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Introduction

This thesis concerns with essentially various and different aspects
linked to the general and huge theory of the finite Gelfand Pairs.

More precisely we will explore this theory from different points of
view: the algebraic approach enriched by the introduction of the class
of self-similar groups acting on trees that show very interesting and
surprising properties, the probabilistic approach suggested by the in-
troduction of some particular Markov chains and the combinatoric ap-
proach linked mainly to the classical theory of the association schemes
and to the introduction of poset block structures on which the gener-
alized wreath products act.

The theory of the Gelfand pairs has found fundamental relations
with many mathematical fields as group theory, representation theory,
harmonic analysis, coding theory, combinatorics, the theory of special
functions, probability and statistics.

Clearly, there exists also a very huge literature about Gelfan Pairs
theory (finite and infinite). We can mention among them the works by
Ceccherini-Silberstein, Tolli and Scarabotti [CST1, CST2] for general
settings, Letac [Let1, Let2], Delsarte [Dell, Del2]| with an approach
also to coding theory , Dunkl [Dunl, Dun2, Dun4] using special and
orthogonal functions, Faraut [Far| for the infinite case, Figa-Talamanca
[F-T2, F-T1] linked to Markov chains, Stanton [Stan] and the pio-
neering book by Diaconis [Dia2] that associates the theory to proba-
bilistic and statistical themes.

After a brief introduction in which general settings of the theory
are discussed the thesis proposes to approach some topics to which the
Gelfand pairs theory can be applied: the theory of self-similar groups
and the Markov chains theory.

This frame contains as integrated part the theory of the association
schemes that are strictly linked to Gelfand pairs and to which we have
dedicated a small Appendix (see also [Bai] for mare details).

Given a group G (that in this thesis we suppose finite) and a sub-
group K, we denote L(K\G/K) the space of the bi— K —invariant func-
tions which has a structure of algebra with respect to the operation of
convolution. We will say that (G, K) is a Gelfand pair, if L(K\G/K)
is commutative. Equivalently if one considers the homogeneous space
X = G/K and the action of G on the space of functions on X (denoted
L(X)) defined as follows: gf(z) := f(g~'x) forevery x € X, g € G and

3



4 INTRODUCTION

f € L(X) we get a representation of G in L(X) (the regular representa-
tion Ag). This will admit a decomposition into irreducible submodules,
then (G, K) is a Gelfand pair if this decomposition is multiplicity free
(i.e. if V; and V} are two distinct irreducible subspaces of L(X) under
the action of G then V; is not isomorphic to V}). Each module contains
a special function, the spherical function that is an eigenvalue of the
action by convolution. The set of all spherical functions (whose num-
ber equals the number of irreducible submodules) constitutes a basis
for the space of K —invariant functions.

A special case of Gelfand pairs is the case of symmetric Gelfand
pairs. This is the case when for each g € G the inverse ¢! belongs
to the double K —cosets KgK. This yields many examples of Gelfand
pairs, also in the case that X has a metric structure. In effect, we get a
symmetric Gelfand pair when the action of G on X is 2-points homoge-
neous, namely any two pairs of points in X with same distance can be
overlapped by the action of G. This criterion allows to treat the case of
the action of the full automorphism group of a rooted tree Aut(7},) on
the n—th level L, (= Aut(T,)/K, where K is the stabilizer of a fixed
vertex belonging to the n—th level), that presents the structure of an
ultrametric space. In effect the richness of the automorphism that such
a group presents, produces an action 2-points homogeneous on L,, (see
for example [CST2] Cap. 7).

The first idea developed in this thesis is to see if this construction
can be generalized to some families of finitely generated, non dense
discrete subgroups of Aut(T).

R. I. Grigorchuk in [BHG] has proven an analogous result for is
celebrated group, looking to the action restricted to each level of the
binary rooted tree (see, for example [Gril] and [Gri2]), showing, in
particular, that the parabolic subgroup K acts transitively on each
sphere around the fixed vertex in L,,. For an approach to the infinite
case for groups acting on trees (the action on the bound 97T of the tree)
see [BG2| and [BG1].

We have given the same results ([DD1]) for three interesting ex-
amples of self-similar groups: the Basilica group, introduced by Grig-
orchuk and Zuk in [GrZu], the Hanoi Tower Group introduced with a
self-similar presentation by Grigorchuk and Sunik in [GrS1] and the
group IMG(2? + 1) introduced by Grigorchuk, Savchuk and Sunik in
[GSS].

These groups have the important property to be Iterated Mon-
odromy Group of complex valued functions. This relation has led to
many spectacular results due to V. Nekrashevych and linked to the
theory of dynamical systems, Julia sets and limit spaces (see [Nek2]
and [BGN]).

For two of these groups we have found a non standard proof of the
fact that they give rise to Gelfand pairs, namely that the rigid vertex
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stabilizer of the vertices of the first level (i.e. the set of the automor-
phisms acting non trivially only on the subtree rooted in a vertex)
acts transitively on the respective subtrees. This yields a proof ana-
logue to that given in the case of Aut(T},,) and for Grigorchuk group,
for example, does not work. Moreover the decomposition into irre-
ducible submodules given by the action of these groups on L(L,) is
the same that the decomposition gotten by Aut(7,,) (easy consequence
of Wielandt Lemma). These groups have the property of being weakly
branch. Can be this result true for every weakly branch group?

The decomposition obtained is constituted by irreducible modules
that are the eigenspaces of a particular Markov operator on L(L,)
associated with a Markov chain on L,, introduced by Figa-Talamanca
called Insect (see [F-T1]). Each state of this chain is given when an
insect starting from the leftmost vertex of L, (by homogeneity this is
not important) and moving a simple random walk on the tree reaches
again the level L,. Effectively this Markov chain is invariant under
the action of Aut(T),) and this fact produces the correspondence of the
subspaces.

In this thesis we have shown that in this Markov chain does not
appear the cut-off phenomenon (see [Dial] and [DD4]), this means
that the distance of the probability measure associated with the Insect
Markov chain from the stationary distribution does not decay in an
exponentially fast way.

On the other hand, we have generalized this Markov chain to some
more general and complicate structures, namely the poset and the or-
thogonal block structures.

This structures constitute a generalization of the tree, i.e. given
a poset (I, <), we can associate to it a combinatoric structure and a
relative group of automorphisms. In the case of the tree the poset
I becomes a vertical line and the associated automorphisms group is
naturally given by the wreath product of symmetric groups.

In the general case the mentioned group has a more complicate
form, something that is between the direct product and the wreath
product. This group is the generalized wreath product F introduced
by R. A. Bailey, Cheryl E. Praeger, C. A. Rowley and T. P. Speed in
[B&all].

These groups act on the space of functions given by the product
of finite spaces indexed by the vertices of the poset I. This space is
the homogeneous space obtained by considering the action of the whole
group F' and a relative subgroup K fixing a singleton.

The pair (F, K) is effectively a Gelfand pair. This result can be
directly proven by [B&al|, but we have used a more general method,
valid in a more general context. The Markov chain that generalizes
the Insect can be defined in structures that are not linked to group
theory (the orthogonal blocks) but in the case of the action of F' (the
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poset blocks) we have the correspondence of the relative irreducible
submodules and eigenspaces (see [DD2]).

We have already said that a Gelfand pair (G, K) produces a de-
composition in irreducible submodules given by the action of G on the
space of function L(G/K).

The last part of the third chapter moves completely from an alge-
braic to a probabilistic point of view. The decompositions of the permu-
tation representation Ag can be totally derived using particular convex
combinations of Markov chains on finite sets. Starting from the case of
the direct and wreath products we can construct Markov chains which
are the crossed and nested products of single Markov chains whose
decompositions are the same of those given by the groups (the termi-
nology comes from association schemes, that showing an combinatorial
analog of this situation).

Generalizing this construction, for any partition {1,2,...,n} = C'U
N and any Markov chain P; on a finite space X;, with i € {1,2,...,n}
we can define a new Markov chain on the product X = X; x --- x X,
whose behaviour is crossed for the indices belonging to C' and nested
for the indices belonging to N. First crested product is the name that
we have given to this intermediate Markov chain P (see [DD3]). The
name has been inspired by a similar product introduced in [BaCa] for
association schemes.

We have given an explicit description of the eigenspaces and the
eigenvalues of P. For example, choosing {1,2,...,n} = N and every
P; the uniform operator (every element in X; can be reached in one
step with same probability) gets the Insect Markov chain.

Many topics that we have treated concern with the study of a rooted
tree with some branching indices.

The idea developed in the last section of chapter 3, has been inspired
by the work by Ceccherini-Silberstein, Scarabotti and Tolli [CST3]:
every vertex in the n—th level of a rooted tree can be regarded as
a subtree with branching indices equal to 1 inside the whole tree T.
Then one can consider, in general, the variety V(r,s) of the subtrees
with branching indices r = (ry,...,r,) inside a tree with branching
indices s = (s1,...,,), where r; < s; for each @ = 1,...,n. This
space is the quotient of the group Aut(7),) on the stabilizer K(r,s)
of a particular substructure. It is known that (Aut(7},), K(r,s)) is a
Gelfand pair and the irreducible submodules and the relative spherical
functions are given (see [CST3]). Our starting point has been the
following question: can we deduce the analogous decomposition using
as before only Markov chains? That is what we have proved in a more
general contest in which for the space we can forget the ultrametric
structure.

Generalizing more and more, there exists an analogous construction
in poset block structures (with the tree as particular case). Do they
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give rise to Gelfand pairs? What is the decomposition associated? And
what are the relative spherical functions?

To the first question we have given a positive answer, the others
are still open.

The thesis is structured in the following order.

The first chapter constitutes a sort of survey to the general theory,
where some basic theorems and fundamental tools occurring many
times in the following are introduced. In Section 6 we present the
Gelfand Pairs associated with the full automorphism group of the
g—ary rooted tree of depth n and the stabilizer of a single leaf, namely
(Aut(T,), K).

The second chapter gives an overview of the groups acting on rooted
trees, and shows that one can get Gelfand pairs by considering particu-
lar (and well known in literature) examples of Aut(T"), whose action is
restricted to finite levels. On the other hand, sections 4 and 5 introduce
a generalization of the standard crossed and wreath products (the last
one corresponds to Aut(T,)), the generalized wreath product linked to
more complicated structure (poset blocks). Also in this case we show
that we get Gelfand pairs.

The third chapter studies the so called Insect and shows that what
we have obtained by using group actions can be derived from Markov
chains. Here we define a very general Markov chain on some combina-
toric structures called orthogonal blocks. Section 5 reflects essentially

the article [DD3].






CHAPTER 1

Gelfand pairs

In this chapter we introduce the general theory of finite Gelfand
pairs. More precisely we give the classical definition and a characteri-
zation in terms of representation theory. Spherical functions and their
interesting properties will be investigated. When it will not be specified
G will denote a finite group. The source is [CST2].

1. First definitions

Let G be a finite group and K < G a subgroup, denote X = G/K
the corresponding homogeneous space constituted by the right cosets
of K in G. Then G acts on X as follows: given g € G and hK € X,
g-hK = ghK ie. G acts by left translation on X. Equivalently, if X is
a finite space on which GG acts transitively and x € X is a fixed element,
then we can naturally identify X with the quotient group G/K, where
K = Stabg(z) is the subgroup of G that stabilizes the element z, via
the map g — gx.

We set L(G) = {f : G — C} the vector space of the complex func-
tions defined on GG. Actually this space has a richer structure, in fact
it is an algebra with respect the following operation * of convolution:

if f1, fo € L(G) then
fix fa2(9) = filgh) fo(h7h),
heG

We denote L(X) = L(G/K) the set of functions defined on X (i.e.
K —invariant on the right) and L(K\G/K) the set of functions defined
on G that are bi- K —invariant, i.e.

L(K\G/K)={f € L(G): f(kgk') = f(g) Vg € G and Vk, k' € K}.
Both L(X) and L(K\G/K) are algebras with the convolution .

DEFINITION 1.1. Let G be a finite group and K < G. The pair
(G, K) is a Gelfand pair if the algebra L(K\G/K) is commutative
with respect to the operation of convolution.

The following lemma is very easy.

LEMMA 1.2. If G is commutative and K < G, then (G,K) is a
Gelfand pair.
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Proof. By definition

fixfalg) = D hilgh) (b7 =

he@

= > hlgh)flgh™'g™") =

heG

= Zfl Yfa(gt) =

teG
= > hRgHAE) = fx filg).
teG

O
Suppose that for each ¢ € G we get ¢! € KgK, then for any
f € L(K\G/K) one has f(g_l) = f(g) and

f1*f2 Zfl gh f2

heG

= > filgh) falh) =

heG

= > i) falg ') =

teG

= Yl 'OA1) =

teG

= > RlgT'AET) =

ted
= fox filg™) = f2% fulg),
that implies the commutativity of the algebra L(K\G/K).

DEFINITION 1.3. Let G be a finite group and K < G such that for
any g € G one has g7' € KgK, then the Gelfand pair (G, K) is called
symmetric Gelfand pair.

The following lemma will give an interesting characterization of
symmetric Gelfand pairs, this will be useful later. Observe that G acts
on the space X x X by diagonal action (i.e. ¢g-(x,y) = (gz, gy) for all
z,y € X and g € G).

LEMMA 1.4 (Gelfand Condition). Let X ~ G/K be a finite space
with a transitive action of G and K = Stabg(x), where xqg € X. The
pair (G, K) is a symmetric Gelfand pair if and only if for all z,y € X
there exists g € G such that g(x,y) = (y, ).

Proof. We use the notation (z,y) ~ (y,z) for g(z,y) = (y,z). If
(G, K) is symmetric, let ¢, s € G such that x = txy and y = tszy and
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let ki, ko € K such that s7! = k;sky. Then
(x,y) = t(xo,t'y) ~ (x0,t™'y) = (20, 7).

Moreover
('Iay) = S(S_1x07$0) ~ (S_1I07$0) = (klskaOaxO)-
But ki, ke € K, so

(k1skawo, x0) = ki(swo, z0) ~ (sTo, o) = (t7'y, z0) ~ (y, ).

On the other hand, as (xq, g 'xo) ~ (79, gxo) there exists k € G
such that k(zg, g 12¢) = (x0, gz0). Le. kzg =2 = 0 and kg~ 'z = gxo.

This implies k € K and g kg™ ! € K. O
EXAMPLE 1.5.

Let G be a finite group acting by isometries on a metric space (X, d).
The action of G is said 2-points homogeneous if for all x1, x5, y1,y2 € X
such that d(z1,z) = d(y1,y2) there exists g € G such that g(xy,z2) =
(y1,y2). Then, if the action of G on a metric space (X, d) is 2-points
homogeneous and K = Stabg(xg), with xy € X fixed, (G,K) is a
symmetric Gelfand pair. In this case it easy to show that the K —orbits
of K on X are the spheres of center xy and a function f € L(X) is
K —invariant (i.e. bi—K—invariant) if and only if it is constant on the
spheres.

2. Decomposition of the space L(X)

We have already introduced the space L(X) of the complex func-
tions on X. This space (as well as L(G)) is an Hilbert space with
respect to the inner product ( , ) defined by setting, for every fi, fo €
L(X):

(f.fo) =D fil@)fa(x).
zeX

This space is so endowed by the usual metric || - ||. The group G
acts on the space L(X) as follows: if f € L(X) and g € G, we set
g- f(x) = f(g~tx). Tt is easy to verify that this is effectively an action.
One can ask what is the decomposition into irreducible submodules
of this representation. The answer will give a characterization of the
Gelfand pairs in terms of representation of groups theory.

First of all we want to recall the following celebrate lemma

LEMMA 2.1 (Schur). Let U and V irreducible representations of a
group G. Then the space Homg (U, V') of the homomorphisms G —invariant
intertwining U and V' is trivial if U is not equivalent to V and is Cu
if U s equivalent to V' by the homomorphism w.

The first step connecting representation theory to Gelfand pairs
theory is given by the following proposition
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PROPOSITION 2.2. Homg(L(X), L(X)) ~ L(K\G/K).

Proof. Each operator T : L(X) — L(X) can be represented
by a matrix (7(x,¥))syex such that Tf(x) = > _r(z,y)f(y). The
G—invariance of T implies that r(gx, gy) = r(x,y) for every g € G.
If x( is the point stabilized by K, there exist g, h € G such that ©z =
grg and y = hwg. Set z = h™lgzy € X, we note that 2 = z(z,y)
is well defined modulo its K —orbit. In fact it is easy to verify that
z € Kh™'gxy. Called o(z2) = r(z,y), o is K—invariant. Moreover

1
Tf(z) = W Z"’(Sﬁa haxo) f(hxo) =
hea
1
= i Z r(hgzo, o) f(hao) =
heG
1
el > o(h™"gzo) f (hao).
Kl
Then the correspondence is given by ¢ «— (r(z,y))syex that is
algebra homomorphism. [

This allows us to give an analogous definition of Gelfand pairs in
terms of the representation of the group G onto the space L(X).

THEOREM 2.3. Let G be a finite group, K < G and X = G/K.
Suppose that L(X) = @®I,V; is the decomposition of the space into
irreducible submodules under the action of G. Then V; 2V, fori # j
(multiplicity free) if and only if (G, K) is a Gelfand pair.

Proof. From Proposition 2.2 we have to show the commutativity
of the algebra Homg(L(X), L(X)). But in this case Schur’s Lemma
implies that an homomorphism 7' that is G—invariant has the form
T = & ,T;, where T; = ¢;Idy,. This gives the assertion. O

The previous criterion is very useful for studying Gelfand pairs.
For each representation V of the group G, denote VE = {v € V :
k- v = v} the space of K—invariant vectors in V.

PROPOSITION 2.4. Homg(V, L(X)) ~ Homg(V,C) ~ VE,

Proof. It suffices, for the first isomorphism, to define an oper-
ator © : Homg(V,L(X)) — Homg(V,C) as O(T)(v) = T'(v)(xo),
where z is the point stabilized by K. For the second one set T :
Homp(V,C) — V& such that T(S) = vy where, S(v) = (v,vg) for
everyv e V. [0
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We have a new characterization.

THEOREM 2.5. (G, K) is a Gelfand pairs if and only if, given an
irreducible representation V of G, dim(VE) < 1.

Proof. (G, K) is a Gelfand pair if and only if L(X') has a multiplic-
ity free decomposition. Now Homg(V, L(X)) ~ V& is the multiplicity
of the representation V in L(X). O

3. Spherical functions

In this section we want to study some particular bi— K —invariant
functions called spherical functions.

DEFINITION 3.1. A spherical function ¢ is a bi— K —invariant func-
tion satisfying

o fxd =[x [)1c)]¢ for every f € L(K\G/K);
o ¢(lg) = 1.

It is clear from definition that the constant function ¢ =1 on G is
spherical. Actually, the number of the spherical functions is the number
of the irreducible representations in the decomposition of the space
L(X) under the action of G. More precisely there exists a spherical
functions in each of such a space.

Suppose to have different spherical functions, the following lemma
specifies their mutual properties.

LEMMA 3.2. Let ¢ and ¢ two distinct spherical functions. Then

(1) ¢(g7") = ¢(g) for all g € G;
(2) (¢, ) =0;

Proof.
(1) Set ¢*(g9) = ¢(g~"') and observe that ¢* x ¢ = ¢* x ¢(1g)p =

P3¢ Since ¢* * ¢p(g71) = ¢* * ¢(g) we get the thesis.
(2) oxp(g) = dxp(lg)o(g). On the other hand it must be equal

to ¢ *x ¢(g9) = ¢ * ¢(1g)p(g). This implies the equality of the
coefficients that must be trivial, that implies the ortogonality.
O

The following property will be useful later.

PROPOSITION 3.3. A bi— K —invariant non trivial function is spher-
ical if and only if

(1) ﬁ S 6gkh) = 6(g)6(h),

keK

forall g,h € G.
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Proof. Suppose that (1) is satisfied by a function ¢. First of all
®(1g) = 1 as one can verify taking h = 1. Moreover if f € L(K\G/K)
and k € K

¢x flg) = Y olgh)f(h") =

heG

= S G(gh) f (k) =

heG

= S olgkt) () =

teG

- L Y e -

teG keK

= ¢(g)> o) f(t™") =

teG

= (¢x f(la))o(g).

Viceversa suppose that ¢ is a spherical function and ¢ and h ele-
ments of G. Set

Fy(h) = ¢(gkh).

keK

Then, if f € L(K\G/K) and ¢’ € G we have

Fyxflg) = D) olgkgh)f(h™") =

heG keK

= D) blgkgn)f(h7) =

keK helG

= Y ¢xflgkg) =

keK

= (6% 1) D dlgkg) =

keK

= (o= )(1e)Fy(d).
Analogously, if

Gy(h) = f(hkg)

keK
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we get

Fyxflg) = D) olgkgh)f(h™") =

heG ke K

= > ) blgh)f(hkg') =

heG keK
= ¢oxGy(g) =
= ¢xGy(la)elg) =
= [K[(é= f)(g)o(9)
= [K|(¢* f)(1c)e(g)(9)-
This implies ¢* f(1¢) # 0 and F,(¢") = |K|p(g')#(g), that is the thesis.

0.
Now we can prove the following

THEOREM 3.4. Let X = G/K and L(X) = &}_,V; be the decompo-
sition in irreducible submodules. Each V; contains a spherical function
oi, and coincides with the space spanned by ¢;.

Proof. The space V; contains a K —invariant vector v;. Assume
that [Jv;]]a = 1. Set ¢(g) = (A(g)vs, v;), where A is the representation
associated with G. By definition ¢(1¢) = 1 and so we have to prove
that

> dlgkh) = ¢(g)d(h).

keK
We have
> olgkh) = > (Agkh)vi,vi) =
= > (M@u AR uy) =
= (Mg)vi, ) AMBTE vy =

= (Ag)vi, vi(h)).

Since v] is K —invariant v;(h) = ¢(h)v; we get

S 6(gkh) = plg)e(h).
keK
Set g = 1, it follows c(h) = ¢(h).
We call S; the space spanned by ¢; under the action of G. Evi-
dently, L(X) < @I ,S;. But S; is a sub-representation of L(X) and so
we have the assert. O
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Observe that we can now define a spherical function ¢ as a function
in L(X) that is K —invariant, belonging to an irreducible G—invariant
subspace and such that ¢(xg) = 1.

4. Irreducible submodules
The following fundamental fact is well known

LEMMA 4.1 (Wielandt). Let G be a finite group, K < G and X =
G/K the corresponding homogeneous space. If L(X) = @ ym;V; is
the decomposition into irreducible submodules and m; the multiplicity

of the representation V;, then Y i mi equals the number of K —orbits
on X.

COROLLARY 4.2. Suppose G, K and X as before. If L(X) = ®,V;
and m + 1 s the number of the K—orbits on X, then the V;’s are
irreducible and (G, K) is a Gelfand pair.

Proof. Considering the decomposition into irreducible submodules
we have m +1 < Y7 -m; < > ym?. Then by Wielandt’s Lemma
m =n and m; = 1 for each i. ]

5. The spherical Fourier formula and Garsia theorem
Let ¢; be the spherical function belonging to V; and set dim V; = d;.

DEFINITION 5.1. The spherical transform Ff of a K—invariant
function in L(X) is the function

(FNGE) = f@)gilx) = (T, 6.

If one knows the spherical Fourier transform of a function can find
the function by the following inverse formula

1 — .
f@) =157 ; &i(Ff) ()i ().

This notion is connected to the spectral analysis of a G—invariant
operator defined on L(X)

DEFINITION 5.2. Let T : L(X) — L(X) be an operator and
T(f) = ﬁf’ x ', where f' and ' are the lifting function on G corre-
sponding to f and . Then ¢ : X — C is called convolution kernel.

PROPOSITION 5.3. Suppose T € Hom(L(X),L(X)) with corre-
sponding convolution kernel 1. Then V; is an eigenspace of T with
associated eigenvalue (Fih)(i).

Proof. From Schur’s Lemma T has V; as eigenspace, moreover

1 / / 1 / / / .
(T'¢i)(g0) = W(@*w )g) = W(¢i*w )(16)9i(g) = (F) () di(go)-



6. THE CASE OF THE FULL AUTOMORPHISMS GROUP 17

O

The spherical Fourier transform allows to characterize symmetric
Gelfand pairs in terms of spherical functions

THEOREM 5.4 (Garcia). A Gelfand pair (G, K) is symmetric if and
only if the sparical functions are real valued.

Proof. Let xk4x the characteristic function of the set KgK. Then

Flxror)(@) Y dilw) = |KgK[i(g)-

zeKgK

On the other hand

Fxugx)(i) Y, ¢ilw) = |[K=1K|gi(g7") = |[KgK]ei(g).

zeKg— 1K

This implies from inversion formula that (G, K') is symmetric (KgK =
Kg 'K for every g € G) if and only if ¢; is real valued. O

6. The case of the full automorphisms group

In this section we study the group of the automorphisms of a g—ary
rooted tree in relation with the theory of Gelfand pair.

Consider the infinite g—ary rooted tree, i.e. the rooted tree in
which each vertex has ¢ children. We will denote this tree by 7. If
X ={0,1,...,q — 1} is an alphabet of ¢ elements, X* is the set of all
finite words in X. Moreover, we can identify the set of infinite words
in X with the elements of the boundary of T'. Each vertex in the n-th
level L,, of T" will be identified with a word of length n in the alphabet
X.
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L,

Fig.1. The ternary rooted tree of depth 3.

