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1 Introduction

1.1 Overview

The construction of quasi-morphisms on the group of Hamiltonian diffeomor-
phisms using spectral invariants coming from Floer homology and the construction
of symplectic quasi-integrals on the space of continuous functions with compact sup-
port has become an increasingly interesting subject in symplectic topology in the
last years since the existence of these functions possesses various applications to a
variety of topics.

In the first part of this work we construct a family of functions on the group of
Hamiltonian diffeomorphisms of a cotangent bundle of a closed connected manifold,
where each function possesses properties including those of a partial quasi-morphism.
The family is obtained in terms of Lagrangian spectral invariants from Lagrangian
Floer homology and gives rise to a family of functionals on the space of compactly
supported smooth functions, where each functional has properties analogous to those
of a partial symplectic quasi-integral. On cotangent bundles of tori we prove that
the partial quasi-morphisms are equivalent to Viterbo’s symplectic homogenization,
and with this observation we define the latter for more general cotangent bundles.
Moreover, we deduce various applications from the existence and properties of the
partial quasi-morphisms and the partial symplectic quasi-integrals such as to Hofer
geometry, Aubry-Mather theory, Banyaga’s fragmentation norm, and symplectic
rigidity.

In the second part of this work we compare two particular symplectic quasi-
integrals in two dimensions. On the one hand, we prove the existence of a genuine
symplectic quasi-integral on T*S! which is uniquely characterized by its additional
properties. On the other hand, there exists a quasi-state on S? due to Entov and
Polterovich which is uniquely characterized by its additional properties as well. We
compare the two symplectic quasi-integrals on an open neighborhood of the zero
section in T*S! and give a necessary and sufficient condition for them to be equal.
The comparison has to do with the general question of uniqueness of symplectic
quasi-integrals. Moreover, it will turn out that the unique symplectic quasi-integral
on T*S' is closely related to Viterbo’s symplectic homogenization in two dimensions.
In fact, using this quasi-integral, we can prove the existence and uniqueness of an
operator on 7*S! which has the properties of symplectic homogenization by an
axiomatic approach. To prove the existence of the symplectic quasi-integral on
T*S!, its uniqueness, as well as the comparison theorem for the symplectic quasi-
integrals, we introduce the notion of quasi-integrals and topological measures on
locally compact Hausdorff spaces and develop a representation theory for them which
is a generalization of Aarnes’ representation theory for compact Hausdorff spaces.

1.2 Partial quasi-morphisms and partial symplectic quasi-
integrals
In symplectic geometry, the notions of (partial) quasi-morphisms and (partial)

symplectic quasi-states for closed symplectic manifolds were introduced and first
studied by Entov and Polterovich [EP1], [EP2]. In general, the notion of homoge-



neous quasi-morphisms is a group-theoretic one; a homogeneous quasi-morphism on
a group is a homomorphism up to a bounded error. If a group does not admit a
nontrivial homomorphism to the reals, a homogeneous quasi-morphism is the best
approximation to a homomorphism one can try to construct. We refer to [Ca] for an
introduction to the theory of homogeneous quasi-morphisms. The notion of symplec-
tic quasi-states’) and quasi-integrals is related to the one of quasi-states on compact
Hausdorff spaces which was adapted from the theory of quantum mechanics, and
introduced and first studied by Aarnes [Aal]. In symplectic geometry, a symplectic
quasi-integral is a certain real-valued functional on the set of all continuous func-
tions with various algebraic properties involving, in particular, the structure which
is given by the Poisson bracket. Thus, the theory of symplectic quasi-integrals can
be interpreted as a connection between symplectic geometry and functional analysis.

Entov and Polterovich constructed the first homogeneous quasi-morphisms and
symplectic quasi-states on closed symplectic manifolds. In fact, they proved the
existence of homogeneous quasi—/\m/orphisms on the universal cover of the group of
Hamiltonian diffeomorphisms Ham for certain closed symplectic manifolds which
descends to the group of Hamiltonian diffeomorpliigrlls Ham for some particular
manifolds. The homogeneous quasi-morphisms on Ham yield the existence of sym-
plectic quasi-states on these manifolds [EP1], [EP2]. The construction was thereby
motivated by the fact that the (universal cover of the) group of Hamiltonian diffeo-
morphisms of a closed symplectic manifold is perfect according to Banyaga [Ba], and
therefore does not admit a nontrivial homomorphism to the reals. In contrast, when
the symplectic manifold is open and the symplectic form is exact, the (universal
cover of the) group of Hamiltonian diffeomorphisms admits a homomorphism to the
reals, the Calabi homomorphism. Now, if one covers a closed symplectic manifold
by sufficiently small open disks, one can consider the collection of Calabi homo-
morphisms on these disks and ask whether it is possible to extend this collection
to a global homomorphism. This is, of course, not possible according to Banyaga’s
result, but for certain closed symplectic manifolds it is possible to extend the Calabi
homomorphisms to a homogeneous quasi-morphism on the (universal cover of the)
group of Hamiltonian diffeomorphisms.

In Bgr/ticular, Entov and Polterovich constructed a homogeneous quasi-morphism
wep: Ham — R on the universal cover of the group of Hamiltonian diffeomorphisms
for any closed spherically monotone symplectic manifold whose even-dimensional
quantum homology (which is a commutative algebra with the quantum product) sat-
isfies the algebraic condition of semi-simplicity. The homogeneous quasi-morphisms
coincide with the Calabi homomorphism on any open and displaceable subset and are
therefore known under the name Calabi quasi-morphisms. They yield the existence
of a symplectic quasi-state (pp: C(M) — R, referred to as Calabi quasi-state, on
any such manifold. In particular, the construction applies to the complex projective
space CP"; there exists a Calabi quasi-morphism on ﬁz\u/n((CP”) which yields a sym-
plectic quasi-state on CP". Moreover, the former descends to a homogeneous quasi-
morphism on Ham(CP™). On more general closed symplectic manifolds (on any
strongly semi-positive closed connected symplectic manifold) Entov and Polterovich

DA symplectic quasi-state is a normalized symplectic quasi-integral on a compact symplectic
manifold.



proved the existence of a partial quasi-morphism on Ham which yields the exis-
tence of a partial symplectic quasi-state. Thereby, both notions were introduced
by Entov and Polterovich and are weaker than the ones of genuine homogeneous
quasi-morphisms and genuine symplectic quasi-states.

The (partial) quasi-morphisms are constructed by homogenizing a certain spec-
tral invariant coming from Hamiltonian Floer homology which is, in this setting,
isomorphic to the quantum homology of the symplectic manifold. It depends on
the algebraic structure of the even-dimensional quantum homology whether one can
extract genuine homogeneous or partial quasi-morphisms and genuine or partial
symplectic quasi-states.

The existence and properties of the (partial) quasi-morphisms and (partial) sym-
plectic quasi-states coming from Hamiltonian spectral invariants due to Entov and
Polterovich on closed symplectic manifolds possess various applications, see [EP1],
[EP2|, [EP3], [EPZ], [BEP], [EP4], [EPP], [EPZ]. In particular, the quasi-morphisms
lead to applications to Banyaga’s fragmentation norm, the commutator norm, Pois-
son brackets, and restrictions on partitions of unity. The symplectic quasi-states
yield applications to symplectic rigidity; the latter is a phenomenon in symplectic
topology meaning that certain subsets of symplectic manifolds cannot be completely
displaced from itself by a Hamiltonian diffeomorphism while they can be displaced
by a genuine diffeomorphism.

Starting with Entov’s and Polterovich’s works, the construction of (partial)
quasi-morphisms and (partial) symplectic quasi-integrals using Floer theory on sym-
plectic manifolds has become an increasingly interesting subject. Several authors
generalized and adapted the construction of quasi-morphisms on certain symplectic
manifolds using Hamiltonian spectral invariants and deduced several applications.
Usher, for instance, generalized Entov’s and Polterovich’s construction to more gen-
eral closed symplectic manifolds under certain conditions on the homology using
deformed spectral invariants [Us|. Lanzat generalized it to certain non-closed sym-
plectic manifolds [La]. For certain convex strongly semi-positive compact symplectic
manifolds, as well as for certain open convex symplectic manifolds, in Bgﬁcicular, for
cotangent bundles, Lanzat constructs partial quasi-morphisms on Ham and par-
tial symplectic quasi-integrals using a version of Hamiltonian Floer homology for
compactly supported Hamiltonians and quantum homology. Under certain/xcgndi—
tions on these manifolds he proves that the partial quasi-morphisms on Ham are
not homogeneous quasi-morphisms and that they descend to Ham. In particular,
the above applies to cotangent bundles T*N of closed connected manifolds under
the assumption that N does admit a nowhere vanishing closed 1-form; in this case
Lanzat constructs a partial quasi-morphism on Ham which descends to Ham and
gives rise to a partial symplectic quasi-integral.

In the context of symplectic geometry, quasi-morphisms and symplectic quasi-
integrals can be viewed as an algebraic way of encoding certain information of Hamil-
tonian diffeomorphisms contained in spectral invariants respectively contained in
Floer homology. In fact, spectral invariants coming from Floer homology are the
only known way to construct quasi-morphisms on the (universal cover of the) group
of Hamiltonian diffeomorphisms and symplectic quasi-integrals on symplectic man-
ifolds with dimension higher than two.



In general, there are certain types of spectral invariants on symplectic manifolds
which are interesting objects in themselves; they can be interpreted as “homologi-
cally visible” critical values of a certain functional associated to homology classes.
More precisely, there are spectral invariants coming from filtered Floer homology
and spectral invariants coming from generating function theory.

For instance, Schwarz defines Hamiltonian spectral invariants associated to ho-
mology classes for certain types of closed symplectic manifolds (for aspherically
symplectic manifolds) using filtered Hamiltonian Floer homology [Sch]. The latter
can be viewed as infinite-dimensional Morse theory of the classical action functional
corresponding to a given Hamiltonian on a certain path space, and is, in this set-
ting, isomorphic to the standard homology of the manifold. In the Floer theoretic
context, Hamiltonian spectral invariants are critical values of the action functional.
Using these spectral invariants Schwarz defines, for instance, a bi-invariant metric on
the group of Hamiltonian diffeomorphisms and deduces several applications such as
to Hofer geometry and Hofer-Zehnder capacity. On more general closed symplectic
manifolds, Hamiltonian Floer theory involves quantum effects and uses a Novikov
ring; it is isomorphic to the quantum homology of the manifold. In this context Oh
defines and studies Hamiltonian spectral invariants which are associated to quan-
tum homology classes [Oh3], [Oh4]; these are the ones which were used by Entov
and Polterovich to construct the quasi-morphisms. Moreover, there is a version of
Hamiltonian Floer homology for certain non-closed symplectic manifolds using a
particular class of compactly supported Hamiltonians. Frauenfelder and Schlenk
constructed Floer homology for weakly exact convex symplectic manifolds and de-
duced Hamiltonian spectral invariants which are associated to homology classes [FS];
in particular, their construction applies to cotangent bundles. Lanzat generalized
the latter construction to strongly semi-positive compact convex symplectic mani-
folds; he obtains Hamiltonian spectral invariants associated to quantum homology
classes which he uses to construct his quasi-morphisms [La].

In case of open symplectic manifolds given by cotangent bundles Viterbo de-
fines Lagrangian spectral invariants using the theory of generating functions for
Lagrangian submanifolds [Vil]. He associates a critical value of a generating func-
tion of a Lagrangian submanifold which is Hamiltonian isotopic to the zero section
to each homology class. On R?" and T*T" Viterbo uses his spectral invariants to
define a norm on the group of Hamiltonian diffeomorphisms and a norm on the set
of Lagrangian submanifolds which are Hamiltonian isotopic to the zero section. Mo-
tivated by Weinstein’s observation that the classical action functional corresponding
to a given Hamiltonian H is a generating function of the Lagrangian submanifold
which is obtained by the image of the zero section under the time-1 map of H,
Oh developed a Floer theoretic approach to Viterbo’s construction [Ohl], [Oh2].
He constructs Lagrangian Floer homology for cotangent bundles which is isomor-
phic to the standard homology of the manifold and defines Lagrangian spectral
invariants by replacing the generating function by the classical action functional.
Milinkovi¢ and Oh related Viterbo’s finite-dimensional approach and Oh’s infinite-
dimensional approach to the construction of Lagrangian spectral invariants; they
proved that both Lagrangian spectral invariants coincide under some natural as-
sumptions [MO1], [MO2].

However, spectral invariants do not automatically give rise to the construction
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of quasi-morphisms and symplectic quasi-integrals; they need to possess additional
algebraic properties in order to do so.

In this work we use several versions of spectral invariants. The family of func-
tions on the group of Hamiltonian diffeomorphisms of cotangent bundles of closed
connected manifolds is defined in terms of Lagrangian spectral invariants coming
from Lagrangian Floer homology which were introduced by Oh [Ohl], [Oh2]. To
be able to construct the functions we prove some additional properties of these
Lagrangian spectral invariants. Moreover, we compare the Lagrangian spectral in-
variants with the Hamiltonian spectral invariants on cotangent bundles defined by
Frauenfelder and Schlenk [F'S]. We obtain an inequality between the Lagrangian and
Hamiltonian spectral invariants which allows to prove that the functions we obtain
are quasi-morphisms and which yields a vanishing property for the partial quasi-
morphisms. To prove the equivalence between Viterbo’s symplectic homogenization
and the partial quasi-morphisms on cotangent bundles of tori, we make use of the
equality between the Lagrangian spectral invariants coming from Lagrangian Floer
homology due to Oh and the Lagrangian spectral invariants coming from generat-
ing function theory due to Viterbo [Vil] established by Milinkovi¢ and Oh [MO1],
[MO2]. Moreover, we give a very short overview about the construction of Hamil-
tonian spectral invariants associated to quantum homology classes of certain closed
symplectic manifolds according to Oh [Oh3], [Oh4] in order to introduce the Calabi
quasi-morphism and the Calabi quasi-state due to Entov and Polterovich.

1.2.1 Construction of partial quasi-morphisms and partial symplectic
quasi-integrals on T*N

Let N be a closed connected n-dimensional manifold and consider its cotan-
gent bundle (T*N,w = d\) as a symplectic manifold. Let C(T*N) be the space
of continuous functions on T*N and C.(T*N) C C(T*N) the subspace of all con-
tinuous functions with compact support. On C.(T*N) we use the C%-norm given
by ||[Fllco = supgp«y |F(z)|. Denote by C°(T*N) the space of all compactly sup-
ported smooth functions. Two such functions F,G € C°(T*N) are said to Poisson
commute if their Poisson bracket vanishes, i.e. {F,G} = 0. Denote by Ham(7T*N)
the group of compactly supported Hamiltonian diffeomorphisms on 7*N and by p
Hofer’s metric on Ham(7*N). A subset S C T*N is called displaceable if there is a
Hamiltonian diffeomorphism ¢ € Ham(T*N) such that ¢(S)N S = @, it is said to
be dominated by an open subset U C T* N if there is a Hamiltonian diffeomorphism
¢ € Ham(T*N) such that S C ¢(U). We denote by | ¢|,, Banyaga’s fragmentation
norm for a Hamiltonian diffeomorphism ¢ € Ham(7*N) relative to a family U of
open subsets. We refer to Subsection 1.5 for details concerning the above definitions
and preliminaries of symplectic geometry.

We are interested in (partial) quasi-morphisms on the group of Hamiltonian
diffeomorphisms Ham(7*N) and formulate:

Definition 1.1. A quasi-morphism on Ham(7*N) is a function p: Ham(7T*N) — R
for which there is a constant D, called the defect of u, such that

[1(99)) — (@) — ()| < D



for all ¢,1) € Ham(T*N). A quasi-morphism p is called homogeneous if p(¢*) =
ku(p) for all ¢ € Ham(T*N) and k € Z.

Definition 1.2. A partial quasi-morphism on Ham(7*N) is a function g: Ham(7T*N) —
R such that the following properties hold:

(i) Controlled quasi-additivity?: For any open and displaceable subset U C T*N
there is a constant R which only depends on U such that for all ¢,¢ €
Ham(7*N), where 9 is generated by a Hamiltonian whose support is dom-
inated by U, we have

[1(99) — (@) — p(¥)| < R;

(ii) Semi-homogeneity: p(¢*) = ku(¢) for any k € Zso.
We construct a family of functions
fe: Ham(T*N) — R

parameterized by the first real cohomology H'(N;R), where any function ju, with
a € H'(N;R) is a partial quasi-morphism and has various additional properties
which are listed in Theorem 3.5 in Section 3. For instance, they include:

- for any collection U of open and displaceable subsets with finite spectral dis-
placement energy® e(U) < oo we have

|10(¢9) — po(P)] < e(U) [l ;

- lg is invariant under conjugation in Ham(7T*N);
- Jiq is Lipschitz continuous with respect to Hofer’s metric;

- 1g vanishes on Hamiltonian diffeomorphisms which are generated by Hamil-
tonians with displaceable support;

- pa(@) = ¢ (= ¢, < ¢) if ¢ is generated by a Hamiltonian whose restriction to
the graph of a closed 1-form in the class a is = ¢ (> ¢, < ¢).

The partial quasi-morphisms p, are thereby obtained by homogenizing a certain
Lagrangian spectral invariant coming from Lagrangian Floer homology. The La-
grangian spectral invariants were thereby defined by Oh. In [Ohl1], [Oh2] Oh proves
that one can extract spectral invariants ¢(A, H) for any Hamiltonian H and any
A € H.(N;Zsy) via Lagrangian Floer homology. In this work we prove that Oh’s La-
grangian spectral invariants satisfy some additional properties which allow to define
the functions u, and which guarantee that the pu, are partial quasi-morphisms with
the properties listed above. For instance, we prove that the Lagrangian spectral
invariants satisfy

2)Qur definition of controlled quasi-additivity is actually weaker than the original one introduced
by Entov and Polterovich but it suffices for our purposes; in particular, it suffices to extract partial
symplectic quasi-integrals from partial quasi-morphisms.

3)We refer to Remark 2.11 in Section 2 for the precise definition of the spectral displacement
energy e(U).



- a version of Poincaré duality for the top and the point spectral invariant;
- a sharp triangle inequality;
- the independence of isotopy.

In addition, we deduce an inequality between the Lagrangian spectral invariants and
the Hamiltonian spectral invariants on cotangent bundles which were introduced and
studied by Frauenfelder and Schlenk [FS]. It is needed to prove that the functions
(4, satisfy the controlled quasi-additivity property and the vanishing property. The
precise statements and the precise properties of the function

((A,-): Ham(T*N) — R,

where A € H,(N;Zs,), are summarized in Theorem 2.14 in Section 2. With the La-
grangian spectral invariants we define the partial quasi-morphism po: Ham(7*N) —
R by
A
po(@) = lim )

k—o00 k
where ¢4 (-) = (([N],-) with [N] € H,(N;Z,) denotes the top Lagrangian spectral
invariant. For any a € H'(N;R) the partial quasi-morphisms p, are then obtained
from pg via

Ma(¢) = ,UO(T—ad)TOL) )

where T,: T*N — T*N is the symplectomorphism given by T,,(¢,p) = T(q, p+a(q))
for any «a € a.
The family of partial quasi-morphisms pu, gives rise to a family of functionals

(o: C(T*N) - R

via (o(F) = pe(¢r), where ¢p denotes the time-1 map of F. Each functional (,
has properties analogous to those of a partial symplectic quasi-integral. Thereby;,
we formulate:

Definition 1.3. A functional (: C.(T*N) — R is called a symplectic quasi-integral
if it satisfies:

(i) Monotonicity: ((F) < ((G) for all F,G € C.(T*N) with F' < G;

(ii) Lipschitz continuity: For every compact subset K C T*N there is a number
Nk > 0 such that [((F) —((G)| < Nk ||F =G0 for all F,G € C.(T*N)
with support contained in K;

(iii) Strong quasi-additivity: ( is linear on Poisson commutative subspaces of C2°(T*N).

Definition 1.4. Let (: C.(T*N) — R be monotone and Lipschitz continuous as
above. ( is called a partial symplectic quasi-integral if it satisfies:

(i) Partial quasi-additivity: ((F + G) = ((F) for all F,G € C*(T*N) such that
the support of G is displaceable and {F,G} = 0;

(i) Semi-homogeneity: ((AF) = A((F') for all A € Rxo.

7



If the underlying symplectic manifold is closed and the (partial) symplectic quasi-
integral ¢ is normalized such that {(1) = 1, it is called a (partial) symplectic quasi-
state.

The partial symplectic quasi-integrals ¢, have some additional properties, which
are listed in Theorem 3.10 in Section 3, which follow directly from the ones of the
partial quasi-morphisms pi,; they include:

- (, is invariant under the natural action of Ham(7T*N);
- (, vanishes on Hamiltonians with displaceable support;

cG(F)=c (> c¢,<c)if F =c¢ (> ¢, < c¢) when restricted to the graph of a
closed 1-form in the class a.

The existence and the properties of both, the family of partial quasi-morphisms
1, and the family of partial symplectic quasi-integrals (, on T*N, lead to various
applications; an overview is given in the following subsections.

1.2.2 Symplectic homogenization

Recently, Viterbo introduced the notion of symplectic homogenization for Hamil-
tonan diffeomorphisms on cotangent bundles of tori [Vid]. Motivated by the classi-
cal homogenization his aim was to define a symplectic notion of homogenization for
Hamiltonian diffeomorphisms on 7*T". In fact, associated to a Hamiltonian H €
C°([0,1] x T*T™) he considers the “rescaled” Hamiltonian Hy(t, q,p) = H(kt, kq,p)
and asks whether Hj converges to some Hamiltonian H which only depends on the
fiber variable p. The convergence is thereby understood as a convergence of the
time-1 maps of Hj in the sense that the limit of the time-1 maps of Hj, with respect
to Viterbo’s metric is, in a certain precise sense, generated by the g-independent
Hamiltonian H. Viterbo’s construction is based on the theory of Lagrangian spec-
tral invariants coming from generating functions [Vil], and he defines symplectic
homogenization as an operator

H: 0>([0,1] x T*T") — C.(R")

which indeed sends a Hamiltonian H to a continuous functions H which is related
to the rescaled Hamiltonian H; and only depends on the fiber variable. In addition
to its existence Viterbo claims in [Vi4] that the operator H has various properties
which, for instance, include a notion of convergence of the time-1 maps of Hj to
the time-1 map of H and Lipschitz continuity in Viterbo’s metric. Moreover, he
claims that the operator H gives rise to a notion of a symplectic homogenization
operator for time-independent Hamiltonians which has various properties including,
for instance, monotonicity and strong quasi-additivity.

However, in [Vi4] Viterbo uses his (still unproven) conjecture concerning a cer-
tain bound on Lagrangian spectral invariants on 7*T" from time to time. Viterbo
claims that the quantity £, (¢)+£, (¢~ !), where £, denotes the top Lagrangian spec-
tral invariant coming from Lagrangian Floer homology, is bounded by a constant
depending only on the Riemannian metric on T" for any Hamiltonian diffeomor-
phism ¢ with support contained in the unit disk cotangent bundle [Vi3]. A careful
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consideration of Viterbo’s constructions and proofs in [Vi4] shows that the Viterbo
bound is not needed to give the definition of the symplectic homogenization oper-
ator but to prove some of its properties; we will explain this in more detail where
appropriate.

In this work we prove that the family of partial quasi-morphisms p, is equivalent
to Viterbo’s symplectic homogenization. More precisely, we prove that, if we identify
HY(T™;R) = R", we have

H(H)(a) = pa(dn)

for any a € R", see Theorem 4.13 in Section 4. The equivalence is thereby based
on the assertion due to Milinkovi¢ and Oh that the Lagrangian spectral invariants
coming from Lagrangian Floer homology introduced by Oh, which we use to define
the functions p,, and the Lagrangian spectral invariants coming from generating
functions introduced by Viterbo, which Viterbo uses to define H, coincide under
some natural assumptions.

The above equivalence on T*T" leads to a definition of symplectic homogeniza-
tion for more general cotangent bundles T*N, where N is a closed connected mani-
fold, as an operator

H: C([0,1] x T*N) = C.(H'(N;R)).

The various properties of the symplectic homogenization operator can then be ex-
tracted from the properties of the partial quasi-morphisms pu,. Moreover, we can
define a symplectic homogenization operator for time-independent Hamiltonians us-
ing the partial symplectic quasi-integrals (,, and the properties of the latter yield
the ones of the symplectic homogenization operator. The precise statements are
given in Section 4.

It will turn out that our observations concerning the Viterbo bound are consis-
tent with the equivalence between symplectic homogenization and the partial quasi-
morphisms in the following sense: The equivalence can be interpreted as a way to
define symplectic homogenization, and the properties of symplectic homogenization,
which are just the extracted ones of the partial quasi-morphisms, are precisely the
properties in whose proofs Viterbo does not use his bound.

Moreover, in Section 6 we give an axiomatic proof of the existence and uniqueness
of the above symplectic homogenization operator in two dimensions; we refer to the
sequel for a more detailed description of the two-dimensional case.

In the proof of the equivalence between symplectic homogenization and the par-
tial quasi-morphisms we use the equality between Oh’s Lagrangian spectral invari-
ants coming from Floer homology and Viterbo’s spectral invariants coming from
generating functions, and thus one could ask whether it is possible to define the
partial quasi-morphisms p, in terms of Viterbo’s Lagrangian spectral invariants. In
this context one should note that we prove various properties of the functions i,
which explicitly follow from the Floer theoretic approach to Lagrangian spectral
invariants. For instance, the notions of displaceability, spectral displacement energy
and Poisson commutativity, which are essentially contained in the definition and
properties of the partial quasi-morphisms, are more naturally contained in a Floer
theoretic approach rather than in an approach using generating functions.



1.2.3 Applications

In addition to the equivalence to symplectic homogenization there are several
other applications (some of them appeared in the existing literature and we indicate
the connections where appropriate) which stem from the existence and properties
of the families u, and (, such as to Banyaga’s fragmentation norm, Hofer geometry,
and symplectic rigidity:

- we get lower bounds on Banyaga’s fragmentation norm for Hamiltonian dif-
feomorphisms relative to displaceable subsets, see Proposition 5.1;

- we are able to construct either an isometric embedding of R into Ham(7™*N)
or an isometric embedding of (C.((0,1)), 0sc) into Ham(7*N), depending on
whether N admits a nowhere vanishing closed 1-form or not, see Proposition
5.9;

- we can deduce inequalities like osc,epi(vr) < p(¢), where p(¢) denotes the
Hofer norm of ¢, see Proposition 5.8;

- following the ideas of Entov and Polterovich we can prove rigidity results using
the partial symplectic quasi-integral (y and, in particular, extract examples of
non-displaceable subsets in T* N, see Proposition 5.18.

Moreover, there is a relation between Aubry-Mather theory and the partial quasi-
morphisms p,. Aubry-Mather theory originally dealt with action minimizing orbits
in Hamiltonian systems in two dimensions, and was generalized by Mather to a
theory of action minimizing invariant measures, instead of orbits, for certain convex
Hamiltonian systems on cotangent bundles 7N of higher dimension [Ma]. In the
latter context Mather associates a function Sg: Hi(IV;R) — R, called beta function,
to each Tonelli Hamiltonian, where its value can be interpreted to represent the
minimal average Lagrangian action needed to carry out motions with a given rotation
vector. The associated conjugate function ag: H'(N;R) — R is known as Mather’s
alpha function.

We can define the functions p, for Hamiltonians with complete flow, and if such
a Hamiltonian is Tonelli, we prove that Mather’s alpha function is equivalent to the
partial quasi-morphisms, that is, we prove

OéH(CL) = Ma(¢H)

for any a € H'(N;R), see Proposition 5.3. This result was first established by
Viterbo for T*T™ in the language of symplectic homogenization [Vi4] and provides a
relation between the dynamical view of Aubry-Mather theory and symplectic topol-
ogy. Moreover, it gives a new proof of the invariance of the alpha function under
Hamiltonian diffeomorphisms.

In addition, we are able to extract a connection between Aubry-Mather theory
and Hofer geometry. As done in [Sibl] we can relate the minimum of the alpha
function to the Hofer norm of the Hamiltonian in question, see Proposition 5.10.
Similar to the above this result can be interpreted as to relate the dynamical and
the geometrical approach to the study of Hamiltonian systems.
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1.3 Comparison of symplectic quasi-integrals in two dimen-
sions

The existence of the partial symplectic quasi-integrals (, on cotangent bundles
leads to a particular case of the general question concerning the uniqueness of quasi-
integrals. Certain cotangent disk bundles, such as those of tori T", admit symplectic
embeddings into closed symplectic manifolds (CP", for instance) which themselves
admit (partial) symplectic quasi-states. These functionals can be pulled back to yield
(partial) symplectic quasi-integrals on the disk bundle and one can ask whether this
pull-back coincides with the restriction of the partial symplectic quasi-integral {, on
T*T".

