MARKOV PARTITIONS AND HOMOCLINIC POINTS
OF ALGEBRAIC Z!ACTIONS

MANFRED EINSIEDLER AND KLAUS SCHMIDT

ABSTRACT. We prove that a general class of expansive Z%actions by
automorphisms of compact, abelian groups with completely positive en-
tropy has ‘symbolic covers’ of equal topological entropy. These symbolic
covers are constructed by using homoclinic points of these actions. For
d = 1 we adapt a result of Kenyon and Vershik in [7] to prove that
these symbolic covers are, in fact, sofic shifts. For d > 2 we are able to
prove the analogous statement only for certain examples, where the ex-
istence of such covers yields finitary isomorphisms between topologically
nonisomorphic Z2-actions.

1. INTRODUCTION

Markov partitions of hyperbolic dynamical systems are a powerful techni-
cal tool and provide a crucial link between smooth and symbolic dynamics
(cf. [4], [20]). The first explicit examples of Markov partitions were obtained
for hyperbolic toral automorphisms in [1], and the construction of such par-
titions reflecting the algebraic structure of toral automorphisms continues
to be an area of active investigation: Markov partitions of certain toral au-
tomorphisms related to two-sided beta-expansions of Pisot numbers appear
in [3] and [13], and [7] describes a general method for finding sofic covers of
an arbitrary irreducible hyperbolic toral automorphism A by using certain
sets of algebraic integers in the number field generated by the eigenvalues
of A. A similar proof appeared subsequently in [8].

Markov partitions are also beginning to play a role in the investigation
of certain Z2-actions, e.g. of coupled map lattices (cf. [12] and [5]). How-
ever, since two-dimensional shifts of finite type tend to be considerably more
complicated than the classical one-dimensional ones, the advantage of con-
structing a Markov partition for a Z2-action is a priori less obvious than for
a Z-action unless the resulting shift of finite type has a particularly simple
form, as it does in [12], [5] and in the examples in Section 5. With this proviso
Markov partitions of Z?-action can be very useful, e.g. for the construction
of invariant measures or of finitary isomorphisms (cf. the Corollaries 5.1 and
5.2 and Remark 5.1).

In order to make precise the notion of a Markov (or, more generally, sofic)
partition of a continuous Z%-action T on a compact space X we assume that
d > 1, A a finite set (the alphabet), and that p is the shift-action of Z¢ on
AZ? | defined by

(P"2)m = Zm+n (1.1)
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for every m € Z% and z = (2) € AZ'. If Z € A2 a closed, shift-invariant
set we write pz for the restriction of p to Z. A closed, shift-invariant set
Z C A% is a shift of finite type if there exists a finite set F' C Z¢ with

Z={z¢€ AZ" 7r(pz) € mp(Z) for every n € 7%}, (1.2)

where mp: AL AF is the projection of each z € AZ? onto its coordinates
in F' (cf. [16]-[17]). By changing the alphabet A, if necessary, we can always
assume that
F={0,1}¢ c z% (1.3)
A closed, shift-invariant set Z C A2 i sofic if there exists a finite set A’ ,a
shift of finite type Z/ C A’ Zd, and a continuous, surjective map ¢: Z' —— Z
with ¢ - p'™(2) = p™ - ¢(2) for every z € Z' and n € Z¢, where p is the
shift-action (1.1) of Z¢ on A
Now suppose that 7: n — T™ is a continuous Z%action on a compact
space X, A a finite set, p the shift-action of Z? on A" and Y ¢ A% closed,
shift-invariant subset. Then Y (or, more precisely, (Y, py)) is a symbolic
cover of (X, T) if there exists a continuous, surjective map ¢: Y —— X with

G-pE=T"¢ (1.4)
for every n € Z%. For later use we set
Y'={yeY:{y}=¢ '({o(y)H} (1.5)

note that Y/ C Y is a py-invariant Gs-set, and that the restriction ¢|y of
¢ to Y is a homeomorphism of Y/ onto the Gs-set ¢(Y') C X.

A symbolic cover Y C AL of (X,T) is of equal entropy if the topologi-
cal entropies h(py) and h(T) coincide, finite if ¢ is bounded-to-one, and a
symbolic representation of (X,T) if v(Y') = 1 for every p-invariant proba-
bility measure with maximal entropy on Y (cf. (1.5)). A symbolic cover or
representation Y of (X, T) is sofic or of finite type if Y is sofic or of finite
type. 'Y C AL g g symbolic representation of (X,T) which is sofic or
of finite type, and if [a]lo = {y = (yn) : Yo = a} for every a € A, then
P = {¢([a)o) : a € A} is called a sofic or Markov partition of (X,T) (P is,
of course, not a partition of X).

In this note we restrict ourselves to Z%actions by automorphisms of com-
pact, abelian groups; in order to simplify terminology we call such a Z?-
action algebraic. Suppose that d > 1, and that « is an algebraic Z%action
which is expansive, has completely positive entropy, and which is of the
special form described in Proposition 2.1 (the last restriction is not really
necessary for our investigation, but offers considerable notational and tech-
nical simplification; for a single automorphism A € GL(n,Z) of the torus
T™ = R™/Z"™ it means that A is the companion matrix of its characteristic
polynomial). In [10] it was shown that every such Z%action has a ‘funda-
mental’ homoclinic point w® which generates all other homoclinic points
of the Z%action. By using this fundamental homoclinic point we can write
the Z%-action a as a topological factor of the shift-action o of Z? on the
full shift V = {0,... ,N}Zd for some N > 1, and we write £: V —— X for
the continuous factor map (cf. Corollary 2.1). In Theorem 3.1 we construct
a closed, shift-invariant subset V* C V which is a symbolic cover of equal
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entropy of (X,«). In particular, if d = 1, then the map &£: V¥ —— X is
bounded-to-one.

For d = 1 one can adapt the ideas of Kenyon and Vershik in [7] to prove
that V* is a sofic shift (Theorem 4.1), but for d > 1 we are currently un-
able to prove that the resulting symbolic cover V* of (X, «) has such nice
properties. In Section 5 we present two examples of Z?-actions for which
V* is a symbolic representation of (X, «) which is of finite type and sofic,
respectively. These examples are of independent interest, since they yield
nontrivial finitary isomorphisms between certain topologically inequivalent
Z2-actions by automorphisms of compact, abelian groups.

