — 0 (2.17)
0

for some C > 0 independent of k. (2.17) implies the equicontinuity of 2z and so
there exists a subsequence, which we still denote by 7%, such that zp — 2z, in
C%-topology. Furthermore Fatou’s lemma implies

1 1
/ |Z—XH(Z)|2]t dtﬁlimkinf/ ‘Zk _XH(Zk)|?]t dt — 0.
0 0

Therefore z is a weak solution of # = Xy (z), which lies in W12, In particular, 2
lies in W22(S1), which follows from differentiating 2 = Xy (2). Then the Sobolev
embedding W22(S!) — C1(S!) implies that 2z is C! and satisfies © = X (x). Once
we know z is C!, the boot-strap argument by differentiating 2 = Xp(z) implies z
is smooth.

Finally since z; — z in C°, so does Xy (2) — Xg(2), which in turn implies
2, — z in C'. Similar boot-strap argument then implies the C°°-convergence of
zr, — z. This finishes the proof. O

We denote by
M(H,J)=M(H, J;w)

the set of finite energy solutions of (2.15) for general H not necessarily nondegen-
erate.
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Similar discussion can be carried out for the non-autonomous version of (2.15),
which we now describe. We first denote

Hop = Hm(M) := {H : S* x M — R | H is normalized}.

Consider the R-family

Hrg : R—H,; 70— H(T)

R : R—=>T, 70 J(1)
that are asymptotically constant, i.e.,

H(t)=H*®,J(1) = J*>
for some H*>* € H,, and J*> € j, if |7| > R for a sufficiently large constant R.
To any such pair is associated the following non-autonomous version of (2.15)
ou Ju

() (5~ Xy (w) =0. (2.18)

The associated energy function is given by

L[ ' /0u)? Ou 2
E . —— 7’ — Xy :
(i) (4) 2 [m/o (‘87 J(r) o H )(u)‘J(T))dth

We denote by
M(Hg, jr) = M(Hg, jr;w)
the set of finite energy solutions of (2.18).
Here is the analog to Proposition 2.6, whose proof is essentially the same as
Proposition 2.6 due to the asymptotically constant condition on (H, 7).

Proposition 2.7. Let Hr and jr be as above. Suppose that u:R x S' — M is a
finite energy solution of (2.18). Then there exists a sequence T, — 00 (respectively
T, — —00) such that the loop zi, == u(7) = u(T, ) C° converges to a one-periodic
solution z : St — M of the Hamilton equation i = X g+ (x) respectively.

A typical way how such an asymptotically constant family appears is through
an elongation of a given smooth one-parameter family over [0, 1].

Definition 2.11. A continuous map f : [0,1] — T for any topological space T is
said to be boundary flat if the map is constant near the boundary 9]0, 1] = {0, 1}.

Let H : [0,1] — H,, be a homotopy connecting two Hamiltonians H,, Hg € Hy,,
and j : [0,1] — J,, connecting J,, Jz € J,,. We denote

Plw) = C%([0,1],ju)
PHum) = C*°([0,1], Hum)-
We define a function p : R — [0, 1] of the type
0 forr < —R
= - 2.19
p(7) {1 forr> R ( )

for some R > 0. We call p a (positively) monotone cut-off function if it satisfies
p' (1) > 0 for all 7’s in addition.

Each such pair (H, j), combined with a cut-off function p, defines a pair (H?, j*)
of asymptotically constant R-families

H]R:Hpa jR:jp



LECTURES ON FLOER THEORY 13

where H? is the reparameterized homotopy H? = {H?}.cgr defined by
T HP(1,t,x) = H(p(7),t, x).
We call H” the p-elongation of H or the p-elongated homotopy of H. The same

definition applies to j. Therefore such a triple (H,j;p) gives rise to the non-
autonomous equation

Ju ou
- p(r) (22 _ -
ot ( = Xno (u)) 0. (2.20)
We denote by
M(H, j; p)

the set of finite energy solutions of (2.20).

2.6. Comparison of two Cauchy-Riemann equations. In this subsection, we
explain the relation between Floer’s standard perturbed Cauchy-Riemann equation
(2.15) for u : R x S — M and its mapping cylinder version v : R x R — M

v 1 Ov
or +Jigr =0 o (2.21)
p(u(r,t+1)) =v(r,t), [|F ?,t, < o0
where ¢ = ¢, We often restrict v to R x [0,1] and consider it as a map from
R x [0,1] that satisfies ¢(v(7,1)) = v(7,0). A similar correspondence had been
exploited in [Oh2], [Oh3] in the ‘open string’ context of Lagrangian submanifolds
for the same purpose, and call the former version of Floer homology the dynamical

and the latter geometric. We do the same here.
For any given solution u = u(r,t) : R x St — M, we ‘open up’ v along t = 0 = 1
and define the map
v:Rx[0,1] = M
by
u(r,t) = (¢%) " (ul, 1)) (2.22)
and then extend to R so that ¢(v(7,t + 1)) = v(7,t). A simple computation shows
that when u satisfies (2.15) the map v satisfies (2.21), provided the family J' =
{J}}o<i<1 is defined by
Jp = (¢§1)*Jt
for the given periodic family J used for the equation (2.15), and vice versa. By
definition, this family J’ of almost complex structure satisfies

J(t+1) = " J'(1). (2.23)

One can even fix J(0) = Jy for any given almost complex structure Jy which leads
to the following definition [Oh8]

Definition 2.12. Let Jy € J, and ¢ € Ham(M,w). We define j4 5,y by

ey =1 1101 = T [ J'(t+1) = ¢"J'(t),  J'(0) = Jo}. (2.24)

The condition
o(v(r,t+ 1)) =v(r,t) (2.25)
enables us to consider the map
v:RxR—-M
as a pseudo-holomorphic section of the ‘mapping cylinder’
Ey =Rx My=RxRxM/(r,t+1,¢(x)) ~ (1,t,x)
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where My is the mapping circle defined by
My :=Rx M/t+1,¢(x)) ~ (t,x).

Note that the product symplectic form dr Adt+w on R x R x M naturally projects
to Ey since ¢ is symplectic, and so Ey has the structure of a Hamiltonian fibration.
In this setting, v : R x R — M can be regarded as the section s : R x S* — Ey
defined by

s(r,t) = [, t,0(7,t)]
which becomes a pseudo-holomorphic section of Ey4 for a suitably defined almost
complex structure.

One advantage of the mapping cylinder version over the more standard dynam-
ical version (2.15) is that its dependence on the Hamiltonian H is much weaker
than in the latter. Indeed, this mapping cylinder version can be put into the
general framework of Hamiltonian fibrations with given fixed monodromy of the
fibration at infinity as in [Enl]. This framework turns out to be essential to prove
the triangle inequality of the spectral invariants. (See [Sc], [Oh8] or section 7 later
in this paper).

Another important ingredient is the comparison of two different energies F g _s)(u)
and Ej: (v): for the given J" = {J{}o<i<1 € j(Jy,¢), We define the energy of the map
v:Rx[0,1] = M by

20 =3[ (5

This energy is the vertical part of the energy of the section s : R x S — E,

2

2 ov

J;+ ot

) dt dr.
y

defined above with respect to a suitably chosen almost complex structure J on Ey.
(See section 3 [Oh9] for more explanation.) Note that because of (2.23)-(2.25), one
can replace the domain of integration R x [0, 1] by any fundamental domain of the
covering projection

RxR—Rx (R/Z)

without changing the integral. The choice of R x [0, 1] is one such choice.

The following identity plays an important role in the proof of the nondegeneracy
of the invariant norm we construct later. The proof is a straightforward computa-
tion left to the readers.

Lemma 2.8. Let J = {J,}o<i<1 be a periodic family and define J' = {J]}o<i<1 by
‘]f{ = (QStH)*Jt
Let u:R x S' — M be any smooth map and v : R x [0,1] — M be the map defined
by
u(1,t) = (&%)~ (ulT, 1))
Then we have
By gy(u) = Ep(v).

3. FLOER COMPLEX AND THE NOVIKOV RING

In this section we provide the details of construction of the Floer complex and its
basic operators. The details of construction are given in [F12] and [SZ], for example.
But we closely follow the exposition given in [Oh8].
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3.1. Novikov Floer chains and the Novikov ring. Suppose that ¢ € Ham(M,w)
is nondegenerate. For each nondegenerate H : S' x M — R, we know that the car-
dinality of Per(H) is finite. We consider the free Q vector space generated by the
critical set of Ag

CritAy = {[z,w] € Q(M) | z € Per(H)}.

To be able to define the Floer boundary operator correctly, we need to complete
this vector space downward with respect to the real filtration provided by the
action Ag ([z,w]) of the element [z, w] as in [F12], [HS]. More precisely, we give the
following definitions slightly streamlining those from [Oh5].

Definition 3.1. Consider the formal sum
p= Z Afz,w) [z, w], alzw] € Q (3.1)
[z,w]€Crit Ay

(1) We call those [z,w] with af, ., # 0 generators of the sum 3 and write
[z,w] € 6.

We also say that [z, w] contributes to 3 in that case.
(2) We define the support of 5 by

supp(3) := {[z,w] € CritAy | aj, ) # 0 in the sum (3.1)}.
(3) We call the formal sum 3 a Novikov Floer chain (or simply a Floer chain)
if
#(supp(8) N {[z,w] | An([z,w]) = A}) < o (3.2)
for any A € R. We denote by C'F,(H) the set of Floer chains.

Note that CF,(H) is a Q-vector space which is always infinite dimensional in
general, unless (M, w) is symplectically aspherical. Since the aspherical case was
studied in [Oh4], [Sc] before, we will focus on the general case where the quantum
contributions could be present. There is a natural grading on CF,.(H) : we associate
the Conley-Zehnder indez, denote by np([z,w]) to each generator [z, w] € CritAg.
We refer to [CZ], [SZ], [HS] for the definition of px ([2, w]). For readers’ convenience,
we recall the definition in Appendix in the course of proving the index formula in
our convention.

Now consider a Floer chain

B = Z QAlz,w] [Za U)]7 Azw) € Q.

Following [Oh5], we introduce the following notion which is a crucial concept for
the mini-max argument that we carry out in this paper.

Definition 3.2. Let 5 # 0 be a Floer chain in CF,(H). We define the level of the
chain 8 and denote it by

A (6) = [Zi))]({AH([Z?w]) | [z,w] € supp(B)},

and set A (0) = —oco. We call a generator [z, w] € 8 satisfying Ag ([z, w]) = Ag(5)
a peak of 3, and denote it by peak(().

We emphasize that it is the Novikov condition (3) of Definition 3.1 that guaran-
tees that Ay (8) is well-defined. The following lemma illustrates optimality of the
definition of the Novikov covering space.
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Lemma 3.1. Let 3 # 0 be a homogeneous Floer chain. Then the peak of § over a
fized periodic orbit is unique.

Proof. By the assumption of homogeneity, the generators of [ have the same
Conley-Zehnder indices. Let [z, w] and [z, w’] be two such peaks of 5. Then we
have
An([zw]) = Au () = Au([z,w])
which in turn implies w([w]) = w([w’]). By the homogeneity assumption, we also
have
pr ([2,w]) = pr ([z,w']).

It follows from the definition of I'-equivalence classes that [z, w] = [z, w’], which
finishes the proof. O

So far we have defined CF,(H) as a Z-graded Q-vector space with CritAg as its
generating set which has infinitely many elements, unless (M, w) is symplectically
aspherical. We now explain the description of CF(H) as a module over the Novikov
ring as in [F12], [HS].

We consider the group ring Q[I'] consisting of the finite sum

k
R= Zriin € Q1)
i=1
and define its support by
supp R={A €T | A= A, in this sum }.

We recall the valuation v : I' — R and the degree map d : I' — R. We now define
a valuation v : Q'] — R by

k
v(R) = v'(R) = vl(z g™ := max{w(A;) | A; € supp R}.

This satisfies the following Non-Archimedean triangle inequality
v(R1 + R2) < max{v(R1),v(R2)} (3.3)
and so induces a natural metric topology on Q[I'].

Definition 3.3. The (downward) Novikov ring is the downward completion Q[[I']
of Q[I'] with respect to the valuation v : Q'] — R. We denote it by AL.

More concretely we have the description
AL={D_raq® IVAXER #{AET |ra #0,w(A) > A} < oo}
AeT
Similarly we define the upward Novikov ring, denoted by Al by
AL={D raqg? [VAXER#{AET | ra # 0,w(—A) < \} < oo}.
AeT

Since we will mostly use the downward Novikov ring in this lecture, we will just
denote A, = A}, dropping the arrow. Then we have the valuation on A, given by

v(R) = max{w(A) | A € supp R}. (3.4)
We recall that " induces a natural action on Crit. Ay by ‘gluing a sphere’
[z, w] = [z, wH#A]
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which in turn induces the multiplication of A, on CF(H) by the convolution prod-
uct. This enables one to regard CF(H) as a A,-module. We will try to consistently
denote by CF(H) as a A,-module, and by CF.(H) as a graded Q vector space.

The action functional provides a natural filtration on CF.(H): for any given
A € R\ Spec(H), we define

CFMH) ={a € CF.(H) | Ag(peak(a)) < A}
and denote the natural inclusion homomorphism by

in: CFMH) — CF.(H).

3.2. Definition of the Floer boundary map. Suppose H is a nondegenerate
one-periodic Hamiltonian function and J a one-periodic family of compatible almost
complex structures. We first recall Floer’s construction of the Floer boundary map,
and the transversality conditions needed to define the Floer homology HF,(H, J)
of the pair.

The following definition is useful for the later discussion.

Definition 3.4. Let z, 2’ € Per(H). We denote by m3(z, 2’) the set of homotopy
classes of smooth maps

w:[0,1] xS =T — M
relative to the boundary
w(0,t) = 2(t), wu(l,t)=2"(t).
We denote by [u] € ma(z,2’) its homotopy class and by C a general element in
ma(z,2').
We define by m2(z) the set of relative homotopy classes of the maps
w:D?* — M, wlopp2 = 2.

We note that there is a natural action of mo(M) on ma(z) and ma(z,2’) by the

obvious operation of a ‘gluing a sphere’. Furthermore there is a natural map of
C e my(z,2)

()#C : m2(2) — m2(2)
induced by the gluing map
w — wHU.
More specifically we will define the map w#u : D> — M in the polar coordinates
(r,0) of D? by the formula
(2r,0) for

0sr=; (3.5)
(2r —1,0) for 1 <r<i1 ’

wH#u: (r,0) = {Z

once and for all. There is also the natural gluing map
m2(20, 21) X m2(21, 22) — m2(20, 22)

(Uh UQ) = U1 FU.

We also explicitly represent the map wi#us : T — M in the standard way once
and for all similarly to (3.5).
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Definition 3.5. We define the relative Conley-Zehnder index of C' € mo(z, 2") by
pr (2,25 C) = pau([z,w]) — pu([2, w#C)

for a (and so any) representative u : [0,1] x ST x M of the class C. We will also
write pg(C), when there is no danger of confusion on the boundary condition.

It is easy to see that this definition does not depend on the choice of bounding
disc w of z, and so the function
pr me(z,2) = Z

is well-defined.

Remark 3.6. In fact, the function ugy : m(z,2’) — Z can be defined without
assuming zp, z1 being contractible, as long as zy and z; lie in the same component
of Q(M): For any given map u : T — M, choose a marked symplectic trivialization

& u*TM — T x R

that satisfies
o ® g 1yxq1} = id.
We know that 29(t) = ¢ (po) and 21(t) = ¢4 (p1) for po, p1 € Fix(¢k). Then we
have two maps
ag;:[0,1] — Sp(2n), i=0,1
such that
® o dply(pi) o @i, t,v) = (i,t, i (t)v)
for v € R? and t € [0,1]. By the nondegeneracy of H, the maps ag,; define
elements in SP*(1). Then we define

pa (2,25 C) = pez(aeo) — poz(as).

It is easy to check that this definition does not depend on the choice of marked
symplectic trivializations.

We now denote by
M(H, J;z,2';C)
the set of finite energy solutions of (2.15) with the asymptotic condition and the
homotopy condition

u(—o0) =z, wu(oco) =2 [u]=C. (3.6)

Here we remark that although w is a priori defined on R x S, it can be compactified
into a continuous map w : [0,1] x S* — M with the corresponding boundary
condition
u(0) =z, u(l)=2

due to the exponential decay property of solutions u of (4.2), recalling we assume
H is nondegenerate. We will call u the compactified map of u. By some abuse of
notation, we will also denote by [u] the class [u] € ma(z, 2’) of the compactified map
u.

The Floer boundary map

O(r,1); CFrs1(H) — CFy(H)
is defined under the following conditions. (See [F12], [HS].)
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Definition 3.7. [The boundary map] Let H be nondegenerate. Suppose that
J satisfies the following conditions:

(1) For any pair (zg,21) C Per(H) satisfying

pa (20, 215 C) = pr([20, wo]) — pr ([21, wo#C]) = 0,

M(H, J; 29, 21;C) = D unless zg = z; and C = 0. When 29 = 23 and C = 0,
the only solutions are the stationary solution, i.e., u(7) = 29 = 21 for all
TeR.

(2) For any pair (zo,21) C Per(H) and a homotopy class C' € ma(z, 21) satis-
fying

pr(20,2150) = 1,
M(H, J; z9,21;C)/R is transverse and compact and so a finite set. We
denote
n(H, J; z0,21;C) = #(M(H, J; 20, 21; C) /R)

the algebraic count of the elements of the space M(H, J; zg, 21; C)/R. We
set n(H, J; 29, 21 : C')) = 0 otherwise.

(3) For any pair (zg,22) C Per(H) and C € ma(20, 22) satisfying

wr (20, 22; C) = 2,
M(H, J; 29, z2; C) /R can be compactified into a smooth one-manifold with
boundary comprising the collection of the broken trajectories
[u1]# oo [u2]
where u; € M(H, J; 29,y : C1) and us € M(H, J;y, 2o : C?) for all possible
y € Per(H) and C; € ma(z0,y), C2 € ma(y, 22) satisfying
Ci#C=C [u1] € M(H, J; z0,y; C1)/R,
[us] € M(H, J;y, 22;Co) /R
and
(20,95 C1) = (Y, 225 C2) = 1.

