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Generic Morse-Smale property for the
parabolic equation on the circle

Romain JOLY and Genevieve RAUGEL

Abstract

In this paper, we show that, for scalar reaction-diffusion equations u; = ugz, +
f(x,u,uz) on the circle S, the Morse-Smale property is generic with respect to the
non-linearity f. In [[J], Czaja and Rocha have proved that any connecting orbit,
which connects two hyperbolic periodic orbits, is transverse and that there does not
exist any homoclinic orbit, connecting a hyperbolic periodic orbit to itself. In [B(],
we have shown that, generically with respect to the non-linearity f, all the equilibria
and periodic orbits are hyperbolic. Here we complete these results by showing that
any connecting orbit between two hyperbolic equilibria with distinct Morse indices
or between a hyperbolic equilibrium and a hyperbolic periodic orbit is automatically
transverse. We also show that, generically with respect to f, there does not exist
any connection between equilibria with the same Morse index. The above properties,
together with the existence of a compact global attractor and the Poincaré-Bendixson
property, allow us to deduce that, generically with respect to f, the non-wandering
set consists in a finite number of hyperbolic equilibria and periodic orbits . The main
tools in the proofs include the lap number property, exponential dichotomies and the
Sard-Smale theorem. The proofs also require a careful analysis of the asymptotic
behavior of solutions of the linearized equations along the connecting orbits.
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SMALE, POINCARE-BENDIXSON, EXPONENTIAL DICHOTOMY, LAP-NUMBER, GENER-
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1 Introduction

In the study of the dynamics of flows or semi-flows generated by systems of ordinary
differential or partial differential equations arising in physics or biology, global stability
(also called structural stability) is a very important property. Indeed, often, one only
knows approximate values of the various coefficients in the equations; or else, in order
to numerically determine the solutions of the equations, one introduces a space and (or)
time discretized system. Therefore, one often studies a system, which is an approximation
of the original dynamical system. If the dynamics of the original system are globally
stable, then the qualitative global behaviour of the solutions remains unchanged under
small perturbations of the system and the knowledge of the dynamics of this approximate
system is sufficient in practice. Unfortunately, in general dynamical systems bifurcation
phenomena can take place and thus drastic changes in the dynamics can arise. However, one
may hope that such phenomena almost never happen in the considered class of dynamical
systems or that the systems, which are robust, are dense or generic in the considered class
(see Section 1.2 below for the definition of genericity).

In the 1960’s and 1970’s, such structural stability problems have been extensively stud-
ied in the frame of vector fields (and also iterates of diffeomorphisms) on compact smooth
manifolds M" of finite dimension n > 1. In this context (see [b@]), Smale introduced the
notion of Morse-Smale dynamical systems, that is, systems for which the non-wandering
set consists only in a finite number of hyperbolic equilibria and hyperbolic periodic or-
bits and the intersections of the stable and unstable manifolds of equilibria and periodic
orbits are all transversal. Palis and Smale have shown that Morse-Smale vector fields on
compact manifolds M™ are structurally stable ([A0], [E2]). Moreover, the class of Morse-
Smale vector fields on a compact manifold M? of dimension 2 is generic in the class of
all C'-vector fields ([fig]). In the case of the sphere S?, the proof is a consequence of the
genericity of the Kupka-Smale property and of the Poincaré-Bendixson theorem. In the
same way, one also shows that the Morse-Smale vector fields are generic in the class of
“dissipative” vector fields on R?. In the case of a general two-dimensional manifold (espe-
cially in the non-orientable case), the proof is more delicate. The Morse-Smale property
is also generic in the class of all gradients vector fields on a Riemannian manifold M",
n > 1. In the simple case of gradient systems (where the non-wandering set is reduced
to equilibrium points), this genericity property is an immediate consequence of the gener-
icity of the Kupka-Smale vector fields ([B3, b4, 7d]). On compact manifolds M™ of finite
dimension n > 3, the Morse-Smale vector fields are still plentiful. There had been some
hope that Morse-Smale systems (and hence stable dynamics) could be generic in the class
of general vector fields. But unfortunately, in dimension higher than two, the Morse-Smale
vector fields are no longer dense in the set of all vector fields. In particular, transverse
homoclinic orbits connecting a hyperbolic periodic orbit to itself may exist, giving rise to
chaotic behaviour ([5§]). And this cannot be removed by small perturbations.



The above mentioned results give us a hint on what can be expected in the case of
dynamical systems generated by partial differential equations (PDE’s in short). The results
available in infinite dimensions are still rather partial. Like in the case of vector fields on
compact manifolds or on R™, one can define Morse-Smale dynamical systems. W. Oliva
B3] (see also [R0]) has proved that the Morse-Smale dynamical systems S(¢), generated by
“dissipative” parabolic equations or more generally by “dissipative in finite time smoothing
equations”, are structurally stable, in the sense that the restrictions of the flows to the
compact global attractors are topologically equivalent under small perturbations. Already,
in 1982, he had proved the structural stability of Morse-Smale maps, which in turn implies
the stability of Morse-Smale gradient semi-flows generated by PDE’s. We recall that a
dynamical system S(¢) on a Banach space, generated by an evolutionary PDE, is gradient
if it admits a strict Lyapunov functional, which implies that the non-wandering set reduces
to the set of equilibria.

As in the finite-dimensional case, one expected the density or genericity of the Morse-
Smale gradient semi-flows within the set of gradient semi-flows generated by a given class
of PDE’s. Already, in 1985, D. Henry R3] proved the noteworthy property that the stable
and unstable manifolds of two equilibria of the reaction-diffusion equation with separated
boundary conditions on the interval (0,1) intersect transversally (see also [J] for another
proof in the case of hyperbolic equilibria). One of the main tools in his proof was the
decay property of the zero number (also called Sturm number or lap number; see Section
2.1), which will also be often used in this paper. Since, as shown by Zelenyak in [p(],
the reaction-diffusion equation on the interval (0, 1) with separated boundary conditions is
gradient, the transversality property of Henry implies the first known result of genericity of
Morse-Smale systems in a class of PDE’s. The scalar reaction-diffusion equation, defined
on a bounded domain 2 of R”, n > 2, is no longer gradient in general. However, it is
gradient if one considers non-linearities f(x,u), depending only on x and the values of the
function u (and not of the values of its derivatives). In this class of gradient parabolic
equations, Brunovsky and Polacik [§] have shown in 1997 that the Morse-Smale property
is generic with respect to the non-linearity f(x,u). Later, the genericity of the gradient
Morse-Smale flows in the class of gradient flows generated by the damped wave equations
(with fixed damping) defined on any bounded domain has been proved by Brunovsky and
Raugel in [f] (for the case of variable damping, we refer to [B9]).

It must be emphasized that, whereas the proof of the structural stability follows the
lines (with some adjustments) of the proof given on compact finite-dimensional manifolds,
the proof of the genericity of Morse-Smale property requires other approaches. Indeed,
perturbing a semi-flow generated by a PDE in order to make it Morse-Smale has an interest
only if one is able to perform it within the same class of equations. In the case of general
vector fields on finite-dimensional manifolds, one can perturb the vector field in a local
manner with all the freedom one needs. In the case of PDE’s, the perturbed equations must
remain in the considered class. Therefore, the perturbations are constrained. An analogous
problem involving constrained perturbations has been studied in the finite-dimensional



case by Robbin [BI]. An additional problem arises in the case of PDE’s; namely the
perturbations could a priori really non-local. Typically, perturbing the nonlinearity changes
the semi-flow in a large part of the phase space in a way which is hard to understand.

At first glance, the non-density of the Morse-Smale vector fields on compact manifolds
of dimension n > 3 gave only little hope that infinite-dimensional Morse-Smale semi-flows
are dense in some classes of non-gradient PDE’s. However, Fiedler and Mallet-Paret ([[4])
showed in 1989 that the scalar reaction-diffusion equation ([[I]) on S* satisfies the Poincaré-
Bendixson property (which, as we recalled earlier, played an important role in the proof of
density of Morse-Smale vector fields in the set of all dissipative vector fields in R?). More
recently, in 2008, Czaja and Rocha ([[3]) proved that, for the scalar reaction-diffusion
equation on S!, the stable and unstable manifolds of hyperbolic periodic orbits always
intersect transversally. These results gave us some hope that Morse-Smale dynamics could
be generic for scalar reaction-diffusion equations on S' since they are generic for two-
dimensional vector fields. In 2008, we proved that the equilibria and periodic orbits are
hyperbolic, generically with respect to the non-linearity ([BO]). The results of Fiedler,
Rocha and Wolfrum ([[5]) together with the generic hyperbolicity property of [BO] imply
that the Morse-Smale property is generic in the special class of reaction-diffusion equations
with spatially homogeneous non-linearities f(u, u,).

Here, we complete the global qualitative picture of the scalar reaction-diffusion equa-
tions ([1]) on S* in the case of a general non-linearity f(z,u,u,) and conclude the proof
of the genericity of the Morse-Smale systems in this class. These results indicate a simi-
larity between scalar reaction-diffusion equations on S! and two-dimensional vector fields
and take place in a more general correspondence between parabolic equations and finite-
dimensional vector fields in any space dimension, as noticed in [BI]. For scalar parabolic
equations on bounded domains 2 in R¢, d > 2, the properties of zero number do no longer
hold, the Poincaré-Bendixson property fails and the Morse-Smale property is no longer
generic. But, the genericity of the Kupka-Smale property still holds like in the case of
vector fields in dimension n > 3, see [f].

1.1 The parabolic equation on the circle: earlier results

In this paper, we consider the following scalar reaction-diffusion equation on S*,

w(2,t) = Uge(z,t) + flo,u(m,t), up(x,t)), (2,t) € S x (0,+00) , m
u(z,0) =wup(x), zes, .

where f belongs to the space C%(S' x R x R,R) and wug is given in the Sobolev space
H#(S1), with s € (3/2,2) (so that H*(S') is continuously embedded into C'**(S!) for
a=s—23/2).

Eq. (L) defines a local dynamical system Sy (¢) on H*(S?) (see 2] and [[f§]) by setting
St(t)ug = u(t), where u(t) is the solution of (1)) (if the dependence in f of the dynamical



system is not important, we simply denote S(¢) instead of S¢(t)).

In order to obtain a global dynamical system, we impose some additional conditions on f,
namely we assume that there exist a function k(.) € C°(R™,R™) and constants € > 0 and
k > 0 such that

VR >0, V¢ € R, sup | f(z,u, )] < R(R)(1+[E777)
(z,u)€S1 x[~R,R] (1.2)
Y|u| > K, Vo € S, uf(z,u,0)<0.

Then, Eq. (1) defines a global dynamical system S¢(t) in H*(S') (see [Eg]). Moreover,
S¢(t) admits a compact global attractor Ay, that is, there exists a compact set Ay in
H#(S') which is invariant (i.e. Sy(t)Af = Ay, for any ¢ > 0) and attracts every bounded
set of H*(S').

The most interesting part of the dynamics of ([[L1]) is contained in the attractor Ay.
Our purpose is to describe these dynamics, at least for a dense set of nonlinearities f. We
introduce the set & = C?(S! x R x R, R) endowed with the Whitney topology, that is, the
topology generated by the neighbourhoods

{g€ & /|D f(x,u,v)—D'g(z,u,v)| <d6(u,v), Vi € {0,1,2}, V(z,u,v) € S*xR?}, (1.3)

where f is any function in & and 0 is any positive continuous function (see [I7]). It is well
known that & is a Baire space, which means that any countable intersection of open and
dense sets is dense in & (see [[7] for instance). We say that a set is generic if it countains a
countable intersection of open and dense sets and we say that the parabolic equations on the
circle ([[.1)) satisfy a property generically (with respect to the non-linearity) if this property
holds for any f in a generic subset of &. The notion of genericity is a common notion for

defining “large” subsets of Baire spaces, replacing the notion of “almost everywhere” of
R

Before describing the properties of ([[.]), we recall a few basic notions in dynamical
systems, for the reader convenience. For any uy € H'(S'), the w and a-limit sets of ug are
defined respectively by

w(ug) ={v € H'(S')| there exists a sequence t, € R, such that
t, — “ooand S(t,)ug — v}

n—+o0o n—+oo
a(ug) ={v € H'(S")| there exist a negative orbit u(t), t <0, with u(0) = u,
and a sequence t, € R", such that t, — +ocoand u(—t,) — v}
n—-+00 n—r+00
The non-wandering set is the set of points ug € H*(S') such that for any neighbourhood
N of ug, S(tH) N NN # () for arbitrary large times ¢. In particular, equilibria and periodic
orbits belongs to the non-wandering set.
A critical element means either an equilibrium point or a periodic solution of ([1]).



Let e € H*(S') be an equilibrium point of ([-1]). As usual, one introduces the linearized
operator L, around the equilibrium e (see Section 2, for the precise definition and the
spectral properties of L).

We say that e is a hyperbolic equilibrium point if the intersection of the spectrum o(L,)
of L. with the imaginary axis is empty. The Morse index i(e) is the (finite) number of
eigenvalues of L. with positive real part (counted with their multiplicities).

If e is a hyperbolic equilibrium point of ([.T), there exists a neighbourhood U, of e such
that the local stable and unstable sets

Wi (e) = Wo(e,U.) ={ug € H*(S") | Sy(t)ug € U, , Vt > 0}
We.(e) = W (e, U,) ={uo € H*(S") | S¢(t)up is well-defined for ¢ < 0 and
Se(t)ug € U, Vt <0} .

are (embedded) C'-submanifolds of H*(S") of codimension i(e) and dimension i(e) respec-
tively.
We also define the global stable and unstable sets

W*(e) = {up € H*(S") | S¢(t)ug el e},

Wh(e) = {ug € H*(S") | S¢(t)ug is well-defined for ¢ < 0 and S;(t)uy — e} .

t——o0

Since the parabolic equation ([[.1)), as well as the corresponding adjoint equation, satisfy
the backward uniqueness property (see [[]), Theorem 6.1.9 of [R3] implies that W*(e) and
W(e) are injectively immersed C''-manifolds in H*(S') of codimension i(e) and dimension
i(e) respectively (see also [[0) and [I§]). We remark that W*(e) = U0S(t)W*(e, U) is
the union of C'' embedded submanifolds of H*(S') of dimension i(e) (see [[J]).

Let next I' = {y(z,t)|t € [0,p]} be a periodic orbit of ([.]) of minimal period p.
The linearized equation around T' defines an evolution operator II(£,0) : o € H*(S) —
I(t,0)py = @(t) € H*(S'), where ¢(t) is the solution of the linearized equation. The
operator II(p, 0) is called the period map (see Section 2 for the precise definition of I1(p, 0)
and its spectral properties) .

The periodic orbit I' or the periodic solution «(t) is hyperbolic if the intersection of the
spectrum o (Il(p,0)) with the unit circle in C is reduced to 1 and 1 is a simple (isolated)
eigenvalue. The Morse index i(I") is the (finite) number of eigenvalues of II(p, 0) of modulus
strictly larger than 1 (counted with their multiplicities).

By [[9, Theorem 14.2 and Remark 14.3]) or [BI] (see also [[§]), if v(¢) is a hyperbolic
periodic orbit, there exists a small neighbourhood Ur of T' in H*(S') such that

Wi (D) = W, Ur) = {ug € H(S") | S¢(t)ug € Ur, ¥t > 0}

W (D) = W, Up) = {ug € H*(SY) | S;(t)uo € Ur, Vt < 0} (14)

are (embedded) C'-submanifolds of H*(S') of codimension i(T") and dimension (") + 1



respectively. We also define the global stable and unstable sets
W) = {ug € H*(S") | S¢(t)uo t_>—+> r},

W) = {ug € H*(S") | S;(t)ug is well-defined for ¢+ < 0 and S} (¢)ug 7 r}.
——00

Again, Theorem 6.1.9 of [P7] implies that W*(T') and W*(T') are injectively immersed C*-
manifolds in H*(S') of codimension #(T") and dimension i(T") + 1 respectively (see also [[[]
and [I§]). We also notice (see Lemma 6.1 of and also [BI] or [I§]) that W*(T') =
U0 S (6)W.(T') is a union of embedded submanifolds of H*(S') of dimension i(I") 4 1.

Let ¢* be two hyperbolic critical elements. We say that W*(q~) and W} _(¢") intersect
transversally (or are transverse) and we denote it by

W*(q™) h Wie(g")

if, at each intersection point ug € W*(¢~) N W .(¢"), Tu,W*(q~) contains a closed com-
plement of T,,,W; (¢7) in H*(S'). By convention, two manifolds which do not intersect
are always transverse.

We now describe all the known properties of the dynamics of ([[.LT). First, we mention
that in the particular case where f(x,u,u,) = f(x,u) does not depend on the values of the
derivative u,, the dynamical system S¢(t) generated by ([L.1)) is gradient, that is, admits a
strict Lyapunov functional. In particular, it has no periodic orbits and the non-wandering
set is reduced to equilibria. As a direct consequence of [§], the Morse-Smale property is
generic with respect to the non-linearity f(z,u).

In the general case where f(x,u,u,) depends on the three variables, all the two-
dimensional dynamics can be realized on locally (non-stable) invariant manifolds of the
flow S (t) of (L)) (see [BT]) and thus periodic orbits can exist ([J]). Hence, the dynamics
can be more complicated. However, like for vector-fields in R?, the remarkable Poincaré-
Bendixson property holds ([I4]).

Theorem 1.1. Fiedler-Mallet-Paret (1989) (Poincaré-Bendixson property)

For any ug € H*(SY), the w—limit set w(ug) of ug, satisfies exactly one of the following
possibilities.

i) Either w(ug) consists of a single periodic orbit,

i) or the a— and w—Ilimit sets of any v € w(ug) consist only of equilibrium points.

Theorem [.1] is the first step towards showing that the non-wandering set generically
reduces to a finite number of equilibria and periodic orbits. One of the main ingredients
of the proof of Theorem [ is the Sturm property (also called zero number or lap number
property). More precisely, for any ¢ € C!(S'), we define the zero number z(p) as the
(even) number of strict sign changes of . If v(x,t) is the solution of a scalar linear



parabolic equation on a time interval I = (0, 7), then, z(v(-,t)) is finite, for any ¢ € I, and
nonincreasing in ¢t. Moreover, z(v(+,t)) drops at t = 1, if and only if v(-,¢y) has a multiple
zero (the detailed statement of these properties is recalled in Section 2.1). Sturm property
is very specific to the parabolic equation in space dimension one.

The second major step on the way to the proof of the genericity of the Morse-Smale
property has been the paper of Czaja and Rocha [[J]. Inspired by the transversality results
of Fusco and Oliva ([[d]) for special classes of vector fields on R", Czaja and Rocha have
proved the following fundamental and nice transversality properties.

Theorem 1.2. Czaja-Rocha (2008)

1) There does not exist any solution u(t) of ([.]]) converging to a same hyperbolic periodic
orbit ', as t goes to +00.

2) Let T'F be two hyperbolic periodic orbits. Then,

WH(I™) Wi (TF)
Moreover, if the intersection W*(T'~) N WE _(T'F) is not empty, then i(T'~) > i(T'T).

Among other arguments, the proof of Theorem [3 ([[3]) uses the decay properties of
the zero number as well as the filtrations of the phase space with respect to the asymp-
totic behaviour of the solutions of the linearized equation around an orbit connecting two
hyperbolic periodic orbits like in [[{].

The above results hold under the assumption of hyperbolicity of the periodic orbits.
To complete Theorem [[.3, we have proved in [B{] that, generically with respect to the non-
linearity f, the periodic orbits are all hyperbolic, which means that the above hyperbolicity
assumption is not so restrictive.

