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INVARIANT PRE-FOLIATIONS FOR NON-RESONANT
NON-UNIFORMLY HYPERBOLIC SYSTEMS

ERNEST FONTICH, RAFAEL DE LA LLAVE, AND PAU MARTIN

ABSTRACT. Given an orbit whose linearization has invariant subspaces satisfy-
ing some non-resonance conditions in the exponential rates of growth, we prove
existence of invariant manifolds tangent to these subspaces. The exponential
rates of growth can be understood either in the sense of Lyapunov exponents
or in the sense of exponential dichotomies. These manifolds can correspond to
“slow manifolds”, which characterize the asymptotic convergence.

Let {x;};en be a regular orbit of a C? dynamical system f. Let S be a
subset of its Lyapunov exponents. Assume that all the Lyapunov exponents
in S are negative and that the sums of Lyapunov exponents in S do not agree
with any Lyapunov exponent in the complement of S. Denote by E;fz the linear
spaces spanned by the spaces associated to the Lyapunov exponents in S. We
show that there are smooth manifolds Wg‘i such that f(ng) - Wﬂi+1 and
Tz, WQ‘Z = Efl ‘We establish the same results for orbits satisfying dichotomies
and whose rates of growth satisfy similar non-resonance conditions. These
systems of invariant manifolds are not, in general, a foliation.

1. INTRODUCTION AND STATEMENT OF RESULTS

When studying the behavior of an orbit of a dynamical system f, it is natural
to study the behavior of its linearization and wonder whether there are non-linear
analogues for the features found in the study of the linearization.

Very often we can classify the tangent vectors along an orbit into subspaces with
different rates of exponential growth either in the future or in the past. In the
literature, there are several precise definitions of rates of growth. We will discuss
them later in Section [[11

Since the subspaces corresponding to a rate of growth and combinations of them
are invariant, the question of existence of invariant objects for the full system related
to these linear spaces naturally arises. In particular, we may be interested in the
spaces that converge the slowest, since these slowest convergences will dominate
the long-term behavior.

The goal of this paper is to show that, under appropriate non-resonance condi-
tions for the rates of growth, indeed one can find smooth manifolds tangent to the
spaces invariant under the linearization. We also give examples that show that the
non-resonance conditions are necessary for the existence of such invariant smooth
manifolds.
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For the case of a fixed point of a local diffeomorphism of a Banach space near a
fixed point, invariant manifolds associated to non-resonant subsets of the spectrum
have been considered in [dILI7] (see also [EIB01, [CEdILO03al [CFAILO3DbL [dILO3]).
Particular cases of non-resonant manifolds for uniformly hyperbolic systems were
considered in [Pes73| [dILW95| [TPJILI5].

As remarked in Section 8.3 of [dIL97] and in Section 2 of [CEdILO03al, the results
for fixed points imply results for more general sets using the device of lifting (see
[AP70]). Given a dynamical system f we consider the action f on the Banach space
of CY vector fields defined by

(1) [fol(@) = expzt flexpy(q) o(f 7" (2)))-

The zero vector field is, clearly, a fixed point of f. Moreover, the linearization of
f at the zero field is f., the push forward of f acting on C° vector fields. Hence,
under assumptions on the spectrum of f,, we can associate invariant manifolds to
f. It was shown in [Mat68] that the spectral properties of f, are related to the
growth rates of the linearized system.

In this paper, we develop a theory of non-resonant manifolds for orbits that
satisfy some rather weak notion of hyperbolicity. This notion is based on properties
of each individual orbit and does not require the uniformity assumptions that are
required in the lifting approach. Indeed, we introduce a very weak notion of rates
of growth (see Definition below) which generalizes at the same time the notion
of exponential dichotomies and the notion of Lyapunov exponents of non-uniform
hyperbolic theory. Since the notion we consider also encompasses the notion of
rates of growth in Oseledec’s theorem [Ose68| [Rue79], the results also apply to
random dynamical systems (see Section [LT]).

We note that the non-resonant conditions we will consider in this paper are au-
tomatically satisfied by the most contractive part of the stable spectrum. Hence,
the results here generalize the classical results on strong stable manifolds. Never-
theless, in contrast with the strong stable manifolds, the non-resonant manifolds
constructed here do not integrate to foliations (see [JPdILI9]).

For the sake of simplicity, we will formulate the results only for dynamical sys-
tems with discrete time. Analogous results are true for flows. The results for
continuous time follow by taking time one maps of the flows. Of course, it is possi-
ble to give a direct proof of the results for flows following the arguments presented
here for diffeomorphisms.

As a motivation for the study of the manifolds considered here, we will mention
that they give one possible precise meaning to the idea of slow manifold which
is used in many heuristic calculations of asymptotic behavior in dynamics; see
[Era88l IMP92] for a discussion of several possible meanings of slow manifold. From
a mathematical point of view, we point out that one can prove, following the argu-
ments in [dILMMS6], that the solutions of cohomology equations are smooth on the
manifolds considered here. The fact that the manifolds considered here do not lead
to a foliation provides an obstruction to smooth equivalence of dynamical systems
which is not related to periodic orbits and which is not captured by non-autonomous
linearization (see [dIL92) [JPAILIT]).

1.1. Notions of rates of growth. There are two widely used methods to formalize
the rates of growth of vectors along an orbit.
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One possibility — considered in [SS74, [Fen74l, [Fen77] — is to require that there
is a uniform expansion or contraction, but that there is a spread on the rates.
That is, for g1 < A < pg < A < -+ < pp < Ap, one characterizes the bundles
E? by
Cexp(Ain)|v], n =0,

(2) v € E, < |Df"(x)v| _{ Cexp(um)v]. n <0
We note that a consequence of ([2) is that the angle between the different spaces
E! is bounded from below.

Remark 1.1. It was shown in [Mat68] that if the spectrum of f, — the push-forward
by f — acting on C° vector fields is contained in annuli of outer radius e* and
inner radius e/, then, every orbit satisfies (2I).

Under condition (@), it is possible to develop a theory of invariant manifolds
and foliations based on lifting to actions of bundles as in (). See [HP70, [HPST7]
for the origins of the theory and [CFdILO03al [CFdILO3b] for results for non-resonant
invariant manifolds. In this paper, we will base our study on properties of individual
orbits rather than on assuming spectral properties of operators acting on bundles.

Another characterization of rates of growth is based on the existence of Lyapunov
exponents considered in [Ose68| [Rue79|:

. 1
(3) vEE, < hrf " In(|Df"(z)v]) = N\

for some real numbers A, ..., Ap,.

Note that definition (B]) ignores polynomial terms in the rate and it can be quite
non-uniform along the orbit. As is well known, Oseledec’s theorem ensures that,
given a measure p invariant under the system, one has [B]) p-almost everywhere
and, moreover, one can find sets of measure arbitrarily close to full measure where
there is some uniformity in the deterioration of the hyperbolicity properties.

One can consider that condition (2) requires that there is an exponential rate
which is uniform along the orbit, but one has to allow a spread on the rate. On
the other hand, in condition (B]), there is an exponential rate, but one only requires
that the exponential rate, happens in an averaged sense and that it does not need
to be uniform along the orbit.

Neither of the characterizations of rates of growth ([2) and (B]) is more general
than the other. Even if a vector is in one of the subbundles in (@2)), it may fail to
have a Lyapunov exponent if the rates of growth keep on oscillating. Such points
are easy to construct in hyperbolic systems (e.g. horseshoes) that have a symbolic
dynamics. On the other hand, systems admitting Lyapunov exponents may have
fluctuations that destroy the possibility of uniformity.

We introduce a new definition that encompasses both of the previous definitions
@) and ([B)). We allow the existence of a spread in the exponential rate as well as a
deterioration of the constants along the orbit.

Definition 1.2. Given A = {A\1,..., A\, } and o = {1, ..., up} such that u; < A <
po < Ag < oo < pp < Ap, £> 1, € >0, we say that a point = has a (A, u, ¢, £)-
regular orbit if we can find invariant decompositions Tfm(x)M = @le E},,,L(z) such
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that:
(i) ve E}""(az) implies
(4) ¢ exp(pin — elml)|o| < [Df™(f™(x))v] < Lexp(An + e|m|)[v]
for n > 0, and
(5) £ exp(hm — elmllv] < [DS (@)l < Cexpluin + elm])lo]
for n < 0.

(ii) angle (Eb ) B (y) = € exp(—elm]), i j.

