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Abstract. Bratteli—Vershik systems have been widely studied. In the context of general
zero-dimensional systems, Bratteli-Vershik systems are homeomorphisms that have
Kakutani—-Rohlin refinements. Bratteli diagrams are well suited to analyzing such
systems. Besides this approach, general graph covers can be used to represent any
zero-dimensional system. Indeed, all zero-dimensional systems can be described as certain
kinds of sequences of graph covers that may not be brought about by Kakutani—Rohlin
partitions. In this paper, we follow the context of general graph covers to analyze the
relations between ergodic measures and circuits of graph covers. First, we formalize
the condition for a sequence of graph covers to represent minimal Cantor systems.
In constructing invariant measures, we deal with general compact metrizable zero-
dimensional systems. In the context of Bratteli diagrams with finite rank, it has previously
been mentioned that all ergodic measures should be limits of some combinations of towers
of Kakutani—Rohlin refinements. We demonstrate this for the general zero-dimensional
case, and develop a theorem that expresses the coincidence of the time average and the
space average for ergodic measures. Additionally, we formulate a theorem that signifies
the old relation between uniform convergence and unique ergodicity in the context of
graph circuits for general zero-dimensional systems. Unlike previous studies, in our case
of general graph covers there arises the possibility of the linear dependence of circuits.
We give a condition for a full circuit system to be linearly independent. Previous research
also showed that the bounded combinatorics imply unique ergodicity. We present a lemma
that enables us to consider unbounded ranks of winding matrices. Finally, we present
examples that are linked with a set of simple Bratteli diagrams having the equal path
number property.

1. Introduction

Let X be a compact metrizable zero-dimensional space, and f : X — X be a continuous
surjective map. In this paper, we call (X, f) a zero-dimensional system. If X is
homeomorphic to the Cantor set, (X, f) is called a Cantor system. In [4, §2], Gambaudo
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and Martens defined special sequences of graph covers for Cantor minimal systems.
In [4, Theorem 2.5], they gave a structure theorem whereby every minimal Cantor system
can be described as the inverse limit of such a sequence.

In the usage of this theorem, they combinatorially constructed the set of all
invariant Borel measures [4, Proposition 3.2]. Further, in §3 of the above paper, in
the study of constructing a Cantor system that has the space of ergodic measures that
is homeomorphic to S$”, they showed how their graph covers are related to ergodic
measures. In particular, they stated that some combinatorics bring about finite ergodicity,
and that bounded combinatorics bring about unique ergodicity [4, Proposition 3.3]. After
the first version of this manuscript, the referee notified the author of the widespread
study of Bratteli—Vershik systems. Herman et al [6] developed a method of representing
any zero-dimensional systems that are homeomorphisms and have unique minimal sets,
using essentially simple ordered Bratteli diagrams. They used a special cover, called
the Kakutani—Rohlin partition. From this, numerous studies of Bratteli—Vershik systems
began. For example, the Bratteli—Vershik system was extended by Medynets [7] to
zero-dimensional systems that are homeomorphisms and have no periodic points. In [2],
Bezuglyi et al presented a number of results related to those given in this paper, as
well as others in the context of Bratteli diagrams of finite rank. As for finite ergodicity
[2, Theorem 3.3 (3)] also refers. And, as for the unique ergodicity [2, Theorem 4.11] gives
a necessary and sufficient condition in the context of Bratteli diagrams of finite rank.

Following Akin et al [1], we used general graph covers to derive [9, Theorem 2.12],
in which we show that all zero-dimensional systems are naturally described as an inverse
limit of an inverse system of directed graphs. Unlike the use of Bratteli diagrams, our
representation of general zero-dimensional systems uses a sequence of finite directed
graphs and their covers, and naturally represents every zero-dimensional system. In
particular, the natural partition induced from each directed graph is not necessarily
a Kakutani-Rohlin partition. In this paper, we follow the results of Gambaudo and
Martens [4] up to §3 in the context of our general graph covers, and link with the
results of Bezuglyi et al [2] as far as possible. To extend the work of Gambaudo and
Martens [4] in such a way, we first describe the condition for a general Cantor system to
be minimal in Theorem 3.5. Our construction of invariant measures applies to general
zero-dimensional systems, and not only minimal systems (see Proposition 4.15). We
also describe how the system of circuits of each graph is related to ergodic measures.
One of our main results is Theorem 4.20, which describes a traditional property of
ergodicity that ‘the time average and the space average coincide.” This is referred in
[2, Theorem 3.3] in the context of Bratteli diagram of finite rank. It is also known that
unique ergodicity is related to uniform convergence (see, for example, [10, Theorem
6.19]). A similar result is seen in Corollary 4.24; the complete form, in the context
of Bratteli diagram of finite rank, is seen in [2, Theorem 4.11]. We also extend
[4, Proposition 3.3 (b)] to get Theorem 6.7 for certain cases of unbounded combinatorics.
The elementary Lemma 6.6 enables us to manage a sequence of covers with unbounded
ranks.

In §7, we present a set of examples of sequences of graph covers that are linked to a set
of simple Bratteli diagrams. These examples are Cantor minimal systems that are almost
one-to-one extensions of odometer systems.
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Unlike the graphs considered by Gambaudo and Martens [4], our construction gives rise
to the case of a linearly dependent system of circuits. Section 5 is devoted to the study of
the linear independence of circuits (see Theorems 5.1 and 5.2).

2. Preliminaries

Let Z denote the set of all integers, N be the set of all non-negative integers, and N be
the set of all positive integers. Let (X, d) be a compact metric space, and f : X — X bea
continuous map with f(X) = X. A pair (X, f) is called a fopological dynamical system.
‘We mainly consider the case in which X is zero-dimensional. When X is zero-dimensional,
we call (X, f) a zero-dimensional system. Let C be the Cantor set. Topological spaces
that are homeomorphic to C are characterized as compact zero-dimensional perfect
metrizable spaces. A topological dynamical system (X, f) is said to be a Cantor system
if X is homeomorphic to C. For a > b (a, b € Z), we denote by [a, b] the segment
{a,a+1,...,b}. A pair (V, E) consisting of a finite set V endowed with the discrete
topology and a relation E CV x V on V can be considered as a directed graph with
vertices V and an edge from u to v when (u, v) € E. For every e = (u, v) € E, u is called
the initial vertex, and v is the terminal vertex. The projection from e = (u, v) € E to the
initial (respectively terminal) vertex u (respectively v) is denoted by i (respectively ¢). We
call E a surjective relation when both i and ¢ are surjective. Thus, for every vertex v € V,
there exist edges (u1, v), (v, uz) € E. In this paper, we call (V, E) a graph only if V is
finite and E is a surjective relation.

Definition 2.1. Let G = (V, E) be a graph and I € NT. A sequence w = (vg, v1, ..., V)
of elements of V is a walk of length [ if (v;, v;4+1) € E for all 0 <i < /. The vertex v is
called the initial vertex, and is denoted as i (w); v; is called the terminal vertex, denoted
by t(w). A walk (vo, vy, ..., v;) is a path if i # j implies v; # v, and (vo, v1, ..., V1)
is a cycle if vo = v;. A cycle (vo, v1, ..., vy) is a circuit if v; =v; (0<i < j </) only
when i =0 and j =/. If p is a path of length /, then it is also considered to be a graph
with [ + 1 vertices and / edges. If ¢ is a circuit of length /, then it is also considered to be
a circuit graph with [ vertices and [/ edges, and [ is called the period of the circuit, denoted

as Per(c).

Notation 2.2. Letw = (v, v1, ..., v;) and w’ = (v, v], . .., v}) be two walks such that
the terminal vertex of w is the initial vertex of w’. Then, we denote the connected walk by
w + w'. Namely, w 4w’ = (vo, v1, ..., v, V], V3, ..., V).

Notation 2.3. For a graph G, we denote the set of circuit graphs contained in G as

% (G) :={c| ¢ is a circuit graph of G}.

Notation 2.4. Letl € NT and v € V. We use the following notation:

Wy(G, D) :={w = (vo=v, v1, V2, ..., V) | wis awalk of G (of length /)},
WG, D= WG D, Wu(G):= [ Wu(G. D), and
veV leNT
W)= |J wiG.D.
veV,leNt+
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Notation 2.5. Letl € NT. For w = (vg, v1, va, ..., v;) € W(G, I), we denote
V(w) :={vg, v1, v2, ..., v} and E(w):={(vi, vi+1)|0<i <I}.
For a circuit graph ¢ € 4 (G), we similarly denote

V(c) := the set of all vertices of ¢ and E(c) := the set of all edges of c.

Notation 2.6. Let X be a compact metrizable zero-dimensional space. The partition of
X by non-empty closed and open subsets is called a decomposition. The set of all
decompositions of X is denoted by Z(X). Each U € Z(X) is endowed with a discrete
topology.
For U € Z(X) such that U # {X}, we define
dist(f) :=min{d(x, y) |[x eueld,yceveld,andu Nv =0}.

When U = {X}, we define dist({/) = co. Note that for U € Z(X), dist(U) = sup{e (co >
€ > 0) | d(x, y) < € implies that x and y are in the same element of {/}.

Notation 2.7. Let U,V € Z(X). Then, we define U vV :={UNV|Uel, VeV,
and U NV #0} € 2(X). We also define f~'U :={f~'(U) | U eU} € 2(X).

