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RAUZY FRACTALS OF RANDOM SUBSTITUTIONS

P. GOHLKE, A. MITCHELL, D.RUST, AND T.SAMUEL

ABSTRACT. We develop a theory of Rauzy fractals for random substitutions, which are a generalisation
of deterministic substitutions where the substituted image of a letter is determined by a Markov process.
We show that a Rauzy fractal can be associated with a given random substitution in a canonical manner,
under natural assumptions on the random substitution. Further, we show the existence of a natural
measure supported on the Rauzy fractal, which we call the Rauzy measure, that captures geometric
and dynamical information. We provide several different constructions for the Rauzy fractal and Rauzy
measure, which we show coincide, and ascertain various analytic, dynamical and geometric properties.
While the Rauzy fractal is independent of the choice of (non-degenerate) probabilities assigned to a given
random substitution, the Rauzy measure captures the explicit choice of probabilities. Moreover, Rauzy
measures vary continuously with the choice of probabilities, thus provide a natural means of interpolating
between Rauzy fractals of deterministic substitutions.

1. INTRODUCTION

Rauzy fractals are geometric objects that can be associated with sequences arising from substitutions.
They first appeared in 1982 in the work of Rauzy [33], who constructed a domain exchange of a compact
subset of R? that reflects the action of the tribonacci substitution. Questions regarding diffraction spectra
and dynamical properties of substitution sequences can often be reframed in terms of the geometry and
topology of the associated Rauzy fractal. Perhaps most notably, the Pisot substitution conjecture can be
reformulated in terms of tiling properties of Rauzy fractals—see for instance [3, 38].

1.1. Substitutions. Sequences arising from (deterministic) substitutions are the prototypical examples
of mathematical quasicrysals. A substitution is a rule that replaces each symbol from a finite alphabet
with a concatenation of symbols from the same alphabet. For example, the tribonacci substitution 6; is
defined over the three-letter alphabet A = {a,b,c} by the rule

a +— ab,
0r: b ac, (1.1)
¢ a,

and the twisted tribonacci substitution 6, is defined over the same alphabet by the rule

a — ba,
0:: < b ac, (1.2)
ca.

Note that the only difference between the tribonacci substitution and the twisted version is that the order
of letters in the image of a has been reversed. The action of a substitution extends naturally to finite
words and infinite sequences, by applying the substitution to each letter in turn and concatenating the
result in the order prescribed by the initial word (or sequence).

To a given substitution, a subshift can be associated in a natural way. Questions concerning characterisation
of diffraction and dynamical spectra, order versus disorder, and the topological and dynamical features of
substitution subshifts are central questions in the field of aperiodic order, which have been extensively
investigated; see [2, 6, 38, 39] and the references therein.

To a given substitution over an alphabet A = {ay,...,an}, we associate an N x N-matrix My, called

the substitution matrix of 6, defined by (My); ; = |0(a;)|a,- The matrix My encodes how the number
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of occurrences of a given letter in a word changes under the substitution action. If My is a primitive
matrix, then we say that the substitution 6 is primitive. In this case, the Perron—Frobenius theorem gives
that My has a unique largest (real) eigenvalue A > 1 and corresponding left and right eigenvectors with
positive entries, denoted by L and R respectively. We take L and R to be normalised such that the
entries of R sum to 1 and L - R = 1, and refer to the triple (A, L, R) as the Perron-—Frobenius data of 6.

If A is a Pisot number, that is, A > 1 and all of its Galois conjugates have modulus strictly less than 1,
then we call 6 a Pisot substitution. If, in addition, the characteristic polynomial of My is irreducible over
Z, then we say 6 is irreducible Pisot. If | det(Mp)| = 1, then we say that 6 is unimodular.

Observe that both the tribonacci and twisted tribonacci substitutions ; and ; defined in (1.1) and (1.2)
have the same substitution matrix, given by

M = My, = M, =

O~ =

1
0
1

O O

which is primitive since all entries of M? are positive. The Perron-Frobenius eigenvalue of M is the
tribonacci constant ¢ ~ 1.83929; in particular, ¢ is the unique real number satisfying t3 = t> + ¢+ 1. Since
t is a degree-three Pisot number and the matrix M has determinant one, it follows that 6, and 6, are
both unimodular, irreducible Pisot substitutions.

1.2. Rauzy fractals of substitutions. To an irreducible Pisot substitution 6, one can associate a
compact set Ry called a Rauzy fractal. Many questions relating to Pisot substitutions can be reformulated
in terms of the geometry of the associated Rauzy fractal.

Let (A, L,R) be the Perron-Frobenius data of an irreducible Pisot substitution . By irreducibility, the
entries of L and R are rational functions in \. We let As,..., Ay denote the other eigenvalues of Mjy.
Replacing A with A;, for i € {2,..., N}, in L and R gives eigenvectors L; and R; corresponding to the
eigenvalue \;, with the same normalisation properties as L and R.

Let H denote the contracting hyperplane of Mpy, namely, the (d — 1)-dimensional subspace of R% spanned
by the right eigenvectors corresponding to the non-dominant eigenvalues. Let hy denote the action of My
restricted to H. Since 6 is irreducible Pisot, every eigenvalue of My, other than the Perron—Frobenius
eigenvalue, has absolute value strictly less than 1. It will sometimes be necessary to define a metric on
the hyperplane H. For our purposes, it will be convenient to choose a metric for which the action of hg is
a contraction. Such a metric always exists as a consequence of the matrix My being diagonalisable, which
follows from the fact that 6 is irreducible Pisot.

Every primitive substitution has a power that admits a substitution-fixed point, that is, a right-infinite
sequence x such that 6%(z) = x for some k > 1; see [6, 32] for further details. If 6 is Pisot, then this
sequence has the additional property of being C-balanced [1], namely, the abelianisation of any finite
subword of x lies within a uniformly bounded distance of some fixed vector depending on n. In particular,
this vector is n-times the right Perron—Frobenius eigenvector of the substitution matrix.

If 2 denotes a substitution-fixed point of a Pisot substitution @, then the broken line or staircase S(x)
associated with the sequence z is the subset of Z¢ consisting of the abelianisation vectors of the finite
words obtained by truncating = after n letters, for all positive integers n. Here, by abelianisation vector
of a given finite word, we mean the vector whose entries consists of the number of occurrences of each
letter in the word. For instance, the abelianisation vector of the word abacaba is (4,2,1)%.

Let 7 denote the projection along R onto H. Since x is C-balanced, the points in the staircase of x
lie a bounded distance from (a multiple of) the Perron-Frobenius eigenvector R. Thus, it follows that
the set R*(z) = 7(S(x)) is bounded. The Rauzy fractal of 6 is then defined by R(z) = R*(x). Every
substitution-fixed point x gives rise to the same set R(x)—see [38] for more details. As such, we write
Ry for this common set. The Rauzy fractals of the tribonacci and twisted tribonacci substitutions are
plotted in Figure 1, together with a visualisation of the construction. In each of these images, the Rauzy

fractals have been decomposed into measure-disjoint subtiles corresponding to each letter.

The key topological properties of Rauzy fractals associated with substitutions are stated in the following.

Proposition 1.1 ([38, Theorem 2.6]). Let 6 be a unimodular irreducible Pisot substitution over a d-letter
alphabet, where d > 2. The Rauzy fractal Ry is a compact subset of R¢~! with non-empty interior.
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FIGURE 1. Rauzy fractals for the tribonacci (left) and twisted tribonacci (center) substitutions. Staircase
and projection (right).

Moreover, each subtile is the closure of its interior and contains an open ball, thus has full Hausdorff
dimension.

The Rauzy fractal associated with a substitution over a d-letter alphabet can be decomposed in a
natural way into d regions called subtiles, which are measure-disjoint. These subtiles are related via
a graph-directed iterated function system that arises naturally from the substitution action. For the
tribonacci substitution, the subtiles R,, Ry and R. are the unique non-empty compact sets satisfying

Rao=h(Ra) UR(Rp) UR(R:), Rp=h(Ra)+v, Re=h(Rs)+v,

where h denotes the action of the substitution matrix on the contracting plane and v € H. In Figure 1,
the subtiles are highlighted for the Rauzy fractals of the tribonacci and twisted tribonacci substitutions,
where the blue subtile corresponds to the letter a, the green subtile corresponds to the letter b and the
red subtile corresponds to the letter c.

1.3. Random substitutions. Random substitutions are a generalisation of deterministic substitutions
where the substituted image of a letter is chosen from a fixed finite set with respect to a probability
distribution. For example, given p € (0, 1), a random analogue of the tribonacci substitution can be
defined by

N ab with probability p,
9 ba with probability 1 — p,
P

b+ ac with probability 1,
c+— a with probability 1.

The action of a random substitution extends naturally to finite words, by applying the random substitution
independently to each letter in turn and concatenating the result in the order prescribed by the initial
word. Similarly to the deterministic setting, a subshift can be associated with a given random substitution
in a natural way. Moreover, a substitution matrix can be associated in a similar manner and the notion
of primitivity extends naturally to random substitutions — we give the precise definitions in Section 2.
However, in stark contrast to deterministic substitutions, subshifts associated with random substitutions
typically have positive topological entropy. In fact, in the primitive setting, a random substitution subshift
has zero topological entropy if and only if it is the subshift of a deterministic substitution [28]. Despite the
presence of positive entropy, the corresponding diffraction measure can still admit a non-trivial pure point
component [8], indicating long-range correlations. To a given primitive random substitution, an ergodic
measure can be associated in a natural way, which we call the frequency measure corresponding to the
random substitution. While the subshift of a random substitution is blind to the choice of (non-degenerate)
probabilities, the frequency measure captures the explicit choice of probabilities.

The theory of random substitutions has developed significantly in recent years. For example, dynamical
and diffraction spectra have been studied for several classes of examples [8, 15, 30]; a systematic approach
to topological and measure theoretic entropy has been developed [16, 18]; and sufficient conditions under
which a random substitution subshift is topologically mixing have been ascertained [13, 27].

In the present paper, we develop a theory of Rauzy fractals for random substitutions. Since subshifts

of deterministic primitive substitutions are minimal, the Rauzy fractal obtained by projecting any

sequence from the subshift is a translation of the Rauzy fractal associated with a substitution-fixed point.
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However, subshifts of random substitutions are typically not minimal, and there is no direct analogue of a
substitution-fixed point for random substitutions. Consequently, the Rauzy fractals obtained by projecting
sequences from random substitution subshifts are no longer uniform (up to translation). Nevertheless,
there is a maximal Rauzy fractal, that emerges from every transitive point of the subshift and is therefore
typical for every fully supported ergodic measure.

Another difference to the deterministic setting is that the points in the projected staircase construction
can no longer be expected to be uniformly distributed on the Rauzy fractal. Rather, they typically follow
a specific distribution that is determined by the probability parameters. We refer to this distribution as
the Rauzy measure and we show that the Rauzy measure is an almost-sure object with respect to several
natural measures on the random substitution subshift. It can further be obtained by following a typical
succession of randomly created inflation words, which makes it accessible to numerical approximation. A
natural application for Rauzy measures is the explicit computation of diffraction measures, as has been
demonstrated in [8] for the example of the random Fibonacci substitution.

1.4. Outline and overview of main results. We begin by presenting the preliminaries on random
substitutions, in Section 2. Then, in Section 3, we develop a general theory of Rauzy fractals for
C-balanced sequences, which we utilise in the construction of the Rauzy fractal associated with a random
substitution. While we have developed this framework with applications to random substitutions in mind,
we believe that the results will be of independent interest. These include (semi-)continuity properties
with respect to the underlying sequence and a dynamical interpretation via generic factors. We also show
that Rauzy measures satisfy the Lebesgue covering property. Namely, that repeating the Rauzy measure
along an appropriately chosen lattice combine to a constant multiple of Lebesgue measure.

