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ON THE STRUCTURE OF A SOFIC SHIFT SPACE

KLAUS THOMSEN

ABSTRACT. The structure of a sofic shift space is investigated, and Krieger’s
embedding theorem and Boyle’s factor theorem are generalized to a large class
of sofic shifts.

1. INTRODUCTION

In symbolic dynamics there are two celebrated results which give necessary and
sufficient conditions for an irreducible subshift of finite type (SF'T) to embed into or
factor onto an irreducible SFT with different entropy. They are known as Krieger’s
embedding theorem and Boyle’s factor theorem, and they are closely related: Their
proofs are similar, being based on a fundamental lemma of Krieger, and they are
both quite striking because they ensure that a certain trivial necessary condition
is also sufficient. Furthermore, the necessary and sufficient conditions have to do
with the periods of the periodic points in both cases; in Krieger’s theorem the
requirement is that the target shift must contain at least as many periodic orbits of
each period as the domain shift, and in Boyle’s theorem it is that the target must
contain an orbit whose period divides n, whenever the domain contains an orbit of
period n. When the target shift space is mixing, rather than merely irreducible,
Krieger’s theorem holds unchanged when the domain shift is no longer an SFT
— in fact, the domain can be an arbitrary shift space as long as the range is a
mixing SFT. Similarly, when the target is a mixing SFT the validity of Boyle’s
theorem extends far beyond the case where the domain is an SF'T. In particular, it
holds unchanged when the domain is an arbitrary sofic shift, as long as the target
is a mixing SFT; cf. [B]. However, Boyle demonstrated by examples that both
theorems fail quite dramatically when the target is allowed to be a mixing sofic
shift, even when the domain is a mixing SFT. It is the purpose of the present paper
to reveal and investigate the structure of a sofic shift space which is responsible for
this failure, and to obtain necessary and sufficient conditions for the existence of
embeddings and factor maps between irreducible sofic shifts of different entropies.
As we shall explain below, we do not succeed completely in the latter, but we
do make substantial progress by proving results which cover and go beyond the
cases where the target is an arbitrary irreducible sofic shift and the domain is an
irreducible SFT. Furthermore, we do have a good idea about what is lacking in
order to cover the general case.

The fundamental difference between SF'T's and other shift spaces has to do with
synchronizing words. While a general shift space may not have any synchronizing
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words, in an SFT all sufficiently long words are synchronizing. This is no longer
the case when the shift space is strictly sofic, but still there are many synchronizing
words and this fact is of central importance in the study of sofic shift spaces and
their presentations. The presence but relative scarcity of synchronizing words gives
rise to a natural structure of layers in a sofic shift space which is absent in an SFT.
Specifically, when X is a sofic shift space with non-wandering part R(X), we can
consider the shift space

0X ={z € R(X) : z contains no words that are synchronizing for R(X)},

which we call the derived shift space of X. It turns out that the derived shift
space is again a sofic shift space, and we can therefore repeat the construction by
considering the derived shift space 92X of 9X. By continuing in this way we obtain
a decreasing sequence of subshifts inside a sofic shift:

XD29X DX DX D....

It turns out that the sequence terminates, i.e. there is an n € N such that "X # ()
while 9"t'X = (). We call n the depth of X. The derived shift spaces of X, and
hence also the depth of X, are conjugacy invariants of X, and any natural number
n can occur as the depth of a mixing sofic shift space.

Even when X is mixing the derived shift spaces may not be irreducible, and we
are therefore forced to deal with reducible sofic shift spaces in our study of mixing
sofic shifts. This conclusion is not new; it was pointed out by Boyle and Krieger in
[BK]. In order to understand the nature of reducibility occurring in irreducible sofic
shift spaces, we generalize here the notion of irreducible components, which give rise
to the fundamental structure in a reducible SF'T, to make it more relevant for sofic
shifts. As with the derived shift spaces, the point of departure for this is the set of
synchronizing words in the non-wandering part R(X) of X. Following Jonoska, [12],
we introduce an equivalence relation between these words so that two synchronizing
words, x and y, which occur in R(X), are equivalent exactly when there are words
t,s in R(X) so that xsy and ytx are words in R(X). The set of equivalence classes
parametrizes the collection of what we call the irreducible components, and for
each equivalence class the corresponding irreducible component is made up by the
elements in R(X) in which there is a bound on the distance between occurrences of
words from the equivalence class. Each irreducible component is a subshift of X,
which may not be closed, but is the union of an increasing sequence of irreducible
SETs. They are mutually disjoint, and they are disjoint from the derived shift space
0X of X. When X happens to be an SFT, the irreducible components are closed
in X, because all sufficiently long words are synchronizing, and they agree with
the usual irreducible components in this case. Unlike the SFT case, the irreducible
components, as defined above, do not contain all periodic points of a general sofic
shift space. But this is just because X contains periodic points, so to capture more
periodic points into irreducible components we add first the irreducible components
of X, then the irreducible components of 92X, and so on. It turns out that each
of the derived shift spaces of X only contributes a finite number of new irreducible
components, and as a result the total number of irreducible components we obtain
is finite because the depth is finite. The new collection of irreducible components,
coming from all the layers in X, does contain all periodic points, and they are
mutually disjoint, as they are in the SFT case. The fundamental difference is
that they may not be closed in X, but their closure is always an irreducible sofic
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subshift of X. This structure of irreducible components is a conjugacy invariant
for the shift space, and it is a structure which is respected by any map between
sofic shift spaces. Specifically, when X and Y are sofic shift spaces with irreducible
components X, c € Cx, and Y., ¢ € Cy, then any morphism ? : X — Y induces a
map 1[) : Cx — Cy with the property that

(1.1) ¥ (Xe) S Yy

for all ¢ € C'x. Hence the structure of irreducible components, as described above,
is fundamental to questions about the possibility of mapping one sofic shift space
into or onto another. Note that even when X and Y are both SFTs and Y is
not irreducible, this property of a morphism is still non-trivial, albeit well known.
When Y is both SFT and irreducible, it is trivial even when X is strictly sofic.

The irreducible components impose a structure on the periodic orbits which must
also be respected by maps between sofic shift spaces. As pointed out by Boyle, the
problem about embedding and factorization among sofic shift spaces has to do
with certain ‘congruence conditions on allowed periodic block counts’; cf. p. 550
of [B]. These congruence conditions reflect how the periodic orbits relate to the
irreducible components. Although a periodic point is contained in one and only one
irreducible component, it can easily be contained in more than one of the closures
of the irreducible components, and this leads to a notion, which we call affiliation of
a periodic orbit to an irreducible component. Specifically, given a minimal cycle ¢
in X, where ‘cycle’ means a word with the property that ¢° is an element of X, we
say that the periodic point ¢ is d-affiliated to an irreducible component X, when
there are words u,v occurring in X, both of which are synchronizing for R(X),
such that ug'@v is a word in R(X) for all i € N. Here d can be any natural number.
It turns out that ¢*° is 1-affiliated to X, if and only if there is an irreducible SFT in
X which contains ¢ and allows words from X that are synchronizing for R(X). 1-
affiliation is closely related to the notion of receptive periodic points introduced by
Boyle in [B]. In fact, in an irreducible sofic shift space a periodic point is receptive
if and only if it is 1-affiliated to the unique irreducible component which is dense
in X, and which we call the top component in X. It turns out that the way the
periodic points affiliate to the irreducible components is a conjugacy invariant, and
that arbitrary maps between sofic shift spaces must respect this structure in a way
which resembles the way in which they must respect the periods. To make this
precise, we say that a periodic point € Per X has affiliation number k to the
irreducible component X, when period(z) divides k and z is ﬁd(x)—aﬂilia‘ced to
X.. It then turns out that any morphism ¥ : X — Y must respect the affiliation
numbers of the periodic points in the sense that

z has affiliation number k& to X,

¢
¥(z) has affiliation number k to Yy .,

where X, — Yd; 0 is the map of irreducible components induced by . In the
case where X and Y are SFTs this property of ¢ reduces to the obvious one, that
period (¢(x)) divides period(z). In general the property is much more complex and
subtle, and it explains why conditions on entropy and periods are not enough to
ensure the existence of maps between (mixing) sofic shift spaces. We will refer to
this property by saying that ‘i) preserves affiliation numbers’.



3560 KLAUS THOMSEN

The main results of the paper say that for a large class of mixing sofic shift
spaces, the condition that a morphism must preserve the affiliation numbers to top
components gives rise to the appropriate substitutes for the conditions on periods
in Krieger’s embedding theorem and Boyle’s factor theorem. In order to formulate
the results so that they can be easily compared to the theorems of Krieger and
Boyle, we introduce the following notation. Let X and Y be irreducible sofic shift
spaces, with top components X, and Y.. We write Per X — PerY when there
is a period-preserving injective map A : Per X — PerY from the periodic points
in X into the periodic points in Y such that A(z) is d-affiliated to X, when z is
d-affiliated to Y.. We write Per X \, Per Y when there is a map A : Per X — PerY
such that period(A(x)) divides period(z) and \(z) is %—aﬂiha‘ced to Y.
when z is d-affiliated to X.. The main results can now be formulated as follows:

Theorem 1.1. Let X and Y be sofic shift spaces, X mizing with transparent affil-
iation pattern. If X embeds into Y, there is an irreducible component Y. in'Y such
that X C Y,
a) Per X — Pg?c, and
b) h(X)<h (YC)
Conversely, if there is an irreducible component Y, in'Y such that a) holds and
b) h(X) < h (Vo)
then X CY.CY.

Theorem 1.2. Let X and Y be sofic shift spaces, X irreducible with transparent
affiliation pattern and Y mizing. Assume that h(X) > h(Y). Then'Y is a factor
of X if and only if Per X \, PerY.

We refrain here from giving the precise definition of what it means for an irre-
ducible sofic shift space to have transparent affiliation pattern. See Section [@l It
suffices to say that all mixing sofic shift spaces which are inclusive, as defined by
Boyle in [B], and all near Markov shifts, as defined by Boyle and Krieger in [BK],
have transparent affiliation pattern, and that there are many others; but that not
all mixing sofic shift spaces have this property. In fact, we give examples to show
that neither of the two theorems above holds true when X is allowed to be a general
mixing sofic shift. The reason is that in the definition of < and \, we consider only
the affiliation pattern of the periodic points to the top component. The counterex-
amples we exhibit show that sufficient conditions for the existence of embeddings
and factor maps between mixing sofic shift spaces must, in the general case, reflect
the affiliation pattern of the periodic points to more than one irreducible compo-
nent; presumably it will be necessary to consider all components in the general case.
Furthermore, the irreducible components may have a global periodicity structure,
i.e. be non-mixing, although the sofic shift as a whole s mixing, and this must also
be taken into account in the general case. Example illustrates this point. Not
only will the right conditions be more complicated, but the proof of the sufficiency
of such conditions must be considerably more complicated than the proofs we give
here of Theorem [[LT] and Theorem These proofs are mild elaborations of the
techniques developed by Krieger and Boyle.

In neither of the two theorems above can we relax the mixing condition by
replacing it with irreducibility. But if one of the shift spaces is an SFT, we can
obtain versions of Theorem [[.T]and Theorem [[.Z in the irreducible case. Section [
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is devoted to such results. In particular, we are able to give necessary and sufficient
conditions for an irreducible sofic shift space to be a factor of a given irreducible
SE'T of larger entropy.

The structure of derived subshifts and irreducible components is present and
signifigant in a larger class of subshifts than the sofic subshifts; in fact, the notions
are meaningful as soon as there are synchronizing words. For this reason we develop
a substantial part of the theory for such subshifts, and illustrate the difference
between the sofic case and the more general case of synchronized systems through
examples.

2. BASIC NOTATION AND TERMINOLOGY
Let A be a finite set, and let A% denote the set of bi-infinite sequences
= (Ti)iez = ... T_3T_2T_1TQT1X2 ...,

where z; € A for all i. When we equip A with its unique Hausdorff topology, we
can consider A? as a compact metric space in the product topology. An element
w = y1y2...yx € A* will be called a word of length k, and when z € A% we
say that w occurs in x, and write w C x, when w = x; 11242 ...2;+ for some
i € Z. Similarly, when w,u are words we write w C v when v = z1xs...x; and
W = TiTit1Tit2...2; for some ¢ < jin {1,2,...,k}. The length of a word w
will be denoted by |w|. The set of all words, including the empty word, will be
denoted by W(AZ%). Words in W(AZ%) can be concatenated in the obvious way:
When w = x122 ... Tk, 4 = Y192 - . - Yn are words, then wu = z1zo ... TEY1Y2 ... Yn
is also a word. To simplify notation we write w? instead of ww and more generally
w™ for the word ww . ..w obtained from n concatenations of w with itself. In fact,
when the obvious ambiguity is irrelevant, we shall go even further and use self-
explanatory expressions such as w™ for an element of A% constructed by repeating
w infinitely many times both to the right and to the left. When = = (z;)ez € A”
and i < j, we denote the word x;x;y1 ... 251 by x[ ;. Thus |z ;| = j —i. The
shift o acts continuously on A% in the standard way: o(x); = x;41. A subshift X
is a shift-invariant subset of A%, i.e. X C A% and o(X) = X. The set of words
that occur in X, i.e. {w € W(AZ) : w C x for some z € X}, will be denoted by
W(X) and called the language of X. The set of words in W(X) of length n will
be denoted by W,,(X). A subshift X is a shift space when X is closed in A%. For
any subshift X the closure X of X in A% is a shift space with the same language
as X, i.e. W(X) = W(X). The structure of the set Per X of periodic points of a
subshift X is a central theme in this paper. A period of a periodic point x € Per X
is a natural number n € N such that ¢™(z) = . The minimal period of a periodic
point z € Per X will be denoted by period(x), and we set

Qn(X) ={z € Per X : period(z) =n},
and ¢, (X) = #Q.(X). The period, period(X), of X is by definition the greatest
common divisor of {period(x) : = € Per X}. For each j € N, we set
Pj(X)=#{r € X : 07 () = 2}.
A cycle w in W(X) is a word w in W(X) such that w™ € X. A minimal cycle
in W(X) is a cycle w € W(X) such that |w| = period(w*>). A subshift X is
irreducible when the following holds: For any pair w,v € W(X), there is a word
a € W(X) such that wav € W(X). X is mizing when there is an N, possibly
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depending on w, v, such that for all n > N there is a word a € W(X) of length n
such that wav € W(X). If there is such an N which works for all words, we call
N a transition length for X. Any shift space X can be described by the list F of
words in W(A%) which it disallows in the sense that

X={xe Al ay,; & FVij i<j}

A shift space is a shift of finite type, abbreviated SF'T, when the list F of forbidden
words can be chosen to be finite. SFTs are often presented by graphs, either as
vertex shifts or edge shifts; cf., e.g., [LM]. Given a graph G, we denote by X¢ the
corresponding edge-shift. A word w € W(X) is synchronizing for X when

u,v € W(X), vw,wv € W(X) = uwv e W(X).

Note that when u,w € W(X),w C u, and w is synchronizing for X, then u is also
synchronizing for X. In an SFT there is an M € N, which we call a step-length,
such that all allowed words of length M or more are synchronizing. In fact, the
SEFTs are characterized as the shift spaces with this property; cf. Theorem 2.1.8 of
[LM]. Following [BH], we call an irreducible shift space with a synchronizing word a
synchronized system. An irreducible sofic shift space is an example of a synchronized
system. A sofic shift is often conveniently described by a labeled graph (G, £); cf.
[LM]. When X is an irreducible sofic shift space, there is a canonical labeled graph
with certain minimality properties which presents X, and we shall refer to the
corresponding factor map Xg — X as the Fischer cover of X. See §3.3 of [LM]. A
map X — Y between shift spaces will be called a morphism when it is continuous
and commutes with the shift. An embedding is then an injective morphism and a
factor map is a surjective morphism of shift spaces.

We refer to [LM] for any notion from the theory of shift spaces which we do not
explicitly define.

3. IRREDUCIBLE COMPONENTS IN SHIFT SPACES WITH SYNCHRONIZING WORDS

Let X be a shift space. Set R(X) = Per X. Let S(X) denote the set of syn-
chronizing words for R(X). For s,t € S(X) we write s ~ ¢t when there are words
z,y € W(R(X)) such that sxt,tys € W(R(X)). Then ~ is an equivalence relation
in S(X). Note that s ~ ¢ if and only if there is an € R(X) such that s C = and
t C z. When w € S(X), we let [w] denote its equivalence class in S(X)/ ~, and we
denote the set of equivalence classes, S(X)/ ~, by S(X).

Consider an element o € S(X). Let X,y denote the set of elements x € R(X)
for which

sug (inf{j >i: wea, wc x[i,j[})

i€
is finite. We use here the convention that inf ) = +o0o. Thus X(a,0) consists of the
elements of R(X) with an upper bound on the gaps between occurrences of words
from a. X(q,0) is clearly a subshift of R(X), but generally not closed. It is easily
seen that X, gy is irreducible and that X, ¢y is a synchronized system. For any
synchronized system Y, we define the synchronized entropy hsyn(Y') to be

1
hsyn(Y') = limsup - log#{a € W,(Y): mam € W(Y)},

where m is an arbitrary synchronizing word in W(Y'). We use here the convention
that log0 = 0. If m/ is another synchronizing word in W(Y'), we can find words
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u,v € W(Y) such that m’um, mom’ € W(Y). Since m and m’ are synchronizing,
we find that mam € W(Y) = m'umamvm’ € W(Y'), and it follows that

#{a € W, (Y) : mam € W(Y)} < #{b € Wy juj4)o|+21m|(Y) : m'bm’ € W(Y)}.
Hence

lim sup % log#{a € W,(Y): mam € W(Y)}

1
< lim sup - log#{a € W,,(Y) : m'am’ € W(Y)},
n

proving that the definition of hsy, (V') is independent of the choice of synchronizing
word m. Note that

{aeW,(Y): mam e W(Y)} ={a € W,(Y): (am)® € Y}.
Thus #{a € W, (Y) : mam € W(Y)} < P,y (Y) for all n, and hence hgy,(Y) <
limsup,,_, ., %bg P,(Y). Tt follows that
(3.1) hsyn(Y) < h(Y)7
cf. Proposition 4.1.15 of [LM]. There are examples of synchronized systems Y for
which hgyn(Y) < h(Y); cf. Example 3.2 of [P].
Lemma 3.1. Let Y be an irreducible sofic shift space. Then hgy,(Y) = h(Y).

Proof. Consider the Fischer cover 7 : Yo — Y of Y, and consider a synchronizing
word m € W(Y'). Since m is magic for 7 by (e.g.) Lemma 1.1 of [T], all elements
of 7=(m) have the same terminal vertex, say i. Let v € 7~ 1(m). Since Y is
irreducible, there is a path w in G with initial vertex ¢ such that wv € W(Yg).
Then m' = m(uv) is synchronizing for Y. Let L,, denote the set of loops in Yg of
length n that start and end at i. Since 7 is right-resolving,

m: Ly, —{a€eW,(Y):m'am € W(Y)}

is injective. Hence

1
lim sup — log #L,,

n—oo N

1
< lim sup - log#{a € W,,(Y) : m'am’ € W(Y)} = hgyn(Y).

n—oo

(3.2)

It is well known that limsup,,_, . %log #L, = h(Ya) (cf., e.g., Exercise 4.5.14 of
[LM]). Since h(Yg) = h(Y), B2) tells us that A(Y) < hgyn(Y). O

We now return to the general shift space X. We can associate to X(,,0) an
irreducible labeled graph Ty, in the following way (cf. [FE|] or [LM], §13.5): For
each m € a, let F(m) = {z € W (X(0,0)) : mz € W (X(4,0))}. The vertices of Ty
consist of {F(m) : m € a}, and there is an edge labeled a from F(m) to F(m')
when a € F(m) and F(ma) = F(m'). T is a cover of X(4,0) in the sense of [FE].
When T denotes the adjacency matrix of 'y,

1
h(T'y) = limsup — log (T"),;
n o n
is independent of i, and we call it the Gurevié entropy of T'y; cf. [Gul, [P]. The

following result is a fusion of a result of Marcus, Proposition 3 of [M1], and an
unpublished result of Krieger.
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Theorem 3.2. There is a sequence Aq1 C An2 C Aa3z C ... of irreducible SFTs
i X such that

and
lim % (Aa,n) = sup{h(A): A C X,,0) is an irreducible SFT}

n—oo

=h(Ta) = heyn (m)

. 1
= nlirr;o poriod (X(a,o)) log #{a € Wnperiod(x(am)(X(mo)) :mam € W (X(%O))}

for all m € « with the property that m?> € W (X(a,O))' When R(X) is mizing we
can choose the A, n’s to be mizing.

For the proof of Theorem we first define a graph for each n € N as follows:
The vertex-set is the set W, (R(X)) of words in W(R(X)) of length n. There is an
oriented edge from b1by ... b, € W, (R(X)) to didz ...d, € W, (R(X)) if and only if
bobs ...b, = didsy...d,_1 and there is a word w € « such that w C bybs...b,. Let
B.,,» be the corresponding vertex shift, and note that there is an obvious embedding
Ba,n — R(X) whose image is

{z € R(X) : @[ ;4n—1[ contains an element of « for all i € Z}.

We identify B, , with its image in R(X). Clearly, J;—, Ba,n = X(a,0)- Note that
Ban € By ny1- The B, ,’s need not be irreducible, so we have to exchange them

with other SFTs that are. We shall need the following lemma.
Lemma 3.3. Let w,u € W(X(4,0)) NS(X). Then [w] = [u] = a.