We denote a carrier map as ks : X — U, i.e. x € kz4(x) for all x € X. Then, we get
U =y, (U) for all U €Y. For an arbitrary covering A of X, we use the following
notation:
mesh(A) := sup{diam(A) | A € A}.

Notation 2.8. If f : X — X is a surjective mapping and I/ is a finite covering of non-empty
sets, then a surjective relation f U on U is defined as

A= ) | f@) N #0).
If the surjective map f:X — X is regarded as a subset f C X x X and U is a
decomposition of X, then f' U= (ky X k) (f)- In general, (U, f Uyisa graph, because f
is a surjective relation.

Definition 2.9. Let (X, f) be a zero-dimensional system and (V, E) be a graph. In this
paper, a continuous map ¥ : X — V is said to be a continuous homomorphism from
X, f) to (V, E)if (W x ¥)(f) C E when f is regarded as a subset f C X x X. If a
continuous homomorphism ¢ : (X, f) — (V, E) satisfies (¥ x ¥)(f) = E, then we say
that ¢ is a continuous edge-surjection, and we write ¥ (X, f) = (V, E).

Let G=(V,E) and G'=(V’, E’) be graphs. A mapping ¢:V — V' is said
to be a graph homomorphism if (u, v) € E implies (p(u), ¢(v)) € E'. In this case,
we write ¢:G—> G or ¢:(V,E)— (V/,E'). A map ¢:V — V' is a graph
homomorphism ¢ : (V, E) — (V’', E’) if and only if (¢ x ¢)(E) € E’. We say that
@ is edge-surjective if (¢ x ¢)(E)=E’. Suppose that a graph homomorphism
¢ (V1, E1) = (Va, E») satisfies the following condition:

(u, v), (u, v') € E implies that ¢(v) = (V).

Then, in this paper, ¢ is said to be +directional. If E; is a map, then every graph
homomorphism ¢ is +directional.
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Definition 2.10. A graph homomorphism ¢ : G{ — G, is called a cover if it is a
+directional edge-surjective graph homomorphism.

Let G4 2 G, £ bea sequence of graph homomorphisms. For m > n, let ¢, , 1=
@n O @uy10---0@m_1. Then ¢, , is a graph homomorphism. If every ¢; (i € Nt) is
edge-surjective, then every ¢, , is edge-surjective, and if every ¢; (i € N*) is a cover,
then every ¢, , is a cover. To express a zero-dimensional system as the inverse limit
of a sequence of graph covers, we cite some lemmas and a theorem from [9]. If G
is a sequence G 2 G» Z . of covers, then we always attach the singleton graph
Go = ({0}, {(0, 0)}) to the head. Thus, G is the sequence G & G Pl Gy & Let
us write G; = (V;, E;) for i € N. Define

o0
Vg2={(xo,x1,x2,.--)€1_[Vi
i

Xxi = @i(xi41) foralli N} and
Eg :={(x,y) e Vg x Vg | (xi, y;) € E; forall i € N},

each equipped with the product topology. Let G be a sequence G & G S Gy &
of covers. Then Vg is a compact, metrizable zero-dimensional space, and the relation Eg
determines a continuous mapping from Vg onto itself [9, Lemma 3.5].

Definition 2.11. Let G be a sequence Gy & G bl Gy £ ... of covers. The zero-
dimensional system (Vg, Eg) is called the inverse limit of G, denoted by G .

For each i € N, the projection from Vg to V; is denoted by ¢« ;. We define
Ug,i = {ps) () |u eV},

which we can identify with V; itself. Let i € N. Then we get Ug ; € Z(Vg). Furthermore,
by the natural bijection u +— gogo{i(u) weV), Ug, Egug"') is graph isomorphic to G;.
Fixing a metric on Vg, we get mesh(lf;) — 0 asi — oo.

THEOREM 2.12. [9, Theorem 3.9] A fopological dynamical system is zero-dimensional if
and only if it is topologically conjugate to G » for some sequence of covers G & G 2
G, & ...

Instead of a countable sequence of covers, we may use an inverse system that consists
of at most countable sets (see the discussion after Theorem 3.9 in [9]). In this paper, we
use a sequence of covers. Let G be a sequence G 2 G & (€7) £ . of covers. We
define some notation and elementary properties of both G and the inverse limit G, for
later sections:

(N-1) we write G = (X, f);

(N-2) we fix a metric on X

(N-3) for each i € N, we write G; = (V;, E;);

(N-4) foreach i € N, we define U (v) := gogo{i(v) forve ViandUg,; :={U@)|veV}e
2(X); and
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(N-5) for each i € N, there exists a bijective map V; 3 v < U(v) € Ug ;. From this
bijection, we obtain a graph isomorphism G; = (Ug ;, fugvi ).

It follows that mesh(U/g ;) — 0 asi — 0.

Notation 2.13. Letl € N* and x € X. We denote w(x, [) = (x, f(x), f2(x), ..., fL(x)).
We also denote

W(Goo, ) :={wx, D) |x€ X}, Wi(Gs):={w(, )|l eNT}, and
W(Gwo) :={w(x,I)|xeX, N}
For every oo > m > n,amap @y, : W(Gp) — W(Gp) is naturally defined.

Notation 2.14. Let oo >m >n, | e NT, and w = (vg, v1, . .., v;) € W(Gp, [). We use
the following abbreviations:

Vi(w) := V(@m,n(w)) = ‘Pm,n(v(w)) CV, and
E,(w):= E((pm,n(w)) = @m,n(E(w)) CE,.
In the same way, we abbreviate for a circuit graph ¢ € € (G,) as
Vi(©) == 0mn(V(c) €V, and E,(c):=@ma(E(c)) CE,.

Definition 2.15. Let m >n (m,n € N) and v € V,,. We say that a walk w € W(G,)
is (m, v)-projective if there exists a walk w’ € W(G,,) starting from v such that
W= @pm,(w). Awalk w € W(G,) is said to be m-projective if there exists a vertex v € V,,
such that w is (m, v)-projective. Let / € N* and x € X. A walk w € W(G,,, 1) is (oo, x)-
projective if W = @oo n(w(x,[)). A walk w € W(G,, ) is co-projective if w is (0o, x)-
projective for some x € X.

Clearly, for co > m’ > m > n, an m’-projective walk in W (G,,) is m-projective. A walk
is oo-projective if and only if a real orbit is projected onto it.

LEMMA 2.16. Let m >n (m,n eN), [ e Nt, v eV, and w € W(G,, ). Suppose that
{w} =0 (Wy(Gm, 1)), i.e. wis the only (m, v)-projective walk of length l. Then, w is
0O-projective.

Proof. Take some x € U(v). There exists an (oo, x)-projective walk w’ = (vg =
v, V1, ..., V) € W(Gy, ). Then ¢y ,(w’) is an (oo, x)-projective walk that is also
(m, v)-projective. Therefore, we get w = @, n(w’), and w is (oo, x)-projective. O

LEMMA 2.17. Let neN and 1 eN*V. Then, for all m>n+1 and veVy,,
Om.n(Wy(G, 1)) consists of a single element.

Proof. 1t is sufficient to show that, for all v € V4, @410 (Wy(Gpyi, 1)) consists of a
single element. We show this by induction on /. When / = 1, this lemma simply states that
©@n+1,n 18 a cover. Suppose that this lemma is satisfied for/ =k — 1. Letv € G44. Letw =

(V0 = @ntk,n+k—1(V), V1, V2, - . ., Vk) € @npk,ntk—1 (W (G, k). Because @ik nk—1
is a cover, v; is determined independently of the choice of w. We denote this vertex as u €
Vitk—1. We then obtain {(vi =u, va, ..., vt) | (Vo = @uik,nrk—1(V), V1, V2, ..., V) €

On-tkntk—1 (Wy(Guar, k)} € Wy (Gpik—1, k — 1). Then, by the inductive hypothesis,
Ontk—1,n(Wy(Gpyr—1, k — 1)) consists of a single element. This concludes the proof. O
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PROPOSITION 2.18. Letn €N, | e Nt and m > n + 1. Then every w € Omn(W(Gp, 1))
is co-projective.

Proof. By assumption, there exists some v € V,,, such that w € ¢ ,(Wy(Gp, [)). By
Lemma 2.17, w is the only (m, v)-projective walk of length /. Thus, by Lemma 2.16,
w is co-projective. a0

3. Minimal Cantor systems
A topological dynamical system (X, f) is said to be minimal if there exist no closed
subsets ¥ # Y C X that satisfy f(Y) =Y.

PROPOSITION 3.1. A minimal zero-dimensional system (X, f) is a Cantor system or
consists of a single periodic orbit.

Proof. Suppose that there exists an isolated point xo. Because (X, f) is minimal, the
w-limit set w(xg) is X itself. Because xq is isolated, f"(xp) = xo for some n > 0. By
minimality, (X, f) consists of a single periodic orbit. It is well known that a compact,
metrizable zero-dimensional space is homeomorphic to a Cantor set if there exist no
isolated points. Therefore, if X does not have isolated points, it is homeomorphic to C. O

Definition 3.2. Let € > 0. A (finite) subset A C X is e-dense if, for all y € X, there exists
some x € A such that d(x, y) <e.

