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Introduction

Let M be a compact manifold without boundary, and let H be a time-dependent smooth Hamil-
tonian on T*M, the cotangent bundle of M. We assume that H is 1-periodic in time and grows
asymptotically quadratically on each fiber. Generically, the corresponding Hamiltonian system

o' () = Xp(t,a(t), z:T:=R/Z—T*M, (1)

has a discrete set Z?(H) of 1-periodic orbits. The free Abelian group F.(H) generated by the
elements in &Z(H), graded by their Conley-Zehnder index, supports a chain complex, the Floer
complex (Fy(H),d). The boundary operator 0 is defined by an algebraic count of the maps u from
the cylinder R x T to T* M, solving the Cauchy-Riemann type equation

dsu(s,t) + J(u(s,t))(du(s, t) — Xu(t,u(s, 1)) =0, V(s,t) € RxT, (2)

and converging to two 1-periodic orbits of (1) for s — —oo and s — +o0o. Here J is the almost-
complex structure on 7*M induced by a Riemannian metric on M, and (2) can be seen as the
negative L?-gradient equation for the Hamiltonian action functional.

This construction is due to Floer (see e.g. [Flo88a, Flo88b, Flo89a, Flo89b]) in the case of
a compact symplectic manifold P, in order to prove a conjecture of Arnold on the number of
periodic Hamiltonian orbits. The extension to non-compact symplectic manifolds, such as the
cotangent bundles we consider here, requires suitable growth conditions on the Hamiltonian, such
as the convexity assumption used in [Vit96] or the asymptotic quadratic-growth assumption used
in [AS06b]. The Floer complex obviously depends on the Hamiltonian H, but its homology often
does not, so it makes sense to call this homology the Floer homology of the underlying sympletic
manifold P, which is denoted by HF,(P). The Floer homology of a compact symplectic manifold
P without boundary is isomorphic to the singular homology of P, as proved by Floer for special
classes of symplectic manifolds, and later extended to larger and larger classes by several authors
(the general case requiring special coefficient rings, see [HS95, LT98, FO99]). Unlike the compact
case, the Floer homology of a cotangent bundle T*M is a truly infinite dimensional homology
theory, being isomorphic to the singular homology of the free loop space A(M) of M. This fact
was first proved by Viterbo (see [Vit96]) using a generating functions approach, later by Salamon
and Weber using the heat flow for curves on a Riemannian manifold (see [SWO06]), and then by the
authors in [ASO6b]. In particular, our proof reduces the general case to the case of Hamiltonians
which are fiber-wise convex, and for such a Hamiltonians it constructs an explicit isomorphism
from the Floer complex of H to the Morse complex of the action functional

S1() = / L(ty(8), 7 () dt, v € WY (T, M),

associated to the Lagrangian L which is the Fenchel dual of H. The latter complex is just the
standard chain complex associated to a gradient flow on a manifold. Here actually, the manifold
is the infinite dimensional Hilbert manifold W12(T, M) consisting of closed loops of Sobolev class
W12 on M, and an important fact is that the functional Sy, is of class C2, it is bounded from



below, it satisfies the Palais-Smale condition, and its critical points have finite Morse index.
The construction of the Morse complex in this infinite dimensional setting and the proof that its
homology is isomorphic to the singular homology of the ambient manifold are described in [AMO6].
The isomorphism between the Floer and the Morse complex is obtained by coupling the Cauchy-
Riemann type equation on half-cylinders with the gradient flow equation for the Lagrangian action.
We call this the hybrid method.

Since the space W12(T, M) is homotopy equivalent to A(M), we get the required isomorphism

& : H (A(M)) = HF.(T*M), (3)

from the singular homology of the free loop space of M to the Floer homology of T*M.

Additional interesting algebraic structures on the Floer homology of a symplectic manifold
are obtained by considering other Riemann surfaces than the cylinder as domain for the Cauchy-
Riemann type equation (2). By considering the pair-of-pants surface, a non-compact Riemann
surface with three cylindrical ends, one obtains the pair-of-pants product in Floer homology (see
[Sch95] and [MS04]). When the symplectic manifold P is compact without boundary and sym-
plectically aspherical, this product corresponds to the standard cup product from topology, after
identifying the Floer homology of P with its singular cohomology by Poincaré duality, while when
the manifold P can carry J-holomorphic spheres the pair-of-pants product corresponds to the
quantum cup product of P (see [PSS96] and [LT99]).

The main result of this paper is that in the case of cotangent bundles, the pair-of-pants product
is also equivalent to a product on H,(A(M)) coming from topology, but a more interesting one
than the simple cup product:

THEOREM. Let M be a compact oriented manifold without boundary. Then the isomorphism
® in (3) is a ring isomorphism when the Floer homology of T*M is endowed with its pair-of-
pants product, and the homology of the space of free parametrized loops of M is endowed with its
Chas-Sullivan loop product.

The latter is an algebraic structure which was recently discovered by Chas and Sullivan [ChS99],
and which is currently having a strong impact in string topology (see e.g. [CHV06] and [Sul07]).
In some sense, it is the free loop space version of the classical Pontrjagin product on the singular
homology of the based loop space, and it can be described in the following way. Let ©(M) be the
subspace of A(M) x A(M) consisting of pairs of parametrized loops with identical initial point. If
M is oriented and n-dimensional, ©(M) is both a co-oriented n-co-dimensional submanifold of the
Banach manifold A(M) x A(M) as well as of A(M) itself via the concatenation map I': ©(M) —
A(M),

AM) x A(M) <& O(M) & A(M). (4)

Seen as continuous maps, e and I' induce homomorphisms e,, ', in homology. Seen as m-co-
dimensional co-oriented embeddings, they induce Umkehr maps

er: Hi(A(M) x A(M)) — H;_,(6(M)),
Ty: Hj(A(M)) — H;_,(6(M)),

Vj e N.

The loop product is the degree —n product on the homology of the free loop space of M,
0 + Hy(A(M)) © Hy(A(M)) — Hyx-n(A(M)),

defined as the composition

H;(A(M)) @ Hy(A(M)) = Hjpo(A(M) x A(M)) = Hj o (O(M)) = Hjpon (A(M)),

where X is the exterior homology product. The loop product turns out to be associative, commu-
tative, and to have a unit, namely the image of the fundamental class of M by the embedding of



M into A(M) as the space of constant loops. More information about the loop product and about
its relationship with the Pontrjagin and the intersection product are recalled in section 1. Note
that, we also obtain immediately in an anologous way a coproduct of degree —n by composing
e, o I'y which corresponds to the pair-of-pants coproduct on Floer homology. It is easy to see, that
this coproduct is almost entirely trivial except for homology class of dimension n, see [ASO8]

Actually, the analogy between the pair-of-pants product and the loop product is even deeper.
Indeed, we may look at the solutions (z1,x2) : [0,1] — T*M x T*M of the following pair of
Hamiltonian systems

2y (t) = Xp, (t,21(t),  25(t) = Xp, (t, 21(2)), (5)

coupled by the non-local boundary condition
71(0) = 1 (1) = q2(0) = g2(1),
p1(1) = p1(0) = p2(0) — p2(1).
Here we are using the notation z;(t) = (g;(t), p;(t)), with ¢;(t) € M and p;(t) € Ty M, for j =
1,2. By studying the corresponding Lagrangian boundary value Cauchy-Riemann type problem

on the strip R x [0, 1], we obtain a chain complex, the Floer complex for figure-8 loops (F® (H),d),
on the graded free Abelian group generated by solutions of (5)-(6). Then we can show that:

(6)

(i) The homology of the chain complex (F®(H),d) is isomorphic to the singular homology of
O(M).

(ii) The pair of pants product factors through the homology of this chain complex.

(iii) The first homomorphism in this factorization corresponds to the homomorphism ejo X, while
the second one corresponds to homomorphism T',.

We also show that similar results hold for the space of based loops. The Hamiltonian problem
in this case is the equation (1) for = (¢, p) : [0,1] — T*M with boundary conditions

q(0) = q(1) = qo,

for a fixed gy € M. The corresponding Floer homology H F}(T*M) is isomorphic to the singular
homology of the based loop space Q(M), and there is a product on such a Floer homology, the
triangle product, which corresponds to the classical Pontrjagin product # on H,(Q(M)). Actually,
every arrow in the commutative diagram from topology

H](M)®Hk(M) E— Hj+k_n(M)
c*®c*l lcx
Hj(A(M)) ® Hy(A(M))  ——  Hjrp—n(A(M)) (7)

i!®i!l lz‘;
Hj—n(QUM)) @ Hy—n(UM)) —— Hjiyo0n (M, q0)),

has an equivalent homomorphism in Floer homology. Here e is the intersection product in singular
homology, ¢ is the embedding of M into A(M) by constant loops, and ¢ denotes the Umkehr map
induced by the n-co-dimensional co-oriented embedding Q(M) — A(M).

All the Floer homologies on cotangent bundles we consider here - for free loops, figure eight
loops, or based loops - are special cases of Floer homology for non-local conormal boundary
conditions: One fixes a closed submanifold Q of M x M and considers the Hamiltonian orbits
2 :[0,1] — T*M such that (z(0), —z(1)) belongs to the conormal bundle N*@Q of Q, that is to the
set of covectors in T*(M x M) which are based at @) and annihilate every vector which is tangent
to Q. See [APS08], where we show that the isomorphism (3) generalizes to

&: H,(Q9(M)) = HFQ(T*M)



where Q@(M) is the space of paths v: [0,1] — M such that (y(0),v(1)) € Q, and HFZ is the
Floer homology associated to N*Q.

The first step in the proof of the main statements of this paper is to describe objects and mor-
phisms from algebraic topology in a Morse theoretical way. The way this translation is performed
is well known in the case of finite dimensional manifolds (see e.g. [Fuk93], [Sch93], [BC94], [Vit95],
[Fuk97]). In section 2 we outline how these results extend to infinite dimensional Hilbert manifolds.
We pay particular attention to the transversality conditions required for each construction, and
we particularize the analysis to the action functional associated to a fiberwise convex Lagrangian
having quadratic growth in the velocities. See also [Coh06, CHV06, CSO08].

The core of the paper consists of sections 3 and 4. In the former we define the Floer complexes
we are dealing with and the products on their homology. In the latter we establish the equivalence
with algebraic topology, thus proving the above theorem and the other main results of this paper.
The linear Fredholm theory used in these sections is described in section 5, whereas section 6 con-
tains compactness and removal of singularities results, together with the proofs of three cobordism
statements from sections 3 and 4.

Some of the proofs are based on standard techniques in Floer homology, and in this case we
just refer to the literature. However, there are a few key points where we need to introduce some
new ideas. We conclude this introduction by briefly describing these ideas.

Riemann surfaces as quotients of strips with slits. The definition of the pair-of-pants
product requires extending the Cauchy-Riemann type equation (2) to the pair-of-pants surface.
The Cauchy-Riemann operator Js + JJ; naturally extends to any Riemann surface, by letting it
act on anti-linear one-forms. The zero-order term —JX (¢, u) instead does not have a natural
extension when the Riemann surface does not have a global coordinate z = s + it. The standard
way to overcome this difficulty is to make this zero-order term act only on the cylindrical ends of the
pair-of-pants surface - which do have a global coordinate z = s+t - by multiplying the Hamiltonian
by a cut-off functions making it vanish far from the cylindrical ends (see [Sch95], [MS04]). This
construction does not cause problems when dealing with compact symplectic manifolds as in the
above mentioned reference, but in the case of the cotangent bundle it would create problems with
compactness of the spaces of solutions. In fact, on one hand cutting off the Hamiltonian destroys
the identity relating the energy of the solution with the oscillation of the action functional, on the
other hand our CP-estimate for the solutions requires coercive Hamiltonians.

We overcome this difficulty by a different - and we believe more natural - way of extending the
zero-order term. We describe the pair-of-pants surface - as well as the other Riemann surfaces we
need to deal with - as the quotient of an infinite strip with a slit - or more slits in the case of more
general Riemann surfaces. At the end of the slit we use a chart given by the square root map. In
this way, the Riemann surface is still seen as a smooth object, but it carries a global coordinate
z = s + it with singularities. This global coordinate allows to extend the zero-order term without
cutting off the Hamoltonian, and preserving the energy identity. See subsection 3.2 below.

Cauchy-Riemann operators on strips with jumping boundary conditions. When using
the above description for the Riemann surfaces, the problems we are looking at can be described in
a unified way as Cauchy-Riemann type equations on a strip, with Lagrangian boundary conditions
presenting a finite number of jumps. In section 5 we develop a complete linear theory for such
problems, in the case of Lagrangian boundary conditions of co-normal type. This is the kind of
conditions which occur naturally on cotangent bundles. Once the proper Sobolev setting has been
chosen, the proof of the Fredholm property for such operators is standard. The computation of
the index instead is reduced to a Liouville type statement, proved in subsection 5.5

These linear results have the following consequence. Let Qq, . .., Q@ be submanifolds of M x M,
such that @;—; and @; intersect cleanly, for every j =1,...,k. Let —co =359 <51 < -+ <5 <
Skg+1 = +00, and consider the space .# consisting of the maps u : R x [0,1] — T*M solving the
Cauchy-Riemann type equation (2), satisfying the boundary conditions

(u(s,0), —u(s,1)) € N*Q; Vs € [sj,sj41], Vj=0,...,k,



and converging to Hamiltonian orbits = and ™ for s — —o0 and s — +o0. The results of section
5 imply that for a generic choice of the Hamiltonian H the space . is a manifold of dimension

k
dim.# = p? (z7) — p9(zt) - Z(dim Qj—1 —dimQ;_1 NQ;).

=1

Here p@0(2~) and p@*(2+) are the Maslov indices of the Hamiltonian orbits = and =¥, with
boundary conditions (z~(0), —z~ (1)) € N*Qq, (x1(0), —2T (1)) € N*Qy, suitably shifted so that
in the case of a fiberwise convex Hamiltonian they coincide with the Morse indices of the corre-
sponding critical points v~ and T of the Lagrangian action functional on the spaces of paths
satisfying (7~ (0),77 (1)) € Qo and (v (0),7" (1)) € Qy, respectively. Similar formulas hold for
problems on the half-strip.

Cobordism arguments. The main results of this paper always reduce to the fact that certain
diagrams involving homomorphism defined either in a Floer or in a Morse theoretical way should
commute. The proof of such a commutativity is based on cobordism arguments, saying that a given
solution of a certain Problem 1 can be “continued” by a unique one-parameter family of solutions of
a certain Problem 2, and that this family of solutions converges to a solution of a certain Problem
3. In many situations such a statement can be proved by the classical gluing argument in Floer
theory: One finds the one-parameter family of solutions of Problem 2 by using the given solution
of Problem 1 to construct an approximate solution, to be used as the starting point of a Newton
iteration scheme which converges to a true solution. When this is the case, we just refer to the
literature. However, we encounter three situations in which the standard arguments do not apply,
one reason being that we face a Problem 2 involving a Riemann surface whose conformal structure
is varying with the parameter: this occurs when proving that the pair-of-pants product factorizes
through the figure-8 Floer homology (subsection 3.5), that the Pontrjagin product corresponds
to the triangle product (subsection 4.2), and that the homomorphism e; o x corresponds to its
Floer homological counterpart (subsection 4.4). We manage to reduce the former two statements
to the standard implicit function theorem (see subsections 6.3 and 6.4). The proof of the latter
statement is more involved, because in this case the solution of Problem 2 we are looking for
cannot be expected to be even C%-close to the solution of Problem 1 we start with. We overcome
this difficulty by the following algebraic observation: In order to prove that two chain maps
©,% : C — O’ are chain homotopic, it suffices to find a chain homotopy between the chain maps
p Ry and ¥ ® p, and to find an element ¢ € Cp and a chain map § from the complex C’ to
the trivial complex (Z,0) such that d(¢(€)) = d(1(€)) (see Lemma 4.6 below). In our situation,
the chain homotopy between ¢ ® 1 and 1 ® ¢ is easier to find, by using a localization argument
and the implicit function theorem (see subsection 6.5). This argument is somehow reminiscent of
an alternative way suggested by Hofer to prove standard gluing results in Floer homology. The
construction of the element € and of the chain map ¢ is presented in subsection 4.4, together
with the proof of the required algebraic identity. This is done by considering special Hamiltonian
systems, having a hyperbolic equilibrium point.

The main results of this paper were announced in [AS06a]. Related results concerning the
equivariant loop product and its interpretation in the symplectic field theory of unitary cotangent
bundles have been announced in [CLO7].

Outlook. An immediate question raised by the main result of this paper whether other product
structures in classical homoloy theories for path and loop spaces can also be constructed naturally
on chain level in Floer theory. The answer appears to be affirmative for all so far considered
structures. In a following paper [AS08] we give the explicit construction of the cup-product in
all path and loop space cases, a direct proof of the Hopf algebra structure on HF(T*M) based
on Floer chain complex morphisms, and we also construct the counterpart of the very recently
introduced product structure on relative cohomology

HF(A(M), M) x H'(A(M), M) — H*Hn=Y(A(M), M)



from [GHO7]. Also in view of the uniformization of path and loop space homology H. (2@ (M)) for
Q C M x M we show in [APSO08] that the bilinear operation for cleanly intersecting submanifolds
Q1N Q2 # 0, viewed as composable correspondences, which one obtains analogously to the loop
product from

QQI(M) x ORQ2 (M) QQsz(M) AN QQIOQZ(M),

is isomorphic to the operation
HF®Q (T*M) @ HF®(T*M) — HF@°@(T* M)

which follows from the above moduli problem .# with conormal boundary condition jump from
Q1 X Q2 to Q1 0 Q2. The latter is the composition as correspondences

Qr10oQ2 = m4((Q1 x Q2) N (M x A x M))

where my4: M* — M? is the projection onto the first and fourth factor. The special case Q; =
Q2 = A describes the Chas-Sullivan and the pair-of-pants product.

Acknowledgements. We wish to thank the Max Planck Institute for Mathematics in the Sci-
ences of Leipzig and the Department of Mathematics at Stanford University, and in particular
Yasha Eliashberg, for their kind hospitality. We are also indebted with Ralph Cohen and Helmut
Hofer for many fruitful discussions. The second author thanks the Deutsche Forschungsgemein-
schaft for the support by the grant DFG SCHW 892/2-3.

1 The Pontrjagin and the loop products

1.1 The Pontrjagin product

Given a topological space M and a point gg € M, we denote by Q(M, qo) the space of loops on M
based at qq, that is

Q(M, qo) = {7 € C°(T, M) | 7(0) = qo} ,

endowed with the compact-open topology. Here T = R/Z is the circle parameterized by the interval
[0,1]. The concatenation

_ [ m(2) for 0 <t <1/2,
F(,72)(t) = { Yo(2t—1) for1/2<t<1,

maps Q(M, qo) x Q(M, qo) continuously into Q(M, qo). The constant loop go is a homotopy unit
for T, meaning that the maps v — I'(go,7) and v — T'(v, qo) are homotopic to the identity map.
Moreover, I' is homotopy associative, meaning that I" o (I' x id) and T" o (id x I') are homotopic.
Therefore, I' defines the structure of an H-space on (M, qo).

We denote by H, the singular homology functor with integer coefficients. The composition

I,
H;(Q(M, q0)) @ Hi (M, q0)) == H; (M, go) x M, q0)) == H;11(M, o))
where the first arrow is the exterior homology product, is by definition the Pontrjagin product
#: Hi (UM, q0)) @ Hp (M, q0)) — Hj4x (UM, qo))-

The fact that qg is a homotopy unit for I' implies that [go] € Ho(2(M, qo)) is the identity element
for the Pontrjagin product. The fact that ' is homotopy associative implies that the Pontrjagin
product is associative. Therefore, the product # makes the singular homology of Q(M,qy) a
graded ring. In general, it is a non-commutative graded ring. See for instance [tDKP70] for more
information on H-spaces and the Pontrjagin product.



1.2 The Chas-Sullivan loop product

We denote by A(M) := C°(T, M) the space of free loops on M. Under the assumption that M
is an oriented n-dimensional manifold, it is possible to use the concatenation map I' to define a
product of degree —n on H,(A(M)). In order to describe the construction, we need to recall the
definition of the Umkehr map.

Let M be a (possibly infinite-dimensional) smooth Banach manifold, and let e : My < M be a
smooth closed embedding, which we assume to be n-codimensional and co-oriented. In other words,
My is a closed submanifold of M whose normal bundle NMg := T M|, /T Mo has codimension
n and is oriented. The tubular neighborhood theorem provides us with a homeomorphism!® w :
U — NMy, uniquely determined up to isotopy, of an open neighborhood of Mg onto N My,
mapping M, identically onto the zero section of NM, that we also denote by My (see [Lan99],
IV.§5-6). The Umkehr map is defined to be the composition

Hj(M) — Hj(M, M\ Mg) — H;U,U\ Mo) = Hj(NMo, NMo \ Mo) = H;_(Mo),

where the first arrow is induced by the inclusion, the second one is the isomorphism given by
excision, and the last one is the Thom isomorphism associated to the n-dimensional oriented vector
bundle N My, that is, the cap product with the Thom class Txaq, € H" (N Mg, NMo\ My). The
Umkehr map associated to the embedding e is denoted by

el HJ(M) — Hj—n(MO)'

We recall that if M is an n-dimensional manifold, A(M) is an infinite dimensional smooth
manifold modeled on the Banach space C°(T,R"). The set ©(M) of pairs of loops with the same
initial point (figure-8 loops),

O(M) :={(11,72) € A(M) x A(M) [ 71(0) = 72(0)},
is the inverse image of the diagonal Ay, of M x M by the smooth submersion
evxev: AM) x AM) — M x M, (y1,72) = (71(0),72(0)).

Therefore, ©(M) is a closed smooth submanifold of A(M)x A(M), and its normal bundle? NO (M)
is n-dimensional, being isomorphic to to the pull-back of the normal bundle NAj; of Apy in M x M
by the map ev x ev. If moreover M is oriented, so is NAj; and thus also NO(M). Notice also
that the concatenation map I' is well-defined and smooth from O(M) into A(M). If we denote
by e the inclusion of ©(M) into A(M) x A(M), the Chas-Sullivan loop product (see [ChS99]) is
defined by the composition

H(A(M)) @ Hy(A(M)) == Hjpo(A(M) x AM)) < Hjpo(O(M)) = Hjipon (A(M)),

and it is denoted by
o : Hj(A(M)) ® Hp(A(M)) — Hjyp—n(A(M)).

We denote by ¢ : M — A(M) the map which associates to every ¢ € M the constant loop ¢ in
A(M). A simple homotopy argument shows that the image of the fundamental class [M] € H, (M)
under the homomorphism ¢, is a unit for the loop product: coc,[M] = c,[M]oa = « for every

Lf M admits smooth partitions of unity (for instance, if it is a Hilbert manifold) then u can be chosen to be a
smooth diffeomorphism.

2The Banach manifold A(M) does not admit smooth partitions of unity (actually, the Banach space CO(T,R"™)
does not admit non-zero functions of class C! with bounded support). So in general a closed submanifold of
A(M), or of A(M) x A(M), will not have a smooth tubular neighborhood. However, it would not be difficult to
show that the submanifold ©(M) and all the submanifolds we consider in this paper do have a smooth tubular
neighborhood, which can be constructed explicitly by using the exponential map and the tubular neighborhood
theorem on finite-dimensional manifolds.



a € H,(A(M)). Since I'o (id x I') and I" o (I x id) are homotopic on the space of triplets of loops
with the same initial points, the loop product turns out to be associative. Finally, notice that the
maps (1,72) — LT'(71,72) and (v1,72) — ['(72,71) are homotopic on ©(M), by the homotopy

o 22t —s) f0<t<s/2or(s+1)/2<t<1,
Lol 72)(8) = { 11(275 —s) ifs/2<t<(s+1)/2.

This fact implies the following commutation rule
Boa = (—1){el=mUBl=m)q 6 3,

for every «, 5 € H.(A(M)).
In order to get a product of degree zero, it is convenient to shift the grading by n, obtaining
the graded group

Hj(A(M)) := Hjyn(A(M)),

which becomes a graded commutative ring with respect to the loop product (commutativity has
to be understood in the graded sense, that is foa = (—1)l*lIPla o 3).

1.3 Relationship between the two products
If M is an oriented n-dimensional manifold, we denote by
o: Hj(M)® Hp(M) — Hjyp—n(M),

the intersection product on the singular homology of M (which is obtained by composing the
exterior homology product with the Umkehr map associated to the embedding of the diagonal
into M x M). Shifting again the grading by n, we see that the product e makes

Hj(M) == Hjn (M)

a commutative graded ring.

Since Q(M, qo) is the inverse image of gy by the submersion ev : A(M) — M, ev(y) = v(0),
Q(M, qo) is a closed submanifold of A(M), and its normal bundle is n-dimensional and oriented.
If i : Q(M, qo) — A(M) is the inclusion map, we find that the following diagram

H;(M) ® Hy(M) ——  Hjipn(M)
c*®c*J( lc*
H;(A(M)) ® Hi(A(M)) ——  Hjir-n(A(M)) (8)

z‘@z}l li!
Hj (UM, q0)) ® Hy (UM, go)) —— Hjiran(Q(M, g0))

commutes. In other words, the maps

{H. (M), o} 5 {Ho(A(M)), 0o} —5 {H. (M, q0), #}

are graded ring homomorphisms. Notice that the homomorphism ¢, is always injective onto a
direct summand, the map ev being a left inverse of c¢. Using the spectral sequence associated to
the Serre fibration

QM) — A(M) — M,

it is possible to compute the ring {H.(A(M)), o} from the intersection product on M and the
Pontrjagin product on Q(M), see [CJY03].

The aim of this paper is to show how the homomorphisms appearing in the diagram above can
be described symplectically, in terms of the Floer homology of the cotangent bundle of M. The
first step is to describe them in a Morse theoretical way, using suitable Morse functions on some
infinite dimensional Hilbert manifolds having the homotopy type of Q(M, qo) and A(M).



1.1. REMARK. The loop product was defined by Chas and Sullivan in [ChS99], by using intersec-
tion theory for transversal chains. The definition we use here is due to Cohen and Jones [CJ02].

See also [ChS04, Sul03, BCROG, Coh06, CHV06, Ram06, Sul07] for more information and for
other interpretations of this product.

2 DMorse theoretical descriptions

2.1 The Morse complex

Let us recall the construction of the Morse complex for functions defined on an infinite-dimensional
Hilbert manifold. See [AMO6] for detailed proofs. Let M be a (possibly infinite-dimensional)
Hilbert manifold, and let g be a complete Riemannian metric on M. Let F(M,g) be the set of
C? functions f : M — R such that:

(f1) f is bounded below;
(£2) each critical point of f is non-degenerate and has finite Morse index;

(f3) f satisfies the Palais-Smale condition with respect to g (that is, every sequence (p,) such
that (f(pr)) is bounded and || D f(py)|| — 0 has a converging subsequence).

Here || - || is the norm on T*M induced by the metric g.

Let f € F(M,g). We denote by crit(f) the set of critical points of f, and by critg(f) the
set of critical points of Morse index m(x) = k. Let ¢ be the local flow determined by the vector
field —grad f (our assumptions imply that the domain of such a flow contains [0, +o00[xM, and
that each orbit converges to a critical point of f for ¢t — +00). The stable (respectively unstable)
manifold of a critical point zx,

W*(z) := {p e M| lim ¢(t,p) = w} (resp~ W(z) = {p e M| lim ¢(t,p) = x})

is a submanifold of codimension (resp. dimension) m(z). Actually, it is the image of an embedding
of V*(Hess f(z)) (resp. V'~ (Hess f(x))), the positive (resp. negative) eigenspace of the Hessian of
f at z. Our assumptions imply that the closure of W*(z) in M is compact.

The vector field —grad f is said to satisfy the Morse-Smale condition if for every x,y € crit(f)
the intersection W*(z) NW*(y) is transverse. The Morse-Smale condition can be achieved by per-
turbing the metric g. Such perturbations can be chosen to be arbitrarily small in many reasonable
senses, in particular the perturbed metric can be chosen to be equivalent to the original one, so
that f satisfies the Palais-Smale condition also with respect to the new metric.

Let us assume that —grad f satisfies the Morse-Smale condition. Then we can choose an open
neighborhood U(z) of each critical point x so small that the increasing sequence of positively
invariant open sets

U= |J o0, +oolxU(@)),

zE€crit(f)

is a cellular filtration® of U := UkeNL{k, meaning that H;(U* U*~1) = 0if j # k. Actually,
Hy(U*,U*~1) is isomorphic to the free Abelian group generated by the critical points of Morse
index k, which we denote by My(f). Indeed, Hy(U*,U*~1) is generated by the relative homology

3 Actually here one needs a stronger transversality condition, namely that every critical point x is not a cluster
point for the union of all the unstable manifolds of critical points of Morse index not exceeding m(z), other than
x. This assumption follows from the standard Morse-Smale condition provided that there are finitely many critical
point with any given Morse index. Since the latter condition automatically holds on sublevels of f, the Morse
complex can be defined under the standard Morse-Smale assumption by a direct limit argument on sublevels. See
[AMO6] for full details.
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classes of balls in W*(x), so large that their boundaries lie in *~1, for every z € crity(f). Hence,
the isomorphism My(f) = Hy(U*,U*') is determined by the choice of an orientation for the
unstable manifold of each = € crity(f). Furthermore, the inclusion 4> — M is a homotopy
equivalence.

It is well known that the cellular complex associated to the cellular filtration U = {U*} e,
namely

Wild := Hy,(U* U*1),
O Wild = Hi,(U* U1 — Hy (U Y) — H (U5 UP2) = Wil

is a chain complex of Abelian groups, whose homology is naturally isomorphic to the singular
homology of U°°, hence to the singular homology of M (see for instance [Dol80], V.1). Therefore,
a Morse-Smale metric g and an arbitrary choice of an orientation for the unstable manifold of
each critical point determine a boundary operator 9.(f, g) on the graded group M. (f), making it
a chain complex called the Morse complex of (f,g), which we denote by M (f,g), whose homology
is isomorphic to the singular homology of M,

HLM(f,g) = Hy(M).

A change of the metric g and of the orientation data produces an isomorphic chain complex.

The boundary operator d.(f,g) can be easily interpreted in terms of intersection numbers.
Indeed, since T, W4 (z) & T,W#(x) = T, M for each = € crit(f), the orientation of W*(x) de-
termines an orientation of the normal bundle of W?*(x). Therefore each (transverse) intersection
W (x)NW?#(y) is canonically oriented. If m(z) —m(y) = 1, compactness and transversality imply
that W*"(z) N W*(y) consists of finitely many orbits R-p := ¢(R x {p}) of ¢, each of which can be
given a sign ¢(R - p) = £1, depending on whether the orientation of R - p defined above agrees or
not with the direction of the flow. If we then set ny(z,y) := > €(R-p) € Z, where the sum ranges
over all the orbits of ¢ in W*(z) N W?(y), there holds

n(f9)r=Y moalx,y)y,

y€Ecrity_1(f)

for every z € crity(f).

It is also useful to consider the following relative version of the Morse complex. Let A be an
open subset of the Hilbert manifold M, and assume that the function f € C°°(M) and the metric
g on M satisfy:

(f1’) f is bounded below on M \ A;
(£2°) each critical point of f in M \ A is non-degenerate and has finite Morse index;
(f3’) f satisfies the Palais-Smale condition with respect to g on M \ A;

(f4’) A is positively invariant for the flow of —grad f, and this flow is positively complete with
respect to A (meaning that the orbits that never enter A are defined for every ¢ > 0).

In particular, (f3’) implies that there are no critical points on the boundary of A (such a critical
point would be the limit of a Palais-Smale sequence in M \ A which does not converge in this
set). Assume that —grad f satisfies the Morse-Smale condition* in M \ A. Then one constructs
the relative Morse complex M(f, g), taking into account only the critical points of f in M \ A,
and finds that its homology is isomorphic to the singular homology of the pair (M, A),

HM(f,g) = Hi(M, A).

It is well known that many operations in singular homology have their Morse theoretical in-
terpretation, in the sense that they can be read on the Morse complex (see for instance [Sch93,
Fuk93, BC94, Vit95, Fuk97]). Here we are interested only in functoriality, in the exterior ho-
mology product, and in the Umkehr map. The corresponding constructions - still in our infinite
dimensional setting - are outlined in the following sections.

4Notice that transversality issues are more delicate here because one wants A to remain positively invariant for
the perturbed flow. We will not state a general result, but we will discuss the transversality question case by case.
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2.2 Functoriality

Let (Mj,g1) and (Mas, g2) be complete Riemannian Hilbert manifolds, and let f; € F(M1, 1),
fa € F(Ma, g2) be such that —grad fi and —grad fy satisfy the Morse-Smale condition. Denote
by ¢! and ¢? the corresponding negative gradient flows.

Let ¢ : M1 — M3 be a smooth map. We assume that

each y € crit(f2) is a regular value of ; (9)
z € crit(f1), o(x) € crit(fa) = m(z; fr) = m(p(x); f2)- (10)

The set of critical points of fy is discrete, and in many cases (for instance, if ¢ is a Fredholm
map) the set of regular values of ¢ is generic (i.e. a countable intersection of open dense sets, by
Sard-Smale theorem [Sma65]). In such a situation, condition (9) can be achieved by arbitrary
small (in several senses) perturbations of ¢ or of fa. Also condition (10) can be achieved by an
arbitrary small perturbation of ¢ or of fs, simply by requiring that the image of the set of critical
points of f1 by ¢ does not meet the set of critical point of fs.

By (9) and (10), up to perturbing the metrics g; and g2, we may assume that

Vo € crit(f1), Yy € crit(fa),  @|wu(a;—grad f,) is transverse to W*(y; —grad fa). (11)

Indeed, by (9) and (10) one can perturb g; in such a way that if p € W"(x; —grad f1) and ¢(p) is
a critical point of fy then rank Do (p)|r, we () > m(4(p); f2). The possibility of perturbing g2 so
that (11) holds is now a consequence of the following fact: if W is a finite dimensional manifold
and ¥ : W — My is a smooth map such that for every p € W with ¢(p) € crit(f2) there holds
rank D (p) > m(o(p); f2), then the set of metrics g2 on My such that the map 1 is transverse
to the stable manifold of every critical point of fy is generic in the set of all metrics, with many
reasonable topologies®.
The transversality condition (11) ensures that if « € crit(f;) and y € crit(f2), then

W(z,y) == W*(z; —grad f1) N o~ (W*(y; —grad f2))

is a submanifold of dimension m(x; f1) — m(y; f2). If W¥(x; —grad f1) is oriented and the normal
bundle of W*(y; —grad f2) in Mo is oriented, the manifold W (z,y) carries a canonical orientation.
In particular, if m(z; f1) = m(y; f2), W(z,y) is a discrete set, each of whose point carries an
orientation sign +£1. The transversality condition (11) and the fact that W*(x; —grad fi) has
compact closure in M7 imply that the discrete set W (x,y) is also compact, so it is a finite set and
we denote by n,(z,y) € Z the algebraic sum of the corresponding orientation signs. We can then
define the homomorphism

My : My(f1,91) = Mi(f2,92), Mypz= > ny(z,9)y,
yecrite (f2)

for every x € critg(f1).

We claim that M,y is a chain map from the Morse complex of (f1,¢g1) to the Morse complex of
(f2,92), and that the corresponding homomorphism in homology coincides - via the isomorphism
described in section 2.1 - with the homomorphism ¢, : H,(M;) — H.(Mz).

Indeed, let us fix small open neighborhoods U;(x), i = 1,2, for each critical point = € crit(f;),
such that the sequence of open sets

uf = | o'([0,+oo[xthi(x)), keN, i=1,2,

xEecrit(f;)
m(ifi) <k

5Here one is interested in finding perturbations of g; and g2 which are so small that —grad f; and —grad fo
still satisfy the Morse-Smale condition and the corresponding Morse complexes are unaffected (for instance, be-
cause the perturbed flows are topologically conjugated to the original ones). This can be done by consider-
ing Banach spaces of C* perturbations of g; and g2 endowed with a Whitney norm, that is something like
IRl = 321 <j<k SUPpem; €(p)| D h(p)|, for a suitable positive function e : M; —]0,+oco[. We shall not specify
these topologies any further, and we shall always assume that the perturbations are so small that the good prop-
erties of the original metrics are preserved.
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is a cellular filtration of U>® = |J, UF. By the transversality assumption (11), if p belongs to
W (x; —grad f1) then ¢(p) belongs to the stable manifold of some critical point y € crit(f2) with
m(y; f2) < m(x; f1). A standard compactness-transversality argument shows that, up to replacing
the neighborhoods U, (z), x € crit(f1), by smaller ones, we may assume that

peUf = o(p) € W*(y; —grad fo) with m(y; fo) < k.

