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ABSTRACT

We develop a new approach to random walks on de Bruijn graphs over the al-
phabet A through right congruences on AF, defined using the natural right action
of AT. A major role is played by special right congruences, which correspond to
semaphore codes and allow an easier computation of the hitting time. We show how
right congruences can be approximated by special right congruences and proceed
to discuss the profinite case, by letting £ tend to infinity, by considering the delay
pseudovariety of finite semigroups.

1 Introduction

In graph theory, a k-dimensional de Bruijn graph over the alphabet A is a directed graph representing
overlaps between sequences of symbols [9, 10]. The de Bruijn graph has |A|* vertices, given by
all words of length k in the alphabet A. There is an edge from vertex ai...a; € A* to vertex
as ...apa € AF for every a € A. An important question for cryptography and networking is that of
de Bruijn sequences. A de Bruijn sequence is a cyclic word of length |A|¥ such that every possible
word of length k over the alphabet A appears once and exactly once (see [16] for a review on de
Bruijn sequences). Obviously, a de Bruijn sequence corresponds to a Eulerian path in the de Bruijn
graph.

Here we are interested in random walks on the de Bruijn graph I'. To an edge v — w in " we
associate a probability 0 < 7(a) < 1, satisfying ), 4 7(a) = 1. This gives rise to the de Bruijn—
Bernoulli process (see for example [5, 2]): if we are at vertex v at a given time, then with probability
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7(a) we go to vertex w where v —— w is an edge in I'. The transition matriz T = (Tow) v we Ak
encodes the transition probabilities, that is, 7, = m(a) if v -2y w. Given a random walk, an
important question is to determine the stationary distribution, which intuitively is the state that is
reached after taking many steps in the random walk. Mathematically, the stationary distribution
is the vector I such that IT = I. In other words, I is the left eigenvector of T with eigenvalue
one. In the case of the de Bruijn-Bernoulli random walk, the stationary distribution I € A" is

multiplicative [5]
I= (H 71-(a)>w€Ak'

We can reformulate the random walk on the de Bruijn graph in algebraic terms. Namely, let us
define the right action of A on AF by

a...ag.a=az...ara

foraj ...ar € A¥ and a € A. This induces the action of the semigroup F(|A], k) := AlUA?U- - -UAF =
ASF of all words in A of length 1,2,.. .,k with the multiplication - being concatenation and taking
the last k letters if the length is bigger than k. For example, if A = {a,b} and k = 3, we have
ab - ba = bba in F(2,3). In this formulation, it is clear that the walk in j steps given by a;---qa;
acts as a constant map (i.e., is independent of the initial vertex) if and only if j = k. We call such
elements resets.

Random walks on de Bruijn graphs are a “classical” subject. However, in applications it is right
congruences' [1, 14, 15, 19] on A* (denoted by RC(A¥)) under the faithful action of F(|A|, k) and
the associated random walks on their congruence classes that are important. Intuitively, these are
the finite semigroups for which any product of k elements act like constant maps on A, but because
of the right congruence some products of length less than k might be constant. Right congruences
are a standard idea in finite state machines or finite automata theory [18]. In finite state machines,
they are used in passing to the unique minimal automata doing the same computation. For example,
assume one has a stream of data (e.g. chemical data on waste water being emptied into a river).
Assume that there exist a positive integer k, so that only the k most recent symbols of data matter.
Then there is a function f: A¥ — D, where D is the data set. The function could be of the form
f(ay,...,ax) is ok or not ok (that is, D is a two element set) depending on whether this recent k
long data meets EPA standards. Then the function f gives an equivalence relation ~ on A* given
by s ~ t if and only if f(s) = f(¢). In addition, there is a unique maximal refinement of ~ which
is a right congruence (that is, the best lower approximation by a right congruence) R, namely sRt
for s,t € A¥ if and only if for all strings u € A* we have s.u ~ t.u or equivalently f(su) = f(tu).
Here . is the multiplication in F(|A|, k). Then (A*/R, F(JA|,k)) can compute the function f since
f factors through the R classes (take u to be 1). See [18] for more details.

Consider the right congruence in RC(A3%) with A = {a, b} defined by the congruence classes

{aaa, baa, aba}, {bba}, {aab, bab}, {abb}, {bbb}. (1.1)

It is not hard to check that if w,v € A3 are in the same congruence class, then w - z and v - 2

! An equivalence relation is a right congruence if it preserves the right action of a semigroup. See Definition 2.2 for
more details.
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Figure 1.1: The transition graph for the congruence of Equation (1.1).

for z € F(2,3) are also in the same congruence class, proving that (1.1) is indeed in RC(A3%). The
transition graph is given in Figure 1.1 and the transition matrix of the associated random walk is

w(a) 0 =) 0 0
m(a) 0 w(b) 0 0
T=|n(a) 0 0 =) O
0 w(a) 0 0 =(b)
0 m(a) 0 0 =(b)

By lumping [12, 13], we can obtain the stationary distribution for 7 from the stationary distribu-
tion of the de Bruijn—Bernoulli stationary distribution by adding the product distributions for each
member of a congruence class. In our example

I = (n(a)® +2m(a)*n(b), w(a)m(b)?, m(a)?m (b) + m(a)m(b)*, m(a)m(b)®, m(b)*)
= (7(a)® +7(a)*(b), 7(a)m(b)*, w(a)m(b), m(a)m(b)*, 7(b)°),

where for the second line we used that 7(a) 4+ 7(b) = 1.

Recall that all elements in F(|A|,k) of length k are constant maps. We are interested in the
probability that an element of length 1 < ¢ < k is a constant map when F(|A|, k) acts on right
congruences. This is intuitively related to the hitting time (or waiting time) to constant map. As
we will show in Section 6, there is a lattice structure imposed on the set of right congruences with
partial order being inclusion. It turns out that we can approximate right congruences by special
right congruences as introduced in Section 7 using certain meets and joins in this lattice. Special
right congruences in turn are associated to semaphore codes as defined in Section 4, on which it is
easy to compute the hitting time (see Section 8). The hitting time of the approximation (given by a
semaphore code) and the right congruence turn out to be the same, and the approximation is finer
than the right congruence. The stationary distributions of the two are simply related by “lumping”.
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Let us now turn our attention to semaphore codes. For a fixed alphabet A, which we assume
to be a finite non-empty set, denote by AT the set of all strings a;...ay of length £ > 1 over A
with multiplication given by concatenation. Thus (AT, A) is the free semigroup with generators A
(since every semigroup (S, ) generated by a subset A C S is a surmorphism of (A1, A) by mapping
aj...ag—ay-as-...-ap € S). Furthermore, let A* = AT U {1}, so that A* is AT with the identity
added; it is the free monoid generated by A. The semigroup A™ has three orders: “is a suffix”, “is
a prefix”, and “is a factor”. In particular, for u,v € A"

uisasuffixof v <= Jw e A* such that wu = v,
u is a prefix of v <= Jw € A" such that vw = v,

u is a factor of v <= Jwy,ws € A" such that wiuwy = v.

A suffiz code C of At (or over A) is a subset C C AT so that all elements in C' are pairwise
incomparable in the suffix order [6].

A semaphore code [6] is a suffix code S over A for which there is a right action in the following
sense:

Ifue SC AT and a € A, then ua has a suffix in S (and hence a unique suffix of ua). (12)
The right action w.a is the suffix of ua that is in S. '

(The dual concept of prefix codes and left actions is often used in the literature, see for example [6]).
For example, S = {ba’ | j > 0} =: ba* is a semaphore code with right action

bal.a = bal ! and ba’.b = b.

In practice, to check whether a suffix code is a semaphore code one merely needs to check the first
line of (1.2). For example, C' = {a, bb} is a suffix code, but a.b has no suffix in C, so that C is not a
semaphore code.

Semaphore codes over A are inherently related to ideals of A*. A subset I C AT is an ideal if
wlv C I for all u,v € A*. Similarly, L C A7 is a left ideal if uL. C L for all u € A*. In this setting,
suffix codes over A are precisely the suffix minimal elements of a left ideal L.

Now given an ideal I C AT we construct a semaphore code as follows. Given u = a;...aza; € AT,
check whether w is in I. If u & I, ignore u. If u € I, we find the (necessarily unique) index 1 < ¢ < j
such that a;_1...a1 € I, but a;...a; € I. Then q;...a; is a code word and the set of all such words
forms the semaphore code S =: I3y, as can be readily verified. It is easy to show that

I+— 15

is a bijection between ideals I C AT and semaphore codes over A, see Proposition 4.3. Hence
semaphore codes are precisely the suffix minimal elements of an ideal I C A™. Since ideals are
ubiquitous in mathematics, so are semaphore codes!

As mentioned earlier, the set of right congruences RC(AF) is a finite lattice under the inclusion
order on the congruence classes, where the meet is given by intersection. We prove that RC(A) is
semimodular, but not modular in general, and thus satisfies the Jordan—Dedekind condition that all
maximal chains are of the same length. Also for |[A| > 2 and k > 2, RC(A*) is not generated by its
atoms. See Section 6 for more details.



Denote by Sem(A*) the set of semaphore codes coming from ideals I 2 A*. This means that all
codewords of Sem(A*) have length less than or equal to k (so the code is finite) and every member
of A* has a suffix in the code. Starting with a semaphore code S and restricting the codewords
of S to those of length < k, might not yield a finite semaphore code. But it is always possible to
add codewords of length k to this length restricted semaphore code to obtain Sj, € Sem(A¥). This
process of adding codewords of length & which have no suffix in the restricted words is unique. For
example, we have seen that S = ba* is a semaphore code. If we take k = 3, we obtain {b,ba,ba’}.
However, aaa has no suffix in this set, so it needs to be added to obtain the restricted semaphore
code S3 = {b,ba,baa,aaa}. In Section 12 we will see that if S is a semaphore code, then the finite
semaphore code Si converges to S in some precise sense.

Now each semaphore code S € Sem(A*) gives a right congruence p € RC(AF) as follows:

For two strings u,v € A¥, we say u ~g v if v and v have a common suffix in S. (1.3)
It is not too hard to verify that ~g defines a right congruence on A*. For example, for A = {a, b}
S = {aa, ab, aba, bba, abb, bbb} € Semgz(A)
yields the right congruence in RC(A?%)
{aaa,baa}, {aab, bab}, {aba}, {bba}, {abb}, {bbb}. (1.4)

We denote all elements of RC(AF) that arise from semaphore codes in Sem(A*) by SRC(AF), the
special right congruences of RC(A¥). We prove in Section 7 that SRC(A¥) is a full (meaning that
top and bottom agree) sublattice of RC(AF), so that each element p € RC(A*) has a unique largest
lower (finer) approzimation denoted by p, namely p is the join of all elements in SRC(A*) contained
in p. We will also prove in Section 7, and the reader can verify this, that the right congruence
in (1.1) is not a special right congruence, but the special right congruence in (1.4) is the unique lower
approximation.

As for the de Bruijn graphs, we have random walks on semaphore codes since there is a right
action of a semigroup on semaphore codes. If S is a semaphore code over the alphabet A and
7: A — [0, 1] is any probability distribution on A, namely > . 4 7(a) = 1, then [6, Proposition 3.5.1]

Z m(s) =1,

ses

where 7(s) = m(ay)---m(ag) if s = ay ...ap. This means in particular that S is a mazimal code with
respect to inclusion.

We can now construct a random walk with state space given by the code words in S using the right
action given in (1.2). Defining the |S| x |S| monomial matrix 7 (a) for each a € A by T (a)ssq =1
and 0 otherwise for all s € S, we obtain the transition matrix as

T = Z m(a)T (a).
acA

We prove in Theorem 8.1 that the stationary distribution I of T is given by I = (7(s))ses. Further-
more, the probability that a word of length ¢ is a reset (or constant map) is

P(t)= ) m(s),
Zfse)if



see Theorem 8.2. This probability is related to the hitting time to reset. For example, for the
semaphore code S = ba*, all words w are resets unless w = a’. The probability that a string of
length 3 is a reset is P(3) = m(b) + m(b)7(a) + 7(b)7(a)? = 1 —w(a)®. For more details see Section 8.

We are now able to give a more direct construction of the special right congruence p for p €
RC(A¥), the best lower approximation of p in SRC(A¥). Define

Res(p) = {w € AT | w is a reset on A*/p}.

Then we prove that Res(p) is an ideal of A¥ C A% and the special right congruence associated
to the semaphore code given by this ideal is p. An immediate consequence is that p and p have
the same hitting time to reset, but in general_different stationary distributions. In general,_ p has
more congruence classes than p, so the stationary distributions cannot be the same. Note that both
distributions are determined by lumping from the product distribution of the de Bruijn random
walk on AF. In applications a metric is placed on all distributions of RC(A*). Then the probability
distribution 7 on A is chosen such that the distance between I, and I, is minimal. This is called the
principle of choosing a “correct” or “good” probability distribution 7 on A.

The paper is organized as follows. In Section 2 we provide the algebraic background of the
semigroups related to right congruences. The precise definition of resets is given in Section 3.
Semaphore codes are introduced in Section 4. In Sections 5 right congruence and their properties are
studied, in particular the lattice structure in Section 6. Special right congruences are the subject of
Section 7. Random walks on semaphore codes are studied in Section 8. In Sections 9-12 we generalize
our results by limiting & and going to profinite limits.
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2 Algebraic foundations

2.1 Elliptic maps on rooted trees

Elliptic maps on finite trees were considered by Rhodes and Silva [17, 20]. A tree is a connected
graph that does not contain a closed walk in which all vertices are distinct. A leaf of a tree is a
vertex of degree 1, that is, a vertex that connects to exactly one edge. A rooted tree is a tree in which
a particular node is designated as the root. In this case, if a vertex u is on the path from the root
to another vertex v, we say that u is an ancestor of v, or equivalently, that v is a descendant of u. If
u and v are adjacent, we say that u is the parent of v, which is the child of w.

Given a rooted tree T', we denote by Vert(T') the set of vertices of T'. The distance between two
vertices is the minimum number of edges in a path between them. An elliptic map on T is a mapping
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Figure 2.1: Rooted tree 7'(2, 3).

r
To 0

U v
U1 V9 2 1

Vo2 V21 V11 V1
Vi1 V12 Vi3 V21 U2 V23 3
V23 V12
Figure 2.2: Elliptic map ¢: Vert(T) — Vert(T') on T := T'(2,3) which maps rg — rp, v1 — vg,
V2 > U1, V11 2 V21, V12 > V21, V13 F> V23, V21 F> V12, V22 F> V11, V23 F V11.