Here we denote by [u] the equivalence class represented by wu.

We call any such J H-regular and call such a pair (H, J) Floer reqular.
The upshot is that for a Floer regular pair (H, J) the Floer boundary map
0 =0,y : CF.(H) — CF.(H)

is defined and satisfies 90 = 0, which enables us to take its homology.
We now explain this construction in detail. For each given [z~,w™] and [z, w™],
we collect the elements C € ma(27, 27) satisfying

[2* w'] = [zT,w #C] in Lo(M) (3.7)
and define the moduli space

M(H, J; [z, w ], [T, wh]) := U{M(H, J;27,27;0) | O satisfies (3.7)}.
c

We like to note that there could be more than one C € ma(27,2T) that satisfies

(3.7) according to the definition of the I'-covering space Lo(M). The following
lemma is an easy consequence of a standard compactness argument.
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Lemma 3.2. This union is a finite union. In other words, for any given pair
([z=,w™], [zF,w™]), there are only a finite number of C' € ma(2~,27) that satisfies
(8.7) and M(H, J;2~,27;C) # 0.

Now considering u as a path in the covering space EO(M ), we write the asymp-
totic condition of u € M(H, J; [z~ ,w™], [T, w']) as

u(—o0) = [z7,w™], wu(co)=[z",wT]. (3.8)

The Floer boundary map 0 = 0(g,) : CF.(H) — CF,(H) is defined by its matrix
coefficient

<a([z_vw_})v ['Z+7 w+]> = Zn(H,J)(Z_vz+§ C)7
C

where C' is as in (3.7) and the Conley-Zehnder indices of [z27,w™| and [z, w™
satisfy

pa(lz= w™]) = pa (5 wf])) = p(z=, 27 0) =1,
We set the matrix coefficient to be zero otherwise. 9 = 9y, ;) has degree —1 and
satisfies 0 o 0 = 0.

Definition 3.8. We say that a Floer chain § € CF(H) is Floer cycle of (H,J) if
0B =0, i.e., if 3 € ker Oy, s), and a Floer boundary it 38 € Im Oy ). Two Floer
chains 3, ' are said to be homologous if 5’ — (3 is a boundary.

We denote
ZF.(H,J)=%kerd, BF.(H,J)=1im 0

and then the Floer homology is defined by
HF.(H,J):=ZF.(H,J)/BF.(H,/J).

One may regard this either as a graded Q-vector space or as a A, -module. We will
mostly consider it as a graded Q-vector space in this lecture, because it well suits
the mini-max theory of the action functional on Lo(M).

3.3. Definition of the Floer chain map. When we are given a family (H,7)
with H = {H®}o<s<1 and j = {J®}o<s<1 and a cut-off function p : R — [0, 1], the
chain homomorphism

hH = h(H,j) . OF*(H(X) — C’F*(Hg)

is defined by considering the non-autonomous equation (2.18). It may be instructive
to mention that (2.12) is not a gradient-like flow unlike (2.15). We now provide the
details.

Consider the pair (Hg,jr) that are asymptotically constant, i.e., there exists
R > 0 such that

for all 7 with |7| > R.

Definition 3.9. [The chain map| We say that (Hg,jr) is Floer regular if the
following holds:

(1) For any pair zg € Per(Hp) and z; C Per(H;) satisfying
Mz (20, 215 C) = 0,
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M(Hg, Jr; 20, 21; C) is transverse and compact, and so a finite set. We
denote

n(Hr, jr; 20, 21; C) 1= #(M(Hr, jr; 20, 21; C))
the algebraic count of the elements in M(Hg, jr; 20, 21; C). Otherwise, we
set
n(Hg, jr; 20,21 : C') = 0.
(2) For any pair zo € Per(Hp) and z; € Per(H;) satisfying
Pz (20, 22; C) = 1,
M(H, J; zg, z2; C) is transverse and can be compactified into a smooth one-
manifold with boundary comprising the collection of the broken trajectories
U ootz
where
(u,u2) € M(Hg, jr; 20,y : C1) x M(H(00), J(00);y, 22 : C?);
:U’HR(ZOa Y; Ol) = 07 ,LLH(y7 22; CQ) =1
or
(u1,u2) € M(H(=00),J(—00); 20,y : C") X M(H, jr;y, 22 : C1);
/’LHR(Z()?y; Cl) = 11 :U/H(yv 22 02) =0
and C1#Cy = C for all possible such y € Per(H) and C; € ma(20,y), Cs €
™2 (y7 22)'
We say that (Hg,jr) are Floer regular if it satisfies these conditions.

Now suppose that (H,j) is a homotopy connecting two Floer regular pairs
(Hy,Jo) and (Hg, Jg). Choose a cut-off function p : R — [0, 1].

For each such pair (H,j) and a cut-off function p, we consider the p-elongations
H” and j* respectively. Therefore to such a triple (H, j; p) is associated the non-
autonomous equation (2.18) with the boundary condition

u(—00) = z9, u(o0) =121 (3.9)

and the homotopy condition [u] = C € ma(z0, 21) for a fixed C'. Now for each given
pair of [zo,w,] € CritAy, and [z3,wg] € CritApy,, we define

M((H, j; p); [2a wals [28,w5]) := | M((H, 5 p); 20, 255 C)
C

where C' € ma(zq,23) are the elements satistying
[Zﬁa wﬁ] = [Zﬁa wa#c} (3'10)
similarly as in (3.7). We say that (H,j;p) is Floer regular if the p-elongation
(H*, j7) is Floer regular in the sense of Definition 3.9.
Under the condition in Definition 3.9, we can define a map of degree zero
h,jip) : CF(Ha) — CF(Hp)

by the matrix element 13 ;.)([2a, Wal, [28, ws]) similarly as for the boundary map.
The conditions in Definition 3.9 then also imply that A3 ;) has degree 0 and satisfies
the identity

h(r.50) © Ota, 1) = Otp,05) © Pirt,jsp) -
Two such chain maps h(;1 31y, h(;2,2) are also chain homotopic [F12].
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3.4. Semi-positivity and transversality. In this subsection, we briefly discuss
the hypotheses imposed in Definition 3.7 and 3.9.

For the case of the boundary map Jy, ), Hofer and Salamon [HS] prove the
following

Theorem 3.3. Suppose (M,w) satisfies that there is no A € mo(M) such that
w(A)>0 and 4—n<c(A) <O.
Then the hypotheses stated in Definition 3.7 hold.
For the case of the chain map h(y ;.,), they prove
Theorem 3.4. Suppose (M,w) satisfies that there is no A € wo(M) such that
w(A) >0 and 3—n<c(4)<0.
Then the hypotheses stated in Definition 3.9 hold.
This leads one to introduce the following definition.

Definition 3.10. A symplectic manifold (M, w) is called semi-positive if it satisfies
that there is no A € mo(M) such that

w(A) >0 and 3—-n<c¢(4) <0.

For the later purpose of studying the pants product on the Floer complex, fol-
lowing Seidel [Se] and Entov [Enl], we introduce

Definition 3.11. A symplectic manifold (M,w) is called strongly semi-positive if
it satisfies that there is no A € mo(M) such that

w(A) >0 and 2-n<¢(4)<0.

For the general symplectic manifolds, one needs to use the concept of virtual
moduli cycle and abstract multivalued perturbations in the context of the Kuranishi
structure [FOn]. We will make further remarks in section 10 in relation to the
numerical estimates concerning the energy of solutions and the levels of the Novikov
Floer cycles.

3.5. Composition law of Floer’s chain maps. In this section, we examine the
composition raw
hay = gy © hap
of the Floer’s canonical isomorphism
hap : HF.(H,) — HF,(Hg). (3.11)

Although the above isomorphism in homology depends only on the end Hamilto-
nians H, and Hg, the corresponding chain map depends on the homotopy H =
{H(n)}o<n<1 between H, and Hp, and also on the homotopy j = {J(n)}o<y<1-
Let us fix nondegenerate Hamiltonians H,, Hg and a homotopy H between them.
We then fix a homotopy j = {J(n)}o<n<1 of compatible almost complex structures
and a cut-off function p: R — [0,1].

We recall that we have imposed the homotopy condition

wh] =[w #u]; [u]=C in m(z7,z") (3.12)

in the definition of M(H, J; [z, w™], [T, w']) and of M((H, j; p); [2a> wal, [28, wg))-
One consequence of (3.12) is

[zt wt] =", w#u] in T
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but the latter is a weaker condition than the former. In other words, there could
be more than one distinct elements Cy, Cy € ma(27, 2T) such that

p(z=,2501) = p(z7,275Ce), w(Cr) = w(Ca).

When we are given a homotopy (j,H) of homotopies with j = {j.}, H = {H..}, we
also define the elongations H”? of H, by a homotopy of cut-off functions p = {p,}:
we have

HP = {H* }o<r<i-

Consideration of the parameterized version of (2.20) for 0 < k < 1 defines the chain
homotopy map

Hy; : CF.(H,) — CF,(Hpg)
which has degree +1 and satisfies

Ry Haipn) = Mo Howpo) = O a1y © Hag + Hag 0 9 g0 p0). (3.13)

Again the map Hy; depends on the choice of a homotopy j and p = {p.}o<r<1
connecting the two functions pg, p1. Therefore we will denote
Hzg = He 5
as well. Equation (3.13) in particular proves that two chain maps for different
homotopies (jo, Ho; po) and (j1,H1;p1) connecting the same end points are chain
homotopic [F12] and so proves that the isomorphism (3.11) in homology is inde-
pendent of the homotopies (H, j) or of 5. Now we re-examine the equation (2.18).
One key analytic fact in the study of the Floer moduli spaces is an a priori upper
bound of the energy, which we will explain in the next section.
Next, we consider the triple

(Hon Hﬂv Hv)

of Hamiltonians and homotopies H1, Ha connecting from H, to Hg and Hg to H,
respectively. We define their concatenation Hqi#Ho = {Hs(s)}i<s<1 by

H3(S) = {H2(2s _ 1) %

[ NI

<s<
<s<1.
We note that due to the choice of the cut-off function p, the continuity equation
(2.18) is autonomous for the region |7| > R i.e., is invariant under the translation by
7. When we are given a triple (H,, Hg, Hy), this fact enables us to glue solutions of
two such equations corresponding to the pairs (Hy, Hg) and (Hg, H,) respectively.

Now a more precise explanation is in order. For a given pair of cut-off functions

p = (p1,p2)
and a positive number R > 0, we define an elongated homotopy of Hi#Ho-

Ha# (pryHa = {H (p;r)(T) } —co<r<oo
by
Hi(p1(7 +2R),t, x) T7<0

H.py (7, t,2) =
(i) (7:6,) {Hg(pg(T —2R),t,x) T > 0.



24 YONG-GEUN OH

Note that
H, for 7 < —(R; +2R)
H.r =4 Hp for —R<7<R
H, for 7> Ry + 2R
for some sufficiently large R;, Ro > 0 depending on the cut-off functions p1, po
and the homotopies Hy, Ho respectively. In particular this elongated homotopy is
always smooth, even when the usual glued homotopy Hi#Ho may not be so. We
define the elongated homotopy j1# (,;r)Jj2 of j1#j2 in a similar way.
For an elongated homotopy (j1# (p;r)Jj2, H1# (»,r)Hz), we consider the associated
perturbed Cauchy-Riemann equation

92+ I (58 = Xy (w)) = 0
lim, oo u(r) =27, lim, o u(r) = 2T

with the condition (3.12).
Now let u; and ug be given solutions of (2.20) associated to p; and py respectively.
If we define the pre-gluing map u;#gus by the formula

ur (T + 2R, t) for r<—-R

t p—
w1 #RU(T, t) {u2(T_2R’t) for >R

and a suitable interpolation between them by a partition of unity on the region
—R <7 < R, the assignment defines a diffeomorphism

(w1, uz, R) — u1# pug
from

M(jlaH1§ [z1, w1], [22,102}) X M(jé,Hz; (22, wa), [23,w3]) X (R, 00)

onto its image, provided Ry is sufficiently large. Denote by 5(7.(’]-; p) the correspond-
ing perturbed Cauchy-Riemann operator

ou | o(r) ( Ou _ )
U +— — + J; B XHg(T) (u)
acting on the maps u satisfying the asymptotic condition u(+o00) = z* and fixed
homotopy condition [u] = C € ma(27, 2z+). By perturbing u;# rus by the amount
that is smaller than the error for u;# rus to be a genuine solution, i.e., less than a
weighted LP-norm, for p > 2,

103.5:0) (W1 F# ey u2) |

in a suitable WP space of u’s (see [FI1], [F12]), one can construct a unique genuine
solution near u; # rus. By an abuse of notation, we will denote this genuine solution
also by u1# rus. Then the corresponding map defines an embedding

M(j1,H1; (21, w], [22,102]) X M(j%Hz; [22, wal, [23,w3]) X (Rp,00) —

- M (.jl#(p;R).j27 Hi# (pir) Ha; [21, w1, [23, w3]>-
Especially when we have

g ([22, wa]) — pa, ([21, w1]) = pm, ([23, w3]) — pm, ([22, w2]) = 0
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both M(j1, Hq; [z1, w1], [22, w2]) and M(ja, Ha; [22, we], [23, ws]) are compact, and
so consist of a finite number of points. Furthermore the image of the above men-
tioned embedding exhausts the ‘end’ of the moduli space

M (jl#(p;R)j27 Hi# (p;r)Ha; [21,w1], [23, w3}>
and the boundary of its compactification consists of the broken trajectories

UL F (pio0) U2 = UL HoU2.
This then proves the following gluing identity

Proposition 3.5. There exists Ry > 0 such that for any R > Ry we have

P Hy ) # oy (Hariz) = (M rin) © P zip2)

as a chain map from CF,(H,) to CF.(H).

Here we remind the readers that the homotopy H1# ,;r)Hz itself is an elongated
homotopy of the glued homotopy Hi#H,. This proposition then gives rise to the
composition law hqy = hgy © hag in homology.

4. ENERGY ESTIMATES AND HOFER’S GEOMETRY

4.1. Energy estimates and the action level changes. Let us fix the Hamilto-
nians H,, Hg and a homotopy H between them. We emphasize that H, and Hpg
are not necessarily nondegenerate for the discussion of this section.

We choose a homotopy j = {J(1) }o<n<1 of compatible almost complex structures
and a cut-off function p : R — [0, 1]. We would like to mention that the homotopies
can be constant when H, = Hpg.

Now we re-examine the equation (2.18) (also (2.15) as a special case where H = H
and j = J). One key analytic fact on the study of moduli spaces of the equations
is an a priori upper bound of the energy

2 ou
E(pr) / / aT

Je(T) a
for the solutions u of (2.18) with (3.12). In this respect, the following identity is
crucial.

2

— Xpoen (w)

) dt dr
Je(T)

Lemma 4.1. Let (H,j) be any pair and p be any cut-off function as above. Suppose
that u satisfies (2.18) with (3.12), has finite energy and satisfies

lim u(r;) =27, lim U(T;r) =zt
—00 j—o0

+

for some sequences T;~ with ;7 — —oc0 and T-+ — 00. Then we have

Ar( ) = An( ) = - |3

- /Z p'm/o (%

Corollary 4.2. Let (H,j;p) and u be as in Lemma 4.1.

Jr(T)

(t, u(r, t))) dtdr  (4.1)

s=p(T
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(1) Suppose that p is monotone. Then we have

/‘87 JP1(m) /1%1?(3515)@(4 2)
/0 —Iglil(aa[i )dt (4.3)

And (4.2) can be rewritten as the upper bound for the energy

/5 ([0 — Ar ([ w7))

Ap([z",w']) = Ar([z7,w7])

IN

IA

Jgri(T)
1
OH}
+/0 —mln( s )dt (4.4)
(2) For a general p, we instead have
1
Al = An( o) < = [IF0 [ (4.5
1 s
< / max OH; dt. (4.6)
0o TS S
And (4.6) can be rewritten as the upper bound for the energy
1 s
‘ < Ag([zF,w™) — Ar([z7,w™]) + max OH; dt. (4.7)
or J/J1<T> 0

The proof is an immediate consequence of (4.1) and omitted.

Here we would like to emphasize that the above various energy upper bounds do
not depend on u or on the choice of j or p, but depend only on the homotopy H
itself and the asymptotic condition of w.

Motivated by the upper estimate (4.3), we introduce the following definition

Definition 4.1. Let H = {H(s)}o<s<1 be a homotopy of Hamiltonians. We define
the negative part of the variation and the positive part of the variation of H by

E-(H) := /01 —rﬁi? (%j) dt
Et(H) = /Olnxl,a} (8;?9) dt.

And we define the total variation E(H) of H by
E(H) = E (H) + ET(H).
If we denote by 7~ the time reversal of H, i.e., the homotopy given by
H':se[0,1]— H'™*
then we have the identity
EX(H™Y) = EX(H) and E(H™') = E(H).

With these definitions, applied to a pair (H, j) such that their ends H(0) and H (1)
are nondegenerate, the a priori energy estimate (4.3) can be written as

[15!

ey S —Ap(u(00)) + A (u(~00)) + E7(H)
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for a monotone p, and (4.6) as

[1z!

for a general p. Here we recall that, when the Hamiltonian is nondegenerate, any
finite energy solution has well-defined asymptotic limits as 7 — + [F11].

oy S = AR((00)) + A (u(=0) + E(H)

Corollary 4.3. Let (H,J) and be given. Then for any finite energy solution u of
(2.15) with (3.12), we have

An(+t)) = An(l ) < - [ |31 (1)

In particular, when (H, J) is Floer-regular, then the associated boundary map O m, 7
satisfies

O,y (CF)(H)) € CF)(H)
and hence canonically restricts to a boundary map
Ou.y : (CFMH),0,)) — (CFNH), Om, 7))
for any real number A € R.

