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ABSTRACT. We present a topological method for the detection of normally
hyperbolic type invariant sets for maps. The invariant set covers the sub-
manifold without a boundary in R¥. For the method to hold we only need
to assume that the movement of the system transversal to the manifold has
directions of topological expansion and contraction. The movement in the
direction of the manifold can be arbitrary. The result is based on the method
of covering relations and local Brouwer degree theory.

1. Introduction. Covering relations are topological tools used for proofs of non-
trivial symbolic dynamics of dynamical systems. The method is based on the
Brouwer fixed point index, and the setting is such that it allows for rigorous nu-
merical verification. The method has been applied in computer assisted proofs for
the Hénon map, Rossler equations [15], [1], Lorenz equations [6], Chua circuit [5]
or Kuramoto-Shivashinsky ODE [14], amongst others. The method is based on sin-
gling out a number of regions, called h-sets, which have hyperbolic type properties.
Using these properties one can find orbits of the system, which shadow the h-sets
along their trajectories. So far the method has always relied on the fact that the
systems had a strong expanding and contracting local coordinates. The aim of this
paper is to develop a method, which would also allow for a third central coordi-
nate, where the dynamics is not as distinctive. The method will be used for finding
invariant sets in the setting of (topological) normal hyperbolicity.

We consider a dynamical system in a small neighborhood of a compact sub-
manifold in R*¥. We suspect that in this neighborhood we have an invariant set
(manifold). The reason for the existence of such a set, is that in the investigated re-
gion the system has normally-hyperbolic type properties. The properties considered
are of purely topological nature. For each point in the region, locally three (possibly
multidimensional) directions can be singled out. The first two are the directions of
topological contraction and expansion. The third is a direction associated with the
coordinate of our sub-manifold. In this direction we need not say much about the
dynamics, and refer to it as the central direction. We assume that if we start on a

2000 Mathematics Subject Classification. Primary: 34D10, 34D35; Secondary: 37C25.

Key words and phrases. Normally hyperbolic sets, covering relations, Brouwer degree.

The work was completed during a visit to the African Institute for Mathematical Sciences,
Muizenberg, South Africa.



2 MACIEJ J. CAPINSKI

section with a fixed central coordinate, then locally we have topological contraction
and expansion of our map in the first two directions. This is expressed in terms of
covering relations. The movement in the central direction can be arbitrary, as long
as the projections onto the first two coordinates preserve their topological proper-
ties. It turns out that the expansion and contraction are enough for us to establish
the existence of an invariant set, which covers the sub-manifold.

Since the method is topological, we do not obtain any regularity properties for
our invariant set. We also do not obtain its uniqueness. These are the main limita-
tions of the result. The topological nature of the argument though does give us also
a number of advantages. The setting is such, that it allows for rigorous computer
assisted verification of the conditions. It is not necessary to consider any C*! con-
ditions. Also the required assumptions are local in nature. Another advantage is
that one does not need to investigate the dynamics in the central direction, which
from the point of view of rigorous numerics is very awkward to handle.

The paper is organized as follows. In the second section we give brief preliminaries
on covering relations and on the properties of the Brouwer degree, which are used for
the proof of the main result. Section three contains the main result. In section four
we show how the assumptions of the main theorem may be verified using rigorous
computer assisted methods. We also show how the result compares with the method
of Haro and de la Llave [3], which is one of the most recent results on the detection
of normally hyperbolic invariant manifolds, designed for rigorous computer assisted
implementation (for related work see also [9], [10], [1], [2] and [3]). Section five
contains examples of applications of the method.

2. Preliminaries. In this section we introduce the basic background on h-sets,
covering relations and Brouwer degree theory.

2.1. Covering relations. Let B,,(0,1) denote a closed ball of radius one centered
at zero in R™.
Definition 2.1. [7] An h-set, is an object consisting of the following data

1. N - a compact subset of R¥
2. u(N),s(N) € {0,1,2,3,...}, such that u(N) 4+ s(N) =k
3. a homeomorphism ny : R¥ — RF = R*(N) » R(N) such that

NN (N) = By (0,1) x Byny(0,1)

We set
Nn = BU(N)(O, 1) X BS(N)(O, 1),
N, = a-Bu(N) (07 1) X Bs(N)(Oa 1)7

n
Nj{ = Bu(N)(O7 1) X 6BS(N)(Oa 1)7
N~ =5 (Ny), N =t (V).

Definition 2.2. [7] Assume N, M are h-sets, such that w(N) = u(M) = u and
s(N) = s(M) =s. Let f: N — R* be a continuous map. Let f, = na o fony' :
N, — R* x R*. We say that

NL M
(N f-covers M) if the following conditions are satisfied
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FIGURE 1. An h-set N, and a covering relation N é N, in the
setting of a hyperbolic fixed point.

1. There exists a continuous homotopy A : [0,1] x N, — R* x R® such that the
following conditions hold true

ho = fn,
h([0,1], N,;) N M, = 0, (1)
h([0,1], Ny) N M5 = 0. (2)
2.1. If u > 0, then there exists a linear map A : R* — R*, such that
hi(z,y) = (Ax,0), where z € R* and y € R?, (3)
A(0B,(0,1)) € R*\B,(0,1). (4)

2.2. If u =0, then
hi(z) =0, for z € N,.

The idea behind Definition 2.2 is that the coordinate = € R* is the direction of
topological expansion and y € R® is the coordinate of topological contraction (the
notations u, s stand for "unstable” and ”stable” respectively).