Vert(T') — Vert(T') preserving adjacency and distance to the root. Equivalently, an elliptic map on
T is a contraction (decreases distances between vertices) while preserving distance to the root, or a
mapping fixing the root and preserving parenthood. We shall write functions on the right since we
will deal with right actions and compositions. Elliptic maps on a fixed rooted tree form a monoid
under composition.

Let T := T'(no,...,ny) be a uniformly branching rooted tree, where all leaves are at distance
N + 1 from the root 7y and each vertex at distance (or level) k from the root has nj children for
k=0,...,N. An example of a uniformly branching rooted tree is given in Figure 2.1. An example

of an elliptic map on this tree is given in Figure 2.2.

There is another way to represent an elliptic map ¢ using component actions. Namely, a given
vertex v € Vert(T') at level k is completely specified by the unique path rg — w; — -+ = wp = v
from the root. Since elliptic maps preserve parenthood, the image of this path under the elliptic map
ro — (w1)p — -+ = (wg)p = (v)p is again a path, this time from ry to (v)¢. Hence ¢ can be defined
recursively: given the map from path rg — w; — -+ — wg_1 to 79 = (w1)p — -+ = (Wk_1)p, we
can define a map s,, from the children of w := wy_; to the children of (wi_1)p. The map s,, is called
the component action at vertex w. Graphically, we place s,, on the vertex w for every vertex w that
is not a leaf. See Figure 2.4. The elliptic map of Figure 2.2 is written using component actions in
Figure 2.3.

As mentioned before, the product of elliptic maps is composition, which is another elliptic map.
We can formulate this in terms of the component actions. Let ¢ and 1 be elliptic maps on the same
rooted tree T with component action s, and t, at vertex v € Vert(T) that is not a leaf, respectively.
Then the component action of p o1 at vertex v is syt(y)s, , where w is the parent of v. An example
is given in Figure 2.5.

Note that a child v of a vertex w can be uniquely specified by the edge e that leads to it.
Hence the path rg = wg = wy — --- = wg = v from g to v can alternatively be encoded by a
sequence ey — e; — --- — ep_1 of edges, where e; is the edge from vertex w; to w;11. For us,
it will be convenient to keep track of the edges by labelling the n, edges leaving a given vertex
at level 0 < ¢ < N bijectively with elements from a set X, with |X,| = ny. The result is a
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Figure 2.3: Elliptic map of Figure 2.2 written with component actions: s,, is the map v; — vy,
Vg > U1, Sy, 1S the map vi1 — vo1, V12 > V21, V13 — V23, and Sy, is the map vy — via, V22 > V11,
V93 > V11.

Figure 2.4: Component action at vertex w of an elliptic map on 7'(2,3,3). The component action
Sy is a map on the children of w, namely on {v1, v, v3}, and maps into the children of the image of
w under the elliptic map.

labelled rooted tree. See Figure 2.6 for an example. Note that there are lots of ways to label a
rooted tree. Labelling the rooted tree is equivalent to specifying a coordinate system. Omnce the
labelling L of T is fixed, a sequence ey — e; — -+ — er_1 of edges is determined by an element
(xo,xl,...,a:k_l) € Xox Xy X+ xXp_1.

Given a rooted tree T'(ng,...,ny) with labels in X = Xy x --- x Xy, elliptic maps can now
be expressed using the labels giving rise to the wreath product. The component action at level k
is described by a semigroup Sy acting faithfully on the right on Xy, denoted (Xg,Syk). Then the
wreath product (Xg, Sp) oo (Xn,Sn) is (X,S), where S is the semigroup with component action
at level k in (X, Si). More precisely, Il = (Ilg, ..., IIy) € S if [Ty € Sy, I11: Xg — S1, and generally
Iy: Xog X -+ X X1 = Sg for 1 <k <N, so that for (zg,...,zn) € X

(zos -, zn)II = <330-H0,331-(330)H175172-(3307331)1_[27---afEN-(xO,---,xN—l)HN) - (2.1)
The semigroup element m := (xq,...,z5_1)IIx € Sk is the component action in the vertex (or
component) specified by (zg,...,Tg_1).

Remark 2.1 The above arguments show that elliptic maps on uniformly branching trees and wreath
products are the same thing (confirming [20, Proposition 3.3]).

Multiplication of wreath products is given by composition of the component action (2.1). Graph-
ically on the level of labelled trees directly, the product I19 - II/ for I19, 11/ € (X, S) translates to the
following:

1. To determine the value of II9 - TI/ at vertex & = (xg,...,zx_1) in the labelled rooted tree, go

8



Figure 2.6: Labelled rooted tree T'(2,3,3) with labeling sets Xy = {1,2}, X; = X5 = {1,2,3}.

to the corresponding vertex in the tree for 119, keep track of all values at the vertices on the
way and act with the corresponding elements on the vertex vector:

x9 = <x0.Hg,xl.(xo)H“l’,xg.(xo,xl)Hg, ... ,xk.(xo,...,xk_l)ﬂz> )

2. Then the entry in vertex (g, ..., zp_1) of II9 - T/ is (xg, . .. s 1) (x, ... ,xi_l)l_[g.

One of the main questions is “how restrained can the component action be’? See the first half
of [18] and the introduction to [21].

The Prime Decomposition Theorem of Krohn and Rhodes [11] (see also [18] and [21, Chapter
4]) states that every finite semigroup divides an iterated wreath product of its finite simple group
divisors and copies of the three element aperiodic monoid Uy consisting of two right zeroes and an
identity. More precisely, a semigroup S7 divides semigroup So, written Si|Ss2, if S7 is a homomorphic
image of a subsemigroup of Sy. In addition, Uy = {1,a,b} where xa = a,2b = b, and 1z = z1 = x
for all x € Us. A finite semigroup is aperiodic if all of its subgroups are trivial. Alternatively, the
Prime Decomposition Theorem says that the basic building blocks of finite semigroups are the finite
simple groups and semigroups of constant maps with an adjoined identity.
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Figure 2.7: Graphical presentation of an elliptic map with RZ component action using the same
labeling as in Figure 2.6. The black leaf has coordinates (1,2,2). Since it passes the constant maps
2,3,3 on its way, it gets mapped to the leaf with coordinates (2,3, 3), denoted by the blue leaf.

We say that I C S is an ideal of the semigroup S if STUIS C I. We write then 1 <S. The kernel
of a semigroup S, denoted ker(S), is the unique minimal nonempty ideal of S. If S is a monoid, its
group of units is the subgroup formed by all the invertible elements. Both kernel and group of units
play a major role in this context.

Let S; and S5 be semigroups and let ¢ be a homomorphism of S; into endomorphisms of Ss.
Then the semigroup S1 X, S is the semidirect product of Si by S with connecting homomorphism
¢ (see also [21, Section 1.2.2, pg. 23]). More precisely, Si x, S2 has elements in S; x Sy with
multiplication given by

(s1,82) - (81, 83) = (5151, 52((51)9) 83) -

Notice that wreath products are a special case of semidirect products. In fact, wreath products are
“generic” semidirect products. Namely up to pseudovarieties, semidirect products, wreath products,
and elliptic products yield the same thing. See [21] for all details.

A semigroup S is called irreducible if for all finite semigroups S; and S and all connecting
homomorphisms ¢, S | S x,, So implies S|S; or S|Sa. Krohn and Rhodes [11] showed that S is
irreducible if and only if either (a) S is a nontrivial simple group; or (b) S is one of the four divisors
of Ug.

A pseudovariety is a collection of finite semigroups closed under taking finite direct products and
divisors (that is, subsemigroups and quotients) [21]. The monoid U, is in the pseudovariety RZ!,
where RZ = [[xy = y]] is the pseudovariety of right zeroes, meaning that all elements z,y in S € RZ
satisfy the identity xy = y. In other words, RZ is the pseudovariety generated by semigroups of
constant maps. We denote by RZ' the pseudovariety generated by semigroups of transformations
consisting of constant maps plus the identity mapping. The elements in RZ' are also called left
regular bands, indeed RZ! = [[22 = z, 2yz = yz]] (cf. [21, Proposition 7.3.2]). Random walks
on left regular band are an important new topic [7, 8]. This has recently also been generalized to
random walks on Z-trivial monoids [3, 4].

In light of the Prime Decomposition Theorem, there are three main cases for the component
actions in Sy of the elliptic maps on T'(ng,...,ny). All of the next three statements have the
following form. First note that composition of elliptic maps on a fixed tree with component action in
a fixed pseudovariety is closed under composition. Suppose that the component action S is selected
to be in the pseudovariety V. Then the pseudovariety generated by elliptic maps with component
action in V (in this case divisors of elliptic maps) is determined and is denoted PV (component in V).
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It is the semigroups of PV (components in V) on which we analyze their random walks:

1. Sk is in the pseudovariety RZ with PV (component in RZ) which is delay semigroups (see
Section 2.2). In this case the component action consists only of constant maps. If we label the
branches from a vertex at level k by X = {1,2,...,nx}, then we can also label the vertices at
level k by elements in Xj. The label a € X} means the constant map that maps everything to
a. An example is given in Figure 2.7.

2. Sy is in the pseudovariety RZ' with PV (component in RZl) which is aperiodic semigroups
(which means semigroups with trivial subgroups). In this case the component action consists
of constant maps and the identity; the component monoids are aperiodic. If again the branches
at level k are labelled by Xj = {1,2,...,ng}, then we can label the vertices by elements in
X U{I}, where as before a € X, denotes the constant map to a and I is the identity.

3. Sk is any finite group plus constant maps and PV (component in any finite group plus constant maps)
is all finite semigroups. In this case the vertices at level k are labelled by elements in a finite
group G which acts on the right on X}, and elements in X}, which give the constant maps. This
yields a component semigroup with group of units in G and kernel in RZ.

In this paper we will restrict to elliptic maps or wreath products with component actions in RZ,
that is constant maps (without identity) to answer the question about resets. Future papers will
deal with cases 2 and 3.

2.2 Delay pseudovariety

Let D be the pseudovariety of semigroups whose idempotents are right zeroes, also called the delay
pseudovariety. The pseudovariety D can be characterized (see [21, pg. 248]) by

D= | | Dy,

k>1
where
Dk = [[xoxl X = X100 xk]] s (2.2)
meaning that any k + 1 elements xg, ...,z in a semigroup S € Dy, satisfy the identity xoxy - -z =

The delay pseudovariety is also equal to RZYN defined as
RZN = {S | S/ker(S) is nilpotent and ker(S) € RZ} ,

where we recall that RZ = [[zy = y]]. A semigroup N with zero is nilpotent if N¥ = {0} for some
k, or in other words, x1---x; = 0 in N. Thus, S € D if and only if S satisfies the pseudoidentity
xy? = y¥, where y* is the unique idempotent in (y) < S, or more succinctly

D = [[zy” = y*]] = RZ" .
The pseudovariety D is also closed under semidirect products. For all details see [21].

A semigroup S is a subdirect product of S1 and Sy, denoted S < 57 x Sy, if S is a subsemigroup of
S1 x Sy mapping onto both S; and Sy via the projections [21, pg. 34]. More concretely, S < S7 X So
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if and only if there exist surmorphisms ¢;: S — S; for i = 1,2, so that ¢; and @y separate points,
that is, s,t € S with s # t implies that (s)¢; # (t)g; for some j € {1,2}. The right letter mapping
congruence on a semigroup S € D is defined by s ~ t if zs = 2t for all z € ker(S5), that is, we identify
two elements of S if they act the same on the right of ker(S). Therefore ~ is the kernel of the right
Schiitzenberger representation of S on ker(S). We denote by RLM: S — S the canonical morphism
s+ s/ ~, and denote its image by RLM(S). (This definition agrees with the definition given in [21,
Section 4.6.2]).
From this it now follows that if S € D = RZY, then

S < S/ker(S) x RLM(S).

This can be observed by letting ¢1: S — S/ker(S) be the Rees quotient map, which maps s — s if
s ¢ ker(S) and collapses ker(S) to a single element. Let ¢o: S — RLM(S) be the map s — s/ ~.
Hence ¢ is injective on ker(S), so that 1 and ¢y separate points. In our applications, we only
care about RLM(S). Note that a semigroup S € D is nilpotent if and only if RLM(S) is the trivial
semigroup (0).

Observe that for S,7 € D we have ker(S), ker(7") € RZ and

if ST then RLM(S) — RLM(T)
if S—T then ker(S)— ker(T) (2.3)
RLM(RLM(S)) = RLM(S).

The proofs are not difficult and all details can be found in [21, Section 4.6.2].

Definition 2.2 An equivalence relation T on ker(S) is called a right congruence if it preserves the
right action of S on ker(S), that is, if 272’ implies (z8)7(2's) for all z,2" € ker(S) and s € S. We
denote by RC(ker(S),.S) (or by RC(ker(S)) if S is implicit) the set of all right congruences on ker(S).

We consider RC(ker(S)) (partially) ordered by inclusion. Since the intersection of right con-
gruences on ker(S) is still a right congruence, (RC(ker(5)),C) is a (complete) A-semilattice. Thus
(RC(ker(5)), €) is indeed a (complete) lattice with the determined join, described by

VA = m{p € RC(ker(S)) | A C p for every A € A}

for every A C RC(ker(S)).
It is routine to check each 7 € RC(ker(S),.S) determines a congruence 7 on (ker(S), RLM(S))
defined by
(s ~)T(t ~) if (zs)7(2t) for every z € ker(S),

where s ~ denotes the equivalence class of s € S under the right letter mapping congruence ~. Since
S € D, we have ker(S) € RZ, and it follows easily that

272’ if and only if (2 ~)7(2’ ~) holds for all z, 2’ € ker(9). (2.4)

Thus right congruences on ker(S) and right letter mapping images of S are the “same thing”.

12



Figure 2.8: Generators for F(3,3) on T'(3,3,3) with A3 = {a,b, c}.

2.3 Right zero component action

In this section, we specialize the elliptic maps on rooted uniformly branching trees of Section 2.1 to
the constant component action. That is, we restrict ourselves to the case that the component action
SyeRZ=[[zy=y]]forall0 </ < N.

Let F(g, k) be the semigroup generated by Ay := {a1,as,...,ay} modulo all relations of the form

Qi Ay -+« - Qg = Ay« - - Ay,

for ip,...,ix € {1,...,g}. This semigroup admits a convenient normal form: we can identify F'(g, k)
with ASF\ {e}, the set of all nonempty words on A of length at most k (we denote the empty word
by €). Note that we may define length of an element of F'(g, k) as the length of the respective normal
form in ASF\ {e}.
Given u € AT, let u& denote the suffix of length k of w if |u| > k and u otherwise. We define a
binary operation o on ASF\ {¢} by
uov = (uv).