In Section 4, we return our attention to random substitutions. Utilising the framework of Rauzy fractals
for C-balanced sequences developed in Section 3, we provide two methods for constructing a canonical
Rauzy fractal associated with an irreducible Pisot random substitution, which we prove coincide. Using
our construction, we can show that Rauzy fractals of random substitutions are the closure of their interior
and contain an open ball, thus have full Hausdorff dimension, analogous to the deterministic setting.
Moreover, the subtiles of the Rauzy fractal associated with a random substitution can be obtained as the
attractors of a graph-directed iterated function system (GIFS). However, we highlight that in contrast to
the deterministic setting, this GIFS may not satisfy the open set condition.

Section 5 concerns Rauzy measures associated with random substitutions. While the Rauzy fractal
is blind to the choice of (non-degenerate) probabilities assigned to a random substitution, the Rauzy
measure captures the explicit choice of probabilities. We show that this measure can be constructed both
via the invariant distribution of the random substitution and via the Dirac masses associated with the
projection of points in the staircase of a typical element of the subshift. Further, we show that similarly
to Rauzy fractals themselves, Rauzy measures are self-similar objects with respect to an appropriately
chosen GIFS. Harvesting this interpretation, we obtain that the Rauzy measure depends continuously on
the probability parameters. As a consequence, the Rauzy measures of random substitutions provide a
convenient tool to interpolate between two (or more) deterministic substitutions that share the same
substitution matrix. Here, it is worth pointing out that every irreducible Pisot substitution (up to taking
higher powers) shares its substitution matrix with a substitution that satisfies the Pisot substitution
conjecture [9]. It follows from the results in Section 3 that Rauzy measures associated with random
substitutions satisfy the Lebesgue covering property. Consequently, the Rauzy measure is absolutely
continuous with respect to Lebesgue measure. As a byproduct of our proof, we demonstrate the absolute
continuity of self-similar measures for a certain class of GIF'S, which may be of independent interest.

Finally, in Section 6, we present several examples illustrating the main results.

2. PRELIMINARIES

Throughout, we let N = {1,2,3,...} denote the natural numbers and let Ny = NU {0}. For a given set
B, we write #B for the cardinality of B and let F(B) be the set of non-empty finite subsets of B.

An alphabet A = {ay,...,aq} is a finite set of symbols, which we call letters. A word with letters in A is

a finite concatenation of letters in .A. We write |u| = n for the length of a given word u and, for m € N,

we let A™ denote the set of all words of length m with letters in A. We let € denote the empty word,

which has length zero by convention. We write AT = |J A™ for the set of all non-empty finite words
4
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with letters in A and A* = A" U {e}. Further, we let AN = {a;,a;, -~ : a;, € A for all j € N} denote
the set of all infinite sequences with elements in A and endow AN with the discrete product topology.
With this topology, the space A" is compact and metrisable. We let S denote the (left) shift map, defined
by S(w); = w;41 for w € AY, and call a closed subset X of AY a subshift if it is shift-invariant, namely
S(X)=X.

Ifi,j €N, and = 2129 --- € AY, then we let T j = Ti%ip1--wy i i < j, and x5 = € if j <i. We
use the same notation if v € AT and 1 <i < j < |v|. For u,v € AT (or v € AY), we write u<v if u is a
subword of v, namely if there exist 4,7 € N with ¢ < j so that u = v}; j;. For u,v € AT, we write |v|,, for
the number of (possibly overlapping) occurrences of u as a subword of v.

fu=a; - ---a;,,v=ajy - -aj, €A% for some n,m € Ny, we write uv for the concatenation of u and v,
that is, uwv = a;, -~ a;, aj, -+~ a;,, € A"™. The abelianisation of a word u € A* is the vector ¢(u) € Ng,
defined by 9 (u); = |ulq, for all ¢ € {1,...,d}.

2.1. Random substitutions. We define a random substitution via the data that is required to determine
its action on letters. In the second step we extend it to a random map on words.

Definition 2.1. Let A = {ay,...,aq} be a finite alphabet. A random substitution Jp = (4, P) is a
finite-set-valued function 9: A — F(AT) together with a set of non-degenerate probability vectors

P=(pi=Pi1, .- Dir,) i =#(a;), p; € (0,1]"" and ipi’j =1lforalll<i<dy,
j=1

such that

s with probability p; 1,

Ip: a; — : :

s(b7i)  with probability pi..,
for every 1 < i < d, where ¥(a;) = {s("9)},¢;<,.. We call each s("9) a realisation of Ip(a;). A marginal
of ¥p is a deterministic substitution 8 such that 6(a;) is a realisation of JIp(a;) for all 1 < i < d.

Example 2.2 (Random tribonacci). Let p € (0,1). The random tribonacci substitution Jp = (9, P) is
the random substitution defined over the alphabet A = {a,b,c} by

. ab with probability p,
a
9 ba with probability 1 — p,
" b— ac with probability 1,
c+— a with probability 1,
with defining data r, = 2, 7, = r. = 1, s(*1) = ab, 5(*2 = pa, s®V = a¢, 50V = a, P = {p, =
(p,1—p),po = (1),pe = (1)}, and corresponding set-valued substitution ¥: a — {ab, ba},b — {ac},c — a.
It is a local mixture of the tribonacci and twisted tribonacci substitutions introduced in Section 1.1.

We now describe how a random substitution Jp determines a (countable state) Markov matrix @), indexed
by AT x A*. We view the entry Q. , of Q as the probability to map u to v by the random substitution.
Formally, Q,, s = pi,j for j € {1,...,r;} and Qq, » = 0 if v ¢ ¥(a;). We extend the action of Jp to
finite words by independently mapping each letter to one of its realisations. Specifically, given n € N,
u=a; --a;, € A" and v € AT, we let

Dp(v) = {(vW,...,0™) e (AT : oD ...y =}

be the set of all decompositions of v into n individual words and let

n
QU”U = Z H Qai,]. )

(v ... v eD,, (v) i=1
Namely, Jp(u) = v with probability Q, ,.

For u € AT, let (9% (u))nen be a stationary Markov chain on a given probability space (Qy, Fy, Py), with
transition matrix @), that is

P[0t (u) = w | 9p(u) = v] = P,[Ip(v) = w] = Qu,u,



for all v,w € A" and n € N. In particular, P,[9%(u) = v] = (Q™)u,v, for all u,v € AT, and n € N.
Likewise, in case that u is a random word (that is, a word-valued random variable), we let (V% (u))nen be
a stationary Markov chain, induced by the transition matrix ) as outlined above. We typically write P
for P, if the initial (random) word is understood. In this case, we also write E for the expectation with
respect to P. As above, we say that v is a realisation of 9p(u) if (Q™)y., > 0 and set

9" (u) = {ve AT : (Q™)u.» > 0}

to be the set of all realisations of ¥ (u). Conversely, 9 (u) may be regarded as the set ¥"(u), equipped
with the additional structure of a probability vector. If u = a € A is a letter, then we call a word v € ¥*(a)
a (level-k) inflation word. The approach of defining a random substitution in terms of a Markov chain
can be traced back to work of Peyriere [31] and was pursued further by Denker and Koslicki [23, 24].

Given a random substitution ¥p = (¢, P) over an alphabet A = {ay,...,aq}, with cardinality d € N, we
define the substitution matrix M = My, € R¥*4 of ¥p by

T
a) = Y piklsP
k=1

Since M has only non-negative entries, its spectral radius is also a real eigenvalue of maximal modulus,
denoted by A. By construction, A > 1, where A = 1 occurs if and only if M is column-stochastic.
This corresponds to the trivial case of a non-expanding random substitution, which we discard in the
following. If M is primitive (that is, if there exists a k € Ny so that all the entries of M* are positive),
Perron—Frobenius theory implies that A is a simple eigenvalue and that the corresponding left and
right eigenvectors L = (L1,...,Lq)T and R = (Ry,..., R;y)T may be chosen to have strictly positive
entries. We normalise these eigenvectors such that |R||; = 1 = LT R. In this situation, we call A the
Perron—Frobenius eigenvalue of ¥p, and L and R the left and right Perron—Frobenius eigenvectors of ¥p,
respectively.

M; ;= E[|[Vp(a))

aj:*

Definition 2.3. We say that ¥p is primitive if M = My, is primitive and its Perron-Frobenius eigenvalue
satisfies A > 1.

We emphasise that for a random substitution ¥p, being primitive is in fact independent of the (non-
degenerate) data P. In this sense, primitivity is a property of ¥ rather than Jp.

Another standard assumption in the study of random substitutions is compatibility, see for example
[13, 14, 16, 27, 34]. In the following, recall that we denote the abelianisation of a finite word u by ¥(u).

Definition 2.4. We say that a random substitution 9p = (¢, P) is compatible if for all a € A and
u,v € ¥(a), we have ¢¥(u) = ¥ (v).

Observe that compatibility is independent of the choice of probabilities, and that a random substitution
9p = (J,P) is compatible if and only if for all u € A", we have that |s|, = |t|, for all s and ¢ € ¥(u),
and a € A. We write |9(u)|, to denote this common value, and let |¥(u)| denote the common length
of words in ¥(u). In which case, letting M = My, denote the substitution matrix of Jp, we have that
M; ;j = |9(a;)|q, for all a;,a; € A. Note that the random tribonacci substitution defined in Example 2.2
is compatible, since ¥(ab) = ¥(ba) = (1,1,0)T. It is also primitive, since the cube of its substitution
matrix is positive. Since the matrix of a compatible random substitution is independent of P, we often
drop the explicit dependence on P in the notion, and write My for the matrix of Jp.

For random substitutions which are both primitive and compatible, the notions of unimodular and
(irreducible) Pisot extend naturally from the deterministic setting.

Definition 2.5. We say that a compatible primitive random substitution ¥9p = (¢, P) is Pisot if the
largest eigenvalue of the substitution matrix My is a Pisot number. If, in addition, the characteristic
polynomial of My is irreducible over Z, then we say that ¥p is irreducible Pisot. If |det(My)| = 1, then
we say that Jp is unimodular.

Definition 2.6. Given a random substitution ¥9p = (¢, P), a word u € A" is called (¥J-) legal if there
exists an a; € A and k € N such that u appears as a subword of some word in 9¥*(a;). We define the
language of ¥ by Ly = {u € A" : u is ¥-legal}.

The random substitution subshift associated with ¥p = (9, P) is the system (Xy, S), where S is the usual
shift map, and

Xy = {w € AV : every subword of w is ¥-legal}.
6



If ¥p is primitive and compatible, the corresponding sequence space X is always non-empty [35]. The
notation Xy mirrors the fact that the subshift of a random substitution does not depend on the choice of
P. We endow Xy with the subspace topology inherited from AN, and since X is defined in terms of
a language, it is a compact S-invariant subspace of AN. Hence, Xy is a subshift. For n € N, we write

5 = Ly N A" to denote the subset of Ly consisting of words of length n. We also note that, when Jp
is primitive, Xy» = Xy for all £k € N. For primitive random substitutions, the associated subshift is
topologically transitive.

Proposition 2.7 ([35, Prop. 13]). Let 9p = (J,P) be a primitive random substitution. Then, the
associated subshift Xy is topologically transitive.

For compatible random substitutions, every element in the associated subshift has well-defined letter
frequencies. Under the additional assumption of irreducible Pisot, it was shown in [27] that every element
is in fact C-balanced.

Theorem 2.8 ([27, Theorem 33]). Let ¢¥p be a compatible and irreducible Pisot random substitution.
Then, there exists a C' > 1 such that every element of Xy is C-balanced.

The set-valued function ¥ naturally extends to Xy, where for w = wyws - -- € Xy we let ¥(w) denote the
(infinite) set of sequences of the form v = vyvy - - -, with v; € ¥(w;) for all j € N. By definition, it is easily
verified that ¥(Xy) C Xy. Some properties of ¢ are reminiscent of continuous functions, although ¥ itself
is not a function.

Lemma 2.9 ([18, Lemma 2.5]). If ¥p = (4, P) is a random substitution and X C A" is compact, then
¥(X) is compact.