Definition 3.3. Let (X, f) be a topological dynamical system and / € N. An x € X is
(1, €)-dense if {f1(x) |0 <i <1} is e-dense.

LEMMA 3.4. A topological dynamical system is minimal if and only if the following
condition is satisfied.
M-1) Forall € > 0, there exists an |l € N such that every x € X is (I, €)-dense.

Proof. Suppose that (X, f) satisfies condition (M-1). Then it is clear that every orbit of
(X, f)isdense. Therefore, (X, f)is minimal. Conversely, suppose that (X, f) is minimal.
Then every orbit of (X, f) is dense. Let € > 0 and x € X. Then there exists an /, € N such
that x is (I, €)-dense. As this is an open condition, there exists a neighborhood U of x
such that, for all x” € U, x’ is (I, €)-dense. Because X is compact, by a standard argument,

we can find an / € N satisfying condition (M-1). O
%0 @1 ) .
Let G be a sequence Gog <— G| <— Gy <— - -- of covers. We use the notation of

(N-1)—(N-5) given in §2.

THEOREM 3.5. Let (X, f) be a Cantor system. Then the following are mutually

equivalent:

(@ (X, f) is minimal;

(b) foralln €N, there exists N > n and there exists | € N*, such that for allm > N and
forallw e W(Gy, 1), E,(w) = E,;

(¢c) foralln €N, there exists N > n and there exists | € N*, such that for allm > N and
forallw € W(Gp, 1), Vy(w) =V,
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(d) forall n €N, there exists N > n such that for all m > N and for all c € €(G,),

E,(c)=Ey;
(e) forall n €N, there exists N > n such that for all m > N and for all c € €(Gp,),
Vale) = Vi

(f) forall n €N, there exists N > n, for all m > N, there exists l,, € NT such that for
allw e W(Gy,, ), Ey(w) = E,,, and

(g) foralln €N, there exists N > n, for all m > N, there exists I, € NT such that for
allw e W(Gp, L), Vp(w) =V,

Proof. 1t is clear that (b) implies (c), (d) implies (e), and (f) implies (g). Let us show
that (a) implies (b). Suppose that (X, f) is minimal. Letn e N. LetU =Ug , Vv f ’IL{g,n,
which consists of non-empty sets by definition. Let u, u’ € Ug ,. Then we have that
un f='u'y #@ if and only if (u,u’) € fYo». The map V, 3 ur> Uu) elUg., is
a graph isomorphism from (V,, E,) to (Ug ,, fHa.ny. For every x € X and k € N,
there exists a v; e (0 <i <k) such that f(x) € v; for every 0 <i <k. If we write
vi=u; N f! (u}) €U for 0 < i <k, then every edge (u;, u};) (0 <i <k) is an element of
E,(w(x, k+1)).Let 0 < € < dist({/). By Lemma 3.4, there exists an [’ € N™ such that all
x € X are (I, €)-dense. Thus, for every x € X, w(x, ) passes through all elements of /.
Let! =1’ + 1. Then E,,(w(x, [)) = E, for all x € X. Because mesh(Ug ;) — 0as j — oo,
there exists an N’ > n such that mesh(Ug_y') < €. Hence, Ug y+ refinestd. Let N = N’ +1
and m > N, and take some arbitrary w € W(G,, [). By Proposition 2.18, ¢, y'(w) is
oo-projective. Therefore there exists an x € X such that ¢, v/ (W) = @oo, n (W(x, 1)).
Hence, E,(w) = E,; (¢, n'(W)) = Ep(@oo, N (w(x, 1)) = Ex(w(x, 1)) = E,, as desired.
Because treading on a circuit is a special kind of walk, it is evident that (b) implies (d).
In the same way, (c) implies (e). Let us show that (d) implies (f). Suppose that (d)
is satisfied, and let n € N. Then there exists an N > n such that, for all m > N and
for all c € €(G,), Ey(c) = E,. If we fix some m > N and [,, > #V,,, then for every
w = (vo, V1, ..., v,) € W(Gy, Iy), there exists s, t € [0, [,,] (s < t) with vy = v;. Thus
there exists a ¢ € €(Gy,) such that w passes through all edges of c¢. By the assumption,
it follows that E, (c¢) = E,. Therefore, as desired, we have E,(w) 2 E,(c) = E,,. In the
same way, (e) implies (g). Let us show that (g) implies (a). Assume that condition (g) is
satisfied, and let € > 0. Take n € N such that mesh({/g ,) < €. Then, by the assumption,
there exist / € NT and m > n such that, for all w € W(G,,, 1), it follows that V,,(w) = V,,.
Let x € X. Because ¢oo m(w(x,l)) € W(Gp, 1), it then follows that V,(w(x,)) =V,.
Therefore, x is (/, €)-dense. By Lemma 3.4, we have the desired result. O

4. Invariant measures

In the first half of §3 of [4], Gambaudo and Martens describe the combinatorial
construction of invariant measures in relation to graph covers. Following their work, we
examine this for our case of zero-dimensional systems and general graph covers. We
are forced to use the notion of the graph circuit explicitly. The system of graph circuits
will represent all invariant measures. In the second half of this section, we investigate
the conditions under which our graph circuit representations are able to represent ergodic
measures. Consequently, we can formalize the condition for a zero-dimensional system to
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be uniquely ergodic by means of graph covers. Let G be a sequence Gg & G bas G» £

- of covers. We use the notation of (N-1)—(N-5) given in §2. Let us denote the set of all
invariant Borel measures on (X, f) as .#y = .#(X), and the invariant Borel probability
measures as &y = P y(X). Both .4y and & are endowed with the weak topology. For
n € Nand v € V,,, we denote

Ey—(v):={(u,v)|(w,v) € Ey} and E, (v):={(v,u) |, u) € E,}.

For each e = (u, v) € E,, we denote a closed and open set U (e) := U (u) N f_l(U(v)).
Note that for e # ¢’ (e, €' € E,), it follows that U(e) N U (e') = .

LEMMA 4.1. Let n € N and € M. Then for every v € V,, F YU W)) (respectively
U (v)) can be written as UeeE,, ) U (e) (respectively UeeEn L) U (e)). In particular, it
follows that

Y. wU@)= Y nUE). (.1)

ecE, _(v) ecE, +(v)

Proof. 1t is easy to see that f~1(U(v)) = UeeE,,,_(v)(U(e)) and U(v) = UeeE,H_(v)
(U (e)), and these are both disjoint unions. Therefore, we have the first statement. Because
W is an invariant measure, the next statement follows. O

We denote Oy :={U@W)|veV,, neN}={,exyUg, and O :={U(e)|e € E,,
n € N}. Both 0y and OF are open bases of the topology of X. For an arbitrary Borel
measure i on X, it follows that

forall m > n and forall v e V,,, Z w(U ) = pnU(v)), 4.2)
€V, @m n (u)=v
forall m > n and forall e € E,,, Z w(U ) = uUe)). 4.3)

€'€Ep . Qmn(e)=e
Conversely, suppose that non-negative real values w(U) are assigned to all U € Oy
(respectively U € Op) to satisfy (4.2) (respectively (4.3)). Then w is a finitely additive
measure on Of. Therefore, as is well known, p can be extended to the unique Borel
measure on X. A Borel measure p on X, constructed in this way, is a probability measure
ifand only if 1 =) u(v) forall n € N.

veV,

LEMMA 4.2. Suppose that non-negative real values u(U) are assignedto allU € OF such
that both (4.1) and (4.3) are satisfied. Then, the resulting | is an invariant measure.

Proof. Because (4.3) is satisfied, u is a Borel measure. Let U (v) € Oy with v € V,, and
n € N. As has been observed, we obtain U (v) = UeeEH(v)(U(e)) and f~H(U®©W)) =
UeeE,,__(v)(U (e)), both of which are disjoint unions. Therefore, by (4.1), we have

w(f~ (U (v))) = (U (v)). Because v € V,, and n € N are arbitrary, a standard argument
shows that u is an invariant measure. O

For a graph G = (V, E), we denote M(G) :={>_
For each v € V, we consider the following equation:

Eq(v) : Z ale) = Z a(e).

¢€Ep,—(v) ¢€Epy +(v)

a(e)e|a(e) > 0foralle € E}.

ecE
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We denote Z(G) :={)_,.pale)e e M(G) | Eq(v) is satisfied for all v € V} € M(G),
and P(G) :={)_,cpale)e € I(G) | Y, ale) = 1} CZ(G).

LEMMA 4.3. Let ¢ : G' = (V', E') > G =(V, E) be a cover and )_ ., a(e)e € Z(G).
Then a linear map ¢, : Z(G') — Z(G) is defined by ¢+ () _,cpr a(e)e) := 3, ale)p(e).
Furthermore, it follows that ¢ (P(G")) C P(G).

Proof. Let x € T(G’). We have to show that ¢, (x) € Z(G). For each v’ € V', equation
Eq(v') is satisfied. Let v € V. The sum of the equations in Eq(v') (v' € ¢~ !(v)) implies
equation Eq(v) for ¢, (x). Therefore, it follows that ¢, (x) € Z(G), as desired. Thus, it is
clear that ¢, (P(G")) C P(G). O

Notation 4.4. Let G = (V, E) be a graph, ¢ € €(G), and s € R. Then we denote sc :=
ZeeE(C) se. For ¢ € €(G), we consider c =1 ¢ € M(G), and write ¢ = (1/Per(c)) - c.
For a subset C C %' (G), we can define

Hull(C) := {Z s(c)é
ceC

s(c)>0forallceC, Zs(c) = 1}.
ceC

The following lemma is obvious, and we therefore omit a proof.