The use of homoclinic points to construct sofic or Markov partitions offers
two advantages.

(1) For a hyperbolic toral automorphism « of the form described in
Proposition 2.1 the scalar multiples of the fundamental homoclinic
point provide an alphabet of the sofic cover of o which is perhaps
more (but certainly not completely) canonical than the alphabet
used in [7].

(2) The construction of the symbolic cover of equal entropy resulting
from this fundamental homoclinic point extends without any change
not only to automorphisms of solenoids, but also to the expansive
algebraic Z%actions with completely positive entropy described in
Proposition 2.1.

Homoclinic points of hyperbolic diffeomorphisms can be used to prove
very strong orbit-shadowing and specification properties which are inti-
mately connected with hyperbolicity and local product structure (cf. [2] and
Chapter 18 in [6]), as well as with the construction of Markov partitions. For
expansive algebraic Z%-actions with completely positive entropy there is no
local product structure if d > 1; however, the shadowing and specification
properties remain true (cf. Theorem 5.2 in [10]), and the examples in Section
5 suggest that the link between hyperbolic and symbolic Z-actions survives
the transition from d =1 to d > 1 at least under some circumstances.

2. A CLASS OF ALGEBRAIC Z% ACTIONS AND THEIR HOMOCLINIC POINTS

In this section we describe a class of Z%-actions which form the ‘building
blocks’ from which all expansive Z% actions by automorphisms of compact,
abelian groups with completely positive entropy are constructed (cf. [15] and
18)).

Let d > 1, T = R/Z, and let o be the shift-action of Z¢ on ']I‘Zd, defined
as in (1.1) by

(0™Z)n = Tm+n

for every m € Z% and = = () € TZ, We denote by Rq = Z[ufl, . ,ufiﬂ]
the set of Laurent polynomials with integer coefficients in the variables
ui, ..., uq and write each h € Ry as

h=> hgu" (2.1)

nezd
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with hy € Z and u™ = uf" -+ u)? for every n = (ny,...,nq) € 7%, where
hyn # 0 for only finitely many n € Z%. For every h = Y nezd hnu™ € Ry and
z € T2 we set

h(o)(z) = > hno™z (2.2)

nezd

and observe that ker(h(o)) is a closed, shift-invariant subgroup of TZ". The
following proposition was proved in [15], [11], [23] and [14] (cf. Theorems
6.5, 18.1, 19.5 and 20.8 in [18]).

Proposition 2.1. Let f € Ry be a Laurent polynomial, and let o = oy be
the restriction to

X = X; = ker(f(0)) c T
of the shift-action o of Z% on TZ'. The following conditions are equivalent.

(1) « is expansive;

(2) Ve(f)NnS? =@, where S={s € C: |s| = 1} and
Ve(f) ={c e (C~{0})*: f(e) = 0}.

If a is expansive then it is Bernoulli with respect to the mormalised Haar
measure Ax of X.

Denote by || -||1 and || - ||s the norms on the Banach spaces ¢!(Z% R) and
(>(Z%,R) and write

Nz8,7) c 11(Z4,R), (2%, 7Z) C 1=°(Z%,R)
for the subgroups of integer-valued functions. By viewing every Laurent
polynomial h = > /a hyu™ € Ry as an element (hy) € (1(Z%,Z) we can
identify My and ¢1(Z%, 7).
Consider the surjective map n: £*°(Z%,R) — TZ* given by
N(V)n =vn (mod 1) (2.3)
for every v = (vg) € £°(Z%,R) and n € Z%. Let & be the shift-action of Z<
on (>°(Z R), defined as in (1.1) by
(6™0)n = Ym+n

for every m € Z? and v = (vn) € £*(Z%R), and set, for every h =
> nezd hat™ € Rq and v € (°(Z4, 7),

h = Z hnu™",

nezd

(2.4)
h(E)(v) = ) hao™.
nezd
Then o
hh! = h(a)(h'), 25)

n-ho) =h(a)-n
for every h,h' € Ry (cf. (2.2)). Following [15] or Theorem 6.5 in [18] we can

characterise the expansiveness of o = a in Proposition 2.1 also in terms of
the kernel of f(&).
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Proposition 2.2. Let f € Ry be a Laurent polynomial and let o = oy be the
Z%-action on X = Xy defined in Proposition 2.1. The following conditions
are equivalent.

(1) « is expansive;

(2) ker(f(5)) = {0} C £>(Z%,R).

For the remainder of this section we fix a Laurent polynomial f € Ry
such that the Z%-action o = ay on X = Xy = ker(f(o)) in the Propositions
2.1-2.2 is expansive and hence mixing.

According to the proof of Lemma 4.5 in [10] there exists a unique element
w? € (°(Z4,R) with the property that

1 if n=0,

) (2.6)
0 otherwise.

F@)(W™)n = {

The point w? also has the property that there exist constants ¢; > 0,0 <
co < 1 with

!wﬁ‘ < clcgnH (2.7)

for every n = (ny,...,ng) € Z%, where
= , 2.8
Il = s o (28)

(cf. Proposition 2.2 in [10]). In particular,
A A
lw?fly =) Jwg] < oo (2.9)
nezd
From the properties of w? it is clear that
E(v) = Z vpa w? (2.10)
neZd

is a well-defined element of £>°(Z%, R) for every v € £>°(Z%,7), and we denote
by

E: 0028, 7) — 124, R),  £=n-&: 0222 — X (2.11)
the resulting group homomorphisms.
Proposition 2.3. For every v € {*(Z%,7),
F@) (W) =E(f(@)(v) = v,
€)oo < ™ 1 [[0]los, (2.12)
Wllso < IFIILNIEW) lloo-
Furthermore, &: £>°(Z,7) — X is a surjective group homomorphism and
£-3% =a"-¢ for every ne 79,
ker(¢) = /() (¢>(27,2)), (2.13)
ker(¢) N £1(Z%,Z) = f(5)(¢"(Z°,2)) = [Ra.
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Proof. The statements (2.12) are immediate consequences of (2.6) and (2.9)—
(2.10). In order to see that £ is surjective we fix z € X and choose an element
w = (wn) € n 1 ({z}) C £°(Z%R) with |wn| < 1 for every n € Z%. Since
f(o)(z) = 0x according to the definition of X, v = f(&)(w) € £*(Z%,7),
and we claim that £(v) = x.

