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Abstract. A persistence theorem for attracting invariant tori for systems subjected to rapidly
oscillating perturbations is proved. The singular nature of these perturbations prevents the direct
application of the standard persistence results for normally hyperbolic invariant manifolds. However,
as is illustrated in this paper, the theory of normally hyperbolic invariant manifolds, when combined
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1. Introduction. We will prove a persistence theorem for attracting invariant
tori for systems subjected to rapidly oscillating perturbations. The singular nature of
these perturbations prevents the direct application of the standard persistence results
for normally hyperbolic invariant manifolds. However, as we will illustrate in this
paper, the theory of normally hyperbolic invariant manifolds, when combined with an
appropriate continuation method, does apply.

Systems with rapidly oscillating perturbations arise naturally when a priori stable
systems are periodically forced. In fact, partial averaging (perhaps to some high order)
at a resonant torus together with a rescaling to slow time produces a system with a
rapidly oscillating perturbation. For example, systems of this type are obtained in
the dissipative periodically forced oscillator models introduced in [2].

We will consider the existence of invariant tori for a smooth family of differential
equations of the form

T = f($76) +€g(3’],t,€),

where g is a periodic function of the independent variable. For systems of this type,
the behavior of the subsystem

.’k:f(x,G)

at € = 0 is important. If this subsystem has a normally hyperbolic invariant manifold
at € = 0, then the persistence of this manifold into the full system is a result of the
general persistence theorems of Fenichel [3] and Hirsch, Pugh, and Shub [7]. However,
in many applications, either there is an invariant manifold at € = 0 that is not normally
hyperbolic or the system is singular at ¢ = 0. For example, the first situation will
arise when a periodically forced oscillator is averaged at a resonance. In these cases,
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a change of coordinates and a rescaling of the independent variable often yields an
equivalent family, for € # 0, of the form

(1.1) y' = F(y) +eG(y,7/e€)

with new independent variable 7. While the subsystem

(1.2) y' =F(y)

of the family (1.1) in these new coordinates no longer depends on the perturbation
parameter, and is therefore regular, the singular nature of the perturbation is reflected
in system (1.1) by rapid oscillations of the perturbation term in the slow time.

If the subsystem (1.2) has a normally hyperbolic invariant torus, then a small
C" perturbation will also have a normally hyperbolic invariant torus by the general
persistence theorems mentioned above. However, in the full system (1.1), the pertur-
bation is not defined at e = 0. Also, we note that the perturbation is not C' small. In
fact, the partial derivative with respect to 7 can be large relative to €. Thus, the usual
persistence theory does not apply directly. To overcome this difficulty we will use the
idea introduced by Kopell [8] of embedding the system into an auxiliary family given
by

(1.3) y' = F(y) + 6G(y, 7 /e €).

If € > 0 is fixed and 6 > 0 is sufficiently small, then, by the usual persistence theory,
the system (1.3) has a normally hyperbolic invariant manifold. We will show that if
€ > 0 is sufficiently small, then this normally hyperbolic invariant manifold can be
continued in this family to 6 = e.

The plan of the paper is as follows. In section 2, a description of the origin of
the model system that we will study is given. In section 3 we discuss some previous
work by Kopell [8] on the continuation problem for system (1.3). A conceptual gap in
this work will be described. Also, we will present the general method for continuation
that is used in this paper. The statement of our main theorem on the existence of
invariant tori is in section 4, and the remaining sections of the paper are devoted to
its proof.

2. A periodically perturbed oscillator. In this section we will briefly de-
scribe the origin of the explicit perturbation problem that we will study; see [2] for
more details.

Consider a periodically perturbed planar oscillator given by

(2.1) = f(u) +eg(u, ),

where, for each u € R?, the function ¢ — g(u,t) is 2m/Q periodic and € is a small
parameter. Let us assume that the unperturbed system

(2.2) u= f(u)

is Hamiltonian and it has a regular period annulus A, that is, an annulus consisting
entirely of periodic orbits such that the associated period function is regular. Also, for
each point ¢ in the domain of definition of the system (2.1), let ¢t — (¢, ¢, €) denote
the solution of (2.1) with the initial condition u(0, (,€) = .
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A periodic orbit T in A with period T is called resonant if there are relatively
prime positive integers m and n such that

2
(2.3) mﬁﬂ = nT.
If T is a resonant periodic orbit and p € T', then the associated (subharmonic) Melnikov

function is given by

m2m /Q
(2.4) M™(g) = / F(ult, p,0)) A glult, p.0).t — ) dt.

From a geometric point of view, the sign of the Melnikov function on a resonant
orbit determines the “drift direction” for perturbed orbits. If, for example, the Mel-
nikov function has a fixed sign, then perturbed orbits drift away from the vicinity
of the resonant orbit in a direction determined by this sign; while if the Melnikov
function has a simple zero, then there is a nearby perturbed periodic orbit; see [5],
9, [11].

If the Melnikov function vanishes identically on a resonant orbit, then a reason-
able expectation is that the corresponding unperturbed torus in the phase cylinder,
corresponding to the unperturbed resonant orbit, persists under the perturbation. If
the perturbation is dissipative, then the perturbed invariant torus is an attractor. The
presence of this attractor is often one of the dominant features of the global dynam-
ics: perturbed orbits are entrained to this torus. Thus, the existence of invariant tori
is an important consideration in the analysis of the global dynamics of the system.
However, as we will see, the proof of the existence of an attracting invariant torus in
this context requires additional hypotheses as well as a delicate perturbation analysis.

To study the dynamics of differential (2.1) near a resonant periodic orbit, it is
convenient to consider the system in action angle coordinates. In fact, there is a
smooth change of coordinates in a neighborhood of the resonant orbit such that the
differential (2.1), in the new coordinates (I,1), has the form

(2.5) I=eF(I,9,t), 9=w(l)+eG(I,0,t),

where both F' and G are 27 periodic in ¢ and 27m/Q periodic in ¢. In these coordi-
nates, the resonant orbit is given by {(I,) : I = Iy}, where
27 27
2. 2
(2.6) me =n- o)

A “normal form” for system (2.5) with € > 0 at the resonant orbit is obtained by
using the coordinate transformation

I=Iy+vel, 9=uwl)t+o,

followed by the Taylor expansion of the resulting vector field to third order in powers
of \/e. The transformed system

/ :ﬁF(Io, w(Io)t + o, t) + EFI(Io,w(IQ)t + o, t)f
+ 2 Fr1(Iy, w(Io)t + o, t)0% + O(e?),

& =vew (Io)t + (Gl w(lo)t +0.1) + %w”(zo)e?)

(2.7) + 32 (GI(IO,w(IO)t o)+ %w”’([o)ﬁg) +O(e?)
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is in the “time periodic standard form,” the correct form for averaging. Under the
assumption that the Melnikov function vanishes on the resonant orbit, that is, the
average of F' in the new coordinates vanishes, there is an averaging transformation
(slightly more general than the transformation used in [2] where the average of G is
also assumed to vanish) such that the averaged system has the abstract form

(= 1?p(0)t + 1 (4(0) € + 1(0)) + 1'R(L, 01, ),
(2.8) &= pM+ 2wl + g(0)) + pS(l, o, t, ),

where p, ¢, v, and g are 27 periodic functions, A, p1, and v are real numbers, and both
of the functions R and S are 27 periodic in ¢ and 27/ periodic in ¢. In fact, all of
the functions appearing in the system (2.8) are identifiable in terms of the original
vector field. Also, the new small parameter is defined by p := /€.

Let us rewrite system (2.8) as the autonomous system

Aé = u2p(0)€ + M3 (q(J)£2 + T(O—)) + M4§(£a g, ¢, /1’)7
o= M)\é + ,1142(1/£2 + g(U)) + M3§(£7 g, Spvﬂ“)’
(2.9) p=1,

where ¢ is a new angular variable modulo 27m/Q. Also, let us assume that the family

is class C*°. We will seek an invariant torus for system (2.9) as the graph of a periodic

function (o, ) — h(o, ); that is, h is 27 periodic in o and 27m/Q periodic in .
The Lyapunov—Perron method is used in [2] to prove the following theorem.
THEOREM 2.1. Consider the differential (2.9) and define

M:= mi 0.
olnin, Ip(o)| >

If g(o) =0, A #0,
(2.10) 5M > Lip(p), M? > 6|7 ]]o.1,

and p is sufficiently small, then there is a periodic function h € C%' (supremum
+ Lipschitz norm) such that its graph {({,0,t) : £ = h(o,t)} is an invariant torus
for (2.9).

Here, M is a measure of the minimum “normal contraction rate” and the in-
equality M2 > 6|A|[|7||o.1 is a sufficient condition to preclude “roll up” of the invariant
manifold at a sink; see the example in [2, p. 63]. The inequality 5M > Lip(p) does not
seem to have a geometric interpretation; rather it arises from the technical estimates
in the proof.

We note that Robinson and Murdock in [10] prove the existence of invariant
tori for a differential equation similar to system (2.9). Their result concerns the
continuation of certain nonresonant unperturbed tori in analytic systems.