In this work we present a result in this direction in two dimensions; we con-
sider the case where a cotangent disk bundle of T*S! is embedded into S2. On
S? there exists a symplectic quasi-state, the Calabi quasi-state (gzp, due to Entov
and Polterovich which is uniquely characterized by its additional properties [EP1],
[EP2]. On T*S" we can prove the existence of a genuine symplectic quasi-integral 7
which is uniquely characterized by its additional properties as well, see Proposition
6.19. More precisely, we prove the existence of a unique symplectic quasi-integral

Mo CC(T*Sl) —R
which has the following additional properties:
- it is invariant under Hamiltonian diffeomorphisms;

- it has the Lagrangian property, i.e. no(F) = c if F € C.(T*S') is such that
Flglx{o} =celR

We compare the two symplectic quasi-integrals ng and (gp, which both are uni-
versal in some sense, on an open neighborhood of the zero section in 7%S'. More
1

precisely, for € (0, 3] we consider a symplectic embedding

G St x (=1, 1) = S?
such that j,.(S* x {0}) is the equator, where the symplectic forms are such that the
area of S? is 1 and the area of S! x (—r,r) C T*S" is 2r. By pulling (gp back to
C.(S* x (=r,r)) via this embedding
G = j:CEP )

we can compare it with the restriction of 7y to C.(S* x (—r,r)). In fact, we provide
a necessary and sufficient condition for the symplectic quasi-integrals to be equal,
in Theorem 6.26 we prove

770|Cc(51><(—r,7”)) =¢ & re (0, Z]'

For the proof of the existence of the symplectic quasi-integral 7y and the proof of
the comparison of the symplectic quasi-integrals we introduce the notion of quasi-
integrals and topological measures on locally compact Hausdorff spaces and develop
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a representation theory for quasi-integrals in terms of topological measures, see
Theorem 6.6. It is a generalization of the representation theory for quasi-states and
topological measures on compact Hausdorff spaces due to Aarnes [Aal]. Since every
symplectic quasi-integral is a quasi-integral, we can make use of this representation
theory and prove the main statements in terms of topological measures. Moreover,
we introduce a reduction argument for topological measures and prove a statement
about the symplecticity of quasi-integrals on surfaces without boundary; both are
needed in the proofs of the main statements.

In addition, it will turn out that the quasi-integral ny on T*S* is closely related to
Viterbo’s symplectic homogenization. In fact, using the existence and the properties
of ny we prove that there exists a unique operator

H: C(T*S") — Cu(R)

which has the properties of symplectic homogenization, where partial quasi-additivity
is replaced by strong quasi-additivity, by an axiomatic approach, see Theorem 6.20.
This operator allows to define symplectic quasi-integrals 1, on 7*S* by integration
against Radon measures 0. More precisely, we prove that the functionals given by

1o(F) = / H(F) do

are symplectic quasi-integrals for any Radon measure o, see Proposition 6.22. If we
take the Radon measure o to be the Dirac measure centered at zero, we obtain a
quasi-integral ny via 1o(F') = H(F')(0) which turns out to be the unique symplectic
quasi-integral on 751,

1.4 Organization

The rest of this section is devoted to necessary preliminaries and definitions of
symplectic geometry.

In Section 2 we review Lagrangian Floer homology, introduce the Lagrangian
spectral invariants and prove their additional properties. A summary is given in
Theorem 2.14 in Subsection 2.4.

In Section 3 we define the partial quasi-morphisms p,: Ham(7*N) — R and the
partial symplectic quasi-integrals (,: C°(T*N) — R and prove their properties, see
Theorem 3.5 and Theorem 3.10.

In Section 4 we give an overview about Viterbo’s symplectic homogenization
and state the equivalence between symplectic homogenization and the partial quasi-
morphisms on 7*T" in Theorem 4.13. Moreover, we give a general definition of a
symplectic homogenization operator and list its properties.

In Section 5 we formulate and prove the various applications following from the
existence and properties of the partial quasi-morphisms p, and the partial symplectic
quasi-integrals (,.

In Section 6 we develop a representation theory for quasi-integrals and topological
measures on locally compact Hausdorff spaces, Theorem 6.6. Using the representa-
tion theory we prove the existence of a symplectic quasi-integral 1y on 7*S* which is
uniquely characterized by its additional properties, see Proposition 6.19, and relate
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it to Viterbo’s symplectic homogenization in the sense that we prove the existence
and uniqueness of an operator H: C.(T*S') — C.(R) which has the properties of
symplectic homogenization, see Theorem 6.20. In Subsection 6.5 we give an overview
about the definition and construction of the Calabi quasi-state on S? due to Entov
and Polterovich. In Subsection 6.6 we compare the two symplectic quasi-integrals.

Parts of this work are based on the article [MZ] and results obtained in [MVZ].

1.5 Preliminaries of symplectic geometry

In this subsection we give a short overview about the basic concepts in symplectic
geometry and introduce the relevant notation for the sequel of this work. We refer
to [McS1] for a detailed introduction to symplectic geometry.

Symplectic manifolds and Hamiltonian vector fields

A symplectic manifold is a pair (M, w), where M is a smooth manifold (through-
out we assume that M has no boundary) and w is a non-degenerate closed 2-form
on M, called the symplectic form. A symplectic manifold (M,w) is necessarily of
even dimension 2n, and the form w™ = wA - - - Aw defines a volume form on M. The
standard example of a symplectic manifold is the 2n-dimensional Euclidean space
R?" with the so-called canonical symplectic form wy = dp Adg = Y, dp; A dg;.
According to Darboux’s theorem, any symplectic manifold (M, w) looks locally like
(R?" wy), that is, there are always local coordinates in which the symplectic form is
given by the canonical symplectic form wy.

A diffeomorphism ¢: M — M’ on symplectic manifolds (M,w) and (M’ ') is
said to be symplectic (a symplectomorphism) if it preserves the symplectic forms
in the sense that p*w’ = w. The set Symp(M,w) of all symplectomorphisms with
compact support on (M,w) is a group with respect to composition.

A submanifold L C M is said to be Lagrangian if its dimension is n and w|, =
0. An embedding i: L™ — M?" is called Lagrangian if i*w = 0. A Lagrangian
submanifold in (R?",wy) is, for example, given by {(q,p) € R*"|p = 0}. Moreover,
if (M,w) is a symplectic manifold, then so is the product (M x M,w @ —w), where
the overline indicates that the sign of the symplectic form is the negative of the usual
one. The graph I', C M x M of a symplectomorphism o: M — M is a Lagrangian
submanifold in (M x M,w @ —w). In particular, the diagonal A of M x M is a
Lagrangian submanifold.

If (M,w) is a symplectic manifold, the symplectic form w establishes an isomor-
phism between vector fields X and 1-forms on M given by X — txw = w(X,-). A
vector field X is called symplectic if the corresponding 1-form is closed, it is called
Hamiltonian if the corresponding 1-form is exact. If H: M — R is a smooth function
on M, called a Hamiltonian, such that cxw = —dH, the unique vector field X = Xpy
is called the Hamiltonian vector field of H.

A time-dependent Hamiltonian is a smooth function H: [0,1] x M — R. By H,
we denote the function H(t,-) € C*°(M). To a time-dependent compactly supported
Hamiltonian H € C2°([0, 1] x M), that is, a Hamiltonian such that H; has compact
support for any t, one can associate a time-dependent Hamiltonian vector field Xy
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which is given by the equation
Lxg,w = —dH;.

It gives rise to a flow on M, which is called the Hamiltonian flow generated by H,
via

d .
aqﬁq = Xp, 0 ¢y, oY =idy .

The time-t map of the flow of H is denoted by ¢%;, while ¢ denotes its time-1 map;
these maps are symplectic. Moreover, we define ¢t = ¢tgk¢'fq for t € [k, k + 1],
where k € Z; here ¢¥ := (¢y)*. Whenever H is defined for all t € R and is
I-periodic in ¢, the time-t flow of H equals ¢Y;.

The Poisson bracket of two Hamiltonians F, G € C*(M) is given by {F,G} =
w(Xp, Xg) = —dF(Xg) = dG(XF) € C*(M). If {F,G} = 0, we say that F' and
G Poisson commute, and in this case the Hamiltonian flows ¢% and ¢f, commute.
The space C°(M) of compactly supported smooth Hamiltonians on M forms a Lie
algebra with respect to the Poisson bracket.

The group of Hamiltonian diffeomorphisms and Hofer’s metric

To define the group of Hamiltonian diffeomorphisms of a symplectic manifold
(M, w) we consider a special class H (M) of Hamiltonians: If the symplectic manifold
(M,w) is open, H(M) is defined to be the set of all compactly supported Hamiltoni-
ans H: [0,1] x M — R such that there exists a compact subset of M which contains
the supports of the functions Hy, t € [0, 1], simultaneously. If (M,w) is closed, the
set H(M) consists of Hamiltonians H: [0, 1] x M — R which are normalized in the
sense that [ o Hiw™ = 0 for all . Both assumptions on the Hamiltonians require
that the map which sends a Hamiltonian in # (M) to its Hamiltonian vector field is
injective, that is, a Hamiltonian vector field determines the corresponding Hamilto-
nian uniquely. The set of Hamiltonian diffeomorphisms Ham(M) = Ham(M,w) of
(M,w) is then defined to be the set of all diffeomorphisms which are generated by
H e H(M), ie.

Ham(M) = {¢: M — M| ¢ = ¢y for some H € H(M)}.

The set Ham(M) forms a group with respect to composition. Moreover, Ham (M)
is a Lie subgroup of the group of all diffeomorphisms of M, and the Lie algebra
of Ham(M) can be identified with the set of all time-independent Hamiltonians in

For an open subset U C M we let Ham(U) be the subgroup of Ham(M) where an
element ¢ € Ham(M) lies in Ham(U) if and only if it is generated by a Hamiltonian
H € H(M) with compact support contained in U, i.e. supp H; C U for all t. We
let %(M ) be the universal cover of Ham(M); its elements are smooth paths in
Ham(M) based at the identity, considered up to homotopy with fixed end points.

The group Ham(M) carries a non-degenerate bi-invariant metric, the Hofer met-
ric. For H € C2°([0,1] x M) let osc H; = max H; — min H; be the oscillation of H;.
For ¢ € Ham(M) consider

1
p(9) —inf/ osc H; dt ,
7 Jo
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where the infimum goes over all Hamiltonians in H(M) generating ¢. Thus, p(¢)
can be interpreted to describe the minimal amount of energy needed to generate a
given ¢ € Ham(M). The latter defines a norm, and by

p(6,¥) = p(ev™")

one can extend it to a bi-invariant metric on Ham(M ), the Hofer metric. Thereby,
it is a highly nontrivial fact that p is indeed non-degenerate. It was first established
for M = R™ by Hofer [Ho|] and then proved for all symplectic manifolds by Lalonde
and McDuff [LaMc|. By the triangle inequality of the Hofer metric, the Hofer norm
is subadditive, and the asymptotic Hofer norm on Ham(M) given by

p(¢*)

poc(d) = lim 22

is well-defined. We refer to [Po] for details about the group Ham(M) and Hofer
geometry.

Cotangent bundles

Important examples of symplectic manifolds are cotangent bundles. In this work
we will mainly consider the following situation: Let N be an n-dimensional closed
connected manifold and T*N = {(q,p) |p € T; N} its cotangent bundle. There is a
canonical 1-form A on T*N, called the Liouville form, which induces a symplectic
form w = dX\ on T*N. It is given by the following construction: Denote by 7: T*N —
N the natural projection (g, p) — ¢. For any (q,p) € T*N the map 7 induces a map

@, 0): TigpT"N = TrgpN =Ty N
and for any (¢,p) € T*N and § € T(4,)T*N the Liouville form X is given by
Mg, p)(€) = (p, m(q,P)E) ,

where (-, -) denotes the natural pairing between 7*N and T'N. In local coordinates
(@1, Gn,P1,---,Pn) on T*N the Liouville form is given by

A= pidg =pdq.
i=1
Therefore, w = dA = dp Adq is a symplectic form and (T*N,w = d\) is a symplectic
manifold.

We set T'N = {(¢,p) | |lp|| < r} for r > 0. Thereby, we fix an auxiliary Rie-
mannian metric on N and measure the lengths of cotangent vectors relative to this
metric.

There are several important examples of Lagrangian submanifolds in (7*N,w =
d)A). The zero section Oy = {(q,0) € T*N|q € N} of T*N is a Lagrangian
submanifold; it is denoted by Oy or N. A Lagrangian submanifold L C T*N is
said to be Hamiltonian isotopic to the zero section if there is ¢ € Ham(7*N) such
that ¢(N) = L. If a is a 1-form on N, its graph 'y, = {(¢,a(q))|¢ € N} € T*N
is a Lagrangian submanifold if and only if « is closed. Moreover, let M C N be
a closed connected submanifold. Its conormal bundle v*M C T*N is a Lagrangian
submanifold in T*N. Tt is given by v*M = {(¢,p) € T*N |q € M,p € v; M}, where
viM ={p e T;N |(p,v) =0 for all v € T;M}.
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2 Lagrangian spectral invariants

Lagrangian spectral invariants arise from Lagrangian Floer homology of cotan-
gent bundles relative to closed connected submanifolds; both were introduced and
first studied by Oh [Ohl], [Oh2]. In Subsection 2.1 we give a very short overview
about the construction of Lagrangian Floer homology and Lagrangian spectral in-
variants; the general reference for this is Oh’s works [Ohl], [Oh2]. Here we use
different sign conventions than Oh; we follow the philosophy that the Floer theory
of the action functional is a perturbation of the Morse theory of a function on a
closed manifold. The effect of the different sign conventions is that our invariants
are “dual” to Olh’s; this is discussed in Subsection 4.1.2 in detail.

In Subsection 2.2 we prove some properties of the Lagrangian spectral invari-
ants arising from Floer homology with respect to the zero section. In particular, in
Subsection 2.2.2 we prove a notion of Poincaré duality for the top and the point La-
grangian spectral invariants, in Subsection 2.2.3 we prove a sharp triangle inequality
from which we conclude in Subsection 2.2.4 that the Lagrangian spectral invariants
descend to functions on Ham(7*N). Moreover, in Subsection 2.3 we compare the
Lagrangian spectral invariants with the Hamiltonian spectral invariants in cotan-
gent bundles which were introduced and studied by Frauenfelder and Schlenk [FS].
In Subsection 2.4 we summarize the properties of the functions on Ham(7*N) given
by the Lagrangian spectral invariants.

The various properties of the Lagrangian spectral invariants allow to define the
family of partial quasi-morphisms p,: Ham(7T*N) — R by homogenizing a cer-
tain Lagrangian spectral invariant as well as the family of partial symplectic quasi-
integrals (,: C2°(T*N) — R, and to prove some additional properties of these func-
tions, see Section 3.

In Subsection 2.5 we extend the definition of the Lagrangian spectral invariants
to Hamiltonians which are not compactly supported but have complete flow.

In Subsection 2.6 we prove a product formula for these extended spectral invari-
ants which, in particular, gives a product formula for the partial quasi-morphisms
1o and the partial symplectic quasi-integrals (,; the latter can be used to prove
rigidity results, see Subsection 5.4.

In the sequel we fix a closed connected n-dimensional manifold N and a Rie-
mannian metric on N, and consider the symplectic manifold (T*N,w = d\), where
A = pdq is the Liouville form. We identify N with the zero section via the embed-
ding N — T*N. Unless otherwise mentioned, all homology is with Z, coefficients,
and all moduli spaces are counted modulo 2.

2.1 Lagrangian Floer homology and Lagrangian spectral in-
variants

Let H € C([0,1] x T*N) be a compactly supported time-dependent Hamilto-
nian. Floer homology of the Hamiltonian H can be viewed as Morse homology of
the action functional Ay corresponding to H. Here, the classical action functional
Apg corresponding to the Hamiltonian H is a functional on the space of smooth
paths

Q={y:10,1] = T*N|v(0) € N}
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given by

Au) = [ Gy~ 3.

Let M C N be a closed connected submanifold and denote by v*M C T*N the
conormal bundle of M in N. Note that in case M = N, the conormal bundle v*N
equals the zero section N. Consider the space of paths

QM) ={y € Q|y(1) e v" M}

and let Apg.ps be the restriction of Ay to Q(M). The set Crit(H : M) = Crit Ag.ps
of critical points of the action functional on (M) is precisely the set of solutions
~ of the Hamiltonian equation ¥ = Xy(7v) with boundary conditions dictated by
Q(M). Therefore, there is a one-to-one correspondence between the set of critical
points Crit(H : M) and the intersection points of ¢5(N) N v*M, the map Crit(H :
M) = ¢y (N)Nv*M given by v +— (1) is a bijection. Let the action spectrum of
H relative to M be the set

Spec(H : M) ={Ag.m(7) |~ € Crit(H : M)} CR.

It is a compact nowhere dense subset, and it only depends on the time-1 map ¢y of
H. Therefore, for ¢ € Ham(T*N) we denote Spec(¢ : M) = Spec(H : M), where H
is any Hamiltonian generating ¢.

Consider the vector space CF(H : M) spanned over Z, by the set Crit(H : M),
and for a ¢ Spec(H : M), the subspace CF<*(H : M) C CF(H : M) spanned by
critical points with action < a, and the quotient space CF~>*(H : M) := CF(H :
M)/CF<*(H : M). For a generic choice of H, the intersection ¢g(N) N v*M is
transverse and so Crit(H : M) is finite, and the various spaces C'F' are all finite-
dimensional; we refer to such a Hamiltonian as reqular.

For any critical point there is an integer-valued index mg.p;: Crit(H : M) — Z,
the Conley-Zehnder index. We normalize it as follows: Let fo: M — R be a Morse
function. Denote by vy M the normal bundle of M in N; it is a vector bundle
over M. Identify a neighborhood of M C N with a disk bundle mg: DM — M
in the normal bundle vy M. Extend the function 7 fy to a smooth function f on
N and let H = 7*f : T*N — R. The elements of Crit(H : M) are in one-to-one
correspondence to the critical points of f|y = fo. We normalize my.ps so that it
coincides with the Morse index of fy under this correspondence. We let CFy(H : M)
denote the subspace of CF(H : M) spanned by elements of index my.py = k.

To study the negative gradient flow of Az.pr on Q(M), define an L*-type metric
on Q(M) as follows: Let J: [0,1] — End(7TT*N) be a path of almost complex struc-
tures on T*N compatible with the symplectic structure in the sense that w(-, J;-) is
a path of Riemannian metrics on 7*N. For v € Q(M) and &, € T,Q(M) define

&,n) = fol w(&(t), Jm(t)) dt. Then the gradient of Ap.ps relative to this metric reads

VArau(y(1) = J(y()) (3(t) = Xu(1(t))) -

The corresponding negative gradient flow equation for u: R(s) — Q(M) is Floer’s
equation (which is a perturbed Cauchy-Riemann equation with Lagrangian bound-
ary conditions) given by

St (G - xuw) =0,
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For critical points y1 € Crit(H : M) we denote by M(y_, vy ) the set of solutions u
of this equation such that u(400, ) = v4. This set admits a natural action of R by

translation in the s variable, and we let M (7=, 7+) = M(~—,74+)/R be the quotient
if vy #v-, and M(y-,7-) = @.

If the path of almost complex structures J; is chosen generically, the moduli
spaces M(v_,vy) and M(y_,~y) are finite-dimensional smooth manifolds for any
v+ € Crit(H : M); we call such a J reqular for H. Moreover, for regular J and H
we have dim M(v_,v4) = mum(v=) — maa(V4)-

If the path of almost complex structures J; is chosen such that it coincides
with the almost complex structure induced by the Riemannian metric on the base
outside of a compact subset of 7" N, the zero-dimensional component of the mod-
uli space M(v_,7v4) becomes compact, while the one-dimensional component be-
comes compact up to breaking. Indeed, for my.p(v-) = mug.a(v4) + 1 we have
dim M (7—,7v+) = 0 and M (7—,7v+) is a compact smooth manifold. Therefore, de-
fine

0:CF,(H:M)— CFy_1(H : M)

by the linear extension of

Oy-= > H#HMO ) s

mp v (74)=k—1

According to the boundary conditions of the compactification of the one-dimensional
components of M(v_,7y), the map 0 is a differential, i.e. 9*> = 0. We denote the
corresponding Floer homology groups by HF,(H : M).

Since elements of M (v—,v+) are negative gradient flow lines of the action func-
tional, it decreases along any such element; hence O induces a differential on the
subspace CF=*(H : M), as well as on the quotient space CF*(H : M). We
denote the corresponding relative Floer homology groups by HF=*(H : M) and
HFZ%(H : M), and let

i HES*(H : M) — HF,(H : M)

and
JjeeHF,(H : M) — HF *(H : M)

be the induced maps on homology.

Remark 2.1. The various Floer homology groups HF' are canonically isomorphic
for different choices of the regular almost complex structure J, and therefore we
suppressed J from the notation. Moreover, these isomorphisms induce canonical
commuting diagrams relating the (filtered) Floer homology groups and the maps
14, 7¢, and thus the maps ¢, j¢ are independent of J.

If K is another regular Hamiltonian, there is a canonical continuation isomor-
phism HF,(H : M) = HF.(K : M). Moreover, the Floer homology HF,(H : M) of
any regular H is canonically isomorphic to the singular homology H,(M). Indeed,
let f be a function on N constructed as above and H = 7*f. Then the Floer com-
plex of H degenerates into the Morse complex of fy, including grading. Therefore,
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for such H, the Floer homology H F.(H : M) is canonically isomorphic to the singu-
lar homology H,(M). In summary, using the above continuation isomorphism, the
Floer homology HF,(H : M) is canonically isomorphic to the singular homology
H.(M) for any regular Hamiltonian H, i.e.

HF,(H : M) = H,(M).

Using the identification between H F,(H : M) and H,.(M) one can define Lagrangian
spectral invariants ¢(A, H : M) for any regular H and A € H,(M) by

V(A H: M) :=inf{a| A € imil}.
These have the following properties proved by Oh [Ohl], [Oh2]:

(i) ¢(A,H : M) € Spec(H : M), in particular, any spectral invariant is a finite
number;

(i) if Hy is a sequence of regular Hamiltonians which tends to 0 in the C*-topology,
then ((A, Hy, : M) — 0;

(i) [ min(H; — K;)dt < (A H : M) — (A, K : M) < [ max(H, — K;)dt; in
particular, the spectral invariants are Lipschitz continuous with respect to the
C°-norm.

We refer to property (iii) as the continuity of the spectral invariants.

Similarly to the above one can define spectral invariants associated to cohomol-
ogy classes of M. Consider the dual Floer complex CF*(H : M) = Hom(CF,(H :
M), Zs) = (CF*(H : M))*. The universal coefficient theorem implies that the coho-
mology of this complex taken with the dual differential 0* is canonically isomorphic
to (H.(M))*. The latter with coefficients in a field is the same as the singular
cohomology H*(M).

The dual complex is similarly filtered by action; the action increases along the
differential. Consider the subcomplex C'FZ% (H : M) generated by orbits of action >
a and the quotient complex CF%, (H : M) = CF*(H : M)/CF%,(H : M). Here we
identify the basis of C'F, with the dual basis of C'F™*, and as a result we have canonical
identifications CFZ (H : M) = (CF7(H : M))* and CF:,(H : M) = (CF="(H :
M))*, and the same for (co)homology. Let ji: HFZ (H : M) — HF*(H : M) and
it HF*(H : M) — HF%,(H : M) be the maps induced on cohomology by the
inclusion and projection maps. The short exact sequence of cochain complexes

0—->CF,(H:M)—=-CFH:M)—=CF:,(H:M)—0
is dual to the short exact sequence of chain complexes
0—CF:*(H:M)— CF.(H:M)—CF;*(H:M)—0,

and the induced long exact sequence of cohomologies

- > HFFY(H M) — HFF (H: M) 2 HFF(H : M) = HF: (H : M) — ...
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is dual to the long exact sequence of homologies

i

oo HFZO(H - M) — HES(H - M) %5 HE(H - M) 25 HEZ*(H : M) — .. .
The spectral invariant corresponding to v € H*(M) is
(v, H : M) =sup{a|i,(v) =0}.

If H € C*(]0,1] x T*N) is an arbitrary compactly supported Hamiltonian,
it can be approximated by regular Hamiltonians Hj in the C*°-sense. From the
continuity of the spectral invariants it follows that ¢(A, Hy : M) is a convergent
sequence and that its limit only depends on H. Therefore, spectral invariants can
be uniquely extended to the set of all compactly supported Hamiltonians. These
extended invariants satisfy the spectrality axiom (see [Oh4])

((A,H : M) € Spec(H : M),

and they are continuous in the sense of property (iii) above, and so they are Lipschitz
continuous with respect to the C%-norm.

Remark 2.2. In the sequel we need to use Hamiltonians defined on [0, 7] x T*N
with 7 different from 1 from time to time. All the preceding constructions are
modified in the obvious way, for example, the action functional is now defined on
paths v: [0,7] — T*N by A(y) = [J Hy(y(t))dt — [~4*A, and so on. We will not
mention this modification explicitly, and the context will always make clear the
domain of definition of Hamiltonians, paths, and action functionals.

2.2 Properties of Lagrangian spectral invariants

In this subsection we prove some additional properties of the Lagrangian spectral
invariants arising from Floer homology relative to the zero section N of T*N which
include a notion of Poincaré duality for the top and the point spectral invariants,
a sharp triangle inequality, and the independence of isotopy. These properties are
needed in order to define the family of functions p, and to extract the properties of
the functions p, in Section 3.

We assume M = N in the rest of this subsection and denote the corresponding
Lagrangian spectral invariants by ¢(A, H) for any A € H,(N) and ¢(v, H) for any
v € H*(N). Moreover, we set

£, (H) = (([N], H) and ¢_(H) = ((pt, H),
where [N] € H,(N) and pt € Ho(M) are generators.

2.2.1 Lagrangian property

We have the following observation which turns out to be crucial for many appli-
cations of Lagrangian spectral invariants. We refer to it as Lagrangian property.
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Lemma 2.3. Let H € C°([0,1] xT*N) be such that H|x = ¢ (respectively H|n > ¢,
H|ny < c¢) for somec € R. Then (A, H) = ¢ (respectively ((A, H) > ¢, {(A, H) < ¢),
for any A € H.(N)\ {0}.

Proof. Assume H|y = c¢. According to the spectrality property, (A, H) is a critical
value of the action functional which means that it equals Ag(y) for some v €
Crit(H : N). The latter set consists of Hamiltonian trajectories beginning and
ending on N. Since N C T*N is Lagrangian and H is constant on it, X is tangent
to it, and so any element of Crit(H : N) is contained in N which means that its action
equals ¢. This shows that ¢(A, H) = ¢, as claimed. If H|y > ¢, there is another
time-dependent Hamiltonian K with compact support which satisfies H > K and
K|y = ¢. The claim then follows from the above consideration and the continuity
of the spectral invariants. The other inequality is proved similarly. O

2.2.2 Poincaré duality
Proposition 2.4. For any Hamiltonian H € C°(]0,1] x T*N) we have

éi(H) = _E:F(ﬁ) ’
where H is defined by H(t,x) = —H(1 —t,z).

Proof. Assume that the Hamiltonian H is regular, that is, ¢4 (N) intersects N
transversely. By standard duality considerations (see [Sch] for example) we obtain

((pt, H) = {(1,H) and (([N],H)={(uy,H),

where pt € Hy(N), [N] € H,(N), 1 € H°(N), uy € H"(N) are generators. In
order to prove the claim we make use of the above duality by comparing the filtered
Floer cohomology of H with the filtered Floer homology of H. The Hamiltonian
H generates the isotopy <btﬁ which is obtained from the one generated by H by
retracing it backwards, i.e.
O = On 'O -

The sets of critical points of Ap and Ay are in one-to-one correspondence, the
bijection is given by the involution Q(N) — Q(N), v — 7 = (1 — ). Moreover, we
have mpy.n(v) = n — myg. 5 (7). In summary, there is a canonical isomorphism

CF*(H:N)=CF,_.(H:N).
Since we have Ay (y) = —Az(7), the filtrations are reversed for every a ¢ Spec(H :
N), ie.
CF,2(H: N) = CF""(H: N).

_ Moreover, if J is a compatible almost complex structure which is regular for H,
J(t,-) = J(1 —t,-) is a compatible almost complex structure which is regular for

H, and there is a natural identification of the moduli spaces M\('y_,7+, H,J) and

M(7+,7_,F, J) given by u + @, U(s,t) = u(—s,1 —t). In summary, we conclude
((pt, H) = ¢(1,H) = —(([N], H),
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and similarly we have
(([N], H) = t(px, H) = —L(pt, H) .

Due to the continuity of spectral invariants both equalities continue to hold if we
replace H by an arbitrary smooth Hamiltonian, and the claim is proved. O

2.2.3 Triangle inequality

Let H,H'": [0,1] x T*N — R be such that H(1,-) = H'(0,-). The concatenation
H{H': [0,2] x T*N — R of the two Hamiltonians is defined to be

..« [ Htux), ift<1
Hwywx»_{}f@—Lx% if £ > 1

Note that if H, H' are smooth and H(1,-) = H'(0,-) with all the time derivatives,
then HfH’ is smooth as well.

