Ergod. Th. & Dynam. Sys., (2023), 43, 78-98 © The Author(s), 2021. Published by Cambridge 78
University Press. This is an Open Access article, distributed under the terms of the Creative Commons
Attribution licence (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted re-use,
distribution and reproduction, provided the original article is properly cited.

doi:10.1017/etds.2021.112

S-limit shadowing is generic for continuous
Lebesgue measure-preserving circle maps

JOZEF BOBOK®, JERNEJ CINC®#§, PIOTR OPROCHA@q§ and
SERGE TROUBETZKOY® ||

T Department of Mathematics of FCE, Czech Technical University in Prague,
Thdkurova 7, 166 29 Prague 6, Czech Republic
(e-mail: jozef.bobok @ cvut.cz)
¥ Faculty of Mathematics, University of Vienna, Oskar-Morgenstern-Platz 1,
A-1090 Vienna, Austria
§ Centre of Excellence IT4Innovations, Institute for Research and Applications of Fuzzy
Modeling, University of Ostrava, 30. dubna 22, Ostrava 701 03 1, Czech Republic
(e-mail: jernej.cinc@osu.cz)
q Faculty of Applied Mathematics, AGH University of Science and Technology, Al.
Mickiewicza 30, 30-059 Krakow, Poland
(e-mail: oprocha@agh.edu.pl)
|| Aix Marseille Université, CNRS, I2M,
Case 907, F-13288 Marseille Cedex 9, France
(e-mail: serge.troubetzkoy @univ-amu.fr)

(Received 8 April 2021 and accepted in revised form 1 September 2021)

Abstract. In this paper we show that generic continuous Lebesgue measure-preserving
circle maps have the s-limit shadowing property. In addition, we obtain that s-limit
shadowing is a generic property also for continuous circle maps. In particular, this implies
that classical shadowing, periodic shadowing and limit shadowing are generic in these two
settings as well.
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1. Introduction

The notion of shadowing (or pseudo orbit tracing; see Definition 2.2) is a classical notion in
the theory of dynamical systems. It was defined independently by Anosov [1] and Bowen
[7] as a tool for better understanding asymptotic aspects of diffeomorphism dynamics.
Informally, the shadowing property ensures that computational errors do not accumulate
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in the following sense: in systems with the shadowing property the approximate trajectories
will reflect real dynamics up to some small error that is made at each iteration. In particular,
this is of great importance in systems with sensitive dependence on initial conditions,
where small errors may potentially result in large divergence of trajectories.

While we are still lacking the full classification of systems with shadowing, there are
classes where its occurrence has been completely characterized. To look only at the most
general results, all uniformly hyperbolic systems have the shadowing property and Walters
characterized the symbolic dynamical systems with the shadowing property, which are
shifts of finite type (see the books [22, 24] for more explanation). A useful collection of
conditions characterizing shadowing in the latter setting was recently provided by Good
and Meddaugh [9].

We call a property generic if it is satisfied on at least a dense Gs subset of the
underlying Baire space. A naturally related question which has attracted the attention
of many researchers is the genericity of shadowing in dynamical systems. Hyperbolic
systems are known to be rather special, and finding an answer in other classes of functions
usually turns out to be a delicate matter. The first results in this direction were obtained
in dimension 1 by Yano in [25] for the space of homeomorphisms on the unit circle and
by Odani in [20] for all smooth manifolds of dimension at most 3. A particularly nice
technique was introduced by Pilyugin and Plamenevskaya in [23] who proved genericity of
shadowing for homeomorphisms on any smooth compact manifold without boundary. This
result was later extended using topological tools to a wider context (see, for example, [11]).

Mizera proved [19] that shadowing is a generic property in the class of continuous
maps of the interval or circle. Recently, these results were extended to many other
one-dimensional spaces; see [12, 14, 18]. It turned out that non-invertibility is not an
obstacle to obtaining genericity of shadowing also in higher dimensions [13].

In the literature there are many different generalizations of the shadowing property.
Among the most natural is the limit shadowing property (see Definition 2.2), which was
introduced by Pilyugin ef al [8]. In this definition, the error in consecutive elements of
pseudo trajectories tends to zero (so-called asymptotic pseudo orbit), but we require that
the accuracy of tracing increases with time. While limit shadowing seems completely
different than shadowing, it was proved in [15] that transitive maps with limit shadowing
also have the shadowing property. Recently [2], it was proved that structurally stable
diffeomorphisms and some pseudo-Anosov diffeomorphisms of the 2-sphere satisfy both
the shadowing and the limit shadowing property.

In general, it can happen that for an asymptotic pseudo orbit which is also a §-pseudo
orbit, the point which e-traces it and the point which traces it in the limit are two
different points [3]. This shows that possessing a common point for such a tracing is
a stronger property than the shadowing and limit shadowing properties together. The
property described was introduced in [16] and is called the s-limit shadowing property
(again see Definition 2.2 for the precise definition). Not much is known about s-limit
shadowing or even limit shadowing with respect to genericity in particular classes of
functions. Besides the results mentioned above, the only result known to the authors which
barely touches on this problem is [17], where it is proven that in the class of continuous
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maps on manifolds of dimension m > 1, s-limit shadowing is a dense property with respect
to the metric of uniform convergence.

The main difficulty in proving denseness or genericity of s-limit shadowing is its
‘instability’, meaning that, intuitively, arbitrarily small perturbations can destroy it.
Therefore, even the density result in [17] relies on a very careful control of consecutive
perturbations. Our main theorem here, in particular, addresses the following very general
question from [17].