To provide some more intuition for the Definitions 2.1 and 2.2 let us illustrate the
setting in the case of a hyperbolic fixed point (see Figure 1). I such a case we can
take IV,, = M, to be a small box surrounding the fixed point, chosen in the linearized
coordinates of hyperbolic expansion and contraction. The homotopy h corresponds
to a projection onto the unstable coordinate, and the homeomorphism 7 is the local
change of coordinates around the fixed point (a more detailed discussion on how to
choose 1, N, M, and in particular on how to construct the homotopy h will be given
in the proof of Proposition 1 and in Section 5).

Let us note that the class of functions satisfying Definition 2.2 is broader than
those having a hyperbolic invariant set. In particular, Definition 2.2 does not require
the function to be differentiable.

2.2. Properties of the local Brouwer degree. For a bounded open set D C R”,
a continuous function f : D — R™, and ¢ € R" such that ¢ € R™\ f(9D), we denote
by deg(f, D, c) the Brouwer degree of f with respect to the set D at ¢ [12].

2.2.1. Solution property. [12] If deg(f, D,c) # 0 then there exists an x € D with
flx)=-c.
2.2.2. Homotopy property. [12] Let H : [0,1] x D — R™ be continuous. Suppose
that

U H;'(¢)ND is compact, (5)

A€[0,1]
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then
VA €[0,1] deg(Hx,D,c) =deg(Hy, D, c).
If [0,1] x D Cdom(H) and D is compact, then (5) follows from the condition
c¢ H([0,1],0D).
2.2.3. Degree property for affine maps. [12] Suppose that f(z) = B(x — x9) + ¢,

where B is a linear map and zg € R". If the equation B(z) = 0 has no nontrivial
solutions (i.e if Bz = 0, then 2 = 0) and xg € D, then

deg(f, D, c) = sgn(detB). (6)
2.2.4. Excision property. [12] Suppose that we have an open set F such that E C D
and
Y e)nDCE,
then

deg(f, D, c) = deg(f, E, c).

3. Main Result. Let D be a compact set in R¥. Let us assume that there exists
a neighborhood U of D and a homeomorphism ¢ : U — R* such that

6(D) = A x N,

where N = B,(0,1) x B4(0,1) and A is a compact ¢ = k — u — s dimensional
sub-manifold, without a boundary, in R¥.
We consider a homeomorphism

f:U—-U.

We will look for an invariant set in the interior of D, which covers the manifold
»~1(A,0,0). The exact meaning of this statement will be made clear in the formu-
lation of the result.

A point p in A x N will be represented as p = (0,z,y), where 0, x, and y
correspond to A, B, (0,1) and B,(0,1) coordinates respectively. For a given point
6 € A we will use the notations fy and, f,” ! for functions

f@afe_l N — Ru+s7

fe(zvy) = Wuso(bofoqsil(eaxﬂ/)v (7)
fo '@, y) i=mus oo frogpH(0,2,y),

where m,s is the projection onto the z,y coordinates. In line with Definition 2.2
we will adapt a notation in which x will be the unstable and y will be the stable
coordinate (in the topological sense of covering relations) for the maps fy. For the
coordinate 6 we will not assume any expansion or contraction properties (6 can be
thought of as the central direction). We assume that for any 6§ € A

N L N, (8)
and
fo !
N = N. (9)

For (9) we make a natural assumption that the roles of the stable and unstable
directions are reversed with respect to (8). The coordinates x become the stable
coordinates and y the unstable coordinates for the maps f, L
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The following Theorem is the main result of the paper. It gives a tool for the
detection of an invariant set for the map f, which covers the manifold A.

Theorem 3.1. If f : U — U is a homeomorphism, and for every point 6 € A the
set N 1is covered by the maps fo and f@_1
N N, Ny, (10)
then for any 0 € A the set
Ko :={p € D|f™(p) € D for allm € Z, and
p=¢ 1 (0,2,y) for some x € B,(0,1),y € B,(0,1)}
is nonempty and lies in the interior of D.

Proof. Without loss of generality we can assume that D = A x N. We therefore
assume that we have our map

f = (fmfuvfs) s A X E(O,].) X E(O,l) — Rk.

(the indexes ¢, u, s standing for ”central”, ”unstable” and ”stable” respectively).
We will use the notations f 1, f-!, f-1 for the functions

We note that from (7) follows that

f@(mvy) = (fu(avxvy)afs(evwvy))7 (11)
fg_l(xay) - (f;l(oaxay)afgl(aax7y))'
Let us fix a point
po € A.

We will show that K,, # 0 and that K,, C int D.
Let us take an m € N, and two arbitrary linear functions g : R* — R*, h: R®* —
R?® such that

9(0B.(0,1)) C R"\B,(0,1), (12)
h(9B,(0,1)) € R\BS(0, 1), (13)
We define a compact set

XD:=D x...x Dc R®mtDE
N————

2m—+1

and a map

F:-XD — R(2m+1)k’



6 MACIEJ J. CAPINSKI

F(X) :F(a—whx—ma Y—my--- 7907x07y03 sy Gm,xm, ym)
::(9*7"1 - fc_l(efm+1,$7m+l7 y7m+1)7
L—m — f;l(e—m-&-la L —m+1, y—m+1)a

Y—m — f;1(97m+1733—m+1,y7m+1),

9—1 - f;1(907x05y0)7x—1 - f;l(HOax07y0)ay—l - f;1(90a$0790)7
0o — po, xo — 9(m), Yo — h(Y—m),
01 — fe(80,70,90), 1 — fu(bo,70,%0),y1 — fs(0o, %0, y0),

Om — fc(gmflv Tm—1, ymfl)v T — fu(amfh Tm—1, ymfl);
Ym — fs (emfly Tm—1, ymfl))-

(The functions g and h are inserted into F for technical reasons. These will become
apparent during the proof). Throughout the course of the proof we will show that
F(x) = 0 for some point x € int XD. This is the main and most important part
of the argument, which will take up the majority of the proof. Let us note that by
showing this we will obtain a pair (z¢,yo) € int N, such that

f(posx0,y0) €int D for i = —m, ..., m. (14)

The proof that F(x) = 0 for some x € int XD will be done in three stages. For
each stage we will consider a different homotopy. In the final stage of the argument
we will combine all three of them together, and obtain the result by the use of
properties of the local Brouwer degree.