Proposition 2.5. Let H, H' € C°(]0,1] x T*N) be such that H(1,-) = H'(0, ) with
all the time derivatives. Then

((ANB,HtH") < ((A,H)+{(B,H)

for all A,B € H.(N) with AN B # 0, where N: Hj(N) x Hy(N) = Hjip—n(N)
denotes the intersection product in homology.

In the proof of the above proposition we will use a certain procedure, which we
call smoothing, which allows to replace any given time-dependent Hamiltonian by a
Hamiltonian that vanishes for values of time close to 0 and 1 (see [Po] for instance).
We will see that this procedure leaves intact all the spectral invariants of the original
Hamiltonian. Moreover, if H and K are such that HfK is smooth, then the spectral
invariants of H{K are precisely the spectral invariants of the concatenation of any
two smoothed versions of the Hamiltonians H and K.

Remark 2.6 (Smoothing). Let H € C2°([0,1] x T*N) be a time-dependent Hamil-
tonian with compact support. Let f:[0,1] — [0,1] be a smooth function with
f'(t) >0 for any ¢t € [0,1] and f(t) = 0 for ¢ near 0 and f(¢) =1 for ¢ near 1. Then
the function H7/ defined by

H(t,2) = f(OH(f(t), )

is a compactly supported smooth Hamiltonian which equals 0 for ¢ near 0 and 1.
The flows of H and H/ satisfy ¢',, = gbﬁt).

Moreover, if H is a regular Hamiltonian, then so is H/. If J is an almost
complex structure regular for H, then J/ = J(f/(-),-) is for H/, with an obvious
identification between the various moduli spaces relative to H,.J and H/, J/. For
the various spectral invariants we have the following:

(i) The above procedure of smoothing leaves intact all the spectral invariants.
Indeed, for H € C°([0,1] x T*N) and a smooth function f: [0,1] — [0,1]
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with f’(t) > 0 for any ¢ € [0,1] and f(0) =0, f(1) = 1 consider the function
H’. Since the flows of H and H/ satisfy Py = J;{(t), there is a bijection
between the sets of solutions of the corresponding Hamiltonian equations with
boundary conditions dictated by Q(N). The bijection is given by Crit(H :
N) — Crit(H/ : N), v = ~/, where v/(t) = ~v(f(t)), and it preserves the
corresponding actions, i.e. Ag(y) = Ags(y/). Therefore, if f,: [0,1] — [0, 1],
7 € [0,1], is a continuous family of smooth functions with fo = idypqj, f1 = f
and f,(0) =0, f,(1) = 1, f/ > 0, then the action spectrum Spec(H' : N) is
independent of 7, and consequently, by spectrality, so is any spectral invariant.
Thus, the spectral invariants of H and H/ coincide.

(ii) Consider two Hamiltonians H and K as in the above proposition and note that
their concatenation H4K is smooth. Denote by H/ and K9 the corresponding
smoothed Hamiltonians; the concatenation H'§K9 is smooth as well. The
spectral invariants of H/$KY are independent of the functions f, g used for
smoothing, and the spectral invariants of H#K coincide with those of H/§K9.

Proof (of Proposition 2.5). Let H, H' € C2°([0, 1] xT*N) be two Hamiltonians as in
the proposition; in particular, the concatenation HfH’ is smooth. According to the
continuity of the spectral invariants we can assume that H and H' are regular. Using
the above smoothing procedure we can replace H and H’ by smoothed Hamiltonians
which are regular as well without altering the corresponding spectral invariants of
H, H and HtH'. Therefore, we can assume that H, H' are regular and smoothed, i.e.
H = H' = 0 for times t near 0, 1. Let ¢ > 0. Consider the concatenation H] = H{H'.
It may not be regular anymore, so we perturb it to a regular Hamiltonian H” such
that |H” — H{||co < e. We choose an additional smooth function K: R x [0,2] x
T*N — R such that

H(t,-), s<1,tel01]
K(s,t,)=qH({t—-1,), s<1,te]l,2]
H"(t,-), s>2,t€l0,2]

and for s € [1,2] we have |2%| < ¢ for all ¢. Moreover, we fix a t-dependent almost
complex structure J, defined for ¢ € [0, 2], which coincides with the almost complex
structure induced by the Riemannian metric outside of a compact subset in T*N.

Denote by T the strip with a slit appearing in [AS]. This T is a Riemann surface
with boundary which is conformally equivalent to a closed disk with three boundary
punctures which can be described as a strip with a slit: Take the disjoint union
R x [0,1]UR x [1,2] and identify (s,17) with (s,17) for every s > 0. The resulting
object is a Riemann surface with interior R x (0, 2)\ (—o0, 0] x {1} endowed with the
complex structure of a subset of R? = C. The complex structure at each boundary
point of the components R x {0} and R x {2} is induced by the inclusion in C.
The conformal coordinate near the point (0,1) is given by the square root. Thus,
T carries a global coordinate z = s 4+ ¢t which is holomorphic everywhere with
exception of the point (0, 1); see [AS] for details.

Let v,~',+" be critical points of Ay, Ag/, Ay, respectively. We consider the
moduli space M(7,~;v") of solutions u: T — T*N with coordinates (s,t), where
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t € [0,2], of the equation

S50+ ) (G(6.0) = Xatoit)) =0

with boundary conditions u(0YT) C N and asymptotic conditions u(—oo,:) = 7,
u(—o0,- — 1) = ', u(oo,:) = +”. For a generic choice of J, the moduli space
M(7,v";+") is a smooth manifold of dimension myg.n () +mpg.n (V) —myr.n (") —n
which is compact in dimension 0 [AS]. This allows to define a bilinear map

CF;(H:N)xCF,(H :N) = CFjip—n(H" : N)
by the linear extension of

(1,9) = > H#M( A

,Y//

This map is a chain map (according to the boundary conditions of the compacti-
fication of the one-dimensional components of M(7,~';4”)) and hence descends to
homology,

HF;(H:N)x HFy,(H : N) = HFj s n(H" : N).

We claim that, under the natural identification HF, = H,(N), this map corresponds
to the intersection product in homology. Postponing the proof of this claim for a
moment, we conclude: A computation shows (see [AS]) that if u € M(v,7;7"),
then

An(v) + Aw () = Aur (") = E(u) — e,

where E(u) = [, |0,u|” dsdt > 0 is the energy of u. It follows that the above chain
map restricts to a map on filtered subcomplexes,

CF*(H : N) x CF*(H': N) = CF/ e (H” : N)
for any a, b, e’ such that a ¢ Spec(H : N), b ¢ Spec(H' : N), &’ >¢,and a+b+¢e' ¢
Spec(H” : N). This implies

WANB,H") < (A, H)+ (B, H') +¢.

Since H” was chosen e-close to the concatenation HfH’, passing to the limit as
e — 0, we obtain the desired triangle inequality

(AN B, H4H') < (A, H) + (B, H').

To prove the remaining claim about the correspondence between the above map and
the intersection product in homology we note the following: In [Oh2] Oh proved that
a different version of the above T-product corresponds to the cup product in singular
cohomology. In his version, the Hamiltonian K on the strip with a slit vanishes for
s near 0. If we use such a Hamiltonian in the definition of our moduli space, we will
obtain the same map on homology. Indeed, one can define the corresponding moduli
space of paths of solutions to the above equation, where the Hamiltonian depends
on the variable of the path, say K. Studying the boundary of the one-dimensional
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component of the moduli spaces, one can see that counting the zero-dimensional
moduli spaces amounts to a chain homotopy between the chain maps constructed
from Hamiltonians K° and K!. This implies that they define the same map in
homology. Thus, it is immaterial whether to use our Hamiltonian K, “glued” from
H,H', H", or Oh’s Hamiltonian which vanishes for s near 0. In Oh’s sign conven-
tions his Floer homologies are isomorphic to H*(N) (see Subsection 4.1.2). Passing
to our sign conventions amounts to applying the Poincaré duality in each variable.
This transforms the cup product on cohomology into the intersection product on ho-
mology and therefore, in summary, our map corresponds to the intersection product
in homology, proving the claim. ]

2.2.4 Independence of isotopy

As a consequence of the triangle inequality we can prove that the spectral in-
variants are independent of the Hamiltonian isotopy generated by H; in particular,
they descend to the group of Hamiltonian diffeomorphisms Ham(7*N).

Proposition 2.7. Let H, H' € C°([0,1] x T*N) be such that ¢y = ¢p. Then the
spectral invariants of H, H' coincide, i.e. ((A, H) = (A, H') for any A € H,(N).

Notation 2.8. For any ¢ € Ham(7T*N) we denote by ¢(A, ¢) the value ¢(A, H) for
any H generating ¢. In particular, we still denote

(4(¢) = (([N], ¢) and (_(¢) = {(pt, §)
for generators [N] € H,(N) and pt € Hy(N).
For the proof of the proposition we need the following statement:

Lemma 2.9. Let H € C°([0,1] x T*N) be a Hamiltonian which generates a loop,
1.e. oy = id. Then its spectral invariants all vanish.

Proof. With the above smoothing procedure we can replace H by a smoothed
Hamiltonian (still denoted by H) such that ¢p is still the identity map without
altering the spectral invariants. Any spectral invariant ¢( A, H) is, by spectrality, the
action of a Hamiltonian arc v € Q(N). Since H generates a loop and is smoothed,
this arc is a smooth closed orbit. Now, a classical computation shows (see, for
instance, [Sch]) that the actions Ay (7,) of 7.(t) = ¢!, (x) are all the same, that is,
independent of the choice of x. Since we can take = to be outside the support of H,
the actions are all zero. Thus, we have Ag(y) = An(740)) = 0 as claimed. O

Proof (of Proposition 2.7). Let H, H' be such that ¢y = ¢y. Again, we can
assume that H and H' are smoothed so that both equal 0 near ¢t = 0 and near ¢ = 1.
Suppose for a moment that we can show

(A, H) = (A, HEH'{H'),
where H'(t,z) = —H'(1 —t,2). Then we have

U(A, H) = ((AN[N), HIF'4H') < (A, H') + (([N], H{ ) .

26



Since HtH' generates a loop, its spectral invariants all vanish, and we obtain
V(A H) < /(A H).

The reverse inequality follows by exchanging H and H'.

Therefore, it remains to prove ¢(A, H) = (A, HiH'{H') in order to prove the
proposition. Recall that the flow of H' is generated by the flow of H' by retracing
it backwards. Thus, the Hamiltonian H'#H’ generates a contractible loop. Let K7
be the Hamiltonian which generates the contraction, that is, the Hamiltonian K™
generates a loop based at the identity for every 7 € [0,1] and K° = 0 and K' =
H'tH'. We have ¢y~ = ¢p for every 7. Since the action spectrum Spec(H{K™ : N)
only depends on the time-1 map of H{K7, it is independent of 7. The spectrality
and the continuity of the spectral invariants imply that ¢(A, H{K") is a continuous
function of 7 which takes values in the fixed compact and nowhere dense subset
Spec(H : N). Thus, it is constant. O

2.3 Comparison of Lagrangian and Hamiltonian spectral in-
variants

Besides the Lagrangian spectral invariants there are well-defined spectral invari-
ants in cotangent bundles coming from a version of Hamiltonian Floer homology
which were introduced and studied by Frauenfelder and Schlenk [F'S]. In this sub-
section we compare the Hamiltonian and Lagrangian spectral invariants; in fact,
we prove an inequality between them which allows to prove that the functions u,
which we introduce in Section 3 are partial quasi-morphisms and that they vanish
on Hamiltonian diffeomorphisms with displaceable support.

In order to be able to state and prove the inequality between the spectral invari-
ants in Subsection 2.3.2 we give a short review of the construction of Hamiltonian
Floer homology and Hamiltonian spectral invariants in cotangent bundles in Sub-
section 2.3.1.

2.3.1 Hamiltonian spectral invariants

Hamiltonian spectral invariants arise from Hamiltonian Floer homology. In gen-
eral, Hamiltonian Floer homology for a Hamiltonian H can be viewed as Morse
theory of the action functional associated to H in an infinite-dimensional setting.
On several closed symplectic manifolds (on monotone, or aspherically, or weakly
exact closed symplectic manifolds, for instance), Hamiltonian Floer homology is
well-defined and isomorphic to the singular homology of the manifold. The Floer
chain complex is thereby generated by the 1-periodic orbits of the Hamiltonian flow
which are in one-to-one correspondence with the critical points of the action func-
tional, and the Floer differential counts perturbed pseudo-holomorphic cylinders
connecting two 1-periodic orbits of index difference one. Originally, Floer homology
is due to Floer, see [F11], [F12], [F13] for instance. On closed symplectic manifolds
as above, where Floer homology is isomorphic to the singular homology of the man-
ifold, one can associate Hamiltonian spectral invariants to homology classes, see
[Sch] for instance. On more general closed symplectic manifolds, Hamiltonian Floer
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homology involves quantum effects and uses a Novikov ring; it is isomorphic to the
quantum homology of the manifold; see [HS], [McS2], [Oh3], [Oh4] for the construc-
tion of Hamiltonian Floer homology on more general closed symplectic manifolds
and the definition of spectral invariants. We also refer to Subsection 6.5 for a very
short overview.

In case of non-closed or open symplectic manifolds, in particular, in case of cotan-
gent bundles, one can set up a version of Hamiltonian Floer homology for compactly
supported Hamiltonians. Standard Floer homology cannot be correctly defined for
compactly supported Hamiltonians since they are degenerate, but following the work
of Frauenfelder and Schlenk [FS], one can circumvent this difficulty on cotangent
bundles by considering Hamiltonians which have support in some fixed cotangent
ball bundle and a certain prescribed behavior near the boundary. In fact, in [FS]
the authors define Hamiltonian Floer homology on weakly exact convex symplectic
manifolds (note that any 7N and T*N = (J,oy TN are exact convex symplectic
manifolds) by considering such types of Hamiltonians, provide an isomorphism be-
tween Floer homology and the homology of the manifold, and define Hamiltonian
spectral invariants. Lanzat generalized this construction to strongly semi-positive
compact convex symplectic manifolds [La).

In this subsection we present a sketch of the construction for cotangent bundles,
referring to the aforementioned paper for details.

The class of Hamiltonians which is used to define Hamiltonian Floer homology
on T*N is given by the following: Fix R > 0 and let ¢ > 0. Let h: (—¢,00) — R be a
smooth function such that h(t) = 0 for t > 0 and h’(t) > 0 for ¢ < 0. Moreover, h'(t)
should be small enough so that the flow of h(]|p|]| — R) does not have non-constant
periodic orbits of period <1 for ||p|| € (—¢,0). Let H, € C*(T*N) be such that

Hi(q,p) = h(|lpl| — R)

for ||p|| > R —e. The Floer complex C'F(H) is the vector space spanned over Zs by
the 1-periodic orbits of H inside 7% N; all of them are non-degenerate and C'F'(H)
is well-defined. It is graded by the Conley-Zehnder index® mpy. The boundary
operator lowers the degree by 1 and counts Floer cylinders connecting two of such
orbits. Thereby, the behavior of H near ||p|| = R guarantees that all Floer cylinders
are contained in 7%, _N. In summary, the Floer homology of C'F,(H), which we
denote by HF,(H;h, R), is well-defined. It is identified with the homology of T* N,
ie.
HF.(H;h,R) = H.(T*N).

Since HF,(H;h, R) is filtered by action via the action functional Ay, one can
define spectral invariants in the standard fashion. Denote by HF %(H;h, R) the
homology of the subcomplex CF=%(H) in C'F,(H) spanned by orbits of action < a,
and consider the inclusion morphism

i HF<9(H;h,R) — HF.(H;h,R).
For A € H,(T*N) one can define
c(A,H;h,R) =inf{a| A € imi®}.

4Tt is normalized to equal the Morse index of critical points of a C?-small Hamiltonian, consid-
ered as 1-periodic orbits.
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These spectral invariants satisfy all the standard properties, including Lipschitz
continuity, the triangle inequality, and spectrality. Moreover, they can be defined
for arbitrary compactly supported Hamiltonians. Indeed, let H € C°([0,1] x T*N)
be such a Hamiltonian. It can be C%-approximated by non-degenerate Hamiltonians
Hy, k € N, whose behavior for ||p|| € [R — e, 00) is prescribed by the function h as
above, and e, — 0. Then the sequence ¢(A, Hy; h, R) is a Cauchy sequence and one
can declare its limit to be the spectral invariant ¢(A, H; h, R).

It can be shown that the spectral invariants are independent of the choices,
that is, independent of h and R, and it is proved in [FS] that the Hamiltonian
spectral invariants only depend on the time-1 map ¢y of H. Therefore, for any
¢ € Ham(T*N) and A € H,(T*N) one can extract Hamiltonian spectral invariants
which we denote by ¢(A, ¢). In particular, we denote

c—(¢) = c(pt, ¢) and c.(¢) = —c_(¢7),
where pt € Ho(T*N).

Remark 2.10. In [F'S] the authors prove that I Ham(7*N) — R given by

[(¢) = c4(¢) — c-(0)

is a norm on Ham(7™*N) which is invariant under conjugation (in fact, I' is invari-
ant under conjugation with compactly supported symplectomorphisms); it is called
spectral norm. It gives rise to a bi-invariant metric on Ham(7*N), referred to as
spectral metric, via T'(¢,1) = T'(¢yp~1). Similarly to the Hofer norm there is an
asymptotic version of the spectral norm given by
I'(¢")
w(¢) = lim ——.
)=
It is shown in [FS] that if ¢ € Ham(U), where U C T*N is an open and dis-
placeable subset and ¢ € Ham(T*N) is such that ¥(U) N U = @&, then it is true
that

—I'(¥) <c-(¢) < (0) <T(¢).

Remark 2.11. For future use we introduce the spectral displacement energy of an
open and displaceable subset S C T*N; it is given by

e(8) = inf{T'(¥)) [¥(S) NS = 2}

The spectral displacement energy of a family S = {S;}; of subsets is given by
e(S) = sup,;e(S;). Note that the spectral displacement energy of a subset S is
invariant under Ham (7™ N) in the sense that e(S) = e(p(S)) for any ¢ € Ham(T*N).

2.3.2 Comparison of Lagrangian and Hamiltonian spectral invariants

Proposition 2.12. For any ¢ € Ham(T*N) we have

{_(¢) = c—(9).
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This implies the following chain of inequalities

c-(¢) < L-(¢) < Li(9) < ci(9),
where the rightmost inequality follows by duality.

Proof. The proof is essentially contained in [Al]l. There the author provides a
comparison homomorphism between Lagrangian and Hamiltonian Floer homology
for certain degrees on closed symplectic manifolds and Lagrangian submanifolds
under certain assumptions which guarantee that both, Hamiltonian and Lagrangian
Floer theory, are well-defined.

The point of difference is that in [Al] the theory is restricted to closed symplectic
manifolds. Albers’ proofs rely on certain compactness arguments of moduli spaces
of perturbed pseudo-holomorphic curves which are valid in the closed case. In our
case there are no additional compactness issues beyond the closed case since the
almost complex structure is assumed to coincide with the one coming from the
Riemannian metric outside of a large compact set. Moreover, since the symplectic
form is exact in our case, there is no bubbling off of spheres or disks, and the proofs
are actually simpler. In particular, the homomorphisms which are constructed by
Albers for certain degrees are defined for all degrees and are isomorphisms in our
case. Therefore, we only present a sketch of the argument pointing out the essential
steps for the comparison of the spectral invariants.

Let H € C°([0,1] x T*N) be a compactly supported time-dependent Hamilto-
nian. Albers defines a map

i: CF,(H : N) = CF,(H)

as follows: First, one can assume that the Hamiltonian H is time-independent near
t = 0,1, and that the Floer homology for it is defined as above. Denote by T’ the
Riemann surface conformal to a closed disk with one boundary and one interior
puncture which is obtained from the above strip with a slit T through identifying
the top and the bottom boundary components. Let v be a Hamiltonian arc and x
a periodic orbit of H. Consider the moduli space M(+y, x) consisting of solutions of
the Floer equation defined on Y’, that is, solutions to

ou ou
%—th(u) (E—XH) —O,

where the boundary puncture is asymptotic to v and the interior puncture is asymp-
totic to x, while the boundary is mapped to the zero section. The above equation
is well-defined because of the existence of global conformal coordinates (s,t) on Y.
Albers shows that the moduli space M(7,x) is a smooth manifold of dimension
mu.n () — mpy(x) which is compact in dimension 0. He also shows that ¢, which is
the linear extension of

M= Y #MEa)e,
mp (z)=mm.n(7)

is a chain map. The canonical identifications HF.(H : N) = H,(N) and HF,(H) =
H.(T*N) intertwine it with the isomorphism H.(N) — H.(T*N) induced by the
inclusion of the zero section into 7% N.
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Now, for an element u € M(~, z) there is a sharp action-energy identity
Ap(v) — Ag(z) = E(u) > 0.

Hence, ¢« maps CF~%(H : N) — CF:%(H) for a ¢ Spec(H) U Spec(H : N), and it
follows that ¢_(H) < ¢_(H). By the continuity of the spectral invariants we conclude
that this inequality holds for arbitrary compactly supported smooth Hamiltonians.

[

Proposition 2.12 and the inequality obtained by Frauenfelder and Schlenk given
in Subsection 2.3.1 immediately imply:

Corollary 2.13. Let U be an open subset which is displaceable by ¢ € Ham(T*N).
Then we have

—T(y) <l(¢) <ly(8) <T(¥)
for any ¢ € Ham(U).

2.4 Lagrangian spectral invariants - summary

In summary, the Lagrangian spectral invariants have the following properties:

Theorem 2.14. Let N be a closed connected manifold. To each A € H,(N) \ {0}
we associate a function ((A,-): Ham(T*N) — R such that:

(i) (A, ) € Spec(¢: N);
(ii) if H, K generate ¢, 1, then

/ min(H, — K))dt < 0(A.6) — (A1) < / masx(H, — K,)di

0 0

(111) L(AN B, oY) < L(A, o)+ U(B,v) for any A, B € H,(N) such that AN B # 0;
in particular, {1 (¢Y) < €4(¢) + (4(¥);

(i) L(¢) <A, ¢) < Li(0);

(v) L£(¢) = —l5(¢7"), and thus (_(¢1) = () + ((¥);

(vi) if H generates ¢ and H|y = c (respectively H|y > ¢, H|ny < ¢) for some
c € R, then ((A, ¢) = ¢ (respectively ((A, @) > ¢, L(A, p) < c);

(vii) if U C TN is an open and displaceable subset and 1) € Ham(T*N) is such
that Y(U)NU = @, then

—T(¢) < (¢) < li(¢) <T(¥)
for any ¢ € Ham(U);
(viii) 10(A, 8) — €(A,dbd™)| < €4(t) — (1) for any v € Ham(T*N);
(ix) L4(0) + () < Ly (d).
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Proof. With the exception of (iv), (viii), and (ix) the statements are proved in the
previous subsections.
(iv) The triangle inequality and the fact that ¢(A,id) = 0 imply

(A, 6) = (AN [N],idod) < £(A,id) + (([N], 6) = £,(6) .
(viii) With the triangle inequality we conclude

0(A, ™) N[N ey ™)

L) + Ly ()

L O) + L () + (7
@) + () = (),

VARVAN

S S S S

(A
(A
(A
(A

which gives

M(A>¢¢w_1) - g(Aa ¢)| < €+(¢) - L(@b) :

(ix) The triangle inequality implies ¢, (¢) = 4 (™) < £y (ptp) + £ (¢p™!) and
with (1) = (_ () we have £, (9) + {_(1) < £ (60) .

2.5 Lagrangian spectral invariants for Hamiltonians with
complete flow

We can define the various Lagrangian spectral invariants ¢(A, H : M) for Hamil-
tonians H with complete flow, that is, for Hamiltonians whose flow exists for all
times, and any closed connected submanifold M C N.

Lemma 2.15. Let H H' € C*([0,1] x T*N) and assume that there are two open
subsets U C V. C T*N such that N C U, ¢ (U), ¢4, (U) CV for all t € [0,1], and
Hljoajxv = H'|jp1)xv- Then the spectral invariants of ¢y and ¢p coincide.

Proof. The claim follows from the fact that H can be continuously deformed into H’
such that the action spectrum stays intact during the deformation. More precisely,
let H" = 7H'+ (1 — 7)H. Then H7 is a smooth Hamiltonian whose flow sends U
into V for all times, and which coincides with H and H’ when restricted to V. It
follows that H™ has the same set of Hamiltonian orbits in (M) regardless of 7, and
those have actions independent of 7. O

If H has complete flow, there is R > 0 such that ¢4 (N) C T,N for all ¢ €
[0,1]. Any two compactly supported cutoffs H', H"” of H outside TN satisfy the
assumptions of the lemma and so have identical spectral invariants. The spectral
invariant ¢(A, H : M) is defined to be the common value ¢(A, H' : M) = (A, H" :
M). Thus, for any Hamiltonian H with complete flow and any A € H,(M) \ {0}
the number (A, H : M) is well-defined as the corresponding spectral invariant of
any suitable cutoff of H. Moreover, the spectral invariants for Hamiltonians with
complete flow share the properties of the usual ones, that is, spectrality, continuity,
and the triangle inequality. In particular, we have

- U(A,H : M) € Spec(H : M);
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- if H, H" have complete flow and if V' C T*N is an open subset such that
¢4 (N), ¢y (N) C V for all ¢ € [0, 1], then

1 1
/ inf(H, — H})dt < (A, H : M) — ((A, H' : M) < / sup(H, — H!) dt
Vv

0 0

- if H, H' are Hamiltonians with complete flow such that the concatenation
H#H' is smooth, then

((ANB,HtH") < (A, H) + (B, H')
for A, B € H.(N) with AN B # 0.

Remark 2.16. For Hamiltonians with complete flow it is no longer true that the
corresponding spectral invariants only depend on the time-1 map. For instance, the

constant Hamiltonians H = 1 and H' = 0 generate the same time-1 map, while we
have (A, H) =1 and ¢(A,H') =0 for all A € H,(N)\ {0}.

Lemma 2.17. Let H be a time-dependent Hamiltonian with complete flow, and
assume that the flow keeps the zero section inside an open subset U for all times.
Let G be any cutoff of H outside U. Then we have ((A, ¢4y M) = ((A, ¢k : M) for
any t. [

Remark 2.18. In general it is not true that one can consistently define the Floer
complex for a Hamiltonian with complete flow; moduli spaces of Floer trajectories
may fail to be compact without some additional assumptions on the behavior of
the Hamiltonian at infinity. Nevertheless, the Floer complex of any cutoff of the
Hamiltonian is well-defined. But it is not true that the Floer complexes of two
different cutoffs are isomorphic. They are related by canonical chain maps which
descend to level preserving isomorphisms on homology.

2.6 The product formula

In this subsection we prove a product formula for the Lagrangian spectral invari-
ants. It yields a product formula for the partial quasi-morphisms u, and the partial
symplectic quasi-integrals (, which we define in Section 3; the latter is important
for applications to symplectic rigidity which we state in Subsection 5.4.

Let H, H' be time-dependent Hamiltonians on symplectic manifolds Z, Z’. The
direct sum H @& H' on Z x Z' is the time-dependent Hamiltonian given by

(H® H)(t,z,2") = H(t,2) + H'(t,7),

for = € Z,2/ € Z'. Note that whenever H and H' have complete flows, so does
Ho H.

Theorem 2.19. Let H, H' be time-dependent Hamiltonians with complete flows on
T*N, T*N', respectively. For any A € H.(N)\ {0} and A" € H,(N")\ {0} we have

(A A H® H') = (A H)+ (A" H"),
where A® A" € H (N)® H.(N') = H.(N x N’).
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For the proof of the theorem we introduce and make use of the following algebraic
observation: In general, one can define spectral invariants for a filtered graded chain
complex V. A filtered graded chain complex V is a quadruple V = (V, ¥, A, 0), where
U ={vy,..., v} is a graded finite set, V = Zy ® ¥ is the Zy-vector space spanned by
U, A: U — Ris a 1-1 function (called the action) and 9: V' — V is a differential which
lowers the grading by one. The corresponding homology is denoted by H(V,d). The
filtered chain complex is given by V<* = Z, ® (0N {A < a}) and the differential is
supposed to respect the filtration, that is, it is supposed to preserve V< for every
a € R. Spectral invariants ¢(A,)) of V can be defined for every homology class
A€ H(V,0)\ {0} in the standard fashion.

