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ABSTRACT. Regular sequences are natural generalisations of fixed
points of constant-length substitutions on finite alphabets, that is, of
automatic sequences. Using the harmonic analysis of measures asso-
ciated with substitutions as motivation, we study the limiting asymp-
totics of regular sequences by constructing a systematic measure-
theoretic framework surrounding them. The constructed measures
are generalisations of mass distributions supported on attractors of
iterated function systems.
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1 INTRODUCTION

A sequence f is called k-automatic if there is a deterministic finite automaton
that takes in the base-k expansion of a positive integer n and outputs the
value f(n). Automatic sequences are ubiquitous in number theory, theoretical
computer science and symbolic dynamics, and can be described in many ways,
though the one we find most convenient is via the k-kernel,

ker(f) := {(f(k?én-f-T))n?o £>00<r< k:é} )

A sequence f is k-automatic if and only if its k-kernel is finite [20, Prop. V.3.3].
It is immediate that an automatic sequence takes only a finite number of values.
A natural generalisation to sequences that can be unbounded was given in the
early nineties by Allouche and Shallit [2]; a real sequence f is called k-regular
if the R-vector space

Vi(f) == (kerg(f))r
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generated by the k-kernel of f is finite-dimensional over R. One nice property
of this generalisation is that a sequence taking only a finite number of values is
automatic. Additionally, the set of k-regular sequences has algebraic structure;
it forms a ring under point-wise addition and (Cauchy) convolution.

The study of automatic sequences is rich from both number-theoretical and
dynamical viewpoints. Much of the number-theoretic literature on automatic
sequences mirrors that of the rational-transcendental dichotomies of integer
power series proved in the first third of the twentieth century, such as those of
Fatou [23], Carlson [13] and Szegd [37], and the more recent celebrated result of
Adamczewski and Bugeaud [1]. The dynamical literature has focussed on the
study of automatic sequences through their related substitution systems—every
automatic sequence is a coding of an infinite fixed point of a constant-length
substitution on finitely many letters; see Cobham [14]. The long-range order of
substitution systems has been well studied; there is an abundance of literature
on this still very active area of research going back to the seminal works of
Wiener [38] and Mahler [30]. The monographs by Queffélec [34] and Baake
and Grimm [6] contain details about both the tiling and symbolic pictures of
these systems as well as the associated diffraction and spectral measures—the
modern-classical means of examining the long-range order of these systems.

The spectral results concerning substitution systems are not dichotomies, but
classifications based on the Lebesgue Decomposition Theorem. In this context,
one starts with a substitution and forms a measure—usually the spectral mea-
sure or the diffraction measure. The culminating result is then determining the
spectral type of the measure. The Thue—Morse dynamical system is a paradig-
matic example; the Thue-Morse sequence t := abbabaab - - - is 2-automatic and
is the fixed point of the substitution on two letters given by

_ a— ab
era 4 ba

Given a weight function w: {a,b} — C, one can calculate the diffraction mea-
sure (or correlation measure) g, of the sequence t which is determined by its
autocorrelation coefficients

fiw(t) == lim 1 > wt)w(tir) (1)

n— o0
0<i4, i—t<n

for t € N with fi,(—t) := fiw(t); see [6, 34]. The diffraction measure of the
Thue-Morse sequence with weight function w(a) = 1, w(b) = —1 is purely sin-
gular continuous with respect to Lebesgue measure. This result was proved by
Mabhler [30]—who was the first author to explicitly record a singular continu-
ous measure—and later in a dynamical setting by Kakutani [25]. For details
on diffraction see Baake and Grimm [6, Ch. 9].

Transitioning to regular sequences, the number-theoretic story is much the same
as automatic sequences, mirroring that of rational-transcendental dichotomies.
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The generalisation of the Cobham—-Loxton-van der Poorten Conjecture for reg-
ular sequences was proved by Bell, Bugeaud and Coons [8]. But, in contrast to
automatic sequences, the study of the long-range order of unbounded regular
sequences f, and so also the related spaces Vi (f), is not so straight-forward; nei-
ther diffraction nor spectral measures can be associated with them in a natural
way.

As a first step of addressing the long-range order of such objects, Baake and
Coons [3] introduced a natural probability measure associated with Stern’s
diatomic sequence, one simple example of an unbounded regular sequence.
Stern’s diatomic sequence s is given by s(0) = 0, s(1) = 1, and for n > 1
by the recurrences s(2n) = s(n) and s(2n + 1) = s(n) + s(n + 1). Its 2-kernel
kera(s) is infinite, but induces a finitely generated vector space;

Va(s) = (kera(s))r = ({(s(n))n>0, (s(n + 1))n>0})r-

Stern’s diatomic sequence has many interesting properties, e.g., the sequence
of ratios (s(n)/s(n + 1)),>0 enumerates the non-negative rationals in reduced
form and without repeats, and—Ilike the diffraction measure of the Thue—Morse
sequence—the associated measure is singular continuous. Baake’s and Coons’s
result rests on the fact that the sequence s satisfies certain self-similar type
properties; it has a fundamental region of recursion—between consecutive pow-
ers of two—and the sum of s over this fundamental region is linearly recurrent,
enabling the use of a volume-averaging process.

In this paper, we generalise the result of Baake and Coons [3]. Here, we provide
reasonable assumptions on a k-regular sequence f which guarantee the existence
of a natural probability measure p; associated to Vi(f). Indeed, there are
regular sequences for which such measures do not exist, and for which the
sequence of approximants is not even eventually periodic.