Denote I; = [p;, Ai]. Also denote by Ay, ¢ the set of (A, u, e, ¢)-regular orbits.

We recall that if f is a C! system and p is an ergodic invariant probability
measure, Oseledec’s multiplicative ergodic theorem implies that, if the Lyapunov
exponents are ;, ¢ = 1, ..., p, then, for € > 0, the sets Ay_ 54 ¢ can be made to
have measure as close to full as desired by choosing ¢ big enough. That is, p-almost
all orbits are regular, but the constant ¢ cannot be chosen uniformly. The sets
Ay tey—c.c.0 are often called Pesin sets.

Condition (@) clearly implies Definition taking ¢ = 0 and ¢ a suitable large
number. A fortiori, it is shown in [Mat68] that the fact that the spectrum of the
push-forward is contained in annuli of inner radii exp p; and outer radii exp A; is
equivalent to the fact that all orbits satisfy Definition with € = 0 and ¢ chosen
uniformly for all points.

1.2. Non-resonance. Given two intervals I;, I C R, we denote
L+ 1, = {t:tl +ty: t1 € I1,t5 € .[2}

Of course, when the intervals consist of one number, the above operation corre-
sponds to the sum of numbers.

Definition 1.3. Let {I;}’_; be a collection of intervals. Given S C {1,2,...,p},
we say that a subset {I;};cs is non-resonant if for j € N, j > 2, and any collection

i1,...,4; € S of indices (perhaps repeated), we have
(6) (L +-+L)n |J Li=0.
iese

We say that a subset {I;};cs is contractive when
(7) U I, CR™.
i€S
I and I9° = ;g L.

Ei and ES" = @, 4. EL.

Denote I = J, .4

Denote ES = @, ¢

We clearly have T, M = ES @ ES".

Denote IT5 and TI5° as the projections associated to this decomposition. We use
the abbreviations dg(z) = dim EY and dg-(z) = dim ES".

For collections of intervals {I;} and subsets S satisfying (B and (), we denote

by Ng the integer defined by
min{t € 15}
8 Neg= |7Vt ~=" J
®) s [max{té]s}]’

where [t] denotes integer part of ¢.
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It is clear that for collections satisfying (7)), condition (@) is automatically verified
if j > max{Ng, 0}.

Remark 1.4. Note that in part (i) of Definition we have only assumed that in
the invariant space E we have the rates of growth @), (H). In the literature, it is
often assumed that the space E? is precisely characterized by @), (&).

One interesting example of spaces where assumption (i) of Definition applies
but which is not characterized by ), (B is Cartesian product systems in which
the two factors overlap. For example, if we take the Cartesian product of a system
by itself, F(z,y) = (f(x), f(y)) and E is a spectral decomposition for f, we see
that Efm)y) = E! x {0} is a space admissible for our definition. However, the only

spectral space is (B} x {0}) ® ({0} x E}). It is perfectly possible to have examples
such as those mentioned here that satisfy the non-resonance conditions in Definition
Note that there we are only assuming that (@) happens for j > 2.

Remark 1.5. For collections of intervals which satisfy (), property (@) amounts to
a finite number of conditions. It is clear that if we slightly enlarge the intervals
both conditions will remain valid.

Remark 1.6. When the intervals are points, it is instructive to compare condition
@) with the conditions of Sternberg’s linearization theorem. The conditions of
Sternberg’s linearization theorem require that no interval contains sums of points
in other intervals. Here we only require that the numbers of the set I°° cannot be
obtained as sums of numbers in the set I°.

Indeed, the proof presented here has some similarities with the proof of Stern-
berg’s theorem. We start by computing a polynomial approximation to the desired
object and then use a contraction argument to show that the very approximate
polynomial solution can be modified to become a true solution of the problem.

A Sternberg’s type theorem along orbits under full non-resonance conditions can
be found in [Yom8§|. Similar results are crucial for [Yom87]. A related theory is
the one of the non-autonomous normal forms [GK98|] developed under uniformity
conditions on the bundle. It seems clear that one could work out a similar theory
under assumptions on the behavior of individual orbits.

Remark 1.7. An important case of a non-resonant set is when S includes the I;
contained in (—oo,1), where [ < 0 and [ ¢ |J}_, I;. In such a case, the bundle E? is
the strongly stable bundle, and our results give the usual strongly stable invariant
manifold.

Note that the strong stable manifold admits the characterization

(9) We* =A{y: d(f"(z), ["(y)) < CyaA"}
which makes it clear that y € W7 is an equivalence relation and that, therefore,
the set of strong stable manifolds is a lamination.

More general non-resonant manifolds do not admit a characterization in terms
of rates of growth. In [JPdIL95] one can find examples where the non-resonant
manifolds of neighboring points have non-trivial intersections.

1.3. Statement of main results.
Definition 1.8. We will say that a family of maps {w, }nez is uniformly C* if
the maps are C* and sup,,cy ||[wnllcr < co. We will also say that a family of

parameterized manifolds {W,,},cz is uniformly C* if there are parameterizations
of W, that form a uniformly C* family.
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The main result of this paper is:

Theorem 1.9. Let f be a C" diffeomorphism, r € NU {oo}, r > 2, of a compact
C® finite-dimensional manifold M. Let x € Ax o0, Ii = (i, A, € {1,...,p},
and {I;}ics, S C {1,...,p}, be a non-resonant and contractive set. Assume that
r > Ns+1 and that e < 0/2 and § is small enough such that if we consider the
enlarged intervals I; = I; + [—20,26], the set {I;}ics is still a non-resonant and
contractive set.

Then, there exist maps w, : B(0,1) C R% — M, where B(0,1) is the unit ball
in RYs, n € Z, in such a way that

(a) wn(0) = f"(x).

(b) wy, are uniformly C”.
If we denote by W,, the range of wy,, then:

(c) f(W,) C WnHS.

(d) Tpn@yWn = By
Also, there exists K > 0 such that the manifolds W,, contain a disk of radius
K{2v/tanh § exp(—(2¢ + 6)|n|).

Moreover, if W,,, W, are families of manifolds satisfying (c) and (d), then:
(e) If Wy, Wy, are uniformly C™ for some m < r, then Tin(x)Wn = T}n(x)Wn
fori < m. .
(f) If W,,, W,, are uniformly C* for some k > Ns, then W, N B, = W,, N B,
for some balls B,, around f™(z).
In particular, if the manifolds are uniformly CNs*1, they have to agree
with the manifolds range w,, and hence they are uniformly C”.
(8) If sup,cz [Whallone < 00 and Wy is a C* manifold for some Ng < k <,
then sup,,cy |W-n|cr < o00.

The meaning of the above result is that if the set S of rates of growth is non-
resonant, we can find a collection of smooth manifolds that are non-linear analogues
of the linear subspaces invariant under the linearized map.

The final conclusions of Theorem [[L9] are uniqueness conclusions that say that
these systems of leaves are unique under some regularity properties.

Part (e) says that the m-jets of the manifolds are uniquely determined provided
they are uniformly C™.

Roughly speaking, part (f) tells us that the manifolds are unique when they are
regular beyond a critical value. In particular, when we know that they are more
regular than this critical value, they are as regular as the map. Hence, part (f) is
a bootstrap of the regularity argument which starts working when the regularity
is higher than a critical value related to rates of contraction. Similar bootstrap
arguments appear in rigidity theory (see, for example, [dIL.92]).

In Section Bl we provide an example that illustrates the role of the critical reg-
ularity in the uniqueness properties.

It is important to remark that the proof will only use constructions in a neigh-
borhood of an orbit.

Remark 1.10. We have formulated Theorem [[L9 only for maps on finite-dimensional
manifolds. Nevertheless, there are versions along the same lines for maps on infinite-
dimensional Banach spaces which have smooth cut-off functions (e.g. Hilbert
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spaces). However, we note that some of the arguments we present — notably
the construction of the Lyapunov metric — require some serious modifications (it
is somewhat easier for Hilbert spaces). We will not consider these cases in this

paper.

Remark 1.11. Even in the case that the orbit is a fixed point, the non-resonance
condition is necessary for the existence of an invariant manifold. As we will see, the
candidates for a jet satisfy functional equations which may fail to have solutions if
the non-resonance conditions are violated. Hence, in those examples where there
is no candidate for a jet, there cannot be a smooth invariant manifold. We refer to
Example 5.5 of [dILI7] for more details.

