STABLE MANIFOLDS TO BOUNDED SOLUTIONS IN POSSIBLY
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ABSTRACT. We prove several results establishing existence and regularity of
stable manifolds for different classes of special solutions for evolution equations
(these equations may be ill-posed): a single specific solution, an invariant
torus filled with quasiperiodic orbits or more general manifolds of solutions.
In the later cases, which include several orbits, we also establish the invariant
manifolds of an orbit depend smoothly on the orbit (analytically in the case
of quasi-periodic orbits and finitely differentiably in the case of more general
families).

We first establish a general abstract theorem which, under suitable (spec-
tral, non-degeneracy, analyticity) assumptions on the linearized equation, es-
tablishes the existence of the desired manifold. Then we present concrete ap-
plications of the abstract results to the ill-posed Boussinesq equation for long
wave approximation of water waves and complex Ginzburg-Landau equation.

Since the equations we consider may be ill-posed, part of the requirements
for the stable manifold is that one can define the (forward) dynamics on them.
Note also that the methods that are based in the existence of dynamics (such
as graph transform) do not apply to ill-posed equation. We use the methods
based on integral equations (Perron method) associated with the partial dy-
namics, but we need to take advantage of smoothing properties of the partial
dynamics. Note that, even if the families of solutions we started with are finite
dimensional, the stable manifolds may be infinite dimensional.
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1. INTRODUCTION AND ORGANIZATION OF THE PAPER

The goal of this paper is to construct stable manifolds around some special
solutions of some partial differential equations (which may be ill-posed).

The main motivation for us was the paper | ], which constructed quasi-
periodic solutions in some ill-posed equations. We will take a very similar set up in
which the PDEs are not necessarily well posed but we can construct some special
solutions and even smooth families of such solutions. Note that even if | ]
constructed only finite dimensional manifolds of solutions, this paper constructs
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infinite dimensional manifolds of solutions. Of course, we expect that our abstract
results have other applications such as neutral delay or state dependent delay equa-
tions. The main difficulty in our study is that the equations may not be well-posed,
so that some methods in finite-dimensional systems such as graph transform do not
work. The study of invariant manifolds requires to impose not only invariance but
that the evolution can be defined.

We will prove several variants of the results with very similar proofs. The main
difference arise when we consider families of solutions, in which case, we also es-
tablish regularity with respect to the parameters in the family. The regularity with
respect to parameters in the manifold is rather subtle. In the case of tori filled
densely with quasi-periodic solutions, we will conclude that the dependence on the
base points is analytic. For more general center manifolds, we will only obtain
finite regularity of the manifolds on the base points (this is optimal even in finite
dimensions as it is well known).

To motivate the results, we recall that a quasi-periodic solution is geometrically
a embedding of the torus in which the motion is equivalent to a rigid rotation. The
quasi-periodic solution is dense on the torus. We can consider the stable manifold of
an initial condition ug, which is the set of points whose trajectories are asymptotic
to the trajectory starting in ug. (Notice that these manifolds are not invariant.
Evolving the stable manifold to ug by a fixed time, we obtain the stable manifold
to the evolution of ug). We can also consider the stable manifold of the invariant
torus, which is the set of initial conditions whose trajectory is asymptotic to the
torus. This stable manifold for an invariant set will indeed be invariant.

Notice that, even in the case of finite dimensional systems the stable manifolds for
a point and for a set are very different objects and indeed have different dimensions.
As it turns out, the stable manifold of the torus will be the union of all the stable
manifolds for all the initial conditions in the torus (this is very similar to the
situation in normally hyperbolic manifolds | , ]) and moreover the stable
manifold to an orbit parameterized by a point in a torus will depend analytically
on the points in the torus.

We will also consider asymptotic manifolds to invariant sets that are more com-
plicated than quasi-periodic tori and then the results of regularity will be different.

We will present three results: a) stable invariant manifolds for invariant tori
which are the closure of a quasi-periodic trajectory. b) stable invariant manifolds
to a bounded trajectory. ¢) stable manifolds to a general invariant set (contained
in a center manifold). We will show that in the case a) the manifolds to the
whole orbit are analytic (in the direction of the stable spaces and in the directions
describing the torus). We will also show that the stable manifolds in b) are indeed
analytic and that their dimension is equal to that of the stable space (it could well
be infinite-dimensional). Finally, in case ¢) we will show that the stable manifold
is analytic in the stable directions for bounded solution (but that it can be only
finitely differentiable in the center directions). Even if results are different, the
proofs will be very similar.

The main difference among the results a), b) and ¢) mentioned above is that in
b) we prove results for one orbit, but in a) and ¢) we consider families of orbits that
are invariant under the evolution and we study the regularity with respect to the
points in the family. In a), the dynamics restricted to the family is a rotation (and
we obtain analytic dependence with respect to the variable in the manifold. In the
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case ¢) we assume more general dynamics on the invariant set and obtain only C"
dependence. In the case ¢) we can not obtain (it is false even in finite dimensions)
that there is analytic dependence on the base points. We also note that our results
in part ¢) do not assume that the center manifold is finite dimensional. Even if in
the examples we present, the center manifolds are finite dimensional, the general
theory works even for infinite dimensional center manifolds.

Notice that the invariant manifolds constructed here are very different from the
center manifolds results. The manifolds we construct are very hyperbolic and we
will obtain analyticity in many directions and the manifolds we construct will be
infinite dimensional.

Two examples that serve as motivation for the abstract results in this paper (for
previous results, see | , ]) are the Boussinesq equation:

(11) Ut = HUggzz + Uzz T (u2):cac7 zeT, teR,
and complex Ginzburg-Landau equation
(1.2) ug = vu+ (b1 + ib2)Au + [ufPu,, = €T teR,

where p,v,b1,bo € R and A is the Laplace operator. See | , , ,
, ] for previous results on the complex Ginzburg-Landau equation.

The equation (1.1) appears in the theory of water waves as a long wave/small
amplitude of the water wave equation. In the application to water wave the phys-
ically relevant sign for g is g > 0. See | ]. This equation also appears as
long wave, low amplitude approximation of other phenomena. In such a case,
the sign of p could be negative. In this paper we will just concentrate in the
> 0 case which makes the equation ill-posed but susceptible to our methods. The
paper | ] produced analytic quasi-periodic solutions and the paper [ ]
constructed C" 1L center manifolds for any 7.

The equation (1.2) is a modification of Schréodinger equation adding to it non-
linear and (damping/growth) terms. Because the coefficients of (1.2) are complex,
the equation contains a term which is a heat equation when by > 0 and a backwards
heat equation when b; < 0. The limit b; close to zero is a very interesting singular
limit | l.

Note that the linear operators in the two models above just have the discrete
spectrum, we remark that this is not essential. We allow both the linear operators
have continuous spectrum, for example, the complex Ginzburg-Landau equation
(1.2) can be replaced by the model in | ]:

0, = B(0),
uy =vu+ (by +ibg) (A + N(N + 1)sech2x)u — R'(|u|?)u,z € T4,

where N € Z*,v < 0,b; > 0 and R(z) = 22 + h.o.t is a real analytic function over
[0, 00). The linear operator A+ N (N +1)sech?®z is self-adjoint on the domain H?(R)
and possesses both the continuous spectrum and the finite number of negative
eigenvalues. Please refer | ] for details. We can also verify that the system
above also satisfies the non-degeneracy condition of our main results Theorems 3.1-
3.3.

Another set of ill-posed equations where recently there is a systematic study of
some special solutions is state dependent delay equations [ ]. The set up
of this paper does not apply to state dependent delay equations directly since the
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non-linearity in state dependent delay equations is the composition operator, which
is very discontinuous (even if bounded).

Other cases where ill-posed equations have appeared are elliptic equations in
cylinder domains, | , , ], several boundary value problems in free
boundaries | ] and more recently mean field games | , ]. Neutral
delay differential equations, which do not define evolutions and have a long history,
may have center manifolds which are a tool in the study of lattice systems. (In
this case, that simpler proofs than those in this paper apply since the nonlinear
terms are bounded | , , ].) Of course, our results apply a fortiori to
equations which indeed define an evolution but these already have a very large
literature [ , ].

This paper is organized as follows: In Section 2, we give a quick overview of the
problem we consider and give the precise formulation of our results. The Section
3 is the main part of this paper. In this section we construct the three types of
stable manifolds mentioned above and formulate the main results of this paper.
In Section 4, we formulate and prove the results for the Boussinesq equation and
complex Ginzburg-Landau equation.

2. OVERVIEW OF THE METHOD AND PREVIOUS RESULTS

In this section, we present a somewhat informal overview of the assumptions and
the method. A more precise presentation will be done in Section 3. The present
informal presentation may highlight the aspects that need to be made precise.

We consider partial differential equation (PDE)

d

(2.1) U= Z o,

where 2" is a differential and possibly non-linear operator which is defined in a
domain inside a Banach space. We will not assume that it is well-posed.
We will assume that 2 has the form:

(2.2) 2 =A+N,

where A is linear, possible unbounded operator and A is a nonlinear and possibly
unbounded operator. Moreover, A/ will be of lower order with respect to A.
We will not assume the equation

(2.3) ur = Au

defines a dynamical evolution for all initial conditions and only assume that it
generates forward and backward evolutions in the center-stable and the center-
unstable spaces respectively. We will also assume that the evolutions thus defined
have some smoothing properties (if we take initial conditions with some smoothness,
the solutions are smoother. See later for a precise formulation).

In the center space (the intersection of the center-stable and the center-unstable,
the evolution is defined forwards in time and backwards in time), but in general, it
may be impossible to define both the forwards and backwards evolutions outside of
the center manifold. Since the equation (2.3) is a constant equation, the existence
of these partial evolutions can be studied using techniques from semigroup theory
[ ]. We note that our results apply when the stable/unstable spaces are trivial
(i.e. zero dimensional).
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Even if the equation (2.2) does not admit solutions for all initial conditions,
it could well admit some solutions, which may be of interest and indeed there
are many cases of ill-posed equations where such solutions have been constructed,
[ , ]. The goal of this paper is to take these particular solutions and
construct more solutions which are asymptotic to them.

Given a solution u(t) of (2.2) we consider the formal linearized equation around
it. That is, we consider the formal equation

d

(2.4) =

(1) = [A+ DN (u(®)J(1).

The equation (2.4) may not admit solutions for all initial conditions (as with (2.1)),
nevertheless we will show that under suitable assumptions it inherits the existence
of partial dynamics from (2.3). That is there is a space (the stable space) on which
we can define the evolution of (2.4) forward, another space (unstable space) in
which we can define a backwards evolution. Since (2.4) is non-autonomous, we
cannot use methods from semigroup theory, but under the assumptions that A is
of lower order than A we will be able to construct the spaces where the partial
evolutions can be defined. Since (2.4) is not autonomous, the spaces on which the
partial dynamics are defined could depend on t.

The main goal of this paper is to show that, under appropriate hypotheses on
the nonlinearity, there are nonlinear analogues of the above linear spaces invariant
under the linearized evolution for the full equation (2.1) of (2.2). That is, given a
solution, we can find smooth manifolds of initial conditions whose forward orbits
can be defined and approach u(t) (these are the stable manifolds). By reversing
the direction of time, we can also get the unstable manifolds.

In the case that we are given a family of orbits uy(t), we also want to discuss
the dependence of these stable/unstable manifolds on the orbits.

Of course, the above results are analogues of well known results in finite dimen-
sional systems. They are also known for infinite dimensional equations that define
an evolution | ]

In this paper, however, we will not assume that the equations define an evolution.
Hence, one of the requirements that we have to impose to the initial conditions in
the manifold is that they define an semi-orbit. Note that some of the standard
methods in invariant manifold theory (e.g. the graph transform method) rely on
the existence of an evolution and, hence, cannot be applied in the present set up.

To formulate a rigorous set up for all the above results, we have found very useful
the two spaces approach of | l.

We will assume that there are two Banach spaces X C Y, roughly, X consists of
smooth functions and Y of less smooth functions. The properties of the differential
equation will be expressed in terms of properties of the operators with respect to
the spaces.

We will assume the operator N is analytic (or C") from X to Y. The operator A
may, in general, be unbounded from X to Y (it is higher order than N') but we will
assume that it has hyperbolic properties (in the sense of dynamical systems). That
is we will assume that we can define forwards and backwards evolution in comple-
mentary spaces. We will also assume that these partial evolutions are smoothing
(following [ ], this is formulated as saying that these partial evolutions map
Y to X with quantitative bounds).
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More precisely, we will assume that there is a decomposition
(2.5) X=X X°X"

(also Y =Y* @Y @Y™, with X? CY?, 0 = s,¢,u), which is invariant under A.
That is, if € Dom(A) N X7, then Az € X?. For the results on the manifolds (the
results alluded as c¢) above), we will assume that the space X¢ admits a smooth
bump function (i.e. a smooth real valued function identically 1 in a ball and vanish-
ing in a larger ball. This is a non-trivial assumption in infinite dimensional Banach
spaces | , ]. Tt is true in Hilbert spaces or in spaces where the norm is
smooth outside of the origin). We note that we do not need to assume that the
spaces X°, X%, X admit smooth bump functions.

We will introduce the notation A7 = A|x. and assume that the operator A*
defines a forward evolution in X*, A* defines a backwards evolution and A€ defines
an evolution for all times.

That is, we assume that there are semigroups {U®(¢)}s>0, {U"(¢)}i<o and a
group {U°(t) }+er. These semigroups satisfy:

(2.6) %U"(t) = AU°(t), U(0) = Id.

We will assume that N is analytic (or C") as an operator from X to Y. Fur-
thermore, we assume that the semigroups U*®“" defined above are smoothing in
the sense that

[US(#)|lys,x: < Cre Pt >0,

||Uu(t)||Y“7X“ < Cheiﬁzlt”t‘iaa t < 07
(12
12

(2.7) t

(O)|lyexe < Che®t, >0,
(t)HY“,X“ Scheﬁgltl, tSO

with 31 > B3, 02 > B3 and ay, a9 € [0,1). For positive ¢, the fact that U maps
Y — a space consisting of rough functions into the space X — consisting of smooth
functions — can be described by saying that U? is smoothing. Similarly for ¢ < 0
and U™.

Note that the bounds (2.7) blow up as t — 0 for U® and U“. This is natural
since at ¢ = 0 the operators U® and U" are just the identity, which is an unbounded
operator from Y to X.

As remarked in | |, when the spaces X, Y are spaces consisting of functions
with a different number of derivatives. If we denote the difference in the number of
derivatives in X and Y by p, the assumptions oy, as € [0,1), in (2.7), imply that
the order of A is bigger than p. If we recall that the operator N' was assumed to
map the space X to the space Y we see that the operator A/ has order smaller than
the order of A. The borderline cases a; = 1,7 = 1,2, appear in some applications
[ ], but we will not say anything about them in this paper.

We note that the assumption (2.7) is an strengthening of the usual trichotomy
assumptions | ]. Assumption (2.7) is a trichotomy with smoothing. One of
the results of | | is that this structure of trichotomy with smoothing persists
when we modify the N term.
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In this paper we will also use the standard trichotomy assumption which was
not considered in [ ]
JUS(t)]|x0,xs < Cre=™*, >0,
U ()] xw,x < Cre” Pl ¢ <0,
1%
1%

2.8
28) t)lxexe < Cre®t, >0,

(
()] xe.xe < CrePs 1t ¢ <0.

We note that one of the main difficulty of the arguments in our case is that
we cannot assume that the evolution is defined for general initial conditions. At
all steps we have to use functional equations expressing the invariance and manip-
ulating them so that one can reduce them to fixed point problems. One of the
consequences we have to establish is the existence of the evolution.

The arguments follow the same type of strategy in all the cases:

(1) We prove that given a bounded orbit, we can find splittings of the tangent
space along the orbits in which the linearized equations admit forwards and
backwards evolution. (Note that this step is not needed in ODE’s).

(2) We show that the evolutions defined in these changed solution spaces satisfy
the hyperbolicity and smoothing bounds (2.7), (2.8).

(3) We construct an invariant manifold for the full evolution as the graph of a
function from one space in the splitting to the complementary space.

(4) In the case that we consider families of orbits (for example in the case of
the stable manifolds around an invariant torus or around a center manifold)
we also establish regularity with respect to the base point.

For the sake of simplicity, we will state only the results obtained for the stable and
center-unstable splittings and the stable manifolds. Changing ¢ to —t (equivalently,
A to —A and N to —N), we obtain results for the unstable and center-stable
splittings and the unstable manifolds. Of course, the center manifolds are the
intersections of the center-unstable and the center-stable. This construction is, of
course, very standard in the study of normally hyperbolic manifolds and we leave
the details to the reader.

2.1. Previous results. The equations (2.1) subject to (2.6) and (2.7) have been
studied before and shown to contain bounded solutions under some extra assump-
tions.

For us, some papers that served as motivation (by no means the only results in
the literature) are:

(1) In | ] it was shown that (2.1) admits a C"~1+L% Jocally invariant
center manifold. In many cases, this center manifold will contain periodic,
quasi-periodic solutions, horseshoes, attractors, etc.

(2) In| | it was shown that if NV is analytic, X is finite dimensional and
(2.1) preserves a symplectic structure (in a very weak sense) and is exact
(in a suitable weak form), then there are analytic invariant tori.

(3) In | , , ] the authors constructed the finite dimensional
quasi-periodic solutions of (1.2) by constructing a KAM theorem under
suitable assumptions.

