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ABSTRACT. We show that every totally ergodic generalised matrix equilibrium
state is Y-mixing with respect to the natural partition into cylinders and hence
is measurably isomorphic to a Bernoulli shift in its natural extension. This
implies that the natural extensions of ergodic generalised matrix equilibrium
states are measurably isomorphic to Bernoulli processes extended by finite
rotations. This resolves a question of Gatzouras and Peres in the special case
of self-affine repelling sets with generic translations.
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1. BACKGROUND AND MOTIVATION

Given a dynamical system f: M — M defined on a manifold M it is a matter
of fundamental interest to be able to describe the behaviour of typical trajectories.
Here “typical” is often understood in measure-theoretic terms, leading us to ask
what happens to trajectories whose starting point belongs to a set of full, or at
least positive, Lebesgue measure. There are however situations in which this is
insufficient: for example, a dynamical system may admit a repelling invariant set
such that Lebesgue almost every point in an open neighbourhood of the invariant
set eventually leaves that open set never to return; but it may still be of interest
to understand which behaviours are typical among those points whose trajectories
remain on the repelling set at all future times. Since the repelling set itself will
usually have zero Lebesgue measure, a natural way to understand this question
is to look for invariant measures supported on the repelling set with the largest
possible dimension, which in this article will always be taken to mean Hausdorff
dimension. This raises obvious fundamental questions: do such measures exist,
are they unique, and what are their ergodic properties? Questions and conjectures
in this direction have been raised on numerous occasions by various authors (for
example [17, 37, 38, 51]). The following conjecture of D. Gatzouras and Y. Peres
is representative of this general type of question:

Conjecture 1 ([30]). Let f: M — M be an expanding map and K C M a compact
invariant set which satisfies specification. Then K supports a unique ergodic f-
invariant measure with the same Hausdorff dimension as K. This measure is mizing
for f and, perhaps, its natural extension is measurably isomorphic to a Bernoulli

shift.

Here an invariant set is said to satisfy specification if it admits a Markov partition
which satisfies a certain quantitative topological mixing property; for details we
refer the reader to [30]. This property is in particular satisfied if the dynamical
system f: K — K is topologically conjugate to the full shift on finitely many
symbols, which will be the case for all of the examples considered in this article.
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Remarkably, the conjecture of Gatzouras and Peres has been answered negatively
in every particular. It has been shown that the measure of maximal dimension can
fail to exist, and even that the supremum of the dimensions of invariant measures
can fall short of the dimension of K itself (see [18]); it has been shown that the
measure of maximal dimension can exist but fail to be unique (see [6, 46]); and it
has been shown that the measure of maximal dimension can exist but fail to be
totally ergodic (and in particular fail to be mixing), a result which is implied by
previous work of the author [42, §2].

The fundamental difficulty of Conjecture 1 is as follows. If f: M — M is an ex-
panding map, its absolutely continuous invariant measures can be characterised as
the invariant measures y which maximise the quantity h(p)— [log|det D, f| du(z),
where h(u) denotes the entropy of p with respect to f; we call such measures equi-
librium states of the function x — —log|det D, f|, which we call a potential. This
definition can be alternatively presented by saying that the absolutely continuous
invariant measure p maximises the entropy minus the total of the d := dim M
different Lyapunov exponents of f with respect to y. When the dimension of the
set K in Conjecture 1 is instead equal to s € (0,d), the measure of maximal di-
mension is believed to be typically characterised by the property of maximising
the entropy minus the sum of the [s]| least expanding Lyapunov exponents, mi-
nus (s — |s]|) times the next least expanding Lyapunov exponent. If all of the
Lyapunov exponents are equal then this sum of weighted Lyapunov exponents is
simply (s/d) times the logarithm of the Jacobian, and the potential can then be
realised as a continuous real-valued function. This makes the classical thermody-
namic formalism of Bowen, Ruelle and Sinai, which applies to Hélder continuous
real-valued potentials, applicable to the problem. For this reason Conjecture 1 has
for some time been substantially understood in the special case of repelling sets of
conformal expanding maps in which all Lyapunov exponents of a given invariant
measure are guaranteed to be equal. Outside this special case the problem becomes
more difficult in that we are obliged to consider equilibrium states of a potential
which is defined in terms of several distinct Lyapunov exponents and cannot be
reduced to the classical thermodynamic formalism of continuous potentials such as
x — —log|det D, f|. The investigation of the candidate measures of maximal di-
mension in this case thus requires the development of a subadditive thermodynamic
formalism capable of dealing with Lyapunov exponents in place of the ergodic av-
erage of a function. This project has seen substantial progress in the last few years
(see e.g. [10, 24, 26, 35, 45, 47, 50]) and this article is concerned with the descrip-
tion in detail of the equilibrium states yielded by this thermodynamic formalism in
the case of locally constant cocycles over the full shift.

To address the complete generality of Conjecture 1 would require a theory of
equilibrium states which allowed the consideration of arbitrary differentiable (or
perhaps just Holder continuous) linear cocycles defined over repelling sets. Such a
theory appears to be significantly beyond the range of current techniques, and so far
the development of this thermodynamic formalism has focused principally on the
simplest nontrivial context, namely the equilibrium states of locally constant linear
cocycles over full symbolic shifts. This is precisely the thermodynamic formalism
needed to understand the (candidate) invariant measures of maximum dimension
for self-affine sets, a class of fractal objects of independent interest which (under
certain assumptions) correspond to the case of Conjecture 1 in which M = R?¢
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and in which D, f € GL4(R) takes only finitely many values when x belongs to
the invariant set K. In the present work we completely describe the qualitative
mixing properties of equilibrium states of linear cocycles of this type: we will show
that every ergodic generalised matriz equilibrium state has the property that its
natural extension is measurably isomorphic to the product of a Bernoulli process
and a rotation of a finite set. In particular the natural extension of every totally
ergodic generalised matrix equilibrium state is measurably isomorphic to a Bernoulli
process. This completely resolves that part of Conjecture 1 which is concerned with
mixing and the Bernoulli property in the special case where K is a self-affine set
which is already known to support an invariant measure whose dimension is equal to
a theoretical maximum value defined by Falconer in [20]. This property is known
to hold for self-affine sets which are “typical” in certain precise senses (see [34,
Theorem 4] and [23, Theorem 1.9)).

This motivates us to ask the following question, which is essentially a modifica-
tion of Conjecture 1 in view of subsequent developments:

Question 1. Let f: M — M be a C? expanding map and K C M a compact
invariant set which satisfies specification and supports a unique ergodic f-invariant
measure with the same Hausdorff dimension as K. Is the natural extension of
this measure measurably isomorphic to the product of a Bernoulli measure with a
rotation on a finite set?

For self-affine repelling sets which support a measure of dimension equal to the
theoretical maximum defined by Falconer, the results in this article suffice to answer
Question 1 affirmatively. However, the full range of possible behaviours outside
this class of repellers is far from being completely understood even in the self-affine
case. Beyond the self-affine class we anticipate that it might not be difficult to
extend our methods and results to the case of typical repellers which satisfy a
fibre-bunching condition on the derivative cocycle (x,n) — D, f™ as in [15, 21, 47],
particularly if a strong additional assumption is used such as the “pinching and
twisting” conditions introduced by Bonatti and Viana in [11]. The removal of the
fibre-bunching condition may be a more substantial obstacle to further development
of these ideas.

2. GENERALISED MATRIX EQUILIBRIUM STATES

2.1. Fundamental definitions and notation. The class of measures which we
investigate in this article, which we call generalised matrix equilibrium states, are
defined on abstract symbolic spaces and can be related to self-affine sets via a
coding procedure which is described later in this section. In order to describe these
objects we require some fundamental definitions. For each N > 2 let us define
Yy = {1,...,N}¥ and equip this set with the infinite product topology with
respect to which it is compact and metrisable. We define the shift transformation
0: Xy — Xn by ol(zk)72,] = (2x+1)72, and we denote the set of all o-invariant
Borel probability measures on Xy by M, (Xy). For convenience we will refer to
such measures simply as shift-invariant measures on Xy. We equip M, (3 y) with
the weak-* topology, which is compact and metrisable and has the property that
p > [ fdu defines a continuous function M, (Xy) — R for every f € C(Ey). We
likewise define Sy := {1,...,N}* with the infinite product topology, &: SN —
DY by 6[(zr)rez] = (Tk+1)z, and let Ma(f]N) denote the set of all g-invariant
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measures on 3y equipped with its weak-* topology with respect to which it is
compact and metrisable.

If i = (ix)}_, € {1,..., N}" is a finite sequence over the symbols 1,..., N then
we refer to 1 as a word over {1,..., N}; we call n the length of the word i and
denote it by |i|. If i = (i)}, and j = (jx)7~, are words then we let 1j denote the
word of length n+m whose first n symbols are i1, . .., 4, and whose next m symbols
are ji,...,Jm, and call 1j the concatenation of i with j. If i is a word then for
each n > 1 we let 1" denote the concatenation of n successive copies of i and call
this word the n*™™ power of i. We denote the set of all words over {1,..., N} by
Y% and observe that the map (i,j) — ij defines a semigroup operation on ¥%.
If x = (z1)32, € Xy and n > 1 are given, we let x|, denote the word (zx)}_;; if
i € 3% is given, we let [i] denote the set of all z € ¥ such that z|, = i. We
will also write x|, := (z3)?_, when = € ¥y and denote the set {z € ¥y : x|, = i}
by [i] when the difference of context is clear. We refer to sets of the form [i] as
cylinder sets. Cylinder sets generate the topology of X, and shifted cylinder sets
&™[1i] suffice to generate the topology of Y. We will usually denote words of length
1 simply by the symbol in {1, ..., N} which appears in that word, and the cylinders
defined by words of length 1 are therefore denoted [1],...,[N].

We define the natural projection 7: Xx — Xx by 7[(21)kez] := (2£)52, which
is clearly continuous and surjective. It is clear that fi — 7./ defines a continuous
function Ma(f] N) — M (Xn) and since shift-invariant measures on ¥y and on
Sy are in both cases characterised by their values on cylinder sets this map is
bijective. Given pu € M, (Xxn) we will simply write i for the unique element of
M&(f]N) such that pu = w1, and we call i the natural extension of the measure p.
Since properties such as ergodicity, total ergodicity and mixing can be characterised
in terms of correlations between cylinder sets it is not difficult to see that each of
those properties holds for an invariant measure pu € M, (Xy) if and only if the
corresponding property holds for [i € Mg(f) ~N)- A measure i on $n will be called
a Bernoulli measure if it has the form i = (Zf;l pi6;)% for some probability vector
(p1,...,pn). We will say i has the Bernoulli property if there exist a Bernoulli
measure 7 on X and a measure-space isomorphism ¢: YN — Sy such that pob =
6o ¢ and ¢.fi = . (This isomorphism must be understood with respect to the
completions of the relevant Borel o-algebras: see §7 for details.) Clearly every
Bernoulli measure trivially has the Bernoulli property, but the reverse is in general
false.

2.2. Potentials and equilibrium states. For the remainder of this article a po-
tential will be any function ®: ¥% — (0,400), where N > 2 is arbitrary. We
call a potential submultiplicative if it satisfies the inequality ®(ij) < ®(1)®(j)
for all 1,j € X} and quasimultiplicative if there exist 6 > 0 and m > 1 such
that maxg<, ®(ikj) > 0@(i)®(j) for all i,j € ¥y, If ®: ¥} — (0,4+00) is a
submultiplicative potential then we define its pressure to be the limit

1
P(®) = lim —log > ®(4)
ieXy
li|=n
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which exists by subadditivity. If additionally p is a shift-invariant measure on X
then we define the ergodic average of ® to be the quantity

A(®, p) := lim l/E log @ (x|, )du(x)

n—oo N

im i(x) = lim 1 i) lo i);
= Jim = [ tog®(al)data) = lim Y u(li] og ®(0);

n—oo n ==
|li|=n

this limit likewise exists by subadditivity. When we wish to emphasise that we
are working on the two-sided shift space SN we may also denote this quantity by
A(®, ). If @ is a submultiplicative potential defined on ¥} then the pressure of ®
admits the characterisation

P(®) = sup  [b(p) +A(D,p)] = sup  [h(3) + A(D, )]
HEM(EN) LEMs(XN)

a fact which follows from more general results obtained in [16]. We will prefer to
say that an equilibrium state of ® is a measure p € M,(Xy) such that P(®) =
h(p) + A(®, i), and in this case we call the measure [i the natural extension of an
equilibrium state. However, this choice of terminology is somewhat arbitrary and
is chosen solely in order to have distinct names for p and for . Since M, (Zy)
is a compact metrisable topological space with respect to its weak-* topology and
the quantities h(u) and A(¢, 1) depend upper semi-continuously on u € M, (Xy),
the existence of at least one equilibrium state for an arbitrary submultiplicative
potential follows by elementary topological considerations. Since both h(u) and
A(®, p1) are also affine as functions of the measure p, the set of equilibrium states of
a submultiplicative potential is moreover convex and its extreme points are ergodic
measures with respect to o.

We may now define generalised matrix equilibrium states. If u is a shift-invariant
measure on ¥, where N > 2, and (Ay,..., Ax) € GL(V)¥ is a tuple of linear maps
defined on a real finite-dimensional vector space V, we write 4; := A; A;, --- A
for every i = (ix)}_; € ¥} and define

in

. 1
M) =t [ o], du(o)
on Juy

n—

1 . .1 )

= Jim o [ gl i) = tim - 5wl 4]

which we call the top Lyapunov exponent of (A1, ..., An) with respect to u. We
say that a shift-invariant measure p on Xy, where N > 2, is a generalised matrix
equilibrium state if for some integer k > 1 there exist for each j = 1,...,k a finite-
dimensional real vector space Vj, a tuple (Agj)7 R Ag\j,)) € GL(V;)N of invertible
linear maps, and a real number 3; > 0, such that p is an equilibrium state of the
potential ®: X y* — (0,400) defined by

(1) B(i) = f[ HA@

It is easy to check that p is an equilibrium state of @ if and only if it maximises the
quantity h(v) + Z?:l Bid (AU v) over all v € M, (Zy). The relation between
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tuples of linear maps Al(.] ) and constants B3; on the one hand, and generalised matrix
equilibrium states on the other hand, is not bijective: a potential of the above form
may have multiple equilibrium states (see for example [6, 10, 24, 46]) and a single
measure may be the equilibrium state of more than one such potential. Indeed,
when proving theorems concerning generalised matrix equilibrium states it is often
advantageous to look for spaces V; and tuples (Agj ), e ,AS\J,)) which yield the same
equilibrium state but have additional properties to those strictly required by the
definition.

In the case k = 1 generalised matrix equilibrium states as defined above have
been previously referred to simply as matriz equilibrium states or matriz Gibbs
states, which motivates our choice of terminology: see for example [42, 43, 50]. Ma-
trix equilibrium states are sufficient to study the (candidate) measures of maximal
dimension for self-affine subsets of the plane, but for self-affine subsets of R% with
d > 2 it seems to be unavoidably necessary to consider the case k = 2: specifically,
one must consider potentials of the form

‘1+[sjfs s—|s]

A/\ [s]

2) O (i) = HAQLSJ

for an appropriate tuple (A;,..., Ay) € GL4(R)Y and real number s € (0,d),
see §2.4 below for details. Matrix equilibrium states (i.e. the case k = 1) are
substantially easier to handle and results in the general case have typically been
preceded in the literature by results in the case k = 1; the reason for this difference
in difficulty can be attributed to the fact that the case k = 1 can be understood using
linear-algebraic techniques by embedding the linear maps Ay, ..., Ay € GL(V) in
the subalgebra of End(V) which they generate, whereas for general k substantial
progress has only been made by embedding the tuples (Agj), e 7Ag\J,)) in a linear
algebraic group and applying ideas from algebraic geometry (see for example [10,
45]). While the definition of a generalised matrix equilibrium state also makes
sense in some cases in which the linear maps Az(-J ) are not assumed to be invertible,
this is more difficult to handle mathematically when k£ > 1 and in the present
work we will always assume the invertibility of the linear maps AZ(.] ). We will
also find the following terminology helpful: if V is a finite-dimensional real vector
space then (Ay,...,Ax) € GL(V)Y will be called irreducible if there does not
exist a nonzero proper linear subspace U of V' which is preserved by every A;, and
strongly irreducible if there does not exist a finite collection {Uy, ..., Uy, } of nonzero
proper linear subspaces of V' such that every A; induces a permutation of the set
{U1,...,Un}.

2.3. Main results and previous literature. The early literature on matrix equi-
librium states focused on studying the associated pressure function, proving the
existence of equilibrium states, characterising their uniqueness (or otherwise) and
describing their supports (see for example [22, 25, 24, 42]) with results on potentials
of the form ®* as in (2) available only in special cases [19, 28, 33, 35]. The broader
concept of a generalised matrix equilibrium state was introduced in [10] where an
upper bound was given for the number of ergodic generalised matrix equilibrium
states that can correspond to a single potential, and where it was also shown that
all generalised matrix equilibrium states as defined above are fully supported on
the relevant symbolic space X y; these results in particular apply to potentials of
the form (2) and subsumed many prior results on that topic. In parallel with this
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work the author investigated several aspects of the ergodic properties of matrix
equilibrium states in [42, 44], showing in particular that matrix equilibrium states
are mixing if and only if they are totally ergodic and giving necessary and suffi-
cient conditions for mixing. This left open the question of whether mixing matrix
equilibrium states admit stronger properties such as being exact endomorphisms or
having the Bernoulli property, and also left open the question of whether similar
results hold for generalised matrix equilibrium states. The former question was
partially addressed by M. Piraino in [50] in the case of matrix equilibrium states,
where a sufficient condition was given for a matrix equilibrium state to have the
Bernoulli property. This nonetheless left unresolved the question of whether every
matrix equilibrium state which is mixing also has the Bernoulli property and did not
address the corresponding questions for generalised matrix equilibrium states. In
the present work we give complete answers to all of these questions in the following
result:

Theorem 1. Let N > 2 and let u be a totally ergodic generalised matriz equilibrium
state on Xn. Then p is -mixing:

S 171(c3 EaT: il 1 N
SO N T P R R

and its natural extension i has the Bernoulli property.