Let us first consider a homotopy H : [0,1] x XD — R(Z™+DF a5 follows. On each
coordinate 0; we define Hy as

(HA(X))i,C =0, — f;l (9i+17 (]. — )\)Zi+1, (]. — )\)yz+l) for ¢ < 0,
(Ha(x)); o =0 = fe (0ic1, (1 = Nzim1, (1 = A)yi—1)  for i >0,
leaving the function on the other coordinates identical to F. Clearly we have
F = H,. (15)
We will show that
deg(H),intX D, 0) is independent from . (16)

From the Homotopy Property of the Brouwer degree (See Section 2.2), to do so it
is sufficient to show that

Hy(x) #0 for each x € 9XD, X €[0,1].

Since A is without boundary, if x € XD we must have either z; € 9B,(0,1)
or y; € 0B,(0,1) for some i € {—m,...,m}. We will consider the cases with
x; € 0B,(0,1) for i > 0 first. For 0 < i < m — 1, in order to have Hy(x) = 0 we
would need to have

(Tit1,Yit1) — (fus f5) (05, 23, 9:) = 0,
for some y; € B4(0,1), (xi41,yi4+1) € N. This is impossible since from the fact that

N
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follows that (fu, fs) (i, xi,y:) ¢ N (see (11), Definition 2.2 and (1) in particular.
In our case N, = 9B,(0,1) x B,(0,1) and M, = N). For i = m, the fact that
29— g (x,) # 0 follows from (12). Let us now consider that y; € 9B,(0,1) for i > 0.
If y; € OB,(0,1) then in order to have Hy(x) = 0 we would need

(i, yi) = (fu, [5) (Oi—1,Ti-1,9i-1) = 0,
for some x; € B,(0,1), (z;_1,%;—1) € N. This is impossible since from the fact that

for_
N 22N,

we have (fu, fs) (0i—1, N) N B,(0,1) x 9B4(0,1) = 0 (see (11), Definition 2.2 and
(2) in particular. In our case N, = N and M," = B.(0,1) x 0B4(0,1)). The fact
that for z; € 0B,(0,1) with i < 0 and y; € 0B,(0,1) with i < 0 we cannot have
Hy(x) = 0 follows by a mirror argument, using the fact that f, 1 covers N. Let
us just note that for the inverse map the role of the coordinates is reversed: the
x coordinates become stable and y unstable. We also use h instead of g in the
argument for y_,, € B(0,1). This finishes establishing (16).

In this part of the proof, before we introduce the second homotopy, we will
restrict the set X D to some smaller subset, by the use of the Excision Property of
the Brouwer degree. Let us first define by induction a sequence of points starting
with £o

pi = f;l(pi+17070) for _mSZS]-a
Pi = fC(pi717070) for 1 <¢ < m.

From the fact that f and f~! are continuous we can choose a sequence of sets
U; CA,i=—m,...,m, which are small neighborhoods of the points p; such that

(f7'(U:,0,0)), C Uiy for —m+1<i<0. (17)
(f(U:,0,0)), CUiyr for0<i<m-—1.
Let us define the following subset of X D
XU=U_, x Nx...xUpxN.
Since on the coordinates #; the function H; is equal to
(Hi(x))g. =00 —po fori=0,
(Hy(x)); . = 0i — f" (6i41,0,0) for i <0, (18)

(Hl(x>)i,c = 91' - fc (91’71, 07 0) fOI' Z > 0’

from (17) and (18) we have that 0 ¢ H; (X D\intXU). This means that from the
Excision Property (See Section 2.2) we have

deg(Hy,intX D,0) = deg(H,,intXU,0). (19)

Since the sets U; can be chosen to be arbitrarily small, we can assume without loss
of generality that using local coordinates we have

U, = B.(pi,1), fori=—m,...,m. (20)

Let us note that this assumption will be important for us from the point of view
that now we can assume that the sets U; are convex, which we could not apriori
assume about the whole manifold A.
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Let us now consider the following homotopy G : [0,1] x XU — REZ7m+DE a4
follows

(Ga(x))g = (F(x))g
(G/\(X))z c = el - )‘p’b - (1 - )‘)fc_l (ei+la O?O)

)

(GA(X))s.0 = i = for ' i1 + (1= MN)big1, Tig1, Yiga) for ¢ <0,
(GA(%));s = Yi — [t Mpigr + (1= N)big1, i1, Yig1)

)

(G)\(X))i,c = 92 - >\p’L - (1 - )‘)fc (91'717070)
(GA(%));0 = @i = fu (Apic1 + (1 = N)0im1, Tio1,Yi-1) for i > 0.
(GA(x);s =yi — fs Api1 + (1 = N)0i—1, i1, ¥i-1)

Let us note that from the definitions of G and H (see (18)) we have
Go(x) = Hi(x). (21)
Using a similar argument to the one used for (16) we will show that
deg(G,intXU,0) is independent from . (22)
Let us introduce a notation 6;
Oix = Api + (1 — N)b;.