(4) In| , | the authors constructed the the existence and uniqueness
of global solutions of (1.2).
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(5) The analytic quasi-periodic solutions of a state-dependent delay differential
equation with quasi-periodic forcing was constructed in [ ]. It was
shown that the system admits analytic quasi-periodic solutions under some
hypotheses.

(6) The paper | ] which presented computer assisted proofs of period
orbits of Boussinesq equation.

(7) In the papers | ] and [ ], the author constructed strong solu-
tions for time-dependent mean field games.

In this paper we will construct the infinite dimensional stable manifolds attached
to the solutions in (1)-(4) and we hope to come back to (5). Note that, even if the
above mentioned previous papers serve as motivation for our results, we will not
use any of the above results.

2.2. Results in this paper. The goal of this paper is to show that these bounded
solutions (or sets of bounded solutions) possess stable invariant manifolds. These
stable manifolds are sets of initial conditions on which one can define the forward
evolution and the forward orbit thus defined converges to the orbit of the bounded
solutions. Note that in our set up, the existence of initial conditions for which
the forward evolution can be defined is, a priori, non-trivial. These manifolds for
a particular orbit will be modelled on X* and will depend very smoothly on the
stable coordinate. They will be C" =245 when A is O from X to Y and analytic
when A is analytic from X to Y. See Section 3.2.

When we consider families of several bounded orbits (for example in a center
manifold), we will also consider the stable manifolds to the set. It will turn out
that (using the hyperbolicity assumptions), this can be considered as the union
of the stable manifolds to all orbits in the set. The regularity of these stable
manifolds to sets involves the regularity of the manifolds of each orbit (which was
studied before) as well as the dependence of the manifolds on the points. Even in
finite dimensional cases is known to be less smooth than the differential equation
and the dependence of stable manifold on the point in general only finitely many
times differentiable. This is indeed the case when we consider regularity of invariant
sets in the center manifold (see Section 3.3). When we consider the quasi-periodic
solutions produced in [ ], we will obtain that the manifolds are analytic (see
Section 3.1).

3. THREE DIFFERENT STABLE MANIFOLD RESULTS

We construct the three results on invariant manifold, stable manifolds around
the whiskered tori and then we generalize to any forward bounded solution, at
last we construct the stable manifold around the center manifold constructed in
[ ]. In each part we formulate the existence of invariant manifold into a fixed
point problem and formulate the hypotheses we need, then present the main result
and give the proof of the main result. For the case of stable manifold around the
center manifold we need to assume that the subspace X¢ admits bump functions.
The main reason is the set we consider in the center manifold may be not bounded,
we need the cut-off function to make the functions considered be globally bounded.

3.1. Stable manifold around a whiskered torus. In this section, we construct
analytic stable manifolds for quasi-periodic solutions of (2.1). That is, we want to
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show that there are many solutions that converge in the future to the quasi-periodic
solutions and that they organize into analytic manifolds.

This work is motivated by the paper | | which constructed solutions of
(3.3) for (2.1) under some extra assumptions, such as that (2.1) has a Hamilton-
ian structure. These assumptions are satisfied by several interesting equations in
the literature. In the present paper, we will not use Hamiltonian structure, so we
will just refer to | ] for the existence of quasi-periodic solutions. Of course,
it is quite possible that one can construct solutions of (3.3) by methods different
from those of | ]. Notably, the paper | ] uses a very different method to
produce finitely differentiable quasi-periodic solutions (the first step of | ] is re-
ducing to a finitely differentiable center manifold and then, verifying the hypothesis
of a finite-dimensional KAM theorem with finite differentiability).

3.1.1. Description of the result. We recall that an analytic quasi-periodic solution
of (2.1) is a function of the form

(3.1) u(t) = K(6 + wt),

where K : ']Tf)l — X is an analytic map and w € R% and Tﬁ is the standard complex
strip around T¢. More concretely, for p > 0 we define ']I‘g as

d d .
(3-2) T = {0 € T« |[Im(0:)| < p, i=1,-d}.

Note that, for any ¢ € R, the map ®; : § — 0 + wt is a diffeomorphism from ’]I‘z to
itself. In particular, we can use either 6 or 6 + wt as a dummy variable for points
in Tﬁ. For example, supgera f(o) = SUPgeTd f(0 4 wt). See, in particular (3.9), the
definitions of bundle (3.20) and (3.36).

Note that u satisfying (3.1) is a solution of (2.1) if and only if K satisfies

(3.3) DK -w=% oK.
The solutions in the stable manifold will be solutions of the form
(3.4) u(t) = K(0 + wt) + £(t); £t)—0

with £(t) going to zero fast. Substituting (3.3) and (3.4) into (2.1) one obtains that
we can rewrite (2.1) as:

(35) (1) = A@O)E() + M(B.(60),£(1),
where
D,(0) =0 + wt
is the solution of the differential equation %@tw) = w with ®¢(0) =0 and
(3.6) A(P(0)) = A+ DN o K(94(9)),
and
(3.7) M(0,8) = N(K(6) +€)) = N(K(0)) = DN (K(0))¢.

Due to the assumptions on A/ and K, we know that M maps Tz XX toY.
Moreover,

(3.8) M(®.(0),0) =0, DyM(®:(0),0)=0.
The equation (3.5) is considered as the evolution equation for £ provided that the

curve K (®.(0)) is given and fixed. Actually, (3.5) is the formal variational equation
of (2.1). Note that (3.5) is non-linear and non-autonomous.
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Note that we allow that (2.1) is ill-posed so we will need to carefully choose the
initial conditions such that the evolution (3.5) can be defined. Furthermore, we
will show that the initial conditions that we construct lie on an analytic manifold
modeled on Tz x X*. See Theorem 3.1 for a precise formulation.

Furthermore, it was shown in | | that the splittings, (3.9), inherit the
properties (2.7) of the spectral splittings of A including the geometric properties
of splitting and the analytic properties of smoothing. The paper | ] showed

that this splitting depends analytically on the base point. In Appendix A we will
present a slightly different proof of a related result (persistence of the splitting for
a simple orbit).

3.1.2. The precise set up. The set up for quasi-periodic solutions in this paper is
motivated by the results of | ] but with some changes. Notably, in this paper
we do not need any assumption on the symplectic character of the equations. On
the other hand we need more precise notions of stability.

The first ingredient of the set-up is a formulation of the evolution equation and of
the hyperbolicity /smoothing properties of the linearized equation. We have found
that it is useful to use the two-space formalism of | ]

(H1): There are two Banach spaces

X =Y

with continuous embedding. The space X (resp. Y ) is endowed with the norm
II-lx (resp. |-|ly ). Furthermore, X is dense in Y. When discussing analytic
regularity (Theorem 3.1, 3.2 ) we will assume that the space X,Y are complex
Banach spaces. In Theorem 3.3 we will consider finitely differentiable functions.
The results will often include that the solutions lie in the closed (real) subspace of
X consisting of functions that produce real values when given real arguments. See
remark 3.7.

For typographical reason, given a operator A from X; to X5, sometimes we will
write ||Al|x, x, rather than ||A| #x,, x,)-

(H2): The function A in (2.2) is analytic from X to Y. Moreover,

N(0)=0, DN(0)=0.

As a consequence, when we consider the linearized evolution (3.5) with M (6, ¢),
the remainder of the Taylor expansion of N around K(6), we have that M is
analytic from T;‘f x X to Y. We will also assume that the functions considered here
are real valued for real arguments.

M(6,0) =0, DyM(6,0)=0, V6¢cTL
Denote B(0,d, X) as the the ball of radius §(< 1), centered at 0 in X.
We will assume that
1M ][c2(1ex B(0,5,%),v)
(which we just write as || M||c2) is sufficiently small. The precise conditions will be
expressed in the proof.

We note that this assumption can be obtained without any loss of generality
simply by making a change of scales. Since we have:

DM (0
sup sup [DeM(0,6)] x,y

< d|M|lc2(rex B(0,5,%),v
oeti een0,5,x)  |I€llB0.6x) (T xB05X)Y)
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and
. 1M(0,6)]ly
p sup

2 < cl|M||c2(rax B0,6,x),v)5
octd eeB(0.0,X) 1€l 5(0,6.x)
we are also assuming, automatically, that the left hand sides of the above equations

are small.

Remark 3.1. In the results on analyticity, we will consider complex Banach spaces,
which will lead quickly to results. On the other hand, in some of the problems that
serve as motivation, the equations of interest are real valued.

It follows from our constructions that if A and N are such that they map real
functions into real functions (as it happens in the Boussinesq equation) the solu-
tions we construct will consist of functions that give real values when given real
arguments. This follows from the fact that the space of such real functions is closed
under C° limits and all the iterative steps in the proof of the fized point equation
giving the manifold preserve this property.

For the complex Ginzburg-Landau equation this is not the case and the solutions
lying on the invariant manifolds may be complez.

Definition 3.1. We say that an embedding K : ’IFg — X is spectrally nondegenerate
if for every 0 in ']I‘g, we can find a splitting
(3.9) X=X,0X; Xy
with associated bounded projection IIy“" € £(X,X) depending analytically on
0 € T and extending continuously to the closure T% and X5“" have the following
properties.
(SD1) We can find families of operators
Ug(t) :YQSHX(‘;?(G), t>0,
Uec(t) }/00_)Xg>t(9)7 t€R7
such that:
(SD1.1) The operators Uy “"(t) are cocycles over the rotation of angle w satis-
fying
(3.10) Ug,(a)(T)Ug " (t) = Uy “* (1 +1).

(SD1.2) The operators U, “"(t) are smoothing in the time direction where they
can be defined and they satisfy assumptions in the quantitative rates. There exist
constants (1, Ba, B3, B3 > 0 with

Bi> B3, Bo>pB5

and Cy, > 1, independent of 6, such that the evolution operators satisfy the following
rate conditions:

(3.11) UG ()]l p.ve x5 < Che” P11, £ 0,
(3.12) U8 O],y xg < Cre”=1Mjg =22, ¢ <0,
and

c +
(3 13) ||U9‘(t)||P)ch,Xg S Cheﬁs ta t Z 0,
UG (0)l,vg, x5 < Cres M, <0,
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10§ 0 lp,x5,x5 < Cre™ ™, >0,

(3.14)
U8 0)llpxg.xz < Cre™ ™1, £ <0.

(SD1.3) The operators U, " (t) are solutions of the variational equations in the
sense that

Us(t) = Id + /t A (B, (0) U3 ()dr, t>0,
0

(3.15) U () = Id + / A, O (), <0,
0

Us(t) = Id + /t A%, () U3 (r)dr, teR.
0

If spaces X and Y consist of function with enough derivatives, then A*(6) can
operate on them and produce continuous function, in the sense, (i.e. (3.15) is equiv-
alent to the following differential equation)

LU0 = A @O)UF0), >0,
(3.16) SUB() = A @D, <0,
d

7 Uo(t) = A2 (0)U5(1), tEeR.

Remark 3.2. The splitting X = X & X§ & X}’ in (3.9) is in more precise geo-
metrical terms a splitting of the tangent space of the phase space at K(0). Since we
are in a Banach space, all tangent spaces at a point are just the Banach space. We
use X§,0 = s,c,u and ignore the issue of what is the base point.

Remark 3.3. The hypothesis (3.14) was not considered in | ] since it was
not needed for the results in that paper. It is, however, a natural hypothesis and we
will show it holds in the setups both of | | and of this paper.

Remark 3.4. In | | it was shown that for equations of the form (2.2) the
spectral non-degeneracy (except for (3.14)) follows from spectral properties of the
operator o/ (when N is of lower order).

For selfadjoint operators of (this requires that X is a Hilbert space), the spectral
non-degeneracy follows from

(317) Spec(xzf) - (—OO, _ﬁl} U [_ﬂgaﬂ;—] U [ﬁ?a OO), ﬂl7627ﬂ3i > O

Note that verification of the spectral nondegeneracy by (3.17) does not require as-
sumptions on the nature of the spectrum. Provided that the spectrum satifies the
inclusions in (3.17), it could be discrete or continuous spectrum.

For non-selfadjoint operators in general Banach spaces, there are characteriza-
tion of spectral sets that lead to the existence of evolution operators (they also require
some mild decay properties of the resolvent). See | , Theorem X.47al]. Again,
in the case that the spectrum is only eigenvalues of finite multiplicity (as it happens
in the applications to CGL equation), the conditions of spectral degeneracy can be
verified by elementary methods.
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Remark 3.5. When we construct the stable manifold we need the condition (3, >
Bs to control the growth of the evolution in the center space, if we construct unstable
manifold, we need the condition By > ,6’; to control the growth of the evolution in
the center space. However, when we construct the center manifold we need both
conditions, 1 > (5, B2 > 6;, as it is very standard in invariant manifold theory
[ , ) ]. See | | for the extension of these arguments to ill-posed
equations.

3.1.3. Verification of the set up in some cases. The above setup was shown to
indeed hold in several interesting situations and the motivation of this paper is
precisely to take advantage of the previous results.

The paper | ] showed that, under the assumptions on the spectrum of
A and the regularity of A/, then the small enough quasi-periodic solutions u(t) =
K(0+wt) * of (3.3) are spectrally non degenerate, i.e. a modification of the splitting
(3.9) is invariant under the linearized equation

(3.18) % () = (DZ)(K(2:(0)))E(t) = [A+ DN (K(24(0)))I€(t) = A(0+wt){(t)-

In the paper | ] it was shown that the linear equation (3.18) allowed an
invariant splitting into complementary spaces consisting of initial condition which
lead to solution in the past or in the future. Furthermore, it was shown in | ]
that these modified splittings inherit the hyperbolicity and smoothing properties
(2.7) of the splitting of A in (2.2). The property (3.14) was not considered in
[ ] but we stress it in this paper and give a proof of its persistence. Note
that, since now (3.18) is time-dependent, its fundamental solutions will not form a
semigroup but a cocycle on ®,(0), i.e. Uy satisfy (3.10).

We recall that, for the fixed 6, the paper [ ] established the existence of
the spaces XJ by writing them as the graph of linear functions G?(6) : X7 — X*,
where p denotes the complementary indices, X? and X* are the components of
X in the splitting (2.5) corresponding to the dominant operator A. That is, the
spaces X invariant for the time-dependent evolution are given by:

(3.19) Xg={{+G7(0)¢| £€ X7}

It was shown in | ] that the G?(0) are analytic functions of 6 for 6 € Tg.
Actually, in (3.19) £ + G7(6)¢ can also be written as (£, G7(0)€) if the second
notation, A%(0)&, refers to the components in the decomposition X“* corresponding
to the operator A. See | ] for details. Appendix A of this paper presents a
similar result. Note that in the present set up one of the conditions for the invariant
linear spaces is that there are only backwards or forwards evolutions.

3.1.4. The bundle language. Tt is natural to use the language of bundles | ,
] to describe the geometric set-up. This could be omitted in the cases of
[ | since the bundles are trivial, but we think it is useful since in finite dimen-

sions [ | finds that the bundles can be non-trivial near a resonance.
We define the set
(3.20) B? = {(0,¢)| &€ X§,0eT},
IThe paper | ] also showed that if the equations (2.1) satisfy some extra properties such as

Hamiltonian structure, then such small quasiperiodic solutions exist. There can be other methods
[ ] to produce the quasi-periodic solutions. In this paper, we only use the hyperbolicity
properties and we do not consider the problem of constructing the quasi-periodic solutions.
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B? can be made into a bundle over the base ’H‘z endowing it with the projection
which just considers the variable §. In such a case the fiber over 8 is just X{.

The representation (3.19) shows that, in the cases considered in [ ] the
bundle is trivial, but the proof of invariant manifolds in this paper does not need
that. Of course, for the applications to the problems in | ] one could avoid
the bundle language and just use the product using the coordinate representation
given by (3.19). We will indicate along the proof how things simplify when we
consider the case of trivial bundles.

An important concept in the formulation of the problem is the notion of bundle
maps. We recall that a bundle map is a map from one bundle to another bundle in
such a way that fibers are mapped into fibers. We say that a bundle map V' covers
a map ® in the base when Range(V|x,) C Xg(g), where Xy, the fiber of 0, is the
domain of V' and Xg(g), the fiber of ®(f), is the range of V. In our result, the
bundle map w covers the identity, i.e. Range(w|x;) C X§*. The space of bundle
maps covering a fixed map in the base is a linear space. Note that if V; is a bundle
map covering ¢; and V5 is a bundle map covering ¢s, then V; o V; is a bundle map
covering ¢q o ¢s.

3.1.5. Formulation of the invariance equation for the stable manifolds. Because of
the invariance of the splitting, (3.5) is equivalent to the following three equations

(3.21) %é"(t) = A7(@4(0))€7 (1) + M7 (24(0),£(1))

where the index o = ¢, u, s indicates the projections on the subspaces X o, ()"

As usual in center manifold theory [ , , , |, we write the
manifold as the graph of a bundle map w covering the identity from B® to B".
w: B® — B“. That is: wg : X§ — X§™.

To perform analysis, we will write wy(§) also as w(6,&), but keep in mind that
in such a case we need to ensure that the second argument of w is in the fiber of
B? corresponding to the first argument and that the range of w is in the fiber of
B“* corresponding to the first argument of w.

We will need to study spaces of bundle maps later. We anticipate that when the
bundles will be assumed to be analytic, we will consider spaces of mappings w that
are analytic in 0,&. In section 3.1.6 we will give a formulation of these spaces of
maps.