The set L, has a particular metric structure.

DEFINITION 6.1. Let X be a set and d : X x X — [0,400) a
function. Then (X,d) is an ultrametric space if

(1) d(xz,y) =0 if and only if x = y;
(3) d(x, z) < maxd(z,y),d(y, z), for every x,y,z € X.

Observe that each ultrametric space is, in particular, a metric space.
The set L,, can be endowed with an ultrametric distance d, defined
in the following way: if t =2¢... 2,1 and y =yg...y,_1, then

d(z,y) =n —max{i: xp =y, Vk <i}.

We observe that d = d’'/2, where d’ denotes the usual geodesic distance.
Moreover it is clear that T" is a poset with respect to the relation > of
being ancestor.

DEFINITION 6.2. An automorphism g of T, is a bijection g : T —
T such that if x >y then g(x) > g(y), for every x,y € T.

The whole group of the automorphisms of 7" will be denoted by
Aut(T). From the definition it is clear that Aut(T") preserves each
level L,,.
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In this way (L, d) becomes an ultrametric space on which the au-
tomorphisms group Aut(7') acts isometrically. Note that the diameter
of (Ly,d) is exactly n.

To indicate the action of an automorphism g € Aut(T') on a vertex
x, we will use also the notation x9.

Every automorphism g € Aut(7T) can be represented by its labelling.
The labelling of g € Aut(T) is realized as follows: given a vertex
T =12...T,—1 €T, we associate with = a permutation g, € S, giving
the action of g on the children of . Formally, the action of g on the
vertex labelled by the word x = x¢ ...z, is

f) ga:O

Gog .
29 =xal™ . x0T

n—1

The group Stab su(r)(n) denotes the subgroup of the automorphism
fixing all the vertices of the n—th level (and so of the levels Ly, with
k < n). If one considers the action of the full automorphisms group of
the g—ary rooted tree

Aut(T,,) = Aut(T)/Stabsus(r)(n)

on L, one gets, for every n, a 2-points homogeneous action, giving rise
to the symmetric Gelfand pair (Aut(T},), K,,), with K, = Stab sz, (0")
is, as usual, the subgroup stabilizing the vertex 0™. Observe that the K,
orbits coincide, in this case, with the sets Ay, = {x € L,, : d(xo,z) = k},
for k=0,1,...,n, ie. the spheres of center xy of ray k.

THEOREM 6.3. The action of Aut(T,) on (Ly,,d) is 2-points homo-
geneous.

Proof. We use induction on the depth n of the tree T

n = 1. The assertion follows from the 2-transitivity of the group .S,

n > 1. Let (z,y) and (2/,y’) be pairs of vertices in L,, with d(z,y) =
d(2',y). If d(x,y) < n, then vertices x and y belong to the same subtree
of T and so z1 = y;. Analogously for 2’ and 3'. Applying, if necessary,
the transposition (z;2]) € S,, we can suppose r; = y; = 2} = ¥}, so
that x, 2’, y and 1y’ belong to the same subtree of depth less or equal to
n — 1, and then induction works.

Finally, consider the case d(x,y) = d(2’,y') = n. Consider the
automorphism g € Aut(T) such that g(x;) = 2} and g(y;) = y; and
which acts trivially on the other vertices of L;. Now we have that x
and z’ belong to the same subtree 7”. Analogously y and 3" belong
to the same subtree 7", with 7" # T". The restriction of Aut(T),) to
T’ and T" respectively acts transitively on each level. So there is an
automorphism ¢’ of 7" carrying x to 2’ and acting trivially on 7" and
analogously there is an automorphism ¢” of T” carrying y to ¢ and
trivial on T”. The assertion is proved. [
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The decomposition of the space L(L,,) under the action of Aut(T,,)
is known.

Denote Wy = C the space of the constant functions and for every
j=1,...,n, define the following subspace
-1

{fEL( ) f f(l'l,..., ), f(xl,azg,...,xj,l,x)z()}

=)

8
Il
=)

of dimension ¢/~(q — 1).

PROPOSITION 6.4. The spaces W;’s are Aut(T,,)-invariant, pairwise
orthogonal and the following decomposition holds

— @Wj.
j=0

Proof. First of all we prove that if f € W, then g- f € W;. In
effect

g flonswn) = flgg (@), 00, e, (@)

77777

Zg f ‘%‘17" x] 17 ) = Zf g(Z) ‘rl "79:171 ,,,,, XTj— 2(xj*1)7g:;11,.‘.,xj 1 xr

zeX reX

= Z f(gw_l(:tl), R 793311,...,:133 g(mj—1)7y) =0.

yeX

Let f be in W; and f" in W, with j < j'.

)y = D flan ) o, ) =

11:1:0 :IInZO
q—1 g—1
_ n—j’ / _
= ¢’ E E fla,.. E [y, x5, k) =0.
x1=0 a:jul:()

This gives that the ;s are orthogonal. Moreover

dimL, = ¢" = > ¢ (q—1)

=0
and so these spaces fill all L(L,). O

Since the spheres centered at zp = 0™ (and so the K,-orbits) are
exactly n + 1, we have from Lemma 4.2 that the subspaces W;’s are
irreducible.

There exists a complete description of the corresponding spherical
functions.
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PROPOSITION 6.5. For every j =0, ...,n we the spherical function
¢; in the space W; is given by
1 d(x,zo) <n—j+1;
pi(x) = 117(1 dx,xg) =n—j+1;

0 d(z,zo)>n—j+1.

Proof. Since each ¢, is defined in terms of distance and the spheres
of center zy and ray k are the K, —orbits we have that the ¢;’s are
K,,—invariant. Moreover ¢;(x¢) = 1 by definition. We have to prove
that ¢; € W;. But ¢;(z1,...,2;,2) = ¢j(x1,...,x;,y), for every z and
y words of length n — j — 1, because the condition d(x,zq) <n—j+1
is equivalent to z; = ... =z, =0,dz,z0) =n—j+1ltozr; =... =
xj_1 = 0,2; # 0 and d(z,z9) > n—j+1 to the resting cases. Moreover

j—1

1
> gl minr) =) A - — Ayl =0.
zeX i=0 q

7. Some constructions

Let (G, K) and (F, H) be finite Gelfand pairs on the homogeneous
spaces X ~ G/K and Y = F/H, we can ask if it is possible to combine
the two constructions to get another Gelfand pair.

The following constructions are well known.

If we denote G x F' the direct product of G and F, and K x H
the direct product of the respective stabilizers subgroups, it is easy to
prove that (G x F, K x H) is a Gelfand pair.

The decomposition associated with the action of G on L(X xY) is

LX xY) = (év> ® (éWJ),

where L(X) = ®iL,V; and L(Y') = @} W are the decompositions into
irreducibles submodules under the actions of G and F’ respectively. The
spherical functions will be given by the tensorial product of the spher-
ical functions of each pair. This construction is called direct product
of Gelfand pairs.

Analogously, if we perform the wreath product of the groups G and
F we get a the pair (G F,J), where

J=A(k,f) e GV1F: k€K, f(xg) € H}

is the stabilizer of the vertex (z¢,yo) € X x Y under the action of
GUF. Recall that GA F =G x FX={(g9,f): f: X — F, g€ G}.
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LEMMA 7.1. The orbits of X x Y wunder the action of J are

L] Lu{xo} x T,

| JA xv)
i=1
where X = {zo} Uy A; and Y = {yo} U}, T; are the decompositions
of X and'Y under K and H respectively.

Proof. We have J(zo,y) = {(zo, f(z0)y), f(z
T,;. Analogously if x # zy, we have J(z,y) =
Kandf(l'(])GF}:AiXY. O

X xY =

9

0) c H} = {xo} X
{(kz, f(x)y), k €

We have the following theorem

THEOREM 7.2. (1) The decomposition into irreducibles submod-
ules s
LX xY)= |PVieW)| o |@DLX)aW,))|;
i=0 j=1

(2) the spherical functions have the form

{¢i®w075xo®wj :i:O,l,...,n; j: 1,...,7’)7,},
where ¢; and1; are the spherical functions of the initial Gelfand
pairs and 0, 15 the Dirac function at the vertex xy.

Proof. 1) Consider the element (g, f) € GUF acting on the function
GRFe L(X xY) as

5@ F(r,y) = G(2)F ().
Then

(9. NG @F)(z.y) = (@) [(9./) " (w,9)] =
= (99)() [f(=)T] ().

Now let v ® 1 € V; @ Wy, then (¢, f)(v®1)=(gv®1) € V; @ W,.

Let 0, ® w € L(X) ®@ W;, then (g, f)(0: ® w) = 640 @ f(x)w €
L(X)®W,;. This implies the invariance of the subspaces. Their number
coincides with the number on the J—orbits on X x Y, so these spaces
are irreducibles.

2) Follows from the trivial J—invariance of the functions in the
statement. ]

We observe that (z,y) € X x Y can be identified with a leaf of the tree
of depth 2. We have already considered the Gelfand pair associated
with the action of the wreath product on a vertex of the tree.

One can consider the following generalizing construction (gener-
alized Johnson scheme) due to Ceccherini-Silberstein, Scarabotti and
Tolli in [CST3]: let Y be an homogeneous space associated with
a Gelfand pair (F, H). The space X is finite of cardinality n, say
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X ={1,2,...,n}. For every h = 1,...,n, denote by €, the set of
h—subsets of X, so that Q] = (}).

The decomposition of L(Y") into irreducible submodules, under the
action [’ is

LY) = éwj.

For every h = 1,...,n, consider the space
On={(A,0): AcQ, and § € Y1},

i.e. the space of functions whose domain is a k—subset of X and which
take values in Y.

On ©,, acts the group S, F. Given 6 € ©,, and (7, f) € S, L F we
have

[(m, /)0) (5) = f(7)0(x"5),
for every j € mdom@.
Let us denote C'(h,m+ 1) the set of the weak (m+ 1)—composition
of h, i.e. the elements a = (ag, ay,. .., ay) such that ag+ - - -+ a,, = h.
In order to get a basis for the space L(Y4), for every A € Q,, we
introduce some special functions that we will call fundamental func-
tions.

DEFINITION 7.3. Suppose that A € Q, and that ¥ € L(Y') for every
j € A. Suppose also that each F7 belongs to an irreducible submodules
of the action of F and set a; = |{j € A : F7 € W;}. Then the
tensor product ®j€A F7 will be called a fundamental function of type
a=(ag,a,...,ay) in L(Y4).

In other words, we have

(@ F)0) = [[F00G)),

jeA jEA
for every 0 € YA, We also set {(a) = a1 + -+ apy = h — ag.

Given a € C(h,m + 1) and A € ;, a composition of A of type a
is a sequence A = (Ag, Ay,..., A,) of subsets that are a partitions of
A and such that |A4;| = a; for every i« = 0,1,...,m. The set of the
compositions of type a is denoted 2,(A).

It is known that the action of S, 0 F on L(©},) gives rise to a Gelfand
pair. To give the associated decomposition we need the following defi-
nitions.

The subspace of L(Y#) spanned by the tensor products &) icA F7 such
that 7 € W, for every j € A;,i =0,1,...,m is denoted by W,(A).
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Define

Wh,a = @ @ Wa(A)

AEQ, AEQa(A)

We denote S™ " the irreducible representation of the symmetric
group S, acting on the space L(€),), given by

SmRE — L(Q) N kerd,

where d : L(2,) — L(2,—1) is the Radon transform defined as

@)B)= Y A

AeQy,:A=BU{j}
DEFINITION 7.4. For 0 <k < %‘“) define

. SplF n—0(a)—kk ®°1 ®a
Wh,a,k - IndSn,g(@ZxSal2F><...><Sam2FS ® Wl Q- Wm "

In [CST3| is proven the following theorem

THEOREM 7.5. The decomposition of L(©y) into irreducible repre-
sentations under the action S, U F is given by

min{n—h,h—0(a)}

Lewny= B Wi

aeC(h,m+1) k=0
REMARK 7.6.

The starting point for the previous version is the consideration of
substructures in a discrete space, i.e. consider subtrees with assigned
ramification indices in a rooted homogeneous tree (see [CST3]). In
effect if we work on the n—th level L,, of a rooted tree, we can identify
each vertex z € L,, with the geodesic path that connects it to the root.
This is a subtree with branching indices (1,1,...,1) in the whole tree.

If we choose different branching indices r = (ry,...,r,) in a rooted
tree with branching indices m = (mq,...,m,), where 0 < r; < mj,
for every ¢ = 1,...,n we can consider the variety V(m,r) of such a
subtrees.

This space is the quotient of the full automorphism group Aut(7,,)
by the stabilizer K (m,r) of a fixed subtree T.

This is a Gelfand pair. But, looking on the first level, we can think
each of the s)s indices in the subtree as the domain of a function whose
image is a subtree. This means that in this case © is defined on all the
ry subsets of m; and the image of every vertex is a subtree again.

This recurrence justifies the utilization of the space Y, that has, in
this case, the same ultrametric structure.
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Fig. 2: A tree of type (3,3,3) with a subtree of type (2,2,1).

There exists a generalization of that, considering different structures
that have the ultrametric space as particular case. The idea developed
in the end of the following chapter is to study this structures in relation
with the Gelfand pairs.






CHAPTER 2

Self-similar groups and generalized wreath
products

In this chapter we will study a particular class of subgroups of
the whole automorphism group of the rooted tree: the class of self-
simlar groups. The famous Grigorchuk group, for example, belongs to
this class as well as other groups having interesting and exotic prop-
erties. A new course is the realization of such a groups as Iterated
Monodromy Groups (IMG) of some complex rational functions (see
[Nek1]| or [Nek2] for further suggestions).

1. General settings

If we consider a countable subgroup of Aut(7T) and the relative
action on L,,, we can ask if it is possible to find the same results about
Gelfand pairs obtained for the full automorphisms group. In some cases
the answer is positive. In what follows we will investigate this problem.

Recall that a group G is spherically transitive on the rooted tree T
if it is transitive on each level L,, of T

The fundamental tool will be the following easy lemma.

LEMMA 1.1. Let G act spherically transitively on T'. Denote by G,
the quotient group G/Stabg(n) and by K, the stabilizer in G,, of a fized
leaf xq € L,. Then the action on L, is 2-points homogeneous if and
only if K,, acts transitively on each sphere of Ly,.

Proof. Suppose that K, acts transitively on each sphere of L,, and
consider the elements x,y, 2" and y' such that d(z,y) = d(z',y'). Since
the action of G,, is transitive, there exists an automorphism ¢g € G,
such that g(z) = 2/. Now d(2,g(y)) = d(2',y') and so g(y) and '
are in the same sphere of center 2’ and radius d(z’,y'). But K, is
conjugate with Stabg, (z') and so there exists an automorphism ¢ €
Stabg, (x') carrying g(y) to 3. The composition of g and ¢ is the
required automorphism.

Suppose now that the action of G,, on L,, is 2-points homogeneous
and consider two elements x and y in the sphere of center xy and ra-
dius ¢. Then d(zg,x) = d(x¢,y) = i. So there exists an automorphism
g € Stabg, (xo) such that g(x) = y. This completes the proof. O

27
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We introduce some definitions for the rest of the theory. Recall
that if G < Aut(T") acts on the tree T', we can study the action on the
first level L; and consider the action of G restricted to each subtree
T,, v € X (rooted at z). The automorphism induced on T, can be
regarded as an automorphism of the whole tree, via the identification
of T}, with T'. Is this restricted automorphism still in G?

DEFINITION 1.2. A group G acting on T is self-similar if for every
g € G, x € X, there exist g, € G, ¥’ € X such that g(zw) = 2'g,(w)
for all w e X*.

Moreover, a self-similar group GG can be embedded into the wreath
product G X = (G%) x S,, where S, is the symmetric group on ¢
elements.

The self-similar groups are strictly linked to the theory of automata,
see [Nek2]

We recall now that, for an automorphisms group G < Aut(T),
the stabilizer of the vertex x € T is the subgroup of G defined as
Stabg(z) = {g € G : g(x) = x} and the stabilizer of the n-th level is
Stabg(n) = (,cp, Stabg(z). Observe that Stabg(n) is a normal sub-
group of GG of finite index for all n > 1. In particular, an automorphism
g € Stabg(1) can be identified with the elements ¢;,i =0,1,...,¢ — 1
that describe the action of g on the respective subtrees T; rooted at the
vertex ¢ of the first level. So we get the following embedding

@ : Stabg(1) — Aut(T) x Aut(T) x -+ x Aut(T)

S

-~

¢ times

that associates with ¢ the g—ple (go, 91, -, gg—1)-

DEFINITION 1.3. G is said to be fractal if the map
@ Stabg(l) — G xGE x -+ x G
s a subdirect embedding, that is it is surjective on each factor.

LEMMA 1.4. If G s transitive on Ly and fractal then G is spheri-
cally transitive (i.e. it acts transitively on each level).

Proof. Suppose that T is the g—ary rooted tree. We can switch
the subtrees Ty, ...,T,—1. The restriction of Stabs(1) on T; is G and
so by an inductive recurrence we have the claim. 0

In what follows we will often use the notion of rigid stabilizer. For
a group G acting on T and a vertex x € T, the rigid vertex stabilizer
Ristg(x) is the subgroup of Stabg(x) consisting of the automorphisms
acting trivially on the complement of the subtree T, rooted at . Equiv-
alently, they have a trivial labelling at each vertex outside T,,. The rigid
stabilizer of the n-th level is defined as Ristq(n) = [[,c, Rista(z).
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In contrast to the level stabilizers, the rigid level stabilizers may have
infinite index and may even be trivial. We observe that if the action of
G on T is spherically transitive, then the subgroups Stabg(z), = € L,
are all conjugate, as well as the subgroups Ristg(x), x € Ly,.

We recall the following definitions for spherically transitive groups
(see, for more details, [BGS]).

DEFINITION 1.5. G is regular weakly branch on K if there exists
a normal subgroup K # {1} in G, with K < Stabg(1), such that
o(K) > K x K x -+ x K. In particular G is regular branch on K if
it is reqular weakly branch on K and K has finite index in G.

We observe that this property for the subgroup K is stronger than
fractalness, since the map ¢ is surjective on the whole product K x
Kx- - xK.

DEFINITION 1.6. G is weakly branch if Ristg(x) # {1}, for every
x € T (this automatically implies |Ristg(x)] = oo for every x). In
particular, G is branch if [G : Ristg(n)] < oo for every n > 1.

ExXAMPLE 1.7 (Adding Machine).

Let GG be the self-similar group acting on the binary rooted tree gen-
erated by the automorphism a = (a, 1)e, where € denotes the nontrivial
permutation of the group Ss.

It is easy to check that the following identities hold:

(2) a2k _ (ak’ ak), a2k+1 — (ak:’ akﬂ)e.

In particular, the first level stabilizer is given by Stabg(1) =< a? >,
with a? = (a, a).
From (2) it follows that

Stabg(n) =< a*" > .

Moreover, since G is abelian, one has Stabg(n) = Stabg(z) for all
r € L,. Formulas (2) tells us that the element a®" has the labelling
gz = € at each vertex € L,, and the labelling g, = 1 at each vertex
y € L;, for i < n. Therefore a*" ¢ Ristg(n) and all its powers do
not belong to Ristg(n) too. So Ristg(n) = {1} for every n > 1. So
this is an example where the subgroups Stabg(n) and Ristg(n) do not
coincide, showing that Rist;(n) can also be trivial.

G is fractal, in fact Stabg(1) =< a*® >, where a® = (a,a)id and so
the application from Stabg(1) to GxG is surjective on each factor. This
implies that G is spherically transitive. Observe that, for each n € N,
we have [G : Stabg(n)] = 2", on the other hand [G : Ristg(n)] = co.
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Fig.3. Labelling of a.

From this we can deduce the isomorphism G ~ Z. The group quo-
tient G /Stabg(n) =~ Zsn. In this case the parabolic group K, is trivial,
since |L,| = 2™ and so we get for every n a Gelfand pair (Zgn, 1) (the
group is commutative) that is not symmetric (the spherical functions
correspond to the characters that, in general, are not real).

2. The Basilica group

The Basilica group B was introduced by R. I. Grigorchuk and A.
Zuk in [GrZu] This group was the first example of an amenable group
of exponential growth that cannot be obtained as limit of groups of
sub-exponential groups (see [BaVi] or the interesting paper [Kail).

The Basilica group is generated by the automorphisms a and b
having the following self-similar form:

=(b,1), b= (a,1)e

where £ denotes the nontrivial permutation of the group S;. In the fol-
lowing figure the labelling of the automorphisms a and b are presented.
Observe that the labelling of each vertex not contained in the leftmost
branch of the tree is trivial.
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€ 1

Fig.4. Labelling of the generators a and b.

EXAMPLE 2.1.

Consider zy = 000... and let us study the action of the generators
of B on zg:

a(000...) = 0b6(00...) = 01a(0...) = 010...
and
b(000...) = 1a(00...) = 106(0...) = 101...

The product can be performed in according with the embedding into
the wreath product as:

ab = (b,1)id(a,1)e = (ba,1)e = ((a,b)e, (1, 1)id)e = ..,
and
ba = (a,1)e(b,1)id = (a,b)e = ((b,1)id, (a,1)e)e...
So
ab(000...) = 110... = b(a(000...)),

i.e. the action is at right (we can use the exponential action ).

It is a remarkable fact due to V. Nekrashevich that B can be ob-
tained as Iterated Monodromy Group (IMG) of the complex polyno-
mial f(z) = 22 — 1. The same author found interesting links between
fractal sets viewed as Julia set of such a polynomials and Schrier graphs
of the action of the corresponding groups on the levels of the tree. See
[Nekl].

It can be easily proved that the Basilica group is a fractal group.
In fact, the stabilizer of the first level is

Stabp(1) =< a,a’, b* >,
with @ = (b, 1), a® = (1,b%) and b* = (a, a).
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It is obvious that the action of the Basilica group on the first level
of T is transitive. Since this group is fractal, it easily follows that the
action is also spherically transitive, i.e. transitive on each level of the
tree. Moreover, it is known (see [GrZu]) that the Basilica group is
weakly regular branch over its commutator subgroup B’.

THEOREM 2.2. The action of the Basilica group B on L, is 2-points
homogeneous for all n.

Proof. From Lemma 1.1 it suffices to show that the action of the
parabolic subgroup K, = Stabp, (0") is transitive on each sphere.

Denote by u; the vertex 0°~'1 for every j = 1,...,n. Observe that
the automorphisms

(1) =a "?a = (b"",1)(a,a)(b, 1) = (a’,a) = ((1,b%), a)

and
b"bra = (b1, 1)(a,1)e(b,1)(1,a  )e(b, 1) = (1,b)

belong to K, for each n. Moreover, using the fractalness of B, it is
possible to find elements g; € K, such that the restriction g;|7p-1 is
(%) = ((1,0%),a) or b*b~'a = (1,b). So, the action of such automor-
phisms on the subtree T,; corresponds to the action of the whole group
B =< a,b > on T. We can regard this action as the action of K,
on the spheres of center xqg = 0", and so we get that K, acts transi-
tively on these spheres. This implies that the action of B is 2-points
homogeneous on L,,. [

COROLLARY 2.3. For everyn > 1, (B, K,) is a symmetric Gelfand
DaIT.

The number of K,-orbits is exactly the number of the irreducible
submodules occurring in the decomposition of L(L,) under the action
of B,,. Since the submodules W;’s described in the previous section are
n + 1 as the K,-orbits, it follows that the Basilica group admits the
same decomposition into irreducible submodules and the same spheri-
cal functions that we get for Aut(T,).

We can observe that in the proof of the Theorem 6.3 of Chapter 1
the fundamental tool is that the automorphisms ¢’ and ¢” act transi-
tively on the subtrees 7" and T”, respectively, and trivially elsewhere.
Moreover, the only fractalness does not guarantee that the action is 2-
points homogeneous, as one can easily verify in the case of the Adding
Machine, for which one gets symmetric Gelfand pairs only for n = 1, 2.
On the other hand, if a fractal group G acts 2-transitively on L; and if
it has the property that the rigid stabilizers of the vertices of the first
level Ristg(i),7 = 0,1,...,q — 1 are spherically transitive for each 1,
the proof of the Theorem 6.3 of Chapter 1 works again by taking the
automorphisms ¢’ and ¢” in the rigid vertex stabilizers. But this is not
a necessary condition, as the example of the Grigorchuk group shows.
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In fact, one can verify (see [BG2]) that, in this case, Ristg(0) =<
d*,d* >, with d* = (b,1) and d* = (b*,1). So Ristg(0) fixes the
vertices 00 and 01, and then it does not act transitively on the subtree
Ty. This shows, for instance, that a fractal regular branch group could
not have this property, which appears to be very strong.

On the other hand, a direct computation shows that Basilica group
has this property, what gives another proof that the action on each
level L,, is 2-points homogeneous.

THEOREM 2.4. Let B be the Basilica group. Then the rigid vertex
stabilizers Ristg(i), i = 0,1, act spherically transitively on the corre-
sponding subtrees T;.

Proof. Since B is spherically transitive and so Ristg(0) ~ Ristp(1),
it suffices to prove the assertion only for Ristg(0). Consider the auto-
morphisms a = (b,1) and a” = (b*,1) in Rist(0). We want to show
that the subgroup < a,a” > is spherically transitive on T}, equiva-
lently we will prove that the group < b,b* > is spherically transitive
onT.

