LOCAL BEHAVIOR NEAR QUASI-PERIODIC SOLUTIONS OF
CONFORMALLY SYMPLECTIC SYSTEMS

RENATO C. CALLEJA, ALESSANDRA CELLETTI, AND RAFAEL DE LA LLAVE

ABSTRACT. We study the behavior of conformally symplectic systems near rotational
Lagrangian tori. We recall that conformally symplectic systems appear for example in
mechanical models including a friction proportional to the velocity.

We show that in a neighborhood of these quasi—periodic solutions (either transi-
tive tori of maximal dimension or periodic solutions), one can always find a smooth
symplectic change of variables in which the time evolution becomes just a rotation in
some direction and a linear contraction in others. In particular quasi—periodic solutions
of contractive (expansive) diffeomorphisms are always local attractors (repellors). We
present results when the systems are analytic, C" or C'°°. We emphasize that the results
presented here are non—perturbative and apply to systems that are far from integrable;
moreover, we do not require any assumption on the frequency and in particular we do
not assume any non-resonance condition.

We also show that the system of coordinates can be computed rather explicitly and
we provide iterative algorithms, which allow to generalize the notion of “isochrones”.
We conclude by showing that the above results apply to quasi—periodic conformally
symplectic flows.
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1. INTRODUCTION

The goal of this paper is to study the behavior of conformally simplectic (contrac-
tive without loss of generality) mappings and flows in the neighborhood of an invariant
torus, where the motion is equivalent to a rotation. In particular, we consider rotational
Lagrangian tori; the corresponding quasi—periodic solutions might be associated to a tran-
sitive torus of maximal dimension (whose solution corresponding to a non-resonant — i.e.,
irrational, eventually Diophantine — frequency vector fills densely the torus) or a peri-
odic torus (associated to a resonant frequency vector). These conformal systems appear
in mechanical systems affected by a friction proportional to the velocity (a very com-
mon modeling assumption). The persistence of quasi—periodic solutions in conformally
symplectic systems has been studied extensively. For our purposes, the most relevant
reference is [7], since we will use some of the results there and we adopt the geometric
point of view of that paper.

In this paper we show that, given a quasi—periodic solution, there is a neighborhood in
which the motion is conjugate to a very simple motion, namely a rotation in the angles
and a constant contraction in the actions (see Theorem 2 for a precise formulation).

In particular we show that all the maximal invariant tori (i.e., invariant tori with as
many frequencies as the number of degrees of freedom) of these conformally symplectic

systems are local attractors (or repellors).
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We would like to emphasize that the results of this paper are non—perturbative, they
apply to systems that are far from integrable and without any Diophantine condition on
the rotation. We just need to assume that a quasi—periodic solution exists. Of course, the
existence of quasi—periodic solutions can be established by a variety of methods, some of
which use Diophantine properties and proximity to integrable.

The method of proof starts by showing that a similar result is true infinitesimally. This
is the phenomenon of automatic reducibility observed in [7] which shows that, given a
quasi—periodic solution, there is a system of coordinates around the torus that makes the
linearized evolution to be just constant coefficients. Hence, in a small neighborhood, we
can get that the system (being close to the linearization) is close to a linear contraction
in the actions and a rotation.

Once we have that the system is close to a constant skew—product, we use a method
similar to the proof in [26] of Poincaré’s linearization theorem [24]. One small wrinkle
is that we need to use a deformation method as in [22, 27] to ensure that the change of
variables giving the linearization is symplectic.

In Section 4.2.1 we show how these arguments can be transformed into algorithms.
This also leads to some theoretical consequences such as 1) finite differentiable results,
2) relation with the theory of isochrones and perturbative expansion of the solution, 3)
an alternative proof of the convergence based on the majorant method.

Moreover, we also show that the results obtained here also apply to quasi—periodic
perturbations of systems with dissipation, which have been considered in the literature
([5, 13, 14]). However, our method does not require that the system is analytic or close

to the integrable case (see Section 5).

2. DEFINITIONS AND STATEMENT OF THE RESULTS

In this section we provide the definitions of conformally symplectic systems and of
invariant tori; then we state the main result about a local model in the neighborhood of

an invariant attractor.

2.1. Conformally symplectic systems. Let M be a symplectic manifold of dimension
2n, endowed with the standard scalar product and a symplectic form . We say that

f: M — M is a conformally symplectic diffeomorphism when

Q=20 (2.1)
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for some A real. Indeed, one can also assume that \ is a function, say A : M — R, but
we will always consider the case of A constant. For continuous systems we say that the

flow f; : M — M is a conformally symplectic flow, when
fiQ=em"Q (2.2)
for some 7 real.

Remark 1. When n = 1, taking as ) the area form, any mapping admits a non—constant
function . In these circumstances, there are results on linearization in neighborhoods,
but they require extra assumptions and they involve other considerations.

We will not consider the case of non—constant \ here, which can only happen when
n = 1; as it is well known ([3]), when n > 2 and M is connected, conformally symplectic
systems occur only when X is a constant function.

In (3] there are even more general definitions that are also called “conformally sym-

plectic”. In this paper, however, we will stick to the definitions (2.1), (2.2).

