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Abstract. We consider partitioned graphs, by which we mean finite directed graphs with
a partitioned edge set £ = £~ U ET. Additionally given a relation R between the edges
in £~ and the edges in £, and under the appropriate assumptions on £, €T and R,
denoting the vertex set of the graph by B, we speak of an R-graph Gr (B, £, ET).
From R-graphs Gr (B, £, 1) we construct semigroups (with zero) Sr (P, £, £T)
that we call R-graph semigroups. We write a list of conditions on a topologically transitive
subshift with property (A) that together are sufficient for the subshift to have an R-graph
semigroup as its associated semigroup.

Generalizing previous constructions, we describe a method of presenting subshifts by
means of suitably structured finite labeled directed graphs (V, X, ») with vertex set V,
edge set X, and a label map that assigns to the edges in X labels in an R-graph semigroup
Sr (P, £, £7). We denote the presented subshift by X (), X, 1) and call X (), X, 1) an
Sr (B, £, £7)-presentation.

We introduce a property (B) of subshifts that describes a relationship between contexts
of admissible words of a subshift, and we introduce a property (c) of subshifts that in
addition describes a relationship between the past and future contexts and the context of
admissible words of a subshift. Property (B) and the simultaneous occurrence of properties
(B) and (c) are invariants of topological conjugacy.

We consider subshifts in which every admissible word has a future context that is
compatible with its entire past context. Such subshifts we call right instantaneous. We
introduce a property RI of subshifts, and we prove that this property is a necessary and
sufficient condition for a subshift to have a right instantaneous presentation. We consider
also subshifts in which every admissible word has a future context that is compatible with
its entire past context, and also a past context that is compatible with its entire future
context. Such subshifts we call bi-instantaneous. We introduce a property B of subshifts,
and we prove that this property is a necessary and sufficient condition for a subshift to have
a bi-instantaneous presentation.

We define a subshift as strongly bi-instantaneous if it has for every sufficiently long
admissible word a an admissible word c, that is contained in both the future context of a
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and the past context of a, and that is such that the word ca is a word in the future context
of a that is compatible with the entire past context of a, and the word ac is a word in
the past context of a, that is compatible with the entire future context of a. We show that
a topologically transitive subshift with property (A), and associated semigroup a graph
inverse semigroup S, has an S-presentation, if and only if it has properties (c) and BI,
and a strongly bi-instantaneous presentation, if and only if it has properties (c¢) and BI,
and all of its bi-instantaneous presentations are strongly bi-instantaneous.

We construct a class of subshifts with property (A), to which certain graph inverse
semigroups S(B, £, £T) are associated, that do not have S(3, £, £T)-presentations.

We associate to the labeled directed graphs (V, X, A) topological Markov chains and
Markov codes, and we derive an expression for the zeta function of X (), X, A) in terms
of the zeta functions of the topological Markov shifts and the generating functions of the
Markov codes.

1. Introduction
We study symbolic dynamical systems, which we construct by means of finite directed
graphs. We will use the symbol s (¢) to denote the source (target) vertex of an edge, or of
a finite path, or of a right (left) infinite path in a directed graph.

Let there be given a finite directed graph with vertex set 33 and edge set £, and also a
partition

E=EUET.
We set
E(@uv={e €& :s(e)=q, t(e)=r},
Ef@vy={et e is(eM) =1, t(e)=q), q,teP.

We assume that £7(q, t) # @ if and only if £T(q, v) # @, q, v € B. We also assume that
the directed graph (3, £7) is strongly connected, or, equivalently, that the directed graph
(B, £T) is strongly connected. We call the structure (B, £, £T) a partitioned graph. Let
there also be given relations

R@.VCE (v xEN(q ), qreP,

and set
R= J R@.v.
q,veP

The structure that is given in this way, for which we use the notation G (B, £, £T), we
call an R-graph. From an R-graph G (B, £, £T) we construct a semigroup (with zero)
SrR(B, £, £T) that contains idempotents 1, p € P, and that has £ as a generating set.
Besides 1'23 = 1,, p € B, the defining relations of Sg (P, £, £T) are:
lgem =e Iy =e, e €& (g0,
Let=etlg=e, et e&f(q, 1), q,veP,
Fgt = 1, if(f~,¢") eR@, v),
0 if(fT.gN¢R@ ), e (g1, g€l (g, qveP,
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and
1,1, =0, gq,veP,q#r.

We call Sp(B, £, £T) an R-graph semigroup. The graph inverse semigroups (the
generalized polycyclic semigroups; see [AH] and [L, §10.7] and compare [CK]) are a
special case of R-graph semigroups. The graph inverse semigroup of a finite directed
graph with vertex set 3 and edge set £ is obtained by taking a copy of the graph (3, &)
with vertex set 3 and edge set £~ = {e™ : e € £°} and a copy (B, £T) of the reversed
graph of (B3, £) and by constructing the R-graph semigroup of the partitioned graph
(B, £7, £T) with the relations

R, v)={(e ,eT):ec& s(e)=q,te) =1}, q,teP.

The relation being understood, we suppress the R and denote the graph inverse semigroup
of the finite directed graph by S(3, £, £T). The Dyck inverse monoids (the polycyclic
monoids) Dy, N > 1, [NP] are obtained in this way from the one-vertex graph with N
loops. For the R-graph semigroups that are obtained from a one-vertex graph see also
[HK1, §4].

In §2 we show that the isomorphism of R-graph semigroups S (3, £, £T) implies
the isomorphism of the R-graphs Gr (B, £, £1).

For a semigroup (with zero) S, and for F € S set

INF)={(G,GNHeSxS:GFGT #0}

and
[Fl={F' eS:T(F)=T(F)).

The set [S] = {[F]: F € S} with the product given by
[GI[H]=[GH], G,HEeS,

is a semigroup (e.g. see [P, §2.2]). In §2 we also write a list of conditions on a semigroup
(with zero) S that together are necessary and sufficient for the semigroup to be an R-graph
semigroup, such that the projection of S onto [S] is an isomorphism.

In symbolic dynamics one studies subshifts (X, Sy), where X is a shift invariant closed
subset of the shift space ©Z and Sy is the restriction of the shift on ©% to X. For
an introduction to the theory of subshifts see [Ki] and [LM]. The study of topological
conjugacy and its invariants occupies a central place in symbolic dynamics. Any subshift
X that is topologically conjugate to a given subshift X is called a presentation of X. A
property (A) of subshifts, an invariant of topological conjugacy, was introduced in [Kr2],
and for a subshift X with property (A) a semigroup (with zero) S(X) was constructed
that is also an invariant of topological conjugacy. Next to topological conjugacy, flow
equivalence and its invariants are studied in symbolic dynamics. It was shown by Costa
and Steinberg [CS] that property (A) and the associated semigroup are also invariants of
flow equivalence.

In §3 we translate all but the last of the conditions on the list of §2 into conditions on
a subshift that are invariant under topological conjugacy. For the last condition we obtain
a possibly stronger version for subshifts that is also invariant under topological conjugacy.
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For a subshift X with property (A) these conditions together imply that S(X) is an R-
graph semigroup.

We now describe a way to present subshifts by means of R-graph semigroups. Here
we closely follow [HIK, §3] where this method of presenting subshifts was introduced for
the case of graph inverse semigroups of directed graphs in which every vertex has at least
two incoming edges. These presentations were introduced for the purpose of extending
the criterion for the existence of an embedding of an irreducible subshift of finite type
into a Dyck shift [HI] to a wider class of target shifts. Given an R-graph semigroup
Sr(B, £, £T), denote by SE(B. D) (873(‘43, E™)) the subset of SR (P, £, £T) that
contains the non-zero elements of the subsemigroup of Sk (B, £, £T) that is generated
by £7(£™), and consider a finite strongly connected labeled directed graph with vertex set
V and edge set X, and a labeling map X that assign to every edge o € X a label

(G1) M0) €SB, EDN ULy p e PIUSEHB, £1).
The label map X extends to finite paths (07)1<i<s, I € N, in the graph (V, ¥) by

Mom=i=n =[] ro0.
1<i<I
We denote, for p € P, by V(p) the set of V € V such that there is a cycle (0i)1<i<s, [ € N,
in the graph (V, X¥) from V to V such that

Aoi)1<i<i) =1p.

We impose the following four conditions:

(G2) Vp) #0,p B

(G3) {V(p) : p € P} is a partition of V.

(G4) For V € V(p), p € B, and for all edges e that leave V, 1,1 (e) # 0, and for all edges
e that enter V, A(e)1, #0.

(G5) For f € SR(B, £, ), q, v €*B, such that 14f1. #0, and for U € V(q), W €
V(v), there exists a path b in the labeled directed graph (V, ¥, A) from U to W such
that A(b) = f.

A finite labeled directed graph (), X, A), that satisfies conditions (G1)—-(GS), gives rise
to a subshift X (V, ¥, A) that has as its language of admissible words the set of finite non-
empty paths b in the graph (), 1) such that A(b) # 0. We call the subshift X (V, X, A)
an SR (B, £, ET)-presentation, and we say that a subshift X has an Sg (B, £, £T)-
presentation if it is topologically conjugate to an Sk (B, £, £E1)-presentation. The
SR(B, £, ET)-presentations with a labeling map A such that

Mo)eE Ufly:pePlUET, oex,

belong to the class of sofic-Dyck shifts as described in [BBD3, BBD2]. In [HIK, §6] and
[IK2, §4] D,-presentations are described that arise as intersections of D, with subshifts of
finite type.