2.2. Frequency measures. The choice of the probability parameters P induces a probabilistic structure
on Xy that is reflected by appropriate choices of probability measures. In analogy to the notion of a
substitution-fixed point in the deterministic setting, we introduce the concept of an invariant measure.

Definition 2.10. A probability measure v on Xy is invariant under ¥p, if for all w € Ly,

v(fw)) = Y (o) PWp () ) = wl.

veﬁy‘

In many cases, the probability P[p(v)[1,jw|) = w] depends only on a prefix of v. More precisely, if m € N
is large enough to guarantee |[¥(v)| > |w| for all v € L}, we get

v([w]) = Z V([U])P[ﬂp(v)[uw” = w). (2.1)

veLy

It is not difficult to verify that every primitive compatible random substitution ¥p permits an invariant
measure (possibly up to replacing ¥Jp by a higher power); we refer to [17] for details. A Yp-invariant
measure v is generally not shift-invariant. However, v is intimately connected to a natural ergodic measure
on (Xy,S). Recall that a point © € Xy is generic for a measure g if

1n71
e= lm — I;)%kx,

in the weak topology. The following was shown in [17, 19] in the context of bi-infinite sequence spaces;
the proof carries over immediately to the one-sided setting.

Theorem 2.11. Let ¥p be a primitive random substitution. There is an S-invariant, ergodic measure o
on Xy such that for every Jp-invariant measure v, we have that v-almost every = € Xy is generic for p.

We call p the frequency measure corresponding to Jp because the value o([w]) is precisely the frequency

of w in z for v-almost every (and p-almost every) x € Xy. In fact, this frequency is also observed in

large inflation words in the sense that the relative frequency of w in the random word 9% (a) converges

P-almost surely to o([w])—see [19] for more details. Probabilistic aspects of the subshift Xy are naturally

studied in terms of its frequency measures, including measure theoretic entropy [18] and L9-spectra [29].
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3. RAUZY FRACTALS OF C-BALANCED SEQUENCES

A sequence z is called C-balanced if there exists a constant C' > 1 such that for all j,k,n € N and a € A,
we have ||x[j7j+n_1] la = |7k k4n—1 |a| < C. We also extend the definition of C-balanced to subshifts as
follows: a subshift X is C-balanced if every sequence € X is C-balanced. This property is central to the
construction of the Rauzy fractal associated with an irreducible Pisot substitution. More generally, the
same procedure allows a Rauzy fractal to be defined for any C-balanced sequence and, further, for any
topologically transitive C-balanced subshift. In this section, we outline this more general construction.
We prove several topological and analytic properties that we will utilise in the construction of Rauzy
fractals of random substitutions in Section 4, and which we believe are of interest in their own right.

We first provide an alternative characterisation of the C-balanced property, which will be useful for our
purposes. A sequence w € AN has uniformly well-defined letter frequencies if, for all a; € A and all
sequences (j, ), of positive integers, the limit

.1
Ty = lim — |w[jn7jn+n_1] (3‘1)

n—oo N Qg

exists and is independent of the sequence (j,),. We call the vector r = r(w) the letter frequency vector
of w. Observe that r is a probability vector. The following characterisation of the C-balanced property
was proved in [11], and motivates why a Rauzy fractal can be associated with any C-balanced sequence.

Lemma 3.1 ([11, Proposition 2.4]). A sequence w € AN is C-balanced if and only if w has uniformly
well-defined letter frequencies and there exists another constant B such that for any finite subword u of w
and a; € A, we have |[ul, — |u|r;] < B, where r; is the entry of the letter frequency vector corresponding
to a;.

For topologically transitive C-balanced subshifts, there exists a uniform letter frequency vector.

Proposition 3.2. If X is a topologically transitive C-balanced subshift, then there is a probability vector
r such that for every x € X, r is the letter frequency vector of x.

Proof. Since X is C-balanced, every element of X has uniformly well-defined letter frequencies by
Lemma 3.1. Let r(z) denote the letter frequency vector of a given element x € X. By transitivity, there
exists an element w with dense-shift orbit in X. Thus, for every x € X, there is a sequence (ng)y of
positive integers such that S™ (w) — x as k — co. In particular, r(z) = r(w). O

3.1. Rauzy fractals of C-balanced sequences. Let w be a C-balanced sequence over a finite alphabet
A={ay,...,aq}, with letter frequency vector v, and let H be a (d — 1)-dimensional hyperplane passing
through the origin, such that every vector in H is linearly independent to v. Let 7: R? — R¢ denote the
linear projection along v onto H. In the following, we use the convention w; o) = €. For each a € A, let

Sa(w) = {¥(wp,n)) : n € No and w41 = a}.
Setting R (w) = 7(Sa(w)) and R, = R, we define the Rauzy fractal R(w) of w by
R(w) = U Ra(w).

acA

Since w is C-balanced, R(w) is bounded, and since R(w) is a finite union of closed sets, it is compact.
We use the same notation if w a finite word, with the observation that for finite words R(w) is a finite
set and thus bounded.

The following describes how the action of the shift map on a C-balanced sequence corresponds to a
translation in the Rauzy fractal.

Proposition 3.3. Let w € A" be a C-balanced sequence. Then, for all @ € A and k > 0,
Ry (S*(w)) € Ri(w) = m(¢(wp gy) and  Ra(S*(w)) € Ra(w) — m(w(wp 4))-

Proof. If x € R} (5% (w)), then there exists an m > 0 with = 7(¢(S*(w)[1,1n])) and S*¥(w)m+1 = a (that
i8S, Wmtk+1 = a). From this and by linearity of the projection map 7, we have

TS (W) m) = T (Wt 1k4m) = T k4m)) — 7@ (w0p,4); (3.2)
hence, # € R (w) — m(¥(wp x7)). Thus, R;(S*(w)) € Ry (w) — w(¢(wp k), and taking closure gives
Ra(S*(w)) € Ra(w) — m(¥(wp ))- 0



3.2. Analytic properties. In this section we look at limiting behaviours, with respect to the Hausdorff
metric, of Rauzy fractals of C-balanced sequences. The following characterisation of convergence in the
Hausdorff metric will be most convenient for our purposes.

Definition 3.4. For a sequence (A,,), of compact sets in a metric space (X, d), the Kuratowski limit
inferior is defined by

Li A, = {a: :limsupd(x, A,) = O} ,
n—co n— 00
where d(z, A,,) is the distance between the point 2 and the set A,. Analogously, the Kuratowski limit
superior is defined by
Ls A, = {x :liminf d(z, 4,) = 0} .
n— oo

n— oo

If the Kuratowski limit inferior and superior agree, then the common set is called the Kuratowski limit of
A, and is denoted by Lim A,.
n—oo

If A,, converges to A in the Hausdorff metric, then A is the Kuratowski limit of of (A,,),. Conversely, if
for all but a finite number of n € N, the set A,, is compact, then Kuratowski convergence is equivalent to
convergence in the Hausdorff metric [10]. Further, observe that

Li A, C A,.

Ls
n— o0 n— o0

For more details on Kuratowski convergence and its implications, we refer the reader to [10].

It is possible for a sequence (w™),en of C-balanced sequences to converge to a C-balanced sequence w, but
for R(w™) not to converge to R(w) in the Hausdorff metric. However, the following lower semi-continuity
always holds.

Lemma 3.5. If (w"),en is a sequence of C-balanced sequences converging to a C-balanced sequence w,
then

- i ),
Ra(w) C n£1oo72a(w )
Proof. Let v € Rq(w) and let € > 0. There exists an m = m(e) > 0 with |[7(¢(wp,m))) — v| < € and
Wmy41 = a. By assumption, there is an ny such that wﬁ 1] = Wm+1) for all n > ng, and therefore
T(P(Wi1,m))) € Ra(w™). It follows that [v — R, (w™)| < € for all n > ng. Hence, [v — Ry(w™)| — 0 as
n — 00, 8o v lies in Lip o0 Ra(w™). Since v € R, (w) was chosen arbitrarily, the assertion follows. O

It follows from the above and Proposition 3.3 that for every element in the orbit closure of a C-balanced
sequence w, the associated Rauzy fractal is contained in a translate of the Rauzy fractal of w.

Lemma 3.6. Let w be a C-balanced sequence. For every x in the shift-orbit closure of w, there is a
vector ¢t € R(w) with Rq(x) C Re(w) — ¢, for all a € A.

Proof. By assumption, there exists a sequence (ny); with

lim S™ (w) = .

k—o0
Let T be the set of accumulation points of the sequence 7(¢(wy; »,))). Note that the set 7 is non-empty
since the sequence is bounded. For ¢ € T there exists a subsequence (mg )y such that 7(¢Y(wyi 1)) — t
and S™* (w) — = as k — oco. Hence, by Lemma 3.5 and Proposition 3.3, we obtain R,(z) C R4(w) — t.
Since 0 € R(x), it follows that t € R(w). In fact, since the above holds for every t € T, we have

Ra(z) C [) Ra(w) —t. 0
teT

Corollary 3.7. Let X be a subshift and suppose that w,x € X are C-balanced and have dense shift-orbit
in X. Then, there exists a vector ¢t € R(w) such that R,(z) = Rq(w) — ¢, for all a € A.

Proof. By Lemma 3.6, there exist vectors s,t € R(w) with Ry(z) C Re(w) —t C Ra(x) — s —t, for all
a € A. Since R, (z) is bounded, this is only possible if all the subset relations are in fact equalities and
s = —t. Thus, Ry(x) = Re(w) —t for all @ € A. O



As a consequence of Lemma 3.5 and Lemma 3.6, if a sequence (w™),, of C-balanced words converges to a
sequence w € X with dense shift-orbit, (R(w™)),, converges to R(w) in the Hausdorff metric.

Proposition 3.8. Let X be a C-balanced subshift. If (w™),, is a sequence in X that converges to an
element w € X with dense shift-orbit, then R,(w"™) — Rq(w) in the Hausdorff metric as n — oo, for all
ac A

Proof. By Lemma 3.6, for every w” there exists a vector ¢, in R(w) such that R,(w") C Ry(w) — t,.
Let (ng)r be a subsequence such that ¢, converges to some t € R(w) as k — oco. This implies that

lim Ry(w) —tn, = Ra(w) — ¢
k—o0
in the Hausdorff distance. Using Lemma 3.5, we obtain that
Ra(w) C Li Re(w™) C Li Ry(w™) C Li Ry(w) —ty, = Ra(w) —t.
n— o0 k—o0 k— o0

It follows that ¢ = 0 and that each of the subset relations is in fact an equality. Since every subsequence
of t,, converges to 0, we obtain that lim,,_, . t, = 0, therefore

Ra(w) € Li Re(w™) C Ls Re(w™) € Ls Re(w) —t, = Re(w).
n—00 n—o00 n—00
Hence,

Li Ry(w™) = E}s Ro(w™) = Ra(w),

n— oo

implying that the Kuratowski limit exists and is given by R,(w). Since all the sets R,(w™) are contained
in the bounded Minkowski difference R(w) — R(w), the convergence in Hausdorff distance follows. [

3.3. Rauzy fractals as generic factors. For the remainder of this section, we assume X to be a
topologically transitive C-balanced subshift. Let us fix a sequence w € X with dense shift-orbit as a
reference point. We can define a mapping ¢: X’ — R(w) on the set X’ of points with dense shift-orbit
by ¢(x) = t, where ¢ is the unique vector such that R(z) = R(w) — t.

Proposition 3.9. The map ¢: X’ — R(w) is continuous.

Proof. Let x € X’ and "™ € X’ for all n € N such that z™ — x. By the definition of ¢, we have that
R(z) = R(w) — ¢(z) and R(z™) = R(w) — ¢(x™). Further, by Proposition 3.8,

R(w) — ¢(z) = R(z) = le R(z"™) = le R(w) — ¢p(z™)
in the Hausdorff distance. This implies that lim,_,. ¢(z™) = ¢(z). O

This result is particularly useful if the set of transitive sequences X’ is invariant under the shift map.
This is the case if some (equivalently every) sequence & € X' is recurrent. That is, every subword of x
appears in x infinitely often. We take this as a standing assumption for the remainder of this subsection.

