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ABSTRACT

Association schemes form one of the main objects of algebraic combinatorics, classically defined on finite
sets. At the same time, direct extensions of this concept to infinite sets encounter some problems even in
the case of countable sets, for instance, countable discrete Abelian groups. In an attempt to resolve these
difficulties, we define association schemes on arbitrary, possibly uncountable sets with a measure. We study
operator realizations of the adjacency algebras of schemes and derive simple properties of these algebras.
However, constructing a complete theory in the general case faces a set of obstacles related to the properties
of the adjacency algebras and associated projection operators. To develop a theory of association schemes,
we focus on schemes on topological Abelian groups where we can employ duality theory and the machinery
of harmonic analysis. Using the language of spectrally dual partitions, we prove that such groups support the
construction of general Abelian (translation) schemes and establish properties of their spectral parameters
(eigenvalues).

Addressing the existence question of spectrally dual partitions, we show that they arise naturally on
topological zero-dimensional Abelian groups, for instance, Cantor-type groups or the groups of p-adic num-
bers. This enables us to construct large classes of examples of dual pairs of association schemes on zero-
dimensional groups with respect to their Haar measure, and to compute their eigenvalues and intersection
numbers (structural constants). We also derive properties of infinite metric schemes, connecting them with
the properties of the non-Archimedean metric on the group.

Next we focus on the connection between schemes on zero-dimensional groups and harmonic analysis.
We show that the eigenvalues have a natural interpretation in terms of Littlewood-Paley theory, and in the
(equivalent) language of martingale theory. For a class of nonmetric schemes constructed in the paper, the
eigenvalues coincide with values of orthogonal function systems on zero-dimensional groups. We observe
that these functions, which we call Haar-like bases, have the properties of wavelet bases on the group,
including in some special cases the self-similarity property. This establishes a seemingly new link between
algebraic combinatorics and (non-Archimedean) harmonic analysis.

We conclude the paper by studying some analogs of problems of classical coding theory related to the
theory of association schemes.

Key words: Association scheme, adjacency algebra, eigenvalues, inersection numbers, zero-dimensional
Abelian groups, chain of nested subgroups, non-Archimedean metric, metric scheme, translation scheme,
Littlewood-Paley theory, Schur rings, martingales, Haar wavelets, coding theory.
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ASSOCIATION SCHEMES ON GENERAL MEASURE SPACES AND
ZERO-DIMENSIONAL ABELIAN GROUPS

ALEXANDER BARG* AND MAXIM SKRIGANOV

ABSTRACT. Association schemes form one of the main objects of algebraic combinatorics, classically
defined on finite sets. At the same time, direct extensions of this concept to infinite sets encounter some
problems even in the case of countable sets, for instance, countable discrete Abelian groups. In an
attempt to resolve these difficulties, we define association schemes on arbitrary, possibly uncountable
sets with a measure. We study operator realizations of the adjacency algebras of schemes and derive
simple properties of these algebras. However, constructing a complete theory in the general case faces a
set of obstacles related to the properties of the adjacency algebras and associated projection operators.
To develop a theory of association schemes, we focus on schemes on topological Abelian groups
where we can employ duality theory and the machinery of harmonic analysis. Using the language
of spectrally dual partitions, we prove that such groups support the construction of general Abelian
(translation) schemes and establish properties of their spectral parameters (eigenvalues).

Addressing the existence question of spectrally dual partitions, we show that they arise naturally on
topological zero-dimensional Abelian groups, for instance, Cantor-type groups or the groups of p-adic
numbers. This enables us to construct large classes of examples of dual pairs of association schemes
on zero-dimensional groups with respect to their Haar measure, and to compute their eigenvalues
and intersection numbers (structural constants). We also derive properties of infinite metric schemes,
connecting them with the properties of the non-Archimedean metric on the group.

Next we focus on the connection between schemes on zero-dimensional groups and harmonic
analysis. We show that the eigenvalues have a natural interpretation in terms of Littlewood-Paley
wavelet bases, and in the (equivalent) language of martingale theory. For a class of nonmetric schemes
constructed in the paper, the eigenvalues coincide with values of orthogonal function systems on zero-
dimensional groups. We observe that these functions, which we call Haar-like bases, have the proper-
ties of wavelet bases on the group, including in some special cases the self-similarity property. This
establishes a seemingly new link between algebraic combinatorics and (non-Archimedean) harmonic
analysis.

We conclude the paper by studying some analogs of problems of classical coding theory related to
the theory of association schemes.
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1. INTRODUCTION

1-A. Motivation of our research. Association schemes form a fundamental object in algebraic
combinatorics. They were defined in the works of Bose and his collaborators [3 [6] and became
firmly established after the groundbreaking work of Delsarte [12]]. Roughly speaking, an association
scheme X is a partition of the Cartesian square X x X of a finite set X into subsets, or classes,
whose incidence matrices generate a complex commutative algebra, called the adjacency algebra of
the scheme X'. Properties of the adjacency algebra provide numerous insights into the structure of
combinatorial objects related to the set X such as distance regular graphs and error correcting codes,
and find applications in other areas of discrete mathematics such as distance geometry, spin models,
experimental design, to name a few. The theory of association schemes is presented from several
different perspectives in the books by Bannai and Ito [2], Brouwer et al. [7]], and Godsil [25]. A
recent survey of the theory of commutative association schemes was given by Martin and Tanaka
[37]. Applications of association schemes in coding theory are summarized in the survey of Delsarte
and Levenshtein [13]]. The approach to association schemes on finite groups via permutation groups
and Schur rings is discussed in detail by Evdokimov and Ponomarenko [19].

Classically, association schemes are defined on finite sets. Is it possible to define them on infinite
sets? In the case of countable discrete sets, such a generalization was developed by Zieschang [53].
However, this extension does not include an important part of the classical theory, namely, dual-
ity of association schemes. Indeed, our results imply existence of translation-invariant association
schemes on Abelian groups that are countable, discrete and periodic. Such schemes can of course be
described in usual terms [55]. However their duals are defined on uncountable, compact and zero-
dimensional groups, so the classical definition of association schemes does not apply: in particular,
the intersection numbers of the dual scheme are not well defined. The above discussion shows that
the notion of association schemes on infinite sets cannot be restricted to the case of countable dis-
crete sets. Such a theory would not include the important concept of the dual scheme and would
therefore be incomplete.
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Association schemes on arbitrary measure spaces are also important in applications, notably, in
harmonic analysis and approximation theory. In particular, we became interested in these problems
while discussing combinatorial aspects of papers [48], 49| devoted to the theory of uniformly dis-
tributed point sets. The connection of association schemes to harmonic analysis is well known in the
finite case: in particular, there are classes of the so-called P- and Q-polynomial association schemes,
i.e., schemes whose eigenvalues coincide with the values of classical orthogonal polynomials of a
discrete variable [2]. The most well-known example is given by the Hamming scheme for which the
polynomials belong to the family of Krawtchouk polynomials; see [12]. Generalizing this link to
the infinite case is another motivation of this work. Of course, these generalizations rely on general
methods of harmonic analysis: for instance, the Littlewood-Paley theory, martingale theory, and the
theory of Haar-like wavelets arise naturally while studying association schemes on measure spaces.

1-B. Overview of the paper. In an attempt to give a general definition of the association scheme,
we start with a measure space (a set equipped with some fixed o-additive measure) and define
intersection numbers as measures of the corresponding subsets. It is possible to deduce several
properties of such association schemes related to their adjacency algebras. These algebras are gen-
erated by bounded commuting operators whose kernels are given by the indicator functions of the
blocks of X. Common eigenspaces of these operators play an important role in the study of the
parameters and properties of the scheme. The set of projectors on the eigenspaces in the finite case
forms another basis of the adjacency algebra, and provides a starting point for the study of duality
theory of schemes. At the same time, in the general case, proving that the projectors are contained
in the algebra and computing the associated spectral parameters of the scheme becomes a difficult
problem.

Specializing the class of spaces considered, we focus on the case of translation association
schemes defined on topological Abelian groups. A scheme defined on a group X is said to have
the translation property if the partition of X x X into classes is invariant under the group operation.
Translation schemes on Abelian groups come in dual pairs that follow the basic duality theory for
groups themselves. Formally, the definition of the dual scheme in the general case is analogous
to the definition for the finite Abelian group, see [12l [7]. At the same time, unlike the finite case,
for infinite topological Abelian groups the structure of the group and the structure of its group of
characters can be totally different. This presents another obstacle in the analysis of the adjacency
algebras and their spectral parameters. To overcome it, we define association schemes in terms of
“spectrally dual partitions” of X and the dual group X. Roughly speaking, a spectrally dual partition
is a partition of X and X into blocks such that the Fourier transform is an isomorphism between the
spaces of functions on X and X that are constant on the blocks. In the finite case such partitions
constitute an equivalent language in the description of translation schemes on Abelian groups [56],
[S7]. We show that in the general case, spectrally dual partitions form a sufficient condition for the
projectors to be contained in the adjacency algebra. Using the language of partitions, we develop a
theory of translation association schemes in the general case of infinite, possibly uncountable topo-
logical Abelian groups. Of course, in the finite or countably infinite case with the counting measure,
our definition coincides with the original definition of the scheme.

While the above discussion motivates the general definitions given in the paper, the main question
to be answered before moving on is whether this generalization is of interest, i.e., whether there
are informative examples of generalized association schemes on uncountable sets. We prove that
spectrally dual partitions do not exist if either X or X is connected. This observation suggests that
one should study totally disconnected (zero-dimensional) Abelian groups. Indeed, we construct a
large class of examples of translation association schemes on topological zero-dimensional Abelian
groups with respect to their Haar measure. These schemes occur in dual pairs, including in some
cases self-dual schemes.
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In classical theory, many well-known examples of translation schemes, starting with the Ham-
ming scheme, are metric, in the sense that the partitions of the group X are defined by the distance
to the identity element. In a similar way, we construct classes of metric schemes defined by the
distance on zero-dimensional groups. The metric on such groups is non-Archimedean, which gives
rise to some interesting general properties of the metric schemes considered in the paper. We also
construct classes of nonmetric translation schemes on zero-dimensional groups and compute their
parameters.

One of the important results of classical theory states that a finite association scheme is metric if
and only if it is p-polynomial, i.e., if its eigenvalues coincide with values of orthogonal polynomials
of a discrete variable; see [2, Sect. 3.1], [7, Sect. 2.7]. This result establishes an important link
between algebraic combinatorics and harmonic analysis and is the source of a large number of
fundamental combinatorial theorems. In the finite case the metric on X is a graphical distance,
which implies that the triangle inequality can be satisfied with equality. This condition can be taken
as an equivalent definition of the metric scheme. At the same time, in the non-Arcimedean case this
condition is not satisfied because of the ultrametric property of the distance, and so the schemes are
not polynomial (an easy way to see this is to realize that the coefficients in the three-term relation
for the adjacency matrices turn into zeros). Therefore we are faced with the question of describing
the functions whose values coincide with eigenvalues of metric schemes with non-Archimedean
distances. We note that even in the finite case this question is rather nontrivial; see, e.g., [36} 3] for
more about this. At the same time, the characterization of metric schemes is of utmost importance for
our study because zero-dimensional groups are metrizable precisely by non-Archimedean metrics.

In order to resolve this question, we note that the chain of nested subgroups of X defines a se-
quence of increasingly refined partitions of the group. Projection operators on the spaces of functions
that are constant on the blocks of a given partition play an important role in our analysis: namely,
we show that eigenvalues of the scheme on X coincide with the values of the kernels of these oper-
ators. This enables an interpretation of the eigenvalues in terms of the Littlewood-Paley theory [18]],
connecting the eigenvalues of metric schemes and orthogonal systems known as Littlewood-Paley
wavelets [[L1, p.115]. We also discuss briefly an interpretation of these results in terms of martingale
theory.

Another observation in the context of harmonic analysis on zero-dimensional topological groups
relates to the uncertainty principle. We note that the Fourier transforms of the indicator functions
of compact subgroups of X are supported on the annihilator subgroups which are compact as well.
Developing this observation, we note that there exist functions on X that “optimize” the uncertainty
principle, in stark contrast to the Archimedean case.

Perhaps the most interesting result in this part concerns eigenvalues of nonmetric schemes on
zero-dimensional groups. We observe that the eigenvalues coincide with the values of orthogonal
functions on zero-dimensional groups defined in terms of multiresolution analyses, a basic concept
in wavelet theory [54}|39]. We introduce a new class of orthogonal functions on zero-dimensional
groups, calling them Haar-like wavelets. We also isolate a sufficient condition for these wavelets to
have self-similarity property. While there is a large body of literature on self-similar wavelets on
zero-dimensional groups, e.g., [32, 14} 133]], to the best of our knowledge their connection to algebraic
combinatorics so far has not been observed. Concluding this discussion, we would like to stress
that the choice of zero-dimensional groups and the associated wavelet-like functions is naturally
suggested by the logic of our study and is by no means arbitrary. This construction arises naturally
as the main example of the abstract theory developed in the paper.