The measures py we construct are analogous to mass distributions supported on
attractors of certain iterated function systems—those constructed by repeated
subdivision; see Falconer [22] for related definitions and Coons and Evans [15]
for a family of extended examples related to generalised Cantor sets. Here,
rather than iterating intervals under a finite number of maps, the finite ap-
proximants are pure point measures on the unit interval, whose corresponding
weights possess the recursive structure. In this way, the existence of a natural
measure associated with f and Vi (f) provides a path to derive interesting dy-
namical systems from Vi (f) and opens the possibility of associating (fractal)
geometric structures to these sequences and spaces.

To see how this works, we start with a real-valued k-regular sequence f and
obtain a basis for Vi (f), the R-vector space generated by the k-kernel of f. In
particular, let k£ > 2 be an integer, f be a k-regular sequence and let the set of
sequences

{f = fi, fay. ., fa} C kerg(f) (2)
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be a basis for Vi(f) := (kerr(f))r. Set £f(m) = (fi(m), fa(m),..., fa(m))T.
For each a € {0,...,k — 1} let B, be a d x d real matrix such that, for all
m 2= 0,

f(km +a) = B, f(m). (3)

We refer the reader to the seminal paper of Allouche and Shallit [2] and Nish-
ioka’s monograph [32, Ch. 5] for details on existence and the finer definitions.
Note that there is w € R4*! such that for each i € {1,...,d} and n > 0, we
have

fz(m) = ezTB(m)kW = ezTBioBil t Biswv

where e; is the ith elementary column vector, (m)x = is-- 4140 is the base-k
expansion of m and By, := B;,B;, ---B;,. Set

k—1
B .= ZBQ.
a=0

We note that the matrix B is analogous to the substitution matrix M, of a
substitution g on a finite alphabet. In fact, if p is a constant-length substitu-
tion of length k on the d letters 0,1,...,d — 1, then the matrices B, are the
so-called digit (instruction) matrices and M, = B; compare [4, 34]. When
considering the dynamical properties of substitution systems it is common to
assume that the substitution is primitive; that is, the non-negative substitution
matrix M, is primitive. To continue our analogy with substitutions, we make
similar assumptions. At first glance, it is reasonable to restrict ourselves to
the assumption that B is primitive. But if this is the case for the k-regular
sequence f, then we can consider f as a k’-regular sequence with j being the
smallest positive integer for which B7 is positive. Thus, in the context of
k-regular sequences the distinction between primitivity and positivity is some-
what blurred. Note that this is also tacitly done for substitutions, where one
normally chooses an appropriate power j such that MZ, > 0, or equivalently,
¢’ (a) contains all the letters of the alphabet A, for all a € A. Hence we
make the following definition; compare [35, Ch. 2] which deals which primitive
morphisms and morphic words.

DEFINITION 1. We call a k-regular sequence f primitive provided f only takes
non-negative values, is not eventually zero, each of the k digit matrices B, is
non-negative and the matrix B is positive.

We are close to being able to state our results—the final ingredients are the
introduction of fundamental regions and the definition of the related pure point
measures. To this end, we note that, in analogy to the lengths of the iterates of a
substitution applied to an initial seed, a k-regular sequence f has a fundamental
region, the interval [k™, k" T1). Over these regions, the sum of a regular sequence
is linearly recurrent, a property which can be thought of as a sort of self-
similarity property for regular sequences. This property provides a structured
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volume to average by, and using it, we can construct a probability measure.
Formally, for each ¢ € {1,...,d}, set

Entl—1
Sin):= Y fi(m) (4)
m=k"
and define
1 Entl_gm—1
Mni = fl kn+m 6m n — ) 5)

where J, denotes the unit Dirac measure at x. We can view (i, ;) ey, 85 @
sequence of probability measures on the 1-torus, the latter written as T = [0, 1)
with addition modulo 1. Here, we have simply re-interpreted the (normalised)
values of the sequence (f;(m))m>0 between k™ and k"' — 1 as the weights of a
pure point probability measure on T supported on the set {# 0<m<

k—1)
k™(k—1)}. Set
Py = thpp = (fin1s - find) - (6)

Our first result, Theorem 1 below, provides a unique probability measure on T
associated with the space Vi (f).

THEOREM 1. Let f be a primitive real-valued k-regular sequence. If f1,..., fq
form the basis of Vi(f) associated with B, then the wvectors Ky, of pure
point measures converge weakly to a wvector of probability measures py =

(s oopp)” on T

Of course, one may also wish to consider the measure associated with f apart
from the full considerations surrounding that of the space Vi (f). With a little
more specificity one can prove a stronger result. Recall that for a real matrix B,
the spectral radius p(B) is the largest absolute value of its eigenvalues. The
joint spectral radius p*({By, ..., Bg_1}) is the corresponding generalisation for
a finite set of matrices; see Eq. (17) below for the formal definition.

THEOREM 2. Let f be a real-valued k-reqular sequence. Suppose that p(B) is
the unique dominant eigenvalue of B, p(B) > p*({Bo,...,Bk—1}) and that the
asymptotical behaviour of X'¢(n) is determined by p(B). If the limit Fy(x) of the
sequence f ([0, x]) is a function of bounded variation, then Fy(x) = py([0, z])
is the distribution function of a measure py, which is continuous with respect
to Lebesque measure.

Note that, in lieu of the non-negativity assumption in Theorem 1, we have
assumed a non-degeneracy assumption in Theorem 2 which allows one to cover
sequences which take negative values. This more general situation may not
result in a probability measure, but possibly, a signed measure.

