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STRONGLY ISOMORPHIC SYMBOLIC EXTENSIONS FOR

EXPANSIVE TOPOLOGICAL FLOWS

YONATAN GUTMAN AND RUXI SHI

ABSTRACT. In this paper, we prove that finite-dimensional topological
flows without fixed points and having a countable number of periodic
orbits, have the small flow boundary property. This enables us to answer
positively a question of Bowen and Walters from 1972: Any expansive
topological flow has a strongly isomorphic symbolic flow extension, i.e.
an extension by a suspension flow over a subshift. Previously Burguet
had shown this is true if the flow is assumed to be C2-smooth.
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1. INTRODUCTION

Symbolic coding of dynamical systems (X,7") in the form of measur-
able factor maps into shift spaces over finite alphabets (X,T) — (Y,0) C
({1,2,... ,a}Z, o) has played a prominent role in the theory of dynamical
systems since its inception ([Had98, Mor21, MT88]). Requiring the factor
maps to be continuous is usually impossible. It is however meaningful to
look for a symbolic system (Y,o) C ({1,2,...,a}?, o) for which the origi-
nal system occurs as a continuous factor (Y,o) — (X, 7). In other words
this form of “digitization” corresponds to symbolic extensions. However as
(Y, 0) is an extension of (X, T') it is necessarily “more complex” than (X, T).
Viewing (Y, o) as a model of (X, T) one strives to minimize this “complexity
gap”. This may be formalized mathematically by various conditions such as
requiring the extension to be principal or strongly isomorphic'. The associ-
ated theory for Z-systems is deep and extensive ([BD04, Dow05, Dowl11]).
Recently a symbolic extension theory for R-systems, i.e. topological flows
has been put forth ([Burl9]). The present paper is a further contribution in
this direction, specifically to the theory of symbolic extensions of expansive
topological flows. Our main tool is the small flow boundary property.

As a dynamical analog of Lebesgue covering dimension zero, the small
boundary property for a Z-system (X, T') was introduced by Shub and Weiss
in [SW91] who investigated the question under which conditions a given
Z-system has factors with strictly lower entropy. Later it was realized that
the small boundary property has wider applicability. Notably Lindenstrauss
and Weiss [LW00] showed that a Z-system which has the small boundary
property must have mean dimension zero. Moreover a Z-system with the
small boundary property has a zero-dimensional strongly isomorphic exten-
sion ([Burl9, p. 4338] based on [Dow05]). From [Lin95] it follows that a
finite-dimensional Z-system without periodic points has the small boundary
propertyg.

Burguet [Burl9] introduced the small flow boundary property for topo-
logical flows as an analog to the small boundary property. He showed that

1See Definition 2.22
2In effect from [Lin95, Theorem 3.3] it follows that an infinite Z-system (| X| = oo)
with a finite number of periodic points has the small boundary property.
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flows with the small flow boundary property admit strongly isomorphic zero-
dimensional extensions and gave necessary and sufficient conditions for the
existence of symbolic extensions® for such flows in terms of the existence of
superenvelopes ([Burl9, Theorem 3.6]). This can be seen as a certain gen-
eralization of the Boyle-Downarowicz symbolic extension entropy theorem
([BD04]). Burguet [Burl9] showed that a C?-flow without fixed points® and
such that for any 7 > 0, the number of periodic orbits of period less than
7 is finite has the small flow boundary property. In our main theorem we
manage to remove the smoothness assumption:

Theorem A. Let X be a compact finite-dimensional space. Let ® be a
topological flow on X without fixed points, having a countable number of
periodic orbits. Then (X, ®) has the small flow boundary property.

Expansive Z-systems were introduced as early as 1950 by [Utz50]. In
[Red68] and [KR69] it was shown that expansive Z-systems admit symbolic
extensions®. The notion of expansiveness for flows was introduced by Bowen
and Walters [BW72]. Bowen and Walters [BW72] proved that expansiveness
is invariant under topological conjugacy and that the topological entropy of
an expansive flow is finite. In addition they constructed a symbolic ex-
tension for expansive flows. They asked whether this symbolic extension
preserves entropy. More precisely, they made use of closed cross-sections to
build a symbolic extension and wondered if one could choose carefully these
closed cross-sections so that the associated symbolic extension has the same
topological entropy as the original system. Burguet [Burl9] gave a positive
answer to this question for C?-expansive flows. In this paper, we give an
affirmative answer for all expansive flows.

Theorem B. Let (X, ®) be an expansive flow. Then it has a strongly iso-
morphic symbolic extension.

Structure of the paper. In Section 2, we recall basic notions related to
discrete dynamical systems and topological flows. In Section 3, we prove that
finite-dimensional topological flows without fixed points, having a count-
able number of periodic orbits, satisfy the small flow boundary property
(Theorem A). In Section 4, we recall the definition of expansive flows and
Bowen-Walters construction of symbolic extensions for expansive flows, and
show that any expansive topological flow has a strongly isomorphic sym-
bolic extension (Theorem 4.12). This answers an open question of Bowen

3A topological flow is said to admit a symbolic extension, respectively a zero-
dimensional extension, if it has an extension by a suspension flow over a subshift, re-
spectively a zero dimensional system, with a positive continuous roof function.

4Flows without fixed points are known as regular flows but we will not use this termi-
nology in this paper.

SFrom the work of Boyle and Downarowicz [BD04] it follows that an expansive Z-system
admits a symbolic extension of the same entropy.
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and Walters [BW72]. In the Appendix (Section 5), we review the construc-
tion of a complete family of cross-sections for a topological flow without
fixed points, following Bowen and Walters.

Acknowledgements. We are grateful to David Burguet who told us about
the main problem of the paper and conveyed to us his strong conviction in
the feasibility of a positive solution (see also [Burl9, Remark 2.3]).

2. PRELIMINARIES

2.1. Notation. Let (X,d) be a metric space. Let z € S C X. Denote
by Bg(z,¢) = {y € S|d(x,y) < €} the open e-ball in S around = € S.
If S is clear from the context, it may be omitted from the notation. Let
C = {A,...A,} be aset of sets A; C X, i = 1,...,n. We denote by
UC=U"A; Cc Xand C =N, A; C X. Let S,V C X. Denote by sV’
and IntgV respectively the boundary and interior of V' w.r.t. the subspace
topology induced by S. Let S C X be a closed subset and () C S be a subset
in S. Fix e > 0. The open, respectively closed e-tube around @ is the set
05(Q) = {y € 5] d(y, Q) < €} respectively O, (Q) == {y € 5| d(y,Q) < ¢}.
Let O C S be an open subset in 5. The open, respectively closed internal
(—e)-tube of O inside S is the set ©°_(0) := {y € O|d(y,S \ O) > ¢}

respectively @i(O) ={y € Old(y,S\ O) > €}. If S is clear from the
context, it may be omitted from the notation.

2.2. Discrete dynamical systems and topological flows. A pair (X, 7))
is called a (discrete) dynamical system if X is a compact metric space
and T : X — X is a homeomorphism. For Y, a second countable metrizable
space we denote by dim(A) the Lebesgue covering dimension of A.° We use
the convention dim(B) = —1 iff B = 0.

Definition 2.1. A topological flow is a pair (X, ®) where X is a compact
metrizable space and ® : X x R — X is a continuous flow on X, that is, the
map P is continuous, ®(-,0) is the identity map on X and ®(®(x,t),s) =
O(x,t +s) for all t,s € R and x € X. For ¢t € R, we sometimes use the
notation ®;(x) = ®(x,t) and notice that ®; : X — X is a homeomorphism.
In addition for L C R, S C X we denote ®(S) = {P¢(x) |t € L, z € S}.
Throughout the text, we fix a compatible metric d on X. Given a set
0 # A C X and z € X, we define d(z, A) = infycad(z,y), as well as
d(z,0) = oc.

Definition 2.2. A point x € X is called a fixed point if ®;(z) = z for all
t. A point x € X is a periodic point with period 7 > 0 if ®,(z) = z and
®,(x) # x for any 0 < t < 7. In the later case, the set {®;(z)|0 <t <7} is
called the periodic orbit associated with .

6For second countable normal spaces (metrizable by the Urysohn metrization theorem),
the Lebesgue covering dimension equals the small inductive dimension (see [Fed90, §6.2]).
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Definition 2.3. The flow (X, ®) is said to be aperiodic if it has no periodic
orbits, that is, the equation ®4(z) = = implies ¢ = 0.

2.3. Cross-sections.

Definition 2.4. A cross-section of injectivity time 1 > 0 is a subset
S C X such that the restriction of ® on S x [—n, 7] is one-to-one. The cross-
section is said to be global if there is & > 0 such that ®(S x [-¢,¢]) = X.
The set ®[_,, ;1(5) is called the n-cylinder associated with S.

Remark 2.5. In [Burl9] a closed cross-section S such that the flow map
O : (z,t) = D4(z) is a surjective local homeomorphism from S x R to X, is
called a Poincaré cross-section and it is shown this is strictly stronger than
S being a closed and global cross-section.

Definition 2.6. Let (X, ®) be a topological flow. A finite family S =
{Si}fvzl of disjoint closed cross-sections each of injectivity time 7 is said
complete if (JY, Pa n(Si) = X. It follows that G = UN | S; is a closed
global cross-section.