It is interesting to ask whether the rate of convergence in the above limit is
exponential as is the case in the classical thermodynamic formalism of additive
potentials (see for example [2, 13, 48]); this may have implications for the statistical
properties of typical trajectories with respect to p as in, for example, [49, §7]. A
sufficient condition for this exponential rate of convergence in the case of matrix
equilibrium states was given by M. Piraino in [50], but to answer this question in
the generality of Theorem 1 seems likely to require additional developments in the
transfer operator theory of linear cocycles.

It is not difficult to extend Theorem 1 to the case where u is ergodic but not
totally ergodic, although the fundamental result in this direction is cumbersome to
state:

Theorem 2. Let k > 1 and N > 2. For each j = 1,...,k let V; be a finite-

dimensional real vector space and let (Agj), e ,A%)) € GL(V;)N and B; > 0. For
all i € ¥} define

Bj

2(s) = [ 47
j=1

and let p be an ergodic equilibrium state of ®. If u is not totally ergodic then there
exists an integer n satisfying 1 < n < H§:1 dim V; with the following properties.
Letn: {i € ¥%: |i| =n} = {1,...,N"} be the map which takes each word i € X%
of length n to the integer representing its position in the lexicographical ordering on
{1 € 4 |i| = n} and define a homeomorphism v: ¥y — Xyn satisfying o o =
too™ by t[(xe)2] == (N(T(g—1)nt1 - Tgn))gly for every ()72, € Xn. For each
j=1,...,k define an N™-tuple (By), cee BJ(\?Z) € GL(Vj)NTL by Bi(j) = A;Ql(i) for
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everyi=1,....,N" and j = 1,...,k, and define a potential U: ¥%;, — (0,400) by
i N
w15
j=1

for all j € ¥3n. Then we may write p = %Z?;ol olv where v is a o"-invariant
measure on Yn and where for every i = 0,...,n — 1 the measure (1 o o), v €
M (Enn) is a distinct totally ergodic equilibrium state of W.

The proof of Theorem 2 is technically straightforward but involves a substantial
volume of checking and is given in §7 below. Since each measure (t00?),v is a totally
ergodic equilibrium state of ¥, by Theorem 1 its natural extension is measurably
isomorphic to a Bernoulli process. It is not difficult to deduce:

Corollary 2.1. Let k > 1 and N > 2. For each j = 1,...,k let V; be a finite-

dimensional real vector space and let (Agj), . ,A%)) € GL(V;)YN and B; > 0. For
all i € ¥} define
Bi

=114

and let p be an ergodic equilibrium state of ®. Then there exists an integer n
satisfying 1 < n < H?Zl dim V; such that the natural extension of p is measurably
isomorphic to the product of a Bernoulli process with the rotation map m — m + 1
mod n on Z,,.

The proof of this corollary is likewise presented in §7. We also note the following:

Corollary 2.2. Let k> 1 and N > 2. For each j = 1,...,k let V; be a finite-
dimensional real vector space and let (Agj), e A%)) € GL(V;)N and B; > 0. For
all i € X3 define

Bj

(1) = f[ |49
j=1

If every (A(lj)7 . ,A%)) is strongly irreducible then there is a unique equilibrium
state for ® and that equilibrium state is Y-mizing and has the Bernoulli property.

Proof. By [10, Corollary 2.2] if every (Agj), cee A%)) is strongly irreducible then ®
must have a unique equilibrium state p. If v is not totally ergodic, let n > 1, ¥
and (B%J), ce Bj(\j,l) be as given by Theorem 2. It is easy to see that the tuples

(BEJ ), cee B%ZL) must also be strongly irreducible by construction, so by the same
reasoning ¥ has a unique equilibrium state. But Theorem 2 implies that ¥ has at
least n distinct ergodic equilibrium states, which is a contradiction. We conclude
that p must be totally ergodic, so Theorem 1 applies and y is ¥-mixing and has
the Bernoulli property. (I

In the case of matrix equilibrium states total ergodicity has already been fully
characterised in the following sense. If V is a finite-dimensional real vector space
and (Ai,...,Ay) € GL(V)¥ is irreducible then for each B > 0 there exists a
unique matrix equilibrium state for the potential ®(1) := || A;]|?, see for example
[24]. (Moreover, every ergodic matrix equilibrium state is the unique equilibrium
state of such a potential.) In this situation it was shown in [44] that if this matrix



TOTALLY ERGODIC MATRIX EQUILIBRIUM STATES 9

equilibrium state is not totally ergodic then there necessarily exists a cyclic splitting
for V: we may write V = @;ﬂ:l U; where each Uj is a linear subspace of V' and where
AiUj =Uji1 moam foralli =1,...,N and j = 1,...,m. (Examples in which
total ergodicity of a matrix equilibrium state fails had already been constructed
in [42].) It is natural to ask whether this result extends to generalised matrix
equilibrium states: if a generalised matrix equilibrium state as in Theorem 1 is
not totally ergodic, is it the case that one of the tuples (Ay)7 .. 7145\],)) € GL(V;)N
preserves a cyclic splitting for the associated vector space V;7? For generalised
matrix equilibrium states the situation seems to be more complicated than this,
and we are able to show that this result does not hold. We give the following
example in which total ergodicity fails but the matrix tuples do not admit cyclic
splittings:

Proposition 2.3. Define two irreducible pairs of linear maps (A1, As), (B1, B2) €

GLy(R)? by
2 0 0 1
Ay = (0 1) Az = <1 o)’

0 1 10
m= (1) m=(p )

and let By, B2 > 0 be arbitrary. Define a potential ®: 35 — (0,+00) by ®(i) :=
| As]|P1||B;s||P2. Then ® has a unique equilibrium state and this equilibrium state is
not totally ergodic.

The proof of Proposition 2.3 is also given in §7.

2.4. Connections with self-affine sets. We now describe in more detail the
connections between Theorem 1 and self-affine sets. If Ty,...,Ty: R* — R? are
invertible affine contractions (with respect to some fixed norm on R? which need not
be the Euclidean norm) then there exists a unique nonempty compact set X C R?
satisfying X = vazl T;X. Such sets X are referred to as self-affine sets. In the
situation where the images ThX,...,TnyX are pairwise disjoint it is not difficult
to define an expanding map f: R4 — R? such that X is a repelling set for f and
such that D, f = Tfl whenever z € T; X, so self-affine sets with this disjointness
property (which is called the strong separation condition in the fractal geometry
literature) are a particular case of the expanding repellers discussed in §1. Besides
their connection with questions such as Conjecture 1 self-affine sets are the subject
of a deep and substantial literature in their own right, beginning in the 1980s
with such works as [8, 20, 40] and flowering into a highly active contemporary
research topic (see for example [3, 4, 7, 10, 18, 23, 26, 27, 34]). As well as in
its connection to Conjecture 1 the construction of high-dimensional measures on
self-affine sets is important to the problem of obtaining sharp lower bounds on the
Hausdorff dimension of the set itself. Theorem 1 in particular has implications
for the structure of certain high-dimensional measures on self-affine sets, called
Kdenmdki measures, which we now describe.

If V is a d-dimensional vector space equipped with an inner product, we recall
that the singular values of A € GL(V) are defined to be the positive square roots
of the eigenvalues of the positive definite linear map A" A. We write the singular
values as 01(A4), ..., 04(A) in decreasing order with repetition in the case of multiple
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eigenvalues. For each s > 0 and A € GL4(R) the singular value function, introduced
by Falconer in [20], is the function ¢®: GL4(R) — R defined by

o) = { 1A ol (Do (AT ifo<s <d
' |det A|4 if s > d,

where ¢°(A) is understood to equal 1. The singular value function satisfies ¢*(AB) <
©*(A)p*(B) for all A,B € GL4(R). If T1,...,Ty: RY — R are invertible affine
contractions with respect to some fixed norm on R?, let us write each T} in the
form Tj(u) := A;u + v; for all u € R, where A; € GL(R?) and v; € RY for each
i=1,...,N.

For each s > 0 we say that a ¢*-equilibrium state for (71, ...,7Tx) is an equilib-
rium state of the submultiplicative potential ®*(i) := ¢*(A4;). It is not particularly
difficult to show that the function s — P(®*) is continuous and strictly decreas-
ing with P(®°) > 0 and limg_, ., P(®*) = —oo, so in particular there exists a
unique s > 0 such that P(®°) = 0, called the affinity dimension of (T1,...,Tn).
By definition a Kdenmdki measure for (T,...,Tx) is a ¢*-equilibrium state for
(Ty,...,Ty) where s is the affinity dimension. Crucially every Kdenméaki measure
is a generalised matrix equilibrium state, since we have

1+|s]—s s—|[s]

ApTe if0<s<d,

”A{\LSJ
|det A; |4 if s > d,

(1) =

where A"F denotes the k™" exterior power of the linear map A; for details see the
following section. (Here A"? is always understood to equal the identity linear map
on R.) Tt is not difficult to show that there exists a well-defined continuous function
II: ¥y — R which satisfies

M[(zx)p2] = nh_g)lo Ty Ty T, v

for all v € R?, and indeed the image I1(X ) is precisely the attractor of (T, ..., Tx).
(Tt is for this reason that in this article we multiply matrices on the right — we define
A; = A, ---A;, and not A; := A, ---A;, —and not on the left as is more natural
in many other contexts.) It follows from a result of Jordan, Pollicott and Simon
([34], see also [36]) that if a shift-invariant measure p on ¥ has the property that
IT, 1 has Hausdorff dimension equal to the affinity dimension then it is necessarily a
Kéenmaéki measure for (71, ...,Tx), and in this sense Kdenméki measures are the
natural candidates for the measures of maximal dimension on self-affine sets.

Theorem 1 and Corollary 2.2 together yield the following result for Kaenméki
measures:

Corollary 2.4. Let Ty, ..., Ty : R* = R? be invertible affine maps which are all
contracting with respect to some fized norm on R% and let s > 0 denote the affin-
ity dimension of (Ty,...,Tn). If p is a totally ergodic Kdenmdki measure for
(Th,...,TnN) then

—1]=0

. 7n7|i| .
b sp [A0ELN )
n—ooyjexy | p([E])u((3])
and the natural extension of u is measurably isomorphic to a Bernoulli measure.
This holds in particular if the tuples (AfLSJ, . 7/1/1:,LSJ) and (AfM A;:,M) are
both strongly irreducible.

geeey
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In several works on the dimension theory of Kéenméki measures it has been
possible to obtain stronger results if an additional assumption is made, called the
quasi-Bernoulli property. A measure p on Yy is called quasi-Bernoulli if there
exists a constant C' > 0 such that C™1u([i])p([i]) < w([ij]) < Cu([i])u([]]) for
all i,j € ¥%. (In other literatures this property is sometimes called local product
structure: see for example [11]). It follows from the results of [10] that every
ergodic generalised matrix equilibrium state satisfies the upper bound u([ij]) <
Cu([i])p([3]), but the lower bound does not hold in general (see for example [5]).
If Th,..., Ty are affine contractions of R% with respect to some fixed norm, let
us say that the n-step recoding of (T4,...,Tx) is the N"-tuple (Tl, e ,TNn) =
(TP, T T, T ' Ty, ..., T " Ty, T) which lists all compositions of the form
T;, ---T;, in lexicographical order. It is easy to see that if X = Ufil T; X then
X = vazl T;X, so the tuples (Th,...,Ty) and (Tl,...,TNn) describe the same
self-affine set. Moreover one may show that the affinity dimensions of (71,...,Tn)
and (Tl, - ,TNn) are equal. By recoding (T1,...,Tw) by the integer ng given by
Theorem 2 we may recode any (771,...,7x) into a new tuple all of whose ergodic
Kéenméaki measures are totally ergodic and therefore are -mixing. By recoding
a second time we may for any prescribed £ > 0 guarantee that for every ergodic

Kéenméki measure p of the twice-recoded system (Tl, . ,TNn) we have
o lEne M)
S [ <
which is to say
N
(1= u(ED)p(E]) < D u(lies]) < (1 +e)u((E)u((3))
=1

forall i, j € ¥%.. It is interesting to ask whether this property may have dimension-
theoretic applications similar to those of the quasi-Bernoulli property.

2.5. Strategy of proof and structure of the paper. The fundamental objective
in the proof of Theorem 1 is to establish, given a totally ergodic generalised matrix
equilibrium state g on Xy, the following property which we refer to as the pre-
condition for y-mizing: there exist an integer m > 1 and a real number § > 0
depending only on p such that

(3) max ([ikj]) = op([i])p([3])

keXyy

|x|=m
for all i,j € ¥%. By combining this result with a theorem of R.C. Bradley [14] it
can easily be deduced that the natural extension f is 1-mixing, which implies the
same result for p. A celebrated theorem of N.A. Friedman and D.S. Ornstein [29]
on isomorphism with Bernoulli processes then allows us to pass directly from the
1-mixing property for i to the Bernoulli property. This basic strategy for proving
1-mixing and deducing the Bernoulli property follows that used by M. Piraino in
[50].

The route to the condition (3) divides naturally into three principal stages. In
the first stage, which is relatively elementary, we show that every ergodic gener-
alised matrix equilibrium state p can be represented by a potential ® defined in
terms of tuples (A(lj )7 . ,AS\JI)) all of which are irreducible and all of which have
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simple top Lyapunov exponent with respect to pu. This to some extent reprises
arguments already used in [10] but with the additional detail of the top Lyapunov
exponent to be considered. In the second stage we use analytic arguments to
further show that u is the unique equilibrium state of a potential of the form
Dyy(i) == max )k ew H.I;:l HAgJ)|Wj /% where W is a finite invariant set of tu-
ples (V[/j)g?:1 of subspaces W of the respective vector space V}, and such that W has
an additional combinatorial property called primitivity: this is the stage at which
total ergodicity is used. In the third stage, which is more algebraic, these ingredients
are combined to obtain the inequality (3). We may then deduce Theorem 1 from
(3) in a fairly straightforward manner. This division into parts is reflected in simi-
lar divisions in the proofs of other major results on generalised matrix equilibrium
states given in [10, 45]: in the first stage of the argument we obtain irreducibility, in
the second stage we treat complications arising from the possibility of irreducibility
without strong irreducibility, and in the last stage we deal with a reduced case in
which the arguments applicable to the strongly irreducible case are available. To
illustrate this we remark that in the strongly irreducible case, the arguments in
the second stage mostly collapse to trivialities; and in the case where for each j
there exists a one-dimensional space with finite orbit under ( gﬂ )7 .. .7AS\J[)), the
arguments in the second stage become of fundamental importance whereas those
in the third stage become trivial instead.

The remainder of the paper is therefore structured as follows. In the following
section we recall various foundational results in linear algebra, ergodic theory and
algebraic geometry which will be used in various parts of the proof of Theorem 1.
The three stages in the proof of (3) just described are given successively in sections
4 through 6. In §7 we combine these results to obtain Theorem 1 and also prove
the various minor additional results described in this section.

3. PRELIMINARIES

3.1. Linear algebra. We first recall some concepts and identities from linear and
multilinear algebra which will be used in various sections of this article. Here and
throughout the article End(V) denotes the vector space of linear endomorphisms
of the vector space V, and p(A) denotes the largest of the absolute values of the
eigenvalues of the linear map A € End(V). Proofs of the following statements
concerning exterior powers and tensor products may be found in, for example, [39,
§XVI]; the material on singular values is more commonly found in texts on matrix
analysis such as [31].

3.1.1. Exterior powers. If V is a finite-dimensional real (or complex) vector space of
dimension d then for every k = 1, ..., d there exists a vector space A*V of dimension
(Z), called the k" exterior power of V, which is spanned by all expressions of the
form v1 A vy A -+- A v such that vy,...,vx € V. These objects are subject to the
identities

Ay +up) Avg A= Avg = Mg Ava A+ 4+ Avg) +ug Avg A+ -+ + Aug,

VI A ANUANVig1 Ao AV = =1 A= AV Ao A== ANy

for all vq,...,vk,u; € V,alli e {l,...,;k—1}and all A\in R (or C). If eq,...,eq is
a basis for V' then the vectors e;; A--- Ae;, such that 1 <i; <--- < i < d form
a basis for A*V. If A € End(V) then the k' exterior power of A is the unique
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linear map A"* € End(AFV) characterised by the property A™(vy A -+ Awvg) =
Avy A -+ A Auy, for every vy, ...,vp € V. The identity (AB)"* = A"*B"F for all
A, B € End(V) is clear. By considering appropriate bases it is not difficult to see
that if the eigenvalues of A are Aj,. .., \q then the eigenvalues of A"F are precisely
the products A;, ---A;, such that 1 < 43 < -+ < 4 < d. If V is additionally
equipped with an inner product (-,-) then it induces an inner product on NFV by
(ug Ao Aug,vr A Avg) := det([(ui,vj)]ﬁjzl), and with respect to these inner
products it is clear that (AT)"F = (AMF)T.

3.1.2. Tensor products. If Vi,...,V} are finite-dimensional real (or complex) vector
spaces then their tensor product ®f=1 V; is a vector space of dimension Hle dim V;
spanned by all expressions of the form v; ® -+ ® v such that v; € V; for every
i=1,...,k, subject to the identity

’01®"'®(/\’Uz‘+u)®"'®vk:)\(’Ul®"'®Uz‘®"'®vk)+7)1®"'®U®"‘®Uk

forallvy € Vi, v9 € Va,...,u5 € Vi, all A in R (or C) and uw € V;, for alli = 1,... k.
If for each 7 = 1,...,k we are given a basis e ;,...,eq,; for V; then the Hle d;
vectors of the form e;, 1 ® e€j,2® - ®ej, , With 1 < j; < d; foreach i =1,...,k
form a basis for ®f:1 V;. If linear maps A; € End(V1),..., A € End(V}) are given
then they induce a linear map ®f:1 A; on ®f:1 Vi by (®f:1 A)(ug @ -+ Quy) :=
Ajuy ® --- ® Apug. By considering appropriate bases it is not difficult to show
that the Hle dim V; eigenvalues of ®f:1 A; are precisely the products of the form
Hle A; where for each i the number ); is an eigenvalue of A;. In particular we
have p(®f:1 A;) = Hle p(4;) whenever A; € End(A4;) for every ¢ = 1,... k. If
for each i we are given an inner product (-, )y, on V; then we may define an inner
product on ®f:1 V; by defining (u; ® -+ @ ug,v1 ® + - @ vg) := Hf:1<ui7 v;)y, for
all v € Vp,...,up € Vi and extending linearly. It is not difficult to see that with
respect to this inner product we have (®f:1 ANT = ®f:1(A;-r) and the identity
I Qi Aill = TTiz, 14| follows.