(Q2)  Is s-limit shadowing a C%-generic property on spaces where shadowing is generic?

Let N denote the normalized Lebesgue measure on [/ := [0, 1] and let * denote
the normalized Lebesgue measure on S!. The particular setting that we are interested
in this paper is the family of continuous Lebesgue measure-preserving maps of the
unit circle Ci(Sl) endowed with the topology of uniform convergence, which makes
it a complete space. Topological and measure-theoretic properties of generic Lebesgue
measure-preserving interval maps were studied in [4—6]. We obtain the following two new
results.

THEOREM 1.1. The s-limit shadowing property is generic in C; ShH.

COROLLARY 1.2. The limit shadowing, periodic shadowing and shadowing properties
are generic in Cs. (SH.

In the context of Lebesgue measure-preserving functions, the genericity of shadowing
was recently proven in [10] for homeomorphisms on manifolds (with or without boundary)
of dimension at least 2, where the authors use Oxtoby and Ulam’s theorem [21] and its
underlying subdivision of any such manifold. For manifolds of dimension 1 it is natural
to ask analogous questions for non-invertible maps, and results here can also be viewed
as a contribution to this line of research. Let Cy (/) denote the family of Lebesgue
measure-preserving maps equipped with the metric of uniform convergence. For C (1),
the genericity of shadowing and periodic shadowing was proved recently in [5]; therefore,
the results obtained here can be viewed as a strengthening of those results. However, we
need to note that proving the genericity of s-limit shadowing turns out to be very delicate
and, in particular, we cannot apply the main idea of the proof to the interval setting (see
the explanation in §4).

Our result (with simplifications of the proof) holds in an even looser environment. We
denote by C(S') the class of continuous maps of the circle endowed with the topology of
uniform convergence. In this setting we obtain the following two new results.

THEOREM 1.3. The s-limit shadowing property is generic in C(S").
COROLLARY 1.4. The limit shadowing property is generic in C(S").

Let us outline the structure of the paper. In §2 we first review the definitions related to
the shadowing property that we address in our context of Lebesgue measure-preserving
circle maps. Then we review the basic setting of C,.(SY) in which we work with in the rest
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of the paper. We start §3 by outlining the proof of main theorem. In §3.2 we restrict our
attention to particular families of maps in C; (S') and we study their properties; we use
these families and their properties later in the proof of s-limit shadowing. In §3.3 the proof
of s-limit shadowing starts. We pose five conditions (C1)—(C5) that our partitions and spe-
cial perturbations need to satisfy. In the rest of this section we address how to get such par-
titions and perturbations from the machinery developed in §3.2. Section 3.4 gives the proof
of Theorem 1.1 using the assumptions given by conditions (C1)—(C5) in §3.3. We conclude
the paper with §4 where we briefly explain why the proof of s-limit shadowing as presented
in this paper cannot work in the setting of Lebesgue measure-preserving interval maps.

2. Preliminaries

Denote N:={1,2,3,...} and Ny := NU{0}. Let S' :={z € C: |z| = 1} be the unit
circle. For x,y € S! let d (x, y) denote the minimal normalized arc-length distance on
S! between x and y.

2.1. Shadowing property.  First we give the definition of the shadowing property and its
related extensions that we use in this paper.

Definition 2.1. For § >0 and a map f € C(S!) we say that a sequence of points
{xXt}ken, C Slisa 8-pseudo orbit if d(f (xr), xk+1) < é forall k € Ny. A -pseudo orbit is
called a periodic é-pseudo orbit if there exists N € N such that x;y = x for all k € Ny.
A sequence {xg}ken, C St satisfying limg— oo d(f(xx), xk+1) = 0 is called an asymp-
totic pseudo orbit.
If a sequence {xy}ken, C S! is a 8-pseudo orbit and an asymptotic pseudo orbit then we
say that it is an asymptotic §-pseudo orbit.

Definition 2.2. We say that a map f € C(S') has the

e shadowing property if for every ¢ > O there exists § > O satisfying the following
condition: given a §-pseudo orbit y = {y,},en,, we can find a corresponding point
x € S! which e-traces y, that is,

d(f"(x), y,) <& foreveryn € Ny.

e periodic shadowing property if for every ¢ > 0 there exists § > 0 satisfying the
following condition: given a periodic §-pseudo orbit y = {y,}sen,, we can find a
corresponding periodic point x € S! which e-traces y.

e [imit shadowing property if for every asymptotic pseudo orbit {x,},en, C S! there
exists p € S! such that

d(f"(p),x,) - 0 asn — oo.

o s-limit shadowing property if for every ¢ > 0 there exists § > 0 such that

(1) for every é-pseudo orbit y = {y,},en, We can find a corresponding point x € St
which e-traces y,

(2) for every asymptotic 5-pseudo orbit y = {y,},en, of f, there is x € S! which
e-traces y and

Jim_d(yn, f"(x)) = 0.
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Remark 2.3. Note that s-limit shadowing implies both classical and limit shadowing.

2.2. Lebesgue measure-preserving circle maps. Consider a continuous map f: S! —
S! of degree deg(f) € Z.Let F: R — R be a lifting of f, that is, the continuous map for
which

poF=7fo¢p onR, )

where ¢: R — S is defined by ¢ (x) = ¢>"**. Then Fx+1)=F(x)+ deg( f) for each
x € R.If F = F|[0, 1)(mod 1), we say that F': [0, 1) — [0, 1) represents f. Note that
since two liftings of f differ by an integer constant, ' does not depend on a concrete choice
of a lifting of f.

