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Introduction

This thesis is devoted to the study of relation between shadowing properties of dynamical
systems generated by diffeomorphisms, vector field and actions of more complicated groups
with such forms of hyperbolicity as structural stability, (2-stability and partial hyperbolicity.

The shadowing problem in the most general setting is related to the following ques-
tion: under which conditions for any pseudotrajectory of a dynamical system there exists a
close exact trajectory? The problem of shadowing was initiated in works of Anosov [3] and
Bowen [13]. Current state of shadowing theory is reflected in monographs [65,72] and recent
review [76].

In the most simple setting shadowing property is formulated as follows. Let (X, dist) be
a metric space. Let f : X — X be a homeomorphism. For d > 0 we say that sequence of
points {yx }rez is a d-pseudotrajectory if

dist(yry1, f(yr)) < d, k€ Z.

We say that dynamical system generated by f has the shadowing property if for any ¢ >
0 there exists d > 0 such that for any d-pseudotrajectory {yj}rez there exists an exact
trajectory {xy }rez satisfying the following

dist(xg, yx) < e, k€ Z.

Pseudotrajectories naturally appears in numerical simulations of dynamical systems. In-
deed if a diffeomorphism f (or vector field X') has the shadowing property, then approximate
trajectories, attained as a result of numerical simulation of a corresponding dynamical sys-
tem, reflects the behaviour of the system on infinite time interval.

Shadowing property plays important role in the smooth dynamical system theory. Indeed,
if diffeomorphisms fi, fo (vector fields X, X3) are close in the C! topology then exact
trajectories of fo (X3) are pseudotrajectories for f; (X7), hence the shadowing property is a
weak analogue of structural stability.

Even that the most natural motivation of the shadowing property is justification of results
numerical simulation, initially it was introduced in the notion of chain-recurrent sets and in
structural stability theory.

It is well-known that dynamical systems have shadowing property in a neighborhood of
a hyperbolic set [3,13]. This statement is often called the shadowing lemma. Structurally
stable systems have the shadowing property on the whole space [71,90,96]. Let us note
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that for the theory of structural stability it is important only the fact that pseudotrajectory
and exact trajectory are close, for numerical simulations it is important to know qualitative
characteristics of shadowing property and consider shadowing of pseudotrajectories of finite
length.

It is not difficult to construct examples of nonhyperbolic systems with the shadowing
property (see for instance [75,79]), however in the modern theory of dynamical systems
it is believed that shadowing and hyperbolicity are almost equivalent. At the same time
shadowing property shows good results for much broader class of dynamical systems.

Hammel, Grebogi and York [32,33] considered question about the length of shadowable
pseudotrajectories. In those works based on results of numerical simulations for logistics
map and Henon map authors formulate a conjecture on the length of shadowable pseudotra-
jectories.

Before the current work the structure of the C'-interior of the set of diffeomorphisms,
satisfying various shadowing properties was studied. In works [78,95] it was shown that such
an interior coincide with the set of structurally stable diffeomorphisms for the case of orbital
and standard shadowing properties. Let us also mention that Abdenur and Diaz [1] conjec-
tured that for a C'-generic diffeomorphism shadowing property is equivalent to structural
stability; they proved this conjecture for the case of tame diffeomorphisms.

Description of the set of diffeomorphisms with shadowing property (without passage to
the C'-interior) was available only variational shadowing property [75]; it is equivalent to
structural stability:.

One of the important problem is the description of the set of periodic orbits of a dynamical
system. In this context it is natural to consider periodic shadowing property, in which we
consider shadowing of periodic pseudotrajectories by periodic exact trajectories. This notion
was introduced earlier, at the same time it is still not known if shadowing property implies
periodic shadowing property [43].

In order to support paradigm of equivalence of shadowing and hyperbolicity Bonatti,
Diaz and Turcat [11] constructed an example of partially hyperbolic diffeomorphism without
shadowing property. Hirsh, Pugh, Shub [38] proved that under some additional assumptions
(plaque expansivity and dynamical coherence) central foliation of a partially hyperbolic
diffeomorphism is leaf stable. At the same time it was not known which shadowing property
is satisfied for partially hyperbolic diffeomorphisms.

The main difference of the shadowing problem for vector fields from discrete dynami-
cal systems is necessity of reparametrisation of shadowing trajectories in the former case.
One more difference comes from the possibility of accumulation of closed trajectories to a
fixed point. As in the case of diffeomorphisms, vector fields have shadowing property in a
neighborhood of a hyperbolic set [3] and structurally stable vector fields have the shadowing
property on the whole manifold [71].

Described differences are essential in studying the shadowing property. For instance, in
the context of C'-interiors, it was known only that Cl-interior of the set of vector fields
with shadowing property without fixed points consists only from structurally stable vector
fields [47], which is much weaker then corresponding results for diffecomorphisms. It is not
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known if the assumption of absence of fixed points is essential or is a drawback of the proof.
We consider shadowing property for actions of finitely generated groups. Note that this
notion was first time introduced in the work of the author in 2003 [82]. Since that it is widely
used in the literature, see for example [10,44,46,51,61,62].
In this thesis we for the first time systematically study quantitative aspects of shadowing
property. We study the following problems in details.

e Quantitative properties of dependence between £ and d in the definition of the shad-
owing property for diffeomorphisms and vector fields.

e Properties of pseudotrajectories of finite length.
e The structure of the C*-interior of vector fields with shadowing property.

e Dependence from the type of reparametrisation of the shadowing property for vector
fields.

e Shadowing property for partially hyperbolic diffeomorphisms.
e Shadowing property in actions of finitely generated groups.

In Chapter 1 we study quantitative aspects of shadowing properties for diffeomorphisms.

We systematically study Lipschitz and Lipschitz periodic shadowing properties. We
proved that Lipschitz shadowing property is equivalent to structural stability and Lipschitz
periodic shadowing property is equivalent to 2-stability. This result allows us to give a
complete description of the sets of diffeomorphisms with Lipschitz and Lipschitz periodic
shadowing properties. To prove those statements we developed new technique for studying
shadowing property using inhomogeneous linear equation.

We consider pseudotrajectories of finite length with the polynomial dependence between
size of the jump of a pseudotrajectory and precision of shadowing. We introduced the notion
of the Finite Holder Shadowing property and gave an upper bound for length of shadowable
pseudotrajectories, which agrees with the mentioned above conjecture by Hammel, Grebogi
and Yorke. In the proof we introduced notion of slow growth solution for inhomogeneous
linear equation and characterise it in terms of exponential dichotomy.

In Chapter 2 we study shadowing property for partially hyperbolic diffeomorphisms.

We introduce notion of the central shadowing property and prove that any dynamically
coherent partially hyperbolic diffeomorphism has the central showing property. To be more
precise we proved that any pseudotrajectory can be shadowed by a pseudotrajectory with
the jumps along the central foliation. This statement might be considered as the shadowing
lemma for partially hyperbolic diffeomorphism. Note that we do not assume that central
foliation is Lipschitz.

We consider special type of partially hyperbolic system: linear skew products. For the
case of nonzero Lyapunov exponent we gave sharp bounds on the length of shadowable
pseudotrajectories. This result allows us to suggest that multidimensional analog of the



mentioned above conjecture by Hammel, Grebogi and Yorke is not correct. We reduce the
shadowing problem in this case to gambler’s ruin problem for random walk.

In Chapter 3 we study shadowing property for vector fields.

We constructed an example of not structurally stable vector field on 4-dimensional mani-
fold S?% x S?, satisfying the oriented shadowing property together with all its small perturba-
tions. This example shows that there is an essential difference between shadowing problem
for diffeomorphisms and vector fields.

Note that constructed example is in a certain sense unique. In my Ph. D. thesis the
following statements was proved: (1) on manifolds of dimension not greater than 3 vector
fields satisfying the oriented shadowing property together with C!-small perturbations are
structurally stable; (2) vector fields without special semilocal construction (B-sisters) satis-
fying the oriented shadowing property together with C''-small perturbations are structurally
stable. In this thesis we proved that vector fields satisfying the oriented shadowing property
together with C'-small perturbations are {)-stable.

We constructed an example of a vector field satisfying the oriented shadowing property
and not satisfying the standard shadowing property. The only difference between those
shadowing properties is in the restrictions on reparametrisations of shadowing trajectory.
The question of existence of such a vector field was posed by Komuro in 1984 [41].

In Chapter 4 we study Lipschitz and Lipschitz periodic shadowing properties for vector
fields. We proved that the Lipschitz shadowing property is equivalent to structural stability
and Lipschitz periodic shadowing property is equivalent to (2-stability. The statements are
similar for the case of diffeomorphisms. At the same time the proof is quite different due to
the following facts: shadowing problem has different nature in neighborhoods of fixed points
and closed trajectories; we need to exclude accumulation of closed trajectories to fixed points.

In Chapter 5 we introduce and study shadowing property for actions of finitely generated
groups. We show that the shadowing problem depends not only of hyperbolicity of an action
but from the structure of the group as well. In particular the following results were obtained.
We prove that for nilpotent groups if action of one element has the shadowing property and
expansivity then the action of the whole group have the shadowing property. We consider
an example of action of Baumslag-Solitar group, where shadowing property depends on
quantitative characteristics of hyperbolicity of actions of particular elements We proved that
any linear action of a non abelian free group does not have shadowing property.
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Chapter 1

Lipschitz shadowing for
diffeomorphisms

1.1 Basic Definitions

Let (M, dist) be a metric space. Let f: M — M be a homeomorphism.

Consider an interval I = (a,b), where a € Z U {—o0}, b € Z U {+00}. We say that
sequence of points {x}res is an exact trajectory (or simply a trajectory) if for some z € M
the following equalities hold:

r, = f¥x), kel

Definition 1.1. For d > 0 we call a sequence of points {yx }rer a d-pseudotrajectory if the
following inequalities hold

dist(yrt1, f(yx)) <d, ke€Z, kk+1el.

We are interested under which conditions for a pseudotrajectory there exists a close exact
trajectory.

Definition 1.2. For ¢ > 0 and a d-pseudotrajectory {yx}re;. We say that exact trajectory
{zi }rer e-shadows {y,} if the following inequalities hold

dist(zg, yx) <e. kel

Definition 1.3. We say that f has the standard shadowing property on a set V' C M if for
any £ > 0 there exists d > 0 such that for any d-pseudotrajectory {yi}rez C V there exists
a trajectory {zy}rez C M, which e-shadows it:

dist(xg,yx) < e, k€ Z. (1.1)

If V.= M we simply say that f has the standard shadowing property. Denote set of all
diffeomorphisms satisfying the standard shadowing property by StSh.
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It will be of a special interest for us the case when dependence between ¢ and d in the
Definition 1.3 is Lipschitz.

Definition 1.4. We say that f has the Lipschitz shadowing property on a set V. C M if
there exist constants £,dy, > 0 with the following property: For any d-pseudotrajectory
{yr ez C V with d < dy there exists an exact trajectory {xy}rez C M, which Ld-shadows
it:

diSt(yk,LL’k) < Ld, keZ. (12)
If U = M we simply say that f has the Lipschitz shadowing property. Denote set of all
diffeomorphisms satisfying the Lipschitz shadowing property by LipSh.

Together with the shadowing property the following notion plays important role for us.

Definition 1.5. We say that a diffeomorphism f is expansive on a set V' C M if there exists
a positive number a (expansivity constant) such that if two trajectories zy, yx belonging to
V satisfy the inequalities

dist(f*(z), f*(y)) <a. k€Z

then xp =y, for all k € Z. If V.= M we simply say that f is expansive.

In most part of the text (Chapters 1-4) we are concentrated on the case, when M is
a smooth compact manifold of class C**° without boundary with Riemannian metric dist.
Endow Diff'(M) by the C'-topology. For a set P C Diff'(M) we denote by Int'(P) its
Cl-interior. Denote by T, M the tangent space of M at a point z; let |v|, v € T, M, be the
norm of v generated by the metric dist. For any € M, € > 0 we denote B.(z) = {y € M :
dist(x,y) < e}. Consider a diffeomorphism f € Diff* (M).

In the shadowing theory one of the central role is played by the notion of hyperbolicity.

Definition 1.6. We say that a compact invariant set A C M is hyperbolic if there exist
numbers C' > 0, A € (0,1) and a decomposition of a tangent bundle T,M = Ef & EY for
x € A such that

L. Df(z)Ex" = By, for x € A
2. |Df*(x)v®| < CNF|v?| for z € A, v° € ES, k> 0.
3. [Df*(z)vt| < CA¥|vY| for z € A, v* € E*, k > 0.

The so-called shadowing lemma [3,13] tells that in a neighborhood of a hyperbolic set
diffeomorphism has the shadowing property, moreover shadowing property is Lipschitz [72].

Theorem 1.1. If A is a hyperbolic set for a diffeomorphism f, then there exists a neigh-
borhood V' of A such that f has the Lipschitz shadowing property on V and is expansive
onV.

For us will be important the notion of structural stability.
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Definition 1.7. We say that a diffeomorphism f € Diff' (M) is struclurally stable if there
exists a neighborhood U C Diff*(M) of f such that for any g € U there exists a homeomor-
phism h : M — M such that ho f = goh.

Notion of structural stability is strongly related to the notion of hyperbolicity. It is
known that diffeomorphism f is structurally stable iif it satisfies Axiom A (hyperbolicity
of nonwondering set and density of periodic orbits in nonwondering set) and the strong
transversality condition [56,89].

Moreover structurally stable diffeomorphsims satisfy the shadowing property on the whole
manifold [90,96].

Theorem 1.2. Structurally stable diffeomorphisms satisfy the Lipschitz shadowing property.

At the same time, it is easy to give an example of a diffeomorphism that is not structurally
stable but has the standard shadowing property (see [75], for instance). Thus, structural
stability is not equivalent to shadowing.

One of possible approaches in the study of relations between shadowing and structural
stability is the passage to C'-interiors. At present, it is known that the C'-interior of the set
of diffeomorphisms having shadowing property coincides with the set of structurally stable
diffeomorphisms [95]. Later, a similar result was obtained for orbital shadowing property
(see [78] for details). 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].

In the present chapter we are interested in relation between shadowing and structural
stability without perturbations in the C*-topology.

Let us mention that recently it was proved that the so-called variational shadowing is
equivalent to structural stability [75].

1.2 Inhomogeneous linear equation

In this paragraph we are going to introduce the main technical tool of this chapter — inho-
mogenious linear equation, and discuss its relation to structural stability.

Consider Euclidian spaces E, ¢z of dimension m and a sequence A = {A,cz : E,, = E,11}
of linear isomorphisms satisfying for some R > 0 the following inequalities

[Aall A < R, neZ. (1.3)

Definition 1.8. We say that a sequence A has slow growth property with exponent v > 0

(A € SG(v)) if there exists a constant L > 0 such that for any i € Z, N > 0 and a sequence
{wr € Ei}refivr,ien)s [wi| < 1 there exists a sequence {vy € Ej brepiin) satisfying

Vi1 = Akvk + Wk+1, k - [’l, Z + N — 1], (14)

|vg| < LN, k€ [i,i+ NJ. (1.5)

If A€ SG(v) with v € [0,1) we say that it has sublinear growth property. If A € SG(0) we
say that it has bounded solution property.



We have not found analogues of the notion of slow growth property in the literature. At
the same time the notion of bounded solution property was widely investigated, for example
see [8,16,18,52,66-68,84].

To characterize sequences satisfying sublinear growth property we need notion of expo-
nential dichotomy (see [18], for some generalisations see [8]).

Definition 1.9. We say that a sequence A has exponential dichotomy on Z™ if there exist
numbers C' > 0, A € (0,1) and a decomposition Ej, = E;" @ E"", k > 0 such that

E,j:l = AkEZ’Jr, k>0,0€ {s,u},

|Appior - Ao S CNi|, b >0,01> 0,05 € EpT, (1.6)
1
|Apyiy - .. Aol > 5>\"|v}j\, k>0,0>00¢eE"™". (1.7)

Similarly we say that A has exponential dichotomy on Z~ if there exist numbers C' > 0,
A € (0,1) and a decomposition Ey = E;~ @ E;"", k < 0 such that

EjL =AE]T, k<0,0€ {s,u},
Apsroy - A S ONJog|, 1> 0,0+ k < 0,00 € B~
1
|Ak+l—1 cL. Ak’l};ﬂ > 5)\_l|v,?|, [ > 0,l+ k< O,’U}i € E;:’_.

Denote by P."" the projection with the range £y and kernel E;"". Similarly we define
PYT Py, P

Remark 1.3. It is easy to show that there exists H > 0 such that (see for instance [40,
Lemma 3.1], [106, Remark 2.3])

‘P]?avk‘ SH‘UH, UkeEkaae {s,u},a€{+,—},k€Z“.

Remark 1.4. In Definition 1.9 we do not require the uniqueness of £y, Ep~, Ep*, B~
At the same time if A has exponential dichotomy on Z* then E,j’+ is uniquely defined and
if A has exponential dichotomy on Z~ then E,"~ is uniquely defined [68, Proposition 2.3].

Recently the following were shown [106, Theorem 1, 2J:

Theorem 1.5. A sequence A has bounded solution property if and only if the following two
conditions hold:

(ED) A has exponential dichotomy both on Z* and Z~ .

(TC) The corresponding spaces E§’+, Ey™ satisfy the following transversality condition

EST +Ey” =E,.
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Theorem 1.6. The following statements are equivalent.
(i) A has exponential dichotomy on Z* (7).

(ii) There exists L > 0 such that for any sequence {wy € E}}, k > 0 (k < 0), satisfying
lwi| < 1 there exists sequence {vy € Ey}rez such that |vx| < L and

Vg1 = Apvy, + W1 (18)
fork>0 (k<0).

Remark 1.7. Such type of results were also considered in [17,40,68,99], however we were not
able to find in earlier literature statements which imply Theorems 1.5, 1.6. Similar results not
for sequences of isomorphisms but for inhomogeneous linear systems of differential equations
were obtained in [18,52,68,84]. The relation between discrete and continuous settings is
discussed in [73].

For us will be important connection between Exponential dichotomy and Structural sta-
bility.
First we introduce some notation. For a point x € M, define the following two subspaces

of T,M:
BY(z)={veT,M : |Dff(x)v| =0, k— +oc}

and
B~ (z)={veT,M : |Dff(x)v| =0, k— —o0}.

Proposition 1.8. [Mané, [54]]. The diffeomorphism f is structurally stable if and only if
BT (z)+ B~ (z) = T,M

for any p € M.

1.3 Swublinear growth property

In this paragraph we prove the following theorem, which is interesting by itself without
relation to shadowing property [104].

Theorem 1.9. If a sequence A has sublinear growth property then it satisfies properties
(ED) and (TC).

As a consequence of this theorem we conclude that sublinear growth property and
bounded solution property are in fact equivalent.

Remark 1.10. Note that sequences A € SG(1) do not necessarily satisfy condition (ED).
A trivial example in arbitrary dimension is A = {A; = Id}.

Proof of Theorem 1.9. Let us first prove the following.
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Lemma 1.11. If a sequence A satisfies slow growth property and (ED) then it satisfies (TC).

Proof. Let L,y > 0 be the constants from the definition of slow growth property and let
C > 0, A € (0,1) be the constants from the definition of exponential dichotomy on Z*.
Let H be the constant from Remark 1.3 for exponential dichotomies on Z*. Assume that
E5" + By # Ey. Let us choose a vector n € Ey \ (Ey™" + E;°7) satisfying || = 1. Denote
a = dist(n, ;" + Ey~). Consider the sequence {wy, € Ej}rez defined by the formula

0, k0,
Wy =
7, k=0.
Take N > 0 and an arbitrary solution {v}rej-n,n] of
Vka1 = Agvp +wy, k€ [—N,N - 1]. (19)
Denote vy = Py g, v = P oy, for k > 0. Since wy, = 0 for k > 0 we conclude
|UN+| > C')\ W=D |Uo |
and hence
> L1y vy 1.10
jon] > A (1.10)
Similarly we denote v;’™ = P vg, vy~ = P vy, for k < 0 and conclude
11 P
lv_n| > ﬁﬁA D>l (1.11)

Equality (1.9) implies that
Vg = A_l’U_l +n

and hence
max(dist(ve, By 4+ Ey ™), dist(A_jv_y, EST + EY7)) > a/2.

From this inequality it is easy to conclude that

1a 11a
R— ST>——— 1.12
=H2 @ " =RH?2 (1.12)
Inequalities (1.10)-(1.12) imply that
1 1la
N> L1 - :
max(|vN|,|v N|) HC RH2
Note that for large enough N the right hand side of this inequality is greater than L(2/N +1)7
which contradicts to the sublinear growth property. O

Now let us pass to the proof of Theorem 1.9. We prove this statement by induction
over m (dimension of the Euclidian spaces). First we prove the following.
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Lemma 1.12. Theorem 1.9 holds for m = 1.

Proof. Choose a vector ey € Ey, |eg| = 1 and consider the sequence {ey € Fj}rez defined by
the relations )
Agey, ATy ey
Cpog = —FE o = Tkl s, 1.13
T e T |A”, el (1.13)
Let A\ = |Agex|. Inequalities (1.3) imply that
M € (1/R,R), keZ. (1.14)

Denote
H(k‘,l) =N )\k-i-l—l) ke Z,l > 1. (1.15)

Let us prove the following lemma, which is the heart of the proof of Theorem 1.9.

Lemma 1.13. If m = 1 and A satisfies sublinear growth property then there exists N > 0
such that for any i € Z

(i, N) >2 or I+ N,N)<1/2.
Proof. Let us fix i € Z, N > 0 and consider the sequence
wy = —eg, ke[i+1,i+2N+1].
By sublinear growth property there exists a sequence {vj}repiron+1] satisfying
U1 = Apvp +wg,  |og] < L(2N +1)7, k€ [i,i+ 2N].
Let v, = apey, where a; € R, then
g1 = Apag — 1, Jag| < L(2N +1)7, k€ [i,i+2N]. (1.16)

Those relations easily imply the following
Proposition 1.14. If a;, <0 for some k € [i,1 + 2N — 1] then ap11 < 0.

Below we prove the following: There exists a large N > 0 (depending only on R, L, )
such that

Case 1. if a;y y—1 > 0 then II(i, N) > 2,

Case 2. if a;4y—1 < 0 then II(i + N, N) < 1/2.

We give the proof of the case 1 in details, the second case is similar. Proposition 1.14 implies
that a;,...,a;:n_2 >0, a;xy—1 > 0. Relation (1.16) implies that

1
I e e R R ]
ag
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The following relations hold (compare with (1.84))

i1+ 1lajgo+1 apn-1+1

II(s, N) = . =
(Z’ ) a; Qi1 Qi N-2
_lagpi+laga+1 ayun-o+1 (ain_1+1) =
= — i+N—1 =
a; Qi1 Aj+2 Qi+ N—2 "
_ai+N_1+1Z+ﬁ2ak+1 S 1 14 N=2
a; oo W L(2N + 1) L(2N + 1) ’

Denote the latter expression by G.(N). The inclusion v € (0, 1) implies that

Nl_l}IiIOOGV(N) = 400 (1.17)

and for large enough N the inequality G.,(N) > 2 holds, which completes the proof of Case 1.

Remark 1.15. In relation (1.17) we essentially use that v € (0,1); for v > 1 it does not
hold.

U
Lemma 1.16. Let N be the number from Lemma 1.135.
(i) If 1I(i, N) > 2 then II(i — N, N) > 2.
(i) If11(i, N) < 1/2 then II(i + N, N) < 1/2.

Proof. We prove statement (i); the second one is similar. Lemma 1.13 implies that either
II(¢ = N,N) > 2 or II(i, N) < 1/2. By the assumptions of Lemma 1.16 the second case is
not possible and hence I1(i — N, N) > 2. O

Now let us complete the proof of Lemma 1.12. It is easy to conclude from Lemmas 1.13,
1.16 that one of the following cases holds.

Case 1. For all i € Z the inequality II(¢, N) > 2 holds. Then
I1(i,1) > RN"Y2YM) e Z,1>0
and hence A has exponential dichotomy on Z* with the splitting

EXF={0}, E*={(e), ke

Case 2. For all i € Z the inequality II(¢, N) < 1/2 holds. Similarly to the previous case A has
exponential dichotomy on Z* with the splitting

Bt =(er), EF={0}.
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Case 3. There exist i1,y € Z such that
(i1, N) > 2, Il(iy, N) < 1/2.
Similarly to Case 1 the following inequality holds
(k1) > RN7Y YN k41 <iy,1>0

and hence .
(k1) > RMHN=Y QYN k41 <0,1> 0.

The last inequality implies that A has exponential dichotomy on Z~ with the splitting
Ey”={0}, E) ={(e), k<O.
Similarly A has exponential dichotomy on Z* with the splitting

EXT = (ex), EpT={0}, k>0.

In all of those cases Lemma 1.12 is proved. O

Now let us continue the proof of Theorem 1.9. Assume that Theorem 1.9 is proved for
dim E;, < m. Below we prove it for dim £}, = m + 1.

Let us choose a unit vector eg € Fy and consider the vectors {ej}rez defined by rela-
tions (1.13). Denote Ay = |Agex|. Similarly to Lemma 1.12 inclusions (1.14) hold. For k € Z
let Si. be the orthogonal complement of e, in E} and let )y be the orthogonal projection onto
Sk. Note that dim Sy = m. Consider the linear operators By, : Sy — Sk+1, D @ Sk — (€x+1)
defined by the following

By = Qr1Ax, Dip = (Id —Qps1)Ar, k€ Z
Note that Bk_1 = Qk_lA,;l and
IBell 1Bl |1 Dill < R (1.18)

For any vector b € Ej denote by b* = Pb, b' =b—b*. We also write b = (b*,b'). In such
notation equations (1.4) are equivalent to

vbor = B+ i, (119

Vier = MU+ Dipvjr + w4 (1.20)

Let us prove that the sequence { By} satisfies property SG(v). Indeed, fix i € Z, N > 0
and consider an arbitrary sequence {wi € Si}refit1i4n+1 With Jwi| < 1. Consider the
sequence {wr € Ej}trepit1,i+n+1 defined by wy = wit. By the sublinear growth property
there exists a sequence {v, € Ej}refiitn+1) satisfying (1.4), (1.5) and hence (1.19). Recalling
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that |vib| < |vg| we conclude that the sequence { By} satisfies sublinear growth property and
hence by the induction assumption if satisfies conditions (ED) and (TC) from Theorem 1.5.
Below we prove that A has exponential dichotomy on Z*. Let {B;} satisfy exponential
dichotomy on Z* with constants C' > 0, A € (0,1) and splitting S, = Sp™ ® S;"". Let H,
be the constant from Remark 1.3 for this splitting.
First we prove that there exists a big N > 0 such that for any ¢ > 2N the following
inequality hold
M(i,N)>2 or II(i— N,N)<1/2, (1.21)

where II(k, 1) is defined by (1.15).
Let us choose N > 0 satisfying
CANHL(4N)" < 1/(4R). (1.22)

and consider some i > 2N. Define a sequence {wy, = —ek}ke[i_gN,HgN]. By slow growth
property there exists a sequence {v, = (Ué‘,’l}é)}ke[i_g N,i+2n+1) satisfying the following for
k€ [i—2N,i+2N]:

Vi, = Brup (1.23)

Vpsq = Mg, + Dy — 1, (1.24)

0| < L(ANY?. (1.25)

Represent vi- = v * + vp", where vp® € 9% v € S, Applying relations (1.23), (1.25)

and Remark 1.3 we conclude that
lui®|, o] < HYL(4N)Y, k € [i — 2N, i + 2N].
Exponential dichotomy of {B;} implies that
lu®], [ve®) < CANH L(4N)Y, k€ [i— N,i+ NJ.
By inequality (1.22) we conclude that
v °] Jop | < 1/(4R), k€ [i— N,i+ N]

and hence
lvir| < 1/(2R), k€ [i— N,i+ N]. (1.26)

Denote by = Dyvit — 1. Inequalities (1.18) and (1.26) imply that
b € (—=3/2,—1/2), ke€[i— N,i+ NJ.

Using those inclusions, relations (1.24), (1.25) and arguing similarly to Lemma 1.13 (increas-
ing N if necessarily) we conclude relation (1.21).

Arguing similarly to the proof of Lemma 1.12 we conclude that the linear operators
generated by \; have exponential dichotomy on Z*.
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Let us show that A has exponential dichotomy on Z*. Consider an arbitrary sequence

{wy, = (wy,w;) € Ep}eso,  |wg] < 1.

Since { By} has exponential dichotomy on Z*, by Theorem 1.6 there exists a sequence {vj- €
Sk} k>0, satisfying (1.19) and |vg| < Ly, where Ly > 0 does not depend on {wy}. Inequality
(1.18) implies that

|Dyvy +wpq| < LiR+1, k> 0.

Since linear operators generated by A, have exponential dichotomy on Z*, by Theorem 1.6
there exists {vj € R} such that for k > 0 equalities (1.20) hold and |v}| < Lo(LiR + 1),
where Ly does not depend on {wy}.

Hence for k > 0 the sequence v, = (vi, vi) satisfies (1.8) and

[or| < o] + [vg] < La(LyR + 1) + Li.

Theorem 1.6 implies that A has exponential dichotomy on Z™.

Similarly A has exponential dichotomy on Z~ and hence satisfies property (ED). By
Lemma 1.11 the sequence A also satisfies property (TC). This completes the induction step
and the proof of Theorem 1.9.

U

It follows from Proposition 1.8 and Theorem 1.9

Theorem 1.17. If for any trajectory zy of a diffeomorphism f the sequence A = {A; =
D f(xx)} satisfies sublinear growth property then f is structurally stable.

1.4 Lipschitz shadowing

In this paragraph, we study the relation between Lipschitz shadowing property and structural
stability without the passage to C! topology. We show that Lipschitz shadowing property
is equivalent to structural stability [81].

Theorem 1.18. The following two statements are equivalent:
(1) f has Lipschitz shadowing property;
(2) f is structurally stable.

As a corollary, we show that an expansive diffeomorphism having Lipschitz shadowing
property is Anosov.

Corollary 1.19. The following two statements are equivalent:
(1) f is expansive and has Lipschitz shadowing property;
(2) f is Anosov.
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Let us mention that Ombach [60] and Walters [108] showed that a diffeomorphism f is
Anosov if and only if f has shadowing property and is strongly expansive (which means
that all the diffeomorphisms in a C'-small neighborhood of f are expansive with the same
expansivity constant).

Proof of the Corollary 1.19. The implication (2) = (1) is well known (see, for example, [72]).
By our theorem, condition (1) of the corollary implies that f is structurally stable, and it was
shown by Mané that an expansive structurally stable diffeomorphism is Anosov (see [53]). O

Now we pass to the proof of the main theorem.

The implication (2) = (1) is well known (see, for example, [72]).

The proof of the implication (1) = (2) is trivial consequence of Theorem 1.17 and the
following lemma.

Lemma 1.20. If f has the Lipschitz shadowing property with constants L,dy, then for
any sequence {wy € T, M,k € Z} such that |wy| < 1,k € Z, there exists a sequence
{vp € T,, M,k € Z} such that

‘Uk‘ < 8L + 1, Vg1 = Apvg + Wi, ke 7. (127)
To prove Lemma 1.20, we first prove the following statement.

Lemma 1.21. Assume that f has the Lipschitz shadowing property with constants L, dy.
Fiz a trajectory {x} and a natural number n. For any sequence {wy € T, M,k € [—n,n|}
such that |wy| < 1 for k € [—n,n] and wy = 0 for k ¢ [—n,n] there exists a sequence
{zx € T, , M,k € Z} such that

2| <8L+1, keZ, (1.28)

and
Zkr1 = Agzi +wg, k€ [—n,n]. (1.29)

Proof. First we locally “linearize” the diffeomorphism f in a neighborhood of the trajectory
{ai}-
Let exp be the standard exponential mapping on the tangent bundle of M and let exp, :
T.M — M be the corresponding exponential mapping at a point x.
We introduce the mappings
F, = exp;kl+1 of cexp, :Tp, M — T, M. (1.30)
It follows from the standard properties of the exponential mapping that D exp,(0) = Id;
hence, DFy(0) = Aj. Since M is compact, for any p > 0 we can find § > 0 such that if
|v| <0, then
|Fi(v) — Agv| < plol. (1.31)

Denote by B(r,z) the ball in M of radius r centered at a point x and by Br(r,z) the
ball in T, M of radius r centered at the origin.
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There exists r > 0 such that, for any = € M, exp, is a diffeomorphism of Br(r,x) onto
its image, and exp, ' is a diffeomorphism of B(r,z) onto its image. In addition, we may
assume that r has the following property.

If v,w € Br(r,x), then

dist(exp, (v), exp,(w))
v —w|

<2 (1.32)

if y, z € B(r,z), then

|exp,*(y) — exp, ' (2)]
z z < 2. 1.
dist(y, 2) - (1.33)

Now we pass to construction of pseudotrajectories; every time, we take d so small that
the considered points of our pseudotrajectories, points of shadowing trajectories, their “lifts”
to tangent spaces etc belong to the corresponding balls B(r, zx) and Br(r, zx) (and we do
not repeat this condition on the smallness of d).

Fix a sequence wj having the properties stated in Lemma 1.21. Consider the sequence
{Ay € T,, M,k € [-n,n + 1]} defined as follows:

{A‘" =0, (1.34)

Ak—l—l = A AL + Wy, ke [—n, n]

Let @ = maxye(—nn+1) |Akl.
Fix a small d > 0 and construct a pseudotrajectory {&} as follows:

§p = exp,, (dAg), k € [-n,n + 1],
&= frEn),l < —n—1,
gl = fl_n_1(€n+1)>l >n+ 1.

Note that definition (1.34) of the vectors Ay and condition (1.32) imply that if d is small
enough, then the following inequality holds:

diSt(gk_H, eprk+1 (dAkAk)) < 2d.

Since

f(&k) = exp,, , (Fr(dAy)),
condition (1.31) with p < 1 implies that if d is small enough, then

dist(exp,, , , (dAxAR), f(&)) < 2d.

Hence,

dist (f(§k), Ep+1) < 4d.

Let us note that the required smallness of d is determined by the chosen trajectory {xy},
the sequence wy, and the number n.
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The Lipschitz shadowing property of f implies that if d is small enough, then there exists
an exact trajectory {yx} such that

dist({k,yk) <d4Ld, ke [—TL,TL + 1]. (135)

Consider the finite sequence

{tr = %exp;,f(yk), ke l=nn+1]}
Inequalities (1.35) and (1.33) imply that
Ay — ti] < SL. (1.36)
Consider the finite sequence {b; € T,;, M, k € [—n,n + 1]} defined as follows:
bop=t_pn, bpr1=Arby, ke€[—n,n] (1.37)
Obviously, the following inequalities hold for k € [—n,n + 1]:

These inequalities and inequalities (1.33) imply that

ltr] < 4(Q + 2L). (1.38)
Take p17 > 0 such that
(N+D)"+(N+ 1) Dy < 1, (1.39)
where N = sup || Ax||.
Set
po
4(Q+2L)

and consider d so small that inequality (1.31) holds for § = 4(Q + 2L)d.
The definition of the vectors t; implies that dty 1 = Fy(dty); since

] < 4d(Q + 2L)
by (1.38), we deduce from estimate (1.31) applied to v = dt; that
|dtr1 — dAgti| < pd|ty.
Now we deduce from inequalities (1.38) that
|t — Axtr| < 4p(Q +2L) = 1, k € [-n,n]. (1.40)
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Consider the sequence ¢j = t, — bx. Note that c¢_, = 0 by (1.37). Estimates (1.40) imply
that |1 — Axcr| < 1. Hence,

len] S(N+1D)*" +(N+ 1)+ oo+ Dy < 1, k€ [-n,n).

Thus,

Consider the sequence {z; € T, M,k € Z} defined as follows:
Ze = Ap — by, k € [—n,n—i—l],
2, =0,k ¢ [-n,n+1].

Inequalities (1.36) and (1.41) imply estimate (1.28), while equalities (1.34) and (1.37)
imply relations (1.29). Lemma 1.21 is proved. O

Proof of Lemma 1.20. Fix n > 0 and consider the sequence

w(n) _ Wi, ke [_nv n]u
b 0, |k > n.

By Lemma 1.21, there exists a sequence {z,i") € T, M,k € Z} such that
M <8L+1, keZ, (1.42)
and
2 = Az +wl”, ke -n,n). (1.43)
Passing to a subsequence of {z,g")}, we can find a sequence {vy € T,,, M,k € Z} such that

v = lim z,(cn), ke Z.
n—oo
(Let us note that we do not assume uniform convergence.) Passing to the limit in estimates
(1.42) and equalities (1.43) as n — oo, we get relations (1.27). Lemma 1.20 and our theorem

are proved. O

1.5 Holder shadowing

In this paragraph we study pseudotrajectories of finite length. Note that currently such
pseudotrajectories are almost not investigated. This problem is strongly related to the
dependence between e and d in the Definition 1.3. We study shadowing properties on finite
intervals with polynomial dependence of ¢ and d and give an upper bound for the length of
shadowable pseudotrajectories for non-hyperbolic systems.
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Definition 1.10. We say that f has the Finite Holder shadowing property with exponents
0 €(0,1), w > 0 (FinHolSh(0,w)) if there exist constants dy, L,C' > 0 such that for any
d < dy and d-pseudotrajectory {yi}rejo,ca—«) there exists a trajectory {zy}recjo,ca—«) such
that

dist(zy, yx) < Ld®, k€ [0,Cd™].