3. Normal hyperbolicity and continuation. In this section we recall the def-
inition of normal hyperbolicity and discuss the basic idea, introduced by Kopell [8],
that we will use to continue invariant manifolds. While our continuation method
applies to normally hyperbolic invariant manifolds with expanding and contracting
normal directions, in this paper we discuss only the case of normally hyperbolic in-
variant manifolds with no unstable normal directions. In particular, when we use the
phrase “normally hyperbolic” we will use it in this restricted sense.
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Let us consider a smooth differential equation
& = F(x), reR"

with flow ¢! that has an overflowing invariant manifold M = M UAdM. Also, let T M
denote the tangent bundle of M, and, with respect to the usual inner product on R"”,
let N denote the bundle normal to TM over M. Then,

TyR™ = TM & N,

and there is a natural orthogonal projection II : Tj;R™ — N. Recall that in this
context (see [3]) there are operators

Ay(p) := Do™" (p)|1ynr : TyM — Tyt () M,

(3.1) By(p) :=1,D¢" (¢~"(p)) | t No—t(p) = N,

¢~ t(p)
and Lyapunov-type numbers, introduced in [3], are assigned to each point p € M as
follows:

. . In [[A¢(p)||
3.2 v(p) := limsup || B l/t, o(p) :=limsup ————.
(3:2) (p) m Sup [ Be(p)ll (p) MU B )]

The number v(p) measures the “exponential of the normal contraction rate” while
o(p) compares the normal and tangential contraction rates. Both of these numbers are
constant on orbits. Moreover, the Lyapunov-type numbers of an orbit are dominated
by the supremum of the Lyapunov-type numbers on its a-limit set. Thus, to prove
that M is normally hyperbolic, it suffices to compute the type numbers on the limit
sets of the flow that are contained in M. A basic persistence result of Fenichel [3]
states that if for all p € M, we have v(p) < 1 and o(p) < 1/k for some positive
integer k, then the manifold M persists under small C' perturbations by C* vector
fields. Moreover, the perturbed manifold is C*. Let us mention that M, with the
hypotheses of Fenichel’s theorem is called k-normally hyperbolic. We will also use
an equivalent formulation of k-normal hyperbolicity introduced by Hirsch, Pugh, and
Shub [7]. A specialization of their definition to our perturbation problem is given
below in display (8.11).

The persistence results just mentioned are widely applicable. However, in the per-
turbation problem (1.1) mentioned in the introduction, the existence of an invariant
manifold cannot be obtained by a direct application of these persistence results due
to the singular nature of the perturbation terms. Also, in the setting of the auxiliary
family (1.3), the persistence result does not guarantee the existence of an invariant
manifold up to § = €. On the other hand, in combination with an appropriate contin-
uation method, the full strength of the persistence theory can be exploited to study
perturbation problems of this type.

The idea of the continuation method is simple. To describe it, let us consider the
smooth family E*€ of differential equations

(3.3) & = f(z,€).

Suppose that E° has a k-normally hyperbolic invariant manifold A (0), and we wish
to know if there is a corresponding family M (e) of k-normally hyperbolic invariant
manifolds that can be continued to some preassigned value of €, say, ¢ = 1. In this
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case, we can proceed in the following manner: Define A to be the set of all € in the unit
interval such that, for all € € [0,¢], the corresponding system E< has a k-normally
hyperbolic invariant manifold M (€¢'), and then prove that A is nonempty, open, and
closed. Because M (0) is a k-normally hyperbolic invariant manifold for E°, A is not
empty. The fact that A is open follows from the general persistence theory. Thus,
all that remains is to show that A is closed; that is, if €, is the supremum of A, then
€+ € A. This can be accomplished in two steps: Prove that the system E¢* has a C!
invariant manifold; then, prove that this invariant manifold is k-normally hyperbolic.
Since we have a family of k-normally hyperbolic invariant manifolds M (¢) defined for
¢’ € [0,¢€.), the first step can be proved by showing that these manifolds are realized
as graphs of an equicontinuous family of C! functions. The C* smoothness of the
limit manifold is obtained as a consequence of the second step which can be proved
by checking the definition of k-normal hyperbolicity.
Let us consider a general family of the form

T = f(m,e) + 69(:1776)7

where, for some 6y > 0, the system & = f(z,8) has a normally hyperbolic invariant
manifold for 0 < § < §y. Kopell [8] studies a model equation that can be viewed as a
special case of this family. To apply the general continuation method just described,
she introduces an auxiliary family, which in our more general context would be

&= f(x,6) + eg(z, ).

For this auxiliary system, if 6 € (0,8p), then there is some €(6) > 0 such that, for
0 < e < €(8), the corresponding member of the auxiliary family has a normally
hyperbolic invariant manifold M (8,€). The idea is to fix some 6 > 0 sufficiently
small so that continuation of normally hyperbolic invariant manifolds relative to the
parameter € can be carried out all the way to e = §. If this continuation is possible,
then the member of the original family corresponding to ¢ = § has an invariant
manifold.

In [8] (see also Wiggins [12, pp. 168-170]), a continuation theorem is stated for a
family of the type described above, but of a more special form. However, the strategy
of the proof of this theorem contains a gap. To describe the gap it is not necessary to
consider the precise form of the equations or the hypotheses of the theorem. Rather,
we will explain the problem in a general framework. Indeed, let us consider the
parameter space of a family of differential equations and the subspace N corresponding
to family members with a normally hyperbolic invariant manifold. Suppose that a
path in A approaches the boundary of A/. Also, consider the supremum of each
of the Lyapunov-type numbers v and o taken individually over the orbits of each
normally hyperbolic invariant manifold in a continuous family. It is perhaps natural
to suspect that the limit of at least one of these suprema converges to the number
1 as the path approaches the boundary. In other words, one might assume that the
normal hyperbolicity is lost at the boundary only in this manner. However, this is not
always the case. In fact, there may be paths for which the corresponding continuous
family of normally hyperbolic invariant manifolds has both Lyapunov-type numbers
uniformly bounded below one but the family of invariant manifolds does not converge
to a C!' manifold. Thus, in a continuation argument, it is required to prove that
smooth invariant manifolds exist over the entire continuation interval and that all
these manifolds are normally hyperbolic. The following example clearly shows why
both requirements must be satisfied.
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Consider a planar system
&= f(z)

with a homoclinic loop at a hyperbolic saddle p whose eigenvalues a and 3 are such
that a4+ < 0. In particular, the loop will be stable from the inside and the divergence
of the vector field f at p is negative. Now add a one parameter family of perturbations
g(z, €) so that for —1 < e < 0 there is a limit cycle I'(¢) that limits on the loop as €
approaches zero from the left and such that there is no limit cycle for € > 0. If we
view I'(e) as an invariant manifold, then the corresponding Lyapunov-type number
o(e) is identically zero. Also, the Lyapunov-type number v(e) of T'(e) is exactly its
Floquet multiplier; that is,

v(e) = BT?E) fOT(E) din(v(he))dt,
where t — (¢, €) is a periodic solution corresponding to the limit cycle and T'(e) is its
period. Since the periodic solution spends most of its time near the hyperbolic saddle
point, the Lyapunov-type number v(¢) approaches e®*? as ¢ — 0. In particular,
both Lyapunov-type numbers are bounded above by some number that is strictly less
than one. But, the limit of the hyperbolic limit cycles is the nonsmooth homoclinic
loop. Thus, in general, it is not enough to obtain uniform estimates on the Lyapunov-
type numbers to ensure that a family of normally hyperbolic invariant manifolds can
be continued.

4. Statement of main result. In this section we will state the continuation
theorem that will be proved in this paper.

To obtain an invariant manifold for system (2.9) using a perturbation argument,
it is useful to have an unperturbed system with an invariant manifold. As given,
system (2.9), even after rescaling time, is degenerate in the limit as p approaches
zero. To remedy this problem, we will change coordinates and also rescale time so as
to obtain a suitable perturbation problem.

Let us suppose that u # 0. Introduce new coordinates £ = up, 7 = p2¢p, and a
slow time s = p?t, and note that system (2.9) is equivalent to the system

( )p+1(0) + p2q(0)p* + pR(up, o, 7/ 12, 1),
p+9(o) + pvp® + pS(up, o, 7)1, 1),

\1 Q\ b)
||

\
Il
—

(4.1)

)

where the symbol “’” denotes differentiation with respect to s. Let us also use the
new coordinate p := Ap + g(o) to express system (4.1) in the form

p' = A(o)p+ A(o) + pR(p,0,7/1, 1),
o' =p+uS(p,o,7/u?, 1),

(4.2) =1,
where
(4.3) A(o) = Mr(o) = p(o)g(o),  Alo) =p(o) +4'(0),

and the functions R and S are 27 periodic in o and 2rmu?/Q periodic in 7.
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Let us write o € S! to indicate that o is an angular variable in the interval
0 < o < 27 with the end points identified. Also, we will use the following hypothesis.

HYPOTHESIS 1. For each o € St, A(o) # 0 and A(o) < 0.

THEOREM 4.1. If k > 2 is an integer, Hypothesis 1 holds, and |u| > 0 is suffi-
ciently small, then system (4.2) has a k-normally hyperbolic invariant torus.

We note that the k-normal hyperbolicity of the invariant torus in the conclusion
of Theorem 4.1 implies that the invariant torus is C*; see [7]. Also, as an immediate
corollary of Theorem 4.1—just reverse the direction of time—the same conclusion
holds under the assumption that, for each o € S!, A(c) # 0 and A(o) > 0. Also, if
we assume that g(o) =0, as in Theorem 2.1 and if we assume that r has no zeros as
in Hypothesis 1, then Theorem 4.1 is a generalization of Theorem 2.1. Indeed, the
inequalities required in Theorem 2.1 are all replaced by the requirement that p has
no zeros.