This article is organised as follows. Section 2 contains the proof of our first the-
orem, the existence of a measure associated with Vi (f), and Section 3 contains
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the proof of our second theorem. In Section 4, we provide witnessing examples
which demonstrate why our assumptions are reasonable. Finally, we offer some
concluding remarks and open questions in Section 5.

2 A NATURAL PROBABILITY MEASURE ASSOCIATED WITH Vi (f)

The aim of this section is to prove Theorem 1. To do this, we attempt to
mimic the ideas behind the establishment of spectral measures associated with
substitution dynamical systems. Fortunately, the generating power series of k-
regular sequences satisfy functional equations that can be thought of as taking
the place of a substitution. That is, for each i € {1,...,d} setting F;(z) :=
Ym0 film)z™ and F(z) = (Fi(z2),.. ., Fu(2))T, we have [32, p. 153] that F(2)
satisfies the Mahler functional equation

F(z) = B(z) F(2"), (7)

where B(z) := Zz;é B, 2. The matrix-valued function B(z) is analogous to
the Fourier cocycle in the renormalisation theory of substitution and inflation
systems, which carries information about features of the underlying diffraction
and spectral measures; see Bufetov and Solomyak [11, 12] and Baake, Géhler
and Manibo [4]. Note that B(1) = B; this specialisation will be discussed more
below. Equation (7) shows that the functions F;(z) behave well under the Frobe-
nius map z — 2¥. The functional equation (7) is analogous to a substitution
with repeated application mirroring the iterated composition of a substitution.
This property is essentially what allows us to form certain cocycles (e.g., see
(14)) that, under the primitivity assumption above, have convergence proper-
ties which provide for the existence of the desired limit measures. To achieve
our goal, we require a few preliminary results.

Fori € {0,...,k — 1} let X;(n) be as defined in (4) and set
3(n) := (F1(n), X2 (n),..., Z‘d(n))T.

In the Introduction, we stated that the sequences X;(n) are linearly recurrent,
which is a well-known result, whose proof we include here for completeness.

LEMMA 1. Ifn > 1, then ¥(n) =B -X(n—1).

Proof. Here we are considering the sums of each f; over all integers in the
interval [k™, k"*1 — 1]. These are precisely all of the integers that have n + 1
digits in their k-ary expansions. Noting that the k-ary expansion of a non-zero
integer cannot begin with a zero, we thus have that X;(n) satisfies

Entio1 Entlo1 k—1
J(m) = 'p =e/B"Y B
fi(m) = e; By, W = ¢; aW.
m=km" m=km a=1
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Thus
k—1 k—1
X(n)=B"Y B,w=B-B"'> B,w=B X(n-1),
a=1 a=1

where the second equality follows from the first by writing n =1+ (n—1). O

Now, define the polynomials b;;(z) by B(z) = (b;;(2))
define the matrix

1<ij<d and for eachn > 1

An(s) = (Ej(n —.1)51'3‘(2))1@].@. ®)

Note that since f is primitive, the denominator X;(n) cannot vanish. The
matrices A, (z) are normalised versions of the matrix B(z). In particular, they
allow us to lift the result of Lemma 1 to the level of measures; see Proposition 1
below. Before proving that result, we note the following corollary of Lemma 1.

COROLLARY 1. For any n > 1, the matriz A, (1) is a Markov matriz, i.e., all
of its row sums are equal to 1.

Recall that for two finite Borel measures p and v on T, the convolution p * v
is defined by

(1 xv)(g) =/T Tg(w+y)du(96) dv(y),

for continuous functions g on T. Consequently, for Dirac measures d,, and §,, we
have 0z % 6y = 054, which is a linear operation. We let (65)" = d,5 be its r-fold
convolution product with itself. This allows one to define the value of p(d, ), for
any polynomial p € C[z]. Linearity also allows one to define the convolution
product M; * My of two matrices whose entries are linear combinations of
Dirac measures, where the usual point-wise multiplication is replaced by the
convolution product.

ProprosSITION 1. Forn > 1, one has
By = A (81 5n (k—1)) * Hy_1 (9)
where A, (z) is the matriz-valued function defined in Eq. (8).

Proof. Fix an ¢ € {1,...,d} and consider the ith entry of the vector on the
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right-hand side of (9). For this entry, we have

d
E(H—l)bl(é kn(k— )
ezTA" (51/k"(k—1)) *Hp_1 = Z - Z,J(n)l/ =D & Hn—1,5

j=1

d kE"—k""1-1
1 _
~ ) Yo > biumnge-n) * Fi (KT 0) Seppnr oy
v j=1 =0

1 EM—k" Tl —1k—1 d

= =) > DD Ba)ij Gaprn =) * £ (B A+ ) Sppnr 1)

=0 a=0 j=1

T et J
= Z(n) Z Z(S(kéJra)/k"(k—l) (Ba)ij fj(k"_l +0)

i =0 a=0 =

1 Er—k" Tl —1k—1
B Z Z O(kt+a)/kn (k-1 Ji(k™ + Kl +a)

1 Ertl g —1
= " kn (5m Vo

Yi(n) mz::O fi(K" +1m0) 6 i (1)

_ _ T
= Hni = €5 M-

Here, the third equality follows using the definition of b;;(2), the fifth equality
follows by invoking (3) and the sixth step is just a change of index. O

The following is an immediate consequence of Proposition 1.

COROLLARY 2. For n > 1, the Fourier coefficients i (t) satisfy

i (t) = A (700 ) i 5 (1), (10)
for allt € Z.

