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Abstract

For the Srzednicki-Wéjcik equation, the planar nonautonomous ODE
parameterized by k € R,

2 =7z(1 + |2|? exp(ikt)), z(t) e C

using averaging we show how the region of hyperbolicty grows with |«|.
Based on this we give bounds on the sizes of bounded orbits.
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1 Introduction

In this paper we investigate some aspect of dynamics of Srzednicki-Wgjcik equa-
tion [SW]
2 =Z(1+ |z exp(int)),  2(t) € C. (1)

This equation has been studied by topological methods [SW, WZ, OW, MS],
with the goal of establishing the existence of symbolic dynamics. Main tool
was the method of isolating segments introduced in [S1, SW] with papers [WZ,
OW] improving estimates so finally the existence of symbolic dynamics was
established for 0 < x < 0.5044. In [MS] using related ideas a computer assisted
proof was obtained for 0 < k < 1.

For equation (1) we establish the following results

1. all solutions of (1) with sufficiently large ||z(0)||(> O(|x|'/?)) go to infinity
in finite time either forward or backward in time. This is the content of
Theorem 3.4 in Section 3.

1Research has been supported by Polish National Science Centre grant
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2. in the neighborhood of 0 there is a hyperbolic region for the dynamics
induced by (1), which contains a ball of size O(|x|*/*) i.e. it grows with
||. This is a consequence of Theorem 3.14 in Section 3.

3. we give a lower bound O(|x|'/*) and an upper bound O(|x|*/?) of the norm
for any bounded nonzero orbits. This is discussed in Section 3.6.

Items 2 and 3 depend on developing explicit estimates for the difference between
solutions of

2=z (2)
and (1), and also for the solutions of corresponding variational equations on
large domains.

We treat (1) as the perturbation of problem (2). Since (1) is not a small per-
turbation of (2) we cannot apply to the vector fields (1) or (2) topological tools
such as the isolating blocks or isolating segments originating from the Conley
index theory [MM, SW], or the continuation based on the implicit function the-
orem. Instead we use the averaging method to obtain bounds on the difference
of solutions of these systems.

Our approach to averaging differs from the dominant one [AKN97, Nei84,
GH, Hale, SVM, JS, L], which following the pioneering work of ([BM, BZ]) used
suitable coordinates changes to control the influence of the rapidly oscillating
perturbation.

In this work we directly estimate the influence of the rapidly oscillating per-
turbation on the solution, as it was proposed in the PDE context by Henry [He]
(who attribute this approach in the ODE context to Gikhman). We exploit the
phenomenon known in the numerical analysis community [I], that fast oscilla-
tions are your friend, if one integrates them first. In this work following this
advice we consider shifts along the trajectory by a small time step. It turns out
that the time shift map for (1) is a small perturbation of the time shift of (2)
if |k| = oo. In literature on averaging for ODEs somewhat analogous methods
can be found in [BL, Wa]. In [Wa] an idea is developed that in a suitable weak
topology the averaged equation is the limit of the problem with fast oscilla-
tion with the oscillation frequency going to infinity. In a sense this observation
underlines our approach.

In contrast to other works on averaging we insist on explicit estimates. In
the context of (1) this requires obtaining a priori bounds on solutions, to obtain
the sets on which we can compute difference between solutions of (1) and (2)
based on the averaging.

The approach has been originally developed with the aim to be applicable to
dissipative PDEs. We applied it to viscous Burgers equation and Navier-Stokes
equations with periodic boundary conditions in paper [CyZ] and in [CMTZ] to
Navier-Stokes equations and the damped-Euler equation.



1.1 Notation

Consider nonautonomous ODE

! (t) = f(t, (1), (3)

where £ € R™ and f : R x R™ — R" is regular enough to guarantee the unique-
ness of the initial value problem z(tg) = xzg. We set @(to,t,x0) = x(tg + t),
where z(t) is a solution of (3) with initial condition x(tg) = . Obviously in
each context it will be clearly stated what is the ordinary differential equation
generating ¢. We will sometimes refer to ¢ as to the local process generated by
(3).

For matrix U by U? we will denote its transpose. For a square matrix U
we will denote its spectrum by Sp(U) = {\ € C | A is an eigenvalue of U}. If
A € R"™™ by u(A) we will denote its logarithmic norm, which is defined by

I+ hA| -1

plA) = By e (4)

For the properties of logarithmic norm and its relation with the Lipschitz con-
stant for the flow induced by ODEs see [HNW, KZ] and literature cited there.
The logarithmic norm depends on the norm used. We will always assume that
we are using the euclidean norm.

For a function of several variables we will often use D, f and D, f to denote
the partial derivatives. For example, D, f(t, z) = %(t, z).

2 Averaging - basic estimates

The results from Sections 2.1 and 2.2 are also contained in [CyZ]. We include
them here for the sake of making the paper reasonably self-contained.