Indeed, f(7)(£(v")) = v/ by (2.12) for every v/ € £>°(Z%,7Z), and by ap-
plying this to v = f(&)(w) we obtain that

f(@)(w —¢&(v)) =

Proposition 2.2 guarantees that w = £(v) and hence that n(w) = £(v) =

The first equation in (2.13) is clear from the definition of £. If v
(>(Z4,7) satisfies that &(v) = Ox, then w = £(v) € £°(Z4,7Z) and f(&)(w )
= f(5)(£(v)) = v by (2.12). Hence v € f(5)(¢*(Z% 7)), as claimed. Con-
versely, every v € f(5)((>(Z%,Z)) is of the form v = f(7)(w) for some
w € EZ), md g = )W) = flo)E(w) = Or. Finall, i
v € ker(§) N VAR Z) = ker(§) N MRy, then h = £(v) € (12, 7) = Ry and
f(@)h = fh=ve fRy O

From (2.7)—(2.11) it is clear that the restriction of £ to every bounded sub-

set of £>°(Z4,7Z) is continuous in the weak*-topology. The following corollary
yields a bounded subset V C ¢*°(Z%,Z) with £(V) = X.

Corollary 2.1. For every h =} 74 hqu™ € Ry we set

ht = Z max (0, hy)u", h™ =— Z min (0, hn)u

neZd neZd
177 = max (|21 = 1,00, A7} = max ([|A” |1 - 1,0),
IAlT = A7y + A7
Then the set
V={ver*Z%7):0<uv, <|f|i forevery n e Z} (2.14)
satisfies that (V) = X.

Proof. We use the notation employed for the proof of Proposition 2.3 and
choose an element w € 7' ({z}) with 0 < wy, < 1 for every n € Z%. If
v = f(@)(w) € £(Z4,Z) then £(v) = @ and —||f |} < vn < |F]}} for
every n € Z%. Hence £(V') = X with

Vi ={ve EOO(Zd,Z) =7 S vn < |IfT]|} for every n € Zd}.

Finally we denote by y € £*°(Z% 7Z) the constant element with y, = || £~ ||
for every n € Z% and obtain that &(V' +y) = &(V') + &(y) = X. Since
V' +y =7V we have proved the corollary. O

The bound appearing in (2.14) need not be optimal, as the following
examples show.

Example 2.1. (1) Let d = 2 and f = 3 —u; —uz € Ry. Then || f|] = 3,
but the set
(velr®(Z2,7):0< v, <2} CV (2.15)

also satisfies that & ( )=X.



MARKOV PARTITIONS AND HOMOCLINIC POINTS 7

In order to prove that £(W) = X we define V by (2.14) and set, for every
n>0,Q,={-n,...,n}? CZ> Fix n >0 and put, for every v € V,

o — 1 if ne @, and vy, =3,
" 10 otherwise,

h' =" hju”.

nez?

Fix v € V and define inductively v(® = v and v+ = y(m) — fh”(m) for
every m > 0, where f is defined in (2.4). It is clear that there exists an M >
0 with 0™ = vM) for every m > M, since > neco, M) < > neo, p(m)
whenever m > 0 and v(m+1) £ y(m),

We put w = ™) note that 0 < wy, < 2 for every n € @), and claim
that 0 < wy < 8 for every n € Z? . Q,,. Indeed, if v is the measure on Z?

defined by
1/3 if me {(_170)7(07_1)}7
0 otherwise,

v({m}) = {

then

we<ve+3 Y Y vi({k+m})

{meQn:vm=3} [>1
for every k € Z? \ Q,,, where v* is the I-th convolution power of v. As
Yo > vm) =) (2/3) =2
meZ2 1>1 >1

we obtain that 0 < wy, < 8 for every n € Z? \ Q.

The elements v and w differ by an element of Ry = (NZ2,7) C 1>(Z2,7)
which is a multiple of f. Hence v —w € f(7)(¢{*°(Z?,Z)), and Proposition
2.3 guarantees that £(w) = &(v).

We have proved the following: for every n > 0 the set

W, = {w € (°(Z*Z) : 0 < wy <2 for n € Qy,
0 < wp <8 for nEZQ\Qn}
satisfies that £(W,,) = X.
For every x € X and n > 1, the set
Cn(z) = €1 ({z}) N Wy,
CW ={vel®(Z?7):0< v, <8 for every n € Z*}

is nonempty and compact in the weak*-topology, and C,(x) D Cpi1(z).
The intersection

Cx) =) Culz) =& ' {z}) NW
n>1
is thus nonempty for every x € X, which proves that {(W) = X.

(2) The argument in example (1) yields the following more general result.
Suppose that d > 1, and that f = 74 fau™ € Rq is a Laurent polynomial
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with the property that there exists a m € Z% with fum > ZnGZd\{m} | fn] and
fn <0 whenever m #n € Z%. Then oy is expansive, and the set

W ={v e >*(Z%7):0<vy < fm for every n € Z%} (2.16)
satisfies that E(W) = Xy,

3. COVERS WITH EQUAL ENTROPY

Let f € My be a Laurent polynomial such that the Z%action o = « §on
X = Xy is expansive (cf. Propositions 2.1-2.2), and define V C ¢>°(Z4,7Z)
and £: V— X as in Corollary 2.1. Then (V) = X, but £ may be far from
injective on V. The purpose of this section is to find closed, shift-invariant
subsets W C 'V with (W) = X such that the restriction of G to W has the
same topological entropy as a.

Let W C 'V be a closed, shift-invariant subset with £(W) = X, and con-
sider the equivalence relations

Ry = {(v,0) e Wx W : £(v) = £(v)},
Aw = {(v,0") €eWx W:v - € (Y29 Z) = Ry},
w={01v)eWxW:v—1v e f(5) (2% 7) = fRq}
=RywnNAw.

