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SHANNON WEIGHTS FOR BINARY DYNAMICAL
RECURRENT SOURCES OF ZERO ENTROPY

ALI AKHAVI, EDA CESARATTO, FREDEDRIC PACCAUT, PABLO ROTONDO AND
BRIGITTE VALLEE

April 15, 2025

ABSTRACT. A probabilistic source is defined as the set of infinite words (over
a given denumerable alphabet) endowed with a probability u. The paper
deals with general binary sources where the distribution of any symbol (0 or
1) may depend on an unbounded part of the previous history. The paper
studies Shannon weights: whereas the classical Shannon entropy &, is the
average amount of information brought by one symbol of the emitted word,
the Shannon weight sequence deals with the average amount of information
m M(n) that is brought by the emitted prefix of length n. For a source with a
non zero entropy, the estimate m, (n) ~ &, - n thus holds.

The paper considers the model of dynamical sources, where a source word is
emitted as an encoded trajectory of a dynamical system of the unit interval,
when endowed with probability p. It focus on sources with zero entropy and
gives explicit constructions for sources whose Shannon weight sequence satisfies
m,(n) = o(n), with a prescribed behaviour. In this case, sources with zero
entropy lead to dynamical systems built on maps with an indifferent fixed
point. This class notably contains the celebrated Farey source, which presents
well-known intermittency phenomena.

Methods are based on analytic combinatorics and generating functions, and
they are enlarged, in the present dynamical case, with dynamical systems tools
(mainly transfer operators).
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1. INTRODUCTION

Sources and weights. The paper studies probabilistic models on infinite words. In
information theory contexts, a source is a process defined on the set of infinite words
over a given finite alphabet 3, endowed with a probability u. It is a sequence of
random variables X; ... X, ... where X, is the n-th emitted symbol.

The paper focuses on binary sources (X = {0,1}) and studies their Shannon weight
defined in Section 2.2. The classical Shannon entropy &, —when it exists— is the
average amount of information enclosed in one symbol of the emitted word, whereas
the Shannon weight sequence deals with the average amount m,,(n) of information
enclosed in the emitted prefix of length n. We are interested in the asymptotic
behaviour of the sequence n +— m ,(n) (as n — c0).

When the sequence n +— (1/n)m,(n) has a limit, it is equal to the entropy &;

when &, is positive, Shannon weights satisfy the estimate mu(n) ~ &, -n, and they
are thus of linear order. But, for a source of zero entropy, the Shannon weights will
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be a main object of interest: their behaviour provide an extra knowledge on the
probabilistic properties of the source, and the paper answers the general question:
Describe explicit sources with a prescribed Shannon weight m ,(n) = o(n).

Our models of sources. The paper studies a general binary source (with alphabet
¥ = {0,1}) which is furthermore recurrent'; it is first based on the fundamental
decomposition of the set {0,1}* of finite binary words,

(1) {0, 13" =u*-{0}",

that deals with the set & = {0}*1 of blocks, each block being a sequence of zeroes
ended by a symbol one. We consider mainly recurrent binary sources with zero en-
tropy, described along the decomposition (1), and aim at estimating their Shannon
weights.

The two simplest model of sources — the memoryless sources which emit iid symbols,
or the fixed length (aperiodic) Markov chains, when the distribution of any next
symbol only depends on a bounded number of previous symbols — have a strictly
positive entropy. We then focus here on another general model of sources, which
may present more complex correlation phenomena, the model of dynamical sources.
Such a dynamical source is associated with a measured dynamical system (Z, T, 11) of
the unit interval Z, and a word emitted by the source is here the encoded trajectory
of an input z € Z under the probability u defined on Z. As we are mainly interested
in sources of zero entropy, we are led to dynamical systems with indifferent fixed
points, whose encoded trajectories present intermittency phenomena, with long
runs of zeroes. A typical instance is the Farey source.

Block source. Starting with a binary recurrent source S, the decomposition (1) na-
turally introduces another source —no longer a binary source— that indeed generates
blocks and is called the block source, denoted as 3. The block source B will be a
central object in our analysis. We deal within a general context where the source S
is a dynamical source whose block source B has nice properties : it is associated with
a dynamical system of the Good Class, and it has notably an invariant probability
measure v with a finite positive entropy &, (B). In this context, the block source B
is often more “regular” and easier to study than the initial source S, and we often
“replace”? in the study the source S by the source B.

Generating functions. We extensively use methods of analytic combinatorics, in
the same vein as in the book of Flajolet and Sedgewick [FS09]. We first describe
a source S with probability p via the probabilities p(w) = p,(w) that the emitted
(infinite) word begins with the prefix w. Due to (1), the number n(w) of ones in the
prefix w is also central, and we associate with the source S a trivariate generating
function

(2) Au(v,t,s) = > ol*he ) pw)*

wEX*

The mean number n ,(n) of ones and the mean average amount of information
m,,(n) contained in a prefix of length n are our final objects of interest, but the
distribution g, (n) = u[W > n| of the waiting time W of the symbol one is also an
important (auxilliary) parameter. There are finally three generating functions (gf’s
in shorthand notation) of interest: the gf’s N, (v) of the number of ones, M, (v) of

LSuch a source produces infinite words which contain almost surely an infinite number of ones.
A precise definition is given in Definition 3.

2As a main instance of this fact, the Farey source is “replaced” by the source defined by the
Gauss map and associated with continued fraction expansions
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Shannon weights and @, (v) of the waiting time,

(3)  Quv)=> qun)v", Nuw)=> n,(n)v", M,v)=> m,(n)v".

Remark that the gf’s N, (v) and M), (v) are (formal) derivatives of A, (v,t,s) with
respect to t or to s at (¢,s) = (1,1).

Dynamical analysis. All our analyses, performed in the dynamical context, are
based on the dynamical analysis method designed by Vallée and then extended by
Cesaratto and Vallée in various papers (see for instance [BV05], [VO1], [CV15]).
This method mixes analytic combinatorics tools and dynamical systems tools, in
a general framework where the (secant) transfer operator of the dynamical system
is used as a generating operator which itself generates the fundamental probabil-
ities p(w) of the source. This method was already widely used in the analysis of
Euclidean algorithms ([BV05], [V03],[V98]), in arithmetical studies ([CV06]) or in
contexts of information theory (see [VO1]), but it occurs for the first time in the
study of Shannon weights.

Using decomposition (1), and directly dealing with generating functions associated
with dynamical sources, the paper first obtains in Theorem 26 a precise (formal)
expression of the trivariate generating function A, (v,t,s) in terms of transfer op-
erators, where the weighted transfer operator G, ; of the block system B plays a
central role. We are then led to dynamical systems S for which the block sys-
tem B belongs to an important subclass of dynamical systems, the Good Class,
already mentioned and deeply studied in [CV15]. There, the operator G, , fullfills
(on a convenient functional space) nice dominant spectral properties, and it will be
possible to take the derivatives of function A,,.

The four main results. The paper studies, as its first main result stated in The-
orem 19, invariant densities for the initial source S and for the block source B.
Then, it obtains in Theorem 20, two relations (and one of renewal type) between
the three gf’s Qu(v), N,(v) and M, (v). It remains to “extract” the coefficients
n,(n), m,(n),q.(n) of the gf’s. As these gf’s have positive coefficients, a good
knowledge of their behaviour on the real segment [0, 1[ (as v — 17) provides, with
Abelian and Tauberian Theorems, asymptotic estimates for the mean number of
ones n,(n) and Shannon weights m,,(n) in terms of g, (n), described in our third
main result, Theorem 23. It derives in particular an (indirect) relation between the
mean number n,(n) of ones and the Shannon weights, namely

m, (n) ~ &,(B)n,(n) (n—o0),

that involves the entropy &,(B) of the block system (wrt to its invariant measure
v). The previous relation can be viewed as an extension of the Abramov formula, —
which relates the the entropy &;(S) of the initial source with respect to its invariant
measure 7 and the entropy &, (B) of the block source, when they are both positive
and finite— to the case when the initial dynamical system S has zero entropy and
possesses a block system in the Good Class.

The fourth main result, whose main steps are summarized in Section 4.6, is de-
scribed in Theorem 49: it explains how to find an explicit source with given Shannon
weights and answers the central question of the paper.

Related works. In the context of dynamical systems, the number of ones has been
already deeply studied, notably by Thaler and Aaronson, with methods of Infinite
Ergodic Theory ([A81] [T83]). Aaronson provides a renewal equation of the same
type as ours, but with respect to another type of measure, and only for the number
of ones. These authors do not study Shannon weights. We compare our results
with methods of Infinite Ergodic Theory in Section 6.
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Our results are obtained via analytic combinatorics and dynamical analysis. Our
approach is furthermore mainly applied to sources with zero entropy; even though
this zero-entropy class is natural and has been remarked a long time ago, it is less
understood and less investigated. There is yet a recent renewal of interest for these
sources: the paper [APV22] describes a general process for building in a natural
way sources of zero entropy from sources of positive entropy; moreover, the paper
[BCRS23] describes and studies new extensions of entropies of various kinds to
various weights.

Plan of the paper. Section 2 introduces the main objects (sources, Shannon
weights, waiting time, block source), and Section 3 first transfers the main concepts
of Section 2 to the dynamical context. Section 4 states the four main results. Then
Section 5 describes the main tools —the trivariate gf A and the three gf’s @, N, M—
and proves the first theorem on invariant densities (Theorem 19). The next Section
6 proves the second main result (Theorem 20). Then, Section 7 describes the precise
version of Abelian and Tauberian Theorems of use (that involves slowly varying
functions) and explains how to deduce the third result (Theorem 23) from Theorem
20. The sequel of the paper (with Sections 8 and 9) builds explicit instances, based
on maps with indifferent fixed points, and leads to the answer of the main question
of the paper.

2. SOURCES, SHANNON WEIGHTS, BLOCK SOURCES, WAITING TIME

The present section describes the main objects of interest: sources in Section 2.1,
with various points of view, then the main costs of interest: Shannon weights in
Section 2.2, and number of ones in Section 2.3. With the waiting time W of symbol
one, the word decomposes into a sequence of blocks, and Section 2.4 introduces
the recurrence property (Property R), that allows to define the source which emits
blocks, called the block source. This will be a central object of the paper.

2.1. General sources. A general source is a probabilistic process, denoted by S,
that emits infinite words with symbols from a given alphabet ¥ (finite or denumer-
able), one symbol at each discrete time t = 1,...,t =n,.... Here N will denote the
set {1,2,...} of positive integers.

Sequence of random variables. Consider some abstract probability space (2, O, Pr).
When, for n > 1, X,, (defined on ) denotes the random variable whose value at
w €  is the symbol «,, emitted at time ¢ = n, namely «,, = X,,(w), the source S
will be identified with the sequence X = (X,,),>1 of random variables.

In the sequel, any sequence (finite or infinite) of symbols will be identified with the
concatenation of its terms (written without commas). Any word emitted by the
source is thus a one-sided infinite word a = X (w) = a1 ..., ... € V.

Fundamental domains, fundamental probabilities and Kolmogorov Property. For

each k > 1, the projection 7y : ¥ — ¥* associates with the infinite word oo € XN
its finite prefix w = (ayas ... ax), and the set

4) Z,= wﬁull({w}) gathers the elements of X that begin with the prefix w.

It is called the cylinder (or the fundamental domain) associated with the prefix
w. The space ¥V is endowed with the product o-algebra, i.e., the o-algebra F
generated by the sets {m, '(w), w € ¥, k > 1}. Since these sets are a base for
the product topology, F is also the Borel o-algebra on . Then, the sequence P
of fundamental partitions Py of order k,

(5) P=(Pr), Pr={Tulwex"},  pw)=pnls),
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generates the o-algebra F. The distribution u = px of the sequence of random
variables X = (X,,)n>1, is defined on F, and is thus completely specified by the
fundamental probabilities p(w) = pu(Z,,) that a word begins with the prefix w: this
is known as the Kolmogorov principle.

A recursive point of view on the source. We consider the following two mappings
o and T -T is also called the shift— defined on XV: For an infinite word o € XN,
with & = aqae, ..., o(a) = a; is the first symbol of @ and T'(«) is the infinite suffix
(azas .. .), so that the symbol a, emitted at time n is o, = o(T" " 1(a)) and the
(infinite) emitted word « is then written as

(6) a=(o(a), T(a)) = (o(a), o(T()),...,o(T"(c)...).

Costs. The main objects of our study are costs. A cost ¢ is a map ¢ : ¥* — R, and,
for any k& > 0, we consider the mean value c,, (k) of ¢ on PIL

(7) cu(k) = Y puw)e(w).

We wish to study the asymptotic behaviour of the sequence (c,(k))k>0. As it is
usual in analytic combinatorics, we deal with the associated generating function

(8) Cu(v) = ¢, (k)"
k>0

The cost c¢ is increasing if

c(w 1) > c(w) for any w € ¥* and ¢ € X,
where w - ¢ denotes the concatenation of the word w and the letter ¢. This means
that the sequence k — c o m is increasing and the cost ¢ can be defined on the
infinite words as a cost ¢ : BN — R U {+oc0} with

(9) cla) = klim com(a) = sup{c(w) | w finite prefix of a}.
— 00

Then the following holds
c (k) =Eyfcom], ¢, (k) >c,(k—-1),

and the generating function C),(v) defined in (8) satisfies the following:

Lemma 1. For any increasing cost ¢, the generating function (1 — v)C,(v) has
positive coefficients and the partial sums of these coefficients coincide with c,, (n).

Proof. The series (1 — v)C),(v) satisfies
(1 =0)Culv) =D cu(k)o" =D e, (k) o™ = ¢, (0) + Y (e, (k) — ¢, (k — 1)) 0" .

k>0 k>0 k>1
O

2.2. Shannon weights. We consider the cost m defined on ¥* that associates with
the prefix w € ¥* the amount of information it brings. Then the cost m satisfies®

m(w) = |logp,(w)| if the prefix w is emitted, m(w) =0 if not,
and is increasing. As in (7) and (8), we associate,
m, (k) = Y pulwm(w),  M(v) = m,(k)v".
wexk k>0

SWe may also consider that any prefix w (even though it is not emitted) always provides the
supplementary information relative to its length |w| and, in this case, the amount of information
brought by the prefix w is

m(w) = log |w| + m(w).
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The mean value m,, (k) is written as®

10)  m, k) = 3 [pu(w) # 0 pu(w)|1ogpu(w)| = 3 p(w)|logp,(w)],
wexk wexk

the second equality being due to the convention xlogxz = 0 when x = 0. Thus

m,, (k) coincides with the joint entropy H(Xi,...,X}) of the random variables

that define the source (see [CT06]).

Definition 2. For the source (XN, i),
— the sequence k — mu(k) 1s called the sequence of Shannon weights;

— the limit of the sequence (1/k) m,, (k) —when it exists— is called the entropy
of the source, denoted as &,,.

In information theory contexts (see for instance [CT06]), the entropy of the source
is sometimes called entropy rate. A sufficient condition for the convergence of the
sequence (1/k)m,, (k) is the sub-additivity of the sequence k — m (k). And a suf-
ficient condition for this sub-additivity is the stationarity of the sequence (X, )nen
or equivalently (See [PY98]) the fact that u is invariant by the shift T, i. e.,

w(T71G) = p(G) for any G € F.
When the entropy &, is positive, the Shannon weights m,, (k) are of linear order.

But, in the case of zero entropy, the Shannon weights are o(n) and their precise
asymptotic study provides an extra interesting knowledge on the source.

The idea of extending entropy into a sequence of weights is not new and has already
been proposed (for instance) in the paper [BCRS23], notably in the context of
dynamical sources (see Section 9.7). However, the weights introduced there extend
other types of entropy, defined in Dajani and Fieldsteel [DF01], (not the Shannon
entropy), and are described in Definitions 2.1 and 2.2 of [BCRS23]. To the best
of our knowledge, the interest in the precise asymptotic study of Shannon weights,
that describes the evolution of |log p(w)| when |w| tends to co, appears to be new.

With the point of view of Footnote 3, the average amount of information on ¥* is
m, (k) =logk +m,(k),
and this version of Shannon weights satisfies m,, (k) > log k.

2.3. Binary sources and number of ones. The paper is devoted to the case
of binary sources S, i.e., sources with a binary alphabet ¥ = {0,1}. There is a
fundamental decomposition

(11) 0,1} =u*- 2,

(12) with U = {0}*1 = {0""'1 |u > 1}, Z:={0}*={0"|u>0}.