2.1 Linear nonautonomous equations

Assume that A : R — R™*" is continuous and for k =1,...,m, vx : R — R are
C', gr : R — R are continuous.
Let us consider the following non-autonomous non-homogenous linear ODE

2(t) = A)x(t) + > ge(wrt)or(t), =€ R™ (5)
keJv

The set Jy in the sum in (5) might be finite or infinite, or the sum might be an
integral over some measure on Jy .
For each k € Jy let Gi(t) be a primitive of g, so

G (t) = gk (t). (6)

We will assume later that |G (t)|’s are bounded. This is the reflection of the
oscillating nature of gg.



Let M (t,to) be a fundamental matrix of solutions of the homogenous version

of (5)
Z'(t) = A(t)z(t). (7
This means that for any o € R and zy € R" the function x(t) = M(t,to)zo

solves (7) with the initial condition z(tg) = zo.
It is well known that M has the following properties

M(to, t0) = 1, (8)
M(t,to)™" = Mt 1), (9)
%M(f,to) = A(t)M(t,to), (10)
D Mt1) = Mt 10)Alh). ()
0

The general solution of (5) is given by
@(to,t,l‘o) = M(to +t,t0)$0 + (12)

t
/ M(to + t, to + S) Z gk(wk(to + S))Uk(to + S)dS.
0 keJy

We compute the integral in the above formula as follows. Using the integra-
tion by parts and (11) we obtain for k € Jy

t
Lt +to)i= [ guonlto + DMt + tito + Sjunlto + 9)ds = (13
0
G(wi(t =t
MM@O +tto+ s)up(to+ )|  +
Wik s=0
1/t 0
- Gr(wi(to+8))=— (M(tg + t,to + s)vk(to + ) ds =
wr Jo 0s

1
O‘Tk(Gk(Wk(tO + 1)) vk (to +t) — Grlwito) M (to +t,to)vr(to)) +
1 t
; Gk(wk(to + S))M(t() + t, to + S)A(t() + S)’Uk(to + s)ds +
k Jo
1 t
o Gk(wk(to + S))M(to +t,to + S)U;/C(to + 8)ds
k Jo

For Galerkin projections of dissipative PDEs, while ||A|| will not have any
uniform bound independent of the projection dimension, we expect ||Avg| to

be uniformly bounded.
Therefore, we have proved that for the process generated by (5) it holds that

p(to,t,m0) = M(to +t,to)mo + Y Ii(t +to). (14)
keJy



2.2 Estimates for nonlinear problem

Assume that F : R x R® — R" is C' function and for k = 1,...,m, v :
R x R® — R are C!, g; : R — R are continuous.
Consider problem

@' = F(t,z) = F(t,z) + Z gr(wit)vk (¢, ) (15)
keJv

and its oscillation-free version

y' =F(ty). (16)

Lemma 2.1. Let x : [to,to + h] = R™ and y : [to,to + k] = R™ be solutions to
(15) and (16), respectively, such that x(to) = y(to).

Let W be a compact set, such that for any t € [0,h], the segment joining
x(to +1t) and y(to +t) is contained in W.

Assume that for k € Jy G (t) = gi(t).

Assume that there exist constants I, C(...) such that for all k € Jy it holds
that

sup |Gi()|| = C(Gy), (17)
teR
sup [ge(t)] = Clgw), (18)
teR
sup w(D,F(s,2z)) = 1 (19)
ZEW,SE[to,t0+h]
sup lok(s; ) = C(vk) (20)
ZEW,SG[tQ}tUJrh]
sup [(D:F(s,2))vk(s,z1)[| = C(D:Fug) (21)
Z,Zlew,se[to,to-‘rh]
aUk H (8%)
su — (s, 2 = C|— 22
zEW,SE[tIz,to-i-h] ot (8:2) ot (22)
sup ‘(Dzvk(s,z))ﬁ(s,z)H = C’(Dzvkﬁ) (23)
z€W,s€[to,to+h]
Assume that
D C(GR)C(vr) < o0 (24)
keJy
> C(Gr)C (D.Fuy) < o0 (25)
keJy
3’Uk
Y. CGHC (5 ) <o (26)
keJy
pRel(enle (Dzvkﬁ’) < . (27)
keJy



Then for t € [0, h] it holds that

latto+6) —ylto+ )] < 3 —

on] by (t) (28)
ke Ty

where continuous functions by : [0,h] — Ry depend on constants I, C(g;),
C(Gy), C(v;), C(D.Fv;), C (%) and C (Dﬂ/,f’) as follows

ot

be(t) = C(op)C(Gr)(1+ e) + C (Do Fop) C(GR) (et —1)/1+ (29

C(Gy) <C (?;f) +C (Dzvkﬁ)> (e —1)/1

If infre gy |wi| > 0, the sum in (28) is convergent.