Since the set U} is a ¢2-positively invariant open neighborhood of the set of the critical points of
f2 whose Morse index does not exceed k, it is easy to find a continuous function to : Uf — [0, +-00[
such that

peUf = *(to(p), plp)) € Us.

Therefore, ¥(p) := ¢*(to(p), ¢(p)) is a cellular map from (U, {UF }ren) to (U, {US}ren), and
it is easy to check that the induced cellular homomorphism

Wb W*{Uf}ken\l - W*{UQk}kGN

coincides with M.y, once we identify Hy (uf,uf—l) with My (f;), by taking the orientations of
the unstable manifolds into account. Then, everything follows from the naturality of cellular
homology, from the fact that the inclusions j; : U>® — M, are homotopy equivalences, and from
the fact that js o1 is homotopic to ¢ o j;.

The above construction has an obvious extension to the case of a smooth map ¢ between two
pairs (Mi, A1) and (Ma, As), A; open subset of M;, i = 1,2 (but some care is needed to deal
with transversality issues, see footnote 4).

2.1. REMARK. We recall that if two chain maps between free chain compleres induce the same
homomorphism in homology, they are chain homotopic. So from the functoriality of singular
homology, we deduce that M.p o M) and M.p o1 are chain homotopic. Actually, a chain
homotopy between these two chain maps could be constructed in a direct way.

2.2. REMARK. Consider the following particular but important case: My = Ma and ¢ = id.
Then (9) holds automatically, and (10) means asking that every common critical point x of f1 and
fa must satisfy m(x; f1) > m(x; f2). In this case, the above construction produces a chain map
from M.(f1,91) to M.(f2,g2) which induces the identity map in homology (after the identification
with singular homology).

2.3. REMARK. For future reference, let us stress the fact that if it is already known that p €

W (z; —grad f1) and p(p) € crit(f2) imply rank Dp(p)|1, we (z;—grad 1) = M(@(p); f2), then con-
dition (9) is useless, condition (10) holds automatically, and there is no need of perturbing the
metric g1 on Mi.

2.3 The exterior homology product

Let (M1,g1) and (Mg, g2) be complete Riemannian Hilbert manifolds, and let f; € F(M1,g1),
fa € F(Ma, g2) be such that —grad fi; and —grad fo satisfy the Morse-Smale condition. If we
denote by f1 @ fo the function on M; x Mo,

f1® fa(p1,p2) = fi(p1) + fa(p2),

we see that f1 @ fo belongs to F(M; X Ma, g1 X g2). Moreover,

crite(f1 @ f2) = U crit;(f1) x crity(f2),

k=t

hence

Mi(fi @ f2) = €D Mj(f1) @ Mi(f2).

J+k=e
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The orbits of —grad (f1 @ f2) are just pairs of orbits of —grad f1 and —grad f2, so the Morse-Smale
condition holds. If we fix orientations for the unstable manifold of each critical point of fi, f2, and
we endow the unstable manifold of each (x1,x2) € crit(f1 & f2),

W (21, 22)) = W* (1) x W*(x2),
with the product orientation, we see that the boundary operator in the Morse complex of (f1 @
f2,91 X g2) is given by
O(x1,0) = (8z1,m2) + (—1)™ ) (21, 8x0), Va € crit(fi), i =1,2.

We conclude that the Morse complex of (f; @ f2,91 X g2) is the tensor product of the Morse
complexes of (f1, 1) and (f2,¢g2). So, using the natural homomorphism from the tensor product of
the homology of two chain complexes to the homology of the tensor product of the two complexes,
we obtain the homomorphism

H;M(f1,91) @ HeM(fa, 92) — Hjr ke M(f1 © fa, 91 X g2)- (12)

We claim that this homomorphism corresponds to the exterior product homomorphism

Hj(M1) ® Hy(Ma) == Hjpn(My x Mz), (13)

via the isomorphism between Morse homology and singular homology described in section 2.1.
Indeed, the cellular filtration in Mj; x My can be chosen to be generated by small product
neighborhoods of the critical points,

Wz = U (151([074—00[)([/{1(1‘1)) X (152([074'00[)([/{2(1‘2)) = U Z/[{ X Z/{§

(a:l,:rz)ECrit(ﬁ@fg) Jt+k=¢
m(z1)+m(z2)=~

By excision and by the Kunneth theorem, together with the fact that we are dealing with free
Abelian groups, one easily obtains that

Wow = H(W W) = @B H; @], uf ™) @ B, us™),
k=t

and that the boundary homomorphism of the cellular filtration W is the tensor product of the
boundary homomorphisms of the cellular filtrations U4; and Us. Passing to homology, we find that
(12) corresponds to the exterior homology product

H;(U°) @ Hp(Us®) = Hjpr, (U x US®) = Hjx(W™),

by the usual identification of the cellular complex to the Morse complex induced by a choice of
orientations for the unstable manifolds. But since the inclusion U® — M, and US® — Mgy are
homotopy equivalences, we conclude that (12) corresponds to (13).

2.4 Intersection products

Let Mg be a Hilbert manifold, and let 7 : £ — Mg be a smooth n-dimensional oriented real
vector bundle over M. It is easy to describe the Thom isomorphism

T He(E,€\ M) — Hip_n(My), a— 7eNa,

in a Morse theoretical way (1¢ € H™(E,E \ My) denotes the Thom class of the vector bundle ).

Indeed, let go be a complete metric on Mgy and let fy € F(Mo,go) be such that —grad fo
satisfies the Morse-Smale condition. The choice of a Riemannian structure on the vector bundle
& determines a class of product-type metrics g; on the manifold £, and a smooth function

f1(8) := fo(m (&) — [¢€]?, VEE€E.
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It is readily seen that (f1, g1) satisfies conditions (f1’)-(f4") of section 2.1 on the pair (£,£\Uy), Uy
being the set of vectors £ in the total space £ with || < 1, and that —grad f; satisfies the Morse-
Smale condition. Therefore, the homology of the relative Morse complex of (f1,g1) on (€,&\ Uy)
is isomorphic to the singular homology of the pair (£,€ \ U;), that is to the singular homology of
(E,€\ My). Actually,

critg (f1) = critg—n(fo), ToW"(x;—grad f1) = T,W"(x; —grad fo) ® &,

so the orientation of the vector bundle £ allows to associate an orientation of W*(z; —grad f1) to
each orientation of W*(x; —grad fo). Then the relative Morse complex of (f1,¢91) on (£,E\U) is
obtained from the Morse complex of (fg,go) on My by a —n-shift in the grading:

My (f1,91) = Mr—n(fo, 90),

and it is easily seen that the isomorphism 7 - read on the Morse complexes by the isomorphisms
described in section 2.1 - is induced by the identity mapping

My(f1,91) -5 My—n(fo, 90)-

Consider now the general case of a closed embedding e : My <— M, assumed to be of codimen-
sion n and co-oriented. The above description of the Thom isomorphism associated to the normal
bundle N Mg of M and the discussion about functoriality of section 2.2 yield the following Morse
theoretical description for the Umkehr map

e Hk(./\/l) — kan(/\/lo).

It is actually useful to identify an open neighborhood of Mg to N My by the tubular neighborhood
theorem, to consider again the open unit ball U; around the zero section of N Mg, and to see the
Umkehr map as the composition

Hj(M) > Hy(M, M\ ) = Hy(NMo, NMo \ Mo) — Hj_,,(Mo),

the map i : M — (M, M\ U;) being the inclusion. Let fo,go, f1,91 be as above. We use the
symbols f; and g¢; also to denote arbitrary extensions of fi; and g1 to the whole M. Let g be
a complete metric on M, and let f € F(M,g) be such that —grad f satisfies the Morse-Smale
condition. Since we would like to achieve transversality by perturbing g and go, but keeping g; of
product-type near Mg, we need the condition

zecit(f)N My =  m(z; f) > n, (14)

which implies that up to perturbing g we may assume that the unstable manifold of each critical
point of f is transversal to M. Assumption (9) is automatically satisfied by the triplet (z, f, f1),
while (10) is equivalent to asking that

z € crit(f) Nerit(fo) = m(z; f) > m(z; fo) + n. (15)

Conditions (14) and (15) are implied by the generic assumption crit(f) N My = 0. By the
arguments of section 2.2 applied to the map ¢ (in particular, condition (11)), we see that up
to perturbing g and go (keeping g1 of product-type near M), we may assume that for every
x € crit(f), y € crit(fo), the intersection

W (z; —grad f) N W*(y; —grad f1) = W"(z; —grad f) N W*(y; —grad fo)

is transverse in M, hence it is a submanifold of dimension m(z; f) — m(y; fo) — n. If we fix an
orientation for the unstable manifold of each critical point of f and fy, these intersections are
canonically oriented. Compactness and transversality imply that when m(y; fo) = m(z; f) — n,
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this intersection is a finite set of points, each of which comes with an orientation sign +1. Denoting
by ne, (z,y) the algebraic sum of these signs, we conclude that the homomorphism

Mk(fa g) - Mkfn(f()agO)a T = Z Ne, (xay) Y, Vo € Critk(f)a

yecrit(fo)
m(y;fo)=k—n

is a chain map of degree —n, and that it induces the Umkehr map e, in homology (by the identi-
fication of the homology of the Morse complex with singular homology described in section 2.1).

Let us conclude this section by describing the Morse theoretical interpretation of the inter-
section product in homology. Let M be a finite-dimensional oriented manifold, and consider the
diagonal embedding e : Ay <— M x M, which is n-codimensional and co-oriented. The intersection
product is defined by the composition

Hji(M) @ He(M) == Hjy,(M x M) =5 Hjpon (D) = Hjppn (M),
and it is denoted by
o: H;(M)® Hy(M) — Hjtp—n(M).

The above description of e; and the description of the exterior homology product x given in section
2.3 immediately yield the following description of e. Let g1, g2, g3 be complete metrics on M, and
let f; € F(M,gi), i = 1,2,3, be such that —grad f; satisfies the Morse-Smale condition. The
non-degeneracy conditions (14) and (15), necessary to represent e, are now

x € crit(fi) Nerit(fe) = m(x; f1) + m(x; f2) > n, (16)
x € crit(f1) Nerit(fz) Nerit(fs) = m(x; f1) +m(x; fa) > m(x; f3) +n. (17)
These conditions are implied for instance by the generic assumption that f; and fo do not have

common critical points. We can now perturb the metrics g1, g2, and g3 on M in such a way that
for every triplet z; € crit(f;), i = 1,2, 3, the intersection

Wu((xlaxQ); _gra’dgl ><g2,f1 2 fQ) N a‘(Ws(x3; _gra’dg3 f3))a

a: M — M x M being the map a(p) = (p,p), is transverse in M x M, hence it is an oriented
submanifold of Ajs of dimension m(z1; f1) + m(ze; f2) — m(xs; f3) — n. By compactness and
transversality, when m(zs; f3) = m(z1; f1) + m(xe; f2) — n, this intersection, which can also be
written as

{(p.p) € W"(21; —grad f1) x W*(z2; —grad f2) | p € W*(x3; —grad f3)},
is a finite set of points, each of which comes with an orientation sign +1. Denoting by ne(z1, z2; 3)

the algebraic sum of these signs, we conclude that the homomorphism

M;(f1,91) ® Mk(f2,92) = Mjik—n(f3,93), 1 ®@x2— > Ne (21,25 73) T3,

xgEcrit(fs)
m(zs;fs)=j+k—n

where z1 € crit;(f1), x2 € critg(f2), is a chain map of degree —n from the complex M (f1, 1) ®
M(fa,g2) to M(fs,g3), and that it induces the intersection product e in homology (by the identi-
fication of the homology of the Morse complex with singular homology described in section 2.1).

2.5 Lagrangian action functionals, and Morse theoretical interpretation
of the homomorphisms c,, ev,, and i

We are now in a good position to describe the homomorphisms appearing in diagram (8) in a
Morse theoretical way. The first thing to do is to replace the Banach manifolds Q(M, qo), A(M),
and ©(M) by the Hilbert manifolds

QY M, qo) == {vy € AY(M) | 4(0) = qo}, A'(M):=W"*(T, M),
O (M) := {(n,72) € A" (M) x AY(M) | 71(0) = 2(0)},
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W12 denoting the class of absolutely continuous curves whose derivative is square integrable. The
inclusions

QLM qo) — QM, qo), AY(M)— AM), OY(M)— O(M),

are homotopy equivalences. Therefore, we can replace Q(M, qo), A(M), and ©(M) by Q(M, qo),
AY(M), and ©'(M) in the constructions of section 1.
Consider as before the smooth maps

c: M — A(M), e(q)(t) =q, ev:A(M)— M, ev(y) =~(0),
i: QY (M, q0) — AN (M), e:0Y M) — A (M) x AY(M).

Applying the results of sections 2.2 and 2.4, one can describe the homomorphisms c,, ev,, 71, and
er, in terms of the Morse complexes of a quite general class of functions on M, Q(M, qq), A* (M),
and ©'(M). However, in order to find a link with symplectic geometry, we wish to consider a
special class of functions on the three latter manifolds, namely the action functionals associated
to (possibly time-dependent) Lagrangian functions on T'M.

For this purpose, let us assume the oriented n-dimensional manifold M to be compact. Let
L:TxTM —Ror L:[0,1] x TM — R be a smooth Lagrangian, such that

(L1) there exists £y > 0 such that Oy, L(t, q,v) > £ol, for every (t,q,v);
(L2) there exists ¢1 > 0 such that
0o L(t, ¢, ) < b, |0ugL(t g, 0)| < (1 +Jv]),  |9gqL(t,q,v)] < &r(1+ [0]?),
for every (t,q,v).

These assumptions are stated by means of local coordinates and of a Riemannian structure on
the vector bundle TM, but they actually do not depend on these objects. If | - |. is a Riemannian
metric on M, the geodesic Lagrangian L(t, q,v) = |v]2/2, and more generally the electro-magnetic
Lagrangian

Lt,0,0) = 1of2 + (A(t,0), g~ V(5,0).

satisfy conditions (L1) and (L2), for every scalar potential V and every vector potential A. The
Lagrangian L defines a second order ODE on M, which in local coordinates can be written as

d

E&)L(tvv(t)a’yl(t)) = aqL(tva(t)a’Y(t))v (18)

and (L1) guarantees that the corresponding Cauchy problem is well-posed. The action functional

sawzﬁwamwmﬁ

is of class C% on Q'(M,qo) and on A*(M) (in the second case we assume L to be defined on
T x TM, in the first case [0,1] x TM suffices). The restriction of Sz, to Q' (M, q) is denoted by
S, whereas its restriction to A'(M) is denoted by S#. The critical points of S} are precisely
the 1-periodic solutions of (18), while the critical points of S are the solutions v : [0,1] — M of
(18) such that v(0) = v(1) = qo (but in general 4'(0) # +'(1), so these solutions do not extend to
period solutions, even if L is 1-periodic in time). Denote by

PYUL) = ait(5F), PM(L) = crit(SD),

these sets of solutions. Assumption (L1) implies that each critical point v of S and of S} has
finite Morse index, which we denote by m®(y) and m”(y). The requirement that each critical
point v should be non-degenerate is translated into the following assumptions on the Jacobi vector
fields along 7 (i.e. solutions of the second order linear ODE obtained by linearizing (18) along ~):
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(L0)® every solution v € #*(L) is non-degenerate, meaning that there are no non-zero Jacobi
vector fields along v which vanish for ¢ = 0 and for ¢t = 1.

(LO)A every solution v € 2% (L) is non-degenerate, meaning that there are no non-zero periodic
Jacobi vector fields along .

These conditions hold for a generic choice of L, in several reasonable senses. Notice that (L0)"*
forces L to be explicitly time-dependent, otherwise 4/ would be a non-zero 1-periodic Jacobi vector
field along 7, for every non-constant periodic solution . In the fixed ends case instead, L is allowed
to be autonomous.

We need also to consider the following Lagrangian problem for figure-8 loops. Let Li, Lo €
C>([0,1] x T M) be Lagrangians satisfying (L1) and (L2). Let &2 (L; @ L2) be the set of all pairs
(71,72), with ; : [0,1] — M solution of the Lagrangian system given by L;, such that

1

2
7(0) =71(1) = 72(0 C YD (1) 0u L (i, (1), 7 (4) = 0. (19)

=0 j=1

The elements of 22 (L, @ Ly) are precisely the critical points of the functional Sy, &7, = Sz, ®Sr,
restricted to the submanifold ©(M),

1

Spreny(11,72) = / Ly (b, (8), 7, (1)) dit + / La(t, (1), 74(1)) dt.

Such a restriction is denoted by S¢ ;.. If we denote by m®(y1,72) the Morse index of (y1,72) €
P9(Ly @ Ly), we clearly have

max{m*(y1; L1) + m®(y2; La),m* (y1; L1) + m* (32; L) — n} < m®(71,72)
< min{m®(v1; L1) + m®(y2; La) + n,m™ (715 L) + m* (v2; L2) }.

The non-degeneracy of every critical point of S?l@ L, is equivalent to the condition:

(L0)® every solution (y1,72) € #°(L1 @ Ly) is non-degenerate, meaning that there are no non-
zero pairs of Jacobi vector fields &1, €2 along 71,2 such that

§1(0) = &1(1) = &2(0) = &2(1),
12
ZZ Oqu Lj (1,75 (), 7} ())& (i) + Buw L (i, 7 (i), 7} (0))€5 (i) = 0.

=0 j=1

This condition allows both L; and Lo to be autonomous. It also allows L1 = Ls, but this excludes
the autonomous case (otherwise pairs (v,7) with v € 2%(L;) = 2*(Lsy) non-constant would
violate (L0)®).

Assumption (L1) implies that L is bounded below, and it can be shown that (L1) and (L2)
imply that Sy, satisfies the Palais-Smale condition on Q'(M, qo) and on A'(M), with respect to
the standard W1 2-metric

<<§a n>>’Y = /0 (<€(t)777(t)>'y(t) =+ <vt§(t)a vtn(t)>'y(t)) dt7

where (-, ) is a metric on M, and V, is the corresponding Levi-Civita covariant derivation along
7. The same is true for the functional Sy, g1, on ©(M). See for instance the appendix in [AF07]
for a proof of the Palais-Smale condition under general non-local conormal boundary conditions,
including all the case treated here. We conclude that under the assumptions (L0) (resp. (LO)*,
resp. (L0)®), (L1), (L2), the function S (resp. S%, resp. S¢ 4 ;.) belongs to F(Q' (M, qo), ((-,-)))
(resp. F(AL(M), ((,-)), resp. F(O1(M), ((-,-))))-
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It is now straightforward to apply the results of section 2.2 to describe the homomorphisms
vt Hi (M) — Hp(AY(M)), and ev, : Hy(A'(M)) — Hp(M),

in terms of the Morse complexes of Sﬁ and of a Morse function f on M. Indeed, in the case of c,
one imposes the condition

geait(f) = o) ¢ PN, (20)

which guarantees (9) and (10) (given any Lagrangian L satisfying (L0)*, one can always find a
Morse function f on M such that (20) holds, simply because (L0)* implies that the Lagrangian
system has finitely many constant solutions). Then one can find a metric gps on M and a small
perturbation g of the metric ((-,-)) on A'(M) such that the vector fields —grad S% and —grad f
satisfy the Morse-Smale condition, and the restriction of ¢ to the unstable manifold of each g €
crit(f) is transverse to the stable manifold of each v € crit(Sy). When m(q; f) = m™(7), the
intersection

W (g; —grad f) N e~ (W*(y; —grad S1))

consists of finitely many points, each of which comes with an orientation sign +1. The algebraic
sums n.(q,7y) of these signs provide us with the coefficients of a chain map

Myc : Mi(f, gar) — Mi(Sh, g™),

which in homology induces the homomorphism ¢,.
The map ev : A'(M) — M is a submersion, so (9) holds automatically. Condition (10) instead
is implied by

ve ML) = (0) ¢ crit(f), (21)

which again holds for a generic f, given L. Then one finds suitable metrics gy on M and g” on
AY(M), and when m? () = m(q; f) the intersection

W*(~; —grad S’L\) Nev ! (W?(g; —grad f))

consists of finitely many oriented points, which add up to the integer ney (7, q). These integers are
the coefficients of a chain map

Myev : My(SE, g™) — My(f, gum),
which in homology induces the homomorphism ev.,.

2.4. REMARK. The fact that ev. o c. = idy, (ar), together with the fact that the Morse complex is
free, implies that Myev o M,c is chain homotopic to the identity on M.(f,gn)-

We conclude this section by using the results of section 2.4 to describe the homomorphism
ir: Hy (A (M)) — Hy—p (21 (M, q0)),

working with the same action functional Sz, both on A'(M) and on Q(M, qp). Conditions (14)
and (15) are implied by the following assumption,

vyePML) = 7(0) # q, (22)

a condition holding for all but a countable set of gy’s. Under this assumption, we can perturb the
standard metrics on A'(M) and Q*(M, go) to produce metrics g and g% such that —grad S} and
—grad S satisfy the Morse-Smale condition, and the unstable manifold of each v; € ZP*(L) is
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transverse to the stable manifold of each 7o € Z%(L) in AY(M). When m®(y2) = m*(y1) — n,
the set

W (y1; —grad S%) N W*(yo; —grad 59)

consists of finitely many oriented points, which determine the integer n;, (y1,72). These integers
are the coefficients of a chain map

Mi! : M*(S%’QA) - M**H(S%agg)’

which in homology induces the homomorphism ;.

2.6 Morse theoretical interpretation of the Pontrjagin product

In the last section we have described the vertical arrows of diagram (8), as well as a preferred left
inverse of the top-right vertical arrow. The top horizontal arrow has already been described at
the end of section 2.4. There remains to describe the middle and the bottom horizontal arrows,
that is the loop product and the Pontrjagin product. This section is devoted to the description
of the latter product. The following Propositions 2.5, 2.7 and 2.8 are consequences of the general
statements in Sections 2.1-2.4

Given two Lagrangians Ly, Ly € C*°([0,1] x T M) such that L(1,-) = La(0, ) with all the time
derivatives, we define the Lagrangian L1#Ls € C*°([0,1] x TM) as

[ 2L1(2t,q,0/2) if0<t<1/2,
Lig#tLa(t g, v) = { 2052t —1,q,0/2) if1/2<t< 1. (23)
The curve 7 : [0,1] — M is a solution of the Lagrangian equation (18) with L = Li#Ls if and
only if the rescaled curves t — v(¢/2) and t — v((t 4+ 1)/2) solve the corresponding equation given
by the Lagrangians L; and Lo, on [0, 1].

In view of the results of section 2.3, we wish to consider the functional S%l @S%z on QY (M, qo) x
Q! (Ma CIO),

S¢, @ ST, (11,72) = SE, () + ST, (2),

and the functional S%l#Lz on Q'(M, qp). The concatenation map
I: Ql(M7 qo) X Ql(Ma C]o) - Ql(Ma C]o)

is nowhere a submersion, so condition (9) for the triplet (I', 5S¢, & S%,, S%1#Lz) requires that the
image of I' does not meet the critical set of S%l#LQ, that is

vE€ PULi#Ly) = (1/2) # q. (24)

Notice that (24) allows L; and Ly to be equal, and actually it allows them to be also autonomous
(however, it implies that go is not a stationary solution, so they cannot be the Lagrangian associ-
ated to a geodesic flow).

Assuming (24), condition (10) is automatically fulfilled. Moreover, if g1, g2 are metrics on
QY(M, qo), we have that for every y1 € 2%(Ly), vo € 29(Lo),

T(W*((71,72); —grad,, 5, S7, ® S%,)) Nerit(SY 4p,) = 0.

By Remark 2.3, there is no need to perturb the metric g3 X go on Q(M, qo) x Q' (M, qo) to achieve
transversality, and we arrive at the following description of the Pontrjagin product.

Let L1, Ly be Lagrangians such that L(1,-) = Ly(0, ) with all the time derivatives, satisfying
(L0), (L1), (L2), and (24), such that also L;#Lo satisfies (L0)®. Let g1, g2, g be complete
metrics on Q'(M, qo) such that —grad, S¢ , —grad,, 5% , —grang%l#L2 satisfy the Palais-Smale
and the Morse-Smale condition. Fix an arbitrary orientation for the unstable manifolds of each
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critical point of S%l, S%Q, SSL21#L2' Up to perturbing the metric g, we get that the restriction of T’
to the unstable manifold

W ((11,72); —grady, «, ST, ® SL,) = W (715 —grad,, SE,) x W*(q2; —grad,,S7,)
of every critical point (y1,72) € Z(L1) x P(Ls) is transverse to the stable manifold
W (; —grang%l#LQ)

of each critical point of S%l#LQ. When m®(y) = m®(y1) +m®(72), the corresponding intersections

{(al,ag) € W"(y1; —gradS%l) X W (~e; —grad S(LZQ) | Do, an) € W2 (y; —grad S%l#L2)},
is a finite set of oriented points. Let n(y1,7v2;y) be the algebraic sum of these orientation signs.

2.5. PROPOSITION. The homomorphism

My : My(SZ,,01) © My(SZ,,92) = Mjyn(SE 410 9)s Mm®@rp— Y ng(mmn),
€D (L1#L3)
m®(y)=j+k
is a chain map, and it induces the Pontrjagin product # in homology.

2.6. REMARK. [t is not necessary to consider the Lagrangian Li# Lo on the target space of this
homomorphism. One could actually work with any three Lagrangians (with the suitable non-
degeneracy condition replacing (24)). The choice of dealing with two Lagrangians L1, Lo and their
concatenation L1# Lo will be important to get energy estimates in Floer homology. We have made
this choice also here mainly to see which kind of non-degeneracy condition one needs.

2.7 Morse theoretical interpretation of the loop product

The loop product is slightly more complicated than the other homomorphisms considered so far,
because it consists of a composition where two homomorphisms are non-trivial (that is, not just
identifications) when read on the Morse homology groups, namely the Umkehr map associated to
the submanifold ©'(M) of figure-8 loops, and the homomorphism induced by the concatenation
map I': ©Y(M) — A(M). We shall describe these homomorphisms separately, and then we will
show a compact description of their composition.

Let us start by describing the Umkehr map

er: Hy(AY(M) x AY(M)) — Hy_,, (0 (M)).

Let L1, Ly € C®(T x TM) be Lagrangians satisfying (L0)%, (L1), (L2), and such that the pair
(L1, Ly) satisfies (L0)®. Assume also
ne PN, € PML) = 7(0) #12(0). (25)

Notice that this condition prevents L; from coinciding with L. We shall consider the functional
S, @SE, on AY(M) x AY(M), and the functional S o, on ©'(M). Condition (25) implies that
the unconstrained functional has no critical points on @f(M ), so conditions (14) and (15) hold.

By the discussion of section 2.4, we can find complete metrics g1 x go and g© on A* (M) x AL (M)
and on ©' (M) such that —grad ., S ®S%, and —grad 9@ S9 &1, satisfy the Palais-Smale condi-
tion and the Morse-Smale condition, and such that the unstable manifold W*(y~; —grad ; ., S’L\l @
S2,) of every v~ = (97,75) € P™(L1) X PN (Ly) is transverse to ©'(M) and to the stable
manifold W#(y*; —grad ;eS¢ o,) of every 77 = (7,75) € #°(L1 & Ly). Fix an arbitrary
orientation for the unstable manifold of every critical point of S8 @ S and SP o, . When
m®(yT) = mA(y;) + m* (75 ) — n, the intersection
Wu (777 _gra’d g1 Xg2 SIL\l S SIL\Q) N WS (’y+7 —grad g°© S(Bl@Lg)

is a finite set of oriented points. If we denote by ne, (y~,7") the algebraic sum of these orientation
signs, we have the following:
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2.7. PROPOSITION. The homomorphism

Mk(sll\q & S/L\wgl X g2) - Mk—n(s?l@l@?g@)a v Z Te, (7_7’7+)7+a
Y TePO(L1®L2)
m® (yH)=k—n

is a chain map, and it induces the Umkehr map ey in homology.

By composing this homomorphism with the Morse theoretical version of the exterior homology
product described in section 2.3, that is the isomorphism

MJ(SIL\lagl) ® Mh(SILXQagz) - j+h(SIL\1 @ 5%2791 X g2),
we obtain the homomorphism
My M;(S2,,91) ® Mu(S2,.92) = Mjpn—n(SS, 60,0 9°)-
Let us describe the homomorphism
L. Hi(©'(M)) — Hi(A(M)),

induced by the concatenation map I'. Let L, Ly be Lagrangians such that L(1,-) = Ls(0,-) with
all the time derivatives, satisfying (L1), (L2). We assume that (L;, Ly) satisfies (L0)® and Li#Ls
satisfies (L0)*. We would like to apply the results of section 2.2 to the functionals 59 ;. on
©'(M) and S} 4, on A'(M). The map I' : ©'(M) — A'(M) is nowhere a submersion, so
condition (9) for the triplet (I',S¢ 47,,S% 4,) requires that I'(©'(M)) does not contain critical
points of S’L\l#LQ, that is

ve PMLi#Ly) = ~(1/2) #(0). (26)

Assuming (26), conditions (9) and (10) are automatically fulfilled. Therefore, the discussion of
section 2.2 implies that we can find complete metrics ¢g® and g* on on ©!(M) and A'(M) such
that —grad e S9 1, and —grada S/L\l#L2 satisfy the Palais-Smale and the Morse-Smale condition,
and that the restriction of I' to the unstable manifold

W — 1
W(y~; —gradgeS? o r,)

of every critical point v~ = (77,75 ) € Z©(L1 @ Ly) is transverse to the stable manifold
W*(y*; —grada ST, 41,)

of every critical point v+ € ZPA(L1#Ls). Fix arbitrary orientations for the unstable manifolds of
every critical point of ¢ ., and S/L\l#L2. When m?(y+) = m®(y7), the intersection

{(on, ) € W"(v~; —grad SF o1,) | Do, a2) € W (yT; —grad S 4p,)}

is a finite set of oriented points. If we denote by nr(y~,~1) the algebraic sum of these orientation
signs, we have the following;:

2.8. PROPOSITION. The homomorphism

My« M(S% e1,,9°) = Me(S, 40,,9"), 7 — Y oty
ytePM(La#L2)
m (v)=k

is a chain map, and it induces the homomorphism T : Hp(©'(M)) — Hy(A'(M)) in homology.
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Therefore, the composition Mt o M, induces the loop product in homology.

We conclude this section by exhibiting a compact description of the loop product
o : Hj(A'(M)) ® Hi(A'(M)) — Hjyp—n(AH(M)).

Since we are not going to use this description, we omit the proof. Let Ly, Ly € C*°(T x TM) be
Lagrangians satisfying (L0)%, (L1), (L2), such that L;(0,-) = Ly(0,-) with all time derivatives,
and such that the concatenated Lagrangian L;# Lo defined by (23) satisfies (L0)*. We also assume
(25), noticing that this condition prevents L; from coinciding with L. Let g1, g2, g be complete
metrics on A'(M) such that —grad,, S2., —gradg, S2,,and —grang’L\l#L2 satisfy the Palais-Smale
and the Morse-Smale condition on A*(M). By (25), the functional 89 ., has no critical points on
©!(M), so up to perturbing g; and g, we can assume that for every v; € 2 (L), v € 2 (Ls),
the unstable manifold

W (71, 72); —erady, ., S, ® ST,) = W (715 —grady, 57,) x W*(y2; —grad,,S7,)

is transverse to ©'(M). Moreover, assumption (25) implies that the image of ©'(M) by the
concatenation map I' does not contain any critical point of S/L\l 41, Therefore, up to perturbing g

we can assume that for every v; € 22 (L), 42 € 2*(Ls), the restriction of T' to the submanifold
Wu((’}/h ’72)7 _gradgl X ga 821 @ SIL\Q) N @1(M)

is transverse to the stable manifold W#(~; —grang’L\l#Lz) of each v € 22(L). In particular, when

m(y) = m™(v1) + m*(72) — n, the submanifold

{(a1, a2) € (W"(71; —grad S3,) x W*(y2; —grad $7,)) N O (M) | (a1, az) € W*(v; —grad S 4p.)}

is a finite set of oriented points. We contend that if n, (71, v2;7) denotes the algebraic sum of the
corresponding orientation signs, the following holds:

2.9. PROPOSITION. The homomorphism

M;(S3,,01) © Mi(S2,.92) = Misk-n(St 41,9, M@y Y. ne(y,%i7)7
yEPML1#Ls)
m* ()=j+k—n
(27)

is a chain map, and it induces the loop product in homology.

3 Floer homologies on cotangent bundles and their ring
structures

3.1 Floer homology for the periodic and the fixed ends orbits

In this section we recall the construction of Floer homology for periodic and for fixed-ends orbits
on the cotangent bundle of a compact oriented manifold. See [AS06b] for detailed proofs.

Let M be a compact oriented manifold. We shall often use standard coordinates (g,p) on
T* M, the cotangent bundle of M. Denote by w the standard symplectic form w := dp A dq on the
manifold T*M, that is the differential of the Liouville form 7 := pdq. Equivalently, the Liouville
form 7 can be defined by

n(¢) = z(Dr(x)[¢]), for ¢ € TLT*M, x € T*M,

where 7 : T*M — M is the bundle projection. Let Y be the Liouville vector field on T* M, defined
by the identity

w(Y(x),-) =n. (28)

23



A submanifold L C T*M is called a co-normal iff the Liouville form 7 vanishes on L. Equivalently,
L is the conormal bundle N*m(L) of its projection onto M. They are a special class of Lagrangian
submanifolds.

Consider the class of Hamiltonians H on T x T*M or on [0, 1] x T*M such that:

(H1) DH(t,q,p)[Y]— H(t,q,p) = holp|* — ha, for every (t,q,p);
(H2) [0,H(t,q,p)| < ha(1+ |p[?), [0pH(t,q,p)| < ha(1 + |p|), for every (t,q,p);

for some constants hg > 0, hy > 0, he > 0. As seen for conditions (L.1) and (I.2), these assumptions
do not depend on the Riemannian structure and on the local coordinates used to state them.
Condition (H1) essentially says that H grows at least quadratically in p on each fiber of T* M, and
that it is radially convex for |p| large. Condition (H2) implies that H grows at most quadratically
in p on each fiber. Notice also that if H is the Fenchel transform of a convex Lagrangian L in
C>=([0,1] x TM) (see section 4.1), then the term DH (¢, q,p)[Y (q,p)] — H(t,q,p) appearing in (H1)
coincides with L(t,q, 0, H(t, q,p)).

Let Xp be the time-dependent Hamiltonian vector field associated to H by the formula
w(Xp, ) =—DyH. Condition (H2) implies the quadratic bound

| Xu(t, g, p)] < ha(1 +[p]?), (29)

for some h3 > 0. Let (¢,z) — ¢ (¢,z) be the non-autonomous flow associated to the vector field
Xp. We are interested in the set 2 (H) of one-periodic orbits of ¢ (in this case we assume H
to be defined on T x T*M), and in the set 29 (H) of orbits = of ¢* such that z(0),z(1) € T; M
(in this case H may be defined only on [0, 1] x T*M). The superscripts A and Q will appear often
to distinguish the periodic from the fixed-ends problem. We shall omit them when we wish to
consider both situations at the same time.

The non-degeneracy assumptions for the elements of 22 (H) and Z}(H) are:

(HO)* for every z € 2"(H), the number 1 is not an eigenvalue of D¢ (1,z(0)) : Tyi0)T*M —
Tw(O)T*M;

(HO0)® for every x € 2*(H), the linear mapping D¢ (1,z(0)) : Ty T*M — TpyT* M maps
the vertical subspace T, T*M at 2(0) into a subspace having intersection (0) with the
vertical subspace T;’(l)T*M at z(1).

As in the Lagrangian case, these conditions hold for a generic choice of H in several reasonable
topologies, and (HO0)* forces H to be explicitly time-dependent.

Each z € 22(H) has a well-defined Conley-Zehnder index p*(x) € Z. Indeed, the fact that
T*M has a Lagrangian fibration consisting of the fibers T, M singles out a class of preferred sym-
plectic trivializations for the vector bundle z*(TT*M), namely those which map the Lagrangian
subspace

Ao := (0) x R ¢ R*"
into the vertical space T;’(t)T*M . Here R?™ = R™ x R” is endowed with the symplectic form
wo = dp A dg,

with respect to coordinates (¢,p) € R™ x R™. Any two such trivializations are isotopic in the
space of all symplectic trivializations, so the Conley-Zendher index pucz(®) of the path ® of
symplectic matrices obtained by conjugating the path ¢ — D, ¢ (t,2(0)) by such a trivialization
is well-defined, and we set

P () = poz(®).