Given two such filtered graded chain complexes V = (V,9,4,0) and V' =
(V' o', A,0') one can define the product filtered graded chain complex V" :=
VeV = V"o A" 0"), where V! =V V' " =d@ v, 0" =0 Qidy +idy @0’
and A" = A A’ with (ADA')(v;,v;) = A(v;) + A'(v)) if A" is still 1-1. Tt gives rise
to the product homology H(V",0") = H(V,0) ® H(V',d"). For the corresponding
spectral invariants we have the following statement which is essentially contained in
Theorem 5.2 in [EP3]:

Lemma 2.20. Let V, V', V" be graded filtered chain complexes as above. For A €
H(V,0)\ {0}, A ¢ HV', )\ {0} and Ao A" € H(V",0") we have

AR AV = 0A, V) + LAV,
0

Proof (of Theorem 2.19). Let H be an arbitrary Hamiltonian with complete flow
on T*N. We can perturb H such that the Floer complex of any cutoff of H is a
filtered graded chain complex; we refer to such a Hamiltonian as generic. Given two
arbitrary Hamiltonians with complete flow, we can perturb both of them such that
both perturbations and their direct sum are generic. Since spectral invariants are
continuous in the C%norm, the above perturbations do not alter the correspond-
ing spectral invariants. Therefore, we can assume that the Hamiltonians H, H' on
T*N,T*N’ and their direct sum H & H' are generic. We would like to make use of
the above lemma. To wit, let G be a cutoff of H and G’ be a cutoff of H'. Note
that we have ((A, H) = ((A,G) for any A € H.(N) and similar for H" and G’. The
direct sum G & G’ has complete flow. Let J be a regular almost complex structure
on TN which coincides with the almost complex structure induced by the Rieman-
nian metric outside of a large compact set. Let J’ be such a regular almost complex
structure on T*N’. Let r be sufficiently large so that 7;' N contains the images of
all the critical points of Ag as well as all the Floer trajectories connecting critical
points of Ag of index difference 1, and similarly for v/, T*N’ and G’. Let R > 0 be
large enough such that 7% (N x N') contains the product TN x T3 N’, and let G"
be a cutoff of G & G’ outside T5(N x N'). Then G” is also a cutoff of H & H’, in
particular, they have the same spectral invariants

UA",G") = (A" Ha H).

Moreover, G” is generic by construction and J” = J & J' is a regular almost complex
structure. Thus, the Floer complex of G” relative to J” is a filtered graded chain
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complex which is the product of the Floer complexes of G and G’ by construction.
Together with Lemma 2.20 we conclude

WARA HBH) = (A A, G") = ((A,G) + (A, G) = (A, H) + (A, H) .

]
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3 Partial quasi-morphisms and partial symplectic
quasi-integrals

In this section we define the family of functions p,: Ham(7*N) — R, parame-
terized by a € H'(N;R), where each function has properties including those of a
partial quasi-morphism. It is obtained by homogenizing a certain Lagrangian spec-
tral invariant. Using the family of partial quasi-morphisms p, we deduce a family
of functionals (,: C°(T*N) — R, where each functional has properties analogous
to those of a partial symplectic quasi-integral. The properties of i, are summarized
in Theorem 3.5, the ones of (, in Theorem 3.10.

Moreover, we prove a product formula for the partial quasi-morphisms u, and
the partial symplectic quasi-integrals ¢, which we use in the sequel to extract rigidity
results. The applications following from the existence of both functions are discussed
in Sections 4 and 5.

3.1 Partial quasi-morphisms

We define a function py: Ham(7*N) — R by

o) = lim 28D

k—o0 k

where ¢ = (([N],-) denotes the Lagrangian spectral invariant introduced in Nota-
tion 2.8 in Section 2.

Proposition 3.1. The function py: Ham(T*N) — R is well-defined and invariant
under conjugation in Ham(T*N).

Proof. The above limit exists since the sequence {£, (¢*)} is subadditive according
to point (iii) in Theorem 2.14, it is finite because of property (ii) in Theorem 2.14,
and hence i is well-defined. To prove the conjugation-invariance of py we note that
according to point (viii) in Theorem 2.14 we have [0, (Ypyp=1) — 0, (@) < 0 (¢) —
(_(y) for any ¢, 1 € Ham(7T*N) which implies

(o™ )F) = 0 (eF)| = [€ (0™ ™h) = £4(¢%)] < Ly (v) — £ ().
Dividing by k£ and taking the limit k& — oo yields

|M0(¢¢¢_1) - Mo(@b)‘ =0.
]

The conjugation-invariance of the function pg implies that we can construct a
well-defined function ji,: Ham(T*N) — R for any a € H'(N;R). For a € H'(N;R)
and a closed 1-form o € a let T,,: T*N — T*N be the symplectomorphism given by

To(q,p) = (¢, 0+ a(q)) -

Note that for ¢ € Ham(7T*N) it is true that T_,¢T, € Ham(7T*N). We define
fo: Ham(T*N) — R by
ta(®) = po(1-adTs)

for any a € a.
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Proposition 3.2. The function p,: Ham(T*N) — R is well-defined, that is, inde-
pendent of the choice of a € a.

Proof. For a € H'(N;R) and any a,o’ € a we claim that uo(T_o¢T,) equals
po(T- o dTy). Assume that o — o/ = df for some f € C°(N). Let B be a cotangent
ball large enough to contain the support of a Hamiltonian generating 7" ¢T,. Let
F be a compactly supported Hamiltonian obtained from 7* f by cutting it off outside
B. We then have T_ 41" o ¢To Ty = ¢p1_o @1 d_p. Consequently

Tfa(bTa = defoa’(éTa’Tdf = ¢FT70/¢T0/¢7F7

and so
MO(T—anga) = M0(¢F(T—a’¢Ta’)¢—F) = Ko (T—a’¢Ta’) :
]

Remark 3.3. The functions u, are defined via pg which in turn is the homoge-
nization of the spectral invariant ¢,. An equivalent construction of the u, can be
achieved by “changing the zero section” in the construction of the spectral invari-
ants. More precisely, for a € H'(N;R) let a € a and let T, be the graph of a.
Define the 1-form A\, = A — 7*a. Then the Lagrangian submanifold IT',, is exact
in (T*N, \,) and A, vanishes on I',. By replacing the zero section by I', we can
perform the construction of the Lagrangian spectral invariants in the same fashion.
This leads to spectral invariants ¢, ,, and homogenization gives rise to the same
functions .

Remark 3.4. For the next theorem and future use we introduce Banyaga’s frag-
mentation norm for Hamiltonian diffeomorphisms with respect to a family of open
subsets. Let V be an open covering of T*N. Banyaga’s fragmentation lemma [Ba]
states that any ¢ € Ham(7*N) can be represented as a finite product ¢ = []; ¢,
where ¢; € Ham(V;) for some V; € V. The fragmentation norm ||¢||,, relative to V
is the minimal number of factors needed to represent ¢. If U is an arbitrary family
of open subsets, one can consider the open covering V consisting of all open subsets
V' for which there is ¢ € Ham(T*N) such that (V) € U. By ||¢l,, we denote the
fragmentation norm relative to the covering V given by the family U.

The next theorem lists the properties of the functions p,. Recall the definition
of the spectral displacement energy e(U) of a family of subsets U from Remark 2.11.

Theorem 3.5. Let N be a closed connected manifold. For every class a € H'(N;R)
there is a function p,: Ham(T*N) — R with the following properties:

(i) pq is semi-homogeneous, i.e. jig(¢') = L (@) for all l € Zso;
(i) piq is invariant under conjugation in Ham(T*N);

(i11) if ¢, € Ham(T*N) are generated by the Hamiltonians H, K, then

/ Cmin(H, — K)dt < p(6) — pal) < / max(H, — K,)dt-
0 0

wn particular, g s Lipschitz continuous with respect to Hofer’s metric;
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(i) if U CT*N is an open and displaceable subset, then fig|mam@wy = 0;

(v) for any collection U of open subsets with e(U) < oo we have
|10(¢0) — po(P)] < e(U) [[¢lly ;

(vi) if ¢ € Ham(T*N) is generated by a Hamiltonian H such that H = ¢ (respec-
twely H > ¢, H < ¢) when restricted to the graph of a closed 1-form in the
class a, where ¢ € R, then p,(¢) = ¢ (respectively pq(p) > ¢, pa(@p) < c);

(vii) for commauting 6,4 we have j1a(6) < j1a(6) + pal®);
(viii) for fized » € Ham(T*N) the function H'(N;R) — R, a + p,(¢), is Lipschitz

continuous, the Lipschitz constant being given by a semi-norm.

Remark 3.6. The functions pu, are partial quasi-morphisms in the sense of Defini-
tion 1.2: Let U C T*N be an open and displaceable subset and ¢, € Ham(T*N),
where 9 is generated by a Hamiltonian whose support is dominated by U (recall from
Subsection 1.2.1 that a subset S C T*N is dominated by an open subset U if there
is ¢ € Ham(7T*N) such that S C ¢(U)). For brevity we say that ¢ is dominated by
U. Fix a € H'(N;R) and let U be the family of open subsets which consists of U
and all the shifts T_,(U), where a € a. Note that any U € U is displaceable. Since
the support of ¥ is dominated by U, we have p,(1) = 0 according to property (iv),

and with property (ii) we conclude |11, (¢0) — p1a(@) — pa(¥)| = |pa(PY) — pa(P)| =
|tta (V) — pa(@)|. Moreover, the definition of p, and property (v) yield

|,ua(77/)¢) — Ha ( )| ( La¥oT, ) po(T" a¢Ta)|
= Ko ( awT T oz¢T ) 0<Tfa¢Ta)|
( ) ||T—a¢Ta”u .

Since 1) is dominated by U, the diffeomorphism T ,4T, is dominated by T, (U),
and since we assumed T ,(U) € U, we have ||T_,¢T,|,, = 1. Moreover, since
the spectral displacement energy is invariant under the symplectomorphisms 7, we
have e(U) = e(U), and thus we conclude

|:ua<¢1/]) - :ua(qb) - ,ua(,lvb)| < C(U) :

Proof. (i) The claim for pg follows by definition. With ji,(¢') = po(T_o9'Ty) =
to((T-o9T,)") we conclude for any j, with the semi-homogeneity of 1.
(ii) For the conjugation-invariance of p, we consider p, (V1) = po(T_ oo ~'T,)
and note that since pg is invariant under conjugation, the latter equals

Mo (T—aw_lTaT—aw¢¢_1TaT—awTa) = Na(¢) .

(iii) We prove the upper bound for pg; the rest follows similarly. According to (ii)
in Theorem 2.14 we have

£0(6) — 04 () = 64 (H) — £, (K / wmax(H, — K,) dt

38



In order to pass to gy we need to homogenize and to this end to concatenate Hamilto-
nians. Let f be a smoothing function as in Remark 2.6 and H/, K7 the corresponding
smoothed Hamiltonians. Then

L) (0 = 0409) () < [ maxtef — Kfar
0
For any £ > 0 there is such a smoothing function for which
/lmaX(Htf — K/)dt < /1max(Ht — Ky)dt+e¢.
0 0
It follows that

Co(@F) = 0 (9%) Lo ((HT)P) — 04 ((KT)*) < /lmaX(Ht Ky dt+ e,

k k

and passing to the limit £ — oo, and then letting ¢ — 0, we obtain

m@—mwéémME—&Mt

(iv) Let U C T*N be open and displaceable by 1) € Ham(7T*N). By point (vii) in
Theorem 2.14 we have

(o) < T(¥)
for any ¢ € Ham(U), and thus

L TW)
lo(@)] = lim ——— < lim = 0.

k—oo T k—oo

To prove the claim for p, it suffices to note that for a € HY(N;R) and o € a we
have T_,¢T, € Ham(7T_,(U)), where T_,(U) is displaceable by T"_,¢T,.

(v) Let U be a collection of open subsets with e(U) < oo and ¢,¢ € Ham(T*N).
Assume ||¢[|,, = 1. Then ¢ is generated by a Hamiltonian which has compact
support in some V' € V. Thus, by definition of V), the support of the Hamiltonian
is dominated by an open subset U € U. For brevity we say that ¢ is dominated by
an open subset U € U. If we define ¢; = ¢/ ¢p™7, we have

(o) = o1 ... pp_10”

and point (ix) in Theorem 2.14 implies (using induction)

k—1

D () + (W) < (o)) Dl (ey) + L4 ()

j=0

E
—

<.
I
o

Every ¢; is dominated by one of the elements of ¢ which is displaceable and has
spectral displacement energy < e(U). Thus, with point (vii) of Theorem 2.14 and the
invariance of the spectral displacement energy under Hamiltonian diffeomorphisms
we conclude that for any ¢; we have

—e(U) < L_(¢;) < li(9;) < eU).
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In summary, we get
£ (()") — £4(09)] < kel
Dividing by k£ and taking the limit £k — oo gives

|10 (91) — po(¥)] < e(U).

The claim follows by induction over ||¢]|,,.

(vi) It suffices to prove the claim for the zero section and a = 0. Let H be such
that, for example, H|y > ¢. Following the proof of Lemma 2.3 let K be another
time-dependent compactly supported Hamiltonian with H > K everywhere and
K|y = c¢. In order to conclude for 19 we need to concatenate a smoothed version of
H with itself. Let f be a smoothing function as in Remark 2.6 and H/ and K/ the
corresponding smoothed Hamiltonians. We have H/ > K/ since f’ > 0. Moreover,
recall that the spectral invariants of H/ and of K7/ coincide with those of H and
of K, respectively. With the above considerations, the continuity of the spectral
invariants, and property (vi) in Theorem 2.14 we conclude

Co(8ly) = (B = L ((KI)) = ke

Dividing by & and taking the limit £ — oo we obtain po(H) > c.
(vii) For commuting ¢ and v we have (¢))* = ¢*)* and the triangle inequality for
(4 yields
Co((00)*) = L4 (@ F) < 04 (0F) + £, (0F)
The claim follows by dividing by k& and taking the limit & — oo.
(viii) We have

1a(Pr) — p6(Pm)| = [Ho(T-at0uTy) — po(T-pPuTp)!

where o € a, 8 € b. The right-hand side is bounded from above by
1
/ |H, 0 Ty — Hy 0 Tylco dt.
0

For any 1-form y on N we have
max |Hy — Hyo Ty | < |dHy|(x),

where we use the notation

A () =  max |{diqy Hilren 7o, X(a))

(g,p)ET™*

where we identified Tj" 3TN = TN and (-, -) is the pairing between T N and T, N.
It follows that

Y

|ta(Pr) — (@) < |dH|(a —b),
where |dH|: H'(N;R) — R is the semi-norm defined by

1
\dH]|(a) iréf/ \dH, () dt
oaca 0

This means that a — p,(¢) is Lipschitz continuous, the Lipschitz constant being
the semi-norm |dH|. O
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If N is a torus, the partial quasi-morphisms p, are invariant under coverings for
any a € H'(T";R) = R". More precisely, let pp: T*T" — T*T" be the covering
given by pr(q,p) = (kq,p). Tt allows to pull back Hamiltonian vector fields via
pi(X)(2) = (d.px) M (X (pr(2))), and thus defines a homomorphism

pr: Ham(7T*T") — Ham(7T™T")

which allows to pull back Hamiltonian flows in the following sense: Let H be a time-
dependent Hamiltonian generating ¢ € Ham(7*T"), define Hy(t, ¢, p) = H (kt, kq, p)
and let ¢, be its time-1 map. The map ¢;, can be viewed as the pull back of ¢* by
the covering py, i.e. ¢p = pioF.

Proposition 3.7. Let N =T". Then the partial quasi-morphisms pg are invariant
under coverings, that is, for any k and ¢ € Ham(T*T") we have po(dr) = pa(0),
where ¢, € Ham(T*T") is defined as above.

The proof of the proposition is given in Subsection 4.3; it can be extracted from
the proof of the equivalence between Viterbo’s symplectic homogenization and the
partial quasi-morphisms on tori, Theorem 4.13.

Remark 3.8. We would like to note that if a certain conjecture due to Viterbo would
be true, the partial quasi-morphisms pu, would be homogeneous quasi-morphisms
when restricted to Ham(T*N).

In [Vi3] Viterbo claims that there is a certain bound, we refer to it as the Viterbo
bound, on the Lagrangian spectral invariants for cotangent bundles of tori. In more
detail, he claims that the following statement is true: There is a constant k >
0, depending only on the auxiliary Riemannian metric on T", such that if ¢ €
Ham(7TT"), then

Ui (@) —L-(9) < kr.

Unfortunately, there is a critical error in Viterbo’s argument in [Vi3], and there is
no other proof for the claim known so far. Thus, for now it is not clear whether the
Viterbo bound holds for tori or if there are manifolds at all for which the Viterbo
bound holds. But note that if the bound would be true on tori, the effect of reduction
on Lagrangian spectral invariants, as in [Vil], would imply that it would hold on
manifolds which admit a finite connected covering which is a torus.

Although we do not know whether there are manifolds N for which the Viterbo
bound holds, we would like to point out that on such N the functions €i|Ham(T; N)
would be genuine quasi-morphisms of defect < xr since the Viterbo bound would
imply €4(6) + £() — kr < £(¢0) and £(9) + (_(¥) + rr > [_(¢v) for any
¢ € Ham(T*N) and v € Ham(T;* N). Therefore, the restricted function po|mam(rsn)
would be a homogeneous quasi-morphism with defect < 2kr (every quasi-morphism
gives rise to a homogeneous one where the defect is increased by a factor at most 2,
see [Cal).

Moreover, for any € > 0 there is a € a whose graph is contained in T;Ha” N,
where ||a|| denotes the dual of the Gromov-Federer stable norm on H*(N;R) which
is expressible as

lall = inf max [la(g)]
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for a € H'(N;R), see [Gro], [PPS]. Thus, we have T_,¢T, € Ham(T}, ;. N)
for any ¢ € Ham(7*N), and we can use the bound for g to conclude that any

Lo Ham(r> vy Would be a homogeneous quasi-morphism of defect < 2k(r + ||al|).

Recall from Subsection 2.5 that we defined the Lagrangian spectral invariants
¢(a, H : M) for Hamiltonians with complete flow, and that the extended invariants
share the properties of the usual ones (but actually depend on the Hamiltonian
H and not only on its time-1 map). Therefore, we can extend the definition of
the functions p, to Hamiltonians with complete flow and these extended functions
share the properties of the usual ones listed in Theorem 3.5. Since the values of
the extended functions depend on the Hamiltonian H and not just on its time-1
map, we use the notation p,(H). Recall the definition of the direct sum H & H’
of two time-dependent Hamiltonians H and H’ given in Subsection 2.6 and note
that whenever H, H' have complete flows, so does H @& H’. The product formula
for the Lagrangian spectral invariants stated in Theorem 2.19 gives, together with
homogenization and shifting by T, for appropriate 1-forms «, the following product
formula for the partial quasi-morphisms

Proposition 3.9. Let N = N x N'. For a € H'(N;R) and ' € H'(N';R) let
La, [ty be the partial quasi-morphisms on T*N,T*N’, respectively, extended to the
set of Hamiltonians with complete flow. Let H, H' be time-dependent Hamiltonians
with complete flow on T*N, T*N', respectively. Then we have

oo (H & H') = pia(H) + 1, (H'),

where a” = (a,d’) € H'(N;R) x H'(N";R) € H'(N";R). O

3.2 Partial symplectic quasi-integrals

In this subsection we show that the partial quasi-morphisms y,: Ham(7*N) — R
yield a family of functionals (,: C2°(T*N) — R via (,(F) = pa(¢r), where each
functional has properties analogous to those of a partial symplectic quasi-integral.
Recall from Subsection 1.2.1 that a subset S C T*N is dominated by an open subset
U if there is ¢ € Ham(7T*N) such that S C o(U).

Theorem 3.10. For any a € H'(N;R) the functional {,: C*(T*N) — R defined
as Co(F) = pa(dr) has the following properties:

(i) C. is semi-homogeneous, i.e. (o(AF) = A(o(F) for A € Rsq;

(ii) C, is invariant under the natural action of Ham(T*N) on C(T*N), i.e. (4(Fo
®) = C(F) for any ¢ € Ham(T*N);

(111) we have
min(F — G) < ((F) — ((G) <max(F —G),

in particular, (, is Lipschitz continuous with respect to the C°-norm, i.e.

|<a<F) - Ca(G>| < ||F - GHCO;
(iv) C, is monotone, i.e. (,(F) < ((G) for F < G,
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(v) Cu(F) =0 for any F with displaceable support;

(vi) for any open and displaceable subset U C T*N, any F, and G with support
dominated by U we have

CalF + G) = Gul(F) = Gul@)] = [Gu(F + G) = GulF)| < /2¢(U) I{F, GHlco -

and in particular

(vii) if F,G Poisson commute and the support of G is displaceable, then
CalF'+ G) = G(F) + C(G) = GlF);

(viit) if F = ¢ (respectively F > ¢, F < ¢) when restricted to the graph of a closed
1-form in the class a, then (,(F) = ¢ (respectively (,(F) > ¢, (,(F) < c¢);

(iz) if F,G Poisson commute, then (,(F + G) < ((F) + (. (G).

Proof. (i) By semi-homogeneity of i, the identity (,(AF) = A(.(F) is obtained
for natural A, then for all positive rational A, and finally, using Lipschitz continuity,
for all A > 0. Points (ii),(iii),(iv),(v),(viii),(ix) are immediate consequences of the
properties of the partial quasi-morphisms p,. Point (vii) is a consequence of (vi).
The proof of (vi) repeats verbatim the proof of Theorem 1.8 in [EPZ]. In fact, the
proof in [EPZ] gives |(,(F + G) — (uo(F) — G(G)| < /2C |{F, G}||c0, where C is
such that |ua(proc) — pa(dr) — a(pa)] < C. According to the above discussion
we have C' = ¢(U) if the support of G is dominated by an open and displaceable
subset U. O]

Remark 3.11. Since (, is Lipschitz continuous in the C°-norm, it admits a unique
extension to the space C.(T*N) of continuous functions with compact support which
is a partial symplectic quasi-integral in the sense of Definition 1.4. However, we refer
to the functionals (,: C°(T*N) — R as partial symplectic quasi-integrals as well.

Similarly to the partial quasi-morphisms pu, we can define the partial symplectic
quasi-integrals (, on autonomous Hamiltonians with complete flow. For these we
have the following product formula which follows directly from the one for the partial
quasi-morphisms .

Proposition 3.12. Let N" = N x N’ and for a € H'(N;R) and o’ € H'(N';R) let
Cas €l e the partial symplectic quasi-integrals on T*N, T*N', respectively, extended
to the set of autonomous Hamiltonians with complete flow. Let F, F' be Hamiltonians
with complete flow on T*N,T*N', respectively. Then we have

Ca”(F@F,) = Ca(F) +gcll’(F/)7
where a’ = (a,a’) € H'(N;R) x H'(N;R) C H'(N";R). O

Remark 3.13. Recall from Subsection 2.3 the definition of the Hamiltonian spectral
invariant c,: Ham(7T*N) — R . Since ¢, satisfies the triangle inequality, it can be
homogenized to yield a function v: Ham(7*N) — R, and the latter can be used to
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define a function n: C2°(T*N) — R. These two functions v and 7 coincide with Lan-
zat’s functions on T*N which are defined in [La] via quantum and Floer homology,
and they enjoy properties analogous to those of the partial quasi-morphisms u, and
the partial symplectic quasi-integrals (,. Moreover, using the comparison described
in Proposition 2.12 we can conclude p, < v and ¢, < nfor all a € H'(N;R). Lanzat
actually uses this relation between v and p, in order to prove that v is a genuine
partial quasi-morphism (and not a homogeneous quasi-morphism) on Ham(7*N).
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4 Symplectic homogenization

Symplectic homogenization on cotangent bundles of tori is originally due to
Viterbo [Vi4]. The construction of a symplectic notion of homogenization was
thereby motivated by the classical one of homogenization in the sense that Viterbo
associates a “rescaled” Hamiltonian Hy(t,q,p) = H(kt,kq,p) to a Hamiltonian
H € C([0,1] x T*T") and asks, whether H, converges to some Hamiltonian H
which only depends on the fiber variable p. Thereby, the convergence is understood
in the way that the limit of the time-1 maps of Hj, with respect to Viterbo’s metric
is generated by H in a certain precise sense.

In fact, in [Vi4] Viterbo defines symplectic homogenization as an operator

H: 0([0,1] x T*T") — C.(R")

which indeed sends a Hamiltonian H to a continuous function H which only depends
on the fiber variable and which is related to the limit of the rescaled Hamiltonian
Hy.. The operator is constructed in terms of Lagrangian spectral invariants from
generating functions. More precisely, in [Vi4] Viterbo claims that the symplectic
homogenization operator H exists and that it has various nice properties which
include, for instance, a notion of convergence of the time-1 maps of Hj, to the time-1
map of H.

In this section we give an alternative description of Viterbo’s symplectic homog-
enization operator. We prove that it is equivalent to the partial quasi-morphisms g,
introduced above. Using this equivalence on T*T™ we can give a definition of sym-
plectic homogenization on cotangent bundles 7* N, where N is any closed connected
manifold, and conclude the properties of symplectic homogenization from the ones
of the partial quasi-morphisms .

Moreover, we will point out the resulting effects of the fact that Viterbo uses his
unproven bound (see Remark 3.8) in the construction of symplectic homogenization
and in the proofs of some of its properties. For now let us just mention that the exis-
tence of the symplectic homogenization operator can be proved without the Viterbo
bound. The latter is just needed in the proof of some properties of symplectic ho-
mogenization, for instance, in the proof of the convergence of the time-1 maps. This
observation is consistent with the equivalence between symplectic homogenization
and the partial quasi-morphisms p,. The equivalence can be seen as a way to define
symplectic homogenization, and the properties of symplectic homogenization, which
in this case are just the adapted ones of the partial quasi-morphisms p,, are exactly
the ones in whose proofs Viterbo does not use his bound.

To be able to state and prove the equivalence between Viterbo’s symplectic ho-
mogenization operator and the partial quasi-morphisms, we give a short overview
of the definition of Lagrangian spectral invariants from generating functions in Sub-
section 4.1, and state a result of Milinkovi¢ and Oh describing an equality between
spectral invariants coming from Floer homology and generating function homology
in Subsection 4.1.1. The effect of the fact that we use a different sign convention
than Milinkovi¢ and Oh is discussed in Subsection 4.1.2. In Subsection 4.2 we give
an overview about Viterbo’s approach to symplectic homogenization, in Subsec-
tion 4.3 we formulate the equivalent description of symplectic homogenization using
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the partial quasi-morphisms coming from Lagrangian spectral invariants and define
symplectic homogenization for more general cotangent bundles. The equivalence is
proved in Subsection 4.3.1.

4.1 Spectral invariants from generating functions

According to Viterbo one can define spectral invariants associated to a La-
grangian submanifold Hamiltonian isotopic to the zero section of a cotangent bundle
via a finite-dimensional approach [Vil]. These Lagrangian spectral invariants are
constructed using the homology theory of generating functions quadratic at infinity.
In this subsection we briefly recall Viterbo’s construction of these spectral invari-
ants; the general reference for this is [Vil]. Moreover, we review the relation between
the Lagrangian spectral invariants coming from generating functions and from Floer
homology given by Milinkovi¢ and Oh in [MO1], [MO2], and discuss the effect of
the different sign conventions.

Consider a closed connected n-dimensional manifold N and the symplectic man-
ifold (T*N,w = d)\), where A = pdq is the Liouville form. A generating function
quadratic at infinity, or gfqi for short, is a function

S: N(q) x E(§) - R,

where F is a finite-dimensional vector space, such that ||0¢S — 0:Q||co is bounded,
where (): E — R is a non-degenerate quadratic form.

If L € T*N is a Lagrangian submanifold Hamiltonian isotopic to the zero sec-
tion, a gfqi S: N x E — R is said to generate L if the map (¢; &) — 0:S(q;€) has
0 as a regular value, and the map ig: ¥g — T*N given by (¢;€) — (¢,0,5(¢;§))
has image ig(Xg) = L, where Xg = {(¢:&) € N x E|0:5(¢;€) = 0} is a compact
submanifold in N x E. If S is a gfqi for L, the critical points of S are in one-to-one
correspondence to the intersection points of L and Op. The definition of generating
functions for Lagrangian submanifolds was thereby motivated by the simple example
that the graph of the differential of a smooth function F' € C°(N), that is, the set
Lyr = {(z,dF(x)) |z € N}, is a Lagrangian submanifold in 7% N which is generated
by F. In general, every Lagrangian submanifold Hamiltonian isotopic to the zero
section admits a gfqi [Sik], and such a gfqi is unique up to the following elementary
operations: addition of a non-degenerate quadratic form (stabilization), applica-
tion of a fiber-preserving diffeomorphism (gauge transformation) and addition of a
constant (translation) [Vil], [Th].

