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1. Introduction

The goal of this paper is to prove some results on persistence of invariant tori for symplectic and
exact symplectic maps and flows.

We will assume that the motion on the torus is a Diophantine rotation and that the remaining
directions are as hyperbolic as allowed by the symplectic structure (if the remaining directions are
not void such tori are commonly called whiskered tori).

More precisely, as it is well known, the preservation of the symplectic structure, together with the
fact that the motion on the torus is a rotation, implies that the symplectic conjugate direction to the
tangent of the torus is not hyperbolic. We will assume that the remaining directions in the tangent
bundle of the phase space at the torus are spanned by a basis of vectors which contract exponentially
in the future or in the past.

To make the previous statements more precise, we discuss first the case of maps. As we will show,
results for flows can be readily deduced from the ones for maps. Given an exact symplectic map
F from an exact symplectic manifold (M, 2 = dw) into itself (for the purposes of this preliminary
exposition, we will take M to be an Euclidean manifold, even if we will indicate how to eliminate
this restriction later), and a frequency vector w € R!, we seek an embedding K : T! — M satisfying

(FoK)®) =K@ +w), 6T =R/Z. (1)

Eq. (1) implies that the range of K is invariant under F. If K is an embedding, we obtain that
K(T') is a torus contained in M, invariant by F and that the dynamics on it is, up to a change of
coordinates, just a rotation of rotation vector w.

The main result of this paper will show that if we can find a function K which satisfies some
non-degeneracy assumptions and which satisfies (1) up to a sufficiently small error, then there is a
true solution nearby.

Differentiating the functional equation (1) with respect to 6 one gets

DF(K(6))DK(0) = DK(6 + w).

Geometrically, this shows that the tangent vector-field DK (6) is invariant and does not grow or con-
tract under iteration of the action by the map.

As we will see in more detail in Section 4.2.1, if the map preserves the symplectic form 2 and
K is a solution of the invariance equation, there exists an analytic matrix valued function A(#), such
that

DF(K(®))[J(K)"'DKN](®) = DK(® + @)A®) + [J(K)"'DKN](® + w), (2)
where ] is the matrix representation of the symplectic form and
N(@©) = [DK(@)TDK(G)]”.

As a consequence, [J(K)"'DKN](#) cannot grow more than polynomially. Hence we obtain
that the center subspace of Tk)M is at least a 2I-dimensional space spanned by DK(#) and
[J(K)"TDKN](0) (we will show that range DK ()N range [J(K)"'DKN](0) = {0} because the im-
age of the torus is a isotropic manifold).

For approximately invariant systems, the previous identities are just approximate and this implies
that the center direction is at least 2[-dimensional. We will assume that indeed the dimension of
the center subspace is exactly 2I. That is, we will assume that the tori we consider are as hyperbolic
as allowed by the fact that the motion on them are rotations and that the system preserves the
symplectic structure.

The main non-degeneracy assumptions on the approximate solution are (a) that the other direc-
tions in Tk M are hyperbolic. That is, they are spanned by vectors which contract exponentially
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fast in the future or in the past. (b) That there is some twist condition, that is, that the matrix A in
(2) is invertible.

We will use a KAM iterative method to show that, if we are given a function K which solves
(1) up to an error which is sufficiently small with respect to the properties of the non-degeneracy
conditions (a), (b) above, then there is a true solution close to this approximate solution.

These results based on validating an approximate solution—which we call a posteriori—imply the
usual persistence results (one can take as approximate solution of the modified system the exact
solution for the original one). Nevertheless, the a posteriori results can be used for other purposes. For
example a posteriori results can be used to validate solutions obtained through any method such as
numerical approximations or asymptotic methods. The validation of Lindstedt series leads to estimates
on their domain of analyticity. The paper [47] for instance considers Lindstedt series of whiskered tori.

A posteriori results also lead automatically to Lipschitz dependence on parameters and, with a bit
more of work, to differentiable dependence on parameters. The a posteriori approach to KAM theorem
was emphasized in [50,51,73,74]. There, it was pointed out that this a posteriori approach automat-
ically allows to deduce results for finitely differentiable systems. We refer the reader to [13] for a
comparison of different KAM methods.

In the present paper we deal with finite-dimensional maps and flows. In the forthcoming second
part of it we consider coupled map lattices [22]. The case of partial differential equations, which can
be treated in a similar way but involves technical difficulties, is postponed to a forthcoming paper
[16].

Results on whiskered tori similar to the finite-dimensional ones of this paper have been considered
several times in the literature. The first ones are [27,74].

The approach in [74]—which also takes the a posteriori format—is based on [73] which consists of
finding a change of variables which reduces the system to a normal form which obviously possesses
an invariant torus. This change of variables is accomplished by applying a sequence of canonical
transformations. The method of proof introduced here is not based on successive transformations but
rather on successive corrections introduced additively. This makes the estimates easier to establish
and it leads to efficient numerical implementations. In order to be able to solve the equations, we
take advantage of some cancellations due to the preservation of the symplectic structure that were
also pointed out in [13,14,42].

The method of [74] proves the result for periodic Hamiltonian flows. The result for diffeomor-
phisms is proved in [74] by interpolating diffeomorphisms by periodic flows and then applying the
results for periodic flows. The proof we present here proceeds along the opposite route. We prove first
the result for diffeomorphisms and, then, deduce the result for flows taking time-one maps. Giving a
direct proof of the result for persistence of whiskered tori for maps has been suggested as somewhat
desirable in ]J. Moser’s Mathematical review for [74]. We also provide such a direct proof. Of course, if
one uses normal forms—as in [74]—it is natural to consider flows since the normal forms require only
the study of the Hamiltonian function, which transforms very well. In the method presented here, the
geometric cancellations are much more transparent in the case of diffeomorphisms.

Among other results for finite-dimensional systems, we call attention to [71], which uses a method
similar to that of [1]. The paper [71] has the advantage that it is a first order method (i.e. that each
step of the Newton iteration requires to solve only one small divisors equation). As a consequence,
the size of the gaps among tori in near integrable systems, the loss of regularity as a function of
the Diophantine exponent and the required minimum regularity are smaller than these of the second
order methods. A comparison between first and second order methods to prove KAM results can be
found in [13]. The paper [66] (see also the sketch in [48]) uses a reduction to a normally hyperbolic
manifold and then applies the standard KAM theorem for Lagrangian tori. Of course, since normally
hyperbolic manifolds are in general only C", the above method cannot produce C* or analytic tori. On
the other hand, we note that the method of [48,66] leads to very good regularity conclusions for finite
differentiable systems and also to good estimates on the measure occupied by the tori. We also call
attention to [19,21,37,45,46,64,65,75] which consider also tori with hyperbolic and elliptic directions
and relax the twist conditions and the differentiability requirements. The paper [26] considers analytic
perturbations which depend only on the angles of reducible tori satisfying a twist condition and uses
a direct resummation method.
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As compared with previous finite-dimensional results, the method presented here has the advan-
tage that one does not need to assume that the hyperbolic bundles are trivial (and much less that
the motion in the hyperbolic directions is reducible to a constant linear map). Tori with non-trivial
invariant bundles appear naturally in one parameter families after crossing a resonance, see [35].

Also, we do not need to assume that the system is given in action-angle coordinates, something
which is convenient if we are working in situations when the action-angle coordinates are singular.
For instance, in the study of diffusion one is lead naturally to the study of whiskered tori near res-
onances (see [7,8]). In this case, the action-angle variables are singular and avoiding its use leads to
better estimates.

For symplectic ODEs we will also prove a translated torus theorem. From this general version we
will deduce the results for exact symplectic ODEs using a vanishing lemma. We note that the approach
of proving a translated torus theorem was introduced in [61] in the one degree of freedom case.

The method presented here lends itself to a very efficient numerical implementation (see [36]).
The only functions to be considered are functions with a number of variables equal to the dimension
of the torus itself (independently of the number of variables of the ambient space). Of course, when
studying infinite-dimensional systems—PDEs or coupled map lattices or chains of oscillators—studying
functions with the number of variables of the phase space is prohibitive. When implementing our
method, if we discretize the tori by N Fourier coefficients, the algorithm presented here only requires
storage of order of N and a Newton step takes only order of Nlog(N) operations using the fast
Fourier transform. This seems to be significantly faster than other algorithms. Actual implementations
are now being pursued and will be the subject of a forthcoming paper (see [36]). We refer the reader
to [32,33,35] for analysis and implementation of related algorithms.

2. Definitions and notations

Before presenting the basic ideas and the results of our method, we introduce some notations and
definitions which are useful for our purposes. All definitions are rather standard and we collect them
here mainly to set the notation.

2.1. Diophantine vectors

In the study of invariant tori one needs an arithmetic condition over the frequency vector. In the
case of maps the notion of Diophantine vector is the following.

Definition 2.1. Given ¥ > 0 and v > I, we define D(k,v) as the set of frequency vectors w € R!
satisfying the Diophantine condition:

lw-k—n"" <klk|’, forallkeZ'\{0}and nez,

where - means scalar product, |k| = |kq| + --- + |k| and k; are the coordinates of k. We will say that
w € D(k,v) is Diophantine.

For vector-fields the corresponding notion is the following.

Definition 2.2. Given « > 0 and v > — 1, we define Dj(k, v) as the set of frequency vectors w € R!
satisfying the Diophantine condition:

lw-k|~! <k|k|”, for all ke Z\ {0}
with the same notation as in Definition 2.1.

The two conditions are closely related since w € Dy (k, V) with w1 # 0 if and only if (wy/w1,...,
wy/w1) € D(k’,v) for some x’. The geometric and measure properties of the sets of Diophantine
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vectors have been extensively studied. These results translate immediately into statements about the
abundance of KAM tori.

Definition 2.3. Let T! = Rl/Z! and f e L'(T'). We denote avg(f) its average on the I-dimensional
torus, i.e.

avg(f) = / f(©)de.
T’

Definition 2.4. Given w € R! we introduce the rotation over T' of rotation vector w:
Tew(6) =60+ w.
2.2. Functional spaces, functions and operators

We will denote D, the complex extension of the torus of width p, i.e.
D,={zeCYZ'||Imzi|<p, i=1,....1}. 3)

We denote by | - | the supremum norm on RN or CVN. The sup norm makes several estimates in-
dependent of the dimension of the manifold, which are useful when considering infinite-dimensional
problems. However on Z' we will use the norm |k| = |kq| + - - - + |k;|. Furthermore, for finite differen-
tiability purposes, we consider the following norms: given g analytic, with bounded derivatives in a
complex domain B, and m € N we introduce the following C™-norm for g

lglcms) = sup sup|D¥g(2)|.
<

s
o< k|<m zeB
Let A, be the set of continuous functions on D, analytic in the interior of D, with values on a

manifold M, which is assumed to be Euclidean. We endow the space A, with the usual supremum
norm

lull, = sup |u(2)|.
zeDy

We have that (A, || - ll,) is a Banach space. In particular, |[ullo = [[ull o (gr)-
We also recall the following convexity property (see [59, Lemma 12.8]).

Proposition 2.5. Let 0 < p1 < p2 and assume that f € Ap,. Then, for every 6 € [0, 1] we have

1 £ l6pr+a-6y00 < IFNI5, IFILH, P (4)
In particular, taking py =0and 6 =1/2,

1/2 1/2
15 lparz S NFI2 e 1F 1157 (5)

We will also consider spaces of continuous functions on D, analytic in its interior and taking
values on finite-dimensional vector spaces, for instance in spaces of matrices. When endowed with
the supremum norm, these function spaces are also Banach spaces.
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In particular, we will also need some norms of linear maps on the tangent space Tk )M with
K(0) € M, where K is an embedding. More concretely, let A(6) be a continuous linear operator from
T )M into itself depending on the variable 6§ € D,. Then we define ||A|, by

IAll, = sup sup HA(O)va.
0eD, veTgep M, |v|=1

3. Setting of the problem and results
3.1. Geometric setup

We will consider the Euclidean manifolds M = R2? and M = R2¢-2l x R! x T. In the second
case we can consider the universal covering R2 of M and lift the maps defined on M to maps F,
defined on R24, such that 7 F = Fmr, where 7 : R2 — M is the canonical projection. Even if we
pass to the covering we will use the symbol M to refer to the manifold. These manifolds obviously
admit complex extensions by considering R C C and T =R/Z C C/Z. As we will see, these different
possibilities are convenient when we consider tori whose embeddings are topologically different. For
example, tori which are contractible to tori with different dimensions. We will use the same symbol
M for the complex extension of the manifold or its covering.

For convenience of notation, we will endow these manifolds with the standard Riemannian metric,
even if this may not be natural for the problem at hand. For us, the metric will only play the role
to measure sizes and therefore any equivalent metric will give a similar result. The standard metric
will have the advantage that it will allow us to use matrix notation for adjoints. In matrix notation,
thinking of vectors as column vectors, we can write a'b = (a, b). On the other hand, we note that the
length of vectors will always be the supremum norm and the norm of matrices will be the operator
norm associated to the supremum norm on vectors. Of course, for finite-dimensional problems the
supremum norm is equivalent to the Euclidean norm.

We will assume that the Euclidean manifold M has an analytic exact symplectic form £2 with
primitive «, i.e. 2 =da. For each ze M, let J(2): T, M — T, M be the isomorphism such that

QE =& J@n)

where (,) is the Euclidean product on T, M.

We will not assume that J(z) has the standard form. We do not assume either that ] induces an
almost-complex structure on T M. This generality is useful in some applications (celestial mechanics,
numerics, ...) when we use some system of coordinates—e.g. polar coordinates—which lead to non-
standard symplectic matrices.

Remark 3.1. As we will see in the proof, we are not using much the Euclidean structure of the mani-
folds. In Section 7.6, we will present the modifications needed to work on other manifolds.

More precisely, we will show that it is possible to work out the proof in a neighborhood U of the
zero section of a bundle E€ @ ES @ E. The bundle E¢ will be shown to be trivial (as a consequence of
the fact that the motion on the torus is a rotation, the preservation of the symplectic structure and
the fact that the dimension of the center space is 2I, see Section 4.2.2), but the other bundles—which
correspond to the hyperbolic directions—need not be trivial.

We note that Eq. (1) is geometrically natural since it can be formulated in any manifold.

In the following write up the Euclidean structure enters in two ways: one is a purely notational
one and can be eliminated at the price of a typographical nightmare. When we only have approximate
solutions, we will denote the error just as F o K(6) — K(6 + w) rather than expEgeer)(F o K(0)). We
will also compare vectors in Trokg)M with vectors in Tkg+w)/M. This can be done by introducing
connectors as in [39], so that what we denote DF o K(6 4+ w)DF o K(6) is really sheK@+ro) hE K(@© +

K(6+2w)
a))SZ‘Zgﬁ;)DF o K(0). See Definition 3.9 and the discussion thereinafter (particularly Eq. (17)).
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A second, and more serious way in that the Euclidean space enters is that, to implement the
iterative step in KAM theory, we will use Fourier series. This certainly requires that the functions take
values in a vector space. Fortunately, this happens only in the center directions. In the hyperbolic
directions there are geometrically natural ways to solve the iterative equation. This is why we are
requiring that the center bundle is trivial, but we do not need the triviality of the hyperbolic bundles.

Of course, the fact that we work in a set U as above is no loss of generality because, if there is a
whiskered torus, by the tubular neighborhood theorem, we can identify a neighborhood of the torus
with a neighborhood of the zero section of the normal bundle.

3.2. Setting of the problem and results for maps

The main purpose of the theory we are going to develop is to construct invariant tori for exact
symplectic maps. We recall the following.

Definition 3.2. Let (M, 2 =da) be an exact symplectic manifold. A map F from M into itself is
exact symplectic if there exists a smooth function W on M such that

Ffao=a+dW.

In particular, every exact symplectic map is symplectic, i.e. F*2 = £2.

Heuristically, our problem is the following: let F be an exact symplectic map and w € D(k, v). We
want to construct an invariant torus for F such that the dynamics of F on it is conjugated to T. To
this end, we search for an embedding K : D, D T' - M in A, such that for all 6 € D, K satisfies
the functional equation

F(K(®)) =K(Tw(®)). (6)

Notice that if (6) is satisfied, the image under F of a point in the range of K will be also in the same
range. Hence, since K is an embedding, the range of K will be an invariant torus.

The assumptions of our results will be that we are given a mapping K that satisfies (6) up to a
very small error and which satisfies some non-degeneracy and hyperbolicity assumptions. We will
prove that then, there is a true solution of (6) close to K. We will also prove that the solution of (6)
is unique up to composition on the right with translations.

The exactness of the map F is important for the existence of a solution to (6). It is easy to con-
struct examples of symplectic non-exact symplectic maps without invariant tori. For instance, consider
M =T x R with the standard symplectic structure. The translation in the R-direction is a symplectic
non-exact symplectic map without any invariant torus.

To construct the desired invariant torus, we consider a parameter A € R! and introduce a transla-
tion term in Eq. (6) depending on 6.

We then consider the following functional equation, where G is a suitably chosen function of 6
taking values in 2d x [ matrices and whose unknowns are both K and A

F(K(®)) + G@)A=K(To()). (7)

The introduction of this parameter A will allow us to sidestep several technical complications and
then we will show that, since F is exact symplectic, the geometry implies that A = 0. The fact that
the dimension of the parameter A is [ is important for our purpose. We also mention that it is possible
to use the parameter A to weaken non-degeneracy conditions by taking A € R instead of R'. In such
a case, G is a 2d x 2l-matrix.

Remark 3.3. The introduction of the parameter XA is also motivated by numerical calculations (see
[36]). It leads to more stable computations. More importantly, it is useful in the numerical computa-
tion of secondary tori (i.e. tori generated by resonances, which have some contractible directions).
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We go through a KAM technique to prove the existence of such a pair (A, K). To this end, we
introduce the operator 7,

Fo,Ky=FoK+GA—KoT,, (8)
where
G=[J(Ko)"'DKo]oTw 9)

is a function defined on T' and where Kg stands for an approximate whiskered torus. We will write
G instead of its explicit form in many of the following results. As we will see later, the important
property of G is that translations along the direction of G can change the cohomology of the push-
forward in the center directions.
The method is based on a careful study of the linearization (around a given pair (A, K)) of the
operator F,,. We will show that this linear operator is approximately invertible in a suitable sense.
For that, we have to introduce several non-degeneracy conditions.

Definition 3.4. Given A € R! and an embedding K : D p D T! — M we say that the pair (1, K) is non-
degenerate for the functional equation (7) (and we denote (A, K) € ND(p)) if it satisfies the following
conditions:

o Spectral condition: the tangent space Tk )M has an invariant splitting for all 6 € T,
TkoyM = Ex o) ® Ek o) @ Exo)» (10)

where £

K@) EIC((G) and 5,’“;(9) are the stable, center and unstable invariant spaces respectively, i.e.

DF(K®))Ex) = Exran

This splitting is analytic in 6. To this splitting we associate the projections H,S((e), H,‘<(9) and 171%(9)
respectively, which are analytic with respect to 6.
Moreover, the splitting (10) is characterized by asymptotic growth conditions (co-cycles over Ty, ):
there exist 0 < (1, 2 <1, w3 > 1 such that wius <1, uaus <1 and Cy > 0 such that for all
n>landfeD,

|(DF)o Ko T 1(0) x --- x (DF) o KO)V| < Cuulilv] & ve Ex @y (11)

|(DF) oK oTy," @) x - x (D) o K@O)V| < Cuullvl & velly, (12)
and
[(DF)o Ko TI1 (@) x -+ x (DF) 0 K(@)v| < Chpah v,
|(DF) oK oTy, " @) x - x (D) o K@O)V| < Cuullv] & veEy. (13)

e Furthermore, we assume that the dimension of the center subspace is 2I.
That is, the torus is as hyperbolic as allowed by the symplectic structure and there are no elliptic
directions in the normal direction.
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o Twist condition: We introduce the notation

N@©) = [D1<(0)TD1<(9)]‘1,

P(6) = DK (0)N(®). (14)
Assume that the averages on T' of the matrices
Q) =DK® +w)" J(K@© +@))G(6) (15)
and
A@®)=P@O + o) [[DFK)JK)" P]©) - [JK)'P]O +w)] (16)
are non-singular.

Remark 3.5. With a view to applications, we note that in Proposition 5.2, we will show that we
can deduce the existence of an invariant splitting from the existence of an approximately invariant
one which satisfies the hyperbolicity conditions (11)-(13). Consequently, Definition 3.4 can be verified
with finite precision calculation on a given numerical approximation. We anticipate that the basic idea
is that, if we can verify that for some operator B we have ||BN| < uN <1 for some N > 0, it follows
that ||B"|| < Cu" for all n > 0. This gives a way to obtain all inequalities from finite computations.

Remark 3.6. Note that since K is an embedding—hence DK (#) is one-to-one for all 6—and d > | we
have that DK (0) T DK (9) is invertible for all 6.

Remark 3.7. If we take G(#) = J(Ko(6 + a)))’lDKo(O + w), Q becomes DK(O + a))Tj(Ko(Q +
) J(K(©O + w))"'DKo(0 + w) ~ N + w)~! and hence one of the twist conditions becomes auto-
matic because, under the smallness assumptions, avg(Q) := le Q(#)do ~ avg(N~1) and avg(N~1) is
invertible. Indeed, assume that v € Ker(avg(N~")). Then vT avg(N~")v = 0. This last expression is
approximately

ozfvT(DKTDK)(e)vdezf\DK(@)v\zde

T T

which implies DK (0)v = 0 for all 6 € T. Since DK(0) is one-to-one for all & we obtain v = 0. Hence
the condition on the invertibility of avg(Q) is just a quantitative statement of the fact that K is
indeed an embedding. The condition on A is a twist condition.

