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EIGENVALUES OF MINIMAL CANTOR SYSTEMS

FABIEN DURAND, ALEXANDER FRANK, AND ALEJANDRO MAASS

ABSTRACT. In this article we give necessary and sufficient conditions that
a complex number must satisfy to be a continuous eigenvalue of a minimal
Cantor system. Similarly, for minimal Cantor systems of finite rank, we pro-
vide necessary and sufficient conditions for having a measure theoretical eigen-
value. These conditions are established from the combinatorial information of
the Bratteli-Vershik representations of such systems. As an application, from
any minimal Cantor system, we construct a strong orbit equivalent system
without irrational eigenvalues which shares all measure theoretical eigenvalues
with the original system. In a second application a minimal Cantor system
is constructed satisfying the so-called maximal continuous eigenvalue group
property.

1. INTRODUCTION

The spectral theory of dynamical systems and, in particular, the study of eigen-
values of topological dynamical systems, either from a measure theoretical or a
topological perspective, is a fundamental topic in ergodic theory, which allows one
to understand mixing properties and the characterization of the Kronecker and
maximal equicontinuous factors. Particularly interesting and rich has been the
study of eigenvalues and weakly mixing properties of classical systems like inter-
val exchange transformations [NR97, AF07, FHZ04, FZ11] or other systems arising
from translations on surfaces [AD16]. From the symbolic dynamics point of view
most of these systems have representations as minimal Cantor systems of finite
topological rank, i.e., there is a symbolic extension that can be represented by a
Bratteli-Vershik system such that the number of Kakutani-Rohlin towers per level
is globally bounded. To characterize eigenvalues of the original systems it is enough
to consider this class of Cantor systems. Of course, a general approach like this as-
sumes that the particular nature and information carried by the original dynamics
can be effectively translated into concrete properties of a “good” Kakutani-Rohlin
representation, which is not evident. Nevertheless, good representations for interval
exchange transformations and, in particular, irrational rotations of the torus have
already been proposed (see [GJ02, DDMO0O]).
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With these examples in mind, our main motivation is to provide general necessary
and sufficient conditions for a complex number to be the eigenvalue, either contin-
uous or measure theoretical, of a minimal Cantor system of finite topological rank
and when possible to get the same kind of results for any minimal Cantor system.
In addition, we also want these conditions to be useful for studying the weakly
mixing property, i.e., the absence of eigenvalues, or any other question relating
eigenvalues with the dynamics of minimal Cantor systems.

Some problems addressed in this article for different subclasses of minimal Cantor
systems of finite topological rank has been considered since the pioneering work of
Dekking [Dek78] and Host [Hos86]. There, it was stated that measurable eigenval-
ues of primitive substitution dynamical systems are always associated to continuous
eigenfunctions, thus the maximal equicontinuous and measure theoretical Kronecker
factors coincide. Implicitly, both works give conditions to be a measurable eigen-
value; however, the complete characterization of eigenvalues for substitution dy-
namical systems was given in [FMNO96]. Later, necessary and sufficient conditions
to characterize continuous and measurable eigenvalues of linearly recurrent minimal
Cantor systems were provided in [CDHMO03] and [BDMO05]. These conditions are
very effective and rely on the combinatorial data carried by the Bratteli-Vershik
representations. Even if linearly recurrent systems are natural from the symbolic
dynamics point of view (see [Dur00, Dur03)), this class could be considered “small”,
meaning that in many classical cases, like interval exchange transformations, only
a few maps have a symbolic representation of this kind. In fact, most of them are
of finite topological rank and not linearly recurrent. There are few general results
concerning eigenvalues of minimal Cantor systems of finite topological rank. Some
preliminary results are given in [BDM10] and a detailed study of eigenvalues of
Toeplitz systems of finite topological rank is given in [DFM15]. This last work
motivates the ideas of the current work.

In this article we provide necessary and sufficient conditions that a complex num-
ber should satisfy to be a measurable eigenvalue of a minimal Cantor system of
finite topological rank (Theorem 10 and Theorem 17). In addition, we give a nec-
essary and sufficient condition for a complex number to be a continuous eigenvalue
of a minimal Cantor system, that is, we succeeded in dropping the finite rank hy-
pothesis (Theorem 2). In its conception, the conditions are very similar to those
proposed for linearly recurrent systems. They are given in the form of the con-
vergence of some series or special sequences and only depend on the combinatorial
data provided by the Bratteli-Vershik representations. The main difference here
is that we need to include in an algebraic way the information of the local orders
carried by these representations. Thus, the drawback of these conditions is that
they depend on a non trivial computation.

To illustrate the use of the conditions provided in this article we consider different
examples and applications.

First we prove that our conditions extend the results in [DFM15] to character-
ize eigenvalues of finite rank Toeplitz minimal systems. This class, even if simple,
allows to see the amount of information needed to compute eigenvalues using the
proposed conditions. Then, a first application relates the notions of continuous
eigenvalues and strong orbit equivalence. We use our necessary and sufficient con-
dition in the continuous case to prove that, by doing controlled modifications of
the local orders of a Bratteli-Vershik system, one can alter the group of continuous
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eigenvalues. In particular, starting from a minimal Cantor system without roots
of unity as continuous eigenvalues we produce a strong orbit equivalent system
that is topologically weakly mixing and which shares the Kronecker factor with the
original system for any ergodic measure. In [GHH16] a similar result is obtained
but without the control on the non continuous eigenvalues and in [FS14] a similar
example is developed in the context of tiling systems. In a second example, the
conditions to be measurable eigenvalues and previous application are used to con-
struct a topologically weakly mixing minimal Cantor system of rank two admitting
all rational numbers as measure theoretical eigenvalues, showing that topological
rank is not an obstruction to have non continuous rational eigenvalues as in the
Toeplitz case. Finally, inspired by questions in [CDP16] and [GHH16], we use our
main theorems to produce an expansive minimal Cantor system whose group of
continuous eigenvalues coincides with the intersection of the images of the so-called
group of traces.

The article is organized as follows. In Section 2 we provide the main definitions
concerning eigenvalues of dynamical systems and Bratteli-Vershik representations.
Section 3 is devoted to the main result in the continuous case (Theorem 2). In this
section we do not use the finite rank hypothesis. Section 4 is focused on the main
results in the measurable case (Theorem 10 and Theorem 17). These results only
concern minimal Cantor systems of finite topological rank. Finally, in Section 5 we
develop examples and applications illustrating our main results.

2. DEFINITIONS AND NOTATION

2.1. Dynamical systems and eigenvalues. A topological dynamical system, or
just dynamical system, is a compact Hausdorff space X together with a homeomor-
phism T : X — X. We use the notation (X,T). If X is a Cantor set (i.e., X has a
countable basis of closed and open sets and it has no isolated points) we say that
the system is Cantor. A dynamical system is minimal if all orbits are dense in X,
or equivalently if the only non empty closed invariant set is X.

A complex number A is a continuous eigenvalue of (X, T) if there exists a contin-
uous function f: X — C, f # 0, such that foT = A\f; f is called a continuous
eigenfunction (associated to A). The system (X, T) is topologically weakly mizing if
it has no non constant continuous eigenfunctions. Let p be a T-invariant probabil-
ity measure defined on the Borel o-algebra of X, i.e., Ty = p. A complex number
A is an eigenvalue of the dynamical system (X, T") with respect to u if there exists
feL?(X,u), f#0,such that foT = \f; f is called an eigenfunction (associated
to A). If u is ergodic, then every eigenvalue for p has modulus 1 and every eigen-
function has a constant modulus p-almost surely. Of course, continuous eigenvalues
are eigenvalues for . The system is weakly mizing for p if it has no non constant
eigenfunctions.

If A = exp(2ima) is either a continuous or measurable eigenvalue with a an irra-
tional number we say that A is an irrational eigenvalue; in the case « is rational we
say that X is a rational eigenvalue.

2.2. Bratteli-Vershik representations. Let (X, T) be a minimal Cantor system.
It can be represented by an ordered Bratteli diagram together with the Vershik
transformation acting on it. This couple is called a Bratteli-Vershik representation
of the system. We give a brief outline of this construction emphasizing the notation
in this paper. For details on this theory see [HPS92] or [Durl0].
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2.2.1. Bratteli diagrams. A Bratteli diagram is an infinite graph (V, E') which con-
sists of a vertex set V and an edge set E, both of which are divided into levels
V=VWuWViu...and E = E; U Es U..., where all levels are pairwise disjoint.
The set V} is a singleton {vg} and for all n > 1 edges in E, join vertices in V;,_
to vertices in V,,. If e € FE connects u € V;,_1 with v € V,, we write s(e) = u and
r(e) = v, where s : E,, — V,,_1 and r : E, — V,, are the source and range maps,
respectively. It is also required that s™'(v) # 0 for all v € V and that r—1(v) # 0
for all v € V'\ Vg. For all n > 1 we set #V,, = d,, and we write V;, = {1,...,d,} to
simplify notation.

Fix n > 1. We call level n of the diagram the subgraph consisting of the vertices
in V,_1 UV, and the edges F, between these vertices. Level 1 is called the hat
of the Bratteli diagram. We describe the edge set E,, using a V,,_; x V,, incidence
matrix M, for which its (u,v) entry is the number of edges in F,, joining vertex
u € V,,_1 with vertex v € V,,. We also set P, = Ms---M,, with the convention
that P = I, where I denotes the identity matrix. The number of paths joining
vg € Vp and a vertex v € V,, is given by coordinate v of the height row vector
hyp = (hy(u);u € V,,) € NV, Notice that hy = M; and h,, = h{P,.

We also consider several levels at the same time. For integers 0 < m < n we
denote by E,, ,, the set of all paths in the graph joining vertices of V,,, with vertices
of V,,. We define matrices Py, ,, = My, 41 - - - My, with the convention that P, , =1
for 1 < m < n. Clearly, entry P, ,(u,v) of matrix P, , is the number of paths
in E,, from vertex u € V,, to vertex v € V,,. It can be easily checked that
hn = hm,Pm,rr

A Bratteli diagram (V, E) is called simple if for any m > 1 there exists n > m
such that each pair of vertices u € V,;, and v € V,, is connected by a finite path,
i.e., Py > 0.

The incidence matrices defined above correspond to the transpose of the matrices
defined at the classical reference in this theory [HPS92]. This choice, which in our
opinion is more mnemotechnical, is done to simplify the reading of the article.

2.2.2. Ordered Bratteli diagrams and Bratteli- Vershik representations. An ordered
Bratteli diagram is a triple B = (V, E, <), where (V, E) is a Bratteli diagram and
= is a partial ordering on F such that: edges e and ¢’ in E are comparable if and
only if r(e) = r(¢’). This partial ordering naturally defines maximal and minimal
edges. Also, the partial ordering of E induces another one on paths of E,, ,, for all
0<m<n (emt1y---ren) = (frms1,---, fn) if and only if thereism+1<i <n
such that e¢; < f; and e; = f; for ¢ < j <n.

Given a strictly increasing sequence of integers (ny),~, with no = 0 one defines
the contraction or telescoping of B = (V, E, <) with respect to (nk) >0 by

((Vnk)kzo s (Enscmes)izo j) ’

where = is the order induced in each set of edges Ey,, »,,,. The converse operation
is called microscoping (see [HPS92] and [GPS95] for more details).

Given an ordered Bratteli diagram B = (V| F, <) one defines Xp as the set of
infinite paths (z1, 22, ...) starting in vg such that r(z,) = s(zp41) for alln > 1. We
topologize Xp by postulating a basis of open sets, namely the family of cylinder
sets

[61,62,...,€n] = {(xlvaa"') GAXrB ; Tp = €4, for 1 SZSTZ’ }
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Each [eq,ea,...,e,] is also closed, as is easily seen, and so Xp is a compact,
totally disconnected metrizable space. If (V| E) is simple then Xp is Cantor.

When there is a unique point (x1,z2,...) € Xp such that z, is (locally) maximal
for any n > 1 and a unique point (y1,y2, ...) € Xp such that y,, is (locally) minimal
for any n > 1, one says that B = (V, E, <) is a properly ordered Bratteli diagram.
We call these particular points xy.x and xymi, respectively. In this case, we define
the map Vg on Xp called the Vershik map as follows. Let x = (z1,za,...) €
X5\ {Zmax} and let n > 1 be the smallest integer so that z,, is not a maximal edge.
Let y,, be the successor of x,, for the corresponding local order and (yi,...,Yyn—1)
be the unique minimal path in Ey ,_; connecting vy with the initial vertex of y,,.
We set Vg () = (Y1, - s Yn—1,Yn, Tnt1,---) and VB (Tmax) = Tmin-

The system (Xp,Vg) is called the Bratteli- Vershik system generated by B =
(V, E,<). The dynamical system induced by any telescoping of B is topologically
conjugate to (Xp, Vg).

In [HPS92] it is proved that the system (Xp, V) is minimal whenever the associ-
ated Bratteli diagram (V, F) is simple. Conversely, it is also proved that any min-
imal Cantor system (X,T) is topologically conjugate to a Bratteli-Vershik system
(XB,Vp) where (V, E) is simple. We say that B = (V, E, <) is a Bratteli- Vershik
representation of the minimal Cantor system (X, T') if B is properly ordered, (V, E)
is simple and (X,T) and (Xp, Vp) are topologically conjugate. In what follows,
each time we consider a representation B = (V, E, <) of (X,T) we will say that
(X,T) is given by the Bratteli-Vershik representation B and we will identify (X, T)
with (XB, VB)

To have a better understanding of the dynamics of a minimal Cantor system,
and in particular to understand its group of eigenvalues, one needs to work with a
“good” Bratteli-Vershik representation. So we consider representations such that:

(H1) The entries of hy are all equal to 1.

(H2) For every n > 2, M,, > 0.

(H3) For every n > 2, all maximal edges of E,, start in the same vertex of V,,_;.
We assume this vertex is d,,_1.

Classical arguments show that this reduction is possible, in particular (H2) follows
from the simplicity of the Bratteli-Vershik representation and (H3) can be deduced
from Proposition 2.8 in [HPS92]. A Bratteli-Vershik representation of a minimal
Cantor system (X, T) satisfying (H1), (H2) and (H3) will be called proper.

2.2.3. Minimal Cantor systems of finite topological rank. A minimal Cantor system
is of finite (topological) rank if it admits a Bratteli-Vershik representation such
that the number of vertices per level is uniformly bounded by some integer d. The
minimum possible value of d is called the topological rank of the system. We observe
that topological and measure theoretical finite rank notions are different notions.
For instance, systems of topological rank one correspond to odometers, whereas
in the measure theoretical sense there are rank one systems that are expansive as
classical Chacon’s example.

