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Abstract

We study a new kind of random processes with discrete time. In fact we study a certain class
of operators called substitution operators whose iterations generate a process. Our operators act
on probability measures on a configuration space A%, where A is a finite set called alphabet,
elements of which are called letters. Elements of A% are bi-infinite sequences of letters. Let
us call any finite sequence of letters a word. Length of a word is the number of letters in it.
Informally speaking, action of our operator consists in the following: any occurence of a word
G in a configuration may be substituted by another word H with a certain probability p.
Many well-known operators fit into this description with G and H having equal lenghts. Our
main novelty is that the lengths of G and H may be different. This makes our operators non-
linear and causes our main difficulties. Our main task is to define such operators rigorously
(which is not trivial since our space is Z rather than its finite segment), prove some of their

properties and use them to study invariant measures.
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1 Informal Introduction

The bulk of modern studies of locally interacting particle processes is based on the assumption that the
set of sites, called the space, does not change in the process of interaction. Elements of this space, called
components, may be in different states, e.g. 0 and 1, often interpreted as absence vs. presence of a particle,
and may go from one state to another, which may be interpreted as birth or death of a particle, but the
sites themselves do not appear or disappear in the process of functioning. Operators and processes which

do not create or eliminate sites will be called constant-length ones.

However, in various areas of knowledge we deal with long sequences of components, which are subject
to some local random transformations, which may change their lengths. The simplest and the most well-
known of such transformations are often called ”insertion” and ”deletion” and are widely discussed in
informatics and molecular biology (see e. g. [14, 15], where one can find more references). In such cases
we use the phrase variable-lenght processes and our goal is to provide a rigorous definition of some class

of variable-length processes with infinite space and study their properties.

Besides works of our group [11, 12, 13, 8, 9, 10] we found only several works on similar processes (see
e.g. [1,2,4,5,6, 7)), which did much to emphasize connections of such processes with modern physics;

however these works seem to contain no attempts to define variable-length processes with infinite space.

According to our knowledge, the first rigorous definitions of some non-trivial variable-length operators
with infinite space were presented in [12, 13, 8] and the only rigorous definition of a large class of variable-
length processes has been presented in [10]. This article is based on [10], where one can find some details
omitted here. Our processes have discrete time and therefore can be defined in terms of operators acting

on probability measures, which we call substitution operators or SO for short.

By #(S) we denote the cardinality of any finite set S. Throughout this article A is a non-empty
finite set called alphabet. Its elements are called letters and finite sequences of letters are called words.
The number of letters in a word W is called its length and denoted by |W|. Any letter may be considered
as a word of length one. There is the empty word, denoted by A, whose length is zero. The set of words

in a given alphabet A is called dictionary and denoted by dic(.A). We denote by Z the set of integer



numbers and AZ the set of bi-infinite (that is, infinite in both directions) sequences whose terms are
elements of A. We denote by M the set of translation-invariant probability measures on A% that is on

the o -algebra generated by cylinders.

A generic SO acts from M to M roughly as follows. Given two words G and H (where G must
satisfy a certain condition of self-avoiding which will be presented below) and a real number p € [0,1],
an SO, informally speaking, substitutes every occurrence of the word G in any configuration by the word
H with a probability p (and leaves this occurrence unchanged with a probability 1 — p). Our definition
can be used only if all the occurrences of GG in any configuration do not overlap, and this is why we need

a special assumption about G'.

Before going into formal details let us present a short synopsis of our work. Our first task is to define
SO. We do it in several stages. In section 2 we define how measures may be approximated by words.
Then we introduce random words, which also can approximate measures. In sections 3 and 4 we define
how SO act on words and random words. This allows us to introduce extension, that is the coefficient,
by which is multiplied the length of a word when a SO is applied to it. We do it in section 5. Extension,
in its turn, allows us to define how SO act on measures. However, we found it too complicated to define
directly how an arbitrary SO acts on measures. For this reason in section 6 we present a short list of basic
SO (including insertion and deletion mentioned above) and define how they act on measures. Then in
section 7 we represent an arbitrary SO as a composition of several basic SO and use this representation to
define how an arbitrary SO acts on measures. Thus SO are completely defined. Based on this theoretical
preparation, we study some properties of SO. A major difficulty in dealing with SO is that they are
in general non-linear unlike the bulk of random processes studied till now. However, we found another
property, which sometimes is as good as linearity: in section 8 we introduce segment-preserving operators
and prove that all our SO have this property. In addition to this, in section 9 we prove that all our SO are
continuous, which allows us to prove that each of them has at least one invariant measure. Using [12, §],
we prove that a certain operator has at least two invariant measures, which contributes to the study of

one-dimensional non-ergodicity.



2 Formal Introduction

Let us denote by A the discrete topology on A. We consider probability measures on the o-algebra AZ
on the product space A% endowed with the topology - product of discrete topologies on all the copies of
A. Since A is finite, it is compact in the discrete topology, and by Tychonoff’s compact theorem, A%

also is compact.

As usual, shifts on Z generate shifts on AZ and shifts on AZ. We call a measure j on A% wuniform
if it is invariant under all shifts. In this case for any word W = (ay,...,a,), where ay,...,a, is the

sequence of letters that forms the word W, the right side of

(W) = plar,...,an) = p(Siz1 = a1, ..., Sign = ay)
is one and the same for all i € Z, whence we may use the left side as a shorter denotation.

We denote by M the set of uniform probability measures on A% . Since A? is compact, M is also
compact. Any uniform measure is determined by its values on all the words and it is a probability, that
is normalized measure if its value on the empty word equals 1. So we may define a measure in M by
its values on words. In order for values p(W) to form a uniform probability measure, it is necessary and
sufficient that: all the numbers p(W) must be non-negative, p on the empty word must equal one and
for any letter a and any word W we must have

p(W) = pu(W,a) =Y ula, W),

acA acA

where (W, a) and (a, W) are concatenations of the word W and the letter a in the two possible orders.

We assume that our alphabet contains no brackets or commas. Given any finite sequence of words
(Wh,...,Wx) (perhaps separated by commas or put in brackets), we denote by concat(W7y, ..., Wy) and
call their concatenation the word obtained by writing all these words one after another in that order in
which they are listed, all brackets and commas eliminated. In particular, W™ means concatenation of n

words, everyone of which is a copy of W . If n =0, the word W" is empty, W% = A.

Given two words W = (ay,...,a,) and V = (by,...,b,), where |[W| < |V]|, we call the integer



numbers in the interval [0, n —m| positions of W in V. We say that W enters V' at a position k if

VieZ : 1§z§m:>a1=bl+k

We call a word W self-overlapping if there is a word V' such that |[V]| < 2-|W| and W enters V
at two different positions. A word is called self-avoiding if it is not self-overlapping. In particular, the
empty word, every word consisting of one letter and every word consisting of two different letters are

self-avoiding.

It is known that self-avoiding words are not very rare: in fact for any alphabet with at least two letters
the number of self-avoiding words of length n divided by the number of all words of length n tends to a
positive limit when n — oo and this limit tends to one when the number of letters in the alphabet tends

to infinity [3].

We denote by freq (W in V) the frequency of W in V| that is, the number of positions at which W
enters V. If W is the empty word, it enters any word V at |V|+1 positions. If |WW| < |V], we call the
relative frequency of a word W in a word V' and denote by rel.freq (W in V) the number of positions

at which W enters V' divided by the total number of positions of W in V| that is, the fraction

freq(W in V)
- : (1)
V] —|W|+1

rel.freq(W in V) =

Notice that the relative frequency of the empty word in any word is 1. If |WW] > |V, the set of positions

of W in V is empty and the relative frequency of W in V is zero by definition.

We call a pseudo-measure any map pu : dic(A) — R. In particular, any measure p € M is a pseudo-

measure if it is defined by its values on words.

Definition 2.1. For every word V € dic(A) we define the corresponding pseudo-measure, denoted by

meas’ and defined by the rule meas” (W) = rel.freq (W in V) for every word W .

Definition 2.2. We say that a sequence (V,,) of words Vi, Va, Vi, .-+ € dic(A) converges to a measure
uw € M if for every word W € dic(A) the relative frequency of W in V,, tends to u(W) as n — oo,

that is, if meas"" (W) tends to u(W) as n — oo.