A trivial observation is if x € S and ®;x € S for some t # 0, where
S is a cross-section of injectivity time n > 0, then [t| > 27y as otherwise
(I)_%S N (I)%S # 0.

2.4. Flow boundaries and interiors. As we will see in the sequel, the
cylinders associated with cross-sections will play a fundamental role in the
analysis of topological flows. The following definition which originates in
[BW72, Definition 3] is based upon [Burl9, Lemma 2.1].

Definition 2.7. Let U be a set contained in a closed cross-section of in-
jectivity time 7. The flow interior Int®(U) C U of U is the unique set
obeying:

@) (Int®(U)) = Int(P, , (U))
The flow boundary 0®U of U is the unique set obeying:

0Py (U) = 2 (U) U D, (U) U D, (070

One can show that for every 0 < v < n:
Int®(U) = Int(®[_, ,;(U)) N,

oYU =T\ Int®(U).

Note that OPU is closed as it can be written as 90U = U \ Int(®_, 4))-
for any 0 < v < 1. We remark that under certain circumstances the above
notions coincide with the classical notions of interior and boundary under
the induced topology on the cross-section. See Proposition 2.15.
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2.5. Good cross-sections exist. Here are several important facts regard-
ing cross-sections:

Theorem 2.8. (Whitney) [Whi33, page 270] Let (X, ®) be a topological flow
without fixed points, then for each x € X there is a closed cross-section S
such that z € Int®S.

Proof. (sketch) Fix z € X. For y € X, define

1
6(y) = /0 d(®(y), z)ds,

where d is the metric on X compatible with the topology. It is easy to see
that for fixed y € X the function t — 6(®.(y)) has a continuous derivative.
We denote the derivative at ¢ = 0 by €'(y). An easy calculation shows:

Assume w.l.o.g. that ®1(z) # x. Thus 6'(x) = d(®1(z),z) > 0. Using
the inverse function theorem we find ¢ > 0 such that (®_4(z)) < 0(z) <
O(Po(x)) and 0'(P4(x)) > 0 for all —2¢ <t < 2¢. Using the continuity of P,

6 and ¢ we may find an open neighborhood U of z such that for all y € U,
0'(Dy(y)) > 0 for all —2¢ < ¢ < 2¢ and:

(2 _(y)) < b(z) < O(Pe(y))-
Thus for every y € U there is a unique —¢ < t,, < £ such that 0(®;,(y)) =
0(x). It is not hard to show that the set S = {®;, (y)|y € U} is a closed
cross-section such that z € SN U C Int?S. Indeed ¢ > 0 is clearly an

injectivity time for S. Moreover U C ®_;4(S5), as if t, < 0 then ¢, + ¢ > 0
and if ¢, > 0 then ¢, — ¢ < 0. O

Based on the previous theorem it is possible to prove:

Theorem 2.9. (Bowen & Walters) A topological flow without fized points
admits a complete family of (closed) cross-sections.

Proof. See the proof of Lemma 5.1 where a stronger result is proven. O

Lemma 2.10. Let (X, ®) be a topological flow with dim(X) =mn > 1. Let
S C X be a closed cross-section. Then dim(S) < n — 1. If in addition S is
a global cross-section then dim(S) =n — 1.

Proof. As S x [—n,n] is homeomorphic to a subset of X, one has dim(S x
[-1,1]) < n. By a theorem of Hurewicz in [Hur35], as S is compact,
dim(S) < n — 1. Now assume in addition that S is a global cross-section.
Let £ > 0 such that the natural continuous map f : S x [—§,¢] — X given
by (z,t) — ®(z,t) is surjective. Note that f is a closed map between two
metric separable spaces and for every x € X, f~!(z) is countable. Thus by
[Eng95, Theorem 1.12.4]

dim(X) < dim(S x [~€,&]) + sup dim(f~(x)) < dim(S) +1+0,
e
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where we used the product theorem for non-empty metric separable spaces
A and B dim(A x B) < dim(A) 4+ dim(B) ([Eng95, Theorem 1.5.16]). Thus
dim(S) > n — 1 as desired. O

2.6. Calculating with flow interiors and boundaries. Let S,V C X.
Recall that dsV and IntgV denote respectively the boundary and interior
of V w.r.t. the subspace topology induced by S.

Lemma 2.11 ([Burl9], Lemma 2.2). Let S be a set contained in a closed
cross-section. Let U C S. Then

dsU c 9%U c asU U d®S.

Example 2.12. Consider a minimal rotation on the torus (T2, ®). Identify
T? = [0,1]% in the usual way. The closed set S = [A, B] x {0}, where 0 <
A < B <1 is a global cross-section. Let A < C < B and U = [C, B] x {0}
be a strict subset of S. Then dsU = {C} x {0}, 0°U = {C, B} x {0} and
0%S = {A, B} x {0}. This is an example for which the inclusion relations
for sets in Lemma 2.11 are strict.

Lemma 2.13. Let S Ez a set contained in a closed cross-section. Let U C S.
Then 0°U = 05U U (U NO*S).

Proof. By Lemma 2.11 and Definition 2.7 it follows on the one hand that
0°U c (0sU U9®S)NTU = 95U U (U N 9®S). On the other hand, since
UNo®*S=0Un(S\Int®S) c U\ Int?U = 9®U, we obtain by Lemma 2.11
that dsU U (U N 9*S) C 9%U. O

Lemma 2.14. Let (X, ®) be a topological flow. Let U be a subset of a closed
cross-section. Then Int®U = U implies that U is relatively open in S. If

UnNo%S = 0, then the converse holds, i.e. U relatively open in S implies
mt®U =U.

Proof. Assume that U = Int®U =. Fix 0 < v < 7. From the definition of
cross-section it is clear that ®_,,;(U) NS C U. Therefore U = Int®U =
Int(®(_,,(U))NU = Int(®[_, ,(U)) NS, implying that U is relatively open
in S. Now assume that U is (relatively) open in S, i.e. UN9IsU = (). As
it follows from Definition 2.7 that Int®U ¢ U and Int®U U 92U = U, it
is enough to prove 9°U NU = (. By Lemma 2.13, 0°U NU = (95U N
U)yu(Un 8@5). This expression equals the empty set as by assumption
Uno®s =0. O

Given a cross-section S and z € Int®S, we clearly have § := d(z,0%8) >0
as 0% is closed. Therefore it is easy to see that U = B(x,6/2) N S is a
relatively open set in S with z € U C Int®S and U N 9%S = 0. This
explains the usefulness of the criterion in the following proposition. Indeed
this proposition is key for calculating flow boundaries and interiors in the
theory we develop below.
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Proposition 2.15. Let (X, ®) be a topological flow. Let U be a subset of a
closed cross-section S such that U NO®S = (. Then:

9®U = dgU and Int®U = IntgU.

Proof. By Lemma 2.13, 9®U = 0sU. Thus IntgU = U \ 0sU = U \ 0%U =
Int®U. O

Remark 2.16. A case where the previous remark can be used is when S is
a cross-section, U,V C S with Int®?U = U and Int®V = V and 8%U c V.
Indeed

U=Int*UUud®U c mt®?UuV = nt®U UInt®V c Int®S
Thus U N9%S = (.

2.7. The small flow boundary property. First, we recall the small bound-
ary property for discrete dynamical system.

Definition 2.17. Let (X,T") a discrete dynamical system. A subset A C X
has a small boundary if y(0A) = 0 for every T-invariant measure u. The
system (X, T) is said to have the small boundary property if there is a
basis for the topology of X consisting of open sets with small boundary.

Let (X, ®) be a topological flow.

Definition 2.18. A Borel subset of X is called a null set if it has zero
measure w.r.t. any ®-invariant Borel probability measure. A Borel subset is
said to be a full set when its complement is a null set.

Definition 2.19. A closed cross-section S of injectivity time 1 has a small
flow boundary if ®_, ,1(0*(5)) is a null set.

For a cross-section A C X, we define the counting orbit capacity of A
by
1
lim —sup {0 <t <T:P(z) € A}.
The limit exists and is finite as sup,cx {0 < t < T : $y(z) € A} is
subadditive.

ocapy(A) =

Lemma 2.20 ([Burl9], Lemma 2.10). Let (X, ®) be a topological flow. Sup-
pose that S is a closed cross-section of injectivity time n > 0. Then the
following are equivalent.

(1) S has a small flow boundary;
(2) ocapy(0*S) = 0.

Definition 2.21. Let (X, ®) be a topological flow without fixed points.
The flow (X, ®) is said to have the small flow boundary property if for
any z € X and any closed cross-section S’ with z € Int®(S’), there exists a
closed subset S C S’ such that z € Int®(S) and S has a small flow boundary.
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2.8. Suspension flows and symbolic extensions. Let (Z,p) be a com-
pact metric space and T : Z — Z a homeomorphism. Let f : Z — Ry be
a continuous map. Let Fy = {(z,t) : 0 <t < f(x),x € Z} C Z xR. Let Ry
be the closed equivalence relation on Fy induced by {((z, f(z)), (Tz,0))|z €
Z} C Ff X Ff.

The suspension flow of T under f is the flow ® on the space

Zr:=Ft/Ry

induced by the time translation T; on Z x R defined by T;(z, s) = (x,t + s).
A suspension flow over a zero-dimensional Z-topological dynamical system is
called a zero dimensional suspension flow and a topological extension
by a zero-dimensional suspension flow is said to be a zero-dimensional
extension. Similarly a suspension flow over a symbolic Z-topological dy-
namical system (a.k.a Z-subshift) is called a symbolic suspension flow
and a topological extension by a symbolic suspension flow is said to be a
symbolic extension.