If the minimal Cantor system has finite rank d, in the definition of proper repre-
sentation we will also assume:

(H4) For every n > 1, d, is equal to d.

This condition can be assumed without loss of generality in the finite rank case.
Also, to simplify notation and avoid the excessive use of indices, in this last case
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we will identify V,, with {1,...,d} for all n > 1. The level n will be clear from the
context. It is not difficult to prove that a minimal Cantor system of topological
finite rank d has a proper representation (see [DFM15] for an outline of the proof).

A minimal Cantor system is linearly recurrent if it admits a proper Bratteli-
Vershik representation such that the set {M,,;n > 2} is finite. Clearly, linearly
recurrent minimal Cantor systems are of finite rank (see [DHS99], [Dur00], [Dur03]
and [CDHMO3] for more details and properties of this class of systems).

2.2.4. Kakutani-Rohlin partitions. Let B = (V, E, <) be a representation of the
minimal Cantor system (X,T). This diagram defines for each n > 0 a clopen
Kakutani-Rohlin partition of X: for n = 0, Py = {By(vo)}, where By(vg) = X, and
forn>1
Pp={T7B,(v);v €V, 0<5 < hp(v)},

where B, (v) = [e1,...,e,] and (e1,...,ey,) is the unique maximal path from vy to
vertex v € V,,. For each v € V,, the set {T77B,(v);0 < j < hy,(v)} is called the
tower v of P,,. It corresponds to the set of all paths from vy to v € V,, (there are
exactly h,(v) of such paths). Denote by 7, the o-algebra generated by the partition
Pp. The map 7, : X — V,, is given by 7,(z) = v if 2 belongs to tower v of P,,. The
entrance time of = to B, (7,(z)) is given by r,(z) = min{j > 0; T7x € B, (7.(z))}.

For each z = (z1,22,...) € X and 0 < m < n define the row vector s,, ,(x) €
NV called the suffiz vector of x between levels m and n, by

Sman(x,u) = #{e € Emn; (@mi1,...,2Tn) < e,s(e) = u}

at each coordinate u € V,,, where < stands for < and # simultaneously, and
Sm.n(z,u) stands for the u-th entry of the row vector s,, (). The notion of suffix
vector comes from symbolic dynamics and is associated to the suffix-prefix decom-
position of a minimal symbolic sequence, in particularly it has been extensively
used to study symbolic systems associated with a substitution [Fog02].

If y is another point in X with 7,,(y) = 7 (2) and 7,(y) = 7, (), then it is clear
that s,n(2) = smn(y) if and only if (zp41,---,%n) = (Ym+1s---,Yn). This fact
motivates the following definition. For each 0 < m < n, u € V,;, and v € V,,, define
the set

S (U, 0) = {smn(z);z € X, T(z) = v and 7,(z) = v}.

A direct verification shows that the cardinality of S, ,,(u,v) is equal to Py, ,,(u,v),
i.e., the number of paths in E,, ,, joining v and v. If necessary, to simplify notation
we put $,(2) = spnt1(z) and S, (u,v) = Sy pt1(y,v).

A classical computation gives for all n > 1 (see for example [BDMO05)):

) = s0(@) + 3 (s0@). P = soe) + S (sie) by, (2)
i=1 i=1

where (-,-) is the euclidean inner product. Observe that under hypothesis (H1),

i.e., hy = (1,...,1), we have so(x) = 0. Similarly, one can obtain the following
general relation between entrance times and suffix vectors of z € X:
o (2) = T (2) + (Smon (), Bm), (2.2)

for 1 < m < n. From this equality it follows that for 0 </ <m <n
<s£,n(m)7 h[> = <ngm($), hl> + <sm,n(x)a hm>ﬂ (23)
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and particularly
n—1

(mn (@), ) = Y (si(@), hi). (2.4)

i=m

Equation (2.3) can also be obtained by noticing that for n > 0 and z € X

sn(z) + 3n+1($)Mg+1 = Sp,n+2(2), (2.5)
and then, for 0 < ¢ < m < n we have

Son () = se.m(z) + smm(x)PZm. (2.6)

2.2.5. Invariant measures. Let B = (V, E, <) be a Bratteli-Vershik representation
of the minimal Cantor system (X,T). Let u be an invariant probability measure
for this system. The measure u is determined by the values it gives to B, (v)
for all n > 0 and v € V,,. Define the column vector p, = (u,(v);v € V,,) with
tn(v) = p(Bp(v)). A simple computation allows to prove the following useful
relation:

Hm = Emnln (27)

for all 0 < m < n. Also, u(r, = v) = p{z € X;7(x) = v} = hy(v)pn(v) for all
n>1and v € V,.

2.2.6. Clean Bratteli- Vershik representations. Let B = (V, E, =) be a proper rep-
resentation of finite rank d of the minimal Cantor system (X,T). Recall that in
this case we identify V;, with {1,...,d} for all n > 1. Then, by Theorem 3.3
in [BKMS13], there exist a telescoping of the diagram (which keeps the diagram
proper) and &y > 0 such that:

(1) For any ergodic measure 4 there exists I, C {1,...,d} satisfying:
(a) pu(rp, =wv) > 6o for every v € I, and n > 1, and
(b) limy, 400 (1, =v) = 0 for every v & I,.

(2) If p and v are different ergodic measures then I, N1, = 0.

When a proper Bratteli-Vershik representation of finite rank d satisfies the previous
properties we say it is clean. We remark that this is a modified version of the
notion of clean Bratteli diagram given in [BDM10] that is inspired by the results
of [BKMS13]. This property will be relevant for formulating our main result in the
measurable case.

In [BKMS13], systems such that I,, = {1,...,d} for some ergodic measure ; are
called of exact finite rank. Clearly, those systems are uniquely ergodic.

3. CONTINUOUS EIGENVALUES OF MINIMAL CANTOR SYSTEMS

In this section we show a necessary and sufficient condition for a complex number
to be a continuous eigenvalue of a minimal Cantor system. The condition is given
in terms of the combinatorial objects associated to a proper Bratteli-Vershik rep-
resentation of the system. The proof follows the lines and some ideas developed to
prove a general necessary condition in [BDM10].
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3.1. The necessary and sufficient condition. Let (X,T) be a minimal Cantor
system given by a proper Bratteli-Vershik representation B = (V, E, <). The most
general necessary and sufficient condition for a complex number A = exp(2ima) to
be a continuous eigenvalue of (X, T) states that the map \"»(") converges uniformly
(see Proposition 12 in [BDMO05]). In order to achieve the uniform convergence,
several simpler necessary conditions relying on the combinatorics of the Bratteli-
Vershik representation B have been proposed. We recall the necessary condition
proved in [BDMI10] that serves as motivation to the main result of this section.
Denote by || - || the distance to the nearest integer vector.

Theorem 1. Let (X,T) be a minimal Cantor system given by a proper Bratteli-
Vershik representation B = (V, E,<). If A = exp(2ima) is a continuous eigenvalue
of (X, T) then

Y llahiPall =) llahall < +oo .

n>1 n>1
Let A = exp(2ima) be a continuous eigenvalue of (X, T) as in Theorem 1. Then,
for all n > 1 there exist a real vector 7,, and an integer vector v, such that
ahy P, =ah, =n, +v, and n, ——— 0 . (3.1)

n—-+oo

Moreover, Theorem 5 in [BDM10] states that such a decomposition satisfies that
for all large enough n

Mnt1 = MnMp+1 and vy = vy Myiq . (3.2)
A classical computation allows us to deduce the possible values for « from these
two conditions. This is part (2) of Corollary 7 in [BDM10] but we give a proof for
completeness. Fix large integers 1 < m < n such that (3.2) holds for such values

and multiply (the row vector) ah,, by (the column vector) pu,,, where p is any
invariant probability measure. From (3.1), (2.7) and (3.2) we get,

Of:ahm',um:nm',um"'l/m'ﬂm :nm'PTrL,n'Hn+Vm'ﬂm =M fn + Vi * s
where in the first equality we have used the fact that h,, - g, = 1. Taking n — 400
and using (3.1) we get that

Q= Vpy * fy, a0d Ny - b, = 0 for every large enough m € N. (3.3)

We stress the fact that many values of A = exp(2ima) with « as in (3.3) could not
be continuous eigenvalues of (X, T). This fact strongly relies on the local orders of
the Bratteli-Vershik representation B.

The general necessary and sufficient condition we present below refines the one
in Theorem 1 incorporating the local orders of the Bratteli-Vershik representation
of the minimal Cantor system. This is achieved by considering the suffix vectors
defined at each level of the diagram. While submitting this article we remarked the
similarity of this result with Theorem 4.1 in [FS14], where the authors provide a
necessary and sufficient condition to be a continuous eigenvalue for a special class
of fusion tilings.

Theorem 2. Let (X,T) be a minimal Cantor system given by a proper Bratteli-
Vershik representation B = (V, E,=). The following conditions are equivalent,

(1) X = exp(2ima) is a continuous eigenvalue of (X, T);

(2) 3 max la(sn (@), ha) | < +o0;

n>1
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(3) Z max lle(s, hn)|| < +o0 for any sequence of vertices (un;n > 1)
=1 SESH (Un Unt1)

with Up € V.

Assume that (X, T') is a minimal Cantor system given by a proper Bratteli-Vershik
representation B = (V, E, <) as in Theorem 2. We will need two preliminary
lemmas to prove that (1) is equivalent with (2) and (3). The first one is almost
identical to Lemma 4 in [BDM10] so we omit its proof. We only remark that
the proof is a simple use of properties (H2) and (H3) in the definition of proper
Bratteli-Vershik representation.

Lemma 3. Let (j,;n > 1) be a sequence of positive integers such that jpy1—jn > 3
and let (e;,+1;n > 1) be a sequence of edges of the Bratteli diagram with ej, 1 €
E;, +1. Then, there exist points x = (z1,2,...) andy = (y1,Y2,...) in X such that
forall n>1,
(1) Tj,41 = €j, 41, 1(@j,41) = r(yj,+1) and s;,(y) = (0,...,0) (ie., yj, 11 is a
maximal edge);
(2) Tj =Yy forjn +2 < ] < jn+1 - 1;
(3) 85, 1—1(x) = s5,.,-1(y) = (0,...,0) (ie., x; ., and y;,  , are mazimal
edges).

Lemma 4. Let A = exp(2ima) be a continuous eigenvalue of (X,T). For every
n > 1 let n, and v, be the real and integer vectors satisfying properties (3.1) and
(3.2). Then, ma}><(|<sn(m),77n>| —n—stoo 0.

TE

Proof. Since X is a continuous eigenvalue we have that the sequence of maps
(lern()|l;» > 1) converges uniformly (Proposition 12 in [BDMO05]).

Fix 0 < € < 1/8. By property (3.1), equality (2.1) and the uniform convergence
of (Jlarn(-)|l;m > 1), there exists ng > 1 such that for all n > ng and = € X,
[lnn] < e <1/8 and

(s (@), na) Il = Wl (@), n + vad | = s (@), @hn) | = lla(rnia () = rn(2))] <e.

Write (s, (), M) = en(z) + Ep(x) with |e,(x)] < € and E,(z) an integer (the
closest one). Notice that the sequence of maps (g,,(-);n > 1) converges uniformly
to 0.

For n > ng consider the set A, = {z € X; E,(x) = 0}. Observe that this set
is not empty (consider a point with a maximal edge at level n + 1) and closed
(the map x — (s,(x),n,) is locally constant). Let us check that it is T-invariant.
Take = € A,,. We have to consider three cases: s,(z) = $,(Tx), sp(z) = 0 with
Sn(x) # $p(Tx), and s, (x) = s,(Tx) + e for some vector e from the canonical base.
In the first case it is obvious that Tx € A,, when z € A,,.

In the second one (z1,...,2y41) is formed by maximal edges and thus (7T2),41
is a minimal edge. Therefore, s, (Tx) is the v-th column of M,, 11 minus the u-th
canonical vector, where u = s((T),+1) and v = r((Tz)p4+1). Then,

9

RNy

[(sn(T2)s )] = | D (@) Moa (u',0) = ()| = 141 (0) = 00 (w)] <
uw' eV,

where in the second equality we have used the relation in (3.2). Hence, E,,(Tz) =
E.(r)=0and Tx € A,.
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In the last case,

|En(Tz) — En(2)] =len(z) — en(T2) + ($0(T2),1m0) — (sn(2), 00|
<q+ el < 3+ lmall < 5.
4 P = g " 2
Therefore, E,(Tx) = Ep(x) =0 and Tx € A,.
By minimality, we obtain that A, = X. This implies that for all n > ng

(s (@), ) | = [{sn (), 10} | = len(2)]
which achieves the proof. O

Proof of Theorem 2. First we prove that (2) and (3) are equivalent. Clearly, the
series in (2) is an upper bound of the series in (3), so (2) implies (3). Now, it is
not difficult to prove that there exist sequences (u,;n > 1) and (v,;n > 1), with

Up, Uy € V,,, such that: max lla(s, hpn) || = max ||a(sn (), hy)| if n is odd;
SESH (Un Uni1) zeX

and max lla(s, hn)|| = max||a(s,(x), hy)| if n is even. The sum of the
SESn (Vn, Un41) zeX

series max afs,h + max als, h is an upper bound
;SES lads, b ZS Tats. b oD

n(Un,Un1 n(Vn,Vnt1
of series (2), thus (3) implies (2).
Now we prove that (1) implies (2) (and thus (3)). Let A = exp(2ima) be a
continuous eigenvalue of (X,T). Then, there exist a real vector 7, and an integer
vector v, satisfying conditions (3.1) and (3.2). In particular,

ahy, =n, + v, and 9, — 0,
n—-+oo

for all n > 1.
Thus, to get condition (2) of the theorem it is enough to prove that the series

E max | (s, (), )| converges.
reX
n>1

For n > 1 let (" = (z%”), zén), ...) € X be such that
|<5n(z(n))77ln>| = gle%%(|<5n($)a77n>| :

We set e,411 = zr(fgl and s, = sn(z(")). So, it suffices to prove the following
convergence,

D Usn, )| < +o00. (3-4)
n>1
Let I = {n > 1;(sp,mn) > 0}, I~ ={n > 1;(s,,n,) < 0}. To prove (3.4) we only
need to show that

Z (Sn,Mn) < 400 and — Z (S, M) < +00.

nel+t nel—

Since the arguments in both cases are similar we only prove the first one. More-
over, to prove Y ;i (Sn,M,) < 400 we only show D ;i sy(5n,7m) < —+00.
In a similar way one proves the convergence of series > I+A@GN +1)<5n777n> and
Znel+ﬁ(3N+2) (S, 7))

Assume I N 3N is infinite, if not the result follows directly. Order its elements:
1<j1 <jo<...<Jjn<... FromLemma 3 there exist two points z = (x1,za,...)
and y = (y1, 2, -..) in X such that for all n > 1,
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,0) and r(z;, +1) = r(yj,+1);

) xjn"l'l = ejn"!‘l’ Sjn (
Jn+1 — 15

<

(1 (v)
(2) zj =y; for jn +2 <
3) sjn+1*1(1') = Sjny1— 1(y) = (0, ,0).
We also set 1 = y1,...,25, -1 = yj,—1 and s(y;,) = (0,...,0). Hence, we have

—~

1) s;,(z) = s, and s, (y) = (0,...,0);
(2) sj-1(z) = sj-1(y) = (0,...,0) for jn +2 < j < jnp1 — 1.
Now, from the definition of the return function in (2.1) and properties of points
x and y just constructed we get for all m > 1,

a(rm(r) —rm(y)) = Z (sn(z) = 8n(Y), hn)

ne{l,...m—1}

=a > (sn(®) = sn(y), hn)
ne{l,...,m—1}NITN3N
=a > (Sns hn)

ne{l,...,m—1}NITN3N

= > (81T + V) -
ne{l,...,m—1}NI+tN3N
From Proposition 12 in [BDMO05] we have a(r,,(x) — rm(y)) converges mod Z
when m — +oo. Then, 7, 1y . 1yar+nan(Sn: n) converges  mod Z when m —
+00 too. But, from Lemma 4, (s,,,7,) tends to 0 when n — +00, hence the series
> nertnan(Sns Mn) converges. This proves that (1) implies (2).