Remark 2.3. Notice that since the relative frequencies of all W in a given V' are zeros for all W longer

than V', the convergence in the definition 2.2 is possible only if the length of V,, tends to co as n — o0.

Definition 2.4. Given a real number ¢ > 0 and a natural number 7, a word V is said to (g, r)-

approzimate a measure p € M if for every word W € dic(A),
W] <r=|relfreq(W in V)—p(W)| <e.

Lemma 2.5. A sequence (V,,) of words converges to a measure p if and only if for any positive € > 0

and any natural r there is ng such that for every n > ng the word V, (e, r)-approximates [ .
Proof in one direction: Suppose that (V},) converges to p. We want to prove that

Ve>0VreN Iny Vn>ng, VIWedic(A):
(W[ <r = |rel.freq(W in V,)—pu(W)| <e.

Let us choose W such that 0 < |[W| <r. Since (V},) converges to u,

lim rel.freq (W in V,,) = pu(W),

n—oo
that is

Ve'>0 Iny Vn>ny:|relireq(W in V,)—pu(W)| <.

Taking & = e and ng equal to the maximum of ny over all those non-empty W, whose length does not

exceed r, we obtain (2).
In the other direction the proof is straightforward. Lemma 2.5 is proved.

Theorem 2.6. For any p € M, any € > 0 and any natural v there is a word which (e, r) -approximates

I

Proof: If #(A) =1, the theorem is trivial. So let #(A) > 1. Let us introduce parameters

32}4—7[, N = (#(A)° and Q:}ﬂ{.
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Hence

and

W |3

< <

e
Ol =
N

Notice that there are N words in dic(.A), whose length equals s, and we denote them by Uy, Us, ...

Furthermore, for any position k& of W in U, that is, for any k € [1,s — |W|+ 1], we define

1 if W enters U; at the position k,
freq(W in U;) =
0 otherwise.

Then
s—|W|+1
Z freq (W in U;)g = freq (W in U;)
k=1
and

D> (frea (W in Uy~ p(Us) = p(W).

Summing this over k yields

s—|W|+1

> Z (eq (W in Uy - u(U3) = (s — [W]+ 1) - (W),

Hence
s—|W|+1

Z w(U;) - Z freq(W in Uy)y, | = (s = [W|+1)- p(W).

i=1 k=1

Replacing (3) by (4) gives

Z (freq(W in U;) - u(Uy)) = (s — |W| + 1) - u(W).

Further, for every ¢ =1,..., N we denote

= [Q - w(Ui)],

where () was defined in the beginning of the proof. Hence

Q- ;) —1<p <Q-pu(Uy).

7UN-

(6)

For every i from 1 to N we take p; copies of U; and define V' as their concatenation in any order, for

instance

V = concat(Uy", ..., URY).

7



Let us check that the word V' has the desired property, namely (e, r)-approximates the measure .

Since p(Uy) + -+ 4+ u(Uyx) = 1, summing (6) over i =1, ..., N gives

N
Q—N<Zpi§Q- (7)

i=1
Let us estimate the relative frequency of W in V. First from below: In the present case the numerator

of that fraction is

freq(W in V) > g:freq(W in U;)-p;
i=1
and the denominator is .
VI=W[+1<|[VI=s-> p<s-Q.
i=1
Hence, using equation (5), we obtain

rel.freq (W in V)

N
freq (W in U; >
sQ; ) pi) =

D (frea (W i D)+ (Q (U — 1) =

5 Q
é Z(freq(W in U;) - w(U;)) — le -Zfreq(W in U;) >
s—|W|+1 s-N r N
R N
(1=3) -nOV) = = W) <. ®)

Now let us estimate the relative frequency of W in V' from above. The numerator of the fraction (1) is

not greater than

N N
> (freq(W in U;) + W) - Z freq (W in U;)+ |W])- Q- w(U;)
=1 i=1

and the denominator is not less than

N
V= W[+1>s-> p—r>s(Q—N)—r.

i=1
Since #(A) > 2, r >1 and we may assume that ¢ <1,

r r-e s - g2 5-¢? s\ &2
< < < — () 5 <
O-N—4-N2—16-N2—16-4° \45/) 16

)

»—t|m
Q.
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Therefore
s-Q B 1 1
- N T 5 62_ .
s (@-N)—r 1-5-g% — 116 2

Thus, using (6), (7) and (8), we get

rel.freq (W in V) <

—
+

<1+%) 50 XN: (freq(W in U;)+|W])-Q - n(U;)) <
(1+%) - <i freq(W in U;) - (Ui))—l—r-iu(Ui)) <
L+=) - —-(s-p(W)+r) < 1+2). ,u(W)—i—i <

2 s
(1+3)

Lo
(W) +2) < (W) +=

Theorem 2.6 is proved.

Corollary 2.7. For any pu € M there is a sequence of words which converges to it.

Proof: Due to the previous theorem 2.6, for every natural n we can find a word V,, which (1/n, n)-
approximates . Note that if a word (e, r)-approximates a measure, then it (&, r’)-approximates the
same measure for any ¢ > ¢ and r’ < r. Therefore the sequence (V},) converges to p. Corollary 2.7 is

proved.

Remark 2.8. One of our referees noticed that Corollary 2.7 should have been published somewhere, even

in a more general form, but we found no reference and present our own proof.

We define a random word X in an alphabet A as a random variable on dic(.A) which is concentrated
on a finite subset of dic(.A). A random word is determined by its components P(X = V), that is
probabilities that X =V, whose sum is 1, the set {V : P(X = V) > 0} being finite. We denote by €

the set of random words in the alphabet A .

Definition 2.9. We define the mean length of any random word X as

EX|= Y PX=V)-|V|.

vedic(A)



Definition 2.10. We define the mean frequency of a word W in a random word X as
Elfreq (W in X)] = Z P(X =V) freq(W in V).
vedic(a)

Definition 2.11. We define the mean relative frequency of a word W in a random word X as

Elfreq (W in X)]
EIX[— W] +1 )

rel.freq g(W in X) =

For any random word X we define the corresponding pseudo-measure meas® by the rule
meas™ (W) = rel.freq x(W in X) for every word W.

Definition 2.12. We say that a sequence (X,) of random words X;, X5, Xs,--- € ) converges to a
measure pu € M if for every word W € dic(A) the mean relative frequency of W in X, tends to p(W)

as n — 0o, that is if meas®" (W) tends to u(W) as n — oo.

Definition 2.13. Given a positive number € > 0 and a natural number r, we say that a random word

X (e, r)-approzimates a measure p € M if for every non-empty word W € dic(A),
[W| <r=|relfreq g(W in X)—pu(W)| <e.

Theorem 2.14. For any p € M, any € > 0 and any natural r there is a random word which (g, r)-

approrimates i .

Proof: It could be obtained as a corollary of theorem 2.6 by considering the random word as a distribution
concentrated on a single word. One could also adapt the proof of theorem 2.6 by considering a random
word X with P(X =U;) = p;, with p; and U; being the same as in the proof of theorem 2.6. Theorem

2.14 1is proved.

Corollary 2.15. For any pu € M there is a sequence of random words which converges to it.

Proof: Analogous to the proof of corollary 2.7. Corollary 2.15 is proved.
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3 SO Acting on Words

A generic SO is determined by two words G and H , where G is self-avoiding, and a real number
p € [0,1]. We denote this operator by (G % H). The informal idea of this operator is that it substitutes
every entrance of the word GG in a long word by the word H with a probability p or leaves it unchanged
with a probability 1 — p independently of states and fate of all the other components. Following some

articles in this area, we write operators on the right side of objects (words, measures) on which they act.

Our goal in this section is to define a general SO, which is denoted by (G 2 H ), acting on words.
If G and H are empty, the operator (G L H ) changes nothing. Now let G or H be non-empty. Let
us define how (G % H) acts on an arbirtary word V. Let us denote N = freq (G in V), ie. N is
the number of entrances of G in V. Since G is self-avoiding, these entrances do not overlap. Further,
let i1,...,ix € {0,1} and let us denote by V(iy,...,ix) the word obtained from V' after replacing each
entrance of GG by the word H in those positions ¢; where i; = 1, the others left unchanged. We may,
therefore, define the SO (G % H) as follows: the random word obtained from the word V is concentrated

on the words V' (iy,...,iy), where i1,... iy € {0,1} with probabilities
P <V(G 2 H) = Vi, ... ,zN)) = P (L-pN T where k=Y.
J

Now let us extend this definition to random words. Let us define the result of application of (G % H) to
a random word X . Let X equal the words V4,...,V, with positive probabilities P(X = V}). We define

X(G £ H) as the random word which equals the words V;(i1,...,in) with probabilities

P(X = Vj) - p51% - (1= p)N -2,
Lemma 3.1. For any non-empty word V' and p € [0,1] we can express the mean length of the random
word V(G L H) in the following simple way

E|V(G 5 H)| = V] +p-(|H| - |G]) - freq (G in V).