Theorem 1.3. Joly-Raugel (2008) There exists a generic subset Oy of & such that, for
any f € Oy, all the equilibria and the periodic solutions of (1) are hyperbolic.

Besides the Sard-Smale theorem (recalled in Appendix A), one of the main ingredients
of Theorem [[.3 is again the zero number property of the difference of two solutions of ([.T)
or of the solutions of the linearized equations around equilibria or periodic solutions.

1.2 Main new results

In this paper, we prove that, generically with respect to f, the semi-flow Sy(t) generated by
Eq. () on S* is Morse-Smale. To this end, we first complete the automatic transversality
results of Czaja and Rocha as follows.

Theorem 1.4. Automatic transversality results
1) If e_ and ey are two hyperbolic equilibrium points of (1) with different Morse in-
dices, then the unstable manifold W*(e_) transversally intersects the local stable manifold



I/Vlsoc(e-f—)'
2) If T' (respectively e) is a hyperbolic periodic orbit (respectively a hyperbolic equilibrium

point) of (L)), then
W (e) h Wigo(I') ,

and
W) d Wi.(e) .

The proof of Theorem [[4 is similar to the one of Theorem [[.3. However, the proof of
the automatic transversality of the connecting orbits between two hyperbolic equilibria of
different Morse indices requires a tricky argument, in addition to those of [[3. We also
emphasize that, even if most of the ideas in our proof are basically similar to the ones of
[[3], they are used in a different way. In fact, as in [[J], the basic tools are the same as
the ones of B3], M, [L4], namely a careful analysis of the asymptotic behavior of solutions
converging to an equilibrium or a periodic orbit (Appendix [d) combined with a systematic
application of the Sturm properties (recalled in Theorem P.T).

Theorems and show that a non-transverse connecting orbit arises only as an
orbit connecting two equilibrium points with same Morse index. We call such an orbit a
homoindexed orbit. Since every two-dimensional flow can be realized in a (locally) invariant
manifold of the semi-flow of a parabolic equation on S* ([FJ]), we know that homoindexed
orbits, in particular homoclinic orbits, may occur in the flow of ([.1). However, as we
prove here, such connecting orbits can be broken generically in f.

Theorem 1.5. Generic non-existence of homoindexed connecting orbits
There exists a generic subset Oy C Oy, of & such that, for any f € Oy, there does not exist
any solution u(t) of (L)) such that u(t) converges, when t goes to o0, to two equilibrium
points with the same Morse index. In particular, homoclinic orbits are precluded.

To prove Theorem [, we actually prove the genericity of the transversality of the
homoindexed orbits, which at once implies the genericity of non-existence of such orbits.
In order to prove the genericity of transversality and to get a meaningful result, we need to
perturb ([.1)) by arbitrary small perturbations, in such a way that the perturbed semi-flow is
still generated by a scalar parabolic equation on S*. As already mentionned, perturbing the
non-linearity acts on the phase-space in a non-local way. In the context of proving generic
tranversality in the class of gradient scalar-reaction diffusion equations, these problems
were first circumvented by Brunovsky and Poldcik in [§]. They employed an equivalent
formulation of transversality which appeared earlier in [B1]], [19], [B4], but remained almost
unnoticed for some time (such formulation has however been used, already in the 1980’s,
by Chow, Hale and Mallet-Paret [[[1]] in global bifurcation problems of heteroclinic and
homoclinic orbits). This equivalent formulation says that 0 is a regular value of a certain
mapping ¢ (depending on the perturbation parameter), defined on a space of functions
of time with values into the state space of the equation. It is noteworthy that, in this



formalism, the elements, the image of which are 0, are precisely the trivial and non-trivial
connecting orbits. Using this equivalent formulation of the transversality together with the
Sard-Smale theorem, given in Appendix A, Brunovsky and Pola¢ik achieved their proof of
genericity of the transversality of stable and unstable manifolds of equilibria with respect
to the non-linearity.

In the proof of Theorem [[.5, we follow the lines of the one of [{] (see also [f] and [29)),
by introducing this equivalent formulation of transversality. But, as in [J], the equivalent
regular value formulation of transversality takes place in a space of sequences (obtained by
a time discretization of the semi-flow associated with ([L.1)). As there, in the application of
the Sard-Smale theorem, one returns to the continuous time only in the last step, when one
verifies the non-degeneracy condition of the Sard-Smale, which gives rise to a functional
condition (see Theorem p.f). To find a perturbation satisfying this functional condition,
we use as a central argument the one-to-one property of homoindexed connecting orbits
stated in Proposition B.§ (which is again a consequence of the Sturm property). Notice that
parabolic strong unique continuation properties lead to a weaker version of Proposition B.4,
which is actually sufficient to show the genericity of transversality and holds in any space
dimension (see [[q]).

Using Theorems [}, [[.3, [.3, [.4 and [L.F, we finally prove the following genericity of
Morse-Smale systems of type ([L.1]).

Theorem 1.6. Genericity of Morse-Smale property

For any f in the generic set O, Sg(t) is a Morse-Smale dynamical system, that is,

1) the non-wandering set consists only in a finite number of equilibria and periodic orbits,
which are all hyperbolic.

2) the unstable manifolds of all equilibria and periodic orbits transversally intersect the
local stable manifolds of all equilibria and periodic orbits.

Since the second part of Theorem [.§ is a direct consequence of Theorems [.9, [-3, [.4
and [[.F, it only remains to show that the non-wandering set is trivial. This is done by
using the Poincaré-Bendixson Property (Theorem [[1]) together with arguments similar to
the ones used for vector fields in R?

Remark : All the above theorems are stated under the “dissipative” condition ([[.3) on the
non-linearity f. Actually, Theorems [[.1], [.2, and still hold without assuming ([L.9)
and the proofs are not more involved. Theorem [.§ is also still true, even if the proof is a
little more technical (but not more difficult). However, Theorem is not true in general
without a dissipative condition on f or more generally without knowing that S¢(t) admits
a compact global attractor. Indeed, if S;(¢) has no compact global attractor, already the
number of equilibria (and periodic orbits) can be infinite. For the reader convenience and
for avoiding unnecessary technicalities, we have chosen to impose the dissipative condition

([2) in the whole paper.
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The paper is organized as follows. In Section 2, we recall the fundamental properties of
the zero number on S! as well as the useful spectral properties of the linearized equations
around equilibrium points or periodic orbits. Section 3 is devoted to relations between the
lap number and the Morse indices and to the one-to-one property of homoindexed orbits.
In all these results, the zero number plays an important role. While some of these results
are primordial in the proof of our main theorems, others are stated for sake of completeness
in the description of the properties of Eq. ([L.1]) on the circle. Section 4 contains the proof of
the automatic transversality results stated in Theorem [[.4. In Section 5, we prove Theorem
[[.5, that is, the generic non-existence of orbits connecting two hyperbolic equilibria with
same Morse index. Section 6 is focused on the study of the non-wandering set and on the
proof of Theorem [[.. The appendices contain the necessary background for reading this
paper. In Appendix [A], we recall the Sard-Smale theorem in the form used in Section 5.
Appendix B contains the basic definitions and properties of exponential dichotomies and
their applications to the functional characterization of the transversality of the trajectories
of the parabolic equation. This Appendix plays an important role in the core of the proof
of Theorem [[.F. Finally, in the Appendix [0, we describe the asymptotics of the solutions
of the linearized equations around connecting orbits, which are one of the main ingredients
of the proof of Theorem [[.4.

Acknowledgements: The authors wish to thank P. Brunovsky, R. Czaja and C. Rocha
for fruitful discussions.

2 Preliminaries and auxiliary results

In the introduction, we have already seen that (even without Assumption ([.3)) for any uy €
H*(SY), s € (3/2,2), Equation ([L.1]) admits a local mild solution u(t) € C°([0, 7, ), H*(S1))
(see [BZ]). Moreover, this solution u(t) is classical and belongs to C°((0,7,,), H*(S')) N
CH(0,7y,), L2(SY)) N C?((0, 7y,), H(SY)), where § = 1 — s/2. In addition, the func-
tion uy(t) 1 t € (0,7y) = w(t) € HYSY), 0 < £ < 2, is locally Hélder-continuous
(see 22, Theorem 3.5.2]). Since u(t) is in C°((0,7,,), H*(S')), the term f(x,u,u,) be-
longs to C°((0,7,,), H'(S')) and thus u,, = u; — f(z,u,u,) is in C°((0,7y,), H*(S1)).
In particular, u(t) belongs to C°((0,7,,), H*>(S')), which is continuously embedded into
C°((0, 7y ), C?*(SY)). If moreover the condition ([Z) holds, then 7,, = oo for every uy.

In the course of this paper, we often need to consider the linearized equation along a
bounded trajectory u(t) = Sy(t)ug, t € R, of Eq. ([L.1)), that is, the equation

U = Vge + Do f (z,u, uz)v + Dy, f(z,u,u)v, , t >0, v(o,z) =10, (2.1)
where vy belongs to L2(S!). Since u(t) is in C?(R, H*(S1)), the coefficients D, f(x, u(t), u,(t))

and D, f(z,u(t),u,(t)) are locally Holder-continuous from R into C°(S'). Thus, we de-
duce from [P3, Theorem 7.1.3] that, for any vy € L?(S!), for any o € R, there exists a

11



unique (classical) solution v(t) € C([o, +00), L*(S')) N CY((0, +00), HY(S')) of (2-]) such
that v(o) = vy, where £ is any real number with 0 < ¢ < 2. Setting T, (t,0)vy = v(t), we
define a family of continuous linear evolution operators on L*(S'). We remark that the
evolution operator T,(t,0), t > o, associated with the trajectory u is injective and that its
range is dense in H*(S?).

We complete these generalities by remarking that, in what follows, we sometimes con-
sider the difference w = u; — uy between two solutions u; € C°([0, +00), H*(S!)) and
uy € C[0,400), H*(S1)) of Eq. (). The difference w is a solution of the following
linear equation,

Wy = Wy + a(z, t)w, + bz, t)w , t >0, w(o,x)=uw, (2.2)

where

(2.3)

a(a,t) = [i fh o (x,0us + (1 — O)ur, D (Bus + (1 — O)uy))dd
b(w,t) = [} filw,Ous + (1 — O)uy, Bp(Qus + (1 — O)ur))do

We emphasize that, since u; is locally Holder-continuous from (0, +o00) into H*(S?), 3/2 <
¢ < 2 and wu, is continous from (0, +oc) into H?(S), the coefficients a(x,t) and b(z,1)
belong to C*(S* x (0, +00), R).

2.1 The lap number property

The lap number property, or zero number property, is the fundamental property of one-
dimensional scalar parabolic equations. We recall that, for any ¢ € C'(S'), the zero
number z(y) is defined as the (even) number of strict sign changes of .

Theorem 2.1. 1) Let T > 0, a € C'(S* x [0,T],R) and b € C°(S* x [0,T],R). Let
v: St x (0,T) = R be a classical bounded non-trivial solution of

Vp = Uy + a(z, t)v, + b(x, t)v

Then, the number z(v(t)) of zeros of v(t) is finite and non-increasing in time t € [0,T] and
strictly decreases at t = tq if and only if © — v(x,tg) has a multiple zero.

2) If u and v are two solutions in C°([0,T], H*(S)) of (L), then u; and u — v satisfy
the lap number property stated in Statement 1) on the time interval (0,T].

Such kind of results goes back to Sturm [pg] in the case where a and b are time-
independent. The non-increase of the number of zeros in the time-dependent problems has
been obtained in [BY] and [BE. The property of strict decay first appeared in [{] in the
case of analytic coefficients. It has been generalized in [B7] and [f.

We notice that the statement 2) is a direct consequence of the first statement and of the

remarks made at the beginning of this section.

12



2.2 The spectrum of the linearized operators

We recall here the Sturm-Liouville properties of the linearized operators associated to Eq.
(L1). These results mainly come from [[{] and [[], together with a property obtained in
BU.

Let e € H*(S') be an equilibrium point of ([.). We introduce the linearized operatorL,
on L*(S"), with domain H?(S'), defined by

Lev =v + Dyf(z,e,e.)v+ Dy, f(z,€,60)0; , (2.4)
and consider the linearized equation around e, given by

vi(x,t) = Lev(x,t) . (z,t) € St % (0, +00) ,

v(z,0) =vy(z), x€S. (2.5)

The operator L. is a sectorial operator and a Fredholm operator with compact resolvent.
Therefore, its spectrum consists of a sequence of isolated eigenvalues of finite multiplic-
ity. Let (\;)ien be the spectrum of L., the eigenvalues being repeated according to their
multiplicity and being ordered so that Re(Ai1) < Re(\;).

Proposition 2.2. The first eigenvalue Xy is real and simple and the corresponding eigen-
function po € H*(S') does not vanish on S*. The other eigenvalues go by pairs (Agj—1, A2;)
and Re(Agj11) < Re(Ag;) for all j > 0. The pair (Ayj_1, A2j) consists of either two simple
complex conjugated eigenvalues, or two simple real eigenvalues with Xgj < Agj—1, or a real
eigenvalue with multiplicity equal to two. Finally, if ¢ s a real function belonging to the
two-dimensional generalized eigenspace corresponding to (Agj_1, A2j), then ¢ has exactly 2j
zeros which are all stmple.

Let T' = {v(z,t) |t € [0,p]} be a periodic orbit of ([T]) of minimal period p. We consider
the linearized equation

Sot == Somm + Duf<x7777$)90 + Duzf('r7fy7fy$)g0:v 9 t Z g Y QO(SU, J) = 90(](3:) N (26)

Let s € (3/2,2), we introduce the operator I1(t,o) : H*(S') — H?*(S'), defined by
(¢, 0)po = ¢(t) where ¢(t) is the solution of the linearized equation (B.6). The operator
II(p,0) is called the period map. Due to the regularization properties of the parabolic
equation, II(p,0) is compact. Its spectrum consists of zero and a sequence of eigenvalues
(14i)ien converging to zero, where we repeat the eigenvalues according to their multiplicity
and order them such that |u;11 < |u;|. Notice that 0 is not an eigenvalue of II(p,0) due
to the backward uniqueness property of the parabolic equation. Moreover, we also remark
that, since ([.1) is an autonomous equation, 1 is always an eigenvalue of II(p,0) with
eigenfunction 7;(0).
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Proposition 2.3. The first eigenvalue pg is real and simple and the corresponding eigen-
function pg € H*(S") does not vanish on S*. The other eigenvalues go by pairs (f1aj_1, ti2;)
and |paj11| < |pej| for all 5 > 0. The pair (pg;—1, p125) consists of either two simple complex
conjugated eigenvalues, or two simple real eigenvalues of the same sign, or a real eigenvalue
with multiplicity equal to two. In particular, —1 is never an eigenvalue. Finally, if @ is
a real function belonging to the two-dimensional generalized eigenspace corresponding to
(f2j—1, p2j), then @ has exactly 2j zeros which are all simple.

3 Main consequences of the lap number properties on
connecting orbits

In this section, we describe several important consequences of the lap number theorem on
the properties of orbits connecting hyperbolic critical elements. Most of them will be used
in the core of the proofs of Theorems [[.4] and [L.5.

3.1 Relations between Morse indices and lap numbers

In this paragraph, we consider orbits connecting hyperbolic equilibrium points and hyper-
bolic periodic orbits and give several inequalities involving Morse indices and numbers of
zeros. The ideas of these properties were already contained in [[J], where they have been
proved in the case of connections between two periodic orbits. We complete the results of
[[3] by considering the cases where equilibrium points are also involved. Actually, some of
the proofs are slightly simpler in these cases since, if e is an equilibrium point and (t) a
periodic orbit, e — () is periodic, whereas the difference between two periodic orbits may
be only quasiperiodic.

The properties stated in this section have their own interest. In the other parts of this
paper, we will use them in the case of a connection between an equilibrium point and a
periodic orbit. Therefore, we mainly restrict the proofs to this case. The omitted proofs
are similar.

The following theorem corresponds to [[[3, Theorems 5.2 and 6.2]. We recall that z(v)
denotes the strict number of sign changes of the function = — v(z).

Theorem 3.1. Let y(z,t) be a hyperbolic periodic orbit of ([L1]) of minimal period p and
let T'={~(t), t € [0,p)}.

1) For any uy € Wi (D) \ T, there exist a € T and k > 0 such that limy_, €(|S¢(t)ug —
St(t)y(a)||ms = 0. Moreover,

(I +1=2q if i(T) = 2¢ — 1,

iT)+2=2¢+2 ifi(T) = 2q. (3:1)

2(uog —7(a)) = {
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2) For any ug € W*(T)\ T, there exist a € T' and & > 0 such that lim;_,o, €[|Sp(—t)ug —
St(=t)y(a)||ms = 0. Moreover,

i) —1=2¢g—2 ifi(I') =2¢—1,

i(T) = 2q if i(T) = 2q. (3:2)

2(ug —7(a)) < {

Proof: For sake of completeness, we give a short proof of statement 1) which is slightly
different from the one of [[[3]. The proof of statement 2) is similar.

The first part of the statement 1) is just a reminder of the fact that the local stable
manifold of I" is the union of the local strongly stable manifolds of all the points 7(b),
b € [0,p] as explained in Appendix [C:J. The second part of 1) directly follows from
Corollary [C.10. Indeed, let v(t) = S¢(t)ug—y(t+a) = u(t) —y(t+a). Then, there exists a
complex eigenvalue y; of the period map II(p + a, a) with ;| < 1 such that v(np) satisfies
one of the asymptotic behaviors (i)-(iv) described in Corollary [C.I(. If the index i(T") is
equal to 2¢ — 1, then p9,-1 = 1 and thus 7 > 2¢, which implies that the number of zeros
z(v(np)) is at least equal to 2¢ for n large enough. If the index i(I") is equal to 2¢, then
f2g = 1 and thus ¢ > 2¢ + 1, which implies that the number of zeros z(v(n)) is at least
equal to 2¢ + 2 for n large enough. Since v(t) is the difference of two solutions of ([[]),
Theorem P.1] shows that these lower bounds on z(v(np)) for large n € N hold in fact for
all t € R. 0

Of course, the corresponding properties are true for hyperbolic equilibrium points. Since
their proof is similar to the one of Theorem B.1 (and even simpler), it is omitted.

Theorem 3.2. Let e(x) be a hyperbolic equilibrium point of (L.1)).
1) For any ug € Wi,(e) \ {e},

ile)+1=2q ifile)=2q—1,
ile) = 2q if i(e) = 2q.

2(ug —e) > {
2) For any ug € W*(e) \ {e},

ile) —1=2¢—2 ifile) =2q—1,
i(e) =2q ifi(e) = 2q.

The following two lemmas, which are rather simple, are useful in the following sections.

z(ug —e) < {

Lemma 3.3. If e is an equilibrium point of ([L1]) and v(t) is a periodic solution of ([L.])
of minimal period p > 0, then the zero number z(e — ~(t)) is constant and thus, for any
time t, the function x — e(x) — y(z,t) has no multiple zero. The same properties hold if
one considers the difference between two distinct equilibrium points or two distinct periodic
solutions.
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Proof: By Theorem P.J, the number of zeros of v(t) = e — y(t) is non-increasing and
strictly decreases only at the times ¢ where v(¢) has a multiple zero. If v(¢) has a multiple
zero at t = to, then Theorem P.J] and the periodicity of v imply that, for any ¢ € (0, p),

z(v(tg —€)) > z(v(to +¢)) > z(v(to +p —¢)) = z(v(to — €)) ,

which leads to a contradiction. Thus v(¢) has no multiple zero. O

Remark : Since, for each ¢, v(t) has no multiple zero and H*(S') is embedded in C'(S'),
there exists a neighbourhood Bps(v(t), 2e,)) on which the zero number is constant. Since
the curve {e —(t)[t € [0,p]} is compact, there exists a finite covering U, Bpys(s1y(e —
v(t;), €;) of the set {e — ()|t € R} in H*(S'), on which the zero number in constant.