See also section 5.1.
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Similarly, each x € 2*(H) has a well defined Maslov index z®}(x), obtained from the relative
Maslov index of the path of Lagrangian subspaces t + D ¢ (t,x(O))T;(O)T*M with respect to
the path of Lagrangian subspaces t — T;’(t)T*M . Indeed, using a symplectic trivialization of

x*(TT*M) mapping Ag into the vertical subbundle, and defining ® as above, we set

n

1 (w) = p(®Xo, M) = 5,

where p denotes the relative Maslov index (see section 5.1 for the sign conventions). When z in
PN (H) (vespectively in 229 (H)) is non-degenerate, then p () (respectively pf?(z)) is an integer.
The elements of 22 (H) and 2} (H) are the critical points of the Hamiltonian action functional

A () = /H o (n — Hdt) = / (p(8)[d ()] — H(t, q(t). p(t))) dt,

on the space of one-periodic loops in T*M, or on the space of curves z : [0,1] — T*M such that
z(0),z(1) € Ty M. Indeed, the differential of Ay on the space of free paths on T*M is

DAy (2)[C] = /O (W(¢ ") = DL H(t,2)[C]) dt +n(2(1))[¢(1)] = n(x(0)[C(0)], (30)

and the boundary terms vanish if either z and ¢ are 1-periodic, or ((0) and (1) belong to the
vertical subbundle.

Conditions (HO) and (H1) imply that the set of € & (H) with Ay (x) < A is finite, for every
A € R. Indeed, this follows immediately from the following general:

3.1. LEMMA. Let H € C*([0,1] x T*M) be a Hamiltonian satisfying (H1) and (H2). For every
A € R there exists a compact subset K C T*M such that each orbit x : [0,1] — T*M of Xy with
Ag(x) < A lies in K.

Proof. Let © = (q,p) be an orbit of Xy such that Ay (z) < A. Since x is an orbit of Xy, by (28),
n(x)[z'] — H(t,z) = w(Y (2), X (t,x)) — H(t,z) = DH(t,z)[Y ()] — H(t, x).

Therefore (H1) implies that |p| is uniformly bounded in L2(]0,1[). By (29), |#/| in uniformly
bounded in L'(]0,1[). Therefore  is uniformly bounded in W', hence in L°°. (|

3.2. REMARK. Assume that the flow generated by a Hamiltonian H € C*([0,1]xT*M) is globally
defined (for instance, this holds if H is coercive and |0:H| < ¢(|H|+ 1)). Then the conclusion
of Lemma 8.1 holds assuming just that the function DH[Y] — H is coercive (a much weaker
assumption than (H1), still implying that H is coercive), without any upper bound such as (H2).

Let us fix a Riemannian metric (-,-) on M. This metric induces metrics on TM and on T*M,
both denoted by (-,-). It induces also an identification T*M = T'M, horizontal-vertical splittings
of both TT'M and TT*M, and a particular almost complex structure J on T*M, namely the one
which in the horizontal-vertical splitting takes the form

J=<? _OI). (31)

This almost complex structure is w-compatible, meaning that®

&n) =w(JEn), Y& ET,T*M, Yo € T*M.

6Notice that our sign convention here differs from the one used in [AS06b]. The reason is that here we prefer
to see the leading term in the Floer equation as a Cauchy-Riemann operator, and not as an anti-Cauchy-Riemann
operator.
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The L?-negative gradient equation for the Hamiltonian action functional A is the Floer equa-
tion

071 (u) = Osu + J(u)[0u — Xg(t,u)] =0, (32)

for u = u(s,t), s €R, ¢in T or in [0,1]. A generic choice of the Hamiltonian H € C*°(T x T*M)
makes the space of solutions of the Floer equation on the cylinder,

MY (x,y) = {u €C®RxT, T*M) | 95 (u) =0 and lim_u(s,?) = z(t), hrf u(s,t) = y(t)}

a manifold of dimension p’(x) — p™(y), for every z,y € Z*(H). Similarly, a generic choice of
H € C*([0,1] x T*M) makes the space of solutions of the Floer equation on the strip,

M (2, y) = {u € C(R x [0,1), T*M) | D (u) = 0, u(s,0), u(s, 1) € TS, M Vs € R, and

Jim u(s,t) = o(t), lm_u(s,t) = y(t) |
a manifold of dimension p?(z) — uS(y), for every x,y € Z}(H). Here generic means for a count-
able intersection of open and dense subsets of the space of smooth time-dependent Hamiltonians
satisfying (HO), (H1), and (H2), with respect to suitable topologies (see [FHS96] for transversality
issues). In particular, the perturbation of a given Hamiltonian H satisfying (HO), (H1), (H2) can
be chosen in such a way that the discrete set 92 (H) is unaffected.

3.3. REMARK. As it is well-known, transversality can also be achieved for a fized Hamiltonian
by perturbing the almost complex structure J in a time-dependent way. In order to have good
compactness properties for the spaces My one needs the perturbed almost complex structure Jy
to be CY-close enough to the metric one J defined by (31) (see [AS06b, Theorem 1.14]). Other
compactness issues in this paper would impose further restrictions on the distance between Jy and
J. For this reason here we prefer to work with the fived almost complex structure J, and to achieve
transversality by perturbing the Hamiltonian.

The manifolds .#5(x,y) can be oriented in a coherent way. Assumptions (H1) and (H2) imply
that these manifolds have nice compactifications. In particular, when p(z) — pu(y) = 1, Ay(x,y)
consists of finitely many one-parameter families of solutions o +— u(- + o, ), each of which comes
with a sign +1, depending whether its orientation agrees or not with the orientation determined
by letting o increase. The algebraic sum of these numbers is an integer nf(z,y), or n§ (z,y). If we
let Fi(H) denote the free Abelian group generated by the elements € & (H) of index u(z) = k,
the above coefficients define the homomorphism

0: Fo(H) = Foa(H), o— > nalz,y)y,

yeP(H)
p(z)=k—1

which turns out to be a boundary operator. The resulting chain complexes FA(H, J) and F*(H, .J)
are the Floer complexes associated to the periodic orbits problem, and to the fixed-ends problem.
If we change the metric on M - hence the almost complex structure J - and the orientation data,
the Floer complex F'(H, J) changes by an isomorphism. If we change the Hamiltonian H, the new
Floer complex is homotopically equivalent to the old one. In particular, the homology of the Floer
complex does not depend on the metric, on H, and on the orientation data. This fact allows us to
denote this graded Abelian group as HF*(T*M), in the periodic case, and HF(T*M), in the
fixed-ends case. Actually, the homology of F*(H, .J) is isomorphic to the singular homology of the
free loop space A(M), while the homology of F*(H,.J) is isomorphic to the singular homology of
the based loop space Q(M, qo),

HENT*M) 2 Hy(A(M)),  HEZ(T*M) 2 Hy, (M, q0))-

26



The first fact was first proved by Viterbo in [Vit96] (see also [SWO06] for a different proof). In
section 4.1 we outline a third definition of both isomorphisms, which is fully described in [AS06b],
and in the subsequent sections we prove that these isomorphisms are actually ring isomorphisms
intertwining the pair-of-pants product and the triangle product in Floer homology, with the loop
product and the Pontrjagin product in the singular homology of the free and based loop spaces.

3.2 The Floer equation on triangles and pair-of-pants

Additional algebraic structures on Floer homology are defined by extending the Floer equation to
more general Riemann surfaces than the strip R x [0, 1] and the cylinder R x T.

Let (X, ) be a Riemann surface, possibly with boundary. For v € C*°(3, T*M) consider the
nonlinear Cauchy-Riemann operator

Dju= =(Du+ J(u) o Duo j),

N | =

that is the complex anti-linear part of Du with respect to the almost-complex structure J. The
operator D is a section of the bundle over C*°(X, T* M) whose fiber at u is Q%1(, u*(TT*M)),
the space of anti-linear one-forms on ¥ taking values in the vector bundle «*(TT*M). In some
holomorphic coordinate z = s + it on 3, the operator D takes the form

Dju= %(&u + J(u)owu) ds — %J(u) (Osu + J(u)Opu) dt. (33)

This expression shows that the leading term 0 := 95 + J(-)0; in the Floer equation (32) can be
extended to arbitrary Riemann surfaces, at the only cost of considering an equation which does
not take values on a space of tangent vector fields, but on a space of anti-linear one-forms.

When ¥ has a global coordinate z = s+it, as in the case of the strip R x [0, 1] or of the cylinder
R x T, we can associate to the Hamiltonian term in the Floer equation the complex anti-linear
one-form

1
Fu(u) = =5 (J(@)Xnu(tu)ds + Xp(t,u) dt) € QN (S, u*(TT*M)). (34)
Formula (33) shows that the Floer equation (32) is equivalent to
Dju+ Fypg(u)=0. (35)

If we wish to use the formulation (35) to extend the Floer equation to more general Riemann
surfaces, we encounter the difficulty that - unlike D - the Hamiltonian term F 7,0 is defined in
terms of coordinates.

One way to get around this difficulty is to consider Riemann surfaces with cylindrical or strip-
like ends, each of which is endowed with some fixed holomorphic coordinate z = s + it, to define
the operator F); i on such ends, and then to extend it to the whole ¥ by considering a Hamiltonian
H which also depends on s and vanishes far from the ends. In this way, only the Cauchy-Riemann
operator acts in the region far from the ends. This approach is adopted in [Sch95, PSS96, MS04].

A drawback of this method is that one looses sharp energy identities relating some norm
of u to the jump of the Hamiltonian action functional. Moreover, an s-dependent Hamiltonian
which vanishes for some values of s cannot satisfy assumptions (H1) and (H2). These facts lead
to problems with compactness when dealing - as we are here - with a non-compact symplectic
manifold.

Therefore, we shall use a different method to extend the Hamiltonian term Fj . We shall
describe this construction in the case of the triangle and the pair-of-pants surface, although the
same idea could be generalized to any Riemann surface.

Let X be the holomorphic triangle that is the Riemann surface consisting of a closed triangle
with the three vertices removed (equivalently, a closed disk with three boundary points removed).
Let E‘} be the pair-of-pants Riemann surface, that is the sphere with three points removed.
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Figure 1: The strip with a slit X£.

The Riemann surface X§ can be described as a strip with a slit: one takes the disjoint union
R x [-1,0] UR x [0,1]

and identifies (s,07) with (s,07) for every s > 0. See Figure 1. The resulting object is indeed a
Riemann surface with interior

Int(Xx) = (Rx] = 1,1]) \ (] — o0, 0] x {0})

endowed with the complex structure of a subset of R? = C, (s,t) — s + it, and three boundary
components

Rx{-1}, Rx {1}, ]—00,0]x{07,07}.

The complex structure at each boundary point other than 0 = (0,0) is induced by the inclusion
in C, whereas a holomorphic coordinate at 0 is given by the map

{CEC|ReC>0, [¢| <1} —=%F, (P (36)

which maps the boundary line {Re¢ = 0, |{| < 1} into the portion of the boundary | — 1,0] x
{07,073

< S

\ \

- 1 |
I '

~ , ,
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Figure 2: The pair-of-pants E’}.

Similarly, the pair-of-pants ¥4 can be described as the following quotient of a strip with a slit:
in the disjoint union R x [—1,0] LR x [0, 1] we consider the identifications

(s,=1) ~ (5,07)
(5,0%) ~ (s,1)

(5,07) ~ (s,07)
(87 _1) ~ (87 ]-)
See figure 2. This object is a Riemann surface without boundary, by considering the standard com-

plex structure at every point other than (0,0) ~ (0, —1) ~ (0, 1), and by choosing the holomorphic
coordinate

for s <0, for s > 0.

¢ ifRe( >0,
{ge@||¢|<1/\/§}_>z$, ¢ 4i ifReC <0, ImC >0, (37)
¢2—i ifReC <0, Im¢ <0,
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at this point.

The advantage of these representations is that now ES% and E‘} are endowed with a global
coordinate z = s + it, which is holomorphic everywhere except at the point (0,0) (identified with
(0,—1) and (0,1) in the A case). We refer to such a point as the singular point: it is a regular
point for the complex structure of X¢ or 4, but it is singular for the global coordinate z = s+ it.
In fact, the canonical map

SR = RxT, (s,1) 0 (s,1),

is a 2 : 1 branched covering of the cylinder.

Let H € C®([-1,1] x T*M). If u € C*(X§, T*M), the complex anti-linear one-form F (u)
is everywhere defined by equation (34). We just need to check the regularity of Fy g (u) at the
singular point. Writing F; i () in terms of the holomorphic coordinate { = ¢ + i7 by means of
(36), we find

Fruu) = (1l —oJ(u)Xu(2o7r,u)do + (6l +7J(u))Xu(207,u) dr.

Therefore Fy i (u) is smooth, and actually it vanishes at the singular point.

Assume now that H € C*°(R/2Z x T*M) is such that H(-1,-) = H(0,-) = H(1,-) with all
the time derivatives. If u € C> (X4, T*M), (34) defines a smooth complex anti-linear one-form
Frm(u) € QUL S5, w(TT*M)).

A map u in C®(2¢,T*M) or in C= (X4, T*M) solves equation (35) if and only if it solves
the equation

01 (u) = Osu+ J(u)(Opu — X (t,u)) =0

on Int(Xy). If u solves the above equation on [sg, s1] X [to,?1], formula (30) together with an
integration by parts leads to the identity

/ /h'austﬁdtds A (u(so, ) — A (u(si, )
/ (n(u(s, 01))[Dsu(s, 11)] — nu(s, to))[Deu(s, to)]) ds,

where AL (x) denotes the Hamiltonian action of the path x on the interval I. We conclude that
a solution u of (35) on ¥4 or on X - in the latter case with values in Ty, M on the boundary -
satisfies the sharp energy identity

// |0su(s,t)|* ds dt
(- s0,50[x] = 1,1)\ (] —50,0] x {0} (38)

= A (w(=s0,)) + A (u(=s0, ) — AL (u(s0, ).

3.3 The triangle and the pair-of-pants products

Given Hy, Hy € C*°([0,1] x T*M) such that Hy(1,-) = H2(0,-) with all time derivatives, we define
Hy#H, € C=([0,1] x T*M) by

2H,(2t,x) for 0 <t <1/2,

Hl#HQ(W):{ 2H, (2t —1,2) for 1/2<t< 1. 39)

Let us assume that Hy, Hy, and Hy#H, satisfy (HO0)®. The triangle product on HF(T*M) will
be induced by a chain map

Y F(Hy, J1) @ FH(Ha, Jo) — Fpl o (Hi#tHo, J1#E00).
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In the periodic case, we consider Hamiltonians H;, Hy € C*°(T x T*M) such that H,(0,-) =
Hs(0,-) with all time derivatives. Assuming that Hy, Hy, and H,#Hy satisfy (HO0)*, the pair-of-
pants product on HF*(T*M) will be induced by a chain map

TA : F,?(Hl,:]l) ®F]?(H2,J2) - F,i\+k7n(H1#HQ,J1#J2),

where n is the dimension of M.
Let H € C*([-1,1] x T*M), respectively H € C*°(R/2Z x T*M), be defined by

1 Hi(t+1,2) if —1<t<0,
H(t,x):§H1#H2((t+1)/27$):{ H;Et ) ) ifo<t<l1. (40)

Notice that = : [-1,1] — T*M is an orbit of Xy if and only if the curve ¢t — z((t + 1)/2) is an
orbit of XH1#H2~

Given 11 € P*(Hy), 29 € P H,), and y € P (H 4 H>), consider the space of solutions of
the Floer equation
delbar ;g (u) = 0 on the holomorphic triangle

M (1, T y) = {u € C®(24,T*M) |95u(u) =0, u(z) € T, MVze O%g,

lim wu(s,t—1)=w1(t), lm u(s,t)=z2(t), lim wu(s,2t —1) = y(¢), uniformly in ¢ € [0, 1]}

55— —00 s——+00

Similarly, for z; € PMNH)), o € PMNHy), and y € PN (H#H,), we consider the space of
solutions of the Floer equation on the pair-of-pants surface

MR (21,203 Yy) = {uEC“(E/},T*M) Oyn(u) =0, lim wu(s,t—1)=z(t),

§——00

lim_u(s,t) = x2(t), 1i$1 u(s,2t — 1) = y(¢), uniformly in ¢ € [0, 1]}

The following result is proved in section 5.10.

3.4. PROPOSITION. For a generic choice of Hy and Hy as above, the sets ///%(xl,xg;y) and
MP (21, 29;Y) - if non-empty - are manifolds of dimension

dim A5 (1, 205 y) = (1) + p@(22) — p(y),  dim AP (x1,20;y) = ™ (21) + p (22) — 1 (y) — n.

These manifolds carry coherent orientations.

The energy identity (38) implies that every map u in 5} (w1, x2;y) or in AP (21, 22;y) satisfies

// |0su(s, ) ds dt = Ap, (21) + A, (22) — Apy w1, (Y).- (41)
(Rx]=1,1[)\]—00,0] x{0})

As a consequence, we obtain the following compactness result, which is proved in section 6.1.

3.5. PROPOSITION. Assume that the Hamiltonians Hy and Ha satisfy (H1), (H2). Then the
spaces ML (v1,72;y) and M (x1,72;y) are pre-compact in Cre.

When pf(y) = pS(x1) + p(z2), A5 (w1,72;y) is a finite set of oriented points, and we
denote by n$(z1,r2;y) the algebraic sum of the corresponding orientation signs. Similarly, when
M y) = p (1) + ph(x2) — n, AP (x1,22;y) is a finite set of oriented points, and we denote
by n’} (1, x2;y) the algebraic sum of the corresponding orientation signs. These integers are the
coeflicients of the homomorphisms

Y9 Fy(Hi) @ FiH(Ha) — Fily (Hi#Hz), 1 @2 > n¥ (1, 22;9) Y,

yE P (H1# Hs)
1 (y)=h+k

YA FMHY) @ FY(Hy) — Fiy o, (Hi#Hs), 21 @ 39— > nd (21,25 9) y.

yE PN (H1#H>)
1™ (y)=h+k—n
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A standard gluing argument shows that the homomorphisms Y and Y are chain maps. There-
fore, they define products
T HFENT*M) @ HEHT*M) — HF, , (T*M),
YA HENT*M) @ HEMNT*M) — HF{, ., (T*M),
in homology. By standard gluing arguments, it could be shown that these products have a unit
element, are associative, and the second one is commutative. These facts will actually follow from

the fact that these products correspond to the Pontrjagin and the loop products on H,(2(M, qo))
and H.(A(M)).

3.4 Floer homology for figure-8 loops

The pair-of-pants product on cotangent bundles - unlike on an arbitrary symplectic manifold -
has a natural factorization. Indeed, we will show that it factors through the Floer homology of
figure-8 loops. The aim of this sections is to define this Floer homology.

Let Hy,Hy € C*([0,1] x T*M) be two Hamiltonians satisfying (H1) and (H2). We are now
interested in the set 29 (H; @ Hs) of pairs of orbits (w1, 22) of Xz, and Xg, such that

mox1(0) =mowe(0) =mox1(1) =moaxa(l), x1(1)—x1(0)+ x2(1) — 22(0) = 0.

This is the Hamiltonian version of the problem %€ (L; @ Ls), introduced in section 2.5. It is a
non-local Lagrangian boundary value problem on the symplectic manifold (T*M x T*M,w X w),
that is on the cotangent bundle of M? = M x M endowed with its standard symplectic structure.
Indeed, consider the following n-dimensional submanifold of M* = M x M x M x M,

AS = {(¢.9.9,9) | g € M},

and denote by N*A€, its conormal bundle, that is
VA% = {C e T"MP|ag, | Clrag, =0}
={(¢1,¢2, s, Ca) € (T"M)* [ w($1) = w(C2) = m(¢s) = 7(Ca), 1+ G+ C3+Ca=0}.

We are looking at orbits x = (21, 22) of the Hamiltonian vector field Xz, ¢, on T*M? such that
(z(0), —z(1)) belongs to N*Af,. In other words, we are looking at the intersection of the graph
of —@1®H2(1 ) _ a Lagrangian” submanifold of T*M? x T*M? = T*M* - with the Lagrangian
submanifold N *A%. The corresponding non-degeneracy condition is then the following;:
(HO0)® every solution z = (1, 22) € £°(H; @ H,) is non-degenerate, meaning that the graph of

the map —¢f1®H2(1 ) is transverse to the submanifold N*AY; at the point (x(0), —z(1)).
Let © = (z1,22) € Z°(H; © H,). By means of a unitary trivialization

[0,1] x R*™ — z*(TT*M?),

mapping (0) x R?" into the vertical subbundle TVT*M?, we can transform the differential of
¢ ®H2(¢ ) at x(0) into a path ® : [0,1] — Sp(4n) into the symplectic group of R*", such
that ®(0) = I. Denoting by C' € L(R*"*,R*") the anti-symplectic involution C(q,p) = (q, —p),

condition (H0)® states that the graph of C®(1) has intersection (0) with the Lagrangian subspace
of R4 x R4",

N*A% = {(21,21,23,24) € ([RQ")4 | m21 =720 =2z =72q, (I —7)(21 + 22+ 23+ 24) = O},

7 :R?™ = R™ x R® — R™ denoting the projection onto the first factor.

"Usually a non-local Lagrangian boundary value problem on the symplectic manifold (P,w) is given by fixing a
Lagrangian submanifold . of (P x P,w @ (—w)) and considering its intersection with the graph of a Hamiltonian
diffeomorphism of P, which is a Lagrangian submanifold of (P X P,w @& (—w)). Here P is the cotangent bundle of
a manifold, and so is P x P. Therefore we prefer to consider always the standard symplectic structure w & w on
P x P, and not the flipped one, w @ (—w). With this choice, ¢ is a symplectic diffeomorphism of P if and only if
the graph of —¢ is a Lagrangian submanifold of P x P. See also section 5.1 for the consequences of adopting this
sign convention.
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3.6. DEFINITION. The Maslov index u®(z) € Z of x = (x1,22) € P°(H, ® Hs) is the integer

1O(@) == u(N* AL, graph C®) — .

Since the intersection of the Lagrangian subspaces N*A®, and graph C®(0) = graphC has
dimension 3n, the relative Maslov index u(N*Ag., graph C®) differs from 3n/2 by an integer (see
[RS93], Corollary 4.12), so u®(x) is an integer. The fact that this definition does not depend
on the choice of the trivialization is proved in [APS08], in the more general setting of arbitrary
non-local conormal boundary conditions.

By (30), the elements of 2 (H; @ Ha) are critical points of the action functional Ag, e m, =
Ap, ®Ag, on the space of pairs of curves z1, 22 : [0, 1] — T*M whose four end points have the same
projection on M. We endow M x M with the product metric, and T*M? with the corresponding
almost complex structure, still denoted by J. Let 2~ = (z],z;) and 2t = (z],2]) be two
elements of 2°(H; @ Hs), and let .# (x~,2%) be the space of maps u € C°°(R x [0, 1], T*M?)
which solve the Floer equation

5J7H1€BHz (u) =0,
together with the boundary and asymptotic conditions

(u(s,0), —u(s,1)) € N*AY,, VseR,
lim wj(s, ) = zf, Vj=1,2.

s—too J
The following result is proved in section 5.10.

3.7. PROPOSITION. For a generic choice of Hy and Hs the set //lae(x_,a:"’) is a smooth manifold
of dimension u®(x~) — pu®(xt). These manifolds can be oriented in a coherent way.

Let us deal with compactness issues. Lemma 3.1 together with assumption (H0)® implies that
for every A € R the set of (v1,22) € 2°(H; ® Ha) with Ag, (71) + Am,(z2) < A is finite.

Assumptions (H1) and (H2) allow to prove the following compactness result for solutions of
the Floer equation (see section 6.1).

3.8. PROPOSITION. Assume that Hy and Hs satisfy (H1), (H2). Then for every x—,x% €
PO(H, ® Hs), the space ME (x~,x") is pre-compact in O (R x [0,1], T*M?).

loc

If we now assume that H; and Hy satisfy (HO0)®, (H1), and (H2), we can define the Floer
complex in the usual way. Indeed, for x=, 2+ € 29 (H; @ H,) such that pu®(z7) —p®(z+) = 1, we
define n(g (z7,2") € Z to be the algebraic sum of the orientation sign associated to the elements
of A% (x~.x"), and we consider the boundary operator

d:FP(H, ® Hy) — FP [(Hy ® Hy), = — > nS(x~,2t)at,

zte2®(H,®H>)
u® (zT)=k—1

where FO(H; ® Hz) denotes the free Abelian group generated by the elements » € 2°(H; © Hz)
with 4 (z) = k.

The resulting chain complex F©(H, @ Hy, J) is the Floer complex associated to figure-8 loops.
If we change the metric on M - hence the almost complex structure J on T*M? - and the ori-
entation data, the Floer complex F©(H; @ H,,J) changes by an isomorphism. If we change the
Hamiltonians H; and Hs, the Floer complex changes by a chain homotopy. In particular, the ho-
mology of the Floer complex does not depend on the metric, on Hi, on Hy, and on the orientation
data. This fact allows us to denote this graded Abelian group as HF®(T*M). We will show in
section 4.1 that the Floer homology for figure-8 loops is isomorphic to the singular homology of
the space of figure-8 loops © (M),

HEP(T*M) = H(0(M)).
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3.5 Factorization of the pair-of-pants product

Let Hy, Hy € C°°(T x T*M) be two Hamiltonians satisfying (H0)*, (H1), and (H2). We assume
that H;(0,-) = H2(0,-) with all time derivatives, so that the Hamiltonian H;# Hj defined in (39)
also belongs to C°°(T x T*M). We assume that Hy#H, satisfies (HO0)*, while H, @ H, satisfies
(HO0)®. The aim of this section is to construct two chain maps

E:FMNH.,J) @ FMNHy, J) — F2,,_,(Hi @ Ha, J),
G : FO(Hi @ Ha, J) — F{(Hi#Ha, J),

such that the composition G o E is chain homotopic to the pair-of-pants chain map T.

The homomorphisms F is defined by counting solutions of the Floer equation on the Riemann
surface X which is the disjoint union of two closed disks with an inner and a boundary point
removed. The homomorphism G is defined by counting solutions of the Floer equation on the
Riemann surface ¥ obtained by removing one inner point and two boundary points from the
closed disk. Again, we find it useful to represent these Riemann surfaces as suitable quotients of
strips with slits.

v N
i \
I \v
e — . '
! 1
)
Q4 /

1R

R

Figure 3: A component of X g: the cylinder with a slit.
The surface X can be described starting from the disjoint union of two strips,
(R x [-1,0]) U (R x [0,1]),
by making the following identifications:
(s,—1) ~ (5,07), (5,07)~ (s,1) fors<0.

The complex structure of X is constructed by considering the holomorphic coordinate

¢?—i ifRe( >0,
{cecimezo i<yl —zs - { &7 fReiZ0 (42)
at (0,—1) ~ (0,07), and the holomorphic coordinate
¢>+i ifRe¢ >0,
{CEC|ImC20, |g|<1/\/§}—>zE, gH{CQ if Rec < 0, (43)

at (0,0™) ~ (0,1). The resulting object is a Riemann surface consisting of two disjoint components,
each of which is a cylinder with a slit: each component has one cylindrical end (on the left-hand
side), one strip-like end and one boundary line (on the right-hand side). See figure 3. The
global holomorphic coordinate z = s + it has two singular points, at (0,07) ~ (0,—1), and at
(0,0%) ~ (0, 1).
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The Riemann surface X¢ is obtained from the disjoint union of two strips (R x [—1,0]) U (R x
[0,1]) by making the identifications:

(5,07) ~ (s5,07)
{ (5,—1) ~ (5,1) for s > 0.

A holomorphic coordinate at (0,0) is the one given by (36), and a holomorphic coordinate at
(0,—1) ~ (0,1) is:

¢2—i ifIm¢ >0,

24 ifTm¢ <0, (44)

{CeC|ReC >0, [¢(|] <1} — Xg, C'_){

We obtain a Riemann surface with two boundary lines and two strip-like ends (on the left-hand
side), and a cylindrical end (on the right-hand side). The global holomorphic coordinate z = s+t
has two singular points, at (0,0), and at (0, —1) ~ (0, 1).

Let H € C®(R/2Z x T*M) be defined by (40). Given 21 € PN Hy), 22 € PN (Ha), y =
(y1,92) € PO(H, ® Hy), and z € P H #H,), we consider the following spaces of maps. The
set M (x1,x2;y) is the space of solutions u € C®(X g, T*M) of the Floer equation

EL]’H(U) = 0,
satisfying the boundary conditions

mu(s,—1) = mu(s,
U(S, 0_) - U’(Sv -1)+ U’(Sv 1) - U’(Sv 0+) =Y
and the asymptotic conditions

lim w(s,t—1)=xz1(t), lm wu(s,t) =x2(t), lm u(s,t—1)=wy1(t), lm wu(s,t) =ya(t),

S——00 S——00 s——+o0 s——+o0

uniformly in ¢ € [0,1]. The set .#Zc(y, z) is the set of solutions u € C>®(Xq, T*M) of the same
equation, the same boundary but for s < 0, and the asymptotic conditions

lim wu(s,t—1) =y1(t), lim wu(s,t) =ya(t), lm wu(s,2t—1) = 2z(t),
§——00 S§——00

§—+00
uniformly in ¢ € [0,1]. The following result is proved in section 5.10.

3.9. PROPOSITION. For a generic choice of Hy and Hsy, the spaces Mg (x1,x2;y) and Mg (y, z)
- if non-empty - are manifolds of dimension

dim g (21, x2;y) = p™(21) + p (22) — p®(y) —n,  dim.Aa(y, z) = u®(y) — p(2).
These manifolds carry coherent orientations.

The energy identities are now
[ [ oals 0 dsdt = hu (o) + i a2) = Ao o) (45)
Rx]—1,1]
for every u € Mg (x1,22;y), and
[ 1oas. o dsdt = Ao (v) - bur (), (46)
Rx]—1,1]

for every u € #c(y, z). As usual, they imply the following compactness result (proved in section
6.1).

3.10. PROPOSITION. Assume that Hy, Hy satisfy (H1), (H2). Then the spaces Mg (x1,x2;y) and
My, z) are pre-compact in C3X..
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When p®(y) = p(z1) + p(z2) — n, Ar(r1,20;y) is a finite set of oriented points, and
we denote by ng(x1,x2;y) the algebraic sum of the corresponding orientation signs. Similarly,
when p(2) = p®(y), #c(y, 2) is a finite set of oriented points, and we denote by ng(y, z) the
algebraic sum of the corresponding orientation signs. These integers are the coefficients of the
homomorphisms

E: Fj)(Hi) @ F{(Ha) — Fyp_p(Hi © Ha), 01 @@y Z ng(z1,22;9) Y,

yE PO (H1QHo)
u® (y)=h+k—n

G: FO(H, ® Hy) — FMH #H,), y— > ng(y, z) z.

2 PN Hy#Hy)
uh(z)=k

A standard gluing argument shows that these homomorphisms are chain maps. The main result
of this section states that the pair-of-pants product on T*M factors through the Floer homology
of figure-8 loops:

3.11. THEOREM. The chain maps
YA, GoE: (FMNHy,J)@ FNHy, J)), = € FMHy,J) @ F)Hs,J) — F, (Hi#H,J)
j+h=k
are chain homotopic.

In order to prove the above theorem, we must construct a homomorphism
Pag: (FMNHy, J) @ FA(H, J)), — F o (Hi#Hs, J),
such that
(YA =GoE)a®B) =0} g, 4m, © Pop(a®B) + Pip(0) ga® B+ (=) "a® 05 4,8), (47)

for every o € F*(Hy) and 3 € F, jA(Hg). The chain homotopy PZX, is defined by counting solutions
of the Floer equation on a one-parameter family of Riemann surfaces with boundary ©F;(a),
a €]0, +0o0], obtained by removing two open disks from the pair-of-pants.

More precisely, given a €]0,4+o00[, we define E(X;E(a) as the quotient of the disjoint union
(R x [—1,0]) U (R x [0,1] under the identifications

(s,—=1) ~(s,07) . (s,—1) ~ (s,1) .
Llon T reso {EETE weza

This object is a Riemann surface with boundary, with the holomorphic coordinates (42) and (43)
at (0,—1) ~ (0,07) and at (0,07) ~ (0,1), with the holomorphic coordinates (36) and (44)
(translated by «) at (a,0) and at (o, —1) ~ (a, 1). The resulting object is a Riemann surface with
three cylindrical ends, and two boundary circles.

Given 1 € PN H,), 2o € PN Hy), and z € PMNH #H,), we define ///gE(xl,arg;z) to be
the space of pairs (o, u), with a > 0 and u € C® (X% z(«), T* M) solution of

EL]’H(U) = 0,
with boundary conditions

{ mu(s, 1) = mu(s, 07) = wu(s, 0) = muls, 1), oo

u(s,07) —u(s,—1) +u(s,1) —u(s,07) =0,
and asymptotic conditions

lim wu(s,t—1)=x1(t), lim wu(s,t) =x2(t), lim u(s,2t—1)=z(t),

s——00 s——00 s—-4o00

uniformly in ¢ € [0,1]. The following result is proved in section 5.10.
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3.12. PROPOSITION. For a generic choice of Hy and Ha, ///gE(xl,xg;z) - if non-empty - is a
manifold of dimension

dim A g (w1, 295 2) = (1) + p (22) — p(2) —n + 1.

The projection (v, u) — a is smooth on M35 (x1,22;2). These manifolds carry coherent orienta-
tions.

Energy estimates together with (H1) and (H2) again imply compactness. When p’(z) =
p (1) +p (22) —n+1, X5 (21,225 2) is a finite set of oriented points. Denoting by ng g (21, z2; 2)
the algebraic sum of the corresponding orientation signs, we define the homomorphism

Pgp : Fi(Hy) © F{(Hz) = Fi g (Hi#Hz), @1 @@ > n&p(e1,w2;2) 2.

2€ PN (H #Hs)
wh(2)=h+k—n+1

Then Theorem 3.11 follows from the following:
3.13. PROPOSITION. The homomorphism PgE is a chain homotopy between Y* and G o E.

The proof of the above result is contained in section 6.3.

3.6 The homomorphisms C, Ev, and I,
Let us define the Floer homological counterparts of the the homomorphisms
cs : Hy (M) — Hip(A(M)), evy: H (A(M)) — Hp(M).

Let f be a smooth Morse function on M, and assume that the vector field —grad f satisfies the
Morse-Smale condition. Let H € C°°(T x T*M) be a Hamiltonian satisfying (H0)*, (H1), (H2).
We shall define two chain maps

C: Mk(f’ <’>) - Fk(H7 J)a Ev: Fk(H7 J) - Mk(f’ <a>)

Given z € crit(f) and y € 2*(H), consider the following spaces of maps
Mz, y) = {u e ([0, +00[x T, T*M) ‘a,ﬂ(u) —0, mou(0,t) =g € W) Vt €T,

lim wu(s,t) = y(¢) uniformly in ¢ € TT},

s——+o0

and
My, 1) = {u € 0%°(] - 00,0] x T,T*M) }aw(u) =0, u(0,t) €Oy VEET,

u(0,0) € W8(z), lim wu(s,t) = y(¢) uniformly in ¢ € TT},

S§——00

where O,; denotes the zero section in T*M.
The following result is proved in section 5.10.

3.14. PROPOSITION. For a generic choice of H, Mc(x,y) and Muy(y,x) are manifolds with

My),  Mev(y, ) = p(y) — m(z).