Finally, we mention that Theorem 4.1 is not valid if Hypothesis 1 is modified to
allow the function A to have zeros. In fact, to obtain an analogue of Theorem 4.1
in case A has zeros, additional restrictions must be imposed. The formulation of the
“right” hypotheses needed to prove an analogue of Theorem 4.1 in this case remains
an interesting open problem.

The main idea of our proof of Theorem 4.1 is to view system (4.2) as a perturbation
of the system

p'=A(o)p+ Ao),
o' =p,
(4.4) =1

and to show that the unperturbed system (4.4) has a normally hyperbolic invariant
torus that continues to an invariant torus for system (4.2). We also note that the
invariant torus for system (4.4) is the suspension of a normally hyperbolic invariant
(simple closed) curve for the system

p'=A(o)p + Ao),
(4.5) o =p.

5. Existence of an invariant curve. In this section we will prove that the
unperturbed system (4.5) has a normally hyperbolic invariant curve. More precisely,
we have the following theorem.

THEOREM 5.1. If Hypothesis 1 holds, then the system (4.5) has a C* normally
hyperbolic invariant simple closed curve given as the graph of a C*° function of the
angular variable.

There are several ways to prove Theorem 5.1. For example, a positively invariant
annulus can be constructed, and the existence of a limit cycle can be proved using the
Poincaré-Bendixson theorem. While the proof given below is more involved, it serves
to illustrate the continuation technique that will be used in our proof of the existence
of an invariant torus for system (4.1).

Our idea is to find a family of systems that includes system (4.5), to find a member
of the family that has a normally hyperbolic invariant manifold, and then to continue
this manifold through the family to the system (4.5).

Let us consider the family

§ = A(0)p+eA(0),

(5.1) "= p.
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We will use the next obvious lemma.

LEMMA 5.2. If Hypothesis 1 holds and ¢ > 0, then system (5.1) has no rest
point.

Theorem 5.1 is an immediate consequence of the following lemma.

LEMMA 5.3. If Hypothesis 1 holds for system (4.5), then system (5.1) has a C*
normally hyperbolic invariant curve that is given as the graph of a C* function of the
angular variable for all e € [0, 1].

Proof. By Hypothesis 1, the function A does not vanish. Without loss of gener-
ality, we will assume that A(c) > 0 for all 0. Also, by Hypothesis 1, the curve given
by {(p, o) : p =0} is a normally hyperbolic invariant manifold for the member of the
family (5.1) at ¢ = 0. Following the strategy discussed in section 3 let us consider the
set A of all € in the closed unit interval such that for all € € [0, €] the corresponding
member of the family (5.1) has a normally hyperbolic invariant closed curve v¢ given
as the graph of a C*° function h¢ of the angular variable. We will show that A is
nonempty, open, and closed. This implies A = [0, 1].

Because the invariant curve given by {(p, o) : p = 0} is normally hyperbolic for
the family member at ¢ = 0, we have that 0 € A and therefore A is not empty.
The fact that A is open follows from the persistence results for normally hyperbolic
invariant manifolds. Let us define ¢, = sup A. To complete the proof we will show
that e, € A; that is, A is closed.

Consider the family of curves

(k) :={(p,0) €R?: p— kA(c) = 0},

where k € R. Note that the curve I'(k) is the graph of a periodic function of the
angular variable. Thus, it separates the phase cylinder given by (p,0) € R x S'.
Moreover, on I'(k), by a straightforward computation, it follows that the dot product
of the gradient of the function (p,o) — p — kA(o) and the vector field corresponding
to the differential equation E* is given by

(5.2) (—HQA/(O') + kA(0) + €) Alo).

For € € [e./2,€,), there exists kg > 0 such that the coefficient of A(o) in (5.2)
with k = kg is positive for all 0. Hence, the vector field corresponding to E€ is
transverse to the curve I'(kg). Because the function A is positive, it follows that ¢
lies above the curve I'(kg); that is, h(0) > koA(o). Similarly, if v € R is sufficiently
large, then ¢ lies below the curve {(p, o) : p = v}. In particular, the set of functions
S:={h®: €€ [e./2,€)} is uniformly bounded.

Using the invariance, the function h¢ satisfies the differential equation

_A©)
he(o)

(5.3) hi (o) = Ao) +

Thus, we have that |hS| < |A(0)| + €/ko uniformly for € € [e./2,¢,), and, as a
result, the set S is equicontinuous in the C° norm. By Arzela’s theorem, there is a
subsequence that converges to a continuous function h¢*.

We claim that the graph of A is an invariant set for E<-. To prove the claim,
let s — (p(s,q),0¢(s,q)) denote the solution of E€ such that ¢€(0,q) = ¢ and
p°(0,9) = h(q), and let us suppose that h® converges to h**. If s € R, then,
using the continuity of the flow with respect to parameters, we have that o (s, q) —
o (s,q) and p™(s,q) — p(s,q). By passing to the limit as n — oo in the identity



Downloaded 09/17/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

CONTINUATION OF INVARIANT TORI 395

P (s,q) = ho (0" (s,q)), we have p®(s,q) = h® (0% (s,q)). Thus, it follows that
the graph of A is an invariant set for F¢*. Because this invariant set is a single
orbit of the differential equation, it is C'°°. Moreover, because the function A is ev-
erywhere negative, this invariant set is normally hyperbolic—it is a hyperbolic limit
cycle. 0

6. An a priori estimate for perturbed manifolds. The following propo-
sition, which perhaps has independent interest, will play a key role in our proof of
Theorem 4.1. While the statement of this proposition is natural, we do not know if
it appears in the literature. Thus, we will give a complete proof in the appendix.

ProprosITION 6.1. Consider a smooth planar vector field

(6.1) o’ = f(x)

with a periodic solution t — x(t,p) of period w corresponding to the periodic orbit T'.
If T is hyperbolic and asymptotically stable, that is,

b:= /wter(:E(up))dt <0,
0

then there exist a neighborhood N of T' and a constant C > 0 such that for every
smooth function g : N — R? for which the differential equation

(6.2) a' = f(x) + g(x)
has an invariant set T C N, we have the following a priori estimate:
sup{d(z,T) : 2 € T} < C||g|lco,

where ||g||co is the supremum norm over N and d denotes the usual distance between
sets.
PROPOSITION 6.2. Consider a planar differential equation

o' = f(x)

with a hyperbolic limit cycle T’ of period T > 0, and let T be an angular variable
modulo T. If T is asymptotically stable, then there is a neighborhood N C R? x R of
the corresponding invariant torus M for the system

¥ = f(z), =1

and a constant C > 0 such that for every smooth function g : N — R%, with g(x, T +
T) = g(z,7) for each x € R? and all T € R, and for which the system

o' = f(x) +gla,7), =1
has an invariant set M C N, we have the a priori estimate

sup{d(z, M) :z € M} < C||glco-



Downloaded 09/17/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

396 CARMEN CHICONE AND WEISHI LIU

7. Existence of invariant tori. In this section we will state our result on the
existence of an invariant torus for the systems (2.9) and (4.2) as well as the main
lemmas that we will use to prove it. In fact, we will prove the existence of invariant
tori for systems of the more general form

f(p,0) + uR(p, 0,7/ 1, ),
9(p. o) + uS(p,0,7/1>, 1),
1

/
!

S Q. ™
I

/
)

(7.1)

where |u| > 0, where f, g, R, and S (redefined for this section) are all C" functions
that are 2m-periodic functions of the angular variable o, and where the functions
t— R(p,o,t,u) and t — S(p,o,t, u) are 2rm/Q-periodic. For system (7.1), we view 7
as an angular variable modulo 2rmu? /€ and we let s denote the independent variable.
Note that the slow time system (4.1) equivalent to system (2.9) is a special case of the
differential (7.1). For a general discussion of integral manifolds for nonautonomous
systems, see [1], [6].

To state our main result for system (7.1), let us consider the corresponding un-
perturbed system

(7.2) p=f(p.o), o =glpo),

and the following hypothesis.

HYPOTHESIS 2. System (7.2) has an altracting hyperbolic limit cycle T that is
the graph of a function of the angular variable o.

THEOREM 7.1. If k is an integer such that 2 < k < r and the system (7.2)
satisfies Hypothesis 2, then, for sufficiently small |u| > 0, system (7.1) has a k-
normally hyperbolic invariant manifold that is the graph of a function of the angular
variables o and T.

The proof of Theorem 7.1 is given in the remaining sections of this paper using
the lemmas that are stated below. Let us note at this point that it suffices to prove
Theorem 7.1 for the case u > 0. The result for u < 0 follows from the first case by
redefining the functions R and S in an obvious manner. Thus, we will consider only
the case p > 0.