To show (22) it is enough to prove that for x € 0XU we have Gy(x) # 0. If
x € OXU then either §; € 0B.(p;,1), z; € 0B,(0,1) or y; € dB4(0,1) for some
i€ {-m,...,m}. If 6; € OB.(pi, 1) then for i = 0 we have G q,.(x) = 6y — po # 0.
For i # 0, if §; € dB.(pi, 1) from (17) we know that f!(0;41,0,0) € int B.(p;,1)
for i < 0, and f.(0;_1,0,0) € int B.(p;, 1) for i > 0, which from the definition of
G implies that we cannot have G\(x) = 0. If z; € dB,(0,1) with 0 <i <m — 1
then since for any 6; x we have
fo; »
N =2 N,

we know that (fu,fs) (6i, 0Bu(0,1) x Bg(0,1)) N N = (. This means that we
cannot have

(mi+lvyi+1) - (fuvfs) (&,Aﬁmi%‘) = 07

for any y; € Bs(0,1), (zi41,¥i+1) € N, therefore Gy(x) # 0. If x,, € B,(0,1)
then from (12) we have xg — g(2,,) # 0, hence Gx(x) # 0. For y; € 0B(0,1) for
1 < i < m from the fact that
fo;_1x
N EAN N,
we have (fu, fs)(@i—1.5, N) N B,(0,1) x B4(0,1) = (). This means that we will not
have

(wi,9i) — (fu, fs)(Oic1x, ®io1,9i-1) = 0,
for all #; € B,(0,1), (z;_1,¥i—1) € N, hence G\(x) # 0. The fact that for z; €
0B, (0,1) with i < 0 and y; € dBs(0,1) with i < 0 we cannot have G)(x) = 0
follows by a mirror argument, using the fact that for any A € [0, 1] the map fo, 1A

covers N (We once again note that for the inverse map the role of the coordinates
is reversed: the z coordinates become stable and y unstable. We also use h instead
of g in the argument for y_,, € 9Bs(0,1)). This finishes establishing (22).
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Let us consider now a last homotopy K : [0,1] x XU — R™F
K)\(X) :( 0_m — P—m (x7m> yfm) - h;\m (x7m+1a yferl) , (23)

9—1 — P-1, (z—lay—l) - h;1 (:L'Oa yO) )
0o — po, o — g(Tm), Yo — h(y—m),
91 — P1, (xlayl) - h; (x07y0) )

Om — Pm,s (l‘m, ym) - hf;n (l‘m, ym—l))a
where for i = —m + 1,..., m the function hg\ is the homotopy from the definition
of the covering
Toika ‘
N = N, fori<0,

For_
N 2N, fori>0.

Let us observe that from the definition of G and K we have
Ky(x) = G1(x). (24)

We will now show that

deg(K, XU,0) is independent from A. (25)
From the Homotopy Property of the Brouwer degree once again, it is sufficient to
show that

Ky (x) #0 for each x € XU, X € [0,1].
Let x € XU, then we must either have 6; € OU;, x; € 9B, (0,1) or y; € 9B4(0,1).
If 0; € OU; then from (20) and (23) we can clearly see that we cannot have K)(x)

equal to zero on the 6; coordinate. If z; € 9B, (0, 1) then for i =0,...,m — 1, from
the fact that

N2 N

we have that h'T1([0,1],0B,(0,1 ) Bg(0,1)) N N = () and therefore for any y; €
5(07 1)7 ($z+17yz+1) Bu(oa 1) ( ) we have

(i1, Y1) — B (@i, 13) # 0,
hence K (x) # 0. If z,,, € 0B, (0, 1) from (12) we have w9 — g (z,,,) # 0 which means
that Ky (x) # 0. If y; € dB4(0,1) then for i > 0, from the fact that

For
N2 N

we have h?([0,1], N) N B,(0,1) x dB4(0,1) = () and therefore

(i, yi) — hA(@i—1,yi—1) # 0,

for any z; € B,(0,1) and (v;_1,y;_1) € N, hence Ky(x) # 0. The cases x; €
9B,(0,1) for i < 0 and y; € 9B4(0,1) for i < 0 can be shown by a mirror argument
using fp’}r . instead of f,,_, (One has to remember that for the inverse map the
role of the coordinates is reversed: the x coordinates become stable and y unstable.
Otherwise the argument is identical). This finishes establishing (25).

9
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So far, taking (15), (16), (19), (21), (22), (24) and (25) into account we have
shown that
deg(F,intXD,0) = deg(K1,intXU,0). (26)
If we knew that
deg(K1,intXU,0) # 0, (27)
then by (26) and the Solution Property of the Brouwer degree (See Section 2.2),
we would have that there exists an x € int XD such that F'(x) = 0, which would
finish establishing (14).
To show (27) let us write out the function K,

Ky (X) :( O—m — P—m>T—mHY—m — Afmyferlv (28)

0-1—p-1,7-1,y-1 — A_1Y0,
90 — Po,To — g(x’m)vyo - h(y—m)7
91 — pP1,T1 — A1x07y17

Om — PmsTm — Ammmfhym)v
where A; = h{ are linear maps. The map K (x) is clearly affine and of the form
K (%) = (Id — A)(x — o),
where
Ax = (0,0, A Y—mt1,---,0,0, A_190,
0,9(xm), h(y—m),0, A120,0,...,0, Ap2pm—1,0),
¢=(p=m,0,0,...,pm,0,0),
hence by the Degree Property of Affine Maps (see Section 2.2) we have
deg(K1, XU, 0) = sgndet(Id — A).
We will show that (Id — A) is non-degenerate. Let us assume that (Id — A)x =
From (28) we have z; =y_; =0 for i = —m, ..., —1. Also
x9g=goA,0A,_10...0A 10,
Yyo=hoA_,,0A _,,4110...0A 1y,
which by the fact that
A; (87 1)) € R*\ B,(0,1),
9 (9Bu(0,1)) C R“\B 1),
(3Bu( ;1)) C R\ By(0,1),

means that g = yg = 0. From the fact that x¢ = yo = 0 and the fact that
(Id — A)x = 0 follows that for ¢ > 1

{L‘Z:Aio...oAll'():O,
y,i:A,iO...OAflyOZO.