REMARK 1. While the convergents pu, are pure point probability measures
on T, one can also consider the measures v, = dz * p,,, which are Z-periodic
measures in R. Here, one has 7,: R — C, with R = R. In the discussion
below, we only carry out the analysis for p,, but the (vague) convergence of
the relevant matrix products also hold for v,. O

Using Equation (9), one can construct the infinite matrix convolution and hope
for the existence of the limit vector

poi= (5‘_21 An(51/kn(k—1))) * Mo (11)

The existence of the limit vector g depends on the convergence of the Fourier
coeflicients, which boils down to the compact convergence of the analytic matrix
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product
H A, k"(k 1)) (12)

a property we demonstrate below.

We require the following lemma that the positivity of B implies the convergence
of the quotients X;(n — 1)/X;(n) to a positive value.

LEMMA 2. Let f be a primitive k-reqular sequence. Then for each i,j €
{1,...,d}, lim, oo Xj(n — 1)/ X;(n) = ¢;; where ¢;; > 0.

Proof. This follows from the fact that B is positive and that f is non-negative
(and not trivial), so that given an i € {1,...,d} there is a constant ¢; > 0 such
that

Ei(n) ~ Ci* Ppg (B)nv (13)

as n — 0o, where the positive real number p,.(B) is the Perron—Frobenius
eigenvalue of B. To see this, let p..(B) be the Perron—Frobenius eigenvalue
of B and let v be the corresponding positive Perron—Frobenius eigenvector [33].
Let j be a positive integer so that B/w is entry-wise greater than v. Then for
n>j,

Yin)=eB"w=e/B" 1B w=e/B" /v+e/B"7 (B'w—v)
eZTanj V= eszPF (B>n7j V= (ezTV/pPF (B)]) " Prr (B>n

Since p, (B) is a simple eigenvalue of B with maximal modulus, comparing the
eigenvalue expansion of the linear recurrent sequence X;(n) with this inequality
proves (13). The lemma follows immediately. O

To prove the next result, we adapt a technique used by Baake and Grimm in
determining the intensities of Bragg peaks of Pisot substitutions via the internal
Fourier cocycle [7, Thm. 4.6] to prove compact convergence of infinite products
of matrices. This is a higher-dimensional extension of a method employed in
[17, Thm. 2.1(b)] in dimension one. This convergence and Lévy’s continuity
theorem are the main ingredients of the proof.

THEOREM 3. Let f be a primitive k-regular sequence. Then the weak limit
measure vector p in Eq. (11) exists.

Proof. It follows from the convergence of the quotients X;(n — 1)/X;(n) in
Lemma 2 that A,(z) = A(z) as n — oo, with (A(z)):; = ¢i;bi;(2). In par-
ticular, one has A, (1) — A(1l), where every A, (1) is a Markov matrix by
—27 —2mit
Corollary 1. Setting S, (t) := A, (e 1>) one gets Sy (t) — S(t) := A(e®-D).

For 1 < r < £ define the product

SEN (1) == se<%) s(ki>
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These products satisfy the identity S () = SEetD (1) S (¢), for 1 < r <
¢ < £. Moreover, S“")(0) is a Markov matrix for any such £, r, being a finite
product of Markov matrices. Here we let S(“9)(¢) := 8()(¢). One then has

f[ R 1>) =Sm(4) = Sm<kim) Sm1<#> .08 (%) (14)

In order to prove weak convergence of the approximant measures, we need to
show that the vector of Fourier coefficients converges pointwise in Z. This
entails showing that the S(")(¢) converges compactly on Z. To this end, we
first prove that for a fixed m € N, S(™9(t) is equicontinuous at ¢t = 0 for all ¢
satisfying 1 < £ < m.

Employing a telescoping argument, one obtains the equality

,_.

S0 (1) — §m0 (g Z (S(ma+2 (0) SU+LO (1) 7S<m,j+1>(0)s<jye>(t))
j=L—

7 1

This implies the following
ISt 9(t) — S(m’e)( 0)loo

< Z [S(m3+2)(0) SUHL (1) — i+ (0) SU (£)]| o0
7=0

/N

m—1
SIS ()] - [ISTHO () — 8141(0) ST (1)

<
Il
o

3

172 (0) oo - 1S j41.(7ter) = Sj41(0) e - 899 (8)

N
™

3
i

/N

[Sj41(7757) = Sj+1(0)| oo,

(=)

<.

where the last step follows from the properties ||S7+2)(0)||o = 1 and
IS99 (#)lloo < 1899(0)]|c = 1,

where the inequality holds since the matrices B, are non-negative and the
equality follows from S (0) being Markov.

Now, let € > 0 be given and choose § > 0 such that

e
1Sj4+1(557) = Sj+1(0) ]l < s
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holds whenever | 5| < 8. This yields

m—1
18T (1) = SO (0)]loe < Y ISj+1(5ter) = Si+1(0)los
7=0

e k
<‘y—gﬁ—ﬁ (15)
7=0

which proves that S(™)(t) is equicontinuous at ¢ = 0.