Remark 1.12. Note that, in contrast with many of the results in uniform normal
hyperbolicity which are valid for r > 1, our results are only valid for » > 2. It
seems to us that the proof will work for r = 1+ 4§ with mainly notational difficulties.
Nevertheless, the proof with » = 1 does not work in general since the paper [Pug84]
contains an example of a C'! system satisfying Definition for which there are
no C' invariant manifolds tangent to the spaces. The paper above contains the
conjecture that in the case that the stable manifold is one dimensional, one could
get stable manifolds even for r = 1.

Remark 1.13. If one has hyperbolicity properties for all the orbits, then one could
hope that the results given here for individual orbits could be made coherent to
integrate the distribution E? to give a foliation. For the stable foliation, such a
procedure is carried out in [Fen74, [Fen77]. Nevertheless, in the generality considered
here, the leaves produced in this paper do not integrate to a foliation. Even in
the very uniform case when ¢ = 0, one can find examples — C“ close to linear
automorphisms of the torus — where these invariant manifolds cross in arbitrarily
small neighborhoods (see [JPdIL95]).

In some particular cases — e.g. maps of the torus close to linear and when
S corresponds to intervals contained in R~ — there is a way of integrating the
foliations based not on local properties but on global behavior (see [dILW95]). The
leaves produced in [dILW95] are not very smooth and, hence, are very different
from the ones considered here. In particular, in the proof given in [dILW95] one
has to take into account global properties of the manifold to obtain that the leaves
integrate to a foliation.

Remark 1.14. The results of Theorem [[L9 are local. The proof consists of exam-
ining the sequence of maps f,, that are coordinate representations of f from a
neighborhood of z, to a neighborhood of z,41. Indeed, we deduce Theorem
from Theorem [2.5] which asserts the existence of invariant manifolds for sequences
of maps in such a way that the linearization is non-resonant.

Besides the situation considered in Theorem [[.9] there are other cases where
Theorem appears naturally. Notably, if f,, is a random sequence of maps,
Oseledec’s theorem [Ose68|, RueT9] shows that almost all orbits admit Lyapunov
exponents. Hence, for random dynamical systems, provided that the Lyapunov
exponents satisfy the non-resonance assumptions, we obtain that the manifolds
produced in Theorem exist with probability 1.

Studies of non-autonomous Sternberg theorems for random systems have been
undertaken in the preprint [LI04], which appeared after this paper was submitted.
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2. PROOF or THEOREM

The proof of Theorem [[.9 starts very similar to the proof of the invariant man-
ifold theorem in [Pes76, [Pes77] and subsequent papers. We start by defining a
Lyapunov metric, which is singular with respect to the Euclidean metric but makes
the hyperbolicity properties of the problem uniform. This allows us to choose a
convenient system of coordinates in neighborhoods of each of the points in the
orbit.

In a second step, we see that by writing the manifolds in the form W,, = graph V,,
for certain functions V,,, under the non-resonance conditions, it is possible to
uniquely determine candidates V.0 for the jet of the functions V;,. That is, if the
functions V,, were differentiable enough, we could take derivatives of the invariance
equation and obtain functional equations satisfied by the sequence of jets. We will
show that these functional equations admit unique solutions. We emphasize that at
this point we only require the non-resonance condition (@) and not the contractive
hypothesis ().

In a third and final step, we use the computed candidates for jets to show that
we can transform the equation satisfied by U, := V,, — V! into an equation that
can be treated with the contraction mapping principle in some appropriate spaces
by using assumption ().

The motivation for this scheme is that for functions that vanish at order Ng at
the origin, a contraction A on the right contracts the norms based on derivatives of
order Ng by ANs. If Ng is large enough, this contraction factor can overcome the
expansion factors generated by the other directions.

Note that one of the consequences of this study will be that the U,, vanish to
sufficiently high order at the origin so that the V.2 are indeed the jets of the V,.

2.1. The Lyapunov metric and coordinates around the orbit. The main
goal of this section is to establish Lemma [2.I] which provides us with a system of
coordinates around an orbit. The main idea — rather standard in the study of non-
uniformly hyperbolic systems — is that one can define a Lyapunov metric around
an orbit which makes the hyperbolicity uniform. Once we express all the properties
in this metric, many of the methods of the theory of uniformly hyperbolic systems
start to apply. In our case, we will reduce the problem to the study of systems with
exponential dichotomies.

We will use different norms and scalar products. The subindices E, L, R will
stand for Euclidean, Lyapunov and Riemannian norms or scalar products, respec-
tively. We also recall that, given a set D, the modulus of continuity of h|p is

wlh,m) = sup  [[h(y) — h(2)]|.
y,2€D, [y—z|<n
Lemma 2.1. Let M be a compact C*° d-dimensional manifold. Given a C™ map
f:M—M,reNU{oco}, 7>2, 2 €Ay 0, 0 >2¢, 7> 0 and a fired (Euclidean)
orthogonal decomposition RY = - E' such that dim E* = dim chk(,;); there
exists a sequence of C'*° maps

®,: B(0,1) c RY — M, keZ,
such that

(i) ®x(0) = f*(z).
(i) DOL(0)E! = By,
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If we denote by fr, = ‘I’,;il o f o @y we have:

(i) exp(ui — 20)|[vllg < [|Dfr(0)v]|E < exp(; +20)||v]|g for v e E'.
(iv) range (@) D{y : dr(f*(x),y) < (2/7)I'p~1/20=2\/tanh § exp(—(2c+0)|k|)},
where I' is some positive constant.

Moreover, if r < oo,

(v) SUPgez, |z|<1, 2<j<r ||Dﬂfk(x)\| <.
(vi) The modulus of continuity of D" fi. is bounded independently of k by .

Proof. For a regular orbit we define the Lyapunov inner product in E}k(x) by

(v,wyp =Y e 2XFINDr(fE(@))o, D (fF(2))w)r

n>0

N Z e 2= (D fR(2))o, D(fF(x))w) g

n<0

(10)

for v,w € Ejik(x), and in T'px ()M

P
(v,w) = Z(H;k(w)v,ﬂzm(w)wﬁ, v, w € Tpr(py M,

i=1

where H;k(x) are the projections onto E}k(x). Note that the subspaces Ej’k(x)
are orthogonal with respect to the Lyapunov metric, and that, by Definition [[.2]
denoting by ¢ the minimum angle between the subspaces Efy (), ([T (x)|| <
Sinlgok < 2%,6 < Glexp(e|k|). By the previous definitions, if v € E}k(w),

lollZ < Y e PN Dr(fE (@))oll + Y e 2O D (@)l R

n>0 n<0
< |: E 6—2(A7¢+5)n€262)\¢n625|k\ + E 6—2(#1—5)n€262uin625|k\ ||’UH?{
n>0 n<0

= (e M)/ tanh o) ol
and if v € Tpr ()M,

P

p 2
i ™
ol = 7 T ollf < (D2 Tt/ tanh ) ol

i=1 =1

and hence
(1) lolle < (v(r/2)2e M /vianhs) o] n.

Next, we define a family of linear maps Cj.

Given the orthogonal decomposition R = @?_ | E* we define Cy|pi : E* —
E}k(m) as follows. We take an orthonormal basis {e},.. .,efii} in each E' with
respect to the Euclidean scalar product and an orthonormal basis {u, ..., ufii} in

each E;}k(x) with respect to (-,-)r. We just define Cyg: by the relations Cye} =
ué-, 1 <j5<d;, 1 <i<p With this definition C} becomes an isometry from
(RE (|-l ) to (TyrmyM, || - |l2). Indeed, [[Cr (3= Ajes)ll7 = 122 Ajusllz = 22 IN1? =
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| >~ Aje;ll%. Moreover, from () we have

2)[2626‘]&“
C lulle = lull; < L ol ».
ICi vl = ol < Tl
We also have

ICxolle < > MWk Crollr < Y Tk Croll

i=1 i=1
p

(12) < VPO M (o Crv D)2 = BIICko L = VBllvlle-

i=1

Let exp be the exponential map of the Riemannian metric in M. We define

Py (y) = exppr () (WWCrY),

and we claim that if we choose 3 in a suitable way, @, satisfies all the conclusions
of Lemma 2.1

Indeed, conclusions (i) and (ii) are immediately satisfied. Since D®(0) = 74 Cl,
D®,(0) transforms the Euclidean metric into vj times the Lyapunov metric.