Now we prove that (2) implies (1). Assume that > -, maxzex [[a(s,(2), hn)||
converges and let us prove that A\ = exp(2ima) is a continuous eigenvalue of (X, T).

By Proposition 12 in [BDMO5], it suffices to show that (ar,(z);n € N) converges
mod Z uniformly in z. For 1 < m < n and z € X we have,

llarn @) = llarm @) <le(rn(z) = rm ()|

=|||a< (s k(I)vhk>> I
k=m

< Z max [[(sk (v), ahw)|

Then, condition (2) implies that ||ar,|| is a Cauchy sequence for the uniform con-
vergence. This achieves the proof. O

In proving that (2) implies (1) we used Proposition 12 in [BDMO05] and the defi-
nition of the map r,. It is worth pointing out that the implication of Proposition
12 that we used does not need the diagram to be proper, it is enough for it to be
only a representation, i.e., being properly ordered and simple. We state this fact
as a corollary due to its relevance in examples and applications where the incidence
matrices of the corresponding Bratteli-Vershik representation are not necessarily
strictly positive.

Corollary 5. Let (X,T) be a minimal Cantor system given by a Bratteli- Vershik
representation B = (V, E,<X). If the real number « satisfies condition (2) of Theo-
rem 2, then A = exp(2ima) is a continuous eigenvalue of the system.
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As stated before, conditions (3.1) and (3.2) allow us to compute all possible values
of a such that A = exp(2ima) is a candidate to be a continuous eigenvalue. The
main problem is to know whether they really correspond to continuous eigenvalues.
This is related to the local orders of the Bratteli-Vershik representations and this
is the point where Theorem 2 plays a role. The following corollary (that is in the
folklore) shows that those candidates that are roots of unity are always continuous
eigenvalues.

Corollary 6. Let (X,T) be a minimal Cantor system given by a proper Bratteli-
Vershik representation B = (V,E,=<). Then, A = exp(2inp/q) is a continuous
eigenvalue of (X, T) if and only if the rational number p/q satisfies (3.1). Equiva-
lently, if and only if q divides the coordinates of the vector of heights h,, for every
large enough n > 2.

Proof. As discussed before all continuous eigenvalues satisfy (3.1). Conversely, if
« = p/q satisfies (3.1) then necessarily ¢ divides the coordinates of the height vector
hy, and n, = 0 for all large enough n € N. Hence, as ||a(sn(x), hn) || = [[{$n(2), 1) ||
for every n > 1, the sum in condition (2) of Theorem 2 is finite and A = exp(2imp/q)
is a continuous eigenvalue of (X, T). (]

The case of irrational continuous eigenvalues (i.e., continuous eigenvalues that are
not roots of unity) is more involved. In Section 5 we make a slightly more in depth
analysis related to this kind of eigenvalues.

We also stress that computations related to the conditions of Theorem 2 can be
complicated as they might require a lot of information about the Bratteli-Vershik
representation of a system. However, in the case of linearly recurrent minimal
Cantor systems, since their suffix vectors are uniformly bounded, condition (2) of
Theorem 2 can be reduced to Z by || < +oc as it was already shown in [BDMO05].

n>1
Therefore, in this case, the un_ique significant combinatorial data is the collection
of incidence matrices of the Bratteli-Vershik representation. Unfortunately, many
relevant examples of Cantor minimal systems are not linearly recurrent, so the local
orders of their Bratteli-Vershik representation, or equivalently the suffix vectors at
each level, cannot be neglected.

4. MEASURABLE EIGENVALUES OF FINITE RANK MINIMAL CANTOR SYSTEMS

Let us recall an abstract necessary and sufficient condition for a complex number
to be a measurable eigenvalue of a minimal Cantor system.

Theorem 7 ([BDMO05], Theorem 7). Let (X,T) be a minimal Cantor system given
by a proper Bratteli-Vershik representation B = (V, E,=<). Let u be an ergodic
probability measure. Then, A = exp(2ira) is an eigenvalue of (X, T) for p if and
only if there exists a sequence of functions (p, : V, — R;n > 1) such that a
subsequence of (exp(2imra(r, + pnoTa));n > 1) converges p-almost everywhere in

X.

A main issue in last theorem is the construction of functions p,. In this section
we obtain a new necessary and sufficient condition for a complex number to be a
measurable eigenvalue of a finite rank minimal Cantor system that does not depend
on the existence of the functions p,. In addition, this condition gives an idea of how
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such maps can be constructed (Theorem 10). It is only based on the combinatorial
structure of Brattelli-Vershik representations of finite rank minimal Cantor systems.

Another necessary and sufficient condition valid for systems of exact rank (i.e.,
I, ={1,...,d}) is presented in Theorem 17. It is formulated as a convergence of
a series, but again its terms depend on the existence of auxiliary functions p,, that
we do not control. We include this condition since it follows previous work on the
subject in the linearly recurrent case.

4.1. Necessary and sufficient condition controlled by the local orderings
of the Bratteli-Vershik representation. Let (X,7') be a minimal Cantor sys-
tem given by a proper and clean Bratteli-Vershik representation B = (V| E, <) of
finite rank d and let p be an ergodic probability measure. We start with a clas-
sical analysis of an eigenfunction f € L2?(X,u), with |f| = 1, associated to some
eigenvalue A. Let n > 1. Recall that 7, is the o-algebra generated by the partition
P ={T7B,(u);uecV,, 0<j< hn(u)} We have

R (w)—

1
E(f|T,) = s, [
u; jz; ( ) T—7B,(u)
R (w)—

I ST [ ferian
weV, =0 M ( ) B, (u)

=> : % 11T iB, : / A fdp.
weV, =0 M ( ) B, (u)

We define for each n > 1 and u € V,, the real numbers ¢, (u) and p,(u) in [0,1)
by

1
en(w) AP (W) = / fdu. 4.1
() fn () By, (u) 1)

Then we can write E(f|7,)(x) = ¢ (7 (2)) A" @ =n (@) where we recall 7, ()
is the entrance time of = to By (7,(x)).

We have the following known property.
Lemma 8 ([BDM10], Lemma 17). For each vertex u € {1,...,d}

= W)(1 = eau) ——0,

and therefore for each u € I,,, cp(u) —+—% 1.
n—-+oo

Notice that we have identified V,, with {1,...,d} for each n > 1.

The following lemma will be useful to better understand our main result.

We say that a sequence of real numbers (am, n;m,n > 1) converges to a when
m — 400 uniformly for n > m, if for any € > 0 there exists my > 1 such that for
any n > m > mg we have |ap, , —a| <e.

Lemma 9. Let (X,T) be a minimal Cantor system given by a proper and clean
Bratteli- Vershik representation B = (V, E, <) of finite rank d and let p be an ergodic
probability measure of the system. Then,
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(1) Foru¢ I, andv € I,

uniformly for n > m.
(2) For eachm >1,ueV,, andv € I,

hm(u) _
T (@) Py (u,v) m wW(Tm = u).

Proof. (1) Recall g > 0 is the constant appearing in the definition of clean diagram,
and take u & I, and v € I, (so pu(1, = v) > ¢ for every n > 1). To prove the
statement it suffices to notice, using pn, = P ntin for every n > m > 1, that the
following inequality holds

B (1)
hi ()

(T = u) > Ppyn(w,v) (1, = v) > do—= P n (0, 0),
and to make m — +oc.

Statement (2) can be proved using the same ideas in [DFM15, Lemma 11]. Recall
that the measure of the set B, (u) is denoted by pi,(u). Set m > 1, u € V;,,, v € I,
and 0 < € < dg. For p-almost every x € X, the pointwise ergodic theorem and
Egorov’s theorem give us a set A with u(A) > 1 — ¢ and a positive integer Ny such
that for all x € A and N > N,

N-1

1

v > g, (TF2) — i (u)| < e (4.2)
k=0

Take n > m such that h,(v) > Ny. We can find j, with 0 < j < Lshgio(v)J, such
that ANT~h(=I+1B, (v) # (. Indeed, since p is invariant and v € I,, we have

" - fjwoj T-hn@)=i+1g (p) | = qgh n(v )J +1> (V) > 5%“(7" —v)>e.

0,
§=0 0

Now, taking (" € ANT—"()=i+1 B, (v), relation (4.2) implies that

hn(v)+j—1
Ulﬂ ;; 1, () (T*2™) — pm(u)| < e. (4.3)
Let us write
" (g:j 11 Tk ()
T (0) + P By, u)( z'\")
hy (v 1
ZlB (u Tk (n) (i] 15, () Tk (n))
B (v)+5—1

) j »
@ ) 2 T ).

k=j
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Notice that the modulus of the first and third terms on the right side are each
bounded by
J < £
ho(v) +35 o
Combining this with (4.3) we obtain

n(v)+5—1

Z 1, () (TF2™) — p(u)| < 5(1 + 520) . (4.4)

If we define (") = Th"(”)ﬂ’lx(”) € B,,(v) (notice that y™ depends on n and v),
relation (4.4) leads to

1

hp (v)—
Pm7n(u 'U o 1 k (n)
T (0) Z 1B w (T~ ) P fm (1) (4.5)
Multiplying both sides of (4.5) by hm(u) gives statement (2). O

We are ready to state the main result of the section.

Theorem 10. Let (X,T) be a minimal Cantor system given by a proper and clean
Bratteli- Vershik representation B = (V, E, <) of finite rank d. Let p be an ergodic
probability measure. Then, A = exp(2ima) is an eigenvalue of (X, T) for u if and
only if one of the following two equivalent conditions hold:

(1) Forallvel,,

() PP —

h v m——+00
uel, SGSwn,n(uvv)

uniformly for n > m.

(2) Forallue{l,...,d} andv eI,

P ()
hy (V)

Pm,n(ua U) — Z )\(s,hm> —>m—>+oo 0
SESm,n (u,v)

uniformly for n >m
The proof of the theorem has been divided into three parts.
4.1.1. Proof that (1) and (2) are equivalent. First, (2) implies (1) follows from
D uev,, %Pm,n(u, v) =1 and part (1) of Lemma 9.

To prove that (1) implies (2) we proceed by contradiction. Consider € > 0 and
use (1) to get mo > 1 such that for all n >m >mg and all v € I,

hm (1)
m Ahm) 51— ¢ 4.
el hin () Z g ) (46)

Seswn,n(uﬂ))

Now, assume that for some large n > m and for some ug € V,,, and vy € I, we have

hm(uo)
hn (Uo)

(o, v0) = | Y AR > e (4.7)

SESm,n(uo,v0)
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Then,
B (u)
1= P,
u;; hn (vo) mn (1, v0)
_ hm(u) (s,hm) m (s,hm)
- (| Y O
wEV,, A0 sesm,n<u,vo) UE Vi, SESm,n(u,v0)
Set b (u) S Ak
uey, han (o) €Sm.n (u,v0)
m s m,n (U, V0
hm(u) (s,hm)
>e+ AR>S
25 2 |y
“w Sesm,n(uﬂ/o)

where in the first equality we have used (4.7) and the fact that for all u € V,,

S A< P (u, ),

Ses'm,n(uﬂ)())

and in the last inequality we have used (4.6). This is a contradiction and (2) follows.

4.1.2. Proof of the necessity of the conditions. We start noticing that By, (u) for
m > 1 and u € V,,, can be written as a disjoint union of elements of P,, for n > m
in the following way

— U U T=hm) B (v). (4.8)

VEVR SESm n(u,v)
Applying 1 on both sides of (4.8) and introducing heights to get measures of
towers we have

(u)
h (v)

s 0)p(Tn = V). (4.9)
veEV,

On the other side, we integrate a fixed eigenfunction f of modulus 1 associated
to A over By, (u). We use equality (4.8) to obtain

dp = / T~ (shm)q
/Bmm)f“ 2. Bnmfo 8

vEVR SESm n(u,v)
=D D SEPSLCES I A (4.10)
V€V, \SESm,n(u,v) Bn(v)
and then, applying (4.1) on (4.10) and multiplying both sides by h,,(u) we get
(i = wem(wA P ®

“) (5,hm) n(0).
h ©) Z AT (T, = v)ep (V)AL (4.11)
veEV, €Sm,n(u,v)
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With these two very similar equations, (4.9) and (4.11), we can conclude the
“necessity part” of the proof in the following way. First, we have the inequalities

Z )\_<Svhm>

SESm n(u,v)

len(v)] <1 and < Ppyn(u,v), (4.12)

so we take the absolute value on both sides of (4.11) to obtain

Tm = U)Cm (U fom (1) (Shmdl (1, = 0
N( m ) m( ) < = hn(v) mzn(u v)‘ ( n )
P (1) —
= (T = u)

Then, applying Lemma 8 we see that

u

Ppon(u,v) — Z A, = 0) ——— 0 (4.13)
veEV, h SESm,n(u,v) e
uniformly for n > m.
Finally, for any v € I,, we get
P () (8,hm)
) |Pmonl@0) | D AT S

SESm n(u,v)

uniformly for n > m, which is condition (2) of Theorem 10 (recall that w is an
arbitrary vertex in V;,).