3.1.3. Singular values. If V is a d-dimensional real or complex vector space equipped
with an inner product, the singular values of a linear map A € End(V') are defined
to be the non-negative square roots of the eigenvalues of the positive semidefinite
linear map AT A listed in decreasing order with repetition in the case of multiple
eigenvalues. All vector spaces in this article will be assumed to be equipped with in-
ner products. If dim V' = d we denote the singular values of A by o1(A),...,04(A).
The singular values are well known to satisfy the alternative characterisation

c;(A) =min{||A — F||: rank F' < i}

for all A € End(V) and ¢ = 1,...,d. It may be easily demonstrated using these
two descriptions that the singular values satisfy the identities H?zl o;(A) = |det A|
and ||A|| = 01(A) and also satisfy the inequality o;(X1A4X5) < [|X1] - 0:(A) -
[|X2| for all A, X;,Xs € End(V) and ¢ = 1,...,d. For every k = 1,...,d and
A € End(V) the singular values of A"¥ (relative to the inner product on AFV
induced by the inner product on V) are the square roots of the eigenvalues of
(ANR)T ANE = (AT A)"k and hence are precisely the products oy, (A) - - - 0y, (A) such
that 1 < 43 < -+ < 4 < d. In particular the largest singular value of ANE
is 01(A)---or(A), so we have ||A"|| = o1(A)---0x(A) for all A € End(V) and
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k = 1,...,d. The inequality [[\_, os(AB) < (1% 0i(A)([T,-, 04(B)) for all
A,/ B € End(V) and all k=1,...,d follows.

In general the singular values of A are defined only relative to a specified inner
product on V and may change if a different inner product is used. If {-,-); and
(-, )2 are distinct inner products on V', X € GL(V) is an isometry from (V (-, );)
to (V,(-,-)2), and o1(A),...,04(A) denote the singular values of A € GL(V) as
calculated with respect to (-,-); then the singular values of A as calculated with
respect to (-, -)o are precisely o1 (XAX 1), ..., 04(XAX~1). In particular the ratio
between the two values of 0;(A) as calculated according to the two distinct inner
products is bounded above by || X|| - [[X || and below by || X||~[|X~!|~! for all
A € GL(V). This will be significant in §3.3 below, and in general implies that
when we are interested in limits of sequences of the form X logo;(Ay) for some
sequence (A,)22; of elements of End(V'), the value of the limit will be independent
of the choice of inner product on V with respect to which the sequence of terms is
calculated.

3.1.4. Proximality. Let V be a finite-dimensional real vector space equipped with
an inner product. We will call a linear endomorphism A € End(V') prozimal if
it has a unique eigenvalue of maximum modulus and that eigenvalue is simple.
(Note that every linear endomorphism of a one-dimensional space is proximal.) We
denote the set of all proximal endomorphisms of V' by Prox(V). If A € Prox(V)
then we write VT (A) for the leading eigenspace of A and V~(A) for the unique
A-invariant hyperplane which is complementary to VT (A). Using the perturbation
theory of finite-dimensional linear maps it is not difficult to show that Prox(V)
is an open subset of End(V) and that the functions V* and V~ are continuous
on it. We also note that A € Prox(V) if and only if AA € Prox(V) for every
nonzero A € R, if and only if A™ € Prox(V) for every n > 1, and that the identities
VH(A) = VT(AA) = VT(A") and V—(A) = V= (AA) = V~(A"™) are valid for all
A € Prox(V), all nonzero A € R and all positive integers n. By considering the
Jordan form of A it is not difficult to see that A € Prox(V) if and only if the limit
P := lim,,_, ||A"|| "1 A" exists, is not nilpotent, and has rank one. Under these
conditions the limit P is clearly also proximal and satisfies V*(P) = V*(A) and
V—(P) =V~ (A). We observe that if A € End(V') has rank one then A € Prox(V)
if and only if A% # 0, if and only if A is not nilpotent. We lastly remark that if
A € End(V) and p(A)? > 01(A)oa(A) then A is necessarily proximal, since in this
case by Gelfand’s formula

=it [|(402)"]]" < 4% = a(A)oa(4) < p(a)%

n>1

p(A™?) = lim H(A/\Z)n

n—oo

and since p(A”\?) is the product of the absolute values of the two largest eigenvalues
of A this implies that A has a unique, simple eigenvalue with absolute value p(A)
as required for A to be proximal.

3.2. Linear algebraic groups. In §6 we will need to consider the Zariski topol-
ogy on the general linear group GL(V) of invertible linear transformations of a
finite-dimensional real vector space V. We briefly summarise here, without proofs,
the definition and important features of this topology which will be needed later.
Proofs of the statements described in this section may be found in standard text-
books on linear algebraic groups such as [12, 32]; the introductory treatment of this
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subject in [9] may be particularly helpful for readers approaching the subject from
a background in ergodic theory.

If V; and V; are finite-dimensional real vector spaces then a function p: V; — V4
is called a polynomial if for some (then for every) choice of basis on V; and V5, the
coefficients of the vector p(v) € Vo with respect to the basis on V; are consistent
polynomial functions of the coefficients of v with respect to the basis on V. A
subset Z of a finite-dimensional real vector space V is called an affine variety if
it is the common zero locus of some family of polynomial functions V' — R. In
particular V' itself is an affine variety. When a (proper) subset of an affine variety
is also an affine variety we call it a (proper) subvariety. If Z; and Z, are affine
varieties which are subvarieties of real vector spaces V; and V5 then we define a
polynomial Z; — Z5 to be a function from Z; to Zs which can be realised as the
restriction to Z; of a polynomial V; — V5.

The Zariski topology on an affine variety Z is defined to be the topology gener-
ated by declaring the affine subvarieties of Z to be the closed sets for the topology.
The Zariski topology is much coarser than the standard (Euclidean) topology which
Z inherits as a subset of its ambient vector space V', having far fewer open sets; in
particular, it is not a Hausdorff topology. An affine variety is called an irreducible
variety if it cannot be written as the union of a finite collection of proper subvari-
eties. In an irreducible variety, every Zariski open set is dense. One may show that
every affine variety is equal to the union of finitely many irreducible subvarieties.

Importantly for our arguments, if V' is a finite-dimensional real vector space then
GL(V) may be given the structure of an affine variety by identifying it with the set
of all linear operators on V@R which have the form A@®z for some A € End(V) and
z € R such that x - (det A) = 1. This condition is clearly polynomial and therefore
defines an affine subvariety of End(V @ R). This gives GL(V) the structure of an
affine variety; in this structure a function p: GL(V) — R is a polynomial if p(A)
is a polynomial function of the matrix entries of A in some basis together with the
additional variable 1/ det A. We note that for every B € GL(V') the maps A — AB
and A — BA are homeomorphisms in the Zariski topology on GL(V), as is the
map A — AL

For the purposes of this article a linear algebraic group will be any Zariski-closed
subgroup of GL(V), where V is a finite-dimensional real vector space. Importantly,
the Zariski closure of a subsemigroup of GL(V') is always a linear algebraic group.
Every linear algebraic group G < GL(V') has only finitely many connected com-
ponents in the Zariski topology. These components are disjoint and there exists a
unique component of G containing the identity, which we denote by G° and call
the identity component of G. We note that since every A € G induces a Zariski
homeomorphism of G by left (or right) multiplication, left or right multiplication
by A induces a permutation of the connected components of G. It is not difficult to
show that the identity component of G is a normal subgroup of G. If G; < GL(1)
and G2 < GL(V3) are linear algebraic groups, a regular representation ¢: G1 — Ga
will be any group homomorphism which is also a polynomial. We call ¢ an irre-
ducible representation if there is no proper nonzero linear subspace of V5 which is
preserved by every element of ¢(G1).

We finish this section by highlighting for the reader some important instances of
Zariski closed sets which will be used in our arguments. If G < GL(V) is a linear
algebraic group and Uy, Us C V are linear subspaces then the set {A € G: AU, =
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Us} is Zariski closed, because if uq,...,ux is a basis for U; and vy, ..., v, a basis
for U3~ then this set is equal to the intersection of the sets {A € G: (Au;,v;) =0}
overalli=1,...,kand j =1,...,¢, which is clearly a subvariety of G. Similarly if
v € V is arbitrary then the set {A € G: Av € Uy} is Zariski closed since A belongs
to this set if and only if (Av,v;) = 0 for every j = 1,...,¢. We also note that if
B € End(V) is arbitrary then the set {4 € G: (AB)? = 0} is Zariski closed since
each of the finitely many entries of the matrix (AB)? is a polynomial function of
the entries of A.

3.3. Lyapunov exponents. In all sections of this article except §6 we will have
frequent need to refer to Lyapunov exponents. Let V be a finite-dimensional real
vector space, let (Ay,...,Ay) € GL(V)Y and let u € M, (Xn). If (-,-) is any inner
product on V then we define the Lyapunov exponents of (A4i,...,ANn) to be the
quantities

1
Ai(A, p) = lim */logoi(/lm)du(w)
L n

fori=1,...,dimV. For every k =1,...,dimV the limit
k

1 k
(@ S ndo) = Jim 1o ] oi(An,) dute)

exists by subadditivity as a consequence of the inequality

k k k
Hmmmg<ﬂmm0<ﬂmw0
=1 i=1 =1

noted in §3.1.3, and it follows that the limit in the definition of A;(A, ) is well-
defined for every ¢ = 1,...,k since it is a difference of two limits of the form (4).
It is clear that A1(A4,pu) > Aa(A,p) > -+ > Aaimv (4, p) as a consequence of the
corresponding inequality for singular values. We say that (A4y,...,Ay) € GL(V)V
has simple top Lyapunov exponent with respect to p if A\ (A, p) > A2 (A, p).

The Lyapunov exponents are independent of the choice of inner product on V'
which is used to define the singular values: if o;(A) and &;(A) denote the i‘" singular
value of A calculated using two different inner products on V' then as remarked in
§3.1.3 there is a constant C' > 0 such that |logo;(A4) — logd;(A)] < C for all
A € GL(V), and consequently

lim l/logJi(Agc‘n)du(x) = lim l/log&i(/lg,%)dﬂ(gc).

n—o00 N n—o0o N

In particular we are at liberty to change the inner product on V' without affecting
the Lyapunov exponents, if there is advantage in doing so. We will take advantage
of this principle in §5 below.

We lastly note the following useful result which will be applied in §4 and §5:

Proposition 3.1 ([41]). Let N > 2, let V be a finite-dimensional real vector space,
let (By,...,Bx) € GL(V)Y and let p € M,(Zx) be ergodic. Then

1
limsup — log p (By|,) = A1 (B, )

n—oo N

for p-a.e. x € Xn.
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Proof. The result follows by applying the subadditive ergodic theorem and [41, The-
orem 1.5] to the cocycle A: ¥y x N — GL(V) defined by A(z,n) := B] -- B =
B;ln. O
3.4. Prior results on generalised matrix equilibrium states. Throughout
this article we will require various facts on the structure of generalised matrix
equilibrium states which were established in [10] and which we collect here for the
reader’s convenience.

3.4.1. Subspace classes. Ergodic generalised matrix equilibrium states were char-
acterised in [10] via an algebraic object which we now describe. If V' is a finite-
dimensional real vector space then for the purposes of this article the Grassmannian
of V', denoted Gr(V), is defined to be the set of all nonzero linear subspaces of V.
Note that Gr(V) thus defined includes the space V itself. If 1 < £ < dimV then
we let Gry(V') denote the set of all /-dimensional linear subspaces of Gr(V).

Let k > 1,1et Vi, ..., Vi be finite-dimensional real vector spaces and let (Aﬁf), .. ,Ag\j,)) €
GL(V;)N for every j = 1,...,k. We define a subspace class to be any finite
nonempty subset of H§:1 Gr(V}). We will say that a subspace class W C H?Zl Gr(V;)
is equivariant if for every (Wj)é?:l € W we have

{Pwyiieny}ow,
transitive if for every (Wj)le ew
{APwiiiexif=w,
and primitive if for some integer p > 1 we have for every (Wj)§:1 ew
{(Agj)wj)gglz i€y and |if :p} =W.

In other words W is equivariant if and only if for every i € £}, and (Wj)?zl ew

the tuple (A(ij )Wj)§:1 also belongs to W; is transitive if and only if for every

(Wj)k_y, (W})i_, € W there exists i € ¥} such that (Agj)Wj)?zl = (W))k_;; and
is primitive if and only if the word i in this definition of transitivity can be chosen
so as to have the same length for all choices of (W;)h_, and (W))k_,. A third
description in terms of Perron-Frobenius theory may also be helpful. Suppose that
we were to define a non-negative integer matrix M, whose rows and columns are
indexed by the elements of W, by placing 1 at the intersection of the row (I/Vj)é?:1
and the column (W)%_, if there exists i € {1,..., N} such that (AEJ)Wj);?:l =
(W]()?:l, and 0 otherwise. Equivariance of W ensures that this definition makes
sense and implies that every row of M has at least one nonzero entry; transitivity
asserts precisely that M is an irreducible matrix in the standard sense of Perron-
Frobenius theory; and primitivity asserts that M is a primitive matrix in the sense
of Perron-Frobenius theory.

3.4.2. Properties of generalised matriz equilibrium states. The following result from
[10] characterises ergodic generalised matrix equilibrium states in terms of subspace

classes in the case where every (Agj), e A%)) is irreducible:
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Theorem 3 ([10]). Letk > 1 and N > 2 and for each j =1,... .,k let V; be a finite-

dimensional real vector space, (Agj)7 ... ,A%)) € GL(V;)YN an irreducible N-tuple of
linear maps and B; > 0 a real number. Foreachj=1,... kletl; € {1,...,dimV;}
be the smallest integer such that there exists a nonzero linear subspace U; C V; which

has finite orbit under the action of the semigroup {Agj): ie Xy} Then:
(1) Ifw C H?Zl Gry, (V) is a transitive subspace class, define a potential ®yy: Xy
(0, +-00) by

k

Dyy(i) = max HA§J’>|W.
(Wj)?=1ewj1;[1 J

Bj

Then ®yy is submultiplicative and quasimultiplicative and has a unique equi-
librium state p € My(En). There exists C > 1 such that

C () < PO ([i]) < Coyy(4)

for all i € 3%, and in particular p is fully supported on Xy .
(i1) If we define a potential ®: X} — (0,400) by

Bj

2(s) = [ 49
j=1

for all 1 € X%, then for every ergodic equilibrium state p of ® there ex-
ists a transitive subspace class VW C Hle Gry, (V) such that p is the unique

equilibrium state of the potential ®yy defined as in (i). In particular every
equilibrium state of ® is fully supported on Xy .

In general a potential of the form ®(i) := Hle ||A§])||'BJ' may admit multiple
ergodic equilibrium states corresponding to different choices of transitive subspace
class W: the number of ergodic equilibrium states is bounded above by the quantity
(ITi<;j<x dim V;)/(maxi<j<x dim V;) and in at least some situations this bound can
be attained, see [10]. Moreover, in general there may be infinitely many choices
of subspace class W which generate the same equilibrium state. One of the major
components of the proof of Theorem 1 will be an extension of Theorem 3(ii) in §5.
In this result we will show that if additionally every (Agj ), e ,AE\J,)) has simple top
Lyapunov exponent with respect to g then the choice of transitive subspace class
W is unique, and if y is totally ergodic then moreover W must be primitive.

Outside the irreducible case, the following additional result of [10] implies that
every ergodic generalised matrix equilibrium state can be expressed as the equi-
librium state of a potential satisfying the hypotheses of Theorem 3, and will also
be applied in the following section. In order to prove Theorem 1 we will likewise
need to extend the below result to include a statement on simple top Lyapunov
exponents.

Theorem 4 ([10]). Let k > 1 and N > 2 and for each j = 1,...,k let V; be
a finite-dimensional real vector space, (Agj), .. .,A%)) € GL(V;)N an N-tuple of
linear maps and B; > 0 a real number. Then for each j = 1,...,k there exist an
integer rj > 1, integers dj1,...,d; ., > 1 satisfying 2:121 d; s =dimV; and a basis
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for V; in which we may write

Al(-j’l) * * *
0 Agj’Q) * *
AV =| AR :
0 0 .. AUy
0 0 .. 0 AT

for every i = 1,..., N, where (Agj’t), . 7A%lg\],"t)) € GLg, ,(R)N s irreducible for
every t =1,...,r;. If p is an ergodic equilibrium state of the potential ®: X3 —
(0, +00) defined by
k
o(1) = T[4 .
j=1

then there exist t1,...,t, such that 1 <t; <r; for every j =1,...,k and such that
w is an equilibrium state of the potential oF XN — (0,400) defined by

k
b(1) =[] |40
j=1

Bj

and satisfies P(®) = P(®). Furthermore, the number of distinct ergodic equilibrium
states of ® is not greater than H§:1 dim V;.

Remark. Theorem 4 follows from the statement of [10, Theorem 5] except for
the fact that P(®) = P(®), which is not made explicit in the statement of that
theorem but appears in the theorem’s proof. Similarly, in Theorem 3 the fact that
every potential of the form @,y where W C H§:1 Gry, (V) is a transitive subspace
class is quasimultiplicative and satisfies a Gibbs inequality was not made explicit
in the statement of [10, Theorem 4] but features prominently in the proof.