We have

Dfp(0) = D& L (f*(2))Df(f*(x))DPx(0)

1
vk—HC;:ﬁlDf(fk(x))%Ck

and if v € E*
1D £ (0)vl| 5 = —E— | DF(F*(2))Cro]| -
Ve+1
Furthermore, if v € E*
IDf(f*(x))Crol3
= Y e 2 DR @) DF(FF () CrollR

n>0
+ 37 e DR () D F (£ () Crol
= ij2@1‘*‘”"IIDf”“(f’“(x))CkUII?z
n>0
_;Z 6—2(#7‘,—5)"||Df”+1(fk(x))ckv||%g
n<0
= 20+ [Z e 2FOn D (R () Cho||% — HCkU“%«?}

n>0

20D [ N7 208D D (4 () Chol[f + 1| ol
n<0

20 Gyl

IN

Then
1D £ (0)0]| 5 < —E— et G| 1.
Yk+1

Recall that |Cyv| = ||v||g. This proves the upper bound claimed in (iii).



PRE-FOLIATIONS FOR NON-RESONANT SYSTEMS 1327

The proof of the lower bound is completely analogous. Following the previous
computations we have

IDF(f*(@)CrvllL > e °(|Chu]L

and hence

Yk Yk
exp(pi — 0) vl < [[Dfe(0)v]r < exp(A; +0) [v]l -
VE+1 VE+1
We take *yk = DedlFl with 0 < T <1 to be determined later on. Then, if k£ > 0,

e — e and, if k<0, X =e79,
TYk+1 ’7k+1

To prove (iv), we observe that v;,C}, sends the unit ball of R? to 7 times the
unit ball of Ty, M with respect to the Lyapunov metric. From (II)) the unit
Lyapunov ball contains the Riemannian ball of radius ﬁﬁ”e’%‘k' vtanh § and
finally exp sk (,) sends this ball to M.

For (v) we evaluate the derivative D" f, = D" (P, k+1 o f o ®g). Recall the Faa di
Bruno formulas

(13) Dfi=>_ Y. &’ Dol o(fody)D"(fody)- - Dli(fody)

and

l, m m;
(14) f (I)k E E ijh m; D]f O D" Py - - DI Dy,
=1 my+tm =l
1<my,.., 7nj§l
where the ¢’s are combinatorial coefficients which depend on the indices.
In our case, we were mainly interested in

Py = expyr(y) o (W Ch)
and

1
(I)k—il-l 'Yk—-i-lck_&l expfklﬂ(w) .
From now on K will stand for a constant which only depends on the manifold
M and the properties of the exponential map.
We observe that

D™ || < K (vl Ckl)™
Similarly,

ID7 @ <K~ ||c,c+1||
By ([I2)) the norm of Cj, considered as a hnear map from (R?, ||-|| &) to (Tka(I)M’
| - | r) is smaller than ,/p.
‘We deduce that

e2elk|

r Vi
10" full < K2 B e
2 —
Kt r ! (e

" Vtanhs

Therefore if we take I' small enough we can assume without loss of generality
that the derivatives of fj of order » > 2 are as small as desired.
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Finally we prove (vi). Since M is compact, all derivatives of f are uniformly
continuous. Let B, be the ball of center 0 and radius /pI’ in T, M (the radius
v/PT is motivated by ([I2))). Since M is C* and compact

sup sup sup ||[D" exp,(x)] < .
0<m<r+1zeM zeB,

For m <r and ||y||&, ||z||z <1 we have
1Dk (y)]| R = D™ X pr 2y (W Cry) (9 Cr) =™ || < KT ™0 1Fm
and

ID™®(y) = D@ (2)[| < D™ expprs () Il IyeCrl ™Iy — 2|

K]_—‘erlefé\k\(erl) Hy . Z”

IN

Then by () and the fact that Dif, 0 < j < r, are bounded and uniformly
continuous, we get that

ID'(f o @4)|| < KT'e™ || ]|

and

l
wD'(fodk),n) = Y KIleFly(Dif, KTy)+ KT e o FED | £l
j=1
_ Krle—5|k\l0(1>_|_KFI+16—6\k\(l+1)n.

Next we consider the modulus of continuity of D7 (D,:il o(fo®yg). For simplicity,
we just bound the modulus of continuity using the mean value theorem assuming
that D7+ f is uniformly bounded. We get

§
(DI o (fody),n) < Ki2— 5 c2elk+1] .
( k+1 (f k) 77) = \/m ||f||C'177

Finally by (3]
w(D" fi,m)

)
(& r _— r
<K€ tanh(sezs‘kﬂlr e+ el fllern

e2s|k+1\

LK P—Lledlk+112 & pr—i; ,—dlkl(r=1;)
;; vtanh§
x [Dhie=0l (Dl f, KTp) + Tt e 0FEGH | £l 0]

(r+1)6
< K-l € pl2e=(r=1)8]|k+1] ,( pr KT 4 Tel2e—rollk+1] ).
< T (D" f, KT) 1fllcrn)
Then, if § > 2¢/(r — 1), w(D" fx,n) is bounded independently of k, and, if r > 2,
can be made small by taking I" small. O
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Definition 2.2. Let By be the ball around the origin in R? of radius 2. Given a
sequence F = {fn} nez, fn € C"(Ba,RY) satisfying f,,(0) = 0, we denote

A, = Dfn(0>7
fo = fu—An,
F o= {fn}ne%
7] Cr(B2) = SUPan|CT'(BQ)~
nez

Remark 2.3. Given a family of C" maps, F = {fn}nez with f,(0) = 0, we will
consider the family Fy = {fn A}nez, with A > 0 and
fn,)\(ﬁ) = Ailfn()\x)

Note that if 7 > 2 and || F|crp,) < 00, then H]:')\HCr(Bz) can be assumed to be
arbitrarily small by taking A small enough. Indeed, if F = {f, }nez, it is clear that

|fn,/\(x)‘ = /\_1|fn()\$) - Df7L(O>)‘$|
S AMID?fr 0 Mlcos,) < MIF]

C"'(BQ)J
and that

1D fax(2)| = |Dfn(Az) — D fn(0)|

S A|D?fn 0 Mlcosy) < AIFller(sy)-

For 2 <i <r, one has

D! fu(@)] = NTHD o (A2)| < XY Fllor,)-
Moreover if {graph V,} is a sequence of manifolds such that V,,(0) = 0 and
fn(graph (V,,)) C graph (V,,41), then, defining V, \(z) := A7V, (\z), we have
that graph Vj, » is a sequence of manifolds such that f, x(graph (V,,z)) C
graph (V,41,1).
Remark 2.4. If r=1+a, 0 < a <1, and Df, are uniformly Holder, that is, there
exists K > 0 independent of n such that [Df,(z) — Df,(y)| < K|z — y[*, then
| Fllcr+a(p,) can also be assumed to be small taking A small. This can be easily
checked since

Fun(@)] = ] [ 5 0x) - DO ] < K30+ 1),

[Dfn(@)] < KA,
and B B
[Dfpa(@) = Dfax(¥)| =D fn(Ax) = Dfn(Ay)| < KAz —y|*.
However, if r = 1, it may not be possible to make ||Fx||c1(p,) small. As an
example, consider the family {f,},>1, where

_ sin(nz)
fnlx) = ma—
It is clear that sup,, || fn]lct = 1. But, for all A > 0,
By in(\
far(z) =271 <M - )\x> — —x when n — oo,
n

which implies that || Fy||cr > 1, for all A > 0.
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As a consequence of Lemma 2.1 Theorem will be immediately implied by
the following theorem.

Theorem 2.5. Let F = {fn}nez be a family of C™ maps in R?, r € NU {oo,w},
r > 2. Assume that there is a decomposition R? = E1@- . -® EP invariant under Ay,
that is, A, E' = E' and a set of real numbers fiy <\ < fig < -+ < 5\p_1 < fip < 5\1,,
such that

(15) veE E = efifu] < |Au| < e:\i|v| for all n € Z.

Denote I; = [fi;, \i]. Let S C {1,...,p} be such that {I; : i € S} satisfies (@)
and (@). Denote ES = @,.q E', E5" = @,cq. E'. Assume that || F||ons+1(p,)
is sufficiently small, the modulus of continuity of D" f,, is uniformly bounded with
respect ton and r > Ng + 1. Let By be the unit ball in ES. Then, there exist C"
maps V,, : B C E° — ES° in such a way that

(a) supez [[Vallor(s,) < oo
(b) Vo(0) =0 and f,(graph(V,,)) C graph(Viq1).
(c) DV,(0)=0.