Proof. There is an n € N such that w,u € W(B, ;). By definition of By ,, this
implies that there are words x,y € W(R(X)) and words a,b,¢,d € a such that
w C axb and u C cyd. Since b ~ ¢, there is a word v € W(R(X)) such that
bvc € W(R(X)). By using that b and ¢ are synchronizing for R(X) we find that
axbvcyd € W(R(X)). We can therefore choose a subword z of axbvcyd, containing
v, such that wzu € W(R(X)). By symmetry there is also a word r € W(R(X))
such that urw € W(R(X)). Hence [w] = [u]. Since w C axb C axbvcyd and
u C cyd C azbucyd, it follows that [w] = [u] = a. O

Completing the proof of Theorem [Z4. We claim that for each pair n,k € N, there
are an my, € N,m, > k, and an irreducible component V,, of Bq m, such that
Ban € V,. To see this, choose a periodic point ¢; in each of the irreducible
components of B, ,. Since each irreducible component of B, , is contained in an
irreducible component of By, ,, when m > n, it suffices to find m,, > max{n, k} such
that all the g; are in the same irreducible component of B, ,,,, . To this end it suffices
to consider a pair p, g of periodic points in Bg », and find m > max{n, k} such that
p and ¢ are in the same irreducible component of B, . Since p,q are periodic,
there are cycles ¢,d € W(R(X)) such that p = ¢>,q = d*°. Since p,q € Ban,
¢™ and d" must be synchronizing for R(X), ie., ¢*,d" € S(X). By Lemma
there are words z,y € W(R(X)) such that ¢"zd™,d"yc” € W(R(X)) and [¢"] =
[d"] = a. Since ¢" and d" are both synchronizing for R(X), ¢®xzd>,d®yc>® €
R(X). Now choose m > max{k,n|c| + n|d| + |z| + |y|} + 1. Since every word
of length m — 1 in ¢®xd™ or d®yc™ contains either ¢” or d", both of which
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are elements in o, we see that ! = ¢®zd> and r2 = d>®yc™ are both elements
of Bam. Note that limy_, dist(c*(r1),0(q)) = limj_ _o dist(c¥(r1),0(p)) =
limy, o dist(a*(r2), O(p)) = limy_, _ dist(c*(r2), O(q)) = 0, where O(p) and O(q)
are the orbits of p and ¢, respectively. It follows that p and ¢ must be in the same
irreducible component of B, ,,. We have now established the claim and can easily
complete the proof by inductively choosing m,, € N such that m,_1 < m,, and
take A, to be the irreducible component of By, ,,, containing B, m,, ;-

Assume that R(X) is mixing and consider w € a. There are then an N € N
and for each n > N a word a,, € W,,(R(X)) such that wa,w € W(R(X)). Then
(wan)™ € X(q,0) is a periodic point of period |w| +n. There are therefore periodic
points p, ¢ € X(4,0) Whose minimal periods are mutually prime. Since p,q € A4,k
for all large enough k, it follows that A, 1) is aperiodic and hence mixing for all
large enough k.

To prove the identities involving entropy, let € > 0 and n € N be arbitrary. Set
t = sup{h(A) : A C X(q,0) is an irreducible SFT} € [0,00]. Let A C X(,,0) be an
irreducible SF'T such that

(3.3) h(A) > min{t,n} —e.

Since A C X (4,0, there is a word u € W(A)Na which is synchronizing for A. Since
A is irreducible,

(3.4) h(A) = lim sup % log#{a € Wi(A) : (au)>* € A};

k—oo

cf. Lemma [B.1] In particular,
(35) hsyn (X(a,O)) > h(A)
Combining (3:3) and (3:4), we deduce that there is an N € N so large that

(3.6) ﬁml log#{a € Wxn(A) : (au)*> € A} > min{t,n} — 2e.

For any finite set of elements aq,aso,...,ar € {a € Wy (A) : (au)>® € A},
(aluaguag .. .aku)oo S Ba,N+\u|+1a

because u is synchronizing for R(X). By construction there is an A, such that
Bo Ngjul+1 € Aay- It follows that

Peviiul (Aad) = (#{a € W (A) : (au)® € A}
for all £ € N. Hence

1
h(Aq,) = limsup - log Pj (Aa,)

j—oo ]

> lim sup

1
— log P, A
PSP EN T k| 0og kN+k|u\( al)

> limsup

k oo

_ ﬁlul log #{a € W (A) : (aw)™ € A}.

Combined with (B.8), this yields the conclusion that lim, .o h (Aqa.n) = ¢. From
(B3) we deduce that ¢ < hgyn (X(a,0))-



3566 KLAUS THOMSEN

Choose a path r in I', which is labeled u, and let v be the terminal vertex of
r. By definition of 'y, any path whose label terminates with v must have v as
terminal vertex (i.e. w is ‘magic’). Hence

#{a € Wy (X(a,O)) tuau € W (X(a’o))} < Nk+\u|;
where N; is the number of loops of length ¢ in I', that are based at v. Since

#{a € Wi(A) : (au)™® € A} < #{a € W}, (X(a,O)) s uau € W (X(a,O))}7 we can
combine this estimate with (B3)-(33]) to conclude that

S 1
min{t,n} — e < hgyn (X(a,o)) < lim sup z log N.
k

Since lim supy, %logNk = h(Ta), we conclude that t < hgy, (X(a,o)) < h(Ty).
Consider a finite irreducible subgraph H C I',, containing r. Let Xy be the cor-
resonding SFT and let 7 : X — R(X) be the map obtained by reading the labels
in H. Since T, is right-resolving, h (Xgy) = h(S), where S = 7 (Xpy) C R(X).
Note that v € W(S), since H contains r. Since S is an irreducible sofic shift
space, (B4) also holds for S; cf. Lemma B We can therefore repeat the ar-
gument from above to show that for any ¢ > 0, there is an [ € N so large that
h(Aap) > h(S) — 2e. Hence lim,, o0 h (Aa,n) > h(S) = h (Xg), and we conclude
from [Gu] that lim, o h (Aa,n) > h(Ta).

We have now established the first three identities. To establish the last, observe
that m> € A, and period(Aa,;) = period(X(q,0)) for all I large enough. It follows
that

#Ha €W, beriod(X o) (X(@0) i mam € W (Xa0)} #0
for all n € N large enough. By using that m? € W (X(%O)) we find that
#Ha €W,k tperiod(X o o )il (X(@.0)) : mam € W (X(a,0))}
> #{a € W, (X(q,0) : mam € W (X(a,o))}
x #{a € Wi(X(qa,0)) : mam € W (X(a,O))}
for all n, k. It follows that

1
lim log#{a € W

n—co pperiod (X(q,0)) ) (X(a,0)) : mam € W (X(a,0)) }

nperiod(X(mO)
exists. This limit is clearly dominated by hgyn (X(a,O))- On the other hand, it
dominates h (A1) when period(Aa,;) = period(X(q,0)) and m> € A,;. The last
identity follows from this. O

The subshifts X (4,0), @ € S(X), will be called the irreducible components at level
0 in X. They are mutually disjoint:

Lemma 3.4. Let X 0) # X(a,0) be two different irreducible components at level
0 in X. Then X(q,0) N X(ar,0) = 0.

Proof. Assume that there is an element z in the intersection X 4,0y N X(a’,0)- Then
x € Ay for some n, and hence xy ,[ must contain an element w € o’. On the other
hand, because x € X(4,0), there are an m € N and an element y € A, such that
Yo,n[ = T[o,n[- By definition of A, ,,, this implies that there are elements u,v € «
and words a,b € W(R(X)) such that uazjy,bv € W(R(X)). Since w C w[g 4, this
implies that w ~ u, i.e. a = o’. This contradicts that X/ 0y # X(a,0)- ([
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Let Z C X be a subshift of X. It is easy to see that Z is the closure of an
irreducible component at level 0 in X if and only if Z is a maximal subshift of
R(X) with the following two properties:

a) Z is transitive in the sense that there is a point z € Z whose orbit is dense
in Z, and
b) W(Z) contains a word which is synchronizing for R(X).

Lemma 3.5. Let X be a synchronized system. Then there is exactly one element,
o, in S(X), and X(4,,0) is dense in X.

Proof. Let w be a synchronizing word in W(X), and let a € W(X) be arbitrary.
Since X is irreducible, there are words by, b € W(X) such that wbiabsw € W(X).
By using that w is synchronizing it follows that (wbiab2)>® € R(X). Hence a €
W(R(X)), and we conclude that X = R(X). Since R(X) is irreducible, all elements
of S(X) are equivalent, i.e. S(X) contains exactly one element, ag = [w]. To see
that X(4,,0) is dense, note that the periodic element (wbyaby)™ is in X4, o). Since
a was an arbitrary word in X, we see that W(X(,, o)) = W(X). O

By Lemma B.H there is exactly one irreducible component at level 0 in a synchro-
nized system, and we call it the top component. The first lemma in the following
subsection shows that it is the period of this component which determines whether
a synchronized system is mixing or not.

3.1. Global periodic structure in a synchronized system.

Lemma 3.6. Let X be a synchronizing system with top component X.. Then X
is mizing if and only if period(X.) = 1.

Proof. If X is mixing, the A, ,’s of Theorem can be taken to be mixing. As is
well known, this implies that period(Aq,,) = 1; cf., e.g., Proposition 4.5.10 (4) of
[LM]. Since Aq,n € X, we conclude that period(X.) = 1.

Conversely, if period(X.) = 1, there is a finite set p1, po, . . ., px of periodic points
in X, such that the greatest common divisor of period(p;),...,period(py) is 1.
Since {p1,...,pn} C Ay, for all large enough I, we conclude that period(44,;) = 1,
and hence that A, ; is mixing for all large [. Since

W(X) =W (Xc) = UW(AO’,I) s
l

we deduce that X is mixing. O

Remark 3.7. In general, period(X.) is larger than period(X), even for irreducible
sofic shift spaces. As an example, consider the irreducible sofic shift space Y pre-
sented by the labeled graph shown in Figure 1.

a

T

S

a

FIGURE 1.
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Here period(Y) = 1 since Y has a fixed point. But the period of the top compo-
nent in Y is 2, and Y is not mixing. Note that period(Y;) is the same as the period
of the graph in the Fischer cover of Y in this example. This is the case in general
for irreducible sofic shift spaces; cf. Lemma [6.21]

Given a shift space X, we denote by X" the nth power of X; cf. p. 14 in [LM].
The next lemma shows that under the passage to higher powers the structure of
irreducible components (at level 0) behaves in much the same way as for an SFT.

Lemma 3.8. Let X(, ) be an irreducible component at level O in the shift space
X. LetneN, and set L = {[w] € S(X™) : w € aNW (R(X)™)}. Then #L < oo,
#L divides both n and period(X (q,0)), and there are a partition

(3.7) X(a,o) = |_| (Xn)(@o)
BeL

and a transitive permutation | of L such that o <(Xn)(/3,0)) = (X")@p)0) for all
g eL.

Proof. Note first that S(X™) = S(X) NW(R(X)"). If u,v € S(X™) are equivalent,
they are also equivalent in S(X), so there is a well-defined map d : S(X") —
S(X) such that djw] = [w] for w € S(X™). When u € S(X), there is a word
e S(X)NW(R(X)™) =S(X™) such that u C 4. Since d[d] = [u], this shows that
d is surjective. Note that L = d~!(a). It is clear that (X™)(,0) € X(a,0) for all
B € L. Let x € X(4,0)- There is then a K such that x[; ;x| € « for all i € Z. Set
k = [£]+ 1 and note that z{,; nitnk € S(X) NW(R(X)") = S(X™) for all i € Z.
It follows that x € (X")(@O) for some 3 € S(X™). Since d([T[pi nitnk]]) = a for all
1, we clonclude.t-hat B € L. Hence X(q,) = U,BeL (X")(ﬁ,o), By Lemma 3.4 this
union 1Is a partition.

Let @ € (X™)50),8 € L. Then @1 1455 € W(R(X)") N for all large enough
k € N. Since [y[1,14nk) = [Z(1,14nm(] iIn S(X™) when z,y € (X)) and k and
m are large enough, it follows that we can define [ : L — L such that I(8) =
limy oo [#(1,14nk] when @ € (X")50). Then o ((X")w’o)) C (X" p),0) for all
(€ L. Similarly, we can define an inverse r of [ such that

r(B) = klilglo[x[—l,—l-mk[]

when z € (X”)(ﬁ’o). Thus [ is a permutation of L, as asserted. To see that [ acts
transitively on L, consider two elements 3,y € L. Let x € (X”)(ﬁ,o) Y € (X”)(%O).
By Theorem there is an irreducible SFT A C X, o) containing both z and y.
It follows that there are a word v € W(R(X)) and an element z € X, ¢y such that
2 = 24,1 <0, z; = v;,0 = 1,2,...,v], and z; = y;_|y|,% > |v|. Then z € (X”)(ﬁ’o).
To see this, observe first that by (B.1) z € (X");, for some 6 € L. We can then
choose M € N so large that T(n; nitrn| € B and 2(niniynn| € 0 for all i € Z.
Since z; = x;,4 < 0, this implies that § = J, as asserted. Similarly, it follows that
ol’l(z) € (X™) (5,0, since ol?l(2); = y; for all i > 1. Consequently, II*/(8) = . Thus
[ acts transitively, and #L divides n since I" = id. When = € Per X(, ) there is
a7y € L such that « € (X"), o). The identity oPeriod(@)(z) =  implies first that

[period(@) (n) = 4 and then that #L divides period(z). O
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Lemma 3.9. In the setting of Lemma[Z8, assume that n = period(X(4,0y). Then
#L = period(X (q,0))-

Proof. Let Aq,1 € Aqa2 C ... be the irreducible SFTs of Theorem [3:22. We may
assume that period(Aq,;) = period(Xa,0) for all I € N. (87) gives us a partition

(3.8) Aai = | | (X™) (50N Aa
BeL

for each [ € N. By construction there is a K € N such that
(Xn)(ﬁ’o) n AO,J = {J) S AO,J : [x[m’WrKn[] = B inS (Xn) Vi S Z}

This shows that (X") 5 )N Aq, is closed for all 3 € L. Note that (X™) 5 ) N Aay
is o™-invariant. On the other hand, since A, is an SFT of period n, there is also
a partition

n—1
(Aa)" = || Diss
=0

where each D, ; is a mixing SFT, and o (D;;) = D;+1,; modulo n; cf., e.g., [LM]. It
follows that there is a partition {0,1,2,...,n—1} = |5 T such that (X") 5 )N
Anl = |_|jeT[j Dj,; for all B € L. After a renumbering we may assume that D;; C
Dj i foralllandalli =0,1,2,...,n—1. Then Ty is [-independent, i.e. (X")(ﬁ A
Agy = I—ljeTa Dj for alll € N. Now assume that #7z > 2 for some 3 € L. Pick an
[ € N. There are then elements ji, j2 € T3 such that j; # j2, and periodic points
p € Dj 1,9 € Dj,;. As in the proof of Theorem B2, we construct an element
rl e (Xn) (8,0) such that r! is forward asymptotic to the orbit of ¢ and backward
asymptotic to the orbit of p (everything under the action of 0™). Since (X”)(@O) =
Uren (X™)(5,0) N Aa i, there is a k > [ such that rl e (X™)(5,0) N Aa,k, and we
conclude then that p and ¢ are contained in the same D; ;. Since D;, ; € Dj, , and
Dj,1 € Dj, i, this is impossible. This contradiction shows that #73 = 1 for all S,
proving that #L = n. U

Lemma 3.10. Let X(4,0) be an irreducible component at level 0 in the shift space
X. Let (X(a,O))C be the top component of the synchronized system X, o). Then

X(0,0) € (X(@0))..-

Proof. The desired inclusion will follow from the definitions if we can show that
every word u € « is synchronizing for X, ). Therefore let x,y € W (X(a,o)) and
assume that zu,uy € X(,0). Since X(4,0) € R(X) and u is synchronizing for
R(X), we conclude that zuy € W (R(X)). There is then a cycle p € W (R(X))
such that zuy C p. Since u € «, we conclude that p>° € X(, o). It follows that

zuy € W (X(a,O)) =W (X(a,O)); and we conclude that u is synchronizing for X 4,0y,
as desired. 0

We remark that in general the inclusion in Lemma 310 is a strict inclusion.

Proposition 3.11. Let X(, ) be an irreducible component at level 0 in the shift
space X. Set p = period(X(q4,0)). Then there are closed subsets D;, i =0,1,2,...,
p—1, in X such that

i) X0 = U Di,

ii) o(D;) = Dit1 modulo p,
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iti) oP|p, is mizing for alli=0,1,2,...,p—1, and
iv) D; N D; has empty interior when i,j € {0,1,...,p— 1} and i # j.
Proof. By Lemma 3.8 and Lemma [3.9] there is a partition
p—1
(39) X(a,O) = |_| (Xp)(ﬁi70)7
i=0

where each (X p)( 4,,0) 1s an irreducible component at level 0 of X*, such that

(3.10) o ((X”)mi,o)) = (X" (5.41.0)

modulo p. Set D; = (XP) 5, o). Then i) and ii) clearly hold. To show that o¥ is mix-
ing on each D;, observe that it follows from (£3) and (3I0) that period((X?) g, o))

= 1. By Lemma BI0lthis implies that the period of the top component of (Xp)(m,o)
= D, is also 1. This in turn implies that oP|p, is mixing, by Lemma [3.6]

Should D; N D; have non-empty interior, it follows that (J, ¢y o (D; N Dy) is
dense in D; since o® is topologically mixing on D;. But o (D; N D;) = D; N Dj,
so we conclude that D; = D; N D;. By Lemma B4 this is only possible when i = j
mod p. O

Corollary 3.12. Let X be a synchronized system with top component X.. Set
p = period(X.). There are closed subsets D; C X, i=0,1,2,...,p— 1, such that
i) X =Ur, D,
ii) o(D;) = D41 modulo p,
iii) oP|p, is mizing for alli=0,1,2,...,p— 1, and
iv) D; N D; has empty interior when i,j € {0,1,...,p— 1} and i # j.

Proof. This is a special case of Propostion B.I1l. O

The subsets D;,i =0,1,...,p—1, of Corollary B.I2 will be called the cyclic cover
of X. The cyclic cover is unique in the following sense.

Lemma 3.13. Let Cy,C1,...,Ch—1 be closed subsets of the synchronized system
X such that

a) X =UL, G,

b) o (C;) = Ciy1 modulo m,

c) o™\, is mizing for all i, and

d) Z#] = CZ#C]
Then m = p, where p is the period of the top component in X, and there is a natural
number j such that C; = D;y; modulo p for all i, where Do, D1,...,Dp_1 is the
cyclic cover of X.

Proof. Leti € {0,1,2,...,p—1}. Since o™ is mixing on D;, there is a point z € D;
whose orbit under o?™ is dense in D;. It follows from a) that z € C; for some j,
and then from b) that D; C C;. By a similar argument, using c), we find that
C; C Dy for some ¢'. It follows from iv) of Lemma B2 that D; = D;/, and hence
that D; = C;. It follows from d) that there is a bijection x : {0,1,...,p — 1} —
{0,1,...,m — 1} such that D; = C,(; for all i € {0,1,...,m — 1}. In particular,
m = p, and if we choose j € {0,1,...,m—1} such that D; = Cy, then ii) of Lemma
and condition b) ensure that C; = D;1; modulo p for all 4. O
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4. DEEPER-LYING IRREDUCIBLE COMPONENTS

We set
X ={z € R(X): wCa=w¢S(X)},

and call it the derived shift space of X. Since X is a shift space we can continue,
and consider 9(0X) = 02X, 9(0°X) = 03X, etc. Of course, it can happen that
these constructions give nothing interesting; it may be that there are no periodic
points in X, in which case X = ) since R(X) = ), or it can be that there are
no synchronizing words for R(X), in which case 0X = R(X). When X is an SFT,
dX = () because all sufficiently long words occurring in R(X) are synchronizing for
R(X). For convenience we set 9°X = X. We call 8*X the kth derived shift space
of X. We define the depth of X to be

Depth(X) = sup{k € N: 9*X # }.

Thus a minimal shift space with infinitely many points as well as an SFT have
depth 0, but for different reasons. We will show in Section [6] that sofic shift spaces
have finite depth, and that the depth of an irreducible sofic shift space can be
any natural number. In Example [£.8 we describe a synchronized system of infinite
depth. Example 0.10 of [FE] gives examples of coded shift spaces which are not
synchronized, i.e., do not have any synchronizing words. Such shift spaces also have
infinite depth.

Example 4.1. The context free shift space is the subshift Z of {a, b, c}? obtained
by disallowing the words ab’c’a when i # j. It is easy to see that w € W(Z)
is synchronizing for Z if and only if @ C w or ¢b C w. For any pair of words
w,u € W(Z) we can find (possibly empty) words s,t € W(Z) such that wsatu €
W(Z), proving that Z is irreducible. Similarly, for any w € W(Z) there are words
s,t € W(Z) such that aswta € W(Z). As a is synchronizing, w C (aswt)®, proving
that R(Z) = Per Z = Z. Tt follows that Z contains a single irreducible component
at level 0 and that 07 is an SFT whose non-wandering part consists of the fixed
points b and ¢*. It follows that Depth(Z) = 1.

When X is a shift space of finite depth &, we call 9*X the floor of X. Note that
if %X is the floor of X, then R(9*X) is a (possibly empty) SFT.

The irreducible components at level 0 of ¥ X will be called the irreducible com-
ponents of X at level k. They will be denoted by X4 1), € S(0FX).

