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Abstract

In this paper we use the gradient flow equation introduced in Asselle and Starostka (Calc.
Var. 59: 113, 2020) to construct a Morse complex for the Hamiltonian action Ay on a
mixed regularity space of loops in the cotangent bundle 7*M of a closed manifold M.
Connections between pairs of critical points are realized as genuine intersections between
unstable and stable manifolds, which (despite being infinite dimensional objects) turn out to
have finite dimensional intersection with good compactness properties. This follows from
the existence of an additional structure, namely a strongly integrable (0)-essential subbundle,
which behaves nicely under the negative gradient flow of the Hamiltonian action and which
is needed to make comparisons. Transversality is achieved by generically perturbing the
negative gradient vector field —VApy of the Hamiltonian action within a class of pseudo-
gradient vector fields preserving all good compactness properties of —VAg. This follows
from an abstract transversality result of independent interest for vector fields on a Hilbert
manifold for which stable and unstable manifolds of rest points are infinite dimensional.
The resulting Morse homology is independent of the choice of the Hamiltonian (and of all
other choices but the choice of the (0)-essential subbundle, which however only changes the
Morse-complex by a shift of the indices) and is isomorphic to the Floer homology of T*M
as well as to the singular homology of the free loop space of M.
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1 Introduction

One of the central questions in the theory of Hamiltonian systems is the existence of (one-)
periodic solutions x : T — W, (W, w) symplectic manifold, to Hamilton’s equation

X(t) = Xy (x(1)), (1.D)

where Xy is the Hamiltonian vector field associated with a smooth time-dependent one-
periodic Hamiltonian function # : T x W — R via

1xyo=—dH.

Such periodic solutions can be characterized (at least at a formal level) as critical points of
the Hamiltonian action functional, which in the case of an exact symplectic form w = di
takes the form

1 1
Ag(x) :/ x*k—/ H(t, x(t))dt.
0 0

Unfortunately, one cannot infer the existence of critical points of Ay using classical varia-
tional methods such as Morse theory (and its infinite dimensional version due to Palais [36]),
since every critical point of A g has infinite Morse index and co-index. In fact, for a long time
people believed that no variational methods could be successfully applied to the functional
Ap. The first breakthrough in this direction is due to Rabinowitz: in [38] he observed that
the Hamiltonian action in (Rz”, wgd = dp A dg) is of the form

1 1
Ayg(x) = %/0 <—ch,x>dt—/0 H(t, x(t)) de,

where the first term defines a continuous quadratic form on H'/2(T, R?"), the space of
Sobolev loops in R?* of Sobolev regularity 1/2, and the Hamiltonian term has compact
H'/?_gradient. This enabled him to prove what is nowadays universally known as the Wein-
stein conjecture in the case of smooth compact connected hypersurfaces in R*" bounding a
compact and (strictly) star shaped region. By using finite dimensional approximations, the
H'/2_approach has been then successfully implemented by Conley and Zehnder in [14] to
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prove the Arnold conjecture on (T?", wyq). The case of the torus T2 is somehow special
(even though the H'/?-approach can be used also for other symplectic manifolds such as
CP", see [20]): since T2 is a quotient of IR?", the space of contractible H'/2-loops on T2"
can be identified with T?" times the Hilbert space of H!/2-loops in R?" having zero mean.
This does not work for general symplectic manifolds, in particular for cotangent bundles
T*M over a closed manifold M equipped with the standard symplectic form wgg = dA, and
indeed the space of loops of class H'/2 in T*M does not have a good structure of an infinite
dimensional manifold, due to the fact that curves of class H!/2 might have discontinuities.

A brilliant idea on how to overcome such a difficulty came few years after the work of
Conley and Zehnder with Floer (see [17] and its further extensions [18, 22, 25, 33]) and
it is not limited to cotangent bundles but works for arbitrary symplectic manifolds which
(if non-compact) are suitably convex at infinity: replacing the H'!/?-gradient of Ay with
the L?-gradient yields a gradient flow equation only formally, but if one interprets such
a “gradient flow equation” as a PDE, this turns out to be a non-linear perturbed Cauchy-
Riemann equation. This allowed Floer to use holomorphic curve techniques as developed
by Gromov in [23] to define a chain complex for Ay, which is generated by contractible
one-periodic solutions of (1.1), by counting the number of solutions to the perturbed Cauchy-
Riemann PDE which are asymptotic to pairs of periodic orbits whose Conley-Zehnder indices
differ by one. The resulting homology is called Floer homology, and its importance goes
way beyond Floer’s original motivation of proving the Arnold conjecture on the number of
fixed points of non-degenerate Hamiltonian diffeomorphisms of closed symplectic manifolds:
Lagrangian intersection Floer theory (see [21]), symplectic homology (see [11, 19, 42]),
contact homology (see [16]) and Rabinowitz-Floer homology (see [12]) are just some of the
famous derivations of Floer’s seminal ideas (not to mention the ones in low dimensional
topology). Another ingenious approach for the Hamiltonian action in cotangent bundles,
based on finite dimensional approximations and spectra, can be found in the work of Kragh
[29, 30] and have led to a proof of a homotopy version of the nearby Lagrangian conjecture.

Despite the great success of the theory of Floer, the question remained how far the original
approach by Rabinowitz, Conley, and Zehnder can be generalized to manifolds different from
the torus. In [10] we started addressing this question by showing that, for a Hamiltonian
H : T x T*M — R with quadratic growth at infinity, the Hamiltonian action

Ag M~ SR, se(1/2,1), (1.2)

satisfies the Palais-Smale condition, M1 ~$ being the Hilbert bundle over the Hilbert manifold
of loops H*(T', M), s € (1/2, 1), whose typical fibre is given by the space of H'!~*-sections
of the pull-back bundle ¢*(7*M), where ¢ : T — M is any smooth loop. Roughly speaking,
instead of considering loops with Sobolev regularity 1/2, one considers loops in 7* M whose
projection to the base has regularity larger than 1/2 (but strictly less than 1), thus making
them continuous in the base direction, and whose projection to the fiber has regularity smaller
than 1/2 (but strictly larger than L2-regularity) in such a way that the mean regularity is 1/2.
The key observation is that the regularity loss in the fiber direction does not pose any major
difficulty because of the linear structure of the fibers.

Remark 1.1 The case s = 1/2 in (1.2) would correspond to Rabinowitz, Conley and Zehn-
der’s H! /2-approach. However, as we have already observed, this cannot be used in the case
of cotangent bundles since H 1/2(T, M) is not a Hilbert manifold. Notice also that the Hamil-
tonian action (1.2) is actually well-defined also for s = 1. Such a setting is used by Hofer
and Viterbo in [26] to prove the Weinstein conjecture for a class of compact hypersurfaces in
cotangent bundles. However, for s = 1 the Hamiltonian term does not have compact gradient,
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and this reflects in the fact that Ay does not satisfy the Palais-Smale condition. This forces
to introduce approximations of Ay to achieve compactness and then pass to the limit for the
approximation going to zero using a very delicate diagonal argument. |

In this paper we upgrade the results in [ 10] by showing that one can obtain a genuine Morse
complex for Ay using the Morse complex approach which is developed in [1-3, 5]. In this
approach, one constructs a chain complex by looking at the one-dimensional intersections of
unstable and stable manifolds of pairs of critical points. Despite being infinite dimensional,
unstable and stable manifolds of pairs of critical points always intersect in finite dimensional
objects with good compactness properties; see Sect. 4. This is the case because of the existence
of an additional structure, namely a (0)-essential subbundle of the tangent bundle TMI—S,
which behaves well under the negative gradient flow of Ay (more precisely, under a suitable
negative pseudo-gradient flow). Such an additional structure is needed to make comparisons,
in particular to define a notion of relative Morse index for critical points of Az, and allows to
recover a structure which is described in [13] in terms of polarizations. Its construction will be
performed in Sect. 3. If stable and unstable manifolds of critical points intersect transversally
(a condition which can be achieved by a generic perturbation of the negative pseudo-gradient
vector field preserving all its good compactness properties; see Sect.5 for further details),
then the intersection is a finite dimensional manifold with dimension equal to the difference
of the relative Morse indices.

In the theorem below the assumption s € (1/2,3/4) is needed to guarantee that the
Hamiltonian action A g is sufficiently regular to apply the abstract transversality theorem 5.5.

Theorem 1.2 Let M be a closed manifold, and let H : T x T*M — R be a smooth
Hamiltonian which is fiberwise convex and quadratic outside a compact set, see (2.1). Then,
foreverys € (1/2,3/4), there is a well-defined Morse complex with Z-coefficients for the
Hamiltonian action Ay : M'™5 — R. The induced Morse homology does not depend on
the Hamiltonian, and is isomorphic to the singular homology of the free loop space of M as
well as to the Floer homology of T*M.

In this paper we use Z.,-coefficients instead of Z-coefficients for the sake of simplicity
only. Indeed, the (0)-essential subbundle constructed in Sect. 3 can be given an orientation (in
asense which we do not bother to specify here) which allows us to define coherent orientations
for the intersection between stable and unstable manifolds, and hence to construct a Morse
complex with Z-coefficients. It will be highly interesting to see to what extent the orientation
of the (0)-essential subbundle enters the construction of the isomorphism between the Morse
homology and the singular homology of the free loop space. Recall indeed that the use of a
twisted version of the Floer complex is required when constructing the isomorphism between
the Floer homology of 7*M and the singular homology of the free loop space in case M is
not spin (more precisely, in case the second Stiefel-Whitney class of M does not vanish on
2-tori, see [6, 7]). In case of Z-coefficients, a sketch of the construction of the isomorphism
between the Morse homology and the singular homology of the free loopspace is provided in
Sect. 7. A direct comparison between the Morse complex and the Floer complex should also
be possible by generalizing to cotangent bundles the techniques introduced by Hecht [24] in
the case of Hamiltonian systems on tori.

Despite yielding isomorphic homologies, the Morse complex approach has many advan-
tages over Floer’s approach which we shall now briefly describe. First, in the Morse complex
approach transversality is achieved in a much more elementary way (namely, by generically
perturbing the negative pseudo-gradient vector field) and this might be an advantage in more
complicated situations where transversality is hard to achieve resp. cannot be achieved in

@ Springer



Morse homology for the Hamiltonian action in cotangent bundles Page50f55 109

Floer theory. Second, the fact that the Morse complex is constructed by intersecting genuine
geometric objects (namely, stable and unstable manifolds of pairs of critical points) might
suggest the possibility of applying homotopy arguments rather than merely homology argu-
ments. In this direction, it would be interesting to see to what extent the results of Kragh [29,
30] can be recovered using the Morse complex approach. All of this goes the direction of
developing methods alternative to Floer theory which are more topological in nature, with
e.g. the concrete motivation of improving the known results about the degenerate Arnold
conjecture on toric manifolds (in this respect, in the recent preprint [9] in collaboration with
Izydorek we give an alternative, purely Conley index based proof of the Arnold conjecture
in CP").

We shall finally notice that, in more linear settings, mixed regularity spaces of loops are
used in much more general contexts than the one considered here (for instance, assuming
that the regularity loss occurs only in some specific directions). This suggests the possibility
that the Morse complex approach can be successfully used for broader classes of symplectic
manifolds (e.g. symplectizations of contact manifolds). This is subject of ongoing research.

We finish this introduction with a brief summary of the content of the paper:

e In Sect.2, we introduce all notions needed throughout the paper, the functional setting
for Ay, and provide some preliminary computations showing e.g. the compactness of
certain commutator operators on fractional Sobolev spaces with super-critical exponent.

e In Sect.3 we construct the additional structure needed to make comparisons and define
the relative Morse index of critical points of Ag.

e In Sect.4 we show that such an additional structure behaves well under a suitable negative
pseudo-gradient flow of A i, thus enabling us to prove that the intersection between stable
and unstable manifolds of critical points of A is pre-compact.

e In Sect.5 we prove an abstract transversality result for vector fields on a Hilbert manifold
for which the stable and unstable manifolds of rest points are infinite dimensional, and
then apply it to show that after a generic perturbation of the negative pseudo-gradient
vector field of Ay we can assume that the stable and unstable manifolds of critical points
of Ay whose relative Morse indices differ at most by 2 intersect transversally.

e In Sect. 6 we employ the content of Sections 2-6 to construct the Morse complex for A .

e In Sect.7 we finally discuss the functioriality properties of the Morse homology.

2 Preliminaries
2.1 The functional setting

In this subsection, we introduce the functional setting for the Hamiltonian action A g. Thus,
let M be a closed (i.e. compact without boundary) manifold. To avoid extra complications
we further assume that M be orientable.

Referring to [10] for the details, we see that, for s > %, the fractional Sobolev space
H*(T, M), T := R/Z, of H*-loops in M has a natural structure of Hilbert manifold, and
for any r € [—s, s] (see also Lemma 2.7) there exists a vector bundle

M — H (T, M)

over H*(T, M), whose typical fiber is given by “H"-sections” of the pull-back bundle
c*(T*M), where ¢ : T — M is a smooth loop. Local parametrizations for M” can be
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given as follows: for any open subset U C R” and any smooth diffeomorphism
TxU—TxM, (t,q) — (t, 0, q)
we have an associated bijection
gt HY(T, U) x H'(T, (R")*) = M",  (q,p) = (¢(,q()), dp(-, q(-)~*p).

The collection of the maps ¢, for ¢ varying in the above class, form a collection of trivializing
maps inducing the structure of a smooth Hilbert vector bundle on 7, : M" — HS(T, M).
The choice of a Riemannian metric g on M induces in a natural way a Riemannian metric
(-, -) for the bundle M", for every r. The norm induced by the L?-metric will be denoted
by | - ||. Similarly, we denote by || - || the induced L°°-norm.
For s € (%, 1) we consider the Hilbert-bundle i_; : M'™* — H*(T, M). Given a
smooth time-depending Hamiltonian function H : T x T*M — IR such that

1
H(t,q,p) = 5|p—9q|31+U(r,q), Vi e, 2.1)

outside acompactset K C T*M,where§ € Q' (M) is a (possibly time-depending) one-form
on M (a so called magnetic potential) and U : T x M — IR is a smooth time-depending
potential, we can define the Hamiltonian action functional by

1
Agp :M'™ >R, Ap(q,p) = f (q.p)"x — H(q, p), (2.2)
0
where A denotes the Liouville one-form on 7*M and

1
H:M'™ > R, H(q,p) :=/0 H(t, q(), p@))de.

Throughout this paper we will assume without further mentioning it that all critical points
of Ay are non-degenerate, meaning that the second differential of Ay at each critical point
seen as a symmetric bounded bilinear form is non-degenerate.

In the theorem below we summarize the properties of the functional A g, referring to [10,
Sect. 2] for the proof. We shall notice that the Palais-Smale condition is proved in [10] only
for Hamiltonians which are kinetic (up to a constant) outside a compact set, that is only for
6 = 0 and U = c, however the proof extends verbatim to the case in which 6 is an arbitrary
one-form on M and U is a time-depending potential.

We recall that we can define a natural Riemannian metric on M '~ by

(o D pais = (Y (Y Yy, (2.3)

where the splitting TM'~ = HM!=* @ V M'~$ into horizontal and vertical subbundle
is induced by the L?-connection (roughly speaking, the Levi-Civita connection of g applied
pointwise).

A sequence (q,, pp) C M 1=5 is called a Palais-Smale sequence for Ay if Ay (qn, pn) —
a for some a € R and ||dAg (q,, pn) || = 0. Here, with slight abuse of notation, we denote
with || - || the dual norm on T(":j‘mpn)/\/ll"Y induced by the Riemannian metric (-, -) y41-s in
(2.3).

Theorem 2.1 For every s € (%, 1), the following statements hold:

(1) Ay is well-defined over M'~™* and at least of class C'\. More precisely, there exists
k = k(s) € N such that Ay : M=% — R is of class C*, with k(s) — +oo as s | %
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(2) The operator dH is compact.