This binary operation on the normal forms corresponds to the product of F(g,k). For example in
F(2,3) with A2 = {a,b} we have aba - a = baa, aba - bbb = bbb, b - a = ba and so on.
It is immediate that F'(g, k) satisfies the identity

Indeed, F(g,k) is the free pro-Dy semigroup over A (see [21, Subsection 3.2.2] for details on free
pro-V semigroups, for a pseudovariety V). Since F(g, k) is finite, it follows that F'(g,k) € D. Note
that we can identify ker(F(g,k)) with A*, the set of all words on A of length k.

It can also be interpreted in terms of elliptic mapson T := T'(g, . .., g) as follows. Asin Section 2.1,

k

we represent elliptic maps directly on the tree by denoting the component action on the vertices.
Define the generators ¢1,..., ¢, through trees of depth k with g branches at each level, where in
level 1 < ¢ < k the vertices are labeled ay,...,ay from left to right. The i-th generator has label
a; at level 0. Since the vertices at level k are not labeled, we will omit them for space reasons. An
example of the generators for F'(3,3) is given in Figure 2.8.
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Figure 2.9: Multiplication of elements A and B in F'(3,3). Note that the first two levels are constant
precisely as specified by A and B.

A label a; in a given vertex denotes the constant map to a;. If we label the edges under each
vertex also aq,...,a, from left to right, then we can multiply generators on the labeled tree as in
Section 2.1. See Figure 2.9 for the product of A and B of Figure 2.8. Using the notation v;, _j, to
denote the nodes below the root as in Subsection 2.1, we have v;, _j, ¢; = vj,..j, , and so

Ujr..jikPie—1 -+ - Pio = Vig...ig—1j1.-Jk—r¢

for every £ < k. In terms of component actions, this translates into a tree with a;, on level 0, a;, on
all g vertices of level 1, and in general a;; on all vertices of level j for 0 < j < £. It follows easily
from

Vg1 gk Pig—1 -+ - Pio = Vig..ig—1 = Yji...jxPix - - - Pio

that ¢1,..., ¢, generate a semigroup isomorphic to F(g, k).
This gives a simple proof of Stiffler’s Theorem [22] (see also [21, Theorem 4.5.7, pg. 248]).

Theorem 2.3 (Stiffler) The smallest pseudovariety containing the 2-element right zero semigroup
that is closed under semidirect product (equivalently wreath or elliptic products) is D.

Proof. As discussed in Section 2.2, D is a pseudovariety that is closed under semidirect product.
By the arguments above, the free objects F'(g, k) are elliptic products with component action in RZ
and since every member of D is a suromorphic image of an appropriate free one, the theorem is
proved. O

In the sequel, we will be interested in the classification of right congruences on ker(F(g,k)) € RZ.

3 k-reset graphs

k-reset graphs are finite state automata [18] with the additional property that strings of length &
are resets or constant maps. The formalism is such that the definitions in the profinite case, when k
tends to infinity, is very similar. Let us now discuss the details.

Let A be a finite nonempty alphabet. An A-graph is a structure of the form I' = (Q, E), where:

e () is a finite nonempty set (vertex set);
e FCQxAxQ (edge set).

A nontrivial path in an A-graph I' = (Q, E) is a finite sequence of the form

al az an
Go——>q1—>—qn
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such that (g;_1,ai,q;) € E for i = 1,... n. Its label is the word ajas---a, € AT = A*\ {&}, where
A* is the set of words in the alphabet A and ¢ is the empty word. A trivial path is a formal expression
of the form

—q.

An A-graph T' = (Q, E) is:

o deterministic if
(p,a,q), (p,a.qd) e E=q=¢
holds for all p,q,¢' € Q and a € A;

e complete if

VpeQVace AdqgeQ: (p,a,q) € E;
o strongly connected if, for all p,q € Q, there exists a path p—¢ in " for some u € A*.

IfI' = (Q, E) is deterministic and complete, then E induces a function

QxA—Q
(¢,a) — qa

defined by (¢, a,qa) € E. Conversely, every such function defines a deterministic complete A-graph.
Moreover, we can extend the function Q x A — @ to a function Q x A* — @ as follows: given g € Q
and u € A*, qu is the unique vertex such that there exists a path

qi>qu

in I'. This function is called the transition function of I'.
Let I' = (Q,FE) and I" = (Q', E') be A-graphs. A morphism ¢ : T' — T" is a function ¢ : Q — @’
such that
(p,a,q) € E = (pp,a,qp) € E'.

1is also a morphism, we say that ¢ is an isomorphism. In this case we write

If ¢ is bijective and ¢~
r~r1.

Given A-graphs I',T”, we write I' < I" if there exists a morphism I' — I”. This is clearly a
reflexive and transitive relation, hence a preorder on the class of all A-graphs. Technically, this is
not a partial order, but we have the following remark:

Lemma 3.1 Let A be a finite nonempty alphabet and let T',T” be strongly connected deterministic
complete A-graphs such that T <T" <T. Then I' = T1".

Proof. Let ¢ : ' = I” and ¢’ : I — T' be morphisms. Write I' = (Q, E) and I = (Q', E'). Fix
some ¢ € Q and take ¢’ € Q'. Since I'" is strongly connected, there exists some path gop—sq’ in T”
for some u € A*. Since I' is complete, there exists some path gg—sq in I' for some ¢ € Q. It follows
from ¢ being a morphism that there exists a path goo——qe in I'. Since I' is deterministic, we get
q = qp, hence ¢ is onto and so |Q'| < |Q|. By symmetry, we get |Q'| = |Q|, thus ¢ is bijective.

It remains to be proved that ¢! is a morphism. Assume that (py,a,qp) € E’ for some p,q € Q
and a € A. Since I' is complete, there exists some (p,a,r) € E. Since ¢ is a morphism, we get
(pp,a,rp) € E'. Now I being deterministic yields gp = rp, and so ¢ = r since ¢ is bijective.
Therefore (p,a,q) € E and so ¢! is a morphism as required. [J
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We say that u € A* is a reset word for the deterministic and complete A-graph I' = (Q, E) if
|Qu| = 1. This is equivalent to say that all paths labeled by u end at the same vertex. Let Res(I")
denote the set of all reset words for I'. For every k € N, let

Resy,(I') = Res(I') N A,

We say that T is a k-reset graph if Res,(T') = A*. We denote by RG(A) the class of all strongly
connected deterministic complete k-reset A-graphs.
Given I' € RGg(A), let [I'] denote the isomorphism class of I'. Let

RGi(A)/ = ={[[]|T € RGx(A)}.

Given I, T € RG(A), write
[ < [IM]if T <T.

It is immediate that < is a well-defined preorder on RGj(A)/ =. Moreover, it follows from Lemma 3.1
that:

Corollary 3.2 Let A be a finite nonempty alphabet and let k > 1. Then < is a partial order on
RGy(4)/ =.

4 Semaphore codes

A detailed discussion on semaphore codes can be found in [6, Chapter 3.4].
Let A be a finite alphabet. We define three partial orders on A* by

o u<,vifveudr,
o u < wvifv e A*u,
° uﬁfvifUEA*uA*.

We refer to them as the prefiz order, the suffiz order and the factor order on A*.

If X C A* is a nonempty antichain with respect to <, (respectively <,, <), it is said to be
a prefir code (respectively suffiz code, infiz code). Note that our notions differ slightly from the
standard notions since we admit {¢} to be a code of all three types!

Given an ideal I < A*, let I3 denote the subset of elements of I wich are minimal with respect
to <j. Then I = A*(IB)A* and I3 C B whenever B C A* satisfies I = A*BA*. We say that I is
the basis of I. Clearly, the correspondences

I— 18, C— A*CA*

establish mutually inverse bijections between the set of all ideals of A* and the set of all infix codes
on A.

We say that L C A* is a left ideal if L # () and A*L C L. We write then L <, A*. Given L <, A*,
let LB, denote the subset of elements of L wich are minimal with respect to <s;. Then L = A*(Lf,)
and LS C B whenever B C A* satisfies L = A*B. We say that LG, is the left basis of L. Clearly,
the correspondences

L— LBy, S+~ A*S
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establish mutually inverse bijections between the set of all left ideals of A* and the set of all suffix
codes on A.

Similarly, R C A* is a right ideal if R # () and RA* C R. We write then R <, A*.

We relate now ideals to semaphore codes. The definition we use is actually the left-right dual of
the classical definition in [6, Section 3.5], but we shall call them semaphores codes for simplification.
We also admit () and {e} as (semaphore) codes, but this generalization is compatible with the relevant
results from [6].

A semaphore code on the alphabet A is a language of the form

XA*\ AT X A",

for some X C A*. If X # (), then X A*\ AT X A* is a maximal suffix code (with respect to inclusion)
by [6, Proposition 3.5.1]. Now [6, Proposition 3.5.4] provides an alternative characterization of
semaphore codes:

Lemma 4.1 [6, Proposition 3.5.4] For every S C A*, the following conditions are equivalent:
(i) S is a semaphore code;
(ii) S is a suffix code and SA C A*S.
Let Sem(A) denote the set of all semaphore codes on the alphabet A. We define a partial order
< on Sem(A) by S < 5" if A*S < A*S'.
Example 4.2 Let A = {a,b} and X = {b}. Then the semaphore code is infinite

S = XA*\ AT XA* = {b,ba,ba® ba®,...} = ba*.
If on the other hand A = {a,b} and X = {a?,ab,b?}, then the semaphore code is finite
S = XA*\ AT XA* = {a?,ab,b?, aba,b*a}.

We denote by Z(A) (respectively L£(A), R(A)) the set of all ideals (respectively left ideals, right
ideals) of A*. If we order Z(A) (or L(A) or R(A)) by inclusion, we get a complete (distributive)
lattice where meet and join are given by intersection and union. The top element is A* and the
bottom element is (). We can now prove the following.

Proposition 4.3 Let A be a finite nonempty alphabet. Then

®: (Z(4),C) = (Sem(4),<) . Wi (Sem(4) <) = (Z(4),C)
I 18, S A*S

are mutually inverse lattice isomorphisms.

Proof. Let I € Z(A). Then If, is clearly a suffix code. Since (I5)A C I = A*(If), then
I8y € Sem(A) by Lemma 4.1 and ® is well-defined.

On the other hand, given S € Sem(A), it is clear that A*S <, A*. Now SA C A*S by Lemma 4.1,
hence A*S is actually an ideal of A* and so ¥ is also well-defined.

Now IOV = A*(If;) = I and SYP = (A*S)B, = S follows easily from S being a suffix code,
hence ® and ¥ are mutually inverse bijections. Since S < S’ if and only if S¥ C S’¥ holds for all
S,S" € Sem(A), ® and ¥ are actually mutually inverse poset isomorphisms. Since (Z(A),C) is a
lattice, so is (Sem(A), <) and so ® and ¥ are lattice isomorphisms. [J

As we will see in Section 7, semaphore codes are related to special right congruences.
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5 Right congruences on the minimal ideal of F(g, k)

Now fix a nonempty alphabet A = {a1,...,a,} and a positive integer k. We remarked in Subsec-
tion 2.3 that ASF\ {e} is a set of normal forms for F(g,k), the free pro-D;, semigroup on the set
A ={a1,...,ay}. Moreover, we can identify A* with ker(F(g,k)). Since F(g,k) is generated by A,
right congruences on A* can be described as equivalence relations p satisfying

upv = (uoa)p(voa)

for every a € A, or equivalently,
upv = ((ua)éy)p((va)éy)

for every a € A.

Given R C AF x AF, we denote by RY the right congruence on A¥ generated by R, i.e. the
intersection of all right congruences on A* containing R. Let u,v € AF. Then (u,v) € R* if and only
if there exists some finite sequence wy, ..., w, € A* (n > 0) such that:

e wy = u and w, = v;
e foreveryi=1,...,n, there exist (r;,s;) € R and x; € A* such that {w;_1,w;} = {r;ox;, s;ox;}.

It is easy to see that
VA = (UA)?

for every A C RC(A¥).
We now relate right congruences on AF with the k-reset graphs introduced in Section 3.
Given p € RC(AF), the Cayley graph of p is the A-graph Cay(p) = (A*/p, E) defined by

E = {(up.a.(uoa)p) |ue A", ae A},

where up denotes the congruence class of u. In particular, if p is the identity relation, then Cay(p)
is a k-dimensional De Bruijn graph on |A| symbols.
Given I' = (Q, E) € RG(A), let ¢t be the equivalence relation on A* defined by

ulrv if Qu = Q.
Note that
Q((ua)éx) = Qua (5.1)

holds for all u € A¥ and a € A. Indeed, since Qua C Q((ua)&) and (ua)éy, is a reset word, we must
have equality and (5.1) holds.

Proposition 5.1 Let A be a finite nonempty alphabet and k > 1. Then

®: (RC(4%),C) = (RGx(4)/ =, <)
p+— [Cay(p)]

U: (RG(4)/ =, <) = (RC(4A), ©)

and ] s ¢

are mutually inverse lattice isomorphisms.
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Proof. Let p € RC(A¥). It follows from the definition that Cay(p) is deterministic and complete.
For all u,v € A*, we have u o v = v, hence there exists a path

v
up—>(uov)p=uvp

in Cay(p). It follows that Cay(p) is strongly connected and A* C Resj(Cay(p)), thus Cay(p) €
RGg(A) and @ is well-defined.

On the other hand, it is clear that [I'|¥ does not depend on the chosen representative for the
isomorphism class [I'].

Let T' € RGg(A). Let (u,v) € ¢(r and a € A. Then Qu = Qv implies Qua = Qua and therefore
(woa,voa)€ (rin view of (5.1). Thus (r € RC(A*) and so ¥ is well-defined.

Let p € RC(A*) and write p/ = CCay(p)' If Q = AF/p is the vertex set of Cay(p), then Qu = {up}
for every u € A*¥. Hence

up'v & Qu = Qu & up = vp

and so ®¥ = 1.
Conversely, let I' = (Q, E) € RGi(A) and let IV = Cay(¢r). We show that

Vg e @ Juy € Ak Quq = {q}. (5.2)

We may assume that |Q] > 1. Since I is strongly connected, it follows that there exists a loop g—=q
in I with w # . Replacing w by a proper power if necessary, we may assume that |w| > k. Hence
there exists some ug € Ak such that ¢ € Quq. Since u, is necessarily a reset word, we get Qug, = {q}
and so (5.2) holds.