Proposition 3.9 has a convenient dynamical interpretation, as it helps to construct an explicit generic
factor of the subshift (X, S). Following [21], we say that a transitive dynamical system (Y, T) is a generic
factor of (X, S) if there is a continuous map ¢ from the set of transitive points X’ of X to the set of
transitive points Y’ of Y such that ¢ 0. S =T o p on X’. Generic factors are a convenient classification
tool in cases when the maximal equicontinuous factor is trivial and the system is not uniquely ergodic,
such that a priori there is not a unique choice for the Kronecker factor. For details on the concept of a
maximal equicontinuous generic factor (MEGF) and some of its applications in the context of aperiodic
order we refer the reader to [22].

In order to interpret ¢ as a factor map, we need to equip R(w) with an action that corresponds to the
shift action on X'. It is readily verified from Corollary 3.7 and Proposition 3.3 that
¢(5x) = ¢(x) + 7 (¢P(21)), (3.3)

for all z € X’. For this translation to be independent of x, we wish to identify the vectors 7 (e;) for all
1 <i < d. That is, we consider (v;)%,, with v; = 7(e; — e1), and the lattice spanned by these vectors

d
J:{Zzivi:ziEZfori€{1,27...,d}}7 (3.4)
i=2
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where (e;)?_; denotes the standard basis of RY. With 7 the natural projection from H to the d — 1
dimensional torus H/7, we obtain the following consequence of Proposition 3.9.

Corollary 3.10. Let X be the orbit closure of a recurrent, C-balanced sequence. The map 77 o ¢ is
a generic factor map from (X, 5) to the equicontinuous dynamical system (G,T'), where T is the torus
rotation

T-H/J —-H/J, x— xz+n(er) modJ,

and G = w7 (R(w)) is the subgroup of H/J generated by the rotation T

Proof. The map ¢ = 77 o ¢ is clearly continuous as it is a composition of continuous maps; compare
Proposition 3.9. Projecting the relation in (3.3) to the torus yields

p(Sz) = p(z) +7(er) mod J =T(p(x)),
for all z € X'. By construction, the set {¢)(z1 ,,]) }nen lies dense in R(z) and consequently the points

P(5"x) = o(x) + m(Y(2[.n))),
with n € N, lie dense in R(w) = R(z) + ¢(x). This holds in particular for R*(w) = {¢(S"w) }nen,, whose
projection is given by
m7(R*(w)) = {p(5"w) }nen, = {T"(0) Fnen,
the (forward) orbit of 0 under T'. Due to the compactness of R(w), this yields

)
G == {T"(0) }nen = 77 (R(w)).

Similarly, we obtain that {¢©(S™z) = T™¢(x) }nen is dense in 77 (R(w)) for every x € X'. That is, ¢(x)
has a dense orbit in (G, T) for every x € X'. O

Remark 3.11. If (X, .S) is the subshift of a unimodular and irreducible Pisot substitution, we have that
X' =X and (G,T) is in fact a factor. Under the assumption that the projection 77 : R(w) — H/J is
almost surely 1-1, the map ¢ is even a measurable isomorphism between (X, S) and (G, T), where both
are endowed with their unique ergodic measure. In this case, (X, .5) has pure point dynamical spectrum
and (G, T) is the maximal equicontinuous factor [37]. For random substitutions, the spectrum is generally
richer and eigenfunctions do not necessarily have a continuous representative. In fact, it was shown for
the random Fibonacci substitution in a geometric setting that the MEF is trivial and a natural analogue
of ¢ provides the MEGF instead [8].

3.4. Measures and the Lebesgue covering property. For a C-balanced sequence w and n € Ny, let

n
u(w[l,n]) = Z 5#011}(11)[1,”) and :u’(w) = nh—>Holo ’n’_lu(w[l,n])

i=1
whenever this latter weak limit exists. Let us emphasize that u(w) is a measure associated with a sequence
w and not to be confused with the evaluation of a measure at a singleton set. We call the measure u(w),
when it exists, a Rauzy measure. Note, in any case, that there always exists a limit point, under the
topology of weak convergence, of the sequence (n~* p(wi1 n)) )n, by the Banach-Alaoglu theorem. However,
this limit point may not be unique.

Note that the Rauzy fractal R(w) always contains the support supp pu(w) of the Rauzy measure.

In this section, we show that covering the stable subspace H with Rauzy measures (according to the
lattice J) creates a multiple of Lebesgue measure. Recall the definition of J from (3.4). For j € J, we
define a corresponding translation ¢;: H — H by ¢;(x) = x + j, which is a bijection on H.

Theorem 3.12. If w € AN is an infinite, C-balanced word with totally irrational frequency vector r, and
if the weak limit p(w) exists, then

pg(w) => " p(w)ot;' = DLeb,
jeJg

where D is the density of points in J and Leb denotes the Lebesgue measure on H.

As an intermediate step, instead of H we consider the plane orthogonal to v = (1,...,1), that is,
Ey={v eR?:v-vg=0}. Observe that the intersection Vy = Fy N Z% is a lattice.

Lemma 3.13. Vj is the integer span of the vectors (w;)l_,, with w; = (e; — e1).
11



Proof. Notice that each of the vectors wj lies in V[ and so does each of their linear combinations with
integer coefficients. Conversely, if u = (ug,...,uq) € Vp, then uy = — Z?:z u; and so u = Z?:z wwy. O

Analogously to the definition of Ey and Vj, for an integer k£ > 0, we let Fy, = {v € Re:v. vy = k},
E[O,k] = {V S Rd IV-Vp € [07 ]f]}, Vk; = Ek ﬂZd, and ‘/[O,k:] = E[O,k] N Zd.

Since the scalar product of a vector in Z? with vq is always an integer, each element of Z? is contained in
precisely one of the affine spaces Ej. Hence,

n
Vo = | Vi (3.5)
k=0

This observation will be useful for the following decomposition result, and for which we recall that

Lemma 3.14. If w € A", then

‘/[O,n] = |_| S(w

veVy

Proof. Note that ¥(wyy ) - vo = n for all n € Ng. Hence, the intersection of S(w) with each of the affine
spaces E} is a singleton sk € V. Since Vi, = V) + sk, we obtain from (3.5) that

V[o,n]=|_|V0+Sk=|_| |_|sk+v:|_|8(w)+v. O

k=0 k=0veVy veVy
We now give the proof of Theorem 3.12.

Proof of Theorem 3.12. Tt suffices to show that ps(w)(B) = D Leb(B) for every open ball B in H (e.g.
with respect to the maximum-norm, due to the 7—\ theorem). By construction, the restriction of 7 to Vj
is a bijection onto its image J. Hence, for each j € J there is precisely one v = v; € Vj with n(v) =j.
Given an arbitrary bounded and continuous function f on H , we obtain

p(w) oty H(f) = p(w)(f ot;) = Jim n”t p(wig ) (f 0 t5)
=lim ' Y fl+ry)=limat > fn(2)),

n— o0 n— o0
YES(Wi1,n)) zES(W(1,n])+V;j

where S(wp1,,)) = {¢(wpq) 1@ € {0,1,2,...,n}}, for n € Ng. This chain of equalities implies, by the

Portmanteau theorem, in the sense of weak convergence, that

-1 _ 1 —1
pw) oty = nl;rrgon Z Or(z)-
zES(w[l’n])-&-vJ-
Due to the C-balancedness of w, each p(w) o t;l has compact support and hence, given an arbitrary open

ball B, only finitely many of the expressions u(w) o tj_l(B) are non-zero. This together with Lemma 3.14
and the characterisation of weak convergence in terms of open sets, implies

Z:u Ot 1 < nli,nolon_lz Z 67r(z)<B)

jeg JET 2€S(win,n))+V;
: -1 -1 d
:nlingon Z Ornx)(B) = hm n# (T (B)NZT N By p)-
xEVio,n)

By standard results on model sets (see for example [20, Proposition 4.2] or [36, Proposition 2.1]), the
intersection of Z¢ with m—1(B) has well-defined frequency 1 (along appropriate averaging sequences).
Hence, the limit does not change if the cardinality in the last expression is replaced by the volume of the
corresponding tube T),, given by T}, = 7~ *(B) N FEjo,n)- Since H is not necessarily perpendlcular tor, it is
convenient to project B to r-. More precisely, we let 7, be the projection along r onto r* and observe

7 (B) = 7 Y(mp(B)) = m(B) + Rr.

12



For all v € R? the intersection (v+Rr) N Eg,n) has the same length r;,. Indeed, let wo and w,, = ¢, r+wo
be the intersection points of v + Rr with Fy and E,, respectively. Then, n = w,, - vo = ¢,r - Vg = ¢y,
and hence 7, = ||w,, — wg|| = n||r||, which is independent of v. The volume of T, is therefore given by

rn, Leb(me(B)) = nlr|| Leb(mp (B)),
yielding
pg (w)(B) < || Leb(me(B)).
A parallel argument (using the characterisation of weak convergence in terms of closed sets) shows that
pg(w)(B) > ||r|| Leb(m:(B))

for every closed ball B in H. Using the (inner) regularity of Lebesgue measure, this implies that in fact
wr(w)(B) = ||r|| Leb(m,(B)) for every open ball B. Hence, we obtain

g (w) = || Lebo . (3.6)
Since m, restricts to a linear isomorphism from H to r, there is a constant ¢ such that p(w) = ¢ Leb.

We can therefore determine the normalisation by considering the fundamental domain J, spanned by
(w;),. Tts image J' = m,(J) is then spanned by the vectors (u;)%_,, with u; = 7.(e; — e;). Since r is
perpendicular to each of the u; the Lebesgue measure of J' can be expressed as

1 1 1 & 1
—|det(r,us,...,uy)| = —|det(r,es —e1,...,eq—€1)| = — > r; = —,

[l [l [l ; T el

where the first step follows from the fact that u; and e; — e; only differ by a multiple of r and the second
step follows by a straightforward calculation, for example by expanding the determinant along the first
column. It follows from (3.6) that s (w)(J) = ||| Leb(J’) = 1, and therefore ¢ = (Leb(.J))~!, which is
precisely the density of points in 7. (Il

The statement in Theorem 3.12 holds for every weak accumulation point of the sequence (p(wp n)))n,
even if the limit does not exist. This can be verified by restricting to the corresponding subsequence in
the proof provided above.

3.5. Rauzy measures as pushforward measures. Recall that we assume X to be a topologically
transitive, C-balanced subshift, with X’ denoting the set of transitive points. Let o be a fully supported
ergodic measure on (X, S). Then, X’ is a set of full measure for g, and g-almost every x € X' is generic.
For such points, the Rauzy measure is (up to translation) given by the pushforward of ¢ under the map
¢, defined in Section 3.3.

Proposition 3.15. For every p-generic point x, we have pu(x) ot;é) = po¢ !, where Loy T z+o(x).