We denote by HF(H, J) the associated filtered homology and call it the filtered
Floer homology group.

Corollary 4.4. Suppose (H,JY) and (H*, J') are Floer regular, (H,7) is a Floer-
reqular path between them, and p is as before. Then the chain map hy j.,) satisfies

hr.s:p) (CENH)) € CEME P01y
and so canonically restricts to a chain map
hrgipy : (CENH®), g0 goy) — (CEXTE OO (HY), 001 ).

One particular case of Corollary 4.2 and Corollary 4.4 is worthwhile to mention
separately which will be used in the construction of the spectral invariants p(H;a)
later. The same result was used in [Oh3] for the spectral invariants of Lagrangian
submanifolds on the cotangent bundle.

Corollary 4.5. Let H be given. Consider two J° and J*, a cut-off function p and
the homotopy (H,j) between (H,J°) and (H,J') satisfying H = H. Then for any
finite energy solution u of (2.18) with (3.12), we have

An(=*w]) = Az o) < - [ |2

In particular, when H is nondegenerate and J°, J* are H-regular and (H,j) is
generic, then the associate chain map h(y j),, satisfies

hrepin(CENH)) C CF(H)

(4.9)

JP()_

and hence canonically restricts to a chain map
h(H] (CF*A(H)vB(H,JO)) - (OF*A(H)va(H,Jl))

and induces an isomorphism in homology for any real number A € R.
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A

(H.j):p
this, we choose any homotopy j' connecting from J! to J® such that (H,j) is
Floer-regular, and a cut-off function p. Then we consider the j#j’ which connects
from J° to J°. Now we deform j#j’ to the constant homotopy jeons: = J°. We
denote the homotopy of homotopy by j connecting from jeons; to j#5’. Then by
(4.9), (H,j) provides a chain homotopy from h(s j,,,..;p) a0d h(a gy, p (1,57 We

Proof. It remains to prove that h induces an isomorphism in homology. For

note that since jeonst = J, the elongated homotopy of (H”,j% ) becomes the
constant homotopy (H,.J°). Therefore by the Floer-regularity hypothesis of (H, J°)
as a family, we derive hg ;. . .., = id. On the other hand, by choosing R > 0
sufficiently large, we have the gluing identity

RCH, )4 iy (F1,57) = P 3p) © P50
Therefore we have proved hg j.p) © b jip) = id on HF)H,J%. By the same

argument, we also have h(g ) © h(p j;p) = id on HF}H, J*). O

4.2. Energy estimates and Hofer’s norm. We first recall some basic definitions
and facts used in Hofer’s geometry of the Hamiltonian diffeomorphism group. In
this section, we consider general time dependent Hamiltonian functions which are
not necessarily one-periodic.

We call a smooth map A : [0,1] — Ham(M,w) a Hamiltonian path. According
to Banyaga’s theorem [Ba], to any such path issued at the identity of Ham(M,w) is
associated a unique normalized smooth Hamiltonian H : [0,1] x M — R satisfying

A(t) = ¢y

We will denote the Hamiltonian path generated by H by ¢y. Therefore there is a
one-one correspondence

Cr([0,1] x M,R) «— P(Ham(M,w),id). (4.10)
For a given Hamiltonian diffeomorphism ¢ € Ham(M,w), we denote
H—¢
if ¢ = ¢}

Remark 4.2. We remind the readers that the one-one correspondence (4.10) holds
only in the smooth category. It is a fundamental task to understand what is hap-
pening when we go down to the Hamiltonians with low regularity, especially in the
continuous category. We refer to [Oh10] for a detailed study of this issue.

We recall the standard definitions

1 1
E (H) = /—mintht, E*(H):/ max Hy dt
0 z 0 T
1
|H| (= E(H)) = E+(H)—|—E_(H):/(math—minHt)dt
0 xr xr

used in Hofer’s geometry. (See [Po3] for example.)
Note that when H is the linear homotopy

HI s (1 — s)Hy + sHy
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between H; and Hy, E*(H!™) and E(H'™) just become E*(Hy — H;), and || Hy —
Hi||, respectively. In fact, E*(H) or E(H) correspond to the variations of the
linear path
s€[0,1] — sH

in the sense of Definition 4.1. On the other hand, when H is non-autonomous, this
linear path does not seem to have much intrinsic meaning in terms of the geometry
of Ham(M,w) itself. It would be desirable to discover more intrinsic invariants
attached to a Hamiltonian path A € P(Ham(M,w), id).

We first state the following basic facts in the algebra of Hamiltonian functions.
(See [Hol)).

Proposition 4.6. Let H and F be arbitrary Hamiltonians, not necessarily one-
periodic.

(1) If H — ¢, H — ¢~ ' where H is defined by
ﬁ(f,I) = 7H(t7 (th(‘T))
(2) If H— ¢, F — 1, then we have
H#F s ot
where H#F' is the Hamiltonian defined by
(H#F)(t,x) :== H(t, ) + F(t, (65) " ().

Corollary 4.7. Ham(M,w) C Symp(M,w) forms a Lie subgroup and its associ-
ated Lie algebra is (anti)-isomorphic to (Co0(M),{-,-}) where {-,-} is the Poisson
bracket associated to w.

Remark 4.3. We would like to mention that, even when H ~ F
IH # 1.
Therefore the map H — || H|| does not push down to the universal (étale) covering
space m : Ham(M,w) — Ham(M,w). One standard way of defining an invariant
for the elements h € Ham(M,w) is by taking the infimum
h||:= inf ||H|| = inf 1 . 4.11

Il := fnf |Hl = inf leng(¢n) (4.11)

This function o
h € Ham(M,w) — ||| € Ry

is not a priori continuous with respect to the natural topology on %(M,w).
However we will see later that our construction in [Oh9], [Oh11] naturally provides

a continuous invariant of h € Ham(M, w).

Definition 4.4. [The Hofer norm] For ¢ € Ham(M,w), the Hofer norm, denoted
by ||#]l, is defined by
= inf |[|H||(= inf [&[]).
ol := jinf IEI( ~inf [172]])

Then except the proof of nondegeneracy, the proof of the following theorem is
straightforward. Nondegeneracy was proven by Hofer [Hol] for C", by Polterovich
[Pol] for tame rational symplectic manifolds, and by Lalonde-McDuff [LM1] in
complete generality.

Theorem 4.8. Let ¢, v € Ham(M,w). Then we have
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(1) (Symmetry) ¢~ = o]

(2) (Triangle inequality) [|¢] < o[l + |||l

(3) (Symplectic invariance) ||n¢n=1|| = ||@|| for any symplectic diffeomorphism
7.

(4) (Nondegeneracy) ||¢|| = 0 if and only if ¢ = id.

We now note that for the linear path
HY™ s (1 — 8)H, + sHg

we have
E*(H"™) = E*(Hp — Ha)
and in particular, the pseudo-norms E*(H) and || H| correspond to the variation
of the linear path
s— sH

connecting the zero Hamiltonian to H.
Taking the infimum of E(H) over all H with fixed end points H(0) = H° and
H(1) = H', we have the inequality

i%f{E(H) | H(0) = H°, H(1) = Hl} < |H' - H|

which is a strict inequality in general. It seems to be an interesting problem to
investigate the geometric meaning of the quantity in the left hand side.
Next, we consider the triple

(Hav Hﬁv H’v)

of Hamiltonians and homotopies H1, Hy connecting from H, to Hg and Hg to H,
respectively. We define their concatenation H;#Hs as defined in subsection 3.5.
From the definitions of E* and E for the homotopy H above, we immediately have
the following lemma

Lemma 4.9. All E* and E are additive under the concatenation of homotopies.
In other words, for any triple (Hn, Hg, Hy) and homotopies Hi, Ha as above, we
have

E*(H1#Hy) = EX(Hy) + EX(Hy).
The same additivity holds for E.

4.3. Level changes of Floer chains under the homotopy. In this subsection,
we consider nondegenerate Hamiltonians H and the Floer regular pairs (H,J).
Similarly we will only consider the Floer regular homotopy (H, j) connecting those
Floer regular pairs. We also consider homotopy of homotopies, (H,j) with H =
{Hi}to<w<i a nd j = {j.}to<n<1 and the induced chain homotopy map Hy =
He o

The following proposition shows how the level of o changes under the various
Floer operators.

Proposition 4.10. Suppose that p is a (positively) monotone cut-off function.

(1) Au (0,5 () < Au(a) for an arbitrary Floer chain c.
(2) A (herjip) (@) < Ago(a) + E7(H) for an arbitrary choice of p
(3) Am (Hyg(a)) < Ago(a) + max,ejo1) £ (Hy).
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Proof. (1) and (2) are immediate consequences of Corollary 4.2.

For the proof of (3), let [2/,w'] € CritAy: be the peak of the chain. By the
definition of the chain map Hy (), there exists a generator [z, w] € Crit.Ago and
a parameter £ € (0,1) such that the equation

ou ou

U g ( T xo, = .
o (875 X (u)) 0 (4.12)

with the asymptotic condition
u(—00) = [z,w], u(oo) = [z, w']
has a solution for some generator [z, w] of @. Then by (4.5), we derive
A ([2,w']) — Apo([2,w]) < E™ (Hy)
ie.,
Apps (') < Agpo([2]) + B~ (). (4.13)
Since we have chosen [z’,w’] to be the peak of Hy (), applying (4.5) for the pair
(Hs, jr) using the arguments similar to the above, we prove
A (Hyg(a)) < Apo(a) + E7 (Hy).

By taking the supremum of the right hand side of this inequality over x € (0,1),
we have proved (3). O

Remark 4.5. We would like to emphasize that the (H,,j.) is not Floer-regular,
but a minimally degenerate pair, and that (3) is not a special case of (2).

We denote

E~(H) := E~(H,).
(H) max (Hx)

Then we have the following corollary of Proposition 4.10 (3).

Corollary 4.11. Let (H°,J°) and (i{l, JY) be two Floer regular pairs. Consider
a generic homotopy of homotopies, (H,j) with
H = {Huto<r<1:d = {intoznza

where each H,, is a homotopy connecting (H®,J%) and (H',J*). Then the induced
chain homotopy map Hy = H(g’}p) satisfies

Hy (CFNH®)) ¢ CFME (O ().

4.4. The e-regularity type invariants. We recall a well-known invariant of the
almost Kéhler structure (M,w, Jy) defined by

A(w, Jo) := inf{w(v) | v: §% — M is non-constant and ;v = 0}.

This is known to be positive. We call A(w, Jp) the e-regularity invariant because its
positivity is a consequence of the so called the e-regularity theorem in the geometric
analysis [SU]. We refer to [Oh9] for the details of such a proof.

We now generalize this invariant for any compact family K C J,, of compatible
almost complex structures. Let

K:[0,1]" = T,
be a continuous n-parameter family in the C''-topology, and define A(w; K) be the

constant

Aw K) = inf {A(w, J(,-;))}.



32 YONG-GEUN OH

This is always positive (see Proposition 8.5), and enjoys the following lower semi-
continuity property. We refer to [Oh11] for its proof.

Proposition 4.12. A(w; K) is lower semi-continuous in K. In other words, for
any given K and 0 < € < A(w; K), there exists some § = §(K,€) > 0 such that for
any K' with | K’ — K||c» < 8§ we have

Alw; K') > A(w; K) — e

We now introduce two other invariants of the e-regularity type associated to
the perturbed Cauchy-Riemann equations. We first remark that our family J =
{Jt}o<i<1 is a special case of the compact family K above with n = 1.

Let H be a given nondegenerate Hamiltonian function and consider the per-
turbed Cauchy- Riemann equation

u U

for each H-regular J. We call a solution u stationary if it is 7-independent. We
define

2
A(p,g) = inf { / ’%’] ’ u satisfies (2.15) and is not stationary }

and 2
A‘(‘H’J) = inf{/’E’J ’u satisfies (2.15) and ppy(u) = 1}.

The positivity of A¢g, 5y is an easy consequence of the Gromov compactness type

theorem (see [Oh9] for details of such a proof). Obviously we have A’(LH,J) > A,

Then we can strengthen the statement (1) of Proposition 4.10 to the following
inequality
)\H(a(H,J)(a)) < )\H(Oz) — A?HJ) (4.14)

for an arbitrary Floer chain a.

5. DEFINITION OF SPECTRAL INVARIANTS AND THEIR AXIOMS

5.1. Floer complex of a small Morse function. We start this section with the
study of the Floer complex (CF(H),0(,)), as a complex with the Novikov ring
as its coeflicients, for the special case

H = efv J= JO

when € > 0 is sufficiently small. Here f is any Morse function. The following
theorem was essentially proven by Floer in [F12]. Also see [HS], [FOn], [LT1].

Theorem 5.1. Let f be any small Morse function on M and Jy be a compatible
almost complex structure such that f is Morse-Smale with respect to the metric g7, .
Then there exists eg > 0 such that for all 0 < € < €y we have the chain isomorphism

(CE(€f), Dcforo)) = (CM*(—ef),a(A{g;;f;,o)) @ AL.

Once we have this theorem, applying the Poincaré duality

(CM*(—ef),oMomse Y o2 (C My, _.(—€f),0Momse 1y,

(—ef.914) (—ef.909)
we have the natural canonical isomorphism

H*(M)® A" =2 HF,(ef, Jo) =: HF,(ef)
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as a Q-vector space. Here the grading * in HF, stands for the degree of the Floer
cycle a which is provided by the Conley-Zehnder index of its generators. We refer
to [Oh8] (and also to 7.2) for a detailed discussion on this grading problem.

We also recall that H*(M) ® Al is isomorphic to the quantum cohomology
QH*(M) as a Al -module, by definition. In this sense, the complex

(CM*(—ef), 6(1¢55, )) @ AL
provides the chain complex of the quantum cohomology. Composing the isomor-
phism
QH*(M)= H*(M)® A" = HF,(ef) = HF,(H)
after incorporating a grading consideration, we obtain a natural isomorphism
QH""(M) = HF(H)

as a graded Q-vector space. We would like to emphasize that for non-exact (M, w),
there will be no isomorphism between them, unless we reverse the direction of the
Nowikov rings. We recall that QH* (M) is a module over A, while HF,(H) is one
over AL.

5.2. Definition of spectral invariants. For each given (homogeneous) quantum
cohomology class a € QH*(M), we denote by a” = a}; € HF,(H,.J) the image
under the above isomorphism. We denote by

ix: HFMH,J) — HF,(H,.J)
the canonical inclusion induced homomorphism.
Definition 5.1. Let H be a nondegenerate Hamiltonian and J be H-regular. For

any given 0 # a € QH*(M), we consider Floer cycles o € ZF,(H,J) C CF.(H) of
the pair (H,.J) representing a’. Then we define

p((H,J);a) := inf Ag(a),

aslal=a
or equivalently
p((H,J);a) :=inf{\ e R | a’” € Im iy c HF,(H,J)}.

We will mostly use the first definition in our exposition, which is more intuitive
and flexible to use in practice. The following theorem was proved in [Oh8]. Because
its proof illustrates the typical argument in our chain level mini-max theory, we
provide more details of the proof than we did in [OhSg].

Theorem 5.2. Suppose that H is nondegenerate and let 0 # a € QH*(M).
(1) We have p((H,J);a) > —oco for any H-regular J.
(2) The definition of p((H,J);a) does not depend on the choice of H-regular
J’s. We denote by p(H;a) the common value.

Proof. We will give the proof in several steps. We write the quantum cohomology

class a as
a= Z aAqu.
Ael’
Let T'(a) C T be the support of a, i.e., the set of A € T with ag # 0 in this sum.
By the definitions of the quantum cohomology and of the Novikov ring, we can
enumerate I'(a) = {A,}jez, so that

W(—A1) < w(—Ag) < - <w(—Aj) <+ — 00
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or equivalently
w(Ar) > w(Az) > - > w(4;) - —0

In that case, we denote A; =: A,.

Definition 5.2. For each homogeneous element
a=Yaecraaq " € QHNM), as€ H'(M,Q) (5.1)
of degree k, we define v(a) by
v(a) =w(—A1)

and call it the level of a. And we define the leading order term of a by

o(a) :==aa,q M.

We also call a4, the leading order coefficient of a.

Note that the leading order term o(a) of a homogeneous element a is unique
among the summands in the sum by the definition of T'.

Step 1. We first prove the following proposition.

Proposition 5.3. Suppose that J is H-regular and p((H,J);a) is finite, i.e.,
p((H,J);a) > —oco. Then p((H,J');a) is also finite for any other H-regular J'
and satisfies

p((H, J);a) = p((H,J'); a).

Proof. Let o/ € CF(H) be a Floer cycle of (H,J') with [@/] = a”. We choose
a generic homotopy j' = {J'(s)}o<s<1 satisfying J'(0) = J" and J'(1) = J the
constant homotopy H = H, and pick a cut-off function p’. We then consider
the corresponding chain map hg 1),y : CF(H) — CF(H) and the image cycle
hjry.p(e)) of (H,J). Since [h(g j).,(e')] = o’ in HF,(H,J), we have

)\H(h(H,j’);p<al>) > p((H, J); a). (5.2)
On the other hand, Corollary 4.5 implies
i (i jryp(@’)) < A (a) (5.3)

Combining (5.2) and (5.3), we have obtained
An(a') = p((H, J);a).
By taking the infimum over all Floer cycles o’ of (H, J'), we obtain
p((H, J");a) = p((H, J); a). (5.4)

In particular, we have also proven that p((H,J’);a) is finite. Once we have proved
finiteness of p((H,J');a), we can change the role of J and J’, we have also obtain
the opposite inequality

p((H,J);a) = p((H,J'); a)
and hence p((H,J");a) = p((H, J);a). This finishes the proof. O

Step 2. Let f be any Morse function and Jy be a compatible almost complex
structure such that the pair (—e€f, gs,) is Morse-Smale. We fix a sufficiently small
e > 0 so that Theorem 5.1 holds. We will prove the finiteness of p((ef, Jo); a), which
corresponds to the linking property of the classical critical point theory (see [BnR]
for example).
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Let a € ZF(ef,Jo) C CF(ef) be a Floer cycle representing a’. It follows from
Theorem 5.1 that o has the form

a = ZaAqA

where aoy € CM,.(—€f) is a Morse cycle of (—¢f, g,), i-e.,

Morse _
O=efogsg)@a =0

and its corresponding homology class satisfies [xa] = PD(a4), the Poincaré dual
to as. Since [a] = a” # 0, there is at least one oy whose Morse homology class
of —ef is not zero. By removing the boundary terms from «, which only possibly
decreases the level of chains, we obtain the following lemma, whose proof we refer
to [OhS].