An element U of U is called a block, and an element of Z is called a zero-tail. The
set U is a set of words and may thus be called a code (in coding theory). This set U
has an important property: a proper prefix of a codeword U of U does not belong
to U, and U is called a prefix code (in coding contexts).

The fundamental decomposition (12) provides, for any finite word w, the writing
(13) w (0wr=11) ... (Oue-1=11) (Que=11) Qo (£ >1)
wo = 0w, (=0 or w=e) [’

where ¢ > 0 is the number of ones contained in w, the integers u; satisfy u; > 1
(for 1 <i < ¥) and ug > 0.

4For an event A, [A] is the Iverson’s bracket equal to 1 if A arises and 0 if not
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Number of ones. We are thus led to another important cost n : ¥* — N, where
n(w) equals the number of ones in w (it coincides with the number of blocks). The
cost m is increasing, and, as in (7) and (8), we associate
n, (k) = Y pulwn(w),  Nu(w) =1 n,(k)v*.
wesk k>0
The present paper studies the asymptotic behaviour of the sequence k +— Qu(k)
As the cost n is increasing, it may be defined on infinite words «, with values in
N =NU {400}, as in (9) and the equality holds
n, (k) =E.nom] .
The random variable n o m; is expressed via an ergodic sum in terms of the set J
of words which begin with the symbol one,

k—1
(14) nom(@) = 170Ta), Ji={aex"|o(a)=1},
£=0

and this is why (Infinite) Ergodic Theory arises in a natural way in the study of
Qu(k) The present paper uses another direction, and presents alternative proofs
for the asymptotic estimates of the mean number n,, (k) of ones, based on analytic
combinatorics, dynamical methods, and functional analysis. We think that this
method of proof may be of independent interest.

2.4. Recurrence, waiting time and block sources. We consider the decreasing
sequence Ny of subsets of {0, 1}, and its intersection N,
(15) Nei={aec{0,1}V | n(a) >0} (£>1), N = ﬂ Ne,

>1

so that N is the set of (infinite) words having an infinite number of ones. Then,
for any o € N, and for any kg, there exists k > kg for which T*(a) € J.

Recurrence. We consider sources that satisfy, when restricted to the set A/, a re-
currence property with respect to the occurrence of symbol one, that is expressed
in terms of the fundamental domains Z,, introduced in (4):

Definition 3. The source (XN, i) is recurrent if

for any w € ¥*, the sequence p(Zy.on) tends to 0 as n — co.

Remark that, if the source (XY, ;1) is recurrent, then any source (XN, /) with o = p’®
is recurrent too.
Proposition 4. [Recurrence]
(a) (i) When the source ({0,1}N, u) is recurrent, one has, with p = p,,
p(w) =3y p(w-U)  for any w € ¥*.

(ii) For any £ > 1, for any sequence (Uy,Us,...,Up) of £ blocks,
p(Ur-Us-... - Up) =3 yeupUr - Uz ... Up-U);
Z(ULUQ,...U()GU@ p(Ul ’ U2 et Ue) = 1 ’

(b) The equivalence holds, and involves the set N defined in (15),
The source ({0, 1}, 1) is recurrent <= p(N) = 1.

Proof. Ttem (a)(4). For any w € ¥*, one has
p(w) = p(w-0) +p(w- 1) = p(w-00) + p(w - 01) + p(w - 1)
so that, for any i, . 4 '
p(w) = p(w - 0%) + p(w - 0°711) + p(w - 07721) + p(w - 0°31) + ... + p(w - 1).

5Two measures are equivalent if they admit the same subsets of zero measure
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Letting ¢ — oo proves Item (a)(4).

Ttem (a)(ii). We apply (a)(i) tow =Uy - Us - ... U,.
Item (a)(i%i) is proven by induction. For £ = 1, this is (a)(i) applied to w = €. Now

> p(U-Us.. - UpUpn) = > > p(Uy-Us-...-U-U)

(U1,Ua,...Ug,Upy1) €U+ UeU (Uy,Us,...Uy)eU*

(U1,Ua,...Ueut U
and we use (a)(77) together the induction hypothesis. .

Ttem (b). The set Ny coincides with the set of infinite words X which begin with a
sequence of ¢ blocks. Then

M[M] = Z(Ul% Ue)eu’ p(U1 -Ug - ... Ug)

that equals 1 with Item (a)(i¢). Conversely, if a source is not recurrent, then there
exists a finite word w such that lim; p(w0?) is strictly positive. It gives rise to an
infinite word o = w- 0" for which u(«) is strictly positive and n(a) = n(w) is finite.
Then « does not belong to N and p[N] is stricly less than 1.

.....

Waiting time. With the set J of words which begin with the symbol one, described
n (14), the waiting time W to hit J is defined on the set N as

W(a) =1+ min{k | o(T*(a)) =1} = 1 + min{k > 0 | T*(a) € J}.
There is (1+) in the formula because the symbol produced at time ¢ is the symbol
a(T' (). This waiting time W is the first time ¢ > 1 when there is a symbol ‘1*

at position ¢. This gives rise to three random variables, all defined on N, the first
block U, its length u, and the block shift T’

Ul) =0V, w=W(), T(a)=T"(a).

The block shift 7' is also called the block shift because it “Jumps” over the block.
The infinite word a € N is thus written as

o= (W(a)7 T(O‘))v
and this defines, as in (6), and on the set N, a source B with alphabet N, with

(16) op(a) =W(a), Tga)=T(a).

Block source. When the source S is recurrent, the map T : N — N is defined -
almost everywhere, and any infinite word of N emitted by S is encoded as in (16).
This defines on N a source B with alphabet N, and, by definition of this source B,
the equality holds for U; = 0% —11

wu[S emits the prefixes Uy, Us ..., Us] = f[B emits the prefix uy, us ... ug].

This leads to the next definition which introduces one of the main tools in the
present paper.

Definition 5. [Block source] When the source S = ({0, 1}, u) is recurrent, it gives
rise on the set N with full measure p[N] =1 to a block source B = (NN, i), where
11 15 defined by the equalities

pa(uius .. ug) = p, (0111 0421 0w 1T,
that relate the fundamental probabilities p, of the source S and the fundamental
probabilities py of the source B.
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2.5. Distribution of the waiting time and generating function Q. For a
recurrent source S = ({0, 1}, 1), and with Proposition 4, the waiting time W and
the block source B are well-defined (almost everywhere), and one thus deals with
three main objects:

Level sequences related to the distribution of W (wtd sequences). There are two
level sets sequences attached with the waiting time W, namely,

n— [W>n], n—[W=n]
The probabilities of the associated events define the waiting time distribution (in
shorthand wtd),

(17)

{ Gu(k) = pW > K =pTp)  (£20) }
ru(k) = pW =k = p(Zop-11) (k>1) ’

and, for a recurrent source, the sequence g, (k) tends to 0.

Generating function @Q,(v). The generating function @Q,(v) of the sequence k
qu(k) is defined as

(18) Qulv) = Z qu (k) v®  and satisfies Quv) = E, W], (v—17).
k>0

3. DYNAMICAL SOURCES OF VARIOUS TYPES.

We now consider particular sources of the previous Section, created by measured
dynamical systems; we first define this concept in Section 3.1, based on the notion
introduced in [V01], and we introduce in Section 3.2 the notion of generating dynam-
ical sources, associated with measured dynamical systems. The general framework
of Section 2.4 is then transfered in Section 3.3 into the framework of dynamical
sources. We define in particular the Class DR which gives rise to recurrent sources,
then, the Class DRBGC which gathers sources of the Class DR for which the block
source is of Good Class. This Class will be central in dynamical analysis of Sections
5 and 6; it contains an emblematic source, the Farey source described in Section
3.8.

We use the same notations as in Section 2. The alphabet (finite or denumerable)
is denoted by ¥, an infinite word (i.e. an element of V) is denoted by o whereas
a finite word (i.e. an element of ¥*) is denoted by w. Moreover, the Lebesgue
measure on the unit interval Z = [0, 1] is denoted by 7.

3.1. A class of dynamical systems.

Definition 6. [(Measured) dynamical system.] A dynamical system S = (Z,T) is
defined by four elements

(a) an alphabet ¥ (at most) denumerable

(b) a topological partition (Zy)wes of the unit interval T = [0,1], namely
a family of disjoint open intervals (Z,)wes whose closures L., cover the
interval .

(¢) a coding map o which is constant and equal to w on each T,

(d) a map T defined on the union of open intervals (Zy)wes, for which each
restriction Tz, : L, —]0,1[ is strictly monotonic, surjective, of class C2.
The inverse branch hy, :)0,1[— I, of the branch Tz, is extended into a
map T — T, also denoted by h.,, that is thus of Class C?.

(e) When T is endowed with a probability measure p, with a strictly positive density
¢ € CL([0,1]), this gives rise to a measured dynamical system (Z,T, ).

The dynamical system (Z,T) is called the underlying dynamical system of the mea-
sured dynamical system (Z,T, )
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There are thus three main hypotheses in the definition: the surjectivity hypothesis
asked for the branch T|z, , and two regularity hypotheses, namely the C? regularity
asked for the branches Tz, and the C! regularity asked for the density ¢. Whereas
it is often asked in this context that measure p be invariant by 7', i.e.,

w(T~1G) = p(G) for any measurable set G,

this is not the case here, and, the only hypothesis asked for measure p is the
hypothesis 6(e) on its density ¢.
The coding map o is only defined on the set Z\ C' where C = {¢, | w € L}
gathers the subdivision points of the partition (Z,). Each subset T-"(C) is at
most denumerable, and it is the same for their union that is of measure 0 for the
probability ;& with a density ¢ € C'. Then, the subsets

Tt =T\Up—oT(C), IT°=I\U,5 T (O),
are measurable sets with a p-measure equal to 1. Furthermore, the trajectory
T(z) = (v,Tx,...T*(x)...) of € T* under the dynamical system (Z,T), gives
rises to the encoded trajectories (truncated or not)

My(@) = (0(2),0(T2), ...o(TH(x)), M(z) = (0(x),0(T2),...0(T"(@)),...).
The map My, is defined on Z}, and, due to the surjectivity hypothesis (d), the image
My (Z}) is the whole set Yk and M : Z* — ¥V is a surjection. Moreover, there is
a semi-conjugacy
(19) ToM(z)=MoT(z), (zeIv)
between the shift 7" on infinite words defined in Section 2.1 and the map T that

defines the dynamical system : this is why they are denoted (with a slight abuse of
notation) by the same letter 7.

With a prefix w = wiws . .. w, € F, we associate the map hy, = Py, Ohay, 0. c0hy,;
with Ttem(d) of Definition 6, the map h,, is well defined on Z and the (closed)
interval Z,, = hy,(Z) is called the fundamental interval relative to prefix w.

Denote by Z; the set which gathers the reals x for which the encoded trajectory
M (z) begins with the word w. Then, the set Z is a borelian set which differs
from Z,, by a denumerable set of points, and, as the interval Z is endowed with
a probability © that possesses a density ¢ > 0 of Class C', then the probability
p(w) = pu(w) that the encoded trajectory M (z) begins with w satisfies p(w) =
w(Zy) = m(Zw).

Finally, we deal with the sequence P of fundamental partitions,
(20) P=(Pr), Pi={Zo|weSF},  I,=h,T).

We now compare the two settings, the present setting and the setting of Section
2.1. For a clearer comparison, we compare the notions of Section 2.1 defined in (5),
that are now underlined, with their present analogs in (20).

Proposition 7. When a measured dynamical system (Z,T, ) fulfills hypotheses of
Definition 6, it creates a source (EN,H), as in Section 2, denoted as M(Z,T, ).
The measure p is completely defined by the system (I, T, p).

Proof. The set Z* is endowed with p, and we use the surjective map M : Z* — XN

and the semi-conjugacy in (19) to define a measure y on £V for which the map
M : (T*, 1) — (SN, )

relates the measures of fundamental intervals via the equalities, u(Z,,) = u(Zy).

Then, the measure y is now defined on the fundamental domains Z,, and extended

on XN with Kolmogorov’s Theorem. ]
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In the sequel, due to the semi-conjugacy (19), we consider and study Shannon
weights and entropy rate directly on measured dynamical systems, rather on the
dynamical sources they define. We now give main examples:

(a) The Shannon weight (of depth n) of the measured dynamical system (Z, T, u),
denoted as m,,(n), is (by definition) the Shannon weight (of depth n) of the dy-
namical source M (Z, T, u) = (3N, ).

(b) The entropy rate of the measured dynamical system (Z,T, 1), denoted as &, is
(by definition) — and when it exists— the entropy rate £, of the dynamical source
M(Z,T,p) = (ZNﬂH)'

(¢) The Shannon weight and the entropy rate of the measured dynamical system
(Z,T, pp) write in terms of of the measures p(Z,) = p(Z,,),

(21) m,(n) =Y w(Z) log(Zw)|; Eu= lim —m,(n).
wexn

3.2. Generating dynamical systems. The dynamical source M (Z, T, ) is “cre-
ated” from the measured dynamical system (Z,T, ). With the mapping M, the
properties of the dynamical system relative to the measure p are given to the
dynamical source. But, in this way, it is not clear how to compare —in a topolog-
ical way— the dynamical source M(Z, T, p) with the measured dynamical system
(Z,T, ) itself. We indeed need a supplementary condition:

Definition 8. [Generating dynamical systems| A dynamical system S = (Z,T) is
generating if the sequence P of its fundamental partitions defined in (20) generates
the Borelian o-algebra Fr.

Note that the analog property always holds in the context of Section 2: this is due
to the definition of the o-algebra F and the definition of the sequence P in (5).

Lemma 9. For any x € I*, and any n > 1, consider the prefix x,y of length n
of M(x), the fundamental interval I, (x) relative to the prefix x,y, and denote by
On(x) the diameter of I, (x).
The three assertions are equivalent:
(i) The dynamical system (I,T,u) is generating ;
(i4) The sequence 1, = sup{d6(Z,) | w € X"} tends to 0 as n — oo ;
(#it) For any x € T*, the sequence 6,(x) tends to 0 as n — oo.

Remark that Assertion (i4i) seems weaker than Assertion (i7). But the two asser-
tions are indeed equivalent due to Dini’s Theorem.

Proposition 10. If the dynamical system S = (Z,T) is generating, then:
(a) There exists a continuous map K : ¥~ — IT* for which K o M (z) = .
(b) There is an homeomorphism between the two topological spaces — I* en-
dowed with the usual Borel topology, — XN endowed with the product topology
of Section 2.

Sketch of proof. (see [PY98] page 42). With o € ¥V, written as a = M(x), asso-
ciate the subset K(a) C T
K(a) = ﬂnzl Z,(z).
Now, the following equivalence holds for any pair (o, z) with a = M(x),
K(a) = {z} <= the sequence J,(r) — 0 as n — o0

When the system is generating, this entails that K is well defined on XV, and
satisfies K o M(x) = . Then K is the inverse mapping of M. d
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In the sequel, we will deal a priori with any dynamical source associated (as in
Proposition 7) with a dynamical system —generating or not—. However, generat-
ing dynamical systems & = (Z,T) will be highly interesting here in the context
of entropy. Indeed, the homeomorphism of Proposition 10 allows us to use the
dynamical point of view in the computation of entropy. This is described in the
following proposition that plays an important role in the sequel:

Proposition 11. When a generating dynamical system S = (Z,T) admits an
invariant probability measure u, then the entropy (rate) of the dynamical source
M(Z,T,u) coincides with the metric entropy of the dynamical system (Z,T), with
respect to its invariant measure p, denoted as £,(S).

Proof. See [PY98] pages 80-90. O

3.3. Dynamical systems in the Class DR. Consider now the particular case of
Definition 6 when the alphabet is ¥ = {0,1}.

Definition 12. Consider a binary dynamical system (Z,T) fulfilling the hypotheses
of Definition 6, the (topological) partition of T into two subintervals Iy =0, c[ and
Ty =, 1] (with ¢ €]0,1]), and the inverse branches a,b (of Class C?) of the direct
surjective branches A, B of T.
The system is tent shaped if the branch a is increasing and the branch b decreasing,
with a(0) =0, a(1) = ¢, b(0) =1, b(1) = c.
The system (Z,T) belongs to the class DR (for dynamical and recurrent) if the
branches a and b moreover satisfy

Ve € [0,1], a'(z) >0, V(z)<0; Vze€0,1], d(x)<l, —-1<¥(z).
When the branch a satisfies the condition a/(0) = 1, the point 0 is an indifferent
point for the branch a (i.e., a(0) = 0,a’(0) = 1) and this leads to the class DRZL.

