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ABSTRACT. We introduce the notions of symbolic matrix system and
A-graph system that are presentations of subshifts. They are general-
ized notions of symbolic matrix and A-graph for sofic subshifts to general
subshifts. We then formulate strong shift equivalence and shift equiva-
lence between symbolic matrix systems and show that two subshifts are
topologically conjugate if and only if the associated canonical symbolic
matrix systems are strong shift equivalent. We construct several kinds of
shift equivalence invariants for symbolic matrix systems. They are the di-
mension groups, the Bowen-Franks groups and the nonzero spectrum that
are generalizations of the corresponding notions for nonnegative matrices.
The K-groups for symbolic matrix systems are introduced. They are also
shift equivalence invariants and stronger than the Bowen-Franks groups
but weaker than the dimension triples. These kinds of shift equivalence
invariants naturally induce topological conjugacy invariants for subshifts.
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1.INTRODUCTION

The classification of symbolic dynamical systems has been a very important
and one of central problems in the theory of topological dynamical systems
and the ergodic theory. The classification problem has been first examined for
a class of symbolic dynamical systems called subshifts of finite type or topo-
logical Markov shifts. Each dynamical system of the class is determined by a
single square matrix with entries in nonnegative integers. Hence the behav-
ior of such a dynamical system depends on the underlying matrix. In [Wi],
R. F. Williams introduced the notions of strong shift equivalence and shift
equivalence between nonnegative matrices and showed that two topological
Markov shifts are topologically conjugate if and only if the associated matri-
ces are strong shift equivalent. He also showed that strong shift equivalence
implies shift equivalence. Although the converse implication had been a long
standing problem, Kim-Roush [KimR2] has recently solved negatively for even
irreducible matrices. There is a class of subshifts called sofic subshifts that are
generalized class of Markov shifts and that are determined by square matrices
with entries in alphabet (see [Kit], [Kr3], [LM], [We], etc.). A square matrix
with entries in alphabet is simply called a symbolic matrix. It is an equivalent
object to a labeled graph called a A-graph. M. Nasu in [N], [N2] generalized the
notion of strong shift equivalence to symbolic matrices. He showed that two
sofic subshifts are topologically conjugate if and only if their canonical sym-
bolic matrices are strong shift equivalent ([N], [N2], see also [HN]). M. Boyle
and W. Krieger in [BK] introduced the notion of shift equivalence for symbolic
matrices and studied topologically conjugacy for sofic subshifts.

In this paper, we first introduce the notions of symbolic matrix system and
A-graph system. They are generalized notions of symbolic matrix and A-graph
for sofic subshifts. We will show that they are presentations of subshifts.
A symbolic matrix system consists of two sequences of rectangular matrices
(Myig1,D1141),1 € N. The matrices M; ;41 have entries in symbols and the
matrices I; ;11 have entries in {0,1}. They satisfy the following commutation
relations

I i Migaq42 = MyggpiDizniqa, leN.

A X-graph system is an inductive sequence of Bratteli diagrams, that come from
the theory of operator algebras, with labeled edges by symbols. We will know
that the symbolic matrix systems and the A-graph systems are the same objects
and give rise to subshifts. There is a canonical method to construct a sym-
bolic matrix system from an arbitrary subshift (Theorem 3.7). The obtained
symbolic matrix system is said to be canonical for the subshift. If a subshift is
sofic, the canonical symbolic matrix system corresponds to the symbolic matrix
of its left Krieger cover graph.

As a generalization of the notion of strong shift equivalence for nonnegative
matrices and symbolic matrices, we will introduce the notion of strong shift
equivalence for our symbolic matrix systems. We will prove

DOCUMENTA MATHEMATICA 4 (1999) 285-340



PRESENTATIONS OF SUBSHIFTS 287

THEOREM A (Theorem 4.2 and Theorem 4.15). Two subshifts are topologically
conjugate if and only if their canonical symbolic matriz systems are strong shift
equivalent.

Hence classification problem for subshifts are completely reduced to the classi-
fication of symbolic matrix systems up to strong shift equivalence in our sense.
In the proof of the only if part of Theorem A, we provide the notion of bi-
partite A-graph system. We then essentially use Nasu’s factorization theorem
for topological conjugacy between subshifts into bipartite codes and symbolic
conjugacies.

We will next define shift equivalence between two symbolic matrix systems.
That is a generalization of the corresponding notion for symbolic matrices
defined by Boyle-Krieger in [BK]. We will see that strong shift equivalence
implies shift equivalence even in our setting (Theorem 6.2). Similarly to the
case of topological Markov shifts, we can prove that shift equivalence between
two canonical symbolic matrix systems gives rise to an eventual conjugacy for
the associated subshifts, that is, a topological conjugacy for their corresponding
higher power shifts (Proposition 6.3). This result was motivated by a question
raised by W. Krieger at a workshop at Kyushu University, Japan, March 1998.
For nonnegative matrices, there are two crucial shift equivalence invariants con-
sisting of abelian groups. One is the dimension groups defined by W. Krieger in
[Kr], [Kr2] and the other one is the Bowen-Franks groups in [BF]. They induce
topological conjugacy invariants for the associated topological Markov shifts.
We will generalize the two shift equivalence invariants to our symbolic matrix
systems. For a symbolic matrix system (M, I), let M ;+1 be the nonnegative
rectangular matrix obtained from M; ;1 by setting all the symbols equal to
1 for each | € N. Then the resulting pair (M, I) still satisfies the following
relations.

L i Miga042 = Mypi 21,42, leN

We call (M, I) the nonnegative matrix system for (M, I). We say (M, I) to be
canonical when (M, I) is canonical. More generally, for a sequence M; ;41,1 € N
of rectangular matrices with entries in nonnegative integers and a sequence
I 141,10 € N of rectangular matrices with entries in {0, 1}, the pair (M, 1) is
called a nonnegative matrix system if they satisfy the relations above. For a sin-
gle nxn nonnegative square matrix A, if we set M; ;41 = Aand I ;41 = I, : the
n X n identity matrix for all [ € N, the pair (M, I) is a nonnegative matrix sys-
tem. We will similarly formulate strong shift equivalence and shift equivalence
between nonnegative matrix systems. These equivalences are generalizations
of the corresponding equivalences for single nonnegative square matrices.
We will define the following three kinds of objects for a nonnegative matrix
system (M, I).
(1) The dimension triple: (A(]\/j,[), AiM,I)’ 5(]\/111)).
(ii) The K-groups: Ko(M,I), Ki(M,I).
(iii) The Bowen-Franks groups: BF°(M,I), BF(M,I).
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The dimension triple (A(M,I),AEFM ])75(]M,I)) consist of an ordered abelian

+
(M, I)

on it. The K-groups K;(M,I),i = 0,1 consist of a pair of abelian groups.
The Bowen-Franks groups BF¢(M,I),i = 0,1 also consist of a pair of abelian
groups. Let m(l) be the row size of the matrix I; ;41 for each [ € N. Let Z:

group A(yz,ry with positive cone A and an ordered automorphism J(,y, 1)

be the abelian group defined by the inductive limit Z; = lim{I{,,, : 0
l

ZmH+DY The sequence Mf, ;1 € N of the transposes of M 11 naturally
yields an endomorphism on Zj« that is denoted by A(p7 ). The dimension
group and the K-groups are defined as follows:

A(M,I) = h_Hl{)\(MJ) . Z[t — Z[t}
and
Ko(M, I) = Z]t/(’t'd— )\(MJ))ZI’L, Kl(M, I) = Ker(id— )‘(M,I)) in Z[t.

The positive cone A{MJ) of Ay is Im{ A,y : Z;Q — Z}S} where Z;Q
is the natural positive cone of Zy: and the automorphism &,y on Ay )
is induced one from A(57 7). Set the projective limit of the abelian group as
Zr = lim{I} 41 : YALGED N Zm(l)}. The sequence M ;41,! € N acts on Zg as

l
an endomorphism that we denote by M. The identity on Z; is denoted by I.
The Bowen-Franks groups for (M, I) are defined by

BF°(M,I)=7Z;/(I - M)Zr, BFY(M,I)=Ker(I — M) in Z;.

The above notions of dimension triple and Bowen-Franks group of degree zero
for a nonnegative matrix system are generalizations of the corresponding no-
tions for a single nonnegative square matrix. We will prove that the following
Universal Coefficient Theorem holds (Theorem 9.6). It says that there exists a
short exact sequence

0 — Extl(Ko(M,I),Z) - BFO(M,T) - Homy (K1 (M, I),Z) — 0
that splits unnaturally. We also see that
BF*(M,I) = Homg(Ko(M,I),7).
The three kinds of objects above are proved to be invariant under shift equiv-
alence in nonnegative matrix systems. Hence they are naturally induce topo-
logical conjugacy invariants for subshifts by taking their canonical nonnegative
matrix systems.

We will describe relationships among the equivalences and the invariants for
the matrix systems as in the following way :
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THEOREM B. For two symbolic matriz systems (M, I),(M’,I") and their non-
negative matriz systems (M, T),(M',I'), consider the following situations:
(S1) (M, I) = (M’ I) : strong shift equivalence,
(N1) (M,I) = (M',I) : strong shift equivalence,
(52) (M, I) ~ (M’ I) : shift equivalence,
(N2) (M,I) ~ (M',I) : shift equivalence,
(3) (A(M,I),A?'M’I),(;(M,I)) o (A(M,J,),A?‘M,J/),(S(M/J/)) : isomorphic di-
mension triples,
(4) (A, 0,1y) = (A, 17y, O, 1vy) = isomorphic dimension pairs,
(5) Ku(M,I) = K. (M',I) : isomorphic K-groups,
(6) BF*(M,I)= BF*(M',I) : isomorphic Bowen-Franks groups.
Then we have the following implications:
(S1) = (52)
U 3
(N1) = (N2) = (3) = (4) = (b)) = (6).

It is well-known that the set of all nonzero eigenvalues of a nonnegative matrix
A is also a shift equivalence invariant. The set for A is called the nonzero spec-
trum of A and plays an important réle for studying dynamical properties of the
associated topological Markov shift (cf.[LM], [Kit]). We introduce eigenvalues
and eigenvectors of a nonnegative matrix system and then generalize the notion
of the nonzero spectrum of a single nonnegative matrix to a nonnegative matrix
system (M, T). We denote by Sp* (M, I) the set of all nonzero eigenvalues of
(M, I). A nonnegative matrix system (M, I) in general is an infinite sequence of
pairs of matrices M; 41,1141, € N for which sizes of matrices are increasing.
Hence it seems to be natural to deal with eigenvalues having a certain bound-
edness condition on the corresponding eigenvectors. We denote by Sp; (M, I)
the set of all nonzero eigenvalues of (M, I) with the boundedness condition on
the corresponding eigenvectors. We will prove, in Section 10, that the both of
the nonzero spectrums Sp* (M, I) and Sp; (M,I) are not empty and invari-
ant under shift equivalence of (M, I). In particular, if (M, I) is the canonical
nonnegative matrix system for a subshift, the set Sp, (M, I) is bounded by the
topological entropy of the subshift. We then define the nonzero spectrum and
the nonzero bounded spectrum for subshifts by the corresponding sets for the
canonical nonnegative matrix systems (Theorem 10.14).

In the final section, we present an example of the canonical symbolic matrix sys-
tem for a certain nonsofic subshift, called the context free shift in [LM;Example
1.2.9]. Tts K-groups and Bowen-Franks groups are calculated. We see that the
types of the invariants can not appear in those of sofic shifts. The maximum of
the absolute values of the bounded spectrums of the canonical nonnegative ma-

trix system for the subshift is 14 v/1 + v/3. The value is the maximum in the
bounded spectrum and coincides with the topological entropy of the subshift.

The author has recently constructed the C*-algebra O, associated with subshift
A ([Ma]). The C*-algebra O has a canonical action of the one dimensional
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torus group, called gauge action and written as «. The fixed point algebra
Fa of Op under « is an AF-algebra which is stably isomorphic to the crossed
product Op X, T ([Ma2]). Let (M,I) be the canonical nonnegative matrix
system for the subshift A. The invariants mentioned above are described in
terms of the K-theory for the C*-algebras as in the following way:

(A(MJ%AEFM,I)"s(MJ)) = (Ko(Fa), Ko(Fa)+, o),
Ki(M,I)= K;(Oy), i=0,1,
BF{(M,I) = Ext™t(0,), i=0,1

where & denotes the dual action of a and Ext'(0y) = Ext(O4), Ext’(0)) =
Ext(Op ® Cy(R)). The normalized nonnegative eigenvectors of (M, I) exactly
correspond to the KMS-states for a on the C*-algebra O,. Hence the set of
all bounded spectrums with nonnegative eigenvectors are the set of all inverse
temperatures for the admitted KMS states.

Acknowledgements: The author would like to thank Wolfgang Krieger for his
valuable advices and suggestions, in particular for his question on Proposi-
tion 6.3. The author also would like to thank Toshihiro Hamachi and Yasuo
Watatani for pointing out an error and an inaccuracy in an earlier version of
this paper. Finally, the author wishes to express his gratitude to Joachim Cuntz
and referees for advices and suggestions in the presentation of this paper.

2. SYMBOLIC MATRIX SYSTEMS AND A-GRAPH SYSTEMS

We fix a finite set ¥ and call it the alphabet. Each element of X is called a
symbol. We always write the empty symbol () in ¥ as 0. We denote by &y the
set of all finite formal sums of elements of 3. A square matrix with entries in
Gy is called a symbolic matrix over 3.

DEFINITION. Let (M 41,11141),1 € N be a pair of sequences of rectangular
matrices such that the following four conditions for each | € N are satisfied:

(1) My 41 is an m(l) x m(l + 1) rectangular matrix with entries in Gx.
(2) Irj41 is an m(l) x m(l + 1) rectangular matrix with entries in {0,1}
satisfying the following two conditions:
-a) For i, there exists j such that I; ;11 (7, 5) # 0.
(2-b) For j, there uniquely exists ¢ such that I; ;41 (7,7) # 0.
(3) m(l) <m(l+1).
(4) Iipa Mt 42 = Myis1 41,42

(2

The pair (M,I) is called a symbolic matriz system over ¥. For i =
1,....m(l),j=1,...,m(l+1), we denote by M 14+1(i,7), I114+1(%, j) the (4, 7)-
components of M, 11, I; ;41 respectively. A symbolic matrix system (M, I) is
said to be essential if it satisfies the following further conditions:

(5-1) For i, there exists j such that M ;41(4,75) # 0.

(5-ii) For j, there exists ¢ such that M, ;41(4,75) # 0.
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We henceforth study essential symbolic matrix systems and call them symbolic
matrix systems for simplicity.

The following notion of specified equivalence between symbolic matrices has
been introduced by M. Nasu in [N1], [N2].

For two symbolic matrices A over alphabet ¥ and A’ over alphabet ¥’ and
bijection ¢ from a subset of ¥ onto a subset of ¥/, we call A and A’ are
specified equivalence under specification ¢ if A’ can be obtained from A by

replacing every symbol a appearing in A by ¢(a). We write it as A 2 A'. We
call ¢ a specification from X to X'.

Two symbolic matrix systems (M, I) over 3 and (M’,I') over ¥’ are said to
be isomorphic if there exists a specification ¢ from ¥ to ¥’ and an m(l) x m(1)-
square permutation matrix P, for each [ € N such that

[
PMyiq~ Mf,l+1Pl+1, Pl = Iz/,l+1Pl+1 for leN.