(3.1)

The inverse lexicographic order on Z¢ can be used to define a total order <
on Ry = (Y(Z%,7) by setting h < 0 if and only if hy, < 0 for the lexicograph-
ically smallest m € Z? with hy # 0, and by saying that h < A’ whenever
h —h' < 0. The order < on Ry induces a total order (again denoted by
<) on the equivalence classes of Ay: if v € W and v/,v"” € Ayy(v) then
v =" € INZ4,Z) = Ry, and v/ < V" if v/ — " < 0.
Theorem 3.1. Let f € Ry be a Laurent polynomial such that the Z%-action
a = ay on X = Xy is expansive (cf. Propositions 2.1-2.2), and define
V c (2% 7) and £:V —— X as in Corollary 2.1. Then there exists a
closed, shift-invariant subset V* C 'V with the following properties.
(1) If v € V* and v' € Al(v) then v = v'; in particular, V* intersects
each equivalence class A\,(v), v €V, in at most one point;

(2) £(V) = X.

Proof. The set R} = {h € Ry : h > 0} is an additive and multiplicative
semigroup and is in particular invariant under multiplication by u™, n € Z¢.
Furthermore, since ay = a_y, we may replace f by —f, if necessary, and

assume that f € R (cf. (2.4)).
For every h € 9{2; we set
Vi =V~ (V+ fh),

where V + fh = {v+ fh:ve V}. Since fh has only finitely many nonzero
coordinates, V}, is a closed subset of V and

Vi= (] Va=V~ |J V+fh) (3.2)
heERT heRT

is a closed, shift-invariant subset of V.
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From the definition of V* it is clear that v — fh ¢ V whenever v € V* and
h € R} . In particular, if v € V* and v’ € Al (v), then v/ = v, which proves
(1). In order to verify (2) we choose an enumeration {h(), h(® ...} of R,
consider the sets

n n
Vi= [ Vaw =V~ O+ fak), n>1,
k=1 k=1

and claim that {(V}) = X for every n > 1.

Indeed, fix n > 1 and v € V. We denote by

S(h) ={n ez h, #0} (3.3)

the support of an element h € Ry, put S, = Up_; S(fh¥), and observe
that the set

{v' € Ap(v) : 8(v/ —wv) C Sy}

is finite and contains a smallest element w with respect to the order <. As
A, C Ry, £(w) = &(v). Furthermore, w € V}, since, for every k =1,...,n,
w — fh(k) < w and hence w — fh(k) ¢ V. This shows that there exists,
for every v € V, an element w € V; with {(w) = £(v), and Corollary 2.1
guarantees that £(V}) = X

We conclude our proof as in Example 2.1 (1): for every x € X and
n > 1, the set Cy,(x) = £ 1({z}) NV} is nonempty and closed in the weak*-
topology on V. Since Cp(z) D Chyi(x) for every n > 1, the intersection
C(x) = N,>1 Cnl(x) = E1({z}) N'V* is again nonempty, which proves that
EV) =X, O

Corollary 3.1. Let 7 be the restriction to V* C V C £>°(Z%,7) of the shift-
action & of Z¢ on £>°(Z9,7) (cf. Theorem 3.1). Then h(T) = h(a), where
h(-) denotes topological entropy.
Proof. Since &: V* — X is surjective and £ - o™ = 7 - ¢ for every n € Z¢
it is clear that h(a) < h(T).

Put Q, = {-n,...,n}¢ C Z% for every n > 0. If A= {0,...,||f|i} C Z
and 7p: V = AZ" 5 AF denotes the projection onto a set of coordinates
F c 74 then

: 1 X

n—oo (2n
(3.4)
= lim _t sup log |mq (m;t (2))]
oo @t D seng, oy e
for every m > 1.
For every t € T we set
t| = min |t — 3.5
|| = min [¢ —n] (3.5)

The expansiveness of the Z%-action a on X C TZ* guarantees that

1
=~ inf > 0. 3.6
T 2oy 2 30
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According to (2.7) we can find an integer M > 1 with
€
> lwml< :
101 f13
o I7T;

max {|n| :n € Z% and f, # 0} < M/2.

(3.7)

For every m > 0 and v € V we set

(m) _ {'Um if me Qp,

Vm 0 if meZi Q.

If v,w € V* satisfy that 7, ,,~q.(V) = TQ,, 1 ~Q.(w) then we claim that
the following conditions are equivalent:

(i) pntM) — w(n+M)’

(i) £ M) = g(wl D),

(iii) 1£(v)n — &(w)n| < € for every n € Q.
The implications (i) = (ii) = (iii) are obvious. If (iii) is satisfied, then
the point z = (v — w)™ = (v — w)"*M) satisfies that |zn| < ||f||} for
every n € Z%, and our choice of M guarantees that |£(2)n| < 6¢/5 for every
n € Z¢. According to the definition of ¢ this implies that z = 0, i.e. that (ii)
is satisfied. From (ii) and Proposition 2.3 we conclude that

z =0 —w™ e f(5) (1 (24, 2)) = fR,.

If z = 0 then this means that (v,v — z) € A}, and v — z < v, and Theorem
3.1 implies that z = 0. Similarly we see that z = 0 whenever z = 0. Hence
z = 0, which proves (i).

If we combine the equivalent statements (i)—(iii) with (3.7) we see that,
for every n > 0 and v,w € V* with 7, . ,,~0Q, (V) = TQ,,1~Q. (W), either
v™ = w and [£(v)n — E(w)n| < €/5 for every n € Qp, or v # ™
and |£(v)n — §(w)n| > 4¢/5 for some n € Q,. We fix z € 1Q,,,,~.(V*)
and choose, for every w' € mgq, (wéiM\Qn(z)), an element w € V* with
7Q,(w) = w'. The resulting set S = {w : v’ € g, (Wé;Jrn\Qn(z))} c Vv
satisfies that

max |an — by| > 4¢/5

nGQn

whenever a = £(v),b = £(w) with v,w € S, v # w, and from Proposition
13.7 in [18] we obtain that h(7) < h(«). Hence the two entropies are equal,
as claimed. O

Corollary 3.2. Let f € Ry be a Laurent polynomial such that the Z-action
a=oaf on X = Xy is expansive, and define V C (®(Z4,7) and £:V — X
as in Corollary 2.1. Then the restriction £ of £ to the set V* C 'V in (3.2)
1s bounded-to-one.