We note that conformally symplectic flows are generated by conformally symplectic vec-
tor fields. Taking derivatives of (2.2) with respect to time, using the definition of the

generator vector field F; such that % fi = Fi o fi, we obtain:
(ft)*(lftdQ + d(lftQ)) = nentQ )
where iz, denotes the contraction with the vector field ;. Using d2 = 0 and (2.2), we
obtain
d(ig,Q) =nQ . (2.3)
If furthermore €2 = da, then (2.3) becomes d(ix2) = d(na). Hence, igQ = na + G, for
some function G with dG = 0. If we write G = dH, we obtain

17 =na+dH ; (2.4)

the vector fields satisfying (2.4) are called “ezact conformally symplectic” fields. Clearly,
all exact conformally symplectic fields are conformally symplectic. The converse is not
necessarily true. Similarly, a diffeomorphism f is exact conformally symplectic, whenever

there exists a single-valued function P such that
ffa=Xa+dP .

However, in this paper exactness will not play an important role.
We will henceforth assume |[A\| < 1 or n < 0. The complementary cases |A\| > 1 and
n > 0 can be obtained by considering f~! and f_;. We will not consider the case |\| = 1
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(the symplectic case); indeed, the results obtained in this paper are not true for |A| =1
(it is well known that the coefficients of the Birkhoff normal forms near an invariant torus
are symplectic invariants). A very thorough discussion of Birkhoff normal forms near tori

in symplectic maps can be found in [15].
2.2. Invariant tori. Given w € R", we denote by 7,, : T" — T" the shift
T,00)=0+w.
We say that an embedding K : T" — M (M of dimension 2n) defines a rotational
invariant torus for f, whenever the following invariance equation is satisfied:
foK=KoT,. (2.5)
Similarly for flows the embedding K defines a rotational invariant torus when
fioK=KoT,. (2.6)
Note that if K is an embedding, then K = K(T") is a diffeomorphic copy of the torus.
2.2.1. Lagrangian properties of rotational tori in conformally symplectic mappings. We
say that a parameterized torus of dimension n is Lagrangian if
K*Q=0, (2.7)
which in coordinates is equivalent to
DK™ (0) Jo K(0) DK(§) = 0. (2.8)
We remark that tori that satisfy (2.7) are called isotropic in symplectic geometry.
When the dimension of the torus is half of the dimension of the phase space, they are
called Lagrangian.

We will now show in detail that all rotational invariant tori (of any dimension) are

isotropic. The reason why rotational tori are isotropic is that
(foK)"Q=K"f"Q=\K"Q
(KoT,)*Q=T'K*Q .
If the torus is a rotational torus, both items in the formula above are equal. Writing
A(0) = DK™ (0) J o K(0) DK(0) (A is the matrix representation of K*Q ), we obtain
MNA(0) = A0+ w) .
Hence, sup, |A(0)| = |A| supy |A(0)]; since |A| # 1, it is easy to show that A = 0.

We call attention to the fact that the argument above is much simpler than the better

known argument for symplectic maps, where, in order to conclude that that torus is
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symplectic, one needs to assume that the rotation is not resonant (i.e. w -k ¢ Z for all
k € Z™ — {0}) and that the mapping is exact symplectic. In the conformally symplectic
case, we do not need either of these assumptions.

Of course, when the frequency is not resonant, the motion on the torus is minimal (i.e.
all the orbits are dense). When there are some resonances, the torus consists of a family
of invariant tori each with minimal dynamics.

We emphasize that the results in this paper remain valid even in the case of resonant
tori. We just need that the torus is Lagrangian, which in our case is ensured by the fact

that the dimension of the torus is the same as the number of degrees of freedom.

2.3. Local models near an invariant torus. When considering the neighborhood
of an invariant torus, we can assume, without loss of generality, that the manifold M

coincides with a manifold M, defined as
MO = Tn X B >

where B is a ball of R™ around zero. An important property of M, is that it is an Eu-
clidean manifold, so that we can add vectors based at different points, compute averages
and perform operations that are useful for analysis, even if geometrically unnatural (and,
hence, not possible in arbitrary manifolds). Another important property of M, is that
it has natural complex extensions, so that it will be easy to deal with analytic functions.
We consider M, endowed with the Euclidean scalar product (,) and we denote by J the

matrix corresponding to the symplectic matrix, namely if u, v € T, M, then one has
Qu,v) = (J(z)u,v) .

We note that in M, there is a standard symplectic form
Qo =Y _dA; Adb; , (2.9)
i=1

where A; are the coordinates in B C R™ and 6; are the coordinates on T".
An important example of a conformally symplectic mapping with respect to €1y is given

by the mapping

fo(A,0) = (M\A, 0 + w) (2.10)
and similarly for flows we introduce
fP(A0) = (e"A, 0 + wt) . (2.11)

Notice that (2.10) and (2.11) provide a constant contraction in the actions and a rotation

by w in the angles. For p > 0 we introduce the following complex domains of a torus T",
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of a set B and of a manifold M:
T, = {z=0+iyeC/Z": z€T", |y|<p, j=1,..,n}
B, = {#=04+iyeC": 2e€B, |y|<p,j=1..,n}
M, = T, xB,.

For analytic functions in a domain M, which extend continuously to the closure, we
introduce the standard norm
[fllm, = sup [f(2)] (2.12)
2EM,
similarly for functions with more components. It is standard that the space of analytic
functions in a domain extending to continuous functions in the boundary is a Banach
space endowed with this norm.
Having fixed the notations, we state the main result concerning the conjugation to a

rotation and a contraction near a rotational, Lagrangian invariant torus.