The notion of symbolic matrix system is a generalized notion of symbolic ma-
trix. We say a symbolic matrix system (M, ) to be sofic if there exists a
number L € N such that

Miiv1 =Mrp 41, Ligv1 =141

for all [ > L. Hence in this case, we see m(L) = m(l) for all [ > L.

A symbolic matrix corresponds to a labeled graph, called a A-graph, that is
a presentation of a sofic subshift. We will next consider a generalization of
A-graphs corresponding to symbolic matrix systems.

We first explain the notion of Bratteli diagram that appears in the theory
of operator algebras (see [Bra], [Ef], [El]). A Bratteli diagram consists of a
vertex set V' and an edge set E satisfying the following conditions. We have a
decomposition of V' as a disjoint union V' = V3 UV,oU- - - where each Vj is finite
and nonempty. Similarly E decomposes as a disjoint union £ = Ey oUFE3 3U- - -
where each Ej ;4 is finite and nonempty. Moreover we have maps s,7: £ — V
such that s(E;;4+1) C Vi, 7(Ei41) C Vi41. They are called a source map and
a range map respectively. A Bratteli diagram (V, E) is said to be essential if
it satisfies the condition that s~!(v) is nonempty for all v € V and r~1(v) is
nonempty for all v € VN\V;. For u € V,v € V41, put

Eij41(u,v) = {e € Ey41]s(e) = u,r(e) = v}.

We next introduce the notion of labeled Bratteli diagram. A labeled Bratteli
diagram over alphabet % consists of a Bratteli diagram (V, E) and a map A
from E to X.

DEFINITION. A A-graph system over alphabet X consists of a labeled Bratteli
diagram (V, E, \) over ¥ and a surjective map ¢ from V\V; to V satisfying
the following two conditions:

(1) t(V41) =V, for I € N.
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(2) For u € Vj,w € V4o, there exists a bijective correspondence between
the edge sets

Erira(u,o(w))  and U Brselw)

vEV41,L(v)=u
that is compatible with the labeling .

We denote by (V, E, A, ) the A-graph system.
The following two conditions are implied from the above condition (2).

(2-1) For e € Ej41,+2, there exists ¢’ € Ej ;41 such that
u(s(e)) = s(e’), u(r(e)) =r(e) and M) = A).
(2-ii) For f € Ejiq1, v € Vipo with «(v) = r(f), there exists e € Ejy1 42
such that
us(e)) =s(f), r(e)=v and Ae)=A(f).
A A-graph system (V, E, )\ ¢) is said to be essential if the Bratteli diagram
(V, E) is essential. We always treat an essential A-graph system and call it a A-
graph system for simplicity. We remark that by the condition (1) in Definition
of A-graph system the cardinality of the set Vi is greater than or equal to
that of the set V.
Two A-graph systems (V) E, \,¢) over alphabet ¥ and (V', E', N, //) over al-
phabet ¥’ are said to be isomorphic if there exist bijections &y : V. — V',
&g : E — E’ and a specification ¢ : ¥ — X’ such that
(1) @{/(W) = VEI and éE(El,H-l) = EllﬁlJrl forl € N,
(2) Pv(s(e)) =s(Pr(e)) and Py(r(e)) =r(Pg(e)) foreecE,
(3) J(Py(v) =Py (L(v)) forvelV,
(4) X (Pr(e)) = ¢(A(e)) foree€E.

PROPOSITION 2.1. There ezists a bijective correspondence between the set of all
isomorphism classes of symbolic matriz systems and the set of all isomorphism
classes of A-graph systems.

Proof. 1. From symbolic matrix systems to A-graph systems: Let (M, ) be
a symbolic matrix system over X. We are always assuming that it is essential.
For each | € N, let V; = {1,...,m(])} be the set of all rows of the matrix
M +1 and Ej ;11 the disjoint union of elements appearing in the components
of My +1. For each e € Ej ;41 we put s(e) = i and r(e) = j if e appears
in My 41(4,7). The map ¢ : VNVi — V is defined as «(j) = i for j € Vi3
if I11+1(i,j) = 1. The map A : E — X is defined by A(e) = e. Then it is
straightforward to see that (V, E, A, ¢) is a Ad-graph system.

2. From A-graph systems to symbolic matrix systems : Let (V, E,¢, A) be a
A-graph system over ¥. We denote by m(l) the cardinality of the vertex set
Vi. We identify V; with the set {1,...,m(l)}. We define m(l) x m(l + 1)
matrices as follows: For i € V},j € Vi1, set I;;11(2,5) = 1 if 1(j) = i otherwise
Iii41(i,5) = 0. For e, € Epi41,k =1,...,n with s(ex) = i,r(er) = j, we put
Mis1(i ) = Mer)+- - -+ Aey). It is straightforward to see that the relations
I aMig1,42 = My41di41,042 for I € N hold.
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3. PRESENTATIONS OF SUBSHIFTS

As in the preceding section, symbolic matrix systems may be identified with \-
graph systems. We will in this section construct subshifts, a class of topological
dynamical systems, from A-graph systems. We will further show that any
subshift comes from a A-graph system. This is a generalized observation of the
correspondences between the sofic subshits and the symbolic matrices. Hence
studies of subshifts are completely reduced to the studies of A\-graph systems
and hence symbolic matrix systems.

We will review on subshifts. Let ¥ be an alphabet. Let 3%, N be the infinite
product spaces [[;~ _%;, [[;2, ¥; where ¥; = X, endowed with the product
topology respectively. The transformation ¢ on X% N given by (o(z;)) =
(i41),% € Z,N is called the (full) shift. Let A be a shift invariant closed subset
of ¥% i.e. o(A) = A. The topological dynamical system (A, o) is called a
subshift. We denote o|s by o and write the subshift as A for short. We denote
by X (C [1:2; i) the set of all right-infinite sequences that appear in A. The
dynamical system (Xu, o) is called the right one-sided subshift for A. We will
give examples of subshifts as follows (cf.[LM], [Kit]):

Let A be an n X n matrix with entries in nonnegative integers. Put V4 =
{1,...,n}: the vertex set. Write A(4,j) edges from ¢ € V4 to j € V4. Hence
we have a directed graph from A. We denote it by G4. Let E 4 be the set of all
edges of the graph G 4. Let sa,74 be the map from F4 to V4 that assigns the
source and the range of the edge. Let A4 be the set of all biinfinite sequences
(e;)icz of e; € E4 with ra(e;) = sa(e;y1),i € Z. Then A4 becomes a subshift,
called the topological Markov shift defined by A.

Let A be an n X n symbolic matrix over ¥. Each entry A(,7),i,7 = 1,...,n
consists of elements of Gy. Similarly to the construction above, we have a
directed graph G 4 from the matrix 4 with labeled edges by the symbols in 3.
We denote by A(e) = a € X the label « of edge e. Let A4 be the set of all
biinfinite sequences A(e;);ez of labels of the sequence of edges e; € E4 with
ra(e;) = saleir1),t € Z. Then A 4 becomes a subshift, called the sofic subshift
defined by A. The labeled graph G4 is called a A-graph for A.

There are many nonsofic subshifts as seen in [LM]. We will see an example of
nonsofic subshift in the final section.

A finite sequence p = (p1, ..., pti) of elements p; € X is called a block or a word.
We denote by |u| the length & of p. A block p = (1, ..., ug) is said to occur or
appear in x = (z;) € X% if &, = 1, .o, Tmik_1 = g for some m € Z.

We will first construct subshifts from symbolic matrix systems.

Let (M, I) be a symbolic matrix system over ¥ and (V, E, A, ¢) its corresponding
A-graph system. For k < [, let P;; be the set of all paths from V} to V;, that
is,

PkJ:{(ek, €41y, 61_1)|€i S Ei7i+1,7‘(€i) = S(€i+1) for i = k, /{,’—l—l, ceey 1—2}.
We define the maps s : P,; — Vi and r: P,; — V| by

S(@k, €k+15-- - el—l) = S(@k), T(@k, €k+1y-- > el—l) = T(@l_l).
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The labeling A : Py ; — Yk =3 x ... x ¥ is defined by
—_———

I—k times

ek, ers1s---re1-1) = Mex)A(ers1) - Aler—1).

Set

LkJ = {)\(w) S Elikl’w S Pk,l}-
Put L; = L1,;4+1 and endow it with discrete topology. The map m; : Li41 — Iy
is defined by

m(an, ... 1) = (a1,...,qp).
We set

X, =lim{m : Lyyy — L}

the projective limit in the category of compact Hausdorff spaces. That is
X(M,I) = {()\(61), )\(62), .. ) S EN|€i S Ei,i-l—l;r(ei) = s(ei+1) for ¢ € N}

the set of all right infinite sequences consisting of labels along infinite paths.
The topology on X(a4 ) is defined from open sets of the form

Ulpr o) = 11, 00,...) € Xyl = pg fori =1, k}

for (p1,..., k) € Li.
LEMMA 3.1. If (a1, aa,...) € X(m 1), we have (a2, as,...) € X1

Proof. The assertion is direct from the condition (2-i) of Definition of A-graph
system.

LEMMA 3.2. Forl > k, if (ag,...,u—1) € Li,, we have (o, ...,0q—1) €
Lit,141-
Proof. For (o, ...,ou—1) € Ly, take f; € E; 41 such as a; = A(f;) for i =
kk+1,...,0 —1 and r(f;) = s(fiy1) for i = k,k+1,...,01 —2. We find
V41 € Vigr with ¢(vi41) = r(fi—1). By the condition (2-ii) of Definition of A
graph system, there exists e; € Fj ;41 such that «(s(e;)) = s(fi—1), r(e1) = vi1
and A(e;) = A(fi—1). Put vy = s(e;) € V. We continue theses procedures so
that we get e; € E; j41 for i = k+ 1,k +2,...,1 satisfying t(s(e;)) = s(fi—1),
r(e;) = s(e;41) and A(e;) = A(fi—1) for i = k+ 1,k +2,...,1. Hence o; =
/\(6i+1) and (Ozk, ey 04171) € Lk+1,l+1'
As in [LM; Definition 1.3.1], a set £ of words of alphabet ¥ is called a language
if it satisfies the following conditions:

(a) Every subword of a word w in £ belongs to £.

(b) For a word w in £, there are nonempty words u,v in £ such that uwv

belongs to £.

Let £(M, I) be the set of all words appearing in X ). That is
LM, I) = Ug<; L.

Then we have
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PROPOSITION 3.3. £(M, 1) is a language.

Proof. £(M,I) clearly satisfies the condition (a) above. For a word
w € Lg;, we know w € Liy1541 by Lemma 3.2 We write w =
(Aer+1)s AMekt2), - .-, A(er)) for e; € E;ip1 with r(e;) = s(eiy1), ¢ = k +
1,...,1 — 1. Since both the sets r~!(s(ex+1)) and s~!(s(e;)) are not empty,
we may find words u,v € £(M,I) such that vwv € £(M,I). Thus £(M,I)
satisfies the condition (b).

By [LM;Proposition 1.3.4], we see

THEOREM 3.4. There exists a subshift A over alphabet ¥ whose language is
L(M,I). Namely the set of all admissible words of the subshift A is £(M,I).

We denote by A(aq, 1) the subshift A in the theorem above and call it the subshift
associated with symbolic matrixz system (M, I).

It is also possible to construct the subshift A7) by using projective limit
method as in the folloing way.

LEMMA 3.5. For (a1, az,...) € Xm,1), there exists a symbol g € X such that
(040,041,(12, .. ) S X(M,I)-

Proof. Put wy, = (a1,a2,...,a5-1) € L1 . By Lemma 3.2 and Proposition
3.3, there exists a symbol 8, € X such that Bywy € L p41. Hence we may
find yx € X(aq,1) such that Srwryr € X(aq,1)- As the alphabet ¥ is a finite
set, there exists a symbol oy € ¥ and a subsequence of (Ok)ren such that
Bk, = ao forn =1,2,... and k1 < ky < ---. Put x, = aowk, Yx,,n € N.
They converge to an element

T = (ao,al,ag,...) S X(M,I)-

By Lemma 3.1, the following map
S: (041,042,(13,...) € X(M,I) — (042,043,...) S X(M,I)
is well-defined, continuous and surjective. We set
A=1m{S: Xomn = Xoun}
the projective limit in the category of compact Hausdorff spaces. Thus A is
identified with the set of all biinfinite sequences arising from the sequences in
X(M,I)' That is

A={(..,00,01,00,01,2,...)[(Cn,Qny1,...) € X\, 1) for all n € Z}.

The map S induces a homeomorphism on it. We denote it by o that satisfies
o((a)iez) = (cit1)iez. Therefore we have a subshift (A, o) from symbolic
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matrix system (M, I). It is nothing but the subshift (A1), o) defined in the
preceding discussion.

We will next construct symbolic matrix systems from subshifts.

For a subshift (A, o) over ¥ and a number k € N, let A* be the set of all words
of length k in ¥% occurring in some z € A. Put A* = U A* where A° denotes
the empty word 0. Set

A(z) = {p € A|uz € X} for xe€Xa, leN

We define a nested sequence of equivalence relations in the space Xj. Two
points x,y € X, are said to be [-past equivalent if A'(x) = Al(y). We write
this equivalence as x ~; y. We denote by ; = X5/ ~; the quotient space by
I-past equivalence classes of X, ([Ma3]).

LEMMA 3.6. For x,y € Xz and p € A¥,

(i) if © ~; y, we have © ~p, y for m < 1.
(il) if x ~; y and px € Xy, we have py € X and px ~j—j py forl > k.

Hence we have the following sequence of surjections in a natural way:
QlHQQH...HQlHQlJ’»lH...

We easily see that (A, o) is a sofic subshift if and only if Q; = Q;4; for some
leN.

For a fixed | € N, let F!,i = 1,2,...,m(l) be the set of all [-past equivalence
classes of X5. Hence X is a disjoint union of the subsets F},i = 1,2,...,m(l).
We define two rectangular m(l) x m(l + 1) matrices I{}H_l, M{}H_l with entries
in {0,1} and entries in &y respectively as in the following way. For i =
1,2,...,m(l),j = 1,2,...,m(l + 1), the (i,j)-component I/ (i, 5) of I}y,
is one if Fil contains F;H otherwise zero. Let ai,...,a, be the set of all
symbols in ¥ for which ayz € F! for some z € F;H. We then define the (i, 5)-
component of the matrix M7, (i, ) as M} 1 (i,j) = a1+ -+an: the formal
sum of aj,...,a,. We call I{}H_l the inclusion matrices for A and ./\/lf}l_|r1 the
symbolic representation matrices for A respectively.

We next construct a labeled graph from subshift A for each | € N. The vertices
of the graph consist of the sets F},i = 1,...,m(l) and F;H,j =1,....,m(l+1)
which we denote by V; and V41 respectively. We write an arrow with label a,
denoted by A\ (a), from the vertex F! to F]Hl if ax € F! for some x € F]Hl.
We denote by Ej ;41 the set of all arrows from V; to Vi41. Since for each j =
1,...,m(l+1) there uniquely exists i = 1,...,m(l) such that I; ;41 (,5) = 1, we
have a natural map L{\ from Vi4; to V;. Set VA = U, Vi and EA = U B
We then see
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THEOREM 3.7. For a subshift (A,0), the pair (M™,I*) is a symbolic ma-
triz system for which its A-graph is (VA EAAA M), Moreover the subshift
A 1y associated with (MA TN coincides with the original subshift A.