Proof. We use the notation of the proof of Theorem 3.1. Set N = ||f||}
and V = {0,...,N}?, and use the continuity of £: V +—— X to find an
integer K with |{(v)o — &(v)o| < £/2 whenever v,v" € V and v; = vj for
j=—K,...,K, where |-| and ¢ are defined in (3.5) and (3.6). By increasing
K and multiplying f by a suitable power of +ui, if necessary, we may also
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assume without loss in generality that f = fo + -+ + fu]® with f,, > 0,
fo#0and m < K.

If £ maps more than N2 points of V* to the same element x € X
then there exist, for some M > 2K + 1, points v,v" € V* with v; = v; for
je{-M-2K,...,—M +2K}U{M —2K,...,M + 2K}, v; # v} for some
i€{-M+2K+1,...,M —2K — 1}, and £*(v) = £*(¢'). Put

s —qot for j -M,....M
wj:{vj /U] or j E{ ) ) }7

(2K+1)

0 otherwise,

and assume without loss in generality that w < 0 (otherwise interchange
v and v’). Our definition of K implies that |£(v); — (v — w);| < /2 for
jl = M and [£(v'); — &(v — w);] = [§(v); — £(v —w);| < e/2 for [j| < M,
and the definition of ¢ shows that £*(v) = £*(v — w). Since v € V¥, w < 0
and v — w € 'V this violates the properties of V* in Theorem 3.1. Hence &*
is at most N2(2K+1)_to-one. O

The next corollary is an immediate consequence of the proof of Theorem
3.1

Corollary 3.3. Let f € Ry be a Laurent polynomial such that the Z%-action
a=ay on X = Xy is expansive, and define V C {°(Z%,Z) and &: V — X
as in Corollary 2.1. If W C 'V is a closed, shift-invariant set with (W) = X,
then the set
Wr=W~ | J W+ fh) (3.8)
heR}
also satisfies that E(W*) = X.

Remarks 3.1. (1) For different sets W; C V, i = 1,2, the sets Wi and W}
in Corollary 3.3 may be different: indeed, in Example 2.1 the fixed point
w = (wy) with wy, = 3 for every n € Z? lies in V* . W*.

(2) By applying the same argument as at the end of Example 2.1 (1) one
can show that there exist minimal, closed, shift-invariant subsets W C V
with £(W) = X. For such a minimal subset we obviously have that W* ='W
(cf. Corollary 3.3).

(3) For the hyperbolic toral automorphism (9 }) the map &: V* — X =
T? described in (2.11) and Theorem 3.1 is essentially identical to the fibadic
expansion of real numbers appearing in [21].

4. SOFIC COVERS AND COVERS OF FINITE TYPE

Suppose that f € %Ry is a Laurent polynomial such that the Z%action
a = ay on the compact, abelian group X = Xy is expansive. We define the
surjective map &: (*°(Z%,Z) — X by (2.11), denote by & the shift-action
of Z% on ¢>*(Z%,7Z), and recall that £ - 6™ = a® - ¢ for every n € Z¢ (cf.
(2.13)). As we saw in Theorem 3.1, one can find an equal entropy symbolic
cover V* C £>(Z4,7). We shall prove the following result (for terminology
we refer to the Introduction and Section 2).

Theorem 4.1. Let f € Ry be a Laurent polynomial such that the Z-action
a = af on X = Xy is expansive. Then (X, «a) has a finite cover of finite
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type, and the set V* C 'V C (>*(Z,Z) in (2.14) and (3.2) is a finite sofic
cover of (X, a).

Proof. The proof of Theorem 4.1 is closely modelled on [7]. After multiplying
f by +ul for some k € Z we may assume that f = fo + --- + fnul® with
fo #0and f,, > 0. According to Corollary 2.1 there exists a positive integer
N < |Ifli such that the compact set W = {0,...,N}2 C V C {*(Z,Z)
satisfies that (W) = X (cf. also Example 2.1). We denote by H' C R,
the set of all elements of the form A = h,mﬂufm*l + -+ 4+ hg € Ry with
lhi] < M = N||w?|; for every k = —m + 1,...,0. By identifying each
h € H' with the element (h_yy1,...,h0) € {=M,..., M}"™ we may put
H ={-M,...,M}"™. Finally we introduce an additional element 0* # 0
and set H = H' U {0*}.

The graphs G and G*. Let G be the finite directed graph whose vertex set
Vi is equal to H and whose edges are labelled by elements of £ = {0,..., N}.
If h,h/ € Vg =H and e € F then there exists an edge

h = n (4.1)
if and only if at least one of the following conditions are satisfied:
(i) h =1 = 0%,
(ii) h=0% K =(0,...,0,h{), hy >0 and e — foho € E,
(iii) h = (h_m+1, - ,ho), N = (h/—m—I—l? ey h6) € J‘CI, hj+1 = h; for

j=-m+1,...,—1, and
e = fmh i1 — -+ = fiho — foho (42)
=€ — fmhLerl — fm—lh—m+1 — e — foho ck. '

If (4.1) is satisfied we call b’ an e-follower of h. The set of all e-followers
of h is denoted by fe(h) C V. Finally we denote by G* the subgraph of G
consisting of all vertices and edges which can be reached from the vertex 0*,

write Vg« for the vertex set of G*, and observe that f.(h) C Vg« for every
heG*ande€ E.