We define a mapping

0: Q — Ak / Cl"-
q— quF
Note that
Qu = Qu < u(r = v(r (5.3)

holds for all u,v € A, hence 0 is well-defined and one-to-one. Since I' is a k-reset graph, 6 is also
onto. We show that 6 is an isomorphism from I" onto Cay((r).

Assume that (p,a,q) € E. By (5.1), we get

Q(up 0 a) = Qupa = pa = q = Quyg.

Hence u,(r = (up o a)(r and so there exists an edge upgpimq@ in Cay((r).
Conversely, assume that upgpimqu is an edge of Cay((r). Then uz(r = (up © a)(r and so

4= Qug = Q(u 0 0) = Quya = pa

by (5.3) and (5.1). Thus (p,a,q) € FE and so 0: I' — Cay((r) is an isomorphism. Therefore ¥® = 1
and so ® and ¥ are mutually inverse bijections.
Let p, o' € RC(AF) with p C p’. Then

0: Ak Jp— AF /g
up — up’
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is a well-defined surjective map. If up——(u o a)p is an edge of Cay(p), then up'—+(u o a)p’ is an
edge of Cay(p)’, hence 6 is a morphism from Cay(p) to Cay(p’) and so Cay(p) < Cay(p’). Thus
[Cay(p)] < [Cay(p')] and so @ is order-preserving.

Let I',T” € RGg(A) be such that [I'] < [I']. Then there exists a morphism 6: I' — I”. Write
' =(Q,F) and I" = (Q', E'). Suppose that (u,v) € (r. Then Qu = Qv = {q} for some ¢q € Q.
Hence ¢f € Q'uN Q'v. Since I is a k-reset graph, we get Q'u = {¢8} = Q'v and so (u,v) € (.
Therefore ¥ is order-preserving.

Since ® and ¥ are mutually inverse order-preserving mappings, they are isomorphisms of posets.
Since (RC(AF), C) is a lattice, then (RGg(A), <) is also a lattice, and ® and ¥ are mutually inverse
lattice isomorphisms. [

6 Lattice-theoretic properties

We discuss in this section the lattice-theoretic properties of the lattice RC(A¥).

We recall some well-known notions from lattice theory. Let L be a (finite) lattice with bottom
element B and top element T'. Given a,b € L, we say that b covers a if a < b and there is no ¢ € L
such that a < ¢ < b. If a covers the bottom B, we say that a is an atom.

The lattice L is said to be:

o modular if it has no sublattice of the form

N

c

e

o semimodular if it has no sublattice of the form (6.1) with d covering e;

e atomistic if every element of L is a join of atoms (B being the join of the empty set).
Proposition 6.1 Let A be a nonempty set and k > 1. Then RC(A*) is semimodular.
Proof. It suffices to show that RC(AF) has no sublattice of the form

a//p
. >

g
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with 7 covering A in RC(AF).
Suppose it does. Given x,y € A*, let les(x,y) denote the longest common suffix of x and y. If
x,y € A¥ are distinct, then [les(z,y)| < k and so

lles(z o a,y o a)| > |les(z, y)| (6.2)

for every a € A.
Let (u,v) € 7\ A with [les(u,v)| maximal. For every a € A, we have

(woa,voa)e {(u,v)}f Cr.
In view of (6.2), and by maximality of |lcs(u,v)|, we get
(uoa,voa)€E€ . (6.3)
Note also that
AC AU{(u,0)}) Cr

yields
T =AU{(u,v)})* (6.4)

since T covers \.
Let (y,2) € 0’ \ 0. Then (6.4) yields

(y,2) €p=(oVT)= (e UAU{(w,0)})})f = (0 U{(u,0)})f
and so there exists some finite sequence wy, ..., w, € A* such that:
e wy =y and w, = z;

e for every i = 1,...,n, there exist (r4,s;) € o U{(u,v)} and x; € A* such that {w;_1,w;} =
{7’7; o Xx;,S8; 0 .Z'Z}
Now by (6.3) we may assume that x; = ¢ whenever (r;,s;) = (u,v). Since we may assume that the
wj; are all distinct, the relation (u,v) is used at most once, indeed exactly once since (y, z) ¢ o and
(ri,si) € o implies (r; 0 x;, s;ox;) € 0. We may assume without loss of generality that v = w;_; and
v =wj; for some j € {1,...,n}. Hence

Yy=woowj—1=1u, V=W;0Wy =2
and so
/
u:wj_la/ya/za w; = v.

It follows that AU {(u,v)} C o’. By (6.4), we get 7 C o', a contradiction. Therefore RC(A*) is
semimodular. [

Since a semimodular lattice of finite height (i.e. the length of chains is bounded) satisfies the
Jordan-Dedekind condition (i.e. all maximal chains have the same length), we immediately obtain:

Corollary 6.2 Let A be a nonempty set and k > 1. Then RC(AF) satisfies the Jordan-Dedekind
condition.

We show next that we cannot replace semimodular by modular in Proposition 6.1.
Proposition 6.3 Let k > 1 and let A be a set with |A| > 4. Then RC(A*) is not modular.
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Proof. Let a,b,c,d € A be distinct. Let \ be the identity relation on A* and let
o =AU {a* ba*~1}2;
o' = AU {a", ba* 12 U {caFt, daF 1},
7= AU {a* da*1}2 U {ba* !, cak~1}?;
p =AU {a* ba*1, ca1, daF—112.
It is routine to check that all the above relations are right congruences on A*. Moreover,
ANCocCcod Cp, ANCTCp,
dnr=X (oVT)=p,

af/p
. >

hence

g

A
is a sublattice of RC(AF) and so RC(AF) is not modular. [J

We can also show that RC(AF) can only be atomistic in trivial cases:
Proposition 6.4 Let k > 2 and let A be a set with |A| > 2. Then RC(A*) is not atomistic.

Proof. Let A be the identity relation on A*. Let a,b € A be distinct and let
o =AU {d", v?a*2,ba*1}2 U {a* b, baF 20} 2;
7= AU {a*,ba*1}2 U {a*~1b, ba*2b}>.
It is routine to check that o, 7 € RC(A¥). Moreover, A C 7 C 0. We show that
o = {(zd* 1, b2k 2)} (6.5)

for every € {a,b}. Indeed, let n = {(xa*~1,b%a*=2)}¢. Then (za*~!,v?a*~2) € nyields (a*, ba*~1) €
n and so {a* b%aF2,ba*1}2 C n. Finally, (za*~',0%aF=2) € 7 yields (a*~'b, ba*~2b) €  and so
o C{(zd" " a2}

Since (va*~1,b%a*~2) € o for x € {a,b}, (6.5) holds.

Now we claim that 7 is the unique element of RC(A¥) covered by o. Indeed, assume that p C o.
In view of (6.5), we have (a*,b?a*2) ¢ p and (ba*~!,%a*=2) ¢ p. Hence p C 7. Since o is not an
atom, it follows that

a<ocifand only if a < 7

for every atom o of RC(A*). Thus o cannot be expressed as a join of atoms and so RC(A¥) is not
atomistic. [
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7 Special right congruences on A*

To avoid trivial cases, we assume throughout this section that A is a finite alphabet containing at

least two elements. We define
Tu(A) = {I < A* | AF C I},

Lip(A) ={L <, A" | A¥ c L}.

If we order Zy(A) (or Li(A)) by inclusion, we get a finite (distributive) lattice where meet and join
are given by
INJ)=INnJ, (IVJ)=I1U.

The top element is A* and the bottom element is A* A*.
Given L € £;,(A), we define a relation 77, on A* by:

utrv if w and v have a common suffix in L.

Lemma 7.1 Let L € L,(A). Then 11, is an equivalence relation on AF.

Proof. It is immediate that 77 is symmetric. Since Ak C L, it is reflexive. Assume now that
u,v,w € A¥ and z,y € L are such that <, u,v and y <, v, w. Since z and y are both suffixes of v,
one of them is a suffix of the other. Hence either x <; u,w or y <, u,w. Therefore 77, is transitive.
O

Being a right congruence turns out to be a special case:

Proposition 7.2 Let L € L;,(A). Then the following conditions are equivalent:
(i) T, € RC(AF);
(1) L € Ii(A);
(iii) (LBe)A € A*(LBe);
(iv) LBy is a semaphore code.

Proof. (i) = (iii). Let u € LB and a € A. Since A*(LB;) = L D A*, we may assume that
|lul <k—1. Let b € A\ {a} and write m = k — |u|. Then (a"u,b™u) € 71, hence

(@™ tua, ™ tua) = (a™u o a,b™u o a) € 7.

It follows that a™ 'ua and b™ 'ua must share a suffix in L, and so ua itself must have a suffix in
L. Thus
(LBp)AC A*L =L = A*(Lpy).

(iii) = (ii). We have
LA = A*(LBp)A C A*(LGy) = L.

It follows that LA* C L. Since L € Li(A), we get L € Z;.(A).

(ii) = (i). By Lemma 7.1, 71, is an equivalence relation. Let u,v € A* be such that uryv. Then
w <g u,v for some w € L. We may assume that |w| < k. Let a € A. Since L < A*, we have wa € L.
Since |w| < k, it follows that wa is a common suffix of w0 a and v o a. Therefore (v oa)7(voa) and
we are done.

(iii) < (iv). This follows from Lemma 4.1, since Lf; is always a suffix code. O
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Note that we can easily produce examples of L € Li(A) \ Zy(A):
Example 7.3 Let A= {a,b}, k=3 and L = A*bU At Aa. Then L € L(A) but 71, ¢ RC(AF).
Indeed, b € L but ba ¢ L, hence L ¢ T(A) and so 71, ¢ RC(A*) by Proposition 7.2. Note that
in this case 8y = {b, a3, ba?, aba,b’a}.
Inclusion among left ideals determines inclusion for the equivalence relations 7r.:
Lemma 7.4 Let |A| > 1 and L, L' € Li(A). Then

TLQTL/<:>LQL/.

Proof. Assume that L C L'. Let (u,v) € 7. Then u and v share a common suffix in L and therefore
in L. Thus (u,v) € 1.

Assume now that L ¢ I'. Let w € L\ L' have minimum length. Since A¥ C L/, we have |w| < k.
Let n = k — |w|. Fix a,b € A distinct and take (u,v) = (a™w,b"w) € A¥ x A¥. Since w € L, we have
(u,v) € 7. Now w is the longest common suffix of u and v. Since w ¢ L', it follows that (u,v) ¢ 77/.
U

Note that Lemma 7.4 does not hold for |A| = 1, since |A¥| = 1.

Definition 7.5 We say that p € RC(AF) is a special right congruence on A* if p = 11 for some
I € Ty(A). In view of Proposition 7.2, this is equivalent to say that p = Taxg for some semaphore
code S on A such that Ak C A*S. We denote by SRC(A¥) the set of all special right congruences on
Ak,

Note that not every semaphore code S satisfies the condition A¥ C A*S. However, it is easy to
derive a semaphore code from S that does by considering

S = (SNASF)y U (4F\ 4%9). (7.1)

S’ is a suffix code since the elements in S N ASF are incomparable in suffix order since S is a suffix
code, and by construction any element in A* \ A*S is incomparable with the elements in S N ASF
and vice versa. Furthermore, A¥ ¢ A*S’ O A*S and SA C A*S by Lemma 4.1. Thus S’A C A*S’
and so by Lemma 4.1 S’ is a semaphore code.

Proposition 7.6 Let |A| > 1. Then:
(’i) Ting =TI N7y and Truy = 71U Ty fO’I” all I,J GIk(A),'
(i) SRC(A¥) is a full sublattice of RC(AF);

(iii) the mapping
T (A) — SRC(AF)
I—7y

is a lattice isomorphism.
Proof. (i) By Lemma 7.4, we have 77ny C 77 N7y and 77 U7y C 7707.
Let (u,v) € 71 N 77. Then there exist € I and y € J such that <, u,v and y <s u,v. Since

x and y are both suffixes of the same word, one of them is a suffix of the other, say z <, y. Then
y e IndJ and so (u,v) € Trng. Thus 717 = 771 N 77
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Assume now that (u,v) € 77u. Then there exists some z € I U J such that ©z < u,v. If x € I,
then (u,v) € 77, otherwise (u,v) € 7. Therefore T7y; = 71 U 7.

(ii) Let I,J € Z;(A). By part (i), 7717 is the meet of 77 and 7 in both RC(A*) and SRC(AF).
And 7747 is the join of 77 and 7 in both RC(A*) and SRC(AF).

Finally, 74x 4+ is the identity relation and therefore the bottom element of both lattices. And 74+
is the universal relation and therefore the top element of both lattices.

(iii) This follows from Lemma 7.4. O

Given p € RC(A*) and C € AF/p, we denote by les(C) the longest common suffix of all words in
C. We define

A, = {les(C) | C € A*/p} and A}, = {les(u,v) | (u,v) € p}. (7.2)

Lemma 7.7 Let p € RC(A%). Then A*A, = A*A, € T;,(A).

Proof. Let C € AF/p and let w = les(C). If |w| = k, then w = les(w,w). If jw| < k, then
by maximality of w there exist a,b € A distinct and u,v € A* such that waw,vbw € C. Thus
w = les(uaw, vbw) and so
A, C A, (7.3)

Therefore A*A, C A*A;.

Conversely, let (u,v) € p. Then les(up) is a suffix of les(u,v), hence Aj, C A*A, and so A*A, =
A*A,

Clearly, A*A;) <y A*. Since u = les(u, u) for every u € AF, we have AF C A’p. Hence it suffices to
show that (A},)A C A*AJ.

Let (u,v) € p and a € A. We must show that (les(u,v))a € A*A. Since AF C A}, we may
assume that [les(u,v)| < & — 1. Then (les(u,v))a = les(u o a,v 0 a). Since (uoa,voa) € p, we get
(Ies(u,v))a € A}, and we are done. [J

Given p € RC(AF), we write
Res(p) = Res(Cay(p)).

We refer to the elements of Res(p) as the resets of p.
Lemma 7.8 Let p € RC(AF). Then:

(i) Res(p) = {w € A* | upv for all u,v € A¥ N (A*w)};
(ii) Res(p) € Zx(A).