Proof. We regard ¢ as an ergodic measure on the (non-compact) dynamical system (X', S). Let « be a
o-generic point and define
—1
1 n
On = ﬁ Z Oskas
k=0

for all n € N. Note that the weak convergence of g,, persists under the restriction to the (full measure)
set X'. Since ¢ is continuous on X', this implies that o, 0 ¢~ converges to po ¢! in the weak topology.
Since ¢(S*z) = ¢(x) + w(¥(x[1,x))), We obtain by definition of the Rauzy measure

n—1
p(x) o td_,(lm) = lim - Z Op(sha) = lm 0p 0 ¢t =po0¢ !,
k=0
and the claim follows. O

Remark 3.16. For generic points z, this offers an additional interpretation of the Lebesgue covering
property. In fact, the restriction of p7(z) to a fundamental domain coincides with the natural projection
of u(z) to H/J under 7. Since ¢ = w7 o ¢, this is (up to translation) the same as u o p~! by
Proposition 3.15. On the other hand, by Corollary 3.10, o ¢! is the unique T-invariant probability
measure on the group G. Because we assumed that the entries of the right eigenvector are rationally
independent, the group G is in fact the full d—1 dimensional torus, and the Haar measure is an appropriate
multiple of Lebesgue measure.
13



4. RAUZY FRACTALS OF RANDOM SUBSTITUTIONS

Here, we present two methods of canonically associating a Rauzy fractal with a given compatible irreducible
Pisot random substitution. We provide a construction in Section 4.1 via the set of level-oo inflation words.
The elements of this set can be viewed as analogues of substitution-fixed points for random substitutions.
Utilising the results proved in Section 3 on Rauzy fractals of C-balanced sequences, we show that every
element in this set with dense shift-orbit gives rise to the same Rauzy fractal. In Section 4.2, we provide
an alternative construction, via the prefix language of the random substitution. We prove that these two
constructions coincide in Section 4.3.

Notation. The Rauzy fractal associated with a (compatible, irreducible Pisot) random substitution
(9, P) does not depend on the explicit choice of (non-degenerate) probabilities P. As such, we suppress
the dependence on P throughout this section, and simply refer to 9 as a random substitution. To further
simplify our notation, we let (A, L, R) denote the Perron-Frobenius data of ¢ (which is independent of
P by compatibility) and let 7 denote the projection along R onto H. Recall from Theorem 2.8 that
the assumptions on 9 guarantee that every sequence in Xy is C-balanced, such that the results from
Section 3 are applicable in the present setting.

4.1. Construction via sequences with dense shift-orbit. Given a random substitution ¢ with
associated subshift Xy, we define the level-co inflation set by

X3 = () 0" (Xy).
neNy
It follows from Cantor’s intersection theorem that the set X3° is always non-empty, noting that
9" (Xy) C 91 (Xy) for all n € N and that the sets 9"(Xy) are compact by Lemma 2.9.

As ¥ is a compatible irreducible Pisot random substitution, any marginal is an irreducible Pisot substitution,
and hence the substitution-fixed point of any marginal belongs to X3°. Moreover, one can construct a
point in X§° with a dense shift-orbit, see for instance [35, Proposition 13].

We define Ry o = Ra(w), where w € X§° is any element with dense shift-orbit in Xy. The Rauzy fractal
associated with the random substitution ¥ is the set Ry = Uge 4Ry, q- It will soon be shown in Section 4.3
that Ry, (and therefore Ry) is independent of the choice of element w with this property.

4.2. Construction via the prefix language. An alternative method of associating a Rauzy fractal
with a random substitution is via the prefix language of the random substitution. It will be shown in
Section 4.3 that this construction is equivalent to the one given in Section 4.1. For now, we differentiate
the two constructions by placing a hat "~ above any alternate versions.

In what follows, we let A; denote the set of eventually first letters: namely, a € A; if and only if there is
a letter b € A such that a is the first letter of some realisation of ¥ (b) for infinitely many n € N.

Definition 4.1. Let ¢ be a random substitution. We define the prefix language of ¢ by
Ly, ={ve A" ;v is a prefix of some w € 9*(a), k € Ny, a € A }.

The Rauzy fractal associated with the random substitution 9 is defined from the projection of the set of
all possible abelianisation vectors arising from words in Ly . For each a € A, let

Sa(ﬁﬂ,p) ={¥(v) :va € Lﬂ,p}a

and define 7%;; 0 =7(Sa(Lyp)) and Roa= ’féfm. The (prefix) Rauzy fractal associated with the random
substitution ¥ is the set 7%19 = UaeAﬁ&a.

4.3. Equivalence of the two constructions. If x € X§°, then z(y ) € Ly, for all n € No, and hence
Sao(z) T 8(Lyp)- (4.1)

Projecting this identity gives that R,(x) C 7%19@. Thus, the Rauzy fractal corresponding to any sequence
in X3° is contained in the Rauzy fractal of ¥ defined via the prefix language. If the sequence is additionally
assumed to have a dense shift-orbit, then this inclusion is an equality.

Theorem 4.2. Let ¥ be a compatible, irreducible Pisot random substitution and let w € X§° be an

element with dense shift-orbit in Xy. Then, for all a € A, we have R,(w) = 7%19,,1.
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Proof. We first observe that there is a point w € X§° with the following properties.

e For each n € N, w can be decomposed as a concatenation of level-n inflation words.
e In each of these decompositions, every word u € 9" (a) appears, for all a € A.
e The shift-orbit of w is dense.

The construction of such a point is given in [35, Proposition 13], where we also observe that, although it
is not explicitly stated, the point constructed belongs to Xg°.

Our goal now is to show that R, (@) = 7%19’@. By (4.1), we have that R,(w) C ﬁg’a for all @ € A. So, if
we can show that R’ (w) is dense in 7%19,@, then we can conclude that R, (w) = 7%19,,1. To this end, let
q € 7@1’;@ and € > 0. There exists a word va € Ly, such that ¢ = 7 o ¥(v), that is, va is a prefix of some
word u € 9%(b), for some k € N and b € A. In fact, we can choose k arbitrarily large. Let k¥ € N be such
that h§ (7%19’@) is contained in a ball of radius € centered at the origin. This is possible because hy is
a contractive linear transformation. Since u appears in the level-k inflation word decomposition of w,
there exists a word v’ € Ly, such that w = 9*(v')va - --. Hence, M*(v') + (v) € S,(w) and thereby,
hE (7o (v')) + q € Ri(w). By the assumption on k, this point lies in the e-neighborhood of ¢ € ’féfm.
Since g was arbitrary, this shows that R (w) lies dense in 7%19’@.

Now, let w € X3°. Since w and w both have dense shift-orbit in Xy, it follows by Corollary 3.7 that
there exists a vector ¢ such that R,(w) = Re(w) —t for all a € A. But since w € X3°, we have

Ra(w) C ﬁﬂya = R, (W), so we must have ¢ = 0. This completes the proof. O
Therefore, we may now refer to both constructions of the Rauzy fractal by Ry without ambiguity.

4.4. Topological properties. Using the characterisation given by Theorem 4.2, together with the
analytic properties of Rauzy fractals corresponding to C-balanced sequences proved in Section 3, we can
obtain several key topological properties of Rauzy fractals of random substitutions.

Proposition 4.3. Let ¥ be a compatible, irreducible Pisot random substitution. If § is a marginal of ¥*
for some k € N, then Ry, C Ry, for all a € A.

Proof. Let w € X$° be an element with a dense shift-orbit in X, (for example, take a 6-fixed point).
By Theorem 4.2, we have that R,(w) = Ry, for all a € A, and projecting the identity in (4.1) gives
Rao(w) C Ry q, so the result follows. O

Proposition 4.4. Let 9 be a compatible, irreducible Pisot random substitution. There exists a sequence
of marginals 6,, (of powers of ¥) such that Ry, — Ry in the Hausdorff metric.

Proof. Let w € X§° be an element with dense shift-orbit. For each n € N, let a™ be a letter such that
wi,jgn) € U™ (a™). Such a letter always exists since w € X3°. Thus, there exists a marginal ,, of ¥" such
that 0, (a") = wp,jgn(qny)- In particular, there exists a sequence of words (w™),, such that w™ — w, for
which w™ € Xy, for all n € N. Hence, it follows by Lemma 3.6 and Theorem 4.2 that, for each n € N,
there is a vector t,, € R% such that

Ra(wn) - R9n,a +t, C Rﬁ,a + tn,

where the second inclusion follows by (4.1). Since w™ — w and w has dense shift-orbit in X, Proposi-
tion 3.8 gives that Ry (w™) — Ra(w) = Ry,q as n — oo. Therefore, we must have that ¢,, — 0, hence, we
conclude that Rg, o — Ry,q as n — oo. [l

As a consequence of these results, some topological properties of Rauzy fractals for deterministic
substitutions transfer to the random setting. In the following two results, we apply Proposition 1.1 and
therefore also assume that our random substitutions are unimodular.

Corollary 4.5. Let ¢ be a compatible, unimodular, irreducible Pisot random substitution. The Rauzy
fractal Ry is the closure of its interior and contains an open ball.

Proof. Let 6 be a marginal of . Since 6 is an irreducible Pisot deterministic substitution, its Rauzy
fractal contains an open ball by Proposition 1.1. Thus, by Proposition 4.3, so does Ry.
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We now prove that Ry is the closure of its interior. Let ¢ > 0 and let x € Ry. By Proposition 4.4,
there exists a sequence of marginals 6,, of 9 such that Ry, — Ry in the Hausdorff metric. Hence, there
exists an n € N and y € Ry, such that |z — y| < &/2. Since Ry, is the closure of its interior, there is a
z € int(Ry, ) such that |y — z| < €/2; hence, |x — z| < e. By Proposition 4.3, we have Ry, C Ry, so it
follows that z € int(Ry) and we conclude that Ry = int(Ry). O

Corollary 4.6. Let ¢ be a compatible, unimodular, irreducible Pisot random substitution. Then the
Rauzy fractal Ry has full Hausdorff dimension. Specifically, dimg Ry = d — 1.

Proof. This follows immediately from the fact that Ry contains an open ball. O

4.5. GIFS. In a similar manner to Rauzy fractals of deterministic substitutions, the subtiles of the Rauzy
fractal of a random substitution are the attractors of a graph-directed iterated function system (GIFS)
that reflects the action of the random substitution.

Definition 4.7. Let 9 be a random substitution and let Py be the finite set defined by
Py ={(p,a,s) € A" x A x A" : there exists b € A such that pas € ¥(b)} .

The prefix-suffix graph of 9 is the finite directed graph I'y with vertex set A such that there is an edge
labelled by (p,a, s) € Py from a to b if pas € 9(b).

Theorem 4.8. Let ¥ be a compatible, irreducible Pisot random substitution. For each a € A, the subtile
Ry,q is the unique (non-empty) compact solution of the self-consistency relation

Roa= U BRop) + 7). (4.2)
beA (p,a,s)EPy
pas€d(b)

Proof. For each a € A, the vectors ¢ € S,(Ly ;) are precisely the vectors of the form ¢ = Mr + ¢(p),
where r € Sy(Ly,p) for some b € A and pas € 9(b). Thus,

Slo)=U U MSiLon) + o).

beA (p,b,s)EPy
pas€d(b)

and projecting to H gives

Ria= U 7oM(Si(Loy) +m(0(p)). (4.3)
beA (p,b,s)EPy
pas€d(b)

Since mo M = h o, it follows from (4.3) that

Rio=U U "Ry, +7@(p).
beA (p,b,s)EPy
pas€d(b)

Taking closure gives (4.2).

The relation in (4.2) is in fact the self-consistency relation for a self-similar set (Ry,q)aca of a GIFS
G = (G, (Xa)aca, (fe)ecr). Here, G = T'y, the prefix-suffix graph, and X, = H for all a € A. For each
edge e = (p, b, s) in I'y, the corresponding contraction is given by f. = f,, where f,:  +— h(z) + mo(p).
Thus, it follows that the sets (R, )ac.4 are in fact the unique, non-empty compact sets satisfying (4.2)—see,
for instance, [26]. O

It should be emphasised that, in contrast to the case for deterministic substitutions, the sets Ry , are in
general no longer measure-disjoint for different choices of a € A.
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5. MEASURES ON RAUZY FRACTALS OF RANDOM SUBSTITUTIONS

In this section, we regard ¥p properly as a random substitution (equipped with probabilities). We equip
the (typed) Rauzy fractal Ry, with a natural measure, called the (typed) Rauzy measure associated
with 9. This object can be defined in several different ways, which we show all coincide.