Note that previously S. Hammel, J. Yorke and C. Grebogi based on results of numerical
experiments conjectured the following [32, 33]:

Conjecture 1.1. A typical dissipative map f : R* — R? satisfies FinHolSh(1/2,1/2).
In this paragraph we prove the following theorem [104].
Theorem 1.22. If a diffeomorphism f € C? satisfies FinHolSh(6, w) with

0>1/2, 0+w>1 (1.44)
then f is structurally stable.

Conjecture 1.1 suggests that Theorem 1.22 cannot be improved.
Theorem 1.22 has an interesting consequence even for the case of infinite pseudotrajec-
tories.

Definition 1.11. We say that f has Hélder shadowing property with exponent 6 € (0, 1)
(HolSh(0)) if there exist constants dy, L > 0 such that for any d < dy and d-pseudotrajectory
{yr }rez there exists a trajectory {zj}rez such that inequalities (1.1) hold with ¢ = Ld®.

It is easy to see that for any 6 € (0,1) and w > 0 the following inclusions hold
SS = LipSh C HolSh(#) = FinHolSh(6, +o00) C FinHolSh(f, w),

where SS denotes the set of structurally stable diffeomorphisms and LipSh, HolSh, FinHolSh
denote sets of diffeomorphisms satisfying the corresponding shadowing properties.
The following theorem is a straightforward consequence of Theorem 1.22.

Theorem 1.23. If a diffeomorphism f € C? satisfies HolSh(0) with 0 > 1/2 then f is
structurally stable.

Note that this theorem generalizes Theorem 1.18. Let us also mention a related work [42],
where some consequences of Holder shadowing for 1-dimensional maps were proved.

It is worth to mention a relation between Theorem 1.23 and a question suggested by
Katok:

Question 1.1. Is every diffeomorphism that is Holder conjugate to an Anosov diffeomor-
phism itself Anosov?

Recently it was shown that in general the answer to Question 1.1 is negative [27]. At the
same time the following positive result was proved in [27].
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Theorem 1.24. A C?-diffeomorphism that is conjugate to an Anosov diffeomorphism via
Holder conjugacy h is Anosov itself, provided that the product of Hélder exponents for h and
h=' is greater than 1/2.

It is easy to show that diffeomorphisms which are Holder conjugate to a structurally sta-
ble one satisfy Holder shadowing property. As a consequence of Theorem 1.23 we prove
that a C2-diffeomorphism that is conjugate to a structurally stable diffeomorphism via
Holder conjugacy h is structurally stable itself, provided that the product of Hélder exponents
for h and h™! is greater than 1/2, which generalizes Theorem 1.24.

In order to prove Theorem 1.22 we prove the following relation between shadowing and
sublinear growth properties.

Lemma 1.25. If f satisfies assumptions of Theorem 1.22 then there exists v € (0,1) such
that for any trajectory {px }rez the sequence {Ax =D f(px)} satisfies SG(7).

Theorem 1.22 follows from this lemma and Theorem 1.17.

Proof of Lemma 1.25. Define exp, exp,,, B(r,z), Br(r, z) similarly to Section 1.4 and choose
e > 0 such that conditions (1.32) and (1.33) hold for balls Br(e, z) and B(e, ).

Let L,C,dy > 0and # € (1/2,1), w > 0 be the constants from the definition of FinHolSh.
Denote o« = 6 — 1/2. Inequalities (1.44) imply that

a€(0,1/2), 1/2—a<w. (1.45)
Since M is compact and f € C? there exists S > 0 such that
dist(f(exp,(v)), expy, (D f(z)v)) < Slvf>, e M,veT,M,|v|<e, (1.46)

(we additionally decrease ¢, if necessarily).
Fix i € Z and N > 0. For an arbitrary sequence {wy, € T),, M }pefiy1,i+n+1) With |wg| <1
consider the following equations

Vk+1 = Akvk + Wgy1, ke [Z,’L + N] (147)

For any sequence {vy € T}, M }icpiitn+1) denote |[{vi}| = maxiefitn41)|ve]. For any
sequence {wy € Tp,, M }iefit1,i+n41) consider the set

E(i, N,{wi}) = {{vi}rejiitn+1) satisfies (1.47)} .

Denote
F(i, N,{w,}) = min Uk f|- 1.48
N gwd) = i ] (149
Since || - || > 0 is a continuous function on the linear space of sequences {v;} and the

set E(i, N, {w}) is closed it follows that the value F'(i, N, {wy}) is well-defined. Note that
a sequence {vy} € E(i, N,{wy}) is determined by the value v;. Consider the sequence
{v.} corresponding to v; = 0. It is easy to see that |v; ] < 1+ R+ R?>+ .-+ + R for
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k € [0, N +1], where R = max,cy || D f(2)|. Hence F(i, N,{wp}) <1+ R+ R?>+---+ R*?
for any {|wy| < 1}. It is easy to see that F'(i, N, {w}) is continuous with respect to {wy}

and hence
Q=Q(,N)= max F(i, N, {wg}) (1.49)

is well defined.
Let us choose sequences {wy} and {v} € F(i, N, {w}) such that

QG N) = F(i, N, {w}), F(i, N {wp}) = [{ve}]-
The definition of @) and linearity of equation (1.47) imply the following two properties.

(Q1) For any sequence {wj, }refit1,i+n+1) there exists a sequence {v} }refiirn41] satisfying
Vppr = Arvi + wig, [{v < QG N)[I{wi bl
(Q2) For any sequence {v }repii+n-+1], satisfying (1.47) holds the following inequality
{or}l = Q(z, N).

Relations (1.45) imply that there exists 5 > 0 such that the following conditions holds

0<(2+8)(1/2-a)<1, (2+p)w>1. (1.50)
Denote )
7= G e < O V' =1-02+9)1/2=a)>0,
d = ﬁ (1.51)
Let us prove that there exist L' > 0 independent of ¢ and N such that
Q(i, N) < L'N". (1.52)

Below we consider two cases.

Case 1. C((S+2)d)™ < N. Then @ < (e¥(S + 2)¥/C)YN” and inequality (1.52) is
proved.

Case 2. C((S +2)d)™ > N. Below we prove even a stronger statement: there exists
L’ > 0 (independent of i and N) such that

Q,N)< L. (1.53)
Considering the trajectory {p}, = f~*(pr)} we can assume without loss of generality that
1 =0.

Consider the sequence
yr = exp,, (dvy), k€ [0,N].
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Let us show that {y;} is an (S +2)d-pseudotrajectory. For k € [0, N| equations (1.32), (1.46)
and inequalities |dvy| < €, (dQ)? < d imply the following:

dist(f (yr), yr+1) = dist(f(exp,, (dvi)), exp,,  (d(Apvk + wi41)) <
< dist(f(exp,, (dvk)), exp,, ., (dAyvy))+
dist(exppkH(dAkvk), €XPp, ., (d(Agvg +wy))) <
< Sldvg|* +2d < (S +2)d. (1.54)
We may assume that
Q > ((S +2)e/do)/ . (1.55)

Indeed, the righthand side of (1.55) does not depend on N, and if ) is smaller than the
right side of (1.55) then we have already proved (1.52). In the text below we make similar
remarks several times to ensure that () is large enough.

Inequality (1.55) implies that (S + 2)d < dy. Since f € FinHolSh(1/2 4+ a,w) and the
assumption of case 2 holds it follows that the pseudotrajectory {y}rep,n) can be L((S +
2)d)'/?**-shadowed by a trajectory {zy trejon-

By reasons similar to (1.55) we may assume that L((S + 2)d)"/?*® < /2. Inequalities
(1.32) and (1.55) imply that for k € [0, N| the following inequalities hold

dist(pe, zp) < dist(pe, ye) + dist(ye, zp) < 2djvp| + L((S + 2)d)Y** < e

Hence ¢ = exp, ' () is well-defined.
Denote L; = L(S + 2)/2**. Since dist(yy, 7x) < L1d"/***, inequalities (1.33) imply that

\dvy, — ci| < 2LydY?+e. (1.56)

Hence
lew| < Qd + 2L, dY?**e. (1.57)

By the reasons similar to (1.55) we can assume that |cgx| < €.
Since f(x) = xk41 inequalities (1.33) and (1.46) imply that for k& € [0, N] the following
relations hold

lekar — Ager| < 2dist(exppkﬂ(ckﬂ),exppkH(Akck)) =
= 2dist(f(exp,, (ck)), expy, ., (Akcr)) < 25|ck]?. (1.58)

Inequalities (1.50), (1.51), (1.57) imply that |cx| < LoQd for some Ly > 0 independent of N.
Let tr41 = cgr1 — Agck. By inequality (1.58) it follows that

Ite] < 25|ei]* < L3(Qd)?

for some Lz > 0 independent of N. Property (Q1) implies that there exists a sequence
{¢, € T,,, M} satistying

Cr1 — AxCr = trr1, |G| < QL3(Qd)*, k€ [0, N].
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Consider the sequence r, = ¢, — ¢,. Obviously it satisfies the following conditions
Trepr = Aprr, e — ] < QL3(Qd)?, k€0, N].
Consider the sequence e, = 3(dvy — ri). Equations (1.56) and (1.59) imply that
err1 = Ager, +wi, k€0, N]

and

1
kﬂzauwwww—wwww)smeM+L@%,kemNy

Property (Q2) implies that
Lyd Ve 1 LQ%d > Q.

By (1.51) the last inequality is equivalent to
L4Q—(2+B)(—1/2+a) + L5Q1—B > (),
where Ly, Ly > 0 do not depend on N. This inequality and (1.50) imply that
LiQ7 + LsQ"P > Q.

Hence
LiQ™" >Q/2 or L;Q"7>Q/2,

and
Q < max((2L4)1/7', (2L5)1/5).

(1.59)

(1.60)

We have proved that there exists L’ > 0 such that (1.53) holds. This completes the proof of

Case 2 and Lemma 1.25.

O

It is easy to see that the identity map satisfies FinHolSh(é,w) provided that 6 + w < 1.
To illustrate that Theorems 1.22, 1.23 are almost sharp we give not so pathological example.

Consider a diffeomorphism f : S* — S constructed as follows.

(i) The nonwandering set of f consists of two fixed points s,u € S1.

(ii) In some neighborhood Us of s there exists a coordinate system such that f|y, () = x/2.

(iii) In some neighborhood U, of u there exists a coordinate system such that f|y,(x) =

x + 2.

(iv) In S\ (U, U U,) the map is chosen to be C* and to satisfy the following condition:

there exists N > 2 such that

NSO c U, NS\ U) C U, f2(U)NU =0

Theorem 1.26. If f : ST — S satisfies the above properties (i)-(iv) then f € HolSh(1/3)

and f € FinHolSh(1/2,1/2).
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Proof. First let us prove a technical statement.

Lemma 1.27. Denote g(x) = z + 3. If |x — y| > ¢ then
l9(2) = g(y)] = e +&°/4.

Proof. Using inequality 22 + zy + 3> > (x — y)?/4 we deduce that

lg(@) —g@)| =l +2° —y =’ | =z —y) A+ 2> + 2y +y°)| >
> |(z —y)||1+ (z — y)*/4] = e(1+£%/4).

U
We divide the proof of Theorem 1.26 into several propositions.
Proposition 1.28. Conditions (ii), (iii) imply that there exists dy > 0 such that
B(dy, f(U,)) CUs, B(dy, f71(U) C Uuy,  Bldy, f(S'\U,)) C S"\ U (1.61)

Since f|y, is hyperbolically contracting there exist L > 0 and dy € (0,d,) such that for any
d-pseudotrajectory {y.} with d < dy and yo € S\ U, the following conditions hold

o {Urtez0 C S'\ U,
o dist(f*(zo),yr) < Ld, for xg € B(d,y,), k >0,
o if {yrtrez C ST\ U, then {yi}trez can be Ld-shadowed by a trajectory.
Proposition 1.29. For any d-pseudotrajectory {yx} k<o with d < dy and yy € U, the follow-
ing inequality holds
dist (yk, f"(y0)) < 2d3, k <0. (1.62)
Proof. Proposition 1.28 implies that y, € U, for k£ < 0. Assume (1.62) does not hold. Let
I = max{k < 0 : dist(ys, f¥(yo)) > 2d*/3}.
Note that [ < 0. Lemma 1.27 implies that
dist(f (), /' (yo)) > 24"/ + 2d.
Hence dist(y;41, f7 (o)) > 2d"/3, which contradicts to the choice of 1. O

Proposition 1.30. If {yx}rez C U, is a d-pseudotrajectory with d < dy then

dist (yg, u) < 2dY3, k€ Z. (1.63)
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Proof. Let us identify y; with its coordinate in the system introduced in (iii) above and
consider Y = sup;.y |yx|. Assume that Y > 2d'/3; then there exists k € Z such that

lyk| > max(2d*3Y — d/2).
Without loss of generality we may assume that g, > 0. Since y; € U, the following holds

fyr) —ye = yp > 2d.

Hence yri1 —yx > (f(yr) —yx) —d > d and yr1 > Y + d /2, which contradicts to the choice
of Y. Inequalities (1.63) are proved. O

Proposition 1.31. For any d-pseudotrajectory {yr}rejon with d < dy and y, € U, the
following inequality holds

dist (Yp—r, [ " (yn)) < dk, k€ [0,n)]. (1.64)

Proof. Proposition 1.28 implies that y; € U, for k € [0,n]. Assume that (1.64) does not
hold. Denote
| = min{k € [0,n] : dist(yp_x, f"(yn)) > dk}.

Note that [ > 0. Lemma 1.27 implies that

dist(f (yn—1), f " (yn)) > Ud

and hence
dist(yn—111, f T (yn)) > (1 — 1)d,

which contradicts to the choice of . O

Now we are ready to complete the proof of Theorem 1.26.

First let us prove that f € HolSh(1/3). Consider an arbitrary d-pseudotrajectory {yx }rez
with d < d,. Let us prove that it can be Ld'/3-shadowed by a trajectory.

If {yx} C U, then by Proposition 1.30 it can be 2d'/*-shadowed by {x; = u}.

If {yr} C S\ U, then by Proposition 1.28 it can be Ld-shadowed.

In the other cases there exists [ such that y;, € U, and y; 41 ¢ U,. By Proposition 1.29

dlSt(yka fk_l(yl)) < 2d1/3a k S L.

By Proposition 1.28
dist(yp, f*'(y)) < Ld, k>1+1.

Hence {y;} is Ld'/3-shadowed by the trajectory {z; = f*~'(3,)}.

Now let us prove that f € FinHolSh(1/2,1/2). Consider an arbitrary d-pseudotrajectory
{Ur}rejo1a/z with d < da. Let us prove that it can be Ld"/?-shadowed by a trajectory.

If {yx} C U, then by Proposition 1.31 it can be d'/%.-shadowed by {z) = f*™"(y.)}.

If {yr} C S\ U, then by Proposition 1.28 it can be Ld-shadowed.
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In the other cases there exists [ such that y, € U, and y; 41 ¢ U,. From Proposition 1.31
it is easy to conclude that

dist(yx, f*'(y)) < d'?, k<l
Proposition 1.28 implies that
dist(yp, f*7'(y)) < Ld, k>1+1.
Hence {y;} is Ld'/?>-shadowed by the trajectory {z; = f*~(3,)}. O

1.6 Periodic shadowing

The shadowing property means that, near a sufficiently precise approximate trajectory of a
dynamical system, there is an exact trajectory. In this paragraph we study a similar question
replacing arbitrary approximate and exact trajectories by periodic ones. The corresponding
property is called periodic shadowing property and was introducted in [43].

In this paper, we study relations between periodic shadowing and structural stability,to
be more precise, (2-stability.

For a diffeomorphism f € Diff' (A1) denote by Q(f) the set of nonwondering points of f.

Definition 1.12. We say that a diffeomorphism f € Diff' (M) is Q-stable if there exists a
neighborhood U C Diff'(M) of f such that for any g € U there exists a homeomorphism
h:Q(f) — Q(g) such that

ho f(x)=goh(z), x€Q(f).
Denote the set of (2-stable diffeomorphisms by €25

It is well known that f € €15 if and only if f satisfies Axiom A and the no cycle condition,
see, for example, [77].

For us will be important the following characterisation of {2-stable diffeomorphisms. Let
HP C Diff'(M) be the set of diffeomorphism f such that every periodic orbit of f is hyper-
bolic. The following was proved in [5,34].

Theorem 1.32. Int'(HP) = QS.

It is easy to give an example of a diffeomorphism that is not structurally stable but
has shadowing property (see [75], for example). Similarly to an example of not structurally
stable diffeomorphism, which has shadowing property, there exist diffeomorphisms that are
not 2-stable but have periodic shadowing property. Thus, (2-stability is not equivalent to
periodic shadowing.

In this paragraph, we show that the C'l-interior of the set of diffeomorphisms having
periodic shadowing property coincides with the set of (2-stable diffeomorphisms. The second
main result of this paper states that Lipschitz periodic shadowing property is equivalent to
Q-stability.

As in previous paragraphs let f be a diffeomorphism of a smooth closed manifold M with
Riemannian metric dist.
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Definition 1.13. We say that f has periodic shadowing property if for any positive ¢ there
exists a positive d such that if £ = {z;} is a periodic d-pseudotrajectory, then there exists a
periodic point p such that

dist(f'(p),z;) <e, i€ Z. (1.65)

Denote by PerSh the set of diffeomorphisms having periodic shadowing property.

Definition 1.14. We say that f has Lipschitz periodic shadowing property if there exist
positive constants L, dy such that if £ = {z;} is a periodic d-pseudotrajectory with d < d,
then there exists a periodic point p such that

dist(f'(p),z;) < Ld, i€ Z. (1.66)
Denote by LipPerSh the set of diffeomorphisms having Lipschitz periodic shadowing
property.
The main result of this paragraph is stated as follows [63].

Theorem 1.33. Int'(PerSh) = LipPerSh = Q8.

We divide the proof of this theorem into several sections. In section 1.6.1, we prove the
inclusion €25 C LipPerSh. Of course, this inclusion implies that €25 C PerSh. Since the set
QS is C'-open, we conclude that QS C Int'(PerSh). In section 1.6.2, we prove the inclusion
Int' (PerSh) C QS. In section 1.6.3, we prove the inclusion LipPerSh C €5S.

1.6.1 Inclusion S C LipPerSh

First we introduce some basic notation. Denote by Per(f) the set of periodic points of f and
by €(f) the nonwandering set of f. Let N = sup,c,, ||Df(2)]-

Let us formulate several auxiliary definitions and statements.

It is well known that if a diffeomorphism f satisfies Axiom A, then its nonwandering set
can be represented as a disjoint union of a finite number of compact sets:

Qf)y = U---UQ,, (1.67)

where the sets ; are so-called basic sets (hyperbolic sets each of which contains a dense
positive semi-trajectory).
We need the following two lemmas (see [80]).

Lemma 1.34. Let f be a homeomorpism of a compact metric space (X,dist). For any
neighborhood U of the nonwandering set Q(f) there exist positive numbers B, dy such that if
¢ ={w;, i € Z} is a d-pseudotrajectory of f with d < dy and

Thy A1y -+ -y T+l ¢ U

for somel >0 and k € Z, then | < B.
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Let €, ...,Q,, be the basic sets in decomposition (1.67) of the nonwandering set of an
Q-stable diffeomorphism f.

Lemma 1.35. Let Uy, ..., U,, be disjoint neighborhoods of the basic sets 2y, ...,8,. There
exist neighborhoods V; C U; of the sets Q); and a number dy > 0 such that if § = {z;, i € Z} is
a d-pseudotrajectory of f with d < dy such that vg € V; and x, ¢ U; for some j € {1,...,m}
and some t > 0, then x; ¢ V; fori >t.

Now we are ready to prove the following.
Lemma 1.36. )5S C LipPerSh.

Proof. Applying Therem 1.1 we find disjoint neighborhoods Wi, . .., W,, of the basic sets
Q4,...,€, in decomposition (1.67) such that (i) f has Lipschitz shadowing property on
any of W; with the same constants £, df; (ii) f is expansive on any of W; with the same
expansivity constant a.

Find neighborhoods V;, U; of €, (and reduce dj;, if necessary) so that the following prop-
erties are fulfilled:

.V}'CU]'CW]', jzl,...,m;
e the statement of Lemma 2 holds for V; and U; with some dy > 0;
e the Ldj-neighborhoods of U; belong to W;.

Apply Lemma 1.34 to find the corresponding constants B, d; for the neighborhood V; U
-~ UV, of Q(f).
We claim that f has the Lipschitz periodic shadowing property with constants L, dy,

where
a

dy = min (d;, dy, do, i) .

Take a p-periodic d-pseudotrajectory & = {x;, i € Z} of f with d < dy. Lemma 1.34
implies that there exists a neighborhood V; such that £ N'V; # ; shifting indices, we may
assume that zo € V.

In this case, & C U;. Indeed, if z;, ¢ U; for some iy, then x; 4k, ¢ U; for all k. It follows
from Lemma 1.35 that if io+kp > 0, then x; ¢ Vj for ¢ > ig+ kp, and we get a contradiction
with the periodicity of £ and the inclusion zy € V;.

Thus, there exists a point p such that inequalities (1.66) hold. Let us show that p €
Per(f). By the choice of U; and W, f(p) € W; for all i € Z. Let ¢ = f*(p). Inequalities
(1.66) and the periodicity of £ imply that

dist(fi(q), ;) = dist(fi(q), 2ir,) < Ld, i€ Z.

Thus, ' '
dist(f'(q). f'(p) < 2Ld < a, i€ L.

which implies that f*(p) = ¢ = p. This completes the proof. O
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1.6.2 Inclusion Int'(PerSh) c QS

By Theorem 1.32 it suffices for us to prove the following statement.
Lemma 1.37. Int'(PerSh) C Int'(HP).

Proof. To prove Lemma 1.37, it is enough for us to show that Int'(PerSh) ¢ HP and to note
that the left-hand side of this inclusion is C'-open.

To get a contradiction, let us assume that a diffeomorphism f € Int'(PerSh) has a
nonhyperbolic periodic point p. Fix a C'-neighborhood N C PerSh of f.

For simplicity, let us assume that p is a fixed point and that the matrix Ay = D f(p) has
an eigenvalue A = 1 (the remaining cases are considered using a similar reasoning, see, for
example, [74]).

Define exp, exp,, B(r,z), Br(r,x) similarly to Section 1.4 and choose € > 0 such that
conditions (1.32) and (1.33) hold for balls Br(e, ) and B(e, x).

In our case, an analog of mapping (1.30),

F= e:x;p];1 of oexp, : T,M — T, M,

has the form
F(v) = Agv + ¢(v).
Clearly, we can find a number a € (0,7) (recall that the number r was fixed above when

properties of the exponential mapping were described), coordinates v = (u, w) in T, M with
one-dimensional u, and a diffeomorphism h € A such that if

H= exp;1 oh o exp,
and |v| < a, then
H(v) = Av = (u, Bw),

where B is a matrix of size (n—1) x (n—1) (and n is the dimension of M). For this purpose,
we take a matrix A, close to Ay and having an eigenvalue A = 1 of multiplicity one, and
“annihilate” the C'-small term (Ay — A)v + ¢(v) in the small ball Br(a, p).

Take a positive € such that 8 < a. Since h € N/, there exists a corresponding d € (0, ¢)
from the definition of periodic shadowing (for the diffeomorphism h). Take a natural number
K such that Kd > 8. Reducing d, if necessary, we may assume that

8¢ < Kd < 2a. (1.68)

Let us construct a sequence y;, € T,M, k € Z, as follows:

d
Yo = 0, yk+1:Ayk+<§,0), 0<k<K-1,

d

Yrr1 = Ay — (—

2,0), K<k<2K -1,
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and Yxiox = Yk, k € Z. Clearly,
Kd
Yk = (—2 ,0)- (1.69)

Let
zy, = exp,(Yr)-
Since
exp, " (h(z)) = H(yx) = Ay
and

d
\yk+1 - Ayk| = 57

the sequence & = {x;} is a 2K-periodic d-pseudotrajectory of h.
By our assumption, there exists a periodic point pg of h such that
dist(py, ) < e, k€Z,
where pp = h¥(pg). Let
pe =exp,(qr), k€Z,
where g, = (Ux, W), and let y, = (ug, wy); then

Uk — e < g —yn| <2¢, ke,
which implies that
|Uo] < |qol < 2e.

Since g1 = H(qy), Ur = Up for all k due to the structure of H. We conclude that |Ug| < 2¢
and get a contradiction with the inequalities |Ux —uk| < 2¢, (1.68), and (1.69). The lemma
is proved. O

1.6.3 Inclusion LipPerSh C QS

In this section, we assume that f € LipPerSh (with constants £ > 1,dy > 0). Clearly, in
this case f~! € LipPerSh as well (and we assume that the constants £, dy are the same for

fand f71).
In the construction of pseudotrajectories, we apply the same linearization technique as
in the previous section.

Lemma 1.38. Every point p € Per(f) is hyperbolic.

Proof. To get a contradiction, let us assume that f has a nonhyperbolic periodic point p
(to simplify notation, we assume that p is a fixed point; literally the same reasoning can be
applied to a periodic point of period m > 1).

In this case, mapping (1.30) takes the form

F(v) = exp, ! of oexp,(v) = Av + ¢(v),
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where A is a nonhyperbolic matrix. The following two cases are possible:

(Case 1): A has a real eigenvalue A with |A\| = 1;

(Case 2): A has a complex eigenvalue A with |A| = 1.

We treat in detail only Case 1; we give a comment concerning Case 2. To simplify
presentation, we assume that 1 is an eigenvalue of A; the case of eigenvalue —1 is treated
similarly.

We can find coordinates v in T, M such that, with respect to this coordinate, the matrix
A has block-diagonal form,

A = diag(B, P), (1.70)
where B is a Jordan block of size [ x {:
1 1 0 . 0
0O 1 1 . 0
B=1 . .
000 ...1

Of course, introducing new coordinates, we have to change the constants L, dy, N; we
denote the new constants by the same symbols. In addition, we assume that £ is integer.
We start considering the case [ = 2; in this case,

s-(31)

er = (1,0,0,...,0) and e; = (0,1,0,...,0)

Let

be the first two vectors of the standard orthonormal basis.

Let K = 25L.

Take a small d > 0 and construct a finite sequence v, ...,yq in T,M (where @ is
determined later) as follows: yo = 0 and

Y1 = Ayp +des, k=0,..., K — 1. (1.71)
Then
vy = (Z1(K)d, Kd,0,...,0),

where the natural number Z;(K) is determined by K (we do not write Z;(K) explicitly).
Now we set
Y1 = Ayp —des, k=K,... 2K — 1.

Then
Yo = (Zg(K)d, O, 0, ceey O),

where the natural number Z,(K) is determined by K as well. Take Q = 2K + Z5(K); if we
set
yk+1:Ayk—d€17 kZQvaQ_lv
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then yo = 0. Let us note that both numbers @) and

maxo<r<Q-1 | Vx|

Y =
d

are determined by K (and hence, by L).

Now we construct a @-periodic sequence y;, k € 7Z, that coincides with the above sequence
for k=0,...,0Q.

We set x;, = exp,(yx) and claim that if d is small enough, then { = {x;} is a 4d-
pseudotrajectory of f (and this pseudotrajectory is @-periodic by construction).

Indeed, we know that |yx| < Yd for k € Z. Since ¢(v) = o(|v|) as |v| = 0,

[o(yr)| < d, k€EZ, (1.72)

if d is small enough.
The definition of {y;} implies that

[Yrt1 — Ayxl =d, k€. (1.73)

Note that
exp, ' (f(zx) = Flye) = Ay + o(ur);
thus, it follows from (1.72) and (1.73) that

i1 — exp, ' (f ()] < lyrrr — Ayel + |o(ui)| < 24,

which implies that £ = {z} is a 4d-pseudotrajectory of f if d is small enough.

Now we estimate the distances between points of trajectories of the mapping F' and its
linearization.

Let us take a vector ¢y € T,M and assume that the sequence g, = F*(qo) belongs to the
ball [v] < (Y +8L)d for 0 < k < K. Let r, = A¥qy (we impose no conditions on 7} since
below we estimate ¢ at points g only).

Take a small number p € (0,1) (to be chosen later) and assume that d is small enough,
so that the inequality

[¢(v)] < plv]
holds for |v| < (Y 4 8L)d.
Then
1| < [Agol + |(q0)] < (N +Dlgol, - -, lgkl < [Agrr| + 6(gr—1)] < (N +1)*|go|

for 1 <k < K, and
lq1 — 71| = |Ago + ¢(q0) — Ago| < ],

lg2 — 72| = |Aq1 + ¢(q1) — Ari| < Nlgn — r1| + plai] < (2N + 1) qol,
g3 — 3] < Nlg2 — 2| + plgo| < (NN + 1) + (N +1)%)|qol,
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and so on.
Thus, there exists a number v = v(K, N) such that

gk — ] < pvlgel, 0<k<K.
We take = 1/v, note that u = pu(K, N), and get the inequalities
lar — 7 <lqol, 0<k <K, (1.74)

for d small enough.
Since f € LipPerSh, for d small enough, the @Q-periodic 4d-pseudotrajectory & is 4.Ld-
shadowed by a periodic trajectory. Let pg be a point of this trajectory such that

diSt(pk,LL’k) <d4Ld, keZ, (175)

where pr = f*(po). Let g, = exp, ' (pr).
The inequalities |yx| < Yd and (1.75) imply that

| < lyi| + 2dist(py, z) < (Y +8L)d, k € Z.

Note that |go| < 8Ld.
Set r, = A¥qo; we deduce from estimate (1.74) that if d is small enough, then

larc — 1| <ol < 8Ld. (1.76)

Denote by v® the second coordinate of a vector v € T, M.
It follows from the structure of the matrix A that

2] = lg6”| < 8Ld. (1.77)

The relations
92| = Kd and |qx — yx| < 8Ld

imply that
02 > Kd —8Cd =17Ld (1.78)

(recall that K = 25L).

Estimates (1.76)—(1.78) are contradictory. Our lemma is proved in Case 1 for [ = 2.

If [ = 1, then the proof is simpler; the first coordinate of A*v equals the first coordinate
of v, and we construct the periodic pseudotrajectory perturbing the first coordinate only.

If I > 2, the reasoning is parallel to that above; we first perturb the [th coordinate to make
it Kd, and then produce a periodic sequence consequently making zero the [th coordinate,
the (I — 1)st coordinate, and so on.

If X is a complex eigenvalue, A = a + bi, we take a real 2 x 2 matrix

n=(5 %)
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and assume that in representation (1.70), B is a real 2/ x 2[ Jordan block:

R Ey, 0 ... 0
0O R Ey ... O
0 0 0 ... R

where FE5 is the 2 x 2 unit matrix.

After that, almost the same reasoning works; we note that | Rv| = |v| for any 2-dimensional
vector v and construct periodic pseudotrajectories replacing, for example, formulas (1.71)
by the formulas

Yry1 = Ayp +dwy,, k=0,..., K —1,

where jth coordinates of the vector wy are zero for j =1,...,21 — 2,2+ 1,...,n, while the
2-dimensional vector corresponding to (2/ —1)st and 2Ith coordinates has the form R*w with
|lw| = 1, and so on. We leave details to the reader. The lemma is proved. O

Lemma 1.39. There exist constants C > 0 and X\ € (0,1) depending only on N and L and
such that, for any point p € Per(f), there exist complementary subspaces S(p) and U(p) of
the tangent space T,M such that the following holds

(H1) Df(p)S(p) = S(f(p)) and Df(p)U(p) = U(f(p)),
(H2.1) |Df?(p)v] < CNfv|, v e Sp).j=0,
(H2.2) |Df~(p)v] < CNv|, veU(p),j=>0.

Remark 1.40. Lemma 1.39 means that the set Per(f) has all the standard properties of a
hyperbolic set, with the exception of compactness.

Proof. Take a periodic point p € Per(f); let m be the minimal period of p.

Denote p; = fi(p), A; = Df(p;), and B = Df™(p). It follows from Lemma 5 that the
matrix B is hyperbolic. Denote by S(p) and U(p) the invariant subspaces of B corresponding
to parts of its spectrum inside and outside the unit disk, respectively. Clearly, S(p) and U(p)
are invariant with respect to Df, T,M = S(p) ® U(p), and the following relations hold:

lim B"vs= lim B"v, =0, wvs€S(p),v, € U(p). (1.79)
n—-+o0o n——+o0o
We prove that inequalities (H2.2) hold with C' = 16£ and A = 1+ 1/(8L) (inequalities
(H2.1) are established by similar reasoning applied to f~! instead of f).
Consider an arbitrary nonzero vector v, € U(p) and an integer 7 > 0. Define sequences
v;,e; € T,, M and A\; > 0 for ¢ > 0 as follows:

Vj o |Ui+1| _|A |
= |4€4]-

oil” 7w

Vo = Vy, Vig1 = AV, € =
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Let

o Am—1 e M Aot Aot Apmr + 1
B Am—1 " Ao .
Consider the sequence {a; € R, i > 0} defined by the following formulas:
ag =T, Qi1 = Na; — 1. (1.80)
Note that
am =0 and a; >0, i€[0,m—1]. (1.81)

Indeed, if a; < 0 for some i € [0, m — 1], then a;, < 0 for k € [i + 1, m].
It follows from (1.79) that there exists n > 0 such that

|B™"Teq| < 1. (1.82)
Consider the finite sequence {w; € T),, M, i € [0,m(n + 1)]} defined as follows:
w; = a;e;, i€ [0,m—1],

W, = B "1ey,

Wing14i = AiWms, i€ [0,mn—1].

Clearly,
Wi = B¥ 1 ey, k€ [1,n+ 1],

which means that we can consider {w;} as an m(n + 1)-periodic sequence defined for i € Z.
Let us note that

U.
Aiwi = CLZ'AZBZ‘ = ai‘;—T, 1€ [O,m — 2],
i
Vi+1 Vit+1 .
Wit1 = ()\za'z - 1) |Uzil| = Q; |Z+| —€i+1, 1E [0, m — 2],
i i
and . v
Am—lwm—l = Gm-1 = =Em
|Um—1| )\m—1|vm—1|

(in the last relation we take into account that a,,_1\,_1 = 1 since a,, = 0).
The above relations and condition (1.82) imply that

|wi+1 — AZ'LUZ| < 2, 1 € 7. (183)

Now we take a small d > 0 and consider the m(n + 1)-periodic sequence § = {z; =
exp,, (dw;), i € Z}.
We claim that if d is small enough, then £ is a 4d-pseudotrajectory of f.
Denote
Gipr = exp, (f(z:) and (o = exp, (wis1).
Then
Gir1 = eXp;klﬂ f(exp,, (dw;)) = Fi(dw;) = Asdw; + ¢;(dw;),
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where the mapping F; is defined in (1.30) and ¢;(v) = o(|v|), and

-1
Cz{—l—l = eprk+1(xi+1) = dwit1.

It follows from estimates (1.83) that

|Ci/+1 - Ci+1| <2d

for small d, and
dist(f(z;), xiz1) < 4d.

By Lemma 5, the m-periodic trajectory {p;} is hyperbolic; hence, {p;} has a neighborhood
in which {p;} is a unique periodic trajectory. It follows that if d is small enough, then the
pseudotrajectory {x;} is 4Ld-shadowed by {p;}.

The inequalities dist(z;, p;) < 4Ld imply that |a;| = |w;| < 8L for 0 <i <m — 1.

Now the equalities A\; = (a;+1 + 1)/a; imply that if 0 < i < m — 1, then

a1+1a2+1 CLZ'+1_
Qo aq a;—1 B

_atl (1+i)...(1+ 1 )z
Qo a Qi—1

1 1\ 1 1\
> — — — .
= 8C <1 * 8£) ~16L (1 * 8£) (1.84)

(we take into account that 1+ 1/(8£) < 2 since £ > 1).
It remains to note that

Ao s Ao =

[Df (p)val = Xic1 -~ Aolval, 0<i<m—1,

and that we started with an arbitrary vector v, € U(p).

This proves our statement for j < m — 1. If j > m, we take an integer k£ > 0 such that
km > j and repeat the above reasoning for the periodic trajectory po, ..., prm—1 (note that
we have not used the condition that m is the minimal period). Lemma 1.39 is proved. [

Lemma 1.41. If f € LipPerSh, then f satisfies Axiom A.