Figure 1 represents an instance of a tent-shaped system. One finds many instances
of graphs of tent-shaped systems in Section 9.5.

FIGURE 1. A tent-shaped dynamical system with its two direct
branches (left) and its two inverse branches (right).

Even if the system (I,T) is defined via its direct branches (A, B), the paper mainly
deals with inverse branches (a,b) and hypotheses will be asked directly on the
inverse branches, as in the previous Definition 12.

The Mean Value formulae, valid for any (z,y) with 0 < 2 < y < 1, involve z and
t €]z, y[, and

la(y) — a(@)| = d'(z)(y —x),  [b(y) —b(x)| = [b'(V)[(y — 2) -
Then, the reals ¢, z are in |0, 1], and 0 < a’(z) < 1,0 < |b/(¢)| < 1. This entails that
the inverse branches a, b of depth one satisfy strict Lipschitz conditions,

(22) V(z,y), 0<z<y<1l 0<|a(y)—a(z)|<y—z, 0<|bly)—bz)|<y—=z.

With an easy recursion, any inverse branch h,, (of any depth) is weakly contracting
and satisfies the inequality
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() = b (y) < [z —yl, O<w<y<1

For a system (Z,T) of the Class DR, where the absolute values |a’(0)],]b'(0)| are
strictly less than 1, the real

p = max{supjg 1] [a’|, supyy 17 [b'|} is strictly less than 1.
In this case, for any measure p that fulfills Def 6 (e), the measure u(Z,,) satisfies
w(Z,) < Cp™, for some constant C' > 0 and the entropy rate &, of the measured
dynamical system (Z,T, p1) satisfies £, > |log p|. Such a system is not really inter-
esting in our context which focuses on systems of zero entropy.

This is why we will focus in the sequel on systems of the class DRZ for which the
branch a admits an indifferent point at = = 0, (i.e., satisfies the conditions a(0) =
0,a(0) = 1). In this case, the derivatives (a™)’(0) equal 1 for any n. There are two
subcases, the case DRZ; (where a/(0) = 1, ¥'(0) > —1) or the case DRZ,, (where
a’(0) = 1, ¥(0) = —1). In particular, the case DRZ,, occurs for an emblematic
instance, the Farey source (See Section 3.8).

3.4. Recurrence. The Class DR plays a central role in the recurrence setting, as
it has been described in Section 2.4.

Proposition 13. Consider a dynamical system (I,T) of the Class DR and the
sequence q(n) = a™(1). Denote by 7 the Lebesgue measure. Then

(i) The set [W > n] coincindes with the interval [0,q(n)[ and the equality
g-(n) = qg(n) = a™(1) holds between the wtd q,(n) with respect to the
Lebesgue measure and q(n). The level set [W = m] is an interval of T
whose interior is Ty, =]q(m), q(m — 1)][.

(73) The sequence n+— g(n) tends to 0 (when n — 00)

(#i1) Any measured dynamical system (Z,T, u) associated with the dynamical sys-
tem (I,T) defines a recurrent dynamical source M(Z,T, ).

Proof. (i) The set [W > n] = Zy» is written in terms of iterates of the inverse
branch a as [W > n] =]0,a™(1)[.
(i) For any = €]0,1], the sequence a™(x) tends to 0: by induction, indeed, the
sequence z — a™(z) is non zero and strictly decreasing, due to (22). It is thus
convergent and, as a is continuous, its limit is the only fixed point for a, namely 0.
(#91) Any interval Z,,.on» associated with a word w € {0,1}* is written as

Luon = hw(Zon) = hu([W > n]) = [~ (0), he (g(n))].
As ¢ € C!, the function F given by F(x) = [; ¢(t)dt belongs to C*([0,1]), and

huw(q(n))

i) = @) = [ 7 (i

ha (0)
= F(hw(q(n))) = F(hw(0)) = (hu(q(n)) = he(0)) F'(2)

with @, €]hy(0), hyw(g(n))[.
As F is of Class C?, one has |F'(x)| < A for any 2 € 7 and some A. Moreover, the
inverse branch h,, is weakly contracting and |h,,(0) — hy(¢(n))| < ¢(n). Then the
inequality

1(Zwor) < Aq(n)
holds. Thanks to (i7), as n tends to oco,the measure p(Zy,on) tends to 0. With
Definition 3, the source M (Z, T, 1) is recurrent. O

It is now possible to “transfer” the definitions of Section 2.4 into the context of
Class DR.
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— The wtd gu(n) = u[W > n] of the measured dynamical system (Z,T, ) is (by
definition) the wtd p[W > n] of the dynamical source M (Z, T, 11), defined in (17).
— This defines the generating function Q. (v) of the measured dynamical system
(Z,T, ) as the generating function @, (v) of the dynamical source M(Z, T, p) de-
fined in (18). ;

3.5. Block source. We now associate with a dynamical system (Z,T') of the Class
DR another dynamical system, denoted as (Z, f), called the block dynamical sys-
tem of (Z,T), and defined in the context of Definition 6 as follows. It uses the
level sets defined in Proposition 13 and the fact that the sequence ¢(n) tends to 0
(n — o0) (see Proposition 13(i7)).

Definition 14. [Block dynamical system| When the system (Z,T) belongs to the
Class DR, the block dynamical system (Z,T) is described in the context of Definition
6 as follows:

(a) the alphabet is N

(b) the topological partition is defined by the intervals Jpm =|q(m),q(m — 1)|
for m > 1, and the set of subdivision points is C = {¢(n) | n>0}uU{0}.

(¢) the coding map T is constant on each Jp, and equals m.

(d) the map T is defined on the union of intervals J,, for m > 1. The inverse
of the restriction Ty, © T —]0,1[ is gm :]0, 1[= T, that is extended into
a map T — [q(m),q(m + 1)] equal to g, = a™ L ob.

The following proposition (whose proof is clear and thus omitted) now relates the
two notions: block dynamical systems, just defined here and block sources of Section
2, defined in Definition 5.

Proposition 15. [Block source in the context of Class DR] Consider a measured
dynamical system (Z,T, u) whose underlying system (Z,T) belongs to the Class DR.
Then, the dynamical source M(Z, T, i) is the block source of the source M(Z,T, 11).

Just like in Section 3.1, the block dynamical system admits a sequence Q = (Q,,)
of fundamental partitions, with

(23) Qn =1{9m, ©9Gmz -0 gm, (L) | m; > 1}.

The following result describes the impact of the behaviour of the block system on
the system itself.

Proposition 16. Consider a dynamical system S = (Z,T) of the class DR, and
its associated block dynamical system B = (Z,T). If the block dynamical system B
is gemerating, then the dynamical system S is itself generating.

Proof. We consider an element of 7% and the sequence d,,(z) defined in Lemma
9. Using Lemma 9(7i7), we have to prove that the sequence ¢, (z) tends to 0. As
the sequence n — §,(z) is weakly decreasing, it is enough to build a subsequence
of the sequence d,(z) that tends to 0. Such a subsequence is associated with a
subsequence wyy,) of prefixes of M(x) for which §(Zy,,,) tends to 0.

As the infinite word M (x) contains an infinite number of ones, located at indices
i; with a stricly increasing sequence j — i;, the sequence 4, tends to co as n — oo.
Consider, for any n, the smallest prefix w,) of M(z) that contains a number of
ones equal to n. The prefix w(,) is thus written as a concatenation of n blocks, and,
as the block system B is generating, with Lemma 9 Ttem (4¢), lim,, o 6(Iw(n)) =0.
This ends the proof U
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3.6. The Good Class. For a dynamical system (Z, T) of the class DR, each inverse
branch g,, = a™ 'ob: T — J,, of the block dynamical system is surjective of class
C2. But we need stronger properties for the block dynamical system, and we ask
(Z, f) to belong to the Good Class, which has been already strongly used in [BV05]
and in [CV15]. The definition is now recalled:

Definition 17 (Good Class). Consider a (tent-shaped) dynamical system S, its
block system B, its block fundamental intervals Jp,, the set G := {gm = a™ L ob |
m > 1} of inverse branches of depth one, and the set G" of inverse branches of
depth n.
The block dynamical system B belongs to the Good Class if the following holds
(a) The convergence abscissa of its Dirichlet series A(s) = Y <1 |Tml|® is
stricly less than 1. B
(b) The system B is strictly contracting : there exists a contraction ratio n < 1
n = Hmsup,,_, M, with nn, = max{|g'(z)| | g € G",x € I'}.
(c) Its inverse branches g, = a™ *ob (of depth one) satisfy the bounded
distortion property,

I (2)
9 (y)

(24) AL > 1, Ym > 1, Y(z,y) € I?, one has < <L.

S

There are some important remarks.

— First, a block system of the Good Class is generating: this is due to Property
17(b) and Lemma 9(i7).

— Second, we will prove later on, in Section 8.4, that the block system of a system
of Class DR already satisfies Item(b) — moreover, in a strong sense—. Then, when
we ask a system of the Class DR to have a block system of the Good Class, the
remaining conditions to fulfill are Conditions (a) and (c¢) of Definition 17. They
play an important role in dynamical analysis of Sections 5 and 6.

3.7. The Class DRBGC. We now define our main class of interest:

Definition 18. [Class DRBGC] This is the class of measured dynamical systems
(I, T, 1) of Definition 6 for which

(a) the system (I,T) belongs to the class DRZ (see Definition 12);

(b) the block system (I,T) belongs to the Good Class (see Definition 17).

We deal with the Class DRZ in Item (a), because we are mainly interested in
systems with zero entropy (See Section 3.3). We recall that there is no hypothesis
asked for the measure u except that it fulfills hypothesis 6(e) of Definition 6.

3.8. An emblematic instance: the Farey system. The Farey dynamical sys-
tem plays an important role in Number Theory, notably because its block dynamical
system coincides with the Gauss map, as we recall it later on. This also provides
a natural example of dynamical system with intermittent type, that is studied for
instance in Prellberg’s paper [PS92]. We will see that the Farey dynamical system
belongs to the DRZS class, introduced and studied in Section 8, and even to the
Class DRZL of Section 9.

The Farey map T possesses two complete inverse branches a and b
a:[0,1] = [0,1/2] a(z) =z/(1+z),
b:[0,1] — [1/2,1] bx)=1/(1+x).

As the iterates a™ of the first inverse branch a satisfy a™(z) = z/(1 + na), the
sequence g(n) = a™(1) is ¢(n) = 1/(n+ 1) and (a™)'(x) = 1/(1 + nx)?. Moreover,
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as the derivative &’ of the second inverse branch b satisfies b’ (z) = —1/(1 + z)?, the
Farey source thus belongs to the class DRZ,,.

The block system of the Farey system is defined via the partition 7,,, = [¢(m), g(m—
1)] for m > 1 with ¢(m) = 1/(m + 1) and the local inverses g,, are g,, = a™ ! o b.
For any m > 1, the branch a™~!(x) equals x/(1 + (m — 1)z), and the equality

" oble) = 3 (Ji(x)nb(x) - (1@) (1+x1++<§@ 1>> KzT

proves that a™~! o b coincides with the linear fractional transformation (LFT in
shorthand) g, :  — 1/(m + ) that is indeed the inverse of the Gauss map on the
interval 7,,. One has thus proven that the block map T of the Farey map is the
Gauss map,

T0)=0, T(z)= {1} (x£0).

F1GURE 2. The Farey map and the Gauss map

4. STATEMENT OF THE FOUR MAIN RESULTS.

This Section states the four main results of the paper that are all obtained for a
source of the Class DRBGC introduced in Section 3.7. The first main result (The-
orem 19) describes invariant densities, of the block source, and of the source itself.
Section 4.2 states the second main result of the paper (Theorem 20) that relates
the generating functions N, and M, with the generating function @, associated
with the distribution of the waiting time. It can be viewed as a renewal result.
Singularity analysis, described in Section 4.3, performs a round trip between singu-
larities of generating functions and their coefficients. It deals in a natural way with
slowly varying functions precisely described in Section 7.1. Section 4.5 returns to
the mean values of interest, the mean number of ones and the Shannon weights,
and obtains the third main result, stated as Theorem 23. Section 4.6 describes the
path for obtaining sources with prescribed Shannon weights, and gives a summary
of main results obtained later on in Sections 8 and 9.

4.1. The first main result: invariant densities.

Theorem 19. Consider a measured dynamical system (I, T, ) of the Class DRBGC,
and denote by W the waiting time of symbol one. The following holds

(a) The dynamical system (I,T) has an invariant probability measure v with a
strictly positive density 1 in C1([0,1]) and a finite entropy &, (B).

(b) The dynamical system (I,T) admits an invariant function ¢g, whose asso-
ciated measure [ ¢o(t)dt equals E,[W]. When the mean E,[W] is finite,
the measure T associated with p = (1/E,[W])¢o is an invariant probability
measure and p satisfies lim,_,q p(x) = oco.
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Theorem 19 will be proven in Section 5.

4.2. The second main result: renewal equations. We study two costs in par-
allel: the Shannon weight m defined in Section 2.2, and the number n of ones
introduced in Section 2.3. The following theorem relates the behaviours of the four
generating functions of interest N, (v), M, (v), Q.(v), Q. (v), as the real v — 1.

Theorem 20. [Generating functions N, (v) and M, (v)] Consider a measured dy-
namical system S = (Z,T,u) of the class DRBGC, the invariant measure v of the
block system B = (I, f), and its finite entropy E,(B). Denote by W the waiting time
of symbol one, and by Q,(v) the generating functions of the wtd sequence defined
in (18) relative to the invariant measure v of the block system (I, T).

Consider the two generating functions —N,,(v) of number of ones, M,,(v) of Shannon
weights— resp defined, as in (8), from the number n of ones introduced in Section
2.3 and the Shannon weight m defined in Section 2.2.

The following holds, as the real v tends to 17,

(A) the dominant behaviours of the two generating functions N,(v) and M, (v) are
related to the dominant behaviour of the generating function @, (v),

Ny—1- (1 — U)Qy(’v)’ (1 - U)MH(U) ~NMo—1- (1 — ’U)QV(U) .

(B) Constider the generating function Q,(v) of the wtd sequence relative to ji; then

QM(U)
Qu(v)

(25) (1 =v)Nu(v)

(26) the ratio

has a finite limit D,, as v — 1~ and

D, M (o) o Du&u(B)
T T M e 0,

The proof of Theorem 20 will be done in Section 6. We first remark that the
dominant behaviours in (25) do not depend on the measure u. We also give an
interpretation of the first relation in (27) that can be viewed as a renewal equation
between the two generating functions (1—v)Q,(v) and (1—v)N,(v) and the partial
sums of their coeflicients.

(27) (L= )N, (v) ~

With Lemma 1, the partial sums of coefficients of the two generating functions
(1 =v)Qu(v) and (1 —v)N,(v) are resp. equal to g,(n) and n,(n) with
(a) gu(n) = the probability that the waiting time of the set 7 is at least equal
to n,
(b) n,(n) = the mean value of the time spent in the set J during the first n
steps.

We now express these gf’s in terms of the set J which gathers the infinite words
which begin with the symbol one. The relations hold

ru(k) = quk=1)=qu(k) = u [T7T = (VekT™°T)],  m, (k) =, (k=1) = u[T~*T],
and entail the two equalities

(1=0)Qu(v) =1- ZTV(k)Uk =1- ZN [Tikj - (Ue<kTie\7)] ok,

k>1 k>1

(1= 0)Nu(v) =1, (0) + > (m, (k) =, (k = 1))k =Y~ p[TFT]*
E>1 k>1
Then, the renewal equation is

28) [ DopurFapt | (1= p [T = (VT T)] 0P | ~osn Dy

k>1 k>1
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In particular, when the initial measure is the invariant measure of the block dy-
namical system, the ratio D, equals 1.

Aaronson [A81] obtains (another) renewal equation through the notion of Darling-
Kac sets that is described in Section 6. In the present paper, we directly obtain
the previous renewal relation with the derivatives of the trivariate function A,,.

4.3. Singularity analysis: Towards the third main result. The general sin-
gularity analysis process relates the asymptotics of a sequence and the behaviour
of its generating function near the dominant singularity. Generally speaking, com-
plex analysis is very often needed. However, in the present context, due to strong
positivity properties, it is enough to deal with real analysis, as we now explain.

We perform a “round trip” between the behaviour (asn — o0) of a positive sequence
qu(n) and the behaviour (as v real tends to 17) of its generating function @Q,(v)
that we now describe more precisely.