The graphs I' and I'*. We define a second finite directed graph I', whose
set of vertices Vr is the collection P(Vg+) of all subsets of V=, and whose
edges are again labelled by elements of E. If 7, are vertices of T" (i.e.
v1,72 C Vg+) and e € E, then there exists an edge
v = (4.3)
if and only if
¥ = ). (4.4)
hey
The set F.(vy) of e-followers of a vertex v € Vr is defined as above. Note
that there exists, for each v € I and e € F, a unique edge of I" labelled e
which starts at v, and that 0* € ~ for every v € I' which can be reached
from the vertex {0*}.
The graph I'* is obtained from I' by deleting all vertices of I' which either
cannot be reached from {0*} or which contain the element 0 € V¢, as well

as all edges of I" leading into or coming out of such a vertex. The vertex set
of I'* is denoted by Vp« C P(Ve ~\ {0}).
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The shifts of finite type Q and 2*. Each bi-infinite path in I" can be written
as an element of (V4 x E)Z by noting at each time k € Z the vertex -, and

the label e, of the edge i Lk, vi+1 traversed by the path, and the set
Q C (Vr x E)% of all bi-infinite paths in I is a shift of finite type. We write
& for the shift on €, define a continuous map 6: Q — E% ='W by sending
each path w = (wi) = ((yk,ex)) € 2 to its bi-infinite sequence of edges
w = (ex) € W, and observe that 6 -6 = & - 0. The map 6: Q —— W is right
resolving (cf. [9]), and |01 (v)| = |Vi| for every v € V.

Let Q* C Q be the set of bi-infinite paths in I'* and put

Qy ={w=(wy) € Q:w, =({0"},0) for every n < 0},
0 =0"NA,.
Then €2 and Q* are the closures of | J,,., 6" (€24 ) and (J,,c7 6" (£27), respec-
tively, and Q* is again a shift of finite type. In the notation of (3.8) we
assert that
(") =W~ (4.5)
In order to prove (4.5) we set
Wi ={w=(w,) € W:w, =0 for n <0},

Wi =Wy~ | Wy + fr) cw.
hemf
Then there exists, for every w € W, a unique element w € Q4 with (w) =
w: if wy, = (Y, wy) then the elements ~, € Vi are determined inductively
by the equation
Yn = Fe,_y (n-1)

for every n > 0.

Suppose that w € Q4 and §(w) = w. If w ¢ W7 then there exists

a polynomial h = hyu} + - + hk+Lulf+L € M{ with k& > 0 such that
v=w-—gf € W4. According to the conditions (i)—(iii) characterising (4.1),

(0,...,0,ht) € v = Fe,_, (76—1)5
0,...,0,hg, hit1) € Vi1 = Fe, (k)

(hk-i-Lu 07 e 70) S Ye+L+m—1 = F€k+L+m72 (’Yk?-i-L-l—m—Q)u
0¢ F€k+L+m71 ('7k+L+m—1)7

which violates the definition of I'* in (4.3)—(4.4). Hence 0(Q4) C W*.

Conversely, if w € W | then the above argument shows that the unique
element w € Q0 with #(w) = w must lie in 7% . Hence 6(£2%.) = W7, and the
shift-invariance of 6(2*) guarantees that 6(£2*) = W*, as claimed in (4.5).
In particular, W* is a sofic shift, and Corollary 3.2 yields that W* is a finite
sofic cover of (X, a).

By construction, the map 6: Q* — W* is bounded-to-one, so that Q* is a
finite cover of finite type of (X, o). By setting N = || f||; we have completed
the proof of Theorem 4.1. ]

The following example illustrates the proof of Theorem 4.1.
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Example 4.1. Let f = 1 — 3u; +u? € %f, X =Xy C T and a = ag.
The map ¢: X —— T2, defined by ((x) = (29, x1) for every x = (z,) € X,
is surjective and satisfies that
Cra-¢Th=(5%%).
A direct calculation shows that the point w® € ¢*°(Z,R) in (2.6) is given by
wh =L (3B

for every n € Z. Hence |[w”®||; = 1. According to Example 2.1 we may put
W=1{0,1,2? and M = N = 2.

In order to describe the graph G with vertex set Vg = {-2,...,2}2 U
{(0,0)*} and edges labelled by elements of £ = {0,1,2} we assume that
(i,7),(i',7") € {~2,...,2}% and e € E and draw an edge

(i,5) = (@,5)
if and only if
j=1i and e—i+4j—j =e—i+4i' —j cE.
The graph G has five further edges:

(0,0)* % (0,0)*,
(0,0)* = (0,0)",
(0,0)* 2 (0,0)*,

(0,0)* = (0, 1),
(0,0)* =2 (0,1).
Note that the only edge leading into any vertex of the form (42, j") are
(2,2) = (2,2),
(—2,-2) L (=2,-2),
so that Vg« C {—1,0,1}% (cf. Figure 1). From the graph G* one easily

012 012

0,-1)<2 (0,0) 12> (0,1) <12 (0,0)*

(-1,0) (1,0)

Ficure 1. The graph G*

obtains the graph I'* in Figure 2. As « is ergodic, there exists an irreducible
subshift of finite type Q** C Q* with £ - 0(Q**) = X, and from Figure 2 we
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9
@ (0.0} —2> {(0,0)%,(0,1)} {<0,0>*,(0,—1),<1,0),<1,1>}@
M L
20 {(0,00%,(1,1)} —%> {(0,0)%,(1,0),(1,1)}
il/
0
@ {(0,00%,(1,1),0,1)}

FIGURE 2. The graph I'*

see that (2** is the set of all bi-infinite paths in the graph I'** in Figure 3.
From the existence of the magic word ‘0’ in Figure 3 it is clear that that the

@

{(0,0%,(0,1)}

1l

2l {(0,0)%,(1,1)}

ll
@{(0,0>*,<1,1>,(0,1>}

FicUure 3. The graph I'**

restriction of 6 to the set of doubly transitive points in 2** is injective.

We claim that the restriction of £ to the set of doubly transitive points in
W* is again injective. If v € 6(2**) C W* contains the string ‘0112’ infinitely
often both in the past and in the future, then no nonzero y € {0, 1, —1}Z
satisfies that v+ f(7)(y) € W*, so that {(v) # £(v') for every v/ € W*~ {v}.
Hence £ is injective on the set of doubly transitive points in W*, W* is a
sofic representation of (X, «), and Q* and Q** are representations of finite
type of (X, a).