Proof. Denote by P, the set of points p € Per(f) of index [ (as usual, the index of a hyperbolic
periodic point is the dimension of its unstable manifold).

Let R; be the closure of P,. Clearly, R; is a compact f-invariant set. We claim that any
R, is a hyperbolic set. Let n = dimM.

Consider a point ¢ € R; and fix a sequence of points p,, € P, such that p,, — ¢ as
m — o0o. By Lemma 6, there exist complementary subspaces S(p,,) and U(p,,) of T, M (of
dimensions n — [ and [, respectively) for which estimates (H2.1) and (H2.2) hold.

Standard reasoning shows that, introducing local coordinates in a neighborhood of (¢, T, M)
in the tangent bundle of M, we can select a subsequence p,,, for which the sequences S(p.,)
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and U(py,, ) converge (in the Grassmann topology) to subspaces of T,M (let Sy and U, be
the corresponding limit subspaces).

The limit subspaces Sy and U, are complementary in 7,M. Indeed, consider the “an-
gle” B,,, between the subspaces S(p,) and U(p., ) which is defined (with respect to the
introduced local coordinates in a neighborhood of (¢, T,M)) as follows:

B, = min [v® — v,
k

where the minimum is taken over all possible pairs of unit vectors v* € S(py,, ) and v* €
U(pm,,)-

Similarly to Remark 1.3 the values f3,,, are estimated from below by a positive constant
a = a(C, A\, N). Clearly, this implies that the subspaces Sy and Uy are complementary.

It is easy to show that the limit subspaces Sy and Uy are unique (which means, of course,
that the sequences S(p,,) and U(p,,) converge). For the convenience of the reader, we prove
this statement.

To get a contradiction, assume that there is a subsequence p,,, for which the sequences
S(pm,;) and U(pn,) converge to complementary subspaces S; and U, different from S, and
Up (for definiteness, we assume that Sp\ S7 # 0).

Due to the continuity of D f, the inequalities

IDf(q)v| < CNv|, veSyuUsy,

and | |
|Dfi(q)v] > C N T||, veUyul,

hold for 5 > 0.
Since

TqM:SQ@U():Sl@Uh

our assumption implies that there is a vector v € Sy such that
v=0v'+0v" e S,v"eU,v" #N0.

Then
|Df7(q)v] < CN|v| =0, j— oo,

and
|Df7(q)v] = CTIAT o] = CN0°] = 00, j — o0,

and we get the desired contradiction.

It follows that there are uniquely defined complementary subspaces S(q) and U(q) for
q € R; with proper hyperbolity estimates; the D f-invariance of these subspaces is obvious.
We have shown that each R; is a hyperbolic set with dimS(q) =n —{ and dimU(q) = [ for
q e Rl.

If r € Q(f), then there exists a sequence of points r,, — r as m — oo and a sequence of
indices k,, — 0o as m — oo such that f*m(r,) — r.
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Clearly, if we continue the sequence

T'm, f(rm)v R fkm_l(rm)

periodically with period k,,, we get a periodic d,,-pseudotrajectory of f with d,, — 0 as
m — o0.
Since f € LipPerSh, for large m there exist periodic points p,, such that dist(p,, 7,) — 0
as m — 0o. Thus, periodic points are dense in Q(f).
Since hyperbolic sets with different dimensions of the subspaces U(q) are disjoint, we get
the equality
Q(f) =RoU---UR,,

which implies that €(f) is hyperbolic. The lemma is proved. O

It was mentioned above that if a diffeomorphism f satisfies Axiom A, then its non-
wandering set can be represented as a disjoint union of a finite number of basic sets (see
representation (1.67)).

The basic sets €2; have stable and unstable “manifolds”:

W) = {w e M dist(f*(x), %) =0, k— oo}

and
W) = {x € M : dist(f*(x),Q) =0, k— —oo}.

If 2, and ; are basic sets, we write §2; — (2 if the intersection
W (@) NW*(Q;)

contains a wandering point.
We say that f has a 1-cycle if there is a basic set €); such that €; — ;.
We say that f has a t-cycle if there are t > 1 basic sets

Qiyy oo, 8,

such that
Qil —)—>QZt _>Qi1-

Lemma 1.42. If f € LipPerSh, then f has no cycles.

Proof. To simplify presentation, we prove that f has no 1-cycles (in the general case, the
idea is literally the same, but the notation is heavy).
To get a contradiction, assume that

p € (W*(S:) N W*(2:)) \ Q(f).
In this case, there are sequences of indices j,,, k,, — 00 as m — oo such that

(), fom(p) = Qi m — oo,
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Since the set €2; is compact, we may assume that
fm(p) = q € Q; and f"(p) — r € Q.

Since 2; contains a dense positive semi-trajectory, there exist points s,, — r and indices
I, > 0 such that f'm(s,,) — ¢ as m — oo.
Clearly, if we continue the sequence

P f®) o ST D)s Sy ST (Sm), (D), f T (D)

periodically with period k,, + l,, + Jm, We get a periodic d,,-pseudotrajectory of f with
dyn — 0 as m — oo.

Since f € LipPerSh, there exist periodic points p,, (for m large enough) such that p,, — p
as m — oo, and we get the desired contradiction with the assumption that p ¢ Q(f). The
lemma is proved. O

Lemmas 1.38 — 1.42 show that LipPerSh C 2S.
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Chapter 2

Partially hyperbolic diffeomorphisms

2.1 Central shadowing property

In Chapter 1 we studied relations between shadowing, hyperbolicity and structural stability.
In the present chapter we study shadowing property for more general class of systems:
partially hyperbolic diffeomorphisms.

As in the previous chapter let M be a compact C'**° smooth manifold, with a Riemannian
metric dist.

Definition 2.1. A diffeomorphism f € Diff'(M) is called partially hyperbolic if there exists
m € N such that the mapping f™ satisfies the following property. There exists a continuous
invariant bundle

T,M = E*(z) ® E(x) ® E"(x), reM
and continuous positive functions v, 7, y,% : M — R such that

v, U <1, v<y<A<p?

and for all x € M, v € T, M, |v| =1

D" (x)v] <v(x), ve B (x);
V(@) <[Df"(x)o] < A(x), ve EY(x); (2.1)
[Df"™(@)v] 207N z), v e B ().

Denote
E®(z) = E*(z) ® E°(x), E(z) = E°(z) @ E"(x).

Note that due to [11] one cannot expect that in general shadowing holds for partially
hyperbolic diffeomorphisms.
For further considerations we need the notion of dynamical coherence.

Definition 2.2. We say that a £ — dimensional distribution £ over T'M is uniquely integrable
if there exists a k — dimensional continuous foliation W of the manifold M, whose leaves are
tangent to £ at every point. Also, any C' — smooth path tangent to E is embedded to a
unique leaf of W.
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Definition 2.3. A partially hyperbolic diffeomorphism f is dynamically coherent if both
the distributions £ and E°* are uniquely integrable.

If f is dynamically coherent then distribution E¢ is also uniquely integrable and corre-
sponding foliation W€ is a subfoliation of both W and W*. For a discussion how often
partially hyperbolic diffeomorphisms are dynamically coherent see [15], [92].

In this paragraph below we always assume that f is dynamically coherent.

For 7 € {s,c,u,cs,cu} and y € W7 (x) let dist,(x,y) be the inner distance on W7 (x)
from x to y. Note that

dist(z,y) < dist,(z,y), ye W' (). (2.2)

Denote
Wi(x)={y e W7 (z), dist,(z,y) < €}.

We suggest the following generalization of the shadowing property for partially hyperbolic
dynamically coherent diffeomorphisms.

Definition 2.4 (see for example [38]). An e-pseudotrajectory {y;} is called central if for
any k € Z the inclusion f(yx) € W(yk+1) holds (see Fig. 2.1).

— A
\\_.\ f(yx)
Yk+1
Yk Wwe /\.\.\

Figure 2.1: Central pseudotrajectory

Definition 2.5. A partially hyperbolic dynamically coherent diffeomorphism f satisfies
the central shadowing property if for any ¢ > 0 there exists d > 0 such that for any d-
pseudotrajectory {xzy : k € Z} there exists an e-central pseudotrajectory {y;} of the diffeo-
morphism f, satisfying

dist(xg,yx) <e, k€Z. (2.3)

Definition 2.6. A partially hyperbolic dynamically coherent diffeomorphism f satisfies the
Lipschitz central shadowing property if there exist dy, L > 0 such that for any d € (0, do)
and any d-pseudotrajectory {xy : k € Z} there exists an e-central pseudotrajectory {y},
satisfying (2.3) with e = Ld.

Note that the Lipschitz central shadowing property implies the central shadowing prop-
erty.

We prove the following analogue of the shadowing lemma for partially hyperbolic diffeo-
morphisms [45].
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Theorem 2.1. Let diffeomorphism f € C* be partially hyperbolic and dynamically coherent.
Then f satisfies the Lipschitz central shadowing property.

This result may be considered as a generalization of the classical shadowing lemma for
the case of partially hyperbolic diffeomorphisms.

The proof of this theorem based on Tikhonov-Shauder fixed point theorem. Standard
proofs of shadowing lemma [3], [13] are based on contracting mapping principle and cannot
be repeated since foliations W, W have smooth leaves but the corresponding holonomies
are only Holder continuous (see for example [92] for exact statements).

Note that for Anosov diffeomorphisms any central pseudotrajectory is a true trajectory.

Remark 2.2. The statement of the classical shadowing lemma is valid for a neighborhood
of a hyperbolic set A. For the central shadowing property we consider only the case A = M.
The reason is that we need foliations

Wes We We = We nwe, (2.4)

which hardly can be defined in a neighborhood of A just by the partially hyperbolic structure
of A. We expect that statement similar to Theorem 2.1 can be proved for A # M with
additionally given foliations (2.4), but this discussion is out of the scope of the dissertation.

Let us also mention the following related notion [38].

Definition 2.7. Partially hyperbolic, dynamically coherent diffeomorphism f is called plaque
expansive if there exists € > 0 such that for any e-central pseudotrajectories {yi}, {zx},
satisfying

dist(yx, zx) <e, keZ

holds inclusion z, € W¢(y;) and z; lies on the same connected component of W€(y,) N B.(yx)
as yy for all k € Z.

In the theory of partially hyperbolic diffeomorphisms the following conjecture plays im-
portant role [12], [38].

Conjecture 2.1 (Plague Expansivity Conjecture). Any partially hyperbolic, dynamically
coherent diffeomorphism is plaque expansive.

Let us note that if the diffeomorphism f in Theorem 2.1 is additionally plaque expansive
then leaves W€(yy) are uniquely defined (see Remark 2.7 below).

Among results related to Theorem 2.1 we would like to mention that partially hyperbolic
dynamically coherent diffeomorphisms, satisfying plaque expansivity property are leaf stable
(see [38, Chapter 7], [87] for details).

Proof. Proof of Theorem 2.1 In what follows below we will use the following statement,
which is consequence of transversality and continuity of foliations W*, W,

Statement 2.3. There exists &g > 0, Ly > 1 such that for any ¢ € (0,80 such that for any
x,y € M satisfying dist(x,y) < J there exists unique point z = W2(x) "W (y) for e = Lyd.
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First we will prove the following lemma.

Lemma 2.4. Let f satisfy assumptions of Theorem 2.1 and for some m > 1 diffeomorphism
f™ has Lipschitz central shadowing property then diffeomorphism f also has Lipschitz central
shadowing property.

Proof. By assumptions of the theorem f™ has Lipschitz central shadowing property with
constant L > 0. Note that foliations W7, 7 € {s,u,c,cs,cu} of f™ coincide with the
corresponding foliations of f.

Let {y;} be a d-pseudotrajectory of f for some d > 0. Consider the sequence {z; = yim },
note that {2} is a Cid-pseudotrajectory of f™, where C; = R™ ! + R™2 + ... R' + R°,
where R = sup,.,, D f(x). Since f™ has Lipschitz central shadowing property then for small
enough d pseudotrajectory {z;} can be LC;d shadowed by a LC)d-central pseudotrajectory
{qx} of f™: the following holds

et € Wica(f™(ar)), dist(zi, qr) < LCd, k€ Z.

Consider sequence {x.—gm+i = f'(qx)}, where k € Z, i € [0,m — 1]. Note that {z;} is a
LC' d-central pseudotrajectory for f and

dist (Zrmri, Yrmai) < dist(F(qr), f*(z)) + dist(f* (Yam)» Yemas) < R™TLC1d + Cyd = Lqd,

where L; = R™*LC;+C". The last inequality implies that {z;} is a desired central pseudo-
trajectory for {y;} and f satisfy Lipschitz central shadowing property with constant L;. O

Let us continue proof of Theorem 2.1. Taking into account Lemma 2.4 we can assume
without loss of generality that conditions (2.1) hold for m = 1. Note that a similar claim
can be done using adapted metric, see [30].

Denote

A= ;réi]\r/[l(min(ﬁ_l(x), v () > 1.

Let us choose [ so big that
)\l > 2L.

By Lemma 2.4 it is sufficient to prove that f! has the Lipschitz central shadowing property
and hence, we can assume without loss of generality that [ = 1.
Decreasing dy if necessarily we conclude from inequalities (2.1) that

dista( (), (9)) < 5 distu(9), € Wi () (25)
and
dist, (f(2), f(y)) > Adistu(x,y), ye€ Wy (x).
Denote

IT(x) ={z" € E"(x), |"| <r}, T€{s,u,cescu}, r>0,
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I(x)={z€T,M, |z| <71}, r>0.

Consider standard exponential mappings exp, : T, M — M and exp] : T,W"(z) — W™ (x),
for 7 € {s, c,u, cs, cu}. Standard properties of exponential mappings imply that there exists
g9 > 0, such that for all z € M maps exp,, exp] are well defined on I (z) and I7 ()
respectively and Dexp,(0) = Id, DexpZ(0) = Id. Those equalities imply the following.

Statement 2.5. For p > 0 there exists € € (0,e¢) such that for any point x € M, the
following holds.

A1 For anyy,z € B.(x) and vy, vy € I.(z) the following inequalities hold

T dist(y, 2) < |exp, ' (y) — exp, ' (2)] < (1 + p) dist(y, 2),

1
1+p

|vr — vo| < dist(exp,(v1), exp,(v2)) < (14 p)|vy — vol.

A2 Conditions similar to A1 hold for expl and dist,, T € {s,c,u,cs,cu}.
A3 Forye Wl(x), € {s, cu,cs, cu} the following holds

dist,(z,y) < (1 + p) dist(z, y).
A4 IfE<eandy e W(x) NWE(x) then
dist.(z,y) < (1+ p)€.
Consider small enough i € (0, 1) satisfying the following inequality
(14 p)*Lo/X < 1. (2.6)

Choose corresponding € > 0 from Statement 2.5. Let § = min(dg, e/ Ly).
For a pseudotrajectory {xy} consider maps hj : Uy C E*(zy) — E®(2x41) defined as the
following;:

hi(z) = (exp3, )" (p)
where
p = Wits,(fexpy, (2))) N WP 5 (Th41) (2.7)

and Uy, is the set of points for which map hj is well-defined (see Fig. 2.2). Note that maps
hi(z) are continuous. The following lemma plays a central role in the proof of Theorem 2.1.

Lemma 2.6. There exists dy > 0, L > 1 such that for any d < dy and d-pseudotrajectory
{zx} maps hj are well-defined for z € I3 ,(xx) and the following inequalities hold

hi(z)| < Ld, k€ Z. (2.8)
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Figure 2.2: Definition of map h;,

Proof. Inequality (2.6) implies that there exists L > 0 such that
Lo(1+ L(1 4 p)/A\)(1+p) < L. (2.9)

Let us choose dy < dy/2L. Fix d < dy, d-pseudotrajectory {x}, k € Z and z € I} j(zg).
Condition A2 of Statement 2.5 implies that

dist (g, expj, (2)) < Ld(1 + p).

Inequality (2.5) implies the following

dista( ()., f(expi (2))) < 5 Ld(1+ ).

Inequalities (2.2) and dist(f(xy), zry1) < d imply (see Fig. 2.3 for illustration)

dist(zps1, f(expy, (2))) < dist(zern, f ) + dist(f (2x), fexp], (2))) <

1

Statement 2.3 implies that point p from relation (2.7) is well-defined and inequality (2.9)
implies the following

: : s 1 Ld
dist(p, Zx+1), disteu (p, f(exp;, (2))) < dLo(1 + XL(l + ) < T
This inequality and Statement 2.5 imply
diste,(f(exp, ., (2)), exp;, (hi(2))) < Ld, (2.10)

|73 (2)] < Ld,

which completes the proof.
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1< (1 + L1+ p)

Figure 2.3: Hlustration of the proof of Lemma 2.6

Let dy, L > 0 are constants provided by Lemma 2.6. Let d < dy and {z;} is a d-
pseudotrajectory. Denote

This set endowed with the Tikhonov product topology is compact and convex.
Let us consider map H : X* — X* defined as following

H({z}) ={%41}, where 2z, = hj(z).

By Lemma 2.6 this map is well-defined. Since z;_ ; depends only on z; map H is continuous.
Due to the Tikhonov-Schauder theorem, the mapping H has a (maybe non-unique) fixed
point {z;}. Denote y; = exp} (zj). Since z;,, = hi(2}), inequality (2.10) implies that

Y1 € Wia(f(yR), keZ. (2.11)

Since |z;| < Ld we conclude
dist(xg, yp) < dists(zg, y;) < (1+p)Ld < 2Ld, k € Z.

Similarly (decreasing dy and increasing L if necessarily) one may show that there exists
a sequence {yy € W3, ,(x))} such that

Y1 € Wia(f(ui)), kel

Hence dist(y;, yy) < dist(y;, xx) + dist(xk, yt) < 4Ld. Decreasing dy if necessarily we can
assume that 4LoLd < dp. Then there exists an unique point y, = Wiz 1 ,(yi) 0 WL ra(yi)
and inclusion (2.11) implies that for all & € Z the following holds

distey (Yrr1, f(yr)) <

diStcu(yk-I—la yZ—i—l) + diStcu(yli—i-la f(yZ)) + diStcu(f(yZ)a f(yk)) <
4LoLd + Ld +4RLyLd = L..d,
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where R = sup,c,, | D f(z)| and L., > 1 do not depends on d. Similarly for some constant
L.s > 1 the following inequalities hold

diStcs(yk-l-b f(yk)) < Lcsd> k€ Z.

Reducing dy if necessarily we can assume that points ygi1, f(yx) satisfy assumptions of
condition A4 of Statement 2.5, hence

diste(yer1, f(yr)) < (1 + p) max(Les, Ley)d, k€ Z
and sequence {yx} is an Ljd-central pseudotrajectory with
Ly = (1 + p) max(Les, L)
To complete the proof let us note that
dist(zg, yg) < dist(zg, y) + dist(yg, yx) < 2Ld +4LoLd, k € Z.

Taking £ = max(Ly,2L + 4Ly) we conclude that {yx} is an Ld-central pseudotrajectory
which £d shadows {z;}. O

Remark 2.7. Note that we do not claim uniqueness of such sequences {y;} and {yy}. In
fact it is easy to show (we leave details to the reader) that uniqueness of those sequences is
equivalent to the plaque expansivity conjecture.

O

2.2 Linear Skew Product

In this paragraph, we study shadowing property for a model class of partially hyperbolic
diffeomorphisms: linear skew products. We give lower and upper bounds for the precision
of shadowing in the spirit of Definition 1.10.

Let ¥ = {0,1}%2. Endow X with the standard probability measure v and the following
metric:

dist({w'}, {@'}) = 1/2%,  where k = min{|i| : w’ # &'}.
0

For a sequence w = {w'} € X denote by #(w) the Oth element of the sequence: t(w) = w’.
Define the “shift map” o : ¥ — X as follows: (o(w))’ = wi*tl.

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

dist((w, ), (@, Z)) = max(dist(w, ), dist(zx, T)).

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

0< )\0 <l< )\1, )\0)\1 §£ 1. (212)
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Consider the map f : QQ — @ defined as follows:

flw,z) = (0(w), M) ).

For g € Q,d > 0, N € N let ,,n be the set of d-pseudotrajectories of length N
starting at ¢o = ¢. If we consider gy,1 being chosen at random in B(d, f(qx)) uniformly
with respect to the measure p, then €, 4 y forms a finite time Markov chain. This naturally
endows €, 4 v With a probability measure P. See also [110] for a similar concept for infinite
pseudotrajectories.

For ¢ > 0 let p(q,d, N,e) be the probability of a pseudotrajectory in Q,,n to be e-
shadowable. Note that this event is measurable since it forms an open subset of €2, 4 n.

Lemma 2.8. Let ¢ = (w,x), § = (w,0). For any d,e > 0, N € N, the following equality
holds:
p(g.d,N,e) =p(q,d, N, ¢).

Proof. Consider {qr = (wk,zr)} € Qqan. Put ry := 2p41 — Ay, k. Consider a sequence
{ar = (wi, 7x)}, where
To =0, Tpy = )\t(wk)xk + 7k

The following holds:
1. the correspondence {q;} <> {Gx} is one-to-one and preserves the probability measure;

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

These statements complete the proof of the lemma. O

For d,e > 0, N € N define
p(d, N,¢) ::/ p((w,0),d, N,e)dv.
weX

Note that the integral exists since for fixed d, N, ¢, the value p((w, 0), d, N, €) depends only on
a 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 this paragraph is the following [105]:

Theorem 2.9. For any Ao, A1 € R satisfying (2.12) there exist g > 0, 0 < ¢g < 00 such
that for any € < €y, the following holds:

1. If ¢ < ¢y, then limy_,oo p(e/N€, N, ) = 0;
2. if ¢ > ¢y, then limy_,o p(e/N¢ N,e) = 1.

Remark 2.10. Later (Lemma 2.13) we prove that for any N € N, L > 0, £1,e5 € (0,&9),
the equality p(e1/L, N,e1) = p(ea/L, N, e5) holds. Hence the result of Theorem 2.9 actually
does not depend on the value of e.
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Remark 2.11. Due to Remark 2.10 analog of the Hammel-Grebogi-Yorke conjecture for
map f suggests that p(e/N, N, ¢) is close to 1. Hence, if ¢y > 1, then Hammel-Grebogi-
Yorke conjecture is not satisfied. For an example of such parameters see Remark 2.16.

Remark 2.12. We expect that similarly to works [28,29], such a skew product can be
embedded into a diffeomorphism of a manifold of dimension 4. This would allow us to
construct an open set of diffeomorphisms violating a high-dimensional analog of Conjecture
1.1. Similarly, we can construct an open set of diffeomorphisms satisfying this conjecture.
However, we did not implement such a construction and leave it out of the scope of the
present paper.

In order to prove Theorem 2.9 we formulate an auxilarily problem for random walks.
Let ag = In \g, a; = In A\;. Consider the following random variable:

_ )ao with probability 1/2,
77 Yar with probability 1/2.

Fix N > 0. Consider the random walk {A;};c[0,0) generated by 7 and independent
uniformly distributed in [—1, 1] variables {7;}icj0,). Define a sequence {z;}icjo,n] as follows:

20=0, Zziy1 =2+ Tt (2.13)

eAir1’

For given sequences ({A;}ico,n], {73 }icpo,n) define

eAk"l‘An eAn A A
B(l{:,n) = m|2n—2k‘:m‘€ an—e ka s
K{A:}, {r:}) = oggi%f;NB(k’ n),

s(N,L) := P(K({A:}icio,ny, {7 }icpo,ny) < L),

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

Lemma 2.13. There exist ¢ > 0, Ly > 0 such that for anyd > 0, L > Ly, N € N satisfying
Ld < gg the following equality holds:

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

Proof. Let us choose €y, Ly > 0 such that if dist(w,®) < €p, then ¢(w) = t(@v) and the map
o satisfies the Lipschitz shadowing property with constants &g, Lg.

Fix d < dy, N > 0 and L > Ly satisfying Ld < eg. Let us choose w at random according
to the probability measure v and a pseudotajectory {qr} = {(wk, zx)} € Qv 0),a,n according
to the measure P. Consider the sequences

k
1
Ve = Qi(wy)> Ap = E Yi, Tk = E(SL’k - )\t(wk,l)$k—1)-
i=0
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Note that rj are independent uniformly distributed in [—1,1] and ~, are independent and
distributed according to 7.
Below we prove that the sequence {qx} can be Ld-shadowed if and only if

L= K({Ai}, {r:}). (2.14)

Assume that the pseudotrajectory (wg, ) is Ld-shadowed by an exact trajectory (&, yx)-
By the choice of ¢y, the following equality holds:

t(wy) = t(&). (2.15)
Now let us study the behavior of the second coordinate. Note that

Y1 = M) Uk = €% yp, Y = e My (2.16)

An—Ay A
Ty = €7 + e (2, — 25),

where z;, are defined by (2.13). Hence,
(Yo — ) = M (g — 1) + €™ (20 — 21).
From this equality it is easy to deduce that
max(|yx — |, [yn — 2n|) = B(k,n)

and the equality holds if (yx — xx) = —(yn — x,). Hence, inequality (2.14) holds.

Now let us assume that (2.14) holds and prove that (wy,zx) can be Ld-shadowed. Let
us choose a sequence {&;} which Ld-shadows {wy}, then equalities (2.15) hold.

For yo € R define y; by relations (2.16) and consider function F' : R — R defined as
follows:

F(yo) = max [y — x|

Since the function F' is continuous, it is easy to show that it attains a minimum for some
Yo. Denote L' := min, g F'(yo) and let yo be such that L' = F(y,). Let D = {k € [0, N] :
lyr — 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 these values are positive. Then for small enough § > 0, the inequality
F(yo —9) < F(yo) holds, which contradicts the choice of yj.

Case 2. There exists indices k,n € D such that the values y; — ;. and ¥y, — x, have
different signs. Then (yr — zx) = —(yn — ), and hence L' = B(k,n) < K({A;}, {z}). O

Now let us pass to the proof of Theorem 2.9.
Note that shadowing problems for the maps f and f~! are equivalent (up to a constant
multiplier at d). In what follows, we assume that \gA\; > 1. Put

vi=E(y)=(ap+a1)/2>0, M:=(InN)* w:=uv/2

In the proof of Theorem 2.9, we use the following statements.
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Lemma 2.14 (Large Deviation Principle, [107, Secion 3]). There exists an increasing func-
tion h : (0,00) — (0,00) such that for any € > 0 and § > 0 and for large enough n, the
following inequalities hold:

n

An
P (— — E(v) < —6) < e~ (hE)=0)m

n

An
P (— — E(v) < —6) > e~ (hE)Fo)m

Lemma 2.15 (Ruin Problem, [21, Chapter XII, §4, 5]). Let b be the unique positive root of
the equation

1
3 (e‘b"o + e‘b‘“) =1
For any 6 > 0 and for large enough C' > 0, the following inequalities hold:
P(3i>0:A<-C)<e 09 (2.17)
P(3i>0: 4 <—C)>e 00 (2.18)
Put ¢y = 1/b. Due to Lemma 2.13, it is enough to prove the following:
(S1) If ¢ < ¢g, then limy_,o, s(N, N¢) = 0.
(S2) If ¢ > ¢, then limy_,o0 S(N, N¢) = 1.

Remark 2.16. For \g = 1/2, A\; = 3 the inequalities b < 1, ¢y > 1 hold, and hence by
Remark 2.11 the statement of Conjecture 1.1 does not hold. Slmllarly, co > 1 for A\g = 1/3,
>\1 == 2

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

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

c(b+9) < 1. (2.19)
Consider the following events:
I={3iel0,M]: A <—c;InN; and Agp; > 0},
Ilz{HZG[O,M] A S cllnN}
L={Jiel0,M]:A <—-wM},

]3:{A2M—AM§’UJM}

The following holds:
P(1) > P(Iy) - P(L,) — P(Iy) (2.20)
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Lemmas 2.14, 2.15 imply the following

P(Il)ZP(El’LZOAZS—CllDN>—P(E|Z>MAZS—CllnN>

N N
> e In N(b+6) _ Z P(AZ < O) > N—c1(b+6) . Z e—ih(v)
i=M+1 1=M+1
1
—c1(b+4d —(M+1)h(v —c1(b+d -2
Similarly
P(L) < Y P(A; <0)=0(N7?), (2.22)
i=M+1
P(I3) < e Mhlvmw) — o(N72), (2.23)

From inequalities (2.20)-(2.23) we conclude that
P(I) > N~ L o(N72). (2.24)

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

T
J1 {TZ S [1/2, 1]}7 Jo {ZQM 20 = eAi}
Hence,
1
P (ZzM -z 2> F) > P(J1)P(J2)=1/4-1/2=1/8

and
%N‘Cl(b”) +o(N7?).

Note that for large enough N, the inequality N¢ < N¢ /4 holds, and hence

P(B(0,2M) > N /4) > SP(I) =

1
P(B(0,2M) > N°¢) > éN—Cl(bﬂ” +o(N7%).
Similarly, for any k& € [0, N — 2M],

P(B(k,k+2M) > N¢) > — N0+ L o(N72),

| —

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

P(3k€[0,N —2M]: Bk, k +2M) > N¢) >
1 [N/(2M)]
1-— (1 — (gN—q(b*‘” + 0(N‘2))) . (2.25)
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Using (2.19), we conclude that

(%N—cﬂb”) + o(N—2)) [N/(2M)] > <%N‘Cl(b+5) + o(N—2)) (Q(T]\év)z - 1)

_ 1 1—c1(b+6) -1
= omNeE Fo(N7) o0
and hence
1 (v/(221)]
1— [ =N—al) 4 o(N72) —— 0. (2.26)
8 N—oo

Relations (2.25), (2.26) imply that

P(K({Ai}icio,n), {riticpo,n)) > N¢) —— 1.

N—oo

Hence,
lim s(N,N¢) = 0.

N—oo

O

Proof of (S2). Let ¢ > 1/b. Let us choose ¢; € (1/b,¢) and ¢ > 0 satisfying ¢;(b — ) > 1.
Note that for any n > k the following inequalities hold:

n
eAk‘Zn _ Zk‘ < E e_(Ai—Ak)’
i=k

An

—— < 1.
eAr 4 edn —

Hence,
n N
. . —(Ai—Ay) —(Ai—Ay) _. .
K({A},{r:}) < max e < ngaév;e : D({4;}). (2.27)

T 0<k<n<N
i=k

The following holds:

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

i=k

N
>1- NP (Z e~ (Ai=Ar) NC> .

i=0
Note that if Zi]io e~(Ai=4k) > N¢ then one of the following inequalities holds:

NC
R/ 0,.M]:ed >
ie0,M]:e S

o6



Nc—l
5
Note that for large enough N, the following inequalities hold:

Ji € [M,N]:e %>

C

Ncl Nc—l —wM
Wi > , /2>e ,

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

N
P <Z e~ AimAn) > Ncl) <PEiel0,M]:A; < —c;lnN)+ P(3ie[MN]: A <wM)
=0

< e—(b—é)cl In N +0(N_2) _ N—(b—é)cl —|—0(N_2).

Finally,
P(D{A;}) < N)>1— N(N"C9a 4 o(N~2) —— 1,

N—oo

and hence relations (2.27) imply that

lim s(N,N¢) = 1.

N—oo
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Chapter 3

Shadowing for vector fields in
Cl-topology

3.1 Preliminaries

In this context, there is a real difference between the cases of discrete dynamical systems
generated by diffeomorphisms and systems with continuous time (flows) generated by smooth
vector fields. This difference is due to the necessity of reparametrizing shadowing trajectories
in the latter case. One of the main goals of the present paper is to show that this difference
is crucial, and the results for flows are essentially different from those for diffeomorphisms.

Let M be a smooth closed (i.e., compact and boundaryless) manifold with Riemannian
metric dist and let n = dim M. Consider a smooth (C') vector field on X and denote by ¢
the flow of X. We denote by

O(z,9) ={o(t,z): t € R}

the trajectory of a point x in the flow ¢; OF(x, ¢) and O~ (x, ¢) are the positive and negative
semitrajectories, respectively. Denote by Orb(z) = Orbx () = @ (oo 400)(2) the orbit of .
And denote by Orb™(z) = @jg 4o0)(z), Orb™(z) = ¢(—c0,0)(x) the positive, negative orbit of =
respectively.

We consider the following C' metric on the space of smooth vector fields: If X and YV
are vector fields of class C!, we set

where |.| is the norm on the tangent space T, M generated by the Riemannian metric dist,
and ||.|| is the corresponding operator norm for matrices.

For a set A of vector fields, Int'(A) denotes the interior of A in the C' topology generated
by the metric p;.

As in the case of diffeomorphisms for us will be important notions of hyperbolicity and
structural stability:.

zeM

p(¥) = (1XG0) = @)l + | 50 - o)
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Definition 3.1. We say that a compact invariant set A C M is hyperbolic if there exist
numbers C' > 0, A > 0 and linear subspaces E?, E¥ C T, M such that for any © € A the
following holds

1. T,M=E:® E'd < X(x) >.
2. Let ®(t) be the fundamental matrix of the variational systems

dy 0X

along the trajectory ¢(t,p), satisfying ®(0) = E. Then

(a) B()ES = E5, . (t)EY = B

(b) |®(t)v*| < Ce *|v®| for v* € ES and t > 0.

(c) |®(=t)v¥| < Ce|v| for v* € E¥ and t > 0.

Definition 3.2. We say that a vector field X € F(M) is struclurally stable if there exists
a neighborhood U C F(M) of X such that for any Y € U there exists a homeomorphism

a : M — M which maps trajectories of X to trajectories of Y and preserves the direction of
movement alomg trajectories. In other words there exists a map 7: R x M — R such that

(t,x)? (t,z)°

e for any x € M, the function 7(-, ) increases and maps R into R;
o 7(0,z) = x for any x € M;

o a(o(t,x)) = (7(t,x),a(x)) for any t € R, x € M, where 9 (-,-) is the flow generated
by Y.

Let us denote by S and IN the sets of structurally stable and nonsingular vector fields,
respectively. For a vector field X denote by Q(X) the set of nonwondering points of X.
Not Let us pass to the definition of the shadowing property.

Definition 3.3. Fix a number d > 0. We say that a mapping g : R — M (not necessarily
continuous) is a d-pseudotrajectory (both for the field X and flow ¢) if

dist(g(7 +t),0(t,g(1))) <d for T€R, te]|0,1]. (3.1)

Definition 3.4. A reparametrization is an increasing homeomorphism A of the line R; we
denote by Rep the set of all reparametrizations.
For a > 0, we denote

At = hs)

Rep(a):{hERep: ‘ s

< a, t,seR,t#s}.
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Definition 3.5. We say that a vector field X has the standard shadowing property (X €
StSh) if for any € > 0 we can find d > 0 such that for any d-pseudotrajectory g(¢) of X there
exists a point p € M and a reparametrization h € Rep(e) such that

dist(g(t), d(h(t),p)) <& for teR. (3.2)

Definition 3.6. We say that a vector field X has the oriented shadowing property (X €
OrientSh) if for any € > 0 we can find d > 0 such that for any d-pseudotrajectory of X
there exists a point p € M and a reparametrization h € Rep such that inequalities (3.2) hold
(thus, it is not assumed that the reparametrization h is close to identity).

Definition 3.7. We say that a vector field has the Lipschitz shadowing property if there
exists L, dy > 0 such that for any d € (0,dy) and d-pseudotrajectory g there exists g € M
and a reparametrisation h € Rep(Ld) such that inequalities (3.2) hold for € = Ld.

Let us note that the standard shadowing property is equivalent to the strong pseudo orbit
tracing property (POTP) in the sense of Komuro [41]; the oriented shadowing property was
called the normal POTP by Komuro [41] and the POTP for flows by Thomas [101].

Standard and oriented shadowing properties differs only in restrictions on reparametriza-
tions. In case of standard shadowing reparametrization is asked to be close to identity and in
case of the oriented shadowing it can be an arbitrarily increasing homeomorphism. Clearly

StSh(M) C OrientSh(M). (3.3)

In paragraph 3.4 we show that the difference in the choice of reparametrization is essential,
so inclusion (3.3) is strict [102]. However for vector fields without singularities standard and
oriented shadowing properties are equivalent [41].

Definition 3.8. We say that a vector field X and the corresponding flow ¢(¢, x) are expansive
if there exist constants a,d > 0 such that if

dist(o(t, x), p(a(t),y)) <a, teR,

for points z,y € M and an increasing homeomorphism « of the real line, then y = ¢(7, x)
for some |7| < 4.

As in the case of diffeomorphisms the following shadowing lemma holds.

Theorem 3.1. If A is a hyperbolic set for a vector field X, then there exists a neighborhood
V' of A such that X has the Lipschitz shadowing property on V and is expansive on V.

Moreover,

Theorem 3.2. [71] Structurally stable vector fields satisfy the Lipschitz shadowing property.
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Remark 3.3. In fact, it is shown in [71] that if a structurally stable vector field does not have
closed trajectories, then it has the Lipschitz shadowing property without reparametrization
of shadowing trajectories: there exists L > 0 such that if ¢g(¢) is a d-pseudotrajectory with
small d, then there exists a point x such that

dist(g(t), é(t,2)) < Ld, t€ R.