Theorem 2. Let (M, Q) be a 2n—dimensional analytic symplectic manifold, f an an-
alytic conformally symplectic contractive diffeomorphism as in (2.1) (respectively, f; be
an analytic conformally symplectic flow as in (2.2)). Let w € R"™ and assume that there
exists an analytic embedding K : T" — M, such that (2.5) (respectively, (2.6)) and (2.8)
are satisfied. Then, there exists p > 0 and an analytic diffeomorphism g defined from
M, to a neighborhood of I = K(T") in such a way that:

g tofog=f
9" =0 (2.13)
9(0,0) =K(0) ,

where fo is given in (2.10), Qo is given in (2.9) and, respectively, for flows we have
g lofiog=Ff
g Qy =™
9(0,0) =K(0) ,

where [P, n are given in (2.11).

We remark that in Theorem 2 we do not impose any non-resonance condition on w;
Theorem 2 applies even to w € Q™. There exist similar results for finite differentiable
mappings, which will be discussed and proved in Section 4.1. We notice that Theorem 2

implies that quasi—periodic solutions are local attractors.
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Remark 3. Notice that the solutions of the first equation in (2.13) are always non unique

in the following sense. Assume that g solves

feg=go fo (2.14)

and define A,,(0,s) = (0 + o, pus) for o € T, p € R. Note that, with this notation,

fO = Aw,)\-
We note that these mappings A commute. Hence, we have:

fo(goAmu):gofOOAa,p:<goAa,u)of0a

namely, if g solves (2.14), so does § = go Ay, for any o € T", p € R\{0}; moreover,
g 1s a diffeomorphism. This non—uniqueness can be understood by saying that we can
choose the origin of the angle variables and the scale of the linear variables.

We will show later, at the end of Section 4.2.1 that, when w is an irrational translation,
this is the only non—uniqueness of (2.14). The second condition of (2.13), g*Q = €,

fixes the parameter i, while the origin of the phase remains arbitrary.

3. PROOF OF THEOREM 2

The proof of Theorem 2 starts with the observation that the automatic reducibility
introduced in [7] provides an approximate solution of (2.13) (i.e., a solution up to O(A?)).
The second step consists in using a deformation method as in [22], [4] to modify the
first approximate conjugation (which is not necessarily symplectic), so that it is also
symplectic (the modification has to be done only to the high order terms to ensure that
it is still an approximate solution). After that, there are several standard methods to
show that we can use this approximate solution to construct a true solution.

In this section, we have chosen to present a method based on the pioneering work
described in [26]. It is interesting to note that, because of the conformal symplectic
properties, the map behaves very much like a one-dimensional map. Another standard
method, which could be useful in more complicated situations, is the deformation method
described in [4]. As we will see later, this method works also for C" systems, r € N, or
in C'°. Later, in Section 4.3 we will present a method based on the classic method of
majorants, which only works for analytic systems. The method of majorants was the
main tool available at the time of [24].

We note that the second step (getting the symplectic form to be €2y) can be omitted

at the only price that we do not require that the symplectic form coincides with €.
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We provide the proof of Theorem 2 for mappings; the proof for flows is a straightforward

extension of that for mappings and it is left to the reader.

3.1. A system of coordinates and an approximate solution of (2.13) in a neigh-
borhood of the torus. The goal of this section is to produce an approximate solution
of (2.13), see Lemma 5. This will be an almost immediate consequence of the following

Lemma 4 (see Section 3 of [7]), that we will use in a neighborhood of the torus.

Lemma 4. Let M be a symplectic manifold and let f be an analytic conformally symplec-
tic manifold with symplectic form ), such that f*Q = \XQ with X € R, |A\| < 1. Assume
that K : T" — M is an analytic embedding, that w € R™ is such that (2.5) holds and
that K(T™) is a Lagrangian manifold.

Let us define the quantity

N(0) = (DK ()" DK(6))™! (3.1)
and let
NI(6) = M(9) ( 'aBio) ) , (3.2)
where
M(0) = [DK(0)| J ' o K(0)DK(H)N(0)] . (3.3)
Let B satisfy the equation
B(0) +S(0) —AB(@ +w) =0, (3.4)

P(#) = DK(O)N(H)

v(0) = DK()"J o K(0)DK(H)

SO = PO+w) ' DfoK(@)J ' o K(O)PO) —AN@O+w) ' v(0+w) N0 +w) .
Then, one has

Df o K(0)M(0) = M(0 + w) (151 A%) : (3.5)

MY JoK M=, (3.6)

Jo = ( Ol ) . (3.7)

where
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Proof. Let M and N be as in (3.3), (3.1). According to [7], one has that

Df o K(6) M(0) = M(0 + ) <1§‘ fﬁ) |

From this relation we obtain:

DfoK(e)M(e)zM(9+w)( 151 i(lil))( I(()i BI(d@)

4w ( 14 TBOFOY (10 SO (14 BE)
(s A;;W?Eﬂz):;i)( )
0 A1d '

Defining B(f) such that (3.4) is satisfied, then we obtain (3.5). Notice that (3.4) does

not involve zero divisors for any w € R™ and that it can be solved whenever |[A| # 1; on

:]\Zl(0+w)(

the contrary, if |[A\| = 1 there appear zero divisors and one needs to impose a constraint
on the frequency. Indeed, if |A| < 1, an explicit solution of (3.4) is given by

B(0) =Y NS0+ jw) . (3.8)

Jj=0
Note that the formula (3.8) allows us to estimate the norm of the solution for any trans-
lation invariant norm (e.g., the analytic norms introduced in (2.12) or the C" norm):
1Bl <> NI o Tiull = (1= X)7HIS -

Jj=0
This estimate will be used later in order to prove the convergence of the series. We
conclude by stating that (3.6) is a consequence of (3.1), (3.3), (3.7) and (2.8). O

Note that M(6) is an analytic matrix valued function. The geometric meaning of
Lemma 4 is that around the points in £ = K(T"), we can find a frame of vectors

such that when we express a vector in this frame, the action of the derivative is just a
Id 0

0 M

are precisely the vectors in the tangent space to K. The existence of this frame is a

multiplication by the matrix . The vectors which get transported by D f
requirement considerably stronger than the assumptions in [11, 12], so that we will be
able to obtain stronger conclusions than those drawn in [11, 12, 19]. The following lemma

provides an approximate solution in the neighborhood of the invariant torus.