Compact convergence means for any given compact set K C Z, S(™0) () uni-
formly converges in K, which we show by proving it is uniformly Cauchy in K.
Choose p such that || < § for all t € K, which implies || < 6 for all j > p
and t € K. One then has

ST (E) = ST (1) oo < [SFHHTIH 1) — SHIPED 1) o - [PV
|

<
< ‘S(p+q+np+1)(t) — S(p+q7p+1)(t)

oo
since ||S(®) ()| < 1. Thus, using the triangle inequality, we obtain

HS(erquanrl)(t) _ S(p+q,p+1)(t) < ||S(p+q+np+1)(t) _ S(p+q+np+1)(0)

lloo lloo

T Hs(p+q+r,p+1)(0) _ S(p+q’p+1)(0)|\oo + HS(”H’pH)(t) _ S(p+q7p+1)(0)||OO

where the first and the third summands are strictly less than ¢ - k/(k — 1) by
invoking Eq. (15) for large enough p. The second summand splits further, into

|SPtatrr+l) () — §PFart) ()|, < [|SPHIFTPTY(0) — A(1)77 ||
AL = A1) oo + [STFHTD(0) — A1) |, (16)

Since S¢(0) converges to A(1), one can choose p’ large enough such that

16(0) = Al < 1
for all £ > p’. One can then invoke a similar argument to show that the first
and the third summands in Eq. (16) are strictly less than e k/(k — 1) whenever
p = p'. Finally, since A(1) is Markov, A(1)? converges to a steady state matrix
whence one can choose ¢ large enough such that the second summand is less
than e. Since r is arbitrary, this means for all m,n > max{p,p'} + ¢ one has

that
k—1
|BW%wsWumm<s<5 >,

k-1

and thus, S((t) converges uniformly on K. Since K is arbitrary, we have
shown compact convergence on Z.
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This convergence, together with Corollary 2, implies that the limit vector

Alt) = ( lim S(0)) (1)
m—o0

of Fourier coefficients is well defined for all ¢ € Z. The weak convergence

to a limit measure vector in Eq. (11) is now guaranteed by Lévy’s continuity

theorem; see [10, Sec. 26, Cor. 1] or [9, Thm. 3.14]. O

We next prove that the entries of the limit vector of measure in Theorem 3 are
all the same measure.

PROPOSITION 2. If f is a primitive k-regular sequence, then p = (uy, ... ,uf)T,
where g is a probability measure on T. That is, for each i € {1,...,d}, the
weak limit of fin; s 5.

Proof. Let L(t) := lim,, 0o S(™)(¢). By Lemma 2, A,,(1) = A(1) as n — oo,
where A(1) is a primitive Markov matrix, where the primitivity of A(1) follows
from the positivity of B. This means A(1)" converges to the rank-1 projec-
tor P corresponding to the eigenvector 1 = (1,...,1)7. One then gets the
equality

A()L(#) = L) = PAL(),

which implies zi(t) = Pa [i(t) = c(¢) 1. This means that the limit measures p;
have the same Fourier coefficients for all ¢, and hence must correspond to the
same measure j = uy for all 7 satisfying 1 < ¢ < d. O

Theorem 1 follows by combining Theorem 3 and Proposition 2.

As stated previously, the non-negativity assumptions on the k matrices B, and
the positivity (primitivity, initially) assumption on B are natural, especially if
one views it as the corresponding analogue of the substitution matrix M, for
shift spaces arising from a substitution g. While these assumptions seem less
natural in the context of regular sequences, they are satisfied by many of the
regular sequences that concern computer scientists and number theorists.

For simplicity, let ¢ be a primitive constant-length substitution on a finite alpha-
bet A (like the Thue-Morse substitution given in the Introduction). Consider
the one-sided hull X,, which can be defined by picking any fixed point z of p,
and building its orbit closure under the shift action 7', i.e.,

X, ={T"x|n €N},

where the closure is seen with respect to the local topology in AY.

The primitivity of M, implies that the hull X, is strictly ergodic. We then
have the following well known result, which is a consequence of this property;
see Baake’s and Grimm’s monograph [6, Ch. 9] for details and definitions. Here,
we define the diffraction measure via Eq. (1).
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FacT 1. Let o be a primitive constant-length substitution on a finite alphabet A
and x € X,. Then for any fived weight function w: A — C, the diffraction
measure [, exists and is the same measure for all v € X,. O

The result we obtain in Proposition 2 can then be seen as an analogous unique-
ness result in the context of regular sequences for the basis { f1, ..., fa} of Vi(f).

3 A NATURAL PROBABILITY MEASURE ASSOCIATED WITH f

In this section we will prove Theorem 2, via the general situation described at
the end of the Introduction. To set up, we recall the following notation, now
for only a single k-regular sequence f,

Entlo1

Z(n):= Y f(m)
m=km

and
Entl k-1
1

RS ) Do SR )G )
m=0

where J, denotes the unit Dirac measure at x. Also as previously, let f be
defined by the matrices Bo,...,Br_1 and the vector w € R?*! such that
f(m) = el B(,), W, where (m) = is---i1io is the base-k expansion of m and
B(n), := BiBi, ---By,. As before, set B := Zs;é B,. Let p(M) denote the
spectral radius of the matrix M and denote the joint spectral radius of a finite
set of matrices {M1, Ma, ... , My}, by the real number

% . 1

(M1, Ma,...,My}) = limsup _ max _ [My,M,, M, [|"", (17)
n—oo 1<i0,.yin—1<L

where ||| is any (submultiplicative) matrix norm. This quantity was introduced

by Rota and Strang [36] and has a wide range of applications. For an extensive

treatment, see Jungers’s monograph [24].

Unlike Theorem 1, so also unlike the previous section, we do not yet assume
that f is non-negative, nor that B is positive. However, to avoid degeneracies
(discussed in the next section), we assume that the spectral radius p(B) is the
unique dominant eigenvalue of B, that

pi=p(B) > p*({Bo,..., By1}) = ",

that for n large enough X¢(n) # 0 and that the asymptotical behaviour of
Y¢(n) is determined by p(B). This last assumption will be highlighted and
made explicit below.