Clearly, every irreducible component at level 0 of a shift space X is contained in
R(X)\0X. In general the irreducible components do not exhaust R(X)\0X, not
even when X is irreducible and sofic; unless X is an SFT, a transitive point is not
contained in an irreducible component. However, the irreducible components do
contain all periodic points of X\0X:

Lemma 4.2. Every periodic point in X\0X is contained in a unique irreducible
component at level 0. If X has finite depth, every periodic point in X is contained
in a unique irreducible component at some level.

Proof. Let p € W(X) be a cycle such that p> ¢ 0X. There is then an N € N so
large that p” contains a word w which is synchronizing for R(X). Hence p> €
X([w],0)- By Lemma 34, X[, 0) is the only irreducible component at level 0 that
contains p™°.
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If X is of finite depth and = € Per X, set k = min{j : # € 8’ X }. It follows from
the first part of the lemma that x is contained in a unique irreducible component at
level k. Since the levels 37 X\0?*1X,j = 0,1,...,Depth(X), are mutually disjoint,
this irreducible component is also unique among all irreducible components. O

Lemma 4.3. Let X, o), X(g,0) be irreducible components at level 0 in X. Assume
that A C X is an irreducible SFT such that AN X0y # 0 and AN X(5,0) # 0.
Then a = (.

Proof. Let x € X(q,0) N A, 2" € X0y N A. There is then an element z € A which
is backward asymptotic to z and forward asymptotic to 2’. By definition of X, )
and X (g oy there is an N € N such that z; ;4 y| contains an element from « for
all i € Z, and such that xfi’HN contains an element from (3 for all ¢ € Z. It

follows that z contains words from both a and 3, and this implies that o = (3 since
z€ ACR(X). O

The next aim is to show that the derived shift spaces and their structure of
irreducible components is a conjugacy invariant for a shift space.

Lemma 4.4. Let X and Y be shift spaces. Let ¢ : X — Y be a conjugacy. Then
there is a natural number N so large that

v € W(R(X)), p(v) € S(Y),|v] > N = v € S(X).

Proof. The proof is the same as the proof of Theorem 2.1.10 in [LM]: By choosing
I € N large enough we can assume that both ¢ and ¢! have memory and anticipa-
tion I. Then ¢~ oy : Wy 1(R(X)) — W1 (R(X)) is the map which picks out the
central letter in the word. Let v € W(R(X)) be such that |v| > 4l and p(v) € S(Y).
We claim that v € S(X). To see this, let u,w € W(R(X)) such that wv,vw €
W(R(X)). Choose s,t € Wy (R(X)) such that suv,vwt € W(R(X)). Although we
don’t know that suvwt € W(X), we can make sense of ¢! o p(suvwt) since every
(41+1)-block in suvwt is in Wy 11(R(X)), and we find that ¢~ op(suvwt) = uvw.
Now ¢(suv) = u'p(v) and p(vwt) = p(v)w’ for some v, w’ € W(R(Y)). Since
w(suv), p(vwt) € W(R(Y)), we conclude that v'¢(v)w’ € W(R(Y)) since ¢(v) €
S(Y). But then uvw = ¢~ (p(suvwt)) = ¢~ 1(v/p(v)w') € W(R(X)), proving the
claim. Hence N = 4] works. ]

Proposition 4.5. Let o : X — Y be a conjugacy of shift spaces. Then p(0FX) =
OFY for all k =0,1,2,3,.... In particular, Depth X = DepthY'.

Proof. Note first that p(R(X)) = R(Y). It follows from Lemma[£4] that = € R(X)
contains a word which is synchronizing for R(X) if ¢(z) contains a word which
is synchronizing for R(Y). This means that ¢~ }(R(Y)\0Y) C R(X)\0X. Thus
90X C ¢~ 1(9Y). By symmetry 9Y C ¢ (0X), and we conclude that p(0X) = 9Y.
Proceed by induction. O

Proposition 4.6. Let X and Y be shift spaces and ¢ : X — Y a conjugacy. For
every irreducible component X iy at level k in X, there is an irreducible component
Y,y at level k in'Y" such that ¢ (X(%k)) =Y,k

Proof. By Proposition ELblwe may assume that k£ = 0. Since ¢ (R(X)) = R(Y), we
can also assume that X = R(X) and Y = R(Y). Consider an irreducible component
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FIGURE 2.

Y(s,0) at level 0 in Y. Assume that ¢ has anticipation and memory both equal to
l € N. Let y € Y(3,0). There is then an M € N such that yj; ;1 € 3 for all i € Z
and all n > M. It follows from Lemma 4] that there is an N € N, N > M,
such that @™ (y)—tisnti41] € S(X) for all i € Z, when n > N. Consider an
n > N. Since there are only finitely many elements in W, 9;41(X), there must
be two elements wi,w_ € S(X) N W, 19:11(X) and integers i < i4 such that
o Wi-titnrira] = [w-] € S(X) for all i < i and [ (W) i-ritnriz1]] =
[wy] € S(X) for all i > i . Since ¢~ !(y) can be approximated arbitrarily well with
periodic points, there is a periodic element ¢ € X such that ¢! (W) —Lis+ntid1] =
q[i_—1,is+n+i+1[- Thus ¢ € X is a periodic point containing a block of the form
x_yzy, where y € W(X), z_,z4y € S(X) and [z_] = [w_] and [z4] = [w4]
in S(X). It follows that [wy] = [w_] in S(X). Thus, for a given y € Y3
there is an irreducible component X (o, o) in X such that ¢~'(y) € X(a,,0). When
Y,y" € Y(3,0), there is an irreducible SFT A C Y{3 ) containing both y and y" by
Theorem[3:2 Then ¢~1(A) is an irreducible SFT in X containing both ¢~ (y) and
o (y'). It follows from Lemma [£3] that o, = a,r. There is therefore an element
o € 8(X) such that o' (Yg,0)) € X(a0)- By symmetry there is an element
v € 8(Y) such that ¢(X(a,0)) € Y(4,0). Since Y50y = oo™ (Y(5,0)) € Y50, it
follows from Lemma B4 that 3 = 4. Hence ¢ (X(a,0)) = Y(3,0)- O

Example 4.7. We give an example of a synchronized system of depth 2, which con-
tains infinitely many irreducible components at level 1. Consider the synchronized
system presented by the infinite labeled graph G shown in Figure 2.

The shift space, whose finite words in the alphabet {a,b,c,e} are those which
label a finite path in G, is a synchronized system. The derived shift space 0X
consists of the periodic points (a*¢)>, k = 1,2, ..., and the fixed point a>. Except
for the fixed point, each of the periodic orbits forms an irreducible component at
level 1 in X. Since 82X = {a*}, we see that Depth X = 2.

Example 4.8. There are also synchronized systems of infinite depth such that all
the derived shift spaces X, 02X, 03X, ... are synchronized systems. To describe
a synchronized system in {a, b, ¢}Z with this property, let x1, 22, ... be a numbering
of the words in {a,b}” and set z; = cr;c € W ({a, b,c}Z) ,t=1,2,.... To describe
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the system we have in mind, let

Zi

be short-hand for the oriented labeled graph

/’ﬁ\

N

7

With this convention Figure 3 is an infinite oriented graph labeled by the z;’s.
The words in the alphabet {a,b, ¢} which label the finite walks in this graph are
the words of a shift space X, which is a synchronized system since the graph is
irreducible and the words 2129, 2021, 2225, 2i 22, 2124, 2i21,1 = 3,4, are synchronizing
for X. It is easy to see that an element of X contains a synchronizing word if and
only if it contains one of these words, i.e. if and only if it ‘visits the top’. It follows
therefore that the derived shift space X of X is given, with the same convention,
by the labeled graph of Figure 4.

This can be repeated indefinitely, so we see that 0" X is a non-empty synchro-
nizing shift space for all n € N.

2 2
z
z z %6
z, 2/\6 Zg 6 I
2y |z 2/ 2% & 2| \zg 5| \'8 2\ \Zg 7} g
z zg 8 8 7, 7

ETC
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5. AFFILIATION
Let X be a shift space. Let X(, 1) be an irreducible component of X at level k.
We say that a periodic point x € X is d-affiliated to X, ) when x € 0% X and there
are words w,u € « such that w (x[o period(x )[)dzu € S(0*X) for all i = 1,2,3,.

The set of periodic points that are d-affiliated to X (4 x) will be denoted by (a)k)

Lemma 5.1. If & € Per X is d-affiliated to X (o), then o7 (x) is d-affiliated to
X(ak) forall j € Z.

Proof. Set p = period(z). WeA may assume that 0 < j < p. There are words
w,u € « such that w(:c[07p[)dzu € S(0*X) for all i € N. Let i € N and set

w' = wx i, v’ = [ gpiu. Note that v’,w’ € S(0FX). Since

w’ (aj(x)[07p[)di u=w (x[07p[)d(i+1) u € S(OFX),
it suffices to show that u/,w’ € a. Choose b € W(R (9*X)) such that ubw €
S(0¥X). By using that u and w are synchronizing for R(akX) we find that
(w (a:[o’p[)dub)oo € Per9*X. Since v/,w’ and w all occur in (w (x ’p) ub) ,
we conclude that w' ~«' ~u in S (akX). 0

Let p be a minimal cycle in W(X'), and X, 1) an irreducible component in X at
level k. Thanks to Lemma B.T1it makes sense to say that p is d-affiliated to X 1)
when p> is d-affiliated to X(q 1)

Lemma 5.2. Let p be a minimal cycle in W(X), and X (k) an irreducible compo-
nent in X at level k. Assume that p is 1-affiliated to X (o). Let A C 0*X be an
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irreducible SE'T such that W(A) Na # 0. Then there is an irreducible SF'T B such
that AU {p>®} C BC 9*X.

Proof. Let s,t be elements of o such that sp’t € 9*X for all i € N. Since X(ak)
is irreducible by Theorem B.2Z, there is a word r» € W(X(, 1)) such that trs €
W(X(a,x)). Then w = trs € W(X(, 1)) is a synchronizing word for 0% X such that
wp'w € W(OFX) for all i € N. Let w' € a NW(A). Since X(, ) is irreducible by
Theorem[32], there are words z,y € W(X (4 x)) such that w'zw, wyw' € W(X 4 1))-
It follows that

(5.1) wp wyw' ay w' zwp2wyw asw’'zwp® . . . aw rwpittt € W(9FX)

for all n € N, all i1,42,...,ip41 € N and all aq,a9,...,a, € W(A), provided
waw' € W(A),i = 1,2,...,n. Set u = wyw',v = w'zw. We can assume that
p> ¢ A. Then there is an N so large that

(5.2) z ¢ vp™

and

(5.3) zZ p¥u

when z € W(A) and |z| > N, while

(5.4) z ¢ agv

and

(5.5) z ¢ uay

when a1 € W(A),z C p> and |z] > N. Let n be a step-length of A. We may
assume that N > max{n, |p|, |w'|}. Set L = 6N + |v| + |p| + |u|. We construct an
SFT By as follows. The states of By consist of the words of length L which occur
in a right-infinite stretch in A% of the form

avp™ (called type 1),
where aw’ € W(A), or a left-infinite stretch of the form
p>Xua (called type 2),

where w'a € W(A). A state z1x2...2 in By can follow another state y1y2...yr
when yoys3 ...y, = 122 ...x_1. Let A be the states of X and define an embedding
¢ : By — A% by
e((aia; ...a7 Viez) = (ai)iez.

We claim that ¢(Bg) € 0¥X. To prove this, let © € p(Bo) and i € Z. It suffices
to show that w(;, .| € W(9*X) for all n > ig. Any state of By either begins or
ends with a word of length at least 3N which either is in W(A), or is a subword of
p>°. We can therefore choose j < iy such that x(; ;1357 C p™ or x5 j43n] € W(A).
Assume first that xp; ;i sny € W(A). Set ji = sup{n > j : xp,; € W(A)}. If
j1 = oo, we are done, so assume that j; < co. By definition of ¢(Bp) there is a
state s of By such that s = x[;, _sn j,—3n+1[- Note that s must be of type 1, because
of (B3) and because s ‘leaves’ W(A)—recall that N is larger than a step-length of
A. Tt follows that s = ajvpl, for some word a;w’ € W(A) and some word pl, C p™
with |l,| > 3N and |a1| > 2N > n. Hence x(; j, _3nz| has the form agupl, with
agw’ € W(A), I, € p* with [l,| > 3N. Set jo =sup{n > j1 —3N + 1+ L:x[j, =
agupl for some | C p™}. If jo = oo, we see from (GI)) that z(; ;€ W(9*X) for
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all 7/ > 7, and we are done. If jo < oo, we continue as follows: By definition of
©(Bo), there is a state s of By such that s = 2[;, 3y j,—sn+z[- Note that s must
be of type 2 because of (54) and because s ‘leaves’ p™—we use here that N > |p|.
Consequently, s = I'pua, where I’ C p>°, w'a € W(A) and |a| > 3N. It follows that
T(j j,—3N+L[ = aovpl,pua, where plip C p>° and w'a € W(A) with |a| > 3N. Note
that pl;,p must have the form p® for some i; € N, so that T[jj,—3N+r[ has the form
agvpua, where agw’,w'a € W(A) with |a| > 3N, and i; € N. In particular, we
see from (50)) that z(; j,_sn4r; € W(9"X). We can now proceed by induction to
obtain an increasing sequence n; < ns < ... in N such that Tljn € W((‘)kX) for all
. This yields the desired conclusion. A similar argument works in the case where
xj j+sn] € p™, so we conclude that o(By) C 0% X. Note that By is irreducible
because A is, and that AU {p>°} C ¢(By). We can therefore use B = p(By). O

Lemma 5.3. Let p be a minimal cycle in W(X), and X(q,r) an irreducible com-
ponent in X at level k. Then p is 1-affiliated to X,y if and only if there is an
irreducible SFT B C 0*X such that W(B) Na # () and p> € B.

Proof. Assume first that such an SFT B exists. Let M € N be a step-length for
B. Let w € W(B) N a. Since B is irreducible, we can find g,y € W(B) such that
wropMyw € W(B). Since pM*+* € W(B), we see that wzop™iyw € W(B) for all
i € N. Thus wrp'yw € W(B) for all i € N when we set z = xop™. Furthermore,
wz,yw € W(B) C W(R (8kX)), and both words are synchronizing for R (8’“X)
since w is. Since B is irreducible, we automatically have [wz] = [yw] = [w] = « in
S(0FX).

For the converse, let A be any non-empty irreducible SFT contained in X (4 x),
cf. Theorem[3.2 and use Lemma [5.2

In particular, it follows that Per X, ) C X((i)k).

Lemma 5.4. (J,cy X((i?k) € X(ak)-

Proof. When p is a minimal cycle in 9*X and w,u € « are such that wp®u €
W(R(X)) for all i € N, choose v € W(R(X)) such that uzw € W(R(X)). Then
(wpdiux)oo € X(a,r) for all i € N, proving that p> € X, 1. O

Lemma 5.5. Let X, ) be an irreducible component at level k in the shift space
X. Let p € W(X) be a minimal cycle such that p> is d-affiliated to X (o). Let
Xaky = Uger (X™) (5 e the decomposition BI) corresponding to n = |p|d.

Then there is an vy € L such that p® € W (X‘p‘d) is 1-affiliated to (X‘p‘d)(V K-

Proof. Since p* is d-affiliated to X(, 1), there are words wi,w2 € a such that
wipw, € S(0%X) for all i € N. Since [wy] = [ws] in S (9¥X), there are words
a,b € W(0FX) such that (wiawsb)>® € 98 X. Tt follows that (wiaweb)> contains
words w) € S (0FXPI4) i = 1,2, such that [w]] = [w;] = a in S(O*X),i = 1,2, and

(5.6) wipPiwh € W (R (8’“X|p|d))

for all i € N. (We are here using that 0% (XPI?) = (8’“X)‘p‘d.) Since [w]] = [wh] in
S (8%X), there is a word y € W (R (0*X)) such that whyw] € S (9*X). It follows
that (wip®why)>™ € X(ak), because [w]] = [wh] = a. By Lemma X there is a
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v € L such that (wipdwhy)> € (XPld) (k)"
applied to 9 XIPI4, Then (5.6) tells us that p? € W (X|p|d) is 1-affiliated to

(leld) (1" 0

Proposition 5.6. Let o : X — Y be a conjugacy of shift spaces, X, ) an irre-
ducible component at level k in X, and Y5 1) the irreducible component at level k
in'Y such that Y(g )y = ¢ (X(ax)); ¢f Proposition[[.0. Then

(X ((Z)m) Y

Hence [w}] = [wj] = v by Lemma

for all d € N.

Proof. Let p € W(X) be a minimal cycle d-affiliated to X ). By Lemma
there is an irreducible compoment, (X‘p‘d)(a/,k), in the decomposition X, ) =
User (X|p|d) B.F) of Lemma such that p*> is 1-affiliated to (X|p|d)(a,,k). By
Lemmal5.2 there is an irreducible SFT A C 9% (X lp ‘d) containing p>° and a periodic
point = € (X‘p‘d)(a,7k). Then ¢(A) C 9% (YI?Id) by Proposition dH and ¢(z) €
(Y|p|d)(5,7k) for some irreducible component (Y|p|d)(6,,k) from the decomposition
Yisr) = Ugers (Y\p\d)(ﬁl,k) of Lemma [3:8 Tt follows from Lemma [5.3 that ¢ (p°°)
is 1-affiliated to (Y|p|d) (5 k)" In other words, when ¢ = ¢(p>)|o,|p||, there are words
w1, up € B’ such that uyq%uy; € W (R (5"“Y)) for all 7 € N. It follows that ¢ is
d-affiliated to Y3 ). This shows that ¢ (X((z?k)> - yd By symmetry we must

(CRON
have equality. O

Lemma 5.7. Let X be a shift space, and X (o ) an irreducible component of X at
level k. Then there is a sequence Ay C Ay C A3 C ... of irreducible SFTs in kX
such that

1) W(A,) Na#0 for alln € N,
2) period(A,,) = period (X() )for alln € N,

)

3) limy, o0 (An) = hsyn (X(a,k));
)
)

W

X(l)k) =Per (U, 4n), and

5 X(ak)CUn 1A CAX(oMc)

Proof. Let a1, az,as, ... be a numbering of the periodic points 1-affiliated to X4 i)
For each i, let pz be a minimal cycle such that p7® = a;. For each ¢ there are s;,¢; € o
such that s;pft; € W (0FX) for all d € N. It follows from Theorem that there
is a sequence C; C Cy C C3 C ... of irreducible SFTs in X(a,k) such that

a) limp—oo R(Cy) = hsyn (X(a,o)), and

b) X(a,k) = Un Ch.
In the following we use the symbol (C,a) for the irreducible SFT obtained as
in the proof of Lemma from an irreducible SFT C C 9*X and a periodic
point a € X which is l-affiliated to C. Since C,, C C,41, we can arrange that
(Cn,a1) € (Cht1,a1). This requires only that the words r,w’, x and y occurring
in the construction of Lemma [5.2 are chosen to be the same in both cases. This
is clearly possible; as far as w’ is concerned we simply choose it from W(C;). By
the same reasoning we can arrange that ((Cn,a1),a2) C ((Chy1,a1),a2). By
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repeating the construction we obtain an increasing sequence C; C C4 C ... of
irreducible SFTs in %X such that C,, U {a1,az,...,a,} C C! for all n. There is
an N € N such that the greatest common divisor of the periods of aj,as,...,an

is perlod(X((a)k)) Set A; = Cyy;. Then 1) and 2) clearly hold, and X(( )k)

Per (UZO:1 A,). Tt follows from Lemma [5.3]that Per (Uioz1 Ap) C X(( )k), and hence
4) follows. It follows from Lemma 5.3l and Lemma [5.4] that A, C X(4 k), so that
h(An) = hoyn(An) < hsyn (X(a’k)) for all n. Since h(A;) > h(C;), 3) follows from
a). Since {J,, Cr, C |,, An, 5) follows from b). O

Lemma 5.8. Let X be an irreducible sofic shift space with top component X.. Set
p = period(X.). Then

1 1 1
hX)= lim —loggny (X)= lim — loggnp (X(El)) = lim — log¢ny (X¢)

= lim —1oanp (X)= lim — log Py (X(l)) = lim —log P, (X.).

n—oo ’n n— o0 n n—oo n

Proof. The minimum of the numbers gy (X),qnp (Xc(l)> v np (Xe) s Pop (X)),
Py (Xc(l)) s Prp (Xc) 1S ¢np (X.) and the maximum is Py, (X). Since

h(X) > hmsup log P; (X)
J

by Proposition 4.1.15 of [LM], it therefore suffices to show that
NN |
hmnlnf p log gnp (X¢) > h(X).

To this end let € > 0. It follows from Lemma Bl and Theorem [32] that there is an
irreducible SFT A C X, such that h(A) > h(X) — € and period(A4) = p. Since

N | o1 . 1
hmnmf n_p log gnp (Xc) > hmnlnf n_p log gnp (A) = nllrr;o n_p log gnp (A) = h(A),
the proof is complete. ([

6. SOFIC SHIFT SPACES HAVE FINITE DEPTH

We shall prove that a sofic shift space has finite depth by ‘pruning’ in the sub-
set construction for a right-resolving presentation. We begin by introducing some
convenient notation and terminology.

A factormap ¢ : X — Y, with X a non-wandering SF'T, will be called component
reduced when there is no irreducible component A C X such that Y = p(X\A).
If ¢ is not component reduced, we can delete irreducible components from X to
obtain a new non-wandering SFT X’ C X and a factor map ¢|x/ : X’ — Y which
is component reduced. We will refer to |x/ as a component reduction of .