Lemma 5.4. There exists another Floer cycle o/ € ZF,(ef,Jo) such that o and
a are homologous, and o' has the form

o = Y ag?
A€l (a)
such that [o/y] = PD(a4) and Aef() < Acp(a).
The upshot of this lemma is that, as far as the mini-max process is concerned,
we can safely fix the support of a to be the set I'(a) C I' when we choose the mini-
maxing cycle « in the class a”, which does not depend on o but depends only on

the class a.
The following is a standard fact in the finite dimensional critical point theory.

Lemma 5.5. For a given singular homology class B € H,(M), we have
)\K'}rse(v) > min(—ef) > —emax f
for any Morse cycle v with [y] = B.
Lemma 5.5 and 5.4 then imply
Aef(@) > Aep(@) > —emax f — w(A,) > —oc.
Then by taking the infimum over all a with [a] = a, we have obtained

pl(ef. In)sa) = inf Aeg(0) > —emax f — w(4y) > oo,

Once have proven the finiteness of this infimum for the pair (ef, Jy), Proposition
5.3 implies that p((ef, J);a) does not depend on the choice ef-regular J.

Step 3. Let (H,J) be any Floer-regular pair. We consider any generic path H
satisfying H(0) = H and H(1) = ef, j with J(0) = J and J(1) = Jy and a cut-off
function p, such that (M, j;p) is Floer-regular. Let hy jy,p) : CF(H) — CF(ef)
be the associated chain map. By the similar argument used in Step 1 using (4.6)
applied to the homotopy H, we have obtain

p((ef,Jo);a) < p((H,J);a) + E~(H)
and so
o(H. J):0) > pl(ef, Jo):a) — E~(H) > o0, (5.5)
This finishes the proof of finiteness of p((H,J);a). Then Proposition 5.3 proves

that p((H, J); a) does not depend on the choice of H-regular pair. Hence the proof
of the theorem. O
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The following proposition can be proven by the similar arguments used in the
proof of (5.5) by considering the homotopy connecting H and K that is arbitrarily
close to the linear homotopy

s— (1-s)H + sK.
We omit its proof referring to [Oh8] for the details of the proof.

Proposition 5.6. For any nondegenerate H, K, we have
~EY(H - K) < p(H;a) - p(K;a) < E~(H - K).

In particular, p, : H — p(H;a) is continuous in the C°-topology or (in the L1 -
topology) and hence can be continuously extended to C2,([0,1] x M;R).

5.3. Axioms of spectral invariants. In this subsection, we state basic properties
of the function p in a list of axioms.

Theorem 5.7. Let (M,w) be arbitrary closed symplectic manifold. For any given
quantum cohomology class 0 # a € QH*(M), we have a continuous function de-
noted by

p:Hm x QH (M) - R

such that they satisfy the following axioms: Let H, F € H,, be smooth Hamiltonian
functions and a #0 € QH*(M). Then p satisfies the following azioms:
(1) (Projective invariance) p(H; A a) = p(H;a) for any 0 # X € Q.
(2) (Normalization) For a = >, raaq™?, we have p(0;a) = v(a) where 0
s the zero function and

v(a) := min{w(—A) | as # 0} = —max{w(A) | ax # 0}.

is the (upward) valuation of a.

(3) (Symplectic invariance) p(n*H;a) = p(H;a) for any symplectic diffeo-
morphism n

(4) (Triangle inequality) p(H#F;a-b) < p(H;a) + p(F;b)

(5) (CV-continuity) |p(H;a)—p(F;a)| < | HAF| = |H~ F| where ||| is the
Hofer’s pseudo-norm on H,,. In particular, the function p, : H — p(H;a)
is CO-continuous.

Proof. The projective invariance is obvious from the construction. The C°-continuity
is an immediate consequence of Proposition 5.6. We postpone the proof of triangle
inequality to section 7. For the proof of symplectic invariance, we consider the
symplectic conjugation

¢—non~ Y Ham(M,w) — Ham(M,w)

for any symplectic diffeomorphism 7 : (M,w) — (M, w). Recall that the pull-back
function n, H given by
nH(t,x) = H(t,n™ ()

generates the conjugation n¢n~—! when H +— ¢. We summarize some basic facts on

this conjugation relevant to the filtered Floer homology here:
(1) when H — ¢, n.H — nén”*,
(2) if H is nondegenerate, 0, H is also nondegenerate,
(3) if (H,J) is Floer-regular, then so is (n..J, n.H),
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(4) there exists natural bijection 7, : Qo(M) — Qo(M) defined by

nx([2,w]) = ([ o 2,10 w])

under which we have the identity

AH([Z,U)D = AmH(n*[szD'

(5) the L2-gradients of the corresponding action functionals satisfy

n-(grad ; An)([z, w]) = grad,,_;(An. m) (0. ([2, w]))

(6) if u: R x S' — M is a solution of perturbed Cauchy-Riemann equation for
(H,J), then n,u = now is a solution for the pair (n.J,n.H). In addition,
all the Fredholm properties of (J, H,u) and (n.J, n.H, n.u) are the same.

These facts imply that the conjugation by n induces a canonical filtration preserving
chain isomorphism

e« (CFMH), O,y) — (CFX(nH), 0. 11, 7))

for any A € R\ Spec(H) = R\ Spec(n.H). In particular it induces a filtration
preserving isomorphism

ne: HF)(H,J) — HF}(n. H,n.J).

in homology. The symplectic invariance is then an immediate consequence of our
mini-max procedure used in the construction of p(H;a). O

By the one-one correspondence between (normalized) H and its associated Hamil-
tonian path ¢g : ¢ — @Y, one can regard the spectral function

pa s O ([0,1] x M) — R
as a function defined on P(Ham(M,w);id), i.e.,
po : P(Ham(M,w),id) — R

as described in [Oh10]. Here we denote by P(Ham(M,w),id) the set of smooth

Hamiltonian paths in Ham(M,w) and by fl_c;r/n(M,w) the set of path homotopy
classes on P(Ham(M,w),id), i.e., the (étale) universal covering space of Ham(M,w)

in the sense of Appendix 2 [Oh10]. We equip I?(\z_r/n(M ,w) with the quotient topol-

ogy.
An important question to ask is then whether we have the equality

p(H;a) = p(K;a)

for any smooth functions H ~ K satisfying [H] = [K] so that p, pushes down to
Ham(M,w). We will discuss this in the next section.

6. THE SPECTRALITY AXIOM

One of the most nontrivial properties of the spectral invariants p(H;a) is the
following property.

(Spectrality) For any H and a € QH*(M), we have
p(H;a) € Spec(H). (6.1)



38 YONG-GEUN OH

We proved this spectrality axiom on any rational symplectic manifold in [OhS].
On the other hand, we have proven only the following weaker version on irra-
tional symplectic manifolds [Oh11]. We suspect that the spectrality could fail if the
Hamiltonian is highly degenerate on nonrational symplectic manifolds.

(Nondegenerate Spectrality) For any nondegenerate H anda € QH* (M), (6.1)
holds.

Before studying these axioms in general, let us state one important consequence
thereof.

6.1. A consequence of the nondegenerate spectrality axiom. The following
proposition shows that the function p, pushes down to Ham(M, w) as a continuous
function.

Theorem 6.1 (Homotopy invariance). Let (M,w) be an arbitrary closed sym-
plectic manifold. Suppose that Nondegenerate Spectrality Aziom holds for (M,w).
Then we have

p(H;a) = p(K;a) (6.2)
for any smooth functions H ~ K satisfying [H] = [K].

Proof. We first consider nondegenerate Hamiltonians H, K with H ~ K. We now
recall the following basic facts:

(1) Nondegeneracy of a Hamiltonian function H depends only on its time one
map ¢ = ¢y

(2) The set Spec(H) C R, which is the set of critical values of the action
functional Ap is a set of measure zero (see [Lemma 2.2, Oh5]).

(3) For any two Hamiltonian functions H, H' — ¢ such that [¢, H] = [¢, H'],
we have

Spec(H) = Spec(H")

as a subset of R provided H, H' satisfy the normalization condition (1.2)
(see [Oh6] for the proof).

(4) The function H — p(H;a) is continuous with respect to the smooth topol-
ogy on C2°(S* x M) (see [Oh5] for its proof).

(5) The only continuous functions on a connected space (e.g., the interval [0, 1])
to R, whose values lie in a measure zero subset, are constant functions.

Since H ~ K, we have a smooth family H = {H(s) }o<s<1 with H(0) = H and
H(1) = K. We define a function A : [0,1] — R by

A(s) = p(H(s);a).

Note that H(s) is nondegenerate since their time one map is qﬁ}{( 9= ¢}, for all
s € [0,1], and that its image is contained in the fized subset

Spec(h) C R

independent of s, where h is the path homotopy class [H] = [K]. This subset
has measure zero by (1) above and so totally disconnected. Therefore since the
function X is continuous by the C%-continuity axiom, A must be constant and so
p(H;a) = A(0) = A(1) = p(K;a), which finishes the above proof for the nondegen-
erate Hamiltonians.
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We like to emphasize that at this moment, because we do not know validity of
the spectrality axiom for degenerate Hamiltonians, the scheme of the above proof
used for the nondegenerate case cannot be applied to degenerate Hamiltonians.

Suppose H ~ K which are not-necessarily nondegenerate. We approximate H
and K by sequences of nondegenerate Hamiltonians H; and K; in the C* topology
respectively. We note that the Hamiltonian

K#H#EK

generates the flow ¢% o ¢ o (¢4 )", which is conjugate to the flow ¢f;, and is
nondegenerate. Therefore we have

p(Hisa) = p(K#H,#K; a) (6.3)
by the symplectic invariance of p. On the other hand, since H ~ K, we have
K#H#K ~ K#H#H.

Since both are nondegenerate, the above proof of (6.2) for the nondegenerate Hamil-
tonians implies

p(K#H,#K;a) = p(K#H#H;a). (6.4)
By taking the limits of (6.3) and (6.4) and using the continuity of p(-;a), we get
p(H;a) = p(K#H#K;a) = p(K#H#H;a) = p(K;a)

where the last equality comes since H#H = 0. Hence the proof. O

Therefore we can define the function p, : %(M ,w) — R by setting
p(h;a) == p(H;a) (6.5)

for a (and so any) H satisfying [H]| = h, whether h is nondegenerate or not. This
defines a well-defined function

Pa %(M,w) — R
Theorem 6.2. The fung\z_o/n pa defined by (6.5) is continuous to %(M,w) in
the quotient topology of Ham(M,w) induced from P(Ham(M,w),id).
Proof. Recall the definition of the quotient topology under the projection
7w : P(Ham(M,w),id) — ﬁar/n(M,w).
We have proved that the assignment
H v p(H; a) (6.6)

is continuous on C*°([0,1] x M). By the definition of the quotient topology, the
function

Pa %(Mm}) —R
is continuous, because the composition
paom:P(Ham(M,w),id) — R,

which is nothing but (6.6), is continuous. O
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6.2. Spectrality axiom for the rational case. In this subsection, we will prove
the full Spectrality Axiom for the rational symplectic manifolds [OhS].

We first recall a useful notion of canonical thin cylinder between two nearby
loops. For the reader’s convenience, we provide its precise description following
[Oh8]. We denote by J,.5 a fixed compatible almost complex structure and by exp
the exponential map of the metric

g =w(, Jref).

Let ¢(g) be the injectivity radius of the metric g. As long as d(z,y) < t(g) for the
given two points of M, we can write

y = exp, (&)

for a unique vector £ € T, M. As usual, we write the unique vector £ as
¢ = (exp,) "L (v).

Therefore if the C° distance dco(z,2") between the two loops
2,2 St M

is smaller than ¢(g), we can define the canonical map

u 0,1 x S* — M

by
uZ )t (s,1) = exp,y)(&exr (1), or  &w(t) = (expz(t))fl(z’(t)). (6.7)

It is important to note that the image of uS2" is contained in a small neighborhood of
z (or 2’), and uniformly converges to z., when z and 2z’ converge to a 1l0op 2z in the
C' topology. Therefore u¢?? also picks out a canonical homotopy class, denoted by

zz'!

[u¢e7], among the set of homotopy classes of the maps u : [0,1] x ST — M satisfying

zz

the given boundary condition
w(0,t) = 2(¢), wu(l,t)=2'(t).
The following lemma is an important ingredient in our proof.

Lemma 6.3. Let z, 2/ : S* — M be two smooth loops and u® be the above
canonical cylinder. Then as dgi(z,2') — 0, then the map u%? converges in the

zz!
Cl-topology, and its geometric area Area(u®™) converges to zero. In particular,
we have the followings:
(1) For any bounding disc w of z, the bounding disc

can

w' = wH#ulY

of w' is pre-compact in the C'-topology of the maps from the unit disc.

/ w—0 (6.8)

zz

(2)

as dci(z,2') — 0 as 2/ — z.

Proof. (1) is an immediate consequence of the explicit form of u¢%" above and from
the standard property of the exponential map.

On the other hand, from the explicit expression of the canonical thin cylinder
and from the property of the exponential map, it follows that the geometric area
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can

Area(u2?) converges to zero as dgoi(z, 2’) — 0 by an easy area estimate. Since z, 2’

are assumed to be C!, it follows ue? is C and hence the inequality

can
Area(uil") > ‘/ w’.
uqan
i

This implies

lim w =0,
Jj—o00 ucan
200

which finishes the proof. O

The following theorem was proved by the author in [Oh8] from which we borrow
its proof verbatim.

Theorem 6.4. Suppose that (M,w) is rational. Then for any smooth one-periodic
Hamiltonian function H : S* x M — R, we have

p(H;a) € Spec(H)
for each given quantum cohomology class 0 # a € QH*(M).

Proof. We need to show that the mini-max value p(H;a) is a critical value, or that
there exists [z, w] € Qo(M) such that

Ap([z,w]) = p(H;a)
dAg([z,w]) = 0, ie, 2Z=Xpg(2).

The finiteness of the value p(H;a) was already proved in subsection 5.2. If H
is nondegenerate, we just use the fixed Hamiltonian H. If H is degenerate, we
approximate H by a sequence of nondegenerate Hamiltonians H; in the C? topology.
Let peak(a;) = [#,w;] € CritAgy, be the peak of the Floer cycle «; € CF,(H;),
such that

lim A, [z, wi]) = p(H; a). (6.9)

J—00

Such a sequence can be chosen by the definition of p(-; a) and its finiteness property.

Since M is compact and H; — H in the C? topology, and %; = X, (2;) for all 4,
it follows from the standard boot-strap argument that z; has a subsequence, which
we still denote by z;, converging to some loop zs : S* — M satisfying 2 = Xg(2).
Now we show that the sequence [z;,w;] are pre-compact on QO(M ). Since we fix
the quantum cohomology class 0 # a € QH*(M) (or more specifically since we fix
its degree) and since the Floer cycle is assumed to satisfy [a;] = a”, we have

pr, ([zi, wi]) = pm, ([25, w5]).

Lemma 6.5. When (M,w) is rational, CritAx C Qo(M) is a closed subset of R
for any smooth Hamiltonian K, and is locally compact in the subspace topology of
the covering space

71 Qo(M) — Qo(M).

Proof. First note that when (M,w) is rational, the covering group I' of 7 above is
discrete. Together with the fact that the set of solutions of 2 = Xk (z) is compact
(on compact M), it follows that

Crit(Ag) = {[z,w] € Q(M) | 2 = Xk(2)}

is a closed subset which is also locally compact. O
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Now consider the bounding discs of z,, given by
U] — wl#ucan

for all sufficiently large i, where u§s = uZ?? is the canonical thin cylinder between
z; and zo.. We note that as i — oo the geometrlc area of u{" converges to 0.
We compute the action of the critical points [z00, w]] € CrltAH,

A (o, wl]) = f//wf/o H(t, 200 (1)) dt (6.10)

_ /w:w/ufg:w/olH(t,zoo(t))dt
_ (—/wiW—/OlHi(t,zi(t))dQ
_/uggo"w_ (/OlH(t,zoo(t))dt—/OlHi(t,zi(t))dt)

= AHi([Zivwi])—/ w

—(/OlH(Lzoo(t))dt—/Ol Hi(t,zi(t))dt>. (6.11)
Since z; converges to zs, uniformly and H; — H, we have
(/OlH(t,zoo(t))dt/OIH(t,zi(t))dt) 0. (6.12)
Therefore combining (6.9), (6.10) and (6.12), we derive
hm AH([ZOO’ i) = p(H;a).

In particular Ag ([200,w}]) is a Cauchy sequence, which implies

/
i

/. / = [ (o) = At (200 0] = 0

/ w — 0.
w;#ﬁ;

Since T is discrete and [ , ,—, w € I', this indeed implies that
wi#wj

/ w=0 (6.13)
wi#ﬁ;

for all sufficiently large i, j € Z,. Since the set {fw, w} . is bounded, we
1€y

i

i.e.,

conclude that the sequence j; ,» w eventually stabilize, by choosing a subsequence if
necessary. Going back to (6.10), we derive that the actions

Ap ([2o0, wi])
themselves stabilize and so we have

An([z00s wi)) = lim Apr (2, wl)) = plH:a)
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for a fixed sufficiently large N € Z,. This proves that p(H;a) is indeed the value
of Ap at the critical point [z, wy]. This finishes the proof. O

6.3. Spectrality for the irrational case. In fact, an examination of the proof
of Theorem 6.4 proves a stronger fact which we now explain. We recall that if
H, H' are nondegenerate and sufficiently C?-close, there exists a canonical one-one
correspondence between the sets of associated Hamiltonian periodic orbits. We
call an associated pair any such pair (z, z’) of Hamiltonian periodic orbits of H, H’
mapped to each other under this correspondence. The following is proved in the
Appendix of [Oh8] whose proof we omit.