LEMMA 4.5. Let G = (V, E) be a graph and ¢ € €(G). It follows that ¢ € Z(G) and
¢ € P(G).

As the next proposition shows, Z(G) is spanned by €' (G).

PROPOSITION 4.6. Let G =(V,E) be a graph and x € Z(G). Then there exists
{s(c) = O}eew () such that x =3 () S(c)c.

Proof. Let x =) ,.p x(e)e, where x(e) >0 for all e € E. Let n:=#{e | x(e) > 0}. We
use induction on n. Suppose n = 1. Let ey € E be such that x(eg) > 0, and let v = 1 (ep).
Because n =1, eq is the only edge for which x(eg) > 0, and because Eq(v) is satisfied
by every v € V, it follows that ¢ (ep) = i (ep). Hence, a singleton graph ({v}, {eg = (v, v)})
that is also a circuit is contained in G. Call this circuit ¢g. Then x = s(cg)co, as desired. We
now assume that the claim is satisfied for n = k, and consider the case in whichn =k + 1.
Let x € Z(G) be written as x = ZeeE x(e) - ewithx(e) > 0foralle € E and #{e | x(e) >
0} =k + 1. Then there exists an edge ep € E such that x(eg) is the smallest positive value,
i.e. x(e) > x(ep) or x(e) =0 for all e € E. We claim that we can select successive edges
e; (i=0,1,2,...) such that, if ¢; is determined, then e; | € E satisfies (e;) = i(ej+1),
and x(e;) > x(eg) for alli =1, 2, .... To show this, suppose that e¢; has been selected.
Because E is a surjective relation, there exists a non-empty set of edges starting from 7 (e;).
By Eq(z(e;)), there exists an edge e in this set with x(e) > 0. Once we have x(e) > 0, we
also have that x(e) > x(ep) from the minimality of x(ep). Because #E < oo, we have a
circuit ¢ connecting some successive edges ey, €j+1, ..., ey. Leta :=min{x(e;) |l <i <
I'} and x(e;,) = o with some / < i <!'. Let x’ = x — « - ¢. Then the coefficient of ¢;, in
the expression of x” is 0. Thus, if we write x’ =), x'(e) - e, then #{e | x"(e) > 0} <k,
and the similar equations are satisfied for all vertices. By the inductive hypothesis, we have
the desired result. O
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An obvious consequence is the following, for which we omit a proof.
PROPOSITION 4.7. P(G) = Hull(%'(G)).

Remark 4.8. For linearly independent ¢'(G), the expression x =} _ .G, X(c)c is unique
for every x € Z(G). Therefore, in this expression, x(c) > 0 for all ¢ € € (G).

Note that, in general, € (G) C Z(G) is not linearly independent. Therefore, even if
x € Z(G) is expressed as x = Zce‘@”(c) s(c)c, there may be a ¢ € €(G) with s(c) < 0. By
Proposition 4.6, we can take a basis from €' (G). Because ¢y, , : Gy — Gy, is a graph cover
for each m > n, there exists a linear map (¢ )« : Z(Gn) = Z(Gp). As has been shown
in Lemma 4.3, it follows that (¢m »)«(Z(G 1)) S Z(Gy), and (@m.n)«(P(Gn)) S P(Gp).

Notation 4.9. Foreachn € N, we denote the dimension of Z(G,,) as d,,, and 6, := % (G,).
We fix a basis B, = {cn,1, cn,2, - - -, Cn,d,} € Gy for Z(G).

Notation 4.10. We write A, :=P(G,) and, for each m > n, define an affine map as
Emn = @m.n)«la, : Am = Ap. I c € 6y, then ¢ € A,,.

Notation 4.11. We denote an inverse limit as follows:

Too :={(x0, x1, ...) | foralli e N, x; € Z(G;),
and for all m > n, (@m.n)x(Xm) = xn}.
Ao :={(x0, x1,...) | foralli e N, x; € A;,

and for all m > n, &, (xm) = X, }.

Both Z, and A, are endowed with the product topology, and these correspond to the
subspace topology. For each n € N, we denote the projection as &x , : Ao = Ap. It is
evident that &, , is continuous. For oo > k > j > i, it follows that &; ; o & ;j = & ;.

It is well known that & is a compact, metrizable space. By definition, Ay, is also a
compact, metrizable space. The following lemma is obvious, and so we omit a proof.

LEMMA 4.12. Let N C N be an infinite subset. Let {x,}neN be a sequence such that
Xn € Ay, foralln € N. Then there exists a subsequence {n;};cn+ such that, for eachm € N,
the sequence {&p; 1 (Xn;)}n;>m converges to an element y,, € A,,. In this case, it follows
that (¥0, Y1, ¥2, - - . ) € Aso.

LEMMA 4.13. Let n € N. Then the sequence A, 2 &p41,0(Apt1) 2 Eny2.0)(Ant2) 2

- is non-increasing, and (=, Em.n(Am) = oo n(Aso).

Proof. Because &;; o & j =&, for k> j >1i, the first statement is clear; so also is
the inclusion ﬂm>n Emn(Am) 2 Eson(As). We have to show the other inclusion. Let
neN, and let O C A, be an open set such that £ ,(As) C O. Suppose that there
exists an element x € ﬂm>n Em.n(Am) N O€. Then there exists a sequence {X, };m>n such
that x,, € A,y (m > n) and &y 5 (x,) =x. Let x, =x and x; =&, ;(x) for 0 <i <n.
By Lemma 4.12, we have a contradiction. Thus, ﬂm>n Enn(Am) C O. Because O is
arbitrary, we reach the desired conclusion. O
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Notation 4.14. Let pe.#y. We write [:= (o, m1, 42, ...), where p,=
ZeeE,, w(U (e))e for all n € N. Then it follows that ji € Zoo. Furthermore, if u € &y, we
have that i € Ay and u,, € A, for each n € N. Following [4], we denote the map u — &
as py. Thus, we have the maps py : Ay — Lo and py 1 P p — Aco.

We now check [4, Proposition 3.2] for our case.

PROPOSITION 4.15. The maps py : M — Lo and py : Py — Ao are isomorphisms.

Proof. From Lemma 4.2, we have the bijectivity of these maps. Their linearity is clear. Let
us show that p, is a homeomorphism. For a closed and open subset U of X, let 6y be the
characteristic function from X to R. Let u € .#y, n € N, and e € E,,. Then it follows that
f Su(e) dir = (U (e)). Thus, it is easy to see that convergence in .# s implies convergence
in Z,. Conversely, convergence of each (U (e)) implies the convergence of f SU(e) A1t
Thus, by a standard argument, the map is a homeomorphism, as required. The second
statement is also clear. O

In Notation 4.9, we have fixed a basis B, = {c.1, cn.2, - - -, Cn.a,} S 6, for Z(G,) for
each n € N. Therefore, we can state the following proposition.

PROPOSITION 4.16. Let (€ .#y. Then there exists a unique expression i, =
Zlgigd,, sn,ign,i (Sn,i € R, 1<i<d,, neN).

Notation 4.17. Let {x,,};en+ be a sequence such that ny <np < - -+, and x,, € A, for
all i € N*. Suppose that, for all m € N, lim;_,00 &;;.m (Xn;) = Ym € Ap. Then we denote
lim; 00 Xp; = (Y0, Y1, - - . ) € Axo.

From here on, we consider restrictions of the total set N to infinite subsets of N. Let
N C N be an infinite subset. Because the restricted sequence {G,},eN of G induces the
same inverse limit G, it is convenient to think of such restrictions. We believe this will
make it easier to manage expressions.

Definition 4.18. Let N C N be an infinite subset. Let C = C(N) be a sequence {C,},eN of
subsets C,, C %, for all n € N. We say that C is a system of circuits enumerated by N. We
denote as follows:

Coo :={{cn}nen | cn € Cy foralln € N, lim &, exists}.
n—oo

For each x = {c,}neN € Coo, We denote ¥ = limy,_, o0 & € Aoo. We write Coo := {X | X €
Cxo}. Note that it is evident from Lemma 4.12 that, for all sequences of circuits {c;,},eN
with ¢, € C, for all n € N, there exists a subsequence {n;};cn+ of N such that there exists
a lim;_, o Cy,. Nevertheless, this does not directly imply that Coo # 0.

Definition 4.19. Letu € A r be an invariant measure, and let N be an infinite subset of N.
Let C be a system of circuits enumerated by N. We say that C expresses w if i is written
as (o, (1, M2, . .. ) with u, = ZCEC" s(c)c (s(c) =0forall c € C,) foralln € N.