4. REDUCTION TO THE CASE OF SIMPLE TOP LYAPUNOV EXPONENTS

As was described in the introduction the first, and by far the simplest, step in
the proof of Theorem 1 is to reduce the problem to the case where the generalised
matrix equilibrium state p is defined by tuples (Agj)7 e ,As\j,)) € GL(V;)N which
are all irreducible and all have simple top Lyapunov exponent with respect to pu.
In this section we prove:

Theorem 5. Let N > 2 and let p € M, (Xn) be an ergodic generalised matriz equi-
librium state. Then there exist finite-dimensional real vector spaces V;, irreducible
tuples (Agj), ... ,Ag\j,)) € GL(V;)N each having simple top Lyapunov ezponent with
respect to p, and real numbers 3; > 0 for each j =1,...,k such that ;1 is an ergodic
equilibrium state of the potential

k
o(1) =[] |[4Y
j=1

Bj

By definition i admits at least one representation in the above form but without
each (B%J ), . ,BJ(\?)) necessarily being irreducible or having simple top Lyapunov
exponent. The result is proved by starting with such a representation, passing to
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an appropriate exterior power for each j and then finding a block upper triangu-
larisation of each tuple such that for each j one of the tuples of diagonal blocks
yields the desired new tuple. We separate the first part of this argument into a
proposition as follows:

Proposition 4.1. Let N > 2 and let p € My,(Xn) be a generalised matriz equi-
librium state. Then there exist finite-dimensional real vector spaces Uj, tuples of
linear maps (B§J)7 ... ,BJ(\J,)) € GL(U;)N each having simple top Lyapunov exponent
with respect to u, and real numbers v; > 0 for each j = 1,...,k such that p is an
ergodic equilibrium state of the potential

k
Sl
1

Proof. Since p is a generalised matrix equilibrium state, by definition there exist
k > 1, finite-dimensional real vector spaces Vj, tuples (A( 2N A(J ) € GL(V;)V
and real numbers 3; > 0 for each j =1,..., k; such that p is an equlhbrlum state
for the potential ®: X — (0,400) defined by

k
v=11
j=1

Choose for each j = 1,...,k the largest integer ¢; € {1,...,dimV;} such that
M(AD) ) = = A, (A9, p). Define U; := Vij for each j = 1,...,k and
BY) .= (A(]))M for each i = 1,...,N and j = 1,...,k. For every A € GL(V;)
the singular values of A% are prec1sely the numbers o, (A) - - - Ti, (A) such that
I <y < -0 <y < dim Vj;, listed in decreasing order, so in particular the
largest singular value is ¢1(A)--- 0, (A) and the second-largest singular value is
o1(A)---04;—1(A)og;11(A) if £; < dimV} and zero otherwise. It follows directly
that

2
B(J) 1) Z Ai(A

lj—l
)\Z(B(J)>M) = Z )"L(A(j)vﬂ) + )\gj+1(A(]),/1,)

for each j = 1,...,k, where )\HdimVj(A(j),u) is interpreted as being equal to
—00. By the maximality of each ¢; we have Ay, 11(AY), 1) < Ay, (AU, ) for each
j =1,...,k and consequently A\;(BY), 1) > Xo(BY), p) for every j = 1,...,k so
that every ( BY ) .,B](\?)) has simple top Lyapunov exponent with respect to u.
Define v; := ﬁ]/ﬁj for each 7 = 1,...,k. We claim that p is an equilibrium state
for the potential U: X% — (0, 4+00) defined by

k
Sl
u
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‘We have

k
w(i) =] HBi(”
j=1

B = HO‘l (Bj(_])>’yJ
j=1

k Bk N
:j]:[l(a.l (AEJ)) oy, (AS])))ZJJ Sjl;[lal (A:(L]))B :q)(i)
for every i € ¥% so in particular P(¥) < P(®). Thus

k
P(W) > () + AW, ) = h(n) + > v2(BY), )

j=1

k 5 17
= h(u) + D7 D M4 )

j=1 "7 i=1

k
= h(u) + Y BiM(AY) )

Jj=1

= h(p) + M@, ) = P(®) > P(¥)

where we have used the definition of /; in the third equation, and p is an equilibrium
state of W as claimed. O

Proof of Theorem 5. By Proposition 4.1 we may assume without loss of general-
ity that there exist finite-dimensional real vector spaces Uj;, tuples of linear maps
(B;J), .. .,B%)) € GL(U;)N each having simple top Lyapunov exponent with re-
spect to u, and real numbers v; > 0 for each j = 1,...,k such that p is an ergodic
equilibrium state of the potential

k
. Yi
w(i) =] HBi(J) "
j=1
By Theorem 4 there exist integers r1,...,7, > 1 such that in a suitable basis for
each U; we may write
Bi(j’l) * .. * *
0 Bi(]’2) e * *
(1) _ .
By = : : . : :
(g,rj=1)
0 0 o BT *
0 o - 0o  BZY
for every ¢ = 1,..., N, where each Bi(j ) is a real square matrix whose dimension
d;j > 1 depends on ¢ and j but not on 4, where (By’t), R B%’t)) € GLg, ,(R)N is
irreducible for every ¢t = 1,...,7;, and where for some choice of integers ¢1, ...,
satisfying 1 < t; < r; for every j = 1,...,k the measure u is an equilibrium state

for the potential

Vi

k
o(i) =[] |0
j=1



22 IAN D. MORRIS

and addtionally P(®) = P(¥). Define V; := R% | 8; := ~; and (AY), ..., A0)) :=
(B:EN"')7 B(J K )) € GL(V;)" for every j = 1,...,k. To complete the proof of the

theorem we must verify that every (B;J ti ), ceey B](\j,"tj )) has simple top Lyapunov
exponent with respect to pu. We will show that (ng’tj), .. .,B%’tj)) inherits this
property from (Bij)7 cee B](\J,)).

To this end we first claim that A, (BU%), ) = A\ (BY, ) for every j = 1,...,k.
On the one hand we have by definition

) 1 -y
A (BY) 1) = lim f/ 1ogHB§j|:J)
XN

(z)

n—o00 1N,

n—00 1N,

< lim l/ logHB;ﬁH du(z) = M (BY), )

so that A\ (BU) ) < X\ (BY, ) for every j = 1,...,k. On the other hand we
may apply this estimate to obtain

P(V) = P(®) = h(p) + AP, p)

k
p)+ >y (BYE) )

k
A() + DM (BY, ) = h(p) + AW, 1) = P(¥)

and therefore Zle YA (B ) = Z?:l YA (BY, ). Tt follows that

k
> (MBD ) = 2 (BU) )
j=1

is a sum of non-negative terms which is equal to zero, so all of the summands must
be zero and therefore Ay (BW), 1) = A\ (BY), ) for every j = 1,...,k as claimed.
We secondly claim that

)\I(B(j,tj)7 /’[/) + )‘2<B(j7tj)7 ,U/> S )\1 (B(])a :u) + )‘Q(B(])7 /J')
for every j = 1,...,k. Indeed, for fixed j we have for p-a.e. z € Xy

. . . N2
MBI x50 ) = ( (59) ) = timsup o ((850) )

n—oo

and
4 , N\ A2
M (BY ) + A (BY ) = Ay ((B(-7)> > = limsup flogp ((B;”) )
n—oo

by Proposition 3.1. For every x and n the quantity ,0((B(j| J))/\2) is the product of
the absolute values of the two largest eigenvalues of Bij‘; and similarly p((B (J‘ ) )A\2)
is the product of the absolute values of the two largest eigenvalues of Bijlli. But the

set of eigenvalues of B(Jl’ 9

Gt \"? M\
lim Sup log p Bw‘n < lim sup log p Bwln
n—oo n—oo

for all z € X . The claim follows.

is a subset of the set of eigenvalues of Ba(cj‘ ) 50 we have
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We may now show that every (B(J 't ey B%’tj )) has simple top Lyapunov ex-
ponent with respect to u. Combining the two claims we deduce that

Ao(BU), 1) < ha(BY), )
and consequently

A2 (BUE) 1) < Ma(BY), 1) < M(BYW, p) = M\ (BU), p)

for every j = 1,...,k so that every (B%J’tj ,...,B](\J,’tj)) has simple top Lyapunov
exponent with respect to u as required. The proof of the theorem is complete. [

5. GENERALISED MATRIX EQUILIBRIUM STATES IN THE CASE OF SIMPLE TOP
LYAPUNOV EXPONENTS

The result of the previous section shows that every ergodic generalised matrix
equilibrium state g can be assumed without loss of generality to be generated by
a potential ®(i) := HJ 1 I1A; j)HﬁJ defined in terms of tuples (A( D A(J))
GL(V;) which are all irreducible and have simple top Lyapunov exponent with
respect to pu. By Theorem 3 irreducibility and ergodicity together imply that u is the
equilibrium state of a potential ®yy (i) := max )k ew Hf_l ||A(j) lw; |5 for some

transitive subspace class W C H 1 Gr(V;). In this section we extend Theorem 3 by
showing that if p is totally ergodic then irreducibility and the simplicity of Lyapunov
exponents allow us to choose W so as to additionally be primitive. The same
arguments which yield this result incidentally provide a pivotal technical lemma on
simultaneously proximal words which recalls some results of Abels, Margulis and
Soifer ([1], for related results see also [9, §6]), although in those works an algebraic
rather than analytic method is used. In this section we prove:

Theorem 6. Let k > 1 and N > 2. For each j = 1,...,k let V; be a finite-

dimensional real vector space, (A(lj), e ,A%)) € GL(V;)N an irreducible N-tuple
and B; > 0 a real number. For each j = 1,...,k let ¢; € {1,...,dimV}} be the
smallest dimension of any nonzero linear subspace of V; which has finite orbit under

the action of (A 1]), ceey (J)) Suppose that i € M, (Xn) is an ergodic equilibrium
state of the potential ®: X% — (0,+00) defined by

k 1B
o= I
j=1

such that for every j = 1,... k the tuple (Agj), ey A%)) has a simple top Lyapunov
exponent with respect to . Then:

(i) There exists a unique transitive subspace class VW C H§:1 Gry, (Vj) such that
W is an equilibrium state of the potential ®yy: X3 — (0, +00) defined by
/6.

Py(i) = max H (])
w(d) (W)k_ 1ewl_[ Iw;

(i) The transitive subspace class W defined in (i) has the following additional
pmperty' there ezist k € X3 and (WO);C 1 € W such that for every j =

,k we have A(J)WO WO and A(j)|Wo € Prox(WO)
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(iii) If u is totally ergodic then the transitive subspace class W defined in (i) is
primaitive.

Theorem 6(i) is not used in this article, but is provided for interest. This result
contrasts strongly with the situation in which simple top Lyapunov exponents are
not assumed, where it can be the case that uncountably many choices of W exist
which all have the same equilibrium state: a simple example of this, as mentioned in
[10], is the case in which k = 1, V = R? and every A4; is a rational rotation matrix,
in which case W can be taken to be the orbit of any one-dimensional subspace
whatsoever. Theorem 6(ii) and (iii) both contribute to the proof of Theorem 1;
while the former has more of the character of a lemma than of a main result, we
include it in Theorem 6 since it emerges directly from the proof of the other clauses
of the theorem.

The proof of Theorem 6 is heavily inclined towards ergodic theory, unlike the
results of the following section which are essentially algebraic. The essential idea
of the proof is as follows. The separation of Lyapunov exponents allows us fairly
easily to construct words j € ¥} such that Agj) € Prox(V;) for all j = 1,...,k,
and the existence of these words implies that each V; can be written as a splitting
V=@, U} into {;-dimensional spaces in such a way that for each j the spaces
Ujl7 LU ]T 7 are permuted by the linear maps AZ(-J ), By replacing the inner product
on each V; if necessary this splitting can without loss of generality be taken to
be orthogonal and it follows that the norm of the restriction of each product A(ij )
to each of the various spaces U;f is a singular value of Agﬂ ), Together with the
separation of Lyapunov exponents this implies that for each j = 1,..., k the growth
of ||Ai]‘)l || for almost every x is concentrated on a single one of the subspaces U7,
which in general will depend on both x and n. Using this observation we construct
measurable functions U : SN — {U jl, cee Ujr 7} which are equivariant with respect
to the action of A;jli and capture the maximal growth of each ||Aij|l | in the sense
that

lim — log HAOEJUJ‘(&TWU) == )\1(A(j)7,u)a

n—oco N |

1 ; )
lim *1OgHA(J) luj (smays || < A2(AD) 1)

n—oo N z[n

for ji-a.e. x € SN (These functions may be thought of as resembling Oseledets
spaces, although they do not always correspond precisely to Oseledets spaces and
it is not clear whether they are necessarily given by direct sums of Oseledets spaces
either.) The ergodicity of ji implies that the tuple (U j(:c))?:l belongs almost ev-
erywhere to a single transitive subspace class W; if [ is also totally ergodic, this
can be applied to show that for every integer n > 1, every two values taken by the
tuple (U; (av))f:1 on sets of positive measure can be linked by a word i with length
divisible by n. This allows us to show that

{(Agj)Wj)lez i € ¥y and n divides \1|} =W

for every (W;)f_, € W and n > 1, and this is sufficient to deduce that W is
primitive in the totally ergodic case.

Before beginning the proof we require three lemmas, one of which is primar-
ily ergodic-theoretic in character, one primarily algebraic and one somewhat more
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combinatorial; these respectively treat the existence of proximal elements, the al-
gebraic consequences of their existence for splittings of each Vj;, and the criterion
for primitivity just mentioned.

Lemma 5.1. Let k> 1 and N > 2 and let p € M, (XnN) be ergodic. For each j =
1,...,k let V; be a finite-dimensional real inner product space and (Agj)7 ey A%)) €
GL(Vj)N a tuple which has simple top Lyapunov exponent with respect to . Then
for fi-a.e. x € SN we have

(5) lim sup r<r11£1’C (le log p (Aij‘i) - % log oy <Ag‘i) lop) (A;jl)) > 0.

n—oo 1<7<

Furthermore there exists k € X3 such that for every j = 1,...,k we have Af{j)
Prox(V;).

Proof. The inequality (5) implies that we may find k := z|, € X% such that
p(A(j)) > o1 (A(J))O'Q(A( )) for all j = 1,...,k and as noted in §3.1.4 this yields
AI((J € Prox(Vj;) for every j = 1,...,k. To prove the lemma it is thus sufficient to
show that (5) holds for fi-a.e. 2 € ¥ and this clearly follows if the same result is

shown for p-a.e. x € Xy. We therefore proceed to prove the latter statement.
We first claim that for p-a.e. z € X

(6) hmsupZ( logp( ol ) logHA H) =0.

n—oo

To prove this let V' := ®f=1 V; be the tensor product of the vector spaces V; and
define a tuple (By,...,By) € GL(V)Y by B; := ®§:1 AZ(.j) for each i =1,...,N.
We equip V with the inner product induced by the inner products on the spaces V.
As noted in §3.1 we have ||B;|| = ]_[?:1 ||A§j)|| for all i € X% with respect to the
corresponding inner product norms and also p(B;) = HJ 1 p(A ) for all 1 € ¥%.

It follows from the first statement in particular that A\ (B, u) = Z?:l M (A9 ).
Since by the subadditive ergodic theorem

7Lh_)n;@Z—logHA ‘ = lim —logHBm‘ H =M\ (B, p)

n—oo N

for pu-a.e. x € X, and by Proposition 3.1

hmsupz log p (A(j)> = hmsup logp (Bx| ) =M (B, p)

n—oo

for p-a.e. x € ¥, the claimed result (6) follows. Now, each of the summands
Llogp (A;ﬂ) — Llog ‘A;JILH in (6) is non-positive since clearly p(A4 ])) < HA(J I
for every i € X%, and it follows from this observation that for y-a.e. z € X

g )0

(7) limsup min ( log p <A(]) ) 1 log HA
n

n—oo 1<j<k
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since this sequence is bounded below by the sequence in (6) and is bounded above
by 0. But for py-a.e. x € ¥y we have

1 . 1 . :
(8) lim min ( log HA(j) H ~ 5 logal(A(]) )UQ(A(J) ))

n—oo 1<j<k \ 1 z|n z[n z|n

1 . 1 ‘
= i - (4) _ = (4)
1r<njlgk<2A1(A Th) = 5ha(A M)) >0

because by the subadditive ergodic theorem
. 1 ; )
lim —log [[AY) || = Ay (A9, )
n—o00 7, n

and

lim 1 log o1 (A;Ji) ) 09 (Ag) ) =\ (A(J')’M) IS (A(j)"u>

n—o00 7, n n
for every j = 1,...,k, and each of the differences \; (AU), 1) — Ay (AW, 1) is positive
by the hypothesis of simplicity of the top Lyapunov exponent. Adding the sequences
in (7) and (8) gives a sequence which is a lower bound for the left-hand side of (5)
and has positive limit superior almost everywhere. This yields (5) for p-a.e. z € Xy
as required and the result follows. ([

The following algebraic consequence of proximality is perhaps already known
but we have been unable to find a reference:

Lemma 5.2. Let V be a finite-dimensional real vector space, let (Bi,...,Bn) €
GL(V)N be irreducible and let £ € {1,...,dim V'} be the smallest integer such that
there exists an {-dimensional linear subspace U C 'V with finite orbit under the
action of (B1,...,Bn). Suppose that there exists k € £ such that By € Prox(V).
Then dim V' = lr for some integer r > 1, there are exactly r subspaces Uy, ..., U, €
Gre(V) which have finite orbit under the action of (Bi,...,Bn), and these sub-
spaces form a direct sum @,_, Uy which is equal to V.

Proof. Let U C V be an ¢-dimensional subspace with finite orbit under (B, ..., By)
and let U := {B;U: i € X%} denote its orbit. We claim that (By,...,By) acts
transitively on U in the following sense: for every U;, Uy € U there exists 1 € 3%
such that B;U; = Us.