Remark 3.8. Note that if the torus K was exactly invariant (i.e. Fo K =K o T,,) then
DFoKoT;‘j](Q) x -+ x DFoK(©)=DF" o K(9),

so that conditions (11)-(13) are the usual growth conditions in the theory of normally hyperbolic
manifolds (see [24,40,56]). Of course, for our applications, we only assume that the tori are approxi-
mately invariant.

When the manifolds are Euclidean, the conditions (11)-(13) make perfect sense. Nevertheless, if
the phase space is a general manifold M, we have DF(K(9)) : Tx@)M — Trok@9) M. If F o K(0) #
K (6 + w), then, we should write the conditions (11)-(13) using connectors (see [39]).

We recall that
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Definition 3.9. A connector S} is an isomorphism from TyM to Ty M, defined when d(x, y) is small
enough, such that S} =1d and S} §% = S5, when both make sense.

A concrete way of implementing the connectors is to take parallel transport along the shortest
geodesic joining x, y (equivalently, the differential of the exponential map).
In the case that we formulate the result in a general manifold, (11) should be written

FoKoT}2(0) GFK©)

-1
[(DF) o Ko TGH0)S, Tty ™ X o+ X Sig 4

(DF) o K@O)V| < Chptflv] & ve&ky (17)

and analogously the others.

Remark 3.10. The technical reason why we introduced the extra parameter A in (7) is the following:
in the iteration of the KAM scheme, one has to prove that some equations are approximately solved
up to a quadratic error. To this end, we have to show that some averages are quadratic in the error.
To avoid these technicalities, we introduce this parameter A which allows us to cancel some terms in
the equation so that we can reach the suitable approximate solution (see Propositions 4.18 and 4.19).
Then we use the exact symplecticness of the map to keep the parameter A under control.

We can now state our main theorem, which provides the existence of a solution K to the func-
tional equation (6) with F exact symplectic, provided we are given a sufficiently approximate one.

Theorem 3.11. Let w € D(k, v) for some k > 0, v > L. Assume that:

(1) F: U Cc M — M is an exact symplectic map and U is an open connected set, which we will assume
without loss of generality has a smooth boundary.

(2) Ko € ND(po) (the embedding Ko is non-degenerate) in the sense that it satisfies the spectral condition in
Definition 3.4 and the average on T! of the matrices Qo (6) and Ag(6) are non-singular, where Qg and Ag
are as Q and A in Definition 3.4 with K = K.

(3) The map F is real analytic and it can be extended holomorphically to some complex neighborhood of the
image under Ko of D p,:

B, ={zeC* |36 € {|Im0] < po} s.t. |z~ Ko(6)| <},

for some r > 0 and such that |F|c2p, is finite.

Denote Eg = F o Ko — Ko o Ty, the initial error. Then there exists a constant C > 0 depending on I, v,

IFlc2(s,) IDKollpg: INollpgr 1 A0l por 1(@vE(A0) ™1, (avg(Qo) ™I, 1Jlc1(p,) and the norms of the projec-
tions ||17,C<"05(’g) ll oo Stich that, if Eg satisfies the estimates

Cx* 8™ | Eollpp < 1 (18)
and
Ck2572" | Eollpy <T.
where 0 < § < min(1, po/12) is fixed, then there exists an embedding K, € ND(poo := po — 63) such that
FoKeg=KeoTy.
Furthermore, we have the following estimate

Koo — Kollpo < Ck2872"[|Eoll po- (19)
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Remark 3.12. The previous theorem provides a construction of whiskered tori without assuming the
existence of action-angle variables for the original system. Moreover, the method of proof does not
involve the sequence of transformations by symplectomorphisms, which is often used to prove this
kind of results, but hard to implement numerically.

Remark 3.13. It is important to remark that the non-degeneracy conditions we use in Theorem 3.11
depend only on the approximate solution under consideration. As one can see, Definition 3.4 only de-
pends on averages of the approximately computed solutions. This latter fact is useful in the validation
of numerical computations. Indeed, numerical computations provide an approximate solution and this
is the only information that is available. The non-degeneracy conditions needed to apply Theorem 3.11
can be verified by straightforward computations on the numerical approximation.

This leads directly to the so-called small twist theorems. See Section 7.3 and in particular Proposi-
tion 7.1 and the subsequent comments for more details on the dependence of the constants on the
non-degeneracy assumptions.

After introducing an additional term in the functional equation (6), namely
FoK+ (](Ko)”DKo) oTpA=KoT,

and performing a KAM iteration on (K, 1), the final task consists of proving that Ao, = 0 using the ge-
ometry. This is done by using the exact symplecticness of F and a suitable representation of the center
subspace. Indeed, the center subspace in T g)M, which will be shown to be non-trivial, will be very
close to the vector space spanned by DK (6) and its symplectically conjugate J(K(8))"'DK ().

3.3. Uniqueness

A natural question to ask is whether the embedding K provided by Theorem 3.11 is unique. Notice
that if K is a solution of (6), for any o € R/, K o T, is also a solution, hence one can only hope for
uniqueness up to a composition with a translation on the right.

The following theorem provides a local uniqueness result. We will see in the next section that
there is a simple general argument that shows that uniqueness results allow us to deduce results for
flows from results for diffeomorphisms.

Theorem 3.14. Let F be exact symplectic and analytic in B, C M. Let w € D(k, V) for some k >0, v > L.
Assume K1, K2 € ND(p) with p > 0 are two solutions of Eq. (6) such that K1(D,) C By, K2(Dy) C By. Then
there exists a constant C > 0 depending on I, v, |F|c2(g,), IDK1llp. IN1llp. [JIc1(s,) 11100 TG,

K@ o
|(avg(A1))~ 1| such that if for some T € R! the norm ||Kq o Ty — K> || satisfies
Ck?p Ky 0 Tr — Kallp <1 (20)

with 8§ = p/4, there exists a phase T € R! such that K1 o Tz = K> in D,. Moreover |T — 7| < Ck2p~2V||K1 —
KZ”p-

The proof of this theorem is postponed to Section 6.
3.4. Result for flows

As a by-product of the previous uniqueness theorem, we get a result on the existence of invariant
whiskered tori for flows. This follows from a time-one map argument (see [18]). The argument we
present here comes from [3,14].
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Theorem 3.15. Let w € D(k,v) for some k > 0,v > L Let (St);er be the flow generated by a finite-
dimensional analytic exact symplectic vector-field

d
Lo rw,

dt
where u : I C R — M. Assume that there exist a time t = 1 and an embedding K € ND(p) for some p > 0
such that S1 o0 K(0) = K (6 + w) for all § € T. Then for all time t € R, we have

S0 K(6) = K0 + wt).
Proof. If we have S1 o K(0) = K(6 + w), then for all t this yields
S10S:0K(B)=St0(S10K)(©0)=S;0 K0+ w).

By Theorem 3.14, if ||S; o K — K||, is sufficiently small, which is achieved if t is sufficiently small,
this implies that there exists a phase ¢ (t) such that S; o K(9) = K(6 + ¢ (t)). From the flow property
St4+s = St o S and the fact that K is one-to-one, we have ¢ (t +5) = ¢ (t) + ¢(s). We now prove that
the function ¢ is continuous. The map K from T' into its image is one-to-one and continuous over
a compact (for the topology of T!). Then its inverse is continuous. This leads to the continuity of the
function ¢. Using this fact and the additivity condition we deduce, that for ¢t small enough, ¢ (t) = Bt
for some 8 € Rl Then in this case we have

St o K(0) = K(6 + o). (21)

Since both sides of (21) are analytic with respect to t € [0, 1] we obtain the result for all t € [0, 1].
Putting t = 1 we get B = w. Expression (21) shows that the torus K (T') is invariant by the flow. Since
the torus is compact, the flow on it is defined for all t € R and hence (21) holds for all ¢t € R. This
ends the proof. O

In Section 9, we will give a more precise version of this result and a direct proof (i.e. a proof which
does not pass through a reduction to a time-1 map). This is useful since the method of proof leads
to numerical algorithms for differential equations. The direct proof can also be used as a model for
results for some ill-posed partial differential equations (see [16]).

4. The linearized operator D, g F, (X, K)
In this section, we describe the inductive step of the procedure. As most of the KAM proofs, it will

be a modification of the classical Newton method.
Using the Taylor theorem, given an approximate solution, we write

FO+ A, K+ A) = Fo (0, K) + Dk Fur O, K)(A, A) + 0 (]| (4, M) )

and, following the idea of Newton’s method, we look for (A, A) such that F,(A + A, K + A) is
quadratically small so we are lead to consider the following equation

Dy kFow, K)(A, A) = —E, (22)
where (X, K) is a pair satisfying approximately Eq. (7) with an error E(0) = F, (%, K)(0) with 6 € T
Using the definition of the operator F, in (8), we see that the derivative of the operator can be

written more explicitly as

Dj. k Fo(h, K)(A, A)(©O) =G(O)A+ DF(K(O))A®) — AB + w).
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The study of the Newton equation (22) is mainly done in three steps:

e One projects Eq. (22) on the hyperbolic space and the center space, by using the invariant splitting
(see Definition 3.4).

e One reduces the equation of the projection on the center subspace to two classical small divisors
equations. Thanks to a suitable change of coordinates on the tangent space (which does not use
action-angle variables) these equations are then solved approximately (i.e. up to quadratic error)
by using the extra variable A € R..

e One solves (with “tame” estimates) the equations corresponding to the projections onto the stable
and unstable invariant subspaces, by using the conditions on the co-cycles over T,,.

Remark 4.1. We note that the equation on the center subspace will not be solved exactly. We will
just solve it up to quadratic errors. The reason is that the change of variables mentioned in the above
discussion will be constructed taking advantage of approximate identities obtained by differentiating
with respect to 6 the equation for the initial error and applying geometric identities. The procedure of
comparing the linearized Newton equation with the equations that appear taking derivatives is very
common in KAM theory. It is certainly used systematically in [50,51,74]. See [73, Section 5] for some
remarks on the relation of these identities with a group structure of conjugacy problems. We note
that some of these remarks in the above references work also for some semi-conjugacy problems.

Of course, the above-mentioned strategy uses the non-degeneracy assumptions. In subsequent sec-
tions, we will show that these assumptions are changed only by a small amount, so that the procedure
can be iterated.

The main goal of this section is to prove the following result.

Lemma 4.2. Consider the linearized equation
Dy kFo(h, K)(A,A) =—E. (23)

Then there exists a constant C that depends on v, L, DKl INllo, TG\ o Gllp, |(avg(A)~],
|(avg(Q))~ | and the hyperbolicity constants such that assuming that § € (0, p/2) satisfies

Cr8 TV(IEN, + G plAl) <1 (24)

we have:

(1) There exists an approximate solution (A, A) of (23), in the following sense: there exits a function E()
such that (A, A) solves exactly

Dj kFor(h, K)(A, A) = —E +E,

with the following estimates: for all § € (0, p/2)

I Allp—25 < Ck282V[IE|l, (25)
IDANlp—25 < k282" E||, (26)
|A| < CIE]p, (27)

IElp—s < C®8™ " VNEN | Fu 3, KO- (28)
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(2) If A1 and A; solve the linearized equation in the previous approximate sense, then there exists o € R!
such that for all § € (0, p)

[A1— Az — DK ()« ||p_(S < Ck28PIVIE |, [ Foh, K) |{p. (29)

Remark 4.3. The form of the previous inductive lemma corresponds very closely to Zehnder’s im-
plicit function theorem in [73]. Once Lemma 4.2 is proved, we then follow the strategy in [73]. The
most crucial step is the verification of how the hypothesis of hyperbolicity are changed when the
embedding changes in the iterative step.

More precise information on the dependence of the constants C on the non-degeneracy conditions
will be provided in Proposition 7.1. We anticipate that, roughly speaking, the constants C can be
bounded by universal powers of the non-degeneracy constants. We postpone the precise formulation
since it will involve some notations that will be developed along the proof. This power dependence
on the constants has some applications to the study of tori close to resonance and to small twist
theorems.

We will need the following classical proposition (see [13,60-62]) which provides existence of a
solution together with estimates for small divisors equations.

Proposition 4.4. Let w € D(k, v) and assume the mapping h : T! — M is analytic on D, and has zero
average. Then for any 0 < o < p the difference equation

v + @) — v(0) = h(d)

has a unique zero average solution v : T! — M, real analytic on D,_g forany 0 < o < p. Moreover, we have
the estimate

IVlp-o < Cko™"|Ihll,, (30)
where C only depends on v and the dimension of the torus I.

Remark 4.5. It is important for our purposes to have estimates independent of the dimension of the
manifold M since in a follow-up paper [22] we apply the procedure of this paper in an infinite-
dimensional context.

The independence of the estimates on the number of dimensions comes from the fact that we
consider the supremum norm and the equation is solved component-wise.

4.1. Geometric considerations

4.1.1. Isotropic character of the torus
We start by recalling the definition of isotropy.

Definition 4.6. Let (M, £2) be a symplectic manifold. A submanifold A of M is isotropic if N'c N+,
where A/* is the orthogonal space of A with respect to the 2-form £2.

We formulate in our framework the well-known fact that a torus supporting an irrational rotation
is isotropic. The manifold K(T') is isotropic if the pull-back K*$2(9) vanishes for all 6 € T'. In other
words, noting

K*2(0)(, n) = (£, L©O)n)
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for all £, € R, the isotropic character is equivalent to
L) = DK(@)T](K(O))DK(G) =0

for all 6 € T'. We first deal with the case of an exact solution of (6) (see Lemma 4.7). The approximate
case is the purpose of Lemma 4.8. We note that the fact that exactly invariant tori are isotropic
manifolds remains true for all irrational rotations and is well known [74]. The fact that approximately
invariant tori carrying an irrational rotation are approximately isotropic seems to require that the
rotation is Diophantine, see [14]. For the sake of completeness, we present the simple proofs of both
results.

Lemma 4.7. Assume that M is exact symplectic, K satisfies (6) and w is rationally independent. Then L(0) is
identically zero.

Proof. Since F is symplectic we have

Consequently, this yields
K*Q2 =K*F*Q2 = (K oTy)*Q2.

Since w is rationally independent, T,, is ergodic and this implies that K*£2 is constant and so is L(6).
Using that M is exact symplectic, we have that K*$2 = dK*«a and, the only constant form which is
exact is zero.

Similarly, a computation shows that L(9) has the form DL;(9) " — DL;(6) for some matrix Li(8).
Since the average on T' of DL (#) is zero, we get the result. O
Lemma 4.8. Assume that M is an exact symplectic manifold, F : B, — M is analytic and symplectic. Let
K be real analytic on the complex strip D, for some p > 0 and such that K(D,) C B;. Assume also that
w € D(k, v) and denote

E=FoK+Gi—KoT,.

Then there exists a constant C depending onl, v, | DK |, |Flc1(g,y | J1c1(p,) Such that for all § € (0, p/2)
we have

ILllp—25 < Ck8~ TV (IEN, + 1G Il pl]). (31)
Proof. We want to estimate the norm of the matrix L. Recalling F*$2 = §2, one gets
K*2 —(KoTy)*Q2 =E*Q2 — (GL)*$2.
Performing the same computations as in [14], this leads to the following equation
L—LoTy=g,
where g is a function on T' such that (here we just use Cauchy estimates)
Igllo—s <C8T(IEl, + IGllpIAl).
We now make use of Proposition 4.4 to complete the proof. O

Recall that we are assuming that K is an embedding. Hence the range of DK is I-dimensional.
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4.1.2. Vanishing lemma
This section is devoted to an estimate which allows to control the extra parameter A through the
iterative step. We consider the functional equation

FoK+GA=KoTy+E,

where F is exact symplectic (see Definition 3.2) and G =[J(Ko) " 'DKg] o To,.

Recall that A € R' and K € ND(pg). Note that the term (J(Ko)~'DKg) o T,, is very close to
(J(K)"'DK) o T,, and hence close to the center subspace associated to the torus K (T').

The following lemma provides the desired vanishing result.

Lemma 4.9. Assume F maps M into itself and w € D(k, v). Let K € ND(p) be a solution of

FoK+Gi=KoT,+E, (32)
with G =[J(Ko)~'DKo] o Ty, and A is such that

IEllo +1IGlplAl <1,

IK—Kollp<r.  [IDK—DKol,<r, (33)

where r > 0 is sufficiently small (precise conditions will be given along the proof).
Assume furthermore that:

(1) F is exact symplectic.
(2) F extends analytically to a neighborhood of K (T).

Then, there exists a constant C such that
Al < CIE]lp-

Proof. We follow a method used in [42]. We refer the reader to Fig. 1 for an illustration of the
method.
We denote by

é,‘:(91,...,9,‘,1,9i+1,...,91)ETF] (34)

and similarly &; = (w1, ..., W1, 41, ..., o) € R,
We also denote T4, :T — T! the path given by

05N =01,.... 01,1, 641, ....6). (35)

We will compute i1 [, . F*o in two different ways. On one hand, using the fact that F is exact
1,

/ Ffo = / o+dW = / o. (36)

Kooy g o Kooy 4. 1o

symplectic, we have

On the other hand, using (32)

/F*a: / o= / o+ R;, (37)

Koo-i.(ﬁi FOKO‘TI',{}X. (KOTw—G)L)oaiyéi

where |R;i| < C|IE||p.
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a>

Fig. 1. lllustration of the vanishing lemma.

Since we want to compare the last integrals in (36) and (37) it is natural to introduce a two-cell

whose boundary is the difference between the two paths K o o;

denote Bi,é,—,x

i Bty and (Ko Ty, — GA) o i 4 We

this two-cell, which we parametrize by (&, 1) € (0,1) x (0,1) as follows:

B 6. =Ko0y4. ()= G004 (MAE.

By Stokes’s theorem, since do = £2, we have

We have

Note that

and

o= / o+ / 2. (38)

(KoTy—Ga)oo, 5 Koo ;g Big

11
/ 9Z//QBiyéiyx(g,n)(353,-’@.’;\(5,77),3n3i,éi,)‘(€777))d5d77-
00

Bi,é,-,x

B g =0K00;4.,40D)—0GCo0; 5. 5 (MAE

%B; 5, =—G600; 516,

Using the previous expressions

Qsivéivk(s,n)(353,-9,.,,\(5, n,0B; 4, G, m)

)\'TG ° Gi,éi+d)i (n)T] (Bi,éi,)u(g’ n)) (BQi Ko Gi,éi+d)i (n) - 861' Go Gi,é,-+d),- (n))\'é)
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Using (33), we have
J(Big,&m)=J(Ko0i 5,5 m)+0(2)
= (Koo 0,45 (D) + O + O(IA]).

Therefore, we end up with (using the expression of G(8) = J(Ko(6))~'DKo(6))

11
/ Q=—//,\T[DKJJ(KO)*T](KO)BQI,1<o]oohéi%(n)ds dn
00

Bi.éi.x
+O(rIAl) + O (12%) + O (IEll o)
Joining these expressions for all values of i and integrating over T'~! we get
f / sz:ﬂ[/é]+o(r|A|)+o(|x|2)+o(||E\|p), (39)
TI-1 Bi,éi,k T
where Q = DKOTDKO. Since DKy has rank I then the matrix Q has rank . See Remark 3.6.

We now integrate with respect to f; both (36) and (37). By a simple change of variables we have
that the following integrals are equal

/ déi / Ffoa = /déj / Ffa.
Ti-1 Koai‘§i+(bi Ti-1 KOUi,éi
Therefore, from (38) we obtain
/ 2=— / R;.
Ti-1 Bi,é,’,k Ti-1
Now, Eq. (39), the fact that Q is invertible, the assumption
IElp +GlplAl < C,

and r sufficiently small (this is the condition we imposed in (33)), lead to the desired result invoking
the implicit function theorem. O

Remark 4.10. The assumption in Lemma 4.9 that
IElp +1Glpl2l < C
will be an inductive assumption in the iteration of the KAM method that we will deal with later.

Remark 4.11. In the KAM iteration, we will generate a sequence {A,, Kp}ney of approximations of the
solution (A, Koo) of the equation

FoK+GAr=KoT,,.
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As a corollary of Lemma 4.9, the sequence {Ap}pen in the KAM iteration converges to 0 since |Ey|p,
converges to 0.

4.1.3. Basis of 6’,5((9) when K is an exact parameterization

To avoid the use of action-angle variables we are going to perform a change of variables, using the
geometric structure on the tangent bundle.

For that we will first find a useful basis of the center space 51%(9) in the case that K : T! —> M is a
solution of Fo K =K o T,.

Here we are assuming that the dimension of the center subspace is 2 and hence 51%(0) ~RZ In

[14], the authors studied the case when d =1, i.e. the dimension of the range of K(T') is half the
dimension of the space and the tori are Lagrangian submanifolds.