In what follows the set of all liftings (respectively, representatives) of onto circle maps
will be denoted F (R) (respectively, F ([0, 1))).

Remark 2.4. One can easily see that a circle map f is onto if and only if its representative
F = F|[0, 1)(mod 1) is onto.

Let X denote the normalized Lebesgue measure on S' and B the Borel sets in S'. In
this paper we will work with continuous maps from S into S preserving the measure X,
which we denote by

C;(SH ={f: S' = S': forall A € B, M(A) = L(f ' (A))}.
We consider the set Cs; (S") equipped with the uniform metric p:

p(f, 8 = sup [f(x) =gl

xeS!

We leave the standard proof of the following fact to the reader.
LEMMA 2.5. (Cj, (Sl), p) is a complete metric space.

The next lemma describes elements of F ([0, 1)) representing maps from Cs, (Sh. We
denote by \ the Lebesgue measure on [0, 1).

LEMMA 2.6. Let F € F([0, 1)) represent f: S' — S'. The following conditions are
equivalent.

D feC;Sh.
(i) Forall A C [0, 1) Borel, M(A) = M(F~'(A)).

Proof. Let us assume that Fis a lifting of f and denote ¥ = ¢|[0, 1). Then ¢ is a
continuous bijection. From equation (1) we get

YoF=foy on[01). 2)
Moreover, A C [0, 1) and A := ¥ (A) C S! are simultaneously Borel and

MA) = MA). 3)
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Assuming (i), using (2) and (3) we can write
WA =1y (A) = @ (T A))) = MFT @A) = nFTA)).
This shows that the statement (i) implies (ii). If (ii) is true we can write
K(A) =1(A) = MFHA) =nF @A) = v (A = LA,
so (ii) implies (i). O]

We say that a map from F ([0, 1)) is piecewise affine if it has finitely many affine
pieces of monotonicity. We will say that F € F(R)is piecewise affine if its corresponding
representative F|[0, 1)) is piecewise affine. In general, maps from F ([0, 1)) are not
continuous but they can be piecewise monotone and smooth or even piecewise affine.
For these cases the following lemma states a useful criterion about when an element F' of
F ([0, 1)) represents f € C; (S").

LEMMA 2.7. Let F € F([0, 1)) be a piecewise affine representative with non-zero slopes
and such that its derivative does not exist at a finite set E. Then properties (i) and (ii) from
Lemma 2.6 are equivalent to the property

forally € [0, 1)\ F(E): Y L )
— |F/(x)]
xXeF~(y)

Proof. By the hypothesis the set F(E) is finite and for each y € (0, 1) \ F(E) we can
write, for J(y, &) =[y — ¢,y + €],

MK 1
fup 2 X(JE ))> = 2 F(x)|”
T K eComp(F—1(J (v.e))) . € xeF-1(y) o

thus Lemma 2.6(ii) implies (4).
For the other direction, assuming that property (ii) is not true, one can find some closed
interval Jy C [0, 1) \ F(E) and § > O for which

M6(01—8)U(1+6 Q). 5)
MF~1(Jo)) | |
Then, proceeding inductively, we can detect a nested sequence Jy O J; D - - - of closed
intervals fulfilling (5) and ﬂ?io Ji ={y}withy € (0, 1) \ F(E).By (5), equation (4) fails
in such y. This shows that (4) implies Lemma 2.6(ii). ]

3. The proof

3.1. Outline of the proof. The proof of our main result, Theorem 1.1, relies on four rather
technical steps. The first step is treated in Lemmas 3.1, 3.2 and 3.3 and consists of the
construction of a special dense subset CX,O(SI) of Cs (Sh. Let Q; := Q + 7. The maps
in Gy (S') are piecewise affine and every map g from C X’O(Sl) fulfills the key property

8@ Qr)) C o (Q. (6)

In particular, the maps in Cj, (S") have all points of discontinuity of derivatives in ¢ (Q),
so equation (6) applies. In the second step in Lemmas 3.5 and 3.6 we twice perturb
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maps from CX’O(SI) to obtain maps satisfying the list of conditions (C1)—(C5) from §3.3.
Applying in §3.4 both perturbations and also the result of Lemma 3.7 on a sequence
{gm}m>1 dense in CX’O(SI), we arrive at new sequences {6, },>1 of maps from CX(SI),
their neighbourhoods {U,,},>1 and also carefully constructed partitions {Qp}m>1. In
particular, using (6) we can ensure that for some pairs m < n, Q,, is a refinement of Q,,.
The final step consists of the proof that all maps in

have the s-limit shadowing property.

3.2. Particular families of Lebesgue measure-preserving circle maps and their
representatives. In this subsection we will define particular families of Lebesgue
measure-preserving circle maps that we will apply later for the construction of partitions
needed for the proof of genericity of s-limit shadowing property in our context.

For a piecewise affine map FeF (R) (that is, F|[0, 1)) is piecewise affine) we
denote by T(F) (respectively, D(F)) the turning points (respectively, the set of points
of discontinuity of derivative) of F. We also put Tio11(F) = T (F) N [0, 1] and denote

Qr={r+m:reQ}

Let us recall our convention that is stated before Remark 2.4; the set F(R) consists of
liftings of onto circle maps. Let Fo(R) C F(R) be defined as

.- () F|[0, 1) is piecewise affine with non-zero slopes,
F e FyR) = _. - - |
(i) for § = {0} U F(Tj0,1;(F)), D(F) N[0, 1] = F~(S) C Qy.

)

Since the set Q;; is dense in R, we have the following lemma.
LEMMA 3.1. The set fo(R) is dense in .f(]R).