Proof: Let us evaluate the mean length (definition 2.9) of the random word V(G % H). We begin by
noting that

V(G5 H)| = [V|+(H| - |G]) -k,

11



where k ~ Bin(N, p), where N = freq (G in V). Therefore
E|V(G 5 H)| = [V|+(|H| - |G]) - E(k),

which is equal to

EWV(GE )| =|V|+p-(|H|—|G|) - freq(G in V).
Lemma 3.1 is proved.

Lemma 3.2. For any random word X and a number p € [0,1] we can express the mean length of the

random word X (G 2 H) in the following simple way

BIX(G % H)| = E|X| +p- (|H| - |G]) - Elfreq (G in X)].

Proof. Suppose that the possible values of X are the words Vi,...,V,,. Then we note that
E|X(G 5 H)| = ZEW H)|P(X =Vj).

Now, we use lemma 3.1 to obtain

EIX(G 5 H) = ) Vil +p-(H| = |Glfreq (G in V))]P(X =V))

J=1

— EIX|+p-(H| - [G]) Elfreq (G in X)),

Lemma 3.2 is proved.

4 SO Acting on Random Words

Remember our notations: A is an alphabet, ) is the set of random words on A, M is the set of uniform

probability measures on dic(A) .

Proposition 4.1. Let X,, be a sequence of random words. If X, converges to a pseudo-measure 1 , then,

1 s, in fact, a measure.

Proof: Let us choose a word W and suppose that the sequence (X,) converges, thus the limit

lim,, o rel.freq g(W in X,,) exists. So let us define the following map having the set of all words as

12



its domain:

p(W) = lim rel.freq g(W in X,,).

n—oo
We want to prove that p is indeed a measure. In other words, we want to prove for any word W that

0 < p(W) <1 and also that Y p(W,a)=>__ ula,W)= pu(W).
It is easy to see that 0 < rel.freq g(WW in X,) <1. Then

0 < lim rel.freq g(W in X,) <1.

Therefore
0<puW) <1
We still have to show that Y u(W,a) = >, pla, W) = p(W). To do so, note initially that |(W,a)| =

(@, W) = W] +1.

Let us take first the case when a is on the right side, that is we show that Y u(W,a) = p(W).
Let V' be any word in dic(A). If a # b, then (IW,a) must enter V' in a different position than that of
(W, b) . Moreover, if W enters V in a position which is not the last one, that is, if W does not enter V'
at the position |V| — |W/], there must exist a letter, say ¢, at the right side of W', such that (W, c) still
enters V' at the same position. Now we can make two remarks. First, the number of entrances of W in
V' is always greater or equal than the sum over all the letters a of the numbers of entrances of (W,a) in
V', for if (W,a) enters V| then W also enters V. Second, if W enters V' at a non-last position, then

(W,c) enters V' for some ¢, as explained before. Therefore
0<freq(W in V) — Zfreq((W, a) in V)<1
for any word V. Then, multiplying the above expression by P(X, = V), we get
0<PX,=V)-freq(W in V)-P(X,=V)- Zfreq((W, a) in V)< P(X,=V).
Thus, summing over all words V', and noting that the set {V : Xy > 0} is finite, yields

0 < Elfreq (W in X,)] = ) Elfreq((W,a) in X,)] < 1.

13



Now, dividing by (E|X,| — |W|+1) gives

Elfreq (W,a) in X,)] < 1
E|\X,|—|W|+1 T E|X,| - W|+1

0 <relfreqp(W in X,)— Z

which yields

EX,| = W] _ 1
E|X,| - [W[+1~ E|X,[— W[+’

0 <relfreqg(W in X,)— Zrel.freq g(W,a) in X,)

a

since 1/(E|X,| —|W|+1) -0 as n — oo, because E|X,| — co as n — oo, and by the same reason,

B X, — W]
E|X,|—|W|+1

tends to 1 as n — oo. Therefore,

0 < lim rel.freq g(W in X,) — Z lim rel.freq g(W,a) in X,) <0

that is
p(W) =" u(W, a).
The argument for a on the left side is analogous. Thus, the map pu(-) is indeed a measure.

Proposition 4.1 is proved.

Definition 4.2. We say that a map P :  — §Q is consistent if the following condition holds: for any
1 € M and any sequence of random words (X,,) — p the limit lim, ... (X,P) exists and is one and the

same for all sequences X,, — u.

Definition 4.3. Given any consistent map P : {2 — 2 and any u € M, we define P | that is the result
of application of P to p, as the measure (see Proposition 4.1, note also that it is unique according to

definition 4.2), to which (X, P) converges for all (X,) — u, and we call it limit of consistent operators.

Lemma 4.4. Let Py, P, :Q — € be consistent operators. Then their composition is also consistent.

Proof: Consider any sequence of random words (X,) converging to p. Then, the sequence of random
words @), = X, P, tends to puP; (following definition 4.3), hence @, P, tends to u P, Py. Lemma /4.4 is

proved.

14



5 Extension

Definition 5.1. For any € M and any P : ) — (2 we define extension of p under P as the limit

for any sequence of random words (X,,) — g if this limit exists and is one and the same for all sequences

(X,,) which tend to pu.

Informally speaking, extension of a measure p under operator P is that coefficient by which P

multiplies the length of a word approximating .

Lemma 5.2. Suppose that Py, P, :Q — Q) have extensions for all measures and Py is consistent. Then

their composition PP, also has extension for all measures and

A o Ext(,u|P1P2) = Ext(,u|P1) X EXt(,LLP1|P2)

Proof. Since we are assuming that P; is consistent, we have by definition 4.3 that X,,P, — uP;, as
n — oo for any sequence (X,,) of random words converging to p. Thus, since we are assuming that Ps

has extension for all measures, definition 5.1 implies that

Ext(uPy|Py) = lim — 1221
<t P2) = lim —pp=

for any sequence of random words (V,,) converging to pP;. Thus, since X, P, — puP;, as seen in the

beginning of the proof,

. B|X,PP|
Ext(uPy|P) = lim ——2- 12
xtphilFy) = lm —prep
Therefore
i EIX PR , E|X,P.P,| E|X,P|
m —— = . —
n—00 Ean‘ n—00 E’XnP1’ E‘Xn‘
E|X,P.P,| . FE|X,P
lim 1 Xn 1P X4 = Ext(uPy|Py) - Ext(u|P)).

oo BIX, Py neso B|X|

The above expression implies that the extension of p resulting from application of a composition PP,

exists and equals

EXt(MlPlpg) = Ext(,uP1|P2) X EXt(/,L’Pl)

15



Lemma 5.2 1s proved.

Now let us show that every measure in M has an extension under every SO and provide an explicit

expression for it.

Proposition 5.3. If (G % H) is a SO acting on random words, then the extension of any p € M under

this operator exists and equals

Ext(ul(G % H)) = 1+ p- (|H| — |G]) - n(G).

Proof: We know from lemma 3.2 that

E|X(G 5 H)| = E|X,| + p- (|H] = |G]) - Elfreq (G in X,,)].

Dividing the above expression by E|X,| yields

E|X,(G 5 H)| : EIX,| |G| +1
=1 H| —|G]) - rel.f G X,
E|Xn’ +p<| ‘ | D re I‘qu< m ) E|Xn’
Therefore
) E|lV.(G 2 H
tim S IL—p(1H]- 1G1) 1(6)

Proposition 5.3 is proved.

6 Basic SO Acting on Measures

Given a measure g and a triple (G, p, H), a generic SO acting on measures is also denoted by (G % H) ,
where G and H are words, G is self-avoiding and p € [0, 1]. Informally speaking, this operator
substitutes every entrance of the word G by the word H with a probability p or leaves it unchanged

with a probability 1 — p independently of states and fate of the other components.