As a consequence of this definition, a system of circuits C expresses all measures if
and only if £ n(Aso) € Hull(C,) for all n € N. Suppose that w is an ergodic measure

https://doi.org/10.1017/etds.2014.72 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2014.72

620 T. Shimomura

and C is a system of circuits that expresses u. Then @ is written as (o, (L1, 42, ... )
with u, = ZCEC“ s(c)¢ (s(c) > 0forall c € C,) foralln € N. As Theorem 4.22 will show,
[ is considered to be a limit of circuits in C. Some circuits of C may not contribute
to the limit x. It may be possible to choose circuits from those that have positive
weights in the above expression, but, even if we take sequences of circuits that have
positive weights, the resulting measures may be far from (. Should the sum of weights
of circuits that generate measures far from @ be less than that of the circuits that generate
measures near i1? The next theorem answers this question in the affirmative. This seems
to be a repetition of the statement that the ergodicity is the coincidence of the time average
and the space average. The increase in n for a graph G, gives a simultaneous increase
in time and refinement of space. The next theorem is essentially seen in its exact form in
[2, Theorem 3.3] in the context of Bratteli diagrams of finite rank. In our way, we think we
have to make rather vague description, as seen in the next theorem, because we are treating
general zero-dimensional systems or general sequences of graph covers.

THEOREM 4.20. Let € P¢. Let NC N be an infinite subset, and let C be a system
of circuits enumerated by N. Suppose that w is expressed by C, and [1 is written
as (o, 1, m2, ...) with u, = ZCEC" s(c)¢ (s(c) =0 forall c € Cy) for all n € N. For
n>mande >0, let C(u, m,n, €):={c€Cy|d(itm, En.m(C)) < €}. Let us consider the
following conditions:

(a) wisergodic, and

(b) forallm € N and all € > 0, lim,,_, ZCEC(MM’M) s(c)=1.

Then (a) implies (b). Moreover, if each 6, (not Cy) is linearly independent for all n € N,
then (a) and (b) are equivalent.

Proof. Let u € &¢. Let N and C be as above. Suppose that i = (uo, i1, 12, . ..) € Aso
is written as u; = Zcec,- s(c)c with s(c) > 0 for all ¢ € C; and for all i € N. Let us show
that (a) implies (b). Suppose that w is ergodic. Fix an arbitrary m and € > 0. We prove
by contradiction. Suppose that there exists an €’ > 0 such that there exist infinitely many
n >m (n € N) with Zcep(n’e) s(c) > €', where D(n, €) :={c € Cyy | d(tm, En.m(€)) > €}.
Let N’ be the set of all such n >m (n €N). We write the space of unit vectors in
the hyperplane extending A,, as Bj. We define V := {v € B | there exists a small § > 0
such that u,, + dv € A,;;}. We need to consider the case in which A, is not a singleton.
Because A, is a convex combination in a Euclidean space, it follows that V # . Let us
fix 0 <0 < /2. Forevery v € V, let

V() := {x € Ay | X # Wy and M zcose}.
|x — tml
Then there exists a finite set {vy, v, ..., vg} C Vsuchthat A, \ {um} = UliksK V(vi).

Forn e N and 1 <k < K, we define
D(n, €, k) :=={c €D, €) | &, (¢) € V(vi)}.

It follows that D(n, €) =|J, ;g D(n, €, k). For 1 <k <K, we define a(n, k) :=
> ceDn.e.x) S(€). Then, for all n € N', it follows that € <", _;_x a(n, k). Therefore,
there exists a kg (1 <kg <K), a subsequence {n;};cn+, and an a >0 such that
a(n;, ko) — a as i — oo. Because vy, and 0 <6 < 7/2 is fixed in a certain direction
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from p,,, it is evident that a < 1. Let u(n;) := ZceD(ni,e,ko)(s(c)/a(ni’ ko))c and
ua(n;) = Zcecn_\D(nl_’é’ko)(s(c)/(l — a(n;, ko)))c for sufficiently large i. It follows that
n; = a(n;, ko),u,[l (n;) + (1 — a(n;, ko))uz(n;). Taking a subsequence if necessary, we
obtain the limits p1 = lim; 00 (1(n;) € Ao and oy = lim; o 2(n;) € Axo. It follows
that @ =ap; + (1 — a)pur. This contradicts the hypothesis that u is ergodic. To show
the last statement, we assume that each %, (n € N) is linearly independent. It is enough
to show that (b) implies (a). The expression w; = ZCEC,- s(c)c (i € N) is extended to
Wi = ZCE%_ s(c)c (i eN) with s(c) =0 for all c€%; \C; (i e N). We prove by
contradiction. Suppose that (b) is satisfied and p is not ergodic. Then there exist
w1, 2 € Py and some to (0 <19 < 1) such that p = (I —fo)u1 + fopen. Let us write
Ho (@=1,2)as iy = (Ka,05 Ko, 1> Har,2> M35 - - - ) € Ao, Where pg ; = Zce% s(a, o)¢
with s(a, ¢) >0 for all ¢ € 6; and for all i € N. The linear independence implies that
s(c) =1 —1y)s(1, ¢) + tos (2, ¢) for all ¢ € G; (i € N). There exists an m € N such that
Wi,m 7 H2.m. Connecting py, and uz,, we get a line £(t) ;= (1 —t)pu1,m + tio,m
(t € R). Then there exists a point pmiq := £(fo/2) between 1, and puy,. Let p: A, —
£ be a linear projection onto ¢, and let £(—o0, t9/2) be the half line. Then H :=
p‘l (£(—00, tp/2)) is a convex open set that contains ji1, . Let € > 0 be small enough that
the e-ball around 1, has no points in common with H. Take an arbitrary n > m, and define
D(n) :={c € 6, | £&n.m(¢) € H}. Then it follows that D(n) N C(u, m, n, €) = (). Because
én,m(zce%, s(1,¢)¢) = w1, € H, there exist constants €; >0 and N > 0 such that
ZCED(n) s(1,c)>e foralln > N.Ase; < Zcep(n) s(1,¢c) < ZCE%\C(MM“) s(c) for
all n > N, it follows that ZceC(u,m,n,é) s(c) <1 —¢; for all n > N. This contradicts
condition (b). O

Remark 4.21. In Example 6.3, we construct a sequence of graph covers such that 6, is
not linearly independent for each n € N, in which case there exists a non-ergodic measure
such that condition (b) is satisfied.

THEOREM 4.22. Let € & be an ergodic measure. Let N C N be an infinite subset.
Suppose that C is a system of circuits that expresses ju. Then it follows that (i € Co.

Proof. As apartial consequence of Theorem 4.20, for all m € N, there exists an N (m) > m
such that, for all n with N(m) < n € N, there is some ¢, € C, such that d(u;, &,.;(Cn)) <
1/m for all 0 <i < m. Therefore, we can find x € Cx such that x = ji. O

COROLLARY 4.23. Let NC N be an infinite subset. Let C be a system of circuits,
enumerated by N, which expresses all ergodic measures. Then, Coo contains all ergodic
measures. In particular, Coo # 0.

As a consequence, we obtain an expression for unique ergodicity by means of a property
of the sequences of graph covers. The next corollary should be an addition to theorems that
state the relation between unique ergodicity and uniform convergence.

COROLLARY 4.24. For a zero-dimensional system (X, f), the following are equivalent:

(@ (X, f) is uniquely ergodic;

(b) for all systems of circuits enumerated by infinite sets that express all ergodic
measures, Eoo consists of a single element;
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(c) there exists a system of circuits enumerated by an infinite set that expresses all
ergodic measures such that C, consists of a single element, and
(d) forall circuits ¢, € 6, (n € N), &y 1 (Cn) converges uniformly to an element of A,,.

Proof. The equivalence of (a), (b), and (c) are obvious from Corollary 4.23. Clearly, (d)
implies (b). We show that (b) implies (d). Let {c,} (¢;, € €,) be a sequence of circuits such
that &, ,,,(C,) converges to some [, € A, for all m € N. Suppose that the convergence is
not uniform with respect to the selection of {c, }. Then there exists an m € N such that we
can find € > 0, an arbitrarily large n > m, and some ¢, € 6, such that d (&, » (Cn), tm)
> €. The contradiction is now obvious by Lemma 4.12. O

Letu e @f and o = (o, »1, 12, - . . ) € Ax. In Notation 4.9, we have fixed a system
of linearly independent bases B, = {cu.1, ¢n,2, - - - s Cn.d,} S €, of Z(G,) for each n € N.
Thus, for each n € N, there exists a unique expression w, =) ;< dy §({4)n,iCn,i such that
Zl<i<a’,, s()n.; = 1. In this context, we obtain the following_ e_xpression of the above
coro_llgry.

COROLLARY 4.25. The zero-dimensional system (X, f) is uniquely ergodic if and only if
there exists a sequence of real numbers sp, i (m € N, 1 <i <d,,) with Zlfifdm Sm,i=1
such that, for every circuit ¢, € 6, (n € N), &, »(Cn) converges uniformly to leifdm
Sm.iCm.i s N — 00.

5. Linear dependence of circuits

In this section, we discuss the conditions for the linear dependence of €(G) for a
graph G. Let G = (V, E) be a graph and ¢p € €(G). A linear combination of circuits
D cct(G), citey S(O)C is expressed simply as ) . s(c)c. Suppose that there exists a linear
combination

Y st =0 (s(c;) eRforall 1 <i <d).
1<i<d

Let e be an edge of ¢; with s(c;) # 0. Then there exists a j # i such that c¢; contains e. We
show that the converse also holds.