In the present chapter we study structure of the set of vector fields satisfying shadowing
properties. Lee and Sakai [47] proved the following:

Theorem 3.4. Int'(StShN IN) C S.

To formulate second result, we need one more notion.

We say that matrix A belong to class K if all its eigenvalues have nonzero real part. Let
us note that fixed point p is hyperbolic iif D X (p) € K. Let us denote by K the set of
matrixes A € K satisfying the following: there exists real eigenvalue a; > 0 such that if
c1 + dyi is an eigenvalue of A with ¢; > 0 and d; # 0 then ¢; > a;. Let us denote by KJ
the set of matrixes A € K satisfying the following: there exists a pair of complex conjugate
eigenvalues a; 4+ by with a; > 0, such that if ¢; > 0 is an eigenvalue of A then ¢; > a;. Note
that KT NK3 =0, but K UKT #K

Denote by K| the set of matrixes A, satisfying —A € K;. Denote by K, the set of
matrixes A, satisfying —A € K5

Definition 3.9. Let us say that a vector field X belongs to the class B if X has two
hyperbolic rest points p and ¢ (not necessarily different) with the following properties:

1. DX(p) € K,
2. DX(q) € K3,

3. the stable manifold W*(p) and the unstable manifold W*(q) have a trajectory of non-
transverse intersection.

Condition (1) above means that the “weakest” contraction in W?#(q) is due to the eigen-
values 1 2 (condition (2) has a similar meaning).
In my Ph. D. Thesis among other results I have proved the following two theorems

Theorem 3.5. Int'(OrientSh\B) = S.
Theorem 3.6. If dimM < 3, then Int'(OrientSh) = S.

Note that Theorem 3.5 generalises above-mentioned result by Lee and Sakai.

3.2 Example of a not structurally stable vector field

In this section we show that exclusion from consideration of vector fields of class B was
essential. More precisely we prove the following [83].

Theorem 3.7. Int'(OrientSh) N B # 0.
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3.2.1 Construction of the example

Consider a vector field X* on the manifold M = S? x S? that has the following properties
(F1)-(F3) (¢* denotes the flow generated by X*).

(F1) The nonwandering set of ¢* is the union of four rest points p*, ¢*, s*, u*.

(F2) For some ¢ > 0 we can introduce coordinates in the neighborhoods B(d, p*) and
B(d, q*) such that

X*(ZIZ') = J;(:E _p*)> YIS B(dap*)a and X*(ZIZ') = J;(:E - q*)a YIS B((Sa q*)>

where
-1 0 0 O
. .. |l 0o =20 0
Ty =~ 0o 0 1 -1 |
0 0 1 1

(F3) The point s* is an attracting hyperbolic rest point. The point u* is a repelling
hyperbolic rest point. The following condition holds:

We )\ {p"} CW?(s"), W2(q¢") \ {g"} C W*(u"). (3.4)

The intersection of W*(p*) N W*(q*) consists of a single trajectory a*, and for any
T € o, the condition
dim T,W*(p*) & T,W*(¢*) = 3 (3.5)

holds.

These conditions imply that the two-dimensional manifolds W*(p*) and W*(q*) intersect
along a one-dimensional curve in the four-dimensional manifold M. Thus, W*(p*) and
W"(q*) are not transverse; hence, X* € B.

A construction of such a vector field is given in paragraph 3.2.5.

To prove Theorem 3.7, we show that X* € Int'(OrientSh).

The vector field X* satisfies Axiom A and the no-cycle condition; hence, X* is 2-stable.
Thus, there exists a neighborhood V' of X* in the C'-topology such that for any field X € V,
its nonwandering set consists of four hyperbolic rest points p, ¢, s, u which belong to small
neighborhoods of p*, ¢*, s*, u*, respectively. We denote by ¢ the flow of any X € V and by
W#(p), W*(p) etc the corresponding stable and unstable manifolds.

Note that if the neighborhood V' is small enough, then there exists a number ¢ > 0 (the
same for all X € V') such that

B(e,s*) c W3(s) and Bl(c,u”) C W (u).

Consider the set © = W*(p*) N 0B(J, p*) (where 0A is the boundary of a set A). Condition
(3.4) implies that there exists a neighborhood Ug of © and a number 7" > 0 such that

o*(T,x) € B(c/2,s"), =z € Us.
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Reducing V, if necessary, we may assume that
W*(p) NOB(6,p) CUg and (T, z) € B(c,s*), xz € Ug.
Hence, W*(p) \ {p} € W*(s), and
W (p) N W*(q) = 0. (3.6)

Similarly, we may assume that W#(q) \ {q} C W*(u).
The following two cases are possible for X € V.

(S1) W#(p) N W*(q) = 0.
(S2) W2 (p) nW*(q) # 0.

In case (S1), X is a Morse-Smale field; hence, X € S. Theorem 3.2 implies that X €
OrientSh.

Thus, in the rest of the proof of Theorem 3.7, we consider case (S2). Our goal is to show
that if the neighborhood V' is small enough, then X € OrientSh.

3.2.2 Properties of small perturbations of X*

Lemma 3.8. If the neighborhood V' is small enough, then the intersection W*(p) N W"(q)
consists of a single trajectory.

Proof.  Denote x; = o* NIB(4,p*) and z; = o* NIB(, ¢*).

Consider sections (), and @, transverse to a at the points x; and z, respectively, and
the corresponding Poincaré map ™ : Q; — @,. Consider the curves {; = W*(p*) N Q, N
B(6/2,2y) and & = W*(q*) NQy N B(6/2,x}). Note that £ and F*(£7) intersect at a single
point .

Let § = W*(p) N Q, N B(6/2,2;) and & = W"(q) N Qy N B(6/2,x;). Let F' be the
Poincaré transformation for X from @), to @), similar to F™.

If the neighborhood V' is small enough, then the curves &,, &,, and F(§,) are C'-close to
&, &, and F*(&r), respectively (hence, the intersection of &, and F'(§,) contains not more
than one point).

The same reasoning as in the proof of (3.6) shows that if the neighborhood V' is small
enough, = € W*(p) \ {p}, and the trajectory of = does not intersect §,, then z € W"(u).

Thus, any trajectory in W#(p) N W*(q) must intersect ,; similarly, it must intersect &,
as well as F(§,).

It follows that the intersection W?*(p) NW*(q) (which is nonempty since we consider case
(S2)) consists of a single trajectory containing the unique point z, of intersection of &, and
F(&,) (we denote this trajectory by «). This completes the proof of Lemma 3.8.

Remark 3.9. Let us note an important property of intersection of W?#(p) and W*(q) along
a (see (3.8) below).
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Let z, = F~'(z,); denote by 4, and 4, unit tangent vectors to the curves &, and &, at x,
and z,, respectively. Our reasoning above and condition (3.5) show that if the neighborhood
V' is small enough, then the vectors i, and DF(z,)i, are not parallel:

DF (x,)ig ff ip. (3.7)

Take any two points y, = ¢(t1,x,) and y, = ¢(t2, x,) with t; > 0,2 < 0; let S, and S,
be smooth transversals to v at these points. Let e, and e, be tangent vectors of S, N W?*(p)
and S, N W*(q) at y, and y,, respectively. Denote by f : S, = S,, H, : Q, — S,, and
H,:S; — @, the corresponding Poincaré transformations for X. Then f = H, o F o H,,

ep | DHy(zp)ip, and e || DHz;l(xq)iq'
Hence, Df(y,)eq | DH, 0o DF(z,)i,, and it follows from (3.7) that

Df(yqg)eq £ €p- (3.8)

3.2.3 Oriented shadowing property for small perturabations

Now it remains to show that if V' is small enough and X € V, then X € OrientSh (recall that
we consider case (52)). This proof is rather complicated, and we first describe its scheme.

We fix two points y,,y, € a in small neighborhoods U, and U, of p and ¢, respectively
(the choice of U, and U, is specified later). We consider special pseudotrajectories (of type
Ps): the "middle” part of such a pseudotrajectory is the part of a between y, and y,, while its
"negative” and " positive” tails are parts of trajectories that start near y, and y,, respectively.
We show that our shadowing problem is reduced to shadowing of pseudotrajectories of type
Ps.

The key part of the proof is a statement ”on four balls.” It is shown that if By, ..., By
are small balls such that B, and B, are centered at points of W*(q) and W*"(p), while By
and Bj are centered at y, and y,, respectively, then there exists an exact trajectory that
intersects By, ..., By successfully as time grows. This statement (and its analog) allows us
to prove that pseudotrajectories of type Ps can be shadowed.

Let us fix points y,, y, € a (everywhere below, we assume that y, = a(7,) and y, = a(T})
with T, > T,) and a number 6 > 0. We say that g(t) is a pseudotrajectory of type Ps(d) if

ot =Ty p), t>1T,
g(t) =< o(t — Ty, my), t<T,, (3.9)
al(t), t €1y, T,),
for some points
z, € B(d,y,) and =z, € B(d,y,).

Fix an arbitrary € > 0. We prove the following two statements (Propositions 3.10 and
3.11). In these statements, we say that a pseudotrajectory ¢(t) can be e-shadowed if there
exists a reparametrization h and a point p such that (3.2) holds.
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An Q-stable vector field has a continuous Lyapunov function that strictly decreases along
wandering trajectories (see [86]). Hence, there exist small neighborhoods U, and U, of points
p and ¢, respectively, such that

$(t,x) & U, z€U, t>0. (3.10)

Proposition 3.10. For any 6 > 0, y, € aNU,, and y, € a N U, there exists d > 0
such that if g(t) is a d-pseudotrajectory of X, then either g(t) can be e-shadowed or there
ezists a pseudotrajectory g*(t) of type Ps(6) with these y, and y, such that dist(g(t), g*(t)) <
e/2, teR.

Proposition 3.11. There exists 6 > 0, y, € aNU,, and y, € a N U, such that any
pseudotrajectory of type Ps(d) with these y, and y, can be €/2-shadowed.

Clearly, Propositions 3.10 and 3.11 imply that X € OrientSh.

To prove Proposition 3.10, we need an auxiliary statement.

Lemma 3.12. For any x € a and ,e1 > 0 there exists d > 0 such that if
{g(t): t € R} N B(ey,x) =0, (3.11)
for a d-pseudotrajectory g(t), then one can find xo € M and h(t) € Rep such that
dist(g(t), ¢(h(t), x0)) <e, teR.

Proof.  Take A < &1/2 such that if a, = ¢(1,2) and a, = ¢(—1,2), then a,,a, ¢
B(A,x). Let S, and S, be three-dimensional transversals to a at a, and a,, respectively. Let
f S, — S, be the corresponding Poincaré mapping. Note that the intersections W*(¢q) NS,
and W#*(p) N S, near a, and a, are one-dimensional, hence the curves f(W"(¢) N S,) and
W#(p) NS, in S, are nontransverse.

It is shown in [58,88] that there exists an arbitrarily small perturbation of the field X
supported in B(A,z) and such that the Poincaré mapping f 0 Sy — S, of the perturbed
field X satisfies the condition

FVe (@) N S) N (W (p) N S,) = 0.

Similarly to case (S1), we conclude that we can find X € S. .
Set €9 = min(e, e1/2) and find d > 0 such that any d-pseudotrajectory of the field X can
be g9-shadowed. We assume, in addition, that

A+d<e. (3.12)

Consider an arbitrary d-pseudotrajectory g(t) of X for which (3.11) holds. By (3.12), g(t)
is a d-pseudotrajectory of the field X. Due to the choice of d, there exists xg € M and
h(t) € Rep such that

dist(g(t), qg(h(t), zg)) < €2,
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where ¢ is the flow of X. Hence, {@(h(t),xy), t € R} N B(ey,z) = 0; it follows that
d(h(t), xo) = @(h(t), xo), which proves Lemma 3.12.

Proof of Proposition 3.10. Take 6 > 0, y, € aNU,, and y, € aNU,. Let y, = a(1})
and y, = a(7,). There exists §; € (0, min(d,)) such that B(d1,y,) C Uy, B(d1,y,) C U,,
and if x, € B(01,y,) and z, € B(d1,y,), then

ot — T, ), t>1T,,
g (t) = < alt), te [T, T, (3.13)
ot —T,,x,), t<T,,

is a pseudotrajectory of type Ps(d).

Take © = a(T'), where T € (1,,T,). Applying Lemma 3.12, we can find £; > 0 such that
if d is small enough, then for any d-pseudotrajectory g(t), one of the following two cases
holds (after a shift of time):

(A1)
{9(t), t € R} N B(ey, z) =0,
and ¢(t) can be e-shadowed;

(A2)
9(1,) € B(61/2,v,), 9(Ty) € B(01/2,y,),

and
dist(g(t),a(t)) <e/2, te|[T,,T,)

To prove Proposition 3.10, it remains to consider case (A2).

Apply the same reasoning as in Lemma 3.12 to construct a field X € S that coincides
with X outside B(d1/2,,); let ¢ be the flow of X.

Note that X does not have closed trajectories. Reducing d, if necessary, we may assume
that any d-pseudotrajectory of X can be d; /2-shadowed in the sense of Remark 1.

Consider the mapping

Qz(t - Tpag(Tp))> t<Tp,
gp(t) = 4 9(t), te [T, 1],

ot =T,9(T)), t>T,

where
T =inf{t > T, : §,(t) € B(61,y,)}

(if {t > T, : §,(t) € B(d1,y4)} =0, we set T' = 400). Since
fort € [1,,,T), g,(t) is a d-pseudotrajectory of X. Hence, there exists a point x, such that

dist(g,(t), o(t — T, xp)) < 01/2, t€R.

67



The first inclusion in (A2) implies that x, € B(d,y,).
Since trajectories of X and X coincide outside B(6;/2,v,), we deduce from (3.10) that
T = +4o00; hence,
dist(g(t), o(t — Tp, ) < 61/2, t>T,.

Similarly (reducing d, if necessary), we find z, € B(d,y,) such that
dist(g(t), o(t — Ty, ) < 01/2, t <1y,
Clearly, the mapping (3.13) is a pseudotrajectory of type Ps(¢d) such that
dist(g(t),g"(t)) <e/2, te€R.

This completes the proof of Proposition 3.10.
In the remaining part of the paper, we prove Proposition 3.11. Let us recall that we
consider a vector field X in a small neighborhood V' of X* for which W#*(p) N W¥(q) # 0.
Without loss of generality, we may assume that

Ot (B(g/2,5),¢) C B(e,s) and O (B(g/2,u),¢) C B(e,u).

Take m € (0,¢/8) such that B(m,p) C U,, B(m,q) C U, and the flow of the vector field
X in the neighborhoods B(2m,p) and B(2m,q) is conjugate by a homeomorphism to the
flow of a linear vector field.

We take points y, = «(T,) € B(m/2,p) N« and y, = «(T,) € B(m/2,q) N . Then
Ot (yp,¢) C B(m,p) and O (y,,¢) C B(m,q). Take 6 > 0 such that if ¢g(¢) is a pseu-
dotrajectory of type Ps(d) (with y, and y, fixed above), t, € R, and zo € B(24,¢g(to)),
then

dist(op(t — to, z0),g(t)) <e/2, |[t—to| <T+1, (3.14)
where T' =T, —Tj,.

Consider a number 7 > 0 such that if x € W*(p) \ B(m/2,p), then ¢(1,x) € B(e/8,s).
Take €1 € (0,m/4) such that if two points z1, 29 € M satisfy the inequality dist(z, z0) < &1,
then

dlSt(¢(t> Zl)> ¢(ta 22)) < 5/8> |t| < T

In this case, for any y € B(ey,x) (recall that we consider z € W"(p) \ B(m/2,p)), the
following inequalities hold:

dist(¢(t,2), d(t,y)) < /4, > 0. (3.15)

Reducing €1, if necessary, we may assume that if 2’ € W#(q) \ B(m/2,q) and y' € B(ey,2'),
then
dist(6(t,2"), O(t, ) < /4, 1<0.

Let g(t) be a pseudotrajectory of type Ps(d), where ¢, y,, and y, satisfy the above-
formulated conditions. We claim that if 0 is small enough, then g(¢) can be ¢/2-shadowed
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(in fact, we have to reduce ¢ and to impose additional conditions on y, and y,). Below we
denote W (p,m) = W*(p) N B(m, p) etc.

Additionally decreasing J§, we may assume that for any points z, € Wp.(p,m), zg €
B(4,y,), and s > 0 such that ¢(s,zo) € B(9, z,), the following inclusions hold:

o(t,z0) € B(2m,p), t€]0,s]. (3.16)
Let us consider several possible cases.
Case (P1): z, ¢ W*(p) and z, ¢ W*"(q). Let
T'=inf{t € R: ¢(t,z,) ¢ B(p,3m/4)}.

If § is small enough, then dist(¢(7”, x,), W"(p)) < e;. In this case, there exists a point
% € Wi (p,m) \ B(m/2, p) such that

dist(¢(T", ), 2p) < €1.

Applying a similar reasoning in a neighborhood of ¢ (and reducing 4, if necessary), we find
a point z, € W (¢, m) \ B(m/2,q) and a number 7" < 0 such that dist(¢(1", z,), z,) < €1.

Let us formulate a key lemma which we prove later (precisely this lemma is the above-
mentioned statement ”on four balls”).

Lemma 3.13. There exists m > 0 such that for any points
Yp € B(m,p) N, 2, € Wig.(p,m) \ {p},

yq € B(m> q) N «, Zq € VVlf)c(qa m) \ {q}a

and for any number my > 0 there exists a trajectory of the vector field X that intersects
successively the balls B(my, z,), B(m1,y,), B(m1,y,), and B(my, z,) as time grows.

We reduce m to satisfy Lemma 3.13 and apply this lemma with m; = min(d, ;). Find a
point g and numbers t; < ty < t3 < t4 such that

P(t1,x0) € B(ma, z4),  é(t2, 0) € B(my,y,),

P(t3,20) € B(ma,yp), B(ta, z0) € B(ma, 2p).
Inequalities (3.14) imply that if ¢ is small enough, then

dist(¢(ts + t,20), (T, + 1)) < £/2, t € [T, — T, 0] (3.17)

Define a reparametrization h(t) as follows:

W, +T"+1t) =t +t, t<0,
he) = WT,+T +1)=t,+t, t>0,
T, +t) =t;+1, te|T,—1,,0],
h(t) increases, tell,T,+TNU[T,+ 1" T,
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If t > T, + T’ then inequality (3.15) implies that
dist(¢(h(t), x0), ¢(t — (T, + T"), 2)) < /4
and
dlSt(¢(t - Tpv xp)v (b(t - (TP + Tl)v Zp)) < 6/4

Hence, if ¢ > T, + 1", then
dist(p(h(t), z0), g(t)) < /2. (3.18)

Inclusion (3.16) implies that for ¢ € [T, T, + 1] the inclusions ¢(h(t),zo), g(t) € B(m,p)
hold, and inequality (3.18) holds for these ¢ as well.

A similar reasoning shows that inequality (3.18) holds for ¢t < T,. If t € [T,,T,], then
inequality (3.18) follows from (3.17). This completes the proof in case (P1).

Case (P2): z, € W*(p) and x, ¢ W"(q). In this case, Lemma 3.13 is replaced by the
following statement.

Lemma 3.14. There exists m > 0 such that for any points
yp € B(map) N a, yq € B(m> q) N «, Zq € I/Vlf)c(cbm) \ {Q}>

and a number my > 0 there exists a trajectory of the vector field X that intersects successively
the balls B(ma, z¢), B(ma,vy,), and B(my,y,) N WS (p,m) as time grows.

The rest of the proof uses the same reasoning as in case (P1).
Case (P3): x, ¢ W*(p) and z, € W*(q). This case is similar to case (P2).

Case (P4): z, € W?*(p) and z, € W"(q). In this case, we take a as the shadowing
trajectory; the reparametrization is constructed similarly to case (P1).

Thus, to complete the consideration of case (S2), it remains to prove Lemmas 3.13 and
3.14.

3.2.4 Proof of lemma “on four balls”

In this section we prove Lemmas 3.13 and 3.14.

Proof of Lemma 3.13. We first fix proper coordinates in small neighborhoods of the points
p and ¢. Let us begin with the case of the point p.

Taking a small neighborhood V' of the vector field X*, we may assume that the Jacobi
matrix J, = DX (p) is as close to J as we want.

Thus, we assume that p = 0 in coordinates u; = (z1,23), us = (23,24), and J, =

diag(A,, B,), where
. —)\1 0 . Qp —bp
= ) me(r ) (3.19)



and
A1, Ag, Qp, bp > 4g, (320)

where ¢ is a small positive number to be chosen later (and a similar notation is used in U,).
Then we can represent the field X in a small neighborhood U of the point p in the form

s = (5 ) (0)+ (). em

X12,X34 c Cl, |X12|Cl, |X34‘Cl <g, X12(0,O) = X34(0,0) = (0,0) (322)

where

Under these assumptions, p = 0 is a hyperbolic rest point whose two-dimensional unstable
manifold in the neighborhood U is given by uy = G(u;), where G : R* = R?, G € C'. We
can find g > 0 such that if the functions X, and X3, satisfy relations (3.22), then

|DG(uy)|| <1 while (u1,G(uy)) € U. (3.23)

We introduce new coordinates in U by v(uy, ug) = (u1,us — G(u1)) and use a smooth cut-off
function to extend v to a C' diffeomorphism w of M such that w(z) = z outside a larger
neighborhood U’ of p. Denote by Y the resulting vector field in the new coordinates.

Remark 3.15. Note that Y is continuous but not necessary C'. Nevertheless, the following
holds. Let S; and S; be small smooth three-dimensional disks transverse to a trajectory of
Y and let fy be the corresponding Poincaré transformation generated by the vector field
Y. Consider smooth disks w™(S;) and w™(S3) and let fx : w™'(S1) — w™(Ss) be the
corresponding Poincaré transformation. Since fx € C! and fy = wo fy ow™', we conclude
that fy € C'. We will use this fact below.

If (v1,v9) = v(ug, us), then
up = vy, U =v9 + G(v1). (3.24)
Let Y (v1,v9) = (Y1(v1,v2), Ya(v1,v9)). Since the surface us = G(u;) is a local stable manifold
of the rest point 0 of the field X, the surface v, = 0 is a local stable manifold of the rest
point 0 of the vector field Y. Hence,
Y2(v1,0) =0 for (vq1,0) € v(U).

Lemma 3.16. The inequalities

Ya(v1,v2) = (Y2(v1,0) + Bpva)| < 2gluaf,  (vi,v2) € v(U), (3.25)
hold.
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Proof. Substitute equalities (3.24) into (3.21) to show that

}/2(1)1, ’02) = Bp(Ug —+ G(Ul)) + X34(U1, (%) -+ G(Ul))—
— DG(vl)(Apvl + Xlg(’Ul,'Ug + G('Ul)))

Relations (3.22) and (3.23) imply that
| X34(v1, 02 + G(01)) = Xaa(v1, G(01))] < gve]
and
| DG (v1)(Apor + Xiz(vi, v2 + G(01))) — DG(v1)(Apvr + Xaa(vr, G(u1)))] < glval.

Hence,

| X34(v1,v2 + G(v1)) — Xaa(v1, G(01))—
— (DG(Ul)(Ap’Ul + Xlg(vl, (%) + G(Ul))) — DG(vl)(Apvl + Xlg(vl, G(Ul))))| S
< 2g]vs|.

The left-hand side of the above inequality equals |Ya(vy, v2) — (Ya2(v1, 0)+ Byvs)|, which proves
inequality (3.25).

Note that if y,, y,, 2p, 24, and my > 0 are fixed, then there exists m* > 0 such that if a
trajectory 5* of the vector field Y intersects successfully the balls B(m*,v(z,)), B(m*,v(y,)),
B(m*,v(y,)), and B(m*,v(z,)), then the trajectory w=!(5*) of X has the property described
in Lemma 3.13.

Thus, it is enough to prove Lemma 3.13 for the vector field Y. Since the mapping w is
smooth, the vector field Y satisfies condition (3.8).

To simplify presentation, denote Y by X and its flow by ¢. In this notation, there exists
a neighborhood U, of p = 0 in which

X(z) = ( ‘o gp ) o+ X, (2), (3.26)

where X, € C°, and if (21, 79, 23, 24) € Uy, then
| Py X (21, T2, T3, x4)| < 29 max(|zs|, |z4]) and PX,(21,22,0,0) =0 (3.27)

(where we denote by P}, the projection in U, to the plane of variables x3, x4 parallel to the
plane of variables xq,x2). Conditions (3.27) imply that the plane z3 = x4 = 0 is a local
stable manifold for the vector field X.

Introduce polar coordinates 7, in the plane of variables z3,z4. In what follows (if
otherwise is not stated explicitly), we use coordinates (z1,za,7, ). Fori € {1,2,3,4,r, ¢},
we denote by PPz the ith coordinate of a point x € U,,.
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Since the surface W"(p) is smooth and transverse to the plane x3 = x4 = 0, there exist
numbers K > 0 and my > 0 such that if points x € W} (p, m2) and y € B(ma, p) satisfy the
equality Pz = Py, then

dist(z,y) < K dist(y, Wja.(p, ms)). (3.28)

We reduce the neighborhood U, so that U, C B(ma,p).

Lemma 3.17. Let x(t) = (z1(t), z2(t), r(t), p(t)) be a trajectory of the vector field X. The
relations
a7 € ((ap — 4g)r. (a, +4g)r) and 50 € (b, — 49, b, + 4g) (3.29)

hold while x(t) € U,.

Proof. Let x3(t) = PYx(t) and z4(t) = P;z(t). Relations (3.19), (3.26) and (3.27) imply
that
%l’g(t) = apflfg(t) — bp$4(t) -+ A3(t>

and
%$4(t> = bp$3(t) + ap:c4(t) —+ A4(t),

where
|As(t)], [Ag(t)] < 297(2). (3.30)

Since z3(t) = r(t) cos ¢(t) and x4(t) = r(t) sin p(t), we obtain the equalities
ro =rb, + Ay(t) cosp — As(t)sing

and
Ly = apr + Az(t) cos o + Ay(t) sin p.
Inequalities (3.30) imply that
b, —4g < %ap<bp+4g

and
(a, —4g)r < %r < (a, +4g)r,

which proves our lemma.

A similar reasoning shows that there exists a neighborhood U, of the point ¢ in which
we can introduce (after a smooth change of variables) coordinates (y1, Y2, y3,v4) (and the
corresponding polar coordinates (r, ) in the plane of variables ys, y4) such that

Wige(a,m) C {ys = ya = 0}
and for any trajectory y(t) = (y1(t), y2(t), r(t), p(t)) of the vector field X, the relations
%T S ((aq — 4g)r, (aq +4g)r) and %90 € (_bq —4g, —bg + 4g)

hold while y(t) € U,.
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Let us continue the proof of Lemma 3.13.

Let S, C U, and S, C U, be smooth three-dimensional disks that are transverse to the
vector field X and contain the points y, and y,, respectively. Denote by f : S, — S, the
corresponding Poincaré transformation (generated by the field X). We note that f € C*
(see Remark 3.15) and f(y,) = v,.

Consider the lines [, = S, N W .(p,m) and [, = S, N W}i.(g, m) and unit vectors e, € [,
and e, € l,. Let P}, and Pj, be the projections to the planes of variables 3, x4 and ys, y4 in
the neighborhoods U, and U,, respectively. Relation (3.8) implies that

P§4Df(yq)6q #0 and P§I4Df_1(yp)ep # 0. (3.31)
Take ms € (0,mq) such that
o(t,x) € Uy, x € B(ms,yp), t € (0,7,(x)),

and
o(t,y) € Uy, y € B(ms,yq), t € (14(2),0),

where
(@) = inf{t > 0 PP((t,2)) = PPz},

T4(z) =sup{t < 0: PXo(t,y)) > Pz},

and z,, z, are the points mentioned in Lemma 3.13.
Consider the surface L, C S, defined by

Ly={x+ -y, x€l,,y e f(l,)}

Let L, = f~'L, C S,. The surfaces L, and L, are divided by the lines [, and [, into
half-surfaces. Let L; and L;’ be any of these half-surfaces.

To any point € LN f(L}) there correspond numbers r,(x) = PPz and ro(z) = P1f ' (z);
consider the mapping w : Lt N f(L}) — R defined by w(z) = (ry(x),r4(x)). We claim that
there exists a neighborhood Uy C L} N f(L7) of the point y, on which the mapping w is a
homeomorphism onto its image.

Let 7 and g be the polar coordinates of the vector P}, D f(y,)e,. Relation (3.31) implies
that 7o # 0. Hence, there exists a neighborhood V;, of the point y, in S, such that if y € V,
then

P'Df(y)eq € [ro/2,2r0) and  PIDf(y)eq € [po — /8, p0 + 7/8]. (3.32)

Take ¢ > 0 such that B(2c,y,) C V,. Note that

)
F (g + beq) = Flug) + / Df(yy + seq)eqds, 8 €0,

Conditions (3.32) imply that

s ™

PE(f(ya +beq) = flu) € o — g0+ gl 6 € [0.], (3.33)
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and the mapping @,(0) : [0,¢] — R defined by @Q,(0) = P?f(y, + de,) is a homeomorphism
onto its image. Similarly (reducing g, if necessary), one can show that if x € B(g,y,), then
the mapping @, .(d) : [0,g] — R defined by Q,.(0) = P1f~'(x + de,) is a homeomorphism
onto its image.

Take 0,,0, € [0,c] and let © = d,e, + f(yy + d4¢q). Then rp(z) = Q,(d,) and ry(x) =
Q.1 (yg+34e4)(0p). It follows that the mapping w is a homeomorphism onto its image. Indeed,
if g; > 0 is small enough, then the mapping w='(¢,n) = (:L’(&),Q;i@(n)), where z(§) =
fyg +Q, 1 (§)ey), is uniquely defined and continuous for (£,7) € [0, g1] % [0, g1].

We reduce mgs so that the following relations hold:

mg <c, B(ms,yp) ﬂL; C U, and B(ms,y,) ﬁL;r c f'u;.

Let us prove a statement which we use below.

Lemma 3.18. For any my; > 0 there exist numbers ri,ry € (0,mq) and T1,Ty > 0 with the
following property: if v(s) : [0,1] = L is a curve such that

PPy(0) =11,  PPy(1) =y (3.34)

and
v(s) € L; N B(ma,y,), se€]0,1], (3.35)

then there exist numbers T € [T5,T1] and s € [0, 1] such that

o(7,7(s)) € B(m, 2).
Proof. Let r, = PPz, and ¢, = Pbz,. For r > 0, denote

_logr, —logr

Toin(r) logr, —logr
min\"") = - -
ap +4g

T —
and  Tiax(T) pa—p

Note that if r < 7p, then Tiax(r) > Tmin(r) and that T (r) — oo as 7 — 0. Take 7" > 0
such that if 7 > T, x € B(ma,y,), and

o(t,z) CU,, tel0,71],

then "
dist(Wis. (p, m). §(7, 7)) < 5. (3.36)

Take r1, 79 € (0, min(ms,r,)) such that
To > T, Tmin(’f’g) > T,

and
(by — 49) Tinin(11) — (by + 49) Timax(r2) > 4. (3.37)
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Set 17 = Tmax(r1) and Ty = Tyin(re). Since the function ~v(s) is continuous, inclusions
(3.29) and inequalities (3.20) imply that there exists a uniquely defined continuous function
7(s) : [0,1] — R such that

Bro(r(s),7(s)) = p-

It follows from inclusions (3.29) and equalities (3.34) that
7(0) € [Tain(r1), Timax(r1)], 7(1) € [Tain(r2), Tmax(r2)], 7(s) € [12, Th].
Now we apply relations (3.20), (3.29), and (3.33) to show that
BLo(1(0),7(0)) = (bp — 49) Tmin(r1) + o — 7/8
and

Bpo(r(1),7(1) < (bp + 49) Tmax(72) + o + 7/8.

Since the function 7(s) is continuous, the above inequalities and inequalities (3.37) imply
the existence of s € [0, 1] such that

P£¢(T(s),7(s)) =, mod 2.

Hence, P} ¢(7(s),v(s)) = Piyz,. It follows from this equality combined with relations (3.28),
(3.36), and the inequality 7(s) > T that ¢(7(s),v(s)) € B(m1/2, z,), which proves Lemma
3.18.

Let r1, 7 € (0,mz) and 77,75 > 0 be the numbers given by Lemma 3.18. Consider the

set
Ap = {¢(t,$> bt e [_T1> —TQ],[L’ € ClB(m2/2,zp)} N L;_

Note that A, is a closed set that intersects any curve (s) satisfying conditions (3.34) and
(3.35).

We apply a similar reasoning in the neighborhood U, to the vector field —X to show that
there exist numbers ], 75 € (0,mz) and 77,7y > 0 such that the set

Ay =A{o(t,z): t e [T}, T]],x € CLB(my/2,2,)} N L7
is closed and intersects any curve y(s) : [0, 1] — L N B(ms, y,) such that
Piv(0)=7r; and Pivy(1) =r.

We claim that
Ap N f(Ag) # 0, (3.38)
which proves Lemma 3.13.

Consider the set K C L7 N f(LF) bounded by the curves ky = L N {PPx =}, ky =
Ly 0 {PPx =ry}, ky = f(Lf N {Ply =ri}), and k; = f(L7 N {Pfy =ry}). Since w(z) is a
homeomorphism, the set K is homeomorphic to the square [0, 1] x [0, 1].

The following statement was proved in [79].
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Lemma 3.19. Introduce in the square I = [0,1] x [0,1] coordinates (u,v). Assume that
closed sets A, B C I are such that any curve inside I that joins the segments u = 0 and
u = 1 intersects the set A and any curve inside I that joins the segments v =0 and v = 1
intersects the set B. Then AN B # ().

The set A, is closed. By Lemma 3.18, A, intersects any curve in K that joins the sides
ki and ko. Similarly, the set A, is closed and intersects any curve that belongs to f~*(K)
and joins the sides f~'(k}) and f~*(k}). Thus, the set f(A,) intersects any curve in K that
joins the sides k] and k. By Lemma 3.19 inequality (3.38) holds. Lemma 3.13 is proved. [

Proof of Lemma 3.14. Similarly to the proof of Lemma 3.13, let us consider the subspaces
L} and L} and a number my € (0,m;) and construct the set A, C LF. Note that the set
f7H(B(my,yp) N W*(p) N L) contains a curve that satisfies conditions (3.34) and (3.35).
Hence, B(mq,y,) N W#(p) N f(A,) # 0. For any point in this intersection, its trajectory is
the desired shadowing trajectory. O

3.2.5 Embeding of X* onto S? x 52

Consider two 2-dimensional spheres M; and M;. Let us introduce coordinates (11, ¢1) and
(r9, p2) on My and My, respectively, where r1,ry € [—1,1] and ¢y, @2 € R/27Z. We identify
all points of the form (—1,-) as well as points of the form (1,-). Denote

Mi ={(r1, 1), 1 >0} and My = {(r, 1), 7 <0}

Consider a smooth vector field X; defined on M~ such that its trajectories (ry(t),¢1(t))
satisfy the following conditions:

-—T1 = O, r = 1

We also assume that, in proper local coordinates in a neighborhood of the “North Pole” (1, )
of the sphere M;, the vector field X; is linear, and

D X(1,-) = ( _02 _01 )

Thus, (1,-) is an attracting hyperbolic rest point of X;, and every trajectory of X; in M;"
tends to (1,-) as time grows.

Consider a smooth vector field X5 on M, such that its nonwandering set €(Xs) consists
of two rest points: a hyperbolic attractor sy = (0,7) and a hyperbolic repeller us = (0,0).
Assume that, in proper coordinates, the vector field X5 is linear in neighborhoods of s, and
Ug, and

D X5(s5) = — D Xy(ug) = < j _11 ) :
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Consider the vector field X defined on M;" x M, by the following formula

X+(7“1> ©1,72, 02) = (X1(r1, ¢1), T%X2(7’2, ©2))-

Consider infinitely differentiable functions ¢g; : M;" — R, ¢2,93 : [-1,1] — [-1,1], and
gs : Mt — [0, 1] satisfying the following conditions:

91(0,0) =0;  gi(r1, 1) € (0,27), (r1,¢1) #0,
95(r2) € (0,2), 1y € [=1,1];
92(0) <0, go(—1) = =1, go(1) = 1;
Gs(rs) = 2rs — ga(ra), 12 € [=1,1];
(0.0 = 1/2. 57-1(0,0) 2.