Moreover, if V,, and V,, are families of maps satisfying (b), we have that
(d) If

sup ||Vyllem(B,) < o0, sup ||Vn||cm(31) < oo
neZ nez

for some m < r, then D'V,,(0) = D'V,,(0) for all i < m.

(€) If sup,ez IVallevs+i gy < 1 and sup,ez [|[Vallons+1p,y < 1, then V,, =
Va. In particular, if 'V, satisfies (b) and sup,,cy ||Vn||ch+1(§e1) <1, V,
has to agree with the V,, produced by this theorem and hence V is C" and
sup,ez [|Valler(s,) < 00.

(£) If supez [Vallons s,y < 00 and Vo € C*(By) for some Ng < k <r, then
sup,en [|Vonller(p,) < oo

Remark 2.6. If we assume that sup,cz [[Vallcvs+1(p,) and sup,ez ||Vn||CNS+1(Bl)
are just bounded in (e), scaling the maps we get the suprema to be smaller than 1.
This scaling implies working in a smaller domain and hence we obtain uniqueness
in this smaller domain.

To apply Theorem 25 in proving Theorem [[L9] we take i = N\i+20, [y = s — 20,
where 0 is the small number we had to use in the estimates (iii) in Lemma@2]l Recall
that it is enough to take & > 2e.

Note that if a set of intervals is non-resonant and contractive, and if we enlarge
them by a sufficiently small quantity, then the enlarged intervals also satisfy the
same properties. Hence, when applying Lemma 2] to the original situation, we
have to pay attention to ensuring that ¢ is small enough — and thus e small enough
— so that the non-resonance conditions and contractivity are still satisfied by the
enlarged intervals. Then, taking wy(y) = ®,(y, Va(y)), all the conclusions follow.

The rest of the section is devoted to the proof of Theorem

We denote by A3 and A3 the restrictions of A4,, to E¥ and ES°, respectively,
and by IT° and IT°° the projections onto E° and E*°, respectively. Note that in this
setting they are independent of n. The invariance conclusion in (b) of Theorem
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can be expressed more explicitly as
(16) Vot (A;S;x + Hsfn(xa Vn(x))) = Agcvn(x) + Hscfn(wv Vi ().

2.2. Obtaining a polynomial approximation. To show that such a sequence of
maps V,, satisfying (0] exists and verifies the uniqueness statements, we will start
by determining candidates for their derivatives at zero.

If a sequence of differentiable functions {V,, },cz satisfies ([I6l), we will show that
the derivatives at the origin have to verify a certain functional equation (see (I7)
below). By studying this functional equation, we will show that, under the non-
resonance conditions, there is one and only one bounded solution. Hence, if there
is a sequence of differentiable maps, there is only one possibility for their jets at
the origin. We will denote the solution of (7)) (which is the only possibility for
derivatives of the solutions of (IG))) by V0.

Incidentally, the analysis of () shows that if the non-resonance conditions are
not met, it is possible that the equations for the jet do not have any solution. Hence,
a fortiori, that there are no smooth invariant manifolds satisfying the conclusions
of Theorem

In Section 23] we will use V) to transform (I€]) into another equation (see (24))
below) which has better contraction properties. This equation will be shown to
have solutions using a contraction mapping argument. By re-examining the whole
process, we will show that, indeed, the solution is a solution of the original problem
and that, indeed, its jet is V.

We now proceed with the first step of deriving an equation for the jets at the
origin. Taking formally ¢ derivatives of (I0)) at zero we obtain that, if the derivatives
exist, they must satisfy

(17) DVi1 (0)(AS)®" = A5 DV, (0) + Rns,  neZ,

where R, ; is an expression that involves only derivatives of V,, up to order i — 1
and derivatives of f,, up to order . In order to solve (IT), we recall that D*V,,(0)
is a linear map from (E%)®* to E5°.

We claim that the hierarchy of equations (7)) can be solved recursively and that
the solution is unique.

Lemma 2.7. Let F = {fn}nez be a family of maps, f, : Bs C R — RY, where
By is the ball centered at zero of radius 2. Assume that || F||cx(p,) < oo and that
Df,(0) = A, satisfies the hypotheses of Theorem[ZHl Then, for all 1 <i <k, the
family of equations (L) has a unique solution in the Banach space

{T' = (T}) : T; € L(E%)®, EY), || T"|| = sup | T, < oo}
ne”z
Moreover, the norm of the solution can be made as small as we want by taking

||.7:'||Ck(32) small.
For i =1 the only bounded solution is DV, (0) = 0.

This result proves parts (c¢) and (d) of Theorem

Proof of the lemma. We will solve equations (I7) in the components corresponding
to the decomposition R¢ = P_, E'. Note that the decomposition

(B9 = P Fro---eB
J1seJi €5
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is preserved by the linear map

A% = @ Ao Al (B — (5%,
J1y-Ji €8
where
A%1®®A‘Z;EJ1®®EJ1HE]1®®EL
and |47 @ ® Al = AR 4% | c
If TP € L((E®)® ES), we can use the decomposition of (E°)®% and E¥° =
Di,cse B to write
P _ l
T = % Tngisedio
lese, ji,....5i€S
where
! . i ji !
R T Erg---@FE" - E
is linear. The same decomposition is made to the terms R, ; of (7)), which also
belong to L((E®)®", ES"), to obtain Ry = @cge i, cs B i
Then, equations (7)) are equivalent to the set of equations
l j ji Al 1 l
(18) Tt Liegidn @ @AY = ATy G By o
withn € Z,j1,...,j5; € Sand [ € S°.
Equations ([I8) can be rewritten in either the form
l 1\—1_1 j 1y—1pl
(19) Togrods = An) T Togt i AR @ @ AL — (Ay) " Ry

or the form

(20) T’rll+17j1,-~7ji = AlﬂTTl%jlw-Ji (Agll Q- ® Azli)il + Ri%jlwnji (Agll Q- ®A¥;‘)*1.

Equations ([3) and (20) can be considered as fixed point equations, and the
right-hand side of both of them defines continuous affine maps on the Banach space

{This = oo Inez s Tojy,g, € LI © - @ B9 EY),
HTJl-lvwwji

l
=sup |7y, j, . [l < oo}
neZ
The map associated to (Id) has a Lipschitz constant which is bounded from
above by

(21) exp(S\jl + -+ S\ji - [Ll)

while the one associated to (20) has a Lipschitz constant which is bounded from
above by

(22) exp(Ay — fij, — -+ = fiz,)-

Since the intervals {I;};cs are non-resonant, one of the two numbers (2] or (22])
is smaller than 1. Then, one of the two equations (I9) or ([20) has a right-hand
side which defines a contraction. Hence, one of (I9) or (20) can be solved by the
contraction mapping principle. Since both equations (I9) and ([20) are equivalent
to ([I8), we have proved that the equations (I)) have a unique solution.

All terms R, ; have a factor D7 f(0,0), 2 < j < i, which is small if ||.7'~—||Ck(32) is
small. Therefore, R,, j, ... ;, are also small and hence the non-homogeneous parts of

(I3 and (20) are small. From that we deduce that the unique solutions of equations
([I8) are small.
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Note that the equations for the first derivative are homogeneous. It follows, then,
that DV,,(0) = 0 is the unique bounded solution of equations (7)) for ¢ = 1. This
establishes Lemma 2.7 O

2.3. The high order part of the manifolds. We now rewrite the invariance
equations in such a way that we can take advantage of the fact that we already
know the low order terms of the expansion of its solution.

We will write the sequence of maps V = {V,, }nez in (8] in the form V =V +U
with VO = {V,?}nez, U= {Un}nel and

(23) Vi =V04+U,,

where V) is the unique polynomial of degree Ng whose derivatives at 0 satisfy
equations ([I7) and DU, (0) = 0, for 0 < i < Ng. Note that ||[V°||cr can be made
as small as we need.

Next we reformulate our original problem in terms of the U,,. As it turns out, this
will be very convenient since we will have that the U,, are maps that vanish to high
order. For such maps, composing with contractions on the right leads to a rather
strong contraction factor. If we substitute (23] in the invariance equation ([I8) we
obtain a fixed point equation U = o(U), for a sequence of maps U = {Up,}nez,
where the operator o is defined by

oU)n(@) = (A7) (Vs + Unt) 0 9 (U)n(2)

24 . -

24 — 0% fu(z, Vi () + Un(2))] = V) (2)
with

(25) bU)n(x) = Adz +T1° o (2, V2 (2) + Un ().