Proof: Let z(t) = x(t) — y(t). We have

2(t) = F(a() = F(y(t) + Y grlwit)on(t,z) =

kedy
(/ DLF( s((t) — y(1) + o)ds) -5(0) + 3 ontentiutt o)
Therefore )
L) = A0+ Y gelwnt)onltz(), (30)
where ) o
A = ([ DoFles(ato) - ) + ). (31)

Let M (t1,t0) is the fundamental matrix of solutions for 2’ = A(t)x.
Since z(tp) = 0, then from (12) and (13) it follows that

2(to+1) = > Ie(t+to) (32)
kedy
where
1
Ik(t + to) = Jk(Gk(Wk(to + t))’l)k(to + t, x(t + to)) — Gk(wkt())M(to + t, to)vk(tm :L‘(t())) +
1 t
; Gk(wk(to + S))M(to + t, to + S)A(to + S)vk(to + S, :Z?(to + S))dS +
k Jo
1! d
e Gk(wk(to + S))M(to +t,to + S) (Uk(to + s, :L‘(to + S))) ds
WE 0 dS

From the standard estimate for the logarithmic norms (see for example
Lemma 4.1 in [KZ]) we know that for ¢ > 0 it holds that

| M (t+ to,t0)|| < exp(it).



Hence, we obtain the following estimate of Iy (t), for ¢ € [0,h] and k € Jy
t
|wil - [[1k(t + to)]| < C(ox)C(Gr)(1 + €') +C’(D2ka)C(Gk)/ elt=2ds +

0
o 9
C(G) C<W>+ sup || 25 (to + 5, 2(to + $))2’ (to + 5)
ot s€[0,h]

t
l(tfs)d <
o ) [ <

C(vp)C(Gr) (1 + €Y + C(D, Fu,)C(Gr) (" — 1) /1 +
C(Gr) (C (‘9;’“) +C (Dzvkﬁ’>> (et —1)/1

This proves (29).

To finish the proof observe that if |wg| > € > 0 for all k € Jy, then assump-
tions (24-27) together with the formula (29) imply the convergence of the sum
in (28). '

2.3 Estimates for higher order variational equations and
persistence of normally hyperbolic objects

The goal of this subsection it to state without much of precision what are the
dynamical consequences of the just proved estimates.

The differentiation of (15) with respect to initial conditions gives ODEs
describing the evolution of the partial derivatives of the local process . These
equations have the same structure as the original ODEs, i.e. consist from the
part originating from (16) and the rapidly oscillating one. It is clear that under
suitable conditions on higher derivatives of vy added to the assumptions of
Lemma 2.1 we can obtain the bounds of the following type

8|a\¢ \a\@a B|a\(t)
Z Pt t,x) — to, t,2)|| < 33
| tot) = 22 )| < 21 (33)
where o = (a1,...,a,) €N, |a| = a1 + -+ + ay, aa‘;—lf is the partial derivative

Blo“gp
81’?1 8132 —.0xam

In particular from these conditions it will follow that the time shift map by
h along the trajectories for ¢ and ¢, are C*-close.

Assume that there exists, M, a compact normally hyperbolic invariant man-
ifold (NHIM) for ¢, (see [HPS]). When seen in the extended phase space it
gives rise to M another NHIM, which is non compact but various important
estimates are uniform on M. For example, a hyperbolic periodic orbit for ¢,
which is topologically a circle, in the extended phase space becomes an infinite
cylinder. Now we pass from the ODEs to the time shifts viewed in the extended
phase space. As we said before these maps are C*-close and one of them has
NHIM M. Despite the lack of compactness, due to uniform estimates (see for
exmaple methods from [CaZ]), one can show that HHIM M exists also for the

and Bj, : [0, h] — R is continuous function.



time shift by h for the process ¢. Moreover, if the forcing is time periodic, then
we obtain a true NHIM in the extended phase space, which is periodic in time.

These observations are essentially contained in the works discussing the im-
plications of averaging for asymptotic dynamics, see for example [Hale, SVM,
GH].

2.4 Estimate for the variational problem

In the context of the assumptions of Lemma 2.1 we will be interested in an
explicit estimate for g—f(to,t,x) - aai:a (to,t,xz). We will use these bounds in
Section 3.