Lemma 3.4. Let e~ be a hyperbolic equilibrium of (L)) and let Tt be a hyperbolic periodic
orbit of minimal period p > 0. Let uyg € W*(e™) N WE(T'F) and let u(t), t € R, be the
solution of ([L.I]) with uw(0) = ug. Let a € [0,p) be such that lim;_, o ||[u(t) =y (a+1)]
0. Then, for any time t € R,

Hs —

2u(t) =7 (a+1) <2(y"(a) —e7) < z(u(t) —e7) .

The same property holds for any orbit connecting hyperbolic equilibrium points or hyperbolic
pertodic orbits.

Proof: We set v, (t) = u(t) — v (a+t) and v_(t) = u(t) — e”. We notice that the lap
number property stated in Theorem P-J] holds for v.. Lemma B3 shows that z(y"(a) —
e”) =z(y"(a+t)—e). Moreover, v+ (a) —e™ has no multiple zeros due to Lemma B.3 and
thus its number of zeros is stable with respect to small enough perturbations in H*(S?).
For any large to, v (ty) is small enough so that

2(y*(a) — ) = 2(r* (a+to) — ) = 2(v(to) + 7 (a+ to) — ) = (v (ko)) -

Applying Theorem BJ], we get that for all ¢t < ¢y, z(y"(a) —e™) < z(v_(t)).

The inequality z(vy(t)) < z(y"(a) —e ), for all t € R, is proved in a similar way.

The proof is the same in the case of orbits connecting hyperbolic equilibria or hyperbolic
periodic orbits. These inequalities have been previously proved in the case of orbits con-
necting two hyperbolic periodic orbits in [[J, Theorem 7.3] U

As a direct consequence of Lemma [B.4, Theorem B.J] and Proposition B.3, we obtain
the following result.
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Corollary 3.5. Let e* and I'* be hyperbolic equilibria and periodic orbits of Eq. ([)).
1) IFW*(em) AW, (T) # 0, then

iCTH+1<i(e) .

Moreover, if i(T'T) = 2¢™, ¢ > 0, then i(T") +2 < i(e7).
2) If W) NWg(eT) # 0, then

Moreover, if i(T7) =2¢—1, ¢ > 1, theni(et) + 1 < i(T'7).
3) IFW'(e™) N Wi (e¥) # 0, then

i(e™) <i(e)

and the equality is possible if and only if i(e™) =i(e™) is even.

3.2 One-to-one property of homoindexed orbits

The proposition proved in this section plays a central role in the construction of a suitable
perturbation to break homoindexed orbits (see Section 5). A similar one-to-one property
has been previously used in [BJ] to make the periodic orbits hyperbolic. As already indi-
cated, the proof relies on the decay of the lap-number stated in Theorem R.1. In space
dimension higher than one, there is no equivalent of the lap-number property. However,
one can use unique continuation properties to obtain a weaker but useful equivalent of

Proposition B.4, see [d].

Proposition 3.6. Let e be two hyperbolic equilibria such that i(e—) =i(ey) = m = 2m’ is
even, and let u(t) be a connecting orbit between e_ and e,. In the case wheree_ = e, = e,
we assume that u(t) # e. Then the following properties hold:

1) For any t € R, for any x € S*, (u(z,t), Opu(x,t)) # (ex(x), Opes(x)).

2) The map (x,t) € S* x R — (z,u(x,t),0pu(z,t)) is one to one.

Proof: Asin Section 2.2, we denote by L., the linearized operator around the equilibrium
e+ and by )\;E, 1 > 0, its eigenvalues, counted with their multiplicities.

Since u(t) converges to ex when ¢ goes to +00, according to Corollary [C.7, there exists
an eigenvalue A;ti of L., such that the asymptotic behaviors of u are given by

u(t) = ex + eRe()‘fi)tq/;iii (t) + o(eRe(Aiii)t) when ¢t — £oo0 (3.3)

where % corresponds to one of the possible asymptotic behaviors (i)-(iv) described at the
+
beginning of Section ], We emphasize that the term o(e™**#)") has to be understood in

the sense of the H*(S') topology (and thus this term is also small in the C'-sense). We
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recall that if i* = 2¢ — 1 or 2¢ then @Z)fft has exactly 2q zeros which are simple. Finally,
notice that since i(e_) = i(ey) = m is even, A < 0 < AX_| are simple real eigenvalues
and that i~ <m — 1 and i+ > m.

We are now ready to prove the first assertion. We introduce the functions vy (t) =
u(t) — ex. By the second part of Theorem R.|, the number of zeros z(v) is finite and
non-increasing and it strictly decreases at some time 71 if and only if the function = —
v4(z,7+) has a multiple zero. But Proposition B.J and Lemma B.4 at once imply that
z(er —e_) =m = z(vy(t)) = z(v_(t)) for any t and thus that the map z +— u(z,t) —es(x)
has no multiple zero. We deduce that

Al =, Vo=@, , AL =X, and ¢f =of | (3.4)

m—1

where ¢, and ¢ are eigenfunctions corresponding to the simple real eigenvalues A\ _,
and A respectively.

We next prove by contradiction that the second statement holds. Assume that the map
(z,t) € S* x R = (z,u(z,t),0yu(x,t)) is not injective. Then there exist zg, tp € R and
70 € R, such that

u(zo, to) = u(xo, to +70) ,  Opu(xo, to) = Opu(xg,to + 1) -
The function v(z,t) = u(z,t + 10) — u(z,t) satisfies v(xg,to) = 0 and J,v(xg,ty) = 0. It is

not identically zero since it is a non-trivial connecting orbit. Thus, due to the second part
of Theorem R.1], the zero number z(v(t)) is non-increasing and drops strictly at t = 75. The

properties (B.3) and (B.4) imply that

v(t) = erm-1t(em™ — D +oledt) | ast — —o0

v(t) = e)‘ﬁ’;”t(e’\:?”0 — Dt + 0(6)‘:”) , ast—oo.

Thus, z(v(t)) = m, for any ¢ € R, which contradicts the fact that z(v(t)) drops at t = 7o
and the second statement holds. U

4 Automatic transversality results

This section is devoted to the proof of Theorem [.4. In Section 4.1, we prove the first
statement of Theorem [[.4, whereas in Section 4.2 , we prove the second statement.
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4.1 Automatic transversality of heteroindexed orbits connecting
two equilibria

Let e_ and e, be two hyperbolic equilibrium points of ([.T]) with different Morse indices
i(e_) and i(e; ). Following the notations of Section B.2, we denote L., the corresponding
linearized operators and by (A, ) their set of eigenvalues and generalized eigenfunctions.

Assume that W"(e_)NW; .(ey) # 0 (otherwise the intersection is transversal by defini-
tion). Notice that Corollary -5 and the fact that i(e_) # i(ey) imply that i(e™) < i(e™).
Let u(t) be a global solution of ([.1]) with w(0) € W*(e_) N W; (es). Since W*(e_)

is a finite-dimensional manifold, there exists a finite basis (v7,...,v)) of Ty W*(e—) N
TuoyW;(e4). Let vg(t) be the (global) solutions of
Oy = 02,0k + Do f (2, u, up)vp + Dy, f(2, 1, u)0pv ,  vi(0) = vp . (4.1)

Notice that, since v) belongs to the finite-dimensional space T, W *(e_), the solution vy (t)
exists for any ¢t € R. Corollary |C.§ gives all the possible precise asymptotic behaviors of
vk(t) when t goes to +00. For each k, there exist an eigenvalue A of L. with positive

real part such that, when t — —o0, the asymptotic behavior of vy (¢ ) in H*(S") is described

by the following possibilities:

(i) if A is a simple real eigenvalue with eigenfunction ¢, then there exists ay € R —{0}
" ATt At ' At

such that v (t) = ape ' go +ole s )=v_(t)+ole* ).

k

(i) If A_ = A_ " is a double real eigenvalue with two independent eigenfunctions ¢
Z Zk? Zk?
ATt
and ¢ i then there exist (ay,br) € R* — {(0,0)} such that vy(t) = are * p_ +
i
it ATt ATt

e % o +olen ) = U (1) +ole ).

k
(iii) If )\i = )\i . is an algebraically double real eigenvalue with eigenfunction ¢_ and
Y

Wlth generahzed elgenfunctlon cp then there exist (a,b,) € R* — {(0,0)} such

.
A~ ATt ATt ATt

that v (t) = (ag + brt)e * <p + bre ? L, tole ™ )=v_(t) +o(e ™).
k

(iv) If A~ = )\ ~,, is a (simple) nonreal eigenvalue with eigenfunction gp _ = 90@ ., then
there exist (ak,bk) € R? — {(0,0)} such that

on(t) = eRe“i;)t(mk cos(Im(A2)t) — besin(Im(A- )1)Re()
— (e sin(Tm(A 1) + by cos(Im(A-)6) () ) + ol O

k Yk %
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The vectors vg(t) have the same type of behaviors when t — +o0, provided A is replaced
Y

by an eigenvalue )\;Lz of L., with negative real part.

Lemma 4.1. Without loss of generality, we may assume that the behaviors of the functions
v(t) when t goes to —oo are different in the sense that the corresponding family (V_),
Y

1 <k <p, is free and hence generates a finite-dimensional vector space of dimension p.

Proof: This lemma is a simple consequence of a Gram-Schmidt process. Without loss of
generality, we can assume that A"~ has the smallest real part among the family ()\ A,
i 3t p

If there exists k > 1 such that Re()\ ) = Re(A_) with asymptotic behavior of type (i)
U 8t

or with asymptotic behavior of type (ii)-(iv) such that the pairs (a,b) for v;(t) and v(t)

are linearly dependent, then we can replace v, by v, — awv; such that the real part of A
Uk

increases. Notice that (vf,...,v)) is still a basis of T,,)W*"(e—) N Ty0)W*(ey). Assume

now that )\ has the smallest real part among the real parts of the family ()\ AL
2 tp
(which can be the same as the real part of A, but not smaller). If there exists k& > 2 such
that Re(A_) = Re(A_) and v, (¢) has an asymptotic behavior linearly dependent of the
Y 2

one of vy(t), then we can replace vy, by vy, — vy so that the real part of )\Z: increases. We
k
pursue the process until the end to obtain Lemma [.1]. O

Proof of the first statement of Theorem [.4:

In what follows, we assume that the basis (v, ..., v)) of Ty W*(e—) N Ty W*(ey) has
been chosen as in Lemma [I]. By definition W*(e_) intersects W?*(e, ) transversally if and
only if T, W"(e) + TuoyW*(ey) = H*(S*). We know that dim(T,oW*(e_)) = i(e_)
and codim(Ty,o)W#(ey)) = i(eq). Thus, Ty W*(e=) + TyoyW5(es) = H*(S) if and only
if

dim (To,0)W*(e=) N Ty W?(ey)) <i(e—) —iley) . (4.2)

The proof of the first statement of Theorem consists in the careful study of three
different cases.

If i(e;) = 0, then T,)W*(es) = H*(S') and the transversality trivially holds.

Assume that i(e;) = 2¢ — 1 is odd, which implies that the eigenvalues of L., with
negative real part are (\;");>2,_1. By Proposition R.3, the corresponding generalized eigen-
functions (¢; )i>2,—1 have all at least 2¢q zeros. Due to Corollary in Appendix C, each
function vg(t) has at least 2¢ zeros for large ¢t. Since by Theorem P.1] the number of ze-
ros of vy(t) is non-increasing, vi(t) has at least 2¢ zeros for every time ¢ € R. Applying
Corollary again, we obtain that necessarily i, > 2¢ — 1 and that i(e_) > 2¢. Since
Lemma [T states that the asymptotic behaviors of all v, (t) are different, there are at most
i(e) — (2¢ — 1) = i(e_) — i(ey) possible asymptotic behaviors.
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Assume now that i(e,) = 2¢q # 0 is even. By Proposition .3, this means that the pair
of eigenvalues ()\;q_l, )\;q) is a pair of simple real eigenvalues satisfying )\;q <0< )\;q_l. All
eigenfunctions corresponding to the eigenvalues of L., with negative real part have at least
2q+2 zeros, except <p§rq which has 2¢ zeros. Arguing as above, we obtain that i, > 2¢—1 and
that i(e_) > 2q, that is, that there are at most i(e_) — (2¢ — 1) = i(e_) —i(ey)+ 1 possible
asymptotic behaviors for the functions vy(t) when ¢ — —oo. Here is the point where the
fact that i(e_) > i(ey ) is crucial. Indeed, this assumption implies that \;, and A;,_; have
both positive real parts. Assume that p = i(e_)—i(e;)+1. Then, according to Lemma [L.T],
all the possible asymptotic behaviors corresponding to the eigenvalues A, 4, ..., )\ie_)fl
are taken by the functions vy (f). Without loss of generality, we may assume that v;(t)
and v,(t) have an asymptotic behavior corresponding to 9, (t) and v, ,(t). Since, due
to Theorem P.1, the number of zeros of v(t) is non increasing in time, the asymptotic
behaviors of v1(t) and vy(t), when t — 400, correspond necessarily to \3,. Since A,

is a simple eigenvalue, we can find a € R\ {0} such that v, () + avs(t) = o(e’\;qt) when
t — +o00o. Therefore, by Corollary [C.8, v;(t)+awvs(t) has at least 2g+2 zeros when ¢ tends to
infinity. However, when ¢ — —o0, the asymptotic behavior of vy (t) + awvy(t) is determined
by 15, + atby, |, which does not identically vanish by Lemma [L.1. By Proposition P.3,
Vo, + athy, ; has exactly 2q zeros. Thus, v;(t) + ava(t) has exactly 2q zeros for ¢ close to
—oo and we get a contradiction with the lap number property stated in Theorem .. As a
consequence, one of the asymptotic behaviors corresponding to 15, or ¢y, _; is not realized
by the family (vj(¢))1<k<p- Thus, p <i(e_) —i(e;) and ({.J) holds.

This concludes the proof of Assertion 1) of Theorem [[.4. O

4.2 Connections involving periodic orbits

This section is devoted to the proof of the second statement of Theorem [[.4. The proof
follows the same lines as the ones of the proof of the first part of Theorem [[.4. As we shall
see, the proof is even simpler because of the presence of the eigenvalue p = 1, which implies
for example that the dimension of the unstable manifold of a hyperbolic periodic orbit is
larger than its Morse index. In particular, the difficulties encountered in the second part
of the proof in Section 4.1 (see the case i(e; = 2¢) do not occur.

Theorem 4.2. 1) Let e~ (resp. I'") be a hyperbolic equilibrium point (resp. hyperbolic pe-
riodic orbit of period pt > 0). Then the unstable manifold W*(e™) intersects transversally
the local stable manifold W (I'F).

2) Let T~ (resp. e*) be a hyperbolic periodic orbit of period p~— > 0 (resp. hyperbolic
equilibrium point). Then the unstable manifold W*(I'~) intersects transversally the local
stable manifold W (e™).

Proof: We proceed as in Section [I.I. The main ideas behind this proof are the same as
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those of the proof of the transversality orbits connecting two hyperbolic periodic orbits of
&)

Assume that W*(e7)NWg _(T'") # 0 (otherwise the intersection is transversal by defini-
tion). Let u(t) be a global solution of ([[.T]) with u(0) € W*(e™) NW; .(I'"). By definition
Wt(e™) intersects W (I'") transversally if and only if Ty,0W"(e™) + TuoWi.(I'") =
H#(St). We know that dim(Ty,W*(e7)) = i(e”) and codim(T,)W;,.(I'T)) = i(I').
Thus, Ty W*(e™) + TuoyWi (I'T) = H*(S) if and only if

dim (T W () N Tuo) Wi () < ie”) — i(T*) . (43)

Since W*(e_) is a finite-dimensional manifold, there exists a finite basis (vf,...,v)) of
TuoyW*(e~) N Ty Wi (e4). Let vg(t) be the global solutions of Eq. [L1], that is,

Oy = 02,08 + Do f (2, u, up)vg + Dy, f(2, 1, u,) 050, v(0) = vp .
The basis (vf, ..., v9) of TyoyW"(e™ )Ty Wi.(I'") has the asymptotic behavior described

by (i)-(iv) at the bepginning of Section [.1], when ¢ goes to —oo. Without loss of generality,
we may assume that this basis has been chosen as in Lemma [.1. By Corollary [C.g, we
know that the number of zeros of v () is at most equal to the Morse index i(e”). Let
't = {y"(t)|t € [0,p")}. Since u(0) belongs to W (I't), there exists a™ € [0,pT) such
that «(0) belongs to the local strongly stable manifold of the point v*(a™). Thus, when
t goes to +oo, the asymptotic behavior of the function vy (t) is given by Corollary

and corresponds to eigenvalues pf, of the period map IIT(p* + a*,a™) (which coincide
Y
with the eigenvalues of the period map I (p*,0), with |u' | < 1. Hence, i} > i(I'") + 1.
U

Furthermore, if 7 = 2j or 2j — 1, then, when ¢ is large enough, vi(t) has exactly 2j zeros
which are all simple.

If (') = 0, then To,0) W3 (I'") = H*(S') and the transversality trivially holds. We
notice that however this situation does not arise, since, as poved by @], periodic orbits
are never stable in the case of Eq. ([L1]).

Assume that i(I'") = 2¢™ — 1 is odd, then for ¢ large enough, each function vy (¢) has
at least 2¢™ zeros. Since by Theorem P.1] the number of zeros of vy (t) is non-increasing,
v(t) has at least 2¢™ zeros for every time ¢t € R. Applying Corollary [C.§, we obtain that
necessarily i, > 2¢" —1 and that i(e_) > 2¢™* (we already know this property by Corollary
B.3). Since Lemma [.1] states that the asymptotic behaviors of all vy (¢) are different, there
are at most i(e”) — (2¢" — 1) = i(e”) — i(I'") possible asymptotic behaviors when ¢ goes
to —oo0.

Assume that i(I'") = 2¢™ is even, then, for ¢ large enough, each function vy (¢) has at
least 2¢™+2 zeros and, arguing as above, we obtain that there are at most i(e™)—(2¢"+1) <
i(e”) — i(T'"") possible asymptotic behaviors when ¢ goes to —oc.

In each case, ([.3) is satisfied and the heteroclinic orbit u(t) is transverse.