That is we will try to find a manifold which we will represent as a graph of a
bundle map w covering the identity in the base

(3.22) W ={Wo=(0,6,w(0,£) : 0 € Tp, & € X5, [1€°]Ix; <1}
We will also impose that for all 6 € Tz, w satisfies

w(6,0) =0,

(3:23) Dyw(6,0) = 0.

The first condition in (3.23) ensures that the given quasi-periodic orbit belongs to
its stable manifold and the second one ensures that the manifold #} is tangent to
the space Xj.

In terms of the original equation (2.1), we see that the invariance of the graph of
w means that if we consider initial conditions of the form w(0) = K(6)+&5+w(6,£5)
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with & in X and sufficiently small, then we can find a solution u(t) of (2.1) of the
form

u(t) = K(2:(0)) + £ (1) + w(P:(0),£°(1))

with £3(t) € X3 g), £°(0) = &5 € X§ and w(P:(0),£°(1)) € X§! ). Note that the
fact that we can find an forward solution is a non-trival requirement in our set-up.

Now we give the statement of the main result of this case, Theorem 3.1. The
proof is based on formulating it as a fixed point problem and then applying a variant
of the standard contraction argument.

Theorem 3.1. Assume that X,Y are Banach spaces satisfying (H1) and that we
have an equation (2.1) of the form (2.2) satisfying (H2). Assume that we have
an analytic K parameterizing a quasiperiodic solution of (2.1) (that is K satisfies
(3.3)) which satisfies (SD1), in particular, we can find bundles B*, B based on
the torus. (We will show that if K is small, it indeed satisfies (SD1) ).

Then, there exists an analytic bundle map covering the identity, w € Xy, de-
fined on B® and mapping B® to B satisfying w(®.(6),0) = 0, Daw(P®:(),0) = 0.
Furthermore, W, the graph of w is globally forward invariant by (3.21).

Actually, w will be analytic both in the angle variable and on the fiber variable.
In the proof we will present very explicit results about the domain of analyticity.

3.1.6. The functional equations for w. Our next goal is to derive heuristically a
functional equation for w that encodes the geometric assumption that # is invariant
under the forward evolution of the equation (3.21). It is important to note that, our
procedure differs from that in | ] because we do not assume that our equations
are well posed. We will need to formulate another equation to select the initial
conditions that allow to construct solutions. Hence, in our case, we will have to
deal with two equations, one equation that ensures that # ', the graph of w, is
invariant by (3.28) and another equation that ensures that the forward semi-flow
of (3.24) can be defined on it.

These two equations are coupled but they can be formulated as a fixed point
equation for an operator, .7, which we will show is a contraction in appropriate
spaces which encode some geometric properties and the regularity with respect to
parameters. See (3.31), (3.32) and the subsequent discussions.

To derive the desired two equations for w we follow the standard procedure
[ | of manipulating the solutions (assumed to exist and to lie in a manifold
given by the graph) till we derive the equation for w which is formulated as the
fixed point of an operator 7.

Once we have proved the existence of the fixed points for .7 and some of their
properties, it will be easy to justify the manipulations and to check that the solution
found corresponds to an invariant manifold.

Assume Uy (t) are solutions of (3.16) (in the sense of (3.15)). we know that
X and Y have sufficiently high derivatives, so we can define (3.16)). We separate
(3.21) into two equations, i.e. 0 = s and o = ¢, u. Since the fundamental solutions
for the s component are defined in the future and those for the ¢, u component are
defined in the past, we impose the initial condition at ¢ = 0 for £&° and the initial
condition at ¢ = T for £&°* and by applying the Duhamel’s formula to (3.21) we
obtain, (recall that Uj(t) is the linearized evolution and M as before is the Taylor
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remainder of N along K(®;(0)). See (H.2) for details),

(3.24) £ (t) = Ug ()& +/O Us, (o) (t = T)M*(2+(0),&(7))dr, t € [0,T],

and

T
(8:25)  £7(0) = Ugl o) (~T)E™(T) - / Ust ()M (,(6), £(1)) .

Now, we will also impose that the solutions in (3.24) and (3.25) remain in the
graph of the bundle map, W. Since the variable 6 has an evolution, then &£°(t)
should be a vector based on X3, and £°“(t) should be a vector based on X" Br(0)

and £%(t),£°%(¢t) being in the graph of w should be

(3.26) §7(t) = w(®(0),£°(1)).
Substitute (3.26) into (3.24) and (3.25) we obtain
(3.27)

£(t) = Ug(t)&o + /O Ug, o)t = T)M*(2(0), [£7(0, &) + w(P-(0), £7(0, &0))])dr
and

w(0, &) = Ug 9)(=T)w(P7(0),£7(6,&0))
T
—/0 Ugy o) (—t) M (@4(0), [£7(0,&0) + w(Pe(0), (6, o)) )dt

We will consider the RHS of (3.28) as an operator that, given a bundle map,
generates another bundle map. We will consider the operator defined in classes of
functional spaces which are bounded. See (3.34) and (3.36). Therefore, we know

sup im _ Nl e
(6,60)€B", €0l x5 <5 T—o° () T ®7(0)

(3.28)

< lim Cre®s T(Cre PT8)2 =0
So by taking the limit 7' — oo, (3.28) becomes
(3:29) w(f, &) = —/0 Ugy o) (1) M (2:(6), [€7 (0, So) + w(P:(0), &7 (6, So))])dt

By combining (3.27) and (3.29) we obtain that (w,{®) is the fixed point of an
operator 7 ( the spaces on which .7 acts will be make explicit in Section 3.1.7).

s (§)wog - 7l - ( FE) e

with
(3.31)
‘Z[gsv ’U/} (tv 97 50) = Ues(t)fo

/0 Us oy (1 — )M (@1 (0), [€2(0, €0) + (@ (0), £5(6,0))]dr

and
(3.32)

Tl 0] (0.60) = / U (Py(0), [€5 (0, €0) + w(®@4(0), £ (6, £9))])dt



STABLE MANIFOLDS TO BOUNDED SOLUTIONS IN POSSIBLY ILL-POSED PDES 17

In subsequent sections, we will specify the spaces in which .7 acts and show that
it has fixed points. Once we have the fixed points that enjoy good properties it is
standard | ] that the fixed points indeed give invariant manifolds. In our case,
the argument requires the extra step of verifying that the evolution is defined on
these initial data.

3.1.7. Function spaces for the analysis of 7 and the proof of Theorem 3.1. We
produce our invariant manifold as the fixed point of the operator Z defined in
(3.30). To apply a fixed point argument it is necessary to define spaces of functions
on which J acts.

We note that .7 has two arguments £ and w. Let us try to understand what
spaces do these arguments act.

For a fixed t, & is a bundle map covering ®;. More explicitly, given (0, y) € B®
with & € X3, £(0,&) will be an element in X3, 0)- We will also impose some
normalizations that indicate that the zero section of the stable bundle corresponds
to the invariant torus. This is natural when we consider that the vectors in the
fibers of the bundle are small perturbations.

Hence, £° will be a map from R to a space of bundle maps. Equivalently, it will
be a map of RT x B — B* in such a way that & is a bundle map covering ®;. To
obtain a metric space to apply the contraction fixed point we specify spaces of maps
with a certain regularity and define an appropriate norm. There are many such
choices that work. We have chosen to impose analyticity in the B® variables and
continuity in ¢. Higher regularity in ¢ can be deduced afterward using the equation.
Of course, other choices or regularities are possible and indeed in other contexts we
will make different choices.

In this section, we will take p > 0 as fixed because it is the analyticity domain
of the quasi-periodic solution. Hence, we will omit it from some notations.

For 0 <4 < ﬁ, we define the domain of & and w:

(3.33) 3=1{(0.%) B’ : €T |llxs <5}
Then we define

L5 = {gs LR x By — Bj| vt € RY, (60,&) € B}, €(0,60) € X3, 0)-
(3.34) £500,&) =&, &(0,0) =0, &° is continuous in t and

analytic in (0, &) € Bj, [|D267(0, %)l x5.x5 o, < QC'he_ﬁlt}.

@4(0)

Because of §;(0,0) = 0 and [|D2&;(6,60)x5,x5 ,, < 2C,e~ M1t then the func-

24 (0)

tions &° which belong to Ls satisfy
(3.35) €29, €o)llxg, ) < 2Cne™ |0l x5

4(0)
in particular, £° is uniformly bounded.

Similarly, we argue that w should range in a space of bundle mappings covering
the identity. We will impose that w(#,0) = 0 so that graph of the mapping contains
the zero section (that is, the stable manifold contains the invariant set). We will also
impose that Dow(6,0) = 0 so that the invariant manifold is tangent to the stable
space. This is quite analogous to the normalizations in [ ] in the simpler case
of invariant manifolds of fixed points. As for the topology of the space we will
impose analyticity in both the 6 and £* variables. We will consider only functions
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w defined on the unit ball in the fibers. This is because we will be considering only
the local manifold.
We define

X = {w :B; » B V9eTY ¢eXy, |€lx; <0,
(3.36) w(6,&) € X5, w(,0) =0, Dw(h,0) =0, wis analytic in
(0.9 € B and & € Xj. |Dawl0. &)z < 2l )

Because of w(#,0) = 0, Daw(#,0) = 0 and [[Daw (0, &) x5, xg+ < 2Ch||¢] x;, then
the functions w € A also satisfy

(3.37) lw(8, &)l xg < Cnllés ;-

For 35 < B < p1, we define the weighted norm

1611 = supsup[1€5(0, €0) 1 x;, €™
teR* (0,60)€B ‘

[[w(®, o)l xgm
veeB:  Nollxg
(€%, w)llco = max{[|¢°l|z0, ~ wlleo}.
The induced metric on L5 x X7 is
(3.39) d((&°,w), (€5,@)) = |(&* = &, w = @) co.
Note that for the functions £° € L5 and w € &}, they satisfy

(3.38) wco =

)

(3.40) 16518, < 20,8 <1, JJw]loo < Chd < 1.

We also note that in the above spaces, the real valued functions for real valued

arguments are a closed real space and that the iterations, used to produce the fixed
point, preserve this space if the original evolution equations do. Hence when the
original equations preserve the real valued functions, the fixed points will also be
real valued.
Proof of Theorem 3.1. The proof of the above Theorem 3.1 is based on the
contraction fixed point theorem. We will check that .7 = (75, Z,,) in (3.30) indeed
defines a contraction operator in the function space L5 x X} under the d—distance
defined in (3.39). We separate the proof of Theorem 3.1 into two steps. First,
we prove that .7 (Ls x X1) C (L5 x &A1) (Step 1) and then we prove that .7 is a
contraction in L5 x X7 (Step 2 ).

Consider the integral
t t
/ e P (4 — 1)~ %dr = / e PTr%r, >0, a€0,1), t>0,
0 0

first,
Lo<t<1

t t 1
/ e Prr—odr < / 7% < ——.
0 0 1—«a
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II: t > 1.

t 1 t
/e_ﬁTT_“dTS/ B_BTT_adT-i-/ e Prr—adr
0 0 1
1 t
g/ TfadTJr/ e PTdr
0 1

! +
11—«

IA

| =

The above two inequalities yield

t t
/ e P (t — 7)"%r = / e Prrdr
0 0

L % 850, ac0,1), t >0,

<1 a

Moreover, by the inequality above we also have

t ¢
/ e_ﬁT(t —7)"%r = / e PU=T)r—agr
0 0

t

t t
= /2 efﬁ(t*T)TfadT—l—/ e Blt-—T)r—ag,
0 t

2

L t
2
§/ 6_5T7'_ad7'+/ e_ﬂ(t_T)(t—T)_adT
0
t
</ e*’BTT*adT+/ e*’B(t*T)(th)*o‘dT
0 0

t
:2/ e PTr=dr
0

1 1

N

The above inequalities will be used in many places, we will omit the reference about
them.

(Step 1) T(Ls x &A1) C (L5 x Xy). The fact that .7 is an analytic function
in 6 and &y defined in the domain (3.33) is a direct consequence of the fact that
the composition of analytic functions is an analytic function. Now we give the
norm estimates. We estimate .7; first. For (3.31), obviously, .Z5[¢;, w](0,0) = 0.
Moreover,

De, Z5[6%, wi(t, 0, &0) = Ug (1)

/ Us_(0)(t — T) D2 M*(®(0), [§7(0,&0) + w(P-(0),£7(0,€0))])
- [1d + Dyw(®,(0),£;(6,€0))] D2£; (6, o) dt
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Then from (2.7) and the triangle inequality we obtain
[1De, Z5[€7, wl(t, 0, o)l x5, x5, ) < 1U5 D)1 x5.x5, )

H / Us. oyt — 7 DaM* (B, (6),[€2(0, 0) + w(®(9). £2(6.60))])

. [Id+Dgw(<I>T(9),Ei(9,€o))]D2§ﬁ(9a§o)dt’

X5:X3,0)

t
<Che P 4G} Gallx | M lca [ e BT e r) e
0

t

=Che ' + 4C3|&o x5 Mucze*ﬁlt/ e ATt — 1) dr
0

1 1

_|_
B 1-—

<Cpe Pt +8C’,§eiﬁ1t||£0||xg< a1>||MH02

<2Ch€_ﬂ1t,

the last inequality is from the smallness of || M||c2. That is, we have established
that F5[¢°, w] € Ls.

Now we consider 7., [£%, w]. First, we verify 7., [£%,w](6,0) =0
and D2 T, [€%,w](0,0) = 0. For £;(6,0) =0, M(6,0) =0,D2M(6,0) =0
and w(6,0) = 0, Daw(#,0) = 0, then I, [£°, w](6,0) = 0. Furthermore,

Dfo cu[f w 950)
= [ U (~ODMB(0) [6260,60) + w(:(0). 670,600

[1d + Dow(®4(0), £ (0, o)) D2&7 (6, Eo)dt.

Obviously, D¢, T, [£%, w](6,0) = 0.
For D¢, T.[€°, w](6, &), note that (£°,w) € L5 x X1, then we have

[ Dey Ze[€°, w] (0, o)

-[- [T vin-onar @ g0.6) +o@o.g0.60)

Xg,X§

[£d + Dyw(®,(6), (6, €0))] D3 (6, @)dt\

X5,X¢

§4Cf?i||fo||xg

o —
MHCz/ ePate=2ht gy
0

1
<4060 l1x; 5= IM e
3

<2Ch|6oll x5,

the last inequality is from the smallness of ||M||c2. Similarly, for D¢, 7, (6%, w] we
have

1 1
+ yeu SAC ( )M
X5, Xgu = h||§o||X 26, + B + T [ M2

< 2Ch|%ollx;-

| Dey Zl€3, 0])(6. &)
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From the discussions above we know that ., (Ls x X1) C Xj. Then together with
the discussions about Z; we know that 7 (L5 x X1) C (L5 X X1).

Remark 3.6. It is amusing to note that, since the sets Ls and Xy are convex and
compact in the C° topology, which makes 7 continuous, we can apply the Schauder
fized point theorem and obtain the existence (but not the uniqueness) of a fixed point
at this stage.

This remarks applies to many of the textbook proofs the invariant manifold the-
orem based on functional analysis since many of them involve some propagated
bounds in the proofs in | , , ].

Of course, Step 2, provides uniqueness, gives a constructive algorithm to find the
fized point, allows to validate approrimate calculations, gives slightly better reqular-
ity. One can argue that the contraction mapping is more elementary than Schauder
fixed point theorem even if it requires more work.

(Step 2) .7 is a contraction in L5 x X7 under the d—distance defined in (3.39).
For any (£°,w), (£*,w) € Ls x &1 and (0,&p) € B with [|§o]|x; < d we have

%[Esvw}(tv 9750) - :%[{s’ w](t’ 9’50)
- [zt [MS@T(@), (€206, €0) + 0(@+8), (0, £0)))

- MS((I)T(G)7 [575—(0’ 50) + ’LU(‘I)T(Q), 675—(0’ 50))]) dr.

Note that
Hw(cln(f)),é:w@» - w<<1>7<9>,£i<9750>>]
X34 0)
(8:41) < Yol xs1€2(6.€0) — €2(0.€0) 1 x:

o7 (0)

< ||€ollx; 1€ — €ll%heT < [I€ — €| %hePT.



22 H.CHENG AND R.DE LA LLAVE

By adding and subtracting terms and triangle inequality and from (3.41) we obtain

[ Uit [MS(@(&)JE(&@)W(@ (0),82(0.))))

sup

(0,80)€Bj

- M@ (0)[60,60) + w(@,0). 0. &) |ar|
X3,

< s | [ 05 0= 7) [0 6). 806,60) + 0(2:0). 0.0
(0,£0)eBg Il Jo
- (062660 + 00,0 &0, N |ar|
X5,0)

+ sup
(0,60)€B}

MA@, (6), [0, o) + (@ (0 >,5f.<9,50>>}>]d7

/ U;T@(tT)[M( L (0). 6200, ) + (@, (0), £2(6,60)

eﬁt

X3,0)

v s | [ 03 = 1) [(@:(0) (606,60 + 0(2:0), 0.0
(0,£0)€B§ 0
M (@,(6), [€5(0, &) + (D (6), €6, gom)] P —

Xaeo

t
<ACE| M |g= (216" — €16 + Il WHco)/6_(51_5)“_7)(%7)_”‘1%
0

< 8C3 M Jos (1€ = €1 + 16— wleo ) (5 + =)

fr—08 1-a
- _ 1 1
< 16CF||M ol (€7 — €%, w — W"C“(m )
That is
~S" cs 0 1 1
123088 ] = ZE", wlllgn < 16CEIM o€ = & w = Dleo (55 + 7=5-):

In the case of center and unstable spaces we get

EAGK AR <16ch loz e — & w — @) o,

G
and
s~ s 2 1 cs o
170 = €% ulllx; <16CHIMlea (34 + 1o (€ = 0 = Dl
That is
| Teulé®, ] = Teul€® wlllco < 161G M|2l(€” = €, w = @) o
with

C max{ ! 1 —+ ! }
b B—p; Bt B 1—az)

By the discussions above we know that

d(y[gﬁ@],g[gs’w]) < Cd((ésalwv (£s7w)>7
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where ¢ = 16C3 k|| M||c2 with

{ 1 n 1 1 1 n 1 }
Kk = max ) - .
Bi—B 1l—oa1 -0 Bo+B8 11—z
From the smallness of ||M||c2 we know that ¢ € (0,1). That is the operator 7 is a
contraction in d—distance defined in (3.39).