Proof. For each [ € N, it is straightforward to check that the relation
A A A A
Il,l+1Ml+1,l+2 = Ml,l+11l+1,l+2

holds. Tt then follows that the pair (M*, I*) is a symbolic matrix system
whose associated A-graph system is (VA EA XA /A). Tt is also easy to see that
the subshift associated with (M*, I*) coincides with the original subshift A
because their forbidden words coincide.

Therefore we have a symbolic matrix system (M*, I*) and a A-graph system
(VA EA XA A) from subshift (A, o). We call them the canonical symbolic
matrix system for A and the canonical M-graph system for A respectively.

It is now clear that sofic symbolic matrix systems exactly correspond to sofic
subshifts.

For a symbolic matrix system (M,I), let A(rq 1) be the associated subshift
constructed from (M, I). Then its canonical symbolic matrix system (M*, I*)
does not necessarily coincide with the original symbolic matrix system (M, I).
We indeed see the following proposition. Its proof is direct.

PROPOSITION 3.8. For a subshift A, we have

(i) the representation matrices Mﬁl+1 are left resolving, i.e. the incoming
edges to each vertex carry different labels.

(ii) the labeled Bratteli diagram (VA, B, \M) is predecessor-separated, i.e.
distinct vertices at each level have distinct predecessor sets of labels.

a b 1 0
b 0:| and Il,l+1 = |:0 1:| . The
symbolic matrix system gives rise to the even shift that is denoted by Y. Its

canonical symbolic matrix system is given by the following matrices:

yiaa‘i’bb yill()
M”{b 0 0}’ 1172{001}

For example set, for each I € N, M, ;41 = {

and

a a b 1
M =10 b 0, I =10 for [>2.
b 0 0 0

o = O
= o O

We indeed have

ProrosITION 3.9. If A is a sofic subshift, its canonical \-graph system is
eventually realized as the left Krieger cover graph for A. Hence the canonical
symbolic matrixz system for A is eventually realized as the symbolic representa-
tion matrix for the left Krieger cover graph.
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4. STRONG SHIFT EQUIVALENCE.

In this section, we will define two kinds of strong shift equivalences between two
symbolic matrix systems. One is called the properly strong shift equivalence
that exactly reflects a bipartite decomposition of the associated A-graph sys-
tems. The other one is called the strong shift equivalence that is weaker than
the former strong shift equivalence. They coincide at least between canonical
symbolic matrix systems and between sofic symbolic matrix systems. The latter
is easier defined and treated than the former. We will see, in the next section,
that the latter strong shift equivalence directly leads to the shift equivalence
between symbolic matrix systems. The main result in this section is that topo-
logical conjugacy between two subshifts are completely characterized by strong
shift equivalence between their canonical symbolic matrix systems. We first
define properly strong shift equivalence in 1-step between two symbolic matrix
systems as a generalization of strong shift equivalence in 1-step between two
nonnegative matrices defined by R. Williams in [Wi] and between two symbolic
matrices defined by M. Nasu in [N](see also [BK]).
For alphabets C, D, put C'- D = {cd|c € C,d € D}. For x =}, ¢c; € &¢ and
Y=, dr € &p, define zy = Zj,k cjdi € Sc.p.
Let (M, I) and (M’,I') be symbolic matrix systems over alphabets 3, %’ re-
spectively, where My 11, I;1+1 are m(l) x m(l + 1) matrices and Mj 1, I} ;44
are m/(1) x m/(l + 1) matrices.
DEFINITION. Two symbolic matrix systems (M, I) and (M’,I") are said to
be properly strong shift equivalent in 1-step if there exist alphabets C, D and
specifications

p:X—C-D, ¢p: % —D-C

and increasing sequences n(l),n’(l) on | € N such that for each I € N, there
exist an n(l) x n’(I + 1) matrix P; over C, an n/(l) x n(l + 1) matrix Q; over
D, an n(l) x n(l + 1) matrix X; over {0,1} and an n/(l) x n’(I 4+ 1) matrix X]
over {0, 1} satisfying the following equations:

¢
(4.1) M4 £ p, Qort1, M 141 =~ QuPorsa,
(4.2) I = X9y Xop4a, I 1 = X X4
and
(4.3) XiPry1 = PiX' 141, X1Q141 = QXi1-

We write this situation as

(M, I) ~ (M,T).
1-p

T

It follows by (4.1) that n(20) = m(l) and n/(2]) = m(l) for [ € N.
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Two symbolic matrix systems (M, I') and (M’, I') are said to be properly strong
shift equivalent in N-step if there exists a sequence of symbolic matrix systems
(M@ 16y i =1,2,...,N — 1 such that

(M,I) =~ (M(l)’](l)) ~ (M(Q),I(Q))

1—pr 1—pr

PO~ (M(N—l)’](N—l)) ~ (M I
-p

14 1—pr 1—pr
We denote this situation by
(M, I) ~ (M.TI)

N —pr
and simply call it a properly strong shift equivalence.

PROPOSITION 4.1. Properly strong shift equivalence is an equivalence relation
on symbolic matriz systems.

Proof. Tt is clear that properly strong shift equivalence is symmetric and tran-
sitive. It suffices to show that (M, I) N (M, I). Put C = £, D = {0,1}.

pr
Define p:a€e¥ —a-1€¢C-Danddp:a€ X —1-a€ D-C. Let Ey be the
k x k identity matrix. Set

Por = Paut1 = M1, Qu=Enq, Qau+1 = Enayr),
Xor=En@ys  Xow1 =luv, Xoy=TIigr, Xy = Engrn)-

It is straightforward to see that they give a properly strong shift equivalence
in 1-step between (M, I) and (M, I).

We will prove the following theorem.

THEOREM 4.2. Two subshifts A and A" are topologically conjugate if and only if
their canonical symbolic matriz systems (M™, I) and (M™ | IN) are properly
strong shift equivalent.

We will first show the only if part of the theorem above. In our proof, we will
use Nasu’s factorization theorem for topological conjugacy between subshifts
into bipartite codes ([N]).

We now introduce the notion of bipartite symbolic matrix system.
DEFINITION. A symbolic matrix system (M, I) over alphabet ¥ is said to
be bipartite if there exist disjoint subsets C, D C ¥ and increasing sequences
n(l),n'(1) onl € N with m(l) = n(l) +n’(I) such that for each [ € N, there exist
an n(l) x n’(I 4+ 1) matrix Py 41 over C, an n'(I) x n(l + 1) matrix Q; ;41 over
D, an n(l) x n(l 4+ 1) matrix X; ;41 over {0,1} and an n/(l) x n'(l + 1) matrix
X 141 over {0, 1} satisfying the following equations:

_ 0 Priv | X 0
M= [Ql,l+1 0 , L1 = 0 Xl/,l+1 )

We thus see

DOCUMENTA MATHEMATICA 4 (1999) 285-340



300 KENGO MATSUMOTO

LEMMA 4.3. For a bipartite symbolic matrix system (M, I) as above, set
Pr="Prit1, =09+, Xi=Xu+1, X1=X'114

and
cD DC
Mz = PauQarta, Mt = QauParta,

cD _ DC  _ x !
Ity = XaXorta, Ii% = X Xo-

Then the both pairs (MEP 1¢P) and (MPC | IPC) are symbolic matriz systems
over alphabets C' - D and D - C respectively and they are properly strong shift
equivalent in 1-step.

Proof. The relations Ij ;-1 Miy1,142 = Mii+1141,42 and

It 214112141, 2142 Moi+2,2143 Mo 3 2114

=Moo 2111 Moy 214212142 214312143 2144

shows that the both pairs (MSP 1¢P) and (MPC, IPC) are symbolic matrix
systems and they are properly strong shift equivalent in 1-step because we see

A A
Xi—10Pris1 = Pr—1a X 1415 X12119Qu+1 = Q-1 X141

DEFINITION. A A-graph system (V, E, \,¢) over alphabet ¥ is said to be bipar-
tite if there exist disjoint subsets C, D C ¥ such that ¥ = C'U D and disjoint
subsets Vlc, VlD C V, for each | € N such that Vlc U VlD =V, and

(1) for each e € Ey 141

ste) eViP, r(e) e V¥, ifandonlyif A(e) € C,
s(e) €Vi©, r(e) € VP, ifandonlyif A(e)€ D.

(2)
(V2 =vP, uvgy) =ve.

PROPOSITION 4.4. A symbolic matrixz system is bipartite if and only if its
corresponding A-graph system is bipartite.

Proof. 1t is clear that a bipartite symbolic matrix system gives rise to a bipartite
A-graph system. Conversely, suppose that a A-graph system (V, E, A, ¢) is bipar-
tite. Let n(l) and n/(l) be the cardinalities of the sets V;” and V¢ respectively.
We may identify V;? and V;¢ with the sets {1,...,n(l)} and {1,...,7/(])}
respectively. For i € VP, j € V)¢, put Puip1(i,5) = Aer) + -+ + Aep)
where e, € Ej 41,k = 1,...,p are the set of all edges in Ej ;41 satisfy-
ing s(ex) = i,7(ex) = j. Similarly we define for i € V,©,j € Vlfl, put
Qui+1(4,5) = A(f1) + -+ + A(fy) where fy € Eji41,k = 1,...,q are the set
of all edges in Ey 41 satisfying s(fx) = i,7(fx) = j. Fori e VP, j e VP,
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put X;i4+1(4,7) = 1 if o(§) = % and X;;41(¢,5) = 0 otherwise. Similarly for
i e VeV, put X/,,,(i,5) = 1if (j) =i and X/, (i,j) = 0 other-
wise. Then by these matrices, we know that the corresponding symbolic matrix
system (M, I) for (V, E, A, 1) is bipartite.

M. Nasu introduced the notion of bipartite subshift in [N] and [N2]. A subshift
A over alphabet X is said to be bipartite if there exist disjoint subsets C, D C X
such that any (x;);ez € A is either

z; € Cand x;41 € DforallieZ or z;€ D and 2,41 € C for alli € Z.
Let A® be the 2-higher power shift for A. Put

Acp = {(cidi)iez € AP|c; € C,d; € D},
Ape = {(dici)icz. € AP|c; € C,d; € D}.

They are subshifts over alphabets C' - D and D - C respectively. Hence A is
partitioned into the two subshifts Acp and Apc.

PROPOSITION 4.5. A subshift A is bipartite if and only if its canonical symbolic
matrixz system (MA,IA) is bipartite.

Proof. 1t is clear that a bipartite canonical symbolic matrix system gives rise
to a bipartite subshift from the preceding proposition. Suppose that A is bi-
partite with respect to alphabets C, D. It suffices to show that its canonical
A-graph system (V) E, A, ¢) is bipartite. As in the construction of the canonical
A-graph system, the vertex set V; is the set of all [-past equivalence classes
{Fl}iz1,..m@- Put

V. ={F!z, € D for all (z1,zs,...,) € F'},
VP ={FY2, € C for all (z1,z2,...,) € F!}

so that we have a disjoint union Vlc U VlD = V;. It is easy to see that this
decomposition of V;,l € N yields a bipartite decomposition of the A-graph
system (V, E, )\ ¢).

Let A be a bipartite subshift over ¥ with respect to alphabets C,D. As
in Lemma 4.3, we have two symbolic matrix systems (M®P 1¢P) and
(MPC IPCY over alphabets C- D and D - C from the bipartite canonical sym-
bolic matrix system (M?, I*) for A respectively. They are naturally identified
with the canonical symbolic matrix systems for the subshifts Acp and Apc
respectively.

We thus see by Lemma 4.3.

COROLLARY 4.6. For a bipartite subshift A with respect to alphabets C, D, we
have

(MCD,ICD) ~ (MDC,IDC)

1—pr
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a properly strong shift equivalence in 1-step.

The following notion of bipartite conjugacy has been introduced by Nasu in [N],
[N2]. The conjugacy from Acp onto Apc that maps (¢;d;)icz to (dicit1)icz
is called the forward bipartite conjugacy. The conjugacy from Acp onto Apc
that maps (¢;d;)icz to (di—1¢i)iecz is called the backward bipartite conjugacy.
A topological conjugacy between subshifts is called a symbolic conjugacy if it
is a 1-block map given by a bijection between the underlying alphabets of the
subshifts. M. Nasu proved the following factorization theorem.

LEMMA 4.7(M.Nasu [N]). Any topological conjugacy 1 between subshifts is
factorized into a composition of the form

Y = KnCnkn—1Cn-1-"-K1C1Ko

where Ko, . . ., kn are symbolic conjugacies and (1,...,(, are either forward or
backward bipartite conjugacies.

Thanks to the Nasu’s result above, we reach the following theorem

THEOREM 4.8. For two subshifts A, N, let (M, I),(M',I") be their canonical
symbolic matriz systems for A, N’ respectively. If A and A’ are topologically
conjugate, the symbolic matrix systems (M, I), (M’ I') are properly strong shift
equivalent.

We will prove the converse implication of the theorem above. We will indeed
prove the following proposition.

ProprosITION 4.9. If two symbolic matrix systems are properly strong shift
equivalent in 1-step, their associated subshifts are topologically conjugate.

To prove the proposition, we provide a notation and a lemma.

Set the m(l) x m(l + k) matrices:

Lavk =L - Dpr2 - Didk—1,04k
Mtk = Mg - Mgz Migk—1,4%

for each [,k € N.

LEMMA 4.10. Assume that two symbolic matriz systems (M, I) over ¥ and
(M’ I") over X are properly strong shift equivalent in 1-step. Let ¢ : ¥ — C-D
and ¢ : ¥ — D-C be specifications that give a properly strong shift equivalence
in 1-step between them. For any word xixo € (A(M,I))Q of length two in the
associated subshift Aaq.1), put (x;) = cidi,i = 1,2 where ¢; € C,d; € D.
Then there uniquely exists a symbol yo € X' such that ¢(yo) = dica.

Proof. Note that by definition the specification ¢ is not necessarily defined
on all the elements of 3'. It suffices to show the existence of yy. Since
r129 € (Aaq,r))*, for any fixed [ > 3, we find j = 1,2,...,m(l +2) and k =
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1,2,...,m(l) such that z1z2 appears in M; ;1o(k, ). Takei =1,2,...,m(l—2)
with I;_o (i, k) = 1. Hence z122 appears in [j_o ;M 142(4,j). As we know the
equality:

©
Lo i Myjso = L1011 Xo1—1P2i—192Par+19Q21+2X 2143,

the word ¢(x122) = c1dicads appears in a component of the right hand sym-
bolic matrix above. Thus the word dycs appears in a component of Qg;Pa41.

By the equality M; 41 i Q91 P2y 41, we can find a symbol yq in the correspond-
ing component of the matrix M;,,, so that ¢(yo) = dica.

Proof of Proposition 4.9. Suppose that (M, I) and (M’ I') are properly strong
shift equivalent in 1-step. We use the same notation as in Definition of properly
strong shift equivalence. Set A = A(xq,) and A" = Ay ). By the preceding
lemma, we have a 2-block map @ from A? to X’ defined by @(x122) = yo where
d(yo) = dice and p(x;) = ¢id;,i = 1,2, Let P be the sliding block code
induced by @ so that @, is a map from A to ¥'%. We also write as @ the map
from A* to the set of all words of ¥’ defined by

b(x122 -+ ) = P(x122)P(2223) - - P(Tp—120).