Let S: N x E — R be a gfqi, S = {(¢;€) | S(¢;€) < a}, and let E = E* & E~
be the splitting into the positive and negative eigenspaces of the quadratic form Q.
The relative homology H.,(S%, S%) is independent of a and b for sufficiently large a
and sufficiently small b, and we denote this group by H,(S : N). It is canonically
isomorphic to H,(N) ® H.(E~, E~ \ {0}) ~ H,,4(N), where d = dim £~ and the
last isomorphism (“Thom isomorphism”) is given by tensoring with the generator
of Hy(E—,E~ \ {0}) ~ Z,. There is a natural inclusion

i*: H (S®) — H.(S: N)
and to each A € H,(N) one can associate the spectral invariant

((A,S) =inf{b| A € imi"}.
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Notation 4.1. We denote
(4(S) = £([N], 5) and £_(5) = {(pt, 5)
for generators [N] € H,(N) and pt € Hy(N).

If M C N is a closed submanifold, one can consider the restriction S|y «g as a
gfqi with base M and define spectral invariants ¢(A, S|y« g) associated to homology
classes in H,(M).

In case S: N x E — R is a gfqi of a Lagrangian submanifold L C T* N Hamilto-
nian isotopic to the zero section, it is unique up to gauge transformation, stabiliza-
tion and translation. With the exception of translation, the elementary operations
do not alter the spectral invariants. So one can say that the spectral invariants
are attached to the Lagrangian submanifold L and that they are all defined up to
simultaneous addition of a constant.

4.1.1 Relation between spectral invariants from Lagrangian Floer ho-
mology and from generating functions

In [MO1], [MO2] Milinkovi¢ and Oh prove that the spectral invariants com-
ing from Lagrangian Floer homology and those coming from generating functions
coincide if the generating function is suitably normalized; this is needed to relate
symplectic homogenization and the partial quasi-morphisms in the sequel. In this
subsection we review the comparison of the spectral invariants due to Milinkovi¢ and
Oh. Thereby, we follow their sign convention which differs from ours, and denote
objects defined with their convention (in this subsection as well as in the rest of this
work) with the overline. In particular, we denote by ¢(A, H : M) the Lagrangian
spectral invariants in the sign convention of Milinkovi¢ and Oh. The effect of the
different conventions regarding spectral invariants is discussed in Subsection 4.1.2.

The above definition of a generating function is a particular case of the general
definition of a generating function [Vil| as a function S: E — R defined on the
total space of a submersion m: £ — N. If S: F — R is a generating function
for a Lagrangian embedding L C T*N, the set X5 := {e € E|0:S(e) = 0} is a
smooth manifold, and there exists a Lagrangian embedding ig: g — T* N given by
e (m(e),dS(e)) such that ig(Xs) = L. In this case it is true that itA = d(S]s,).
Thus, S induces a function, denoted by S|L, on the image of the embedding via the
formula S|L := S o (ig)~': L — R. The differential d(S|L) coincides with |7 and
two generating functions of L induce functions on L whose difference is constant.

Remark 4.2. The action functional Ay (y) = — fol Hy(y(t))dt + [~4*X defined on
the path space (V) is a particular example of a generating function (see [Ohl]); the
submersion is given by Q(N) — N, v+ v(1). The action functional Ay generates
¢g(N). This observation, which is originally due to Weinstein, lead Oh to define
his Lagrangian spectral invariants using Lagrangian Floer homology relative to the
action functional Az (7).

The relation between the Lagrangian spectral invariants is given by the following
lemma which is essentially contained in [MO1], [MOZ2]:
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Lemma 4.3. Let L C T*N be a Lagrangian submanifold Hamiltonian isotopic to
the zero section and H € C([0,1] x T*N) a time-dependent compactly supported
Hamiltonian such that ¢y (N) = L. Let S: N X E — R be a gfqi of L. If the induced
functions Ay|L and S|L coincide, then

K(A,H . M) = K(A,S|M><E)
for any closed connected submanifold M C N and any A € H.(M).

Remark 4.4. The proof is essentially contained in [MO1], [MO2] but since Milinkovi¢
and Oh use a normalization which is in terms of wavefronts, we describe their proof
and their normalization in order to see that our normalization equals theirs.

Remark 4.5. A gfqi S of L determines a wavefront of L given by
Ws = {(r(p), (S|L)(p)) € N xR|p e L},

where m: T*N — N denotes the canonical projection. Similarly, when a Hamiltonian
H generates L in the sense that ¢ (V) = L, it determines a wavefront of L by

Wi :={(7(p), (Au|L)(p)) € N xR[p e L}.

If S and H generate the same Lagrangian L, the two wavefronts are the same up to
a vertical translation.

Proof. Milinkovi¢ and Oh define an “action” functional Aj g on a space of paths
with Lagrangian boundary conditions (relative to a closed connected submanifold
M C N) which generates the Lagrangian submanifold ¢5(Lg), where S is a gfqi
of a Lagrangian submanifold Lg and H a Hamiltonian. In particular, if H = 0,
71073 generates Lg, and if S = @), where () is a non-degenerate quadratic form, ZH,Q
generates ¢y (N). According to Milinkovi¢ and Oh, the Floer homology of the action
functional Apg g is well-defined, isomorphic to H,(M), and one can extract spectral
invariants o(A, H,S : M) for any A € H.(M). In case S = @, these spectral
invariants coincide with those of Ay, i.e. o(A, H,Q : M) = ((A, H : M), and in
case H = 0, they coincide with those of S, i.e. 0(A,0,S: M) = ((A, S|mxE).

If S is a gfqi for L = ¢ (INV), one can consider a continuous family (the existence
of such a family is proved ibid.) of gfqi S(t) of ¢%; (L), where Sop = S and S; = @, and
Hamiltonians H () such that ¢}{(t) = ¢!y. If Lgqy denotes the Lagrangian generated
by L(t), one can calculate ¢ (Ls«)) = L, and thus the action functional ZH(t),S(t)
generates the fixed Lagrangian L. In this situation Milinkovi¢ and Oh show that if
the isotopy (H(t), S(t)) is normalized such that the wavefront of Ag ) s() remains
fixed as ¢ varies, the spectral invariants o (A, H(t),S(t) : M) are independent of ¢,
and thus

U(A, S|yxe) =0(A,0,S: M)=0(AH,Q: M)=(0(AH:M).

By definition of S(t) and H(t) we see that the wavefront of Ay g, which is the wave-
front of S, and the one of Ay g, which is the wavefront of H, coincide. By our
normalization, the wavefronts of H and S coincide by assumption which means that
there is a unique continuous choice of normalization for the isotopy (H (t), S(t)), de-

fined by these wavefronts. It follows that our normalization equals the normalization
of Milinkovié¢ and Oh, and the lemma follows from [MO1], [MO2]. O
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4.1.2 Sign conventions

In this subsection we finally discuss the effect of the different sign conventions
regarding spectral invariants. Recall that we denote objects defined with the sign
conventions of Milinkovi¢ and Oh with the overline, with the exception of H, which
we reserve for the “reversed” Hamiltonian.

Our sign convention follows the philosophy that the Floer theory of the action
functional is a perturbation of the Morse theory of a function on a closed manifold,
in particular, the Hamiltonian enters the action functional with a positive sign.

Let H be a compactly supported time-dependent Hamiltonian on 7*N. The
action functional Apy: Q(M) — R is defined as

Ap(v) = —/0 Ht(v(t))dtJr/v*A: —Ap(v).

The symplectic form @ = —d\ = —dp A dg = —w. The Hamiltonian vector field X
is defined by the equation @(X g, ) = dH and so Xy = Xp. In particular, the flows
in the two sign conventions coincide.

If H is regular, that is ¢z (V) intersects v*M transversely, we have Crit(Ay :
M) = Crit(H : M), while the action spectrum is flipped: Spec(Ay : M) =
— Spec(H : M). Milinkovi¢ and Oh use the negative gradient flow of Ap to produce
the Floer equation. In their sign conventions, an almost complex structure J is
compatible with @ if @(-, J-) is a Riemannian metric. This is the case if and only if
the almost complex structure J = —J = (J)~! is compatible with w in our sense.
Therefore, their negative gradient flow corresponds to our positive gradient flow. It
follows that there is a canonical identification

My, 7-) = M-, 74)

for v € Crit(H : M). Consequently, their Floer boundary operator is the dual
of ours. Their convention for the Conley-Zehnder index is my.p(7) = dim M —
mu.n(7y) for v € Crit(H : M). Thus, their Floer complex

(CF.(H:M),0n.um)
is canonically isomorphic to
(CFdimM—*(H . ]\4)7 (8HM)*) :

and so the homology they obtain is in fact the singular cohomology H%mM=*(\f)
which by Poincaré duality is isomorphic to H.(M). Using this latter identification
and the fact that 0 decreases the action Ay, they define spectral invariants by the
usual recipe; we denote them by ¢(A, H : M) for A € H,(M).

We will only need the relation between ¢ and £ in the case M = N. By Poincaré
duality described in Subsection 2.2.2 we have

(CF.(H:N),0p.n)=(CF"*(H : N),(0i.n)*) = (CF.(H : N),0z.5) -

Since An(y) = Az(7), the action filtration on (CF.(H : M),0.5) induced by
A coincides with the filtration on (CF.(H : M), 0g.,,) induced by Ag. Thus, the
relation between the spectral invariants is given by

((pt, H) = l(pt,H) = —¢([N],H) and {¢([N],H)={([N],H) = —{(pt,H).
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Using the above notation we can write these relations as

4.2 Viterbo’s approach to symplectic homogenization

Viterbo’s symplectic homogenization is an operator which sends a compactly
supported time-dependent Hamiltonian H € C2°([0,1] x T*T") to a continuous
function H which is related to the rescaled Hamiltonian Hy(t,q,p) = H(kt, kq,p)
and only depends on the fiber variable p. To define the symplectic homogenization
H of H, Viterbo constructs a function hj: R®™ — R via spectral invariants from
a generating function of a Lagrangian submanifold which is obtained from Hj in
an appropriate cotangent bundle. Viterbo then proves that the sequence (h}(p))
converges to a continuous function for fixed p, and he defines H (p) = limy_o0 hi.(p).
The general reference for Viterbo’s construction, which we describe in more detail
below, is Viterbo’s unpublished manuscript [Vi4].

Let H € C([0,1] x T*T™) be a compactly supported time-dependent Hamilto-
nian and denote by ¢' = ¢, the Hamiltonian isotopy generated by H and by ¢ = ¢'
its time-1 map. Define H, € C°([0,1] x T*T") as °)

Hk<t7 Q7p) = H(ktv k(],p) )

and denote by ¢}, = ¢}, its flow and by ¢, = ¢, its time-1 map.

The Lagrangian submanifold associated to Hj is constructed in terms of the
time-1 map ¢ of Hy which is related to the time-1 map ¢ of H. Namely, consider
the covering map

pr: THT" — T*T"
given by pr(q,p) = (kq,p). The covering p; allows to pull back Hamiltonian vec-
tor fields via p}(X)(2) = (d.pr) (X (pr(2))) and thus it defines a homomorphism
pr: Ham(T*T™) — Ham(7™*T"). The time-1 map of Hy is given by

O = Pz¢k .

To associate a Lagrangian submanifold to the time-1 map ¢ of Hy which is Hamilto-
nian isotopic to the zero section of an appropriate cotangent bundle, one can follow
a particular construction which we describe in the following remark.

Remark 4.6. For any H € C°([0,1] x T*T™) the graph I'y of ¢ is a Lagrangian
submanifold in (T*T" x T*T", w & —w), where the overline T*T™ indicates that the
symplectic form is the negative of the usual one. In particular, Iy is given by the
image of the diagonal A = Apepn = T*T" in T*T™ x T*T" under the Hamiltonian
isotopy

O = id x¢': T*T™ x T*T™ — T*T" x T*T™,

i.e. ®'(A) =T4. Note that the Hamiltonian isotopy ®' is generated by the Hamil-
tonian K; = 0 @ (—H;) which means K;(z,2') = —Hy(?') for z,2' € T*T™.

5 Formally, one should assume that H is time-periodic for this to make sense but we suppress
such considerations below.
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Consider the symplectic covering
T T"A — T*T" x T*T"

given by 7(u,v;U, V) = (u — V,v;u,v — U) which sends the zero section Op dif-
feomorphically onto A. Here (u,v) are the coordinates on the diagonal A =
T*T" = T"(u) x R™(v) and (U, V) are the dual coordinates on cotangent fibers
Ttun)A = Tuw T = T3, (T x R") = T;T"(U) x T;R™(V). All coordinates
correspond to the splitting T*A = T*(T" x R") = T"(u) x R"(v) x R*(U) x R™(V).
On T*T" x T*T" = T"(q) x R™(p) x T*(Q) x R*(P) the coordinates are given by
(q,p; Q, P). The symplectic form on T*A is w? ® = dU Adu+dV Adv and the sym-
plectic form on T*T" x T*T7 is wT ™" @ —wT ™ = dp Adg — dP N dQ. A calculation
shows

T*T™ D _wT*’]I‘") TA

" (w =w =,

and therefore 7 is indeed symplectic. Define the Hamiltonian PNIt = K;o7 on T*A.
It generates a Hamiltonian isotopy (which has no longer compact support)

Ol T*A — T*A

such that ®' o7 = 70 ®!. The image of the zero section O under Pt is a Lagrangian
submanifold in T*A, B
O'(Op) =: L(t) C T*A.

In particular, this Lagrangian submanifold maps diffeomorphically onto the graph
of ¢ under 7, i.e. T7(L(t)) = Ty.

Following the above construction for ¢, one can consider
O = 1id Xy T*T" x T*Tn — T*T"™ x T*T"

and its lift N
by TFA — TA .

The image of the zero section O under Dy, is a Lagrangian submanifold
D,(On) =: L'(k) C T*A

which maps diffeomorphically to the graph of ¢, under 7, i.e. 7(L'(k)) =I'y,. Since
the Hamiltonian Hj has compact support, the Lagrangian L'(k) differs from the
zero section Oa only inside a compact subset of T*A. Thus, L'(k) C T*A admits a
generating function quadratic at infinity

SMAXE—}R,

where F is a finite-dimensional vector space, which is, up to gauge transformation
and stabilization, uniquely determined by the requirement that it coincides with a
quadratic form on E on a complement of K x E, where K C A is a certain compact
subset. This implies that its spectral invariants £(-, Sy) are uniquely determined by

L'(k), and thus by ¢y.
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Remark 4.7. Actually, in [Vid] Viterbo gives another way of constructing a gen-
erating function S, associated to the Lagrangian ®,(0x) = L/(k) from which he
obtains a particular formula for Si. But since we do not need the particular formula
for Sy, it suffices to obtain the existence of Sy by the above considerations.
A/ss\oiiated to the Hamiltonian isotopy ¢' of H Viterbo considers the unique
lift id x¢t: T*R™ x T*R* — T*R"™ x T*R" of the symplectic isotopy id x¢f. It
can be composed with a map T*R™ x T*R" — T*Ag-gn to yield a function which
descends, evaluated on the diagonal Ar«gn, to a well-defined Lagrangian embed-
ding Agsrn — T*Apepn. The image of this embedding in T*Arp.pn is exactly
the Lagrangian submanifold L(t) given by ®'(Oa), see Remark 4.6. In particu-
lar, L(1) = ®(O4) = L'(1). Using this construction Viterbo obtains a formula for a
gfqi S: Apsrn X E — R for the Lagrangian submanifold L'(1) from which he deduces
a formula for a generating function Si: Apsrn X E — R for the Lagrangian L'(k).

With the generating function Sy: A x E — R for the Lagrangian L'(k) C T*A
at hand, Viterbo defines, for any p € R", a function

(Se)p: T" x E - R

via
(Sk)p = Sklrrxipyxe
Le. (Sk)p(q:€) = Sk(q,p; &), where we view T™ x {p} as a subset of A = T*T". He
then defines the function
hi: R" — R
to be
Ry (p) = L+ (Sklmx (pyxE) »
and proves that the sequence (h}(p)) converges for fixed p (in the proof of the
equivalence between symplectic homogenization and the partial quasi-morphisms
we will see that the convergence of the sequence follows a posteriori), and that the
limit is a continuous function. Finally, he defines the symplectic homogenization H

of H to be the ¢-independent function H(p) = limg_,c A (p). Thus, in summary,
Viterbo’s construction gives an operator

M C=([0,1] x T*T") — Cu(R")

given by

~

H(H)=H.

Remark 4.8. Up to this point the Viterbo bound introduced in Remark 3.8 was not
needed in the construction. Nevertheless, in addition to the existence of the sym-
plectic homogenization operator H, Viterbo claims in [Vi4] that it has the following
properties:

- the time-1 maps ¢ form a Cauchy sequence with respect to Viterbo’s metric
v (see the following remark, Remark 4.9, for the definition of ) and its limit
with respect to this metric is, in a certain precise sense, generated by the
g-independent Hamiltonian H ;
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- H(H) only depends on the time-1 map ¢ of H;
- H is Lipschitz continuous with respect to Viterbo’s metric .

Moreover, he claims that the above operator gives rise to a symplectic homogeniza-
tion operator for time-independent Hamiltonians #H: C°(T*T") — C.(R"™) which
has the following properties:

- H(F) <H(G) if F <G
- H(F o ¢) = H(F) for all ¢ € Ham(T*T");
CH(-F) = ~H(P);

- if L is a Lagrangian submanifold Hamiltonian isotopic to L,, = {(q,po) €
T*T"} and if F' is such that F|p > ¢ (< ¢), then H(F)(po) > ¢ (< ¢);

- if F, G are such that {F,G} =0, then H(F + G) = H(F) + H(G).

However, a consideration of Viterbo’s proofs shows that some of these properties
rely on the Viterbo bound. In fact, Viterbo uses it in the proof of the convergence
of the time-1 maps, in the proof of the Lipschitz continuity, in the proof of H(—F) =
—H(F), and in the proof of the strong quasi-additivity property.

Remark 4.9. Using his spectral invariants from generating functions Viterbo de-
fines a metric on the group of Hamiltonian diffeomorphisms Ham(7*T") [Vil], [Vi2].
For a Hamiltonian diffeomorphism ¢ € Ham(7*T") let ', C T*T™ x T*T" be its
graph. It can be lifted to a Lagrangian submanifold f¢ C T*A via a symplectic
covering 7: T*A — T*T" x T*T" as above. Since ¢ is compactly supported, one can
compactify I'y to a Lagrangian F(z) in 7%(S™ x T™). The latter Lagrangian admits a
gfqi S, and the formula

7(9) = (([S"] @ [T"],5) — (pt @ pt, 5)

defines a norm on Ham(7™*T™) which gives a metric, referred to as Viterbo’s metric,
via y(¢,9) = v(1¢~1). The associated asymptotic Viterbo norm 7., on Ham(7T*T")

is given by
k
Yoo(¢) = lim 7(25 ) :

k—o0

In general, it is true that the (asymptotic) Viterbo norm is bounded from above by
the (asymptotic) Hofer norm, i.e. y(o) < pooy [Vil], [Vi2].

Another definition of the function hj,

Combining the above construction, the relation between the time-1 maps ¢ and
¢, and Viterbo’s approach, it is intuitively clear that we can define the function A,
using spectral invariants coming from a generating function obtained in terms of ¢*
instead of ¢y. B

Recall the definition of the Lagrangian submanifold L(t) = ®'(Ox) C T*A
associated to the Hamiltonian isotopy ¢! coming from H from Remark 4.6. Again,
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the Lagrangian L(t) C T*A is Hamiltonian isotopic to the zero section Oa and
coincides with the zero section outside of a compact subset of T*A. Therefore, it
admits a gfqi
S(t): Ax E—R
which is up to gauge transformation and stabilization uniquely determined by the
requirement that it coincides with a quadratic form on FE outside of a compact
subset, and this implies that its spectral invariants are uniquely determined by ¢'.
For k£ € N and any p € R" we define

S(k)p = S(k)|rnxipyxm
where we view T" x {p} as a subset of A = T*T". Thus, we have a function
Sk)y: T"x E >R,
where S(k),(¢; &) = S(k)(¢,p; €), and we define
hi: R" — R

to be

() = 0 (S(R),).

By construction it is intuitively clear that the two functions hy and hj), coincide, that
is, that we have the following

Proposition 4.10.

1

3 L (S(R) [ pyxe) = h(p) -

hi(p) = L (S|t xipyxe) =

To prove the proposition we use the following lemma which is contained in [Vi4].

Lemma 4.11. Let ¢ € Ham(T*T") and ¢ = p;¢. Let S: A x E — R be a gfqi for
the lift of the graph of ¢ to T*A. Define T: Ax E — R by T(q,p, &) = +S(kq,p,€).
Then T is a gfqi for the lift of the graph of ¥ to T*A. ]

The lemma yields that the spectral invariants of T are % times the spectral
invariants of S.

Proof (of Proposition 4.10). Our situation is exactly the situation of the above
lemma. In particular, we have that S(k): A x E — R is a gfqi for L(k), where
L(k) = ®*(O4) and 7(L(k)) = I, while Si: A x E'— R is a gfqi for L'(k), where
L'(k) = ®,(0a) and 7(L'(k)) = [y, Moreover, ¢ = pi¢*. Thus, we conclude
(4(Sk) = +£+(S(k)), and in particular,

£y (S

1
T"x{p}xE) = E£+<S<k) T"X{P}XE) :
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4.3 Symplectic homogenization via partial quasi-morphisms

In this section we formulate the equivalence between Viterbo’s symplectic ho-
mogenization operator H and the partial quasi-morphisms u, for 7*T". With this
equivalence we define a symplectic homogenization operator for cotangent bundles
T*N, where N is any closed connected manifold, and extract its properties from the
ones of the partial quasi-morphisms .

Theorem 4.12. For each k we have
1

where 1 s the Lagrangian spectral invariant coming from Lagrangian Floer homol-
ogy, see Notation 2.8 in Section 2.

Postponing the proof of the theorem we conclude that the existence of the limit
of the sequence (hy(0)) follows a posteriori, and that

. k
H(0) = lim h(0) = lim % = po(o) .

k—o0 k—o00

If we define Hy(t,q,-) = H(t,q,- + p), we have ﬁp(O) = ﬁ(p), and since the same

property holds for p,, i.e. po(¢n,) = pp(¢), we have H(p) = tp(¢). In summary,
Theorem 4.12 implies

Theorem 4.13. Let N = T" and identify H'(T";R) = R". Then H(p) equals the
value of y, on the time-1 map ¢y of H, for any H € C([0,1] x T*T™) and p € R",
i.€.

H(p) = p1,(61) -
]

With the above equivalence at hand we can, in particular, prove that the partial
quasi-morphisms i, are invariant under coverings as stated in Proposition 3.7 in
Subsection 3.1.

Proof (of Proposition 3.7). From the construction of symplectic homogenization
as a limit process over k it is clear that the operator H is invariant under the
covering pg : T*T" — T*T" given by (q,p) — (kq,p), that is, that the symplectic
homogenization of the Hamiltonian H is the same as the symplectic homogenization
of the Hamiltonian Hy, where Hy(t,q,p) = H(kt, kq,p). With the above equivalence
we conclude that the same is true for the partial quasi-morphisms p,. For any k we
have f1a(9) = pa(¢) for ¢ € Ham(T*N) and ¢, = pio*. 0

Since the functions p, exist on T*N, where N is any closed connected manifold,
it makes sense to make the following general definition which can be interpreted to
generalize Viterbo’s construction from T" to arbitrary closed connected N: For any
closed connected manifold N, the symplectic homogenization H of H € C2°([0, 1] x
T*N) is given by R

A(p) == pylom).
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where p € H*(N;R). Note that H is indeed continuous because of property (viii)
in Theorem 3.5.
Thus, symplectic homogenization yields an operator

H: C([0,1] x T*N) — C.(H*(N;R))
H— H

which is (according to the Lipschitz continuity of the partial quasi-morphisms f,)
Lipschitz continuous with respect to Hofer’s metric, i.e. |[|H(H)—H(G)||qo <
p((bH? ¢G)

Moreover, using the fact that the partial quasi-morphisms p, yield partial sym-
plectic quasi-integrals (,: C°(T*N) — R with properties as listed in Theorem 3.10,
we conclude that the operator H yields an operator H: C°(T*N) — C.(H'(N;R))
via H(F)(a) = (,(F) = pa(¢r) such that the following holds:

Lemma 4.14. The symplectic homogenization operator H: C*(T*N) — C.(H'(N;R))
has the following properties:

(i) H is monotone, i.e. H(F) < H(G) for all F < G;

(ii) H is invariant under Hamiltonian diffeomorphisms of T*N, i.e. H(F o ¢) =
H(F) for all ¢ € Ham(T*N);

(i41) M is Lipschitz continuous with respect to the C°-norm, i.e. ||H(F) — H(F)| qo <
IF = Glico;

(iv) if the restriction of F' to the graph of a closed 1-form in the class a is > ¢
(< ¢,=c¢), for some ¢ € R, then H(F)(a) > ¢ (< ¢,= ¢);

(v) if F\G are such that {F,G} = 0 and the support of G is displaceable, then
H(F+G)=H(F)+H(G).

]

Remark 4.15. One should compare the above considerations with the observations
concerning the Viterbo bound given in Remark 4.8. From the equivalence and the
properties of the partial quasi-morphisms p, we implicitly get that the symplectic
homogenization H just depends on the time-1 map of H and that the operator H
is Lipschitz with respect to Hofer’s metric. The properties which we cannot deduce
from the equivalence are the notion of convergence of the time-1 maps ¢ to the
time-1 map of H, and the Lipschitz continuity with respect to Viterbo’s metric;
these properties are exactly the ones in whose proof Viterbo does use his bound.
Moreover, properties (i)-(iv) of the symplectic homogenization operator listed in
the above proposition are exactly the ones in whose proofs Viterbo does not need his
bound. As for quasi-additivity, we can prove the partial quasi-additivity, property
(v), instead of the strong quasi-additivity in whose proof Viterbo uses his unproven

bound.
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Remark 4.16. In Section 6 we prove the existence and uniqueness of an operator
H: C.(T*S") — C.(R) which has the properties listed in Lemma 4.14, where partial
quasi-additivity is replaced by the stronger assumption of strong quasi-additivity.
The proof thereby relies on the existence and uniqueness of a particular symplectic
quasi-integral on 7*S* which is constructed using a representation theorem for quasi-
integrals and topological measures (which is also developed in Section 6). Thus, in
two dimensions, the Viterbo bound is not needed in order to prove the strong quasi-
additivity and Viterbo’s symplectic homogenization operator can be proved to exist
and to be unique by an axiomatic approach.

4.3.1 Proof of Theorem 4.12

In order to prove Theorem 4.12 we need to show

(o (S(B)lmx oy <) = €4 (6%).

To prove the above equality we want to make use of the equality between spectral
invariants from generating functions and those from Lagrangian Floer homology due
to Milinkovi¢ and Oh stated in Lemma 4.3. To do so, we need to prove the following
two statements.

Lemma 4.17. The function S(k)o = S(k)|trx{oyxe generates the Lagrangian sub-

manifold ¢*(Orn) in T*T™ which is also generated by the action functional of H¥*.
In particular, S(1)g and Ap generate the Lagrangian submanifold ¢(On).

Lemma 4.18. The induced functions S(k)o|¢*(Orn) and Apse|dF(O1n) coincide.
In particular,

S(Do[¢(Orn) = Ap|$(Orn) .

Here and in the Sequel_z denotes the image of the Lagrangian L under the
involution (¢, p) — (¢, —p); L is still a Lagrangian submanifold.
Postponing the proof of the two lemmata for the moment we conclude:

Proof (of Theorem 4.12). We can assume k = 1 since the whole construction can
be performed with ¢ replaced by ¢* (see also the proof of the lemmata). According
to the above lemmata, S(1)y and Ay both generate ¢(Orn), and S(1)o|d(On) =
An|o(Orpn). Thus, Ay = —Ap and —S(1)y generate the Lagrangian ¢(Orw), and

A|p(O1n) = —S(1)o|¢(Opn). Using Lemma 4.3 we conclude

where we have ¢ (H) = —(+(H) due to the sign conventions (see Subsection 4.1.2)
and (4 (—95) = —(%(S) by standard duality considerations (see [Vil]). O
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Proof (of Lemma 4.17). We can assume k = 1 since we can proceed for general k
in the same fashion. We have the following commutative diagram:

T*R™ x T*R" —— T*Apsgn

l l

T*T" x T*T" +—— T*Aqspn

Here we view explicitly T" = R™/Z"™. The left and the right arrows are induced from
the quotient maps® R” x R® — T" x T" and T*R" — T*T". The top map is given
by (¢,p;Q, P) — (Q,p;p — P,Q — q). Using the commutative diagram we conclude
that S(1), generates the Lagrangian submanifold in 7*T" given by

{(Q(q,p),p — P(q,p)) | q € T",(Q(q,p), P(q,p)) = ¢(q,p)} -

Thus, S(1)y generates

{(Q(q,0),=P(g,0)) [ ¢ € T", (Q(g,0), P(q,0)) = ¢(¢,0)} = ¢(Or»).