The latter is clearly transitive on the first level. To complete it
suffices to prove its fractalness. We have

b1 = (1,a e(b™ 1, 1)(a, 1)e(b, 1) = (1,a b )e(a, b)e = (b, (b71)%)

and
2

(570" = (at,a™)(b, (7)) (a,a) = (B, (7)),
and so the projection on the first factor gives both the generators b and
b*. The elements

(B0 = 7L E), (7)) = (7))
fulfill the requirements for the projection on the second factor and this

completes the proof. [

3. The Grigorchuk group

The Grigorchuk group G was introduced by R. I. Grigorchuk in
1980 (see [Gril]) to solve the problem of the existence of groups of
intermediate growth. This group acts on the rooted binary tree and it
is a fractal, regular branch group, generated by the automorphisms

a=(1,1), b= (a,c), c=(a,d), d=(1,b).
LEMMA 3.1. G s regular branch on the normal subgroup
P =< (ab)* > .
Proof. We have (ab)? = (ca,ac). From direct computation we get
(3) [(ab)™%,d] = (ab)*d *(ab)2d = (ca,ac)(1,b)(ac,ca)(1,b) =
(4) = (1,ab‘ab) = (1, (ab)?).
(5)
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Analogously [(ab)™2,d]* = ((ab)?,1). By performing conjugations we
conclude P > P x P. O

LEMMA 3.2. For every n > 1, the action of P on L, has two orbits
given by the sets

{r=x1...0p,€L,:21=0} and{x=21... 20, € L, : x; = 1}

Proof. The subgroup M = Stabk(0)|z, is generated by the ele-
ments ca and (ab)?, analogously M’ = Stabg (1)|r, is generated by ac
and (ab)?®. This implies that M = M’ since ac = (ca)™!. The thesis
follows if we show that M is transitive on L,, for each n > 1.

First of all observe that M is transitive on L; because ca € M.
Consider the subgroup Staby,(0). This group contains the elements
(ab)? = (ca,ac), ca(ab)?*ac = (ca,bad) and (ca)®* = (ad,da) that gen-
erate it. Let N and N’ be the restrictions of Staby(0) to Ty and Ty
respectively. Then

N = {ca,ad) = {ca,b) and N’ = (ac,bad,da) = N.

This implies that M is transitive on Ly because N contains ca. More-
over Staby (0) contains the elements (ca)? = (ad, da), cabac = (aca, dad)
and b = (ad). This implies that the restriction of Staby(0) and
Staby (1) to Ty and T} is isomorphic to G. From this M is transitive
on L,, for n > 3 since G is transitive on each level. O

THEOREM 3.3 (Grigorchuk). The action of the Grigorchuk group
G on L, is 2—points homogeneos for every n € N.

Proof. Set w; = 19 € L; and denote u; = 17710 for every j < n.
Since G is fractal, there exists an element g; € G such that g, |ij71 =b.
Observe that g; € K, for each n, as one can check considering the
labelling of b = (a,c). This implies g;(u;) = u; and gj|z, = a. Since
G is regular branch on P, we get that K, contains, for every j > 1, a
subgroup P; such that Pj]Tuj = P. This gives that < P;, g; > acts on
T., as < P,a > and, we have seen that the action of K, is transitive
on each level of T,;. But, for every n, the vertices of L, belonging to
T, constitute the elements of the sphere of distance n — j + 1 from
the center w,. The transitivity of K, on the spheres implies that the
action is 2-points homogeneous. [

COROLLARY 3.4. (G, K,,) is a symmetric Gelfand pair.

As a consequence, the decomposition of L(L,) under the action of
this group into irreducible submodules is still L(L,) = €D]_, W;, where
the W,’s are the subspaces defined above. See [Gri2] and [BHG] for
more details.
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4. I =IMG{z*+ i}
Consider now the group I = IMG(2? + i), i.e. the iterated mon-

-~

odromy group defined by the map f: C — C given by f(z) = 2% + 1.
The generators of this group have the following self-similar form:

a= (1,1, b=(a,c), c=(b1),

where € denotes, as usual, the nontrivial permutation in S,. In the
following figure we present the corresponding labellings.

€ 1 1

N BEZN

Fig.5. Labelling of the generators a,b and c.

One can easily prove the following relations:
a? =b* = = (ac)* = (ab)® = (bc)® = 1.

Moreover, the stabilizer of the first level is Stab;(1) =< b, ¢, b%, c* >.
In particular, since

b = (¢c,a), = (1,b),

I is a fractal group. It is obvious that [ acts transitively on the first
level of the rooted binary tree. Since this group is fractal, it follows
that this action is also spherically transitive.

Moreover, it is known (see [GSS]) that I is a regular branch group
over its subgroup N defined by

N =< [a,b],[b,c] > .

Also for the group I it is possible to prove the same result proven for the
Basilica group in Theorem 2.4. So consider the n—th level L,, of the tree
and the group I,, = I/Stabr(n). In order to get an easy computation,
we choose the vertex o = 1" € L, and we set K,, = Staby, (1"). In
the following theorem we will prove that the action of the parabolic
subgroup K, is transitive on each sphere.

THEOREM 4.1. The action of the group I on L, is 2-points homo-
geneous for all n.
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Proof. Denote by u; the vertex 19710 for every j = 1,...,n. Us-
ing the fractalness of I, it is possible to find an element g; € K,
such that the restriction g;|7}-1 is b and an element h; € K, such
that the restriction h;|T}-1 is ¢. Consider now the automorphism
b*bb* = (¢, a)(a,c)(c,a) = (a° ¢*). By fractalness it is possible to find
an element k; € K, such that the restriction k;|7T7;-1 is 0°bb*. The ac-
tion of the subgroup generated by the automorphisms g;, h;, k; on the
subtree T,; corresponds to the action of the subgroup H =< a,b,a® >
on T'. It is easy to prove that this action is spherically transitive. In
fact it is obvious that H acts transitively on the first level, so it suf-
fices to show that H is fractal. To show this consider, for instance, the
elements

b= (a,c), a‘a=(bb), b*bb* = (a® )
and

b* = (c,a), a‘a=(b,b), bb*b=(c* a).
Now, the action of H on T,, can be regarded as the action of K,
on the spheres of center z(, and so we get that K, acts transitively
on these spheres. This implies that the action of I on L, is 2-points
homogeneous, as required. [

COROLLARY 4.2. For everyn > 1, (I,, K,,) is a symmetric Gelfand
DaIT.

As in the case of the Basilica group, it follows that the group I,
admits the same decomposition into irreducible submodules and the
same spherical functions that we get for Aut(T),).

It is possible to show that the rigid stabilizers of the vertices of the
first level of T' do not act spherically transitively on the correspond-
ing subtrees Ty and T;. In fact, the rigid stabilizer of the first level is
Rist;(1) =< ¢ >, so every automorphism in Rist;(1) is the product
of elements of the form ¢, where ¢ = w(a,b,c) is a word in a,b and
¢, and of their inverses. Set ¢(c9) = (go, g1). We want to show, by in-
duction on the length of the word w(a, b, ¢), that we suppose reduced,
that in both gy and g; the number of occurrences of a is even. This
will imply that the action of Rist;(1) on the first level of the subtrees
Ty and T cannot be transitive and will prove the assertion.

If lw(a,b,c)| =0, then ¢ = ¢ = (b,1). If |w(a,b,c)| =1, then we
can have ¢ = (1,b), ¢® = (b%,1) or ¢ = ¢ = (b,1). Let us suppose
the result to be true for |w'(a,b,c)| = n — 1. Then we have c*(®b¢) =
c'(@bor with € {a,b,c} and ¢ (@*) = (g}, g}) such that in both g}
and g} the number of occurrences of a is even. If z = a, we get ¢*(@b¢) =
(g4, gh), if x = b, we get ¢4 = ((g})?, (¢4)°) and if z = ¢ then we
get (@b = ((g1) g1). In all cases, we get a pair (go, g1) satisfying
the condition that in both gy and ¢; the number of occurrences of a is
even, as required.
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5. The Hanoi Tower group H

The Hanoi Towers group H is a group of automorphisms of the
rooted ternary tree. For the rooted ternary tree all the definitions of
level stabilizer, rigid level stabilizer, fractalness, spherically transitive
action, given in the binary case, hold.

The generators of H have the following self-similar form:

a=(1,1,a)(01), b=(1,0,1)(02), c=(c,1,1)(12),

where (01),(02) and (12) are transpositions in Ss5. In the following
figures we present the corresponding labellings.

1/“<1
1/(02) ]
i1 o o2 i

Fig.6. Labelling of the generators a and b.

(12)

(12) 1 1
Fig.7. Labelling of the generator c.

From the definition it easily follows that a? = b? = ¢ = 1.
Considering the following elements belonging to Staby (1)

acab = (a,cb,a), beba = (b, b,ca), cach = (c,ab,c),

caba = (cb,a,a), (ac)’*ba = (ab,c,c), cbab = (ca,b,b),
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one can deduce that H is a fractal group. It is obvious that H acts
transitively on the first level of the rooted ternary tree. Since this
group is fractal, it follows that this action is also spherically transitive.

Moreover, it is known (see [GrS1]) that H is a regular branch group
over its commutator subgroup H’. We observe that we have not the
inclusion H' < Staby (1) that we have in the case of the Basilica group
and in the case of IMG(2% +1).

Also for the group H it is possible to prove that its action on L,,,
n > 1, gives rise to symmetric Gelfand pairs as it has been proven for
B and I. So consider the n—th level L,, of the tree and the group H,, =
H/Staby(n). Fix the vertex g = 0" € L,, and set K,, = Staby, (o).
In the following theorem we will prove that the action of the parabolic
subgroup K, is transitive on each sphere.

THEOREM 5.1. The action of the group H on L, is 2-points homo-
geneous for all n.

Proof. Denote by u; the vertex 0°~'1 and by v; the vertex 0712,
for every j = 1,...,n. Consider the element

achb = (1,¢,ab)(12).

Using the fractalness of H, it is possible to find an element g; € K,, such
that the restriction g;|Tpi-1 is acb. Since H is regular branch over H’,
there exists a subgroup H; of K,, such that H; |Tuj = H’ and which fixes
any vertex of the tree whose u; is not an ancestor. Let us prove that the
action of H' on the whole tree is spherically transitive. Considering,
for example, the element [c,b] = cbcb = (cb,¢,b)(012), one gets that
this action is transitive on the first level. Since H' > H' x H' x H’,
the action is transitive on each level of the tree. So the action of the
subgroup K =< Hj,g; > on the subtree Tj;-1 is transitive on the
vertices of L, belonging to the subtrees T.; and T,,. This action can
be regarded as the action of K,, on the spheres of center xy, and so we
get that K, acts transitively on these spheres. This implies that the
action of H is 2-points homogeneous on L, as required. [J

COROLLARY 5.2. For everyn > 1, (H,, K,) is a symmetric Gelfand
DaIT.

As in the case of the Basilica group and of IMG(z? +1i), the group
H, admits the same decomposition into irreducible submodules and
the same spherical functions that we get for Aut(T,,).

Now we want to prove that the action of the rigid vertex stabilizers
Risty(0), Risty(1) and Risty(2) is spherically transitive on the sub-
trees Ty, T} and T5, respectively. Since these subgroups are conjugate,
is suffices to prove the result for Risty(0). We use again the fact that
H is regular branch over its commutator subgroup H'. So there exists
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a subgroup L < H’ such that L|r, = H' and L|p, = L|p, = 1. In
particular, L is a subgroup of Risty(0). Since H’ is spherically tran-
sitive on 7', it follows that Risty(0) is spherically transitive on Tj, as
required.

This property of the rigid vertex stabilizers, together with the frac-
talness of H and with the fact that the action of H on the first level is
2-transitive, gives a second proof of the fact that the action of H,, on
L, is 2-points homogeneous, following the same idea that we used for
the Basilica group.

6. Generalized wreath products of permutation groups

The generalized wreath product has been introduced by R. A. Bai-
ley, Cheryl E. Praeger, C. A. Rowley and T. P. Speed in [B&al|. This
is a construction that generalizes the classical direct and wreath prod-
uct of groups. On the obtained structure one can apply the theory of
Gelfand pairs.

6.1. Preliminaries. Let (/,<) be a finite poset, with |I| = n.
First of all, we need some definitions (see, for example, [B&al]).

DEFINITION 6.1. A subset J C I is said

ancestral if, wheneveri > j and j € J, theni € J;
hereditary if, whenever i < j and j € J, theni € J;

a chain if, whenever i,j € J, then either i < j or j <1,

an antichain if, whenever i,j € J and i # j, then neither
1< j norj <.

In particular, for every ¢ € I, the following subsets of I are ancestral:
A())={jel:j>i} and Ali|={jel:j>1i},
and the following subsets of I are hereditary:
H(i)={jel:j<i} and H[i|={jel:j<i}.
Given a subset J C I, we set

e A(J) = UieJ A(i);

hd A[J] = UZ-EJA[Z'];
hd H(J) = UieJH(i);
o H1J] = U, H]

In what follows we will use the notation in [B&al].
For each i € I, let A; = {6},...,0" ,} be a finite set, with m > 2.

For J C I, put A; = [[,c; A;s. In particular, we put A = Aj.
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IfK CJCI,let 7T‘[]( denote the natural projection from Aj; onto
Ag. In particular, we set m; = 7% and §; = dm;. Moreover, we will
use A for Ay and 7 for ma).

Let A be the set of ancestral subsets of I. If J € A, then the
equivalence relation ~; on A associated with J is defined as

5NJ€ <~ 5J:€J,

for each d,¢ € A. We denote | ~; | the cardinality of an equivalence
class of ~ .

DEFINITION 6.2. A poset block structure is a pair (A, ~4),
where

(1) A =[]« Ai, with (I,<) a finite poset and |A;| > 2, for
each v € I;

(2) ~a denotes the set of equivalence relations on A defined by
the ancestral subsets of I.

REMARK 6.3.

Observe that the set ~ 4 is a poset and ~ ;<~g ifand only if J O K.
We will call it the ancestral poset associated with I. Moreover, all the
maximal chains in ~ 4 have the same length n. In fact, the empty set
is always ancestral. A singleton {i} constituted by a maximal element
in [ is still an ancestral set. Inductively, if J € A is an ancestral set,
then J U {i} is an ancestral set if ¢ is a maximal element in I\ J. So
every maximal chain in the poset of ancestral subsets has length n.

To have a representation of a poset block structure, we can perform
the following construction (see [DD3]). Let C = {~,~;, ...,~p}
be a maximal chain of ancestral relations such that ~j <~  for all

1 =0,...,n— 1. Let us define a rooted tree of depth n as follows:
the n—th level is constituted by |A| vertices; the (n — 1)—st by 18l

|NJ1‘
vertices. Each of these vertices is a father of | ~; | sons that are in

the same ~; —class. Inductively, at the i—th level there are |N‘A|

il
vertices fathers of | ~; . | vertices of the (i + 1)—st level belonging to
the same ~; . —class.

We can perform the same construction for every maximal chain C'
in ~ 4. The next step is to glue the different structures identifying the
vertices associated with the same equivalence. The resulting structure
is the poset block structure associated with I.

EXAMPLE 6.4.

Consider the case of the following poset (I, <):
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2 3

One can easily check that, in this case, the ancestral poset (~4, <) is
the following;:

~{1.2} ~{1.3}

N{17273}

Suppose m = 2 and Ay = Ay = Az = {0, 1}, so that we can think of
A as the set of words of length 3 in the alphabet {0, 1}. The partitions
of A given by the equivalences ~;, with J C I ancestral, are:

e A = {000,001,010,011, 100,101,110, 111} by the equivalence

~0;
e A = {000,001,010,011} [J{100, 101,110,111} by the equiva-
lence ~(1y;

e A = {000,001} JJ{010,011} {100,101} JJ{110,111} by the
equivalence ~y 9y;

e A = {000,010} JJ{001,011} {100,110} JTJ{101,111} by the
equivalence ~y 3y;

o A = {000} [T{001} [T{010} [{011} [[{100} [T{101} J[{110}

[J{111} by the equivalence ~.

Consider the chains Cy = {~7,~p9,~qy, ~} and Cy = {~;
 ~ 13y~ ~o ) in (~a, <), The associated trees Ty and T, are, re-
spectively,
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AN A5 R

001 010 011 100 101 110 111 001 010 011 100 101 110

Assembling these trees, we get the following poset block structure.

000 001 010 011 100 101 110 111

Fig. 8. The poset block structure

6.2. The generalized wreath product. We present here the
definition of generalized wreath product given in [B&al]. We will follow
the same notation of the action to the right presented there. For each
1 € I, let G; be a permutation group on A; and let F; be the set of all
functions from A’ into G;. For J C I, we put F; = [[,_, F; and set
F = F. An element of F' will be denoted f = (f;), with f; € F;.

DEFINITION 6.5. For each f € F, the action of f on A is defined
as follows: if 6 = (§;) € A, then
(6) §f =, wheree=(g;) € A and g; = §;(57" ;).

It is easy to verify that this is a faithful action of F'on A. If (1, <) is
a finite poset, then (F,A) is a permutation group, which is called the

generalized wreath product of the permutation groups (G;, A;)ier and
denoted J[; < (Gi, Ay).

DEFINITION 6.6. An automorphism of a poset block structure (A, ~ 4
) is a permutation o of A such that, for every equivalence ~j in ~ 4,

(SN]€ 4 ((50’) ~J (60’),
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for all 6, € A.

The following fundamental theorems are proven in [B&al]. We de-
note by Sym(A;) the symmetric group acting on the set A;. Sometimes
we denote it by Sym(m), where m = |A].

THEOREM 6.7. The generalized wreath product of the permutation
groups (G, A;)ier s transitive on A if and only if (G;, A;) is transitive
for each i € I.

THEOREM 6.8. Let (A, ~4) be a poset block structure with associ-
ated poset (I, <). Let I be the generalized wreath product T ; oy Sym(4;).

Then F' is the group of automorphisms of (A, ~4).

Remark. If (I,<) is a finite poset, with < the identity relation,
then the generalized wreath product becomes the permutation direct
product.

io2 3 T
In this case, we have A(i) = ) for each i € I and so an element f
of F'is given by f = (f;)ier, where f; is a function from a singleton

{*} into G; and so its action on d; does not depend from any other
components of 4.

Remark. If (I,<) is a finite chain, then the generalized wreath
product becomes the permutation wreath product

(Gny An) l (Gn—la An—l) IR (Gla A1)
1

In this case, we have A(i) = {1,2,...,i — 1} for each ¢ € I and so
an element f of F is given by f = (f;)ier, with

fiZAl X "'XAi—l —>Gz
and so its action on d; depends on all the previous components of §.
6.3. Gelfand pairs. In what follows we suppose G; = Sym/(m)

where m = |A;|. Fixed an element dy = (&g, . ..,d7) in A, the stabilizer
Stabr(do) is the subgroup of F' acting trivially on dg. If we represent
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f € F as the n—tuple (fi,..., fn), with f; : A" — Sym(m) and set
Ay = Tjean 50, we have the following lemma.

LEMMA 6.9. The stabilizer of &g = (8,...,08) € A in F is the
subgroup
K = Stabp(éo) = {g = (fl, ey fn) cqG filAg € Stabgym(m)(éé)
whenever A" = AY or A(i) = 0}.
Proof. One can easily verify that K is a subgroup of F'. Ifi € I is

such that A(i) = () then, by definition of generalized wreath product,
it must be f; € Stabgymm)(d5). For all i we have

Sif =6 «— 61000 f =6
— ( A(Z )fz S Stabsym m)(5 )
< fi|A6 & Stabsym (m) (50)

Now we want to study the K —orbits on A. We recall that the
action of Sym(m — 1) = Stabgymm)(6)) on A; has two orbits, i.e.
= {6 TT(A; \ {05}). Set A? = {6;} and A} = A; \ {63}

LEMMA 6.10. The K—orbits on A have the following form:

I] a? X(HA}>>< IT 2.

1€I\HIS] €S i€H(S)

where S is any antichain in I.

Proof. First of all suppose that §, ¢ € (HieI\H[S] A?) (ITics AF)

<Hi€H(S) Ai), for some antichain S. Then 0p\ pis) = €1\a[s] = 5(1)\ ST 1f
s € S wehave A(s) C I\ H[S] and this implies (A(s)) fs € Stabgymm)(55)-
So €, = 58(564(8)f8). If i € H(S) then A() 75 0 and A" #£ AY. This
implies (A(i))f; € Sym(m) and so ¢ = &;(6; @ £). This shows that K

acts transitively on each orbit.
On the other hand, let S # 5" be two distinct antichains and § €

<Hi€I\H[S} A?) X (ITies A}) % (HieH(S) Ai) and € € (HiEI\H[S’} A?) X
([Tesr A x (HieH(S,) Ai>. Suppose s € S\ (SN S’) and so I\
H[S| # I\ H[S"]. If s € I\ H[S'] then 0, # 03 = €,. But (A(S))f, €
Stabsymm)(65) and so 0,(A(S)fs) # es. 1f s € H(S') there exists

s e S\ (SN S’) such that s < s'. This implies that s’ € I'\ H[S] and
we can proceed as above.
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The proof follows from the fact that the orbits are effectively a par-
tition of A. O

Finally, we want to prove that the group F' = [[,.; G; acting on A
and the stabilizer K of the element &y = (d3, ..., ;) vield a Gelfand
pair. To show this, we use the Gelfand condition.

PROPOSITION 6.11. Given 6,¢ € A, there exists an element g € F
such that 6g = € and eg = 6.

Proof. Let i bein I such that A(i) = (). Then, by the m—transitivity
of the symmetric group, there exists g; € Sym(A;) such that d;9; = ¢;
and ¢;g; = 0;. For every index i such that A(i) # 0 define f; : A" —
Sym(A;) as oaifi = €ai fi = 0; where o; € Sym(4;) is a permutation
such that d;0; = ¢; and ¢;0; = 9;. So the element g € F' that we get is
the requested automorphism. Il

From this we get the following corollary.

COROLLARY 6.12. (G, K) is a symmetric Gelfand pair.

Set L(A) = {f : A — C}. It is known ([B&al]) that the decom-
position of L(A) into G—irreducible submodules is given by

L= fH ws

SCI antichain

with
(7 Ws=| Q) LA) | @ (@W) ® ® /AN
1€ A(S) €S 1€I\A[S
where, for each i = 1,...,n, we denote L(A;) the space of the real

valued functions on A;, whose decomposition into G;—irreducible sub-

modules is
A) =V
with V. the subspace of the constant functions on A; and V! = {f :
A, — C: erA,- f(z) =0}.
PROPOSITION 6.13. The spherical function associated with Wy is
(8) (bS— ® %@% ® Oi,
1€A(S) i€S 1€\ A[S]
where ; is the function defined on A; as

oi() = {1 T =0}

0 otherwise
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and 1; is the function defined on A; as

%(x):{l 1 r =0}

———  otherwise
m—1

and o; is the function on A; such that o;(x) =1 for every x € A;.

Proof. It is clear that ¢g € Wg and (dp)¢ps = 1, so we have to
show that each ¢g is K —invariant.

Set By = {i € A(S) : A(i) = 0}. If there exists i € By such
that §; # &% then (0)ps = (0)¢% = 0 for every k € K, since §;p; =
(6;k~Y)p; = 0. Hence ¢ and ¢* coincide on § € A satisfying this
property. So we can suppose that §; = §; for each i € Bj.

Let By be the set of maximal elements in A(S) \ By. If there exists
j € By such that §; # &) then (6)¢g = (8)@k = 0 for every k € K, since
§;0; = (6;k71)p; = 0. Hence ¢ and ¢* coincide on § € A satisfying this
property. So we can suppose that ¢; = ¢ for each j € By. Inductively
it remains to show that (§)¢s = (0)¢% only for the elements § such that
dags) = (564(5), i.e. (6;)w; = (6;)F for every i € S. This easily follows
from the definition of K and of the function ;. 0

REMARK 6.14.

In [B&al| the authors give the decomposition of the space L(A)
into irreducible submodules under the action of F' and they prove that
Wy is not isomorphic to Wy if S # T and so this decomposition is
multiplicity-free. Although this implies that one gets a Gelfand pair,
they do not deal with Gelfand pairs theory. Actually, Proposition 6.11
is a stronger result, valid in the more general case of more complex sub-
structures of the poset block structure, that implies that the Gelfand
pair is also symmetric.

7. Substructures

Consider the rooted tree of depth n denoted by T,,, with ramifica-
tion indices (myq, ..., m,), we have associated with it the homogeneous
space obtained by considering its full automorphism group and the
stabilizer of a fixed vertex (a leaf) of the n—th level. But fixing new
indices (ry,...,7r,) such that r; < m; fer every i = 1,...,n we can
consider the variety of the subtrees in the whole tree T,,. The full au-
tomorphism group Aut(7},) acts transitively on the variety of subtrees
and associated with the stabilizer of a particular subtree gives rise to
a Gelfand pair as shown in [CST3].

We have noted that the tree and its group of automorphisms are
a specific case in the theory of the poset block structures (as well as
the case of the direct product ). Then we can ask: is this result in
general true in the context of poset block structures? l.e. if we choose
a r; — subset of elements in the sets A; with ¢ € I according with the
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structure of the poset and its group of automorphisms, we can get a
Gelfand pairs considering the subgroup stabilizer a particular one?

Consider the poset block structure associated with the poset (1, <),
with |I| = n.