We begin with a (positive) sequence g, (n) and study the partial sum Q%“) = q,(0)+
¢u(1) + ...+ gu(n — 1). There are three steps :

(A) [Abelian step] An Abelian Theorem describes the behaviour of the gen-
erating function Q,(v) when v — 1~ along the positive real line from the

asymptotic behaviour of the sequence Q%“);

(B) Using Theorem 20 provides the behaviour of the two generating functions
(1 —=v)Nu(v), (1 —v)M,(v) when v — 1~ along the positive real line.

(C) [Tauberian step] We return to the asymptotic estimate of the partial sums of
coefficients of the functions (1 —v)N,(v), (1 —v)M,(v) ~that resp. coincide
with n,(n), m,(n)- via a Tauberian Theorem.

s 2

The following central theorem (Theorem 22) provides the Abelian step (A) via its
implication [(2) = (1)] and the Tauberian step (C') via its implication [(1) = (2)].
It deals with the set SV of slowly varying functions that is now defined.

Definition 21. A positive function V defined on ]0, 00| is said to be slowly varying
(a) at infinity if, for any t > 0, one has V(tz)/V(z) = 1 as v — 0.
(b) at 0 if x — V(1/z) is slowly varying at infinity.
The set of slowly varying functions at infinity is denoted by SV and the set of slowly
varying functions at zero by SVy.

The sets SV and SV of slowly varying functions play an important role in the sequel
of the paper. Main examples of such functions are provided by powers (positive or
negative) of logarithms. Main properties of such functions are described in Section
7.1. See also the book [F71] Section V.IIL.8 p. 276.

Theorem 22. [P04], [HL23], [K30], revisited in [F71] section XIIL.5 p. 447.
Consider a real p > 0, a sequence q(n) > 0 and its partial sums Q,, = q(0) +¢q(1) +
...+ q(n — 1) together with a function U slowly varying at infinity. Assume that
the generating function Q(v) = q(n)v™ is convergent for v € [0,1].

The two assertions (1) and (2), are equivalent

1 1 1 o
W Qe U (125) @) Qe o U

This strategy of proof “with a round trip” has already been used in different con-
texts. The steps (A) and (C) are similar as here, but the “middle step” (B) is a
relation between two generating functions that may differ from here. For instance,
with a middle step (B) of another flavour, already described at the end of previous
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Section and made more precise in Section 6, Aaronson obtains distributional limit
theorems in Infinite Ergodic Theory [A97].

Here, the step (B) is directly obtained via operations on generating functions.

4.4. Sequences of interest. When dealing with Theorem 22, there are two main
cases, the case when E,[W] is finite or the case when it is infinite.

In the case when E,[W] is infinite, we are interested in wtd sequences g, (n) which
tend to zero and whose associated series is divergent. We then consider sequences
which are written in terms of sequences of the Class SV as

(29) q,(n) = n PV, V,= V(n) where V satisfies
(i) V € SV when 3 €]0,1];
(ii) V € SV satisfying V,, = O((logn)?) with § > —1 when 8 = 1;
(ii1) V € SV with V, = 0and ), _, V& — oo when 3 =0 .

When we wish more explicit results, we focus on sequences ¢, (n) that satisfy
(30) qv(n) ~ K, n"?(logn)®,

where the parameter (8, d) belongs to the set
(31) o = (10, 1[xR) | ({1} x] = 1,+00])) |_J ({0} x] = 00,0]) -

4.5. The third main result. The third main result of the paper relates esti-
mates of number of ones and Shannon weights with estimates of the waiting time
distribution:

Theorem 23. [Number of ones and Shannon weights] Consider a measured dy-
namical system S = (Z,T, u) of the class DRBGC, the invariant measure v of the

block system B = (I,T), and the finite entropy E,(B). Denote by W the waiting
time of the symbol one.

The following holds:

(A) In the case when B, [W] is infinite and the distribution q,(n) of the waiting time
W satisfies (29), the average number of ones m,(n) is o(n), and the asymptotic
estimates hold for the Shannon weights m,,(n),

(32) my, (n) ~ &,(B)n,(n) .

(B) In the case when E,[W] is infinite and the sequence q,(n) satisfies (30), with
a triple (K,, 8, 0) that satisfies (31), then the Shannon weights admit the following
asymptotic estimates

E,(B) (§+1)n?

K, (ogn)tl
(B) 1 n?
K, T(@B+1I(1-p) (logn)®

()  m~Q .

N

(0<p<l)

(C) When E,[W] is finite, the average number of ones and the Shannon weights
are of linear order,

the entropy rate &, of the source (XN, p) exists, and satisfies £, = £,(B)/E,[W].
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We first remark that all the previously described estimates do not depend on the
measure p. Moreover, with Assertions (A) and (C), and because we are mainly
interested in sources S of zero entropy, we are (mainly) led to sources whose wtd
sequence g, (n) is associated with a series @, (v) which tends to co as v — 17.

Second, there exists a heuristics that explains the estimate proven in Assertion (A)
as follows. Consider a random prefix of length n emitted by the source S endowed
with probability p. This prefix contains an “average” number of ones (and thus
an “average” number of full blocks) equal to n,(n). Each full block brings an
“average” amount of information equal to £,(B). Then the total “average” amount
of information brought by a random prefix of length n, equal (by definition) to
m,(n) satisfies (32). However, we do not succeed in transforming this heuristics
into a direct probabilistic proof. In particular, as the prefix may be not a full block,
its tail is not easy to deal with. The (indirect) analytic proof developed in Sections
6 and 7 is based on the dominant expressions of the generating functions IV, and
M,, near v =1~ that both involve a double quasi-inverse (see Eqns (65) and (66)).
Third, Assertion (C') cannot be applied to the invariant measure 7 of the source
S = (I,T) studied in Theorem 19. As it is proven in Theorem 19, its density p
is infinite at # = 0, and does not belong to C*([0,1]). If Assertion (C) could be
applied to measure 7, this would entail the estimate

my(n) ~n-&E(S), andthus &E(S)= ,

the last equality being known as Abramov formula.

The proof of Theorem 23 is provided in Section 7.

4.6. Towards the fourth result. Consider a source S of the Class DRBGC, with
the pair (8g,dq) of its wtd sequence that belongs to the set I'g defined in (31).
Item (B) of Theorem 23 proves that its Shannon weights are of the general form

(35) m,(n) =© (nﬂM (log n)‘SM) ,

where the pair (8ar,dp) is defined from the pair (8g,dq) via the injective map
defined on I'g,

(36) (Q — M) :(Bq,0q) — (Ban,0n) with
Bu =Pq and [0y =0 (Bg<1l) or dy=-(6g+1) (Bg=1)],

whose image is

(37) T = (10, 1[xR) | ({1}%] = 00,0[) [ ({0} x]0, +00]) .

As we wish to exhibit a source S of the class DRBGC for which Shannon weights
satisfy Eqn (35), our first task is to prove our three main Theorems (Theorem 19,
Theorem 20 and Theorem 23). Then, if we know a source S of the class DRBGC
with a prescribed wtd of pair (8g,dq), we may use the mapping described in (36).

In Sections 8 and 9, we will introduce the two following classes DRZS and DRZL
and obtain the following results, along the following main steps:

[Exhibiting a source S with prescribed Shannon weights]

(i) The DRZS Class introduced in Section 8 satisfies the following:
(a) The inclusion DRZS C DRBGC holds [proven in Theorem 42]; .
(b) For a source of the DRZS(y) Class, with v > 1, the expectation E, [W]
is infinite. For v < 1, the expectation E,[W] is finite [see Theorem
43);
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(#4) The class DRZL introduced in Section 9 is a subclass of the class DRZS.
A source of the DRZL(~, d) Class has a prescribed wtd described in Propo-
sition 48.

(791) Theorem 49 in Section 9 gives a final answer to our “exhibition”.

5. GENERATING OPERATORS AND GENERATING FUNCTIONS. THE FIRST MAIN
THEOREM.

This Section aims at proving Theorem 19 with tools of dynamical analysis. The first
three subsections present the main principles of dynamical analysis, where secant
transfer operators generate probabilities. Then, Section 5.4 provides in Theorem
26 an alternative expression of the trivariate generating function A,(v,t,s) for a
dynamical source of Class DR in terms of these secant transfer operators, together
with the secant function S[¢] associated with the density ¢ of the measure u. In
the following of the Section (Section 5.5), the main results on unweighted transfer
operators are first presented, as they are obtained in previous works of Cesaratto
and Vallée [CV15]. These previous works entail that a block source of the Good
Class admits an invariant measure v; we then focus here on the properties of the
entropy, and prove that the entropy &, (B) follows the Rohlin formula.

The remainder of the Section is devoted to the proof of Theorem 19(b). .

5.1. Generating operators. For a complex number s € C, we associate with a
map g of class C1(Z) the tangent transfer operator M, (g) defined as

M. (9)[f1(z) := |g"(x)]" f(9(2)),

that transforms a function f defined on Z into the function M;(g)[f] defined on Z.
In the same vein, the secant transfer operator M (g)

S

M. (g)[F)(z,y) := ]W)‘g(y) Flg(2).9(0)),

r—y

transforms a function F defined on Z? into another function M, (g)[F] defined on
72, and the equality holds between the two versions of transfer operators,

(38) M (g)[F](x,x) = M;(g)|Diag F](z), with DiagF(z)= F(z,x).

We focus on a dynamical system S = (Z,T) as defined in Definition 6, consider
the case when g = h,, is an inverse branch (of any depth) associated with a word
w, and use the following notations that insist on the dependence with respect to
words,

(39) Hg(w) := Mg(hy), Hs(w):= Mg(hy).
There are now fundamental morphisms, due to relations
(40) H,(u-w) =H(w) o Hy(u), H(u-w)=Hs{w)oHg(u).

The transfer operators of the system (Z,T') are (with their two versions, tangent or
secant,)

(41) SH.w), Y H.w).

wex weY

5.2. Quasi-inverse (I —L;;)~!. We now focus on binary dynamical systems of
Definition 6. We often replace the symbol 0 by the symbol a, and 1 by b, in order
to deal with more readable formulae, and we use the shorthand notations,

As = Hs<a>7 IBgs = Hs<b> 5
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with an easy adaptation to the tangent versions. The secant transfer operators of
the system are defined as the sums

(42) Ly = A, +B,, Lst=A;+tBs.

Here, in the second expression, the formal variable ¢t marks the symbol one.
There is first a formal direct decomposition of the quasi-inverse,

(I—vLes) ' =T —v(As +tB,) = —vA) Lo (I —t(wBso(I—vA) 1),
that introduces the (weighted) operator

(43) Gys=vBso(1— vA)7t,
and leads to the writing
(44) (I —vLgy) ™' = —vA) I —tG, )" .

We now introduce another writing of the previous quasi-inverse, using the two costs
defined on ¥*, the length |w| of w, and the number n(w) of ones. As each of these
costs is additive®, and due to the morphism (40), it comes

4s) L= 3 WIH ), oL, = 3 ol R, (w),
wexnn weX™
and the quasi-inverse also writes as

(46) (I—vles) ' = Y ol H (w).
we{0,1}*

5.3. The generating function A, and the secant S[¢]. With costs ¢ € {m,n}
defined in Sections 2.2 and 2.3, we associate the expectation ¢, (k) as in Eqn (7) and
the generating function C,(v) as in Eqn (8). We look for alternative expressions of
the two generating functions M, N,. In this way, their dominant behaviour (their
behaviour near their dominant singularity) becomes apparent, and, via singularity
analysis, we relate the asymptotics of the two sequences m,, (k) and n, (k) (k — o)
with the dominant behaviours of M, and N,,.

In order to obtain alternative expressions for functions N, and M, it proves con-
venient to first deal with the following trivariate generating function

(47) AH(Uv ta 8) = Z ’U‘wl tn(w) pu(w)s )
we{0,1}*

where, as previously, the variable v marks the length |w| of the word w (its number
of symbols), and the variable ¢ marks the number of ones in w. We remark the easy
(and useful) equality,

(48) AH(U,l,l):Zv" Z pu(w):Zvnzliv.

n>0 we{0,1}m n>0

Assume that we have obtained, in the case of a source of interest, an alterna-
tive expression for A,. The two generating functions N,, M,, are indeed (formal)
derivatives of the function A,

0
Nu(@) = 3 lnpw) = A0, 8)|s=ret
we{0,1}*
(49) 9
Mu(w) = 37 ol logp(w)|p(w) = —5-Au(v,t, )=
we{0,1}*

and the alternative expression for A, may be used to obtain expressions for gener-
ating functions M, and N,.

For two words w and w’, one has |w - w'| = |w| + |w'], and n(w - w') = n(w) + n(w’)
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We have already obtained alternative expressions for the quasi-inverse (I — ]stt)_l
in Eqn (44) and (46). We now return to the function A, (v,t,s) itself, with the
expression (47), and wish to obtain an alternative expression of A,,.

When g is a measure of density ¢, this is the role of the function S[¢]:
Definition 24. [The function S[¢]] With a function ¢ strictly positive that belongs
to C*(]0,1]), one associates the function S[¢] defined on [0,1]? by

60 Sl = [To0d @ty Sl - o)

Remark that the equality also holds
1 Y
S = |— t)dt
Gl = |2 Mot

We now explain how this function S|[¢] intervenes in the expression of the trivariate
function A, and how it is involved in Shannon weights. We also describe its main
properties:

Lemma 25. [Generating operators and Shannon weights.] Consider a measured
dynamical system (S, ) that satisfies Definition 6, together with its associated
transfer operators. The following holds:

(a) The secant operator Hy(w) is a generating operator for the fundamental
ntervals T, :

1(Zw)® = Hs(w)[5°[¢]](0,1).
(b) There is an alternative expression for the function A,

AH(U,t,S) = (I - Ls,t)il[ss[(bﬂ(o? 1)

(¢) The Shannon weights of the source (S,u) are expressed with the transfer
operator L of S defined in (41),

() = -5 (L215°1) )

(d) When ¢ is strictly positive and belongs to C*([0,1]), the function S[@] be-
longs to C1([0,1]?) with a norm”

15*[@lllo <75, 1ID(S[E1)llo < 757" [1¢']lo,
that involves the constant ry = max(||||o, [|1/d]|o)-

0,1) ;

s=1

Proof. Ttem (a) With the definition of the function S[¢] and operators H(w), one
has, for (z,y) = (0,1)

Ha(w)[S*[@](0, 1) = [hu(0) = hay (1)] [S*[¢]] (7 (0), Fuw (1))

s o (1) s
| st
by (0)

1
o 0) — Fra(1)
Ttem (b) Clear with (46).
Item (c¢) The n-th Shannon weight is (by definition) the entropy of the fundamental
partition P,. With Eqn (21) and Item (a), one has

Z N(Iu))s = Z TH <w>[SS [Qﬂ](oa 1) = ]L?[SS [¢H(Oa 1) ,

we{0,1}™ we{0,1}m

= ‘hw(o) - hw(l)‘s

and taking the (formal) derivative with respect to s leads to Item (c).

"The norm || -||o is the norm sup and the norm ||F||1 on C*([0,1]2) is ||F||1 = |||Fllo+||DF]lo
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Item (d) The function F defined by F(z) = [ ¢(t)dt belongs to C*([0,1]) and
satisfies F'(xz) = ¢(x). For x # y, one has
D(S[¢]*)(x,y) = s S[¢]* " D(S[¢])(z.y),
and, with the Mean Value Theorem,
1

3 / 1 o /
3,01l y) = TEE (F(y) = F(x) = (y — 2)F'(x)) = 5F"(t) = 5¢'(1)

for some t €]z, y[. This entails®, for any pair (z,y) with z # v,
ID(S[]) (@, y)| < [I¢'[lo-

At the point (z,z) of the diagonal, one has, with the Mean Value Theorem, with
possibly £ = 0 and any z,

1
(z — )
with some ¢ €]z, z[. This entails the continuity of S[¢] at point (z,x) together with
the bound, for any (z,x),

S[ol(z,x) — S[¢l(z, z) = (F(2) = F(2) = (z = 2)F'(2)) = 5(z — 2)F"(t)

[D(S[¢]) (2, 2)| < |¢"[lo-
O

5.4. Alternative expression for A,. We give a summary of the results we have
obtained in the previous subsections:

Theorem 26. [Alternative expressions for a measured dynamical system (I, T, )
of the Class DR] Consider a dynamical system (Z,T) of the Class DR, and denote
by Ls, Gy s, A the various associated transfer operators. The following holds

(a) There is a relation between the three (secant) quasi-inverses,
(51) (I —vlss) ' =T —vA) "o (I —1Gys)™",

and a similar expression for the tangent quasi-inverses.
(b) The trivariate generating function A, involves the sequence g(n) = a™(1),
together with the function S[¢),

Au(v,tys) = (I = vLg) S]] (0,1) = Y v q(n)* (I = 1Gys) " [S*[¢]] (0, q(n)) -

n>0

Proof. We have already proven the first expression of Item (b). We now focus on the
second one: The iterate A" satisfies, for a function L defined on Z? and (z,y) € Z2,

a"(z) —a"(y)
r—y
The branch o™ satisfies a™(0) = 0 and a™(1) = g(n); thus, A?[L](0,1) together with

(I —vA4)7YL](0,1) are expressed with the sequence q(n) as

ALIL)(0,1) = q(n)* L(0,q(n)), (I —vAy)'[L](0,1) = v"q(n)* L(0,q(n)).
n>0

S

ASL)(z,y) = L(a"(z),a"(y))-

O

This expression of A, (s, v,t) will be the starting point of our further analysis, done
in the sequel of this Section and in the next Section 6.