Proof. Fix FeF (R) and & > 0. Clearly there exists a piecewise affine map F e FR)
with non-zero slopes such that:
®  SUDy¢[0,1] |F(x) — F(x)| < &;
o F()—F(0)=F(1)—F(0);
T(F) C Qq; i
e for F = F|[0, 1)(mod 1), if x € (0, 1) satisfies F(x) € S then x € D(F) N Qy, so
(D(F)N[0,1]) D F7I(S).

Notice that for a piecewise affine F the set (D(F) N[0, 1]) \ F~1(S) has to be either
empty or finite. For any x € (D(F) N[0, 1]\ F~1(S) we can proceed in two steps. First,
we modify the graph of F on a small neighbourhood of x as shown in Figure 1. Second,
denoting the new maps by F, F, arrange both new turning points and also all preimages of
their images to be from D(F) N Q, and therefore reduce the number

#D((F)N 0, 1)\ F~1($)).
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| |
| |
| |
0 T 1 0 T 1

FIGURE 1. Adjustments from the proof of Lemma 3.1.

Repeating the described modification finitely many times, we fulfil (7)(ii), that is, F €
Fo®). O

Consider a lifting F € Fy(R) introduced by (7) and the corresponding representative
F = F|[0, 1)(mod 1). Define the outer homeomorphism h : [0, 1] — [0, 1] by

h(0)=0 and h(x)=XF~L(0,x))), x € (0, 1]. (®)

Clearly, by (7) and Remark 2.4 the map F is surjective with non-zero slopes, / is
an increasing continuous piecewise affine function satisfying #(0) = 0 and A(1) = 1. In
particular, & is a homeomorphism of [0, 1]. The set of all liftings of maps from Cj Sh
will be denoted by F (R).

For the visual representation of the notions from Lemma 3.2, we refer the reader to
Figures 2 and 3.

LEMMA 3.2. Let F € Fo(R) bea lifting of f € C(SY), F its corresponding representative
and h be defined as in (8). For the map G = h o F the following statements are true.
(i) Forall A C [0, 1) Borel, M(A) = L(G~1(A)).
(i) G~1©0) = F~1(0).
(iii)  The function G: [0, 1) — R defined by G(x) =G(x)+ F(x) — F(x) is piece-
wise affine, continuous and limy_, 1_ é(x) = G(O) + deg(f).
(iv)  The function G: R — R defined as the extension of G satisfying

G(x+1) = G(x) + deg(f)

belongs to Fr(R), s0 G isa lifting of some g € CX(SI).
(v) D(G) C D(F) C Q.
(vi)  G(D(G)) C G(D(F)) C Q; in particular, G(D(G)) N D(G) = ¢.
(vii)) Theset D = D(g) = ¢(D(é)) of discontinuities of the derivative of g satisfies

g(D)ND=4.

(viii)  For every x € Qy, G(x) € Q.
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FIGURE 2. In this figure the numbers along the graph lines represent slopes of respective affinity pieces. The
upper left-hand graph shows a lifting of a non-Lebesgue measure-preserving circle map F restricted on [0, 1)
(taking into account the dashed lines) and also of F, its corresponding representative (without the dashed lines).
The lower left-hand graph depicts the corresponding outer homeomorphism h. The right-hand graph represents
a Lebesgue measure-preserving map G; however, the lifting of this map is not from the set Fo since the maps F
and F do not have their turning points (black squares) and also preimages of images of turning points that are not

turning points (black discs) in Qy .

Proof. To verify (i), for 0 < u < v < 1 we can write, with the help of (8),

(i1) This is because 2 (x) = 0 if and only if x = 0.

= MF (0, () -

MG, v)) = MFH B W, v) = METH R @), k)
METHO, 7 @) = v —u.

(iii) This follows from the fact that G = h o F' and the outer map / is an increasing

continuous piecewise affine homeomorphism of [0, 1].

(iv) By the previous property (iii), GeF (R). Lemma 2.6(ii) and (i) furthermore imply

that G € F (R) and g € C;(SH).

(v) This is because the slopes of piecewise affine outer homeomorphism /4 can change

only at the points from F(T(I:“)).
(vi) For each interval (u, v), where

ey
2
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o

Bl Eo

FIGURE 3. Let r € Q and let « = 7w — r > 0 be a small irrational number. The left-hand graph of function F

represents a shift (that is, rotation on the circle for the original circle map) of the representative F' from Figure 2

for & to the right (and its lift, similarly to Figure 2). Due to the choice of a, the lifting F(x + «) will already be
from ﬁo (R). Note that the outer homeomorphism for F stays the same as the one in Figure 2.

(3) oruis the biggest value F(x) < 1 at a turning point x of Fandv = 1,

F~Y((u, v)) can be expressed as a finite union

F*I((u, v)) = U(aj, bj) where F((aj, bj)) = (u,v), foreach j.
J

It follows from our definition of ]-'0 (R) in (7) thata;, b; € Q for all j, so

MF T (@, v) =) (bj —a)) € Q. ©)
J

Fix a turning point w € T[o,l](l:") for which F'(w) > 0. One can set
O=u<vi=up<vy=---=v = F(w),
where u;, v; were described above in (vi)(1)—(3); then by (8) and (9),

Gw) = (ho F)w) =n(F 10, Fw))) = Y W(F (i, v;))) (10)
=> Y bj-apeqQ.
ij

By (v) and (7)(ii), D(G) Cc D(F)N[0,1]1 = F71(S) C Q. Since G(x) € Q if and only
if G(x) € Q, from (10) and (7)(ii) we obtain G(D(G)) = G(D(F)) C Q, hence
G(D(G)) N D(G) = §.