Outline of the paper: We begin with the definition of an association scheme on a general mea-
sure space. In Section [3] we derive simple properties of the adjacency (Bose-Mesner) algebra of the



ASSOCIATION SCHEMES ON GENERAL MEASURE SPACES 5

scheme. Then in Section |4| we consider translation schemes on topological Abelian groups. As-
suming existence of spectrally dual partitions of the group X and its dual group X, we prove the
main results of duality theory for schemes, including the fact that orthogonal projectors on common
eigenspaces are contained in the adjacency algebra, and perform spectral analysis of the adjacency
operators. The main results of this part of the paper are contained in Section [5| where we show that
spectrally dual partitions and dual pairs of translation schemes exist for the case of compact and
locally compact Abelian zero-dimensional groups with the second countability axiom such as the
additive group of p-adic integers or groups of the Cantor type (countable direct products of cyclic
groups). In Sect.[6| we study metric schemes from the geometric viewpoint and prove that they are
nonpolynomial. In Sect. [7]we construct classes of nonmetric schemes. The question of characteriz-
ing the adjacency algebras of the constructed schemes turns out to be nontrivial. It is addressed in
Section[§] where we construct these algebras as algebras of functions closed with respect to multipli-
cation and convolution (Schur rings), addressing both the metric and nonmetric schemes. Section 9]
offers several different viewpoints of the eigenvalues of the schemes constructed in the paper in the
framework of harmonic analysis. In Section [I0]we consider analogs of some basic results of coding
theory related to the theory of association schemes. To make the paper accessible to a broad math-
ematical audience, we have included some background information on zero-dimensional Abelian

groups; see Sect.[5-A]

Further directions: Further problems related to the theory developed in this paper include in
particular, a general study of infinite association schemes in terms of Gelfand pairs and spherical
functions on homogeneous spaces, an extension of the construction of the paper to noncommutative
zero-dimensional groups, a study of the connection with (inductive and projective limits) of Schur
rings outlined in Section (8] and a more detailed investigation of the new classes of orthogonal bases
constructed in the paper.

Remarks on notation and terminology: Throughout the paper we denote by X a second-countable
topological space that is endowed with a countably additive measure p. A partition of X x X is
written as R = {R;} where the R; denote the blocks (classes) of the partition. An association
scheme on X defined by R is denoted by X = X' (X, u,R). For a subset D C X we denote
by x[D;z] = 1{z € D} the indicator function of D in X, and use the notation x;(z,y) :=
X[R:; (z,y)] as a shorthand for the indicators of the classes. The notation Ny refers to nonnegative
integers. The cardinality of a finite set Y is denoted by card(Y") or |Y|.

Constructing schemes on groups, we consider compact and locally compact Abelian groups.
When the group X is compact, we explicitly say so, reserving the term “locally compact” for non-
compact locally compact groups.

2. ASSOCIATION SCHEMES ON MEASURE SPACES

In this section we define association schemes on an arbitrary set with a measure. For reader’s
convenience we begin with the standard definition in the finite case [12, 2} [7]].

2-A. The finite case.

Definition 0. Let T = {0,1,...,d}, where d is some positive integer. Let X be a finite set and let
R ={R; C X x X,i € Y} be a family of disjoint subsets that have the following properties:

(i0) Ro = {(z,2),x € X},

(iig) X X X =RgyURyU---URs;; RiNR; =0 ifi#j

(iiig) 'R; = Ry, wherei' € YT and *R; = {(y,z) | (z,y) € R;}.

(ivg) Foranyi,j € YT and x,y € X let

pij(x,y) = card{z € X : (z,2) € R, (2,y) € R;}.



6 A.BARG AND M. SKRIGANOV

For any (x,y) € Ry, the quantities p;;(z,y) = pfj are constants that depend only on k. Moreover,
ko k
pi; = DPjj;-
The configuration X = (X, R) is called a commutative association scheme. The quantities pfj

are called the intersection numbers, and the quantities j1; = p%,i € Y are called the valencies of
the scheme. If i = i, then X is called symmetric.

The adjacency matrices A; of an association scheme are defined by

1 if(x,y) € R;
0 otherwise.

The definition of the scheme implies that

d d

(Ao =1, (i)Y Ai=1J, (ii)A] = Ay, ()AiA; =) phiAs, 2.1

i=1 k=0
where J is the all-one matrix. The matrices A; form a complex (d + 1)-dimensional commutative
algebra (X) called the adjacency (Bose-Mesner) algebra [6]]. The space C°**4(X) decomposes
into d + 1 common eigenspaces of 2(X") of multiplicities m;,¢ € Y. This algebra has a basis of
primitive idempotents { E;,i € T} given by projections on the eigenspaces. of the matrices A;. We
have rk F; = m;,i € Y. The adjacency algebra is closed with respect to matrix multiplication as
well as with respect to the element-wise (Schur, or Hadamard) multiplication o. We have
1

E;0FE; = kE 22
°r card(X)I;q” k 2.2)

where the real numbers q,’-“j are called the Krein parameters of X. If two association schemes have
the property that the intersection numbers of one are the Krein parameters of the other, then the
converse is also true. Two such schemes are called formally dual. A scheme that is isomorphic to its
dual is called self-dual. In the important case of schemes on Abelian groups, there is a natural way
to construct dual schemes. This duality will be the subject of a large part of our work.

Finally, since E; € 21(X) for all i, we have

A=Y pi()E;, i€ (2.3)
JEYT

E;j=> q¢(i)4; jeX (2.4)
€Y

(we have changed the normalization slightly from the standard form of these relations). The matrices
P = (pi(j)) and @ = (g; (7)) are called the first and the second eigenvalue matrices of the scheme.
They satisfy the relations PQQ = QP = 1.

An association scheme X = (X, R) is called metric if it is possible to define a metric p on X
so that any two points z,y € X satisfy (z,y) € R, if and only if p(z,y) = f(¢) for some strictly
monotone function f. Equivalently, X" is metric if for some ordering of its classes we have pfj #0
only if & < i+ j. Metric schemes have the important property that their eigenvalues p;(j) are given
by (evaluations of) some discrete orthogonal polynomials; see [12} 2} [7].

An association scheme X = (X, R) is noncommutative if it satisfies Definition @] without the
condition pf; = p¥. If the definition is further relaxed so that the diagonal {(z,z),z € X} isa
union of some classes ; € R, then &’ is called a coherent configuration [30].

Before moving to the general case of uncountable sets X we comment on the direction of our
work. Once we give the definition of the scheme (Def. [T| below), it is relatively easy to construct
the corresponding adjacency algebra. The main problem arises in describing duality, in particular,
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in finding conditions under which the relations (2.3)) can be inverted to yield relations of the form
(2-4). While a general answer proves elusive, we find classes of schemes for which this can be
accomplished, thereby constructing an analog of the classical theory in the infinite case.

2-B. The general case. Let us extend the above definition to infinite, possibly uncountable sets
with a measure.

Definition 1. Let X be an arbitrary set equipped with a o-additive measure i and let[Y]be finite or
countably infinite set. Consider the direct product X x X with measure i X p. Let[R = {R;,1 € T}|
be a collection of measurable sets in X x X. Assume that the following conditions are true.

(i) Forany i € Y and any ¢ € X the set
{ye X :(z,y) € R} 2.5)

is measurable, and its measure is finite. If (1(X) < oo, then the last condition can be omitted.

(i)

Ry:={(z,2):z € X} eR (2.6)
(#i1) The set {R;,i € T} forms a partition of X x X, i.e.,
X X X = Ujer R, RlﬁRj:(Z)le#j 2.7

(iv) 'R; = Ry, where i’ € T and 'R; = {(y,z) | (x,y) € R;} is the transpose of R;.
(v) Foranyi,j € Yand x,y € X let

pij(x,y) = u({z € X :(z,2) € Ri,(z,y) € Rj}). (2.8)

For any (x,y) € Ry, k € Y, the quantities p;j(x,y) = pfj are constants that depend only on k.
Moreover, pf’j = p;“l

The configuration is called a commutative association scheme (or simply a scheme)
on the set X with respect to the measure p. The sets R;,© € Y are called classes of the scheme and
the nonnegative numbers pfj are called intersection numbers of the scheme. The notion of symmetry
is unchanged from the finite case.

We will not devote special attention to the noncommutative schemes and coherent configurations
restricting ourselves to the remark that the corresponding definitions carry over to the general case
without difficulty. It is also straightforward to define metric schemes, which will be studied in more
detail in Sect. [@] below.

For the time being it will be convenient not to specialize the index set Y, leaving it to be an
abstract set. We note that any scheme X can be symmetrized by letting X to be a scheme with
Ei = R;UR;/,i € Y. The intersection numbers of X can be expressed via the intersection numbers
of X; see [2, p.57].

Define the numbers

i =pYy =p({yeX:(z,y) €R}), i€, (2.9)

These quantities are finite because of condition (i) and do not depend on = € X because of (v). Call
1; the valency of the relation R;. Clearly

= pe o and S = p(X). (2.10)
i€Y

The intersection numbers and valencies of finite schemes satisfy a number of well-known relations;

see [2, Prop.2.2] or [[7, Lemma 2.1.1]. All these relations can be established for schemes on sets

with a measure without difficulty. In particular, the following statement, which is analogous to [2}

Prop.2.2(vi)], will be used below in the paper.
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Lemma 2.1.
kD) = HiPhjr = WPy Q2.11)
For symmetric schemes this means that the function
o(i,j, k) = ppj; (2.12)

is invariant under permutations of its arguments.

Proof : Let us prove the first equality in (2.11). Let z € X and consider the measurable subsets
g =&f(x) C X x X and &, = & (z) C X:

5;3- = {(z,y) €EX xX:(x,2) €Ri,(y,2) € Rj,(z,y) € Rk} (2.13)
Ev={ye X :(x,y) € Ry} (2.14)

and let x[£f%; ] and x[&y; -] be their indicator functions. The definition of the scheme implies that
[ el 2l = el @.19)
[ el (v 2lduto) = rhynieis 2 @.16)

as well as (see (2.9))
/ X[ yldpu(y) = - (2.17)
X

Since the indicator function of the subset Sikj is nonnegative and measurable, we can use the Fubini
theorem to write

/ / XIEE: (4, 2)dp(y)dp(z) = / du(y) / XIEE: (5, ) du(2)
XxX X X
=/ du(Z)/ XIES: (v, 2)]du(y).- (2.18)
X X

Substituting in this equation expressions (2.15) and (2.16) and using (2.17) with ! = k and [ = 7, we
obtain the first equality in 2.11)). The remaining equalities can be proved by a very similar argument
or derived from the first one using commutativity. 1

Note the following important difference between schemes on countable and uncountable sets.
Consider the valency pg of the diagonal relation Ry. It equals the measure of a point: 1o = p({z}),
and is the same for all x € X. Thus, if zo > 0, then X is at most countably infinite and u(-) =
o card{-}, while if g = 0, then X is uncountable and the measure p is non-atomic.

In accordance with the above we can introduce the following

Classification of association schemes X = (X, u, R) :

(S1) u(X) < oo and po > 0. In this case X is a classical scheme on the finite set given by
Definition [0] [5} [12]]. This is the most studied case.

(S2) pw(X) = oo and po > 0. In this case X is a scheme on a countable discrete set. Such
schemes are studied in [55]].

(S5) pu(X) < oo and pg = 0. Examples of such schemes can be constructed on uncountable
compact zero-dimensional Abelian groups, see Sect. Note that their duals are schemes
of type (S2).

(S4) p(X) = oo and pp = 0. Schemes of this kind can be constructed on locally compact zero-
dimensional Abelian groups. Examples will be considered in Sect.[5-B|below. We note that
in this case, similarly to the case (51), a scheme can be self-dual.
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3. ADJACENCY ALGEBRAS

Generalization of the Bose-Mesner algebras to the infinite case is nontrivial. Here we consider
only the main features of such generalized adjacency algebras that follow directly from the definition
of the scheme on an arbitrary measure set. For a given scheme X’ = (X, u, R) consider the indicator
functions of its relations:

{1 if (z,y) € R;

0 otherwise .

Xi(z,y)|= 3.1

Definition [[|immediately implies the following properties of the indicators:

Lemma 3.1. (i) For a fixed x, the functions x;(x,y) are measurable and integrable functions of y;
(ii) xo(z,y) = xo(y, x), and for each x, xo(x,y) is the indicator of a single point y = x;
(iii) xi(z,y) = xi (y, x), and if Xis symmetric then x;(x,y) = x:(y, x);

(iv) Forany x,y € X,
> xilw,y) = j(z,y),
ieT
where j(x,y) = 1 forall z,y.
(v) The following equality holds true:

/ Xi (@, 2)x5(2,9)du(z) = D phixe(z,y). (32

keY
In particular, we have

/Xi(va)Xj(Z>y)dM(Z):/ X5 (5 2)xi (2, y)dp(z).
X X

(vi) The valencies of X satisfy the relation
pi= [ xwyauty) = [ il pdate). (33
X X

These properties parallel the finite case; see the relations in (2.1).
Consider the set[2[(X')|of finite linear combinations

a(z,y) = > cxi(,y), (34)
€Y
where ¢; € C for all 5. This is a linear space of functions f : X x X — C piecewise constant on the
classes R;,i € T. We have dim(24(X)) = card(Y). Multiplication on this space can be introduced
in two ways. Clearly, (X)) is closed with respect to the usual product of functions a(x, y) - b(z,y)
(because x;(z,y)x;(z,y) = d; ;). Define the convolution of functions ¢ and b as follows:

(wmmw:AM%M@mww. (3.5)

By and the commutativity condition of X, convolution is commutative on 2((X). We conclude
that linear space 2((X) is a complex commutative algebra with respect to the product of functions.
By (3.2) this algebra is also closed with respect to convolution. It is called the adjacency algebra of
the scheme X.

