Max-Planck-Institut
fiir Mathematik
in den Naturwissenschaften
Leipzig

Shadowing in linear skew product

by

Sergey Tikhomirov

Preprint no.: 107

2014







Shadowing in linear skew product

Sergey Tikhomirov

Abstract

We consider linear skew product with the full shift in the base and
non-zero Lyapunov exponent in the fiber. We provide sharp estimate
for the precision of shadowing for a typical pseudotrajectory of finite
length. This result suggests that the high-dimensional analogue of
Hammel-Yorke-Grebogi’s conjecture [8,9] concerning the interval of
shadowability for a typical pseudotrajectory is not correct. The main
technique is reduction of shadowing problem to the ruin problem for
one-dimensional random walk.

1 Introduction

The theory of shadowing of approximate trajectories (pseudotrajectories)
of dynamical systems is now a well-developed part of the global theory of
dynamical systems (see, the monographs [13,14] and [15] for overview of
modern results). The shadowing problem is related to the following question:
under which conditions, for any pseudotrajectory of f there exists a close
trajectory?

For a metric space (G,dist), a continuous map f: G — G, d > 0 and an
interval I = (a,b), where a € ZU{—o00}, b € ZU{+0o0} a sequence of points
{yr }rer is called a d-pseudotrajectory if the following inequalities hold

dist(ygpr1, f(yr)) <d, ke€Z, kk+1el.

Definition 1. We say that f has the standard shadowing property if for any
e > 0 there exists d > 0 such that for any d-pseudotrajectory {yx}rez there
exists a trajectory {zj }rez such that

dist(zg,yx) <&, k€ Z. (1)

In this case we say that pseudotrajectory {yx} is e-shadowed by {x}.
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The study of this problem was originated by Anosov [2] and Bowen [3].
This theory is closely related to the classical theory of structural stability.

Let G be a smooth compact manifold of class C'*° without boundary
with Riemannian metric dist and f € Diff'(G). It is well known that a
diffeomorphism has shadowing property in a neighborhood of a hyperbolic
set [2,3] and a structurally stable diffeomorphism has shadowing property
on the whole manifold [11,19,21]. At the same time, it is easy to give an
example of a diffeomorphism that is not structurally stable but has standard
shadowing property (see [16], for instance). Thus, structural stability is not
equivalent to shadowing.

Relation between shadowing and structural stability was studied in sev-
eral contexts. It is known that the C'-interior of the set of diffeomorphisms
having shadowing property coincides with the set of structurally stable diffeo-
morphisms [20] (see [17] for a similar result for orbital shadowing property).
Abdenur and Diaz conjectured that a C'-generic diffeomorphism with the
shadowing property is structurally stable; they have proved this conjecture
for so-called tame diffeomorphisms [1].

Analyzing the proofs of the first shadowing results by Anosov [2] and
Bowen [3], it is easy to see that, in a neighborhood of a hyperbolic set,
the shadowing property is Lipschitz (and the same holds in the case of a
structurally stable diffeomorphism [14]).

Definition 2. We say that f has the Lipschitz shadowing property if there
exist gg, Lo > 0 such that for any ¢ < gy and d-pseudotrajectory {yi}rez
with d = ¢/Lg there exists a trajectory {z}rez such that inequalities (1)
hold.

Recently [18] it was proved that a diffeomorphism f € C! has Lipschitz
shadowing property if and only if it is structurally stable (see [12,16] for a
similar results for periodic and variational shadowing properties).

In the present paper we are interested which type of shadowing one can
have for non-hyperbolic diffeomorphisms. The following notion will be im-
portant for us [22]:

Definition 3. We say that f has the Finite Holder shadowing property
with exponents 0 € (0,1), w > 0 (FinHolSh(f,w)) if there exist constants
do, L, C' > 0 such that for any d < dy and d-pseudotrajectory {yx}rejo,ca—«)
there exists a trajectory {x}recp,ca—«] such that

dist(zy, yx) < Ld?, k€ [0,Cd™].



S. Hammel, J. Yorke and C. Grebogi based on results of numerical ex-
periments conjectured the following [8,9]:

Conjecture 1. A typical dissipative map f : R?* — R? satisfies FinHolSh(1/2,1/2).

There are plenty of not structurally stable examples satisfying FinHolSh(1/2,1/2),
for instance [22, Example 1] and identical map.