The special cases of Sg (B, £, £T)-presentations that are obtained for V =B, ¥ = £,
and with the identity map as the labeling map, are the R-graph shifts (see [HK1, §4] and
[HK2]). In the case of directed graphs the R-graph shifts are the Markov-Dyck shifts
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[M3], and in the case of one-vertex directed graphs the R-graph shifts are the Dyck shifts
[Kr1]. The R-graph shifts belong to the class of FT-Dyck shifts as described in [BBD1].
For R-graph shifts see also [Kr6]. Adding a loop at each vertex p € *3 with label 1, one
obtains what can be called the R-graph Motzkin shifts. In the case of directed graphs the
‘R-graph Motzkin shifts are the Markov—Motzkin shifts [KM3, §4.1], and in the case of
one-vertex directed graphs the R-graph Motzkin shifts are the Motzkin shifts [M2, I].

In §4 we introduce a property (B) of subshifts that describes a relationship between
contexts of admissible words of a subshift. In §5 we introduce a property (c) of subshifts
that describes a relationship between the past and future contexts and the context of
an admissible word of a subshift. One is led to the formulation of properties (B) and
(c) by observing the behavior of the Dyck shifts and by abstracting essential dynamical
properties. We prove that property (B) is an invariant of topological conjugacy, and that
the simultaneous occurrence of properties (B) and (c) is also an invariant of topological
conjugacy. An Sr(B, £, E1)-presentation that has property (A), has property (B)
precisely if Sg (B, £, £T) is a graph inverse semigroup.

In §6 we consider subshifts in which every admissible word has a future context that
is compatible with its entire past context. Such subshifts we call right instantaneous. We
introduce a property R of subshifts, and we prove that this property is a necessary and
sufficient condition for the subshift to have a right instantaneous presentation. We consider
also subshifts in which every admissible word has a future context that is compatible with
its entire past context, and also a past context that is compatible with its entire future
context. Such subshifts we call bi-instantaneous. We introduce a property B of subshifts,
and we prove that this property is a necessary and sufficient condition for the subshift to
have a bi-instantaneous presentation. Sofic systems have bi-instantaneous presentations.

In §7 we introduce a notion of strong bi-instantaneity. We show that a topologically
transitive subshift with property (A), and associated semigroup a graph inverse semigroup
S(CB, £, &), has an S(B, £, ET)-presentation, if and only if it has properties (c¢) and
B1 and a strongly bi-instantaneous presentation, if and only if it has properties (c¢) and B1,
and a strongly bi-instantaneous presentation, and all of its bi-instantaneous presentations
are strongly bi-instantaneous.

In §8 we construct for a graph G(B, &), such that for q, t € P, card(E(q, v)) # 1, a
subshift with property (A) and with the graph inverse semigroup of S(B, £, £T) as
associated semigroup, that does not have an S(3, £~, £T)-presentation.

In §9, applying methods of Keller [Ke], we associate to the labeled directed graphs
(V, X, 1) topological Markov chains and circular Markov codes, and we derive an
expression for the zeta function of X (), X, A) in terms of the zeta functions of the
topological Markov shifts and the generating functions of the Markov codes.

2. 'R-graph semigroups
Let S be a semigroup (with zero). We set

C_(F)={GeS:GF £0)},
C.(F)={GeS:FG#0}, FeS&.
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We denote by Ug the set of idempotents U of S, such that one has for F_ € C_(U) that
F_U =F_and for Fy € C;(U) that U Fy = F. We set

STW= [ Ci(FU). Uels.
F_eC_(U)
ST(V,W)=8"(V\)W\ {0}, V,Wels,
and
stwy= () C-(WUFy, Uels,
FieCi(U)
STV, W)y=WSH(V)\ {0}, W,V els.
We define subsemigroups (with zero) S~ and ST of S by setting
s=Jsw. s=] stw.
Uels Uels

We say that an element F € S~ \ Us is indecomposable in S~ if F=GH, G, H €
S~, implies that G or H is in Us. The indecomposable elements in ST are defined
symmetrically.

THEOREM 2.1. The isomorphism of the R-graph semigroups Sr (B, £, £T) implies the
isomorphism of the R-graphs Gr (B, £, £ET).

Proof. Let
S=Sr(B, E,EN).

With vertices
pieP, 0<i=<lI, IeZy,

and edges
e e i), I=ix>1,
e, €& (pi-1,pi), 1=<i=<I,
such that
(e ,ef)eR(pi—1. pi), 1<i<I,
the normal forms of the idempotents of S are given by
( l_[ ef)lpo( 1_[ ei>.
1>i>1 1<i<I

From this expression it can be seen that

Us ={1p:p P},

which then means that one can identify ¥ with s, and then also £~ (q, t) with the set
of indecomposable elements f of S™, such that 1, f #0, f1. #0, and ET(q, v) with
the set of indecomposable elements of ST, such that 1. f # 0, f 14 #0. Also, fore™ €
E7(q,v), et €ET(q, 1), q, v €, one has (e~, e") € R(q, v) if and only if e"et # 0. O
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We have a condition (AP1) on a semigroup S:
(AP1) Us is a finite set.

We also have a condition (AP2) on a semigroup S, that comes in two parts that are
symmetric to one another, of which we write only one part:
(AP2—)S=(V, W) £ 0, V, W els.

We also have conditions (AQ1)—-(AQ2) on a semigroup S:
AQD) S~ (V,HST(W,U)Cc S~ (V)UST(W), U, V, W els.
(AQ2) S = UUGZ/IS STU)S (U).

We also have conditions (AQ3)-(AQ6) on a semigroup S, that similarly come in two
parts that are symmetric to one another. We only write one part of these conditions:
(AQ3—) For U, V € Ug one has that for F~ € S~ (U, V) there exists an F* e ST(U, V)
such that

F Ft=U.

(AQ4—) For U, V, W € Ug one has that for
F~eS (U, V)\{U}), GteStWw, V)\{V},

such that
F~GTeS (U, W),
there exists an H~ € S~ (W, V) \ {W} such that
F"GtH =F".

(AQ5—) S has finitely many indecomposable elements.
(AQ6—) S~ is generated by its indecomposable elements.

Note that conditions (AP2—) and (AQ3—) together imply condition (AP2+), and,
symmetrically, conditions (AP2+) and (AQ3+) together imply condition (AP2—).

For an R-graph Gr (B, £, £7) we set

Qfe)={et €T (qv): (e, eT)eR(@, V), e €E (g0,
Q (M) =(e e (qv):(e,eHeR@), et et ), qreP.

We introduce condition (a) on an R-graph Gr (B, £~, £7), which consists of two parts
that are symmetric to one another:

(@a-) QTN #QT@), e, ef(qv), e #e, qreP,
a+) Q () #Q @), et Trest@u, et £, qreP.
The following theorem characterizes the R-graph semigroups among the semigroups S

such that the projection of S onto [S] is an isomorphism. For the proof of the theorem
compare [Kr4, §3].

THEOREM 2.2. Let the semigroup S be such that the projection of S onto [S] is an
isomorphism. Then S is an R-graph semigroup if and only if S satisfies conditions (AP1)—
(AP2) and conditions (AQ1)—(AQ6).
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Proof. We prove sufficiency. By (AP1), (AQ1), (AQS5), and (AQ6) we can use a partitioned
graph with vertex set Us and edge sets

= eww, gf= |J gw.w,
V.Welds V.Welds

with the set of indecomposable elements in S~ (V, W) as the set £~ (V, W), and the set of
indecomposable elements in ST(V, W) as the set EX(V, W), V, W € Us.

Let V, W €eUs, and let E~ € S~ (V, W) be indecomposable in S~. By (AQ3—) there
exists an ET € ST(V, W) such that

ETET=V. (2.1)
We prove that ET is indecomposable. Assume the contrary, and let U € Us and
FteStw,w), Grest(v,U)
be such that
ET=FtG", GT#V. (2.2)

By (AQ1) then either
E"FTeS (V)\{V},

in which case there would exist by (AQ4—) an F~ € S~ (U, W) \ {U} such that
E =E F'F~,
contradicting the indecomposability of E~, or
E"FteST(W),
in which case
E"FtGTeST(V)\ {V},
contradicting (2.1) and (2.2). The symmetric argument shows also for U, W € Us, and for
an ET € ST(U, W) that is indecomposable in S, that there exists an E~ € ST(U, W)
that is indecomposable in S, such that
E"ET=U.
It follows from (AP2) that the directed graph (Us, £7) is strongly connected. We define
relations R(V, W) C £~ (V, W) x ET(V, W) by
RV, W)={(E ,ENe&E (V,W)xET(V,W):ETET#£0}, V,Wels,
and set
R= (J Rv.w).
V.Welds
By (AQ4) one has

U ifU=W, (E-,EY)eRU,V),
ETET=10 ifu=W, (E,E")¢RU,V),
0 ifU#W,
E-e& (U,V), ETe&t(W,V), U,V,Wels.
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It follows from (AQ?2), (AQS), and (AQ6) that for F € S there exist I (—), I (+) € Z+
and
Ui,(H)eUs, I+zit=21, Ueld Ui (-)els, 1=<i-=<I,

and, setting
Uo(+) =Up(—) =U,
also
Ef €YU, Ui—1), Lizip=1, Ef€&7U -1, U), 1<i-<I,
such that
F:( I1 E:)U( I Ei__). (2.3)
I >iy>1 1<i_<I_