The question of multiplicative identities of 24(X’) with respect to each of the product operations
deserves a separate discussion.

In the classical case (S7), the adjacency algebra contains units for both operations. For the
usual product of functions (Schur product of matrices) the identity is the function j(x,y), while for
convolution (matrix product) the identity is given by 11 "o (z,y). Clearly, both these functions are
contained in A(X).
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In the case (S3) the identity for convolution is given by 115 xo(z,y); however, the identity for
the usual multiplication j(x,y) is not contained in 2A(X) because the convolution j * j is not well
defined.

In the case (S3) there is an identity for the usual multiplication, but no identity for convolution
(this should be an atomic measure, viz., the Dirac delta-function §(z, y), but the product § - § cannot
be given any meaning).

Finally, in the case (S4) the algebra 2A(X) generally contains neither the usual multiplicative
identity nor the identity for convolution.

Remark: Note that if an algebra has only one multiplication operation, we can always adjoin to
it its identity element. At the same time, if there is more than one multiplication, it is generally
impossible to adjoin several identities in a coordinated manner.

3-A. Operator realizations of adjacency algebras. Consider the space Lo(X, 11) of square-integrable
functions on X. Given a measurable function a(x,y),z,y € X, define the integral operator with
the kernel a(x,y) :

Af(z) = /X oz, 9) f(4)du(y). (3.6)

Let X = (X, 1, R) be an association scheme on X. With every class R;, i € T associate an integral
operator with the kernel x;(z, y) (3-1) defined by (3.6):

@)= [ it wduty). 37)
Linear combinations (3.4) give rise to operators of the form
A= Z ciA;. (3.8)
ieT

Operators of this kind will be used to describe association schemes and their adjacency algebras,
therefore we will devote some space to the study of their basic properties.

Lemma 3.2. For any scheme X = (X, u, R), operators (3.6) with a(x,y) € A(X) are bounded in
L2 (X7 /J)

Proof : According to the Schur test of boundedness, if the kernel a(z,y) of an integral operator
satisfies the conditions

aj = ess supxeX/ la(z, y)|du(y) < oo
X

Qs = ess supyex/ la(z,y)|dp(z) < oo
P

then the operator is bounded in Lo(X, 1) and its norm [|A|| < (aya)*/? [28, p. 22]. For the
operators A; we obtain, on account of (3.3),

ar = / i@ y)du(y) = s,
X

and vy = 1. We conclude that
|A;|| < p; foralli. (3.9
Since the sums in (3.8) are finite, the proof is complete. 1

In fact, integral operators (3.6) with kernels a(x, y) € 2(X) belong to a special class of operators
called Carleman operators [28]]. Recall that A is called a Carleman operator if

4.0 = ([ latwnPdu) " < o0
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almost everywhere on X . For operators in (3.8) we obtain

dao) = ([ [ St awm)” = ([ TlePrninm)
€Y €Y
:(E:Vﬂ%hyh

€T
where the last equality is obtained using (3.3). Thus, for finite sums in (3:8) these functions are finite
constants.
If in addition pu(X) < oo, then operators (3.6) with a(z,y) € 2A(X) are compact Hilbert-
Schmidt. Indeed, the Hilbert-Schmidt norm of A; is estimated as follows:

1A% = / /X o) Pdn(o)dn(s) = /X dpu(z) /X il y)dp(y) = (X, (3.10)

where we have used Fubini’s theorem and (3.3).
Let us introduce some notation. Define the set

[Yo|={i €Y :pu >0} (3.11)
and note that A; # 0 only if i € Y. Let u(X) < oo and let J be an integral operator in Lo (X, )
with kernel j(z,y) = 1, and let P be the orthogonal projector on the subspace of constants. Let us
list basic properties of the operators A;.

Lemma 3.3. (i) Ag = uol, where I is the identity operator in Lo(X, ). In particular, for schemes
of type (S3) and (Sy4), Ag is the zero operator.

(ii)

tA, = AF = Ay (3.12)

where t A is the transposed operator and A* is the adjoint operator of A.

(iii) A;A; = A; Ay in particular A; A7 = A5 A;. Thus, the operators A; are normal, and if the
scheme X is symmetric, they are self-adjoint.

(iv) Let ;1(X) < oo and let P be the orthogonal projector on constants. Then

Z A = w(X)P (3.13)
€Yo
AA; =" phA, (3.14)
kEYo

where both the series converge in the operator norm.

Proof: Part (i) is immediate from the definitions, Part (ii) follows from Lemma @iii), Part (iii)
follows from (3.3)), and equations (3.13) and (3.14) are implied by parts (iv) and (v) of Lemma[3.1]
respectively. The convergence of the series in (3.13)) follows from (2.10) and (3.9):

1Y Al < Al < S i = p(X)

i€To i€, i€To
As for the series in (3.14), Eq. (Z.8) implies that p; < min{u;, p1;} < p(X), and so
|3 pha] < ux)?. -
kEY)

Remark: Let us make an important remark about the definition of the adjacency algebras. Since
the adjacency algebra of the scheme X generally is infinite-dimensional, the notion of the basis
as well as relations of the form (3.7), (3:14) become rigorous only upon defining a topology on
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the algebra that supports the needed convergence of the series. So far we have understood conver-
gence in sense of the operator (Hilbert-Schmidt) norm, but this norm is generally not closed with
respect to the Schur product of operators: for instance, in part (iv) of the previous lemma we need
the compactness assumption for convergence. Thus, in general, our arguments in this part are of
somewhat heuristic nature. We make them fully rigorous for the case of association schemes on
zero-dimensional groups; see Sect.

3-B. Spectral decomposition. In the previous subsection we established that the operators A;,i €
T, are bounded in Lo(X, ), commuting normal operators (in the symmetric case, even self-
adjoint). By the spectral theorem [16, p.895], they can be simultaneously diagonalized. The analysis
of spectral decomposition of 2(X) is simple in the case 1(X) < co. In this case, all the operators
A;,i € T are compact Hilbert-Schmidt, and the situation resembles the most the classical case
of finite sets when the A;s are finite-dimensional matrices. Namely, if p(X) < oo, then the space
Ly(X, 1) contains a complete orthonormal system of functions f;,j € T, that are simultaneous
eigenfunctions of all A;,7 € T, viz.

Aify =X f5
here Y'; is some set of indices. For every ¢ € T the nonzero eigenvalues \;(7) have finite multiplic-

ity. The sequence A;(j),j € Y1 has at most one accumulation point A = 0. (These two statements
follow from general spectral theory, e.g. [16]], Cor. X.4.5.) Moreover,

IO = (X )i, i€ Ty (3.15)
JET,
Ai(g) = X (7). (3.16)

Indeed, Eq. (3.15) follows from (3.10), and Eq. (3.16) is a consequence of (3.12)).
Our next goal is to define the minimal idempotents (cf. (2.2)). Let

Ly(X,p) = PV, (3.17)
JET?
be the expansion of Lo(X, i) into an orthogonal direct sum of common eigenspaces of all the
operators A;,i € Yy, so that
Aif =pi(y)f forall f eV (3.18)
where Vj is the maximal eigenspace in the sense that for any V;, ,V},,51 # jo there exists an

operator A;,i € Y such that p;(j1) # pi(j2). Now let E;, j € T4 be the orthogonal projectors on
the subspaces V;. Then we can write

A= pi(j)E;, i€ Yo, (3.19)
JEY2

where are the eigenvalues of the operators A; on the subspace V; (cf. Eq.(2.3). Call the
quantities

: dimV;, jeT, (3.20)
the multiplicities of the scheme X. In accordance with (3.15)-(3.16)), taking into account the multi-
plicities, we have

> mylpi(§)1 = (X)) (3.21)
JEYT2
pi(j) = pir(4)- (3.22)
These relations have their finite analogs; see e.g., [2, pp.59,63].
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The projectors E; clearly satisfy the relation

S B-1, (3.23)

JEY2

where I is the identity operator in L2 (X, 11). Recall that for schemes of type (Ss3), the operator I is
not an integral operator.

We will return to relations (3.21)-(3.23)) in the next section in the context of duality theory. This
theory is well developed in the finite case, where relations can be inverted so that the pro-
jectors are written in terms of the adjacency operators [2, p.60]. These relations and their
corollaries form one of the main parts of the classical theory of association schemes. Unfortunately,
in the general case of measure spaces we did not manage to prove the invertibility of relations (3.19)
even in the case ;(X) < oo. Inthe case of 4(X') = oo the situation becomes even more complicated
because the operators A;,7 € Iy can have continuous spectrum. Thus, in the general case it is not
known whether the spectral projectors E;, j € T are contained in the adjacency algebra 2((X).

In the next section we show that relations (3.19) can be inverted in the case of schemes on topo-
logical Abelian groups, leading to relations (2.4). This will enable us to introduce Krein parameters
of schemes and develop a duality theory in the infinite case.

4. ASSOCIATION SCHEMES AND SPECTRALLY DUAL PARTITIONS ON TOPOLOGICAL ABELIAN
GROUPS

4-A. Harmonic analysis on topological Abelian groups. We begin with reminding the reader the
basics about topological Abelian groups. Details can be found, e.g., in [43] 29].

Let X be a second countable topological compact or locally compact Abelian group written ad-
ditively. Let X be the character group of X (the group of continuous characters of X) written
multiplicatively. Just as X, X isa topological compact or locglly compact Abelian group. By
Pontryagin’s duality theorem [43, Thm. 39], its character group X is topologically canonically iso-
morphic to X.

For any x,y € X and ¢, € X we have

¢z +y) = o(@)o(y), (¢-9)(x) = d(x)y(z)
@.1)

Let i and & be the Haar measures on X and X, respectively. Define the Fourier transforms
F~ : Ly(X, 1) = Lo(X, ) and F* : Ly(X, 1) — Lo(X, i) as follows:

.f ) Fie /5 Ju(z), € X (42
g( /g Wg), zeX. 4.3)

Assume for the moment that f € Ly(X, 1) N L1 (X, 1) and similarly, g € Lo(X, 1) N L1 (X, 1)
It is known that the Haar measures can be normalized to fulfill the Parseval identities and equalities
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for the inner products

/ (@) Pdp(e / F©)Rde), /X 9(©)Pdi(e) = /X @A) @)
f1 ) fa(z f1 f2 di(€)

(4.5)
[ (©m@dite) - /X (2)g (2)du()

In what follows we always assume that equalities (.4), (.5) are fulfilled. The corresponding nor-
malizations of the Haar measures y and /i will be given below. Equalities (4.4)), (4.5) imply that the
mappings F~ and F* can be extended to mutually inverse isometries of the Hilbert spaces Lo (X, 1)
and Lo (X , () that preserve inner products:

FYFi=1, FF~=I,
where I and I are the identity operators in Ly(X, ;) and Lo(X, fi), respectively, and so F =

(F)
Recall the formulas for convolutions and their Fourier transforms. Let
(hs @) = [ hle =9 f)dut). e X 46)
(0150)(0) = [ (o€ m(©aids) o X 47
According to the Young inequality [17, p.157], for any functions f1 € Ly, fo € Lq
If1 = fallr < [ f1llpll f2llq, (4.8)

where p, ¢ € [1,00] and 1 = % + % — 1 > 0. Thus, the convolutions (.6), @.7) are in Ly if one of
the functions is in Ly and the other in L. We have
(fix f2)(€) = [ L06), ¢eX
(91 92)"(2) = g} (@)gh(x), @€ X.
These formulas are useful for spectral analysis of integral operators that commute with translations

on the groups X and X. Consider the integral operators on the spaces Ly (X, 1) and Ly (X, /1) given
by

(4.9)

Af(x) = /X oz — ) f(v)du(y)
By(¢) = /X b(en)g(n)da(n),

where a(z), z € X and b(€), & € X are L kernels. We have

Af(€) = a(€)f(€)
(Bg)"(z) = b*(z)g" (),

which shows that the operators 7~ AF? and F?BF "~ are diagonal (i.e., are multiplication opera-
tors). Their spectra are given by the values of the functions a(£),£ € X and b%(z),z € X. In
particular, if X is an infinite compact group, then the spectrum of A is discrete and the spectrum of
B of continuous. If X is locally compact, then both the spectra of A and B are continuous. This
happens, for instance, when the graph of the function b®(x), z € X has constant segments supported
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on sets of positive measure, which corresponds to the continuous spectrum in spectral theory. We
will encounter this situation later in the paper.

4-B. Translation association schemes.

Definition 2. Let X be an Abelian group. A scheme X (X, i, R) is called translation invariant if for
every R;,i € Y and every pair (z,y) € R;, the pair (x + z,y + z) € R, forall z € X. If the group
X is written multiplicatively, then the scheme X (X s [y 72) is called translation invariant if for every
relation R;,i € Y and every pair (¢,) € Ry, the pair ($€,0€) € R; forall € € X.