(vii) This property is a consequence of (iv) and the fact that G is a lifting of g due to
formula (1).
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To prove (viii), by conditions (v) and (vi) we can assume that x ¢ D(F). Let x €
(p, q) N Qy, where p, g € D(ﬁ) are adjacent. Then

. Gw-¢
Gy = G(py+ SD=ID )

By (vi), each of the numbers G(p), G(g) — G(p), g — p and x — p is rational, so
Gx) e Q. O

Using Lemma 3.2 we introduce the set CiO(Sl) of circle maps from Cj (S") with
liftings in ]j'x,o (R), where

Fro®) :={G: F e Fo(R)and G = h o F}. (11)

Recall that by our definition the set F(R) consists of liftings of onto circle maps (see
Remark 2.4 and the text preceding it).

LEMMA 3.3. The set Ci’O(Sl) is dense in C;\(Sl).

Proof. Fix ¢ >0 and a map e € CX(SI) with a lifting E e }N'X(R). By Lemma 3.1 and
Remark 2.4 there is a map Fe fo(R) such that its representative F' = F|[0, 1) is onto
and:

(i) p(E,F)<e/2;

(i) for h: [0, 1] — [0, 1] defined by 2(0) = 0, h(x) = MFL(0, x))) (as in (8)),

&
h,id) < =.
o( 1)<2

Condition (ii) can be fulfilled due to the following reasoning. If circle maps f, converge in
the uniform metric to a Lebesgue measure-preserving circle map then their corresponding
h,, defined as in (ii) converge to id; we refer the reader to [4] where the analogous interval
case had been treated in detail. We have proved in Lemma 3.2(iv) that G = ho F is a
representative of a map g from C 5.0 (S"). Moreover, using (i) and (ii) and the definition of

G in Lemma 3.2(iii) and (iv) showing that p(F, G) = p(F, G), we obtain
ple, 8) < p(E,G) < p(E, F) + p(F, G)
=p(E,F)+ p(F.G) = p(E, F)+ p(F,ho F) <.

Thus, for each ¢ > 0 and e € Ci(Sl) we have found a map g € CX’O(SI) such that
ple, g) <e. O

Definition 3.4. We say that two maps f, g: [a, b] C [0, 1] — R are :-equivalent if for
each Borel set A C R,

MFTHA) = Mg (A)).

ForO0<a <b<1land0<c <d <1 wedenote by Thigppjcd],” Ma.p)ca) the affine
maps from [a, b] onto [c, d] fulfilling *h(a) = c, Th(b) = d (respectively, ~h(a) = d,
~h(b) = o).
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FIGURE 4. For ¢ € (0,1/2), a=b—a=c—b=g—f=h—g=1—-h=b—-d = -b=¢g —f =
h—g =¢/3.

LEMMA 3.5. For any map f € Cy (1), the maps
Fhiotgear o f © Thiasrio

are \-equivalent to the maps ih[a,b];[c,d].
Proof. For each Borel A C [c, d] we have

M(Eho111ed1 © f 0 Thiappoa) " (A))

=M hpapro) " o £ o Fhpoapea) " (A)
b—a

= S MA) = M hiappiean ™ (A)). 0

We will apply Lemma 3.5 for two special classes of elements from C, (/). The first
consists of piecewise affine maps with 2n 4 1, n € N, full laps: for points 0 = xp < x] <

C < Xop < Xopy1 =1, X = (x0, X1, ..., Xm41) and i € {0, 1,...,2n + 1} we define
Bl2n+1,x] € Cy.(I) as

[ L x](x;) = F ’ (12)
Bl2n + 1, x](x;) : 2
l 1, iodd,

and continuous, affine on each [x;, x;j4+1]-
The second class that we define consists of maps ¥ = W[e, d/, d, e, h'], where

€ , , 2 , 2 , £
O<-<a, d+—<d<e<h——, hW<l-—— (13)
3 3 3 3

as illustrated by the right-hand part of Figure 4 and its caption.

LEMMA 3.6. For each choice of values ¢,d’, d, e, W' fulfilling (13), W[e,d’,d, e, h'] €
Cy (D).
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L{ Ly M’ RJ R{

FIGURE 5. J = ¢([gi, gi+1]) = L{ UL UMY URJ UR/.

Proof. Consider the discontinuous map ¢ defined by the left-hand part of Figure 4. The
reader can easily verify that foreach y € (0, 1) \ {e, 1 — ¢},

1
—— =1 14
2 127 (9

xed~l(y

Now pick the points a, b, b', ¢, ¢, f, f', g, &', h € [0, 1] as suggested in Figure 4. The
map W from the right-hand part of Figure 4 is continuous. Using its description in the
caption of Figure 4, let us show that W € C, (). It is clear that for any y € (0, &) U (1 —
g, 1) the equality (14) estimated for W holds true again. For any y € (g, 1 — ¢) we can

write
Z 1 _a/—a+d—c’+e—d (15)
[W/(x)] 1—2¢ 1—2¢ 1—2¢
xewl(y)
fl—e h—h _
+1—2e+1—2e_*‘

Sincea’ —a+d—c =d—cand f' —e+h —h' = f — e, we can rewrite (15) with the
help of (14) as

d—c e—d f—e_l
1—-2 1-2 1-2¢
that is, ¥ € C, (/) by Lemma 2.7. O]