Now we want to define a general SO acting on measures. However, it is too difficult to do it in a
straightforward way. Instead, we shall introduce several simple operators acting on random words, prove

their consistency and represent a general SO acting on random words as a composition of those operators.
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Recall the definition of consistent operators in definition 4.2. If both G and H are empty, our operator
(G 2 H ) leaves all measures unchanged by definition. Leaving this trivial case aside, we assume that at

least one of the words G and H is non-empty.

Let us define several small classes of operators acting on random words, which we call basic operators
and prove that all of them are consistent. In doing this we follow our previous setup of consistent operators

to define how they act on measures (see definition 4.3).

Basic operator 1: Conversion (g LA h) is the only linear operator in our list. For any two different
letters g, h € A, we define conversion from g to h as a map from € to €. The conversion operator
changes each occurrence of the letter ¢ into the letter h with probability p € [0, 1] or does not change it
with probability 1 — p independently of the states of the other occurrences. In various sciences a similar

transformation is often called substitution.

Lemma 6.1. The basic operator conversion is consistent.

Proof: Let (V},) be a sequence of words converging to . We know that the extension of this operator
equals 1, that is

Ext(u|(g = h)) = 1.

Therefore it is sufficient to verify that the following limit exists for all words W :

Elfreq (W in V,(g 5 h))]

n—oo | VTL | ’

since, from the expression of the extension of this operator, we have the identity

lim Elfreq (W in V(g% h))] — lim Elfreq (W in V,(g % h))] .

e BVa(g S )= W41 nee [Val

Indeed, denoting m = freq (g in V,,), it is easy to see that
freq (g in Vu(g = h)) ~ Bin(m, 1 - p),

whence

Elfreq (g in Vi(g 2 h)] = (1—p) freq(g in V},).
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This yields

. P .
h f g
i EHrea(y 11|fly‘|/n(g—> DL 2 ) tim req(‘cfvlr Vo)

= (1—p)-plg).

After similar calculations we obtain

Elfreq(h in V,(g % h))]

It is easy to see that

freq (b in Vi(g 2 h)) =freq(h in V,)+K,

where K ~ Bin(m,p) represents the number of copies of the letter g that turned into h, and m =

freq (g in V,,). Therefore
Elfreq (h in V,(g 2 h))] =freq(h in V)4 p-freq(g in V),

whence

. p . .
lim Elfreq (h in V,(g = h))] — lim freq (h in V) +p lim freq (g in V,) —u(h) + p- ().

For any letter e different from g and h

. P .
L Elfrea(e in V(gL h)] . freq(e in V)

= p(e).
Thus we define how this operator acts on i :

(g 2 h)(g) = lim Elfreq (g in Vi(g 5 h))]

n—oo | VTL | ’

w(g 2 h)(h) = lim Elfreq (h_in Vi(g 5 h))]
n—oe V2l

and

o — i Elfreq (e in V,(g 2 h))]
plg = h)(e) = lim A
Then, if we let F(glg) =1—p, F(h|lg) = p and F(h|h) = F(e|le) = 1, we have
ulg = h)(g) = Flglg)u(g) = (1= p)-ulg),

(g & h)(h) = F(h|h)u(h) + F(hlg)u(g) = pu(h) + p- u(g),



More generally, given a word W = (ay,...,ax), we have by similar calculations:

i Elrea (W in Vi(g 5 M) _ 3 (ﬁF(aiwi) xu(bl,...,bk)>,

n—00 Vn !
| | bi,...,bp e A \i=l
where )
1—p if b=g and a=y,
p if b=g and a=h,
F(alb) = 0 if b=g and a isneither g nor h,
1 if b#g and a=0,
0 if b#g and a#0.

Lemma 6.1 1s proved.

Now we can use consistency of this operator to define the conversion operator acting on any measure
p applied in any word W = (aq,...,ax):

(g 2 h)(W) = > (H F(ag|b;) x pu(by, .. .,bk)> .

by,...,bp € A \i=1

Basic operator 2: Insertion (A % h) . Insertion of a letter h ¢ A into a random word in the
alphabet A with a rate p € [0, 1] means that a letter A is inserted with probability p between every two
neighbor letters independently from other places. This term is used in molecular biology and computer

science with a similar meaning [15].

We already know that the extension of any g for this operator equals
Ext(pu|/(A 2 h)) =1+ p.

Lemma 6.2. The basic operator insertion is consistent.

Proof: Let (V},) be a sequence of words converging to some measure p. We need to prove the following

equation for any word W :

. p . p
. E[freq(me V(A = h))] _ 1 : lim Elfreq (W in V,(A = h))] . (10)
T BVAA SR - W1 Bxt(d(A 5 k) I

First let us prove that the limits in the left and right sides of (10) exist.
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Now, let a word W be in the alphabet A" = AU{h}. If W contains two consecutive appearances of

h, then Elfreq(W in V,(A 2 h))] =0, otherwise:

Elfreq (W in V,(A % h))] =

D freq(Win Vo(in, ... djven)) - p>0% - (1= p)/VnlHmss, (11)
ijE{O,l}
where V,,(i1,. .., i|Vn‘+1) is the word obtained from V,, after inserting the letter h in those positions where

t; = 1. Further, let M be the number of pairs of consecutive letters in W, both of which are not h. It is
clear that if . 4; <freq(h in W) orif [V,[+1->":i; <M, then freq(W in V,(i1,..., iy, 1)) =0.
Let also

R={zeN;freq(h in W) <z <|V,|+1-M},

W’ be the word obtained from W by deleting all the entrances of the letter h, and let f,(W) =

freq(h in W). Note also that

> freq(W in Vi(iy, ... i, 1)) = freq (W in V), (12)
1;€{0,1}
> ii=fh(W)

and, more generally, for 0 < k < |V, |+ 1— M — f,(W), we have

Z freq (W in V, (i1, ... 4y, 41)) = (|Vn| L ]kW a fh(W))freq(W’ in V,). (13)

i;€{0,1}
> 4= (W)+k

Now we can simplify the expression (11) to obtain

Elfreq (W in V,(A 2 h))]

= PP L= D treq(W in Vo(in, ... i) - p=i BTV (1 = p) Vel M
i;€{0,1}
Z]-ijER
= prM 1= )M freq(W in V,) x
[Val+1—M—fr, (W)

<|Vn| +1-—M — fh(W)> (1 = p) Va1 M=k (1)

k
k=0

— freq (W' in V) _pfreq(h in w) (1= p)M,
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Hence it is easy to conclude that both limits in (10) exist. Now the fact that these limits are equal comes

from the definition and existence of extension of this operator. Lemma 6.2 is proved.

Then we use consistency of this operator to define how operator (A 2, h) acts on any measure p. We

define the result of its application to an arbitrary word W by:

1 f ;
ADSh _ / req(h In W) 1— )M
(A = h)(W) Bt (A B ) n(W’) p (1—p)
1 fre i
_ ' qhinw) @ _ M
) p(W’) p (1—-p)

Basic operator 3: Deletion (g 2 A) . Deletion of a letter g € A with some probability p € [0,1)
in a random word means that each occurrence of ¢ disappears with probability p or remains unchanged
with probability 1 — p independently from the other occurrences. This term is also used in sciences with

a similar meaning [15]. The extension of any measure p under this operator is

Ext(p|(g = A) =1—p-p(g).

Lemma 6.3. The basic operator deletion is consistent.

Proof. Let (V) be a sequence of words converging to a measure p. We need to prove that for any word

w

lim Elfreq (W in V(g% A))] _ 1 lim Elfreq(W in V(g% A))]

n E|Va(g S A)| - (W1 Ext(u|(g > A)) > [Val

;o (14)

but first we need to prove that both limits in (14) exist. Let W = (aq, ..., a,,) be any word with |W|=m,

and N, =freq(g in V,,). Then from definition 2.10

Elfreq(W in V,(g 2 A))] = Z freq(W in Vy(ksjr, ... gw)) - o7+ (1= p)" 7k,
ks gis s gk

where V' (k;71,...,Jk) is the word obtained from V' by deletion of k letters g from positions ji, ..., jk .