Lemma 5. With the notations of Lemma 4, consider the analytic diffeomorphism h :
My — M, defined by
h(0,s) = K(0) +[M(0)]z s ,
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where [M(6)]2 denotes the second column of M(6) in the block decomposition of (3.2).
Then, one has:
foh(0,0) = h(f+w,0)
Dfoh(0,0) Dgh(6,0) = Dyh(f+ w,0)
Q. = Qo+ 0(s?) . (3.9)

Proof. We note that for |s| sufficiently small, it is clear that h is a diffeomorphism into

the range, which is a consequence of the implicit function theorem, because

Dyh(0,0) = DK(6)

D,h(0,0) = [M(6)], . (3.10)
The relations (3.9) are a consequence of (2.5), (3.5) and (3.10). In particular, the last
relation is true because Dh(6,0) = M () and we have (3.6). O

3.2. Making the approximate conjugation symplectic. The goal of this section is
to prove the following Lemma 6, which is a simple consequence of Moser’s deformation
technique ([22]).

Lemma 6. Let Q be an analytic symplectic form, such that |(Q — Q0)|(8,s) = O(|s|?).

Then, there exists an analytic diffeomorphism k, defined as
k(0. 5) = (0,5) + O(|s]?) (3.11)

in such a way that

The proof of Lemma 6 follows by just going over the procedure of the deformation
method of the global Darboux theorem (see [22], [27]). The goal is to check that we
preserve the analyticity and the fact that (3.11) holds.

Proof. Following the deformation method of [22], [27], we set
Q.=+ (1-9)Q, 0<e<1.

We note that Q. = Qg + O(]s|?) uniformly in ¢ and, since the non-degeneracy is an
open condition, then ). is non degenerate for small s uniformly in €. Note also that
dQ. = edQ + (1 — £)dQp = 0.

We now try to find a family of diffeomorphisms k. such that

]{?: Qe - QO ; k’o - Id . (312)
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We see that if we write

d
_ks: € ke
de Feo

for a generator vector field F., then using Cartan’s magic formula (3.12) is equivalent to

d
d(ig. Q) +ig dQ. + d—gQ6 =0,

which provides

d(izg. Q) +(Q—Q) =0, (3.13)
Since €2, is non degenerate and Q. — Qy = O(|s|?), we obtain that we can find a unique
F., defined for |s| < sq for some sy < 1, satisfying (3.13). This function F. is uniformly
analytic in e, namely J. is analytic on T x B, and there it is uniformly bounded in e.
Moreover, we have

|F.(0,s)] < C|s|* VOeT".

By Gronwall’s inequality we conclude that k; is defined in a small neighborhood of the

torus and it satisfies:
|k1(0,5) — (6,5)] < COls]? Vo e T" .
Of course, & is also analytic since it is the solution of an analytic differential equation. [

If we apply Lemma 6 to the case Q = (h~1*Q, where h is the local diffeomorphism
produced in Lemma 5, we obtain a diffeomorphism k. Then, one has that h = ko h

satisfies
hlofoh = fo+0O(s]?
(R = Q

(hlofoh) Qy = A . (3.14)
The first line in (3.14) is proven as follows. Let us first remark that for any v = v(6), as
a consequence of (3.5) one has that

DfoK(0)v(d) = vl +w) . (3.15)
Then, we prove that
foh=hofy+0(s]) .
In fact, expanding the left hand side to the second order, one has
foh(8,0)+ Df o h(6,0) D;h(6,0) s = h(0,s) o fo+O(]s]?)

which, using Lemma 5, corresponds to

foK(0)+DfoK(0) [M(0)]ys =K+ w)+ [M(B+w)]s s+ O(]s]*) ,
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which is true due to (2.5) and (3.15).
The second of (3.14) comes from applying Lemma 6 to (), while the third relation comes

from the first of (3.14).

3.3. End of the proof of Theorem 2. In this section we complete the proof of Theo-
rem 2. As it turns out, the method that was used in [26] for one-dimensional mappings
allows to prove our result. Let

f=hlofoh. (3.16)
Remember that now we have two mappings in Mo, namely f and f,, which are defined

in (3.16) and (2.10), respectively. Both of them are A—conformal for 2y and one has
fo(0,5) = f(0,9)| = O(ls]") ~ vOeT".

Since f is obtained from f through analytic changes of variables, which also preserve the
geometry, Theorem 2 will be established as soon as we produce an analytic symplectic
mapping that conjugates f' and fp in a neighborhood of {s = 0} on M,. Both f', fo are
analytic and we can consider their extensions to M.