To exploit the asymptotical behaviour of X't(n), we use a result of Dumas [19,
Thm. 3] on the asymptotic nature of the partial sums >_, , f(m). Through-
out this paper, we have used the convention that B(,), = B;B;, ---B

=
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where (m)g = is---i14g is the base-k expansion of m, however, the result of
Dumas [19] that we use here requires multiplying in the opposite order. These
two representations are related via matrix transposition;

flm) = elTB(m)kW = WTB(Tm)keL

To set up Dumas’ result, we require some further notation. Let the column
vector v, be a p-eigenvector of BT and let the nonzero real number e, be such
that v,e, equals the component of e; in the invariant subspace of BT associated
with p. Finally, we define the matrix-valued function F, : R — RI*1 by

k—1

Fo(@)-p=3 BL-F,(kz - a), (18)
a=0

with the boundary conditions

F,(z) = {O for

r <0
v, forxz>1.
The function F, exists and is unique since p > p*. Moreover, the function F,
is Holder continuous with exponent « for any « < log, (p/p*). Functional equa-
tions such as (18) are known as dilation equations or two-scale difference equa-
tions in the literature; seminal work on these was done by Daubechies and
Lagarias [17, 18]. See also Micchelli and Prautzsch [31]. A point of interest
for our context is that both the above-mentioned papers of Daubechies and
Lagarias as well as the seminal paper of Allouche and Shallit [2] introducing
k-regular sequences were published within the span of one year. Twenty years
later, Dumas [19]—extending ideas of Coquet [16]—connected these ideas by
showing explicitly how one can use a dilation equation to determine the asymp-
totic growth of the partial sums of a regular sequence. We record his result
here in the special case fit for our purpose.

THEOREM 4 (Dumas). Suppose that the spectral radius p = p(B) is the unique
dominant eigenvalue of B and that p(B) > p*({Bo,...,Bi_1}). Then

Z f(m) =w" E,(logy(x)) e, + O(Plogk(m))a
m<x

where

1— plei+t

By(e) = (1 - B)v, (52

) +pl R, (R,

where 14 denotes the d x d identity matriz.

A point to be made here is that, while Theorem 4 is certainly technical, in
the cases we apply it, for integers x € [k", k"T1), the integer part || = n is
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constant, so only the dependence on the fractional parts {z} will need to be
dealt with. For a detailed example of how this theorem can be applied to give
a distribution function, see Baake and Coons [3, Sec. 3|, where they give an
account concerning the Stern sequence.

Now, applying Theorem 4 to the complete sums X (n) and using the transposed
representation as that theorem requires, gives

Entloa

Zpn)= Y f(m)=p"tw" <FP<#) - FP<%>) e, +o(p").

m=km"

As n — oo, since F, is Holder continuous,

F, (’qﬂ) — v, +o(1),

so that

Zh0) = o (v, By () ) e+ ol (19)

Since we are assuming that for n large enough X'¢(n) # 0 and that the asymp-
totical behaviour of X'¢(n) is determined by p(B), we have that

wl <vp -F, (%)) £0. (20)

Arguing as in the previous paragraph allows us to prove the following result.

THEOREM 5. Let f be a real-valued k-regular sequence. Suppose that p(B) is
the unique dominant eigenvalue of B, p(B) > p*({Bo,...,Br_1}) and that
the asymptotical behaviour of Xt(n) is determined by p(B). Then, the limit
Fy(x) of the sequence ps ([0, x]) exists. Moreover, the function Fy(x) is Holder
continuous with exponent a for any «a < log,(p/p*).

Proof. Let x € T and consider the sequence of functions gy, ([0, 2]). Then,
applying the argument of the above paragraph with (k — 1/k™)/k replaced by
1+ (k— (14 1/k™))x, we have

Lp(n) pen([0,2]) = > f(m)

m=k"<m<k" (14+(k—(1+1/k™))x)
1 k—(14+1/k™ 1
_ anerT <Fp< +( (k+ / ))SC) o FP<E>) ep+0(pn).

As before, using the Holder continuity of F,, we obtain

Zrnsa0sal) = ot (B, () 2R, (1) o)) e b o),
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Using the asymptotic (19) yields
w? (B, (BEE) — (1) +0(1)) +0(1)
wT (v, —F,(3)) +o(1)

Since the denominator limits to a nonzero value, the point-wise limit of
wrn([0,z]) exists for all x; explicitly,

,ufyn([oa z]) =

1+(k—1)x
w? (F,(H=02) — F, (1))
wT (vp = Fy(3))
Finally, we note that the function Fy(x) is Holder continuous with exponent o
for any o < log(p/p*), a property it inherits directly from F,. O

Fy(z) = lim p5,([0,2]) =

The assumptions of Theorem 5 are not strong enough to guarantee the existence
of a measure py for which Fy(x) is a distribution function, but the additional
assumption that Fy(x) is of bounded variation, as assumed in the statement of
Theorem 2, suffices.

Proof of Theorem 2. We start with the function Fy(z) provided by Theorem 5.
Assuming that Fy(z) is of bounded variation, we form the (possibly) signed
measure ¢ via a Riemann—Stieltjes integral, assigning the value

pslath = [ dng = Fy(0) = Py

to any interval (a, b] C T; see Lang [29, Chp. X] for details on Riemann—Stieltjes
integration and measure. This is a Borel measure and has distribution function
pr([0,z]) = Fy(zx). Since the distribution functions ([0, z]) of the measures
Wrn are converging point-wise to the continuous distribution function p ([0, z])
of the measure 17, the measures p¢ ., are converging weakly to jir. Moreover,
the measure py has no pure points since p¢([0,z]) = Fy(x) is continuous,
thus py is continuous with respect to Lebesgue measure. O

We have the following corollary.