Let M = freq (g in W) and note that if M > N,,, then E[freq (W in V,(g % A))] = 0. Fix some

k in {0,..., N, — M}, and note that the equations (12) and (13), written in the context of the deletion
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operator, provide the following equation:

Z freq(W in V,(k;j1,.--,7%))
Jis-- s Jk

_ Z (Nn—M—(n1+~~—|—nm+1)

fre "oa, 9" g A, g in V).
k— (e ) ) q((g™ a1, g g gt )

ny+Anmp1<k
Multiplying the above expression by p*-(1—p)™¥»~% summing over k and inverting the order of summation

on the right-hand side of the equation yields

No—M
Z Z freq (W in V,(k;ji,...,5%) - p" (1 = p)n=F
k=0 jla"'ajk

Nyp—M

- Z Z freq((gn17a17gn27"'JQnm7am7gnm+1) in Vn)

n1+"'+n7n+1SNn*M k:n1+"'+nm+1

N =M~ (1 4+ g .
% ( (n1 + +n +1)>_pk'(1_p)Nnk
(ni+- +nmy) — k

Np—M—(n14-+nm41)

= Z Z freq((gnl7al7gn27"'>gnm>amagnm+l) in Vn)

n1+“‘+nm+1§Nn_M ]:0

x (NTL - M — (nl-—i_ cee nerl)) . pn1+-~~+nm+1+j . (1 o p>Nn—j—(n1+“-+nm+1)‘
J

Then, we can use the previous equation to obtain that

Elfreq(W in V,(g LA A))]

Np—M
= (1=p™ > D freq(W in Vi(ksji,....Gw)) - o8- (L= p)NnhM
k=0 jla"'?jk

_ Z freq ((gm, abgm’ o ,gnm’ am,gnmﬂ) in Vn) ,pn1+---+nm+nm+1 . (1 . p)M
ni+-A+nm41 <Np—M

Ny =M —(ng+ -+ Nypya)
J

x 2

anMf(nlJr‘an-&-l) (
=0

) . p] . (1 _ p)NrL_M_j_(n1+"'+nm+l)

- Z freq ((gnlualu gn27 s 7gnm7 Qm, gnm+l) n Vn) ’ pn1+...+nm+nm+l ’ (1 - IO)M
nit A nm 1 <Np—M
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Therefore

Elfreq (W in V(g2 A))]
[Val

- Z freq ((gnlv ai, gn2’ s 7gnm7 A gan) in Vn) : p”1+~~.+nm+1 . (1 B p)M
V2l

ni+-+nm+41 <Nn—M

- freq <<gn1’ ai, gng’ <oy Ay, gnm+1) in Vn) ) pn1+~~~+nm+1 ’ (1 B p>M
= Z I{”l‘i’""i’nerlgNn*M} ’V ‘ )
Niyeey N1 =0 "

where I, is the indicator function of the set A; in the last identity the indicator function was used to
avoid dependence of n in the index of summation. Clearly, Iy 4. in i<y, — 1 (i.e. it converges to

the function, which is identically equal to 1). Also

freq ((gnlaala gn27 cee agnma Qs gnm+1) in Vn)

. ) < 1.
{n1++nm41<Np—M} |Vn| -
Since
Z pn1+-~~+nm+1 (1 - p)M <oo if p<1,
Ny ey Napy1 =0

we may conclude from the dominated convergence theorem that

Elfreq (W in V,(g > A))]

lim

n—oo Vol
. = freq ((in’ aty ..., Qm, gnm+1) in Vn) : pn1+-~~+nm+1 ’ (1 B p)M
- nh_,rgo Z Lns ot 1 <N Vo

N1y Nm+1=0

o0

| freq (g™, a1, .., G, g"") in V) - pritties (1 — p)M
SR DL SRS Vi

N1, ;Nm+4+1=0

= Z M(gn17a17 e Ay, gnm+l> ’ pn1+~~-+nm+1 ’ (]— - p)M

nl»“-,nm+1:0
Hence it is easy to conclude that both limits in (14) exist. In addition, we notice that the equality in (14)

follows from the definition of extension. Lemma 6.3 is proved.

Now let us use consistency of this operator to define how the operator (g 2 A) acts on an arbitrary
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measure [ :

= Do g an g, g (L )M

1
= ————— N ulg™an, . ap, gt ) e (1= )M

for all words W = (ay,...,an,) and M =freq(g in W).

Basic operator 4: Compression (G N h). Given a non-empty self-avoiding word G in an alphabet
A and a letter h ¢ A, compression from G to h is the following map from Q(A) to Q(A’), where
A= AU {h} and Q(A) is the set of random words on the alphabet A: each occurrence of the word G

is replaced by the letter h with probability 1. The extension of any measure g under this operator is
1
Ext(u|(G = h)) =1— (|G| = 1) - u(G).

Lemma 6.4. The basic operator compression is consistent.

Proof: Let (V},) be a sequence of words converging to . We need to prove that

. 1 . 1
. freq(me V(G = h)) _ 1 : fim freq (W in V,(G — h)) (15)
nmee V(G = h)| = W]+ 1 Ext(u|(G — h)) "7 V2l

Let us first prove that both limits in (15) exist. Let W be a word in the alphabet A". If there exist words
U and V, with |U| < |G| and |V| < |G|, satisfying freq (G in W) < freq (G in concat(U, W,V)),

then freq (W in V,,) = 0. Otherwise, notice that
freq(W in V,(G 5 h)) = freq(W' in V,) —freq(W in G)-freq(G in V,),

where W' is the word obtained from W by replacing every letter h by the word G. Then

lim freq (W in Vn(Gih)) i freq(W' in V,,) — freq(W in G) freq(G in V)
i = 1l

= p(W')—freq(W in G)-u(G).

Hence it is easy to see that both limits in (15) exist. Now the equation (15) follows from the definition of

extension. Lemma 6.4 is proved.
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Now we use consistency of this operator to define how operator (G =R h) acts on any measure f:

WG R = pW') —freq(W in G) -p(G) _ p(W') = freq(W in G) - u(G)

Ext(u|(G = h)) - 1—(|G] = 1) - u(G)

Basic operator 5: Decompression (g EN H). Given a non-empty self-avoiding word H in an
alphabet A and a letter g ¢ A, decompression of g to H is the following map from Q(A’) to Q(A),
where A" = AU {g} and, again, Q(A) is the set of random words on the alphabet A: every occurrence
of the letter ¢ is replaced by the word H with probability 1. The extension of any measure pu for this
operator is

Ext(ul(g = H)) = 1+ (|H| = 1) - u(g).

Lemma 6.5. The basic operator decompression is consistent.

Proof: Let (V,,) be a sequence of words converging to the measure . We need to prove that for any

word W

freq (W in Vn(gi>]—])) B 1 lim freq (W in Vn(g—1>H))

im > -
mmee V(g = H) = W[+ 1 Ext(pul(g — H)) "~ V2l

(16)

Let us first prove that the limit in the right side of (16) exists. First let us consider the decompression of
the letter ¢ into the word (hj,hy) with probability 1, where the letters h; and hy are different and do
not belong to the alphabet A. The extension for this operator equals 1+ u(g). Now let us compute the

following limit
lim freq (W in Vn(gi> (h1,h2))) _

n—oo Vol

Let W be a word in the alphabet A U {hy, ho}. We define a new word W’ as the concatenation

W' = concat(U, W, V) , where

h, if the first letter of W is hao, hy if the last letter of W is h;.
and V =

A otherwise A otherwise.

After that we turn each entrance of the word (hy, he) in W' into the letter g and denote the resulting

word by W”. (We may do it since the word (hy, hy) is self-avoiding.) Now, if W” contains any entrance
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of hy or hy it means that freq (W in V(g ER (h1,h2))) = 0, and therefore the above limit equals zero.

Otherwise,
freq (W in V(g = (h1, ho))) = freq (W in V),
and thus,
) 1 )
lim freq (W in ‘|/‘n/("q—> (hi, hs))) ~ lim freq(I/I’/‘”/ ’m Vi) (.