These manifolds carry coherent orientations.

dim Ac(z,y) = m(z) — p

If w belongs to Ac(z,y) or Auy(y,x), the fact that u(0,-) takes value either on the fiber of
some point ¢ € M or on the zero section of T*M implies that

A (u(0,-)) = —/0 H(t,u(0,1)) dt.
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Therefore, we have the energy estimates

dsu(s,t)|>dsdt < — min H(t,q,0) — A ,
//]O,+oo[x]0,1[| (s:2) (t,))€TXM (2,0 #(9)

for every u € Ao (x,y), and

dsu(s,t)?dsdt < A 4+ max H(t,q,0),
[ el nly) + | max | H(t0.0)

for every u € Mrwy(y,x). These energy estimates allow to prove the following compactness result:

3.15. PROPOSITION. The spaces Mc(x,y) and Mgy (y,x) are pre-compact in C72. ([0, +00[x T, T*M)
and C22.(] — 00,0] x T, T*M).

loc

When p*(y) — m(x), Mc(x,y) and A, (y, ) consist of finitely many oriented points. The
algebraic sums of these orientation signs, denoted by nc¢(x,y) and ngy (y, z), define the homomor-
phisms

CMk(fa<a>)HFlé\(HaJ)v Z = Z nC(xvy)ya
ye 2™ (H)
w(y)=k

Ev: FMH,J) = Mi(f, (), = Y, ne(y2)
zEcrit(f)
m(z)=k

A standard gluing argument shows that C' and Ev are chain maps.

We conclude this section by defining the Floer homological counterpart of the homomorphism
i s Hy(A(M)) — Hy—n (UM, qo))-

Let ¥, be a cylinder with a slit. More precisely, Xy, is obtained from the strip R x [0, 1] by the
identifications (s,0) ~ (s, 1) for every s < 0. At the point (0,0) ~ (0, 1) we have the holomorphic
coordinate

2 if Tm ¢ > 0,

{cemReczO, |C|<1/\/§}—>21u CH{ 4+ if Im( <0.

It is a Riemann surface with one cylindrical end (on the right-hand side), one strip-like end and
one boundary line (on the left-hand side). It is the copy of one component of X g, see Figure 3.

Consider now a Hamiltonian H € C°°(T x T* M) satisfying (H0)*, (H0)*, (H1), (H2). We also
assume

vePMNH) = x(0)¢T; M. (48)
Given z € 27 (H) and y € ZY(H), we introduce the space of maps
My (z,y) = {u € C™ (X, T*M) |u solves (35), u(s,0) € Ty M, u(s,1) € T, M Vs > 0,

lim wu(s,t) ==(t), lim wu(s,t)=y(t) uniformly in ¢ € [0, l]}

85— —00 s5——+400
The following result is proved in section 5.10):
3.16. PROPOSITION. For a generic H satisfying (48), the space M1 (x,y) is a manifold, with
&

dim A3 (2,y) = p (@) — 2 (y) — .

These manifolds carry coherent orientations.
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The following compactness statement follows from the general discussion of section 6.1.

3.17. PROPOSITION. The space M1, (x,y) is pre-compact in Coo (X1, T*M).

loc

When 1} (y) = p*(x) — n, the space .7, (x,y) consists of finitely many oriented points. The
algebraic sum of these orientations is denoted by nj, (x,y), and defines the homomorphism

I:FMH,J) = FEL(H, D), z— Y ny(z,y)y.

ye 2 (H)
1 (y)=k—n

A standard gluing argument shows that I is a chain map.

4 Isomorphisms between Morse and Floer complexes

4.1 The chain complex isomorphisms
Let L € C*([0,1] x T*M) or L € C*°(T x T*M) be a Lagrangian satisfying (L1) and (L2). Let
H be the Fenchel transform of L, that is

H(t,q,p) := Jmax (p(v) — L(t,q, v))-

It is easy to see that H satisfies (H1) and (H2). If v(t,q,p) € T,M is the (unique) vector where
the above maximum is achieved, the map

0,1] x T*M — [0,1] x TM, (t,q,p) — (t,q,v(t,q,p)),

is a diffeomorphism, called the Legendre transform associated to the Lagrangian L. The Legendre
transform induces a one-to-one correspondence x — 7 o x between the orbits of the Hamiltonian
vector field Xy and the solutions of the second order Lagrangian equation given by L. When H
is the Fenchel transform of L, we have the fundamental inequality between the Hamiltonian and
the Lagrangian action functionals:

Ap(r) <Sp(rox), Vx:[0,1] - T*M, (49)

with the equality holding if and only if z is related to (7 o z, (7 o z)") by the Legendre transform.
In particular, the equality holds if x is an orbit of the Hamiltonian vector field X . In this section
we recall the definition of the isomorphisms

. My(S2, g% — FHH, J), % : My(S3,g™) — FMNH,JT),

between the Morse complex of the Lagrangian action functional and the Floer complex of the
corresponding Hamiltonian system. See [AS06b] for detailed proofs.

We assume that L satisfies (L0)%, resp. (L0)?, equivalently that H satisfies (H0)®}, resp. (H0)".
Consider a Riemannian metric g, resp. g®, on Q' (M, qo), resp. A*(M), such that the Lagrangian
action functional Sy, satisfies the Palais-Smale and the Morse-Smale conditions. Given v € 22}(L)
and 2 € 2 (H), we denote by .5 (v, ) the space of maps u € C*([0, +-00[x[0, 1], T*M) which
solve the Floer equation

5J7H(U) = 0, (50)
and satisfy the boundary conditions

u(s,0) € Ty M, u(s,1) € T, M, Vs=>0,
mou(0,-) € W(y, —grad %),
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and the asymptotic condition

lim wu(s,t) = z(t), (51)

s——+00

uniformly in ¢ € [0,1]. Similarly, for v € 2*(L) and z € P*(H), we denote by .5 (v, )
the space of maps u € C°([0, +00[xT,T*M) solving the Floer equation (50) with the boundary
condition

mou(0,-) € W¥(y, —grad S4),

and the asymptotic conditon (51) uniformly in ¢ € T. For a generic choice of H, these spaces of
maps are manifolds of dimension

dim 25 (v,2) = m®(7) — p (),  dim.Ag(y,z) = m"(7) — p*(2).

The inequality (49) provides us with the energy estimates which allow to prove suitable compact-
ness properties for the spaces #$ (v, z) and .5 (v,r). When p(z) = m®(y), resp. p’(z) =
m™ (), the space A5 (v,x), resp. M} (v, ), consists of finitely many oriented points, which add
up to the integers n$ (7, z), resp. n4(v,z). These integers are the coefficients of the homomor-
phisms
P My(ST,9"%) — FE(H,J), v— > ngly,2)z,
z€ P (H)
u(2)=k

q)ﬁ:Mk(S%ng)HFI?(H?J)’ B Z n{{i(’%x)xa
zePM(H)
wh (z)=k

which are shown to be chain maps. The inequality (49) together with its differential version implies
that ne(y,x) =0 if Ag(z) > Sp(y) and v # 7o , while ng(y,x) = £1 if v = 7 o 2. These facts
imply that ®? and ®* are isomorphisms. We summarize the above facts into the following:

4.1. THEOREM. For a generic metric g%, resp. g™, on the based loop space Q (M, qo), resp. on the
free loop space A*(M), and for a generic Lagrangian L € C*°([0,1]xTM), resp. L € C®°(TxTM),
satisfying (L0), resp. (L0)*, (L1), (L2), the above construction produces an isomorphism

OF : My(S?,9") — FH(H, J), resp. &3 : My(SE,g") — F(H,J),

from the Morse complex of the Lagrangian action functional to the Floer complex of (H,J), where
H is the Fenchel transform of L.

The same idea produces an isomorphism
O oL, Mr(ST,01,-97) — FO(Hy @ Ha, J),

between the Morse and the Floer complex associated to the figure-8 problem (see sections 2.5 and
3.4). Indeed, given v € #°(L; @ L) and x € #°(H; @ Hz), we consider the space .Zg (v, x) of
maps u € C*([0, +o00[x[0, 1], T*M?) solving the Floer equation

dy.mem,(u) =0,
with non-local boundary conditions
(u(s,0), —u(s,1)) € N*AS,, Vs >0,
mou(0,) € W' (v, ~gradS7,q,),

and asymptotic condition

lim w(s,t) = z(t),

s——+00

uniformly in ¢ € [0, 1]. The following fact is proved in section 5.10:
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4.2. PROPOSITION. For a generic choice of g©, Hy, Ha, the space M (7, z) - if non-empty - is a
manifold of dimension

dim A (v, ) =m®(y) — ().
These manifolds carry coherent orientations.

The inequality (49) implies the energy estimate which can be used to prove Cf, compactness of

the space A4 (v, z). When p®(z) = m®(y), the space 4§ (v, x) consists of finitely many oriented
points, which define an integer ng (7, ). These integers are the coefficients of a homomorphism

(I)?l@LQ : Mk(sgl@Lyge) HFk(Hl@HZaJ)v Y= Z ng(’%x)x
ze P (H,®H2)
u® (z)=k

This is a chain complex isomorphism. See [APSO08] for the construction of this isomorphism for
arbitrary non-local conormal boundary conditions.

4.2 The () ring isomorphism

Let Ly, Ly € C*([0,1] x TM) be two Lagrangians such that L;(1,-) = L2(0,-) with all the time
derivatives, and such that L; and Ly satisfy (L0)®, (L1), (L2), and (24). Assume also that the
Lagrangian L1#Lo defined by (23) satisfies (L0)*2. Let H; and Hs be the Fenchel transforms of
L, and Lo, so that Hy#H> is the Fenchel transform of Li#Ls, and the three Hamiltonians H,
Hoy, and H;# H, satisfy (H0)$, (H1), (H2).

In section 2.6 we have shown how the Pontrjagin product can be expressed in a Morse theo-
retical way. In other words, we have constructed a homomorphism

M# : Mh(Slegl) b2 Mj(SL2792) — Mh-l—j(SLl#Lzag)

such that the upper square in the following diagram commutes

HA (M, o)) ® H; (M, go)) ———— Hpy;(M, g0))

. |

HM(S¢,,91) @ HM;(SE,, g2) ——— HMpn (57, 41,,+9)

R

H¢21®H¢22l lePSZl#Lz
HFX(H,J) ® HF®(H, J) —~ HF® (H\#H,,J)

The aim of this section is to show that also the lower square commutes. Actually, we will show
more, namely that the diagram

M.
(M(S$,,91) ® M(SE,,92)) , — = Mi(S$,41,.9)

<I>521®<I>S22l/ l¢%1#L2
Q
(F(H1,J) @ F(Hz, J)), —————— F(Hi#H, J)
is chain-homotopy commutative. Instead than constructing a direct homotopy between @%1# L, ©
My and T¢ o @%1 ® @%2, we shall prove that both chain maps are homotopic to a third one, that
we name K, see Figure 4.
The definition of K is based on the following space of solutions of the Floer equation for the
Hamiltonian H defined in (40): given v; € P(Ly), 7o € P(Ls), and x € P} (H 4 H>), let
M % (71,72; ) be the space of solutions of the Floer equation

EL]’H(U) = 0,
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Q
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Figure 4: The homotopy through K.

with boundary conditions
mou(s,—1)=mou(s,1)=qo, Vs>0,
mou(0,- —1) € W"(y, —gradS%l), mou(0,-) € W (v, —gradS%Z),
and the asymptotic behavior

lim w(s,2t — 1) = x(t),

s——+00

uniformly in ¢ € [0,1]. Theorem 3.2 in [AS06b] (or the arguments of section 5.10) implies that
for a generic choice of g1, g2, H1, and Ho, ///% (71,792; x) - if non-empty - is a smooth manifold of
dimension

dim 2 (71, 72; 7) = mP (y1; L1) + m® (a5 L) — p(a; Hi#£H>).

These manifolds carry coherent orientations. The energy identity is now
/ (Outu(s, ) dsdt = Aury(22) + By () — b (2).
10,400[x]-1,1]

where z1(t) = u(0,t — 1) and x2(t) = u(0,¢). Since 7o x; is in the unstable manifold of v; and
7 o x9 is in the unstable manifold of 7, the inequality (49) implies that

AHl (3?1) < SLl (71)7 AHQ (3?2) < SLQ (72)5

so the elements u of .} (v1,72; ) satisfy the energy estimate
/ (Ouu(s, 1 ds i < Sp, (1) + 51, (12) — Ay, (). (52)
10,400[x]—1,1]

When m$(y1; L1) + m®(ye; La) = p(z; Hy @ Hs), the space #(y1,72;2) is a compact zero-
dimensional oriented manifold. If n‘%(y1,72;2) is the algebraic sum of its points, we can define
the homomorphism

KQ: (M(S%Ugl)@M(S%gﬂg?))k_)FkQ(Hl#HQaJ)v 71 QY2 Z nsll((’ylv’)/?;x)x'

ze P (H #Hs)
u(z)=k
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A standard gluing argument shows that K is a chain map.

It is easy to construct a homotopy P;f between @%1# L, © My and K € In fact, it is enough
to consider the space of pairs (o, u), where « is a positive number and w is a solution of the
Floer equation on [0, +oo[x[—1,1] converging to = for s — +o00, and such that the curve ¢t —
mou(0,2t — 1) belongs to the evolution at time a of

F(W“(’yl; —gradglggl) X W (e; —gradeS%Q)),

by flow of —grad S%l 41, Here I' is the concatenation map defined in section 2.6. More precisely,
set
ME (71, 72; ) = {(a,u) ‘ a >0, ue C>®([0,4o00[x[-1,1],T*M) solves (32),
mou(s,—1)=mou(s,1) =qo Vs >0, hI—P u(s,2t — 1) = x(t), uniformly in ¢t € [0, 1],

mou(0,2-—1) € ¢2 (I‘(W“(%, —gradS%l) X W (s, —grad S%z)))},

where ¢§2 denotes the flow of —grad S%l#LQ. For a generic choice of g1, g2, H1, and Hs, ///;? (71,725 )
- if non-empty - is a smooth manifold of dimension

dim A (1,72 2) = m®(y1; L1) + mP(y2; Lo) — p(a; Hi#+Ho) + 1,

and these manifolds carry coherent orientations. The energy estimate is again (52). By counting
the elements of the zero-dimensional manifolds, we obtain a homomorphism

PE . (M(S,,q1)® M(SY,,92)), — Fity(Hi#Ha, J).

A standard gluing argument shows that P;? is a chain homotopy between @%1# L, © My and K e

The homotopy P between K and T o (@%1 ® @%2) is defined by counting solutions of the
Floer equation on a one-parameter family of Riemann surfaces 4 (), obtained by removing a
point from the closed disk. More precisely, given a > 0 we define X (a) as the quotient of the
disjoint union [0, +oo[x[—1, 0] Ll [0, +00[x [0, 1] under the identification

(5,07) ~ (5,0%) for s > a.

This object is a Riemann surface with boundary: its complex structure at each interior point and
at each boundary point other than («,0) is induced by the inclusion, whereas the holomorphic
coordinate at («,0) is given by the map

{CeC|ReC>0, [¢| <€} - Z (), ¢ a+(P,

where the positive number e is smaller than 1 and /a. Given v1 € P(L1), v2 € P(L2), and
x € P(H1#H), we consider the space of pairs (a,u) where « is a positive number, and (s, t)
is a solution of the Floer equation on Y% (a) which converges to = for s — +o0, lies above some
element in the unstable manifold of v, for s = 0 and —1 < ¢t < 0, lies above some element in
the unstable manifold of 5 for s =0 and 0 < ¢ < 1, and lies above g at all the other boundary
points. More precisely, #E (v1,72; x) is the set of pairs (o, u) where « is a positive number and
u € C° (X4 (a), T*M) is a solution of

D) =0,
satisfying the boundary conditions

mou(s,—1)=mou(s,1)=qo, Vs>0,
mou(s,07)=mou(s,07) =qy, Vsel0,q],
mou(0,- —1) € W*(vy, —gradS%l), mou(0,-) € W (va, —gradS&),
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and the asymptotic condition

lim w(s,2t — 1) = x(t),

s——+00
uniformly in ¢ € [0,1]. The following result is proved in section 5.10.

4.3. PROPOSITION. For a generic choice of Hy, Ha, g1 and ga, M (y1,72;2) - if non-empty -
is a smooth manifold of dimension

dim A5 (1, 725 @) = m (15 L1) +m@ (ya; Lo) — i (w; Hi#Ha) + 1.
These manifolds carry coherent orientations.

As before, the elements (o, u) of ZE (v1,72; ) satisfy the energy estimate

/ Buu(s, ) ds dt < Sz, () + S, (12) — Arr e, (),

Rx]—1,1[\{0} x[0,q]

which allows to prove compactness. By counting the zero-dimensional components, we define a
homomorphism

P (M(SE,, 1) © M(SL,, 92)),, = Fi (Ha#Ho, J).
The conclusion follows from the following:

4.4. PROPOSITION. The homomorphism P{f is a chain homotopy between K and Y% o (@%1 ®
).

The proof of the above proposition is contained in section 6.4. It is again a compactness-
cobordism argument. The analytical tool is the implicit function theorem together with a suitable
family of conformal transformations of the half-strip.

4.3 The A ring homomorphism

Let Ly,Ly € C°(T x TM) be two Lagrangians such that L;(0,-) = Ly(0,-) with all the time
derivatives, and such that L; and Lo satisfy (L0)*, (L1), (L2), and (25), or equivalently (26).
Assume also that the Lagrangian Li# Ly defined by (23) satisfies (L0)*. Let H; and Hy be the
Fenchel transforms of L; and Lo, so that Hi#H> is the Fenchel transform of Li#Lo, and the
three Hamiltonians Hy, Ha, and H;# H» satisfy (H0)%, (H1), (H2).

The loop product is the compositions of two non-trivial homomorphism: the first one is the
exterior homology product followed by the Umkehr map, the second one is the homomorphism
induced by concatenation. In section 2.7 we have shown how these two homomorphisms can be
expressed in a Morse theoretical way. In other words, we have constructed homomorphisms

M‘ : Mh(Sﬁlhgl) ® M](SZL\QMQQ) - Mh“’J*n(S?l@Lz’g@)?
My : Mj(S(Bl@Lz,ge) - Mj(Sﬁl#LQ,gA)

such that the upper squares in the following diagram commute

erox F,‘
Hp(AMM)®H; (A(M)) ——————> Hp1;-n(0(M)) Hpyj—n(A(M))
l H M, l HMr l
HMy (S, ,91)QHM; (S},,92) — > HMn+j—n (ST, 51,:9°) — > HMutj-n(FL 41,:9")
A A e A
H<I>L1®H<I>L2i lHq)Ll@LZ lH@Ll#Lz
HE o HG
HFE}NHy, J)QHF} (Ha,J) ——— HFP ,_ (H1®H2,J) ———— HF} . (H1#H>,J)
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In the following two sections we will show that also the lower two squares commute. By Theorem
3.11, the composition of the two lower arrows is the pair-of-pants product. We conclude that the
pair-of-pants product corresponds to the loop product.

Again, the commutativity of the two lower squares will be seen at the chain level, by proving
that the two squares below

JV[} S o MF
(M(S’L‘l,gl)®M(S’,§2,gg)),C ———— My (8P, 01,:0°) —————— Mi (SR, oy ™) (53)

A A ) A
¢L1®<DL2\L ¢L1EBL2 <DL1#L2

o G
(FAHL,DN@HFA(H, ), ————> FC (H1®Hs,J) ——————> F}, (H1#H2,J)

commute up to chain homotopies.

4.4 The left-hand square is homotopy commutative

In this section we show that the chain maps @?1®Lz oM, and FEo (@%1 ® @%2) are homotopic. We
start by constructing a one-parameter family of chain maps

KL (M(S},,01) ® M(SE,,92)), — F2. (H1 & Ha, J1 & Ja),

where « is a non-negative number. The definition of K2 is based on the solution spaces of the
Floer equation on the Riemann surface XX consisting of a half-cylinder with a slit. More precisely,
when « is positive 3K is the quotient of [0, +00[x[0, 1] modulo the identifications

(s,0) ~ (s,1) Vs e[0,a].

with the holomorphic coordinate at (c,0) ~ («,1) obtained from (43) by a translation by a.
When o = 0, ¥ = B¥ is just the half-strip [0, +oo[x[0,1]. Fix v, € PA(Ly1), 72 € P (L),
and x € Z°(H; © Hy). Let 4% (v1,v2;2) be the space of solutions u € C® (X5 T*M?) of the
equation

Ot em,.a(u) =0,

satisfying the boundary conditions

mou(0,-) € W"(y1; —grad S/L\l) X W (~ye; —grad 92822), (54)
(u(s,0), —u(s,1)) € N*AS,, Vs> a, (55)
hrf u(s,-) = x. (56)

Let us fix some ag > 0. The following result is proved in section 5.10:

4.5. PROPOSITION. For a generic choice of g1, g2, H1, and Hs, //lofg (v1,72; @) - if non-empty -
is a smooth manifold of dimension

dim AL (1,723 2) = m™ (715 L1) + m™ (723 La) — 4 (z) — .
These manifolds carry coherent orientations.

Compactness is again a consequence of the energy estimate

/ Beu(s, |2 dsdt < Sp, (1) + S1a(12) — Ay (@), (57)
10,400[x]0,1]

implied by (49). When m”(y1; L1) + m™(y2; L2) = k and pu®(z; Hy © Hy) = k — n, the space

M O{g (71, 7¥2; x) is a compact zero-dimensional oriented manifold. The usual counting process defines

the homomorphism

K2+ (M(SE,,01) ® M(S1,,92)), — F,(Hy © Ha, J),
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and a standard gluing argument shows that K (’}0 is a chain map.

Now assume «g > 0. By standard compactness and gluing arguments, the family of solutions
ME for a varying in the interval [ag, +0o[ allows to define a chain homotopy between K, é}o and
the composition E o (94 © @4 ).

Similarly, a compactness and cobordism argument on the Morse side shows that K{)\ is chain
homotopic to the composition @?1@L2 o M,. See Figure 5.

Eo (0} ®®}) ~ Kb ~ K{ ~ o9

B L1®L20M!

Figure 5: The homotopy through K2 and K}

There remains to prove that K SO is homotopic to K. Constructing a homotopy between these
chain maps by using the spaces of solutions .ZX for a € [0, ap] presents analytical difficulties: if
we are given a solution u of the limiting problem .Z{, the existence of a (unique) one-parameter
family of solutions ”converging” to u is problematic, because we do not expect u to be C° close
to the one-parameter family of solutions, due to the jump in the boundary conditions.

Therefore, we use a detour, starting from the following algebraic observation. If two chain
maps , 1 : C — C’ are homotopic, so are their tensor products ¢ ® ¢ and 1 ® . The converse is
obviously not true, as the example of ¢ = 0 and ¥ non-contractible shows. However, it becomes
true under suitable conditions on ¢ and . Denote by (Z,0) the graded group which vanishes at
every degree, except for degree zero where it coincides with Z. We see (Z,0) as a chain complex
with the trivial boundary operator. We have the following;:

4.6. LEMMA. Let (C,0) and (C’,0) be chain complexes, bounded from below. Let o, : C — C’ be
chain maps. Assume that there is an element € € Cy with de = 0 and a chain map § : C' — (Z,0)
such that

5(p(e)) = 8((e)) = 1.
If ¢ ® ¥ is homotopic to ¥ ® ¢ then ¢ is homotopic to
Proof. Let m be the chain map
7:C'0C - C'®(Z,0)2C', 7=id®0é.
Let H:C®C — C" ® (' be a chain homotopy between ¢ ® 1 and 9 ® ¢, that is
PRY—-—1YRp=0H+ HO.
If we define the homomorphism h : C — C’ by
h(a) :==moH(a®e¢), VacC,
we have

Oh(a) +hda=0n(H(a®e¢)) +n(HI(a®¢)) =m(0H(a®e)+ HI(a®€))
=m(p(a) @ ¥(e) —P(a) @ p(e)) = ¢(a) @ d(¢(€)) — P(a) @ d(p(e)) = ¢(a) —p(a).

Hence h is the required chain homotopy. O
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We shall apply the above lemma to the complexes

Cr = (M(S%,,91) ® M(S2,, 92)) Ci = FP(Hy @ Ha, Jy ® Ja),

k+n’

and to the chain maps K{ and K, 4. The tensor products K{oK 4 and K, (’)}0 ® K¢ are represented

by the coupling - in two different orders - of the corresponding elliptic boundary value problems.

4.7. PROPOSITION. The chain maps K& ® K(’}O and Ké}o ® K} are homotopic.

Constructing a homotopy between the coupled problems is easier than dealing with the original
ones: we can keep «q fixed and rotate the boundary condition on the initial part of the half-strip.
This argument is similar to an alternative way, due to Hofer, to prove the gluing statements in
standard Floer homology. Details of the proof of Proposition 4.7 are contained in section 6.5
below.

Here we just construct the cycle € and the chain map § required in Lemma 4.6. Since changing
the Lagrangians L; and Lo (and the corresponding Hamiltonian) changes the chain maps appearing
in diagram (53) by a chain homotopy, we are free to choose the Lagrangians so to make the
construction easier.

We consider a Lagrangian of the form

1
Ll(tv q, 'U) = §<Uv ’U> - Vl (t7 Q)a
where the potential V7 € C*°(T x M) satisfies
Vl(ta q) < Vl(ta qO) = 07 vt € -ﬂ—v VQ EM \ {QO}a (58)
HessVi(t,q0) <0, VteT. (59)

The corresponding Euler-Lagrange equation is

V' (t) = —grad Vi (t, (1)), (60)

where V; denotes the covariant derivative along the curve . By (58) and (59), the constant curve
qo is a non-degenerate minimizer for the action functional S%l on the free loop space (actually, it
is the unique global minimizer), so

mA(qo,Ll) =0.

Notice also that the equilibrium point gy is hyperbolic and unstable. We claim that there exists
w > 0 such that

every solution « of (60) such that v(0) = (1), other than ~(¢) = qo, satisfies Sg,(y) > w. (61)

Assuming the contrary, there exists a sequence () of solutions of (60) with v5(0) = ~,(1) and
0 < Sz,(yn) — 0. The space of solutions of (60) with action bounded from above is compact -
for istance in C°°([0,1], M) - so a subsequence of (;,) converges to a solution of (60) with zero
action. Since g is the only solution with zero action, we find non-constant solutions « of (60) with
~v(0) = (1) in any C*°-neighborhood of the constant curve ¢o. But this is impossible: the fact
that the local stable and unstable manifolds of the hyperbolic equilibrium point (gg,0) € T*M are
transverse to the vertical foliation {T; M|lgeM } easily implies that if (z;,) is a sequence in the
phase space T*M tending to (qo,0) such that the Hamiltonian orbit of x; at time T}, is on the
leaf T;(wh)M containing zj,, then the sequence (7},) must diverge.

A generic choice of the potential V7 satisfying (58) and (59) produces a Lagrangian L; whose
associated action functional is Morse on A*(M).

Next we consider an autonomous Lagrangian of the form

La(g0) = 5 {0,0) - Vala)

where
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(i

)
(i) 0= Va(qo) < Va(q) < w/2 for every g € M \ {qo};
)
)

V5 is a smooth Morse function on M;

(iii) V4 has no local minimizers other than go;
(iv) [[Valloz(ary <e.

Here € is a small positive constant, whose size is to be specified. The critical points of V5 are
equilibrium solutions of the Fuler-Lagrange equation associated to Ly. The second differential of
the action at such an equilibrium solution g is

1
53,06, = [ (1€10.€/(0) ~ (HessVala) (0. €(0)
0
If 0 < e < 2m, (iv) implies that ¢ is non-degenerate critical point of Sy with Morse index

mA(Qa -Z/Q) =n- m(Qa Vv?)v

a maximal negative subspace being the space of constant vector fields at ¢ taking values into the
positive eigenspace of Hess V2 (q).
The infimum of the energy

1 1
! / I (0)]? dt
2 0

over all non-constant closed geodesics is positive. It follows that if € in (iv) is small enough,
inf {Siz () | v e PMLa), v non—constant} > 0. (62)
Since the Lagrangian L, is autonomous, non-constant periodic orbits cannot be non-degenerate
critical points of S; . It W € C°°(Tx M) is a generic C?-small time-dependent potential satisfying:
(v) 0 <W(t,q) <w/2for every (t,q) € T x M;

(vi) W(t,q) =0, grad W (t,q) =0, Hess W (¢, q) = 0 for every t € T and every critical point g of
Vi;

then the action functional associated to the Lagrangian

LQ(t7 q, U) = <U7U> - ‘/Q(Q) - W(t7 Q),

N =

is Morse on A'(M). By (vi), the critical points of V; are still equilibrium solutions of the Euler-
Lagrange equation

Viy'(t) = —grad (Va(t,7(1)) + W (¢, 7(1)), (63)
and
m™(q, La) =n —m(q,Va) Vq € critVa. (64)
Moreover, (62) implies that if the C? norm of W is small enough, then
inf {Sz,(7) |7y € PMLy), ~ non-constant} > 0. (65)
Up to a generic perturbation of the potential W, we may also assume that the equilibrium solution

qo is the only 1-periodic solution of (63) with v(0) = v(1) = ¢o (generically, the set of periodic
orbits is discrete, and so is the set of their initial points).
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Since the inclusion ¢ : M < A'(M) induces an injective homomorphism between the singular
homology groups, the image ¢, ([M]) of the fundamental class of the oriented manifold M does not
vanish in A'(M). By (ii) and (v), the action Sy, of every constant curve in M does not exceed 0.
So we can regard ¢, ([M]) as a non vanishing element of the homology of the sublevel {Sy, < 0}.
The singular homology of {Sr, < 0} is isomorphic to the homology of the subcomplex of the
Morse complex M*(S/L\Q,gg) generated by the critical points of S‘L\2 whose action does not exceed
0. By (65), these critical points are the equilibrium solutions ¢, with ¢ € critVa. By (ii), (iii), and
(64), the only critical point of index n in this sublevel is gg. It follows that the Morse homological
counterpart of ¢,.([M]) is £qo. In particular, ¢o € M,,(Sr,) is a cycle. Since 522 (g0) =0,

S1,(7) <0, ¥y € W"(go, —grad 57,,). (66)
We now regard the pair (qo,qo) as an element of 2°(L; @ Ly). We claim that if € is small

enough, (iv) implies that (qo, go) is a non-degenerate minimizer for Sy, 1., on the space of figure-8
loops ©'(M). The second differential of P ;. at (go,qo) is the quadratic form

1
d*S? 1,90, 90)[(&1,&))* = /O ((5@51) — (Hess Vi(t, qo) &1, &1) + (€5, &5) — (Hess V2(Qo)€2£2>) dt,

on the space of curves (£1,&) in the Sobolev space W12(]0,1[, Ty, M x Ty, M) satisfying the
boundary conditions

£1(0) = & (1) = &(0) = &(1).
By (59) we can find o > 0 such that that
Hess Vi(t,q0) < —al.

By comparison, it is enough to show that the quadratic form
1
Qs uz) = / (W} (1% + aun (1)? + uh(t)? — eun(t)?) dt
0
is coercive on the space

{(u1,u2) € WH2(10,1[,R?) | u1(0) = u1 (1) = u2(0) = ua(1)}.

When € = 0, the quadratic form @ is non-negative. An isotropic element (u1,us) for @y would
solve the boundary value problem

—uf (t) + auq (t) 0, (67)
—uy(t) = 0, (68)

ur(0) =ui(1) = u2(0) =uz(1), (69)
uy (1) = uj(0) = us(0) —us(1). (70)

By (68) s is constant, so by (69) and (70) u; is a periodic solution of (67). Since « is positive, uq
is zero and by (69) so is us. Since the bounded self-adjoint operator associated to Qg is Fredholm,
we deduce that Qg is coercive. By continuity, (). remains coercive for € small. This proves our
claim.

Let Hy and Hs be the Hamiltonians which are Fenchel dual to L1 and Lo. In order to sim-
plify the notation, let us denote by (go, o) also the constant curve in 7*M? identically equal to
((90,0), (q0,0)). Then (qo,qo) is a non-degenerate element of 2°(H; & Hy), and it has Maslov
index
o

H#{qo, (Jo) =0.
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Let = be an element in &2 (H; @ H>), and let 7 be its projection onto M x M. By the definition
of the Euler-Lagrange problem for figure-8 loops (see equation (19)), 71 is a solution of (60), 2 is
a solution of (63), and

71(0) =71(1) = 12(0) = 72(1),  5(1) = 75(0) = 71(0) — 1 (1). (71)

If 47 is the constant orbit qg, then (71) implies that 75 is a 1-periodic solution of (63) such that
v2(0) = v2(1) = qo, and we have assumed the only curve with these properties is y2 = qo. If 71 is
not the constant orbit gg, (61) implies that

SLl (71) > w.

By (ii) and (v), the infimum of Sy, is larger than —w, so we deduce that

Am e, () = A, (1) + Ag,(x2) = S, (11) + S1,(12) >0, Vo € 2°(H; @ Ha) \ {(q0,90)}-
(72)

Now we choose € in the n-th degree component of the chain complex M (5% , g1) ® M(S2,, g2)
to be the cycle

€=qo®qo € Mo(S%,) ® M(S2,).
We choose the chain map
§: FO(H, ® Ho,J) — (Z,0)

to be the augmentation, that is the homomorphism mapping every 0-degree generator x € 2§ (H, @
H,) into 1. We must show that

3(K4' (g0 ® a0)) = 8(K 5, (90 ® q0)) = 1. (73)
Let + € #©(H; @ Hs), and let u be an element of either
///OK(QO,CIOW) or e///(g(%,%;x)-

By the boundary condition (54), the curve u(0,-) projects onto a closed curve in M x M whose
first component is the constant gy and whose second component is in the unstable manifold of ¢g
with respect to the negative gradient flow of S/L\Z. By the fundamental inequality (49) between
the Hamiltonian and the Lagrangian action and by (66) we have

A1"11691"12 (.23) < AHl@Hz (U(O, )) < SLlGBLz (7‘(‘ © U(O, )) = S/L\1 (QO) + 822 (7‘(’ © u2(0a )) <0.

By (72), z must be the constant curve (go, qo), and all the inequalities in the above estimate are
equalities. Tt follows that u is constant, u(s,t) = (qo, qo)-

Therefore, the spaces .Z{ (qo, qo; ) and //lofg (qo, qo; x) are non-empty if and only if x = (qo, qo),
and in the latter situation they consist of the unique constant solution u = (go,go). Automatic
transversality holds for such solutions (see [AS06b, Proposition 3.7]), so such a picture survives
to the generic perturbations which are necessary to achieve a Morse-Smale situation. Taking also
orientations into account, it follows that

K (g0 ® qo) = (90, 90), K2 (q0 ® q0) = (g0, q0)-

In particular, (73) holds.

49



4.5 The right-hand square is homotopy commutative

In this section we prove that the chain maps <I>/L\1#L2 o Mr and G o @?1@L2 are both homotopic to

a third chain map, named K©. This fact implies that the right-hand square in the diagram (53)
commutes up to chain homotopy.

The chain map K© is defined by using the following spaces of solutions of the Floer equation
on the half-cylinder for the Hamiltonian Hi# Ho: given v € 29 (Ly ® Ly) and 2 € PN H #H,),
set

///I?('y;x) = {u € C*([0, +o0o[xT,T* M) EJ’HI#HZ(U) =0,

mou(0,-) € L(W"(y; —grad jo S% er,)), lim wu(s,-) = z uniformly in t}.

s——+00

By Theorem 3.2 in [AS06b] (or by the arguments of section 5.10), the space .#2(v; x) is a smooth
manifold of dimension

dim R (v; ) = m® (y) — " (x),

for a generic choice of ¢®, Hy, and Hy. These manifolds carry coherent orientations.
Compactness follows from the energy estimate

/]0 (s O st £ 81,0.7) — R (2,
;oo X

implied by (49). Counting the elements of the zero-dimensional spaces, we define a homomorphism
K®: M;(S? a5,.9°) = FMNH1#Ha, J),

which is shown to be a chain map.
It is easy to construct a chain homotopy PL between <I>/L\1 41, °Mr and K © by considering the
space

AR (5 ) = { (0, u) €10, +00[x O ([0, +00[XT, T M) | 1,112 (w) = 0,

o (mou(0,")) € L(W*(v; —grad g@sgl@h)), lim w(s,-) = 2 uniformly in t}.

o s— 400

where ¢ denotes the flow of —grad S/L\I#Lz on A'(M). As before, we find that generically
ML (y1,72; 7) is a manifold of dimension

dim g (y; ) = m* () = p® () + 1.

Compactness holds, so an algebraic count of the zero-dimensional spaces produces the homomor-
phism

Pkt Mj(SF o1,,9°) — Fi\  (Hi#Ha, J).

A standard gluing argument shows that P} is the required homotopy.

Finally, the construction of the chain homotopy Pg between K© and G o @?1@ L, 1s based
on the one-parameter family of Riemann surfaces X (a), o > 0, defined as the quotient of the
disjoint union [0, +oo[x[—1,0] L [0, +00[x[0, 1] under the identifications

(5,07) ~ (5,0%) and (s,—1) ~ (s,1) for s > a.