(3) Critical points of Ay correspond to one-periodic solutions of Hamilton’s Equation.
(4) Ap satisfies the Palais-Smale condition.

(5) The action of critical points of Ay is uniformly bounded from below.

Proof. Statements (1)-(4) are proved in [10, Sect. 2]. To prove (5) we observe that by assump-
tion

1
8:TxT"M—R, 8(.q.p):=H(t.q.p)~5lp —bylg — U1, q),
is a smooth compactly supported function and set

¢ i= max {181loo. 135810, 1Ulloes 10110 }-

We also notice that, setting (q, p) := fol (q, p)*A, we have

1 1 1
Ap(q.p) =(q.p) —Ellp—%llz—f0 U(t,q(t))dt—fO 8(t,q(r), p(r)) dt

and hence

1
dAx(q, P[0, pl =(q, p) — (p — bq, P) — /0 9p8(t, q(r), p(t)) - p(r) dr.
Finally, we compute for (q, p) € crit(Ag)
An(q.p) = Au(q.p) —dAx(q. p)[0. p]

1 1 1 1
= S lpl? - Eneqnz—f U(nq(t))dz—/ 5(t, q(t), (1)) dr
0 0

1
+ /0 3p8(t, q(1), p(1)) - p(t) dt

%

1
Enpn2 —c(llpll +3)

1
——c? —3c. O
2

v

2.2 Stable and unstable manifolds

In this subsection we recall the definition of stable resp. unstable manifold, referring to [40]
or [3, Appendix C] for further details. Let M be Hilbert manifold modeled on the infinite
dimensional real separable Hilbert space H, and let F be a C! vector field on M. We denote
by ®F : Q(F) ¢ R x M — M the local flow of F.If x € M is an hyperbolic rest point of
F, meaning that the spectrum of the Jacobian of F at x is disjoint from the imaginary axis,
then we can define the unstable and stable manifolds of x as

W (x: F) = {p e M ‘ (=00,01 x {p} CQF), lim ¢ (1, p) = x},
——00
Wi F)i= {p e M| 10,+00) x (p} € Q(F), lim 67 (1, p) =x].
t—+400
The stable manifold theorem implies that such sets are actually C'-submanifolds of M

with dimension given by the Morse index resp. co-index of x whenever F' admits a global
C! Lyapunov function which is twice differentiable and non-degenerate at x.
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2.3 (0)-Essential subbundles

In this subsection we will recall the definition and some general properties of (0)-essential
subbundles that will be useful later on, referring to [3] for further details. For our purposes,
we will only need to consider (0)-essential subbundles of the tangent bundle of a Hilbert
manifold M, but everything can be extended verbatim to general Hilbert bundles over Banach
manifolds.

Thus, let M be a Hilbert manifold modeled on the infinite dimensional separable real
Hilbert space H. The Grassmannian of H is the space

Gr(H) := {V CH | V closed linear subspace}

of all closed linear subspaces of H, endowed with the operator norm topology. Since we will
be only interested in subspaces with infinite dimension and codimension, all subspaces of
H appearing hereafter are supposed to be infinite dimensional and codimensional without
further specifying it. Also, we will denote the connected component Gro, o (H) of all infinite
dimensional and codimensional subspaces again with Gr (H).

Given V, W € Gr (H), we will say that V is a compact perturbation of W if Py — Py
is a compact operator, where Py, Py denotes the orthogonal projection onto V resp. W. In
this case, the relative dimension of V with respect to W is the integer

dim(V, W) := dim(V N W) — dim(V+ nw).

The (0)-essential Grassmannian Gr ) (IH) is the quotient space of Gr(IH) by the equiva-
lence relation

V ~0 W <& Visacompact perturbation of W, dim(V, W) = 0.

Remark 2.2 Removing the condition dim(V, W) = 0 one obtains the so-called essential
Grassmannian. Similarly, requiring that dim(V, W) € mZ for some fixed m € IN one obtains
the notion of (m)-essential Grassmannian. Here we refrain to discuss essential subbundles
in full generality because it will not be needed in the paper, and refer to [3, 5] for further
details.

The tangent bundle T M — M is a smooth Hilbert bundle with typical fibre H and
structure group G L(H). Since G L (H) is contractible (see [31]), the tangent bundle is always
trivial. We define

Gr(TM) = | Gr(1,M) > M,
peEM
Gr)(TM) = | Gr)(TyM) - M.
peEM

It is not hard to see that the above bundles have smooth structures. A smooth section of
Gr (T M) — M is just a smooth subbundle of T M — M. Similarly, a smooth section of
Gr(g)(T M) — M will be called a (0)-essential subbundle of TM — M.

Remark 2.3 An equivalent definition of (0)-essential subbundles can be given as follows: Let
{(¢o> Uy)}weca be an atlas of M, and let &, C TU, be a subbundle for every o € A. The
family € := {&y} is called a (0)-essential subbundle of T M, if

Eu is a compact perturbation of £g , Ya,pec A
U NUp Uy NUg
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and
dim(&y, €8) =0, Va,p e A

Remark 2.4 1t is natural to ask which conditions ensure that a (0)-essential subbundle lift to a
true subbundle. Following [3, Section 1.4], we see that, since the tangent bundle 7 M — M
is trivial, every (0)-essential subbundle can be identified with a map

E:M— GI’(O)(H)
and we are looking at the lifting problem

Gr(H)

T

M — Gro)(H)

In the diagram, the vertical map is a fibration from a contractible space, so the (0)-essential
subbundle is liftable to a true subbundle if and only if the map £ is null-homotopic. Following
[5] we see that Grg) (H) is simply connected, whereas m; (Gr(y (H)) = ;1 (BO(00)), for
i > 2, where BO(00) denotes the classifying space of the infinite real orthogonal group.
Hence, using Bott’s periodicity theorem we deduce that £ is null homotopic if and only if

Es 1 (M) = 7;(Gr gy (H))

vanishes forevery i = 1, 2, 3, 5mod 8. In particular, £ is liftable to a true subbundle whenever
wi(M) =0foreveryi =1,2,3,5mod 8.

In the specific case of interest in this paper, we have M = M !~ for some s € (%, 1), see
Section 2.1, which is homotopy equivalent to A M, the free loop space of the closed manifold
M. As a consequence, the (0)-essential subbundle constructed in Sect. 3 is liftable to a true
subbundle in many cases, for instance whenever M has contractible universal cover (indeed,
in this case 7; (M%) = 0 for all i > 1). On the other hand, liftability is a very strong
property which, we stress, is not needed for the construction of Morse homology, though
it could be helpful to deal with orientations in the case of Z-coefficients. As in this paper
we are interested in Z-coefficients only, we refrain to discuss liftability further here and
leave it to future research. We just finally notice that liftability is not related to the fact that
the second Stiefel-Whitney class of M vanishes on tori, which is the obstruction to have an
isomorphism between the Floer homology of 7*M and the singular homology of AM with
Z-coeffients (the isomorphism is then obtained using a twisted version of the Floer complex,
see [7]). In fact, the (0)-essential subbundle £ is always liftable along loops in M!'~5 (which
can be seen, after projection, as tori in M) because Gr g) (I is simply connected. |

A (0)-essential subbundle £ of T M is called strongly integrable if M admits an atlas
{(¢a, Uy )} such that each ¢, maps £ into the essential subbundle of TH represented by a
constant closed linear subspace V C H

Do (p)E(p) =[V], Vp €Uy, Va, (2.4)
and for every «, § the transition map
T = Qg °<ﬂ,§l sdom(t) = pgUy NUg) CH— H
satisfies the following property: for every bounded A C dom(r),

QA is pre-compact if and only if Q7 (A) is pre-compact, 2.5
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where Q denotes a projector with kernel V. We shall observe that the definition above does
not depend on the choice of the projector Q, but only on the subspace V. Indeed, the set QA
is pre-compact if and only if the projection of A into the quotient space H/V is pre-compact.
In this case, the atlas {(¢y, Uy)} is called a strong integrable structure modeled on (H, V)
for the (0)-essential subbundle £.

In what follows we will be interested in the inverse construction, since it will allow us to
build (0)-essential subbundles starting from “natural” local data: If {(¢y, Uy )} is an atlas of
M such that (2.5) is satisfied with respect to some V € Gr (H), and

dim(Dt(§)V,V) =0

for all transition maps t, then defining £ by (2.4) yields a (by construction strongly integrable)
(0)-essential subbundle of 7M. We finish this subsection recalling that there is also a notion
of integrable (0)-essential subbundle, which is obtained by requiring that for all transition
maps T

Dt (&)V is a compact perturbation of V, V& € dom(r), (2.6)

hold instead of (2.5). As one readily sees, strong integrability is strictly more restrictive than
integrability, because (2.5) implies (2.6) by differentiation, but on the other hand a non-linear
map whose differential at every point is compact need not be compact.

The reason why strong integrability is better suited for our purposes than integrability
is the following: in case of a functional f whose critical points have infinite Morse index
and co-index, integrability is not enough to conclude pre-compactness of the intersection
W"(x) N W*(y) between the unstable and stable manifolds of two critical points x and y,
even if the integrable (0)-essential subbundle is “nicely” related with the negative gradient
flow of f and the Palais-Smale condition holds, see [3, Section 3]. In fact, the intersection
W (x) N W*(y), though finite dimensional, might consist of infinitely many curves with
no cluster points besides x and y. As explained in [3, Section 0.3], this follows from the
fact that the conditions for an integrable (0)-essential subbundle to be “nicely” related with
the negative gradient flow of f are of local nature, whereas compactness involves a global
condition. On the other hand, if the (0)-essential subbundle is additionally strongly integrable,
then we can define in a natural way a global condition which implies pre-compactness of the
intersections; see [3, Section 6] or Sect. 4 for further details. Such a condition is formulated
in terms of invariance of an essentially vertical family, whose definition we now recall, under
a suitable negative pseudo-gradient vector field for f.

Definition 2.5 Let M be a Hilbert manifold modeled on the infinite dimensional separable
real Hilbert space H endowed with a complete Riemannian metric, and let £ C T .M be a
strongly integrable (0)-essential subbundle modeled on (H, V') with strong integrable struc-
ture A = {(¢y, Uy)}. Denote further with Q : H — H a projector with kernel V. A family
F of subsets of M is called an essentially vertical family for the strong integrable structure
A of € if it satisfies:

(1) F is an ideal of P(M), that is, it is closed under finite unions and if A € F then any
subset of A is also contained in F,
(ii) for every point p € M there is alocal chart (¢, /) € A such that every set A C U with
¢(A) bounded belongs to F if and only if Q¢ (A) is pre-compact, and
(iii) if B C M is contained in an e-neighborhood of some A, € F for every € > 0, then
BeF.

Any set A € F is called essentially vertical set.
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Condition (iii) is in other words saying that F is closed with respect to the Hausdorff
distance. We shall observe that such a condition was not required in [3], the reason being that
it is not needed in the proof of the pre-compactness result for the intersection between stable
and unstable manifolds of critical points, see [3, Theorem 6.5]. Here we instead require it
since it is needed in the proof of the abstract transversality theorem 5.5, as well as in the proof
of the fact that the space of vector fields preserving F is a module over the space of Lipschitz
functions (see Proposition 4.1). As we shall see, such a condition is trivially satisfied by the
family F which naturally arises in the construction of the Morse complex for the Hamiltonian
action.

2.4 Some preliminary computations

In this section we collect some preliminary estimates and computations about multiplication
and commutator operators on Sobolev spaces that will be useful later on. In what follows we
denote with {ex := e*%/} the standard Hilbert basis of L2(T, R"). For

u= Zukek

keZ

and s € R we set

lll? := Y (1 + kD> g ]

keZ

For s > 0 we define the Sobolev space
HY (T, R = {u e LT RY) | Jully < +o0o),
and set H%(T, R") to be its dual space. In a similar way we define the Sobolev spaces
H*(T,Hom(R", R")), seR,
where in this case the H*-norm is defined using any equivalent matrix-norm for the Fourier

coefficients of aloop A : T — Hom(IR", R") with respect to the basis {e;}. Forany o € R
we finally define the o -power of the Laplacian A by

A%u = Q2m)* Y k[ ugex.
keZ*

We start with the following elementary

Lemma26 Fora,B,y > O0suchthata+ B >1,0<y <Bandy <o+ B — 1 we have

+o00 1 1
—— =0\ — k s
;h“(k+h)ﬂ (kV> fork — 400
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Proof Since y < B we have

+00 1 +00 1
> i < L
= ek + h)P = hetB=y (k + h)Y
1 1
kK }; hetB=r (1 + h/k)Y
1R

= kv Z ho+B—v

and the claim follows as the latter series converges by the assumptiona + 88—y > 1. O

The following result about multiplication operators on Sobolev spaces can be found in
[28, Lemma 28] (see also [43]) for the case of real- or complex-valued functions. As we are
here dealing with vector-valued functions, we include an elementary proof for the sake of
completeness.

Proposition 2.7 Fix s > 1/2. Then, for every r € [—s,s], the pointwise matrix—vector
multiplication of a matrix-valued function with a vector-valued function extends uniquely to
a continuous bilinear map

H*(T,Hom(R", R")) x H" (T, R") - H"(T,R")
resp.

H"(T,Hom(R", R")) x H'(T,R") - H" (T, R").
In other words, for every r € [—s, s] there exists ¢, > O such that

1A -ully <cllAllslull,, VA € H'(T, Hom(R", R")), Yu € H" (T, R"),
IA-ully <cllAllllulls, VA e H(T,Hom(R", R")), Yu € H*(T, R").

Proof We prove only the first estimate being the proof of the second one identical. We
first consider the case r € [0, s]. Clearly, we can further assume that r € (0, 1/2], as the
claim is obvious for » = 0 and it follows from the standard estimates for the product of
two Sobolev functions with supercritical Sobolev exponents for r € (1/2, s]. By a standard
density argument we can assume that A and u are smooth. We denote with Ay the Fourier
coefficients of A and with uy the Fourier coefficients of u. Clearly, we have

A-u= Z (Z Ak—huh>€k»
keZ heZ
and thus using the Cauchy-Schwarz inequality

A - ull? ="+ kD> | Y A nun

keZ heZ

2r !
<> (A +1kD) (Z (1+|k_h|)25(1+|h|)2")

keZ heZ

‘ 2

(D2 WAk P+ 1k = B a1+ ).

heZ
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We preliminary notice that, for fixed k € Z, the sum

1

Grk) =Y S ;
S (14 [k — A (1 + [])?

is finite, since by assumption 2s + 2r > 1. All we have to show is that
1

Indeed, if this is the case then the function k — (1 + [k|)¥ G, (k) is bounded on Z and hence
we obtain for some constant ¢ > 0

A -ul? < e DD N Ak—nlP(1+ 1k = hD® Jup P+ 1hDP = cll A ull?.
keZ heZ

Since G,(—k) = G, (k), we can assume without loss of generality k € IN. We split the sum
as follows

G, (k) = Gi(k) + G2(k) + G3(k) + Ga(k)
Lk/2]

__E: 1 n 2: 1
i A+ =RDZA+IRD = (L k= hD> (1 + [hD>
k—1 1 |
+ Z 2s 2r +Z 2s 2r
heiira) o LHIE=ADZA AN =0 (1 [k — D= (1 +|Al)

and estimate each of these terms separately. For G (k) we use Lemma 2.6 witha =y = 2r
and B = 2 s to infer that for k — 400

+00 1 —+00 1

G1k) = h; (U k+m=A+h ,X:; G~ e

Similarly, for G4(k) we have for k — 400

1 1 1 1
G4(k):Z(1+h—k)2S(l+h)2’ = ﬁzm:0<ﬁ>

h>k h>k

as the latter series converges by the assumption s > 1/2. For G3(k) we estimate similarly
G(k)<1 li _ <l+fl 0<1> fork — +
300 S 5 s S = O\ ort e
k=" he k72141 (I +k—h)y> = k= P h=s k="

In order to bound G, (k) we preliminary compute, for 7 = 1, ..., |k/2], using the fact that
the function x — x*~" is monotonically increasing and subadditive