This definition is the same as in the classical case [7]. Following it, we note that the partition
{R;,i € T} of X x X can be replaced with the partition {N;,7 € T} of the set X itself: indeed,
letting

[Ni|:={z € X : (2,0) € Rj}, i€T, (4.10)

we note that (z,y) € R; if and only if © — y € NV;. The indicator function of the set R; C X x X
has the form

Xi(z,y) = Xxi(z —y) (4.11)
where y;(x) is the indicator function of the set N; C X. The adjacency operators (3.7) have the
form

&f@):[;m@—yﬁwﬂu@) 4.12)

Similarly, let
Ni={peX:(p,1)eR;}, ieT, (4.13)

where 1 is the unit character. We obtain that (¢, ) € R; if and only if pyp~1 € N;, and the indicator
function of the relation R; € X x X has the form

Xi(¢,9) = Xi(pp™h),
where x;(¢) is the indicator function of the set N; C X. The corresponding adjacency operators
have the form

Aﬁmz/&wwwwmw» “.14)

X

We also easily obtain the following expressions for the valencies of X’ and X

msz@M@%iGT

M:A%wwwhief

The classical counterparts of these expressions are found in [7, Sect.2.10].

The general approach to infinite schemes developed above applies to translation schemes defined
on infinite Abelian groups. However, following this path, we would again face the question of in-
verting relations and developing the duality theory. For general translation-invariant schemes
we could not find conditions that would enable us to express spectral projectors I; via the adjacency
operators (3.7). Instead, we will formulate a sufficient condition for invertibility in terms of the par-
titions {N;} and {N;}. This condition will enable us to obtain a rather complete duality theory of
translation invariant schemes on the groups X and X.
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4-B.1. Spectrally dual partitions. Let N' = {N;,i € Y} and N’ = {N;, i € T} be finite or count-
able partitions of the groups X and X. Assume that the blocks of these partitions are measurable
with respect to the Haar measures  and /i, and their measure is finite. For every N; € A and every
Nj € N define

Ny :{—$Z$€Ni}7 Nj/ ={¢_1 ¢€NJ} 4.15)
If i/ = i and j' = j, we call such partitions symmetric. We also assume that No = {0} € N and

No ={l} e N (here 1 is the trivial, or unit character), and that only these subsets can have measure
Zero, i.e.,

w(N;) > 0fori#0 and [i(N;) > 0 fori # 0.
Introduce the following notation (cf. (3.11))):

R
(No) =0
0

TO:{ieY:,&(Ni)>O}:{?\{O} ?f[‘ 20

The partitions N and N give rise to partitions of the sets X x X and X xX given by
R={R;,ieT}, R, ={(z,y) eXxX:x—yeN;} (4.16)
R={Ri:iel}, Ri={(¢)eXxX:¢p~'eN,} (4.17)

Denote by x;(x) and x;(§) the indicator functions of the subsets N;,i € T and N;,i € T, respec-
tively. Define the space Ao(N) C Lo(X, ) of functions piecewise constant on the partition N. In
other words, a function f : X — C is contained in A2 (N) if and only if

f@) =" fixi(x) 4.18)

€Yo
and
[ 1@ Pduta) = 3 14PN < oc
X i€To
where f; is the value of f on N;. Note that the sum in (4.18) contains just one nonzero term, so the
issue of convergence does not arise. In a similar way, let us introduce the space Ao (./\7 ) C LQ(X )
of functions piecewise constant on the partition N, letting g € Ao (/\7 ) if and only if

9&) = gixi(€) (4.19)
iETo
and
[ lo(©@Pdn©) = Y- losPac) < o.
b'e s
€Yo
Obviously, relations and (4.19) hold pointwise because the sums in these expressions involve
indicator functions of disjoint sets.

Definition 3. Let N = {N;,i € Y} and N = {N;,i € T} be partitions of mutually dual topologi-
cal Abelian groups X and X , respectively. The partitions N and N are called spectrally dual if the

~

Fourier transform F~ is an isomorphism of the subspaces Ay (N') and Ay (N):

~

F¥Ao(N) = Aa(N),  Ag(N) = FEAL(N).
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In other words, the Fourier transform (4.2) of any function of the form (4.18)) is a function of the form
(@.19) and conversely, the Fourier transform [&.3) of any function of the form @19) is a function of

the form @I8).

We remark that in the finite case, spectrally dual partitions were introduced by Zinoviev and
Ericson [56] (these papers used the term Fourier-invariant, while Gluesing-Luerssen in a recent
work [24]], calls them Fourier-reflexive partitions). In particular, [S6] showed that such partitions
can be used to prove a Poisson summation formula for subgroups of finite Abelian groups. Forney
[22] discussed a generalization of this result for locally compact Abelian groups, however he made
no attempt to study spectrally dual partitions and association schemes in the infinite case. Later,
Zinoviev and Ericson showed [57] that the existence of spectrally dual partitions of a finite Abelian
group and its dual group is equivalent to the existence of a pair of dual translation schemes on these
groups. As a consequence, the existence of such partition forms a necessary and sufficient condition
for the existence of a dual pair of relations (2.3)-(2.4) between the bases of the Bose-Mesner algebra.

While in the finite case, the duality theory of translation schemes can be derived independently
of the language of spectrally dual partitions, we find this language quite useful for infinite schemes.
In the remainder of this section, we show that the existence of such partitions is sufficient for the
invertibility of the relation (3.19) in the general case of infinite groups.

We begin with deriving some results implied by the definition of spectrally dual partitions based
on the fact that the Fourier transform is an isometry that preserves the inner products; see (4.9),
#4). Let \;(z) and )25 (x) be the Fourier transforms of the indicator functions of the blocks:

%0) = [ x@ole)dnte) = [ oaaua) 420)
) = [ w@s@dio) = [ @) (421)
By definition, we obtain
Xi(9) =~ > pik)Rk(4), i€ o (4.22)
keTo
@)~ Y ak)xu(x), i€ T, (4.23)
keYy

where p; (k) and ¢; (k) are some complex coefficients. Define the matrices

[Pl= (p:(7)),i € To,5 € To; [Q= (@:(j)),i € To,5 € Ty (4.24)
Here we use notation ¢;(j) instead of more logical p;(j) to conform with the classical case. Note
that by the definition of spectrally dual partitions, the matrices P and () have equal “dimensions,”
i.e., the sets T and Y are equicardinal.

Lemma 4.1. The coefficients p;(k) and g; (k) satisfy the relations

>_ pilk)ps (R)(Ni) = di;(N:) (4.25)
k; qi(K)a; (F)u(Ni) = 85 u(IN;) (4.26)
o pi(§)R(N;) = ¢; (D) p(N:) (4.27)
k;() ﬁpk(i)pk () = b (j%) (4.28)
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(4.29)

The matrices P and Q) satisfy
PQ=1 QP=1 (4.30)

where I and I are the identity operators in the spaces of sequences indexed by ' and T, respectively.

Remark: The finite analogs of these relations are well known in the classical theory; see [2],
Theorem 2.3.5 or [[7], Lemma 2.2.1(iv).
Proof : To prove (&.23), observe that the isometry property of the Fourier transform (@.3)) implies
that

/A AT @)did) = / i@ @ dulz) = 8, / yi(@)dp(z)
X X X
= 01 (NNy).

Substituting (4.22) and using the fact that xj is {0, 1}-valued and that x,x, = 0if k # &/, we
obtain

[ T @) = 3 plbin [ u(@)dilo)

ke'fo X
= 3 ik (A,
ke'i'o

The proof of [@26) is completely analogous and will be omitted. To prove &.27), multiply both
sides of (@#22)) by X;(¢) and integrate on ¢. We obtain

/Xfcj(aﬁ)%i(@dﬂ(aﬁ) => pi(k)AXj(¢)Xk(¢)dﬂ(¢) = pi(J)(N;)-

ket

On the other hand, using @-3)) and (#.23)), we obtain

[ s@x@ne) = [ Ea@dutz) = Y 0 [ wlehalodu)
X X ke, X

— G {Du(N).

The last two relations imply (#.27). Relations (#.28) and @.29) follow from {#.27) and (4.26)-@23).
Finally, (#30) follows directly from @22), @23). 1

‘We can also consider the matrices

T= [(ZE]NV::;)WM(]_)]J €Yo, jeTo; U= [(Mggz;)l/zqi(j)],i € To,j € Yo,

=

then (#.23)), (#.26)), and (#.27) are equivalently written as

TT* =1, UU*=1, U=T" (4.31)
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All these relations express in different ways the fact (implied by the definition of spectrally dual
partitions) that the Fourier transform is an isometric isomorphism of the subspaces Ay(N) and

~

Ao (N) of functions constant on the blocks of the partitions.

So far it sufficed to assume that relations (4.22)), (@.23) hold as equalities of functions in Lo (X, 11)
and Lo(X, /1), respectively. With a minor adjustment, relations @.22)) and (#.23) can be shown to
hold pointwise.

Lemma 4.2. Let p;(0) = pu(N;) and ¢;(0) = ji(N;). Then

Xi(¢) = Y pi(k)Ru(9) forall¢p € X (4.32)
keY

Ki(x) = Z ¢ (k)xi(z) forallx € X. (4.33)
keY

Proof : For instance, let us prove (#.32). Since the function X;(¢) is piecewise constant, the two
sides of (4.22)) can be different only on a set of measure 0. At the same time, by our assumption,
ﬂ(NZ) > 0 for i # 0, so for ¢ # 1, Eq. @22) holds pointwise on X. Thus, the two sides of
this equation can be different on the set No = {1} if and only if 1(Ny) > 0. At the same time,
Xi(1) = u(N;) by @2), so our definition of p;(0) ensures that @32) holds for all ¢ € X. The proof
of [@.33) follows by the same arguments. B

4-B.2. Spectral decomposition. Recall that we defined adjacency operators of the schemes X and
X in @12) and @14), with kernels x;(x — y) and x;(¢p 1), respectively. Following our plan
of developing a duality theory, let us also introduce orthogonal projectors (cf. (3:19)). Apply the
Fourier transform (@3)) on both sides of (@.22)) and the Fourier transform @.2) on both sides of

(@.23). We obtain

Xi(@) = > pilk)Xh(x), i€y (4.34)
k:e'fo

Xi(®) =~ > ai(k)Xu(9), i€ Yo, (4.35)
kEY)

Define the operator Ej, with the kernel )Zi(x —y), k€ To:

@) = [ e = rw)dntw) 36)
and the operator £y, with the kernel X (¢ ~1), k € Tq :
Bug(e) = [ Tulow o)) “37)
Then relations (@.23) and (4:34) can be expressed as the following operator relations in Lo (X, 11):
Bi= Y q(k)Ar, icTo (4.38)
kEYo
A= pi(k)Ex, €Yo (4.39)

ke'i‘o
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Likewise, relations (#.22) and @ can be written as operator equalities in Lo (X, 1) as follows:

= > pik)Ar, i€, (4.40)
kETo

A= > qi(k)Ex, j € To. (4.41)
keYo

The pairs (@.38)-(#.39) and (4.40)-(@.41)) are mutually inverse; cf [.30), (4.31)) and also 2.3)-2-4).

Lemma 4.3. The operators from the families {Ej,k € Yo} and {Ey, k € Yo} are self-adjoint
commuting orthogonal projectors in their respective Lo spaces. Furthermore,

Vi := EpLo(X, 1) = F*Ly(Ny, 1)
Vi 1= ExLa(X, f1) = F~ La(Ny, 1)

(4.42)
LQ(X7 ,LL) = @kgfo Vk
LQ(X’ 1) = @keTo Vk
Proof : Using (@.1), the kernels of the operators E}, and E), can be written as
K=y = [ o@e)di() (4.43)
ulow™) = [ o(@)i(@)du(o) (4.44)
implying that |
@ —y) =Xy —2), X(ev™!)=Tu@e ), (4.45)
ie.,

Ek:EZ,kEYo, Ek:EZ,kGTO.

Using the isometry conditions (.3]), we obtain the relations
[ b = 216 = p)dutz) = i - )
X

[ Rulog Rew i) = uTalov )
b's
which in the operator form are expressed as
EvEy = 6uEy, EnE = 6E).
Now the claims in (#.42) are immediate. 1

Remark: Formulas #.43)) and (@.44) generalize the following well-known expressions for the
idempotents of finite translation schemes [7, Eq.(2.21)]:
Z¢¢TkeT By = Zm*keT

card

Card
¢€Nk: CL’GNR

where ¢ = {¢(z),z € X} and & = {i(¢), € X} (here the coordinates of the vector z: are the

values of the character & € X, viz., 2(¢) = ¢(z),z € X).
As a conclusion, the spectral decomposition of families of commuting normal operators {A;, i €
TO} and {4;,i € Yo} is given by Equations (#.39) and (#.41). The coefficients {p;(k),j € Yo, k €

Ty} and {q;(k),j € Yo,k € Yo} give the eigenvalues of the operators Aj and AJ, respectively. An
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important related observation is that for infinite groups, eigenvalues in at least one of these series
have infinite multiplicity. Indeed, (#-42)) implies that

multp; (k) = dim Vj, = dim F*Ly(Ny, 1) = dim Lo (Ny, 1)
mult g; (k) = dim V3, = dim F Ly (Ny, pr) = dim Lo(Ng, 1)

Therefore, the multiplicity of the eigenvalues p; (k) is finite if and only if the group X is discrete,

and the multiplicity of ¢;(k) is finite if and only if X is discrete. However, if both X and X are
discrete, Pontryagin’s duality theory implies that they are both compact and therefore finite (see
[29], Theorem 23.17). We obtain the following alternative for infinite groups.