In [14] it is shown that, in the Lagrangian case, the perturbative equations can be studied very
conveniently applying the change of variables given by the following matrix

[DK(®), j(K(G))_lDK(H)N(O)]. (40)

In the Lagrangian case, the range of (40) is the tangent space of the manifold at K(@). In our case,
however, the range of (40) is not the whole space, but it will be a very good approximation of the
center space. Then, we can apply a method very similar to the method in [14] for the equations in
the center directions. The hyperbolic directions will be solved by other methods.

By the symplecticness of F and the dynamical properties we have that the matrix of the symplectic
structure with respect to the splitting 515((9) @ SIC((@) @ 51%(9) has the form

0 0 ]su
j(K(@)):( 0 J° o0 ) (41)
jus 0 0

where J is an antisymmetric form and J5“(es, ey) = — J%(ey, €5).
Indeed from

uT](K(O))v = Ql((g)(u, V)= QFH(K(Q)) (DF"(K(G))u, DF"(K(@))V), nez,

we deduce, sending n — +o00 and using the hyperbolic conditions (expansion/contraction properties),
that uT J(K(9))v =0 in the following cases:

u,veé‘,s((e),
u,veé‘;(’( X
ue 8,5“6) U 5,%(9) and v € 5f<<9),

ve 8,6((9) and v € 5,5((9) u 5;’(9)

which implies the form (41). See also [9]. The form (41) proves that J(K(6))~! sends the center
subspace into itself.

Since range DK () is the tangent space of the torus K(T') and the dynamics on the torus is conju-
gated to a rotation, DK (0)R! is contained in S,C((Q). Moreover the previous property of J(K)~! implies

that J(K(9))"'DK(®)R! also is contained in 8,2(6). Instead of J(K(0))"'DK(#) we will consider the
matrix J(K(0))"'DK(0)N(9) where N(8) is the normalization I x I-matrix N(8) = [DK ()T DK ()]~
introduced in (14). Both have the same range because N(¢) is non-singular. The role of N is to provide
some normalization for the symplectic conjugate.
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Now we check that the range of [DK(9), J(K(8))"'DK(0)N(9)] is 2I-dimensional. Indeed, assume
that there is a linear combination

l 1
f="a;DK@®)e;+_ BiJ(K®) 'DK@N(@®)e; =0.

j=1 j=1

Then, for 1 <k <, using the isotropic character of T1<(9)I<(’IF’)

1
0=2(DK®®)ex, f) = ZﬂjekTDK(e)Tj(1<(9))j(1<(9))’1DK(@)N(@)ej
j=1

!
= Zﬂj(ek» ej) = Br-

j=1
This calculation shows that f reduces to Z'j:] ajDK()ej. Moreover, for 1 <k <1
-1
0=2(J(K(®) DK®)N®)ex. f)

1
= ZajekTN(G)TDK(@)T](K(G))_TJ(K(G))DK(Q)ej
j=1

I
:*Zaj(ek,eﬂ = Q.

j=1
Hence aj=p8j=0 for all j=1,...,I. We conclude that
range[ DK (9), j(K(G))_lDK(e)N(@)] =&k @)-
Finally we define
~ -1
M) = [DK(®), J(K(©®)) DK(@®)N(®)]. (42)
4.2. Solving the linearized equation on the center subspace
This section is devoted to the study of Eq. (22) projected on the center subspace. We denote
ACB) = H,C«g)A(O).
Projecting the linearized equation (23) into the center space, we end up with the following equation
M (g40)GO) A+ DF(K())A(0) — A°(0 + w) = —E(6), (43)
where E€(0) = H,i(eﬂ))E(@).

In Section 4.2.1, we will develop several identities and approximate identities that have a geomet-
ric nature. These identities will be used to reduce the equation on the center to constant coefficients
equations of the form considered in Proposition 4.4. One important step is accomplished in Sec-
tion 4.2.2 where we use the geometric identities and the theory of hyperbolic systems to obtain an

approximate representation of the center space. Once this material is developed, we can establish the
main result of this section, Proposition 4.19.
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4.2.1. Normalization procedure ~
In the following, we construct a suitable representation for the matrix DF (K (6))M(9). Recall that
the 2d x 2l-matrix M is given by

M =[DK, J(K)"'DKN]. (44)

As a motivation, we first consider the case when K is a solution of (6). We search for a matrix
S(0) satisfying

DF(K(©)M(©) = M(@© + »)S®), (45)
where S(0) is upper triangular with identity matrices on the diagonal. Explicit expressions for S will
be given later.

Differentiating Eq. (6) with respect to 6, we get

DF(K(6))DK(6) = DK (6 + w).

This shows that S(9) has the form
Id, A®)
(o, B(9)> , (46)

where A(9) and B(9) are I x | matrices. We will see that the choice of the second column of M and
the symplectic structure forces that B(9) = Id;. Then, it will be easy to compute an expression for A.
Indeed, from (44)-(46) we should have

[DF(K)J(K)"'DKN](©) = DK(0 + w)A(®) + [ J(K) ' DKN]( + »)B(0). (47)
By the isotropic character of K(T') we have DK T J(K)DK = 0. Hence
[DKT J(K)](6 + »)[DF(K) J(K)"'DKN](©) = [DKTDKN](6 + w)B(H). (48)
Also by the symplecticness of F
J(K (0 + w))DF(K(0)) = J(F(K(©)))DF(K(©)) = [DF(K)_T](K)](Q).
Then the left-hand side of (48) becomes
DK' (6 + w)[DF(K)”""DKN](©®) = [DK"DKN](6) =1d,.

With this we conclude that B(6) =Id,.
To obtain the expression of A(6) we multiply (47) by (DKN)(® + @)T. Using NT = N and
NDKTDK =1d; we get
A@®)=P@©®+w) [[DFK)J(K)'P]@®) — [J(K)'P]® + w)]. (49)
We sum up the previous computations in the following lemma.

Lemma 4.12. Let K be a solution of Eq. (6). Then we can write

DF(K(©))M () =M@ + »)S(0).
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with
_(1d; A®©)
so=(o " (50)
and
A@®) = PO +o) [[DFK)J(K)'P]©®) - [J(K)'P]6 + w)],
where the notation P(6) = DK (6)N(6) was introduced in (14).

The matrix M(®) is not invertible since it is not square. However we can derive a generalized
inverse for M(6). As a motivation for subsequent developments, we first present Lemma 4.14 which
deals with the geometric cancellations in the case of an exactly invariant torus. The case of interest
for a KAM algorithm—when the torus is only approximately invariant—will be studied in Lemma 4.15

as a perturbation of Lemma 4.14.
A straightforward calculation shows that

- - (L 1d,
M JUOM = (—ld1 NTDKTJ(K)-TDKN)' 1)

Remark 4.13. When J2 = —Idyy we have J~T = —JT = J and then

~ T o L Id,
M j(K)M_(_ldl NTLN)‘ (52)
If moreover K is a solution of F o K = K o T, the right-hand side matrix of (52) reduces to the
. . 0 14
standard symplectic matrix Jo = ( _| 4 0 ).

Lemma 4.14. Let K be a solution of (6). Then the matrix M J (K)M is invertible and

T ~v—1_ (NTDKT J(K)"TDKN —Id,
(M" J(K)M) _< 1d, 0 )

Proof. It follows from (51) and the isotropic character of the invariant torus, i.e. L=0. O

We now establish a similar result for approximate solutions, i.e. solutions of (7) up to error E(0) =
Fo(r, K)(©). We can expect this type of normalization to be true if the error and A are small enough.
Following the calculations in Lemma 4.12, we obtain

Id A®)

DF(K(©)M(©) = M(© + w) ( o Id

) + O(E€, DE).
More precisely, we introduce
e(0) = DF(K(0))M(©) — M(©® + 0)S(®), (53)
where S is given by (50). If we denote e(0) = (e1(6), e2(6)), a simple algebraic computation yields
e1(9) = DE(8) — DgG ()2,
e2(0) =[(DFJ~")(K)DKN](®) — DK (6 + )A(®) — [ ] "' DKN](6 + w) = O(E, DE)

by the choice of A, where G°(0) =11 G(0).

c
K(0+w)
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The next step is to ensure the invertibility of the 21 x 2l-matrix M J(K)M. According to expression
(51), we can write

M@©)" J(K©)M®) =V (®) + R®).

where

V= 0 Id,
~\-Id, NTDKTJ(K)"TDKN
and
L 0
(4 9).
We have the following lemma, providing the desired invertibility result under a smallness assumption
on E, namely (54) in the next lemma. Note that (54) has the same form as (24), but the constants

could be slightly different since (24) should also accommodate (33), which is implied by conditions
of the same form.

Lemma 4.15. There exists a constant C > 0 such that if
Ces~tDYE|, <1/2 (54)

for some 0 < § < p/2 then the matrix M (8) J (K(9))M(8) is invertible for 6 € D, 25 and there exists a
matrix V (0) such that

(@) J(K©)M©) ™ =V +70)

with

V)= (Z(ww‘mm)")vw)l,

k=1
where the series is absolutely convergent. Furthermore, we have the estimate
1Vl p—25 < C'es™HVYE|, (55)
where the constant C' > 0 depends on |, v, [Flcis,y [ J1c1s,) IDKllp, NIl and ||17,C<(9) llo-
Proof. The matrix V() is invertible with

vl NTDKT J(K)"TDKN —Id,
o Id, 0 ’

We can write

M@©)" J(K@©)M©®) =V (©)(ldy + V()" 'R®)).
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To apply the Neumann series (and consequently justify the existence of the inverse of Idy + VIR as
well as the estimates for its size), we have to estimate the term V ~!R. According to Lemma 4.8, we
have the estimate for L

1Ll p—25 < Ced~ TV (IEN, + IG o 121)
for all § € (0, p/2). Using Lemma 4.9 this leads to the estimate
[v="R]

25 SCi8™UTVIE],

for 0 <8 < p/2, where C > 0 depends on I, v, |Flc1gy, |Jlc1s,), DKy, NI, and ||17f<(9) llo. Be-
cause of assumption (54), we have that the right-hand side of the last equation is less than 1/2.
Then the matrix Idy + V (6)~1R(9) is invertible with

_ 1
Id VIR ! {——— <2

H( 2+ ) ||p725 1— ||V_1R||p—28
This ends the proof of Lemma 4.15. O
4.2.2. Identification of the center space

In this section, we identify the center space as being very close (up to terms that can be bounded
by the error in the invariance equation) to the range of the matrix M introduced in (42), see Propo-
sition 4.16. This will allow us to use the range of M in place of EIC((@) without changing the quadratic
character of the method.

Proposition 4.16. Denote by I'k ) the range of M(6) and by IT 11; ©® the projection onto I'k ) according to the

splitting €IS<(9) @ k) @ 8%(9).
Then there exists a constant C > 0 such that if

8MEN, <C
we have the estimates (here dist,, stands for the distance between subspaces at the Grassmanian level)
disty 25 (k@) Exg)) < C8IEll .

[ T%e) = Miconll p—25 < 5 IEN (56)

forevery § € (0, p/2) and where C, as usual, depends on the non-degeneracy constants of the problem.

Proof. Of course, the two inequalities in (56) are equivalent.
From (53) and Cauchy estimates, we have

dist,—s((DF o K) Ik, Tko) © Tw) < C8[IE|l .
Using again Eq. (53) and iterating it, we obtain for n > 1
DF(K (0 +nw)) x --- x DF(K@))M(®) = M(©® +nw)S(0 + (n — D) x -+ x S(@) + Ry,
where
IR llp—s < Cad™ ' IIEll,

and C, depends on n.
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Since §(0) is upper triangular with Id; on the diagonal, we have

S(9+(n—l)a))x---xS(@):(Ig’ A(0+(n—1)w)+...+A(0)).

Id;
Therefore, by induction, we have for every n € N
|DF(K(© +nw)) - - DF(I((O))M(@)]\p_B <Cn+C8 VE]l.
Identical calculations give that
[DF~'(K(6 —nw))---DF1(K(©))M(®) ||p_(S <Cn+Cpd VE]l,.

Note that, given any w3 > 1 (as in Definition 3.4), there exists an integer n,, > 0 such that for all
n>ny,, we have Cn < uf. Consequently, choosing such n,, there exists a constant C such that if the
error satisfies

§MEN, <C,
we have Cn + Cp6~! IEllp < pf5. In other words, the above estimates hold for all sufficiently large n,
provided that we impose a suitable smallness condition on §~! Ell,-

As a consequence, Ik is an approximately invariant bundle, and we also have bounds on the
rate of growth of the co-cycle both in positive and negative times. Using standard tools in the theory
of hyperbolic systems (see Proposition 5.2 below where we prove the result for all the bundles), this

shows that indeed one can find a true invariant subspace éK(g) close to I'k(). Since this invariant
subspace should be of the same dimension of the center space 51%(9)v we deduce that

Exo) = Exe)-
See also Remark 5.6 below. O
4.2.3. Final estimates of the solution on the center subspace
We can now finish the solution of Eq. (23) on the center subspace. We recall the linearized equa-
tion around (%, K) projected on the center subspace:
G“(6)A+ DF(K(9))A°(0) — A°(0 + w) = —E“(0). (57)
We make the change the unknowns in (57)
AS(O) = M@O)W (0) +eO)W (9), (58)
where
& =1I1¢ -k (59)
K(@+w) K@+w)

which was estimated in Proposition 4.16.
Substituting (58) into Eq. (57) we get

DF(K(©))M(@)W (0) — M(6 + w)W (6 + )

=—E%(0) — G(0)A+ &0 + w)W (0 + w) — DF(K())e(0)W (9). (60)
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We anticipate that the term éW will be quadratic in the error. Similarly, writing
1" A
G = 916G +€G,

we also anticipate that the term eGA will be quadratic in the error. Since the function G will be
chosen to be J(Kg)~'DKg o T,, namely in Tky(6+w), We drop the index from G¢, writing G directly.
As a consequence, we will ignore these two terms and consider instead the equation

DF(K())M@)W (0) — M(6 + w)W (6 + w) = —E(8) — G(9) A (61)
which differs from the linearized equation in the term (W) o T,, — DF(K)(W) — G A. Note that,

ignoring this term we obtain an equation where all the terms are in the range of M.
We multiply Eq. (61) by M@ + )T J(K(6 + w))

[MT J(K)](© + w)DF(K@)M@)W ©) — [M" J(K)](6 + 0)M(® + 0)W (6 + )
=—[MT J(K)](6 + w)[E°(®) + G(©) A].

Using Lemma 4.15 (invertibility of M J(K)M) and Eq. (53), we can write

[(ld’ AS?) + B(e)} W) — W0 + w)

0
=p1(0) + p2(0) — [M" JIK)M](6 + @)~ [MT J(K)](6 + ©)G(0) A, (62)
where
B©) =[M" JUOM]® + )~ [MT J(K)](© + w)e®), (63)
p1©) ==V O+ o) '[MTJ(K)]O + »)E(©®) (64)
and
p2(0) ==V O+ o) [MTJ(K)]6 + )E©). (65)

In the following lemma, we sum up the previous computations and estimate the terms in Eq. (62).

Lemma 4.17. Assume w € D(«, v) and § and ||E||, satisfy (54). Eq. (61) can be written in the form

[(lgl A(9)> +B(9):| W) - WO +w)
I Id;

= p1(6) + p2(0) — [MT JUOM] ™" 6 + )[MT J(K)](6 + )G () A, (66)

where the matrix B and the vectors p1 and p, are given by expressions (63)—(65) respectively.
The following estimates hold:

Ip1llp < CIEl,, (67)

where C only depends on | J|c1(g,), INIlp, IDK], and ||HIC((9) | o. For p2 and B we have

Ip2llp-2s < Cks~“TDYE|2 (68)
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and
IBllp—25 < C8 (IIEIl p + IA]). (69)

where C depends onl, v, [Nl|p, IDK o, [Flc1(g,), [Jlc1(s,) and [Tk gl -

Proof. Since the matrix V~! does not depend on L the estimate (67) is obvious from the formula
(64) for p1(0).

According to the proof of Lemma 4.15 the estimate (68) then comes from estimate (55). We turn
to the estimate on B. We have

B©O)= (VO +») 1+ VO +0)MO+w)T J(KO +))e®).

This leads to

IBllp-25 < [VO + @), o [MEO + )T J(KO +w))e®],_,

[ VO +0)M© + )T J(KO +@)e®) ] ,_ys-
Therefore, using estimate (55) and Cauchy estimates, we end up with
-1 -1 —(v+1) -1 -1
IBllp—25 < C(8™lENlp + 87 |2 + &8 IENo (8 IEll, + 387 [A])).
This leads to the desired result thanks to the smallness assumption on [|E||,. O

4.2.4. Approximate solvability of the equations on the center subspace

This section is devoted to solving approximately (up to quadratic error) the linearized equation
(66), as is usual in KAM theory.

To this end, we introduce the following operator

LW 6) = ('g,l *‘é?) W) — WO + w).

Eq. (66) can be written as

LW (©) + BO)W(®)

=p1(0) + p20) — [MT JEOM]©O + )" [MT J(K)](6 + @)G(©) A. (70)

According to estimates in Lemma 4.17, we have p; = O(||E||f,), p1=0(|Ellp) and B=O(||Ellp + |A]).
Solving approximately Eq. (70) with an error “quadratic” in E does not affect the convergence of the
Newton scheme. See [73] for an abstract discussion and [74] for several concrete applications.

Eq. (70) does not fit into the framework of Proposition 4.4 since the average of the right-hand side
is generically non-zero. However, by using the increment parameter A, we can make this average
equal to zero. Furthermore, Eq. (70) has two unknowns (the two symplectic coordinates). Thanks to
Lemma 4.15, one can write the term

[MT JOM] ™ 0 + @) [MT J(K)](6 + @)G6)A =q1(8) A +2(6) A,
where the matrix q; (which is 2l x 1) is

G1O)=VO+w) MO+ )" J(KEO +w)G©)
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and q; satisfies for all § € (0, p/2)
19211 p—25 < Ck 3~V UG 1El o,
where the constant C depends on I, v, [Ny, [DKllp, [Flc1(g,y, |Jlc1(p,) and ||17[C((9) llo-

We define an approximate solution of (70) as a solution of the following equation (71), obtained
by removing the terms containing B and g, from Eq. (66), which was equivalent to (61). We recall
that (61) was obtained from the Newton step by removing the terms that contained é. As we will see,
all these eliminations do not change the quadratic convergence of the method. Consider now

Lv(©) =p1®) —q1(0)A. (71)

Thanks to the non-degeneracy conditions (see Definition 3.4), we obtain the following result.
Proposition 4.18. Assume w € D(k, v) and (A, K) is a non-degenerate pair (i.e. (A, K) € ND(p)). If the error
Ell, satisfies (54) and the smallness assumptions in Proposition 4.16, there exist a mapping v, analytic on
D,_2s and a vector A € R! solving Eq. (71).

Moreover there exists a constant C > 0 depending on v, I, | K|l 5, [(avg(Q))~1, |(avg(A) 1, IIN|l, and
||1'[I‘<(0) lp such that

1vllp—25 < Ck*8™[Ell,
and
[A] < ClEp-
Proof. We denote R(#) the right-hand side of Eq. (71), i.e. we solve
Lv(0) =R(®H), (72)
with
R=p1—q14.

We now decompose Eq. (72) into symplectically conjugate coordinates, i.e. v = (vi,v2)!, R(0) =
(R1(6), R2(6))T. Therefore, Eq. (72) is equivalent to

v1(0) + A0)v2(0) = vi(0 + w) + R1(6),
v2(0) = v2(0 +w) + R2(0).
A simple computation shows that
R2(6) = —[DKT J(K)] 0 Tu,G(H).
We choose A € R! such that
avg(Ry) =0.

According to Proposition 4.4, if avg(R,) = 0 the equation in v, admits an analytic solution with arbi-
trary average on D,_5 and we have the estimate

IV2llp—s < Ck3™"[IR2ll p + |ave(v2)|. (73)
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Then we choose avg(v;) such that avg(R; — Avy) =0, which allows us to solve uniquely the equation
in v1, the function v being of zero average. Furthermore, we have the estimate

Vil p—2s < Ck8™V[|R1 — Avallp—s.
We now turn to the estimates. First we estimate A. The vector A € R! is such that
avg(DK " (@ +0) J (K (@ +6)) (E°(6) + G(6)A)) =0.
This leads to
avg(DK " (@ +0) J (K (@ +60))G(9)) A
=—avg(DK (0 +6) J(K(w + 6))E(9)).

Note that by the definition of P and the fact that N is symmetric, the matrix which applies to A is
the average of Q which, by hypothesis, is invertible. This leads to the desired estimate for A.

We now estimate the solution v. From the expression of R and the value of A obtained above, we
have that there exists a constant C such that

IRillp < ClIEllp,
for i =1, 2. Furthermore, we choose avg(vy) such that avg(Ry — Avy) =0, i.e.
avg(va) = avg(A)~' (avg(R1) — avg(Avy)),

where vy = vzL + avg(vy). This is possible since by the twist condition avg(A) is invertible. Thanks to
estimate (73), this leads to the desired result. O

We now come back to the solutions of (43). The above procedure allows us to prove the following
proposition, providing an approximate solution of the projection of D, xFu (%, K)(A, A) = —E on the
center subspace.