This means that det(Id — A) # 0, which finishes the proof of (14).
From the above argument we know that for any m € N we have a point (xq(m), yo(m)) €
N such that

T (po,zo(m),yo(m)) € int D for i € {—m,...m}.
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Since the set N is compact we can pass to a convergent subsequence tending to
(r0,90) € N for which fi(pg,z0,y0) € D for all i € Z. Our construction implies
that f%(po, 0, yo) has to be in the interior of D for all i € Z. We therefore know that
our set K, is non-empty and lies in the interior of D, which finishes the proof. [J

Remark 1. In Theorem 3.1 the main emphasis should be put on the fact that we
have a trajectory in the interior of D starting from an arbitrary § € A. Showing
only an existence of an invariant set in the interior of D can be easily done by the
use of standard Conley index type arguments. Such arguments though will not give
us an invariant set which covers the whole manifold A.

Remark 2. Let us note that we have made no strong assumptions on the topology
of A, or on the dynamics on it. This is the underlying reason which made the proof
awkward to handle. For convex A, or for A = T¢, the proof can be considerably
simplified, since for these cases it is easy to define homotopies on A.

Remark 3. If f : D — R* is a continuous map, instead of a homeomorphism,
then from the assumption that fy cover N, using an analogous argument (without
backward covering), one can establish the existence of a (forward) invariant set for
the map f.

Remark 4. The main conditions (10) are local in nature. For (rigorous) computer
assisted applications this gives us an opportunity of tailoring the coordinates in D
around a given # and verifying (10) in local coordinates.

Remark 5. The invariant set does not need to be unique in the sense that for a
given § € A we may have more than one x,y for which f*(0,z,y) €intD for all
n € Z (see the example in Section 5.2). We also do not obtain any regularity results
for the set (Jycp Ko. We do not even know if it is a manifold or not.

4. Rigorous numerical verification and application of the result. In this
section we will show how Theorem 3.1 may be applied using rigorous computer
assisted methods. We will also compare the result with the method of Haro and de
la Llave [8]. The method of Haro and de la Llave relies strongly on the fact that
the invariant manifold is a normally hyperbolic torus and that the movement on
the torus is a rotation. In our method the manifold can be an arbitrary compact
sub-manifold in R™ without a boundary, the movement on it can be arbitrary, and
we do not require normal hyperbolicity (As mentioned above, due to the fact that
our assumptions are much weaker we lose the uniqueness and regularity results).
Let us start by presenting the result of Haro and de la Llave.

Theorem 4.1. [3] Let U C R™ be an open set. Let F: T? x U C T x R™ — R” be
a map of class C™1, with r > 1 such that for all § € T¢ the map F(0,-) : U — R”
is a local diffeomorphism. Let w € R? be a rotation.

We consider a skew-product

T=F(,x), 0=0+w,

that is, a bundle map on the bundle E = T% x R™.
Let K : T — U C R™ be a C" map such that:

a. K is an approximate invariant torus, that is

(6, K(0)) = K(0 +w)llor <e.
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b. The transfer operator L over the rotation w, acting on complex sections A :

T¢ — C™ by
LA(G)=DF(f —w,K(0 —w))A(0 — w),

is hyperbolic as an operator on CV.
Then
1. If € is small enough, there exists a C™ map Kp : T — U C R™ such that

and ||Kr — K||cr = O(e).
2. The solution Kr above is the only C° solution of (29) in a C° neighborhood
of K.
3. The torus Kp is normally hyperbolic.
Moreover, the map F — Kp is C' when F is given the C"1 topology and Kp
the C" topology.

Let us make some remarks on the above result.

Remark 6. The result depends heavily on the fact that the motion on the torus
is a rotation.

Remark 7. The condition b. of Theorem 4.1 is on an infinite dimensional functional
space. Its verification most often is not straightforward.

Now we will show how the conditions of Theorem 3.1 can be verified in practice
and make a couple remarks to compare the result with Theorem 4.1. First let us
introduce the following definition.

Definition 4.2. Let U C R™ and f : U — R"™ be a C' function. We define the

interval enclosure of df on the set U as

df;
_ nxn . : z
[df (U)] = {A e R™"|A4;; € iglf] i

(@), sup L

, T foralli,j:l,...,n}.
:cEUdl’j( )

Proposition 1. Let A be a c-dimensional sub-manifold without a boundary (in
particular A = T¢). Let N = B,(0,1)xB,(0,1) CU C R*" and F : AxU — AxU,
be a homeomorphism of the form
F(0,p) = f(0,p) + 9" (0,p),
F=Y0,p) = [~1(0,p) + ¢~ (6,p),

where f = (id, fu, fs) : A x U — A x U is a diffeomorphism and the functions

9% = (9. 9u,95) satisfy
92 (0,p)] < &3, (30)
|95 (0,p)| <&, (31)
for all @ € A and p € U. If there exist 6;7,8F,6.,,07 > 0, such that for any 6 € A
f(6,0) € A x B,(0,6]) x B4(0,67), (32)

F750,0) € A x B,(0,5;) x B,(0,5;), (33)
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and for any 0 € A, A € [d(fd‘l;f'*)(H,N)} and C € [d(f of2) (0,N)| we have

inf{|Ay (Vu,v4)| : Jvu| = 1, Jvs] <1} > 14+ef + 57, (34)
sup{|As (vu,vs)| @ Jvs] < 1, |v,| <1} <1 —¢ef —§F, (35)
sup{|Cu (v, vs)| : |vs| <1, |vy] <1} <1 —e;, — 0, (36)
inf{|Cs (vy,vs)| : Jvs| = 1, |vu| <1} > 1+4¢e; + 4, (37)
then
N L% N, (38)
NI N (39)

In particular there exists a function K : A — 28" \{0}, such that for any 0 € A and
x € K(0)

K(6) C intN,
F(0,x) € K(0+gf(0,1)), (40)
F7Y0,2) e K0+ g (0,x)).