Let us consider the auxiliary family E<* given by

p' = f(p,o) + €R(p,0,7/1*, ),
o' =g(p,0) +eS(p,o,7/1° 1),
(7.3) =1

Note that, by our assumption, the suspended system

P = flp,0),
o' =g(p, o),
(7.4) =1,

where 7 is viewed as a new angular variable modulo 2rmu? /), has a normally hyper-
bolic torus that is a graph over the two angular variables o and 7. For our analysis we
will consider the torus as a submanifold of the phase cylinder C given by (p, o, 7) € R?,
where o and 7 are viewed as the angular variables defined above. Topologically, C is
the product of the real line with a two-dimensional torus.
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For each p > 0, let us denote by A" the maximal interval with left endpoint
at € = 0 such that the system E* has a k-normally hyperbolic invariant manifold,
k > 2, as defined in [7]; see also display (8.11), given as the graph of a C* function
of the angular variables. Using the continuation strategy outlined in section 3, let us
note that, for each p > 0, the set A* contains a nonempty relatively open interval with
left endpoint € = 0. Moreover, if € € A*, then, by the general persistence results for
normally hyperbolic invariant manifolds, there is an open interval containing e that
is contained in A*. Thus, Theorem 7.1 is an immediate consequence of the following
proposition.

PROPOSITION 7.2. Suppose that ;v > 0 and A* is the maximal interval with left
endpoint at € = 0 such that the system E<* has a k-normally hyperbolic invariant
manifold, k > 2, that is the graph of a C* function of the angular variables. If > 0
is sufficiently small and if e, < p is the least upper bound of a relatively open interval
with left endpoint e =0 in A", then e, € A,

Proposition 7.2 is a consequence of the following three lemmas.

LEMMA 7.3. With the hypotheses and motation of Proposition 7.2, the system
E¢* has an invariant manifold M (e., ) given as the graph of a C* function of the
angular variables.

LEMMA 7.4. If M (e, p) is the invariant manifold in Lemma 7.3, then it has an
invariant normal bundle.

LEMMA 7.5. If M(ey, p) is the invariant manifold in Lemma 7.3, then M (e, u)
is k-normally hyperbolic. In particular, M (e, i) is C* and e, € A*.

8. Notation and preliminary results. Lemmas (7.3)—(7.5) will be proved in
the following sections. In this section we will define new notation and obtain some
preliminary results that will be used in all three proofs. For the remainder of this
section let us assume that g > 0 and € > 0 are fixed, and that system (7.3) has
a normally hyperbolic invariant torus M := M (e, ) given as the graph of the C!
function h¢ of the angular variables.

8.1. Normal splitting and variational solutions. The general results for
normally hyperbolic invariant manifolds give the existence of an invariant splitting of
T C, the tangent bundle of the phase cylinder C restricted to this normally hyperbolic
invariant torus, as a direct sum of the tangent bundle of the invariant torus M and
an invariant normal bundle.

For notational convenience, let us define new functions

F(p,0,7,1,€) := f(p,0) + eR(p, 0,7/, p),
(8.1) G(p,o,7,1,€) = g(p,0) + eS(p, o, 7/, ),
and let us suppose that the invariant torus M (e, ) is given as the graph of the function

(o,7) — he(o, 7).
The vector field

F(he (0—7 T)? O—, 7_’ /’l’7 6)

(8.2) Xi(o,7):= | G(h*(o, 7')1, O, T, [ €)

is clearly tangent to M (e, p). Also, as is easily seen by computing the tangents to
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each curve on M (e, ) given by o — (h¢(o,7),0,7) for some fixed 7, the vector field

he (o, 7)
(8.3) X5(o,T) = 1
0

is tangent to M (e, ). Moreover, if & = (h(0,7),0,7), then Xf(o,7) and X5 (o, 7)
span the corresponding fiber T¢ M (¢, p) of the tangent bundle of M (e, p).

To determine the contraction rates for the flow on the invariant torus M (e, ), we
must consider the solutions of the first variational equation for the system (7.3). If

(84) S ’76(53 Q) = (he(o—e(sv q)a T(S)), 0—6(57 q)a T(S))

is the solution of the system (7.3) with v¢(0,¢) = (h(q,0),¢,0), then the variational
equation along the solution s +— ~¢(s, ¢) is given by

u F, F, F; U
(8.5) v’ G, G, G, v |,
w’ 0 o0 0 w

where the argument of each function in the system matrix is given by

(8.6) (h*(0(5,4),7(5)), 0°(s,4), 7(s), 1, €).

PROPOSITION 8.1. The variational (8.5) along the solution (8.4) on the invariant
torus M (e, ) has two independent solutions given by

(8.7) Xi(s) == X1 (v(s,9)),  Xals) ==y (s,0)X5(v*(s,9)),

where
t

(8.8) y(t,q) :=exp (/ (Gohs + Go) ds)
0

and the argument of F and G is given in display (8.6). Moreover, X1(s) and Xa(s)
span the tangent space of the invariant torus at each point along the solution (8.4).

Proof. The solution X (s) is just the evaluation of the vector field corresponding
to the base differential (7.3) along one of its integral curves. Thus, as is well known,
it is a solution of the variational equation.

To obtain the second solution, let us recall that the invariant torus is given as
a graph over the angular variables. In particular, the differential equation expressed
in the corresponding local coordinates—the projection (p, o, 7) — (o, 7) restricted to
the graph is the coordinate map—is given by

o =G (o,7),0,7,py€), T =1.
The corresponding variational equation has the form
v = (G,hG + Go)v + (Gohs + Gr)w, w' =0.
One of its solutions is given by

s = (v(s), w(s)) = (4°(s,9),0).
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As p = h¢(0,7) on the invariant torus, the corresponding solution of the variational
equation in the original coordinates is given by y(s, q)Xs(v¢(s, ¢))—substitute the
general base solution into the local coordinate representation and then differentiate
with respect to the initial condition.

In view of the fact that AT and X5 are independent at each point of the manifold,
and by virtue of the fact that y¢ is a positive function, the two solutions X;(s) and
Xs(s) are independent at each point along the solution ~¢. 0

Let ®¢(s) denote the principal fundamental matrix solution of the variational
equation (8.5) at s = 0. By the general theory of normally hyperbolic invariant
manifolds, there is a normal bundle over the invariant torus M that is invariant under
®¢(s). Because, M has codimension one, the fiber dimension of the normal bundle is
one. Also, let us consider the family of cylinders given by

L% :=A{(p,o,7): 7 =5},

and note that £ := U{L?® : s € R} is a foliation of the phase cylinder that is invariant
under the flow of system (7.3). Thus, it follows that £ is also invariant for the varia-
tional equation, or equivalently, it is invariant under ®¢(s). Because of the invariance
of this foliation and the normal hyperbolicity, the fiber of the invariant normal bundle
must be tangent to the leaf of this foliation that passes through the base point of
the fiber. Also, the normal bundle of the embedded torus is trivial. Thus, it has a
continuous nonzero section X;. Let us define

(8.9) Xo(s) == A5 (v*(s, ),

where 7€ is the solution defined in display (8.4). We remark here that the invariant
normal bundle is required only to be continuous. In fact, in general it is not smooth.
To determine the growth rates required for the normal hyperbolicity, let us define

_ 12°(s) X0 (0)|
X(8) = 5, )

)\2(8) L |X2(S)|

G0 = [ RO

T X))

If k is a positive integer, then the invariant torus M (e, 1) is k-normally hyperbolic, as
defined in [7], provided that there are numbers 3 > 0 and ¢ > 0 independent of the
choice of the solution on M (e, u) such that the following conditions are satisfied for
s> 0:

(8.11) A3(s) < ce™ P,

8.2. A formula for Agz(s). The vector function s — Xs(s) defined in dis-
play (8.7) is a solution of the system (8.5). Define

0 -1 0
Xs(s):=[1 0 0] Xa(s),
0 0 1

and note that there are smooth functions s — a(s) and s — b(s) such that

©(5)X3 (0) = als)Xa(s) + ()X (s).
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Moreover, it is not difficult to compute the following formulas:

b(s) = gjg;:i exp (/OS tr B(t) dt>,

= a1 ((B(5)Xa(s), X5 (s)) + (B(s) X5 (s), Xa(5))),
(8.12) a(0) =0,

where B(s) is the system matrix of the linear system (8.5).

By the above remarks, the vector Xy(s) is in the span of the linearly independent
vectors Xo(s) and X5 (s). Thus, by an appropriate choice of the nonzero normal
bundle section X, there is a smooth function s — «(s) such that

(8.13) Xo(s) = a(s)Xa(s) + X5 (5)
and a smooth function s +— A(s) such that
(8.14) D¢(5)X0(0) = A(s)Xo(s).

By substitution of the identity (8.13) into (8.14) and by using the independence of
X5 and X3, it follows that A(s)a(s) = a(0) +a(s) and A(s) = b(s). Hence, using the
definition given in display (8.10), and the formulas obtained in this section, we have
the following equalities:

@l (%R (02(s) + 1)V/2 X, (s)|
Aa(s) = A0 = (|X2<s>|2 P </ tr () dt)) (02(0) T D2[X,(0)]

o = R (R ) e ([ omon)

8.3. Derivative estimates. Under the assumptions that p > 0 and the unper-
turbed system (7.2) have a normally hyperbolic invariant manifold given as a graph
of a function of the angular variables, we know that E#, for sufficiently small € > 0,
has a normally hyperbolic invariant manifold given as the graph of a function h¢ of
the angular variables. In this section, we will determine some a priori estimates on
the size of the derivatives of h¢. We will first state and prove two lemmas. The first
reduces the main estimate from the vector to the scalar case, while the second lemma,
gives certain properties of an operator equation for one of the derivatives that must
be estimated.

8.3.1. A reduction lemma. The next lemma shows that it suffices to estimate
the partial derivative h, on a Poincaré section.