The proof of the second statement is similar to the one of statement 1) and also to
the proof of the first part of Theorem [[.4 given in Section 4.1. Notice that we do not
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encounter the difficulty, which arises in Section 4.1 in the case where i(e™) = 2¢ and
i(T7) = i(e™) = 2q, since we have an additional dimension at our disposal. Indeed, if '~ is
a hyperbolic periodic orbit, then dim(W*(I'"))) = i(I'" )+ 1. Therefore, W*(I'™) intersects
W (eT) transversally at u(0) if and only if

dim (T W (1) N Ty Wi (e")) < i(07) + 1 - ie?) (4.4)

Thus, arguing as in Section [L1], we prove that the intersection W*(T'~)NW*#(e") is transver-
sal, even if (I'") =i(e™). O

5 Generic non-existence of homoindexed orbits

In the previous sections, we have seen that the unstable manifolds of hyperbolic periodic
orbits always intersect transversally the local stable manifolds of hyperbolic periodic orbits
or equilibrium points. Likewise, the unstable manifolds of hyperbolic equilibrium points
always intersect transversally the local stable manifolds of hyperbolic periodic orbits. In
Section [.1], we have proved that any orbit connecting two hyperbolic equilibrium points e_
and e, of different Morse indices i(e_) and i(e, ) is transverse. In Section 3.1, we have seen
that there does not exist any connecting orbit between two hyperbolic equilibrium points
with same odd index i(e_) = i(e;) = 2m — 1, m > 1. Thus, in this section, it remains to
show that generically with respect to the non-linearity f, there does not exist any orbit
connecting two equilibrium points with same even index i(e_) = i(ey) = 2m, m > 1.
In the proof of the generic non-existence of homoindexed orbits, we will actually show
that generically with respect to f, all the connecting orbits, connecting equilibria with
equal even Morse index, are transverse, which precludes the existence of homoindexed
orbits. To show this genericity result, we we shall use a functional characterization of the
transversality of all connecting orbits C(e™(f),e™(f)) of ([-]) and apply the Sard-Smale
theorem.

5.1 Preliminaries

In the introduction, we have assumed that the conditions ([.9) hold, which imply that Eq.
(L3)) defines a global dynamical system S;(t) in H*(S') given by S;(t)ug = u(t), where
u(t) € CHRY, H*(S')) is the (classical) solution of ([[T]). If the conditions ([:F) do not
hold, then S¢(t) is only a local dynamical system. At the end of the introduction, we have
remarked that the automatic transversality as well as the generic transversality properties
are still true, even if Hypothesis ([.4) does no longer hold. For this reason, in this section,
we do not take into account this hypothesis.
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We recall that & denotes the space C?(S! x R x R, R) endowed with Whitney topology
(see ([.3)). We fix a non-linearity fy in & (satisfying or not Hypothesis ([.7)). We assume
that fy is chosen so that all the equilibria and periodic orbits of the corresponding equation
(L)) are hyperbolic. We also consider the set Co(ey,eq) = Cy,(eq,ef) of all the orbits
u(t) = Sy, (t)up of (1), connecting two (hyperbolic) equilibria ef. Remark that ej could
be equal to ¢ .

In the next section 5.3, we shall give a functional characterization of the transversality
of the connecting orbits C(e™(f),e™(f)) of ([.T) for ¢ € R, which connect equilibria e~ (f)
and e*(f), close to e, and eg, when f belongs to a small enough neighbourhood of f; in
&. We will show that, even if Cy(ey, ed) is not a transverse connecting orbit, we can find
[ as close to fy as is wanted so that all the connecting orbits C(e™(f),e*(f)) (with norm
less than a given constant) are transverse.

Since & is not metrizable and the classical perturbation theorems are usually proved

in Banach spaces, we will “replace” & by a Banach space in the following way.
Since H*(S!) is continuously embedded in C'(S!), there exists a positive integer kg > 1
such that ||v]|c1 < kol|v||gs, for any v € H*(S'). Now, for any My, we introduce the
restriction operator R(Mj) : g € & — Rg € C*(S' x [—ko(Mo+2), ko(Mo+2)] x [—ko( Mo+
2), ko(My + 2)],R) defined by

R(Mo)g = 9181 x[—ko(Mo-+2), ko (Mo+2)] x [—ko(Mo-+2), ko (Mo+2)] -

The map R(M,) is continuous, open and surjective from & into R(My)®.

In what follows, we need the following two auxiliary lemmas. The first lemma allows
to construct appropriate neighborhoods of the equilibria ef in H*(S'), when f is close to
fo in a small enough neighborhood of fy in C?. This lemma is classical and is proved as [B,
Lemma 4.c.2] (see also [A, Lemma 4.10 ]). Its proof mainly uses the continuous dependence
of the equilibria and local unstable or stable manifolds with respect to the non-linearity f.

Lemma 5.1. Let My be a given positive constant and fo € & be given such that all its
equilibrium points are hyperbolic. Then, fo has a finite number of equilibria e;, 1 < 7 < Ny
such that ||ej||ps < My. There exist 1o > 0, Ry > 0, Ry > 0, with ro < Ry < Ry, and a
small neighbourhood V(fo) = V(fo, Mo) of fo in R(My)®, depending only on fo and My,
such that the following properties hold:

1. For any f € V(fo, My) and any j, 1 < j < Ny, there exists an equilibrium point
e;(f) of Sg(t) in Bys(ej(fo),r0). The equilibrium e;(f) is unique in the closed ball
Bpys(ei(fo), R1)) and has the same Morse index as e;( fo).

2. Ry can be chosen so that Bys(e;(fo), R1)) N Bu=(e;(fo), R1)) =0, if i # j.

3. There exist small neighbourhoods N;(f) of e;(f), (with Bus(e;(fo), Ro) C N;(f) C
Buys(e;(fo), R1)), which converge to N;(fo) in H*(S') as f converges to fo in R(My)®
and satisfy the following property:
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the local stable set Wi, ¢(e;(f),Nj(f)) and the local unstable set W, ¢(e;(f), N;(f))

)
are C'-manifolds of codimension z(e(fo)) and dimension i(e(fo)) respectively. More-

over, Wi 1(€; (), Ni(£)) O Wi 5 (e;(£), Ni(f)) = {e;(f)}-

4. If u(t) = S¢(t)u* is a solution of (L)) such that u(t) belongs to By«(e;(fo), Ro) for
all t >ty (respectively, to Bu=(e;(fo), Ro) for allt <t;), then u(t), t >ty belongs to
the local stable manifold Wi, ((e;(f), Nj(f)) (respectively u(t), t < t; belongs to the
local unstable manifold W, (e;(f), N;(f))).

5. Moreover, there exists a positive constant co such that, if uy, us are two solutions of
(L1) with f = f1 and f = fo, where f;, i = 1,2 belong to V(fo, M), and if ui(t),
uy(t) belong to Bys(ej(fo), Ro) for allt € J, where J = (—00,t] or J = [ty, +00) for
some tg € R, then,

< co(Ilfr = faller + llua(to) — ua(to)]

i) (5.1)

sup [lug(t) — ua(t) ||
teJ

We also need the following auxiliary lemma about convergence of connecting orbits. Its
proof is the same as the proofs of [§, Lemma 4.c.3] and [f, Lemma 4.11 ]. See the proof of
Lemma [.2 for similar arguments.

Lemma 5.2. Let fo, My and ro < Ry be as in Lemmdp-1. Let e~ (fo) and e (fy) be two
(hyperbolic) equilibria of fo satisfying the conditions of Lemma [B.1. Let py > 0 be any
positive number such that ro < pg < Rp.

Let f, € V(fo) be a sequence converging in R(My)® to some function foo € V(fo).
Assume that, forv=1,2,..., u, is a solution of (1) for f = f, such that,

u,(t) € Bys(0,My) , VteR
u,(t) € B (fo)), p0) Wt € (—o00, —tq) (5.2)
uy(t) € Bus(e"(fo)), po) .Vt € [to,00)

where to s a positive time. If e~ (fo) = et (fo) = e(fo), we assume in addition that there
exists a sequence of times t, € (—to,ty) such that u,(t,) ¢ Bus(e(fo), Ro)-

Then, w, admits a subsequence w,, that converges in C)(R, H*(S")) to a non trivial con-
necting orbit us, of (1) for f = fs, connecting the equilibria e (fs) and €™ (fu).

Remark : If, in the case where e (fy) = et (fo) = e(fo), we do not require that there exists
a sequence of times t, € (—tg, to) such that u,(t,) ¢ Bys(e(fy), Ro), then the subsequence
u,, could converge in Cy (R, H*(S")) to an equilibrium point e(f.) of Sy (¢).

In [f], in order to give a functional characterization of the transversality of the con-
necting orbits C(e™, e*), Brunovsky and Poldcik have introduced a functional defined on a
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subspace £ of the continuous bounded mappings from R into L2. In our situation, following
the path of [§], we could introduce the spaces,

E=CYR,L*(SH)NC™"R,H*SY)), 6>0, Z=C"R,L*S").

Then, we would fix a non-linearity fy, the equilibrium points of which are all hyperbolic,
and fix two such equilibria e, and ef. By Lemma B.1], if a solution u(t) = Sy, (t)uo belongs
to the ball Bys(eg (fo), Ro) for every time t > ty and to the ball Bys(eg (fo), Ro) for every
time t < —tg, where t5 > 0, then u(t) is a connecting orbit from e, to ej. This leads us to
introduce the open subset Uy C &,

Uy = Up(ey seq) = {w(t) € E|w(t) € Bys(ed (fo), Ro) for every ¢ >t , (5.3)
- :

w(t) € Bys(eg (fo), Ro) for every t < —ty} .
We could finally define the functional ®(w, f) : (w, f) € Uy x V(fo) — ®(w, f) € Z by
O(w, f) = w(z,t) — wee(x,t) + f(z, w(x, t), we(x, 1)) . (5.4)

As in [}, Lemma 4.b.5 and Corollary 4.b.6], we could show that, if (u, f) belongs to
O=1(0) N (Uy x V(fo)), then the linearized operator D, ®(u, f) is a Fredholm operator of
index i(e;) — i(eg). Moreover, we could show that, if 0 is a regular value of the map
u € Uy — P®(u, f), then all the connecting orbits @(t) such that (u, f) € Uy x V(fo))
are transverse. This is a consequence of a functional characterisation of the transversality
similar to the one of Appendix B. Then, we would apply the Sard-Smale theorem (Theorem
A1) to the function ® to deduce that, generically with respect to f, 0 is a regular value
of the map u € Uy — P (u, f).

However, we have seen, in [fl], that it is more convenient to use a discretized version
of the functional ®, that is, to work with bounded sequences (w(nr)),en rather than with
bounded continuous mappings w(t). In the next section, as in [[J], we shall discretize the
time variable and replace the functional ®(-) defined on bounded functions on R by a
discrete analog, defined on bounded sequences.

5.2 Proof of Theorem

As already explained, the proof of Theorem [ essentially consists in using the (discrete)
functional characterisation of the transversality given in Appendix B and in applying the
Sard-Smale theorem to an appropriate discretization of the functional (5.4). The applica-
tion of the Sard-Smale theorem involves some technical difficulties. The way to overcome
them is now well understood (see [§] and [[]). The verification of the surjectivity of the
functional ® is the crucial point in the application of the Sard-Smale theorem.

The proof of Theorem [[.J can be decomposed into several steps.

26



Step 1: Choice of particular neighborhoods and reduction to a simpler problem

We introduce the sequence of bounded open sets, m € N, given by
B, = Bys(0,m) = {v e H(SY) | ||v|

Since H*(S') = U,,B,,, Theorem [.5 will be proved if we show that, for each m, there
exists a generic set in &, such that, for any f in this generic set, any orbit @(t) of ([Z])),
connecting two (hyperbolic) equilibria and satisfying u(t) € B,,, t € R, is transverse. We
recall that, since H*(S") is continuously embedded in C'(S'), there exists a positive integer
ko such that [|v]|c1 < kol|v]| g, for any v € H*(S!). In [B0, Proposition 3.2], we have shown
that the set

Hs<m}

OF = {f € &| any equilibrium e of () with ||e|c1(s1) < ko(m + 1) is hyperbolic}

is open and dense in &.
As in Section 5.1, we want to work in subspaces of C?(S* x[—kq(m~+2), ko(m+2)] x[—ko(m+
2), ko(m + 2)],R) and hence, we use the restriction operator R(m) that we simply denote
R. We set RO,, = R(O") endowed with the topology of C?(S! x [—ko(m + 2), ko(m +
2)] x [—ko(m + 2), ko(m + 2)],R), which is a separable Banach space. The set RO,, is an
open subset of C?(St x [—ko(m +2), ko(m + 2)] x [=ko(m + 2), ko(m + 2)], R) and the map
R is continous, open and surjective.

As already remarked in [§, Proof of Theorem 4.c.1, p. 165] (and also in [{, Proposition
4.12]), Theorem will be proved by using the following proposition.

Proposition 5.3. Assume that, for any m € N and any fo € RO,,, there exist a small
neighbourhood Vy, of fo in RO, (or simply in C*(S* x [—ko(m+2), ko(m+2)] x [—ko(m+
2), ko(m+2)],R)) and a generic set Gg, m in Vy, such that, for any f € G m, any solution
a(t) of (L), connecting two (hyperbolic) equilibria and satisfying ||a(t)||zs < m, for any
t € R, is transverse. Then Theorem holds.

Proof: Let m be given. Since RO,, is separable, there exists a countable set of functions
fi» i € N, such that the family of corresponding neighbourhoods (Vy,), i € N, covers RO,,.
Let (Gf..m), i € N, be the corresponding generic sets and et Gy, = Gpom U (RO \ Vy),
which is a generic subset of RO,,,. The set G,, = ﬂieNthm is generic in RO,,,. Moreover,
for any f € G, any solution a(t) of ([I)), connecting two (hyperbolic) equilibria and
satisfying ||@(t)||gs < m, t € R, is transverse. Since the map R is continous, open and
surjective, R~(G,,) and R71(G,,) N O}, (where O}, is the generic set introduced in Theorem
[3) are generic subsets of &. Finally, we notice that Oy = NyuenR™H(G,) N Oy is the
generic set given in Theorem [[.5. O

The interest of Proposition is that we can now work in a small neighborhood V,
of fy in RO, insted of working in RO,,. This neighborhood can be chosen as small as is
needed.
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From now on, we fix m € Nand fy € RO,,. We apply Lemma [.] with My = m. Hence,
there exists a small neighorhood V(fy) of fy in RO,, such that all the properties described
in Lemma [.]] are satisfied. In particular, let e;(fo), 1 < j < Ny be the (hyperbolic)
equilibrium points of Sy, (t) such that |le;(fo)|[ms < m. Since Sy (¢) has also a finite
number of (hyperbolic) equilibrium points in the closed ball Bys(0,m + 1), there exist
two real numbers k and k; such that 1 < k; < k < ko(m + 2)/(m + 1) and that Sy, (t)
has only Ny equilibrium points in the closed ball Bys(0, km). Moreover, we may choose
the neighbourhood V(fy) of fy small enough so that, for any f € V(fy), S¢(t) has only
Ny equilibrium points in the closed balls Bys(0,km) and has no equilibrium points in
{ve H(SY) | kym < ||v||gs < km}. Let o and Ry be chosen as in Lemma (.1 We notice
that ro and Ry can be chosen small enough so that, for any 1 < j < Ny, Bys(e;(fo), Ro) C
Bpgs(0, km). For later use, we also fix py and p; such that ro < py < p1 < Ry.

For any (even) integer d, we introduce the set £; of equilibria of Eq. (L) for f = fy
in Bys(0,m), the Morse indices of which are equal to d and we set

Dy = Ue,(fo)ee, B (ej(fo),m0) -

For any integer ¢ and (even) integer d, we denote by G4? the set of all f € V(f,) that have
the following property: every solution u of ([[.1) satisfying

u(t) € B,,, VteR

u(t) €Dy, Vte (—oo,—lU[l,+0), (5.5)

is transverse. We notice that, due to Lemma [.1], any non-trivial orbit satisfying the
conditions (p.J) is a connecting orbit, connecting two equilibria contained in D,. Due to
the choice of V(fy), the set

G = Np.aGo?

satisfies the transversality conditions stated in Proposition p.3. It is therefore sufficient to
prove that each G%? is open and dense in V(fj).

Step 2: Proof of the openess of G%¢

Assume that (f,) is a sequence in V(fy) \ G5¢ which converges to fo € V(fo). We want
to show that f., does not belong to G%¢. Since f, € V(fy) \ G4%, there exists a solution of
(D) for f = f,, distinct from any equilibrium and connecting two equilibria in Dy. Since
there is only a finite number of sets Bys(e;(fo)ro) in Dy, passing to a subsequence, we may
suppose that there exist indices 71, 79, with 1 < iy < Ny, 1 < iy < Ny such that

u,(t) € Bys(e(fo),r0) , V¥t € (—o0, —4],
u,(t) € Bys(e®(fo),r0) , Vt € [l,+00).

Moreover, if i; = iy = i, since the solution u,(t) is not an equilibrium point, there exists a
time 7, such that u,(7,) ¢ Bps(e'(fo), Ro). By Lemma [-3, there exists a subsequence u,,
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that converges in CP (R, H*(S')) to a non trivial connecting orbit u, of ([1]) for f = f.,
connecting the equilibria e (f,) and €”2(f.). Since this non-trivial orbit connects two
equilibrium points with same Morse index, it cannot be a transverse orbit, which proves
the openess of G42.

It remains to show that G%¢ is dense in V(fy). This will be done in the next (and
remaining) steps of the proof, by introducing a discrete version of the functional ® described
in Section 5.1 and applying the Sard-Smale theorem to it. To this end, we first need to
discretize the semi-flow S¢(t).

Step 3: Discretization of the semi-flow S;(t)

For any ug € H*(S') and f close to fy, we consider the image by the time 7-map S (7)ug €
H*(S1) of wy,

G(ug) = Gylug) = e*ug + /OT A=) (2, Sp(0)ug, 0u(Sp(0)ug)) do (5.6)

where A = 0,,. As we do not assume global existence of solutions in this section, G (u) may
not be defined if S¢(¢)ug blows up in a time shorter than 7. To overcome this difficulty,
for any given m > 0, we choose a time 7, > 0 such that G is well defined for any
ug € Bys(0,m) and any f in a neighbourhood of fy. Then, since u — f(.,u,u,) belongs
to C"(H*(S"), L*(S')), r > 1, the mapping G belongs to C"(Bgs(0,m), H*(S')) and, for
any vg € H*(S1),

DG(ug)vy = 4™ vy + / " A=) (D, f (. 5310, 01 (5 (0)ua) ) (DS (o))
+ Dy, f (2, 540 )1to, 0u(Sy(0)u0)) (DSy(0)un)ro).. ) o
(5.7)

that is, DG(ug)vy is the image at the time ¢ = 7, of the (classical) solution of the linearized
equation,
0w = Av+ D, f(x,S¢(t)uo, 0z (Sp(t)ug))v + D, f(x, Sp(t)uo, 0 (S (t)uo))vy ,t >0,
v(0) = v .

In other words, if @(t) is a bounded orbit of ([.1]) with sup,cp ||@(t)||x < m, then, for any
n € 7,

G(u(nty)) = a((n+ D7), DG(u(nty,))ve = Ta((n+ 1)Tm, n7m)vo (5.8)

where Tj (¢, s) is the evolution operator (on L%(S')) defined by the linearized equation along
the bounded orbit @(t) (see Eq. (BIJ]) in Appendix B.3).

In the next step, we shall introduce the discretized version of the functional ® defined
in (5-4) and the “discretized” open set corresponding to U. We require several smallness
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conditions on the time step 7,,. We assume that 7 = 7, = T,k and V(fy) are small
enough such that:

(i) if ||uo|lgrs < m, then Sy, (t)ug € Bp=(0, kym), for 0 <t < 7,,,

(ii) if [Juo| gs < kym, then Sy, (t)ug € Bys(0, km), for 0 <t < 7,,,

(iii) if wo € Bu=(e;(fo),p0), 1 < j < Ny and f € V(fy), then S¢(t)ug € Bys(e;(fo), p1) for
0<t<m.