Proof. To show (38), for any 6 € A we need to define the homotopy h from Definition
2.2. For a given 0 and for any p = (py,ps) € N, A € [0, 1] we define h as

h(hp) = (1— A)fo(0) + ( / (d({i]f)w (- A)tp>) 0t - (pur (1— Nps)

(-3 / (W(W))de) (1= Nt (6.p).

Since for ¢ = u, s
1
(o) = o0, = [ (L)) v,
we have h(0,p) = fo(p) + g7 (0,p) = Fa(p). For A = 1 we have

et 6.0)) 00).

h(1,p) = (Apy,0) with Apu::< 0

For any A from [0, 1], from the fact that

ot
s /0 W D0, 1= nmyar e [T 0,

for any p € N~ = 9B,(0,1) x B5(0,1) using (30), (32) and (34) we have

[ (h(0p)) |>|/( BT 0.0 09)) e a1 )

u

_ 5+ _ E+
|A (pu>( )‘)ps) | - 62_ - 5: (41)
> 1.

This proves that for any A € [0,1] we have A(A, N7") NN = ). Also for A =1 from
(41), since A(z) = Al(x,0), we have A (0B, (0,1)) N B, (0,1) = 0.
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For p € N, using (31), (33) and (35) we have

Y d (fu, fs)
|(h(np)), | < |0 *”/0 (dpw,tp))Sdt-p Lot get
= (1 - XN)|A%|+ 6] +¢f

<1,

which means that h([0,1], N) " N* = (. This finishes establishing (38).

Using a mirror argument (keeping in mind that the role of the stable and unstable
directions is reversed for the inverse map) we can show that for any 6 € A we have
(39). The result (40) follows directly from Theorem 3.1. O

Remark 8. For Proposition 1 to hold we do not need to assume that the manifold
A is a torus. What is more we do not need any assumptions on the dynamics on A.
In particular the conditions (34),...,(37) do not imply normal hyperbolicity, since F
need not be differentiable, and the movement on A can be arbitrary.

Remark 9. The conditions (34),...,(37) involve only standard derivatives on com-
pact sets. They can be verified using rigorous numerics. The result can be used for
(rigorous) computer assisted proofs. What is more, both Theorem 3.1 and Propo-
sition 1 can give us an explicit bound on the size of the perturbation under which
the invariant set persists (see examples in Section 5).

Remark 10. If we have a normally hyperbolic invariant manifold in R¢*" then
Proposition 1 can be applied. To do so one has to consider the coordinates in line
with the directions of hyperbolic contraction and expansion and focus on a small
neighborhood of the manifold.

Remark 11. Since the result is established through topological tools only, we loose
all of the regularity results of our invariant set. In comparison with Theorem 4.1
the result is quite weak. What is more, as it stands, it does not give a possibility
of detecting the stable and unstable manifolds as is done in [3]. The advantage of
the method lies in the simplicity of the required conditions.

It should be possible though to obtain some regularity results by adding appro-
priate cone conditions to the assumptions. The cone conditions should also give us
results for the foliations of the stable and unstable manifolds. The results which
will include the cone conditions in the spirit of [16] are under preparation and will
appear in forthcoming work.

5. Application of the results. In this Section we will present two examples. The
first is the rotating Hénon map. The map has been studied in [8], [11] and [13]. The
existence of the invariant set will be established by the use of Proposition 1. In the
second example we will deal with a ”toy” problem, which has a degenerate derivative
on A. For such cases Proposition 1 cannot be applied. The existence of the invariant
set is proved by applying Theorem 3.1 directly. This example demonstrates also
that for a # € A we can have more than just one point in Ky.

5.1. The rotating Hénon map.
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5.1.1. Statement of the problem. We will consider the rotating Hénon map
F.: A xR? = A xR,
Fo(0,2,y) = (0 + 95 (0,2,y),1 +y — ax’ + ¢ cos(276), bx), (42)

where A is a c-dimensional submanifold without a boundary (say A = T¢), and
ge : A x R? — A is such that the map (42) is a diffeomorphism.
The dynamics of (42) with a = 0.68, b= 0.1, A = T! and

95 (0,2,y) =0+w (mod 1), (43)

w € R, has been investigated by Haro and De la Llave in [3], for a demonstration
of a numerical algorithm for finding invariant manifolds and their whiskers in quasi
periodically forced systems.

In this section we will not use the assumption (43) that g} is a rotation. What
is more we do not assume that A is a one dimensional torus. In this more general
setting we will prove that for the parameters a = 0.68 and b = 0.1, for all € < %,
there exists an invariant set of (42) which covers the manifold A and is contained
in a set

Us=Ax[z_ —1le,x_ + 1.1g] x [y —0.12¢,y_ + 0.12¢],

where (z_,y_) is a fixed point for the (standard) Hénon map,

—(1-b)—/A-b2+4
P ) 2; )+“z—2.0433,

y_ = br_ ~ —0.20433.

Remark 12. Since we do not have any strong assumptions on g this example
is not normally hyperbolic. What is more, since Proposition 1 is our main tool,
using the same method as is presented below we could obtain similar results for a
non-differentiable perturbation on all three coordinates. This is not done to keep
the example relatively simple and in line with [3].