Definition 2.22. Let (X,®) and (Y,¥) be two topological flows. Sup-
pose that 7 : Y — X is a topological extension from (X, ®) to (Y,¥). A
topological extension is said to be (see [Burl9, §2.3])

e entropy-preserving when it preserves topological entropy i.e. hiop (X, @) =
hiop (Y, 0).

e principal when it preserves the entropy of invariant measures, i.e.
h(p, U) = h(mep, @) for all U-invariant measures p,

e isomorphic when 7 : (Y, U, u) — (X, P, m.u) is a measure theoret-
ical isomorphism for all W-invariant measures u,

e strongly isomorphic when there is a full set E of X such that the
restriction of 7 to 771 E is one-to-one.

Remark 2.23. Clearly, strongly isomorphic = isomorphic = principal=—-
entropy-preserving. It is easy to give an example of an extension which is
entropy-preserving but not principal: Let 7 : (X,T) — (Y,S) such that
hiop(T) > hiop(S). Then let f: X UY — Y by f(z) = n(z) f z € X
and f(z) =z if z € Y. An example of an extension which is principal but
not isomorphic is given by [BD19, Theorem 4.7]. Downarowicz and Glas-
ner constructed an minimal system which is an isomorphic but not almost
1-1 extension of its maximal equicontinuous factor. If this extension were
strongly isomorphic then it would trivially have at least one singleton fiber
implying the extension is almost 1-1. Thus their construction also gives
an example of an extension which is isomorphic but not strongly isomorphic
(see [DG16, Remark 3.2(d)]). Note that the 1-suspensions over the examples
above give the analogous examples for flows. Indeed by [Burl9, p. 4328],
there is an affine homeomorphism between the simplices of invariant mea-
sures O : M(X,T) — M(S1(X),®) given by p — pu x A, where X is the
Lebesgue measure on the interval [0, 1].
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2.9. Some facts from dimension theory. The following results in di-
mension theory for a separable metric spaces will be used in the proof of our
main result. Recall that an F, set is a countable union of closed sets.

Theorem 2.24. ([Eng95, Proposition 1.2.12]) Let E be a zero-dimensional
subset in a separable metric space M. Then for every x € M and every

open neighborhood U of x there is an open set U C U with x € U’ and
OU'NE =10

Theorem 2.25. ([HW41, Chapter III, Theorem III 2]) Let (B;)ien be a
countable collection of closed sets in a separable metric space satisfying
dim B; < k for alli. Then dim|J, B; < k.

The following corollary is obvious.

Corollary 2.26. Let (B;);en be a countable collection of F, sets in a sepa-
rable metric space satisfying dim B; < k for all i. Then dim|J; B; < k.

Lemma 2.27. Let M be a separable metric space. Let C' be closed and U
open then U NC 1is Fy.

Proof. Note M is second-countable and write U as a countable union of
closed balls. (]

The following theorem is well known.

Theorem 2.28. ([Eng95, Theorem 1.5.7]) Let M be a separable metric
space. If —1 < dim(M) < oo there is a zero-dimensional subset E of M
such that dim(M \ E) = dim(M) — 1.

We will need the following strengthening of Theorem 2.28.

Theorem 2.29. Let M be a separable metric space. If —1 < dim(M) < oo
there is a zero-dimensional F, subset E of M such that dim(M \ E) =
dim(M) — 1.

Proof. Denote n = dim(M). If n =0, set E = M. If n = 1, let {B;},
be a countable basis of M so that dim(0B;) = 0 for all i. Let E = |J, 0B;.
By Theorem 2.25 E is a zero-dimensional Fy, set. Note {B; N (M \ E)}3°,
is a basis of M \ F with 9(B; N (M \ E)) = (. Thus dim(M \ E) = 0
as desired. Assume the claim has been established for n — 1 > 0. Let
{B;}2, be a countable basis of M so that dim(0B;) < n — 1 for all i.
Using the inductive assumption let F; C 0B; be a zero-dimensional F, set
so that dim(0B; \ F;) < n —2. Let E = U;F;. By Theorem 2.25, F is
a zero-dimensional F, set. Note {B; N (M \ E)}°, is a basis of M \ E
with 8(B; N (M \ E)) € 8B; \ F;. Thus dim(M \ E) < n — 1. By [HWA4L,
Chapter 111, 2 B], dim(E U (M \ E)) < 1 + dim(E) + dim(M \ E) and thus
dim(M\ E) =n— 1. O

As an illustration of Theorem 2.29 consider M = [0, 1]? and note that
E = MN(QxQ) is zero-dimensional and M \ F is one-dimensional. Indeed it
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is easy to see that balls centered at rational coordinates with a rational radius
form a base with zero-dimensional boundary in M \ E. As an illustration
of Theorem 2.24 note that balls centered at rational coordinates with a
transcendental radius do not intersect E.

Proposition 2.30. Let M be a metric compact space and E a zero-dimensional
subset of M. Let C be a closed set and U an open subset such that C C U C
M. Then there is an open set U with C C U' C U’ C U and OU' N E = ().

Proof. First fix an open set W so C C W € W C U. Using Theorem 2.24,
for each x € C, choose an open set x € U, C W with 90U, N E = (). Let
Uz, .., Ug, be a cover of C. It is easy to see that U’ = (J;_; Uy, C W has
the required properties. O

3. ESTABLISHING THE SMALL FLOW BOUNDARY PROPERTY

3.1. Local homeomorphisms between cross-sections. Let (X, ®) be
a topological flow without fixed points. Suppose that dim(X) = d + 1 for
d > 0. By Lemma 5.1 there exists an > 0 and 0 < a < 7 such that (X, @)
has two complete families of cross-sections S = {S;}¥ | of (closed disjoint)
cross-sections of injectivity time ns and 8" = {S/}Y, of injectivity time 7/
such that for all 1 <i < N,

o S, = E - Inté(sl();

& N=1s =1s

e max{diam(S))} < a;

° Q[O,a]g = <I>[,a70]g = X, where G = UgesS.

Definition 3.1. Let 1 <4,5 < N. Denote by ¢; ; the first positive hitting
time from S; to §j, that is, for x € S,

tij(x) =min{t > 0: ®,(z) € 5;},
where if the argument set is empty we put ¢; ;(x) = co. The functions t;,j
are defined similarly w.r.t. S; and Si. Note #; ;(x) < t;j(z) for all z € S;.
Define

D@j = {:c €8;: ti,j(m) < T]}

and
Note D;; = () for all i. Let T; ; be the first positive hitting map from D; ;
to S}, that is, for x € D; 5,

E,](x) = (I)ti,j(:p) ($)7
Similarly, we define 7} ; from Dj ; to Sj.

Definition 3.2. Define the first return-time map

t(gl)(fﬂ) =1tg : § = UgesS = Ry by

t3) (z) = tg(x) := min{t > 0| ®,(z) € G}.
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As § = {Si}i]il is a family of closed disjoint cross-sections, there is v > 0
so that S = Uf\il S; is a cross-section with injectivity time . Thus the
argument set in the definition above is never empty.

Inductively for ¢ > 1 define the (i + 1)-th return time map

() G = UsesS — Ry by
i+1 i
1g"" () = g (tg(a)) + to(x).
Define t(go) () =0 and t(g_k) (x) for k € N, similarly to the above.
Definition 3.3. For 1 <i,j < N, define:

Fiji=A{x € Dijlti;(x) = tg(x)}.
That is F; ; is the set of € \S; such that the first member of S it hits after
leaving S; is 5.
Lemma 3.4. If x € F;;, then t; j(x) > .
Proof. Note tg is bounded from below by 2~. O
Lemma 3.5. For all1 <i < N, it holds that S; = Ué\leFM.

Proof. Let x € S;. As ®_, G = X, there exists some j, t € [0,a] and
y € S; so that ®_,y = z, ie., &z =y € §; . Thus t;j(x) < a < n and
x € D;j;. Let K ={1 <k < N|ze D} Noteje K. Clearly there is
k € K so that t; ;, = minsek t; 5. Conclude x € Fj . O

Lemma 3.6. Let1 <4,5 < N.
(1) If v € S}, y € S} and ®,(z) = y for some 0 < r < 21, then
ti (@) =r.
(2) If x € Dyj, then t] ;(z) =t; j(z).

Proof. For (1) assume for a contradiction that #; ;(z) < r. It follows that
(y,r—t; ;(x)) € % and [t] ;(x)—r| < 2. Since ® is injective on S x [—n, 7],
this is a contradiction.

For (2) note that by definition ¢; j(x) < n and @, (,)(z) € S}, thus by
(1), t; ;(x) = tij(x). U
Proposition 3.7. Let x € D; ;. Then there is an open neighborhood V' of
x in S) with V.C Tnt®S! such that t; ; is continuous on V., t; ;(z) < 2n for
allz € V and T; ;|v : V — S} is an open map and T} ;| : V = T} ;(V) is a
homeomorphism.