Let (G, L) be a labeled graph. There are then a sofic shift space ¥ and a factor
map ¢ : Xg — Y obtained ‘by reading the labels’, i.e. ¢ is a one-block map
from Xg onto Y. We say that ¢ : Xg¢ — Y is a presentation of Y. In this setting
o(R(X¢g)) = R(Y'). The shift space R(X¢) is the edge shift defined by the subgraph
of G obtained by deleting all edges which go between different communicating
classes of states; cf. pp. 118-119 of [LM|. We will denote this subgraph by R(G),
so that R(Xg) = Xg(e) and ¢ : R(Xg) — R(Y) is then the presentation of R(Y')
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given by (R(G), L|r(c)). We will say that G is non-wandering when G = R(G),
and that the presentation ¢ : X¢ — Y given by (G, £) is non-wandering when G
is.

A word w € W(Y') is said to be magic for ¢ when there is a j € {1,2,...,|w|}
and an edge e in G such that e; = e for all elements ejez...e, € ¢~ (w). We
shall mainly be working with right-resolving presentations, and in this case one can
always require that j = Jw|. As is well known and easily seen, a magic word for ¢
is synchronizing for Y.

To describe the subset construction, let (G, £) be a labeled graph and ¢ : Xg —
Y the presentation of Y given by it. We define a new graph G# whose vertex set
is the set 2V of subsets of the vertex set V of G. Let A be the alphabet of Y, i.e.,
the labels of G. We draw an arrow labeled a € A from a subset I € 2V to another
subset F' € 2V, when

F'={x €V : there is an edge labeled a from an element of F' to z}.

We denote this new labeled graph by (G#,E#). The corresponding presentation
o : Xg# — Y of Y is right-resolving, and hence finite-to-one. For each k €
{1,2,--+ , #V}, let Gk# denote the subgraph of G# obtained by erasing all vertices
F € 2V for which #F # k, together with all arrows to or from such a vertex. We
assume now that the original presentation ¢ : X¢ — Y is right-resolving. This has

the consequence that ¢# (Uk Xcﬁ) =Y in fact, o# (XG#) =Y. A cycle
(6.1) F—-FH—-FKN—---—F —>F

in J, Gk# defines a permutation u of the elements in F', determined by the condition
that for every x € F there are elements x1 € Fy,x2 € Fb,...,x, € F,, such that
there is a path © — 1 — 22 — -+ — z, — u(z) in G with the same label as ([GI)).
We will say that the cycle (E) is static when this permutation is trivial, and call
a subgraph H C |, Gk# hereditary when the following holds: When (6.1]) is a cycle
in (J, Gk# such that F' € H, then the whole cycle (G1J) is in H. Since every cycle in
Uk Gk# can be prolonged to obtain a static cycle, it suffices to check this condition
for static cycles.
The preceding definitions are put to work in the proof of the following result.

Proposition 6.1. Let ¢ : Xg — Y be a right-resolving presentation of the sofic
shift space Y. For each k = 0,1,2,..., there is a non-wandering and hereditary
subgraph Hyy1 C Uj>k+1 G?& such that

R(0"Y) = ¢ (Xu.,).

Proof. We will prove this by induction in k. Note that H; = R (Uk Gk#) is a

non-wandering and hereditary subgraph of | J, Gk#. Since R(Y) = ¢# (Xpg, ), this
yields the k = 0 case of the proposition. To handle the induction step, let Hy,
be a non-wandering and hereditary subgraph of | J >k Gk# such that R (8k_1Y) =
©" (Xg,). By removing redundant components from Hj we may assume that
o Xg, — R (8’“’1}/’) is component reduced. For each vertex M in Hy, we let
F (M) denote the follower-set F (M) € 2% defined by Hy; cf. p. 78 of [LM].
Let H;_, be the subgraph of | J > k1 G;éé obtained by removing all vertices except
those F' for which there are subsets N1, Ny in F', both of which are vertices in Hj,
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and F (Ny) # F (Nz2). Since N1 # N, and both sets contain at least &k elements,
H; , C Uj>k+1 Gf. To see that H,’CJr1 is hereditary, let

(62) FO—)F1—>F2_>..._>FO

be a static cycle in G?& for some 5 > k + 1, such that Fy € H,’Hl. Then F;, =
{af,ab, - 736;} C V, and there are paths

(63) x2—>xllz—>xi_)..._)x2

in G for all « = 1,2,...,7, all with the same label as ([62)). Since Fj is a vertex
in H,’CJr17 there are subsets N1, No C Fy, both vertices in Hy, such that F (N7) #
F (Nz2). The paths from (63) give us then paths

Ny =N} - N - N} - --- = N} = Ny,

6.4
(6.4) Ny=N2 5N} 5N — -5 NZ=N,

in UjZk Gf with the same label as (G.2)). Since Ny, Ny € Hy, both these paths
are in Hy, because Hy, is hereditary. Since F (Ny) # F (N2), we conclude that
F (N;) * F (Ng) for all @ = 0,1,2,..., because Hy, is right-resolving. It follows
that the path (6.2) proceeds in Hj ., and we conclude that Hj _, is a hereditary
subgraph of Uj2k+1 Gf Set Hpy1 = R (Hllc-‘,-l)’ and note that Hy,q is then a
non-wandering and hereditary subgraph of (J ik Gf&.

Let w € W (9*Y). There must then be two words in W(Xp, ) labeled w which
terminate in vertices with different follower sets, since otherwise w would be magic
for the presentation of R (8’“_1Y) given by the follower-set graph of Hy; cf. p. 73 of
[LM]. But then w would be synchronizing for R (8*~'Y’), which is impossible since
weW (8kY). By taking the union of the vertices from G# occurring in the paths
defining these two words in W(Xp, ), both labeled w and terminating in vertices
with different follower sets, we obtain a word in Hj, 41 labeled w, and we conclude

therefore that W (9*Y) C W (go#(XH;H)). It follows that OFY C ¢# (XH;2+1)'
Since R (ga# (XHI/€+1)) = ¢" (XH,,,), it follows that
(6-5) R (8kY) < 50# (XHk+1) :

Next let w = ¢# (u), where u € W (Xp,,,). We claim that there are words
w1, w2 in Xp, , both labeled w, which terminate in vertices v; and vz, respectively,
with F (v1) # F (v2). To see this, note that there is a periodic word p € Xpg,_,
such that u C p. There must therefore be a static cycle (6.2)) in Hy11 such that u is
a subword of the label of this cycle. If we construct the paths ([@4) as above, they
define two words in X, , and the appropriate subwords of them will give words w;
and we with the asserted property. Assume that F (vs) contains a word b which
is not in F (v1) (if no such word exists, we interchange the roles of w; and ws).
Since Hy, is non-wandering, the vertices of w; are contained in the same irreducible
component A of Hy. Since ¢ : X, — R (8*7'Y) is component reduced, ¢ (X 4)
is not contained in ¢# (X, ). There is therefore a word € W (X4) such that
©* (x) ¢ W (¢# (Xpg,\4)). Since A is irreducible, there is a word ag € W (X4)
such that zagw; € W (X 4). Since o7 is right-resolving, there is a word a; € W(X )
with the property that the words in X 4 labeled ga# (a1) terminate in vertices of A
with the same follower-set; cf. Proposition 3.3.16 of [LM]. Since A is irreducible,
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we may assume that ajzagw; € W (X4). Set a = ¥ (a;rag) and note that
aw = ¢# (a1zaow;) € W (R (0F1Y)). Since b € F (w2), wb € W (R (9*71Y)).
We claim that awb ¢ W (R (0*71Y)). Indeed, if d € W (Xp,) is a word such
that ga# (d) = awd, d must be a word in X4 since  C a. By the choice of ay, the
|a1|th edge in d must terminate in a vertex with the same follower-set as the terminal
vertex of a;. Since ¢* is right-resolving, it follows that the terminal vertex of the jth
vertex in d must have the same follower-set as the terminal vertex of the jth edge in
ayzagwy when |a1] < j < |ayxzagws|. In particular, when j = |ajzagw; |, this implies
that b must be in the follower-set of the terminal vertex of ws, since ¢¥ (d) = awb.
But this is not the case, and hence d cannot exist. Consequently, w cannot be
synchronizing for R (9*~'Y’). This proves that ¢# (Xp, ,) C O*Y. Since Hjq is
non-wandering, we have in fact that # (Xp,,,) C R (0FY). Combined with (6.5)
this yields the desired identity. O

It follows straightforwardly from Proposition[EIlthat R(9Y) is a sofic shift space
and that Y has finite depth, with Depth(Y) < maxyey #¢~'(y). But we want to
improve these conclusions a little, and in the process we will obtain an effective
way to find the derived shift space of a sofic shift space.

The following lemma follows actually from Proposition 9.5 a) in [J1], as we shall

explain in Remark [6.4] below. It also appears, in the irreducible case, as Lemma
1.1 of [1].

Lemma 6.2. Let Y be a sofic shift space and ¢ : X — R(Y) a presentation of
R(Y) given by the non-wandering labeled graph (G,L). Assume that ¢ is right-
resolving, follower-separated and component reduced. Then a word w € W(R(Y))
is synchronizing for R(Y') if and only if it is magic for ¢.

Proof. The ‘if’ part is well known and easy. The ‘only if’ part follows from the
same reasoning as in the last part of the proof of Proposition [6.11 O

Lemma 6.3. If Y is a sofic shift space, then there is a non-wandering, right-
resolving, follower-separated and component reduced presentation ¢ : Xg — R(Y')

of R(Y).

Proof. Start with a right-resolving presentation ¢ : X — Y cf. Theorem 3.3.2
of [LM]. Then ¢ (R(X)) = R(Y), and ¥|g(x) : R(X) — R(Y) remains right-
resolving. Then the presentation FR(X) — R(Y) obtained by passing to the
merged graph of R(X) will be both right-resolving and follower-separated by Lemma
3.3.8 of [LM]. Furthermore, FR(X) is a factor of R(X) and hence non-wandering.
Finally, we pass to a component reduction of FR(X) — R(Y), if necessary. O

Remark 6.4. In [I1], N. Jonoska calls a presentation of a sofic shift space synchro-
nizing when every vertex in the graph of the presentation is the terminal vertex
of a path whose label is a magic word. Some of the arguments used to prove
Lemma or Proposition above show that a non-wandering, right-resolving,
follower-separated and component reduced presentation must be synchronizing in
that sense. Hence Lemma [6.3, combined with the above-mentioned arguments, im-
plies Theorem 6.12 of [J1]: Every non-wandering sofic shift admits a synchronizing
right-resolving presentation. In essense our proof of this is the same as Jonoska’s,
but we avoid the use of maximal FTR languages. Through this connection to
Jonoska’s work we conclude that the presentation ¢ of Lemma is unique up to
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conjugacy; cf. Theorem 5.5 of [J1]. We may therefore refer to it as the minimal
right-resolving synchronizing presentation of R(Y'). However, we will stick to the
sligthly longer, but more descriptive terminology which we have used so far. Note
that the presentation is simply the Fischer cover when Y is irreducible.

Proposition 6.5. Let Y be a sofic shift space and ¢ : X¢ — R(Y) a non-
wandering, right-resolving, follower-separated and component reduced presentation
of R(Y). Then

oY = ¢* (Xgz ).

Proof. D: Let x € (X Gf)' We must show that z does not contain a synchro-

nizing word for R(Y). By Lemma [6.2 this is the same as a magic word for . If
x contains a magic word m, there is an n such that u, = v, for all u,v € o~ (z).

This is impossible, because € @7 (XG;%).

C: Let z € R(Y)\¢? (XG;%). We must show that z contains a synchronizing
word for R(Y )—or equivalently, by Lemmal[6.2] a magic word for ¢. Let o= 1(2) =
{vl,02%,...,v"}. Since z ¢ ¥ (Xc;;*) and ¢ is right-resolving, for each pair i,j €
{1,2,...,n} there must be an N;; € N so large that v}, = v} for all n > N;;. Set
N = max; j V;;. We claim that there is a £ > IV such that uy = vy for all u,v €
cpfl(z[_k,k[). Since this implies that z_, x[ is magic for ¢, we will then be done. So
assume to reach a contradiction that for all k > N there are elements u*, v* € Xg
such that uf“_hk[,v[k_k,k[ € gofl(z[_k,k[) and uk, # v%,. By the pigeonhole principle
there is a sequence N < ky < ky < --- such that (u5i, vki) = (u5, 05 for all i. By
passing to subsequences we may assume that {u*:} and {v*'} both converge, say
to u,v € Xg. Then u,v € p~1(2) and vy # uy, contradicting the choice of N. [

Theorem 6.6. IfY is a sofic shift space, so is Y .

Proof. This is an immediate consequence of Lemma [ and Proposition [E.5. O

It follows of course that all the derived shift spaces of Y are sofic shift spaces.
To estimate the depth of a sofic shift space we follow [FF.J] and let pm (¢) denote
the maximal number of pre-images under ¢ of a periodic point in Y, and refer to
this number as the periodic multiplicity of ¢. Since ¢ is right-resolving, pm (¢) is
the same as the the multiplicity of ; cf. Lemma 2.3 of [FE]].

Theorem 6.7. Let Y be a sofic shift space, and ¢ : Xg — Y a right-resolving
presentation of Y. Then Depth(Y) < pm(yp) — 1.

Proof. Note that R (Gk#+1) = () when k+ 1 > pm(p). It follows therefore from
Proposition G that R(9*Y) = () when k > pm(y). Since O*Y is a sofic shift space
by Theorem B.8, this implies that 0*Y = () when k& > pm(y). O

Remark 6.8. There are cases where the inequality of Theorem [67 is an equality;
this is for example the case when ¢ is the standard presentation of the even shift.
However, in general the depth of a sofic shift space can be strictly smaller than the
minimum value of pm(y) — 1, where ¢ varies over all presentations of Y. To see
this, consider the sofic shift space Y presented by the labeled graph in Figure 5.
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If ¢ is any presentation of Y, there is an irreducible presentation vy of Y, ob-
tained from v by restriction to an irreducible component. Then pm(v) > pm ().
Note that Y is an almost finite type shift since the graph in Figure 5 is also left-
resolving, and hence 1y must factor through the presentation given by the graph
in Figure 5 according to [BKM]. Since the number of pre-images of a™ for the
latter presentation is 3, we conclude that pm(¢)) — 1 > 2. But it is easy to see that
Depth(Y) = 1 since JY consists of the fixed point a*°.

Remark 6.9. In a weak moment one might think that sofic shift spaces are char-
acterized by the property of having finite depth or a finite number of irreducible
components, at least among the synchronized systems. This is not the case; the
context free shift is a synchronized system which is not sofic, but has depth 1 and
only 3 irreducible components by Example [£1]

Example 6.10. Proposition [6.5] Lemma and Lemma give a recipe for
finding the derived shift space of a sofic shift space Y: Consider a right-resolving
presentation of Y given by a labeled graph (G, £). The restriction to (R(G), L)
is then a non-wandering right-resolving presentation of R(Y’). Note that R(G) is
then a disjoint union of finitely many irreducible labeled graphs. Throw away as
many as possible of these, subject to the condition that the remaining graphs must
still cover R(Y). Finally, replace each of the remaining graphs by their follower-set
graph. There is an algorithm for this; ¢f. pp. 92-94 of [LM]. Let H be the resulting
graph. The associated presentation ¥ : Xy — R(Y) is then non-wandering, right-
resolving, follower-separated and component reduced. There is now an obvious
algorithm for finding Hf : Draw a graph whose vertices consist of two-elements
sets {v1,va} of vertices from H, and draw an arrow labeled a € A from {vy,v2} to
{v1,v3} when there are edges, both labeled a, from vy to v}, ;) and from v to v}, ,,

for some permutation y of {1,2}. The result is HZ .

To illustrate the procedure consider the labeled graph G of Figure 6, which we
borrowed with permission from p. 55 of [BK].

Let Y be the sofic shift space presented by G. The graph is clearly irreducible,
right-resolving (biresolving, in fact), and by inspection one sees easily that it is also
follower-separated. To determine the derived shift space Y, we can go directly to
the procedure described above to find Gf . The result is shown in Figure 7.
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F1GURE 8. The graph H, presenting JY; a component reduction of Gf.
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FIGURE 9. A presentation of 92Y; a component reduction of Hf

Although this graph does present JY', it has a lot of redundancies, in the sense
that a substantially smaller subgraph already covers dY’; namely the subgraph of
Figure 8, which is a component reduction of Gf .

Note that H is component reduced; the words aca and cbc are presented by a
unique irreducible component of H. To check that H is also a follower-separated
presentation of Y we can check each component separately, and this is easy. We
can therefore find 02Y by constructing Hf . Again the construction comes with
redundancies which are removed by a component reduction. After that the result
is the graph of Figure 9, which presents 92Y.

The graph in Figure 9 is non-wandering, right-resolving, follower-separated and
component reduced, so we can apply Proposition to find %Y, which turns out
to consist of the three fixed-points a®,b> and c¢>. In particular, %Y is an SFT.
Hence 0*Y = () and 83Y is the floor of Y, i.e. DepthY = 3.

Proposition 6.11. Let Y be a sofic shift space. Then DepthY = 0 if and only if
R(Y) is an SFT.

Proof. If R(Y) is an SFT, then every sufficiently long word in R(Y") is synchronizing
for R(Y), and hence Y = (), i.e. DepthY = 0. Conversely, assume that 9Y = 0.
Then {y € RY): wCy=w ¢ S(Y)} is empty, and a compactness argument
shows that there must be an N such that all words in W(R(Y")) of length > N are
synchronizing. It follows that R(Y") is an SFT; cf. Theorem 2.1.8 of [LM]. O

In particular, an irreducible sofic shift space is of finite type if and only if its
depth is zero. There are strictly sofic shift spaces Y with DepthY = 0. A simple
example is the sofic shift in Figure 4 of [IT]. By Proposition 611 all such examples
must be wandering, i.e. PerY # Y.

Remark 6.12. We show that for all n = 1,2,3, ... there is a mixing sofic shift space
Y with DepthY = n such that the floor "Y is as general as possible; namely, an
arbitrary sofic shift space Z for which R(Z) is an SFT. For this purpose we prove
by induction that for each n = 0,1,2,... there is a right-resolving and follower-
separated labeled graph G,,, which is irreducible and aperiodic when n > 1, such
that the sofic shift Y,, presented by G, has depth n and 9"Y,, = Z. To start
the induction (n = 0), take G to be any right-resolving and follower-separated
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presentation of Z. To handle the induction step, let GG, be a right-resolving and
follower-separated labeled graph G, such that the sofic shift Y,, presented by G,, =
(V, &, L) has depth n, and 9"Y,, = Z. We then construct G, 41 as follows. The
vertices of G,,41 consist of the disjoint union ¥V UV of two copies of the vertex set
V from G,,. Let v1,v2 € VU V. Draw an edge labeled a € A (= the alphabet of
Y,,) from v to ve when vy and ve lie in the same copy of V and there is an edge
labeled a from vy to ve in G,,. The result is the disjoint union of G, with itself.
We add 2(#V)? edges to this picture: Add 2(#V)? new letters to A, say ., and
Yoy U, w € V. For each pair of vertices v,w € V UV such that v is in the first
copy of V and w is in the second, we draw an edge labeled z, ., from v to w and
an edge labeled y,,, from w to v. Let Gjy1 be the resulting labeled graph. It
is easy to see that G,41 is irreducible, right-resolving and follower-separated. To
ensure that it is also aperiodic, we add a loop at one vertex, and label it by a
letter we haven’t used before. (This is not necessary when n > 1.) If Y, ;1 is the
sofic shift presented by G,1, Proposition tells us that 0Y,,41 = Y,. Hence
Depth (Y,,41) = Depth (V) +1 =n+ 1 and 9" 'Y, 1 = oY, = Z.

Remark 6.13. The fact that the depth of a sofic shift space can be any natural
number can also be neatly illustrated by a series of irreducible (but not mixing)
sofic shift spaces considered by B. Marcus on page 369 of [M1] and in 2.2 a of [M2|
and called charge constrained shifts in [M1] and in Example 1.2.7 of [LM]: The
labeled graph of Figure 10, where there are n ones and n minus-ones, presents the
subshift Y;, of {1, —1}% with the property that the sum of symbols in any block is
bounded by n in absolute value. It is easy to see that Y7 = () and 8Y,, = Y,,_1. In
particular, Depth (Y;,) =n — 1.

Lemma 6.14. Let Y be a sofic shift space. Let ¢ : Xg — R(Y) be a non-
wandering, right-resolving, follower-separated and component reduced presentation
of R(Y). For every irreducible component Y40y at level 0 in'Y', there is a unique
irreducible component H of G such that (o) C W(Xp). This component H has
the property that ¢ (Xu) = Y(a,0)-

Proof. Let u € «. Since u is magic for ¢ by Lemma 62, the words in ¢~ !(u)
must terminate at the same vertex. Since GG is non-wandering, this implies that
all paths in ¢ ~!(u) run in the same irreducible component H of G. For any other
element v € « there is a word x € W(R(Y)) such that uzv € W(R(Y)). This
implies that the common terminal vertex for the paths in ¢ ~!(v) must also be in
H, proving that ¢~ '(a) € W(Xp). Since every element x € Y(a,0) contains an
element of «, it follows that ¢~ (x) € Xy, and we conclude that ¢ (Xg) 2 Y(a,0)-
Let z € m be an element with a dense orbit in m Then z = ¢(y) for some
y € Xg, and it follows that the orbit of z is also in (X g). Thus ¢(Xg) = Y(4a,0). In
particular, ¢ (Xg) = ¢ (Xg, ) if Hy C G is another irreducible component such that
o Ha) CW (Xg,). Since ¢ is component reduced, we conclude that H = Hy. [
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Remark 6.15. It follows from Lemma that in a sofic shift space Y, a closed
shift-invariant subset is the closure of an irreducible component at level 0 if and only
if it is a maximal shift-invariant subset of R(Y) with a dense orbit. Furthermore,
it follows that every closed shift-invariant subset of R(Y) with a dense orbit is
contained in the closure of an irreducible component at level 0.