To see this we argue as follows. For every i € 3% the map Gry(V) — Grg(V)
defined by W — B;W is clearly bijective, so in particular each B; induces an
injective map from {U }UU to U. Since U is finite this is only possible if {UYuU = U
and thus necessarily U € U. If 1 € £} is arbitrary then the map B;: U — U is
a bijection of a finite set, so in particular some power of that map is the identity
permutation. In particular if i € 3% is arbitrary then BYU = U for some integer
p > 1 and hence also B{*U = U for every n > 1. It follows that if U; € U is
arbitrary then since by definition U; = B;U for some j € 7, the set {B;U;: i €
YN} contains B'U for every n > 2 and therefore contains U and hence contains
{BiU: i € ¥%}. But the reverse inclusion is obvious, so {B;U;: i € 3%} is equal
to U for every U; € U and this proves the result claimed.

We next claim that there exist » > 1 and subspaces Uy,...,U, € U such that
V = @;_, Ui. To see this we observe that there exists at least one list of elements
Ui,...,U, €U which forms a direct sum, namely the list of length 1 consisting of
the single space U. There therefore exists a mazimal list of elements Uy, ..., U, € U
which forms a direct sum. If U’ € U is arbitrary then the subspace (U1 ®- - -@U,.)NU’
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cannot have dimension zero since then Uy,...,U,,U’ would form a direct sum,
contradicting maximality. It also cannot have dimension nonzero but strictly less
than ¢, since it clearly has finite orbit under the action of (B, ..., By) and such a
space must have dimension at least £. It cannot have dimension strictly greater than
¢ since it is a subset of U’, so by elimination its dimension is precisely £ and therefore
it is equal to the subspace U’. Since U’ € U was arbitrary this shows that every
element of U is a subspace of U1 & --- @ U,.. Hence U; & - - - @ U, = span UWeu W.
The latter space is clearly preserved by every B; and has nonzero dimension, hence
equals V' by irreducibility. The claim is proved. We deduce in particular that
r{ = dim V. We have proved every part of the lemma except for the claim that
Ui, ..., U, are the only subspaces of V' with dimension ¢ and with finite orbit under
the action of (By,...,Bn).

In pursuit of this result we now claim that for every ¢t = 1,...,r there exists
a linear map A; € Prox(V) which belongs to the group generated by the maps
By, ..., Bn, fixes every Uy, ..., U, and whose leading eigenvalue has an eigenvector
in U;. By hypothesis there exists k € X% such that By is proximal. Since By
induces a permutation of U/ it has a power which induces the identity permutation
of U and hence fixes all of the subspaces Uy, ...,U;. Without loss of generality we
replace By with this power, so we have ByU; = U, for every t = 1,...,r and also
By € Prox(V). The determinant of (Bx — AI) on V is equal to the product of the
determinants of the linear maps (By — AI)|y,, so if A is the leading eigenvalue of
By then one of the restrictions (Byx — AI)|y, must have zero determinant, which is
to say there exists an eigenvalue for this eigenvector in the space U;. Consequently
there exists an integer to € {1,...,r} such that we may take A;, := By. By the
transitivity property demonstrated earlier, for any other ¢ € {1,...,r} we may
choose i € ¥} such that B;U; = Uy, and it is clear that the map A; := B;lBkBi
has the desired properties.

It remains to show that Uy, ..., U, are the only subspaces of V with finite or-
bit under the action of (By,...,By) and with dimension ¢. To this end suppose
that U is an arbitrary ¢-dimensional subspace of V with finite orbit under the ac-
tion of (By,...,By). As with the space U we see easily that every element of
the semigroup generated by By, ..., By induces a permutation on the orbit of U,
which is finite. It follows directly that every element of the group generated by
By, ..., By also induces a permutation on the orbit of U. We now claim that U
must be one of the spaces Uy,...,U,.. To see this it is clearly sufficient to show
that U has nontrivial intersection with one of the spaces Uy, since then UnNu,
is a nonzero subspace of V' with dimension at most ¢ and with finite orbit under

the action of (Bj,...,By); hence it is necessarily ¢-dimensional and this yields
U; = U as required. Let us therefore show that U intersects one of the spaces Uy.
Since V = @::1 U; there exists a subcollection of Uy,...,U, whose span inter-

sects U nontrivially, namely the whole collection. There therefore exists a minimal
subcollection whose span intersects U nontrivially; by relabelling if necessary, call
this subcollection Uq,...,U,,, say. Since Un (U1 & -+ & Uy,) is a nonzero sub-
space of V with finite orbit under (Bj,...,By) it has dimension at least ¢ and
therefore equals U , and we deduce that U CU & ®U,. By minimality the
span of the smaller subcollection Uy, ...,U,,—1 must intersect U trivially. There-
fore Uy,...,Up_1, U forms a direct sum which is contained in Uy @ --- @ U,,, and
so by dimension considerations must be equal to U; & --- & U,,,. We deduce that
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V=U& - -&Uy, @U@Um_H G---U. =U;&--- @ U.. Now, the lin-
ear map A,, constructed earlier induces a permutation on the orbit of U under
(B1,...,Bn) and therefore has a power which induces the identity permutation on
that set. Replacing A,, with a power of itself if necessary we may therefore choose
A, € Prox(V) so as to fix every space Uy,...,U, and also so as to fix U. Now
since the leading eigenspace of A,, is one-dimensional and intersects U,,, it does
not intersect any of Uy,...,Up—1,Umny1,-..,U,. Since A,, preserves every space
in the splitting V =U1 ®---®U;,—1 & Uo Upn+t1®---®U,, by the same argument
used before its leading eigenspace must intersect one of those spaces; but this space
must be U since none of the other spaces in the splitting intersects the leading
cigenspace. Therefore U N U, # {0} and we deduce that U = U,,. The proof is
complete. ([

We lastly require the following simple combinatorial facts which will be used to
construct transitive and primitive subspace classes:

Lemma 5.3. Let k > 1 and N > 2. For each j = 1,...,k let V; be a finite-

dimensional Teal vector space and (Agj),...,A%)) € GL(V;)N an irreducible N-
tuple. Then:

1) If W C k Gr(V) is an equivariant subspace class then it is equal to the
j=1
disjoint union of finitely many transitive subspace classes.
1) Suppose that W C k_ Gr(V) is an equivariant subspace class with the fol-
j=1
lowing property: for every (Wj);?:1 €W and n > 1 we have

{(Agj)Wj)§:1: i€ ¥y and n divides |1|} =W.

Then W is primitive.

Proof. Tt is easy to see that if two transitive subspace classes intersect then they
must contain each other and hence be equal, so to establish (i) it is sufficient to
show that every (I/Vj)?:1 € W belongs to a transitive subspace class. Given an
arbitrary (WJQ)’“ € W define

j=1

W= {(A(j)WQ)k ie z;v} W,

i j/j=1-

We will show that W is a transitive subspace class and contains (WJQ)§:1a which
by the arbitrariness of (W]Q)é?zl € W clearly suffices to prove (i).

To show that W is transitive we must show that for every (Wj)é?:l € W we have
9) {(A§j>Wj)§:1: ie zyv} =W,

The left-hand side above is clearly a subset of the right-hand side, so we need only
prove the reverse inclusion. Fix an arbitrary (W;)%_, = (Agj )VVJQ)?:1 € W. The
map W — W defined by (I/V]’);“:1 — (Agj)WJ{)?Zl is clearly injective and acts on a
finite set, hence induces a permutation of W, hence there exists an integer p > 1
such that the p'® power of this map is the identity permutation of YW. We therefore
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have (W7)k_; = (A(])VVO)j 1= (A(J(I)J W Wik, € W. Hence

W = {(Agj)WQ)’?le ie z;v}

Jj=1

{(AEJJL RUALE -1€EN} {(A(”W) ;iezyv}gw.

We have established (9) which proves the transitivity of W and the result (i) follows.
Let us now prove (ii). If i € ¥} is arbitrary then it induces a permutation

of W via the map (W;)k_, — (A(ij)Wj);?:1 and in particular some power of i
induces the identity permutation. We may therefore choose j € X3 such that
(A(J)V[/-)éc 1= (V[/v)’“_1 for all (W)k 1 €W. Let £ := |j|. By hypothesis for every
(Wy)k_y, (W))i_, € W there exists i € ¥} such that (W;)h_, = (A(J)W’)j , and
¢ divides |i]. Since W is finite it follows directly that there exists an integer ¢ such
that for every (W;)k_,, (W/)h_, € W we may choose i € ¥} satisfying (W;)*_, =

(A(J Wl)] "
that 1 < s < t; we then have (W;)h_, = (Ag{),lW]’)le and |j*~%i| = t¢. Since the

length of the word j*~*1i is independent of the choice of (W; )J 15 (W’) 1 €W we
have proved that W is primitive. (]

such that ¢ divides |i|, and such that |i| = s¢ for some integer s such

Proof of Theorem 6. By Lemma 5.1 there exists k € £}, such that for every j =
.,k we have Al({j) € Prox(V;), so the hypotheses of Lemma 5.2 are met by
(Agj), e ,A(j)) and Vj forevery j = 1,..., k. Hence for each j = 1, ..., k there exist
an integer r; > 1 and a splitting V; = @ ., U} such that A(])UZ € { o UFY
for every i € 3 and i € {1,... ,rj}. Without loss of generality we adopt an inner
product Structure on each V; such that the splitting V; = @:’:1 U J’ is orthogonal.
Fixi € ¥3 and j = 1,...,k. The linear map Agj) induces a permutation of
the set {U},..., U;j}. We assert that (A:(Lj))—r also permutes this set and moreover

induces the inverse permutation on it. Indeed, if Agj U ;1 = U;Q then we have

) AP ()= | D U= @ =)

1<i<r; 1<i<r;

i#i1 iFiz
A standard and easy calculation shows that if B € GL(V) and U, U’ € Gr(V)
then BU = U’ if and only if BT(U')* = UL, so (10) yields (AY)TU = U

This demonstrates that (Agj ))T induces the inverse permutation on {U},...,U. ; 7}
to that induced by Agj ). Tt follows that (A(j )TA(j ) preserves Uj ¢ for every i =

1,...,r5. Since V; = @;Z, U} it follows that every eigenvalue of (A(]))TAU)
realised as an eigenvalue of 1ts restriction to some U ; In particular the numbers

l|A] J)|U | = p((A(j))TA( )\ )1/2 for i = 1,...,r; form a subset of the singular
values of A(ij). We conclude that for every i € £, and j =1,...,k we have

@ — ()
(11) HAi H = ‘Ai s
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. }—
(13) min{HAgj)U} ()" } < o (Agﬁ) :

For the remainder of the proof let y € M, (X ) be an ergodic equilibrium state
of ® and let 1 € M&(iN) be its natural extension. A large initial part of the proof
will be taken up by the following construction: we claim that for every j =1,...,k
there exists a Borel measurable function Uj;: SN — {Ujl7 NN U;j} such that for

and moreover for each ¢ =1,...,7;

(12) max{’

) 1

AP
(

Uj)

A(])|

f-a.e x € Yy and every m > 1,

(14) nlggo tog A2, o, | = M40, ),
(15) lim sup — logHA(g )l lu; (@) || < A2 (A9 1)
n—oo ’
and
(16) AY o Uj(@) = U(67 ™).
To begin this construction fix j € {1,...,k}, define Z to be the set
dim V; ]
S i (4) _ )
[Q {m EXN: nh_)rréonlogag (A(U ) ) = M(A4 ,,u)}

and for each ¢ =1,...,7; define

. 1
X, = {xEZN: lim flogHAJ .

n—oo N

- )\1<A(j)7u)}.

Clearly all of these sets are Borel sets. For each ¢ = 1,...,dimV; the functions
fL: S n — R defined by

IOgHJz( )

satisfy f£,,.(z) < fi(6=mx)+ fl(2) forall z € S n and n,m > 1, and since clearly

dim V;
_ 1 ) ) ),
Z Q {x € EN nh—>Holo logHog (A(J ng) Z)\ (A }
it follows by the subadditive ergodic theorem applied to the functions f and the
transformation 6! that u(Z) = 1.

We claim that the sets ZN.X; are pairwise disjoint for distinct values of i. Indeed,
if € ZNX;, NX;, with 41 # iz then since U;* C (U;l)l7

; .1 . j
MAD ) = fim - togmin {47y s [ [A4G o}
. 1 .
< hﬂso%p ﬁlogmln{HA (G-na)|n ‘Uzl , AEU) noyll i }

1 ; . )
< lim —logos (AE?*":E)IJ =X (AD 1) < A (A9 p)

n—o0o N
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where in the first line we have used the definition of X;, and X;,, and in the third
line we have used (13), the definition of Z and the hypothesis that the top Lyapunov
exponent of each (A(] ) , A%)) is simple. But the above chain of inequalities ends
in a contradiction, and we conclude that Z N X;, N X;, must be empty. The sets
Z N X; are thus pairwise disjoint for distinct values of i as claimed.
We now claim that Z N (X; U---U X, ) has full measure. Define
1<i<N

| )
C := max max{H(Agj)) H , HA’(J)H} > 1.
If x € Z then there exists ng such that for all n > ng

[AG e | = o1 (A0 ny,) > €2 (4000,

by the definition of Z and the hypothesis that the top Lyapunov exponent of each
(Agj), e 7147(1])) is simple. If x € Z is fixed then for all n > ng we in particular have
Jl(A(J) ) > 02(A(J)

(67ma)|n (6="2)|n

i(z,n) such that HA(J;) = ||A =)l |U1(ar » || We assert that i(xz,n) does not

(6= ra)|

depend on the value of n > ng. Given arbltrary n > ng we have

HA(J)

(677 12) |41

) and in view of (12) and (13) there exists a unique

_ HA(] AW

T_n (67 "2)|n

1(1 n)

i(z,n)
UJ'

>C™ ‘AU) |U1,(a‘ n)

(67"a)|n

=001 (40,)
> Cog (AE?,%)‘”)

ZCHAE?—%\ lwiemys
— (4) .
= C max 4G, lu;
() 1 = ,
Zi;?(i}fn) Agﬂ]‘ﬂA(ff’"ﬂf)lJU} 71’721(2?;) ‘A(U " 13€)|n+1|U5’

and in view of (11) it follows that i(x, n) satisfies the definition of i(z,n 4+ 1). We
conclude that i(z,n + 1) = i(z,n) for all n > ng and therefore i(x,n) in fact takes
a constant value i(x) for all n > nyg. We then have

, .1
(17) Al(A(J)aM) = lim —logo (A(a) nx)‘n)

’I’L*)OOn
= lim —10 HAZ = lim —10 HA i(e
n—o00 N 8 (6="2)|n n—o0o M 8 (67"@)|n |U( )

so that € X;(;). Combining this with the preceding result we have shown that
every element of Z belongs to a unique X;. Since Z has full measure and the sets

X; are Borel measurable we conclude that the sets Xi, ..., X, partition f]N up to
fi-measure zero. If we define a function U;: Sy — {uj,.. .,U;j} by U;(z) := U;
ifx € ZN X, and Uj(z) = Uj1 otherwise, it is obvious that U; is a measurable

function. The equation (17) precisely asserts the truth of (14) and combining this
with (12), (13) and the definition of Z yields (15). In particular (14) and (15) hold
forallz e ZN (X U---UX,)).
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It remains to prove (16). Suppose that = belongs to the set (),c; 6°(Z N (X1 U
U X)), which clearly has full measure. It is easy to see that for every fixed
m > 1 we have

.1 ()
R
B ) ()
*nlbnéoﬁlogHAw wema)], A, Ui @)
_ 1 (j — @)
nh—{go n log HA(U n—mg |n+m|U (z) =AY p)

and

) 1
lim sup — log
n—oo T

A(] —n—m | €)) LH
’ ol (A(o*mxnmuj(r))

. 1
= limsup —log || A7y L4y

n—oo N (6=™Ma)|m

(4)
A(é*?ﬂm)‘m |U] (I)J‘

1
= lim sup — log A(J

n—oo N (@7l

= hmsup log AW < Ao (AD) ).

oo (6="=mx) [ ntm

Uj(x)+
Since 6~z € ZN (X U---UX,,) both (14) and (15) apply with 6~™x in place of
x and in view of the above we can only have Ag?,mz)lmUj(x) = U;(67 ™), which

s (16). This completes the construction of the measurable functions U;: Sy —
... .ur}.
We next claim that for fixed j € {1,...,k}, for ji-a.e. z € Sy we have

(18) T~ 1og [ A o, o | = M40, ),
(19) i~ 10g]| A9y, oy | < 204D, )

Define two sequences of bounded measurable functions f,,, gn: Sn — R by fulz) ==
10g||A;]|l|Uj(&nx)H and g, (z) := 10g||AS&|U],(&nx)L||. For all n,m > 1 we have
fn+m( ) < fn(6mx) + fm(w) and gn+m(x) < gn(6mx) + gm(x) for ﬂ'a'e' T e ENv
where we have used (16). It follows by the subadditive ergodic theorem that the
limits in (18) and (19) exist ji-a.e. and are constant fi-a.e, so we need only show
that these almost sure values are equal to A;(AY), 1) and bounded by Ay (AW, )
respectively. But from (14) and (15) we have

lim f ({x eSn:
n—oo

— Al(A(j),M)’ < 5}) =1

< Ao (AW u)—i—e}) =1

for all € > 0 since convergence almost everywhere implies convergence in measure
and since [ is invariant with respect to 6. This is only possible if the almost sure
limit in (18) is equal to A;(AY), i) and the almost sure limit in (19) is bounded by
A2(AY) ). We have proved the claim.

lOg HA |U o’"x)
and

lim f ({x €Sy logHA [

n—oQ
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Let U denote the set of all k-tuples of the form (U;j );?:1 where 1 < 4; <r; for

every j = 1,...,k. It is clear that & C Hle Gry, (V;) is an equivariant subspace
class, so by Lemma 5.3(i) it is equal to the disjoint union of finitely many transitive
subspace classes Wi, ..., W,, say. Consider the sets Y; := {z € Sy : (Uj(os))?:l €
Wi} for t = 1,...,r, which clearly form a measurable partition of $n. For [i-a.e.
T €Ny we have (U (x )) —1 € W if and only if (U; (a:r))l?zl € W, as a consequence
of (16), so each Y; is invariant under & up to ji-measure zero. By the ergodicity of
[ it follows that there exists ¢o € {1,...,r} such that fi(Y;,) =1 and ji(Y;) = 0 for
all other ¢.