It follows from the assumption that the projection of S onto [S] is an isomorphism, that the
R-graph Gr Us, £, £T) satisfies (a), since for E, E € £~ (U, V) one has that Q1 (E) =
QT (E) would imply that [E] = [E],U, Ve Us. Applying (a—) and (a+) repeatedly, and
keeping in mind that one has for H € S, U € Ug that [H] = [U] implies that H = U, one
finds that the presentation (2.3) of F is in fact unique. d

3. Subshifts with property (A) to which R-graph semigroups are associated
We introduce terminology and notation for subshifts. Given a subshift X c ©Z, we set
Xk =Gji<j<k, Xx€X,i,kelZ, i<k,
and
X[iyk]Z{)C[i’k]IxGX}, i,kelZ,i <k.
‘We use similar notation also for blocks,
birxy= bji<j<rs beXjp, i <i' <k <k,

and also if indices range in semi-infinite intervals. The symbol that denotes a block is also
used to denote the word that is carried by the block. We identify the elements of X (_ 0)
with the left infinite words that they carry, and we identify the elements of X (o ~o) With the
right infinite words that they carry. The set of admissible words of X is denoted by L£(X).
For the N-block system of a subshift X ¢ % we use the notation

XM END — (xmitmin))icz, X € X,

x{nmtND — ( Aonm+ND .y e Xy meZ, NeN.
We set
@) ={(x",x") € X(“00,0) X X(0,00): (x,a, x1) € X},
I (a) = (b€ Xgrin : (@, b) € Xjjiksn), neN,
Fi@ ={"e€Xpoo: (@ y") € Xjioo)

M@= Jrf@. aeXyun. i.keZ i<k
neN
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'™ has the time symmetric meaning. We set

of@= (] beXakn: (", a b)eX cortnmh

x~elx(a)
+ — + X . - + X
w,(a) " € Xkooy): (x5 a, yT) € X},
x~elx(a)
i) — + g ;
ot (a) = U w, (@), a€Xjx, i,keZ, i<k.
neN

o™ has the time symmetric meaning.
We recall that, given subshifts X ¢ £%, X ¢ £%, and a topological conjugacy ¢ : X —
X, there is for some L € Z a block mapping

®:X[_L,11—> b

such that
@x) = (P(xji—L,i+L]))iezZ-

We say then that ¢ is given by ®, and we write
®(a) =(P(agj—L,j+1))i+L<j<k—L, a€ X[k, i,keZ, k—i>2L,

and use similar notation if indices range in semi-infinite intervals.
For a subshift X ¢ TZ, set

Ay ) =(VxeX xicot(xini)} neN,
i€Z
and
AT (X) = U AT (X).

neN
Define A7 (X), n € N, and A*(X) symmetrically and set

An(X)=A;(X)NAF(X), neN,

and
AX) = U An(X).
neN

Denote the set of periodic points in A(X) by P(A(X)). We write g > r, for g, r €
P(A(X)), if there exists a point in A(X) that is left asymptotic to g and right asymptotic
to a point in the orbit of r. The equivalence relation that results from the preorder relation
> we write as &~ and we denote the order relation that results from > also by >. We denote
the set of ~-equivalence classes by (X). The order structure (3(X), >) is invariantly
associated to X [Kr2]. We denote by Y (X) the set of points x € X such that there are
q,r € P(A(X)) such that x is left asymptotic to ¢ and right asymptotic to r.

We write a condition (DP0) on a subshift X C £7 that is invariant under topological
conjugacy [Kr2]:
(DP0O) P(A(X)) is dense in X.
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The following conditions (DP1) and (DP2) on a subshift X C ©% are invariant under
topological conjugacy. Condition (DP1) is the translation of condition (AP1) and
Condition (DP2—) is the translation of condition (AP2—):

(DP1) P(X) is a finite set.
(DP2—-) For g, r € P(A(X)) there exists an x € A~ (X) that is left asymptotic to ¢ and
right asymptotic to r.

We introduce a condition (DQI) and a condition (DQ2) on a subshift X ¢ £%.
Condition (DQ1) is the translation of condition (AQ1) and condition (DQ2) is the
translation of condition (AQ2):

(DQ1) For p € P(A(X)), there exists an H € N such that if

YEAT(X)NY(X), Y(H,o00) = P(—H,0)

7€ ATX)NY(X),  Z(—oo.H] = P(—c0.H]s
and

(¥(=00,01> 2(0,00) € X,
then
(¥(=00,01» Z(0,00)) € A~ (X) U AT(X).
(DQ2) Given g, r € P(A(X)), there exists an H € N such that the following holds: for
x € X and K > H such that
X(—00,—K] = {q(—00,0]» X(K,00) =7(0,00)»
and for M € N, there exist p € P(A(X)), I, J > M, and
yeAT(X)NY(X), zeA (X)NY(X),

such that

Y(—00,—11 = 4(—0,0]> Y(M,00) = P(M,00)»

Z(—oc0,M] = P(—oco,M]s  Z(J,00) = T(0,00)»

and such that
U~k —m, k+m1) = U(Y(=1-H,M1, Z(M,J+H]))-

Next we introduce a condition (DQ3) and a condition (DQ4) on a subshift X C
»Z. Again these conditions come in two symmetric parts, of which we write only
one. Condition (DQ3) is the translation of condition (AQ3) and condition (DQ4) is the
translation of condition (AQ4):

(DQ3—) For p,q € P(A(X)) and x € A~ (X) N Y(X) that is left asymptotic to p, and
such that x(0,c0) = P(0,00), and for M € N, there exists a y € AT (X) N Y (X) that is right
asymptotic to a point in the orbit of g such that

V(—o00,M] = P(—o00,M]>

and such that
(¥(=00,01> Y(0.00)) € A(X).
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(DQ4—) For g, r € P(A(X)) there exist an H € N such that for K, M > H, and for
pePAX), xec A (X),yc AT (X)and I, K_ €N, such that
X(—00,—K_]1 = P(—00,—K_]»  X(0,00) = 4(0,00)>»
V(—00,K+] = 4(—00,K4]>  Y(Ki+1,00) = F(Ki+1,00)»

and
(X (=00, K415 Y(K4.00)) € A7 (X),
there existaz € A= (X), and J, D € N, such that

2(—00, K4 +I1+M] =T (—0,0]>  Z(K4+I+M+J,00) = 4(0,00)»

and

C(x(—k_—D.K:1» YKy, Kot 11> 2K ALK+ T+M+T+D) = U (X(—k_—D, K +D])-

We call a point x € A7 (X) N Y(X) indecomposable if there is an H € N, such that the
following holds for K > H: for p € P(A(X)) and I € Z such that
X(I,00) = P(I,00)»
and
ye AT\ AX)
such that
Y(—00,I4+K] = P(—00,I+K]»
one has that
(X(—o00, 11> Y(1,00)) € X,
implies that
(X(—00,11» Y(I.o)) € AT (X).
The indecomposable points in AT (X) N Y (X) are defined symmetrically.
With the notion of an indecomposable point we translate condition (AQS) into a
condition (DQ5):
(DQ5—) There exists an M € N such that for ¢, r € P(A(X)) and an indecomposable
pointx € A=(X)NY(X)andfor I_, I € Z, I_ < I, such that
X(—00,I_] ={q—00,0]s X(I,,00) = ¥(0,00)>
there exist an indecomposable point y € A= (X)NY(X) and J_, Jy € Z, J—- < J4+, and
D e N, such that
Jy—J_<M,
V(=00,J_]1 =4—-00,0]s Y(Jy,00) = F(0,00)>
and
Cxg_—p,1y+p) =T Gu_~D,si+D)-

We have a condition (DQ6) that also consists of two parts (DQ6—) and (DQ6+) that
are symmetric to one another:
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(DQ6—) If x~ € X(—o0,0) is such that for all M € N there is an I > M such that
xZp oy (X o))

then for y(iOO M) € X(—o0,7, J € N, such that

Y(=00.01 = ¥(~00.01"

and for all M € N there is an I > M such that
oo O -

Condition (DQ6—) appeared in connection with the Cantor horizon of the Dyck shift
[KM1]. Inspection shows that conditions (DQ1—) and (DQ2—), and therefore also
conditions (DQ1+) and (DQ2+), are invariant under topological conjugacy. Also, a
topological conjugacy maps indecomposable points to indecomposable points. As a
consequence, condition (DQS5—), and therefore also condition (DQ5+), is invariant under
topological conjugacy. We prove that condition (DQ6—) is invariant under topological
conjugacy.

PROPOSITION 3.1. Let X C %, X c $Z be subshifts and let ¢ : X — X bea topological
conjugacy. Let X satisfy condition (DQ6—). Then X also satisfies condition (DQ6—).

1 1

Proof. Let L € Z4 be such that [-L, L] is a coding window for ¢ and ¢~
be given by the block map & : X|_; ;] — X.
Letx™ € X (—o0,0], and assume that, for all M € N, there is an / > M such that

,and let ¢~

YI: ¢wf(f(_zo]). 3.1

Set
x =d(G7).