Following [26] we consider

g =T
Note that
fooyg; = fy 7Y ofiTtof=gj1of.
Furthermore, since both f, fy are A—conformally symplectic for Qp, then g; is symplectic

for €}y and we also have

9i({s =0}) = {s=0}
Dgjlis=oy = 1d .
Hence, as soon as we show that g; converges uniformly in M, to g (for some p > 0),

it will follow that the limit ¢ satisfies that g is symplectic for {2y and that the following

relation holds true:
90, 5) = (0,8)] =O(|s]*)  VOeT".
We notice that the argument for the convergence of g; is very similar to Cook’s method

in scattering theory (see [23] for developments of the analogy between scattering theory

and equivalence of dynamical systems). Then we have:

lgis = gillm, = 1V o =gV o (f) o Fo f I,
< Y =1 o (fo) o gy
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We now observe that
F7IM, © Moo,

where € = £(p) decreases to zero as p tends to zero. Since f, and f are tangent, we have
that

Hf[)_l © f - Id HM(/\_*_E)jflp < C()\ + €>2(j_1)p ’

for some constant C' > 0.

By the mean value theorem, since Lip(f; ') < A™!, we have
lgi-1 = gillm, < CATTTI(A+€)?p (3.17)

The requirement that |\ + e < 1 can be met by assuming that p is sufficiently small.
The sum of the above terms provides a geometric series which is absolutely convergent

(recall that |[A| < 1 and e is arbitrarily small); this concludes the proof of Theorem 2.

Note also that the above argument shows that the g;’s also send bounded domains into

bounded domains.

4. SOME COMPLEMENTS AND EXTENSIONS OF THE PROOF

As it can be seen from the previous sections, the method of proof is very flexible and
it can lead to several other results with minor modifications, as we are going to describe

below.

4.1. Finite differentiable and C* results. Notice that the first two steps of the proof
(the automatic reducibility and the deformation to obtain the symplectic nature of the
conjugacy) require only that the maps have two derivatives. The conjugating maps thus
obtained loose two derivatives with respect to the original map.

As for the last step of the proof of Theorem 2, namely the scattering method described
in Section 3.3, it is also valid for finite differentiable maps or for C* maps (the latter
case was considered in [26]). In fact, we show now that an inequality of the type (3.17)
holds whenever the norm is computed over C" (M) for some r > 0, instead than over the
space of analytic functions in M,,.

Since fy is an affine function, it is clear that |Df;”|co = A~/ and D*f;7 = 0 for

k > 2. Using the above relations and that f; is affine, we get:

197 — gi—1llerovy < CATUV|[(ft o f = 1d) o f17 | ermy -
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Here and in what follows, we denote by C' terms that are independent of j. To estimate
the expression above, we use Faa-Di-Bruno formula [2, 10, 1], as well as estimates for
derivatives of highly iterated functions [9, p. 574],[4].

We denote by v = f; ' o f — Id; by Faa-di-Bruno formula, we have:

D(yo i)
=Y Gl ) (D) o I (D (DR
m1+2m2+-~-kmk:k

(4.1)
where C'(k,my, - ,my) = kl/(mq!---myg!). Our goal is to show that if we estimate
the C° norm of all the terms on the right hand side of (4.1), we obtain series that are
summable in j when multiplied by the factor A=U~Y. In this way, we will obtain that

A~U=DDF(y o fi~1) can be summed in j.
The estimates of highly iterated functions in [9, p. 574] and [4], give the following

estimates (which are somewhat pessimistic):
1D leown < GA+e) MG =D, 1>0.
Hence, we can estimate the terms in the sum at the right hand side of (4.1) by

[(Dmttma) o fIHD ) Em - (DR IO o

4.2
< O\ + )0 DEmi(j — )k Eiymi (42)

Of course, the dominant term in (4.2) is the exponential factor, while the polynomial
factor is subdominant. We note that since Zle m; = k, we have Zle m; > 2 except
in the case my = 1,mp_1 = my_o = ... = my = 0. This establishes easily that (4.2) is
a series summable in j, except when my = 1,mp_1 = my_s = ... = my; = 0. This latter
case will require a more precise argument that we develop now.

When my = 1,mp_1 = my_o = ... = my = 0, we observe that (4.2) is too conservative.

In this case, [|(D™ %+ ) o fI=Y comy = [[(Dy) © 77| comy and we can estimate
I(D7) o f1  leomny < CA+ )

because, as we have argued,  vanishes up to second order and f7~! is exponentially close
to the attractor. Hence, the C° norm of the term at the right hand side of (4.1) corre-
sponding to my, = 1,mp_y = mp_s = ... = mq = 0, which is just ||(Dv) o f771Dfi~|co,
can be estimated by C(\ + £)20~Y(j — 1)2, which gives rise to a convergent series in j
when multiplied by (A + ¢)~U~Y,
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Therefore, we see that

i 1

[y o f77

(we are very wasteful in the polynomial terms, to simplify the expressions, since the

exponential terms are subdominant and do not play any role) and, hence we obtain
lg; = gj-1lleromy < CATIDA 4?0703 = 1),

which, together with the convergence in C° — established in our study of the analytic
case — shows that g; converges in C".

We note that the p required in the above argument may depend on r. To establish
the C° result, we observe, following [26], that the domain where the series ). [|g; —
gj-1||cr(am,) converges is independent of r. Indeed, assume that we have the conjugacy
in an open set U, around the torus. Using the invariance equation (2.13), we see that
g = f"'ogo fo, so that we can extend the definition to f; *(U,). The extended function
is clearly as differentiable as g|y,. Repeating the argument n times, we obtain that we
can define the function ¢ in f;"(U,) and that it is C" there. Taking n sufficiently large,
we obtain M, C f;"(U,).