From the contraction mapping theorem we know that there is unique solution
of (3.30), i.e. (£%,w) in the C° closure of L5 x X;. Furthermore, since the uniform
limit of the analytic functions is analytic, the fixed point is a analytic function.

Obviously, w satisfies the condition of the Theorem 3.1 and its graph, W, is
forward invariant under (3.21).

3.2. Stable manifold around a forward bounded solution. In this section,
we construct analytic stable manifolds for the forward bounded solutions, K (t), of
(2.1), i.e.

d
(3.42) %K(t) = Z o K(t).
That is we want to show that there are many solutions that converge in the future
to the bounded solutions. This work is motivated by the paper | ] which con-

structed center manifold for (2.1) under some extra non-degeneracy assumptions.

Since (2.1) could be ill-posed, not all the initial values can define the evolution.
We will need to carefully choose the special initial values K (0) so that the evolution,
which starts from K(0), of (2.1) can be defined. We will not consider the depen-
dence and the regularity on the initial value K (0). We just fix the bounded solution
K(t) of (2.1). The whiskered torus K (6+ wt) is an special case of bounded solution
K(t). So the discussions of this case are similar to the discussions of the whiskered
torus case by fixing § = 0 and replacing the quasi-periodic function K (6 + wt) with
K(t).

In Appendix A we will show the invariance of the invariant splitting of the linear
operator A(t) under small perturbations. Concretely, we will show that if linear
operator A(t) admits a hyperbolic/smoothing splitting and g(t) is the one such that
|A(t) — ﬁ(t)HXy is small enough, then the evolution equations corresponding to
A(t) also admit a hyperbolic/smoothing splitting. Furthermore, we will also bound,
in terms of ||A(t) — A(t)||x.y the difference between the invariant spaces and the
parameters of the splitting for A and those corresponding to A. See Appendix A
for more precise statements and for proofs.

Theorem 3.2. Assume that X,Y are Banach spaces satisfying (H1) and that we
have an forward equation (2.1) of the form (2.2) satisfying (H2). Assume that we
have a bounded solution, {K (t)}ic(0,00), of (2.1) (that is K (t) satisfies (3.42)) which
satisfies (SD1), in particular, we can find bundles B* B based on the forward
solution. (We will show that if K is forward small, it indeed satisfies (SD1)).

Then, there exists a analytic bundle map covering the identity, w € P1, defined
on B® and mapping B® to B satisfying w(t,0) = 0, Dow(t,0) = 0. Furthermore,
W, the graph of w is globally forward invariant by (3.21).

In this case, since we fixed the angle variable so w will be only analytic on the
fiber variable.
With the same calculations in the whiskered torus case we obtain
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(3.43 (§) o0 = st uiteen = ( £ ) ()
with
(3.44)

gs [587 w](ta 50) = Uog(t)fo + /0 U:(t - T)MS(T7 [58(7—7 50) + w(Ta fS(Ta 50))])(17—7
and
(345)  Seul8® w](0,&0) = 7/0 Ut (=) M (¢, [€°(t, So) + w(t, €7 (¢, &o))] )t

We will again produce our invariant manifold as the fixed point of the operator
& defined in (3.43). We define spaces of functions on which & acts to apply a fixed
point argument.

For 0 < § < 1, we also define the domain of £ and w as B§ which is similar to
the one defined in (3.33). Then we define the space Ss on which & acts

S5 = {gs CRY x By - BY| Vi€ RY, (0,6) € B, £(1,6) € X7,
(3.46) £°%(0,&) = &o, €°(t,0) =0, £° is continuous in t
and analytic in &o, [[Dg,&%(t, o)l xs,x: < QCheﬂlt}.
Similarly, we also define the space P, on which &, acts
P = {w :B; — B VteRT, e X, w(té) e X5,
(3.47) w(t,0) =0, Dow(t,0) =0, w is continuous t and

analytic in &, | Daw(t, )l x;, x5+ < 2Ch€]1x: }

For 35 < B < (1, we also adopt the weighted norms || - ||(C?0, I llco and ||(1, -2)||co
defined in (3.38) for the functions £°, w and (£°,w), respectively. The induced
metric on Ss x P; is also the d—distance defined in (3.39). For the functions
&% € Ss and w € Py, (3.35) and (3.37) also hold true.

The proof of Theorem 3.2 is the same as that of Theorem 3.1 but even simpler,
since we do not need to consider the regularity in 6. The proof is word by word the
same except that 6 is fixed in this case.

3.3. Stable manifold around an invariant set in the center manifold. We
recall that the paper | | established the existence of finite dimensional center
manifolds for equation similar to (2.1) under some non-degenerate assumptions
similar to the ones in Section 2.

The goal of this section is to establish the existence of solutions that converge
in the future to solutions in the center manifold and also establish regularity of
these stable solutions with respect to the parameters and to the initial point of the
solutions in the center manifold.

As it is well known | , , , |, the results about center man-
ifolds are subtle to formulate because center manifolds are not unique and they
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are only locally invariant. Since the center manifold is only locally invariant, the
solutions which leave the center manifold could cease to exist after a finite time.

The well known standard solution, | , , , ], to these prob-
lems is to consider some “prepared” equations which agree with the original equa-
tions in a small neighborhood but which are better behaved globally. For these
prepared equations there is a unique invariant center manifold. Of course, these
center manifolds for the prepared equations will be locally invariant for the orig-
inal problem. The non-uniqueness of center manifolds for the problem originates
from the fact that there are many ways to obtain prepared equations and each of
them leads to a possibly different manifold. Nevertheless, it is worth pointing out
that the solutions of the prepared equation which remain for all time in a small
neighborhood have to be in any center manifold.

We remark that in our problem, the prepared equations themselves may be ill-
posed. The “preparation”affects only the center direction and not the stable or
unstable ones which are the ones that lead to ill-posedness. Hence, in our case, the
existence of solutions will be part of the problem and we will have to choose initial
conditions not only to fix the long term behavior but also to ensure existence.

For solutions that remain bounded in the future, the stable manifold will be
unique. Of course, the set of such future bounded solutions will, in general, be
complicated, but our results show that the stable manifolds will depend smoothly
on the base points in the sense that they extend to a smooth function in a smooth
submanifold (the center manifold of any of the prepared equations). The notion
of regularity of functions defined in general closed sets is studied in the celebrated
papers | , ], (see also [ 1), which gave an intrinsic characterization
of functions which admit an extension. In our case, we show directly that the
manifolds we construct for sets of bounded orbits extend to a smooth family. So, we
obtain that the solutions which we construct for a closed set of bounded solutions
are smooth in the sense of Whitney. In this paper, the precise meaning of C”
functions involves some uniformity assumptions, see Definition 3.3 which is the
customary definition in infinite-dimensional spaces.

Remark 3.7. In this section, we will assume that the spaces X, Y are real spaces.
The reason is that we will assume that the nonlinearity | A ||cr is bounded, but now,
we need to assume bounds in the whole space X.. If the spaces X was a complex
space, by Liouville theorem and A4 (0) = 0, we see that the assumptions apply only
to trivial nonlinearities. The theorems we present indeed remain true for complex
spaces as stated, but they are trivial.

3.3.1. The prepared equations. Under the assumption of existence of invariant split-
tings for 47, we see that the equation (2.1) is equivalent to a system of three equa-
tions

%us = du’ + N (u),
(3.48) %uc — U+ N (),
%u“ ="+ AN (u),

where 477 indicates the projection over the corresponding spaces.
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The prepared equations correspond to modifying (3.48) so that it is well behaved
at infinity. One important role in this modification is played by cut-off functions.

Definition 3.2. Let Z be a Banach space. We say that a C" function ¢ : Z — R
is a cut-off function when o(u) =1 when ||ullz <1 and p(u) = 0 when ||ul|z > 2
and all the derivatives of ¢ of order up to r are uniformly bounded.

Of course, for r = 0 or r = Lip, cut-off functions are constructed using Urysohn’s
lemma, but for r > 2, the existence of cut-off function is a very subtle problem.

Remark 3.8. Of course, C" cut-off functions exist in any finite dimensional Ba-
nach space or in any Banach space with a smooth norm (in particular in Hilbert
spaces. Nevertheless, it is well known that some spaces common in analysis (e.g.
C°[0,1]) do not admit C? bump functions | ) ].

Lets, however emphasize that the existence of bump function in X€ is a sufficient
condition for our results, but it is by mo means necessary. The only thing needed
is that we can get the prepared equations. In many problems of interest, the non-
linearity is of the form ® o u with ® being a finite dimensional function composed
on the left with unknown function w. In such case, we can prepare the equation by
just cutting off the finite dimensional function ®.

In this section, we will make the assumption:
e (H3)
— (H3.1) In the notations of Section 2, we have X¢ = Y.
— (H3.2) The space X¢ admits C” cut-off functions.

Of course, assumption (H3) is implied by the following assumption (H3’) which
is satisfied in all the concrete applications in Section 4.

e (H3’) The space X¢ is finite dimensional.
The prepared equations [ ] are obtained by scaling the variables u?,
(3.49) u’ =nu’, o=s,cu

and by cutting-off the resulting equation.

d _, ;
%ﬂs = 505 + ’r]_lf/V‘s(nﬂ,s, nac7n,au)7
d , s
(3.50) A @)yt A (na®, nac,nat),
d

%au = U+ n—lju(nas7nac7nﬁu).

Note that, if we take away the ¢ from (3.50), the result is equivalent to (3.48)
under the change of variables (3.49). Hence, (3.50) are equivalent to the original
equation when @¢ € E,(X¢) = {a°: |ua°|xe < 1}, that is, in the original variables
when ||u¢||xe < 7.

Observe that the equations (3.50) are also equations of the form (2.1) but with
a modified nonlinear term N. But the equations (3.50) are linear for ¢ large.
Furthermore, the nonlinear terms in the center direction of (3.50) are small when
7 is small. More precisely, if we denote

N (", 0%) = 7 (A (i, i, i), (@) N (it nas, i), A (ni, i, nit)),
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then
(351) ||</V||CT(B(071,X),Y) < 1, for n small.
(We refer to | ] for the small calculation needed.) Note that considering 7

small corresponds to cutting off the non-linearity outside of a ball of radius n in X*¢
in the original coordinates. The smallness assumptions in the nonlinearity of the
prepared equations correspond to considering only orbits of the original equations
that lie in small neighbourhoods of the origin.

Notice that the norm involved in (3.51) involves domains which are unit balls in
the X, X“ spaces, but that in the X¢ we require the whole space. The range of N/
is the space Y.

In our main results in this section, Theorem 3.3, we will assume that ||N|
small. In some applications this could hold for the full system (3.48), but in general,
it will hold only for the prepared equations (3.50). In such a case, our result will
apply to the original equations only when the solutions remain in an small ball in
the future.

The results of | | showed that for the prepared equation, one obtains a
unique center manifold which is expressed as the graph of a function from X°€ to
X?® @ X*. This center manifold is invariant under the prepared equations and is
tangent to the center space at the origin. Hence, the center manifold is locally
invariant for the original equation in the domain where the prepared equation is
equivalent to the original one.

This center manifold will, in general, depend on the cut-off function used. Nev-
ertheless, it is known that any two manifolds produced by different cut-off functions
will be very close at the origin | ]. We note that the proof of | ] even if pre-
sented only in finite dimensions, works line by line in our set up. Even if we will not
use it much in this paper, we also remark that the solutions that remain bounded
for all positive and negative times (e.g. periodic or quasi-periodic solutions) of the
original equations have to be in any of the center manifolds whose projection to X ¢
include the projection of the bounded solutions considered.

The solutions of the prepared equation that remain in the set FE,(X¢) are also
solutions of the full equation. Of course, the solutions of the prepared equation
that step out of this set could fail to be solutions of our original equation. Hence
if we obtain bounded (with a sufficiently small bound) solutions of the prepared
equation in the center manifold and consider the solutions of the prepared equations
that converge to them, they will also be solutions of the original equation. Hence
the stable manifolds under the prepared equations solutions that remain small in
the future will also be stable manifolds under the true equations. Of course, if the
solutions step out of the region in the future, then there is no unique notion of
stable manifold for them.

Besides the above remarks, that are well known in center manifold theory, we
note that in our case, since we are considering ill-posed equations, we also have to
worry about the possible blow up of the solutions or that the dynamics cannot be
defined. The construction of the stable manifolds will have to include conditions
that ensure that the dynamics can be defined.

cr is

3.3.2. Description of the result. Since the center manifold W€ is the graph of a
function w : X¢ — X*® & X", it is convenient to consider the embeddings

K:X°— W°
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given by
(3.52) K(0) = (0,w(0)).

Note that if the manifold #°¢ is C" close enough to X¢, then the K of the form
(3.52) (and hence the w) are uniquely determined. Actually, the embedding K
is a diffeomorphism between X¢ and W€, it defines a dynamics on X¢, which we
denote by ®,(#), it is constructed in | | and was denoted by J{*(6). (In the
paper | | one also find J;*(#) which is the dynamics related to a not necessarily
invariant graph. This was useful since it allowed to define the operator in a whole
neighbourhood of maps w. If w* is the map whose graph gives the center manifold,
then we set ®.(0) = J* (6).)
We assume ®4(6) is the solution of

(3.53) 0=DB8H), 06X

and the unbounded function, K(®:(0)), which is in the center manifold, is the
solution of (3.50), i.e.
d
(359)  GKT@0)) = ATK"(0,(0) + N7 (K(@(0)). @ = s.c.u
where B is a smooth vector field on a manifold X¢. The evolution of ®,(6) satisfies,

for1 <j<r—1,

. . 1
(3.55) IDI®,(0) || (x5 xe < CetrelF3+eit 4>,

. —j 1
1Dg®:(6)| xe,xe < CeaelBi+elil ¢ <,

The solutions in the stable manifold will be solutions of the form
(3.56) u(t) = K(®:(0)) +£(t); &) —0

with £(¢) going to zero fast enough. In a way completely analogous to the one to
derive (3.5), we get the evolution equation for £

(B5T)  SE(0) = AT@O)EW) + MT@O),E(), o =s.cu,

where A7 is the one defined in (3.6) and M7 (®.(0),&(t)) is the remainder of the
Taylor expansion of N7 along K (®4(0)),c = s, ¢, u. Since N has C" regularity, from
(3.7) we know that M is just O™~ regularity, note also that ®;(f) is C"~1TE%P 5o
the stable manifold we obtain is just C" 271 (see Remark 3.9).

The following result Theorem 3.3 will be our main result for the stable manifolds
of solutions based on a center manifold. We will state the theorem for the prepared
equations (3.50) and, hence we will assume that the nonlinearity is globally small.
See the previous discussion on how to apply this result to the original equation.

Theorem 3.3. Assume that X,Y are real Banach spaces satisfying (H1) and
(H3) and that we have an equation (2.1) of the form (2.2) satisfying (H2) with
|Nlcr small enough. Assume furthermore that f1 > (r — 1)34 + 85 and B2 >
(r—1)B5 + B5, then we have

e For each 0 € X°©,

A(t) = A+ DN(K(2:(9))),

the linearization of (2.1) around the orbit K(®.(0)), satisfies the spectral
hypothesis (SD1) .
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In particular, we can find a decomposition of X based at K(®y(0)) =
K(0), X = X; © X§ © Xy with X§ = Tk g)WV°.

e For each 0 € X°¢, there is a C"=2*LP Jocal stable manifold to K(®.(0))
tangent to Xj. (This manifold will be obtained as the graph of a map
wy : X5 — X§"; we(0) =0, Dwy(0) =0.)

e The manifolds depend smoothly on 0 in the sense that we (&) is O™ 2L
in 0 for fized &y and CT2TLP in & for fized 6 with uniform bounds on the
derivatives.

Remark 3.9. It is well known to experts that one can improve our regularity
conclusions from CT=2tLp to CT—1,

One possible method | , , | is to derive a functional equation
for D"~Yw, (assuming it exists) which we denote as F. This functional equation can
be shown to have a solution, which is the only possible candidate for D™ 'w. We
denote it provisionaly by D™~ w even if we have not yet shown it is a derivative.

To show our candidate is a derivative, we consider

w(@) =w(l — o)+ Dw(d —oc)o+---+ ﬁD“lw(G —0)o®r=Y),
We show, using the equation satisfied by D"~ w that |F(w)—w|| < o(|o|"~1). Using
that F is a uniform contraction, we obtain that D" 'w is a true derivative.

For convenience, we estimate the derivatives of wy(£y) only in the 8 and &
directions separately and do not study the mixed derivatives. Using regularity
results on functions of several variables due to | , | and reproduced here
as Lemma 3.3, we obtain automatically the existence, continuity and boundedness
of the mixed derivatives 8;820109(50) when ¢+ j < r — 2+ Lip.