Given a finite word w, we associate with the set R} (w) a corresponding counting measure

= D = ) Sw

TER: (w) YyESa(w)

Here the last step holds because 7 restricted to the integer lattice is injective, and here R’ (w) is as
defined in Section 3.1. This is consistent with the notation for p(w) employed in Section 3.4 in the
sense that pu(w) = >, c 4 tta(w). This relation also carries over to an infinite sequence w if we set
fra(w) = limp, oo ™ o (wp,,)), provided that the limit exists. Note, if w is a random word (or random
sequence), the expression p,(w) is to be interpreted as a random measure. In general, it will depend
on the choice of w € Xy, but once a set of probability parameters P is fixed, almost all sequences will
essentially give rise to the same measure. Recall that v denotes the ¥p-invariant measure on Xy and o
is the corresponding (ergodic) frequency measure. Also, we let ¢ be the map from the set of transitive
points to the Rauzy fractal, defined in Section 3.3. This is well-defined up to a reference point w’ with
¢(w') = 0. We summarise the main results of this section in the following.

Theorem 5.1. There is a vector of measures @t = ([, )ac.a, with the following properties for all a € A.

) T is supported on Ry, and fi,(Ry,q) = Rq.

= g (w) for v-almost all w € Xy (in particular, the limit pu,(w) exists).

= limy,—y 00 [9" (V)| e (U (v)) holds P-almost surely for all v € AT.

is absolutely continuous relative to Lebesgue measure, with bounded density.

depends (weakly-)continuously on the probability parameters P.

M, )aca is self-similar for the GIFS in Section 4.5, equipped with appropriate probabilities.

)

ASBSBSBSRS
S

s

Given an appropriate reference point w’ € Xy with ¢(w’) = 0, we further have

(1) p =3 ,ca M, coincides with pu(w) for p-almost every w € Xy, up to a translation by ¢(w).
(2) w is the push-forward of ¢ under ¢.

The first item is an immediate consequence of the following two, which, in turn, will be proved in
Proposition 5.12 and Proposition 5.11, respectively. We obtain the absolute continuity of the measures
from the Lebesgue covering property discussed in Section 5.6. The interpretation in terms of a GIFS is
provided in Proposition 5.8 and we will use this to obtain the continuous dependence on the probability
parameters. The last two items follow from the general framework on balanced sequences as we will show
in Section 5.5

Our first aim is to determine how p,(w) changes as we apply 9p. We develop in parallel the prerequisites
to show that there is a Rauzy measure that emerges both by following the expected measure as well as by
following a generic path of the random variables (9% (v))nen. This framework follows a similar inflation
word formalism established in [16] for topological entropy of random substitutions and expanded in [18]
for measure theoretic entropy, whereby we will establish an “inflation word version” of the Rauzy measure
and subsequently show this to be the same as the one obtained as the Rauzy measure (as described in
Section 3.4) of a generic infinite sequence.

Lemma 5.2. For every w € A*, we have

p,a 1913 Z Z ,Ua 79P * 6hma

bEAzeR} (w)

where the occurrence of p,(9p(b)) is to be understood as an independent random measure in each
summand.

Proof. For w = w; - - - w,, we obtain ¥p(w) = ¥p(w1) - Ip(w,), and hence

U (Ve (wi)) + Y (e (w1 k-1])),

k=1
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to be understood as a union of (independent) random sets. Recall that 1 (¥p (wp,k—17)) = MY (wp k—1))s
where M is the matrix of Jp, and therefore

n

RE(9p(w U 2(0p (wr)) + h(m o Y(wp k_1y))-

This gives

Zua Up(wk)) * On(mop(wy i 1))-
k=1

Recall that wy = b precisely if 7o 1/)(111[1,1@71}) € Rj(w). We can therefore reformulate the last equation as

Z Z ,ua ’l9p * 6h:p~ O

beAzeR} (w)

In order to formulate the random GIFS later on, we need one more ingredient.

Lemma 5.3. For every w € AT,

pp@) =Y Y Y st

beAzeR; (w) p, pased(b)

Proof. We can be more explicit about p,(9p (b)), which can be rewritten as
Ha(@e(®) = D Grour,
p, pas=3(b)

yielding

=D D D Ohetrovir:

beAzeR} (w) p, pas=19(b)

With the definition of f, as above, we obtain

Y Y Y aest :

beEA zeR} (w) p, pas=19(b)
5.1. Expected values. Recall that by random word, we mean a random variable, whose co-domain is
A*. In the following, for a random word w, we set i, (w) = E[u, (w)].

Corollary 5.4. For every random word w of fixed length, we have

w)) = S 71, (9e(b)) * (7 (w) o h).

beA

Proof. Taking expectation values in Lemma 5.2 and using the Markov property of the substitution action,

Elpa(@p(w)] =D B, @p ) *E | > bnyu| = > B, (0p(1)) * (y(w) o h ™) . 0

be A TER} (w) beA
The following should be compared with the set valued recursion in Theorem 4.8. Up to a normalisation
factor, this will be our measure analogue of the GIFS.

Corollary 5.5. For every random word w of fixed length, we have

Ba(p(w) = > Plorp(b) = pas|m(w)o f, .

(p,b,s)€Tg

Proof. This result follows from Lemma 5.3 and taking expectation. O
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Note that the recursion in Corollary 5.4 has the structure of a matrix convolution with a vector. Following
this interpretation and starting from a fixed word v € A*, we define the measure-valued vector

B (v) = (1 (V8 (v))aca,
for all n € Ny. By construction, for each a € A, the measures

1 —n
‘19”( ) Ton . Ma (’U)

are probability measures on a compact space for each n € N and hence have a weak accumulation point.
In the following, we show that we in fact get convergence. Let us outline the general idea for the proof.
Taking Fourier transforms in Corollary 5.4, we obtain a self-consistency relation that involves a matrix
multiplication. Iterating this relation leads to a matrix cocycle that converges compactly.

As a first step, we introduce some notation. First, fix some v € A* and let us denote by 1! the Fourier
transform of @ (v). Similarly, we set i = (i)ae.4. Since Ti,(v) is a finite linear combination of Dirac
measures on H, its Fourier transform is represented by a continuous function, taking values in the dual
vector space H*. The latter can be identified with R%~1. A straightforward calculation yields

FT[fi, (v) o h™')(k) = FT[f,(v)](gk),
where g = h* is the dual of A, given by
(gk, x) = (k, hx),
for all x € H and k € H*. We also let B = (Bgp)a,bea be the (function-valued) matrix given by
Bap = FT[,(9p ()],

for all a,b € A. Then, applying the Fourier transform to the relation in Corollary 5.4, with w = 9% (v),
we obtain

fiet (k) = B(k)aviiy (gk)-
be A

In a more compact manner, this can be written as a cocycle relation over the dynamical system k — gk,
given by

A"t (k) = B(k) @" (gk).
Iterating this relation gives
" (k) = B (k) °(¢"k), B"™ (k)= B(k)B(gk)---B(g" k). (5.1)

By construction, the assignments k +— B(k) and k +— [i°(k) are both Lipshitz-continuous. Since g is a
contraction, the iteration k — gk approaches the fixed point 0 exponentially fast. Since all entries of B
and 11° are defined via the Fourier transform of a measure, evaluation at 0 gives the total mass of the
corresponding measure. Hence,

B(0) = M, °(0) = $(v).

Following the line of argument in [7], we quickly arrive at the following; compare [7, Theorem 4.6] and
the discussion thereafter.

Lemma 5.6. The sequence (A~"B (k)),,_,o converges compactly on H* to a matrix valued function
C(k). The limit is of the form

C(k) = c(k)LT,
where k — ¢(k) is a continuous vector valued function with ¢(0) = R.
From this, convergence of the measure valued vectors A~"f"(v) is obtained as a corollary. More precisely,
we get the following.
Proposition 5.7. There exists a vector of finite measures &t = (%, )ac.a such that

li L

Jim e (0) = e 0, () haca =

in the sense of weak convergence, for all v € AT. Further |[zz|| = R, where ||| = (|iZ,]|)aca and
[, || = 71, (H) denotes the total mass of the measure f,,.
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Proof. Let us note that
. —n|qn 1 —-n n 17 _.
Tim A" (0)] = Tim ATy (MM)(0))a = LT(v) = L.
acA
Hence, when taking the limit of a product, we may replace |9"(v)| by A™L,. Recall that we denote the

Fourier transform of " (v) by ™. By (5.1), we obtain via Lemma 5.6

lim (L,A") " (k) = Ly e(k)LTw(v) = c(k),

n— oo

for all kK € H*. Since k — c(k) is continuous, Levy’s continuity theorem implies that ¢(k) is the Fourier
Transform of some vector valued measure 7 such that

lim —— 7" (o) = lim (LoA™) 5" () = 7.

In particular, ||zz|] = ¢(0) = R. O

There is an explicit representation of 7i as an infinite convolution product, involving measure valued
matrices. Indeed, we may rewrite the relation in Corollary 5.4 as

A" (v) = Mo« (" (v) o b7,

where M = (%, (¥p(b)))a,bea. From this, it is straightforward to verify that 7z satisfies the self-similarity
relation

1
= XM *(moh™).
Iterating this relation leads to
oo 1
o=M*R, M>= % X./\/l oh™ ™.
n=0

Note, the Fourier transform of M is given by the matrix valued function C(k) in Lemma 5.6. This
result also guarantees the existence of the infinite convolution as a limit (via Levy’s continuity theorem).
From Lemma 5.6, we may also infer that M> = m>L7, for some measure valued vector m>. Combining
this with the fact that w = M*°R, we have m®> = @ and hence

M= =7LT.

It is worth noting that sometimes the analysis of the matrix valued convolution M can be reduced to a
scalar Bernoulli-like convolution. This is the case for the random Fibonacci substitution, see [8].

The following is finally the measure GIFS relation.

Proposition 5.8. The vector of measures [z satisfies the consistency relation

fla=1 O Ploe(b) = paslzi, o f; . (5.2)
(p,b,s)

Proof. Due to Corollary 5.5, we obtain

1 _ |9 (v)| 1 _ _
n+1 n 1
gt = VL ST Blip(b) = pas] i o fy
[T (0) )] 2 ()]
Sending n — oo gives the desired relation due to Proposition 5.7. O

As observed above, we have ||z, || = R, for all a € A. Renormalising via fi, = R, 'Ji,, we therefore obtain
a vector (fig)aec.a of probability measures. By (5.2), these measures satisfy the relation

~ ~ _ 1 Ry

Ha = Z Plip,b,)Hb © g Plp,b,s) = XPWP(b) - pas]R—.

(P:b.s) ¢

Recall from Section 4.5 that the parameters (p, b, s) label the edges E of an appropriate GIFS G. In fact,
one can verify that p* = (p)ccp(q) defines a probability vector on E(a) for each a € A. Indeed,

Y Vb = % > Ry > Pp(b) = pas,
)

(p,b,s “beA  (ps)
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where
> Pp(b) =pas] = Y Pp(b) = v]|vla = E[|9p(b)]a] = Mas,
(p,s) veJ(b)

and hence,
Z Plpb,s) = )\R Z Map Ry = 1.
(p,b,s) be A

Using these probabilities, we may hence extend G to a GIFS G’ = (G, (Xa)aca, (fe)ecr, (0™)aca) and
obtain that (fig)ac.4 is the unique self-similar measure vector for G’. It directly follows that (Z,)acA is
the unique solution to (5.2). Furthermore, this solution is (globally) attractive in the weak topology and,
moreover, the support of the Rauzy measure 7i, is the Rauzy fractal R,.

5.2. Continuity of the invariant measure. Let dyk denote the Monge—Kantorovich metric on the
space of probability measures on a given metric space X, defined by

/gdu /gdv

where Lip; (X, R) denotes the set of Lipschitz functions from X to R with Lipschitz constant at most 1.

dyvx (@, v) =

sup
g€Lip; (X,R)

In the context of iterated function systems, it is known that the corresponding invariant measure
depends continuously on the probability parameters that are assigned to the edges, see for instance [12,
Theorem 3.4]. The proof is analogous in the graph-directed case and is considered folklore. Since we are
not aware of a direct reference, we present a proof below.