Proof. (i) Let w € Res(p) and suppose that u = v'w € A* v = v'w € A*. Since w € Res(p), we
have paths ) )
u oy ow v w
p—p'—r, q—q —r
in Cay(p). It follows from the definition of Cay(p) that
up = (W'w)p =r = (Vw)p = vp,

hence the direct inclusion holds.
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To prove the opposite inclusion, we suppose that w € A* \ Res(p). Then there exist paths
;] w ;) w
p—p, q—4q

in Cay(p) with p # q. If w has a suffix w’ of length k, then every path labeled by w ends necessarily
in w’p, hence we must have |w| < k. Since Cay(p) is strongly connected by Proposition 5.1, there
exist paths

p//in)/, q//iﬂ]/
in Cay(p) with |zw| = |[yw| = k. But then

(zw)p=p # q = (yw)p

and we are done.
(ii) It is immediate that Res(p) < A*. Since every path in Cay(p) labeled by w € A* ends
necessarily in wp, we have A¥ C Res(p) and so Res(p) € Zy(A). O

We can now compare a right congruence with a special right congruence:
Proposition 7.9 Let |[A| > 1, p € RC(A¥) and I € Tj,(A). Then:
(i) pgn@Ang@A;gl;
(i) 1 € p< I C Res(p).

Proof. (i) Assume that p C 77. Let (u,v) € p. Then u and v have a common suffix in I, hence
les(u,v) has a suffix in I and so A, C A*T = 1.

By (7.3), A, C I implies A, C [I.

Finally, assume that A, C I. Let (u,v) € p and write w = les(up) € A, C I. Since w is a suffix
of both v and v, we get (u,v) € 77. Thus p C 77 as required.

(ii) Assume that 77 C p. Let w € I and let u,v € A¥ N (A*w). Since u,v have a common suffix
in I, we get (u,v) € 71 C p. Thus w € Res(p) by Lemma 7.8(i) and so I C Res(p).

Conversely, assume that I C Res(p). Let (u,v) € 77. Then we may write u = v'w, v = v'w with
w € I C Res(p). Since u,v € A* N (A*w), it follows from Lemma 7.8(i) that (u,v) € p and so 77 C p.
O

We can now prove several equivalent characterizations of special right congruences:
Proposition 7.10 Let |A| > 1 and p € RC(A*). Then the following conditions are equivalent:

(i) p € SRC(AF);

(ii) les : A¥/p — ASF is injective and A, is a suffiz code;
(iii) p=Tasn,;

(iv) p=Tarn,;

(v) P = TRes(p);

(vi) p= Tﬁ for some L € Li(A);

26



(vii) A, C Res(p);
(viii) A}, C Res(p);

(iz) whenever ,
R O (7.4)

are paths in Cay(p) with a,b € A distinct, then ¢ = r.

Proof. (i) = (ii). We start by proving that
les(urr) € T (7.5)

for all I € Zj,(A) and u € A,

Indeed, for every w € ury, there exists some w’ € I such that w’ <, u,w. Let z be the shortest
suffix among the w’. Then z € I and z <; w for every w € ury, hence z <, les(ury). Since I < A*, it
follows that les(ury) € I and so (7.5) holds.

Assume that p = 77 for some I € Zy(A). We prove that

les(up) <sles(vp) = (u,v) € p (7.6)

holds for all u,v € A¥. Assume that les(up) < les(vp). Since les(up) <s u and les(vp) <g v, it
follows that les(up) is a suffix of both v and v. Now (7.5) yields les(up) = les(ury) € I and so u,v
have a common suffix in I. Therefore (u,v) € 71 = p and (7.6) holds.

Now (ii) follows from (7.6).

(ii) = (iii). Write I = A*A,. If (u,v) € p, then les(up) € A, C I is a suffix of both u and v,
hence (u,v) € 77.

Conversely, let (u,v) € 77. Then there exists some w € A, such that w <, u,v. Suppose that
les(up) # w. Then les(up) <, w or w <y les(up), contradicting A, being a suffix code. Hence
les(up) = w. Similarly, les(vp) = w. Since les : A¥/p — ASF is injective, we get up = vp. Thus
p=Tr.

(iii) < (iv). This follows from Lemma 7.7.

(iii) = (vi). Write L = A*A,. By (iii), we have Tg = p' = p. Since L € Li(A) by Lemma 7.7,
(vi) holds.

(vi) = (i). Let I = LA* € Z}(A). Since L C I, it follows from Lemma 7.4 that 7, C 77, hence

PZTEQT?ZTI

by Proposition 7.2.
Now assume that (u,v) € 77. Then there exist factorizations v = v/w and v = v'w with w € I.
Write w = zw' with z € L. Then (w'v/z,w'v'z) € 71, and so

(u,v) = (Ww,v'w) = (20, v'20") = (W2 0w, w'v'z 0w € 7'% =p.

Thus 77 C p as required.
(i) = (v). If p = 71 for some I € Zj(A), then I C Res(p) by Proposition 7.9(ii). Since
Res(p) € Zy(A) by Lemma 7.8(ii), then Proposition 7.9(ii) also yields

TRes(p) Cp=r1r,
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hence Res(p) C I by Lemma 7.4. Therefore I = Res(p).
(v) = (vii)) & (v111) By Lemma 7.8(ii), Res(p) € Zr(A). Now we apply Proposition 7.9(i).
(vili) = (i). We have A*A},, Res(p) € Zj(A) by Lemmas 7.7 and 7.8(ii). It follows from Proposi-

tion 7.9 that
TRes(p) & P & TA*A-
Since A;) C Res(p) yields A*A; C Res(p) and therefore TA*A, S TRes(p) by Lemma 7.4, we get
P = TRes(p) € SRC(Ak)
(viii) = (ix). Consider the paths in (7.4). Since A* C Res(p) by Lemma 7.8(ii), we may assume
that |w| < k. Since Cay(p) is strongly connected, there exist paths

T ;'
S—)p, S —)p

such that zaw, z'bw € A¥. Hence
w = les(zaw, 2'bw) € A}, C Res(p)

and so ¢ =r.

(ix) = (viii). Let w € Aj. Since AF C Res(p) by Lemma 7.8(ii), we may assume that |w| < k.
Then w = les(u,v) for some distinct p-equivalent u,v € AF. Hence we may write v = v/aw and
v = v'bw with a,b € A distinct. Since up = vp, it follows that there exist in Cay(p) paths of the
form

v aw ;v bw
S—rp—rup, S —p —vp.

Now (ix) implies that w € Res(p). O

Corollary 7.11 If p € SRC(A*) with |A| > 1, then A, is a semaphore code.

Proof. By Proposition 7.10(ii), A, is a suffix code. Furthermore, by Lemma 7.7 we have A*A, €
71 (A), which in turn implies by Proposition 7.2 that (A*A,)8; = A, is a semaphore code. [

We can now prove that not all right congruences are special, even for |A| = 2:
Example 7.12 Let A = {a,b} and let p be the equivalence relation on A defined by the following
partition:
{a?, aba,ba?} U {bab,a’*b} U {ab®} U {b%a} U {b%}.
Then p € RC(A3) \ SRC(A3).
Indeed, it is routine to check that p € RC(A3). Since les(a®p) = a and les((b?a)p) = ba, then A,
is not a suffix code and so p ¢ SRC(A?) by Proposition 7.10.

Let p € RC(A*) and let

By Proposition 7.6(ii), we have p,p € SRC(A*).
Proposition 7.13 Let |A| > 1 and p € RC(A¥). Then:
(Z) P = TRes(p) s
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(it) D =Ta*r, = Taxn,-
Proof. (i) By Lemma 7.8(ii), we have Res(p) € Zx(A). Now the claim follows from Proposi-
tion 7.9(ii).
(ii) Similarly, we have A*A, = A*A}, € Z;,(A) by Lemma 7.7, and the claim follows from Propo-
sition 7.9(i). O

The next counterexample shows that the pair (p, ) does not univocally determine p € RC(AF):
Example 7.14 Let A = {a,b} and let p, p’ be the equivalence relations on A® defined by the following
partitions:

{a®, aba, ba®} U {bab, a®b} U {ab*} U {b?a} U {b%},
{a®,b%a,ba*} U {bab, a®b} U {ab®} U {aba} U {b3}.
Then p,p' € RC(A?), p=p' and p=p'.
Indeed, we claimed in Example 7.12 that p is a right congruence, and the verification for p’ is

also straightforward.
It is easy to see that

Res(p) = A* A% U {a? ab} = Res(p'),

hence p = p’ by Proposition 7.13(i).
Since
A, = {a,ab, ab?, b?a, b}

and
Ay = {a,ab, ab?, aba, b3}

we obtain

AN, = AT\ {b,0?} = A*A,
and Proposition 7.13(ii) yields 7 = p'.

This same example shows also that p does not necessarily equal or cover p in SRC(A*). Indeed,
in this case we have

Res(p) = A*A* U {a? ab} C T C AT\ {b,b%} = A*A,
for I = A*A3 U {a?, ab,ba} € T;(A). By Lemma 7.4, we get

pCTICp.

8 Random walks on semaphore codes

As we have seen in Proposition 7.13, semaphore codes approximate right congruences from above
and below in the lattice structure. In this section, we will define random walks (or more specifically
Markov chains) on semaphore codes. The property that makes this possible is that for a semaphore
code S associated to the alphabet A

SAC A*S, (8.1)

see Lemma 4.1. Namely, (8.1) implies a right action of A on S: for a € A and s € S, the action s.a
is ¢, if sa = wt with w € A* and ¢t € S under (8.1).
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To turn the action S x A — S into a random walk, we impose a Bernoulli distribution on A*,
see [6, Section 1.11]. More precisely, we associate a probability 0 < w(a) < 1 to each letter a € A
such that » .4 7(a) = 1. The state space of the random walk is S. Given s € S, with probability
m(a) we transition to state s.a in one step. This gives rise to the transition matriz T with entry in

row s and column s’
72731 = Z 7'('(@)

with Z’:s.a
Since ), m(a) = 1, it follows that the row sums of 7 are equal to one, so that 7 is a row stochastic
matrix. Taking ¢ steps in the random walk is described by the /-th power of 7, that is, the probability
of going from s to s’ in £ steps is the (s, s')-entry (7%)s ¢ in 7% Under the Bernoulli distribution,
the probability m(a; - - - ay) of a word of length ¢ is given by the multiplicative formula 7(aq - - - ay) =
Hf:l (as).

A suffix code X on A* is mazimal if it is not properly contained in any other suffix code on A*,
that is, if X C Y C A* and Y is a suffix code, then Y = X. Furthermore, X is called thin if there
exists an elements w € A* such that A*wA* N X = (). By [6, Proposition 3.3.10], for a thin maximal
suffix code X we have 7(X) = > _x m(x) = 1 for all positive Bernoulli distributions 7 on X. A
Bernoulli distribution on X is positive if w(z) > 0 for all € X. As shown in [6, Proposition 3.5.1],
semaphore codes S are thin maximal suffix codes, so that

n(S) = m(s)=1. (8.2)

seS

Hence any positive Bernoulli distribution on semaphore codes yields a probability distribution.

A stationary distribution I = (Is)ses is a vector such that ) _oIs = 1 and IT = I, that is,
it is a left eigenvector of the transition matrix with eigenvalue one. In the finite state case, by the
Perron—Frobenius Theorem, the stationary distribution exists. It is unique if the random walk is
irreducible. See [13] for more details. In our case, we prove next that a stationary distribution exists
and give its explicit form.

Theorem 8.1 The stationary distribution of the random walk associated to the semaphore code S
s given by
I = (W(S))ses .

Proof. Taking the s’-th component of IT = I reads

> wla)w(s) = w(s). (8.3)
seS 9_6;4@
Recall that s.a = s’ with a € A and s,s’ € S means that sa = ws’ for some w € A*. In particular,
this can only hold if a is the last letter of s’ and hence fixed by s’.
Claim: The set S’ = {w | sa = ws’,s € S} for fixed s’ € S with a € A the last letter of s, is a thin
maximal suffix code.
Indeed, if the claim is true, we have ) .o m(w) = 1 by [6, Proposition 3.3.10]. Using that
m(a)w(s) = w(w)w(s’) we can hence rewrite (8.3)

Z Z 7(a)m(s) = w(s) Z 7(w) = m(s")

SES a€cA weS’
s'=s.a
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as desired. It remains to prove the claim.

First assume that S’ is not a suffix code. Then there must be two elements w,w’ € S’ that
are comparable in suffix order. But then ws’ and w's’ are comparable in suffix order, contradicting
the fact that S is a suffix code (since after removing the last letter a the result must be in S).
Next assume that S’ is not maximal. This means there exists y € A* such that S" C S’ U {y} is
a suffix code. But then S U {ys'} is a suffix code, where §’ is obtained from s’ by removing the
last letter a, contradicting the maximality of S (recall that all semaphore codes are maximal by [6,
Proposition 3.5.1]). Finally assume that S’ is not thin. That means that there exists w € A* such
that A*wA* NS’ # (). In particular uwv € S’ for some u,v € A*. Since by construction S’s’ C S,
this would imply uwvs’ € S, contradicting the fact that S is thin. O

Given A = {a1,...,a,} and a right congruence p € RC(A¥), we are interested in the probability
for nonempty words of length £ < k to be resets on A*/p. Since Res(p) = Res(p) by Propositions 7.10

and 7.13, we can restrict ourselves to determine the probabilities for resets of words of given length
for p € SRC(AF), or equivalently for semaphore codes A, by Corollary 7.11.

Theorem 8.2 Let p € RC(A¥). Then the probability that a word of length 1 < £ < k is a reset on

A¥/p is given by
Pey="3 [[~@ . (8.4)
s€EN, a€s
£(s)<t
where a € s in the product runs over every letter in s and £(s) is the length of the word (or suffiz) s.

Proof. As mentioned above, Res(p) = Res(p) by Propositions 7.10 and 7.13 and in addition A, is a
semaphore code. Define Res(f) = {w € At | £(w) = £ and w is a reset on A¥/p} = Res(p) N A*. We
claim that

Res(f) = {w € A" | {(w) = £ and w has a suffix in Ap}.

Since A, is a suffix code, each word has precisely one suffix in A,. Hence the claim immediately
yields the formula for P(¢) using that a letter a € s for s € A, occurs with probability 7(a).

We prove the claim by induction on ¢. By Proposition 7.10(vii) we have that A, C Res(p) =
Res(p). Certainly, for £ = 1 the only words that are resets are the words/suffixes of length 1 in A,.
Now assume that the claim holds for all words of length less than ¢. Since A, C Res(p), we deduce
that -

{we AT | {(w) = ¢ and w has a suffix in A,} C Res(/) .