THEOREM 5.1. Let G =(V, E) be a graph and cy € €(G). There exists a linear
combination of circuits

co= Z s(c)e  (s(c) e R for all ¢ # co)
c#co

if and only if, for every edge e of co, there exists a ¢ € €(G) \ {co} that contains e. In this
case, the coefficients s(c) (¢ # co) can be taken from the set of rational numbers.

Proof. From the remark above, if the equation in Theorem 5.1 holds, then each edge of ¢
is contained in a circuit ¢ # cg. We have to show the converse. Suppose that every edge of
co is contained by another circuit. Let % (co) be the set of all circuits that have common
edges with ¢, and let ¢ € €' (cp).

Notation: Let P be a subset of the set of all paths of G, and p € P. We say p is maximal
in P if there exists no path g € P such that p is a proper sub-path of g.
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Let P(co, ¢):={p | p is a maximal common path of c¢p and ¢}, P(cg) := UCE%/(CO)
P(co, ¢), and Ppax(co) :={p € P(co) | p is maximal in P(cq)}.

Notation: For a circuit ¢ and vertices a # b on it, the path on ¢ from a to b is denoted
by p(c; a, b). For mutually distinct vertices x1, x2, . .., Xk of cp, we use the expression
x1 <xp <---<x in the following sense: p(co; x;, xj4+2) contains x;11 for all (1 <i <
n — 2), i.e. we check the order for every three steps.

In the above notation, if x < y and x # y, then we write x < y. We claim that, for every
2 <n, there exists a sequence of paths {pi, p2,..., Pn} S Pmax(co) with p; =
p(co; ai, by) for 1 <i < n such that the following is satisfied: a; < a;+1 < b; < b4 for
alll <i <n.

To show this by induction, take an arbitrary pj € Ppax(co). Assume that pj is
determined for 1 <k, and let e be the edge of co with i(e) = by. We take some pj41 €
Pmax(cp) that contains e. Because pj is maximal, it follows that ax < axy1 < br < bg41.
The induction is complete. There exists the minimal n > 2 such that p(co; a,, b,) contains
aj. We fix such an n > 2. Note that a, < a; < b,. Because p(co; a1, b1) is maximal, it
follows that a; < b, < by. For each 1 <i <n, there exists a circuit ¢; such that one of
the maximal common paths with ¢ is p;. In the next calculation of multiple walks, if we
encounter an expression p(c; v, v) for a circuit ¢ and a vertex v, then we just delete it from
the list. We calculate Y, _,_, ¢; as

= p(co; a1, by) + p(co; bn, b1) + p(ci; by, ar) dec. ¢
+ p(co; az, b1) + p(co; b1, ba) + p(c2; b2, az) dec. ¢z
+ P(CO; an, bp—1) + P(CO§ bu—1, bp) + P(Cn; by, an) dec. ¢,
= p(co; a1, by)
+ p(co; an, bp—1) + p(co; bu—1, by) + p(cn; bn, an) dec. ¢y

+ p(co; an—1, by—2) + p(co; bn—2, by—1) + p(cp—1; bp—1, an—1)  dec. cp—j

+ p(co; az, b1) + p(co; b1, ba) + p(ca; by, az) dec. ¢

+ p(co; bn, b1) + p(ci; by, ar)
= p(co; ai, by)
+ p(cn; by, ay) + p(co; an, bu—1) + p(co; bu—1, by) dec. ¢,

+ p(cn—1; bu—1, an—1) + p(co; an—1, bp—2) + p(co; bu—2, by—1) dec.c,_1

+ p(c2; b2, az) + p(cos az, by) + p(co; bi, b2) dec. ¢z

+ p(er; by, ar) +p(co; bu, b1),
where ‘dec.’ stands for ‘decomposing’. In the final expression, the consecutive treading of
paths in the left-hand side forms a walk that begins and ends at a;. Therefore, it is a cycle.
On the other hand, the totality of the right-hand side equals cg. Therefore, we have that
Y 1<i<n Ci = (acycle) + co. Generally, a cycle can be decomposed into a sum of circuits.
Thus, the coefficient of ¢ on the right-hand side is positive. This concludes the proof. O
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The following is a direct consequence of Theorem 5.1.

THEOREM 5.2. Let G = (V, E) be a graph. Then, € (G) is linearly independent if and
only if, for every circuit ¢ € €(G), there exists an edge e of ¢ such that no other circuits
have e as an edge.

LEMMA 5.3. Let G = (V, E) be a graph and co € € (G). Suppose that there exists a linear
combination co = _ estco s(c)c. Then there exists a ¢ # co such that s(c) < 0.

Proof. Suppose that the equation co = . #co s(c)c is satisfied. Then there exists a circuit
¢ # co with s(c) > 0 that has a common edge with cg. It follows that c leaves c( at some
vertex v with an edge ¢’ of ¢, i.e. i(e’) = v and ¢’ is not an edge of ¢(. Because we have to
subtract some circuit that has an edge ¢’ to obtain ¢, we reach the conclusion. O

LEMMA 5.4. Let G = (V, E) be a graph and cy € €(G). Then there does not exist any
linear combination cy = ZC#O s(c)c such that s(c) > 0 for all ¢ # cy.

Proof. This is obvious from Lemma 5.3. O

PROPOSITION 5.5. Let G = (V, E) be a graph. Then for every ¢ € €(G), ¢ is an extremal
point of P(G).

Proof. This is obvious from Lemma 5.4. O

Example 5.6. In the case of graphs considered by Gambaudo and Martens [4], the sets
of all circuits are linearly independent. We examine another class of directed graphs for
which the sets of all circuits are again linearly independent. Nevertheless, we do not
know whether such graphs have covers that generate all minimal Cantor systems. Roughly
speaking, we consider graphs whose circuits form trees. Let G be a directed graph and
& be the set of all circuits of G. We assume that if ¢ and ¢’ are distinct elements of &,
then #(V(c) N V(c’)) < 1. We say a vertex v € V(c) N V(c¢') is a connecting vertex if it
exists. We consider an undirected graph such that the set of vertices is ¢ and the set of
edges is {{c, ¢’} | ¢ # ¢’ and #(V (c) N V(c’)) = 1}. We assume that this undirected graph
is connected and has no cycle, i.e. it is a tree. Then there exists a cycle in G that passes all
the edges of G exactly once and all the connecting vertices exactly twice. Let {s(¢)}.c¥
be an arbitrary set of positive integers. Then, for a circuit graph C with a suitable period,
there exists a homomorphism ¢ : C — G such that ¢,.(C) = Y .. s(c)c. Even if an initial
edge in C is fixed, the map ¢ can be taken such that the initial edge is mapped to an
arbitrary edge of G. Let G’ be another directed graph of this type, and ¢” be the set of
all circuits of G’. Let us choose the system of positive integers {my .}./cx . ccw arbitrarily.
If we modify the path lengths of all circuits of G’, we can construct a map ¢ : G' —> G
such that ¢, (c¢") = ) ..o me cc for all ¢’ € €”. Note that even if a circuit ¢’ of G’ winds
round a circuit ¢ of G only once, (p_l(c) may consist of fragmented paths. Let {d, },en
be an arbitrary sequence of positive integers and M, (n € N) be an arbitrary system of
(dn+1, dn)-matrices such that each entry is a positive integer. By the above argument, we
can find a sequence of graph covers of this type that generate this system of ‘winding’
matrices with positive integer entries.
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6. Finite ergodicity and bounded combinatorics

In this section, we ensure that the argument of Gambaudo and Martens [4, Proposition
3.3] is still valid in our case, with an extension to the somewhat unbounded case for
[4, Proposition 3.3(b)]. Let G be a sequence G bl Gy S Go £ .. of covers. We use
the notation of (N-1)—(N-5) given in §2, particularly (X, f) = Geo.

PROPOSITION 6.1. Let N be an infinite subset of N. Let C be a system of circuits
enumerated by N that generates all measures. Suppose that &y has at leastk (1 < k < 00)
ergodic measures. Then there exist k sequences {c(n, j)|n €N, c(n, j)e€C,} with
0<j <k such that x; =lim, .o ¢(n, j) (0<j <k) are mutually distinct ergodic
measures.

Proof. Let pp be an ergodic measure. By Corollary 4.23, there exists a sequence
{c(n, 0)},eNn such that 1o =lim,_, o ¢ (n, 0). Suppose that there exists another ergodic
measure 1. By Corollary 4.23, there exists a sequence {c(n, 1)},eN € Cx such that
1 =1lim,_, ¢ (n, 1). In this way, we can construct c(n, j) forO0 < j <kandn eN. O

We want to check [4, Proposition 3.3(a)] for our case.

THEOREM 6.2. Let N be an infinite subset of N. Let C be a system of circuits that
expresses all measures enumerated by N and k € NT. Suppose that #C,, < k for all n € N,
and that there exist mutually distinct circuits ¢’(n, i) (1 <i <1) in C, such that ¢’ (n, i)
converges to a non-ergodic measure for each 1 <i <I. Then, & has at most k — 1
ergodic measures.

Proof. Suppose that there exist k — [ + 1 ergodic measures pu; (1<j<k—1I1+1).
Then, by Proposition 6.1, there exist sequences {c(n, j)},eN With c(n, j) € C, for each
1<j<k-—1+1 such that i; =lim, o ¢ (n, j) for each 1 < j <k + 1. Let n € N.
Because {c(n, j) |1 <j<k—1+1}U{/(n,i)|1 <i<I}CC,, one of the following
cases occurs:

(a) there exists a pair j < j’ such that c(n, j) = c(n, j), or

(b) there exists a pair j and i such that c(n, j) = c'(n, i).