Proof. Let 0 < € < 7. Since Tj;(x) € S; € Int‘I’S;-, there is a © > 0 such
that the open ball B(T; j(x),r) is contained in ®_ (Intq)S}). Since @ is
continuous, there is an ¢ > 0 such that for any y € X with d(z,y) < 4,
we have that ®(y,t; j(z)) € B(T; ;(z),k) C Q(,e,e)(lnt‘bS;-). Let Vs = {y €
S!: d(x,y) < 0} which is an open neighborhood of z in S,. As z € S,
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d(x,0%8!) > 0, thus taking § small enough, one may assume w.l.o.g. that
Vs € Int®S!. Tt follows by Lemma 3.6 that

(1) tij(x) —e <t ;(y) <tij(z)+e

whenever y € V5. In particular #] ;(y) < 27 for all y € V5 and T} (V) C
Intq)S;-. We claim that after taking ¢ small enough, the map ; ; is continuous
on V = V. If not, then there exists a sequence {y,}neny C V such that
lim y,, = @ but ¢, := lim # ;(yn) # tij(x). As by definition 0 < ¢; j() <7
n—oo n—oo

and by choice e < 7, one has that ¢, < ;(v) + € < 27 and ®(z,t;) € Sj.
It follows that ®(T; j(z),t, —t;j(x)) € S} and [t; —t; j(z)| < 27. Since ® is
injective on S} x [—n, 7], this is a contradiction. Let z =T} ;(2") € Intq)S;- for
some 2’ € V. Let W, = {y € S} : d(2,y) < p} be an open neighborhood of z
in S;. Using Equation (1) with y =/, for p > 0 small enough, there is 0 <
§ < nsuch that ®_4, ()(®(,,)W,) is an open set in ®(_¢ ¢ (V). Thus for
each w € W, there are unique v € V, r € (=§,§), such that @, ()_,(v) =
w. By Lemma 3.6, one must have t; ;(v) = t;;(z) — 7 and T} ;(v) = w.
This implies W, C T} ;(V') which implies 7} ;|y : V — S} is an open map. In
addition, as t; ; is continuous on V' sois 7} ;[y. Thus in order to establish that
T} ;lv : V = T],(V) is a homeomorphism, it is enough to show that T} ;v
is injective. Indeed if it holds for 21,22 € V, that T} ;(21) = T} ;(22), that
is (I)tg’j(zl)(zl) = q)t;7j(z2)(z2)7 then z; = (I)t;j(zz)—t;’j(zl)(ZQ) which implies
|t; j(z2) — t; j(21)| > 27, contradicting Equation (1). Q.E.D. O

3.2. Return time sets and cross-section names.

Proposition 3.8. For every 1 <i,j < N there is a finite collection of open
sets Ci j in S, with the following properties:
(1) Fi,j - UCM - UCM - Intq)SZ’».
(2) For all V € Cij, t;; is continuous on V and t; ;(z) < 27 for all
reV.
(3) For all V € Cij, (T} ;)\ = V — T;;(V) is a homeomorphism and
T; (V) is open in S.

Proof. Fix 1 <i,j < N. Let x € F;. Let {x,}22; C F;; C D;; so that
Ty —gooo . As t;j(zq) < m, we may assume w.lo.g. t;;(z4) converges
to some t < 7. Clearly ®,(z) € S; and therefore x € D;;. Conclude
F,; € Dij € S; C Int®S!. Using Proposition 3.7 cover Fj; by a finite
collection of open sets C; j such that | JC; ; € [JC;; C Int®S!. with properties
(2) and (3). O

For each C' € C; j, we define Ti : €' — S} by x = T} ;(x). For n € NU{0},
i= (ik)ggkgn € {1,2,. . .N}n+1 and C" = (Co,cl, R 7Cn_1,Cn) S C(l) =
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n—1
[Ti=0 Cirinis X {Cinjt1<j<n, we define

Th T, ,0---0Tg, forl<k<mn;
¢ Idg, for k = 0;

on the set
Zen ={x e Cy:Tg,_,0--0Tg,(z) € Cy for 1 <k <n}.

Let x € Zon. The set Zeon is called an n-cross-section name of z. Note x
may have more than one n-cross-section name for a given n € N.

Let V C X, not necessarily contained in the image of Ton. Following
standard notation, we denote
(2) ToH(V):={x € Zon : Tn(x) € V} = (TE) T (V N TEn(Zem)).

Let n € NU{0}. Denote

C(n) = Uieq12,.. Nyt C(3).

Ci = U1<j<nCiyj-
Definition 3.9. We define the return time set:
Ion ={0<k <n:iy=iol.

It follows that the image of Tgn is contained in Sj for k € Icn. Note
0¢€ lon.
Remark 3.10. Note that C(0) = UJ;<; j<n Ci,j. Note that for C% = (Cy) €
C(0) it holds Ico = {0}, Zco = Cp and T = Idc,.
Lemma 3.11. Let C" € C(n) and 1 < k < n. Then the following holds:

(1) Zcn and TE.(Zen) are open; Tk, is a homeomorphism on Zcm.

(2) Let V be F,. Then T, (V) is F,.

Proof. The first claim is best understood by considering the first cases. In-
deed note T}, = Tg, : Co = T} ; (Co) and T, : TCTOI(TCO(C’O) NnCi) —
T, (T, (Co) N C1), both have a domain which is an an open set in S} and
a range which is an open set in SZ{1 and 522 respectively by Proposition 3.7.
Now assume we have proven that the domain of T, gn is an open set Dy, in Sl’»o
and that the range of Tgn is an open set Ry in Sl{k. It is easy to see that the
domain of Tg;fl is the open set in Dy, and therefore in S; , (Tgn)*l(Rk NC)
and that the range of Tg;”l is the open set in Sz{kH, Tc, (Ri N Ck). Note
that Zcn equals the domain of T2, which we have seen to be open. Using
Proposition 3.7(3), we have that T, (Zcn) is open. By the above T5, is a
homeomorphism on an open domain which contains Zcn and therefore is a
homeomorphism on Zgn.

For Claim (2), note ToF (V) = (T&.) " (V N Ten(Zen)) and Ten(Zon) is
open by (1). Thus VN Ten(Zcn) is Fy and on this set TCT,]f is a homeomor-
phism. O
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Using Proposition 3.8 let §p > 0 small enough so that 24y is a Lebesgue
number for each of the open covers C; j (of F; ;). Thus for all 1 <i,j5 <N,

(3) Fi; C U 0%, (V).
Vel; ;

. . . . = =5
From now on in this section we abbreviate ©.(-) = 97!

Definition 3.12. We define
7%, = {x €0 _5,(Co) : Te,_, 00 Tey(x) € O_5,(Cy) for 1 <k < n}.

This is clearly a closed set.

()-

The following lemma will be important in the sequel:

Lemma 3.13. Let © € S7 so that there are 0 =tg < t1 < t9 < ... < tq with
O, x €S fork=0,...,d. Then there exists C" = (Cy,C4,...,Cp_1,Cy) €
C(n) for somen € N, and jo = 0 < j1 < ... < jq such that x € Zgon and
Téfnx =®,x fori=0,....,d.

Proof. By Lemma 3.5, € Fyj for some j;. By Equation (3), we may
find Cy € C1j, so that z € ©_5,(Cp). A priori Tg,(x) € S% , however
by Lemma 3.6(2), T¢,(xz) € Sj,. Thus by Lemma 3.5, T, (z) € Fj, 4,
for some jp. Repeating the argument so that we may find C; € Cj, j, so
that Te, (z) € ©_5,(C1). Continuing inductively we construct a sequence
C" = (Cy,C1,...Cy) € C(n) with the properties:
(1) z € Z%,.
k _ k—1 —
(2) Tén(z) = (btg(Tégl(x))(TCn (x)), for k=1,...,n.
(3) ny > ta.
Conditions (2) and (3) guarantee that there exist jo =0 < ji < ... <ja
such that T}, o = @z for i = 0,...,d.
]

3.3. Statement of the Main Theorem. The main result is as follows.

Theorem 3.14 (=Theorem A). Let X be a finite-dimensional space. Let ®
be a topological flow on X without fixed points, having a countable number
of periodic orbits. Then (X, ®) has the small flow boundary property.

We follow the strategy of [Lin95]. Lindenstrauss proved that for any
discrete finite dimensional dynamical system (X,7T’) with (arbitrary) peri-
odic points set Per(X), for every pair of open sets U,V C X, such that
OU \ Per(X) C V, there is an open set U’ with U C U’ C U UV, such that
OU’ is the union of a set of zero (discrete) orbit capacity and a subset of
Per(X). This statement should be compared with Theorem 3.25. Our proof
is not a routine generalization. Using the same method, it is very proba-
ble one could prove an analog statement to the theorem by Lindenstrauss,
imposing no condition on periodic orbits.
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Burguet [Burl9, Proposition 2.1] proved that a C?-smooth flow without
fixed points on a compact smooth manifold (without boundary), satisfying
that for any 7 > 0 the number of periodic orbits of period less than 7 is
finite, has the small flow boundary property. A key tool in Burguet’s proof
is what he calls the n-transverse property (= the n-general property defined
later in this section). This property is established through successive ap-
proximation. A crucial point for the approximation scheme to work is the
so-called C'-stability of transversality, that is if My and M, are compact
transverse smooth manifolds then any compact smooth manifolds A and
M, which are sufficiently small C'-perturbations of M; and M, are trans-
verse ([KH97, Corollary A.3.17]. There are two difficulties in generalizing
Burguet’s method to topological flows. Firstly transversality is defined in
the context of smooth manifolds. Secondly, even if we consider a topological
flow on a compact manifold we are faced with the fact that transversality is
not C°-stable.