That is, the function (0, &) — we(&o) is C" jointly in 0, & for any ' < r—2+ Lip.
We remark that, with appropriate definitions of C"" for non-integer values of r’,
Lemma 3.3 extends to non-integer values of 7’ and hence, our results also extend.

Other more complicated proofs (estimating also mixed derivatives as in | ]
) seem to lead to sharper regularity results, but we decided not to include them
here for simplicity.

The reason to estimate separately the regularity in # and & is that the vari-
ables 0,&p have a different role (one can think of § as parameters and &, as the
dynamical variables) and then the formulas for the iterated derivatives are simpler
to understand than the formulas of mixed derivatives.

Similar with the discussions in the whiskered torus case, for (3.57) by using the
Duhamel’s formula we get

a3 (§) o =l uleos - (L) wos
with
(3.59)

ﬁs[é.S,w](t?e,gO) = Ug(t)fo

+ / Us oy (t — )M (@-(0), [€2(0, €0) + (@ (6), €5 (6, )] dr
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and
(3.60)

%ﬂﬁwW@d=—AMU&mPWWWQWLWW£w+M®M%$@&MWt

Recall that M is the Taylor remainder defined in (3.7). In this case we will also
produce our invariant manifold as the fixed point the operator .# defined in (3.58).
We define spaces of functions on which .# acts to apply a fixed point argument.
For 0 < 6 < 1 we define the domain of & and w as Bj which is similar to
the one defined in (3.33) and the space Qs on which %, acts. Note that in the
previous cases we were considering analytic functions defined in complex Banach
spaces, whereas in this case, we are considering real Banach spaces and finitely
differentiable functions on them.
(3.61)

Qs = {gs :RT x B — B°| vVt e RT, (0,&) € B, £(0,&) € X3,(0)
£5(0,&0) = o, &(0,0) =0, £° is continuous in t and r — 2 (r — 1)
order differentiable in 6 (£o), [|Dg,&;(0,80)lx5.xz 0 < 2C,e 1t

®(0) —

1D2,6(0, €0)lleo < Cre™™t, j=2,00 1 =1,

P s 1 _ _ (Rt e% .
||Dé§t (9,50)HX5®J"X;¢(9) < Cheze [B1—3j (B3 +e4 )]t|‘§0||xga j=1--,r—2,
oo (DE—2 —[Bi—(r=1)(B] +T )]t
Lina (D5 610,60 yoie-0 ;) < Cre” P00+ g

where we write X ¢ as X, and D}, %£ (0, & means that D}, 2£5(0, &) €

t(9)
Z(X(?(T_Z), X%t(ﬁ)). Similarly, we also define the space Ry on which %, acts
(3.62)

R = {w :B5 — B V(6,¢) € B®, w(6,§) € X§*, w(6,0) =0,

) ‘X§(T_2),X;;

Dow(6,0) =0, wist —2 (r — 1) order differentiable in 6 (&),
1Dew(0,8) x5, x5+ < 2Cnll€llxz,  1Dpw(0, )l xos xen < lIEl;,
||Dgw(97£)”(X§)®l,Xg“ <l i=1,--,r=2j5=2--,1r-2

umm%mms@

In this case, for 85 < B < (1, we also use the weighted norms || - ||(C?07 I - llco
and ||(-1,2)||co defined in (3.38) for the functions £°, w and (£°,w), respectively.
The induced metric on Qs x R is also the d—distance defined in (3.39). For the
functions £* € Q5 and w € Ry, (3.35) and (3.37) also hold.

Proof of Theorem 3.3: The first conclusion of Theorem 3.3 is proved by Lemma 2.1
in Appendix B.

Similar to the proof of Theorem 3.1, the proof of the last two conclusions of
Theorem 3.3 is also based on the contraction fixed point theorem. So we also
separate this proof into two parts.



STABLE MANIFOLDS TO BOUNDED SOLUTIONS IN POSSIBLY ILL-POSED PDES 31

(Step 1): F(Qs X R1) C (Qs x R1). The fact that F[£% w] is (r — 2) times
differentiable with respect to # and (r — 1) times with respect to & is a direct
consequence of the fact that the composition of [ order differentiable functions is a
l order differentiable function. Now we estimate the norms.

The estimate about De, (F5[£°, w](t, 0, o)) is the same with the one in the proof
of Theorem 3.1 we omit the details.

To estimate Déo(ﬂ‘s [€%,w](t,0,&)), for 2 < i < r — 1, we follow standard cal-
culations | ] and | ]. Note that (from (3.59)), it can be written in the
form

t 3
(363) Déo (ys [53, ’U)])(t, 97 50) = / Ug).r(G) (t - T)Rz{ ’w(T’ 97 fo)dT
0
where
R§ (7,6, &) = DaM* (2(6), [€2(6, &0) +w(@-(6), (6, &)
[1d + Dyw(®(0),£3(0,&0)]) D3 (6,0) + RS (7.6, &)

is the i order derivative of M*(®.(0),[£5(0,&) + w(P,(0),£2(0,&0))]) about &.
Rf (1,6,&) is a sum of monomials, e.g. (Dg}f )@ (Dgfs)@”2 o (Déﬁﬁs)@’jk with
11J1 +i2jo + - - - +ixjx = 4, whose factors are derivatives of M* (evaluated at £°, w)
and of w up to order i. Actually, the monomials in RS " (7,6, &) contain at least a
factor which is a derivative of M* of order not more than . The last statement about
the order of the derivatives of £° is a consequence of the Faa di Bruno formula (C.3).
It is easy to see that all the derivatives of £° appearing in the derivatives of %, are
of order at most 7 and we have pulled out explicitly the terms containing derivatives
of &% of order i. Obviously, all the monomials in Rfk (71,0, &) contain at least one

factor which is a derivative of M*. Taking into account that £° € Qg,w € R4, we
can arrange that

(3.65) IR (7,0,80)|lvs < cil|M||gr1Cre™ 7, 2 <i<r—1.

or(0) —
Hence, for (3.63), from the smallness of || M||¢--: and by applying (3.11) and (3.65)
we obtain

(3.64)

IDg, (Zl€, w)(t, 0, &)l xzye0,x

t
(3.66) < / Crhe =D (t — 1) =16, |M||gr1 Cre™ 17 dr
0

@4(0)

< Che ™™t 2<i<r—1.
Next, we estimate the derivatives in 6. For 1 < j <r — 2, we get
(3.67) ‘
D‘éﬁs [587 w](t7 0, 50) = DéUeé(t)fO
+ [ {104 e - i@, 0). 166,60 + wl@,0).£06.60)
+Us () (t = 7) D1 M (,(6), [£3(0, &) + w(D+(6),£(0,£))]) D) (6)
+Us, (o) (t = T)D2M*(®(0), [£7(0,&0) + w(P-(0),£7(0,0))])
{[1d + Dyw(®,(0). £(6,6))] DI (0. &)

T Dyw(®, (9),€3(0, £0)) Db >}+U;T<9)<tr)YJ-ﬁs’”(r,e,so)}dr
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where Yf&’w(T,O,fo) is a sum of monomials like the one Rfs’“’(r,H,fO) in (3.64).
Then with (3.11), (B.11), (B.5) and (B.6) and the fact that £° € Qs,w € R; and

the smoothing estimates, we get,
(3.68)

. 18—t
||Dé§s[§s’w](t,9,§o)||Xé®j,X; » < Cpee1Pr—i(B5 +et )]tHfO”Xg

t 1 1
—[B1—j(BF +ear —7)+j(BF +ear )T —« — T
+/0 {Che (01 =3 (B3 +e3m)[(t=m)+3(Bs +€3)7 (¢ _ 1)~y 02e= 20 ||§O|§(§

+20h6—[31(t—r)(t ) a1402 —517—||€0H2 ﬁ3 +€41‘ )
+4C}L67ﬁ1(t77) (t—7) ™ Ohefﬁl‘rchef[ﬁlfj(ﬁs +6U)]TH£O”%€;
. L —
+CnChe™ M7 (t —7) 7 Cpe I HeT ”THfolxs}dTMncmef
PPN
< Chee =i +ein)lt| e |

. =1
X5 +C(]7ﬂ13/6;7a1)”M”CT*16 4

At L t ot L
o~ 101—3 (B +er )]t||€0||X;/ I+ (4 _ )= g
0

<Chle + c(j, Br, BT, 01) | M| grre T Je 1979055 +ebe 1ol

Xs

) 1
SC’he%e*[ﬂrJ(ﬁ;*E“ WIlEoHng

C(j, b1, 85, 1) and C(j, b1, B , 1) are constants only depends on j, 81, 85, a1 and
the last inequality of (3.68) is from ||M||cr-1 < € and the smallness of . Moreover,
by (3.67), for any 0,1, we have the following

(3.69)
Dy 2 F,[€°,w](t,0,&) — Dy 2 F[€°,w](t,9, &) = Dy 2U§ (t)& — DU (t)éo

o {[Dg*Ua(e)(t M (1 (8), [€5(60, €0) + w(®, (6),€2(60, &0))])

+Us (9 (t = T)DLM®(®-(6), [£5(0, &) + w(P- (), £5(0, £0))]) Dy > @~ (6)
+Ug, () (t = T)D2M*(@-(0), [£7(0, &0) + w(P-(0),£7(6,%0))])
{ [Id + DQ’U}((I)T(Q), 5:—(07 50))] Dg72£j(0a 50)

£ Dy(@(0), €2(0,60)) D52, (6)} + U g (t — 1)V 3(r.0 @)}

- {[DT 203 (= M (@1 (9), (€30, E0) + w(® (), €39, &))])

+Us (9 (t = 1) DL M (2. (9), [€3 (9, &) + w (D (9), 639, &0)))) Dy~ >-(6)
TUg, 9y (t = T) D2 M (D1(9), [€2(0, S0) + w (P (), £2(9, &0))])
{[1d+ Daw (@, (9), £2(9,€))] Dy €29, &)

- Dyw(®, (), €209, £0)) Dy 2. ( >}+U;Tw><tTmﬁiwr,ﬂ,go)}df
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Then by adding and subtracting terms and the triangle inequality and with calcu-
lations similar to those leading to (3.68) we obtain

. r— S - —(r— F 6%"
Lipg (D 2. Z,[€°,w](t,0,&)| ) < Che P DB el ) 4o

®(r—2) ys
Xe Xa,0)

This finishes the verification of .%5[Q5 x R1] C Qs.

Next we will prove .%#.,[Qs X R1] C R1. The estimates about .%#.,[£%, w](¢, &)
and D¢, (Feul€®, w](0, &o)) are the same as the one in the proof of Theorem 3.1 and
we omit the details.

To estimate Df (Feu[€%,w](6, &), for 2 < < —1, we note that (from (3.60)),
it can be written in the form

D (Feul€®,w])(0,&0) =

5.70) - [ b0 Dadr @101, 6260 60). w(@100), 65 6. €00
[1d + Dow(®4(6), & (6. £0))| DE, & (6,60) + PF (8.6, &) | d,

where Pfs’w(t,e,fo) is a sum of monomials like the one Rfs’w(T,O,fo) in (3.64).
Then, applying arguments similar to those used to get (3.66) we obtain

1D (Zeule® w]) (0, 60)llepyorxsw <1, 2<i<r—1.

The only thing that remains to do is to estimate the derivative of %, [£%, w](8, &)
in . From (B.20) we get, (1 <j<r—2)

Dgycu[§s7w](97£0)
:_/0 [[D‘?Ugf(e)(—t)]Mc“(@t(W[5?(9,§o),w(<1>t(9),§f(9,go))])

+ Ugy6) (=) D1 M (@4(0), [£7(0, &o), w(P:(0), £ (6, €0)))) D 24(0)
+ Ug:(@)(_t)DQMS((I)t(H)7 [55(07 50)7 w<q)t(9)7 5?(97 50))])
{[Zd + Daw(®(6), &5 (0,%))] Dh&; (0. &)

+ Dyw(®4(0), & (0,6)) DjDe(0) } + U ) (—t) 5 (t,60,&) | dt.

Using calculations similar to those used to obtain (3.68), we get
1D} Zeul€®, w](0, Eo)llxei xon < éoll%g, 1<j<r—2.

With the similar discussions we can obtain the estimate about the Lipschitz con-
stant, we omit the details. That is, we have proved that %#.,[Qs X Ri] C R;.
Together with the discussions about .#,; we know that #[Qs x R1] C [Qs X R1].

(Step 2) .Z is a contraction in Qs x Ry under the d—distance defined in (3.39).
The calculations of this part is the same as the one in the whiskered torus case
since we adopt the same metric, we omit the details.

Then from the contraction fixed theorem we know that there is a unique solution
of (3.58), (£%,w), which is in the C closure of Q5 x R;. Note that (£%,w) can be
written as

(&%, w) = lim .ZM™0,0](t,0,&),

n— o0
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where
F20,0](t,0,&) = F[F[0,0], ., [0, 0]](t, 6. &)
= (Z2[0,0](t, 0, &), Z3[0,0](6, &))-
Since Z) [0,0](6,&) € R1, from Lemma 3.1 and the definition of R; we know
that the function w is C" =27 derivatives in the variable §. Moreover, since w is
in the C? closure of R1, w is also C" 2+ derivatives in the variable &. That is w

is C"2+L derivatives in the both variables 6 and &,. The discussions above imply
that w satisfies the second and third conclusions of the Theorem 3.3.

4. APPLICATIONS

This section is devoted to an application of Theorem 3.1 to the concrete equa-
tions: Boussinesq equation and complex Ginzburg-Landau equation.

4.1. The Boussinesq equation. The Boussinesq equation, introduced in | ]
as model for water waves (but since considered as a model for other problems) was
one of the main examples in [ , ].

(41) Uty = WUgzax + Ugg + (UQ)mx7 te R7 reT.

In the applications to water waves, p > 0, which makes the equation ill-posed. This
is the only case we will consider in this paper.

We will consider, as in the above papers, the equation (4.1) supplemented by the
periodic boundary conditions u(t,z + 1) = u(t, z), so that x € T. It is standard to
write equation (4.1) as a first order system, which fits our formalism.

(4.2) z2=A,z+N(z)
with

0 1
A= (32 + pd; 0)

N(z) = (0, 0%u?).

and

4.1.1. Choice of Spaces. We first discuss the suitable phase spaces.
For ¢ > 0 and r € N, we denote by HS" the analytic functions u from T¢ (¢ > 0)

to C with the Fourier expansion u(z) = 3", ., 4,e*™** such that the norm
(13) Jul, = 3 fi 2 expamclD (K + 1)

kEZ
is finite.

The fact that we are considering = ranging on the torus is equivalent to the fact
that we are restricting ourselves to periodic functions. That is, we are supplement-
ing (4.1) with periodic boundary conditions. It is very standard in the theory of
evolutionary equations that the spatial boundary conditions are formulated as the
choice of the space of functions considered.

For any ( > 0 and r € N the space (HS", || [|¢,») is a Hilbert space.

In | ], it was shown that

(4.4) X=H""xH""2 Y =H" x Ho"?

for r > 5/2 is a space in which we can verify the regularity of the non-linearity.
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One can also consider the evolution defined subspaces of the above spaces con-
sisting of functions with symmetries preserved by the equation

1 1
(4.5) /0 z(+,x)dx =0, /0 Oz(,x)de =0, z(-,z)=2z2(,—x).

For the results in | ], which involve non-degeneracy conditions considering
subspaces makes a big difference, but for our results it does not and our results
apply for the equation (4.1) defined in the whole space of function or in the space
of functions with symmetries.

An elementary calculation (detailed in | ]) shows that the operator .7,
acting in X has discrete spectrum

(4.6) A = —An?k% (1 — 4pum?k?)

and that the eigenvectors are exponentials. The spectrum has a finite number of
purely imaginary eigenvalues and the other eigenvalues have multiplicity 1 in the
spaces with symmetry or multiplicity 2 in spaces without the symmetry. Note also
that, because of the Hamiltonian structure of the original equation the spectrum is
symmetric under reflection around 0.

Hence, for any —f; < —f8; < 0 < ﬁ;r < (2 such that none of them is
an eigenvalue, we can choose the invariant spaces corresponding to the spectral
subspaces corresponding to the sets Re(\z) € (0o, —fB1], Re(\r) € [-B5,57],
Re(Ar) € [B2,00). The spectral non-degeneracy is easy to verify in our case since
the evolution generated by A is diagonal in the basis of Fourier coefficients, the
invariant spaces are selected by the real part of the eigenvalues.

Remark 4.1. Note that we are not assuming that the center spaces are exactly those
corresponding to the purely imaginary eigenvalues. It suffices that the absolute value
of the real part is smaller than that of the other eigenvalues. This includes the so-
called pseudo-stable and pseudo-unstable manifolds. Since these pseudo-(un)stable
manifolds are finite dimensional, it is possible to use finite dimensional arguments
to obtain finite dimensional stable manifolds inside the pseudo-(un) stable mani-
fold. The results here provide infinite dimensional stable manifolds to these finite
dimensional stable manifolds inside the pseudo-stable manifold.

With these choices, it is easy to verify the spectral assumptions using that the
partial evolutions are diagonal in Fourier spaces. More detailed calculations about
the smoothing properties are in [ ]

Remark 4.2. In the symplectic case, it is natural to choose 3y = B2, ﬂ;r =[5 .
To produce the quasi-periodic solutions in | |, one chooses ﬂ?)i very close to
0. In that case the center manifolds we produce are proper center manifolds.