But ¢(Orn) is generated by the action functional Ay as well (recall Remark 4.2),
proving the claim. O

Proof (of Lemma 4.18). Again, we assume k& = 1. To prove the equality of the
induced functions S(1)o|¢(Orn) and Ag|p(Orn) it suffices to show that they are
equal at one point since their difference is constant. To do so, we first of all prove
that we can define an action functional corresponding to H which generates L(1),
and that the induced function on L(1) coincides with S(1)|L(1) on the covering
space T*A. With this equality we can conclude the claim for the functions S(1)g
and AH " "
Recall the definition of the Hamiltonian H on T*A which generates ®' from
Remark 4.6. It is not compactly supported but for finite ¢t we can cut it off outside a
large enough ball and consider the action functional corresponding to that function
(which we also denote by H;), Az. This action functional has the same values

on all Hamiltonian arcs starting at the zero section and following the flow Pt as
the original function before the cutoff. The action functional Az generates the

Lagrangian submanifold &3((9A) which is W Thus, ./Tlg generates the Lagrangian
L(1) = ®(O4). But the Lagrangian L(1) is also generated by S(1) (according to the
definition, see Subsection 4.2). Thus, Az and S(1) both generate the Lagrangian
submanifold L(1) C T*A and therefore they induce functions on L(1) which differ
by a constant.

Since L(1) differs from the zero section only inside a compact subset of T*A, we
can compactify all objects to T*(T" x S™) = T*(AUT" x {oc}). For simplicity, we
denote all compactified objects by the same letters. From the definition of H it is
clear that the points of T" x {cc}, considered as constant curves, are Hamiltonian

6)Usually if there is a smooth map f: X — Y, there is no natural way of associating a smooth
map between the corresponding cotangent bundles, however if this map is a local diffeomorphism,
then we get the induced map f.: T*X — T*Y given by f.(a) = ao (d,f)~! for a € T} X, and it
is symplectic: (f,)*w? Y =wT X,
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arcs with respect to H starting and ending at the zero section. Moreover, H, equals
zero on an open neighborhood of T" x {oo} inside T*(T" x S™) which means, in
particular, that the action of a point in T" x {oo}, considered as a Hamiltonian arc,
is zero. But the generating function S(1) also equals zero at a point of T" x {oo},
and thus the induced functions on L(1) coincide, i.e.

AglL(1) = S()]L().

In particular, if v : [0,1] — T*(T™ x S™) is a Hamiltonian arc relative to H such
that v(0) C Oa and (1) = z € L(1), then

(SMIL@)(2) = Ag(y) = Az (7).

With this equality of the “lifted” functions we conclude that the functions
A |p(Opn) and S(1)o|¢(Opn) are equal at one point of ¢(Orn) and therefore co-
incide.

Choose a point z € ¢(O1n) N Orn. It exists by Lagrangian intersection theory.
Let v be the Hamiltonian arc ending at z relative to the flow ¢!, i.e.

¥(t) = ¢'((0)) and (1) = 2,

where v(0) € T*T". In coordinates we denote (¢,0) = v(0) € T*T" and ~(t) =
(Qq, P;). Note that the curve t — @, € T™ has lifts to R", and for any such lift, say,
d(t), the difference §(t) — 6(0) is independent of the lift. We denote this difference
by @ —q € R". L

Recall the definition of the symplectic covering 7: T*A — T*T" x T*T™ and the
Hamiltonian isotopy ®*: T*A — T*A from Remark 4.6. Consider the arc 7: [0, 1] —

T*A given by B
() = 2'(1(0)),
where we view 4(0) € T*T" = A = Ox C T*A. Since 7(®'(0,)) = [, we have
(ToF)(t) == (7(0);'(7(0))) = (a,0:7(t)) = (¢,0;Qs, ) € T*T" x T*T".
Moreover, using the symplectic covering 7 one can calculate
5@) = (Qt? 07 _Pta Qt - q) € A

We compute the action of the arc ¥ relative to the Hamiltonian H , l.e.

/ H,(5 dt—/”y’*AA,

where A2 is the Liouville form on 7T*A. With the definition of flt = K,o1T =
(0@ (—H;)) o (recall Remark 4.6) and the above computation we have in the first
integral

/Ht /1(Ktoroy)(t) /01(069 —H,;)(q, 0; /Ht
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The second integral equals

- [ e =- [ (R g@-aona= [eaa= [1a

0

In total, we get
—Az(7) = Au(v).
Denoting z = (1), we have
(S(Dol@(Orn))(2) = (SMIL(M))(2) = —Az(7) = Au(7)-

The first of these equalities follows from the fact that ¢(Ogx) is obtained from L(1)
by symplectic reduction (which is just a reformulation of the fact that ¢(Ogn) is
generated by the gfqi S(1), which itself is the restriction of S(1) to the zero section
Orn CT*T™ = A), and that Z is mapped to z under this reduction. H
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5 Applications

The existence and the properties of the functions p,: Ham(7*N) — R and
Ca: C(T*N) — R lead to various applications. In Subsection 5.1 we present a lower
bound on Banyaga’s fragmentation norm relative to displaceable subsets, in Sub-
section 5.2 we prove that the partial quasi-morphisms u, are equivalent to Mather’s
alpha function and deduce the invariance of the latter under Hamiltonian diffeo-
morphisms. In Subsection 5.3 we present the applications to Hofer and spectral
geometry. Finally, in Subsection 5.4 we deduce rigidity results of subsets using the
partial symplectic quasi-integral (.

5.1 Fragmentation norm

Recall from Remark 3.4 that the fragmentation norm |[|¢|,, of a Hamiltonian
diffeomorphism ¢ € Ham(7*N) relative to an arbitrary family U of open subsets
is given by the following: Associated to U we consider an open covering V of T*N
consisting of open subsets V' for which there is ¢ € Ham(7T*N) such that ¢/(V') € U;
the fragmentation norm ||¢||,, is the fragmentation norm relative to the covering V.

Proposition 5.1. The fragmentation norm of ¢ € Ham(T*N) relative to a family
of open and displaceable subsets U satisfies

|10(9))|
e(U) ’

1ller =

where e(U) is the spectral displacement energy of the family U introduced in Remark
2.11. In particular, if € Ham(T*N) is generated by a Hamiltonian H such that
H| > ¢, for some ¢ € R, where L is a Lagrangian Hamiltonian isotopic to the zero

section N, then
c

> —.
||¢||u = G(Z/I)
Proof. Point (v) of Theorem 3.5 states |uo(¢1)) — po(v)| < e(U) | 4], and with
1 = id we obtain

|o()] < eU) ||l

and the claim follows. For the particular case it suffices to note that according to
the conjugation invariance of g under Ham(7*N) we have |po(¢)| > ¢ for any such

0. O

Remark 5.2. Similar results are proved in [EP1] for closed manifolds and in [La] for
certain types of open convex manifolds. In the first reference the Hamiltonian dif-
feomorphism ¢ is required to have displaceable support. This has to do with the fact
that the Calabi quasi-morphism used there coincides with the Calabi homomorphism
on displaceable subsets (see Subsection 6.5), while our partial quasi-morphisms (and
Lanzat’s functions) vanish on displaceable subsets.
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5.2 Mather’s alpha function

Before stating and proving the equality between Mather’s alpha function and
the partial quasi-morphisms u, we briefly recall the definition of Mather’s alpha
function; we refer to [Ma] for details.

Mather’s alpha function is a function

ag: HY(N;R) = R

which can be associated to any time-periodic Tonelli Hamiltonian H: S* x T*N —
R. Thereby, a Hamiltonian H: S' x T*N — R is called Tonelli if it is fiberwise
strictly convex, i.e. the fiberwise Hessian of H is positive definite, superlinear,
Le. limyy|e H(t,q,p)/ |Ip|| = oo for all (t,q) € S* x N, and has complete flow.
In general, Mather’s theory, in whose context the alpha function is constructed,
is about action minimizing invariant measures for certain Hamiltonian systems on
cotangent bundles T*N. In fact, the alpha function is the conjugate of a func-
tion By H1(N;R) — R which can be interpreted to represent the minimal average
Lagrangian action needed in order to carry out motions with a given rotation vector.

Let H: S' x T*N — R be a time-periodic Tonelli Hamiltonian. Consider the
associated Lagrangian L: S' x TN — R which is given by the Legendre duality by
the formula

L(t, q,v) = sup{(p,v) — H(t,q,p)[p € T; N} .

The Lagrangian L is Tonelli and defines a so-called Euler-Lagrange flow ¢; on
S! x T'N which is given by the solution of the equation

i(‘)vL(t, q,v) = 0,L(t,q,v).

dt

Let P = S' x (TN U{oo}) denote the one-point compactification of S* x TN. The
Euler-Lagrange flow ¢, extends to a flow on P which fixes co. Let M denote the
set of probability measures on P which are invariant under ¢,. To each u € M,
one can associate a unique class p(u) € Hy(N;R), called the rotation vector, as
follows: Let A be a closed 1-form on N and [\] € H'(N;R) its cohomology class.
One can view A as a map TN — R which is linear in the fibers and compose it
with the projection S x TN — T'N; the resulting map is still denoted by A. Define
a functional H'(N;R) — R by [\] — [, Adu. For every p € M, there exists
p(u) € Hi(N;R), referred to as rotation vector of p, such that

LLAdu=<MLMM»,

for all closed 1-forms A, where (-, -) denotes the canonical pairing between cohomol-
ogy and homology classes.
For € M, define its average action by

Asty) = [ Lan,

where we set L(oco) = oo. According to Mather there exists u € M/ such that
Ap(p) < oo; the set of all such p is denoted by My. Moreover, there exists a
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minimal value of the average action over the set of probability measures M L With
a given rotation vector. Thus, there is a well-defined map

h i min{ Ay (1) | p € My, p(p) = h} .

The function Sy is convex and superlinear, and therefore one can consider its con-
jugate function (given by the Legendre duality)

am: HY(N;R) — R
> h) — h
ey max (e, h) = Bu(h)),
which is known as Mather’s alpha function.
We have the following relation between the partial quasi-morphisms (extended
to the set of Hamiltonians with complete flow) and Mather’s alpha function:

Proposition 5.3. Let H be a time-periodic Tonelli Hamiltonian. For any a €
HY(N;R) we have
ap(a) = pa(Pn) -

Remark 5.4. Note that the above result gives a way to define the alpha function
for arbitrary Hamiltonians on 7*N with complete flow as ay(a) := p.(dn).

Remark 5.5. The above result was first established in [Vi4] for N = T™ in the
formulation of symplectic homogenization (there the author proves that the alpha
function of H equals the symplectic homogenization of H).

Proof. It suffices to show the equality for a = 0. According to Mather (this is
implicit in [Ma]; see for example the proof of the proposition on page 178) there is
the following expression of the alpha function at 0:

an(0) = — lim %inf{A’Z(v) : [0,K] — N},

k—oo
where £ € N and

.%ngzmwmwma,

where L: S' x TN — R is the time-periodic Lagrangian function associated to H.
We claim that the infimum on the right-hand side equals —¢, (¢%,). Assuming this
claim for a moment we obtain

(4 (S

g (0) = tim O o),

k—o0 k
To prove the claim we consider the space of smooth paths Py = {v: [0,k] — N}
and the functional A’z: Pr. — R. Since the evaluation map m: P, — N given
by v + ~(k) is a submersion, one can consider the functional A¥ as a generating
function which generates the Lagrangian submanifold ¢%(N). The above infimum
is a minimum and therefore it is a critical value of A¥. Thus, it is the action of a
Hamiltonian arc in Py running from the zero section back to itself.

63



Moreover, it is possible to find a finite-dimensional generating function Sy for
¢k (N) which equals a positive-definite quadratic form outside of a compact subset
(this can be found in the latest version of [Vi4], appendix D, or in [MVZ], appendix
A). In this case we have

min S, = ¢_(Sk) -

Thus, we have two generating functions of ¢% (V) and both of them induce functions
on the Lagrangian ¢4 (INV); their difference is a constant. By normalization of Sy we
can assume that its critical values coincide with those of A%, and thus

min A} = min Sy, = £_(Sy) .

Now, our sign conventions imply that the Hamiltonian action functional is the neg-
ative of the Lagrangian one when evaluated at a critical point. Therefore, we have

Skldf(N) = ALl (N) = — A |65 (N)

and it follows that the spectral invariants of Sj, coincide with those of —A%. In
summary, we have

min A¥ = min S, = (_(S;,) = —L, (oY),
as claimed. H

As a consequence of the above result we get the invariance of the alpha function
under Hamiltonian diffeomorphisms.

Corollary 5.6. For a time-periodic Tonelli Hamiltonian H and a Hamiltonian dif-
feomorphism ¢ € Ham(T*N) such that H o ¢ is still Tonelli V' we have

OHop = OH .

Proof. The functions p, are invariant under conjugation in Ham(7*N) (when ex-
tended to the set of Hamiltonians with complete flow). Since Ho¢ generates ¢ 159,
the claim follows. ]

Remark 5.7. The proof of the symplectic invariance of the alpha function for
Tonelli Hamiltonians can be found in [Be| and the references therein. Before that it
was also shown in [PPS] in case H is autonomous. The advantage of our approach is
that the proof follows from the properties of the partial quasi-morphisms and that
it applies to any Hamiltonian with complete flow.

5.3 Hofer and spectral geometry
Recall from Subsection 1.5 that the Hofer norm of ¢ € Ham(7T*N) is given by

1
p(9) :inf/ osc H; dt ,
" Jo

TSince ¢ has compact support, H o ¢ has automatically complete flow and is superlinear.
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where the infimum goes over all compactly supported Hamiltonians generating ¢.
It gives rise to the asymptotic Hofer norm puo(¢) = limg o p(¢¥)/k and defines
Hofer’s metric on Ham(T*N) via p(¢,v) = p(¢p™1).

Furthermore, recall from Remark 2.10 that the spectral norm of ¢ € Ham(7*N)
is given by

P(4) = e (¥) — e (¥),

where c: Ham(7*N) — R are Hamiltonian spectral invariants. The corresponding
asymptotic spectral norm is given by I'so(¢) = limy_.o I'(¢*)/k, while the spectral
metric on Ham(7T*N) is given by T'(¢,v) = T'(¢yp™1).

In [FS] it is proved that

I(¢,v) < p(o, ).

We get the following chain of inequalities for the (asymptotic) Hofer and the
(asymptotic) spectral norm (related results can be found in [PS] and in [Sib2]).

Proposition 5.8. For ¢ € Ham(T*N) we have

0SCac i1 (N:R) Ha(P) < T'(0) < p(¢)

and
05Cae g1 (NR) Ha(P) < Too() < poc(@) -

Proof. To prove the claim about the spectral metric recall from Proposition 2.12
that we have the following comparison inequality

c(¢) <Lli(9) <ci(o).

Since the triangle inequality holds for the spectral invariants ci, the sequence
{c (%) }r>1 is subadditive and the sequence {c_(¢*)}r>1 is superadditive. We get

£4(6")
e-(0) < =

<cy(0),

and thus
c—(¢) < po(@) < c+(9).

Since the spectral invariants cy, are invariant under the symplectomorphisms T,
which were used to define p,, we have

0Cacm (NR) Ha(P) < (@) —c(¢) =T'(¢).

Finally, note that the spectral norm satisfies I'(¢) < p(¢) which proves the estimate
for the Hofer metric. ]

For the next theorem note that oscillation is a norm on the subspace C2°((0, 1)),
the corresponding metric space is denoted by (C2°((0, 1)), osc).

Proposition 5.9. (i) If N does not admit a nowhere vanishing closed 1-form,
there is an isometric embedding of R into Ham(T*N).

(i) If N admits a nowhere vanishing closed 1-form, then there is an isometric
embedding from (C°((0,1)),0sc) into (Ham(T*N), p), that is, there is a map
1: C((0,1)) — Ham(T*N) such that p((F),(G)) = osc(F — G).
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Proof. (i) Let H € C°(T*N) be such that H|y = 1 and 0 < H < 1 everywhere.
Define : R — Ham(7T*N) by ¢t — ¢¢g. On the one hand, we have
p(u(t), o(t) = p(er, dv) < osc((t — ) H) = |t —1'].

On the other hand, we have according to (iii) in Theorem 3.5

p(e(t), 1(t") = po(err) — po(dvm)|
but since tH|y = t and ' H|y = t', we have with (vi) in Theorem 3.5 that po(¢ry) =t
and po(¢yg) = t', and thus
p(u(t), u(t')) = |t = 1]

(ii) Let a be a nowhere vanishing closed 1-form and a = [a] € H!(N;R). Since «
has no zeros, we can fix a smooth H: T*N — R such that H|r,, =t for ¢t € [0, 1],
where I'y, denotes the graph of ta. Define a map C*((0,1)) — C*(T*N) by
f— Hy := foH, where we implicitly extend f € C2°((0,1)) to R by zero; the
map is linear. Note that we have max H; = max f and the same for min and osc.
Moreover, f o H equals f(t) on I'y,. Define a map

t:C((0,1)) — Ham(T*N)

by
uf) = Ouy ;

the map is a group homomorphism. Now, we have

p((f),(9)) = p(@n,, on,) < osc(Hp — Hy) = osc(f —g) .

To prove the claim we need to prove the reversed inequality osc(f—g) < p(¢(f),t(g))-
Let H,G be time-dependent Hamiltonians generating ¢x, and ¢p, respectively.
According to (iii) in Theorem 3.5 we have

1
ia(D11,) — ieal ) < /0 max(F, — Gy)dt

By (vi) in Theorem 3.5 and the fact that Hy equals f(¢) on I'y,, and similar for g,
we have

fita(Pr,) — tea(Om,) = f(t) — g(t) = (f — 9)(1),
and thus

max(f —g) < /1 max(F; — Gy) dt .
Similarly, ’
min(f —g) > /1 min(F; — Gy) dt.
The above inequalities imply ’
osc(f —g) < /01 osc(Fy — Gy) dt,

and since this is true for any F, G generating ¢y, , ¢n,, we have

osc(f —g) < p(on,, du,) = p(e(f),(g)) -
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5.3.1 Mather’s alpha function and Hofer geometry

There is a connection between Aubry-Mather theory and Hofer geometry as
studied by Siburg in [Sibl]; in particular, there is an inequality between the Hofer
norm and the minimum of the alpha function. It can be interpreted as to provide
a relation between the dynamical and the geometric point of view to the study of
Hamiltonian systems.

Recall that Aubry-Mather theory (or the existence of the alpha function) is es-
tablished for Tonelli Hamiltonians. Since these Hamiltonians do not have compact
support, they do not generate an element in Ham(7*N). To circumvent this diffi-
culty and to be able to relate the Hofer norm and the alpha function, one considers
nicely behaved Tonelli Hamiltonians such that both, the notion of Hofer norm and
the alpha function, are well-defined.

Let B*N C T*N denote the closed unit disk cotangent bundle. Let H be the
space of time-periodic Hamiltonians H : S' x B*N — R which vanish on the
boundary of B*N and which admit smooth extensions to the whole S* x T* N which
only depend on ||p|| and ¢ outside B*N. Then there is an associated notion of the
Hofer norm for any Hamiltonian diffeomorphism ¢y: B*N — B*N, where H € H,
given by

1
pu (@) = inf/ osc H, dt

0
where the infimum goes over all H € H generating ¢ .

Proposition 5.10. Let H be a Tonelli Hamiltonian which vanishes for ||p|| =1 and
which only depends on ||p|| for ||p|| > 1. Let H = H|psn € H. Then

> — mi =
pr(bm) > RRLN

Proof. Consider a smooth function f: [0,00) — [0,1] such that f(¢) = ¢ for t €
[0,3], f(t) =1for ¢t > 2 and f/(t) > 0 for all t. For e > 0 define f.(t) = ¢f(%) and

2

K. = f. o H. According to [SV] we have
pr(¢m) = lim p(Px. ) -
e—0

Moreover, for any a € H'(N;R) such that ||a]| < 1, where ||-|| denotes the Gromov-
Federer stable norm (see Remark 3.8), we have

ar.(a) = ag(a).

Note that the minima min az and min ok, are both negative and attained on {||a|| <
1} € HY(N;R). Thus, for any ||a]| < 1 we have

P(PK.) = —a(Pr.) = —ax.(a),

and therefore
p(¢k.) > —minag, = —minag.

Taking ¢ — 0 gives the desired inequality. O]
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Remark 5.11. Note that the minimum on the right-hand side only depends on H.

Remark 5.12. In [Sibl] the above is proved for N = T". A proof for cotangent
bundles over a general base can be found in [ISM].

Remark 5.13. In [Sibl] the author gives a further relation between Hofer geometry
and Aubry-Mather theory in terms of the asymptotic Hofer norm p,, and the beta
function. In fact, Siburg proves that if H is a Tonelli Hamiltonian such that H =
H|pg+tn € H, then it is true that ps(¢n) > 55(0).

In [SV] the authors claim to prove the strict inequality using the asymptotic
Viterbo norm 7, on Ham(7*T™) (recall its definition from Remark 4.9) and the
known relation v, < ps. In fact, they prove that for a Tonelli Hamiltonian H and
H € H as above it is true that 7 (¢n) = B5(0). Furthermore, in Theorem 5.5
of [SV] the authors claim to give a construction of a Tonelli Hamiltonian H such
that H = H|gepn € H for which Voo 18 strictly less than the asymptotic Hofer norm
poo- This would imply peo(@r) > Voo(¢n) = F5(0). But again, the construction in
the proof of Theorem 5.5 uses properties of the symplectic homogenization operator
which rely on the unproven Viterbo bound.

5.4 Symplectic rigidity

Following the methods of [EP2] and [EP3] we can extract rigidity results using the
existence of the partial symplectic quasi-integral ¢ = (p: C°(T*N) — R introduced
in Theorem 3.10. Rigidity of subsets is thereby a phenomenon in symplectic topology
which means that certain subsets of symplectic manifolds cannot be completely
displaced from another one or from themselves by a Hamiltonian diffeomorphism
while it is possible to replace them by a genuine diffeomorphism.

Definition 5.14. A compact subset X C T*N is called (-superheavy (or super-
heavy) if ((F) = ¢ for any F' € C*(T*N) with F|x =c € R.

Note that the zero section N is superheavy according to property (viii) in Theorem
3.10 and that the collection of superheavy sets is invariant under the action of
Ham(7*N) according to property (ii) in Theorem 3.10.

Remark 5.15. The notion of superheavy sets was introduced in [EP3] for closed
symplectic manifolds. There the authors also introduce the notion of heavy sets for
closed symplectic manifolds but since we could not find an example of a heavy set
which is not superheavy, we do not introduce this notion at this point.

Superheavy sets are rigid in the sense that any two must intersect.
Proposition 5.16. For two superheavy sets X, Y C T*N we have X NY # &.

Proof. Assume on the contrary X N'Y = @ and choose F,G € C*(T*N) with
disjoint supports such that F|x = G|y = —1 and ||F||ce = ||G||co = 1. This
means that F, G Poisson commute. Thus, we have, using (ix) in Theorem 3.10 and
superheaviness of X and Y,

C(F+G) < ((F) +((G) < -2
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But this is a contradiction to

C(F = (=G| < IIF = (~D)lgo = IF + Clleo = 1.

Corollary 5.17. Superheavy sets are non-displaceable.

Proof. The statement follows from the above proposition and the fact that super-
heavy sets are invariant under the action of Ham(7T*N). O

The following proposition allows to construct examples of superheavy sets:

Proposition 5.18. Let X C T*N be a compact subset such that T*N \ X = Uy U
U, Ui is a finite disjoint union with Uy, being the unbounded connected component
(the union of the two unbounded connected components in case dim N = 1). Assume
that Uy, 1s disjoint from the zero section and that each U; s displaceable. Then X
1S superheavy.

Proof. For any F' € C°(T*N) such that F|x = ¢ we need to show ((F') = ¢. By the
Lipschitz continuity of ¢ it suffices to show this for all F* which equal ¢ on an open
neighborhood of X. Let F be such a function. Denote X = X U|J, U; = T*N \ Un.
Define a function F' as follows: Let F' = F on U, and F =con X. Then F is
smooth and since N C X, we have F|y = ¢. Thus, ((F) = ¢. If we can prove
C(F) = ¢(F), the claim follows. Define functions F} by F} ve = 0 and Fily, =c— F
for all 7. The functions F; are smooth and have compact support in U;, where U; is

displaceable; thus, ((F;) = 0. Moreover, we have

F=F+) F,

Since all F; commute with each other and with F'; we conclude with property (vii)
in Theorem 3.10

((F) = ((F + Z Fy) =((F).
Il

Remark 5.19. Note that we can replace the assumption that any U; is displaceable
by the weaker one saying that any U; is (-null. Here we call an open subset U C T*N
¢-null if {|ceey = 0. Note that displaceable subsets are (-null according to (iv) in
Theorem 3.10. More generally, if every compact subset of an open subset U C T*N
is displaceable, then U is (-null.

Example 5.20. Let ¢ € N be a fixed point and consider D(qy) := {(¢,p) €
T*N|q e N, |lp]l = 1} U{(qo,p) | |lp]l < 1}. The complement of D(q) is given by
the union of Uy, = {(¢,p) | g € N, ||p|]| > 1} and the open unit disk cotangent bundle
over N \ {qo}. The latter set is null and therefore D(qg) is superheavy according to
the above proposition.

Finally, we have the following result which allows to obtain yet more examples.
Note that here the partial symplectic quasi-integral ¢ is the one which is extended
to the set of autonomous Hamiltonians with complete flow.
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Theorem 5.21. Let X; C T*N;, v = 1,2, be superheavy subsets. Then the product
Xl X X2 C T*Nl X T*Nz = T*(Nl X NQ)
15 superheavy.

Proof. Let X = X; x X5 and (3, (2, ( denote the partial symplectic quasi-integrals
on T*Ny, T* Ny, T*(Ny x Ny), respectively. For any F' € C°(T*(N; x Ns)) such that
F|x = ¢ we need to show ((F') = ¢. On the one hand, we have

c= m)}nF = — m)z(xx(—F) < —((-F)

and with property (ix) in Theorem 3.10 we conclude 0 = ((F — F) < ((F)+((—F),
and thus —((—F) < {(F') which yields

c < ((F).

Thus, it suffices to show ((F) < ¢. Moreover, since ( is Lipschitz continuous, it
suffices to show the above claim for any function F' which equals ¢ on a neighborhood
of X. Let F' be such a function and U the corresponding neighborhood.

Roughly speaking, the idea is to bound ((F') from above by ((F; @ F»), where
Fi|x, = ¢/2 for i = 1,2, and to use the superheaviness of X; and X5 and the product
formula for ¢ to conclude. For ¢ = 1,2 let U; C N; be neighborhoods of X; such
that Uy x Uy C U. Let S; be a closed cotangent disk bundle in 7% N; which contains
the image of the support of F' under the projection 7*(NN; x Ny) — T*N,;. Consider
functions F; € C°(T*N;) such that Fi|lx, = ¢/2, Filuanx, > ¢/2, Fi|spv, = M and
Fi|lse > 0, where M > 0 is a real number such that min(2M, M + ¢/2) > max F.
Note that since X; is superheavy, we have (;(F;) = ¢/2 for i = 1,2. For the direct
sum of the F;’s we have F1 ® Fy, > FFon S = 5] x Sy and F; & F, > 0 on the
boundary of S; x S5. Therefore, there is a neighborhood V' of S; x Sy such that
Fy @ F, is positive on V'\ S; X S5. Moreover, the flow of F} @ F» keeps the zero section
inside S. Let G denote a cutoff of F} @& Fy outside V. The function G is compactly
supported and its flow keeps the zero section inside S. According to Lemma 2.17
this implies that ((F} ® F») = ((G). Since G > F, we conclude

C(F) <G)=C(F1 ®F) =G(F) 4+ Q) =c¢/24+c¢/2=c.

The theorem implies the following

Corollary 5.22. Let X;, X! CT*N;, 1 =1,...,k, be subsets as in Proposition 5.18.
Then
HXi N Cb(HXz,) # 9

for any Hamiltonian diffeomorphism ¢ on T* [, N;. In particular, T[], X; is non-
displaceable. [
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Remark 5.23. If the Viterbo bound would hold on N, the partial quasi-morphisms
e would be genuine homogeneous quasi-morphisms when restricted to Ham(7* V)
and the functionals {, would be genuine symplectic quasi-integrals (recall Remark
3.8). In this case there would be yet more applications following from the existence
of the functions. In fact, there would be applications to the second bounded co-
homology, the (stable) commutator norm, and to asymptotics of Hamilton-Jacobi
equations.
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6 Comparison of symplectic quasi-integrals in two
dimensions

In this part of the work we are interested in the comparison of two particular
symplectic quasi-integrals in two dimensions. On the one hand, we prove that there
exists a symplectic quasi-integral 1y on T*S* which is uniquely characterized by its
additional properties. On the other hand, there exists, due to Entov and Polterovich,
a Calabi quasi-state (zp on S? which is uniquely characterized by its additional
properties as well [EP1], [EP2]. Thus, there are two symplectic quasi-integrals, one
on T*S! and one on S?, which are both universal in some sense, and therefore it is
an interesting question whether they are equal on an open neighborhood of the zero
section in T*S'. More precisely, we consider a symplectic embedding S* x (—r,r) —
S?, pull (gp back via this embedding and ask, whether this pull back coincides with
the restriction of 7y to S* x (—r,r). We provide a necessary and sufficient condition
for these symplectic quasi-integrals to be equal.