Therefore, if W contains any entrance of hy or hsy, we define pu(g EN (h1,hse)) = 0, otherwise, we define:

MW// B N(W”)

(g = (h1, ho))(W) = Ext(s|(g N (h1, hs))) 1+ pulg)

Now, we will define the decompression of a letter g into the word (hyq,...,hs) with probability 1,
where the letters hq,...,h; are all different from each other and do not belong to the alphabet A. Let
us then define how the operator (g EN (hi,...,hs)) acts on the measure p by induction in k. The case
k = 2 was treated above. Now, let us take k£ > 2 and a letter s not belonging to .A. Then for any word

W in the alphabet AU {hy,..., hy}
freq (W in Vo(g = (huy. .. b)) = freq (W in (Vu(g = (h1,8)))(s = (ha, ..., b)),

and then we can prove by induction that the following limits exist and the following equality holds:

_ freq (W in Vn(g—1> (hi,... he)))
Jn A N

- freq (W in V(g = (h1,8))(s = (ha, ..., h)))

Now it is easy to see that the limits in the equation (16) exist.

We will now use consistency of this operator to define how it acts on an arbitrary measure. Let V,, — p
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when n — oo and assume that hq,...,h, s do not belong to A. Then

Ext(ul(g = (hi,5))(s = (ha,... 1))
Vi(g = (hy,$)(s = (ha, ..., b))

= lim

e [Vl
_ o Walg = ()| + (1H] = 2)frea(s in Vilg = (. 5)))
—  lim V(g EN (h1,s))|+ (|H| — 2)freq (g in V)

S Vol
— lim |Vn|+(|H|—|3freq(g in V,)

= Ext(ul(g = (hi,... ).

After that, we define how the operator (g 35 (hi,...,hy)) acts on an arbitrary measure pu in the following

inductive way:
(g = (hey- o b)) = (g = (hay 8))(s = (hay ... hy)),

we can check this claim by noting that:

(g = (h1.8))(s = (ha, ..., b)) (W)

g Tred (W i Vi(g = (hu,))(s = (R, 1))
n=e Ext(ul(g = (b1, $))(s = (hay .- b))

_ lim freq (W in VT(g ER (hiy...,hi))
e EXt(M'(g - (hb SRR hk’)))

= u(g = (hy,... b)) (W).

This is a composition of the decompression from ¢ to (hi,s) and the decompression from s into

(hay ... ha) .

Finally, we can define the decompression operator acting on a measure p. It transforms a letter g
into an arbitrary word H = (si,...,S;) with no restrictions on letters si,...,s;. First, we use the
decompression from ¢ to a word (hq,...,h), where all the letters hy,..., h; are different from each
other and do not belong to the alphabet A. Further, we perform k conversions, each with probability 1,

from h; to s; forall i=1,...,k. Lemma 6.5 is proved.
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7 Compositions of Basic Operators

The main goal of this section is to give a general definition of SO (G 2 H ) acting on measures. We shall
do it by representing an arbitrary SO as a composition of several basic operators, which we have defined

in the previous section.

Theorem 7.1. Let (G 2 H), where G is self-avoiding, be a SO acting on words. Let also (G % A) and
(A LS H) be SO acting on words, where A is the empty word, s,q,h are different letters not belonging to

A, and p€[0,1] (and p <1 for the operator (G 2 A) ). Then, for any words V and W :

Elfreq (W in V(G2 H))] = Elfreq(W in V(G5 h)(hLs)(s = H)(h > Q) (17)
Elfreq (W in V(G2 A))] = Elfreq(W in V(G = g)(g 2 A)(g = G)), (18)

and
E[freq(W in V(A2 H))| = E[freq(W in V(A2 h)(h— H)) (19)

Also
E|V(G % H)| = E|V(G = h)(h % s)(s = H)(h = Q)| (20)
E|V(G % A)| = E[V(G = g)(g > Mg = G), (21)

and finally,

ElV(A S H)| = E|V(AS h)(h > H). (22)

Proof of theorem 7.1: Observe that for any word V', the distributions of the random words

1 1

V(GS H) and V(G5 h)(hDs)(s= H)(h=>G)

are one and the same. Therefore the mean frequency and the mean length are the same for both random

words. The same argument holds for the other cases. Theorem 7.1 is proved.

Now let us state several corollaries, which will allow us to define SO on measures.

Corollary 7.2. Let the SO



act on words. Here G is a self-avoiding word, s,g,h ¢ A, and p € [0,1] (and p < 1 for the operator
(G2 AN)). Then, for any words V, W

1 1

rel.freq g(W in V(G % H)) =rel.freq g(W in V(G 4 h)(h L s)(s = H)(h — Q)), (23)

relfreq (W in V(G % A)) =relfreq (W in V(G = g)(g > A)(g — G)), (24)

and

rel.freq g(W in V(A % H)) =relfreq g(W in V(A 2 h)(h 5 H)). (25)

Therefore, if (V,,) is a sequence of words, then

V(G5 H) converges <= V,o(G = h)(h -2 s)(s = H)(h 4 G) converges, (26)
V(G L A) converges <=V, (G = 9)(g 2 AN)(g RN G) converges (27)

and
Vo(A L H) converges <= V(A2 h)(h 5 H) converges. (28)

Proof: straightforward. Corollary 7.2 is proved.

To imitate an arbitrary operator (G L H ), where G, H are words in an alphabet A and G is
self-avoiding we first compress (with probability 1) each entrance of the word G into a letter h, which is
introduced especially for this purpose and does not belong to A . Then with probability p we turn each
letter h into a letter s # h which also does not belong to A. After that we decompress (with probability
1) the letter s into a word H and decompress the letter h into a word G'. We proceeded analogously to

imitate the other operators.

Corollary 7.3. For any words G, H, where G is self-avoiding, and any p € [0,1] (where p < 1 if

H = A), the operator (G % H) acting on words is consistent.

Proof: The identities (23), (24) and (25) yield that the SO is the composition of basic operators described
in the last section, and each basic operator is consistent. Thus, by lemma 4.4, their composition is also

consistent. Thus (G 2 H) is consistent. Corollary 7.3 is proved.

In view of the above corollary, we have the following definition:
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Definition 7.4. We define (G 2 H), that is the result of application of the operator (G2 H) to a

measure p € M (following definition 4.3) by

w(G L H) = lim V(G5 H)),

n—oo

where V), is a sequence converging to .

Corollary 7.5. Consider the operator (G LS H) acting on measures, where G is self-avoiding and

pel0,1] (p<1 if H=A). Then the following identities hold for any s,g,h & A:

Proof: It is a straightforward consequence of corollary 7.2. Corollary 7.5 is proved.

8 Segment-Preserving Operators

For any two measures p, v we denote by convex (u, ) their convex hull , that is
convex(u,v) = {kp+ (1 —k)r|0 <k <1}, (29)

Lemma 8.1. Let (V,,) and (W,) be sequences of words converging to measures p and v respectively.

Let the following limit exist

i Vel
n—oo ‘Vn| + |Wn‘

Then the sequence concat(V,,, W,) converges to the measure L -+ (1 —L)-v when n — co.

Proof: We clearly have |concat(V,,, W,)| = |V,| + |W,| and also

freq(W in V,) +freq(W in W,) < freq(W in concat(V,, W,))

< freq(W in V,) + freq(W in W,) + 1.
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Hence,

freq (W in V) freq(W in W,)

<rel.freq (W in concat(V,,W,)) <

Vil + [W2] Vil + [W2]
(freq(W in V,) freq (W in W,,) N W] ) Vol + W,
[Val + [Wa] Vil + [Wh] Val +Wal ) Vol + W = W]+ 1"
Therefore
Vol = W[ +1 . W, | — W]+ 1 ,
-rel.freq (W in V) + -rel.freq (W in W)
Vil + [Wh] [Val + [Wh]
< rel.freq (W in concat(V,, W,))
Vol = W] +1 . (Wal = W] +1 . W
-relfreq (W in V,) + -relfreq (W in W,)————
( Vil + [Wa] Vil + [Wa] [Val + [Wh]
Vil + Wi

Vol + (W] — W]+ 1

But
Vol = W] +1 . W, | — [W|+1 -
-rel.freq (W in V) + -rel.freq (W in W)
[Val + W] Vil + [Wa]
—L-py(W)+(1—=L)-v(W) as n— oo
and
L-ﬂ) as n — oo.
Vol =+ Wi
Also
Vil + [Wa]

—1 as n— oo.

Thus the left and right sides of the above inequality tend to L - (W) + (1 — L) - v(W). Then

lim rel.freq (W in concat(V,,W,))=L-p+(1—L)-v.

n—oo

That is, the sequence of words concat(V,,, W) converges to the measure Ly + (1 — L)v. Lemma 8.1 is

proved.