Proposition 6.6. Suppose that H, H' are nondegenerate and sufficiently C? close.
Let (z,2") be an associated pair of H, H'. Then we have

pa [z, w]) = pa (2, wiegl']). (6.14)
We derive
2e1([wigwy]) = 2ei([wituisd #w;Fusel])
= 2¢1 ([wituill #uje #w;))
= pa ([0, wi]) = o ([0, wibuGd#uRl])- - (6.15)

The third equality comes from the index formula

pr [z, w#A]) = pu([z,w]) — 2c1(A).
On the other hand, we derive

pm, (20, wiH#uSos #0550 ]) = pa, ([, wi#uZiD]) = p, (25, wi])

when 4, j are sufficiently large. Here the first equality follows since u{2#uss is

homotopic to the canonical thin cylinder uijg{, and the second comes from (6.14).

On the other hand, [z;, w;] and [z;, w;] satisfy
pm([zi, wil) = p, (25, w;]) (6.16)

because they are generators of Floer cycles o; and «; both representing the same
Floer homology class a” and so having the same degree. Hence combining (6.14)-
(6.16), we obtain

c1([wi#w]]) =0 (6.17)
for all sufficiently large i, j. Combining (6.13) and (6.17), we have proved

(200, W] = [z, W] in Qo(M).

If we denote by [2o0, Woo] this common element of (NIO(M), we have proven that the
sequence [z;, w;] converges to a critical point [zeo, Weo] of Ag in the topology of the
covering space 7 : Qo(M) — Qo (M). This finishes the proof.

For the irrational case, the sequence [zo,w}] used in the above proof will not
stabilize, and more seriously the action values Ap([200, w}]) may accumulate at a
value in R\ Spec(H). Recall that in the irrational case, Spec(H) is a dense subset
of R. Therefore in the irrational case, one needs to directly prove that the sequence
has a convergent subsequence in the natural topology of SNIO(M ). It turns out that
the above limiting arguments used for the rational case cannot be carried out due
to the possibility that the discs w; could behave wildly in the limiting process. We
emphasize that in the irrational case, the projection 7 : Qo(M) — Qo(M) defines



44 YONG-GEUN OH

a covering only in the étale sense (see Appendix [Oh10] for the precise meaning of
this), but not in the ordinary sense. As a result, proving such a convergence is not
possible in general even for the nondegenerate case for a given mini-max sequence
of critical points [z;,w;] satisfying (6.10). One needs to use a mini-max sequence of
cycles instead. This scheme is exactly what we have carried out in [Oh11], which
however turns out to be a highly nontrivial matter to carry out.

Theorem 6.7. Let (M,w) be an arbitrary closed symplectic manifold. Then the
Nondegenerate Spectrality Aziom holds.

We refer to [Ohl11] for the complete details of the proof and many other basic
ingredients in the chain level Floer theory

To go to the case of degenerate Hamiltonians from this theorem, it is unavoidable
to use the approximation arguments above as in the rational case. Therefore one
has to work with the action functional Ag in the spirit of the general critical point
theory as in [BnR]. One important point of the chain level theory we develop in
[Oh5]-[Oh11] is that it has certain continuity property when Hamiltonian functions
become degenerate, even in the irrational case where Spec(H) is a dense subset
of R. Our chain level Floer theory developed in [Oh5]-[Oh11] should be regarded
as the mini-mazx theory of the action functional, while the usual Floer homology
theory is the Morse theory of the action functional. For this reason, we call our
chain level theory the Floer mini-maz theory. However this mini-max theory still
meets the same kind of difficulty mentioned above, and cannot prove the spectrality
axiom for general degenerate Hamiltonians on irrational symplectic manifolds. (See
Remark 2.5 for some related comments.) It would be very interesting to see if this
difficulty is something intrinsic for this case. -

We summarize the basic axioms of the invariant p : Ham(M,w) x QH*(M) — R
in the following theorem, whose proofs immediately follow from Theorem 5.7 and
6.7

Theorem 6.8. Let (M,w) be any closed symplectic manifold. Let h, k € EEL_T/YL(M, w)
and 0 £ a € QH*(M). Then for each 0 # a € QH*(M), the function
Pa ﬁ&/n(M,w) —R
is continuous, and the function
p: Ham(M,w) x QH*(M) — R
satisfies the following axioms:

(1) (Nondegenerate spectrality) For any nondegenerate h, p(h;a) € Spec(h)
for all0 #£a € QH*(M).

(2) (Projective invariance) p(¢; Aa) = p(¢;a) for any 0 # X € Q.

(3) (Normalization) For a =" ,.raaq™*, we have p(0;a) = v(a) where 0
is the identity in %(M, w) and

v(a) := mgn{w(fA) | ag # 0} = —max{w(A) | as # 0}.

is the (upward) valuation of a.
(4) (Symplectic invariance) p(nhn~t;a) = p(h;a) for any symplectic diffeo-
morphism n

(5) (Triangle inequality) p(h - k;a-b) < p(h;a) + p(k;b)
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(6) (C°-continuity) |p(h;a) — p(k;a)| < ||ho k=Y where || - || is the Hofer’s

—~—

pseudo-norm on Ham(M,w). In particular, the function p, : h — p(h;a)
is C°-continuous.

7. PANTS PRODUCT AND THE TRIANGLE INEQUALITY

7.1. Quantum cohomology in the chain level. We first recall the definition of
the quantum cohomology ring QH*(M). As a module, it is defined as

QH™(M) = H*(M,Q) @ A,
where A] is the (upward) Novikov ring
AL:{ZaAq—A|aAeQ,#{A|ai7é0,/ w<)\}<oo,V)\€R}.
AeT —A

Due to the finiteness assumption on the Novikov ring, we have the natural (upward)
valuation v : QH* (M) — R defined by

v( Z aAq*A) = min{w(—A) : ag # 0} (7.1)
Aer,,
which satisfies that for any a, b € QH*(M)
v(a 4+ b) > min{v(a),v(b)}.
The product on QH*(M) is defined by the usual quantum cup product, which we
denote by “” and which preserves the grading, i.e, satisfies
QH"(M) x QH*(M) — QH"*(M).
Often the homological version of the quantum cohomology is also useful, sometimes
called the quantum homology, which is defined by
QH.(M) = H,(M)® AL,
We define the corresponding (downward) valuation by
v( Z anB) = max{w(B) : ag # 0} (7.2)
Ber
which satisfies that for f, g € QH.(M)

o(f +g) < max{v(f),v(g)}

We like to point out that the summand in A} is written as bgg® while the one in
Al as a4q™4 with the minus sign. This is because we want to clearly show which
one we use. Obviously v satisfies the axiom of non-Archimedean norm which induce
a topology on QH*(M) and QH.(M) respectively. The finiteness assumption in
the definition of the Novikov ring allows us to enumerate supp(a) so that
)\1>)\2>"->)\j>-~-—>—00
with \; = w(B;) for B, € supp(a) when a € QH*(M)
We have a canonical isomorphism
b QH* (M) — QH.(M); Y aig* —> PD(a;)q™

and its inverse

£ QH.(M) — QH*(M); Y bjg™ — > PD(b;)g™ ™.
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We denote by a” and b# the images under these maps.
There exists the canonical nondegenerate pairing

() QH(M) ® QH.(M) — Q

O a1 ba%) = (ai,b;)éa (7.3)
where 04,p; is the delta-function and (a;,b;) is the canonical pairing between
H*(M,Q) and H.(M,Q). Note that this sum is always finite by the finiteness
condition in the definitions of QH*(M) and QH.(M) and so is well-defined. This
is equivalent to the Frobenius pairing in the quantum cohomology ring. However
we would like to emphasize that the dual vector space (QH,(M))* of QH.(M) is
not isomorphic to QH* (M) even as a Q-vector space. Rather the above pairing
induces an injection

defined by

QH"(M) — (QH.(M))"
whose images lie in the set of continuous linear functionals on QH, (M) with respect
to the topology induced by the valuation v (7.2) on QH,.(M). We refer to the
Appendix of [Oh8] for further discussions on this matter.

Let (C., d) be any chain complex on M whose homology is the singular homology
H,.(M). One may take for C, the usual singular chain complex or a Morse chain
complex. However since we need to take a nondegenerate pairing in the chain level,
we should use a model which is finitely generated. We will always prefer to use the
Morse homology complex

(CM. (=€), 0% 5,)

of the pair (—e€f,gy,) for a sufficiently small € > 0, because it is finitely generated
and avoids some technical issue related to singular degeneration problem of the type
studied in [FOh]. The negative sign in (C'M,(—¢f), 65‘{ Fes)) 1s put to make the
correspondence between the Morse homology and the Floer homology consistent
with our conventions of the Hamiltonian vector field and the action functional. In
our conventions, solutions of negative gradient of —ef correspond to ones for the
negative gradient flow of the action functional A.¢. We denote by

(M (=), 81275, )
the corresponding cochain complex, i.e,

OM"* := Hom(CMy,Q), 0-cf = {_cpy, -

Now we extend the complex (CM,(—¢f), 8%?;‘9& )) to the quantum chain com-
»9Jo

plex, denoted by

(CQ+(—¢f),0q)
CQu(—cf) = CM(~cf) ® A, 8o := 017 | ® Ao

(—€ef9.00
This coincides with the Floer complex (CF,(ef),d) as a chain complex if € is suf-
ficiently small (Theorem 5.1). Similarly we define the quantum cochain complex
(CQ*(—¢f),69) by changing the downward Novikov ring to the upward one. In
other words, we define

CQ*(—ef) == CMan_(ef) @ AT, 69 :=O(cpq,,) @ AL

Again we would like to emphasize that CQ*(—ef) is not isomorphic to the dual
space of CQ.(—¢f) as a Q-vector space.
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To emphasize the role of the Morse function in the level of complex, we denote
the corresponding homology by HQ*(—e¢f) = QH*(M). With these definitions, we
have the obvious nondegenerate pairing

CQ* (—¢f) ® CQu(—€f) — Q
induced by the duality pairing (not the Poincaré pairing!)
CMap_s(ef) @ CM(—¢f) — Q

which also induces the pairing above in homology.

We now choose a generic Morse function f and an almost complex structure Jy
as before. Then for any given homotopy (H, j) with H = {H*}c[0,1) with H® = ¢f
and H' = H, we denote by

hirgy : CQu(—€f) = CF._p(ef) = CF,_(H) (7.4)

the standard Floer chain map from e¢f to H via the homotopy H. This induces a
homomorphism

hog) s HQu(—¢f) = HF,_n(cf, Jo) — HF._n(H, J). (7.5)

Although (7.4) depends on the choice (H, j), (7.5) is canonical, i.e, does not depend
on the homotopy (H,j). One confusing point in this isomorphism is the issue of
grading. See the next section for a review of the construction of this chain map
and the issue of grading of HF,(H, J).

7.2. Grading convention. We set up our grading convention of the Floer homol-
ogy. We denote by g ([z,w]) the Conley-Zehnder index of [z, w] for the Hamilton-
ian H. The convention of the grading of CF,(H) from [Oh9] is

deg([z, w]) = pm ([2, w]) (7.6)

for [z, w] € CritAy. This convention is the analog to the one we use in [Oh4] in
the context of Lagrangian submanifolds.

We next compare this grading and the Morse grading of the Morse complex of
the negative gradient flow equation of —f, (i.e., of the positive gradient flow of f

X — grad f(x) = 0.

This corresponds to the negative gradient flow of the action functional A.f). This
gives rise to the relation between the Morse indices uf/[;’frse(p) and the Conley-
Zehnder indices ficf([p,p]) in our convention (See Lemma 7.2 [SZ] but with some
care about the different convention of the Hamiltonian vector field. Their definition
of Xy is —X g in our convention.):

Morse

per([p,P]) = 25 (p) —n

P (p) = nes ([0, B) +n
Recalling that we chose the Morse complex

CM,(—ef) @ At

for the quantum chain complex CQ.(—¢f), we have the following grading preserving
isomorphism

QH" *(M) = QHpy (M) = HQ, 1 (—€f) — HFy(ef, Jo) — HF(H,J).
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We will also show in subsection 7.3 that this grading convention makes the pants
product, denoted by *, has the degree —n

x: HFp(H) @ HF)(K) — HE g —n(H#K) (7.7)
which will be compatible with the degree preserving quantum product
QH(M) ® QH" (M) — QH™" (M)

under the ring isomorphism between QH* and HF, [PSS], [LT2].

Finally we state an important identity relating the Conley-Zehnder index and the
first Chern number ¢;(A) under the action by ‘gluing a sphere’ [z, w] — [z, A#w].
We like to emphasize that in our convention, the sign in front of the first Chern
number term in the formula is '-’. The difference of the sign from the formula in [HS]
is due to the different convention of the canonical symplectic form on C" : when
we identify R?® = T*R" and denote by (g1, ,Gn,P1, - ,Pn) the corresponding
canonical coordinates, then the canonical symplectic form is given by

wo = Zin A dp;

in our convention, while it is given by
wh = —wp = dei A dg;.

according to the convention of [HS], [SZ], or [Po3]. We will provide a complete
self-contained proof starting from the definition of the Conley-Zehnder index from
[SZ].

Theorem 7.1. Let z : S = R/Z — M be a given one-periodic solution of i =
Xpg(z) and w, w' two given bounding discs. Then we have the identity

pr ([z,w']) = pa([z,w]) — 201 ([w'#0)). (7.8)

In particular we have
pn [z, A#w]) = pu([z,w]) — 2¢1(A). (7.9)

7.3. Hamiltonian fibrations and the pants product. To start with the proof
of the triangle inequality, we need to recall the definition of the “pants product”

HF,(H,J')® HF.(F,J%) — HF,(H#F,J%).

For the purpose of studying the effect on the filtration under the product, we need
to define this product in the chain level in an optimal way as in [Oh4], [Sc]. For this
purpose, we will mostly follow the description provided by Entov [Enl] with few
notational changes and differences in the grading. Except the grading convention,
the conventions in [Enl], [En2] on the definition of Hamiltonian vector field and
the action functional coincide with our conventions in [Oh3]-[Oh11] and also here.

Let ¥ be the compact Riemann surface of genus 0 with three punctures. We
fix a holomorphic identification of a neighborhood of each puncture with either
[0,00) x St or (—00,0] x St with the standard complex structure on the cylinder.
We call punctures of the first type negative and the second type positive. In terms of
the “pair-of-pants” ¥\ U; D;, the positive puncture corresponds to the outgoing ends
and the negative corresponds to the incoming ends. We denote the neighborhoods
of the three punctures by D;, i = 1,2, 3 and the identification by

o Di — (—00,0] x S* fori=1,2
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for positive punctures and
@5 : D3 — [0,00) x S*
for negative punctures. We denote by (7,t) the standard cylindrical coordinates on

the cylinders.
We fix a cut-off function p™ : (=00, 0] — [0, 1] defined by

_ 1 T< =2
P70 r>-1
and p~ : [0,00) — [0,1] by p~(7) = pT(—7). We will just denote by p these cut-off
functions for both cases when there is no danger of confusion.

We now consider the (topologically) trivial bundle P — ¥ with fiber isomorphic
to (M,w) and fix a trivialization

®,:P,:=Plp, > D; x M
on each D;. On each P;, we consider the closed two form of the type
wp, := ®f (w + d(pH,dt))

for a time periodic Hamiltonian H : [0,1] x M — R. The following is an important
lemma whose proof we omit (see [Enl]).

Lemma 7.2. Consider three normalized Hamiltonians H;, i = 1,2,3. Then there
ezists a closed 2-form wp such that

(1) wplp, = wp,
(2) wp restricts to w in each fiber
(3) wptt =0

Such wp induces a canonical symplectic connection V = V,,, [GLS], [Enl]. In
addition it also fixes a natural deformation class of symplectic forms on P obtained
by those

Qp,)\ = wp + Awy
where wy is an area form and A\ > 0 is a sufficiently large constant. We will always
normalize wy so that [, ws = 1.
Next let J be an almost complex structure on P such that

(1) J is wp-compatible on each fiber and so preserves the vertical tangent space

(2) the projection 7 : P — ¥ is pseudo-holomorphic, i.e, dr o J = j o d.
When we are given three t-periodic Hamiltonian H = (Hy, Hy; Hs), we say that J
is (H, J)-compatible, if J additionally satisfies

(3) For each 4, (®;).J = j & Ju, where

JHi (7_’ t, :C) = (¢tHl)*J
for some ¢-periodic family of almost complex structure J = {.J; }o<i<1 on M over a
disc D} C D; in terms of the cylindrical coordinates. Here D} = ¢; ' ((—o0, —K;] x
SY),i =1, 2 and 3 ' ([K3,00) x S') for some K; > 0. See [Oh9] for a more detailed
discussion on J. The condition (3) implies that the J-holomorphic sections v over

Dj are precisely the solutions of the equation

ou ou
o+ Jt(a ~ Xy, (u)) ~0 (7.10)
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if we write v(7,t) = (7,¢,u(7,t)) in the trivialization with respect to the cylindrical
coordinates (7,t) on D} induced by ¢ above.

Now we are ready to define the moduli space which will be relevant to the
definition of the pants product that we need to use. To simplify the notations, we
denote

z=[z,w]
in general and Z = (21, 22, 23) where Z; = [z;, w;] € CritAg, for i =1,2,3.
Definition 7.1. Consider the Hamiltonians H = {H;}1<,<3 with H3 = Hi1#H>,

and let J be a H-compatible almost complex structure. We denote by M(H, J; 2)
the space of all J-holomorphic sections u : ¥ — P that satisfy

(1) The maps u; = uo (p; ') : (=00, K;] x S' — M which are solutions of
(7.10), satisfy

lim w(r,:) =2, =12

T——00

and similarly for ¢ = 3 changing —oo to +o0.