4.1.3. Proof of the sufficiency of the conditions. Now we assume

—0
m——+oo

_ (s,hm)
(o) |Fmont?) ‘ 2

sESm,n(uﬂJ)

uniformly inn >m > 1foru €V, and v € I,,.
We start with the following lemma, which will allow us to handle the sum of
powers of A\ that appear in the (equivalent) conditions of Theorem 10.

Lemma 11 (Geometric Lemma). For N > 1 and k = 1,..., N consider complex
numbers z, = exp(2i7rozk) with ay, € [0,1). Let € < 1 and v < 1/2 be positive real

numbers. If ‘ sz‘ (1 —€)N, then there exists 1 <€ < N such that

2Ne

1< k<N and — > _—
#{awl <k < Nandllag —ael 27} < 5 ~cos(2my)
Proof. Set S = ng’:l zk. It is easy to check that S satisfies

ISP=N+2 > cos2rfla; — ayl)).
1<i<j<N
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Then, from |S| > (1 — )N one gets 1 — |S|?/N? < 2¢, and thus

2 Z cos(2m|le; — aj||) > N(N — 1) — 2N2e. (4.14)
1<i<j<N
On the other hand, if we define

K ={(o,0q;);1 <i,j < Nand [l — o] =7},

then
2 > cos(2rfla; — o))
1<i<j<N
= > cos(2mfle; — a4l)
1<i#j<N
= Y cosrla—agl)+ Y cos(zmlo — al)
(a5,05)EK (ai,05)EK
1<i,j<N 1<i#j<N
<#K cos(2my) + N(N — 1) — #K. (4.15)

Combining this last inequality with (4.14) we deduce that
2N2%e
K<—— .
#E < 1 — cos(27y)
So there should exist 1 < ¢ < N such that
2Ne
;1 <k <N and — > .
# (sl << N and o — arl 29) < 1o
(]

Notice that the condition of Theorem 10 is invariant by telescoping. Then, without
loss of generality from now on we will make, by telescoping the associated Bratteli-
Vershik diagram if necessary, the following assumptions:

(1) For all u & I,,,

Z w(rn = u) < +o0 (4.16)
n>1
(not only p(r, = u) —— 0 as in the definition of clean diagram).
n o0
(2) For alln >m > 1 and u,v € I,
hm(u) 50
P n(u,v) > —, 4.17
P Puau0) > 3 (417)

where §g is the constant from the definition of clean diagram. It is clear
that part (2) of Lemma 9 allows us to assume this fact.

The proof of the “sufficiency part” of Theorem 10 consists in constructing func-
tions p, : V,, = R, with n > 1, as in the formulation of Theorem 7, and proving
the convergence associated with them. In order to accomplish this, we will break
the proof below into several steps.

The first step consists in constructing with the help of Lemma 11 some useful
sequences (A, n(u,v);n >m >1and w,v € I,) and (D, ;7 > m > 1) of integers
and measurable sets respectively, and show some relevant properties.
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For n >m >1 and u,v € I, write

Amn(wo) =2 N p oy = | ST Akl (as)

$€Sm n(u,v)

Z )\(S,hm)

SESm,n(u,v)

and therefore

Z )\(s,hm) 7)Pm)n(u’ U). (419)

SESm,n (u,v)

Now, consider

20, n(u,v)

do '

(4.20)

Notice that with this choice of v and ¢, if we take large enough values of n > m > 1

and we use inequality (4.19), then the hypotheses of Lemma 11 hold for the complex

numbers A(*"m) (recall that we are assuming A, ., (u,v) o 0 uniformly for

m——+00

1
V= Ymn(u,v) = . arccos <1 — Amyn(u,v)> , €=Emn(u,v) =
T

n >m > 1, for all u,v € I,). We deduce that there exists s, ,(u,v) € Sy n(u,v)
such that

# {5 € Smn(u,v); llafs, han) — alsy, 1, (1, 0), A )| = Yom,n (u,0) }

4Py, n(u,v)
<T\/Am,n(u,v). (4.21)

It is important to remark that sy, ,(u,v) is chosen arbitrarily for “not large
enough” values of n > m > 1.

Forn >m > 1 and u,v € I, write Ay, »(u,v) = (s, (4, v), hy,) and define Dy, ,,

m,n

as the set of points z € X such that 7,,,(x), 7, (z) € I, and
2 (5mn (), hon) — (i (2), T (2D 2 Vo (), 7 ().
Lemma 12. u(D,, ) —+> 0 uniformly for n >m > 1.
m—r—+00

Proof. For n > m > 1 the measure of D,, ,, can be written
Z Z p{z € X; [losm,n (@), hin) = (W V)| 2 Y (6, v), T (2) = u, 7o (2) = v}
u€l, vel,

Assuming m is large enough, from inequality (4.21) we obtain

(D) < 3 3 D) N i (0 (1)

uel, vel,
= Z Z 4:h’rn(/u’)‘P'rn”n‘(u7 U) Am,’ﬂ(u7 U)/,L(Tn = U)
uel, vel, 6Ohn(v)

<>y Wt ) (1.22)

uel, vel,
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The lemma follows since, by hypothesis, the right hand side goes to zero as desired.
O

Lemma 13 (Quasi-Additivity of oA, »(u,v)). Forn >m > € > 1 large enough
and u,v,w € I, we have
A s m (1, v) + @Ay n (v, W) — @l (u, W)|| < Ve.m (W, ) + Yo (V, W) + Yo 0 (u, w).
Proof. Fix u,v,w € I,. For 1 </ <m < n write
Ve ={x € X;710(2) = u, 7 (2) = v, 70 () = w}
Nz € Xslladsem (), he) — b m(u, v)[| < vem(u,v)}
N{r e X; |||a<5m,n($)a hom) — O‘Am,n(va w)| < 'Ymm(va w)}.

First, we estimate the measure of this set. Since the maps s ,,,(-) and sy, () only
depend on levels from £ to m and m to n respectively, we can see from the structure
of the measure p that p(Vem ) is equal to
#{s € Sem(u, v); lles, he) — g m (u, v) || < vem(u, v)}
X H45 € Sy (0,0)5 1005, P — @A (0, 0)] < Yy (0, 0)}
X pon (w)hg(w).
For 1 < ¢ < m < n large enough, inequality (4.21) shows that the two set cardinal-

ities involved in the above expression can be bounded below by Py, (u,v)/2 and
P, (v, w)/2 respectively. So, there exists ng such that, for n > m > £ > ny,

Py (1, 0) Py, (0, W) o (w) g (w)

N(Vf,m,n) > 4
T = w) helu) han (v)
= 4 hm(U) Pé,m(ua ’U) hn (w) Pm,n(rua w)
> 68
= T67

where in the last inequality we have used (4.17) and the fact that the diagram
is clean. Also, ng can be chosen such that p(Dy,) < §3/16, as a consequence of
Lemma 12.

Now we proceed by contradiction. Suppose that the assertion of the lemma is
false for the fixed u,v,w € I,,. Then we can find positive integers n > m > £ > ng
such that
oA e m (u, v) + @A n (v, W) — @l n(w, W) = Vem (U, v) + Vi (v, W) + Ve (u, w).
We claim that for these positive integers we have Vi, € Dy,,. Indeed, for any
20 € Vem,n, using (2.4) we get

(s (o), he) — g (Te(0), T (o))
=[lefsen (o), he) — algp(u, w)]|
2l m(u, v) + @l n (v, w) — alyn(u, w)]
— llaAem(u, v) = alsem(@o), ho)ll = llohm (v, w) = alsmn(zo), hm)ll
>7€,n(u7 UJ),
i.e., &g € Dy . The inclusion Vp . C Dy, contradicts the fact that pu(Den) <
58)/16 < N(Vé,m,n)'
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This proves the lemma noticing that we have only a finite number of different
choices for u,v,w € I,. ([

Our next task consists in defining a suitable set of full measure (the complement
of a set C of null measure) such that we can handle the size of ||a{smn(), Am) —
oy o (T (4), T (+)) || for any of their elements. To do this, fix a decreasing sequence
of positive real numbers (g,;n > 1) such that > . e, < co. By (4.20) and the
hypothesis, we get that for all u,v € I,,, Ymn(u,v) m 0 uniformly for n > m.

Hence, we can fix an increasing sequence of positive integers (my; k > 1) such that
for every n > my, and u,v € I,

Pymk,n(u7v) S 6k: . (423)
For n > m > 1 set
Coon =D U{z € X570 (2) € [} U{z € X;75(2) € 1.}

Lemma 14. Let (my;k > 1) be the above-mentioned sequence and set C =
limsup Cpny myy, - Then, u(C) = 0.

k—+oc0

Proof. Notice that for n > m large enough and every u,v € I, we have

Apy (U, v) < /Ay n (U, 0) < Yinon (u,0).
Hence \/Am,, myy, (u,v) < e for every k > 1

(4.22), one can obtain the summability of (u(D

and u,v € I,. Using the bound
); k > 1). Therefore

M, ME+1

Z /’I’(ka,mk:+1 ) < oo

k>1
(recall (4.16)), and the lemma follows by Borel-Cantelli. O

Finally, we proceed to construct the sequence (p,,;m > 1) of Theorem 7 which
is part of the main goal of this proof. To this end, fix vy € I, and by means of
a standard diagonalization process we can find (n;;¢ > 1) such that for all m > 1
and u € I, the sequence (al, »,(u,v9);% > 1) is convergent mod Z. Considering

this, we define

1
o) = @ z—ligloo Ay, (U, v) (mod Z) for wel,
0 for wé¢l,.

By Theorem 7, we will establish the “sufficient part” of Theorem 10 if we prove
the following lemma.

Lemma 15. Let (my;k > 1) and C be as in the formulation of Lemma 14. Then,
forallz e X\C,

(a(rm, () + pmy (T, (7))); k > 1)
converges mod Z.

Proof. Take ¢ > 0 and x ¢ C. There exists a positive integer kg such that = &
Cinymyi, for all k > ko. Here and subsequently u denotes the vertex 7,,, (z). By
definition of C we have uy € I, and for k£ > kg

M, ME+1

”|O‘<3mk7mk+1 (CB), hmk> - aAmk,mk+1 (ukv uk+1) |” < Vg, mpq1 (uka uk-‘rl)' (4'24)
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The integer ko will be chosen large enough such that Y772, e < /8 (recall the
sequence (ei; k > 1) from the construction of sequence (my;k > 1) is summable).
Now fix ¢ > k > kg. By definition of the p,,’s we can find an integer j > 0 such
that simultaneously
Ay (0t V) — g ()| < /4 and
lloAm, j (ue, vo) = apm, (ue)ll < /4. (4.25)

For k < i < £ define

O; = Al mypy (Wi wig1) + ) (i1, v0) — @l j(ui, vo),
Q; = a<smi,mi+1 (1‘), hm7,> - aAmi,mz‘Jrl (ui? ui+1)'

From the quasi additivity stated in Lemma 13 and (4.24) we have, for k <i < ¢,

m@l”l < Ymi,miga (ui7 ui+1) T Ymig1. (ui-‘rlv UO) + Y g (ui, UO)
<€ +eEir1 e < 3ey, (4.26)
€N < Yini moir (wi, wigr) < & (4.27)
(notice that we could have chosen kg large enough in order to apply Lemma 13),

and with the help of properties (2.2) and (2.3) of suffix vectors, we deduce the
identity

{—1

Z ©; + Q; = a (rm, (@) — rm, () + i, j (ue, v0) — sy, (Ui, vo).  (4.28)
i=k

Combining (4.25), (4.26), (4.27) and (4.28) gives

llev (rm, () + i, (T, (2))) = @ (i (%) + Py (T (2))) |
-1

&
<5+ Dol + il
i=k

£—1 oo
€ €
<§+ Ek4si< §+4Ek€i<€.
1= 1=

Therefore, (a (Tm, (%) + pm, (Tm, (2))) ;& > 1) is a Cauchy sequence. This proves
the lemma and consequently, Theorem 10. (I

The criterion of Theorem 10 can be simplified as folows.

Corollary 16. Let (X,T) be a minimal Cantor system given by a Bratteli- Vershik
representation as in Theorem 10 and let v be one of its ergodic probability measures.
Let us take a complex number A of modulus 1. If for all u,v € I,

Z )\<Svhm>

SESm,n (u,v)

Pron(,0) p—— (4.29)

uniformly for n > m, then X\ is an eigenvalue of (X, T) for u. The converse is also
true when the Bratteli-Vershik representation of (X,T) satisfies condition (4.17).
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Proof. We will show that condition (2) of Theorem 10 holds.
Forue{l,...,d}andvel,

() ) — T Al

hn(’U) SE€ESm,n(u,v)

hm U) ‘ZSESm,n(uvv) )\<S7hm>
Py (u,v)

If w & I,, the first factor of the right hand side converges to 0 in m, uniformly for
m > n, because of part (1) of Lemma 9, while the second factor remains bounded.
If uw € I, the convergence to 0 of the left hand is implied from the hypotheses of
this Corollary.

It is immediate that the converse is true when the Bratteli-Vershik representation
satisfies condition (4.17) O

4.2. A necessary and sufficient condition in the exact finite rank case.
Systems of exact finite rank were introduced in [BKMS13], they are uniquely ergodic
and are defined asserting that I, = {1,...,d} for the unique ergodic measure p.

With respect to eigenvalues, the general necessary and sufficient condition for
linearly recurrent minimal Cantor systems proposed in [BDMO05] is described in the
form of a convergence of a series. These systems are uniquely ergodic and even
further, from [CDHMO03, Lemma 4] it follows that they are of exact finite rank.

In the case of finite rank minimal Cantor systems a similar condition was shown to
be necessary in Proposition 18 of [BDM10], making use of the existence of auxiliary
functions p, : V,, — R as those in Theorem 7. One virtue of this condition is that
it does not need to handle a uniform convergences in two indices as in Theorem 10.
Nevertheless, the auxiliary functions could be difficult to compute as was observed
in the proof of previous section.

Here, for a convenient representation of the system, we prove that the necessary
condition to be an eigenvalue given in [BDM10] is actually sufficient in the exact
finite rank case.

We will say that a clean Bratteli-Vershik representation is stable if condition (4.17)
holds, i.e., for all 1 < m < n and u,v € I, M (0) Py pn(u,v)/hy(v) > §o/2, where
dg is the constant coming from the definition of clean property. We observe that it
is always possible to get a stable representation of a minimal Cantor system thanks
to Lemma 9. This condition, as was illustrated in the proof of previous theorem,
recovers in a better way the behaviour of invariant measures for the matrices M,
of the Bratteli-Vershik representation.