Remark 13. If we include (43) into our assumptions, then the example becomes
normally hyperbolic. This though does not make it less interesting, since we not
only obtain the persistence of the manifold (which is automatic in such setting), but
also obtain explicit bounds on the size of the perturbation and the size of the region
in which the invariant set is contained. Such bounds are not easily obtainable from
the normal hyperbolicity theory.

5.1.2. The unperturbed map. We start by investigating the case of ¢ = 0. We will
ignore the coordinate 6 and concentrate on a map

F(.’If,y) = (1 +y- axQ,bx).
The point (z_,y_) is one of the two fixed points (x4, y+) of the map F

1-b+ /O D2 da
B 2a ’

T+

Y+ = bry.
We have
—2ax 1

with two eigenvalues \; = —ax + Vb + a?2?, Ao = —ax — Vb + a?22. For (z_,y_)
the eigenvalues are

A A~ 2.8144, Xy~ —3.5531 x 1072,
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We will consider the following Jordan forms of the matrix DF(x_,y_)
DF(z_,y_)=®.Jd ",

_ T Ui (M O -1 _ 4 /\1 —%
(I)€€H<—T)\2 —)\1’17>’ J( 0 /\2)’ (I)s 5< *)\2 %} ’

where £ = 1/(A2 — A1). The constants 7,7 serve the purpose of an appropriate
rescaling of the stable and unstable directions in the local coordinates, and will be
chosen later on. When we will consider the perturbed Hénon map in Section 5.1.3,
for a given & > 0 we will use the maps ®. and ®_ 1.

We introduce local coordinates of hyperbolic expansion and contraction around
the point (z_,y_) as

(Z,9) =@ (& —a,y —y-). (44)
The map F' in the local coordinates is
F(2,5) = @' (F (®(%,§) + (v-,y-)) = (¢-,y-)),
and its derivative dF is equal to
dF(&,§) = @' 0 dF(®.(&,§) + (2-,y-)) 0 .

1 ek (TE+ng) + x—
o dF ( —ek (TAoZ + A7) + y, )

— o ( —2a (ek (Txb—|— ny) + x—

R —2azr_ 1 —2am(r +ny) O
=% O(( b o)*( 0 0 ))c%

=J+ R,
where
S R B Y
_ 2 ~ ~ 1 TN
R, = —2aek” (72 + 1Y) < LSV > .
For any Z,y € [—1, 1] we have the following estimates, which will be used later on
for the verification of the covering conditions

[dF(B(0,1) x B(0,1))] "
i < o AO? >+€(T+")< [—16[_3’2]67] [[ %gvigl] )

~1000° 1000

Now we turn to the inverse map. The inverse map to F' is

1
—1 _
F (as,y)-(b 1+x+b2y>
and has a derivarive
_ 0 i
dF—1 = b .
@n=(1 )

In the local coordinates (44) the inverse map is

FY&,9) = o7t (F7H(®e(2,9) + (2—,y-)) — (2—,y-))
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and its derivative dF~! is equal to
dF~1(&,9) = 7' 0 dF (@ (2,7) + (2-,y-)) o e

ot g e(rE4 ) o
—(I)a odF < —EH(T)\Q.’Z'-F’I])QZD-F]/, >O(I)s

0 1
— ! b _ [
€ O( 1 i—;’(—en(Tx\za:+77)\1y)+y—) )o :

o 0o 1 0 0

=J'+R,
where n
2a —X —IA
/o 22 5 77 2 i
R, = j2 (TA2Z + nA1Y) < o M ) :
For #,y € [—1,1] this gives us the following estimates
[dE~(B(0,1) x B(0,1))] (46)
1 6 6
1 (-2, %] [-50Z,502]
- N Te Mol + 1IN R 10° }_0 T T .
( 0 /\% ) (7| A2| + ) 1|)( [_51%751%} [—50, 50]

5.1.3. Verification of the covering conditions. Let N = B(0,1) x B(0,1). We define
¢:AxR? > AxR?as

¢(9,x,y) = (97(1)5_1 ({,C — XY — y*))7

¢~ (0, 2,y) = (0, P (x,y) + (-, y-)).
We will show that for any 6 € A

N EL N (47)
(F1),
N =" N. (48)

We will now apply Proposition 1 to establish (47). From (7) and the fact that
Fo(0,2—,y-) = (0 + g7 (0,2,y),2—,y-) we have

(F-)y (0,0) = mys 0 po F. 0 ¢~ (6,0,0)
=musopo F.(0,x_,y_)
Tus © ¢ (Fo(0,2—,y—) + (0,€ cos 276, 0))
Tus © (0 + g+ (0,2,y), &1 ((0,0) + (¢ cos 270,0)))

1 1
= (—=A1 cos2ml, — g cos 270),
T n

which gives us

— 1 — 1
(fe)y (A,0,0) C A x By(0, - [A1]) x BS(O’E |A2]). (49)
From (45) we have that for any § € A and A € [Z((iszf (N)]
. 1
inf {|4,(0.2.9)| ol = Lyl <1} > M| == (r4m)5 (1+2) . (50)

6 T
sup {1450, ) : 2l < L,1y] < 1} < ol + (r +0) 0= (1 + n) |
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From (49) and (50), by Proposition 1 (in our case since F; is a diffeomorphism
ef =t =0. Also 0} = |\1| /7, 05 = |Xa| /n), if we have

1 n 1

6 T 1
A 1+ — 1—=|A 52
ol e ) g (147) <1 2l (52

then we have established (47). The conditions (51) and (52) hold for all ¢ < 1 with

7'=3,77:4%.