Obviously, the number of such combinations is bounded. Therefore, there exists a pair
Jo < jé such that c¢(n, jo) = c(n, jé) for an infinite number of n, or there exists a pair
jo and ig such that c(n, jo) = c'(n, ip) for an infinite number of n. Thus, we have a
contradiction. O

Example 6.3. We construct a sequence of covers G & G 2 Ga ZZ ... that satisfies

all of the following:

° (X, f) is minimal;

° each 6, (n € N*) is linearly dependent;

° (X, f) has exactly two ergodic measures, and

° there exists a non-ergodic measure p and an expression of u by %, (n € N) such
that (b) of Theorem 4.20 is satisfied.

Let n e NT. Let Un.1, Un,2, Un,3 be distinct vertices. Construct two paths a, ;1 and b, |

from v, 1 to vy, 2, and two paths a, 2 and b, 7 from v, 3 to v, 3. We assume that the lengths
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of an. 1, by.1, an 2, and b, 5 are the same. Construct a path d,, from v, 3 to v, 1. We assume
that the paths above have no common vertices, except for the initial and terminal vertices.
Thus, %, consists of four circuits, namely {a, =a, 1 +an2+dy, by =bn1 +byo+
dn, cn =an,1 +buo +dn, ¢, = by, + an2 + dy}. Because the linear equation a, + b, =
¢y + ¢}, exists, € is linearly dependent. For a cover ¢, 41 » : Gu+1 — G, wWe assume that
@(Un41,i) =vp,1 (i =1, 2, 3) and all paths a1, j, byy1,j (j =1, 2) and dy,1 are mapped
to circuits {ay, by, cu, c,} with the following multiplicity. Let p(n) — +oo sufficiently
quickly as n — 4-00. The path a,1,1 is mapped to a, p(n)-times and to b, once. The
first edge of a,+1,1 is mapped to the direction of a,. The first edge of the path b4 1
has to be mapped to the same direction as a,1,1. We assume that b, 1 is mapped to
ap once and to b, p(n)-times. The path a,412 is mapped to a, p(n)-times and to b,
once. The path b, is mapped to a, once and to b, p(n)-times. The path d,4; is
mapped to ¢, once and to ¢, once. Then, because the condition (d) in Theorem 3.5 is
satisfied, the inverse limit (X, f) is minimal. All A, (n € NT) are convex quadrilaterals
with extremal points a,,, 5,,, én, and &), It follows that &, maps d,1; and l;,,_H closer
to a, and 5n, respectively, as n — oo. On the other hand, &, maps ¢,4+; and 5’2 L1
closer to (a, + 15n) /2 as n — oo. Because we have assumed that p(n) — 400 sufficiently
quickly, dso = lim,_ » a, and l;oo =lim;_ 1;,, exist, and are distinct ergodic measures.
Moreover, we have that lim,_, oo ¢ = limy— 00 €, = (doo + boo) /2. By Theorem 6.2, there
exist exactly two ergodic measures. Let u = (doo + boo) /2. This is not ergodic, and has
an expression [, = (%)&n + (%)I;n = (%)5,, + (%)5;, for all n € NT. Let € > 0. Then we
have seen that, for sufficiently large n, c,, c;l € C(u, m, n, €). Thus, condition (b) of
Theorem 4.20 is satisfied for a non-ergodic measure 1. Note that the resulting & is one-
dimensional, and requires only two circuits a, and b, to express all measures for n € N. If
p(n) — +o0 too slowly, the system becomes uniquely ergodic.

In [4, Proposition 3.3(b)], Gambaudo and Martens showed that if f has bounded
combinatorics for a Cantor minimal system, then it is uniquely ergodic. We want to extend
this theorem in our case, and also loosen the condition to the somewhat unbounded case.
Let G be a sequence Gy 2 Gy Pl Gy £2 ... of covers for a zero-dimensional system.
We use the notation of (N-1)-(N-5) given in §2. Let n € N. For a circuit ¢ € €(G+1),
there exists a representation (¢,)s(c) = Zc,e% s(cHc' with s(¢’) eN for all ¢’ €%,.
Generally, these representations are not unique. To make matters worse, some of the
s(c’) may be equal to 0, meaning that the argument in [4, Proposition 3.3(b)] fails in
our case. Nevertheless, we think it is not unnatural to restrict the systems of circuits
to those in which all values of s(¢’) are positive. This is partly because, as shown in
Example 6.3, there exist cases in which not all circuits are needed to express all measures,
and partly because, as shown in Example 5.6, there exist cases in which all 4, (n € N)
are linearly independent and all values of s(c’) become positive for certain covers of
minimal Cantor systems. As in the case of [4, Proposition 3.3(b)], we consider a ‘winding
matrix’ for all ¢, (n € N). Let C be a system of circuits enumerated by N that expresses
all invariant measures. Suppose that there exist non-negative integers m(c, ¢’) (¢ € Cy+1,
¢’ €C,, n € N) such that (¢,)(c) = > eec, m(c, ¢")¢' for all n € N. We fix a numbering
{e(n, 1), c(n,2),...,c(n,d,)}=C, for all neN. For each neN, we define a
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matrix M, whose entries are m, (i, j) =m(c(n + 1, i), c(n, j)) for all 1 <i <d,4+1 and
1<j<d, Let neN, and let o€ A,4+1 be expressed as o= Zcecm
s(c)¢ with )" os(c)=1. Then (g,)«(a)= Zcec’m Zc,ecn s(c) - (Per(c") /Per(c))
-m(c, ') - &'. If we write a; :==s(c(n + 1, 1)) for 1 <i <d,,1 and I;(i) := Per(c(s, i))
for 1<i<d; for all seN, then (¢,)«(x)= Z?ﬁll Zj”:l o - () Lis1@)) -
mu(i, j)-¢ (n, j). Therefore, we consider a matrix M, whose (i, j)-th entry is
mu(i, j) = Un(j)/lh+1@)) - my(i, j). The matrix M, acts on « from the right. We
say {M,}nen is the system of winding matrices of C. Note that Zlgjgd,, my (i, j) =1 for
all 1 <i <dp41.

Example 6.4. Let {d,},eny be a sequence of positive integers. Let M : {M =
(m, (i, j))}nen be a sequence of (d,+1, d,)-matrices with positive, rational entries such
that Zj mpy (i, j) = 1. As shown in Example 5.6, for any sequence m, (i, j) m €N, 1 <

i <dnt+1, 1 <j <d,) of positive integers, there exists a sequence of covers G : Gg &
G 2 that generates such a sequence. Note that we are only concerned with the rate
mu(i, 1) :mp(i,2) : -+ :mu(i, j) to obtain the desired M,,. Therefore, we can construct
G such that, for each n € N, all circuits in G, have an equal period, and we can adjust
the values of m,, (i, j) to generate the system of m,, (i, j). Thus, we can realize M by a
sequence of covers.

Notation 6.5. Let M be a matrix whose entries are m;, j» and let € be a real number. We
write € < M if € < m; ; foralli, j. We call M a positive matrix if 0 < M.

a matrix that satisfies € < M and Zlﬁjf[ m; j=1forall 1 <i <n. Both R® and R are
endowed with the norm as |x| = Zi |x;|, where x = (x1, x2, ..., X5) or (X1, X2, ..., X¢).
Let 0 #x = (x1, X2, ..., X5) € R’ be orthogonal, in the usual sense, to (1,1,...,1) €
RS, ie. Y | oj<s xi =0. Let y = xM. Then it follows that |y| < (1 — te)|x|.

Proof. Although the calculation is elementary, we list it here for completeness. We set
I =11, s]and J =1, ¢t]. First, Zje] yj= Zi’j mj jXxj = Zi(Zj mj j)xi = ; xi =0,
and y is also orthogonal to (1,1,...,1). Let Iy :={i €I |x; >0} and I :=1[1, s]\
It and Jy:={j e J|y; >0} and J>:=[1, ]\ Ji. Then |x| = Ziell X; — Zielz x; and

V=2 jcs, ¥i — 2 jes, ¥j- Because 3 ., x; =0, we also have |x[ =23, Ixi|=
2 icp, |xil. It follows that

|x|—|y|=in_in_<Zyj_Zyj)

iel iel) jen1 jeh
= E ( E mi, jXi — Z m,‘,jxi)
jeJ tielh iely
— E ( E mi jxi + E m,-)jxl) + E (Z mi jXi + E m,-,jx,-)
jeJy el iely jehr tiel) iel
=2 E m; jXj — 2 E mi, jXxi
iely,jely ielh,je);

https://doi.org/10.1017/etds.2014.72 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2014.72

628 T. Shimomura

=2 Z mi,j|x,'|+2 Z mi,j|xi|

iel,jel ieh,jel;
>2 > elnl+2 Y el
iel,jel ielh,jel;
= (@) €2 Ixil+ @) €2 |xil
iel ieh

= #J2) - € |x|+ #J1) - € - |x| =telx].
Therefore, we have that (1 — t€)|x| > |y|, as desired. O

The next theorem extends [4, Proposition 3.3(b)]. In [2, Theorem 4.11], the next
theorem is referred in its complete form in the context of Bratteli diagrams of finite rank.