A simple algebraic manipulation shows that, at least formally, ignoring questions
of whether the compositions can be defined is equivalent to saying that I/ is a fixed
point of (24) rather than saying that V° 4+ U is a solution of (I6]). The plan will
be to produce fixed points of (24) in a space of well-behaved functions for which
the algebraic manipulations involved in transforming (I6]) into 24]) can be justified.
For the moment, we will consider only the case that » € N. Later we will see how
this result can be extended to the cases r = w, co.

More precisely, we consider ¢ acting on the following spaces:

X. = {U={Uitnez: Un € C*(B1), D'U,(0) =0, 0<i < N,
(26) U x, == i{ég N£n<a%);k ||DiUn||co < oo}, for k > Ng,
and
X = {U={Up}nez: U, € CN5(By), D'U,(0) =0, 0<i< Ng,
(27) ||| xo :==sup sup |z| HDN5U,(x)] < oo}
n€Z x€B1\{0}

By the mean value theorem, if k& > Ng, X, C XY. Moreover, if U € Xy, U] x0 <
14| -
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Let Bng+1 ={U € Xngt1t [[Ulxy,y <1} and B(pngt2,-- -, px) be the set of
families U = {U,, }nez € Xk such that

sup | DV T, [l co < 1,
neZ

sup || DUy llco < pj, Ns+1<j<k.

nez
Note that the last condition is void if & = Ng + 1. Clearly B(pngt2,---,pk) C
Bng+1. We remark that if & € X, we can reconstruct U, from DNs+1yy and
| DU, (z)||/]x|Ns 171 < (1/(Ns+1—=9))||Un||ons+1, for 0 < i < Ng+1. Therefore
we get that if ||DVs+l(ol),|co < 1, we also have that |D*(ol),||co < 1, for
0<i< Ns.

Lemma 2.8. Let o be defined as in [24). Under appropriate smallness conditions
on HFHCNS+1(B2):

(1) G(BNs+1) - BNs-i-l'

(ii) o restricted to Bng11 is a contraction in the X°-norm.

Moreover, under the same smallness conditions on HfHCNSH(BQ) needed for (i)
and (ii) there exist numbers png+2,--.,px > 0 such that

(il) o(B(png+2:---»>Pk)) C B(pNg+2,---spk) for N +2 <k <.

For future reference, it will be important to note that the smallness conditions
assumed in Lemma 2.8 are only smallness assumptions on || F |evs+1(p,) and do
not change as we increase r.

Before proving the lemma we first establish some bounds for ¥. Given U,U €
Bng+1 we have

(28) IDy@)all < 147N+ Kl F o,
(29) e[ e @n(@)] < 1471+ Kl F e,
(30) 2] M @@ — @) (@) < Kl Fllos U~ Ullxo,
(31) 2| DU = pU)) @)] < K| F ez U = Ul o,

where K is a constant independent of n. Formula 28] is straightforward from
the definition of ¢ in ([25), while 29)-(I) follow from the fact that f,(0) = 0,
Df,(0) =0, V,2(0) = 0 and the derivatives of V, and U,, are uniformly bounded.

Proof of LemmaZ8 Tt is clear that, by the choice of the polynomials V.0,
Dio(U),(0) =0, 0 <4< Ns.

We observe that, for k£ > 2, by the Faa-di Bruno formula,

(32) Do)y = (AJ) ' DFUnys 0 pU)n DY(U)ZF + By (U) DU, + Ry i (U),

where

Bn(u) = ( ) ID(V +1+ Un+1) O w(U)nHSszn o U(U)n
(33) (As ) IHS Dan OU(U)n
is linear,

(34) nU)n = (1d, V;) + Uy)
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and since k > Ng + 1,
(35)

R i) = (A5°)~ (Z SOl DV o (U DT b U)n © - © DIYU),

+ ZZC?;f...,j,DlUnH o YUY DI PU)n ® -+ © DIG(U),

+ D(Vn+1 =+ Un+1) w(u)n

X HS Z ZC?I{__A,]‘[len o ﬂ(u)nD‘hq](U)n R ® D]Ln(u)n

k
— YN D e @) DU} @ - © DImU),)
=2 =*

where >, stands for the sum over the indices j; such that 1 < j1,...,5 < k and

ji+ -+ 7i = k and the coefficients cfll ;, are combinatorial numbers.

Note that a first derivative of fn appears as a factor in each term in B, (). Also
note that R, x(U) consists of a finite sum of terms. Some of them have explicitly a
derivative of f, as a factor. The other terms have a factor of the form

(36) Dj1w(u)n Q- R Djzw(u)m
where
(37) ji+-4+a=k and I<k-1

Because of ([37), there is some ¢ such that j; > 2 and therefore, among the factors
in ([B6)), there is a factor of the form

Djiw(U)n = Dji(fn o N (U)).

Now we consider the case k = Ng+1. The previous factors can be made arbitrarily
small by assuming that ||F||ovs+: is sufficiently small. As a consequence, for any
given v > 0, if || F||ovg+1 is small enough, we have that

[Bn@)[l <v and  [[Ry Nst1(U)]oo < v
Since sup,, ||(A3") 7| [|AS|| Vst < 1, there exists v > 0 such that
v = AT THH AR+ )N+ 20 <1
and hence

1D 10Uy, lon < sup (AT~ (IAZ] + )™+ 4 1) [DYH oo +v <,
ne

for all ¢« in Byg4+1. This proves (i).
If N +1 <k <r, from (32) we have that

D o (U)n] < 7sup [D*U, || + Q(pNgt2s-- -+ Pr—1),
ne

where @ is a polynomial. Therefore, since v < 1, there exists py > 0 such that
Pk = VPk + Q(pNs-i-Q’ s 7Pk—1) and U(B(pNs+2’ s 7Pk)) - B(pNs—i-Zv s ,Pk)-
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To prove (ii) we take derivatives, and we obtain

[T IDNE (o U)n — o (U)n) (@)
(38) < el (AR TIDNE (Unr — Ungr) 0 9 (U)n (2) DU (U) () N9 |

(39) He| AR ) THDN Ut 0 pU)n ()

— DY Upp1 0 9(U)) () DY (U) ()|
(40) e HI(A7) T DN Uy 0 0 (U)a()

X (DYU) ()N — Dy(U)n(2)2V) |
(41) +Ha| 7B (U)(x)DNS(U —Un)(@)]
(42) +a|H|(BuU) = Bu @) (@) Do Uy (2)|
(43) et 7| (R s (U) = Ruvs (U)) ().

Taking into account inequalities (28)) and (29), we bound (B8]) as follows:
2] "M (AT) T DNE (U = Unia) © o (U) (@) DY (U ()N |

< el Y@@ THHIDY @)V [ Untr = U |l o

< A TIAAT + K IF o)™

To bound (BJ), we use inequality ([B0) and the fact that U,U € Byg41. In this way,
2] M I(A7) T DN U 0 Y(U) (@) = DN Ungr 0 (U () Do (U) ()N |
< AT TIPS @) N3 U | ors o 2] [ (U — $(@U)n) ()|
< KIAS)Y (A8 + KIE o)™ Wl gmsos | o U — 2] o
Term (0) can be bounded in the following way, using inequalities (BI]) and (28]):
2|7 I(A) T DN Uy 0 (U () (DU ()N = Dp(U) (2)2V9) |
< A THIAAR T+ KN F o) 1T llens
2| [ DY U ()N — DU (x) N |
< NsEAT) T N(ATN + K F o) ™ [T lews |1 Fllez U — U,
where we have bounded

[ [ DY U () 2N — DU ()= |

Un+1 - fJn+1Hz”(®~

Ns

< N el DY) (@) — DY) (@) | IDEU) 1N | DY @)~
j=1

< NeK(|AS|| + K| Fllor) ™ " F | o U — U o

Term ([I) can be easily bounded taking into account that
1B @) < K| F e

for some K > 0.
To obtain a bound for [@2]) we proceed in the following way:

|Bn(U) = Bo(@)|| <I(AS) MDDV, + Unsr) 0 Y(U) a1 Do fr 0 (W),
(44) — DV 1 + Uni1) 0 (U)nI1° Do fr 0 ()|
+||HSCD2JE71 S n(u)n - HSCDQJ;n S U(ZJ)HH
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Since ||[n(U)n(x) — nU)n(2)]| = |Un(x) — Un(z)|, the last term of @) can be
bounded immediately by