Proposition 6.16. If Y(, 1) is an irreducible component at level k in the sofic shift
space Y, then Y, ) is an irreducible sofic shift space.

Proof. Since OFY is a sofic shift space by Theorem we may assume that £ = 0.
Then the conclusion follows from Lemma O

Remark 6.17. With the aid of Lemma [6.T4] we can determine the irreducible com-
ponents in a sofic shift space. To illustrate this we return to the example from
Example [6.10. Besides the unique irreducible component at level 0 there are two
irreducible components at level 1 in Y, each a dense subshift of one of the com-
ponents in the graph of Figure 8. There are also two irreducible components at
level 2, corresponding to the two components of the graph in Figure 9, and finally
there are three components, all fixed points, on the floor at level 3. In principle one
could describe an increasing sequence of irreducible SF'Ts in the sofic shift spaces
presented by these graphs whose union is the corresponding irreducible component.
For one of them, the full 2-shift in Figure 9, this is particularly simple since it’s an
irreducible SFT itself. However, this additional information will not be needed in
the applications of the embedding and factor theorems which we prove in Section
Bland Section [, respectively, so we refrain from doing it.

Note that Lemma [6.14] establishes a bijective correspondance between the ir-
reducible components at level 0 in Y and the irreducible components in the non-
wandering, right-resolving, follower-separated and component reduced presentation

of R(Y).
Proposition 6.18. The number of components in a sofic shift space Y 1is finite.

Proof. Since the derived shift spaces of Y are all sofic by Theorem and since Y
has finite depth by Theorem 6.7, it suffices to show that Y has only a finite number

of irreducible components at level 0. This follows from Lemma and Lemma
E14 O

As shown by Example 7] there are non-sofic synchronized systems of finite
depth with infinitely many irreducible components.

Lemma 6.19. Let Y be a sofic shift space and Y(q k) an irreducible component at
level k in'Y', where k > 1. Then there is an irreducible component Y3 1) at level

k—11inY such that Yo 1) C Y r—1)-

Proof. This follows from Lemma .14, since Y41 is a closed shift-invariant subset
of O*~1Y and has a dense orbit; cf. Remark G171 O

Remark 6.20. The inclusion structure of closures of the irreducible components of a
sofic shift space can be presented by a finite Bratteli diagram, where the irreducible
components at level k£ are presented by dots and there is an edge between a dot at
level kK — 1 and a dot at level k& when the closure of the irreducible component at
level k is contained in the closure of the irreducible component at level kK — 1. For
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FIGURE 11. The inclusion pattern of the closures of the irreducible
components in the sofic shift space of Figure 6.

the sofic shift space presented by Figure 6 above the result is the graph of Figure
11.

The following lemma makes it easy to find the periodic points in the top com-
ponent of an irreducible sofic shift space, and to determine the period of its cyclic
cover from the Fischer cover of the shift space.

Lemma 6.21. Let Y be an irreducible sofic shift space with top component Y., and
let Y : Yo — Y be its Fischer cover. Let z € PerY. Then z € Y, if and only if
#1p=1(2) = 1. Furthermore, period (Y.) = period (Yg).

Proof. If #1~(z) = 1, z ¢ Y by Proposition Hence z € Y, by Lemma
Conversely, when z € Y, it follows from the definition of Y, that #1~1(z) = 1 since
a synchronizing word for Y is magic for ¥ by Lemma [6.2]

It follows from the preceding that period (Y¢g) divides period (Y.). Set py =
period (Y¢) and let y € Per Y. Since Yg is irreducible there is a cycle ¢ € W (Yg)
such that ¥(q) € W (Y) is synchronizing for Y. Note that (Yg)" is the disjoint
union of mixing SFTs. For some j € {0,1,2,...,po—1}, 07 (¢°°) and y are contained
in the same of these components, say Z, of (Yg)"*. Then Y[0,period(y)| € W(Z) and
(O'j (q‘x’))[o’mq‘[ € W(Z), and since o?° is mixing on Z, there is an N € N and for

all n,m > N there are words a € Wy, (Y¢) and b € W,,,,,, (Y) such that
Yiorperiod()[@ (77 (4°) 0 54 DY0.perioatyf € W(Ye).

Note that 1 ((O'j (q‘x’))[o’mq‘[) € W(Y) is synchronizing for Y because it contains
¥(q), and that

. oo
(y[O,period(y)[a (J] (qoo)) [0,2]4l] b)
is a periodic point of period 2|g| + npo + mpo + period(y). It follows that M =
Q‘qHQNp;:periOd(y) has the property that for all m > M there is a cycle 7, in Yg
such that % (r,,) is synchronizing for Y and |r,,| = mpo. This implies that for
all m > M, Y, contains a periodic point of period mpy. If we choose m > M

such that m is relative prime to period (Y.), we conclude that period (Y.) divides
po = period (Yg). O
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To finish this section we show that the derived shift spaces and the irreducible
components of an almost Markov sofic shift is again almost Markov, and that the
affiliation pattern of almost Markov shift spaces are easy to determine from the
appropriate covers.

Recall, [BK], that a shift space T' is almost Markov when there is an SFT S and
a biclosing factor map ¢ : S — T. By work of Nasu, Kitchens, Boyle and Marcus,
there is then a left- and right-resolving presentation, i.e. a biresolving presentation,
of T'; see BKM]. An irreducible almost Markov shift space is often called an almost
finite type shift space. An irreducible sofic shift space is an almost finite type shift
space if and only if its Fischer cover is left-closing; cf. [N1I]. It is this additional
property of the Fischer cover we exploit in the following.

Proposition 6.22. Let T be an almost Markov shift space. It follows that OFT is an
almost Markov shift space for all k. Furthermore, 0T = {x € R(T) : #¢~1(x) > 2}
when ¢ : X — R(T) is a non-wandering, right-resolving, follower-separated and
component reduced presentation of R(T).

Proof. 1t suffices to prove this for k = 1. Let ¢ : S — T be a biresolving presen-
tation of 7. Then ¢ : R(S) — R(T) is a biresolving presentation of R(T"). Let
Z1,Z3,...,Z1, be the components of R(S) and note that each ¢ (Z;) is then an
irreducible almost Markov shift space. For each i, let ¢, : X¢g, — ©(Z;) be the
Fischer cover of p(Z;). Let G = G1UG2U- - - UG, be the disjoint union, and define
Y Xg — R(T) by ¥|x,, = ti. By deleting the redundant G;’s we may assume
that ¢ is component reduced and hence follower-separated. It follows then from
Proposition 6.5 that 7 (X G?) = JT. Since v; is left-closing by [N1], it follows first

that 1) is left-closing and then that ¢# : X Gt — 0T is left-closing. Since the latter

is also right-resolving, it is biclosing, and we conclude that 0T is almost Markov,
and that 9T = {x € R(T) : #¢~(x) > 2}. O

Corollary 6.23. Let T be an almost Markov shift space, and T. an irreducible
component in T. Then T, is almost of finite type.

Proof. By Proposition[.22] we can assume that T, is at level 0. As in the proof of
Proposition[6.22] we find that R(T) is the union of a finite number, Ty, T, ..., Tk,
of subshifts almost of finite type, and that there is a non-wandering graph G with
irreducible components G1, G, . . ., G and a right-resolving, follower-separated and
component reduced presentation ¢ : Xg — R(T) such that ¢ (Xg,) = T3,i =
1,2,..., k. It follows then from Lemma [6.14] that T, = 1 (Xg,) = T; for some i.
Hence T, is almost of finite type. O

By Proposition 22, the derived shift space of an almost Markov shift T is
exactly what is denoted by fM(f) in [BKI, i.e. the image in T of the multiplicity
shift of the biresolving presentation of T' of degree 1. In this way we may conclude
from Proposition 2.5 of [BK] that any almost Markov shift occurs as the derived
shift space of a mixing almost Markov shift. The identity between the derived shift
space and the image of the multiplicity shift for the canonical biresolving cover of
an irreducible almost Markov shift space T does not persist when the constructions
are iterated; the second derived shift space is in general not the image in T" of what
is denoted by M(® in [BK], or the image of Mj, for that matter. The example
analyzed in Example [6.10] can serve as an illustration of this point. Furthermore,
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in general the depth of T' is not the same as the height of its canonical cover, as
defined in [BK].

Proposition 6.24. Assume that T is an almost finite type shift space, and let ¢ :
Xa — R(T) be a non-wandering, right-resolving, follower-separated and component
reduced presentation of R(T). Let p € W(T') be a minimal cycle and let d € N. Let
T. be an irreducible component at level 0 in T, and let G. C G be the irreducible
component such that p=1(c) C W (Xg,); ¢f. Lemmal[6.14. Then p™ € T if and
only if o= (p™°) N X, contains an element whose minimal period divides |p|d.

Proof. Assume that p>° is d-affiliated to T.. Then there are synchronizing words
wy,wy € c such that wip®wy € W(R(T)) for all i € N. Let vy be the terminal
vertex of any element in ¢~ !(w1), and note that vy € X, by Lemma[6.14] Since
w; is magic for ¢ by Lemmal6.2, this vertex is the same for all elements of ¢~ (wy).
For fixed i the elements of gofl(wlpidwg) must have vg € X, as terminal vertex
of the |w;|th edge, and all the subsequent edges must be the same. In this way
o Y (wipPwy) determines a path r; in X¢, of length d|p|i with initial vertex v
such that ¢(r;) = p®. Note that the first |r;| vertices occurring in r;,; are exactly
r;, because ¢ is right-resolving. Note also that ws must be in the follower set of
the terminal vertex of r; for all 4. Since there are only finitely many vertices, there
must be i, N € N such that the terminal vertex of r; is the same as that of r;; n.
Write the last Nd|p| edges of r;1n as ajaz . ..an, where |a;| = d|p| and ¢(a;) = p?
for all . We claim that a; must be a cycle. So assume that a; is not a cycle.
Then the terminal vertex v of a; must be different from the terminal vertex w of
ay. Furthermore, there are paths d, and d,,, both labeled ws, with initial vertices
v and w. Then (agas...ana1)>®d, and (aiaz...an)*d,, are different left-infinite
paths with the same label. Since ws is magic for ¢, their terminal vertices must
be the same. This contradicts that ¢ : Xg, — ¢ (X¢g,) is left-closing by [N1], and
we conclude that a; must be a cycle. Then a$° € X¢, is a d|p|-periodic element of
¢~ (p™).

The converse holds for general sofic shifts by Lemma [Z.7] O

Example 6.25. In the mixing sofic shift space presented by the graph shown in
Figure 12, the fixed point a> is 1-affiliated to the top component, but there is
no fixed point in the subshift of the Fischer graph. Thus Proposition fails in
general.
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7. AFFILIATION AND MORPHISMS BETWEEN SOFIC SHIFT SPACES

Lemma 7.1. Let ¢ : X — Y be an embedding of shift spaces. Assume that Y
has finite depth. For each irreducible component X, j in X, there are a unique
Je €{0,1,2,...,Depth(X)} and a unique irreducible component Yo, j ) inY at
level j, such that

a) ¢ (X(a,j) C 0Y, and

b) P (X(O‘»J)) n }/(asmjso) 7é @
Y(a,.j,) has the property that

(d) (d)
¥ (X(O‘J)) g }/(atpvjqa)
for all d € N.

Proof. Since Y has finite depth, all periodic points of Y belong to an irreducible
component by Lemma [.2l Let j, be the least number in {0,1,2,...,Depth(Y)}
with the property that there is an irreducible component at level j, containing a

periodic point from ¢ (X(a,j)). Then ¢ (Per X(a’j)) C 0%¢Y, and hence

(71) Lp(X(a7j)) g 8j‘PY,

since #7¢Y is closed and X(a,j) = Per X(q,5) by Theorem B2, We claim that there
is only one irreducible component at level j, in Y which contains a periodic point
from ¢ (X (a7j)). Indeed, if V(g ;) and Y4 ;) are irreducible components at level
jo and z,y € Per (X(a,j)) are such that ¢(z) € Yz, ) and p(y) € Yz j,), then
Theorem [ 2]tells us that there is an irreducible SFT A C X, ;) such that z,y € A.
Since p(z), ¢(y) € p(A) C d¢Y by (1), we conclude first from Lemma that
¢(y) is 1-affiliated to Yz ; ), and then from Lemma B4 that ¢(y) € Y(g,; ). By
Lemma this is only possible if 3 = (', proving the claim. Let Y(,_ ; ) be the
irreducible component at level j, which contains a periodic element from ¢ (X (a, j)).
To prove that Y, ;. ) is the only irreducible component in Y satisfying a) and b),
assume that Y(, r) also does. By applying Theorem to both X(, ;) and Y(, 1)
we conclude from b) that there are irreducible SFTs A C X, jy, B C Y{, 1) such
that p(A)N B # . Since ¢(A)N B is an SFT, it must contain a periodic point and
we conclude that

(7.2) ¢ (Per X(a,j)) N Yy x) # 0-

Hence k > j,. On the other hand, k£ > j, is impossible, since ¢ (X(a,j)) C O*Y and
%) (X(a’j)) NYa,,j,) # (0. Hence k = j,. As we have already shown that Yia,.j.)
is the only irreducible component at level j, which contains a periodic point from
¢ (X(a,j)), we conclude from (7.2) that v = a,.

To see that ¢ (X((i)j)) C Y(Si o) let x € X((i)j). By definition of (v, j,) there
is a periodic point y € X () such that p(y) € Y(,, ;. ). By Lemmal[5.7] there is an
irreducible SFT A C X(, ;) such that ,y € A. Then ¢(z),¢(y) € p(A) C ¢ (Y),
and we conclude from Lemma that p(z) is l-affiliated to Y(,, j ). Consider

finally a minimal cycle in W ((’ﬁX) such that x = p> € X(;i)j), where d € N is

arbitrary. Let
d
Xap = | (lel )w )
BeL J
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be the decomposition [B7) corresponding to n = |p|d. Then z € (X\p\d) E}/)j) for
some v € L by Lemma [EH From the first part of the proof we deduce that

Ipla) () Ipld) ()
p(@) € (Y 5,y where (V) 05

YIPld at level j, for which ¢ (Per (X“""l)(7 j)> N (Y|p|d)(7, i) #0. Let

— d
)/(Oupvjv») - |_| (Y‘p‘ )(ﬁ' )
ﬁ/eL/ W

is the unique irreducible component in

be the decomposition ([B7) corresponding to n = |p|d. By definition of (o, j,),
¢ (Per X(4,5)) N Y(a,.j,) 7 0. There are therefore 4 € L and 3’ € L' such that

Ipld Ip|d . epp s .
%) (Per X(u,j)) N (Y )(ﬁ',j‘;,) # (). Since the shift induces a transitive action on L

by Lemma [3.8] we may assume, by changing 3 if necessary, that p = . It follows
then that 8’ = v/, i.e. ¢(x) is 1-affiliated to (Y‘p‘d) (5" 30) in VP4 where g/ € L.
Since period(¢(x)) = |pl|, this means that there is a minimal cycle ¢ of lenght |p|
such that ¢(z) = ¢> and there are words wi, ws € a, N'W (972 Y1PI4) such that

wig¥wy; € W (07°Y1PI4) for all i € N. It follows that ¢(z) € Y((ji’jw). O

It is notationally simpler to drop the explicit reference to the levels when handling
the irreducible components, as we have done occasionally already. Let us therefore
introduce the notation X, for an irreducible component at any level in the shift
space X. Then Lemma [7]] tells us that the embedding ¢ induces a map ¢ —
o(c) from the irreducible components in X to the irreducible components in Y
determined by the conditions that

1) ¢ (Xe) € Xo(o), and
2) ¥ (Xc) N ch(c) 7é 0.
This map has the property that

for all d € N and all c.

Lemma 7.2. Let X andY be irreducible sofic shift spaces and ¢ : X — Y a factor
map. Let X. and Y. be the top components of X andY . Let x € Per X, period(z) =
n, and period(p(z)) = m. Then

dn
m

T € Xc(d) = p(z) € YC(, )
Proof. Note first that if ¢ is a conjugacy rather than merely a factor map, we would
have that ¢ (Xc(d)> = YC(,d) by Proposition [5.6] We may therefore use a recoding
to turn ¢ into a one-block map, and will therefore assume that this is the case.
Let m: X — X be the Fischer cover of X and set ) = p om. Let p € W(X) be
a minimal cycle of length n such that p™ = z € Xc(d). Then there are elements
w,u € c such that wp¥u € W(X) for all i € N. Choose w; € 7~ !(w) and set
7 u) = {ui,uz,...,ur}. Since u is magic for 7, all u;’s terminate at the same
vertex v in G. Let vy be the initial vertex of wy, let ¢t € ¢’ and choose a word tg €

¥~1(t). Since X¢ is irreducible, there are words a;,a_ € W(X¢) such that toa,
terminates at v; and the initial vertex of a_tg is va. Set 77 1(p) = {p1,p2,---, P }-
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For each i € N there is a string j1, j2, ..., ja; € {1,2,...,M}andanl € {1,2,...,L}
such that

W1Pj1Pjs « + - Pja; W € W (XG)

and 7 (W1pj,Djy - - - Dja; 1) = wp@iu. Tt follows that
toG—wip;, Pj, - - - PjuWiatto € W (Xg)

for all « € N. Hence
t(a—w1)p(p)“o(u)(az )t = P(toa_wipj pj, - - - Paiwiasto) € W(Y).
nd
Since t1p(a_wn), p(u)(as)t € ¢, this shows that ¢ (p*>) € ch ) 0

Lemma 7.3. Let Y. be an irreducible component in the sofic shift space Y. Lel
(YC)O be the top component of the irreducible sofic shift space Y.. It follows that

Y = (V) for alld e N.

Proof. Assume that Y, is at level j in Y, i.e. that Y. C 7Y \0'*'Y. Letp € W (?c)
be a minimal cycle such that p>° is d-affiliated to Y.. (Recall that the assumption
that p € W (?C) is no restriction by Lemma [5.4l) Tt follows that there are words
w1, ws € ¢ such that wipPwy € W (R (8jY)) forallieN. Let 7 : Xg — R (8jY)
be a non-wandering, right-resolving, follower-separated and component reduced
presentation of R (8j Y). Then Y, = 7 (X ) for some irreducible component H C G
with the property that 7—! (w;) € W(Xg),i = 1,2; cf. Lemma BI4. Since w;
and wy are magic for m by Lemma [6.2], they are also magic for 7 : Xz — Y, and
hence synchronizing for Y.. To conclude that p> € (VC) éd), it suffices therefore
to show that wip¥iwy € W (Y,) for all i € N. To this end, observe that there is
abeW (R ((‘WY)) such that webw; € W (R (87Y)). This shows that for any i,
(wipTweb)>® € W(R ((’ﬁY)). Since (wip®wqeb)> € Y, by definition of Y., the

desired conclusion follows. Conversely, assume that p> € (76) (()d). Then there are

synchronizing words for Y., say w; and ws, such that wip®ws € W (Y,) for all
i € N. Then w; and wy are magic for 7 : Xy — Y, by Lemma 14, and since 7 is
component reduced, there are words a,b € W (Y;) such that awq, wab € W (Y.) are
magic words for m and hence synchronizing for R (8j Y). It follows from Lemma
that aw; and web are words in ¢, and since aw; p®wsb € W (Y,) C W (R ((‘WY))

for all i € N, we conclude that p> € Yc(d). O

It should be remarked that it is not generally the case that the top component
of Y, is Y,; the latter is always a subset of the former by Lemma [3:10] but not vice
versa. The components at level 1 in the sofic shift space Y presented by Figure
6 can serve to illustrate this: If Y. denotes the irreducible component of Y whose
closure is presented by the component on the right in Figure 8, then the fixed
point a® is in (?C)o since the letter a is obviously synchronizing for Y,. However,
a™ € 9?Y, and is therefore not contained in any irreducible component at level 1.
In particular, it is not contained in Y,. By considering the irreducible component
whose closure is represented by the upper component in Figure 9, we see that this
phenomenon can occur even when Y, is an SFT.
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Theorem 7.4. Let X and Y be sofic shift spaces, and v : X —'Y a morphism of
shift spaces. It follows that there is a map X. — Yy from the set of irreducible
components in X to the set of irreducible components in'Y , such that

period(z)d

(7.3) = Xc(d) = (z) € Yw((pc)dW)

In particular, (YC) C Yy)-

Proof. Let X. be an irreducible component in X. Then X, is an irreducible sofic
shift space by Proposition [6.16], and it follows that so is 1 (YC) Let (w (YC)) o be
its top component. By Lemma [.T]there is a unique irreducible component Yy of
Y such that ¢ (Z) C % and (1/) (YC))O NYy) # 0. [C3) follows by combining
Lemma [72] Lemma and Lemma [Tl O

In terms of the affiliation numbers introduced in the introduction, (Z-3]) says that
an affiliation number for = to X is also an affiliation number for )(x) to Yy (). For
all we know, it may be that Theorem [ holds more generally, e.g. for arbitrary
shift spaces of finite depth.

We remark that it will follow from Corollary [ below that there is a finite set
F of natural numbers such that (Z3) holds for all d € N if and only if it holds for
alld € F.

It is important to realize that the affiliation numbers of a periodic point to a
given irreducible component do not form a semigroup in N, unlike the periods of
the point. To illustrate this, consider the mixing sofic shift space X presented by
the graph in Figure 13.