LEMMA 8.2. Suppose that p > 0 and €, > 0 and that ES* has an invariant
manifold given as the graph of the function h¢ of the angular variables for 0 < e <
€« < . If there is a constant C1 > 0 such that, for all angles o and T, the following
estimates hold:

| (0, 7) — h%(0, 7)| < Che, |hE (0,0) — h2(0,0)] < Che,
then for u sufficiently small there is a constant Co > 0 such that

|he (o, 7) — hg(m T)| < Cae.
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Proof. Let us suppose first that & = F(z,€) is a smooth family of differential
equations. If z¢ and ¥ are solutions of the members of this family corresponding to
their superscripts, then by an application of Gronwall’s inequality there is a constant
K > 0 such that

(8.16) lz€(t) — 2°(t)] < KefM(|z¢(0) — 2°(0)| + €[t]).

Let s — ¢(s, (p,0,7),€) be the solution of the system E<* with the initial condi-
tion ¢(0, (p,0,7),€) = (p,0,7T), and note that the solution ¢ defined in display (8.4)
is given by v¢(s,q) = ¢(s, (h¢(q,0),q,0),€). For each pair of angles p and 7 with
0 < 7 < 2mmp?/Q, there is a unique angle ¢¢ defined by the equation

(817) (he(qev 0)7 q, O) = ¢(_T’ (hﬁ(pa T>7p7 7)7 6)'

By an application of the inequality (8.16) to the family of solutions (8.17), if u is
sufficiently small, then there is a constant K7 > 0, that does not depend on the choice
of 7, such that

[h<(q%,0) = h%(¢®, 0) + |¢° — ¢°| < K1 (|h(p,7) — h®(p,7)| + €)

In particular, there is a constant K5 > 0 such that
(8.19) l¢° — ¢°] < Kae.

By inverting the flow in (8.17), we have that v¢(r, ¢¢) = (h°(p, 7),p, 7). Using an
obvious modification of the notation as well as the result of Proposition 8.1, let us

consider the first variational equation for E©* along the solution s — ~¥¢(s,¢¢) and
the solution of this variational equation that is given by

he(o€(s,4%), 7(s))
X5(5,q4°) = y(s,4°) 1
0

Note that its initial condition and its value at s = 7 are given by

R (q°,0) s (p, )
X5(0,¢°) = 1 , X5(1,4%) = y°(7,¢) 1
0 0

By an application of the inequality (8.16) to this family of solutions of the variational
equation, if y is sufficiently small, then there is a constant K5 > 0 such that

|y6(7_a qe)hg(pa’r) - yO(T7 qo)hg(p’ T)| + |y6(7—, qe) - yO(Ta q0)|
< Ks(lh (4, 0) — hg(a°,0)] + )
< Ka(lhg (4, 0) = ko (a5, 0)] + kg (a5, 0) — Ao (¢°, 0)] + ).

Moreover, by the hypothesis of the lemma, by inequality (8.19), and by the fact that
hY is Lipschitz, we have that there is a constant K3 > 0 such that

(8.20) Y (7,4 (p, 7) — y° (7, 4" )R (0, 7)| + 1y (7. ¢°) — 4°(7,¢°)| < Kse.



Downloaded 09/17/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

402 CARMEN CHICONE AND WEISHI LIU

In particular, both summands on the left-hand side of the last inequality are bounded
above by Kse.
By a reverse triangle law estimate starting with the fact that the quantity

(Y (7, q)RG (. 7) = ¥ (1.4)R (p. 7)) — (0 (7, ¢* )Y (p, 7) — y (7, q )3 (p, 7))

is bounded above by K3ze, by the inequality (8.20), and the fact that AY is uniformly
bounded, we find that there is a constant K4 > 0 such that

(8.21) |y“(m, ¢)IhG(p,7) — hy(p, 7)| < Kse + [ (p, 7)||y(7,¢°) — ¥°(7, ¢°)| < Kye.

By a second reverse triangle law estimate, we have that
ly“(r, a9 = 19°(r.¢°) + (¥*(7,4°) = 9°(7.4°))| = [y°(7. ¢°)| — Kzpe.

Also, if we take p > 0 sufficiently small, then there is a constant K5 > 0 such that
ly€(1,¢%)| > Ks5. The result follows from this fact and the inequality (8.21). O

8.3.2. The estimates. Some of the most important estimates that are required
for the proof of our main result are given in the next lemma.

LEMMA 8.3. Suppose Hypothesis 2 holds for the unperturbed system (7.2). There
is a number pn > 0 and a constant C' > 0 such that if €, is as in Proposition 7.2, then

|h€ — 1o < Ce,  |RS — h|co < Ce,  |hS|co < Ce

for 0 <e<e,.

Proof. We will show that, if ;4 > 0 is sufficiently small, then there is a constant
C > 0 such that |hS —hl|co < Ce. By Lemma 8.2, it suffices to find a constant C' > 0
such that, for all g € S!,

|h5 (4, 0) = hig(,0)] < Ce.

To prove this inequality, let us recall Proposition 8.1, and note that the function
given by s — (hS(0°(s,q),7(8))y°(s,q),y°(s,q)) is a solution of the “subsystem” of
system (8.5) given by

u' = (fp + GRp)u + (fo + €Rs)v,
(8.22) v = (g, +€S,)u+ (9o + €S5)v.

If We(s, q) := (¥5;(s,q))2x2 is the principal fundamental matrix solution of (8.22) at
s =0, then

(hé(af(sygg(,;(;)))ye(s,Q)> — 0(s,q) (h2(1170)) _

Therefore, we have

— wi1(57 Q)h;((L O) + ¢i2(57 Q)
’@[151(‘9’ Q)hfr(% 0) + 77[]52(8’ Q) .

Because the second angular argument 7 will often be set to 7 = 0, in the re-
mainder of the proof we will suppress the second argument in expressions involving
the functions h¢ and their partial derivatives whenever € > 0 and the second angular
argument is set to 7 = 0. In addition, the function h® is constant with respect to 7;

(8.23) he (0¢(s,q),7(8))
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thus we will always suppress its second angular argument and write h° as a function
of the first angular variable only.
If s — (p(s),0(s)) is a solution of the unperturbed system

pI:f(p7J)v U,:g(p7a)7

then the vector function

s (f(h°(0),0),9(h°(0),0))

is a solution of the corresponding variational equation (8.22) with ¢ = 0. Using the
fact that p(s) = h(o(s)) on the invariant manifold, and differentiating with respect
to s, we find that

F(h%(a(5)),0(s)) = hg(a(s))g(h®(a(s)), 0 (s)).

Thus, the function s — (h2(a(s))g(h%(a(s)),a(s)), g(h°(a(s)),a(s))) is a solution of
the variational equation. Using the fundamental matrix solution W€ defined after
display (8.22), we find that

0 0 0 _ 9(h°(a(s,9)),0(s,9))
¥21(5, Q)b (q) + ¥35(s,q) = 910, 0(@)

In view of the hypothesis that ¢’ does not vanish, there is a number My > 0 such
that |49, (s, q)hY(q) + 1¥95(s,q)| > My for every s € R and ¢q € S*.

By hypothesis, the unperturbed normally hyperbolic invariant manifold for E%#
is the suspension of an attracting hyperbolic limit cycle. In particular, the charac-
teristic multiplier of the limit cycle is negative. Using the fact that the determinant
of the fundamental matrix solution of the variational equation is proportional to the
exponential of the integral of the divergence of the vector field evaluated along the
limit cycle, it follows that there is some Ty > 0 such that, for ¢ > Ty, we have the
inequality det U0(t,q) < (1/4)Mg. If, in addition, 0 < p? < Q/(27m), then there is a
positive integer n such that Ty < 2rmnu®/Q < Ty + 1. For definiteness, let n = n(u)
denote the smallest such integer, and define

(8.24) T :=T(u) = 2rmnp?/Q.

While T will vary as p > 0 is made sufficiently small so that new requirements are
satisfied, the final value of T is an integer multiple of the period of the perturbation
terms in the corresponding differential equation E<*, the value of T' is bounded above
and below, and T approaches T as p decreases toward zero.

If we set s =T in (8.23), then

V6T, g)hs(g°) + Us(T, 0°)
V51(T,q°)hg(q°) + Y55 (T, ¢°)’
where ¢¢ is defined by the relation

(8.26) p=0o(T,q).

(8.25) he ()

Choose a bounded neighborhood N of the graph of h and the corresponding
constant C > 0 as in Proposition 6.2. Also, choose 79 > 0 so small that if |h¢—h%|co <
ro, then the graph of h¢ is in N, and note that

Q
K := sup{lR(p,a,T/uQ,u) +1S(p,0,7/1?, )] : (p0m) €N, 0 < pi? < m}



Downloaded 09/17/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

404 CARMEN CHICONE AND WEISHI LIU

is finite—the functions R and S are the perturbation terms of the system E* in
display (7.3).
Choose r > 0 sufficiently small so that, for To < T < Ty + 1,

1

8]\402

2
(827) ‘dglg + d22| > gMQ, |d€tD — det \I/O(T, q)\ <

whenever £, a real number, D, a 2 x 2 real matrix, and g € S' are such that
€ —ho(g)l <7, [D—=9T,q) <.