Theorem 17. Let (X, T) be a minimal Cantor system given by a proper and stable
Bratteli- Vershik representation B = (V| E, <) of exact finite rank d for the ergodic
probability measure p. Then, A = exp(2ima) is an eigenvalue of (X, T) for u if and
only if for every n > 1 there exist functions p, : Vi, — R such that

3 . $ ‘A<s,hn>fpn+1<un+l>+pn(un> N )

1(Un, Un41
n>1 n+ ( ny Sn )Sesn(un;un+l)

for any sequence (un;n > 1) in I,.
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To prove condition (4.30) is sufficient for A to be an eigenvalue of (X, T) for u we
follow the same strategy developed in [BDMO05]. The proof will be a consequence
of several steps developed in the next subsections where we follow notations in
Theorem 17 and we assume (4.30) holds.

4.2.1. An alternative formulation. For n > 1 let us define 0,,(s, un, upt1) to be
the fractional part in (—1/2,1/2] of a((s,hy) — pnt1(tnt1) + pn(uy,)). Clearly,
10n (s, Uns Uns1)|| = |0n (S, Un, tnt1)]- We have

|€27;7T0n(57un7un+1) - 1‘2 = 2(1 - COS(ngn(Sa Un, un+1)))'

The function defined by f(t) = t?/ (2 (1 — cos(2nt))) for t € [-1/2,1/2] \ {0} is
even and strictly positive. Also, we can define f(0) = 1/(47?) > 0 and then f is
continuous and strictly positive on [—-1/2,1/2]. By the compactness of [-1/2,1/2]
there exist strictly positive constants Cy and Cy such that f ([-1/2,1/2]) C [C, C5]
(in fact f(0) = 1/(47?) < f(t) < 1/16 = f(1/2) for t € [-1/2,1/2]). So, for every
$ € Spnt1(Un, Unt1) we have

|”9n(8, U, un-l-l) ”|2

(1 — cos(2m8,,(s, Un, Un+1)))
Then condition (4.30) is equivalent with

1
S Y Iabumu)lP <o (431)

1(Un, Un+1
n>1 "t (U Ut )sesn,n+1(un,un+1)

< (.

O<01S2

In the linearly recurrent case, one gets that condition (4.31) is equivalent to

> llaha)? < 4o,

n>1

which is the necessary and sufficient condition for A to be an eigenvalue for any
ergodic probability measure u proved in [BDMO05].

4.2.2. Markov process. In [BDMO05] was observed that (7,,;n > 1) is a Markov chain
with respect to any invariant measure of (X, T) (see also [APC11]). Its importance
is mainly due to the mixing condition given below (Lemma 19). First we set some
notations and assumptions.

(1) For integers 1 < m < n define the following stochastic matrices: for u,v €
I

o
Gmon (U, v) = (T, = 0|7, = u)
= fin (V) P (u,v)
P (w)
= pTn = v) fim (1) Ppyn(u,v).
WM(Tm = u) hn(v)
(2) Since the representation is stable we have that for all u,v € I, and integers
1<m<n

Gmn (U, v) > 6272, u(rn =v) > .
(3) For n > 1 define ((gn-1,n) = 1 — miny ver, (¢n—1,n(u,v)). By (2) we have
C(gn-1,0) <1 5/2 <1 Let ¢ = SUP;, 51 C(gn—1,n)-
Using Lemma 5.3 in [APC11] we get,
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Lemma 18. For m,n € N with m <n

rpax |Qm,n(ua U) - Qm,n(u/a U)| S Cnim .
u,u’ vl

This lemma allows to deduce the following property.
Lemma 19. For m,n € N with m <n and u,v € I, we have
lp(rn = |t = u) — p(rm =v)] < "™

Proof. Recall we are assuming that the system is of exact finite rank d. Let u,v €
I,,. We have

l1(Tn = [T = u) — (7, = v)
= vl = W) = 3 4l = V] = W) = )|

u' €l
=| Z Tn = 0| = u) = (Tn = V[T = ') p(Tim = ')
u' €l
< Z Cn_mM(Tm — u/) — Cn—m7
u'ely,

where we have used that the system is of exact rank and thus 3°,, ./ wu(rm =) =
1. [

4.2.3. Fundamental random variable X,,. Recall we are assuming I, = {1,...,d}.
To make levels explicit, depending on the context we will write V,, instead of I,, or

{1,...,d}.

Define for each n > 1 and = € X: 0,(x) = 0,(sn(x), Tn(x), Tne1(z)). Consider
the random variable X,, = 6,, — E,,(6,) and decompose it as X,, = Z,, +Y,,, where
Zy =6, —E, (0,|T,) and Y,, = E,(60,|7,) —E.(05) = E,.(X,|Ts). Recall that 7,
is the sigma algebra generated by the Kakutani-Rohlin partition P,, of level n.

We prove the convergence in L?(X,pu) of Yons1Zn and 32 oYy, and thus of
ZnZl Xn
e Some preliminary bounds: notice that

on = Z Z Z On(s,u,v) 1{7-”:%.,.7#1:v)S”:S}.

UEVyn VEVp 41 SESH nt1(u,v)

Then,
Ep(0n]Tn)
U) pom, 1 v
= Z | Fo— Z fin (1) 7+ ) Z On (s, u,v)
€Vn % p(Tn =)
u VEVn41 SESH nt1(u,v)

= Z 1{Tn—u} Z M(T:—H__uv hhn(U) Z 9n(8,u,v)

v
u€eV, vEVh41 n+1( )SES nt1(u,v)

- Z 1{‘rn—u} Z NJ T:__H_iuv An+1(u U)M ! Z Qn(s,u,v),

u,v
ueVy, vEVn11 n+1< ) S€ESn, n+1(u,v)
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where A1 (u,v) = hii(;éz)) - My y1(u,v). Thus,

Eu(en) = EM(EM (9,, ‘7;)

= Z w(Tn = u) Z MAHH(%U) Mnﬂl(u,v) Z 0. (s, u,v).

ueVy VeVt SESn nt1(u,v)
Similarly,
E,.(021T5)
M(Tns1 = v) 1 2
=3 1w >, Ao ———— Y 02(s,u),
u€eVy, vEV, 41 U(Tn o ’U,) Mn+1(u,v) SESn, n+1(u,v)
and

Eu(ei) = EN(EH(HEL‘E))
= Z Ty, = u) Z MA,,H(U,U); Z 02 (s,u,v).

wev, VEVnin M(Tn = u) Mn+1(u7v) $€Sm.ni1 ()

Therefore,

Y| =[Eu(Xn|To)l

Tatl =0
<3 My — =) 3 A=) )

ueVy, veEVht1 M(Tn - u)

1
X |— 0, (s, u,v
Mn+1(u Z ( )

,V)
S$E€Sn nt1(u,v)

§Z2 Z %.LMil Z |0 (s, u, )| ,

u,v
u€Vy, veV, 1 n—i—l( ’ )sesn,wl(u,u)

where g is the constant defining the cleanness property. But, from hypothesis
(4.31), the term in the second sum is bounded by some &,,, where >~ -, £ < +oc.
We conclude that |Y,,| < K¢, where K = 2d? /5.

Below we will manipulate a lot of constants depending neither on variables nor
on indices. We will call them universal constants and denote them also by K.

For Z,, a classical computation gives,
E.(Z7) = Eu((0n — Eu(021T2))%) = Eu(67) — Eu(0nEu(9,T2))-
Thus, using a similar argument as in the bound for |Y,,|, we get
Eu(Z7) < Eu(07) + [Eu(0nEu(0n]Tn)| < Ep(67) + Eu(10nlE, (00| Tn))
< K&+ Bu(|0n)) Kabn < K& + KsbnKaén = Ku&l,

for some universal constants K, Ko, K3, K. Therefore,

Y Eu(Z) <KDY & < +oo.

n>1 n>1
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o The series ), Zn converges in L3(X,p). Let 1 <m < n. Wehave E,(Z,|T,) =
E,. (05, — E.(6,|7n)|T) = 0 and, by definition of Z,,,, E,(Zm|Tm+1) = Zm. Then,
since 7T, is finer than 7,,, we have that

EM(ZmZn) = EM(EH(Zman)) = EM(ZWEN(ZWW:I)) =

This implies that

n

> Zi) 2= > %22 =Y | Zliax S K Y&
i=m j=m

i=m j=m l=m {=m
and proves that Y ., Z, converges in L*(X, ).
o The series Y, <, Y, converges in L?(X, ). We follow the scheme given in [BDMO5].

We have Y;, = E,,(X,|T,,) = Y vev, L{r,=v} Yn(v), where y,(v) is a constant value.
Let 0 < k < n. Then,

E/J,(Yn|7;sz) = E,u, <Z 1{Tn:v} yn(v) | 7;7,]4:) = Z Ep,(l{'rn:v}‘nfk) yn(v)

veV, veV,

w=u} Lirn=v)dpt

i
Z Z 1{-,—n w=u} { pCa— yn(v)

veV, uevV, _
= > 1{Tn7k:u} D wlrn = vtk = w)yn(v).
eV, 1 veEV),

We have E,(Y,,) =E,(X,) =E. (8, —E,(6,)) = 0. So, Zuevﬂ, w(Tn = 0)yn(v) =
0 and thus

E.(Ya|Tn-k) = Z 1r =u} Z Tn = V[ Tpk = u) — p(Tn = 0))yn (V).

uEV, _k veEV,
From this expression and Lemma 19 we get
B (Yo |Tn—k)| < Z Z l1(Tn = V| T—k = u) — p(Tn = V)|[yn(v)] < K/Ckgna
u€Vyn_k vEVL

where K is a universal constant and we have used that |Y;,| < K¢,. From here we
deduce that

<K K&k = Kc’fﬁngn,k.

From previous discussions and formulas we get,

ZK,ZY => > (Y) <KZZ<" J'f&;SKZC’“Z&&M

i=m j=m i=m j=m
n—m n Cn_m_H 1

<K CngSKﬁZﬁ
k=0  l=m I=m

This implies that E,, (3, ¥1)%) < K 371, & S0 32,5, Yy converges in L (X, ).
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Finally, the conclusion from the last two computations is that )" ., X,, converges
in L2(X, u) too.

4.2.4. End of the proof of Theorem 17: construction of an eigenfunction for .
From previous discussion we get that f,, = exp(2im Zz;ll X}) converges in L?(X, 1)
to some function f. For n > 1 and x € X we have

=exp (21'71' Z_: Or(sk(Tx), 1i(Tx), Th41 (Tx)) — Ok (sk(x), i (), Tht1 (x)))

k=1

=exp <2i7ra i((sk(Tx), hi) — (sg(x), hi)

k=1

—2ima Z_:(Pk+1(7'k'+1(Tx)) = P (Tt (2)) — pr((T2)) + /J’k(ﬂe(@)))
k=1
n—1
=exp(2ima »_((sx(T), he) — (sk(x), hx)
k=1
— 2ima(pn (7 (T)) — pp(Tn(x)) — p1(11(Tx)) + p1(11(2))))
=exp(2ira(ry(Tz) — rn(z) = pn(Tn(T)) + pu(T0(2)))),

where in the last equality we have assumed without loss of generality that p; is a
constant function.

Now, if z is not in the base |J,cy. Bn(v) of level n, then r,(Tx) — ru(z) = —1
and 7,(Tx) = 7,(z). Thus, in this case, f,(Tx)/fn(z) = A7 Since lim, ;o
1#(U,ev, Bn(v)) =0 we conclude that foT = A" f in L?(X, zz). This proves that

condition (4.30) is a sufficient condition for A to be an eigenvalue for p. O

5. EXAMPLES AND APPLICATIONS

In this section we illustrate the use of the main theorems of this article presenting
two examples and three applications. These examples and applications show firstly
how we can handle the combinatorial objects that appear in the formulation of the
main theorems, and secondly they show how these theorems can solve some precise
questions in the theory of minimal Cantor systems concerning eigenvalues. In par-
ticular, questions that relate the study of eigenvalues with strong orbit equivalence
and dimension groups theory.

5.1. Eigenvalues of minimal Cantor systems of Toeplitz-type. A minimal
Cantor system (X,T) is said to be of Toeplitz-type if it has a Bratteli-Vershik
representation B = (V| E, <) satisfying the equal path number property. That is,
the number of edges ending at some fixed vertex is constant within the respective
level: for any n > 1, #{e € E,;r(e) = u} is a positive integer independent of
u € V,,. This integer will be denoted by ¢,, and (g,;n > 1) is called the characteristic
sequence of the system. We also define the quantities p, = q1¢2 - - - ¢, for n > 1 and
Gm,n = Gm+1Gm+2 - - @n for 1 < m < n. We notice that for 1 <m < n,

(W) /I (V) = 1/gm,n for all u € V,, and v € V,.
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It is easy to show that odometers (i.e, equicontinuous minimal Cantor systems)
have a Bratteli-Vershik representation of Toeplitz-type. Also, every Toeplitz sub-
shift can be represented by a Bratteli-Vershik system of Toeplitz-type [GJ00].

Let (X, T) be a minimal Cantor system of Toeplitz-type and finite rank d given by
the Bratteli-Vershik representation B = (V, E, <) satisfying the equal path num-
ber property. As in [BDM10] and [DFM15], in this case we let 3, ,(z) stand for
(Sm,n(x),h1) for x € X and 1 < m < n. We have (S;.5(x), hn) = ppSmn(z), and
that for each n > 1 the function 5,, = 5, ,+1 takes all the values between 0 and
(qn+1—1). We also define the set Sy, (1, v) = {Spn(2); 2 € X, T (2) = u, 7 () = v}

5.1.1. Continuous eigenvalues of (X, T). The following characterization for contin-
uous eigenvalues of a Toeplitz subshift is well-known (see [JK69, Wil84] or Theorem
25 in [BDM10]). Here we provide a proof in the context of minimal Cantor systems
of Toeplitz-type to emphasize the use of Theorem 2.

Theorem 20. The complex number exp(2ima) is a continuous eigenvalue of (X, T)
if and only if & = a/pN, for some a € Z and N > 1.

Proof. Let exp(2ima) be a continuous eigenvalue of (X,T) with « € [0,1). Then,
by (3.1), for any n > 1, ah, = ap,(1,...,1) = n, + v, with , — 0 as n — +00
and v, an integer vector. As remarked before, from (3.2) we deduce that 7, -y, =0
for any large integer n.

Now, since for all large integer n we have h,, = p,(1,...,1), then n, = 7,(1,...,1)
and v, = 7,(1,...,1) for some real numbers 7, and 7,,. Hence, 0, i, = 7 (1,...,1)-
tn = 0. This implies that 7, = 0 and thus o = 7, /p,, for all large enough integer
n. So « has the desired form.