The fixed point a* is d-affiliated to the top component in X exactly when d € 2N
or d € 3N. This follows from Proposition B.24. Since period () = 1, 2N U 3N
are the affiliation numbers of a* to the top component of X. They do not form
a semigroup. Nonetheless, it is of course possible to talk about minimal affiliation
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numbers to an irreducible component. In this example it would be the numbers 2
and 3.

Remark 7.5. Theorem [74] gives a general explanation for the obstructions to the
existence of non-trivial morphisms between certain sofic shift spaces which were
observed in [B] (and in [LM]). To illustrate this we consider Example 3.1 in [B].
The sofic shift 7" is presented by the graph shown in Figure 14.

As pointed out by Boyle, there are no non-trivial morphisms to T from any
irreducible SFT with a fixed point. This follows also from Theorem [C4. In fact,
let A be an irreducible sofic shift space which has a fixed point 1-affiliated to the
top component. Thus A could for example be an SFT, the even shift, the shift
of Figure 6 or any inclusive sofic shift space, in the sense of [B] which has a fixed
point. Theorem [4] tells us that any morphism v : A — T would have to choose
one of the components in T—the image of the top component in A under the map
of components induced by y»—and map any periodic point in A to a periodic point
in T which is d-affiliated to this component for some d, since every periodic point
in A is k-affiliated to the top component in A for some k, by Lemma[.8 Since the
unique fixed point in T is not 1-affiliated to the top component in 7', the map
cannot choose the top component. There is only one more component in 7', namely
the fixed point 6> which constitutes the floor of T at level 1. It follows that 1) must
map A onto b>°.

With a little more effort one can show that the fixed point 6> in T is only d-
affiliated to the top component in 7" when d is even, and that the conclusion extends
to all irreducible sofic shift spaces A with a fixed point which is d-affiliated to the
top component for some odd d.

Remark 7.6. Theorem [Z.4] has also a bearing on the intrinsic multiplicity, m(Y),
and the intrinsic periodic multiplicity, pm(Y’), of an irreducible sofic shift space Y,
which were introduced and studied in [EEJ]. Namely, it follows from Theorem [
that when Y, is the top component of Y we have

#17(y) >min{de N: y e YD}

for every periodic point y € PerY and every factor map m mapping an irreducible
SFT onto Y. In this way the affiliation pattern leads to a lower bound for m(Y")
and pm(Y'), which generally cannot be improved.

Lemma 7.7. Let Y be a sofic shift space, and ¢ : X¢ — R(Y) a non-wandering,
right-resolving, follower-separated and component reduced presentation of R(Y).
Let p € W(Y) be a minimal cycle and let d € N. Let Y40y be an irreducible
component at level 0 in'Y, and let H C G be the irreducible component such that
o Ha) CW (Xn); of. Lemma[6.1F) If o= (p>°) N Xy contains an element whose

minimal period divides |pld, then p™ € Y((j,)o)'

Proof. Let q be a cycle in W(Xg) of length d|p| such that ¢(q) = p?. Choose
a € W(Xp) such that p(a) € «, and let by,bos € W(Xp) be words such that
the terminal vertex of ab; and the initial vertex of baa are both the initial vertex
of ¢. Then w; = p(aby) and we = p(bya) are words in « such that wipdwy =

plabig'bya) € W(R(Y)) for all i € N. Thus p= € V). O

Lemma 7.8. Let X(, ) be an irreducible component at level k in the sofic shift
space X. Let K = pm(yp) be the periodic multiplicity of ¢, where ¢ : X — R (8’“X)
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is a non-wandering, right-resolving, follower-separated and component reduced pre-
sentation. Then
Per X (o 5 x9 = x5 and
a) Per X(ax) = Ugen X (a k) = Ud 1Y (a,k) = M(a,k)r O
d m
b) z € X((a?k) = Ime{1,2,...,pm(p)}: m|d and x € X((a L).

Proof. a) Note that |J ey (( 'y € Per X(a.k) by Lemmal54l Since Ud ) (Z)k) c

X((f,?), it suffices to show that PerX(%k) C Ud=1 ((Z)k). Let p € X(mk). Then
©)

p = ¢(q) for some ¢q € Per X¢. By Lemma [Z7 this implies that p € Xaky where

iod . . .
j= ggggdggg. Since j < pm(¢p), the proof is complete.

b) Let ¢ € W (8’“X) be the minimal cycle such that z = ¢ and g = 2| |q-
Since x € X((z?k), there are words w, v € « such that wq%u € W (R (8’“X)) for all
1 € N. Since w is magic for ¢ by Lemma [E2] since ¢ is right-resolving and finally
since there are only finitely many vertices in G, it follows that there is a z € ¢~ !(x)
such that
(7.4) Vie N Ju; € (pil(u) D Z00,)q|di[Wi € W(Xea) .

Note that period(z) = |g|a for some a € {1,2,...,pm(p)}. It follows from (T4)
that

(7.5) Vie N Ju; € (pil(u) D Z00,)q|mi[Wi € W(Xea),

where m is the greatest common divisor of a and d. It follows from (TH) and
Lemma [6.14 that there is a v € a such that vg™u € W( (8’“X)) for all i € N,

proving that z € X ((;n,l) O

Corollary 7.9. Let X be an irreducible sofic shift space with top component X..
Let pm(ip) be the periodic multiplicity of the Fischer cover of X. For each d € N,

X = U xm.
[1<m<pm(g): mld}
Proof. This follows from b) of Lemma [7.8. O

8. WHEN ONE OF THE SHIFT SPACES IS AN IRREDUCIBLE SF'T

In this section we present our results on embedding and factor maps between
shift spaces of unequal entropy when one of the spaces involved is an irreducible
SET.

8.1. The global periodicity structure. The structure of the cyclic cover, and in
particular the fact that it need not be a partition, gives severe restrictions on which
SEFTs a non-mixing synchronized system can map into. The basic obstruction of
this nature is described in the following proposition.

Proposition 8.1. Let X be a synchronized system which is not mixing, and let
Dy, D1,...,Dp_1 be the cyclic cover of X. Then the following are equivalent:

1) 3¢ € {2,3,...,p}, q|p, such that, when i,k € {0,1,...,q — 1}, i #k,

p_1 p_1
q q

UDiJrjq N UDk+jq =0.
j=0 j=0
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2) There exists a non-mizing irreducible SFT'Y such that X C Y.
3) There exist a non-mizing irreducible SFT'Y and a morphism X — Y.

Proof. 1) = 2): The dynamical system (szol qu,aq) is a shift space, i.e., it is
embedded into a full shift. This embedding extends to an embedding of X into an
irreducible SFT of period ¢ in the obvious way.

2) = 3) is trivial.

3) = 1): Let Y be a non-mixing irreducible SFT and ¢ : X — Y a morphism.
Set ¢ = period(Y) and let Cy,Ch,...,Cy—1 be the cyclic cover of Y. The C;’s
are mutually disjoint since Y is an SFT. Since oP? acts transitively on each D;,
there is for each ¢ a j such that ¢ (D;) C C;. It follows that there is a partition
KoUK U---UK, 4 0f{0,1,2,...,p— 1} such that

U Dicuw (¢, i=01,....q-1.
iEKj

Since 0 (C;) = Cj41 modulo ¢, o (D;) = D;41 modulo p, and 1 is shift commuting,
it follows that g|p. By renumbering the C;’s we can arrange that Dy C 1~ (Cp).
Then

Kl:{l+jq:j:0,1,...,§—1}

forall[=0,1,2,...,g— 1. In particular,

p_1 p_1
q q

U Divia | 0| U Drsja | =9,
=0 =0

since =1 (C;) N~ (Ck) = 0 when i # k. O

It follows from Proposition [R1] that a non-mixing synchronized system, with
the property that each pair from the cyclic cover intersects non-trivially, does not
admit any morphism into any irreducible SFT which is not mixing. This applies,
for example, to the irreducible sofic shift space in Remark B7. Tt is this obstruction
which is responsible for the failure of Krieger’s embedding theorem when the target
shift is an irreducible SFT, but the domain only sofic. See Example 3.5 in [B] or
Example [0.10 below for this obstruction in action, and Theorem B3 for the proof
that it is the only obstruction.

Lemma 8.2. Let X and Y be synchronized systems with top components X. and
Yo. Let 1 : X — Y be a factor map. It follows that p = period (Y.) divides

q = period (X,), and we can number the cyclic covers Cy,C1,...,Cp_1 of Y and
Dy, D1,...,Dq—1 of X so that
(8.1) ™ (Ditjp) = Ci

foralli=0,1,...,p—1and all j=0,1,...,% - 1.

Proof. First let Cy,C1,...,Cp—1 and Dy, D1,...,Dy—1 be an arbitrary numbering
of the cyclic covers of Y and X, respectively. Since oP? acts transitively on D; by
iii) of Corollary[312] thereis a j € {0,1,2,...,p—1} such that = (D;) C C;. In fact,
we claim that there is a surjective function u: {0,1,...,¢—1} — {0,1,...,p — 1}
such that

(8.2) s (Dz) - Cy(i)
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for all i € {0,1,...,¢ — 1}. Indeed, it cannot happen that
(8.3) s (Dz) CC,NC

when k # [. This is because Y = U?;é 7 (Dj), so that at least one of the closed
sets m(D;),j =0,1,...,¢ — 1, must have non-empty interior. Since o (7 (D;)) =
7 (Dit+1) modulo g, they must all have non-empty interior, and hence (83) is im-
possible by the property iv) in Corollary of a cyclic cover. We can therefore
define u as the map such that (82)) holds. Then p is surjective because 7 is, and
hence K; = p~ ! ({i}),i = 0,1,...p — 1, is a partition of {0,1,...,¢ — 1}. Since
o (C;) = Ciz1 mod p, it follows that #K; = #K, for all i, and we conclude
that ¢ = (#Ko)p. If we renumber the C;’s such that p(0) = 0, we find that
K;={i+jp: j:O,l,...,%—l} foralli=0,1,...,p—1. To see that (81]) holds,
observe that since 7 (D;4;p) € C; has non-empty interior, and ¢?? is mixing on Cj,
there is a point « € w (D;4;p) whose orbit under 0?9 is dense in C;. If y € Dy,
is any pre-image of x under , the oP?-orbit of y is a subset of D;, ;, whose image
under 7 is dense in C;. Hence (8J]) holds. O

Proposition 8.3. Let Y be a synchronized system, and X an irreducible SFT. Let
Co,C1,...,Cp_1 and Dy, D1, ..., Dy_1 be the cyclic covers of Y and X, respectively.
Then Y is a factor of X if and only if p divides q and (Co,0oP) is a factor of

41
(Ufzo Djpagp)'
Proof. The ‘only if’ part follows from Lemma [22l The ‘if’ part follows from a

standard argument based on the fact that the D;’s are mutually disjoint since X is
an SFT. O

8.2. When the target is an irreducible SFT.

Theorem 8.4. Let X and Y be irreducible shift spaces, X a synchronized system
andY an SFT. Assume that hsyn,(X) > h(Y). Then'Y is a factor of X if and only
if the following hold:

i) When X contains a periodic point of minimal period n, there is an m € N
such that m|n and Y contains a periodic point of minimal period m.

ii) When q = period(Y') and Dy, D1, ..., Dp_1 is the cyclic cover of X, then
qlp and

2_j 2_j
U Ditjq | 0 U Ditjq | =0
j=0 j=0

when i,k € {0,1,...,q— 1}, i # k.

Proof. The necessity of condition i) is obvious and well known. The necessity of ii)
follows from the argument used to prove 3) = 1) in Proposition [}

The proof of the sufficiency of the two conditions hinges on Boyle’s work in [B].
Given condition ii), it suffices to show that the dynamical system

2_3
q

(*) U Djq, 01
j=0

factors onto an irreducible component of Y. To this end note first that (x) is
(conjugate to) a shift space, and that TheoremBZimplies that there is an increasing
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sequence A; C Ay C A3 C ... ofirreducible SFTs in (%) such that lim,, . h (4,) =
qhsyn (X). In particular, there is an n such that h (A4,) > ¢h(Y). It follows from
condition i) that when n is the minimal period of a periodic point in (), there is
an m such that m|n and m is the minimal period of a periodic point in Y'9. Then

Theorem 3.3 of [B] lets us conclude that (x) factors onto any irreducible component
of Y. O

Theorem 8.5. Let X and Y be irreducible shift spaces, X a synchronized system
and Y an SFT. Assume that h(Y) > h(X). Then X embeds into Y if and only if
the following hold:

1) ¢n(X) < qu(Y) for alln € N.

ii) When q = period(Y') and Dg, D1, ...,D,_1 is the cyclic cover of X, then

qlp and
p_1 p_1
q q
U Diyjq | N U Divjq | = 0
§j=0 j=0

when i,k € {0,1,...,q— 1}, i #£k.

Proof. The proof is the same as the previous one, except that one uses Krieger’s
embedding theorem instead of Theorem 3.3 of [B]. We leave the details to the
reader. O

8.3. When the domain is an irreducible SFT.

Theorem 8.6. Let X and Y be shift spaces, X an irreducible SFT and Y of finite
depth.
a) If X embeds into Y, there is an irreducible component Y, at some level in'Y

such that X C Y, h(X) < hgyn (70) and ¢ (X) < qn (YC(1)> for all m € N.

b) If there is an irreducible component Y, at some level in' Y such that h(X) <

Rsyn (?c) and ¢n,(X) < qn (Yc(l)) for all n € N, then X embeds into Y. In fact,
X CY. in this case.
Proof. a) X is its own top component, so if X C Y, it follows from Lemma [T and
Lemma [54] that there is an irreducible component Y, of Y such that X C Y, and
Per X C vV Hence h(X) < hsyn (?C) by Theorem [3.2], and ¢,(X) < ¢, (YC(1)>
for all n € N.

b) It follows from Lemma[BTlthat there is an increasing sequence By C By C ...
of irreducible SFTs in Y. such that limy_. h (Bk) = hsyn (?C), period(Bg) =

period(Yc(l)) for all k, and Yc(l) = Per (|J, Bk). In particular, for some L € N we
have h (B;) > h(X) when I > L. Note that ¢,(X) =0, n ¢ Nperiod(Yc(l)), since
an(X) < qn (Yc(l)) for all n. Since
1
h(X) = limsup —log g, (X) < h(Br)
n N
I ! log (By)
= llm —————— = 1ogq - (1) L),
n—00 nperiod (YC(1)> n pe od(Yc )

there is an N € N so large that ¢, (X) < ¢, (Bg) for all n > N. It follows that
gn (X) < qn (By) for all n > N, I > L. If we choose [ large enough, then g, (B;) =
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I (Yé”) n < N. Then ¢n(X) < ¢n (By) for all n € N, and h(X) < h(By). Tt

follows then from Krieger’s embedding theorem, Theorem 10.1.1 of [LM], that X
embeds into B;. Hence X embeds into Y. O

This result is the best we can hope to achieve about the embedding of an irre-
ducible SFT of lower entropy into a shift of finite depth or even a sofic shift, as long
as we do not know the necessary and sufficient conditions to have an embedding
(i.e. a conjugacy) when the two shifts have the same entropy. The problem of
finding such conditions seems to be open, even when both shift spaces are mixing
SFTs.

Thanks to Proposition B3] the question of when a given irreducible sofic shift
space is a factor of an irreducible SFT of larger entropy has now been reduced to
the case when the sofic shift space is mixing. This case will be covered by Theorem
below. We include the result here, and start with the following lemma.

Lemma 8.7. Let Y be an irreducible sofic shift space with top component Y.. Every
affiliation number of a periodic point to Y, is divisible by the period of Y, i.e.

Qm (Yc(ﬁ)) # (0 = n € Nperiod (Y.).

Proof. Let ¢ : Yo — Y be the Fischer cover of Y. When Q,, Yc(l") # (),

it follows as in the proof of Lemma b) that there are a cycle p € W (Yg)
of length [p| = m - [, where [|;>, and a synchronizing word u € S(Y’) such that
Vi € N Jw; € o (u) : p'w; € W(Yg). All elements of ¢~!(u) terminate at the
same vertex in G, say v. Let r be a path in G connecting v to the initial vertex of
p. Then pvir and p?vor are cycles in Yz whose labels are synchronizing for Y. It
follows that ¢ ((pw1r)>) and ¢ ((p?w2r)*>) are in Y. Thus period (Y.) divides both
period ((pw17)>°) and period ((p?war)>), and hence also [p?war| — [pwir| = |p|.
Since |p| divides n, we conclude that period (Y:) divides n.

Theorem 8.8. Let X be an irreducible SFT and Y an irreducible sofic shift space
with top component Y. Assume that h(X) > h(Y). Then'Y is a factor of X if and

only if
(8.4) WX)£0 = S g (Yc(%)) £0

{meN: m|n}
for all m € N.

Proof. The ‘only if’ part follows from Theorem [ 4. To prove the ‘if’-part, let
Co,C1,...,Cp—1and Dy, D1,..., D41 be the cyclic covers of Y and X, respectively.
It follows from (84]) and Lemma [B7] that period (Y;) divides period(X), i.e. plg.
As pointed out in Proposition[83] it suffices now to show that (Cy, o?) is a factor of

—1 11
(Uf:o Dy, o”). Since (Cp,oP) is a mixing sofic shift space, and U]"»’:O Djy, 0P
is an irreducible SFT, we can apply the criterion arising from Theorem[@. I3l Let x

47
be an element of Uf:o D, of minimal oP-period [. Since the cyclic cover of X is

a partition, we conclude that the minimal o-period of x is Ip. It follows therefore
lp

from (&4) that Q,, (YC(W)> # ) for some m € N dividing Ip. Let a be a cycle of
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lp

length m in W(Y") such that > € Qp, (YC(F)> . There are then words w,v € S(Y)

such that
Ipi
wa™v € W(Y)
for all # € N. Since w and v are equivalent in S(Y'), there is a periodic point

g containing both w and v. It follows that we can prolong w and v to words
w’,v" € S(YP) which are both contained in ¢ and satisfy

wanv' € W(Y)
for all ¢ € N. The minimal oP-period of a® is my = W, which divides [. Thus

lem(m,p)

b=a m
is a minimal oP-cycle in W (Y?) such that
li
w'bmov’ € W (YP)
for all 7 € N. Since w’ and v’ are contained in the same periodic point, it follows that
a® = b> is mio—afﬁliated to one of the p top components of Y?. Since o(C;) = Ci41
modulo p, we can combine Lemma [73 and Lemma [Z1 to conclude that for some
j€{0,1,...,p—1}, 07 (a>) is m%)—afﬁliated to the top component of Cy. Since the
oP-period of 7 (a>) is mg, we can now conclude from Theorem [I.T3 that (Co, oP)

-1
is a factor of (Uf:o Djp, Up), as desired. O

In words, condition (84l says that a minimal period of a periodic point in X
must be the affiliation number to the top component of a periodic point in Y.

By using Proposition we can obtain an alternative proof of Theorem [B.8]in
case Y is almost of finite type. This goes as follows: If Y is almost of finite type
and is a factor of the irreducible SFT X, then there is a commuting diagram

X —Yg

N\

Y

of factor maps, where Yo — Y is the Fischer cover of Y. This follows from [BKM].
As a consequence, ¢n(X) # 0 = > 0 . mny @m (Yo) # 0, which by Lemma
[C7 implies that Z{mEN: min} @m (Y(_L)) # 0. Conversely, if Per X \, PerY,
Proposition shows that ¢n(X) # 0 = > ¢ cn mjny @m (Ya) # 0, so Boyle’s

result, Theorem 2.5 of [B], shows that Y is a factor of X. Hence Y is a factor of
X.

9. SOFIC SHIFT SPACES WITH TRANSPARENT AFFILIATION PATTERN

Definition 9.1. Let X and Y be synchronized systems with top components X,
and Y,. We write Per X — PerY when there are injective maps A, : @Qn(X) —
Qr(Y) such that

re X =\, (z) ey
for all d.
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Note that it follows from Lemma [Tl that a synchronized system X can only
embed into a given shift space Y of finite depth when there is an irreducible com-
ponent Y, in Y with the property that X C Y, and Per X — PerY,. In this section
we identify a large class of mixing sofic shift spaces X for which the two conditions
are almost also sufficient; cf. Theorem [0.9]

Through the rest of this section X is an irreducible sofic shift space and 7 :
Xa — X its Fischer cover. Let z € Per X be a periodic point of X, and consider a
point x € X. A z-entry in x of length n is an interval z|; ; in x such that j —i = n,
x5 € 2 and @ g ¢ z. Similarly, a z-ezit in x of length n is an interval T [ in
x such that j —i=mn, zj;;{ C z and zj; j11[ € 2.

Definition 9.2. Let z € Per X. We say that z has marked entries when there
is a natural number N € N with the following property: When z € X and z[; ;
is a z-entry in x of length 2N or more, there is a unique y € 7~ !(z) such that
Wit N—1 = YirN—1 for all w = wi_ NWi—N41 .. Wign—1 € T (ToNitN])-

We say that z has marked exits when there is a natural number N € N with
the following property: When x € X and zj; ;| is a z-exit in z of length 2N
or more, there is a unique y € 7 (2) such that wj—n = yj—n for all w =
Wj—NWj—N+1---Wj+N—1 € a1 (x[j—N,j-i-N[)-

When N € N satisfies both requirements in Definition [@.2] we will say that 2/V
is a z-window.

Lemma 9.3. Let X be an irreducible sofic shift space and m : X — X the Fischer
cover of X. A periodic point z € Per X has marked entries and exits if and only
if the following holds: When {z,}32, C X is a sequence such that z, # z for all
n € N and lim,,_, z, = 2z, then the set

U 7 1(z,) N 1(2)

neN

contains only one point.