In the present paper we study this conjecture for model example: linear
skew product (see definition in section 2). We give lower and upper bounds
for the precision of shadowing of finite length pseudotrajectories. Those
bounds shows that depending on parameters of the skew product diffeomor-
phism might satisfy and not satisfy analog of Conjecture 1.

We expect that similarly to works [5, 6] such a skew product can be
embedded into a diffeomorphism of a manifold of dimension 4. This will allow
us to construct an open set of diffeomorphisms violating high-dimensional
analog of Conjecture 1. However we do not claim such a construction and
leave it out of the scope of the present paper.

Note that in [22] it was shown that Conjecture 1 cannot be improved (see
also [10] for the discussion on Holder shadowing for 1-dimensional maps):

Theorem 1. If a diffeomorphism f € C? satisfies FinHolSh(6, w) with
0>1/2, O+w>1

then f s structurally stable.

The paper is organized as follows. In Section 2 we formulate exact state-
ments of the results. In Section 3 we formulate a particular problem for
random walks and prove its equivalence to the shadowing property. In Sec-
tion 4 we give a proof of the main result.

2 Main Result

Let ¥ = {0,1}%. Endow it with the standard metric dist and the standard
probability measure v. For a sequence w = {w'} € ¥ denote by ¢(w) the 0-th
element of the sequence: t(w) = w’. Define the “shift map” o : ¥ — X as
the following

(o))’ = wi*,



Consider the space () = ¥ x R. Endow @) with the product measure
i = v x Leb and the maximum metric:

dist((w, x), (@, Z)) = max(dist(w, @), dist(x, Z)).

For ¢ € @ and a > 0 denote by B(a,q) the open ball of radius a centered
at gq.
Fix Ao, A1 € R, satisfying the following conditions

0< /\0 <1l< Al, )\0A1 7é 1. (2)
Consider map f : Q) — @ defined as the following

fw, ) = (0(w), Are))-

Forg e @, d >0, N € N let Q,4n be the set of d-pseudotrajectories
starting at ¢. If we consider g1 being chosen at random in B(d, ¢) uniformly
with respect to measure p then €, 4 x forms a finite time Markov chain. This
naturally endow €2, 4 x with a probability measure P. See also [7] for a similar
concept for infinite pseudotrajectories.

For ¢ > 0 let p(q, d, N,¢) be the probability of pseudotrajectory in Q4 n
to be e-shadowable. Note that corresponding event is measurable since it is
an open subset of Q4 n.

Lemma 1. Let ¢ = (w,z), ¢ = (w,0). Foranyd,e >0, N € N the following
equality holds:
p(q,d, N,e) = p(q,d, N,e).

Proof. Consider {qr = (wk, xx)} € Qqan. Put 7, := 41— Ay, )@x. Consider
a sequence {Gy = (wg, Tx)}, where

To0=0, Zpy1 = Ni(wy)Th + Tk
The following holds:

1. the correspondence {g;} <> {qx} is one-to-one and preserves the prob-
ability measure;

2. for any € > 0 pseudotrajectory {¢x} is e-shadowed by a trajectory of a
point (w, ) if and only if {Gy} is e-shadowed by a trajectory of a point
(w,z — xp).



Those statements completes the proof of the lemma. O
For d,e > 0, N € IN define
p(d, N,¢) ::/ p((w,0),d, N,e)dv.
weX

Note that integral exists since for fixed d, N, ¢ the value p((w,0),d, N,¢)
depends only on finite number of entries of w. The quantity p(d, N,¢e) can
be interpreted as the probability of a d-pseudotrajectory of length N to be
e-shadowed.

The main result of the paper is the following:

Theorem 2. For any Ao, \y € R satisfying (2) there exists eg > 0, 0 < ¢y <
oo such that for any € < g the following holds

1. If ¢ < ¢g then im0 p(e/N€, N,e) = 0;
2. If ¢ > ¢y then imy_,oo p(¢/N¢, N, ) = 1.

Remark 1. Later (Lemma 2) we prove that for any N € N, L > 0, £1,¢5 €
(0,9) the following equality holds:

p(e1/L,N,e1) = p(e2/L, N, &2).
Hence statement of Theorem 2 actually does not depend on the value of €.

Remark 2. Analog of Hammel-Grebogi-Yorke conjectured for map f due
to Remark 1 suggests that p(¢/N, N, ¢) is close to 1. Hence if ¢y > 1 then
Hammel-Grebogi-Yorke conjecture is not satisfied. For the example of such
parameters see Remark 3.