Once we have identified the phase space, the quasiperiodic solutions will be
analytic functions from ’]Tg (for some p > 0) into X.

4.1.2. Verifying the smoothing properties of the partial evolutions of the lineariza-
tion around bounded solution. We now come to verifying the assumptions on the
evolution operators and their smoothing properties. We have:
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Lemma 4.1. | | The operator A, generates semi-groups of operators U (t)
in positive and negative times and a group operator US(t) for all times. Further-
more, the following estimates hold:

—Bat
e
U (t)]ly,x < Ch o t>0,
—B2[t]
e
HUu(t)||Y7X SChlt_'T, t<0,

NU®)|lv,x < CrePi >0,
|U#)|ly.x < Cre® 1t <0,
IU°(t)|lx.x < Cre ™t t>0,
U ()] x,x < Coe™ P21t ¢ <0,
|U“(t
|U“(t

lx,x < Cpe 11, 2> 0,

)HX,X < Cheﬁ;\ﬂ’ t <O0.

where 31 > B3 > 0,82 > B > 0,a1,00 € [0,1) and Cp, > 1 is a constant only
depends on (.

Since the norm in X is a combination of the modulus of the Fourier coefficients
and the partial evolutions are just multiplication of the Fourier coefficients by a
time dependent factor, the norm of the evolution is bounded by the suprema of the
multiplication factors.

4.2. The complex Ginzburg-Landau equation. The complex Ginzburg-Landau
equation:
ug = vu+ (b +ibo)Au + |ufu,, t€R, z¢€T?
= A, pu+ N(u)
where A is the Laplace operator and

Ay =v+ (b +ib) A, N(u) = |uu,.

(4.7)

4.2.1. Choice of Spaces. For the system (4.7), it is natural to consider the space for
¢ > 0 and r > 3/2 we take the space

(4.8) X=H"", Y=H""1

By the Banach algebra property of the scale of spaces H" when r > 1/2 and the
particular form of the nonlinearity, we have the following proposition (see | -

Proposition 4.1. The nonlinearity N is C*™ from HS" into HS™ =1 when r > 3/2.

Proof. We note that the function u — w is linear and bounded from HS" to HS",
the function u — 4 is bounded (anti-linear) from H%" to HS" and the function
u — ug is bounded from HS" to HS"~1. Then, the nonlinearity N : u — uiiu,
is the project of the three operators. Obviously, H¢"~! is a Banach algebra when
r > 3/2, so the linearity N is C*° from HS" into HS"~! when r > 3/2.

Note that the nonlinearity is not complex analytic because of the anti-linear
complex conjugate, but it is real analytic.
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4.2.2. Linearization around the whiskered tori. Assume K(6),0 € T;‘f, is the quasiperi-
odic solution of (4.7), then A(6) = A, , + DN (K()).

We need to study the eigenvalue properties of A(#). We first study the eigenvalue
problem of A, for U € X,0 € C

AU =oU.
This leads to the following formula for eigenvalues
(4.9) op = v — (by +ibo)(2m)?|k[?, ke 2zl

We assume (4.7) is ill-posed, i.e. by < 0. To consider the most complicated case,
i.e., the operator A, ; possesses both hyperbolic spectrum and center spectrum,
we assume v < —1 and (1 + v) < by < 0, where by = b;(27)? and [k;] > 2, with

|4

ky = 5;1 and [ky]) being the integer part of k. .

Lemma 4.2. Forv < —1,(14v) < by <0, and [k,] > 2, the operator A, has
discrete spectrum in X. Furthermore, we have the following:

The center spectrum of A, consists of a finite number of eigenvalues and the
dimension of the center subspace is even.

The hyperbolic spectrum is well separated from the center spectrum.

Proof. The real parts of eigenvalues of A, ; are Rel;, = v — 51|k\2, (v < =1 and
(14+v) < by <0). Denote ky = VTH’]L = VT_l and k. = #, so (note that |k|? are
1 1 1

integer numbers)
Redp=v—bi|k? < —1+b1, keJi={k: |k <[ky]—1},
Rehp=v—Dbi|k]>>1, keTo={k: |k?>[k_]+1},
Rey=v—"bilk[> € (0,1], ke Fs={k: [k]<I[k]*<[k_]},
and
Redi=v —bi|k]> € (=1 + 1,0, ke Ta={k: [ky]<|k]®<[k]}.

As J3, we have the following:

I): If [k.] = [k—], then J5 = 0. That is there is no spectrum belongs to (0, 1].

): If [k +1=[k_], then T3 ={k: |k]*=[k_]}.

II): If [k + 1 < [k—], then T3 = {k: [k +1<|k]? < [k_]}.

Obviously, the operator A, ; has discrete spectrum in X. When k belongs to
J1UT, and J3UJy, Ai is the hyperbolic spectrum and center spectrum, respectively.
Then center spectrum of A, consists in a finite number of eigenvalues and the
dimension of the center subspace is even, moreover, the hyperbolic spectrum is well
separated from the center spectrum.

4.2.3. Verifying the smoothing properties of the partial evolutions of the lineariza-
tion around bounded solution. We now come to the evolution operators and their
smoothing properties. We have:

Lemma 4.3. For v < —1 and (1 +v) < by < 0, the operator A, b generates semi-
group operators U™ in positive and negative times and group operator U¢ in R.
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Furthermore, the following estimates hold

e_ﬁlt
I @®lly.x <€ Ch—gms £>0,
“ e—P2lt|
1% (t)HY,X < Ch|t|7az’ t <0,

IUe@®)ly,x < Cre® i, ¢ >0,
1U°(t)|ly.x < Cre®s M, ¢ <o,
IU*(8)]lx,x < Cre™™*, >0,
1T (#)]|x,x < Cre ™M, t <o,

1U°(t)]|x,x < Ot >0,
|U(#)||x.x < CrePs Il 1 <0
where
(4.10)
B =—v+ (81 — b*){[k+] - 1}753_ = —v+ 81[k+],52 —y— (31 + b**){[k_
7 1
B =v—bilk] o =0 =,

Ch > 1 is a constant only depends on v, by with

—by —by
0 < by < .
-1 h]+1

(4.11) 0<be <

Proof. Assume u € HS"~! with the Fourier expansion

u= Z Gy, exp(i2m (k, x))

kezd

and the norm

lullFrer—s = Y ] exp(dn¢|k])(Jk]* + 1)

kezd
Then
Us(t)u = Z ety exp(i2m (k, x)),
ke
so we have
U @ullzer = > e ar]* exp(am|k]) (k[ + 1),

ke
(4.12) = 37 PN ([RJ2 4 1)]iag |? exp(4mClR]) (K12 +

keJy

< sup 2CIFD(ER 4 1) |lufZe 0, £ 0.
keJ1

1)

]+1},

—1
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For supy.c 7, 62(”_i’1‘k|2)t(|k|2 + 1) we have the following,

sup ek ((E12 1 1)3 < 2 sup el (Bt kPl g =5 [o=ba IKIPIt] | ]3]
keJy ked

< ot~ Fe v HBri=b U] -1}t gy o=bas?

zERT
V2

< lt|"2e= Pt > 0.
Vbye
That is /3
2
10 @ullaer < =2 e ullger, >0,
SO

V2
Vb.e

HUS(t)”HC”"*l,HC,"‘ < It\_%e_51t7 t>0.

Similarly, we also have

V2
Vbise
For the center space which k € J3, i.e. ReA € [0, 1), we just consider the evolution

U<(t) in the case t > 0 for the case ¢ < 0 is dominated by this case. Since Y¢ = X,
we have

it|"ze= P21 <.

LD r——

10Ol mer < ™', ¢ 20,
Similarly, for the center space which means k € Jy, i.e. Rel; € (—1,0] we just
consider the evolution U (t) in the case t < 0. We have
@)l rer e < Coppe™ M, 2 <0,
Easily, we obtain
||Us(t)||HC””,HC=T < 67’811&3 t>0,
J0 ()l prer < e, ¢ <0,
Denote Cj, = max{1, Cuybl,a,,bl, \/%, \/;/ie}, then from the discussions above we
finish the proof of this Lemma.
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APPENDIX A. PERSISTENCE OF THE SPLITTING AND SMOOTHING PROPERTIES
UNDER SMALL PERTURBATIONS

In this Appendix, we present a proof of the stability of splittings and smoothing
properties (SD1) for a single bounded orbit. This is a concept of hyperbolicity
suited to dealing with unbounded perturbations, so that we use the two-spaces
approach of | |. Hence, we need bounds on the evolution as considered as
operators in several spaces. Compared with [ ], we have found it useful to
add bounds from X to X which were not used there.

The arguments are similar (but not identical) to those in | ] for the similar
case of splittings near quasi-periodic orbits. The main difference is that | ]
also had to include a discussion of the analyticity in 6, but that it did not consider
the property (SD1.2%). At the end, we will indicate the (minor) changes needed
to obtain the corresponding results for center manifolds. Roughly, we just need
to obtain the regularity with respect to parameters. For a fixed orbit, the result
presented here is based on a contraction argument. Once we have uniform contrac-
tion and some regularity of the problem in parameters, the result of differentiability
follows by variants of the contraction mapping argument with parameters (the fiber
contraction theorem).

Lemma 1.1. Assume that K(t),t > 0 is a fivzed bounded solution of (2.1) and
{A(t)}eeqo,00) s a family of linear maps defined by (3.6) which satisfies the (SD1).
Let {Z(t)}te[o,oo) be another family of linear maps such that ||A(t) — At x,y
is small enough. Then there exists a family of splittings
X=X o XfoXy,
which is invariant under the linearized equations. That is there exist cocycles sat-
isfying

d ~ ~ -
(A1) %Ur(t) = At + )U,(¢)
and
(A.2) T oo = X

We denote II"“" and 11" the projections in the X space associated to the above
two splittings. Then, there exist

(A3) Blug27§;>g?? >07a17&2 S [07 1)
and Cp, > 1 independent of t satisfying
(A.4) 53_ < B, B; < fo
and such that the splitting is characterized by the following rate conditions:
~ ~ 6751t
T2 Ollvx < Sy Tt 20,
~. ~ 6752”‘
(A.5) IUZ () |lv,x SChMTQ7 72>0,t<0,

1Te@®)lyx < Cre®t, 7<0,t>0,

1T |ly.x < CrePs 1, 7>0,t<0,
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and
1T ()l x.x < Che P, 7t >0,

(A.6) 102 ®)llx.x < Cre ™V, r>0.t<0,
| 1Tl x < Gue, <0820,

1TS()||lx.x < Cre®s 1, 7 >0,¢<0.
Furthermore, the following estimates hold
~ ~ 1
[ =T vy < ClA = All% y,

1Bi— Bi| < ClA— A% i = 1,2,3%,

(A7)
a’i :Oéi,i: 172a

G — Cu| < CllA— A% -

Remark 1.1. In the applications of this paper, we will just use Lemma 1.1 with
A(t) = A which admits a smoothing hyperbolic splitting and A(t) = A+ DN (K (t)).
Similar results were obtained in | |. The results in | | were more precise
(and had a more complicated proof) because in | |, the results were part of an
iterative process and, therefore, had to be very quantitative. In our case we just
need to apply the result once. Since we fized the angle variable 0 and will not need
to consider the analytic regularity with respect to it.

Proof. The idea of the proof is very similar to the one in the proof of Lemma 6.1
in [ ], but to made this paper easily to read we still give the the details.

A.1. Construction of the invariant splitting. We need to find the invariant
subspaces for the linearized evolution equation (A.1). We just concentrate on the
stable subspace since the theory for the other bundles is similar. First, we will
characterize the initial conditions of the linearized evolution equation (A.1) that
lead to a forward evolution which is a contraction. By formulating the new space
as the graph of a bundle map M covering the identity from B*® to B and by for-
mulating another equation for the evolution, we get two coupled equations (one for
the space and the other one for the evolution). These two equations are formulated
as fixed point problem that can be solved by a variation of the contraction mapping
principle.

We proceed first to formulate the fixed point equation which encodes both that
the partial evolutions can be defined in the spaces and that the partial evolution
keep them invariant. We start from the initial time 7 = 0 and the initial condiftion

K(0).
The (A.1) can be rewritten as
(A8) LWt = A0)Wo(t) = AWWo(t) + B()Wo(t)

dt
with B(t) = A(t)—A(t). Denote e = |[A— Al x.y = || B|x.y which we will assume to
be small. Since we assume that (2.1) is ill-posed, so (A.8) may not define solutions
for all initial values. We just need to construct the forward solutions. We compute
the evolution of the projections of W (¢) along the invariant bundles X7 by the
linearized equation when B = 0. For o = s, ¢, u we have:
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d

(A.9) ZITWo(t) = A7 (BT Wo(t) + 117 B)Wo(t)-

Our next goal is to try to find a subspace, )Z'f, in which the solutions of (A.9)
can be defined forward in time. We assume that this space where solutions can be
defined is given as the graph of a linear function G; from X} to X7, i.e.

X = {Ws () + GWg ()] Wi (t) € X7},

( that is, we introduce the notation

W (1) =TI Wo (), W5 (1) = TEWo (1) ).
We will assume that the solutions of (A.9) have the form
W5 (t) = GG (8).
Give any T > 0, for (A.9), from Duhamel’s formula we get
Wi(t) = E1(N, G)(t)
=U;(t / Uit —7)B*(T)(Id + G)W§(m)dr,0 <t < T,
MoW5(0) = E(N,G)(T) =T)GrWs(T)

- / ' U (—t) B (£)(Id + Gy )W (t)dt.
0

Assume that W (t) = N(t)Ws(0). Obviously, N(¢) is the linear operator and
N(0) = Id. Then the above equation can be rewritten as

N(t) = &[N, G](t) = Us(t) + /O t US(t — 7)B*(r)(Id + G,)N(r)dr,0 <t < T,

Go = &[N, G)(0) = US“(—T)GrN(T) — /OT U (—t) B(t)(Id + Gy)N(t)dt

From the definition of V, we take the limit T' — oo for the RHS of the second
equation of the above system and obtain

N(t) = &[N, GI(t) = Ug(t) + /t Ui (t —7)B*(T)(Id + G;)N(7)dr,

(A.10) L e

Go = &[N, GJ(0) = — / U (—t) B (8) (Id + G) N (t)dt.
0

We regard (A.10) as the equations for the two unknowns G and N, where G and
N are the functions of t. We will obtain G and N as the fixed point of operator,
E = (&1,&7), defined by the RHS of (A.10). For a fixed ¢, N(¢) is a bundle map
covering the advance by ¢ on the base, i.e. 7 — 7+ t. What we need to do is just
to prove the operator £ is a contraction, to do this we need to define the spaces on
which £ acts and the distances that make it a contraction.
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A.2. Definition of spaces. For 6 > 2C), and 8; < 8 < 1 we denote
VY= {(N,G) ‘RT ot (N, Gy) € (L(X, X)), L(X7, X)),
1
NIG <6, Glen < ¢t}
where
||N||(Cﬁo = sup ||NtHXS,Xf€Bt7
te[0,00)
(A.11) IGllco = sup [|Gellx; x¢u,
te[0,00)
IV, G)lleo = max{ | N[, 1G] oo}
and the induced metric on V is also the d—distance defined in (3.39) with ||(-1, -2)||co

defined in (A.11) for the function (N,G) € V

A.3. Elementary estimates. We also separate the proof into two steps, £V C V
(Step 1) and then &€ is a contraction in V (Step 2 ).

(Step 1): £V C V. From § > 2C}, and the smallness of € we obtain

1Us ) / Us (1

(1)(Id + G )N (7)dr]| 2 (x5 x0¢™

t
< Cpe~Br=Art 4 QCheem/ e Pt (p — p)n HN(T)HE;(XS,XS)G_BTdT
0 2

< —(B1—B)t
< Cye + 20055+ 7= ) IV

SCh—I—QChG( ! + ! )5

<6,

Bi—08 1—-o

that is ||E1[N, G]||(C?O < 4. Similarly for &, from the smallness of €, we get

and

H—/OOOU;(—t) "I+ GON @]

(oo}
<2Che [ BN g el

S 20}16{
B — B3
<es

H—/ U (1) B (@)1 + GON (0|,
0
<20 [N OIS g el

< 20@(@ + 1%%)

S 5
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that is [|E2[N, G]||co < €2. The discussions above yield £V C V.
(Step 2): £ is a contraction in V. Take any (N, G), (N,G) € V we obtain
&[N, GI(t) — &[N, Gt

t
- / US(t — 7)B(r)[(Id + G,)N(r) — (Id + G,)N(7)] dr.
0
Then from the triangle inequality we obtain

Pt

H /t Us(t —7)B*(r)[(Id + G;)N (1) — (Id + G,)N(7)] dr
0 L(X§,X7)

SCM@N NH(HHQM)WNIGﬂm)

t
/ e~ (BI=A(t=r) (4 _ 7)o gy
0

1 n 1
-0 1-a

§2C’h5e(ﬂ )\I(N—N,G—é)\lco»
1 1

that is

1 n 1
fi—p l1l-a

IEIN, 6] - &N, G| % < 2Ches( 1)\\(N —N,G=G)oo.