For each i € I, let A; = {4, ..., 0}, _1} be a finite set, with m; > 2
foralle=1,...,n.

We can represent A by a rooted tree of depth n and whose branch

indices are m = (myq,...,my,).
Consider the indices r = (rq,...,7,) as the indices of the substruc-
ture that we want to define. If i € {1,...,n} is an index such that

A(i) = 0, then the choice of r; elements in A; does not depend from
any other index.

Ifi € {1,...,n} is an index such that () # A(i) = {i1,..., i}, then
the choice of r; elements in A; depends on the choose performed for
the indices i1,...,7;. In other words, the i—th choice is the same for
those substructures that coincide on the chooses given for the indices
belonging to the anchestral set A(7).

It is easy to check that the number of the substructures defined

above is exactly
. N jeawmi
i () 1)
o \7i

iera)=0 N/ ieramgo N

In fact, for those indices ¢ € I such that A(i) = @), we have (TI) possible
choices; for those indices i € I such that A(i) # 0, we have (T) possible
choices for each of the [, ,

different choices for the coordinates in A(i).

(i) Ij vertices corresponding to (eventually)

It is not difficult to verify that the action of the generalized wreath
product F' of the symmetric groups of the sets A, transitively acts on
the variety of the substructures of a poset block structure.

We can also prove, using Gelfand’s Condition (Lemma 1.4 Chapter
1), that (F,K) is a symmetric Gelfand pair, where K denotes the
stabilizer of a fixed substructure. In fact, the following theorem holds.

THEOREM 7.1. Let (I,<) be a finite poset and let A be the asso-
ciated poset block structure. Let F' be the respective generalized wreath
product, with |A;| = m; > 2 for all i € I. Let r=(ry,...,r,) be an
n—tuple of integers such that 1 < r; < my;. If A and B are two sub-
structures of type r in A, then there exists an automorphism f € F of
A such that f(A) = B and f(B) = A.
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Proof. We can suppose, without loss of generality, that A(1) = 0.
We want to get an automorphism f = (f;),er € F' such that f(A) = B
and f(B) = A. We will proceed by induction on the depth of the
substructure.

Set m(A) = {if',...,ii} and m(B) = {i¥,...,i8}.

By the mj—transitivity of Sym(A;), we can choose a permutation
fi € Sym(A;) fixing m(A) N m(B) such that fi(m(A) \ (m(A) N
m(B))) = m1(B) \ (m(A) N (B)) and fi(m(B)\ (m1(A) Nmi(B))) =
m(A)\ (m(A) Nm(B)).

Now let 2 < j < n and A(j) = {j1,.-., 7k}, With j; < ...
jr < j in N. Suppose that we have found an automorphism f

I m A

...............

mq,..j-13(A). We want to show that this result can be extended to
the j—th level. For both A and B, the vertices at the (j — 1)—st level
are exactly riry---7;_;. Moreover f’ maps vertices of the (j — 1)—st
level having the same choices for the coordinates in A(j) into vertices
that still have the same choices for the coordinates in A(j), since f’ is
an automorphism of the poset block structure. Now for each possible
ancestral situation a; € A7 for the vertices of the (j — 1)—st level of
A, we put f;(a;) = g € Sym(4A;), where g! maps the r; elements
starting from those vertices into the r; elements in B starting from the
image of those vertices by f'.

Analogously for each possible ancestral situation b; € A’ for the
vertices of the (j — 1)—st level of B.

If a; = b;, then f; has to be defined has f;(a;) = g# € Sym(4;),
where ng maps the r; elements in A into the r; elements of B and
viceversa.

If we put f” = (1,...,1, f;,1,...,1), then the composition of f’
and f” gives the automorphism f required. ]

Now let K be the stabilizer of a fixed substructure. We get the
following corollary.

COROLLARY 7.2. (F, K) is a symmetric Gelfand pair.

The question about the decompositions into irreducible submod-
ules, and the corresponding spherical functions is still open.



CHAPTER 3

Markov Chains

This chapter is devoted to the study of particular Markov chains
linked with the theory of Gelfand Pairs. The Insect is studied in rela-
tion with the cut-off theory and it is generalized as Markov chain on
more general posets. Finally the first and the second crested products
are defined, as a generalization giving the same decomposition obtained
by the group theory.

1. General properties

The following topics about finite Markov chains can be found in
[CST2].

Consider a finite set X, with | X| = m. Let P be a stochastic matrix
of size m whose rows and columns are indexed by the elements of X,

so that

Zp(-an .’ﬂ) - 17

zeX
for every xyp € X. Consider the Markov chain on X with transition
matrix P.

DEFINITION 1.1. The Markov chain P is reversible if there exists
a strict probability measure ™ on X such that

m(z)p(z,y) = 7(y)p(y, ©),
forall x,y € X.

We will say that P and 7 are in detailed balance. For a complete
treatment about these and related topics see [AlFi].
Define on L(X) = {f : X — C} a scalar product in the following
way:
(f1, f2)n = Z fi(z) fa(@)m(2),
reX

for all f1, fo € L(X) and the linear operator P : L(X) — L(X) by
(PF) ()= plx,9)f ().
yeX

It is easy to verify that m and P are in detailed balance if and only if
P is self-adjoint with respect to the scalar product (-,-),. Under these
hypothesis, it is known that the matrix P can be diagonalized over the
reals. Moreover 1 is always an eigenvalue of P and, if A is another

49
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eigenvalue, one has |A\| < 1.

Let A, be the eigenvalues of the matrix P, for every z € X, with
Az, = 1. Then there exists an invertible unitary real matrix U =
(w(x,y))zyex such that PU = UA, where A = (A\;0,(y))zyex s the
diagonal matrix whose entries are the eigenvalues of P. This equation
gives, for all z,z € X,

9) > p(x,y)uly, 2) = ulz, ).

yeX

Moreover, we have UT'DU = I, where D = (7(2)0.(y))zyex is the
diagonal matrix of coefficients of . This second equation gives, for all
Y,z € X,

(10) > ulzyule, z)m(x) = 6,(2).

Hence, the first equation tells us that each column of U is an eigen-
vector of P, the second one tells us that these columns are orthogonal
with respect to the product (-, ).

Let p and v two probability distributions on X. Then their total
variation distance is defined as

> nlz) ()

z€EA

= max |u(A) — v(A)|.

| —v|rv = max max

It is casy to prove that ||u — v|rv = || — v|| 12, where
= vl = lu(z) — ()|
zeX
PRrROPOSITION 1.2. The k—th step transition probability is given by
(11) PPz y) =7(y) Y ulz, 2)Nu(y, 2),
zeX

forall z,y € X.

Proof. The proof is a consequence of (9) and (10). In fact, the
matrix UT D is the inverse of U, so that UUTD = I. In formulee, we
have

> ulz, y)u(z,y) =

yeX
From the equation PU = UA we get P = UAUT D, which gives

plzy) =w(y) > ulz, 2)\u(y, 2).

zeX
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[terating this argument we get
P =UAFUTD,

which is the assertion. [

Recall that there exists a correspondence between reversible Markov
chains and weighted graphs.

DEFINITION 1.3. A weight on a graph § = (X, E) is a function
w: X x X — [0,400) such that
(1) w(z,y) = w(y,z);
(2) w(z,y) > 0 if and only if x ~ y.
If G is a weighted graph, it is possible associate with w a stochastic

matrix P = (P(z,y))syex on X by setting

plen) = s

with W(z) = ", w(z, z). The corresponding Markov chain is called
the random walk on G. It is easy to prove that the matrix P is in
detailed balance with the distribution 7 defined, for every z € X, as

with W = %" W(z). Moreover, r is strictly positive if X does not
contain isolated vertices. The inverse construction can be done. So,
if we have a transition matrix P on X which is in detailed balance
with the probability 7, then we can define a weight w as w(zx,y) =
m(x)p(z,y). This definition guarantees the symmetry of w and, by
setting £ = {{z,y} : w(z,y) > 0}, we get a weighted graph.

There are some important relations between the weighted graph
associated with a transition matrix P and its spectrum. In fact, it
is easy to prove that the multiplicity of the eigenvalue 1 of P equals
the number of connected components of §. Moreover, the following
propositions hold.

PROPOSITION 1.4. Let § = (X, E,w) be a finite connected weighted
graph and denote P the corresponding transition matrixz. Then the
following are equivalent:

(1) G is bipartite;
(2) the spectrum o(P) is symmetric;
(3) =1 € o(P).

Proof. 1) = 2) Suppose that Pf = Af, we have to show that
exists f* € L(X) such that Pf’ = —Af’. Since §G is bipartite we can
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write X = Xo U Xy, If z € X set f'(x) = (—1)7 f(x). So
Pfl(z) = Y p(z.y)fy) =

Yy~

= > (=1 pla,y) f(y) =

Y~z

= (=1D)""Af(2) = =Af'(2).

2) = 3) Trivial.

3) = 1) There exists f € L(X) such that Pf = —f. Suppose that
xo € X is a point of maximum for |f| and that f(xy) > 0 . From
—f(@0) = 32,0 P(T0,y) f(y) We get f(xo) = —f(y) for each y ~ .
Set X; ={y € X : f(y) = (—1)7f(x0)} for j = 0,1. This gives the
bipartition of the graph G. 0

DEFINITION 1.5. Let P be a stochastic matriz. P is ergodic if there
exists ng € N such that

P (z,y) >0, forall z,y € X.

PROPOSITION 1.6. Let § = (X, E) be a finite graph. Then the
following conditions are equivalent:

(1) G is connected and not bipartite;
(2) for every weight function on X, the associated transition ma-
trix P is ergodic.

Proof. 2) = 1) By hypothesis there exists kq such that p*) (2, y) >
0 for every x,y € X. This implies that, for k& > ky we get p*(x,y) =
Y oex p("m0) (g, 2)p*(z,y) > 0. This assures the existence of paths of
even and odd length from x and y, i.e. X is not bipartite.

1) = 2) It is clear that G is bipartite if and only if the length of a
path connecting a vertex x with itself is even. This implies that there
exists a path of odd length from x to x. For every x € X denote it
I(x). Set 2M + 1 = max,cx |[(x)|. We can construct paths starting
and ending at z of length > 2M. If m is even we choose z ~ x and
the path goy = (x, 2,2, ..., 2z,x), if m is odd we consider [(x) composed
with go. Set 0 = max, yex d(z,y). We can conclude from this that
for any x,y € X there exists a path joining them after n steps, where
n > 2M + 6. In fact, denote [(x,y) the minimal path connecting x
and y and choose m = n — d(z,y) > 2M. We have seen that we can
construct a path starting and ending at x of length > 2M, compose it
with [(x,y) of length < ¢ and this gives the path connecting z and y
in n steps. [

So we can conclude that a reversible transition matrix P is ergodic
if and only if the eigenvalue 1 has multiplicity one and —1 is not an
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eigenvalue.

This allows to prove the following fundamental theorem that is true
in a more general settings.

THEOREM 1.7. Let P a probability on X in detailed balance with
the distribution m, then

lim pP(z,y) =7(y), VayeX
— 00

Proof. We have from Proposition 1.2

P9 (z,y) = 7 (y) Z u(z, 2)Neu(y, 2) = 7(y) (1 + Z u(, 2) \eu(y, z))

zeX z#20

the second summand goes to 0 since |\, |,z < 1. O

In what follows we always suppose that the eigenvalue 1 has mul-
tiplicity one, so that the graph associated with the probability P is
connected. This is equivalent to require that the probability P is irre-
ducible, according with the following definition.

DEFINITION 1.8. A stochastic matriz P on a set X is irreducible if,
for every x1, 2o € X, there exists n = n(xy, x3) such that p™ (z,, 1) >

0.

2. Insect Markov chain

In [F-T1] the following Markov chain on the space L, is defined.
Suppose that at time zero we start from the vertex xo = 0" € L,.
Let &; denote the vertex 0"~¢ and «; the probability to reach &, from
staying at &;. It is clear that ap =1, a1 = q% and «,, = 0. This leads
to the following recursive expression

o = —— t o105 ——.
J g+ 1 J—1 T+ 1
Solving the equation we get
¢ -1 .
Hence we can define P = (p(x,y))syeL,, as the stochastic matrix

whose entry p(z,y) is the probability that y is the first vertex in L,
reached from z in the Markov chain defined above. It is clear that if
d(xz,y) = d(z,2) (i.e. y and z are in the same sphere of center x) we
have p(z,y) = p(x,z). Fixed the vertex zo = 0", we can compute,
recalling the significance of the «;’s

p(afO;xO) = C]_l(l — 041) + q_2a1(1 — a2) 4+

—n+1 —-n
+ q Q10 - Aol —apo1) + ¢ "aran - oy
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It is clear that, if d(xg,x) = 1, then p(zo, x) = p(xo, o).
More generally, if d(xg,z) = j > 1, we have
p(ro,7) = qloqag--aj (1 —aj) 4+
+ ¢ "Majas - ana(l — o) + ¢ A .
In order to compute the eigenvalues A;,j = 0,1, ..., n of the associ-
ated operator P one can observe that by equivalence between Aut (T, ,,)—

invariant operators and bi—K,, —invariant functions it is enough to
consider the spherical Fourier transform of the convolver representing

P (see [CST1]), namely

)‘] = Z p($0,$)¢]<$), ] = Oa ]-7' PRI

xELy

Using the expressions given for P and the ¢;’s we get the following
eigenvalues.

For 5 =0, we get

Ao = Z p(zo, ) = 1.

xELy

For 7 = n, we have

A = plz0,0) - 1+ plao, ) (—q—) (g-1)=0.
For 1 <j < n, we get

A= qp(wo, 1) + (¢ — @)p(zo, z2) + -+ + ("7 — "7 Np(wo, Tr—;)

+ (1=q) ("7 = " )p(wo, T jia)

= q(p(zo, 21) — p(0, 72)) + ¢*(p(wo, w2) — p(w0, 73)) + -+~
+ " p(@o, Ba—j—1) — (w0, Tay)) + 4" P(20, Tayj)

+ (1=q) Mg" 7 = ¢")p(xo, Taji1)

3

—J

Z ¢" (p(wo, w1) — p(20, Thi1))

h=1
= (
1

l—a)+oq(l—a) +- -+ ap_j_1(1 — o)
—_ a1a2 “ . . an—j

qg—1
qnfjJrl -1

Observe that, by Proposition 1.6 of this section, the Insect Markov
chain is ergodic. Moreover, it is clear that P is in detailed balance with
the uniform distribution 7 on L, given by 7(z) = qin for all z € L,,.
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3. Cut-off phenomenon

Let mg(ck)(y) = p® (2, 5) be the distribution probability after k steps.
The total variation distance allows to estimate how m®) converges to
the stationary distribution 7.

There are interesting cases in which the total variation distance
remains close to 1 for a long time and then tends to 0 in a very fast
way (see, for some examples, [Dial] and [DSC2]). This suggests the
following definition (see [CST2]).

Suppose that X, is a sequence of finite sets. Let m, and p, be
a probability measure on X,, and an ergodic transition probability on
X, respectively. Denote 7, the corresponding stationary measure and
m¥ the distribution of (X, M, pp) after k steps.

Now let (ay,)neny and (by,)nen be two sequences of positive real num-
bers such that

lim b—n = 0.
n—oo aTL

DEFINITION 3.1. The sequence of Markov chains (X, m,,p,) has
a (an, by)—cut-off if there exist two functions fi, fo : [0,+00) — R
with

o lim., o fi(c) =0
o lim,, . fa(c) =1

such that, for any fized ¢ > 0, one has
[y +e) — ooy < fi(e) and ||m= = mley > fa(c)
for sufficiently large n.

The following proposition gives a necessary condition for the cut-off
phenomenon.

PROPOSITION 3.2. If (X,,, mp, pn) has an (an, b,)—cut-off, then for
any 0 < €1 < €2 < 1 there exist ko(n) < ki(n) such that

(1) ka(n) < an < ki(n);

(2) for n large, k > ki(n) = |m — mollry < e
(3) forn large, k < ka(n) = |[mY) — oy > ea:
(4) iy BTl _

Proof. By definition there exist ¢; and ¢y such that fs(c) > €, for
¢ > co and fi(c) < e for ¢ > ¢y. So it suffices to take ki(n) = a, + c1b,
and ky(n) = a, — c2b, to get the assertion. [
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| — 7l v

S

Fig.9: The cut—off phenomenon

The cut-off phenomenon occurs in several examples of Markov chains.
In general it can be detected thanks to a careful spectral analysis, as we

will do in the proof of the following theorem. In what follows suppose
n > 2.

THEOREM 3.3. The probability measure associated with the Insect

Markov chain converges to the stationary distribution without a cut-off
behavior.

Proof. We want to give an expression for m® (z) = p® (20, 2).
We get

e If x = x¢, then

1 L g—1 k
m(k)(%):q_n{lJquj Ya—1) [PW} }
j=1

o If d(zg,z) = h, with 1 <h <n —1, then
1 n—h+1 q 1 k
(k) - = ~1(, _ 94— )
m(z) = 7 {1"" ; ¢ (¢—1) {1 gt — 1] ¢J(x)}

1 nh g—1 k g—1 k
o j—1 n—~h
- Gt e g
=1

e If d(zg,z) = n, then
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Let 7 be the uniform distribution on L,,. Then we have

1 [ <&
Jm® — 7|l = q—n{zq] Ha—1)X;

—h

n—1

+ Y (=

h=1
+ ¢ (q—l)kk}

Now observe that

PN

Yg— 1N —¢

=1

n—1 n—h
1 3 .
—> @ =" a1+ = =
A j=1
1 n—1
pm I+@-D+ @@=+ + @7 =7 ] ¢ Hg=1)A
j=1
n—1 n—1
1 qg—1
R
1 J=1 q j=1
and

— n—1
1 - 1 g—1
—an — "N = (= DA = =D AL
h=1 7" T =

Using the trivial fact that ., [a; —b;| < >_.(|a;|+1bj]), we conclude

n—1

2(q —1
[m® — 7|2 < Mz/\k‘

q J
On the other hand
[m® =zl > > jm®(z) - x(z)]

z:d(zo,x)=n
1, ., e q—1
= q_"(q — ¢ = TA]f
So we get the following estimate:

n—1
q—1 2(q —1
TAI; < m® =l < %ZM&

or, equivalently,

q—1 (g
T)\lf < fm® =y <

n—1

1) !
S
j=1

In what follows the following inequalities will be used:

(1) (1 —2)* <exp(—kz)if z < 1.
(2) 7l 2 ¢! for j > 1.
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(3) ¢t >, forg>2and j > 1.
Choose ks(n) = q;%ll, then

n—1 n—1
qg—1 qg—1 q—1 :
Jj=1

q

IA
<
\|
—
3
ML
@
4
o}
/T
<
3
J e
+l
|)—‘
—_
[NV
S
S~—
~_

j=1
n—1 n—1
—1 —1
< TN gy < U S o)
¢ I ¢ I
()~ 1y _gq—1 1
S e -7 = — :: 6 .
p ;;< ) T aoime

On the other hand, if k;(n) = 2‘1:%11, we get

~1 —1 — 11"
a1y _ i__b_" J > (if k< ka(n)

2q 2q qr —
9d"
g—1 g—1 177
— |1 - =€
2q g — 1 !

Now ki(n) > ko(n), €1 < €2 and
o for k > ky(n) we have ||m® — 7|1 < e,
o for k < k;(n) we have ||m®*) — 7|7y > €.
This implies that cut-off phenomenon does not occur in this case by
Proposition 3.2. In fact, the sequences ki(n) and ky(n) cannot satisfy
condition (4) of Proposition 3.2. This gives the assertion. 0

REMARK 3.4.

Using the same strategy of Theorem 3.3 one can easily check that
cut-off phenomenon does not occur also if we fix n and let ¢ — +o0.

REMARK 3.5.

If n =1 we get the simple random walk on the complete graph K,
on ¢ vertices, in which each vertex has a loop. It is straightforward
that the first is performed choosing equiprobably one of the g vertices
and so the probability measure m™) equals the uniform distribution 7
on the set of the vertices.

4. Orthogonal block structures

This section is devoted to introduce a Markov chain in a general
structure. One can observe the similitude with the construction per-
formed in Chapter 2 Section 6.
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In effect here, we consider partitions and not anchestral relations.
This is a generalization that does not require group theory.

4.1. Preliminaries. The following definitions can be found in [BaCal].
Given a partition F' of a finite set €2, let Rr be the relation matrix of
F.ie.

1 if @ and 8 are in the same part of I

RF(aaﬂ) = {

If Rp(a, B) =1, we usually write a ~p f.

0 otherwise.

DEFINITION 4.1. A partition F of 2 is uniform if all its parts have
the same size. This number is denoted k.

The trivial partitions of € are the universal partition U, which has
a single part and whose relation matrix is Jg, and the equality partition
E; all of whose parts are singletons and whose relation matrix is Iq.

The partitions of € constitute a poset with respect to the relation
<, where F' < G if every part of F' is contained in a part of G. We use
F<1<Gif FXGand F X H <G implies H=F or H=(G. Given
any two partitions F' and G, their infimum is denoted F' A G and is
the partition whose parts are intersections of F'—parts with G—parts;
their supremum is denoted F'V G and is the partition whose parts are
minimal subject to being unions of F—parts and G —parts.

DEFINITION 4.2. A set F of uniform partitions of ) is an orthogonal
block structure if:

(1) F contains U and E;

(2) for all F and G € F, F contains F NG and FV G;

(8) for all F' and G € F, the matrices Rr and Rg commute with
each other.

4.2. Probability. Let F be an orthogonal block structure on the
finite set 2. We want to associate with & a Markov chain on 2. To
perform this, we have to define a new poset (P, <) starting from the
partitions in J.

Let C = {F = Fy, Fy,...,F, = U} a maximal chain of partitions
such that F; < F;.; for allt =0,...,n — 1. Let us design a rooted tree
of depth n as follows: the n—th level is constituted by (2| vertices; the
(n—1)—th by ]L%' vertices. Each of these vertices is a father of £z, sons
that are in the same F—class. Inductively, at the i—th level there are

% vertices fathers of kp,_, vertices of the (i + 1)—th level belonging
to the same F,,_;—class.

We can perform the same construction for every maximal chain C'
in F. The next step is to glue the different structures identifying the
vertices associated with the same partition. The resulting structure is

the poset (P, <).
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EXAMPLE 4.3.

Consider the set €2 = {000, 001,010,011, 100, 101,110,111} and the
set of partitions of €2 given by F = {E, F, I, F3, U} where, as usually,
E denotes the equality partition and U the universal partition of €.
The nontrivial partitions are defined as:

e F; = {000,001, 010,011} {100, 101,110, 111};
e F, = {000,001} [[{010,011} [[{100, 101} [{110, 111}
e F3 = {000,010} JT{001,011} []{100, 110} JT{101, 111}.
So the orthogonal block structure F can be represented as the following

poset:
U

Fy

Fy F

E
Fig.10. The orthogonal block structure & = {E, Fy, F», F3,U}.

The maximal chains in F have length 3 and they are:

) Ol = {E,FQ,Fl, U},
[ ] 02 = {E,Fg,Fl, U}

The associated rooted trees 77 and T, have depth 3 and they are,
respectively,

Fig.11. The rooted trees associated with C and Cs.

So the poset (P, <) associated with F is



4. ORTHOGONAL BLOCK STRUCTURES 61

Fig.12. The poset (P, <) associated with F = {E, F}, Fy, F3,U}.

Observe that, if F} < F3, then the number of F}—classes contained in
a Fy—class is kg, /kp, .

The Markov chain that we want to describe is performed on the last
level of the poset (P, <) associated with the set F. We can think of an
insect which lies at the starting time on a fixed element wy of € (this
corresponds to the identity relation F, i.e. each element is in relation
only with itself). The insect randomly moves reaching an adjacent site
in (P, <) (this corresponds, in the orthogonal block structure F, to
move from E to another relation F' such that F < F, i.e. wy is iden-
tified with all the elements in the same F'—class) and so on. At each
step in (P, <) (that does not correspond necessarily to a step in the
Markov chain on 2) the insect could randomly move from the i—th
level of (P, <) either to the (i — 1)—th level or to the (i + 1)—th level.
Going up means to pass in F from a partition F' to a partition L such
that F' < L (these are |[{L € F : F' < L}| possibilities in (P, <)), go-
ing down means to pass in F to a partition J such that J <1 F' (these
are Y jeqap i—f possibilities in (P, <)). The random walk on € stops
whenever the insect reaches once again the last level in (P, <). In order
to describe this idea let us introduce the following definitions.

Let apq the probability of moving from the partition F' to the
partition GG. So the following relation is satisfied:

1
Y segyarlkr ky) +[{L€F: F L}

(kF . kJ)aJ,FCVF,G
JEFIAF Yoseqyaplkr k) +{L e T F <L}

(12) OCF,G =

+

In fact, the insect can directly pass from F' to G with probability ap g
or go down to any J such that J < F' and then come back to F' with
probability «;r and one starts the recursive argument. From direct
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computations one gets

1

13 = .

(13) =L eF EQL]

Moreover, if ag p = 1 we have, for all G such that F' < @
1

(14) OtF’G

Y seqgarlke k) +H{LeF: FQL}|
if ag p # 1, the coefficient ap g is defined as in (12).