8We use the norm |D(G)(z,y)| = |%G(w, y)| + |(%G(z,y)|
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5.5. Properties of the operators for a source of the Good Class. Our main
final interest is the study of the (weighted) operator G, s defined in (43) for a real
v < 1and s > sg (where sg is the convergence abscissa of the Dirichlet series A(s)).
The operator G, s is an extension of the (unweighted) secant operator G s, also
denoted as Gy, and defined as

Gs[F)(x,y) = )

m>1

S

Inl@) = ImW) [ o ) o),

r—y

in terms of the inverse branches g,, = a™~! ob. With Definition (41), the operator
Gy is the secant transfer operator of the block dynamical system B. When the
system B belongs to the Good Class (see Definition 17), the operator G, is deeply
studied in the paper [CV15]. This paper first relates the secant operator G, to the
(classical) tangent operator

Gylfl(2) = D 19 (@)l f(gm(@));

m>1

it uses the equality (38) that proves that the tangent operator coincides with the
secant operator on the diagonal. The paper [CV15] considers the case when the op-
erators resp. act (for the tangent operator) on the functional space C!(Z), endowed
with the norm

1= 11 Mo + 11 Mo, Tlgllo = sup [lg(@)ll

and (for the secant operator) on C!(Z x Z), endowed with the norm

IE = 11Ello +IDE[lo,  IGllo=sup [|G(z,y)ll,

(w,y)€T
and relates its spectral properties on these respective spaces.

In its Theorem 5.1, the paper [CV15] deals with the notion of quasi-compacity”; it
states, for the operators G, and G, dominant spectral properties and relates the
dominant spectral properties of G, to these of G;. We easily extend Theorem 5.1 of
[CV15] to the weighted version of the operators for 0 < v < 1. We also explicitely
state in Ttem (4i7) the existence of an invariant density.

Proposition 27. Consider a dynamical system B of the Good Class and real pairs
(v,8) with 0 < v < 1,58 > sqg, where sg is the convergence abscissa of the Dirichlet
series A(s). The following holds for the weighted secant operator G, s

(i) The operator G, s acts on the space C*(Z?) and is quasi-compact.
(ii) The decomposition holds
Gms = )\(U7 8) ]P)’U7S + Qv,s )
where A(v, s) is the dominant eigenvalue of G s, Py s is the dominant pro-
jector and Q, s is the remainder operator of the operator G, s.

(791) The two dominant eigenvalues (resp. relative to G, s and Gy 5) are equal.
At (v,8) = (1,1) the dominant eigenvalue \(v, s) equals 1; the two dominant
eigenfunctions, the density 1 =111 on T and the density ¥ = W11 on Z?
are invariant by Gy (resp. G1) and the measure v of density ¥ is invariant
by the block map T. Moreover, the equalities hold

(52) 0,1)=1,  PolFl(e,y) = I[F] (x,y). with I[F}:/IF(t,t)dt.

9An operator is quasi-compact if the upper part of its spectrum is only composed with eigen-
values of finite multiplicity.
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Proof. Ttems (i), (i7) and and (ii¢) are easy extensions of their analogs in Theorem
5.1 of the paper [CV15]: Using Lasota Yorke inequalities that hold for operator
Gy,s when v <1 and s > p entails Hennion’s Property and quasi-compacity.

O

5.6. Entropy of the block source. We give in the next proposition a detailed
proof of the properties of the entropy of the source B that were not made completely
precise in [CV15]. Together, the two propositions 27 and 28 provide a proof for
Assertion (a) of Theorem 19.

Proposition 28. [Entropy of the block source] The source B admits an entropy
with respect to the invariant measure v that satisfies

. L
£,(B) = —N(1) :/0 Gul(t)it < oo, Gi= G| _,.

Proof. We begin with the expression of Shannon weights (of the source B) given
in Lemma 25 (b). It involves the transfer operator Gy of the system B, and more
precisely the derivatives s — (d/ds)(G?) of its iterates at s = 1. As B is of Good
Class, its transfer operator G, has, on a real neighborhood of s = 1, a dominant
eigenvalue A(s) with A(1) = 1 together with a spectral gap. Then, with Eqn (52)
and Lemma 25(a), the decomposition holds on this neighborhood,

GLS°[]](0,1) = A(s)" P1a[S[0]](0,1) (1+0(p")) = Als)" (1 4+ O(p")) ,
where the O is uniform on this neighborhood. Then, using Lemma 25(c) and taking
the derivative at s = 1 leads to the estimate of Shannon weights of the source B,

my,(n) = —nX'(1) (1+0(p")).
Then, for any measure p with a strictly positive density of Class C!, the entropy

rate 5& of the block source exists, does not depend on u and coincides with —\(1).

We now apply Proposition 11 in this context. The system B is generating, and
with Proposition 27 Item(iéi) it admits an invariant measure (namely, the measure
v of density ¢). Then, with Proposition 11, the entropy rate £, = —X'(1) coincides
with the metrical entropy &, (B) of the block dynamical system B.

We now prove the equality
(53) N(1) = / G1[¢](t)dt 1 the invariant density of B,
T

that is known as the Rohlin Formula. We begin with the perturbative equation

Gi[ths] = A(s) ¥s
relative to the eigenvalue A(s), together with its eigenvector ¢, with the normali-
sation [71s(t)dt = 1. We have ¢; = ¢ and A(1) = 1. We consider its derivative
with respect to s at s = 1 and take the integral on Z. We first obtain, two terms,
resp. equal to

/01 (icsls—l) [](t)dt and (i)\(sﬂs_l)/Olw(t)dtzz\’(l).

There are of course two other terms in the derivative at s = 1, one for the left
member and one for the right member, resp. equal to

iG] (dt  and [l () dt,  with ¢ = (d/ds)s]smr,
and indeed equal, as the operator G is a density transformer.
There is another expression (more classical) for the Rohlin formula, when applied
to a system B of the Good Class associated with a shift YA“,

£,(B) = [;log |T'(z)| ¢(x)da ,
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where 1 is the invariant density of the operator G;. The previous expression
coincides with (53) due to the change of variables x = g,,(u) on each interval J,,.
O

5.7. Invariant measure for a source in the Class DRBGC. We now wish to
prove Assertion (b) of Theorem 19. We mainly use (tangent) transfer operators (all
taken at s = 1) defined in Section 5.1, we omit the index s, and we notably deal
with the operators L, A ,B,G.

We recall the decomposition obtained in Section 5.1

(54) I-L)y'=I-A)'to(I-G)™', G=Bo(I-A)"'.
Proposition 29. Consider a source S of the DRBGC Class, whose block source B
admits the invariant density ¢ and the invariant probability v. Then,

(i) the function ¢o = (I — A)~1[)] is invariant by the operator L. Its asso-
ciated measure has a total mass equal to E,[W]. When the mean E,[W]
1s finite, this leads to an invariant probability measure ™ with density p =

(1/E,[W1)¢o, which satisfies limy_,o p(x) = +00.

(i) The following equalities relate the probability measure v of density ¥ and
the probability measure 7w associated with p, for any k > 0,

v[T* T =g nT*HT)], T =b1) .
There is a proof for Item (7) in [S95], pages 120-121 (Theorem 17.1.3). Dealing here
with the fundamental decomposition described in (54) and densities, we now de-

scribe a direct and simple proof of these results, which moreover uses easy relations
between various sets collected in the following lemma (whose proof is omitted):

Lemma 30. Consider a source S of the DR Class, with J = b(Z) and the waiting
time W of symbol one. For X CZ, there are easy relations :

(@) T=*TNW >kl=W=k+1 k>0
(b) a(X) =T "X N[W > n]
(0) b(X) =T NTHX)
Proof of Proposition 29 .
Item (7). With Relation (54), the function p = (I — A)~1[¢)] satisfies
I-L)p]=I-G)I-A)p]=I-G)[¥]=0
and it is thus invariant by L. For any y € [0, 1], one has
p(y) = 3nso A" [YI(y) = So0so(a™) (w)e(a™ (y) -
As the system (I, T) belongs to the class DRZ defined in Definition 12, the branch
a has an indifferent point at 0 i.e., a(0) = 0,a/(0) = 1, and, as already mentioned

in Section 3.3, the derivatives (a™)(0) are all equal to 1, and p(0) = +oco. This
implies that p cannot be of class C! on Z.

Moreover, for any X C Z, the equalities hold
Jx )y = 3207 [ AMN(y) dy = 32070 [ () U (&) dt = 3207 g v(a™(X)).
Furthermore, Lemma 30(b) with X = Z entails the equalities
fI p(y)dy = ZZO:O V[W > ?’l] = EV[W]7
and, with Lemma 30(a), the relation 7(J) =1 — v[WW = 0] = 1 holds.
Item (i7) With Lemma 30(c), for any & > 0 and Y = T~*7, the relation holds
b(Y) =T NT- k1Y),
Moreover the relation B[p] = 1) entails the equality v(Y) = w(b(Y")), and thus (i4).
U
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This Section has provided a proof for Theorem 19. We now deal, in the next Section,
with the proof of our second main result, Theorem 20.

6. DYNAMICAL ANALYSIS: PROOF OF THE SECOND MAIN RESULT.

This Section provides a proof for Theorem 20. Theorem 26 leads to study in Section
6.1 the behaviour of the quasi-inverse v — (I—G,1)~! asv — 17. Via Perturbation
theory, it is related later in Proposition 32 of Section 6.2 to the behaviour of v —
1= Aw,1) (as v — 17). With these two estimates, we study, as v — 17, the
generating functions N, and M,. This leads to the final part of the proof of
Theorem 20.

6.1. Perturbation of the transfer operator as v — 1.
Proposition 31. [Perturbation as v — 17| The notations are the same as in
Proposition 27. For a function F of class C*(Z?), we denote
I[F) = [, F(u,u)du.
When I[F] is non zero, the following estimate holds for the quasi-inverse,

1[F]
1— A(vw,1)
Proof. For a real v with 0 < v < 1, using the relations

]P)il = Pv,la Pv,l © @v,l = Qv,l o Pv,l =0,
the spectral decomposition of G, ; described in Proposition 27 (ii) leads to the
decomposition of the quasi-inverse, for I € C1(Z?),
Mo, 1)

1— (v, 1)
We now let v — 17 and use a version of Abel’s Continuity Theorem on Banach
spaces.

(I = Go1) "' [Fl(z,y) = U(z,y) (L+0@IIFI), 0@w) =0 (v—=17).

(55) (I —Gy1) [F] P, 1[F] + Ry 1[F], Ry1 =T —-Qu1) " .

Abel’s Continuity Theorem on Banach spaces. On a Banach space A, consider a
series G(v) = >, .~ V" Gy, which involves a sequence G,, € A and assume that
the series G(v) is convergent in A for v real in [0, 1]. Then lim,_,,- G(v) = G(1).
We apply the previous result to the operator G(v) = G, 1 on the Banach space of
the operators which act on C!(Z?). This proves that the operator G, tends to
Gl,l asv — 17.

Via the theory of continuous perturbation, [see for instance [K80] Theorem 3.16,
page 212], the three spectral elements A(v,1), P,1 and Q, 1 of G, 1 satisfy the
following, as v — 1~

A(v,1) tends to A(1,1) =1, P, ; tends to Py ; and Q,, 1 tends to Qq 1,
and thus 5(v) = sup (A, 1) = 1), [Pyt = Prall, [[Qua = Quall] -0 .

Due to the spectral gap, the operator (1 — Q)" has a norm at most 1/(1 — p).
with p < 1. If we choose v close enough to 1, so that the operator Q,,1 — Q1,1 has
a norm 6(v) with 6(v) < (1 — p) then, the decomposition

Ry1—Ri1=U—Qpq)7? {(I +(Qu1 — Q1) — Q171)71)71 - I}
entails the bound ||R, 1 — Ry 1|| = O(6(v)).

Finally, using Eqn (52), the equality Py 1[F|(z,y) = I[F]¥(x,y) holds, and the
decomposition given in (55) entails the estimate

_ A1)
1= (v, 1)

d(v)

(56) (I —Gy1) ' [F)(z,y) T- A1)

I[F]Y(x,y) + e(v, F)
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with (v, F') = [[F[| (1 + [[Ry1][ + O(6(v)) ) = O(I|F]) -
This ends the proof. O

6.2. Behaviour of 1 — A(v,1) as v — 1. The previous result leads to study the
dominant behaviour of 1 — A(v,1) as v — 17. We relate this dominant behaviour
to the dominant behaviour of @, (v) as v — 1.

Proposition 32. The ratio
1—A(v,1)

(57) D)= —==

satisfies  D(v) ~y1- Qu(v) (v —17),

and involves the generating function Q. (v) of the wtd sequence (wrt to the invariant
measure v of the block source). When @, (1) < oo, the map v — A(v, 1) is derivable
on the left at v =1, with a derivative equal to @, (1).

Proof. We begin with the expression of Theorem 26, at (¢,s) = (1,1), with a
measure p of density ¢

Au(v,1,1) =Y 0" q(n) (I = Go,1) "' [S[]](0, a(n)) -

n>0

Proposition 31 describes the dominant part of the quasi-inverse (I — G, 1)~! as
v — 17 and leads to the following estimate,

(58) Dom(l)Au(v,l,l)zl_D)\((?l), D(v) =Y v"q(n)¥(0,q(n)).
’ n>0

It involves the invariant density ¥ of G; that extends the invariant density i of
G1. On the other hand, the equality described in Eqn (48) introduces D(v) defined
in (57) and proves with (58) the estimate
(59) D(v) ~y1- D(v).
As the function ¥ belongs to C'(Z?) and the sequence q(n) tends to zero, the
sequence U(0, g(n)) satisfies
(0, q(n)) = ¥(0,0) + O(q(n)),

and, as ¥(0,0) = ¢(0) is strictly positive, the estimate holds
(60) D(v) = $(0)Q-(v) + O (R(w))  R(v) = q(n)*",

n>0
and involves the generating function Q. (v) of the wtd sequence with respect to the
uniform measure 7.
There are now two cases for the estimate of D(v) as v — 1~ obtained in Eqn (60),
and we prove in each case the estimate D(v) ~,_1- @, (v).
First Case: Q,(v) — o0 asv — 17. As q(n) — 0, the sequence q(n)? is o(q(n)).
Then Lemma 34 Item () applies and the series R(v) in (60) is o(Q(v)) asv — 17.
This entails, with (60),

(61) D(v) ~yo1- (0) Qr(v).
Furthermore, Lemma 34 Item (i7)(b) entails the estimate @, (v) ~,_1- ¥(0) Q(v),
and the estimate D(v) ~,_1- Q,(v) holds.
Second Case: Q-(1) < co. Then (60) entails that D(1) < oo too, and, with (59),
the equality D(1) = D(1) holds. We now prove the estimate

D(1) = Q,(1) =E,[W].
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In this case, the map v — A(v, 1) is derivable on the left at v = 1. We denote by 1, 1
the eigenfunction of G, 1 relative to the eigenvalue A(v,1), with the normalisation
J7 v,1(t)dt = 1; we consider the perturbative equation

(62) Gv,l[wv,l] = )\(Ua 1)1/11;,1 )

and its derivative with respect to v for v < 1; we take the integral on Z, and finally
we let v = 1. We first obtain, at v = 1, two terms, resp. equal to

(63) / (jc;_> [Wl(dt and (;fg(v,mv_l) /Olzz)(wdt—D(l).
One has

/0 Goa[Y](t)dt = > o™ /0 |9 (D)0 0 gm (t)dt = > 0™ [ Y(u)du,

m>1 m>1 Tm

with J,,, = [W = m]. Then the first term in (63) is

[ (2 Guslons ) Wl = 3 mow = m] =, 9}

m>1

There are of course two other terms in the derivative at v = 1 of Eqn (62), one for
the left member and one for the right member, resp. equal to

e [l dt [l dt,  with = (d/dv) gy,

and indeed equal, as the operator G is a density transformer. O

In the previous two Sections, along the proof of Propositions 31 and 32, we have
shown the two estimates as v — 1~

V(z,y)
(1-v)Qu(v)

They involve the gf Q,(v) of the wtd sequence wrt to the invariant measure v of
the block source, and the invariant density ¥ of the operator G; with ¥(0,1) = 1.