For M € N, setting M = M + L, one has as a consequence of (3.1) that there is an I>
M + L such that

X(7—1, 7411 & Q201 X (Fr, 1))

and it follows that there is an
Iell-L,I1+L)]

such that
X_j ¢ o (X(=1,-L])-

To confirm (DQ6—) for X , let
i_e)?(,ooJ], JeN,

such that

Vo] =X 5
and let M € N. Set

y =e0G).
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As we have seen at the beginning of the proof, we can apply (DQ6—) of X to x™, and we
find that there is an

I>M+1L (3.2)
such that
y_; ¢ wf(Y(,“,L]).
This implies that
y(—[—L,—I+L] ¢ w£L+1(y(—1+L,J])'

It follows that there exists an

Te[-I—L,—1+L] (3.3)

such that
¥ tor 5z, (3.4)
By (3.2), (3.3), and (3.4), (DQ6—) is satisfied by X. O

We recall from [Kr2] the definition of property (A). For n € N, a subshift X ¢ ©Z such
that A1 (X) # @, has property (a, n, H), H € N, if for h, h > 3H and for

a EAn(X)[l,h]s aeAn(X)[lﬁ]s
such that
apLHy =A[L ey, Ah—H.h = AG_p i)

one has that ¢ and @ have the same context. A subshift X C % has property (A) if there
are H,, n € N, such that X has the properties (a, n, H,), n € N.

We also recall the construction of the associated semigroup. Let y, y € Y(X), let y
be left asymptotic to ¢ € P(A(X)) and right asymptotic to r € P(A(X)), and let y be
left asymptotic to ¢ € P(A(X)) and right asymptotic to 7 € P(A(X)). Given that X has
the properties (a, n, H,), n € N, we say that y and y are equlvalent YR y, if g ~ q and
r ~ 7, and if for n € N such that ¢, r, §, 7 € A,(X) and for I, J, I, JeZ I1<J,1<17,
such that

Y(=o00,1] = {4(—0,0],  Y(J,00) = ¥(0,00)»
Yoo} = d(~00.01s Y (F.00) = T(0.00)»

one has for 7 > 3H,, and for

a€Xu—ni+ns @€ XGF_p Fins

such that

a(’*Hn»J‘i’Hn] = y(lanaJ‘FHn]’ a(T—Hn,f+Hn] = y(i—Hn,.i-i-Hn]’
AT =hI—h+Hy) = Y T—p,T—h+H,)

A(J+h—Hy,J+h] = Q(F4n—H,, T+h]
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and such that

ag—nn € An(X)a-nn,  ai_pn7 € An(X)G_n. 1>

ag.g+n € AnX) . a+n1s @F 5em € An(X) (7 Fnp
that a and @ have the same context. To give [Y (X)]~ the structure of a semigroup S(X) that
is invariantly associated to X, let u, v € Y (X), let u be right asymptotic to g € P(A(X))
and let v be left asymptotic tor € P(A(X)). Ifhere g > r, then set [u]~[v]a equal t0 [y]~,

where y is any pointin Y (X) such that therearen e N, 1, J, I.Te Z,1<J, T <7, such
that ¢, r € A, (X), and such that

U(l,00) =4(,00)s  VU(—00,J] =T (—00,]]>
V(0o T4+ H,] = U(=c0.I+H,]>  Y(T—Hy.00) = V(J—Hy.00)>
and
Y351 € An(X) 7. 7)-

provided that such a point y exists. If such a point y does not exist, set [u]~[v]~ equal to
zero. Also, in the case that g ¥# r, set [u]~[v]~ equal to zero.

For a subshift with property (A), conditions (AP1), (AP2), (AQ1), (AQ2), and (AQ4)
are equivalent to their translations. We prove that, for a subshift with property (A),
conditions (DQ4) and (DQ6) together imply condition (AQ6).

PROPOSITION 3.2. Let the subshift X have property (A) and let conditions (DQ3), (DQ4),
and (DQO6) be satisfied by X. Then S(X) satisfies condition (AQ6).

Proof. If S(X) does not satisfy (AQ6—) then there exist
H,,G,eS (X)\Usx), meZy,

such that

H,=H, G, mel, (3.5)
or such that

m =GnH, . melZ;. (3.6)
Assume (3.5). Let U € Ug be given by
UH, = H,,
and let U, e Us, m € Z, be given by
Un1G,,=G,,, meZ,.

By (DQ3—) there exist an H € ST(X)(U, Up) \ Usx) such that
HyH" =U,
and also G}, € ST (X)(Up+1, Un) \ Us(x) such that
G,GF=U,, mely. (3.7)
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One has also G, € S(X) \ Us(x), m € Z, such that
UGn=Gy, G,Gn=0, meZy, (3.8)

for otherwise one would have, for some m, € N, that G,,, € Us(x). Let Vi, € Us(x), m €
Z4, be given by
GnVn=G,, meZl;.

Let A be a system of representatives of ~-equivalence in P(A(X)), let n € N be such that
every point in A has a period that is less or equal to n, let H, € N be such that X has
property (a, n, H,), and set h = 3H,,. In view of

Usx) =BX),

we can choose a p € A such that
U=Ipl~,
and also p(”‘), q(m) € A, m € Z, such that
=P~y Vu=Ig"1~, mely,

together witha J > n and J,, J,;f, K, € N, m € N, such that one has, setting

Jy =Jy =0,
that

Jy>Jd +h  LF>TF +h meN,

and also
K >J 1+h meN,

together with a € X g 44 such that

0
aon = pgo,)h], A, J+h] = PO,h]> (3.9)
0
[(p((_)oo,h], a, 11, PO,00)l~ = Hy
and x~ € X(—co,5] Such that

- _
X men = Pehop M€ Ly (3.10)

(m) - (m—1 -
[(P( 00, h]’ (J Ah ]p(Ooo)] =G, m e N,

and a"™ € X (o k,,+n), m € N, such that

(m) _ O
a(J+ JF+h] =P (3.11)
14 +1
[(pg )OO h]a ((’}1-%)—_,’_}1 J+ ’ EO oo))]N—G;g 0§Z<m,

(m) (m)
A K Kn+h] = 40,11 (3.12)

(m) (m)
[(p( 00,h]’ (J++h1< ]

By (3.7), (3.10), and (3.11), and by the choice of #,

aq(o)oo)]’\’—Gm, mGN

- a™m
(x(fjmil,O] ) € X[ Jo_ 1 Km+h]
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and by (3.8), (3.10) and (3.12), and by the choice of #,
O op @) EX o K
It follows that thereisani € (J,,_,, —J, ] suchthatx_; ¢ a)f(x(il. 0])' On the other hand,

it follows from
H,;( I1 Ge> H'=U

m=<£<0

( I1 GZ>H+€S+(X),

m<£<0

that

and by (3.9) and (3.10) then
X €w| (X0, a), 1€N,

and we have a contradiction to (DQ6—). The case (3.6) reduces by (DQ4+) to the
case (3.5). The proof that (DQ3+), (DQ4—), and (DQ6+) together imply (DQ6—) is
symmetric. O

COROLLARY 3.3. A subshift with property (A), that satisfies conditions (DP1)—(DP2) and
conditions (DQI)—(DP6) has as its associated semigroup an R-graph semigroup.

Proof. By [HK2, Theorem 2.3] for a semigroup S that is associated to a subshift with
property (A), the projection of S onto [S] is an isomorphism. Taking into account
that (DP1) and (DP2) are the translations of (AP1) and (AP2) and that (DQ3), (DQ4),
and (D5) are the translations of (AQ3), (AQ4), and (AQS), apply Proposition 3.2 and
Theorem 2.1. O

4. Property (B)
We say that a subshift X C ©Z has property (B) with respect to the parameter M € N if
the following holds: for I_, I, J_, J4 € Z such that

Iy —I1_,J.—J_>M,

and
aeXq_1,, beXy_
such that
ag_,1-+M1 =bu_y_+m1, A —m. 1.1 =bu—m.0,
and R € N and
X~ ewg(a) Nwy,(b), xTe a);ro(a) N a);ro(b)
such that

- + _ - +
P gy @ x(1+,1++R]) =T gy b, x(J+,J++R])’
one has that
[(a) =T ().

We say that a subshift X C £ has property (B) if it has property (B) with respect to some
parameter.
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For a graph inverse semigroup SCB, £7,£7) an S(PB, £, £7)-presentation has
property (B), as can be seen by inspection. Conversely, if an SR(B, £~, E7) has
properties (A) and (B), then the semigroup SR (R, £~, £7) is necessarily a graph inverse
semigroup.

THEOREM 4.1. Property (B) is an invariant of topological conjugacy.