The existence of r with the required properties follows from the continuity of the map
(u, v, w) — |uv+w|, the continuity of the determinant function, and the compactness
of St

If we choose ;1 > 0 so small that 0 < u? < /27m and CoKpu < ro, then, by
Proposition 6.2,

(8.28) |h¢ — hP|co < CoKe

as long as |h¢ — h%|co < ro. Thus, we have that the inequality (8.28) holds for
0 < € < €. Also, by an application of the Gronwall estimate (8.16) applied to the
solutions v¢(—s,p) and 7°(—s,p) defined in display (8.4), we find that there is a
constant C; > 0 such that

h€(q%) — h2(¢")] + a° — ¢°| < C1(|h(p) — h°(p)| + €).

In view of the estimate in display (8.28), we conclude that there is a constant Cy > 0
such that |¢¢ — ¢| < Cye. By an application of the estimate (8.16) to the solutions
s+ (s, q%) and s — WO(s,q°) of the variational equation, we have, for some C3 > 0,
the inequality

[4(T, %) — BT, q")| < C3(lg° — gl + ).

To obtain the estimates in the statement of the lemma, we will first prove the
following claim.

Claim. There exists a constant C' > 0 such that, for 0 < € < e, if |h§ —hS|co <7,
then |hS — h2|co < Ce.

Proof of claim. Fix p € S', and let ¢¢ be as in (8.26). Using this notation and
the identity (8.25), we have

Vi (T, q)hG(0°) +¥ia(T,q9)  Pi(T, g)hg(g9) + ¥5a(T, ¢°)
V51 (T, q9)hs (q°) + 5o (T,q¢) 951 (T q9)hS(q°) + ¥5,(T', ¢°)
5T, g)hg () + ¥5a(T, ¢°) B YT, q°)hY(6°) + ¥0(T, 4°)
V51 (T, )G (%) + ¥ (T, q°) 931 (T, ¢°)h9(¢°) + ¥5,(T', q°)
=1+11.

g () — hy(p)| <

%)
%)

To estimate the quantities I and I, let us consider, for real numbers £ and 2 x 2
matrices D = (d;;), the function u : R x R* — R defined by

_dipn§+dio

s D) = do1€ +dao’
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Using this function, we have

I = |u(y, ¥(T,q%)) — u(z, ¥(T,q%))|,
IT = |u(z, (T, ¢%)) — u(z, ¥(T,¢°))|,

where x := h%(q%), y := hS(¢°), and z := h2(q).
To estimate I, apply the mean value theorem to the function & — (€, D) and
use the fact that

det D

ug(§, D) = doré + oy

to obtain the inequality

- det W<(T, ¢°)
=951 (T, 4°)€ + U5, (T, g°)

for some ¢ between hE(¢¢) and hY(q¢). Let us note that [¢ — h2(¢¢)| < r. Also, if
p > 0 is sufficiently small, then [W¢(T,q¢) — ¥O(T,¢°)|co < r. Thus, if we use the
inequalities (8.27) together with a triangle law estimate for the term containing the
determinant, then we find that I < A\|hS — hQ|co for A =27/32 < 1.

To estimate I, let us note that the function wu is Lipschitz on the set

|h5 () — o (q°))|

{(€.D): € =hy(q), D=9 (T,q), ¢S, 0<e <€}
In particular, there is a constant Ly > 0 such that
IT < Ly(Jhg(q°) — hog(a°)| + [9<(T', ¢°) — ¥°(T, ¢"))).

Using the fact that h° is Lipschitz on S', we conclude that there exist constants L > 0
and Cy > 0 such that

IT < L(lg° = °| + [P(T, ¢) — (T, ¢")]) < Cue.
Thus,
|15 (p) = hg(p)| < Cae + Mhg(q) = hg(@)] < Cae+ AlhG — g,
and, as a result,

Cy
1-A

|hS — h%|co < €.
This completes the proof of the claim.

In addition to the restrictions on the size of u already made, let us also require
that u < r/C, where C is the constant appearing in the claim. Define

co = sup{e : 0 < € < e, |hS — h|co <7 for e € [0,€]}.

We will show that €y = €,. Suppose not, then ey < €,. For € < g, |hS — h%|co < 7
and, hence, |hS — h2|co < Ce by the claim. Since €y < €., the graph of h< is
normally hyperbolic by the definition of €,. Passing to the limit as ¢ — ¢y, we have
|he> — h2]co < Cep < 7. This contradicts the fact that ¢ is the supremum; hence
€0 = €. Now, by the claim, we conclude that |hS — hY|co < Ce for 0 < € < e,.
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Let us now estimate h$. Note first that the invariance of the graph of the function
h€ is equivalent to the identities

heo 4 b = F(h,0) + eR(K 0,7/ 1),
(8.29) o' =g(h*, o) +eS(he 0, 7/p*, ).

If we suppose that h¢(o,7) = h®(c) + €H (o, 7,€) and substitute this expression into
the relation (8.29), then we obtain the equation

(g(h° +eH, o) +eS(h° + eH,o,7/1*, 1)) Hy + H;
1

:EUWP+eHmj—ﬂQmo+dL®)—@S+R.

Finally, using the estimate

1
|Hy|co = =|hE — hd|co < Cy
€

and the relation f(h°,0) = hlg(h°, o), we conclude that there is a constant C' > 0,
that is independent of €, such that |H,|co < C; that is, |hS|co < Ce. d

Let us note that we will eventually have to verify estimates as in display (8.11). As
a step in this direction, let us first consider A3 and note, from the formula (8.15), that
the growth estimate requires an asymptotic estimate of the norm of X5(s). By the
definition of Xs(s), it is clear that this norm estimate is determined by the behavior
of the function s — y*(s, ¢) defined in display (8.8). To determine this behavior, we
must estimate the integral

(8.30) / (G hS + Go) dt.
0

The precise integral estimate that we will require is the content of the next lemma.
LEMMA 8.4. If, for all s > 0, the function s — G(h¢(c(s),7(s)),0(s),7(s),€) has
no zeros, and if p > 0 is sufficiently small, then there is a constant C > 0 such that

y°(s,q) = exp </ (Gohg + Gg)dt) > e Ce0Ces,
0

Proof. Note that

d 1
7 In|G(h (o (s),7(s)),0(s),7(s),€)| = E(Gphga/ + Goht + Goo' + G)
G,he G
— he - Pt 7"
Gohy + G+ —227 + 2

After integration over the interval [0, s] and a rearrangement, we obtain the identity

/Y@@+Ggm=m
0

en) en
(8.31) -—A - dﬁ—A & dt
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Recall the definition (8.1) of G, and note that

G

d ( 5) _ S,héa’ + Sphe + S0’ + M%ST
ds G

S(Gphgo' + Gohs + Goo' + 5557)

G? ’

Using this identity and an easy computation, we find that

gy
Gz
€< (a(s),7(s5)), o (s), _

G(he(a(s),7(s)),0(s),7(s),€)  G(he(0(0),7(0)),0(0), 7(0), €

/5Sphf,G Shf-i-SG

0 G

7(s),€) S(he(U(U),T(O)),U(O),T(O),E)>
)

— €

(8.32) dr.

Jre/S SGpthGJrSGQph§+SG,,Gdt+622/S&S'T
0 G p? o G2

Note that, because their integrands are bounded, all terms except the last one on
the right-hand side of the final equality of display (8.32) are O(e). To estimate the
last term, let us differentiate the function S?/G? with respect to s, and rearrange the
resulting identity, to obtain the following expression:

SS, :uji(sj), 26 Sphs G + Sphs + 5,G
G? 2 ds \G? a2

4252 GG Gl +GoG | a5

G? G3-

If we integrate both sides of the last identity over the interval [0, s], then all the
integrands are bounded. In view of this fact and the inequality € < p, it follows that

€ ["85
w2 ), G2

G hS
T dt
| %

that appears in the expression (8.31) for the integral

dt = sO(e).

To estimate the term

/ (G + Gy dt,
0

use the inequality |hS|co < Ce obtained in Lemma 8.3.

In summary, we have | fOS(Gphg + G, ) dt| < Cy + Cses for some constants Cy > 0
and C5 > 0 both independent of e. ]

LEMMA 8.5. With the hypotheses of Lemma 8.3, if u > 0 is sufficiently small,
then there is a constant C > 0 such that |k |co < C.

Proof. The proof of the lemma is similar to the proof of Lemma 8.3.
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Recall that h¢ satisfies the “fixed point equation” in display (8.23), and choose
p > 0 sufficiently small so that T'(u) is as in the proof of Lemma 8.3. If we set
p=o0(T,q%) and s =T, then we have the identity

_ 0T a)hG(a) + ¢ix(T4°)
Y51 (T, q°)hs (q°) + P52 (T, ¢¢)

By a direct computation of the derivative of both sides of (8.33) with respect to p,
we obtain

(8.33) hg(p)

dq°©

€ _ dp € i € € i € € (,€))2
hoo(p) = (05 he (q°) + U5g)? < <7/’21 dqdjll Y1 dqd’zl) (ho(q9))

€ d € € d € € d € € d € €( €
+ <¢22dq¢11 - 1/}12d7q¢21 + ¢21d7qw12 - 1pll dq¢22> ho<q )

d d
(8.34) + (V11952 — PVia¥51 )G (¢°) + ¢§2d7qw§2 - ¢§2dq¢§2> )

where the functions v5;, ¢, 7 = 1,2, on the right-hand side of the equality are evaluated
at (T',q°).