4.2. Relation with the theory of isochrones. An important consequence of (2.13)
is that the stable manifolds (in the sense of the theory of normally hyperbolic manifolds)
admit a topological characterization.

In the theory of normally hyperbolic manifolds, the stable manifold at K (#) is defined

as
Wiy ={yeR" : |f"(y) — fHK@) < C.(A+e)", n>0, 0<e<1}.

Note that for general normally hyperbolic manifolds, Wf(t(e) is not a topological invariant
(it involves a rate of convergence, which is not a topological invariant).
In our case, we have the following equalities; in particular, note that the last one shows

that, for our systems, Wf(t(e) has a topological characterization:
Wik =y e B+ |P') = PEO) <C0+e), n>0, 0<e<1)
—{yeR": |f"(y) - K@) <OV, 0> 0}
—{yeR" AT (y) - UKO)] — C, 0> 0}
={yeR": |f"(y) - (K@) =0, n—+oo}.
Note that (4.3) states that the set of points whose orbits converge to the orbit of K(6)

is the same as the set of points whose orbits converge exponentially fast with multiplier

(4.3)
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A to the orbit of K(#). Furthermore, according to (4.3) the optimal exponential rate is

reached (i.e., no polynomial corrections are needed) and indeed, the rate is optimal.

Remark 7. We note that a corollary of the above argument is that for all v € T;EWI‘?(Q) :
lim |Df™(x)v|"/" = X,

so that X\ is the Lyapunov number along the directions of the stable manifold.
There are, of course, other directions that have Lyapunov multiplier 1 and these are

all the Lyapunov multipliers that appear in the system.

Let us denote by Wlsf(écgc the intersection of the connected component of the stable
manifold including the torus with a neighborhood of the torus (say s < s¢ for some s

small). Taking into account that

f"(9(0,)) = g(f5(0,5)) = g(0 + nw, A"s) ,

we obtain that W;ﬁ(lgo)c can be characterized as the image of vertical lines (i.e., holding 6
fixed) under the map g:

Wiy ={9(6,s) : seR"}. (4.4)
Of course, for general normally hyperbolic manifolds, there could be points whose orbits
converge sub—exponentially (e.g. polynomially) or it could happen that there are no
points which converge to the optimal exponential rate (e.g. they could converge as
A"nP).

The reason why (4.3), (4.4) are true is that a similar set of equivalences holds true
for the map fy (this uses the fact that the map f; is the product of a rotation and a
contraction). For fy the set of points whose orbit converges to the orbit of  is precisely
the points with the same 6. The orbits of these points converge locally with the optimal
exponential rate.

Once we know that this characterization is true for the map fy, we observe that since
g is a diffeomorphism, it preserves not only the fact that orbits converge, but also the

rates of convergence.

Remark 8. The geometric meaning of Wf(t(e) 1s the set of points which asymptotically
have the same phase as the point K(6). Therefore, for limit cycles these sets were named
isochrones in [28], where their importance in biology is also presented. The relation of
isochrones to stable manifolds was pointed out in [16]. Our results show that the concept
of isochrones can also be extended to quasi—periodic solutions of conformally symplectic

systems.
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4.2.1. Computational aspects. An important practical consequence of (4.3) is that g sat-
isfies some functional equations (2.13) that make its computation possible. Indeed, the
case of limit cycles has been considered in [17, 20] and related algorithms have been

presented in [21] for the symplectic case. We observe that, if we write

9(0.5) = 3 gu(6)s'

=N

and if we substitute this expansion in (2.13), equating terms of the same order in s, we

obtain
fogo=gooTy
Dfogogi=AgioT,
(4.5)
Dfogoge=NgioT,+ S, (>2,
where Sy is a polynomial expression in g1, -+ ,ge_1. It is a rather explicit expression,

because it is obtained by applying the chain rule. In practice, each expression in (4.5)
can be readily computed using the methods of automatic differentiation ([6], [18]). Hence,
one can consider (4.5) as a recursive set of equations. We can assume inductively that
9o, 1, - - - -ge—1 are known and then use the third equation of (4.5) to find g,. As we
will see, the equations for £ = 0,1 are special, but then there is a systematic unique
solution for all ¢ > 2. Notice also the similarity of this procedure with the Lindstedt
series which appear in Celestial Mechanics. However, in contrast with the Lindstedt
series, the estimate of our series is elementary, since they do not contain small divisors
(for example, the classical majorant method suffices as we are going to describe below).

The first equation of (4.5) admits a solution showing that we can take gy to be the
parameterization K of an invariant torus. When w is irrational, once we choose the torus
to study, the only free choice is the origin of coordinates, so that there is uniqueness
up to a translation. As indicated in the automatic reducibility procedure described in
Lemma 4, the second equation of (4.5) admits the solution g; = J~! o gy Dgy N; such
solution is unique up to a multiple.

The equations for £ > 2 are readily solvable as we will show. We note that using the
automatic reducibility and writing g, = Mu, with M as in (3.2), we obtain that the last

equation in (4.5) becomes

DfogOMue:)\[MoTwuonw—i—Sg, (4.6)
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where the only unknown is now u,. Using (3.2) and (3.5), the equation (4.6) becomes
Id 0 ~
( 0 )\Id)UZ—VUZOTw:M YoTl, S, . (4.7)

We can write the equation (4.7) as a system of two equations using the component

(ue)s ) We obtain that (4.7) is equivalent to

notation u, = ( (ue)s
() — N(ug) o T, = ((M)—l ° Tng>1
M)y — M(ug)o o T, = ((M)—l o Twsg)2 .