With these conditions, we control the behavior to the continuous solution S (t)ug between
two time steps n7T and (n + 1)7. For example, (iii) ensures that if u(n7) belongs to
Bys(ej(fo), po) for any large enough n, then wu(t) belongs to Bys(e;(fo), Ro) for ¢ large
enough and thus wu(t) belongs to the local stable manifold of e;( fy).

Step 4: A functional characterisation of the transversality

We are now ready to define the discretized version of the functional ® introduced in
Section 5.1. This follows the lines of [P].

We recall that the integer m, the function f; and the neighbourhood V(f;) are fixed.
Since the Sard-Smale theorem requires that ® is defined on open sets and the set B,, used
in the definition of gf;;d is closed, we need to introduce the following set

B = {ve H (S| ||v]lgs < kam} .
Let &; be the set of equilibrium points of Sy, (¢) in B, of Morse index d. We set

D; = Uej(fo)eg‘dBHs(ej(fO)up()) :

For any integer ¢ and any (even) integer d, we finally introduce the following subspace of

(>(Z, H*(S")),

X =Xppa={w(r) € (2, H(SY)) |V|n| > ¢, w(nT) € D and Vn € Z, w(nt) € B} .

(5.9)
We notice that X is open in £>°(Z, H*(S')) and contains the discretizations of all connecting
orbits of Sy(t) satisfying (5.H). We next define the discretized map ® = @, 04 : X X
V(fo) = 1°(Z, H*(S")) by

Q(w, f)(n) = Cupalw, f)(n) = w((n+1)7) — Gp(w(nr)), VneZ, (5.10)

where Gy has been defined in (5.6).

Arguing as in [0, Section 4.2], we obtain the following characterization of the transver-
sality. Its proof is based on the abstract formulation of transversality given in Appendix
B. Without loss of generality, we may replace V(fy) by a smaller neighborhood and thus
assume that V(fy) is actually a convex neighborhood.

Theorem 5.4. The above map @ : X pa X V(fo) — I°(Z, H*(S")) is of class C*. A pair
(u, f) belongs to ®~1(0) if and only if u is the discretization of a connecting orbit u(t) (or
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an equilibrium point) of S¢(t) contained in Bys(0, km) whose discretization belongs to B,.
Moreover, for any (u, f) € ®~1(0) the mapping D, P(u, f) is a Fredholm operator of index
0.

If 0 is a regular value of the map u € X, p0a — P(u, f), then all the connecting orbits the
discretizations of which are contained in X, 4 are transverse, i.e. f € Qf;bd.

Proof: The description of the zeros (u, f) of @ is obvious. Indeed, Gf(u(nt)) = S¢(T)u(nt)
and thus u is the discretization of a trajectory @(t) of Sy(t). Moreover, due to the definition
of X = X, 44 and to Lemma [.], it is a connection between two equilibrium points e~ (f)
and et (f) of same index d and is a constant sequence if and only if it coincides with an
equilibrium e~ (f) = et (f).

It is straightforward to prove that the mapping ® : X x V — [°°(Z, H*(S')) is of class
C* (see [B, Lemma 4.c.4] or [, Lemma 4.13]). Moreover, the first derivative D®(u, f), for
(u, f) € X x V(fo), is given by

D®(u, f)(Y,h)(n) = Y((n+ 1)7) — D,Gs(u(n1)))Y (n7) — DsGs(u(nt)) - h
=Y((n+1)7) =Ty s((n+1)r,n7)Y(n1) — D;Gs(u(nt)) - h (5.11)
= (LuyY)(n7) — DyGy(u(nT)) - h

where (Y, h) is any element of [*°(Z, H*(S')) x & and where T, s, t > s, is the evolution
operator defined by the linearized equation (B.I1]) and @ is the solution of (L), the
discretization of which is given by u.

The expression (B.11]) of the derivative D® shows that u is a regular zero of the mapping
u € Xy ea— P(u, f) if and only if the mapping L, f is surjective. Corollary [B.14 implies
that the map £, ; is surjective if and only if @ is transverse. Corollary B.14 also tells that
L, s is a Fredholm operator of index equal to i(e”(f)) —i(e*(f)) = 0.
As noticed above, if 4 = {...,e,e,....,} is a constant sequence, then, by the construction
of the various neighbourhoods made in Lemma p.1], e is a hyperbolic equilibrium point of
(L), which implies that e = e (f) = e (f). Again, by Theorem [B7, the surjectivity of
the map £, s is then equivalent to the hyperbolicity of e (f). O

Step 5: Surjectivity of D®

As already explained, we will apply the Sard-Smale theorem to the functional ® introduced
in Step 4 and consider the set ®1(0) in particular. One of the main hypotheses of the
Sard-Smale is the fact that 0 is a regular value of the map (w, f) € X x V(fy) — ®(w, f).
This property will be shown in the next theorem as consequence of Corollary B.14 and the
one-to-one property of homoindexed orbits proved in Proposition B.§.

Theorem 5.5. Assume that X and ® are given as in Step 4.
1) The pair (4, f) is a reqular zero of the map (w, f) € X x V(fy) — ®(w, f), if and only
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if, for any nontrivial bounded solution ¥ (t) € CY(R, L*(S')) of the adjoint equation (B12),
there exists g € R® such that

+o00
/ ((0), G0 sy dt £ 0,

o0

where u(t) = S(t)u(0) is the (continuous) trajectory corresponding to the sequence (a(nt)).

2) As a consequence of the first statement and of Proposition [3.4, 0 is a regular value
of the map .

Proof: We first prove the second statement of the theorem, which is a direct consequence
of Proposition B.G. If ®(u, f) = 0 and @ is the discretization of an (hyperbolic) equilibrium
point, then as explained in the proof of Theorem f.4), the map L; s is surjective and thus
D®(a, f) is also surjective. Thus, it remains to consider the case where (a, f) € ®71(0)
and w is not the discretization of an equilibrium point. By the first statement, the operator
D®(a, f) € L(X x V,1>®(Z, H*(S1)) is surjective if and only if, for any nontrivial bounded
solution ¥(t) € CP(R, L*(S') of the adjoint equation (B:I3), there exists § € R® such that

/51/— OO@Z)(x,t),g(:p,ﬂ(:p,t),ﬂx(x,t))d:pdt # 0. (5.12)

Since v (t) is a non trivial solution of the adjoint equation, there exist zq € S* and ¢, such
that ¥(zg,tg) # 0. Due to the injectivity property of Proposition B.g, for x, fixed, there
exists no other time ¢; such that @(zo, t1) = (xo, to) and @, (xg, t1) = @ (2o, to). Moreover,
Proposition B.§ also implies that (@(zo,t), U, (zo,t)) stays outside a small neighbourhood
of (t(xg, ty), Us(z0,to)) for t close to £oo. Therefore, one easily constructs a regular bump
function § which vanishes outside a small neighbourhood of (zg, (g, to), U (z0, o)) and
is positive in this neighbourhood; so that the function (z,s) — §(z, u(x,s), t,(x,s)) is a
regular bump function concentrated around (zo,%y). For such a choice of g, the condition
(B-19) is thus satisfied.

We now prove the first statement of the theorem. This proof is nothing else as the
proof of [f, Theorem 4.7]. For the reader’s convenience, we reproduce it here.

As already explained, if (@, f) belongs to ®~1(0), then @ is a discretization of a trajectory
u(t), t € R, of ([J]), connecting two equilibria e~ (f) and e (f). Without loss of generality,
we may assume that @ is a nonconstant sequence. Indeed, if @« = {... e e,...., }, then
e =e (f) = e (f) is a hyperbolic equilibrium point and so @ is a regular zero of ®. On
the other hand, the adjoint equation (B.12) has no nontrivial bounded solution.

Thus, we assume that @ is not a constant sequence. We recall that, by (B.11), for any
(Y,g) € 1°°(Z, H*(S")) x R®

(D@(a, f) - (Y,9))(n1) = (LasY)(nT) = DsGya(nT)) - g -
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We notice that L; ; corresponds to the operator £ defined in (B.2). A sequence H €
(>(Z, H*(S1)) is in the range of D® if and only if one can choose § € R® such that
H + D;Gy().g is in the range of L;. According to Corollary B.I4, this is equivalent to
finding g such that

> Wln+ D7), DsGa(nt)) - §)rasry = — > (@((n+ 1) H(nT)) ey, (5.13)

for every nontrivial sequence ¥ (nt) = T*(nt,0)¢, o € L*(S'), which is bounded in
L*(S"). We can choose such a § € R® if, given a basis ¥y, vy, ..., 1, of the (necessarily)
finite-dimensional vector space of bounded sequences 1(n) = T*(nt, 0)1, the mapping

§e® = () (i((n+1)7), DsGy(a(nT)) - §)r2st) 1<j<q € R (5.14)

—00

is surjective. If the range of the mapping (5.14) is not the whole vector space R?, there
exists a vector (a, ..., ay) orthogonal to the range, that is, there exists a bounded sequence

=Y a;1; # 0 such that, for any g € R®,

—+00

3" @((n + 1)7), DyGy(a(nr)) - §hragsny = 0.

n=—oo

Thus, D® is surjective if and only if, for any bounded sequence ¢(n71) = T*(n7, 0)1y, there
exists g € R® such that,

+o0

> (W((n+ 1)1, DyGy(U(nT)) - o) # 0. (5.15)

n=—oo

Since the solution of ([L.T) is differentiable with respect to f, we can differentiate ([L.1)
formally with respect to f to deduce that, for any g,

(n+1)7
D¢Gy(a(nT))- g = / Ti((n+ 1)1,0)g(u(0)) do . (5.16)

nTt
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Using the expression (5.16) in the condition (5.17) yields

Y (W(n+1),DsGy(a(nr)) - §)rzs)
—+00 (n+1)7
-y / (W((n+ 1)7), Tal(n + 1)7, 0)§(i(0))do) 12(s1)

n=—oo Y 1T

+00 (n+1)7
-y / (Tz (0, (n+ Dr)e((n + 1)7), §(a(0))do) s

n=—oo

_ / T (0(0), 3((0))do) ags |

[e.e]

(5.17)

where, for any o € R, $(0) = T3(@, (n + 1)7)((n + 1)7) = T3(,0)¢. We remark that
¥(-) belongs to CP(R, L*(S')) and is a bounded solution of (B:I1]). Theorem p.j is thus
proved. O

Step 6: Application of the Sard-Smale theorem and density of G%?

After all the preliminaries given in the previous steps, we are now ready to apply the Sard-
Smale theorem (in the form recalled in Appendix [A]). This follows the lines of [§] and in
M-

We recall that the subspace X of £°°(Z, H*(S')) has been defined in (). We introduce
the open subset Y = V(fy) of RO,, and the Banach space Z = (*(Z, H*(S")).
We recall that the mapping ® = ®,, 44 : X x J — Z has been given in (p.1() as follows:

O(w, f)(n) = w((n+1)7) — Gy(w(nr)), VYneZ,

where G has been defined in (5.9).
We now check that all the hypotheses of Theorem [A.]] are satisfied with £ = 0.

By Theorem F4, ® is a C'-mapping from X x ) into Z and it is also a Fredholm
operator of index 0 for any (w, f) € ®1(0). Thus Hypothesis 1 of Theorem [A1] holds.

By Theorem p.5, D®(w, f) : T,X x T;Y — TyZ is surjective, for (w, f) € ®1(0).
Thus Hypothesis 2 of Theorem [A.]] also holds.

Taking into account Lemma [.2 and the remark following this lemma, we can prove
Hypothesis 3(b) by following the lines of the proof of the corresponding property in [ (see
[, Step 3 of the proof of Proposition 4.12]).

Thus, the functional ® satisfies all the assumptions of the Sard-Smale theorem. Due
to the relation between ® and the transversality of connecting orbits (Theorem p.4), this
shows the genericity of G5 in V(f;) and concludes the proof of Theorem [[F.
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6 The non-wandering set

To prove Theorem [[.(], it remains to show that generically there does not exist non-
wandering elements which are not critical elements and that generically the number of
critical elements is finite. We emphasize that the dynamics of ([.I) may have non-trivial
non-wandering elements. Indeed, as shown in [BH], every two-dimensional flow can be re-
alized in the dynamics of ([[.LJ]). Thus, one can for example create a sequence of periodic
orbits, which piles up on a homoclinic orbit. This orbit is then a non-wandering orbit
which is not critical. However, non-trivial non-wandering orbits are generically precluded.

Proposition 6.1. Assume that f is a non-linearity such that the dynamics of (1) satisfy
the following properties:

- there exists a compact global attractor for ([L1]).

- All the equilibria and periodic orbits of ([]) are hyperbolic.

- There s no homoclinic orbit and all the heteroclinic orbits are transversal.

Then, the set of non-wandering elements consists in a finite number of equilibrium points
and periodic orbits.

As usual in this article, the property stated in Proposition p.1] has its equivalent for two-
dimensional dynamical systems. It mainly relies on Poincaré-Bendixson property, proved
in [[4] for ([.]). Proposition p.]] is the key point to deduce the genericity of Morse-Smale
property from the genericity of Kupka-Smale property. The genericity of Morse-Smale
property for dynamical systems of orientable surfaces shown in [ff] also relies on a similar
property, see [A1]].

We enhance that, if f is such that ([.]) admits a compact global attractor and that
any equilibrium point and any periodic orbit are hyperbolic, then there is at most a finite
number of equilibrium points. However, as we explained above, there could exist an infinite
number of hyperbolic periodic orbits: think of a sequence of hyperbolic periodic orbits
piling up to a homoclinic orbit. One can only ensure that there is a finite number of
hyperbolic periodic orbits with a period less than a given number.

We begin the proof of Proposition by several lemmas. We assume in the whole
section that f has been chosen so that the hypotheses of Proposition .1 are satisfied.

Let C be a hyperbolic equilibrium point or periodic orbit of ([.T). We recall that there
exists an open neighbourhood B of C in H*(S') such that each global solution () of ([L.1]),
satisfying u(t) € B for all ¢ < 0, belongs to the local unstable manifold W (C). We refer
for example to [Lg], [E]].

Lemma 6.2. Let C be a hyperbolic equilibrium point or periodic orbit of ([1]) and let B
be the neighbourhood of C as described above. Let (uy(t)), oy be a sequence of solutions of

(L1) such that, for each n € N, there exist three times o, < t, < T, such that the following
properties hold. For allt € (0, T,), un(t) € B, u,(0,) € 0B, u,(1,) € 0B and,

A (n(t2),C) = 0 [[un(ta) = €llmsisry ———0

n—-4oo
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Then, there exist an extraction ¢ and a globally defined and bounded solution u.(t) of

(L)) such that us(t) € WE.(C), t <0, and

vVT>0, SUp || Uep(n) (Tom) + 1) — Uoo (E)]] 4. — 0. 6.1
oo +) = Oy (6.1)

Proof: First, we claim that 7, — ¢, — +00 when n — +o00. Indeed, if this is not true,
since C is compact, we can extract a subsequence ) (tw(n)) converging to some ¢ € C
and such that 7,,) — tyn) converges to some ¢ > 0. Then, by continuity of the Cauchy
problem related to ([]), ) (Tym)) converges to a point of C, which contradicts the fact
that wym)(Tym)) € 0B.

We set T = 1. Since ([[.1]) admits a compact global attractor and that (7,) converges to +o0,
the sequence wu,(7,, — T) is precompact in H*(S') and there is an extraction ; such that
Uy (n) (Tiy (ny — T') converges to some ue(—1) € H*(S'). Let us(t) = St + T)uc(—T),
t > —T, be the solution of ([.T]) associated to u.(—7"). By continuity of the Cauchy
problem related to ([[.1), e, n)(Ty, (n) + t) converges to ue(t) uniformly with respect to
t € [=T,T]. To achieve the proof of uniform convergence of u,(t) to u(t) on any compact
set of time, it is sufficient to repeat the argument for all 7' € N and to use the diagonal
extraction p(n) = @, o ... o @i(n).

Finally, let us notice that u.(t) belongs to W}.(C). Indeed, since u,(t) € B for all
t € [tn, ) and that 7,, — t,, — 400, Uus(t) € B for all t < 0. Due to the choice of B, this
implies that us(t) € WL.(C). O

Let M € RU {400}. We use the notation [I,M + 1] ={k € NJ1 <k < M + 1}. We
say that a sequence of critical elements (Ci)geqi,a+1] is connected if for any & € [1, M],
there exists a heteroclinic orbit wug(¢) such that the a—limit set of wg(t) is Cj and its
w—limit set is Cr41. We recall that a chain of heteroclinic orbits denotes the sequence of
heteroclinic orbits corresponding to a connected sequence of critical elements (Ci)repi pr1]
with Cp+1 = Cl.

Lemma 6.3. Assume that f is as in Proposition [6.1. Then, there is no connected sequence
of critical elements with infinite length. As a consequence, there is no chain of heteroclinic
orbits and, every w—limit set and every non-empty a—Ilimit set of trajectories of (L)
consist exactly of one critical element

Proof: Let M € NU{+oo} and let (C)repi,m+1] be a connected sequence of closed orbits
with heteroclinic connections (uy(t))rep, ). We consider the Morse indices i(Cy) of the
closed orbits. We have several cases:

- if C, and Cy41 are both periodic orbits, then Theorem [[.3 shows that i(Cy) > i(Cg41)-

- if Ck is an equilibrium point and if Cy; is an equilibrium point or a periodic orbit, then
dim(W*(Cy))=i(Cx) and codim(W*(Cg+1))=i(Cg+1). Thus, since the intersection of W*(Cx)
and W*(Cry1) is non-empty and transversal, one must have i(Cy) > i(Cg11).
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- if Ci is a periodic orbit and Ciyq is an equilibrium, then dim(W*(Cy))=i(Cx)+1 and
codim(W?*(Cy41))=1(Cr+1). Therefore, i(Cy) > i(Crs1)-

Hence, the Morse index of Cj, is non-increasing and decreases except if uy goes from a peri-
odic orbit to an equilibrium point. However, a sequence cannot consist only of connections
from a periodic orbit to an equilibrium and the Morse index must decrease at least every
two steps. Therefore, since the Morse indices are non-negative, M is bounded by 2i(Cp).

The non-existence of connected sequence of critical elements of infinite length precludes
the existence of chains of heteroclinic orbits since every chain (Ci)kepi pt1] With Cpy1 =
C; can be extended to a periodic connected sequence of critical elements and thus to a
connected sequence of infinite length.