&=

3.3. Partitions, special perturbations. In this section we will start with maps from
CX,O(SI) defined in the previous section and particular associated partitions of S! and
show how to perturb such maps and refine their associated partitions so that they will
satisfy conditions (C1)—-(C6) given below. This will provide us with the crucial step in
proving genericity of s-limit shadowing in the next section. For what follows we refer the
reader to Figure 5 to visualize the discussed concepts better.

https://doi.org/10.1017/etds.2021.112 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.112

S-limit shadowing for circle maps 91

Given a piecewise affine circle map g € CX’O(SI), e > 0 and its affine partition P D
D(g) for which

P C¢(@Qq)and |P| <&

(where ||-|| denotes the maximum diameter of partition elements), we will construct a
perturbation 6 of g and a partition @ C ¢ (Qy) for 6 for which P < Q (that is, Q refines
P) and such that each J € Q has a subdivision into subarcs L, Lg, M7, R2J, RIJ whose
order preserves order in J and satisfies the following conditions.
(C1) Thereis I € Q (depending on J) such that 6(J) D I.
(C2) LetI € Qbe suchthat6(J) N (L] ULL) # @. Then
(@ LIULlcow,
(b) if K € Q is the unique element such that R]K N L{ # () then RlK U RZK C
0(J).
(C3) LetI € Qbesuchthat0(J) N (R URL) # 0. Then
(@ RIUR, co),
(b) if K € Q is the unique element such that Lf( N Rf # () then Lf( U L§ -
0(J).
(C4) 0(J)=0(L{)=0(R]).
(C5)  Bay(@(M’ UL3 URYJ)) C 6(J) for sufficiently small n > 0.

By (11), the map g has its lifting G from F50R) represented by G =hoF €
F ([0, 1)), where F and h were described immediately prior to Lemma 3.2. By (iii) and
(iv) of Lemma 3.2, g is piecewise affine, that is, such that the map G (respectively, G) is
piecewise affine. Applying (8) and Lemma 3.2, we can consider a finite set P of points
such that

DFYN[0,1]CP:={0<pi<pr<---<pm<1}CQp
for which Gl[p,-, pi+1] is affine for each i (set p;,4+1 = p1 + 1), and for

Pi=¢(P)={d(p1)s ..., d(pm)} CP(Qr) C S,

(@) g(P) C ¢(Q) hence g(P)NP =4,
(®) Pl :=maxi<i<m |9 (pi+1) — ¢ (pi)| <e.

We will call the set P (respectively, P) a partition for G (respectively, g). Redefining G
on each [p;, pi+1] by (the numbers n(i) € N and vector x (i) will be specified later)

Zi ="l 146 (.G © P21 + LXDT o Thip p 1011, (16)

where the s were introduced in (12) and s(i) € {+, —} are chosen to satisfy fll-(pl-) =
G(p,-), yields a map S [0,1] > R given by Y(x)=%i(x), x € [pi, pi+1]. Notice
that still £(1) — £(0) = deg(g), so abusing the notation we will again denote by ¥ its
extension from [0, 1] to the whole real line keeping the rule Sx+ D=3k + deg(g).
In fact the map ¥ is a lifting of some map o: S' — S!. Because by Lemma 3.5 each
map G|[pi, pi+1] has been replaced by a A-equivalent map %;, it follows that the map
Y € F([0, 1)) representing o satisfies the conditions of Lemma 2.7, hence by Lemma
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2.6(i) we have that o € C; (S"). For the map 310, 1] we will consider a new partition

m 2n(i)+1
0= U Mppoon@i@®=10=a<q < <gn=1)
i=1 j=0
for some m’ € N, where the vectors X(i) = (xo(i), X1 (), . . . , X2n(5)+1(#)) will be chosen

to satisfy O C Q. Thus, the set Q contains P and also all new turning points of Sin (0, 1)
being in Q \ P. From our specific choice of 8s in (16) and Lemma 3.2(viii) we obtain

Q0cCcQ, and E(Q)CQ
denoting @ = ¢ (Q), we analogously obtain for o and Q,
QC¢@Q) and o(Q) C¢(Q),

which implies that

c(@)NQ=4a.

At the same time the numbers n(i) (recall that the number of full laps of B is
2n(i) + 1) can be taken sufficiently large to satisfy, for each i and arcs [¢ (¢;), ¢ (gi+1)] =

o gi»> gi+1D,
#j: o(e(@), @i+ N[P(g)), d(gjr1)] # 0} = 3.

Up to now, using rescaled versions of s, we have perturbed the map G (respectively,
g) on the intervals [p;, pi+1] (respectively, arcs ¢ ([p;, pi+1])) to obtain the lifting ¥ of
o € C;(Sh.

In the last part of this proof we will proceed similarly: using rescaled versions of Ws
from Figure 4, we will perturb the map ¥ (respectively, o) on the intervals [g;, gi41]
(respectively, arcs ¢ ([gi, gi+1])) to obtain the lifting @ofheC 5 (SH.