Proof. Assume first that z has marked entries and exits, and consider a sequence
{zn}2; C X such that z, # z for all n € N and lim;, 0 2, = 2. Let a,b €
Unen ™ *(zn) N1 (2) and let I € N be larger than a z-window and also larger
than (M!+ 1) period(z), where M is the number of vertices in G. For each k > 1
there are z,y € [, ey 71 (2,,) such that A[_kk[ = T[—kk[> O[—k,k[ = Y[—k,k[- Since
mw(x) # z and w(y) # z, this implies that z; = y;,j > —k + [, because z has
marked entries and marked exits. It follows that a[_j4x[ = bj_g41,k- Since k > 1
is arbitrary, we conclude that a = b.

The converse can be proved by contradiction: If z fails to have either marked
entries or marked exits, we can construct a sequence {2,152, C X such that z, # z
for all n, lim,, .o 2, = 2z, and such that (J, .y 7! (2,) contains at least two different
elements from 771(2). O

Definition 9.4. Let X be an irreducible sofic shift space. We will say that X
has transparent affiliation pattern when all except finitely many periodic points in
X are 1-affiliated to the top component, and the remaining periodic points have
marked entries and marked exits.
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It follows from Proposition 4.6, Lemma and the uniqueness of the Fischer
cover (cf. [K2|, [K3]) that the property of having transparent affiliation pattern is
invariant under conjugacies.

In [BK] Boyle and Krieger introduced a class of irreducible sofic shift spaces and
called them near Markov. In our terminology an irreducible sofic shift space X is
near Markov when it is almost of finite type and its derived shift space 0X is a
finite set. We want to show that near Markov shifts have transparent affiliation
pattern.

Lemma 9.5. If X is a near Markov shift, then there is an N € N so large that the
Jollowing holds: When z € PerdX, x € X, and x[; 51 C z, T[ji_1] ¢z j—i>N,
then there is one and only one y € 7~ '(2) such that 7' (x;_n ;) € {ayy :a €
W (Xe)}

Proof. Let m = max,ecperox (V! + 1) period(z), where V' is the number of vertices
in the graph of the Fischer cover of X. As is well known and easily seen, each
y € 7 1(2) is periodic and the elements of 7=1(2) are fully separated in the sense
that y,y’ € 77 1(2), yi =y, = y = y'; cf. Exercise 9.1.3 of [LM]. By using this, and
the fact that « is right-resolving, it follows that when w = wiws ... wy € W; (Xg),
7(w) C z and J > m, there is a unique y € 7 1(2) such that Wi, g| € y. This
implies that
7 (pi41) S U {ay(ivm. g1 - a € Wi (X))},
yem—1(z)

when z € Per0X, x € X, and z|; j{ C z, j—i > m. Since X is almost of finite type,
a result of Nasu [N1] shows that 7 is also left-closing. As is well known, this implies
that there is a K € N such that when k > K we have w = wjws ... w, w =
wiwsy .. w), € Wi (X¢g), m(w) =7(w'), wp =w), = w; =w,,Vi> K. Hence, if
N > max{m, K}, we have

m (zi—nj1) € U {aypi i a € Wy (Xa)}
yem—1(z)
when z € Per0X, x € X, and z; j; C 2, j—i > N.
Let y and v’ be two different elements of 77 1(2). We claim that there is an
L € N so large that

W=w_pW_fq2...wo, W =wp qw_rio...wye W (Xg),
w1 # Y1, Wo = Yo, Wy = Yo
\
m(w) # m(w').

To prove this by contradiction, assume that no such L exists. By compactness this
gives us elements a,a’ € X¢ such that 7w(a) = w(a’), a; = y;,a;, = y.,i > 0, while
a—1 # y—1. Since 7 is right-resolving and a; # af,i > 0, it follows that a; # a
for all ¢ € Z. Tt follows then from Proposition that m(a) € 0X. Since 7(a) is
forward asymptotic to z, and 90X is finite, it follows that 7(a) must be equal to z.
This is impossible since a ¢ 7~ 1(z). Indeed, a is not even periodic.

Since 71 (0X) is finite, there is an L € N such that (@) holds for all z € 9X
and all y,y’ € 7=%(2). Let N > max{m, K, L}. Then

7 (2i-nr) S {ayg g a € Wi (Xa)}

(9.1)
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for exactly one y € 771(2), when z € PerdX, r € X, and x5 € 2, T, €
2 j—i>N. 0

A similar argument proves the following.

Lemma 9.6. Assume that X is a near Markov shift. There is an N € N so
large that the following holds: When z € Per0X, x € X, and x[; j| C 2, [ jyq] ¢
z, j—i> 2N, then there is one and only oney € 7~ '(z) such that w1 (x[i,jJrN[) -
{ayjign b a,be Wy (Xag)}.

Proof. Left to the reader. O

The slight asymmetry between Lemma [9.5 and Lemma [9.6] arises because 7 is
right-resolving, but only left-closing.

Proposition 9.7. A near Markov shift space has transparent affiliation pattern.

Proof. Since X has depth at most one, all periodic points outside X are contained
in the top component and are therefore also 1-affiliated to the top component. By
Lemma (5] and Lemma the remaining periodic points, all inside 90X, have
marked entries and marked exits. O

There are many other irreducible sofic shift spaces with transparent affiliation
pattern. For example, an inclusive mixing sofic shift space, in the sense of [B],
has transparent affiliation pattern. This includes the examples constructed in Re-
mark [6.T2, at least when the graph Gg in the construction is irreducible. Hence
mixing sofic shift spaces with transparent affiliation pattern can have arbitrarily
large depth. But a mixing sofic shift space can easily have transparent affiliation
pattern without being near Markov or having all periodic points 1-affiliated to the
top component. The sofic shift considered in Remark is an example which is
not even almost of finite type. Other examples of irreducible sofic shift spaces with
transparent affiliation pattern, but not almost of finite type, occur in Example
and Example [9.14] below.

9.1. A version of Krieger’s embedding theorem for sofic systems.

Lemma 9.8. Let 7 : Xg — X be the Fischer cover of the irreducible sofic shift
space X. Then there is a number R € N with the following property: When p €
W(X) is a cycle and w,u € W(X) are two magic words for = such that wp'u €
W(X) for alli € N, then there are words w',u’ € W(X) of length no more than R
such that w'p'u’ € W(X) for all i € N, and w',u’ are both magic for .

Proof. Since G is irreducible, there is an L € N so large that every pair of vertices
in G can be connected by a path in G of length < L. Fix a word s € W (X¢) such
that 7(s) is magic for .

Choose w! € 771 (w) and set

7T_1(’U,) = {U17’U,2, s 7UN}5 Tr_l(p) = {p17p27 Tt apM}

Since 7 is right-resolving, N is not larger than the number K of vertices in G. Since
u is magic for 7, all u"’s terminate at the same vertex v, in G. For each i € N there
are a string j1,j2,...,75 € {1,2,...,M} and an [ € {1,2,..., N} such that

wlpjlpj2 .. .pjiul € W(Xg).



3606 KLAUS THOMSEN

There are words ax € W(X¢g) with |ax| < L such that the terminal vertex of
sa_ € W(Xg) is the terminal vertex of w!, and the initial vertex of a;s is va. Set
w' = 7(sa_). Since the u’s are different and 7 is right-resolving, uj # ué when
i # g Ifub, # ujk! for all ¢ # j, there are elements a < b in {0,1,2,..., K!} such
that v}, = u; for all i =1,2,..., N. In this case, set

; {@, i=0,1,2,...,a,
Y=Y, ;
Upt(j—a)y J > a.
Then the words v',v?%,...,v" will have the same image under 7, all of them will
terminate at vy, and the initial vertex of v* will be the same as that of u’. Note that
|v?| < |uf| -1 for all i. By repeating this process a finite number of times we obtain
words v, v2 ... v € W(Xg) such that [vf] < (K + 1)!, 7(v?) = 7(v!), and v* has
the same initial vertex as u’ and terminal vertex vg, for all i. Set v’ = 7w(vias),
and note that |u/| < R, when R = L + |s| + (K + 1)!. Since w'p'u’ € W(X) for all
i, the proof is complete. O

Theorem 9.9. Let X and Y be sofic shift spaces, X mizing with transparent af-
filiation pattern. Assume that there is an irreducible component Y, in Y, at some
level, such that

1) h(X)<h(Y.), and
2) Per X «— PerY,.
Then X embeds into Y, C Y.

Proof. Tt follows from assumption 2) that there is a shift-commuting embedding
X : Per X — PerY, such that \ (Xéd)) - Yo(d) for all d € N, where Xy and Yj
denote the top components of X and Y,, respectively. By Lemma @there is an
increasing sequence of irreducible SFTs A; C Ay € A3z C ... in Y, such that
W (A,,) contains a synchronizing word for Y., period(4,,) = period(Yo(l)) for all n,
PerlJ,, 4, = Yo(l)7 and lim, o b (4,) = h (VC) From this sequence we choose an
irreducible SFT Ag such that h(Agx) > h(X). We claim that there is an N; € N
such that

(0.2) 4 (X§") < an (Axc)
when n > Np. To see this, note first that

1 1
(9.3) lim sup - log ¢y, (Xél)) < lim sup - log ¢ (X) < h(X)

n—oo n—00

by Proposition 4.1.15 of [LM|. The existence of A implies that ¢, (Xél)) <
Gn (YO(1)> for all n € N, and hence that period(YO(l)) divides period(Xél)). Since

X is mixing, period(X(gl)) = 1 by Lemma [3.6] and hence period(Yo(l)) = 1. Then
period(A,) = 1, and A, is mixing for each n. Since Y, is the closure of the
union of the A,’s, it follows that Y. is itself mixing. Furthermore, h(Ax) =
limp, o0 + 108 ¢n (Ak ), and in combination with (@3) this implies (T2). Let P
be the periodic points of X that are not 1l-affiliated to Xy. Since P is finite by
assumption there is an Ny > Nj such that Q,(X) = Q, (Xél)) for all n > Ns.

Thanks to (0.2) we can therefore redefine A on 5y, @n (X) to arrange that
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A (Qn(X)) € Ak for all n > N,. Since PerlJ,, 4, = Yo(l) and A (Xé1)> C Yo(l), we
can increase K to ensure that

(9.4) A (Xé”) C Per A

If Y, = Ay, for some k, we can finish the proof by appealing directly to Krieger’s
embedding theorem; cf. [K1|] or Corollary 10.1.9 of [LM]. We can therefore assume
that Ay # Ay, for all k. Being sofic and mixing, Y, has a transition length. Let
L be a natural number which is both a common transition length for Y, and Ag,
and a step-length for Ag. Let d € W (Ag) be a word which is synchronizing for
Y.. We set D = 2L + |d|. Set Py = max{period(y) : y € 7~ (P)}, and let P be
both larger than Py and larger than a z-window for all z € P.

Let R be the number from Lemma @8 Since h(Y,) > h(Ax) = h (Axg UX(P)),
there are an integer K’ > K and a word ug € W (Ag) such that u3 € W (Ag-), ug
is synchronizing for Ak, and ug does not occur in W(Ax UA(P)). We can construct
aword u € W (Ag/) which ends and begins with u¢ and has no appearances of ug in
between. Since W(Ag) contains a synchronizing word for Y., we can arrange that u
is synchronizing for Y. Finally, we can also arrange that |u|—3|ug| > 2(L+ R+ D).
Then u? € W (Ak+), and u appears exactly twice in u?.

Since h (X) < h (Ak), there is a M € N so large that

#Wn (X) < #Wn—ZL—Q\M (AK)

for all n > M. We may assume that M > 2P + 2L + 3|u|. Let ¢, : W, (X) —
H#Wo_or—ju (Ax) and ¢;, : Wy (X) — #W,_op_2ju| (AK) be injective maps, n >
M. For each w € W, (X) choose words ay,by,al,,b, € Wi (Y,) such that
Uy Cr (W) by € W (Ye) and wal,c), (w)bl,u € W (Ye).

For each z € Per X we choose a minimal cycle p, such that z = (p,)™. We
choose p, such that p, = p,» when z and 2’ are in the same orbit—this is crucial
in order to insure that the map we are constructing will commute with the shift.
Assume now that z € Xél). Then A(z) is 1-affiliated to Yy and A(z) € Ax. Choose
aig € Z such that zj;, ;o 4period(z)[ = P=- We can choose words u., v) € W (Ak) such
that u, A (z)[i07i0+L[vg € W(Ak), d Cu,,d C v and |u,| = 2L +1d|, [v?| = L+|d|.
Set v = A(2)[i0,ip+L[v- and note that

(95) UZA(Z) [io+i period(z),io+j period(z)[Vz ew (AK)

for all i < j in Z, since L is a step-length for Ax. Note that |u.| = [v.[ = D for
all z, and that wu,, v, are synchronizing for Y.. By prolonging u, and v, we obtain
words u4 (i) € W;(Ak) such that

(96) u*(i)A(z)[io+k period(z),io—i-lperiod(z)[UJr (]) ew (AK)
for all k < {in Z and all 4,7 > D. Furthermore, we can choose words ex € W, (Y2)
such that ue_u_ (i), us(i)eyu € W (Y). Then
(97) ue—u—(i)/\('z)[ioJrk period(z),io+I period(z)[ U+ (j)e+u eWw (}/C)
for all k < lin Z and all 4, j > D. Observe that we can choose u4 (i) and ey such
that they only depend on A(2)(;,,iy+2[ and i.
Let x € X. We are going to introduce 4 types of intervals which may occur in a:
1) the special long intervals,
2) the long marker intervals,
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3) the moderate marker intervals, and
4) the remaining intervals.

The special long intervals. A mazximal P-stretch in x is a (possibly infinite)
interval I C Z such that #I > 2P + 1, z[; ;; € z for some z € P when ,j € I and
i < j, and such that no interval in x with these properties contains I properly. It
follows from Lemma 2.3 of [B] that 2; C z for a unique z € P when [ is a maximal P-
stretch in . By Lemma 2.3 of [B], different maximal P-stretches overlap in at most
2P coordinates. Choose for each y € 77! (P) a minimal cycle ¢, € W (X¢) such
that y = (c,)*°. We choose ¢, such that ¢, = ¢, when y and y’ are in the same orbit;
this is important in order to ensure that the map we are constructing commutes
with the shift. Let I be a maximal P-stretch in x such that #I > 2P + 2M + 1,
and assume first that I is finite, say I = [i, j[. Since P is larger than a z-window,
for all z € P there is a unique y € 7~ (P) such that w4 p;—p[ = Y[t pj—p[ When
W = Wi— pWi—p41 ... Wiy p—2Wjyp—1 € ! (fc[i_p,j+p[). Set

19 = min{k >i+M: Cy = y[k,k-l—period(y)[}v

and note that ig is determined by z;_p;p[ since P is larger than a z-window.
Similarly, set

Jo = max{k <Jj- M : Cy = y[k,k+period(y)[}7
and note that jo is determined by x;_p i p;. Then jo —ig > #I — 2P — 2M
and jo — i € period(y)N. The interval [ig, jo[ will be called a special long marker
interval provided jg — ig > T, where

T =2(L+ R+ D+ M)+ 2Ju| + 6 M.
When I is right-infinite, i.e. I = [i, oo[ for some i € Z, we find that there is a unique

y € 71 (P) such that w; = y;,j > i+ P, when w = w;_ pw;_p41 ... Wit p—2Witp—1
S 7'('_1 (J)[i,pﬂqrp[). Set

19 = mln{k >+ M: Cy = y[k,k+period(y)[}7

and note that ig is determined by x(;_p 4 p[.- The interval [ig, 00) is a right-infinite
special marker interval. Left-infinite special marker intervals are defined and con-
structed similarly. Note that different special marker intervals are at least a distance
M apart, and that it only requires inspection of x;_7_aps i+ 7420 to decide if i is
contained in a special long marker interval (finite or infinite).

Consider a special finite marker interval [ig, jo[, so that

Jo—to>2(L+R+D+ M)+ 2lul +6M

by definition. Then (3, j,[ = 2[i.jo[ fOr @ unique z € P by Lemma 3.2 of [B]. It
follows from Lemma [ that z is 29 _affiliated to Xo, and also that A(z) is

period(z)
g‘f}%ﬁgg—afﬁliated to Yp. There are therefore synchronizing words v,,u, € W (Y.)
such that

k k
Uz (A(z)[jo—period(y),jo[) Vy = Uy (A(z)[io,io+period(y)[) v, €W (Yc)

for all k € N. By Lemma[0.8 we can choose the lengths of u, and v, to be equal to
R. Set

26 = min{i >4+ |u| + R+ L: Cy = y[i,iereriod(y)[}-
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We can then find a word w € Wy, _;_j,—r (Ye) such that vwu, € W (Y.). Note
that iy <o+ |u|+ R+ L+ |cy| < ip + |u| + R+ L + P. Similarly we can set

j(,) = max{j <Jo— R—-L: Cy = y[j—period(y),j[}a

and find a word v € W; ;g (Y.) such that v,ou € W(Y.). Note that j; >
Jjo— R — L — P. We define ¢(z)[;,,,[ to be the word

uwu A(2)[ig s (V=0

This is a word in W (Y.), because u, and v, are synchronizing for Y, and ig —
i0,Jo — Jo € |cy|N. Observe that we can choose u, and w so that they only depend
on iy —ig and A(2)[i,io+period(y)[; and vz and v so that they only depend on jo — jj
and A(Z)[jofperiod(y),jo[' Set

To=L+R+ M+ D,

and note that o()[i,+|u|+1,,j0—1] determines A(z) and hence z by Lemma 2.3 of
[B], since jo —To — (io + |u| +To) > 2P + 1. We define ¢()};,,00[ and ¢(x)]_ oo jo[ in
a similar way when [ig, co[ and | — oo, jo[ are right-infinite and left-infinite special
marker intervals, respectively. Finally, should Z be a special long marker interval,
it follows that = € P, and we set (z) = A(z).

Note that it requires only inspection of xj_r_snri+7+30 to decide if o(x);
has been defined (i.e. if ¢ is contained in a special long marker interval), and to
determine its value if it has.

To define (z); for ¢ in the remaining part of Z we apply Krieger’s marker lemma
as in [B]. By Lemma 2.2 of [B] (Krieger’s marker lemma) there are a closed and
open set FF C X and k > 8M such that:

1) the sets o(F),0 < i < M, are disjont,
2) for any i € Z, if x € X and

Ay ¢ | o),

—M<j<M

then ©;_p;_gy1 ... 24k is a j-periodic word for some j < M, and
3) when j < M, and a j-periodic word of length 2k 4+ 1 occurs in some z in
X, then that word defines a j-periodic orbit which occurs in X.

Since F' is closed and open, there is a number |F| € N such that the condition
x € F only depends on z[_|p| |- For x € X the set of marker coordinates is the
set M(z) = {i € Z : o'(x) € F}. A finite marker interval is a maximal interval
[i,7] in Z such that k ¢ M(x) for all i < k < j. A left-infinite marker interval
is a maximal interval of the form | — oo, j| containing no marker coordinates, and
a right-infinite marker interval is a maximal interval of the form [i, oo such that
Ji, 0o[ contains no marker coordinates.

The long marker intervals. We say that a marker interval I is long when #1 > T
When [i, j[ is a long finite marker interval, 2) and 3) imply that there is a unique
periodic element z € X such that z; ;i = 2[;;;; ¢f. Lemma 2.3 of [B]. Note that
since k > 8 M, it follows from 2) that every long marker interval is either contained
in a special long marker interval, in which case z € P, or else the long marker
interval has distance at least M to any special long marker interval, in which case
z ¢ P. Consider a long marker interval such that the corresponding periodic point
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z is not in P. Then z € X(()l). Set

Z'O = min{i, > 1+ |’U,| +L+D: m[i’,i’ereriod(z)[ = p2}7

Jo = max{j' <j- L-D: L[j’ —period(z),j'[| = pz}-
Note that jo — i € period(z)N. We set

p(@)igr = ve—u—(io — i = [u] = L)A(2)fig jo[u+ (4 — Jo — L)
Note that ©(2)[i+7y+|u|,j—T,] determines A(z) and hence z by Lemma 2.3 of [B],
since j —To — (i + To + |u|) > 2M + 1. Left- or right-infinite long marker intervals
are handled similarly, and if Z is a long (non-special) marker interval we set p(z) =
Az).
Note that for any ¢ € Z it only requires inspection of x;_op_|p| itor+|F|[ tO

decide if ¢(x); has been defined, and to determine its value if it has.

The moderate marker intervals. Now consider a marker interval [i, j[ of length
7 — 1 < T whose distance to a special marker interval is at least M. We set

P(@)(ig] = Uaay, ; Cimi (Tligr) bay, -
Since ¢;j; is injective, ©(2)[i4|u|+L,j—r[ determines [ ;.
Note that for any i € Z it still only requires inspection of x[;_sr_|F| it2r+|F|[ tO
decide if ¢(x); has been defined, and to determine its value if it has.
The remaining intervals. We have now defined ¢(x); for all ¢ outside a union
of disjoint intervals—occurring at the ends of the special marker intervals—all of
which have a length between M and 2T + 2M. In such an interval [i,j) we set

P50 = woaly, G (Tpg0) oy

Since ¢j_; is injective, z; ;

Note that ¢(z) € Yz, because u is synchronizing for Y,.. By construction ¢ com-
mutes with the shift, and ¢ is continuous because ¢(z); is determined by 2(;_ g i1 [,
where S = 4T + 2M + |F)|.