We will prove that @.,(A) C A’. To prove this, it suffices to show that for any
word w in A, @(w) is an admissible word in A’. For w = wyws - - - w,, € A™ and
any fixed I >n+1, we find j =1,2,..., m({+n) and k = 1,2,...,m(l) such
that w appears in My 14, (k,j). Takei =1,2,...,m(l—n) with I;_, ;(i,k) = 1.
Hence w appears in Ij_, (M i1,(i,7). Put p(w;) = ¢;idiyi = 1,2,...,n. By
the equality

%)
L1 My en = Xoi—2Poi—192Pai+192+2 - - - Paiton—321+2n—2X2142n-1,

the word dicadacs - -dy—_1¢, appears in a component of QoPo11Q9410 -
Pairon—3. Hence the word ¢~ 1(dica)p~(dacs) - ¢~ H(dn_1cn) appears in a
component of Mj, ;- Mj oM, 5, ;- Thus we see that @(w) is
an admissible word in A’ and that the sliding block code @, maps A to A’.
Similarly, we can construct a sliding block code ¥, from A’ to A that is an
inverse of @.,. Thus two subshifts A’ and A are topologically conjugate.

Therefore we conclude the following theorem

THEOREM 4.11. If two symbolic matriz systems are properly strong shift equiv-
alent, their associated subshifts are topologically conjugate.

By Theorem 4.8 and Theorem 4.11, we conclude Theorem 4.2.

REMARK. If there exist the matrices P;, Q; for all sufficiently large number [
in Definition of properly strong shift equivalence in 1-step, we may show that
the associated subshifts are topologically conjugate because of the proof of
Proposition 4.9.

DOCUMENTA MATHEMATICA 4 (1999) 285-340



304 KENGO MATSUMOTO

Properly strong shift equivalence exactly corresponds to a finite sequence of
bipartite decompositions of symbolic matrix systems and A-graph systems.
The definition of properly strong shift equivalence for symbolic matrix sys-
tems however needs rather complicated formulations than that of strong shift
equivalence for nonnegative matrices. We will next introduce the notion of
strong shift equivalence between two symbolic matrix systems that is simpler
and weaker condition than properly strong shift equivalence. It is also a gen-
eralization of the notion of strong shift equivalence between nonnegative ma-
trices defined by Williams in [Wi] and between symbolic matrices defined by
Nasu in [N]. Let (M, I), (M’, I) be two symbolic matrix systems over alphabet
3, ¥ respectively. Let m(l),m/(l) be the sequences for which M 41, ;141
are m(l) x m(l + 1) matrices and M}, ,y, I}, are m/(l) x m/(l + 1) matrices
respectively.

DEFINITION. Two symbolic matrix systems (M, I),(M’,I) are said to be
strong shift equivalent in 1-step if there exist alphabets C, D and specifications

p: % —C-D, ¢:¥ —-D-C

such that for each [ € N, there exist an m(l — 1) x m/(l) matrix H; over C and
an m/ (I — 1) x m(l) matrix K; over D satisfying the following equations:

» ! / ¢
LMy = HiK 4, Iy Mo = KiHiga

and
A !
Hily oy = L1 Hi41, Kiliiv1 =11 1 Kiy1.

We write this situation as

(M,I) = (M,T).

—S

Two symbolic matrix systems (M, I) and (M’,I’) are said to be strong shift
equivalent in N-step if there exist symbolic matrix systems (M(i),l(i)),i =
1,2,..., N — 1 such that

(M, I) ~ (MWD 1Dy =~ (M3P 132)

1—st 1—st
1§st o 1§st (M(N_1)7 I(N_l)) 1§st (MI, II)

We denote this situation by

(MI) =~ (MT)

—st

and simply call it a strong shift equivalence.

Similarly to the case of properly strong shift equivalence, we see that strong
shift equivalence on symbolic matrix systems is an equivalence relation.
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PROPOSITION 4.12. Properly strong shift equivalence in 1-step implies strong
shift equivalence in 1-step.

Proof. Let Py, Q;, X; and X| be the matrices in Definition of properly strong
shift equivalence in 1-step between (M, I) and (M’,I"). We set

Hi = Xo1—1Pai—1, K= X5_19Q2-1.
They give rise to a strong shift equivalence in 1-step between (M,I) and
(M, T).
Conversely we have

PROPOSITION 4.13. Suppose that both (M, I) and (M',I') are canonical. If
they are strong shift equivalent in 1-step, they are properly strong shift equiv-
alent in 1-step. Hence strong shift equivalence on canonical symbolic matriz
systems is completely the same as properly strong shift equivalence.

Proof. Let A, A’ be the associated subshifts for (M, I), (M’ I') respectively.

Suppose that (M, ) &, (M, I'"). We use the same notation as in Definition
—S

of strong shift equivalence. Set
ALP = {( . .,Cfl,dfl,c'o,do,cl,dl, .. )|
there exists (x;)icz € A; p(x;) = ¢;d; for all i € Z},
Ay ={(.. ,d_1,co,do,c1,dy,ca, .. )]
there exists (v;)icz € A; ¢(y;) = dic; for all i € Z}

where ¢o, dy locate at the position of the 0-th coordinate in the sequences. Put
A=A, U A’d)

that becomes a subshift over C'U D because of strong shift equivalence between
(M, I) and (M’ I'). Tt is clear that A, is a bipartite subshift with respect

to the alphabets C, D. Hence the 2-higher power shift ASQ) is decomposed as
Ag2) = Aff U A((f). As there exist symbolic conjugacies:

£ A@ 12D
A= AS, A=A,
the canonical symbolic matrix systems for the subshifts A and A’ are properly
strong shift equivalence in 1-step by the previous discussions.

By a similar argument to the proof of Proposition 4.9, we obtain

PROPOSITION 4.14. If two symbolic matriz systems ( not necessarily canonical
) are strong shift equivalent in 1-step, their associated subshifts are topologically
conjugate.

Thus we conclude

THEOREM 4.15. If two symbolic matriz systems (not necessarily canonical) are
strong shift equivalent, their associated subshifts are topologically conjugate.
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5. HIGHER A\-GRAPH SYSTEMS

In studies of symbolic dynamics, the operation of taking higher block presen-
tation plays important réles (cf.[Kit], [LM]). In topological Markov shifts, the
operation of taking 2-higher block presentation is a typical example of giving
strong shift equivalence in 1-step. The N-higher block presentation of an edge
shift corresponds to the edge shift of the N-higher edge graph. We in this
section introduce higher A-graph systems and correspondingly higher symbolic
matrix systems. It follows that the subshift associated with the N-higher \-
graph system is the N-higher block presentation of the subshift associated with
the original A-graph system. We see that a symbolic matrix system is properly
strong shift equivalent in N-step to its N-higher symbolic matrix system. We
treat a left resolving A-graph system, that is, the incoming edges to each vertex
carry different labels. General case and also general state splitting procedure
of A-graph systems will be treated in a forthcoming paper.

For a left resolving A-graph system (V, E, \,¢) over alphabet ¥ and a natural
number N € N, we will define a A-graph system (V[N],E[N],)\[N],L[N]) over
YN = ¥... % as follows:

—_—

N-times

‘/l[N] = {(61762, .. .,€N71) S El7l+1 X El+1,l+2 X oo X El+N72,l+N—1
r(e;) = s(ejr1) fori=1,2,..., N — 2},
N N N
El[,lJ]rl = {((e1,--yen—1),(fi s 1)) € VIV x Vl[+1]|
eip1 = fifori=1,2,...,N —2}.

The maps
N N N N
stV :El[yl]1 — Vl[ ], 7N :El[ﬁl]1 — Vl[ 1]

are defined by

S[N]((€1, cooen—1), (fi,o o, fv—1)) = (e, ... en—1),

T[N]((el, e ,eN_l), (fl, .. .,fN_l)) = (fl, .. -afN—l)-

N

Set VIN = UleNVl[N] and EWN = UZGNEI[,H]-I' Hence (VIN, BIVT IV 1INl is a

Bratteli diagram. A labeling AV on (VIM EIN) is defined by

)\[N] ((61, ey eN_l), (fl, ey fN—l)) = )\(61))\(62) - )\(eN_l))\(fN_l) S E[N]

for ((e1,...,en—1),(f1,...,fn-1)) € EWN. A sequence of surjections [V :

Vlﬂ} — Vl[N],l € N is defined as follows. For (e1,...,eny—1) € Vl[ﬁ], since the
A-graph system (V, E, X, ) is left resolving, there uniquely exist €} € Ejyi—1,1+;
fori=1,2,..., N — 2 such that

t(s(ed)) = s(ef), ur(ed)) =r(e),  Ales) = A(ef).
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As we know (ef,...,ely_y) € VZ[N], by setting «M(ey,...,ey_1) =

(€], enN_1). We get a A-graph system (VNI EINTAINT G INTY gyer B3IV,

DEFINITION. We call the A-graph system (VNI EINI XN INTY the N-higher

A-graph system for (V, E, A, i). For a symbolic matrix system (M, I), the N-

higher symbolic matrix system (M[N I IV ]) is defined to be the symbolic matrix

system associated with the N-higher A-graph system for the A-graph system of

(M, I).

It is routine to show the following proposition.

PROPOSITION 5.1. A(M[N]J[N]) = (A(Mﬁj))[N]

As seen in the case of nonnegative matrices, we see

PROPOSITION 5.2. (M, T) & (MBI TR 2 g properly strong shift equivalence
Tor

1 1-step.

Proof. Let (V,E, 1) and (VP ERI AR ,2]) be the associated A-graph sys-
tems for (M, TI), (MP] 1) over alphabets ¥ and X[ respectively. We will
construct a bipartite A-graph system (‘7, E\, t) that gives rise to a properly
strong shift equivalence in 1-step between the A-graph systems. We set for
leN

Varo1 = B UV, Voo =Vig1 U B

and

By 10={(f,u) € Eryr1 x Vigr|lu=r(f)} U{(v,e) € Vi X Ep 1o = s(e)},
Eoore1={(v,€) € Vig1 x Ep1aq2lv = s(e)} U{(f,u) € Erip1 x VigaJu = r(f)}.

The source maps 82;-1,21 : Foy—1,20 — Va1 and 8212141 @ Eoyoi41 — Vo are
defined as follows:

So—1,2(fru) = f € Ep g1, So1-1,21(v,e) =v €V,
21,2141 (v, €) = v € Vig1, So1,2041(fu) = f € Epgq1.

The range maps f2;1,21 : Eo—1,20 — Var and Poy 0111 @ Eor 2141 — Voryr are
defined as follows:

For—1,21(f,u) = u € Vigq, Tor—1,21(v,€) = e € Ep 41,

Paroi+1(v,€) =€ € Eppng4a,  Taraa(fiu) =u € Vigr.
The maps i9;,21—1 : Vai — Vai—1 and 941,21 : Vai4+1 — Vo are defined as follows:

igr21-1(u) = t(u) for w € Vig1, lo—1(f) = f for f € Epq,

5214_1721(6) = L(e) for e € EH_LH_Q, 5214_1,21 (’U) =y forv é ‘/2.:,_1
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where ¢(e) € Ej 41 is naturally defined for e € Ej11,42. Put Dy = {Dy]a €
X}, Cs = {Csla € X} and 3> = Ds; U Cs. The labeling X is defined as a map
from E to the alphabet 3 as follows: For (f,u), (v,e) in Ey_19 = {(f,u) €
Epjp1 x Vigrlu=r(f)}U{(v,e) € Vi x Ejj41]v = s(e)}, we set

A(f,u) = Cay) A(v,e) = D e)-

For (v,e), (f,u) in Exgip1 = {(v€) € Vi1 x Eipriq2lv = s(e)} U{(f,u) €
Ei 41 X Vigrlu=7r(f)}, we set

Av,€) = Daeys Afyu) = Crip)-

Then it is routine to check that (V, E, 5\, t) is a bipartite A-graph system over
alphabet 3 Through the specifications ¢ : ¥ — Dy -Cx, and ¢ : 22 — Cy- Dy,
defined by

p(la) =Dy -Co  and  ¢(a, B) = Dy - Cg,

we know that the symbolic matrix system for (V, E\ t) gives rise to a properly
strong shift equivalence in 1-step between (M, I) and (M2, 112)),

Since (MWN+1 TINF1]Y is isomorphic to (MINNH1 (TINHR]) | we have

COROLLARY 5.3. For any symbolic matriz system (M, I), we have

(ML)~ (M)

—st

a properly strong shift equivalence in N -step.

6. SHIFT EQUIVALENCE

By the discussions of Section 4, the topological conjugacy classes of subshifts are
completely characterized by the strong shift equivalence classes of the associ-
ated canonical symbolic matrix systems. However, even for topological Markov
shifts, there is no general algorithm known for deciding whether two nonnega-
tive matrices are strong shift equivalent. R. F. Williams introduced the notion
of shift equivalence between two nonnegative matrices that is weaker but easier
to treat than the notion of strong shift equivalence ([Wi]). The formulation
of shift equivalence between nonnegative matrices is described by certain alge-
braic relations between the matrices that determine a crucial invariant called
the dimension group ([Kr|, [Kr2]). The notion of shift equivalence has been
generalized to symbolic matrices by Boyle-Krieger and studied as a topological
conjugacy invariant for sofic subshifts in [BK].

We in this section introduce the notion of shift equivalence between two sym-
bolic matrix systems as a generalization of Williams’s notion for nonnegative
matrices and Boyle-Krieger’s notion for symbolic matrices. Let (M, I), (M’ I’)
be two symbolic matrix systems over alphabets X, ¥’ respectively. For N € N,
we put (X)V =%... %, ()N =X'... % : the N-times products.
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DEFINITION. For N € N, two symbolic matrix systems (M, I), (M’, I") are said
to be shift equivalent of lag N if there exist alphabets C, D and specifications

p1:%-Cny — Cn-Y/, 0y:% Dy — Dy X

and
Y1 (2)Y — Cn - Dy, Y1 (BN — Dy -Cn

such that for each I € N, there exist an m(l) x m/(l + N) matrix H; over Cy
and an m/(l) x m(l + N) matrix K; over Dy satisfying the following equations:

P1 / 12 P2
M Hipr = KMy n v MK = KMy NN+,
Y1 , , )2
Ly NMigN1+on = HiKignN, Il,l+NMl+N,l+2N ~ KiHivn
and
A A
i Higr = Rl Ny N I K = Ky N N1 -

We denote this situation by

(M,I) ~ (M. I) or (H,K):(MI) ~ (M,I)

lagN lagN

and simply call it a shift equivalence.

Similarly to the case of nonnegative matrices and symbolic matrices, we can
see the following lemma.

LEMMA 6.1.
(i) M, I) oy (M, I") implies (M, 1) o (M, T") for all L > N.
(ii) (M, ) ~ (M I and (M',T) ~ (M"”,I")  implies
lagN lagN’
(M, I) (M I"). Hence shift equivalence is an equivalence

lagN+N'
relation on symbolic matrix systems.