Note that the functions g, and g3 are monotonically increasing.
Consider a mapping f*: M;" x My — M; X M, defined by the following formula:

Jr(r1, 01, r2,02) = (=11, 01, 9a(r1, 01)92(r2) + (1 = ga(r1,01)) g3(12), 02 + 91(r1, 91))-

Clearly, f* is surjective; the monotonicity of g and g3 implies that f* is a diffeomorphism.
Using the standard technique with a “bump” function, one can construct a diffeomor-
phism f : M;" x My — M; x M, such that, for small neighborhoods U; C U, of (1, -, s5),
the following holds:
f(z) = ["(z), x¢Us,

and f is linear in Uj.
Consider the set [ = {r; = 0,7 = 0, = 0}. Simple calculations show that

f()ynl={(0,0,0,0)}, (3.39)

and the tangent vectors to [ and f(I) at (0,0,0,0) are parallel to the vectors (0,1,0,0) and
(0,1, (92(0) — 93(0)) 594(0,0), -), respectively. Hence,

dim(T(0,070,0)l ) T(070,070)f(l)) =2. (340)
Define a vector field X~ on M; x M, by the formula
X~(z) = =D f(f @) XT(f ()

(and note that z(t) is a trajectory of X if and only if f(z(—t)) is a trajectory of X 7).
Finally, we define the following vector field X* on M; x Ms:

X*(2) = Xt (), r € M{" x My,
) X (2), x € My x M,



Let us check that the vector field X* is well-defined on the set {r; = 0}. Indeed,
X (0, 01,72, p2) = (1,0,0,0) and (D f(0, @1, 79, 02))"1(1,0,0,0) = (=1,0,0,0). It is easy to
see that D X*(0, 1,72, p2) = D X (0,1, 79, 2) = 0. This implies that X € C'.

Let us prove that the vector field X* satisfies conditions (F1) — (F3). Let (ry(t), @1 (), m2(t), p2(t))
be a trajectory of X*. The following inequalities hold:

Lry >0, r#=£L (3.41)

This implies the inclusion Q(X*) C {r; = £1}. By the construction of X+, Q(X*) N {r; =
1} = {(1,-,82), (1,-,uz)}. Similarly, Q(X*) N {r, = —1} = {f(1,-,s2), f(1,-,us)}. Denote
s*=(1,-,89), p* = (1,-,u2), ¢ = f(p), and u* = f(s). Clearly, s*, u*, p*, ¢* are hyperbolic
rest points, s* is an attractor, u* is a repeller, D X (p*) = J;;, and D X (¢*) = J;. In addition,
in small neighborhoods of p* and ¢*, the vector field X* is linear.

It is easy to see that

We(p) N {ry =1} = {p"} and W*(p") N {ry = -1} = 0.

Inequality (3.41) implies that any trajectory in W#(p*) \ {p*} intersects the set {r; = 0} at
a single point. The definition of X implies that W*(p*) N {r; = 0} = [. Similarly, any
trajectory in W*(¢*)\{¢*} intersects {r; = 0} at a single point, and W*(¢*)N{r; = 0} = f(I).
It follows from equality (3.39) that W*(p*) N {r; = 0} N W*"(¢*) is a single point, and hence
W#(p*) N W*"(q*) consists of a single trajectory.

Inequality (3.41) implies condition (3.4), and condition (3.40) implies (3.5).

3.3 (-stability

In the example in paragraph 3.2 the vector field is not structurally stable due to failure of
the strong transversality condition. However it is not clear if one can construct a vector field
with the robust shadowing property, which does not satisfy Axiom A’.

In present paragraph we prove that vector fields with the robust shadowing property are
(2-stable and hence satisfy Axiom A’ [25]:

Theorem 3.20. Every vector field satisfying the Ct-robustly oriented shadowing property is
Q-stable.

The key role in the proof is played by the star condition (which means that one can
not get non-hyperbolic singularities or closed trajectories via a C! small perturbation, see
section 3.3.2 for the details). For diffeomorphisms, it is proved in [5,34,50,55] that the star
condition implies the Q-stability. However, it is not true for vector fields [20,48]. So we have
to use additional arguments (Lemmas 3.29, 3.30) in order to prove {2-stability.

3.3.1 Basic properties

Let Per(X) denote the set of rest points and closed orbits of a vector field X.
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Definition 3.10. Let us recall that X is called a Kupka-Smale field (X € KS) if
(KS1) any trajectory in Per(X) is hyperbolic;
(KS2) stable and unstable manifolds of trajectories from Per(X) are transverse.

For us will be important the following result (see [24]):
Theorem 3.21. Int'(KS) = S.

Let 7 denote the set of vector fields X that have property (KS1).
In my Ph.D. Thesis the following lemmas was proved, see also [83].

Lemma 3.22.
Int'(OrientSh) C T. (3.42)

Lemma 3.23. If X € Int'(OrientSh), p is a closed trajectory and q € T then intersection
Wse(p) N W (q) and W#(q) N W*(p) are transverse.

Lemma 3.24. [f X € Int'(OrientSh), p and q are fized points and either D X (p) € K, or
D X(q) € Ky then intersection W*(p) N W"(q) is transvesre.

Let
Sing(X)={re M : X(z) =0}
be the set of singularities of X and

Per'(X) = {z € M \ Sing(X) : 3 T such that ¢, (z) = 2}

be the set of regular periodic points of X. (Here we say a point is regular if it is not a
singularity.)

3.3.2 Star vector fields

In the proofs we need some results about star vector fields. Recall that a vector field X €
XY (M) is a star vector field on M if X has a C' neighborhood U in X*(M) such that, for
every Y € U, every singularity of Y and every periodic orbit of Y is hyperbolic. Denote by
X*(M) the set of star vector fields on M.

It was proved in [83] and in Ph. D. Thesis of the author that every vector field satisfying
the C'-robustly oriented shadowing property is a star vector field.

Lemma 3.25. Int'(OrientSh(M)) C X*(M).

We say that a point x € M is preperiodic of X, if for any C* neighborhood U of X in
X1 (M) and any neighborhood U of z in M, there exists Y € U and y € U such that y is a
regular periodic point of Y. Denote by Per,(X) the set of preperiodic points of X. We will
use the following result which is proved in [26].
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Theorem 3.26. Let X € X*(M). If Sing(X) N Per,(X) = 0, then X is Q-stable.

We also need some results about the dominated splitting in the tangent space of singu-
larities. Let o be a hyperbolic singularity of X. Denote by

Re(Xs) < --- < Re(A) < Re(A) <0< Re(y1) < Re(yr) < -+ < Re(m),
the eigenvalues of DX (o). The saddle value of o is
SV (o) = Re(A\1) + Re(m).

We write Ind (o) the indez of a hyperbolic singularity o € Sing(X) which is the dimension
of the stable manifold of o. We write Ind(p) the indez of a regular hyperbolic periodic point
p € Per’(X) which is the dimension of the strong stable manifold of p.

Recall that a homoclinic connection I' of a singularity o is the closure of a orbit of a
regular point which is contained in both the stable and the unstable manifolds of o. The
following lemma is a simplified version of results in [98].

Lemma 3.27. Let o € Sing(X) be a singularity of vector field X € X*(X) ezhibiting a
homoclinic connection T'. If SV (o) > 0, then for any C* neighborhood U of X in X' (M) and
any neighborhood U of T in M, there exists Y € U and p € Per’(Y') such that Orby (p) C U
and Ind(p) = Ind(o) — 1.

By using the same argument in the proof of [49, Lemma 4.1], we can get:

Lemma 3.28. Let X € X*(M) and o € Sing(X) be a singularity of X. If there exists a
integer 1 < I < Ind(c) — 1 such that, for any C* neighborhood U of X in X*(M) and any
neighborhood U of o in M, there exists Y € U and p € U N Per'(Y) with Ind(p) = I. Then
E? splits into a dominated splitting

Ey =B o EL,
where dim E3° = .

Combining Lemma 3.27 with Lemma 3.28, we obtain directly the following lemma about
singularities of star vector fields exhibiting a homoclinic connection.

Lemma 3.29. Let X € X*(M) be a star vector field and o € Sing(X) be a singularity of X
exhibiting a homoclinic connection.

o [fSV(c) >0 and dim ES > 2, then ES splits into a dominated splitting
B =B e
where dim ES = 1;
e [fSV(o) <0 and dim E¥ > 2, then E¥ splits into a dominated splitting
E! = ES @ B,

where dim £ = 1.

81



3.3.3 Proof of Theorem 3.20

The key step of the proof is the following lemma, which will be proved in the next sections.

Lemma 3.30. Let X € X*(M). If there exists a singularity o € Sing(X) exhibiting a
homoclinic connection, then X ¢ Int*(OrientSh(M)).

To create a homoclinic connection by C* perturbations, we need the following uniform
C'! connecting lemma.

Theorem 3.31. [109] Let X € X'(M). For any C* neighborhood U C X' (M) of X and
any point z € M which is neither singular nor periodic of X, there exist three numbers p > 1,
T > 1 and 5y > 0, together with a C* neighborhood U; C U of X such that for any X, € U;,
any 0 < 0 < & and any two points x, y outside the tube Ax, . = UcjonB(dx,+(2),6), if
the positive X;-orbit of © and the negative Xi-orbit of y both hit B(z,9/p), then there exists
Y e with Y = X, outside Ay, , such that y is on the positive Y -orbit of x.

As a classical application of the connecting lemma, we have the following.

Lemma 3.32. Let X € X1 (M) and o € Sing(X) be a hyperbolic singularity of X which is
preperiodic. Then for any C' neighborhood U C X'(M) of X, there exists Y € U such that
o, € Sing(Y') ezhibiting a homoclinic connection, where o, is the continuation of o.

Proof. Since o is preperiodic, there exists a sequence of vector fields {X,, € X1(M)} together
with a sequence of periodic points {0, € Per’(X,,)} such that X,, C'-approximate to X and
o, approximate to o. By using a typical argument and taking converging subsequence if
necessary, we have that there exist p,,q, € Orby, (0,) and two points a # o and b # ¢ on
the local stable manifold W (o) and local unstable manifold W;“*(c) of o respectively
such that p, approximate to a and ¢, approximate to b.

For a C'! neighborhood U C X'(M) of X and the point a, by Theorem 3.31, there exist
numbers p, > 1, T, > 1, d,0 > 0 and a C' neighborhood U, 1 C U of X with the property of
the connecting lemma. Similarly, for the neighborhood U, ; of X and the point b, there exist
numbers p, > 1, T, > 1, &9 > 0 and a C* neighborhood Uy1 C U, of X with the property

of the connecting lemma. Choose 0 < § < min{d,, d0} small enough such that the tubes
AXﬂ = Ut€[07Ta}B(¢X’t(a), 5) and AXJ, = UtE[O,T]B(¢X,t(b>7 5) satisfy

Axﬂ N AXJ) = @, AX@ N Wu’X(O') = @, and A)@b N VVIZEX(O') = @ (343)

loc

By the Invariant Manifold Theorem, there is a C! neighborhood U; C Uy, of X such
that property (3.43) holds for any X’ € U;. Decrease U if necessary, we may also assume

that for any X’ € U, the local stable manifold WS’XI(UX,) of o, hit B(a,d/p) and the local

loc
unstable manifold VVS’CX,(UX,) of o, hit B(b,d/p).

Take n big enough such that X,, € U; and p,, € B(a,d/p), ¢, € B(b,6/p). Thus we can
take two points a’ € VVlf)’f”(UXn) N B(a,d/p) and V' € WGZ’CX”(UXn) N B(b,5/p). Choose two
points z € Orby (V) \ Ax,, and y € Orby (a’) \ Ax, .. Note that z € mZéXn(an) and
y e Wil (oy,)-

)
ocC
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Since the positive X,-orbit of z and the negative X,,-orbit of p, both hit B(b,0/p) (at b’
and ¢,), there exists Z € U, with Z = X,, outside Ay, ; such that p, € Orb}(z). Now we
have the positive Z-orbit of x and the negative Z-orbit of y both hit B(a,d/p) (at p, and
a’). Thus we can use the connecting lemma again and get a homoclinic connection of o, for
some Y € U. O

Now Theorem 3.20 is a consequence of Lemmas 3.25, 3.30, 3.32 and Theorem 3.26.
Indeed,

Proof of Theorem 3.20. On the contrary, suppose that there exists a vector field X € Int*(OrientSh(/))
satisfying the C''-robustly oriented shadowing property which is not Q-stable. By Lemma 3.25
we know that X € X*(M) is a star vector field. Since X is not {2-stable, we have that
Sing(X) N Per,(X) # 0 according to Theorem 3.26. Suppose that o € Sing(X) N Per,(X) is
a preperiodic singularity.
Then by Lemma 3.32, there exists a vector field Y arbitrarily C* close to X such that
o, € Sing(Y’) exhibiting a homoclinic connection, where o, is the continuation of . Note
that we have Y € Int'(OrientSh(M)) when Y close enough to X. It contradicts with
Lemma 3.30. O

The rest part of the paper is devoted to the proof of Lemma 3.30. It follows the strategy
similar to [83, Section 2, Case (B1)].

3.3.4 The proof of Lemma 3.30

Suppose on the contrary that there exists a star vector field X € Int'(OrientSh(M)) which
has a singularity o € Sing(X) exhibiting a homoclinic connection.

Up to an arbitrarily C! small perturbation, we may assume that X is linear in a small
neighborhood U,.(c) of o on a proper chart, still exhibits a homoclinic connection I' C
We(o) N W"(a) (see [83] for more details on the perturbations). Without loss of generality,
we can assume that SV(o) > 0.

Remark 3.33. Note that intersection W?*(o) N W*"(o) is not transverse.

We consider the following two cases:
Case 1. dim ES = 1.
In this case, take e = r/10, then there exists d > 0 such that every d-pseudo orbit can

be e-oriented shadowed by a real orbit of X.
Take p € W*(o)\I' and ¢ € W (o) NI in a small neighborhood of ¢ such that the map

| ¢ulp), t<0;
9(1) ‘{ oo0), >0

is a d-pseudo orbit. Thus g is e-oriented shadowed by a real orbit Orb(xz). Note that
q € W?(o) implies that x € W?*(¢). But since dimE; = 1 we have x € I'. It is a
contradiction.
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Case 2. dim EJ > 2.
In this case, by Lemma 3.29 we know that there exists a dominated splitting
By =Er o F,

where dim ¢ = 1. This implies that 0 € K;. Applying Lemma 3.24 we conclude that
intersection W#(o) N W*(0o) is transverse, which contradicts to Remark 3.33.

3.4 The difference between the oriented and the stan-
dard shadowing propeties

In this paragraph we give an answer to the question posed by Komuro [41]: does the standard
shadowing property is equivalent to the orinted shadowing property? Note that in the same
work Komuro proved that for nonsingular vector fields those two shadowing properties are
equivalent.

In this paragraph we give an example of a vector field on a 4-dimensional manifold which
has the oriented shadowing property and do not have the standard shadowing property
[103]. An example is a vector field with a nontransverse intersection of stable and unstable
manifolds of two fixed points of a very special structure in their neighborhoods.

Theorem 3.34. For M = 5% x S? there exists vector field X € OrientSh \ StSh.

3.4.1 Two dimensional vector field

Set K = 5. Consider a,l > 0, satisfying K! < 1 and a continuous function b : [0, 400) — R,
b€ C'(0,400) defined as the following:

0, re {0} U ((K —1)l,+00),
b(r) = ¢ — r e (0,20),
b(r) >0, re 2l (K —1)I].

Let v (t,2) be a flow on R? generated by a vector field defined by the following formula

v =y ")

which generates the following system of differential equations in polar coordinates

For a point 2 € R?\ {0} we denote by arg(z) the point & € S'. If a point z € R? has

||

polar coordinates (r, @), and r # 0, we put arg(z) = .
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Lemma 3.35. (i) For any a,l > 0, vector field Y is of class C*.

(ii) For any a,l > 0, and a point o € R*\ 0, angle © and Ty < 0 there exists t < Ty such
that arg((t, xg)) = O.

(iii) There ezists a,l > 0, such that the following condition holds. If for some points
zo, 11 € R?, |zo| < 1, |21 < 21 and reparametrization h € Rep(l), holds inequalities

dist (¢ (h(t), 1), d(t, x0)) <1 (3.44)
provided that |(h(t),z1)|, |p(t,z0)| < 1. Then |arg(zy) — arg(zo)| < w/4.
The proof of this lemma is quite technical, we give it in the Appendix.
Remark 3.36. Vector field Y is of class C' but not C1+H%der - We do not know if it is
possible to construct a 2-dimensional vector field of class C1H79lder gatisfying items (ii), (iii)

of Lemma 3.35. As the result our example of vector field X is not C'TH%der We do not
know if it is an essential restriction or drawback of our particular construction.

For the rest of the paper let us fix a,l > 0, K > 3 from item (iii) of Lemma 3.35.
We will also need the following statement, which we prove in the appendix.

Lemma 3.37. Let S and Sy be three-dimensional vector spaces with coordinates (xy, xo, x3)
and (Y1, y2, ys) respectively. Let Q : So — S1 be a linear map satisfying the following condition

Q{y2=y3:0}7£{3€2=$€3:0}-

Then for any D > 0 there exists R > 0 (depending on QQ and D) such that for any two sets
Sp; € S1N{zy =0} and Sp, C So N {y; = 0} satisfying

b Spl - B(R7 0)7 Sp2 - B(R7 O);
e Sp, intersects any halfline in S; N {x; = 0} starting at 0;
e Sp, intersects any halfline in Sy N {y; = 0} starting at 0;

the sets
Cyl, = {(z1,22,23), |z1| <D, (0,22,23) € Spy },

Cy12 = {(ylay2>y3)> |y1| < D’ (0?y2>y3) € Sp2}
satisfy the condition Cyl; NQ Cyl, # 0.
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3.4.2 Construction of a 4-dimensional vector field

Consider a vector field X on the manifold M = S? x S? that has the following properties
(F1)-(F6) (¢ denotes the flow generated by X).

(F1) The nonwandering set of ¢ is the union of four rest points p, q, s, u.

(F2) In the neighborhoods U, = B(1,p), U, = B(1,q) there exist systems of coordinates
such that the following holds:

e U, —p and U, — q are 4-dimensional unit balls, where p = (pi, p2, ps3, p4) and
q = (q1, g2, g3, qs) are coordinates of points p and ¢ respectively.

e Riemannian metric on M is equivalent to the Euclidian metric in those coordinate
systems.

e In those coordinates the vector fields are given by the formulas

X(z) = Jp(x —p), x€Uy X(z)=J,(x—q), zelU,

where

-1 0 0 0
0 -2 0 0

B@ =10 o o —br(zsa) |
0 0 b(r(xs,zq)) a
—1 0 0 0
0 a 0 —=b(r(xe,x

Ty ==1 "¢ 0 —2 ((02 RAE
0 b(r(xe,zy)) O a

For point z € U, denote Pz = x1, Pyyx = (x3,24), where x — p = (21, T2, T3, 24), for
point € U, denote Pix = x1, Poyx = (z2,4), where x — g = (21, 3, T3, T4).

(F3) The point s is an attracting hyperbolic rest point. The point u is a repelling hyperbolic
rest point. The following condition holds:

W (p) \ {p} C W?(s), W?(q)\{q} C W*(u),

where W*(p) is the unstable manifold of p, W#(q) is the stable manifold of ¢, etc. For
m > 0 we denote Wj.(p,m) = W*(p) N B(m,p) etc.

(F4) The intersection of W?*(p) N W"(q) consists of a single trajectory «, satisfying the
following

OzﬁUpC{p—i—(t,0,0,0),tE (071)}7 aqu - {q_(t707070)7t€ (071)}
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(F5) For some A € (0,1), T, > 0 the following holds
(Z)(Tav q-—+ (_17 $2,$3,LE4)) = (p + (1,LU2,LU3, .1'4)), |,’,U2‘, ‘flfg‘, ‘IL’4‘ <A.
(F6) o(t,z) ¢ U, for x € Uy,, t > 0.

The construction is similar to paragraph 3.2. We leave details to the reader.

Theorem 3.38. Vector field X satisfies the oriented shadowing property.

Theorem 3.39. Vector field X does not satisfy the standard shadowing property.
Trivially Theorem 3.34 follows from Theorems 3.38, 3.39.

3.4.3 Oriented Shadowing property

Fix ¢ > 0.

For points y, = o(T},) € Uy, y, = (1) € U, (note that 7, > T;) and 6 > 0 we say that
g(t) is a pseudotrajectory of type Ps(9) if it has the form (3.9) for some points x, € B(d, y,)
and z, € B(0,y,).

Proposition 3.40. For any 0 > 0, y, € aNU,, and y, € a N U, there exists d > 0 such
that if g(t) is a d-pseudotrajectory of X, then either g(t) can be e-oriented shadowed or there
ezxists a pseudotrajectory g*(t) of type Ps(0) with these y, and y, and ty € R such that

dist(g(t),g"(t +t9)) <e/2, teR.

Proposition 3.41. There exists 6 > 0, y, € a NU,, and y, € o N U, such that any
pseudotrajectory of type Ps(d) with these y, and y, can be /2-oriented shadowed.

Clearly, Propositions 3.40 and 3.41 imply that X € OrientSh.

Proof of Proposition 3.40 is standard. Exactly the same statement was proved in para-
graph 3.2 for a slightly different vector field (the only difference is in the structure of matrixes
Jp, Jy). The proof can be literally repeated in our case.

The main idea of the proof is the following. In parts “far” from « vector field is struc-
turally stable and hence have shadowing property according to Remark 3.3. This statement
implies that if g(¢) does not intersect a small neighborhood of « it can be shadowed. If g(t)
intersects a small neighborhood of a then (after a shift of time) for ¢ > T, points g(¢) also
lies in a structurally stable part of X and can be shadowed by ¢(t — T}, x,); similarly for
t < T, points ¢(t) can be shadowed by ¢(t — T, x,); for t € (T}, T,) points g(t) are close to
a. We omit details in the present paper.

Proof of Proposition 3.41. Defining the Riemannian metric in some neighborhoods of s and
u in an appropriate way, we may assume that

O*"(B(g/2,5),¢) C B(e,s) and O (B(g/2,u),¢) C B(e,u).
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Take m € (0,¢/8). We take points y, = «(1,) € B(m/2,p) N« and y, = o(T},) €
B(m/2,q) Na. Put T'=1T, —T,. Take 6 > 0 such that if g(¢) is a pseudotrajectory of type
Ps(6) (with y, and y, fixed above), t, € R, and zy € B(26,¢(ty)), then inequalities (3.14)
hold.

Consider a number 7 > 0 such that if z € W*(p) \ B(m/2,p), then ¢(7,x) € B(c/8, s).
Take 1 € (0,m/4) such that if two points z1, 29 € M satisfy the inequality dist(z, z0) < &1,
then

dist(o(t, z1), o(t, 22)) < /8, |t| < T.

In this case, for any y € B(eq, z) the following inequalities hold:
dist(o(t, x), o(t,y)) <e/4, t>0. (3.45)
Decreasing €1, we may assume that if 2’ € W*(q) \ B(m/2,q) and v € B(ey,2’), then
dist(o(t,2'), 0(t,y") <e/4, t<O.

Let ¢(t) be a pseudotrajectory of type Ps(d), where y,, y, and ¢ satisfy the above-
formulated conditions.
Let us consider several possible cases.

Case (P1): x, ¢ W*(p) and z, ¢ W*(q). Let
T' =if{t € R: ¢(t,z,) ¢ B(p,3m/4)}.

If § is small enough, then dist(¢(7”,x,), W"(p)) < e;. In this case, there exists a point
% € Wi (p,m) \ B(m/2, p) such that

dist(p(T", ), 2p) < €1.

Applying a similar reasoning in a neighborhood of ¢ (and reducing 4, if necessary), we find
a point z, € W .(qg,m) \ B(m/2,q) and a number 7" < 0 such that dist(¢(7"”, z,), z,) < €1.

Consider hyperplanes S, := {1 = Py, }, S, := {#1 = P1y,}. Let us note that Poincaré
map @ : S, — S, is linear, defined by Q(x) = ¢(7, z) and satisfy Q({za, x4 = 0}) # {x3, 24 =
0}. Choose R > 0 from Lemma 3.37, applied to hyperplane S, S,, mapping @) and D = ¢/8.
Note that for some Tg > 0 hold the inequalities

|6(t, Paaxp)| < R, t < =Tg; |p(t, Paaxg)| < R, t > Tg.
Consider the sets
Sp~ = {o(t, Puxy), t < —Tr}; Sp' ={o(t, Puz,), t > Tr}.
Due to Lemma 3.35 item (ii) sets Sp™ satisfy assumions of Lemma 3.37 and hence the sets
C ={xe€S,: PyuyxeSp ,|Pux| <D},
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C+:{$€Sqi P24$€Sp+,|P3$| <D}
satisfy C~ N QCT # (). Let us consider a point
ro € CTNQCT (3.46)

and tp < —TR, tq > TR, such that Pyixg = ¢(tp,P34l’5), P24Q_1£E0 = ¢(tq,P24l’u). The
following inclusions hold

A(—To —Tr —T",x0) € B(2e1,2,); ¢(—Tg,x0) € B(D,yy,):

#(0,20) € B(D,y,); &(Tr+T' x0) € B(2¢e1,2,).
Inequalities (3.14) imply that if ¢ is small enough, then

dist(¢(ts + t,20), g(T, + 1)) < £/2, te[-T,0]. (3.47)

Define a reparametrization h(t) as follows:

WL, +T"+t)=-Tog—Tp—T"+t, t<O0,
ht) = M, +T +t)=Tgr+ T +t, t>0,
h(T, +1) =t, te[-T,0],
h(t) increases, tell, T,+TulT,+ 1", T,

If t > T, +T', then inequality (3.45) implies that
dist(¢(h(t), zo), ¢(t — (T, + T7), 7)) < €/4;

dist(¢(t — Ty, a,), St — (T, + T"), 2,)) < /4.

Hence, if t > T}, + 71", then
dist(¢(h(t), 7o), 9(t)) < /2. (3.48)

For t € [T,,T, + T'] the inclusions ¢(h(t),xo), g(t) € B(m,p) hold, and inequality (3.48)
holds for these ¢ as well.

A similar reasoning shows that inequality (3.48) holds for ¢t < T,. If t € [T,,T,], then
inequality (3.48) follows from (3.47). This completes the proof in case (P1).

Case (P2): z, € W*(p) and x, ¢ W*(q). In this case the proof uses the same reasoning
as in case (P1). The only difference is that instead of (3.46) we construct a point zy €
B(D,y,) N Wg_(p,m) such that

O(=T —T",x) € B(2e1,2,); &(—T,20) € B(e/8,9,).

The construction is straightforward and uses Lemma 3.35, item (ii).
Case (P3): x, ¢ W*(p) and z, € W*(q). This case is similar to case (P2).

Case (P4): z, € W?*(p) and z, € W"(q). In this case, we take a as the shadowing
trajectory; the reparametrization is constructed similarly to case (P1). O
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Remark 3.42. Proposition 3.41 can be easily generalised in order to prove that X satisfies
Lipschitz oriented shadowing property (there exists L, dy > 0 such that for any d < dy and
d-pseudotajectory ¢(t) there exists zp and h € Rep such that inequalities (3.2) hold for
e = Ld). Surprisingly we do not know how to prove Lipschitz analog of Proposition 3.40
and believe it is not correct. Moreover we conjecture the following:

Conjecture 3.1. If a vector field X satisfies the Lipschitz oriented shadowing property then
X s structurally stable.

3.4.4 Standard Shadowing Property

Let us show that for small enough ¢ < min(l, A/2) for any d > 0 there exists d-pseudotrajectory
g(t), which cannot be e-shadowed.

Put a, = p+ (1,0,0,0), a; = ¢ — (1,0,0,0), e, = (0,0,0,1) and e, = (0,0,0,—1). For
any d > 0 consider pseudotrajectory

&(t, ap + de,), t>0,
g(t) = ¢(t + Taa Qyq + deq)> t < _Tm
¢(t> ap)> te (_Taa O)

Note that for some Ly > 0 map ¢(t) is Lod pseudotrajectory. Assume that for some xy €
5% x 5% and h(t) € Rep(e) hold the inequalities (3.2). Without loss of generality we can
assume that ~(0) = 0. Let us consider sets

Sp = {(1, 22, w3, 24) = |72, |23], |24] < A} C Up;

Sq = {(—17362,%37564) : \562|7 |I3|7 |$4| < A} - Uq-

Inequalities (3.2) imply that dist(zo,a, + de,) < e, and dist(p(h(—T4), z0), a, + dey) < €.
Hence there exists L; > 0 and H,, H, € [—Ls¢, Li€] such that points x, = ¢(Hp, x¢) and
xg = ¢(h(=T,) + Hy, xo) satisfy inclusions z, € S, , € S,.

Inequality (3.2) implies that for some Ly > 0 the following holds

[Ty — apl, |7g — ag| < Lag;
dist(o(h(t), xp), g(t)) < Lee, t>0; (3.49)
dist(¢(h(t) — h(—T0), q), 9(t)) < Log, ¢ < —T,.

Note that introduced above flow 1 satisfies ¥ (¢, (x3,24)) = Pss(t,(0,0,23,24)). Hence
inequalities (3.49) imply the following

dist(y(h(t), Pazp), ¥(t, (0, d))) < Loe, ¢ >0.

Let us choose € > 0 satisfying the inequality Lse < [. Lemma 3.35 imply that Pz, > 0.
Similarly Pyz, < 0. This contradicts to the equality z, = ¢(7,,z,) and (F5). Hence
X ¢ StSh.
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3.4.5 Proof of Auxilarily statements
Proof of Lemma 3.35
Note that .
U(t, (r,0)) = (e"r, ¢ +/0 b(e* r)dT). (3.50)

Item (i). Let us show that Y € C'(R?). Since b(r) € C*(0,+o0), it is enough to prove
continuity of DY (z) at = 0. Assume that \/2? + 23 < 2[. The following holds:

1

)
rin?r

oY, T129 aY; x2
—:a+b/<\/x2+x2) : =V (/o2 +ad ) ——2—.
Oxq ) et a2 On L) Va4l

|z x2
— 22 = < /2t + 23
\/x1+x2 \/xl—i-xz

and rb'(r) — 0 as r — 0, the following holds

V(r) = r € (0,2[);

Since

.07, . oY,
lim —(z) = lim —(x) =0
3, ) = 1 B, )
Arguing similarly for g—ﬁ, g—ﬁ we conclude that

a 0O
lim DY (x) = .
|x1|r—r>lo (@) ( 0 a )

v (50 ) =|Cuepy ")

which implies that
a 0
DY (0) = ( 0 q ) :

and completes the proof of item (i).

Note that

ol
= Thn(la])|

Item (ii). By the equality (3.50) it is enough to show that for » > 0, Ty < 0 holds the
inequality

To
/ b(e*r)dT > 2m.

Without loss of generality we can assume that r < 2. The following holds

To

To To 1 1
/ b(e‘”r)dT:/ —————d7r=—In(Jar + In7|) = +o0.
a

oo oo QT+ 1Inr .

91



Item (ii) is proved.

Item (iii). Note that

<1, Ksinm/8>1. (3.51)
Fix a > 0. Choose small enough [, satisfying the following inequalities

Kl<1, lIn(Kl)| <1, Inl>4, (3.52)

2 2 T
— |- — —. .
a< lnl) < 8 (3:53)

Let xg = (10, ¢0), v1 = (r1,1) and h(t) € Rep(l) satisfy assumptions of the lemma. The
following holds
T < l, < 21. (354)

Let us consider 7" > 0 and A € R such that
eTry=KIl, erg=ry. (3.55)
Consider points xo = (T, xg) = (12, ¢2) x5 = V(W(T),x1) = (r3,p3). Note that ro = KI.

Inequality (3.44) implies
dist(xs, x3) < L.

Using inequalities (3.51) we conclude that
|2 — 3| < 7/8, r3e (K —1),(K+1)]. (3.56)

Equality (3.50) implies that

T h(T)
ry = ey Y2 = Yo +/ b(ero)dT, 3 =1+ / b(e" ry)dT.
0 0

Relations (3.44) and (3.55) implies

K K
Tﬂ€a(h(T)+A)TQ = rﬂeah(T)Tl < eaTT(). (357)

The following holds

T h(T)
w2 — 3= (po— 1) + / b(e"rg)dT — / b(er)dT =
0 0

T h(T)+A
= (po — 1) + / b(e¥ro)dT — / b(e¥ro)dT =
0 A
h(T)+A

= (po— 1) + /0 b(ero)dT — /T b(e“ro)dT. (3.58)
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Relations (3.44) and (3.55) imply that e®®T)+8)5) = ah(M)y > (K —1)] and hence
b(e* o) =0, Tel[T,h(T)+ Al (3.59)
Relations (3.57) imply inequalities

K
an+1 +a(h(T)+ A) < aT,
and hence | K
A T —h(T)) — -1 )
< WT)) anK+1

Since h(t) € Rep(l) and T' = (In(K1) — Inrg)/a using inequalities (3.51), (3.52) we conclude
that

1 K 1

A< . <l\ In(Kl) —Inry| —In e 1) < 5(2 —llnry). (3.60)
Inequalities (3.54) imply that for 7 € [0, A] holds the inequality e*"rq < 2[, hence b(e“ 1) =
1/In(e"rg). Inequalities (3.52), (3.53), (3.60) imply that a|A| < —(Inrg)/2, which implies
|b(e?"rg)| < 2b(rg) = —2/Inry and

A
2|A 2 1 2 2
/ bero)dr| < 221 2 (90 1y 1 < - (l— —) < g
0

Inrq a Inrg
Combining this with relations (3.58), (3.59) we conclude that

(2 = p3) = (o — 1) < /8.
and hence (3.56) implies |pg — ¢1| < 7/4. Item (iii) is proved.

Proof of Lemma 3.37

Let us fix a linear map ) and a number D > 0. Consider the lines I; C Si, [y C S5 defined
by xo = 23 = 0, y = y3 = 0 respectively. Note that Qls # ;. Let us consider plane V' C S
containing [; and Qly. Consider a parralelogram P C V', symmetric with respect to 0 with
sides parralel to [; and Qls, satisfying the relation

P C{|za] < D} nQ([ya| < D}). (3.61)
Let us choose R > 0, such that the following inclusions hold
B(R,0)NV CcP and Q(B(R,0)NQ"'V)cCP. (3.62)

Let z; be a point of intersection Sp; and the line V' N {x; = 0}. Condition (3.62) implies
that z; € P. Consider the line k;, containing z; and parallel to [;. Inclusion (3.61) implies
that ky N P C Cyl,.

Similarly let z; be a point of intersection of Sp, and V N {y; =0}. Condition (3.62)
implies the inclusion (Qzo € P. Let ky be the line containing Dz and parallel to Qls.
Inclusion (3.61) implies that Q7! (k, N V) C Cyl,.

Since k1 Jf ko, there exists a point z € ki N ky. Inclusions z1, 2o € P imply that z € P.
Hence z € Cyl; NQ Cyl,. Lemma 3.37 is proved.
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Chapter 4

Lipschitz shadowing for vector fields

In the present chapter we study the Lipschitz shadowing and the Lipschitz periodic shadowing
property. We prove that they the Lipschitz shadowing property is equivalent to structural
stability and the Lipschitz periodic shadowing property is equivalent to (2-stability.

The statements are similar to the case of diffeomorphisms, but the proofs are signifi-
cantly more complicated due to necessity of reparametrisation of shadowing trajectories and
presence of fixed points.

4.1 Preliminaries
Let us recall sevear]l notions from the theory of structural stability for flows.

Definition 4.1. We say that vector field X and the corresponding flow ¢ satisfy the Axiom
A if

1. The nonwondering set Q(X) is hyperbolic;

2. The set (X)) is the union of two disjoint compact ¢-invariant sets )1, 2, where Q;
consists of a finite number of fixed points, while ()2 does not contain fixed points and
points of closed trajectories are dense in ()s.

For a hyperbolic trajectory x(t) denote

Wé(x(t) ={y € M :3ty, € R such that dist(¢(t,y),z(t —t9)) —t—+00 0},

W(z(t)) ={y € M : Ity € R such that dist(o(t,y), x(t —to)) —=1——00 0},

Definition 4.2. We say that Axiom A’ vector field X and the corresponding flow ¢ satisfy
the strong transversality condition if for any two trajectories x(t), y(t) in the nonwondering
set intersection W*(z(t)) N W*"(y(t)) is transverse.
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We will need the following characterisation of structural stability [91].

Theorem 4.1. Vector field X is structurally stable if and only if it satisfies Axiom A’ and
the strong transversality condition.

It is known that in this case, the nonwandering set of X can be represented as a disjoint
union of a finite number of compact invariant sets (called basic sets):

QX)=QU---UQ,,, (4.1)

where each of the sets €2; is either a hyperbolic rest point of X or a hyperbolic set on which
X does not vanish and which contains a dense positive semi-trajectory.
The basic sets €2; have stable and unstable sets:

We(§y;) = {x € M : dist(o(t,z),;) =0, t— oo}

and
W) ={x € M : dist(¢(t,x),;) -0, t— —o0}.
If 2, and ; are basic sets, we write §2; — €2 if the intersection

W () N W*(9;)

contains a wandering point.
We say that X has a 1-cycle if there is a basic set 2; such that ; — €.
We say that X has a k-cycle if there are k > 1 basic sets

ik

such that
Qil _>_>sz _>Qi1-

We use the following characterisation of {2-stable vector fields (see [85] and [35])

Theorem 4.2. Vector field X is Q-stable if and only if X satisfies Aziom A" and the no-cycle
condition.