Lemma 4.4. [f the group X is compact and X is discrete then
multp; (k) < oo, multg;(k) =00

If both X and X are noncompact (and therefore, not discrete), then
multp; (k) = oo, multg;(k) = oo.

By a convention in spectral theory, eigenvalues of infinite multiplicity account for a continuous
spectrum. Thus, according to this lemma, in the case of infinite groups at least one of the sequences

of operators A;, A; necessarily has continuous spectrum.

4-B.3. Maximality of eigenspaces.

Lemma 4.5. Spectral decomposition @F39) has the property that for any ki, ky € Yo, k1 # ko
there exists an operator A;,j € Yo such that p;(k1) # p;(k2). The decomposition @.41) has an

analogous property with respect to the eigenvalues q;(k) and operators A;. Such decompositions
are called maximal; see (3.18).

Proof : Let
J(@) = Sher, fixn(@) € AoW), - 9(6) = Xyer, nxu(€) € A2(N) (4.46)
Frf=g f=ry.
Then (@-22)) and (@.23) imply that the coefficients f, and gy, are related as follows:
ge =Y pi(k)fi, ke T (4.47)
i€,
fe=>_ ai(k)g, ke Yo (4.48)
iETo

Now suppose that for some k1, ks € Yo, k1 # ko the equality p;(k1) = p;(ke) is valid for all
j € Yy. This means that g, = gy, for all functions f in (#.46). But then the Fourier transform

maps A (N) on the proper subspace of As(N) defined by the condition g, = g, rather than on

the entire space A2 (N). This contradiction proves maximality of the spectral decomposition (@.39).
Maximality of (@.41)) follows in a similar way from (@.48). 1
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4-B.4. Intersection numbers. In the finite case, the product of adjacency matrices can be expanded
into a linear combination of these matrices. The coefficients of this expansion are nonnegative and
are called the intersection numbers of the scheme, see Def.[0]and Eq. ZI)(iv). In this section we
establish similar relations in the general case.

= Zl, (4.49)

Theorem 4.6. We have

leYy
where
1 P ..
Py = Y pi(k)p;(k)qk(l) = ) > pilk)p;(k)pi(R)a(Ny), i,5,1 € To.  (4.50)
keto R keTo
Similarly,
AiA; = pliA, (4.51)
LEY
where
R 1 .. S
Py =Y aBaEpe() = —— > ai(k)g;(W)a®)u(Ne), i,45,1 € To. (4.52)
kel fi(N1) kETo

The series in (@30),([#32) converge absolutely.
We also have péj,ﬁﬁ»j > 0and

Py =5 By =D (4.53)
foralli,j,l € Ygor Yo as appropriate.

Proof : Let us first prove absolute convergence of the series in (#:50). Transformation between the
two forms of this series is performed using (@.27), so it suffices to prove that one of them, say the
one on the right-hand side of (4.50), converges. The numbers p; (k) are contained in the spectrum of
the operator A;, therefore, |p; (k)| < ||A;||- To estimate the norm of A; we proceed as in the proof
of Lemma@ Using the Schur test, we obtain

1/2
) < 1 = ([ a@duta)) = iy
At the same time, using the orthogonality relation (#.23)), we obtain

> Ipi(B)PA(Ne) = p(N;).

ket

By the Cauchy-Schwartz inequality

2 mEle (;T: b3%9) (m;r i)
= (uxuw) "

‘We obtain

S s WpI() < (NN )(v))
kEYO
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where ¢, 7,1 € T. Likewise, we obtain
oA\ Y2
> laiR)as (@) e(Ne) < (AR, )
kETo

Thus, all the series in #.30),(@.32) converge absolutely.
Now let us prove #-49)-(@.30). Using (@.39), (#.38), and orthogonality of the projectors (Lemma.3)),

we find
A4 =3 mBpi () Y ac A =3 (Y pilkps(R)ax(D)) Ar

k€Yo leYq leYo ket

The proof of {#.51)-(.52) is completely analogous. Finally, the commutativity conditions (4.53)

follow from (@.30) and @.32). 1

The results of this theorem can be also expressed in terms of the kernels. They are summarized
in the next lemma whose proof is immediate.

Lemma 4.7.

/X Xi(w = 2)x;(z = v)du(z) = > phixa(z —y)

€Yy

/Xfci(qbf’ )X;(Ew ~ N plxi(ev)

lGTo

Note that the integrals in this lemma can be easily computed. Indeed, we have

[ e =20 = 2)dut) = [ it = 2o = () = 6 [ autt
= Oy (ING).
where we used Lemma [3.1[iii) together with (@.TT). Similarly, we obtain
[ 0670 (€07 ile) = 8y ()

In analogy with Lemma[4.2] we can make small modifications so that L, equalities in Lemma [4.7]
hold pointwise.

Lemma4.8. Forall x,y € X

/X Xi(z = 2)x;(z = v)du(z) = > phxi(z —y)

i€
where pY; = 8 iu(N;). Similarly, for all ¢, € X
[ toe e ante) = Xty satov
X
let
wherep” = ;5 ﬂ( ;). Also,
Py =00 DYy =Y (4.54)

Proof : Pointwise equalities follow by the same arguments as Lemma[4.7] The symmetry conditions

(@33) follows because p(N;) = u(Ny+) and a(N;) = a(Ny) by @EI3). 1
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4-B.5. Dual pairs of translation schemes. In the following theorem, which summarizes the results
of this section, we define mutually dual translation association schemes.

Theorem 4.9. Let@ ={N;,ie T} and N = {Nz,z € 'f} be spectrally dual partitions of mutually
dual topological Abelian groups X and X. Let the partitions R = {R;,i € T} on X x X and
R = {Ry,i € T} on X x X be given by @16), @I7). Then the triples X (X, 1, R) and X(X, 0,R)
form translation invariant assoctatlon schemes in the sense of Definition[l| The intersection numbers
pw and p pw of the schemes X and X are related to the spectral parameters p;(k) and p;(k) of the

partitions N and N according to @A9)-@32). If the partitions N and N are symmetric then the

schemes X and X are symmetric.

Proof : The proof follows from the arguments given earlier in this section and the definitions of
the association scheme and translation scheme, Defns[I]2] Namely, parts (i)-(iv) in Definition [I]
follow immediately from the way we defined the partitions R, R. The condition for the intersection
numbers, Def. [T[v), follows from Lemma .8} cf. also (3.2). The final claim (about symmetry) is
implied by the definition of symmetric partitions. i

It is interesting to note that our definition of dual schemes does not directly generalize the classical
definition for finite Abelian groups [12,[7]. Indeed, in the finite case the classes Ri,i €T of X are
defined as follows:

Ri={(o¥)e X xX:¢pteVi},ieT, (4.55)
where V; C Lo (X, 1) are the maximal eigenspaces of all the operators A;, j € T. Then the blocks
N;,i € T of the dual partition A are given by @.13):

Ni={peX:6eV;}, ieT.

For the finite case the two definitions are equivalent. However, for infinite groups, Eq. (#.33) loses
its meaning because for locally compact groups X, e.g., R, characters ¢ € X are not L functions.
Of course, if X is infinite but compact, we still can use definition @ At the same time, for the
dual discrete group X s is not well defined. T}}erefore, adopting this definition, we would not

be able to claim that the dual of the dual scheme X’ is isomorphic to &X', while for the finite case

the schemes X and X are canonically isomorphic. Thus, out of several possibilities we chose the
definition of duality that extends without difficulty to the case of infinite groups.

5. SPECTRALLY DUAL PARTITIONS AND ASSOCIATION SCHEMES ON ZERO-DIMENSIONAL
ABELIAN GROUPS

In the previous section we developed a theory of translation invariant schemes on Abelian groups
which relies on spectrally dual partitions. In this section we investigate the question whether such
partitions exist on topological Abelian groups. Our main result, given in Theorems [5.8] [5.10] will
be that such partitions arise naturally on zero-dimensional groups and their duals.

We begin with a simple but important result that identifies an obstruction to the existence of
spectrally dual partitions.

Proposition 5.1. Let X and X be a pair of dual topological Abelian groups. If at least one of the
groups X and X is connected, then the pair (X, X) does not support spectrally dual partitions.

Proof Suppose that X and X support a pair of spectrally dual partitions N” = {N;,7 € T} and
= {N;,i € T}. Assume toward a contradiction that X is connected. Note that i(X) = oo
because otherwise X is compact which implies that X is discrete. This implies that the set Y is
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infinite because by definition, all the subsets Ni, i € T have finite measure. Consider the indicator
functions x;(§) = 1{¢ € N;},i € T and their Fourier transforms )QE(m) defined in (#.21)). By
conditions ([@.3)), we have

/ (@) (@) () = / (O BVAD) = S(V:).
X

X

By definition, the functions )ZE(I),Z € T are piecewise constant on X: they are constant on the

blocks N;,i € T, and therefore, take at most countably many values. Now observe that the functions
%i(¢),i € T are absolutely integrable, and therefore, their Fourier transforms )25 (x) are continuous
functions on X.

Observe that a piecewise constant function on X can be continuous only if it is identically a
constant. Indeed, the set of values of a continuous function f : X — C is closed in the natural
topology. The set E, := {x € X : f(x) = a} is a union of several blocks N; and thus is also closed
in X. Since the sets E, are disjoint for different a, this defines a partition of X into several (at most
countably many) disjoint closed sets, in contradiction to our assumption.

Thus, )ZE(J:) = ¢; are constant forall z € X and i € T, and ¢; # 0 for all i € T because )25 (x)
is a Fourier transform of a nonzero function y;(¢). Now we obtain

w(X)eie; = 6 i(N:).

However if M(X) < 00, these equalities do not hold for i # j,4,j € To, and if w(X) = oo, then
they do not hold for every i,j € Y. 1

This implies that spectrally dual partitions on connected Abelian groups do not exist. There
are not so many such groups: their list is exhausted by the pairs (X = R?, X = R?) and (X =
(R/Z)*, X = Z%); see [29, Thm. 9.14] which also classifies groups formed of more than one
connected component. At the same time there are vast classes of topological Abelian groups such
that both the groups X and X are zero-dimensional, and at least one of them is uncountable and
non-discrete. For such groups, the arguments in the proof of Proposition do not hold, and it
becomes possible to define spectrally dual partitions and translation association schemes.

5-A. Zero-dimensional Abelian groups. A topological group X is called zero-dimensional if the
connected component of the identity element e is formed of e itself. In this case all of its connected
components are points, and it is fotally disconnected as a topological space. Conversely, if X is
locally compact, Hausdorff and totally disconnected, then it is zero-dimensional [29, Thm.3.5]. For
this reason the terms zero-dimensional and totally disconnected are often used interchangeably.
Examples of zero-dimensional groups include the Cantor set, groups of the Cantor type, i.e., count-
able products of finite Abelian groups such as {0, 1}*, as well as additive groups of the rings and
fields of p-adic numbers. These examples also typify the general situation that includes two kinds
of zero-dimensional groups: namely, the group X can be periodic, in which case it contains finite
subgroups, or non-periodic, e.g., the additive group of p-adic integers. In regards to the structure of
the dual group X, it is known that if X is compact, then X is discrete, and if X is locally compact,
then X is also locally compact [43, Thm.36]. Aspects of the general theory of zero-dimensional
groups are found in [43} 29, (1} [17].

A systematic study of harmonic analysis on zero-dimensional Abelian groups was initiated by the
observation of .M. Gelfand who noticed that Walsh functions are precisely the continuous charac-
ters of the group {0, 1} (see [1]}). Vilenkin [52] generalized this result to other Cantor-type groups
(independently these results were also obtained by Fine [20]]). Currently zero-dimensional groups
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form the subject of a large body of literature in harmonic analysis (e.g., [1, 17,132} |4]) and approx-
imation theory [48]], while their finite analogs have been studied in connection with a problem in
combinatorial coding theory [36]47].

In the first part of this section we remind the reader the basics about compact and locally compact
zero-dimensional Abelian groups. We include some details to make the paper self-contained and ac-
cessible to combinatorialists working on association schemes. Moreover, the calculations performed
below are not immediately available in the literature, and lay the groundwork for the analysis of as-
sociation schemes later in this section. Detailed treatment of zero-dimensional Abelian groups is
contained in Hewitt and Ross [29]. A good reference source on such groups is the book by Agaev
at al. [[1] which unfortunately is not available in English.

5-A.1. Compact groups. We begin with the compact case which will also be useful in describing
the locally compact case. In this case the topology on X defined by a countable chain of decreasing
subgroups:

X=XoD>X1D---DX;D>---D{0}, 5.1
where X; are subgroups of finite index | X/X;|, and N;>0X; = {0}. The embeddings in (3.I)) are
strict, so the index |X,;/X;11| > 2,5 = 1,2,.... We note that generally, there are many different

ways of forming the chain (5.1)) that give rise to the same topology on X.

By definition, the subgroups {X;,j = 0,1,...} are open sets that form a countable base of
neighborhoods of zero, and the cosets {X; + 2,z € X/Xj,j = 0,1,...} are open sets that form
a countable base of the topology on X. Thus, the topology in X satisfies the second countability
axiom. The converse is also true: if X is locally compact and satisfies the second countability
axiom, then the topology on it is defined by a decreasing chain of subgroups [43]].

It is easy to see that X with topology defined by (5.1) is totally disconnected. Indeed, for each j
we have the following partition of X into cosets

X = U (Xj + 2)
2€X/X; (5.2)

(Xj‘FZl)ﬂ(Xj—FZQ):@, Z1,ZQ€X/X]',2’175Z2.