On the other hand, if & = a/py for some a € Z and N > 1, then |lap,5,(z)] =0
for all n > N and x € X, and therefore condition (2) of Theorem 2 holds. O

5.1.2. Non continuous eigenvalues of (X, T). Let u be an ergodic measure of (X, T).
Using the notation established for minimal Cantor systems of Toeplitz-type, from
Theorem 10 we get the following result proved in [DFM15, Corollary 5].

Theorem 21. The complex number A = exp(2ina) is an eigenvalue of (X,T) for
w if and only if

Z 1

uEIu QW/I’L

> e

SE§NL,7L (u7v)

uniformly for n > m. If in addition o = a/b, with (a,b) =1 and b/(b,p,) > 1 for
all large enough n, then X\ is a non continuous eigenvalue.

ml, fOT all’UEIM, (51)

From [BDM10, §7] we know that an eigenvalue A = exp(2ima) of (X, T) for u is
necessarily rational, i.e., & = a/b with (a,b) = 1. So the condition of last theorem
only needs to be verified for rational angles. Also, it is interesting to notice that
the same condition implies that b/(b,p,) < d for all large enough n (this follows
from the proof of Lemma 13(1) of [DFM15]), which limits the possibility of having
non continuos eigenvalues.

5.2. Small modifications of the local orders do not change continuous
eigenvalues. As can be seen in [CDHMO03] and [BDMO05], in the linearly recurrent
case the local orders of Bratteli-Vershik representations do not play any role in
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the existence of continuous and measurable eigenvalues. In other words, if we take
two Cantor minimal systems and their respective linearly recurrent Bratteli-Vershik
representations only differ in their local orders, then both systems have the same
continuous and non continuous eigenvalues. This is also the case for continuous
eigenvalues that are roots of unity in any minimal Cantor system (see Corollary
6), i.e., the group of them do not change if we modify the local orders of a given
Bratteli-Vershik representation.

The case of irrational continuous eigenvalues (i.e., continuous eigenvalues that are
not roots of unity) is more complicated and here we use Theorem 2 to show how
some modifications of local orders can either leave invariant or modify significantly
the group of continuous (irrational) eigenvalues. First we propose a type of con-
trolled modifications of the local orders which do not alter the group of continuous
eigenvalues. Then we show that it is possible to change the local orders of a proper
Bratteli-Vershik representation of a minimal Cantor system to produce a strong
orbit equivalent system without irrational continuous eigenvalues which keeps all
measure theoretical eigenvalues for any ergodic measure of the system.

Let (wn;n > 2) be a sequence of positive integers. A (w,;n > 2)-order modifi-
cation of a Bratteli-Vershik representation B = (V| E, <) is a new Bratteli-Vershik
representation B’ = (V, E,<’) (only local orders are modified) such that for all
n > 2 and u € V, the local orders < and =<’ at edges with range u differ at most
wy, times, i.e.,

|{e € E,; Ta(e) = u, the local order of e for < and =" does not coincide }| < w,.
We say this modification is proper if B’ is proper.

Corollary 22. Let (X,T) be a minimal Cantor system given by a proper Bratteli-
Vershik representation B = (V,E, =) and let A = exp(2ira) be a continuous
eigenvalue of (X,T). Let (wn;n > 2) be a sequence of positive integers such that
Y onsowntillah,|| < 4o0o. Then, X is a continuous eigenvalue of any minimal
Cantor system represented by a proper (wn;n > 2)-order modification of B.

Proof. Let B’ be a proper (w,;n > 2)-order modification of B. For each n > 1
and z € X, let s,(z),s),(z) € NV be the suffix vectors of x € X associated to

diagrams B and B’ respectively. Then, s,(x) = s}, (z) + Ap41(x), where the error
term satisfies |A,+1(2)| < wp41. Moreover,

<57 (2), ahn )l < [[(sn (), ahn)ll + [{An 11, @) | < s (2), @) | + wnialladn]].

By Theorem 2 one has that ) -, max,cx [[(sn(x),ahy,)| < 400 and by hy-
pothesis 3 <, wniiflahy || < 400, then 3 - <) max ex ||(sy,(2), ahn)|| < +o00. The
result follows from condition (2) of Theorem 2. O

5.3. Continuous eigenvalues and strong orbit equivalence. Before continu-
ing the discussion let us recall the notions of orbit and strong orbit equivalence.
Two dynamical systems (X,T) and (X,T) are orbit equivalent if there exists a
homeomorphism ¢ : X — X sending orbits to orbits: for all x € X,

¢ ({Tmx;n € ZY) = {T"¢(x);n € Z}.

This induces the existence of maps ¥ : X — Z and x : X — Z satisfying for all
r€X,poT(x)=T"® o¢(x) and ¢ o T (z) = T o ¢(z).
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If there exists ¢ as above such that its associated maps ¢ and x have both at
most one point of discontinuity we say that (X,7T) and (X,T) are strong orbit
equivalent. If (X,T) and (X,T) are orbit equivalent (and in particular strong
orbit equivalent), there exists an affine isomorphism between their sets of invariant
probability measures (see [GPS95, Theorem 2.2]). If p is an invariant probability
measure of (X,T) we call i the corresponding invariant probability measure of
(X' ,T) given by this isomorphism.

From the viewpoint of Bratteli-Vershik representations, two Cantor minimal sys-
tems (X,7T) and (X' , T) are strong orbit equivalent if and only if they have corre-
sponding Bratteli-Vershik representations B = (V, E, <) and B = (V, E, <) each
of them differing only in its local orders with some (maybe different in each case)
telescoping of a third Bratteli-Vershik representation B = (V, E, <) (see [GW95,
Theorem 1.1]). In particular two proper Bratteli-Vershik representations differing
only in their local orders are strong orbit equivalent.

In the context of our discussion, it is known (see for example [Orm97, Theo-
rem 2.2]) that continuous eigenvalues that are roots of unity are preserved by strong
orbit equivalence (an alternative proof of this is obtained by a direct application
of Corollary 6). This is not the case for irrational continuous eigenvalues. In the
next result we use Theorem 2 to prove that the local orders of a proper Bratteli-
Vershik representation of a minimal Cantor system can be modified in order to lose
all their irrational continuous eigenvalues. At the same time, the resulting strong
orbit equivalent system preserves the measure theoretical eigenvalues of the orig-
inal one. This result complements the representation result of N. Ormes [Orm97,
Theorem 6.1] that is used to prove that strong orbit equivalence of minimal Cantor
systems is compatible with any group of eigenvalues as long as they have the same
continuous eigenvalues that are roots of unity. For some deeper discussions and
recent results on the relation of continuous eigenvalues with orbit equivalence see
[CDP16, GHH16].

Corollary 23. Let (X,T) be a minimal Cantor system given by a proper Bratteli-
Vershik representation B = (V, E, <). There exists a minimal Cantor system (X, T)
obtained by contractions and modifications of the local orders of B (so it is strong
orbit equivalent with (X,T)) such that

(1) it has not irrational continuous eigenvalues,
(2) for every ergodic probability measure p of (X, T), the systems (X, T, u) and
(X, T, it) have the same measure theoretical eigenvalues.
In particular, if the original system has no roots of unity (except the trivial one) as
continuous eigenvalues, then the resulting system is topologically weakly mizing.

The last statement involving systems with no (non trivial) roots of unity as eigen-
values is also a consequence of [GHH16, Theorem 4.4] whose proof also consists in
making precise contractions and choices for the local orders of a Bratteli diagram.
From [Orm97, Theorem 6.1] it can be obtained a similar result: a Cantor minimal
system with no non trivial roots of unity as eigenvalues has a strong orbit equiv-
alent system which is weak mixing in the measure theoretical way (with respect
to to some given measure). As we will see below in the proof of Corollary 23, the
contractions and modifications on the local orders presented here allow us to start
with any group of continuous eigenvalues and keep control over all the measure
theoretical ones.
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Proof. We identify (X, T) with the system given by a proper Bratteli-Vershik rep-
resentation B = (V, E, <). Recall that for all n > 1 we write V,, = {1,...,d,} and
we assume that all maximal edges for the local orders start at vertex d,,.

1. Defining a strong orbit equivalent system: This kind of construction appears in
the context of tiling systems in [FS14].

Assume we have a strictly increasing sequence of non negative integers (¢,,;n > 0)
with [ = 0 and I; = 1. We use it to define the minimal Cantor system (X,T) by
telescoping B at levels (¢3,—1;n > 1) and then by changing the local orders of
the derived system as described in the next paragraph. We call B = (V,E, <)
the resulting diagram. The first level of B coincides with the one of B and for all
n > 2 we have V,, = Vi,,,_, and E, = Eo,. 5.0, .- To make the difference with the
diagram B all combinatorial objects associated to the diagram B will be marked
with a tilde. For instance: Mn, iLn, dp, Tn(+)s Smon(:), gmn(, 1), etc.

For all n > 2 we modify the local orders induced on E, = Ey,, .4, , after

telescoping as follows. For all v € V,, let e, € Fy,, . be the maximal path in

é2n—1
B going from dy,, , to v. We reorder only those edges in E,, finishing in vertex
v that come from a path in B having e, as a sub-path. We do this from left to
right: the new order puts first the paths starting in vertex 1 € V,_1 and then
those starting in vertex 2 € Vi_1, etc., until arriving to edges starting in vertex
dp_1 = dy,, ,. We keep the local orders induced by the telescoping in the remaining
edges of E,,.

Call (X,T) the minimal Cantor system associated to B. By construction, (X, T)

is strong orbit equivalent with (X,T).

2. Candidates to be irrational continuous eigenvalues: Fix an ergodic probability
measure ;{9 of (X, T). Consider the countable set A of irrational real numbers o
such that there exist an integer N > 1 and an integer (row) vector v € Z"~ such
that o = 1/'/153) and that for all m > 1 they have the decomposition ah,,, = N +Vim,
with 7,,, a real vector and v, an integer vector such that the sequence (7,,;m > 1)
converges to 0 on a subsequence (but it is never equal to 0 due to the irrationality
of @). By (3.1) and (3.3), A contains all real numbers « such that A = exp(2ira)
is an irrational continuous eigenvalue of (X,T). Moreover, since the definition of
the set A is independent of the local orders of the Bratteli-Vershik representation
B, then A also contains all the real numbers « such that A = exp(2ima) is an
irrational continuous eigenvalue of any minimal Cantor system derived from B by
a telescoping followed by a modification of the derived local orders.

Let (ap;n > 1) be a sequence in A such that each element of A appears infinitely
many times. Put A, = exp(2ima,,). By definition of A, for every m > 1 we can

write o, h,, = ny(,?') + 1/7(,? ) with 77,(72" ) a real vector and V,(,?')

that the sequence (nﬁff ); m > 1) converges to 0 on a subsequence and is never equal

to 0.

3. Fizing the sequence (L,;n > 0): We define recursively the sequence (¢,,;n > 0)
satisfying the following conditions:

(a) ¢p=0and ¢; = 1;

(b) he,,_,(v) >nforalln>2andv eV, ;

(€) Puy, 509, 1 (dey, 5,v) >n?foralln >2and v e Vy,, ;

(d) |77§Zi11)\ < 1/4 for all n > 2;

an integer vector such
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(e) for all n > 2,
1

(n)— < PZZnyfliyéQn—Q (d€2n—37 dzznfz) -1
Moy (dfznf‘%)

Notice that condition (e) is possible since we do not allow A to have rational
numbers.

Let n > 2 and assume that £, ..., ¥fs,_3 are already defined and satisfies condi-
tions (a)-(e). First we take fa,_o enough large such that (e) holds. Now that we
have defined {a,,_5 it is enough to take £5,,_1 enough large to satisfy conditions (b),
(¢) and (d). This last property can be achieved by the choice of cp11.

4. (X,T) satisfies condition (2):
Let us consider an ergodic probability measure p of (X, T'). For n > 2 let D), be

the set of points in X passing through edges of E,, which were derived from paths
in Ey,, 5.0,, , containing a maximal sub-path e, for some v € V4, . We have

[L(Dn) = Z /"LZZW,—l(v) he2n—2(d£2n—2)'

v€Veg, 4
Then, by (2.7) and condition (c¢) above, we get

1> hfznfz (dfznfz )l'LZanQ (dfznfz)

= he,, 5 (des, ) Z Py b0 (degy 0 V) Hes,,—, (V) > (1 (Dr) n?.
vEVey, 4

Therefore, ji (D,,) < 1/n? and by Borel-Cantelli ji(limsup D,,) = 0.

n—-+oo

Let & ¢ limsup D,,. Then, from a level n(Z) > 2, & does not pass by any edge

n——+oo

of E,, which comes from a path in Ey,, s, , containing a maximal sub-path
€y € Fy,_y,,_,- This implies that, if we identify B with its telescoping with
respect to levels (f2,_1;n > 1), the suffix vectors associated to Z in B differ in
finitely many levels with those associated to Z when seen as a point in B. Thus,
keeping this identification for B, we get that for all large enough values of m we
have 7, (Z) = rm(Z) + ¢(Z), where ¢(Z) is a constant depending only on Z. By
Theorem 7 we conclude that eigenvalues of (X,T') for u coincide with eigenvalues
of (X,T) for fi.

5. The A\, ’s are not continuous eigenvalues of (X, T) We will use Theorem 2 part

(3).
Let n > 3. A careful inspection of the diagram B shows that for any v € V,, =
Vi,,_, we have

{(0,0,0,0,) e N" 51 < Pryy 0oy vtz ) } € Suor(duo,0):

1

2 né:j,d (d£2n—3)
Thus, using the fact that |774:373| < 1/4 we get

By property (e) above we can take t = + 1 in the previous set.
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o {0, +,0,), 1 ) | = llown (0, 0,8), ) |
= It ) (des, )l € 11/4,1/2).

Since each value « in the sequence (ay,;n > 1) appears infinitely many times, then
the series

Y max : llev(s, hun) |

n>1 $€Sn (dn,dnt1

in Theorem 2 part (3) cannot converge. Thus A, is not a continuous eigenvalue of
(X,T) for all n > 1. O

A natural question arising from last corollary is the following. Given a minimal
Cantor system (X, T, is it possible to realise any subgroup of its group of contin-
uous eigenvalues as the group of continuous eigenvalues of some minimal Cantor
system (X, T) which is strong orbit equivalent with (X, 7)) ?