(1 +k _ h)s—r 2 (1 +k)s—r _ hs—r 2 (25—}” _ l)hs—r_
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This yields
Lk/2] . | 2 .
Ga(k) = < —
2(%) h; A +k—m>1+hZ ~ K ; (I 4k — W20 (1+ h)>

Lk/2]

1 1

S 2w

h=1

thus completing the proof in the case r € [0, s].
The case of negative Sobolev exponents follows now by a simple duality argument. Indeed,
for r € [0, s] and for every smooth v with |Jv|, = 1 we have

A -u, v)| = [, AT - 0)] < Jull | AT - vl < cllull— [AT sllvll, = cllull - 1Al

where we have used the estimate proved above for the case of non-negative Sobolev expo-
nents. Here, (-, -) denotes the duality pairing. Taking the supremum over ||v|, = 1 yields

[A-ull-r = sup [(A-u,v)| <cllul—|Als,

llvll-=1

thus finishing the proof. O

Corollary 2.8 For every s > 1/2 the multiplication operators
H*(T, Hom(R", R")) x H YT, R") - H*"Y(T,R"), (A,u)r—> A-u
H~Y(T, Hom(R", R")) x H*(T,R") - H*"Y(T,R"), (A,u)— A-u,

are well-defined and bounded. Moreover, for fixed A € HS~'(T, Hom(R", R")), the oper-
ator

H (T,R") - H YT, R"), ur> A-u,
is compact.
Proof. The first claim follows directly from Proposition 2.7 noticing that s — 1 € [—s, 5]
for s > 1/2. The second claim follows also easily from Proposition 2.7. Indeed, since
1 —s < 1/2 < s, the considered operator can be written as the composition of the compact

embedding H® — H', for any 1/2 < r < s, with the bounded (since s — 1 € [—r,r])
operator

H'(T,R") —» H*Y(T,R"), ur A-u. O

The next technical lemma will be needed to prove the boundedness of the commutator
operator
s—1 d r n 1—s n 1
A, AN o— | H'(T,R") > H (T, R"), r> =,
dr 2
for fixed A € H*(T, Hom(R", R")), s € (1/2, 1), see Proposition 2.10.
Lemma29 Fixs € (1/2,1) andr > 1/2. For k € Z set

||k|2(s71)k _ |h|2(x71)h|2

ro= h% (U = hDZ (1 + [
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Then
1

Proof Notice that F (k) is finite for every k € Z since by the assumptions on s and r
2s+2r —2QRs —1)=2(r —s+1) > 1.

Also, since F(—k) = F (k) it is enough to consider the case k — +oc0. Given k > 0, we
split

F(k) = Fi(k) + Fa(k) + F3(k),
where

k—1 “klz(s—l)k - |h|2(s—1)h’2

A® =2 (e i

2

||k|2(s—1)k _ |h|2(s—1)h’
k) = )
20 = kA

2

||k|2(s—l)k _ |h|2(s—l)h|
(k) = ,
o §(1+|k—h|)2~v<1+|h|>2’

and bound each of these terms separately. By the assumption on s the functions x + x* and
x — x17% are monotonically increasing and subadditive, and we deduce

2(1—s) 21 )k_l (kzs*l_hzs*l)z
K09 Fy (k) = k20—
1E) }; (+k— >0+

k—1 (ks _kl—sh2s—l)2
=qu:<:) A+ k=51 + h)2r
k-1 s _ ps\2
< Z (k' —h*)
S (k=R R

k—1 2s
()
pard (14+k—h)20+n)*

k—1 1
=D B
- 2
(1)
+00 1
=D
h=1

The claim

1

follows as the latter series in the above chain of inequalities converges by the assumption
r>1/2.
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25—

By the subadditivity of the function x > x>*~! we find the following upper bound for

Fz(k):
+00 (h23—1 _k2s—1)2

R = hgk A+ h—k)>(1+h)?

3 JrXooi (h _ k)2(2s—1)

T At h—EA 4
) f (14 —k)*>Y
TR0+

+o0

1
B ,;k (1+h —K)20=9(1 4+ h)?
+o0

1
= 521: £2(1—s) (k + g)Zr'

Since s € (1/2,1) and r > 1/2, Lemma 2.6 witha = y = 2(1 — 5) and = 2r yields
1
We now bound F3(k):

+00 (k25—l+h2s—l)2
F3(k) =
3) Z(1+k+h)2s(l+h)2f

h=1
+0o k2(257l) +h2(2s71)
=2 2s | 2r
ke )Zh
+o00 1 +00 1
_ 2(2s—1)
=2k hX—; (k + h)Zsh2r + 2}; (k + h)2sh2(r+1—2s)'

The first series in the last expression can be estimated using Lemma 2.6 with « = 2r,
B =y = 2s, thus obtaining

= 1 1 1
2025—1) _ 12(2s5—1) _
k2(2s Z @ +7h)2fh2’ — 22— (ﬁ) =0 (7](2(1—@) for k — +o0,
h=1

whereas applying Lemma 2.6 to the second series with « = 2(r + 1 — 2s), = 2s, and
y =2(1 — ) yields

+o00 1 1
Z (k + h)2p20+1=25) — % (kZ(]—s)> for k — +oo.
=1

This completes the proof of the lemma. O

Proposition 2.10 Fixs € (1/2, 1). Then, for every r > 1/2 there exists ¢, > 0 such that
1. a0 Squ] < clandul
El dt ]_s —_ r s r

forevery A € H*(T, Hom(R", R")), and u € H" (T, R").
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Proof By a standard density argument we may assume that both u and A are smooth. We

write
A=ZAkek, M=Zuheh,

keZ heZ

for the Fourier series expansion of A and u respectively, where {e;} denotes the standard
Hilbert basis of L. A straightforward computation shows that

d
[A, Ao CT} u= Q> iy (Z (Ih?=Dh — |k|2(s_”k)Ak_hu;,)ek.
g keZ heZ

Therefore, using the Cauchy-Schwarz inequality and Lemma 2.9 we obtain for some positive
number c:

d 2
H [A, Ao a]u”[fy = (27{)2(25—1) Z(l + |k|)2(1—s)
‘ keZ

2
|3 (BP0 h = Kk Ay

heZ
< @U@ Y A+ kDI FGR)
keZ
D A+ k= hD> | Ag—n* (1 + A up |
heZ
<Y Y A+ 1k—=hDP|ArnlP (1 + [BD Junl®
keZ heZ
=c > U+ D> up* Y (1 + [k = hD>| Al
heZ. keZ
= cllAIZ ull?
as claimed. m]

Remark 2.11 The proposition above implies that, for any fixed A € H*(T, Hom(R", R")),
the commutator

d
[A, Ao E} - HS(T,R") — H'™5(T, R")

is a compact operator, for it can be written as the composition of a bounded operator (the
commutator itself defined on H”, r € (1/2, s)) with the compact embedding H* — H'.
Notice that the single operators

AAS_I% D H(T,R") — H'™(T, R"), AS_I%(A-) CH{(T,R") — H'™(T, R"),
are only bounded. Also, it is not clear to us whether or not the commutator operator gain
derivatives (unless A is assumed to be sufficiently regular). In fact, one would expect from
the theory of pseudo-differential operators that [A, AS~! %] be a pseudo-differential operator
of order 2s — 2, and thus define a bounded operator from H* into H 2=5 This however will
not be relevant for our purposes.

We shall finally observe the following consequence of Proposition 2.10 which will be use-
fullateron:if {A,,} ¢ H*(T, Hom(RR", R"))isabounded sequence and {u,,} ¢ H*(T, R")
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weakly-converges in H* tou € H*(T, R"), then {[A,,, As—1 %]um} converges strongly in
H'™ to[A, A 4. O

Remark 2.12 Using the chain rule we see that
o, d .
[A, A‘_la] u=1[A N —-ATIA u

Therefore, combining Corollary 2.8 with Proposition 2.10 we obtain that, for every s €
(1/2,1) and every A € H*(T, Hom(R", R")) fixed, also the commutator operator

[A, Ao % :HY(T,R") - H'™(T,R") 2.7

is well-defined and compact. Moreover, for any bounded sequence {A,,} C H*(T, Hom(RR",
RR")) and any weakly-converging sequence {u,,} C H*(T, R"), the sequence {[A, A
is strongly converging in H'~*.

3 The (0)-essential subbundle £

In this section we show that there is a natural way to define a (0)-essential strongly integrable
essential subbundle & < T M=%, for which the standard atlas of M!S (c.f. Subsection
2.1) is a strong integrable structure such that the negative eigenspace of the Hessian of Ay
at each critical point (q, p) of Ay belongs to the essential class £°(q, p). In particular, we
have a well-defined (integer valued) notion of relative Morse index for critical points of Ay .
In Sect.4 we will then show that £° behaves “nicely” under a suitable pseudo-gradient flow
of Ay, thus allowing us to prove that the intersection between stable and unstable manifolds
of any two critical points of Ay is finite dimensional and pre-compact.
For s € (1/2, 1) fixed we set H to be the Hilbert space

H:= H*(T,R") x H' ™5 (T, (R")*)
endowed with the standard Hilbert product
(5w = (pr (), pr())s + (pra (), pra(-))1-s,

where pr; : H — H*(T,R") and pr, : H — H'=5(T, (R™)*) denote the projections onto
the first and second factor respectively, and define the operator

L:H—H, L(qp) :=T"A"p, -TA Q. (3.1)
Here A denotes the Laplace-operator, A* is for every « € R defined by
Au =Y Qm)* k[ urer,
keZ*

where {e} is the standard Hilbert basis of LZ(T, R") and u = Y kez Ukek is the Fourier
expansion of u, and T : R" — (IR")* denotes the canonical identification (notice that T and
T* commute with both A and d/d¢). It is straightforward to check that L is a bounded self-
adjoint operator representing the quadratic form (p, q) with respect to the Hilbert product
(-, )m, 1.e.

1 1
E(L((L p). (@, p)u = (p, q) :/0 pOlq@®]1dr,  V(q,p) € H.
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Moreover, L has 2n-dimensional kernel H® given by constant loops and its eigenvalues are
given by £1 with corresponding eigenspaces

1
HE = [(q, TTAQ) | q e H (T, R"), /0 q() dt = 0]. (3.2)

In what follows, we denote with Hj (T, R") C H*(T, R") the subspace of loops with zero
mean, and with Q : H — Hi the orthogonal projector onto H (since HC is finite dimensional,
there is no need to worry about it). For every open subset U € R” and every diffeomorphism

TxU—->TxM, (.9 10 q),
we denote the induced local parametrization by
@t HY (T, U) x H'™ (T, (R")*) - M'™,

and denote by 8(‘; the local subbundle obtained by pushing forward the constant subbundle
of

T(H*(T,U) x H'™(T, (R"*)) = H*(T, U) x H'™*(T, (R")*) x H

given by taking in each tangent space the negative eigenspace H~ := H™ (L) of the operator
L under ¢,. In this way, we obtain a family of local subbundles

£ = (£). (3.3)

Proposition 3.1 Foreverys € (1/2, 1) fixed, £° defines an integrable (0)-essential subbundle
of T M=, Moreover, the negative eigenspace H"(q, p) of the Hessian d*Ap (q, p) of Ay :
M= — R ar a critical point (q, p) belongs to the essential class £°(q, p), meaning
that H"(q, p) is a compact perturbation of 6’(‘; for any local parametrization ¢, such that

(q, p) € Im g,

Definition 3.2 Let (q, p) be a critical point of the Hamiltonian action functional Ay :
M= — R. Then, the relative Morse index m(q, p) is defined as

m(q, p) := m((q, p), &) := dim(H"(q, p), &),

that is, as the relative dimension between the negative eigenspace H" (q, p) of the Hessian of
Ay at (q, p) and £, where g, is any local parametrization of M!S such that (q, p) € Im g,.
By Proposition 3.1, m(q, p) is a well-defined integer, i.e. independent of the choice of ¢..

Proof We need to show that for every transition map t, we have:

e dr,(H™) is compact perturbation of H™.
e dim(H™, dr,(H™)) = 0.

A straightforward computation shows that
dri(q. p)[h, k] = (A~ (Oh, B(Oh + A®N)'K),
where

AT @) = A7, q(1) == dt (1, q(1) € H' (T, GL(R"),
B(t) := B(t,q,p) := (d(dr*(t, q(t)))p(r) € H'~* (T, Hom(R", (R")*)).
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Therefore
dr.(q, p)[H" ] = [(A‘lh, Bh + A*TAS_IH)‘ h e H(T, IR”)]
= {(h, BAh+ 747" A% ()| b & By (T, Y|

where we used the fact that A~ (r) € GL(R") for everyt € T andtheidentity TA™! = A*T.
Also, for notational convenience, we dropped the dependence on ¢ everywhere.

It follows that both H™ and dr.(q, p)[H™] are graph of a function Hj(T, R") —
H'=5(T, (R")*), namely

h— TA*"'h and h+— BAh+TA 'A"!1(Ah)

respectively. As such, they are compact perturbation of each other if and only if the corre-
sponding maps differ by a compact operator (add reference). The part h — B Ah is compact
by Proposition 2.7, as for all r € (1/2, s] it factorizes as

HS — H" 24 g,
As the operator T does not play any role as far as compactness is concerned, we are thus left
with the operator

AS—] _ A—l A.Y—l (Ah)

which after multiplying on both sides with A yields the operator

o d :
[A, Ao E} D Hy(T,R") — HN(T,R").

The claim follows now from Proposition 2.10. As far as (0)-essentiality is concerned, we
observe that both H™ and dz,(q, p)[H ] are in Fredholm pair with the vertical subspace

{0} x H'™5(T, R") C HJ(T,R") x H'™*(T, (R")

and the Fredholm index is in both cases zero (this follows from the general fact that the graph
of a function is always in Fredholm pair with the vertical subspace with Fredholm index
zero). Therefore, applying Proposition 5.1 in [2] we obtain

ind (H™, {0} x H'™*(T, (R")*)) = ind (d7,(q. p)[H ], {0} x H'™*(T, (R")*))
+dim(H™, dr.(q, p)[H™])

which implies that dim(H ™, dz,(q, p)[H]) = 0 as claimed.
In order to prove the last assertion, we take any local parametrization ¢, of M!™* such
that Im ¢, contains the critical point (q, p) of Ay and compute

1
Apog.(§,v) = /0 (dei D) v O1(3: 00 (1)) + dgr (ENIED]) di + H(p.(€), dp.(5) *[v])

1 1
- /0 V()] di + /0 o) [der (EO) ™ [ €] di + H(p. €. dop. ()" [v])

=:(1) =:(2)

Since the functional in (2) has compact differential (indeed, no derivatives of & or v appear),
and since the negative eigenspace of the Hessian of the functional in (1) is precisely H ™, the
claim follows. ]
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As already observed, for our purposes we need to know more about £° than integrability.
What we need is indeed that £ is strongly integrable. Following [3, Page 335], in order to
show this, we need to establish the following property: for any transition map 7, = V¥ Yoo,
and every V C ¢, '(Im ¢, N Im vr,) bounded, QV is pre-compact if and only if Q. (V)
is pre-compact. Clearly, if suffices to show the implication QV pre-compact = Q7. (V)
pre-compact, since the other implication follows replacing 7, with 7~ !. Notice that transition
maps are of the form

7.(q,p) = (t(.q().dt(.q()'P), T=y oo
Thus, fix 7, and consider a bounded set V. C ¢, 1(Im ¢, N Im,.) such that QV is pre-
compact.
Lemma 3.3 The following statements are equivalent:

i) Q1. (V) is pre-compact.
ii) For every sequences {u,} C V and {v,} C HT such that v,—0 we have
(Ts(Um), V) — 0.