Proposition 5.9. The self-similar measures (iq)aeca of a GIFS G = (G, (Xa)aca, (fe)ecr, (P")aca)
depend Lipshitz continuously on the probability parameters (with respect to the Monge—Kantorovich
metric).

Proof. We denote the terminal vertex of an edge e by t(e). Let (1q)aca and (u))aeca be the self-similar
measures associated with the probability parameters (p®)ae4 and (p'®)qe respectively, and assume that
|p¢ —pl*| < e for all a € A and e € E(a). Note that the definition of the Monge-Kantorovich metric does
not change if we take the supremum over the Lipshitz continuous functions g with 0 in the image of g,
denoted by Lip; ;. We therefore obtain

/gd( > pZut<e>Of;1>—/ ( > e o £ >‘

e€E(a) e€E(a)

Ak (Hay Bg) = sup
9€Lip; o(Xa.R)

/g © fe d(pgﬂt(a)) - /g © fe d(p;aﬂg(e))

<Y
eEE(a) gELipl‘o(XmR)

<Y
ceB(a) 9ELIP10(Xa R)

+ ) I -pf sw

c€E(a) g€Lip; o(Xa,R)

/rilg © fe d:“ft(e) - /rilg © fe d:ué(e)

/ g0 fodpl i) — / g0 f.d(piile)

/g o fe d#;(e)

a

<r Z Pe sup
ccE(a) IELIP1Lo(XaR)

+ ce,

where ¢ = diam(X,) EeGE(a) pri(e)(Xie(ey) and r is the common contraction ratio of the maps (fe)ecr-

Since every f. has contraction ratio 7, it follows that r~!go f. € Lip; (X¢(e), R). Hence, we obtain from
the above that

i (s 1) <7 Y pEdMK (o) Hyge)) + €2 < rmax daik (1o 1) +
ecE(a)

Taking the maximum and reorganising yields
ce
1—7

d as g <
max duix (a; o)
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Corollary 5.10. With respect to the Monge—Kantorovich metric, the vector of probability measures
depends continuously on the probability parameters of the underlying random substitution.

Since convergence in the Monge—Kantorovich metric implies weak convergence, the same holds with
respect to the topology of weak convergence.

We note that, although Rauzy measures for random substitutions have been shown above to vary
continuously with respect to the choice of probabilities, this is not strictly true in the case of the Rauzy
fractals themselves (say with respect to the Hausdorff metric). However, the distinction only becomes
apparent at the extremal cases; that is, when the probabilities become degenerate. Indeed, for all
non-degenerate probabilities (those for which all p; ; # 0), the Rauzy fractal is independent of the
probabilities. This follows from the fact that, for non-degenerate random substitutions, the subtiles R,
satisfy the GIFS relations (4.2) of Theorem 4.8, and these relations are independent of the generating
probabilities.

On the other hand, for a degenerate choice of probabilities, the subtiles R, will in general only satisfy a
GIFS relation for a random substitution with fewer choices of images (that is, the one given by removing
the choice for any images of letters with probability p; ; = 0). This corresponds to removing edgings from
the defining graph of the GIFS. Therefore, the support of the measure may become smaller at extremal
points. This is observed in the case of the random tribonacci substitution in Figure 4.

5.3. Almost-sure results.

Proposition 5.11. Let v € AT. For all a € A,

1( (0B (1) =7,

almost surely.

Proof. Applying the random substitution ¥ to the random word ¥%(v), we obtain from Lemma 5.2
JOFTTN) =D Y (B (D)) * Gy (5.3)
bEAzeR] (9B (v))
For the Fourier transforms
9o = A" FT[pa(9p(v))]
we obtain from (5.3) that
n+m —\" Z Z 5,,;n,b(k)e—2ﬂik<h?m7 (54)
beAzeR} (V3 (v))

where for each a,b € A, m € N and k € H*, the family of random variables { f;;" *}, , is independent
and identically distributed as

Fort (k) ~ A7 FT{uq (98 (0))) (K),
where ~ denotes equality of distributions. Since the language Ly is C-balanced, there is a radius r > 0

such that R} (V% (v)) is contained in the ball B,(0) for all n € N. Hence, for all k in a fixed compact set
K C H* there is a uniform constant ¢ = ¢(K) with 0 < ¢ < 1 and d > 0 such that

e—27‘rik-hglr =1+ rm(,jj, k), |7'm(x7 k")‘ <dc™.

In the next step, we estimate the error that we obtain by replacing the exponential by 1 in (5.4) . To this
end, observe that

SR < FEP(0) = AT (B)]a = A ™),
and #R;(93(0)) = [3 ()]s = (M™)(v))y, yiclding
\A"Z 5 fﬁ,’?’b(k)rm(x,k‘ AT S e ),
bEAzeR) (95 (v)) bEAzeR) (95 (v))

=dc" AT (M) (M(v))y = O(c™),
beA
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since the entries of A™"M™ are uniformly bounded for all n € N. Combining this with (5.4) yields

gt k) =0 FATY Y fent (k).

bEAZER? (V3 (v))

An appropriate version of the strong law of large numbers (compare for example [25, Lemma 3]) yields
that for each b € A and every k € K,

1
lim e 2 ) =BT = AT FTE, (B0 = AT E) (55)
n—o00 b ’ ’
mGR;(ﬂg(v))

holds almost surely.

Our next goal is to get the same statement with a changed order of the quantifiers: we require that
for a set of full probability the convergence holds for all k¥ € K. Taking a countable intersection of full
measure sets, we easily obtain that almost-surely convergence holds on a dense countable subset of K.
Due to the Arzela-Ascoli theorem, it suffices to show (for each possible realisation) the equicontinuity
of the (uniformly bounded) sequence of functions in (5.5) in order to get uniform convergence on K
almost-surely. In fact, since any uniform modulus of convergence is preserved under taking averages,
it is enough to show the equicontinuity of the family {f%/™ b}x n for all possible realisations. Since the
random variables are iid, with only finitely many p0581ble realisations, equicontinuity follows from the
fact that each of these realisations is a continuous function on K. Hence, there exists a set Q(m, K) of
full P-measure such that the convergence in (5.5) is uniform on K for all realisations in Q(m, K). Since
H* is o-compact, there is a countable subset 7 such that H* = U;c7K + t. Hence, for all realisations in

the full-measure set
Q=) Qm K +1),
teT meN

we obtain compact convergence in (5.5) for all m € N. Note that
nILH;oA [97 (v)|p = nlgr;o)\ (My(v))p = RpLy.
Thus, for all realisations in €2, we get
. —-n a,m, b m m)
B Y = A B R,
beA zeR: (97 (v)) beA
Due to Lemma 5.6, we get
lim L, S ATBU (k)apRy = Ly Y e(k)aLoRy = Lyc(k)a,
beA beA

uniformly on compact sets. Hence, for all realisations in {2, we get that

lmsup g2 (k) = Luc(k)al = limsup g7+ (k) = Luc(k)a] = o(1) 22 0,
n—oo

implying
lim g7 (k) = Lyc(k)q,

n—oo

uniformly on compact sets. Since ¢(k), is the Fourier transform of [, this implies by Levy’s continuity
theorem that

lim A™"1q (U () = Lofta,

n—oo

in the weak topology for all realisations in 2. Up to a renormalisation, this is precisely what we intended
to show. 0

5.4. The substitution-invariant distribution. Let v be a ¥p-invariant probability measure as in-
troduced in Section 2. By construction, 1 = v(Xy) = v(9¥"(Xy)) for all n € N and hence X§° has full
measure for v. Using similar ideas as in the previous section, we obtain the analogue of Proposition 5.11
for the invariant distribution v.

Proposition 5.12. For v-almost every w, we have
1
pra(w) := lim nua(w[l n)) = s
in the sense of weak convergence, for all a € A.
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First, we need some preparation. As a first step, we control the size change of a word under a random
substitution.

Lemma 5.13. There exists a positive integer r € N such that for all £ € N, m € N and all v € £} with
nznt(l,m)=[X""] +r
we have |9 (v)| = ¢, and for all v € L™ with
n<n ({,m)=|\N"4] —r
we have |9 (v)| < .
Proof. This is a consequence of the C-balancedness of the language. Indeed, it guarantees the existence
of some ¢ > 0 such that for all n € N and v € L}, we obtain
[lvle =R < ¢

for all a € A and hence for all m € N,

97 ()] = D (M™h(v)a <BA™ + Y o(M™)ap <A™ (n+7),
a€A a,be A
for some r € N because the entries of A™"*M"™ are bounded in m. Similarly, we get
[0 (v)] = A™(n — 7).

The statement of the Lemma is just a reformulation of these two observations. O

In a similar manner as before we wish to obtain weak convergence via pointwise convergence of the Fourier
transforms. We therefore define for every a € A a function on Ly via

T w = FT e (w)].
Lemma 5.14. Let £,m € N and n > n™(¢,m). For every k € H*, a € A and ¢ € C, we have

v{w : fia(wpp,g) (k) = ¢} = Y v[uIP[a (0 (v).0) (k) = d.

veLy
Proof. Let f: Ly — C, be defined by f(w) = iqa(w)(k), and let fo(w) = f(wp,g). By (2.1),
vife=d=" Y = Y Y vRIPWE@pg=u= ) vR]Pf(IE()ng) =d,
uEE@f@O:c ueﬁ&f@ﬁ:cveﬂs veLy

which yields the desired assertion. O

Lemma 5.15. For every k € H*, there exists a set Qi C Xy with v(€Q) = 1 such that for all w € Qy,
we have

lim £~ Fig (wpr,g) (k) = ¢(k)a-

{— 00

Proof. We show this via an application of the Borel-Cantelli lemma. Let € > 0 be arbitrary. With the
same notation as in the proof of Lemma 5.14 we set

Ap={w: |07 fow) — c(k)a] >}, Ag={we LS 7 f(w) — c(k)q| > e}
Then, for arbitrary m € N, by Lemma 5.14 we get for n = n™ (£, m),
v(Ag) = Y v PR (v)1g € Ad- (5.6)
veLY
By the Borel-Cantelli lemma, the desired almost-sure convergence follows as soon as we have shown that
Z v(Ag) < 0.
LeN

We therefore aim to obtain an appropriate upper bound for P35 (v);1 g € gg]. By the definition
of n = nT(¢,m), it follows that £ < [9"(v)| < £+ (2r + 1)A™. Since every letter in a word w
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contributes a summand on the complex unit circle to f(w), this implies, for all realisation of ¥p(v), that
|f(Wp(v) = f(I9p()11,0)| < (2r 4+ 1)A™. Choosing £y = £o(m, €) large enough so that

(2r+1)A -
4o

we obtain that for all £ > £y, the condition ¥p (v)1,¢ € A, implies that
_ €
L f(0p (v) — c(k)a| > 7 (5.7)

Similar to the proof of Proposition 5.11, we have

() = O + 5 0SS 1)

N ™

beEAzeR} (v)
Aol vl 1 b
=0(c™) + Y Ry — > (k)
beA ¢ Rylof vl 2€R} (v)

where |c| < 1 and {f&™®(k)}, are iid, with distribution given by A\=™ FT [, (9% (b))](k). In particular
ELf2™ (k)] = A" B (h). (5.8)

Similarly to above, we have that £=!A\™|v| differs from 1 by at most £=*A\™(r + 1). Furthermore, the
C-balanced property implies that

[v] -1 -1
1-— =O(|v =0 ).
o = Ol o)
Since | f&™®(k)| is uniformly bounded by a constant C, we obtain that
1
I ICOIEDY wa > f;j’m’b(k;)‘ = O(E™) + O]\ + O ). (5.9)
beA b rery(v)

We may choose m large enough and then ¢; = ¢1(m, &) > lo(m, ) large enough such that for £ > ¢; the
sum of the error terms on the right hand side is smaller than £/4. Due to Lemma 5.6, we further know
that

im Y- RN B (k) = 3 elk)aRy Ly = c(k)a
be A be A
and hence we may assume that m has been chosen large enough to ensure that