Lemma 2.2. The same assumptions and notation as in Lemma 2.1. Addition-
ally we assume that for all k € J, holds

sup H = C(D,,F) < o0,
€[to,to+t],zeW
Vg vy,
sup \|DZF(s,z)3—(s,zl)|| = C|(D, F(9
z,21EW,s€[to,to+h] z
sup |ID.F(s,2)]| = C(D,F)<oo

z€W,s€[to,to+h]

9? 52
sup ‘ Uk(S’Z>H — C’( ’Uk) < o0
s€to,to+t],zeW 0tz otoz
2 2
sup H@ v2k (5,2 = C’<8 v;) < 0.
s€lto,to+t],zew || 0% 0z

Let
0
b = 1+ > Cla)C <”’“)
keJ,
w = inf |wgl,

v

and let b(t) = > kes, bk(t) be as in the assertion of Lemma 2.1.
Then for t € [0, h] holds
H O 9%a

4l < B0 (34)

w

(t(),t l‘) (to,t,l’)

Ox

where B : [0, h] — R is continuous function depending on C(...) and constants
[, h given by

B(t) < C(D..F)b(t) (”> + > Bi(),



where

Bi(t) = C(Gy) (c (?;;) (o +elzt)> .
O(Gk)elz_lglt (C <D F%”’ﬁ) +O(a;;> ( k; Clo)e <6vz>> N
(e () e (G2)-(em g cmer) )

Proof: Let us denote by V,(t,z) = aéfc“ (to,t — to,2) and V(t,2) = 81 92 (to,t —
to,z). Often in the remainder of the proof, we write just V,(¢) and V(¢) for
Va(t, 2(tg)) and V (¢, 2(t9)). Observe that in this notation holds

Va(to) = V(to) = Id.
From (16) and (15) it follows that

e A ONAC (3)

and

Wy = 220 siyve + (Z gk(wkt)%";f(t,z(t))> V().  (36)

dt
ke,
We rewrite (36) as follows

dv oF
t —

0 = SV + (5 o) - Sotwuo)) vio +

(Z gk<wkt>%’;<t,x(t»> V()

ke,
We obtain the following equation for A(t) = V(t) — V. (¢)

% = %(t,y(t)) A (gj(t,m(t)) g (t,y(t ))) V(t) +

(Z gk<wkt>;;<t,x<t>>> V().

keJy

Let M (t,to) be the fundamental matrix for (35). Observe that in our notation
we have M(t + to, to) = Va(tO + t) = Va(t + to, I(to))
We have

A(t + to) + > It

keJ,



where

S(t) = /0 M(to +t,to + s) (gg(to +s,2(tg+5)) — %(to + s,y(to + s))) V(to + s)ds

8’Uk

67(150 + s, :L‘(t() + S))V(to + s)ds

Ik(t) = /Otgk(wk(to + S))M(to +t,to+s)

To provide bounds for S(¢) and Iy (t) we need estimates for V(tg + s) and
M(to+1t,to + s) for s € [0,t]. This can be obtained using the logarithmic norm
for (15) and (16), respectively (compare the proof of Lemma 2.2). We have

[V (to + s)|| < exp(l2s)
where

o (00 5 )]

s€[to,to+t],t1 ER,zEW keJ,

<l+ > C(g)C (%Z’“) =: 1,

keJy

In the above estimate obtained from (15) we applied the logarithmic norm to
F(t,x) and the standard norm to the integral. This can be justified as follows.

We have pu(A + B) = 2u((A+ B)/2) < u(A) + u(B), the last inequality
follows from the convexity of the logarithmic norm.

Since u(B) < || B||, so we obtain u(A + B) < u(A) + || B]].

The bound for M(tg + t,to + s) is given by

IM(to +t,to + 5)|| < €79, s€[0,¢].

We are now ready to estimate S(t).
From Lemma 2.1 it follows that for b(t) = max,c(o,g D _jcs, br(s) holds

t
IS < [ eCICDLF)falto +5) ~ ylto + )| e=*ds <
0

It 7 t 7 lat Lt
¢ C(DzzF)b(t) / e(lzfl)sds _ C(DzzF)b(t) <6 € >
0

w w lo —1

To estimate I (t) we will integrate by parts.
We have

G t ) s=t
I, = (]M(H_S))M(to—l-t,to+s)w(t0+s,x(to+s))V(to—|—s)) +
Wk Ox s=0
b tG( (to + ))‘9 M (to +t, to + )—(%k(t +s,2(tg+ 8))V(to + s) ) d
or ), Crlerlto+9) 52 0+ bty +s) 5 (lo+s,2(tg +5)V(lo +5) ) ds

10



To estimate the second term we use the following identities (we use (11))

0 v,
% (M(t() + t,t() + S)ai(t() + s {I?(t() + S))V(t(] + S)) =

F(to+ s, 2(to + 8))V (to + ) +

(to + s,y(to + S))%Tr

OF
—M (¢t t,t —_—
(to+t, O+s)8y

2

(to + s,z(to + s)) +

o0“v
M(to +t,to + ) <8t6

) (to + s, x(to + 8))' (to + s)) V(to +s) +

vy,
M(to+t,t0+8)

T (tg+ 5,2(to + )V (to + 5).