We may now prove (i). If W C H§=1 Gry, (V) is any transitive subspace class
then we define a potential ®yy,: X% — (0, +oo) by

‘I’W(i): X HH Ly, 11

] 1

Since p is an equilibrium state of ® we have
P(®) = h(p) + M@, p) = h(p +§j@&

Since clearly ®y, < ® for every transitive subspace class W C Hj:l Grgj(Vj) we

have P(®yy) < P(®) for all such classes, so ift W C Hle Gry, (V;) is a transitive

subspace class then p is an equilibrium state of @y if and only if A(®yy, ) =

A(®, ). To prove (i) we will show that this is the case precisely when W = W, .
Let us first show that p is an equilibrium state for Pyy,,. We clearly have

k
Z&MNMWJmfZBmW»Mw@

n—oo
j=1

lim — log H HA;J\ZJU (67)

n—o00 N

Bi

IN

1
lim — log max H HA ‘
n—oo N (W; )k 1€Wt0 T|n

1
= lim —log ®w, (z[n)

n—oo N
= M@y, 1) < AP, 1) ZB M (AY),

for ji-a.e. = € SN, where we have used (18) together with the subadditive ergodic
theorem applied to @y, and ®. It follows that A(®w, ,n) = A(P, u) as required
for 41 to be an equilibrium state of ®yy, . This proves the existence part of (i).
Now suppose instead that W C H?zl Gry, (V) is a transitive subspace class
such that p is an equilibrium state of the potential ®yy. If (W;)_, € W then by
definition each W; has finite orbit under the action of (A(J A(] )) and therefore

must be one of the spaces UJ UJ’ since Lemma 5.2 1mphes that those are the
only ¢;-dimensional subspaces of V; with finite orbit. Thus necessarily W C Y. It
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follows that W intersects at least one W, and since both are transitive we must
have W = W,. To complete the uniqueness part of the proof of (i) we will show
that if ¢ # to then a contradiction occurs.

Fix an arbitrary ¢ # to. For almost every x € 3y we have (U;(6" x))?zl € Wy,
for all n > 1. For such z and n, if (W; )J 1 € W; is arbitrary then ( j)§:1 ¢ W,
and in particular (W;)%_; # (U;(6"x))%_;, so there exists jo depending on x, n and

Jj=1 =1
(Wj)§:1 such that W;, # U, (6™z) and therefore W;, C U, (6"x)+. Consequently

ﬁjo

k
HA(J)
1l

HA(j)
x|

Jo)
452010, a1
i#jo

for this particular x, n and (Wj)?zl, and therefore

Be

4
HA;(C& |Ug(5’"1)L

max HA
1<1z<k ln

max H HAxl
(W] 1eW "

j;“
for this particular x and n. Thus for ji-a.e. x € $n we have
Be

4)
@, (al) < || T [

HATM |Ug((7 ng)d
J#L

for all n > 1. But for all j = 1,...,k by the subadditive ergodic theorem we have

for fira.e. x € N

lim llog <HA(J)

n—o00 N,

) = B\ (AY), )
and by (19)

1
lim — log <HA(]) lu; (6ma) L

n—oo N

"\ < g (AD), )
= PjN2 )
from which it follows that for -a.e. z € Sy

1
A(@w,, p) = lim —log By, (z]n)

< max D BiMAY, u) | + Bera (A, )
= 1<j<k
7

k
< ZBJAI(A(J)J’L) = A(q)vlf[')
j=1

Thus if t # to we have A(Pyy,,p) < A(P, ) and we have completed the proof of

(i)-
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The proof of (i) is now straightforward. By Lemma 5.1, for j-a.e. € Sy we

have
1 ; 1 , ,
limsup min [ —logp <A(3)) — —logoy (A(J) ) oy (A(J)) >0,
k\n zln 2n z[n Z|n

n—oo 1<J<

and for all j =1,...,k and ji-a.e. z € Xy we have by (19)

lim flogHAM) lu;(ema)t || < A2(AYD) 1)

n—o00 N

and by the subadditive ergodic theorem
1 ; j 1 ~ 1 . A
lim —-logor (A9 ) o2 (A9)) = SA(AD, )+ 52e(A9) ) > Ao(AD), ).

n—oo 2n

It follows that there exist € 3y and n > 1 such that (U;(5" :c))J 1 € Wy, and
such that for all j =1,...,k

(20) b (Agji) > o (Aggl)% (4D > 4D Jy omays

Let j := 2|, and (W)%_, := (U;(6"x))¥_, € W,,. Since p(A§j))2 > 01(A§j))02(A§j))
for every 7 = 1,...,k we have A(-j) € Prox(V;) for every j = 1,...,k. The map

(W;)k G (A(] )W ) _, induces a permutation of W;, and therefore some power
of this map 1nduces the identity permutation, so let k := j? be a power of p such
that AU )WO = W} for every j = 1,...,k. For every j = 1,...,k we clearly have
A(J) € Prox(V;), and since A(J) preserves the splitting V; = U1 - D UTJ it

leading eigenvector belongs to one of these spaces. In partlcular thlb elgenvector
belongs either to WY or to (W7)*. If it belongs to the latter then the leading
eigenvector of Agj ), being the same vector, belongs to (WJO)J- and therefore we have
p(Agj)) < ||A§j) |(woy+ I, but this contradicts (20). Hence the leading eigenvector of

J

A}((j) belongs to VVJO forevery j =1,...,k. Foreach j =1,..., k the linear map A}((j)
fixes Wjo and its eigenvalues when restricted to W]Q are a subset of its eigenvalues
on V; which includes the largest eigenvalue. Thus Al((j)\wjo € Prox(WjQ) for every
j=1,...,k and we have proved (ii).

It remains to prove (iii). We first claim that for every (W; ) _1 € Wy, we have

i ({z € Sns (U (@), = (W)E0)) > 0.
To see this we argue as follows. Each i € X% induces a permutation of W, via

the map (Wj);?:1 — (A:(-Lj )Wj);?:l, and some power of the same word consequently
induces the inverse permutation. The set of all permutations of W,, which can
be realised in this way thus forms a finite group. We may therefore find a finite

list of words iy,...,i, € X} such that every permutation of W, of the form
(Wi)k_, = (Agj)Wj)§: is realised by (Wj)k_, — A, 1, Wj)—, for some ¢ €

Jj=1 i1is-
{1,...,p}. (For example, we could take p to be an even number such that the
words i1,13,15,...,1p—1 induce all of the various permutations and such that i,
induces the inverse of the permutation induced by i, for each odd number ¢.) The

list iy,...,1, € ¥} has the property that if (I/Vj)?:1 € W,, is arbitrary, then

(21) (A )W) 1 < g <pf =W,
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Now by Theorem 3 the measure p is fully supported on Xy, so i([i]) > 0 for every
i € ¥} and in particular f([iq---1p]) > 0. Since the set of all € X such that
(U; (x))gf:l € W;, has full measure, we may choose (Wj);?:1 € W, such that

i ({oeSn: U@y = )i, andw € 1+ 1,]}) > 0.
For every ¢ =1,...,p we have
P ({x e Syt (Uy(e~ M talz))h = W)k, and g~ talz €[4 - "ip]}) >0
by the &-invariance of i. Now using (16) we have
(Uj(&—|il~-iq|x)>’“ _ (A@__ U,@)k - (A(j)._ U(x))k
j=1 (=M tal)gy sy 7 =1 Tt J=1

for fira.e. x € glrtalliy .. 1] s0

i ({o € S (AL, U@y = W)k }) > 0
and therefore
i ({z € S (U@ = (A9, W)k }) > 0

for every ¢ = 1,...,p. In view of (21) this proves the claim.

We may now prove (iii). We will show that the hypothesis of Lemma 5.3(ii) is
satisfied by W,,. Fix arbitrary n > 1 and suppose that p, and hence f, is totally
ergodic. Let (I/Vj)g?:17 (W]');“:1 € W,, be arbitrary. Since fi is ergodic with respect
to ¢, for every two sets Z1, Zy C Sy such that i(Z1), 1(Z2) > 0 we may find £ > 1
such that i(Z; N 6™ Zy) > 0. In particular using the claim just proved it follows
that there exists £ > 1 such that

i ({o € S (Us@))iey = (Wy)hy and (Ui (67" a))i_y = (W)EL,}) > 0.

Hence for a positive-measure set of z € Xy we have

(W)hoy = (Ui )by = (AL Us@Nboy = (AL, Wb
using (16). In particular (W]')f:1 = (Agj)Wj);’?:l for some i € ¥} such that n
divides [i]. Since (W))k_, € W;, was arbitrary, we have shown that for every
(W;)k_, € Wy, we have

j=1°

{(A@Wj)k Lie X% and n divides |i|} —W,.

Since n and (I/Vj)é?:1 € W,, were also arbitrary this shows that the hypothesis of
Lemma 5.3(ii) is satisfied by W,,. Hence W, is primitive as required to prove (iii)
and complete the proof of the theorem. O

6. TOWARDS THE PRECONDITION FOR t-MIXING IN THE PRIMITIVE PROXIMAL
CASE

In this section we prove the following final major component of Theorem 1:
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Theorem 7. Let N > 2 and k > 1 and for each j = 1,...,k let V; be a finite-

dimensional real vector space, let (Agj), e 7A%)) € GL(V;)N be irreducible and
let B; > 0. For each j =1,...,k let £; > 1 be the least possible dimension of a
nonzero subspace of V; which has finite orbit under the action of (Agj), e 7A§\],)),

Let W C H?:l Gry, (V;) be a primitive subspace class, and for every i € ¥} define

k

Dpy(i) := max HA§J’)|W,
(Wj)?zleW]l;[l !

Bj

Suppose that there exist k € 3% and (W]Q)?:1 € W such that Al({j)|WJo € Prox(W7)
for all j = 1,...,k. (In particular we suppose that Al({j)VVjo = W]Q for all j =
1,...,k.) Then there exist m > 1 and 6 > 0 such that

(22) max Py (ikj) > 0Py (1)Pw(j)

|k|=m
foralli,jeXy.
The inequality (22) refines the statement

(23) max Py (ikj) > 6w (i)Pw(j)
k| <m

which was the core result required in the proof of Theorem 3 above in the earlier
article [10]. To some extent, therefore, Theorem 7 above adapts the ideas used in
[10] in such a manner as to obtain a stronger conclusion under stronger hypotheses.
In particular this argument makes heavy use of the properties of the Zariski topology
described for the reader in §3.2. We will briefly compare these two results and their
proofs.

The earlier result [10, Theorem 6] began by defining V := @le V; and g; :==

@?:1 AEJ) € GL(V) for each ¢ = 1,...,N, defining g; := g;, ---g:, for every
i = (i)}, € X%, defining ' C GL(V) to be the semigroup generated by the
linear maps ¢1, ..., gn, taking G < GL(V) to be the Zariski closure of T', defining
homomorphisms ¢;: I' — GL(V}) by ¢,(gi; - - ¢s,) = Ag) . ~A§i) for each j =
1,..., k and observing that these extend to regular representations ¢;: G — GL(V})
for each j. The key objective was then to show that there exist an integer m > 1 and
real number £ > 0 such that for every i, j € X% there exists k € X% such that |k| <
m and ||¢;(g19x95)|| > kll@;(91)|-1|¢;(g;)| simultaneously for j = 1,..., k; the main
result (23) then followed directly. In order to find k satisfying these simultaneous
conditions it is useful to be able to pass to the identity component G° of G, which
has the advantageous property of being an irreducible variety: in an irreducible
variety every nonempty open set is dense, and so to find a word solving k algebraic
conditions simultaneously it is sufficient to show that each condition separately is
satisfied on a nonempty open subset of G, since the intersection of these dense open
sets must be nonempty. The analytic result ||¢;(g:9x9;5)| = &ll¢;(g:)l - [|05(g;)l
is proved by applying the previous reasoning to an algebraic property of g, and
combining this with a compactness argument. In order to reduce this task to
that of studying elements of G° only, the proof of [10, Theorem 6] exploited the
transitivity of W: by appending a small word to i and prepending a small word
to j if necessary, we could assume that |[¢;(g:)|| and ||¢;(g;)| could be understood
using the behaviour of ¢;(g:) and ¢;(g;) restricted to W; C V; for a consistent
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choice of (Wj);?:1 € W not depending on i or j. This allowed us the freedom
to specialise to considering only those gy such that ¢;(gx)W; = Wj, in particular
allowing us to work only in G° and not in the whole of G, making arguments based
on the irreducibility of the variety G® available. Crucially, since only transitivity
of W was assumed, the lengths of the appended and prepended words could be
bounded a priori via the finiteness and transitivity of W but their precise length
could not be specified in advance.

In order to prove Theorem 7 we improve this argument in two respects so as to
make the length of the word k interposed between i and j consistent across all i
and j. Firstly, by assuming primitivity of W instead of transitivity we can control
the length of the small word appended to i and the small word prepended to j so
as to make their lengths equal to some a priori constant p which is independent of
the choice of i and j. This reduces the problem to that of controlling the length
of the word k which is chosen so as to satisfy [|¢;(g:9x9;)| > &l¢;(91)] - [|0;(g;)l
simultaneously for j = 1,...,k. To solve the latter problem we use the following
intuition: if we knew that k could be chosen with length less than or equal to some
number mg but also with the property that each ¢;(gx) was of rank one and non-
nilpotent, then we would know that every power of ¢;(gx) is just a scalar multiple
of ¢, (g) and satisfies a relation similar to |6, (gsgg;)l > 1l (g5) | - 65(g5)] but
with an additional scalar constant. Thus if we took m to be the least common
multiple of the lengths of the finitely many different words k needed to connect the
full range of possible pairs of words i, j € X%, and replaced each k with a power of
itself having length m, we could obtain the desired inequality (22) with the word
in the middle having length m + 2p. But it is obvious that ¢;(gx) actually has
full rank, so this idea must be modified. The key modification is to choose each
k so that each ¢;(gx) is prozimal, and hence is close in norm to a scalar multiple
of its powers. This explains the additional hypothesis of Theorem 7 regarding the
existence of a simultaneously proximal word.

Proof of Theorem 7. Define V := @?:1 V; and for each i = 1,..., N define g; :=
@?:1 Agj) € GL(V). Define g; := g;, - -+ ¢s, for every i = (iy)j_, € X} in the
obvious fashion. Let I' := {g;: 1 € ¥%}, which is a semigroup. Let G < GL(V)
denote the Zariski closure of I', which is a group. For each j = 1,...,k we may
define a regular representation ¢;: I' = GL(V}) by ¢,(g:1) := A(ij ) and this extends
to a regular representation ¢;: G — GL(V;) which is irreducible since its image
contains the linear maps Agj), cee, A%).

Let (WJQ);?:1 € W be as in the statement of the theorem. For each j =1,...,k
the subspace I/V]Q has finite orbit under the action of ¢;(G). Denote this orbit by
{U},..., U7} Tfig € {1,...,7;} is fixed then each of the sets {g € G: qﬁj(g)U;O =
U;} is closed in the Zariski topology, and since these sets are disjoint and their union
over ¢ = 1,...,7; is equal to G, these sets are also open. It follows that they are
unions of connected components of G and in particular every connected component
of G is contained in a unique set of the form {g € G: ¢;(9)U;* = U;} for some
i € {1,...,7;}. Since the identity is in G° we must have G° C {g € G: @(g)U}“ =
U;"}7 and it follows that every U JZ is stabilised by ¢;(G°). In particular we have
qu(g)WJQ = WJQ for every j = 1,...,k for every ¢ € G°. For each j = 1,...,k let
us define a regular representation (ij: G° — GL(WJQ) by gf)j (9) == ¢; (g)\W]o. By
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hypothesis there exists k € X% such that (;gj (9x) € Prox(W7) for every j =1,...,k.
The map g — gxg is a Zariski homeomorphism of G and induces a permutation of
the connected components of GG in particular there exists an iterate of this map
which induces the identity permutation. By replacing k with a suitable power of k if
necessary we may therefore assume without loss of generality that g, € G°. Define
Qij = limy, o0 ||(ﬁj(gfj)||_1q3j (g0) € End(W]Q) for each 7 = 1,..., k; by proximality
each gy ; is well-defined, of rank one, and not nilpotent.

We make the following first claim: if nonzero elements by j, by ; of End(W}) are
given for each j = 1,...,k then there exists i € X% such that g; € G, such that
dgj(gi) € Prox(W]Q) for each j = 1,...,k and such that for each j = 1,...,k the
linear map p; ; = lim,_, HQASj(g?)H‘lngSj(g?) S End(WJO) satisfies b1 jp; jba; # 0.
Clearly it will be sufficient to choose a nonzero vector v; € by ; WJQ for each j =
1,...,k and find i € ¥% such that g; € G°, such that ng(gi) is proximal for all
j =1,...,k and such that p; jv; & kerb; ; for all j = 1,..., k. We therefore fix
nonzero linear maps by ; and by ; and nonzero vectors v; for each j =1,...,k and
prove the claim in this form.