Let us give a very rough overview of our proof. We are given z € Int®S,
where S is a closed cross-section. We may find U,V C S with z € Int®U =
U, ItV = V and 9°U C V. Our goal is to find a perturbation of U
in the form of U’ ¢ S with U ¢ U’ ¢ U UV and 90U’ C V such that
ocapﬁ(aq’ U’) = 0. Actually we establish the stronger property that for every
y€eS,

(4) tH{t > 0: @4(y) € 0°U'} < d

Consider a small neighborhood of 2 € 9®U’ and consider the return profile of
this neighborhood: i.e., how elements in this neighborhood return to 0*U’.
This can be represented by certain intersections of certain images of this
neighborhood. This enables one do use the dimension of this intersection
as a proxy to number of returns. Indeed if the dimension drops below zero,
the intersection is empty and no further return is possible. The dimension
drop mechanism is the key to the proof and this is captured by the concept
of general position explained in the next subsection.

3.4. General position. By Lemma 2.10, a global closed cross-section in X
has dimension d. We will therefore use the following definition:

Definition 3.15. A collection A of subsets in a d-dimensional space is said
to be in general position if for every finite B C A, one has that

dim(NeepC) < max{—1,d — |B|}

The definition of general position is due to John Kulesza [Kul95]. To
acquire a better understanding, we quote the following sentences from Lin-
denstrauss [Lin95]:

The motivation for this definition is that given a collection of (d — 1)-
dimensional subsets of an n-dimensional space then generically any two will
have intersection with dimension less than d — 2, etc.
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Remark 3.16. For the purposes of the proof the most important conse-
quence of Definition 3.15 is that every finite sub-collection B C A with d+1
elements has empty intersection.

Recall the definition of Tc_f in Equation (2) and the definition of Icm in
Definition 3.9 in Subsection 3.2.
Definition 3.17. Let n > 0. A set V C Sp is called C™-general for
C" e C(n)if (Tgf (OQ’V))]CEIC” is in general position. It is called n-general
if it is C™-general for every C™ € C(n). Moreover, we say that it is C"-
general (or n-general) on a set U if (Tgf @O*W)YNU > kelon is in general
position (or respectively for all C™ € C(n)).

The following remark is easy to establish:

Remark 3.18. If a set V C 5] is n-general then it is m-general for all
0<m<n.

Lemma 3.19. If W C S1 with dim(0®W) < d — 1, then W is 0-general.

Proof. Note that for C° = (Cp) € C(0), Ico = {0}. Therefore dim(0®W) <
d — 1 implies the result. O

3.5. Key Lemma. In this subsection, we prove the key technical lemma of
the paper:

Lemma 3.20. Let U be a subset in Sy with Int®U = U and n > 0. Then
for every subset V in Sy with Int®V =V and 0®U C V, there is a subset
U c Sy with nt®U’ = U’ such that

(HYUcCcU cUUV;

(2) 0*U' C V;
(3) U’ is n-general;
(4) 0°U' N P = 0.

Proof of Lemma 3.20. If 9®V = (), then we set U’ = UUV. By Lemma 2.14
and the fact that 0°U < Int®(V) ¢ Int®(U U V), we see that 9°U" = 0.
Thus U’ is n-general for all n > 0.

Let us assume 0%V # (). We will prove the lemma by induction on n.
Note that by assumption the number of periodic orbits is countable. As a
periodic orbit intersects a cross-section a finite number of times, we conclude
P N Sy is countable. By Theorem 2.25, the F, set P NS is at most zero-
dimensional. By Lemma 2.10, dim(S1) < d. By Theorem 2.29, one may
find a F, subset E of S; with dim(F) < 0 such that dim(S; \ F) < d — 1.
By Corollary 2.26 dim(E U PN S1) < 0. We now treat the base case n = 0.
By Theorem 2.24 we may pick for every € 9%U an open neighborhood
U, C V such that 09U, N (PUE) = 0. Let Uy, ,Us,,...,Us, be a cover of
d*U. Define U' = U U, U,,. Clearly 0°U’ C |~ 0%U,, and therefore
Condition (4) holds. In addition it is easy to see that Conditions (1) and
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(2) hold. As 9®U’ € S1\ E, dim(9®U’) < d— 1. By Lemma 3.19, Condition
(3) holds.

By induction we suppose that we have constructed Ay C S; with Int® A4y =
Ap which satisfies the following properties:

(Al) UCAyCcUUV.

( ) G‘I’Ao cV.

(A3) Agis (n — 1)-general.

(A4) C(n) = Fo U Fy such that F; # (0 and Ay is C™-general for all

c" e Fy.

(A5) 8¢A0 NP =40.
Now fix D € F;. We will construct U’ such that

(B1) Int®U’ = U".

(B2) UcU' cUUV and 9%U' C V.

(B3) U’ is (n — 1)-general.

(B4) U’ is C"-general for all C™ € Fy U {D}.

(B5) 0°U' N P = ().
Assuming that such U’ has been constructed, we may complete the proof by
inducting on F7, finally obtaining Fy = C(n). Thus it remains to construct
U’ that satisfies the conditions (B1) — (B5) which will be achieved in the
sequel. Indeed set U’ = A,,, of Lemma 3.23. O

Definition 3.21. Denote by B(xz,r) with € S| and r > 0 the intersection
of S7 and the open ball centered at x with radius r. Also, denote by B’ the
doubling ball of B, i.e. if B = B(z,r) then B’ = B(z,2r).

Lemma 3.22. There exists open sets {B;}I" satisfying the following con-
ditions:
(D1) for any C € C(n) and for any distinct j,¢ € Ic, one has that
Tl (B) NTgi(B)) = 0;
(D2) {B;}™, is an open cover of O* Ay;
(D?)) U:ll B, CcV.

Proof. Let z € 9% Ag. We will now construct a ball around x, B, = B(z,r)
for some r > 0, such that B, C V and for any C' € C(n) and for any distinct
j,€ € Ic, one has that T, (B,) N TgH(B,) = 0. Since C(n) is a finite
collection, it is sufficient to consider a fixed C™ = (Cy, C4,...,Cp—1,Cy) €
C(n) and fixed (j,¢) € Icm X Icn with j > £ (as one may take the intersection
of the open balls associated to each C™ and each j > ¢). Assume for a
contradiction that for every p € N we may find an open nelghborhood 4%

in S of z with diam(W,) < and wp € X such that w, € T, gW ﬂTCnW

Let 2, := Ténwp, Yyp = Thu wp € W,,. This implies we have found sequences
(Yp)pen and (zp)pen in X converging to x such that T]Djeeyp = Zz,, where
Di=* = (Cy,...,C;) € C(j — ¢). Thus by Proposition 3.8 there exist ¢, <

"Recall Remark 3.18.



SYMBOLIC EXTENSIONS FOR EXPANSIVE TOPOLOGICAL FLOWS 19

2n(j — £) such that &y, = z,. W.log. t, — t, for & — oo for some
t < 2n(j —¥¢). We conclude that ®;22 = x which is a contradiction to the
fact that © ¢ P as 9%Ap N P = 0. Let now {B;}™, be a finite subcover of
0% Ay extracted from {B,}. Clearly properties (D1)-(D3) hold. O

Lemma 3.23. There exists sets { Ay}, such that for k> 1:

1) Ap_1 C Ag and Ay \ Ap_1 C B;c,'
Int’I)Ak = Ag;

A is (n — 1)-general and C™-general for all C™ € Fy;

(E
(E
(E
(E
(E
(E
(ET) Ay is D-general on Ui<j<pBj.

2)
3)
4)
5) 0% A, c U, Bi;
6)
7)

Proof. We will construct sets {Ay}}"; by induction on k. As Ay is used as
the base case we notice from properties (A1)-(A5) that Ay satisfies (E2)-(E6)
and (E7) (in an empty fashion).

Suppose that (Ai)fz_ol have been already defined, satisfying the listed pro-
prieties. Define:

Ac = {T7 (0% A1) : j € Ic},

for every C € C(n — 1) U Fo U {D}. By Theorem 2.29, for every A C Ac
with [).A # 0, there exists an F, subset Eﬁ C Z¢ of dimension zero such
that

(5) dim(()A\ EQ) = dim([ ") A) — 1.
Define
E= U TLES,
CeC(n—1)UFoU{D},ACAc,j€lc
Clearly, F is a zero-dimensional set in S] by Corollary 2.26 and Lemma
3.11(2). Note that by the inductive assumption 8% A4;,_; C U~ B;. Thus
one may find € > 0 so that:

66(E N 8<I>Ak:—1) C U Bia
i=1

where recall from §ubsection 2.1 that the closed e-tube around a closed set
Q C S} is the set ©.(Q) := {y € 57| d(y,Q) < €}. Clearly ©.(By) C By, for
¢ > 0 small enough. Thus O.(By N9%A4;_1) C B, NnU", B;. Note PN S,
is a Fi,; set with dim(P N S;1) < 0. By Corollary 2.26, dim(E U PN S;) < 0.
By Lemma 2.30, there exists a set W with Int®W = W such that

(F1) W c B, nU~, B;;

(F2) ©c(Br N 9% Ap_1) C W;

(F3) 0°W N (E U P) = 0.