Similarly, we get

€2[N, G] — &[N, é]uco < 2CL0¢ec1||(N — N, G — G)]|co.

with ¢; = max { ﬁ—lﬁ; , ﬁziﬁ + } Then we obtain

d(E[N, G],g[ﬁ,é}) < cd((N,G), (N, G)),

where ¢ = 2CRedk with

{ Lo 1 Lo }
K = max , —, .
Br—B l—a1 -0y B+8 1-m
From the smallness of € we know 0 < ¢ < 1, that is £ is a contraction in V. Therefore,
with the above choices we can obtain the solution of (A.10), (N(t),G), in the C°
closure of V which yields a forward evolution and that the graph is invariant under
this evolution.

Then we obtain the stablhty of the sphttlngs X 7 and X e Similarly we get the
stability of the splittings X“ and X“" Then XC X‘“ N X“S Above all we get the
stability of the splittings X = Xb &) X° ® X“

A.4. Estimates on the projections. To get the bounds for the projections we
use the same argument as in [ ]. We only give the argument for the stable
subspace. Let G¢* be the linear map whose graph gives X;*. We write

Hfg = (5570)7 ﬁfg = (7757 thS),
IE*¢ = (0,67),  IE“¢ = (G{"n",n™),

then
é‘ — n + GC’M cu é‘Cu — ths + ,’7Cu.
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Since Gy and G§* are O(e) in L(X; X) we can write

—1
o (1 G\ T
(212 ()= (&)
7 Gy, Id

So

- - 1
I — T3 [l xp x; = sup I = 7)€l x; < [In® — &% Gen®llx; < €2
(0,£)eB®[l¢]lx<1

Analogously, we obtain the estimates about the two other subspaces (center space
and the unstable space), we omit the details.

A.5. Stability of the smoothing hyperbolic properties. In this step, we will
prove that under the lower order perturbations the smoothing properties of the
cocycles are preserved. That is, we show that if we define the evolutions in the
invariant spaces constructed above, they satisfy the bounds of the form in (A.5)

and (A.7) just with slightly worse parameters. The paper | | presented an
slightly different argument with more precise estimates that were needed because
this would be applied infinitely many times in | ]. We just give the estimate

about the stable case since the unstable case is studied in the same way, just
reversing the direction of time.
From (A.10) we know that W (t) satisfies

t
W§(t) = U (t) + / U;(t—2)(A— AP (2)(Id+ G,)W{(2)dz.
0
Using the Gronwall’s inequality | ] and noting that (W§, G) € V, we obtain
t
W ®)lly.x = U5 (t) + /0 UZ(t — 2)(A = A)°(2)(Id + G.)W§ (2)dz|ly,x

<NV Ollvx + || [ Uste— (A - 4 (:) 1+ GWs )

Y, X

t
< Cpe Pt 4 2/ Chee P12 (1 — )= | W3 (2) ||y xdz
0
t
< Cpe Prtg=o 4 2C,2Le/ e Pz All=2)(p _ 5) PR gy,
0
where 3(z) = fzt Cree=P1(t=5)(t — s)=1(s, for this integral we have

t
B(z) = / Cpee Pr(t=9) (t—s)"“ds

t—=z
= Che/ e ATy
0

1 1
< Chett— (=
S Cpe (ﬁ1+1—a1

).



46 H.CHENG AND R.DE LA LLAVE

Then we have the following
—a t
[WE@®)ly.x < CrePrttor 4+ 202e et (At ) ot / 27Nt — 2) "M dz
0

1—a 4 1—2a,
< Cpe M1 4 202t (%Jrﬁ)e*ﬁ”ilt
o

= Cpe Mg 4 180h6 o Ch6t1 a1(511+ﬁ)€—[31tt_a1.
-

I: ¢ € [0, 1], then
2 —a
W5 @) ly,x < Cre~ Pt + —fche poe  Cnet =1 (Fr by ) - Brty—on
S

2
< Cheiﬁlttial + 180h6 eche(ﬁ‘*‘ﬁ)e*ﬁﬂt—oq
— o

= Cheiﬁlttial,

where

Ch =Cy + 8Ch6 che(ﬁl1 +ﬁ)’
A13 toa
(A.13) B = B,

al = Q1.

IT: ¢ € (1,00), then
2
W3 (#)lly.x < Cre™ o1 + 7180” i Onet (B4 rer) -ty
p
— OBt 4 8Che 8BChe 1o g—cdt Onet(Fht127) g (Br—ed)ty—an
1-— (6751
_ 8Che T
(1 —aq)mel—

< Cpe Prtg—o 4 ec"d(%h*lal R

_ Gty
(the last inequality is from

1 1+a
tl—ale—e2t < 6—71(1+a1)1+a16—(1+a1) )7

where

~ 8C’2e1+ !

C, =C _ YR 7

h n+ (1—@1)06161_&1’
(A.14) 1 1 1

—€2 —C,
fr=pi-e = Gelg+ o)
alzal.

From (A.13) and (A.14),
U3 (t) = Wi (£) + GWg (¢)
and

1
||Gt||xb xev S €2,
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we know that
(A.15) 105 @)y x < Che Pt
with
Cn<(1 +€%)6h, Gy =5, ay=as,

that is
~ ~ 1
|Ch — Ch| < ce? = cl|A— All%y,
~ 1 ~ 1
|1 — p1] < Ce2 =C||A - AH?@Y?
az1 = O,
with
8C2 . ~
e L et
— ]
1 1
C=1+Ches (— + :
h (51 1-— Oé1>

Similarly, we also obtain
I1Us ()l x,x < Cre ™,
where Cj, and 3, are the ones in (A.15).

APPENDIX B. EXISTENCE OF INVARIANT HYPERBOLIC SMOOTHING SPLITTINGS
IN THE CENTER MANIFOLDS AND THEIR REGULARITY

In this appendix, we prove that there are hyperbolic and smoothing invariant
splittings based on points in a center manifold and establish that they depend
regularly on the point on the manifold. We also prove smooth dependence on the
parameters related to the invariant splitting.

We will consider the “prepared” equations (see Section 3.3) and establish the
results for the center manifold corresponding to these prepared equations. We
recall that, the results may depend on the choice of the prepared equations. See
the observations at the end of Section 3.3.1.

We will be considering formal evolution of equations of the form:

o= Au+ N(u),

where A is as in (2.1) and A is nonlinear, unbounded and is of lower order than A.

Since we will be considering the prepared equations, we will assume that N :
X — Y is uniformly C"(r > 2) small.

In this situation | ] established the existence of a uniformly CT~+L% func-
tion w

w: X, — XX
with w(0) = 0, Dw(0) = 0, such a way that
W= {(0,w(0))] 06X}

is invariant under (2.1). Furthermore, the C"1*L% —norm w can be as small as
desired by assuming the smallness of | N||¢r.
The mapping
K:0— (6,w(9))
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provides a C"~1TLP diffeomorphism of X, into W. Note that we can assume that
(B.1) ID K xes x <m0 0<j<r—1

with 7 arbitrarily small. The invariance of W is equivalent to the existence of a
Cr=1HLp yector field B on X, such that

DEK(0)B(0) = AK(0) + N (K(6)).

If ®,(0) is the evolution of B in X, then u(t) = K(P+(0)) = (P+(0), w(P+(0))) are
solutions of the evolution equation (2.1).

The following Lemma 2.1 will be the main result in this Appendix. The novelty
of Lemma 2.1 is that we establish that the splitting depends regularly with respect
to the base point. Similar results are standard in the theory of invariant manifolds
[ , ]. Nevertheless, in our set up, most of the standard proofs, based on
the graph transform method do not work since the equations we consider are ill-
posed and we cannot iterate forward geometric objects. Indeed, part of our problem
consists precisely in choosing the initial conditions so that we can define the forward
evolution. We also establish smooth dependence on the base points for the evolution
operators in the splittings. We note that we obtain smooth dependence both as
operators X to X and as operators Y to X.

Of course, in the case of quasi-periodic solutions, we established that the de-
pendence on the base point was analytic (by using a very different proof). In the
present case, one does not expect that the dependence will be even C*° since there
are finite dimensional examples where the dependence is only finitely differentiable.

Lemma 2.1. Assume that |N|cr(x,y) < € with € small enough, and the parameters

B, Ba, B, in (2.7), satisfy B1 > (r — 1)B5 + B3, B2 > (r —1)B5 + B5. Then for
every 0 € X. we can find a splitting
X =X, 0 X9 Xy,

B.2

and a family of operators U (t),0 = s,¢,u in such a way that
(SD2)

Ug(t): Yy — X&,0) T=80Cu

such that:
(SD2.1) The families Uy ““(t) are cocycles satisfying

Uy (U™ (8) = Up™™ (= + 1), Uy™"(0) = Id.

(SD2.2) The operators U, are smoothing in the time direction where they can
be defined (they map the Y spaces into the X spaces and they satisfy quantitative
estimates as indicated below).

There exist ay,an € [0,1),51,52,53',65 > 0 with ay,qs € [0,1),51 > (r —
1)5;)r + Bg,ﬁg > (r— 1)55 + B; and 6h > 1 independent of 6 such that the
evolution operators are characterized by the following rate conditions:

(B3) 1U3(#)ly.x < Cre=Pt5, >0,
| U3 0)x.x < Cue @M, 150,
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The evolution Uy “"(t) operators solve the “variational” equation

Lye(t) = A@,0)U5 (1),

(B4)  dt
=[A+ DAV (K o ®,(0))UgJ (t), U§(0)=1Id, o=s,c,u.

Furthermore, the mapping 6 — Ug () is C"=2TL%P when we give the Ug(t) the
topology of.,f(Yé,s,X%t(e))7 and for 1 < j <r —2 we have
(B.5)

) ~ G
”DéUGS(t)||Xé®j,$(X§,X$t(e)) < Chee 1Br=i(Bs +eir)]t

, t20,

o ~ oz mp Lo
R ¢ s xS > ! : ) = Y

| D}US ()]l PROR I < Chee~Pr=i(B5+eint—a 4>
¢ e (6)

- - ~ L
Lipg (Dy~2U3 ) < Chee” Pr=(r=DE+eIDlE ¢ > )

(t) ‘Xg@(’”*z),f(xg,xgt(e)

~ ~ ~ 1 .
Lipg(Dy?U; )) < Cpee Br=(r=DBf +ein)ty=G1 4 >

(t) |X§®(T*2),$(Y;,X;m>

and
(B.6)
< éheef[ﬁrj(ﬁiﬂﬁ)]t+j(5;“+e417)rt7al7T7t >0

i

JTTs )
1D3Us. 0 Ollxes, 2v; 5,0y

< Gee—Br—iB +eam i (B +ear)r s )

||DZU<§T(9)(75)||X;®J’,$( X

Xor 09 X8,,,0))

y r— ~ - B: - - B+ Ei'r - B+ Ei'r T
LZpG(Dg QUg)T(O)(t)|X§(7'72>,$(X;,th(9))) S Ch€€ [B1—(r 1)(53"!‘ ar)]t+(r 1)(53+ ir) , tZ 07

: r—2778 S [Bi—(r—1) (Bt r—1)(Bt et )7 ,—a
Lips (DU (5 ()] x0-2 vz xy ) S Cnee”HT0mDIHEI =l wam=s, 4 > 0,

where A|X®(772> 2z means that operator A € f(X§(T72),$(Z§,X%t(§)))

37X;>t<19))
and ¥ =0, ©.(0), Z=Y,X.
Remark 2.1. In the estimates for the operators we need only to estimate U(‘;T(e) (t—
7), 0 <7 <t (see (3.59)), but we have chosen to present estimates for Uy, (1)
with t, T arbitrary positive numbers and the same sign. This allows to break the
estimates into two parts. In the cases of unstable and center,we will use similar
arguments but then t, T will have opposite signs (see (3.60) ).

Remark 2.2. As a useful mnemonic rule, we remark that LipgDj > A(6) satisfies
the same bounds as | Dyt A(9)|| would satisfy in (B.5) and (B.6). As a matter
of fact, this mnemonic rule can be justified because to derive the bounds, we only
use the bounds for composition and bounded for the rules for product and sum of
the derivatives, which are also true for Lipschitz constant. This remak applies in
similar computations in this paper.

Before starting the proof of Lemma 2.1, we recall the following technical result
that will play a role in the future

Proposition 2.2. Let ®4(0) be a semi-flow defined for positive t from Banach space
X to Banach space Y .
Assume that for all 1 < j <r —1, we have

sup || D)®4(0)||xesy < Ch < oo.
te[0,1),0eX
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If we assume that, for some 6;' > 0, the inequality

(B.7) sup | De®:(0) || x.y < Cre®t, t € [0,00)
0eX

holds, then, we have, for all 1 < j <r—1,

(B.8) sup || D4, (0)[|xes.y < Crhe?™ 1, t € [0, 00).
e X

If instead of assuming (B.7), we assume, 3 > 0,

(B.9) sup || Da®:(0) | x.y < Cre P, t €0, 00),
oeX
then, we have for all1 < j <r—1,
(B.10) sup || D} ®:(0)||xeiy < Che P9, t € [0,00).
0eX
Proof. This proposition is a particular case of | , Lemma 5.2] which is proved
by an easy counting argument. O

Even if the results of Proposition 2.2 are enough for our purposes, we expect
that more elaborate proofs could get rid of the #/ factors in (B.8) and (B.10). For
simplicity of notation we will prefer to deal only with exponentials, so we worsen
slightly the exponents and add a constant. That is, we state (B.8) and (B.10) as
(for the € in Lemma 2.1)

B.11) sup Did, (0 xoiy < Che*je%rjej(ﬁ;“ﬂ)t, tel0,00), 1<j<r—1,
pex ¢ '

and

. J— 1
B.12)  sup [|DI®(0) xesiy < Che Teme Pt 1 c[0,00) 1<j<r—1.
pex ¢ ’

Proof of Lemma 2.1 We adopt the same method in Appendix A to get the results
of Lemma 2.1. Note that we can get (B.6) from (B.5) by applying Faa-di Bruno
formula (C.3), so, it is suffices to prove(B.5).

We take the unperturbed vector field as A and the perturbation vector field as
A+ DN o K o ®,(0) for a fixed 6. (Recall that we are assuming that ||DN||gr—1
is uniformly small because we are dealing with the “prepared” equation, we denote
IDN]|gr-1 < €.) Denote the operators generated by A as U?(t),0 = s,u,c, as in
(2.6) (hope there is no confusion with the operators UJ,o = s,u, ¢, generated by
A(0) = [A+ DA (K o ®4(0))]), that is

aUU() AU (t), ,o0 = s,u,c, U?(0) = 1.

Then with the same discussions to get (A.10) in Appendix A we get
No(t) = Fs(N,G)(t,0)

— U (1) + /0 T5(t — 1) B (K(®,(0))) (Id + Go(7)) N (r)dr,
G(8) = Fuu(N, C)(0,0)

——/ U (—t)B(K(®,(0)))(Id + Go(t)) Ny (t)dt,

(B.13)
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where B = DN and B? is the projection to the stable space and B is the projec-
tion to unstable and center space.

In appendix A, we fixed 6 and constructed the invariant splittings along the orbit
and the linearized evolution operators Ug showing that they were obtained as the
fixed point of some operators (defined by the RHS of (A.10)) that were contraction
in a supremum norm along the orbit. It is important for future reference that the
contraction properties of the operator depended only on norms of the perturbation
and that they are uniform in # since we are using the prepared equations, which
we assumed that have a nonlinearity which is C"~! small. The desired result
Lemma 2.1 will be obtained by considering an analogous of (A.10) that considers
the dependence on 6 (see (B.13) ).

Assume that the parameters ﬂz, i =1,2, ﬂ3 and o;, i = 1,2, Ch are the ones

in Lemma 1.1. That is ﬂz B — €t — Che( , ﬁ), a; = o, 1= 1,2, ﬁg =

B3 s + =hE C’LE and C), = (1+ ceé)Ch. Since we also assume 31 > (r — 1)85 + (85

and 81 > (r —1)B; + 35, by the smallness of ¢ we know that 51 > (r— 1)5; + 53_
and 81 > (r — 1)85 + B4 .
For the operators U?(t), o = s,u,c, by (2.7) we know that

~ 1 _

U )|l 2(ve,xe) < Crhe Pt < Cpe~Brte)ty=a1 4 >
~ 1

U ()] 2 (xe,x) < Cre ™t < CrePrte2)t >0

U (@) ||y, xu) < Cre P17 < Che ~(Bare )ty 2 <0,

(B.14) (
1o ()]

2(xuxu) < Cpe Pt < CheBatedrt ¢ <

1U(t
1U°(

Define the set

ll2(ve,xe) < Cpet < Cpels B~ , 120,

)
)l e(xs xs) < Cpels 1t < CrelPs 762)'” t<0.

H= {N ‘RT x X.> (t,@) — Ng(t) € Z(Xg,X%t(e)),
G:RT x X3 (t,0) = Go(t) € L(X3, ) Xor(0))»
INo(®)ll x5, < Che™,

. P T
||D§N0( )HX@J X(X X3 S Chﬁe_[ﬁl_](5;+€4r)]tuj = 17 e, T 17

D, (e))

||D§G9(t)||x®; L(X: X

24(0)’ ‘1f(9))

[N

<e,j:0J,~¢—1}

We adopt the weighted norms || - ||((§3017 Il - [|co and ||(:1,-2)||co which are defined in

(A.11) for the functions N,G and (N, G), respectively. The induced metric on H
is also the d—distance defined in (3.39) with 3 in place of f.