Proof. If a subshift X C £% has property (B) with respect to some parameter, then its
higher block systems also have property (B). To prove the proposition it is therefore
enough to consider the situation that one is given subshifts X ¢ ¥%, X ¢ ¥% and a
topological conjugacy ¢ : X — X that is glven by a one-block map & : ¥ — ¥ with !

given for some L € Z by a block map P X —L,1] — X, where X has property (B) with
respect to the parameter M, and to prove that the subshift X has also property (B). We set

M=M+2L,

and we prove that X has property (B) with respect to the parameter M. For this let
I_,1y,J_,JL€Z,
Iy —1_,Jy—J_->M,

and let
EIJEX(L’LF], bEX(JﬂJJr]

be such that
5(1_,1_+M] =b; 4wy a(1+71\7,1+] = b(J+7A7[,J+]7 4.1
and let R € N and
i ewg@Nwg(d), I ewl@ nold) (4.2)

be such that

~

~ ~+ _ ~
PR gy @ 5 ek) = TG _r g 05— g vr)- (4.3)

We have to prove that

'@ =r®). (4.4)
We let
ae Xy yr1,-11y beXy vru,-1
be given by
a=3d@, b=3>®b).
By (4.2),

aq_+LI +L+M] =bu_srL s +L+m, AU, —L-Mm 1L =bu_—L-mi. -1 45)
We set also
T =03, au 1 4o1), xT= 5(5(1+—2L,1+],J7+)~
It follows from (4.1) and (4.2) that

x"ewg(@Nogd), xtewl@)nol®). (4.6)
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One has

- +
P& _popg 4170 @ x(l+7L,1++R+L])
= (@@, 8@ : @ T €TE gy 0@ 51y er))
with a similar expression for F(x(_L_R_L’LJrL], b, x(+]+_L’J++R+L]), and it is seen that
(4.3) implies that
- +
F(X(L—R—L,L-&-L]’ a, x(1+—L,I++R+L])

_ - +
=0 _per.g 41 b, x(J+—L,J++R+L])‘ 4.7)

By (4.5), (4.6), and (4.7) we can apply property (B) of X to obtain

['(a) =TO). (4.8)
One has
P@) = (P gy P> Pluf, o) @, u") el (@),
q>(u(_17’17+L]) = a‘(1_,1_+LJ7 CD(’/‘?}%]JF_Q_L]) = a(I_'_,I_;_JrL]}’
with a similar expression for l"(l;), from which it is seen that (4.8) implies (4.4). O

LEMMA 4.2. Let X C 22, X c £7 be subshifts, and let ¢ : X — X be a topological
conjugacy that is given by a one-block map ® : ¥ — S with ¢! given for some L € 7.
by a block map d:X [—L.1] = X. Let X have property (B) with respect to the parameter
L. Letl_, I, J_, Jy €Z be such that

ILy—1,Jy—J_>1L,

and let
ZIIEX(I_’[_*_], beX(j_’j+]

be such that

a_ .+ =bu_j_+11s AU—L,1.1=bu,-1,7,:1,

and let
S eog@Nwy(d), It ewl@ nol®d).
Set
&= ~ o~ &= o=+
a=QW; g pdXq, ) b=PEG b XG g )

Then

T'(a) =T () (4.9)
implies

r@=rao). (4.10)
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Proof. We have

P @ X, )
= (P oy 1)) PUG, 1 00)) W uT) €T (@),
- > + >t
Qg ) =X —pp PUG 1) =X 1 )

and replacing a by b in the right-hand side yields the corresponding expression for
F(BF(_L_L’L], b, ;(J;+,J++L])' From this it is seen that (4.9) implies

~— ~ o~ Ry 7o~
PG —pp @ Xq 140) =T O 00 X0, 1 410)

which then by property (B) of X implies (4.10). d

5. Property (c)
We say that a subshift X ¢ £7 has property (c) with respect to the parameter Q € N if the
following holds: for I_, I, J_, Jy € Z,

I+_I—1J+_J—ZQ9
and for
aEX(I_J_'_], beX(j_’j+],

such that
oy (@ Ny (b) #0, o (a)Nol®) #0,
and such that

au_, i+ =bu_s_+01. au-0.1,1=bu-0.11

and
I''@=r"4), T'@=r"®),

one has that
I'(a) =T(b).

We say that a subshift X ¢ ©% has property (c) if it has property (c) with respect to
some parameter. Inspection shows that Sk (B, £, £1)-presentations have property (c).

PROPOSITION 5.1. The simultaneous occurrence of properties (B) and (c) is an invariant
of topological conjugacy.

Proof. By Theorem 4.1, property (B) is an invariant of topological conjugacy. Also, if a
subshift X C ©% has property (c), then its higher block systems also have property (c).
To prove the proposition it is therefore enough to consider the situation that one is given
subshifts X ¢ 2%, X ¢ £Z and atopological conjugacy ¢ : X — X that is glven by a one-
blockmap®: ¥ — ¥ with ¢~ ! given for some L € Z, by a block map d: X[ L]~ X,

where X has property (B) with respect to the parameter L and has property (c¢) with respect
to the parameter O, and to prove that the subshift X C £Z has property (c). We set

0=0+L.
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We prove that X has property (c) with respect to the parameter é For this, let
I1_,1,J_, J+ €Z4 be such that

ILe—1_,Jy—J_>0,

and let
EEX({_J_*_], beX(j_’j+]

be such that

0o @) NoLb) #9, oL@ Nol®)#0, (5.1)
and such that
A1 +51= b1 +01 ‘7<1+:§,1+] =b(,-G.ss1 (5.2)
I~ @ =rT"(b), (5.3)
and _
@ =r*o).
We have to prove that
T'@) =T(b). (5:4)
By (5.1) we can choose
X~ ewy, (@ Nwyb) (5.5)
and
5t et @ Nol (k). (5.6)
We set

e = =t — & 7ot
a=QX g pppaXq 40 D=POG L b X0, gy

By Lemma 4.2 and by property (B) of X we will have proved (5.4) once we have shown
that

I'(a) =T(). (5.7)

We set
xT =G, au 40, X =®@u,—r.1,7, % ).

By (5.2) then also
X =®F by +1), xT=®Bby-1.,, ),
and by (5.5) and (5.6) then
xT ewy(@)Noy ), xTeol(a)nol®). (5.8)
By (5.2),
au_,1-+Q] = 5(;(_[,—L,L]’ 5(1,,1,+§])

= 3G 11 bu-5a) =bu 0l (5.9)
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and symmetrically

ai_,1-+0) =bu_,J_+0)- (5.10)
We prove that
' (a)=T"(). (5.11)

For this let u~ € ' (a) and set & = ®(u~). One has u € ' (@), which by (5.3) implies
that # € T~ (b). By (5.6) then (&, b, ) € X, and therefore (u, b, x) € X and (5.10) is
confirmed. Symmetrically one has that

It@) =TT ). (5.12)
We use (5.8)—(5.12) and property (c) of X to show (5.7). O

6. Instantaneous presentations

We say that a subshift X ¢ ©7 is right instantaneous if wi” (0) #0, 0 € X, equivalently,
if o} (o) #0, 0 € X. Left instantaneity is defined time symmetrically. The notion of
left instantaneity was considered by Matsumoto in [M1, §4]. We say that a subshift
is bi-instantaneous if it is left and right instantaneous. We give an example of a
topologically transitive sofic system that is left instantaneous but not right instantaneous.
This example is a variation of an example of Carlsen and Matsumoto in [CM]. Let
¥ ={0, 1, o, B} and exclude from >Z the points that contain one of the following words:
10, 11, «0"18, B0" 1, n € N. In this way one obtains a left instantaneous sofic system in
which the words of the form 0”1, n € N, do not have a future that is compatible with their
entire past. By a product construction one can obtain examples of this type of topologically
transitive sofic system that are neither left nor right instantaneous.

THEOREM 6.1. A sofic system has a bi-instantaneous presentation.

Proof. For the construction of a bi-instantaneous presentation of a sofic system X ¢ £Z
set
V={TLx7):x™ € X(—oo,01}s

and denote, for an admissible word a of X, by V(a) the set of V €V that contain a
sequence that starts with a. A word a € £(X) determines a partial mapping 7, of V into
itself that has V(a) as its domain of definition, and that is given by

(V)= €Xio0): (@, yH) eV@} VeV
For x € X there are J, K € N such that
T, = Txp,u+k7

in which case
TX(]’j+K] r IX[L]] (V(x[l,J])) =id.

For a point x € X we can therefore define an I (x) € N as the smallest I € N such that
there is an i € (1, I) such that

Ty | Ty Vi) = 1d, (6.1)
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andani™(x) € (1, I'T(x)) as the uniquely determined i € (1, 17 (x)) such that (6.1) holds.
One has

ITSx(x)+1>1T(x), xeX. (6.2)
To see this, note that

T, VO sy o)) © Vit Sy o)1)

and
Tt gty | Fatsgan F sy =1d

imply that

T"(iﬂsx(x>)+1,1+<sxtx))+u | Txll,iJr(SX(x))HJ (qu,msx(x»m) =id,

which means that the contrary of (6.1) would contradict the definition of I+. Denote by
z*+ the pointin X (I*+(x).00) that carries the right infinite concatenation of the word x Xt

It follows from Vx[ = Vx[l ol that

Lit@)]
t e o () (6.3)

With 1™ and z~ defined time symmetrically one has that

I (Sx(x) —1<I"(x), xeX, (6.4)

and

€ 6!)_()6[17()6),0)). (6.5)

We set
E(x) = (X1-x0),00> 0, X[1,1+ ), X € X,

and with M denoting a bound for {|I~(x)|, I (x) : x € X} we can by (6.2) and (6.4) define
an embedding & of X into (Uj<p<pm (L (X) X T x Ly (X))Z by

E(x)=(E(S'x))icz, x€X.

Set
A=E(X), Y=£&X).

We prove that Y is a bi-instantaneous presentation of X. For this let
(a(=), 0,a(+)) €A,

and let x € X be such that
E(x) = (a(=), 0, a(+)).