Proof. (i) Suppose that (M, I) and (M’,I’) are shift equivalent of lag N. It
suffices to show that they are shift equivalent of lag N + 1. We use the same
notation as above. Set the alphabets

Cni1=Chn, Dyy1 =Dy -X%.
Put the specification ¢} = ¢1 : £-Cn41 — Cn41-Y. Through the specification
2, we have a natural specification ¢} : X' Dyy1 — Dy - 2. Similarly,
through the specifications 1, ¥s, ¢1, we have natural specifications

1 (BN = Onga - Dvgrs 45 (BN = Dy - O

DOCUMENTA MATHEMATICA 4 (1999) 285-340



310 KENGO MATSUMOTO

Put the matrices

! ! !
Hy =Ml niine Ki=KiMignieng

Then it is straightforward to see that they give a shift equivalence of lag N + 1
between (M, I) and (M’ I").
(i) Assume that

(M) : (M I) o~ (MTT), (HL KD s (MO T~ (MO T,

lagN agN’
Then it is routine to check that

U ! . I ~ 1 I// .
(M, KK) (M) (ML)
Similarly to the case of matrices, we have

THEOREM 6.2. Strong shift equivalence in N-step implies shift equivalence of
lag N.

Proof. Suppose that (M, I) = (M, I') a strong shift equivalence in N-step.
There exist symbolic matrix systems (./\/l(i), I(i)) fori=1,..., N —1 such that

(M, I) = (MO, 1O) ~ (MO D) ~ (M, 1?)) ~

1—st 1-st 1-st
MO IVED) = (MO0 0 = (a1 1)

Let Hl(i), ICl(i) be rectangular symbolic matrices that give a strong shift equiva-
lence between (M=1 1G=D) and (M@ 1)) where Hl(i) isan mO=D(1—1) x
m® (1) matrix over alphabet C(i) and ICl(i) is an m@ (1 — 1) x mO=Y (1) matrix
over alphabet D(i) for each € Nand ¢ =1,..., N. Set the alphabets

Cny=C(1)---C(N), Dy =D(1)---D(N).
Put the matrices
(N)

1 2 1 2 N
P = Hl(+)2Hl(+)3 e 'Hl+N+1’ Q= ’Cz(+)zlcl(+)3 o "Cz(+1)v+1

an m(l) x m/(I + N) matrix over C, an m/(l) x m(l + N) matrix over Dy
respectively. We then have the following natural specifications

p1:%-Cn — Cn-Y/, 0y:% Dy — Dy X

and
Y1 ()N — Cn - Dy, Yo (XN — Dy -Cy

DOCUMENTA MATHEMATICA 4 (1999) 285-340



PRESENTATIONS OF SUBSHIFTS 311

that yield a shift equivalence of lag N between (M, T) and (M’,I").

For a subshift (A, o) over ¥, its n-higher power shift (A, o) is defined to
be the subshift (A, o™) over (X)™ (cf.[LM]). Two subshifts is called eventually
conjugate if their n-higher power shifts are conjugate for all large enough n
([Wi], [KimR]). Williams and Kim-Roush showed that two square nonnegative
matrices are shift equivalent if and only if the associated topological Markov
shifts are eventually conjugate. Boyle-Krieger generalized their result to sym-
bolic matrices and sofic subshifts ([BK]). W. Krieger kindly asked the author
whether or not these results can be generalized to general subshifts. The author
sincerely thanks him for his question.

PROPOSITION 6.3. If symbolic matriz systems (M, I) and (M',I') are shift
equivalent, their associated subshifts A aq,ry and A ag 11y are eventually conju-
gate.

To show the proposition, we provide a lemma that is proved by a straightfor-
ward calculation.

LEMMA 6.4. For a symbolic matrixz system (M, ), let A the associated subshift.
We set for n,l € N,

Iﬁl-i—l = Inl,nl+11nl+1,nl+2 T Inl-l—n—l,nl—i—na
MZH—I = Mnl,nl—i—anl-i-l,nl-i-Q T Mnl-l—n—l,nl—i—n-

Then (M™,I™) becomes a symbolic matriz system whose associated subshift is

the n-higher power shift A of A.

Proof of Proposition 6.3. Put A = Aaq, 1y, A = Ay, 1y over 3, X' respectively.
Assume that

(H,K): (M, I) ~ (M, T).

lagN

For a number K € N, put n = K + N. We will see that A(™) ~ A Let

1—s
Cn, Dy be alphabets as in Definition of shift equivalence. Set C' = Cn, D =
Dy - (£)X. There are natural specifications

(E)HHC'D, (E/)"_)D.C

by using the specifications in the shift equivalence between A and A’. Put the
matrices
! ! !
P = Hnl*nlnlfK,nlfKJrlInl7K+1,nl7K+2 St dnl—1,nl
Q1 = Kni—nMpi—kni—k+1Mni—k+1ni-K+2 "+ Muni—1,n1.-

They are an m(nl — n) x m/(nl) matrix over C' and an m’(nl — n) x m(nl)
matrix over D respectively. We see that they yield a strong shift equivalence
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in 1-step between (M™, I") and (M'™, I'") so that their associated subshifts
are topologically conjugate by Theorem 4.15.

We will comment on the notion of properly shift equivalence between symbolic
matrix systems. The following is the definition of properly shift equivalence
that is a slightly stronger than shift equivalence and weaker than properly
strong shift equivalence.

Let (M, I) and (M’,I') be symbolic matrix systems over alphabets 3, %’ re-
spectively. Hence M 11, I; 141 are m(l) x m(l 4+ 1) matrices and M;ﬁlH, Il/,l+1
are m/(l) x m/(I + 1) matrices.

DEFINITION. (M, ) and (M’ I') are said to be properly shift equivalent of lag
N if there exist alphabets C, Dy and specifications

p1:%-COny — Cn - Y/, po:Y Dy — Dy - X,

1 :(2)Y — Cn - Dy, o1 (3)Y = Dy Cy
and increasing sequences n(l),n’(l) on I € N such that for each I € N, there
exist an n(k) x n'(k + 2N — 1) matrix Py over Cy, an n’(k) x n(k + 2N — 1)
matrix Qp over Dy for k = 21,2l + 2N — 1, an n(l) x n(l + 1) matrix X; over
{0,1} and an n/(I) x n’(I + 1) matrix X over {0,1} satisfying the following

equations:
(6.1)

P1 , , )2
MipNTiyNi+an-1 = PuQaivan—1, MuiiNIiynion—1 = QuParyan-1,

/ p1 ’ ’
Ml7l+17)2(l+l)X2l+2N+1 ~PuXoppon 1ML NI+ N+,
/ p2
M1+ Qo) Xaron+1 = QuXorroN -1 MiyN i+ N+1,

! I /
Iy = X9y Xog g1, I = XX

and
XiPis1 = PiX 15281, X19Q141 = QXiyon—1.

We denote this situation by
(MI) ~ (M T,

pr
It follows that by (6.1), n(2l) = m(l) and n’(2]) = m/(l) for [ € N.

For N = 1, if we understand that the matrices I;41,;4+1 and Il’+1,l+1 are the
m(l+1) x m(l+1) identity matrix and the m/(I4+1) x m/(l+ 1) identity matrix
respectively, the properly shift equivalence of lag 1 is exactly the same as the
properly strong shift equivalence in 1-step.

This definition is also a generalization of Boyle-Krieger ’s shift equivalence
between symbolic matrices ([BK] see also [N2]).
The following proposition is routine.
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PROPOSITION 6.5.

(i) M, I) N (M, I') implies (M, T) e (M’ I'). That is, properly
—pr ag

shift equivalence implies shift equivalence.
(il) (M, ) o (M I') implies (M, ) N (M, I'). That is, properly
—pr —pr

strong shift equivalence implies properly shift equivalence.

We thus summarize as in the following way:

(Mal) prr (MI’I/) = (Mal) NN (MI’I/))

(8 (8
(M) & (ML I) = (M)~ (M)

We may define strong shift equivalence and shift equivalence between subshifts
as their corresponding properties for their canonical symbolic matrix systems.
Hence we can say that two subshifts are topologically conjugate if and only
if they are strong shift equivalence. The strong shift equivalence for subshifts
imply the shift equivalence.

7. NONNEGATIVE MATRIX SYSTEMS

In this section, we will introduce the notion of nonnegative matrix system
that is also a generalization of nonnegative matrices. We will then generalize
strong shift equivalence and shift equivalence between nonnegative matrices to
between nonnegative matrix systems. Let (A;;11,l1141),! € N be a pair of
sequences of rectangular matrices such that the following four conditions for
each [ € N are satisfied:
(1) A4 is an m(l) x m(l + 1) rectangular matrix with entries in nonneg-
ative integers.
(2) Irj41 is an m(l) x m(l + 1) rectangular matrix with entries in {0,1}
satisfying the following two conditions:
-a) For i, there exists j such that I; ;11 (7, 5) # 0.
(2-b) For j, there uniquely exists ¢ such that I; ;+1(4,5) # 0.
(3) m(l) <m(l+1).
(4) Iis1Ais1,042 = A Dis1,42-
The pair (A, 1) is called a nonnegative matriz system. For t = 1,...,m(l),j =
1,....,m(l 4+ 1), we denote by A;;41(i,7), I11+1(4,7) the (i,7)-components of
Ari+1, Iij41 respectively. A nonnegative matrix system (A, T) is said to be
essential if it satisfies the following further conditions
(5-1) For i, there exists j such that A;;41(¢,7) # 0.
(5-ii) For j, there exists ¢ such that A;;41(¢,7) # 0.
We henceforth study essential nonnegative matrix systems and call them non-
negative matrix systems for simplicity.
The property “sofic ”for nonnegative matrix systems are similarly defined to
the cases of symbolic matrix systems. The following is basic.

2
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LEMMA 7.1. For a symbolic matriz system (M, I), let M 41 be the m(l) x
m(l+1) rectangular matriz obtained from My 11 by setting all the symbols equal
to 1. Then the resulting pair (M, I) becomes a nonnegative matriz system.

We write the matrices above as supp(M; +1) = M 41 and call M; ;41 the
support of My ;11. The pair (M, ) is called the nonnegative matrix system
associated with (M, I). Conversely we see

PROPOSITION 7.2. For a nonnegative matriz system (A, I) and a symbolic ma-
trix M 2 over alphabet ¥ such that supp(Mi,2) = A1 2, there exists a sequence
My i1,1 € N of symbolic matrices over ¥ such that the pair (M, I) is a sym-
bolic matriz system and supp(Mii41) = A 41 for alll € N.

Proof. We will prove the assertion by induction. Assume that a symbolic
matrix My 41 is determined. For j = 1,...,m(k + 2), take a unique in-
dex 7/ = 1,...,m(k + 1) such that Iy41 k+2(j',j) = 1. For ¢ = 1,...,m(k),
suppose that My x+1(4,5/) = a1 + -+ + an. Let Iy,...,1, be the set of
all numbers [ = 1,...,m(k + 1) satisfying Iy p+1(¢,!) = 1. Hence we have
n=3"_1 Art1k+2(lr, j). Put & = Api1p42(lr, j). Now we define

Mg pya(li, j) = o1+ + gy,
Mk+1,k+2(l2aj) =041t O g,
Moy kr2(03,§) = gy veat1+ -+ Qg 1ot

Mk+1,k+2(lp;j) = Qg oty 41 T Qe

Since for any I = 1,...,m(k + 1), there uniquely exists ¢ = 1,...,m(k) such
that I k4+1(4,1) = 1 we may define My 41 p+2(l,j) foralll =1,...,m(k+1) by
the above way. The matrices satisfy Iy x+1 Mpt1,6+2 = Mpkp+1lk+1,k+2 and
supp(Mpt1,k42) (1, J) = Air1,k42(L 7).

For nonnegative matrix systems we will formulate strong shift equivalence as
follows.

DEFINITION. Two nonnegative matrix systems (4, 1), (A’,I’) are said to be
strong shift equivalent in 1-step if for each [ € N, there exist an m(l— 1) x m/(1)
matrix H; with entries in nonnegative integers and an m/(I — 1) x m(l) matrix
K with entries in nonnegative integers satisfying the following equations:

! !
L1, A0 = HIK 44, Iy A4 = KiHi

and
! A
Hil vy = Li—1,0Higa, Kilii41 = Iy 1 K41

We write this situation as

(4.1) ~ (4,1).

—st
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Two nonnegative matrix systems (A, I) and (A’,I’) are said to be strong shift
equivalent in N-step if there exist nonnegative matrix systems (A(i),I (i)),i =
1,2,..., N — 1 such that

(AI) ~ (AD 1MW) ~ (AP 1?)

1—st 1—st

N e A (N=1) (N=1)y N
—st 1—st (A ’I ) 1—st (A ’I )
We denote this situation by

~ v
(AaI) NN’t (AaI)

and simply call it a strong shift equivalence.

This formulation is also a generalization of Williams’s strong shift equivalence
between nonnegative matrices ([Wi]). Similarly to symbolic matrix systems,
strong shift equivalence is an equivalence relation on nonnegative matrix sys-
tems.

We directly have

PROPOSITION 7.3. If two symbolic matriz systems are strong shift equivalence
(in N-step), then the associated nonnegative matriz systems are strong shift
equivalent (in N-step).

We will describe the matrix relations appearing in the formulation of strong
shift equivalence between nonnegative matrix systems in terms of certain single
homomorphisms between inductive limits of abelian groups. For a nonnegative

matrix system (A, I), the transpose Ilt,l+1 of the matrix I; ;41 naturally induces

an ordered homomorphism from Z™® to Z™(+1)  where the positive cone ZT(Z)

of the group Z™® is defined by
27 = {(n,na, .y nmy) € Z7Olng > 0,6 = 1,2...m(1)}.
We put the inductive limits:
Zpe = Wg{I} 1y : 20 — 2D
z =lim{If,,, - 27—z
The condition (2-a) for the matrix I; ;41 says the following lemma.
LEMMA 7.4. For each | € N, the homomorphism Ilt,l+1 sz zm+D) g
injective. Hence the canonical homomorphism v : Z™WY — Zye is injective.
By the relation: Ij ;41 Ai41,42 = Ai 411141142, the sequence of the transposed

matrices Af,l_ﬂ,l € N of the matrices A;;4+1,! € N yields an endomorphism of

the ordered group Zr:. We write it as A4 1).

DEFINITION. For nonnegative matrix systems (A,I),(A’,I') and L € N, a
homomorphism ¢ from the group Zj;¢ to the group Zj.+ is said to be finite
homomorphism of lag L if it satisfies the condition

Ezm0y czm ) foralll € N

where Z™®) and Z™' 1 are naturally imbedded into Z;+ and Zj.+ respectively.
We then have
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PROPOSITION 7.5. Two nonnegative matric systems (A,I) and (A, I') are
strong shift equivalence in 1-step if and only if there exist order preserving
finite homomorphisms of lag 1: £ : Zye — Zype and 1 : Zypre — Zpe such that

no&=XAan, §on=Auar1)-

Proof. Suppose that (A,I) and (A’,I') are strong shift equivalent in 1-step.
Let H;, K; be sequences of matrices that give rise to a strong shift equivalence
between them. Then by the condition I} | Hf = Hf, I} | ;, the family H{,l €
N yields a homomorphism from Zj: to Z;,: which we denote by . Similarly
we define a homomorphism 7 from Zj/« to Z: induced by the family Kj,1 € N.
It is easy to see that the homomorphisms &, 7 are order preserving and finite
homomorphisms of lag 1. By the condition A}, I} ,, = K},  Hf, we see
no& = A,n- Similarly, we have { on = A4/ 7).