20 YONATAN GUTMAN AND RUXI SHI

Let Ay = Ap—1 UW. We will show that Ay is the set we look for. By (F1),
Conditions (E1) and (E5) hold. Since Int®W = W, (E2) follows by Lemma
2.14. Note:

(6) 0% A C 0%A_1U*W C 0%A,_UW C V.

This gives (E3). By (F3) and (E4) for kK — 1 (E4) holds for k. Using (6)
and (F3), we have (E7). It remains to check (E6) and (E7). We start by
proving (E6). Fix C € C(n — 1) U Fy. Assume for a contradiction that Ay
is not C-general. We can thus find I C I with

dim(NjerTo? 9 Ay) > max{—1,d — ¢I}.
By Equation (6) it follows that
NjerTe 0% Ay € Nyer (T670" A1 VT O"W)
C Uaefo,1}! (ﬂjeIK]qj> )

where KJQ = T(;j@q’Ak_l and K]l = ngaq)W for j € I. By (D1) and the fact
that W C By, we see that ﬁjeIKJ% =0 if oj = 1 for at least two j € I. By
the induction hypothesis, we have that dim(ﬂjefK]Q) < max{—1,d—§I}. By
Lemmas 2.27 and 3.11 the sets K;‘j are F,. As the intersection of finitely

many F, sets is an F, set, we may apply the sum theorem for F, sets
(Corollary 2.26). It follows that there is £ € I such that

(7) dim(( Njep (o K]O) NK}) > max{—1,d —#I}.

Let A = {Kjo}jel\{g}. Assume there is z € K} N EY, then Thz € 0*W N
T ES which is a contradiction to (F'3). We conclude

(Njenge K3) N K} C (Njenge K7) \ ES.

By the inductive hypothesis (E6) holds for £ — 1 and may be applied on
ﬂjel\{g}KJQ. Thus, using Equation (5):

dim(( Njergy K7) N K7) < dim((Qjen g K7) \ E2)
= dim(ﬂjel\{g}K]Q) -1
< max{—-1,d —tl}.
This is a contradiction to Equation (7). We now prove (E7). We notice from
(F2) and the fact that Ay = Aj_1 UW that %A, N (B N0%A,_1) = 0,
equivalently 9% Ay, \ (B N 0% A;x_1) = 0% A. In addition we conclude from
(Fl) that 8(I>VV\B;C = @ Thus 6‘I’Ak = 8‘I>Ak \ (Bk ﬁ@‘I’Ak,l) C (G‘I’Ak,l U
O*W)\ (Bx NO® A1) C (0% Ag—1 \ Bg) U (8®°W N By). Finally:
k k-1
UBina® Ay c (Beu | B:) N (0% Ak—1 \ Bx) U (0°W N By))
i=1 i=1



SYMBOLIC EXTENSIONS FOR EXPANSIVE TOPOLOGICAL FLOWS 21

The (RHS) equals the union of the four following expressions, one of which
is empty:

o BN (0%A5-1\ By) =10,

° Uf;ll B; N (8‘1)Ak_1 \ Bk) C Uf;ll B; N 8®Ak_1,

e BN oW

o (S B)N(@*W N By)
Fix I C Ip. One can write [;¢; TD_J(UZ?C:1 B; N 0% A4;) as the union of 3!
expressions. Notice that as above each one of these expressions is a finite
intersection of F, sets, thus F, by itself. Therefore by Corollary 2.26, it is
enough to show that each of these expressions has dimension less or equal
than d— |I]. Let us analyze each of these expressions. If the expression BN
O®W appears twice, then the expression is empty as Tr" (By)NTp” (Bg) =
() for j1 # jo. The same is true for the expression (Ui-:ll B))N(0*WNB,) as
ngl (B,) N ngQ (By,) = 0 for ji # jo. Thus the expressions involving 0%W
appear at most once. If such expression do not appear at all, then we are
only left with the expression Uf;ll B;N0%A;_; and the dimension estimate
is handled by the inductive assumption that condition (E7) holds for k — 1.
Finally we treat the case where an expression involving 0®W appears exactly
once. We thus analyze an expression contained in an expression of the form

k—1
Tp'o®wn () Tp' (| Bind®Ax-)
jen{ey =l

Let A= {ng(aéAk_l) :j € I\ {{}}, Assume there is = € T5€3¢W NEY,
then Thz € O*W NTLHER C 0°W N E which is a contradiction to (F3).
Thus, using condition (E7) for k — 1 and Equation (5),
k-1
dim(Tp0*Wn (| Tp (| Bind® A1)
jeN{} i=1
k-1
<dim(( () T/ Bin9®4x1)) \ ER)
JEN{L} =1
k-1
=dim( (| Tp'(|J Bind®A4x_1)) - 1
jen{e i=1
< max{-1,d — |I|},

as desired.
O

3.6. Proof of the Main Theorem. The proof of the main theorem ne-
cessitates an approximation lemma. Recall the definition of §y in Definition
3.12.
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Lemma 3.24. Let A and V be subsets such that A=A C V = Int®V ¢
Int®S,. Let n,d € N. Suppose that for all C" = (Cy,C4,...,Cy) € C(n)
and I C Ic with 0 € I and §1 = d + 1, it holds,

(8) ﬂ kA = 0,
kel
Then there exists U CU C V C S; with Int®U = U and A C U such that
9) Z%, 0 () TohU =0,
kel

for all C" = (Cy,Ch,...,Cy) €C(n) and I C Ic with0 € I and 41 =d+ 1.

Proof. We claim there is mg € N, so that for all m > mgy, U = U, =
0, /m(A) fulfills the sought after requirements. Assume for a contradic-

tion that this is not the case. We may thus find z,, € Zé?n, cr =

m
(Com, Crim, -, Cm) € C(n), 0 = jg* < ji* < -+ < 47", {ii"}o € Iey,
so that Tg;xm € O/m(A) for i = 0,...,d. As C(n) is finite, by pass-
ing to a subsequence we may assume w.l.o.g. C}, = C" for some fixed
c" = (Cy,Ch,...,Cp) € C(n), and j" = j; for i = 0,...,d, for some fixed
1= {ji};-izo C Icn. By passing to a subsequence we may assume w.l.o.g.

that z,, - = € Zg?n. In particular Téfnac is well defined for ¢ = 0,...,d.
Conclude T(J}n:n € Afori =0,...,d Thus x € (¢, T(;,]fA which is a
contradiction. Q.E.D. O

Theorem 3.25. Let X be a compact finite-dimensional space. Let ® be
a topological flow on X without fized points, having a countable number of
periodic orbits. Then for any U,V C S; with Int®U = U, Int®V =V and
O%U C V, there exists U' C Sy with Int®U’ = U and U c U' C UUV such
that U’ has a small flow boundary.

Proof. By induction, we will construct {Uy}32, and {V}}32, satisfying for

all k > 0,

1) Up=U and Vp =V;

) Intq)Uk = U, C 51 and Int‘DVk =V, C Sy

) aCDUk C Vi

4) W—&-l C Vi and Uy C Ugy1;

) U1 C Up UV .
) el T_,f Vi =

() for all I C I with 0 € I and #1 =d + 1.

Assuming that such {Up}32, and {V}}72, have been constructed, we set

U' = U2 U;. Tt is clear that U’ is relatively open in S7. By (4) and (5), we

have that

Ukpe U Vi CUgrp-1U Vipp—1 UV CUgpp—1 UV,
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for all k,¢ > 0. It follows that
Uke UV C UL UV,
and thus as by (4) U' = s, Uy for all k,
U1 C U’ C Upy1 U Viya,
for all £ > 0. Then by (2),(3), (4) we obtain that
(10) OV C Upyt UVig1 \ Upg1 € 0%Upp U Vigr C Vi,

for all £ > 0. In order to establish ocapﬁ(ﬁ(bU ") =0, it is sufficient to show
that any orbit of the flow hits at most d times the set 0*U’. Let 2 € 9*U’ C
S7 and assume for a contradiction that there are 0 < t; < t9 < ... < tg such
that ®;,x € 0°U' C S1,i=1,...,d.
By Lemma 3.13, for some n, there is C" = (Cy, C1,...,Cy) € C(n) with
On and I = {j;}%, C Icn with jo = 0 < ji,... < jgq such that
Téfna: =&z fori=0,...,d. Thus

v € 2%, N[ T510%U" C 2%, 0 ([ ToiVa #0,
jel Jel
which is a contradiction to (6).

It remains to construct {Uy}32, and {Vi}32,. By (1), the sets Uy and
Vo are well defined for k = 0. Suppose that (U;)%_, and (V;)%_, have been
constructed. Applying Lemma 3.20 to Uy, Vi, we have a subset U1 C S1
with Int®Uy 11 = Uy such that

(Al) Uk C Ugy1 C U U Vy;

(A2) 9%Up41 C Vi

(A3) Ugy1 is (k + 1)-general.

Applying Lemma 3.24 and Remark 3.16 to A = 9%Uj41, we have a set
V41 C 51 with Int?® Vik+1 = Vi41 such that

(B1) 0%°Ukt1 C Vip1 C Virr C Vi

(B2) for all C¥*1 = (Cp,...,Chy1) € C(k + 1), it holds that Z%, N
Njer Ck+1Vk+1 =( for all I C Igk+1 with 0 € I and 4 =d + 1.