3 Equivalent Formulation

Let ag = In A\, a1 = In A\;. Consider the following random variable

_Jap with probability 1/2,
7= a; with probability 1/2.

Fix N > 0. Consider random walk {A;}c0,0c) generated by + and inde-
pendent uniformly distributed in [—1, 1] variables {r;}:c(0,00)-
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Define sequence {z;}icjo,n] by the following

Tit+1
20 =0, zj41 = % . 3
0=0, Zij1=z+ it (3)

For a given sequences ({A4;}ico,n], {7i}icpo,n) define

B(k,TL) = m|zn—2k|:m‘€ an—e ka s
K({Ai}, {ri}) = | max B(k,n),

s(N,L) := P(K({Ai}ie[o,N], {Ti}ie[o,N]) < L),

where P(+) is the probability of a certain event.
Below we prove the following lemma.

Lemma 2. There exists €g > 0, Ly > 0 such that for any d > 0, L > Ly,
N € N, satisfying Ld < g the following equality holds

p(d, N, Ld) = s(N, L).

Proof. Let us choose &g, Ly > 0 such that if dist(w,®) < gy then t(w) = t(®)
and map o satisfies the Lipschitz shadowing property with constants &g, L.

Fix d < dy, N > 0 and L > Lg satisfying Ld < ¢y. Let us choose w
at random according to the probability measure v and a pseudotajectory
{ar} = {(wk, zk)} € Qo 0),a,n. Consider the sequences

K
Vo = Gy Ar= > Vi Tk = (T — Mewp_y)Tho1)/d-
=0

Note that 7, are independent uniformly distributed in [—1,1] and 7 are
independent and distributed according to ~.
Below we prove that the sequence {¢x} can be Ld-shadowed if and only
if
L> K({A},{r}). (4)
Assume that pseudotrajectory (wg, xy) is Ld-shadowed by the exact tra-
jectory (&, yx). By the choice of gy the following equality holds

t(wr) = (&) (5)



Now let us investigate behavior of the second coordinate. Note that

Y1 = Mg = €% U, Yo = e My, (6)
T, = eA"_A’fa:k. + eAk(zn - Zk),

where z; are defined by (3). Hence
(Y — &) = €N (g — i) + €M (20 — 21).
From this equality it is easy to deduce that
max(|yy — T, [yn — 2nl) = B(k,n).

and the equality holds if (yx — zx) = —(yn — x,,). Hence inequality (4) holds.

Now let us assume that (4) holds and prove that (wy,zx) can be Ld-
shadowed. Let us choose sequence {{;} which Ld-shadows {wy}, then equal-
ities (5) hold.

For any yo € R we can find y; by the equation (6). Let us define function
F : R — R by the following

F(yo) = ohax, |y — k.

Since function F' is continuous it is easy to show that for some yq it has a
minimum. Denote L' := minyer F(yo) and let yo is such that L' = F(yo).
Let D ={k € [0,N]: |yx — x| = F(yo)}. Let us consider two cases.
Case 1. For all k € D the value y; — x; has the same sign. Without loss
of generality we can assume that it is positive. Then for small enough 6 > 0
the inequality F'(yo—0) < F'(yo) holds, which contradicts to the choice of yq.
Case 2. There exists indexes k,n € D such that the values y, — xy
and y,, — x, have different signs. Then (y,. — zx) = —(y, — x,) and hence
L' = B(k,n) < K({A;}, {z}).
U

4 Proof of Theorem 2

Note that shadowing problems for maps f and f~! are equivalent (up to a
constant multiplier on d). In what follows we assume that \gA; > 1. Put

vi=E(y)=(ap+a1)/2>0, M:=(nN)?> w:=uv/2.

In the proof of Theorem 2 we use the following statements.
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Lemma 3 (Large Deviation Principle, [23, Secion 3]). There exists an in-
creasing function h : (0,00) — (0,00) such that for any e > 0 and 6 > 0 for
large enough n the following inequalities hold

A
P (— —E(v) < —5) < e~ (hE)=9)n,
n

An
P (— —E(v) < —5) > ¢~ (e,

n

Lemma 4 (Ruin Problem, [4, Chapter XII, §4, 5]). Let b be the unique
positive root of the equation

(efbao + 6fba1) —1.

N —

For any 6 > 0 for large enough C' > 0 the following inequalities hold
P(Fi>0:4<-C)<e @t (7)
P(3i>0:4; < —=C)>e ¢l (8)
Put ¢g = 1/b. Due to Lemma 2 it is enough to prove the following:
(S1) If ¢ < ¢g then limy_,o s(N, N¢) = 0.
(S2) If ¢ > ¢o then limy_,o s(IV, N¢) = 1.