Let ug € H*(S') be chosen such that its w—limit set w(ug) is not a unique periodic
orbit. Then, the Poincaré-Bendixson property stated in Theorem [ shows that w(ug)
consists of equilibrium points and homoclinic or heteroclinic orbits connecting them. We
know that homoclinic orbits are precluded. Moreover, since there is no connected sequence
of equilibria of infinite length, there exists an equilibrium point e where no connected
sequence can be extended, that is, such that W"(e) N w(ug) = {e}. Let B, be a small
neighbourhood of e in H*(S') such that any solution u(t) of ([1]) satisfying u(t) € B.
for any ¢t < 0, belongs to the unstable manifold W*(e). If w(ug) # {e}, then one easily
constructs three sequences of times (0,), (t,) and (7,,) going to +oo and satisfying the
hypotheses of Lemma .9 with C = {e} and wu,(t) = S(¢)up. But then Lemma [.9 implies
that there exists a solution us(t) of ([[-]]) belonging to the unstable manifold W*(e) and
with (7)) converging . (0). Therefore u.(0) € w(ug) NIB, and W*(e) Nw(uo) # {e},
which leads to a contradiction. Therefore, w(uy) = {e}. O

Proof of Proposition B.1: Let @iy € H*(S') be a non-wandering element and let @(t) =
S(t)tg. Using the definition of a non-wandering element, we easily construct a sequence of
trajectories u,(t) such that u,(0) converges to @y and, for any sequence (t,), there exists
a sequence (t),) such that ¢/, > t, and u,(t,) converges to . By Lemma [6.3, there exists
a hyperbolic critical element C; such that w(i) = {C1}. Let B; be a neighbourhood of
C, as in Lemma [.2. Assume that @y ¢ C;. Replacing B; by a smaller neighbourhood if
needed, we may assume that @y & B;. There is a sequence of times (t,) and a point ¢ € C;
such that @(t,) — c¢. By continuity of the Cauchy problem, we may assume without loss
of generality that w,(t,) — c¢. As we can find a sequence of times ¢/, such that t/, > ¢,

1

and u,(t) — @o € Bi, there exists a sequence of times 7! such that u,(t) € B, for

t € [tn,7}) and u,(7}) € dB;. By Lemma [.2, we may assume without loss of generality
that wu,(7,} + t) converges to some u;(t) € W*(C;). Now, we can repeat the arguments:
there exist a critical element Cy such that w(t;(t)) = {C2} and a sequence of times 7 such
that, up to an extraction, u,(72 + t) converges to some solution uy(t) € W*(Cy) and so
on... Thus, we are constructing a connected sequence of critical elements of infinite length,

which is precluded by Lemma p.3. This means that iy belongs to C;, that is, that our
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non-wandering element either is an equilibrium point or belongs to a periodic orbit.

To finish the proof of Proposition f.J], it suffices to show that the number of critical
elements is finite. First, as noticed earlier, due to the compactness of the global attractor
and the hyperbolicity of the equilibrium points and the periodic orbits, the number of
equilibrium points and periodic orbits of smallest period bounded by a given number is
finite. Thus we only need to show that there does not exist an infinite sequence of periodic
orbits v, (z,t) of smallest period p,, where p, tends to infinity when n goes to infinity. If
we had such a sequence, we would be able to repeat the arguments of the first part of the
proof and, by using lemmas .9 and .3, construct a connected sequence of critical elements
of infinite length, which leads to a contradiction. 0

Appendices

A Fredholm operator and Sard-Smale Theorem

As we have explained in the introduction, an ingredient of the proof of the generic non-
existence of homoindexed orbits is the Sard-Smale theorem. We recall the precise statement
of the version of the Sard-Smale theorem, that we are applying in Section 5.

Let X, Z be two differentiable Banach manifolds and ® : X — Z be a C! map. A
point z is a regular value of ® if, for any z € ®~1(z) the derivative D®(z) is surjective and
its kernel splits, i.e. has a closed complement in 7, X (sometimes this property is denoted
by ® rh z). A point z € Z which is not regular is called a critical value of ®. A subset in a
topological space is generic or residual if it is a countable intersection of open dense sets.

We recall that a continuous linear map L : X — Z between two Banach spaces X and
Z, is a Fredholm map if its range R(L) is closed and if both dim ker(L) and codim R(L)
are finite. The index ind(L) is the integer ind(L) = dim ker(L) — codim R(L).

The version of the Sard-Smale theorem given here has been proved in [RF] (for weaker
versions, we also refer to [B(J] and [fZ). The next theorem has been widely used in the
genericity proofs in [§] and [{].

Theorem A.1. Sard-Smale Theorem
Let XY, Z be three smooth Banach manifolds, ® : X x Y — Z be a mapping of class
C", r>1and & an element of Z. Assume that the following hypotheses hold:

1. for each (x,y) € =), D, P(x,y) is a Fredholm operator of index strictly less than
r;

2. for each (z,y) € ~1(E), DP(x,y) : T.X x T,Y — TcZ is surjective;

3. one of the following properties is satisfied:
(a) X and Y are separable metric spaces;
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(b) the map (z,y) € ®1(&) — y € Y is o-proper, that is, there is a countable
system of subsets V,, C ®71(&) such that U,V, = ® (&) and for each n the map
(x,y) € V, = y € Y is proper (i.e. any sequence (xg,yx) € Vi such that y is
convergent in Y has a convergent subsequence in V).

Then, the set {y € Y| is a reqular value of ®(.,y)} contains a countable intersection of
open dense sets (and hence dense) in ).

B Exponential dichotomies, shifted exponential di-
chotomies and applications to transversality

In the proof of the generic non-existence of homoindexed connections between equilibria,
we will use a functional characterization of the transversality property. A main tool in this
proof is the notion of dichotomy. Also, when studying the asymptotics of the solutions
of linearized equations along connecting orbits connecting a hyperbolic periodic orbit to
another critical element, we will need to consider iterates of maps and thus, in particular,
discrete shifted dichotomies. We begin this appendix by recalling the definition and the
basic properties of the exponential dichotomies and shifted exponential dichotomies. Then,
we give some applications to the scalar parabolic equation on S*.

The results, that we recall here, are all contained in [P2], BHl, [[9, B4, [T, B, B, [EJ
and [[4].

B.1 Generalities

Let X be a Banach space and J be an interval in Z. Let {T,, € L(X,X)|n € J} be a
family of continuous maps from X into X. We define the family of evolution operators

T(m,m) =1, T(n,m)="T,10...0T, ,Yn>m in J,
where [ is the identity in X.

Definition B.1. We say that the family of linear operators T,,, n € J, or the family of
evolution operators {T(n,m)|n > m in J}, admits an exponential dichotomy (or discrete
dichotomy ) on the interval J with exponent 3 > 0 (or constant e=?), bound M > 0 and
projections P(n) if there is a family of continuous projections P(n), n € J, such that the
followning properties hold for any n in J:

(i) T'(n,m)P(m) = P(n)T(n,m) forn>m in J,

(ii) the restriction T'(n,m)|r(p@m)) is an isomorphism of R(P(m)) onto R(P(n)), forn >
m in J, and T(m,n) is defined as the inverse from R(P(n)) onto R(P(m)),
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(iii) [|T(n,m)(I — P(m))|lrx) < Me P forn > m in J,
(iv) |T(n,m)P(m)|rx)y < Me =) for n < m.

If dim R(P(n)) = k is finite for some n € J, the equality holds for all n € J by (ii) and
we say that the dichotomy has finite rank k.

Remarks :

1) We could also have defined (continuous) exponential dichotomies on an interval J C R
(see [BZ] for instance). However, here we restrict our discussion to discrete dichotomies
on time intervals J C Z for two reasons. First, as it was already pointed out by Henry
in [R4], the theory of dichotomies is much simpler with discrete time and there is little
loss in restricting to this case. Moreover, in our applications to the asymptotics near
periodic orbits, we really need to work with maps and not with continuous evolution
operators. Finally, we remark that constructing discrete dichotomies from continuous ones
or conversely is an easy task (see Theorem 1.3 of [P4] for example).

2) Let A be a sectorial operator on a Banach space Y. For any J C Z and n > m in J, we
define T,, = e” (independent of n) and T'(n,m) = e*»~™ on the Banach space X = Y,
a € [0,1]. Then {T(n,m)|n > min J} is a family of evolution operators on X. If the
spectrum o(A) satisfies o(A) N {p|Rep = 0} = (), then, for any ¢, > 0, we can define the

projection P by
1
P=1—-— (21 — M) dz . (B.1)
A% |z|=1

And T'(n,m) has an exponential dichotomy with projection P. If the spectrum o(A)
satisfies o(A) N {p| — B < Rep < B} = 0 for some 5 > 0, then there exists a positive
constant M such that T'(n, m) has an exponential dichotomy with projection P, exponent
B and constant M. If the essential spectrum of e?! is strictly inside the unit circle, the
dichotomy has finite rank. This is the case for the linear parabolic equation.

Let again {T,, € L(X, X)|n € J} be a family of continuous maps from X into X. We
define the family of operators on X*, given by

T*(m,n) = (T(n,m))* .

Definition B.2. We say that the family of maps T, n € J, or the family of evolution
operators {T*(m,n) |n > m in J}, admits a reverse exponential dichotomy on the interval
J with exponent B > 0, bound M > 0 and projections P*(t) if there is a family of

continuous projections P*(n), n € J, such that the following properties hold, for any n in
J:

(i) T*(m,n)P*(n) = P*(m)T*(m,n) forn>m in J,
(ii) the restriction T*(m,n)|rp+w)) is an isomorphism of R(P*(n)) onto R(P*(m)), for
n>m in J, and T*(n,m) is defined as the inverse from R(P*(m)) onto R(P*(n)),
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(iii) [|T*(m, n)(I — P*(n))||x < Me =) forn >m in J,
(iv) [|T*(m,n)P*(n)||x < MePm=) for n < m.
The following natural property is proved in [f] for example.

Lemma B.3. If the family of evolution operators T'(n,m), n,m € J on the Banach space
X admits an exponential dichotomy on the interval J, with projections P(n), exponent (3
and bound M, then T*(m,n) = (T(n,m))* admits reverse exponential dichotomy on J with
the same exponent and bound and with the projections P*(n) = (P(n))*.

In our applications to the asymptotics near a periodic orbit, we cannot directly use the
concept of exponential dichotomy since 1 always belongs to the spectrum of the period
map II(p,0) associated to a periodic orbit () of ([[I)) of minimal period p. For this rea-
son, we also recall the notion of shifted exponential dichotomy, which is a generalization
of the notion of exponential dichotomy. Calling these dichotomies shifted, we follow the
terminology of [IJ]; alternatively it is sometimes called pseudodichotomy. If A\j < 1 < Ag,
it reduces to the usual exponential dichotomy.

Definition B.4. We say that the family of linear operators T,, n € J, or the family of
linear evolution operators {T'(n,m)|n > m in J}, admits a shifted exponential dichotomy
on the interval J with gap [A1, A2], bound K > 0 and projections P(n), Q(n) = I — P(n) if
there is a family of continuous projections P(n), n € J, such that the following properties
hold for any n in J:

i) T(n,m)P(m) = P(n)T(n,m) forn>m in J,

ii) the restriction T'(n, m)|r(p@my) is an isomorphism of R(P(m)) onto R(P(n)), forn > m
in J, and on R(P(n)), T'(m,n) is defined as the inverse from R(P(n)) onto R(P(m)),

iii) |7(n,m)(I — P(m))||x < KX}™™ forn >m in J,
iv) || T'(n,m)P(m)|x < KXNy™™ forn < m.

We also say that the family of operators T,,, n € J, or the family of evolution operators
{®(n,m)|n < min J}, admits a reverse shifted exponential dichotomy on the interval
J with gap [A1, A2, bound K > 0 and projections P(n), Q(n) = I — P(n) if the above
properties hold with n > m in J (resp. n < m in J) replaced by n < m in J (resp. n >m
in J).

Before describing the applications of these abstract notions to our problem, we recall

two properties, which are very useful in proving that linearized equations along connecting
orbits of ([.L1) admit exponential dichotomies. The next roughness property is given in
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B4, Corollary 1.9] and is a consequence of [24, Theorem 1.5 and Lemma 1.6] (see also |7,
Theorem 7.6.7] as well as Proposition below). The extension of the result below to
trichotomies is stated in [[[9].

Theorem B.5. Perturbation of exponential dichotomies

Let ng > 0 (resp. ng < 0) be a given integer and let T(n + 1,n), n € ZT, n > ny,
(respectivelyn € 7=, n < ng), be a discrete family of evolution operators on a Banach space
X admitting a discrete dichotomy on [ng, +00) (respectively on (—oo,ngl), with exponent
B, constant M and projections PT(n). Let My > M, 0 < 3, < B and 0 < & < (ﬁ —
M%)%. If S(n+1,n), n € Z*, n > ng (respectively n € Z~, n < ng), is a discrete
family of evolution operators on X with ||[S(n + 1,n) — T(n + 1,n)|rxx) < €, for all
n > ng in Z* (respectively for all n < ng in Z~ ), then S(n + 1,n) admits a discrete
dichotomy on [ng, +00) (respectively on (—oo,ng|) with exponent [y, constant My and
projections P¥(n). Moreover, the projections P%(n) satisfy sup,, ||[PT(n) — P(n)|rcxx) =
O(sup, [T(n+1,n) = S(n+ 1,n)||Lx,x)) assup, || T(n+ 1,n) = S(n+1,n)|Lxx) tends
to 0. Furthermore, there exists €9 > 0 such that, for 0 < € < &g, if T(n + 1,n) has a
dichotomy of finite rank m, then the dichotomy of S(n + 1,n) is also of finite rank m.

The next result, which is proved in [24, Theorem 1.14], allows to extend dichotomies
from smaller to larger “time intervals”. The continuous version of it is proved in [BY and
the extension to trichotomies is stated in [[[9].

Theorem B.6. Extension of exponential dichotomies

Let T(n+1,n), n € Z~, n < ny, be a discrete family of evolution operators on a Ba-
nach space X, and suppose that, for n < ng, with ng < ny, T(n + 1,n) admits a discrete
dichotomy with finite rank m, exponent 3, constant M and projections P(n), n < ng. As-

sume moreover that T(nl,no)’R(P( ) is injective. Then, T'(n 4+ 1,n), for n < ny, admits
no

a discrete dichotomy with the same rank m, same exponent and projections ﬁ(n), n < nq,
such that | P(n) — P(n)||zx) — 0 exponentially as n goes to —oco. The constant M has to
be replaced by a larger one.

Let T(n+1,n), n € Z*, n > ng, be a discrete family of evolution operators on a Banach
space X . Suppose that, for n > ny, with ng < ny, T(n+ 1,n) admits a discrete dichotomy
with finite rank m, exponent B, constant M and projections P(n), n > ny. Assume more-

over that the adjoint operator T*(ng, nl)‘R(P*( ) is injective, then T'(n+1,n), for n > ny,
ni

admits a discrete dichotomy with the same rank m, same exponent 3 and projections Z5(n),
n > ng, such that ||P(n) — f)(n)HL(X) — 0 exponentially as n goes to +00. The constant
M has to be replaced by a larger one.

In both cases, the convergence of ||P(n) — p(n)HL(X) is of order O(e~2%I").
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B.2 Dichotomies and Fredholm property

In Section 5, in proving the generic non-existence of homoindexed connecting orbits, we
use a functional characterization of the transversality, which is based on dichotomies and
a Fredholm property. In this appendix, we quickly recall the tools and basic facts, which
lead to this functional characterization.

Let X be a Banach space. We introduce the following spaces

Z = 1™(Z,X) , (respectively Z= = (~(Z*, X)) .

Given a family T'(n,m) of evolution operators on X for n,m € Z, we define the mapping
L from X% into X% (respectively the mapping £* from X% into Xzi) by

(LY)(n) = Y(n+1)—T(n+1,n)Y(n), VYneZ, (B.2)

(respectively (LY )(n) =Y (n+1)—T(n+ 1,n)Y(n), Vn € Z%).

We say that Y = {Y(n)}nez belongs to the domain D(L) if sup, .z [|Y(n +1) — T'(n +
1,n)Y(n)|x < oo (likewise, we define D(£*)). This allows to define the operator L :
D(L) C Z — Z by (B2) (likewise, we may define the operator £L* : D(L*) C Z* — Z%).

In 29, Theorem 7.6.5], Henry has given the following characterization of the existence
of a discrete dichotomy for T'(n + 1,n) (see also [4]; for a finite-dimensional version, see
3], [E4)). The family of evolution operators T'(n + 1,7n) has a discrete dichotomy if and
only if, for every bounded sequence F' € Z, there is a unique bounded sequence Y € Z
with (LY)(n) :=Y(n+1)=T(n+1,n)Y(n) = F(n), for any n € Z. Moreover, the unique
bounded solution is given by

Y(n) = f G(n,k+1)F(k), (B.3)

k=—o00

where G(n,m) = T(n,m)(I — P(m)) for n > m, G(n,m) = =T (n,m)P(m) for n < m, is
called the Green function.

Henry has also proved in Theorem 1.13 of [B4] that any discrete family of evolution
operators T'(n + 1,n) admits a discrete dichotomy on Z if and only if the restrictions to
both Z™ and Z~ have dichotomies and also X = Sy @ U, where

Up = {zo| Hrntno € 27 with 2,y =T(n+ 1,n)z,,, n <0}

B.4
So = {xo| Hwptnso € Z7 with 2,01 =T(n+ 1,n)z,, n >0} . (B4)

When the dichotomies in Z* and Z~ have finite rank, the equality X = Sy & Uy means
that they have the same rank.

The previous existence result of a dichotomy on Z is actually a particular case of the
following more general result, which is also proved in Theorem 1.15 of [P4] (see also [p3],
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3], [[9] and [§, Theorem 4.a.4] in the case of ordinary differential, functional differential
and parabolic equations).
We recall that (-,-)x x+ denotes the duality pairing between X and X*.

Theorem B.7. Fredholm alternative

Let T(n+ 1,n) be a discrete family of evolution operators on a Banach space X, ad-
mitting discrete dichotomies of finite rank on both Zt and Z~, with projections P*(n) and
P~(n). Then the operator L, defined by (B.2), belongs to L(D(L), Z) and is a Fredholm
operator with index ind(L) given by

ind(£) = dim(R(P~(0))) — dim(R(P*(0))) . (B.5)

The codimension codimR(L) of R(L) is given by codimR(L) = dim[R(I — P~*(0)) N
R(PT(0))].
A sequence F € Z belongs to R(L) if and only if

+oo

Z (F(n),¥(n+1)xx- =0, (B.6)

for every sequence ¥(n) = T*(n,0)Wy, ¥y € X*, which is bounded.

The proof of Theorem [B.7 uses the following two auxiliary lemmas. First, recall that,
for any operator () € L(X), one has

ker(Q") = (R(Q))", (B.7)

where, for any subspace X, € X, Xg- = {¢ € X*|(z,¢) =0,Vr € Xy}
If @ € L(X) is a projection, we have, in addition,

R(I - Q") = ker(Q") = (R(Q)" . (B.8)

Lemma B.8. Let T'(n,m) be an evolution operator admitting discrete dichotomies of finite
rank on both Z+ and Z~. Then, any element Uy € X* belongs to (R(P~(0)))t N (R(I —
P*(0)))* if and only if the sequence

U(m) = T*(m,0)¥,, meZ,
(which is defined for all m due to the property (ii) of the reverse dichotomy) is bounded
(that is belongs to (*°(Z, X*)). In this case, W(m) belongs to R(I — P~*(m)) for m <0
and to R(P**(m)) for m > 0.

The next lemma emphasizes the formulas given in (B.3).
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Lemma B.9. We assume that the hypotheses of Theorem [B.] hold. Then,
(i) if F € Z—, there exists Y € Z~ such that F = L7Y if and only if, for anyn € Z~,

Y (n) = T(n,0)P ZT n,k+ 1P~ (k+ 1)F(k)
(B.9)
+ Z (nk+1)(I — P (k+1)F(k) ;

k=—00
(i1) similarly, if F € Z%, there exists Y € Z% such that F = LY if and only if, for
anyn € ZF,

n—1

Y(n) =T(n,0)(I = P(0))Y(0) + Y T(n,k+1)(I — P*(k+1))F(k)
= (B.10)
=3 T(n,k+1)P*(k+1)F(k) .
k=n

We remark that these “variation of constants formulas” generalize the formula (B.3).
They have already been given in [i4] under this discrete form in the finite dimensional
context (see [4, Formula (13) of Lemma 2.7]) and they are contained in Theorem 1.15 of
[B4]. In the continuous case for parabolic equations, they are well-known and can be found

in 7 and in [{].