To prove the reverse inclusion let v = a;, ... a;, € Res({). If v € A, we are done. If a;, | ---a; €
Res(¢ — 1), then by induction v has a suffix in A,. Hence assume that a;, , ...a;; € Res({ — 1) and
v & A,. This requires that a;, ... a;, is a reset, so that again by induction a;, ... a;, has a suffix s in
A,. Since A, is a semaphore code and hence A,A C A*A,, we have that if s € A, then sa;, € A*A,,.
In all cases v has a suffix in A,. This concludes the proof of the claim. O - N

Example 8.3 Take the special right congruence p given by congruency classes {aaa, baa, aba,bba},
{aab, bab}, {abb}, {bbb} with corresponding semaphore code A, = {a,ab, abb,bbb}. The probability to
have a reset for words of length ¢ is

P(1) = 7(a)

P(2) =n(a) + m(a)m(b)

P(3) = n(a) + n(a)n(b) + n(a)n(b)? 4+ w(b)* = 7(a) + 7(a)7(b) + 7(b)* = 7(a) + 7(b) = 1,
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where for P(3) we have used repeatedly that w(a) + w(b) = 1.
Example 8.4 Tuake the semaphore code

{aa, aab, aba, abba, babb, aabb, bbab, abab, bbba, aabb, babbb, abbbb, bbbbb} ,

which corresponds to a special right congruence, which is easy to check by Proposition 7.10. Then

we have

P(1) =0

P(2) = n(a)?

P(3) = w(a)? + 2n(a)*n(b)

P(4) = 7(a)? + 2n(a)?*7(b) + 37 (a)*7(b)? + 3n(a)n(b)® = 7(a)? + 27 (a)*n(b) + 37 (a)m(b)?
= 7(a)? 4 2n(a)n(b) + n(a)w(b)? = 7(a) + w(a)7(b) + w(a)w(b)?

P(5) = w(a) + n(a)w(b) + n(a)w(b)? + n(a)?x(b)® + 2m(a)w(b)* + 7 (b)°
= 7(a) + m(a)m(b) + m(a)m(b)? + m(a)mw(b)® + m(b)*
= m(a) + m(a)m(b) + w(a)w(b)? + 7 (b)* = 7w(a) + 7(a)mw(b) + m(b)?
=7(a)+m(b) =1,

where again we repeatedly used that w(a) + w(b) = 1.

The probability P(¢) to reach a reset in ¢ steps is related to the hitting time (see [13, Chapter
10]). Namely, given a Markov chain with state space S, the hitting time tp of a subset R C S is the
first time one of the nodes in R is visited by the chain. We are interested in the hitting time freg(p)

for p € RC(A¥). Set
p() =P)—Pt-1)= > []=a).

s€N, acs
£(s)=t
Then
k
tRes(p) = Zep(g)
(=1

Note that by Definition 2.2, we also have a right action of A on right congruences p € RC(A¥),
namely p x A — p. Hence, as for semaphore codes, we can define a random walk on p by assigning
a probability m(a) for each a € A. Recall that by its definition in (7.7), p is a refinement of p. Let
us relate these various random walks. A step s.a =t for s,t € A, and a € A in the random walk
on the semaphore code A, is in one-to-one correspondence to a step cs.a = ¢; in the random walk
on p € SRC(A*), where cs,¢; € p are the unique congruences such that les(cs) = s, les(c;) = t,
respectively. Since p is a refinement of p, a step ¢s.a = ¢; on p implies a step c.a = d on p whenever
¢s Ccand ¢ Cd. In particular, the transition matrix 7T for the random walk on the semaphore
code A, satisfies for a fixed d € p

Z Tot = Z Tt for all s,s" € A, such that ¢y p cs. (8.5)
teA, teA,
cCd ctCd

32



This relation is precisely the condition for a Markov chain to be lumpable. Lumpability was first
introduced by Kemeny and Snell [12], see also [13, Section 2.3.1]. This means that the transition
matrix 77 on p indexed by right congruences c¢,d € p can be expressed in terms of T as follows

To = Z Tot for any s € A, such that ¢; C c.

teA,
c:Cd

The theory of lumpability (or projection) then gives us the stationary distribution 17 for 77.
Proposition 8.5 Let I* = (I).c, be the stationary distribution for T*. Then

=Y n(s).

seN,
csCc

r=>"1I,

sEN,
csCc

Proof. By lumpability, we have

where I = (I5)sep, is the stationary distribution of 7. By Theorem 8.1 we have I, = 7(s). O

Remark 8.6 We could have derived an expression for IP also directly from the stationary distribu-
tion of the delay de Bruijn random walk by lumping given as

Ir =) "n(x).

reC

9 Free pro-D semigroups

For general background on free pro-D semigroups, see [21, Sections 3.1 and 3.2].

Let A be a finite nonempty alphabet. We denote by A~ the set of all left infinite words on A,
i.e. infinite sequences of the form ...agaza; with a; € A. If u € AT, we denote the left infinite word
...uuu by u™%.

The free semigroup AT acts on the right of A~ by concatenation: given x = ...azaza; € A~

and u =a ...a, € AT, we define
Tu=...azazaia) ...a, € A7¥.

Given z € ATU A and y € A™%, we define also 2y = . Together with concatenation on A™, this
defines a semigroup structure for AT U A%,
The suffiz (ultra)metric on AT U A~ is defined as follows. Given x,y € AT U A™%, let

—[les(@y)l
d(x,y>={2 R

0 otherwise.

Given g € AT U A% and § > 0, we write

Bs(zo) = {zr € ATUA™ | d(z,20) < 6}
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for the open ball of radius ¢ around xy.
If S € D is endowed with the discrete topology and ¢ : A — S is a mapping, then there exists a
unique continuous homomorphism ® : AT U A~ — S such that the diagram

A—* .3
/7

e

AtuA—v

commutes. This characterizes (AT U A™% d) as the free pro-D semigroup on A. We shall denote it
by Q4(D). It is well known that Q4(D) is a complete and compact topological semigroup.

We remark that for a general pseudovariety V, the metric considered for free pro-V semigroups is
the profinite metric, but in the particular case of D we can use this alternative metric that adequates
perfectly to the normal form.

10 (—w)-reset graphs

We consider now A-graphs with possibly infinite vertex sets. A left infinite path in an A-graph
I' =(Q, E) is an infinite sequence of the form

as a2 a1
g3 ——q2—q1

such that (gi+1,0a:,¢;) € F for every ¢ > 1. Its label is the left infinite word - - - azasa; € A™%. We
write
xr
- —q

to denote a left infinite path with label z ending at q.
An A-graph T' = (Q, E) is:

o (—w)-deterministic if
g, - —¢ pathsin T = ¢g=¢

holds for all ¢,¢' € Q and v € A™%;
e (—w)-complete if every x € A~ labels some left infinite path in T’
e (—w)-trim if every q € @ occurs in some left infinite path in T’
o a (—w)-reset graph if it is (—w)-deterministic, (—w)-complete and (—w)-trim.

We denote by RG(A) the class of all (—w)-reset A-graphs.
IfT'=(Q,E) € RG(A), then @ induces a partition

A== ) A,
q€Q

where A, denotes the set of all x € A7 labelling some path - - - —~4q in I'. Moreover, ALY F# () for
every q € Q.
Proposition 10.1 LetI' € RG(A). Then I' is deterministic and complete.
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Proof. Write I' = (Q, E) and suppose that (p,a,q), (p,a,q’) € E. Since I is (—w)-trim, there exists
some left infinite path --- —p for some z € A~“. Hence there exist left infinite paths - - —=q and
. Z%¢, and since T is (—w)-deterministic, we get ¢ = ¢/. Therefore I is deterministic.

Let p € Q and a € A. Since I' is (—w)-trim, there exists some left infinite path - - - —Zsp for some
x € A7, Now za € A~ and T" being (—w)-complete implies that there exists some path N
in I'; which we may factor as

g g

Since I is (—w)-deterministic, we get ¢’ = p, hence (p,a,q) € E and T is complete. [J

We recall now the pre-order < introduced in Section 3.
Lemma 10.2 Let A be a finite nonempty alphabet and let T', T € RG(A) with ' < TV < T. Then
1.

Proof. Let ¢ : I' — I" and ¢ : I — T' be morphisms. Write I' = (Q, F) and IV = (Q', E’). Tt is
easy to see that

A0 C AL AP CAy
for all ¢ € Q and ¢’ € Q'. Hence A;“ C A;;"w. Since T is (—w)-trim, we have A;“ # (). Since T'
is (—w)-deterministic, we get ¢ = qptp. Similarly, ¢ = ¢'1)p, hence ¢ and 1 are mutually inverse
bijections and therefore mutually inverse A-graph isomorphisms. [J

Similarly to Section 3,
<[] ifr<r

defines a preorder on RG(A)/ . Moreover, Lemma 10.2 yields:
Corollary 10.3 Let A be a finite nonempty alphabet. Then < is a partial order on RG(A)/ .

11 Right congruences on A™%

Since zy = y for all z € Q4 (D) and y € A™¥, it follows that A~ is the minimum ideal of Q4 (D). Fol-
lowing the notation introduced in Section 2.2, we denote by RC(A™%) the lattice of right congruences
on A% (with respect to the right action of Q4(D)).

We say that p € RC(A™Y) is closed if p is a closed subset of A= x A~ for the product metric

d/((x7 y)? (LE/, y/)) = ma‘x{d(x7 x/)7 d(y7 y/)}v
where d denotes the suffix metric on A™“. Given xg,y0 € AT U A7 and § > 0, we write
Bs((z0,90)) = {(2,y) € (AT UA™)? | d((2,y), (w0, %)) < 0}

By [21, Exercise 3.1.7], this implies that xp is a closed subset of A~ for every x € A™“. The next
example shows that the converse fails.

Example 11.1 Let A = {a,b} and let

w = ...a*ba3ba’bab. (11.1)
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For all x,y € A7, let
xr = wu, y =wv with |u| = |v|
xzpy if or
x=y.
Then p € RC(A™) and xp is closed for every x € A™%, but p is not closed.
Indeed, it is easy to see that, given x € A™%, there is at most one word u € A* such that
x = wu. We call this a w-factorization of x. Hence p is transitive and it follows immediately that
p € RC(A™). The uniqueness of the w-factorization implies also that xp is finite (hence closed) for

every x € A™“. However,
li_>m (wa", wb") = (a=“,b7%) ¢ p.

Since (wa™, wb™) € p for every n > 1, then p is not closed.

We denote by CRC(A™%) (respectively ORC(A™%)) the set of all closed (respectively open) right
congruences on A™%,

We consider CRC(A™%) (partially) ordered by inclusion. Similarly to Section 5, we can relate
CRC(A™%) with RG(A).

Given p € RC(A™%), the Cayley graph Cay(p) is the A-graph Cay(p) = (A™%/p, E) defined by

E = {(up,a,(ua)p) |uec A™, ac A}

Lemma 11.2 Let p € RC(A™Y).

(i) For every x € A™%, there exists a left infinite path --- ——xp in Cay(p).

(i) Cay(p) is (—w)-complete and (—w)-trim.
Proof. (i) Write = ...asaza; with a; € A. For every n > 1, write 2, = ... ap+2an+1a,. Then

o B s p B op-Lexip = xp
is a left infinite path in Cay(p) labeled by x.
(ii) By part (i). O

Lemma 11.3 Let p € CRC(A™¥). Then:

(i) If --- —S5q is a left infinite path in Cay(p), then q = xp.

(ii) Cay(p) € RG(A).

Proof. (i) Assume that ¢ = yp with y € A=, Write = = ...azaza; with a; € A. For every n > 1,
let 4, = a,...a;. Then there exists some path y,p—=yp in Cay(p) for some y, € A™“. Hence
YnlUn € yp. Since
r= lim u, = lim y,u,
n—oo n—o0

and p closed implies yp closed, we get x € yp, hence xp = yp = q.

(ii) By part (i), Cay(p) is (—w)-deterministic. By Lemma 11.2(ii), Cay(p) is both (—w)-complete
and (—w)-trim, therefore Cay(p) € RG(A4). O
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We discuss next open right congruences, relating them in particular with the right congruences
on A*. Given o € RC(AF), let & be the relation on A~ defined by

voy if (v8k)o (Yér)-

It is immediate that 0 € RC(A™%).
On the other hand, given p € RC(A™) and k > 1, we define a relation o) on AF by

up®v i (AU x A™90) N p £ 0.

We denote by pl¥! the transitive closure of p).
The next example shows that p(k) needs not to be transitive, even in the closed case.

Example 11.4 Let A = {a,b} and let w be given by (11.1). For all z,y € A™%, let

{z,y} = {wau, wbau} for some u € A*
or

xpy if {x,y} = {wb?av, wbv} for some v € A*
or
x=uy.

Then p € CRC(A™%) but p? is not transitive.

Indeed, by the uniqueness of the w-factorization remarked in Example 11.1, p turns out to be
transitive and therefore a right congruence.

We sketch the proof that p is closed. Let (z,y) € (A7 x A7)\ p. Then z # y. Write
u = les(x,y). We consider several cases:

Case I: {z,y} = {zb%au, 2'b3u}.

Then either z # w or 2’ # w. We may assume that z # w. Let k > 1 be such that w ¢ By x(z). It
is easy to see that By x—s—ju ((z,y)) Np = 0.

Case II: {z,y} = {za%u, 2'bau}.

Then either z # w or 2/ # w. We may assume that z # w. Let k > 1 be such that w ¢ By« (2). It
is easy to see that By sz ((z,y)) Np = 0.

Case I1II: all the remaining cases.

It is easy to see that By s ju((z,y)) Np = 0.

Therefore p is closed.

Now (wa?,wba) € p yields (a?,ba) € p@, and (wba,wb’) € p yields (ba,b?) € p?), However,
(a2,0%) ¢ p® hence p® is not transitive.

The following lemma compiles some elementary properties of p*) and pl¥). The proof is left to
the reader.

Lemma 11.5 Let A be a finite nonempty alphabet, p € RC(A™*) and k > 1. Then:
(i) p*) € RC(A¥) if and only if p*) is transitive;
(ii) pl € RO(A);

(iii) p < () ol

n>1

37



We discuss next some alternative characterizations for open right congruences.

Proposition 11.6 Let A be a finite nonempty alphabet and p € RC(A™%). Then the following
conditions are equivalent:

(i) p is open;
(ii) xp is an open subset of A™% for every x € A™%;
(iii) p =7 for some o € RC(A¥) and k > 1;

—

(iv) there exists some k > 1 such that o) is transitive and p = pk);
(v) Cay(p) € RGy(A) for some k > 1;
(vi) p is closed and has finite index.