THEOREM 6.7. Let C be a system of circuits enumerated by N that expresses all invariant
measures. Suppose that C has the system of winding matrices {My,}nen. Let My, be a
(dn+1, dn)-matrix for each n € N. Suppose that there exists a series of positive numbers
0 <e€, (n €N) such that €, < M, for all n € N. Suppose that ]_[?in(l —di€;) =0 forall
n € N. Then, (X, f) is uniquely ergodic.

Proof. It is enough to show that diam(§x,,(Ax)) =0 for all n € N. Fix n € N. By
Lemma 6.6, diam(§, ,(Ap)) < (diam(Ap)) H,’»"zqu(l —dj¢;). Therefore, we have
that diam(§, ,(Am)) =0 as m—o0o. By Lemma 4.13, A, D& 11,(Ant+1) 2

Env2n)(Ap2) 2---, and mm>n Emn(Am) =&con(Ax). Therefore, we obtain
diam(£0,n (Axo)) =0, as desired. O

7. A simple link to Bratteli diagrams

We shall form a sequence of graph covers Gg pilye’ 1 2 G, £2 ... such that the inverse
limit Go, = (X, f) is a Cantor minimal system. This set of examples is clearly linked with
some simple Bratteli diagrams, and has maximal equicontinuous factors that are odometer
systems. Applying Theorem 6.7, certain general cases of these examples are uniquely
ergodic. Therefore, some set of Bratteli—Vershik systems will also be uniquely ergodic.
We refer to Gjerde and Johansen [S] for details of Bratteli diagrams.

Definition 7.1. Consider a simple Bratteli diagram with top vertex vg. Letn > 1 be a level,
and v be a vertex of level n. If the number of paths from vy to v is independent of the
choice of v, then we say that the diagram has the equal path number property.

In [5], Gjerde and Johansen showed that the family of expansive Bratteli—Vershik
systems associated with simple Bratteli diagrams that have the equal path number property
coincides with the family of Toeplitz flows up to conjugacy. We shall construct a set of
sequences of graph covers such that the corresponding Bratteli diagrams are simple and
have the equal path number property. We are unsure of the condition when the resulting
zero-dimensional system is expansive. Let G be the singleton graph that corresponds
to the top vertex of the Bratteli diagram. We shall construct a sequence {py},>1 of
positive integers. We assume that p; > 2. We shall construct graphs G,, with n > 1 that are
generalized figure-8s. The figure-8 is a graph that has a unique central vertex, and distinct
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circuits that start and end at the central vertex. We denote the central vertex as v, o, and [,
distinct circuits as {cy,1, ¢a.2, - - -, Cn,1,}- We assume that each circuit ¢, ; with 1 <i <1,
has the same period p,, for each n > 1. Thus, we write

Cn,i = (Un,i,0 = Un,0> Un,i,1> Un,i2s - - - » Un,i, py = Un,0)

forn>1and 1 <i <I,. As we are constructing each G,, as a figure-8, we assume that
V(cn,i) N V(cn,j) ={vpo} foralln > 1 and i # j. In the corresponding Bratteli diagram,
these circuits correspond to vertices of level n. To simplify the following statements, we
assume that /,, > 3. Note that we include the case in which [,, — 400 as n — 00. We shall
construct covers by adjusting p, for every n > 2.

Notation7.2. Letw = (vo, v1, ..., v;) and w’ = (ug, u1, . . ., uy) be two walks. Suppose
that v; = ug. Then a new walk ww’ := (vg, v, ..., v, U1, U2, ..., uy) is well defined. If
¢ is a cycle of length [, then for any positive integer n, a cycle ¢” of length In is similarly
defined. When a walk wcw’ can be constructed, a walk wc®w’ is identified with ww’.

Let {m(n, j, )} 1<n,1<j<i,;1.1<i<i, be a sequence of positive integers such that
n

m(n, j, i) >2 for all n, j and i. We assume that m,, := 25:1 m(n, j, i) is independent
of j. We assume that

m(n,1,1) m(n,l,Z)Cm(n,l,S) o m(n,l1,l,)

On(Cpt1,1) == ¢

n,1 n,2 n,3 n,l,
. m(n,2,2) mn,2,1)—1 _m®n,2,3) m(n,2,l,)
@n(Cny1,2) = Cn,1Cp 5 o Cu3 Gy T (7.1)
N o m@ ) mn,j,2) m(n, j.ln) .
on(Cpy1,j) == Cn1 € e Cp for j > 3.

To satisfy this assumption, we claim that p,; = p,m,. Because each ¢, (c,41,;) starts
with ¢,,1 and ends with ¢, ;,, the covers defined above are bidirectional, and the inverse
limit is a homeomorphism. See §3 of [9] for a detailed discussion. Using the notation
described in §2, we write the inverse limit as (X, f). It is clear that (X, f) is a Cantor
system. In this set of examples, we can make the link with the Bratteli diagram as follows.
For each level n > 1, the partition

{V(vn,i,k) [1<i<l,, 1<k< pn} U {f(v(vn,i,pn—l)) [1<i<lI,}

is the Kakutani-Rohlin partition. Therefore, the set of vertices of level n in the
Bratteli diagram is identified with {c,.1, ¢x.2, - . ., cn.1, }, and there exist m(n, j, i) edges
connecting ¢, 41, j and ¢, ;. The order of the edges is the order that appears in the equation.
In the Bratteli diagram, the number of paths from vy to ¢, ; is p,, which is independent of i.
Thus, we have the equal path number property. A similar point holds even if the order of
cn,i 1s changed in the defining equation (7.1). We need only ensure that the initial circuits
and the last circuits are the same. We have selected a set of examples that have simple
orders such that we can easily find a proximal pair (see Lemma 7.8).

LEMMA 7.3. Letn € N, and let M, be the winding matrix. Then this is a (I,+1, l,)-matrix
foreachn e N. For1 < j <l,y1and1 <i <l the (j, i)-th entry ofM,, ism(n, j,i)/my.
The arbitrary positive stochastic matrices with l,, > 3 and rational coefficients are attained
by selecting suitable values of m(n, j, i).
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Proof. The statement is obvious from the definitions. a0

Remark 7.4. To ensure the sequence of winding matrices satisfy the condition of unique
ergodicity in the statement of Theorem 6.7, the selection of the m(n, j, i) is easy.

LEMMA 7.5. The homeomorphism (X, f) is a minimal Cantor system.

Proof. Because the above sequence of graph covers satisfies condition (d) of Theorem 3.5,
the conclusion is obvious. O

In [3], Ellis and Gottschalk showed that for any minimal homeomorphism on a
compact metrizable space, there exists a maximal equicontinuous factor. In [8], Paul
showed that if an equicontinuous factor is almost one-to-one (or has a point of one-to-
one correspondence), then it is maximal.

Notation 7.6. A graph cover c; 1 <¢—l €21 <¢—2 -+ - is defined such that ¢, (v,+1,0) = Vn,0
for all n € NT. We denote the corresponding odometer system as (Od, p).

LEMMA 7.7. There exists a maximal equicontinuous factor w : (X, f) — (Od, p) such
that v is almost one-to-one. This holds even if the order of circuits in the defining equation
is changed.

Proof. There exists a natural graph homomorphism 7, : G,, — ¢,,1 such that 7, (v, 0) =
vp,0 for all n € N. This graph homomorphism commutes with the graph covers on each
side. Therefore, there exists a factor m : (X, f) — (Od, p). Because both (X, f) and
(Od, p) are minimal, we need to show that there exists a point p € Od such that the
element of 7 ~!(p) is unique. We define p := (v0,0, V1,0, 2,0, - - - ) € Od. Then 7 (p) =
{(v0.0, v1,0, V2,0, - - . ) € X} as desired. The maximality also follows from this. The last
statement is clear. a

A pair x # y is said to be proximal if liminf, _, { o d(f"(x), f*(y)) =0.
LEMMA 7.8. The Cantor system (X, f) has a proximal pair. Therefore, it is not an

odometer.

Proof. Fix N > 0. From equation (7.1) and the assumption that m(n, j, i) >2 for
all n,j and i, we have that oy(UN+1,1,2py+1) =Vn.1,1 and @N (UN+1.2.2py+1) =
vn21. Let ky =1 and kyy1=2py + 1. If k, is defined for n> N such that
On(Vn+1,1,kps1) = Vn, 1k, A0 @ (Vnt1,2,k,41) = Un,2.k,» the ky o is defined similarly. Note

that p, — k, — +00 as n — +o00. We define x := (..., UN,1,ky> UN+1,1,kys;» - - -) and
Y= (.. .\ UN2kys UN+1,2kys1s - - -)- Then we have fPn=kn(x), fPn=hn(y) € V (v, 0) for
all n > N. Thus, we obtain the desired conclusion. O

Combining the lemmas and the arguments in this section, we get the next theorem.

THEOREM 7.9. The homeomorphisms (X, f) are minimal Cantor systems that are not
odometer systems, and have odometer systems as their maximal equicontinuous factors.
Some of them are uniquely ergodic. These Cantor minimal systems are expressed by simple
Bratteli diagrams with the equal path number property.
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