This object is a Riemann surface with boundary, the holomorphic structure at (o, 0) being given
by the map

{CeC|ReC>0, [¢| <€} - TE(e), (—a+(?
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and the holomorphic structure at (o, —1) ~ (a, 1) being given by the map

_4 2 .fI
CeCiRecz0,jd <38, oo foTiTe HmeZD

Here € is a positive number smaller than 1 and /a.
Given vy € #°(L1 @ Ls) and € 2 (H1# Hs), we consider the space 4 (v, z) of pairs («,u)
where « is a positive number and u € C* (X5 (o), T* M) solves the equation

Dy, (1) =0,
satisfies the boundary conditions

{ mou(s,—1)=mou(s,07) = wou(s,07) =mou(s,1),
u(s,07) —u(s,—1) +u(s,1) —u(s,07) =0,

(mowu(0,- —1),mou(0,-)) € W*(y,—grad S(Z)q@Lz)’

Vs € [0,a],

and the asymptotic condition

lim w(s, 2t — 1) = z(t),

s——+00
uniformly in ¢ € [0,1]. The following result is proved in section 5.10.

4.8. PROPOSITION. For a generic choice of Jy, Jo, and g®©, ME (v, ) - if non-empty - is a smooth
manifold of dimension

dim K (v, x) = m®(y; L1 ® La) — p™ (w5 Hi#4Hs) + 1.
The projection (o, u) — « is smooth on ME (v,z). These manifolds carry coherent orientations.

The elements (o, u) of #X (v, ) satisfy the energy estimate

/ Ovu(s, )2 ds dt < Spyor(y) — Aaty i ().
Rx]—1,1[\{0} x[0,c]

This provides us with the compactness which is necessary to define the homomorphism
K e e A
PG« Mj(SE,a0,:9" ) — Fi (Hi#Ha, J),

by the usual counting procedure applied to the spaces .Z%. A standard gluing argument shows
that P is a chain homotopy between K© and G o @?1@L2.

4.6 Comparison between C, EV, [, and c, ev, i
In section 2.5 we have shown that the two upper squares in the diagram

Cx eV

H;(M) H;(A(M)) H;(M)

)

HMe HMev
H;M(f,gnm) ——= H;M(S%, g") =—= H;M(f,gum)

Ho%
HC HEv

H;FH, J)

R
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commute. Our first aim in this section is to show that the lower two triangles commute. We
actually work at the chain level, showing that the triangles

MJ(fagM) ﬁMj(S%agA) ﬂMj(fvgJW)

e AT

A
FMNH,J)

commute up to chain homotopies.
Indeed, a homotopy P between C' and ®4 o Mc is defined by the following spaces: given
x € crit(f) and y € 22 (H), set

A5 () 1= { (@) €10, +00[x O ([0, +00[x T, T*M) | 8,11 (u) = 0,
B almou(0,)) =g e W)},

where ¢* is the flow of —grad % on A'(M).

Similarly, the definition of the homotopy P®" between Ev o ®2 and Mev is obtained from the
composition of 3 homotopies based on the following spaces: Given v € 2*(L) and x € crit(f),
set

ME (v, x) = {(a,u) ‘a € [1,+oc, u € C®([0,a] x T, T*M)

solves 0y p(u) =0, u(a,t) € Opr VE €T,
u(a,0) € W*(z),

7 ou(0,) € W*(y; —gradS}) },
MEY (7, x) = {(a,u) ‘oz €10,1], we C*([0,1] x T,T*M)

solves Oy pm(u) =0, u(l,t) €Oy Vt €T,
u(a,0) € W(x),

mou(0,-) € W*(y; —grad S/L\)}, and
MEY (7, ) = {(a,u) ‘a €]0,1], u € C*([0,a] x T,T"M)

solves 0jp(u) =0, u(a,t) € Op VE €T,
u(0,0) € W*(x),

mou(0,-) € W(y; —grad SIL\)} .
Moreover, recalling the following space on which Mev is based,
Myrey(7,1) = W*(v; —grad S3) Nev™ (W*(x; —grad f)),
we make the following observation.

4.9. PROPOSITION. Given the finite set Mprov(y,x), there exists a, > 0 such that for each ¢ €
Mptev (7, x) and « € (0, a,] the problem

w€0,a] x T —T*M, djpu=0,

74
u(a,t) €Oy VE €T, wou(0,:) =c, (74)

has a unique solution with the same coherent orientation as c.
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Proof. We give a sketch of the proof, details are left to the reader.

First, given a sequence «,, — 0 and associated solutions u,, : [0, ] x T — T*M of (74), one can
show that u,, — (¢,0) € AT*M uniformly. Here, it is again essential to make a case distinction for
the three cases of potential gradient blow-up, R,, = |Vuy(2n)| — 00, namely, modulo subsequence,
o, R, —0or —o0oor —k>0.

The most interesting case is oy, - R,, — k > 0 which is dealt with by rescaling v, = wy, (-, )
as in the proof of Lemma 6.6.

For the converse, we need a Newton type method which is hard to implement for the shrinking
domains [0, ] x T with & — 0. Instead, we consider the conformally rescaled equivalent problem.
Let v(s,t) = u(as, at) and consider the corresponding problem for o — 0,

v: [0,1] x Ty-1 — T*M, 9y, v=0,

m(v(0,t)) = c(at), v(1,t) € Op YVt € Ty-1, (75)

where H,(t,") = aH(at, ) and T,-1 = R/a~1Z. The proof is now based on the Newton method
which requires to show that:

(a) for ve(s,t) =0€e T

C(m‘l)M we have EL]’HUO — 0 as a — 0, which is obvious, and

(b) the linearization D, of B) J,H, at v, is invertible for small @ > 0 with uniform bound on
D op as a — 0.

We sketch now the proof of this uniform bound. B
After suitable trivializations, the linearization D, of 0, at v, with the above Lagrangian
boundary conditions can be viewed as an operator D, on

Hj@%mn (o) := {v: (0,1 x Tyt — C"|v(0,-) €iR™, v(1,-) € R" }7

with norm || - ||1 p.o. Assuming that D! is not uniformly bounded as o — 0 means that we would
have ¢, — 0 and v,, € Hiluﬁﬁn(an) with ||vp|l1,pia,, = 1 such that || Da,vnll0.p;a, — 0. The limit
operator to compare to is the standard d-operator on maps

v: [0,1] x R — C", s.t. v(0,t) € iR™, v(1,t) € R" Vt € R.
This comparison operator is clearly an isomorphism (from which one easily shows that D, has

to be invertible for a,, small).
Let g € C*(R,[0,1]) be a cut-off function such that

B(t)Z{l’ r=0

and set 5, (t) = Blant — 1) - B(—apt), hence

g <o,

ﬂ”|[0,a;1] =1 and suppf, C [~a;, ', 2a,!].
We have
[vnlltpsan < [Brvnllipr < cllvnllipa, -
Since the linearization D, is of the form
Dyv = 95v + 10w + aA(s, t)v
with some matrix A(s,t), we observe that

”5(571"%) = Da, (Bnvn)llopr = anl|ABnvallopr — 0.
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Moreover,

”Dan(ﬁnvn)HO,p;ﬂ? < ”Zﬂ;vn”&p;ﬂ? + HﬁnDanvnHOm;[R

< c20n|Vnllo pii—azt ojulan 207 + 31 Dan vl

0,p;an

< CQO‘HZHUTL”L;D;%, + 3||Danvn||07p;an — 0.

Hence, we find a subsequence such that 3, v, — v, € kerd = {0} which means that ||v,, 1,p500m,, =
0 in contradiction to ||v,| = 1.

Similarly, we see that the coherent orientation for the determinant of D,, equals that of 0
which is canonically 1. This completes the proof of the proposition. O

From the cobordisms ///E"(’y, x), i =1,2,3, we now obtain the chain homotopy as claimed.

Finally, there remains to prove that the right-hand square in the diagram

~ Ho»
Hj(AM(M)) —— H;M(S},g*) ——— H,;F(H, J)

i}l lHM'i! l/HI}
Q

o H®

commutes, the commutativity of the left-hand square having been established in section 2.5. Again,
we work at the chain level, proving that the diagram

q>A
M; (S, g") —— Fj(H,J)

Ml n ll’

L
Mj—n(sgagﬂ) Fjszn(H7 J)

is homotopy commutative. Indeed, we can show that both I, o @ﬁ and @% o M;, are homotopic to
the same chain map K'. The definition of K' makes use of the following spaces: given v € (L)
and x € Z(H), set

Mie(y,w) 1= {u € C([0,+00[x[0,1], T*M) | 31 (u) = 0,
mou(s,0) =mou(s,1) =qo Vs >0, mou(0,-) € W"(y; —grad %),

lim wu(s,-) = « uniformly in t}.

s——+o0

Again, details are left to the reader.

5 Linear theory
5.1 The Maslov index

Let ng be the Liouville one-form on T*R™ = R™ x (R™)*, that is the tautological one-form ny = p dqg:
nO(qyp)[(uyv)] = p[u]v for q,u € [Rna p,v e ([Rn)*
Tts differential wy = dny = dp A dg,

wol(g1, 1), (g2, p1)] = palge] — p2lar],  for gi,q2 € R™, p1,p2 € (R™)™,

is the standard symplectic form on T*R™.
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The symplectic group, that is the group of linear automorphisms of T*R™ preserving wo, is
denoted by Sp(2n). Let £ (n) be the Grassmannian of Lagrangian subspaces of T*R™, that is the
set of n-dimensional linear subspaces of T*R™ on which wg vanishes. The relative Maslov index
assigns to every pair of Lagrangian paths A1, A2 : [a,b] — Z(n) a half integer u(A1, A2). We refer
to [RS93] for the definition and for the properties of the relative Maslov index.

Another useful invariant is the Hérmander index of four Lagrangian subspaces (see [Hor71],
[Dui76], or [RS93]):

5.1. DEFINITION. Let Ao, A1, g, 1 be four Lagrangian subspaces of T*R™. Their Hormander in-
dex is the half integer

h()\()v )\17 Vo, l/l) = M(Va )\1) - N(Va )‘0)7
where v : [0,1] — Z(n) is a Lagrangian path such that v(0) = vy and v(1) = vy.
Indeed, the quantity defined above does not depend on the choice of the Lagrangian path v

joining vy and vy.
If V is a linear subspace of R, N*V C T*R" denotes its conormal space, that is

N*V:={(¢,p) €ER" x (R")* | g€V, V Ckerp} =V x VI,
where V+ denotes the set of covectors in (R™)* which vanish on V. Conormal spaces are Lagrangian

subspaces of T*R".
Let C' : T*R"™ — T*R™ be the linear involution

C(q,p) :==(¢.—p) V(g.p) € T*R".
The involution C is anti-symplectic, meaning that
wo(CE,Cn) = —wo(§,m) VE,m €T R™

In particular, C' maps Lagrangian subspaces into Lagrangian subspaces. Since the Maslov index
is natural with respect to symplectic transformations and changes sign if we change the sign of
the symplectic structure, we have the identity

/.L(C)\,Cl/) = _M(/\7V)a (76)

for every pair of Lagrangian paths A\, v : [a,b] — £ (n). Since conormal subspaces are C-invariant,
we deduce that

W(N*V,N*W) =0, (77)

for every pair of paths V,W into the Grassmannian of R™. Let Vy, Vi, Wy, W1 be four linear
subspaces of R”, and let v : [0,1] — Z(n) be a Lagrangian path such that v(0) = N*W, and
v(l) = N*W;. By (76),

h(N*Vo, N*Vi; N*Wo, N*W1) = (v, N*Vi) — (v, N*Vg) = —u(Cv, N*VA) + p(C, N*Vy).
But also the Lagrangian path C'v joins N*Wy and N*W7, so the latter quantity equals
—h(N*Vy, N*V1; N*Wy, N*W7).
We deduce the following:
5.2. PROPOSITION. Let Vy, Vi, Wy, W1 be four linear subspaces of R™. Then

h(N*‘/b, N*Vl; N*W(), N*Wl) =0.
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We identify the product T*R” x T*R™ with T*R?", and we endow it with its standard symplectic
structure. In other words, we consider the product symplectic form, not the twisted one used in
[RS93]. Note that the conormal space of the diagonal Ag» in R™ x R™ is the graph of C,

N*Agn = graphC' C T*R" x T*R" = T*R?".

The linear endomorphism ¥ of T*R™ belongs to the symplectic group Sp(2n) if and only if the
graph of the linear endomorphism WC is a Lagrangian subspace of T*R?", if and only if the graph
of C'¥ is a Lagrangian subspace of T*R?”. If A1, As are paths of Lagrangian subspaces of T*R"”
and ¥ is a path in Sp(2n), Theorem 3.2 of [RS93] leads to the identities

(P, A2) = p(graph (TC), CA1 X \2) = —p(graph (CU), A1 x CAz). (78)

The Conley-Zehnder index pucz(¥) of a symplectic path ¥ : [0,1] — Sp(2n) is related to the
relative Maslov index by the formula

ez () = p(N*Arn, graph CU) = p(graph ¥C, N*Agn ). (79)

We conclude this section by fixing some standard identifications, which allow to see T*R"™ as
a complex vector space. By using the Fuclidean inner product on R™, we can identify T*R" with
R?". We also identify the latter space to C", by means of the isomorphism (q,p) — ¢ + ip. In
other words, we consider the complex structure

0 —I
J()ZZ(I 0)

on R?". With these identifications, the Euclidean inner product u - v, respectively the symplectic
product wo(u,v), of two vectors u,v € T*R" = R?" = C" is the real part, respectively the
imaginary part, of their Hermitian product (-, -),

n
(u,v) = Zujv_j =u-v+iw(u,v).
j=1

The involution C is the complex conjugacy. By identifying V- with the Euclidean orthogonal
complement, we have

NV =VaiVt={2€C"|Rez €V, ImzeV*}.
If A:[0,1] — Z(n) is the path
At) = ™R, a€R,
the relative Maslov index of A with respect to R is the half integer

— 2] ifaeR\7Z,

if o € 7Z. (80)

uonR)={ -

3 ool

Notice that the sign is different from the one appearing in [RS93] (localization axiom in Theorem
2.3), due to the fact that we are using the opposite symplectic form on R?". Our sign convention
here also differs from the one used in [AS06b], because we are using the opposite complex structure
on R?",

5.2 Elliptic estimates on the quadrant

We recall that a real linear subspace V' of C" is said totally realif ViV = (0). Denote by H the up-
per half-plane {z € C | Im 2z > 0}, and by HT the upper-right quadrant {z € C | Rez > 0, Im z > 0}.
We shall make use of the following Calderon-Zygmund estimates for the Cauchy-Riemann operator

8265 +Zat
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5.3. THEOREM. Let V be an n-dimensional totally real subspace of C™. For every p €]1,+o0],
there exists a constant ¢ = c¢(p,n) such that

[ Dullz» < c[|Oul| s
for every uw € CX(C,C™), and for every u € C°(ClL(H),C™) such that u(s) € V for every s € R.

We shall also need the following regularity result for weak solutions of 9. Denoting by 0 :=
0s — 10; the anti-Cauchy-Riemann operator, we have:

5.4. THEOREM. (Regularity of weak solutions of 0) Let V' be an n-dimensional totally real sub-
space of C™, and let 1 < p < 00, k € N.

(C,C™), f € WFP(C,C™) be such that

loc

(i) Letu e LY

loc

Re /(u,@(p} dsdt = —Re /(f, ©) dsdt,
c c

for every o € C°(C,C™). Then u € W)"T1P(C,C") and du = f.

loc

(i) Let u € LP(H,C"), f € WFP(H,C") be such that
Re /(u,&p) dsdt = —Re /(f, ¥) dsdt,
H H

for every p € C°(C,C") such that ¢(R) C V. Then u € WktLP(H C"), Ou = f, and the
trace of u on R takes values into the wg-orthogonal complement of V,

Vteo .= {£ € C" |wo(&,n) =0Vn e V}.

5.5. REMARK. If we replace the upper half-plane H in (ii) by the right half-plane {Re z > 0} and
the test mappings ¢ € C°(C,C") satisfy w(iR) C V, then the trace of u on iR takes value into
VL, the Euclidean orthogonal complement of V in R?™.

Two linear subspaces V, W of R™ are said to be partially orthogonal if the linear subspaces
VN (VW) and Wn (VNW)L are orthogonal, that is if their projections into the quotient
R™/V N W are orthogonal.

5.6. LEMMA. Let V and W be partially orthogonal linear subspaces of R™. For every p €]1, +00],
there exists a constant ¢ = c¢(p,n) such that

[ Dullzs < c[|Qull (81)
for every u € C°(CI(HT),C™) such that
u(s) € N*V Vs € [0, +00], ul(it) € N*W Vit € [0, +o00[. (82)

Proof. Since V and W are partially orthogonal, R has an orthogonal splitting R” = X; & X2 &
X3 @ X, such that

V=X10X, W=X6&Xs.
Therefore,
NV=X10Xs®0i1X3D1Xy, N'W=X;0X3D1XsDi1Xy4.

Let U € U(n) be the identity on (X; @& X2) ® C, and the multiplication by ¢ on (X3 & X4) @ C.
Then

UN*V =R", UN'W =X,6X,®iX,®iX3=N"(X1® Xy).
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Up to multiplying u by U, we can replace the boundary conditions (82) by
u(s) € R" Vs € 0,400, wu(it) € Y Vi€ [0,+o0], (83)

where Y is a totally real n-dimensional subspace of C such that Y =Y. Define a C"-valued map
v on the right half-plane {Re z > 0} by Schwarz reflection,

o(2) ::{ @ %fImzZO,
u(z) if Imz <0.
By (83) and by the fact that Y is self-conjugate, v belongs to W1P({Rez > 0},C"), and satisfies
v(it) eY VteR.
Moreover,

||VU||Z£p( y = 2|‘V”Hip(

{Re z>0} {Re z>0, Im z>0})’

and since Qv(z) = Ou(Z) for Imz < 0,

H8U||I£P({Rez>0}) = 2H8UH€P({R92>O, Im 2>0})"

Then (81) follows from the Calderon-Zygmund estimate on the half plane with totally real bound-
ary conditions (Theorem 5.3). O

Similarly, Theorem 5.4 has the following consequence about regularity of weak solutions of 0
on the upper right quadrant H™:

5.7. LEMMA. Let V and W be partially orthogonal linear subspaces of R™. Let u € LP(HT C"),
feLP(HT,C"), 1<p< oo, be such that

Re/ (u, D) dsdtz—Re/ (f, ) dsdt,
H+ H+

Jor every ¢ € C°(C,C") such that o(R) C N*V, ©(iR) C N*W. Then u € WHP(HT,C"),
Oou = f, the trace of u on R takes values into N*V', and the trace of u on iR takes values into
(N*W)t = N* (W) =iN*W.

Proof. By means of a linear unitary transformation, as in the proof of Lemma 5.6, we may assume
that V.= N*V = R™. A Schwarz reflection then allows to extend u to a map v on the right
half-plane {Rez > 0} which is in L? and is a weak solution of v = g € LP, with boundary
condition in ¢N*W on iR. The thesis follows from Theorem 5.4. o

We are now interested in studying the operator d on the half-plane H, with boundary conditions
u(s) € N*V, wu(—s) e N'W Vs> 0,

where V' and W are partially orthogonal linear subspaces of R”®. Taking Lemmas 5.6 and 5.7 into
account, the natural idea is to obtain the required estimates by applying a conformal change of
variable mapping the half-plane H onto the the upper right quadrant HT. More precisely, let Z
and 7 be the transformations

Z : Map(H,C") — Map(H",C"), (Zu)(¢) = u(¢?), (84)
7 : Map(H,C™) — Map(H*,C™), (Fu)(¢) = QZU(CQ), (85)

where Map denotes some space of maps. Then the diagram
Map(H,C") —2— Map(H,C")

Map(H+,€") —’— Map(H*,C")
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commutes. By the elliptic estimates of Lemma 5.6, suitable domain and codomain for the operator
on the lower horizontal arrow are the standard WP and LP spaces, for 1 < p < oo. Moreover, if
u € Map(H,C™) then

1 1
Rl :—/—uzpdsdt, 87
sy = § [ ol (57)
DGy = 272 [ 1D/ dsat, (59)
|7y =272 [ TPl dsar (59)

Note also that by the generalized Poincaré inequality, the W1? norm on H¥ND,., where D, denotes
the open disk of radius r, is equivalent to the norm

10151 0,y = 1PV Mo i p,) + /[H oo [P dodr, (90)

r

and the WLP norm of Zu is

1 _ _ _
900y = 7 [ PP dsde w2 [ DGyl dsar, o)

HQDTQ

So when dealing with bounded domains, both the transformations Z and .7 involve the appearance
of the weight |z|p/2’1 in the LP norms. Note also that when p = 2, this weight is just 1, reflecting
the fact that the L? norm of the differential is a conformal invariant.

By the commutativity of diagram (86) and by the identities (88), (89), Lemma 5.6 applied to
Zu implies the following:

5.8. LEMMA. Let V and W be partially orthogonal linear subspaces of R™. For every p €]1, +o0],
there exists a constant ¢ = ¢(p,n) such that

/|Vu(z)|p|z|p/2’1dsdt§cp/ |Ou(z)[P|2[P/>~t ds dt
H H

for every compactly supported map u : CI(H) — C™ such that ¢ — u(¢?) is smooth on CI(HY), and
u(s) € N*V Vs €] —00,0], u(s) e N*W Vs e [0,+00].

5.3 Strips with jumping conormal boundary conditions

Let us consider the following data: two integers k,k’ > 0, k + 1 linear subspaces Vp,..., Vs of
R™ such that V;_; and Vj; are partially orthogonal, for every j =1,...,k, k' 4+ 1 linear subspaces
Vg, .-+, Vy of R" such that V/_; and V] are partially orthogonal, for every j = 1,...,k’, and real
numbers

—00 =80 < 81 <0 < Sp < Spg1 = 00, —00=15( < 8] <-o- < §p < —Spy = F00.
Denote by # the (k + 1)-uple (Vo,..., Vi), by ¥’ the (k' 4+ 1)-uple (Vj,...,V}), and set
=1,y Sk, S by, S i)
Let 3 be the closed strip
Y:={ze€C|0<Imz<1}.

The space C% (X, C") is the space of maps u : ¥ — C™ which are smooth on ¥\ ., and such that
the maps ¢ — u(s; + ¢?) and ¢ — u(s) +1i— ¢?) are smooth in a neighborhood of 0 in the closed
upper-right quadrant

Cl(H) = {¢ € C|Re( >0, Im( > 0}.
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The symbol Coy?’c indicates bounded support.

Given p € [1,400[, we define the X? norm of a map u € L{ (X,C") by
el sy = Nl gy + D / 2Pz — wlP dsdr,
weS ¥NB, (w)

where r < 1 is less than half of the minimal distance between pairs of distinct points in .. This is
just a weighted LP norm, where the weight |z — w[P/2~! comes from the identities (88), (89), and
(91) of the last section. Note that when p > 2 the X? norm is weaker than the LP norm, when
p < 2 the XP norm is stronger than the L? norm, and when p = 2 the two norms are equivalent.

The space X%, (3,C™) is the space of locally integrable C"-valued maps on ¥ whose X? norm
is finite. The XP norm makes it a Banach space. We view it as a real Banach space.

The space X;p(E, C") is defined as the completion of the space C5 .(¥,C") with respect to
the norm

HUH_I;(LP(E) = ||U||Z))(p(z: + ||DUHXp(z:

It is a Banach space with the above norm. Equlvalently, 1t is the space of maps in XP(3,C")
whose distributional derivative is also in X?. The space X 57 P, 4, (2, C") is defined as the closure

in X;p(E, C") of the space of all u € C% (X, C") such that

U’(S)EN*‘/J VSE[SJ,S]+1] jZO,...,k,

u(s+1i) € N*V) Vsel[s),si 4], j=0,... K.

(92)

Equivalently, it can be defined in terms of the trace of u on the boundary of 3.
Let A: R x [0,1] — L(R?",R?") be continuous and bounded. For every € [1,+oo], the linear
operator

A X;p(Z, C") — X2, (2,C"), Oau:=Ou+ Au,

is bounded. Indeed, 0 is a bounded operator because of the inequality |Ou| < |Du|, while the
multiplication operator by A is bounded because

[Aullxr(sy < | Allocllullxr(s)-

We wish to prove that if p > 1 and A(z) satisfies suitable asymptotics for Rez — +oo the
operator 04 restricted to the space X;{j 1/’1/,(2, C™) of maps satisfying the boundary conditions
(92) is Fredholm.

Assume that A € C°(R x [0,1], L(R??,R?")) is such that A(£oo,t) € Sym(2n,R) for every
t € [0,1]. Define ®*,®~ : [0,1] — Sp(2n) to be the solutions of the linear Hamiltonian systems

%(I)i() iA(Fo0, t)®E(t), ®F(0) =1. (93)

Then we have the following:

5.9. THEOREM. Assume that ®~(1)N*Vy N N*Vy = (0) and @+ (1)N*V, N N*V), = (0). Then
the bounded R-linear operator

0a: X350 4 (B,C") = X0, (3,C"),  dau = Ou+ Au,
is Fredholm of index
ind 04 = p(®~ N*Vo, NVy) — w(@TN*Vi,, N*V}.,)
1 k 1 K’
—5 2 (dimVjy +dimV; = 2dim V; .y NV;) = 5 > (dim V] +dim V} — 2dim Vi, O V).
=1 j=1

l\D
<.

(94)
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The proof of the Fredholm property for Cauchy-Riemann type operators is based on local
estimates. By a partition of unity argument, the proof that 04 is Fredholm reduces to the
Calderon-Zygmund estimates of Lemmas 5.6, 5.8, and to the invertibility of 4 when A does
not depend on Rez and there are no jumps in the boundary conditions. Details are contained
in the next section. The index computation instead is based on homotopy arguments together
with a Liouville type result stating that in a particular case with one jump the operator 04 is an

isomorphism.

5.4 The Fredholm property

The elliptic estimates of section 5.2 have the following consequence:

5.10. LEMMA. For every p €]1,+o0], there exist constants co = co(p,n,-) and ¢1 = c1(p,n, k +

k') such that

IDullx» < collullx» + e1l|Oullx»,

for every uw € C% (X,C") such that

u(s) € N*V; Vs € [sj_1,s5], u(s+i) € N'V] Vsels 5]

for every j.

Proof. Let {11,102} U {yp; }f;rf' be a smooth partition of unity on C satisfying:

supp 1
supp 92
Supp ¢
SUPD @k-+j

By Lemma 5.8,

ID(eju) | xr(s) < elp,n)[[0(5u) | xr () < elp,n) (1005 ]l lull xr(s) + 0ullxo(s)),

{zeC|Imz <2/3}\ B,)2(),
{zeC|Imz>1/3}\ B, )2(),
B, (s;) Vi=1,... .k

B, (s, + i) Vi=1,... k.

1<j<k+Fk.

Since the XP? norm is equivalent to the LP norm on the subspace of maps whose support does not
meet B, /3(.7), the standard Calderon-Zygmund estimates on the half-plane (see Theorem 5.3)

imply

ID@Wu)llxn(s) < elp, n)10(W5u)llxr(s) < e(p,n)(10%;]l o llull (s + 10l x0(5)),

We conclude that

Vj=1,2.

k+k

[ Dull x> < [ D(tp1u)lxo(s) + I1DW2u)lxr(s) + > [1D(050)llxrs) < collullxncs) + clldu] xos),
j=1

with

_ B k+k'+1 B
o = e(p.0) (1810 + [Balloo + 3 [Dpslloc). €1 = (k4 K+ 2)elp.m)
=0
as claimed.

O

The next result we need is the following theorem, proved in [RS95, Theorem 7.1]. Consider

two continuously differentiable Lagrangian paths A, v
[—00, —s0] and on [sg, +-o0c], for some s > 0. Denote by Wy

P
v

: R — Z(n), assumed to be constant on
(X,C™) the space of maps u €

WhP(3,C") such that u(s,0) € A(s) and u(s, 1) € v(s), for every s € R (in the sense of traces).
Let A € C°R x [0,1], L(R*",R?")) be such that A(+oco,t) € Sym(2n,R) for any t € [0,1], and
define ®=,®% : [0,1] — Sp(2n) by (93).
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5.11. THEOREM. (Cauchy-Riemann operators on the strip) Let p €]1,+o0|, and assume that
O (1)A(—00) Nv(—00) = (0), @1 (1)A(+00) Nv(+00) = (0).
(i) The bounded R-linear operator
04 Wif(E, C") — LP(%,C"), Oau= 0u+ Au,
is Fredholm of index
ind 04 = p(@~A(—00),(—00)) — u(®F A(+00),v(+00)) + p(A, v).
(ii) If furthermore A(s,t) = A(t), A(s) = A, and v(s) = v do not depend on s, the operator 0
is an isomorphism.
Note that under the assumptions of (ii) above, the equation du + Au can be rewritten as

dsu = —L au, where L4 is the unbounded R-linear operator on L?(]0, 1], C") defined by

dom Ly =Wy 7(10,1[,€") = {ue W2(0,1[,C") [ u(0) € A, u(1) €v}, La= i% +4.

The conditions on A imply that L 4 is self-adjoint and invertible. These facts lead to the following;:

5.12. PROPOSITION. Assume that A, A, and v satisfy the conditions of Theorem 5.11 (ii), and
set 6 :==mino(L4) N[0, +oo[> 0. Then for every k € N there exists ¢ such that

u(s, )leroay < erllu0, )r2qgope Vs >0,

for every u € WLr(]0, +00[x]0,1[,C™), p > 1, such that u(s,0) € X, u(s,1) € v for every s > 0,
and Ou + Au = 0.

Next we need the following easy consequence of the Sobolev embedding theorem:

5.13. PROPOSITION. Lets > 0 and let x, be the characteristic function of the set {z € ¥ | |Re z| < s}.
Then the linear operator

XP(2,C") — XL(2,C"), u— Xsu,
is compact for every q < oo if p > 2, and for every ¢ < 2p/(2—p) if 1 <p < 2.

Proof. Let (up) be a bounded sequence in X;p(Z,C"). Let {1,12} U {(pj}?if/ be a smooth
partition of unity of C satisfying (95). Then the sequences (Y1up), (Youp) and (@jup), for 1 <
j < k+k are bounded in X1?(X,C"). We must show that each of these sequences is compact in
X%,(x,Cm).

Since the X9 and X!? norms on the space of maps supported in X\ B, s2(-) are equivalent
to the L9 and WP norms, the Sobolev embedding theorem implies that the sequences (xst¥1up)
and (xst2up) are compact in X%, (3,C").

Let 1 <j < k. If u is supported in B, (s;), set v(z) := u(s; + z), so that by (87)

1

[l Searsy = / |u(2)|9]2|** " dsdt < / —lu(2)|" dsdt = 4| Bl pip - (96)

By(s;)NS B, (s)ns |2 vr
Set v (2) := @;(s; + z)un(s; + z). By (91), the sequence (Zvy) is bounded in W'P(HT ND /),
hence it is compact in LI(H* N D ) for every ¢ < oo if p > 2, and for every ¢ < 2p/(2 — p) if
1 < p < 2. Then (96) implies that (p;us) is compact in X%,(3,C™"). A fortiori, so is (xs@jun).
The same argument applies to j > k + 1, concluding the proof. O

Putting together Lemma 5.10, statement (ii) in Theorem 5.11, and the Proposition above we
obtain the following;:
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5.14. PROPOSITION. Let 1 < p < oo. Assume that the paths of symmetric matrices A(foo,-)
satisfy the assumptions of Theorem 5.9. Then

da:XF, ,(3,C") — Xb(5,C)
is semi-Fredholm with ind 94 := dimker &4 — dim coker 94 < +o0o0.

Proof. We claim that there exist ¢ > 0 and s > 0 such that, for any u € X{;?,,_W (%,C™), there
holds ’

lullxrrsy < e (1@ + Aullxrs) + Ixsullxes)) (97)

where x, is the characteristic function of the set {z € ¥ | |Re z| < s}.
By Theorem 5.11 (ii), the asymptotic operators

0+ A(—o0,-) : W]{,’fVO’N*Vd(E, C") — LP(3,C"),
9+ A(+00,) : Wity vy (8,€7) — LP(Z,€7),

are invertible. Since invertibility is an open condition in the operator norm, there exist s >
max |Re.”| + 2 and ¢; > 0 such that for any u € Xi(,’,py/ 4 (2,C") with support disjoint from
{|Rez| < s — 1} there holds

[ullxres) = lulwree) < all(@+ Al L) = el (@ + Aullxe(s)- (98)

By Proposition 5.10, there exists co > 0 such that for every u € Xé},”’%y/,(E, C™) with support in
{|Rez| < s} there holds

ullx1rmy < c2(lJullxe(s) + 10ull xr(s)) (99)
< (2 + [ Allso) lull xv(s) + c2[[(0 + A)ullxr(s)-

The inequality (97) easily follows from (98) and (99) by writing any u € Xé},”’%%,(E,C”) as
u = (1 —¢)u+ pu, for ¢ a smooth real function on ¥ having support in {|Re z| < s} and such
that ¢ =1 on {|[Rez| < s—1}.

Finally, by Proposition 5.13 the linear operator

X,;;?“I/,“I/’(Ea Cn) . X,I;/(Ea Cn)v U = Xsua

is compact. Therefore the estimate (97) implies that 94 has finite dimensional kernel and closed
range, that is it is semi-Fredholm with index less than +oco0. O

It would not be difficult to use the regularity of weak solutions of the Cauchy-Riemann operator
to prove that the cokernel of 94 is finite-dimensional, so that 0,4 is Fredholm. However, this will
follow directly from the index computation presented in the next section.

5.5 A Liouville type result
Let us consider the following particular case in dimension n = 1:
k=1, k¥ =0, ={0}, W=(0), Vi=R, V§j=R, A(2)=aq,

with « a real number. In other words, we are looking at the operator 0+ a on a space of C-valued
maps u on X such that u(s) is purely imaginary for s < 0, u(s) is real for s > 0, and u(s +14) is
real for every s € R. Notice that ®~(t) = &+ () = €', so

e“RNR=(0) VaeR\ (1/24+77), e“*RNR=(0) VaecR\nZ,

so the assumptions of Theorem 5.9 are satisfied whenever « is not an integer multiple of 7/2. In
order to simplify the notation, we set

1,
XP(%) := X?{”O}(z, C), X'P(%):= X{OI})*7((0)7R)7(R)(E’ C).

We start by studying the regularity of the elements of the kernel of d,:
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5.15. LEMMA. Let p > 1 and o € R\ (w/2)Z. If u belongs to the kernel of
Oy : X1P(X) = XP(X),

then w is smooth on ¥\ {0}, it satisfies the boundary conditions pointwise, and the function
(%u)(¢) = u(¢?) is smooth on CI(HY) N Dy. In particular, u is continuous at 0, and Du(z) =
O(|z|~Y?) for z — 0.

Proof. The regularity theory for weak solutions of  on C and on the half-plane H (Theorem 5.4)
implies - by a standard bootstrap argument - that u € C°°(X \ {0}). We just need to check the
regularity of u at 0.

Consider the function f({) := eaEZ/zu(CQ) on H* ND;. Since
DF(C) = 26 2 (Du(c?) + au(¢?) =0,

f is holomorphic on H* ND;. Moreover, by (91) the function f belongs to W?(H* ND;), and in
particular it is square integrable. The function f is real on RT and purely imaginary on iR, so a
double Schwarz reflection produces a holomorphic extension of f to Dy \ {0}. Such an extension
of f is still square integrable, so the singularity 0 is removable and the function is holomorphic on
the whole Dq. It follows that

(#u)(Q) = u(¢?) = =T /21(Q)
is smooth on CI(HT) N Dy, as claimed. O

The real Banach space X?(X) is the space of LP functions with respect to the measure defined
by the density

(2) = 1 it z€ ¥\ Dy,
PREVZ |2P/271 if 2 € 20D,
So the dual of X?(X) can be identified with the real Banach space

1 1
{v € Li.(%,0)| / [v|?pp(2) dsdt < —l—oo} ,  where p + p =1, (100)
b

by using the duality paring
(XP(2))" x XP(¥) =R, (v,u)+ Re / (v, u)pp(2) dsdt.
b
We prefer to use the standard duality pairing

(XP(Z))* x XP(X) =R, (w,u)— Re /E<w,u> dsdt. (101)

With the latter choice, the dual of XP(X) is identified with the space of functions w = p,(z)v,
where v varies in the space (100). From 1/p+ 1/q¢ = 1 we get the identity

[wll%q =/E |w|qudt+/ lw|?|2|9/2~ " dsdt
N

D, $ND,

:/ |v|qudt+/ |v|?]2|(P/2= 1)) | 9/271 st
S\D,. )

r

:/ |v|qudt—|—/ v]9|z|P/21 dsdt:/ [v|?pp(2) dsdt,
S\D.. £ND, b

which shows that the standard duality paring (101) produces the identification

(XP(%))" = X9(%), for % + % =1.