THEOREM 6. Suppose that f is a positive real-valued k-regular sequence such
that p(B) is the unique dominant eigenvalue of B, p(B) > p*({Bo,...,Br_1})
and that the asymptotical behaviour of X'¢(n) is determined by p(B). Then the
measure (g exists and is continuous.

Proof. This follows immediately using the fact that the partial sums
> mey f(m) are increasing with y so that uf([0,2]) is increasing and thus of
bounded variation. O

REMARK 2. The careful reader will have noticed that in the Introduction, we
chose the regular sequence f to be a member of the basis of Vi (f). While this
choice is standard in the area, it is even more convenient in our context—it
makes it obvious that the measures obtained in Sections 2 and 3 are indeed the
same.
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4 SOME COMMENTS ON ASSUMPTIONS

Theorem 1 relies on one main assumption, the primitivity of f, and Theorem 2
relies on a two key assumptions. In this section, we consider these assumptions,
highlighting certain pathologies which arise for examples which do not satisfy
them.

4.1 AN EXAMPLE WHERE p; # 12 FOR A BASIS {f1, fa}

The assumption of primitivity of the k-regular sequence f in Theorem 1 implies
that the matrix B is positive; recall, this positivity was gained by starting with
a primitive matrix and considering f as a k’-regular sequence, where j was the
minimal positive integer such that B/ is positive. Sometimes such a choice is not
immediately possible. For example, consider the Josephus sequence J, which
is 2-regular and determined by J(0) = 0 and the recursions J(2n) = 2J(n) — 1
and J(2n +1) = 2J(n) + 1. These recursions imply that the sequences J and 1
(the constant sequence) form a basis for Vo (J). With this basis, we arrive at
the linear representation J(n) = e B,),(0,1)", where

2 -1 2 1 4 0
BO—(O 1) and B1—(0 1), so that B—(O 2).

In this case, B is neither positive nor primitive, so Theorem 1 cannot be applied.
However, according to Theorem 6, one can apply the same limiting measures
n,i via the results in Section 3. In the limit, one gets py = h(x) - A whereas
p1 = A, where X is normalised Haar measure on T and h(xz) = 2z is the
Radon—Nikodym density for the limit measure associated with J.

But, there is hope here—a change of basis allows the use of Theorem 1. We
need only note that if we conjugate By and B; by the matrix

1 -1
P=( )

we arrive at a new linear representation of the sequence J, and a new basis for
Va(J), where the matrix B is replaced by

(31
PBP <1 3>,

which is positive. Thus, we can apply Theorem 1 using this new basis resulting
in the vector of measures p; = ps(1,1)7. For more information on the Josephus
sequence and for a study on measures associated with affine 2-regular sequences,
see Evans [21].

4.2 AN EXAMPLE WHERE THE LIMIT MEASURE DOES NOT EXIST

Shifting now to Theorem 2, consider the assumption that p(B) is the unique
dominant eigenvalue of B (which holds if B were say, primitive). There are
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plenty of examples of regular sequences where this is not the case. Dumas [19,
Ex. 5] gave an interesting example of a 2-regular sequence, which we denote
by D, whose associated matrix B has a negative integer entry, is not primitive
and does not have a maximal eigenvalue. Dumas’ sequence D is defined by

setting
1 0 3 -3
By = (0 1) and B; = (3 3 ) ,

D(m) = elT B(m),61 = elT Biz(m)el, (21)

and

where s3(m) is the sum of the bits of m. As in the previous section, we consider
the sequence of pure point measures

Ui = 2D1<n> S D(m) e, (22)
where
Yp(n) = Z_ D(m) = g (D)@ +3)"+ (1 —i)(4-31)"),  (23)

since in this case, the matrix B = By + B has eigenvalues 4 + 3i and 4 — 3i,
each of modulus 5. To show that the ‘limit’ up does not exist, it is enough
to prove that the sequence (up,, ([0, 1/2)))n>0 does not have a limit. To see
why this is enough, note that if the measure pp did exist, then so would its
distribution function pp([0,z)) : [0,1] — R, and necessarily we would have
that limy, 00 40,n([0,1/2)) = pp([0,1/2)).

PROPOSITION 3. The sequence (1pn ([0, 1/2)))n>0 does not converge. More-
over, it is not eventually periodic.

Proof. To prove this result, we show that there is a subsequence of this sequence
which is unbounded. To this end, note that (22) gives

2n42n—1l_q

Using (21) we have that

2n42n—1l_q

Z D(m)e?( Z Bw>BoBlel

m=2" we{0,1}"
lw|=n—1

2" —1
26,{ (B0+B1)n_1 B1€1 = Z D(m) :ED(TL—l),

m=2n—1
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where we have used that By is the identity matrix to obtain the middle equality.
Thus
ZD (TL — 1)

MD7n([0’ 1/2)) = ED(H)

By a simple calculation applying (23) to both the numerator and denominator,
with some rearrangement, we have

1 1— e—i(219»(n—1)—7'r/2)
1o ([0,1/2)) = 4+ 3i " emi@9-(n)—w/2)

where 1 2 0.6435 is the solution of cos® = 4/5. Now since 9 is irrational and
not a rational multiple of 7, we have that the sequence of fractional parts

({219 - (n) — 7r/2})n>0

is equidistributed in [0, 1). In particular, let M > 0 be a positive integer. Then
there is an € > 0 satisfying

1— e—2i19

0 L
SES M1

and there are infinitely many n such that

’1 B efi(Qﬁ-(n)fﬂ'/2)’ <e.