By (6.3),
E(Sx (oo 1+ 2T () € ] (a(-), 0, a(+)),

which confirms the right instantaneity of Y. The proof that Y is left instantaneous is time
symmetric and uses (6.5). O
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We give an example of a semisynchronizing (see [Kr2, Kr5]) right instantaneous non-
sofic system that is not left instantaneous, but has a left instantaneous presentation. For
this, take as alphabet the set

Y= {17 o), ap, ﬂ)u 13;07 Vs Vp}’

and view X as a generating set of D3 with relations

a = PrBp=viyp = 1, aBp = Baay = anyp = vaotp = Brvp = ¥2.Bp = 0.
Intersect the Motzkin shift

M3:{erZ: I x,~7é0,I_,I+EZ,I_<I+}
I_<i<Iy
with the subshift of finite type that is obtained by excluding from %% all points that contain
one of the words y, i, o ¥a, BBy, to obtain a subshift X. There is a topological
conjugacy of X onto a subshift X that is given by a three-block mapping @,

D(axBryn) = P(Branyr) = ¥,

1

d(oo'c")=0', 00" ¢{aiyr, Bara}

Whereas the subshift X is bi-instantaneous, the subshifts X0 5 e N, are right
instantaneous but not left instantaneous: the words y; 31", n € N, do not have a past
that is compatible with their entire future context.

For a subshift X ¢ ©Z, for L € Z,, and for mappings

X = X[+

we formulate a condition (R7) that comes in two parts:

(Rla): ¥ (a) e TH(x~, ai_1.0))s aeXi_r.1,x" el (a).

(RID): WD (b opto,—1ys aj—r,e) = VP (bar+e—-1), ai—1,01 Y @110,
be X 2LL),a€X L, 1 <€<L.

We say that a mapping W) : X(_; 1] — X[1.+1], L € Z, that satisfies condition (RI)
is an R/-mapping of X.

LEMMA 6.2. Let X C % be a right instantaneous subshift, and let ¢ be a topologlcal
conjugacy ofX onto a subshift X C % that is given by a one-block map d: T > % with
@~ ! given for some L € 7., by a block map

(Ol X[—L,L] — i
Then X has an RI-mapping wH . Xi—r,.1—~> X[, L+1]

Proof. Choose a mapping U that selects for every o € ¥ an element of X [1,L+11 N
wT(5), and set
v — Do,

We show that W) is an RI-mapping of X. To see that W*) satisfies (RIa), let a €
X[—r,1)and let x~ € I'" (a). Then one has for

c=®@), X =Pk, a),
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that
X~ eI (o),
and therefore
.5, ¥P@E) eX,
and from
OE, 5, VP @) = (", a-r.0. ¥ (),

one then has that
VP (@) e (™, a—r.0),

and condition (RIa) is shown.
To show (R1D), let

aeXi—r1, beXsLyNT (a).

By (Rla),
@b, a) e T~ (P (a)),

and one has that
(@b, a), ¥P(@(@))) = (b-ar, 1), ap-1.01, ¥ (@),
and therefore
S(b—2r+0.-1)> a-L.0) = P (b-2+e.-1)> ai-1.01, YV @p1.e7), 1<E<L,
which implies (RID). O

Let X C 27 be a subshift with an RI-mapping W) : X[_ 1] — X[1.1+1]. Define a

block map

+
®§,<)+> tXi—r,01 = X(—£,00 X X[1,41]

by

®(+)

v (@) = (-0, Y P(@), deXi—rp.

The block map 65;1) determines an embedding

S +)

wh - X = (X[-L,01 X X[l,L+1])Z

by

19\(1,2) ) = (pi—r.7, YO i—ri107))icz,  x € X.

LEMMA 6.3. Let X C £% be a subshift, let L € 7.1, and let
W Xy > Xm0 X X(1,L41s

be an RI-mapping of X. Then 19\(1;2) (X) is right instantaneous.

Proof. Let (b, ¢) € @E;r(l) (X[=L.,L1)- One has by (RIb) that

L= (b, ©) = (O (g_ 1 i 1) —o0si<0 1%~ € X(—oo.L]. (b, ©) = O (x—L.1)}

= {(95;&) (X[ ir1))—o0<i<0 X~ € X(—oo,L], X[-L,L]1 = (b, c11,LD},
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and by (RIb) one has, for x™ € X(_o,1] such that x(_; 1] = (b, c[1,1]), that

(X o017 Db, ep1.01) € X(—oo.L41]-

It follows, for
=(beropc), =YD e,
that
. ) =0 (. ) € ] (b, e L)) O

We say that a subshift X ¢ ©%, for L € Z, has property RI if it has an RI-mapping.
By the following theorem property RI is an invariant of topological conjugacy.

THEOREM 6.4. A subshift has a right instantaneous presentation if and only if it has
property RI.

Proof. Apply Lemmas 6.2 and 6.3. O

For a subshift X ¢ £%, for L € Z, and for mappings

LAEED (WD GRATIE

we have a condition (L7) that is symmetric to condition (R/):

(LIa): W' (a) e T~ (ajo.11, xT), aeXi_r,xT elt(a).
(LIb): W (ag—e, 1), br2n-0) =V (W (@), —11, ap0, 11, bL,20.-0))
beXuqpry,a€X 1), 1<L<L.

We say that a mapping W) : X[_1 1] — X[1.1+1], L € Z, that satisfies condition (L1)
is an LI-mapping of X. The symmetric analogues of Lemma 6.2, Lemma 6.3 and
Theorem 6.4 have the symmetric proofs.

We say that a pair (W_, W, ) that consists of an L/-mapping W_ and a L R-mapping
W, is a pair of BI-mappings if also the following condition (BI), which comes in two
parts, is satisfied:

(LBD): WO (b apye,—1), ap—r.0) = V' (bar4e,-1 ap—r.0 ¥ @10,
be X oL,y a€ XL 1]
(RBI): W™ (aj—¢, 11, bz 20—-0) = VP W @) e, —11, ao.1. br.20—0),
beXqpoy,a€X -1, 1<EL=<L.

LEMMA 6.5. Let X C £% be a bi-instantaneous subshift, and let ¢ be a topologlcal
con]ugacy of X onto a subshift X C £Z that is given by a one-block map P:F >3
with ¢~ given for some L € 7., by a block map

(O X[—L,L] — i
Then X has a pair (W), W)Y of Bl-mappings,

(S Xi—r,01—~> X[=L—-1,-11 VASRl Xi—r,.1—~> X0, L+11-
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Proof Choose simultaneously a mapping U that selects for every o € ¥ an element
of X —L-1,00 V@™ (6) and a mapping U™ that selects for every o € ¥ an element of
X[1,L+1] Nwt(5), and set

v = ED\INJ(_)CD, v — gy P e,
One confirms that (W), W) is a pair of BI-mappings for X. d
Let X C ©7 be a subshift with a pair (¥ (), W),
VO X = Xeo-1, Y X = X
of BI-mappings for X. Define a block map
O weny t X—L,0] = X[—L—-1,-1]1 X T X X[1,1+41]

by
Oy (@ =W @), a0, ¥ P(), aeXi_L1.

The block map ® (W W) determines an embedding
Do ey X = (X0 X T x X1.241)”

by
D, gy (x) = WO r i) xi YO (pi—rivn))icz,  x € X.

The proof of the following lemma is a twofold repeat of the preceding one, that uses the
components of the pair of BI-mappings simultaneously.

LEMMA 6.6. Let X C ©2, let L € Z, and let (¥, W),

WO X = Xerm1—1, Y X = Xt
be a pair of BlI-mappings of X. Then l?(w(+)’\p(+))(X)<[l’L]> is bi-instantaneous.
Proof. Leta € X[_p, 1] and set

(b~ (). di, b (D)) —L<i<0 = (O(ag—L.i+1])—L=i<o0-
Set
a = (ar—2L.01, VAR (ari—r.i+r))-
By (LRb) and (LBI),
(b~ (), di, b1 (i) = (O@i—L.i+1]))-L<i<0-
It follows by (L1a) that
(©(@@gi—L.i+1)-L=i<0 € @] (b~ (), di, b ()L <i<0)-

The proof of left instantaneity is symmetric. d

We say that a subshift X C £7 has property BI if it has a pair of BI-mappings. The
following theorem implies that property B/ is an invariant of topological conjugacy.
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THEOREM 6.7. A subshift has a bi-instantaneous presentation if and only if it has property
BI.

Proof. Apply Lemmas 6.5 and 6.6. O
The coded system (see [BH]) with code
C={0a"B" :n €N}

is an example of a synchronizing system that has neither a left instantaneous presentation
nor a right instantaneous presentation. We give an example of a semisynchronizing (see
[Kr3]) non-synchronizing subshift that has neither a left instantaneous presentation nor a
right instantaneous presentation. For this, take as the alphabet the set

E={1, ay, ap, B, Bol,

and view X as a generating set of D, with relations

aa, = BBy = 1, By = Proy = 0.

We let X be the subshift in ©Z that contains all x € M, that are also label sequences of
bi-infinite paths on the directed graph that has vertices v, v(+), v(—), four loops at v, one
with labels oy, o), Bi, Bp, a loop at v(—) with label B, a loop at v(+4) with label 8,, an
edge from v to v(—) with label «;, an edge from v(—) to v(+) with label 1, and an edge
from v(+) to v with label «,. Adding a loop at vertex v(+) that carries the label 1, one
obtains a semi-synchronizing non-synchronizing right instantaneous subshift that does not
have a left instantaneous presentation.

7. Presenting a class of subshifts

We say that a subshift X c ©7 is strongly bi-instantaneous if there is an R € N such that,
for any word a € £(X) of length at least R, there is a word ¢ € ' (a) N T'(a) such that
ca € wt(a) and ac € w™(a).