Therefore, we view the cokernel of 9, : X1P(X) — XP(X) as a subspace of X?(X). Its elements
are a priori less regular at 0 than the elements of the kernel:

64



5.16. LEMMA. Letp > 1 and a € R\(w/2)Z. Ifv e X9(X), 1/p+1/q =1, belongs to the cokernel
of

0o : XPP(X) — XP(%),
then v is smooth on 3\ {0}, it solves the equation Ov — av = 0 with boundary conditions

v(s) R, wv(-s)€iR Vs>0,

v(s+1i)€R Vs € R, (102)

and the function (Tv)(¢) = 2¢v(¢?) is smooth on CI(HY) NDy. In particular, v(z) = O(|z|~1/?)
and Dv(z) = O(|z|=%/2) for z — 0.

Proof. Since v € X9(¥) annihilates the image of 9, there holds
Re /<v(z),5u(z) + au(z)) dsdt = 0, (103)
b

for every u € X'P(X). By letting u vary among all smooth functions in X?(X) which are
compactly supported in ¥ \ {0}, the regularity theory for weak solutions of 0 (the analogue of
Theorem 5.4) and a bootstrap argument show that v is smooth on X\ {0} and it solves the equation
Ov — av = 0 with boundary conditions (102). There remains to study the regularity of v at 0.

Set w(¢) = (Tv)(¢) = 2¢v(¢?). By (89), the function w is in LIY(H* N Dy). Let ¢ €
C(CI(H*) N Dy) be real on RT and purely imaginary on iR™. Then the function u defined by
u(¢?) = ©(¢) belongs to XP(¥), and by (103) we have

_ 3 _ 20 Loy L
0=Re /E<v,8u + au) dsdt = 4Re /H+mu31 < |<22w(g), 22830(() + ap(Q)) dodr

=Re [ (w(.0p(0) + 20Ce(Q) dodr

The above identity can be rewritten as

Re A+m®l<w(C),5w(<)>dadT = —Re/[H (2a¢w(¢), ¢(¢)) dodr,

+NDy

so w is a weak solution of dw = 2a¢w on CI(H*)ND; with real boundary conditions. Since w is in
L4(HT ND;y), Lemma 5.7 implies that w is in W4(H* NDy). In particular, w is square integrable
on HT N Dy, and so is the function

£(Q) = e 2u(¢).

The function f is anti-holomorphic, it takes real values on R* and on iR™, so by a double Schwarz
reflection it can be extended to an anti-holomorhic function on D1\{0}. Since f is square integrable,
the singularity 0 is removable and f is anti-holomorphic on Dy. Therefore

2
(T0)(¢) = w(¢) = e 2£(C)
is smooth on CI(H') N Dy, as claimed. O
We can finally prove the following Liouville type result:

5.17. PROPOSITION. If0 < a < /2, the operator
0o : X1P(X) = XP(X)

is an isomorphism, for every 1 < p < oc.
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Proof. By Proposition 5.14 the operator d, is semi-Fredholm, so it is enough to prove that its
kernel and co-kernel are both (0).

Let u € X1P(X) be an element of the kernel of d,. By Proposition 5.12, u(z) has exponential
decay for |Re z| — 400 together with all its derivatives. By Lemma 5.15, u is smooth on X\ {0},
it is continuous at 0, and Du(z) = O(|z|~'/?) for z — 0. Then the function w := u? belongs to
W14(% C) for every g < 4. Moreover, w is real on the boundary of ¥, and it satisfies the equation

dw + 2aw = 0.

Since 0 < 2a < 7, 2R NR = (0), so the assumptions of Theorem 5.11 (ii) are satisfied, and the
operator

Do : WeB(2,€) — LI(2,C)

is an isomorphism. Therefore w = 0, hence v = 0, proving that the operator d, has vanishing
kernel.

Let v € X4(X), 1/p+ 1/q = 1, be an element of the cokernel of d,. By Lemma 5.16, v is
smooth on ¥\ {0}, v(s) € iR for s < 0, v(s) € R for s > 0, v solves Jv — av = 0, and the function

w(¢) = 2¢v(¢?) (104)

is smooth in CI(HT) N D; and real on the boundary of H. In particular, v(z) = O(]z|~'/2) and
Du(z) = O(|z|73/2) for z — 0. Furthermore, by Proposition 5.12, v and Dv decay exponentially
for |Re z| — +o00. More precisely, since the spectrum of the operator L, on L?(]0, 1], C),

d
dom L, = Wﬂ%:"%(]o, 1[,€) = {u e W"2(J0,1[,€) [ u(0),u(1) € R}, Lo= ZE ta

is a + 7Z, we have min o(Ly) N [0, +00) = a, hence
lv(z)| < ce”Re2l for |Rez| > 1. (105)

If w(0) = 0, the function v vanishes at 0, and Dv(z) = O(]z|7!) for 2 — 0, so v? belongs to
Wﬂ%:"% (%, C) for any ¢ < 2, it solves 9v? —2aw? = 0, and as before we deduce that v = 0. Therefore,
we can assume that the real number w(0) is not zero.

Consider the function

FiE\{0} = C, f(2):=e"?D(2).
Since Ov = aw,
0f(2) = —ae °%/%7(2) + e %/?00(2) = e~ */?(—a(2) + aw(z)) = 0,
so f is holomorphic on the interior of ¥. Moreover, f is smooth on ¥\ {0}, and

f(s) = e */25(s) € iR for s <0, f(s) = e 2/?5(s) € R for s > 0, (106)
f(s+1i) = e */%5(s 4+ i)e*/? € e*/?R  for every s € R. (107)

Denote by /z the determination of the square root on C\ R~ such that /z is real and positive
for z real and positive, so that \/z = v/Z. By (104),

J(z) = —emo Q%W(@ = “j? +o(|z|71/?) for z — 0. (108)

Finally, by (105),

lim  f(z)=0. (109)

|Re z|—+00
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We claim that a holomorphic function with the properties listed above is necessarily zero. By
(108), setting z = pel® with p >0 and 0 <6 <,

w0) _gis2 ~1/2
f(z) = —=Le %2 4 o(|p|~V/ for p — 0.
(2) N (7%
Since w(0) is real and not zero, the above expansion at 0 shows that there exists p > 0 such that
f(z) e U PR, Vze (B,(0)N%)\ {0}. (110)

pe]—m/2—a/4,a/4]

If f=0o0n R+, then f is identically zero (by reflection and by analytic continuation), so we
may assume that f(R + i) # {0}. By (107) the set f(R + i) is contained in Re®/2. Since f is
holomorphic on Int(X), it is open on such a domain, so we can find v €]a/4, a/2[U]a/2, 3c/4[ such
that f(Int(X)) N Re?® # {0}. By (109) and (110) there exists z € ¥\ B,(0) such that

f(z) €Re™, [ f(2)] = sup[f(X\ {0}) NRe™| > 0. (111)

By (106) and (107), z belongs to Int(3), but since f is open on Int(X) this fact contradicts (111).
Hence f = 0. Therefore v vanishes on ¥, concluding the proof of the invertibility of the operator
Do O

If we change the sign of o and we invert the boundary conditions on R we still get an isomor-
phism. Indeed, if we set v(s,t) :=u(—s,t) we have

O_qu(s,t) = Ov(s,t) — av(s,t) = —Ou(—s,t) + au(—s,t) = —0u(—s,1),

so the operators

.
Do X0} (0 0.0 (2 €)= X[5(5,0),
_ ¢

O—a s X5y (r. (0.0 (3 €)= X (3,€)

are conjugated. Therefore Proposition 5.17 implies:

5.18. PROPOSITION. If0 < a < /2, the operator

D o: XP (%,C) — X

{0}.(R.(0)).(R) (03 (%,C)

is an isomorphism.

5.6 Computation of the index

The computation of the Fredholm index of 94 is based on the Liouville type results proved in the
previous section, together with the following additivity formula:

5.19. PROPOSITION. Assume that A, A1, Ay € C°(R x [0,1], L(R*",R?™)) satisfy
Aj(+o00,t) = Aa(—00,t), A(—o00,t) = A1(—00,t), A(+oo,t) = Aa(+o00,t), Vite|0,1].

Let 1 = Vo, ..., Vi), Yo = (Vieyo oo, Vi), "f/l/ = (VO/, RN ka’)? 7/2/ = (Viry. .. 7Vk,’+h’) be finite
ordered sets of linear subspaces of R™ such that V; and Vji1, Vj' and Vj’+1 are partially orthogo-
nal, for every j. Set ¥ = (Vo,..., Vi, Vi1, .o, Vi) and V" = (Vg, ..., VI, Vi oo Vi)
Assume that (A1, 71, 7]) and (Aa, ¥, V) satisfy the assumptions of Theorem 5.9. Let S be a
set consisting of k points in R and k' points in i + R, let %5 be a set consisting of h points in R
and b’ points in i + R, and let . be a set consisting of k + h points in R and k' + h' points in
i+ R. For p €]1,+00[ consider the semi-Fredholm operators

Dy X350 4 4 (5,€") = XB, (2,€"), Dag: XJF,, 4 (8,C7) — XT, (5,€7)

9a: X5y 4 (5,C7) — X, (5,C7).
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Then
inddy = indgA1 + indgAl.

The proof is analogous to the proof of Theorem 3.2.12 in [Sch95], and we omit it. When there
are no jumps, that is ¥ = @) and ¥ = (V), ¥’ = (V’), Theorem 5.11 shows that the index of the
operator

Da: Xyl (o (5,€") = Wity vy (8,€7) — LP(S,C") = X[ (2,C7)

is
indda = u(®" N*V, N*V') — u(®F N*V, N*V").
In the general case, Proposition 5.19 shows that
ind (D4 : X357, ./ (5,€") — X2,(,C")) (112)
= u(® " N*Vo, N*V§) — u(®TN* Vi, N*V) + (Vo .., Vies Vg, .., Vi),

where the correction term c satisfies the additivity formula

C(‘/v()7 .. '7Vk+h7‘/z)/) .o '7Vk:,+h,) S C(‘/v()7 .. .,Vk;‘/z)/, .o '7Vk/)l) + C(Vk, .o .,VkJrh;Vk:/, .o '7Vk:,+h,)'
(113)

Since the Maslov index is in general a half-integer, and since we have not proved that the cokernel
of 04 is finite dimensional, the correction term c takes values in (1/2)7 U {—oc}. Actually, the

analysis of this section shows that c is always finite, proving that 04 is Fredholm.
Clearly, we have the following direct sum formula

c(VodWo,...,Vi @ Wi; Vg @ W{, ...,V @ W},)

114
=c(Vo,. oy Vis Vi, oo, Vi) + c(Wo, oo, Wi W, oo ). (114)

Note also that the index formula of Theorem 5.11 produces a correction term of the form
c(iv) = u(\,v), (115)

where A and v are asymptotically constant paths of Lagrangian subspaces on C". The Liouville
type results of the previous section imply that

e((0), R™: R™) = =2 = e(R", (0); R"). (116)

Indeed, by Proposition 5.17 the operator

a 1, n n

Dot + X g3 ((0).&7), (&) (5 €)= X[y (2,€7)
is an isomorphism if 0 < o < /2. By (80), the Maslov index of the path e!*'R™, t € [0, 1], with
respect to R is —n/2. On the other hand, the Maslov index of the path e!®*iR", t € [0, 1], with
respect to R™ is 0 because the intersection is (0) for every ¢ € [0,1]. Inserting the information
about the Fredholm and the Maslov index in (112), we find

.= n
0=1inddns = 5 + ¢((0),R™; (0)),

which implies the first identity in (116). The second one is proved in the same way by using
Proposition 5.18.
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5.20. LEMMA. Let (Vo,Vi,..., Vi) be a (k+ 1)-uple of linear subspaces of R™, with V;_1 and V}
partially orthogonal for every j =1,...,k, and let W be a linear subspace of R™. Then

k
1
(Vo Vis W) = e(W3 Vo, Vi) = =5 > (dimV;_y +dimV; — 2dimV;_1 N V;).
j=1
Proof. Let us start by considering the case W = R™. By the additivity formula (113),

k
c(Vo, - Vi R™) = e(Vimr, Vi R™).

Jj=1

Since Vj—1 and Vj are partially orthogonal, R™ has an orthogonal splitting R™ = X ioXloXx]ioX]
where V;_1 = X{ ® XJ and V; = X{ ® XJ. By the direct sum formula (114) and by formula (116),

o(Vim1, Vi R") = e(X{, X{: XT) + e(X3, (0); X3) + ¢((0), X5 X3) + ¢((0), (0); X7)
1 | : 1 o
Since
dim XJ @ X] = dim V1 + dimV; — 2dim V;_; NV},

the formula for ¢(Vp, ..., Vi; R"™) follows.

Now let A : R — .Z(n) be a continuous path of Lagrangian subspaces such that A(s) = R™ for
s < —1and A(s) = N*W for s > 1. By an easy generalization of the additivity formula (113) to
the case of non-constant Lagrangian boundary conditions,

(N Vo, N) +c(Vo, .., Vis W) = e¢(Vo, .., Vis R™) + ¢(IN* Vs A). (117)
By (115), ¢(N*Vo; A) = —p(A, N*Vp) and ¢(N*Vi; A) = —p(A, N*Vy), so (117) leads to

c(Vo,...., VW) = c(Vo, ...,V R™) = (u(\, N*Vie) — (A, N*Vp))
=c(Vo,...,VF;R") — h(N*Vy, N*V,; R®, N*W),

where h is the Hormander index. By Lemma 5.2, the above Héormander index vanishes, so we get
the desired formula for ¢(Vp, ..., Vi; W). The formula for ¢(W; Vy, ..., Vi) follows by considering
the change of variable v(s,t) = u(s, 1 —t). O

The additivity formula (113) leads to
cVoy oo s Vis Vi oo s V) = (Vo oy Vi V) + ¢(Vis Vg -, Vi),

and the index formula in the general case follows from (112) and the above lemma. This concludes
the proof of Theorem 5.9.

5.7 Half-strips with jumping conormal boundary conditions
This section is devoted to the analogue of Theorem 5.9 on the half-strips
Yri={2€C|0<Imz2<1,Rez>0} and ¥ :={2€C|0<Imz<1, Rez <0}.
In the first case, we fix the following data. Let k, k" > 0 be integers, let
0==s0 <581 < <8 <Spgy1 =400, 0=s5)<s] <+ <sp < Spyq =400,
be real numbers, and let W, Vg, ..., Vi, V{, ..., V), be linear subspaces of R such that V;_; and

Vi, V}Ll and Vj’, W and Vy, W and Vj, are partially orthogonal. We denote by ¥ the (k+ 1)-uple
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(Vo,..., Vi), by " the (k' +1)-uple (Vj,...,V/,), and by . the set {s1,..., sk, 81 +1,...,s), +i}.
The X? and X' norms on X7 are defined as in section 5.3, and so are the spaces X%, (X*,C") and
XLP(2,C). Let X;f’wyy/ﬁ,/,(ilﬂ C") be the completion of the space of maps u € C% (¥+,C")
satisfying the boundary conditions

u(it) € N*W Vt € [0,1], u(s) € N*Vj Vs € [sj,5511], u(s+1i) € NV} Vs e [s],57,4],

with respect to the norm [|ul| x1.p(s+)-
Let A € C°(]0, +00] x [0, 1], L(R?*,R?")) be such that A(+o0,t) is symmetric for every ¢ € [0, 1],
and denote by ®* : [0,1] — Sp(2n) the solutions of the linear Hamiltonian system

%@*(t) = iA(+00,)®F(t), BF(0) = I.

Then we have:

5.21. THEOREM. Assume that @ (1)N*V, N N*V}/, = (0). Then the R-linear bounded operator
514 : X;’{)W,"I/,“I/’(EJern) - X;(EJraCn)v EAU :5u+Aua
is Fredholm of index

indda = = — u(®"N*Vy, N*V/,) — %(dim% +dimW —2dim Vo N W)

|3

M=

1 1
—§(dimV0'+dimW— 2dim Vg NW) — 3 (dim V1 +dimV; —2dim V;_1 N'V})

. (118)

TS,
|

(dim V/_; +dim V/ — 2dim V/_, N V).
1

N =

J

Proof. The proof of the fact that 0,4 is semi-Fredholm is analogous to the case of the full strip,
treated in section 5.4. There remains compute the index. By an additivity formula analogous
to (113), it is enough to prove (118) in the case with no jumps, that is k = k' = 0, ¥ = (1)),
¥’ = (Vy). In this case, we have a formula of the type

indda = —pu(®TN*Vo, N*Vy) + c(W; Vo; V),

and we have to determine the correction term c.

Assume W = (0), so that N*W = iR™. Let us compute the correction term ¢ when Vj
and V{ are either (0) or R™. We can choose the map A to be the constant map A(s,t) = al, for
a €]0,7/2[, so that ®*(t) = ¢***. The Kernel and co-kernel of d, are easy to determine explicitly,
by separating the variables in the corresponding boundary value PDE’s:

(i) If Vo = V§ = R", the kernel and co-kernel of d,; are both (0). Since u(e’**R",R") = —n/2,
we have ¢((0); R™";R™) = —n/2.

(ii) If Vo = V§ = (0), the kernel of 0,7 is iR"e ™%, while its co-kernel is (0). Since u(e***iR",iR") =
—n/2, we have ¢((0); (0); (0)) = n/2.

(iif) If either Vo = R™ and Vj = (0), or Vp = (0) and Vj = R", the kernel and co-kernel of 01 are
both (0). Since p(e***R™, (0)) = u(e*t(0),R™) = 0, we have ¢((0); R™; (0)) = ¢((0); (0); R") =
0.

Now let W, Vy, and Vg be arbitrary (with W partially orthogonal to both V and V{). Let
U € U(n) be such that UN*W = iR". Then UN*Vy = N*W, and UN*V; = N*W{, where

Wo=VonW):n(Vo+W), Wi=VinW):nVy+Ww).
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By using the change of variable v = Uu, we find
(W5 Vo3 Vi) = c((0); Wo; Wp), (119)

and we are reduced to compute the latter quantity. By an easy homotopy argument, using the fact
that the Fredholm index is locally constant in the operator norm topology, we can assume that W
and W are partially orthogonal. Then R™ has an orthogonal splitting R” = X; @ X2 @ X3 @ X4,
where

Wo=X1®Xs, Wj=X1& X3,
from which

N'Wy=X1®XoDiX3DiXy, N*W(;:Xl@ng@Xg@iX4.

Then the operator 07 decomposes as the direct sum of four operators, whose index is computed
in cases (i), (ii), and (iii) above. Indeed,

1 1
c((0); Wo; W) = 3 dim X4 — 3 dim X

= %codim(WO + W) — % dim Wy N W{ = %(n — dim Wy — dim W}).

Since
dim Wy = dim(Vo + W) —dim Vo N W =dim Vp + dim W — 2dim Wy N W,
dim W) = dim(Vy + W) —dim Vy N W = dim Vj + dim W — 2dim W; N'W,
we find
c((0); Wo; WY = g - %(dimVo +dim W — 2dim W N W) — %(dimVO' +dim W — 2dim W, 0 W).
Together with (119), this proves formula (118). O

We conclude this section by considering the case of the left half-strip ¥~. Let k,k’ > 0,
VYV =Wo,..., Vi), and ¥' = (Vj,...,V},) be as above. Let

—oo:sk+1<sk<---<81<50:(), —oo:8§€,+1<s§€/<---<s'1<86=0,

be real numbers, and set . = {s1,...,8k, 81 +1,...,8 +i}.
Let X;?W’«,/}«,// (X7,C") be the completion of the space of maps u € C% (X~,C") satisfying
the boundary conditions

u(it) € N*W Vt € [0,1], u(s) € NV Vs € [sj1,55], u(s+i) € NV} Vs [s,,5]],

with respect to the norm ||u|| x1.p(x-).
Let A € C%([—00,0]x [0, 1], L(R?*,R?")) be such that A(—oo,t) is symmetric for every ¢ € [0, 1],
and denote by ®~ : [0, 1] — Sp(2n) the solutions of the linear Hamiltonian system

d

(1) = iA(=00, )07 (1), ®7(0) = L.

Then we have:

5.22. THEOREM. Assume that @~ (1)N*V, N N*V], = (0). Then the R-linear operator

04 Xy 4 (57,€") = X5, (57,C"), Oau=0u+ Au, (120)
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is bounded and Fredholm of index

_ 1
indd, = g + (@7 N Ve, N*V) = S (dim Vo + dim W — 2dim Vo 1 W)

k
1 1
— 5 (dim Vg + dim W — 2dim Vg N W) — 52 dim V;_y + dim V; — 2dim V;_; N V)
j=1
1
-5 > (dim V], +dim V] — 2dim V/_, NV}).
Jj=1

(121)

Indeed, notice that if u(s,t) = v(—s,t), then
—(Ou(s,t) + A(s,t)u(s,t)) = C(Ov(—s,t) — CA(s, t)Cv(—s,t)),
where C' is denotes complex conjugacy. Then the operator (120) is obtained from the operator
I X vy (BT,C") — XP (NF,C"), 9pv=0v+ B,

where B(s,t) = —CA(—s,t)C, by left and right multiplication by isomorphisms. In particular,
the indices are the same. Then Theorem 5.22 follows from Theorem 5.21, taking into account the
fact that the solution ®* of

%qﬁ() iB(+00, )T (1), ®F(0) =1,

is ®T(t) = CP~(t)C, so that

(@ N*Vi, N*Vy,) = p(CO®~ CN*Vie, N*V,) = —u(®~ N* Vi, N*V{,).

5.8 Non-local boundary conditions

It is useful to dispose of versions of Theorems 5.9, 5.21, and 5.22, involving non-local boundary
conditions. In the case of the full strip X, let us fix the following data. Let k£ > 0 be an integer,
let

—00 =809 < 81 < -+ < 8 < Spt1 = +00

be real numbers, and set . := {s1,...,8k,81 + 4,...,8% +i}. Let Wy, W1,..., Wy be linear
subspaces of R™ x R™ such that W;_; and W; are partially orthogonal, for j = 1,...,k, and set
W =Wo,...,Wg).

The space X‘;’_’W (X, C™) is defined as the completion of the space of all u € Cg,?”c(2, C™) such
that ’

(u(s),u(s+1)) € N*W;, Vse€ls;,8541], 7=0,...,k,

with respect to the norm [[u| x1.»(x).

Let A € C°(Rx [0, 1], L(R?", R?")) be such that A(+o0,t) € Sym(2n, R) for every ¢ € [0, 1], and
define the symplectic paths ®*,®~ : [0,1] — Sp(2n) as the solutions of the linear Hamiltonian
systems

%@i() iA(Fo0,t)®E(t), ®*(0) =1

Denote by C the complex conjugacy, and recall from section 5.1 that ® € L(R?*", R?") is symplectic
if and only if graph C® is a Lagrangian subspace of (R2" x R?", wy xwp). Then we have the following:
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5.23. THEOREM. Assume that graph C®~ (1) N N*Wy = (0) and graph C®* (1) N N*W}, = (0).
Then for every p €]1,+oo| the R-linear operator

da: X350, (8,€") — XL (S,€"), ur— du+ Au,
is bounded and Fredholm of index

indda = u(N*Wpy, graph C®~) — pu(N*Wy, graph Cd™T)
k

> (dim Wy + dim W — 2dim W,y 0 ;).

j=1

1
2
Proof. Given u: Y — C" define % : ¥ — C?" by

i(2) 1= (u(=/2), T(E/2 +1))-
The map u — @ determines a linear isomorphism
F:X3P,(S,C") = X0, (5,02,

where " = {2s1,...,28,,281 +i,...,25;, + i}, #' is the (k + 1)-uple (Agn,...,Agrn), and we
have used the identity

N*Agn = graphC = {(w,w) | w € C"}.
The map v +— 9/2 determines an isomorphism
G: X% (%,C") = XL,(3,C%).
The composition G o 94 o F~! is the operator
0;: X;?’W’W,(E, C™) — X2, (%,C*), ur Ju+ Au,
where

A(z) == = (A(z/2) @ CA(Z/2 +)C) .

N =

Since

A(Fo00,t) = = (A(d00,/2) & CA(Eo0,1 — /2)C) |

N~

we easily see that the solutions d* of

%(i)i(t) = iA(£00,t)®F(t), DF(0) =1,

are given by
OE(t) = dE(t/2) ® COT(1 —t/2)D(1)~1C.
The above formula implies
OE(t) L N*Agn = graph CO*(1)d* (1 — t/2) "1 0*(2/2). (122)
For t =1 we get
O (1)N*Wy N N*Agn = &~ (1)[N*Wy N graph C~(1)] = (0),
SH(1)N*Wy, N N*Agn = & (1)[N*W}, N graph CO T (1)] = (0),
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so the transversality hypotheses of Theorem 5.9 are fulfilled. By this theorem, the operator
0a=G 1o 0z o F' is Fredholm of index

indds =indd; = u(®~ N*Wo, N*Agn) — u(®FN* Wy, N*Agn)

. . (123)
Z dim W1 + dim W; — 2dim W;_; N Wj).

j=1

[\3|'_‘
<.

The symplectic paths t — ®*(1)®*(1 —¢/2)"1®*(¢/2) and t — ®*(t) are homotopic by means
of the symplectic homotopy

-1
(A t) — ®F(1) dF (% — ?t) oF (?t) ,

which fixes the end-points I and ®*(1). By the symplectic invariance and the homotopy invariance
of the Maslov index we deduce from (122) that

(@~ N*Wo, N*Agn ) = pu(N*Wo, ®~ () "I N*Agn)

= u(N*Wp, graph C®~ (1)@~ (1 — -/2)"1®~(-/2)) = u(N*Wp, graph CO ™). (124)

Similarly,
(ST N* Wy, N*Agn ) = u(N* Wy, graph CO1). (125)
The conclusion follows from (123), (124), and (125). O

In the case of the right half-strip ¥, we fix an integer k¥ > 0, real numbers
0=s50< 81 <+ <8 < Spy1 = 00,

a linear subspace Vy C R™ and a (k + 1)-uple # = (Wy, ..., Wy) of linear subspaces of R” x R™,
such that Wy and Vp x Vp are partially orthogonal, and so are W;_; and Wj, for every j =1,... k.
Set . ={s1,...,8k,81 +14,...,8 + 1}, and let X;?VO,W(E—Fv C™) be the completion of the space
of maps u € C% (X%, C") such that

u(it) e Vo Yt €[0,1], (u(s),u(s+1i)) € N*W;, Vs€lsj,sj+1], j=0,....k,

with respect to the norm [[ul| x1.»( 242
Let A € C°([0,400] x [0,1], L(R*",R?")) be such that A(+oc,t) € Sym(2n,R) for every t €
[0,1], and let &% : [0,1] — Sp(2n) be the solution of the linear Hamiltonian systems

%qﬁ( 1) = iA(+o0, )T (1), ®F(0) = 1.

Then we have:

5.24. THEOREM. Assume that graph C®*(1) N N*Wj, = (0). Then for every p €]1,+oc[ the
R-linear operator

a: X3P o (BF,C") - X0, (2F,C"),  uw Ou+ Au,
is bounded and Fredholm of index
inddy =

— u(N*Wy, graph C®T) — =(dim Wy + 2dim Vo — 2 dim Wy N (Vg x Vo))

|3
N | =
—~

l\JI»—A
‘M»

(dimW,_1 + dim W; — 2dim W,_1 N Wj).
1

<
Il
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Proof. By the same argument used in the proof of Theorem 5.23, the operator 04 is Fredholm
and has the same index of the operator

514 : X;’I’),VOXVO,"//,W’(EJr’ Czn) - X;’(EJrv C2n)v u— du + Aua
where . 1= {2s1,...,28,281 +4,...,28, + i}, # is the (k + 1)-uple (Agn,...,Agn), and

P 1
A(z) = §(A(Z/2) ®CAZ/2+14)C).
By Theorem 5.21 and by (125), the index of this operator is
— 1
indd; =n — p(N*Wg, graph CO®™) — E(dim Agn +dim Vg x Vg — 2dim Agn N (Vg x Vp))

1
—5 (dim Wo + dim Vo x Vo — 2dim Wo 1 (Vo x Vo))

k
1
3 Z dim Wj71 + dim Wj — 2diij71 n Wj)
1

j=
1
§(d1m Wo + 2dim Vy — 2dim Wy N (Vo x Vo))

— u(N*Wy, graph C®™) — g —

k
—= ) (dim W,y + dim W; — 2dim W;_y N W;).

j=1

l\D|'—‘

The desired formula follows. O

In the case of the left half-strip 3, let k, Vp, # be as above, and let .¥ = {s1,..., sk, 51 +
., 8k + 1} with

0=350>81> >8> Sgy1 = —00.
Let X;?VO,W(Eiv C") the completion of the space of all maps u € C% (X7, C") such that
u(it) e Vo Yt €[0,1], (u(s),u(s+1i)) € N*W;, Vs€[sj+1,8], j=0,....k,
with respect to the norm ||u|| x1.»(x-).

Let A € C%([—00,0]x [0, 1], L(R?",R?")) be such that A(—o0,t) is symmetric for every ¢ € [0, 1],
and let @~ : [0,1] — Sp(2n) be the solution of the linear Hamiltonian systems

d

dt(b (t) = iA(—o00,t)®T(t), ® (0)=1I.

Then we have:

5.25. THEOREM. Assume that graph C®~ (1) N N*Wy, = (0). Then for every p €]1,+o0]| the
R-linear operator

Oa: Y’Vo »(27,C") — X2 (27,C"), uw du+ Au,

is bounded and Fredholm of index

inddy = g + u(N*Wy, graphC®~) —

—~

dim Wy + 2dim Vp — 2dim Wo N (Vy x Vo))

NN

(dlij 1+ dim W; — 2dim W;_, N W;).

l\JI»—A
‘M*

1

~
Il
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5.9 Coherent orientations

As noticed in [ASO06b, section 1.4], the problem of giving coherent orientations for the spaces of
maps arising in Floer homology on cotangent bundles is somehow simpler than in the case of a
general symplectic manifolds, treated in [FH93]. This fact remains true if we deal with Cauchy-
Riemann type operators on strips and half-strips with jumping conormal boundary conditions.
We briefly discuss this issue in the general case of nonlocal boundary conditions on the strip, the
case of the half-strip being similar (see [ASO6b, section 3.2]).

We recall that the space Fred(E, F') of Fredholm linear operators from the real Banach space E
to the real Banach space F' is the base space of a smooth real non-trivial line-bundle det(Fred(E, F)),
with fibers

det(A) := A" (ker A) ® (A™**(coker A))*, VA € Fred(E, F),

where A™#*(V) denotes the component of top degree in the exterior algebra of the finite-dimensional
vector space V' (see [Qui85]).

Let us recall the setting from section 5.8. We fix the data k > 0, . = {s1,..., Sk, $1+4,..., Sk +
i}, with s1 < -+ < s, and # = (Wy, ..., Wy), where Wy, ..., W}, are linear subspaces of R” x R™,
such that W;_; is partially orthogonal to W, for j = 1,...,k. Let A* : [0,1] — Sym(R") be
continuous paths of symmetric matrices such that the linear problems

{ w'(t) = iA™ (tw(t), {w’(t) AT (Hw(t),
(w(0), Cw(1)) € N*Wy, (w(0), Cw(1)) € N*Wy,

have only the trivial solution w = 0. Such paths are refereed to as non-degenerate paths (with
respect to Wy and Wy, respectively). Fix some p > 1, and let Z» » (A, AT) be the space of
operators of the form

9a: X7, (8,C") = X5,(8,C"), ur Ju+t Au,

where A € CO(R x [0, 1], L(R?",R?")) is such that A(+oo,t) = A*(¢) for every ¢t € [0,1]. By
Theorem 5.23, P 5 (A~,A") is a subset of Fred(Xé};?W(Z,C"),X’}(Z,C")). It is actually a
convex subset, so the restriction of the determinant bundle to Z.» » (A~, A") - that we denote
by det(Zo w(A™, AT)) - is trivial.

Let & be the family of all subsets of ¥ consisting of exactly k pairs of opposite boundary
points. It is a k-dimensional manifold, diffeomorphic to an open subsets of R¥. An orientation
of det(Zy w (A, A")) for a given . in & uniquely determines an orientation for all choices of
" € 6. Indeed, the disjoint unions

|| x2%,=.cm), || x5 (z.cm),

JS€6 JSEG

define locally trivial Banach bundles over &, and the operators 04 define a Fredholm bundle-
morphism between them. Since & is connected and simply connected, an orientation of the
determinant space of this operator between the fibers of a given point .% induces an orientation
of the determinant spaces of the operators over each ./ € &.

The space of all Fredholm bundle-morphisms between the above Banach bundles induced by
operators of the form 94 with fixed asymptotic paths A~ and A% is denoted by 2y (A~, A"). An
orientation of the determinant bundle over this space of Fredholm bundle-morphisms is denoted
by oy (A™, AT).

Let # = Wo,...,Wg), #' = (Wi, ..., Wkiir) be vectors consisting of consecutively partially
orthogonal linear subspaces of R™ x R", and set

W#WI = (W(), ceey Wk-{—k’)-
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Let Ag, A1, Ao be non-degenerate paths with respect to Wy, Wy, and W/, respectively. Then
orientations oy (Ao, A1) and oy (A1, A2) of det(Py (Ao, A1)) and det(Py (A1, Az)), respectively,
determine in a canonical way a glued orientation

oy (Ao, A1) # oy (A1, A2)

of det(Zw 4w (Ao, A2)). The construction is analogous to the one described in [FH93, section
3]. This way of gluing orientations is associative. A coherent orientation is a set of orientations
oy (A™, AT) for each choice of compatible data such that

Oy ' (AO,Al) = Ow(AO,Al) #Oy///(Al, Ag),

whenever the latter glued orientation is well-defined. The proof of the existence of a coherent
orientation is analogous to the proof of Theorem 12 in [FH93|.

The choice of such a coherent orientation in this linear setting determines orientations for all
the nonlinear objects we are interested in, and such orientations are compatible with gluing. As
mentioned above, the fact that we are dealing with the cotangent bundle of an oriented manifold
makes the step from the linear setting to the nonlinear one easier. The reason is that we can
fix once for all special symplectic trivializations of the bundle z*(TT*M), for every solution z of
our Hamiltonian problem. In fact, one starts by fixing an orthogonal and orientation preserving
trivialization of (mox)*(T'M), and then considers the induced unitary trivialization of «* (TT*M).
Let u be an element in some space .# (z,y), consisting of the solutions of a Floer equation on
the strip ¥ which are asymptotic to two Hamiltonian orbits x and y and satisfy suitable jumping
co-normal boundary conditions. Then we can find a unitary trivialization of w*(TT*M) which
converges to the given unitary trivializations of x*(TT*M) and y*(TT*M). We may use such a
trivialization to linearize the problem, producing a Fredholm operator in P » (A~, AT). Here
A=, A" are determined by the fixed unitray trivializations of x*(TT*M) and y*(TT*M). The
orientation of the determinant bundle over Z 4 (A~, A") then induced an orientation of the
tangent space of .# (x,y) at u, that is an orientation of .# (x,y). See [AS06b, section 1.4] for more
details.

When the manifold M is not orientable, one cannot fix once for all trivializations along the
Hamiltonian orbits, and the construction of coherent orientations requires understanding the effect
of changing the trivialization, as in [FH93, Lemma 15]. The Floer complex and the pair-of-pants
product are still well-defined over integer coefficients, whereas the Chas-Sullivan loop product
requires Zo coeflicients.

5.10 Linearization

In this section we recall the nonlinear setting which allows to see the various spaces of solutions of
the Floer equation considered in this paper as zeroes of sections of Banach bundles. By showing
that the fiberwise derivatives of such sections are conjugated to linear perturbed Cauchy-Riemann
operators on a strip with jumping conormal boundary conditions, we prove that these spaces of
solutions are generically manifolds, and we compute their dimension. We treat with some details
the case of ///19, the space of solutions of the Floer equation on the holomorphic triangle, defining
the triangle product on Floer homology. The functional setting for the other spaces of solutions
is similar, so in the other cases we mainly focus on the dimension computation.