We assert that there exists j» € X% such that g;, € GO and such that for all
j=1,...,k we have qk’jgzgj (95,)vj # 0. To see this it suffices to show that

k
M {o€ 6 aidslo; #0}
j=1
is nonempty and Zariski open, since by the Zariski density of I' in G it must then
contain some g; € I'. This set is the intersection of the sets

(24) {g e GO Qk’jéj(g)vj =+ 0}

over j = 1,...,k and each of these sets is clearly Zariski open. Since G is an
irreducible variety, all of its nonempty open subsets are also dense, so the inter-
section of the sets (24) will be nonempty and open as long as each individual set
is nonempty. The assertion will therefore be proved if each of the sets in (24) is
shown to be nonempty. But if this set is empty for some j then the vector space
U := span{p;(g)v;: g € G°} is a subspace of WY (and hence of V) which is in-
variant under ¢;(G°) and has smaller dimension than W7, since it is contained in
the proper subspace ker gy ; of WJQ. If hq1,he € G belong to the same connected
component G; of G then h{'G; is a connected component of G which contains
the identity, so h] 'hy € hi'G; = G°, hence ¢;(h1) " p;(ha)U = ¢j(hy he)U = U
by the ¢;(G°)-invariance of U. Thus g — ¢;(g)U is constant on each connected
component of G and therefore {¢;(g)U: g € G} is finite. But then U has finite
orbit under ¢;(G) and in particular has finite orbit under ¢;(I') = {Aﬁj) tie Xy}
whilst having dimension smaller than ¢; = dim WJQ; this contradicts the definition
of £;. We conclude that such a subspace U cannot exist, so the set (24) must be
nonempty for every j = 1,..., k and we deduce the existence of the claimed element
j2 € Xy

We next assert that there exists j; € X% such that g;, € G and such that
for all j = 1,...,k the endomorphism dA)j (gjl)qk,jagj (95,) is proximal and satisfies

(]Bj(gjl)qk’j(ﬁj(gjz)vj ¢ kerb, ;. Clearly éj(g)?k’quj(gjzl € End(W]Q) has rank one
for every g € G since gy ; is of rank one and ¢;(g) and ¢;(g;,) are invertible, so for
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qASj (9)4x, 5 qgj (95,) to be proximal it is necessary and sufficient that it be non-nilpotent,

which by rank considerations is equivalent to the condition (ngSJ (9)qx,5 ngSj (93,))* # 0.
Thus to obtain the existence of j; it suffices to show that
(25)

k
ﬂ {9 € G%: 6(9)ax,16;(95,)v; & ker bl,j} N {g €G”: 95(9)a;0i(95.))° # 0}
is nonempty and Zariski open. We must therefore likewise show that each set

{g € G%: 3(9)a10i(95.)v; ¢ ker bl,j}

is nonempty and Zariski open, and that each set
{9€ G (0i(9)ans5(95.))* # 0}

is also nonempty and Zariski open. A vector belongs to kerb; ; if and only if it
orthogonal to every element of a basis for the orthogonal complement of ker by j,
and the latter is obviously a Zariski closed condition, so the first of the two sets is
Zariski open. The Zariski openness of the second set is obvious.

If the first set is empty for some j, then by the same arguments as were used
previously the vector space span{;(g)q.;®;(g;,)v;: g € G°} would be a ¢;(GO)-
invariant proper subspace of WJO, the existence of which would contradict the def-
inition of ¢;. We conclude that the first set is nonempty for each j =1,... k. If
((lgj (Q)Qk,j(lgj(gjz)Q = 0 for some g € G° then since ¢ ; has rank one and q[A)j (g9) and
(Zgj (95,) are invertible, it must be the case that the one-dimensional image subspace

qkij]Q is mapped into the kernel of qkng%j (95,) by (;Aﬁj(g). If this holds for every

g € G then we deduce that spanJ,cgo 05(9) ;WP C ker g jd;(g5,) # WP is a
$;(GY)-invariant proper subspace of W]Q, which is again impossible. We deduce the
nonemptiness and Zariski openness of the set (25) and the existence of j; follows.

We have shown that there exist ji,j2 € X% such that g;,g;, € G° and such
that for every j = Sk, qgj(gjl)qkﬂéj(gjz) € End(W]Q) is proximal and of
rank one and satlsﬁes ¢j (gjl)qk]gbj (95,)vj & kerb; ;. In particular we necessar-
ily have V+(¢J (ng)qm(bj (952)) Nkerby; = {0} and v; & V7 (0;(95,)ax.i¢5(95.))-
By the openness of the set of proximal endomorphisms in the analytic topology on
End(W7) together with the continuity of V* and V'~ on that set, it follows that for
all sufficiently large n the element ||¢;(g2)|| = ®; (g5, 91 g;,) is proximal and satisfies
V(5 (g1~ 595,98 95.))Nker by j = {0} and v; ¢ V= ([ld; (g1l b5 (95, 9% 95.))
forall j = 1,...,k. Fixn I@rge enough that these properties hold and define
i := j1k"j2. We then have ¢;(g5,0¢9;,) € Prox(WJQ) for all j = 1,...,k, and
for every j = 1,...,k we also have V+(q2)j(gjlgf§gj2)) Nkerb; ; = {0} and v; ¢
V= (05(95,9¢95,))- The limit p; j = limy, o0 [|6;(97) (|7 ¢5(g1) € Prox(W}) has
image V1 (¢,(g:1)) and kernel V= (¢;(gs)) for each j = 1,...,k, so in particular
pi,jv; ¢ kerby ; and it follows that by jp; jba j # 0. The proof of the first claim is
complete.
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We secondly claim that there exist k > 0 and m > 1 with the following property:
if for each j = 1,...,k we are given by j, by ; € End(WQ) then

ma byt | 2 o1 - 2,

QkEGO
for every j = 1,..., k. By homogeneity it is clearly sufficient to consider only the
case where ||by ;|| = ||b2;|| = 1 for every j = 1,...,k, and we will prove the claim

in this form.

For each j = 1,...,k let SEnd(WO) denote the unit sphere of End(WO) If
((blj,bgj)) _, € H] : SEnd wo) X SEnd (wo) s given, then by the precedlng step
there exists i € ¥} such that gi € G° and such that for each j = ,k the
element p; ; := limnHOO ;)7 d;(g)) € End(W7) is well- deﬁned and sat-
isfies by jps,;b2,; # O. ((b'lj,bé]))J 1 € HJ 1SEnd(W0) X SEnd(WO) is chosen
in a sufficiently small open neighbourhood of ((byj,b2;))5=; then we clearly also
have b} ;pi ;b5 ; # 0 for every j = 1,...,k for the same word i. By the com-

pactness of Hle SEnd(WJQ) X SEnd(W]p) it follows that there exist finitely many

words ij,...,i, € Y% such that g;, € G° for every t = 1,...,r, such that
Pi,j o= My o0 [|05(97) 1705 (g2 ) € End(W7) is well-defined for each j = 1,...,k
and t = 1,...,r and such that for every ((blyj,bg,j));?:l € Sgnawo) there exists

t € {1,...,r} such that by jps, ;b2 ; # 0 for all j = 1,...,k. By compactness and
continuity the function H§:1 SEnd(Wg) X SEnd(WO) — R defined by

k
(b1, b2.,5))j=1 = min max b ;ps, ;b2 4l

therefore has a nonzero minimum value 7 > 0, say.

Let m > 1 be a natural number divisible by each of |i1],...,|i¢| and choose
natural numbers nq,...,n, such that m = ny|ii| = na|iz| = -+ = n,|i.|. By
choosing a large integer ¢ > 1 and replacing m with ¢m and each n; with ¢n; if
required, we may without loss of generality suppose that ny, ..., n, are large enough
that -

jmax max |Ips, ;= [10;(g5)] 7 05 (95| < 3-

Define k; := i}t € X% for each ¢ and observe that each k; has the same length m
and satisfies gy, = gi'" € G°. We easily see that
1 —
min, max 19 (g™ 161,365 (gw b2l > 5 5
for all ((517,7',527]‘))?:1 € szl SEnd(WJ@)) X SEnd(WJ(_))7 j=1,....,kandt=1,...,r,
so if we define

-
K= min ||¢](gkt)||

2 1<j<k 1<t<

then we have proved our second claim.
We may now prove the theorem. Let i,j € X% be arbitrary. There exist
(Wj)k_,, (W))k_, € W such that

k
=TTt ow IN%%W
j=1 =1
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By the hypothesis that W is primitive there exists p > 1 not depending on i, j,

(Wj)?zl or (W;);“:l such that we may choose i1, i, j1,j2 € £ with |i1] = |i2| =
|31l = [j2| = p satisfying
(05(95)W3) 51 = (W),
(63(93)85(95)W)j=1 = (W})ios,
(65(93)W)jo1 = (W),
(¢3(95,)05 ()W) o1 = (W)=

In particular ¢;(g1,9:9,)lwo and ¢;(95,9;95,)lwo are endomorphisms of w7y for
each j =1,...,k, and

K
1T 165 (911 91952) lwo |

k
Bj .
> mmHW (@) 7% ) TL s (ao)lw, |7 = e@w(d)
j=1 H=p j=1
and
k C Bj
[T 1165 (95,9393 lwell = mmmqs o) 175 ) T ||estonlw |~ = cowi),
j=1 j=1
say, where

2

€= mmHIIbe (g2) I

Now by the previous step there exists k € X% with [k| = m such that g, € G° (and
hence (bj(gk)WJQ = WJQ for every j = 1,...,k) and such that

H H(¢J 91191912)|W0) <¢J(9k)|W0) (ij(gjngng |W0>Hﬁ7

. v Bi
> KZ]‘:I Bj H H(]ﬁj(gilgigizﬂwjo
Jj=1

Bj
H H%(legjgjzﬂwy
j=1
> 10105 2y (1) Doy (3).
Defining K := max;)—, P (1) < oo we have

Bj

f[H(@ (95, 9595)lwo ) (65(90lwo ) (5095, 9593.)lwo)

k
Bi
=11 H¢j(gilgigizgkgjlgjgj2)|w;’
j=1
k
< max H ||¢J 911919129931 93952) | ||

(Wi €W 52

= Oy (iriiskj1ije) < Pyw(in)®w(j2)Pw(iiokj1]j) < K>y (iiskj1j),
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and since |iskj1| = m + 2p, we have obtained

max_ @y (i13) > Oy (iiokjij) > K 22620=1 5 Dyy(1) Dyy(j)
[1[=m+2p

where m, p, K, k and € do not depend on i, j € ¥3;. The theorem is proved. O

7. PROOFS OF MAIN RESULTS

7.1. Proof of Theorem 1. Let the integers k and N, vector spaces Vj, tuples
(Agj),...,A%)) € GL(V;)", real numbers 8; > 0, potential ®: X% — (0,+00)
and totally ergodic equilibrium state p € M,(Xx) be as in the statement of
Theorem 1. By Theorem 5 we may without loss of generality assume that every
(Agj ), . 7Ag\],)) € GL(V;)" is irreducible and has simple top Lyapunov exponent
with respect to u. By Theorem 6(i) we find that u is the equilibrium state of a
unique potential &,y such that W C H§:1 Gry, (V}) is a transitive subspace class,
where for each j = 1,...,k the integer ¢; is the dimension of the smallest nonzero
subspace of V; with finite orbit under the action of (A(lj ), . ,A%)). It follows by
Theorem 3(i) that there exists C' > 0 such that

C 1y (1) < elHPEW([i]) < OBy (1)

for every i € ¥%. By Theorem 6(ii)—(iii) the potential ®yy satisfies the hypotheses
of Theorem 7, so there exist an integer m and constant § > 0 such that

max Py (ikj) > IPw(1)Pw(j)

|k|=m
for all i,j € ¥} . Hence for every i, j € ¥} we have

Su([i)u([]) < Coe” (FIHIDPE Gy (1) Py (5)

< 2~ UHEDP(@W) hax Py (ikj)

|k|=m

< CBlEP(@w) max ([ikj])

k|=m

< C3emPEwW) N ([ikj])
|k|=m
= PO (5] no )
so that

(26) (1] N o ™ B[] = mp([L)a((3)
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where k := C35e~"P(®W) and also

p(la]no™™ M) = > w((ikj)

[k[=m

<C Z e—(\i|+\k\+|j|)P(‘I’W)<I)W(ikj)

|k|=m

< Ce HHIDPE@WIH)) (1)By(5) Z e HP@W) ), (k)

|k[=m

so that

(27) p(a]no™™ M) < Ku([a)u((5])

where K := C4. To prove the theorem we will combine inequalities (26) and (27)
with theorems of R.C. Bradley, N.A. Friedman and D.S. Ornstein in a manner
similar to earlier works such as [50, 52].

For every integer n > 1 let B; ,, be the finite o-algebra on SN generated by the
set

{[i]ciN:m:n}.

For every pair of integers n, m € Z such that n < m define B, p, := (3"7131,m+1—n~
Thus By, is precisely the o-algebra generated by cylinders of the form

{(z¢)ecz: i =y; foralli =mn,...,;m}
where the finite sequence (y;)™,, varies over {1,..., N} "l For every n € Z

define also

n (o9}
B—oo,n = \/ Bm,n; Bn,—i—oo = \/ Bn,m-
The following is a special case of a theorem of R.C. Bradley ([14, Theorem 4.1(2)]):

Theorem 8. Let i be a G-invariant measure on SN such that for some integer
m > 1 the conditions

(AN B (AN B
inf M > 0, sup M < 00
Aes? _ pesy [i(A)(B) A _ pep (A)A(B)
A(A),a(B)#0 A(A),a(B)#£0
are both satisfied. Then
(AN B
lim sup 'fL( Fj ) — 1’ =0.
"0 AeB? ,BeBY i(A)i(B

A(A),2(B)#0
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Now, the natural extension /i € Mz (Sy) of the equilibrium state p satisfies

(AN B) . . (AN B)
n — _ = in inf ——
AeB® _BeB,, ((A)(B)  nine>1 A€Bin,o  fi(A)f(B)
f1(A),(B)#£0 BEBm+1,m+ns
= inf inf w
n1,ma>1 A€B1n, f(A)(B)

BeBm+tny+1,m+ni+ngy

e BN oT )

= inf — >k>0
nune>1fil=n A([1])A([3])
lil=n2
by (26), and likewise
~ A B N 7mf|i\ .
sup M = sup sup u([llm.U —— D) <K <oo
AGBEOQ,BGB;‘L’_H M(A):U’(B) ni,n2>1|il=n; M([l )M([J])
A1(A),i(B)#0 l31=n2
by (27). Theorem 8 therefore applies and yields
(AN B
lim sup M — 1‘ =0
n=0 qeg0  pen | IA)MB)
A(A),i(B)#0
which clearly implies the result
. _n_lil .
iy sy MO D ) g
n—ooygesw | p([R])u((3])

which is the first assertion of Theorem 1.

To deduce the Bernoulli property of fi we will apply a theorem of N.A. Friedman
and D.S. Ornstein. We recall that a measure space (X, F,m) is called a Lebesgue
space if there exists a measure space isomorphism between (X, F, m) and Lebesgue
measure on a bounded interval equipped with the o-algebra of Lebesgue measurable
sets. If (X, F,m) is a Lebesgue space, Z C X has nonzero measure, Fy := {AN
Z: A€ F} and my is the measure on (X, Fz) defined by mz(A) := m(ZNA) then
(Z,Fz,myz) is also a Lebesgue space.

If T is an invertible measure-preserving transformation of a Lebesgue proba-
bility space (X,F,m) then a partition P of X is defined to be any finite set
P = {Py,...,P,} C F such that, up to measure zero, X is the disjoint union
of the sets P,...,P,. Given a partition P, for each k € Z we may define a new
partition TFP := {T*Py,..., T*P,} of X in the obvious fashion. If Py, ..., P are
partitions then we let \/;?:1 P; denote the partition {A; NAsN---NAg: Aj € P}
We will say that a partition P of X is e-independent of a partition Q of X if there
exists a subset Q. of Q such that

m U Q| >1-¢
QeQ.
and
m(PNQ)
max max |—————
PeP QeQ. | m(Q)
A partition P is called a weak Bernoulli partition if for every € > 0 there exists an

integer k. > 0 such that for all n > 1 the partition \/f:,;? 1 T3P is e-independent of

—m(P)| <e.
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\V_,_, TP, or equivalently if \/_, _ T9P is e-independent of \/; "3, TIP.
The following theorem paraphrases a celebrated result of N.A. Friedman and D.S.

Ornstein [29]:

Theorem 9. Let P = (3], pi6:)% be a Bernoulli measure on YN for some N >
2 and some nondegenerate probability vector (pi1,...,pn) and let Bp denote the
completion of the Borel o-algebra on SN with respect to P. Let T be an invertible
measure-preserving transformation of a Lebesgue probability space (X, F,m) which
admits a weak Bernoulli partition. Then there exists a measure space isomorphism

¢: X — Sy such that o T = 6 o .

If 1 is a totally ergodic generalised matrix equilibrium state on ¥y for some
N > 2, let ji denote its natural extension to )y ~ and let Eﬂ denote the completion
of the Borel g-algebra on 3y with respect to ft. Since p is fully supported on X
it is not a Dirac measure, and since it is additionally totally ergodic, it has no
atoms. This implies the corresponding properties for j on $n and it follows that
(fl N7Eﬂ, i), being the completion of an atomless Borel probability measure on a
complete metric space, is a Lebesgue probability space. Let P denote the partition
of ¥y into the N sets [i] := {(x¢)pez: 1 =i} for i=1,..., N. Since

A~ . A_n_li‘ .
lim sup ,u([1J ﬂ.a —— 5D — 1’ =0,
n—ooygexs | A([R)A((5])
for every € > 0 we may choose k. > 1 such that
AT Afkaf‘ﬂ .
p [HEOS G
ey | A(EDACE])

For each n > 1 the partitions \/2:1_” &IP and Vj_:—_;i—kg +107P are simply the
partitions into sets of the form [i] and into sets of the form o %< ~I*|[1] respectively,
where |i| = n. The e-independence of the first partition from the second is immedi-
ate and we conclude that P is a weak Bernoulli partition for the transformation &
of (f] N+ B, fi). Applying the theorem of Friedman and Ornstein proves the second
assertion of Theorem 1.

7.2. Proof of Theorem 2. Before starting the proof we require the following
simple lemma:

Lemma 7.1. Let T: X — X be an ergodic measure-preserving transformation
of a probability space (X, F,u) which is not totally ergodic, and let n > 1 be the
smallest integer such that T™ is not ergodic. Then there exists a measurable set
Z C X such that Z,T'Z,...,T-"=DZ partitions X up to measure zero and
satisfies T~ Z = Z up to measure zero.