PROPOSITION 7.1. Let X C T2 be a strongly bi-instantaneous topologically transitive
subshift. Let X have property (A) with associated semigroup the R-graph semigroup
SrEB, E7,EY), and let X have property (¢c). Then X has an Sr(B, £, ET)-
presentation.

Proof. Let R € N be such that, for such that for any word a € £L(X) of length at least R,
there is a word ¢ € I'" (@) N '~ (a) such that ca € vt (a) and ac € w™ (a). Assume that X
has property (c) with respect to the parameter Q. Let k, > max{R, Q} be such that every
element of 3(X) has an ~-representative in A (X). By the strong bi-instantaneity of X
there exist, for a € Lx(X), k > ko, words ¢ € ' (a) N " (a) such that

cacwt(a), acew (a). (7.1
Then

(@) =T (a(ca)?), TT(@)=TF(@c)a), q>1,
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and, in view of the length of a, it follows by property (c) of X that
['(a)=T(a(ca)?), q>1, ac LX), k=>k,. (7.2)

This allows one to assign to a word a € Li(X), k > k., a ~-class p(a) € P(X) that
contains the points that carry the bi-infinite concatenation of the word ac, which by (7.1)
belong to A(X), since, as a consequence of (7.2), the ~-class of these points does not
depend on the choice of the word c.

Foraworda € Ly, 4+1(X) U Lk 4+2(X) we denote by a'™) the prefix of a that is obtained
by removing the last symbol, and by a*) the suffix of a that is obtained by removing the
first symbol. For a € Ly 41(X), let

e F+(a(_)) n F_(a(_)), e e F+(a(+)) N F_(a(+)),
such that
ca) ¢ w-‘r(a(—))’ ae) e (a(—))’

Mg ¢ a)+(a(+)), aP e e (a(+))’

and denote by y[c(_), a, ¢P] the point y € Y (X), where y[1 k,+1] = a and where y(_o,0]
carries the left infinite concatenation of the word a™¢(™) and y(, +1.00) carries the right
infinite concatenation of the word ¢ a™.

Let ¢ denote an isomorphism of S(X) onto Sk (B, £, £T). In view of the length of a,
again appealing to property (c) of X, one has that the image of the point y[c(™), a, ¢(P]
under ¢ does not depend on the choice of ¢(™) and ¢‘*). As a consequence one obtains
well-defined mappings

FO L > SgB.E7.ED), f P Ly SEPB.ETLED),
by setting
(ol a, PN =P f @, ae LX)
X (ko421 has the Sk (P, £, E1)-presentation (V, X, 1), where
V="Lrt1(X), Z=~Lrg42(X),

and

s@=a 1@ =a®, @)= O P @), aele,(X). (13)
One has

Vi) ={a € Li,1(X):pla) =p}, pe'P. (1.4)

By (7.3) and (7.4) we have (G1), (G2) and (G3) satisfied, and (G4) holds by construction,
The surjectivity of ¢ implies (G5), and the irreducibility of (V, X, A). follows from the
topological transitivity of X. O

We introduce a condition (SBI) on a subshift X C %% that, for topologically transitive
subshifts, also describes a strengthening of bi-instantaneity:
(SBI) For a € X[1,,], n € N, there exists an x € A(X) N Y (X) such that x[1 ,] = a and

X(—00,0) €@ (A1),  X(n.o0) € ® (an).
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LEMMA 7.2. Let X C %, X C £2 be bi-instantaneous subshifts and let ¢ : X > Xbea

topological conjugacy that is given by a one-block map d: % > %, with @

~1 given with

some L € Z by a block map & : X|_1, 1] — S. Assume that X satisfies condition (SBI).

Then X also satisfies condition (SBI).

Proof. Letd e f[l,n], n € N. By the bi-instantaneity of X we can choose
E— € w; (@),
te Wy (an)

Set
b-=®0b), a=®@), br=o0b").

By the assumption that X satisfies (SBI), we can choose
X €Ewy (b)),
xtewd (b))
such that
x"b abTxt e AX)NY(X).

Let
¥ elg @, xterl@
be given by setting
¥ axt=o(x b abtx™).
By (7.7),
Faxt e A NY(X).

We prove that

5T e wl (@)
For this, let
deT ™ (@), d el (dap).

By (7.5),
d'db* e £L(X).

Therefore one has, for

~ ~,

d=od), d=o@d),

that
d'dbt e L(X).

By (7.6),
d'dbTxt e L(X),

which implies that
O(d'dbTxT)=dxT e L(X),

and (7.8) is proved. The proof of X~ € w3, (d;) is symmetric.
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For a finite directed graph G(3, £) an S(B, £, £1)-presentation has property (A), if
and only if every vertex p € P has at least two incoming edges (see [HK2, §2]).

LEMMA 7.3. Let G(B, &) be a finite directed graph such that every vertex p € B has at
least two incoming edges, and let X (V, X, A) be an S(B, £, ET)-presentation. Let Xc
% be a bi-instantaneous subshift that is topologically conjugate to X (V, X, A). Then X
is strongly bi-instantaneous.

Proof. To prove the lemma, it is enough to consider the situation that we have a topological
conjugacy ¢ : X > X(V, =, A) that is given by a one-block map d:% - X, with @ !
given with some L € Z_ by ablock map ® : X|_ 1] — %, and to show that for any word
@ € L(X) there is a word T e I'M(@) N T~ (@) such that ¢4 € o™ (@) and ¢ € 0~ (@).

Inspection shows that an Sr (B, £, £T)-presentation X (V, X, 1) satisfies (SBI). It
follows from Lemma 7.2 that the subshift X satisfies (SBI). Leta e C()N( ), and let

X~ €w (@),

Xt e ol (@), (7.9)
such that
Fraxt e AX)NY(X). (7.10)
Set N N N
xT=0R), a=®@), x=oG ax").
By (7.10),

x"axT e A(X)NY(X).

Denote the periodic point to which x ™ (x) is left (right) asymptotic by p(—) (p(+)).
The hypothesis on the graph G(B, £) ensures that an S¢B, £, £T)-presentation has
property (A). As a consequence of (7.8) there is a p € P(X (V, X, 1)) such that

{p(=), p(H)} Cp.
Let 7 (—) (7w (+)) denote a period of p(—) (p(+)). Let I(—), I(+) > L, be such that

X Coo1_] = P(=) (=001 x(J,r,+1+,oo) = p(H) 41,00
and
Mp—1_—n(=),—1.1 = MP@+1p n+1+7(+)]) = Lp. (7.11)
Set
b =xcr 0, bT=X@ntr-
By (7.10),

A~ ab®) =1,. (7.12)

Both the source vertex of b~ and the target vertex of b™ are, by (7.10) and (7.11), in V(p),
and we can choose a path b in (), ¥, A) such that

sy =1(b"), tb)=sb), ib)=1,. (7.13)
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By (7.10) and (7.13),
x“abTbb bxt € X.
Let a ¢ € £(X) be given by
X-acaxt = o(x"abtbb bx™).
We prove that
cd € wt(@). (7.14)
For this, let
deT~ @), der da, (7.15)
and set o o
d=®(d), d =),
By (7.9) and (7.15),
rd'dab™) £0,
and then by (7.12) and (7.13),
A(d'dabtbbtab™) £0,
which means that
d'dabTbb~ab™ € L(X).

It follows that
dacd = ®(d'dabTbbtab™) € L(X),
and this proves (7.14). The proof of a¢ € w™ (@) is symmetric. O

THEOREM 7.4. The following are equivalent for a subshift with property (A) to which

there is associated a graph inverse semigroup S(B, £, £ET):

(@) X has an S(B, £, ET)-presentation;

(b) X has properties (c) and BI, and X has a strongly bi-instantaneous presentation;

(¢c) X has properties (c) and BI, X has a strongly bi-instantaneous presentation, and
all bi-instantaneous presentations of X are strongly bi-instantaneous.

Proof. One has that S(3,€~,€™)-presentations have property (B). Apply Proposition 7.1
and Lemma 7.3. a

COROLLARY 7.5. The following are equivalent for a subshift with property (A) to which
there is associated a graph inverse semigroup S(B, £~, E1):

(@) X has an SCB, £, ET)-presentation;

(b) X has property (c), and X has a pair (W), wH)y,

O X = Xer—t—1, Y XL = Xz,

of Bl-mappings such that ¥y ), (X) is strongly bi-instantaneous;
(c) X has property (c), X has a pair of BI-mappings, and for all pairs (W), W),

VO X = Xepm1o1, Y X = XLt
of BI-mappings of X one has that ¥ ) g (X) is strongly bi-instantaneous.

Proof. Apply Lemma 6.6 and Theorem 7.4. d
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8. A class of examples
Let there be given a finite directed graph G(EB, £) with its Markov—Dyck shift
MD(G (B, £)). With the identity labeling on G(B, £, £T) as A, we denote, for p € T, by
Cy the code that contains the paths c € L(MD(G(B, £))) such thats(c) =p =1(c), A(c) =
1,,, and such that, for every proper prefix a of ¢, A(a) #15.