Note that the set Uyy; and Vg4 satisfy the conditions (2) — (6). O

We can now prove the main theorem:

Proof of Theorem 3.14. Fix a point x € X and a closed cross-section S
with z € Int®S. Using Lemma 5.1, one may find two complete families of
cross-sections S = {S;}¥, and &' = {S!}¥ | obeying the conditions in the
beginning of Section 3.1, with x € Int‘D(Sl) C 51 € S. We now choose U
and V in S; with Int®U = U and Int®V = V such that z € U C S; and
0®U c V C S;. Applying Theorem 3.25 to U and V, we have an open set
U' ¢ Sy with Int®U’ = U’ and U ¢ U’ ¢ U UV such that U’ has a small
flow boundary and = € U’. We thus conclude that (X, ®) has the small flow
boundary property.
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4. EXPANSIVE FLOWS HAVE STRONGLY ISOMORPHIC SYMBOLIC
EXTENSIONS

4.1. Background. In this section, we are interested in expansive flows. We
first recall the definition of expansive flows and several properties of such
flows. Then we build the symbolic extension of an expansive flow following
Bowen and Walters. Finally we give a positive answer to an open question
by Bowen and Walters, showing that any expansive topological flow has a
strongly isomorphic symbolic extension.

The system (X, 7)) is said to be expansive if there exists an 6 > 0 such
that d(T"z, T"y) < 0 for all n € Z implies x = y where d is a compati-
ble metric on X. For example, Anosov diffeomorphisms are expansive (see
[Ano67]). Keynes and Robertson [KR69] proved that every expansive home-
omorphism has a symbolic extension. Moreover, when X is 0-dimensional,
it is conjugate to a subshift. The expansive systems have been extensively
investigated and many interesting properties have been proven. For ex-
ample, expansiveness is invariant under topological conjugacy; the periodic
growth® and the topological entropy of an expansive discrete system is finite
[Con68]. Mané [ManT79] showed that an expansive Z-system must be finite-
dimensional. From this it follows that an expansive Z-system without fixed
points has the small boundary property ([Lin95]). By [Burl9, Proposition
C.1] an expansive Z-system with the small boundary property admits an
essential uniform generator which induces a strongly isomorphic symbolic
extension ([Burl9, Proposition 3.1]).

Definition 4.1. The flow (X, ®) is said to be expansive if for any ¢ > 0,
there exists § > 0 such that if d(®¢(z), ®44y) < 0 for all t € R, for a pair of

points x,7 € X and a continuous map’ s : R — R with s(0) = 0, then there
exists ¢ € R with [t| < € such that y = ®;(z).

The notion of expansiveness of topological flows was introduced by Bowen
and Walters [BWT72]. We remark that the definition of expansiveness is
clearly independent of the metric. By [BW72, Theorem 5|, the entropy of
an expansive flow is finite and for every ¢t > 0 the number of periodic orbits
of period in [0, ¢] is finite. By [BW72, Lemma 1], an expansive flow has only
a finite number of fixed points and each of them is an isolated point'’. This
reduces the study of expansive flows to those without fixed points. Another
important property of expansiveness which Bowen and Walters proved is

8The periodic growth of (X,T) is defined as lim Sup,,_, o (1/n)log|P,| where P, is the
set of n-periodic points.

9By [BW72, Theorem 3], one can require in the definition of expansiveness for the
function s to be non-decreasing.

10Note that an expansive Z-system has also only a finite number of fixed points. How-
ever, these points need not be isolated as witnessed by the (expansive) full shift on two
letters.
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that expansiveness is a conjugacy invariant for flows [BW72, Corollary 4].
One may therefore argue that the definition of expansiveness by Bowen
and Walters is the correct one (see also the discussion of other attempts in
[BW72, Page 180-181]).

Keynes and Sears [KS81] extended the above mentioned result of Mané,
showing that expansive flows must be finite-dimensional. It can be shown
that Anosov flows are expansive ([Ano67]). The geodesic flow on a compact
smooth manifold of negative curvature is an Anosov flow and thus expansive;
also, Axiom A flows are expansive on their nonwandering sets [Bow72].

4.2. Bowen and Walters’ construction. In this section, we recall the
construction of Bowen and Walters, i.e. the symbolic extension of an ex-
pansive flow. Let (X, ®) be an expansive flow without fixed points. The
following exposition is based on [BW72, Section 5].

Theorem 4.2 ([BW72], Theorem 3). A topological flow without fized points
(X, @) is expansive if and only if for any € > 0 there exists « = a(€) > 0 such
that the following holds: if t = (t;)iez and u = (u;);ez with tg = ug = 0,
0<tiv1—t <a, |uir1 —ui| <a, t; > o0 and t—; = —00 as i — oo and if
x,y € X satisfy d(P,(x), Py, (y)) < « for all i € Z, then there exists t € R
with |t| < € such that y = ®(z).

Let n be as in Lemma 5.1. W.l.o.g. we assume a < 7. Choose a@ =
a(n) > 0 as in Theorem 4.2. By Lemma 5.1, we can find a complete family
S = {8}, of injectivity time n > 0 with Pg,0)9 = P_a,09 = X, where
G = Ui<i<nS;. Since S; are pairwise disjoint and compact, there is 5 > 0 so
that ®(g g(S5;) are pairwise disjoint for all i. For x € G, let r;(z) be the i-th
return time to G (see Definition 3.2). As P09 = X, every y € G, has
some x € Gand 0 < s < a so that ¢_.x =y, i.e. P,y =a € G. It follows
that 0 < 8 < rit1(z) —ri(z) < afor all x € G. Denote by ¥ = {1,2,...,N}
and o the (left) shift on ¥%. Define G x X% by

{(z,q) € G x X% : 3t € RZ s0 that tg = 0,t;41 — t; € [, ], &y, (x) € Sy, }-

The sequence t appearing in the definition is called a return-time se-
quence for (x,q); q is called a return-name sequence for z and x is
called a realization of q. A return-time sequence t for x is any return-time
sequence of (z,q) € G x X% for some q.

Note that the sequence r = {r;(z)}2__ is the maximal return-time
sequence for x in the sense that if t = {¢;}°__ is a return-time for z,
then {t;}3°_ C {ri(x)}2__,. Other return-time sequences than r for x

may exists. This is the case if for example for some i, ;41 — -1 < «, as
one can remove r; from r and still have a return-time sequence for x. In
contrast Lemma 4.4 shows that (x, q) has a unique return-time sequence. In
addition in Lemma 4.6 it is shown that the return-name sequence determines
a realization uniquely.

Lemma 4.3. G x X% is closed in G x Y.,
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Proof. Let (z",q") € G x % which converge to (z,q) as n — oo. Let t"
be a return-time sequence of (2", q"). Since [t}'| < |i|a for every i € Z, we
may assume that the limit lim,, o t}" exists, say t; for each i € Z. Since X
is finite, we see that for each i € Z, ¢ = ¢; for large n > n(i). Since Sy,
is closed for each i € Z, we obtain that ®,(z) = lim,—,0c P42 (2") € Sy, for
each i € Z. This implies that (z,q) € G x X% with return-time sequence
t = (ti)icz. O

Lemma 4.4. For each (x,q) € GxX%, the return-time sequence t is unique.

Proof. Suppose that t and t’ are two distinct return-time sequences of
(r,q) € G x £%. Without loss of generality, we assume that (¢;)i>q #
(t))i>0. Let k = min{i > 0 : t; # t}}. It follows that t;,_; = t}_, and
Dy, (), Py 4, (Pr, (7)) € Sgy. Since tp —tp—1 < @ and t) —t;_; < a, we
have that |t} —tx| < o < 1 and consequently ¢, = t;. This is a contradic-
tion. U

_tk

Thus we may define the map:
t:Gx Xl 5 RE
Lemma 4.5. The map t is continuous.

Proof. Tt suffices to show that t; : G x X% — [~|i|a, |i|a] C R is continuous
for each i € Z. Assume (z",q") € G x X% converge to (x,q) as n — oo. Let
{ti(z",q" )}, be an arbitrary converging subsequence. By the argument of
Lemma 4.3, lim;j_, t;(2",q") = t;(z,q). This establishes continuity. [

Let Py : G x X% — Y2 be the projection.
Lemma 4.6. The map Ps is injective.

Proof. Suppose that (z,q), (y,q) € G x ¥%. Since (X, ®) is expansive, by
Theorem 4.2, we see that @ = ®4(y) for some t with [t| < 7. Since z,y € S,
and Sy, is a cross-section of injectivity time 7, we have that z = y. ([

Let Z := U1<;<ny0%(S;) and W be the set of points whose orbit does not
intersect Z. In other words,

(11) w=x\Je(2).
reR
Clearly, the set W is ®-invariant, i.e. ®;(W) =W for all t € R. Define
Y=Wnag.