31



Lemma 8.2. Let (V,) be a sequence of words such that (V,,) — p and (k,) a sequence of natural

therefore positive) numbers. Then VF — 11 as n — oo.
p n Y

Proof follows immediately from the inequalities:
k, - freq (W in V) < freq(W in V) <k, -freq (W in V,) +k, - |W|
and from the fact that |V | = k,|V,|. Lemma 8.2 is proved.

Theorem 8.3. For any L € [0,1] and any measures . and v there is a sequence of words (V,) converging

to p and another sequence of words (W,) converging to v, such that concat(V,, W,) converges to

L-p+(1—-L)-v.

Proof: Take any sequences of words (V,,) and (W,,) such that (V,,) — p and (W,) — v as n — oo.
Then we construct a sequence of pairs (V,, W,), such that V,, — u, W, — v and |V,| = [W,|. Indeed,

let us consider

V, =V where t,=|W,| and Wn:W#", and  u, = |V,].

n

Then we get |V,| = V| - [W| = W] .

—~

Now we need to obtain a new sequence of pairs (\7n, /V[ZZ) , such that v, — w, W, — v and

~

concat(V,,W,) = L-pu+(1—L)-v.

To do so, let 7 >0 begivenas r=1/L—1,and r = +oo if L =0. Further, consider r,, > 0 a sequence
of positive rational numbers such that r, — r. Let us write r, in a more convenient way: r, = p,/qn,

where p,, ¢, > 0 are natural numbers. Then we take

—~

V, =V and W, = /V\V/ﬁ".

n

Noting that [V,| = ¢, - |V, ]/Wn| = Py |[Wa| and [V,| = |W,|. Thus V, = Vintan | W, = Wuntpn and
therefore, by lemma 8.2, ‘A/n — 4 and /Wn — v. We also get that

IV, 1 1
A~ —_~ — H
Vol + [Wal L+ pu/ 1+

Y
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and by lemma 8.1, we have that

~ 1 r
t(Va, Wh .
concat ( )_>1+7" M+1+r

cv=~Lu+ (1—- L.
Theorem 8.3 is proved.

The following definition gives us a useful property, which all SO have. This property is trivially satisfied

for linear operators, but is not true in general.

Definition 8.4. An operator P : M 4 — My, where A and B are alphabets, is called segment-preserving
if
Vu, v€ My X € convex(u, v) = AP € convex(uP, vP),
where convex(u, v) was defined in (29).
Theorem 8.5. Every SO (G 2, H) is segment-preserving and

(Lop+(1=0)-0)(G S H) =L (@5 H)+(1-L)- 0G5 H)

for any measures p, v, where

P L - BExt(u|(G % H)) '
L-BExt(u|/(G % H)) + (1 - L) -Ext(v|(G & H))

(30)

Proof: The proof will be done by first obtaining a similar result for words, then going to the limit and
finally proving it for measures. The key tool is theorem 8.3. Let L € (0,1). Due to theorem 8.3 we can

take two sequences of words (V},) and (W,) converging to u and v, respectively, such that
concat(V,,W,) = L-p+(1—-L)-v, as n— oo.
We want to show that the SO (G % H) satisfies this:
(L-p+(1—=L)-»)(GEH) =L (G H) +(1-L) v(G2 H).
Let us choose any word W . Then
Elfreq (W in V,(G % H))| + Elfreq (W in W,(G % H))] <
Elfreq (W in concat(V,, W,)(G & H))] <
Elfreq (W in V,(G % H))| + Elfreq(W in W,(G 2 H))] +1.
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Note that
1 n—oo

— 0.
E|concat(V,, W,)(G & H)|

Therefore, to prove the convergence of the sequence of the words concat(V,, W, )(G 2 H), it is

sufficient to look at the limit values of

Elfreq (W _in Vo(G % H))] + Elfreq (W in W,(G = H))]
E|concat(V,,, W,)(G 2 H)| '

Notice further that

E|concat(V,,, W,)(G 2 H)| = |V,| +|Wa|+ p(|H| = |G|) - freq (G in concat(V,,, W},))

and furthermore that

freq (G in V,)+freq(G in W,) < freq(G in concat(V,,W,))

< freq(G in V,)+freq(G in W,)+ 1L

Due to the analogies between several parts of our argument, we will examine in detail only some cases and
omit the others since they are analogous to those studied below. We want to sandwich the middle part of

(31) between two values, say a, and b, , which we shall choose in an appropriate way:

Elfreq(W in V,(G 2 H))] + Elfreq (W in W,(G % H))]
E|concat(V,, W,)(G 2 H)|

Qp

< b,. (31)

First let us care about the right inequality in (31). To choose appropriate values of b, we use the following

inequalities:

Elfreq(W_in V,(G 5 H))] + Elfreq(W_in W, (G 5 H))]
E|concat(V,,, W,)(G 2 H)|

Elfreq (W in V,(G % H))] + E[freq(W in W, (G % H))]
\Vou| + |Wal + p(|H| — |G]) freq (G in concat(V,, W,))

Elfreq (W in V,(G % H))] + E[freq(W in W,(G % H))]
= Vul+ (Wl + p(|H| = |G]) - (freq (G in V,) + freq (G in W,,))
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These inequalities suggest us to choose

_ Elfreq(W in V(G L H))] + Elfreq (W in W, (G % H))]
Vol + Wl + p(|H| — |G|) - (freq (G in V,) + freq (G in W,,))

b, (32)

It is evident that with these b, the right inequality (31) holds. Analogously we can choose a, to satisfy

the left inequality in (31).

Now let us check the limiting behavior of b,. We begin by checking the limiting behavior of the

following quantity:

Elfreq (W in V,(G % H))]
Vol + Wal + p(lH] = |G]) - (freq (G in V,,) + freq (G in Wy)) -

The limit behavior of the other part included in b, is obtained by simply replacing each entry of V,, by
W, , and each entry of W, by V,, in the above expression. Therefore for the second case we will just give

the resulting expression. Thus, we begin with:

Elfreq (W in V,(G % H))]
Vol + [Wal + p(|H| = |G])(freq (G in V;,) + freq (G in W)

= [V x S, X M,
Vol + Wl + p(|H| — |G])(freq (G in V},) + freq (G in W,,))

— Vol + [Wol x L, xS, x M,
Vol + Wl + p(|H| = |G])(freq (G in V) + freq (G in W,)) = " 7" v

where

[Val

Ly=——mt [,
(IVal + W)
p
5, = EWlG=H) - poiie 2 )
[Val
: P
M, — Elfreq (W in ‘Zn(GHH))] WG W),
E\V,(G = H)|
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Going on, we have

[Vo| + W]
\Val + W + p(|H| — |G])(freq (G in V;,) + freq (G in W,,))

X L, xS, x M,

B L, S, M,
B f in v, f I n
Ly [1+ p(1H| = |G LIV (1= 1) [1 4 p(|H] — |Gy LA T Mol
n—o0 L-Ext(u/(G5 H
L-Ext(u)(G—= H))+ (1—-L) Ext(v|(G- H))
By means of the analogous calculations, one can obtain:
Elfreq (W in W, (G % H))]
Vol + Wl + p(|H| — |G])(freq (G in V) + freq (G in W,,))
P
n—o (lp L) - Ext(v|(G = H)) i V(G D H)(W).
L-Ext(u|(G = H))+ (1 —L)-Ext(v|(G = H))
Thus we have obtained the limiting behavior of b, in the equation (32):
oo L-E % H

L-BExt(u|(G 2 H))+ (1 - L) BExt(v|(G 2 H))

(1—L)-Ext(v|(G 2 H))
L-Ext(u|(G % H)) + (1 - L) - Ext(v|(G & H))

Analogously, it is possible to find a sequence (a,) satisfying equation (31) such that it has the same limit

as (by), that is

0, " L - Ext(ul(G = H)) (G HYW)
L-BExt(u|/(G % H))+ (1 - L) -Ext(v|(G & H))

(1— L) Ext(v|(G 5 H))
L-Ext(u/(G % H))+ (1 - L) Ext(v|(G % H))

For instance, we may choose

Elfreq (W in V,(G 2 H))] + Elfreq (W in W,(G % H))]
Vol + Wl + p(|H| — |G|)(freq (G in V) + freq (G in W,,) +|G|)

A, =
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We conclude that

n—oo

concat(V,,, W,)(G & H) =3

L-Ext(u|(G 5 H))

> 7 x u(G 2, H)
L-Ext(u|(G % H))+ (1 - L) - Ext(v|(G % H))

N (1—L)-Ext(v|(G % H))
L-Ext(u|/(G % H)) + (1 - L) - Ext(v|(G & H))

x v(G % H).