Proposition 4.19. Let (A, W) be as in Proposition 4.18 and assume the hypotheses of that proposition hold.
Define A°(0) = M(O)W (0) + e(@)W (0) and obtain W and X as indicated above.
Then, (A, A°) is an approximate solution of (43) and we have the following estimates

80 < C28 2 E,

A< CIElp,

where the constant C depends on v, I, |(avg(Q))~ 1|, |(avg(A)) 1], INllp, IGll» and ||17,C<(0)||p. Moreover

|Ds.k Foo (s KA, AC) + E|| )5 < CiP8™CVFD(IENZ + 1 EllpIA]) + C8 Y IIENS

p—28

< CrZsTC TV END, (74)

where the constant C depends onl, k, v, |Flc1g,), IDK]lp, Nl p, [avg(A) ™1, [(avg(Q )~ | and IGl o-
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Proof. The first estimate comes from the previous Proposition 4.18.
For the second one (74), we recall that we have

D;. .k Fu(A, AY)(©O) + EC(0)
=—[MT J(K)M](©® + w)[B©O)V(©O) — p2(8)] — g2(6) A

+e0+ )W+ w) —DF(K(G))é(@)W(Q). (75)
The first term in the right-hand side of (75) is estimated in Proposition 4.18, see estimates (68)-
(69). The second one comes from the vanishing Lemma 4.9. The third term is estimated in Proposi-

tion 4.16. O

4.3. Solving the linearized equations on the hyperbolic subspaces

According to the splitting (10), there exist projections on the linear spaces 51((9) and 51%(9)' The an-
alytic regularity of the splitting implies that the dependence of these projections in 6 is analytic in the
same domain as the spaces. We denote H,i(“w) (resp. H,Lé(9+w)) the projections (of base K(0 + w))

on the stable (resp. unstable) invariant subspace.
We project Eq. (22) on the stable and unstable spaces to obtain

H,S((9+w)(G(9)A +DF(K(@)A®©®) — A0 +w)) = —17,5<(9+w)E(9), (76)
n,l;(9+w)(c(9)A + DF(K(0))A(0) — A6 + w)) = —ITg (g4.0) E©). (77)
Furthermore, thanks to the invariance of the splitting, we can write
M} 4a)D F(K©)A®) = DF(K(G))H,S((Q)A(G)
for the stable part and
H,Lé(ngw)DF(K(Q))A(@) = DF(K(Q))I‘[}&H)A(Q)

for the unstable one. Introducing the change of variables 6’ = T,,(9) and the notation AS%(9’) =

HI((Q’ A(8"), Egs. (76)-(77) can be written in the following form

DF(K) o T_oy(0)A*(T-(8")) — A*(0") = —E* (0, A), (78)
where

E(0', A) = My 4 (G(T-0(6")) A) + Mg g1y E 0 T_5(6)
and

DF(K) o T_o(0) A" (T () — A" (0) = —E" (0, A), (79)
where

EY0'. A) = T ) (G(T-0(8)) A) + ITE g E 0 T_op(8).

The following proposition provides an existence result together with estimates for Egs. (78)—(79).
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Proposition 4.20. Fix p > 0. Then Eq. (78) (resp. (79)) admits a unique analytic solution A*: D, — S,S((e)
(resp. A" : D, — 51%(9) ). Furthermore there exists a constant C such that

|as], <C(IEl, +141), (80)

where the constant C depends on the hyperbolicity constant (1 (resp. i), the norm of the projection
||1'1f((9) llp (resp. ||17}§(0)|\p), IG(0)l, and the constant Cy, involved in (11) (resp. (12)).

Proof. We give the proof for the stable case, the unstable one being similar and left to the reader.
Using Eq. (78) iteratively, we claim that its solution is given by

INCAE Z (DF(K) o T—»(0") x -+- x DF(K) o T,w(e/))E‘(T,(kH)w(e/), A). (81)
k=0

Using the condition on the co-cycles over T_, (see Eq. (11)), the series converges uniformly on D,
and one can estimate

o0
|a], < call B2, D wk < C(IEN, +141) (82)
k=0

since (1 < 1. Once we know that the series converges uniformly, we can rearrange the terms and get
that (81) is indeed a solution. The proof in the case of the unstable space follows in the same way,
multiplying Eq. (79) by (DF(K) o T_,)~! and using the condition (12) on the co-cycles. O

5. Iteration of the Newton step and convergence

In the following we describe precisely the iteration of the Newton method. As it is standard in
KAM theory, we show that if the initial error ||Eq|lp, is small enough, one can choose the domain
loss, so that the iterative scheme converges to a solution of (7) which moreover is close to the initial
approximate solution. As a consequence of the vanishing lemma (i.e. Lemma 4.9) one gets A =0 and
then a solution of

FoK=KoT,,.
In the rest of this section, we are under the assumptions of Theorem 3.11.
5.1. Estimates for one step of the Newton method

Recall that we have implemented a step showing that, given an approximate solution, (Ap—1, Km—1)
of (7), which is non-degenerate in the sense of Definition 3.4 and satisfies the conditions (33) of
Lemma 4.9 and (24) of Lemma 4.2, then we find an approximate solution (Ap—1, Am—1) of the New-
ton equation. That is, we can find

DA,K]:w()\m—L Km—1)(Am—1y Am—]) = _Em—1 + Rm

with Ep—1(0) = Fo(Am—1, Km-1)(@) and Ry, “quadratically” small. If E is defined in D, ,, the New-
ton correction Ap_1 is defined in a smaller domain Dy,,, om = Pm—1 — m. The precise results on the
step are collected in Lemma 4.2 and the description of the step is given along the proof.

The next result Proposition 5.1, makes precise the observation that, if we can define F o K, then it
is possible to show that the new remainder is quadratic. Furthermore, we will show that the change
in the non-degeneracy assumptions can be estimated by the size of the error.
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The assumption that F o K;; can be defined, requires only that the range of Ky = Kim—1 + Am—1
does not get out the domain of F. This will be implied by smallness assumptions on A that, using the
conclusions of Lemma 4.2, are implied by assumption (84). As it will turn out, the assumption (84) is
stronger than (24) so that (84) is enough to ensure that we can carry out a Newton step as indicated.

In subsequent sections, we will show that if we choose the sequence of domain losses 8, =
}1802"", and the error is small enough, the process can be iterated infinitely often and converges
to a solution of the equation. The argument also shows that the hyperbolic splitting converges.

Proposition 5.1. Choose an initial approximation Ao = 0, Ko, where Ko € ND (o). Assume that Ko(D p,), the
range of Ky is at a distance r > 0 from complement of the domain of definition of F.
Assume (Am—1, Km—1) € ND(pm—1) is an approximate solution of Eq. (7) and that the following holds

1 Km—1 — Koll oy <7/2, (83)

where 1 is chosen sufficiently small so that we can apply Lemma 4.9, the constants in ND(pm—1) are chosen
uniformly and that the range of Kn—1 is inside the domain of definition of F. Assume furthermore that (24)
holds so that we can apply Lemma 4.2.

Denote by C expressions that depend only on v, I |Flcig,, [IDKm-1llpp_;, ||I713<’mc’_L: @ lom_1-
|(avg(Qm—1))"1| and |(avg(Am—_1))"'| and, hence, can be chosen uniformly if Kin_1 is in a sufficiently small
neighborhood of K as indicated in (83).

Let Am—1, Am—1 be the corrections produced in Lemma 4.2.

If Em—1 is small enough such that

Cr8 2 M Em-1llpny <T/2, (84)

then the set (Km—1 + Am—1)(Dp,_;—s,,_,) is well inside the domain of definition of F and En(0) =
Fe(rm, Kim)(0) satisfies (defining pm = pm—-1 — 36m—1)

IEmllpn < Ck8, ™ 1 Em—1ll3,_,- (85)

Proof. We have Ap_1(9) = H,’}mil(Q)Amq(@) + 1T 5 Am-1(6), where H,’}mil(()) is the projection
on the hyperbolic subspace. Propositions 4.19 and 4.20 respectively, particularized to §;,_1 give us
that

I Am-1llpn < C®8 2 I Em—1llpp s
and using Cauchy inequalities

2¢-2v-1
IDAm-1llpm < Ck“8,77  N1Em—1ll ppp_ -

Using (84), and the previous estimates on Ap,_1, we see that the range of Ky = Kjp—1 + Ap—q is
well inside the domain of definition of F so that we can define F o K.
Define the remainder of the Taylor expansion

RO ALK, K =Fph, K) — Fpo(V, K')

— D kFo, K)(A =L, K —K').

Then we have
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En(0) = Em—1(0) + Dy k Feor(Am—1, Km—1(6)) (Am—1, Am—1(6))

+ R()mel > Ams Kmfl s Km)(9)~

Using estimate (74), for the error in solving the center equation and recalling that the equations on
the hyperbolic subspace are exactly solved, we have

|Em—1 + Ds.k Foohm—1. Km—1)(Am—1. Am-1) ,

3.—Brv+1) 2
<Cmak?8, S T NEmal?, -

Estimate (85) then follows from Taylor’s remainder bound

|F o (Kn-1+ Am1)(0) = F o K_1(6) = DF 0 Kn_1(0) A1 (6))|

< C[DF| glam 1)

Note that, since 8, go to zero, we can assume that the estimates from the Taylor remainder are larger
than those from the error of the solution. O

5.2. Change of the hyperbolicity and the non-degeneracy conditions in the iterative step

The main goal of this section is to estimate the change of the non-degeneracy conditions in terms
of the size of the error at the beginning of the iterative step.

We begin by estimating the change in the invariant splitting. Later, we will estimate the change in
the twist conditions.

The first result Proposition 5.2 is a standard result in the theory of normally hyperbolic sets that
allows us to conclude that if we are given an approximately invariant splitting, which has some hyper-
bolicity, then there is a truly invariant splitting nearby. The proof is a reformulation in an a posteriori
format of standard arguments on the stability of hyperbolic splittings [23,38,56,58,67]. Since this will
be part of an iterative procedure, we also need to obtain rather detailed estimates.

As a corollary, we will obtain that, when we change the embeddings K in the iterative step, the
change of the invariant subspaces will be controlled by the change in the embedding. Of course, since
the twist conditions are just properties of the restriction of the derivative to an appropriate subspace,
we will obtain that the size of the change in the twist conditions is controlled by the size of the
change of the embedding.

Notice also that Proposition 5.2 provides a way to verify the hyperbolicity out of a finite calculation
and in particular, out of the results of a numerical calculation. We have also used Proposition 5.2 to
identify the center space in Section 4.2.2.

Proposition 5.2. Assume that there is an analytic splitting
TK(9)M = 515((9) @ 516((9) @ 51%(9) (86)
which is approximately invariant under the co-cycle DF o K over T,,. That is,
dist, (DF o K(O)ER ) Ex ihay) <6
where dist,, stands for the supremum of the distance when 6 belongs to D ,, the complex extension of the torus
defined in (3). We denote by IT>%! the projections corresponding to the above splitting.

Assume, moreover that, for some N € N, 0 < [i1, fi2 < 1, and some 1 < i3, such that max(fiq, iL2) -
3 < 1, we have
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IDFoKoTN™1(0) x - x DF o K(O)v| < Al |v] Vv ey, (87)
IDF ' oK oTo™ V@) x - x DF T o K@) v| < Y 1v] Vv el (88)

and

IDFoKoT) '(8) x -+~ x DF o K(O)v| < @Y |vl,

IDF ' oK oTu™ V@) x - x DF 1o K(@)v| < i} v] Vv e, (89)

Assume that § < 8o, where 8 is an expression depending on N, |[DF o K ||, IDF~1 o K|l p, [TTS5¥ ]|
Then, there is an analytic splitting

TkoyM = Ex @) ® Ex o) © Ek o)

invariant under the co-cycle DF o K over T, which satisfies the characterization of hyperbolic splittings (11)-
(13).

The splitting above is unique among the splittings in a neighborhood of the original splitting of size 8o
measured in dist,.

Furthermore, we have that

dist, (Ex(5y - Ex sy ) < €8,
[1,2,3 — f11,2,3] < C8, (90)

where C depends on the same quantities as o does.

The previous result is applicable to all co-cycles over T,,. It is important that the base is a rotation.
As it is well known in the general theory of hyperbolic systems, if the base of the co-cycle had non-
zero Lyapunov exponents, we expect that the invariant splittings are only finitely differentiable and
not analytic even if the co-cycle and the base map are analytic. Some explicit examples are available
in [12].

In the statement of Proposition 5.2, for typographical simplicity, we are assuming that the phase
space is an Euclidean manifold so that we can compute the product DF o K(6 + w)DF o K(6) and
consider DF o K as a co-cycle over T,,. In case that the phase space is not an Euclidean manifold, the
co-cycle is Sli?gﬁg)DF o K, where S is the connector introduced in Definition 3.9. This can be done
provided that dist(F o K(6), K(6 + w)) is small enough so that the connectors can be defined. The
proof of Proposition 5.2 does not require any change beyond that to work in non-Euclidean manifolds.

Note that Proposition 5.2 implies immediately the persistence of invariant bundles under pertur-
bations of the co-cycle. Given a co-cycle, its invariant bundles are approximately invariant under the
perturbed co-cycle. The approximately invariant co-cycles can be obtained in many different ways,
for example through numerical computations or through formal expansions. For the numerical ap-
plications we refer to [33]. We also mention that [47] computes Lindstedt series expansions for
quasi-periodic solutions in center manifolds for problems in celestial mechanics. These solutions are
whiskered solutions in the full space and can be validated applying the results of this paper.

Remark 5.3. Notice that the statements of the hyperbolicity conditions in Proposition 5.2 do not
involve any constant Cy as in (11)-(13), but on the other hand, we include an N. From the point of
view of mathematical theorems, both formulations are equivalent if we consider (11)-(13) for fixed
n=N. Note that if i > & and N are such that Cp(u/A)Y <1, the conditions in (11) imply those in
Proposition 5.2. The converse is trivial.

We note that the constants C, depend on the norm used in the space. Indeed, in theoretical
applications, it is convenient to choose a norm such that C, = 1. Equivalently, one can choose a norm
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such that N = 1. This indeed simplifies the notation. We have chosen not to take advantage of this
simplification since the adapted norm is not commonly used in numerical applications.

Remark 5.4. Another application of Proposition 5.2 that we will not develop here, is a bootstrap of
regularity. If an invariant splitting is continuous, smoothing it, we obtain an approximately invariant
analytic one and, applying Proposition 5.2, we obtain an analytic invariant splitting which has to
coincide with the original one. See [34,43].

Remark 5.5. With a view to the applications in [22], we note that the arguments in the proof of
Proposition 5.2 are rather soft (contraction mapping principle and such). Hence, they go through
without changes when the bundles are Banach bundles.

Remark 5.6. Notice that the proof of the existence of invariant subbundles given the approximately
invariant ones is done one subbundle at a time. Hence, if we have two invariant subbundles (this
is the situation considered in Proposition 4.16), the argument in the proof of Proposition 5.2 above
leaves unchanged the invariant subspaces. Hence, the hyperbolicity constants 1, i2, 3 and Cp, in
these spaces are unaltered. On the other hand, the projections on the invariant subspaces are altered
because the projections depend on the splitting. The change of one of the subbundles changes all the
projections. Of course, the change of the projections can be estimated by the change of the spaces,
which is in turn estimated by the error in the invariance equation.

The main application of Proposition 5.2 in this paper is the following result, Proposition 5.7, which
estimates the change in the hyperbolicity hypotheses in an iterative step.

Proposition 5.7. Assume that |K — K || o is small enough and hypotheses of Proposition 5.1 apply. Then there
exists an analytic invariant splitting for DF o K.
Furthermore, there exists a constant C > 0 such that we have the estimates

s.cu s,c,u ~
”nk(e) —1Tg ) Hp < CIIK = Kllp, (91)
lfiti — il <CIIK = K|,y i=1,2,3, (2)
6h=ch. (93)

Proof of Proposition 5.2. The proof we present is very similar to the proof in [33]. The ideas are very
similar to the standard proof of the persistence of invariant splittings in [40,56,58] but we present
them in an a posteriori format, obtaining very quantitative estimates and we take advantage of the
fact that the motion in the base is a rotation. This requires only some minor rearrangements of the
argument in the above references.

We will denote

. .
51((9) = 51$<(9)v
5 . .
Ekw) = ko) D Ekoy- (94)
We clearly have
Ty M = Eg ) © E o) (95)

and the splitting (95) is almost invariant under DF o K.
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We consider the matrix of DF(K(#)) with respect to the splitting (95):

DF(K(6)) = (‘111(9) a12(9)) .

a(9) ax (@)

The almost invariance of the splitting implies that [|aq2 ||, llaz1, < Cn.

We will construct the invariant subspaces corresponding to this splitting as graphs of linear func-
tions u'(9) : £} — €2 and u?(9): £ — .

Computing the image of the point (x, u!(6)x) (resp. (u2(6)y, y)) and imposing that the images are
in the graph of u'(0 + w) (resp. u%(9 + w)), we obtain that the graphs of u', u? are invariant if and
only if u', u? satisfy

u' (0 + w)(an 0) +a2(0)u' (0)) = a2 (0) + azO)u' (9), (96)
an (Ou? (@) + ar2(8) = u* (0 + w)(az1 (O)u* () + ax(®)). (97)

As can be seen by elementary algebraic manipulations, Eqgs. (96) and (97) are equivalent to

u'(0) = ay; 0)(u' (0 + w)(a11(8) + a2 (@)u' (9)) — az (9)), (98)

120 + @) = (an O)u26) +a12(0)) (a22(0) + azn O)>©)) . (99)

We see that u', u? are fixed points of the operators 7', 72 which are defined as the right-hand
side of Eq. (98) and the right-hand side of Eq. (99) shifted by —w, respectively:

T'u']0) = a3, ©)(u' (6 + ®)(a11(6) + ar2(O)u' (9)) — a21 (9)),

T?[u2](0) = (116 — 0?0 — ) + 120 — ) (4226 — ©) + 21 (0 — WU> (O — ).

Now we concentrate on the operator 7!. We introduce the space S = A(Dp, Ly) of analytic sec-

tions from D, to the unit bundle of linear operators from 511((9) into 5,2“9), i.e. the space of analytic

maps u such that u() : 5,1((9) — 5,%(9) is linear and ||u(9)|| < 1. Endowed with |Ju||s = SUPgep, lu@)]l,
S is a Banach space. Moreover S satisfies Banach algebra properties under the natural multiplications.
We note that if 7 is small enough and consequently |laz||, ||a21|| are small, a reasonable linear
approximation of 7! is (obtained by eliminating all the terms that contain a2, az;)
T3 [u']©) == a5, @)u' @ + w)ai ©).

An elementary computation gives

(751)N[u1](9) =ay, (0)---ay,) (0 + (N — Dw)u' (@ + Nw)an (0 + (N — Do) ---an (8).

Using the fact that 7! is a quadratic polynomial operator, by performing algebraic manipulations
we obtain

max_|[(7")"[u'] = ()" [u']],, < Cn (100)
I <n

and
. 1N "N
Lipg, (7")" = (7y)") <Cm. (101)

where C depends on N.
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Note that, by assumptions (87)-(89) we have that if n is small enough, (Z1)N

Then using (87)-(89) together with the previous estimates we have that (’][)1
from S to S.

This implies that also (Z71)N is a contraction. It is well known that then 7! has a unique fixed
point u in S.

Moreover the analyticity in 6 € D, is inherited by the fixed point of the contraction. Hence u
depends analytically in 6.

Furthermore, we have the standard fixed point estimate

maps S into S.
)N is a contraction

1
luls < 7= (7))@ —0) < cn. (102)

where a = C'§ and the constant C’ depends on N,Cp, 1, 3. This estimate gives that
dp(SIS((e), 5;(9)) < Cn. Then, since the spaces £5, £ are Cn-close we also have |fi1 — 1] < C8.

The proof so far, gives us the existence of invariant spaces as in (94). This clearly gives us the
existence of the invariant bundle S,S((e) and the invariant bundle EIC(LEQ).

We remark that exactly the same proof works if we take the splitting

; - -
Exo) = k@) ® Ekoys

Ex0y=Eke) (103)

Hence, we also obtain the existence of the bundles 51$<C(9) and 5;;(9). The invariant bundle 5f((0) is

obtained as 51‘:&9) N 5,"’(5(9).
This concludes the proof of Proposition 5.2. 0O

Proof of Proposition 5.7. We just observe that we can take the invariant splittings for DF o K as
approximately invariant for DF o K. Using Cauchy estimates, we see that we can take § = C||[K — K llo-
Therefore, (91) follows from estimating the change of the spaces. The conclusions (92), (93) follow
from the observations in Remark 5.3. O

The next Lemma 5.8 provides the perturbation for the remaining non-degenerate conditions. The
idea is very simple. The twist condition is just the norm of a matrix obtained by restricting the
derivative to the tangent and projecting it on the symplectic conjugate directions to the tangent.
Cauchy estimates allows us to estimate easily the changes of these spaces. The estimate of the change
of the derivative when we change the embedding is just the mean value theorem.