Proof Assume that Qt, (V) is pre-compact, and let (#,,) C V and (v,,) C H* be sequences
such that v,,—0. Then, up to taking a subsequence we have that Qt, (1) — u withu € HT,
and hence
(Ts(um), im)H = (OTs(Um), Vm)H
= (Ot (Upm) — U, V)| + (U, Vm)H
< NQw(um) — ullm - lvm I + (o, Vi )m
— 0.
Conversely, assume that ii) holds. In order to show that Q1. (V) is pre-compact, we need
to show that for every (u,,) C V the sequence Qt,(u,) contains a strongly converging
subsequence. Thus, let (u,,) C V be any sequence. Since Qt,(u,,) is bounded, we have that
up to a subsequence Q7 (u,,)—u for some u € HT. Therefore, choosing v,, := QT (i) —
u—0 we obtain
o(1) = (ts(um), OTs(Um) — uyy = ”QT*(um)”%I — (T Um), u)H,
—————
= lull?;

from which we deduce that || QT (4 ) ||lm — ||u|lm. This readily shows that Q. (u;,) — u.
O

Thus, let {u,,} C V any sequence. Up to passing to a subsequence we have
tm = (@ Pm) = (@, TA 7' ,) + (@ —T A7) + (ap Py) € H @ HY @ H

with {q;, } weakly-converging in H*, {q;}} strongly convergingin H*,and {(q?,, p% )} strongly
converging in HO. For any fixed sequence {v,,} C H* with v,,—~0 we want to show that

(tx(um), Vm)u — 0.

‘We notice that { As’lqnt } and {dt(q,,)} are strongly converging in H 1-s by assumption,
and that {[dz (q), A" ']} is strongly converging in H'!~* by Remark 2.12. Further, we
write

T(qn) = T(qm) + (qn)°,
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where 7(q,,)° := fol 7(q) dt, and observe that 7 (q,,)? converges in R”. Therefore, denoting
with “=” any equality up to quantities which are strongly converging in H (recall that this
means strong convergence in H* resp. H'™ when the corresponding quantity appears in the
first resp. second factor), we compute

T () = (T(qm). TdT(gn)[A g, — A4 1+ dr(qm) *p),)
= (t(qm). TAT(qm)[A* " @n]) — 2 (0, TdT(qm)[A* 'G5 ]) + (0. dT(qm) *p),)
= (1(qm). TdT(qm)[A* ™ 4w ])
= (F(qm). Tdr(qm)[A* ' qu]) + (z(qm)’. 0)

= (F(qm). TdT(qm)[A* ' 4m])

= (F(qm), TA" 1T (qm)[@n]) + O, T[dT(qm), A dm])

= (F(qm), TA " dr(qu)[4m])

= (T(qm). TA*'d/dt[T(qu)]) € H.

In other words, 7, (u,,) differs from an element in H ™ only up to a quantity which strongly
converges in H, and this yields

(Te(m), V)i = 0(1) + ((F(qm), TA 1 d/dt[F(@um)]), vm)m = 0(1)
=0

as claimed. Summarizing, we have proved the following

Theorem 3.4 (Strong integrability) For every s € (1/2, 1), £ defines a strongly integrable
(0)-essential subbundle of T M~ with the property that the negative eigenspace H(q, p)
of the Hessian of Ay : M'™5 — R at every critical point (q, p) belongs to the essential
class £°(q, p). O

4 Pre-compactness of intersection between stable and unstable
manifold

Goal of this section will be to construct a negative pseudo-gradient F for Ay such that the
pair (Ag, F) satisfies the Palais-Smale condition and which preserves essentially vertical
sets for the (0)-essential subbundle £ constructed in Sect. 3. In virtue of [3, Theorem 6.5],
this implies that the intersection between the stable and unstable manifold of any two critical
points of A g is a pre-compact finite dimensional manifold of dimension equal the difference
of the relative Morse indices. To achieve this, we will first prove in Sect. 4.1 an abstract result
stating that the space of vector fields that preserve an essential vertical family is a module over
the space of bounded Lipschitz functions. In Sect. 4.2 we will then employ this abstract result
to construct F firstin a fixed local chart and then glue all local definitions by means of cut-off
functions. This construction will be carried out in such a way that the Palais-Smale condition
for the pair (A gy, F) follows from the “metric” Palais-Smale condition, see Proposition 2.1.
The vector field F' will be then perturbed in Sect. 5 within the class of vector fields preserving
essentially vertical sets in order to achieve transversality.
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4.1 The space of vector fields that preserve an essentially vertical family

In this section we will prove an abstract result about the space of vector fields whose flow
preserves a given essentially vertical family. Thus, let M be a Hilbert manifold admitting a
close embedding into a Hilbert space. We endow M with the induced distance. We further
assume that F be an essentially vertical family for the strongly integrable essential subbundle
& C T M. For a bounded Lipschitz vector field F on M, the essentially vertical family F is
said to be F-positively invariant if forevery A € F andevery T > Otheset¢? ([—T, T]x A)
isin F.

Proposition 4.1 The space of bounded Lipschitz vector fields F on M of class C* for which
F is F-positively invariant is a module over the ring of bounded Lipschitz functions of class
Cckon M.

For the proof we will need the following homogenization result, which is certainly known
to the experts, but which will be included here for completeness.

Theorem 4.2 Let E be a real Banach space and let X, Y be globally Lipschitz vector fields
on E. Set, forn € Z,

2% 2%k +1
Jn::keUZ[? ; ) Za(t, %) =15, ()X (x) + e (O (x).

Then the flow ¢, : R x E — E of Z,, convergestotheflow¢ : Rx E — Eof (X +Y)/2
uniformly on [—T,T] x E, forevery T > 0.

To prove Theorem 4.2 we will use the following

Lemma4.3 Let 4 C C%([a, b], E) be an equi-bounded and equi-continuous family of E-
valued curves. Let (i) be a sequence of real valued Radon measures on [a, b] which
converges to zero in the weak-*topology of C°([a, bl, E)*. Then the convergence

lim udu, =0 inE

n——+00 [a,b]

is uniformin u € .

Proof. The statement would be trivially true if E were finite dimensional, because in this
case the family & would be pre-compact in C°([a, b], E). The general case can be reduced
to the scalar case by choosing ¢, , in E* such that ||¢, ,| < 1 and

((pn,l,u/ udﬂn) = ‘/ ud.u'n
[a,b] [a,b]

Indeed, with such a choice the family

{(@nu 1)} e, ey € CPla, b1 R)

is equi-bounded and equi-continuous, thus pre-compact by the Arzela-Ascoli theorem.
Hence,

lim (Wn,u» uydu, =0,

n—-+00 la,b]

@ Springer



109 Page 24 of 55 L. Asselle and M. Starostka

uniformly in u € 4. The conclusion follows from the identity

Hf uditn =<<pn,u,f udun>=/ Ons ) dptn. O
[a,b] la,b] la,b]

Proof of Theorem 4.2 Observe that, if X, Y are «-Lipschitz, then Z, (¢, -) is «-Lipschitz with
respect to the second variable for every ¢ € R.

Claim 1. ¢, (¢, -) is equi-Lipschitz with respect to the second variable, uniformly in ¢ €
[-T,T].
In fact, since Z,, is k-Lipschitz with respect to the second variable,

t
In(t, ) = $ult VI < | = +/O (Za(s. $(5.3) = Zu(s, $s, ) ds

t
<l =yl ] [ 10650 = b5, 15

)

and by the Gronwall’s lemma we find

(2, %) — du(t, W < e1Mlx — ylI,

foreveryt € R andevery x,y € E.
Claim 2. If the family of curves 4 C C O(a, b, E) is equi-bounded and equi-continuous,
then

b
lim (a@M@»—X;Y

n—-+o0o a

m@»ym=01na

uniformly in u € 4L
Indeed, we have the identity

b X+Y b 1
/ (Zas,u(s) = S5 wisn) ds = / (12,9 = 5 ) (X = V(s s,

By Claim 1, the family of curves
(X =Y) o uluey € C°(a, b, E)

is equi-bounded and equi-continuous. Moreover, I;, converges to % in the weak-*topology
of C%([a, b], E)*. Then the conclusion follows from Lemma 4.3.

Claim 3. For every (¢, x) € R x E, the sequence (¢, (¢, x)) is a Cauchy sequence.
By Claim 2 we have

t
||¢n(l!x) _¢m(tvx)|| = H/O (Zn(sa ¢(s,x) - Zn(s7 ¢(S, )’))) dS

TXEY X+Y
=H./o (T3 s 0) = =5 @G5, X ) ds

where €, , () is infinitesimal for m, n — +o0, uniformly int € [T, T']. Since (X +Y)/2
is k-Lipschitz, we deduce that

+ €n,m (1),

t
o (2, x) — @m (2, X) |l EK/O P (s, X) = bm (s, X) [ ds + €, (1).

By Gronwall’s lemma, ||¢, (¢, x) — ¢, (¢, x)|| — 0 for n, m — +oo.
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We are now ready to complete the proof. By Claims 3 and 1, the sequence ¢, converges to
some ¢ € CO(IR x E, E)uniformly on [T, T] x E, forevery T > 0. Thus, it only remains
to show that ¢ is the flow of (X + Y)/2. To this purpose fix (¢, x) € E. In the identity

t t
On(t,x) =x +/ (Zn(s, On(s,x)) — Zy(s, P (s, X))> ds +/ Zy(s, ¢(s, x))ds,
0 0

the first integral converges to zero since Z, is x-Lipschitz in the second variable and
&n(-, x) = ¢ (-, x) uniformly on bounded intervals, whereas the second integral converges

to
LX+Y
fo X b5, 0 ds

2
by Claim 2. Therefore, taking the limit for n — +oo yields

t
=t [ X2
0 2

which says that ¢ is the flow of (X + Y)/2. O

(¢ (s, x)) ds,

Proof of Proposition 4.1 Let X and ¥ be bounded Lipschitz vector fields of class C¥ for which
F is positively invariant. If f € C¥(M) is Lipschitz and bounded, then f X is Lipschitz and

¢! X([(=T,T1 x A) C ¢* (=l fllooT, Il fllocT1 x A).

It follows that F is f X-positively invariant. By Theorem 4.2, the flow ¢X*+ is the limit of
the flow of the non-autonomous flow ¢2%, where

2k 2k +1
Z,(t.2) =1, 0X0) + LY. Jo= [ =)
keZ

uniformly on [-T, T'] x M. By the stability property of F (see Definition 2.3), it is enough
to check that if A € F then also the set

¢”" (=T, T] x A)
belongs to F, or, equivalently (F is an ideal), that the sets
¢% ([0, T] x A), and ¢* ([—T,0] x A)

belong to F. We consider the first of these two sets, the argument for the second one being
analogous. Since

Zu(rn L _xga L
$71(10, =1 x A) = ¢ ([0, -1 x A)

belongs to F, and
2k — 1

2k 1

97 (10, =21 x 4) < 6" (10, —1 x 67 (10,
n n

2k + 1

]xA)),
x(10. 11 5 0% (10, 2
1 4) € ¥ (10. -1 x 97 (10. =1 x 4)).

o% ([0,

for every k € Z, an induction argument shows that
7 k
o ([0, ;] x A)

belongs to F for every k € IN. The thesis follows taking k > nT. |

@ Springer



109 Page 26 of 55 L. Asselle and M. Starostka

4.2 Proof of precompactness

In this subsection we use Proposition 4.1 to construct a pseudo-gradient vector field F for A g
which will enable us to prove pre-compactness of intersection between stable and unstable
manifolds of critical points of Ay by employing the general compactness result [3, Theorem
6.5]. To this purpose, the first step is to define what we mean by essentially vertical sets in
M

Definition 4.4 A boundedset A C M™% is called essentially vertical if, for every local chart
(p; ' Img,),

Q¢ ' (ANTImg,)

is pre-compact in H, where Q : H — H is any projector with kernel the negative eigenspace
H™ of the operator L defined in (3.1). We define

F:={AC M!S | A essentially vertical} 4.1)

to be the family of all essentially vertical sets.

Theorem 3.4 implies that the definition of essentially vertical sets is well-posed. Also,
since every bounded set in M!~* can be covered by finitely many domains of local charts,
and in any local chart the condition for a subset to be essentially vertical is given by the
pre-compactness of the projection of such a set onto a suitable subspace, we readily see that
F is an essentially vertical family in the stronger sense of Definition 2.5, namely that F is
closed with respect to the Hausdorff distance.

We now proceed to define the pseudo-gradient vector field F. We start observing that the
metric on M!S defined in (2.3) is, on every bounded set of M 1-s equivalent to the metric
induced by embedding M isometrically in R", see Lemma 2.5 in [10]. Even though the two
metrics might fail to be globally equivalent (see Appendix B of [10]), the local equivalence
is enough to apply Proposition 4.1 on every bounded set of M!~*, and actually on every set
of the form JTI_JS (A), A C H*(T, M) bounded. Thus, we consider a sequence {¢ ¢}¢eN of
local parametrizations such that

MITEF = U Im g, ¢.
telN

Denoting with || - || and || - ||gat the norm on H* (T, U) x H'=5(T, (R*)*) induced by pull-
back of the metric on M!™* and the norm induced by the flat metric on R" respectively,
and with V and V™ the respective gradients, we see that the equivalence of the two metrics
implies that for every £ € IN we can find a constant «(¢) > 0 such that

aOIVAE o el? < IV Ay 0 u)llfye  on HY(T,U) x H'™5(T, (R")*).

This suggests to define, for every £ € IN, the vector field F; on Im ¢, ¢ by pushing forward
the vector field

I o
— — v 4.2
) (AH o @x0) (4.2)
and then a vector field F on M!~ by gluing together the family of vector fields {F;} using
a partition of unity {x,} subordinated to the open covering {Im ¢ ¢}.
A straightforward computation shows that the vector field in (4.2) is a compact perturbation
of a(€)~1L(-), where L is the operator defined in (3.1). Hence, applying Proposition A.18 in
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Appendix A of [39], we see that x, - Fy preserves the essentially vertical family F for every
£ € IN. From Proposition 4.1 we deduce that

L
Y xe- Fe
=1

also preserves the essentially vertical family F for every L € IN, thus also F as one sees
by passing to the limit L — 400. As by construction A g is clearly a Lyapounov function
for F, the last piece of information we need in order to be able to apply [3, Theorem 6.5]
is that the pair (A g, F) satisfy the Palais-Smale condition. This however readily follows by
construction of F: Indeed, if (qy,, pn) is a Palais-Smale sequence for the pair (A g, F), then
noticing that in the series below all but finitely many terms vanish we compute

+00
A4k (@ P)LF (@ B)] = Aty (@, )| D e Fe s B |
=1

> X (s Pr)
== % - d(Ap 0 0 0) (@, 4 Q> Pm))
(=1

)
(V™ (An 0 0e.0)(@ ) (@ Pm))]

X xe(@ms Pr)
== S 2Pl 9t Ay o 0 )@ G i)
=1

a(e)
+o00

<= xe(@n. P) - IV (Ag 0 9u0) (@ ) (@, Pm)) >
(=1
+00

== xe(@u. Pw) - IVAL @, P
(=1

= —||VAH(qm, Pm)||2,

which implies that (q;,, p,) is also a Palais-Smale sequence for the pair (A, —VAp), thus
pre-compact by Proposition 2.1. Conversely, any Palais-Smale sequence for (Agy, —VApg) is
also a Palais-Smale sequence for (A g, F) as it is bounded and hence contained in the union
of finitely many Im ¢, ¢’s.

We are now in position to apply Theorem 6.5 in [3] to deduce the following

Theorem 4.5 The essentially vertical family F is F-positively invariant, where F is the
negative pseudo-gradient vector field for Ay : M'~5* — R defined above. As a corollary,
the intersection

W*((q, p); F) N W*((q, p); F)

between the unstable and stable manifold of any pair of critical points (q, p), (q, p) of Ay
is pre-compact. O

5 Transversality

In this section we prove an abstract transversality result for vector fields on a Hilbert manifold
M, and then apply it to show that, up to a small generic perturbation, we can assume that the
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stable and unstable manifolds of critical points of Ay intersect transversally. The proof of
the abstract result follows the line of the one given in [4] in the case of finite Morse indices,
however the fact that we are here dealing with infinite dimensional stable and unstable
manifolds forces us to impose further conditions on the perturbation in order not to destroy
all good properties of the given vector field.