(2) The closed surface obtained by capping off pras o u(X) with the discs w;
taken with the same orientation for ¢ = 1,2 and the opposite one for i = 3
represents zero in mo(M).

Note that M(H, J;Z) depends only on the equivalence class of 2’s: we say that
7' ~ Z if they satisfy

2=z, wl=w#A;
for A; € mo(M) and Zle A; represents zero (mod) I'. The (virtual) dimension of
M(H, J;Z) is given by
dim M(H, J;2) = 2n— (—pu,(21) +n) — (—pum, (22) + n) — (uy (23) +n)
= —n+ (pm (21) + pm, (22) — pas(23))-
Note that when dim M (H, J; z) = 0, we have

n = —pm,(23) + pm, (1) + o, (22)
which is equivalent to
prs(Z3) = (pa, (1) + pa, (22)) —n

which provides the degree of the pants product (7.7) in our convention of the grading
of the Floer complex we adopt in the present paper. Now the pair-of-pants product
x for the chains is defined by

Zixd =) #(M(H, J;2)% (7.11)

for the generators z; and then by linearly extending over the chains in CF,(H;) ®
CF.(Hs). Our grading convention makes this product is of degree —n. Now with
this preparation, we are ready to prove the triangle inequality.
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7.4. Proof of the triangle inequality. Let o € CF.(H) and § € CF.(F) be
Floer cycles with [a] = [3] = a” and consider their pants product cycle a3 := vy €
CF,.(H#F). Then we have

[ax f] = (a-b)’
and so
p(H#F;a-b) < Aggpr(ax ). (7.12)
Let § > 0 be any given number and choose oo € CF,(H) and g € CF,(F) so that
)
Au(a) < p(Hia)+ 5 (7.13)
)
AR(B) < p(E50) + 3 (7.14)

Then we have the expressions

a= Zai[zi,wi] with Ay ([zi,ws]) < p(H;a) + g

and

. 0
B = zj:aj[zjij] with Ar([2j, ws]) < p(F30) + 5.
Now using the pants product (7.11), we would like to estimate the level of the chain
a#f € CF.(H#F). The following is a crucial lemma whose proof we omit but
refer to Section 4.1 [Sc] or Section 5 [Enl].

Lemma 7.3. Suppose that M(H, j; Z) is non-empty. Then we have the identity

/U*WP = —Ap, g, ([23,w3]) + An, ([21, 01]) + A, ([22, w2])

for any € M(H, j,?)

Now since j—holomorphic and J is Q p,a-compatible, we have

OS/’U*QP,)\:/’U*(UP-F)\/U*WZ:/U*wP+)\.

Lemma 7.4. [Theorem 3.6.1 & 3.7.4, [Enl]] Let H;’s be as in Definition 7.1.
Then for any given & > 0, we can choose a closed 2-form wp so that Qp) =
wp + Awy, becomes a symplectic form for all A > 4.

We recall that from the definition of * that for any [z3,ws] € a = 3 there exist
[21, w1] € acand [z, we] € G such that M(J, H;Z) is non-empty with the asymptotic
condition

Z = ([z1, w1], [22, wa]; [23, w3]).
Applying this and the above two lemmata to H and F' for A arbitrarily close to 0,
and also applying (7.12)-(7.14), we immediately derive
Apyr([z3,ws]) < An([z1, w1]) + Ar([22,w2]) + 0

< Am(a)+Ap(B)+6

< p(H;a)+ p(F;b) + 20 (7.15)
for any [z3,w3] € a * . Combining (7.12), (7.13)-(7.15), we derive

p(H#F;a-b) < p(H;a) + p(F;b) + 26
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Since this holds for any ¢, we have proven
p(H#F;a-b) < p(H;a) + p(F;b).
This finishes the proof.

8. SPECTRAL NORM OF HAMILTONIAN DIFFEOMORPHISMS

In this section, we will explain our construction of an invariant norm of Hamilton-
ian diffeomorphisms following [Oh9], which we call the spectral norm. This involves
a careful usage of the spectral invariant p(H;1) corresponding to the quantum
cohomology class 1 € QH*(M).

8.1. Construction of the spectral norm. Using p(H; 1), we define a function
v:C([0,1] x M) — R
by o
V(H) = p(H;1) + p(H;1), (8.1)
on C2°([0,1] x M). Obviously we have y(H) = ~v(H) for any H. The general
triangle inequality
p(H;a) + p(F;b) > p(H#F;a-b)
for the spectral invariants restricted to a = b = 1, and the normalization axiom
p(id;1) = 0 imply
Y(H) = p(H;1) + p(H;1) > p(0;1) = 0. (8.2)
Here a-b is the quantum product of the quantum cohomology classes a, b € QH*(M)
and 0 is the zero function.
The following theorem generalizes the inequality (8.4) proven in [Oh3], [Oh4] for

the exact case to the general quantum cohomology classes on non-exact symplectic
manifolds.

Theorem 8.1. For any H and 0 # a € QH*(M), we have

—E*(H) +v(a) < p(H;a) < E™(H) + v(a). (8.3)
In particular for any classical cohomology class b € H*(M) — QH*(M), we have
—E*(H) < p(H;b) < E~(H) (8.4)

for any Hamiltonian H.

Proof. We first recall the following general inequality
/01 —max(H — K)dt < p(H,a) — p(K,a) < /01 —min(H — K) dt.
proven in [Oh8], which can be rewritten as
p(K;a) +/1 —max(H — K)dt < p(H;a) < p(K;a) —i—/l —min(H — K) dt.
Now let K — 8 which results in i
p(0;a) + /01 —max(H)dt < p(H;a) < p(0;a) + /01 —min(H) dt. (8.5)

By the normalization axiom, we have p(0;a) = v(a) which turns (8.5) to

v(a) — ET(H) < p(H;a) <wv(a) + E~(H)



LECTURES ON FLOER THEORY 53

for any H. (8.4) immediately follow from the definitions and the identity v(b) = 0
for a classical cohomology class b. This finishes the proof. ([l

Applying the right hand side of (8.4) to b = 1, we derive p(H;1) < E~ (H) and
p(H;1) < E~(H) for arbitrary H. On the other hand, we also have E~(H) =
E*(H) for arbitrary H’s and hence

Y(H) < || HJ|.

The nonnegativity (8.2) leads us to the following definition.
Definition 8.1. We define v : Ham(M,w) — Ry by

v(¢) == I}Ij¢(p(H; 1)+ p(H;1)).

Theorem 8.2. Let v be as above. Then~ : Ham(M,w) — R, defines an invariant
norm i.e., it enjoys the following properties.

(1) ¢ =1id if and only if v(¢) =0

(2) v(n~ton) = v(¢) for any symplectic diffeomorphism n
(3) 7(09) <(9) +(¥)

(4) (@71 =(9)

(5) v(9) < [l

In the remaining subsection, we will give the proofs of these statements postpon-
ing the most non-trivial statement, nondegeneracy, to the next subsection modulo
the Fundamental Existence Theorem whose proof we refer either to [Oh8] or [Oh9].
We split the proof of this theorem item by item.

Proof of (2). We recall the symplectic invariance of spectral invariants p(H;a) =
p(n*H;a). Applying this to a = 1, we derive the identity
1(6) =t (p(H:1) + p(H:1))

— ; *I7. n* - — -1
= Jof (p(n H;1) + p(n H,l)) =7(n""¢n),
which finishes the proof.
Proof of (3). We first recall the triangle inequality
p(H#K;1) < p(H;1) + p(K;1) (8.6)
and o o o
p(K#H;1) < p(K;1) + p(H;1). (8.7)
Adding up (8.6) and (8.7), we have
p(HEK;1) + p(HFK;1) = p(H#K;1) + p(K#H; 1)
< (pE ) + o) + (o3 1) + p(K31)). (88)
Now let H +— ¢ and K — 1. Because H# K generates ¢, we have
V(oY) < p(H#K; 1) + p(H#K;1)
and hence o B
Wew) < (p(H; 1) + p(H: 1)) + (p(51) + p(F 1) )
from (8.8). By taking the infimum of the right hand side over all H — ¢ and
K — 1, (3) is proved.
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Proof of (4). The proof immediately follows from the observation that the defi-
nition of v is symmetric over the map ¢ — ¢ 1.

Proof of (5). By taking the infimum of
V(1) < ||
over H — ¢, we have proved v(¢) < ||9]|. O
It now remains to prove nondegeneracy of 7, which we will do in the next two

sections. We like to mention that our proof of nondegeneracy of v provides another
proof of nondegeneracy of the Hofer norm via the inequality v(¢) < ||9||.

8.2. The e-regularity theorem and its consequences. The entirety of this
and the next subsections will be occupied with the proof of nondegeneracy of the
semi-norm

~: Ham(M,w) — Ry

defined in section 8. First we note that the null set

null(v) := {¢ € Ham(M,w) | v(¢) = 0}

is a normal subgroup of Ham(M,w) by the symplectic invariance of . Therefore
by Banyaga’s theorem [Bal, it is enough to exhibit one ¢ such that v(¢) # 0. We
will prove that v(¢) > 0 for any nondegenerate Hamiltonian diffeomorphism and so
for all ¢ # id.

Suppose ¢ is a nondegenerate Hamiltonian diffeomorphism. Denote by Jy a
compatible almost complex structure on (M, w). For given such a pair (¢, Jy), we
consider the set of paths J’

Jgey =4I 1 [0,1] = T [ J'(0) = Jo,  J'(1) = ¢"Jo}.
We extend J’ to R so that
J(t+1)=¢*J ().
For each given J € j(4,,), we define the constant

Ag(¢, Jo; J') = inf { w([u]) | u: §% — M non-constant and
satisfying th/u = 0 for some t € [0, 1]}

A priori it is not obvious whether Ag(®, Jo; JJ') is not zero. This is an easy con-
sequence of the so called e-regularity theorem, first introduced by Sacks-Uhlenbeck
[SU] in the context of harmonic maps. We state a parameterized version of this
theorem in the context of pseudo-holomorphic curves from [Ohl].

Lemma 8.3. [e-Regularity Theorem] Let g be any given background almost
Kdéhler metric of (M,w). We denote by D = D?*(1) the unit open disc . Let Jo be
any almost complex structure and let w : D — M be a Jy-holomorphic map. Then
there exists some € = €(g,Jo) > 0 such that if fD |Du|? < ¢, then for any smaller

disc D' = D?*(r) with D' ¢ D, we have
| Du||oo,p’ := max |Du(z)| < C
zeD’

where C' > 0 depends only on g, €, Jy and D', not on u. Furthermore, the same
C'-bound holds for any compact family K of compatible almost complex structures

with € = (g, K) and C = C(g,¢, K, D") depending on K.
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An immediate corollary of this e-regularity theorem is the following uniform C*-
estimate of pseudo-holomorphic curves whose derivation is the standard covering
method in the geometric analysis. We refer to [Oh9] for its complete proof especially
in the parametric form.

Corollary 8.4. Let J' € j j). Then there exists an € = €(J') > 0 such that if
w(u) < €, then we have

| Duflco := max |Du(z)| < C
z€5?

for any J]-holomorphic sphere u : S* — M and for any t € [0,1] where C = C(e, J')
does not depend on u.

The following positivity is an important consequence of the above uniform C*-
estimate for a pseudo-holomorphic map with small energy. To illustrate the usage
of this Cl-estimate, we provide a complete proof borrowed from [Oh9].

Proposition 8.5. Let ¢, Jy and J' be as above. Then we have
As(¢, Jo; J') > 0.

Proof. Suppose Ag(¢,Jo;J’) = 0. Then there exists a sequence t; € [0,1] and a
sequence of non-constant maps u; : S* — M such that u; is J;,-holomorphic and

w(ug) = By, (u;) =0

as j — oo. By choosing a subsequence of ¢;, again denoted by ¢;, we may assume
that ¢; — to € [0,1] and so J;; converges to J;_ in the C*°-topology. We choose
sufficiently large N € Z so that

Ey,, (u;) = w(u;) < e(J)

for all j > N, where ¢(J’) is the constant € provided in Corollary 8.4. Then we
have the uniform C!-bound

0 < || Dujlloo < C(e, J').

The Ascoli-Arzela theorem then implies that there exists a subsequence, again
denoted by u;, such that u; converges uniformly to a continuous map s : S? — M.
Recalling that all the u; are J;;-holomorphic and Jy; converges to J;_ in the C°°°-
topology, the standard boot-strap argument implies that {u;} converges to ue, in
the C! topology (and so in the C*°-topology). However we have

EJt,oo (uOO) = jli{Iolo Eth (u]) =0

and hence uo, must be a constant map, say ue, = ¢ € M. Therefore {u;} converges
to the point z in the C'"°°-topology. In particular, if j is sufficiently large, then the
image of u; is contained in a (contractible) Darboux neighborhood of . Therefore
we must have w([u;]) = 0 and in turn

Ey,, (u;) =0
for all sufficiently large j, because E T, (u) = w(u) holds for any J;,-holomorphic

curve u. This contradicts the assumption that u; is non-constant. This finishes the
proof. O
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Next for each given J' € j(4, 5,), we consider the equation of v: R x R — M
p(v(r,t+1)) = v(r,1), fo[O,l] % L2It’ < 00.
Now it is a crucial matter to produce a non-constant solution of (8.9). For this
purpose, using the fact that ¢ # id, we choose a symplectic ball B(\) such that
(B(ON) N B() = (8.10)
where B()) is the image of a symplectic embedding g : B®*(r) — B(\) C M of
the standard Euclidean ball B2*(r) C C" of radius r with A = 7r?. We then study
(8.9) together with
v(0,0) € B(\). (8.11)
Because of (8.10) and (8.11), it follows
v(£o0) € Fix ¢ C M \ B(X).
Therefore any such solution cannot be constant.
We now define the constant

Ap(¢, Jo; J') := inf {/ viw ‘ v non-constant solution of (8.9)}
Rx[0,1]

v

for each J' € j(4, 5,) as in subsection 2.6. Obviously we have Ap (¢, Jo;J') > 0. We
will prove Ap(¢, Jo; J') # 0. We first derive the following simple lemma.

Lemma 8.6. Let H be nondegenerate. Suppose that u : R x S' — M is any finite

energy solution of
ou ou
or +Jt(7 —XH(U)) =0
{8 ouig (8.12)
that satisfies

u(—00,t) = u(oo, t). (8.13)
Then fosl u*w converges, and we have
E;(u) = / urw. (8.14)
RxS?t

Proof. First note that when H is nondegenerate, any finite energy solution has
well-defined asymptotic limits ¥ = u(400). Then we pick any bounding discs w*
of 2% such that wt ~ w~#u. Now (8.14) is an immediate consequence of (4.1)
applied to H = H, since we assume (8.13), i.e., 2T = 27. O

With this proposition, we are ready to prove positivity of Ap(¢, Jo; J').

Proposition 8.7. Suppose that ¢ is nondegenerate, and Jy and J' € jig ,) as
above. Then we have
AD(¢a J07 J/) > 0.

Proof. We prove this by contradiction. Suppose Ap(¢, Jo;J') = 0 so that there
exists a sequence of non-constant maps v; : R x [0, 1] — M that satisfy (8.9) and

Ej(vj) =0 asj— oco.

Therefore we have
EJ/('Uj) < G(J/)
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for all sufficiently large j’, where €(J’) is the constant in Lemma 8.3 and Corollary
8.4. In particular, the sequence v; cannot bubble off. This implies that v; locally
uniformly converge, and in turn that v; must (globally) uniformly converge to a
constant map because E(v;) — 0. Since there are only finitely many fixed points
of ¢ by the nondegeneracy hypothesis, by choosing a subsequence if necessary, we
conclude

vj(—00) =vj(c0) =p (8.15)
for all j’s for some p € Fix ¢. Now we fix any Hamiltonian H : [0,1] x M — R that
is zero near t = 0, 1 and with H — ¢, and consider the following maps

u; R x St — M, w(r,t) = (¢%)(vi(7,1)).
It follows from (8.15) that
uj(—o00,t) = u;(00,t).
Furthermore for the family J = {J; }o<t<1 with

T = ()« (7)),
the u;’s satisfy the perturbed Cauchy-Riemann equation (8.12).
We note that (8.13) and the exponential convergence of u;(7) to u;j(400), as
T — oo respectively, allows us to compactify the maps u; and consider each of
them as a cycle defined over a torus 7?. Therefore the integral [ ujw depends only
on the homology class of the compactified cycles.
Now, because v; : R x [0,1] — M uniformly converges to the constant map
p € Fix ¢, the image of u; will be contained in a tubular neighborhood of the
closed orbit 2%, : S' — M of & = Xp(z) given by
25 (t) = ¢ (p)-
In particular, f ujw = 0 because the cycle [u;] is homologous to the one dimensional
cycle [2%;]. Then Lemma 8.6 implies the energy E;(u;) = 0. But by the choice of

J above, Lemma 2.8 implies E; (v;) = 0, a contradiction to the hypothesis that v,
are non-constant. This finishes the proof of Proposition 8.7. (]

We then define
A(p, Jo; J') = min{Ag(¢, Jo; J'), Ap(é, Jo; J')}.
Proposition 8.5 and 8.7 imply
A, Jo; J") > 0.
The finiteness
A(p, Jo; J') < 0

is a consequence of the Fundamental Existence Theorem, Theorem 8.13 in the next
section. Finally we define
A(¢7 JO) = sup A(¢7 J07 J/)
Jlej(d%s’o)

and

A(g) = sup Ao, Jo).

By definition, we have A(¢,Jy) > 0 and so we have A(¢) > 0. However a priori
it is not obvious whether they are finite, which will be again a consequence of the
Fundamental Existence Theorem.
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8.3. Proof of nondegeneracy. With the definitions and preliminary studies of
the invariants of A(¢, Jo;J'), the following is the main theorem we will prove in
this section, modulo the proof of Theorem 8.13 which we refer to [Oh9] and omit
here.