Proof. (i) = (ii). Let x € A™“. Since (x,z) € p, there exists some J > 0 such that Bs((z,x)) C p.
Since Bs((z,x)) = Bs(x) x Bs(x), we get Bs(z) C xp and so xp is open.
(ii) = (vi). Let z,y € A= be such that (x,y) ¢ p. Since zp and yp are open, there exists some
d > 0 such that Bs(z) C zp and Bs(y) C yp. If 2’ € zp and 3/ € yp, then (z,y) ¢ p yields (z/,y) ¢ p.
Hence
(Bs(x) x Bs(y)) Np =90,

and so Bs((z,y)) N p = 0. Thus the complement of p is open and so p is closed.

On the other hand, {zp | z € A™“} is an open cover of A and so admits a finite subcover since
A~% is compact. Therefore p has finite index.

(vi) = (v). By Lemma 11.3(ii), we have Cay(p) € RG(A). Hence Cay(p) is deterministic and
complete by Proposition 10.1.

Let 2,5y € A™%. Since Cay(p) is (—w)-trim, there exists a left infinite path --- —>yp in Cay(p).
Since p has finite index, we may factor this path as

2! u v
Ce WP WP—Y P

with u # €. On the other hand, since Cay(p) is complete and p has finite index, there exist m > 0
and p > 1 such that there exists a path

um / uP ’
Tp—x' p—>T'p
in Cay(p). It follows that there exist two paths
u~v u"Y
e —)’LU/)7 e —)x p
and so wp = z’p since Cay(p) is (—w)-deterministic. Thus there exists a path

u™ v
TP—>WP—YP

and so Cay/(p) is strongly connected.
Suppose now that Cay(p) ¢ RGy(A) for every k > 1. Let P denote the set of pairs of distinct
vertices in Cay(p). Then

VEk > 1 Juy, € A¥ 3(p,q) € P I paths ... —Ep, ... ~Eq in Cay(p).
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Since P is finite, one of the pairs (p, ¢) must repeat infinitely often. Hence there exists some (p,q) € P
such that
VEk > 1 3uy, € AZF I paths ... Ep, ... g in Cay(p).

Since Q A(D) is compact, we may replace (ug)x by some convergent subsequence. Let x = limy_, oo ug.
Since (|uk|)x is unbounded, we have z € A%,

Write p = zpp with x, € A7, Since Cay(p) is (—w)-trim, there exists some left infinite path
e ﬂ)mpp for some yj, € A~¥. By Lemma 11.2(i), there exists a path - - - —225 (yuz ) p in Cay(p).
Since Cay(p) is (—w)-deterministic, we get (yrpux)p = xpp, hence ypux € x,p. Since p closed implies
xpp closed and

r= lim up = lim ypu,
k—o0 k—o0

we get © € z,p. By Lemma 11.2(i), there exists a path s ap = xzpp = p in Cay(p). Similarly,
there exists some path --- —¢. Since p # ¢, this contradicts Cay(p) being (—w)-deterministic.
Therefore Cay(p) € RGy(A) for some k > 1.

(v) = (iv). Assume that Cay(p) € RGi(A) for some k > 1. We show that

x&p = YSk = TPy (11.2)

holds for all z,y € A~“. Indeed, by Lemma 11.2(i), there exists left infinite paths
...pr’ ...Lyp

in Cay(p). Since &, = y&, € A¥ = Resy(Cay(p)), we get xp = yp and so (11.2) holds.

Suppose now that u,v,w € A* are such that up(k)vp(k)w. Then there exist some z,y,y’,2 € A~
such that (zu)p(yv) and (y'v)p(zw). Then (yv)&; = v = (y'v)&; and (11.2) yields (yv)p(y'v). Thus
(zu)p(zw) by transitivity and so up®w. rE\herefore p¥) is transitive.

—

Now it follows from Lemma 11.5 that pk) is well defined and p C p(k),

Conversely, let (z,y) € p®). Then (x&,y&) € p*) and so there exist 2/,3 € A~ such that
(@' (2€k), ¥ (y€k)) € p. Since (2'(w&))&k = @k, it follows from (11.2) that (2'(2&y))px. Similarly,
(v (y&r))py and we get xpy by transitivity. Therefore p(k) C p as required.

(iv) = (iii). In view of Lemma 11.5(i).

(iii) = (i). Let (z,y) € p =0 and let (2/,y) € By-r((z,y)). Then 2'&; = 2§, and v/ = y&k.
Hence

wpy = (x8k)o (Yék) = (2'8k)o(y'Ek) = oy’

and so By« ((z,y)) C p. Therefore p is open. [

The following example shows that closed is required in condition (vi).

Example 11.7 Let A = {a,b} and let p be the relation on A% defined by xpy if b occurs in both
x,y or in none of them. Then p is a right congruence of index 2 on A~ but it is not closed.

Indeed, it is immediate that p is a right congruence of index 2. Since a™ = lim,, o, b™“a", p is

not closed.

We say that p € RC(A™Y) is profinite if p is an intersection of open right congruences. Since
open right congruences are closed by Proposition 11.6, it follows that every profinite right congruence,
being the intersection of closed sets, is itself closed. We denote by PRC(A™%) the set of all profinite
right congruences on A™%.
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Given a graph I' = (Q, E) and k > 1, we define a relation ,u%k) on @ by

p,u%k)q if there exist paths ... —p, ... —q in T for some u € A*.

Let ugg } denote the reflexive and transitive closure of ul(ﬂk). Then ugg Vis an equivalence relation on Q).

Proposition 11.8 Let A be a finite nonempty alphabet and p € RC(A™¥). Then the following
conditions are equivalent:

(i) p is profinite;

(ii) p is an intersection of countably many open congruences;

(iii) p= () p1™;

k>1

. k .
(iv) ﬂ ,u[ciy(p) = id.
E>1
Proof. (i) = (iii). Assume that p = N;err; with 7; € ORC(A™%) for every i € I.
We have p C Np>1 pl¥l by Lemma 11.5(iii). To prove the opposite inclusion, we show that

—

Viel3k>1plkl Cr. (11.3)

Indeed, it follows from Proposition 11.6 that there exist some k& > 1 and o; € RC(AF) such that
7, = 0;. We claim that
Ti(k) C o;. (11.4)

Assume that (u,v) € Ti(k). Then there exist z,y € A~ such that (zu,yv) € 7, = 7;. Hence

(u,v) = ((zu)r, (yv)&x) € 0

and (11.4) holds.
Since p C 7; implies p*) C Ti(k), it follows that p*) C ¢; and so pl¥! C ¢; since o; is transitive.
Thus —
pkl C o=
and (11.3) holds.
Therefore -
ﬂ pM C Nierri = p
E>1

as required.

(iif) = (ii). By Lemma 11.5(ii), pl¥) € RC(A¥) for every k > 1, hence /;[;] is open by Proposition
11.6 and we are done.
(i) = (i). Trivial.

(iil) = (iv). Write u®) = ugzy(p) and plFl = 4

(%]
Cay(p)
k > 1, hence pl¥l is open (and therefore closed) by Proposition 11.6. Therefore p is closed and so
Cay(p) € RG(A) by Lemma 11.3(ii).

. By Lemma 11.5(ii), p!*] € RC(A¥) for every

—
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Let z,y € A~ be such that xp # yp. Suppose that (xp,yp) € plFl. Then there exist zg, ..., 2, €

A~ such that zp = z, 2, = y and (zi_1p, zip) € p*®) for i = 1,...,n. For i = 1,...,n, there exist
paths
/ Uy " Ug
Zi_1PTZi—1Ps  Z PP

in Cay(p) for some u; € A¥ and z] |, 2/ € A=,
Hence zi_1p = (z_yu;)p and zp = (2]'u;)p, yielding

(zic16) P i p®) (2:)

and so (zi—1&,)plF(2i€). Now (&) plF (y&;,) follows by transitivity, hence (z, %) € pl*l. Since zp # yp

implies (z,y) ¢ pl™ for some m > 1 by condition (iii), it follows that (zp,yp) ¢ ul™ and so (iv)
holds. L L

(iv) = (iii). By Lemma 11.5(iii), we have p C Ng>1plkl. Conversely, let (x,y) € Ng>1plkl. For
each k, we have (x&,y&k) € p[k}, hence there exist ug,...,u, € A* such that uy = €y, U, =
y&, and (ui—1,u;) € p® for i = 1,...,n. For i = 1,...,n, there exist zi—1,2, € A™% such that
(zi—1wi—1, zlu;) € p. Write also @ = z{up and y = zpuy,.

By Lemma 11.2(i), there exist paths

Lo
ZiUi ZiUg

== (Zui)p, = (ziw)p

in Cay(p) for i = 0,...,n, hence

((zicrui1)p, (zius)p) = ((Zfui)p, (ziwi)p) € p*).

Thus
((Z(]’LL())p, (znun),o) S ,u[k}
Since ((zguo)p, (20u0)p) € ,u(k), we get

(xp,yp) = ((26u0)ps (znun)p) € ul*.

—

Since k is arbitrary, it follows from condition (iv) that zp = yp, hence N> plkl C p as required. O

Every open right congruence on A™% is trivially profinite and we remarked before that every
profinite right congruence is necessarily closed. Hence

ORC(A™) C PRC(A™¥) C CRC(A™¥).

We show next that these inclusions are strict if |A| > 1.
For every k > 1, let pp be the relation on A~ defined by

rpry if 2§, = y&k.

It is easy to check that py € ORC(A™) for every k > 1. Since Ng>1pr = id, it follows that the
identity congruence is profinite, while it is clearly not open.

To construct a closed non profinite right congruence is much harder. We do it through the
following example.
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Example 11.9 Let A = {a,b}. Given u,v € A¥, write u < v if u = v'aw and v = v'bw for some

w € A*. Let ugk) <... < ugz) be the elements of AF, totally ordered by <. Let p1 < pa < ... be the
prime natural numbers. For every n € N, let

'3 7 '3
wy, = ...aP3baP2 baP1b.

Let p € RC(A™%) be generated by the relation

k)

R = {(wy uf” wyulfh) | k> 1,1 <i < 2"} U{(b™¥a,a7b)}.

Then p is closed but not profinite.
We start by showing that

wpzA* Nw, A* # 0 implies (k = K and i =) (11.5)
. i

for all k,k',i,i > 1. Indeed, suppose that Wi U = W v for some u,v € A*. By definition of
. ?

Wy Wi U has only finitely many factors of the form ba2™b, and the leftmost must be ba2*b. Since
+ U, we get ba2" b = ba?"™ b and so pz = pZ,. Therefore k = k' and i = 4/, and (11.5) holds.
k/

wpzu:w

Write

p

R ={(zu,yu) | (z,y) € RUR™', ue A*}.
Let x € A7“. We show that

there exists at most one y € A~ such that (z,y) € R'. (11.6)

This is obvious if x € b™“aA* Ua"“bA*, hence we may assume that x € wyi A* for some k > 1 and
1 <i < 2F In view of (11.5), we must have

(%)

k
{z,y} = {wpiui v,wpiu;r)lv}

for some v € A*, and k,i are uniquely determined. Since wyi ¢ wyi AT, also ugk), ugi)l and v are
uniquely determined. Thus (11.6) holds.

Suppose that z R’y R' z with z # y # 2. Since R’ is symmetric, (11.6) yields ' = 2’. It follows
that R'U id is an equivalence relation, indeed the smallest right congruence containing R. It follows
that

R U id = p.
Moreover, each p-class contains at most two elements.
We prove now that p is closed. Let (z,y) € (A7 x A=)\ p. Then x # y, hence we may assume

without loss of generality that x = z’av and y = y/'bv with v € A*. Let

m=max{i > 0| b <, 2, a" <, ¥y}

Note that the above set is bounded, otherwise 2’ = 0% and ¢y = a™%

, yielding
(z,y) = (b av,a”"bv) € p,
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a contradiction. Write ’ = 2”/b™ and y' = y"a™.
For j = 0,...,|v|, write v = v;v} with |v;] = j. Then a™bv; is the successor of V™ av; in the
ordering of A™*1%J hence we may write
m_ o _ o (m+l+j) my o (m+1+j)
b"av; = u;, , aby; = Ui 41
for some 1 < i; < 2mF1H7 Tt follows that
o (mA147) o o (mA14y) o
T =a"u U, Y =Youggy (11.7)
Let
m; = min{[les(z”, w 4 )y es(y”, w 4, )|}
m+1+4j Prti+4j
Note that m; is a well-defined natural number, otherwise z” = w =vy" and
Prti4j
_ (m+1+7) 1 (m+1+5)
(@y)=(w iy VWi Uiy Ug) €y
Pitrys Prtits

a contradiction.
Let
p = max{mo,...,mp} +m+1+]v].

We show that
Byo((z,y)) N p=10. (11.8)

Suppose that (21, 22) € Ba—»((x,y)) N p. Since p > 1 + |v|, we have av <g z; and bv <4 z2. By
maximality of m, and since p > m + 1 + |v|, we have either ab™av <4 z; or ba™bv <y z5. Hence we
must have

(k) (k)

—_— . / —_— . /
2= Wy Uy U, 2y = Wi Ui 4V (11.9)

for some v/, k > 1 and 1 < i < 2*. Clearly, |v/| < |v|, hence we must have v’ = v for j = |v| — |v
We have x = 2"b™av;v}, hence b av;v; <5 z1. Similarly, y = y"a™bv;v} yields a™bv;v} <s 20.
Suppose that k < m + 14 j. Since |les(z,z1)| > m + 1 + |v], it follows from (11.9) that wy; ends
with a b. Similarly, [les(y, z2)| > m + 1+ |v| implies that wy: ends with an a, a contradiction. Hence
k>m+1+ 5.
Suppose now that k > m + 1 4 j. By maximality of m, we must have one of the following cases:

/"

o ab™av; <, ul(-k) and a™bv; < ul(-i)l;

o bMav; < ugk) and ba™bv; < ugi)l.

(%)

41 being the successor of u®

Any of these cases contradicts u ;

m + 14 j and we may write

for the ordering of A*, hence k =

o — W u(m—i—l—l—j)y/‘ o — W u(mHH)v’»
1 Ping14j b J 2 Prg14j i+l Jt
d

Since d(z1,x) < 2-mi—m =l = 27 =m=1=3=1v1 it follows from (11.7) that ¢ = i; and

lles(z”,w i )| > m,.
Prti4j
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Similarly,

[les(y”, w i )| > my,
m+1+j

contradicting the definition of m;.

Thus (11.8) holds and so (A7 x A7)\ p is open. Therefore p is closed.