Therefore we obtain for s € [0, ]
0 Ovy,
D5 t0+tt0+8)8 (t0+8 :L’(to+8))V(t0+S

=) (D Fﬁvk) el2s 4+

0
0%v 0%vy,
I(t—s) k . las
e o(E5) o (22) (o Bemra)) o
=) (35%) (C’(DZF) + Z C(g:)C <€§Z>> ol2s
1€ Jy

We obtain the following estimate for Ij(t).

0l < e (€ (52 ) (e ) ) +
con = (e () ve () (CWZ (22) -

i€y

8o (3) o ewn))

i€,

This finishes the proof.

3 Planar non-autonomous equation with very
strong expansion

Let us write a real two-dimensional version of (1)

d

ditj = (1 + cos(kt)|z|?) + sin(xt)| 2|y,
dy _ 2 . 2
o = —y(1 + cos(kt)|z]*) + sin(kt)|z| z.

11



In this section we will use quite often the following notations ¢ = cos(kt),
s = sin(kt). The norm on C = R? is the euclidian norm and it is used to define
the operator norms for linear and bilinear map arising in the analysis of (1).

3.1 All solutions with large initial data go to infinity in
finite time

Consider first differential inequality

d
s bt (37)

Lemma 3.1. Assume b > 0 and © : [to,tmez) — R is C* function, which

satisfies (37) and x(to) = xo > 0. Then

x(t) >

Lo

V1= 2022(t — to)

: 1
In particular, t,e. —to < Thag -

Proof: Let y(t) be a solution of the following Cauchy problem

dy
=L — B t) = vo. 38
o = ylte) =wo (38)
It is easy to see that
Y
y(t) = : (39)

V1 —2bys (t — to)
From the standard differential inequalities it follows that if zg > yo, then

x(t) > y(t) for t > to. ]

Now we will show the existence of the forward invariant cones for short times.
It will turn out that in such cone a solution might explode to infinity in time
shorter than the established time for the forward invariance.

We define a quadratic form Q(z,y) = z? — y2. Let us define cones QT =

{21Q(2) 2 0} and Q™ = {z | Q(z) < 0}.

Lemma 3.2. Cone Q" is forward invariant as long as
cos(kt) > 0.

Proof: Let z(t) = x(t) + iy(¢) be a nonzero solution of (1). We have

5 Q) y(t)) = o'~y =

2?(L+ clz]?) + 2PPszy + y* (1 + clz?) = [2*s2y = [P (1 + ¢[2]*) > c|2[*

12



Lemma 3.3. Assume that z = (z+iy) € Q1, z > 0 and cos(xt)—|sin(xt)| > 0,

then p
ditc > 2% (cos(kt) — | sin(kt)]).

Proof: Since |z|? > 22 and |y| < = we have

dz

7 > ez = Isll2lPly] = |2 (cx — |sl2) = l2*(c = |s]) = 2*(c - |s])

Lemma 3.4. Let t; > 0 and € > 0 be such that the following inequality is
satisfied for t € [0, 1]

cos(kt) — | sin(kt)| > € > 0.

Assume that zg = (z0,v0) € Q" and 2% > ﬁ Then, z(t), the solution of

(1) with the initial condition z(0) = zo goes to infinity in finite time.
Proof: Without any loss of the generality we can assume that xg > 0.

From Lemmas 3.2 and 3.3 it follows that for ¢ € [0,¢1] holds

dz 3
— . 4
o > ex (40)

From Lemma 3.1 if follows that for ¢ € [0,¢1] holds

T
z(t) > —F/—. 41
Q V31— 26:6%15 (1)
Observe that we have the solution blow-up before time #; if
1
i — 42
Lo Z ety (42)
|
Theorem 3.5. Let § € (0,7/4). If |2]* > m, then for any to the

solution of (1) with initial condition z(tg) = zo = (xo,y0) goes to infinity in
finite time backwards or forwards in time.

Proof: Let us fix tg = 0. Let t; = # Then for ¢ € [0,¢1] holds

cos(kt) — | sin(kt)| = cos(kt1) — sin(kty) >
cos(m /4 — 6) — sin(w/4 — &) = V/2sin 4.

From Lemma 3.4 with € = +/2sind we obtain that if the initial condition zg =
(z0,yo) satisfies

1 K
2t 2v/2(m/4 — &) sin & (43)

x%Z

13



then |z(t)| — oo in finite time.
Observe that by inverting time we obtain that for initial conditions in Q7

with yg > m the solutions will explode backward in time. Therefore

we see that if 23 +y3 > then we have |z(t)| — oo forward in finite

K
V2(r/4—8)sin s’
time or |y(t)| — oo backward in finite time.