Using the identity p = 0¢(T,¢¢) and differentiating with respect to p, we have
that dq°/dp = 1/0¢(T, q°). Moreover, using the solution (8.4) and Proposition 8.1, it
is not difficult to see that o (T, q) = y*(T, q), where, y© is defined in Proposition 8.1.
If 1 > 0 is sufficiently small so that h¢ is sufficiently close to hY, the matrix U¢(T), ")
is sufficiently close to W°(Ty,-), and the partial derivative e is uniformly bounded,
then, for all ¢ and all T'= T'(u), we have

€ 1 € € € 1
| det (T, q)| < ZM(?’ |(¥51 (T, Q)G (q) + 155 (T, q))?| > gMO,

where My > 0 is the constant appearing in Lemma 8.3. Thus, using Lemma 8.4, the
absolute value of the coefficient
dq°©
dp € /€ € /€
(8.35) - 5 (V11¥55 — Pia5)
(51hs(ge) +ugy)2 11722 TR
will be uniformly bounded less than one.

To estimate the supremum of h,,, we proceed in the following order: We take
the absolute value of each side of (8.34), apply the triangle law to the right-hand side,
take the supremum of the right-hand side over ¢¢, take the supremum of the left-hand
side over p, move the term containing the norm of h,, on the right-hand side to the
left-hand side, collect terms, and then divide both sides by the coefficient of the norm
of hyo. This coefficient is not zero because of the uniform bound on the absolute value

of the quantity in display (8.35). Thus, we obtain a uniform bound on the norm of
hoo O

9. Proof of Lemma 7.3. If u > 0 is chosen as in Lemma 8.3 and €, > 0 is
such that, for 0 < € < €, the system E“* has a k-normally hyperbolic invariant
manifold, k > 2, that is the graph of a C* function h¢ of the angular variables,
then, by Lemmas 8.3 and 8.5, the subset S := {h¢ : 0 < € < €.} in the space of
C? functions of the angular variables is uniformly bounded. As a result, the set S is
equicontinuous in the C! norm. By Arzela’s theorem, if we choose a sequence of real
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numbers increasing to the limit e,, then we can extract a subsequence {ex} such that
the corresponding sequence {h°*} converges to a C'! function h*. An easy argument,
as in Lemma 5.3, shows that the graph of h¢* is invariant under the flow of E<*#  as
required.

10. Proof of Lemma 7.4. If ¢ > 0 is chosen as in Lemma 8.3, the number
€« > 0 is such that, for 0 < € < ¢,, the system E“* has a k-normally hyperbolic
invariant manifold that is the graph of a C* function h¢ of the angular variables, and
if E# has a C! invariant manifold M (e, 1) given as the graph of the function h
of the angular variables, then we must show that M (e., u) has a continuous invariant
normal bundle.

It suffices to construct a normal bundle over the curve

(10.1) q— (h*(q,0),4,0)

that is invariant with respect to some iterate of the stroboscopic linearized Poincaré
map; that is, the map given by moving a point on the slice {(p,o,7) : 7 = 0} for-
ward by the flow to time 27wmpu?/Q. To prove this reduction, note that the linearized
Poincaré map is two-dimensional at each point and that the tangent line to the invari-
ant torus is invariant under the map. Also, for a two-dimensional linear map with an
invariant line, if an iterate of the map has two distinct invariant lines, then so does the
map. Finally, if there is a normal bundle over the curve, then a normal bundle over
the torus is constructed by moving the vectors in the given normal bundle forward by
the linearized flow.

We will construct a normal bundle over the curve (10.1). For this, let us consider
the function space

I={a:S8' =R:acC’.
Also, for a € T'; let us define a vector at the point (h¢*(g,0),¢,0) as follows:

Xo(q) :== a(q)X2(q) + Xa(q)™",

where X5(q) := X2(h(q,0),q,0). We will show that there is some choice for « € T’
so that X, generates an invariant normal bundle over the curve (10.1).

If n is an integer, T := 27wmnu?/S2, and p = o (T,q), then X, generates an
invariant bundle if and only if

(10.2) A (T, ) Xo(p) = (a(q) + a® (T, 9)) X2(p) + b= (T, q) X2(p) ™

where A**, a®, and b°* are defined in subsection 8.2 for the system corresponding to
€. Using these definitions, we find that (10.2) holds if and only if

alg) + 0~ (T,q)

a(p) = b (Toq)

Define T' < 0 analogous to the definition in display (8.24) with the property that,
for 0 < € < €, there is some 7 such that

b (T) :=sup{b*(T,q) : g €S'} >n > 1.

Passing to the limit as € approaches €, from below and using the fact that A€ converges
to h¢*, we find that

b (T) := sup{b*(T,q) : ¢ €S'} >n > 1.
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Also, let us define A : T' — T" by

a(q) +a~(T,q)

(ha)(p) =

A fixed point of A corresponds to the desired invariant normal bundle. But, by a
simple computation, we have the inequality

[(Aaz)(p) — (Aen)(p)] < %\az(q) —ax(q)].

Thus, A is a contraction on the complete metric space I and A has a unique fixed
point, as required.

11. Proof of Lemma 7.5. We will show that the C'' invariant manifold given as
the graph of the function A is k-normally hyperbolic under the assumption that this
manifold has an invariant normal splitting. For this, we must verify the inequalities
given in display (8.11).

Consider A3(s), and recall formula (8.15). Let us suppose that a bounded neigh-
borhood N as in Proposition 6.2 is chosen, the invariant tori are given by the graphs
of the functions h¢ of the angular variables, and p > 0 is sufficiently small so that the
invariant manifold given by h¢* is in N. Then, by Lemma 8.3, the functions h¢ satisfy
the inequality

(11.1) |h¢ — k| < Ce
for 0 < e <e,.

Let s — v (s,q,7) = (h* (0% (s,¢,7),s + 7),0%(s,q,7),s + 7) be the solution
of (7.3) corresponding to e, with the initial condition (h(q,T),q,7), let B be the
system matrix of the linearization of system (7.3) along the solution ¢, and note that

tr B(y* (t,¢,7)) = fp + 9o + (R, + 55).

Let w be the minimal period of the periodic solution of the unperturbed sys-
tem (7.2), let (g, 7) be an arbitrary choice of the angular variables, and define

b::/ tr B(y°(s,q, 7)) ds.
0

The quantity b is a Floquet exponent of the periodic orbit that is independent of the
choice of the angular variables. By an application of Gronwall’s inequality (8.16),
there is a constant Cy > 0 such that, for 0 < s < w,

7 (5,4,7) =7°(5,4.7)| < Ches.
Hence, there is a constant C5 > 0 such that

|[tr B(y*(5,4,7)) — tr B(y°(5,4,7))| < Caes

and

w w
/ tr B(v**(s,q,7))ds < / tr B(7°(s,q, 7)) ds + Caeow = b+ Cre,w.
0 0
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An arbitrary s > 0 can be expressed in the form s = fw+r with 0 < r < w. Also,
for k=1,2,...,¢, let us define

qr = 0 (kw,q,7), 7K :=kw+T.
There are constants C'5 > 0 and Cy > 0 such that

s =1 (k+1)w
/ tr B (g, ) dt =3 / tr By (t,q,7)) dt
0 k=0 kw

bw—+r
+[ Bt an)d
Y4

w
/—

Z/OwtrBw*(t,qk,Tk))dt

k=0

+/ tr B(y* (t, qe, 7¢)) dt
0

i

<LU(b+ Crew) + C3 < (f} + C2€*> s+ Cy.

By Proposition 8.1 and Lemma 8.4, there are constants C5 > 0 and Cg > 0 such
that

(11.2) | X2 (s)| > Coe HC5%,

Also, by Lemma 7.4, the function a corresponding to the normal splitting at e, is
bounded as a periodic function over the invariant manifold.
Taking the above estimates into account and using formula (8.15), there is a

constant ¢ > 0 such that As3(s) < ce(B+ems, If, in addition, p > 0 is sufficiently small,
then —f = g + cu < 0, and we have the desired estimate:

(11.3) A3(s) < ce P8

for all s > 0.
The function | X;(s)| is uniformly bounded below, in fact | X;(s)| > 1. Thus, if k
is a positive integer, then using the estimate (11.3), there is some ¢; > 0 such that

)\3(8
PUE

~—

< 6167’65.

~

Using the estimates (11.2) and (11.3), we have that

A3(s) < iefs(ﬁ*#kcl)
Ni(s) ~ CF

Thus, if p > 0 is sufficiently small, there are constants co > 0 and 3; > 0 such that

Az(s)

< coe P15,
A5 (s)

Finally, using the general smoothness result in [7], it follows that the C! manifold
given as the graph of A with invariant splitting and with the hyperbolic estimates
just proved is in fact a C* manifold, as required.
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12. Appendix. In this appendix we will prove Propositions 6.1 and 6.2.

Proof of Proposition 6.1. We will construct a family of C! curves S;" and S, ,
r € (0,1] for system (6.1) such that the following properties are satisfied:

(i) The curves S;F and S, lie in the exterior and interior domains separated by
T, respectively, and S} (resp., S;”) together with " encloses an annulus.

(i) The curves S;" and S, are transverse to the vector field f.

(iii) There is a constant Cy > 0 that is independent of r such that sup{d(z,T’) :
x € Sri} < C(]’I’.