(64) (I —Go) ™ [Fl(z,y) ~ I[F] ;Y ¥(0,q(n) ~ Qu(v).

n

6.3. Study of the generating functions N, and M, as v — 1~. Starting with
the expression of A, obtained in Theorem 26,

Au(o,t,5) =Y q(n)* o™ (I = 1Gy,s) ' [S[e]°](0,q(n)),

n>0

the expressions of the two generating functions N, and M, are obtained with
derivatives, as already mentioned in Eqn (49): for N, the derivative of A, (v,t,1)
with respect to ¢ (at ¢ = 1); for M, the derivative of A, (v,t,s) (with respect to s,
at (t,s) = (1,1). This leads to the expressions

(65) Nu(w) =Y q(n)v™ (I = Gy1) % 0 Gy 1 [S[]](0,4(n)) ,
n>0
(66) My, (v) = M (v) + M (v) + M (v), with

M w) =" q(n)v™ (I~ Gy1) L [S[6]log S[e]] (0, q(n)),

n>0
M) =" g(n)logq(n) v (I - Gy,1) " [S[A1)(0, q(n) ,

n>0

MPw) =3 ) 0" (I = Gu) o Gt o (I~ Got) SIS0, a(n)) -

n>0
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Here, ((A}UJ stands for the operator (0/9s)G, s|s=1, ¢ is the initial density, and the
operator S is defined in (50).

We first explain the general principles of the analysis: Any of the four expressions
above, in (65) or in (66), presents the same structure, with two possible cases (I)
or (II),

> a(n)v" Ty [F1(0,q(n)) (1) or > q(n) logq(n)v™ Tu[F)(0,q(n)) (),
n>0 n>0
and involves an operator T, and a function F. We first perform an “inner” step
and replace the operator T, by its dominant spectral part as v — 17: using here
the first estimate of Eqn (64), we obtain an estimate of the form

1[F]
T, [F](0, ~ —=¥(0, ,
[F1(0.g(m)) ~ - ¥(0. )
which associates with the operator T, a function 7(v) which will be described later,
in each case of interest. Collecting all these spectral estimates together, we obtain,
for each expression in (65) or in (66), a global estimate of the form

AFLS™ gy o w00, g(n)) | (1) S aln) loga(n) v $(0,q(m) | (11).

7(v) = 7(v) >0

1[F]

In each case, this global estimate satisfies

(67) i[(ng(v) (I), or o(‘féjf) with H (v Zq )log g(n)v™ (I1).

We now make the computations precise, and derive a precise expression of the term
7(v) associated with the operator T,. We obtain

Proposition 33. Consider a dynamical system of the Class DRBGC. The follow-
ing estimates hold for the generating functions N,(v) and M, (v) and involve the
generating function @, (v) of the wtd sequence (wrt to the invariant measure v of
the block source),

(68) (1= 0)Nu(0) ~pst—

(69)  (1—0)Myu(v) ~os 11S[6]log S[g)] + O (

Proof. We study each of the four terms of interest.
Term N,. The operator T, equals (I —G,,1) 20G, ; and it is applied to F' = S[@)].
Then, with Eqn (64),

v
=02 Q)2
and 7(v) = (1 — v)2Q,(v)?. With (67), this leads to the estimate of (1 — v)N,(v)
given in (68).
Terms M,EO] (v) and M,[}] (v). For the two terms M,[P] (v) and M,[}] (v), the operator
T, equals (I — G, 1)~! and the function 7(v) equals (1 —v)Q,(v). Then, with Eqn
(64) and Eqn (67),

Dom(lf)(] - Gv71)_2 o Gv,l[S[¢H =

Domy; - (1 — v) M (v) = I[S[¢]log S[¢]] -
For the term ME]( ), we are in case (IT), and with Eqn (67), we obtain
(70) Dom, )(1 — v)Ml[Ll] (v) = <Q ((1;))> , H(v) = Z v"q(n)logq(n).
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Term M, l[f] (v). The term M, E] (v) deals with the operator T,, which contains a double

quasi-inverse,
(71) (I=Gy1) ' 0Gpao(I —Gyy)™

and we use two times the spectral decomposition (I — (Grv,l)_1 given in Proposition
31. With the decomposition of the operator G, ; “in the middle”, as

~

(72) @v,l =a(v)Py1+b(v)Qy,1, andthus G,i10P,1 =0a(v)Py1,

the function a(v) has thus a limit a(1) as v — 17 that satisfies, with Proposition
27 (iv),

~

N 1
a(l) = a(l)IP’Ll[\II} = ]P)l,l 9} Gl,l[\:[l] = /0 Gl[w](t)dt = g,,(B) .

Then, the dominant term associated with the operator in (71) satisfies with (64)

Dom (1) [(I = Gu1) ™ 0 But o (1= Gua) ] [19]] = (1—%“2() v
and Dom i (1~ )] = 2B

The third estimate of Proposition 33 holds.
O

6.4. End of the proof of the second main result. For (1-v)N,,, Proposition 33
provides the same estimates as in Assertion (A) of Theorem 20. For (1 —v)M,(v),
Proposition 33 provides estimates that are different from Assertion (A) of Theorem
20 : in particular, the first two terms in (69) do not appear in the estimate of
Theorem 20.

The following lemma proves that the estimates obtained in Proposition 33 and in

Assertion (A) of Theorem 20 coincide. It also proves Assertion (B) of Theorem 20.

Lemma 34. (i) Consider two sequences a(n),b(n) > 0 and the associated generat-
ing functions A(v) and B(v). Assume that the sequences a(n) and b(n) satisfy

a(n) =o(b(n)), 352ob(n) = o0;
then their gf’s satisfy A(v) = o(B(v)) asv — 17.
(i) Consider a measured dynamical system (S,u) in the Class DRBGC, the gf’s
H(v) defined in (70) and the gf Q,(v). The following holds,
(a) The functions Q,(v) and H(v) satisfy

A =o(5,) Hw=o({1,). 1)

The two first terms in (69) are negligible wrt to the last term.

(b) When Q,(v) — oo as v — 17, the estimate holds, for any generating
function Q,(v) relative to a measure p with density ¢

Qu(v) = d(0)Qr(v) = 0(Q~(v)), (v —17).
(¢) The quotient D, associated in (26) with any measure p is finite.
Proof.

Item (i). Fix € > 0. Since a(n) = o(b(n)), there is K = K. > 0 such that, for
n > K, the inequality a(n) < eb(n) holds. Thus the generating functions satisfy

K-1 K-1

0< A(w) = Z a(n)v™ + a(n)v™ < a(n)v™ +e¢ Z b(n)v™.

k=1 E>K k=1 E>K
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As B(v) is divergent as v — 1~ , we remark that the second sumis ~ B(v) asv — 1~
Hence, dividing through by B(v), the divergence of B(v) as v — 1~ implies

0 <limsup A(v)/B(v) <e.

v—1-
Being € > 0 arbitrary, we have proved that A(v)/B(v) — 0.

Ttem (ii)(a) We use Item (7) with b(n) = 1, and the two sequences ¢, (n) and
a(n) = —q(n)logg(n). As the sequences ¢,(n),q(n) tend to 0 as n — oo, the
sequences ¢, (n) and a(n) tend to 0, and the two estimates hold.

The two first terms in (69) satisfy

— =0 1 H(U) =0 !
I[S[¢]log S[¢]] = O(1) = <(1 = v)Q,,(v)) Q) ((1 - v)Qu(U)>

and are negligible wrt to the third term.
Ttem (4i)(b). As the set [W > n] coincides with the interval [0, ¢, (n)], one has

a(n) =v[W>n] = Jowsm YdT = fof(n) P(z)de .

As 1 is of class C1, one has 9(z) = ¥(0) + O(x) as * — 0. As q(n) = ¢,(n) tends
to 0, we obtain

a.(n) = [{ v(@)dw = $(0) g(n) + O(a(n)?).
We apply Item(i) to b(n) = q(n) and a(n) = ¢(n)? = o(q(n)) .
Item (4i)(c) In the case when Q,(v) — oo as v — 17, the quotient D,, equals the
ratio ¢(0)/4(0) and is thus finite. Otherwise, when Q,(1) < oo, the sequences
qu(n) and g, (n) satisty

qr(n) q-(n)
qu(n) = /0 o(t)dt,  qu(n)= /0 W(t)dt .

As the two densities ¢ and 1 are > 0 and belong to C', the associated series are
thus convergent with sums resp. equal to @, (1) and @, (1) and the quotient D,

equals the ratio Q,(1)/Q.(1).
u

Consider a measured dynamical system (S, i) in the Class DRBGC. Then, Propo-
sition 33 and Lemma 34 apply for a measure p with a density ¢ > 0 of Class C!.
Together, they imply Theorem 20.

6.5. Two types of renewal equations. Aaronson considers the invariant mea-
sure 7 under S for which 7(J) = 1 — exactly the measure associated with the
function (I — A)~*[¢] of Proposition 29— and uses the measure 77,

(73) 77(X)=n(XNJ).

He deals with the measures 77 (X) particularly when X = T7%(7) and exhibits
the following renewal equation (see [A86] page 1042) that relates the two following
generating functions :

Lemma 35. [Aaronson] The two generating functions —whose coefficients are de-
fined in terms of the sequence w7 (T~F(J)) that involves the measure 77 defined in
(73)— satisfy the renewal equation

(74) (D wgr gt (1= 7y

k>0 k>0

TrT - (U T‘U)] oF |~ 1

L<k
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Proof. Aaronson first proves that, as soon as the block source By is -mixing,
the second interval J = [¢,1] of the system (where the symbol one is emitted) is
a Darling-Kac set'?. As J is a Darling-Kac set, Aaronson obtains the following
renewal equation between two functions (here 7 is a real positive and W is the
waiting time of J),

i —k e Tk — e ™Vdr(z)| ~roo 7(T)?.
@ | AT [/j(l Jar( )} 0 ()

The estimate of the integral is

—e ™ (z) = = —e ™V (z) = —e ™M =
/J(l ) (z) Z/juw k(=™ )dr () = 3 (1= ™) (7 O [W = k])

k>0 k>0

ra(Yr)]) o

And finally the left member in Aaronson’s renewal equation (75) is (with v =e™7),

T kg - <ZL<J’€T‘€J>H ok |

In other words, dealing with the measure 77 defined in (73), Aaronson obtains the
renewal equation described in (74). O

:77(._7)—2#<JO

k>0

Y wlgnT RN | - w(j)—Zwljﬂ

k>0 k>0

We have also obtained, for any measure p with a strictly positive density ¢ of Class
C!, a renewal equation between “our” generating functions

(1=2)Qu(v), (1—=v)Nyu(v)

whose coefficients are defined via the measure p.

There is thus a strong parallelism between the two renewal equations, the previous
equation (74) and our renewal equation described in (28).

Lemma 36. The two renewal equations, the one obtained by Aaronson in (74) and
ours described in (28) for p = v may be deduced from each one to another one.

Proof. Due to Proposition 29(iv). O

We remark that the renewal equation obtained in the present paper is more general
than Aaronson’s one since it deals with any measure p with a strictly positive
density ¢ of Class C!, and not only with the invariant measure v.

7. PROOF OF THE THIRD MAIN RESULT.

We first list in Section 7.1 the main properties of slowly varying functions. Some
of them will be used in the next Section 7.2, which states an auxilliary result of
interest in the proof of the third main result, which will be provided in Section 7.3.

10We do not give a precise definition of the notion of Darling-Kac and t-mixing. For precise
definitions, see the papers of Aaronson, and [DK57]
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7.1. Main properties of slowly varying functions. We collect here definitions
and main properties that deal with slowly varying functions. See [BS71], [BGT89]
and [GS73] for more detailed studies.

(P1) [Basic definitions] A positive function V :]0, +o00[ belongs to SV (slowly vary-
ing in +00) iff, for every ¢ > 0, the ratio V(tx)/V(x) tends to 1 as z — co.
A function V belongs to SVq (slowly varying in 0) if « — V(1/x) belongs to SV

(P2) A function V belongs to SV iff, for every ¢ > 0, the convergence in (P1) is
uniform wrt to ¢ € [a,b] with 0 < a < b <

(P3) A function V belongs to SV iff it admits the decomposition

Vo) =cwew | [P

with e(z) =0, ((z)—=>C, (0<C<o0) (x— 00) .
(P4) For V € 8V NCY, the decomposition of (P3) holds with ¢ € Ct, e € C°.
(P5) For any Vi € SVo N CL(]0,1]), there exists V € C1(]0, 1]) such that,

V(z) ~ Vi), 20, (@-0) .
(P6) If V € 8V, then, for any € > 0, there exists A, such that, for 0 < x < A,

< V(z) <z c.

7.2. An auxilliary result. The following result plays a central role in the proof
of Theorem 23:

Proposition 37. When a sequence V,, satisfies (29), the sequence Vi defined as

~ 1 Vi
v 1 = nt=? k<n ko
satisfies V,~——V, (0< B <1, V, = G(IOgn)Hl (B=1).

1-p
For any B € [0,1], the sequence V,, belongs to SV.

The estimate of Proposition 37 holds when the sum in Eqn (76) is replaced by the
integral: in the book [F71], Theorem 1, p. 281, the precise following result is indeed
proven,

When a sequence V,, satisfies (29) with 8 € [0, 1], the sequence V,, defined as

N 1 " V(x)
(77) V”:nlfﬁ i dz,

satisfies V, ~ ﬁ V. (0<8<1), V, = O(logn)®*t (B =1).

Proof. 1t is then sufficient to prove the estimate XA/n ~ ‘N/n With Property (P6),
and for 8 € [0,1], the series of general term V(k)/k” is divergent. With the

decomposition
"V, N [ Y@
/1 e dI:Z/k v dx ,
k=1

it is sufficient to prove that
V() V(k)
With the change of variable x = Ak in the integral over [k, k + 1],

k+1 1++
/ Vi), _ k / ® V()\k:)d)\,
k 1

B T kB A8
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the ratio between the two terms of Eqn (78) equals

R V(M) 1
(79) k /1 T

Now, as V' € SV, with Property (P2), the ratio V(Ak)/V (k) tends to 1 as k — oo
uniformly in A € [1,2] and this implies
1—¢ - V(Ak) 1 < 1+e
NP V(k) M A8
By integrating with respect to A € [1,1 4 (1/k)], it follows that the ratio of Eqn
(79) satisfies for € > 0 and k > N,
1\'"”
14— — 1.
( i k) 1

k(1—e) 1\ HE V() 1 k(1+e€)

1+ — -1 k ———=—d\
-5 (W) = /1 ViR M8

When & goes to infinity, the ratio of Eqn (79) is between (1 — €)[1 + O(1/k)] and

(1+¢€)[1 4+ O(1/k)], and when € goes to zero, this concludes the proof.

Ve >0, IN,, Vk > N,, VA € [1,2],

O

7.3. Proof of the third main result Theorem 23.
(A) When ¢, (n) > 0 is of the form (29), the partial sum QY of the first n coeffi-
cients of the gf @, (v) is written in terms of V") defined in (76)

Sly) = Zk<n q’/(n) = nliﬁ ‘77’51/) )
and Proposition 37 shows that v, belongs to SV for any S € [0, 1].

Moreover, with Thm 22, and for any 8 € [0,1], the function Q, (v) satisfies (2) of
Thm 22 with exponent 1 — 5 > 0 and sequence Zgl”), equal to

(80) v =r@-p8)-V®.

We consider the function K(”) defined from the sequence KS’) as in Theorem 22.
Now, the function @, (v) = (1 —v)Q, (v) satisfies (1) of Thm 22 with the exponent
—fB € [~1,0] and the function V).

We then use Thm 20 that relates the function ]\Afu(v) = (1 — v)N,(v) associated

with the generating function N, (v) of the number of ones and the function Q. (v)
via the estimate as the real v — 17,

Nyu(v) ~ 1/Qu ().
Then NH (v) satisfies (1) of Thm 22 with an exponent S € [0,1] and the function
1/K("). This fonction belongs to SV due to Proposition 37 and Eqn (80).