Theorem 8.8. Suppose that ¢ is nondegenerate. Then for any Jo and J' € j 14),
we have

Y(¢) = A, Jo; J') (8.16)

and hence

v(d) > A(9).
In particular, A(¢) is finite.

We have the following two immediate corollaries. The first one proves nonde-
generacy of v and the second provides a new lower bound for the Hofer norm itself.

Corollary 8.9. The pseudo-norm is nondegenerate, i.e., y(¢) = 0 if and only if
¢ =1d.

Corollary 8.10. Let ¢ be as in Theorem 8.8. Then we have
18] > A(¢).

Remark 8.2. The function ¢ — A(¢) is not C%-continuous. However there is
another geometric invariant A(¢;1) introduced in [Oh9] which enjoys better C°-
continuity property than A(¢) and which we call the homological area of ¢. This
invariant A(¢; 1) satisfies A(¢p;1) > A(¢) and is more computable than A(¢). Fur-
thermore in [Oh9] we proved results stronger than those of Theorem 8.8 and Corol-
lary 8.9 by replacing A(¢) by A(¢;1). We expect that A(¢; 1) is C%-continuous. We
refer to [Oh9] for further discussions on A(¢; 1) in relation to the optimal energy
capacity inequality.

The rest of this section will be occupied by the proof of Theorem 8.8.
Let ¢ be a nondegenerate Hamiltonian diffeomorphism with ¢ # id. In particu-
lar, we can choose a small symplectic ball B()\) with A\ = 7r? such that

B\ No(B(N)) = 0.
By the definition of ~, for any given § > 0, we can find H +— ¢ such that
p(H;1) + p(H;1) < ~(¢) + 0. (8.17)

For any Hamiltonian H — ¢, we know that H — ¢~ '. However we will use another
Hamiltonian

H(t,z):=—-H( —t,x)
generating ¢!, which is more useful than H, at least in the study of duality and
pants product. We refer to [Oh9] for the proof of the following lemma.
Lemma 8.11. Let H be a Hamiltonian generating ¢. Then H ot and H ~ PNI,
i.e.,
[o7! H] = [o, H).
In particular, we have p(H;a) = p(H;a).
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One advantage of using the representative H over H is that the time reversal
t—1—1

acting on the loops z : S* — M induces a natural one-one correspondence between
Crit(H) and Crit(H). Furthermore the space-time reversal

(1,t) — (—7,1—1)
acting on the maps u : R x . I — M induces a bijection between the moduli spaces
M(H, J) and ./\/l(H J) of the perturbed Cauchy-Riemann equations corresponding

to (H,J) and (H yJ ) respectively, where J, = Jy_;. This correspondence reverses
the direction of the Cauchy-Riemann flow and the corresponding actions satisfy

Az ([ ) = —An([z, w]). (8.18)

Here [z, w] is the class corresponding to zZ(t) := z(1 — ¢) and W = w o ¢ where
c: D?> — D? is the complex conjugation of D? C C.

The following estimate of the action difference is an important ingredient in our
proof of nondegeneracy. The proof here is similar to the analogous non-triviality
proof for the Lagrangian submanifolds studied in sections 6-7 [Oh2].

Proposition 8.12. Let Jy be any compatible almost complex structure, J' € jg. 1)
and J be the one-periodic family J, = (¢4).J]. Let H be any Hamiltonian with
H — ¢. Consider the equation
5+ Jt( — X (u )) =0
(mo6) = [s 0], u(o0) = [o4s0s] (8.19)
w_#u~wi, u(0,0)=q€B)

for a map u : R x S* — M. If (8.19) has a broken trajectory solution (without
sphere bubbles attached)

which is a connected union of solutions of (8.19) for H that satisfies the asymptotic
condition

UN(OO) = [Z/,’UJ/], ul(—oo) = [Z,U)] (820)
u;(0,0) = gq for some j.
For some [z, w] € Crit Ay and [Z',w'] € Crit Az, then we have
Ap(u(—00)) = A (u(o0)) = Ap(¢, Jo: J').

Proof. Suppose u is such a solution. Opening up u along ¢t = 0, we define a map
v:Rx[0,1] = M by

v(r, 1) = (6) ™ (u(7, 1))

It is straightforward to check that v satisfies (8.9). Moreover we have

/‘87 J! /‘87

from Lemma 2.8. Since ¢(B(\)) N B(A) = 0, we have
v(£o0) € Fix ¢ C M\ B()).

3 (8.21)
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On the other hand since v(0,0) = u(0,0) € B()\), v cannot be a constant map. In
particular, we have
/ ‘ or

Combining this and (8.21), we have proven

As(u(=50) = Au(u(o0) = [ |5

This finishes the proof. O

= /v*w > Ap(¢, Jo; J').

J/

>AD ¢7J0a )

This proposition demonstrates relevance of the existence result of the equation
(8.19) to Theorem 8.8. However we still need to control the asymptotic condition
(8.20) and to establish some relevance of the asymptotic condition to the inequality
(8.16). For this, we will use (8.18) and impose the condition

u(—00) = [z,w], u(o0) = [/, w']
n (8.20) so that
[z,w] € ag, [Z, 0] € By (8.22)

for the suitably chosen fundamental Floer cycles ag of H and S5 of H.
We recall from (8.17) that we have

p(H;1) + p(H; 1) < 5(¢) + 6.
We choose H — ¢ so that

p(H; 1) + p(H; 1) < 5(9) + 6.
By the definition of p and from (2.23), there exist ay € CF,(H) and 85 € CF, (H)
representing 1° = [M] such that

p(H;1) < Ap(ap) < p(H;1)+ (8:23)

pH:1) < Ag(Bg) < p(H;1) + 3. (8.24)
Once we have these, by adding (8.23) and (8.24), we obtain

ng(H;l)—i-p(fNI;l) < Aml(am)+A5(87)
< p(H;1)+ p(H;1) + 0.

The fundamental cycles iy and (5 that satisfy (8.23) and (8.24) respectively will
be used as the asymptotic boundary condition required in (8.22).

The following is the fundamental existence theorem of the Floer trajectory with
its asymptotic limits lying near the ‘top’ of the given Floer fundamental cycles which
will make the difference

An([z,w]) = Au ([, w']) = Au((z, w]) + Az ([Z', @])

as close to p(H;1) 4 p(H;1) as possible. We refer readers to [Oh9] for other inter-
esting consequences of this theorem besides the proof of nondegeneracy of +.



LECTURES ON FLOER THEORY 61

Theorem 8.13. [Fundamental Existence Theorem] Let ¢, H, Jy and J' €
J($,J0), be as in Proposition 8.12. and let ¢ € M \ Fix(¢) be given. Choose any 0
such that

0<d< AD(¢, Jo;J/).
Then there exist some fundamental cycles o of (H,J) for J, = (%)« J], and Bz
of (H,J) such that

Aulam) < p(H;1)+

N NS

Ag(Bg) < p(H;1)+

and we can find some generators [z,w] € ag and [Z',w'] € Bz that satisfy the
following alternative:

(1) (8-19) has a broken-trajectory solution (without sphere bubbles attached)

which is a connected union of Floer trajectories for H that satisfies the
asymptotic condition

U‘N(OO) = [zlvwl]a ul(—oo) = [Zaw]v U](0,0) =qE€ B(A)
for some 1 < j < N, (and hence
An([z,w]) — Au ([, w']) = Ap(¢, Jo; J')

from Proposition 8.12) or,
(2) there exists a J]-holomorphic sphere vy : S? — M for some t € [0,1]
passing through the point ¢ € B()\), and hence

An([z,w]) — Ap ([, w']) > As(¢, Jo; J') = 0.
This in particular implies
A(p, Jo; J') < p(H;1) 4 p(H; 1) + 6 < 00 (8.25)
for any ¢ and Jy.

Finish-up of the proof of nondegeneracy. Let ¢ be a nondegenerate Hamiltonian
diffeomorphism. From the definition of v(¢), since § and H are arbitrary as long
as H — ¢, we immediately derive, from (8.25),

A(g, Jo; J') < (o) (8.26)

for all Jy and J’ € j4,5,)- Next by taking the supremum of A(¢, Jo;J') over all Jy
and J' € ji4,5,) in (8.26), we also derive

A(¢) < v(9).

This finishes the proof of Theorem 8.8 and so the proof of nondegeneracy.
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9. APPLICATIONS TO HOFER GEOMETRY OF Ham(M,w)

9.1. Quasi-autonomous Hamiltonians and the minimality conjecture. In
this section, we drop the one-periodicity of the Hamiltonian function H, unless
otherwise stated. The norm of H

1
[I1H|| :/ (max Hy — min Hy) dt
0

can be identified with the Finsler length

engom) = [ (max H 03~ min H G 640 a

of the path ¢g : t — ¢, where the Banach norm on TjqHam(M,w) = C>°(M)/R
defined by

2|l = osc(h) = max h — minh

for a normalized function h : M — R.

Definition 9.1. [The Hofer topology] Consider the metric
d:P(Ham(M,w),id) — Ry

defined by
A0\ p) = leng(A~" o 1)

where A7! o p is the Hamiltonian path ¢ € [0,1] — A(t)"*u(t). We call the in-
duced topology on P(Ham(M,w),id) the Hofer topology. The Hofer topology on
Ham(M,w) is the strongest topology for which the evaluation map A — A(1) is
continuous.

It is easy to see that this definition of the Hofer topology of Ham(M,w) coincides
with the usual one induced by the Hofer norm function given in Definition 4.4,
which also shows that the Hofer topology is metrizable. Of course nontriviality of
the topology is not a trivial matter which was proven by Hofer [Hol] for C™ and by
Lalonde and McDuff [LM1] in its complete generality. It is also immediate to check
that the Hofer topology of Ham(M,w) is locally path-connected (see the proof of
Theorem 3.15 [Oh10] for the relevant argument).

Hofer [Ho2] also proved that the path of any compactly supported autonomous
Hamiltonian on C” is length minimizing as long as the corresponding Hamilton’s
equation has no non-constant periodic orbit of period less than or equal to one. This
result has been generalized in [Enl], [MSI] and [Oh5])-[Oh7] under the additional
hypothesis that the linearized flow at each fixed point is not over-twisted i.e., has
no closed trajectory of period less than one. In [BP] and [LM2], Bialy-Polterovich
and Lalonde-McDuff proved that any length minimizing (respectively, locally length
minimizing) Hamiltonian path is generated by quasi-autonomous (respectively, lo-
cally quasi-autonomous) Hamiltonian paths.

Definition 9.2. A Hamiltonian H is called quasi-autonomous if there exists two
points x_, 1 € M such that

H(t,z_)=min H(t,z), H(t,zy)=maxH(t, )

for all t € [0,1].
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We now recall the Ustilovsky-Lalonde-McDuff’s necessary condition on the sta-
bility of geodesics. Ustilovsky [U] and Lalonde-McDuff [LM2] proved that for a
generic ¢ in the sense that all its fixed points are isolated, any stable geodesic
¢, 0 <t <1 from the identity to ¢ must have at least two fixed points which are
under-twisted.

Definition 9.3. Let H : [0,1] x M — R be a Hamiltonian which is not necessarily
time-periodic and ¢t; be its Hamiltonian flow.

(1) We call a point p € M a time T periodic point if ¢%(p) = p. We call
t €10,T] — ¢4 (p) a contractible time T-periodic orbit if it is contractible.

(2) When H has a fixed critical point p over ¢ € [0, T, we call p over-twisted as
a time T-periodic orbit if its linearized flow d¢t; (p); ¢ € [0,T] on T,,M has
a closed trajectory of period less than or equal to T. Otherwise we call it
under-twisted. If in addition the linearized flow has only the origin as the
fixed point, then we call the fixed point generically under-twisted.

Here we follow the terminology used by Kerman and Lalonde in [KL] for the
“generically under-twisted”. Note that under this definition of the under-twistedness,
under-twistedness is C2-stable property of the Hamiltonian H.

The following conjecture was raised by Polterovich, Conjecture 12.6.D [Po2].
(See also [Po3], [LM2] and [MS]].)

[Minimality Conjecture]. Any autonomous Hamiltonian path that has no con-
tractible periodic orbits of period less than equal to one is Hofer-length minimizing
in its path-homotopy class relative to the boundary.

9.2. Length minimizing criterion via p(H;1). In this subsection, we describe a
simple criterion of the length minimizing property of Hamiltonian paths in terms of
the spectral invariant p(H; 1), which was given in [Oh7]. The criterion is similar to
the one used in [Ho2] and in [BP] for the case of C™. In fact, Bialy and Polterovich
[BP] predicted existence of such a criterion via the Floer homology on general
symplectic manifolds, and this criterion indeed confirms their prediction.

To describe this criterion, we recall

IH| = B~ (H) + E*(H)

where
1
E~(H) = /—miant
0
1
ET(H) = max H dt.
0

These are called the negative Hofer-length and the positive Hofer-length of H re-
spectively. We will consider them separately. First note

EY(H)=E (H).
Theorem 9.1. Let G : [0,1] Xx M — R be any Hamiltonian that satisfies
p(Gi1) = E-(G) (9.1)

Then H is negative Hofer-length minimizing in its homotopy class with fixed ends.
In particular, G must be quasi-autonomous.
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Proof. Let F be any Hamiltonian with F' ~ G. Then we have a string of equalities
and inequality

E7(G) = p(G;1) = p(F;1) < E7(F)
from (9.1), (6.2) for a = 1, (8.4) respectively. The last statement follows from

Bialy-Polterovich, Ustilovsky and Lalonde-McDuff’s criterion for the minimality.
This finishes the proof. O

On the other hand, if G is one-periodic, we can consider the associated ac-
tion functional Ag. Then Ag has two obvious critical values of Ag for a quasi-
autonomous Hamiltonian G given by

Ag([z7,27]) = /O—G(t,x*)dt

1
/ ~G(t,xT)dt
0

o~
Q

B

+
8)

=
I

which coincide with

1
E7(G) = /O—mintht

1
ET(G) = /mathdt
0

respectively. We note that when G is one-periodic and quasi-autonomous having
z~ and z7 its uniform minimum and maximum points, then G given by

G(t,z) = —G(1 — t,z)

is also one-periodic and quasi-autonomous and has * and z~ as a uniform mini-
mum and a maximum point respectively. We also know (Lemma 8.11) that G~G.

Now we explain how to dispose the periodicity and extend the definition of
p(H;a) for arbitrary time dependent Hamiltonians H : [0,1] x M — R. Note that
it is obvious that the semi-norms E*(H) and ||H|| are defined without assuming
the periodicity. For this purpose, the following lemma from [Oh5] is important. We
leave its proof to readers or to [Oh5].

Lemma 9.2. Let H be a given Hamiltonian H : [0,1] x M — R and ¢ = ¢}, be its
time-one map. Then we can re-parameterize ¢y in time so that the re-parameterized
Hamiltonian H' satisfies the following properties:
(1) ¢k = o
2) H =0 neart =0, 1 and in particular H' is time periodic
3) Both E*(H' — H) can be made as small as we want
4) If H is quasi-autonomous, then so is H'
5) For the Hamiltonians H', H" generating any two such re-parameterizations

of ¢y, there is canonical one-one correspondences between Per(H') and
Per(H"), and Crit A and Crit Ay with their actions fized .

Furthermore this re-parametrization is canonical with the “smallness” in (3) can be
chosen uniformly over H depending only on the C°-norm of H.

Using this lemma, we can now define p(H;a) for arbitrary H by

p(H;a) := p(H';a)
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where H' is the Hamiltonian generating the canonical re-parametrization of ¢%; in
time provided in Lemma 9.2. It follows that this definition is well-defined because
any such re-parameterizations are homotopic to each other with fixed ends. This
being said, we will always assume that our Hamiltonians are time one-periodic
without mentioning further in the rest of the paper.

9.3. Canonical fundamental Floer cycles. Now we are ready to introduce the
following concept of homological essentialness in the chain level theory, which is the
heart of matter in the chain level Floer theory.

Definition 9.4. We call a Floer cycle a € CF(H) tight if it satisfies the following
non-pushing down property under the Cauchy-Riemann flow (3.4): for any Floer
cycle o € CF(H) homologous to « (in the sense of Definition 3.8 (2)), it satisfies

)\H(O/) Z )\H(Oé)

In terms of the length minimizing criterion in Theorem 9.1, we would like to
construct a tight fundamental Floer cycle of G whose level is precisely E~(G) for a
quasi-autonomous Hamiltonian G.

As often done in [Oh5], one natural way of constructing a Floer fundamental
cycle of general Hamiltonian H is to transfer a Morse cycle using Floer’s chain
map. More precisely, we consider a Morse function f and the fundamental Morse
cycle a of —ef for a sufficiently small € > 0 such that Theorem 5.1 holds. Then
« also becomes a Floer cycle of ef. We then transfer o and define a fundamental
Floer cycle of H as

afg = hL(Oé) S CF(H)
where h, is the Floer chain map over the canonically given linear path
L:s—(1—s)ef+sH.

We call any of such transferred cycle a canonical fundamental Floer cycle of H as
in [Oh9]. We however note that this cycle depends on the choice of the Morse
function f. In general, we do not expect this cycle will be tight even when H is
quasi-autonomous.

Now we apply this construction to a quasi-autonomous Hamiltonian G that has
the unique nondegenerate global minimum x~ that is undertwisted for all t € [0, 1],
which was studied by Kerman and Lalonde [KL]. In this case, they made the
following particular choice of the Morse function f in the above linear path £ so
that

(1) f has a global minimum point at z~
(2) f satisfies

fl@™) =0, f(z7) < flz;)
for all other critical points x;.

Having f adapted to the given G this way, Kerman and Lalonde [KL] proved the
following basic result on the transferred cycle ag for the aspherical manifold. Their
proof was then generalized by the author [Oh7] for general symplectic manifolds.
We refer readers to [Oh7] for the details of the proof.