1F Nz et = U xo.
The first term in (#4) can be split into the three following terms that can be
easily bounded:

ID(Ung1 = Ung1) © (U)nII8 Dy fr 0 n(Uh)a ]
H (D(Vrngl + Un-i-l) o w(u)n - D(V1ZO+1 + Un—i—l) o ¢(Z/A{)7L)HSD2JC7L o 77(”)n||7
HD(Vrngl + UnJrl) o ¢(a)n(HSD2fn © W(Z’?)n - HSDZJZn o W(U)n) ||

Finally, to bound (@3)), we recall that R, ny,(U) is a finite sum of terms having
expressions of the following forms:

(1) Terms of the form
D'V o pU)n D pU)n @ - @ D pU)n,  2<TI<Ns, it =k
The norm of their difference is easily bounded by
2] " (D'V 0 pU)n = D'Vily 0 p(U)n) DI (U © - @ DI (Ul
Ha| D'V 0 p(U)n (DI YUYn © -+ © DIY(U),
— DI p(U)p @ -+ @ DUy
Both differences can be bounded by some constant times
1F Nz et = U xo.
(2) Terms of the form
D'Upi1 o pU)y D7 Y(U)y @ -+ @ DIp(U), 2<I< Ng—1, j1+-+5 =k

Since U € Bng+1, their difference can be bounded as in the previous case.
(3) Terms of the form

D'fronU)n D7 nU)y @ - - @ DInU),, 1<I<Ng, j1+--+u=Fk,

which can be treated as before, since f,, is CNs+1,
(4) Terms of the form

D(Vy1 + Uns1) 0 Y (U)nlI* D' fo 0 (U)o DM (U} @ -+ @ D7 (U)o,
where 2 <1 < Ng, j1+---+J; = k, that can be bounded like the preceding

ones.

Putting together the estimates for terms of the form (1)—(4), it follows that the
Lipschitz constant of o is less than

c\_ Ng+1
1A T ASI + )™+,

where v is as small as we need taking ||F||c~.+1 small enough. Then o is a con-
traction on X°. O

Now we proceed to argue that the fixed point thus produced satisfies the claimed
properties.

By (i) and (ii) it is clear that there is a fixed point of o in X°, hence, a solution of
(@8). Moreover, because of (i), this fixed point of o also belongs to the X%-closure
of B(pns+2y--->p)s Ns +1 <k <.
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By Lemma [Z8 and Proposition A2 in [LI73], we get the existence of a O~ 1+1ip
solution of the invariance equation. Furthermore, given any U € B(png+2,-- -, Pk),
the sequence o/ (U) tends in the C"~!-norm to the fixed point of o.

Now, to check that this solution is in fact C", we note first that

”Rn,r(u) - Rn’r(z’?)”CD — 0,

when || —U||cr—1 — 0 and U,U € B(pnssa,---,pr). This fact is trivial for all the
terms involving derivatives up to order r — 1 of F, U and U, since these derivatives
are in fact Lipschitz. The only terms involving r derivatives are

D(V,yy + Unsr) 0 o U)uI1° D" fo 0 () Dn(U) "

and L
%" D" f 0 n(U)n Dn(U);"
which are continuous in U since D" f,, and 7 are continuous with modulus of con-
tinuity independent of n.
Next we consider the sequence of maps U! = {U! } ez defined by

Ul=0, nez, U =oU).
The preceding arguments show that the sequence U! € B(pngi2,-- ., pr) converges

in the C"~1-norm to some U = {U:°},cz. The sequence of r-derivatives satisfies
the recurrence relation

DU = (A7) T D Uy 0 Y(UW DYU)TT + Ba() DU, + R (U').
That is, denoting D"U} by T., T' = {T!},cz, we have that
(45) TH = AUHT! + RWUY),
with
(AUNTYn = (AT 0 U DYUYE" + B (UT,

RUY,, = Rn.UY.
We have that A(U') is a linear map from

= = (T ={Tu}ues: T € COB(0,1), I’ (R RY),

w(Ty,n) uniformly bounded in n}

to itself. Note that the terms of the sequence 7' belong to Z. Moreover both
A(U) and R(U) are continuous in the C%-norm when U is C"~! with modulus of
continuity of the r — 1 derivative bounded.

We claim that the sequence 7' converges in the C°-norm to a continuous map.
Indeed, this limit will be the only bounded solution, 7°°, of the equation
(46) T = AUX)T + RU™).
This equation has a unique solution since

IA@=)I] < sup IAS) A +v) +v <y <1,

and, hence, the right-hand side of (@f) is a contraction. We can also assume that
AUY|| < 7. To prove the claim we check that 7! — 7°° in the C%-norm when
[ — o0,

17" =7 MA@'™HT'™ = AU=)T®| + [RU'™) = RU™)||

T =T + di,

IAINA
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where
di = (AU = AUPNT®| + [RU'™) = RUZ).
Note that by the continuity of A and R, d; — 0 when [ — co. Then it is clear that
-1
1T =T <A T =T+ Y Adiy,
j=0
which tends to 0 when [ — oo since v < 1 and d; — 0.

This proves that D"U} tends in the C%-norm to 7>°. To check that this map is
the r derivative of U we simply note that for all n

1
D0 (y) — DY (a) = / D'UL(z + s(y — 2))(y — x) ds.

Since the integrand in the right-hand side converges uniformly to the continuous
map T°°, we have

DR ()~ DR ) = TRy — )
+ / T3 + s(y — ) — T(@))(y — ) ds
0

and hence D"U° (z) = T2° ().

To prove the case when r = oo, we note that when f, € C*, we can find
a sequence of positive numbers py i2,...,pr such that o(B(pngt2,.--508)) C
B(pNg+2,---5pk), for all k > Ng + 2. According to the preceding arguments the
fixed point of o is C" 1P for all k, and hence C*°.

The case r = w is much easier. It just suffices to observe that the previous
arguments work exactly in the same way in a complex ball. We consider the Banach
space of functions, analytic in the open ball, continuous on the closed ball, and
vanishing to order Ng at the origin topologized with the supremum of the Ng + 1
derivative.

We have established the existence claim of Theorem 2.5, (a) and (b). To prove
the uniqueness statement (e) consider V = {V,, } ez, VY = {Vn}nGZ' From (b),
V =0(V) and V = o(V). Then

IV =V]xo = llo(V) = o(V)|x0 < Lipojsy, ., [V = Vllao

and Lip OBygi1 < 1 in the X%-norm. This shows that V = V.

To prove statement (f), we observe that (I6) shows that if V;, is C*, k < r, for
some n, then it is C* for all n. Then, we just have to obtain uniform estimates for
the derivatives, assuming they exist. We shall consider the case k = Ng + 1. The
other cases follow by induction.

If we take Ng + 1 derivatives of ([6]), we obtain in a similar way as for (32])

DN, () = (AS) DNV, (A TS o, Vo (1)) (A5) 2D
(47) + Q’I’L7Ns+l(]>)7
where @, Nerl(f)) contains terms with derivatives up to order Ng + 1 of Vn and
Vn+1, but all of them multiplied by factors which involve derivatives of f, up to
order Ng + 1.
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From this observation, we conclude that

1D Vlleo < (AT THHIAZINEFH DY o

(48) +v([Vallensss + IVasillews+),

where v can be made as small as we need by assuming that || F||c is sufficiently
small.
We observe that

sup(|| Vallgs , | DYV, | o)
(49) Wllens + DYV co.

Substituting (@J) into [@S8) and using the fact that [|(A3" )~ [|AS]| Vst < 1, we
obtain that

Wallows s <
<

1DV, llgo < AIDNE Voo + D,

where v < 1 and D is some constant independent of n. Statement (f) now follows
easily. (I

3. AN EXAMPLE

The following example illustrates some of the subtle phenomena involved in slow
manifolds showing that uniqueness may or may not hold depending very much on
the details of the conditions. In particular, it shows that some of the limitations in
Theorem do belong.

This example is first presented as a family of maps, as in the setting of Theo-
rem [2.5] and then, at the end of this section, we will show that this family can be
lifted to a smooth map from a four-dimensional compact manifold to itself. The
construction of such a lift is explicit and is quite similar to the construction in
[Pug84].