The space 5. Let us consider the model case of .#%(x1,72;y), where 11 € P(H;), x2 €
P Hy), and y € P (H 4 H>) (see section 3.3). This is a space of solutions of the Floer equation
on the Riemann surface with boundary %, described as a strip with a slit in section 3.2.

Let us fix some p €]2,+oc[, and let us consider the space #5! = # (w1, x2;y) of maps
u : ¢ — T*M mapping the boundary of ¢ into T, M, which are of Sobolev class WP on
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compact subsets of Z%, for which there exists sg > 0 such that

u(s,t —1) = exp,, ) C1(s,1), V(s,t) €] — 00, —s0[Xx]0, 1],
u(s,t) = expg,) C2(s:t), Y(s,t) €] — 00, —s0[Xx]0, 1],
U(S,2t— 1) :eXpy(t) C(S,t ) V(S,t) E]So,—I—OO[X[O,].],

for suitable WP sections (1, (2, ¢ of the vector bundles
21 (TT*M) —] - 00, —so[x[0, 1], @3(TT*M) =] — 00, —s0[x[0,1], 1+ (TT*M) —]s, +00[x[0,1].

Here “exp” is the exponential map given by some metric on T*M, but the space #4 does not
depend on the choice of this metric. Notice also that when we say “of Sobolev class WP on
compact subsets of Y¢”, we consider ¢ endowed with its smooth structure (and not with the
structure endowed by the singular coordinate z = s+ it). Since p > 2, the space Wé’ is an infinite
dimensional manifold modeled on the real Banach space

Wigh (5%,€") = Wy P(S2, R") @ WP (54, iR").

(2

Notice that by our definition of the smooth structure of %, a Banach norm of Wil’ﬁ (B£,C") is

Iolf = /Ilmz|<1, \z\>1(|v(z)|p T IDu(z)[") da dt +/

|z|<1

(M2 Doayter= ) asa

|2]
(126)

Let & be the Banach bundle over #5 whose fiber at u is the space of u*(TT*M)-valued
J-anti-linear one-forms on E% of class LP. A smooth trivialization (with suitable asymptotics and
boundary conditions) of u*(TT*M) allows to identify the fiber of &2 at u with Q) (22, C"), the
Banach space of C"-valued complex anti-linear one-forms on % of class LP. Again, if an element
of w e Qg,} (X%, C") is expressed in terms of the singular global coordinate z = s + it as

w = wo(2)ds — iwo(2)dt = wo(z) dz, wp: XE — C,

its LP-norm on X is equivalent to
Jullg:= [ wo(e)P dsde+ [ fun(2)P|s> ds (127)
Im z|<1, |z|>1 |z|<1

The perturbed Cauchy-Riemann operator
U — 5Ju—|—FJ7H(u),

defines a smooth section D s, of the Banach bundle £¥ Elliptic regularity (Theorem 5.3) and
exponential estimates at infinity (Proposition 5.12) allow to prove that .#% is the set of zeroes of
the section D g : #5 — &5

By choosing a unitary trivialization of u*(TT*M), the fiberwise derivative of D j py at u € .4
is easily shown to be conjugated to an operator of the form

) 1
D + G: Wz}]?’g(zgvcn) - Q%x}(zgvcn)v U= §(D’U + iDv O]) + C:’U7

J denoting the complex structure on Z%. Using the singular coordinate z = s + it, the Cauchy-
Riemann operator D and the multiplication operator G take the form

— 1 ' 1 i

Dv = 5(dyv + idyo) ds — %(851) +idp)dt,  (Gv)(z) = AR)o(z)ds — %A(z)v(z)dt,
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where A is a smooth map taking value into L(R?", R??). Since u(s,t — 1) converges to x1(t) for
s — —o00, u(s,t) converges to xa(t) for s — —oo, and u(s,2t — 1) converges to y(t) for s — +o0,
for any ¢ € [0, 1], the L(R?*", R?")-valued function A has the following asymptotics:

A(s+ (t—1)i) — A7 (t), A(s+ti) — A5 (t) for s — —oco, A(s+ (2t —1)i) — AT (t), for s — +o0,

for any ¢ € [0, 1], where A7 (t), A (t), and AT (¢) are symmetric matrices such that the solutions
of the linear Hamiltonian systems

d _ _ e d
qul (t) =iA; ()Y (1), at

S (1) = AT (D), VT (0) = W5 (0) = WH(0) =

Uy (1) = iy ()5 (D),

are conjugated to the differential of the Hamiltonian flows along x1, z2, and y:
U (1) ~ D™ (L,1(0), W5 (1) ~ Dygp™ (1,22(0)),  WF(2) ~ D™ #H2(1,4(0)).
Then, by the definition of the Maslov index ;i in terms of the relative Maslov index y, we have

— N smn n ‘N mn n
o (we) = p(Wy R R = o p(y) = p(UHR" R -
(128)

1(1) = p(UTIR"iR") -

|3

We claim that the linear operator

D+G: Wgh(59,C") — Q7,(S§,C").
is Fredholm of index

ind (D + G) = p%(a1) + p%(@2) — 1(y).

In order to deduce this claim from Theorem 5.9, we show that the operator D + G is conjugated
to a linear perturbed Cauchy-Riemann operator on a strip with jumping Lagrangian boundary
conditions, in the sense of section 5.3.

Indeed, given v : Z% — C" let us consider the C?"-valued map ¥ on ¥ = {0 <Imz < 1}
defined as

0(2) := (0(2), v(2))-
The map v — v gives us an isomorphism
Wigh(5£,€") = X3Py . (2,C%"),

(2

where
S = {0}7 V= ((0)7A[R”)7 V' = (O)a

Agn being the diagonal subspace of R” x R", and (0) being the zero subspace of R?". This follows
from comparing the norm (126) to the Xi(,’,p norm by means of (87), (88), (90) and (91). On
the other hand, by comparing the norm (127) to the X%, norm by (89), we see that the map

w — 2w[0s] gives us an isomorphism
(57, ") = XL, (3, C*"),

It is easily seen that composing the operator D + G by these two isomorphisms produces the
operator

5 X50 4(5,€%") = X2,(3,C%"),  u Ou+ Au,
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where A(z) = CA(Z)C @ A(z), C denoting complex conjugacy on C".
By Theorem 5.9, the above operator 0 ; - hence the original operator D + G - is Fredholm of
index

ind (3 ;) = u(® iR iR>™) — p(®TN*Agn, iR2") — g (129)
where ®~, ®T : [0,1] — Sp(4n) solve the linear Hamiltonian systems

d _ - _ d . _
=2 (t) = iA(—o00,t)® (1), Ecb*(t):zA(Jrc>o,t)<I>+(t), O (0) = T (0) = I.

Since A(—o0,t) = CAy(—t)C @ As(t), we have ®~(t) = CUT (—t)C @ Wy(t), and
B(CTT (—)CIR?, iR") = u(CUT (= )iR", iR") = —u(WF (—)iR", CiR")
— (T (=R, iRY) = (BT iR, iRY),

where we have used the fact that C is a symplectic isomorphism from (R*",wg) to (R*", —wp),
and the fact that the Maslov index changes sign when changing the sign of the symplectic form,
or when reversing the parameterization of the Lagrangian paths. By the additivity of the Maslov
index and by (128) we get

w(®TiR*™ iR*™) = p(CW7 (—)CiR™iR™) + pu(W9iR™, iR™)

= p(UTiR™,iR™) + (05 iR, iR™) = pu(z1) + p(x2) + n. (130)
On the other hand, A(400,t) = CAT((1 —t)/2)C ® A((t + 1)/2), which implies
T (t) = CUT((1—1)/2)UH(1/2)"'C @ U ((1+1)/2)0T(1/2)" L.
Since N*Agn = graphC' = {(2,%) | z € C"}, we easily find
O (1)N* Age — graph T'(t)C,  with T(t) = 0+ (?) vt ($>_1 . (131)

The symplectic paths I' and ¥+ are homotopic by the symplectic homotopy

(A t) — ot <t+ %(1 —t)) Ut (%(1 —t))_l,

which leaves the end-points I'(0) = ¥+ (0) = [ and I'(1) = ¥*(1) fixed. Therefore, by the
homotopy invariance of the Maslov index, by (78) and by (128) we have

(@ N*Agn,iR?*™) = p(graph I'C, iR*™) = u(graph ¥+ C,iR*")

on e n
= p(UHIR"iR") = p(y) + 5.

(132)

Therefore, by (129), (130), and (132), we conclude that

ind (B5) = #(@1) + 1) + 1= (12) + 5 ) = 5 = w2 wr) + 1 w2) — 1)
Hence we have proved that the fiberwise derivative of the section D JH: WYQ — éi? is a Fredholm
operator of index pf(z1) + pf(z2) — p(y).

For a generic choice of the w-compatible almost complex structure .J, the section D J,H 18
transverse to the zero-section (the proof of transversality results of this kind is standard, see
[FHS96]). Let us fix such an almost complex structure .J. Then, .#4 - if non-empty - is a smooth
submanifold of #4 of dimension pf*(z1) + % (22) — u*(y). This proves the (2 part of Proposition
3.4.
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The space .#{. Let us study the space of solutions .#Z{ (21, 2;y), where x1 € P (Hy), o €
PN Hy), and y € PA(H1#Hs) (see section 3.3). It is a space of solutions of the Floer equation
on the pair-of-pants Riemann surface Z/}, described as a quotient of a strip with a slit in section
3.2.

Arguing as in the case of .Z%, it is easily seen that the space .#3 is the set of zeroes of a
smooth section of a Banach bundle, whose fiberwise derivative at some u € ///fr\ is conjugated to
an operator of the form

D+G:whr(zh cn) - Qs e, v %(Dv +iDv o j) + G,
where
(Gv)(2) = %A(z)v(z) ds — %A(z)v(z) dt.
The smooth map A : ©4 — L(R?", R?") has the following asymptotics
A(s+ (t —1)i) — A[ (1), A(s+ti) — A5 (t) for s — —oco, A(s+ (2t —1)i) — AT(t), for s — +o0,

for any ¢ € [0, 1], where A7 (t), A5 (t), and AT (¢) are symmetric matrices such that the solutions
of the linear Hamiltonian systems

d _ o B d L _
%‘111 (t) = ZA1 (t)‘lﬁ (t), E‘pz (t) = lAQ (t)‘I'Q (t)a
Lyt (t) = 2 (T (1), Uy (0) = T3 (0) = TH(0) =1,

dt

are conjugated to the differential of the Hamiltonian flows along x1, z2, and y:
W (1) ~ Da¢™ (1,21(0) W5 (1) ~ Dadp™ (1,22(0)  WH(t) ~ Dagp™ #2(1,5(0)).

Then, by the relationship (79) between the Conley-Zehnder index and the relative Maslov index,
we have

,uA(xl) = poz(P7) = p(N*A,graph CU7), ,uA(xg) = poz(VU5) = p(N*A, graph C¥5 ), (133)
pH(y) = noz (V) = p(N*A, graph CU). (134)

Using again the transformation @(z) := (9(%),v(z)), the operator D + G is easily seen to be
conjugated to the operator

05 X;,?W(E, C*) — X% (2,€%"), wu— Ou+ Au,
where
S =10,i}, W = (Wo,W1) = (Agen,Agn X Agn), A(z) = CA(Z)C @ A(z).
Notice that the intersection

WO le = {(€7§7£a§) | g € [Rn}

is an n-dimensional linear subspace of R*"*. Then by Theorem 5.23, the operator 0 4 is Fredholm
of index

indd; = u(N*Wy, graph C®~) — u(N*Wy, graph C¥) — n, (135)
where the symplectic paths @, ®* : [0,1] — Sp(4n) are related to ¥, U5, UT by the identities

(1) = CUT (~)C B Ty (), FH(t) = CUH((1—1)/2)TH(1/2)"1C @ TH((1 +t)/2)T*(1/2)~ 1.
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By the additivity property of the Maslov index with respect to the symplectic splitting of C*"
given by C™ x (0) x C™ x (0) times (0) x C™ x (0) x C™, by the fact that the action of C' changes
the sign of the Maslov index and leaves any conormal space invariant, and by (133), we have

w(N* Wy, graph C®~) = p(N™*Agzn, graph C® ™) = p(N*Agn, graph ¥ (—-)C)
+u(N*Agn,graph CU5 ) = p(N*Agn, graph CU7 ) + p(N*Agn, graph CU5) (136)
= (1) + ' (22).

We recall from (131) that ®*(¢)Ng, is the graph of I'(¢t)C, where the symplectic path T is ho-
motopic to T by a symplectic homotopy which fixes the end-points. Together with the skew-
symmetry of the Maslov index, and identities (78), (79), (134), this implies

w(N*Wy, graph C®1) = u(N*Agn X N*Agn,graph C®") = —p(graph CO®+, N*Agn x N*Agn)

= W(®TN*Agn, N*Agn) = p(graph T'C, N*Agn) = pu(graph O C, N*Agn) = ().
(137)

Identities (135), (136), and (137), allow to conclude that
indd ;5 = p(21) + p(22) — 1 (y) — .

A standard transversality argument then shows that for a generic choice of J the set ///{} (z1,22;Y)
- if non-empty - is a smooth manifold of dimension p*(x1) + p(z2) — ™ (y) — n, concluding the
proof of Proposition 3.4.

The space .#5. Let ~ and 2+ be elements of 2°(H; & Hs) (see section 3.4). The space
ME (x~,xT) is easily seen to be the set of zeroes of a section of a Banach bundle whose fiberwise
derivative at some u € ., 8@ is conjugated to the operator

da:Wilio (£,€%") = {v e W'P(S,C%") | (u(s),u(s +1)) € N*AR. Vs € R} — LP(,C?"),

*ASn
where
ARw = AR = {(£,6,6,6) [ €R"} CR™, (138)
and the smooth map A : ¥ — L(R*", R4") has asymptotics
A(s,t) — A™(t) € Sym(4n) for s — —oo, A(s,t) — AT (t) € Sym(4n) for s — +o0,
such that the symplectic paths &, ®* solving

%@i(t) =iAT(1)F (1), 2F(0) =1,

are conjugated to the differential of the flow ¢11®#2 along 2~ and 2+,
O (t) ~ Dy O (1,27 (0)), @7 (1) ~ Dy™ (27 (0)).
In particular,

w(N*AR., graph C®~) = pu®(z7) + g, w(N*AR., graph COT) = p®(2) + (139)

SIE

Theorem 7.1 in [RS95] (or Theorem 5.23 in the special case of no jumps) implies that d4 is a
Fredholm operator of index

indda = p(N*AR., graph C®~) — u(N*AL,, graph C) = 1 (27) — p®(a™).

Together with a standard transversality argument, this implies Proposition 3.7.
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The space .#p. Let (v1,20) € PN Hy) x P (Hs) and y € 2°(H; @ H») (see section 3.5).
The study of the space of solutions .#Zg(x1, z2;y) reduces to the study of an operator of the form

5A : Xi(/’{)"//(za C2n) - X,IZ/(Ev C2n)a
where
y - {O,Z}, W = (A[RQ"L,A%n),

the space AY, being defined in (138). Theorem 5.23 implies that this operator is Fredholm of
index

indd4 = p(N*Agen, graph C®~) — p(N*AL,, graph Co) — (140)

ST

Arguing as in the study of .Z% (identity (136)), we see that
p(N* Agen, graph CO7) = p™ (1) + (1)
Arguing as in the study of .9 (identities (139), we get
p(N* A, graph &%) = 1P (y) + 3.
We conclude that
ind 84 = p(21) + p (21) — 1 (y) — n.
The .#r part of Proposition 3.9 follows.

The space .#Zg. Lety e P°(H; ® Hy) and 2z € P (H #Hs) (see section 3.5). The study of
the space of solutions .#Z¢(y, z) reduces to the study of an operator of the form

da: X3P, (5,€7") — XL (2,0,
where
S =1{0,i}, W = (A%, Agn X Agn).
By Theorem 5.23 this operator is Fredholm of index
indds = u(N*AL., graph C®~) — pu(N*(Agn X Agn), graph COT) — g (141)
As in the study of ///ae , we have
p(N*AR., graph C~) = p®(y) + g
As in the study of .4 (identity (137)), we see that
p(N*(Agn X Agn), graph COT) = ph(2), (142)
and (141) gives us
indda = p®(y) — p(2).

This concludes the proof of Proposition 3.9.
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The space #2y. Let 1 € P(Hy), v2 € P(Hs), and z € PN(Hi#H,) (see the proof of
Theorem 3.11). The space #2 (1, 22;2) is the set of pairs (o, u) where « is a real positive
parameter and u is a solution of the Floer equation on the Riemann surface X% (a) with suitable
asymptotics and suitable non-local boundary conditions. Linearizing this Floer equation for a
fixed « €]0, 4+o00[ yields an operator of the form

da: XJP,(2,C%) — Xb,(8,C%),
where
S ={—a,a,—a+i,a+i}, ¥ = (DAgen, AL, Agn X Agn).
By Theorem 5.23 this operator is Fredholm of index
ind 94 = u(N*Agzn,graph C®~) — u(N*(Agn X Agn ), graph C®™) — n.
As in the discussion of .Z4 (identities (136) and (137)),
p(N*Agen, graph CO®7) = p(z1) + p™(z2), w(N*(Agn X Agn), graph CO) = p?(2).
Therefore,
indda = p" (1) + pt (22) — " (2) = n.

Considering also the parameter «, we see that for a generic choice of J the space ///g p(T1,22;2)
is a smooth manifold of dimension p? (1) + p (x2) — ™ (2) —n+ 1. This proves Proposition 3.12.

The spaces .#¢ and #g,. Let f be a Morse function on M, let & be a critical point of f, and
let y € Z(A)(H). Given ¢ € M, let

7//c(x,y,q) = {u € C°([0,400[xT,T*M) | u solves (32), mou(0,t) = ¢Vt €T,

lim wu(s,t) = y(t) uniformly in ¢ € TT}.

s——+o0

The study of such a space involves the study of an operator of the form
Da: Xph) (agm)(BT,CY) = XP(2F,C7).

By Theorem 5.24, the Fredholm index of the above operator is

n

indda = — — u(N*Agn,graph C®™) — 5= —u™(y).

|3

Therefore, the space

Mo(r,y) = | Ae(z,y.q),

qEW ™ (z)
has dimension
dim Ao (x,y) = dim W (z) — p*(y) = m(z) — 1 (y),

for a generic choice of J and g, proving the first part of Proposition 3.14.
Consider the space of maps

7//Ev(y) = {u € C®(] — 00,0] x T, T*M) | u solves (32), u(0,t) € Opy Vt €T,

lim wu(s,t) = y(¢) uniformly in ¢ € TT}.
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The study of the this space reduces to the study of an operator of the form
Da: X b (agn)(E7,C") = XJ(27,C),
which has index

— 1
indos = g + u(N*Agn, graph CO™) — §(n+ 2n — 2n) = p(y),

by Theorem 5.25. For a generic choice of J, My (y) is then a manifold of dimension
dim gy (y) = p* (y).
For a generic choice of the Riemannian metric g on M, the map
Mrey(y) — M, urswou(0,0),
is transverse to the submanifold W#(x). For these choices of J and g, the space
Moy, 7) = {u € My (y) | 7ou(0,0) € W (x)}

is a manifold of dimension

dim Az (y, z) = dim ]/Ev(y) — codimW*(z) = p(y) — m(x),

proving the second part of Proposition 3.14.

The space .#;. Let x € Z*(H) and y € P*(H) (see section 3.6). The study of the space
M7, (x,y) involves the study of an operator of the form

da: X350, (5,C") — Xb,(,C),
where
& ={0,i}, # = (Agn,(0)).
By Theorem 5.23 this operator is Fredholm of index
indd4 = pu(N*Agn, graph C®~) — pu(iR*", graph Co™) — g (143)
By (79),
p(N*Agn, graph C®~) = oz (@) = p" (). (144)

By the skew-symmetry of the Maslov index, by the fact that the action of C' changes the sign of
the Maslov index and leaves iR?" invariant, and by (78),

w(iR?", graph C®1) = —p(graph C®™,iR*") = p(graph ®TC,iR" x iR™)

145
= p(®TR"iR") = u(y) + g (149)

Therefore by (143), (144), and (145),
inddy = p(z) — p(y) — n.

This proves Proposition 3.16.
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The space .Z§. Lety € P9(L; @ La), and let * € #°(H; ® Hs). The study of the space
ME (v, ) reduces to the study of an operator of the form

a . 1, + 2n + 2n
T Xyl s (BH,C2) = XF(2*, 0%,

Indeed, for a generic choice of J, .#$ (7, z) is a manifold of dimension m®(7) plus the Fredholm
index of the above operator. By Theorem 5.24, the index of this operator is

— 1
indds =n— p(N*AL,, graph CdT) — 3 dim AE, = g — u(N*AL., graph COH).

Since u(N*AE., graph Co®+) = 1®(x) + n/2, we conclude that
dim A5 (7, ) = m®(y) — u (@),

proving Proposition 4.2.

The space .#E. Lety € PL1), y2 € PLy), and x € P} (H 4 H>) (see section 4.2). The
space ME (v1,7v92; z) consists of pairs (o, u) where « is a positive number and u(s,t) is a solution
of the Floer equation on the Riemann surface Efr( (@), which is asymptotic to z for s — 400, lies
above some element in the unstable manifold of v (resp. 72) for s = 0 and —1 < ¢t < 0~ (resp.
0T <t < 1), and lies above qq at the other boundary points. Linearizing the Floer equation for a

fixed positive a and for fixed elements in the unstable manifolds of v; and ~» yields an operator
of the form

a: X3y 4 (57,€7") = XL (57, €%,
where
S ={a}, W=(0), 7=(0),Ar), 7" =(0).

See the analysis for .#%}. By Theorem 5.21, the above operator is Fredholm of index
. 3 + AT* -2n n n + AT* .21
indda =n— p(PTN"Agn,iR*") — 555 wW(@TN*Agn, iR*").

Hence, by (132), we have

ind 94 = —pS(x; Hi#Hy).

Letting the elements of the unstable manifolds of 7; and 7 vary, we increase the index by
m(y1; L1) + m®(y2; Lo). Letting also  vary we further increase the index by 1, and we find
the formula

dim A (y1,72; 2) = m® (915 L1) + m®(v2; La) — p (w5 Hi#Ha) + 1.

See [AS06b], section 3.1, for more details on how to deal with this kind of boundary data. This
proves Proposition 4.3.

The space .#X. Let v1 € P*(L1), y2 € P*(L2), and v € P°(Hy ® Hy) (see section 4.4).
The space ///(fg (71, v2; ) consists of solutions u = (u1,usz) of the Floer equation on the Riemann
surface Eolfo, which is asymptotic to z for s — +o00, u; and us lie above some elements in the
unstable manifolds of v; and v, for s = 0, and w satisfies the figure-8 boundary condition for
5§ > «p. Linearizing the Floer for a fixed pair of curves in the unstable manifolds of v; and 2
yields an operator of the form

Da: X P, (5F,C%) — XP, (s, ),
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where
S ={ag,a0+1i}, Vo=(0), # = (Agen,AS).

See the analysis for .#g. By Theorem 5.24, the above operator is Fredholm of index

inddy =n — p(N*AL,, graph C®+) —n — g = —u(N*AL., graph CO+) —

ST

Then, by (139), we have
indda = —u®(x) — n.

Letting the elements of the unstable manifolds of v, and o vary, we increase the index by
m™(y1; L) + m™(y2; Ly), and we find the formula

dim A (1,723 ) = m* (15 L1) + mP (993 Lo) — p® (@) — n.
This proves Proposition 4.5.
The space #K. Let v € #°(L1 & L) and © € P*(H #H>) (see section 4.5). The space
ME (v, ) consists of pairs (o, u) where a is a positive number and wu(s,t) is a solution of the
Floer equation on the Riemann surface Eg (), which is asymptotic to x for s — +o00, lies above
some element in the unstable manifold of v for s = 0, and satisfies the figure-8 boundary condition

for s € [0,a]. Linearizing the Floer equation for a fixed positive o and for a fixed curve in the
unstable manifold of v yields an operator of the form

D X P (57,07 — XP, (s, %),
where
S ={a,a+i}, Vo=(0), # = (AR, Arn x Agn).

See the analysis for .#Zg. By Theorem 5.24, the above operator is Fredholm of index

indds4 =n — u(N*(Agn x Agn), graph C®™) — g - g = —p(N*(Agn X Agn),graph COT).

Hence, by (142), we have
indda = —p®(x; Hi#Hy).

Letting the elements of the unstable manifold of  vary, we increase the index by m®(y; L1 @ Lo).
Letting also « vary we further increase the index by 1, and we find the formula

dim. & (y,2) = m®(y; L1 @ La) — p™(z; Hi#Ha) + 1.

This proves Proposition 4.8.

6 Compactness and cobordism

6.1 Compactness in the case of jumping conormal boundary conditons

Compactness in the Cf2. topology of all the spaces of solutions of the Floer equation considered
in this paper can be proved within the following general setting. Let @ be a compact Riemannian
manifold, and let Qq, @1, ..., Q@ be submanifolds of @ x Q. We assume that there is an isometric
embedding @ — RY and linear subspaces Vp, Vi,..., Vi of RY x RV, such that Vj—1 is partially

orthogonal to Vj, for every j =1,...,k, and
Q;=V;N(Q@xQ).
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The embedding @ — R¥ induces an embedding T7*Q — T*RY = R?N = C¥. Since the embedding
Q — RV is isometric, the standard complex structure .Jy of R?Y restricts to the metric almost
complex structure J on T*Q. If z = (q,p) is an element of T*Q, we denote by Z the element
(g, —p). This notation is justified by the fact that in the embedding 7*Q C R?N = CV the map
z — Z is the complex conjugacy.

Let H € C*°([0,1] x T*Q) be a Hamiltonian satisfying (H1) and (H2). Fix real numbers

—00 =89 < 81 <+ < S < Sgg1 = 100,
and let u : R x [0,1] — T*Q be a solution of the Floer equation
Osu + J(u)(Opu — Xy (t,u)) =0, (146)
satisfying the non-local boundary conditions
(u(s,0),u(s, 1)) € N"Q; Vs € [sj-1, 5], (147)

for every j =0,...,k.
The map u satisfies the energy identity

b 1
2 = u(a,-)) — u(b, - u(-, 1)*n —u(-,0)*
[ ot 0 s = tata )~ dwuo )+ [ @m0
= Au(u(a, ) — A (u(s, ),

for every a < b, where the integral over [a, b] vanishes because 1 & (—n) vanishes on N*Q;. The
following result is proven in [AS06b, Lemma 1.12] (in that lemma different boundary conditions are
considered, but the proof makes use only of the energy identity (148) coming from those boundary
conditions).

6.1. LEMMA. For every a > 0 there exists ¢ > 0 such that for every solution u: R x [0,1] — T*Q
of (146), (147), and

// |85u(s,t)|2ds dt < a,
Rx]0,1[

we have the following estimates:
lullz2(rxqoap < elI[V?, 1Vl 2oy < e+ 1]M?),
for every interval I.

The proof of the following result follows the argument of [AS06b, Theorem 1.14], using the
above lemma together with the elliptic estimates of Proposition 5.10.

6.2. PROPOSITION. For everya > 0 there is ¢ > 0 such that for every solution u : Rx[0,1] — T*Q
of (146), (147), with energy bound

// |0su(s,t)|* ds dt < a,
Rx]0,1[

we have the following uniform estimate:

|l oo (Rxj0,1p) < €.
Proof. By using the above embedding, the Floer equation (146) can be rewritten as

Ou = JoXp(t,u). (149)
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We can pass to local boundary conditions by considering the map
viRx[0,1] = THQ x Q) C C*N, wv(z) := (u(z/2),u(Z/2 +1)).
The map v satisfies the boundary conditions
v(s,0) € N*Q; C N'V;, if s € [2s;_1,2s;], wv(s,1) € N*Ag C N*Agn, Vs € R. (150)

Moreover,

ov(z) = % (5u(z/2),5(§/2 + Z)) ;

so by (149) and by the fact that X g (¢, g, p) has quadratic growth in |p| by (29), there is a constant
¢ such that

[Ov(2)] < e(1+ [v(2) ). (151)

Let x be a smooth function such that x(s) = 1 for s € [0,1], x(s) = 0 outside [—1,2], and
0<x<1. Given h € Z set

w(s,t) := x(s — h)v(s,t).

Fix some p > 2, and consider the norm || - || x» introduced in section 5.3, with . = {2sq,...,2s;}.
The map w has compact support and satisfies the boundary conditions (150), so by Proposition
5.10 we have the elliptic estimate

IVwllxr < collwllxr + ex[|Ow] xo.

Since

/

Ow = x'(s — h)v+ x(s — h)Ov = X;w + x(s — h)ow,
we obtain, together with (151),

IVwlxe < (co+ crllx'/xlloo) llwllxr + e1llx(- = h)3v]|x»
< (eo +allxX/xlloe) wllxe + exellx(- = R)( + [vf*) |0

Therefore, we have an estimate of the form
IVwllx» < allw]|xr +blx(- = R)(L +[v]*)] - (152)

Since w has support in the set [h — 1, h + 2] x [0, 1], we can estimate its X norm in terms of its
X2 norm, by Proposition 5.13. The X2 norm is equivalent to the W2 norm, and the latter
norm is bounded by Lemma 6.1. We conclude that ||w||x» is uniformly bounded. Similarly, the
XP? norm of x(- — h)(1 + |v|?) is controlled by its W12 norm, which is also bounded because of
Lemma 6.1. Therefore, (152) implies that w is uniformly bounded in X 7. Since p > 2, we deduce
that w is uniformly bounded in L°°. The integer h was arbitrary, hence we conclude that v is
uniformly bounded in L°°, and so is u. O

Let us explain how all the solution spaces .# considered in this paper can be viewed in terms
of the above general setting. We describe explicitly the reduction in the case of the spaces .
associated to the pair-of-pants product as described in sections 3.2 and 3.3, the argument being
analogous for all the other solution spaces. The pair-of-pants Riemann surface E/% is described
as the quotient of the disjoint union of two strips R U [—1,0] and R X [0, 1] with respect to the
identifications

(s,—1) ~ (s,0—), (s,04)~(s,1) Vs<O0, (153)
(s,—1) ~(s,1), (s,0—)~(s,04) Vs>0. (154)

89



Given periodic orbits 1 € Z(Hy), v2 € P(Hs), and y € P(H1#Hs), the space AL (21, 2;y)
consists of maps

w: Xy — T*M,
solving the Floer equation 0 ;7 (u) = 0, with asymptotics

lim w(s,t —1)=z1(t), lim wu(s,t) =x2(t), lim wu(s,2t—1)=1y(t).

§——00 §——00 s§—+00
We can associate to a map u : E/% — T*M the map v : X :=R x [0,1] — T*M? by setting

v(s,t) == (—u(s, —t),u(s,t)).

The identifications (153) on the left-hand side of the domain of u are translated into the fact that
v(s,t) is 1 periodic in ¢ for s < 0, or equivalently into the nonlocal boundary condition

(v(s,0),—v(s,1)) € N*Ap2 Vs <0, (155)

where A2 denotes the diagonal in M* = M? x M?2. The identifications (154) on the right-hand
side of the domain of u are translated into the local boundary conditions

v(s,0) € N*Apr, wv(s,1) € N*Apy Vs > 0. (156)

The map u solves the Floer equation 0 su(u) = 0 if and only if v solves the Floer equation
97k (v) =0, where K : T x T*M? — R is the Hamiltonian

K(t,xl,xg) = Hl(—t, —:Cl) + Hg(t,xg) V(t,xl,xg) cTx T*M2,

which satisfies the growth conditions (H1) and (H2). The asymptotic conditions for u are equiva-
lent to

lim v(s,t) = (—z1(—t), z2()), lim wv(s,t) = (—y((l —6)/2),y((1 + t)/2)) (157)

S——00 s——+o0
Finally, since
[Vu(s, )] = [Vu(s, =) + [Vu(s, ),

the energy of u equals the energy of v,

E(u) := /E

We conclude that .#4(x1,x2;y) can be identified with the space of maps v : ¥ — T*M? which
solve the Floer equation for the Hamiltonian K, satisfy the boundary conditions (155), (156), and
the asymptotic conditons (157).

By Nash theorem, we can find an isometric embedding M < RY for N large enough. The
induced embedding M? < R?Y is such that

|Vu|? dsdt = / |Vo|? dsdt =: E(v).
2

A
T

Ay :MQQARQN, AMXAM:MQQ(ARNXARN).

Note that the linear subspaces Agz~y and Agry X Ag~ are partially orthogonal in R*™. Therefore,
the problem .#Z# reduces to the above setting, with Q@ = M? k = 1, s; = 0, Qo = Az,
Ql = AM X AM, VE) = A|R2N, and V1 = A[RN X A[RN.

The energy of solutions in .#{ (1, z2;y) is bounded above from

Apy (1) + Apy (22) — Apygem, (Y),

so Proposition 6.2 implies that these solutions have a uniform L bound.
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For the remaining part of the argument leading to CX, compactness of M (21,795 7y) it is more
convenient to use the original definition of this solutions space and the smooth structure of E’}.
Then the argument is absolutely standard: If by contradiction there is no uniform C' bound, a
concentration argument (see e.g. [HZ94, Theorem 6.8]) produces a non-constant J-holomorphic
sphere. However, there are no non-constant J-holomorphic spheres on cotangent bundles, because
the symplectic form w is exact. This contradiction proves the C* bound. Then the C* bounds for
arbitrary k follow from elliptic bootstrap, as in [HZ94, section 6.4].

Other solutions spaces, such as the space ///¥ for the traingle products, involve Riemann
surfaces with boundary, and the solutions take value on some conormal subbundle of T*M. In
this case the concentration argument for proving the C' bound could produce a non-constant
J-holomorphic disk with boundary on the given conormal subbundle. However, the Liouville one-
form vanishes on conormal subbundles, so such J-holomorphic disks do not exist. Again we find
a contradition, leading to C'! bounds and - by elliptic bootstrap - to C* bounds for every k.

6.2 Removal of singularities

Removal of singularities results state that isolated singularities of a J-holomorphic map with
bounded energy can be removed (see for instance [MS04, section 4.5]). In Proposition 6.4 below,
we prove a result of this sort for corner singularities. The fact that we are dealing with cotangent
bundles, which can be isometrically embedded into CV, allows to reduce such a statement to the
following easy linear result, where D, is the open disk of radius r in C, and HT is the quarter plane
{Rez >0, Imz > 0}.

6.3. LEMMA. Let Vo and Vi be partially orthogonal linear subspaces of R™. Let u : CI(Dy NHT) \
{0} — C" be a smooth map such that

u€ LP(Dy NHT,C"), Oue LP(D;NHT,C"),
for some p > 2, and

u(s) e N*Vo Vs>0, wu(it)e N'V; Vt>0.
Then u extends to a continuous map on Cl(Dy NHT).

Proof. Since V and V; are partially orthogonal, by applying twice the Schwarz reflection argument
of the proof of Lemma 5.6 we can extend u to a continuous map

u:D;\ {0} — C",
which is smooth on D; \ (R UiR), has finite LP norm on D, and satisfies
Ou € LP(Dy).

Since p > 2, the L? norm of u on D; is also finite, and by the conformal change of variables
2z = s+ it = ¢ = e”*" this norm can be written as

0 2
/ lu(2)|? dsdt = / / |u(eP*) |22 dbdp.
D4 —o0 JO

The fact that this quantity is finite implies that there is a sequence p;, — —oo such that, setting
€ := ePh, we have

27 27
T ¢} / lu(enc®)2d0 = lim €20 / (e +i0)[2 4 = 0. (158)

h—o0

If p € C(Dy,CY), an integration by parts using the Gauss formula leads to

/ (u, Op) dsdt:/ (u, Op) dsdt+/ (u, Op) dsdt
Dy

D, D1\De,
= / (u, Oy dsdt — / (Ou, @) dsdt + z/ (u, ) dz.
Dy, D1\De,, 9D,
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Since u and du are integrable over Dy, the the first integral in the latter expression tends to zero,
while the second one tends to

—/ (Ou, ) dsdt.
Dy

As for the last integral, we have
/ (u,p)dz = ieh/ (u(ene'), plene'®))et do,
oD, 0

so by the Cauchy-Schwarz inequality,

27 ) 1/2 27 )
/ (u, ) dz| < ey, </ |u(ehew)|2d9) </ |<p(ehele)|2d9)
aD., 0 0

1/2

27
< VIre, ( / |u<ehei9)|2d9) 1ol
0

Then (158) implies that the latter quantity tends to zero for h — oo. Therefore,

/ (u, Op) dsdt = —/ (Ou, ) dsdt,
Dy

Dy

1/2

for every test function p € C2°(Dy,C"). Since Ou € LP, by the regularity theory of the weak
solutions of @ (see Theorem 5.4 (i)), u belongs to W?(Dy,C"). Since p > 2, we conclude that u
is continuous at 0. O

Let Qo and @1 be closed submanifolds of @), and assume that there is an isometric embedding
Q — RY such that

QOZQQV(M le‘/la
where Vy and V; are partially orthogonal linear subspaces of RY.