In what follows we will also use the following notion.

Definition 4.3. For ¢ > 0 we say that sequence of points zg, x1, ..., z, is an e-chain if there
exists times tg,...,t,—1 > 1 such that

diSt(l’k+1,¢(tk,LL’k)) <eg k=0,...,n—1.

We write x ~» y if for any € > 0 there exists an e-chain x = xg, z1,..., 2, = y.
We say that point x in chain-recurrent if x ~» x. Denote set of all chain-recurrent points
by CR.
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4.2 The Lipschitz shadowing property
In this section we prove the following theorem [69]

Theorem 4.3. A vector field X satisfies the Lipschitz shadowing property if and only if X
18 structurally stable.

In paragraph 1.4 we proved that expansive diffeomorphisms having the Lipschitz shad-
owing property are Anosov.

We show, as a consequence of Theorem 4.3, that expansive vector fields having the
Lipschitz shadowing property are Anosov.

Theorem 4.4. An expansive vector field X having the Lipschitz shadowing property is
Anosov.

Proof. By Theorem 4.3, a vector field X having the Lipschitz shadowing property is struc-
turally stable. Hence, there exists a neighborhood A of X in the C*-topology such that any
vector field in N is expansive (this property of X is sometimes called robust expansivity).
By Theorem B of [59], robustly expansive vector fields having the shadowing property
are Anosov. O

The rest of the section is devoted to the proof of Theorem 4.3.

As was mentioned in Theorem 3.2 structurally stable vector fields have the Lipschitz
shadowing property. Our goal here is to show that vector fields satisfying Lipschitz shadowing
are structurally stable. Due to Theorem 4.1 it is enough to show that such a vector field
satisfies Axiom A’ and the strong transversality condition.

4.2.1 Discrete Lipschitz shadowing property

First we show that Lipschitz shadowing implies discrete Lipschitz shadowing. Define a
diffeomorphism f on M by setting f(z) = ¢(1, x).

Definition 4.4. The vector field X has the discrete Lipschitz shadowing property if there
exist dg, L > 0 such that if y,, € M is a sequence with

diSt(yk-l-b f(yk)) S d> k €L

for d < dy, then there exist sequences xp € M and ¢, € R satisfying
|tk — 1| S Ld, diSt(LL’k,yk) S Ld, L1 = ¢(tk,l’k)

for all k.

Lemma 4.5. Lipschitz shadowing implies discrete Lipschitz shadowing.
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Proof. Let y, be a sequence with

diSt(yk—i-b f(yk)) = diSt(yk—i-la ¢(17yk)) < da k€ 7.

Then we define
y(t) =t —k,yp) kE<t<k+1, keZ.

Assume that k <7< k+1. If0<t<land 7+t < k-+1, then

and if £+ 1 <7+, then

dist(y(7 + 1), (¢, y(1)))
= dist(¢(7 +t — k — 1, yps1), O(t + 7 — K, yp))

N
= dist(¢(7 +t —k — 1ypr1), (7 +t —k —1,0(1,y1)))
< vd,

where v is a constant such that
dist(o(t, x), o(t,y)) < vdist(z,y) for z,ye M, 0<t<1. (4.2)
Then if d < dy/v, there exists a trajectory z(t) of X and a function a(t) satisfying

afty) —a(t)

-1 < Lvd
to —

for t5 # t; and
dist(y(t), z(a(t))) < Lvd

for all t. Then if we define

z =x(a(k)), tp=alk+1)—alk),

we see that
Tri1 = z(alk + 1)) = ¢(alk + 1) — a(k), z(a(k))) = o(tr, zi),
dist(zx, yx) = dist(z(a(k)),y(k)) < Lvd
and
It — 1| = O‘(kkili - Z(k) —1| < Lvd.

Taking L = Lv and dy in Definition 4.4 as dy /v, we complete the proof of the lemma. [
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4.2.2 Inhomogenious linear equation

Our main tool in the proof is the following lemma which relates the shadowing problem to
the problem of existence of bounded solutions of certain difference equations. To “linearize”
our problem, we apply the standard technique of exponential mappings.

Similarly to the case of diffeomorphisms we consider the following. There exists r» > 0
such that, for any z € M, exp, is a diffeomorphism of Br(r,z) onto its image, and exp,
is a diffeomorphism of B(r,x) onto its image. In addition, we may assume that r has the
following property:

If v, w € By(r,z), then

dist(exp,(v), exp,(w)) < 2|v —w|; (4.3)

if y, z € B(r,x), then
| exp, ' (y) — exp; ' (2)] < 2dist(y, 2). (4.4)

Let z(t) be a trajectory of X; set pp = (k) for k € Z. Denote A, = Df(px) and
M, =T, M. Clearly, Aj is a linear isomorphism between M and M.

In the sequel whenever we construct d-pseudotrajectories of the diffeomorphism f, we
always take d so small that the points of the pseudotrajectories under consideration, the
points of the associated shadowing trajectories, their lifts to tangent spaces, etc. belong to
the corresponding balls B(r, px) and Bp(r, py).

We consider the mappings

I, = exp;kil of oexp,, : Br(p,pr) = My (4.5)
with p € (0,r) small enough, so that
foexp,, (Br(p,pr)) C B(r, prs1)-
It follows from standard properties of the exponential mapping that D exp,(0) = Id; hence,
DF(0) = Ay.
Since M is compact, for any p > 0 we can find § = 6(p) > 0 such that if |v| < 4, then
| Fr(v) — Apv] < pfvl. (4.6)

Lemma 4.6. Assume that X has the discrete Lipschitz shadowing property with constant
L. Let z(t) be an arbitrary trajectory of X, let pr, = x(k), Ax = Df(pr) and let by, € My
be a bounded sequence (denote b = ||b||s ). Then there exists a sequence sy of scalars with
|si| <O = L(2b+ 1) such that the difference equation

V1 = Apv + X (Prg1) sk + Do

has a solution v, such that
0]l < 20,
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Proof. Fix a natural number N and define A, € M as the solution of
Vg1 = Agvg +bpy, k=-N,...,.N -1
with A_y = 0. Then
A < C, (4.7)

where C' depends on N, b and an upper bound on |Ay|.

Fix a small number d > 0 and fix p in (4.6) so that u < 1/(2C"). Then consider the
sequence of points y, € M, k € Z, defined as follows: y, = pi for k < —N, y = exp, (dAy)
for =N +1<k <N, and yyr = f*(yn) for k > 0.

By definition, yxi1 = f(yx) for k< —Nand k > N. If —-N —1 <k < N — 1, then

Ypp1 = exppkH(dAkH) = exppk+1(dAkAk + dby41),

and it follows from estimate (4.3) that if d is small enough, then
dist (ka, exppkH(dAkAk)> < 2d|bysr| < 2db. (4.8)

On the other hand,
f(yx) = exp,, . (Fi(dAy))

(see the definition (4.5) of the mapping F}), and we deduce from (4.3), (4.6) and (4.7) that
if Cd < 6(u)

dist (), 0xPy, ,, ([AARAK)) < 2| F(dAy) — dALA]

< 2p[dAy| (4.9)
<2Cud
<d.

Estimates (4.8) and (4.9) imply that
dist(yk+1, f(ye)) < d(20+1), ke Z,

if d is small enough (let us emphasize here that the required smallness of d depends on b, N
and estimates on Ay). By hypothesis, there exist sequences zj, and t; such that

‘tk — 1‘ < b/d, diSt(LL’k,yk) < b/d, Tpy1 = ¢(tk,$k), keZ.

If we write
1 = expy, (de), tp =1+ dsy,

then it follows from estimate (4.4) that
|dck — dAk| S 2dist(xk,yk) S Qb/d.

Thus,
|Ck — Ak| < 2[)/, keZ. (410)

100



Clearly,
lsk] <V, k € Z. (4.11)

We may assume that the value p fixed above is small enough, so that the mappings

Gk : (_p7 p) X BT(pvpk> - Mk—l—l
given by
Gi(t,v) = exp,! (6(1 +t, exp,, (v))).
are defined. Then G(0,0) =0,
DiGi(t,v)]i=0p=0 = X (Prt1), DuGr(t,v)|i=0,0=0 = Ak (4.12)

We can write the equality

Ty = O(1 + dsy, )
in the form

exp,, , (degy1) = (1 + dsy, exp,, (dey)),

which is equivalent to

de_H = Gk(dsk, dck) (413)

Now let d = d,,, where d,, — 0. Note that the corresponding ¢, = c,im), t, = t,im), and

se = 5™ depend on m.

Since \c,(cm)| < 2V 4+ C and |s,(€m)\ <V forallm>1and —N < k < N — 1, by taking

a subsequence if necessary, we can assume that c,(fm) — Cp, tém) — 15, and s,(j”) — 5 for

—N<E<N-1asm— oo.
Applying relations (4.13) and (4.12), we can write

A"y = Gi(dms\™ diner) = Apdinel™ + X (pi1)dims™ + 0(dy).
Dividing by d,,, we get the relations
A = 4™ + X (pyr)sy™ +o(1), =N <k < N -1,
Letting m — oo, we arrive at
Chr1 = ApCr + X (Pra1)Sk, —N < k<N -1,

where
|Ap =] <2V, |8 <V, —-N<k<N-1

due to (4.10) and (4.11).
Denote the obtained §; by s,gN). Then v,(cN) = A} — ¢ is a solution of the system

Ui(c]i)l = AkU]E:N) + X(pkﬂ)SIiN) +bpy1, —N<k<N-—1,
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such that \v,gN)| <20
There exist subsequences s,(ng ) s;, and v,(jN ) v, as N — oo (we do not assume
uniform convergence) such that |s)| <V, |v,| < 2V, and

U1 = Agvy, + X (Pr1)sy + bpi, k € Z.
Thus, the lemma is proved. O

In the following three sections we assume that X has the Lipschitz shadowing property
(and, consequently, the discrete Lipschitz shadowing property).

4.2.3 Hyperbolicity of the rest points

Let xy be a rest point. We apply Lemma 4.6 with p, = zy. Noting that X (px) = 0, we
conclude that the difference equation

U1 = D f(wo)vp + byt
has a bounded solution vy, for all bounded sequences b, € M,,,. Then it follows from Theorem
1.5 that
Vg1 = Df(xo)vy,
is hyperbolic on both Z, and Z_. In particular, this implies that any solution bounded
on Z, tends to 0 as k — oo. However if Df(xy) had an eigenvalue on the unit circle,

the equation would have a nonzero solution with constant norm. Hence the eigenvalues of
D f(zo) lie off the unit circle. So zy is hyperbolic.

4.2.4 The rest points are isolated in the chain recurrent set

Lemma 4.7. If a rest point xq is not isolated in the chain recurrent set CR, then there is a
homoclinic orbit x(t) associated with it.

Proof. We choose d > 0 so small that dist(¢(t, y), xo) < Ld for || large implies that ¢(t,y) —
xg as [t| — oo.

Assume that there exists a point y € CR such that y # xy is arbitrarily close to z.
Since y is chain recurrent, given any £p and € > 0 we can find points vy, . .., yy and numbers
Ty, ..., T > 0 such that

dist(¢(To,y), 1) < o,
dist(¢(15, i), Yit1) < €0, =1,..., N,
dist(¢(Tn, yn), y) < €o.
Set T' =Ty + - - -+ T and define g* on [0, 7] by

¢(t>y)> 0 S t < T0>
Y, t="1T.

102



Clearly, for any £ > 0 we can find ¢y depending only on € and v (see (4.2)) such that g*(¢)
is an e-pseudotrajectory on [0, 7.
Then we define

Zo, té 0,
g(t)=qg"(t), 0<t<T,
Zo, t>T.

We want to choose y and ¢ in such a way that g(¢) is a d-pseudotrajectory. We need to show
that forall T and 0 <t <1

dist(o(t, g(7)), gt + 7)) < d. (4.14)

Clearly this holds for (i) 7 < —1, (ii) 7 > T, (iii) 7, 7+t € [—1,0], and (iv) 7, 7+t € [0, T].
If -1 <7<0, 7+t>0, then with v as in (4.2)

dist(¢(t, (7)), 9(7 + 1)) = dist(zo, g*(7 + 1))
< dist(wo, d(7 +t,y)) + dist(d(T + t,y), g" (T + 1))
< vdist(xg,y) + ¢
<d,

if dist(y,xo) and e are sufficiently small. Note that, for the fixed y, we can decrease ¢ and
increase N, Ty, ..., Ty arbitrarily so that g(¢) remains a d-pseudotrajectory.

Similarly, (4.14) holds if 7 € [0,T] and 7+t > T.

Thus ¢(t) is Ld—shadowed by a trajectory z(t) so that in particular
dist(z(t), zo) < Ld if |t| is sufficiently large so that z(t) — xg as [t| = 0.

We must also be sure that x(t) # zo. If y is not on the local stable manifold of g, then
there exists e > 0 independent of y such that dist(¢(to,y),xo) > €1 for some ¢y > 0. We
can choose Ty > tg. Now we know that dist(z(t), ¢(to,y)) < Ld. So provided Ld < e1, we
have z(tg) # xo.

If y is on the local stable manifold of xq, then provided dist(y, xq) is sufficiently small,
it is not on the local unstable manifold of xy. Then, applying the same argument to the
flow with time reversed noting that the chain recurrent set is also the chain recurrent set for
the reversed flow and also that the reversed flow will have the Lipschitz shadowing property
also, we show that x(t) # x.

Now we show the existence of this homoclinic orbit z(t) leads to a contradiction. Set
pr = x(k). Since A X (pr) = X (prs1), it is easily verified that if

Brt1 =Pk + sk, keZ

then v, = B X (pr) is a solution of
Vg1 = Akvk + X(pk+1)sk, ke Z. (415)

Also if s; is bounded then [, X (py) is also bounded, since X(py) — 0 exponentially as
|k| = oo and |SB|/|k| is bounded.
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By Lemma 4.6, for all bounded b, € M, there exists a bounded scalar sequence s; such
that
Vpy1 = Apvp + X (Pry1) sk + bpya

has a bounded solution. But we know (4.15) has a bounded solution. It follows that
Vg1 = Apvr + b
has a bounded solution for arbitrary by € M. Then it follows from Theorem 1.5 that
Vg1 = Ay,

is hyperbolic on both Z, and Z_ and that the spaces BT(A) and B~ (A) are transverse.
This is a contradiction since dim BT (A)+ dim B~(A) = n (because BT(A) has the same
dimension as the stable manifold of zy and B~(A) has the same dimension as the unstable
manifold of xy) but they contain X (py) # 0 in their intersection.

So we conclude that the rest points are isolated in the chain recurrent set. O

4.2.5 Hyperbolicity of the chain recurrent set

We have shown that the rest points of X are hyperbolic and form a finite, isolated subset
of the chain recurrent set CR. Let ¥ be the chain recurrent set minus the rest points. We
want to show this set is hyperbolic. To this end we use the following lemma. Let us first
introduce some notation.

Let z(t) be a trajectory of X in ¥. Put pr = x(k) and denote by P, the orthogonal
projection in My with kernel spanned by X (py) and by Vj the orthogonal complement to
X (pr) in My. Introduce the operators By, = Pyi1Ag @ Vi —= Vg1,

Lemma 4.8. For every bounded sequence by € Vi, (denote b = ||b]|«) there exists a solution
vr € Vi of the system
Vi1 = Bk'Uk + bk+1, ke Z, (416)

such that for all k,
log| < 2L(20 4+ 1).

Proof. By Lemma 4.6, there exists a bounded sequence sj such that the system
Wy y1 = Apwy, + X(pey1)sk +brr, k€Z (4.17)

has a solution wy, with |wy| < 2L(2b+ 1).
Note that A X (pr) = X(pgs1). Since (Id —FPy)v € {X(px)} for v € My, we see that
Py1 Ax(Id — P) = 0, which gives us the equality

Pk+1Ak == Pk+1AkPk. (418)

Multiplying (4.17) by P 1, taking into account the equalities Py 1X (prs1) = 0 and Pyy1bgr1 =
br+1, and applying (4.18), we see that v, = Pywy is the required solution.
Thus, the lemma is proved. O
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Now we prove ¥ is hyperbolic. Let z(t) be a trajectory in 3 with the same notation as
given before Lemma 4.8. Then by Lemma 4.8 and Theorem 1.5,

Vg1 = Bkvk, v, € Vi (419)

is hyperbolic on both Z, and Z_ and BT (B) and B~(B) are transverse. It follows that the
adjoint system
V1 = (Bk)*_lvk, v € Vi

is hyperbolic on both Z, and Z_ and has no nontrivial bounded solution.

Now we consider the discrete linear skew product flow on the normal bundle V' over X
generated by the map defined for p € ¥, v € V,, (where V,, is the orthogonal complement to
X(p) in T,M) by

(b,v) = (6(1,), Byv), (4:20)

where B, = Py1,)D¢(1,p), P, being the orthogonal projection of T, M onto V. Its adjoint
flow is generated by the map defined by

(p,v) = (6(1,p), (B;) ")

Now we want to apply the Corollary on page 492 in Sacker and Sell [93]. What we have
shown above is that the adjoint flow has the no nontrivial bounded solution property. It
follows from the Sacker and Sell corollary that the adjoint flow is hyperbolic and hence the
original skew product flow

(pv U) = (¢(17p)7 BIDU)
is also. However then it follows from Theorem 3 in Sacker and Sell [94] that ¥ is hyperbolic.

4.2.6 Strong Transversality

To verify strong transversality, let z(¢) be a trajectory that belongs to the intersection of the
stable and unstable manifolds of two trajectories, x,(t) and z_(t), respectively, lying in the
chain recurrent set. Denote pg = x(0) and p, = z(k), k € Z; let W*(po) and W*(py) denote
the stable manifold of x,(¢) and the unstable manifold of x_(t), respectively. Denote by E*
and E* the tangent spaces of W*(pg) and W*(py) at po.

By Lemma 4.8 (using the same notation as in the previous section), for all bounded
by € Vi, there exists a bounded solution v, € Vj of (4.16). By Theorem 1.5 again, this
implies that

EF+EY =1, (4.21)
where
& ={wo : wry1 = Brwy, SUPg>0 [wi| < oo},
& =A{wo : wrp1 = Bywy, SUPr<o lwy| < oo}

Moreover (4.19) is hyperbolic on both Z, and Z_.
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We are going to use the following folklore result, which for completeness we prove after
showing it implies the strong transversality:

ECE &'CPE (4.22)
Combining equality (4.21) with the inclusions (4.22) and the trivial relations
E=VonE +{X(po)}, E“=VonNE"“+{X(po)},

we conclude that
E*+E" =T, M,

and so the strong transversality holds.

Let us now prove the first relation in (4.22); the second one can be proved in a similar
way.

Case 1. The limit trajectory in CR is a rest point. In this case, the stable manifold
of the rest point coincides with its stable manifold as a fixed point of the time-one map
f(x) = ¢(1,x). By the theory for diffecomorphisms, if py is a trajectory on the stable
manifold, the tangent space to the stable manifold at pg is the subspace E*® of initial values
of bounded solutions of

Vg+1 = Akvk, k Z 0. (423)

Let us prove that £° C E*®. Fix an arbitrary sequence wy satisfying wg,q = Brw; with
wy € £°. Consider the sequence

vp = M X (pr) /| X (pr)| + wy,

with Ay satisfying X X .
Akt1 = Pi1) k— (Pit1)
| X (pr)| | X (Prg1)|

and Ao = 0. It is easy to see that vy satisfy (4.23).
Since z(t) is on the stable manifold of a hyperbolic rest point, there are positive constants
K and « such that

i (t)] < Ke U= i(s)|
for 0 < s < t. From this it follows that

X (pr)] < Ke %™\ X (p,)|

for 0 < m < k so that the scalar difference equation

X (pri)]

Aet1 = A

is hyperbolic on Z, and is, in fact, stable. Since the second term on the right-hand side of
equation (4.24) is bounded as k — oo, it follows that A, are bounded for any choice of Ag.
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This fact implies that vy is a bounded solution of (4.23), and we conclude that vy = wy € E*,
hence £° C E*.
The proof in Case 1 is complete.

Case 2: Assume that the limit trajectory is in X, the chain recurrent set minus the
fixed points which we know to be hyperbolic. We want to find the intersection of its stable
manifold near py = z(0) with the cross-section at py orthogonal to the vector field (in local
coordinates generated by the exponential mapping). To do this, we discretize the problem
and note that there exists a number o > 0 such that a point p € M close to py certainly
belongs to W?*(pg) if and only if the distances of consecutive points of intersections of the
positive semitrajectory of p with the sets exp, (M) to the points p; do not exceed o.

For suitably small ;1 > 0, we find all sequences t;, and z; € Vj, the subspace of T, M
orthogonal to X (py), such that for & > 0

e =1 <,z S Yo = Otk vi),

where y;, = exp,, (2x). Thus we have to solve the equation

XPpy 41 (Zk—i-l) = ¢(tka eprk(Zk)), k>0

for ty and z; € Vi such that |t — 1| < p and |zg] < p.

We set it up as a problem in Banach spaces. By Theorem 1.5 and Lemma 4.8 the
difference equation
k1 = Brag, 2 € Vi

(recall that By = Pyi1A) and Py is the orthogonal projection on My with range V%), has
an exponential dichotomy on Z, with projection (say) Qy : Vi — Vi. Denote by R(Q) the
range of Qo and note that R(Qy) = £°. Fix a positive number 1y and denote by V' the space
of sequences

{2k € Vi, || < po, k € 24}

and by [*°(Z,{My+1}) the space of sequences {(; € Myi1, k € Z} with the usual norm.
Then the C* function
G [1 = po, 1T+ po]™ X V X R(Qo) = £2(Ziy, {M11}) x R(Qo)
given by
G(t,z,n) = ({2r41 — exp,,, (Ot expy, (z)) }rz0, Qozo — 1)

is defined if pg is small enough.
We want to solve the equation

G(t,z,n) =0

for (t, z) as a function of 7. It is clear that
G(1,0,0) = 0,
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where the first argument of G is {1, 1, ...}, the second argument is {0,0, ...} and the right-
hand side is ({0,0,...},0).
To apply the implicit function theorem, we must verify that

oG

= a(t, z)

(1,0,0)

is invertible. Note that if (s, w) € (>*°(Z4,R) x V, then

T(s,w) = ({wr1 — X (Prt1) sk — Apwy brs0, Qowo).

To show that T is invertible, we must show that

T(s,w)=(g,m)

has a unique solution (s, w) for all (g,n) € *°(Z.,{Mri1}) X R(Qo). So we need to solve
the equations
Wi = Agwi + X(Pry1)sy + g5, k>0

subject to
Qowo = 0.

If we multiply the difference equation by X (pyy1)* and solve for si, we obtain

X(Pk+1)*
| X (Pr+1) 2

and if we multiply it by Py, 1, we obtain

Sp = — [Akwk + gk], k>0

Wit1 = Pep1 Agwy + Piyagr = Brwi, + Pryage, k> 0.

Now we know this last equation has a unique bounded solution wy € Vi, k > 0, satistying
Qowo = n. Then the invertibility of T" follows.

Thus we can apply the implicit function theorem to show that there exists 1 > 0 such that
provided |n| is sufficiently small, the equation G(t, z,7) = 0 has a unique solution (£(n), z(n))
such that ||t — 1||oc < i, [|2||cc < p. Moreover, t(0) = 1, 2(0) = 0 and the functions #(n) and
z(n) are C*.

The points exp,, (20(n)) with small || form a submanifold containing py and contained
in W#(po). Thus, the range of the derivative z{(0) is contained in E*.

Take an arbitrary vector ¢ € £° and consider n = 7&, ¢ € R. Differentiating the equalities

2i1(7€) = expy L (D(t (7€), exp,, (24(7€)))), & =0,

and

QOZO(Tf) =78
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with respect to 7 at 7 = 0, we see that

_ o
o

Oz

—o§ €V
877 |77—0§ k

Sk |n=o€> wy, =

are bounded sequences satisfying
Wi+ = Agwi + X (prs1)sy,  Qowo = €.
Multiplying by Pj.1, we conclude that
Wit1 = Brwg, k >0, Qowo = &.

It follows that wy € £° = R(Qp). Then wy = Qowy = {. We have shown that the range of
2(0) is exactly £°, and thus £ C E*.

4.3 Lipschitz periodic shadowing

Definition 4.5. We say that the vector field X has the Lipschitz periodic shadowing property
(X € LipPerSh) if there exist dy and £ > 0 such that if y : R +— M is a periodic d-
pseudotrajectory for d < dy, then y(t) is Ld—shadowed by a periodic trajectory, that is, there
exists a trajectory x(t) of X and a reparametrisation o € Rep(Ld) satisfying inequalities

dist(y(t), z(a(t))) < Ld, teR (4.25)

and such that
x(t+w) = x(t)

for some w > 0. The last equality implies that z(t) is either a closed trajectory or a rest
point of the flow ¢.

In order to characterise the set of vector fields satisfying the Lipschitz periodic shadowing
property we need the following notion.

Definition 4.6. We say that a vector field X € F(M) is Q-stable if there exists a neigh-
borhood U C F(M) of X such that for any Y € U there exists a homeomorphism « :
Q(X) — Q(Y) which maps trajectories of X to trajectories of Y and preserves the direction
of movement along trajectories.

The main results of this paragraph is the following theorem [69].

Theorem 4.9. A vector field X satisfies the Lipschitz periodic shadowing property if and
only if X is Q-stable.

Taking into account Theorem 4.2, to prove Theorem 4.9, it is sufficient to prove the
following two lemmas.

109



Lemma 4.10. If a vector field X has the Lipschitz periodic shadowing property, then X
satisfies Aziom A’ and the no-cycle condition.

Lemma 4.11. If X satisfies Axiom A" and the no-cycle condition, then X has the Lipschitz
periodic shadowing property.

Lemma 4.10 is proved in Sections 4.3.1-4.3.5; Lemma 4.11 is proved in Section 4.3.6.

The proof of Lemma 4.10 is divided into several steps.

We assume that X has the Lipschitz periodic shadowing property and establish the
following statements.

1. Closed trajectories are uniformly hyperbolic.
2. Rest points are hyperbolic.

3. The chain-recurrent set coincides with the closure of the set of rest points and closed
trajectories; rest points are isolated in the chain-recurrent set.

4. The hyperbolic structure on the set of closed trajectories can be extended to the chain-
recurrent set.

5. The no-cycle condition holds.

4.3.1 Uniform hyperbolicity of closed trajectories

Without loss of generality we can assume that £ > 1.

Let z(t) be a nontrivial closed trajectory of period w. Choose ni,n € IN such that
T = mw/n € [1/2,1]. Let x = x(k7), f(z) = ¢(1,2), and Ay = D f(x). Note that
Agin = Ai. Below we prove a statement similar to Lemma 4.6.

Lemma 4.12. [f X € LipPerSh, then for any b > 0 there ezists a constant K (the same for
all closed trajectories x(t) of X ) such that for any sequence by, € Ty, M with |by| < b there
exist sequences s € R and vy, € T, M with the following properties:

Vg1 = Akvk + X(Ik+1)8k+1 -+ bk+1 (426)

and
|Sk|, |'Uk| S K. (427)

Before we go to the proof of Lemma 4.12, we need to generalize the notion of discrete
Lipschitz shadowing property. Let d,7 > 0; we say that a sequence y; is a 7-discrete d-
pseudotrajectory if dist(ygr1, &(7, yx)) < d.

Let € > 0; we say that a sequence x;, e-shadows y;, if there exists a sequence t; > 0 such
that

diSt(!L’k, yk) <g, |tk — 7‘| <€, Tpp1 = ¢(tk>$k)-

The following lemma can be proved similarly to Lemma 4.5.
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Lemma 4.13. If X € LipPerSh, then there exist constants dy, L > 0 such that for any
T € [1/2,1] and d > 0 and any periodic T-discrete d-pseudotrajectory yy, with d < dy there
exists a sequence xy, (not necessarily periodic) that Ld-shadows yy.

In the proof of Lemma 4.12, we use the following technical statement which is well-known
in control theory [100].

Lemma 4.14. Let B : R™ — R™ be a linear operator such that the absolute values of its
eigenvalues equal 1. Then for any Ag € R™ and 6 > 0 there exists a number R € IN and a
sequence 6, € R™, k € [1, R], such that |6;x| < 0 and the sequence A, € R™ defined by

Ak+1 - BAk + 5k+1, k S [O, R - 1], (428)
satisfies Agr = 0.

Proof of Lemma 4.12. Fix an arbitrary sequence b, with |bx| < b and a number [ € IN.
First we will find a number [; > [ and sequences ¢, and Ay defined for k € [—In,[in]
such that |c;| < b and
c, =by, ke [—ln, ln],

Api1 = AAp + i1, k€ [—ln, lin — 1], (429)
A—ln - Allrr

Consider the operator A : T,, — T}, defined by A=A, --- Ay.
The tangent space T}, can be represented in the form

T,, = ES & ES & E! (4.30)

so that the subspace Ej corresponds to the eigenvalues \; of A such that |A\;| < 1, the
subspace Ef corresponds to the eigenvalues A; such that |[A\;| = 1, and the subspace Ef
corresponds to the eigenvalues \; such that |A;| > 1.

For any index k consider the decomposition T, = E} ® Ej, ® E} as the image of decom-
position (4.30) under the mapping Aj_; - - - Ao.

In the coordinates corresponding to these decompositions, the matrices Ay can be repre-

sented in the following form:

Set A, = A%_,---Af for 0 = s,c,u. Consider the corresponding coordinate representa-
tions by = (b7,05,0)), cx = (5, ¢, ct), and Ay = (A7, A%, A}) (and note that the values
b5, 05|, |bY| are not necessarily less than b).

Equations (4.29) are equivalent to the system

Afpr = AAL A+ G, (4.31)
Ajp = ALAL + s
Abpy = ALAL + by (4.32)
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Set ¢, = by, for k € [—In,In — 1].

Consider the sequence satisfying (4.31) with initial data A%, = 0 and denote A} by a°;
Consider the sequence satisfying (4.32) with initial data A}’ = 0 and denote A", by a".

There exist numbers I, [, > 1 such that

A" < b, 1>1,, |Ala®] <D, 1>,

Set A_;, = (0,0,a"); then the definition of a® and a* implies that A;, = (a®,C1,0) for
some C € Ef.

Set ¢, = 0 for k € [In+ 1, (14 I;)n]; then Agyy,), = (Ala®, Cs,0) for some Cy € E.

Set ¢, = 0 for k € [(I+1)n+1, (I+l,4+1)n—1] and ¢ = (—A%*1a®,0,0) for k = (I+1,+1)n.
Then A(l-i—ls—i-l)n = (0, Cs, 0) for some C5 € Eg

Applying Lemma 4.14 to A° : E§ — E§, we find a number R and a sequence J;, with
|0k| < b such that if

Tig1 = Ay + 041, o= A?H—ls-}-l)nu

then xg = 0. Then if we set for i =0,...,R—1, ¢, =0for I+l +i+1)n+1 <k <
(I+1s+i+2)n—1and cupy+itom = (0,0;11,0), we see that

(ttotivom = A DG rivryn +0i41, 1=0,..., R—1,

so that A?HISJFRHM = 0; of course, the other two components of A, 1), remain zero.

Set cp =0for ke [(l+l,+R+1)n+1,(l+1s+ R+2)n—1] and ¢, = (0,0, A;»a%)
for k = (I+ 1+ R+ 2)n; then Ay 1o = (0,0, A ™a"). Finally, we set ¢, = 0 for
kel(l+l+R+2)n+1, (I+1,4+R+2+1,)n| and see that Ay, 124 rt1.)n = (0,0,a") = Ay,
Thus, we have constructed the sequences mentioned in the beginning of the proof.

Taking d small enough, considering the periodic 7-discrete pseudotrajectory y, = exp,, (dAy),
and repeating the reasoning similar to that in the proof of Lemma 4.6, we can prove that
relations (4.26) and (4.27) hold with K = L(2b+ 1) for k € [—In,In — 1].

After that, we repeat the reasoning used in the last two paragraphs of the proof of Lemma
4.6 to complete the proof of Lemma 4.12. O

As in Sec. 4.2.5, we define My, Vi, P, and By, = P 1Ar @ Vi, — Viiq. Note that
B.' = P,A;'. Since M is compact, there exists a constant N > 0 such that || D (7, x)|| < N
for any 7 € [-1,1] and z € M. Hence, ||A.]], || 4. || < N, and

1Bell, 1B, < . (4.33)
The same reasoning as in the proof of Lemma 6 establishes the following statement.

Lemma 4.15. There exists a constant K > 0 (the same for all closed trajectories x(t)) such
that for every sequence by € Vi, with |by| < 1 there exists a solution vy € V. of the system

Vg1 = Brog + bppr
such that
k]| < K.
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A remark on page 26 of [18], Lemma 4.15 and the inequalities (4.33) imply that there exist
constants C; > 0 and A; € (0,1) (the same for all closed trajectories) and a representation
Vi = E*(xy) @ E"(xy) such that

ByrE*(x1) = E*(2r11), BpE"(wx) = E*(Tr41),
| By - Bro®| < Ci) ug|, v € Ef(ay), | >0,k €Z
|B:ll+k - -Bk_lv“| < Cl)\ll|vu|, vt € E%(xy), 1 >0,k € Z.

Remark 4.16. In fact in [18] exponential dichotomy with uniform constants was proved
only on Z*. However we can extend the corresponding inequalities to the whole of Z by the
periodicity of By.

Since 7 € [1/2,1] and ||D¢(7,z)|| < N the above conditions imply that there exist
constants Cy > 0 and Ay € (0, 1) such that if z(¢) is a closed trajectory, then

| Po(t,mo) D 0(t, 2(to))v®| < Colb|v®|,  v® € E*(x(ty)), t >0, to € R, (4.34)
| P(—t,m) D d(—t, 2(t))v"| < Cobv¥], v € E*(x(ty)), t > 0, ty € R, (4.35)
where P,c)s is the orthogonal projection of T, M with kernel X (y) and
E**(2(t0)) = Pty D ${to, ) B (o).

Remark 4.17. In particular, the above inequalities imply that z(¢) is a hyperbolic closed
trajectory.

4.3.2 Hyperbolicity of the rest points

Let xo be arest point. As in subsection 4.2.3 (using Lemma 4.12), we conclude that D ¢(1, o)
is hyperbolic; hence, x is a hyperbolic rest point.

4.3.3 The rest points are isolated in the chain-recurrent set

Denote by Per(X) the set of rest points and points belonging to closed trajectories of a
vector field X; let CR(X) be the set of its chain-recurrent points. For a set A C M denote
by Cl A the closure of A and by B(a, A) its a-neighborhood.

Lemma 4.18. If X € LipPerSh, then ClPer(X) = CR(X).

Proof. 1f yo € CR(X), then for any d > 0 there exists a periodic d-pseudotrajectory g¢(t)
such that ¢(0) = yo.

Since X € LipPerSh, there exists a point z4 € Per(X) such that dist(xg,v0) < Ld.
Hence, B(Ld,yo) N Per(X) # () for arbitrary d > 0, which proves our lemma. O

Lemma 4.19. Let X € LipPerSh and let p be a rest point of X. Then p ¢ CI{CR(X) \ p).
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Proof. 1t has already been proved that all rest points of a vector field X € LipPerSh are
hyperbolic; hence the set of rest points is finite. Assume that p € CI(CR(X) \ p). Then
Lemma 4.18 implies that p € Cl(Per(X) \ p).

Denote by Wi, ,(p) and W, ,(p) the local stable and unstable manifolds of size a.

Since the rest point p is hyperbolic, there exists ¢ € (0,1/2) such that if z € M and
¢(t,x) C B(4e,p), t > 0,thenx € W, ,.(p); if o(t,x) C B(4e,p), t <0, thenxz € W, (p);
and if ¢(t,z) C B(4e,p), t € R, then x = p.

Let d; = min(dy, /L), where dy and L are the constants from the definition of LipPerSh.
Take a point zg € Per(X) (let the period of the trajectory of xy equal w) and a number
T > 0 and define the mapping

(t) B D, t e [_T> T]>
T\ =N gt = Tow),  te(T.T +w),

for t € [-T,T 4+ w). Continue this mapping periodically to the line R.

There exists dy < dy depending only on d; and v (see (4.2)) such that if o € B(ds, p),
then g,,r(t) is a di-pseudotrajectory for any 7" > 0. We fix such a point zy € B(ds,p) and
consider below pseudotrajectories g, r with this fixed x, and with increasing numbers 7.