Example 3.1. Consider the sequence of maps f, : R? — R2, n € Z, defined by

11
fn(xlal'Q):(gxla%xQ), n7é03
(50)
folwr, 22) = (51, o= + pl1,72))
0 1 3 720 ) )

where ¢ is a C*° real-valued function with compact support — which we will think
of as very small — not including (0,0) and

(51) sup

(z1,22)€ER?

Clearly, we have
1
Dfn(0,0)2<3 9), n € 7.

0 2
Moreover, condition (&Il ensures that each f,, n € Z, is a bijective map. Indeed,
this assertion is trivial for n # 0. For n = 0, we remark that, given (21, 29) € R,
the equation

fo(z1,22) = (21, 22)
is equivalent to
x1 = 321, 9 = 2029 — 20p (321, z2).
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The second condition has a unique solution, since its right-hand side defines a
contraction on R. Hence, since det Df, (z1,z2) # 0, for all (z1,25) € R?, the
functions f,, n € Z, are global diffeomorphisms.

The sequence of maps (50) satisfies Definition [L2]if we take as E! the coordinate
axes and we set \; = y; = log(1/3), Aa = pa = log(1/20), £ = 1, ¢ = 0. We take E
to consist of just the first coordinate axis. In such a case, Ng = [log 20/ log 3] = 2.

The set of manifolds graph (V},) satisfies the condition

fn(graph (V;,)) = graph (Vi41) foralln € Z

if and and only if the functions V,, satisfy

(52)

1
VnJrl(ml) = %Vn(gml) + 5n,0<)0(3x17 Vn(3xl))7

where ¢ is the ¢ of Kronecker.
Furthermore, it is easy to verify by induction in n that a sequence of functions
V., satisfying (B2)) also satisfies the initial condition

Vo=,

where ¥ : R — R is a C*° function with compact support such that ¥(0) = 0, if
and only if it is of the form

m) (¥+2 Id, ))(3" >1
(53) Vi) = (210)n( +20p o (Id, ¥)) (3721, N1,
(?0) \I/(3n~751)a n <0.
We see that
' 2) (V2000 (14, 9)(3" ), 21,
(54) d—]Vn(xl) = (2_70)71 drjl 1
dml (%O) ﬁ(\l/)(finxl)’ n <0.

We make the following observations:

(i)

(i)

(iii)

(iv)

(55)

Since V! (0) = (%)n U’(0) we see that the derivative is unbounded unless
U’(0) = 0. In such a case, V,,(0) = 0 for all n € Z. This phenomenon of
boundedness of first derivatives implying tangency is an illustration of part
(d) of Theorem [l

Suppose that ¥ has support not containing 0. If 7 < Ng, equivalently,
37/20 < 1, we have that |V,§J)(x1)| is bounded uniformly on n in a ball
around the origin. This follows by observing that for n > 0, we have

NN
uniform boundedness in (54]) because of the factor (;’—6) . For n < 0, we

have boundedness because for n sufficiently negative, the support of V,, is
outside of the unit ball. This illustrates that we cannot expect uniqueness
by only assuming boundedness of derivatives of order less than Ng.

Let j > Ng. Choose ¢ = 0 and ¥ such that ¥(0) = 0, ¥/(0) = 0 and
T0U)(0) # 0. Then, it is easy to see that |V, |¢s is bounded for n negative
but not for n positive.

If j > Ng, the only possibility of having uniform bounds for \VTEJ ) (z1)| when
n > 0 is that

U = —20¢ o (Id, ¥).
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We claim that this equation has a unique continuous solution which is C'*°
and has compact support. Indeed, for any x € R, condition (5I]) implies
that the right-hand side of the equation

y = —20p(z,y)

is a contraction, and, hence, has a unique solution ¥(x). Since ¢ has
compact support, ¥(x) also has compact support. The standard implicit
function theorem ensures that ¥ is C'*°. This uniquely determines the
functions V;, for all values of n. Note that for these functions |Vn(j )(x1)| is
uniformly bounded for n < 0.

This illustrates the fact that we have uniqueness under the assumption
of uniform boundedness of the derivatives of order bigger than Ng.

Now we show how to embed this family in a smooth map. In the following, we
will denote by S? the two-dimensional sphere.

Proposition 3.2. Consider the family of maps {fn}nez of Fxample Bl Then
there exists a two-dimensional compact smooth manifold M?, a smooth map F :
S? x M? — S? x M?, a point 29 € S® x M? with orbit {z, = F"(29)}, and smooth
two-dimensional submanifolds N,, C S* x M? such that

i) 2z, € Np, F(N,) C Npa1-

ii) There exists a diffeomorphism o such that Fy, = o lof,o0,neZ.

Proof. The construction of the map F is performed in two steps. The first one
consists of lifting the discrete family {f,,} to a smooth family of maps {gx}xejo,1)
with Gy : S2 — S2. In the second step, with the aid of an auxiliary map on a
compact smooth manifold, exhibiting sufficiently rich hyperbolic dynamics — a
Smale horseshoe, for instance — the map F' and the orbit are explicitly given.

First we introduce some notation. We fix S? to be {(z,y,2) € R3 : 22 +y?+2% =
1}, 81 =82 N{z >0}, 2 =$*N{z < 0} and E =S*N{z = 0}. Let 7: S — R?
be the map

(56) m(z,y,z) = (—%, —%) )

Note that 7 is the projection of S? from the center of the sphere onto the plane
{z = —1}. We remark that = is a diffeomorphism. We denote 7! by o. It is clear
that

(57) U(ml,xg):< o1 2 -1 )

Vital+a3 J1+a?+a23 /1+a7 + a3

We also consider the antipodal map u : S? — S2, that is, u(p) = —p. In this way,
o is a chart of S? covering S? and o o is a chart covering Sﬁ_.
We define the one-parameter family of maps gy : R — R? by

(58) (w1, 22) = (ax1, bra + Ap(21, 72)),

where a = 1/3 and b = 1/20. We have that g; = fo and go = fn, n € Z\ {0}. Now
we define a lift of g\ to S? by

(59) gy =cogrom,
a lift to Si by
(60) gx =hnogy ot
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and finally
i) = {?i‘p” peSy,
9x (), pEeS.
From (56) and (57) we have that, for (z,y,z) € S, 2 # 0,
azx by — Azp(—x/z,—y/z) z
,y,2)’ p(x,y, 2) "ol y, z))

P

where

p(x,y,2) = /22 + a2a? + (by — Azp(—x/z,—y/2)).
We remark that p never vanishes. Since ¢ has compact support, g, extends to a
C* map defined in the whole sphere. Indeed, if we take R = inf,.cg{r : supp(y) C
D..(0)}, we have that p(u,v) = 0, for |(u,v)| > R. Then, for any (z,vy, 2) € S? such
that |z| < 1/v1+ R2, we take p(z,y,2) = /22 + a222 + b2y? and

SR O S
A p(z,y,2)" p(z,y,2) plz,y,2))’

which is C*° in a neighborhood of F and extends both Ixs2. and gyg2 to S2.

Therefore, for each A € [0,1], gx : S*> — S? is a diffeomorphism, which preserves
S2, Si and E, and that, restricted to S, § is conjugated to g, through 7 and o.
Moreover, the dependence on the parameter A is smooth.

Now, we consider any compact two-dimensional smooth manifold M?, and a
diffeomorphism h : M? — M? with an invariant hyperbolic subset ¥ such that hys
is conjugated to the Bernoulli shift with two symbols. We can, for example, take h
to be a Smale horseshoe. We can also assume that the Lyapunov exponents of this
hyperbolic set are bigger than — log 3, in order to avoid resonances. Let ¢y € ¥ be
the point corresponding to the sequence (---11011---). Clearly, there exists a C'*°
function with compact support, n : M2 — [0, 1], such that n = 1 in a neighborhood
of gp and vanishes outside a compact set which does not include h"(qg), n # 0, that
is, n(h"(qo0)) = 0n,0, n € Z. We define F : S* x M? — S? x M? by

F(p,q) = (9nq) (), h(q))-

Clearly F' satisfies the properties listed in Proposition We consider the orbit
of the point zo = (¢(0,0),qo). It is clear that z, = F"(z) = (¢(0,0), gp), where
qn = h™(qo). By definition, the submanifolds N,, = S? x {g,} = S? verify that
F(N,) = Nyy1 and Fin,, = Gy(q,)- Finally, g, () is conjugated to f, by o, which
establishes the claim. (]
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