Lemma 5.8. Assume that the hypotheses of Proposition 5.1 hold. If || Ey—11| p,,_, is small enough, then:

o If DK,I_1DKm,1 is invertible with inverse Np,_1 then DK;DKm is invertible with inverse Ny, and we
have

—(2v+1
||Nm||pm < ||Nm71 ||pm,1 + CmflelSm(_l‘) )”Emfl ||pm,1~
o Ifavg(Am—1) is non-singular then also avg(An,) is and we have the estimate

|(@vg(Am) ™' < (avg(Am—1) |+ Chr_ 16280 A Emtll o -

e Ifavg(Qm—1) is non-singular then also avg(Qn,) is and we have the estimate

|(@vg(Qm) | < | (@ve(Qn-1) |+ 1128, 2V Em 1l o, -



3174 E. Fontich et al. / ]. Differential Equations 246 (2009) 3136-3213

Proof. For the first, we refer the reader to [14, Section 5] since the proof is identical. We turn to the
second and third points. The estimates just come from writing Ky, = Kjp—1 + Apm—1, using estimates
(25)-(26) and neglecting quadratic error terms at the price of changing the constants. O

5.3. Convergence of the scheme

It is by now classical that, under sufficiently strong smallness assumptions, the iterative scheme
can be iterated indefinitely and that it converges. Similar arguments can be found in almost any paper
in KAM theory, in particular [11,50,51,73,74]. The notation in this paper matches closely that in [14]
so that the modifications, at this stage are rather minimal.

Recall that we have identified a set of embeddings in which we can obtain uniform constants in
the Newton step, see Proposition 5.1.

In the following Lemma 5.9 we show that, with the choice of domain losses given in (104) if the
initial error is small enough, the iterations do not leave the neighborhood where we have uniform
estimates and converge to a solution of the problem, which also has hyperbolic splittings.

Lemma 5.9. Using the previous notations, let Cy,, be the sequence of positive numbers defined above. For a
fixed 0 < 8o < min(1, po/12) define form > 0,

Sm =802, (104)
Denote pm = pm—1 — 68m—1 and €, = [|[Em|l oy, -

There exists a constant C depending on I, v, |Flc2(g,), |Jlc1(g,) 1DKollpg: INoll o, [(avg(Qo) 71,
[(avg(Ao)~ 1, ||H,S<’0C(’(;‘) ll po» Gl o Such that if the error € satisfies the following inequalities

2% k48, % €0 < 1/2

and
241) 202
C(l-‘rﬁ)K 60_ U60<r,

then the modified Newton step can be iterated indefinitely and we obtain that K, converges to a map
Koo € Apy—6s, Which satisfies the non-degeneracy conditions, in particular, it is hyperbolic, and

FoKeo = Koo 0 To.

Moreover, there exists a constant D > 0 depending on I, v, |Flc2(g,y, 1Jlc1(g,) IDKollpe: 1IN0l po,
(avg(Qo) I, 1@vg(Ao) ™I, 1T ig) l oy and Gl g, such that

Koo — Koll pp—6ss < D&285 2" |Eoll po-

Remark 5.10. We note again that by the vanishing Lemma 4.9, the sequence {Ap}n>0 converges to 0
as n goes to +-oo0.

Proof of Lemma 5.9. As mentioned in the introduction of the section, the argument is quite standard.
To ensure that we can perform steps with the estimates in Proposition 5.1, we just need to verify
that we do not leave the neighborhood of Ko given by (83) and that we satisfy the bounds (84).
We note that, in a concise notation, Proposition 5.1 leads to the bounds

em < Cits el .
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With the choice 8, =802~ ™, we see that if we can perform m steps, we have

_ _ _ 1+2 - — 2
€m <CK450 4v24v(m 1)€r2n—1 < (CK450 4v) + 24v[(m 1)+2(m 2)]6%_2

< (CK4864‘})1+2+'”+2”’_] 24v[<m—1>+2<m—2)+.4.+2m72]63m
< (C2% sy eo)
for m > 1, where we have used that
(M=1)+2(m=2) +-+2"2=2"2[(m — 127" 4 n — 227" 1] <2

We see that if €y is small enough, then, ems,;“" is so small than the conditions (84) are true
for the next step. Indeed, we note that the smallness conditions that we need to impose in €y are
independent of m.

Furthermore, we also observe that we also have K,;; — Ko = Z’;:O] Aj. Hence

m—1 m—1 i
_ 21 _ .
1K — Kollpm < Y I1Aillp < Y Ci?(Ce*sg*eq)” 852722
i=0 i=0

We note that, by taking €y small enough we can make the right-hand side of the last formula as small
as desired uniformly in m. In particular, by taking €y small enough we can ensure the assumption (83)
for all m.

Therefore, if we assume that €y small enough, we can ensure that we can repeat the iterative step
infinitely often and that the iteration never leaves the neighborhood identified in (83).

We also note that we have

o0 o0 o0
D Kiv1 = Killp = Y 1 Aillp < Y 1Aill
i=0 i=0 i=0

00 .
< CKZSO_ZVEO (1 + Z CKZ(C24UK480—41)60)2 80_21)221’1)60—1)
i=1

< D285V eo.

The absolute convergence of the above series shows that K;,; converge to a limit and the last bound
establishes the conclusion (19). We note that since we had assumed (83), we have that K., admits
a hyperbolic splitting. Since the change in the hyperbolic splittings is bounded by the change of the
embedding (see Proposition 5.7), we see that the hyperbolic splittings also converge to the limiting
one. O

6. Proof of the local uniqueness theorem

In this section, we prove Theorem 3.14. We closely follow the proof in [14]. Similar results are more
or less implicit in the treatment of whiskered tori in [74]. For fully dimensional tori local uniqueness
results appear in [51,63,69]. As we have argued before, local uniqueness results allow us to deduce
results for flows from results for maps.

The proof of Theorem 3.14 is based on showing that the operator D, (K) has an approximate left
inverse (as in [73]). Notice first that the composition on the right by every translation of a solution
of (6) is also a solution. Therefore, one cannot expect a general uniqueness result. Moreover, the
second statement in Lemma 4.2 and the calculation on the hyperbolic directions show that, roughly
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speaking, two solutions of the linearized equation differ by their average. Moreover this difference is
in the direction of the tangent space of the torus.

The idea behind the local uniqueness result is to prove that one can transfer the difference of the
averages of two solutions to a difference of phase between the two solutions.

Now we assume that the embeddings K; and K satisfy the hypotheses in Theorem 3.14, in par-
ticular K; and K are solutions of (6), or (7) with A =0. If T # 0 we write K; for K; o Ty which is
also a solution. Therefore F,(0, K1) = F,(0, K) = 0. By Taylor’s theorem we can write

0=F0(0,K1) = Fo(0, K2) = Dj .k Fw(0, K2)(0, K1 — K2) + R(0, 0, K1, K2), (105)

where

1
1
R(0,0, K1, K3) = 5 / D?F (K3 + t(K1 — K2))(Ky — K2)? dt.
0

Then, there exists C > 0 such that
[R(,0,K;, 1<2)||p < ClKq — 1<2||f).
Hence we end up with the following linearized equation
D) kFw(0,K2)(0, K1 — K2) =—R(0,0, K1, K2). (106)

We denote A = K7 — K.
Projecting (106) on the center subspace with H1C<2(9+w>' writing A€(9) = H,@Z(Q)A(Q) and making

the change of function A°(6) = M(9)W (§), where M is defined in (42) with K = K, we obtain
DF(K2(0))M@)W (0) — M(0 + )W (0 + w) = 1T}, (940 R(0, 0, K1, K2)(6). (107)

We note that since K, is an exact solution, range M(6) coincides with S,C((e). See Section 4.1.3.
Applying the property DF (K3 (9))1\~/I~(9) = M(Q+a))8(9) for solutions of (6), multiplying both sides

by [MT J(K2)1(6 + @) and using that M J(K2)M is invertible we get
SOW®H) — WO +w)

= _[(MT](KZ)M)”MTJ(KZ)](G + O, 944 R(0,0, K1, K2)(0).

Since W solves the previous equation, we get bounds for it using the methods in Section 4.2.4. We
write W = (W1, W3). Since S is triangular we begin by looking for W,. We search it in the form
Wy = Wy + avg(W3). We have [|[W5-[|,—5 < Ck8™"[[Kq — Ka|/%. For Wi we have

W1(©0) — W1(0 + w)
=T2(0) (17§, 940y R(0. 0. K1, K2)), (6) — A(O)W5 (0) — A(6) avg(W>), (108)
where T, = N, DK, J(K2)~T[DK2N2DK, —1d]1J(K>) and Ny = DK, DK;.

The condition the right-hand side of (108) to have zero average gives |avg(W>)| < Cx87V||K1 —
K3 2. Then

[Wiy —ava(W)||,_,s < k872" K1 — Kal?

p—26
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but avg(W1) is free. Then

| A — (ave(A),,0) ||,y < CkZ672IIKy — Kol

The next step is done in the same way as in [14]. We quote Lemma 14 of that reference using our
notation. It is basically an application of the standard implicit function theorem.

Lemma 6.1. There exists a constant C such that if C||Ky — K2|l, < 1 then there exists an initial phase
nel{telRl ||t <|IK1 - K|l p} such that

avg(T2(0) i, gy (K1 0 T, — K2)(0)) =0.

The proof is based on an application of implicit function theorem in R'.
As a consequence of Lemma 6.1, if 77 is as in the statement, then K o T, is a solution of (6) such
that if

W =[M" J(K)M]©O + o)~ [MT J(K)](O + @) T, 5 (K1 0 Tz, — K2),
for all 6 € (0, p/2) and we have the estimate
IWllp—2s < Ci872" [ RIS < Ck*672" |[K1 — K213
This leads to on the center subspace

|75, ) (K1 0 Tz, — K2) \|p_28 <CK*872" Ky = Kal3.

Furthermore, as in Section 4.3, taking projections on the hyperbolic subspace, we have that AP =
H,’}Z(e)(lﬁ — K>) satisfies the estimate

|4, -25 < CIRIp-
All in all, we have proven the estimate for Ky o Ty; — K> (up to a change in the original constants)
K10 Ty, — Kallp—2s < Ck®8 72" [[Ky — Ka3.

We are now in position to carry out an argument very similar to the one used in Section 5.3. We can
take a sequence {T;}m>1 such that |71| < ||K1 — K2|l, and

[Tm — Tm—1| <Ky 0 T, — K2l gy, m =2,
and
1K1 0 Try — Ka2llpy < Ci28,2" 1Ky 0 Ty, — Kall2, .

where 81 = p/4, Sm1 =08m/2 for m>1 and po = p, pm = Po — Y_peq & for m > 1. By an induction
argument we end up with

_ 2m__
IK1 0 Ty — Kall g < (Ck2872V2%V|IK1 — Kallgo)~ 272V



3178 E. Fontich et al. / ]. Differential Equations 246 (2009) 3136-3213

Therefore, under the smallness assumptions on [|Kq — K3||p,, the sequence {z;}m>1 converges and
one gets

K1 0 Ty, — Kallpj2 =0.
Since both K1 0T, and K are analytic in D, and coincide in D,,> we obtain the result.
7. Applications

In this section, we collect several consequences of our main theorem. We note that these conse-
quences follow mainly from the fact that we have formulated the theorem in a posteriori style without
reference to an integrable system.

7.1. Lipschitz dependence with respect to the frequency. Estimates of the measure occupied by the tori

The basic idea is that if we have an embedding K that solves the equation for one frequency,
then it solves approximately the equation for a nearby frequency. Then, applying Theorem 3.11, there
should be a solution for a new frequency which is close to the original one. Performing the argument
with care, we see that this implies Lipschitz dependence of the solution on the frequency. Similar
ideas were indicated in [73]. We remark that this Lipschitz dependence leads to estimates on the
measure occupied by the tori in the perturbative case. We concentrate on the case of maps since, as
we have shown, it implies the corresponding result for flows.

We assume that F is defined and analytic in a sufficiently big complex domain of an Euclidean
manifold M. We consider w € D(x, v) with « and v fixed and we suppose that K, € A, satisfies (6)
and is non-degenerate in the sense of Definition 3.4. For all w’ € D(x, v) we have

FoKy—KgpoTay =KgoTe—Keo Ty
and therefore, applying the mean value theorem and Cauchy estimates, we have
IF 0 Ky = Koy 0 Turllp—5 < C6 ™ Ko llplw — | (109)

for all 8 € (0, p). If | — ' is small enough, namely Ck4§=4"~1||K,|llw — @'| < 1, applying Theo-
rem 3.11 we obtain that there is an embedding K,, satisfying (6) with the frequency «’. Furthermore,
taking the value of § in Theorem 3.11 appropriately, one gets

1Ko — Kayll(o—s)/2 < Ck2(p — 8) V8 HKull plow — .

We note that, in the domain of applicability of the previous argument, the Lipschitz constant is
uniform since we are assuming that k¥ and v are fixed. Since the set of uniformly Diophantine vectors
D(x,v) is locally compact, we can cover a bounded subset of D(k,v) with a finite number of balls
in which the previous argument applies and therefore in this set we get Lipschitz dependence on w.

Moreover, the frequency of K, is given by the formula (up to some multiplicative constant)

a):Hw/(ﬁof(w(e)—f(w(Q))dQ, (110)
TI

where F and K are the lifts of F and K to the universal cover of M and I, is the projection over
the lift of the angle variables.

Thanks to formula (110), it is straightforward to see that the map K, — w is Lipschitz. Hence,
we conclude that the map w +— K, is bi-Lipschitz from the set of Diophantine vectors with fixed
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Diophantine constants. Since the set D(«, v) has positive [-dimensional measure, we conclude that
the set of tori also has 2[-dimensional measure, i.e.

Hz’( U 1<w(1r’)>>0,

weD(k,v)

where H2 stands for the Hausdorff measure.
7.2. Analyticity with respect to parameters

The proof of the existence of tori associated to a fixed frequency w presented here leads to ana-
lyticity in the dependence with respect to parameters. Later, we will see that this leads to analyticity
properties of some series expansions, such as Lindstedt series. The argument is already contained
in [52]. However the argument presented here is somewhat simpler than the one presented in that
reference.

Given a family of functions F; and a family of approximate solutions K, both depending ana-
lytically on parameters n € U C CP (p > 1) and continuous in U, we see that the assumptions of
Theorem 3.11 are satisfied uniformly in 1 € U. Consequently, there is a true solution nearby which
also depends analytically on the parameters 7.

The proof is very simple; we just observe that the iterative step is analytic for n € U (resp. contin-
uous for n € U) if the family and the error are.

The procedure and the estimates for one step of the iterative procedure are stated in Lemma 4.2
and in a more detailed way in the statements and proofs of Propositions 4.19 and 4.20. We just call at-
tention to the fact that the correction applied at each step of the application of Proposition 4.19 relies
on some explicit algebraic formulas—involving derivatives with respect to 6—and to use the solution
of some small divisor equations. Note that the solution of the small divisor equations is obtained
applying a linear operator which is independent of 7. Also the method of obtaining the projection
on the hyperbolic directions done in Section 4.3 and summarized in Proposition 4.20 preserves the
analyticity on parameters since ASY are obtained as sums of uniformly convergent series.

Clearly, the analyticity properties with respect to n are preserved by all these steps. Hence, the
corrections applied in one step of the iterative Lemma 4.2 depend analytically on parameters when
the error does. Of course, the error depends analytically on n € U (resp. continuously on 1 € U) if
the approximate solution at the start of Lemma 4.17 depends analytically on the parameters, since
to compute the error from the approximate solution, we just have to compose with the function Fj
and translate. Therefore, we conclude that the application of Proposition 4.19 preserves the analyticity
properties with respect to parameters.

Hence, in all steps of the iterative process used in the proof of Theorem 3.11, the functions
{Km}men depend analytically on parameters ranging on the open set U (and continuously on the
boundary). Of course, in the iterative step, we decrease the analyticity domain in the variables 6, but
not the analyticity domain in 7.

We also observe that in the proof of Proposition 4.19, the estimates on the correction applied
at each step depend only on the sizes of the error and the non-degeneracy conditions. Also, we
observe that the estimates on the change of the non-degeneracy conditions are uniform on the size
of the corrections. In particular, if we assume that the smallness and non-degeneracy conditions hold
uniformly for n € U, we can apply Lemma 5.9 to obtain that there is a sequence of analytic functions
in 0, n converging uniformly for § € D, and n e U.

In the paper [15] there is an alternative point of view for results with parameters. One can apply
an abstract KAM implicit function theorem as in [73] to spaces of analytic functions in other Banach
spaces. These kind of arguments were used to deal with rather degenerate problems. A more detailed
study of KAM theorems with parameters appears in [72].
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7.3. Small twist theorems and small hyperbolicity theorems

Small twist theorems have been introduced in [44,49] to deal with problems in celestial mechan-
ics. The idea of small twist (and small hyperbolicity) theorems is to give conditions that ensure the
convergence of the Newton-type method even if the twist is close to be degenerate. It goes through
a more precise analysis of the constants involved in the Newton scheme.

We refer to [44,49,54,55] for applications of small twist theorems to celestial mechanics and to
the stability of oscillators.

The goal of this section is to provide, as a corollary of the proof of our main Theorem 3.11, a small
twist and small hyperbolicity result.

By examining carefully the proof involved in the iterative step in the KAM method (see Sec-
tion 4.2.4), we get the following proposition.

Proposition 7.1.

o There exist two positive numbers o, B such that the constant C in Eq. (74) (which here will be denoted C©)
depending on I, k., v, |F|c2(g,), IDK 5, NIl 5, [(@vg(A) '], [(avg(Q) '], 1T g1l p and |Gl , can be
estimated by

€ <[ Ty, max(1, 1DK1,) max(1, IN1,)” (| (ave(a) |+ |(ave(@) '), (111)

where A, Q are defined in (16), (15) respectively.

e The constant C in Eq. (80) (which here will be denoted C") depending on the hyperbolicity constant piq
(resp. w2), the norm of the projection ||1'[f<(9)||p (resp. ||1'[}<‘(9)||p) and |G|, and the constant Cp, involved
in (11) and (12) can be estimated by

1

ch < Cr(1+C°) max<||1715<(9) Hpm’

1
Mol m) (1m2)

e As a consequence of the two above items, the constant C appearing in Theorem 3.11 (the one which enters
in Eq. (18)) can be bounded by

1

1 2
Ch max(||17,§(9) Hpmv 7% 6, hm)

+ [Ty 00|, max(1, DK 1) max(1, INT,)” (| (ave(a) | + [ (ave(@) )% (113)

The argument presented in this paper gives @ =4, 8 =2, but there are other variants of the argu-
ment which give better values. We have not optimized the bounds.

To prove Proposition 7.1 we note that to find A5 we just use formula (82) from which the claim
follows by estimating the sum using the triangle inequality and using the sum of the geometric series.

The estimates claimed for the constants related to A€ follow by observing that the solution is
obtained by applying the following operations: multiplying by the matrices M, M, multiplying by
the matrices N, modifying the constants A and choosing the average of W,. The latter steps are
estimated by multiplying by |(avg(Q))~'| and |(avg(A))~!|.

We also recall that the remainder of the Newton method is estimated by the remainder of the
Taylor expansion. Hence, it is estimated by the square of [|All,—s.

Let m > 0 be an index for the Newton step and denote C the constant involved in the third item
of Proposition 7.1. We have for some v >0

~o— 2
|Emllpm < Co”IEm_112, _,.

where o = pm—1 — Sm—1-
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It is standard in KAM theory (see Theorem 3.11) that if
~o—2U
Céy " lEollpp < C(v) K1,

then the Newton method with &, = 27™§y converges to a solution.

Therefore, even if the twist and the hyperbolicity are close to degenerate so that C is large, if the
initial error is small enough, one gets convergence of the scheme.

Small hyperbolicity arises naturally in perturbations of integrable systems. The integrable system,
of course, has no hyperbolic behaviour, but an averaged system has some small hyperbolicity. Indeed,
similar considerations for periodic orbits happen already in [57, Ch. 74, 79].

The papers [4,5,17,20,42,70] consider perturbations of integrable systems at resonances, where the
hyperbolicity is small and the present result can be applied. These papers differ in several important
aspects such as the dimension and the topology of the tori considered. The methods are also different.

All of the above papers consider perturbations of quasi-integrable systems Hg + €H1.

The paper [42] shows that, given some appropriate non-degeneracy conditions on the perturba-
tion, it is possible to construct formal series of approximate solutions in powers of e. Truncating
the series up to order N, it is shown that the error of the power series can be bounded by

CNWNeN | Similarly, for some of the solutions, 17,55(”9’; are of order (Reg)~1/2, the hyperbolicity con-

stants (1 — 1)~ 1, (1 — uz)~! are of order (Reg)~1/2 but (avg(A))~! and (avg(Q))~! are of order 1.
The Diophantine constants can be assumed to be fixed.

If we fix r > 0 sufficiently small and consider the set r < |¢| < 2r, we can choose the order of
truncation so that the error is less that C exp(—be~°). Then, the small hyperbolicity result applies to
show that there are invariant tori, which depend analytically in & for ¢ such that r < |¢| < 2r and
Ime > Cexp(—b(Reg)"). Since r is arbitrary, we obtain that there are hyperbolic invariant tori in a
ball except, at most in a wedge around the positive real axis which is exponentially thin.

We refer to [42] for precise conditions on the series so that we can get the perturbation series
as above. For the case of two degrees of freedom, the paper [42] considers the existence of elliptic
tori. We note that the method of [42] is based on reducibility. This paper shows that we do not need
to use reducibility for the hyperbolic directions. The study of elliptic directions has experienced very
significant progress in the last years, but we will not mention it here.