Likewise, for every 5 > 0 we have

Xj= U (Xjt1+2)
2€X5/X 41 (5.3)

(Xj+1+21)m(Xj+1+22):®7 Zl,ZQGXj/Xj+1,Zl§£22.
This implies the following for the topology of X. First,

X; =X\Yj, where Y; = U (X + 2).
ZEX/Xj,Z#O

The set Y is a union of open sets X; + z and therefore is itself open. Thus, X is closed, and so
all of the X; + z are both closed and open in the topology given by (5.I) (such sets are sometimes
aptly called clopen).

Further, the group X as well as all the subgroups X; are unions of disjoint open sets. This means
that the groups X, 7 > 0 are disconnected, and for every point x its connected component is  itself.
Decompositions (5.2)),(5.3) also imply that X affords arbitrarily fine coverings with multiplicity 1.
By definition of topological dimension [29] p. I.15], we obtain that dim X = 0.

The group X is metrizable, i.e., the topology on X can be defined by a metric. Let #(0) = oo
and

:max{j rxe X}, x#0. 5.4)
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We have
v(z+y) =z min{v(z),v(y)}, zyeX
vle +y) = minfu(@),v(y)} i) # viy).

We see that v(x) is a discrete valuation on X and defines on it a non-Archimedean metric. For
instance we can pu

(5.5)

p(z)|= 277, (5.6)
then p(0) = 0 and

p(r +y) <max{p(x),p(y)}, =z,yeX

p(z +y) = max{p(z), p(y)} if p(z) # p(y)

We conclude that p(z — y) is a non-Archimedean metric, and the balls in this metric coincide with
the subgroups X;:

Xj={reX: plx)<29}={re X plx)<279t} j=0,1,.... (5.8)

This again shows that the balls are both open and closed. Further, two balls of the same radius in
the Non-Archimedean metric are either disjoint or coincide completely, and every point of the ball
is the center.

A well-known example of a non-Archimedean metric arises in the construction of p-adic integers.
A less standard example is provided by a problem in coding theory in which a metric on finite-
dimensional vectors over I, is defined by a (finite) chain of decreasing subgroups [36, [47]]. This
metric is an instance of poset distances (metrics defined by partial orders of the coordinates) which
will appear again below when we construct association schemes. Zero-dimensional groups also arise
in the context of multiplicative systems of functions such as the Walsh or Haar functions [1, 17, 26].

The following classical fact holds true [1} pp.28-30]:

5.7

Proposition 5.2. Let X be a compact zero-dimensional group. Then X can be identified with the
set of all infinite sequences

SC:(Zl,ZQ,...), ZiEXi_l/Xi,iEN.
Proof : For j = 1,2,... let us fix a set of representatives z;(j),0 < ¢ < n; — 1 of the cosets
Xj—l/Xj; so that
Zo(j):(), Zl(j),...,anfl(j) EXjfl\Xj, (59)
where n; is the index of X; in X;_;. Every element € X can be represented uniquely as = =

21 + y1, where z is one of the coset representatives of X/X; and y € X;. Likewise, y1 = 22 + o,
and generally,

r=z1+-+z;+y;
for all j > 1, where z; are fixed according to (5.9). Note that the representatives found in earlier

steps are not changed in later steps, and that y;(x) — 0 in the non-Archimedean norm on X.
Therefore, every € X can be written as a convergent series

T = Zzi, where z; = z;(x) € X;_1/X;,i € N.
i>0

Conversely, fixing arbitrary elements z; € X;_1/X;,i > 1, define Tj =2z +---+2;,7 > 1 Then
Tjt+k —Tj = Zj+1 + -4 Zjt+k € )(j7

1Strictly speaking, p is a norm that induces a metric on X. By abuse of terminology we use the term “metric” in both
cases.
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ie., xj4r —x; — 0for j — oo and every k € N. We conclude that (z;,j > 1) is a Cauchy
sequence x;, and since X is compact, the series ) .., z; converges to a point x € X. I

The result of this proposition amounts to describing every point x € X as a sequence of nested
balls that contain it:

= (Xj+z) = (X + 2+ +2).
§>1 §>1
Also, X is a set of all such infinite sequences and therefore, clearly, is uncountable.
Using the result of Proposition[5.2} we can write the valuation (5:4) as follows: (0) = 0 and

v(z) =min{j —1:z; #0}, =z X\{0}.

Note that the metric on X that gives rise to the same topology can be introduced in more than one
way: for instance, if ¢(j), j € Ny is a strictly decreasing function on the set of nonnegative integers
with lim;_,o t(j) = 0, then t(v(z — y)), =,y € X also defines a non-Archimedean metric on X
for which the balls are the same subgroups X, (the fact that ¢(-) defines a metric is specific to the
non-Archimedean case). The following distance will be useful below:

po(x) = |X/Xu(m)‘_1 (5.10)

The function ¢(-) in this case is given by

——, wherew(j)|= | X/X;|.

Lemma 5.3. The functions t and w have the following properties:

J
w0) =1 w) =[] where:— X1/ X (5.11)

i=1
w(j+1) =njpw(y), tG+1)=—1t@) (5.12)
Tj41
> (= Dt(i) =1(j), j=0,1,... (5.13)
i=j+1
> (ni— D) =1 (5.14)
=1

Proof: Equalities (5.11) and (3.12)) are immediate from (3.1)). Relations (3.13)-(5.14) now follow
from (5.12):
o0

i) = D onit(i) — Yt = D> ti—1)— > t(i)
i=j+1 i=j+1 i=j+1 i=j+1 i=j+1
=t(j) '

This lemma and Proposition imply that the group X can be mapped on the segment [0, 1].
Let us number the coset representatives of X,;_; /X from 0 to n; — 1 starting from z = 0 in an
arbitrary way and write N (z) = N,(z) for the number of z (thus N(0) = 0). Define a mapping
A: X — [0,1] as follows:

r=(21,22,...) = Mz)=>_t(HN(z). (5.15)

Jjz1
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Since t(j + 1)/t(j) < 1/2 by (5.12), the series A(z) converges, and its value lies in [0, 1] because
of (5.14). The mapping X is not injective because there is a countable subset of points in a € [0, 1]
that can be written in two ways, viz.,

0= Y UGN ) = AN + (V) -+ Y HNE).
Jj=1 j=1 j=m+1

The preimages of the first and the second expressions above are two different points in X, namely
T = (21, ,2m—-1,%m,0,0,...)and & = (21,..., Zm—1, %> Z;p 11, - - - )- To resolve this, the point
a is split into two points, written symbolically as a — 0 and a + 0, whereupon A becomes one-to-one.
It is possible to define a topology on such modified segment [0, 1] so that if addition is inherited
from X, it becomes a topological Abelian group isomorphic to X.

We will also need the Haar measure on X. First define measures of the cosets X; + z by putting
wX;+2)=1t(j), z€X/X;,j=0,1,.... (5.16)

For a countable union & of pairwise disjoint cosets X; 4 z define the measure by
pE) => X, +2),
7,2

where the convergence follows from the convergence of the series (5.14). On account of (5.12) we
also have
1(X;) = 1(U,ex,/x, 0 141 +2}) =njp(X), j=0,1,....

These relations imply o-additivity of the measure. Finally, we extend the measure to the set P of all
Borel subsets of X and note that this extension is unique. The resulting measure is o-additive and
is invariant with respect to translations and symmetries:

u(€+x) = p(), (€)= u-=£), €€P.
Details of the construction of the Haar measure are found in [29]].
The character group of X is easily described. Let
Xt i={¢peX :¢(x)=1forallz € X;}

be the annihilator of the subgroup X; C X. Clearly, X JJ- is a subgroup of X. Since X ; is a closed

subgroup of X, the group X ]J- is topologically isomorphic to the character group of the quotient
X/X;; see 29, Thm.23.25, p.365]. Since X/Xj is finite, the annihilator is also finite and

X5 = 1X/X;] = w(j) (5.17)
(cf. (5.11),(5.12))). Further, from (5.1]) we obtain the following reverse chain for the annihilators:
{I}=Xg cX{c---CcX;c--CX, (5.18)

and U;>0X JL = X. Thus, the character group is obtained as an increasing chain of nested finite
groups. The characters are easily found from the characters of the finite groups X jl, j € Np.

The group X is countable, discrete, and periodic (i.e., every element has a finite order, which
holds because it is contained in some finite group in the chain (5.18))). In fact, the group X is discrete
if and only if the group X is compact, and it is periodic if and only if X is zero-dimensional. These
claims form a part of the general duality theory of topological Abelian groups [43][29].

The group X is metrizable. Indeed, put

p(¢) =min{j : ¢ € X;°}. (5.19)
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Clearly, j(¢) > 0, p(¢) = 0iff ¢ = 1, and
plep™") < max{p(¢), H(¢)}.

Thus, p(-) is a non-Archimedean metric on X , and the subgroups X JJ- are the balls in this metric:

Xj={oeX:p(¢)<j} j=0 (5.20)
The dual statement for Proposition[5.2]has the following form.

Proposition 5.4. The countable discrete topological space X can be identified with the set of infinite
sequences

¢:(7T1,7T27...), WjGXJJ'/lel
where only a finite number of entries ; # 1.
Proof : Fix a set of representatives ©(j) = {0;(j),0 < i < nj — 1} of the cosets X;-/X- | in the
group X;,j = 1,.... Let us agree that 6, (j) = 1 (the unit character of the subgroup X jL) for all j.
Note that the numbers n; are the same as in (5.11]) because
nj = X1 /X = X5 /X415 =12, (5.21)
no = |X/Xo| = X5 = 1.

Once the coset representatives are fixed, any character ¢ € X JL can be written uniquely as ¢ =
71, where m; € X3 /X3 1,41 € X;- . Continuing this process, we obtain

J
1 1
¢o=][m meXxt/xt,
i=1

where 7; € O(j). 1

Using this result, we can write the metric p as

p(¢) = max{j:m; #0o(j)}, ¢ # 1,

and p(1) = 0 (this follows because 1 = (0y(1),6p(2),...)). The Haar measure is just the counting
measure: () = |€],€ € X. In particular A(X;) = | X3 = w(j); cf. BT7). Recall that we
chose the normalization p(X) = 1, 4(X+) = 1 to satisfy the Parseval identities (#.4),[#.35). Note
that these equalities hold for any normalization that satisfies (X )(X*) = 1.

Remark: The zero-dimensional Abelian groups considered here belong to the class of the so-
called profinite groups that have important applications in algebra and number theory; see [44].
These groups are conveniently described in the language of projective (inverse) and inductive (direct)
limits of topological spaces. For instance, the group X together with its chain of nested subgroups
(5-1) is a projective, and the group X with its chain (5.18) an inductive limit:

X =limX;, X =limX;".

However we prefer to avoid this specialized language to make our paper accessible not just to alge-
braists and tolopogists, but also to a broader mathematical audience.



ASSOCIATION SCHEMES ON GENERAL MEASURE SPACES 31

5-A.2. Locally compact groups. Let us briefly outline the changes that are needed in the setting of
the previous section in order to include the locally compact case in our considerations. Let X be a
locally compact uncountable zero-dimensional Abelian group. X contains a doubly infinite chain
of nested compact subgroups

XD"'DXjleXjD-'-:){O}, j €7, (5.22)

where

Jx-x %-0

jEZ JEZ
and X,;_1/X;,j € Z are finite Abelian groups. The inclusions are strict, so |X;_,/X;| > 2.
The chain (5.22)) defines a topology on X in which the subgroups X;,j € Z form the base of
neighborhoods of zero and are both open and closed. This topology is metrizable. The corresponding
discrete valuation and non-Archimedean metric are defined similarly to (3.4), (5.6):

v(z)|=max{j:z € X;}, j€Z (5.23)
p@)=2""", =zeX, (5.24)

except that in this case v/(-) can be any integer. All the subgroups X, j € Z are balls in the metric
p. The topological space X can be identified with the space of doubly infinite sequences

$:(...,Zj,2j+1,...), ZjEXj_l/Xj,jEZ (5.25)

such that z; = 0 for all j < v(x). As before in (3.9), let us assume that the coset representatives
zj,J € Z are fixed.
Using expansion (5.23), we can map the group X to the interval [0, 0o). We proceed analogously
to the compact case (3.13)), defining a map \ : X — [0, 00) by
r=(.,2,241..) = Mz)= Y t(H)N(z) (5.26)
j=—v()
where N (z;),0 < N(z;) < n;—1is the index of the coset representative z € X;_1/X;, N(0) = 0,
n; = ‘Xj—l/XjL and
[T ny, if —v(z) <j<-1
tj) =41 ifj =0
g i1
Convergence of the series in (5.26) to a point in [0, co) again follows from (5.14). The mapping X is
not injective but can be made such using the arguments following (5:13).

Let us take one of the subgroups, say X, in the chain (5.22), and consider the group H = X/ X,,.
We see that

H:)"':)Hj_HDHjD"'DHlDHo:{O}, (5.27)
where H; = X_;/Xy,j = 0,1,... are finite Abelian groups and H = U;>¢H;. The group H is
countably infinite, discrete, and periodic.