For these infinitely many n,

1 ‘1—6‘_%19 —e 1 ’1 — e 20 1
W(0,1/2) > — 1= " | Z s
kpa([0,1/2)] > 3 - R T
Since M > 0 can be chosen arbitrarily large, (1p,, ([0, 1/2)))n>0 is unbounded,
which is the desired result. (]

To observe large values of (;L,;)77l([(),1/2)))n20 one must be patient. Fig-
ure 1 shows values of up ,([0,1/2)) for n from 0 to 100000. Modifying the
proof of Proposition 3, mutatis mutandis, one can show that the sequences
(1ep,n ([0, 1/2’“)))7@0 are unbounded for every k > 1.

COROLLARY 3. The sequence of the pure point measures pp n does not converge
weakly to a finite Borel measure.

We now consider the dependence of Theorem 2 on the assumption that the
asymptotical behaviour of X't(n) is determined by p(B). While this assumption
adds to the technicality of the statement of Theorem 2, seen from the view of
some of common situations, the condition is quite natural. When B’s dominant
eigenvalue is simple, this assumption is required to avoid certain degenerate
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Figure 1: The values of up ,([0,1/2)) for (left) n = 0,...,200, (middle) n =
201,...,10000 and (right) n = 10001, ..., 100000.

situations. For example, consider the positive k-regular sequence f, where
f(m) =€l B, W, with

B0:B1:---:Bk_1:((>; (C)), and W:(S),

where the ‘*’ indicates any positive values. For large integers ¢ the dominant
eigenvalue of B will be k - ¢, but none of the matrices B, nor w have any
component that interacts with this part of the matrix B, and so this growth
is not reflected in the behaviour of X'¢(n). Of course, the linear representation
of the sequence is not unique, so this problem is not intrinsic to the sequence.
More probable is that one has made a sub-optimal choice of the matrices B,—
as is readily apparent, one can fix this example by deleting the un‘x’ parts.

With these examples in mind, assuming that degenerate situations can be
avoided, the sufficient assumptions of Theorem 2 seem quite natural for the
existence of such measures. Of course, on a case-by-case basis, the measure
could exist without satisfying these conditions, but it is certainly not guaran-
teed in general.

5 CONCLUDING REMARKS

In working with examples, curiosities having to do with spectral type are ev-
ident, and natural examples with certain properties are elusive. A case in
point is the seeming scarcity of regular sequences yielding pure point measures.
Of course, Corollary 6 concludes that if f is primitive (and other conditions),
then piy is continuous. So to find examples, it seems wise to study sequences f
which have many zeros. For a trivial example, if one takes f = x, to be
the characteristic sequence of the powers of two, then we easily compute that
ty, = 0o. Staying with binary sequences for the moment, as soon as the density

DOCUMENTA MATHEMATICA 27 (2022) 629-653



SPECTRAL THEORY OF REGULAR SEQUENCES 649

of ones in the fundamental regions [27,2""1) is bounded below, we are spread-
ing the mass equally to these points, so the mass allocated to any one point
in T must go to zero, and so assuming some regularity on the distribution of
the non-zero values of the sequence the measure will be continuous; see Coons
and Evans [15] for a family of singular continuous examples related to iterated
function systems. Some examples of sequences with pure-point measures exist,
see Evans [21]. However, these still occur in a relatively trivial way, where cer-
tain terms of the sequence contain a non-zero fraction of its entire mass. One
could attempt to produce pure point measures differently, by instead having
many small point masses concentrate in a single location, yet we are unable to
find a regular sequence whose measure exhibits this property.

For a non-regular example, consider the values of the binomial coefficients, say
f(n) = (ngm) for 2™ < n < 2™+ and follow our process. This sequence is not
k-regular for any k since it grows exponentially along a subsequence whereas
regular sequences can only grow at most polynomially [2, Thm. 2.10]. More
precisely, f(n;) ~ 2" /\/m-7; for nj = 27 4+ 277", The measure obtained will
be p1y = 01/2. This happens because, even though the ratio of every value to
the sum is going to zero, the sequence is dominated by the central binomial
coefficient and the limiting Gaussian curve, when scaled to the interval [0, 1),
is collapsing to its mean.

Our paradigm contrasts starkly with the situation for diffraction measures,
where there is a plethora of examples with pure point spectral type, e.g. those
arising from model sets (both in the regular and weak sense) and Toeplitz sys-
tems; see Keller [26] and Keller and Richard [27]. For example, the diffraction
measure of the paperfolding sequence is pure point [6, p. 380], but in our con-
struction the produced measure is Lebesgue. We emphasise here that these
two measures, albeit derived from the same object, are not expected to be the
same (or even to be of the same spectral type) since they arise from completely
different constructions (which capture different aspects of the sequence).

The question of spectral purity also arises. In most of the examples we have
produced, the measure iy is of pure type. As suggested by Theorem 2, focusing
solely on continuous measures, is there a natural example of a regular sequence
with continuous measure of mixed spectral type, that is, having both absolutely
continuous and singular continuous components in its Lebesgue decomposition?
While examples can be constructed—using that the set of k-regular sequences
is a group under point-wise addition [2]—we have yet to find a natural non-
trivial example or a “good” sufficient criterion for purity. We have some results
along this direction and we hope to address this in a future work.
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