As Nu(v) has positive coefficients, whose partial sums of order n coincide with
n,(n), this entails, with Thm 22, that the sequence n,(n) satisfies (2) of Thm 22
with exponent 8 and the sequence

(1/T(B+))1/VY.
Then, using the expression of Kg’) in terms of V,*) in (80), the estimate holds,
n? 1 n? 1
5 T E I Ve Y B Ire =B T

(81)

Using the expression V") in terms of Q™) (n) in (77) leads to the estimates
(n) 1 1

n,(n) ~ n;

e LB+ T2 - B) QY

(82)

As Qg,” ) 0o by hypothesis, this proves the first result of Assertion (A).
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In the same vein, we apply the Tauberian step (Implication (1) = (2)) to the
function (1 —v)M,(v). As the two generating functions N, and M, satisfy, as an
indirect consequence of Theorem 20,

(1 =v)M,(v) ~ £,(B) (1 = v)N,(v),

this gives rise to the estimate of Shannon weights given in Eqn (32)

(B) In the case when g, (n) > 0 is of the form (30), the following holds for v

d+1
Using then the general estimate (81) for n,(n) leads to the estimates (33).

- K, = K,
Vi~ g logn)s (0S8 <1) VY = = (logm)™

(C) The partial sum Qg’) satisfies,

Q%V) ~Q,(1), n— .
Moreover, the function @, (v) satisfies (2) of Thm 22 with exponent 0 and the
constant function @,(1). The function @V(v) = (1 — v)Q.(v) satisfies (1) of Thm
22 with the exponent —1 and the constant function @, (1).

We will use Theorem 20 that relates the function ]Vu(v) = (1 —v)N,(v) associated

with the generating function N, (v) of the number of ones and the function @, (v)
via the estimate as the real v — 17,

Nu(v) ~ 1/Qu(v).
Then Z\Afu (v) satisfies (1) of Thm 22 with the exponent 1 and the function 1/Q,(1).

As N, (v) has positive coeflicients, whose partial sums of order n coincide with
n,(n), this entails, with Thm 22, the estimate

1 1
nu(n) ~ Qy(l)nv ﬂ#(n) ~ Eu[fw]n

This ends the proof of our main third result, Theorem 23.

8. THE CLASS DRIZIS

This Section aims at exhibiting explicit instances of sources of the Class DRBGC
that will be found in a subclass of the class DRZ, denoted as DRZS. The short
name DRZS stands for dynamical recurrent sources which exhibits an indifferent
fixed point with slowly varying behaviour. Such a class indeed gathers systems for
which 0 is an indifferent fixed point for branch a, with a precise description of the
contact at = 0 between the graph of map a with its tangent (the line a(z) = z)
which involves slowly varying functions.

Section 8.1, with Definition 39, precisely defines the (strong) notion of indifferent
fixed point and the associated subclass DRZS. Section 8.2 compares our definition
with other definitions of the same spirit that are found in the literature. Then,
Section 8.3 uses a result due to Aaronson (for which we provide a precise proof)
and obtains first results on the wtd sequence ¢(n), that provide a first estimate on
the convergence abscissa of the Dirichlet series which intervenes in Item (a) of the
Good Class (see Definition 17). Finally, Section 8.4 with its Theorem 42, proves
the main result of the Section: the block source of a DRZS source belongs to the
Good Class.

8.1. Notion of strong indifferent fixed point : the class DRZS. Consider a
source of the Class DRZ, for which the branch a admits 0 as an indifferent fixed
point. In this case, the equalities a(0) = 0 and a’(0) = 1 hold, and we introduce
a more precise notion, that deals with the set SVq of slowly varying functions at
x = 0, in order to describe the behaviour of the derivative a’ near 0.
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We consider a particular subclass of SV, already mentioned in (P5) of Section 7.1,
and introduced in [dB59], whose definition is recalled here.

Definition 38. The class SV}, gathers the functions V € SV of class C1(]0,1])
for which

V' (z)
=V
A result due to de Bruijn, and proven in [BGT89] page 15, states the following:
for any Vi € SVo N CL(]0,1]), there exists V € SV} that satisfies
V(z) ~ Vi(z) as x — 0.
Most of the natural functions of SVy N C*(]0,1]) belong to SV;, for instance the
functions of C1([0, 1]) or any power (positive or negative) = + (logz)°.

=0 (z—0).

The following definition deals with the set SV{ and provides the notion of order of
an indifferent fixed point.

Definition 39 (indifferent fixed point of order v > 0). A map a defined on the
unit interval T = [0, 1], and of class C*([0,1]) satisfying a(0) = 0 has an indifferent
fized point at x = 0 of order v > 0 if there exists a positive function V. € SV for
which a is written, for any x € Z, as
(83) a(z) =z —u(z), u'(z)=2"V(z), (z)e]0,1],
with the conditions at x =0, u(0) = 0,4/ (0) = 0. One lets v(z) = u(x)/z so that
a(z) = z(1 —v(x)).

We now describe first properties of such a branch a.
Lemma 40. When a has an indifferent fized point of order v > 0, with o’ (z) =
1—2"V(z) and V € SV, the following holds:

(1) a(z) € 10,1] for z € [0,1].

(ii) there exists a neighborhhood of 0, say [0,x0] on which the fonction a is

concave
(#it) the function v satisfies
Y

v(x):’y+1

and Vi 1is slowly varying

Vi(z), Vi(z)~V(z) (x—0)

Proof. (i) First, since v'(x) € [0,1], it is the same for 1 — u/(z) and
a(z) =z —u(z) = [; (1 —u/(t))dt € [0,1] for z € [0,1].
(i4) The derivative u”(x) satisfies
u(z) =y 7V () + 27V (2) = v "V (2) [1 + e(2)], e(x) =
As V e SV, this entails
a'(x) ~ =y’ "W (z) (z—0).
(#41) with integration by parts, the function u satisfies

u(z) = /0 Covd = [5;1V(t)}z— /O ’ j:v’(t)dt.

This entails
7+

v+1

V(x)

‘u(x) -

€1(x) /I e1(z)
< OV (t)dt = ,
< 28 [T rvina = S 8@
!/
where €(x) = tlen[g);] €(t), e(t)= x‘X//(t(;f) tendstoOasz — 0

and thus Item (¢) holds. O
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Remark: The functions v and (y + 1)u’ are thus equivalent as  — 0.

Definition 41. We denote by DRZS(y) the subset of the class DRI which gathers
the systems for which the first inverse branch a admits an indifferent fized point of
order v > 0, and we let

DRILIS = U7>0 DRIS(v).

As explained in Section 3.3, when the branch a admits an indifferent point of order
v > 0, there are two main cases for the derivative b'(0) of branch b : — a strong
case, called the case (s), where |[b'(0)] < 1, — a weak case, called the case (w) where
b'(0) = —1. According to the two possible cases for the branch b, there are thus
two subclasses

DRZISs(y) and DRIS,,(7) -
We have seen that the Farey system has a branch b of the case (w).

The importance of the DRZS Class in this paper is due to the following Theorem
42, which will be proven in Section 8.4.

Theorem 42. When the source S belongs to the DRIS Class, its block source B
belongs to the Good Class, and the inclusion DRZS C DRBGC holds.

8.2. About our Class DRZS. The idea of dealing with a direct branch A of
class C? with an indifferent point at 0 seems first due to Manneville and Pommeau
[PMS80]. Then, many authors deal with this type of sources, and make precise the
notion of indifferent fixed point they use. Thaler in [T83] gives a precise definition,
and obtains precise results on these sources that will be used later on by Aaronson
[A86]. Then, Holland [HO04] deals with maps T" whose direct branches A are of class
C? and written as

A(zr) = 2(1 + 27V (z)) with V of slow varying.
We remark that all the tools Holland needs in the study of “his” class can be in
fact expressed with the inverse branch a.

This is why we directly define our class DRZS via the inverse branch a, and more
precisely via the derivative a’ of the inverse branch a. Then, there are two expres-
sions of the branch A or its inverse a,

a'(x) =1—2"V(z) [the present approach],
A(z) =2(1+ 27V (z), [Holland’s approach].
Via Implicit Function Theorem, there thus exists a relation between V' and V that is

however not straightforward: this explains that the computations made by Holland
are often less direct than ours, notably when he deals with convexity.

8.3. First results on the waiting time in the class DRZS. Relation (83) gives
rise to a recurrence for the sequence g, (n) = 7[W > n] = a™(1) associated with the
distribution of the waiting time with respect to the uniform measure 7,

(84) ¢:(0) =1 gr(n+1)=gr(n)(1-v(g-(n)-
In the sequel of this section, the index 7 is omitted.

The next proposition, based on a result due to Aaronson, provides first estimates on
the behaviour of the wtd sequences ¢(n) and r(n). This will be useful for describing
the behaviour of the Dirichlet series A(s) which plays an important role in Item
(a) of block sources.
Theorem 43. For a source of the DRZS(v) Class, with v > 0, the following holds:
(i) The distribution of the waiting time W satisfies,
1

v(g(n)) ~ o (n = 00).
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where v is the function involved in Definition 39 N
(i) For everye € (0,7), there exists N = N, and constants A, A > 0 for which,
for anyn > N,

K ()70 < gty < 4 ()10
In particular, the mean E[W] is infinite for v > 1 and is finite for v < 1.
(#i7) When v < 1, for any 7 with v < 5 < 1, there exist an integer L(y) and a
constant A(7) such that for any £ > L(7), the inequality holds

(85) < AF)q(0)77.
(iv) There exists N for which, for any n > N, the estimates hold
1 1+(2/(2v+1)) 11
) =t +1) = ol < () olaln)) = vlaln + 1) ~ 2=

(v) The convergence abscissa of the Dirichlet series Ar(s) = 3, -, 7(m)* is
less than [1 + (2/(2y +1))]~! and is stricly less than 1.

Proof. (i) For a regularly varying map v(z) = 27V;(z) with index v at z = 0, we
use (84) and the two estimates
1 1 1 1

v(gln+1))  q(n+1)Vi(a(n+1))  v(g(n))  q(n)Vile(n))
This entails
1 _ 1 1 ) Vi(g(n))
v(g(n+1))  wv(g(n)) (1 —v(g(n))” Vilg(n+1))"
Then, the difference satisfies,

(86) 1 3 1 _ 1 1 . Vi(g(n)) 3
v(gn+1))  w(g(n)) wvlg(n)) L(1—wv(g(n))” Vi(g(n+1))

For a general slowly varying map V7, the asymptotic study of the ratio

Vi(q(n))/Vi(g(n+1))

is thus central and Aaronson provides the following estimate, for which we recall
the proof:

Lemma 44. Consider the sequence q(n) defined as in (84), with v(z) = 27V (x)
and V, € SVq of class C'. Then

Vi(q(n))
Vi(g(n+1))

Proof. When V; is of class C!, with V;(0) # 0, one uses Property (P3) and (P4) in
7.1 to get

(87) =1+ o(v(g(n)).

1
Vi(z) = ((z)exp {/ 6(t)dt] , with ¢ €', ec(?, lim €(t) = 0.

t t—0
Then, the estimates hold

Vi) ) (o a(n)
(88) Y gmr 1) B gm0 T ngm )'

The estimate

log q(‘léi)l) = —log(1 — v(q(n)) ~ U(q(n)) ,
entails that the second term in (88) is o(v(g(n)). Moreover,

as ¢ € C, with ((z) = C + O(|z]), C #0,
the first term in (88) satisfies,

log et = O(C(g(n +1)) = C(g(n)) = O(g(n +1) = g(n)) = O(a(n)v(g(n)))
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and it is of smaller order than the second term. This entails an estimate o(v(g(n))
for (88) and thus an estimate for (87) as in Lemma 44. O

Using this last estimate in (86) leads to
1 1 1 1 Vi(g(n))

vgn+1))  vlg(n)  v(a(n) [(T-v(g(n)) Vila(n+1))

:v@?»(“+7“ﬂm+vw@mﬁﬂu+ow@mm—w)=w+dn.

We take the sum of the previous estimates, and obtain

Sty = e (=0 w(a(m) ~ - e < (a(m) <

with 1 and 9 arbitrary close to 1/7.
(#i) The previous estimate given in (i) leads to

mn mn q

As Vi belongs to SV, it is the same for 1/V;, and 1/V;i(¢(n)) satisfies, for any
€ > 0, for N larger than N,

(89) gl Vila(n) ~ — qmwv(lym<mﬁ@»fm.

€ 1 n)"¢
q(n)® < AC) <gq(n)"=.

This entails, with (89), the two inequalities, as soon as N is larger than N,

/1 1/(y—¢) 1 1/(v+e)
Ae<) gq@wz;AE(> .
n n

When « > 1, we choose € such that ¢ < v — 1. This entails 1/(y — €) < 1 and the
divergence of E[WW] follows. When v < 1, we choose € such that y <5 =v+¢ < 1.
The convergence of E[WW] follows.
(#i1). Clear
(iv) We choose € = 1/2. This leads, with Items (i) and (i), for n > N, and for
some constant A, to the estimate
1\ 12/ @r+D)
o) ato-+ ) = a1 (1= o(a(m) < 4 () .

n

In the same vein, for some constant B

v(g(n)) —v(g(n+ 1)) = v(g(n)) (1 _qn+1) Vi(g(n + 1)))

qin)y  Vi(g(n))

yVilg(n + 1)))
Vi(g(n)) /-

Using Lemma 44 and the same principles as in the proof of Assertion (i), one obtains

v(g(n)) —v(g(n+1)) ~ yv(g(n))?* ~ (1/7)(1/n?).

:v@m»(rwl—m«m»

(v) Clear.
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8.4. Proof of the inclusion DRIZIS C DRBGC. This Section is devoted to the
proof of Theorem 42.

Proof. Property (a) of the Good Class holds from Item (iv) of Theorem 43.

Property (b) of the Good Class: strict contraction. This property holds for the
whole Class DR— in a strong form— and thus, in particular, for the class DRZ.

Lemma 45. For a source of the Class DRZ, the sequence n, of Definition 17 (b)
satisfies the following'!

(a) For a source of the Class DRZs, one has m1 < 1, whereas for a source of the
Class DRZL,,, one has 1 =1 and s < 1.

(b) For any source in the Class DRI, the inequalities hold for n > 2,
N < 771+|_(’ﬂ 2)/2] with Q2 = mln(n%ﬂh) <1

Proof.
Item (a). The derivative g/, of the branch g, = a

m=1 5 b of the source B satisfies

(90) lgm (@) =V'(@)] (m=1), |gp(z)]=V(z \H o/ (a" o b(a))] (m >2).

With the intervals J; defined in Proposition 13(7) for £ > 1, and Jy = Z, we define
am = max{d' (z) |z € T}, (m>1), Bp=max{|t/(z)||z€ Tn}, (m>0).
For m > 1, the inequalities a,, < 1 and f,, < 1 lead to the bounds
Ym = Hz 1 CYZ <1, Sup,,>qfBm <1

In the case of a system in DRZ,, the first factor in (90) is at most Sy < 1 whereas
the second factor is at most equal to v, and thus at most a; < 1.

In the case of a system in DRZ,,, we consider the branches of depth 2, of the form
gm © gn, associated with an integer pair (m,n), let

A(m,n) = sup{[(gm © g»)'(z)| [z € [0,1]}, m>1,n>1
and consider four cases:

(m=n=1), (m>2,n=1), n>2, m=1), (m>2, n>2).

Then, there is a bound for A(m,n) in each of the four cases, as follows:
(m=1,n=1): 3 (m>2n=1): o
(m=1,n>2): Bpa; (M>2, n>2): aof.

This entails

n2 = sup{A(m,n) | m,n > 1} <sup(B1, a1, a15up, >y Bn,af) < max(fi,ar) < 1.

Item (b). Clear with multiplicativity of derivatives.