The converse implication is also easy by using Lemma 7.4. We in fact see that
the matrices H;, K; are given by the transposed matrices of the restrictions of
the homomorphisms ¢ to Z™® (< Z;:) and 7 to Zm,(l)(c—> Z i) respectively.
They satisfy the required conditions of strong shift equivalence between (A, I)
and (A’ I").

We will next formulate shift equivalence between two nonnegative matrix sys-
tems. For a nonnegative matrix system (A, I), we set the m(l) x m(l + k)
matrices:

Tgvk = Iivr - Divg42 - Dieke—1,04k5

Ak = A1 - Arpri42 - Alvr—1,04k
for each [,k € N.
DEFINITION. Two nonnegative matrix systems (4, 1), (A’,I’) are said to be
shift equivalent of lag N if for each | € N, there exist an m(l) x m'(l + N)
matrix H; with entries in nonnegative integers and an m/(l) x m(l 4+ N) matrix
K with entries in nonnegative integers satisfying the following equations:

li li
AririHier = HHA Ny N A1 K = KA NN+,
A A
HiKii N =114NA4N 112N, KiHiyn =1 1 nAl LN iaN
and
A A
DLyl = Hilljy n e Nt L1 Kiv1 = Kilig N4 N+

We write this situation as

i . -~ Y
(AD) o (AT or (HK): (AD) ~ (ALT)

and simply call it a shift equivalence.

This formulation is a generalization of Williams’s shift equivalence between
square matrices with entries in nonnegative integers ([Wi] see also [BK]).
Similarly to the case of shift equivalence for nonnegative matrices and symbolic
matrix systems, we have.
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LEMMA 7.6.
(i) (A, 1) o (A", 1) implies (A, I) o (A, I') for all L> N.
ag ag
i) (A1) ~ (AT AT ~ (A" I 4 es (A, 1 ~
(i) (A4,1) o (A, T") and (A", 1) o (A", 1" implies (A, 1) g NN

(A", I'). Hence shift equivalence is an equivalence relation on nonneg-
ative matriz systems.

Similarly to Theorem 6.2, we have

PROPOSITION 7.7. For nonnegative matrix systems, strong shift equivalence in
N-step implies shift equivalence of lag N .

As in the case of strong shift equivalence, we may describe the matrix relations
appearing in the formulation of shift equivalence in terms of single homomor-
phisms between inductive limits of abelian groups.

PROPOSITION 7.8. Two nonnegative matriz systems (A, I) and (A'T") are shift
equivalent of lag N if and only if there exist order preserving finite homomor-
phisms of lag N: & : Zye — Zpe and n : Zypre — Zye such that

Ay 0§ =80 ), A,y °on=mn0°Aar)
and
77052)\&1]), 5077:)\&,7[,).

Let (M, I),(M’,I') be symbolic matrix systems and (M, I), (M’ ,I') be their
supports respectively. The following proposition is direct.

PRrROPOSITION 7.9.
(i) M, I) = (M’ I') implies (M, T) A (M, I").

n—st n—st
(i) (M, I) ~ (M T') implies (M,I) ~ (M',I').
lagN lagN

8. DIMENSION GROUPS

In this section, we will introduce the notions of dimension group and dimension
triple for nonnegative matrix systems that is shown to be a shift equivalence
invariant. It is a generalization of the notions of dimension group and dimension
triple for nonnegative matrices defined by W. Krieger in [Kr|, [Kr2]. The
Krieger’s idea to define dimension groups for nonnegative matrices is based on
the K-theory for C*-algebras (cf.[Ef]). The author considered the dimension
groups for subshifts by using Ky-groups for certain C*-algebras associated with
subshifts as in [Ma2],[Ma3]. It is a generalization of the original idea of Krieger.
We will in this section formulate the dimension groups and the dimension triples
for nonnegative matrix systems.

Let (A, I) be a nonnegative matrix system. Recall that Zj: denotes the ordered
group of the inductive limit of the sequence of the ordered abelian groups
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7™ 1 € N through the transposed matrices Ilt,l_H,l € N. As seen in the
previous discussion, the sequence of the transposed matrices Af,l 41 naturally

induces an order preserving endomorphism on the ordered group Z;¢ that is
denoted by A(a 7). We set Z« (k) = Zj+ and Z, (k) = Z}, for k € N. We define
an abelian group and its positive cone by the following inductive limits:

A(AJ) = hiI;l{)\(Aﬁ]) : Z]t(k) — Zp(k + 1)},
k

A?_A,I) = hTH”)l{/\(A,]) . Z}t (k}) — Z-}; (k + 1)}

We call the ordered group (A(AJ),A?'A,I)) the dimension group for (A,I).
Since the map 64,5y : Zs+ (k) — Zge (k+1) defined by 64, 1) ([X, k]) = ([X, k+1])
for X € Zj+ yields an automorphism on A4 r) that preserves the positive cone
AE”A - We also denote it by d(4 ) and call it the dimension automorphism.
We call the triple (A(AJ),A?AJ),&AJ)) the dimension triple for (A,I) and
the pair (Aa,r),0(a,1)) the dimension pair for (A,I).

PROPOSITION 8.1. If two nonnegative matrixz systems are shift equivalent, their
dimension triples are isomorphic.

Proof. Suppose that two nonnegative matrix systems (A,I) and (A’,I’) are
shift equivalent of lag N. By Proposition 7.8, there exist order preserving
finite homomorphisms & : Zyt — Zjpe and 5 : Zpe — Zye of lag N such that

Ay 0§ =80 ), A, °on=mn0°XAar)

and

noé&= Ao Eon= A1)
Define the maps &¢ : Zp(k) — Zpi(k) and &, : Zpe(k) — Zp(k) as
Pe([X,k]) = ([€(X),k]) and & ([Y,k]) = ([n(Y), k]) for X € Zy:, Y € Zyp.
It is easy to see that they induce homomorphisms from A4 1) to A(a/ ) and
Acar,ry to A,y respectively. We still denote them by &¢ and &, respec-

tively. Since the homomorphisms £, n are order preserving, the maps ¢, P,
also preserve order structures of the dimension groups. It then follows that

5(14,])0@77:@7705(14/1/)7 5(14/,]/)0@5:@505(147[)

and
-N -N
45770455:5(147[), 45504577:5(14/7[,).

Therefore we see that the both maps ®; and @, are isomorphisms and the
corresponding dimension triples are isomorphic.

In particular we have (cf.[BK])
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ProprOSITION 8.2. Two sofic nonnegative matriz systems are shift equivalent
if and only if their dimension triples are isomorphic. Thus the dimension
triple are complete invariants for shift equivalence of sofic nonnegative matriz
systems.

Proof. The only if part is from the preceding proposition. By a similar discus-
sion to [Kr],[Kr2], we obtain the if part of the assertion.

We will define the dimension triples for symbolic matrix systems as the dimen-
sion triples for their supports. Namely let (M, I) be a symbolic matrix system
and (M, I) its support. Then the dimension triple (A, 1), AZFM,I)’(S(MJ)) is
defined to be the dimension triple (A, 1y, A?’MJ), d(am,ny)- We may also de-
fine dimension triples for subshifts as the dimension triple for their canonical
symbolic matrix systems. Let A be a subshift and (M, I) its canonical sym-
bolic matrix system for A. Then the future dimension triple (Ax, AL, d,) for
subshift A is defined to be the dimension triple (A, 1), AEFMJ), dm,n))- The
past dimension triple for A is defined as the future dimension triple for the
transposed subshift AT for A.

Thus we have

ProproSITION 8.3. The future dimension triples for subshifts are shift equiva-
lence wnwvariants and in particular topological conjugacy invariants.

The notion of dimension pair (Aa,da) for subshifts has been also seen in [Le].

9. K-GROUPS AND BOWEN-FRANKS GROUPS

The Bowen-Franks groups for nonnegative matrices and hence for topological
Markov shifts have been introduced by R. Bowen and J. Franks in [BF]. For an
n X n nonnegative square matrix A, its Bowen-Franks group BF(A) is defined
by the group Z"/(1— A)Z™. This group has discovered in a study of suspension
flows of topological Markov shifts by Bowen and Franks (cf. [PS]). They showed
that the groups are not only invariants under shift equivalence but also almost
complete invariants under flow equivalence between nonnegative matrices.

We will in this section introduce and study the notion of Bowen-Franks groups
for nonnegative matrix systems as a generalization of the original Bowen-Franks
groups for nonnegative matrices. Our Bowen-Franks groups for a nonnegative
matrix system consist of a pair of abelian groups. One corresponds to a gener-
alization of the original Bowen-Franks group, called the Bowen-Franks group of
degree zero, and the other one corresponds to its suspension, called the Bowen-
Franks group of degree one. For matrices, the latter group is the torsion-free
part of the original Bowen-Franks group. But in general nonnegative matrix
systems the group of degree one is not necessarily the torsion-free part of the
group of degree zero (see Section 10).

Before going to definition of the Bowen-Franks groups for nonnegative ma-
trix systems, we introduce two abelian groups for nonnegative matrix systems,
called K-groups, that will be proved to be invariant under shift equivalence.
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Let (A, I) be a nonnegative matrix system. For [ € N, we set the abelian groups

K§(A, 1) =z /(1 — Al )Z2m©,
K{(AT) = Ker(llt,l-f-l - A?,H—l) in 2.

LEMMA 9.1. The map If ., : 7m0 — 7Y paturally induces homomor-
phisms between the following groups:

il KLAT) — KXY(A, D) for x=0,1.
The proof is straightforward by using the relations
L1 Ais1,042 = Airi i i42

We now define the K-groups for nonnegative matrix system (A, I).
DEFINITION. The K-groups for (A,I) are defined as the following inductive
limits of the abelian groups:

Ko(A,I) = h_m{lf) : K(ZJ(AaI) - Ké+1(AaI)}a
l

Ky(AT) = lim{il : KL(A,T) — K171 (A, D).
l

For a symbolic matrix system (M, ), its K-groups Ko(M,I), K1(M,I) are
defined to be the K-groups for the associated nonnegative matrix systems. It
is easy to see that the groups K. (A, I) are also represented as in the following
way

PROPOSITION 9.2.

(i) Ko(A,I)=2Zy/(id — Aa,n)Zre,
(11) Kl(A,I) = Ker(zd — A(A,])) m Z[t.

We will see that the groups K, (A, T) are invariant under shift equivalence.

LEMMA 9.3.

(i) Ko(A,I) = Aa,n/(id —da,n)Awi,n,
(11) K1 (A, I) = Ker(id — 5(147[)) m A(AJ).

Proof. As the automorphism 64 1y is given by A4, 1) = {Af,lﬂ} on Aca,p, the
assertions are easily proved.

Since the dimension triple (A4, 1), AE”A n d(a,r)) is invariant under shift equiv-
alence of nonnegative matrix systems, we thus have
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PROPOSITION 9.4. The groups K;(A,I),i = 0,1 are invariant under shift
equivalence of nonnegative matriz systems.

Set the abelian group

Zp = Um{I} 4 : 2™ — ZmD}
!

the projective limit of the system: [; ;41 : 7+ s 7)1 e N. The sequence
Api+1,!1 € N naturally acts on Z; as an endomorphism that we denote by A.
The identity on Zj is denoted by I. We now define the Bowen-Franks groups
for (A4, 1) as follows:

DEFINITION. For a nonnegative matrix system (4, I),

BFY(A,I)=7Z;/(I — A)Zy, BFY(A,I) =Ker(I — A) in Z;.

We call BF°(A,I) the Bowen-Franks group for (A, I) of degree zero and
BF*'(A,I) the Bowen-Franks group for (A, I) of degree one. We see

THEOREM 9.5. The Bowen-Franks groups BF'(A,I),i = 0,1 are invariant
under shift equivalence of nonnegative matriz systems.

Proof. (i) Suppose that two nonnegative matrix systems (4, ) and (A’,I’) are
shift equivalent of lag N. Let H;, K; be sequences of nonnegative matrices

such that (H,K) : (4,1) W (A, I'). For (zi)ien € Z1, put Pr((zi)ien) =

(K;(zn4i)ien). Tt is easy to see that the Pk gives rise to a homomorphism
from Z[ to Z[/. As we see the equality: Kl @) (IN+i,N+i+1 — AN+i,N+i+1) =
(I} iy1 — Afiy1) © Kit1, the homomorphism induces a homomorphism from
Zi)(I — A)Z; to Zp/(I' — A")Zy. We denote it by @x. We similarly have
a homomorphism @ from Zp/(I' = ANZyp to Zi /(I — A)Z;. Since we have
G o P = AN on Z; and P o by = AN on Zp, the homomorphisms ® g
and @ are inverses each other.

(ii) Tt is direct to see that the homomorphisms @ and @ induce isomorphisms
between Ker(I — A) in Z; and Ker(I' — A’) in Zj..

We will prove the following Universal Coefficient Theorem. It says that the
Bowen-Franks groups are determined by the K-groups.

THEOREM 9.6.

(i) There exists a short exact sequence
0 — Exth(Ko(A, 1),2) > BF°(A, I) - Homy (K1 (A, I),Z) — 0
that splits unnaturally.

(i)
BFY(A,I) = Homgz(Ko(A,I),7Z).
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In the theorem above, Exty, is the derived functor of the Hom-functor in homo-
logical algebra. The formulations above come from the Universal Coefficient
Theorem for K-theory of the C*-algebra Op associated with subshift A ([Mad4]).
General framework of the Universal Coefficient Theorem for K-theory of C*-
algebras have been proved in [Bro], [RS]. If an abelian group G is finitely
generated, it is well known that

Homyz(G,Z) = The torsion-free part of G,
Ext;(G,7Z) = The torsion part of G.

We provide some lemmas to prove Theorem 9.6.
LEMMA 9.7. Extl(Z,Z) = 0.

Proof. Tt suffices to show that an extension
0—2Z—G-">Zp—0

of abelian groups splits. For each | € N, let ¢; be the canonical inclusion of
7™ into Zy.. We will choose homomorphisms ¢; : Z™® — G such that

t
PO YL =1t w101 141 =@

as follows: Let el,i = 1,...,m(l) be the standard basis of Z™®. We first
take homomorphisms ¢; : Z™") — G such that po ¢ = ¢ for | € N. Put
@1 = ¢1. Since we see p((¢2 0 I 5 — ¢1)(ej)) = 0, we may regard the element
¢2 0 I 5(e;) — ¢1(e}) as an integer m}. For each i = 1,...,m(1), take r; =
1,...,m(2) such that I 5(i,7;) = 1. We set

{ pa(e3) —mj ifj=mr

2
es) =
e2(e5) pa(e3) otherwise.

Then it is easy to see that

po 2 =1l2, @201 5= 1.

By continuing these procedures, we can find a sequence of homomorphisms
1,1 € N that have the desired property. They give rise to a homomorphism
@ : Zj+ — G such that po ¢ =id.
LEMMA 9.8.

(i) Exty((id — \a.n)Z5t,Z) = 0.

(i) Exty(Ker(id — A1) in Zye, Z) = 0.
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Proof. Regard (id — A\(4,1))Zs+ and Ker(id — A(4,1)) in Zj: as subgroups of Zy:.
Consider the following short exact sequences:

9.1
o 0 —(id — A\a,1))Zy+ —— Lyt — Zye /(id — \a,1))Zy+ — O,
(9.2)
0 —Ker(id — A1) = Zpe " =S (id — Aap))Zpt — 0
of abelian groups. They yield the following exact sequences respectively:
- —EBxty(Ze, Z) — Exty((id — Ma,1))Z1+, Z)
— Bxt}(Zre/(id — Ma,1))Zre, Z) — -
and
- —Exty(Z, Z) — Exty(Ker(id — A\a.1)), Z)
— Ext3((id — A\a,1))Zre, Z) — -+
As Ext? = 0, we have
Exty,((id — Ma,1))Zre, Z) = Exty(Ker(id — A(a.n)), Z) = 0

by the preceding lemma.