Using the language of bi-infinite sequences (5.23) we can write

r=y+h, yeXp,heH

y:(Zl,ZQ,...), ZjGXjfl/Xj,j:1,2,... (5.28)

h:(h17h27...)7 hj:Z,JpH EX,j/X,ijl.
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The Haar measure ;1 on X can be defined as follows. Note that the cosets { X + h,h € H} form a
partition the group X:

X=|J&Xo+h); (Xo+h)n(Xo+hg)=0, hy #ho. (5.29)
heH
For any Borel set £ C X put
pE) =Y wEN(Xo+h)=> nol((€ —h) N Xo) (5.30)
heH heH

where 1 is the Haar measure on the compact subgroup Xg. Noting that the total measure of X is
infinite, let us normalize the measure by the condition

po(Xo) = 1. (5.31)

Finally note that the choice of X above is arbitrary: instead of X this construction can rely on any
other subgroup X; (5.22).

The dual group: The dual group X of a locally compact uncountable group X is also locally
compact and contains a bi-infinite chain of annihilators X JL C X of the subgroups X; C X :

{1}yc-cXt,cXfc--cX, jez, (5.32)

where Ujez X = X, NjezX; = {1}, and | X~/ X;- || = |X;_1/X;| = ny; see (5.21). Note that
{0}F = X and X+ = {1}.

The subgroups X j{ J € Z form the base of neighborhoods of the unit character. This topology
is also metrizable, and the corresponding discrete valuation 2 and metric p have the form

D(¢) = max{—j: ¢ € X;°}, (5.33)
ple) =279, ¢eX. (5.34)
As before, the subgroups X ; are the balls in the metric p. Note that the nesting in (5.22) and (5.32)

is in opposite directions because the larger the subgroup X ; the smaller its annihilator X;.
The topological space X can be identified with the space of all bi-infinite sequences

p=(..,m_1,m,...), mEX;/X;,, jJEL (5.35)

such that 7; = 1 for j > ©(¢). (Here as before we assume that the elements 7;, j € Z are chosen
from a fixed system of coset representatives X ]L /X jl_l contained in X.)

It is convenient to have explicit expressions for the groups considered in terms of coset represen-
tatives. In particular, we have a set of relations that is dual to (5.28):

p=1-¢ veXiF=XcteX/X§=X,

¥=(C,C---), G=m_jp1€X /XY

52(71'1,71'2,...), WjEXjL/XjL_l,j:LQ,....
These relations enable us to define the Haar measure on X as follows. Note that the cosets {Xd‘f ,E €
X} form a partition of the group X:

X = Ugex, (Xa€); (X&) N(Xg&a), & # &
For any Borel set £ € X put

aE) =Y MENXgE) = D (€ NXy),

SEXO fEXO
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where 1 is the Haar measure on the compact subgroup Xg-. Finally, we normalize the measure by
f(Xg) = 1. Together with the normalizations (5.31)) this implies the Parseval relations (@.4), ([@.3).

Self-dual groups: Examples of self-dual locally compact Abelian groups can be easily con-
structed. Let X be an arbitrary compact Abelian group and let X be its dual group. Consider
a locally compact Abelian group

X = X, x Xo. (5.36)

By Pontryagin’s duality, Xo 2 X, so

X = Xy x Xp = X. (5.37)

Thus all the groups of the form (5.36) are self-dual (see more on self-dual groups in [29, p. 1.422]).
Below we use self-dual groups to construct a large class of examples of self-dual association schemes.

5-B. Dual pairs of association schemes. In this section we present a construction of dual pairs
of translation schemes starting with a pair (X, X ) where X is a locally compact Abelian zero-
dimensional group. The argument proceeds by partitioning X and X into spheres, thereby con-
structing a pair of spectrally dual partitions. To prove duality, we will need some results about the
Fourier transforms of functions that are constant on spheres.

5-B.1. Fourier transforms. Let X be a compact or locally compact Abelian group and let D C X
be a compact subgroup. Assume that D is both open and closed. Then the annihilator D+ C X is
also a compact subgroup of X and is also both open and closed. Clearly (D) > 0 and i(D+) > 0
since D and D are open, and (D) < oo, u(D+) < oo since they both are compact.

Let x[D; x] and x[D=;¢] be the indicator functions of D and D~+. We will need explicit expres-
sions for their Fourier transforms. We remind the reader this result [[1, pp.81-82] whose short proof
is included for completenessﬂ

Lemma 5.5.
XID; €] = w(D)x[D+;¢] (5.38)
X [D*;a] = f(DH)x([D; ). (5.39)
Proof : By (@2) we have
WDie) = [ ela)duta)

If ¢ € D™, then the result is obvious. Otherwise, let 2o € D be such that £(xg) # 1. Since the Haar
measure is invariant and D is a subgroup, we obtain

/D £(@)du(z) = /D & ro)dn(r) = /D €@ + 20)da(z)
— (z0) /D £(x)dpu()

so X[D; ¢] = 0, which proves (5.38). The proof of (5.39) is the same if one takes into account that
(D+)* = D by the duality theorem. &

There is a certain notational ambiguity in the expressions below: namely, the letter D in x[D; -] refers to the domain
while the same letter in X[D; -] is simply a label of the function. This convention will be used throughout.



34 A. BARG AND M. SKRIGANOV

We assume that the measures are normahzed so that the Parseval identities (4.4),([.5) are sat1sﬁed
Then the transforms F* and (F~)~! are inverse of each other. Applying F* to (5.38) and F~
(5.39), we obtain the following dual relations:

X[D; 2] = u(D)x*[D*; ] (5.40)
x[D*; 2] = ((D)X[D; €. (5.41)

Comparing the first of these equalities with (5.39)), or the second with (5.38)), we obtain an important
relation:

p(D)(D*) = 1. (5.42)
On account of it, the pair of relations (5.40),(5.41) is equivalent to the formulas (5.38)),(5.39).

5-B.2. Zero-dimensional groups and the uncertainty principle. Observe that equalities (5.38), (5.39)
express a rather nontrivial fact: in the topological spaces considered, there exist compactly supported
functions x[D; z] and x[D=;¢] whose Fourier transforms are also compactly supported. This fact
has an interesting interpretation in the context of the “uncertainty principle” of harmonic analysis
that deserves a more detailed discussion. The uncertainty principle is a general statement that a
function f on an Abelian group X and its Fourier transform f on the dual group X cannot both
be “well localized.” For instance, in the case of X = IR this fact constitutes the statement of the
Paley-Wiener theorem. A similar obstruction exists for any connected Abelian group. Namely, such
a group is topologically isomorphic either to a torus (R/Z)!,1 > 0 (if X is compact) or to a direct
product of R¥. k£ > 0 and a torus (R/Z)!,1 > 0 (if X is locally compact). Such groups do not
contain open subgroups which makes relations of the form (5.38)), impossible.

The uncertainty principle can be formalized in a number of ways, see, e.g., [21]. For totally
disconnected groups the following form of this principle is of interest:

Consider the measure space (X, 1), where X is an Abelian group and p is the Haar measure.

Let f € Lo(X), f # 0 and let f(g) be the Fourier transform of f @.2). Then

p(supp f)fu(supp f) > 1. (5.43)

where supp f = {x : f(x) # 0} and X is the dual group.
Note that the function f as an element of Ly(X) is a class of functions that can differ on a

subset of measure 0, so the quantities p(supp f) and fi(supp f) are well defined. For finite groups
inequality (5.43) was pointed out in [14]; see also [50, Ch.14, Thm.1]. The general version of this
inequality affords a short simple proof which we include for reader’s convenience. Indeed, we have

112 = /X (@) Pdu(z) < |12 p(supp £), (5.44)

where || f||oc = esssup|f(z)|. At the same time, using (#.2) and the Cauchy-Schwartz inequality,

we have
Il < [ 1701 < ([ 1F©Pa©) " (atsurp )

— (s (suppf>)/

Substituting this inequality into (5.44) and noting that (by the Parseval identity @.4)) || f|l2 =
[ fll2 # 0, we obtain (5:43).

Observe that for zero-dimensional groups there exist functions that “optimize” the uncertainty
principle: namely, the inequality(5.43) holds with equality. Examples of such functions include
indicators of subgroups (5.42)) as well as piecewise-constant wavelets introduced below in (9.51).
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5-B.3. Balls and spheres: Spectrally dual partitions. Let us return to the main subject of this section
and write relations (5.38) and (5.39) for the subgroups X; C X and X;- C X in the chains (5.1),
(5.18) and (5.22), (5.32). We have

X[X55 €] = n(X;)x[X5: €] (5.45)
XX 2] = (X)X X5 2] (5.46)
p(X;)a(X;) = 1. (5.47)

As remarked earlier, see e.g., (5.8), (5.20), the subgroups X ; and X ;- form balls in the corresponding
non-Archimedean metrics p and p. Let us number these balls by their radii. Let

: {z:p(x)<r}, re¥ (5.48)
B(ty={¢:p(&) <t}, teT. (5.49)

As above, we use the notation
To={reT:uBr) >0}, To={teT:iB(t) >0}

Note that the use of notation T, T, etc. is consistent with earlier use because the balls will
be used below to form the blocks of the partitions. Let us describe the sets Y, T and Y, Y, for
different topologies of the groups considered.

(7) Let X be infinite compact and X be a countable discrete group. The metrics p and p are given
by Eqns. (5.6), (5.19), and the sets of radii have the form

T:Tou{O}, TQZ{Q_j,jENo}
. N (5.50)
T ="To={j,j€No}.

(i7) Let both X and X be locally compact. Then the metrics p and j are given by (5.24) and
(3:34)), respectively, and the radii take the values
T:TOU{O}a TOZ{Q_j7j€Z}
A . . ' (5.51)
TZT()U{O}, TOZ{QJ,jEZ}.

(#4i) For completeness, let us discuss the case of finite Abelian groups X and X with nested
chains of subgroups of length d:

X:XODXlD"‘DXj:)"'DXd:{O}

(5.52)
{0}=XgcX{c---cXjc---cXg=X.
The metrics on the groups X and X are given by the expressions
p(z) =d—min{j =0,1,...,d: v € X;} =max{i =0,1,...,d : x € X4}
/3(¢):maX{j:O,l,...,d:qberl}
and the sets of radii are
T="9="T="0={0,1,...,d}, (5.53)

so the dual radii are given by
r(j)=d—4j4, #(j)=4, 7=0,1,....d. (5.54)

Note that the case of finite groups X and X is far from trivial. The corresponding distances are
known in coding theory as the Rosenbloom-Tsfasman metrics [46]. The association scheme for this
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case was introduced in [36]] and studied in detail in [3]. Combinatorial problems for the Rosenbloom-
Tsfasman and other related metric spaces have been the subject of significant literature in the last
decade, see e.g., references in [3]. However, in this paper we do not devote special attention to these
questions because our main goal is to study schemes on infinite sets.

Define a pair of mutually inverse bijections on the sets T and To,

Yoor—reYy, Yoat—theY, (5.55)

defined by the relations
B(r)* = B(7), B(t")* = B(t). (5.56)

For the examples mentioned above, these bijections have the following form:
(i) From (5.50) we obtain 7 = — log,(r), t* =27% r =277 jt € Np.
(ii) From (5.51) we obtain 7 = 71, tf =71, r =277 t=2 jcZ.
(ii7) In the case of finite groups, 7 =d —r, tf =d —t; r,te{0,1,...,d}.

For any r1, 75 € T
B(r1) C B(ry) & B(71) D B(7)
and for any ¢1,%5 € YO
B(t1) > B(t}) < B(t)) C B(t).
In other words,

T >To iff T <7o
(5.57)
>t 0ty <t

In the compact case let
: max{r:r € Yo}. (5.58)
denote the maximum value of the radius. Given a value of the radius s € Y or T, let
[—(s)l(s) = max{r : r < s}, [TL(s)(s) = min{r : 7 > s}. (5.59)
Note that 7_(s) is undefined if s = 0 and 7 () is undefined if s = 7. We have 7_(s) < s < 74(s),

with no values in between.
Recalling that all the balls are subgroups, let us introduce the notation for the subgroup index:

n(r) = |B(r)/B(r-(r))]. (5.60)
Proposition 5.6. (a) We have

T (r) =74 (), T-(t)" =T (") (5.61)

In words, a one-step move in the “time domain” corresponds to a one-step move in the opposite
direction in the “frequency domain.”
(b) We have

n(r) = n(r (7)) (5.62)
Proof : (a) Let us prove the first equality, the second follows in the same way. Since 7_(r) < r,

implies that 7_(r) > 7. If 7_(r) # 7 (7), then there is a radius @ such that 7_(r) > a@ > T,
i.e., 7_(r) < a < r, which is a contradiction.

(b) Using duality theory, we observe that if G; C G2 C G are closed subgroups in a topological
Abelian group G, then @52 = G /Gy, where | denotes the annihilator subgroup (see [1],
Ch.3, §2, or Lemma 24.5 in [29]])). Therefore the dual of the finite group B(r)/B(7_(r)) is the
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group B(7_(r))L/B(r)* = B(r4(7))/B(7), see (5.56) and Part (a). Equation (5.62) expresses
the fact that the order of a finite Abelian group equals the order of the its dual group. 1

We can rewrite equations (5.43)-(5.47) as follows:
X[B(r);€] = w(B)XIB(T);€] €Ty
X B(t); ] = (B(t)x[B(t%); 2] t e To (5.63)
uB)UB[E)) =1, pBH)u(B()) = 1.
Now consider spheres in the groups X and X:
[S(lr)={ze X :px)=r}. rev,
Sty ={¢eX:pe)=t}, teT

‘We have
S(0) = B(0), S(0) = B(0)
S(r) = B(r)\B(r_(r)), S(t) = B(t)\B(r_(t)), (5.64)
SO
x[S(r);z] = x[B(r); ] — x[B(7-(r)); 2] (5.65)
X[S(t); €] = x[B(t); €] — x[B(7-(1)); €. (5.66)

We will extend these relations to hold for » = 0,¢{ = 0 as well, assuming that B(7_(0)) =

B(7-(0)) = 0. Expressions for the Fourier transforms of these functions follow immediately (note
the use of (3.61)).