Therefore, for each i define

O 1= "o 1115 Sigr 1 © Y160 @0 diseis hiT o Thig o, arn

where s(i) € {4+, —} is chosen to satisfy
Oi(gi) = £(g); (18)
using (:),-, we can define the map O: [0, 1] = R by @)(x) = (:),-(x), x € 1qgi, gi+1]. The
reason why the degree-preserving extension of ® to the real line is a lifting of a map
0 € Cs (S") is analogous to the reason above: the map 6 is represented by the map © =
@|[0, 1)(mod 1) € F([0, 1)) that fulfils conditions of Lemma 2.7. Let us consider the map
O (respectively, #) with respect to partition Q (respectively, Q). For what follows we refer
the reader to the right-hand graph in Figure 4. Taking ¢;, a’, d;, e; and h in (17) such that
h[iqilgq’.+1];[(),]]({ai7 al{’ bl/v Cl/" dis el" ‘fi/s gl/’ h;, hl}) C QTH (19)

&; and d; sufficiently close to 0 and e; sufficiently close to 1, with the help of (18) we can
ensure that for each i,

2(0) Ngi, gi+11 = ©(Q) N [gi, gi+1
= —1 —1
= 0D Ny, o100 iy g 0.11(60)-
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Let us put for each i, [g;, gi+1] and H := hig, 4, 10,115

Li=H7'(0,¢), Lh=H"'(c,dl), M =H(d, e,
Ry=H7'(e}, £, R.=H'"(f,1]);

then, using ¢, we can transfer these sets to the arc

J =¢gi. qit1])
by

L{ =¢L)), L] =¢(Lh), M =¢mMH,
Ry = ¢(Ry), R =¢(R).

A sketch of this construction is given in Figure 5.
Since Q C ¢(Qy) is a refinement of P, from (b) we obtain that | Q|| < ¢. By Lemma
3.2,6(Q) N Q = ¥ and conditions (C1)—(C5) for the map 6 € Cs (S") with respect to

Q= Qe :=¢(Q)

easily follow.

3.4. S-limit shadowing is generic in Cs (SY. For a given & > 0, assume that 6, Qo
with [| Qe ¢| < &, and n are provided in such a way that they satisfy conditions (C1)—(C5)
and there is also § = §(0) > 0 such that:

(C6) 6 <mnand?2§ < diam K forany K € {LJ, Lg, M/, le, sz} and any J € Q.

LEMMA 3.7. Let ¢ > 0, 8, Q.9 and § = 5(0) > 0 be as above. For every T € CX(SI)
such that p(t, 0) < 6§, every §-pseudo orbit for T is e-traced.

Proof. Letx = {x;}32, be a §-pseudo orbit for . We claim that there is a sequence of arcs
Js € Q= Q.p and sets Q; C J; such that

1) x5 € Js,

) (Qy) D Qey1and O € (LY, R},

As Jog € Q select any arc such that xo € Jy (in the worst case there are two such arcs).
Fix any Qy € {LIJO, leo}.

Now suppose that the above conditions are satisfied for some s and let J;1| € Q be
such that x54+1 € Js41. If 8(x;5) € Js4+1 then since 6(J5) contains at least one element of
Q, by condition (C1) we have that 8(J;) N L' # @ or 6(J;) N R**' # @, In the first
case Llj”' U L;”l C 0(Jy), and in the second case Ri’”l U R215+1 C 0(Jy). Also 6(Jy) =
6(Qy). But then, by the definition of § and conditions (C2), (C3) and (C5) we have either
LY € 1(Qy) or R C 7(Qy). Put Qg1 = L and Q41 = R**" in the respective
cases and observe that the claim holds. But then, since || Q] < &, it is enough to choose
z € [ T°(Qy) to obtain a point e-tracing x. O]

https://doi.org/10.1017/etds.2021.112 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.112

94 J. Bobok et al

In the previous section we described a special type of perturbation of a piecewise affine
map g € CX,O(S]) C CX(S]) leading to a circle map 6. The main property of 6 was stated
in Lemma 3.7. We now apply a similar approach to a dense sequence of piecewise affine
maps from Cj (S') which is possible by invoking Lemma 3.3.

To thatend, let I := {gm}m>1 C Cio (S') be a dense sequence of maps in C5, (S") such
that:

e cach g, has an affine partition P,, C ¢ (Qy) satisfying || P, || < 1/m;

e foreachn > m, g,(Pn) N Pn = 0.

Notice that the second property is guaranteed by Lemma 3.2(viii). Following the previous

section we perturb g, to 8, with ¢ = 1/m, corresponding partition Q,, := Q1/m.6,, Mm>

Sm = 6(6y) < 1/m and Uy, an open neighbourhood around 6,, in CX(SI) such that:

o Uy C Bs, (Om);

e the boundary of U, does not intersect I".

Repeatedly using Lemmas 3.2(viii) and 3.3, we will proceed as follows to construct

sequences {Q,,};_,, where each Q,, is a subset of ¢ (Qy), and {Up,};_,.

(1) We perturb g to 6; to obtain g,(Q;) N Q; = @ foreachn > 1.

(2) For m > 1, having already constructed the sets Q; and U;, i =1,...,m — 1, in
order to construct Q,, and U,, we distinguish two possibilities:

(a) either g, ¢ U?;l U;, and then we construct Q,, and U,, to fulfil
m—1
2 (@) N Qy =0 foreachn >m, U, N U U; =0,
i=1
(b) org, € U;,wherei < m — 1 isthe largest number with this property; denoting
by E(Q;) the set of ¢-images of points defined in (19) for all J € Q;, a new
partition Q,, C ¢(Q) will fulfil

E(QQ)UQiUP,<Qu and U,cU\ |J U,

i<j<m-—1
In particular, 9,, is an affine partition for 6,, which is a refinement of Q; and
gn(Q,) N Q,, =@ foreachn > m.

In addition, we require that the boundary of U, does not intersect I'; this is
possible since I" is countable.

Letus put A, = | U,,. Clearly, each A, is open and dense so the intersection

A=NAv={) U Un

n>1 n>1m>n

m>n

is a dense G set in CX(SI).