We start by recalling some definitions and basic facts about transversality in a Banach
setting, referring to [8] for the details. We also recall that a subspace Y of a topological space
X is said generic if it contains a countable intersection of open and dense subspaces of X.
Baire theorem guarantees that a generic subspace of a complete metric space is dense.

5.1 General facts about transversality

Let ¢ : B — B’ be amap of class C¥ between C¥-Banach manifolds, k > 1. A point v € B’
is called a regular value for ¢ if for every p € ¢~ 1 (v) the differential Do(p) : T,B — T,B
is a left inverse, that is, if it is onto and its kernel is complemented. In this case, ol isa
submanifold of class k of B. The map ¢ is said a Fredholm map if its differential at every point
is a Fredholm operator, i.e. a bounded operator with finite dimensional kernel and co-kernel.
When the index of the differential is constant (for instance, when 55 is connected), this integer
is called the Fredholm index of ¢.

The basic tool in order to deal with genericity questions is the Sard-Smale theorem [41].
In its original formulation, it applies to Fredholm maps whose domain is a Banach manifold
which s a Lindelof space. Here, we need the following generalization which is due to F. Quinn
and A. Sard [37, Theorem 1], where the Lindelof property is replaced by the o -properness
of the map. We recall that a continuous map ¢ : B — B’ is proper if the inverse image of
every compact set is compact, and o -proper if B is the countable union of open sets, on the
closure of each of which f is proper.

Theorem 5.1 Let ¢ : B — B’ be a o-proper Fredholm map of class C* between C*-Banach
manifolds with Fredholm index m. If k > max{1, m}, then the set of regular values of ¢ is
generic in B'.

In order to apply the Sard-Smale theorem, the following proposition will be useful (see
also [4]):

Proposition 5.2 Let BB, B, B” be Banach manifolds, and let ¢ : B — B and ¢ : B — B
be maps of class C' with regular values p € B and q € B". Then:

(1) p is a regular value for |1 if and only q is a regular value for Y| -1, and
(2) @ly-1(g) is a Fredholm map if and only if Y| -1, is a Fredholm map. In this case, the
Fredholm indices coincide.

H(p

The proposition is an immediate consequence of the following linear statements.

Proposition 5.3 Let E, F, G be Banach spaces, and let A € L(E, F), B € L(E, G) be left
inverses. Then:

(1) Alxer B is a left inverse if and only if Blker A is a left inverse, and
(2) Alker B is Fredholm if and only if Blker 4 is Fredholm. In this case, the Fredholm indices
coincide.

Proof Let R € L(F, E) and S € L(G, E) be right inverses of A, B respectively.
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(1) Suppose that Ry € L(F, ker B) is a right inverse of A|ker p, that is, a right inverse of A
with range in ker B. Then, the map So := (Idg — RpA)S is aright inverse of B, being a
perturbation of S by an operator with range in ker B, and it takes values in ker A, for

ASy = AS — ARyAS = AS —IdrAS = 0.

Therefore, Sy is a right inverse of B|ker A-
(2) The kernels of Alker p and Blger 4 coincide and are equal to ker A N ker B. Moreover,
since R : F — RF is an isomorphism and since Idg — RA is a projector onto ker A,

R RF __ kerA+ RF E

Aker B RAkerB  kerA+ RAker B kerA + ker B

From this we easily conclude that A|ke, p is Fredholm if and only if B|ker 4 is Fredholm,
since both assertions are equivalent to the fact that the pair (ker A, ker B) is Fredholm, i.e.
ker A Nker B is finite dimensional and ker A + ker B is finite codimensional. Moreover,
the index of A|yer p and Blker 4 €quals the index of the Fredholm pair (ker A, ker B). O

cokerAlker B =

In the following lemma we single out a useful family of linear mappings whose kernel is
complemented.

Lemma5.4 LetE, F, G be Banach spaces, and assume that A € L(E, G) has complemented
kernel and finite codimensional range. Then, forevery B € L(F, G) the kernel of the operator

CeL(EXF,G), Cle, f):=Ae— Bf,
is complemented in E x F.

Proof Let E(y := ker A, E1 C E be a closed complement of Ey, and Py, P; be associated
projectors. Let G| := ranA, Go C G be a (finite dimensional) complement of G, and
Qo, Q1 be associated projectors. Then, A induces an isomorphism from E; to G, whose
inverse will be denoted by T € L£(Gy, E1). The equation C(e, f) = 0 is equivalent to
APje = Bf, which is equivalent to the system

{ APie = Q1Bf,
QoBf =0,
again equivalent to
Ple=TQBf,
5.1
{ Q0Bf =0. e-b

Since QB has finite rank, its kernel - say Fy - has a (finite dimensional) complement Fj.
By (5.1), the kernel of C is

ker C = {(eo + T Q1B fo, fo) € E X F | eg € Eo, fo € Fo},
and the closed linear subspace E; x F is a complement of ker C. O
5.2 An abstract transversality theorem
Let M be a Hilbert manifold modeled on the infinite dimensional separable real Hilbert space
H, and let F be a complete gradient-like Morse vector field of class C¥ on M (i.e. all of its

rest points are hyperbolic). Recall that a rest point x is said hyperbolic if the spectrum of the
Jacobian of F at x is disjoint from the imaginary axis. In this case, the linear unstable space
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HY is the subspace of H corresponding to the part of the spectrum with positive real part. We
further assume that F admits a Lyapounov function f such that the pair (F, f) satisfies the
Palais-Smale condition (this implies, in particular, that the set of rest points of F' is at most
countable), and that there exists a strongly integrable (0)-essential sub-bundle £ C T M and
an essentially vertical family  (in the sense of Definition 2.5) such that':

(C1) for every rest point of F, the linear unstable space HY belongs to the essential class
E(x),
(C3) Fis positively F-invariant, that is, if A € F then ¢)([0, T]x A) € Fforevery T >0

Here, ¢ denotes the flow of F. In particular, the intersection between stable and unstable
manifolds of any two rest points of F is pre-compact by [3, Theorem 6.5]. In what follows,
we denote by

m(x) := dim(HY, £(x))

the relative Morse index of the rest point x € sing (F). Our goal is to show that F can be
perturbed away from the set of its rest points in order to obtain a vector field which has the
Morse-Smale property up to order k, that is, for which the stable and unstable manifolds of
critical points whose relative Morse indices differ at most by k intersect transversally. Rather
than considering a particular space of perturbations, we list the properties that such a space
should have. Thus, consider two neighborhoods &/ C V C M of sing (F) such that each
rest point of F belong to a different connected component of V and let X be a Banach space
consisting of vector fields of class C¥ in M such that:

(B1) every X € X vanishes on U/,

(B2) forevery X € X with || X||x < 1,sing (F + X) = sing (F), f is a Lyapounov function
for F 4+ X, and (f, F + X) satisfies the Palais-Smale condition,

(B3) the convergence in X implies the C{;C convergence,

(B4) X is closed under multiplication by a vector space of real functions on M which
contains bump functions,

(B5) {X(p)| X € X} is dense in T, M for every p € M\ V, and

(B6) every vector field F 4+ X, X € X, satisfies Condition (C3) with respect to £.

We denote by X the unit ball in X. Notice that, forevery X € X1, F + X trivially satisfies
(C1) with respect to £ by (B1) and (B2), and the intersection

W'(x; F+X)NW*(y; F + X)

of stable and unstable manifolds any two rest points x, y € sing (F') is pre-compact by (B1),
(B2), and (B6).

Theorem 5.5 The subset of X1 of vector fields X for which F + X is Morse-Smale up to
order k is generic.

Here, order k of the Morse-Smale property is precisely the order of differentiability of
the vector field F and of its perturbations. This fact is determined by the regularity versus
Fredholm index assumption required by the Sard-Smale theorem 5.1. In a finite-dimensional
setting the problem does not occur because C* functions can always be C¥-approximated by

1 Here we use the same notation as in [3]. We shall notice that Condition (C3) in [3] is formulated in terms
of admissible presentations and Hausdorff measure of non-compactness. However, for our applications it is
more convenient to express it in terms of invariance of an essentially vertical family.
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smooth ones, while such an approximation may not be possible on an infinite-dimensional
Hilbert space (see for instance [32, 35]).

Theorem 5.5, whose proof will take up the rest of this subsection, generalizes Theorem
2.20 in [4], where the case of finite Morse indices is treated. As already pointed out, in this
setting more assumptions are needed in order to ensure that all good properties of (f, F) are
not destroyed after perturbation.

Thus, let x, y € sing (F) with

m(x) —m(y) <k

be two rest points of F' such that W*(x; F) and W*(y; F) have a non-empty intersection.
Denote by C the space of C'-curves u : R — M such that

. . . _ . Fon

Iim u(t) =x, t_l)lrlloou(t) =y. and t_l)njlgoou (t) =0.

[—>—00

The space C is a smooth Banach manifold and its tangent space at u is
7,¢ = [v C'-section of w* TAM | lim w(t) = lim_Vyu() =0},
t—to0 t—=+o0

where V; denotes the covariant derivative associated to some connection on u*T M. The
Banach manifold C is the base space of a smooth Banach bundle B whose fiber at u € C is
the space

B, = [v CO-section of u*T M ‘ lim v(?) = 0],
t—+o0
endowed with the C%-norm. The zero section of B will be denoted by Q.
The fact that F is of class C¥ and Property (B3) on the space X imply that the map
d: X xC—>B, X,u)r—>u —(F+X)ou,

is of class C*. Notice that, for a fixed X € X1, the map &x := P(X, -) is a section of the
Banach bundle . Moreover, the set

Z:= o 1(0p)

is precisely the union over all X € X of the set W"(x; F + X) N W*(y; F + X).
For (X, u) € Z, we denote by D/ ®(X, u) the fibrewise differential

D/ (X, u): X x T,C — By, D/ &(X, w)[(Y,v)] = D{ @(X, w)[Y] + D] & (X, w)[v],
where
DI o(X, w)[Y]=~You, DoX,u)v]=Vv—V(F+ X)w)]v].
In the next lemma we discuss the properties of the partial fibrewise differential D'zf (X, u).

Lemma 5.6 For (X, u) € Z the following statements hold:

(1) D{dD(X, u) is a Fredholm operator of index m(x) — m(y).

(2) Dg O (X, u) is onto if and only if W*(x; F 4+ X) and W*(y; F + X) meet transversally
along u, and

(3) Foreverya < b and every w € By, there exists v € T,C such that

D d(X, w)[vl(t) = w(r), Vi € (—o0,alN [b, +00).
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Proof We choose a trivialization U : R x H — u*T M and identify H with 7, ()M in such

a way that U (0) = Idg. Then, the (linearized) flow defined by D{(X ,u) can be read on H
as

Y () := U@~ dof X (1, u(0)),

where ®F+X is the flow of F 4+ X and d denotes differentiation with respect to the variable
on M. The function ¥ : R — L(H) is the solution of an asymptotically hyperbolic linear
system on R in H

(5.2)

Y'(1) = ADY (1),
Y(0) = 1d,

where A(—o0), A(400) are conjugated to a local representation of V F(x), VF (y) respec-
tively (by construction X vanishes in a neighborhood of x and y). The operator D{ d(X,u)
can thus be read on R x H as

d
Dyi= o = AW): C(R, H) — CJ(R, H), (5.3)
where
0 - . 3 —
COR.H) = fv: R~ H| lim v() =0},

ClR, H) := [v ‘R H ’ lim v(r) = lim (1) = 0].
t—=+o0 t—+oo
By the identification H = T,,)M we further have
Wi = TuoyW* ), Wi = Tuo) W' (), (54
where

Wy = [UEH' t_l)ir_nooY(t)v:O},

Wj::{veH

lim Y (v = o},

f—>—+00

are the unstable resp. stable space of the system Y’ = AY. We shall observe, before going
further, that the properties of D{ (X, u) we are interested in are independent of the choice
of the trivialization. Indeed, choosing a different trivialization changes Y to GY, for some

G € CY(R; GL(H)), and A, D4 respectively to
—G'G'"+GAG™", GoDyoG™ .

(1) Theorem 5.1 in [2] together with (5.4) implies that D4 (hence, also D{dJ(X, u)) is
Fredholm if and only if W*(x) and W*(y) have Fredholm intersection at u(¢) for some
t € R (hence forevery t € R); see also [2, Corollary 8.2, (iv)]. In this case, the Fredholm
index of D{@(X, u) is given by

ind (T W" (x), Ty W* ().

Using Properties (B1), (B2), (B6) and Proposition 3.1 in [3] we obtain that, for every
t € IR, the tangent space T, ;) W"(x) belongs to the essential class £(u(t)), and since £
is (0)-essential, we also have the identity between integers

dim(T, ) W* (x), Eu(t))) = m(x), V€ R.

@ Springer



Morse homology for the Hamiltonian action in cotangent bundles Page330of55 109

On the other hand, using again Properties (B1), (B2), (B6), from Corollary 3.2 in [3]
we deduce that, for any t € R, (Ty,;, W*(y), E(u(t))) is a Fredholm pair with Fredholm
index

ind (T, iy W* (), Eu(1))) = —m(y).
Therefore, (T,,() W" (x), Tu@ry W* (y)) is a Fredholm pair with index
ind (T, (y W" (x), Tuiy W* (3))
= ind (Ty(ny W* (), E(2))) + dim (T, ;) W* (x), E(u(2)))
=m(x) — m(y).

(2) This is precisely [2, Corollary 8.2, (iii)].
(3) After trivialization the claim can be reformulated as follows: For every a < b and every
v E Cg(IR, H) we can find w € Cé(IR, H) such that

Dyw(t) = v(1) (5.5)

holds on (—o0, a] as well as on [b, 400). Adapting the proof of [2, Proposition 4.2] to
our setting yields that the operators D |(—o0,q] and D4l[p,+00) are onto, and hence we
can find w, € C}((—00, al, H), w, € C}([b, +00), H) such that

Dal(—c0,alWa = V|(—c0,al»  Dalip,+00) Wb = V|[h,+00)-
Now, any w € Cé (R, H) such that w|(—co,a] = Wa and w|p, +00) = wp satisfies (5.5).

O

Lemma5.7 The map ® is transverse to the zero-section Qg. In particular, Z is a Ck-
submanifold of X1 x C.

Proof All we have to show is that, forevery (X, u) € Z, the kernel of the fibrewise differential
Df®(X,u)is complemented in X x T,C, and that

DI d(X,u): X x T,C — By
is onto, that is, that for every v € B, we can find (Y, w) € X x T,C such that
—You+Viw—V(F +X)w)[w] =v. (5.6)

By Lemma 5.6, D'zf @ (X, u) is Fredholm, and hence in particular has finite codimensional
range and complemented kernel. Thus, Lemma 5.4 shows that D/ & (X, u) has complemented
kernel as well.

Using again a local trivialization of u*7T M we see that (5.6) can be read as

—Y(@) + Daw(t) = v(t), VteR, (5.7)
where Y € C¥(R, H) is such that:

i) Y(t) =0foreveryt € R\ (a, b), for suitable —oo < a < b < 400, by Property (B1),
and
ii) Y(t) € V;, V; C H dense subspace for every ¢ € (a, b), by Property (BS).

By Lemma 5.6, (1) we know that the operator D4 is Fredholm with Fredholm index
m(x) — m(y). In particular, the range of the restriction of the operator

(Y,w) = —Y + Daw (5.8)
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to {0} x Cé (R, H) is a closed finite codimensional subspace of C8 (R, H). Therefore, the
claim follows provided we can show that the range of the operator in (5.8) is dense in
CY(R, H).