B.3 Application to the parabolic equation on S'

In this section, we apply the previous abstract results to the homoclinic and heteroclinic
orbits between equilibrium points of the scalar parabolic equation ([[.]) and we give some
equivalent formulations of transversality.

We assume in this section that @(t) € CP(R, H*(S')) is a bounded trajectory of S(t) =
S(t) satisfying lim; 4 @(t) = e*, where e* are hyperbolic equilibria of finite Morse index
i(e*). We recall that @ belongs to CP(R, H*(S')) N C%(R, H*(S')), where 0 < § < 1. We

consider the linearized equation along u, that is, the linear equation for ¢t > s,

V() = Ve (t) + Do f (z, U, Uy )v(t) + Dy, fx, 0, Uy ). (t) = Ca(t)v(t) , t >0, v(o) = v .
(B.11)
We recall that, for any vy € L?(S1), for any o € R, there exists a unique classical solution
v(t) € C%([o, +00), L2(S1)) N CY((0, +00), H5(SY)) of (B:I) such that v(c) = vg. We set
T(t,0)vg = Ty(t,0)vg = v(t).
We next introduce the adjoint linearized equation to (B:I1]), that is, the linear equation
for o <'t,

Op(o) = =Ci(o)d(o) , o <t, ¥(t) = to. (B.12)
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Since @ belongs to C?(R, H*(S')) for any 6 < 1 and thus that (Cy(t) — 0,.)* is locally
Holder continuous with exponent v > s/2 as a mapping from R into L(H*(S'), L*(S)),
(B:I2) has a unique classical solution (o) = (0, ;1) on (—o0,t), for any ¢ € L*(S*)
(see [Z, Theorem 7.3.1] for example). We denote this solution ¥(s) := (s, t; 1y).

With T;(t, s), we associate the adjoint evolution operator on L?*(S1), given by

Tx(o,t) = (Tu(t,o))", t>o. (B.13)
It is well-known (see [P, Theorem 7.3.1]) that, for any v, € L?(S'),

T5 (o, to)vo = ¥(o,toitn) , Vo <tp. (B.14)

We also remark that the adjoint operator (T3 (¢, 0))* is injective and that its range is dense
in H5(Sh).

From now on, we discretize the evolution operators. We fix a time step 7 > 0 and con-
sider the discretizations S(n7) and Ty (n7, m7), with n,m € Z. The hyperbolic equilibria
e® of S(t), their stable and unstable sets coincide with those of the discretization S(nr);
the discretization of the trajectory @(t) connecting e~ to e™ is a heteroclinic or homoclinic
orbit connecting these equilibria for the discretized semi-flow. Let 3% > 0 be chosen such
that

o(eh) N {z] e < | < ™} =0,

where the linearized operator L.+ has been defined in (£.4). As explained in the remarks
of Section B.1, eX*7 admits an exponential dichotomy with projection P* (see (B.I))),
exponent 3% and constant M in H?*(S!) for any a € [0,1). Thus, we will be able to
deduce from Theorems B.J and that T;(n7, (n — 1)7) admits exponential dichotomies
on Z~ and on Z" of respective index i(e”) and i(e) in H?**(S1), for any o € [0,1). We
will only give a sketch of the proof. For a more detailed proof in the case of ordinary
differential equations (resp. functional differential equations, resp. parabolic equations,
resp. in the case damped wave equations), we refer the reader to [J], [E4] (resp. to [BY,

Bl and [{)).

Theorem B.10. For any B € (0, %), the discrete family of evolution operators T'(n, m) =
Ti(nT,m7) admits exponential dichotomies on Z* in L*(S1) (resp. H*(SY)) of finite rank
equal to the indexi(e*) of e*, with exponent B, constant M* and projections ]-Z’ui(n) (resp.
PZ(n)), satisfying

lim || PE(n) — PH||p2z2) = 0, (resp. ngrilooHPﬂi(n) — P¥|lpgomsy = 0 ). (B.15)

n—=+o0
Moreover, PZ is the restriction of PE to H*(S"), that is,

PE(n) = PE(n) . (B.16)

‘HS(SI) - u
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Proof: In the proof of Corollary [C] below, (see (C.2)), we show that, for n € Z*, with
|n| large enough, we have the exponential asymptotic convergence

| Ta((n + 1)7,n7) — et | L(ars,ms) < Ce (B.17)

where C' is a positive constant. Thus we may apply Theorem [B.F, which implies that
there exists ng € Z* such that T;((n + 1)7,n7) admits an exponential dichotomy on Z*
(resp. Z~) in H*(SY), for n > ng (resp. n < —nyg) of finite rank i(e™) (resp. i(e™)) and
projections P (resp. Py ) satisfying the properties of Theorem B.J. Applying Theorem
B with X = H*(S'), we next extend these dichotomies in H*(S') to Z* and thus prove
that T;((n+ 1)7,n7) admits exponential dichotomies on Z* in H*(S!) of finite rank equal
to i(e*), with exponent Sif, constant M* and projections P (n), satisfying the property
(B:I3). Using next B3, Lemma 7.6.2 and Exercise 5 of Chapter 7], we may extend these
projections P=(n) in H*(S) to projections P in L?(S') satisfying the properties (B-13)
and (BT6).

An alternative proof consists in showing first that, for any n € Z*, with |n| large enough,
we have the exponential asymptotic convergence

|Ta((n + 1)7,n7) — ebet z(z2,ms) < Ce I (B.18)

where C' is a positive constant. Then we may apply Theorem B.J in the space L*(S1),
which implies that there exists ng € Z* such that T;((n + 1)7, n7) admits an exponential
dichotomy on Z* (resp. Z~) in L?*(S'), for n > ngy (resp. n < —ny) of finite rank i(e™)
(resp. i(e”)) and projections P; (resp. Pj) satisfying the properties of Theorem [B.3.
Applying Theorem with X = L?(S'), we next extend these dichotomies in L?*(S') to
Z* and thus prove that T;((n + 1)7,n7) admits exponential dichotomies on Z* in L?(S')
of finite rank equal to i(e*), with exponent 5%, constant M* and projections PZ(n),
satisfying the property (B.15). We remark that, by the property (ii) of the definition B.]]
and by the property (B:13), the image of P=(n) belongs to H*(S"), which implies, together
with [2Z, Lemma 7.6.2 of Chapter 7], that the restrictions PZ of the projections PE(n) to
H?#(S") define an exponential dichotomy of T5((n+ 1)7,n7) on Z* in H*(S") of finite rank
equal to i(et), with exponent §i°, constant M*. O

We notice that Theorem and Lemma B.3 imply that 7*(n, n+1) = T3((n+1)7, n7)*
admits a reverse exponential dichotomy on Z* in L*(S") (resp. H~*(S")) with rank i(e*),
exponent 3 and projections (PF(n))* (vesp. (P (n))*).

Lemma 4.2 (on page 376) and Appendix C of [[I] yield the important characterization
of the range of P (n) given in the next proposition.
Proposition B.11. We have the following equalities in H*(S1),

R(P; (n)) = TagyW"(e™), YneZ
+ + + (B.19)
R(I — P (n)) = TamyW?®(e"), VneZ".
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Let a(t) belongs to W*(e™) N W#(e™). We say that the bounded orbit @ is transverse
at @(0) if
W(e™) Ma) Wie(e™)
which means that Ty W *“(e”) contains a closed complement of Ty)W*(e™) in H*(St)
(notice that, as W(e™) N W#(e™) are immersed manifolds in H*(S'), this notion is well-
defined, see [B3, Page 23]). It is easily seen that, since the linearized operator T'(t,o) is
injective and has dense range in H*(S'), the above condition implies that, for any ¢ € R,

W*(e™) taw Wige(e™) ,

which allows to simply say that the orbit « is a transverse connecting orbit.
From the previous proposition and the equalities (B.7) and (B.§) as well as the property
that the range of P is contained in H*(S'), we at once deduce the following equivalences.

Proposition B.12. (i) The trajectory u(t) is transverse in H*(S') if and only if
R(P; (0)) + R(I - P} (0)) = H(S") | (B.20)

or equivalently, since R(P; (0)) is finite-dimensional and, thus, this sum is closed,

[R(P7 (0))]* N[R(I = PF ()] = {0}, (B.21)
or also
R(I - Py (0)) N R(PE(0)7) = {0} . (B.22)
(ii) Moreover, the trajectory u(t) is transverse in H*(S') if and only if
R(P;(0)) + R(I — PF(0)) = L*(S") , (B.23)
or equivalently, . .
[R(P7 (0))]* N[R(I = PF(0)] = {0}, (B.24)
or also
R(I = P(0)") N R(PF(0)) = {0} (B.25)

Applying Lemma and Proposition [B.12, we obtain the next characterization of
transversality.

Corollary B.13. The trajectory u(t) is transverse if and only if there does not exist any
element vy € (H*(SY))*, 1o # 0, such that the sequence (TZ(n,0)1o)nez is bounded in
(H*(SY))* or equivalently, if and only if there does not exist any element 1, € L*(S1),
Y1 # 0, such that the sequence (T2 (n,0)11)nez is bounded in L*(S'))

48



Finally we show how to apply Theorem B.7 to obtain a corollary, which plays a crucial
role in the proof of the genericity of the non-existence of homoindexed orbits between
equilibrium points. We introduce the operator £; = £ defined in (B-2) with T'(n,m) =
Tai(n7,m7), X = H*(S") and Z = (*(Z, X). Likewise, we introduce the extension Ly of
L to Z = (>(Z, L*(S")). We notice that, due to the smoothing properties of Ty (nr, m7),
a sequence F' € Z belongs to R(Ly) if and only if F € Z belongs to R(Lg). This remark,
Theorem [B.7 and Corollary imply the following results.

Corollary B.14. Functional characterization of transversality

The operators Lg : D(Lg) — Z and Lg - D(Ly) — Z defined above are Fredholm operators
of index i(e”) —i(eT). In particular, the codimension of R(Lgz) in H*(S') and of R(Lg)
in L*(S") is equal to codim [R(P; (0)) + R(I — P;(0))].

Moreover, a sequence F' € Z belongs to R(Ly) if and only if

+o0

> (F(n),¥(n+1))rasy =0,

n=—oo

for every bounded sequence W(n) = Tz (n1,0)Wy, ¥y € L*(S'). Finally, the connecting
orbit u(t) is transverse if and only if L is surjective or also if and only if Ly is surjective.

C Asymptotics of solutions of perturbations of linear
autonomous equations

In this section, X denotes a Banach space and J an interval of Z.

In several proofs of the previous sections, we need to know the asymptotics of the
bounded solutions (as ¢ — £00) of the linearized equations along orbits, connecting hyper-
bolic equilibrium points or periodic orbits of ([[.]). These asymptotics will be described in
the second and third sections of this appendix.

C.1 Abstract results

Here, we are going to describe these asymptotics for a general linearized equation or for
iterates of a general linearized mapping. Thus, in the first place, we are interested in the
asymptotic behaviour of the bounded sequences u(n), n € Z* (resp. n € Z~), defined by

u(n+1) = Tu(n) + X(n)u(n) = L(n)u(n) , (C.1)

where T € L(X) and X(n) € L(X), for any n € Z" (resp. n € Z™).

All the statements given in this appendix are already known and are mainly results or
generalizations of results of B3], B4, [[0 and [{]. The main theorems [C-J and [C-q are a
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refinement of Theorem B.5 of [[J] and have been proved in Appendix B of [g. Here, we
closely follow Appendix B of [f]. We want to point out that all the statements contained
in this appendix are more or less common knowledge, at least in finite dimensions. For
additional references, see [[2], [E], [E4], 3], [[9 and [B]] for example.
For n > m in J, we define the evolution operator ®(n,m) = L(n — 1) o...0o L(m).
For any linear operator 7' : X — X, we denote by R(T') the set of all nonnegative
numbers p for which

o(T)N{zeCllz| =p} #0 .

For p ¢ R(T), we denote by P,, @, the spectral projections associated with the partition
of the spectrum o(7") into its subsets o(7') N {|z| > p} and o(T") N {|z| < p} respectively.
The following proposition gives a sufficient condition for L(t) defined by ([C.])) to admit a
shifted dichotomy.

Proposition C.1. Let L(n) = T+ X(n) where T, ¥(n), n € Z*, belong to L(X) and X(n)
satisfies the asymptotic condition

12(n)||xy = O@™) , for somer <1, when n — 400 . (C.2)

Assume that 0 < pf < p1 < pa < pi are such that o(T) N {p; < |z| < p3} = 0, which
implies that Qs — Qpr = 0. Suppose also that T' admits shifted exponential dichotomy with
gap [p1, p3] and with projections Py:, Q:. Then the family L(-) admits shifted dichotomy
on J = Z* with gap [p1,p2] and projections P(n), Q(n). Moreover, when n € Z* is
sufficiently large,

1Q(n) = Qo llxy = OC™), (resp. [P(n) = Pplluex) = O0")) (C.3)

and Q) i= Q)|+ BQu) = BQU) (resp Quln) = Q0+ BQMW) =
R(Q,,)) is an isomorphism satisfying
max([|Q(n) = 1|z, 1Q1(n) = Ireo) < 1QM) = Qpyllreey = O™
. ~ — C4
w971 (n) — s, 105 ) ~ L) < o) = Qullitts gy (O

1= [1Q(n) = Qp llx)

The same statement holds on J = Z~ if the condition “n € Z* " is replaced by “n € Z~7
andr <1 byr>1.

We next recall three results about the asymptotic behaviour of u(n) for n large enough,
where u(n) is given by ([C.1]). The first theorem has been proved by D. Henry (see Theorem
2 in [23)) ; here we state it under the form given by Chen, Chen and Hale in [[[(}, Theorem
B.2].
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Theorem C.2. Let T € L(X, X) and let 0 < p; < pa be such that [p1, po] "R(T) = 0. Let
u(n) #0, n>mng in Z*, be a sequence in X such that

. Jlu(n +1) = Tu(n)||x

lim =0. (C.5)
n—-+oo [[u(n)]|x
Then, either
N Pu(n)]lx o 1/n
(0) im_fer = T and lim inf [|u(n) | ¥" > p2 ;
or b
(77) lim [Pulm)llx _ 0, and 1imsup||u(n)||§(/" <p1;

n—rtoc [|[Qu(n) || x n—+oo
where P = P, = P,, and Q = Q, = Q,,. The same property holds if, in the above
statements, n > ng in Z* and n — +oo are replaced by n < —ngy in Z~ and n — —o0
respectively.

Theorem gives a close relation between the spectrum of 7" and the growth rate of
u(n). As direct corollary, Chen, Chen and Hale (see [I(, Corollary B.3]) have proved the
following property.

Theorem C.3. Let T' be a continuous linear operator from X into X such that R(T) is
nowhere dense in [0,4+00) and let u(n) # 0, n > ng in Z*, be a sequence in X satisfying
the property (CA). Then, there exists p € R(T) such that

lim  Ju(m)[IY" = p. (C.6)

neZ*—+oo
The same property holds when Z™" is replaced by 7~ .

Remark : For sequences u(n), n € Z*, given by the recursion formula ([C.1)) with X(n)
satisfying the hypothesis (C.2), the condition ([C.J) obviously holds. We thus deduce from
Theorem that there exists p € R(T") such that lim,cz+ o0 Hu(n)”%" = p.

In this paper, we cannot directly apply this corollary since R(7") has an accumulation
point at 0. However, we know that the sequences u(n) that we will consider do not converge
faster to zero than an exponential.

For any ¢ € X, for any integers m, n, with n > m, following the notations of [[J], we
set,

u(n, m; ) = &(n,m)y
where ®(n,m) = L(n—1)o...0L(m) and L(n) is defined by ([C.I]). We also introduce the
quantity )
1/n

Too(m, ¥) = limsup [lu(n, m; ¥)|| ¥
n—-+4o0o
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Let T be a continuous linear operator from X into X such that R(7T) is a bounded sequence
converging to 0 and that p;; < p;, for any integer j. We then introduce the spaces

Ef(m) ={v € X |re(m,v) < p;} .

Then,
...Ef(m) C Ef(m) C Ef(m) .

If we assume that, for any v € X, ¥ # 0 and any integer m, ro(m, 1) > 0 (that is
®(n,m)y does not decay faster to 0 than an exponential), then

Taking into account the above considerations and following the proof of Corollary B.3 of
[LT], we obtain the following theorem.

Theorem C.4. Let T be a continuous linear operator from X into X such that R(T)
is a bounded sequence converging to 0 and that pj1 < pj, for any integer j. We also
assume that the property (C.2) holds. Let u(n) = u(n,m; ), be a sequence in X such that
Too(m, 1) > 0. Then, there exists p € R(T') such that
I m— . C.7

epm ()l = p (C.7)
The same property holds when Z7" is replaced by 7~ .
In particular, if for any ¥ € X, b # 0 and any integer m, ro(m, ) > 0, then

X = Bf (m) = {v € X | raa(m, ) < p1} .

and
E]Jr(m) B E;r+1<m) = {w €eX ‘ Too(m,w> = ij} .

The next theorem is nothing else as Theorem B.6 of [f] and is actually a refinement
of Theorem B.5 of [[[0] about the asymptotics of sequences u(n) given by the recurrence
formula ([C.1]) when n goes to +oo.

Theorem C.5. Convergence to a solution of the asymptotic equation_
Let T' € L(X,X) and suppose that there exist positive numbers 61, 61, 0, 0, with 0 <
01 <9 and 0 < 61 <9, and p € R such that

0 #a(T)N{z€Clp-06<|z|<p+d}c{zeClp—d <|zl<p+do}. (C8)

Suppose also that T' admits shifted dichotomy with gap [p + o1, p + 0*], for some &* > 5
(resp. with gap [p — 0%, p — &1], for some &* > 4). Let u(n), n € Z* (resp. n € Z~) be a
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sequence given by the recurrence formula (C.1), with X(n) satisfying the hypothesis (C.3),
where (p+ 6)r < p— & (resp. where (p— d)r < p+6), such that

p—o1< lim |um)|¥"<p+d  (resp. p—61 < lim Ju(m)|¥" <p+31). (C9)

n—-+4o00

Denote by T, the operator

Tp = [Qp+5 - Qp—é]T[Qp+S - Qp—é] .

Then, there exists a non-vanishing sequence u,(n), n € Z*, (resp. u_(n), n € Z7,) in

R(Q, 5 — Qp-s) and salisfying

Uroo(n+ 1) = Thuseo(n)  (respu_(n+1) = Thu_(n)), (C.10)

and
) ~ i)l = Ollp—8)7) . asm — oo (1)
(resp. |Ju(n) —u_oo(n)||x = O((p+9)"), asn— —o0 ). (C.12)

The previous theorem allows to specify the asymptotics of the bounded sequences u(n)
given by ([C.]). As consequences of Theorem [C.H, one obtains corresponding results for
solutions of evolutionary partial differential equations. More precisely, let Y be a Banach
space and A be the infinitesimal generator of an analytic semigroup on Y. Let o € [0, 1)
be a real number. We introduce the fractional space X = Y“ and consider the equation

U(t) = (A+G@)U®), t>0, U0 =10, (C.13)
where U(t), t > 0, and Uy belong to X, and G :t € R— G(t) € L(Y*,Y) is such that
|IG®)||Lyayy = O(e™™), aste€R— +oo, wherer >0. (C.14)

If a = 0, it suffices to assume that A is the generator of a C°- semigroup.
The proof of the next theorem, which is a consequence of Theorem [C.5, follows the
lines of the proof of Theorem B.8 of [{].