The paper [17] considers also weakly hyperbolic tori around periodic orbits generated by reso-
nances. Note that the tori considered in [17] are secondary tori, that is tori that cannot be deformed
to tori with the same frequency in the unperturbed system. Indeed, the tori can be deformed into
tori with less angles. Since [17] involves reduction to a center manifold it only concludes that the tori
are finite differentiable even if the system is analytic. A result which is improved by using the results
provided in this paper in Section 7.5.

7.4. Secondary tori and whiskered tori close to rank-1 resonances

The method described in this paper can accommodate to study secondary tori. Indeed, the devel-
opment of algorithms which could deal with secondary tori was an important motivation to modify
the invariance equation by adding a term containing A.

We recall that secondary KAM tori are invariant tori, such that the motion on them are conjugate
to an irrational rotation but in contrast to the usual KAM tori which are homotopic to T! x {0 € R24-1},
the secondary tori are homotopic to T x {0 € R2d-I+k),

The existence of secondary KAM tori is very apparent in numerical explorations. For example, in
two-dimensional maps, they are known as islands. In two-dimensional maps, islands are quite visible
and they may occupy a large measure of the phase space.

Note that secondary tori are not present in the integrable system and their existence is not guar-
anteed by the standard perturbative KAM theory, which is concerned with the persistence of the
invariant tori already present in the integrable system. In contrast, they are generated by the pertur-
bation. The perturbation theory is somewhat unconventional since the unperturbed system does not
present the phenomenon. Perturbative proofs of existence of secondary tori are done in [17] and in
[8].
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In the recent papers [7,8] it is shown that these secondary tori can be used as effective tools
to generate diffusion and, in particular, to overcome the large gap problem in the study of diffusion.
The paper [31] argues heuristically and verifies numerically that, in multiparticle systems that will be
considered in a follow-up of this paper, in particular in the celebrated Fermi, Pasta and Ulam [25],
the secondary tori occupy a much larger volume of phase space than the primary tori.

The method to construct whiskered tori in [17] was to show that, under explicit conditions on
the perturbation, the rational frequencies give rise to periodic orbits, some of which admit center
manifolds. Under appropriate non-degeneracy conditions, these center manifolds contain tori which
are invariant under the restriction. These invariant tori, are whiskered tori for the full system. They
are secondary since the directions corresponding to the center directions can be contracted to a point.

The paper [8] shows that secondary tori are generated by resonances in systems such that the
unperturbed system has a two-dimensional normally hyperbolic manifold. The method of proof is to
show that, near the resonances, one can approximate the system by a system which is pendulum like.
This pendulum has orbits that are rotating. In [8], it is shown that one can consider the real system
as a perturbation of the pendulum and, therefore that some of the tori present in the pendulum are
also present in the real system. See also [10].

One of the difficulties of the method in [8] is that the action variables near the separatrix are
singular. This difficulty is, of course, not a problem for the method developed in the present paper.
The method used in [8] to overcome the singularity of the action variables was to perform more
averaging steps, which required assuming more regularity of the perturbation. Applying the methods
of this paper allows us to reduce the number of derivatives assumed in [8].

As we will discuss in more detail in Section 7.5, by using reduction to center or normally hyper-
bolic invariant manifolds, one can only prove that the obtained tori are finitely differentiable even
if the mapping is analytic. Using the results of this paper, we will show that these tori are actually
analytic if the map is.

7.5. Bootstrap of regularity of invariant tori

In this section, we show that if an analytic exact symplectic map F admits an invariant torus, with
the maximal number of hyperbolic directions permitted by the symplectic structure, of class C" with
r large enough, then the torus is actually analytic. Similar results for Lagrangian tori have been proved
in [69].

Proposition 7.2. Let F : M — M be an analytic exact symplectic map. Let @ € D(k, v) for some k > 0 and
vl and K : T - M satisfy:

(1) K is a solution of the equation F o K — K o T, = 0.
(2) K is non-degenerate in the sense of Definition 3.4.
(3) K is C" with

r>4v. (114)
Then K is analytic.

Remark 7.3. One case when Proposition 7.2 is useful is when the tori are produced by a reduction
to a center manifold or a normally hyperbolic manifold. These invariant manifolds are only finitely
differentiable. Applying the above result, Proposition 7.2, we can conclude that the tori are analytic.

The paper [17] constructs whiskered tori by applying the KAM theorem for Lagrangian tori to the
restriction of the system to a center manifold. The papers [6-8] consider tori in a normally hyperbolic
manifold. In particular, [8] constructs secondary tori. We conclude that, in the case that the considered
system is analytic, Proposition 7.2 shows that the tori are analytic.

The idea of the proof is very simple. We approximate the function K by an analytic one which will
be an approximate solution of Eq. (6). Applying our main Theorem 3.11 we will obtain that there is
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an analytic invariant torus nearby. The smoothness in the assumption enters because the hypotheses
of Theorem 3.11 involve the size of the error in a complex strip. The uniqueness result Theorem 3.14
will give that the analytic torus obtained this way coincides with the original one up to a translation
in the “angles”.

The construction of the analytic approximations could be done in many different ways. For exam-
ple, truncating the Fourier series of K would do, if one assumes a condition stronger than (114).

As it is well known since [51], a very efficient way of approximating smooth functions by analytic
ones is performing a convolution with a suitable kernel.

Following [51,73], we introduce smoothing operators that provide natural ways of approximating
smooth functions by analytic ones.

Definition 7.4. Let u: Rl — R be a C* even function identically 1 in a neighborhood of the origin
and with support contained in the unit ball. Let @i : R — C be the Fourier transform of u and denote
by v the holomorphic continuation of ii. For f € CO(R) and t > 0 we define

SiLf12) =t f v(ty — 2) F(y) dy. (115)

R!

The map S; defines a linear operator from C%(T') to the space of analytic maps from D, to C,
p > 0. Moreover, S; is an analytic smoothing operator in the sense of [51,73] since it satisfies the fol-
lowing proposition (see [73, Lemma 2.1] for a proof). We recall that if g € A,, lIgll, = SUPzep,, 1€(2)]-

Proposition 7.5. Let r € RT \ N. There exists a constant k1 = «1(l, ) such that forallt > 1 and all f € C T(T’)
we have

(1) 1St = 1D [ fllco < k1l flert™,
(2) ISelf Ml < K1l flco,
(3) ISt = Solf Ul <kl flert™, forall T > ¢.

We note that, since the smoothing operator commutes with derivatives, we also have the following
extensions of (1) and (2) for s<r

(St —1d)[f1] e <1l flert™™, (116)

|D*SeLf1] -1 <1l fles. (117)

Proof of Proposition 7.2. We consider S;[K], the smoothed version of K with t > 1. Our first goal is
to estimate the error in a domain of size t~1¢ with £ € (0, 1).

We note that, by (2) in Proposition 7.5 and (117), ||S¢[K]|l;-1 < k1|K|co and [|[DS¢[K]|l;-1 < k1|K]|c1
remain bounded uniformly in t.

Lemma 7.6. Fort > 1 and f € C"(T") we have
|| D3SeLf1]| -1 — |D°f|co] < 211 flert™, O<s<r—1.

Proof. Since f € C'(T'), Si[f] is analytic and T' and D.-1 are compact, there exist xp € T!
and zg € D;—1 such that |D°f|co = [D°f(xo)| and [IDSS¢[f]ll;-1 = |D*S¢[f1(z0)|. Assume that
ID*S¢[f1ll;=1 = |D® flco. Then applying (116) and (117) we have
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0 < |D*S¢[f1(z0)| — | D* f (x0)]
< |DSS[f1(z0) — D*S¢[ f1(Re zo)| + |D*S¢[ f1(Re zo) — D* f (Re z)|
+ |D* f(Rezo)| — |D° f (x0)|

<l flesat™" sl flert ™.
If |D3S¢[f1ll;-1 < |D° f|co we argue in a symmetric way and we obtain the result. O

Since K(T') is real we have that for t large enough, St[K1(D-1) is contained in the domain of F.
Therefore, if t is large enough, we have that ||F o S¢[K]||,-1 and ||F o S¢[K] — S¢[K] o T||;~1 remain
uniformly bounded.

On the other hand, by (1) in Proposition 7.5 and the fact that K satisfies the functional equation
(6), we have that

|F o S([K]—Se[K]o Tp| o < |FoSe[Kl—FoK|+[Si[K]oTy—KoTylew
<ki1lKler(IF|er + 1)t

Therefore, using the interpolation inequality (4) in Proposition 2.5 with p; =t~! and p, =0, we
obtain that

|F o SelK1—SelK1o To, 1

< |F o SelKT = Se[K1 0 Tw|go® | F o Se[K1 = SelKTo To 5 4

<=9, (118)

Since all the non-degeneracy constants involve the first derivatives, by Lemma 7.6 we can perform
the perturbative arguments in Section 5.

The constants in the non-degeneracy assumptions remain uniformly bounded for S;[K] in a neigh-
borhood of size t=1 and, a fortiori, in a neighborhood of size t~1&.

Therefore, we can apply Theorem 3.11 with pg =t"1¢ and § =t~'£/12 provided that we can find
t > 1 such that

Ctle) M5 g

for some constant C > 0, which depends on I, v, [DS¢[K]lli-1, [INll-1g, | Allg-1¢, [(avg(A) 1],
|(avg(Q))~!|. By Lemma 7.6, if t is big enough, the constant C can be chosen independently on t.

The condition r > 4v implies that there exist £ close to 0 and t sufficiently large such that the
previous inequality holds. Applying Theorem 3.11 with initial approximation Ko = S¢[K] we conclude
that there exists an analytic solution K¢° of Eq. (6) defined on D;-1; /2 which satisfies

K — Se[K1| 1, , < Co(t71E) 2708,
t t=1g/2

where C1 depends on I, v, [IDS¢[K]ll;-1g, INll;-1g, 1All—1g, [(avg(A) ™1, |(ave(Q))~!|. As before C;
can be taken independent on t. From (3) in Proposition 7.5 we have (t >t)

|S<IK1 = S:[K1| <|[S2IKT = SelK1|| ;-1 < Cat™

-1g/2

with C; independent on t.
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We will apply Theorem 3.14 with K; and K, being K and K° respectively, with t, 7 > 1. The
application of this result requires condition (20) which in our case reads

. -1 2 —2v
Q,@(%) |k — K g p < 1. (119)

The constant C3 depends on I, v, 1K o120 < MK lle=1g/20 INelle=1g 1Aell -1, [(avg(Ap) ™1,
[(avg(Q: ), Wherg N¢, A; and Q; are the expressions introduced in Definition 3.4 corresponding
to K°. As before C3 can be chosen independently on t, 7 € [1,00), if t is big enough. We write
C3= 82UK263.

Lemma 7.7. There exists t > 1 such that if T > t there exists ¢ € T! such that
K oTy ., =K. (120)

Proof. Using the previous notation we take t big enough such that the constants C1, C; and C3 are
independent on t and such that

€322 (20t IO 4 G2 < 1. (121)

We define t; =2™t, m > 0, and we claim that for t,; < T < 2ty = tip41 there exists ¢, ¢ € T! such
that

Kg: 0Ty, .= K°.

Indeed, we apply Theorem 3.14 with K1 = K¢¥ and Kz = K2°. We have

K = K51y < 1K = SR g + [ K1 = 521K

il RELSE el

t-1g/2
“1e2

<Cq (t,;lé)izvt,;m*é) + Czt;r +Cq (T—l%.)*zv.[—r(l—g)'
Using that 7 < 2ty condition (119) is implied by

C32Ms ™ 201t T ot ] <1

which holds true by (121) since t;; > t.
If T >t there exists k > 0 such that t; < T < ty41. From the claim we can define ¢;; =

Z’,;_:lo Otpotmr1 + P, v~ Clearly ¢ ¢ satisfies (120). O

Now consider t; >t going to oco. Since ¢ r; € T' there exists a convergent subsequence, which we
denote again ¢;,;, with limit ¢o € T
Then
|1<$f —K|po < |1<§j — S¢;[K]1| o + | St; 1K1 — K| o

<(q .L.j2v—r + K1 |chr'L'j_r.
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Also, using that K7° =K o Tg, ., we get

[KP® 0 Ty = Koo <K 0Ty = K 0 Ty, o [ o + KT — K] co-
Finally, taking limit as j goes to oo we get K = K{° o Ty, and hence K is analytic. O

7.6. Non-trivial stable and unstable bundles

7.6.1. General comments and classification of bundles

In this section we describe some examples of whiskered invariant tori with non-trivial sta-
ble/unstable bundles. Theorem 3.11 applies to these tori while other methods in the literature do
not seem to apply. We note that, for some systems (see [35]), non-trivial bundles appear naturally
when the systems experience resonances. We think that the study of bifurcations of the bundles of
invariant tori deserves further exploration.

We are very grateful to Prof. R. Gompf for very enlightening discussions and, in particular, for
constructing Example 7.6.2 and for providing us with a complete classification of rank 2 bundles over
the torus, which we hope will be useful for future research.

We start from a non-trivial bundle E <X T' whose fibers are R?. Such examples are well known,
but we detail a special one in Example 7.6.2.

As it is well known, when [ = 1, the only obstruction to triviality is the orientation but when [ > 2,
there are other obstructions to triviality. We just mention the Euler characteristic or characteristic
classes (Whitney-Stiefel or Pontryagin for real bundles or Chern classes for complex bundles). See
[41,53,68]. The following construction is very similar to constructions in [29, Section 1.4].

We now consider a manifold M as a bundle given by

M=EE®TT = 0" @ (R x T'), (122)

where £5 = E, £ = E*—the notation E* indicates the dual bundle of linear functions on the fibers—
and @ is the Whitney sum of bundles. We use the index s, u to give an indication of future construc-
tions.

We will also introduce the notation TT! = £¢ so that we can write

M=E@E D& (123)

We denote the projections associated to each of the bundles £5, &Y, £¢ by IT°, IT", TI¢ respectively.

The manifold M is a bundle over T' whose fibers are R¢~! x RI~! x R!. We can denote points in
M as (e5,e", e, 0), where e? € (IT°)"1(9), 0 =s,u,c.

We also recall that if E is a linear bundle over a manifold A/, TE can be canonically identified as
a bundle over TN with fibers isomorphic to those of E. The basic idea is that the tangent directions
along the fibers of E can be identified with elements of the fibers since the space is linear.

Hence, we will write points in Tes eu ec gy M as (v¥,vY, ve, vt) where vo € £, 0 =s,u,c and
vt e ToT. Of course, we have the fact that the tangent bundle over the torus is trivial.

In a coordinate patch which trivializes the bundle, we can introduce the form o®" = ?:_11 ef'de;.
The key observation is that, even if the definition is in a coordinate patch, a change of coordinates
in the patch leaves the form invariant. This is completely analogous to the coordinate construction of
the canonical form in a cotangent bundle [2,28].

We also construct the canonical one-form in £ by af = Y\_, efdd; and consider the form
o= +of.

The form 2 =do =d(e*" + «) is symplectic on M. Indeed, it is clearly closed by definition. The
fact that it is non-degenerate can be seen directly since, in the coordinate patch which trivializes the
bundle, it has the standard form. As a consequence, M can be considered as an exact symplectic
manifold.
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We now relate the previous construction to our problem. We consider a linear bundle isomorphism
on &° over a rotation T, i.e. a family of invertible linear maps Aq : £ — 55+w. We can then form a
bundle isomorphism on £° @ EY over the same rotation which preserves the form o*" by setting

AF (e ") = (o€, (47") Te").
Then, the mapping
F(ef,e" e, 0) = (Aj"(e°,e"), e, 0 + w)

is exact symplectic. The embedding K : T! — M given by K(6) = (0,0, 0, ) clearly satisfies (6). If
we compute the non-degeneracy conditions for this trivial solution, we obtain that A(f#) =Id and
Q (6) =1d, which is the derivative of the frequency on the center direction.

The hyperbolicity condition is verified if

[A°] <1 <1
and
[A) T =1(a9) " < p2 <1.

This can be arranged by multiplying A® by a constant if necessary. Note that in this case, we can take
3 to be as close to 1 as desired.

Furthermore, if G is analytically close to F (i.e. |F — G||g < &, where B is a suitable complex
subset of M) and exact symplectic, then we have

IGoK—KoTyllp=IFoK—GoK| <&
so that if & is small enough the hypotheses of Theorem 3.11 are met.

7.6.2. An explicit example

To make the whole construction more concrete, we just end with an explicit example of a non-
trivial R2-bundle over T2 with positive Euler characteristic explained to us by Prof. Gompf. Many
more examples can be found in [53]. Applying the construction in this section to these examples
gives us symplectic manifolds and whiskered tori with non-trivial stable and unstable bundles. We
construct a R?-bundle over S?* with non-zero Euler characteristic. If we identify R? with C using the
standard identification and S? with the Riemann sphere, we can construct a non-trivial bundle in the
semi-sphere, whose boundary is the circle S! = {|z| = 1}, by identifying the product bundle. We just
give a gluing map on the unit sphere bundle, and extend it homogeneously. Hence, it suffices to give
an identification mapping i from S! x S! to itself. The first factor is the boundary of the disk and
the other factor is the unit bundle. We take i(z, w) = (1/z, z"w). Using partitions of identity, one can
extend this bundle on a disk to a bundle of the torus.

8. Finite-dimensional flows

This section is devoted to the application of our method to find invariant tori for symplectic (locally
Hamiltonian) vector-fields. Although we have already presented a result—in a rather abstract way—on
existence of invariant tori for vector-fields in Theorem 3.15, we now present a direct proof of the
results, following similar methods as in the case for maps. One motivation for writing this section
is that the proof leads immediately to algorithms, which may be useful for applications involving
vector-fields rather than maps. It may be of interest for practitioners to have algorithms for flows.

The proof for flows can also serve as a starting point for a proof for PDEs. We also note that the
methods developed here apply to some ill-posed partial differential equations, which do not admit
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time-1 maps. Of course, the adaptation of the strategy of proof to PDEs involves several technical
considerations (the generators of the evolutions are unbounded operators rather than differentiable
ones). We postpone these considerations on PDEs to a forthcoming paper (see [16]).

We will study first the case of locally Hamiltonian flows. The case of globally Hamiltonian flows
will be discussed in Section 9.

8.1. Some preliminaries on symplectic geometry
In this section we recall several well-known facts on symplectic geometry of vector-fields.
We will consider vector-fields on an exact symplectic manifold M with symplectic structure
2 =do. We have the following definitions.
Definition 8.1. We say that a vector-field X on M is symplectic when
Lx2 =0,

where Ly stands for the Lie derivative with respect to X.

Definition 8.2. We say that a vector-field X is exact symplectic when there exists a smooth function
W on M such that

ﬁxOl =dWwW.
An easy calculation checks that exact symplectic vector-fields are symplectic:
Lx.Q = ,Cx da = d(ExOl) = d(dW) =0.

However, the converse is not true. A well-known example is the following: consider the manifold
M =T x R. We denote the corresponding coordinates (g, p) and we set &« = pdq and 2 =dp A dq.
Consider now the vector-field X = d,. It is symplectic but not exact symplectic.

Using Cartan’s formula and the fact that d2 =0, we obtain that X is symplectic if and only if

0=dix2 +ixd2 =dix$2. (124)

This means, by Poincaré lemma, that locally we can write

ix2=dH.

Of course, (124) does not imply that H is a global function since in general it is only locally defined.
As a matter of fact, H will be a global function if and only if the vector-field X is exact symplectic.
Indeed, since

dW = Lxa =d(ixa) +ix$2,

we see that, if X is exact symplectic, we can take H =W —ix«.
The above discussion shows that the only difference between symplectic and exact symplectic is
the (de Rham) cohomology class of ix 2. We introduce the following definition.

Definition 8.3. Let K be an embedding from T! into M. We say that a family of vector-fields X; with
A € R! spans the cohomology of K (T') at A = A if the map
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R' — H'(T)

d ..
Vi H[K lXA-Q]M:xV

is an isomorphism. Here we denote H'(T') the first de Rham cohomology group of T!, which is well
known to be R! (see [30]).

In T! x R! with the standard symplectic form, we have that, denoting by p; the coordinates
along R/, the family

1
Xu=_ hidp,
i=1

spans the cohomology at every A. Of course, in this case, the cohomology classes have a very simple
characterization as the averages along each of the elementary cycles of T'.

8.2. Setting of the equations
The result for flows is based on the study of the equation
3K (©) = X(K(©)), (125)

for K:Dy, D T! — M, where the operator 3, (derivative in the direction w) is defined by

1
K (©
0K(©0) =) i 39(4 )

i=1

and the vector-field X : M — TM is symplectic and real analytic.
Let S; be the flow of X. If K : T! — M is a solution of (125) then

Se (K@) =K@ +wt), 0€T, teR, (126)

and therefore the range of K is invariant by S;. Indeed, considering 6 € T' fixed, both sides of (126)
satisfy the same Cauchy problem.

We first deal with a family of vector-fields X; and we prove a version of the translated torus
theorem. For an exact symplectic vector-field we will embed it into a family, then prove a vanishing
lemma and finally prove the existence of an invariant torus. For families X;, the equation under
consideration is

3K (©) = X,.(K(®)), (127)

where A € R, the dependence of X, in A is at least C! and we assume that the vector-field X, spans
the cohomology of Ko(T') in the sense of Definition 8.3, where Kg is an approximate solution of (127).
A very important role will be played by the linearized equation

dA
o = Ay(0 + wbt) A, (128)
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where A, (6) = DX, (K(6)). Since A, is a bounded operator, Eq. (128) admits an evolution operator,
which is defined for all t € R, and we will denote it Uy (t). It is characterized by

%Ug(t):/\l(e—l—wt)Ug(t), Ug(0) = 1d. (129)

8.3. Non-degeneracy conditions

To establish the existence of tori, we will require non-degeneracy conditions similar to the ones
considered in the case of maps: namely, a spectral condition and a twist condition.