Thus, let v € Cj(R, H). By Lemma 5.6, (3) we can find w_ € CJ((—00, 0], H) resp.
wy € Cé([O, +00), H) which solves (5.7) on (—oo, 0] resp. [0, +00) with ¥ = 0. If w4
match to form a solution of (5.7) on R, then we are done. Otherwise, we choose p > 0 such
that the restriction u|[_, ) is entirely contained outside ¢/, the neighborhood of sing (F)
over which every Y € X vanishes, and consider the convex combination

w(t) = @) - w_(1) + (I — @) - wy (1),

where ¢ : R — [0, 1] is a smooth non-increasing function such that

Pl—oo,—1 = 1, @l 400) = 0.

By construction, w € Cé (R, H)) satisfies (5.7) on (—oo, —u]U [, +00). Therefore, we can
rewrite (5.7) as

Y(#)=Dagw(t) —v@) =:v(), VieR, 5.9

where v € Cg (IR, H) has support in [—u, ]. Fix now € > 0, and choose § > 0 such that

~ - €
lto—tl<d = [v@o) -0l < 7.

Recall that this is possible since v has compact support. Fix now
U =<7 <..<T-1 <Tg:=U
such that |[t;_; — 7;] < d foreveryi =1, ..., £, and let

o = w, i=1,..4¢,
2
be the middle point of the interval [7;_1, 7;]. By ii), foreveryi = 1, ..., f wecanfind Y; € V,,
such that

- €
I¥i = v(o)ll < 7

For p > 0 small enough we now consider a partition of unity (¢;);=1,.. ¢ of (—u —

.....

p, 1 + p) subordinated to the open covering (—7,_1 — p, 7; + p),i = 1, ..., £, such that
Qillzi_14p,5i—p) = 1 forevery i =1, ..., £, and define

L
Y():=) ei0) - Yi.
i=1

Property (B4) implies that ¥ € X. Furthermore, by construction we have for ¢t € [t;_1 +
P, Ti — pl

1Y (@) —u@ll = 1Y; —v@I < [IY; — v(e)]| + lv(oi) —v(@®Il < %
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whereas fort € (tj—1 — p, Ti—1 + p), i =2, ..., £,

1Y) — 0@ = llgi-1(®)Yi—1 + @i ()Y; — 0()]|
= [lgi—1(®)(Yi—1 — 0(1)) + ¢; ) (Y; — (@)
< Yiei =0l + I1Y; — 0@l
< |NYi—1 —0(oi—D| + 19(oi—1) — 0@ + |Yi — V(o) + |9(0:) — D@l

<€,

where we used the fact that ¢; | and ¢; are the only two functions of the chosen partition of
unity that do not vanish identically on (t;_1 — p, T;—1 + p) and that

[t —oi-1l, [t —0oil <8, Vi€ (ti-1—p,Ti-1+p).

Finally, one shows in an identical fashion that || Y (r) —v(¢)|| < e alsofort € (—u—p, —pu+
p) U (u— p, i+ p), thus obtaining

1Y — lloo < e,
which is to say that
IDY @ (X, u)(Y, D) — v < €.

This completes the proof. O

Let S C U be a small smooth sphere center in x and transversal to the flow of F, and
hence also to the flow of F + X for every X € X since X vanishes on U/ by property (B1).
We denote by Zg C Z the codimension-one C¥-submanifold given by pairs (X, ) € Z such
that u(0) € S, and by

w:2)—> X1, X,u)— X,

the restriction to Z of the projection onto the first factor of X; x C.

Lemma 5.8 The following statements hold:

(1) The map m is Fredholm of index m(x) — m(y) — 1.
(2) X € X1 is a regular value of v if and only if W*(x; F 4+ X) and W*(y; F + X) meet
transversally.

Proof

(1) By Lemma 5.7, Op is a regular value of ®. Since any X € X is a regular value for the
projection X; x C — X1, Statement (1) follows immediately from Proposition 5.2, (2)
combined with Lemma 5.6, (1). Indeed, the projection Z — X is Fredholm with index
m(x) — m(y), and restricting to Zy just reduces the dimension of the kernel by one in
each tangent space.

(2) Follows trivially from Lemma 5.6, (2) combined with Proposition 5.2, (1). O

The last piece of information we need in order to apply the Sard-Smale theorem 5.1 is
the o-properness of the map m; notice indeed that the classical Sard-Smale theorem is not
applicable in this setting as the spaces under consideration are not Lindelof.

Proposition 5.9 The map « : Zy — X is o-proper.
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In order to prove the proposition above, we need to show that we can write X x C as
countable union of open sets (14,) in such a way that

7 1K) N U, compact, VK C ¥; compact. (5.10)
For a fixed X € X1, the pre-image 7 ~! ({X}) can be identified with
W (x; F+X)NW*(y; F + X),

and as such is pre-compact by the Properties (B1), (B2), and (B6) of the space X. Moreover,
the only source of non compactness is represented by those flow-lines which converge in the
Hausdorff distance to a broken flow line from x to y, see [3, Proposition 8.2] or Proposition 6.1.
In particular, the set

1
2~ l{xp N [(X, ) ‘ u € Cis such that dist(u(-), sing (F) \ {x, y}) > f]
n
is compact for every n € IN. This suggest that (5.10) should hold for
1
Uy = {(X, W) € X xC ‘ dist(u (). sing (F) \ {x. y}) > f}, VieN. (5.11)
n

As it turns out, (5.10) is implied by the following generalization of [3, Theorem 6.5] to
sequences of vector fields in X converging to some X, € Xj.

Theorem 5.10 Let (X,,) C X1 be a sequence such that X,, — Xoo € X1. Then, denoting
by ¢ the flow on M defined by F + X,,, for every m € IN, the following statement holds:
Let (pn) C M, (s) C (—00, 0], and (t,,) C [0, +00) be such that ¢ (S, pm) — x and
Om(tm, pm) — y. Then, the sequence (py,) is compact.

As a corollary, the union

U WG F+ X)) 0 Wi F + Xon)
melN
is pre-compact.

Proof of Proposition 5.9 Clearly, it suffices to show that, for every n € IN and every sequence
(Xm) C X converging to some X, € X1, the set

U W' F+X) n W 0i F+ X)) 0 U,
melNU{oo}

is compact. By Theorem 5.10, we have that

U Wees F+ X)) N WS (y; F+ X)
melNU{oo}

is compact. The proof of Proposition 8.2 in [3] now extends to this more general setting
showing that the only source of non-compactness of

U W e F+ X)) 0 W (i F + Xon)

melN

is given by those sequences of flow lines that converge in the Hausdorff distance to a broken
flow line of F + X, for some m € IN U {oo}, thus completing the proof. |
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Proof of Theorem 5.10 The proof is analogous to the one of [3, Theorem 6.5]. However, to
be able to pass from a fixed vector field to a converging sequence of vector fields we have
to employ the stronger definition of essentially vertical families given in Definition 2.5. For
this reason, we only provide a sketch of the proof highlighting where modifications of the
original argument are needed, and refer to [3] for the details.

We start noticing that Lemma 6.7 in [3], being a local statement, trivially generalizes to
our more general setting. Indeed, by Property (B1), all vector fields X,,, m € IN U {00},
vanish on a neighborhood of sing (F).

Without loss of generality, we can assume that (p,,) is bounded away from x and y, and,
by a minimality argument, that there are no sequences (s;,) C (—oo, O]resp. (z,,) C [0, +-00)
such that, up to a subsequence,

G (Spys Pm) —> 2—, 18P G (tyy, Pm) = 24,

for some rest point z_ with f(z_) < f(x) resp. z4+ with f(z+) > f(y), where f is a
Lyapounov function for F, and by Property (B2), of F 4 X, for all m € IN U {oo}. Also, up
to neglecting finitely many m’s, we can suppose that for all m € IN we have

O (Sms Pm) €U, Gptm, pm) €V, pm ¢ UUYV,

where U and V and closed neighborhoods of x and y respectively where all X,, vanish.
In virtue of Lemma 6.7 in [3], up to shrinking U further we can assume that for a suitable
sequence s;; € (sp, 0) there holds {¢, (s;r, pm) | m € N} C U and

m>

{Pm (s, pm) | m € N} € F, (5.12)
limiup f(@m(sy, pm)) < f(x). (5.13)

Similarly, up to shrinking V further we can assume that for a suitable sequence #,, € (0, t,,)
there holds {¢, (¢,;, pm) | m € N} C 9V and
{¢m(t,’,’l, pm) | m € N} N A pre-compact, YA € F, (5.14)
liminf £ (b (., pu)) > F(). (5.15)
n—-+00

Since X,, — Xo and (f, F + X,,) satisfies the Palais-Smale condition for every m €
INU{oo}, by (5.13) and (5.15) we have that the sequence (f,, —s;,) is bounded, say ¢,; — s, <
T, Ym € IN. We now claim that

U 8 (10, T1 x g (spy pm)) € F. (5.16)
melN
Notice that this completes the proof; indeed,
{¢l1l(t);/7 pm) I m e N} C U ¢m([07 T] x ¢l1l(s,,1/7 pm))
melN

is essentially vertical as well, and hence in (5.14) we can take A = {¢, (¢, pm) | m € IN},
thus obtaining that the sequence (¢, (7,,, pm)) is compact. By the boundedness of #,, and by
the fact that the vector fields F' + X, are all complete, we conclude that also the sequence
Pm 18 compact.

In order to prove (5.16), we start noticing that for fixed m € IN U {oo} the set

Dm ([Oa T] x ¢m(s;7{l7 pm))
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is essential vertical, as F is positively (F + X,,)-invariant by Property (B6). Let now € > 0
be fixed. Since X,, — X0, we have that there exists m, € IN such that

(J @ (10, T1 X ¢u(sprs Pm)) C Be(oo (10, T1 x {5y pm) | m € N})),
m>me
where Bc(A) := {p € M | dist(p, A) < €} denotes the open e-neighborhood of the set
A C M. Notice that

$oo ([0, T1 X {m (17, P) | m € N})

is essentially vertical by (5.12) and by the fact that F is positively (F + X )-invariant.
Hence

LJ n(10. T1 x ¢ sy pm))

melN

= ( U Om ([0, T] x ¢m(s,,1/17 Pm))) U ( U ¢m([0, T] x ¢m(s,/1/17 Pm)))

m<me m>me

is contained in the open e-neighborhood of the essentially vertical set

Aci= (U 8n(10.T1 % @ulss p)) ) U (90(10, T1 x {@(sys. p) | m € INY)).

m<me

Since € is arbitrary, (5.16) follows from the stability property of F, see Property (iii) in
Definition 2.5. O

Proof of Theorem 5.5 For any pair of distinct rest points x, y of F such that m(x) — m(y) <
k, let X1(x, y) be the set of regular values of the map m. By Lemma 5.8, Part (1), and
Proposition 5.9, the C¥-map 7 is Fredholm of index m(x) — m(y) — 1 < k and o-proper, so
the Sard-Smale theorem 5.1 implies that the set X (x, y) of regular values for 7 is generic
in X1. By Lemma 5.8, Part (2), for every X € X;(x, y) the manifolds W*(x; F 4+ X) and
W (y; F + X) meet transversally.

Since the set sing (F') is at most countable, the intersection

M {xi0ew [x # v € sing (7). m) —m(y) <] (5.17)

is also a generic subset of X;. By Property (B2), for any X € X the vector field F' 4+ X has
exactly the same rest points of F, so for every X in the generic subset (5.17) the vector field
F + X satisfies the Morse-Smale property up to order k. |

5.3 The Morse-smale property for the Hamiltonian action

In this section we show how to apply the abstract transversality theorem 5.5 to achieve - after
a generic perturbation of the negative pseudo-gradient vector field F of Ay constructed in
Subsection 4.2 - transverse intersection of stable and unstable manifolds of critical points of
the Hamiltonian action Ay whose relative Morse indices differ at most by two. To do this
we need to ensure that F is at least of class C?, that is, that A g 1s at least of class C 3 Using
the converse of Taylor’s theorem (see e.g. [8]) and an argument analogous to the one in the
proof of Theorem 4 in [27], we see that Ay is of class C3 provided H'~* compactly embeds?

2 Actually, compact embedding in L3 should be enough, and this would yield the weaker condition s €
(1/2,5/6).
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in L*. According to the Sobolev embedding theorem for fractional Sobolev spaces (see e.g.
[15, Theorem 6.5]), this is the case when 4 is strictly smaller than the critical exponent

* . 2
T 1=-21 =y’

which in turns implies that s < 3/4. Thus, hereafter we will assume s € (1/2, 3/4).

p

Theorem 5.11 (Morse-Smale property up to order two for the Hamiltonian action) Let
H : T x T*M — R be a smooth time-depending Hamiltonian satisfying the growth condi-
tion (2.1) and such that the critical points of the corresponding Hamiltonian action functional
Ay : M'™5 — R are all hyperbolic. Denote by F the negative pseudo-gradient vector field
constructed in Subsection 4.2, for some s € (1/2,3/4). Then, there exists a generic set P of
small perturbations P of F which satisfy the following properties:

(1) P is a complete Morse gradient-like vector field with Lyapounov function Ag.

(2) P coincides with F in a neighborhood of the critical point set of Ay, and sing (P) =
crit (Ag). In particular, the negative eigenspace of the Jacobian of P at each rest point
(q, p) € M~ belongs to the essential class £*(q, p).

(3) The pair (A g, P) satisfies the Palais-Smale condition: Every sequence (q,, pn) € M-S
such that Ay (q,, pn) — a, for some a € R, and dA g (q,, pr)[P(Qn, Pr)] — 0 admits
a converging subsequence.

(4) The essential vertical family F defined in (4.1) is P-positively invariant, that is, for each
A € F the set ®F ([=T, T] x A) belongs to F for every T > 0, where ®F denotes the
flow of P. In particular, the intersection between the stable and unstable manifolds

W*((qo, po); P) N W*((q1, p1); P)

of any two rest points (qo, Po), (41, P1) of P (i.e. critical points of Ay ) is pre-compact.
(5) The stable and unstable manifolds of any two rest points (qo, Po), (41, P1) of P such that
m(qo, po) — m(qi, p1) < 2 intersect transversally. In particular, if non-empty,

W*((qo. po); P) N W*((q1, p1); P)
is a submanifold of M= of dimension m(qq, po) — m(q, p1) < 2.

Proof. We fix two open neighborhoods U € V C M!~* of the set of critical points of Ay
such that every critical point of Ay belongs to a different connected component of V and
consider the space ¥ of all vector fields X on M!~* of class C? such that:

i) X vanishes identically on U/,
ii) X preserves the essential vertical family F.

On X we introduce a Whitney norm | - ||x as follows: we pick a smooth function x :
[0, 4+00) — IR such that

1
0< x(o) <= inf —dAgx[F], Yo >0,
2 pmlu

where /\/l},‘s = {(q,p) € M5 | |plli—s < o}, and define for every X € ¥
XN = lx~" - Xlleo,

where with slight abuse of notation we set

' X)(q.p) = -X(q,p), ¥(g,p)eM .

_
x(Iplli—s)
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Clearly, the topology induced by the norm || - ||x coincides with the topology given by
the Clzoc—convergence. We shall notice that the infimum in the definition of x is strictly
positive for every fixed o > 0 since the pair (Ag, F) satisfies the Palais-Smale condition
but might go to zero for 0 — +o00. Properties (B1), (B3), and (B4) follow immediately from
the definition of X and Proposition 4.1. Moreover, Property (B5) holds even in a stronger
form, as the set {X(p)| X € X} coincides with Tp/\/ll_s for every p € M=\ V. To
see this, consider a local chart (¢ I Im, @4) of M!S such that p € Img,, and denote
with slight abuse of notation the image of p under ¢, ! again with p. Clearly, for every
v e T,(H (T, R") x H'=S(T, (RM*) = H*(T,R") x H'~*(T, (R")*), the constant
vector field F,, = v preserves essentially vertical sets (as its flow is just a translation).
Therefore, by multiplying F,, by a smooth cut-off function supported in a small ball around
p we see that there is a vector field F, on M~ which preserves essentially vertical sets and
such that F,(p) = v.