Following the standard strategy in center manifold theory, we will prove that
the operator F = (Fs, Fey) is a contraction in H. In this situation, we can appeal
to | , Proposition A2] (which shows that the C° closure of functions with
uniformly bounded C™ norms is C"~'+1) or to Hadamard’s interpolation theorem
(See Theorem 3.1 in Appendix C) which shows that a C° contraction in spaces of
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uniformly bounded C™ functions also converges in C"~!. That is for the fixed 6, by
applying Lemma 1.1 we get the existence of the splitting (B.2) and the estimates
(B.3).

To finish Lemma 2.1, it suffices to establish the regularity with respect 6, i.e.
verify that the derivatives of (Ny(t), Go(t)) about 6 satisfy (B.5).

For 1 <4 <r —1, take 7 order derivatives of (B.13) with 6, from Faa-di Bruno
formula (C.3) we get

(B.15)
. il
DZ-FS N,G t,9 - I E—
o7l 12,9) , 27 SUPLEY
i1+igt+iz =i,
0<ip <1

t
. / U*(t — 2)Dy' B*(K(®.(0))) D2 (Id + Go(z)) Dy No(z)dz.
0
From Faa-di Bruno formula (C.3),(B.1) and (B.11) we have

R - C e =
S Cheeizlefrle“(ﬁ?, +edr )Z7

1D B (K (®.())) | i
| Di2(Id + Gy(2))

(B.16) Yo
i ) < 2.
HX? 2 L(X5 0) X5 0) = 2

Then from (B.11), (B.14)-(B.16) and the smallness of € we obtain
(B.17)

. 7! _s i
|DyFs [N, G](t’Q)HXS?"',.%(Xg,X;;t(s)) < E mQC}Z){E?e ey
i1 tigtig=i, Trartor
0<iy<i

t — 1 - 1 ~ ~ 1
/ 67(ﬁ1+67)(t7z)(t _ Z)foclei1(5§'+eﬂ)ze*[517i3(63++eﬁ)]zdz
0
t o
< C'TC’,fez_z;r1 / e M=) (g — z)_ale_[ﬁl_iw;“ﬁ)]zdz
0

~ - t ~
_ Crc'ge?*%e*[mfi(ﬁ;ﬁ%ﬁ)]t/ (t — 2)oremilB +eF)=2) g,
0
L
L—ar (3] +em)

< Cr02627%€*[§17i(5;+6ﬁ)]t |:
< Cheef[alfi(‘ﬁv;ﬂﬁ)]t,

where C, is a bounded constant depending only on 7, (it stands, sometimes, for
different value in different place). For the derivatives about 6 of F., we have

. il
DefCU[NaG](Ove):* Z il i
i1+igtiz=i, 1:02°03:

0<iy <i

: /0 h Ut(—t) Dy B* (K (®4(0))) Dy (Id + Gg(t)) D No(t)dt.
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Then with the analogue calculations in (B.17) we obtain

i! * c i1 C
D — / US(~t)Djf BE(K (4(9)))
i1 +igtiz—i, 11:12:13: Jo
0<ip<i

Dy (Id+ Gy (t))Dg”Ng(t)dt‘

X&', L(X5,X§)

_r—1
S _ 016262 147~ _
B —i(B5 +eir) — (5]
< e%,
and
7! o0 oo
2 il / U (~t)Dy B*(K(®:(6)))
i1+ig+ig=i, 11:12:13: 0
0<ig<i
- Dy (Id + Ge(t))foNg(t)dt’
X&' L(X5,XY)
3 g—r—1 1 1
= Crche v [ = Y <t 1
L=oax B+ fo —i(By +e3r)
<er
That is

Nl

||D§.7-"CU[N, G](079)||X§i,z(xg,xg“) S ez

(Step 2): F is a contraction in H. Take any (N,G), (N, G) € H, with the same
calculations in Appendix A we obtain

A(FIN,GL.EIN,G]) < cd((N,G). (N, G)),

where ¢ = 20;%6/@ with

1 1 1 1 1
ﬁ:max{~ —— + —, = = T, = ——= + ~}
Pr+e:—pr l—a1 B —(By +e2) Boter+ B L
1 1

— .
€2 ].—0[1

Then by the smallness of € we know that ¢ = 2C?edr < % That is, F is a

C"—contraction operator in H, so there is a unique solution of (B.13) (N; (t), Gj(t))
in the C closure of H. So Nj(t) and Gj(t) is C"~2+L% in § and satisfies the esti-
mates in H with j < r — 2. Moreover, from (B.15) we have

sup(6 — )~ (D2 N; ) () — Dy 2N (1))
049

=sup(f —9)~! Z i

111251721
O£ iy tintig=r—2, 11:12:13:
0<ip <1

[ U= 2D B (R @.0)) D (1 + G () D N 2

— D B*(K(2.(9)))Dif (Id + G(2)) Dy Nj ()] d=.
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With the similar calculations in (B.17) we can obtain

. P ek
Lipg (D> Ng (t)|X§<r—2>’g(xgﬁxét(e>)> < Cpee Bri=(r=1)(BF +ein)lt

Similarly, we can also obtain

Nl

Lipg(Dg_2GZ|X§(T72>’$(X5’X§u)) < Che?.
From Appendix A we know that
(B.18) Ug(t) = W5 (t) + Go(t)W5 (1),

where Wy (t) = Ng(t)W(0) with [[Wg(0)[|x; < 1. Then from the definition of H,
Lemma 3.1 and (B.18) we know that Uj(t) satisfies the first inequality in (B.5).
To prove the second estimate in (B.5) we need the following inequality:

¢ ¢
t*“/ efﬁ(tfz)(t—z)*az“dzg/ e PE=2)(t — 2)~dz
0 0
<(1+L) >0, 0<a<l
=BT 1a” ’ '

(B.19)

With (B.19) and the same tricks to obtain the first inequality in (B.5) we get the
second inequality in (B.5). We omit the details.
By Faa-di Bruno formula (C.3) we know that

i1 — N k o 7 i1 (Dé(I)T(e)))\]
Dit[®.(®,(0))] _HD@ [@.] @T(a)p(;k) 1!Hj:17w) GO

where
'i1 7;1
plir, k) = {(Ah-.- M)t N ENDY N =k jA = il}.
j=1 j=1

Then from (B.11) we have

. —i . L . L
< (Citley, T e B +ed)z i B ed)r
— () 1 )
()

||Dé1 BS(K((I)Z(@T(Q)))HXS;n i

where ¢;, is constant depending only on 7;. With the same calculations to obtain
the first estimate in (B.5) ( with the above inequality in place of the first inequality
in (B.16)), we obtain the two inequalities in (B.6).

For U§*(t) and Ug:(o)(t), by changing the direction of time ¢ we have, for j =
1, ,r—2,
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(B.20)

1308 Oxes, 23 x5, ) < Cnee™ 27905 FEe <,

; > LS 1
IDJUS ()l xes oy, < Cnee PriGatemlil g < g,

Xa00)
IDIVE 0 Ol x5z

Y09 Xa,,,0))

< éhee—[ﬁz—j(ﬂgﬁ'eﬁ)]t+j(53++6471r)7't—f¥2) r>0,t<0,
IDIUE 0l e

< éhee—[52—j(5§+eﬂ]t+j(§§r+eflr)7— 7>0,t<0,

X, (o) q>+7(9>)

IDJUS ) xes gxs xu ) < Cheel @ w4 s,

<1> (e))
||D§U§(t)||Xé@jyz(ch X5, ) < Ch663(53 +e4r)|t\ t<o0,
=~ (B = A I
”D Ucb 9)( )||X®J L(X xe ) < Cheeﬁ(5§+f4r)t+g(ﬁ3 +€4r)|7'|7 F<0,t>0,
EORE O

||D0Uq) 0)( )||X®] 2x x < Chee](ﬁs tedn Nel+5 (35 +e4r)7'7 7>0,t<0,

&7(0)7 q>+.,(e))

Lipo(Dy*Ug'(8)| xe -2 sy xu ) < Cpee~Pr=(=DET+I 4 < g

~ ~ ~ 1 .
Lipo (DU ()| yot—2 o (9))) < Cree Pr=(r=DB+e)lltl |y =82 ¢ <

Lipg(Dg_2UgT(9) |X®(r 2) z( Xu

&, (0) cpHT(e))

< CpeePr—(r=1)(3f +€F)]\t|+(r—1)(5§r+eflr)7'7 £<0.7>0,

Lipy (Dy~*Us_ 9yt )|X®<r 2 (v . X

v 0) Kby, ()

b

< Cree == D@+t r=D) B +e30)7 482 < 0 7 > 0

] ~ r— B+ e%
L’Lpg(Dr 2U9 |X®(T 2) L(XE,XS (9))) < Ohee( 1) (B3 +e )]t7 t >0,
@t
LZpg(DT 2U9 |X®(T 2) g(X c (9))) S 6}166(7‘71)(63_4»6@)]757 t S 0’
1 r— ~ r—1)(BT eir T
Llpe(D 2UV<I> (9) )|X®(T 2) LX) X5, (9))) < Chee( (B +edr ) (t+] \)7 t>0,7<0,
thr

; 2 A —1)(BF +em)(|t
Lipo(Dy~"Us, (9 |X®(T P 2(Xg X&) < Cpeelm =D+ |+T)7 t<0,7>0.

APPENDIX C. SPACES OF DIFFERENTIABLE FUNCTIONS IN BANACH SPACES

In this appendix, we collect some classical (but perhaps not so well known) results
about spaces of differentiable functions in Banach spaces which are useful for us
in establishing the contraction mapping arguments and in obtaining the results.
Particular importance is given to the dependence on parameters in these spaces
and on the closure properties.
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C.1. Basic Definitions.

Definition 3.3. Let X,Y be two Banach spaces. Let O C X be an open set.
We will denote by C"(0,Y) the space of all functions from X toY which possess
uniformly bounded uniformly continuous derivatives of orders 0,1,--- ,r. We endow
C"(0,Y) with the norm of the supremum of all the derivatives, e.g.

(C.1) I fllero,y) = Juax sup I £1(8)| xoi v -

The |Alxeiy = supje,| =1, |e|x=1 A1, ..., &)]y is the usual norm of sym-
metric multilinear functions from X taking values in Y. As it is well known, the
norm (C.1) makes C"(0,Y) a Banach space.

Definition 3.4. We will denote by C™1TL%(0,Y) the space of functions in C"~1(0,Y)
whose (r — 1) — th derivative is Lipschitz. The Lipschitz constant is
D7‘—1 _ Dr—l r—
Lipoy D™ f = sup D" f(6) FQlxee-1y
£#£¢ 1€ = ¢llx

and the norm in CT=*LP(0Y) is the max of the C"~! norm and Lipo y D"~ 1f.
Again this norm makes C"~'*1% into a Banach space.

We note that since O may be not compact, this definition is different from the
Whitney definition in which the topology is given by seminorms of suprema in
compact sets. We will not use the Whitney definition of C" in this paper.

Definition 3.5. An open set O is called a compensated domain if there is a constant
such given x,y € O, there is a C' path ~y contained in O joining x,y such that
| < Cllez —yll-

For O a compensated domain, we have the mean value theorem

(C.2) 1 () = FWlly <Clflleromlle —ylx-

In particular, C! functions in a compensated domain are Lipschitz. It is not
difficult to construct non-compensated domains with C' functions which are not
Lipschitz.

Of course a convex set is compensated and the compensation constant is 1. In
our paper, we will just be considering domains which are balls or full spaces. See
[ | for the effects of the compensation constants in many problems of the
function theory.

C.2. Hadamard interpolation theorem. We have the following result:

Theorem 3.1. Let O be a compensated domain. Let f € C"(0,Y). Then if
we define n(r) = || fllcro,y), we have that log(n(r)) is convex in r. That is for
0<6<1,0<a,b<r, wehave

fllcoera-ono,y) < Clf 1o I 5o.p,

A proof of Theorem 3.1 extending for non-integer values of r for suitable defini-
tions of C™ can be found in | ]. In finite dimensional spaces it was proved in
[ ]. See also [ ]. We also note that the interpolation is a consequence of
the existence of Smoothing operators | ]

For us, the following corollary will be important.
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Corollary 3.1. Assume that {f,}72, C C"(0,Y) is such that || fu|lcr0,y) < M.
Assume that || frn — fuiillcoo,yy < Ck™. Then,

||fn — fn+1||C’"*1(O,Y) < <2M)(T'—1)/T'01/TH7L/T‘-

Of course, even if the corollary is true for all values of k, it is more interesting
for k < 1 as it happens in contraction mapping principles.

The corollary shows that a C°—contraction mapping a C"- bounded set of func-
tions to itself, is a contraction in C" (1 < ) norm. Of course, in particular it is a
contraction in C"~! norm. Using the uniform convergence of the C"~! derivative
and that the C"~! derivative is Lipschitz, shows that the limit is in C"~'*2%_ This
gives an alternative proof of the application of Lemma 3.1 to our problems.

Remark 3.1. As we mentioned above, the interpolation Theorem 3.1 extends for
non-integer values of ' with a suitable definition of the norm. With this definition,
we have Corollary 3.1 for all values of v’ < r. The same applies to the following
result Corollary 5.2.

A further corollary of Corollary 3.1 is

Corollary 3.2. Assume that { f,};2, C C"(0,Y) is such that || fnllcr0,y) < M.
Assume that for some foo € CY(O,Y) || fn — foollco(o,yy — 0. Then, for all
r<r,
fo€C"
and fn — foo in cr.

proof. Given a subsequence f,, of f, we can obtain a further subsequence
i, which satisfies ||fn, — fn, | 1% < (1/2)7. By Corollary 3.1 we get that I,

converges in C™. This limit obtained in C"" sense has to be foo-

It is an exercise in metric space topology that, if for all subsequences we can
obtain a subsequence that converges and all these limits are the same, then, the
original sequence converges.

C.3. Lanford’s closure lemma. The following result is [ , Proposition A2].

Lemma 3.1. Let O be a convez set inside of a Banach space X. LetY be another
Banach space.
Denote by B the set of functions

B={u:0—Y,|Dlu<1, 0<j<r—1, Lip(D" 'u) < 1}.

Assume that {fn,} C B and that for each value x € O, f,(x) converges weakly to
Then, foo € CT—1FLPsChitz ond for 1 < j <r —1, DI f, converges uniformly to
Dif.,. As a consequence, fo € B.

The assumption of weak pointwise converge is, of course, much weaker than the
assumption of uniform convergence, which is what will appear in our applications.

The statement in | , Proposition A2] is only for the case O = X, but the
proof consists in studying the behavior of f, on one dimensional segments in O,
(then the result is deduces from Ascoli-Arzeld theorem). Then, one checks that the
result is uniform in the segment considered. The proof works without any change
for convex O. With only minor modifications the argument works also when O is
a compensated domain.
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C.4. Faa Di Bruno formula.

Lemma 3.2. Let g(z) be defined on a neighborhood of xo and have derivatives
up to order m at xo. Let f(y) be defined on a neighborhood of yo = g(xo) and
have derivatives up to order n at yo. Then, the n-th derivative of the composition
h(z) = flg(x)] at xq is given by the formula

n i
(C.3) hn =Y fr Z) "!H?=1W~

k=1 p(n,k
In the above expression, we set

dar dx d
hyn = —h(z0), fr= wa(yo)v gi =

-9(0)

~ dxn dyt

and . N
p(n, k) = {()\1,--- An) N €N N =R, N :n}.
i=1 i=1

The formula (C.3) without an explicit expression of the combinatorial coefficients
was obtained in | ]

The explicit computation of the combinatorial coefficients is less straightforward,
but can be found in | ].

C.5. Functions of several variables and partial regularity. In several appli-
cations, we have to consider functions of several variables. One can think of one
as the regularity of the function and the other is the regularity with respect to
parameters.

In some of our applications it is easy to estimate the regularity in each of the
variables since they play a different role.

The following result shows that if we can estimate the derivatives in each of the
variables, we can obtain automatically also the mixed derivatives.

Lemma 3.3. Let X1, X5,Y be Banach spaces. O, C X1,09 C X9 be conver,
bounded sets.

Let f: 01 x Oy — Y be a continuous function.

Assume that for all x1 € Oy, 9 € O, i,j <1, we have

||3§:1f($1,502)|| <M < o0,
||ag]c‘2f(931,502)|| <M < .

Then, for every n,m such that n +m < r, we have that the function f admits

mized partial derivatives 0y 9y f. Furthermore, we have

sup ar o f(xy,x9) < T(M,O1,05).

1 T2
21€01,22€02

(C.4)

Of course, in analytic regularity, the fact that analyticity in several complemen-
tary directions is the celebrated Hartog’s theorem | ]. In our case, we are
assuming that the functions are bounded, but the Hartog’s theorem does not need
that assumption. The Hartog’s theorem is much easier under the assumption that
the functions are bounded.

For finite dimensional spaces X7, Xo, this result is a classical result in the theory
of Riesz potentials. A modern proof can be found in | , Lemma 9.1]. This
result is the basis of many results in the regularity theory of elliptic equations.
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There are also results when the number of derivatives is asymmetric and also for
fractional derivatives.

Results of this type were found useful in the theory of Anosov systems when the
partial derivatives along the coordinate axis are generalized to be partial derivatives
along stable and unstable foliations | , Lemma 2.5]. A more elementary
and more general proof based on the theory of Morrey-Campanato spaces is in
[ ]. A very elementary proof using just the converse Taylor theorem and gen-
eralizing to some fractal sets is in | ]. To go from the finite dimensional proofs
above to the infinite dimensional case, it suffices to take finite dimensional sections
and observe that the bounds obtained are independent of the finite dimensional
space considered.
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