Condition 8.4 (Spectral non-degeneracy condition). Given A € R! and an embedding K : D p D T - M we
say that the pair (A, K) is hyperbolic non-degenerate for the functional equation (127) if there is an analytic
splitting

S C u
Tk M = Ex ) ® Ek o) ® Ek o)
invariant under the linearized equation (128) in the sense that

S,C,u S,C, U
Us (D) = Ekoyon:

Moreover the center subspace wa) has dimension 2l. We denote 1'[,5“0), I'[IC((Q) and H,"é@ the projections

associated to this splitting and we denote

Ug“"(t)=Ug Olgggu-

Furthermore, we assume that there exist 81, B2, B3 > 0 and Cy, > 0 independent of 6 satisfying B3 < 1,
B3 < B2 and such that the splitting is characterized by the following rate conditions:

Ui @U@, <Cre P, x>0,
ULOUE (D) < Cref2™D ) t<1<O0,
Jus©Us @, <G

Jus@Us@ Y, <CrePt T rTeR. (130)

Remark 8.5. As in the case of maps, if we have an approximately invariant splitting and

lus Uz, < e P T TLT,
Jusouio™], < P20 Tr<Tot<T,

Jusous @™, <ePrTl TR -1 <T,

for some T large enough, then there exists a true invariant splitting, close to the approximately in-
variant one, and the bounds (130) with respect to this new splitting hold. This can be checked by
using the time T map.
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Remark 8.6. The previous non-degeneracy condition just expresses that we can associate semi-groups
in positive and negative times to the operator A, (6 + wt). More precisely, since the systems under
consideration are non-autonomous, we should write

WV a@yv
dt ’
do -

Note that if the systems were autonomous, the exponential bounds would follow from the spectral
properties of A;.

The linear operators Ug‘c’”(t) enjoy the following co-cycle property.
Lemma 8.7. For all 6 and w and all times t, T we have
Uy (t+ 1) = Ui (DU (), t,TeR.

Proof. It follows from the classical argument of uniqueness for Cauchy ODE problems. Dropping the
indexes s, ¢ and u, for 6, w and t fixed, we define the functions

Y1,6(T) = Up (t + T) %o, Y2,6(T) = Ugtawt (T)Ua (D) Yo

for an arbitrary . Since Uy (0) is the identity operator, these two functions satisfy the same Cauchy
problem and hence are equal. O

Condition 8.8 (Twist condition). Let A; (0) = DX, (K(#)) and
N(@) =[DK(®)"DK(®)] .
We say that the pair (i, K) satisfies the twist condition if the average on T' of the matrix
S,.(0) = N©)DK(©®) [0, (J(K)"'DKN) — A;, J(K) "' DKN](®)
is non-singular.

If a pair (A, K) with K:D, D T! — M satisfy both Conditions 8.4 and 8.8 we write (A, K) €
ND(p). If X does not depend on A we simply write K € ND(p).

We note that Conditions 8.4 and 8.8 hold in open sets of K. The fact that Condition 8.8 holds
for an open set (in the C! topology) is obvious since it is the non-degeneracy of a matrix that is
just an explicit algebraic expression involving derivatives. The fact that Condition 8.4 is stable under
perturbations will be the content of Section 8.7.

8.4. Statement of the results
The first result below provides an existence result in the case of a family of symplectic vector-

fields. From a sufficiently good approximate torus for a vector-field in the family it provides an
invariant torus for a translated (with respect to the parameter) vector-field in the family.

Theorem 8.9. Let w € Dy (k, v) for some k > 0 and v > | — 1. Assume the following hypotheses:

(1) The vector-fields X, are symplectic for every » € R
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(2) The family X;, spans the cohomology of Ko(T') at A = Ag in the sense of Definition 8.3.

(3) The pair (Ao, Ko) satisfies the non-degeneracy Conditions 8.4 and 8.8.

(4) The vector-fields X, are real analytic and they can be extended holomorphically to a complex neighbor-
hood of the image under Ko of D, :

B, ={zeC* |36 € {|Im0] < po} s.t. |z— Ko(6)| <},

for some r > 0, and are C! with respect to .

Define the error Eg by

Eo(8) = 0,Ko(0) — Xi, (Ko (9)).
Then there exists a constant C > 0 depending on I, v, |Xy|c2(p,, IIDKollpy, [INoll o, |l 3X5‘§K) ll oo, 11Soll pg

|(avg(So))~!| (where So and Ny are as in Condition 8.8 replacing 1 by Ag and K by Ko) and the norms of the
projections || IT ,ioc(é‘) Il oo Stich that, if Eg satisfies the estimates

Cx48™ | Eollpp < 1
and
Ck2872V | Eollpy <,

where 0 < § < min(1, po/12) is fixed, there exist an embedding K~, and a vector i € R! such that
(Aoo, Koo) € ND(po := po — 68) and

30Koo (0) = Xy (Koo (0)). (131)
Furthermore, we have the estimates
Koo = Kollpse < Ck?872"[[Eoll po
and
[hoo — Aol < Ck2872V | Eoll py-
The following theorem deals with the existence of invariant tori for exact symplectic vector-fields.
It follows from the translated torus version Theorem 8.9 applied to a suitably chosen perturbation of

the exact symplectic vector-field X and a vanishing theorem whose proof is postponed to Section 8.8.

Theorem 8.10. Let w € Dy (x, v) for some k > 0 and v > | — 1. Assume that:
(1) The vector-field X is exact symplectic.

(2) Ko satisfies the non-degeneracy Conditions 8.4 and 8.8.

(3) The vector-field X is real analytic and it can be extended holomorphically to a complex neighborhood of
the image under Ko of D y,:

Br={ze cx |30 € {|Im0] < po} s.t. |z— Ko(0)| <},

forsomer > 0.
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Denoting Eq the initial error, there exists a constant C > 0 depending on , v, |X|c2(p,, IDKollpos lINoll g

ISoll g [(avg(So))~ 1| (where So and N are as in Condition 8.8 replacing K by Ko) and the norms of the
projections || IT ,i‘(f(‘(;‘) l| oo Such that, if Eq satisfies the estimates

Cr*8 ™| Egllpp < 1
and
Ck®87 || Egllpy <,
where 0 < § < min(1, po/12) is fixed, then there exists an embedding K, € ND (0o := po — 68) such that
dw Koo (0) = X (Koo (6)). (132)
Furthermore, we have the estimate
IKoo = Kollpse < Cie?872" | Eollpo-

Remark 8.11. One could also formulate a local uniqueness result in the case of vector-fields. This can
be done by a reduction to a time-one map (see [18]).

8.5. Linearized equation
In this context we define the operator
G, K) =3,K — X; 0 K
and we want to solve the equation G, (A, K) =0. As in the case of maps this will be done through a
KAM iterative procedure, starting with (g, Kg) such that E = G, (Ao, Ko) is sufficiently small. There-

fore we are lead to consider the linearized equation

X, (K©))

d0A(0) — AL(O)A®O) — M

= —E@®), (133)

where A; (0) = DX, (K(0)).
Let & : T' — M be a function. From the spectral non-degeneracy condition we have

M9+t U (DEB) = Ug () [Tk 9)€(0), (134)

where I7T stands for any of the projections 7%, IT¢ and IT". Differentiating with respect to t both
sides of (134) and using (129) we obtain

d
E[nk(0+wt)]wue (OEO) + g o+wry Ar (0 + wt)Up (H)E(0)
= Ax(0 + wt)Ug () ITk 6)€ (0).
Evaluating this expression at t =0 and using the definition of 9, we have
do [Tk )€ (0) ] — Mk 9) & (0) + Mk 9) A1 (0)E(©O) = Ay (0) Tk 9)€ ()
which implies

Mg 6)[ 0 — AL(0)]E(©6) = [0 — AL (0) [Tk (6)& (0). (135)
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8.5.1. Linearized equation on the center subspace
We first project Eq. (133) on the center subspace. Using (135) we immediately obtain

90X, (K©))

_ _FEC€
o =—E0), (136)

9 A°(0) — AL(OYA(O) — [T 4

where A°(0) = H,CW,)A(O) and E€(0) = HIQ(Q)E(@).
8.5.2. Small divisors equations and isotropic character of the torus
The following result, which is completely analogous to Proposition 4.4, deals with the resolution
of small divisors equations along characteristics (see [13,60-62]).
Proposition 8.12. Assume that w € Dp(x,v) withk >0and v >1—1.Leth: D, D T! — M be a real

analytic function with zero average. Then, for any 0 < § < p there exists a unique analytic solution v : D,_s D
T! — M of the linear equation

l
av
E a)j— =h
‘ 00;
Jj=1

having zero average. Moreover, if h € A, then v satisfies the following estimate
Ivlip-s <Ck87 VIR, 0<8<p.
The constant C depends on v and the dimension of the torus l.

The following result provides the approximate isotropic character of the torus. This proposition is
similar to the one in [14] and we do not reproduce its proof here. We note that it also follows by tak-
ing time-1 maps from the corresponding result for maps, which we have established in Section 4.1.1.
Proposition 8.13. Let K : D, D T! — M, p > 0, be a real analytic mapping. Define the error

E@®) :=0,K(®) — X,\(K(G)).
Let L(6) = DK (6)T J(K(9))DK(0). There exists a constant C depending on |, v and || DK|, such that
ILllp—25 < Ckc8~“FVIE],, 0<6<p/2.

Once again, we use a normalization argument which allows us to write Eq. (136) in a suitable
form. To do so, we need a result which allows to approximate the center subspace with the range of
the 2d x 2l-matrix

M) = [DK (), j(K(e))’1D1<(9)N(9)], (137)

where N(0) is the normalization | x I-matrix given by N(0) = [DK(©)TDK()]"!, as in Proposi-
tion 4.16. One can prove the following result.

Proposition 8.14. Denote by I'k ) the range of M(6) and by IT 11; ©® the projection onto I'k ) according to the
splitting €IS<(9) @ k) @ 8%(9).
Then there exists a constant C > 0 such that if

STEl,<C
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then we have the estimates (here dist, has to be understood as the distance of subspaces in the Grassmanian
sense)
disty—25(I'k(@)> €k (g)) < Cs7EN,

1T 6y = My | p—z5 < CSMIIEN (138)
forevery § € (0, p/2) and where C, as usual, depends on the non-degeneracy constants of the problem.

The proof of the previous proposition follows the same lines as the one of Proposition 4.16. We
refer the reader to Corollary 8.22 where we construct exact invariant splittings from approximate
ones.

We introduce the change of function A¢ = M& + é€, where & : T! — T M, with £(9) € Tx@)M and
é=1g ) — H,f(g). We then get

X, (K©))

[0uM(©) — AL @M ©)](©) + M©)d0 ©) — Mgy~

= —E°©), (139)

where we have dropped the terms depending on eg, which are quadratic in the error. As in the case
of maps, the matrix M(0) is not invertible but the matrix M@©)T J(K(®))M(®) is. Multiplying Eq. (139)
by M(©)T J(K(6)) and then by (MT J(K)M)~!, we get the following equation

(M©)T J(K©)M©) " M©O)T J(K©))[0,M©O) — ALOM©O)]E®) + d,£(©0)

90X, (K(9))

= (M(@)TJ(K(Q))M(Q))’]M(Q)TJ(K(Q)) [17,3(0) o

A— 50(9)].

We are going to normalize the matrix 9,M(0) — Ax(O)M (). To avoid some computational technical-
ities, we perform this normalization only when K is a solution of (127). We refer the reader to the
case of maps on how to handle the computations in the approximate case.
Lemma 8.15. Let (A, K) be a solution of

30K (©) = X;.(K(©)) (140)

and M be the matrix defined by (137). Then there exists an | x l-matrix S, (9) such that

M (0) — A, (O)M(6) = M(0) (8; 510(19)) (141)

The matrix S; (0) has the form
S,.(0) = N©)DK(©®) "[80(J(K)"'DKN) — A;, J(K) "' DKN](®).

Proof. Exactly in the same way as in the case of maps, if K is a solution of (140) the columns of M
generate the center subspace. Since 9, — A; () commute with H,C<(9) we have that

doM(©) — AL(OIM(O) = M(©)C(6) (142)
for some 2I x 2l-matrix C(0). Differentiating Eq. (140) with respect to 6 we obtain

3o, DK (0) = A (0)DK (). (143)
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This implies that
(3 45
Identifying blocks in (142) we end up with
do(J(K)"'DKN) — A; J(K)"'DKN = DK S; + J(K) "' DKNRj.. (144)
Multiplying (144) by DK T J(K) and using the isotropic character of the invariant torus, i.e.
L(6) = DK(H)T](K(G))DK(G) =0,
it follows that
Ry =DK" J(K)[3w(J(K)"'DKN) — A; J(K)"'DKN]. (145)
Expanding 9,,(J(K)"'DKN) and using Eq. (143), we get
o (J(K)"'DKN) = 3, (J(K)"")DKN + J(K)"'A; DKN + J(K) " 'DK3,N.
By differentiation of NN~—! =1d, using (143) we easily obtain
doN=—NDKT[A] + A;]DKN.
Also 3, (J(K)™) =—J(K)"IDJ(K)ADK J(K)~ 1.

Moreover the symplectic character of the vector-fields X,, i.e. Lx, 2 =0 can be expressed by
(recalling the definition of the Lie derivative)

i[Dczb]j(@t)pqst] 0, (146)

d =0~

where @; is the flow solution of X; and (146) implies
AT J(K) + J(K)A; 4+ D J(K)X(K) =0.

Using the previous calculations we obtain that the right-hand side of (145) vanishes, i.e. R} =0.
Now multiplying (144) by NDKT and using the definition of N we have

S$3.(0) = N©)DK®) [0, (J(K)"'DKN) — A; J(K) "' DKN](®). (147)
Using again the previous calculations we can express S, as
S5 =NDK' J(K)"'[Idyg — DKNDK "] (A5 + A )DKN.

We emphasize that this last formula coincides with (147) only when K is an exact solution. If K is
only an approximate solution then both expressions are approximately equal. O

We now turn to the case of approximate solutions. The procedure is similar to the one of the case
of maps.
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When K is just an approximate solution, we define

(e1.€2) = 3, M(0) — A, (O (6) — M©) (g; o) ) .

Some computations, using that d,DK () — A, (#)DK () = E(9) and the definition of S, give e; = DE
and ey = O([E|l,. IDE]| ).

Next we just state the result without proof, but we indicate that it is quite analogous to the proof
in the map case. We first identify—up to a small error—the center space with the span of the tangent
and its symplectically conjugate and then compute the matrix of the derivative in these coordinates.

Lemma 8.16. Assume w € Dy(k,v) withk > 0and v > 1— 1 and ||E||, is small enough. Then there exist a
matrix B(0) and vectors p1 and p, such that Eq. (139) can be written as

[(8’ S(e)>+3(9)]é(9)+3w$(9)
0

= p1(0) + p2(60) — (M) J(K©)) ()™ M©) J(K©) TG, WA (148)
Moreover, the following estimates hold:
Ip1llp < ClEllp, (149)
where C just depends on || J(K)|lp, IINllp, IDK]||, and ||1'1,C<(9) | o- For p2 and B we have
Ip2llp—2s < Cks~“TDYE|2 (150)
and
IBllp—25 < Cied~ " TVIE | (151)

for 8 € (0. p/2), where C depends on 1, v, [Nl DK 5. |Xilc2(s,. 11c1 s,y and 175 gl -

8.5.3. Solution of the reduced equations
The solution of the reduced equations works in the same way as in the case of maps. We sketch
the procedure in this section and we emphasize on the cohomology obstructions on the equations.
We write & = (&1, &). We introduce the operator

z:s=(8§ Séf))swws:m(e)m(em, (152)

where p1 = (p11, p12) and Q = (Q1, Q2). Using this decomposition of S,C((@) we can write Eq. (152) in
the form

5(0)82(0) + 0081(0) = pu(0) + Q1 () A,

d062(0) = p12(6) + Q2(0) A.

We furthermore have
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X (K(®
Q1) =(NTDKTJ(K)"T)@[(DKNDKT)(©6) — led]j(K(G))H,ﬁ(g)—A;k( ) ,
X (K(®
Q2(®) = DKO) J(K@) T P .

The assumption of spanning the cohomology of K(T') for the vector-field X, ensures that we can
choose A such that the second equation is solvable in the sense of Proposition 8.12. Indeed, notice
first that the cohomology along the hyperbolic bundle of the form K*ix, §2 is trivial and we have then

i ol =k 2
dy S T s e

Identifying the cohomology class of a form in H'(T') to its integral on the torus T! and using the fact
that the family X, spans the cohomology of K(T') at A gives the result (since we can choose A such
that the average of p12(0) + Q2(6) A vanishes).

The degree of freedom we get on the average of & then allows us to solve the equation on &.
Recall that we use the non-degeneracy conditions as stated in Condition 8.8. We obtain the following
proposition.

Proposition 8.17. Assume w € Dy (k,v) withk > 0and v > 1 — 1, and (1, K) is a non-degenerate pair. If the
error ||E||, is small enough, there exist a mapping &, analytic on D ,_»s and a vector A € R! solving Eq. (152).

Moreover there exists a constant C > 0 depending on v, 1, ||K||, [avg(A) ™1, NI, and ||1'1f<(9> | p such
that

1§11 p—25 < Ck*8 2 |[Ell
and
[Al <ClElp.
8.6. Linearized equation on the hyperbolic space

We project the linearized equation (133)

90X, (K©))

0w — Ayx(0)A —
(0] A() an

=—E@®)

on the stable and unstable subspaces by using the projections 1715((9) and 17,%(0) respectively. We
denote AS(6) = IT§, ;) A(0), A"(0) = IT} ;) A(®) and E(©, %, A) = ILKEN A — EH).
Using the previous notation and (135) we obtain
dAS(0) — Ar(O)AS(0) = T} o E(0. 1, A) (153)
for the stable part and

oA (©) — AL (O)A'(O) = ITE 5 EO. 1, A) (154)

for the unstable one.
The following result provides the solution of the previous equations.



E. Fontich et al. / ]. Differential Equations 246 (2009) 3136-3213 3199

Proposition 8.18. Given p > 0, Egs. (153) and (154) admit unique analytic solutions A® : D, — £° and

A" : D, — EY respectively, such that A>"(0) € 5;’(“0). Furthermore there exist constants C5Y such that

ast], <= (IEll, +1A1), (155)

39X, (K) I
S P

where C*Y depend on B, ||17,5<(0)||p (resp. B2, ||17}é(9) o) and Cy, ||

Proof. The proof is based on the integration of the equation along the characteristics 6 + wt and the
use of the spectral non-degeneracy Condition 8.4. We give the proof for the stable case, the unstable
case being symmetric (for negative times).

We introduce the function A(t) = AS(® + wt). If AS has to satisfy (153) then A(t) has to satisfy
the equation

d - ; 5
G A0~ A0+ DA = T o EO + ot 2, 4). (156)

We first derive heuristically the formula (159) for AS. Then, examining the formula, it will be easy
to justify the derivation.
Let Ugy(t) be the evolution operator characterized by

%Ue(t):A)L(Q—I—a)t)Ug(t), Uy (0) =1d. (157)

Using the formula of the variation of parameters we have

t

A(t) = Ug(t) [A(O) + f Up ' IT} (g1 005  EO + w5, A, A)dsj|. (158)
0

Using the co-cycle property given by Lemma 8.7 we have U, L) = Ugtws(—S).
Since formula (158) is valid for all 6 € D, D T! we can use it substituting 6 by 6 — wt and recov-
ering the notation AS:

t

AS(0) = Ug_gpe (t) |:A5(9 — wt) + / Ue—w(c—s)(—S)Uf((g,w(t,s))E(Q —wt—29),x, A) dsi|.
0

We assume that AS, the solution we are looking for, stays in &5 and it is bounded; then
Ug—_wt () A%(6 — wt) goes to 0 when t goes to co. Using again the co-cycle property we have

Ug—wt(OUg_w(t—s)(—=S) = Up_pt—s) (t — ).

Then we write

t
AS(0) = Up_ar (D) AS(0 — wt) + / Ub—w(t—s) (t = )T g_e—s E(0 — &(t —5), 3, A)ds.
0

Performing the change of variable 7 =t — s and letting t go to oo we finally obtain

o0
AS(Q):/Ug,m(r)ﬂls((e_m)l::(e—a)r,k,A)dr. (159)
0
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Using the spectral non-degeneracy hypothesis the subintegral function is bounded by
Cpe™ ﬂ1f||17 K(O—w1) ||,,||E||p The exponential bound assures the convergence of the integral and also
permits to obtain the bound

|45, = Cu/BO| T |, I Ello-

Once we have formula (159) we check directly that A’ is indeed a solution of (153). The absolute
convergence of (159) justifies the exchange of limits and rearrangements used in the derivation.

The uniqueness follows from the fact that if we start with any solution A of (153), doing the
previous manipulations we will end up with the same explicit formula (159). O

8.7. Change of non-degeneracy conditions in the iterative step
The next result deals with the measure of the change of the splitting when we perturb a linear
system in an Euclidean space M.