‘We now denote by X the open unit ball in X with respect to the Whitney norm || - ||x. By
the very definition of || - || x and the triangle inequality we see that, for every X € X,

1
inf —dAg[F+X]> - inf —dAy[F]>0, VYo >0,
MU 2 M

so that the singular set of P := F 4 X coincides with the singular set of F forevery X € X;.
Furthermore, for every (q, p) € M !~ \ U we have

1
dAy((q,p)[P(q,p)] =< EdAH(q, p)[F(q,p)]

This implies at once that Ay is a Lyapounov function for P for every X € Xi, and that every
Palais-Smale sequence for the pair (A g, P) must eventually enter U/, where we have P = F.
Thus, the pair (Ay, P) satisfies the Palais-Smale condition. In other words, Property (B2)
also holds for X.

Finally, by construction the essentially vertical family F is positively P-invariant for every
X € X. All claims follow now with

P::{P::F—I—X‘Xe%]}. o

6 The Morse complex

In this section, building on the results of Sects. 3, 4, and 5, we construct the Morse complex of
the triple (A, M™%, £%), where s € (1/2, 3/4) is arbitrary and £ is the strongly integrable
(0)-essential subbundle defined in Sect. 3. To ease the notation, we hereafter write £ instead
of £%. The contents of this section are an easy adaptation of the general theory developed in
[3, Sections 8-11]; for this reason, we only provide a sketch of the construction referring to
[3] for the proofs.

Before proceeding further, we shall make some comments:

e The assumption on s guarantees that the Hamiltonian action Ay is at least of class C>.
As we saw in Sect. 5, this allows us to use the Sard-Smale theorem to achieve the Morse-
Smale property up to order 2, which is precisely what one needs to define the Morse
complex.

e Changing the (0)-essential subbundle £ by a compact perturbation changes the Morse-
complex by a shift of the indices (when M!~* is connected).
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e For a (0)-essential subbundle which does not come from a true subbundle, coherent
orientations for the intersection between stable and unstable manifolds cannot be defined
in general, and hence one obtains just a Morse complex with Z,-coefficients. However,
the (0)-essential subbundle £ can be given an orientation (in a suitable sense) which allows
to use Z-coefficients instead of Z,-coefficients. To keep the exposition as elementary as
possible, we rather not pursue this direction in this paper and work with Z coefficients
instead.

6.1 Broken flow-lines

Let (q, p), (@, p) € M~ be two critical points of Ay. As shown in 5.11, (4), for every
perturbation P € P, where P is defined as in (5.3), the intersection

W*((q. p); P)NW*((@, p); P)

is pre-compact. Consider a sequence of flow lines from (q, p) to (q, p), and the sequence of
their closure

Sp = PP (R x {(qp, p)D) U{(q, ). (@. D)}, (@, Pa) € W' ((q,p): P) N W*((q, P): P).

By pre-compactness we can assume that (g, pr) — (Qoo, Poo), and the continuity of ®*
would yield

O, (@n, Pn)) = D7 (-, (goo, Po))

uniformly on compact subsets of R. However, it may happen that (g0, Poo) ¢ W*((q, p); P)
o (Qoos Poo) & W (@, P); P), 50 DF (-, (qoo, Poo)) could be a flow line connecting two other
rest points, and the convergence would not be uniform on R. In this case, S, converges up
to a subsequence to a broken flow line from (q, p) to (q, p) in the Hausdorff distance, which
we recall is the union

S=S;U..US,
where each S; is the closure of a flow line from &;_; to &;, with

q,p) =86 #& #...#& 1 # & =(q,P) €crit(Ay).

It is straightforward to check that a compact set S € M!~% is a broken from line from (q, p)
to (q, p) if and only if the following three conditions are satisfied:

D (q,p)(q,p) €S.
ii) Sis ®”-invariant.
iii) the intersection S N A; (c) is a singleton if ¢ € [Ay(q, p), Ap(q, p)] and is empty
otherwise.

Proposition 6.1 Let (q,, pn) C W¥((q, p); P) N W*((q, p); P), and set

Sp = @P (R x {(q,, p»)}) U{(q, p), (@, P)}.

Then, (S,) has a subsequence which converges to a broken flow line from (q, p) to (q, p) in
the Hausdorff distance. O

It is worth noticing that the proof of the proposition above, which is given in [3, Section
8], uses only the pre-compactness of the intersection W*((q, p); P) N W*((q, p); P), and
hence in particular it is independent of the other properties of the triple (Agy, M™%, £).
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6.2 Intersections of dimension 1 and 2

We fix P € P, where P is given by (5.3), and consider the quadruple (A g, M I=s p £).The
Morse-Smale condition up to order zero (c.f. Theorem 5.11, (5)) implies that for a broken
flow line from (q, p) to (q, p) we have

m(q, p) > m(§1) > ... > m(§—1) > m(q, p),

where m(-) =m(-, £) denotes the relative Morse index with respect to the (0)-essential sub-
bundle €.
We assume henceforth that (q, p) and (q, p) are critical points of Ay with

m(q, p) — m(q, p) € {1, 2}.
In this case, Theorem 5.11 implies that
W"((q,p); P)NW*((q.P); P)

is a submanifold of M!~* of dimension 1 resp. 2 with compact closure.

In the former case, we readily see that the intersection consists of finitely many connected
components. Indeed each connected component is a flow line from (q, p) to (q, p), and the
set C of their closures is discrete in the Hausdorff distance. On the other hand, by the Morse-
Smale property at order zero, these are the only broken flow lines from (q, p) to (q, p), and
hence C is compact by Proposition 6.1. Notice that the restriction of the flow ®F to the
closure of a component of the intersection is conjugated to the shift flow on R:

RxR> (t,u)—~>u+1elR.

In the latter case, the quotient of a connected component W of the intersection by the
R-action, W/IR, is either a circle or an open interval. In other words, W is described by a
one-parameter family of flow lines u;, where A ranges in S Lorin (0, 1). In the first case,
one easily verifies that W = W U {(q, p), (q, p)} is homeomorphic to a 2-sphere, and that
oF | is conjugated to the exponential flow on the Riemann sphere. In the second case, we
see using Proposition 6.1 that W \ W consists of broken flow lines which have precisely one
intermediate rest point. Then, &% |57 is semi-conjugated to the product of two shift-flows on

R.
Proposition 6.2 (Semi-conjugacy) Let (q, p) and (q, p) be two critical points of Ay with

m(qr P) - m((l: IN)) =2,

and let W be a connected component of W ((q, p); P) N W5((q, p); P) such that W/R is
an open interval. Then, there exists a continuous surjective map

hRxR—>W
such that the following hold:

(1) de(h(u, V) = h(u+1t,v+1) forevery (u,v) € R x Randeveryt € R.
(2) h(R?) = W, and there exists critical points &, €' of Ay with

m(E) =m(g') =m(q,p) — 1,
and connected components Wi, Wa, Wi, W; of W*((q, p); P)NW*(&; P), W"(&; P)N
W((q, p); P),and W*((q, p); P)NW*(&; P), W*(&'; PYNW*((q, P); P) respectively,
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such that
W1 U Wy # W] UWj,
and
h(R x {—o0}) = Wi, h({+oo} x R) = Wy,
h({—oc} x R) = W], h(R x {+00}) = W5.

(3) The restrictions of h to R?, {£o0} x R, and R x {£o0}, are diffeomorphisms of class
cl. O

The proof of Proposition 6.2, as well as of Proposition 6.3 below, can be found in [3,
Section 11]. Here we just notice that, in Claim (2) it may happen that § = &’, and in this
case even that W) = Wl’ or W = Wé, but the last two identities cannot hold simultaneously.
When & # &', h is injective, so it is a conjugacy.

Proposition 6.3 Let (q, p), (q, p), and (q, p) be critical points of Ay with

and let W1, Wy be connected components of W*((q, p); P)NW*((q, p); P) and W*((q, p);
P) N W((q, p); P) respectively. Then, there exists a unique connected component W of
W ((q, p); P)NWS((q, p); P) such that Wy U W, belongs to the closure of W with respect
to the Hausdorff distance. O

6.3 The boundary homomorphism

As in the previous subsections, we consider a tuple (A g, M= P £) for some P € P. For
every k € Z we set Ci(P) to be the Z;-vector space generated by the critical points of Ay
with relative Morse index k. We show now how to define on Cy(P) a boundary operator 9.
Notice preliminarly that, by Proposition 2.1, the action of critical points of A g is uniformly
bounded from below, and hence in particular every interval of the form (—oo, a] contains
only finitely many critical points of Ag.

For any pair of critical points (q, p), (q, p) of Ay such that

m(q, p) =m(q,p) +1 =k
we define
o (4. ). @ B) = #{cc. of W'((q. p): P) N W*(@ P): P)} modulo2
and

%(q,p) =) o(@p.@p)-@p,

k—1

where with slight abuse of notation ), _; denotes the sum over all critical points of Ay with
relative Morse index k — 1. By the observation above, the sum is indeed a finite sum.

Theorem 6.4 For every k € Z we have dx—1 o d; = 0.
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Proof We compute using linearity

Ok—1 0k (q, p) = -1 (ZU(((L p). (@.D)- (@, f’))

k—1

—Z ((a. ). @ D)) - %14, p)

=Z ((@p).@P) Y o(@p. @p)-@p
k—2

= ( > o(@.p. @) o(@ b @p)) @5

-2 k-1
=0,

as Proposition 6.2 implies that broken flow lines between two critical points whose relative
Morse indices differ by two always come in pairs. i

We call the pair (C(P), 9) the Morse complex of the Hamiltonian action A 7 with respect
to the (0)-essential sub-bundle &, and denote by HM,.(T*M, £) the induced homology,
which we hereafter refer to as the Hamiltonian Morse homology of the cotangent bundle
T*M. As the notation suggests, the Hamiltonian Morse homology of the cotangent bundle
is independent of the choices of the perturbation P € P and of the Hamiltonian function,
as soon as the growth condition (2.1) is satisfied. In fact, HM,(T*M, £) is isomorphic to
the singular homology of the free loop space of M. These facts will be proved in the next
section.

7 Functoriality

Goal of this section will be to prove the following

Theorem 7.1 Let Hy, Hy : T x T*M — 1R, be two smooth Hamiltonians satisfying the
growth condition (2.1) and such that every critical point of Ay, and Ay, is hyperbolic, and
let Py, Py be corresponding vector fields as in Theorem 5.11. Then the Morse complexes
(C«(Pp), 04) and (Cy(P1), 04) are isomorphic. In particular, the induced homology is inde-
pendent both of the Hamiltonian and the vector field, and it can be therefore denoted by
HM (T*M, E). Furthermore, HM,(T*M, £) is isomorphic to the singular homology of
AM, the free loop space of M, thus also to the Floer homology of T*M

The theorem above is a consequence of the following more general functorial property of
the Morse homology.

Theorem 7.2 The following statements hold:

(1) Let H be an Hamiltonian as in Theorem 7.1, and let P, P be two vector fields as in
Theorem 5.11. Then the Morse complexes (C(P), d,) and (C*(IS), 0x) are isomorphic.
In particular, the induced homology does not depend on the chosen vector field and can
be denoted by HM(T*M, £, Ap).

(2) Suppose that Hy and H| are Hamiltonians as in Theorem 7.1 such that Hy < H,. Then,
there is a sequence of homomorphisms of Abelian groups

Oy my - HM(T*M, E, Apy) > HM(T*M, €, Apy), vk € Z,
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such that ¢y, 1, © OHy, H = PHy, H, and QH, H, = 1d (actually, H,, Hy+c = id for any
c>0)

Proof of Theorem 7.1 By assumption we can find constants c_, c; € R such that
Hy+c- < H < Hy+cy.

By the functorial property of Morse homology we see that there are homomorphisms of
Abelian groups ¢y, +c_, g, and @, Hy+c, such that

DH Hytcy © PHote,Hy = PHytc_,Hytcy = id.

In particular, ¢pyic_ g, is injective and @g, Hy+c, iS surjective, which means that the
Morse homology HM.(T*M,E, Ay,, P1) is at least as rich as the Morse homology
HM.(T*M, £, An,, Py). Exchanging the role of Hp and H; yields the claim.

The isomorphism between HM,(T*M, £) and the singular homology of AM is con-
structed exactly as in [6] for the case of Floer homology. Taking advantage of the freedom
in the choice of the Hamiltonian function, we choose H of the form?

1
H(t.q.p) = 5|p|2 +U(t, q).

Such an Hamiltonian is the Fenchel dual of the Tonelli Lagrangian
1
L:TxTM— R, L(t,q,p)= 5|v|2 —U(t, q).

The Legendre transform (¢, g, p) — (t,q,dH/dp(t, q, p)) establishes a one-to-one cor-
respondence between the set of one-periodic solutions to Hamilton’s equations on T*M,
denoted P(H), and the set of one-periodic solutions of the Euler-Lagrange equation on T M,
denoted P (L), which in local coordinates read

d aL(t (,q@) = aL(t (,4@®)
dr gy I A= R A 4R
In the latter formulation, one-periodic solutions correspond to critical points of the Lagrangian

action
1
S: Hl(’]I‘, M) — R, S(g) = / L(t,q(t),q(t))dr.
0

Moreover, the Morse index of every one-periodic solution ¢ € P(L) coincides with the
relative Morse index of the corresponding solution x € P(H). As it turns out, one can
apply infinite dimensional Morse theory (in fact, the Morse complex approach) as developed
by Palais [36] to the functional S, and the resulting Morse homology is isomorphic to the
singular homology of H'(T, M) (and hence, to the singular homology of AM, as the latter
two spaces are homotopy equivalent). The claim follows now showing that there is a chain
complex isomorphism between {C M, (S), d;} and the Morse complex {Cy(Ag), 9.} of the
quadruple (Ag, M™%, P, £). This can be done adapting the argument of [6] to the setting
of this paper. i

Thus, we are left to prove Theorem 7.2. Even if we are dealing here with strongly indefinite
functionals, the argument is very similar to the case of finite Morse indices (see for instance
[4] and references therein).

3 As already observed, for a generic choice of the potential U, all critical points of A gy are hyperbolic.
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Thus, let H : T x T*M — R be a smooth Hamiltonian as in Theorem 7.1 and let P, P
be two vector fields as in Theorem 5.11. We introduce the smooth Morse function

¢v:R—> R, <p(r):2r3—3r2+1,

which has a non-degenerate local maximum at r = 0 with ¢(0) = 1 and a non-degenerate
local minimum at » = 1 with ¢(1) = 0. Moreover, ¢’(r) diverges for r — =4o00. On
R x M'~* we consider the function

fiRx M™ 5 R, fr,x) =)+ Agx)

and the cone vector field
- d
F(r,)=xr)PC)+ A —-xE)P() — ¢/(V)87,

where x : R — R is the characteristic function of the half-line (—oo, %]. Itis straightforward
to check that f is a non-degenerate Lyapounov function for F.

Remark 7.3 The cone vector field F has discontinuities at the hypersurface {r = 1/2}.
However, these still allow to have a well-defined Morse complex. Indeed, both vector fields

0 ~ 0
B@r,) = PC) — w’(r)a* and PG, =P —¢'(N—
r or

are transverse to the hypersurface {r = 1/2} and point in the same direction. Forz = (r, x) €
(—00, 1/2) x M!'=5 we denote by t(z) > 0 the hitting time of the 3-flowline through z
with the hypersurface {z = 1/2} and readily see that

Dl (2) r<1(2),

t _ P
R E I R IO R 10}

From this one can easily deduce that the stable and unstable manifolds of critical points of
f are indeed smooth manifolds. The details are left to the reader. |

Clearly, the critical points of f (equivalently, the rest points of F') are the points (0, x) with
x € crit Ay and (1, y) with y € crit Ay . In particular, by Proposition 2.1 this implies that the
action of critical points of f is uniformly bounded from below. Also, the pair (f, F') satisfies
the Palais-Smale condition; indeed, if (r,, x,) C R x M=% is a Palais-Smale sequence for
the pair (f, F) then, up to extracting a subsequence, we either have thatr,, — Oorr, — 1.
Let us assume that r, — O (the other case being completely analogous). Without loss of
generality we can suppose that |r,| < % for all n € IN, so that for all n € IN we have

d
Fa, xn) =Ag(xp) + o), F(rp, xp) = P(xp) — §0/(rn)87~

This shows that (x,) is a Palais-Smale sequence for the pair (Ag, P), thus pre-compact as
the pair (Ay, P) satisfies the Palais-Smale condition.