Let k£ > 1. Since (wp}-cugk),wpiul(f_)l) € p, we have (ul(.k),ul(f_)l) € p®) for every 1 < i < 2F. Since

—

u&k) = a* and ulf) = b¥, it follows that (a*,b*) € pl* and so (a=,b~%) € plF. Since k is arbitrary,

2k T
we get

(a™,b7%) € () oM.

k>1

However,
(@, b7) ¢ R'U id = p,

hence p # Ng>1plFl and so p is not profinite by Proposition 11.8.

12 Special right congruences on A™%

To avoid trivial cases, we assume throughout this section that A is a finite alphabet containing at
least two elements.
Given P C A*, we define a relation 7p on A7 by:

xrpy if x =y or z,y € A=“u for some u € P.

Lemma 12.1 Let P C A*. Then 7p is an equivalence relation on A™%.

Proof. It is immediate that 7p is reflexive and symmetric. For transitivity, we may assume that
x,y,z € A7Y are distinct and z 7p y 7p z. Then there exist u,v € P such that u <; z,y and v <; ¥, 2.
Since u and v are both suffixes of y, one of them is a suffix of the other. Hence either u <4 x, z or
v <g T, 2. Therefore 7p is transitive. [J

If we consider left ideals, being a right congruence turns out to be a special case:

Proposition 12.2 Let L <y A*. Then the following conditions are equivalent:
(i) 7. € RC(A™Y);
(ii) 7, € PRC(A™Y);
(iii) L < A*;
(i) (LBe)A C A*(LBe).
(v) LBy is a semaphore code.

Proof. (i) = (iv). We may assume that |A| > 1. Let v € L and a € A. Take b € A\ {a}. Then
(a™%u,b=%u) € 7, and by (i) we get (a “ua,b"%ua) € 7. It follows that ua has some suffix in L,
hence LA C A*L = L and so

(LBy)A C LAC L= A"(Lp,).
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(iv) = (iii). We have
LA = A*(LB)A C A*(LB,) = L.

It follows that LA* C L. Since L <y, A*, we get L < A*.

(iii) = (ii). By Lemma 12.1, 77, is an equivalence relation. Let x,y € A~ be such that z7y.
We may assume that there exists some u € L such that u <, x,y. Since L < A*, we have ua € L and
ua <s za,ya yields (za,ya) € 7r. Therefore 7, € RC(A™Y).

Let (z,y) € (A7 x A=)\ 7. Then x # y. Let u = les(z,y) and let m = |u| + 1. We claim that

(@Em)TE" = {Em}. (12.1)

Indeed, suppose that (z&,,v) € Tém) and v # x&,. Then there exist 2,2/ € A such that
(2(z&m), 2'v) € 7. Since v # x&,, then z(z&,) and z'v must have a common suffix w € L,
and |w| < m. But then w <; u, yielding v € L and x7ry, a contradiction. Thus (x&,,v) € Tém)
implies v = x&,,, and so (12) holds.

[m]

Suppose that (z,y) € Tém]. Then (26, y4m) € 7, hence &, = y&y, by (12.1), contradicting

m > |ul. Thus (z,y) ¢ Tém] and so ﬂkleém] C 7. Hence 71, = ﬂkleém} by Lemma 11.5(iii), and so

77, is profinite by Proposition 11.8.
(ii) = (i). Trivial.
(iv) & (v). By Lemma 4.1, since LSy is always a suffix code. [

We say that p € RC(A™Y) is a special right congruence on A~ if p = 77 for some I < A*. In
view of Proposition 12.2, this is equivalent to say that p = 7g for some semaphore code S on A. We
denote by SRC(A™) the set of all special right congruences on A~%.

The next result characterizes the open special right congruences. Recall that a suffix code S C A*
is said to be mazimal if S U {u} fails to be a suffix code for every u € A*\ S.

Proposition 12.3 Let I < A*. Then the following conditions are equivalent:
(i) 71 € ORC(A™¥);
(ii) 1By is a finite mazimal suffix code;
(iii) A*\ I is finite.
Proof. (i) = (ii). Let u,v € 15, be distinct. Then
(A™%u) x (A “v)) N7 =0.

Since 77 has finite index by Proposition 11.6, it follows that the suffix code 13, is finite.

Suppose now that 15, U {u} is a suffix code for some u € A*\ (If;). It is easy to see that no
two elements of A™“u are 77 equivalent, a contradiction since 77 has finite index. Therefore I3, is a
maximal suffix code.

(ii) = (iii). Let m denote the maximum length of the words in If,. Suppose that v € A*\ I
has length > m. It is straightforward to check that I3, U {v} is a suffix code, contradicting the
maximality of I8,. Thus A* \ I C AS™ and is therefore finite.

(iii) = (i). We have 77 € RC(A™%) by Proposition 12.2.
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Let m > 1 be such that A*\ I C AS™, Then

2&mi1 = Ymy1 = TTIY

holds for all x,y € A~ and so 77 has finite index. Since 77 is profinite (and therefore closed) by
Proposition 12.2, it follows from Proposition 11.6 that 77 is open. [

The proof of Lemma 7.4 can be adapted to show that inclusion among left ideals determines
inclusion for the equivalence relations 7y

Lemma 12.4 Let |A| > 1 and L, L' <y A*. Then
TLgTLI@LgL/.

Note that Lemma 12.4 does not hold for |A| = 1, since |A™%| = 1.
Similarly, we adapt Propposition 7.6:

Proposition 12.5 Let |A| > 1. Then:
(’i) Ting =71 N7y and 1oy = 11U Ty for all 1,J < A*;
(11) SRC(A™%) is a full sublattice of RC(A™);

(iii) the mapping
Z(A) — SRC(A™¥)
I~ TI

is a lattice isomorphism.

Given p € RC(A™¥) and C € A™%/p, we say that C' is nonsingular if |C| > 1. If C' is nonsingular,
we denote by lcs(C') the longest common suffix of all words in C'. We define

o A, ={les(C) | C € A7¥/p is nonsingular},
o Ay ={les(z,y) | (z,y) € p,  # Y}
Lemma 12.6 Let p € RC(A™). Then:
(i) A*A, = A*A);
(i) A, < A%;
(i1i) A*Aj, <A™

Proof. (i) Let C € A7 /p be nonsingular and let w = les(C). By maximality of w there exist
a,b € A distinct and z,y € A7 such that zaw,ybw € C. Thus w = les(zaw, ybw) and so

A, C A (12.2)

Therefore A*A, C A*A;.

Conversely, let (x,y) € p with x # y. Then zp is nonsingular and les(zp) is a suffix of les(z, y),
hence A; C A*A, and so A*A, = A*A;.

(ii) Let u € A’p and a € A. Then u = les(x,y) for some (z,y) € p with x # y. Then (za,ya) € p.
Since les(za, ya) = ua, we get ua € Aj,. Therefore A} <1, A*.

(iii) Clearly, A*A7, <y A*. Now we use part (ii). OJ
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Given p € RC(A™%), we write
Res(p) = Res(Cay(p))-

We refer to the elements of Res(p) as the resets of p.
Lemma 12.7 Let p € RC(A™). Then:

(i) Res(p) < A*;
(ii) if p is closed, then
Res(p) = {w € A" | (2w, yw) € p for all x,y € A~}

Proof. (i) Immediate.
(ii) Let w € Res(p) and x,y € A™“. By Lemma 11.2(i), there exist paths

S (zw)p, T (yw)p
in Cay(p). Now w € Res(p) yields (zw)p = (yw)p.
Now let w € A*\ Res(p). Then there exist paths p—sq and p'——¢’ in Cay(p) with ¢ # ¢’. Since
Cay(p) is (—w)-trim by Lemma 11.2(ii), there exist left infinite paths

By Yy
in Cay(p), hence paths
TW yw_ g

Since p is closed, it follows from Lemma 11.3(i) that (zw)p = ¢ # ¢’ = (yw)p and we are done. [J

Adapting the proof of Proposition 7.9, we obtain:
Proposition 12.8 Let |A| > 1, p € RC(A™) and I < A*. Then:

(i) an@Ang@A;gl;
(ii) if p is closed, then 71 C p < I C Res(p).

We can now prove several equivalent characterizations of special right congruences. Given p €
RC(A™%), we denote by NS(p) the set of all nonsingular p-classes.

Proposition 12.9 Let |A| > 1 and p € RC(A™Y). Then the following conditions are equivalent:
(i) p € SRC(A™¥);
(1) les : NS(p) — A* is injective, A, is a suffix code and
Ve A7 VYw € A, (zw)p € NS(p); (12.3)
(iii) p=Tawn,;
(v) p=Tasp,;
(v) p= Tg for some L <, A*.
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Proof. (i) = (ii). By a straightforward adaptation of the proof of (i) = (ii) in Ptroposition 7.10,
we check that lcs : NS(p) — A* is injective and A, is a suffix code.

Now let © € A7 and w € A,. Then w = les(yp) for some yp € NS(p). By (12.2), we may
write w = les(y/,y”) for some y',y"” € yp distinct. Since p = 77, it follows that w € I, hence
(zw,y), (zw,y’) € 71 = p. Since y' # y”, it follows that either xw # y' or zw # y”, so in any case
(xw)p € NS(p) as required.

(ii) = (iil). Write I = A*A,. If (z,y) € p and = # y, then lcs(zp) € A, C I is a suffix of both x
and y, hence (z,y) € 77. Thus p C 7.

Conversely, let (z,y) € 77. We may assume that & # y, hence there exists some w € A, such that
w <s x,y. Hence (12.3) yields xzp,yp € NS(p).

Suppose that les(xzp) # w. Then les(zp) <, w or w <, les(xp), contradicting A, being a suffix
code. Hence lcs(zp) = w. Similarly, les(yp) = w. Since lcs : NS(p) — A* is injective, we get zp = yp.
Thus p = 77.

(iii) < (iv). By Lemma 12.6(i).

(ili) = (v). Write L = A*A,. By (iii), we have Tg = pf = p. Since L < A* by Lemma 12.6, (iv)
holds.

(v) = (i). Let I = LA* < A*. Since L C I, it follows from Lemma 12.4 that 77, C 77, hence

P:TﬁgTﬁZTl

by Proposition 12.2.
Conversely, let (z,y) € 77. We may assume that x # y. Then there exist factorizations z = 2'w
and y = y'w with w € I. Write w = 2w’ with z € L. Then (2'z,vy'2) € 71 and so

(z,y) = (2'w, 2w) = (2’2, y'2w') € 7§ = p.

Thus 77 C p as required. [

Proposition 12.10 Let |A| > 1 and p € CRC(A™¥). Then the following conditions are equivalent:
(1) p € SRC(A™);
(it) les : NS(p) — A* is injective, A, is a suffix code and

Vo e A7 VYw € A, (zw)p € NS(p);

(iii) p=Tae,;
(iv) p=Tasn,;
(v) p= Ti for some L <, A*;
(Vi) p = TRes(p);
(vii) A, C Res(p);
(viii) A}, C Res(p);
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(iz) whenever ,
=g, P, Pl (12.4)

are paths in Cay(p) with a,b € A distinct, then ¢ = r.
Proof. (i) < (ii) < (iii) < (iv) < (v). By Proposition 12.9.

(i) = (vi). If p = 77 for some I < A*, then I C Res(p) by Proposition 12.8(ii). Since Res(p) < A*
by Lemma 12.7(i), then Proposition 12.8(ii) also yields

TRes(p) Cp=r1,

hence Res(p) C I by Lemma 12.4. Therefore I = Res(p).

(vi) = (vii) & (viii). By Lemma 12.7(i), Res(p) < A*. Now we apply Proposition 12.8(i).

(vili) = (i). We have A*A},Res(p) < A* by Lemmas 12.6(iii) and 12.7(i). It follows from
Proposition 12.8 that

TRes(p) Cpc TA*A,-

Since A;) C Res(p) yields A*A; C Res(p) and therefore 74+ A, € TRes(p) by Lemma 12.4, we get
P = TRes(p) S SRC(A_W)

(viii) = (ix). Consider the paths in (12.4). By Lemma 11.2(ii), there exist left infinite paths

T '

in Cay(p), hence (zaw,z'bw) € p by Lemma 11.3(i) and so
w = les(zaw, 2'bw) € A), C Res(p).

Thus ¢ = r as required.
(ix) = (viii). Let w € A},. Then w = lcs(z,y) for some (x,y) € p such that x # y. We may write
x = 2'aw and y = y'bw with a,b € A distinct. By Lemma 11.2(i), there exist in Cay(p) paths of the
form
2 aw ¥y bw
o —op—rp, - ——p Toyp = xp.

Now (ix) implies that w € Res(p). O

We can now prove that not all open right congruences are special, even for |A| = 2:
Example 12.11 Let A = {a,b} and let o be the equivalence relation on A3 defined by the following
partition:
{a®, aba,ba®} U {bab, a®b} U {ab®} U {b%a} U {b%}.
Then & € ORC(A3) \ SRC(43).
Indeed, it is routine to check that ¢ € RC(A?), hence p = 7 € ORC(A™*) by Proposition 11.6.

Since les(a™p) = a and les((b™%a)p) = b%a, then A, is not a suffix code and so p ¢ SRC(A™) by
Proposition 12.9.

Let p € RC(A™) and let
p=V{T € SRC(A™™) | T C p},

p=N{1Te€SRC(A™)|T2p}
By Proposition 12.5(ii), we have p,p € SRC(A™).
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Proposition 12.12 Let |A| > 1 and p € CRC(A™¥). Then:
(Z) P = TRes(p) s
(it) P = Taxn, = Taxn,.

Proof. (i) By Lemma 12.7(i), we have Res(p) I A*. Now the claim follows from Proposition 12.8(ii).
(ii) Similarly, we have A*A, = A*A/ 9 A* by Lemma 12.6(iii), and the claim follows from
Proposition 12.8(i). O

The straightforward adaptation of Example 7.14 shows that the pair (p,p) does not univocally
determine p € RC(A™), even in the open case:

Example 12.13 Let A = {a,b} and let 0,0’ be the equivalence relations on A defined by the

following partitions:
{a®, aba,ba*} U {bab, a®b} U {ab®} U {b*a} U {b%},

{a®,b%a,ba®} U {bab, a®b} U {ab®} U {aba} U {b*}.
Let p=75 and p' = o'. Then p,p € ORC(A™Y), p=p andp=/'.

This same example shows also that p does not necessarily equal or cover p in SRC(A™*). Indeed,
in this case we have

Res(p) = A*A> U {a?,ab} C I C AT\ {b,b%} = A*A,
for I = A*A3 U {a?, ab,ba} < A*. By Lemma 12.4, we get

pC T Cp.
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