Recall the definition of r;(xz) above. Define Q : V — X% by Q(x) =
(Qi(z))icz where Q;(z) = j if @, ,)(x) € ;. Note that the map @ sends
an element in V to the return name-sequence associated with its maximal
return time-sequence, and is not necessarily continuous. If x € V, then also
@, (z)(z) €V, thus Q(V) is o-invariant. Define

A=Q).
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Thus A is the closure of the set of return name-sequences associated with
the maximal return time-sequences of elements in V. Clearly (A,0) is a
subshift. Let P; : G x % — G be the projection on the first coordinate.
Note that the map P{l 1 Py(G x EZ) — G x ©% is continuous. Clearly, for
r €V, the point (z,Q(r)) € G x X% and consequently Q(z) € Py(G x X2).
Since Py(G x ¥7) is compact and contains Q(V), we see that A, which is the
closure of Q(V), is contained in P»(G x £%). We define the continuous map
P:A—Gby
P(q) = Pi(P; ()
for q € A. Thus, P associates with a return-name sequence in A its realiza-
tion in G C X. Clearly, P o @ is the identity on V.
We define the continuous function f: A — [5, a] by

fla) =t (P 'a).

Remark 4.7. From the proof of Lemma 4.4 it is clear that f(q) is the first
positive time when the realization of q in G returns to S,, but it is possible
that it returns to G earlier. However, if q € Q(V) then f(q) is the first
positive return time to G of the realization of q (due to the definition above
of @ involving maximal return time-sequences).

Definition 4.8. Denote by (Af, V) the suspension flow over (A, o). Define
m: Ay — X by

m((q, 1)) = ®i(P(q)).
Theorem 4.9 (Theorem 10, [BW72]). The flow (X, ®) is a factor of (Af, V)

via .

Proof. First, we show that 7 is well defined, i.e. that it holds 7(q, f(q)) =
m(o(q),0). This implies easily that 7 is R-equivariant. By the definition of
m, one has to show 7((q, f(q))) = ®f(q)(P(q)) = P(a(q)) = 7((c(q),0)). It
is enough to show (@ ;(q)(P(q)),(q)) € Gx X% as the return-name sequence
determines the realization. Indeed, we claim that the associated return-time

sequence of (®fq)(P(a)),o(q)) is {ti+1(P(a),q) —t1(P(q),q) }iez, which is
confirmed by:

1 (Pl@)a)-t (P (Pr@ (P(@)) = Po .y (P(a)a) (P(Q) € S
for i € Z, where we used that ¢1(P(q),q) = f(q) (see Remark 4.7).

Finally, we note that the image m(Ay) is a ®-invariant closed subset of X
which contains V as for z € V it holds 7((Q(z),0)) = Po Q(z) = =.

From Definition 2.7 it is easy to see that the closed set ®_,, ,1Z has empty
interior (see also [Burl9, Lemma 2.4(1)]). By Baire category theorem this
implies that W = |J,cg ®-(V) is dense in X. We conclude that 7(Ay) =
X. ([

The following lemma is crucial for the proof of Theorem 4.11 in the sequel.

Lemma 4.10. Let (q,t) € Ay for some 0 <t < f(q). If 7((q,t)) =z €V,
then t =0 and q = Q(2).
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Proof. By definition 7(Ay x {0}) € G. Thus z := ®_4(2) e GNW = V.
Moreover by the definition and equivariance of 7, © = 7(q,0) = P(q). We
will show q = Q(z). Note that as z = ®,(z),z € V, t is a return-time of x
to G. By assumption 0 < ¢ < f(q) and f(q) is the first positive return time
to G (see Remark 4.7). Thus q = Q(z) implies that ¢ = 0 and from this it
holds as desired, that q = Q(z) = Q(P¢(x)) = Q(z). To show q = Q(x),
pick x,, € V such that Q(xz,) — q as n — oo. As P is continuous and
(PoQ)y = 1d, we see that =, = P(Q(z,)) — P(q) = v as n — co. Let
t =t(z,Q(z)). For N >0, let

N-1

Ex= |J [ti+8/2.tiy1 — 8/2]

i=—N

and define the open set

N
Oy = ( ﬂ (I)(ti5/2,t¢+5/2)1mq>(362¢(x)>> \®_p, 0.

i=—N
Note that for i = —N,..., N,

D1, —pj2,t+8/2)% € Qi(x) and & & Ppyypoy,,, /29

As z € V, it holds that for all t € R, &z ¢ Z. Thus, if &2 € S;, then in
effect @,z € Int®S;. We conclude z € Oy is open and contains .

Note that if y € Oy NV, then Q;(y) = Qi(x) for —N < i < N. It follows
that for each N, there exists m (V) such that for n > m(N), Q;(z,) = Qi(x)
for —N < i < N. This implies that Q(z,) — Q(z) as n — co. Recall that
Q(z,) — q as n — oo. Thus we obtain that q = Q(x) as desired. O

4.3. Bowen and Walters’ question answered. Bowen and Walters asked
the following question:

Question. ([BW72, Problem, p. 192]) Let (X, ®) be an expansive topologi-
cal flow without fized points. Can the symbolic extension w in Theorem 4.9
be made entropy-preserving by choosing carefully the cross-sections {Si},f\il ¢

Theorem 4.11. Let (X, ®) be an expansive flow without fized points. Then
7 is strongly isomorphic.

Proof. By [KS81, Theorem 4.2] an expansive flow is finite-dimensional. By
[BW72, Theorem 5|, an expansive flow has the property that for any 7 > 0,
the number of periodic orbits of period less than 7 is finite. Since (X, ®)
has no fixed points, we can now apply Main Theorem 3.14 to conclude
(X, ®) has the small flow boundary property. Adapting the notation and
results of Subsection 4.2, we notice that the cross-sections S; in Lemma
5.1 may be chosen such that the .S; have small flow boundaries for each 1.
Thus ®[_,, ,(Z) is a null set and by o-additivity of measures, W defined in
Equation (11) is a full set. It therefore suffices to show that 7 is one-to-one
when restricted to 7~ (W). In other words, if 7((q1,t1)) = 7((qz,t2)) =y €
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W, then (q1,t1) = (qz,t2). Write y = &4z for somet € Rand z € V =WnN
G. By applying ®_;, we may assume w.l.o.g. m((q1,t1)) = 7((qe,t2)) € V.
It is thus enough to show that 7 is one-to-one when restricted to m=1(V).
This follows from Lemma 4.10. U

The following theorem gives a strong positive answer to Bowen and Wal-
ters’ question above.

Theorem 4.12. (=Theorem B) Let (X, ®) be an expansive flow. Then it
has a strongly isomorphic symbolic extension.

Proof. If (X, ®) has no fixed points then the result follows from Theorem
4.11. If (X, ®) has fixed points then they are isolated ([BW72, Lemma 1]),
so the result follows from the previous case. O

5. APPENDIX

5.1. Existence of a complete family. The following lemma is obtained
by a slight modification of the proof of Lemma 7 of [BW72]. See also [KS81,
Lemma 2.4] for a similar construction.

Lemma 5.1. Let (X, ®) be a topological flow without fized points. There is
an n > 0 so that the following holds. For each o > 0, z € X and cross-
section S with z € Int®(S), there are two finite families S = {S;}N., and
S" = {SI}N, of pairwise disjoint closed cross-sections of injectivity time n
and diameter at most o so that

e zcInt®(S)) c S S,

e S; CInt®(S)) for all1 <i < N;

® 090G = P09 =X,
where G = UlgiSNSz’-

Proof. By Theorem 2.8, for each x € X there is a cross-section S, of injec-
tivity time 27, > 0 such that = € Int®S,. By compactness of X, there are
z; € X (1 <i<n)with ;1 = z and S;, = S such that

X = U@y, o Int®Sy,.

Let n = minj<j<n{nz;}. Then for each x there is an z; and an p, €
(=N, Mz,) With x € <I>pz1ntq’5xi. Let T, := ®,,S;, which is a cross-section
of injectivity time at least 7., > 2n and z € Int®T,.

Let o > 0 be given. Choose ¢ > 0 sufficiently small such that ¢ <
min{a/4,7} and diam(®,(A)) < « whenever |r| < ¢ and A C X with
diam(A) < e. For each z € X, let V,, V! C Int®T} be closed neighborhoods
of x in T, with V, € Int®V/ and diam(V}) < e. Then = € Int®V, C V! and
Ve, VI are cross-sections of injectivity time 21 and diameter at most . As
X is compact, we can find y; € X,1 < i < k with y; = z such that

X = UL 9 oInt®V,.
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We construct finite pairwise disjoint families S; and S/ of closed cross-
sections recursively. Let S; = {V,} and S| = {V,,}. Suppose S;_1 and
S;_; have been defined. For each y € V., ®[_ 4(y) N US’GS{,IS/ is a finite
set of points since S/_; consists of cross-sections. As ® is continuous and
US’ESQ,IS/ is closed, there exists a non-empty open interval I, C (—¢,¢)
and closed neighborhoods Wy,W; of y in V,, and Vy/z' respectively with
W, C Intq’W; such that

(12) (I)[y (W;) N US’€$£_15I - @

Let y', 42, ...,y" be points in V,,, such that Wyi,..., W, cover V,, and
W;l, cel W;l cover V.. Pick distinct py € I,1,...,pp € I, and set

Si=81U {q)pl (Wy1)7 sy (I)pe(WyZ)}

and

Sz/ = Sz(—l U {Cbﬂl (Wél)a R (I)Pe (ngl)}
By Equation (12) and as pi, ..., p¢ are distinct, the members of S; are pair-
wise disjoint. The same holds for S;. Set & = S and &’ = ;. Clearly
X = @5 5qG. For every z € X, Pox € P|_5.9q0. Thus x € P[4, G C
P_q09. Thus X =P _,qG. Similarly X = &5 yG. Q.E.D. O
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