6.4. PROPOSITION. Let X : Dy NHT x T*Q — TT*Q be a smooth vector field such that X (z,q,p)
grows at most polynomially in p, uniformly in (z,q). Let u: CI(D; NHT)\ {0} — T*Q be a smooth
solution of the equation

0yu(z) = X(z,u(z)) Vze Cl(D;NHY)\ {0}, (159)
such that
u(s) e N*Qo Vs>0, wu(it)e N°“Q; Vit>0.
If u has finite energy,

/ |Vu|? dsdt < 400, (160)
D;NH+

then u extends to a continuous map on Cl(Dy NHT).

Proof. By means of the above isometric embedding, we may regard u as a CN-valued map, satis-
fying the equation (159) with 9; = 0, the energy estimate (160), and the boundary condition

u(s) e N*Vp Vs>0, wu(it)e NVi ¥Vit>0.

By the energy estimate (160), u belongs to LP(Dy NH*,CY) for every p < +oc: for instance, this
follows from the Poincaré inequality and the Sobolev embedding theorem on D, after applying a
Schwarz reflection twice and after multiplying by a cut-off function vanishing on dD; and equal
to 1 on a neighborhood of 0. The polynomial growth of X then implies that

X(,u(-) e LP(D;NHY,CY) Vp < 0. (161)

Therefore, Lemma 6.3 implies that u extends to a continuous map on C1(D; NH™). O
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The corresponding statement for jumping conormal boundary conditions is the following:

6.5. PROPOSITION. Let X : D; NH x T*Q — TT*Q be a smooth vector field such that X (z,q,p)
grows at most polynomially in p, uniformly in (z,q). Let u: C1(Dy NH)\ {0} — T*Q be a smooth
solution of the equation

0yu(z) = X(z,u(z)) Vze€ ClI(D; NH)\ {0},
such that
u(s) e N*Qo Vs>0, u(s)e N‘Q1 Vs<O.

If u has finite energy,
/ |Vu|? dsdt < 400,
Dy NH

then u extends to a continuous map on the closed half-disk C1(D; NH).

Proof. The energy is invariant with respect to conformal changes of variable. Therefore, it is
enough to apply Proposition 6.4 to the map v(z) = u(z?), with z € D; NH*. O
6.3 Proof of Proposition 3.13

Let z1 € P (Hy), 2 € P (Hz), and z € P (H1#H;) be such that

p (1) + it (22) — () =, (162)

so that the manifold ///g (21, x2; 2) is one-dimensional. By standard arguments, Proposition 3.13
is implied by the following two statements:

(i) for every y € #°(H, @ Hy) such that

18 (y) = p(z) = p™ (1) + 1 (22) — n,

and every pair (ui,uz) with w1 € Ag(x1,22;y) and us € A(y,z), there is a unique
connected component of #2y(x1,72;2) containing a curve a — (a,uq) which - modulo
translations in the s variable - converges to (400, u1) and to (400, us);

(ii) for every u € .#{(w1,12;2), there is a unique connected component of #ZJ (1, 2;2)
containing a curve a — (o, uq) which converges to (0, u).

The first statement follows from standard gluing arguments. Here we prove the second statement,
by reducing it to an implicit function type argument. At first the difficulty consists in a parameter
dependence of the underlying domain for the elliptic PDE. Using the special form of the occuring
conormal type boundary conditions and a suitable localization argument we equivalently translate
this parameter dependence into a continuous family of elliptic operators with fixed boundary
conditions.

If (a,v) € MEg(x1,72;2), we define u: X =R x [0,1] — T*M? as

U’(Svt) = (_U(Sv —t),’U(S, t))7
and the Hamiltonian K on T x T*M? by
K(t, Ty, 322) = Hl(—t, —.231) + Hy (t, .232).

By this identification, we can view the space .#25(w1,72;2) as the space of pairs (a,u), where
a>0and u: ¥ — T*M? solves the Floer equation

0.k (u) =0, (163)
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with non-local boundary conditions

N*A e if s <0,
(u(s,0), —u(s,1)) € § N*AY, if0<s<a, (164)
N*(AJWXAM) ifSZOé,

and asymptotics

lim (s, t) = (—z1(—t), z2(1)), hT u(s,t) = (—2((1 —1)/2),2((1 +1)/2)). (165)
Similarly, we can view the space .#{(x1,x2;2) as the space of maps u : ¥ — T*M? solving the
equation (163) with asymptotics (165) and non-local boundary conditions

N*A]uz if s < O,
(s, 0 -us e { N S D (166)
Compactness. We start with the following compactness results, which also clarifies the sense
of the convergence in (ii):

6.6. LEMMA. Let (ap,up) be a sequence in ///gE(xl,arg;z) with ap, — 0. Then there exists
ug € ML (x1,72;2) such that up to a subsequence uj converges to ug in C.(X\ {0,i}), in
C>*(XN{|Rez| > 1}), and uniformly on L.

Proof. Since the sequence of maps (uy) has uniformly bounded energy, Proposition 6.2 implies a
uniform L bound. Then, the usual non-bubbling-off analysis for interior points and boundary
points away from the jumps in the boundary condition implies that, modulo subsequence, we have

wn =g in (S {0, i}, T°M?),

where ug is a smooth solution of equation (163) on X\ {0,i} with bounded energy and satisfying
the boundary condions (166), except possibly at 0 and ¢. By Proposition 6.5, the singularities
0 and ¢ are removable, and ug satisfies the boundary condition also at 0 and i. By the index
formula (162) and transversality, the sequence uy, cannot split, so ug satisfies also the asymptotic
conditions (165), and uj, — ug in C>°(X N {|Rez| > 1}). Therefore, ug belongs to .43 (21, x2; 2),
and there remain to prove that u, — u uniformly on X.

We assume by contraposition that (uj) does not converge uniformly on ¥. By Ascoli-Arzela
theorem, there must be some blow-up of the gradient. That is, modulo subsequence, we can find
zp, € 2 converging either to 0 or to 7 such that

Ry, = |Vup(zn)| = |Vup||co — o0

For sake of simplicity, we only consider the case where z, = (s5,,0) — 0, 0 < s < aj, — 0. The
general case follows along analogous arguments using additional standard bubbling-off arguments.
For more details, see e.g. [HZ94, section 6.4].

We now have to make a case distinction concerning the behaviour of the quantity 0 < Ry, -ap <
00:

(a) The case of a diverging subsequence Rj,; - ax; — oo can be handled by conformal rescaling
vj(8,t) := up,;(Sn; +5/Rn;,t/Rp;) which provides us with a finite energy disk with boundary
on a single Lagrangian submanifold of conormal type. This has to be constant due to the
vanishing of the Liouville 1-form on conormals, contradicting the convergence of | Vv, (0)| = 1.

(b) The case of convergence of a subsequence Ry, - a,; — 0 can be dealt with by rescaling
vj(s,t) = up,(sn, + an,,an;t). Now wvp has to converge uniformly on compact subsets
towards a constant map, since ||[Vv;|loc = [Vv;(0)] = Rp, - ap; — 0. This in particular
implies that up, (-, 0)\[O,ahj] converges uniformly to a point contradicting the contraposition
assumption.
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(¢) There remains to study the case Ry - ap, — ¢ > 0. Again we rescale vp(s,t) = un(aps, ant),
which now has to converge to a non-constant J-holomorphic map v on the upper half plane.
After applying a suitable conformal coordinate change and transforming the non-local bound-
ary conditions into local ones, we can view v as a map on the half strip v: ¥+ — T*M?*,
satisfying the boundary conditions

v(0,t) € N*AY, for t € [0,1],
v(s,0) € N*(Apy x Ap) for s >0,
v(s, 1) € N*Ajpye for s > 0.

Applying again the removal of singularities for s — oo we obtain v as a J-holomorphic tri-
angle with boundary on three conormals. Hence, v would have to be constant, contradicting
again the rescaling procedure.

This shows the uniform convergence of a subsequence of (uy,). O

Localization. It is convenient to transform the nonlocal boundary conditions (164) and (166)
into local boundary conditions, by the usual method of doubling the space: given u : ¥ — T*M?
we define @ : ¥ — T*M* as

a(s,t) = (u(s/2,t/2), —u(s/2,1—t/2).
Then w solves (163) if and only if @ solves the equation
9, k(@) =0, (167)
with upper boundary condition
(s, 1) e N*"Ap2 Vs €R, (168)

where the Hamiltonian K : [0,1] x T*M* — R is defined by

1 1
K(t,x1,29,23,24) := 5K(t/2, x1,T2) + EK(I —t/2,—x3, —x4).

Moreover, u satisfies (164) if and only if @ satisfies

N*Aye if 5 <0,
u(s,0) € { N*AY, if 0 <s < 2aq, (169)
N*(AMXAM) istQOé,

whereas u satisfies (166) if and only if @ satisfies

u(s,0) € { %:(AAM]; « An), EZ § 8? (170)
Finally, the asymptotic condition (165) is translated into
i (s, 1) = (—aa(—t/2),a2(t/2),21(t/2 = 1), —aa(1 - ¢/2),
SEI-EIOO a(s,t) = (—z(1/2—t/4),2(1/2 + t/4), 2(t/4), —z(1 — t/4)). (a7

Let up € ///%(xl, x2;2). We must prove that there exists a unique connected component of
MG (71,795 2) containing a curve a — (o, u,) which converges to (0,ug), in the sense of Lemma
6.6.

Let g be the map from X to T* M* associated to ug: g solves (167) with boundary conditions
(168), (170), and asymptotic conditions (171). Since we are looking for solutions which converge
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to @p uniformly on X, we may localize the problem and assume that M = R™. More precisely, if
the projection of iig(z) onto M* is (q1,q2, g3, q4)(2), we construct open embeddings

EXIRnHEXM7 (Z)Q)H(Z7¢](Z)Q))7 jzl)"'747

such that ¢;(2,0) = g;(z) and Dap;(z,0) is an isometry, for every z € ¥ (for instance, by
composing an isometric trivialization of g} (T'M) by the exponential mapping). The induced open
embeddings

SXT'R" = S xT*M, (z,4,p) — (2,%;(2,4,0)) := (2,9 (2,0), (Daj(z,0)") " 'p), j=1,...,4

are the components of the open embedding

EXTR™ - S xT*M*, (2,8 — (2,9(2,9) = (2,9%1(2,&1), - .., ¥a(2, &)).

Such an embedding allow us to associate to any @ : ¥ — T*M* which is C°-close to iy a map
w: Y — T*R*™ = C*", by setting

u(z) = (2, w(2))-
Then @ solves (167) if and only if w solves an equation of the form
2(w) = 0sw(z) + J(z,w(2))0w(z) + G(z,w(z)) =0, (172)

where J is an almost complex structure on C** parametrized on ¥ and such that J(z,0) = Jo
for any z € ¥, whereas G : ¥ x C** — C*" is such that G(z,0) = 0 for any z € ¥. Moreover, i
solves the asymptotic conditions (171) if and only if w(s,t) tends to 0 for s — £oo. The maps
(%, -) preserve the Liouville form, so they map conormals into conormals. It easily follows that
the boundary condition (168) on @ is translated into

w(s,1) € N*Agen Vs €R. (173)

Moreover, @ satisfies the boundary conditon (169) if and only if w satisfies

N*A[RZn lf S S O,
w(s,0) € { N*A8, if0< s <20, (174)

N*(A[Rn X ARn) if s 2 2a.
Similarly, @ satisfies the boundary condition (170) if and only if w satisfies

N*Agan if s <0,

w(s,0) € { N*(Agn x Age) if 5 > 0. (175)

The element ug € 44 (x1,x2; 2) corresponds to the solution wy = 0 of (172)-(175). By using the
functional setting introduced in section 5, we can view the nonlinear operator & defined in (172)
as a continuously differentiable operator

2 : Xy 4/(5,C') = Xb(2,C)

where . := {0}, ¥ := (Agen, Arn X Agn), ¥’ := (Agen), and p is some number larger than 2.
Since J(z,0) = Jo, the differential of Z at wy = 0 is a linear operator of the kind studied in section
5, and by the transversality assumption it is an isomorphism.

Consider the orthogonal decomposition

ﬂ?4n=W1@W2@W3€BW47
where

W1 = Agn = A[RQn n (ARn X Amn), A|R2n = W1 D WQ, A|Rn X ARn = W1 D W3,

96



and denote by P; the the orthogonal projection of C** onto N*W; = W; & inJ-. If 7, is the
translation operator mapping some w : ¥ — C*" into

(yaw)(s’t) = (le(svt)a PZw(s’t)v P3w(s - 20[,t), P4w(s,t)),

we easily see that w satisfies the boundary condions (175) if and only if 7, w satisfies the boundary
conditions (174). Therefore, if we define the operator

-@a . X,;{?“I/,“I/'(Z, C4n) — X;(E, C4n), -@a — 9o %,

we have that w € X;?y7y,(2,04") solves Z,(w) = 0 if and only if Z,w is a solution of (172)
satisfying the boundary conditions (173) and (174). The operator

[Oa +OO[XX,;?"}/,“I//(27 C4n) - X;(Ea C4n)v (Oé, w) = @a(w)v

is continuous on the product, it is continuously differentiable with respect to the second variable,
and this partial differential is continuous on the product. Moreover, D%,(0) = DZ(0) is an
isomorphism, so the parametric inverse mapping theorem implies that there are a number oy > 0
and a neighborhood % of 0 in X;?y7y,(2, C*"), such that the set of zeroes in [0, ap[x% of the
above operator consists of a continuous curve [0, 9[> o — (a,w,) starting at wgp = 0. Then
a — (o, Jyw,) provides us with the unique curve in #Z (21, 72; 2) converging to (0,ug). This
concludes the proof of Proposition 3.13.

6.4 Proof of Proposition 4.4
Fix some 71 € P(Ly), y2 € P (Ls), and x € P*(H #Hs) such that

m®(y1; L1) + m(v2; La) — p (z; Hi#£Hs) = 0.

By a standard argument in Floer homology, the claim that P{f is a chain homotopy between K*
and Y% o (@%l ® @%2) is implied by the following statements:

(i) For every (u1,uz) € A5 (y1,y1) X A5 (V2,y2) and every u € 45 (y1, y2; x), where (y1,y2) €
P (H,) x 2*(H,) is such that

1 (yr; Hu) + p (y2; Ho) = p (5 Hi#£Ho),

there exists a unique connected component of #E (v1,72; ) containing a curve (o, u,) such

that o — 400, ua(:,- — 1) and uq converge to u; and ug in CX.([0, +00[x [0, 1], T*M ), while
ua(-+0(a),2-—1) converges to u in CP% (R x [0, 1], T*M), for a suitable function o diverging
at +oo0.

(ii) For every u € .#3}(v1,72;x) there exists a unique connected component of ZE (v1,72; )
containing a curve o — (o, uq) which converges to (0, u).

Statement (i) can be proved by the standard gluing arguments in Floer theory. Here we prove
statement (ii).
Given u : [0, +o00[x[—1,1] — T*M, we define @ : X* — T*M? by

ﬂ(sat) = (—'LL(S, _t)a U(S,t)).
If we define 7 : [0,1] — T*M? and H € C>([0,1] x T*M?) by

Z(t) :== (—x((l —1)/2),z((1+ t)/2)), I:I(t,xl,xg) = Hy(1 —t,z1) + Ha(t, z2),
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we see that associating @ to u produces a one-to-one correspondence between ./ % (71,72; ) and

the space 7//% (v1,72; z) consisting of the maps @ : [0, 0o[x [0, 1] — T*M? solving 5J7g(ﬁ) = 0 with
boundary conditions

u(s,0) € N*Ay Vs >0,

u(s,1) € Ty, M x Ty M Vs >0,

mou(0,1—-) € W*(m), mwoup(0,:) € W"(72),

lim af(s,-) = Z.

s——+00

Similarly, we have a one-to-one correspondence between .Z- (1, v2; ) and the space ,/Z/{( (71, y2; )
consisting of pairs («, ) where « is a positive number and @ : ¥+ — T*M? is a solution of the
problem above, with (176) replaced by

u(s,0) € Ty, M x Ty M Vs €[0,a], (s,0)€ N*"Ay Vs >a. (180)

Fix some @° € .4 E (71,7v2; ). Since we are looking for solutions near @’, we can localize the

problem as follows. Let k = m®(y1; L1) +m®(y2; La). Let g : R¥ x ¥+ — M? be a map such that
q(0,s,t) = mou’(s,t) V(s,t) € Lt, q(\s,-) = mo for s — 400, VA € RF,
and such that the map
RES A (g1(A\0,1—-),42(),0,-)) € QY (M?)

is a diffeomorphism onto a neighborhood of m o (Z1(—-), Z2) in W*(v1) X W¥(y3). By means of a
suitable trivialization of ¢*(T'M?) and using the usual WP Sobolev setting with p > 2, we can
transform the problem of finding mas % solving a]’f{(&) = 0 together with (177), (178) and (179)
and being close to @°, into the problem of finding pairs (A, u) € RF x WP($+ T*R?"), solving an
equation of the form

ou(z) + f(\ z,u(2)) =0 Vzext, (181)
with boundary conditions
u(0,t) € N*(0) Vt € [0,1], wu(s,1) € N*(0) Vs >0. (182)
Then the boundary conditon (176) is translated into
u(s,0) € N*Arn Vs >0, (183)

and the solution @° corresponds to the solution A = 0 and u = 0 of (181), (182), and (183). On
the other hand, the problem 7//{( (71, 72; ) of finding (a, @%) solving 5J7g(ﬂa) = 0 together with
(177), (178), (179) and (180) corresponds to the problem of finding (\,u) € RF x WhP(S+, T*R?")
solving (181) with boundary conditions (182) and

u(s,0) € N*(0) Vs €[0,a], u(s,0) € N*Arn Vs> a. (184)

In order to find a common functional setting, it is convenient to turn the boundary condition (184)
into (183) by means of a suitable conformal change of variables on the half-strip X+.

The holomorphic function z — cosz maps the half strip {0 < Rez < m, Imz > 0} biholo-
morphically onto the upper half-plane H = {Imz > 0}. It is also a homeomorphism between
the closure of these domains. We denote by arccos the determination of the arc-cosine which is
the inverse of this function. Then the function z +— (1 4 cos(imz))/2 is a biholomorphism from
the interior of ¥ to H, mapping 0 into 1 and i into 0. Let ¢ > 0. If we conjugate the linear
automorphism z — (1 + €)z of H by the latter biholomorphism, we obtain the following map:

ve(z) = % arccos((1 + €) cos(imz) + ¢€).
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The map ¢, is a homeomorphism of ¥ T onto itself, it is biholomophic in the interior, it preserves
the upper part of the boundary i + R*, while it slides the left part ¢[0, 1] and the lower part R
by moving the corner point 0 into the real positive number

a(e) = — arccos(1 + 2e).
T

The function € — a(€) is invertible, and we denote by « — €(«) its inverse. Moreover, . converges
to the identity uniformly on compact subsets of ¥ for ¢ — 0. An explicit computation shows
that

ol—1—0 inLP(XT), ifl<p<d4 (185)
If u: 3t — T*R?” and « > 0, we define
v(2) = u(Pe(a) (2))-

Since ¢, is holomorphic, d(u o p.) = ¢. - Ou o .. Therefore, u solves the equation (181) if and
only if v solves the equation

8“(2) + @é(a) (Z)f()‘a (pe(a)(z)vv(z)) =0. (186)
Given 2 < p < 4, we set

WEe(Et, T*R*™) = {v e WHP(SF, T*R*™) | v(s,0) € N*Agn Vs > 0,
v(s,1) € N*(0) Vs > 0, v(0,t) € N*(0) V¢ € [0, 1]},

and we consider the operator

F [0, +OO[><|Rk X W*l’p(EJr,T*R?n) — Lp(eraT*R?n)v F(Oé, )\71}) = 5’0 + Qplg(a)f()U Qpe(a)(')vv)v

where ¢o = id. The problem of finding (o, @) in #E (v1,72;2) with @ close to @’ is equivalent
to finding zeroes of the operator F' of the form (o, A,v) with @ > 0. By (185), the operator
F is continuous, and its differential Dy ,)F with respect to the variables (A,v) is continuous.
The transversality assumption that %° is a non-degenerate solution of problem .# % (71,72; x) is
translated into the fact that D) .)F(0,0,0) is an isomorphism. Then the parametric inverse
maping theorem implies that there is a unique curve a — (A(a),v(a)), 0 < o < v, converging to
(0,0) for o — 0, and such that (A(«),v(a)) is the unique zero of F(c,-,-) in a neighborhood of
(0,0). This concludes the proof of statement (ii).

6.5 Proof of Proposition 4.7

The setting. We recall the setting of section 4.4. Let v1 € H(Lq), 72 € LP(Lsy), and z €
PO(H, @ Hy). If a >0, 4K (y1,72;7) is the space of solutions u : [0, +00[x[0, 1] — T*M? of the
equation

Imom,,(u) =0, (187)

satisfying the boundary conditions

mou(0,-) € W"(y1; —grad S/L\l) X W (e; —gradeS/L\g), (188)
(u(s,0), —u(s,1)) € N*Aprxnr if 0 < s < a, (189)

(u(s,0), —u(s,1)) € N*AY, if s > a, (190)

lim wu(s,-) ==x. (191)

s——+o0
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The energy of a solution u € .#ZX (y1,72; x) is uniformly bounded:
Bw= | Ouuf? ds dt < Sp, (1) + S, (12) — A, (2). (192)
10,400[%x]0,1[

Let ag > 0. For a generic choice of g1, g2, J1, and Jz, both . (v1,72; ) and X (v1,72; @) are
smooth oriented manifolds of dimension

m™ (1, L1) + m* (72, L2) — p®(z) — n,

for every v1 € PM(Ly), v2 € P(La), v € P°(H, ® Hs) (see Proposition 4.5). The usual
counting process defines the chain maps

Ké\a Ké}o : (M(SIL\lagl) ®M(SIL\2ag2))* - an(Hl @H%Jl D JQ);

and we wish to prove that K& ® K, (’}0 is chain homotopic to K é}o ® K{. Since K, (’}0 is homotopic
to K{}l for ap, a1 €]0, 400, we may as well assume that o is small. Moreover, since the chain
maps K{ and K, é\o preserve the filtrations of the Morse and Floer complexes given by the action
sublevels

SE(m)+SE,(12) <A, Amem(z) <A,

we can work with the subcomplexes corresponding to a fixed (but arbitrary) action bound A. We
also choose the Lagrangians L; and L, to be non-negative, so that every orbit has non-negative
action.

Convergence. Fix some 71 € 2(L1), 72 € P(Ls), and z € 9 (H; @ Hs), such that
m™ () +m* () = p(2) = n. (193)

Let (ay,) be an infinitesimal sequence of positive numbers, let uy, be an element of //laKh (71,725 x),
and let ¢p, be the projection onto M x M of the closed curve u(0,-). By (188), ¢p, is an element of
W (~1; —grad 915%1) x Wt (vyq; —grad ,, S/L\Z). The latter space is pre-compact in W2([0, 1], M x
M). By the argument of breaking gradient flow lines, up to a subsequence we may assume that
(c) converges in W12 to a curve ¢ in W¥(7y; —grangS‘L\l) X W“(%;—grade/L\g), for some
€ P(Ly1) and 42 € H(L4) such that

either m*(31) + m™(32) < m*(71) + m™(72) or (31,%2) = (71, 72)- (194)

Similarly, the upper bound (192) on the energy E(up) implies that (up) converges in C2, on
[0, +00[%[0,1]\ {(0,0), (0,1)}, using the standard argument excluding bubbling off of spheres and
disks. In particular,

(u(s,0), —u(s,1)) € N*AY,, Vs >0, (195)
and
wou(0,t) =c(t), Vte€]o,1]. (196)
The limit u satisfies equation (187), and

SE?_IOOU(& ) = 'ia

with # in 2°(H; & Hs) such that

either 1 (%) > pu®(z) or & = x, (197)
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by the argument of breaking Floer trajectories. Due to finite energy,
E(u) < liminf E(up) < Sz, () + 812 (2) = Am s, (),
we find by removal singularities (Proposition 6.4) a continuous extension of u to the corner points
(0,0) and (0,1). By (195) and (196) we have
(u(0,0), —u(0,1)) € N*AY,, 7ou(0,0) =7mou(0,1) =c(0) = ¢(1).

It follows that the two components of the closed curve ¢ coincide at the starting point, so they
describe a figure-eight loop, and u belongs to .#{<(31,72; ). Since the latter space is empty
whenever

m® (51) +m* (Fa)) — n®(@) < n,

the index assumption (193) together with (194) and (197) implies that 41 = 71, 2 = 72, and
Z = x. We conclude that

u € Mg (11,723 ).
We can also say a bit more about the convergence of (up) towards u:
6.7. LEMMA. Let dy : [0,1] = M x M be the curve
dn(s) == moup(aps,0) =moup(as,1).
Then (dp) converges uniformly to the constant curve ¢(0) = ¢(1).

Proof. It is convenient to replace the non-local boundary conditions (189), (190) by local ones, by
setting

p 2 [0, +00[x[0,1/2] — T*M*,  up(s,t) := (un(s,t), —un(s,1 —t)).
Then @y, solves an equation of the form
gJ,f{(ﬂh) = Oa
for a suitable Hamiltonian H on [0,1/2] x T*M*, and boundary conditions
motp(0,t) = (en(t),cn(l —t)) for 0 <t < 1/2, (198)
Un(s,0) € N*Aprxps for 0 < s < ay, (199)
n(s,0) € N*AS, for s > ay, (200)
up(5,1/2) € N*Aprspr for s >0, (201)
lim an(s,t) = (2(t), —2(1 —1)). (202)
Then the rescaled map
vp 2 [0, +o0[x[0,1/(2a)] — T*M*,  wp(s,t) = an(ans, ant),
solves the equation
dyvp, = arJ Xz =0(ap) for h — 0,
with boundary conditions
movp(0,t) = (en(ant), cp(l — apt)) for 0 <t < 1/(2ap), (203)
’U}L(S,O)EN*AJWXM fOTOSSSl, ( )
vn(s,0) € N*A§, for s > 1, (205)
vp(s,1/(2a)) € N*Aprxar for s >0, (206)
(207)

slhfoo vp(s,t) = (z(apt), —z(1 — apt)).
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Since we have applied a conformal rescaling, the energy of vy, is uniformly bounded, so (v, ) con-
verges up to a subsequence to some J-holomorphic map v in the CP ([0, +oo[x[0, +oo[, T*M*)
topology (more precisely, we have Cf convergence once the domain [0, 4+00[x[0, 400 is trans-
formed by a conformal mapping turning the portion near the boundary point (1,0) into a neigh-
borhood of (0,0) in the upper-right quarter H™ =]0, +-00[x]0, +-00[). The J-holomorphic map has
finite energy, so by removal singularities it has a continuous extension at co (again, by Proposition
6.4 together with a suitable conformal change of variables). By (203), (204), and (205) it satisfies

the boundary conditions

mov(0,t) = (¢(0),c(0)) for t > 0, (208)
v(8,0) € N*Apssps for 0 < s <1, (209)
v(s,0) € N*AY, for s > 1. (210)

Since the boundary conditions are of conormal type and the Liouville one-form 7 vanishes on
conormals, we have

/u++ |Vv|2dsdt:/[H+ v*(w):/w v*(dn):/[H+ dv*(n):/aw v (1) = 0,

so v is constant. By (208), m o v = (¢(0), ¢(0)). In particular,

hhrf mowvp(s,0) = (c(0),¢(0)) uniformly in s € [0,1].

Since
movp(s,0) =modp(ars,0) = (moup(aps,0), T oup(s, 1)) = (drn(s), dn(s)),

the thesis follows. O

Localization. We fix a positive number A, playing the role of the upper bound for the action.
Then the union of all spaces of solution .ZX (y1,7v2;2), where v; € P2(Ly), v2 € P*(Ls), and
v € P°(H; @ Hy) satisfy the index identity (193) and the action estimates

SLl (71) + SL2 (72) < Aa AHlGBHz (Z‘) < Av (211)

is a finite set. Let us denote by ¢;, ¢ € {1,...,m}, the points in M such that 7 o u;(0,0) =
mou;(0,1) = (¢, ;) for some w in the above finite set. We choose the indexing in such a way that
the points ¢; are pair-wise distinct, and we fix a positive number § such that

Bs(ai) N Bs(q;) =0, Vi#j.

We may assume that the positive constant § chosen above is so small that Bs(q;) C M is diffeo-
morphic to R". Lemma 6.7 implies the following localization result:

6.8. LEMMA. There exists a positive number a(A) such that for every a €]0,a(A)], every 11 €
PMLY), vo € PMNLy), v € PO(H, ® Hy) satisfying the index identity (193) and the action
bounds (195), each solution u € ME (v1,7v2; ) satisfies

WOU([0,0[] X {0}) = WOU([O,Q] X {1}) - B(S/Q(Qi) X B6/2(Qi)7

for some i € {1,...,m}.

The chain homotopy. Since the Grassmannian of subspaces of some given dimension in R" is
connected and since the d-ball around each ¢; is diffeomorphic to R™, there exist smooth isotopies

©ij 1 [0,1] x R*" — Bs(g;)* x Bs(g;)* € M®, Vi, je€{l,...,m},
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such that, setting V;;‘ = p;;({\} x R3"), we have that each V;;‘ is relatively closed in Bs(g;)* x
Bs(gj)* and

(A%, x A% N (Bs(q:) x Bs(g;)) C Vi), YA€ [0,1], (212)

Vi;‘ C (Anrxm X Anrxar) N (Bs(qi) % Bs(gj)), VA €0,1], (213)
Vi§ = (A% x Anrxar) 0 (Bs(a:) x Bs(gy)), (214)

Vi = (Anrear x AS) 0 (Bs(a:) x Bs(g)))- (215)

Let y1,v3 € P22 (L1), v2,v4 € P (Ls), and 21,12 € PO (H; © Hy) satisfy the index identity

m™ (1) +m™ (32) + mP (73) + m () — p° (z1) — 1® (22) = 2n, (216)
and the action bounds
St (1) +S1,(2) + 81, (13) + S1,(14) £ A, Amen,(v1) + Amen, (v2) < A (217)

Given « > 0, we define

%5(71a72a737’74; xlva)

to be the set of pairs (\,u) where X € [0,1] and u : [0, +00[x[0,1] — T*M* is a solution of the
equation

dmememeom,,/(u) =0, (218)
satisfying the boundary conditions
mou(0,-) € W*(m) x W¥(y2) x W*(y3) x W*(7a), (219)
(u(s,0),—u(s, 1)) € 6 N*V;? if0<s<aq, (220)
ij=1
(u(s,0), —u(s,1)) € N*(AY x AG)) if s > a, (221)
SEIJPOOU(S’ ) = (z1, z2). (222)

Notice that if (0,u) belongs to L (y1,72,73,7a; ¥1,T2), then writing u = (u1,u2) where u; and
us take values into T*M?2, we have

ur € ///(f{(%,’m;xl), Uz € ///(5(73774;332)-
If transversality holds, we deduce the index estimates
m® () +mt (2) = p(21) 20, mP(ys) +mt () = p®(22) 20

But then (216) implies that the above inequalities are indeed identities. Similarly, if (1,u) belongs
to AL (71,72, 73, V43 L1, T2), we deduce that

uy € //15(71,72;331)7 Uz € //15((73,74;332).

and
o O (w2) = n.

m® () +m® () = p®(@1) =0, mP(ys) +mP () — 1

Conversly, we would like to show that pairs of solutions in .Z& x #K (or M#E x ME) correspond
to elements of .ZL of the form (0,u) (or (1,u)), at least if « is small. The key step is the following:
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6.9. LEMMA. There exists a positive number «(A) such that for every a €]0,a(A)], for every
1,73 € PM(Ly), va,v4 € PMLa), w1,20 € PO(H, © Ho) satisfying (216) and (217) and for
every u € ME (y1,72,73,74; 71, T2) there holds

mou([0,a] x {0}) = mou([0,a] x {1}) € By/a(ai)? x Bs/a(g;)%,
for suitable i,j € {1,...,m}.

Proof. By contradiction, we assume that there are an infinitesimal sequence of positive numbers
(ap) and elements (Ap, up) € ///oi (71, Y2573, Va; T1, T2) where 1, Y2, 73, V4, T1, T2 satisfy (216) and
(217), and

o un(snom,0) = moun(snan, 1) & | J Bsja(a:)® x Bsj2(g;)?, (223)
ij=1

for some s;, € [0,1]. Let ¢; : [0,1] — M* be the closed curve defined by c(t) = m o ux(0,1).
Arguing as in the Convergence paragraph above, we see that up to subsequences
A — A€ [Oa 1];
eh = ¢ € W) x W(32) x W(33) x W(32) in W2([0, 1], M)
n = 0 € M (1, 72321) X AE (3,15 m2)in CEm([0, +00[x [0, 1]\ {(0,0), (0, 1)}, T* M%),

Since the space I (71, v2;21) X AL (73,745 22) is not empty, we have the index estimates

m™ () + mt(y2) — 1®(@1) > n,  m(ys) + mP () — 4®(22) > n.
Together with (216) this implies that
m™ (1) +m™(y2) — 1 (x1) =n,  m™(ys) + m* () — 4 (22) = n. (224)

Moreover, (217) and the fact that the action of every orbit is non-negative implies that

SLl (71) + SL2 (72) < Aa AHl@Hz (3?1) < Av (225)
Sr.(13) + S0, (1) <A, Amem,(z2) < A (226)

Furthermore, arguing as in the proof of Lemma 6.7, we find that the curve
dp, : [0,1] x M*, dp(s) = moup(aps,0) = woup(aps, 1),
converges uniformly to the constant ¢(0) = ¢(1). By (224), (225) and (226),
¢(0) = ¢(1) = T ou(0,0) = wou(0,1)

is of the form (gi, gi, g5, q;), for some 4, j € {1,...,m}. But then the uniform convergence of (dj)
to ¢(0) contradicts (223). O

We fix some ag €]0,a(A)], and we choose the generic data g1, g2, H1, Ha in such a way that
transversality holds for the problems .ZJ, ///(fg, and ///(i. Then each ///(fo (71,7253, Va5 1, T2)
is a smooth manifold whose boundary - if non-empty - is precisely the intersection with the regions
{A =0} and {\ = 1}. In particular, when (216) and (217) hold, .ZX (71,72, 73, v4; T1,%2) is a
one-dimensional manifold with possible boundary points at A = 0 and A = 1, and Lemma 6.9

implies that

AL (1572, Y3, Y43 1, T2) NN = 0} = " (1,725 1) X M (3,745 T2), (227)
///oi(%ﬁzﬁs,%;ﬂ?l,m) n {)\ = 1} = ///cﬁ(%,%;xl) X //15((73,74;332)- (228)
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We denote by M4 the subcomplex of

M(SIL\lagl) ® M(SIL\Q,QQ) ® M(SIL\l,gﬂ ® M(SIL\Q,QQ)

spanned by generators v; ® 72 ® 3 ® v4 with

Sry(m) +SL,(72) + 8L, (93) + S, (74) < A,

Similarly, we denote by F4 the subcomplex of

FO(H, @ Ho,J) ® FO(H, © Ha,J)

spanned by generators r1 ® xo with

Ao, (T1) + Amyom, (v2) < A.

We define a homomorphism

. A A
P . M* - F*—Qn—i—l

by counting the elements of .ZF (v1,72,73,V4; 21, 22) in the zero-dimensional case:

@0

m (1) +m (12) + m* (3) + m™ (va) — p®(x1) — p®(22) = 2n — 1.

Using the identities (227) and (228) we see that P is a chain homotopy between the restrictions
of K ® K, SO and K SO ® K2 to the above subcomplexes. This concludes the proof of Proposition

4.7.
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