LEMMA 9.9.
(i)
Exty(Zg:/(id — X\(a.1))Z1, Z)
= Homgz ((id — X(a,1)) %y, Z) /" Homz (Zy:, 7).
(ii)

Homgz (Ker(id — Aa,1), Z)
= HomZ(th y Z)/(’Ld — )\(AJ))*HOInz((’L'd — )\(AJ))Z]t s Z)

Proof. The short exact sequences (9.1) and (9.2) make the following sequences
exact:

(9.3)
0 —>H0mz(Z]t/(’id - )\(AJ))Z]’: N Z)
%, Homg,(Zye, Z) - Homg((id — A a.p))Zre, Z.)
— Exty(Z /(id — Na,1)Z1e, Z) — Exty(Zpe, Z) — -+ -
(9.4)

id—A *
0 —Homy((id — Aa,1))Zr+, Z) (=2 n)

HomZ (Z]t 5 Z)

9%, Homg,(Ker(id — M), Z) — Extl((id — A\ap))Zye, Z) — .
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Hence we get the desired isomorphisms.

Proof of Theorem 9.6. (i) By Proposition 9.2 and the previous lemmas, we
have

Homz(K1(A,I),Z) 2Homgz(Z:, Z)/(id — Aa, 1)) " Homgz ((id — Aa,1)) L5, Z),
Exty(Ko(A, I),Z) 2Homy((id — \(a,1))Zr:, Z) /" Homy(Z: , Z).
The exact sequence (9.4) says the map
(id — Aca,n)™ : Homz((id — Xa,1))Zr+, Z) — Homgz(Zy+, Z)
is injective. Hence we know that the group
Homz((id — Aa,1))Zr+, Z) /" Homgz(Zy+, Z)
is isomorphic to the group
(id — Aa,r))"Homgz (id — X a,1))Z1e, Z) [ (id — A(a,1y) " " Homg (Zye, 7).

The map
(id — )\(AJ))*L* : Homg(Zyt,Z) — Homgy(Zy:, 7)

is naturally regarded as the endomorphism
I— A . Z[ — Z[

through a natural identification between Homyz(Z¢,7Z) and Z;. As there exists
an short exact sequence

0 —>(’L'd — )\(AJ))*HOInz;(’L'd — )\(AJ))ZIt,Z)/(’L'd — )\(AJ))*L*HOInz(ZIt,Z)
HHOmz(Z]t y Z)/(’Ld — /\(A,]))*L*Homz((id — /\(A,]))Z[t y Z)
—Homy(Z;+,7)/(id — )\(Aﬁ]))*HOmZ((Z‘d — )\(AJ))ZIt,Z)

—0,

we obtain a short exact sequence:
0 — ExtL(Ko(A,1),Z) = Z; /(I — A)Z; - Homg (K1 (A, 1),7Z) — 0.

The short exact sequence above splits unnaturally, since the group EXt%(G WARE
algebraically compact and the group Homy (H, Z) is torsion-free for any abelian
groups G, H (cf. [KKS]).

(i) By the exact sequence (9.3), we see

Homz(Ko(A, I), Z) gHOmz(Z]t/(Z‘d — )\(AJ))Z]t y ), Z)
~Ker ¢* : Homgz(Zy:,Z) — Homg((id — Aa,1)) 21+, Z)
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By a natural identification between Homy(Z¢,Z) and Z;, we obtain Ker .* :
Homgz(Zy:,Z) — Homgz((id — X(a,1))Zs+,Z) is regarded as Ker(I — A) in Zj.
Thus we end the proof of the theorem.

REMARK. Lemma 9.8 (ii) means Exty(K;(A,I),Z) = 0. Hence the following
short exact sequence clearly holds by Theorem 9.6 (ii):

0 — Exth(K1(A, 1), Z) > BF*(A, I) -5 Homz(Ko(A, I),Z) — 0.
EXAMPLE. Let M be an n X n nonnegative matrix . Put for each [ € N
A1 = M, I;1+1 = the n x n identity matrix.

Then (A, I) is a nonnegative matrix system. The K-groups are

Ko(AI)=2"/(1—M"Z",  Ki((A,I)=Ker(l1—M") in Z".
The Bowen-Franks groups are

BFY(A,I)=2"/(1 - M)Z", BFY((A,I) = Ker(1 — M) in Z".
Hence we have

Ko(A,I) = BF°(A,I) = BF(M) : the original Bowen-Franks group for M,
Ki(A,I)= BF'(A,I) = the torsion-free part of BF(M)
We will next define K-groups and Bowen-Franks groups for subshifts.

DEFINITION. For a subshift A, let (A4, Ix) be the canonical nonnegative matrix
system associated with A. We define

K;(A) = K;(Aa,In),i=0,1 : the K-groups for A
BF'(A) = BF'(Ax,Ip),i=0,1 : the Bowen-Franks groups for A

We thus have

THEOREM 9.10. The K-groups K;(A) and the Bowen-Franks groups BF*(A)
for subshift A are abelian groups that are invariant under shift equivalence of
subshifts. In particular, they are topological conjugacy invariants of subshifts.

PROPOSITION 9.11. Let A be a sofic subshift. We denote by m(A) the cardi-
nality of the vertices of the left Krieger cover graph for A and Ay its adjacency
matriz. Then we have

BFO(A) =Z™WM /(1 — Ap)Z™™ . BFY(A) = Ker(1 — Ayp) in Z™W,
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Proof. As we see
Ko(A) =72"W™ /(1 — ANZ™N | K (A) = Ker(1 — Ay) in 2™

the assertion is clear.

In the final section, we will see an example of a nonsofic subshift A for which
BF*(A) is no longer the torsion-free part of the group BF°(A).

REMARK. In [Ma], the author introduced the C*-algebra O, associated with
subshift A as a generalization of the construction of the Cuntz-Krieger algebra
O 4 associated with the topological Markov shift A4 determined by a matrix
A with entries in {0,1}. Cuntz-Krieger proved in [CK] that the Ext-group
Ext(O4) of the C*-algebra O4 is Z™/(1 — A)Z™ : the Bowen-Franks group of
the matrix A. The author in [Mad4] generalized the notion of the Bowen-Franks
group to the subshifts as:

BF(A) := Ext(Oy).

From the view point of the K-theory for C*-algebras, the invariants
K;, BF",i = 0,1 introduced in this section appear as

Ko(A) = Ko(On),  Ki(A) = K1(Oy)

and
BF°(A) = Ext(Oy), BF'(A) = Ext(Oy ® Cy(R)).

The formulations in Theorem 9.6 come from the Universal Coefficients Theorem
for C*-algebras ([Bro], [RS] ).

As the K-groups and the Ext-groups for C*-algebras are stably isomorphic
invariant and the stable isomorphism class of the C*-algebra Op with gauge
action is invariant under topological conjugacy class of subshifts ([Ma5]), we
know that the dimension triple, the K-groups and the Bowen-Franks groups
for subshifts are topological conjugacy invariants without using discussions of
this paper under some mild conditions for subshifts.

The Bowen-Franks group for nonnegative matrix was first invented for use
as an invariant of flow equivalence of the associated topological Markov shift
rather than topological conjugacy ([BF],[Fr],[PS]). We can prove that the K-
groups K, (A) and hence the Bowen-Franks groups BF*(A) for subshift are also
invariant under flow equivalence of subshift by using a result of Parry-Sullivan
[PS]. The proof, that we do not give in this paper, will appear in a forthcoming
paper (cf.[Mad4],[Ma5]).

We will finally present another candidate of Bowen-Franks groups for subshifts.
For a topological Markov shift A 4 determined by an n xXn matrix A with entries
in {0,1}, the group BF (A 4) is isomorphic to the Ky-group for the subshift A 4
determined by the transpose of the matrix A. The subshift A 4: is the transpose
AL of Ay as a subshift. From this point of view, it seems to be one way to
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define the Bowen-Franks group for canonical symbolic matrix systems as the
K-groups for their transpose.

Let (M, I) be a canonical symbolic matrix system and A, 1) the associated
subshift. We define the transpose (MT IT) of (M, I) as the canonical symbolic
matrix system for the transpose A(TM, n of the subshift A(x, ). We will define
another pair of Bowen-Franks groups as in the following way.

DEFINITION. For a canonical symbolic matrix system (M, I'), we define

BFj (M, I) = K;(MT,IT),  i=0,1

where K;(MT, IT) is defined as the K;-groups for the nonnegative matrix
system associated with (M7T,IT). We call them the Bowen-Franks groups
from K for (M,I). For a subshift A, let (M,I) be its canonical symbolic
matrix system. We will then define Bowen-Franks groups (from K) for subshift
as follows:

BF};(A) = BF- (M, I), i=0,1.

We thus have

PROPOSITION 9.12. The Bowen-Franks groups BFi-(A),i = 0,1 from K for
subshift A are topological conjugacy invariants of subshifts.

Proof. Suppose that two subshifts A, A’ are topologically conjugate. We
denote by (M, I),(M’, I') their canonical symbolic matrix systems respec-
tively. Hence their transposed subshifts AT, A’ T are topologically conjugate
so that their canonical symbolic matrix systems (M7T,IT), (M’ T,I’T) are
strong shift equivalent and hence shift equivalent. As their corresponding non-
negative matrix systems (M7, I7), (M ’T,I’ T) are shift equivalent, we have
K;(MT 1Ty = K;(M'", T'") for i = 0, 1.

PROPOSITION 9.13. For a topological Markov shift Aa determined by an n xn
square matriz A with entries in {0,1}, we have

BFR(Aa) =7"/(1 — A)Z™ = BF(M4), BFj(Aa) =Ker(1 — A) in Z".

Hence the group BF}(A) is the torsion-free part of the group BF%(A).

We will finally present the calculation formulae for the Bowen-Franks groups
from K. For a subshift A, let X, be the set of all left-infinite sequences ap-
pearing in A. That is

0
Xy ={(nz-2,2-1,20) € [] Bil(2)icz € A}.

We will define [-future equivalence in the space X, in a symmetric way to the
previous [l-past equivalence. Namely, for z € X, and [ € N, put

A ) ={peN|zpe X))
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Two points z,w € X are said to be I-future equivalent if A=!(z) = A~} (w).
We write this equivalence as x ~_; y. For a fixed [ € N, let Pil,i =1,2,...,n()
be the set of all [-future equivalence classes of X, . We define two rectangu-
lar n(l) x n(l + 1) matrices Jj 41, By+1 with entries in {0,1} and entries in
nonnegative integers similarly to the matrix I; ;11, A;;+1. Namely, we define

Jl7l+1 for A = Il1l+1 for AT, Bl,l+1 for A = Al1l+1 for AT.

By [Ma2;Theorem 4.9], we have

THEOREM 9.14.
() BER(A) = {1 : 20/ = B )20
(ii) BFL(A) = HTH;{Jil_,_l : Ker(Jlt’l_H - Bf,l-kl) in Z”(l)}_

We similarly obtain by Lemma 9.2,

THEOREM 9.15. The past dimension pair (Apr,dp7r) for subshift A determines
the Bowen-Franks group BFi-(A),i = 0,1 from K for A,

10. SPECTRUM

It is well-known that the set of all nonzero eigenvalues of a nonnegative matrix
M is a shift equivalence invariant. The set of M is called the nonzero spectrum
of M and plays an important role for studying dynamical properties of the as-
sociated topological Markov shift (cf.[LM],[Ki]). In this section, we introduce
the notion of spectrum of nonnegative matrix system (A, I'). It is an eigenvalue
of (A, I) in the sense stated bellow. We denote by Sp(A, I) the set of all eigen-
values of (4, I). As the sequence of the sizes of matrices A; ;41,1 41,] € N are
increasing, it seems to be natural to deal with eigenvalues of (A, I) with a cer-
tain boundedness condition defined bellow on the corresponding eigenvectors.
We denote by Spy(A, I) the set of all eigenvalues of (A, I) with the bounded-
ness condition on the corresponding eigenvectors. We will prove that the both
of the sets of nonzero spectrum of Sp(A,I) and Spy(A,I) are invariant under
shift equivalence of (A, T).

We fix a nonnegative matrix system (A4, I) throughout this section.
DEFINITION. A sequence {v!'};en of vectors v! = (v}, ..., vﬁn(l)) ceC™® ]eN
is called an I-compatible vector if it satisfies the conditions:

(10.1) ot = I 0ttt forall [eN.

An I-compatible vector {v'};cy is said to be nonzero if v' is a nonzero vector
for some [. If v! > 0 (resp. v} >0 ) foralli =1,...,m(l) and [ € N, {v'};ey is
said to be nonnegative (resp. positive). If there exists a number M such that
221(1[) [vl| < M for all | € N, {v'},en is said to be bounded. We remark that,
for an I-compatible vector {v'};en, vV # 0 for some N implies v' # 0 for all
I>N.
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DEFINITION. For a complex number (3, a nonzero I-compatible vector {v'} is
called an eigenvector of (A, I) for eigenvalue ( if it satisfies the conditions:

(10.2) Al7l+1vl+1 = B forall [€N.

An eigenvalue 3 is said to be bounded if it is an eigenvalue for a bounded
eigenvector.

REMARK. If a sequence v' of vectors satisfies the above conditions (10.1),(10.2)
for | = N,N + 1,...for some N, we may extendedly define vectors v for
Il =1,...,N —1 for which {v'};ey satisfy the conditions (10.1),(10.2) for all
I € N by using the condition (10.1).

DEFINITION. Let Sp* (A, I) be the set of all nonzero eigenvalues of (A4, I) and
Spy (A, I) the set of all nonzero bounded eigenvalues of (A, I). We call them
the nonzero spectrum of (A,I) and the nonzero bounded spectrum of (A, T)
respectively.

We will prove

THEOREM 10.1. If two nonnegative matriz systems are shift equivalent, their
nonzero spectrum coincide.

Proof. Suppose that two nonnegative matrix systems (A,I) and (A’,I’) are

shift equivalent of lag N. Let H;, K; be sequences of nonnegative matrices

such that (H, K) : (4,1) e (A, I"). We will show Sp*(A,I) C Sp*(A’,I').
ag

For 3 € Sp* (A, I) with nonzero eigenvector v!, we set u! = Kjv'™ for [ € N.
It is direct to see that

’lLl = Il/7l+1ul+1, Ag,l+1ul+1 = 6’&[.
I

Now if the vectors u' are zero for all [ > [y for some Iy, by the equality
HlKlJrN’UlJrQN = Il1l+NAl+N1l+2NUl+2N, it follows that

I+2N I+N 1
0= ANl Nipanv' 2N = A yo'™ = gl

Thus v! = 0 for all [ > Iy and hence for all [ € N, a contradiction. Therefore 3
is a nonzero eigenvalue of (A, I').

We will next show that the nonzero bounded spectrum of (A, I) is also invariant
under shift equivalence. We must provide some lemmas.

LEMMA 10.2. Put N = max; Zz(ll) Ap141(i,5) for 1 € N. We have N} =
Nf4+1. That is, the value N, does not depend on the choice of | € N.