Theorem C.6. Suppose that there exist positive constants dy, (jl, d, d with 0 < di < d,
0<dy <d, and p € R such that

D #c(A)N{zeClp—d<Rez<pu+d}Cc{2€C|lp—d <Rez<pu+d}. (C15)

Suppose also that e admits shifted dichotomy with gap [e“*dl,e"*d*], for some d* > d
(resp. with gap [e*=% et~ for some d* > d). Let U(t), t € RT (resp. t € R™), be
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a solution of (C.13) with G(t) satisfying the hypothesis (C.14) and with elitd=r) < on—d
(resp. with e=4=") > ettd ) sych that

p—di < lim n([UY) < ptdi (C.16)

Denote

Au - [QMCZ - Qu—d]A[QHJrJ - Qu—d] )
where now Q. ; and Q,—q denote the spectral projections associated with the parts of the
spectrum o(A) N{Rez > p+d} and o(A) N{Rez > p — d}.
Then, there exists a non-vanishing solution U, (t), t € R, (resp. U_o(t), t € R™,) in
R(Q,, g — Qu-a) and satisfying

WU ao(t) = AU oo(t)  (resp. QU _oo(t) = AU () ), (C.17)

and
|U(#) = Upos(B)lx = O™ DY) | ast — 400 . (C.18)
(resp. |U®t) = U_so(t)]|lx = O+ | ast — —o0 ). (C.19)

C.2 Applications to the parabolic equation near an equilibrium
point

The results of Appendix B and those of the first part of this appendix, together with those
of Section .9, will be applied here in order to determine the asymptotics of the solutions
u(t) of ([.]), which belong to the local unstable or stable manifolds of hyperbolic equilibria
or periodic orbits, as well as the asymptotics of the solutions of the corresponding linearized
equations.

Let e be a hyperbolic equilibrium point of ([Z1]). In accordance with Section P.2, we
denote by L, the corresponding linearized operator and by \;, ¢ > 1 its eigenvalues, counted
with their multiplicity.

Corollary C.7. Let u(t) be a trajectory of (1) belonging to the unstable manifold W*(e)
of e (resp. the local stable manifold W (e)) and let v(t) = u(t) — e.

Then, there exist (a,b) € R* — {(0,0)} and an eigenvalue \; of L. such that Re()\;) > 0
(resp. Re(\;) < 0) and

lim In |Jv(#)|[ms(s1y = Re(N;) (‘resp. lim In|[v(t)| gss1) = Re(Ni)) .
t——o0 t—+o00

More precisely, the asymptotic behavior of v in H*(S') is as follows:
(i) if A\; is a simple real eigenvalue with eigenfunction p;, then there exists a € R — {0}
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such that v(t) = ae*tp; + o(ett).
(ii) If \i = A\iv1 is a double real eigenvalue with two independent eigenfunctions p; and
©it1, then there exist (a,b) € R? — {(0,0)} such that v(t) = ae*tp; + be*itp; 1 + o(eM?).
(1i) If \i = A\ip1 is an algebraically double real eigenvalue with eigenfunction p; and with
generalized eigenfunction i1, then there exist (a,b) € R? — {(0,0)} such that v(t) =
(a + bt)eritp; + beritp; 1 + o(erit).
(iv) If \ixy = N is a (simple) nonreal eigenvalue with eigenfunction @;41 = @;, then there
ezist (a,b) € R?—{(0,0)} such that v(t) = e®**)*[(a cos(Im(\;)t) —bsin(Im(X;)t))Re(e;) —
(asin(Im(A;)t) + beos(Im(X;)t))Im(g;))] + o(eReP).

Let j € N\ {0} be such that X\; belongs to the pair of eigenvalues (Agj_1, Aaj), or let
7 =014f Ny = Xg. As a consequence of the asymptotic behaviour, there exists to € R such
that, for allt <ty (resp. t > ty), v(t) has exactly 2j zeros which are simple.

Proof: Since the proofs are very similar when ¢ tends to oo, we shall only prove the
corollary when u(t) belongs to the local stable manifold W (e). To prove the corollary,
we shall apply Theorem [C.G, so we have to check that the hypotheses of Theorem [C.0 are
satisfied.

Since u(t) belongs to W _(e), there exist two positive constants ¢; and s such that

|u(t) —ellgs < cre™,  ast— +oo. (C.20)

The function v(t) = u(t) — e is a classical solution of the equation
Uy = Ve + Do, f(2,€,€2)v, + Dy f(x,€,e.)0 + a(z, t)v, + b(z, t)v (C.21)
where
1
a(x,t) :/ (fl (x e+ 0(u—e) e+ 0(u, —e,)) — [l (x,ee,))do
0
1
b(x,t) :/ (fi(z, e+ 0(u—e) e, +0(u, — ) — fl(z, e e,)db)
0

One at once checks that ||a(x,t)||co + ||b(x,t)||co < eo||u(t) — €| gs, which implies that

la(z,t)v, + bz, t)v|| 12 < cse™||v|| s (C.22)

Thus, v is the solution of an equation of the form (C.13), with G(¢)v = a(x,t)v, + b(x, t)v
satisfying the condition (C:I4).
We next remark that

vin+1) =Tov(n) + X(n)v(n) ,
where T'=T(1), X(t)v(t) = fol T(1—0)G(t+o)v(t+0o)do and T(t) is the linear semigroup
associated with the linear equation vy = vy, + fi, (2, €, €,)v. + f1 (2, e, e,)v = Lev. We next
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verify that ¥(n) satisfies the condition ([C.2), for some r < 1, when n goes to infinity. First,
¥(n) is a continuous linear operator from H*(S') into H*(S'). Moreover, since T (t) is an
analytic linear semigroup, we obtain the following inequality, for 0 < 7 <1,

[o(t +7)l[ms < Ce o) as + C/ e (1 — ) Pfu(t + o)l (C.23)
0

where @ > 0. Using a generalized Gronwall inequality (see [P3, Lemma 7.1.1]), we deduce

from (C.23) that, for 0 < 7 < 1,

lo(t +7) || < Ce@HBTJu(t)

Hs (024)

where K is a positive constant. The definition of ¥(n) and the properties (C.29) and
(C23) imply that, for n > 0 large enough,

1
[B(n)o(n)|[ms < C/ (1 = )" Pese ™ [u(n + o)l < C* T u(n)| -
0

(C.25)
and hence ¥(n) satisfies the property (C.2).
Since Y(n) satisfies the property ([C.27) and that 7" admits a shifted exponential dichotomy
on Z*, the family L(-) = T + X(-) admits a shifted dichotomy on Z* by Proposition [C.I].
As, by a result of Agmon (see [[l]), every non-zero solution of a linear parabolic equation
does not go to zero faster than an exponential when ¢ tends to infinity, the hypotheses of
Theorem [C.4 are satisfied, that is, for any integer m and any ¢ € H*(S), roo(m, 1) > 0.
Hence, by Theorem [C4, there exists p; € R(T"), pi < 1, (and thus p; belonging to the
spectrum of 7T'), such that

1/n
lim [Jo(n)|5" = pi = |l

or, in other terms, there exists an eigenvalue \; of the linearized operator L, such that
. 1/t
Tim In(Jo(#)[|37:) = [Re(A)] -

We can now apply Theorem [C.6. Let FE; be the generalized (real) eigenspace associated
with the eigenvalue \; and L. ; be the restriction of the operator L. to this eigenspace ;.
By Theorem [C.4, there exists a nonvanishing solution ¢ ;(t) € E; of the equation

atwoo,z(t) = Le,ﬂ/}oo,i(t) 5 (C26)

such that
[0(t) = oo i(B) ]| rs = 0(N)") . (C.27)
Now the corollary is an elementary consequence of the properties ([C:26) and ([C:27) and

of Proposition R.4. According to this proposition, J; is either a simple real eigenvalue (and
the dimension of E; is one), or a double real eigenvalue or a simple non-real eigenvalue (in

56



which cases, the dimension of FE; is equal to two). 0

In the same way, we prove the following corollary.

Corollary C.8. Let u(t) be a trajectory of (L)) belonging to the unstable manifold W*(e)
of e (resp. the local stable manifold W} (e)). Let vy € TyoyW*"(e) (resp. vy € TyoyWi.(e))
and let v(t) be the solution fort <0 (resp. t > 0) of the linearized equation

Uy = Vg + Do f (2, u,up)v + Dy, f(x,uyug)v, ., 0(0) =vg . (C.28)

Then, there exist (a,b) € R* — {(0,0)} and an eigenvalue \; of L. such that Re()\;) > 0
(resp. Re(\;) < 0) and

Jim In |v(t) || ms(s1y = Re(Ni)  ( resp. tl}gloo In ||v(t)]| gs(s1y = Re(N;)) -

Moreover, all the possible asymptotic behaviors are the same as those described in Corollary
[C1

In addition, let j € N\ {0} be such that \; belongs to the pair of eigenvalues (Agj—1, A2j),
or let j =0 if \; = Ng. Then, there exists ty € R such that, for allt <ty (resp. t > ty),
v(t) has exactly 2j zeros which are simple.

Proof: 1If u(t) belongs to the local stable manifold W} _(e), u(t) satisfies the property
(C20) and Eq. (C:2§) can be written in the form ([C.2]]), where the functions a(z,t) and
b(z,t) satisfy the properties ([C.29). We remark that, by [[0, Theorem C2], we already

know that limsup,, . ||v(n)] }j? < 1. We thus obtain the asymptotic behavior of v(t) by
following the lines of the proof of Corollary [C.7. OJ

C.3 Application to the parabolic equation near a periodic orbit

Before proving analogous corollaries in the case of periodic orbits, we briefly recall the
known properties of the local stable and unstable manifolds of hyperbolic periodic orbits.

Let v(x,t) be a hyperbolic periodic solution of (1) of minimal period p and let
I' = {7(t), t € R}. As in the introduction and in section 2, we introduce the linearized
equation (2.§) along the periodic solution 7(¢) and introduce the associated evolution op-
erator T1(¢,0) : H(S') — H*(S"), defined by II(t,0)ps = (t) where ¢(t) is the solution
of the linearized equation (P.g). We recall that the operator II(p,0) = D, (Sf(p,0)7(0)) is
called the period map and we denote (p;) its eigenvalues (the spectral properties of I1(p, 0)
have been given in Proposition B.3). Since vy(z,t) is a hyperbolic periodic solution, the
intersection of the spectrum of I1(p, 0) with the unit circle of C reduces to the eigenvalue 1,
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which a simple (isolated) eigenvalue. We remark that, if v(a), a € [0, p), is another point
of the periodic orbit, the spectrum of D, (S¢(p,0)y(a)) coincides with the one of II(p,0)
whereas the corresponding eigenfunctions depend on the point (a).

We denote P,(a) (resp. P.(a), resp. Ps(a)) the projection in H*(S') onto the space
generated by the (generalized) eigenfunctions of D, (Sf(p,0)v(a)) corresponding to the
eigenvalues with modulus strictly larger than 1 (resp. equal to 1, resp. with modulus
strictly smaller than 1).

Since a hyperbolic periodic orbit is a particular case of a normally hyperbolic C! man-
ifold, we may apply, for example, the existence results of [27], [B§] or [Ed, Theorem 14.2
and Remark 14.3] (see also [BI]) and thus, we may state the following theorem.

Theorem C.9. Let I' = {~(t), t € R} be a hyperbolic periodic orbit of Eq. ().
1) There erists a small neighbourhood Ur of T in H*(S') such that the local stable and
unstable sets

Wi (L) = W*(T,Ur) = {ug € H*(S") | Sy(t)ug € Ur, Vt > 0}
I/V;;C(F) W“(F, UF) = {Uo S HS(Sl) | Sf(t)uo e Ur, Vt < O}
are (embedded) C'-submanifolds of H*(S') of codimension i(T") and dimension i(T") + 1
respectively.
2) Moreover, Wi _.(I') and W} .(T') are fibrated by the local strong stable (resp. unstable)
manifolds at each point v(a) € T, that is,
Wine(T) = UacionWine(7(@)) » - Wige(l) = Uaciop Wike(v(a))
where there exist positive constants 7, k and K* such that
Wige(v(a)) ={uo € H*(S) | ISp(t)uo —v(a+ )| <7, V20,
Jim e[|y (t)uo — (@ +1) |- = 0} .
e (7(a)) ={uo € H*(S") [ [1S4(t)uo —v(a+ t)||g= <7, VE <0,
Jdim e S50 = y(a+ 1) - =0}

(C.29)

For any a € [0,p), WS (v(a)) (resp. Wit(y(a))) is a Ct-submanifold of H*(S') tangent at

loc loc

+(a) to P(a)H(SY) (resp. Pu(a)H*(S)).
In the introduction, we have also defined the global stable and unstable sets as follows
WE) = {ug € H(5") | Sy(tjug —_ T},
W) = {ug € H*(S") | Sy(t)ug is well-defined for ¢+ < 0 and S} (¢)ug L r}.

We recall that W#(T") and W*(T') are injectively immersed C'-manifolds of codimension
i(I") and dimension i(I") 4+ 1 respectively. Moreover,

WH(T) = U205 () Wie(I')
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is a union of embedded C'-submanifolds of H*(S') of dimension i(T') + 1 (see [[J] or [[§
for example).
We are now ready to prove the following corollary.

Corollary C.10. Let T' = {~(t), t € R} be a hyperbolic periodic orbit of Eq. (L.).
Let u(t) be a trajectory of (L)) belonging to the strong unstable manifold W*“(y(a))\ v(a)
(resp. the local strong stable manifold Wi (v(a)) \ v(a)) and let v(t) = u(t) — y(t + a).

Then, there exists an eigenvalue p; of II(p,0) such that |u;| > 1 (resp. || < 1) and

1/n 1/n
It = Il (resp. lim [lo(np) " = |l ) -

fim_[[o(np)
n——

More precisely, the asymptotic behavior of v(np) in H*(SY) is given by one of the following
possibilities:
(i) if i is a simple real eigenvalue with corresponding real eigenfunction p;(a) € H*(S?),
then there ezists b € R — {0} such that v(np) = bulre;(a) + o(|wi]™).
(i) If p; = piv1 s a double real eigenvalue with two independent eigenfunctions @;(a) and
wir1(a), then there exist (b,c) € R? — {(0,0)} such that v(np) = bule;(a) + cupiri(a) +
o(|pa").
(1i3) If p; = w1 is an algebraically double real eigenvalue with eigenfunction ¢;(a) and
generalized eigenfunction @;i1(a), then there exist (b,c) € R* — {(0,0)} such that v(t) =
(b + cn)pipi(a) + cpipira(a) + ol pal™).
(iv) If p; = |pile®® is a (simple) complex eigenvalue with eigenfunction o;(a) = Pi1(a), then
there exist (b, c) € R? —{(0,0)} such that v(np) = |us|"[(bcos(n) — csin(nd))Re(pi(a)) —
(bsin(nd) + ccos(nd))Im(p;(a))] + o|wi|™).

Let 7 € N\ {0} be such that p; belongs to the pair of eigenvalues (f12-1, pio;), or let
7 =0 if u; = po. As a consequence of the asymptotic behaviour, there exists ty € R such
that, for allt <ty (resp. t > ty), v(t) has exactly 2j zeros which all are simple.

Proof: Since u(t) belongs to the local strong stable manifold (or strong unstable ) manifold
of a point y(a) of the non trivial periodic solution ~(¢) of ([.T), the proof of this corollary
is very similar to the one of Corollary [C.]. Thus, we will not repeat the whole proof, but
only give the details of the beginning of the proof, in order to point out the differences
with the proof of Corollary [C.]] and also to emphasize the properties of the strong stable
or unstable manifolds of v(a), that we are using here.

Since the proofs are very similar when n tends to +o0o0, we only consider the case where
u(t) belongs to the local strong stable manifold W7 (v(a)) \ v(a). To prove the corollary,
we shall apply Theorem [C.J, so we have to check that the hypotheses of Theorem [C.5 are
satisfied. Also, without loss of generality, we may assume that a = 0.

Since u(t) belongs to W22 (v(0)) \ 7(0), there exist two positive constants ¢; and k such
that

[u(t) —~(1)]

Kt

Hs S cle s ast — +oo . (030)
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The function v(t) = u(t) — v(¢) is a classical solution of the equation

Ut = Ugg + Doy, f2,7(2,8), e (2, 1)) vp + Do f (2, (2, 1), V2 (2, 8))v + a(z, t)v, + b(z, t)v |
(C.31)

where

afz, 1) = / (Fo (7 4+ 01— 1)+ Bt —72)) — F (2,7, 72))d

b(l’,t) :/0 (f;(ﬂ?,’}/ + 9(“ - /7)7 €Yz + 9<um - 71)) - f;<x7777x>d9)

One at once checks that ||a(z,t)||co + ||b(x,t)||co < col|w(t) — v(t)|| g, which implies that
la(z,t)||p2 + ||b(z, )| 12 satisfies the inequality (C:23). We next remark that

v((n+ 1)p) = To(pn) + E(n)v(pn)
where T = TI(p,0), and

Y(n)v(pn) = /OP (p,o)(a(x,np + o)v.(x,np + o) + b(z,np + o)v(z,np + o))do .

Arguing as in the proof of Corollary [C.7, one checks that ¥(n) satisfies the condition ([C:3).
As the periodic orbit I' is hyperbolic, "= II(p, 0) admits a shifted exponential dichotomy
on Z* (see [I9] for example). Thus, by Proposition [C.l, the family L(-) = T+X(-) admits a
shifted dichotomy on Z*. As, by [[]], every non-zero solution of a linear parabolic equation
does not go to zero faster than an exponential when t tends to infinity, the hypotheses
of Theorem hold. Since the exponential decay property ([C.3() holds, it follows from
Theorem [C.4, that there exists p; € R(T), p; < 1, (and thus p; belonging to the spectrum

of II(p, 0)), such that
1/n

Tim (o) I3 = o] = bl
Corollary is now an easy consequence of Theorem [C.J and of Proposition P.3 (for the
details, see the proof of Corollary [C.7). O

Corollary C.11. Let ' = {7(t), t € R} be a hyperbolic periodic orbit of Eq. (L)) and
u(t) be a trajectory of (L) belonging to the strong unstable manifold W*“(y(a)) \ v(a)
(resp. the local strong stable manifold Wi,.(v(a)) \ v(a)). Let vy € TyoyW="(v(a)) (resp.
vy € TuoyWii(v(a))) and v(t) be the solution for t < 0 (resp. t > 0) of the linearized
equation ([C.2§). Then, there exists an eigenvalue p; of I(p,0) such that |p;| > 1 (resp.
lpi| < 1) and

i = lwil o (resp. T [[v(np)|

ne =l )

lim |[v(np)|
n——oo
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Moreover, all the possible asymptotic behaviors are the same as those described in Corollary
[C1a.

In addition, let j € N\ {0} be such that p; belongs to the pair of eigenvalues (pa;j—1, f25),
orlet 7 =0 if u; = po. Then, there exists ty € R such that, for allt <ty (resp. t > ty),
v(t) has exactly 25 zeros which all are simple.

Proof: 1f u(t) belongs to the local strong stable manifold W2 (y(a)) \ v(a), u(t) satisfies
the property (C.30) and Eq. ([C.28) can be written in the form ([C.31)), where the functions
a(z,t) and b(x,t) satisfy the properties (C.29). We emphasize that, by [[J, Theorem C6],

we already know that limsup,,_, . [|[v(np)| }{/n < 1. We thus obtain the asymptotic behavior
of v(t) by following the lines of the proof of Corollary [C.10. OJ
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