(iv) If C}t (r) == min, g+ {(f(2),n(x))}, where n(z) is the inward (resp., outward)
unit normal vector to S; (resp., S;7) at € ST and the angle brackets denote the
usual inner product, then C’fi (r) > Cyr for some constant C; > 0 independent of r.

Let us assume for the moment that the above construction is possible and use it
to complete the proof of the proposition.

For this, let N C R? be the annulus such that N = S U ST If ||g||co is small
enough, then there exists an o € (0, 1] such that ||g||co = C1ro. Using this fact, we
have, for r > ry and = € S, that

(f(2) +g(),n(z)) > CF(r) — llgllco > Car — Ciro > 0.

Thus, for r > rg, the set S;" U S, encloses a positively invariant annulus for the
system (6.2) in R2. It follows that T is contained in this domain, and, by the estimates
given in (iii) and (iv), that d(z,T") < Cyrg = %?Hg”go for every z € T, as required.

The proof will be completed by constructing a family of curves that satisfies
properties (i)—(iv).

The constructions and the verifications of properties (i)—(iv) for the families S;*
and S, are similar. We will give the proof for S;' only. Also, in the arguments to
follow we will suppress the superscript “+.”

Step 1. Construction of S,.

Since the periodic solution I' is asymptotically stable, there exists a neighborhood
of T', contained in the stable manifold of I', with an invariant foliation with respect
to the system (6.1) whose leaves are curves. Let M#®(p) denote the leaf through the
point p € I'. Also, let ¢t — z(t,&) denote the solution of the differential equation (6.1)
with 2(0,&) = &, and let ®(¢,£) denote the principal fundamental matrix solution at
t = 0 of the linearized system along this solution.

Fix a point ¢; € M*(p) that lies in the exterior domain separated by T, and
let go := z(w, q1) be the point where the solution through ¢; first returns to M*(p).
Choose a smooth function ¢ : [0,1] — M?*(p) C R? such that the derivative of g,
including the left-hand and right-hand derivatives at the end points of its domain,
does not vanish, and with the additional properties that ¢(0) = g, ¢(1) = g1, and

(12.1) 4(0") = ®(w, q1)g(17).
The last requirement can be met because, by the invariance of the foliation,
D(w, q1)Tg, M*(p) = Ty M*(p).
Let ¢ : [0,1] — [0, w] be the linear transformation given by ¢(\) = Aw, and consider

the curve S defined parametrically by A — z(¢()), ¢(A\)). Let us note that S is closed.
Indeed, since ¢(0) = 0 and ¢(1) = w, we have that 2(¢(0), ¢(0)) = z(¢(1), (1)) = qo-
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For each A € (0,1), define T'(A) to be the tangent vector to S at the point
z(t(X),q(X)) given by

T = %x(t(S), 4(5))|,_ = wi(t(X),a(N)) + ¢ (t(N), a(N))a(N)
(12.2) = wf(z(t(X),q(N)) + @(¢(A); g(AN)g(N).-

To check that S is a C? curve, it suffices to show that T(07) = T'(17). But, this
equality follows from the identities (12.1) and (12.2).

Let ¢* denote the flow associated with the system (6.1). The family of curves S,.,
for r € (0, 1], is defined as follows: S, := ¢*(S), where s = (w/b)Inr.

Step 2. Verification of properties (i)—(iv) for S..

Property (i) is obvious from the construction.

To check property (ii), we will show first that the curve S is transverse to the
vector field given by f. Because the vector ¢(A) is tangent to M*(p) at g()), this
vector is not parallel to the vector f(g(A)). Using the fact that

it follows that the vectors ®(t(\),q(A))¢(N\) and f(z(t(A),q(N))) are independent at
x(t(N),q(A)). In view of this fact and the formula (12.2) for the vector T'(\) tangent
to S, it is clear that f is everywhere transverse to S.

Next, for each point @ € S, there exists a point P € S such that ¢*(P) = Q.
Therefore, TS, = D¢*(P)ITpS and f(Q) = D¢*(P)f(P). Since TpS is transverse
to f(P), we have that TS, is transverse to f(Q). This proves property (ii).

For the proof of property (iii), let us note that, due to the hyperbolicity of the orbit
I', there exists some Cy > 0 such that, for each point zo € N, we have d(¢°(x),I") <
Coeb*/¥. Hence, for each Q € S,., if we take the point P € S such that ¢°(P) = Q,
then

d(Q,T) = d(¢*(P),T) < Coe’= = Cyr,

and the constant Cy depends only on the “size” of the neighborhood N.

Finally, let us prove property (iv). To this end, note that for each point @ € S,.,
there is a corresponding point P € S such that @Q = ¢*(P) and some A such that
P = z(t(N),q(N)). Also, with an abuse of notation, let T(Q)) denote the vector in
TSy given by T(Q) = D¢®(P)T()), and define n(Q) to be the inward unit normal
vector to S, at Q.

Using the easily verified identity (f(Q), n(Q)|T(Q)| = |f(Q) x T(Q)], let us note
that if r € (0, 1], then

Cf(r) = min {|T

Also, recall formula (12.2), and note that

T(Q) = Do*(P)T(A) = w®(s, P)f(P) + ®(s, P)2(t(A), ¢(A))d(N)
= wf(Q) + (s +1(A); g(A) (V)

Moreover, we have that | f(Q) x T(Q)| = |f(Q) x ®(s+ t(X),q(A))g(N)].
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By an initial choice of the point ¢; sufficiently close to p € M?#(p), there is a
number K > 1 such that

reo( [ A i) <0+ 100 a0 <K esp | T i),

where A(t) = D f(z(t,p)).
Let v(Q) denote the unit tangent vector at @ to the stable fiber through Q.
Because ®(s + t(A), q(N))¢(A) is tangent to the stable fiber through @, we have that

Q) x T(@Q)] = [7(Q) x B(s + H(N), a(A)i()]
s+t(X)
> L17(@) % v(@)] exp ( [ wam d7)7

0

and there is a constant Cy > 0 such that
IT(Q)] < wl[f(Q)] + [@(s + t(A),q(N)d(N)]
s+t(\)
§w|f(Q)+Kexp</ trA(T)dT)
0
< wlf(Q)] + Ca.

Therefore, using the above estimates and the fact that the quantities | f| and |f(Q) x
v(Q)] are bounded below over N, there is a constant C5 > 0 such that

f(@) <T@, _|f(Q@) xv(@Q) s+t(3)
TQ)  ~ K@ Q)+ 05 ™ (/0 tr A(7) dT)

> oo ([ wamar).

If m is a nonnegative integer and 0 < A < w is such that s = mw + A, then there
are constants C7 > 0 and C4 > 0 such that

Cs exp ( /O Cir A(r) d7> — Cyexp ( /O mw+/\trA(7') dr)
> Cyexp ( /0 " A d7>

bs—bA

= 4™ = Cye” = > Oy

Thus, we have proved that Cy(r) > Cyr. d

Proof of Proposition 6.2. If the families of curves S;" and S~ are “suspended” to
tori in the space R% xR, then the corresponding tori can be shown to satisfy conditions
analogous to the conditions (i)—(iv) that are defined in the proof of Proposition 6.1.
The verification of each condition is essentially identical to the corresponding proof
in Proposition 6.1; we omit the details. a

Acknowledgments. Finally, we thank the referees for carefully reading the orig-
inal version of this paper. Their comments led to many improvements.



Downloaded 09/17/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

[10]
(1]

(12]

CONTINUATION OF INVARIANT TORI 415

REFERENCES

N. N. BoGOLIUBOV AND Y. A. MITROPOLSKY, The method of integral manifolds in nonlinear
mechanics, Contrib. Differential Equations, 2 (1963), pp. 123-196.

C. CHICONE, Invariant tori for periodically perturbed oscillators, Publ. Mat., 41 (1997),
pp. 57-83.

N. FENICHEL, Persistence and smoothness of invariant manifolds for flows, Indiana
Univ. Math. J., 21 (1971), pp. 193-226.

N. FENICHEL, Geometric singular perturbation theory for ordinary differential equations, J. Dif-
ferential Equations, 31 (1979), pp. 53-98.

J. GUCKENHEIMER AND P. HOLMES, Nonlinear Oscillations, Dynamical Systems, and Bifurca-
tions of Vector Fields, 2nd ed., Springer-Verlag, New York, 1986.

J. HALE, Ordinary Differential Equations, Robert E. Krieger Pub. Co. Inc., Huntington, NY,
1980.

M. HirscH, C. C. PugH, AND M. SHUB, Invariant Manifolds, Lecture Notes in Math., vol. 583,
Springer-Verlag, New York, 1977.

N. KOPELL, Invariant manifolds and the initialization problem for some atmospheric equations,
Phys. D, 14 (1985), pp. 203-215.

V. K. MELNIKOV, On the stability of the center for time-periodic perturbations, Trans. Moscow
Math. Soc., 12 (1963), pp. 1-56.

C. ROBINSON AND J. MURDOCK, Some mathematical aspects of spin-orbit resonance. 11. Celes-
tial Mech., 24 (1981), 83-107.

S. WIGGINS, Introduction to Applied Nonlinear Dynamical Systems and Chaos, Springer-
Verlag, New York, 1990.

S. WIGGINS, Normally Hyperbolic Invariant Manifolds in Dynamical Systems, Springer-Verlag,
New York, 1994.