Proposition 25 in [CDP16] (see also [IO07]) asserts in specific cases that it is
possible to realise some subgroups, but it is not clear which ones. Moreover, there
are strong obstructions for this kind of realisations. For example, it is well-known
that G = {exp(2inf); 8 € Z + aZ} is the group of continuous eigenvalues of a
Sturmian subshift, where « is the angle of the rotation associated to the Sturmian
system. The main result in [CDP16] shows that the only other subgroup of G that
can be realised within the strong orbit equivalence class of the Sturmian system is
the other trivial subgroup.

We have discussed the relations between the group of continuous eigenvalues and
the notion of strong orbit equivalence. In the case of non continuous eigenval-
ues the situation is completely different. Counterexamples can be obtained using
[Orm97, Corollary 6.2], a remarkable generalization of Dye’s theorem [Dye59] in-
volving strong orbit equivalence. From Orme’s result it can be proved the existence
of strong orbit equivalent minimal Cantor systems, each one of them with any pre-
scribed group of eigenvalues for a given ergodic probability measure. Thus non
continuous eigenvalues not need to be preserved under strong orbit equivalence,
even in the case of rational non continuous ones. For concrete counterexamples in
the case of rational non continuous eigenvalues we can use the Toeplitz systems
of finite rank in [DFM15, §6]. Various modifications on the local orders of each
example there lead to a strong orbit equivalent system keeping its topological rank
but losing either some or all rational non continuous eigenvalues. The main reason
of this comes from the strict restrictions imposed by rational eigenvalues on local
orders in the finite rank Toeplitz case (see for example Theorem 21 and [DFM15,
Corollary 4]).

5.4. A topologically weakly mixing minimal Cantor system of rank two
admitting all rational numbers as non continuous eigenvalues. We have
proved that in minimal Cantor systems of Toeplitz-type the finite rank condition
strongly restricts the existence of non continuous rational eigenvalues. In this sec-
tion we prove that for general minimal Cantor systems this is not longer true by
constructing a topologically weakly mixing minimal Cantor system of rank two
admitting all rational numbers as non continuous eigenvalues.
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Set a sequence of positive integers (b,;n > 1) such that } _, 1/b, < oo. Consider
the minimal Cantor system (X, T') given by the proper Bratteli-Vershik representa-
tion of rank 2, where V,, = {1,2} for all n > 1, h; = (1,1) and the rest of its edges
and local orders are described as follows. For each n > 1 consider the function
Ont1: Vay1 — V¥ such that for each u € V,,41 its image 6,41 (u) is the word in V,
which lists, following the local order, the sources of all edges in F, 1 ending at u:

Opi1(1) = 211(21)»F112

md @) = @2

for n > 1,

Proposition 24. The minimal Cantor system (X, T) is uniquely ergodic.

Proof. Let p be an ergodic measure for (X, T). The following matrix relations hold
in the diagram defining (X, T). For all n > 1,

b, +4 b
(o (Dotnia2) = G2 (275,00 ). 62
fin (1) _ bn +4 by, pn1(1) (5.3)
Using these relations one has that for all n > 2
hn(l) _ hnfl(l)(bnfl + 4) + hn71(2)(bn71 + 3)
hn(l) + hn(2> (hnfl(l) + hnfl(Q))@bnfl + 4) ,
and thus
bn_1+3 hn(1) bn_1+4
20p_1+4 " hp(1)+h,(2) " 20,1 +4
Also,
pn(1) = (br + 4)p(Tns1 = 1) n (Tt )7
i1 (1) Ton1(2)
(bn + Dpu(T41 =1) bnpt(Tnt1 = 2)

(b + (1) + (bn +3)in(2) | baia(1) + (b + Dhn(2)
Since p(Tp+1 = 1) + p(r41 = 2) = 1 we get

bfh[mmim@J<Wm<@ﬂ4Lmnim®}

This implies that p(r, = 1) = hp(1)pn(1) R 1/2 and pu(r, = 2) R 1/2.

Therefore the system is of exact finite rank, which implies its unique ergodicity (see
last paragraph of Section 2.2.6). O

To compute eigenvalues of (X, T) for its unique invariant measure p we will use
Theorem 10. Notice from the last proof that the diagram defining (X, T) is clean,
so all the requirements of the theorem hold. Moreover, I, = {1,2}.

Remark 1. All matrices M, for n > 2, are of the form (“Zl bil) with a,b € Z.
Then recursively we conclude that matrices Py, ,, with 2 < m < n, are of the same
form.
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Before applying Theorem 10 we need to understand the suffix sets S, ,, (u,v) for
1 <m < nandu,v e {1,2}. We will use some relations of suffix vectors contained
in Section 2.2.4, particularly we recall the equality (2.6),

Sen(x) = se.m(x) + smm(a:)PZm7 for 0<f{<m<nandzelX.
Also recall that s,,(x) stands for s, ,41(x), with n > 0 and =z € X.
Lemma 25. Let L1, Ly and L3 be the following subsets of row vectors of Z2:

Li={(a,a) ;a€Z}, Lo ={(a+1,a) ;a €Z} and
Ly ={(a,a+1);acZ}.

Then, for all large enough integers 2 < m < n, the following quotients

|Sm,n(17 1) \L1| |Sm,n(2v 1) \L2| |Sm,n(1, 2) \ L3‘ |Sm,n(2, 2) \ Ll‘

d
Pron(,1) ° Pan(1)  Paa(L2) o Prn(2,2)
n—1
are bounded from above by Z 2/by,.
k=m

Proof. Take integers m > 2 and k > 0. First we estimate the cardinality of

Sm,m+k+1(]~a 1) \ Ll-
Let us take € X such that 7,,,(z) = 1 and Tyyp4+1(z) = 1, then Spmiyrt1(z) €
Sm.m+k+1(1,1). Using (2.6) and Remark 1 we see that

Sm+k(z) € L1 and Sy mak(z) € Ly
or — 5m,m+k+1(x) e L.
Smak(x) € Ly and Sy mtk(z) € L3

From this property, if Sy m+k+1(2) & L1 then we get that one of the following
excluding properties holds:

(a) Tmar() =1, 8myr(x) € Ly and Sy max(x) € L.
(b) Ttk (z) =1 and spqx(x) & L.
(©) Tmak(x) =2, 8m4k(x) € Lo and Stk () & Ls.
(d) Tmtr(z) =2 and Spqk(x) € Lo.

Also, looking at 0y, 1 x+1(1), we have | S,k (1,1) N Ly| = by k42, |Smak(1, 1)\ Ly | =
2,|Sm+k(2,1) N La| = by +1 and |Sp4£(2,1) \ La| = 2. Then, counting following
conditions (a) to (d) gives the upper bound
|Sm,m+k:+1(1a 1) \ L1| S (bm+k + 2) |Sm,m+k(17 1) \ Lll + 2Pm,m+k(17 1)
+ (bm+k + 1) ‘Sm,m+k(1> 2) \ Lg‘ + 2Pm,m+k(1; 2)

Now, cardinalities of Sy, m+k+1(2, 1)\ L2, Sm.m+k+1(1,2)\ L3 and Sy, mtr+1(2,2)\
L1 can be estimated in a similar way, getting
‘Sm,m+k+1(27 1) \ LZ‘ < (bm+k + 2) |Sm,m+k(27 1) \ L2| + 2Pm,m+k(2a 1)

+ (bm+k + 1) |Sm,m+k(2’ 2) \L1| + QPm,m+k(2a 2),

‘Sm,m+k+1(1v 2) \ LS‘ < (berk‘ + 1) |Sm,m+k(1v 2) \ L3| + btk |Sm,m+k(1v 1) \ Lll )
‘Sm,m+k+1 (27 2) \ Ll‘ S (berk + 1) |Sm,m+k(2a 2) \L1| + bm+k |Sm,m+k:<27 1) \ L2| .
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Let Qm,pn, for 2 < m < n, denote the maximum of the four quotients in the
formulation of the Lemma. We have,
‘Sm,m+k+1(17 1)\ L < (bmrk +2) ‘Sm,m—kk(lv 1)\ L
Prmtkt1(1,1) B Zi:1 P (1, 0) My g g1 (u, 1)
(brntk + 1) [Smm+k(1,2) \ Ls]
23:1 Pm,m+k(1a U)Mm+l~c+1(ua 1)
+ 2 ZZ:I Prmk(1, 1)
Zi:1 P men (1, w) My (u, 1)
(bm+k + 2) |Sm,m+k(1a 1) \ L1|
(bmk +3) Xy Pk (1, )
(bm+k + 1) ‘Sm,m+k(1v 2) \ LS‘
(bm-i-k + 3) Zi:l Pm,m+k(1a u)
25 et Prumrk (1, 0)
(b +3) Sy Pk (L, 0)
Pm,m+k(171) . ‘Sm,erk(l,l) \L1|
T Prmen(1,u) P mtr(1,1)

+

<

+ Pm,m+k(1;2) . |Sm,m+k(1a2) \L3| 2
Zi:l Pm,m—&-k(L u) Pm,erk(]-v 2) bm+k +3
2
< Qm,m+k + b .
m-+k

It can be seen that this bound works for the other three remaining quotients. So,
we get the recurrence formula

2

bm+k

Qm,m+k+1 S Qm,m+k +
We conclude by noticing that a direct computation gives Q. m+1 < 2/bp. ([l

Proposition 26. For every £ > 2, A = exp (2iw/ (he(1) + he(2))) is a non contin-
uous eigenvalue of (X, T) for the unique invariant measure .

Proof. Let us take £ > 2. By (5.2), it can be seen by induction that for all m > ¢
R (1) = he(1) (mod he(1) + he(2)) and  hp,(2) = he(2) (mod he(1) + he(2)).

Then, by Corollary 6, if A = exp (2im/ (he(1) + he(2))) is an eigenvalue then it
cannot be continuous.

In order to show that A is actually an eigenvalue, we are going to use Corollary
16 for vertices u = 1 and v = 2, the other cases can be done analogously. Recall
that I, = {1,2}.

Let Lg be as in the formulation of Lemma 25 and consider large enough positive
integers n > m > (. If we take s € Sy, ,(1,2) N L3 then there exists a € Z such that

(s,hm) = ((a,a + 1), (hin(1), hin(2))) = a (hin (1) + hin(2)) + han(2)
= h¢(2) (mod he(1) + he(2)).
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Then, for all s € Sy, ,,(1,2) N Lz, A®"m) = exp (2imhe(2)/(he(1) + he(2))) and

Z )\(Svhm> 2 Z )\<Sahm) _ Z )\<57hm)

SESmn(1,2) $€Sm.n(1,2)NLs $€Sm n(1,2)\Ls
> [Smn(1,2) N Ls| = [Sm,n(1,2) \ Ls|
= Ppn(1,2) = 2|Smn(1,2)\ Ls| .

Applying Lemma 25 we obtain

(8,hm)

4 ’Esesm.n(l:2) A

LN A , <1
S Paa@y  Sh

k>m

and we get the condition of Corollary 16. This shows that exp (2im/(he(1) + he(2)))
is a non continuous eigenvalue of (X, T) for pu. O

Remark 2. If we take £ > 2 and an integer p dividing hs(1) + he(2), then obviously
exp(2im/p) is an eigenvalue of (X, T') with respect to u, but it could be a continuous
one.

Corollary 27. The complex number exp(2im/12) is a non continuous eigenvalue of
(X,T) for the unique invariant measure pr. Moreover, exp(2im/2) and exp(2im/3)
are both non continuous eigenvalues for that measure.

Proof. As ha(1) + h2(2) = 12 we get from Proposition 26 that exp(2imw/12) is a
non continuous eigenvalue. Then exp(2ir/2) and exp(2iw/3) are eigenvalues of
(X, T, u), at least one of them non continuous.

But as in the proof of Proposition 26, for m > 2

hm(1) =7 (mod 12) and  h,,(2) =5 (mod 12),

and from Corollary 6 it follows that neither exp(2im/2) nor exp(2im/3) can be
continuous eigenvalues. O

The example above is indeed a family of systems indexed by the different sequences
(bn;n > 1) satisfying >, 1/b, < co. Choosing some of these sequences we get
the following result.

Proposition 28. There exists a uniquely ergodic minimal Cantor system (X, T)
of topological rank 2 such that for every a € Q, exp(2ima) is a non continuous
eigenvalue of (X, T) for the unique invariant measure p.

Before proving Proposition 28, a particular sequence (b,;n > 1) will be defined
recursively.

For n > 1, let us denote by p,, the n-th odd prime number and set b, = 13. Notice
that ha(1) + h2(2) = 12 and hg(1) + h3(2) = 360, none of them being a multiple of
pp, for n > 4.

Now, let us fix n > 3 and suppose that we know the elements of (b,;n > 1) up
to the (n — 1)-th one. For k = 2,...,n, using (5.2) we also know the values of
hi(1) and hg(2) and we will assume that h,, (1) + h,(2) is not a multiple of p,, for
m>n-+1.
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‘We choose the element b,, such that
bp+2€{pft--pim €Z;0; >0 fori=1,...,n} and (5.4)
(3bn + 8) (hn(l) + hn(Q)) # hn(2) (mod pn+1) .

This last equation can be solved because 3 (hy (1) + hp(2)) # 0 (mod pp41)-

There are infinitely many possibilities for choosing a positive integer b, satisfy-
ing both conditions. This is so because the different possibles b,,’s not satisfying
condition (5.5) are distant from each other by a multiple of p,1.

Even though b,,_; does not appear explicitly in the conditions defining b,,, there
is a recursion because the heights of level n, namely h,(1) and h,(2), appear in
(5.5) and they depend on by,_;.

In order to complete the recursive step, it only remains to verify that h,41(1) +
hn+1(2) is not a multiple of p,, for any m > n + 2. This can be seen from (5.2)
noticing that

hn+1(1) + hn+1(2) = Q(bn + 2) (hn(l) + hn(Q)) . (56)

Notice that conditions (5.4) and (5.5) are also satisfied for n = 2.
According to the definition of (b,;n > 1), > _, 1/b, < oo because b,, > I ;p; —
2 for all n > 2.

n>1

Proof of Proposition 28. We consider the system (X,T) of topological rank 2 de-
fined at the beginning of this section along with the sequence (b,;n > 1) defined
above.

Let us take a positive integer p. From (5.4) and applying recursively (5.6),
there exists a sufficiently large integer m such that p divides hg(1) + hi(2) for
all K > m. By Remark 2, we have that exp(2im/p) is an eigenvalue of (X, T) for
its unique invariant measure. Then exp(2ima) is an eigenvalue of (X, T) for every
a € Q. In order to show that they are all non continuous it suffices to prove that
g.c.d.(hn(1),hn(2)) =1 for all n > 2 (see Corollary 6).