To establish (48) we first compute

1
FE_l (9,.’1},y) = ((Fe_l (97xay>)c ’ Eyw'l;/ -1 + b2y — €COs (27TF5_1 (97337?}))) )

which gives

(F=1),(0,0) = mys0 o F-l o™ (6,0,0)
=mus0po F- 10,2,y )
=mus 0 ¢ (Fy (0, 2—,y-) + (0,0, cos (27 (F (6, 2,7)).,)))
= mus o ((Fy 1 (0,2-,y-)),,
ot ((0, 0) + (0,ecos (27r ( 1, x, y)) ))))

= (peos (2m (P (0r,0),) 3 cos (2 (P 0.2.9),))
hence

(F2),;' (6,0,0) C B(0, %) x B(0, %). (53)

-1
From (46) we know that for any § € A and B € [%(N)] we have (let us note
that the roles of the stable and unstable coordinates have been exchanged with

respect to the forward map)
. 1 T6
inf {|Bu(0,2,y)] + [ol = L[yl <1} 2 | =) =& (7 [Aaf + A ) 5* +50],
1 6 n
sup {[Bs(0,z,y)| : [z| <1, ]yl <1} < N e (m el +nll) {15 +50° )

Hence from (53), by Proposition 1 (in our case ef = ¢f = 0, §F = 1/7 and
35 =1/n), if we have

1 6 1
—| = = 1+ = 4
‘/\2‘ 6(7’)\2|—|—T]/\1)< 10+50)> +n, (54)

1 6
N + e (7| X2 +1A1) (10

1

+50- )<1—, (55)
T

then we have established (48). The conditions (54) and (55) hold for & < 1 with

7':3,77:%.
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5.1.4. The estimate of the region in which the invariant set is contained. So far

we have shown that for ¢ < 1 we have the covering relations (47), (48) for N =

B(0,1)xB(0,1). This means that we have an invariant set which covers the manifold
inside a set

D=¢ ' (AxN).
This gives us the following bounds

D=¢ ' (AxN)
= A x {(z_,y-) + @ (B(0,1) x B(0,1))}
CAx{(z—,y-) + [—els|(T +n),elx|(T +n)]
x [—el] (TIAe] + nlAi]) s elw] (7] A2] + nlAs))]}-

With 7 =3 and n = % this gives us D C U..

5.2. An example with a degenerate derivative on A. The conditions (34),
..,(37) might suggest that for the application of Theorem 3.1 one should need hy-
perbolic contraction and expansion. This is not the case. The result is purely
topological and does not rely on hyperbolicity. To demonstrate this let us con-
sider the following example for which we apply Theorem 3.1 directly, without using
Proposition 1.

5.2.1. Statement of the problem. Let h : R — R,

3r—2 forx>1
h(z) =< a3 for x| < 1
3x+2 forx<-—1.

Let us consider the following ODE

0=g(0,z,y)+¢e1(0,2,79)
y = 7h(y) + 53(0,%, y)7

where 6 € T™ and g,¢€1, 2,63 are locally Lipschitz.

Let
3 1 1
M=——I_—=-2].
=(%3)
Using Theorem 3.1 we will show that if
sup{|e;(0,x,y)|,0 € T, z,y € B(O,1)} < M for i = 2,3, (57)

then for any 6y € T™ there exists a trajectory of (56), starting at (6g, zo,yo) for
some

1 1

which stays in the interior of the set T" x B(0,1) x B(0, 3).



20 MACIEJ J. CAPINSKI

5.2.2. Verification of the covering conditions. Let € := (e1,€9,¢3) and f¢ : T™ x
R? — T" x R?, f¢ = (f, f5, f5) be a time t = 1/2 shift along the trajectory of (56).
First we consider ¢ = 0. For z,y € B(0, %) we have

1 1
— for x >0 \/? fory >0
20,2,9)=< 0 forx =0 90,z,y) =4 0 fory=0
— 11 - forx <0 — 11 for y < 0.

- =

Taking u=s=1and N := B,(0,1) x B,(0, %) we have that for any 6 € T"

1
ﬁ)? (58)

7)
1

(£2,£2) (8, N) = B,(0, —=) x B.,(0,

V3

which means that

1o
N = N.
Let ¢°(t) = (6°(¢), z°(¢), y°(¢)) be a solution of (56) with an initial condition
— 1 — 1
(eo,xo,yo) e T" x B(O, 5) X B(O, 5)
Using (57) and the fact that f0 and f2 are Lipschitz with a constant L = 3 we have
M 1 1
£(1) — 0 1 (L _ - _
(1) =" < Tl 1) = =5 (59)
M 1 1
1) —y?(1)] < =(eF —1) = — — =.
() =) < Tl =1 = 22 = 5 (60)

This means that for € satisfying (57), from (58), (59) and (60) we have N NS

ey—1
A mirror argument can be applied to show that N (f:)g N, which by Theorem 3.1
establishes our result.

Remark 14. The invariant set obtained in Example 5.2 does not need to be a
single torus. We can for example take

52(97xay> = —E&xT,
53(9axay) =&y,

with small . Both the flows on x and y are now independent. Looking at the z
coordinate, for € < 0 we have a single fixed point at zero. For € > 0 we have three
fixed points: —+/z, 0 and /. An analogous discussion can be made for fixed points
on the y coordinate.

Looking now at the full system, for ¢ < 0 we have a single invariant torus T" x {0},
but for € > 0 the invariant set is T™ x [—/€, v/€]? (see Figire 2).

Remark 15. We can see that in Example 5.2, Theorem 3.1 allowed us to obtain an
explicit bound on the size of the perturbation under which the invariant set persists.
Let us also note that we have made no strong assumptions about the functions g
and £7.
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FIGURE 2. The invariant set for the system in Example 5.2 with
ea(0,x,y) = —ex, e3(0,x,y) = ey and € > 0.
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