5. EXAMPLES

We present two examples of sofic representations and representations of
finite type of expansive Z2-actions of the form (X £,0) with f € Ro.

5.1. The Z?-action defined by the polynomial f =3 —u; —uy € Ry .
Proposition 5.1. Let f = 3 —u; —uz € Re, X = Xy, o = ay (cf.
Proposition 2.1),

W = {0,1,2}% C (>(72,7),
&: Wi— X the continuous, surjective map (2.11), and let T be the restric-
tion to W of the shift-action & of Z* on £>°(Z* 7). Then W is a symbolic
representation of finite type of (X, a) and vé~' = Ax, where v is the equidis-
tributed Bernoulli measure on W.
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Proof. From Example 2.1 (1) we know that that £(W) = X, and Example
4.6 in [10] shows that the fundamental homoclinic point w® of « in (2.6) is
given by

—ma
m

A 43T T) i <0,ms <0,
0 otherwise,

for every m = (mq,ms) € Z2. In particular, ||w?|; = 1.

Put Y = {=2,...,2}%" and assume that v,w € W and £(v) =
(2.11) shows that v—w = f(7)(y) for some y € £>°(Z?,7), and (2
that

&(w). Then
.12) implies

lylloe = 1€ @)W < w11 (@) W)l = 11£ (@) (W) lloo < 2.
We wish to prove that the set
N={veW: (W) # {v}}
={veW:v+ f(a)(y) € W for some nonzero y € Y}

has v-measure zero. As we can cover N with countably many shifts of the
sets

N5~ = {v € W : there exists a nonzero y € Y with Y0,0) = 1Ylloo =2
and v+ f(o)(y) € W},

Ny = {v € W: there exists a nonzero y € Y with —yg,0) = [|[y[loc =2
and v+ £(5)(y) € W},

Ni™ = {v € W : there exists a nonzero y € Y with y,0) = [[yllec =1
and v+ f(o)(y) € W},

Ny = {v € W: there exists a nonzero y € Y with —y0) = [[yllcc =1
and v+ f(0)(y) € W},

we only have to prove that the sets N2+ Ny, Nfr , N{ have v-measure zero.
We start with N, (the case N, is completely analogous). Take v,y as in
the definition of ]\72+ and observe that

V(0,00 + 32— Ya,0 — Y0,1) < 2,

which can only be satisfied if y(1,0) = y(0,1) = 2 and v(g,0) = 0. The same
argument holds for the coordinates (n,0) with n > 1. Hence

Ny c{veWw: V(n,0) = 0 for every n > 0}

and v(N) = 0.
Now take v € N;" and y € Y as in the definition of N;". As v+ f(5)(y) €
W we get that

v(0,0) T (f(@)(¥))(0,0) = V0,00 + 3 = Y(1,0) — Yo,1) < 2-
There are two possibilities: either y o) = y(o,1) = 1 and v(g ) € {0,1}, or
one of the two values y ), ¥(0,1) is equal to zero and vy gy = 0. We define
inductively a map p = p,: N — N? with p(0) = (0,0). If p(i) for is defined
fori <, 1 > 1, such that y,; = 1fori =0,...,l weset p(I+1) = p(I)+(1,0)
if Yp)+,00 = 1 and p(I + 1) = p(I) + (0,1) otherwise.
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This shows that there exists, for every point v € N1+ , an element y € Y
and a map p = p,: N +— N? with p(0) = (0,0) such that (f(7)(y))yu) > 1,
p(i+1) —p(i) € {(1,0),(0,1)}, and hence v,;) <1 for every i > 0.

For every path p: N — N? with p(0) = (0,0) and p(i + 1) — p(i) €
{(1,0),(0,1)} for all ¢ > 0, and for every [ > 1, we can estimate the v-
measure of the sets

p(i

N;(Z) ={v €W :thereexists a y € Y with v+yeW
and p(i) = py(i) for every i =0,...,1},

N, () ={veW:there exists a y € Y with v —y €W

and p(i) = py(i) for every i =0,...,1},

as follows. Let 0 < ¢ < [—1 be an integer such that p(i+1) = p(i)+(1,0). If
Upiy = 1 then (f(0)(¥))pa) = 1s Yp(i)+(1.0) = Yp(i)+(0,1) = 1, and vp(i)10,1) €
10,1}, If vy = 0 then (f(7)(y))pu) may be equal to 2 and y,x)4(0,1)
may be equal to 0. If, on the other hand, p(i + 1) = p(i) + (0,1) then
Yp(i)+(1,0) = 0, (f(&)(y))p(l) = 2 and Up(i) = 0. It follows that, if k£ is the
number of horizontal steps of p at the times 0,...,l — 1, i.e. the number of
i€{0,...,1 —1} when p(i + 1) = p(i) + (1,0), then

V(N (1)) < (g)’“(;)”“

As there are exactly (121) such paths of length [ we obtain that

-1 k I-1—k -1
. -1 5 1 . 5 1
v(NY) < Jlim < K )(5) (5) :}E&<§+§> =0
k=0

Similarly we see that v(N; ) = 0.

By using the shift-invariance of v we conclude that v(N) = 0 and that W
is a representation of finite type of (X,«). Finally we note that v and \x
are the unique measures of maximal entropy for the Z2-actions 7 on W and
Ax on X (cf. [11]). As hy,(7) = hy, (@) = log 3 (the latter again by [11]), we
obtain that Ay = v 1. O

Corollary 5.1. Let fi =3 —uj —uo, fo =3 —ul_l — U2, f3=3—uy —u;l,
fi=3—u' —uy', and define X; = Xy, i = ay, as in Proposition 2.1
fori=1,...,4. Then the Z*-actions o; and o are metrically and almost
topologically conjugate for 1 <i < j < 4.