From the proof of Corollary 27, neither 2 nor 3 divide g.c.d.(h,(1), h,(2)) for
all n > 2. Now take m > 2 and consider the m-th odd prime p,,. From (5.4)
and (5.6) we can see that p,, divides h,(1) + h,(2) for all n > m + 1 and it does
not do so for n < m + 1. Then, for n < m + 1 it is not possible that p,, divides
g.c.d.(hn(1), hn(2)).

Using (5.2) we have

hm+1(2)
== bm (hm(]-) + hm(Q)) + hm(2)
= 2by, (bmfl + 2) (hmfl(l) + hm71(2)) + b1 (hmfl(l) + hm,1(2)) + hm71(2)

and by (5.4) and (5.5) we get
hint1(2) = (=3bm—1 = 8) (hm-1(1) + hm—1(2)) 4 hm-1(2) (mod pr,)
# 0 (mod pm).

Then p,, does not divide h,,11(2). So py, cannot divide g. ¢. d. (a1 (1), Ams1(2)).
A simple induction using (5.2) implies that hy,, = hy41 (mod py,) for n > m + 1.
So p, cannot divide g. c. d.(h, (1), h,(2)) for n > m + 1 either.
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We conclude that there is no prime integer dividing the g.c.d.(h,(1), h,(2)) for
all n > 2. This fact completes the proof. ([

Corollary 29. There exists a topologically weakly mizing uniquely ergodic minimal
Cantor system (X, T) of finite topological rank whose group of eigenvalues for the
unique invariant measure contains an isomorphic copy of Q.

Proof. We consider the uniquely ergodic minimal Cantor system (X,T) (of topo-
logical rank 2) constructed in Proposition 28. It has no roots of unity as continuous
eigenvalues and its group of eigenvalues for the unique invariant measure contains
an isomorphic copy of Q.

Using Corollary 23 we have an strong orbit equivalent minimal Cantor system
(X' , T) also of topological rank 2 and uniquely ergodic which is topologically weakly
mixing and have the same measurable eigenvalues as (X, T). (]

Remark 3. An example with similar characteristics can be obtained as follows.
First we take any topological weakly mixing Cantor minimal system of finite rank.
Using [Orm97, Theorem 6.1] we can prove that there exists a strong orbit equivalent
system with all possible roots of unity as eigenvalues. Then this last system could
have continuous eigenvalues but, by strong orbit equivalence, all of them need to be
irrational. So, by applying Corollary 23, we can obtain a topological weakly mixing
Cantor minimal system having all rational eigenvalues as non continuous ones.
However, this process cannot guarantee that the resulting system is of topological
finite rank or even expansive.

5.5. Minimal Cantor systems with the maximal continuous eigenvalue
group property. Let (X,T) be a minimal Cantor system. We set

E(X,T) = {a € Rlexp(2ima) is a continuous eigenvalue of (X, T)}.

We call it the group of additive continuous eigenvalues. It is well-known that
E(X,T) is countable and contains Z. Let

x,n= {/deu;fGC(sz)},

HEM(X,T)

where C'(X,Z) is the set of continuous functions from X to Z and M(X,T) is the
set of T-invariant probability measures. It is known that I(X,T') is an invariant of
strong orbit equivalence [GPS95] and that E(X,T) C I(X,T) [CDP16, GHH16].

From Corollary 23, given a minimal Cantor system (X,T") without rational con-
tinuous eigenvalues, there exists a strong orbit equivalent minimal Cantor system
(Y, S), so in particular I(Y,S) = I(X,T), such that E(Y,S) = Z (this also can
be deduced from [Orm97, GHH16]). On the other extreme, for (X,T) such that
E(X,T)C I(X,T), it is not known whether one has a strong orbit equivalent sys-
tem (Y, 5) such that E(Y,S) = I(Y,S) = I(X,T) (for a deeper discussion and to
motivate this question we refer the reader to [CDP16, GHH16]). If the equality
E(Y,S) = I(Y,S) holds we say that (Y,S) has the mazimal continuous eigenvalue
group property.

Below we provide a family of examples having this property using a result about
the Brun algorithm for continued fractions and our criteria to be a continuous
eigenvalue of a minimal Cantor system.
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5.5.1. Brun matrices and its properties. In this section we present a version of
a result due to A. Avila and V. Delecroix [AD15] that will help us to construct
minimal Cantor systems having the maximal continuous eigenvalue group property.
We will use and recall their notation.

We will make use of the following matrices coming from the so called Brun algo-
rithm for multidimensional continued fractions (see [Sch00]):

110 110 101
BOW=1(0o 1 0], B?P=[10 0|, B®=[10 0
00 1 00 1 01 0

We call them Brun matrices and for a word w = wy ... w,, on the alphabet {1, 2,3}
we set B(w) — B(wl) e B(wn)

We say a non negative integer square matrix is Pisot if its dominant eigenvalue
is simple and all the other eigenvalues have absolute values strictly less than one.

Proposition 30. [Bru58, AD15] Let w be a word on the alphabet {1,2,3}. Then,
B is primitive (some power of B™) s strictly positive) if and only if 3 appears
as a symbol of w. Moreover, if B™) is primitive then B™) is Pisot.

Let C©(0,1) (C(0,1)) denote the set of column (row) vectors z € R? with
|lz|l = 1, where ||-|| is the supremum norm. For a real square matrix M of dimension
three and a subset of column vectors R C R3 define || M||g = sup,cg || M|, where
[Mllz = supg.ect(0,1); z-a=0y |ZM||. We are forced to distinguish between row
and column vectors in order to be consistent with the notation used before. In
particular, height and suffix vectors, hy,, sy, Sm.n, €tc., are row vectors and measure
vectors, (i, are column vectors.

Consider the matrices AN = BM | A) = B(2) and A®) = (BM)S, 1t is direct to
verify that A®) > 0. As before, for a word w = wy ... w, on the alphabet {1,2,3}
we define A®) = A1) ... A(wn) By Proposition 30, if w contains a 3 then A™) is
Pisot (indeed, it is strictly positive).

Let D = {z = (z1,72,23)7 € R% 2, > 23 > 23 > 0} and for a word w on
the alphabet {1,2,3} set D) = A D. Tt is clear that ADD C D for all i €
{1,2,3} and thus D®) C D. Moreover, it is a direct computation to verify that
A®)/(R3\ {0}) C D if w contains at least one 3, where R is the set of nonnegative
reals.

We will need the following three lemmas that give a finer structure of the products
of Brun’s matrices. The first one is an adaptation from [AD15] to matrices A®).

Lemma 31. Let w and w' be two words on the alphabet {1,2,3}. Then,
1A per < 1 and A" ey < A [ pen A pur -

Lemma 32. Let w be a word on the alphabet {1,2,3} containing at least one 3.
Then, there exists an integer n > 1 such that ||[A®")|| pwny < 1, where w™ is the
concatenation of the word w, n times.

Proof. From Proposition 30 and the structure of the Brun matrices, A™) is a Pisot
matrix of determinant 1 or —1. Since its characteristic polynomial is monic with
integer coefficients, then it has three different roots a, as and a3 that we can take
satisfying ag > 1 > |aa| > |as| > 0. Let y™, y® and 3 be a base of R? formed
by the corresponding right eigenvectors of A™) and consider the matrix P whose
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columns are y(V, y® and y®). Similarly, let (1), 2(2) and 2 be left eigenvectors
of A™) associated to a1, as and as and consider the matrix @ whose rows are
21 22 and 2(3). Clearly, P and Q are invertible and 2 . yU) = 0 if i # j. We
can also take previous eigenvectors satisfying z(9) - y(¥ = 1 and ||z(l)|| = 1 for all
i € {1,2,3}. By continuity, there exist 6; > 0 and d2 > 0 such that

sup lz]] < 02, sup lIz|l <62 and

inf |x1| > 61.
zeP~1C()(0,1) 2€Q-1C((0,1) z€P~1(DNC()(0,1))

(5.7)

Let n > 1 and y = A®"y € D) with 3/ € DN C(0,1). By definition
of |A®™W™)|| pen it is enough to consider normalized vectors like . Since y' =
a1y + ay® + azy® = P(ay,a2,a3)” we have that (a1, a2,a3)T € P~Y(D N
C(©(0,1)). Now, take z € C(")(0,1) such that z -y = 0. As before, we have that
2z =b12zW 4 by2(? 4 b320) with (by,bg,b3) in Q1C(0,1). From (5.7) we obtain
\a1| > 51, |az| < 89 and |b1| < §q for i € {1,2,3}. AISO,

0=z-y= zA(wn)y/ = albla’f + angOég + a3b3a§.

Hence,
||zA(w") = ||b1a?z<1) + bgagz(Z) + bgagz(?’)ﬂ
= H (—aQang - agbg@?) 2D 4 byaBz® 4 b3ap 2
ay ap
a a 0
< ( by + ’31)3 + [ba| + |b3|) |as|" < 2 (2 + 1) 8ol |™.
ay al 51
Taking n large enough we conclude. (]

Lemma 33. Let w = (W,,),>0 be a sequence in {1,2, 3} where 3 appears infinitely
many times. Assume there is an increasing sequence of positive integers (n;);>o0

such that jginoo |\A(W[°v”'j)) HD(W[OYHJ,)) =0, where Wig n,y = Wo ... Wy, 1. Then, any
veN,>1 AWwom) D has rationally independent entries.

Proof. On the contrary, take a nonzero integer row vector z such that z - v = 0.
Since AWio.m) ig invertible, then 2AW0m) is a nonzero integer vector for all n > 1
and

1 z
0 < g S ATl < AT, < A o,

1]
where in the last inequality we have used that v € (s, AVom)D = -, DMWiow),
Taking liminf in last expression leads to a contradiction. O

5.5.2. Constructing a minimal Cantor system having the mazximal continuous eigen-
value group property. In this section we apply previous results to define a family of
minimal Cantor systems (X,T) such that I(X,T) = E(X,T), i.e., satisfying the
maximal continuous eigenvalue group property.

Proposition 34. Let w = (W,)n>0 be a sequence in {1,2,3} where 3 appears
infinitely many times and let (n;);>0 be an increasing sequence of positive integers
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such that

Z(nj+1 - nj)|‘A(W[°’"-j))\\D<W[o,nj>> < +o0. (5.8)
Jj>0
Let (X,T) be a finite rank minimal Cantor system given by a Bratteli- Vershik rep-
resentation whose incidence matrices are My = hy = (1,1,1) and M,, = AWn—2)
for n > 2. Then, (X,T) is uniquely ergodic and there exists a real vector v =
(v(1),v(2),v(3))T € D with rationally independent entries such that

BE(X,T)=I(X,T) = v(1)Z + v(2)Z + Z.

We notice that, by the choice of the incidence matrices, a Bratteli diagram as the
one described in this proposition is always simple (this is just the fact that matrix
A®) is strictly positive) and it always admits a local order which makes it properly
order. It is enough to consider the so called left-right order infinitely many times.

Proof. Under our assumptions the incidence matrices of the Bratteli diagram are
given by M,, = AWn—2) P = AWo.n-1) and Poun= AWm—12-1) for all 1 < m <
n.

Let p be an ergodic measure of (X,T). For all 1 < m < n we have that
w1 = Popn and piy, = Poyppin. Since A(w)(Ri \ {0}) € D for any word on
the alphabet {1,2,3} having a 3, we deduce that u, € D for all n > 2 and thus
p1 € Mg AVOm-0ID.

For i € {1,2,3} define the row vector 7; = pu;(i)hy — e;, where e; is the i-th
canonical row vector of R3. From p1(1) 4+ p1(2) + p1(3) = 1 we get 1, - p1 = 0.
Thus, by definition, for all i € {1,2,3} and n > 2 we have

H HniHA(W[o,n_m)H < ||A(W[om,_1)
i

where in the last inequality we have used that p; € A™on-1)D. Hence, for any
n€n;+1,nj11+1)and s € S, (u,v) with u € V,, and v € V,, ;1 we have

1 (i) (s, B Il =laa (8) s, i Pl = lliaa (8) (s, B AR || = (s, i AC0m =0 |
<[l A=Y 5] < AN Sy oy el sl

<aten)

< Ao

)”#1 D™io,n-1))>

Wio,n;)) HS”,

where in the last inequality we have used Lemma 31 and the fact that ||7;|| < 1. But
the set of incidence matrices we are using is bounded, so max{||sl|; s € S, (u,v),u €
Viyv € Viur1} < L, where L is a universal constant. This inequality implies that
the series
max ll21 () (s, )|
n>1 SE€ S (Uny Unt1)
Unp € Vn7un+1 S Vn+1

is bounded by L3~ 4(nj+1 —n;)|[[AWOmID|| wion; ) and thus, by hypothesis, it
converges. Then, by Corollary 5, p1(1), p1(2) and p;(3) are continuous eigenvalues
of (X,T).

By hypothesis and since p; € ()55 AWon-0)D for all n > 2, from Lemma
33 we conclude that z1(1), p£1(2) and j;(3) are rationally independent continuous

eigenvalues of (X, T'). Consequently, 1, u1(1) and p;(2) are rationally independent
too. This shows that p1 (1)Z + w1 (2)Z+ 2 C E(X,T).
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By Theorem 9 in [BDM10], the number of ergodic measures of (X,T') is bounded
by above by m>1111 Vol =n(X,T)+1=4—-n(X,T), where n(X,T) is the maximal

number of rationally independent additive continuous eigenvalues. But, since 1,
11(1) and 4 (2) are rationally independent, this bound is lower than 1. We conclude
that (X, T) is uniquely ergodic.

Finally, by unique ergodicity and the fact that u,, = P, 'y for all n > 2, we have
that [(X,T) Cui(N)Z+11(2)Z+7Z C E(X,T). As E(X,T) C I(X,T) we get that
EX,T)=1(X,T) = 1(1)Z + 111(2)Z + Z as desired. O

Let us explain how to construct sequences satisfying previous proposition. Let w
be a word in {1,2,3} having at least one occurrence of 3. From Proposition 30,
A™) is Pisot and Lemma 32 implies that § = [|A®™")||pwn) < 1 for some n > 1.
Let w € {1,2,3} and (n;);>0 be an increasing sequence of positive integers with
ng = 1 and

(1) Win, n4nfw)) = w" and nj11 —n; > nfw| for all j > 0;

(2) ijo 67 (nj11 —nj) < +oo.
Then w satisfies hypothesis of Proposition 34 and any minimal Cantor system
(X,T) satistying the conditions of this proposition has the maximal continuous
eigenvalue group property. In addition, making some modifications in previous
construction we can get that the set of sequences like w can be taken to have full
measure for many shift invariant measures of {1,2,3}.
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