Thus, applying theorem 8.3, since concat(V,,, W,,) — L-u+ (1 — L) - v, we obtain

(Lop+(1—L) v)(GHH) = L-p(G5 H)+(1-L) v(G*5 H),

for all L € (0,1), where L was defined in (30). Theorem 8.5 is proved.

9 Continuity and Invariant Measures

For any M’ C M we say that an operator P : M’ — M’ is continuous if whenever a sequence p, € M’
tends to A € M’ (in the weak topology, i.e., convergence separately on every word), the sequence p, P

tends to AP (the well-known sequential continuity).

Definition 9.1. A measure p is called invariant for an operator P if uP = pu.

The article [13] indicated the following corollary of the well-known fixed point theorems:
Theorem 9.2. For any non-empty compact conver M’ C M any continuous operator P : M’ — M’
has an invariant measure.

We now state a general result about continuity of consistent operators.

Theorem 9.3. Let P : ) — Q be a consistent operator. Given any non-empty compact convex M’ C M.,
let P: M — M be the limit operator defined on measures (see definition 4.3). Then P (defined on

measures) is continuous.
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Proof: Let 1 be a measure in M’ and let (u,) be a sequence of measures in M’ converging to .

Then p,(W) — (W) as n — oo for every word W .

Let (V,,) be a sequence of words converging to i, as k — oo. We claim that the sequence (V},)

converges to pu as k — oo. Let € > 0 be any positive number. We can choose k such that
Imeas" s (W) — u(W)| < /2 and  |up(W) — u(W)| < /2.

Then

[meas”x (W) — u(W)| < [meas”s (W) — pup(W)] + s (W) — u(W)] < e.

Hence (Vj,) converges to p as k — oco.

Now, since P is consistent (see definition 4.2), we have V,, P — u,P as k — oo and Vj, P — pP as

k — oo . Therefore for any fixed € > 0 and large enough k we have
| P(W) — meas"s " (W)| < e/2 and |pP(W) — measVs"(W)| < /2.
Therefore
1k P(W) = pP(W)] < | P(W) — meas"s " (W)| + [uP(W) — meas"s " (W)] < e.
Theorem 9.3 is proved.

Now we note that M is convex and compact and apply theorem 9.2 to conclude the following:
Corollary 9.4. Let P: M’ — M’ be the limit of consistent operators (see definition 4.3), where M’ is
a closed and convex subset of M. Then P has at least one invariant measure.

Proof: Since M’ is closed and M is compact, M’ also is compact. Further, by theorem 9.3, the
operator P is continuous, threfore by theorem 9.2 P has an invariant measure. Corollary 9.4 is proved.

The next corollary applies these results to SO:

Corollary 9.5. Every SO (G % H) (where p < 1 if H = A) is continuous and has an invariant

measure.
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Proof: Take any (G % H). By corollary 7.3, it is consistent. Therefore by theorem 9.3, it is

continuous. Then, by corollary 9.4, (G % H) has an invariant measure. Corollary 9.5 is proved.

Remark 9.6. We note that in [13], the proof of continuity of the SO is different from ours, since it proves
that the basic operators are quasi-local and therefore continuous, and further, that any composition of

continuous operators is continuous.

10 A Large Class of Substitution Processes

We now introduce a large class of stochastic processes which contains as particular cases, for instance, the

process defined in [12]. For all these processes we prove existence of at least one invariant measure.

Definition 10.1. Let € M and let (G 2 H) (where p < 1 if H = A) be a SO. We define the discrete

substitution process (u,) starting at p, by
(W) = w(G & HY"(W)  for every word W.

Definition 10.2. Let v € M, and P,..., P; be a finite sequence of SO. Then we define the generalized

discrete substitution process (vy), where vy = v, as follows:

(W) =v(PPy--- P;)" (W) for every word W.

It is easy to see that the process defined in [12] is a special case of our generalized discrete substitution
process, and further, that the substitution process itself is a special case of the generalized substitution

process.

We will now apply the results of the last section to these processes. In fact, we will apply them to an

even more general class of processes, which we will call the consistent processes and define them as follows:

Definition 10.3. Let P : M’ — M’ be the limit of consistent operators (see definition 4.3 for the
definition of limit of consistent operators), and let p be a measure in M’. Then we say that (u,) is a

consistent process starting at g if
pn (W) = pP"(W) for all words W.
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Since every SO is consistent (see corollary 7.3), and a composition of several consistent operators is

also consistent, the generalized discrete substitution process is consistent.

Theorem 10.4. Let P: M’ — M’ be the limit of consistent operators (see definition 4.3), where M’ is

a convex and closed subset of M . Then P has an invariant measure.

Proof: a straightforward application of corollary 9.4. Theorem 10.4 s proved.

Remark 10.5. Since any generalized discrete substitution process is a special case of consistent processes,

every generalized discrete substitution process has at least one invariant measure.

Theorem 10.6. Let us consider a generalized discrete substitution process v, = vy P"™, where P =
PPy --- P as in definition 10.2. Let S C A% be some subset of the o -algebra A% . Then, if v,(c) <
d (respectivelly v,(c) > ¢ ) for all ¢ € S, then P has an invariant measure p such that u(c) < o

(respectivelly p(c) > ¢) for every c € S, where §, € >0 are some positive constants.

Proof: Let M’ denote the closure in M of the convex hull of the measures vy, vq,.... Therefore
M’ is a non-empty convex closed subset of M. Since M is compact, M’ is also compact. We now
apply corollary 9.5 to note that P is continuous. Further, the continuity together with theorem 8.5 yields
that if 7 € M’ then 7P also belongs to M’. Therefore, by theorem 9.2 the operator P has an invariant
measure g in M’. Since for every n and every ¢ € S, v,(c) < ¢ (respectivelly v,(c) > ¢), a simple
calculation shows that for every 7 € M’ and every ¢ € S we have 7(c¢) < (respectivelly 7(c) > ¢).
Therefore the invariant measure p satisfies p(c) < (respectivelly u(c) > €) for every ¢ € S. Theorem

10.6 is proved.

11 Application to Toom’s Process

We now consider the process studied in [12], which is a special case of the generalized substitution process
defined in section 10. In this case our alphabet is A = {®,©}, whose elements are called plus and
minus. We consider two specific operators: flip denoted by Flip 3 and annihilation denoted by Ann, .

Flip 5 is a special case of the basic operator which we called conversion (see section 6). More precisely,
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Flips is (© LA @®) , which turns every minus into plus with probability [ independently from the fate
of other components. Ann, is ((®,0) = A) , which makes every entrance of the self-avoiding word
(@, ©) disappear with probability o < 1 independently from fates of the other components. We therefore
consider the sequence of measures

Hn = 56(thﬁAnna)n> (33)

where ¢y is the measure concentrated in the configuration, all of whose components are zeros. [12, 8] have

proved the following:

Theorem 11.1. For all 3 € [0,1] and « € (0,1) the relative frequency of pluses in the measure p, does

not exceed 250 - 3/a? for all n.

Now, based on these results, we can prove more:

Theorem 11.2. For all § € [0, 1] and « € (0, 1) the operator FlipgAnn, has an invariant measure,

whose relative frequency of pluses does not exceed 250 - 3/a? .

Proof: We may use theorem 10.6 with S = {&} and § = 250 - 3/a? since by theorem 11.1
(D) < 250 - B/a* for all n.
Therefore, by theorem 10.6 the operator FlipgAnn, has an invariant measure v such that
v(®) < 250 - B/a’.
Theorem 11.2 is proved.

Corollary 11.3. For 8 < a?/250, the process (33) has at least two different invariant measures.
Proof: On one hand the measure d5 concentrated in “all pluses” is invariant for the operator Flip 5
Ann, . On the other hand, by theorem 11.2 above, this operator has an invariant measure, in which the

relative frequency of pluses does not exceed 250 - 3/a?. Thus, with appropriate o and 3 this operator

has at least two different invariant measures. Corollary 11.3 is proved.
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