By our assumptions, the pseudotrajectory g,,r can be e-shadowed by the trajectory of
a point zp € Per(X) with reparametrization ap(t):

dist(gu,7 (1), p(ar(l), 21)) < e (4.36)
Our choice of € implies that there exist times t1,t, > 0 such that
dist(p, ¢(t1, o)) € [22,3¢], o(t,x0) € B(4e,p), t€[0,t4],
dist(p, ¢(—t2, o)) € [22,3¢], o(t,x0) € B(4e,p), t € [—ta,0].

We emphasize that the numbers ¢, ¢, depend on our choice of the point xy but not on our
choice of T'. Let

rr = ¢(ar(T +t1),27), qr = ¢plar(=T — ta), zr).
Inequalities (4.36) and the following two relations imply that
¢(t7 qT) € B(5€7p)a te [07 _aT(_T - t2)]7 (437)

o(t,rr) € B(5e,p), t€ [—ar(T+1t),0)]. (4.38)

Since Ldy < € < 1/2 and ty,ty are fixed, inequality (4.25) implies that if T is large

enough, then
—ap(=T —ty) >T/2, ap(T+1t)>T/2. (4.39)

Since (4.37)-(4.39) imply that dist(¢ (¢, gr),p) < 4e for 0 < t < T'/2 and dist(¢ (¢, r7),p) < 4e
for 0 >t > —T/2 it follows that

diSt(qT7 I/Vlsoc,46<p))7 diSt(rT7 ‘/quécAs(p)) - 07 T — +oo0.
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Since qr,rr € B(4e,p) \ B(e,p), we can choose sequences ¢, = qr,, — q and r,, =1, = T
such that q,T 7é D, q€ M/lfjc,4€(p)> and r € I/Vlche(p)'

Denote by O(g,) the (closed) trajectory of the point g,.

From Remark 4.17 we know that O(g,) is a hyperbolic closed trajectory.

Passing to a subsequence, if necessary, we may assume that the values dim W?*(O(q,))
are the same for all n. Since

dim W*(O(gy)) + dim W*(O(q,)) = dim M + 1
and
dim W#(p) + dim W*(p) = dim M,

we see that at least one of the following inequalities holds:
dim W*(O(q,)) > dim W?(p)

or

dim W*(O(q,)) > dim W*(p).

Without loss of generality, we can assume that the first inequality holds (in the other case
we note that O(g,,) = O(r,,) and consider the vector field —X).

Denote o = dim W#*(p). Consider the space EX = E®(g,) corresponding to inequalities
(4.34), (4.35). Then the following holds

dim £ = dim W*(O(¢,)) — 1 > o.

Passing to a subsequence, if necessary, we may assume that E; — F° C V,, where V, is
the subspace in T, M orthogonal to X (gq) (here and below, we consider convergence of linear
spaces in the Grassman topology). Passing to the limit in inequalities (4.34), we conclude
that

|Pyr.g) D (¢, q)0v°| < CoXy|v®|, v° € F*, t > 0.

This inequality implies the inclusion F* C T'W:(p). Hence,
F* & (X(q) € T,W*(q),

and dim W*#(q) > o + 1. We get a contradiction which proves Lemma 4.15. O

4.3.4 Hyperbolicity of the chain-recurrent set

Consider a point y € CR(X) that is not a rest point. Lemma 4.18 implies that there exists
a sequence x,, € Per(X) such that z,, — y.

Consider the decomposition V,, = E*(x,) + E*(x,) corresponding to inequalities (4.34),
(4.35). Denote EZ* = E®%(x,). Passing if necessary to a subsequence, we may assume
that the dimensions dim £ and dim £} are the same for all n. Since y is not a rest point,
Van — V.
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Since inequalities (4.34) and (4.35) hold for all closed trajectories with the same constants
Cy and )9, standard reasoning implies that the “angles” between E; and E! are uniformly
separated from 0 (see, for instance, [70]). So passing if necessary to a subsequence, we may
assume that £ — E° and E} — E".

Hence, E° N E* = {0}, dim(£® + E") = dim E® 4+ dim £* = dim V), and E* + E* =V,
Estimates (4.34) and (4.35) for the points x,, imply similar estimates for y. Hence, the skew
product flow (4.20) is hyperbolic, and Theorem 3 in Sacker and Sell [94] implies that CR(X)
is hyperbolic.

4.3.5 No-cycle condition

In the previous two subsections we have proved that the vector field X (and its flow ¢)
satisfies Axiom A’.

Lemma 4.20. If X € LipPerSh, then X has no cycles.

Proof. To simplify the presentation, we prove that X has no 1-cycles (in the general case,
the idea is essentially the same, but the notation is heavy).
To get a contradiction, assume that

p € (W) N W*3(8Y)) \ Q(X).
Then there are sequences of times j,,, k,, — 00 as m — oo such that

¢(_jm>p)a ¢(kmap) — Qi, m — Q.

Since the set €2; is compact, we may assume that
¢(_]map) —qc Qz and ¢(km,p) — T E Qz

Since (); contains a dense positive semi-trajectory, there exist points s,, — r and times
I > 0 such that ¢(l,,, s,m) — ¢ as m — oo.
Clearly, if we continue the mapping

¢(tap)> te [Oakm]a
Ot — Jm — km — by D), € [k + Ly ki + L + Jiml,

periodically with period k,,, 4+ L, + jm, we get a periodic d,,-pseudotrajectory of X with
dyn — 0 asm — oo.

Since X € LipPerSh, there exist points p,, € Per(X) (for m large enough) such that
Pm — pasm — 0o, and we get the desired contradiction with the assumption that p ¢ Q(X).
The lemma is proved. 0
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4.3.6 ()-stability implies Lipschitz periodic shadowing

The proof of Lemma 4.11 is similar to the corresponding proof in section 1.6.1, where the
case of diffeomorphisms is considered. In this section we give the most important steps and
leave the details to the reader.

Proof of Lemma 4.11. Let us formulate several auxiliary definitions and statements.

Let us say that a vector field X has the Lipschitz shadowing property on a set U if there
exist positive constants £, dy such that if g(¢) with {g(¢) : t € R} C U is a d-pseudotrajectory
(in our standard sense:

dist(g(T +1),9(t,g9(7))) <d, Te€R,te€]|0,1])

with d < djy, then there exists a point p € U and a reparametrization « satisfying inequality
(4.25) such that
dist(g(t), ¢(a(t),p)) < Ld, te€ R. (4.40)

We say that a vector field X is expansive on a set U if there exist positive numbers a
(expansivity constant) and ¢ such that if two trajectories {¢(t,p) : t € R} and {¢(t,q) : t €
R} belong to U and there exists a continuous real-valued function «(t) such that

dist(¢(a(t),q), o(t,p)) < a, tER,

then p = ¢(r, q) for some real 7 € (=4, ).
Let X be an Q-stable vector field. Consider the decomposition (4.1) of Q(X). We will
refer to the following well-known statement [65].

Theorem 4.21. If €); is a basic set, then there exists a neighborhood U of €); such that X
has the Lipschitz shadowing property on U and is expansive on U.

We also need the following two lemmas. Analogs of these lemmas were proved for diffeo-
morphisms in [80]; the proofs for flows are the same.

Lemma 4.22. For any neighborhood U of the nonwandering set (X)) there exist positive
numbers B,dy such that if g(t) is a d-pseudotrajectory of ¢ with d < dy and

gty ¢ U, te|rt+1],

for somel >0 and T € R, then |l < B.

Lemma 4.23. Assume that the vector field X is Q)-stable. Let Uy, ..., U,, be disjoint neigh-
borhoods of the basic sets Qy, ..., Q. There exist neighborhoods V; C U; of the sets §; and
a number dy > 0 such that if g(t) is a d-pseudotrajectory of X with d < ds, g(7) € V; and
g(T+1to) ¢ U; for some j € {1,...,m}, some T € R and some ty > 0, then g(7+1t) ¢ V; for
t>to.

Now we pass to the proof itself.
Apply Theorem 4.21 and Lemmas 4.22, 4.23 and find disjoint neighborhoods W7y, ..., W,,
of the basic sets 0, ..., (), such that
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Find neighborhoods V;, U; of Q; (and reduce dj, if necessary) so that the following prop-
erties are fulfilled:

.V}'CUjCWj, jzl,...,m;
e the statement of Lemma 4.23 holds for V; and U; with some dy > 0;
e the Ldj-neighborhoods of U; belong to W;.

Apply Lemma 4.22 to find the corresponding constants B, d; for the neighborhood V; U
UV, of Q(X).
We claim that X has the Lipschitz periodic shadowing property with constants L, dy,
where

dp = min (d;, dy, ds, %) .

Take a p-periodic d-pseudotrajectory g(t) of X with d < dy. Without loss of generality
we can assume that g > ¢ (since p is not necessarily the minimal period). Lemma 4.22
implies that there exists a neighborhood V; such that the pseudotrajectory g¢(t) intersects
V;; shifting time, we may assume that ¢(0) € V.

In this case, {g(t) : t € R} C U;. Indeed, if g(to) ¢ U; for some t,, then g(to + ku) ¢ U;
for all k. It follows from Lemma 4.23 that if ¢y + kp > 0, then g(t) ¢ V; for t > to + kp, and
we get a contradiction with the periodicity of ¢(t) and the inclusion g(0) € V;.

Thus, there exists a point p such that inequalities (4.40) hold for some reparametrization
a satisfying inequality (4.25). Let us show that either p is a rest point or the trajectory of
p is closed. By the choice of U; and W, ¢(t,p) € W, for all t € R. Let ¢ = ¢(u, p).

Inequalities (4.40) and the periodicity of g(¢) imply that

dist(g(t), d(a(t + p) — 1, q)) =

dist(g(t + p), p(a(t +p),p)) < Ld, teR.

Thus,
dist(¢(a(t), p), plalt + p) — i, q)) <2Ld < a, teR,

which implies that
dist(9(6,p), (8(0), ) < 2Ld < a, 0 €R,

where 3(0) = a(a™(0) + u) — p.

Since ¢(t,p) € W, for all t € R, our expansivity condition on W, implies that ¢ = ¢(7, p)
for some 7 € (—0,0).

This completes the proof. O
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Chapter 5

Group Actions

In parallel with a classical theory of dynamical systems (which studies actions of Z and R),
global qualitative properties of actions of more complicated groups were studied (see the
book [22] and the review [23]). The shadowing property for actions of abelian groups Z™ for
nonnegative integer n and m was introduced by Pilyugin, Tikhomirov in 2003 [82].

Since that many mathematicians contributed to the shadowing theory of actions of
abelian groups in various contexts. Koscielnak established the periodic shadowing prop-
erty and strong tolerance stability for generic Z?-actions of an interval [44]. Oprocha studied
topologically Anosov Z?-actions that are not topologically hyperbolic in any direction and
proved an analog of the Spectral Decomposition Theorem [61,62]. Maczynska and Tabor
studied the shadowing property for linear Z9-actions [51]. Kulezycki and Kwietnak studied
relations between the shadowing property and distality for actions of R™ [46]. Begun and
Pilyugin established analogs of Takens theorems for actions of Z> [10].

In the present chapter we introduce and study the shadowing property for actions of
finitely generated, not necessarily abelian groups.

For the case of finitely generated nilpotent groups we prove that an action of the whole
group has the shadowing property (and expansivity) if the action of at least one element
has the shadowing property and expansivity (Theorem 5.5). For linear actions of Abelian
groups we also prove that this condition is also necessarily (Theorem 5.9). This result can
be viewed as a shadowing lemma for actions of nilpotent groups, since it implies that if an
action of one element is hyperbolic, then the group action has the shadowing property. Note
that in some cases an action of a group is called hyperbolic if there exists an element which
action is hyperbolic (see [7,22,39]).

We show that our result cannot be directly generalized to the case of solvable groups.
We consider a particular linear action of a solvable Baumslag-Solitar group (Theorem 5.13)
and demonstrate that the shadowing property has a more complicated nature, in particular,
it depends on quantitative characteristics of hyperbolicity of the action.

We also consider actions of ”big groups” (free groups, groups with infinitely many ends).
In particular we show that there is no linear action of a non-abelian free group that has the
shadowing property. This statement leads us to a question: which groups admit an action
on a manifold satisfying the shadowing property?
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These three results illustrate that the shadowing property depends not only on hyperbolic
properties of actions of its elements but on the group structure as well.

5.1 Finitely generated groups.

In this section for completeness of exposition we will outline basic notions from theory of
finitely generated groups, give relevant definitions, and formulate statements that we use in
the sequel. We refer the interested reader to the following books on group theory: [9,14,19].

We say that a subset H of a group G is a subgroup and write H < G if it contains e, the
identity element of G, and together with the operation - of the group G satisfies the group
axioms.

We say that a subgroup H < G is a normal subgroup and write H < G (G > H) if
gH = Hg for all g € G (where as usual gH :={gh|h € H}, Hg:={hg| h € H}).

Let H be a normal subgroup of G. A factor group or a quotient group is a group that as
a set is the set of all left cosets of H in G, i.e. {gH | g € G}, and has the group operation
given by (g1 H)(g2H) = g1g2H for all g1, g2 € G.

One of the possible ways of defining a group is by defining a generating set. A subset
S of a group G is called a generating set if for any g € G there exists a finite number of
elements si,...,s; € SUS™! (where as usual S~ := {s7! | s € S}) such that g = s;...5;.
Naturally, in most cases a generating set is not unique. A group G is called finitely generated
if it has a finite generating set.

Another possible way of defining a group is by giving a system of generators and relations.
Thus Z? can be defined as: < a,b | ab = ba > (first the generating set is indicated, then the
system of relations on this generators).

Fix a group G. For any g, h € G the element [g, h] := ghg~'h™! is called the commutator
of g and h. Let G; and G5 be two subgroups of G. We denote by [G1, G5 the subgroup of
G given by the generating set {[g1, 92| | 91,92 € G}.

A group G is called abelian or commutative if [g, h] = e for any g,h € G.

Definition 5.1. Any abelian group is called a nilpotent group of class 1. A group G is called
nilpotent of class n if it has the lower central series of length n, i.e. there exist subgroups
Gy, ..., Gure1 < G such that

G=G>...0Gp1 =¢, where G, # e, Gy =[G, G] Vie{l,...,n}.
Gy).

The simplest example of a nonabelian nilpotent group is a so-called Heisenberg group
(see [19]): < a,b,c|c=la,b],ac = ca,bc = cb >.

Definition 5.2. A group is called virtually nilpotent if it has a nilpotent normal subgroup
of a finite index (i.e. the corresponding factor group is finite).
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Remark 5.1. Note that any subgroup of a finitely generated virtually nilpotent group is
finitely generated. In fact the similar statement holds for a more general class of polycyclic
groups (see [14,97] for the details).

Virtually nilpotent groups are important due to the celebrated theorem of Gromov: Any
group of polynomial growth is virtually nilpotent. We refer the reader to [31] for the precise
statement.

Definition 5.3. A group is called solvable or soluble if it has finite subnormal series, i.e.
there exist Gy, ..., G, < G (not necessarily finitely generated groups) such that e = G,, <
...<G1 <Gy = G and G;/G4q is an abelian group for any i € {0,...,n — 1}.

We study Baumslag-Solitar groups (see [19]):
BS(m,n) =<a,b| ba™ =a"b >,

(where m,n € Z are fixed) which are solvable for m = 1. These groups are well known in
group theory as a source of numerous counterexamples.

We study actions of F,, =< aq,...,a, | - >, the free group with n generators, which is
obviously not solvable.

5.2 Shadowing for actions of finitely generated groups.

Let G be a finitely generated (not necessarily abelian) group. Let 2 be a metric space with
a metric dist. For any x € 2, U C €2, > 0 denote

B(6,x) ={y € Q:dist(z,y) <}, B(6,U) = Uzer B(9, ).
We say that a map @ : G x Q — Q is a (left) action of a group G if the following holds:
(G1) the map f, = ®(g,-) is a homeomorphism of € for any g € G;
(G2) ®(e,x) = x for any x € €2, where e € G is the identity element of the group G;
(G3) ®(g192, ) = P(g1, (g2, x)) for any g1,92 € G, x € Q.

We say that an action ® is uniformly continuous if for some symmetric generating set .S
(a generating set is called symmetric if together with any element s € S it contains s~1) of
a group G the maps f, are uniformly continuous for all s € S. Note that if € is compact,
then any action of a finitely generated group is uniformly continuous.

Let us fix some finite symmetric generating set S of a group G.

Definition 5.4. For any d > 0 we say that a sequence {y,},ec is a d-pseudotrajectory of an
action @ (with respect to the generating set S) if

dist(ysg fs(y,)) <d Vs € S,g € G. (5.1)
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Definition 5.5. We say that an uniformly continuous action ® has the shadowing property
on a set V C Q if for any € > 0 there exists d > 0 such that for any d-pseudotrajectory
{ys}gec C V there exists a point z, €  such that

dist(yy, fy(ze)) <e VgeG. (5.2)

In this case we say that {y, },eq is e-shadowed by the exact trajectory {z,},ec = {fy(ze) }gec-
If V =, we simply say that ® has the shadowing property.

This notion is a natural generalization of the concept of the shadowing property intro-
duced in [82] for actions of Z".

Let us also note that the definition of a pseudotrajectory depends on a choice of the
generating set S. However in Section 5.3 we show that if an uniformly continuous action has
the shadowing property for one finite symmetric generating set, then it has the shadowing
property for any finite symmetric generating set.

The proof of Proposition 5.4 is straightforward, see Appendix.

The following notion of expansivity is important for our results:

Definition 5.6. An action ® is expansive (or has expansivity) on a set U C € if there exists
A > 0 such that if for some x1, 29 € U

(I)(g,l’l), (I)(g,l'2> < Uv dlSt((I)(gv'rl)v (I)(gva)) <A vg S G7
then z; = x».

Remark 5.2. Note that if G; < G is a subgroup of G and ®|g, is expansive, then & is
expansive too.

Any homeomorphism f : @ — (2 induces an action @ : Z x Q@ —  of the group Z
defined as ®((k,x) = f*(x) for any k € Z, z € Q. We say that

1. a homeomorphism f has the shadowing property on a set V' C €2;

2. a homeomorphism f is expansive on a set U C 2,

if the corresponding action ®; has this properties. Note that these definitions are equivalent
to classical definitions of these notions.

Definition 5.7. Consider two sets U,V C 2. We say that an uniformly continuous action
® is topologically Anosov with respect to the pair (U, V) if the following conditions are
satisfied:

(TA1) there exists v > 0 such that B(v,V) C U;
(TA2) ® has the shadowing property on V;
(TA3) @ is expansive on U.

Remark 5.3. This definition generalises the notion of topologically Anosov actions for
homeomorphisms [6] and abelian groups [82]. For the case of homeomorphisms it was studied
by many authors, see for example [2,4,6]. Let us mention remarkable results by Hiraide
[36, 37], where it was proved that topologically Anosov homeomorphisms on surfaces are
conjugated to linear Anosov automorphisms.

122



5.3 Correctness of the definition

In this section we prove correwctness of the definition of the shadowing property, more
precisely we prove that this notion does not depend on the choice of generators.

Proposition 5.4. Let S and S’ be two finite symmetric generating sets for a group G. An
uniformly continuous action ® has the shadowing property on a set V. C € with respect to
the generating set S, if and only if it has the shadowing property on a set V C € with respect
to the generating set S'.

Proof of Proposition 5.4. The generating set S induces on G a so-called word norm defined
as length of the shortest representation of an element in terms of elements from S. We define
by |g|s (or simply by |g|) the word norm of an element g with respect to S.

It is well known that two word norms corresponding to two finite generating sets S and
S’ are bilipschitz equivalent, i.e. there exists a constant C' > 1 such that

l9ls:/C < |g|ls < Clglss Vg e€G. (5.3)

Fix an € > 0. Let d be the number from the definition of shadowing of ® with respect
to S corresponding to e. By uniform continuity of ®, there exists a constant d; < d/C such
that

dist(f,(w1), fy(w2)) < d/C, (5.4)
for any g € G, wy,wy € Q provided |g|sr < C and dist(wy,ws) < dj.

Let {y,}4ec C V be a di-pseudotrajectory of ® with respect to the generating set S’ i.e.
by (5.1)

dist(ysrg, fsr(yg)) <di Vs' € S,g€ @

Consequently, by (5.4),

diSt(ys’C...s’lga fs’csll (yg)) < diSt(ySIC...sllga fS/C (yslcil...s’lg))_‘_
+ dlSt(fs’c (ys’cil...s’lg)a .fs%(.fs’cul (y3672...s&g))) +..+

for any s,...,s, €5, g € G. To summarize,

dist (Yng, fr(yy)) < d (5.5)

for all g € G and h € G such that |h|gs < C' . It follows from (5.3) that any element
s € S satisfies |s|g¢y < C. Thus it follows from (5.5) that the sequence {y,}ec is a d-
pseudotrajectory of ® with respect to the generating set S.

It follows from our assumptions that {y,}sec is e-shadowed by some point z.. However
inequalities (5.2) do not depend on the choice of the generating set. Thus & has the shad-
owing property with respect to S’. Clearly ® is an uniformly continuous action with respect
to S’ too.

O
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5.4 Actions of nilpotent groups.

The following theorem is the main result this chapter [64].

Theorem 5.5. Let ® be an uniformly continuous action of a finitely generated virtually
nilpotent group G on a metric space ). Assume that there exists an element g € G such that
fq is topologically Anosov with respect to a pair (U, V). Then the action ® is topologically
Anosov with respect to the pair (U, V).

The main step of the proof is the following lemma, which is interesting by itself:

Lemma 5.6. Let G be a finitely generated group and H be a finitely generated normal
subgroup of G. Let ® be an uniformly continuous action on Q. If ®|y is topologically
Anosov with respect to a pair (U, V'), then ® is topologically Anosov with respect to the pair
(U, V) too.

Proof of Lemma 5.6. Fix a finite symmetric generating set Sy in H and continue it to a
finite symmetric generating set S in GG. By Proposition 5.4, we can assume that our initial
generating set S was chosen in this way.

Let A,~v > 0 be the constants from the definitions of a topologically Anosov action
and expansivity for ®|y. Since the maps {fs}scs are uniformly continuous, there exists
d <min(A/3,7) such that

diSt(fs(w1)> fs(w2)) < A/3 (56)

for any s € S and any two points wy,ws € € satisfying dist(wy, wy) < 0.

Fix e € (0,9) and choose d < ¢ from the definition of shadowing for ®|y for the generating
set Sy. Fix a d-pseudotrajectory {y,}sec C V of ®.

For any element ¢ € G consider the sequence {z}thenr = {Yn¢tnem. Note that this
sequence is a d-pseudotrajectory of ®|g. Since ®|y is topologically Anosov with respect to
(U,V), there exists a unique point x, € U such that

diSt(Zh, (I)(h, S(Iq)) = diSt(th, fh(l’q)) <e VheH. (57)

Existence of such z, follows from (TA2), uniqueness follows from (TA1), (TA3), and the
inequality € < 7.

Let us prove that {z,},ec is an exact trajectory.

Fix s € S and ¢ € GG. Consider an arbitrary element h € H. Since H is a normal
subgroup of G, there exists an element A’ € H such that

sh' = hs. (5.8)

It follows from (5.6)(5.8) that
dist(Ysnrg, fn(Tsq)) < €, (5.9)
dist(fs(ynq), f(fur(@q))) < A/3. (5.10)
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Since {y, }sec is a d-pseudotrajectory for @, it follows from (5.8)—(5.10) that

dist(fn(sq), fu(fs(7q))) <
diSt(fh(zsq)a ysh’q) + diSt(ysh’qa fs(yh’q)) + diSt(fs(yh’q)> .fhs(xq))) S
e+d+A/3 <A

Due to expansivity of ®|y on U, we conclude that
Tsq = fs(z,) Vse S qed.

Since S is a generating set for G, these equalities imply that z, = f,(z.) for all ¢ € G, and
hence by (5.7) x. satisfies inequalities (5.2).
Expansivity of ® is trivial, because of Remark 5.2. O

Next we prove Theorem 5.5 for the case of nilpotent groups.

Lemma 5.7. Let G be a finitely generated nilpotent group of class n and ® be an uniformly
continuous action of G on a metric space ). Assume that there exists an element g € G
such that f, is topologically Anosov with respect to (U, V). Then the action ® is topologically
Anosov with respect to (U, V).

Proof. Let us prove this lemma by induction on n.

For n = 1 the group G is abelian and hence the group P = (g) generated by ¢ is a normal
subgroup of G. Since f, is topologically Anosov, applying Lemma 5.6 we conclude that ® is
topologically Anosov.

Let n > 1 and assume that we have proved the lemma for all nilpotent groups of class
less or equal n — 1. Denote @ = [G, G| and P = (Q, g) (i.e. P is the minimal subgroup of G
that contains @ and g).

Proposition 5.8. (N1) The group P is a normal subgroup of G.
(N2) The group P is nilpotent of class at most n — 1.

Proof of Proposition 5.8. Let us start from Item (N1). Fix arbitrary p € P, h € G. Note
that hph™! € [G, G]p = Qp C P, which proves the claim.

Let us prove Item (N2). It is clear that any subgroup of a nilpotent group of class n is a
nilpotent group of class at most n. However we need a stronger result for the subgroup P.
As the analysis of simple examples shows (e.g. the direct product of the Heisenberg group
and Z), a nilpotent group of class n may have proper subgroups of class n. So item (N2) is
not trivial.

Denote

R=[Q,G]=[[G,G],Gl.
Clearly, in order to prove (N2) it is sufficient to prove that

[P,P] C [[G,G],G] =R
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(since it implies [[P, P], P] C [[|G, G], G], G| and etc.).
Since Qg = ¢gQ, any element p € P has a representation as qg”* for some ¢ € Q, k € Z.
Fix p1,p2 € P and put p; = 19", pa = gag*?. Note that

Pipe = 197 029" = 129" = roqiqeg™ TR,

pap1 = g™ 19" = quraqi g™ = rageqi g™ T = r5q1qag™

for some 71, ...,75 € R, and hence [p1, ps] = rors ' € R.
O

Let us note that these properties strongly use nilpotency of (), and their analogs do not
hold, for example, for solvable groups.

Let us continue the proof of Lemma 5.7. Since P is a finitely generated (due to Re-
mark 5.1) nilpotent group of class at most n — 1, g € P, and f, is topologically Anosov, by
the induction assumptions we conclude that ®|p is topologically Anosov. Combining this
property, (N1) and Lemma 5.6 we conclude that ® has the shadowing property. O

Proof of Theorem 5.5. Since G is virtually nilpotent, there exists a nilpotent normal sub-
group H of GG of finite index. Due to Remark 5.1 the group H is finitely generated. Consider
g € G from the assumptions of the theorem. Since H is a subgroup of finite index, there
exists k > 0 such that ¢g* € H. Since f, is topologically Anosov, the map f; = fgr is
also topologically Anosov. Hence, by Lemma 5.7, the action ®|y is topologically Anosov.
Applying Lemma 5.6 we conclude that ® is topologically Anosov too. O

5.5 Linear actions of Abelian groups

Consider a linear action of ZP on C™. In this case we fix p non-singular m X m matrixes

Ay, ..., A,. Assuming that they pairwise commute, we get the action
®: 7P x C™ — C™ (5.11)
defined by
O(n,x) = A" ... Ajrx (5.12)

forn=(ny,...,n,) € Z” and x € C™.

It is known [57] that for any family of pairwise commuting matrixes A; there exists a
unitary matrix U such that each matrix T; = U~'A,;U is upper triangular. Obviously, the
change of variables x = Uy preserves any shadowing and expansivity properties. Hence, we
may assume taht the matrixes A; are upper triangular.

Denote by A;; the j-th diagonal element of matrix A;.

Theorem 5.9. [82] Under the above conditions, the following statements are equivalent:

(1) action (5.11) has the shadowing property;
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(2) for any j € {1,...,m} there exists i € {1,...,p} such that || # 1;
(8) there is no vector v # 0 such that
Av=pn, 1=1,....p, where |u;|=1. (5.13)

Proof. Denote by (nl), (n2), and (n3) the negotiations of (1), (2), and (3) respectevily. We
prove the implications
(nl) = (n2) = (n3) = (nl)
First we prove (nl) = (n2).
Note that if a matrix A is hyperbolic then it satisfies shadowing and expansivity proper-
ties. Thus it follows from Theorem 5.5 that to establish (1) it is enough to show that there
exists n = (nq,...,n,) € ZP such that the matrix

A= Ap A (5.14)

is hyperbolic.

For contradiction, assume that condition (2) is satisfied while any matrix (5.14) has an
eigenvalue A with |A\| = 1. Since the matrixes A; are upper triangular the set of eigenvalues
of (5.14) is

N =1, m). (5.15)
By our assumption, for any n = (n4,...,n,) there is j such that
|>\’1‘;>\Z]”| =1. (5.16)
To proceed, we need the following auxiliarly statement.
Lemma 5.10. Assume that numbers p;;, where i = 1,...,p and j = 1,...,m, satisfy the
following condition: for any ni,...,n, € Z there exists j such that
nipiyy + -+ nppy; = 0. (5.17)

Then there exists j such that

Proof. We prove the statement by induction on p. For p = 1 the statement is obvious.

Assume that the statement is proved for p — 1. Fix ng,...,n, € Z and consider u; :=
Noflaj + - - -+ Nypfty;. Assumptions of the lemma imply that for any n, € Z there exists j such
that

Ny + U; = 0. (519)

Hence the euqality (5.19) holds for infinitely many n; with the same j. Note that for this j
the equalities u; = 0 and pq; = 0 hold.

Denote by J C {1,...,m} the set of such j that p1; = 0. We proved that that J # ()
and for any ns,...,n, € Z there exists j € J satisfying the euqlity

Ngplgj + -+ -+ Npiy; = 0.

By the induction assumtion there exisst j° € J such that po; = p3y = - -+ = p, = 0. Hence
j' satisfies equalities (5.18). Lemma 5.10 is proved. O
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Setting f;; := log |\;;| we reduce conditions (5.16) to (5.17). By Lemma 5.10 there exists
j such that [Aij| =1 for i =1,...,p. This proves implication (nl) = (n2).
Before proving (n2) = (n3), we establish an auxilarly statement.

Lemma 5.11. Let AY,..., A, be pairwise commuting linear operators on C™ such that
ker(ay Ay 4 -+ + a, A7) # {0} (5.20)
for any real numbers ay,...,a,. Then
Ni_, ker A] # {0}. (5.21)

Proof. In the proof, we often use the following simple statement. Let A and B be commuting
linear operators and let ker B = Y. Then A(Y) C Y. Indeed if y € Y then By = 0, so
ABy =0 and B(Ay) =0. Thus Ay € Y.

We prove the lemma by induction on p. The case p = 1 is trivial. Let p = 2. Define

Cp= A, + kA, and X =kerCy

for nonnegative integer k. Obviously C; and C; commute for any 7 and j. Our statement
above implies that

Let Lin(Y3,...,Y,) be the linear hull of the linear subspaces Yi,...,Y,.
We claim that there exist n such that

Indeed if X, 1 N Lin(Xo, ..., X,) = {0} for any n, then
dim Lin(Xo, ..., X,) >n+1,

which is impossible if n > m.
Let n be minimal satisfying (5.23). Consider x # 0 such that

x € X, NLin(Xy, ..., X,). (5.24)
represent x in the form z¢ + - - - + x,,, where x; € X;. Note that
Cn+1SL’ = Cn+1l’0 + 4 Cn+1l’n =0. (525)

It follows from (5.22) y; := Cyi12; € X;. Relation (5.25) implies that yo + - - + vy, = 0. If
we assume that y; # 0 for some ¢, and consider the maximal ¢ with this property, then

yi = —(yo+ -+ yi—1) € Lin(Xo, ... X;_1),
contradicting the choice of n and the inequality ¢« — 1 < n. Thus,

y; =0, for0<i<n. (5.26)
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Since z # 0, there exists k € {1,...,n} such that xy # 0. The equalities
Yp = Chy1xp, =0 and Crxp =0

imply that x; € ker A} Nker A. Thus our lemma is proved for p = 2.

Now assume that our statement holds for p. Define B, , = A| + kA] and X, = ker B, .
Since operators A] pairwise commute, so do B; ; and A has a nonempty kernel.

By the induction assumption applied to A}, Bog, ..., By, with any £,

Vi=ker A, NXypN---NX,, # {0}
The same reasoning as above shows that there exists n such that
Y41 N Lin(Yy, ..., Y,) # {0}.
Consider minimal n with this property. Take y; € Y; such that

Ynt1=Yo+ "+ Un (5.27)

and y,+1 # 0. Applying the operator By ,1 to (5.27) and taking into account that y,41 €
Y41 C Xo i1, we see that

0= DBypr1yo+ -+ Baniiyn (5.28)

Since By ,,+1y; € Y, the reasoning applied to establish (5.26) shows that By 41y, = 0 for any
1 e€A{0,...,n}.
Consider y; # 0. We claim that

y€ker AN A, N ---Nker A . (5.29)

Since y; € Y, we have y; € ker A;H. The relations By, 11y = 0 and y; € Y; C Xy imply
that
(Al + (n+ DAYy, =0 and (A} +14%)y = 0.

It follows that Ajy, = 0 and ALy, = 0. Since y; € X;; = ker B;; for any [ € {3,...,p} we
see in addition, that (A} 4+ [A})y; = 0. Thus, Ay, = 0 for these [, relation (5.29) holds, and

lemma is proved. O

This lemma implies an important property of pairwise commuting matrixes A;,..., A,
generating action (5.11). Obviously the desired implication (n2)=-(n3) follows from this

property.

Corollary 5.12. For any j € {1,...,m} there exists a vector v # 0 such that

Ai’U = >\ij1}, 1= 1, N B (530)
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Proof. Fix j and consider matrixes A, = A; — \;; E,,, where E,, is the identity m x m matrix.

This matrixes are triangular and pairwise commute. Their jth diagonal element are zero.
Hence condition (5.20) of Lemma 5.11 is satisfies. By Lemma 5.11, there exists a vector

v # 0 such that Ajv =0 for i = 1,...,p. Obviously, v satisfies (5.30). O

Now let us prove the implication (n3)=-(nl). Fix a vector v with |v] = 1 satisfying
(5.13). We claim that action (5.11) does not have shadowing property. Let us construct a
pseudotrajectory as follows. Fix a positive number d and a sequence {¢; : [ € Z} of integers
with the following properties: |¢;11 — ¢;| = 1 for any [, the sequence |¢| is unbounded, and
the limits limy_o ¢; do not exists. Define A = y; and set q; = de; A and z,, = A AT
for n = (nq,...,n,). Obviously {x,} is a 2d-pseudotrajectory of (5.11).

To complete the proof we claim that sup,, |®(n,y) — x,| = oo for any y € C™. To see
this, it is enough to show that

sup |(I)((7’L1,0,...,0),y) = L(nq,0,..., 0)| =00 (531)
(n1,0,...,0)
for any y € C™. Fix a basis ey,...,¢,, in C™ as follows:

e1r=v, Ae;=~Ae;+e_q, for2<i<k,

B 0
w=(0 e )

in this basis, where B and C are k x k and (m — k) x (m — k) matrixes, respectively.
If M is the first corrdinate of a vector @ € C™ in the chosen basis, then

and

xgll)o """ 0) = de AL

For y = (y1,...,ym) € C™, write ¥’ = (y1, . .. ,yk).'
The matrix B has the form AEy + J, where J* = 0 for ¢ > k. Hence for any y € C™,

k-1 1
(A = (B (Z; l—w “le’> = A'P(1),

where P(1) is a polynomial in [ of degree not exceeding k — 1 (determined by the fixed vector

y)-
If (5.31) does not hold for some y € C™, then the expression

(Al = 2B) | = ldes — P(D)|

is bounded in [. This contradicts the choice of the sequence ¢; since either P([) is constant
(while ¢; is unbounded) or |P(l)| — oo as |l| — oo (while ¢; does not have limits as |I| — oo).
The proof is complete. 0
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5.6 An action of a Baumslag-Solitar group.

It turns out that Theorem 5.5 cannot be generalized to the case of solvable groups. Consider
a solvable group G = BS(1,n) = < a,blba = a™b >, where n > 1. For any A > 0 consider
the action ® : G x R? — R? generated by the maps

fa(x) = Az, fi(z) = Bz,

10 A0
a=(17) B=(0m):

Note that BA = A" B, and hence the action ® is well defined.
For any A > 1 the map f, is hyperbolic, however the following holds: show that for any
linear one-dimensional action of group BS(1,n) holds relation f*~! = Id.

where

Theorem 5.13. [64]
(i) For A\ € (1,n] the action ® does not have the shadowing property.
(ii) For A > n the action ® has the shadowing property.

Proof. Without loss of generality, by Proposition 5.4, we consider the group BS(1,n) =
< a,b| ba = a™b > with the standard generating set S = {a,b,a™,b7'}. Denote by P, and
P, the natural projections on the coordinate axes in R%. As before denote

1 0 A0
A_<1 1)’ B_<0 n)\)'

Ar:(i (1)) BE(?; (ng)r) vr € Z. (5.32)

Proof of Item (i). To derive a contradiction assume that ® has the shadowing property
and choose d > 0 from the definition of the shadowing property applied to € = 1.
Consider an auxiliary action ¥ : G x (R x Z) — (R x Z) generated by the maps

Note that

Ga(z, k) = (x+n"" k), gz, k)= (z,k+1).