O

Property (c) of the Good Class : distortion.
For each branch a,b we denote by d(a),d(b) the finite bounds,

/ b/
(91) = max L/(m)\? o(b) = | /(m)|
(@y)ez? |a’(y)| (@y)ez? [b'(y)|
We also remark that the distortion ratio is expressed as a derivative
h'(@)| _ d / Ih’ | YR ()]
92 = —/| log|h d th .
0 ) = g (o @) and s Jog s = [T

HThe Classes DRZs and , DRI, are defined in Section 3.3.
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With (90), the derivative g}, of the inverse branch g, = a™~! o b satisfies,
9m (@] _ o P |’ (a’ 0 b(x))|

93 log =~ + Ap, Ap=log ——F .

o RO Z (00

Each term A, involves two points that belong to

Jer1 = la’ 0 b(1),a" 0 b(0)] = [q(¢ + 1), (0)].
Consider the point x in Lemma 40 (item (4i)). As each interval J; satisfies Jp41 C
[0,¢(¢)] and since g(¢) — 0, there is an integer M; for which, for any ¢ > M, one

has ¢(¢) < xg. Then, we may apply (92) to any pair of points of the interval Jp.
Moreover a'(0) =1 and a’(x) > 0 on [0,20]. This entails the estimate for ¢ > My,

a‘ob(y))
/ a”(u)du

fob())

(94) A < K < Klv(g(f) —v(g(£+1))[

We apply Item (i4¢) of Theorem 43, and, choosing M = max(M;, N), the sum of
estimates in (94) for £ > M is of order O[M ~1].

For ¢ < M, using the bound (91), the sum for indices £ < M in (93) is less than
Mlogd(a) + log d(b).
This entails, for any (z,y) € Z? and for any integer m, the final distortion bound,

og @1 oo () K
log YD) < (log d(b) + M logd(a)) + 3;

that leads to the result.

9. THE CLASS DRIL.

We introduce in Section 9.1 the subclass DRZL, where the letter L is relative
to a logarithm behaviour of the inverse branch a. Proposition 48 of Section 9.2
provides precise estimates for the wtd sequence. Then, Section 9.3 answers the
main question of the paper and explains how to find a source of the Class DRZL
with a prescribed Shannon weight and Section 9.4 made important remarks on
this result. The Section ends in Section 9.5 with the description of some explicit
instances of the subclass DRZL, with their graphs.

9.1. Definition of the Class DRZL. We consider a subclass of the class DRZ
that gathers functions w in (83) whose derivative u’ is of logarithmic type. This
explains the “L” at the end of the name of the subclass.

Definition 46. The class DRZL(y,0) is the subset of the class DRI which gathers
the functions u € C? whose derivative u' satisfies u'(x) € [0,1] and is written,
instead of (83), as u'(x) = x"Vs(x), with

(95)  Vs(z) = Allog §[°, (6#0), Vo(x) €Cl, Vo(z) >0 (5=0),

with some constant A, and some function Vj.

The following inclusions hold,

(vy=1,<0) DRZIL(1,0) C DRIS(1), (v>1,8 €R) DRIL(y,d) C DRIS(v),

and lead us to the set I'g for possible parameters (v,d) of the source S, together
with the subset DRZL,

(96) T's = (|1, +oo[xR) | J({1}x] —00,0]),  DRIL= |J DRIL(y,9).
(v,0)€T's

Lemma 47. The following holds
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(i) For any (v,0) € I's, there are choices for the constant A, or the function
Vo, which entail that
u'(z) = 27Vs(z) = Az |log £|° € [0,1] for z € T.
For § #0, any A < A;};, with Ay 5 defined in (98), is a valid choice.
(i) For any § # 0, the functions u and v satisfy

u(z) A s 1
T:’U(Jf):mfﬁ’yuog%‘ |:1+O(m):| .

For (strictly) positive integer values of 8, the two functions u(x), and v(x) =
u(zx)/x are written as the product of the power function 7 by a polynomial

Ps in the variable |log 5| of degree at most .

Proof. First remark that v’ is well defined on [0, 1] for any 6.

(i) When 6 # 0, we make precise the conditions on the constant A. The derivatives
satisfy,

— (=L z\o—1 _ _ & eyoo1 2Vs(@) z)-1 _ _&
Vél(z)*‘s(?) (*10g§) **;(*logg) ) V};(m) ——5|log§\ T gL

0
~logZ”

(97)  and thus u”(z) = 27 'Vs(2) [y + e(2)], with e(x)

For v = 1, we ask a finite limit for V5 as x — 0, and thus § < 0. For any value of
~ > 1, there is a zero for v at the point z( for which
log £ = —§/, i.e., mg = 2e79/7.

When zy < 1 the function v’ has a maximum at xg, whereas, for zo > 1, the
maximal value of «’ is attained at x = 1. The condition z¢ < 1 is

e~%/7 < 1/2 or, equivalently, § > (log2)vy > 0.
In all the cases with § # 0, the maximal value of «’ is A x A, 5, where
(98) Ays=27e7%(5/7)°, 8> (log2)~; A, 5= (log2)’, otherwise.

For § # 0, we are thus led to deal with functions u, s associated with a constant A
which satisfies A < A;}; and A, s defined in (98).

For § = 0, we ask the function u/ o = 27V(x) to belong to the interval [0, 1].

(#) Due to (97), this is Item (¢) of Lemma 40 in the case when ¢(z) = 6(log 2)~! and
thus €1 () = e(z). The explicit expressions are obtained with successive integrations
by parts. O

9.2. Precise estimates of the wtd sequence. For a system of the subclass DRZ,
the block source B belongs to the Good Class. However, there are no precise results
on the asymptotic behaviour of its wtd sequence. We only know the asymptotic
behaviour of the sequence v(g(n)) from Theorem 43(¢). This is why we introduce
the subclass DRZL where it is possible to obtain precise results on the asymptotic
behaviour of the wtd sequence. This is the main interest of the DRZL Class.

Proposition 48. For a source S of the DRZL(~y,d) Subclass, the wtd q(n) satisfies
g(n) ~ 7O 0 (logn) =7 (6 £0), g(n) ~ BnmV7 (5=0).
Proof. We start with the general estimate for v(g(n)) obtained in Item (¢) of The-
orem 43. We want to show that we can invert this relation asymptotically, yielding

the asymptotics for g(n).
For 6 = 0, the estimate is direct. When § # 0, one has

v(z) =2 Vi(x), Vilz)=AllogZ|® [1 +0 (L)} .

| log x|



46 A. AKHAVI, E. CESARATTO, F. PACCAUT, P. ROTONDO, B. VALLEE

Consider pairs (z,y) for which v(y) ~ z with 2,y — 0. Such pairs (z,, y,) exist,

(99) Yn =q(n), x,=1/(yn)
Notice that:

r~o(y) = Ay'llog AP+ (k) /7 ~ AY7y|log 410

Llogz =logy — 2log|log 4| + o(1) = logy (1 + €(y))
with €(y) — 0 as y — 0, so that the estimates hold, (as z, y tend to 0)
X

-
log%wlogyw%logm, y‘%logm ~ ATV g

-5/
and finally y~ A~/ (%) 7x1/7|10g93\*5/7.

Applying to the pairs (2, y,) given in (99) leads to the estimate of Proposition 48
in the case § # 0. O

9.3. Exhibiting a DRZL source with a prescribed Shannon weight. We
associate with a source S of the subset DRZL the set I's of parameters (v, 0)
defined in (96) together with the pair (8g,dg) of parameters that describe the wtd
g(n) of such a source S. Proposition 48 exhibits an injective map defined on I'g

(5=Q):  (15,05) = (B 0q), Bo:=1/7s, dq=—0s/7s,
whose image is
I'o = (0, 1IxR) U ({1} x [0, 00]) -
The set I') is (strictly) contained in the set I'g defined in (31), recalled here
Lo = (J0, IxR) U ({1} x [=1,00[) U ({0} x [=00,0[) .

In other terms, there does not exist a source of the Class DRZL whose wtd param-
eters ([, 0) satisfy

(B=1,6€[-1,0) or B=0.
Theorem 23 applies to sources S in the Class DRZL, and the injective map de-
scribed in (36)
(@—M): (BQ:6q) = (B, nr)
is defined on I'yy. Finally, for a source S of the subclass DRZL, there is an injective

map (S — M) defined on I's equal to the composition of the two maps (S — Q)
and (Q — M). One has

(S%M) (Vsaés)H(/BklaéM)a with
Bu =1/ys,  om=—0s/vs (ys>1), or by =—(ds/ys) -1 (ys=1)
and the image (S — M)(T's) equals 'y, = (]0, 1[xR) |J ({1} x [-1, o0]).
The inverse map is defined on I'}; and satisfies:
(M — S) : (BM,(SM) — (75,55) with

(100)
vs =1/Bm, ds=—6m/Byu (Bm<1) or ds=—(0p+1)/Bu (Bu=1).

We have thus proven the following result, which provides the final answer to our
“exhibition”:
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Theorem 49. For any pair
(Bar,0ar) € (10, 1[xR) U ({1} x [=1, 09]),
there exists a source S in the subclass DRIL(7y, ) with the pair
(7,0) € (J1, +0o[xR) U ({1} x] — 00,0])
which admits Shannon weights m(n) of the form m(n) = ©(n?M (logn)o).
The pair (v, 9) is related to the pair (Bar,dar) via Equation (100)

9.4. Remarks on the final result. There are three remarks :

(a) The limit case (Bar,0a) = (1,—1) is obtained with sources of the subclass
DRIL(1,0), and for instance with the Farey source.

(b) The previous result does not provide a DRZL source whose parameters (Sas, 0as)
satisfy

(101) (Brm=1,6p €] —1,0]) or (Bm =0,00 >0).

The first case would correspond to Shannon weights very close to a linear behaviour
O(n(logn)®™) with §); negative near 0.

However, in another paper [ACPRV], the authors study the model called Variable
Length Memory Chains (VLMC) and exhibit instances of sources whose parameters
satisfy (101). These results are not developed here.

(c) We give some hints on the constant that intervenes in Theorem 49. When the
system belongs to DRZL(7,d), then, from Proposition 48, the sequence ¢ (n) has
a constant K that is expressed in terms of the pair (8 = By, = 0nr),

K, =g (3=1) K, =p" (B<1),
and, from Theorem 23, the precise asymptotic for mu(n) holds in terms of the pair

(B=PBwm,0=0m)

b
S (VIO i 9=

mr () ~ &,(B) B (8+9) i
Y(0) TBE+1TA-p) (logn)d (0<p<1)

There are two kinds of constants. the second group of constants (in the second
column) are absolute constants, that only depend on the pair (3,4). But there is
also (in the first column) the quotient &£, (B)/1(0) that involves the block dynamical
system itself. There is thus an important question: how does the block dynamical
system of a system of the DRZL(~,d) Class evolve as a function of the pair (v, 9)
—namely, the quotient of its entropy with its invariant density—?

9.5. Some instances of the DRZL Class.
Our emblematic instance: the Farey source. The inverse branch a of the Farey
map is x/(1 + z) and its derivative equals a’(z) = (1 + x)~2. Then the fonction
u'(z) =1 — (1+x)"? satisfies u/(x) € [0,1]. Moreover, one has

u'(z) =x- - Vo(x) with Vh(x) = (12_:_7;)2,
and the Farey map belongs to the Class DRZL(1,0) N DR, .

Other instances. We also describe in Figure 3 other instances of the class DRZL(7, d)
with (,d) € T's. We first remark that the branch b has no influence on the pair
(Bar, dpr) which defines the asymptotic behaviour of Shannon weights. The branch
b just intervenes via its value b'(0), which may be equal to —1 —case DRZ,,— or
strictly larger than —1 —Case DRZ¢— (See Section 3.3). As Lemma 47(ii) suggests,
we limit ourselves to (small) positive integer values of §, for instance, § = 1 or 2
where the computations become simpler, with
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Vi(z) = Allog %] and V3 (z) = A(log £)?,
for a precise choice of constants A, which depends on the pair (v, §) and is described
in Lemma 47(3).

Figure 3 deals with five explicit pairs (8, d) for which we indicate the corresponding
Shannon pairs (Bar,dar). The first two pairs are relative to the Class (DRZL)s,
and the branch b is the linear complete map. The last three pairs are relative to
the Class (DRZL),, and we then consider branches b with '(0) = —1. The final
case corresponds to the Farey source.

(232) (%771) (170) (1,71)

FIGURE 3. Five pairs (7,9), their corresponding Shannon pairs
(Bar,90), and their corresponding graphs

9.6. Application to the Farey source. The Farey source is described in Section
3.8; it is proven there that the Farey source belongs to the subclass DR, and
its block source is defined by the Gauss map. It is proven in Section 9.5 that the
Farey source belongs to the subclass DRZL(1,0). Thus, its block source (the Gauss
source) belongs to the Good Class.

Moreover, the main spectral objects of the Gauss map are explicit :

— its stationary density is ¥(x) =1/(log2) 1/(1 + )

— its entropy equals 72/ (6log 2)

Then we may apply our three main theorems, and obtain the final estimate for the
Shannon weights:

Theorem 50. Denote by 1 a mesure with a strictly positive density ¢ of class C*.
The Shannon weights mu(n) of the Farey source satisfy

7T2 n

my,(n) ~ ¢(0)

— — 00).
6 logn’ (n = 00)

As we explain in the next subsection, and to the best of our knowledge, this result
is new.
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9.7. Return to Shannon weights. The notion of coincidence intervals is central
in the context of dynamical systems, here defined on the unit interval Z. We first
recall this notion: for any = € Z and any depth k, the interval Zy(x) gathers all
the reals y € Z that belong to the same fundamental Z,, as z. Any y € Zy(x) then
emits the same prefix of length &k as x. The random variable X := log u(Zy) is
thus of great interest.
The present paper studies Shannon weights and describes their asymptotic be-
haviour. Observe that, for £ > 1, the function z — Zy(x) is a staircase function
which is constant on each interval Z,, with |w| = k, and thus Shannon weights
exactly coincide with the expectations of the variable x — X (),

my, (k) = E,[Xi],  Xi(z) = [log u(Zk) (z)].
The paper [BCRS23] studies other probabilistic characteristics of the random vari-
able Xj := |log u(Zx)|. It introduces in Definitions 2.1 and 2.2 of [BCRS23] two
notions of weights (AEW) and (MW) that provide extensions of respective entropies
introduced in the paper of Dajani and Fieldsteel [DF01]. It does not consider the
notion of Shannon weights.

We now rewrite all these definitions in the “dynamical” context:

Definition 51. [BCRS23] Consider a dynamical source S, a measure pi on the unit
interval, for any depth k, the random variable Xy, := |log u(Zy)|, and a real positive
sequence f: k> fi.
(SW)[f] The source S has a Shannon weight fy if and only if
Eu[Xk] ~ fi (k= o0)
(AEW)[f] The source S has a almost everywhere weight fy, if and only if
Xi(x) ~ fr [z almost everywhere] (k — o0)
(MW)[f] The source S has a weight (in measure)'? fy if and only if
Xi(x) ~ fr  [in measure] (k — o)
In each of the three cases, if the sequence k — [y is linear, of the form fr = c -k,

the source S is said to have entropy c (resp. Shannon entropy, almost everywhere
entropy, entropy in measure).

The paper [BCRS23] focuses on the notions (AEW) or (MW) and considers many
classical sources defined in Number Theory contexts; it studies in particular the
Farey dynamical source (called in [BCRS23] the Stern-Brocot source) from these
two points of view and proves the following:

— the Farey source satisfies (MW)[f] with f, = ¢(0)(7?/6)(k/logk) ;
— the Farey source does not satisfy (AEW).

The two papers (the [BCRS23] paper and the present one) thus study the same
sequence
Yi(e) = 22@
fr

(and both in an indirect way). The paper [BCRS23] shows in its Proposition 4.7
that Y converges to 0 in measure, with tools that are quite specific to the Farey
source and its close relation to continued fraction expansions (using for instance a
deep result due to Khinchin), while the present one obtains the convergence of the

12\We first recall that a sequence X, converges to 0 in measure if and only if

Ve >0, lim [{z €T | |Xg(z)| > e} =0. (k— o)
k—oco
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expectation E[Yy] to 0, with quite different tools (notably Abelian and Tauberian
theorems, together with a renewal theorem) that can be applied to more general
contexts.

There is now an important question: Is it possible to directly relate the two results
in our setting? There does not exist any general relation between (MW)[f] and
(SW)[f], and one needs extra sufficient assumptions on Yj: for instance, general
domination properties, described in [T11], or a more precise information on the
second moment of X}, would allow to relate (MW)[f] to (SW)[f].

Assume, for instance, that the second moment E[X?] of X, is asymptotically equiv-
alent to the square f7 = (E[X}])? of the first moment; then the variance Var(Xy)
would satisfy Var(X;) = E[X?] — fZ = o(f2), and Chebyshev’s inequality would
apply and imply

Var(X%)

=

for any fixed € > 0. This would show that Y} converges to 0 in measure.

This relation between (MW) and (SW) will be addressed in our setting in a forth-
coming paper

(102) ul|Yel = €] = pllXi — ful = fre] < =o(1),
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