Proof. Proposition 5.1 can be adapted to show that each of the actions «;
is metrically and almost topologically conjugate to the full two-dimensional
three-shift with equidistributed Bernoulli measure. Hence any two of these
actions are metrically and almost topologically conjugate. O

5.2. The Z?-action defined by the polynomial f =5 —u; — ufl —ug €
Ry . First we consider the Laurent polynomial g = ufl —5+u; € Ry and
denote by 8 = a4 the expansive automorphism of ¥ = X, = T? defined
in Proposition 2.1. From Example 2.1 (2) we know that {(V) = Y, where
V={0,...,4}% C 1>°(Z,7) and &: {>*(Z,7) — X is defined by (2.11).
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From Theorem 4.1 we know that the closed, shift-invariant subset V* C V
defined in (3.2) is a finite-to-one sofic cover of (Y, ), and by modifying the
argument of Example 4.1 appropriately one observes that V* is, in fact, a
sofic representation of (Y, ). By continuing as in Example 4.1 we obtain
the directed graph I'** in Figure 4 and the corresponding shift of finite type

QO c {0,1,1,2,3,4}2.
234

FIGURE 4. The graph I'**

If we represent the Q** by the transition matrix

HRERROO
coooR~
HRRROO
Pt b
e e
e e

then the measure v of maximal entropy of ** is given by the stochastic
matrix

| lo
NeNNIP |

P=

, where

e N NeNe N ==
ococooe o
==
2o oo
[SESESESES S
200 oo
o o
+ 4+ o=
N o=
[\}
EE

with its positive left eigenvector
3., 5 3 11 11 1
(—5 +5VaL2 - 3Val - &var b L ﬁ) .

By identifying the symbols 1 and 1’ of € we obtain a sofic shift V** ¢ V* C
{0,...,4}% C £>°(Z,7) and a measure v with maximal entropy on V** which
is a sofic representation of (Y, 3): £(V**) =Y, vé~1 = Ay, € is injective v-
a.e. on V** and B-€(v) = ¢ - a(v) for every v € U, where 7 is the shift on
V* C U (L, 7).

Proposition 5.2. Let f =5 —u; — ufl —up € Ry and let a = ay be the
expansive Z2-action on X = Xy defined in Proposition 2.1. Put

U ={v=(va) €{0,... ,4}22 : (Vmymny, m € Z) € V** for every n € Z}
~ (V**)Z,

and let T be the shift-action (1.1) of Z? on U. If u = v* is the T-invariant
product measure on U = (V*)2, and if £: U —— X is the map defined in
(2.11), then £(U) = X, ué~1 = \x, € is injective p-a.e. onU, and o™-£(v) =
&-1m™(v) for every v € V. In particular, (U,T) is a sofic representation of
(X, ).

Proof. First we show that £(U) = X. From Example 2.1 we know that the
set W = {0,..,4}%" satisfies (W) = X. In order to show that = € &(U)
for some fixed z € X we prove inductively that there exists, for each n €
N, a vl € 571({'%}) N {_1>"75}ZQ with WZX[fn,O}(U(n)) € ﬂ-ZX[fn,O}(u) =
(V¥*)=m0 - Take an element w € WN ¢~ ({z}) and put w' = Tz oy (w) €
£°(Z,N). Since mz,40)(X) =Y = X, C T? and £(V**) = Y there exists a
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y©) € 1°°(Z,7) with w' +y© g € V** (for notation we refer to the paragraph
preceding the statement of this proposition). As

0<w <4 and 0<uw|+ (y?g), <4

for all | € Z we obtain from an elementary calculation that ||y s < 1.
We regard § as an element of Ry C £°°(Z2,Z) and set v(©) = w + y©) f,

Suppose that we have found v e ¢ 1({z}) N {-1,...,5}% for | =
0,...,k Put

w' = 7TZ><{k+1}(U(k)) € 7TZx{k+1}(§_1({x}))

and regard w' as an element of {—1,...,5}%. Then the above argument
allows us to find an element y*+Y) € (*(Z,Z) with |y* V| < 1 and
w' + y* g e V. By setting

B e (T 2 1ak BTN L

we have completed the induction step.

Having constructed a sequence (v(™) with the above properties we con-
clude as in Example 2.1 that the set £~ 1({z}) N U is nonempty for every
x € X and hence that £(U) = X.

We furnish the space U = (V**)? with the product measure p = v/2.
Then g is the unique measure of maximal entropy on U, and a more com-
plicated version of the percolation-type argument in Proposition 5.1 shows
the following.

(1) The set
N = {v € U : there exists a nonzero y € (*°(Z* Z) with v+yf € V}

has p-measure zero;

(2) IFUW = U~ N, then £&L(E(UW)) NU = W,

(3) uE “1=X X
Modulo some slightly unpleasant details this completes the proof of Propo-
sition 5.2. |

Corollary 5.2. Let f, =5 — u; — ufl —ug € Ro, fo =5—u; — ufl -
u2_1 € Ry, and let a; = ay; be the expansive 7Z2-action on X; = Xy, defined
in Proposition 2.1, where i = 1,2. Then the Z*-actions a; and og are
metrically and almost topologically conjugate.

Proof. Proposition 5.2 and symmetry show that (U, 7) is a sofic represen-
tation of (X1, 1) and (Xo, ag). If we regard U as a closed, shift-invariant
subset of £*°(Z?,7Z) as in Proposition 5.2 and define &;: (°(Z% Z) — X;
by (2.11) for ¢ = 1,2. If we consider, for ¢ = 1,2, the G5 U; C U defined
by (1.5) with & replacing ¢ and set W' = U NU,, X! = &(U') C X;, then
p(W) =1, and & - &1 & (W) — &(W) is a Haar measure preserving
homeomorphism which sends a; to as. O

Remark 5.1. In Proposition 5.1 we obtain a symbolic representation of the
expansive algebraic Z?-action « by a two-dimensional full shift. The repre-
sentation of the Z2-action « in Proposition 5.2 is in terms of a sofic shift, but
it is easy to see that the two-dimensional shift of finite type (%)%, where
Q** is the shift of finite type represented by the graph I'* in Figure 4, is
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again a representation of finite type. In both cases the shift of finite type
representing « is of a particularly simple form: it is a cartesian product over
Z of one-dimensional shifts of finite type. One can use these representations
to construct, for example, explicit a-invariant probability measures with a
variety of specific properties (such as a chosen value for the entropy and/or
suitable decay properties).
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