We assume that for q, v € 93, one has that card(£(q, t)) # 1. For g, v € B such that
£(q, t) # ) we have the code

Coe= U e_C:e"',

ecE(q,v)

and we denote by C;”t the code that is obtained by removing from C  all words that have
a subword in

U e (CoUCeT e, V).
{q/, v eP:E(q',v)£0}

We let K; .1 denote the identity map on £(q, t) and we let /c; ¢._1 denote a permutation of
E(q, v) without fixed points. Also we denote by D¢, t the code that contains the words

(c® d) € LIMD(G(B, &) x {1, —1}

with ¢°® € C° . Given a word (c°, d) € D coflength2/, I e N, let K e N,and ¢?, ¢ €
Ce, and c°(k) €C¢, 1 <k <K, such that

c® = c‘i( 1_[ c°(k)>cj_,
1<k<K
and denote by M_(c°, d)(M4.(c°, d)) the length of ¢° (3 ), and write
d = (di)<i<ar,
and set
87 (c® d)y=dy_(oay, 8T(c° d)=dm,(c°.q)

Moreover, we set

Fare=1{(c® d) e Dy :87(c°, d)sF(c®, d) = —1},

and we denote by D  the code that is obtained by removing from Dy . all words that
have a subword in
U Fo v

{q .V eP:E(q,v)#0}
Finally, we set
Dy = U D;.. peR
{vePrE(p,v) £0)

and we denote by Y the coded system of any of the codes Dy, p € B, which all yield the
same coded system.

THEOREM 8.1. The subshift Y is bi-instantaneous and has property (A) with associated
semigroup S(B, £, ET). Y does not have an S(B, £~, ET)-presentation.
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Proof. The subshift Y inherits bi-instantaneity from MD(G(B, £)) x {1, —1 }Z.

For all p € *B3, all words in Dy, have the same context. Also, one observes that P(A(Y))
contains precisely the points that carry a bi-infinite concatenation of a code word in
Upess Dp- Property (A) of Y follows.

For the proof of S(Y)=8(B, &7, &) one constructs for g ,tePR, E(q,v)#0, a
representative of e™, e € £(q, t), from a word (b, d) € Dy, such that the initial symbol
of b is equal to e~ and §(q, v) =1, or from a word (b, d) € Dy, such that the initial
symbol of b is equal to («, i(e))_ and §(q, v) = —1, by appending the right infinite
concatenation of a word in D, on the right of the prefix of length M_(b, d) of (b, d),
and a left infinite concatenation of a word in Dy on the left of the prefix, and one has the
symmetric construction for a representative of e™, e € £(q, ).

We show that Y does not have property (c). For this, let q, t € R, £(q, v) #0, let
M €N, and let (b°, d°) € Dy, be a word such that M_(b°, d°), M, (b°, d°) > M. Let
2J be the length of (b°, d°). Let e~ be the initial symbol of »°, and let ¢~ be its final
symbol. Denote by (b_, d_) ((by, d4+)) the word that is obtained from the word (b°, d°)
by removing the first (last) pair of symbols. Set

(b,d) = (b_bby, b_b°b,),

and write
d = (di)1<i<67-2-

Denote, for §_, §4 € {1, —1}, by d(6—, §+) the word that is obtained from the word d
by simultaneously replacing the symbol dps_(pe)—1, if this symbol is not §_, by §_, and
the symbol dej_2—pm. (bo)+1, if this symbol is not §4, by §;. One finds that the words
(b,d(5—, 84)), 86—, 64 € {1, —1}, are admissible for Y and that their left context, as well
as their right context, is the same. However, the words (b, d(6_, §4)), 6—, 64 € {1, —1},
have distinct contexts. Set

7(8 ) e ifé_ = 1,
e _ )=
(kgr(e)™ ifs_ =1,
_ e if 8+ = 1,
8 =
¢ @) {(K;L(e)fr if6, =—1.
One has
(e~ (8L), e" (8})) e T(b, d(5-, 64))

if and only if 8* =48_, 8’ = 8,. Apply Theorem 4.1 and Proposition 5.1 to conclude the
proof. d

One notes that Y actually has property (B).

9. Markov codes and zeta functions
Denoting by IT,(X) the number of points of period n of a shift invariant set X C %%, the
zeta function of X is given by

Cx ()= eZneN (Hn(X)Z"/n).
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We also recall from [Ke] the notion of a circular Markov code to the extent that is needed
here. We let a Markov code be given by a code C of words in the symbols of a finite
alphabet X together with a finite set } and mappings ¢ : C — V, s : C — V. To a Markov
code (C, t, s) there is associated the shift invariant set X ¢ ; ¢y C »Z of points x € »Z such
that there are indices I, k € Z,

Ip <0<y, Ik<Ixt1, keZ,
such that
X €C, keZ, 9.1
and
F(X[ Ly 00)) =S n,), kK€ Z. 9.2)

(C, t, s) is said to be a circular Markov code if, for every periodic point x in X ¢, ), the
indices Iy, k € Z, such that (9.1) and (9.2) hold, are uniquely determined by x. Given a
circular Markov code (C, s, r), denote by C(u, w) the set of words ¢ € C such that s(c) =
u,t(c)=w,u, we). We set

8Cu,w) = Z card{c € C:s(c) =u, t(c) =v, €(c) =n},

0<n<oo

and we introduce the matrix

HO (@) = (8w, @)uvev-
For a circular Markov code (C, t, s), one has [Ke]
EXeyy (@) =det(l — HO @)™ 9.3)

Given an R-graph Gr (B, £, £T). we associate to an S (B, £, £T)-presentation
X (V, ¥, A) the state spaces

T ={0eX:A0)eS Ully:pePh

and
Tt={oeX:ro)e{ly:pePtUuST},

together with the 0-1 transition matrices (A~ (p, 7)), rex- and (At (p, T))p,rex+, Where
for p, T in Z7(ZT) we set A7 (p, T)(AT(p, T)) equal to 1 if and only if r(p) = s().
We denote the (possibly empty) topological Markov shift with state space £~ (X 1) and
transition matrix A~ (AT) by X (=7, A7)(X (=T, AT)). Also we associate to the finite
directed labeled graph (V, X, A) the circular Markov code (CO(V, ¥, A), r,s), where
Co%(V, =, 1) is the set of words

(oi)i<i<t € LIX(V, 2, 1)), I>1,
such that

AM(oi)1<i<i) €{1p :p €°B},
Mloi<j<n) ¢{lp:pe’BY, 1<J <1,
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we let
CCV. 2.0 (€W, 2, 0)

be the set of words

such that

Mo 1<i<1) €SB, €7, ENH UL, :p e P,

Mo y<i<t) €SHPB.E7.ED), 1<J <1,

M(o)1<i<n) € {1 p e PIUSH(B, €7, €D,

AM(0)1=i<)) €SHPB. E7,ET), 1=T <1,
and we associate to the finite directed labeled graph (V, X, A) the circular Markov
codes (C~(V, Z,A),t,s) and (CT(V, ,A),¢t,s), where C~(V, =, \)(CT(V, =, 1))
is the set of words that contains the words that are in C; (V, 2, A\)(CF(V, =, 1))

or that are concatenations of a word in C; (V, Z, A)(CF(V, £, 1)) and a word in
L(Z7, AT)L(ET, A1),

THEOREM 9.1.

Ixov, 0 (@)
B det(1 — HC"V-Z.0) (7))
~ det(1 — A~ z) det(1 — HC- V.. 0))(2)) det (1 — HCT(V.2.0) (7)) det(1 — Atz)

Proof. Apply the formula for the zeta function of a topological Markov shift [LM],
and note that det(1 — A7 z) = 1(det(1 — A*Tz) = 1) if X(Z~, A7)(X(Z™T, AT)) is empty.
Apply formula (9.3) and collect the contributions to the zeta function of X (V, ¥, A). O

Following [Ke], special cases of Theorem 7.1 appeared in [I, KM2, IK1].

We denote, for an Sp(B, £, ET)-presentation X(V, £, 1) and for p €P, by
Py (X (V, X, L)) the set of periodic points of X (V, X, A) that carry for some V €V a
bi-infinite concatenation of a path b from V to V such that A(b) = 1.

PROPOSITION 9.2. Let Gr (B, £, ET) be an R-graph in which every vertex has at
least two incoming edges. Let X(V, ¥, 1) and X(V, ¥, %) be topologically conjugate
Sr (B, £, E1)-presentations. Then

H (€ —¢p,xv. 2. (@) = l_[ € = Lp,x(v.5.0)) @)-
peP peP

Proof. The hypothesis on the R-graph Gz (B, £, £T) implies that

PAX(V, 2, 0)) = U Py(X(V, X, 1)

peP
and, moreover, that this is in fact the partition of P(A(X (V, X, 1))) into its ~-equivalence
classes, which is invariant under topological conjugacy. d
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In the case of graph inverse semigroups of finite directed graphs, in which every vertex
has at least two incoming edges, the set P(A(X(V, X, A))) appeared in [HI, HIK] as
the set of neutral periodic points. For the case of a Markov-Dyck shift X the coefficient
sequence of the Taylor expansion of the coefficient of £ d(¥)—1 jp [Tpep € = ¢r0 ()
was introduced in [M4] as a generalization of the Catalan numbers. (With the Catalan
numbers Cy = (1/(n + 1))(2:) this sequence is in the case of the Dyck shift Dy, N > 1,
equal to NkCy, k € Zy.)

[AH]
[BBD1]

[BBD2]
[BBD3]

[(BH]
[CM]

[CS]
[CK]
[HI]
[HIK]
[HK1]
[HK2]
1]
[IK1]
[IK2]
[Ke]
[Ki]
[Kr1]
[Kr2]
[Kr3]

[Krd]
[Kr5]

[Kré]
[KM1]

[KM2]
[KM3]

(L]
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