Proof of Theorem 1.1. We will prove that each v € A has the s-limit shadowing property.
By our definition of A, there is an increasing sequence {m(k)};2 | such that

o0
Uniy DUn) D -+, f{t}= m Un(ky-
k=1
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Let x = {x,}52, be an asymptotic pseudo orbit. By Lemma 3.7 the partition Q,,;, and
8 = 8,u(i) > 0 were chosen for «-shadowing with @ = 1/m(i). Fix k so that

4/k < 8. (20)

Let the partition Q,(j) and y := 8y,(jy > 0 wherei < j be provided for 8-shadowing with
B =1/m(j) < 1/k. Note that by condition (C6), y < 1/k, hence together with (20) we
obtain

y+2/k<3/k <4/k <. (21)

Assume for simplicity that x is a §-pseudo orbit and it is a y-pseudo orbit for all s >
N — 1 for some N. Let J; € Q,,(;) and Qs C J, be provided as in (1) and (2) of the proof
of Lemma 3.7 for x, and by the same conditions, let Ry € Q(;), and let Wy C Ry for
s > N — 1 be provided by the fact that T € Uy ;) C B,y Om(j))- In particular,

T(Qs) D Qst1, s 20, T(Ws) D Wyqp, s =N — 1. (22)

First, if Wy C t(Qn—1) then we can switch directly from the arc Qy_; used for
«-tracing to the arc Wy used for B-tracing.

Now, assume that Wy \ t(Qn-1) # @. Notice that Wy Nint(Qy) = @, since other-
wise

Wy C Oy Ct(Qn—1) because Qi) < ()

which gives a contradiction. On the other hand, xy_1 € Jy_1 and d(xy, T(xy—_1)) < ¥
and diam(Ry) < 1/k. Also Wy C Ry and xy € Ry. Thenif § := y + 1/k,

Wy C Ry C Bs(t(Jn-1)) C Bs(t(IN-1)).

where the last inclusion is a consequence of (21). Since Wy is not included in the arc
7(Qn—1) and both diameters diam LgN and diam RZJN are greater than 24, the only
possibility is that

Wy C LY UMV URJY.
But by (C5) we have
Bas (Omi)(WN)) C Omii)(IN) = Om(i  (ON),
and thus since © € Uy (),
B3s (O (Wn)) C T(On)
and
Bays(t(Wn)) C 7(QN). (23)
On the other hand, from (22) we obtain
Wni1 C t(Wy) C Bas((Wp)). (24)
Gluing (23) and (24) together, we get

Wni1 CT(On).

https://doi.org/10.1017/etds.2021.112 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.112

96

J. Bobok et al

1 1
p
e e
,,,,,,,,,,,,,, _ ¢ _
Wl [ ~ Al 1 __Al
| , 74! 7 |
[ W A 1 1 N ittt A=Ak -
| 7 [ — | 2\ 1 | |
e (| QN 1[ L7\ [
it [ it 2t vl A e Tl
9 | 1 — T 7 | [
L7 o 7 Lo
e | | | | 7z | | |
7 | | [ ” | | [
7 | | | | 7 | | | |
, 4 | | [ , 4 | | | |
, I [ # I [
e | | [ v | | | |
d I o 4 | [
| 1 -
I—e Qn-1 Wy 1 l—e¢ Qn-1 Wy 1
FIGURE 6. After perturbation the image of Qny_1 = Qn covers itself. Therefore, e-tracing is still possible, but
the image of Qny—_1 = Qn no longer covers Wy = Wy4.

This allows us to switch from the arc Qy used for a-tracing to the arc Wy 41 used for
B-tracing.

Then, using the above construction inductively, we obtain that for every ¢ > 0, every
T € [),>1 An and every asymptotic pseudo orbit x = {x;}72 ) which is a §-pseudo orbit,
we can find a sequence of closed arcs I; C S! with the following properties:

(1) ©s) D Is41s
(2) diam(/; U {x5}) < &;
(3) forevery B > 0 thereis N > 0 such that diam(/; U {x5}) < g forall s > N.

Now it is enough to take any z € [,~, T~ * (/) to e-trace and asymptotically trace x. [J

4. Final remarks

As already mentioned, some inspiration for this paper comes from [17] where it is proved
that on manifolds (including dimension 1) s-limit shadowing is dense in the class of
continuous maps. In particular, it is dense in continuous maps on the circle and the
interval. It was also proved in our recent paper [5] that s-limit shadowing is also dense
in Lebesgue measure-preserving maps on the interval. Then, in view of the above results
and the results in the present paper, it is natural to expect that s-limit shadowing is generic
also in Lebesgue measure-preserving interval maps. Unfortunately, the proof of Theorem
1.1 will not directly work in that case, as we explain below. The main technique in our
proof is showing that Wy C t(Qn—1) or Wy41 C 7(Qp) under the map 7 which is
small perturbation of 9; see the discussion after (22) for more details. While for small
perturbations we may ensure that T(Qn—1) D Oy, we cannot control the covering of
smaller sets Wy by Qy; see Figure 6 for an intuitive explanation of possible problems.
This situation may happen near endpoints of the interval, where we cannot guarantee
sufficiently long overlapping of 7(Qy—_1) or t(Qp). Such a situation does not happen on
the circle due to the absence of boundary. This motivates us to pose the following question.

Question A. Is s-limit shadowing generic in Lebesgue measure-preserving maps on the
interval?

https://doi.org/10.1017/etds.2021.112 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.112

S-limit shadowing for circle maps 97

As explained above, a possible positive answer to the above question will require some
new techniques, beyond those used in the present work. On the other hand, a standard
technique to disprove that a condition is generic is to find an open set without the property.
This approach is again impossible, because we have proved [5] that s-limit shadowing is
dense in C; (S).
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