DEFINITION 4.4. For every w € (), define

p(wo,w) — Z Z ap - Qp R l({;— ZFqLaF,L)‘

E#FeTF CCYH chain
wo~pw  C={E,Fi,.. F' F}

The fact that p is effectively a transition probability on §2 will follow
from Theorem 4.7. First define the following numbers:

(15) Pr = Z Qg Fp - Qp (1 — Z OZF,L) .

CCT chain FaL
C={E,F,...F' F}

Observe that the coefficient pp expresses the probability of reaching
the partition F' but no partition L such that F' < L in JF.

LEMMA 4.5. The coefficients pr’s defined in (15) satisfy the follow-
ing identity:

Proof. Using the definitions we have

S = S Y apneans (1—zam)

E£FeTF E#FET o chain FaL

C={E,F,...F',F}

= ZaE’F: 1.

E<F

In fact, for every F' € J such that £ 4 F', given a chain C' =
{E,F,....,F',F} we get the terms agp, - -app (1 _ZF<1LO‘F,L)-
Since C = {E, Fy,...,F', F, L} is still a term of the sum one can check

that only the summands ), <r @g,F are not cancelled. The thesis fol-
lows from (13). O
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For every F' € F, ' # E define Mg as the Markov operator whose
transition matrix is

krp

DEFINITION 4.6. Given the operators Mp’s as in (16) and the co-
efficients pr’s as in (15), set

(17) M= Y prMp.
E4FeF

By abuse of notation, we denote M the stochastic matrix associated
with the Markov operator M.

THEOREM 4.7. M coincides with the transition matriz of p.
Proof. By computation we get:
M(wo,w) = Z prMr(wo, w Z DF -

E+FeF E4FeF

wo~ W

B Z Z app o opp (L= s ar)

kr
E#AFesF CCT chain
wo~pw  C={E,Fi,.. . F' F}
= p(wo,w).

4.3. Spectral analysis of M. We want to give the spectral analy-
sis of the operator M acting on the space L(€2) of the complex functions
defined on the set 2. First of all introduce (see, for example, [Bail),
for every I' € F, the following subspaces of L(f2):

Ve ={f e L(): fla)=f(B)if a~p B}

It is easy to show that the operator My defined in (16) is the projector
onto Vp. In fact if f € L(2), then Mg f(wo) is the average of the values
that f takes on the elements w such that w ~r wy and so Mpf = f if
feVrand Mpf =0if f € Vi
Set
We=Van () Vi)t
G<F

In [Bai] is proven that L(2) = @4 We. We can deduce the following
proposition.
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PROPOSITION 4.8. The Wq'’s are eigenspaces for the operator M
with associated eigenvalue

(18) Ag = Z Pr.
E#FeF

F<G

Proof. By definition, W C V. This implies that, if f € W,

[ fifF<C
Mrf _{ 0 otherwise

So we get

M- -Wq = Z prMp - Wg
EAFeT

= (), pr)-We

E4FeF
F<G

Hence the eigenvalue \g associated with the eigenspace Wy is

Ag = Z DF-

E+FeF
F<G

and the assertion follows. O
EXAMPLE 4.9.

We want to study the transition probability p in the case of the
orthogonal block structure of the Example 4.3. One can easily verify
that we have:

1.
® App, = O = Opy Fy = Opy Py = 55
1

® Op U = 3-
Let us compute the transition probability p on the last level of (P, <):

000 001 010 011 100 101 110 111
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We have:
111 111 11 21 1111
— .. 4-.-.- 2.-.-.2. ) i
»(000,000) 5537333745337 179°3°3°3°%
p(000,001) = p(000,010)
_Lir o 1121 1111 1
2 2 2 2 2 3 4 2 2 3 8 48’
11 2 1 1111 5
11) = 2.-.-.2. ) B - 2.
p(000,011) 2234 2238 48
p(000,100) = p(000,101) = p(000, 110) = p(000, 111)
1111 1

The corresponding transition matrix is given by

1711 11 5 1 1 1 1
1 17 5 11 1 1 1 1
1 5 1711 1 1 1 1
L5 11 11 17 1 1 1 1

481 1 1 1 17 11 11 5
11 1 1 11 17 5 11
11 1 1 11 5 17 11
11 1 1 5 11 11 17
The coefficients Pr, with E' # I, are the following (see (15)):
em=2-41 4=t
.pF1_%%1%1§_%7
® P =535~
eon=11=1
The Markov operator M is given by (see (17) and (16)):
M:iM@+ng+%ME+éMU
and its eigenvalues are from formula (18) the following:
[ ] )\U = 1,
o\, = %%
o \p, = %%
° A\p, = 4

In the case of poset block structure, that is a particular case of the
orthogonal block structure, we get the same decomposition using the
following easy lemmas.

LEMMA 4.10. There exists a one-to-one correspondence between an-
tichains and ancestral subsets of I.

Proof. First of all, we prove that given an antichain S the set
Ag = I\ H[S] is ancestral. Suppose ¢ € Ag and j > i, then it must
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be j € Ag. In fact, if j € H[S], then we should have i € H(S), since
1 < 7; this is absurd.

Now let us show that this correspondence is injective. Suppose that,
given two antichains S; and So, with S; # So, one gets Ag, = Ag,. This
implies that H[S;] = H[Ss]. By hypothesis we can suppose without loss
of generality that there exists s; € S1\(S1NS2). Hence s; € H(S,) and
there exists s, € Sy such that s; < sy. So sy € H[S;]. In particular,
if s5 € S; we have an absurd because S; is an antichain, if s, € H(.S})
there exists s| € S such that s} > sy > 51, absurd again.

So the application S — I'\ H[S], for each S antichain, is injective.

Given an ancestral set J, define the set of the maximal elements in
INJasSy={ieI\J: A@@)N(I\J) =0} Itis easy to prove that
Sy is an antichain. In fact, if ¢, 7 € S; then if ¢ < j or ¢ > j one of 7 or
7 is not maximal.

Now we want to show that J = I\ H[S,], that is equivalent to
show that I\ J = H|[S;]. First we have that I\ J C H|[S;] because if
i is maximal in I \ J than it belongs to S, otherwise there exists j in
S such that ¢ < j, and so ¢ € H[S;]. On the other hand, let ¢ be in
H[S,]. If i isin Sy, then it is in I \ J by definition. If i is in H(S))
there exists j in S such that ¢ < j. Now if ¢ is an element of J then
J has the same property since J is ancestral and this is absurd and so
HI[S;] C I\ J. This shows that J =1\ H[S,].

From this we have the equivalence S <— I\ HI[S| between an-
tichains and ancestral sets. O

REMARK 4.11.

Observe that, for S = (), one gets Ag = 1.

REMARK 4.12.

Observe that all the maximal chains in A have the same length n.
In fact, the empty set is always ancestral. A singleton {i} constituted
by a maximal element in [ is still an ancestral set. Inductively, if J € A
is an ancestral set, then J U {i} is an ancestral set if ¢ is a maximal
element in 7\ J. So every maximal chain in the poset of ancestral
subsets has length n. In particular, the empty set () corresponds to the
universal partition U and [ to the equality partition E in ~ 4.

REMARK 4.13.
Observe that the operator M., =: M; can be obtained as follows:

(19) My=| @ L|le|l &Q U,

iEI\H[SJ} iEH[S]]



4. ORTHOGONAL BLOCK STRUCTURES 67

where I; denotes the identity operator on A; and U; is the uniform
operator on A;, whose adjacency matrix is %Ji, where

1 1 ——
1
m;

1 ... 1

Considering the action of M on the spherical function ¢g (given in
Proposition 6.13 Section 6 of Chapter 2) we get the following eigenvalue
>\S for 92552

(20) Ag = > pe,

0#S;:SCI\H[S]
REMARK 4.14.

One can observe that the eigenspaces and the corresponding eigen-
values have been indexed by the antichains of the poset I in (7) and in
(20); instead in the first part they are indexed by the relations of the
orthogonal poset block &F. The correspondence is the following.

Given a relation G € J, it can be regarded as an ancestral relation
~ z, for some ancestral subset J C I. Set

S={ieJ:H{i)nJ =0}
It is clear that S is an antichain of I. From the definition it follows

that
AS)=J\ Sand I\ A[S] =1\ J.

The corresponding eigenspace Wg becomes:

Ws = ® L(A) | ® (®W1> ® ® vy

1€J\S €S i€I\J

It is easy to check that the functions in Wy are constant on the equiva-
lence classes of the relation ~ ;. Moreover, these functions are orthog-
onal to the functions which are constant on the equivalence classes of
the relation ~j, with ~j > ~; (where J' is obtained from J deleting
an element of S). Since the orthogonality with the functions constant
on ~j implies the orthogonality with all functions constant on ~,
where ~ >~ ;, then we have Wg C Wg. On the other hand, it is easy
to verify that

and so we have Wg = Wg.
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Analogously, if G =~ , from (20) we get

0#Sk:SCI\H[SK] I#K:SCK
since Sg = {i € I\ K : A(i) = 0} and H[Sk| = I \ K whose conse-
quence is I\ H[Sk] = K. Moreover, since S C K if and only if J C K,

we get
As= D Per= D P =

5. First and Second crested product

In this section we introduce a particular product of Markov chains
defined on different sets. This idea is inspired to the definition of
crested product for association schemes given in [BaCal].

5.1. The First Crested Product. In this subsection we intro-
duce a particular product of Markov chains defined on different sets.
This idea is inspired to the definition of crested product for association
schemes given in [BaCa].

Let X; be a finite set, with |X;| = m;, for every i = 1,...,n, so
that we can identify X; with the set {0,1,...,m; — 1}. Let P, be an
irreducible Markov chain on X; and let p; be the transition probability
associated with P;. Moreover, assume that p; is in detailed balance
with the strict probability measure o; on X, i.e.

oi(x)pi(z,y) = oi(y)pi(y, v),
for all z,y € X;.
Consider the product X7 x --- x X,,. Let {1,...,n} = C][ N be a
partition of the set {1,...,n} and let p?,p9,...,p® a probability distri-
bution on {1,...,n}, i.e. pY > 0foreveryi=1,...,nand Y . p?=1.

DEFINITION 5.1. The first crested product of Markov chains P;’s
with respect to the partition {1,...,n} = C[[ N is the Markov chain
on the product X, x --- X X,, whose transition matriz is

P = ZP?(I1®"‘®11'—1®Pi®[z'+1®“'®fn)
ieC
+ Zp?(]1®"'®ji—1®-Pi®<]i+1®“'®<]n),
iEN
where I; denotes the identity matrixz of size m; and J; denotes the uni-
form matriz on X;.

In other words, we choose an index i in {1,...,n} following the
distribution p?,...,p2. If i € C, then P acts on the i—th coordinate
by the matrix P; and fixes the remaining coordinates; if © € N, then P
fixes the coordinates {1,...,7— 1}, acts on the i—th coordinate by the
matrix P; and changes uniformly the remaining ones.
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For all (z1,...,2,), (y1,...,yn) € Xq X -+ X X,,, the transition
probability p associated with P is given by

p((wlv B ,SCn), (yh cee 7yn)) =

ZP?(CSl (21,91) = 0im1 (@i, Yi1)Pi(Tis Yi)0iv1 (Tig 1, Yi1) - On( Ty Yn))
ieC

+Z (51 xy, Z/l 5in1($z'1ayi1)pi($i,yi)) ’

ieN ITimiimi

where ¢; is defined by

0i(wi, yi) = { y

0 otherwise.

We want to study the spectral theory of the operator P. We recall
that the following isomorphism holds:

L(Xy x - x X,) 22 Q) L(X5),

with (f1 ® - @ fu)(z1, ..., 20) = fi(z1) fo(@2) - fulzn).
Assume that, for every ¢ = 1,...,n, the following spectral decom-
position holds:

X) =DV,
ji=0

i.e. Vj, is an eigenspace for P; with associated eigenvalue )\;, and whose
dimension is m,.

Now set N = {iy,...,4} and C' = {¢1,...,¢cp}, with A + 1 = n and
such that 71 < ... <4 and ¢; < ... < ¢.

THEOREM 5.2. The probability P defined above is reversible if and
only if Py is symmetric for every k > iy. If this is the case, P is in
detailed balance with the strict probability measure m on X1 X --- x X,
given by

01($1)0—2($2) T 04 (xll) .

(21, .., 2,) = R
i1 n

Proof. Consider the elements x = (z1,...,z,) and y = (Y1, ..., Yn)
belonging to X; x --- x X,,. First, we want to prove that the condition
o = mik, for every k > iy, is sufficient. Let k € {1,...,n} such that
x; =y; forevery i =1,... .k — 1 and z, # y,. Suppose k < i;. Then
we have

P(l"? y) = Pg (Pk(mk, yk)5k+1($k+17 yk+1) e '5n(l’m yn)) .
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If x; =y, foreveryi=k+1,...,n, we get

Pk xkzayk)
W(ﬁ)p(xa y) = 01(551) e 'Uk(xk) e ~a¢1(xz-1)p2—(
mil—i-l My,

_ o (Y0 PR )
o Ul(yl) 0k<yk) O-Zl(y“)pkmh—l-l“'mn

= 7(y)py, ),

since og(zg)pr(Tk, Yr) = ok (Yr)Pr(Yg, xx). If the condition z; = y; is
not satisfied for every i = k+1,...,n, then the equality m(z)p(z,y) =
m(y)p(y, x) = 0 easily follows.

If k =iy, then we get

1
B (N W S
p(l’, y) == pzl (pzl (xz17y21)mi1+1 . mn)

and so
m@p(@y) = o) O-zl(xll)pllmlzl'f‘l'-.m?z
— o) 0 Pir(¥ir, Tir)
— Ul(yl) Uzl(yzl)pzlm“Jrl m%
= m(yply, ),

since 04y (xi1 )pi1 (l‘iu yi1) =04 (yi1)pi1 (yiu m1‘1)'
In the case k > i1, we have
pz Li, yz
= D W
-m

n

i€N,i<k
and so
_ o1 (1) -+ 03, (T4,) 0 pi(zi, yi)
m@pley) = = > P

ieNi<k  Tutls
Ul(yl)"'Ui;r(Lyil) Z p(-) pi(yuﬂfi)

(2
Miy1 My

May 41 M

= 7(y)p(y, ).
In fact, the terms corresponding to an index i < k satisfy p;(z;, y;) =

pi(yi, ;) since x; = y;, the term corresponding to the index k satisfies
Pr(Tr, Yx) = Pr(Yr, Tx) since the equality

Pie(Try Y) = Dk (Y Th)

holds by hypothesis.
Now we want to prove that the condition o, = mik, for every k > iy,

is also necessary. Suppose that the equality m(z)p(x,y) = 7(y)p(y, x)
holds. By the hypothesis of irreducibility we can consider two elements
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2% y° € Xy x --- x X, such that 29, # y? and with the property that
piy (@, 4)) # 0. Now we have

w(a”)p(2®,y") = 7 (y")p(y", 2°) & w2 )i (a5, wiy) = 7Y )pis (4 23,)-

This gives
m(2%) _ Py, ®i) _ onley)
Ty pa(afuh)  on(y)
Consider now the element z = (29, ..., 2y ,4? 1,...,47). The equality

m(2)p(z,y°) = 7(y°)p(y°, z) implies

7(-(.'];) — pil (y’g?x’?l) — O"il (l‘?l)
() pa (@, u)) o (y7)

So we get 7(z”) = m(z), i.e. the probability 7 does not depend from the

coordinates iy +1,...,n. Setnow 2’ = (a9, ..., a0, ... a) 1, xp, ... @)

The equality 7(2%)p(2°, 2") = n(2")p(z’, 2°) gives

7r(:c“)( > i), ;))) ( > (), ]))>-

JEN,j<k JEN,j<k

Since the probability 7 does not depend from the coordinates i; +
1,...,n, we get pp(z?,2}) = pp(x), 2?). This implies o4 (z},) = op(2?)
and SO the hypothesis of irreducibility guarantees that oy is uniform on
X}.. This completes the proof. [

THEOREM 5.3. The eigenspaces of the operator P are given by
e W@ - @aWleoVFo Vi o Vi - eV,
with ji, # 0, for k € {i1 +1,...,n} and where

Ve, Gi=0,...m ifieC,

with eigenvalue

> PN AP DD

ic€Cri<k i>k
e Vig- Vi@V Vi e eV,
117 11
with j; = 0,...,1, for everyt =1,..., 11, with eigenvalue
Zp’?)\jz _'_ Z p’L
i=11+1

Proof. Fix an index k € {i; + 1,i; + 2,...,n} and consider the
function ¢ in the space

W1®‘_.®Wk—l®v;lz®vk+l ‘/Ok-ﬁ-2®__.®%n’
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with 7, # 0 and

so that ¢ =
fore=1,...,
x = (1,...
(Pe)(x) =
_|_
X
_|_
_|_
+
+
+

where yy is

— {L(Xi) if i € N,

‘/Z, ]Z:Oa>Tz leGC,

P1® @ Pro1 ® Ok ® Pry1 ® -+ ® @, With ¢; € W*
kE—1, o EVJi and ¢, € V! forl = k+1,...,n. Set

,xy) and y = (y1,...,Yn), then

> p(x,y)e(y)

Z <Z Py (@1, yn) - - i (it Yim)Ps (@, Yi)Oin (Tig, Yisr) -+ On (T Yn)

Y ieC

1 1
ZP?51(56'17 y1) s 5171(361;717 3/2'71)191‘(961‘, Z/i)m T —>

N i+1 my
©1(y1) - Or—1(Yre—1) 0k (Yr) Prr1(Wrr1) - - o0 (Yn)

Z (Z pipi(s, yi)%‘(yi)) p1(21) -+ i1 (Tim1) Pir1(Tit1) - - Pn(@n)

ieC, i<k Yi

Z (Z pipi(i, yi)%‘(yi)) p1(21) -+ Pic1(Tim1)Pir1 (Tit1) - - - Pn(@n)

i€C, i>k Yi

Z Z pypi(i, yz)L T L(Pi(yi) o on(yn) | 1) - pimi (@)
_ ‘ miy1 mp,

1 1

R m—n%(fﬁ) k1 (Te—1) 0k (k) - - Onlyn)

> op + Y P 1)

i€C, i<k i€C, i>k
Z (Z pipi(i, yz‘)%‘(yz‘)) p1(z1) -+ Pim1(im1) i1 (Tig1) - - pn(@)
iEN, 1>k Yi

k)Y pion(@e, ) e (@) - o (1) on () prsa (@) - - puln)

Yk

S o)+ Y o)+ Y plex) + xn(k)piA,e(x)

ie€C, i<k i€C, 1>k i€EN, i>k

( S jz+pm+zpl>

i€C, i<k >k

the characteristic function of N. Note that in this case

the addends corresponding to the indices ¢ < k, ¢ € N, are equal to 0
since we have supposed jp # 0.
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Consider now the function ¢ in the space
i—1 i i1+1 n
Vji®"'v;'i11—1 ®ijl1 ®VE)1+ ® - @V,
with 7, =0,...,7, for every t = 1,...,4;. In this case we have

(Po)(x) = > plz,y)ely)

= Z <Zp?pi<xiayi)90i(yi)> p1(21) -+ Pim1(Tim1) i1 (Ti1) - - - u(@n)

1€C, 1<iy Yi
+ ) <Zp?p,~(x,~, yi)%(%)) p1(1) - pic1(@ic1) i1 (Tisn) - - on(Tn)
i€C, i>i1 \ v
+ Z Z pipi(as, yz)L e L%(%) (@) | pr(@e) - pica(@ioa)
. . ' mMiy1 mp,
1EN, i>01 \Yiy.-sYn
+ pglpil (xilayil); T igp“ (yu) T Son(xn) (Pl(xl) T 9011*1($i1*1>
m'LlJrl mp
YiisYn
= D e+ > e+ Y plel@) + N, ()
ieC, i<iy i€C, i>i i€N, i>i1
71 n
- (T 3 ) oo
i=1 i=i1+1

Observe that, by computing the sum of the dimensions of these eigenspaces,
we get

n
E my - mep_1(myg — 1) + mymg -+ my, = mamg -+ - my,
k=11+1

which is just the dimension of the space X7 x --- x X,,.

REMARK 5.4.

The expression of the eigenvalues of P given in the previous the-
orem tells us that if P; is ergodic for every ¢ = 1,...,n, then also P
is ergodic, since the eigenvalue 1 is obtained with multiplicity one and
the eigenvalue —1 can never be obtained.

We can give now the matrices U, D and A associated with P. For
every i, let U;, D; and A; be the matrices of eigenvectors, of the co-
efficients of o; and of eigenvalues for the probability P;, respectively.
The expression of the matrix U, whose columns are an orthonormal
basis of eigenvectors for P, easily follows from Theorem 5.3. In order
to get the diagonal matrix D, whose entries are the coefficients of 7,
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it suffices to consider the tensor product of the corresponding matrices
associated with the probability P;, for every ¢ = 1,...,n, as it follows
from Theorem 5.2. Finally, to get the matrix A of eigenvalues of P
it suffices to replace, in the expression of the matrix P, the matrix P;
by A; and the matrix J; by the corresponding diagonal matrix Jid 1ag
which has the eigenvalue 1 with multiplicity one and the eigenvalue 0
with multiplicity m; — 1. So we have the following proposition.

PROPOSITION 5.5. Let P be the crested product of the Markov
chains P;, with+=1,...,n. Then we have:

U= M@ - @M_1®Up—Ap) A1 ®---® 4,
+U1 QU ® - QU;, @ Ajyy1 @ -+ @ Ay, with

M {Ifi”‘”m ifi€ N

where

[gifnorm _ vV ai(1)

1

crl(ml—l)

By A; we denote the matrixz of size m; whose entries on the
first column are all 1 and the remaining ones are 0.

[ ] D - ®?:1 Dz

b A:Zz‘ecpg(ll®"'®L‘—1®Ai®]i+1®"'®In)

+ZiENpg <Il®®L—1®AZ®Jzﬁg®®ngg>

Observe that another matrix U’ of eigenvectors for P is given by
U = ®?:1 U;. The matrix U that we have given above seems to be
more useful whenever one wants to compute the k—th step transition
probability p*)(0, z) using the formula (11), since it contains a greater
number of 0 in the first row with respect to U’ and so a small number
of terms in the sum are nonzero.

Suppose © = (1,...,2,) and y = (y1,...,¥y,) elements in X =
X; x ---x X,. From (11) and Proposition 5.5, we have
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p(k)(l’,y) = 7(y) [Z ( Z my (21, 21) M1 (T, 201) (U — @) (T, 2,)

zeX \r=i1+1
X Qry1 ($T+17 Zr+1) T an(-rrw zn)

U1(9€1, 2’1) e 'Ui1($i1> Zil)ai1+1($i1+17 Zi1+1) T an(%u Zn)) )\Iz

n
X ( > mayn,20) ey (Y1, zeo1) (e — ) (U, 22)
r=i1+1
X Ayr41 (errl; Zr+1) e an(yTw Zn)
+ wi(yn 2) i (Vi Zi) @i (Ui, Zig41) © 0 @Y, 20))]
where m;, u;, a; are the probabilities associated with the matrices M;, U;, A;
occurring in Proposition 5.5.

5.2. The crossed product. The crossed product of the Markov
chains P;’s can be obtained as a particular case of the crested product,
by setting C' = {1,...,n} and it is also called direct product. The
analogous case for product of groups has been studied in [DSC1].

In this case, we get the following transition probability:

p((l'l, <o 7‘%")7 (yh s ;yn)) = Zp?(S(xl?yl) o pl<xl7yl) o (5($n7yn)
=1

This corresponds to choose the i—th coordinate with probability p{ and
to change it according with the probability transition F;. So we get

p((xlv s 756”)7 (yh cee 7yn)) =

pipi(wi, yi)  if xj = y; for all j # i
0 otherwise.

So, for Xy ==X, = Xandp} =--- =p0 = %, the probability

p defines an analogous of the Ehrenfest model, where n is the number

of balls and |X| = m is the number of urns. In order to obtain a new

configuration, we choose a ball with probability 1/n (let it be the i—th

ball in the urn z;) and with probability p;(z;,y;) we put it in the urn

Yi-

As a consequence of Theorem 5.2, we get that if P; is in detailed
balance with 7;, then P is in detailed balance with the strict probability
measure m on X; X --- X X,, defined as

(21, ..., Ty) = m(xy)me(zg) - - - o ().

The matrix P associated with the probability p is given by

(21) P=Y (Lo 0P oI
=1
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The following proposition studies the spectral theory of the operator
P and it is a straightforward consequence of Theorem 5.3.

PROPOSITION 5.6. Let @y = lx,,¢4,..., 5, 1 be the eigenfunc-
tions of P; associated with the eigenvalues N = 1 )\’1, SR\ i1, TE-
spectively. Then the eigenvalues of P are the mims - --m,, numbers

Zp ",

with I = (iy,...,1,) € {07...,m1 — 1} x---x{0,...,m, — 1}. The
corresponding eigenfunctions are defined as
pr((z1,. .. 20)) = @i, (@1) - @], (@n).

As a consequence of Proposition 5.5, in order to get the matrices
U, D and A associated with P, it suffices to consider the tensor prod-
uct of the corresponding matrices associated with the probability P;,
for every i = 1,...,n. For every i, let U;, D; and A; be the matri-
ces of eigenvectors, of the coefficients of m; and of eigenvalues for the
probability P;, respectively. We have the following corollary.

COROLLARY 5.7. Let P be the probability defined in (21). Then we
have
PU =UA
UT'DU =1,
where U = Qi Uy, A=Q);_, A; and D = Q.| D;.