In the above reasoning ty = 0 was singled out. But in fact there is nothing

special about this initial time. The transformation

z1 = exp(—ikty/2)z (44)

transforms (1) into
21 =Z1(1 + | 21| exp(in(t — to))). (45)
|

3.2 A priori estimates for small time step

Lemma 3.6. Let ¢ be the local process induced by (1) and Ry > 1. For any
to € R if |20| < Ry and h = &, then p(to,t, 2) is defined for t € [0, h] and

SR
|<P(t0at720)‘ < \/iRo (46)
Proof: Tt is easy to see that for |z| > 1 holds
d
% < 2|(1 4 12)%) < 2J2)3. (47)

From Lemma 3.1 with b = 2 we obtain the following estimate for |zo| < Ry and
t€[0,h]
Ry

to, t, 20)| < ———
le(to 0)] 1—2bR%t

< V2R, (48)

3.3 (" estimates for the averaging

We would like to write down explicitly the estimates from Lemma 2.1 for (1).
Let us first rewrite equation (1) in the form (15). We have

2= f(2) + g1(wit)v1(2) + go(wat)va(2), (49)
where
fz) = %
Wi = Wws =&k,
g1(t) = cost, Gi(t) =sint
g2(t) = sint, Ga(t) = —cost
v(z) = |2z, —y),
va(2) = [z[*(y, )"

14



Therefore we see that J, = {1,2} and on J, the counting measure is used.

We will also need the estimates for the partial derivatives of vy.

32% + ¢,

61)1 o
—2xy,

9z

2zy
—332 _ 3y2

vy _
’ 0z

Lemma 3.7. For z € R? holds

1D:v1(2)[| = | D:va(2)]| = 3

2xy,
322 + 92,

Proof: Let z = (z,y) = r(cosa,sin ). It is easy to see that

Duvi(z) =

I
<
()
N
| —

and

D’UQ (Z)

Therefore we have

2xy7 27.2 + (y2 - {I?2) —
2r2 + 12 — 92, 2zy -
0, 2 n sin(2a), — cos(2a)
2, 0 cos(2ar),  sin(2a)
Dui(z) =7*(A; +Q;), i=1,2

2T2 + (1'2 - y2)7

“(l

sin(2«)

2xy
—2xy, —2r2 + (2% — ?)
2, 0 n cos(2ar),
0, -2 —sin(2a),

cos(2a)

.172 + 3y2
2zy

)

)

(50)

where A; is a symmetric matrix with eigenvalues +2 and @); is a rotation matrix.

Therefore we have

1Dvi(2)I < (I Aill + [|Qill) = 3¢,

The proof of equality is left to the reader.

(51)

Therefore we have the following bounds on W = B(0, R) and t € [to,to + h],
where h = ﬁ (compare with Lemma 3.6, there Ry was the size of the initial
condition and here R = v/2Rj is the size of the enclosure)

R

Clgr)=1, k=1,2

L

C(D.fux) =R3 k=1,2
0, k=12

MR?, k=1,2,



From Lemma 3.7 it follows that M = 3.
Hence for k = 1,2 from Lemma 2.1 we obtain

be(t) < C(Gy) (Clup)(1+€)+

(c (D.fu) +C ((Z‘“) i C (%ﬁ:) (C(f) s C(Ui)c(gi)>> eltl_ 1) _

i€y
R¥(1+e") + (R®*+ MR*(R+2R?))(e! — 1) = R¥((2+ M)e! — M) +2MR5(e* — 1)

Summarizing, we have proved

Lemma 3.8. Fort € [0, 15z and |20 < % holds

i

lo(to, t, 20) — (e"zo, e~ "yo)| < f) = % (R*((2+ M)e' — M) +2MR°(e' — 1)) .

3.4 (" estimates

We want to use Lemma 2.2. For this we need to estimate also the second
derivatives of vy.

We have
v, _ 6x, 2y 0?vy | -2y, —2z
822 2y, 2z |’ 022 | =2z, —6y |’
v B 2y, 2x D?vg | 6z, 2y
022 2z, 6y |’ 022 | 2y, 2z

To estimate C (%2:2’“> we will use the following lemma.

Lemma 3.9. For z ¢ R? and k = 1,2 it holds

Ha%’“ <r\/24+16v2 = (4 + 2\/5) T, (52)

072

where r = |z|,

Proof: Fist we will estimate

621}1 T
cra =% (53
C . . 6z, 2y
For this it is enough to estimate from above the spectrum of the matrix 9 o |
)

An easy computation yields the following formula for the eigenvalues
A =4z £+ 2r.
Therefore we obtain

Cy oz =4|z| +2r < 6r.

16



In order to estimate D?v; observe first that from symmetry arguments it follows
immediately that

Ciy=

= 4|y| + 2r.

2
8 ’Ul)y
072

Therefore we have for any vectors a,b € R?