Moreover, it will turn out that the symplectic quasi-integral iy on T*S! is closely
related to Viterbo’s symplectic homogenization operator in two dimensions. Using
the symplectic quasi-integral 1y we can prove the existence and uniqueness of an
operator

H: C(T*S") — C.(R™)

which has the properties of symplectic homogenization by an axiomatic approach.
In fact, we can prove the existence and uniqueness of an operator on 7*S' which
has the properties of Viterbo’s symplectic homogenization operator introduced in
Section 4, where the partial quasi-additivity is replaced by the stronger property of
strong quasi-additivity. The operator H allows to define symplectic quasi-integrals
Ny on T*S! by integration against Radon measures o, that is, we prove that

Ny (F) = /R’H(F) do

is a symplectic quasi-integral for any Radon measure o. If we take the Radon
measure o to be the Dirac measure centered at zero, i.e. 19(F) = H(F)(0), we
obtain the unique symplectic quasi-integral 1y on T*S?.

In order to prove the existence of the symplectic quasi-integral 1y on T*S* and in
order to compare it with the Calabi quasi-state (gp, we define the notion of quasi-
integrals and topological measures for locally compact Hausdorff spaces and develop
a representation theory for quasi-integrals in terms of topological measures. It is a
generalization of the representation theorem for quasi-states and quasi-measures on
compact Hausdorff spaces due to Aarnes [Aal]. In addition, we introduce a reduction
argument for topological measures and prove a statement about the symplecticity of
quasi-integrals on surfaces without boundary; both are needed to prove the existence
of 1y and to compare the symplectic quasi-integrals.

The notions of quasi-integrals and topological measures for locally compact Haus-
dorff spaces and the representation theorem are subject of Subsection 6.1. In Subsec-
tion 6.2 we give the statement about the symplecticity of quasi-integrals on surfaces
without boundary, and in Subsection 6.3 we introduce the reduction argument for
topological measures.
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In Subsection 6.4 we prove the existence and uniqueness of the partial symplectic
quasi-integral 7y on T*S' and relate it to Viterbo’s symplectic homogenization on
T*S'. The construction and properties of the Calabi quasi-state (gp due to Entov
and Polterovich are subject of Subsection 6.5. In Subsection 6.6 we finally compare
the symplectic quasi-integrals ng and (gp.

6.1 Quasi-integrals and topological measures on locally com-
pact Hausdorff spaces

In this section we define quasi-integrals and topological measures for locally
compact Hausdorff spaces and prove a representation theorem for them which is
needed in order to prove the existence of the symplectic quasi-integral ny on T*S* and
in order to compare the two quasi-integrals 79 and (gp on an open neighborhood of
the zero section in T*S'. The representation theorem states that there is a bijection
between the set of quasi-integrals and the set of topological measures for locally
compact Hausdorff spaces; it is a generalization of Aarnes’ representation theorem
for quasi-states and quasi-measures on compact Hausdorff spaces.

6.1.1 Quasi-integrals and topological measures

Let X be a locally compact Hausdorff space. Denote by C(X) the space of
real valued continuous functions on X and by C.(X) C C(X) the subspace of all
continuous functions with compact support on X. On C,(X) we use the C%-norm
given by ||F||po = sup,cx |F(z)| for F' € C.(X). We make the following definition.

Definition 6.1. Let X be alocally compact Hausdorff space. A functional : C.(X) —
R is called a quasi-integral if it satisfies:

(i) Monotonicity: ((F) < ((G) for all F,G € C.(X) with F' < G}

(ii) Quasi-linearity: ( is linear on every subspace of C.(X) of the form {¢po F'| ¢ €
C(R),¢(0) = 0}, where F' € C,(X);

(iii) Lipschitz continuity: For every compact subset K C X there is a number
Nk > 0 such that |((F) — ((G)| < Nk ||F' — G| for all F,G € C.(X) with
support contained in K.

In case X is compact and ( is normalized, i.e. (1) = 1, it is called a quasi-state. It
is called simple if ((F?) = (¢(F))? for any F € C(X).

Remark 6.2. In case X is compact, the definition of quasi-states was introduced
and first studied by Aarnes [Aal]. In his sense, a quasi-state is a normalized, quasi-
linear functional such that ((F) > 0 for all £ > 0. It is also proved in [Aal] that
these properties yield monotonicity, which in turn implies the Lipschitz continuity
of . Thus, a quasi-state of Aarnes is the same as a quasi-integral on a compact
Hausdorff space in the sense of the above definition. Moreover, it is proved in [Aal]
that a quasi-state ( on a compact Hausdorff space satisfies

C(F) = ¢(F7) = ¢(F7)
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for every F' € C(X), where F' = F™ — F~ denotes the decomposition of F' into its
positive and negative part, i.e. F™(z) = max(0, F(x)) and F~(z) = — min(0, F(x)).

Remark 6.3. Recall the definition of a symplectic quasi-integral on T* N, Defini-
tion 1.3, and extend it to arbitrary locally compact symplectic manifolds (M,w).
We would like to note that every symplectic quasi-integral is a quasi-integral. In
fact, strong quasi-additivity and Lipschitz continuity imply quasi-linearity: Let
¢: Co(M) — R be strong quasi-additive and Lipschitz continuous. Let F' € C.(M)
and ¢,9 € C(R) such that ¢(0) = ¥(0) = 0. Note that we can replace ¢ and 1)
by functions with compact support without altering ¢ o F' and 1 o F'. There are
functions Fj, € C°(M) and ¢y, ¥ € C°(R) with ¢x(0) = ¢, (0) = 0 for all k£ such
that F, — F, ¢p — ¢ and ¢, — ¢ for k — oo, where the limit is with respect to
the C%-norm. We have {¢ o Fy, 4 o F} = 0 for all k, and thus

C(dr 0 Fy + b o Fy) = ((dn 0 F) + ((vx © Fy)

due to the strong quasi-additivity. But since ¢ is Lipschitz continuous in the C°-
norm, we have

C(ppo Fp+1hpoFy) = ((po F+1poF),

and
C(pro Fy) = C(¢+ F),((¢r 0 Fy) = ((Yo F),

proving the quasi-linearity of (.

Let K(X) be the family of compact subsets of X, O(X) the family of open
subsets of X with compact closure, and A(X) = K(X) U O(X).

Definition 6.4. A function 7: A(X) — [0,00) is called a topological measure if it
satisfies:

(i) Additivity: If A, A" € A(X) are disjoint and AUA" € A(X), then T(AUA") =
7(A) + 7(A);

(ii) Monotonicity: If A, A’ € A(X) such that A C A’, then 7(A) < 7(A4");

(iii) Regularity: For any K € K(X) we have 7(K) = inf{7(0) |0 € O(X),K C O}
(outer regularity). For any O € O(X) we have 7(0) = sup{7(K)|K €
K(X),0 D K} (inner regularity).

Remark 6.5. In case X is compact, a topological measure is the same as a quasi-
measure in the sense of Aarnes [Aal]. According to Aarnes, a quasi-measure is a
function 7: A(X) — [0,00) that satisfies monotonicity and additivity for pairs of
compact subsets K € IC(X), inner regularity, and normalization 7(K)+7(X \ K) =
7(X) for K € K(X). It is proved in [Aal] that these four properties imply mono-
tonicity and additivity for general subsets of A(X), and outer regularity. Therefore,
a quasi-measure in the sense of Aarnes is the same as a topological measure on a
compact Hausdorff space in the sense of the above definition.
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6.1.2 Representation theory

The above definitions generalize the ones of quasi-states and quasi-measures
on compact Hausdorff spaces due to Aarnes. In case X is compact, there is a
representation theory for quasi-states in terms of quasi-measures due to Aarnes in
the sense that every quasi-measure determines a quasi-state, and all quasi-states
arise in this way [Aal]. We generalize this result and obtain:

Theorem 6.6. There is a natural bijection between the set of quasi-integrals and
the set of topological measures on a locally compact Hausdorff space.

In the original work [Aal] Aarnes used delicate analysis in order to prove his
representation theorem. In order to prove the above theorem for the locally compact
case we rely on results valid in the compact case by using a reduction argument via
one-point compactifications.

Therefore, we briefly recall the representation theory for compact Hausdorff
spaces; the general reference is [Aal]. Aarnes proved that to each quasi-measure
7 there corresponds a unique quasi-state ¢ as follows: Let F' € C'(X) and consider
the compact subset {F' > t} = {& € X|F(z) > t} € X. Then the function
t = 7({F > t}) is non-increasing and we have 7({F > t}) = 1 for ¢ < min F' and
T({F >t}) =0 for t > max F. Thus, the functional

max F’

C(F)=7(X) -min F + / T({F >t})dt

min F’

is well-defined, and it is a quasi-state on C'(X) according to Aarnes. Vice versa, for
any quasi-state ¢ on C'(X) there is a unique quasi-measure 7 on X with 7(X) =1
such that ( is the quasi-state corresponding to 7. The quasi-measure 7 associated
to ( is given by

7(K) =inf{((F)| F € C(X),F > 1k},

for any compact subset K € K(X) and 7(U) =1 — 7(X \ U) for any open subset
U € O(X). Here and in the sequel, 1 stands for the characteristic function of a set.

One-point compactifications

Let X be a locally compact Hausdorff space. Any open subset of X is a locally
compact space as well. Moreover, since X is a locally compact Hausdorff space, it
is completely regular, meaning that for any = € X and any closed subset A C X
such that = ¢ A there is a continuous function f: X — [0, 1] such that f(z) = 0 and
f(a) =1 for any a € A.

Fix an open subset O € O(X) and let O = OU {0} be its one-point compactiﬁ—
cation. For a topological measure 7 on X we can define a topological measure To on
0. Similarly, given a quasi-integral ( on X we can define a quasi-integral Co on O.
These topological measures and quasi-integrals on the compactified space O allow
to prove the representation theorem for locally compact Hausdorff spaces by using
the representation theory for the compact case.
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A topological measure on the compactified space Ois a map on the union .A(@)
of the open and compact subsets of O. Here we have

O(0) = {U c O open} U{(O\ K) U {oo}| K € K(O)}

and
K(0) = K(O)U{(O\U)U{oo}|U C O open}.

For a topological measure 7 on X we define
701 A(O) — [0,00)

by

and
70((O\ K)U{oo}) =7(O\ K), 7o((O\U)U{oc}) =7(0) —7(V)
for U C O open and K € K(O).

Lemma 6.7. 7p is a topological measure on 0.

Proof. First of all, we note that 7 = 7p is well-defined. Because of Remark 6.5 it
suffices to prove that 7 is a topological measure in the sense of Aarnes, that is, it
suffices to show:

(i) Normalization: 7(0O\ K) +7(K) = 7(0) for K € K(O):

(iii) Monotonicity: 7(K) < 7(K') for K, K" € K(0) with K C K';

i
(iv) Inner reqularity: 7(K) = inf{7(U)|U € O(0), U > K} for K € K(O).

If K,K' e IC((/)\) are compact subsets of O, all of the above properties follow im-
mediately from the definition of 7 and the corresponding properties of 7. Thus, it
remains to consider the following:

(i) Let K € K(X) be such that K = (O \ U) U {oo}, where U C O is open. Then

)

(i) Additivity: 7(K U K') = 7(K) + 7(K") for disjoint K, K’ € K(0);
)
)

7O\ K) +7(K) = 7(U) + (r(0) = 7(U)) = 7(0) = 7(0)..

~

(ii) For disjoint K, K" € K(O) we must have K € K(O) and K' = (O\U)U{o0} €

~

K(O), where U C O is open. Then

TIKUK)Y =70\ (U\K)U{x})=7(0)—7(U\ K) = (7(0) — T(U))—F@ .
—(K") —7(K)

~

(iii) Let K, K" € K(O) be such that K C K’. We have two cases to consider. On
the one hand, let K € K(O) and K’ = (O \ U) U{o0} € K(O), where U C O
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is open. Then K C K’ implies K C O \ U which implies U C O \ K and hence
7(U) < 7(O\ K) =7(0) — 7(K). Using the above inequality we have

T(K"Y=7(0)—-71U) >7(K)=7(K).

On the other hand, let K = (O '\ V) U {oo} € K(O) with V C O open and K’ as
above. Then K C K’ implies V' D U, and so

T(K)=7(0)=7(V) <7(0) = 7(U) =7(K").

(iv) Let K = (O \ U) U {00} € K(O), where U C O is open. If an open set V C O
contains K, it has to be of the form V = (O \ L) U {oco}, where L C O is compact,
and then it follows that L C U. Thus,

inf{7(V) |V open,V O K} = inf{r(O) — 7(L) | L C U compact}
which equals
7(O) —sup{7(L)| L C U compact} = 7(0) — 7(U) = 7(K),
where the first equality follows from the inner regularity of 7. m

Let (: C.(X) — R be a quasi-integral on X. Since ( is Lipschitz continuous
on C.(X), the restriction (|c, ) of ¢ to C.(O) is Lipschitz continuous as well. We
extend F' € C.(O) to O by setting F(o0) = 0 and consider the space C.(O) as a
dense subset of Cy(0) = {F € C(0)|F(c0) = 0} in the C®-norm. This yields,
together with the Lipschitz continuity, that there is a unique extension Zo of ( to
00(6). Moreover, EO is also Lipschitz continuous with the same Lipschitz constant
as (|c.(0)-

We extend (o to C(0), where we use the same notation o. For F € C(0) we
put

Co(F) = Co(F — F(0)) + AoF(c0),

where Ay = sup{C(G)|G € C.(0),G < 1o} and F — F(c0) € Cy(O). Note that
)\O = TC(O)‘

Lemma 6.8. EO 1S a quasi-integral on 0.

Proof. Abbreviate E = EO and A = A\p. According to Remark 6.2 it suffices to
show:

~ ~

(i) ¢(F) > 0 for F € C(O) such that F' > 0;

(i) C is linear on every subspace of C(O) of the form {¢ o F'|¢ € C(R)}, where
F e C(0).

(i) Let F € C(O) be such that F' > 0. Put F = F — F(0) € Cy(O). By definition

of ¢ we have ((F') = ((F) + AF(cc). Let € > 0. Since the subspace C,(O) is dense

in Cy(O) and F > 0, there is G € C.(O) such that || — G| < e and 0 > minG =
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min F > —F(00). Moreover, there exists H € C.(O) such that 0 > H > min G and
H = min G on the support of G. We then have G > H > min G - 1p and so

E(G) =((G)>((H) > X -minG = \-min F > =\ F(c0)

by the definition of A and the linearity of ( on R - H C C.(O). Since (] @) 18
Lipschitz continuous with Lipschitz constant C', we have

C(F) > {(G) — Ce > =\ F(oo) — Ce.
Thus, we obtained, for any € > 0,
C(F) = C(F) + A+ F(o0) > —Cke

which proves the claim. R
(i) Let F' € C(O ) and ¢, € C(R). We need to prove ((¢ o F + 1 o F) =
((¢o F)+ (1o F). Note that

~

((po F)=C(po F — ¢(F(00))) + A(F(c0))

= (((¢ = 6(F(00))) 0 F) + Ag(F(00))
and similarly for ¢ o F' and ¢ o F'+po I = (¢ +¢) o F. Thus, proving that
((poF+1poF) = C(¢oF)+C(z/;oF) is equivalent to proving that C(((b O(F(x)))o

F+ (=0 (F(0))) o F) = (6 = &(F(00))) 0 F) + (¢ = (F(00))) o F). Therefore,
we may assume that ¢(F'(c0)) = ¢(F(o0)) = 0. Again, the idea is to use the quasi-

integral ( restricted to C;(O). Therefore, let F=F—F(x) € CO(O) and let ¢, 1
be defined by ¢(t) = ¢(t+F(c0)) and similarly for . We then have ¢(0) = ¢(0) = 0
and ¢ o F' = ¢ o F' and the same for 9. Again,NCc(O) is dense in Cy(O) and we can

choose a sequence Fi, € C.(O) whose limit is F. Since ¢ is quasi-linear (on C.(O)),
we have

(@0 Fet+doFy)=((60F)+((oF).
When k — o0, the left-hand side tends to C(ngO F—i—@/} o F) C(gzﬁo F+1oF), while
the right-hand side tends to ((¢o F) + C(1 o F) = (¢ o F) + C(1p o F). O
6.1.3 Proof of the representation theorem

In this subsection we prove the representation theorem, Theorem 6.6. We estab-
lish procedures of going from quasi-integrals to topological measures and vice versa
and prove that these procedures are inverse to each other.

From quasi-integrals to topological measures

Let ¢ be a quasi-integral on X. Define a function

et A(X) — [0, 00)

re(K) = nf{¢(F) | F € Co(X), F > I}
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for K € K(X) and
7c(0) =sup{((F) | F € C.(X), F < 1o}
for O € O(X).

Lemma 6.9. 7¢ is a topological measure on X.

Proof. Abbreviate 7 = 7¢.

Monotonicity: For pairs of compact subsets and for pairs of open subsets, mono-
tonicity follows from the definition. Let K € K(X) and O € O(X) such that O C K.
Then for any function F' such that F > 1x and any function G with G < 1p we
have F' > G and so 7(K) = inf ((F) > sup((G) = 7(0), the infimum and supre-
mum being taken over all such F,G. Assume now that K C O. Then there exists
F e C,(X) with values in [0,1] such that F|x =1 and F|x\o = 0. Thus, F' < 1o
and 7(K) < ((F) < 7(0).

Regularity: Let K € K(X). For outer regularity we have to prove that 7(K) =
inf{7(0)| 0 € O(X), O > K}. Denote the infimum by /. It follows from mono-
tonicity that 7(K) < I. Thus, we need to show that 7(K) > I. Let € > 0 and fix a
compact set L containing K in its interior. By the definition of the infimum and the
fact that X is completely regular there is a function F' such that F|x =1, F =0
outside the interior of L and 7(K) > ((F) — . By continuity of F', compactness
of K, and local compactness of X, there is O € O(X) such that K € O C L and
F|o > 1 —¢. This means that any function G with G < 1y satisfies 1%5 > (&, and so
L ((F) > 7(O). Putting this together, and using the monotonicity of 7 established

1—¢
above, we obtain

T(K)>((F)—e>(1—-e)1(0)—e>71(0)—c(1+7(L)>1—c(1+71(L)).

Since € was arbitrary and L is fixed, we get 7(K) > I. A similar argument shows
inner regularity.
Additivity: For pairs of disjoint compact subsets and for pairs of disjoint open
subsets, additivity follows from the definitions and the properties of the infimum
and supremum. It remains to establish additivity for a disjoint pair K € K(X) and
O € O(X) such that KUO is either open or compact. Let us assume that U = KUO
is open (and then necessarily with compact closure); the case when the union is
compact is treated similarly. Note that regularity implies 7(U) > 7(0) 4 7(K) since
for any compact K’ C O the union K’ U K is disjoint, compact, and contained in
U,so7(U) > 7(K) + 7(K'). Taking the supremum over all such K’ we obtain the
statement. Thus, it remains to show 7(U) < 7(0) 4+ 7(K). Also by the regularity
of 7 we have the following statement: for any ¢ > 0 there is an open neighborhood
P of K with compact closure such that whenever F' satisfies 1y < F < 1p, it is
true that ((F) > 7(K) > ((F) —e. We can choose this P to lie inside any open
neighborhood of K. Similarly, for any € > 0 there is a compact set L. C O such that
if G satisfies 1, < G < 1p, we have ((G) < 7(0) < ((G) + ¢, and this L can be
chosen to contain any prescribed compact subset of O.

Let ¢ > 0. Let L be a compact subset of O as we just described. Similarly,
let P be an open neighborhood of K with compact closure. We may assume, X
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being Hausdorff, that P is contained in U \ L. And finally, let M be a compact
subset of U, containing L U P, which has the same property with respect to U, i.e.
1y < H < 1y implies ((H) < 7(U) < ((H) +¢. Let H be such a function. Let
H": X — [0,¢] be such that H"| = ¢ and H” = 0 outside P and set H' = H+ H".
Then H'|x = 1+, 1 < H < 1+4+¢con P and H = H outside P. Consider
two continuous functions ¢,v: [0,1 + €] — [0, 1] such that ¢(¢) = 0 for ¢ € [0, 1],
d(l4+¢) =1and ¢(t) =t for t € [0,1] and ¢(¢) + () = 1 for t € [1,1 + €].
Define ' = ¢ o H', G = 1 o H'. These functions have the following properties:
IlK S F S Ilp, IlL S G S :[lo, ]1M S F+G S ]1U~ It follows that

T(K)+7(0)>(F)+(G)—e=((F+G)—ec>1(U) — 2¢,

where the equality is due to the quasi-linearity of (. Thus, we obtained the required
inequality. 0

From topological measures to quasi-integrals

Let 7 be a topological measure on X. We can define the corresponding quasi-
integral (;: C.(X) — R on X using the one-point compactification procedure to O
since any F' € C.(X) has support in some O € O(X). Namely, let O € O(X) and
7o be the corresponding topological measure on 9) given by the one-point compacti-
fication procedure. Consider the corresponding quasi-integral on C'(O) (which exists
according to the representation theorem for compact Hausdorff spaces)

o~

Coi C(O) — R
given by
max F
Co(F) = 7o(0) - min F + / o({F > 1)) dt
min F'

Since (o is a quasi-integral on 6, it is monotone, quasi-linear, and Lipschitz continu-
ous with constant No = 7o(O) = 7(0O). The same properties hold for the restriction
of { to C.(0)  C(0). Thus, for F € C.(X) with support in some O € O(X) we
can define

Lemma 6.10. (, is a quasi-integral on X.

Proof. Since we already know that (o|c.(0) is monotone, quasi-linear, and Lipschitz
continuous, it remains to check that the definition of (; is correct, that is, it remains
to check that if the support of F' is contained in O’ € O(X), then (o(F) = (o (F).
Since O N O’ is also in O(X) and still contains the support of F', we see that it
suffices to consider the case O C O'.

Since (p and (o are quasi-integrals on a compact space, they respect the de-
composition (o(F) = (o(FT) — (o(F~), and similarly for (o, where F(x) =
max (0, F'(x)) and F~(z) = —min(0, F(z)) (see Remark 6.2). Thus, we may as-
sume F > 0. Since F' has compact support, we have min ¥ = 0 on O and O'.
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Moreover, F' has the same maximum on O and O'. For t > 0 the set {F >t} is
compact and contained in the support of F' and by definition of 7o and 7o, we have

To({F 2 1}) =1({F > t}) = To ({F > t}).

Thus, the two functions t — To({F > t}) and t — To/({F > t}) coincide on
(0, max F, and hence so do their integrals on (0, max F|. In summary, the functions
Co(F) and (o/(F) are equal. O

The bijection

To prove the theorem it remains to show that the above procedures of going from
quasi-integrals to topological measures and vice versa are inverse to each other.

Lemma 6.11. (i) Let 7 be a topological measure on X. Then 1., =T.
(ii) Let ¢ be a quasi-integral on X. Then (; = (.

Proof. (i) Let 7 be a topological measure on X. For K € IC(X) we need to prove
7(K) = 7¢,(K). For a fixed K € K(X) there is O € O(X) such that K C O. But
for any O € O(X) the topological measure 7 induces a topological measure 7o on
the compactified space O. We have K € K(O) and by definition 75(K) = 7(K).
According to the representation theory for the compact case there is a quasi-integral
(o on O associated to Tp. By the representation theory for the compact case we

conclude

r(K) = 70(K) = inf{¢o(F) | F € C(0), F > 1x}.
Moreover, the value of the infimum remains unchanged if we only consider functions
with compact support in O and thus we have

7(K) = inf{Co(F) | F € C.(0), F > 1} .

Now, recall the definition of the quasi-integral ¢; on X associated to 7. It is con-
structed in terms of the quasi-integral (o on O. In particular, (. restricted to

C.(O) C C(O) coincides with the restriction of (o to C.(O), and thus going from
quasi-integrals to topological measures we get that

7, (K) = nf{(o(F) | F € C(0), F > 1g} = 7(K)

which gives the desired equality. By inner regularity, the same is true on O(X).

(ii) Since both (;, and ¢ are quasi-integrals, they respect the decomposition of
functions into the positive and the negative part, namely ((F) = ((F*) — ((F)
and similarly for ¢, (see Remark 6.2). Therefore, it suffices to show that ¢ and ¢,
coincide on non-negative functions. Any function F € C.(X) has support in some
O € O(X). Fix O € O(X) and let F' € C.(O) be non-negative. The quasi-integral ¢
on X induces a quasi-integral Zo on O by the one-point compactification procedure
and the restriction of ¢ to C.(O) coincides with the restriction of (o to C.(O). Thus,
we have ((F) = EO(F). Moreover, the quasi-integral ZO on O is represented by a
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topological measure 7/ on 9) according to the representation theory for the compact

case and we get
max F

(R =G = [ TUFzta
0
The quasi-integral ¢, is by definition given by

max F'

(o (F) = / w({F > t})dt.

0

and it suffices to show 7.({F > t}) = 7/ ({F > t}) to prove the claim. But since (

and ZO coincide on C,(0), so do the corresponding topological measures 7, and 7’
on any K C O. ]

This completes the proof of Theorem 6.6. O

Remark 6.12. Aarnes’ representation theorem was generalized to various other
settings; we refer to [Bo|, [GL], [Wh]. Topological measures as defined here are a
generalization of both, Aarnes quasi-measures on compact spaces and Radon mea-
sures on locally compact spaces. Furthermore, we would like to mention that the
theory of quasi-integrals and topological measures on locally compact spaces, as
developed here, has been established by Rustad in [Ru] using different methods.

Remark 6.13. A topological measure 7 on a locally compact Hausdorff space X
extends to a unique topological measure 7 on the one-point compactification X,
such that 7(co) = 0, if and only if 7 is bounded. This is the case if and only if
the corresponding quasi-integral is globally Lipschitz continuous, and the Lipschitz
constant evidently equals 7(X) = sup 4y 7.

6.2 Symplecticity of quasi-integrals on surfaces without bound-
ary

In this subsection we prove a statement concerning the symplecticity of quasi-
integrals on surfaces without boundary. It is needed in order to prove the existence
of the symplectic quasi-integral 7y on T*S*.

Recall the definition of a symplectic quasi-integral, Definition 1.3, and extend it
to arbitrary locally compact symplectic manifolds. Moreover, recall from Remark 6.3
that every symplectic quasi-integral is a quasi-integral. In case Y is a closed surface
with an area form, the opposite direction is proved in [EP2], that is, every quasi-state
on X is symplectic, meaning that quasi-linearity implies strong quasi-additivity. In
[Za2] this result is extended to the notion of Poisson commutativity for continuous
functions. It is proved there that a quasi-state on a closed surface with an area
form is linear on Poisson commuting subspaces of the space of continuous functions.
Thereby, the definition of Poisson commutativity for continuous functions, which
is due to Cardin and Viterbo [CV], is the following: Two continuous functions
F,G € C(Y) are said to Poisson commute if there are functions Fj,Gj € C>(X)
such that Fy — F, G}, — G, {Fy, Gy} — 0, all in the C%norm. Tt is proved in [CV]
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that a pair of compactly supported smooth functions Poisson commutes according
to this definition if and only if their Poisson bracket vanishes. Therefore, the above
definition is a genuine generalization of the classical notion of Poisson commutativity
from smooth to continuous functions.

We formulate a yet more general result for quasi-integrals on surfaces without
boundary. Therefore, we use a particular version of Poisson commutativity for
continuous functions in which all the smooth functions approximating a given con-
tinuous function have support in a fixed compact subset. Again, this definition is a
generalization of the usual notion of Poisson commutativity.

Definition 6.14. Let X be a surface without boundary and let w be an area form
on it. We say that F,G € C.(X) Poisson commute if there is an open set O C ¥
with compact closure, and for k& € N functions Fy, Gy € C°(O) C C°(X) such that
Fy, — F, Gy — G, {F}, Gy} — 0, all in the C%norm.

Proposition 6.15. Let 3 be a surface without boundary with an area form w. Any
quasi-integral on ¥ is linear on Poisson commutative subspaces of C.(X), and in
particular, it is symplectic.