Note that the second equation of (4.8) is equivalent to

(4.8)

(ug)s — N (ug)s 0 Ty = A~ ((M)—l o Tw5g>2 .

We see that for £ > 2, both equations in (4.8) admit a unique solution similar to that
in (3.8). Therefore, we see that, once we choose u; (and, of course, ug), then all the

coefficients wuy, ¢ > 2, are uniquely determined. Furthermore, we have recursive bounds
el a, < CllSellnm, - (4.9)

We therefore, conclude that the only solutions of the conjugacy equation are obtained
just by changing the origin in the equation or by scaling the linear coordinates. These

are the non—uniqueness that we had already observed in Remark 3.

Remark 9. Notice that, as a corollary of the uniqueness, we obtain that for analytic
systems all solutions of the conjugacy equation which have the appropriate scale factor
are automatically symplectic. The reason is that we have established in Theorem 2 that
there exists a symplectic solution; the solutions with a different scale factor cannot be
symplectic. It is possible to give a geometric proof of this fact, which has the advantage
that it applies also to finite differentiable maps. One can really understand this because we
can construct the conjugacy also by h = lim;_, h; = lim,;_, fo_joD(hofj)ofj. Imposing

that Dh o f satisfies (3.6), we obtain hi§2 = Qo and hence the symplectic property.

4.3. Convergence of the series by the majorant method. For the sake of com-
pleteness, we present the proof of the convergence of the perturbative series developed
in (4.5) using the method of majorants; this was the method of proof that was used in
24] (see also [25]). It is a general method to show convergence of formal solutions of
functional equations. It was widely used at the time of [24], but it was superseded by

techniques based on implicit function methods, so it has sort of disappeared. Of course,
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one can also give a treatment of the convergence of our problem using implicit func-
tion theorems in Banach spaces too. Since the proof of convergence in our problem is
only moderately more complicated than the case of the one-dimensional map in [24], we
decided to include also a presentation of the majorant method.

Of course, at the time of [24], the method was used for numerical series and the goal
was to estimate the absolute value. With a modern perspective, it is straightforward to
remark that one can use it also for series of functions in a Banach space, and the role of
the absolute value is taken by the norm.

The goal of the majorant method is to estimate a recursion of the form generated by
(4.8), namely

wp = Lo(ug, ... uq) (4.10)

where u, are functions in a Banach space and I'y is a polynomial. We expand I'; as
o k1 kéfl
Co(ug, ... upq) = E R P T
k

where ag, . r,_, are multilinear operators.

In our application, the polynomial T'; is obtained from (4.8) as Dy *((M)~! o T,,Sy),
where Dy is given by Dyu = bu — Xu o T,,. We take b = 1 in the first component, b = A
in the second component and S, is the coefficient of order ¢ in the Taylor expansion
(compare with (4.5)). The important point is that, for £ > 2, D, ! is a bounded operator
and that the bound is independent of /.

The majorant method is based on the following elementary general result that we will

later apply in our case for appropriate choices of the majorant recurrence.

Proposition 10. Assume that we can find a sequence of real polynomials Yy, £ > 2, with
positive coefficients, say Yo(o1,...,00-1) = > _; boky. ey, alfl ) ..aff‘ll, such that Ty is a

majorant of I'y, namely
|k by | < boky by -

Assume that o1 > ||uq||. Denote by oy the solution of the recursion:
op="T(01,...,00-1) , 0>2;
then, the solutions of the recursion (4.10) satisfy the inequality

||uel| < oo (4.11)

Proof. The proof of Proposition 10 is clearly by induction, using that T, is monotone

in all its arguments. By definition, (4.11) holds true for £ = 1. For ¢ > 2, assume that
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luj|] < ojfor 1 <j <{¢—1; then, one has

Juel = MITe(un, o uea )|

k’1 k'lfl
< E ’afklmkeq‘ 01 -+ 0p_4
k

§ : k ke—1
bfky..k’e_l 011 -0y 4
k

= Yy(o1,...,001) =0y .

IN

O

To prove the convergence of the solution of (4.8) using Proposition 10 we make some
choices for the majorant Y,, so that we can show that ||u|| < o4, where o, < 7 for
some 7 € RT. Equivalently (by Cauchy bounds), we show that o(z) = i>1 0;27 is an
analytic function in a neighborhood of z = 0.

To this end, the first observation is that, because f is analytic, then for some p € R,

we have for a = (v, ..., ) € Z7} and for all § € T:
1 (03 «
LD )0 K@) <

Since Sy is the sum of terms composed by the above derivative of f o K times some
powers of u;, applying the triangle inequality in the sum of terms defining the expression
of Sy, due to (4.9) we see that we can take Y, to be the coefficient of order ¢ in z in the

expansion of

(S = g

11— 0
n>2 >l [ 25>1 0

(notice that the term for n = 1 coincides with the linear term in g, o T,, appearing in

(4.5)).

We write:
o(z)=01z+07(2) =012 + Z o2 .
j>2
We see that the recursion oy = Yy(01,...,04-1) is equivalent to the fact that o(z) satisfies
2
o (z) = o) (4.12)
1 — po(z)
or, equivalently,
> 2
o1z +07(2) = (lorz + 07(2))) + 012 . (4.13)

1= porz — po>(z)
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It is easy to see that, if we fix o1, one can find, by algebraic manipulations, a ¢~ (z) solving
(4.13). This solution is clearly analytic in a neighborhood of z = 0. By Proposition 10, we

have that ||us|| < oy, so that the perturbative series converges in a small neighborhood.