In particular, we can express the k—th step transition probability

® Ui) (é +) (@) (55?3 )

Let x = (x1,...,2,) and y = (yl, .., Yn). Then we get
p"(x Zw ) Afer(y

(W) T (Yn Zs@u 1)t () (DIN 4o+ PIAL) ol () o (),

with [ = (iy, ... ,@n).

As we said in Remark 5.4, if the matrix P; is ergodic for every
1 =1,...,n, then also the matrix P is ergodic, since the eigenvalue 1
can be obtained only by choosing I = 0" and the eigenvalue —1 can
never be obtained.

REMARKS 5.8.
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Put n =1 and set X = {0,1,...,m — 1}. Consider the action of
the symmetric group S,, on X. The stabilizer of a fixed element xq = 0
is isomorphic to the symmetric group Sp,—1. It is well known (see [?])
that (S, Sm_1) is a Gelfand pair and the following decomposition of
L(X) into irreducible representations holds:

L(X)=Vy @V,

where Vy = C is the space of constant functions on X and V; = {f :
X — C: 37, f(i) = 0}. So we have dimVy = 1 and dimV; = m—1.

Analogously, one can consider the action of the wreath product
SmlS,on X" = X x---x X, defined in the natural way, and then one
can study the decomposition of L(X™). We have

L(X") = L(X)®" = P W,
§=0

with
Wi= D Viel,e -0V,

where w(i, ... ,in) = #{k : ix = 1}. So we have dimW; = (})(m — 1)/,

If we define on X the uniform transition probability, i.e. p,(z,y) =
% for all x,y € X, then the matrix P, is the matrix J of size m.

The eigenvalues of this matrix are 1 (with multiplicity 1) and 0
(with multiplicity m — 1). The corresponding eigenspaces in L(X) are,
respectively, Vo = C and V; = {f : X — C: 3.7 f(i) = 0}.

This means that, by choosing the uniform transition probability on
X, one gets again the results obtained by considering the Gelfand pair
(Sms Sm—1)-

Also in the case of X™ we can find again the results obtained (see [?])
by considering the Gelfand pair (.S,,05,, Sim—115,). For P, = J we have

A =1X =...=X\,_1 =0. Consider now the transition probability
on X" defined in (21), with p§ = --- = p% = L. The eigenfunctions
@ associated with the eigenvalue %(n —j), with 7 = 0,...,n, are in

number of (7)(m —1)7. Moreover

E:(@)On—ly=:§:(@)Un—lyrhj:nwzzmnu4X“)
=0 =0
For every j = 0,...,n, these functions belong to W; and they are

a basis for W;. So W is the eigenspace associated with the eigenvalue

+(n—j).
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More generally, consider the case of any reversible transition prob-
ability p on X. Let A\g = 1, A1, ..., \x be the distinct eigenvalues of P
and Vo =2 C,Vy,...,V, the corresponding eigenspaces. We get

LX)~ (Ve Viad o V).
The eigenfunctions ¢y associated with the eigenvalue % Zf:o ri\;, wWith

k
Y ioTi =M, are

k
() T iy

ro,..., Tk =0

and the corresponding eigenspaces are the tensor products in which
r; copies of V;, for ¢ = 0,1,...,k, appear. Moreover, the number of
different eigenspaces is equal to the number of integer solutions of the
equation
T0+T1+"'—|—Tk:n, 7’7;20,

so it is (k:”)

The definition of multinomial coefficient as (
guarantees that

T0+T1+---+Tk> _ (ro4-4mi)!
T0,eees Tk rolrylerg!

Z (7" " . )(dimVD)TO < (dimVi)™ = (dimVy + - - - + dim V)"
rot o \05 - Tk

= 7’)’)/”7

as we wanted.

5.3. The nested product. The nested product of the Markov
chains P;’s can be obtained as a particular case of the crested product,
by setting N = {1,...,n}. The term nested comes from the association
schemes theory (see [Bail).

Consider the product

Xy x---x X,

and let P; be a transition probability on X;. We assume that p; is
in detailed balance with the strict probability measure 7;, for all ¢+ =
1,...,n.

The formula of crested product becomes, in this case,

(22)  P=) L@ @P®Ju® e ®J,).
=1

Theorem 5.2 tells us that P is reversible if and only if P is sym-
metric, for every k > 1, i.e. m = mi for every ¢« = 2,...,n. In this
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case, P is in detailed balance with the strict probability measure m on
Xy X --- x X, given by

_ m(z)
(X1 .., L) = =5
[T, mi
So let us assume 7; to be uniform for every ¢ = 2, ..., n. The transition

probability associated with P is
p(fpl (z1,91)

MoMms - My,

nz_i 5((1'17 v axjfl)a (yla <. >yjfl))p?pj(a:j7 y])

mj+1...mn

p((xb s ,Z}n), (yla cee 7yn)) =

_|_

j=2
+ (5((%’1, s 7~Tn—l)7 (yla s 7yn—l))p2pn(xn7 yn)

As we did in the case of the crossed product, we want to study the
spectral theory of the operator P defined in (22).
Let

k;=0

be the spectral decomposition of L(X;), for all i = 1,...,n and let
o = L, A1, ..., A, the distinct eigenvalues of P; associated with these
eigenspaces. From Theorem 5.3 we get the following proposition.

PROPOSITION 5.9. The eigenspaces of L(Xy x --- x X,,) are
o L(X1)® - @ L(X,-1) W}, of eigenvalue p) . , for k, =

L,... 10, with multiplicity my - - - my,_1dim(W});
o L(X1)® - -®L(X,) W,ﬁ;ll QWi - -@WE, of eigenvalue

0 ‘
pg-’ﬂ/\g+1 + p?+2 + oo+ P2, with kji = 1,...,7541 and for

j=1,...,n—2, with multiplicity my - - - m;dim(W7™);
J Ej+1
o Wi @W§®--- W, of eigenvalue p{A} + p§+---+pd, for
ki =0,1,...,r, with multiplicity dim(Wy,).

Moreover, as in the general case, one can verify that, under the
hypothesis that the operators P; are ergodic, for i = 1,...,n, then also
the operator P is ergodic.

The application of Proposition 5.5 to the case of the nested product
yields the following corollary.

COROLLARY 5.10. Let P be the nested product of the probabilities
P;, withi=1,...,n. Then we have:
o U:U1®A2®"'®An
F e TR R T @ (U= Ap) @ A @@ Ay,
e D=Q. ,D.
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B (e e A 6 ).

5.4. k—steps transition probability. The formula that describes
the transition probability after £ steps in the case of nested product
can be simplified using the base of eigenvectors given in Corollary 5.10
and supposing that the starting point is 0 = (0,...,0).

From the general formula, with the usual notations, we get

p(k)(oay) = [Z (Z 05, (0, 21) 05,1 (0, 2r—1) (U — a,)(0, 2;)

zeX
X CLT.H(O, ZT—H) T an(O, zn) + ul(O, 2’1)&2(0, 22) T an(O, Zn)) )‘]zC

X <Z 501 (yh Zl) U 6Ur—1 (nyla erl)(ur - aT‘)(yT7 ZT)
r=2

X ar—l—l(yr—i-h Zr—l—l) Tt an(yTu Zn)
+ ur(y1, 21)a2(y2, 22) - @n(Yn, 2n))]

= 7(y) 1—|—Z Z (Z - ar)<0’27“)>
=2 1

| 2;=0, i#]
X < 2)\; + Zpgn) (Z 501 yla 02 y2a 22) 5(%—1 (yr—la Zr—l)
m>r
X (ur - ar)(yra Zr)ar-l—l(yr—i-la 2r+1) T n(yna Zn))

+ Z u1(0, 21) ( .t me> (1, 21)

2170
2;=0, i>1

Observe that in this case the sum consists of no more than

n

| X3 | + Z(|X@‘ —1)= Z | X;| —n+1
=2

i=1
nonzero terms.

EXAMPLE 5.11.

We want to express the k—th step transition probability in the case
n = 2. So consider the product X x Y, with X = {0,1,...,m} and
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Y ={0,1,...,n}. Let
LX)=EDV; and L(Y)=EPW,
=0

1=0

be the spectral decomposition of the spaces L(X) and L(Y"), respec-
tively. Let A\g = 1,A1,..., A\ and po = 1, uq, ..., s be the distinct
eigenvalues of Py and Py, respectively. Then the eigenspaces of L(X X
Y)are L(X)@W;, fori=1,...,s, with dimension (m + 1)dimW; and
associated eigenvalue pp1;, and V; @ Wy, for j = 0,...,r, with dimen-
sion dimV; and associated eigenvalue p%\; + pY..

The expression of U becomes

U=IX"""@ Uy — Ay) + Ux ® Ay.

In particular, let {v° vi,... s Udim(va)ys + -3 ULy - -  Ulim(viy } and

{w® wi, ... ,w}lim(wl), W WY} be the eigenvectors of Py
and Py, respectively, i.e. they represent the columns of the matrices
Ux and Uy.

Then, the columns of the matrix U corresponding to the elements
(4,0) € {0,...,m} x {0,...,n} are the eigenvectors v'®(1,...,1) with
eigenvalue p&\; + p%. On the other hand, the columns corresponding
to the elements (7,7) € {0,...,m} x {0,...,n}, with j =1,... n, are

\/ Ux(l)
——
i—th place

Y. As a consequence, only m + 1+ n of these eigenvectors can be
nonzero in the first coordinate, so the probability p*)((0,0), (x,%)) can
be expressed as a sum of m + 1 + n nonzero terms: moreover, these
terms become m + 1 if x # 0. We have

the eigenvectors (0, ...,0, ,0,...,0) ® w? whose eigenvalue is

p®((0,0), () = 7((z,y)) (Zvi(o)vi(w)(p%ﬁp?/)k

+ ! Z w’ (0)do(x)w’ (y)(p?/,uj)k)

r dim(V;)
- [Z Z v (0)vg () | (5N + p9)"

s 1 dim(W;)
+ w) (0)d0(x)wy (y) | (BY )"
1 ox(0)ox(z) 1=

5.5. The insect. It is clear that the product X; x --- x X, can
be regarded as the rooted tree T of depth n, such that the root has
degree my, each vertex of the first level has my children and in general
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each vertex of the :—th level of the tree has m;,, children, for every
1 =1,...,n— 1. We denote the :—th level of the tree by L;. In this
way, every vertex z € L; can be regarded as a word x = xy - - - x;, where
z; €{0,1,...,m; —1}.

We want to show that the nested product of Markov chains is the
generalization of the “insect problem” studied by A. Figa-Talamanca
in [F-T1] and that we have described in Section 2 (in this case we
generalize to the non-homogeneous case).

Let us imagine that an insect lives in a leaf x € L, and that it
performs a simple random walk on the graph 7T starting from =z.

Then there exists a probability distribution u, on L, such that, for
every y € Ly, p.(y) is the probability that y is the first point in L,
visited by the insect in the random walk. If we put p(z,y) = p.(y),
then we get a stochastic matrix P = (p(z,9))syer,. Since the random
walk is Aut(7T")—invariant, we can suppose that the random walk starts
at the leftmost vertex, that we will call g = (0,...,0). We recall that
Aut(T) is the group of all automorphisms of T, given by the iterated
wreath product S, 0 S, U+ USm,. We want to study this Markov
chain defined on L,,.

Set &, = 0 and & = 00...0 (n — ¢ times). For j > 0, let «a; be
the probability that the insect reaches ;i given that §; is reached
at least once. This definition implies ap = 1 and ay = —5. In
fact, with probability 1, the insect reaches the vertex & at the first
step and, starting from &;, with probability mnl —7 1t reaches &, while
with probability —"2— it returns to L,. Finally, we have a,, = 0. For

mn+1
1 < j < n, there is the following recursive relation:

1 Mp41—j

o = ———— + i, ——————————.
J J J
Mp+1—j +1 Mp4+1—j +1

In fact, starting at {;, with probability m;
n+1—;+1 v
one step &;11, otherwise with probability r:"’:l;i;il

one of its brothers; then, with probability a;_; it reaches again &; and
one starts the recursive argument.

the insect reaches in
it reaches §;_; or

The solution, for 1 < j <n — 1, is given by

I+ My + MMy 1 + MMy 1My 2+ -+ + MMy 1My 2+ - Mp—j+2

I+ My + MMy + My My 1My 2+ - -+ MMy 1My -+ Mp—j+1
MMy —1Mp—2 - Mp_j41

I+ My + MpMp—1 + MMy 1 M2 + == -+ MMy 1My 2+ * Mp—j+1
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Moreover, we have

1 1
5 - —(1— - = (1=
p(iEo,.CCo) mn( Oél) -+ mnmn,l&l( C(Q) +
1 1
a1ag 0ol — ) + ————oq - - 1.
My M1+ + * Mo My -+ -My

Indeed the j—th summand is the probability of returning back to
x if the corresponding random walk in 7" reaches &; but not ;. It is
not difficult to compute p(zo, x), where x is a point at distance j from
xg. For j = 1, we clearly have p(xq, z9) = P(xo,z). We observe that,
for j > 1, to reach x one is forced to first reach ¢;, so that we have

_ 1
p(xg, ) = —————ajag---ojq(l—ay) +---
mn..-mn_J+1
1 1
+ ————ajae ol =y )+ —————aqag .
mn---m2 mn---ml

Since the random walk is invariant with respect to the action of
Aut(T), which acts isometrically on the tree, we get the same formula
for any pair of vertices x,y € L, such that d(x,y) = j.

PROPOSITION 5.12. The stochastic matrix

p?pl(l’l, ?/1)
m2m3 My,

nzl O((w1s oy i1), (Y5 - y5-1))P3Di (25, 95)

p((xb s 73:71)? (yla R 7yn)) =

+

= Mg M

+ 5((1‘1, oo 7l'n—1)7 (?/1, o >yn—1))p91pn($n7 yn)v

defined in (22), gives rise to the Insect Markov chain on L,,, regarded as
Xix---xX,, choosmgp? =g (1=, _i4q) fori=1,... ,n—1
and p =1 — ay and the transitions probabilities p}s to be uniform for
all j=1,...,n.

Proof. Set, for every i =1,...,n—1,
p? =10y (1 — apiya)

and p = 1 — a;. Moreover, assume that the probability p; on X is
uniform, i.e.

If d(zo, ) = n, then we get

p(IL’O, $) =
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If d(xg,z) =7 >1,1e 20 =z; foralli=1,...,n— j, then

Q10 -+ Oy i Qg - anfifl(l - anfi>
E - .

p(ZL‘Q,I) =
mimes - - My OB LTS Y T |

Finally, if x = x(, we get

o a1 i1 (1 — s 1—«a
Q- Qp—1 +Z 1° 1( )+( 1)'

p(‘IO’ 'TO)
mimsg - cMy42M41 my

This completes the proof. D

The decomposition of the space L(L,) = L(X; x --- x X,,) under
the action of Aut(T) is known (see [CST2]). Denote Z;, = C the

trivial representation and, for every 5 = 1,... n, define the following
subspace
m;—1
ZJ:{fEL( ) f fmla"'a folw' y Lj— 17)—0}

of dimension my ---mj;_;(m; — 1). In virtue of the correspondence
between Aut(1")—invariant operators and bi—Stabayyr)(0")—invariant
functions, the corresponding eigenvalues are given by the spherical
Fourier transform of the convolver that represents P, namely

A=) Plao,2)d;(x),

where ¢; is the j—th spherical function, for all j = 0,1,...,n. It is
easy verify that one get

o N\ =1;
o \i=1—-oay -a,_j, forevery j=1,...,n—1;
o )\, =0.

In particular, if we set

p) = aras - ap_i(l — ap_it1)

for every i = 1,...,n — 1, with p = 1 — «a; and P, = J; for every
i=1,...,n, the eigenspaces given for L(X; x --- x X,,) in Proposition
5.9 are exactly the Z;’s with the corresponding eigenvalues.

Let us prove that the eigenvalues that we have obtained in Proposi-
tion 5.9 coincide with the eigenvalues corresponding to the eigenspaces
20y L1y e ey oy

We want to get these eigenvalues by using the formulas given in
Proposition 5.9 for the eigenvalues of the nested product P by setting
P, = J;, then p? = aqay -+ ay_i(1 — ap_ipq) fori=1,....n — 1 and
Y = 1—qy. First of all, we observe that the eigenvalues of the operator
P; are 1, with multiplicity one and 0, with multiplicity m; — 1. So we
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get L(X;) = Wi W}, with dim(W}) =m; — 1, for all i = 1,...,n.
Following the formulas that we have given, the eigenspaces of P are:
o L(X1)®L(X2)® - @L(Xpj 1) W @W 0. @ W,
forevery j=1,...,n—1;
e Wy @Wi®-- @ Wi
The corresponding eigenvalues are:

e P\ =0;
o >, D forevery j=1,....,n—1;
hd Z?:l p? =1
We need to prove that, for every j = 1,...,n — 1, the eigenvalue
Z?:n_jﬂpg is equal to 1 — ajas--- ;. We prove the assertion by

induction on j.
If j = 1, we have p° = 1 — a;. Now suppose the assertion to be
true for 5 and show that it holds also for j + 1. We get

n n
0o _ 0 0 _
E bi = E PPy =1l—aag o+ ar (1 —agp)
i=n—j i=n—j+1
= 1—061"'Oéj(lj+1.

5.6. The Second Crested Product. In this subsection we define
a different kind of product of two spaces X and Y, that we will call
the second crested product. In fact it contains, as particular cases, the
crossed product and the nested product described in Section 5.2 and
Section 5.3, respectively. We will study a Markov chain P on the set
O, of functions from X to Y whose domains are k—subsets of X, giving
the spectrum and the relative eigenspaces.

Let X be a finite set of cardinality n, say X = {1,2,...,n}. For
every k = 1,...,n, denote by £, the set of k—subsets of X, so that
= ().

Now let Y be a finite set and let () be a transition matrix on
Y, which is in detailed balance with the strict probability 7. Let
Ao = 1,A1,..., Ay be the distinct eigenvalues of ) and denote by W
the corresponding eigenspaces, for every j = 0,1,...,m, so that the
following spectral decomposition holds:

ng:ééwg

Moreover, assume that the dimension of the eigenspace associated with

the eigenvalue 1 is one and set dim(W;) = m;, for every j =1,...,m.
Recall that the eigenspace Wy is generated by the vector (1,...,1)

Y|
Y| times

and that W; is orthogonal to W, with respect to the scalar product
(-,)r, for every j =1,...,m.
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For every k = 1,...,n, consider the space
Or={(A,0): AcQ and 6 € Y4},

i.e. the space of functions whose domain is a k—subset of X and which
take values in Y.

The set © = [[;_, Oy is a poset with respect to the relation C
defined in the following way:

v C x if dom(p) C dom(x) and ¢ = X|aom(e)-

The Markov chain P on Oy that we are going to define can be regarded
as follows. Let 0 < py < 1 a real number. Then, starting from a
function € O, with probability py we can reach a function ¢ € O,
having the same domain as # and that can differ from 6 at most in one
image, according with the probability () on Y.

On the other hand, with probability 1 — py we can reach in one step
a function ¢ € O whose domain intersects the domain of § in £ — 1
elements (on which the functions coincide), and in such a way that the
image of the k—th element of the domain of ¢ is uniformly chosen.

Note that P defines a Markovian operator on the space L(©y) of
all complex functions defined on Oy.

When Y is the ultrametric space, the Markov chain P represents
the so called multi-insect, which generalizes the insect Markov chain
already studied. In particular if |X| = n, we consider k insects living
in k different subtrees and moving only one per each step in such a way
that their distance is preserved, giving rise to a Markov chain on the
space of all possible configurations of k£ insects having this property.

In fact each element in © can be ragarded as a configuration of k£
insects and viceversa. For example, let 0 € ©, be a function such that
dom(0) = {x1,...,z} and 0(z;) = y;, with z; € X and y; € Y for
allt=1,..., k. Then the corresponding configuration of k£ insects has
an insect at each leaf (x;,1;). They live in all different subtrees since
x; # x; for i # j.

We observe that the cardinality of this space is (Z) |Y'|¥. This space
can be regarded as the variety of subtrees (see [CST3]) of branch in-
dices (k, 1) in the rooted tree (n,|Y]).

If 6,0 € O, with domains A and B respectively, then define the
matrix A, indexed by O, whose entries are

{1 if [ANB| =k —1 and 0|anp = ¢|ans,
Ng, =

0 otherwise.

Observe that the matrix A is symmetric.
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The operator P can be expressed in terms of the operator associated
with A and of another operator M as

A

(23) PZPOMJF(l—po)m,

where M describes the situation in which the domain is not changed
and only one of the images of the function § € Oy is changed according
with the probability () on Y. An analytic expression for M will be pre-
sented below. On the other hand, A describes the situation in which
we pass from a function whose domain is A to a function whose domain
is AU{i} \ {j}, with i € A and j € A, and we choose uniformly the
image in Y of the element 7. So the action of A on € is an analogous
of the Laplace-Bernoulli diffusion model. By norm(A) we indicate the
number of non zero entries in each row of the matrix associated with

A.

It is easy to check that M is in detailed balance with the strict
probability measure defined as

r(0) = % T,

i€EA

where 6 € ©, and dom(f) = A. On the other hand, it follows from the
definition of the Markov chain A that the weighted graph associated
with A is connected. From this and from the fact that the nonzero
entries of A are all equal to 1, we can deduce that A is reversible and
in detailed balance with a uniform probability measure. This forces 7,
to be uniform and so we have to assume that 7 is uniform on Y and
the matrix () is symmetric.

In this way, P is in detailed balance with the uniform probability

measure 7 such that 7(0) = W, for every § € ©. This choice of
k

7 guarantees that, if f is any function in W, with j =1,...,m, then

Zyey f(y) = O

The spectral theory of the operator M has been studied in Section
5.2. In fact, it corresponds to choose, with probability %, only one
element of the domain and to change the corresponding image with
respect to the probability ) on Y, fixing the remaining ones. So we
focus our attention to investigate the spectral theory of the operator
A.

Let us introduce two differential operators.
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DEFINITION 5.13. (1) For every k = 2,...,n the operator Dy, :
L(©y) — L(Og_1) is defined by

(DF)()= > F(0),
0€O:pCo

for every F' € L(©y) and ¢ € O_;.
(2) For k = 1,...,n the operator D : L(©_1) — L(Og) is
defined by

(DO = Y Flo),

PEOL_1:0C0
for every F' € L(©k_1) and 0 € Oy,.

Observe that the operator D} is adjoint to Dj,.
The following decomposition holds

L(©) =L ( 11 YA> =P L.

AeQy A€y

In order to get a basis for the space L(Y?4), for every A € ., we
introduce some special functions that we will call fundamental func-
tions.

DEFINITION 5.14. Suppose that A € Q and that FV € L(Y) for
every j € A. Suppose also that each F7 belongs to an eigenspace of Q
and set a; = |[{j € A: F7 € Wi}|. Then the tensor product @;c, F’

will be called a fundamental function of type a = (ag,as,...,ay) in
L(Y4).

In other words, we have
(QF)(0) =[] F(60).
jeA jeA
for every 0 € YA, We also set {(a) = a; + -+ + a,, = k — ap.

The introduction of the fundamental functions allows to give a use-
ful expression for the operators M and A.
If F € L(Y#?) C L(6y) is the fundamental function F' = Qjea I,

with |A] = kand 9 Y — C, then MF = 15,0, [(@icaisy F') © QFY].
So, if § € O and dom(0) = A, we get

URIOEESY [ [T 7w (quw,wmy))] .

jeA LicA,ij yey

Analogously one has (AF)(0) = >__ F(p), where the sum is over
all ¢ € Oy such that dom(p)Ndom(0) = k—1 and ¢ = 6 on dom(p) N
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dom(0). If A = (dom(0)NA)U{i} (we denote by LI the disjoint union),
then

(A@eaf)0) =Y QF )= [[ FOG) (Z Fi(?J)) :

¢ JEA jedom(p)NA yey

Denote Py, 4 the subspace of L(Y4) spanned by the fundamental
functions of type a and
Pig= D Praa.

AeQy

LEMMA 5.15. Dy, maps Py 4 to Py_1 4, whered = (ap—1, ay, ..., ay).
Conversely Dy maps Py_1 4 to Py,.

Proof. Let F be a fundamental function of type a in L(Y?) and
let B C A such that A = B {i}. Then for every ¢ € Y2 we have

(DeF)(p) = Y F(O)

0cY A:pCh

= > I[#eo)

Y A:pChH jEA

= (Z FZ(@/)) [T 7 (0.
yey jEB
The value of 3= .y F'(y) is zero if F* € W; for j = 1,...,m and so
D.F=0if ag = 0. If Ft € Wo, then D, F € Pk—l,g"
Analogously, let F' € P14 p with B € ;_;. Then for every
0 eY? A= BU/{i}, one has

(DiE)O) = > Fly)

= [P0
= Fo) [P 60)).

where by setting F*=1on Y (and so F* € Wy). O

The restriction of Dy, to Py, will be denoted by Dy, , and the restriction
of DZ, to Pk—l,g’ by DZ&.