Proof. Let n be a quasi-integral on ¥. Since a quasi-integral is homogeneous by
definition, it remains to prove that 7 is additive on Poisson commuting functions,
that is, it suffices to prove n(F + G) — n(F) — n(G) = 0 for Poisson commuting
F,G € C.(X). According to the definition of Poisson commutativity there is an
open subset O C ¥ with compact closure and functions Fy, Gy € C.(O) C C.(X)
for k € N such that F, — F, Gy, — G and {F, G} — 0, where the limits are with
respect to the C’-norm. We assume [,w = 1 without loss of generality. Define
ek = |{Fr, Gr}llco- According to the main theorem in [Za2] there are functions
Fy, Gy, € C(O) such that ||F, — Fll|q0, |Gk — Gillco < /€k- Moreover, denote
by ®;: O — R? the evaluation map given by ®, = (F},G}). The image of @y, is a
compact subset of R x/,ZU,/e,Z xR, in particular, it has covering dimension < 1.
Let O denote the one-point compactification of O. The evaluation map ®;, extends
to a map ®x: O — R? by sending oo to 0. The quasi-integral 7 induces a quasi-
integral 7o on O by the procedure introduced in Subsection 6.1.2. According to [Wh]
the quasi-integral (®y).7o on im @y is linear since im @y, has covering dimension < 1.
Let (z,y) be the coordinates in R?. We obtain

0= (®r).n0(x +y) — (Pr):To(7) — (Pr)+T0(y)
= No(Fy, + G}.) — no(Fy) — o(GY,) -

Since F} — F and G}, — G with respect to the C”-norm, we obtain, together with
the Lipschitz continuity of 7)o, the claim

n(F+G) —=n(F) —n(G)=0.

6.3 A reduction argument for topological measures

In this subsection we introduce a reduction argument for topological measures
on manifolds without boundary. It gives a recipe how one can try to determine the
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values of a topological measure; it is particularly useful in two dimensions and we
will use it multiple times in the sequel. In particular, it is needed in order to prove
the existence of the symplectic quasi-integral ny on T*S?.

Let M be a manifold without boundary and let B(M) denote the collection of
codimension zero compact connected submanifolds with boundary of M. Given a
topological measure 7 on M, its restriction 7|g(as) has the following properties:

(i) 7|pu) is monotone;
(ii) 7|pe) is additive under finite disjoint unions;
(ili) 7|g(ar) is regular in the sense that for W € B(M) it is true that

7(W) = inf{r(W') | W' € B(M) contains W in its interior} .

Adapting the arguments in [Zal] one can show that if 7/: B(M) — [0,00) is a
function satisfying (i)-(iii) above, then it is the restriction of a unique topological
measure. This implies the following:

Proposition 6.16. The map T — T|gr) s a bijection between the set of topological
measures and the set of functions B(M) — [0,00) satisfying (i)-(iii) above. In
particular, a topological measure on a manifold without boundary is determined by
its values on codimension zero compact connected submanifolds with boundary. [

6.4 A unique symplectic quasi-integral on 7S

In this subsection we prove the existence of a genuine symplectic quasi-integral
no: Ce(T*S') — R which is uniquely characterized by its additional properties. The
proof of the existence and uniqueness relies on the representation theory for quasi-
integrals and topological measures on locally compact Hausdorff spaces, as well as on
the statement about the symplecticity of quasi-integrals on surfaces without bound-
ary, and the reduction argument for topological measures developed in the previous
subsections. In fact, we prove the existence and uniqueness of a certain topological
measure 7 on 7*S! which yields, according to the representation theorem, the exis-
tence and uniqueness of a corresponding quasi-integral 7); it is symplectic according
to the symplecticity of quasi-integrals on T*S?.

Moreover, we show that the symplectic quasi-integral 7y is closely related to
Viterbo’s symplectic homogenization. In fact, it can be seen as to arise from sym-
plectic homogenization. To be more precise, we prove the existence and uniqueness
of an operator H: C.(T*S') — C.(R) which can be interpreted as Viterbo’s symplec-
tic homogenization operator in two dimensions using the symplectic quasi-integral
no. This operator H gives rise to symplectic quasi-integrals on 7*S* by integration
against Radon measures. In particular, if one takes the Dirac measure centered at
0, the symplectic quasi-integral given by n9(F') = H(F')(0) is the unique symplectic
quasi-integral on T*S*.

The construction of the symplectic quasi-integral 7, is based on the following
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Proposition 6.17. There exists a unique topological measure o on T*S* which is
invariant under Hamiltonian diffeomorphisms and satisfies

U<Sl X [a? b]) = ﬂ[a,b} (O) :
It satisfies o(D) = 0 for any closed smoothly embedded disk D C T*S*.
Before giving the proof of the above proposition we note the following:

Remark 6.18. According to Proposition 6.16 we know that a topological measure
on TSt is uniquely determined by its values on codimension zero compact connected
submanifolds with boundary. In 7*S' there are two types of such submanifolds;
there are disks with holes and non-contractible annuli with holes (where holes are
deleted disks). The properties of a topological measure allow to fill in these holes,
that is, regularity implies that the values of a topological measure on open disks are
determined by the values on closed disks, and then additivity implies that it suffices
to know the values of the topological measure on closed smoothly embedded disks
and non-contractible annuli.

Proof (of Proposition 6.17). Uniqueness: Assume that such a topological measure
o exists. Following the above remark it suffices to know the values of ¢ on closed
smoothly embedded disks and non-contractible annuli in order to determine it com-
pletely. We claim that these values are determined by the above properties of the
topological measure.

Let D C T*S! be a smoothly embedded closed disk. Then there is another disk
D’ which is Hamiltonian isotopic to D such that D’ C S x [a, b] where b > a > 0.
By Hamiltonian invariance and monotonicity of ¢ we conclude

o(D) =0o(D") < o(S" x [a,b]) = 1y (0) = 0.

Let A C T*S' be an annulus. Then A is Hamiltonian isotopic to a unique annulus
of the form S' x [a, b], and thus by Hamiltonian invariance of o the value

a(A) = o(S" x [a,b]) = Tpa(0)

is uniquely determined. In summary, o, if it exists, is unique.

FExistence: To prove the existence we define the values of ¢ on disks and annuli as
above and extend it, by regularity and additivity, to a function on the collection of
codimension zero compact connected submanifolds with boundary of T*S*. Using
Proposition 6.16 and the properties of the extended function we conclude that we
can extend o to A(T*S'). Thus, we just have constructed a topological measure
with the above properties which proves that o exists. O

As a consequence we get:

Proposition 6.19. There exists a unique symplectic quasi-integral ny on T*S* which
is invariant under Hamiltonian diffeomorphisms and has the Lagrangian property,
i.e. no(F) = c for any F € C.(T*S") such that F|gixq0y = ¢ € R. In particular, it
is represented by the topological measure o from Proposition 6.17.
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Proof. Uniqueness: Let 1y be a symplectic quasi-integral on T*S* as above and de-
note by o the corresponding topological measure (which exists according to Theorem
6.6). It is invariant under Hamiltonian diffeomorphisms and we claim

o(S* x [a,b]) = 114,(0)..
In order to prove the claim, recall that for a compact subset K C T*S! we have
o(K) = inf{ny(K)| F € C.(T*S), F > 1k} .

Now, if 0 € [a,b], we have for any ' € C.(T*S") with F > lg1,[, ) that no(F) > 1,
due to the Lagrangian property, and thus o(S! x [a,b]) = 1. If 0 ¢ [a,b], there is
F e C(T*S") with F > g1,y and F|gig0; = 0 which gives 7o(F") = 0, and thus
o(S* x [a,b]) = 0. In summary, 7o is represented by the unique topological measure
o from the previous proposition and in particular, 7y is unique itself.

FExistence: According to the above, the topological measure ¢ and its properties are
dictated by a quasi-integral 1y which is invariant under Hamiltonian diffeomorphisms
and has the Lagrangian property. Since we have just proved the existence of the
topological measure ¢ in Proposition 6.17, the quasi-integral 7, exists. Moreover,
according to Proposition 6.15 the quasi-integral 7, is symplectic. O

6.4.1 Symplectic homogenization on 7T*S*

In this subsection we explain the relation between the symplectic quasi-integral
no on T*St and Viterbo’s symplectic homogenization in two dimensions. Accord-
ing to Section 4 the latter yields an operator H: C°(T*T") — C.(R"™), where
H(F)(p) = pp(¢r), which is monotone, Lipschitz continuous, partial quasi-additive,
invariant under Hamiltonian diffeomorphisms, and has the Lagrangian property. In
two dimensions T*T! = T*S! = S1 x R we can prove the existence and uniqueness
of such an operator by an axiomatic approach using the symplectic quasi-integral
1o, where partial quasi-additivity is replaced by the stronger property of strong
quasi-additivity.

Theorem 6.20. There is a unique operator H: Co.(T*S') — C.(R) such that for all
F,G e C.(T*SY):

(i) H is monotone, i.e. H(F) < H(G) for F < G;

(i) H is Lipschitz continuous with respect to the C°-norm, i.e. ||H(F) — H(G)||co <
IF = Glico;

(iii) the restriction of H to any Poisson commutative subspace of C°(T*S') is
linear;

(iv) if there is a constant ¢ € R and p € R such that F = ¢ on S* x {p}, then
H(F)(p) = ¢

(v) H is invariant under the natural action of Ham(T*N), i.e. H(F o ¢) = H(F)
for all ¢ € Ham(T*S").
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Remark 6.21. Recall from Section 4 that Viterbo claims in [Vi4] that the sym-
plectic homogenization operator H is strong quasi-additive for any T*T" and that
we have pointed out that his proof of this property relies on the unproven Viterbo
bound. Therefore, it is an interesting observation that, in two dimensions, one can
include the strong quasi-additivity to the properties of symplectic homogenization
and prove the uniqueness and existence of the latter by an axiomatic approach which
does not use the Viterbo bound.

Assuming the theorem for the moment we conclude, using Viterbo’s idea in [Vid],
that the above operator H gives rise to symplectic quasi-integrals on 7*S*.

Proposition 6.22. Let o be a Radon measure on R (that is, a locally finite reqular
Borel measure). The functional n,: Co(T*S') — R given by

:/RH(F do

15 a symplectic quasi-integral. The Lipschitz constant of the restriction of n, to
functions with support in S x K, where K C R is compact, is bounded from above
by o(K).

Proof. Monotonicity: This follows from the monotonicity of H.

Lipschitz continuity: We need to establish Lipschitz continuity for functions which
are compactly supported in a subset of 7*S! of the form S x K, where K C R is
compact. If a function F' has support in S' x K, property (iv) of H implies that
H(F)(p) =0 for p ¢ K. Let G be another function with support in S' x K. We
have

0 (F) — 1,(G)| < / H(E)(p) — H(G)(p)] dor(p)
K)H(F) — H(G) o < o(K)||F — Gllen

which proves Lipschitz continuity and the bound on the Lipschitz constant.
Strong quasi-additivity: The fact that 7, is strong quasi-additive follows from the
fact that # is linear on Poisson commutative subspaces of C°(T*S%). O

If we take o to be the Dirac measure centered at 0, we can extract a symplectic
quasi-integral by
m(F) = H(F)(0)

which is invariant under Hamiltonian diffeomorphisms and has the Lagrangian prop-
erty. Therefore, it is the unique symplectic quasi-integral 7y on T*S! which we
introduced above.

Proof (of Theorem 6.20). Uniqueness: Assume that the operator H: C.(T*S') —
C.(R) exists. Proposition 6.22 states that the properties of H listed in the theorem
imply that gy = H(-)(0) is a symplectic quasi-integral which is invariant under
Hamiltonian diffeomorphisms and has the Lagrangian property. Moreover, according
to Proposition 6.19, the symplectic quasi-integral 7y is unique. Now, for p € R, we

87



define n,: C.(T*S') = R by 1, = H(-)(p). For any F € C.(T*S') and F,(q,-) =
F(q,- + p) we have
1p(F) = mo(Fp) -

Thus, the operator H, if it exists, is determined by 7, and therefore it is the unique
operator satisfying the properties listed in the theorem.
Existence: Let ny be the unique symplectic quasi-integral on 7*S* which is invariant
under Hamiltonian diffeomorphisms and has the Lagrangian property. We define H
by

H(EF)(p) = np(F) = m0(F3)

where we define F,(q,-) = F(q,- + p). Now, in order to prove the existence of an
operator which has the properties listed in the theorem, it suffices to show that H
just defined has these properties. Points (i) and (v) follow from the monotonicity
and invariance of 7,. Since the topological measure o only takes values 0 and 1,
the corresponding quasi-integral 7y is globally Lipschitz continuous with constant
1, see Remark 6.13. Therefore, H is Lipschitz continuous with constant 1 as well,
proving (ii). Point (iii) follows from the strong quasi-additivity of 7y. Property (iv)
is satisfied tautologically. We also have to show that H indeed takes values in C.(R).
This follows from the fact that for any F' € C.(T*S") we have

lim || = Fyflco = 0.

Therefore, the proof of Theorem 6.20 is complete. O]

Remark 6.23. Using techniques similar to the ones in [Za3] one can give an ex-
plicit formula for H in terms of its Reeb graph, it is, in terms of its level sets,
see [MZ] for details. With this formula it is proved ibid. that the asymptotic
Hofer norm p., (recall Subsection 1.5 for definitions) of F' € C°(T*S') satisfies
Poo(F) = max H(F') — min H(F).

Moreover, in [Vi4] Viterbo claims that the quantity max H(F') — min H(F') also
equals the asymptotic Viterbo norm 74 (F) for F' € C>(T*S!) (recall Remark 4.9
for the definition). But again, as far as we understand, the proof of this equality
relies on the Viterbo bound (in particular, it uses H(—F) = —H(F')). Nevertheless,
if we assume that Viterbo’s claim holds, the above discussion shows that in the
autonomous case we would have .o (F) = poo(F) for F € C*(T*S1).

Remark 6.24. The above remark should be contrasted with Remark 5.13. If we
assume that the Viterbo bound holds, then both, the equality 7., = p for au-
tonomous Hamiltonians on 7*S! introduced in the above remark and the strict
inequality between the asymptotic norms given in [SV] introduced in Remark 5.13,
are true. One should note that this would not be a contradiction as one could assume
since the point of difference would be the following: In [SV] the authors use Hamil-
tonians on B*T™ which vanish on the boundary and which admit a smooth extension
to T*T™ depending only on time and on ||p|| outside B*T™ (this particular flavor of
asymptotic Hofer geometry was introduced in Subsection 5.3). The fact that B*T™
has finite volume then allows to use the Calabi invariant of the Hamiltonian as a
lower bound for its asymptotic Hofer norm which is impossible on T*S*.
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6.5 The Calabi quasi-state on S?

In this subsection we introduce the Calabi quasi-state (pp: C'(S?) — R due
to Entov and Polterovich in order to compare it to the symplectic quasi-integral
no: Co(T*S') — R on an open neighborhood of the zero section in the next sub-
section. The Calabi quasi-state (gp stems from a Calabi quasi-morphism which
is given in terms of spectral invariants coming from Hamiltonian Floer homology.
Therefore, we give a very short overview of Hamiltonian Floer homology, Hamilto-
nian spectral invariants and the construction of the Calabi quasi-morphism and the
Calabi quasi-state on CP". The general references are [EP1] and [EP2].

The Calabi quasi-morphism on CP"

Consider the symplectic manifold (CP™,w) with its standard symplectic struc-
ture w given by the Fubini-Study form normalized such that f(c pnw" =1
In [EP1] Entov und Polterovich construct a nontrivial homogeneous quasi-morphism

fgp on the universal cover of the group of Hamiltonian diffeomorphisms Ham(CP™)
which descends to a homogeneous quasi-morphism pgp on the group Ham(CP™).

When restricted to ﬁa\r/n(U ), the quasi-morphism figp coincides with the Calabi

homomorphism on Ham(U) for every open and displaceable subset U C CP™. It
is obtained by homogenizing a certain spectral invariant coming from Hamiltonian
Floer homology which is, in this setting, isomorphic to the quantum homology. We
refer to [HS], [McS2]|, [Oh3], [Oh4] for details concerning Hamiltonian Floer and
quantum homology with coefficients in a Novikov ring of closed symplectic mani-
folds and spectral invariants coming from Hamiltonian Floer homology; briefly, the
construction is as follows: N

Denote by A the space of smooth contractible loops v: S' — CP™ and by A its
covering which consists of equivalence classes of pairs (v, u), where v € A and u is a
disk spanning z. Thereby, (71, u1) and (72, u2) are equivalent if and only if v, = v,
and the disks u; and us are homotopic with fixed boundary.

Let H: S x CP™ — R be a time-periodic generic Hamiltonian. Assume that H
is normalized, i.e. fcpn H,w™ = 0 for any t € S'. Consider the action functional
Am: A — R associated to H given by Ag ([, u]) = fol H(t,y(t))dt — [, u*w, where
D denotes the standard unit disk in R%. The lift ]3H C A of the set Py of contractible
1-periodic orbits of the Hamiltonian flow generated by H is in one-to-one correspon-
dence to the set of critical points Crit(H) of Ag. The Floer complex CF(H) is the
complex vector space which is generated by Crit(H), and the differential is defined
by counting isolated gradient trajectories of the negative gradient flow of Ay con-
necting critical points of Ay of index difference one. The full Hamiltonian Floer
homology HF,(H) is well-defined, and there is an isomorphism between HF,(H)
and QH,.(CP™) which is grading preserving. Here QH,(CP") denotes the quantum
homology of CP"™ which is isomorphic to H,(CP"; C) ®¢ C|[s] as a vector space over
C, where C[[s] is the field whose elements are formal Laurent series » ., z;s in the
formal variable s, where z; € C vanishes for large enough positive j. On QH,(CP™)
there exists a quantum product which makes the quantum homology into an asso-
ciative algebra. In fact, on CP", the quantum homology QH,(CP") is a field, and
the quantum product is commutative (on more general closed symplectic manifolds
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one needs to consider the even-dimensional quantum homology to obtain an algebra
which is commutative).

The filtered version of Hamiltonian Floer homology H F%(H) is obtained by the
filtered Floer complex which is generated by critical points of Ay with action < a
and the differential which is induced by the full differential; Floer trajectories are
negative gradient flow lines and thus the differential decreases the action. There is
an inclusion homomorphism

iv: HF*(H) — HF(H),

and for generic normalized H and A € HF,(H) = QH,.(CP") one can define spectral
invariants

c¢(A H) :=inf{a| A € imi,}

which can bg\eftended to arbitrary normalized H. Actually, the spectral invariants
descend to Ham(CP™) and have all the standard properties including spectrality,
continuity, Hamiltonian invariance, and the triangle inequality; we denote them by
c(A,¢). Let e € QH(CP") denote the unit element of the quantum homology
QH,.(CP™) (which is a field); it is given by the fundamental class [CP™]. According
to Entov and Polterovich, the map

given by
~ gy
jipp (@) = — tim A4

k—o00

is a homogeneous quasi-morphism [EP1]. Moreover, the restriction of figp to %(U )
coincides with the Calabi homomorphism for any open and displaceable subset
U C CP", where the Calabi homomorphism Caly: ITI_E;;l(U ) — R is given by
C’alU(gb fo f(CP” Htw dt, where H is a Hamiltonian with compact support in

U which generates ¢ (see [McS1] for instance). Therefore, figp is called Calabi
quasi-morphism. In addition, it is proved in [EPZ] that

/ min(F, — Gy) dt<,uEp(gbG) LEp ng / max(F; — Gy) dt

for all normalized Hamiltonians F, G generating ggp, ;50, respectively.
Moreover, the quasi-morphism jigp descends to a homogeneous quasi-morphism

HEP: Ham(CP”) —R

which coincides with the Calabi homomorphism Caly: Ham(U) — R on any open
and displaceable subset U C CP"™ such that w is exact on U (if w is exact on
U, the Calabi-homomorphism is well-defined, meaning that it does not depend on
the specific choice of the Hamiltonian generating the element in Ham(U)). The
quasi-morphism pgp is invariant under Hamiltonian diffeomorphisms and Lipschitz
continuous with respect to Hofer’s metric, i.e. |upp(¢) — prp(¥)| < p(p,1) for
¢, € Ham(CP™).
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The Calabi quasi-state on CP"

In [EP2] Entov and Polterovich prove that the Calabi quasi-morphism fgp on
CP™ yields a functional

by setting

i
Ger(F)= [ o= fign(or) = [ Fur+ Jim de.0F)
cpPn cpr k—oc0 k

which satisfies the axioms of a symplectic quasi-state. Indeed, (gp is monotone since
(e p has the continuity property. The strong quasi-additivity of (gp follows from the
fact that the restriction of a homogeneous quasi-morphism to an abelian subgroup is
a homomorphism (see [Ca]) and that for F, G € C*°(CP") with {F,G} = 0 it is true
that ¢ and ¢ commute. The normalization (gp(1) = 1 follows by construction.

Since monotonicity gives Lipschitz continuity of (gzp in the C%-norm, one can
extend (gp to a functional (gp: C(CP™) — R which is a symplectic quasi-state; it
is called Calabi quasi-state. According to the additional properties of the Calabi
quasi-morphism figp, the Calabi quasi-state (gp satisfies [EP2]:

(i) Vanishing: Cgp(F') = 0 if the support of F' is displaceable;

(ii) (gp is invariant under the natural action of Ham(CP"), i.e. (gp(F o ¢) =
Cep(F) for any ¢ € Ham(CP™).

The Calabi quasi-state on S?

Consider S* = CP' with an area form w such that [, w = 1. The group
Ham(S?) admits a Calabi quasi-morphism which has additional properties as men-
tioned above. According to Entov and Polterovich [EP1] any two such Calabi quasi-
morphisms on Ham(S?) coincide on the set of elements generated by autonomous
Hamiltonians; in fact, one can explicitly compute prp(¢r) in terms of the data of
the level sets of F'.

The Calabi quasi-morphism on Ham(S?) gives rise to a symplectic quasi-state
on C(S?%) which has the vanishing property and is invariant under Hamiltonian
diffeomorphisms. Since the quasi-state is Lipschitz continuous in the C%-norm, it
suffices to know its values on a dense subset of C(S?); in particular, it suffices to
know its values on the set of smooth Morse functions on S? with distinct critical
values. But any two Calabi quasi-morphisms on Ham(S?) coincide on the set of
smooth Morse functions and thus the Calabi quasi-states do. Therefore, the Calabi
quasi-state (gp is the unique symplectic quasi-state on C'(S?) which is invariant
under Hamiltonian diffeomorphisms and has the vanishing property.

Moreover, Entov and Polterovich prove that for a smooth Morse function F' with
distinct critical values, the value of (gp(F) is the value of the unique connected
component mp of a level set of F' such that every component of 5% \ mp has area
< % [EP2]. More general, if Ar denotes the space consisting of all smooth functions
G € C*(S?) such that {F, G} = 0 (note that every G € A is constant on connected
components of level sets of F'), it is true that (pp(G) = G(mp) for G € Ap. In
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addition, it is proved in [EP2] that the restriction of (gp to Ap is multiplicative,
i.e. (gp(GH) = (gp(G)Cgp(H) for any G, H € Ap, and the Lipschitz continuity of
(gp implies that (gp is multiplicative on Ap for any F' € C(S?). In particular, (gp
is simple.

In summary, the Calabi quasi-state (gp: C'(S?) — R is the unique symplectic
quasi-state on S? which is invariant under Hamiltonian diffeomorphisms and has the
vanishing property (and is simple).

6.6 Comparison

In the previous subsections we introduced two symplectic quasi-integrals in two
dimensions which are uniquely characterized by their additional properties. The
first one is the symplectic quasi-integral ny: C.(T*S') — R which is related to
Viterbo’s symplectic homogenization on T*S!; it is invariant under Hamiltonian
diffeomorphisms and has the Lagrangian property. The second one is the Calabi
quasi-state (gp: C(S?) — R due to Entov and Polterovich; it is invariant under
Hamiltonian diffeomorphism and has the vanishing property (and is simple).

In this section we compare the two symplectic quasi-integrals. In particular,
we ask whether the quasi-integrals are equal on an open neighborhood of the zero
section of T*S1.

In order to give an answer to the above question we make use of the represen-
tation theorem of quasi-integrals and topological measures, Theorem 6.6, developed
in Section 6.1; in fact, we compare the corresponding topological measures.

To be able to compare ( = (gp: C(S?) — R and n = ny: C.(T*S') — R we need
them to be defined on the same space. Let r € (0, 3] and U, = S* x (—r,r) C T*S*.
Consider a symplectic embedding

gy U, — S?

such that j,(S*x{0}) is the equator in S?. The symplectic forms w’ on 5% and w = d\
on T*S" are normalized so that area(S?) = [g,w' = 1 and area(U,) = [, w = 2r.
The symplectic embedding j, induces a map

jy: Ce(Uy) = C(S?)
and we can pull ¢ back to C.(U,) by
G =i = (ot
The following observation motivates the question whether (. and 7 are equal.

Remark 6.25. The two functionals ¢, and 7 coincide on functions which only
depend on the vertical coordinate: Let (q,p) be the standard coordinates on T*S?
and for F' € C.((—r,r)) define f € C.(U,) by f(q,p) = F(p). We have

n(f) = ¢&(f) = F(0).

For 7 this follows immediately from the definition, the statement about ( is contained
in [EP2].
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In general, we have the following result:

Theorem 6.26. The restriction of n to C.(U,) coincides with (. if and only if
re(0,1].

Remark 6.27. Recall from Proposition 6.22 that the operator H: C.(T*S') —
C.(R) yields more general symplectic quasi-integrals 7, on T*S!. For those it can
be seen that 7, |c.w,) # ¢ if the restriction of o to (—r,7) does not coincide with
the Dirac measure centered at 0.

Remark 6.28. The above result has to do with the general question of uniqueness
of symplectic quasi-states and quasi-integrals. As the above theorem shows, there is
no uniqueness on a neighborhood of the zero section in 7*S', even not if we impose
additional properties of the symplectic quasi-integrals like Hamiltonian invariance.

To prove Theorem 6.26 we make use of the representation theorem of quasi-
integrals in terms of topological measures, Theorem 6.6.

Recall that the topological measure which is associated to 7 is the unique topolog-
ical measure o on T*S! given by Proposition 6.17. It is invariant under Hamiltonian
diffeomorphisms and satisfies o(S" X [a,b]) = 1j,4(0), in particular, o vanishes on
smoothly embedded closed disks.

Let 7 be the topological measure on S? corresponding to (. It is invariant under
Hamiltonian diffeomorphisms. Moreover, according to a theorem of Aarnes [Aa2], it
is simple, that is, it only takes values 0 and 1 since the corresponding quasi-state ( is
multiplicative on A for any F' € C'(S?). In addition, according to [AR], [Aa3], the
topological measure 7 is completely determined by its values on smoothly embedded
closed disks D C S? as follows: Let D C S? be a closed disk, then

] 1, area(D) >
m(D) = {0, area(D) <

D= N

Now, let 7. be the pull-back of 7 by j,, i.e.

7(A) = 7(jr(A4))

for A € A(U,).
According to the representation theorem, Theorem 6.6, Theorem 6.26 is equiva-
lent to

Theorem 6.29. We have o|aw,) =7, if and only if r € (0, 1.

Proof (of Theorem 6.29). We prove the theorem in the language of topological
measures.

(i) We need to show that r > § implies 0| 4w, # 7. If 7 > 1, we have area(U,) >
Thus, there is a smoothly embedded closed disk D C U, such that area(D) >
Thus, j,.(D) C S? is a closed smoothly embedded disk of area > 1 . Now, on the one
hand, we have

wl»—lwh—t

(D) =70 (D)) =1.
On the other hand,
o(D)=0
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which proves that o|4w,) # 7 if r > }l.

(ii) It remains to prove that we have o|aw,) = 7, if we assume r < ;. Let r < 1
and recall from Remark 6.18 that a topological measure on U, C T*S? is completely
determined by its values on smoothly embedded closed disks and non-contractible
annuli. Let D C U, be a smoothly embedded closed disk. Its image j,.(D) C S? is
a disk of area < % and we have

(D) = 7(jr(D)) = 0= o(D).

Let A C U, be a non-contractible annulus. It can be isotoped to a unique standard
annulus of the form S* x [a, b], where —r < a < b < r, by a Hamiltonian isotopy with
compact support in U,. Since both, 7, and o|4,), are invariant under Hamiltonian
diffeomorphisms, it suffices to consider annuli in U, of the form S* x [a, b]. Now, there
are two cases to consider: 0 € [a,b] and 0 & [a,b]. Let 0 ¢ [a,b], then 5,.(S* x [a, b])
is contained in a disk of area < % and so

TT(Sl x la,b]) = T(jr(Sl x la,0])) =0
and
o(S* x [a,b]) = 1y (0) = 0.

If 0 € S' X [a,b], then
O'(Sl X [a, b]) = Il[%b}(()) =1.

For the evaluation of 7, note that the complement of j,.(S' x [a,b]) in S? is the
disjoint union of two open disks of area < %, ie. 5?2\ j.(S!' x [a,b]) = DUD'. By
additivity we get
7o(S" x [a,b]) = 7(j, (8" x [a,0])) =1 = 7(S*\ jo(S" x [a,0]))
=1—7(D)—7(D")=1.
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