Let A, (@) be a family of linear maps from an Euclidean space M into itself, depending on
0D, >T and 1 € R' and let Uy be its evolution operator, i.e.

d
EUe(t) =A0 +onUpt),  Up(0)=

Assume that M has an analytic family of splittings
M=EdEdE

invariant by Uy in the sense that Uy ()" = &y, Let I1;“" be the projections associated to this

splitting and Uy “"(t) = Uy (t)|gscu. Assume furthermore there exist f1, B2, f3 > 0 and C > 0 inde-

pendent of 6 satisfying 83 < B81, B3 < B2 and such that the splitting is characterized by the following
rate conditions:

W@@Uﬂﬂiwngﬂﬁm4% £>1>0,
Ut @UE@ ], < Cre T t<T <O,

[Us©US @)1, < Gl ez ek

Proposition 8.19. Assume that A; (9) is a family of linear maps as before. Let A;.(6) be another family such
that | Ay, — Ay, | o is small enough. Let Uy (t) denote the evolution operator corresponding to A, i.e.

%Ue O =A0 + U,  Up(0) =
Then there exists a family of analytic splittings
M=EoE ®EY
which is invariant under the linearized equation

d -
—A=A,0 A
i 2 (0 + wt)
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in the sense that
s 5S,CU __ &S,c,U
UgEy " =¢,

O+wt*

We denote IT;“" the projections associated to this splitting and denote
Uyt ) =Ug (0| grea.

Then there exist B1, B2, B3 > 0 and Cy > O independent of 6 satisfying B3 < B1, B3 < B2 and such that the
splitting is characterized by the following rate conditions:

[CHGLHAG Hp <Cre PED t>7>0,
|T§@TE @], < CheP2 0t <7 <0,

[05©05@) 1], < CePr 7, ez ek

Furthermore the following estimates hold

| 5" = 1|, < CllAL = Al (160)
|Bi — Bil <ClIA, — Aillp, i=1,2,3, (161)
Ch = Cp. (162)

Proof. We provide the proof of the statements concerning the stable subspace. We divide it into
several steps. We use the notation of Condition 8.4.

Step 1. Construction of the invariant splitting. We look for the invariant splitting associated to the
linearized equation

d ~
W O=A06+enW(©O (163)
focusing on the stable bundle. We write (163) as
d
ZWO=A0+oDW O + B0 + o)W (©) (164)

with B, = A; — A,. Since we are interested in solutions decreasing exponentially at oo, for a > 0 we
introduce the space

Ca= {f :[0, 00) — C** | f continuous, supe™|f(t)| < oo},
>0

with the norm | f|q = sup,>qe®|f (t)|.
Given o € (83, B1) we look for solutions of (164) in the space C,. We begin with the following
auxiliary result.
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Lemma 8.20. Let0 € D, D T £ e 5,((9) and H € C,, with a € (B3, B1). Consider the equation
w = A; 0 +wt)w + H(t).

Then there exists a unique function K (&, H) € Cy such that:

(i) K(&, H) is solution of (165).
(ii) MK, H)(0) =&.

(165)

Moreover (¢, H) = IC1(§) + KCa(H), where Ky : £§ — Cy and IC3 : Cy — Cg are bounded linear operators

and

K1l < Cp,

ol < C ( |1T°) . IUC”\>
2 h ,
h pr—a o—p3

s,cu
where |IT5| = SUpgep, [T, .

Proof. If w € Cy is a solution of (165) in [0, c0) and t, T > 0 we have

t
w(t) = Ug(O)Up(T) " 'w(T) + f Ug(t)Ug(s) "' H(s) ds.

T

Projecting (168) to the center-unstable subspace and using the invariance of the splitting £ &

&) with respect to Ug and writing IT5" the projection onto £ @ &

t
Y w(t) = Ug (U (T) " IS o w(T) + / Us (U (5) ™' TTY , H(s) ds.
T

If T >t we have
U (YU (1) TG e ()| < CheP O ITgY e T (W
which goes to zero as 7 tends to oco. Also, if s >t
|Ug (O Uq(s) " TTEY , H(s)| < CrePS 0| Je | Hlo

guarantees that we can take limit T — oo in the integral in (169). Then we have

t
n9+wrW(f)=/U9(f)Ue(S)7 Y, H(s) ds.

o]

Using the projection to the stable subspace, we obtain

(166)

(167)

(168)

& @

(169)
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W(t) = TT5 | W(t) + TG54, W ()
t
— Uy OTw(0) + / Up(OUs ()" 115, o H(5) ds
0
t

+ / Ug(O)Ug(5) ™ IS s H (5) ds. (170)

o0
Once we have the explicit expression of w, we easily check that it actually belongs to C,. We define

K1(€)(t) = Uy(t)é and K(H)(t) to be the sum of the two integrals in (170). A simple calculation
gives the bounds (166) and (167). O

By Lemma 8.20 the solutions of (164) belonging to C, satisfy
w(t) = K1 (ITiw(0)) + Ko (B (6 + w)w)(0).

Note that B, (6 + wt) is bounded in t and moreover |B; (6 + wt)| < y, where y = A, — Axllp. We
introduce the linear map K5 :Cy — Cy defined by

Ka(w) = K2(B1(0 + w)w).

Clearly [K2(w)| < |KC2[|Ba(@ + w-)|. With the above introduced notation, given £ € &£, there is a
unique solution w € Cy such that IT;w(0) = £ which is given by

w =K1 (§) + Ka(w).
Since |B,| <y <1 we can write
w=(d—K2) ' K1(8).

Therefore 55 is the graph of

£ > M°(0)% := 15" (Id — K2) 7' K1(§)(0) = 115" Y~ K5KC1(6)(0),
k=1

where the sum starts with k =1 because I7;“/C; = 0. Note that the analyticity in 6 is preserved

in_all the previous manipulations, hence My depends analytically in 6. Since |KC3| < Cy then
IM*(@)ll, < Cy. In a completely analogous way we find £5", and integrating with negative times

we get 55’ and gg‘. Finally Sg =& NEM.

Step 2. Estimates on the projections. To get the bounds for the projections we follow the same argu-
ment as in the case of maps. We only give the argument for the stable subspace. Let M (6) be the
linear map whose graph gives £3".

We write

Mg =(8°,0),  MM3& = (8, M°©)F),
s = (0.6), 115" = (M (©)F &),

and then
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SS — és + Mcu (9)§Cu,
Scu — 1\”/15(9)55 +§cu.

Since M*(9) and M“(9) are O(y) we can write
gs (. Id Mcu ) -1 &S
gcu = MS(Q) Id %-Cu

(175 — 1T5)&| < | (B° — &5, M5 (0)E°)| < Cy.

and then deduce that

Step 3. Estimates on the growth conditions. To get the exponential bounds let
v (©)=Us®Us ()9 (1)

with ¥ (1) = (&, M(0 + w1)§) € gg The function  satisfies Eq. (164) and hence

+wTt*

t
[v(©)] < [Us(OUs ()" ¥ (D)| + f [Us ()Ug(s) " (Ax — AR) (O + )Y ()| ds.

T
for t > 7. Let x be the auxiliary function defined by x (t) = ef1f|y (t)|. Using the bounds of Condi-
tion 8.4 we have

t
x(t)éChx(rHChCV/x(S)ds, t>1.
T

By Gronwall’s lemma we have x (t) < Cp,x (t)e“¢¥ %) and hence
V() < e PCheft Ty (1)eh .
We conclude that
0o Ts ()9 (1)] < Che™ PR ED |y ()], >
We take Cy = Cp, and §; = B1 — C4Cy, which proves (161). O

The first consequence of Proposition 8.19 is that in the iterative step the small change of K pro-
duces a small change in the invariant splitting and in the hyperbolicity constants.

Corollary 8.21. Assume that (., K) satisfies the hyperbolic non-degeneracy Condition 8.4 and that ||K — K| 0

is small enough. If we denote A;(0) = DX;.(K(0)), we can define an evolution operator, denoted Uy (t) such
that

%U&(f):;ﬁ;\(@—ka)t)ﬂg(t)’ T, (0) = Id.

Then there exists an analytic splitting for K, i.e.

- _ o5 C u
TI<(9)M - gk(@) ® gl’((e) ® gk(e)
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which is invariant under the linearized equation (128) (replacing K by K) in the sense that

S,C,u S,C,U
Uy (t)SK(a) 5K(0+a)t)

s c u L , o .
We denote HK(Q) I'IR(Q) and 171.((0) the projections associated to this splitting. Denoting

US'C’U t) = U t)|es.cu,
g (&) =Ug( )|gk(9)

there exist B1, B2, B3 > 0 and C, > 0 independent of 0 satisfying B3 < B1, B3 < B2 and such that the splitting
is characterized by the following rate conditions:

[AGI IO <Cre PED t>7 >0,
|[OE@05@ ], < CheP2 Dt <7 <0,
HUE(f)Ué(f)’]Hp <CreP=Tl treRr

Furthermore the following estimates hold

s,c,u s,c,u 7
”HK(9) — T ) H S CIK =Kllp, (171)
|Bi — Bil <CIK =Ko, i=1,2,3, (172)
Ch = Ch. (173)

Proof. We just take A, (9) = DX, (K(8)), A; () = DX, (K(6)), 5;(‘9;‘ &, 5;(‘0;' Ey, ,ifeg'z

;" and 17}5{(“0;’ = [1;°" in Proposition 8.19 and we use that [|Ay(6) — Ax@)lp < IXlc2IIK(©) —
Klp. O

The second consequence of Proposition 8.19 is that if we have a sufficiently good approximate
splitting associated to Eq. (129) then there is a true invariant splitting nearby.

Corollary 8.22. Assume that Tx )M = EF, K@) © SK((;) &) 51?(‘9) is a splitting approximately invariant under
the linearized equation (128) with evolution operator Uy (t), in the sense that A;(0) = DX; (K(6)) can be
represented as

All@) AlZ@©) AB®)
AnO) = | AZ(0) AZ(0) AP O)
ASLO) APO) APO)

with respect to this splitting with ||A” O, < CS~YE|l, ifi # j. Let H;S(;)’“ be the projections associated to
this splitting.

Let Uy be the evolution operators of A = A" (0 + wt) A, A = A2(6 + wt)A and A = AB6 + wt) A
respectively, and assume

GO0 @ ], <Cre /1P, t2>0,
T8 @U@, < Cre20, <t <0,

[05©T5 01, < CeBT, e,
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for some /3{23, Cy > Osuch that B3 < BY, B3 < B5. Then there exists an analytic splitting Ty o) M = 5;(9) &)
Ex o) ®EK g invariant under Eq. (128). Let H,S((Cé;‘ be the projections associated to this splitting and Uy “" (¢) =
Ug(t) Igf(ﬁ;l;' Moreover there exist 81,3 > 0 and Cy, > 0 independent of 0 satisfying 83 < p1, B3 < B2 and such
that the splitting is characterized by the following rate conditions:

Ui oUs@ ', <Cre P, x>0,

Ut ©UE@ ], < Cre 0, t<T <O,

[USOUS@ ], <CreF t.z e,

and
S,C,u s,c,u —1
| — ey, < C87MEN, (174)
B = Bi| <CSTVEN,, i=1,2,3, (175)
Ch = Ch. (176)

Proof. We make the same identifications as in the proof of Corollary 8.21. Consider the auxiliary
linear equation

A(t) = AL (0 + wt) A(D) (177)
with
Allo) 0 0
A% (0) = 0 A22(0) 0
0 0 A3

Clearly Uj(t) = (U; (®), f]g ), Ug (t)) is a solution of (177). By hypothesis [|A}(6) — Ax(0)]l, is small.
Then the application of Proposition 8.19 gives the results. O

Remark 8.23. We can give an alternative proof to Proposition 8.19, parallel to the one for maps. We
just sketch it for the stable bundle in the following. Recall that we have the invariance condition for
all times t >0

Us Ok @) = Ek@-+on-
The graph condition then writes for all times t >0

ug () (1\/1?9)) € Graph(M(6 + wt)).

We now consider the time-one map Uy = U (1). The graph condition leads to a functional equa-
tion which is solved by a fixed point argument. To propagate the result to any time and get the
estimates, one just has to use the co-cycle property as stated in Lemma 8.7.

The other non-degeneracy conditions can be checked in exactly the same way (as in the previous
section) and we do not repeat the arguments.
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Lemma 8.24. If | Eq 1 p,,_, is small enough, then:

° IfDKnT1_1DKm,1 is invertible with inverse Ny, _1 then DK;DKm is invertible with inverse Ny, and we
have

—2v+1
INmll o < INm=1ll oy + Cn=162853 2 1 Em—11l g+ -
e Ifavg(Sm—1) is non-singular then also avg(Sy,) is and we have the estimate
-1 -1 —(uv+1
(ave(Sm) ™ | < |(ave(Sm-1) " | + Cpo 16285, &V IEm1 1l oy -
The last lemma is devoted to the proof of the cohomology obstruction under the iterative step.

Lemma 8.25. Assume ||Em_1ll p,,_, is small enough. If X;,,_, spans the cohomology of Km_1 (T') at A1, then
X5, spans the cohomology of Km (T at A

Proof. We have by assumption that the map

d .
o [Knaix 2], R = HY(T)

is an isomorphism. Thanks to the estimates on A, and |A; — Am—1| and the continuity of X, and

D X, with respect to A, we can write

-1
< Ckd lEm=-1llp-
p—48

doo.. d .
H ﬁ[K;;;zxk.(z]mzkm - H[K;—NXAQ]M:M,]

The previous estimate comes from the identification of the cohomology with the integration over
loops of T and the fact the quantity %K*ixks? is in matrix notation

X5 (K@
DK(@)T](K(G))($>.

This shows the invertibility of the map

4 Ikziy, 2]

dx D

IA=An"
8.8. Vanishing lemma

This section is devoted to the proof of Theorem 8.10. First, recall that the Lie derivative of the
1-form « with respect to a vector-field L is given by (Cartan formula)

Lio=dija+ida.
The following result is of general interest and is a vanishing lemma.

Lemma 8.26. Assume w € Dy (k,v) with k > 0and v > 1 — 1, and X, is a family of real analytic symplectic
vector-fields. Let K : D, D T! — M be a solution of

doK = X5 0 K +E, (178)

for |x — A*| small enough. Assume furthermore that:
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(1) X;» is exact symplectic and for all » € R and 1 # 1*, the vector-fields X;, are symplectic but not exact
symplectic.

(2) Forall » € R!, X,, can be extended holomorphically to a complex neighborhood of K(Dp).

(3) The family X, spans the cohomology of K (T') at » = A*, i.e. the map

R'— H'(T')
v d [K*ix, 2] v (179)
= — X gk
i X, 82 =2
is an isomorphism.
Then there exists a constant C such that
A — A" < CIE|p-
Proof. The proof is very similar to the proof of Lemma 4.9. Indeed, if we consider vector-fields as
“infinitesimal” diffeomorphisms, the present proof can be considered as an infinitesimal version of the

proof of Lemma 4.9. We define o, 4 as in (34), (35).
The proof consists of computing

/ Lx, o (180)

in two different ways. First, notice that by Cartan’s formula, we have
/ Lx, o= / ix, £2.
K °0; 4, K °0; 4,
Expanding this last expression in terms of A yields
. : d .
/ ix, 82 = / ix: 82 + / a(lxkﬂ)lxzx*(l =2+ 0(Ir = 2*%).
Kou’i_(;i K Oo.i«éi K Odi,éi

Furthermore, since the vector-field X, is exact symplectic, we have Ly =dW and then the first
term in the right-hand side vanishes. We are led to

. d . ,
[ o= [ Fix@haa-in+o(n-ap) (181)
Koarléi Kogi.éi

On the other hand, using the linearity of the Lie derivative w.r.t. the vector-field and Eq. (178), we

have
/ﬁx“)t: f ix, 2= / iy, 52 + R,

K°”i,éi Koo—i.(:)i Koo-i,éi

where R is such that ||R]|, < C|E].
Furthermore, by the change of variables formula and the exact symplecticness of the manifold we
have
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/ iaa)Q:/iwI<*Q=/ide(*a.
9i6; 9i6;

Ko(Tiyé]_

Since w is constant, the exterior differentiation commutes with the contraction operator and one

gets for all 1 <i<lI
/ iy, 82 = / dipgK*a =0,
o s

Koai.(:),- 1.0

yielding

Lx,a=R. (182)

K o0} o

We note that i-component of the map (179) is the integral of

d ..
§> ﬁ(K ix, 2)p=nr&

over the ith generator of the torus. Then, from (181)-(182) and the implicit function theorem, we get
the desired result if [A — A*| is small. O

We are now in position to prove Theorem 8.10.

Proof of Theorem 8.10. We have to introduce a family of vector-fields X, satisfying the non-
degeneracy condition (179) in Lemma 8.26. Since 2 is non-degenerate, given a family of closed
1-forms o; such that op =0 and an exact symplectic vector-field X there exists a family of sym-
plectic vector-fields X, such that

(1) Xo= X.
(2) l'x.AQ=O‘)L.

Condition (2) implies that X; is indeed symplectic:
L"X)\-Q =dix}‘9 + l'X,AdQ =do;, =0.

If we choose o, such that the cohomology class [0;] # 0 for A # 0 then X, will not be exact sym-
plectic for A # 0. Indeed, this follows from the calculation

L‘,XAOl = dl.x)\O[ + l'X}‘dOt = dl'x)\(x + iX;gQ =dW,; + o,.
To choose o; consider the torus K(T'). We take a tubular neighborhood N¢(K(T')) of K(T'). Since

it is contractible to K(T), then H'(K(T')) ~ H'(N¢(K(T'))). Now we consider a basis {§;}1<j< of
HY(K(T"). We define

l
o) = Zki&.
i=1
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Then we have

l
d d
—K*ix, 2 = —K* E Aidi | =K*(55).
d)»j X, d)»j (i_1 i 1) (])

Since K is an embedding, {K*§;}1<j<i is a basis of HY(T" and then the map v Dy (K*ix, £2)v is
invertible. O

9. Finite-dimensional Hamiltonian flows

This section is devoted to the application of our method in the Hamiltonian vector-field case. In
the same spirit as the previous section, one of the motivations is the study of Hamiltonian PDEs.
The result for Hamiltonian flows is based on the study of the equation

30K (©) = J(K(©))VH(K(®)), (183)

where the function H : M — R is the Hamiltonian which is supposed to be real analytic.

Eq. (183) expresses the invariance of the range of K under the Hamiltonian vector-field Xy = JVH.
We assume that M is endowed with 2 =dx Ady and o = —ydx and hence | is constant. Note that
the vector-field JVH is exact symplectic. Indeed, by definition, we have

iJVHQ = —dH.

Then taking W = —H +ijvna, we have Lxa =dW. More generally, if we consider an exact symplec-
tic vector-field X in the sense of Definition 8.1, then there exists a function H such that X = JVH.
Consequently, the Hamiltonian framework fits exactly in the exact case as described in the previous
section (due to the lack of cohomology obstruction). However since equations of the type (183) occur
in a lot of physical contexts, our motivation to write this section is to provide the formulas showing
up for this type of system.
Again, the linearized equation

dA
= = JDVH(K(® + wt)) A (184)

plays a crucial role. Since A(#) = JDVH(K(0)) is bounded, Eq. (184) admits an evolution operator,
denoted Uy(t). We have

d
aUe(f) =A0 +wt)Us (D),

and Uy (0) =Id. We now have the following definitions.
Condition 9.1.
e Spectral conditions: The evolution operator Uy (t) satisfies the non-degeneracy Condition 8.4.
o Twist condition: Let N(9) = [DK(0)T DK ()]~ and P(6) = DK(0)N(0). The average on T' of the
matrix

SO) = N(G)DK(Q)T[A(B)] — JA®)]DK(O)N(®)

is non-singular. Here A(6) = JDVH (K (6)).
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For the sake of completeness, we state a theorem for Eq. (183). It provides the existence of invari-
ant tori.

Remark 9.2. To obtain the expression for S, we used the fact that DKT JDK =0 and J~' = —].

Theorem 9.3. Let w satisfy the Diophantine condition given by Definition 2.2. Assume the following hypothe-
ses:

e The embedding K satisfies the non-degeneracy Condition 9.1.
e The map H is real analytic and it can be extended holomorphically to some complex neighborhood of the
image under Ko of D p,:

Br={ze cH |30 € {|Im0] < po} s.t. |z— Ko(0)g| <},
forsomer > 0.
Define the error Eq by
Eo = 08,Ko(0) — JVH(Ko(9)).

There exists a constant C > 0 depending onl, i, v, |H|c3(p,y, 1D Koll g, | Noll g, 1 Soll oo |(avg(So)) 1| (where

So and Ny are as in Condition 9.1 replacing K by Ky) and the norms of the projections ||17,C<’05(’g) | oo such that,

if Eq satisfies the estimates

CxA8™ | Eollp < 1
and

Ck?87 || Egllpy <

where 0 < § < min(1, po/12) is fixed, then there exists an embedding K., such that Koo € ND(poo := po —
68) and

doKoo (@) = JVH (K (9)). (185)
Furthermore, we have the estimate
1K oo = Kollpay < Cie>87 V|| Eql -
Remark 9.4. One could also formulate a local uniqueness result in the case of vector-fields.
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