Proof. We note that Z;l(ll) I14+1(i,7) = 1 for each j. It follows that

m(l+1) m(l) m(l+1)
S A k) =Y Y L) A k)
=1 =1 j=1

m(l) m(l+1)

:Z Z Ap11(3, p)ig1,142(p, k).

i=1 p=1
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Hence for k = 1,...,m(l 4+ 2), there uniquely exists pr, = 1,...,m(l + 1) such

that
m(l+1) m(l)

Z Ari1,420, k ZAI 141 (%, Pr.).-

This implies the inequality N4 < N4. For p = 1,...,m(l + 1), take k, =
1,...,m(l+2) with I4142(p, kp) = 1. It follows that

m(l) m(l)
Z Apa(i,p) = Z A1 (@, p) i1, 142(p, kp)
; im1

m(l) m(l+1)
:Z Z A1 (8, @) iy i42(q, kp)
i=1 g¢=1
m(l) m(l+1)
=Y > Lugali ) A k)
i=1 j=1
m(l+1)

= Z Ar1,42(, kp).
=1

This implies the inequality N 114 < Ni{"l.

Set Na = max; Zﬁ(ll) Api41(7, j) that is independent of the choice of [ € N.

m(l

For an I-compatible vector {v'}ien, we put ||| = S0 [vl].

LEMMA 10.3. The sequence {|v!||}ien is increasing. If {v'}1en is nonnegative,
{|Iv!]|}1en is constant and hence {v'}ien is bounded.

Proof. We know S 7 L0414, §)05 T = it and

m(l) m(l+1) m(l+1)
o] < Z Z |I.141 (4, §)v l+1| < Z |v§+1| = [lo"*Y].
i=1 j=1 j=1

If {v'},en is nonnegative, both of the inequalities above go to equalities.
For a bounded I-compatible vector v = {v'};en, we put

[vo]ls = sup [|']].

PROPOSITION 10.4. Sp;(A,I) C {z € C||z| < Na}.
Proof. For 3 € Sp(A, I) with a bounded eigenvector {v'};en, we have

m(l+1) m(l)

m(l)
BY i< > mjaxZAl w1 (3, ) -
i=1

j=1 i=1
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Hence we obtain the inequality
Bllv'| < Nallo'*H.
As {v'} is bounded, the limit lim; .. [|[v!|| = ||v||; exists so that we have a

desired assertion.

We denote by B the set of all bounded I-compatible vectors. It is a complex
Banach space with norm || -[|;. A nonnegative I-compatible vector v = {v!};en
is called a state for I if ||v||y = 1. Let &  be the set of all states for I. Tt is a
convex subset of B;.
LEMMA 10.5. For v = {v'}en € By, put
= sup Z IlyN(z',j)|v§V| for i=1,....m(l), leN.
Nzl

We then have
(i) [o]; < oo.
(ii) The vectors defined by |v|' = (|v]}, v}y, ..., |v m(l)> forl € N give rise
to a nonnegative I-compatible vector.
Proof. (i) By the inequality Z] 1 1 N ()| < Zm(N [N = [loV], we
get [v]; < [|v]]s.
(i1) As we easily see
m(N) m(N+1)

Z Iz,N(i,k)|v,iV| < Z Il,N+1(i,j)|v]N“|,

the sequence of sums Z N, (i, 7)|v)N| is increasing on N so that we have

m(N)

ol = lim_ ZIZN )| CAlE

Hence the following equalities hold

m(l+1) m(l+1) m(N)
S Ll =Y ]\}gnoo( Z Lasr (i, ) Diea, v (J: K)o |)
Jj=1 j=1 =
m(N) m(l+1
- ngnoo Z Z Da41 (4, §) D1 v (4, k)oY |

= hm ZIlNzk|vk|f|v|l

so that the vectors {|v|'};en yield an I-compatible vector.

The I-compatible vector |v| for v € By is called the total variation of v. A
bounded I-compatible vector v € B is said to be real if all elements Uf of the
vectors vt, ] € N are real numbers. Thus we obtain
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COROLLARY 10.6. For a real bounded I-compatible vector v € By, there exist
nonnegative bounded I-compatible vectors v, v™ € B such that

v=ovt—v7, o] = vt + v~
This decomposition is called the Jordan decomposition of v.

Proof. As |v|! > |v!| for each i,l, by putting
1 1
T () R (R

we get the desired assertions.

COROLLARY 10.7. For a bounded I-compatible vector v € By, there exist states
v; € &1 and nonnegative real numbers c; € R such that

v = €101 — Cav2 + i(C3v3 — Cqv4).

ProrosiTION 10.8. For a bounded I-compatible vector v € B, we put
m(l+1)
(Lv)t Z A0, j)v for i=1,....m(), leN

Then L4 gives rise to a bounded linear operator on the Banach space B that
ILav]l
ol

satisfies || L || = Na, where the norm of L is given by || Lal| = sup,
To prove the proposition above, we note the following lemma.

LEMMA 10.9. For an arbitrary fized | € N and nonnegative real numbers c;
fori=1,...,m(l), there exists a nonnegative I-compatible vector v € B such
that vt = ¢; fori=1,...,m(l).

Proof. Put v! = ¢l for i = 1,...,m(l). For k < [, we put v* = Iy v'. For
=1 ml+1)
such that v} ZT(ZH) 11 hecause for each j there uniquely exists i satisfying

I j41(i,5) =land I l+1( j) = 0 for other ¢. Hence we may get a nonnegative
I-compatible vector v by 1nduction such that v} = ¢;,i = 1,...,m(l).

Proof of Proposition 10.8. We first show that L v is a bounded I-compatible
vector. By the relation I; ;11414142 = Api41li+1,042, it is direct to see
that Lav is an I-compatible vector. We have ||(Lav)!|| < Nal[v!*!| so that
ILav||1 < Nallv|l1- Hence L v is bounded and ||L4|| < Na. Fix I € N. Take
io such that max; Y ;) m(l1-1) Aj_1(hyi) = Zm(l D Ai—14(h,ip). By the previ-
ous lemma, there ex1sts a nonnegative I-compatible vector v € B such that
vl.o =1 and v} # 0 for i # ig. It then follows that

2

k =141, we can choose nonnegatlve real numbers v

m(l—1)

[(Lav)= = Y Ai1u(hyio) = Na.
h=1

Thus we get ||(Lav)|l1 = Na. As ||v||; = ||[v!|| = 1, we conclude ||L || > N4 so
that ||LA|| = Ny.

Therefore we have
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COROLLARY 10.10. For a complex number (3, it belongs to Spy(A,I) if and
only if it satisfies Lav = [v for some v € By. That is, the bounded spectrum
of (A,I) are nothing but the eigenvalues of the bounded positive operator L4
on the Banach space By.

Corresponding to Theorem 10.1, we have

THEOREM 10.11. If two nonnegative matriz systems are shift equivalent, their
nonzero bounded spectrum coincide.

Proof. Suppose that two nonnegative matrix systems (A,I) and (A’,I') are

shift equivalent of lag N. Let H;, K; be sequences of nonnegative matrices

such that (H,K) : (A, 1) e (A’, I"). Following the proof of Theorem 10.1,
ag

it suffices to show that for a bounded vector v € By, the vectors defined by
u! = Kjw'tV |1 € N give rise to a bounded vector. As the equalities Il/,l-',-lKlJrl =
K114 v+ N+1 hold, the boundedness of the vector {u'}1en is shown by a similar

manner to the proof of the boundedness of the vector L v as in the proof of
Proposition 10.8. Hence we know Sp, (A, I) = Sp; (A", T").

We will next see that the set Sp; (A4, I) is not empty. We will consider another
topology on B;. The topology is defined from the subbases of open sets of the
form:

U(v,iye) = {u € Br|lv! —ul| < e} for veBri=1,....,m(l),e>0,l €N,

We call it the weak topology on B;. It is straightforward to see that the state
space & is compact in the topology. Let o(L4) be the set of all spectrum of
L4 as a bounded linear operator on the Banach space 28;. General theory of
bounded linear operators tells us that the set o(L 4) is not empty. Let r4 be the
spectral radius of the operator L4 on By, that is, r4 = sup{|r|: r € o(L4)}.

PROPOSITION 10.12. There exists a state v € & such that L v = rav. Hence
we have ra € Spy (A, I).

Our proof is completely similar to the proof of [MWY;Lemma 4.1]. We will
give a proof for the sake of completeness.

Proof. Let Ra(z) be the resolvent of L4 that is defined by Ra(z)v = (2 —
L) 'v for z € C with |z| > r4 and v € B;. For z € C with [2]| > ra, we see
Ra(z)v =317 zrr L5 (v) and

m(l+k)
(LA < 30 Avi Dl
j=1
As |v§+k| < |v|§+k, it follows that |(Ra(2)v)}| < (Ra(|z|)|v])} and hence

(10.3) [Ra(z)vlls < [|Ra(|z)[o]]1-
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Since {RA(2)}|z>r, can not be uniformly bounded in the set £(%B;) of all
bounded linear operators on B, by the inequality (10.3) we may find vy € &1
so that ||Ra(t)vol|1 is unbounded for ¢ | r4. Put

Ra(ra + v

n

— n for n=1,2,....
[Ra(ra+ %)UOH

Unp =

As L4 is a positive operator on B, the operator R4(t) is also positive so that
the vectors v,,n = 1,2,... are states. Hence there exists a limit point v, of
the sequence {v,} in & in the weak topology of &;. The following identity

1 Vo
(ra—La)v,=—v+ ———F—
Tt [Ra(ra + 5)wol
implies r 400 = LAvoo. As (A, T) is essential, the vector L 4v can not be zero.
Hence we have r4 > 0 and ra € Sp; (A, ).

The author would like to thank Yasuo Watatani for pointing out an inaccuracy
of a proof of the proposition above given in an earlier version of this paper.

We finally show that the spectrum are majorizied by topological entropy of
the associated subshift. It is well-known that topological entropy hyop(A) for
subshift A is given by

1
heop(A) = lim —log|A"|

where |A¥| denotes the cardinality of the set of all admissible words of length
k in the subshift A (cf.[LM],[Ki]).

We say a symbolic matrix system (M, I) to be left resolving if a symbol ap-
pearing in M (%, j) can not appear in M(i, j) for other i’ # i, equivalently, its
A-graph system is left resolving. As in Proposition 3.8, a canonical symbolic
matrix system is left resolving.

PROPOSITION 10.13. Let (M, I) be a left resolving symbolic matriz system and
(M, I) its associated nonnegative matrixz system. For any § € Sppy(M,I), we
have the inequalities:

log|8] < logray < htop(Am,1))

where ryr is the spectral radius of the operator Ly on Br and A(MJ) is the
associated subshift with (M, I).

Proof. The inequality log |3| < logrys is clear. By the previous lemma, take
v € & such that Lyv = rpyv. We have for k£ € N,

m(k+1

)
E 1 C okl
MY = E Ml,k+1(%])“j+-
j=1
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As SV b = 1 it follows that

m(1) m(k+1)
rh < (m;?LX Z My k41(4,5)) Z ot = ||ILY, -
i—1 =1

We may find jo such that ||L%[| = 37" My xi1(i,jo).  Since (M, I) is

3
left resolving, the number 22(11) M j+1(i, jo) is majorized by the cardinality

ﬂ|A’(€M 1)| of the set of all admissible words of length & in the subshift Ay, ).
Thus we obtain the inequalities

T?VI < HLIFMH < ﬁ|A](€M,1)|-
As ||LE||* — ras for k — oo, we have desired inequalities.

For subshift (A,o), let (M,I) be its canonical nonnegative matrix system.
We define the nonzero spectrum Sp*(A) and the nonzero bounded spectrum
Sp; (A) of A by the nonzero spectrum and the nonzero bounded spectrum of
(M, I) respectively. We have thus proved

THEOREM 10.14. Both the sets Sp*(A) and Sp; (A) are not empty and topo-
logical conjugacy invariants of subshifts. In particular, Sp; (A) is bounded by
the topological entropy of the subshift (A, o).

11. EXAMPLE

We will give an example of the canonical symbolic matrix system, the K-groups
and the Bowen-Franks groups for a certain nonsofic subshift, that is called the
context free shift in [LM]. Let ¥ be the set of symbols {a,b,c}. The nonsofic
subshift is defined to be the subshift Z over ¥ whose forbidden words are

Fz = {ab"c"alm # k}

where the word ab™cFa means a b---b ¢---ca (cf.[LM]). In [Ma6], the C*-
— ——

m times k times

algebra Oy associated with the subshift Z has been studied so that its K-groups
has been calculated. By using discussions of the computation of the K-groups,
we may write the canonical symbolic matrix system for Z. Let Xz be the
corresponding one-sided subshift for Z. Define sequences of subsets of Xz in
the following way.

Py = {cFp®|k > 0y U {bFcmby € Xz[k > 0,m > 1,y € Xz}
and for n,j =0,1,...,
Bj ={cay € Xzly € Xz},
Qn =Ujsn Ej
F; :{bmcm+jay € Xzlm > 1,y € Xz},
R, ={b"cFay € Xzm > 1,k>0,m+j#kfor j=0,1,...,n}.
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LEMMA 11.1([Ma6;Lemma 4.3]). For each | € N, the space Xz is decomposed

into the disjoint union:
Xz=PF Ué;lo E]‘ UQ_1 Ué_:%) Fj UR;_1.
This decomposition of Xz into 21 + 3-components corresponds to the l-past

equivalence classes of X .
The canonical symbolic matrix systems M 11,1141 for Z are m(l)(= 21 +
3) x m(l + 1)(= 2l + 5) matrices that are written as follows:

Mg =
b+ c c c c c c ¢
a a
b b
c
b b
c
b b
c
b b
c c c
L b b b b
"1 -
1
1
1
1
1
1
1
141 )
1
1
1 1
L 1 1_
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along the following ordered basis
Po,Eo, Fo, Ex, Fyy .o By 1, 1, Quor, Ry g

where in the matrices above, blanks denote zeros. The transposed matrices of
its nonnegative matrix systems are written as:

2 1
1 1 1
1 1 1
1 1
1 1
1 1
1 1
1
1 1
Afl 1= )
e ) .
1 1
1
1 1
1
1 1
_1 1_
o _
1
1
1
1
1
1
1
1
Izt,l+1: 1
1
1
1
1
(- 1_

Hence we have
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ProrosITION 11.2.

Ko(2) =17, Ki(Z)=0 and BF"(Z)=0, BFY(2) =1Z.
Since the subshift Z is conjugate to its transpose Z7 and by the formula for
the Bowen-Franks groups from K for subshifts, we obtain

ProrosiTION 11.3.
BFY(Z) =7, BFj(Z) = 0.

Hence these types of the Bowen-Franks groups can not be realized in sofic sub-
shifts because BF'(Z) (resp. BF}-(Z)) is not the torsion-free part of BF°(2)
(resp. BF?(Z)). We finally see

PROPOSITION 11.4([MAG:THEOREM 6.9]). The spectral radius of the operator

L is 14++/1++/3=2.65289--- that is the topological entropy for the subshift
Z. Hence the mazimum value of Spy (A, I) is 1++/1+ V3.

In [KMW], the K-groups and the dimension groups for $-shifts have been cal-
culated. The K-groups and the Bowen-Franks groups for the Dyck shifts are
also calculated in [Ma7].
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