The study of the compositions of the operators Dy, and Dy , plays
a central role. In fact it will be shown that the eigenspaces of these
operators are also eigenspaces for A. Consider, for example, Dy Dy,



90 3. MARKOV CHAINS

applied to a function F' € L(©y) and calculated on § € ©f. The
functions ¢ € Oy such that ¢ O 6 are in number of |Y|(n — k). Each
of them covers k + 1 functions in Oy, one of them is the function 6, the
other ones are functions in ©; whose domains differ by the domain of
f of an element and coincide on their intersection. These functions are
in number of |Y|(n — k)k and they correspond to functions that one
can reach starting from 6 in the Markov chain described by A. From
this it follows that norm(A) = |Y|(n — k)k.

LEMMA 5.16. Let F' € Py g4, with A € Q. Then
Dy oDra = Y|k = (@) + Qi
where Q.4 1s defined by setting

0 Zf F ¢ W07
24 J)(0) = - .
for every 0 € ©y, such that |[dom(0) N Al =k —1 and A\ dom(0) = {i}.
We denote by 0 the function in ©r whose domain is A and such that
Ol a\qiy = 0 and 0(i) = 0(ip), where dom(0) \ A = {io}.
Proof. Take ' € P, , 4 and 0 € ©. We have
(DiaDraF)©O) = Y (DraF)(p)

PEOL_1:pC0

= > > Fl).

PEOL_1:0C0 wWEBL:wDyp,

dom(w)=A

If dom(0) = A, then we get

(DraDrat)(0) = Z(ZFj(y)> [T Few)

JEA \yey teA\{j}

= [Y|(k — (@) [ F*(6(1))

teA
= [Y[(k = l(a))F(0),
where the second equality follows from the fact that ) . F/(y) = |V
if 7€ Wy and ) .y F/(y) = 0 whenever 7 ¢ W,
On the other hand, if [dom(0) N A| = k— 1, with A\ dom(0) = {i},
then

(DyoDraF)(0) = (ZFi(y)> II #e6)
yey jEA(i}

o if F' ¢ W,
) |YIF(0) if Fie W,
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which is just the definition of Qr,. U
LEMMA 5.17. Let F' € Py o 4, with A € Q. Then
Di11,0Dpi10 = [Y[(n = K)] + Qa,
where Q4 s defined as in (24).
Proof. Take I’ € P,y 4 and 0 € ©;. We have
(Dit1aDiaF)O) = D (DiaF)(®)

PEOL+1:0Cy

= ) > F).

PEOK+1:0C e wWEBL:wIp,
dom(w)=A
If dom(0) = A, then we get

(Dev1aDiaP)®) = 30 S F(0)

JEAC yeYy
= [Y[(n—k)F(9).

On the other hand, if [dom(0) N A| = k— 1, with A\ dom(0) = {i},
then

(Dit1aDri1.F)(0) = (ZF’@)> II #eu)

yey JEA\{i}
_Jo it F' ¢ W,
) |YIF(0) if F'e W,
= (Qrat)(0).

This completes the proof. [

The following corollary easily follows.
COROLLARY 5.18. Let F' € Py o 4, with A € Q. Then
Dir1aDr1 g = Dpw D = V(0 +£(a) - 2k)1.
Consider now the operator Dy, : Pr, — Pi_1.4-
DEFINITION 5.19. For 0 < {(a) < k <n, set
Pior = Ker(Dgy,)
and inductively, for k < h <n, set
Prak = Dp, o Pr1.a k-

These spaces have a fundamental importance because they exactly
constitute the eigenspaces of the operator A. This will be a conse-
quence of the following proposition.
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PROPOSITION 5.20. Py o k. s an eigenspace for the operator Dpy1,4D} 4 ,
and the corresponding eigenvalue is |Y|(n + €(a) — k — h)(h — k 4+ 1).

Proof. We prove the assertion by induction on h. If h = k, from
the last corollary we get Dy11,4,Dj 14 ,|p, v, = [Y](n+£(a) —2k)I, since
Dk,g’Pk,g’,k =0 by definition of Pk,g’,k* -

Now suppose the lemma to be true for £ <t < h and recall that,
by definition, we have Phy1 4k = D}y o FPhar k. Moreover, Corollary
5.18 gives

Diy2.4Dps20 = Dhr o Dnira = [Y(n 4 £a) = 2(h +1))1.

So we get

Dh+2,gD;;+2,g|Ph+1&/,k Dh+1 a’ |Dh+1 o/ Dy a1 Phat
+ [Yin+{a )—2(h+ 1) P10k
= [Y|(n+0a) ~ k—h)(h—k+1)D 1y Prgra
+ [Yin+la )—2(h+ 1)) Ptk

= |Yin+4la)—k—h—1)(h—k+2)Pri14k,

where the second equality follows from the inductive hypothesis and
the third one from an easy computation. This completes the proof.

O

COROLLARY 5.21. Py, o is an eigenspace for A of eigenvalue |Y|(n+
la)—k—h)(h—k+1)—|Y]|(n—h).

Proof. It suffices to observe that the operator @)y, , defined in (24)
coincides with the operator A on the space P, , and then the assertion
follows from Lemma 5.17 and Proposition 5.20. [

In particular, after normalizing the matrix A we obtain ﬁ) and

rm(A

the corresponding eigenvalue is m(lw(n +0(a)—k—h)(h—k+

1) = [Y[(n = h)).

The following lemma holds.

LEMMA 5.22. Given {(a) and h then, forf(a) < k < min {h, nté(a) },

2
the spaces Py o 1 are mutually orthogonal.

Proof. Each P, is an eigenspace for the self-adjoint operator
Dhy14Dj 1y, Since the eigenvalue |Y|(n + €(a) — k — h)(h — k + 1) is

a strictly decreasing function of k£ for k£ < n+§(a then to different val-
ues of k correspond different eigenvalues. This proves the assertion. [

Recall that, if a = (ag,a1,...,am), we set @’ = (ag — 1,a1,...,a)
and, inductively, a"*! = a" — (1,0,...,0).
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PROPOSITION 5.23. Let F' be a function in Py k. Then, for
la) <k< %@ and k < h <n-+{(a)—k, we have
(n+£4(a) —2k)!(h — k

(n+4(a) —k —h)!

Jh—k—1 18 an isomorphism of Py gn—x

)L
107 aDh 1,00+ Dy grsa FII* = YV*HF.

In particular, Dy Dy _q - Dy
onto Py g .

Proof. We prove the assertion by induction on h. For h = k + 1
and F' € Py 4 1, we have

| D; +LEF||2 = < Dj,F Diy F>
= < Dpp1oDfi F, F >
= |Y|(n+ l(a) — 2k)||F|?

by Proposition 5.20, so the assertion is true. For h > k + 1, applying
Proposition 5.20 to Dy Dy, ,, we get

1D} o Dh 10+ Dipyr g1 FII?
=< DnaDp oD 14+ Dryyan-s-1 5 Dy g Dy gnona B>
= [Yl(n+a) —k —h+1)(h = k)| Dj_y g -~ Diyy anrr FII.
Now the proposition follows by induction. [
PROPOSITION 5.24. Assume {(a) < h < %@. Then
(1) Ph,g = kmfég)’n+é(g)_h} Ph,g,kQ

(2) Dj 14 Pra — Phi1,a is an injective map.

Proof. We prove the assertion by induction on h.

Assume that (1) and (2) are true for {(a) —1 < h <t < %

For h = {(a) — 1 we have Pyq)-1, = 0 and so the proposition trivially
holds.

Since the operator Dj , is the adjoint of Dy, we have the following
decomposition: -

Ph,g = K(ET’(D}LQ) ) Dz,gphfl,g’
= DPhoh @ Dj o Pro1,a
In particular
Piiia=Pii1at41 @ DZ‘H&P@’-

By induction

t
Pt@’ = @ Pt,@ﬂk

k={(a)
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and so

t
Pirig = Pirat1 ©Diy, @ Pra k
k=£(a)
t+1

= @PtJrlak

k=tl(a)

This proves (1), while (2) follows from (1) and Proposition 5.23 . [

COROLLARY 5.25. The dimension of the spaces Py 4 that appear
in decomposition of P, , 1s

a0 )(, ) Fomon

J=1

Proof. From the previous proposition it follows
dim(PH_Lg,tH) = dim(PtH,g) — dim(Pt’g/).

Now

| n t+1
dim(Pry1,4) = (t + 1) (ao ai, .. ) H (Y

In fact, (t_tl) represents the number of (¢ 4+ 1)—subsets in X and

() [T}2, (dim(W;))® represents the number of possible choices

a0,a1,-.-,am
in the fundamental function F' =[] ., F" of a; functions belonging to

the eigenspace W; of L(Y'). Thus

dim(Piy1g 1) = ( ! )( el am) ﬁ(dim(Wj))%‘

t+1 ag, A1y ..., p

()l n)
t)\ap—1,a1,...,an e

n—t—ag n t+1 oo .
S d ))%
n—t (t+1) (ao,al,...,am> ]1_[1( lm(VVJ))

Since, by Proposition 5.23, dim(P} 4x) = dim(Py 4n-r ) one can obtain
the result replacing ¢t by k — 1 and a by " *. O

o ER

(dim(W5))®

We want to find now the eigenvector of # associated with the

m(A)
eigenvalue 1. Consider in P (1, 0) the function

f = wa
=1
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where f; is the fundamental function of type (1,0, ...,0) whose domain
is {i}. Set

< f>=Piap,..00= DT,(LO,...,O)PO,(OV--70)70'

So the element Fj = DZ,(h,o,...,O) e D§,(3,o,...,0)Dz,(z,o,...,o)f is the genera-
tor of the space P, (1.0,....0),0, which has dimension 1. Corollary 5.21 im-
plies that Py, (n.0,..,0),0 is an eigenspace for m and the corresponding
eigenvalue is 1. Moreover, the connectedness of the graph associated
with A implies that this is the unique (up to constant) eigenvector
of eigenvalue 1. We denote by Py (1, 0)1 the orthogonal subspace to

Py 10,00 in P 0.0 It has dimension n — 1.

Observe that the definition of fundamental functions is strictly linked
to the spectral theory of the operator () and so of the operator M
restricted to each domain. In fact, if F' is a fundamental function in
Py 4, with a = (ag,ay,...,a,) and A € Qj, then it is an eigenvector
for the operator M and the corresponding eigenvalue is %Z;-n:o ;.
So the set of the eigenvalues of M is given by (Z) copies of these values.

In particular, the eigenspace Py, 4 of — is also an eigenspace for

A
orm(A)
M and an eigenvector in this space has eigenvalue % Z;”:O a;\;. So, by
Corollary 5.21 and definition (23) of P, we get the following theorem.

THEOREM 5.26. P, .1 15 an eigenspace for P with eigenvalue
1 & (n+£€(a) —k—h)(h—k+1)—(n—h)
- § s+ (1 — = )
po h 7=0 aj ’ + ( pO) h(n - h)

REMARK 5.27.

It is easy to check that the operator M is not ergodic. In fact
its associated graph contains (Z) connected components and so the
multiplicity of the eigenvalue 1 for M is (;‘)

On the other hand we already observed that the operator orm(A)
has the eigenvalue 1 with multiplicity one. To conclude that it is ergodic
it suffices to show that —1 is not an eigenvalue, i.e. the associated graph
is not bipartite. In fact consider 6 € ©) with domain {4y, ...,4,} and
0(i;) = y;, for every j = 1,..., h. By definition of A we can connect
0 with ¢, whose domain is {i1,...,i5_1,%}, in # 4 and such that
(i;) =y; =0(i;) forall j = 1,..., h—1 and p(i;) = y;. Moreover § can
also be connected with ¢ whose domain is {41, ..., 4,2, %, %} and such
that o(i;) =y; =0(i;) forall j =1,...,h—2,h and o(i¢) = v = ().
On the other hand ¢ and p are connected as well and this proves that
the graph is not bipartite.

From Theorem 5.26 we can deduce the ergodicity for the operator
P, since the multiplicity of the eigenvalue 1 is one and the eigenvalue
—1 does not appear in the spectrum of P.
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REMARK 5.28.

The second crested product reduces to the crossed product if k =n
and to the nested product if k£ = 1.

In fact, if & = n, the domain of a function § € ©, cannot be
changed and # can be identified with the n—tuple (y1,...,y,) € Y™ of
its images. The operator P becomes

1 n
P=-35L8 ®LL10Q®L1® &I,
ni:l

which is the crossed product on the space Y.
If £ =1, then A has the following expression:

0 1 - - 1
1 0 1 :

A = 1
SO
1 1 0

and norm(A) =n — 1. So we get

P=milx© Q) +(1-m) (s o d).

which is just the nested product of X and Y, with Px = mwﬁ( ) and
Py =Q.

5.7. Bi-insect. In what follows, we take Y as a homogeneous
rooted tree of degree ¢ and depth m —1 and we give an explicit descrip-
tion of the spectrum of the operator P = poM + (1 —po)m acting
on the space L(02). Therefore we are considering functions in 09 such
that the image of each element of the domain is an insect. Suppose X
to be a set of cardinality n and let m > 3. Recall that we have the

decomposition

where Wy = C and

V[/j = {f € L<Lm71) : f = f(;r:l, RN ,QZJ'), f(ﬂfl, RN ,xj,l,z') = 0},

i

for every j =1,...,m — 1. Observe that dim(W;) = ¢Z~'(q — 1).

Il
o
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The eigenspaces relative to the operator A/norm(A) are the sub-
spaces of the form P (49.4,,...am_1),k>» With & = 0,1,2. The corresponding
eigenvalue is

1

iz T (D — k=22 -k ) =" (- 2]

So, by dependence of ¢(a), we get the following eigenspaces:

ap = 0 with eigenvalue A =0,

® P aar,am1)2 § @0 = 1 with eigenvalue A = ~5ma)

ap = 2 with eigenvalue A = ——

ap =1 with eigenvalue \ = 1
o P 1 5
0,1 - @m—1), ap =2 with eigenvalue A\ = T

o P 00,..0,0= ao=2 with eigenvalue A = 1.

Now we describe the eigenvalues of these eigenspaces with respect
to the operator M and to join the results.

If Fisa fundamental function of type (ao,al, ..o, Qpm_1), then it
has eigenvalue 3 > 7" =0 aj)\ where \j = 1— Z5— is the eigenvalue of
the eigenspace VVJ, of dimension ¢/~ 1(q — 1), occurring in the spectral
decomposition of L(Y). From this we can fill the following tabular in
which we give the eigenspaces, together with the corresponding eigen-
value and dimension.

® P (401, ,am1)2- We have three different cases:
(1) if ap = 0, the corresponding eigenspace is

PQ,(O,_..,(J, 1 0.0 1 0.0,
~— ~
i—th place j—th place
of dimension n(n — 1)(¢ — 1)?¢" '¢’~!, with eigenvalue
SN+ )
(2) if ap = 1, the corresponding eigenspace is

P2,(1,...,0, 1 0,..,02
~

i—th place
of dimension n(n—2)(g—1)g'~!, with eigenvalue py*£* +
(1 = po)gpzays
(3) if ap = 2, the Corresponding eigenspace is Ps (20,...0),2 Of

dimension 2= 5 ) with eigenvalue pg + (1 — po)%g.
® P (401, am_1),1- We have two different cases:
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(1) if ag = 1, the corresponding eigenspace is
P.

2,(1,..,0, _ 1 0,..0),
~
i—th place
of dimension n(q — 1)¢*~!, with eigenvalue pOHT)\i + 1—2100;
(2) if ap = 2, the corresponding eigenspace is Ps (20...0),1 0f

dimension n — 1, with eigenvalue pg + (1 — Po)g&—fz)
® P 50,00 In this case, the dimension of the eigenspace is 1

with eigenvalue 1.



Appendix: Association schemes

The theory of the Association Schemes is strictly linked to the the-
ory of Gelfand pairs. It is a combinatorial tool that gives an equivalent
description of the theory developed for groups and for Markov chains.

Association schemes are about relations between pairs of elements
of a set 2, that we suppose to be finite. Three equivalent definitions
of association scheme can be given: in terms of partitions, graphs and
matrices, respectively. A complete theory is developed in [Bai).

6. First definition

DEFINITION 6.1. An assoctation scheme with s associate classes
on a finite set £ is a partition of QX2 into nonempty sets Cy, Cq, ..., Cq,
called the associate classes, such that

(1) Cy = Diag(?) = {(w,w) : w € Q}.

(2) C; is symmetric for every i =1,...,s, i.e. C; = C}, where C,
denotes the dual of C; defined as C; = {(5,a) : (o, 8) € C;}.

(3) For all i,j,k € {0,1,...,s} there exists an integer pfj such
that, for all (o, B) € Cy,

HyeQ:(a,v) € C; and (v, ) € C;}| :pfj'

We will say that the rank of this association scheme is s+1. Observe
that the conditions (2) and (3) imply pfj = pfz The elements « and 3
are called i—th associates if (o, 8) € C;. In particular, the set of i—th
associates of « is denoted by

Ci(a) ={f €Q:(a,p) € Ci}.
Condition (2) implies p?j = 0 if z" 2 j. Similarly, plgj =0if j # k and
Pip = 0if i # k, while p); = ply = 1. Moreover, the condition (3)
implies that each element of Q has pY; = a; i—th associates.

EXAMPLE 6.2.

Let Q be a finite set, with |2] = n. Let Cy be the diagonal subset
and set

Ci={(a,8) € QAxQ:a#p}=(Q2xQ)\C.

This is the trivial association scheme, the only scheme on 2 having
only one associate class. It has a; =n — 1 and it is denoted by n.

EXAMPLE 6.3.
99
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Let €2 an m x n rectangular array, with m,n > 2. Set

e ¢ ={(a, ) : a, f are in the same row but a # };
e G ={(a, ) : a, f are in the same column but « # };
e C3={(a, ) : a, f are in different rows and columns}.

It is clear that C3 = (2 x Q) \ €y \ €; \ Cy. This is an association
scheme with three associate classes and ay = n — 1, a; = m — 1,
az = (m —1)(n — 1). It is called the rectangular association scheme
R(m,n) and is also denoted by m X n.

EXAMPLE 6.4.

Consider the partition 2 = A;U...UA,, of the set €2 into m subsets

of size n. These subsets are traditionally called groups. We declare «
and [ to be:

e first associates if they are in the same groups but a # ;
e second associates if they are in different groups.

It is easy to verify that, if w € €, then it has n — 1 first associates
and (m — 1)n second associates. So this is an association scheme with
s=2and a; =n—1, a3 = (m— 1)n. It is called the group-divisible
association scheme, denoted by GD(m,n) or also m/n.

7. Second definition

DEFINITION 7.1. An association scheme with s associate classes
on a finite set € is a colouring of the edges of the complete undirected
graph, whose vertices are indexed by 2, by s colours such that:

(1) for all 1,5,k € {1,...,s} there exists an integer pfj such that,
if {c, B} is an edge of colour k, then

{y € Q:{a,~v} has colour i and {v,B} has colour j}| = pfj;

(2) every colour is used at least once;
(8) there exist integers a;, for i = 1,...,s, such that each vertex
s contained in exactly a; edges of colour i.

We do not need an analogous of the conditions (1) and (2) of the
first definition. In fact, every edge consists of two distinct vertices and
the graph is supposed to be undirected. The new condition (1) says
that if we consider any two different vertices v and [ and fix two colours
i and 7, then the number of triangles consisting of the edge {«, 5} and
an i—coloured edge through o and a j—coloured edge through g is
exactly pf;, where k is the colour of {a, 3}. The new condition (2) has
not an analogous in the partition definition, since we specified that the
subsets in the partition are nonempty. Finally, since the condition (1)
of the graph definition does not deal with the analogue of the diagonal
subset, this is explicitly given in condition (3).
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If an association scheme has two associate classes, the two colours
can be regarded as ”visible” and "invisible”. The corresponding graph
is strongly reqular, according with the following definition.

DEFINITION 7.2. A finite graph is strongly regular if:

e it 1s reqular, i.e. each vertex is contained in the same number
of edges;

e cvery edge is contained in the same number of triangles;

e cvery non-edge is contained in the same number of configura-

tions like o

non-edge

e it is neither complete (all pairs are edges) nor null (no pairs
are edges).

8. Third definition

Given an association scheme with associate classes Cg, Cq, ..., Cy,
we can associate to each class C; its adjacency matrix A;, i.e. the
matrix of size || defined as

1 if (CY, ﬁ) €
(Ai>a6 = .
0 otherwise.

The following lemma holds.

LEMMA 8.1. Given an association scheme with associate classes

Co, Cy,...,Cs, let A; be the corresponding adjacency matrices. Then
(25) AiAj = ZPZ-Ak-
k=0

Proof. Suppose («a, ) € C;. Then the («, 5)—entry of the right-
hand side of (25) is equal to pj;, while the (o, 3)—entry of the left-hand
side is equal to

(Aid) = D A, 1)4;(7,8)

YESQ
= [{v:(a,y) €€ and (v,0) € €}
k
pija
because the product A;(a,v)A;(v, 8) is zero unless (a,7) € €; and
(7, B) € €;, in which case it is 1. O

This lemma leads us to the third definition of association schemes,
in terms of adjacency matrices.
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DEFINITION 8.2. An association scheme with s associate classes on
a finite set §2 is a set of nonzero matrices Ag, Ay, ..., Ag, with rows and
columns indexed by ), whose entries are equal to 0 or 1 and such that:

(1) Ay = Iq, where Io denotes the identity matriz of size |$)|;

(2) A; is symmetric for everyi=1,...,s;

(3) for alli,j € {1,...,s}, the product A;A; is a linear combina-
tion of Ag, A1, ..., As;

(4) > ;o Ai = Ja, where Jo denotes the all-1 matriz of size |(].

Observe that the condition (4) of this definition gives an analogue of
the fact that the subsets Cq, Cq, ..., C, constitute a partition of 2 x €.

PRrROPOSITION 8.3. If Ay, A1, ..., As are the adjacency matrices of
an association scheme, then A;A; = A;A; for alli,j € {0,1,...,s}.

Proof. We have

AjA; = AJTAZ-T, because the adjacency matrices are symmetric,
= (Ai4))"

T
= (ZpZAk> , by Equation (25),
%
= DAL
k

= g pfjAk, because the adjacency matrices are symmetric,
k

EXAMPLE 8.4.

Let [ be a Latin square of size n, i.e. an n x n array filled with
n letters in such a way that each letter occurs once in each row and
once in each column.

SO e |
0|9 ||

c
b
d
a

QUS| O |2

Fig.13. A Latin square of size 4.

Let Q be the set of n? cells of the array. Consider «, 8 € 2, with
a # 3. We declare o and S to be first associates if they are in the same
row or in the same column or have the same letter. Otherwise, they
are second associates. It is easy to check that so we get an association
scheme on €2, with two associate classes.
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9. The Bose-Mesner algebra

Consider an association scheme with adjacency matrices Ay, . .., As.
Let A be the space of all real linear combinations of Ag, A1, ..., As.
This is a real vector space of dimension s + 1. In fact, the matrices
Ag, Ay, ..., A, are linearly independent because, given a and S in ),
there exists only one index 7 such that A;(«, 8) # 0. It follows from
Lemma 8.1 that A is closed under multiplication and so it is an algebra.
Proposition 8.3 tells us that A is a commutative algebra, called the
Bose-Mesner algebra.

Since every adjacency matrix is symmetric, a matrix M € A is
symmetric and so it is diagonalizable on R, i.e. it has distinct real
eigenvalues Aq, ..., A, such that:

o L(Q) = P,_, Vi, where V; is the eigenspace associated with
the eigenvalue \;;
e the eigenspaces V; and V; are orthogonal, for 7 # j.

The orthogonality of eigenspaces is with respect to the inner prod-
uct on L(Q2) defined as

(f.9) = flwglw), forall f,geL(Q).

we

DEFINITION 9.1. The orthogonal projector P on a subspace W 1is
the map P : L(Q2) — L(Q) defined by

PveW and v — Pve W,

Now put
(M —XoI)--- (M — N\.1)

(M= A2) - (A = A)
It is easy to check that, if v € Vj, then Piv = v, while if Mv = \v
for © > 1, then Pjv = 0. So P; is the orthogonal projector onto V.
Analogously for V;, with ¢ > 1.

Now let My and M, be two matrices in A and let Py,..., P, and
@1, ..., Qn be the respective eigenprojectors. They commute with each
other, since they are polynomials in M; and Ms, respectively. The
following properties of F;();’s hold:

e they are orthogonal, in fact P,Q;PyQj = PPy (Q;Q;, which is
zero unless i = i’ and j = j';

e they are idempotents, in fact P,Q;P,Q; = P,P,Q;Q; = P,Q;;

o Zz Zj PQ; = (ZZR)(Z] Q]) =I’=1

P =

e the subspaces which they project onto are contained in eigenspaces

of both M; and M.

If we apply this argument to Ay, Ay, ..., A,, we deduce that there exist
mutually orthogonal subspaces Wy, Wy, ..., W,, with orthogonal pro-
jectors Sg, St,...,S,, such that

.L(Q):W(]@Wl@@wr,
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e cach W is contained in an eigenspace of every A;;
e cach 5; is a polynomial in Ay, ..., A; and so in A.

Thus there are unique constant D(e, i) such that
Se=Y Dle,i)A;

On the other hand, if C(i, ) is the eigenvalue of A; on W, then

Az’ = io C(Z, G)Se.

Moreover, the projectors Sy, ...,S, are linearly independent because
SeS§ = 0e5Se and so they constitute another basis for A. Therefore we
have r = s and D = C~!.

The subspaces W, are called strata, while the matrices S, are called
stratum projectors. The matrix C' is the character table of the
association scheme.