If £ ¢ T M!S denotes the (0)-essential subbundle defined in Sect.3, we readily see that
{0} x £ C T(R x M'™%) is a strongly integrable (0)-essential subbundle with the property
that the Hessian of f at any critical point is a compact perturbation of {0} x &, and that
the relative Morse indices of critical points of f with respect to the (0)-essential subbundle
{0} x & are

m((0,x); {0} x &) =m»x; E) + 1, Vx e critAy,
m((1,); (0} x ) =m(y; §),  Vy € critAp,
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where m(-, £) is the relative Morse index defined in Definition 3.2. Finally, if F denotes the
essentially vertical family defined in (4.1), we have that

U]X}"
JCR

is an essentially vertical family for {0} x € which is F-invariant (recall indeed that F is both
P- and P-invariant). Therefore, Theorem 6.5 in [3] implies that the intersection between
stable and unstable manifolds of any two critical points of f is pre-compact.

Let us now have a closer look at the stable and unstable manifolds of critical points of f.
Denoting by o : R — (0, 1) the solution of the Cauchy problem

o'(t) = —¢ (o (1)),
{o(0> =1,
a direct inspection to the flow of F shows that for every x, y € crit Ay we have
W2 (0, x): F) = {0} x W’ (x; P),
WO )= | i) x ol (Wx P)).

—oo<s<l1

WLy )= [ ) x®f (W (y: P)),

O<s<+o00

WU ((1, y); F) = {1} x W*(y; P),

where the functions ¢, : (—o0, 1) — R* and 7_ : (0, +00) — IR~ are defined implicitly
by

ty(r)=0 forr <1/2, t_(r)y=0 forr>1/2,
o(ty(r))=r forr>1/2, o(t_(r) =r forr <1/2.

In particular, for every x, x’, y, y' € crit Ay we have
W' ((0, x); F) N W*((0, x"); F) = {0} x (W"(x; P) N W*(x; P)),
WH((, y)s F)NW((1,y); F) = {1} x (W"(y: PYNW(y; P)),

W0 x): F)NW (L y: Py = (] 1) x (W'a: PYnof (W (y: P)))
O<r<l1/2

U U ) x (@, (Wa: P N W (y; P))
1/2<r<l1

WH((L, y); F) N WH((0, x); F) = 0.

From this, we readily see that all but possibly the third intersection are transverse by
assumption. Notice also that in case x = y we have

W"((0,x); F)N W ((1,x); F) = (0, 1) x {x}.

This can be seen also as following: We interpret A i as a function of both r and x and observe
that

dAg (r, F(r, )] = x(r) - dAg (r, IP()] + (1 = x(r)) - dAp (r, )P (x)] < 0
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forall (r, x) € R x M!S such that x ¢ crit Ay . Therefore, A g is strictly decreasing along
all non-constant flow lines of F, besides those which are up to time shifts of the form

t (o(t),x), xecritAy.

In particular, up to time shifts there is exactly one flow line going from (0, x) to (1, x) for
every x € crit Ay, and the intersection

W0, x); F) N WH((1,x); F) = (0, 1) x {x}

is transverse. This can be seen roughly speaking as follows: at the hypersurface {r = 1/2}
we have

{1/2} x (W"(x; P) N W¥(x; P))

and the claim follows since Ty W (x; P) belongs to the negative cone to f at x whereas
T WS (x; P) belongs to the positive cone to f at x. The details are left to the reader.
Repeating the argument of Sect. 6 word by word, we deduce that the Morse complex with
Z»-coefficients with respect to the (0)-essential subbundle {0} x £ for the cone vector field
F is well-defined provided the vector fields P and P satisfy the following
Transversality for pairs condition: Forevery x, y € crit Ay withm(x; £)—m(y; £) < 1
the intersection

W"(x; P) N W (y; P)

is transverse.
Indeed, by the computations above, we see that stable and unstable manifolds of critical
points of f intersect transversally if and only if the transversality for pairs condition holds.
Such a condition can be achieved by a generic small perturbation of P, as one sees adapting
the arguments in Sect. 5. It is worth observing that according to [1, Section 8] it is possible to
define a Morse complex even if the transversality for pairs condition is not satisfied. However,
in this case the boundary operator is not uniquely determined.

Recalling that we are using Z,-coefficients, we see that the boundary operator af takes
the form

P
Of | 1 Cag 1 (F) = Cu(P) @ Coq1 (P) > Com 1 (P) @ Cu(P) = Cu(F), 0f, | = <8* }? ) ,
W a>s<+1
for some chain homomorphism W, : C.(P) — C.(P) (this follows from the fact that
0=0fodf .

We now explicitly determine W,.. Using the computations above about stable and unstable
manifolds of critical points of f it is easy to check that the pair (P, P) satisfies the following
two additional properties:

Compactness for pairs condition: For every x, y € crit Ay withm(x; &) —m(y; £) <1
the sets

Wh(x; P)N®F (R~ x Wi(y; P)), ®P (R* x W(x: P)) N WS (y; P)

are pre-compact.
Finiteness for pairs condition: For every x € crit Ay the set

{y ecritAy | m(y; £) = m(x; £), and W*(x; P) N W*(y; P) # 0}

is finite.
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These facts, together with the transversality for pairs condition, allow us to construct ®,, as
follows: Define crit, A g to be the set of critical points of Ay with relative Morse index « . For
any x, y € critc Ay consider p € W¥(x; P) N W*(y; P). The tangent space of W*(x; P) at
any p is a compact perturbation of £(p) with

dim(T,,W“(x; P),E(p)) =m(x;E) =k,
while the pair (T, W* (y; f’), E(p)) is Fredholm with
ind (T, W* (y; P), £(p)) = —m(y; £) = —«.

Itfollows that (T, W¥(x; P), T, W’ (y; P)) is a Fredholm pair of index 0 (see e.g. Proposition
A.2 in [3]). By the transversality and compactness for pairs conditions, the intersection
W (x; PYNWS(y; 15) is a compact discrete set, thus finite. We can therefore define for every
x € crit, Ay (observe that this is indeed a finite sum by the finiteness for pairs condition)

W, x = Z (#W“(x; P) N W*(y; P) modulo 2) -y
yecrite Ay
- x + Y (#W“(x; P) N W*(y; P) modulo 2) y.
y ecriteAgy,

Ag(y) <Apgx)

It is straightforward to check that such a homomorphism coincides with the one appearing
in the expression for 3f (in other words, the Morse complex (Cy(F), 85 ) is the mapping
cone of the homomorphism W; see e.g. [34, I1.4]). Moreover, ordering the critical points of
Ay by increasing value of the action, we see that W, is represented by an upper-triangular
matrix with 1 on the diagonal entries. Part (1) of Theorem 7.2 now readily follows, as an
homomorphism of this form must be an isomorphism. Indeed, if x1, x3, ... are the critical
points of index x of Ay ordered by increasing value of Ay, the inverse of @, is defined
inductively by

\I/,(_lxl = Xy,
-1

\IfK_lxz =Xy — Z (#WM(Xg; P) N W*(x;; P) modulo 2) . @;]xj, Ve > 2.
j=1

The homomorphism ® g g, in Part (2) for Hamiltonians Hy < Hj with corresponding
negative pseudo-gradient vector fields Py and P; is constructed using the same ideas used
for Part (1): One defines the cone function f : R x M!~% — R of the Hamiltonian actions
Ap, > Ap, by

)= xAp () + 0 = x))AR () + o),

which is a non-degenerate Lyapounov function of the cone vector field
il

F(r,) = x(r)Po() + 1 = x)P1() - </>’(r)§-

Repeating the argument above, we see that the Morse complex with Z,-coefficients of the
cone vector field F' with respect to the (0)-essential subbundle {0} x £ is well-defined, and
that the boundary operator E)f is the cone of some chain homomorphism Wy, g,, which thus
induces a homomorphism @y, g, in homology. The fact that ® p .4 = id forall ¢ > 0
follows by taking Py = P;.
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Thus, we are left to show the transitivity property

@y, Hy © PHy,H) = PHy, Hy

for any triplet of Hamiltonians (Hy, Hy, H») such that Hy < H; < H,. This will be achieved
by iterating the cone vector field construction. Thus, choose negative pseudo-gradient vector
fields P; for Ay;, i = 0, 1,2, as in the statement of Theorem 5.11 and denote with Fj;,
0 <1 < j <2, the cone vector field of P; and P;:

Fij(r,) = x () Pi() + (1 = x (")) P; () + o).

Up to a generic small perturbation of P; and P, we can suppose that the Morse complex

(C(Fij), 85 ¥y is well-defined. Equivalently, this means that each pair (P;, P;) satisfies the
transversality, compactness, and finiteness for pairs conditions. All we have to show is that
(recall that we are using Z-coefficients)

Why ty © WHo iy, + WHo, = 07 0 P +Pod

for some homomorphism P, : C.(Py) — Cyu41(P2) which is usually called the prisma
operator.

Remark 7.4 For arbitrary vector fields Fy, I, F> such that each pair (F;, F;) satisfies the
transversality, compactness, and finiteness for pairs conditions, the chain map Vg, r, :
C.(Fp) — C.(F2) need not be chain homotopic to the composition Wr, r, o Yg, . For
instance, take Fy = F, and F to be a vector field with no rest points.4 In this case we have
Vr, F, = id, whereas W, g, = Vg, = 0, so that Wg, r, is not chain homotopic to the
composition Wr, r, o Wg, r, unless the Morse complex of Fy = F> is contractible. O

On R? x M~ consider the cone vector field of Fyy; and Fpy

0
For,o2(r, 1, ) = x(r) For(, ) + (1 — x(r) Fo2, ) — w/(r)g-
It is immediate to check that the cone function

Sfor02(r 1, ) = x (Al () + x()A — xD)Ap, ()
+ A= x))A = xU)ARC) + o) + o)

is a non-degenerate Lyapounov function for Fy;, oz and that its critical points (equivalently,
the rest points of Fp 02) are of the form

0,0,x), (1,0,x), x ecritAg,,
0,1,y), yecritAgy,
(1,1,2), zecritAgy,.

In particular, the action of critical points of fy1,02 is uniformly bounded from below. Also,
as one sees adapting the argument used for Part (1), the pair (fo1,02, Fo1,02) satisfies the
Palais-Smale condition, the Hessian of fy o2 at every critical point is a compact perturbation
of the strongly integrable (0)-essential subbundle {(0, 0)} x & C T(R? x M'~%) and the

4 Every infinite dimensional Hilbert manifold admits a vector field with no rest points since its tangent bundle
is trivial.
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relative Morse indices read

m((0,0,x); {(0,0)} x &) =m(x; &) +2, Vx ecritAy,,
m((1,0,x); {(0,0)} x &) = m(x; &) + 1, Vx € critAg,,
m((0, 1, y); {(0,0)} x &) =m(x; E) + 1, Vy € critAg,,
m((1,1,2); {(0,0} x &) =m(z; £),  Vz € critAp,.

Finally,

U AxF

ACR?

is an essentially vertical family for {(0, 0)} x £ which is Fyj gp-invariant. This implies in
virtue of Theorem 6.5 in [3] that the intersection between stable and unstable manifolds
of any two critical point of fp1 02 is pre-compact. Transversality can also be achieved by
a small perturbation, so that the Morse complex (C«(Fo1,02), B*F 0192y with Z,-coefficients
with respect to the (0)-essential subbundle {(0, 0)} x & is well-defined.

Writing

Ci1(F01,02) = Cs1(Pp) @ Cx(Py) ® Co(P1) @ Cip1(P2)

it is easy to check that Bf 192 takes the form
P, 0 0 0
8F01'02 _ * 350 * 0
*H (WHy, H ) s—1 0 alr o
* Whom)s * 912,

To determine the missing terms we observe that
For,o2(r, 1, ) = x (D) Po() + x(r)(L — x (D) Pr1() + (1 — x(r)(A = x (D) Pa()
, .0 , .0
-9 (1)5 -9 (”)87
ad
= x (PO = ¢'0)5-)
d
+ A= XD (XOPIO) + (1= XEDP2) = ¢ ()-)
-
'(1)3
AT
a
= x(OFoo(r, ) + (1 = x D) Fia(r, ) — (p/(l)&
= Foo,12(, 7, )

. . F
and similarly fo1,02(r, 1, -) = foo.12(L, 7, ). In particular, the boundary operator d, """ can
be rewritten as

a0 0 0
8F01,02 _ aFooflz _ idC*,I(Po) 850 0 0
*+1 T Y+l T " * 851 0
£k (Whm)s 02
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Comparing the two expressions for 8, " yields
ar, 0 0 0
. P
Folo2 _ ide,_ Py 0" (2) 0
*H Phom)io1 O a0
Pt (W) (Wi m)s 907,

Fo1,02 For,02
o0

for some homomorphism Py—; : Ci—1(Po) — C«(P2). The identity 0 = 9,4 s

implies now that
Wy 1w © .11 + (WHo 11y)s = 0121 0 Py + Picy 0 010

as claimed.

Appendix A Flows which preserve an essentially vertical family

In this appendix we prove some extra properties about flows which preserve an essentially
vertical family. Thus, let M be a Hilbert manifold modeled on the real separable Hilbert
space I, and let £ be a strongly integrable essential sub-bundle of 7. M with strong integrable
structure given by an atlas .A which carries an essentially vertical family F. For a C!-vector
field F on M we denote by

T QIF)CRx M —> M

its local flow. Our first claim is that, if F is complete and F is F-positively invariant, meaning
that for every A € F the set oF([—T,T] x A) € F for every T > 0, then & is invariant
with respect to F. This means that, denoting with £(p) a local representative of £ at p for
every p € M, the following holds:

Dol (p)E(p) is a compact perturbation of £(¢) (p)), YVt e R, Vpe M. (A.l)

We shall notice that this notion does not depend on the choice of the local representative at
p. Indeed, by [3, Page 341], £ is invariant with respect to F at p € M if and only if

(LFP)(p)P(p) € L(T, M) is a compact endomorphism, (A2)

where L denotes the Lie-derivative along F and P denotes a projector onto a local repre-
sentative of £ in a neighborhood U of p (more precisely, P is a section of the Banach bundle
of linear endomorphisms of TU such that for every p € U, P(p) is a projector onto E(p)).
It is now straightforward to check that (A.2) is independent of the choice of the projector as
well as of the choice of the local representative of £.

Proposition A.1 Let F be a complete vector field on M for which the essentially vertical
family F is positively invariant. Then, the strongly integrable essential sub-bundle & is
positively invariant under F.

Proof Being Condition (A.2) local, we can work in a neighborhood U/ of a fixed point p € M.
Using a chart ¢ in A we can further identify such a neighborhood with an open subset U of
H in such a way that p correspond to 0, and assume that £ is represented by the constant
sub-bundle corresponding to a closed linear subspace V C H. Let P : H — H be a projector
onto V. By the very definition of F, we see that essentially vertical sets which are contained
in %Z/l = (p_l(%U) correspond to subsets A C %U such that (I — P)A is pre-compact.
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Clearly, the set V N %U belongs to F. Then, the fact that F is F-positively invariant implies
that, for 7 > 0 small enough (namely, such that oF ([—T, T] x %U) C U), the map

1
JU—H, x> (- P)Y®F (Px),

has pre-compact image for every t € [—T, T]. Differentiating at x = 0 yields that the linear
operator

(I — P)Dg[ (0)P

is compact for every ¢ € [T, T']. Therefore, the operator

(LFP)(O)P =[DF(), PIP=({ —-P)DF(O)P = — P)% OD¢,F(O)P
=
_ 4 1 — P)D¢l (0P
= 4,1~ PDof )
is compact. |
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