S RAT B (k) = ek)a| <
beA
Together with (5.7) and (5.9), this yields that for all £ > ¢;, we have

ool ™

€ 1 a,m,b —m p(m)
§<ZR5 T Z f’I‘ (k)i/\ Bab (k)

beA []o 2€RE (v)

Due to (5.8) and since (Rp)pen is a probability vector, this requires that for some b € A, we have that

Sl ST (e — mpemh)) (5.10)

8 |U|b TER} (v)
By Cramér’s theorem on large deviations, there exists a constant r = r(a, m, b, k) > 0 such that (given |v|,
is large enough) the probability for this event is bounded by e "l <
there exists a number m € N and some ¢5 € N such that for all £
implies that (5.10) holds for some b € A and

PR% ()1, € ge] <de .

efrle, for some 7’ > 0. In summary,
> {3 the condition Y (v)p,q € As

Since the choice of 7/ is independent of both ¢ and v € £} we obtain, via (5.6), that v(A,) < de™"",
which is summable over £. The desired result follows by an application of the Borel-Cantelli lemma. [

We are now equipped to prove the main result of this subsection.
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Proof of Proposition 5.12. Given k € H* we know by Lemma 5.15 that for w in a set ) of full measure,
we get

g{}oﬁlﬁa(w[lﬂ)(k) = c(k)q. (5.11)

The rest follows as in the proof of Proposition 5.11. Given a compact set K, there is a dense countable
subset £ C K and a set Q(E) of full measure such that for all w € Q(FE) the convergence holds on E.
Since each £~ iq(wy,¢) is the average of functions with a uniformly bounded Lipshitz constant, the family
{E*Iﬁa(w[u])}geN is equicontinuous. By the Arzela-Ascoli theorem, this implies uniform convergence on
K for all w € Q(E). We can hence find a set  with v(2) = 1 such that for all w € Q the convergence in
(5.11) holds uniformly on all compact subsets of H*, and in particular pointwise for all k& € H*. Since
¢(k)q is the Fourier transform of fi,, the claim follows by an application of Levy’s continuity theorem. O

Corollary 5.16. Let 7, (w1,n)) = Ey[pta(wyi n))]. Then,
A _
Jim 7 (Wi n) = Ha,

for all a € A, in the sense of weak convergence.

Proof. Let f be an arbitrary bounded and uniformly continuous function on H. Then, since each of
n~ " (wpy ) is a probability measure, we obtain [n ™z (w1 ) (f)] < || f]leo- By Lebesgue’s dominated
convergence theorem, we may therefore conclude from Proposition 5.12,

N . 1 _
Jim g (wp e )(f) = lim - —Ha (W) (f) dv(w) = o (f)-
Since f was arbitrary, this shows the required weak convergence of probability measures. O

5.5. The frequency measure. Let g be the frequency measure associated with the random substitution
Jp. Since g is ergodic, we obtain from Proposition 3.15 an additional interpretation of the Rauzy measure
as a pushforward of ¢ under the map ¢: X — Ry in Section 3.3, where X, is the set of transitive points
of Xy. For ¢ to be well-defined we need to pick a reference point w € X, and declare ¢(w) = 0. To be
specific, let us choose w € X§° N X}, to be one of the v-typical points with the property that p,(w) =z,
for all a € A (Proposition 5.12) and that w is g-generic (Theorem 2.11).

Corollary 5.17. The Rauzy measure y = ) 4 i, coincides with oo ¢~1. Further, pu(z) o t;(lw) =pu
holds for p-almost every = € Xy.

Proof. Since we have assumed that w is g-generic, its Rauzy measure u =}, 4 7i, coincides with go ot
(up to a shift by ¢(w) = 0), due to Proposition 3.15. Likewise, since g is ergodic by Theorem 2.11, g-almost
every point is generic, and therefore satisfies u(x) o t;(lm) = po ¢! = p, again by Proposition 3.15. [

In particular, the Rauzy measure is the same for g-almost every sequence, up to a rigid translation that
is detmined by the image under ¢. Note that every ¥p-invariant measure v assigns full measure to the

fibre ¢=1(0).

5.6. Lebesgue covering property. Finally, we transfer the Lebesgue covering property from the context
of C-balanced subshifts to the Rauzy measures associated with random substitutions. Recall that the
lattice J is the integer span of the vectors 7(e; — e1) with 2 < ¢ < d and D denotes the density of points
inJ.

Corollary 5.18. Let i be the self-similar measure vector corresponding to a compatible irreducible Pisot

random substitution ¥p. Then,
> Y fi,ot;' =DLeb.
JET acA

Proof. By Proposition 5.12, we have for v-almost every w that
_ o1 .1
D Fa =l > (W) = lim —p(wp ) = pw),
acA acA

and hence the claim follows immediately from Theorem 3.12. O
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FIGURE 2. Computer simulations of the distribution functions for the measure fq,p for random Fibonacci,
for p =1/16 (left), p = 1/2 (middle) and p = 15/16 (right).

Corollary 5.19. Under the requirements of Corollary 5.18, each of the measures 7, with a € A is
absolutely continuous with respect to Lebesgue measure, with density bounded above by D.

Proof. This follows from the fact that 7, is dominated by D times Leb due to Corollary 5.18. O

6. EXAMPLES

The Fibonacci substitution 6: a — ab, b — a is the prototypical example of a unimodular, irreducible
Pisot substitution over a two-letter alphabet. The Rauzy fractal associated with 6 is an interval. In
particular, Ry, = [-772,77%] and Rgp = [r72,77!]. A broad class of Rauzy fractals in one dimension
can be obtained by considering “reshuffled” versions of the Fibonacci substitution. Namely, by changing
the ordering of the letters in realisations of # and its powers. By locally mixing two or more of these
substitutions (of the same power), we obtain a broad class of compatible random substitutions, for which
the properties of unimodularity and irreducible Pisot are inherited. In this section, we consider several
random substitutions constructed in this manner. First, we consider the classical random Fibonacci
substitution, which is obtained by locally mixing # with the substitution 0:ars ba, b — a, which gives
rise to the Rauzy fractal with tiles R , = [—7~1,0], Rs, = 1[0, 772.

Example 6.1. Given p € (0,1), let Jp be the random Fibonacci substitution, namely the random
substitution

. ab with probability p,

a

Ip ba with probability 1 — p,
b— a with probability 1.

By Theorem 4.8, the tiles of the Rauzy fractal associated with ¥p are the unique, non-empty, compact
sets R, and R, satisfying
1 1 1 1
R, = (Ra> U (Ra — > U (Rb>
T T T T

1 1 1
Ry = (—R) U (—Ra + 2) ;
T T T

in particular, R, = [~1,77!] and R, = [-772,1]. We highlight that there exist points in these intervals
which do not appear in the corresponding intervals of the Rauzy fractal of either marginal of Jp. Further,
note that R, and R, intersect on a set of positive Lebesgue measure. The above graph-directed iterated
function system can be rewritten as an ordinary iterated function system for R,:

Ro= (R u(-2re = D) U (2R U(ERa - L),
T T T 7'2 7_2 7—3

This system does not satisfy the open set condition, since the similarity dimension does not equal 1 and
so Hutchinson’s formula is not satisfied. It follows that the graph-directed iterated function system also
does not satisfy the open set condition, again in contrast to the deterministic setting.

Let pq,p and pyp , be the Rauzy measures on R, and Ry, respectively, induced by the random substitution
Jp. By Proposition 5.9, the measures u, ), and p, are continuous with respect to the probability
parameters. The mass distribution function of the measure (i, ), is plotted in Figure 2 for several values
of p. We note that when p = 0 or p = 1, the measure p, , is Lebesgue measure supported on the a tile of
the respective marginal. However, when 0 < p < 1, p1,,, is supported on the interval R, = [-1,77'].
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FIGURE 3. Subtiles R, (red) and Rp (blue) of the Rauzy fractal associated with any non-degenerate
random substitution defined over the set-valued substitution ¥: a — {abbaabaa}, b — {abaab, baaab}.
We remark that within each of the subtiles R, and R there exist infinitely many gaps, the lengths of
which decay exponentially fast.

There are six different deterministic substitutions which have the same substitution matrix as the square
of the Fibonacci substitution. The Rauzy fractals associated with four of these substitutions are intervals.
However, the substitutions 6y : a +— aab, b — ba and 03: a — baa, b — ab, give rise to Rauzy fractals
which are the infinite union of a disjoint collection of closed intervals. In fact, the boundary of these
Rauzy fractals has Hausdorff dimension equal to log(1 + v/2)/2log(7) ~ 0.915785—see [4, 5] for more
details. In the following, we consider the Rauzy fractals of random substitutions obtained by locally
mixing two or more substitutions with the same substitution matrix as the square of Fibonacci.

Example 6.2. Let Jp be any (non-degenerate) random substitution defined over the set-valued substi-
tution ¥: a — {aab}, b — {ab,ba}, obtained by locally mixing a substitution whose Rauzy fractal is an
interval and one whose Rauzy fractal has boundary with positive Hausdorff dimension. The Rauzy fractal
of the random substitution ¥p is an interval, with overlapping subtiles R, = [-7~1,77!] and R}, = [0, 1].
In fact, it can be verified that all random substitutions with the same substitution matrix as the square
of Fibonacci give rise to Rauzy fractals which are intervals, with the exception of the enantiomorphic pair
of deterministic substitutions whose intervals have fractal boundary.

Now, let ¥p be a (non-degenerate) random substitution defined over the set-valued substitution 9': a —
{aab, aba}, b+ {ab,ba}. The Rauzy fractal associated with Jp is the same as the Rauzy fractal associated
with the random substitution ¢#p. This highlights that removing a realisation from a random substitution
need not alter the associated Rauzy fractal.

Example 6.3. Let ¥p be a (non-degenerate) random substitution defined over the set-valued substitution
¥ a — {abbaabaa}, b — {abaab,baaab}. The Rauzy fractal associated with Jp consists of an infinite
union of disjoint subintervals. A plot of the subtiles R, and R is provided in Figure 3.

We conclude by presenting some consequences of our results for the Rauzy fractal of the random tribonacci
substitution. Since the random tribonacci substitution is defined over a three-letter alphabet, it gives rise
to a Rauzy fractal with Hausdorff dimension two.

Example 6.4. Given p € (0,1), let ¥p = (9, P) be the the random tribonacci substitution, namely, the
random substitution given by

ab with probability p,
Ip “ {ba with probability 1 — p,
b— ac with probability 1,
c+— a with probability 1.
Let h: H — H denote the action of the substitution matrix on the contracting plane and, for each a; € A,
let hqy, = h(x) + m(v(a;)). By Theorem 4.8, the subtiles R,, R and R. of the Rauzy fractal of Jp are
the unique, non-empty, compact sets satisfying the graph-directed iterated function system
Rq = h(Ra) U hb(Ra) U h(Rb) U h(Rc)
Ry = h(Ra) U ha(Ra)
Re= ha(Rb)'
We note that the map h, and hence the maps h, and h;, are affine transformations, but are not similarities.

In an analogous manner to random Fibonacci, the above system can be rewritten as an ordinary iterated
function system for R,:

Ro=h(Ra)Uhp(Ra)Uhoh(Ry)Uhohg(Ry)Uhohgoh(Ra)Uhohgoha(Ra).
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FIGURE 4. Evolution of Rauzy measures for the random tribonacci substitution as p goes from 1 to 0.
From top-left to bottom-right, the values of p are 1, 15/16, 1/2, 1/16 and 0 respectively. Points were
generated experimentally (justified by Proposition 5.11) according to the generating probabilities in such
a way that point-densities approximate the mass distributions of each measure.

Now, let g p, tp,p and picp denote the Rauzy measures associated with the letters a, b and ¢, respectively.
By Proposition 5.9, these measures are weakly continuous with respect to p. Their mass distributions are
plotted for a selection of p in Figure 4.
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