Remark 3. For A\ = 1/2, A\; = 3 the inequalities b < 1, ¢y > 1 holds
and hence due to Remark 2 the statement of Conjecture 1 does not hold.
Similarly ¢y > 1 for \g = 1/3, A} = 2.

Below we prove items (S1) and (S2).

4.1 Proof of (S1)
Assume that ¢ < 1/b. Let us choose ¢; € (¢,1/b) and § > 0, satisfying



Consider the following events:

I={3i€]0,M]: A; <—c;InN; and Agp; > 0},

L={3ie[0,M]:A < —c N},
={Jiel0,M]: A <—-wM},

I3 = {Asy — Ay < wM}.

The following holds.

P(I) = P(I) = P(I2) = P(I3), (10)

P(lL)>P(3i>0:4A< —cllnN) —P(3i>M:A < —clnN)

Z ¢l In N (b+9) Z P A < O) > N~ c1(b+9) Z efzh(v
i=M+1 i=M+1

Z N7c1(b+6) . . 1 - )6 —(M+1)h(v) > N~ c1(b+9) +0(N 2)' (11)
— e v
Similarly
P(l) < Z P(4; <0) =o(N?), (12)
i=M+1
P(Iy) < M) = o(N2), (13

Summarizing (10)-(13) we conclude that
P(I) > N~ 4 (N2, (14)

Assume that event I has happened and let ¢ € [0, M] be one of the
indexes satisfying inequality A; < —c;In N. Note that the following events
are independent

T
le{TiE[l/Q;l]}, JQZ{ZQM_ZOZeAi}.

Hence




and
1 1
P(B(0,2M) > N /4) > gP([) = gN—Cl“’+5> +o(N72).

Note that for large enough N the inequality N° < N /4 holds and hence
P(B(0,2M) > N°¢) > %N“(b”) +o(N7?).
Similarly for any k € [0, N — 2M]:
P(B(k,k +2M) > N°¢) > %N“(b”) +o(N7?).

Note that events in the last expression for k = 0,2M,2-2M, ... ([N/(2M)] —
1)2M are independent and hence

P(3k €[0,N —2M] : B(k,k + 2M) > N°¢) >
1 [N/ @M)]
1— (1 — (gN‘Cl(b”) + o(N_Q))) . (15)

Using (9) we conclude that

(%N‘Cl(b”) " o(N—2)) N)(@M)] > (%N‘Cl(b”) " o(N_z)) (2(TNN)2 - 1)

1
= T e e o0

and hence

1 [N/(2M)]
(1 — (gN‘Cl(b”) + o(N_2))) — Nosoo 0. (16)

Relations (15), (16) implies that

P(K({Ai}ie[o,m, {Ti}ie[O,N}) > Nc) — 1.

Hence
lim s(N,N¢) =0.

N—oo
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4.2 Proof of (S2)

Let ¢ > 1/b. Let us choose ¢; € (1/b,¢) and 6 > 0, satisfying ¢;(b —6) > 1.
Note that for any n > k the following inequalities hold:

n
eAk‘Zn _ Zk‘ < Zef(ArAk)

i=k
eAn
eAr 4 eAn =1
Hence
n N
, 1) < —(Ai—Ar) —(Ai=Ay) . 1)
K({Ai}, {ri}) < | max 3 e < max, 3 e D({A;})

(17)
The following holds:

P(D({A}) < N9)>1-P <3k: €[0,N]: ) e > Nc>
i=k

N
>1— NP <Z e~ (AimAr) - NC> .
1=0

Note that if S e~ (4i=4%) > N¢ then one of the following hold

NC
Jielo,M]:e > _—
P, M)t s
Nc—l
Ji € [M,N]:e ™ > 5
Note that for large enough N the following inequalities hold

NC

Nc1 chl 2> —wM
s > N /2> ¢

and hence (arguing similarly to the previous section) for large enough N

N
P (Z e~ AimAK) > Ncl> <PEie€0,M]: 4 < —c;InN)+ P(3i € [M,N]: A; <wM)
=0

< 6—(b—5)01 InN +O(N_2) — N—(b—5)61 +O(N_2).
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Finally
P(D({A}) < N°) >1— NN~ L o(N72) 5 n00 1,
and hence relations (17) imply
lim s(N,N¢) = 1.

N—o00
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