10. Crossed and nested product of association schemes

DEFINITION 10.1. Let Qq be an association scheme on €2y with
classes C;, for i € Ky and let Qy be an association scheme on €y
with classes D, for j € Ky. Then Q; is isomorphic to Qo if there exist
bijections

¢:Ql—>92 and m: K — Ko
such that
(@, 8) € € & (9(a),d(B)) € Dry)-

In this case, we say that the pair (¢, 7) is an isomorphism between
association schemes and write Q; = Q,.

We can now introduce two special product of association schemes,
called the crossed product and the nested product, respectively.

So let Q; be an association scheme on the finite set €2y with adja-
cency matrices Ag, Ay, ..., A,,, and let Qg be an association scheme on
the finite set €2y with adjacency matrices By, By, ..., B,.

DEFINITION 10.2. The crossed product of Q, and Qq is the as-
sociation scheme Qi X Qo on Q1 X Qg whose adjacency matrices are

fori=0,....mandj=0,... r.
The crossed product of two association schemes is also called direct
product. For example, one can easily verify that the rectangular asso-

ciation scheme R(m,n) can be obtained as the crossed product of the
schemes m and n.
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DEFINITION 10.3. The nested product of Q; and Qy is the asso-
ciation scheme Q1/Qs on 1 X Qs whose adjacency matrices are
o A, ® Jq,, withi #0;
o [o, ® Bj, for every 7 =0,1,...,r.

The nested product of two association schemes is also called wreath
product. For example, one can easily verify that the group-divisible
association scheme GD(m,n) can be obtained as the nested product of
the schemes m and n.

PRroPOSITION 10.4. The following properties of crossed and nested
product hold:

(1) crossing is commutative, in the sense that Qp x Qy = Qg x Qy;

(2) crossing is associative, in the sense that Q; x (Qy x Qg) =
(Ql X QQ) X Qg,’

(3) nesting is associative, in the sense that Qy/(Qa/Q3) = (Q1/92)/9s.

11. Crested product of association schemes

In this section we introduce the crested product of two association
schemes Q; and Q,, giving a new association scheme on the space €2; x
()5 that has both crossed and nested products as special cases. Our
main source is [BaCa).

11.1. Orthogonal block structures. Given a partition F' of a
finite set €, let Rr be the || x |Q| relation matrix of F, i.e.

1 if « and § are in the same part of F’
0 otherwise.

RF(a7/B) = {

DEFINITION 11.1. A partition of Q is uniform if all its parts have
the same size.

The trivial partitions of €2 are the universal partition U, which has
a single part and whose relation matrix is Jg, and the equality par-
tition F, all of whose parts are singletons and whose relation matrix
is IQ

The partitions of €2 constitute a poset with respect to the relation
<, where F' < G if every part of I is contained in a part of G. Given
any two partitions F' and G, their infimum is denoted F' A G and is
the partition whose parts are intersections of F'—parts with G—parts;
their supremum is denoted F'V G and is the partition whose parts are
minimal subject to being unions of F'—parts and G—parts.

DEFINITION 11.2. A set F of uniform partitions of €1 is an orthog-
onal block structure if:

(1) F contains U and E;
(2) for all F and G € F, F contains F NG and F'V G;
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(3) for all F and G € F, the matrices Rp and Rg commute with
each other.

Given a partition F' belonging to an orthogonal block structure F
on (), we define the adjacency matrix Ap as

Ap(a, ) = {1 if F=A\{G€F:Rg(a,B)=1}

0 otherwise.
One can verify that the set {Ap : F' € F, Ar # 0} is an association
scheme on ().
Given two partitions F' and G of two sets €2; and €2y, respectively,
denote F' x (G the partition of €21 x 25 whose relation matrix is Rp® Rq.
Now let & and G be two orthogonal block structures on 2; and €,
respectively. Then their crossed product is given by

FxG={FxG:FeJF Geg}
and their nested product is given by
F/G={FxUy: FeF}U{E, xG:Ge G},

where E; and U; are the trivial partitions of {2;. One can show that
the operation of deriving the association scheme from the orthogonal
block structure commutes with both crossing and nesting.

DEFINITION 11.3. Fori = 1,2, let F; be an orthogonal block struc-
ture on a set §; and choose F; € F;. The crested product of F, and
Fo with respect to Fy and Fy is the set G of partitions of (21 x Qs given

by
(26) 9:{G1XGQZGlEgl,GQE?Q,G1$F1 0’/’G2>;F2}.

The following theorem holds (see [BaCa)] for the proof).

THEOREM 11.4. The crested product defined in (26) is an orthogo-
nal block structure on €1 x €)s.

Observe that:

o if F} =U; or I, = E», then G is the crossed product F; x Fo;
o if I} = Fy and Fy = Uy, then § is the nested product F;/F,.

11.2. Partitions in association schemes.

DEFINITION 11.5. Let Q be an association scheme on ) with adja-
cency matrices A;, fori € K. Then a partition F of 2 is inherent in
Q if its relation matrix Rr is in the Bose-Mesner algebra of Q, i.e. if

there exists a subset £ of X such that Rp = ), . A;.
It is easy to check that the trivial partitions £ and U are inherent
in every association scheme.

EXAMPLE 11.6.
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Consider the 12 edges of the cube and define an association scheme
on the set € of these edges in the following way:

e two edges o and 3 are 1—st associates if they meet at a vertex;

e two edges o and [ are 2—nd associates if they are diagonally
opposite;

e two edges o and 3 are 3—rd associates if they are parallel but
not opposite;

e two edges o and 3 are 4—th associates if they are skew.

The partitions inherent in this scheme have relation matrices Ag =
IQ, A0+A2, A0+A2+A3 and A0+A1+A2+A3+A4: JQ

THEOREM 11.7. If Q is an association scheme on €1, then the set
F of partitions of €0 which are inherent in Q is an orthogonal block
structure on 2.

See [BaCal] for the proof.

Now let P be a partition of Q x Q and let V(P) be the real span of

the adjacency matrices of its classes. It is clear that
QP = V(P) <A,

where A is the Bose-Mesner algebra of Q.

DEFINITION 11.8. Let Q be an association scheme on ). A partition
P of Q x Q is ideal for Q if V(P) is an ideal of A, i.e. V(P) <A and
AD € V(P) whenever A € A and D € V(P).

THEOREM 11.9. Let Q be an association scheme with adjacency
matrices A;, for i € K. If Q has an inherent partition F with rela-

tion matriz Rp, then there ezists an ideal partition 9(F) of Q whose
adjacency matrices are scalar multiples of A;R, for i € XK.

Proof. (Sketch) Let £ be the subset of K such that Rp = )
So there exist positive integers m,;; such that

jEX

A;.

i€l

It follows from the definition that

my; = (A;iRp)(a, B) = |Ci(a) N F(B)],
where F'(f) denotes the F'—class containing 5. Put i ~ j if m;; # 0.
One can check that ~ is an equivalence relation. Define [i] = {j € X :
j ~ i} and By = >, ;A;. Then the distinct By are the adjacency
matrices of a partition P of  x € such that Q < P. Moreover, it is
easy to verify that A;Bj; € V(P). O

Indeed, the inverse construction can be done, as the following theo-
rem shows (see [BaCal).
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THEOREM 11.10. Let P be an ideal partition for Q. Let A; be the
adjacency matrices of Q, for 1 € K, and let D,, be the adjacency ma-
trices of P, for m € M. Denote by o the surjection from X to M such
that class i of Q is contained in class o(i) of P. Put R = Dy ). Then
R s the relation matriz of an inherent partition in Q. Moreover, for
all v € X, the matriz A;R is an integer multiple of Dy, ;).

11.3. Crested product of association schemes. Let F' be a
partition in an orthogonal block structure F, so that Rp = > ... Aa,
where L = {G € ¥ : G < F}. This implies that F' is inherent in
the association scheme derived from F. Then {Ag¢ : G € £} and
{R¢g : G € L} span the same subspace A|r of A, which is closed under
matrix multiplication.

Let P be the ideal partition J(F). For G € F, Rg is in the ideal
of A generated by Rp if and only if F 5 G, so V(P) is the span of
{Rg: G eF, Gi=F}. Wedenote V(J(F)) by A|F.

Consider now the crested product G of the orthogonal block struc-
tures F; and Fy with respect to the partitions F; and F5. The span of
the relation matrices of the partitions in G is

(A1l ® A2) + (A ®-A2‘F2)>

where A; and A, are the Bose-Mesner algebra of the association schemes
derived by F; and JFy, respectively. The adjacency matrices of the as-
sociation scheme derived by G are:

e A ® Ay, for G € L and H € Fy;
e A ® D, for G € F1 \ £ and D an adjacency matrix of P,

where L = {G € F, : G < Fi} and P = 9J(Fy). This leads to the
following definition.

DEFINITION 11.11. For r = 1,2, let Q, be an association scheme
on a set . and let F, be an inherent partition in Q.. Put P = V(F,)
and Q0 = Qy X Qy. Let the adjacency matrices of Qi,Qy and P be A;,
fori e Xy, Bj, for j € Xy and D,,, for m € M, respectively. Let £ be
the subset of Xy such that Rp, = ) ... A;. The crested product of
Q1 and Qo with respect to Fy and Fy s the association scheme Q on €}
whose adjacency matrices are

o A;® B;j, foric L and j € Ky,
e A, ® Dy, fori e X\ L and m € M.

Observe that the crested product reduces to the crossed product
if 1 = U, or Fy = Fy (in which case P = Q) and it reduces to the
nested product if F; = F; and F; = Uy (in which case P = Uq,xq,)-

Moreover, the interesting fact is that the character table of the
crested product Q can be described using the character table of Q; and
Q,y. See [BaCal] for more details.
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12. Examples

Let (Q be an association scheme on a finite set 2 and let Ay =

In, Ay, ..., A, the adjacency matrices associated with (). Consider

also an association scheme ' on a second finite set ', whose adjacency
: / / !/

matrices are Ay = I, A7, ..., AL,

The nested product Q/Q’ of the schemes () and @’ is well defined:
it is the association scheme on the set €2 x ' whose adjacency matrices
are

[ A1®JQ/,fOI'Z#0,
o o Al for j=0,1,...,m"

Consider now the inherent partition F' of € x €)' whose relation
matrix is

m/

Rp = Z(JQ ® AY) = 1o ® Jo,

Jj=0

i.e. the partition Q x Q' =| | o{(a, ) : &/ € 2}, We can ask which
is the ideal partition associated with F'.

In general, if ) is an association scheme on the set X with matrices
Ag, A1, ..., A, and F'is an inherent partition of X with relation matrix
Rp =3 ;.. Ai, then the adjacency matrices of the ideal partition P of
X x X associated with F are D; = Ziwj A;, where ~ is the equivalence

relation defined by @ ~ j if m;; # 0 and the m,;’s are defined by
mig = |€i(@) N F(B)], for all (a,8) € €.

So, if m;; # 0 and (o, B) € C;, then there exists some v € C;(a) such
that F'(8) = F(vy). One can easily check that [0] = £. We will use also
the notation A; ~ A; to indicate ¢ ~ j.

In our case we have Ig ® A’ ~ Iq ® Aj for every j,k=0,1,...,m/.
Moreover, it is easy to verify that, for 7,5 # 0, one has A; ® Jo +#
A; ® Jo for i # j. So the adjacency matrices of the ideal partition P
associated with F' are

A ® Jo, fori=0,1,...,m.

Consider now an association scheme S on a finite set © with adja-
cency matrices By = lg, By, ..., B, and an association scheme S’ on a
finite set ©" whose adjacency matrices are B, = lo/, By, ..., Bl,. Take
now the nested product S/S’ defined on the product © x @', i.e. the
association scheme on © x ©’ whose adjacency matrices are

) Bi®J@/,fOI'Z.7£O;
e l[o® B, for j =0,1,...,n"
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We can consider the inherent partition G of © x ©’ defined as in the
previous case, so that its relation matrix is
o
Rg = ZI@(@B} =Ilo ® Jor,
§=0
i.e. we have the partition © x © = [[,.o{(6,0) : 0' € ©'}.
We can now consider the crested product of the schemes S/S" and

@/@Q’ with respect to the inherent partition G and F defined above.
So we get a new association scheme on the set

OxO xOx

whose adjacency matrices are
o (lo®B)) ® (A ® Jor), with j =0,1,...,n" and i # 0;
o (l6®B))@([a®A}), with j =0,1,...,n and k =0,1,...,m’;
o (Bi®Jo)® (A ® Joy), withi # 0 and j =0,1,...,m.
Moreover, by choosing the inherent partition G for © x ©" and the
universal partition Uqyq for € x €, i.e. the partition whose relation
matrix is Ry, ., = Jo ® Jor, we can get a different crested product of
the schemes S/S" and Q/Q’. Observe that the only adjacency matrix of
the ideal partition P associated with Ugyqr is Jo®Jo. So the adjacency
matrices of the crested product of the schemes S/S” and Q/Q" are
[ ] ([@@B;) X (AZ®JQ/), Wlth] = 0,1,...,n’ and Z 7é 0;
o (lo®B))®(Ia®A}), with j =0,1,...,n"and k =0,1,...,m’;
Finally, by choosing the identity partition Egyer for © x ©" and the
inherent partition F' for Q x @', we can get again a different crested
product of the schemes S/S" and Q/Q’, whose adjacency matrices are
o (Io®Ig)® (Ig® A}), with k=0,1,...,m/;
o (lo®B},)®(A; ® Jo), withi=0,1,...,m and k # 0;
[ ] (B]®J9/) ® (AZ®JQ/), Wlth] 7é0 and 'L :O,l,,m
This completes the description of the nontrivial crested products
that we can get from the schemes S/S" and Q/Q'. By choosing the
identity partition Fgyer as inherent partition of ©® x ©" and the uni-
versal partition Uqy o as inherent partition of Q2 x €)', we get the nested
product
S/5'/Q/Q"
This notation is correct because of the associativity of iterating the
nested product of association schemes. The adjacency matrices of the

scheme S/S"/Q/Q" are
. (I@ X I@/) ® (AZ & JQ/), with ¢ 7& 0;
° ([@ X I@/) X ([Q & A;c), with £ =0,1,... ,m’;
[} ([@ X B];) X (JQ X JQ/), with k 7é 0;
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The remaining choices for the inherent partitions of ® x ©' and
Q x €V give rise to the crossed product

(5757 x (Q/Q),
i.e. the association scheme on © x @’ x 2 x Q' whose adjacency matrices
are
¢ (lo®@B))®(Io®A},), withj =0,1,...,n"and k =0,1,...,m/;
o (lo®B))® (A ® Jor), with j =0,1,...,n" and i # 0;
o (Bi®Jo)® (Ig® A}), withi#0and k=0,1,...,m/;
° (Bz X J@/) (29 (Ak X JQ/), with 1, k 7§ 0.

As an easy example, we can consider the case when © = @' = =
' ={1,2} and S =5 =Q = Q = 2. We recall that 2 denotes the

trivial association scheme on two elements, whose adjacency matrices

are
10 01
MO = (0 1) and M1 = (1 0) .

Let us call these matrices By and B in the case of S, B and Bj] in
the case of S’, Ay and A; in the case of @), A and A} in the case of
@', respectively.
So the adjacency matrices of the nested product /@’ are
L] A1 (029 JQ';
o Ig® Ig;
Consider now the inherent partition F' of € x €' whose relation
matrix is
Rr=Io® Iy +Io® A = Io® Jo,
i.e. the partition Q x Q' = {(1,1),(1,2)} [I{(2,1),(2,2)}.
The adjacency matrices of the ideal partition P associated with F
are
[} [Q & JQ/;
o Al (029 JQ/.
Analogously, the adjacency matrices associated with the nested
product S/S’ defined on the product © x ©' are
e B ® Jo;
[ J I@ & I@/;
[ ] [@ ® Bi
We can consider the inherent partition G of © x ©’ defined as in the
previous case, so that its relation matrix is

Ro=1o®Ilo +1o® B =1 ® Jor,
corresponding to the partition © x ©" = {(1,1), (1,2)} [[{(2,1), (2,2)}.
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We can now consider the crested product of the schemes 2/2 and
2/2 with respect to the inherent partition G and F' defined above. So
we get the association scheme on the set

OxO xOx

whose adjacency matrices are
e (lo®le) ® (A1 ® Jov);

o (Io® B)) ® (A1 ® Jo);
o (Io®lIeo) ® (In® Iy);
° (I@ X I@/) X (IQ & A/),
° (I@ ® B! ) (29 ([Q ®[Q/),
o (Io®B)) ® (Iog® A));
o (B ®Jo)® (Ig® Jor);

¢ (B1®Jor) ® (A1 @ Joy).

By choosing the inherent partition G for © x ©" and the universal
partition Uqgyqr for Q x €, i.e. the partition whose relation matrix is
Ry, o = Ja®Jor, we get a different crested product of the schemes 2 / 2
and 2/2. The only adjacency matrix of the ideal partition P associated

with Ugxgr is Jo®Jg. So the adjacency matrices of the crested product
of the schemes 2/2 and 2/2 are

e (lo®@le) ® (A ® Jor);
° (I@@B ) (A1®JQ/)7
° ([@ X I@/) X ([Q & IQ/),
° ([@ X [@/) X ([Q X A,),
e (lIo ® By) ® (In ® Ioy);
o (Io® B)® (Ig® Al):

o (B1® Jor) ® (Jo @ Jo).
Finally, by choosing the identity partition Egxe for © x ©" and
the inherent partition I’ for ©Q x ', we get again a different crested
product of the schemes 2/2 and 2/2, whose adjacency matrices are

o (lo ®lor) ® (A1 @ Jov);

e (le®le) ® (I ® lo);
o (Io ® lor) ® (In ® A);
o (Io ® BY) ® (In ® Jo);
¢ (lo®B}) ® (A ® Jor);
o (B ®Jo)® (g ® Jor);
e (B1®Jo)® (A ® Joy).

This completes the description of the nontrivial crested products
that we can get from the schemes 2/2 and 2/2. By choosing the iden-
tity partition Egxes as inherent partition of © x © and the universal
partition Uqyq as inherent partition of Q x ', we get the nested prod-

uct
2/2/2/2
The adjacency matrices of this scheme are
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o (Io ®Io) ® (A ® Joy);
e (lo®Ie) ® (In® Iy);
o (Io® o) ® (Ig® A));
° (I@@B )®(JQ®JQ/);
* (B1® Jor) ® (Ja ® Jo).

The remaining choices of inherent partitions of © x ©” and € x ¢
give rise to the crossed product

(2/2) x (2/2),

whose adjacency matrices are
o (lo®lo)® (Ig® Iy);

e (le ®le) @ (Io @ Al);
[ ] (I@ & I@/) & (Al (%9 JQ/);
° ([@@B )®([Q®[Q/),
e (Io®B))® (Ig® A));
o (lo®B)) ® (A ® Jo);
o (B ®Jo)® (Ig® Ig);
o (B1®Jo)® (Ig® AY);
e (B1®Jo)® (A1 ® Jo).

These products have also another interpretation from the orthogo-
nal block structures point of view.

REMARK 12.1.

A ultrametric space has in a natural way an orthogonal block struc-
ture: if we fix a level of the tree, this level induces a partition in spheres.
Considering this partition in spheres for each level, we get an orthogo-
nal block structure.

Take now two rooted trees of depth 2 with branch indices (m,n)
and (p, q), respectively. Consider the corresponding orthogonal block
structures: each block consists of three partitions with sizes 1,n, mn
and 1, q, pq, respectively. We denote these partitions by Fy, Fi, Fy for
the first tree and by Gg, Gy, Gy for the second tree. So the relation
matrices in the case of the first tree are

L4 RO =1 ® [n;
L Rl =1n® Jn;
L4 RQ - Jm & Jn
and in the case of the second tree are
L S(] = [p & [q;
L] Sl = Ip & Jq;
L4 Sg = Jp & Jq.

The corresponding association schemes that we can get considering the
matrices Ap defined above are (), with adjacency matrices
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.AOZ m®[m
L4 AIZ m®(Jn_In>u
o Ay = (Jp— 1)) @ Jy

and @', with adjacency matrices
o Ay =1, 1,
o Ay =1, ®(Jg —1);
o Ay =(J,—1,) ® J,.

So we can observe that the association scheme @) is just the scheme
m/n and the association scheme Q' is just the scheme p/q. We can

do the crested product of these schemes with respect to the possible
inherent partitions, whose relation matrices are R or Sy in the case of
the equality partition, then Ry or S; and finally Ry or Sy in the case
of the universal partition.

We can also do the crested product of orthogonal block structures
and then we can associate to the block obtained a new association
scheme by using the matrices Apr. Actually, we can show that the
operation of deriving the association scheme from the orthogonal block
structure commutes with cresting. Let us verify it in all cases.

The relation matrices of the block obtained by the crest product
with respect to the partition F; and Gy are

e Ry ® Sy, with associated adjacency matrix Aoy = I, ® I,, ®
I, ® I;

o Ry® Sy, with Ag1 =1, ® 1, ® [, ® (Jq —1,);
OR()@SQ,WithAOQ—Im@[ ®(J )®Jq,
.R1®50,W1th1410—[m®( )®I ®Iq,
.R1®51,WlthA11—]m®( ) ( —Iq),
[} Rl (24 SQ, with ALQ = ] & (J ]n> (2 (J ] ) & Jq,
[} R2 & 51, with A271 = (Jm — Im) & Jn & Ip & Jq,

o Ry® Sy, with Ago = (Jpy — Iny) @ Jp, @ (Jp — 1) ® J

and these matrices A, ;’s are just the adjacency matrices of the associa-
tion scheme obtained by the crested product of the association schemes
Q@ and @’ by choosing the partitions F; and G as inherent partitions,
respectively.

The relation matrices of the block obtained with the crest product
with respect to the partition F} and G are

o Ry ® Sy, with associated adjacency matrix Ao = 1, ® [,, ®
I, ® I;

L4 RO X Sl, with A()’l = [m X In X ]p X (Jq - Iq>,
0R0®SQ,WithAOQ—] ®I ®(J I)®Jq,
.R1®50,WlthA10—] ®(J —]n)®j ®Iq7
® R1®51,Wlth All_[ ®( [n) ( —[q),
o R1®SQ, with A12—I ®( [n) ( )®Jq7
.R2®SQ,W1thA272—(J I)@J ®J ®J
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and these matrices A; ;’s are just the adjacency matrices of the associa-
tion scheme obtained by the crested product of the association schemes
@ and @' by choosing the partitions F; and (G5 as inherent partitions,
respectively.

The relation matrices of the block obtained with the crest product
with respect to the partition Fj and G are

o Ry ® Sy, with associated adjacency matrix Ao = 1, ® [, ®
I, ® Iy;

o Ry® Sy, with Agy =1, ® I, ® I, ® (J; — 1y);

[ R() (29 SQ, Wlth AQQ = ]m X In X (Jp — Ip) X Jq,

o R ®Sy, with A1 =1, @ (J, — 1) @, ® Jy;

o Ry® Sy, with Agy = (Jpy — Iny) ® J, @ I, ® J,

o R1 X SQ, with ALQ = Im X (Jn — In) X (Jp — [p) X Jq;

o Rg X SQ, with A2’2 = (Jm — Im) X Jn X (Jp — [p> X Jq

and these matrices A, ;’s are just the adjacency matrices of the associa-
tion scheme obtained by the crested product of the association schemes
Q@ and @' by choosing the partitions Fy and (7 as inherent partitions,
respectively.

The same result can be obtained by considering the crossed product
and the nested product.

In fact, the relation matrices of the block obtained with the crest
product with respect to the partition F{ and G, are

o Ry ® Sy, with associated adjacency matrix Apg = I, ® [, ®
I, ® 1

o Ry® Sy, with Agy =1, @ 1, ® I, ® (J; — 1y);

[ J R() ® SQ, Wlth AQQ = [m ® In ® (Jp — Ip) ® Jq;

o R ®Sy, with A1 o =1, (J, — I,,) ® J, ® J;

[ J RQ X SQ, with A2’2 = (Jm — Im) X Jn X Jp X Jq

and these matrices A, ;’s are just the adjacency matrices of the associa-
tion scheme obtained by the crested product of the association schemes
Q@ and @' by choosing the partitions Fj and G5 as inherent partitions,
respectively. The remaining choices for the partitions give rise to the
crossed product. The relation matrices of the block obtained with the
crossed product are

e Ry ® Sy, with associated adjacency matrix Ao = I, ® [,, ®
I, ® I;

o Ry® Sy, with Agy =1, ® [, ® I, ® (J, — 1,);

.R()@SQ,WithAOQ—Im@I ®(J I)@Jq,

° R1®So, WlthAlo—]m®(J -1 )®I ®Iq,
0R1®51,W1thA11—] ®( ) ( —Iq),
0R1®SQ,W1thA1,2—] ®(J ]) (J-])@Jq,
o Ry ® Sy, with Asg = (Jpy — Ln) ® J, @ I, ® 1;
o R2 X Sl, with Ag,l = (Jm — Im) X Jn X Ip X (Jq — Iq);
o R2 X SQ, with A272 = (Jm — Im) X Jn X (Jp — [p> X Jq.
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The interesting fact is that the nested product of the two original blocks
gives an orthogonal block structure on a set with mnpq elements, which
is exactly the block of spherical partitions of the fourth level of the
rooted tree of depth 4 and branch indices (m,n,p,q). The remaining
crested product give other orthogonal block structures corresponding
to different partitions which are not induced by the spheres of the trees.
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