Proof. Since T™ is not ergodic there by definition exists a measurable set ¥ C X
such that 0 < u(Y) < 1 and T7"Y =Y up to p-measure zero. Consider a set
R C {0,...,n — 1} with the properties 0 € R and p((;cx 7~'Y) > 0 and which
has maximum cardinality of all such sets. (Clearly at least one set with those two
properties exists, namely {0}, so R is well-defined.) Define Z := ﬂieRT_iY and
note that clearly T-"Z = Z up to p-measure zero. For each ¢ € {1,...,n — 1} we
must have either 4(ZNT~Z) = 0or R = R+i mod n, since if neither of these holds
then RU(R+i¢ mod n) would have larger cardinality than R while having the same
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characteristic properties, contradicting maximality. But if R = R +4 mod n then
T—'Z = Z up to measure zero which implies that 7% is not ergodic, contradicting
the definition of n. It follows that u(ZNT~¢Z) =0 foralli = 1,...,n—1 and hence
by the T-invariance of u we deduce that T~*Z and T~7Z are pairwise disjoint up
to measure zero whenever 0 < i < j < n. We also have U?:_Ol T7'Z = X up to
measure zero since this set is T-invariant and has positive measure and 7T is ergodic
with respect to u, and this completes the proof. O

The core of the proof of Theorem 2 is contained in the following result, which
will be used twice in the proof.
Proposition 7.2. Let k > 1 and N > 2. For each j =1,...,k let V; be a finite-

dimensional real vector space and let (Agj), ce AE\J})) € GL(V;)YN and B; > 0. For
all i € ¥} define

k N
i
j=1

and let p be an ergodic equilibrium state of ®.

Suppose that there exist an integer n > 1 and Borel set Z C Xy such that
T"Z=2Zand Z,T'Z, ..., T~ """V Z is a partition of Bn, both up to p-measure
zero. Define a measure v on ¥n by v(A) = w(AN Z)/u(Z) for all Borel sets
ACXEyN. Letn: {1 € ¥%: |i| = n} — {1,...,N"} be the map which takes each
word 1 € ¥ of length n to the integer representing its position in the lexicographical
ordering on {i € Xy :|i] = n}, and define a homeomorphism t: ¥n — Xnn
by [(ze)52,] = (n(x(q Dnt1" " Tqn))gey- For each j = 1,....k define an N"-
tuple (B .. .,B )y € GL(V)N" by BY) .= A;j)l(i) for everyi=1,...,N™ and
j=1,...,k, and define a potential ¥: X%, — (0,+0c0) by

k
B
_ €]
=11 HBJ]
j=1

for all j € ENn.
Then p = Z 0 olv, each measure olv is o"-invariant, the measures (1 o
o) € M, (ENn) are pairwise mutually singular equilibrium states of ¥, and
E oo
n<[[;_,dimVj.

Proof. Clearly the properties of Z imply u(Z) = 1/n. For every Borel set A C X
we have
n—1 n—1
1 i u(o ZA ﬂ Z) —
EZ(O'*V Z _Zu(a ANZ)
1=0 1=0
n—1

= S AN 2) = u(A)

i=0
so that = L 37" 0 oy, and similarly
o™ "ANZ) o mANe " Z)  p(oTPANZ)
w2) w2) w2)
so that each olv is o"-invariant. The equation ¢ o 6™ = ¢ o 1 is obvious from the
definition of ¢. It follows directly that each (1 o o), is a o-invariant measure

(oLv) (0" A) = = (owv)(4)
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on Yyn. It is easy to check from the construction of v that the sets which have
nonzero measure with respect to ov are precisely those which intersect ¢~ (=97
in a set of nonzero p-measure, and since the sets Z,07'Z,..., 0~ ("1 Z are pair-
wise disjoint up to p-measure zero this implies that the measures o’v are pairwise
mutually singular for distinct ¢ € {0,...,n — 1}. Since ¢ is a homeomorphism
this implies that the measures (1 o o%).v are pairwise mutually singular for dis-
tinct ¢ € {0,...,n — 1}. By Theorem 4 there can be at most H?:1 dim V; distinct
ergodic equilibrium states for ¥, which are necessarily pairwise mutually singular
since they are distinct ergodic measures. By standard ergodic decomposition argu-
ments every equilibrium state of U arises as a convex combination of these ergodic
equilibrium states. It follows from this that the cardinality of a set of pairwise
mutually singular equilibrium states of ¥ cannot be larger than the cardinality of
the set of ergodic equilibrium states of ¥, which is bounded by H§=1 dim V;. Thus
if we can show that every (v o Ui)*V is an equilibrium state of ¥ then the bound
n < H§=1 dim V; follows and we will have proved the proposition. But it follows
easily from the definition of equilibrium state and the fact that h(-) and A(¥,.)
are affine functions that if a finite convex combination of invariant measures is an
equilibrium state of ¥, then so must be the measures which are the summands
in the convex combination. So to complete the proof we need only show that the
invariant measure i, = %Z?;ol (toc®)ww € My(Xyn) is an equilibrium state of
V. But this is a straightforward calculation: the equation too™ = g o¢ and the fact
that ¢ is a homeomorphism together imply that h(i.u) = nh(p) by basic ergodic
theory, and we have

1 1
P(¥) = lim —log o) = Jim —log Y 3(i) =nP(®)
JESn : 3]=m ' €Tyt [il=nm

and A(U, t,p) = nA(P, 1) by an almost identical calculation. The result follows. O

We may now prove Theorem 2. Let k, N, V}, (Agj)7 e ,Ag\j,))7 B; and p be as in
the statement of the theorem. Since p is not totally ergodic, it follows from Lemma
7.1 that there exists an integer n > 1 with the property that there exists a measur-
ableset Z C X such that Z,7-'Z,..., T~ ("1 Z partitions X up to [-measure zero
and such that T~"Z = Z up to measure zero. Proposition 7.2 implies that every
integer n with this property is less than or equal to H§:1 dim Vj;, so we may choose
a largest such integer. Let n be the largest integer with the aforementioned prop-
erty, which clearly satisfies 1 < n < Hle dim V;. Let Z C ¥n be a Borel set with
the property that Z,7-'Z, ..., T~ (=1 Z partitions Xy up to g-measure zero and
define a Borel probability measure v on X by v(A4) := u(ANZ)/u(Z) for all Borel

sets A C Y. By Proposition 7.2 there exist tuples (ng), .. ,B](\],)) € GL(Vj)N"
and a potential U: X%, — (0,+00) as in the statement of Theorem 2 such that
each of the measures (¢ 0 o%),v € M,(Znn) is a distinet equilibrium state of ¥,
and we have y = %Z?;OI oluv.

To complete the proof of Theorem 2 we must show that for every i € {0,...,n—1}
the measure (1o o%),v is totally ergodic. Fix such an i. We will first show that
(too?),v is ergodic. If this is not the case then there exists a Borel set A C ¥ » such
that 071 A = A up to (too?),v-measure zero and such that 0 < ((too?),v)(A4) < 1.
Define B := 17 1A ¢ ¥y sothat B = 7 'A = 171674 = 6™ 1A = ¢ "B
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up to olv-measure zero, and 0 < (¢%v)(B) < 1. We have 0 < u(c BN Z) <
w(Z) = L and o7 (0c7'BNZ) = 07'BN Z up to p-measure zero. But then
U;:Ol o/ (c7"B N Z) is o-invariant up to pu-measure zero but has measure strictly
between 0 and 1, contradicting the ergodicity of .

We may now show that (1o o%),v is totally ergodic. If it is not then by
Lemma 7.1 there exist an integer m > 1 and a Borel subset A of ¥y» such that
o~ ™A = A up to (10 c'),v-measure zero and such that A,07 1A, ... Lo (m=1) 4
forms a partition of ¥y» up to (¢t o o%),v-measure zero. Define B := 171A C
Yn; then B,o""B,0 ?"B...,0-(™=U"B forms a partition of ¥x up to oliv-
measure zero, and B = ¢~™"B up to olv-measure zero. This implies that the sets
c7'B, 0" "B, 2" 'B ... o~ (m=D"=iB form a partition of Z up to p-measure

zero and are all 0 ~"""-invariant up to p-measure zero. But then
mn—1 n—1 m—1 n—1
U o 'B= U oI <U U_i_T"B> = U o7 =%y
£=0 j=0 r=0 j=0

up to p-measure zero, and all of these unions are disjoint up to p-measure zero,
which contradicts the maximality of n. This completes the proof that each (too”).v
is totally ergodic and completes the proof of the theorem.

7.3. Proof of Corollary 2.1. Let p be an ergodic generalised matrix equilibrium
state on Y. If p is totally ergodic then the conclusion follows by Theorem 1,
so suppose that p is not totally ergodic. By Theorem 2 there exist n > 1 and a
o™-invariant measure v on X, which is totally ergodic with respect to ¢™ and is
measurably isomorphic via a homeomorphism ¢: ¥ — X yn satisfying too™ = oou
to a generalised matrix equilibrium state on X yn, such that p = %Z?:_()l olv. In
particular we may write g = %E?:_Ol 6'0 where each 6ip is a distinct ergodic
measure with respect to the transformation 6" and where © has the Bernoulli
property with respect to the transformation 6" as a consequence of Theorem 1.
Since the measures 6.7 are distinct ergodic measures they are pairwise mutually
singular, so there exists Z C Ny such that #(Z) = 1 and 2(6'Z) = 0 for all
i € {1,...,n — 1}, and this set satisfies 6"Z = Z up to fi-measure zero by the
6"-invariance of the measure ». It follows that Sy = ZU ' Z U --- U6 1Z up
to fi-measure zero and that these sets are pairwise disjoint up to ji-measure zero.

By virtue of the equation g = %Z;:ol 60, the measure © must be precisely the

measure jiz on Z defined by fiz(A) := (AN Z)/ji(Z) for all Borel sets A C .

Let P be a Bernoulli measure on Sy which has the same entropy as fi. Let By

and Bp denote the completion of the Borel o-algebra on SN with respect to the
measures 7 and P respectively. Since 7 and P both have the Bernoulli property
with respect to 6", and both have the same entropy as ji with respect to 6", they
are measurably isomorphic, so there exists a measure space isomorphism ¢ from
(SN, By, D) to (Sn, Bp, P) such that ¢ 0 6™ = 6" 0 ¢ and ¢, = P.

Let Z,, denote the set {0, ...,n—1} equipped with addition modulo n and define
a transformation T: Xn X Zyn — Sn X Zy by T(x,i) := (62,i 4+ 1 mod n). To
prove the corollary we must construct a measure space isomorphism v from by N
to Xn X Z, which satisfies ) 0 6 = T o4p and ¥.ji = P x (£ 3771 5;). To this
end define 1: Sy — Sy x Zy, by ¢(z) = (6'¢(6"x),i) whenever z € 6'Z for
some i € Zj, and define 1(z) to be an arbitrary constant value in SN X Z, for all
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zeSy\U'y 6°Z. When z € 6°Z for i € {0,...,n — 2} we have
T(p(x)) = (6" P67 x),i+ 1) = ¢(6x)
and when z € 6”1 we have
T((x)) = (6"¢(6~ " V),0) = (¢(62),0) = ¥ (6x)

so that T o1y = 1 o & almost everywhere with respect to ji. By construction we
have ¢,fiz = P and consequently ¥, = P x §y. It follows directly that

n—1 n—1 n—1
=y 152 B 3
1/}*/1' = w* <’I’L ;:0 U*;“’Z) = ﬁ vars T*(]P) X 60) =Px (n g 574)

as required. This completes the construction of the isomorphism 1 and proves the
corollary.

7.4. Proof of Proposition 2.3. Fix «, 8 > 0 throughout the proof. It is obvious
that (Ay, As) and (By, By) are irreducible since every nonzero proper subspace of R?
is one-dimensional but neither A, nor B; preserves any one-dimensional subspace
of RZ. On the other hand it is obvious that the horizontal and vertical axes in
R? both have finite orbit under the action of (A1, As) and similarly for (B, Bz).
If p € M,(22) is an ergodic equilibrium state of the potential ®: 35 — (0,400)
defined by
(1) == | As ||| Bs”
then it follows by Theorem 3 and the preceding observations that there exists
a transitive subspace class W C Gry(R?) x Gri(R?) such that u is the unique
equilibrium state of the potential
SY o B

Pw(i) = X [ As w17 | Bslw |7 -
We claim that there exists a unique transitive subspace class preserved by these
pairs of matrices, which is the set

Wy = {(e1,e1), (€1, €2), (e2,€1), (€2, €2) }.

(Here e1, e5 denotes the standard basis for R? and % the one-dimensional subspace
spanned by the nonzero vector u.) Indeed, if w C R? is a one-dimensional space

with finite orbit under (A;, A3) then the set {ATu: n > 1} must be finite, but
this is the case only when u € {e71,e3}; similarly {Bfu: n > 1} is finite only when
u € {e7,e3}; we conclude that every equivariant subspace class must be a subset of
Wo. On the other hand it is easy to see that W is transitive: we may apply the
symbol 1 to pass from (e7,€7) to (e1,€z) and vice versa, or from (€3,€7) to (€2,€3)
and vice versa, and we may apply the symbol 2 to pass from (e1,e7) to (éz,e1) and
vice versa, or from (e7,€3) to (€z,€z) and vice versa. Thus every element of W, can
be reached from any other element via a word of length 1 or 2. We conclude that it
contains a unique transitive subspace class, which is Wj itself. It follows that the
potential ® above has a unique equilibrium state, namely the unique equilibrium
state of the potential ®yy, as defined above. Let us denote this unique equilibrium
state by u. We wish to show that u is not totally ergodic.
Define tuples

(1211, AQ, Ag, A4) = (AlAl, A1A2, AQAl, AQAQ),
(31732,33,B4) = (313173132,3231,3232)
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so that

(4 0y ; (02y . (01 ; (10
o (10 5 (02 o (01 5 (10
s ) 2=(0) me(a) 2=

and define a potential ®: X% — (0, +00) by

[e3

B;

b(1) = HAi ’

By arguments similar to that used in Theorem 2 we may define a recoding homeo-
morphism ¢: ¥y — X4 such that too? = oo and such that ®(u(x)|,) = D(z]an) for
every x € Yo. Easy calculations similar to those occurring in the proof of Proposi-
tion 7.2 show directly that P(®) = 2P(®) and that ¢, is an equilibrium state of
d. To prove that p is not totally ergodic we will show that ¢, is not ergodic with
respect to o: ¥y — ¥4, which combined with the identity ¢ o 02 = ¢ o ¢ implies
immediately that j is not ergodic with respect to 02: ¥y — . Since i, p is an
equilibrium state of ® it will suffice for us to identify the ergodic equilibrium states
of ® and show that ¢,p cannot be equal to any of them.
Define

Wi = {(e1,e1), (e2,e2)},

W = {(e1, ), (e2,e1)}
We observe that both W, and W are transitive subspace classes for (/11, A, As, /14)
and (Bl, Bs, Bg,B4)I the symbols 1 and 4 fix every pair (€;,€;) and the symbols
2 and 3 swap (e7,€1) with (€z,é2) and swap (e7,€z) with (ez,€r). Similarly to
our analysis of ®, since the co-ordinate axes are the only one-dimensional sub-
spaces which have finite orbit under 1211 and 34, every transitive subspace class for
(1211, /12, A3, /14) and (Bh Bs, Bg, 34) must be a subset of Wy. It follows that there
exist exactly two transitive subspace classes for these tuples, W; and W,. Define
potentials &, o : % — (0,400) by
B

[e3%

d;(i):= max As|w, Bilw,

(Wl,Wz)GWi

for i = 1,2. By Theorem 3 each of &, and &, has a unique equilibrium state which
we denote respectively pq and ps, and furthermore every ergodic equilibrium state
of ® must be equal to one of these two measures. In particular at least one of the
two measures is an equilibrium state for P. Straightforward checking of definitions
demonstrates that for ¢ = 1,2 the measure p; is an equilibrium state of d if and
only if P(®;) = P(®).

Suppose for a contradiction that u is totally ergodic. In particular p is ergodic
with respect to 02: ¥y — ¥y and therefore v, is ergodic with respect to o: ¥4 —
4. Hence . is an ergodic equilibrium state of P(®) and there exists i € {1,2}
such that v, = p; and P(®;) = P(®). It follows from Theorem 3 that there exists
C4 > 0 such that

Cy e P ®D(x),) < pl[a]a]) < Cre P ()
for every n > 1 and x € Y5, and also that there exists Cy > 0 such that
Cy e P08, (2],) < pui([2lal) < Cae P #) (21,
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for every z € ¥4. Recoding via ¢, the former inequalities imply
Crle P ®d(2],) < (1) ([2]a)) < Cre ™ P (zl)

for every z € ¥4 and n > 1, and since 0 = p; and P(fi)l) = P(CTD) by hypothesis
we conclude that necessarily

K>

@) _ ey

(28) CF@%im

K>

for every i € ¥j. But if i = 14" then

Ay = Apdy = A A% — (40 (1)> 7
L N )

and ®; (i) = max{4"*, 4™} whereas ®(i) = 4™(*+F) 5o (28) cannot hold for i = 1;
and if j = 31712471 for some n > 1 then

Ay = AgATTT AR AT = (AgA)) (A1 A" (A1 Ag) (Ag )" !

n n— 1 0
= A AT AT = (o 4n>

and

By = B3BY ' ByBy ' = (ByB1)(B1B1)" 1 (B1Ba) (B2 By)"

- 1 0

so that ®5(j) = max{4"* 478}, but clearly we have ®(j) = 4™(@+8)_ Tt follows that
(28) also cannot hold for ¢ = 2. We conclude that neither p; nor us can be equal
to typt, and since this exhausts the ergodic equilibrium states of d the equilibrium
state ¢, u cannot be ergodic, so u cannot be ergodic with respect to ¢ and hence
is not totally ergodic as required. This completes the proof.

Remark. If & had a unique ergodic equilibrium state then it would have to be
equal to either p; or ps and also to ¢,pu, which has been shown to be impossible,
so ® cannot have a unique ergodic equilibrium state. By elimination the only
possibility is that both of p; and ps are equilibrium states and that . is equal to
a strict linear combination of these two mutually singular measures. On the other
hand Theorem 2 implies that u must be equal to a balanced linear combination
of two mutually singular o2-invariant measures, and we conclude that necessarily

Lefb = 1 + o,
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