5. EXTENSION OF THE RESULTS TO QUASI-PERIODIC PERTURBATIONS

The goal of this section is to present an elementary construction that allows to extend
the results presented before to quasi—periodic perturbations. The motivation is that
quasi—periodic perturbations of conformally symplectic systems have been widely consid-
ered in the literature (see [5, 13|, where a one-dimensional dissipative system subject to
a quasi—periodic forcing term has been considered).

The construction will be quite elementary and it is an analogue of the standard sym-
plectic extensions considered very often in the treatment of periodic or quasi—periodic

Hamiltonian systems.

5.0.1. Definitions. We recall that a quasi—periodic map F' and a quasi—periodic vector

field X are given, respectively, by:
Fz, ) = (f(z,0), 0 +v)
(#,¢) = (X(z,90),v) ,
where z lies in a phase space P, ¢ € T/, v € R and f : P x T* — P. For flows,
X(z,0) € T,P,p T, veTl, T =R
A quasi—periodic solution of (5.1) is an embedding K of T¢ x T* into P satisfying

(5.1)

fK(0,9),9) = Kl+we+v)
w-0pK(0,0) +1v0,K(0,0) = X(0,¢).
Notice that we are not assuming any irrationality condition on w, v, which could even
be rationals. In particular, our quasi—periodic solutions include as special cases families
of periodic solutions, for which the results remain valid. Other results (e.g., the KAM
theory in [7, 8]) require Diophantine conditions.
The quasi—periodic map F' is conformally symplectic, when P has a symplectic form €2

and, for every ¢, defining f, : P — P by f(z,¢) = f,(z), we have
(£)°0 =0
Similarly, a flow is conformally symplectic if for every ¢ we have

Lx(.#,)Q = UQ .
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Note that for a fixed ¢, X(-,¢) is a vector field in P and L is the Lie derivative in P.

Again, we remark that quasi—periodic flows are generated by quasi—periodic vector fields.

5.1. Main construction. The goal is now to show that all the above constructions
embed naturally in a conformally symplectic system of higher dimension. In this way,
we can apply the main result of Theorem 2 to the extended system and we can obtain
results for our original system.

We consider P = P x T" x R” and we equip it with the symplectic form Q = Q &
2?21 dA; N dpj. Given a quasi-periodic map F' as above, we extend it as P by

F(x,p, A) = (f(x,90), 0 +1,AA) .

Similarly, we extend a quasi-periodic flow by introducing X as

X(x, 0, A4) = (X(z,9),v,nA) .

It is immediate to check that if F' (respectively, X) is quasi—periodic conformally sym-
plectic, then F' (respectively, X) is conformally symplectic.
Given a quasi—periodic solution and K as above, we extend it as (respectively, in the case

of maps and in the case of flows)
K(0,9) = (K(0,9),9 +v,04) . K(0,9) = (K(6,¢),v,n4) .
It is also immediate to realize that, if K is a quasi—periodic solution for the map F', then
FoK = Ko Ty,
(WD, v, )K = X oK,

where T}, , is such that Ko T,.,(0,¢p) = f((@ +w,p+v).

5.2. Some elementary consequences of the construction. It follows from the above
construction that, if we are given a quasi—periodic solution of a quasi—periodic system,
then we can determine a solution of the extended system.

Applying the main result, we can find a neighborbood of the orbit in which the system
is conjugate to the linearized version, say Fy.

This leads to a non—autonomous linearization, when we eliminate the added variables
in the extended system and, in particular, to the fact that the quasi—periodic solution is

attractive.

Remark 11. Notice that we are not claiming that this construction suffices to extend
the KAM theorem in [7] that shows stability of the quasi—periodic solutions. The fact is
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that the KAM theorem of [7| requires non—degeneracy assumptions that are not verified
by the extended system and that are not created by the extension.

On the other hand, we mention that there is indeed a KAM theorem for quasi—periodic
perturbations, but this requires more sophisticated arguments, than using the constructions
presented here to reduce it to [7]. Some of such theorems have been presented in [14].
Another line of argument, close to that in [7] is to observe that perturbations of quasi—
periodic systems are very special and one can develop for them a theorem with weaker

non—degeneracy assumptions (compare with [8]).

5.2.1. Relations with the perturbative approach. In [5, 13] a one-dimensional dissipative
system of the form
i+t +g(x) = flwt)

is studied, where v > 0 is the dissipative coefficient, g : R — R, f : T" — R, are real
analytic functions, w € T" is the forcing frequency. The analysis of this system is based
on the study of the response solution, namely the solution which is quasi—periodic with
frequency equal to the forcing frequency. For v large enough, the solution is explicitly
constructed through a perturbative approach in € = 1/, provided some conditions are
fulfilled, precisely that w satisfies the Bryuno condition and that there exists a zero xg
of odd order m of the equation g(z) — f = 0, being f the average of f. Under such
assumptions, the response solution provides a local attractor (see [5, 13]).

In the geometrically natural language of Section 3.1, the response solution associated

to a vector field X' is given by DX" o K(#). The automatic reducibility developed in [7]
Id 0

0 e™Id
matrix M given explicitly in (3.3). We note that the construction leading to (3.5) is non—

shows that DX"o K(6) is conjugated to and the conjugating matrix is the

perturbative, but it also makes sense when K is substituted by a perturbative expansion
(e.g., a formal sum of trees). We stress that the solution obtained in the present paper is
very general and, in particular, it does not require any assumption on w (like the Bryuno

condition) or on the vector field.
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