1020 (a.B)|* < (Cuellall - 161 + (Coylall - [B1)* = (CF, +C2,,) (lall - o]
10?0 < (€2, +C3,) "

We have

C .+ Ct, = (162° +16|z[r + 41°) + (16y° + 16|y|r + 4r*) =
2472 + 16(|z| + |y|)r < 24r% + 16V2r? = (24 + 16V/2)r2.

Let h, W be as in the previous subsection. We have

C(Dzzf) = 07
C (DJ%?) = C (%Z’“) = MR?,
C(sz) = 1,

82’Uk

C(@t@z) =0
8211k

(j ((922) == ]V]{

From Lemma 3.9 it follows that N = 4 + 2/2.
We have

o = 1+ Clg)C (%”’“) =1+2MR?
ked, z
w =[xl

and b(t) given in Lemma 3.8.

17



From Lemma 2.2 we obtain (we set k = 1 below)

vy, It lgt
Ep > +e +

QC(Gk)elZ_lelt- (o (sz%2’“> +c<%“z’“) ( (D.f)+ > Clg:)C a“’ ) n

B(t) = 2B, (t) = 2C(Gy) <C (

i€Jy
O Ov; 2 (14+2M R?)t
+le(5pm)+e(Sa) (et + X clancw) ) ) | =2mRr? (e + )+
ier
€(1+21WR2)t et , , , .
2 (MBS MR+ 212 + NR - (R +2R)) =

N N
2MR2e! (1 + eQMRZt> + el (MR _ 1) (2 + 47 T 2R <M + M))

We proved the following
Lemma 3.10. Fort € [0, 7| and |z < f holds

7890 et 0 1 2 ¢ 2M R2t
— <
H320 (to,t, z0) [ 0 et }H < |H|2MR e <1+e ) +

et(e2MR%t _ 1) N ) N B(t,R)
—W (2+M+2R <M+M>> =: |K|

3.5 The estimates for the domain of hyperbolicity

1 0
!
For any h > 0 map e“" is hyperbolic and represents the linearization of (1) at
0. Now we add to e" the influence of oscillating terms from (1) and we would

like to find possibly large R, such that in the ball of radius R the shift by A
along trajectory of (1) is a hyperbolic map, in the sense discussed below.

Let

3.5.1 Cone conditions

Let us define two cone fields, for z € R? we set Q1 (2) = {z + (x,9)||z| > |y},
Q™ (2) = {z + (z,y)||z] < |y[}-

Definition 3.11. Let {F;};cz be a family of maps, F; : R? D domF; — R? be
a C'-map, such F;(0) = 0. Let N C domF}; (for j € Z) be a connected open
set, such that 0 € N. We will say that family of maps {F;} is hyperbolic on N
iff the following conditions hold:

e the cone field QT is forward invariant relatively to N, i.e. if 21,20 € N
are such that zo € Q% (21), then for all j € Z Fj(z3) € QT (F;(z1))

18



e there exist constants 0 < p <1 < &, such that

— if 21,20 € N and z5 € Q~ (21), then for all j € Z

|y (Fj(21) — Fj(22))| < plmy (21 — 22))], (54)
— if 21,290 € N and 25 € QV(21), then for all j € Z
e (Fj(21) — Fz2))| 2 €|ma(z1 — 22)]- (55)

We have the following simple theorem, which is an adaptation of results
from [CaZ], where normally hyperbolic invariant manifolds are discussed, (see
also [ZCC))

Theorem 3.12. Assume that family of maps {F;} is a hyperbolic on a convex
set N in the sense of Definition 3.11 and assume that for all j € Z Fj_l(O) =
{0}. Then

e if2€ N\ {0}, 1 €Z and z € QT (0), then there exists n > 1, such that
FyioFy 140---0F(2) € QTO0)NN, for k=1,...,n—1,
FoyoF, 140---0F(z) ¢ N.

e if 2 € N\{0}, 1l € Z, and z € Q(0), then one of the two following

conditions is satisfied
— there exists n > 1 such that
FrpiioFi_1410---0F(z) € NNQ (0), fork=1,...,n—1
FoijoF, 140---0F(2) € QY (0).

FytroFy_1410---0F(2) € NNQ (0), VkeN
lim Fk+lOFk—1+lo"‘oﬂ(Z) =0
k—oc0
In particular, if N is bounded, then for every point z # 0 every mazximal
orbit of {F;} through z leaves N either forward or backward in time.
Below we give the criterion for the hyperbolicity of family {F}};cz.

Lemma 3.13. Let for j € Z Fj : R? O domF; — R? be a C*-map, such
F;(0) =0. Let N C domF; for all j € Z and N be a convex bounded open set,
such that 0 € N.

Let us set
. . . |OF, OF,
¢ =t (ang |70 | ). 0
OF, ‘8Fy >
= gsup | sup |—=(z)| +sup |—| ). 57
g jeIZ) (zejlsr 52/() SN | 0z (57)

If € > 1> p, then {F;}jez is hyperbolic on N.