Proposition 9.3. Suppose that G is a generic one-periodic Hamiltonian such that
G has the unique nondegenerate global minimum x~ which is fized and under-
twisted for all t € [0,1]. Suppose that f : M — R is a Morse function such that
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f has the unique global minimum point x= and f(x~) = 0. Then the canonical
fundamental cycle has the expression

ag=[x",27]|+ 0 € CF(G) (9.2)
for some Floer Novikov chain 3 € CF(G) with the inequality
Ac(B) < Ag([z™,27]) = /1 ~G(t,x7)dt. (9.3)
In particular its level satisfies ’
Aa(lz™,77]) (9-4)
/01 —G(t,x7)dt = /01 —min G dt.

9.4. The case of autonomous Hamiltonians. In this section, we will restrict to
the case of autonomous Hamiltonians G. The following result was proven in [Oh7].

Aglag) =

Theorem 9.4. Let (M,w) be an arbitrary closed symplectic manifold. Suppose that
G is an autonomous Hamiltonian such that

(1) 4t has no non-constant contractible periodic orbits “of period one”
(2) it has a mazimum and a minimum that are generically under-twisted
(3) all of its critical points are nondegenerate in the Floer theoretic sense (i.e.,
the linearized flow of Xa at each critical point has only the zero as a periodic
orbit).
Then the one parameter group ¢k, is length minimizing in its homotopy class with
fized ends for 0 <t < 1.

And the same result with the condition (1) is replaced by the one in which the
phrase “of period one” replaced by “of period less than equal to one” was proven
in [Oh5] earlier. There are also similar results proven in [MS]], and [Enl] (for the
strongly semi-positive case) with slightly different hypotheses. The improvement
of the phrase “of period less than equal to one” being replaced by “of period one”
is due to Kerman and Lalonde [KL] in the case of symplectically aspherical (M, w).

To prove Theorem 9.4, according to the criterion Theorem 9.1, it will be enough
to prove that the value Ag([z~,Z7]) = E~(G) coincides with the mini-max value
p(G;1). This latter fact is an immediate consequence of the following theorem,
which is a special case of the main theorem in [Oh7] restricted to the strongly semi-
positive case. Here we provide details of the proof for the strongly semi-positive
case.

Theorem 9.5. Suppose that G is an autonomous Hamiltonian satisfying the hy-
potheses in Theorem 9.4. Then the canonical fundamental cycle ag constructed in
Proposition 9.3 is tight, i.e.,

p(G;1) = Ag(ag) (= —G(z7) = E7(G)).

Proof. Note that the conditions in Theorem 9.4 in particular imply that G is non-
degenerate. We fix a time-independent Jy which is G-regular.
Suppose that « is homologous to the canonical fundamental Floer cycle ag, i.e.,

a=ag+9q(7) (9-5)

for some Floer Novikov chain v € CF,(G). When G is autonomous and J = Jy is
t-independent, there is no non-stationary t-independent trajectory of A¢g landing
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at [x7,Z7] because any such trajectory comes from the negative Morse gradient
flow of G but x~ is the minimum point of G. Therefore any non-stationary Floer
trajectory u landing at [x~,Z~ ] must be t-dependent. Because of the assumption
that G has no non-constant contractible periodic orbits of period one, any critical
points of Ag has the form

[x,w] with z € Crit G.
Let u be a trajectory starting at [z, w], x € Crit G with

[z, w]) = p([z=,27]) =1, (9.6)
and denote by Mg, jo)([z,w],[x7,27]) the corresponding Floer moduli space of
connecting trajectories. The general index formula shows

([, wl) = p([z, we]) = 2¢1 ([w]). (9-7)
We consider two cases separately: the cases of ¢1([w]) = 0 or ¢i([w]) # 0. If
c1([w]) # 0, we derive from (5.4), (5.5) that x # z~. This implies that any such
trajectory must come with (locally) free S!-action, i.e., the moduli space

M\(G,Jo)([wiL ['7;7757\7]) = M(G’Jo)([a:’ w]’ [xivfi])/R

and its stable map compactification have a locally free S'-action without fived
points. Then it follows from the S'-equivariant transversality theorem from [FHS]
that M (G, 7o) ([, w], [£7,27]) becomes empty for a suitable choice of an autonomous
Jo. This is because the quotient has the virtual dimension -1 by the assumption
(9.6). We refer to [FHS] for more explanation on this S'-invariant regularization
process. Now consider the case ¢;([w]) = 0. First note that (9.6) and (9.7) imply
that  # x~. On the other hand, if x # x~, the same argument as above shows
that the perturbed moduli space becomes empty.

It now follows that there is no trajectory of index 1 that land at [z~,Z~]. There-
fore g (7) cannot kill the term [z~,Z 7] in (9.5) away from the cycle

ag = [z7,27]+ 3

and hence we have
Ac(a) = Ag([z™,27])
by the definition of the level Ag. Combined with (9.4), this finishes the proof. O

10. REMARKS ON THE TRANSVERSALITY FOR GENERAL (M, w)

Our construction of various maps in the Floer homology works as they are in
the previous section for the strongly semi-positive case [Se], [Enl] by the standard
transversality argument. On the other hand in the general case where construc-
tions of operations in the Floer homology theory requires the machinery of virtual
fundamental chains through multi-valued abstract perturbation, we need to explain
how this general machinery can be incorporated in our construction. The full de-
tails will be provided elsewhere. We will use the terminology ‘Kuranishi structure’
adopted by Fukaya and Ono [FOn] for the rest of the discussion.

One essential point in our proofs is that various numerical estimates concerning
the critical values of the action functional and the levels of relevant Novikov cycles
do not require transversality of the solutions of the relevant pseudo-holomorphic
sections, but depends only on the non-emptiness of the moduli space

M(H,J:2)
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which can be studied for any, not necessarily generic, Hamiltonian H. Since we al-
ways have suitable a priori energy bound which requires some necessary homotopy
assumption on the pseudo-holomorphic sections, we can compactify the correspond-
ing moduli space into a compact Hausdorff space, using a variation of the notion
of stable maps in the case of nondegenerate Hamiltonians H. We denote this com-
pactification again by
M(H, J;Z).

This space could be pathological in general. But because we assume that the
Hamiltonians H are nondegenerate, i.e, all the periodic orbits are nondegenerate,
the moduli space is not completely pathological but at least carries a Kuranishi
structure in the sense of Fukaya-Ono [FOn] for any H-compatible J. This enables
us to apply the abstract multi-valued perturbation theory and to perturb the com-
pactified moduli space by a Kuranishi map = so that the perturbed moduli space

M(H,J:2,E)
is transversal in that the linearized equation of the perturbed equation
057(v) +Z(v) =0
is surjective and so its solution set carries a smooth (orbifold) structure. Further-
more the perturbation = can be chosen so that as ||Z|| — 0, the perturbed moduli
space M(H, J;Z,Z) converges to M(H, J;Z) in a suitable sense (see [FOn] for the
precise description of this convergence).

Now the crucial point is that non-emptiness of the perturbed moduli space will
be guaranteed as long as certain topological conditions are met. For example, the
followings are the prototypes that we have used in this paper:

(1) hy : CFy(ef) — CFy(H) is an isomorphism in homology and so [hs(1°)] #
0. This is immediately translated as an existence result of solutions of the

perturbed Cauchy-Riemann equation.
(2) The definition of the pants product * and the identity

o 6] = (a-b)
in homology guarantee non-emptiness of the relevant perturbed moduli
space M(H, J;2,Z) for a € CF,(H,), 8 € CF,(H,) with [o] = & and
[3] = 1" respectively.

Once we prove non-emptiness of M(H, J; ;Z,E) and an a priori energy bound for
the non-empty perturbed moduli space and if the asymptotic conditions Z are fized,
we can study the convergence of a sequence v; € M(H, J: 2, =;) as E; — 0 by the
Gromov-Floer compactness theorem. However a priori there are infinite possibility
of asymptotic conditions for the pseudo-holomorphic sections that we are studying,
because we typically impose that the asymptotic limit lie in certain Novikov cycles
like

Z1€q, 2 €f,23€ax*f3
Because the Novikov Floer cycles are generated by an infinite number of critical
points [z, w] in general, one needs to control the asymptotic behavior to carry out
compactness argument. For this purpose, we need to establish a lower bound for
the actions which will enable us to consider only a finite number of possibilities
for the asymptotic conditions because of the finiteness condition in the definition
of Novikov chains. We would like to emphasize that obtaining a lower bound
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is the heart of matter in the classical mini-max theory of the indefinite action
functional which requires a linking property of semi-infinite cycles. On the other
hand, obtaining an upper bound is usually an immediate consequence of the identity
like (4.1).

With such a lower bound for the actions, we may then assume, by taking a
subsequence if necessary, that the asymptotic conditions are fixed when we take
the limit and so we can safely apply the Gromov-Floer compactness theorem to
produce a (cusp)-limit lying in the compactified moduli space M (H, j,?) This
would then justify all the statements and proofs in this paper for the complete
generality, without assuming the strong semi-positivity assumption.

APPENDIX A. PROOF OF THE INDEX FORMULA

In this appendix, we give the proof of the index formula (1.1), Theorem 7.1. The
only thing that enters in the definition of the Conley-Zehnder index is a periodic
solution of the Hamilton’s equation

T = XH(I)

on a symplectic manifold (M,w) for a one-periodic Hamiltonian function H : S* x
M — R. We will give the proof of the index formula in several steps.

0. (Other convention) There is another package of conventions that have
been consistently used by Salamon-Zehnder [SZ], Polterovich [Po3] and others. In
that convention, there are two things to watch out in relation to the index formula,
when compared to our convention. The first thing is that their definition of the
Hamiltonian vector field, also called as the symplectic gradient and denoted by
sgrad H, is given by

sgrad H |w = —dH. (A1)
Therefore we have Xy = —sgradH. The second thing is that their definition of the
canonical symplectic form on T*R" = R?" 22 C" in the coordinates z; = g; + ip; is
given by
wh = dej ANdg? = —wy (A.2)
j=1
Cancelling out two negatives, the definition of the Hamiltonian vector field of a
function H on R?" in this package becomes the same vector field as ours that is
given by
JoVH
where VH is the usual gradient vector field of H with respect to the standard
Euclidean inner product on R2™.

1. (Canonical symplectic form) Our convention of the canonical symplectic
form of on T*R™ = R?" = C" in the coordinates z; = g; + ip; is given by
wo = Z dg’ A dp. (A.3)
j=1
This means that on R?" .J; is the standard complex structure on R?” = C" obtained
by multiplication by the complex number <.

2. (Canonical complex structure) In our convention of the canonical sym-
plectic form wy C™, the associated Hermitian structure

(,):C"xC" = C
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becomes complex linear in the first argument, but anti-linear in the second argu-
ment. In other words, the Hermitian inner product is given by

(u,v) = g(u,v) — iwg(u,v). (A.4)

We like to note that this Hermitian structure on C” is the conjugate to that of
[HS], [SZ], [Po3], which corresponds to

(u,v) = g(u,v) + iwg (u, v). (A.5)

(See the remark right before Lemma 5.1 [SZ].) Equivalently, the latter Hermitian
structure is associated to the almost Kahler structure

(9, w0, J5)
where J§ is the almost complex structure conjugate to Jy. This change of complex
structure on C™ affects the sign of the first Chern number of general complex vector
bundles E : we recall the following general formula for the Chern classes of the
complex vector bundle F

r(E) = (—1)*er(EB).

3. (The Conley Zehnder index on SP*(1)) We follow the definition from
[SZ] of the Conley-Zehnder index, denoted by indez(«) as in [FH], for a paths «
lying in SP*(1) : we denote

SP*(1) ={a:[0,1] — Sp(2n,R) | a(0) = id, det(a(1) — id) # 0} (A.6)
following the notation from [SZ]. Note that the definition of Sp(2n,R) are the
same in both of the above conventions. We will define the Conley-Zehnder index
function indez : SP*(1) — Z to be the same as that of [SZ]. This index is then
characterized by Proposition 5 [FH].

4. (Symplectic trivialization) A given pair [y, w] € Q(M) determines a
preferred homotopy class of trivialization of the symplectic vector bundle v*T' M
on S! = @D? that extends to a trivialization

®, : w*'TM — D? x (R*™, wp)
over D? of where D27C C is the unit disc with the standard orientation. A sym-
plectic trivialization @, : w*TM — D? x (R?",w}) of w*TM in terms of (R*",w})
is then obtained by the composition

Dy =co®y;  Dy(z,0) 1= y(z,v), (2,0) € WTM (A7)
where c is the complex conjugation on R?” = C" in the obvious sense.

5. (The Conley-Zehnder index, ppg([z,w])) Let z : R/Z x M be a one-
periodic solution of # = Xpg(x). Any such one-periodic solution has the form
2(t) = ¢4 (p) for a fixed point p = 2(0) € Fix(¢};). When we are given a one-
periodic solution z and its bounding disc w : D?> — M, we consider the one-
parameter family of the symplectic maps

e (2(0) : To)M — ToyM
and define a map ap. . : [0,1] — Sp(2n,R) by
) (1) = Pu(2(1)) 0 ddir (2(0)) 0 @y (2(0)) 7 (A.8)
Obviously we have aj; ,,)(0) = id, and nondegeneracy of H implies that
det(a[z,w](l) —id) #0
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and hence

Q] € SPH(1).
Then according to the definition of [SZ], [HS] the Conley-Zehnder index of [z, w] is
defined by

/J'H([Za w]) =indcz (a[z,w]) (Ag)
Where a[z7w] =cCo O[[Z’w],
6. When we are given two maps
w,w' :D?* = M

with w|gpz = w'|sp2, we define the glued map u = w#w’ : S? — M in the following

way:
(2) = w(z) ze D"
I w1z zeD.

Here Dt is D? with the same orientation, and D~ with the opposite orientation.
This is a priori only continuous but we can deform to a smooth one without changing
its homotopy class by ‘flattening’ the maps near the boundary: In other words, we
may assume

w(z) =w(z/|z|) for|z|>1—¢
for sufficiently small € > 0. We will always assume that the bounding disc will be

assumed to be flat in this sense. With this adjustment, u defines a smooth map
from S2.

7. (The marking condition) For the given [z,w], [z, w'] with a periodic
solution z(t) = ¢%;(2(0)), we impose the additional marking condition

D, (2(0)) = @, (2(0)) (A.10)
as a map from T} )M to R*" for the trivialization
B, Byt wTM — D? x (R*™, wy)
which is always possible. With this additional condition, we can write
Az (t) = Swiw(t) - gz (t) (A.11)

where S, : ST = R/Z — Sp(2n,R) is the loop defined by the relation (A.11).
Note that this really defines a loop because we have

Az, w') (O) = Oz (0) (: Zd) (A12)
a[z,w/](l) = Oz[zyw](l) (A13)

where (A.13) follows from the marking condition (A.10). In fact, it follows from
the definition of (A.11) and (A.10) that we have the identity

Suat) = (Pur(2(1)) 0 doy ((0)) 0 o ((0) ")
o (@ (2(1)) 0 dly (=(0)) o @, (2(0)) )
@ (=(1)) 0

(A% (2(0)) 0 @ur (2(0)) ™ © @ (2(0)) © (dsly) ™ (2(0)))
o(®y (=(1))) . (A.14)



72 YONG-GEUN OH

Then the marking condition (A.10) implies the middle terms in (A.14) are cancelled
away and hence we have proved

Suwrw(t) = Pur(2(t)) 0 Dy (2(t)) ™! (A.15)

Then we derive the following formula, from the definition pcz in [CZ] and from
(A.15),

indez (@) = 2 wind(Syr) + indez (@, 1)) (A.16)
where §w/w : S* — U(n) is a loop in U(n) that is homotopic to S, inside
Sp(2n,R). (See Proposition 5 [FH] for this formula.) Such a homotopy always exists
and is unique upto homotopy because U(n) is a deformation retract to Sp(2n,R).

=

And wind (S, ) is the degree of the obvious determinant map
dete(Syp) 1 ST — ST

8. (Normailization of ¢;) Finally, we recall the definition of the first Chern
class c¢; of the symplectic vector bundle £ — S2?. We normalize the Chern class
so that the tangent bundle of S? =2 CP! has the first Chern number 2, which also
coincides with the standard convention in the literature. We like to note that this
normalization is compatible with the Hermitian structure on C" given by (A.4) in
our convention. (See p 167 [MSt].)

We decompose S? = DT U D~ and consider the symplectic trivializations ® :
E|lp+ — D? x (R?*",wp) and ®_ : E|p- — D? x (R?",w). Note that under the
Hermitian structure on C™ in our convention, these are homotopic to a unitary
trivialization, while in other convention they are homotopic to a conjugate unitary
trivialization.

Denote by the transition matrix loop

by : St — Sp(2n,R)
which is the loop determined by the equation
Bilsi 0 (D-]s1) 7 (1,€) = (£ 6 (D))
for (t,€) € E|s1, where S' = 9D = dD~. Then, by definition, we have

¢1(E) = wind(¢4_) (A.17)
in our convention. Equivalently, we have
c1(E) = —wind(d, ). (A.18)

Now we apply this to u*(T'M) where u = w'#w and ®,, and P, are the trivial-
izations given in 4. It follows from (A.15) that Sy is the transition matrix loop
between ®,, and ®,,. Then by definition, the first Chern number c¢;(u*TM) is

~

provided by the winding number wind(S,,,,) of the loop of unitary matrices
Swrw 1t Spw(t);  S* = U(n)

in the Hermitian structure of C™ in our convention. One can easily check that
this winding number is indeed 2 when applied to the tangent bundle of S? and so
consistent with the convention of the Chern class that we are adopting.

9. (Wrap-up of the proof) These steps, in particular, Step 2 and Step 7 and
8 combined, (A.9) (A.16) and (A.18) turn into the index formula we want to prove.
We restate this in the following theorem.
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Theorem A.1. Let (M,w) be a symplectic manifold and X o Hamiltonian vector
field defined by

XHJU.) =dH

of any contractible one-periodic Hamiltonian function H : [0,1] x M — R. For
a given one-periodic solution z : S = R/Z — M of @ = Xy (x) and two given
bounding discs w, w', we have the identity

pr ([2,w']) = pr ([2,w]) — 21 ([w'#@)).
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