It is easy to check that g, 0 g, = g o g, and hence the action ¥ is well defined.
Consider the map F': (R x Z) — R defined as follows

F(z,k) = ((L+ BN |2 (nA) ¥l 7).,

where 8 = 122 € (0, 1].
Finally, consider the sequence

b=t F(¥(0.(0,0) VoeC
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We claim that {y,}sec is a d-pseudotrajectory for the action @, i.e. inequalities (5.1) hold
for all s € {a,b,a™',b71}.

Indeed, fix g € G. Denote (z,k) = ¥(g, (0,0)).

If s = b*!, then it is easy to see that ys, = fs(y,).

If s = a, then

d d
Prys, = 3 (1+B) M\ |z + n_k}ﬁ , Paysg = 3 (nA)* |z + n_k}lw '

Denote A = n=*. Then \¥ = A=?. In such notation

Py oy — Folw)) = 5 (14 3) A7 ([ + AP —|af”)

d/,._ _ _
Py (gog = fulte)) = 5 (A7 a4 AP — (A= a 0 4 (14 8) A Ja]?) ).

We use the following inequalities, which hold for all 5 € (0, 1] and z, A € R:
|+ A7 < |2 + A,

@+ A < o7+ (14 B)|A|2)” + [A].

From these inequalities it is easy to conclude that

1P (Yag — falyg))| < (B+1)d/3,  [Pa(yag — falys))] < df3,
which implies
Yag — falyy)| < d.
Similarly
Ya-1g — fa1(yg)| < d.

And hence {y,},ec is a d-pseudotrajectory.

Since by our assumptions the action ® has the shadowing property, there exists x. € R
such that (5.2) holds.

Note that g, = 0 for any k& > 0. Substituting ¢ = b* into (5.2), we conclude that
|B¥x.| <1 and hence, by expansivity of f;, z. = (0,0).

Now substituting g = b*a into (5.2) and looking on the first coordinate we conclude that:

INd/2 —0| <1 Vk>0,
which is impossible for sufficiently large k. The derived contradiction finishes the proof of
Item (i).

Proof of Item (ii). Fix ¢ > 0. Note that the map f, has the shadowing property
and is expansive. Let us choose d € (0,¢) such that any d-pseudotrajectory of f, can be
e-shadowed by an exact trajectory of f,. Consider an arbitrary d-pseudotrajectory {y,},ec
of the action ®.
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For any element ¢ € G consider the sequence {2 }rez, defined by 2, = y,. Note that
this sequence is a d-pseudotrajectory for f,. Since f, has the shadowing property and is
expansive, there exists a unique point x, € R such that

|2k = [ (2)] = lypeg — fi (2g)| <& VK € Z. (5.33)
We claim that xz, = ®(g, x.). To prove this, it is enough to show that
Tyy = Bq, x4 = Az, VqeQG. (5.34)

The first equality follows directly from expansivity of f,. Let us prove the second one.
Note that the relation ba = a™b implies that

boa=a" bk vk > 0. (5.35)

Fix an arbitrary ¢ € G. Note that since {y; }1eq is a d-pseudotrajectory,

‘Plyankbkq - Plybkq‘ < dn”. (536)
By a straightforward induction it is easy to show that for all j € [1,n*] the inequality
. i +1)
|P2yankbkq - P2y(ank—j)bkq - jply(ank—j)bkq| < 9 d
holds. In particular
nF(n* +1
| Pyt g — Patgiorg — 1" Prygyig| < %d. (5.37)

Relations (5.33), (5.35), and the definition of a pseudotrajectory imply that for any & > 0
the following relations hold:
| B 20q — Ypraq| < €,

Yvkaqg — ya(nk)bkqv
‘ybkq — kaq‘ < g,
and hence by (5.32), (5.36) and (5.37)
IN(Pizgq — Pizy)| < 26 +dn* Vk >0,

nk(nk +1)

|(nA)F Pyay — (nN)F Pyzy — (nA)*Pia,| < 26 + d Yk >D0.

Since A > n,
Plxaq = Pll'q, Pg.ilfaq = PQLUq + Pll'q,

which implies (5.34) and finishes the proof of Item (ii).
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5.7 Actions of free groups.

For actions of free groups we prove the following theorem [64]:

Theorem 5.14. Any linear action of a finitely generated free group with at least two gener-
ators on an Euclidean space does not have the shadowing property.

This theorem leads us to the following conjecture and question:

Conjecture 5.1. Any uniformly continuous action of the finitely generated free group with
at least two generators on a manifold does not have the shadowing property.

Question 5.1. Which groups admit an action on a manifold satisfying the shadowing prop-
erty?

However the following obvious remark holds:

Remark 5.15. Let X be a discrete two-point space. Trivially the identity action of any
finitely generated group on X has the shadowing property. A similar statement is true when
X is a Cantor set.

We derive Theorem 5.14 from the following more general, but more technical statement:

Theorem 5.16. Let G be a finitely generated free group with at least two generators. Let ®
be an uniformly continuous action of G on a non-discrete metric space Q.

1. If for some g € G the map f, is expansive, then ® does not have the shadowing property.

2. If for some g € G, g # e, the map f, does not have the shadowing property, then @
does not have the shadowing property too.

Remark 5.17. Item 1 of Theorem 5.16 holds for a more general class of groups with infinitely
many ends (we refer the reader to [14] for the precise definition).

Proof of Theorem 5.14. Since for linear actions of Z both the shadowing property and ex-

pansivity are equivalent to hyperbolicity, Theorem 5.14 follows from Theorem 5.16. O
Without loss of generality, by Proposition 1, we consider a free group G ==< ay, ..., a,| >
with the standard generating set S = {a",... aX'}. It means that any element g € G has

a normal form g = s,...s; (where s; € S), i.e. the unique shortest representation in terms
of elements of S.

Proof of Theorem 5.16. Proof of Item 1. To derive a contradiction, suppose that ® has
the shadowing property. Let d be the number that corresponds to ¢ = A (the constant of
expansivity of f,) in the definition of shadowing for ®.

Consider the normal form of g: g = s,...s;. Fix any ¢ € S\{s1,s7'}. Since f ' is
uniformly continuous, there exists a number d; < d such that

dist(f; (), £ (ws)) < d, (5.38)

134



for any wy, ws € ) satisfying dist(wy, wsy) < d;.
Since () is non-discrete, we can fix two distinct points wy, w € 2 such that dist(wg,w) < d;.
We construct a pseudotrajectory {y; }eq in the following way:

) @(t, f;'(w)), if the normal form of ¢t € G starts with g,
= D(t, f, ' (wo)), otherwise.

Note that, by (5.38),
dist(yy, fy(ye)) = dist(w,wp) < dy < d,

dist(ye, fq_l(yq)) = dist(fq_l(wo), fq_l(w)) < d,

and the equality ys; = fs(y;) holds for all other s € S, t € G. Hence {y;}iec is a d-
pseudotrajectory.

Our assumptions imply the existence of a point x. such that inequalities (5.2) hold.
Consequently,

dist(ygr, D(g°, ) = dist(f (f, ' (wo)), fy(z)) < A, Vk € Z,
which, by expansivity, implies that
ze = fi ' (wo)- (5.39)

Since the normal form of {g¥q}rez starts from g,

dist(ygrq, D(g"q, x)) = dist(fy (), fy (fy(ze)) <A, Vk € Z.

Hence, by expansivity, w = f,(x.), which together with (5.39) contradicts to the choice of w
and wp. Thus ® does not have shadowing, which proves Item 1.

Proof of Item 2. Let € be any number such that for any d < € the map f, has a
d-pseudotrajectory that cannot be e-shadowed by any exact trajectory of f,. Consider the
normal form of g = s,...s;. Fix any d < e. There exists a number d; < d such that for any
¢ that has a form ¢ = f,, ... fs, or ¢ = fS;1 .o fy-1 for some 1 < j <1 we have

dist(¢(w1), p(w2)) < d, (5.40)

for all wy, wq € Q such that dist(w;, ws) < d;.
Consider a dy-pseudotrajectory {xj}rez for f, that cannot be e-shadowed and the se-
quences {zx }rez, {¥: }eq defined as follows

Zrk = Tk, k e 7,
ZTk-l—j-l—l == fsj+1(zrk+j)7 0 S] <r-—- 17 k E Z7

{@(v,zrkﬂ-), forw=tv ' =s;...5(s...50)" k>0,1<j<r;
Yy =

(v, 2pp—j), forw=to™ =51 . 57 (s s)F k>0,1<
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where v is the element of minimal length such that ¢t = vw for some w = tv~! of the form
defined above.

By (5.40) the sequence {y; }ieq is a d-pseudotrajectory. If it is e-shadowed by the trajec-
tory of a point u,, then {z}rez is e-shadowed by { f;(ue)}kez, which leads to a contradic-
tion. O
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Summary of the Habilitation Thesis “Quantitative
properties of infinite and finite pseudotrajectories”

This Thesis is devoted to the study relation between shadowing properties of dynamical
systems generated by diffeomorphisms, vector field and actions of more complicated groups
with such forms of hyperbolicity as structural stability, 2-stability and partial hyperbolicity.

Let M be a smooth compact manifold of class C'"™° with the Riemannian metric dist and
f: M — M be a diffeomorphism on M.

Definition 1. For an interval I = (a,b) with a = Z U {—o0c}, b =Z U {+o0} and d > 0 we
say that a sequence of points {yx}rez is a d-pseudotrajectory, if the following holds:

dist(ygr1, f(yr)) <d, ke€Z, k,k+1el.

Usually we will consider pseudotrajectories defined on Z.

Initially pseudotrajectories were introduced in the theory of chain-recurrent sets and in
structural stability theory. Pseudotrajectories also naturally appear in numerical simulations
of dynamical systems.

The shadowing problem in the most general setting is related to the following ques-
tion: under which conditions for any pseudotrajectory of a dynamical system there exists a
close exact trajectory? The problem of shadowing was initiated in works of Anosov [1] and
Bowen [2]. Current state of the shadowing theory is reflected in monographs [14, 18] and
review [20].

Definition 2. We say that f has the standard shadowing property (StSh) if for any ¢ >
0 there exists d > 0 such that for any d-pseudotrajectory {yi}rez there exists an exact
trajectory {xy }rez, satisfying

dist(zg, ) <e, k€ Z. (1)
In that case we say that pseudotrajectory {y;} is e-shadowed by an exact trajectory {wy}.

Shadowing property plays important role in the smooth dynamical system theory. Indeed,
if diffeomorphisms f;, fo are close then exact trajectories of fy are pseudotrajectories for f,
hence the shadowing property is a weak form of stability. From the point of view numerical
simulations if a diffeomorphism f (or vector field X) has the shadowing property, then
approximate trajectories, attained as a result of numerical simulation of a corresponding
dynamical system, reflects the behaviour of the system on infinite time interval.

In this Thesis we study quantitative characteristics of the shadowing property: depen-
dence between ¢ and d, and shadowing of pseudotrajectories of finite length.

Shadowing theory is strongly related to the notions of hyperbolicity and structural sta-
bility. Let us introduce the following notions.

Denote by T,M the tangent bundle of M at point x € M. Let |v| be the norm of a
vector v € T, M, corresponding to the metric dist. Denote by B(r,z) an open ball in M of
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radius r centered at x € M and by Br(r,x) an open ball in T, M of radius r centered in the
origin. For a subset A of a metric space, denote by B(r, A) the union of all balls of radius r
centered in the points of A. Denote by Cl A the closure of a set A.

Denote by Diff' (M) the space of diffeomorphisms on M, endowed with the C'-topology.
For a set P C Diff' (M) denote by Int'(P) its C'-interior.

Definition 3. We say that a compact invariant set A C M is hyperbolic if there exist C' > 0,
A € (0,1) and a decomposition of a tangent bundle T, M = E? @ EY for x € A such that

1. Df(z)Ex" = Ey,) for x € A
2. |Df*(z)v*| < CXEJw®| for z € A, v® € ES, k > 0.
3. [Df*(z)vt| < CN¥|vY| for z € A, v* € E¥, k > 0.
If A = M is a hyperbolic set then we say that f is an Anosov diffeomorphism.

It is well-known that dynamical systems have shadowing property in a neighborhood of
a hyperbolic set [1,2]. This statement is often called the shadowing lemma.

Definition 4. We say that a diffeomorphism f € Diff* (M) is structurally stable if there exists
a neighborhood U C Diff'(M) of f such that for any g € U there exists a homeomorphism
h : M — M such that ho f = go h.

For a diffeomorphism f € Diff* (M) denote by Q(f) the set of nonwondering points of f.

Definition 5. We say that a diffeomorphism f € Diff* (M) is Q-stable if there exists a
neighborhood U C Diff'(M) of f such that for any g € U there exists a homeomorphism
h:Q(f) = Q(g) such that

ho f(x) =goh(x), z¢€Q(f).
Denote the set of (2-stable diffeomorphisms by €25

Notions of structural stability and hyperbolicity are strongly related. It is known that a
diffeomorphism f is structurally stable iif it satisfies Axiom A (hyperbolicity of the nonwon-
dering set and density of periodic orbits in the nonwondering set) and the strong transver-
sality condition [11,27]. A diffeomorphism f € QS if and only if f satisfies Axiom A and
the no cycle condition, see, for example [21].

In Chapter 1 we study quantitative characteristics of shadowing for diffeomorphisms.

Definition 6. We say that f has the Lipschitz shadowing property (LipSh) if there exists
L, dy such that for any d < dy and d-pseudotrajectory {yx }rez there exists an exact trajectory
{1 }rez, such that inequalities (1) hold with e = Ld.

In [28,31] the following theorem was proved (see also [15], Appendix A).

Theorem 1. Structurally stable diffeomorphisms have the Lipschitz shadowing property.
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It is easy to see that the Lipschitz shadowing property implies the standard shadowing
property. Let us note that the standard shadowing property persists under topological
conjugacy, and hyperbolicity, transversality, and structural stability do not. Hence, there
is no chance to characterise the set of diffeomorphisms satisfying the standard shadowing
property in terms of hyperbolicity, transversality and structural stability. However in the
modern theory of dynamical systems it is believed that shadowing and hyperbolicity are
almost equivalent. At the same time numerical simulations show good results for much
broader class of systems.

The situation completely changes if we consider C'-interior of the sets, satisfying the
shadowing property. Sakai proved the following theorem [30].

Theorem 2. C'-interior of the set of diffeomorphisms, satisfying the standard shadowing
property coincide with the set of structurally stable diffeomorphisms.

At the same time there exists plenty of non structurally stable examples satisfying the
standard shadowing property [18,19,22].
In this thesis we introduce the following notion.

Definition 7. Let us say that f has the Hélder shadowing property on finite intervals with
exponents 6 € (0,1), w > 0 (FinHolSh(f, w)), if there exists dy, L, C' > 0, such that for any
d < dy and d-pseudotrajectory {yx}rejo,cqa—«) there exists an exact trajectory {zx}repo,ca—«];
satisfying

dist(zy, yx) < Ld®, k€ [0,Cd™].

It is easy to show that for 6 € (0,1) and w > 0 the following inclusions hold
SS C LipSh C HolSh(#) := FinHolSh(6, +00) C FinHolSh(f, w) C StSh,

where SS denote the set of structurally stable diffeomorphisms.

In paragraph 1.2 we introduce the notion of inhomogeneous linear equation, in paragraph
1.3 we introduce notion of slow growth property for inhomogeneous linear equation and relate
it to the notion of exponential dichotomy. Those notions will be the main tool in Chapter 1
and essentially used in Chapter 4.

In paragraph 1.4 we prove the following theorem [23].

Theorem 3. The following statements are equivalent:
o diffeomorphism f has the Lipschitz shadowing property;
o diffeomorphism f is structurally stable.
Let us note the following corollary from Theorem 3.

Definition 8. Recall that we say that diffeomorphism f has the expansivity property if
there exists a > 0, such that if z,y € M and

dist(f*(z), f*(y)) <a, ke M.

then z = y.



Corollary 4. The following statements are equivalent:
o diffeomorphism f has the Lipschitz shadowing property and is expansive;
e f is an Anosov diffeomorphism.
In paragraph 1.5 we prove the following theorem [34].

Theorem 5. Diffeomorphism f € C?, satisfying FinHolSh(0,w) with 0 > 1/2, 0 +w > 1 is
structurally stable.

This theorem gives an upper bound for the length of shadowable pseudotrajctories for not
structurally stable diffecomorphisms. Note that previously Hammel, Grebogi and York [6,7]
based on results of numerical simulation conjectured the following.

Conjecture 1. Typical dissipative map f : R* — R? satisfy FinHolSh(1/2,1/2).

This conjecture allows us to assume that Theorem 5 cannot be improved.

Let us describe connection of those results with other problems in the dynamical system’s
theory. Theorem 5 has an interesting consequence even in the case of infinite pseudotrajec-
tories.

Theorem 6. Diffeomorphism f € C?, satisfying HolSh(#) = FinHolSh(6, +o00) with § > 1/2,
18 structurally stable.

Note relation between Theorem 6 and the question suggested by Katok:

Question 1. Is it true that any diffeomorphism Hélder conjugated to Anosov, is Anosov
itself ?

Recently it was shown that in general the answer to this question is negative, however
the following statement is correct [5].

Theorem 7. A C?-diffeomorphism, conjugated to an Anosov diffeomorphism via Hélder home-
omorphism h, is Anosov itself provided that the product of Holder exponents of h and h=!
greater 1/2.

It is easy to show that diffeomorphism Holder conjugate to a structurally stable satisfy
the Holder shadowing property. Therefore using Theorem 6 we can conclude the following
statement generalising Theorem 7.

Corollary 8. A C?-diffeomorphism, conjugated to a structurally stable diffeomorphism via
Holder homeomorphism h, is structurally stable itself provided that product of Hélder exponents
of h and h™' greater 1/2.

Important role in the theory of dynamical systems plays the structure of the set of periodic
orbits. In this context it is natural to consider so-called periodic shadowing property. In
paragraph 1.5 we consider the following notion.
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Definition 9. We say that diffeomorphism f has the periodic shadowing property if for any
e > 0 there exists d > 0 such that for any d-pseudotrajectory {yx} there exists periodic
trajectory {x} such that the following inequalities hold

dist(zg,yx) <e, k€ Z.
Denote the set of diffeomorphisms satisfying the periodic shadowing property by PerSh.

Definition 10. We say that diffeomorphism f satisfies the Lipschitz periodic shadowing
property (LipPerSh) if there exists L, dy > 0, such that for any periodic d-pseudotrajectory
{yr} with d < dy there exists a periodic trajectory {x;} such that the following inequalities
hold

diSt(LL’k,yk) < Ld, keZ.

In paragraph 1.6 we prove the following theorem [12].
Theorem 9. Int'(PerSh) = LipPerSh = Q5.

In Chapter 2 we consider shadowing property for partially hyperbolic diffeomorphisms.
In paragraph 2.1 we introduce notion of the central shadowing property and prove ana-
logue of the shadowing lemma for partially hyperbolic diffeomorphisms.
Let f be a partially hyperbolic diffeomorphism with the corresponding decomposition of
the tangent bundle
T.M=E & FE. & E,.

Denote
Ef =E ®FE, E':=FE &L

Definition 11. A partially hyperbolic diffeomorphism f is dynamically coherent, if both dis-
tributions £ and F“* are uniquely integrable. In that case distribution E° is also uniquely
integrable, and corresponding foliation W€ is a subfoliation of W and W .

See [3,29] for the detailed discussion on the notion of dynamical coherence.

In paragraph 2.1 we assume that f is dynamically coherent.

Denote by dist.(-,-) the distance in the internal metric of the manifold W¢. Denote by
We(x) ={y € We(z) : dist.(z,y) < €}.

We consider the following notion for the shadowing property of dynamically coherent
diffeomorphisms.

Definition 12. (see for instance [8]) We say that an e-pseudotrajectory {yx} is central, if
for any k € Z the inclusion yi1 € W(y,) hold.

Definition 13. We say that partially hyperbolic, dynamically coherent diffeomorphism f
satisfy the central shadowing property, if for any ¢ > 0 there exists d > 0 such that for
any d-pseudotrajectory {yx} there exists an e-central pseudotrajectory {xy}, satisfying the
inequalities

dist(xg, yx) < e, k€ Z. (2)



Definition 14. We say that partially hyperbolic dynamically coherent diffeomorphism f
satisfy the Lipschitz central shadowing property, if there exists L,dy > 0, such that for any
d < dy and d-pseudotrajectory {y,} there exists an Ld-central pseudotrajectory, satisfying
the inequalities (2), with € = Ld.

Note that the Lipschitz central shadowing property implies the central shadowing prop-
erty. In the Thesis we prove the following analogue of the shadowing lemma [10].

Theorem 10. A partially hyperbolic dynamically coherent diffeomorphism f satisfies the
Lipschitz central shadowing property.

The proof is based on the Schauder fixed-point theorem. The classical proofs of the
shadowing lemma [1, 2] are based on the contracting mapping principle and cannot be
used in our context, since the holonomy maps corresponding to foliations W, W are
Hoélder continuous but not Lipschitz (see for instance [29]).

In paragraph 2.2 we consider the shadowing problem in a special case.

Consider the space ¥ = {0,1}%, endowed with the standard metric dist and probability
measure v. For a sequence w = {w'} € ¥ denote by t(w) the 0-th element of the sequence:
t(w) = w0 Define “the shift map” o : ¥ — ¥ as follows: (o(w))? = w'*.

Consider the space ) = ¥ x R. Endow ) with the maximal metric and the product
measure = v X Leb.

Fix A, A1 € R, satisfying the following

0< )\0 <l< )\1, )\0)\1 §£ 1. (3)
Consider map f : QQ — @, defined as follows

flw,z) = (0(w), M) ).

For ¢ € @Q, d > 0, N € IN denote by 2, 4 v the set of d-pseudotrajectories of length N,
starting at go = ¢. Assuming that g, is chosen randomly in B(d, f(qx)) according to mea-
sure p, the set €, 4 n is endowed by the structure of a Markov process. This construction en-
dow Qg 4.y with a probability measure P. Similar construction for infinite pseudotrajectories
were described in [37]. For € > 0 denote by p(q, d, N, €) the probability of a pseudotrajectory
from €, 4 n to be e-shadowable. Note that this event is measurable since it is open.

Let ¢ = (w,z), ¢ = (w,0). For any d,e > 0, N € IN the following equality holds
p(q,d, N,e) = p(q,d, N,e). Set

p(d,N,e) := / p((w,0),d, N,e)dv.
weX

The number p(d, N, ) is the probability of a d-pseudotrajectory to be e-shadowable.
The main result of this paragraph is the following theorem [36].

Theorem 11. For any Ao, \1 € R, satisfying relations (3) there exist g > 0 and cog > 0
such that for any e < g the following hold:



1. If ¢ < ¢y, then limy_,o, p(¢/N¢, N, e) = 0;
2. If ¢ > ¢o, then limy_,o p(e/N¢, N, ) = 1;

Analogue of Conjecture 1 for map f allows to suggest that the value p(¢/N, N,¢) is
almost 1. So if ¢y > 1 then Conjecture 1 does not hold. In the Thesis (Remark 2.16) we give
example of such parameters.

In Chapters 3, 4 we study various shadowing properties for vector fields.

We consider not only the set of vector fields satisfying some shadowing property but its
interiors in the C'-topology, i.e. the set of vector fields satisfying some shadoiwng property
together with all its C''-small perturbation. Denote by F(M) the space of C! vector fields
on a manifold M, endowed with the C*-topology. For a vector field X denote by ¢(t,x) the
flow generated by X.

For a set P C (M) denote by Int'(P) its C'-interior. For avector field X denote by
Per(X) the set of fixed points and closed trajectories of X. For a hyperbolic trajectory p let
us denote by W#*(p) and W*(p) its stable and unstable manifolds respectively.

Let us pass to the definition of the shadowing property for vector fields.

Definition 15. We say that map g : R — M (not necessarily continuous) is a d-pseudotrajectory,
if the following inequalities hold

dist(g(t +7),0(7,9(1))), teR,[7] <1
To define shadowing properties for vector fields we need the notion of reparametrisation.

Definition 16. We call a reparametrisation an increasing homeomorphism of the real line
h: R — R. Denote set of all reparametrisation by Rep. For € > 0 denote by Rep(e) the set
of reparametrisations, satisfying the following inequalities

h(ty) — h(ts)
t1 — 1y

—1| <e.

Definition 17. Let us say that a vector field X and the corresponding flow ¢ satisfy the
standard shadowing property, if for any € > 0 there exists d > 0, such that for any d-
pseudotrajectory ¢(t) there exists a reparametrisation h € Rep(¢) and a point x € M, such
that the following inequalities hold

dist(g(t), o(h(t),z)) <e, teER. (4)
Denote by StSh the set of vector fields satisfying the standard shadowing property.

We use the same notation StSh as in the case of diffeomorphisms. In what follows it
would be clear from the context if we consider the case of diffeomorphisms or vector fields.
Let us note that the notion of reparametrisation is necessarily in the definition of shad-
owing property. Indeed if we replace inequalities (4) in the Definition 17 by the inequalities

dist(g(t), ¢(t,x)) <&, teR,
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then a lot of “good” vector fields do not satisfy the shadowing property. As an example we
can consider a vector field on a manifold M, which has a hyperbolic closed trajectory [18].
Let us introduce various shadowing properties.

Definition 18. We say that a vector field X and the corresponding flow ¢ satisfy the
Lipschitz shadowing property if there exist constants L, dy > 0 such that for any d < dy and
d-pseudotrajectory g(t) there exists a point x € M and reparametrisation h € Rep(Ld) such
that the following inequalities hold

dist(g(t), ¢(h(t),z)) < Ld, t € R.
Denote by LipSh the set of vector fields satisfying the Lipschitz shadowing property.

Definition 19. We say that vector field X and corresponding flow ¢ satisfy the oriented
shadowing property, if for any € > 0 there exists d > 0 such that for any d-pseudotrajectory
g(t) there exists a reparametrisation h € Rep and a point € M such that the inequalities
(4) hold. Note that we do not assume closeness of reparametrisation h to the identity map.
Denote by OrientSh the set of vector fields satisfying the oriented shadowing property.

Clearly the following inclusions hold
LipSh C StSh C OrientSh .

The notion of the standard shadowing property is equivalent to the strong pseudo orbit
tracing property (POTP), introduced by Komuro [9]; the oriented shadowing property is
equivalent to the normal POTP introduced by Komuro [9] and the pseudo orbit tracing
property, introduced by Thomas [32].

Note that all three introduced above notions of the shadowing property are not equivalent.
Examples of vector fields lying in the set StSh\ LipSh are well-known and relatively easy
to construct. In paragraph 3.4 we construct an example of a vector field lying in the set
OrientSh \ StSh. FEarlier Komuro showed that the oriented and the standard shadowing
properties are equivalent for the case of vector fields without fixed points [9]. In the same
paper Komuro posed a question if those two notions are equivalent in general [9, Remark
5.1]7

As in the case of diffeomorphisms the following notions play an important role in the
shadowing theory.

Definition 20. We say that a compact invariant set A C M is hyperbolic if there exist
numbers C' > 0, A > 0 and linear subspaces E?, E¥ C T, M such that for any = € A the
following holds

1. .M =E:® E'd < X(x) >.
2. Let ®(t) be the fundamental matrix of the variational systems

dy 0X
dy 8—x(¢(t’x))y

along the trajectory ¢(t,p), satisfying ®(0) = E. Then
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(a) ®Q)E; = E
(b) [®
(c) [®

wa) POVEY = EY
t)vs] < CeM|v?| for v¥ € ES and t > 0.
—t)v¥| < Ce o] for v* € E* and t > 0.

(tx)”
(
(
If A = M is a hyperbolic set then we say that X is an Anosov vector field.

Definition 21. We say that a vector field X € F(M) is structurally stable if there exists
a neighborhood U C F(M) of X such that for any Y € U there exists a homeomorphism
a : M — M which maps trajectories of X to trajectories of Y and preserves the direction of
movement alomg trajectories. In other words there exists a map 7: R x M — R such that

e for any z € M, the function 7(-, z) increases and maps R into R;
o 7(0,z) = x for any x € M;

o a(o(t,x)) = (7(t,x),a(x)) for any t € R, x € M, where 9 (-,-) is the flow generated
by Y.

Denote by SS the set of structurally stable vector fields.
For a vector field X denote by (X)) the set of nonwondering points of X.

Definition 22. We say that a vector field X € F(M) is Q-stable if there exists a neigh-
borhood U C F(M) of X such that for any Y € U there exists a homeomorphism « :
Q(X) — Q(Y) which maps trajectories of X to trajectories of Y and preserves the direction
of movement along trajectories. Denote by €25 the set of (2-stable vector fields.

Pilyugin proved the following theorem [17].
Theorem 12. SS C LipSh

In Chapter 3 we study the set OrientSh in the C'-topology.

The following notion plays an important role in this chapter. We say that matrix A is of
class K, if all its eigenvalues has nonzero real parts. Denote by K, the set of matrixes K,
with pair of complex conjugate eigenvalues a; + b1i with a; > 0, such that if ¢; > 0 is an
eigenvalue of A, then ¢; > a;. Denote by K, the set of matrixes A, such that —A € K.

Definition 23. We say that a vector field X is of class B, if there exists two fixed points p;
and po (not necessarily distinct) of X, satisfying the following properties:

1. DX(p) € K7,
2. DX(p) € K.
3. invariant manifolds W?*(p;) and W*(ps) has a trajectory of non transverse intersection.

In my PhD thesis I have proved the following theorems [25, 26, 35].



Theorem 13. Int'(OrientSh) \ B = SS.
Theorem 14. If dim M < 3, then Int'(OrientSh) = SS.

In paragraph 3.1 we construct an example of a vector field, which shows that exclusions
of vector field of class B in Theorem 13 is essential [26].

Theorem 15. There exists a vector field X € Int'(OrientSh) \ SS on manifold S? x S2.

This theorem is the main result of chapter 3. Note that Theorem 13 implies that X € B.
In paragraph 3.2 we show that [4]

Theorem 16. Int'(OrientSh) C QS.

This result implies that example from Theorem 15 must satisfy Axiom A’ and violate
the strong transversality condition.
In paragraph 3.3 we show that sets StSh and OrientSh do not coincide [33].

Theorem 17. There exists a vector field X € OrientSh\ StSh on manifold S* x S? .

In Chapter 4 we consider vector fields with the Lipschitz shadowing property and the
Lipschitz periodic shadowing property.
In paragraph 4.1 we prove the following theorem [16].

Theorem 18. The vector field X has the Lipschitz shadowing property if and only if X 1is
structurally stable.

Definition 24. We say that a vector field X and the corresponding flow ¢ has the expansivity
property, if there exists constants a,d > 0 such that if the inequalities

dist(o(t, x), d(a(t),z)) <a, teR

hold for some z,y € M and increasing homeomorphism « € Rep, satisfying «(0) = 0, then
x = ¢(1,y), where |7| < 0.

We prove the following statement as a corollary from Theorem 18.

Corollary 19. If a vector field X satisfy Lipschitz shadowing property and expansivity then
X is an Anosov vector field.

In paragraph 4.2 we study connection between (2-stability and periodic shadowing prop-
erty [16].

Definition 25. We say that a vector field X satisfies the Lipschitz periodic shadowing
property (LipPerSh) if there exists L, dy > 0 such that any periodic d-pseudotrajectory g(t)
with d < dy, can be Ld-shadowed by closed trajectory.

Theorem 20. Vector field X has the Lipschitz periodic shadowing property if and only if it
is Q-stable.
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Diffeomorphisms Vector fields

Int'(StSh) = SS Int'(OrientSh) # SS (dim M > 3)
Int'(PerSh) = QS Int! (OrientSh) C QS
C! OrientSh # StSh

Int! (OrientSh \ B) = SS

Int' (OrientSh) = SS (dim M < 3)
LipSh =SS LipSh = SS

Lipschitz | LipPerSh = Q.85 LipPerSh = QS

f € C* FinHolSh(«,w)
a,w>1/2= f eSS

Table 1: Relations between shadowing properties and structural stability

Results of the chapters 1, 3, 4 are represented in a short form in the Table 1.

Equality Int'(StSh) = SS was proved by Sakai in 1994; equalities Int'(OrientSh \ B) = SS
and Int*(OrientSh) = SS (dim M < 3) were obtained in the PhD Thesis of the author. The
rest results were achieved by the author (some of results are co-authored) in 2010 — 2015.

In Chapter 5 we consider actions of finitely generated groups. We introduce notion of
the shadowing property for groups actions. We consider in details shadowing for actions of
nilpotent, solvable and free groups.

Consider a finitely generated (not necessarily Abelian) group G and a metric space (2
with metric dist.

We say that the map ® : G x Q — Q is a (left) action of a group G if the following
conditions hold:

(G1) for any g € G the map f, = ®(g, ) is a homeomorphism of €;
(G2) ®(e,z) =z for any x € Q, where e is the identity element of G;
(G3) (g1, (g2, 7)) = (9192, x) for any g1, 92 € G and z € .

We say that an action is uniformly continuous, if there exists a finite symmetric generating
set S C G of G such that maps f, are uniformly continuous for all s € S. Note that if € is
compact, then any action of the finitely generated group is uniformly continuous.

Fix finite symmetric generated set S of G.

Definition 26. For d > 0 we say that a sequence {y,},eq is a d-pseudotrajectory of action
® (with respect to a generating set S) if

dist(fs(yy),ysg) < d, g€ G,s€S.

Definition 27. We say that uniformly continuous action ® satisfies the shadowing property
on aset V' C €, if for any € > 0 there exists d > 0 such that for any d-pseudotrajectory {y,}
there exists a point x. € €1, such that

dist(fy(we),yy) <&, g€G.
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In that case we say that {y,} is e-shadowed by {z, = f,(z.)}. If V = Q, we say that ®
satisfies the shadowing property.

Note that the definition of the shadowing property depends on the choice of a generating
set S. However the following statement shows that if an uniformly continuous action satisfies
the shadowing property for one symmetric generating set then it satisfies the shadowing
property for all other symmetric generating sets.

Statement 21. Consider two finite symmetric generating sets S and S" of G. If a uniformly
continuous action ® satisfies the shadowing property on a set' V-C € with respect to a gener-

ating set S, then ® satisfies the shadowing property on a set V' with respect to a generating
set S’.

Definition 28. We say that action ® satisfies the expansivity property on a set U C 0, if
there exists a > 0, such that if some z,y € U the inequalities

dist(fo(z), fo(y)) < a,
hold then z = y.

Note that if for a subgroup G; < G action ®|g, satisfies the expansivity property then
® satisfies the expansivity property as well.

Definition 29. Consider sets U,V C . We say that uniformly continuous action ® is
topologically Anosov with respect to a pair (U, V), if the following conditions hold:

1. there exists v > 0, such that B(~,V) C U,
2. ® satisfies the shadowing property on V;
3. ® has the expansivity property on U.

In paragraph 5.1 we introduce necessarily notions from the group theory.

In paragraph 5.2 we introduce the shadowing property for group actions.

In paragraph 5.3 we prove correctness of the definition of the shadowing property.

In paragraph 5.4 we consider actions of nilpotent groups. The main result of this para-
graph is the following [13].

Theorem 22. Consider a uniformly continuous action ® of finitely generated virtually nilpo-
nent group G of a metric space ). Assume that there exists an element g € G, such that
homeomorphism f, is topologically Anosov with respect to a pair (U,V). Then action ® is
topologically Anosov with respect to (U, V).

In paragraph 5.5 we prove that for linear actions of Abelian groups of C"™ assumptions
of Theorem 22 are also necessarily, more precisely we prove the following [24]:

Theorem 23. A linear action ® of an Abelian group G = Z" satisfies the shadowing property
on C™ if and only if there exists g € G such that linear map f, is hyperbolic.
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In paragraph 5.6 we consider actions of solvable groups. We show that Theorem 22
cannot be generalised for the case of solvable groups. Consider a solvable group BS(1,n) =<
a,blba = a"b >, with n > 1. For any A > 1 consider an action ®, generated by the maps

fa(x) = Al’, fb(l’) = Bz

10 A0
a=(17) 5=(0m):

Note that BA = A" B, hence action ® defined correctly. For A > 1 the map f;, is hyperbolic,
however the following os correct [13]:

where

Theorem 24. o If X € (1,n], then action ® does not satisfy the shadowing property.
o If A\ >n, then action® satisfies the shadowing property.
In paragraph 5.7 we consider actions of the free groups. We prove the following [13]:

Theorem 25. Any linear action on Fuclidian space of a non Abelian finitely generated group
does not satisfy the shadowing property.
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