19



Proof: We will present the proof for F; = F. The generalization to a family
of maps is trivial.
Let 21 = (x1,y1) and 29 = (20, yo). Then we have

Fo(21) — Fu(z) = 01 %i” (20 + t(z1 — 20))dt - (x1 — x0) +

(O ottt — ot (- 0), (69)
R~ RGo) = [ D0t e~ 2ot () +

/01 %(zo Ft(e -z (g — o). (59)

From conditions (58), (59) and the convexity of N it follows that

. OF, OF,

|Fp(21) — Fo(20)] 2> Zlgjfv e (2)| - |r1 — o _f&%‘ay (2)| - ly1 — yo(60)
OF, OF,

By (21) - By(0)] < sup\%z) -|x1—xo|+sup\y<z> y1 — o[61)
zEN Ox zEN ay

Therefore for z; € Q7 (2) (recall that |z — x| > |y1 — yo|) we obtain

|Fo(z1) — Fe(z0)] > &lzr — ol
|Fy(21) - Fy(z())| < /L|$1 — £E0|.
We see that in this case
[Fo(z1) = Falz0)] 2 oy — o] 2 plas — ol 2 |Fy(=1) = Fy(=o)l. - (62)

Hence F(z1) € QT (F(z0)). This establishes the forward cone invariance of the
cone field QT and expansion condition (55) in positive cone.
It remains to show (54) for z; € Q@ (29). From (61) it follows that

|Fy(21) — Fy(20)] < plyr — vol-

3.5.2 Estimation of cone conditions for (1)

Let us fix any tg € R. We will show that the family of maps {z — ¢(to +
jh, h, 2)}jez is hyperbolic on some ball B(R).
Let us set 9
A(to,h,Z) = %(thhvz) _eAh (63)
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Observe that from Lemma 3.10 we have the following bounds, which do not
depend on tg, on ||A(tg, h, 2)|| for |z] < % and h € (0, 17|

t

(h, R)

[A(to, b, 2)| <
%]

(64)

Let us now compute £ and p from Lemma 3.13. We have

£>J_2MMR)

)

Since for h > 0 holds

eh—1>1—e_h,

hence we are left with the following condition

2B(h, R)

i <l—en (67)

hence -
2B(h, R)

|k > T oh

In Table 1 we list several values of k¥ depending on Ry =

S

[Ro|l & |
T | 305

10 | 2.24-107
100 | 2.23 - 101

Table 1: The values of s, such that in B(0, Rg) the behavior of (1) is hyperbolic.
% is computed from (68) with R = v/2Ry from Lemma 3.10. We used M = 3,
N=4+2V2 h= 5.

Therefore we have proved the following result.
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Theorem 3.14. For any R > 0 let Ry = %, h = # and assume that
0

2B(h, R)
1—eh’

K| > (69)
Then for any to the family of maps {z — @(to + jh, h,2)}jez, is hyperbolic on

B(0, Ry).

Let us estimate now the growth of k, such that we have the hyperbolic
behavior on B(0, Ro). It is easy to see that for h = g
0

B(h(Ry), RoV'2) O(R?)
O(R3)

5l > O(RY)/(1—e™") = =1 = O(Ry)

8R2

Corrolary 3.15. There exists K > 0, such that if z(t) is bounded orbit for (1),
then either z(t) = 0 or there exists ty, such that |2(t,)| > Kr'/*.

3.6 Bounds on the nontrivial bounded solutions

In the investigations of (1) in [SW, WZ, OW] the chaotic behavior was obtained
by the constructions of suitably matched isolating segments, called (U,U~) and
(W, W) in [SW, WZ], which satisfy U C W. Segment W exists for any x # 0
and its existence implies the existence of nonzero periodic orbit in it. The shape
of W in the extended phasespace is given by a square [—R, R]? rotating with
angular velocity /2 (see Section 5 in [WZ]), where R satisfies the following
inequality [WZ, Lem. 13]

R*(R* — 1) > (1/2 + k/4)°.

Therefore 27 /k periodic orbit related to this isolating segment exists for R =
O(k'/?). This is in fact the bound for any bounded orbit in this segment.
Combining this with Cor. 3.15 we obtain these periodic have to satisfy

vt |2(t)| < O(k'/?)
3ty |2(t1)| > O(xY/*).
Observe that from Theorem 3.5 we obtain also that all orbits such that
|z(to)| > O(k'/?) escape to infinity forward or backward in time. Therefore
there is not point in taking substantially larger R for the isolating block.

From the above observations it follows that any bounded nonzero orbit of
(1) has to satisfy the following conditions

Vi |2(t)| < O(kY/?)

Htn}nez, lim_t, = —o0, lim t, =00 ¥n |2(tn)| > O(k").
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