Thanks to the careful choices, the position of the word u in ¢(z) gives away the
intervals in z used to define p(z): An element of ¢(X) is made up by stretches
of words from W (Ax U A(0X)), all of length larger than |u|, and these stretches
are only interrupted by stretches of the form aub or au?b, where max{|al, |b|} <
L+ D+ R. Tt follows that when y = ¢(x), then 7 € Z is a left end-point of one of
the intervals used in the definition if and only if yj; i12/u|| = u? or Yli,it+|u|| = v and
Ylimul,i+2ull ? u?. Having identified the position of the intervals, we can recover :
If the interval [i, j[ begins with u? rather that u, it is one of the remaining intervals
and we can recover x[; ;| since C;ei is injective. If the interval begins with u, but
not u2, and is of length < T, we can recover x[; i by using that c;_; is injective.
In the other intervals, beginning with « but not 12, and all of length more than T,
we simply use the middle piece [i + Tp + |u|,j — To| to identify the periodic point
z of period < M responsable for the interval. This uses that A is injective, and
the procedure does not require that we know if the interval arises from a special or
non-special long marker interval. This shows that ¢ is injective. O

[ is determined by ©()[i4L42ju|,j—L]-

As pointed out above, the sufficient conditions of Theorem [9.9] for having an
embedding X C Y are almost also necessary. Specifically, when such an embedding
exists, there must be an irreducible component Y, of Y such that h(X) < h (Yc)

and Per X < PerY,. The discrepancy between the necessary and the sufficient
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FIGURE 15.

FIGURE 16.

conditions is of the same nature as with Theorem Rl Because of the structure of
irreducible components in Y, this discrepancy does not disappear by requiring the
embedding to be proper, as it does in the SFT case.

Example 9.10. We show by example that Theorem is not true if X is only
irreducible, rather than mixing. Let X be the strictly sofic shift space presented
by the labeled graph of Figure 15, and Y the irreducible SFT given by the graph
of Figure 16.

Note that X has transparent affiliation pattern since the only periodic orbit
outside the top component, i.e. the orbit (ab)*>°, has marked entries and exits.
Furthermore, h(X) < h(Y) and Per X — PerY. Nonetheless, X does not embed
into Y'; in fact, it follows from Proposition Bl that there are no morphisms from X
into any non-mixing irreducible SF'T. In particular, there are no morphisms X — Y
at all. To see this, note that if X, is the top component in X, then period(X.) = 2
by Lemma [6.2]l Since period(Y) = 2, all we need to know in order to conclude
that Proposition Bl disallows any morphism X — Y, is that the elements of the
cyclic cover of X have non-empty intersection. To this end, observe that the words
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The graph H Thegraph G
FIGURE 17.

bc and cb are not equivalent as synchronizing words in X2, and that they therefore
represent the two different equivalence classes of synchronizing words in X 2. Since
cd(ab)*ed, cde(ab)? ded, de(ab)**de and ded(ab)*cde are words in X2 for all k € N,
we conclude that the periodic orbit represented by (ab)> belongs to the closure of
both of the two different irreducible components at level 0 in X2, i.e. this periodic
point is in the intersection of the two elements of the cyclic cover of X.

The obstruction in this example is of the same nature as in Example 3.5 of [B].

Example 9.11. In this example we show that Theorem does not hold for gen-
eral mixing sofic shift spaces X and Y; not even when Y has transparent affiliation
pattern. Let K be a primitive graph which we consider as a labeled graph, labeled
by natural numbers, such that different edges have different labels. Consider then
the two labeled graphs H and G of Figure 17.
In H the edge labeled x terminates at the vertex in K where the edge labeled

y starts. Let Y and X be the mixing sofic shift spaces presented by the labeled
graphs H and G, respectively. We choose K such that

D) ¢i(Xk) =1,

2) gn(XK) > gn(X), n>2, and

3) h(Xk) > h(X).
Then 0Y consists of the fixed point a® which is 2-affiliated, but not 1-affiliated,
to the top component Y. of Y. Since 9Y = {a*}, Y is an example of a mixing
sofic shift space which is near Markov. In particular, Y has transparent affiliation
pattern by Proposition 0.7} In X the derived shift space X is the full 2-shift.
All periodic points of 0X are either 1- or 2-affiliated to the top component X, of
X. Since all periodic points of X are elements of the top component in Y, it
follows from 2) that there is an injective map A, : Qn(X) — @n(Y) such that
T € Xc(d) = A\(2) € Yc(l) - Yc(d) for all d € N when n > 2. Note that X has
only the two fixed points ¢ and b>°. b>° is 1-affiliated to the top-component X,
of X, while a® is d-affiliated to X, exactly when d is even. The fixed point of Y
arising from the condition that ¢1(Xx) = 1 is l-affiliated to Y., while the other
fixed point, a®°, in Y is d-affiliated to Y. exactly when d is even. It follows that
Per X — PerY. Nonetheless, X does not embed into Y. In fact, 90X, which is the
only irreducible component in X apart from the top component, does not embed
into Y. To see this, observe that since X is an irreducible SFT, it can only embed
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into Y if Y has a component with two fixed points 1-affiliated to it; cf. condition
a) of Theorem 8.2. But the two fixed points of ¥ are not both 1-affiliated to the
same component of Y.

Note that it is still the necessary conditions arising from Theorem [7.4] which
prevent the embedding of X into Y in Example[@.11l The trouble seems to be that
the condition spelled out in Definition only gives conditions on the affiliation
pattern of the periodic points to the top component, while Theorem [7.4] tells us
that the affilation pattern to all irreducible components must be respected in order
to have a morphism. Hence Example does not exclude the possibility that all
the necessary conditions arising from Theorem [74] can give us conditions that are
also sufficient for the embedding of mixing sofic shift spaces of unequal entropies.

9.2. A version Boyle’s lower entropy factor theorem for sofic systems. We
now turn to the lower entropy factor theorem for mixing sofic shift spaces, when
the domain shift has transparent affiliation pattern.

Definition 9.12. Let X and Y be irreducible sofic shift spaces with top components
X. and Y.. We write Per X \, Per Y when

Mo (x@) 20 (ﬂczm(y;(%));e@

deFr {meN: m|n} \deF

for every subset F' C N.

Observe that by Corollary[Z.9]it suffices to check the condition of Definition
when F is a subset of {1,2,...,pm(p)}, where pm(y) is the (periodic) multiplicity
of the Fischer cover of X. It follows from Lemma [[2] that Y can only be a factor
of X when Per X \ PerY. When X and Y are irreducible SFTs we have Per X =
Per Xc(l) and PerY = Per Yc(l)7 so in this case the meaning of Per X Y\, PerY is
the same as in [B] or [LM]. In particular, it follows from Boyle’s factor theorem,
Theorem 2.5 of [B], that the condition Per X \, PerY is sufficient for X to factor
onto Y, when h(Y) < h(X) and X and Y are both irreducible SFTs. By Theorem
3.3 of [B] the condition is also sufficient when A(Y") < h(X), X is a sofic shift space
and Y is a mixing inclusive sofic shift space. We extend Boyle’s result to cover the
case when X is an irreducible sofic shift space with transparent affiliation pattern,
and Y is an arbitrary mixing sofic shift space.

Theorem 9.13. Let X and Y be sofic shift spaces, Y mixing and X irreducible
with transparent affiliation pattern. Assume that h(X) > h(Y). Then'Y is a factor
of X if and only if Per X \, PerY .

Proof. As pointed out above, the condition that Per X \, PerY is necessary also
when h(X) = h(Y). We prove that it is sufficient when h(X) > h(Y).

Let Z be a mixing SFT and Z — Y a finite-to-one factor map. Let X, be
the top component of X and p = period (X.) the period of X.. By Theorem
there is a sequence A; C Ay C A3 C ... of irreducible SFTs inside X, such that
period (A4;) = p for all 4, and lim,_,o h (A,) = h(X). Choose D € N such that
h(Ap) > h(Y). Let Cy,C1,...,Cp_1 be the irreducible components of (Ap)”, and
consider Cy as a shift space under the action of o?. Then h(Cy) = ph(Ap) >
h (ZP). Tt follows that there is an N € N so large that ¢, (Co) > gn, (Z7) + n for all
n > N. By repeated applications of Boyle’s ‘blowing up’ lemma; cf. Lemma 2.1 of
[B] or Lemma 10.3.2 of [LM], we can then construct a mixing SFT Wy such that
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h(Wy) = h(ZP) and ¢,(Co) > gn(Wp) for all n € N, and a factor map ¢ : Wy — YP.
By Krieger’s embedding theorem, Wy is a subshift of Cy, i.e. Wy C Cy C XP. Set

W=WoUo (Wo)Ua®(Wy)U---UcP™t (Wp).

Then W is an irreducible subshift of Ap, i.e. W C Ap C X, and there is a factor
map ¢ : W — Y. It remains only to construct an extension 7 : X — Y of ¢. Thanks
to Proposition and the fact that the property of having transparent affiliation
pattern is a conjugacy invariant, we can pass to a higher block presentation of X to
arrange that ¢ becomes a one-block map, and that 1 becomes a step-length for .
When L is a transition length for Wy, L = pLg has the property that for all words
x,y € W (W) there is a word z € W, (W) such that zzy € W (IW). By increasing
Ly if necessary we may assume that L is also a transition length for Y. Choose a
word u € S(Y) such that u? € W(Y'), and let ug € = (u) "W(W). For each word
x € W(W) we can then choose words a (+,z) € W (W) such that

uoa(—, z)xa(+, x)ug € W(W).

Let Y. be the top component of Y. Since Per X \, PerY, there is a shift-
commuting map A : Per X — PerY such that

9.8) reQu(x) = xme U Qm (Y()>

{meN: m|n}

Let z € X! and choose a minimal cycle p. € W(X) such that z = (p,)™. We
choose p, such that p, = p,» when z and 2’ are in the same orbit. Choose also i € Z
such that 2; i period(z)[ = P-- Let R be the number from Lemma [I.8] corresponding
to Y. It follows from (L) that there are words wy. ;),v(.,) € S(Y) of length R such

that u(, ;) (A(Z)[i,iereriod(z)[)k V(z,i) € W(Y) for all k € N. We can choose u; ;) and
v(z,i) such that they only depend on A(2)[; i4period(z)[- For each k > L we choose
also u’(z7i7k),vgz7i7k) € Wy, (Y) such that uu’(z7i7k)u(z7i),v(z7i)vgz7i7k)u € W(Y). Note
that u’(z7i7k) and UZz,i,k) only depend on A(2)[;,itperiod(z)[ and k.

As in the proof Theorem[3.9] we let P be the periodic points of X that are not 1-
affiliated to X.. For each y € 7~ (P), choose a minimal cycle ¢, € W (X) so that
y = (¢y)™. Make the choice so that ¢, = ¢,, when y and y’ are in the same orbit.

Let i € Z be such that yj; ;yperioa(y)[ = ¢y- Then z = 7(y) is gz;gggg—aﬂiliated to

X. by Lemma [ It follows from (E.8) that there are words wu(, ), v, € S(Y)
such that

k
U(y,i) (A (ﬂ-(y))[i,ﬂrperiod(y)[) U(y,i) € W(Y)

for all k € N. By Lemmal0.8 we can take |u.| = |v.| = R. Note that we can make the
choices so that u(, ;) and v(, ;) only depend on A (7 (y)); ;4 period(y)- For €ach k = L
we choose also u'(w’k),vzy’i’k) € Wi (Y) such that uu’(y’i7k)u(y,i),v(y,i)vzw’k)u €
W (Y). Note that u'(w.’k) and Uzy,i,k) only depend on A(7(y))[,i4period(z)[ and k.

Set Py = max{period(y) : y € 71 (P)}. Let P be both larger than P, and
larger than a z-window for all z € P. Set T = L+ R+ 2P + |u].

Let ¢ : W, (X) — W,,,(Y) be an arbitrary extension of ¢ : W,,, (W) — W,,,(Y).
For every word in w € W,,,(X) we choose b4 ), b(—.w) € W (Y') such that

ub(— ) P(W)b(4 )t € Wi o1 4914 (V).
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Let € X. Aninterval I C Z will be called a W-stretch in x when x; ;; € W(WW)
for all finite Z-intervals [i, j| C I. Note that two different W-stretches in z, both
maximal with respect to inclusion, must be disjoint because 1 is a step-length for
W. Consider a maximal W-stretch I in = such that #I > 4T. When I = [i, j] is
finite, set I’ = [i+T,j —T[, and when I = [i,00[ or I =] —o00,j[,set I' = [i+T, 00|
and I’ =]—o00,j—T, respectively. When I = Z, set I’ = Z. The resulting intervals
will be called W -intervals.

Consider a W-interval I in x, of length #I > 6T. Assume first that [ is finite,
say I = [i,j[. Then

UOA—Tfiul+L,i+2T> L[j—2T,j—|u]-L[a+U0 € W(W),

where ay and a_ are shorthand for a(+4, [ —o7 j—|u/—£[) and a(—, Tfiq|u|+L,i+27])>
respectively, and we set

T(2) 5 51 = (U0 T[4 |u|+L,j—u|— L[0+U0)-

If | — 00, j[ is a left-infinite W-interval, we set

(%)) —o0,5) = ¢ (%) —c0,j—Jul-L[a+Uo) -

If [i, 00] is a right-infinite W-interval, we set

W(x)[i,oo[ =@ (an—x[i+|u\+L,oo[) .

If | — 00, 00[ is a maximal W-stretch in W, we set 7(z) = ¢(z).

Note that for a given i € Z, it requires only inspection of x[;_77 ;77| to decide
whether or not 7(x); has been defined by the preceding recipe, and to determine
its value if it has.

A mazimal P-stretch in x is a (possibly infinite) interval I C Z such that #I >
2Py +1, ;5| € 2 for some z € P when 7,5 € I and ¢ < j, and such that no interval
in & with these properties contains I properly. Since W C X, and no element of
P is 1-affiliated to X., we conclude that any overlap between a maximal P-stretch
and a maximal W-stretch is of length no more than Py. It follows from Lemma
2.3 of [B] that zy C z for a unique z € P when [ is a maximal P-stretch in z,
and that different maximal P-stretches in x cannot overlap in more than 2P, + 1
coordinates.

Every maximal P-stretch I in z, of length #I > 2T, gives rise to a P-interval
by removing an interval of length 7" at all ends, in the same way as maximal W-
stretches gave rise to W-intervals. Consider a P-interval I of length > 67, and
assume first that I is finite, say I = [i,j[. Since T > P and P is larger than a
z-window for all z € P, there is a unique y € 7! (P) such that Wiitpj—P] =

Yli+-pP,j—P[ when w = Wi —2TWi—2T+1 - - - Wi 2T —2Wj42T7—-1 € 1 (m[i72T,j+2T[)- Set
19 = mln{k >i+T: Cy = y[k,k+period(y)[}a

and note that 7 is determined by x[;_o7 ;427[- Similarly, set

Jo = max{k' <Jj+T:cy= y[k,k—i—period(y)[}a
and note that jo is determined by w[_s7 jior(- Then jo —io > #I — 4T and
Jo — 1o € period(y)N. We set

()il = Uy, 70— i Refu]) Uysi0) N2 fi0 0 [V(w,0) Ul o i —jo— Rl -

This is a word in W(Y'), because u, ;,) and v, j,) are synchronizing for Y.
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When [ is a right-infinite P-interval, i.e. I = [i, oo[ for some i € Z, we find that
there is a unique y € 71 (P) such that w; = y;,j > i + P, when

-1
W = W;—2TW;—2T+1 - - - Wi 2T —2W;i42T7—-1 € T (x[i—QT,i-i-QT[) .
Set
10 = mln{k >i+T: Cy = y[k,kereriod(y)[}a

and note that i is determined by z[;_o7 ;427 We set

(@) [i,00] = Uth{y igig—i— R fu]) ¥(yi0) A(2)fio,o0]-

Left-infinite P-intervals are handled similarly, and if Z is a P-interval we set w(z) =
Az).

Note that it still only requires inspection of x[;_77 ;477 to decide if 7(x); has
been defined (i.e. if 7 is contained in a P-interval or a W-interval), and to determine
its value if it has. Note also that two intervals which are different, and both either
P- or W-intervals, must have distance at least T'.

To define 7(x); for ¢ in the remaining part of Z we apply Krieger’s marker lemma
as in [B]. There are a closed and open set F' C X and k > 10T such that:

1) the sets o(F),0 <1i < T, are disjont,
2) for any i € Z, if x € X and

d@ ¢ |J o)
~T<j<T
then z; _r;_gy1...%;4k is a j-periodic block for some j < T, and
3) when j < T, and a j-periodic word of length 2k 4+ 1 occurs in some z in X,
then that word defines a j-periodic orbit which occurs in X.
Since F is closed and open, there is a number |F| € N such that the condition z € F
only depends on x[_|p| |p|;. For z € X the marker coordinates are M(x) = {i €
Z:co'(x) € F}. A finite marker interval is a maximal interval [i, j[ in Z such that
k¢ M(z) for all i < k < j. A left-infinite marker interval is a maximal interval
of the form ] — oo, j[ containing no marker coordinates, and a right-infinite marker
interval is a maximal interval of the form [i, co[ such that ]i, oo[ contains no marker
coordinates. We say that a finite marker interval [¢, j[ is long when j — ¢ > 6T and
xp i & W(W UP). Note that since k > 10T, it follows from 2) that all long
marker intervals have a distance to any W-interval or P-interval of length > 67,
which is at least T'.
When [i, j] is a long finite marker interval, there is a unique periodic element

z € X(El), not in W, such that z(; j = 2; ;j; ¢f. Lemma 2.3 of [B]. We set
ig = mln{k >i+T:p, = x[k,k-l—period(z)[}
and
Jo= max{k <j-T:p,= x[k—period(z),k[}-
Define
7T(a”)[i,j[ = uul(z,io,iofifRf|u\)u(z7io))‘(’z)[io7jo[vgz,jo,jfjofRf\u|)v(z7jo)u'
When | — o0, j[ is left-infinite, we set

(@)~ 00,41 = M2)]=00,j0[V(=,j0) V(zjorj—jo— R—[u]) s
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where jo = max{k < j — T : T[p ktperiod(z)] = P-}. Right-infinite long marker
intervals are handled similarly, and should Z be a long marker interval we set
m(x) = A(z).

For a given i € N it still requires only knowledge of x[;_77_|F| it 774 |F|| to decide
if 7(z); has been defined, and determine its value if it has.

When [, j[ is a marker interval with j—i < 67 whose distance to any W-interval
or P-interval of length > 67" is more than T, we set

(@) (5,50 = Ub(—,w) P(Ti Lot]ul,j— L—[ul)O(+,w) Us

where W = T 14 |u|,j—L—|ul[-

For a given ¢ € N it still requires only knowledge of z[;_147—|F|iv147+|F|[ tO
decide if 7(z); has been defined, and determine its value if it has.

We have now defined 7(x); for all ¢ outside a union of non-overlapping intervals
all of length between T and 77'. In such an interval [i, j[, we set

() 5,51 = ub(+, W)D(X[itL4|u],j—L—|u|) 0+, w)u,

where W = T 11 |u|,j—L—|ul[-

Since u is synchronizing for Y and u? € W(Y), there is an element 7(x) €
Y with the prescribed coordinates, and by construction = : X — Y is a mor-
phism, shift commuting by design and continuous because 7(x); only depends on
T[i—14T—|F|,i+14T+|F|[- T extends ¢ by construction and is therefore surjective since
p is. (]

Theorem fails if Y is only irreducible rather than mixing. Indeed, the near
Markov shift X of Example does not factor onto Y when Y is only a period
two orbit, although Per X \, PerY in this case. The obstruction of Proposition
strikes in here and prevents the existence of any morphism X — Y.

Example 9.14. In this example we show that Theorem [B.13lis not true for general
mixing sofic shift spaces X. To see this, consider the mixing sofic shift space X
given by the labeled graph of Figure 18.
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Here A is an aperiodic graph, considered as a labeled graph with all edges labeled
by different natural numbers, and the edges labeled e and f can terminate and
initiate, respectively, at any vertex in A. A is chosen such that the edge shift X 4
is a mixing SFT without fixed points or period two orbits, with an entropy h(X4)
that exceeds the entropy of the sofic shift space Y we define below. Then 90X is
the irreducible non-mixing strictly sofic shift space considered in Example[@I0l As
shown there, it follows from Proposition B that there are no morphisms from 90X
into any non-mixing SFT.

Let Y be the mixing sofic shift space given by the labeled graph of Figure 19.

Here B is an aperiodic graph, considered as a labeled graph with all edges labeled
by different natural numbers. B is chosen such that Xp has no fixed points, no
period two orbits, but orbits of any minimal period n > 3. Then Per X \, PerY
and h(X) > h(Y), but nonetheless, Y is not a factor of X. In fact, there is no
morphism 0X — Y whatsoever. To see this, note that all periodic points of 90X
are 1-affiliated to the top component of 0X. If ¢ : 9X — Y is a morphism, Theorem
[Z4 tells us that there is an irreducible component Y, in Y such that ¢ (0X) C Y.
and such that Y, contains either a fixed point which is 2-affiliated to Y. or else
a period 2 orbit which is 1-affiliated to Y.. Since Y contains no fixed points and
only the period two orbit containing (ab)>°, which constitutes the only irreducible
component in Y besides the top component, we can exclude the first possibility,
i.e., Y. must have a period 2 orbit 1-affiliated to it. Since (ab)™ is not 1l-affiliated
to the top component of Y, we conclude that 1 must map 0X into the period two
orbit containing (ab)®. As we saw above, this is impossible because a period 2
orbit is a non-mixing SFT.
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