Lemma 5.7.
X[S(r); €] = u(B(r)X[B(F); €] — w(B(r—(r)X[B(74 (7)); €]
XS(t); 2] = a(B()x[B(t*); 2] — i(B(— (1)) x[B(7 (t1)); z].

Consider partitions of the groups X and X into spheres:

xX=Jsm), x=[Js0. (5.67)
rel teT
We have
X[X;x] = Zx[S’(r);x] =1forallz € X
reY
XX =D x[S(t);¢] = 1forall§ € X.
teT

In the next theorem, which is the main result in this part, we establish the key properties of these
partitions.

Theorem 5.8. Partitions of the groups X and X are symmetric spectrally dual in the sense
of Definition|3| We have

XISl = pr(®)x[S(b); €] (5.68)
bet
XS] = a(a)x[S(a);¢] (5.69)

acY
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where
0 ifb > 7.(7),
pr(b) = § —u(B(r (1) ifb =, (7), (5.70)
w(B(r)) —u(B(r—(r))) fo<b<7
0 lfa > T+<th)7
qi(a) = ¢ —A(B(-(1))) ifa =7 (%) (5.71)

AB(1) = A(B(r-(1))) if0<a <t

(cf. @22), @23)). Relations (5.68) and B.69) hold pointwise for all ¢ € X and x € X.
Proof : We have
B = |J S@, Bty=|J S0
a€Y:a<r beT:b<t

Writing these relations in terms of the indicator functions, we obtain

X[B();&l = > x[S(b);¢].

beT:b<t

Now (5.68)-(5.71) follow by using these expressions in Lemma Consequently, the functions
constant on the blocks of the partition of X into spheres (5.67) have Fourier transforms that are
constant on the blocks of the dual partition. This implies that the partitions (5.67) are spectrally
dual. The symmetry is obvious because 2 and —z, or £ and £ ! are contained in the same spheres
in X and X , respectively. 1

In the next lemma we collect several useful properties of the eigenvalues p,.(b) and ¢ (a).

Lemma 5.9.
> pe®(S(b) =0, r>0 (5.72)
beT,
[0 ifu(so) =0,
b; po(b)(5(b)) = {1 Fu(S(0)) > 0 (5.73)
Y a@u(S(a) =0, t>0 (5.74)
a€Yo
_JO ifa(S(0) =0
Q;O qo(a)p(S(a)) = {1 #(5(0)) > 0 (5.75)
> P (0)pry (D)i(S(B)) = 67,y 1(S (1)) (5.76)
beT,
> (@)gr, (a)u(S(a)) = 61, it S (1)) (5.77)
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Proof : To prove (5.72), we use (5.70) as follows:

S pe(S®) = —u(Blr(r))i(S (4 (7))

bEYo
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oo}

=3

~

\

=

oo}

—~

N >

|

©

~

~~

~
N—

=

—

5

3

~

where for (a) we used (3.61) and for (b) Eq. (5.63). To prove (5.73), observe that (5.70) implies
that po(b) = p(S(0)) = w({0}) for all b € Y. This implies the first case in (3.73). Further, if

1({0}) > 0, then X is discrete and X is compact, so the sum in (5.73) equals x({0})i(X) = 1
because of (5.42). This proves (5.73). The proof of and (3.73) is completely analogous and

will be omitted.

Equations (5.76), (5.77) form a special case of the orthogonality relations @.23)), (4.26). We
will give an independent proof that relies on the explicit formulas (3.70), (3.71)). Let r; # r2 and

0 < ry < 74(72) < 71. Then (5.57) implies that 7, > 72, so the sum in (5.76) extends only to the
region 0 < b < 75 where p,, (b) is independent of b. Therefore, by (5.72)

S o Ope OAS®) = (u(B(r) = w(Br (1)) 3 e GIAS®) = 0.

beTo beTy

Now let ry = ro = r, then

> e OA(S (1)) = p(B(r—(r))*i(S(7+ (7))

beﬁi‘o 2 N
+ (B~ wBEr)) X AS®)
0<b<r
= u(B(r- () (Bl (7)) — (B
+ (W(BE) — u(B—(1)) MBE)
= u(Br-()PAB(r, (7)) ~ w(Blr— ()2 BF) + n(B()*a(B)
+ u(Br_ (1) AB() — 20(B)i(Blr— (1) BE)
= u(Blr—(r) + u(B(r)) — 2u(Br_(r)))
= W(B) ~ p(Blr—(r))) = n(S(r))

where we have used (3.61) and (5.63). This proves (5.76). The proof of (5.77) is essentially the
same. 1

In the following theorem, which is one of the main results of the paper, we give a construction of
dual translation schemes and compute their spectral parameters and intersection numbers.
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Theorem 5.10. Let X be a zero-dimensional compact or locally compact Abelian group and let X
be its dual group. Let R = {R,,r € Y}, R = {R¢,t € T}, where

R.={(z,y) e XxX:xz—yeSr)}, reT (5.78)
Ri={(¢,6) e X x X 9t €S(t)}, teT. (5.79)

Then X = (X,u, R) and X = (X, i, R) form a pair of symmetric, mutually dual translation
association schemes in the sense of Def.[l| The spectral parameters of these schemes are given by
(3-70) and (5.71). The intersection numbers of X are given by

0 ifa=1
Dy = n(S(r*)) ifA=2 (5.80)
[1BO)/B(r- ()| = 2| w(B(r-()))  if A =3
where r* := min(ry,79,73), and X\ denotes the mimber of times max(ry,rq,73) appears among
{r1,re,r3}. Likewise, the intersection numbers of X are given by
0 ifa=1
P, = AlS(E)) ifA=2 (5.81)

[1B(t)/Br ()] = 2| a(B(r (7)) ifA =3
where t* and \ are defined analogously.

Proof : Everything except the expressions for the intersection numbers follows immediately from
Theorems[{.9)and[5.8] We will compute p;? ,., starting from @.50). We have
1

= ————0(ry,re,13), 5.82
Pris = LSty ") o8

where
o(r1,72,73) = Y Dry (0)pr, (0)pry () 1(S (D)) (5.83)
beTy

(cf. 2:12)). Since the value of o does not depend on the order of the arguments, let us assume that
0 < ry; <ry <rs. We will consider the following three cases grouped according to the multiplicity
of the largest radius:

D0<r <ra<rs

M0 ri<rg=rg=r

(iii) 0 < r; = ro = r3 := r (if r = 0 then obviously p, = 0).

In Case (i) we have 73 < 75 < 77, so the sum in (53.83) extends to the region 0 < b < 74 (73) <
To. From (5.70), in this region the coefficients p,., (b) and p,., (b) are constant, so we obtain

or1,ra,m3) = [1(B(r1) = w(B(r-(r1)| [1(B(r2) = w(B(r-(r2)] 3 prs(0
beTo

€D

In Case (ii) we have 7 < 771, so the sum in (5.83) extends to the region 0 < b < 74.(7) < 77 in
which p,, (b) is independent of b. Therefore, on account of @) we obtain

o(ry,rr) = [(B(r1)) — p(B(T—(r1) ]Zpr (0)) = p(S(r1))pu(S(r)).

beto
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In Case (iii) we have

o(r,r,r) = > b0 A(S(0) = —(B(r-(1)* [A(B(r4 (7)) — AB@))]

bETU

© —p(B(r-(M)*(B(r-(r))) + n(B(r)*a(B(7)
= 3u(B(r))*u(B(r—(r))ia(B(F)) + 3u(B(r)) (B (r)))*a(B(7)
2 —p(B(r-(r)* + p(B(r)? = 3u(B(r)u(B(r—(r)) + 3p(B(r_(r)))*

where |B(r)/B(7_(r))| is the index of the subgroup B(7_(r)) in B(r). Here (a) relies on (5.61)

and (b) uses (3.63).

Together with (5.82), (5.83), these calculations establish the claimed expression for p3 . . The
expression for ﬁif}tz is proved by analogous arguments starting from @.52)). 1

Example: Following [36| 47], consider a particular case of schemes over finite groups. Namely,
suppose that X = Zj is the group of n-strings over the additive group of integers mod ¢, and
the subgroups X,.,» = 1,...,n are formed of the strings with r first coordinates equal to 0. In
particular, X;,, = {(00...0)}. We observe that 7_(r) = r — 1,7 > 0;74(r) =7+ 1, < n, and
forr > 0, [S(r)| = (¢ — 1)g", |B,| = ¢", while |S(0)] = |B(0)| = 1.

Let us use Theorem to compute the intersection numbers (see [36], Lemma 1.1). If 4, j, k #
0, then using (5.80) we obtain

0 ifi#j,j#ki#k
pi=4(g—1g 7! ifi<j=korj<i=kork<i=j
(q—2)¢" ! ifi=j=k.

We also find directly that p§, = pf; = plo = 1, and pf; = 6;;(q — 1)¢*~", where p; = p; is the
ith valency of X.
Using (5.70) and (5.54), we can compute the eigenvalues of this scheme. We obtain

0 ifj>n—i+1
pi(j) =< —¢"* ifj=n—i+1, i>0
¢ —q¢7t f0<j<n—i

recovering a result in [36]], Lemma 1.4 (see also [15], Theorem 3.1). Again we must separately
consider the boundary case i = 0, but it is easily seen from (3.19) and (3.23)) that po(j) = 1 for all
j.

Finally, since the association scheme X’ is self-dual, i.e., X = X, we have that p;(j) = ¢;(j) for
all 7, 7, and ﬁfj = pfj for all ¢, 7, k.
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6. METRIC SCHEMES

Association schemes constructed in Theorem [5.10| belong to an important class of the so-called
metric schemes for which the classes R; are formed of pairs of points separated by the same distance.
In the case of finite sets such schemes are well known [12| [7]. For infinite sets we need to make
some adjustments; in particular, it will turn out that our metric schemes are non-polynomial; see
Sect.

6-A. Geometric view. Let X be a metric space with metric p. The base of the corresponding
metric topology consists of all open metric balls. As before, we assume that the topology satisfies
the second countability axiom which in this case is the same as the separability of X [31} p.120].
As before, we assume that the measure on X is countably additive and is defined on Borel subsets
of the topological space X. If X is an Abelian group then we assume that the metric is invariant,
ie., p(z,y) = p(x — y), and that u is the Haar measure on X (as before, we call both p(x,y) and
p(x) = p(x,0) a metric; cf. (3.4)).
Consider the following partition R = {R,,r € T} of X x X:

X XX =UperR, (6.1)
R.={(z,y) e X x X :p(x,y) =71}, r€T, (6.2)
where
YT={r>0:r=px,y),z,y€ X} (6.3)
Clearly, for every o € X this partition gives a partition of X into spheres with center at z(:
X = Ure(20)Szo (T) (6.4)
Seo (1) ={y € X : p(x0,y) =7}, 1€ YT (x0), 6.5)

where T(x¢) = {r > 0: p(xo,y) = r,y € X} C Y. If there X is a homogeneous space of some
group, for instance, an Abelian group acting on itself, then Y (zg) = T for all 2y € X.

We can give the following definition: If the partition forms an association scheme in the
sense of Def.[I} then (X, u, R) is called a metric scheme. However this definition is too general to
be useful: for instance, in Def. [I| we have additionally assumed that T is at most countably infinite.
Therefore, let us adopt

Condition C: The set of values of the metric p is closed and at most countably infinite.

This condition is rather strong. For instance, it implies that X is zero-dimensional. Indeed, for
every xq consider the function f,, : X — T given by f,,(x) = p(x, o). This function is piecewise
constant and continuous in the metric topology of X. This implies that p(z, ) is constant on the
connected component of x(, and therefore is equal to zero on it. Since p is a metric, the connected
component consists just of g, so X is zero-dimensional.

On account of the above discussion, we define a metric scheme as a triple X = (X, u, R), where
X and p are as above, R is defined by (6.2)), and the value

=pu{z e X :p(z,2) =r1,p(z,y) = ra; p(z,y) =73} (6.6)
depends only on 1, o, 73 but not on the choice of z,y € X. The other conditions of Def. E] are
satisfied since p is a metric: for instance, a metric scheme is always symmetric.

If X is an Abelian group, then we can write (6.6) as

P, = h{z € X 1 p(2) = r1,p(z —y) =123 p(y) =73}
=p{z€S(r):plz—y) =rey y € S(rs)} 6.7)
where S(r) is a sphere of radius 7 around 0. Suppose that

p:’?,Tz > 0’
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where w.l.o.g. we can assume that
0<r <ry<r3 (6.8)
(see 2:11), (2:12)). This means that the space X contains triangles with sides 71, r2, r3, and so
ro —1r1 <13 <1911 (6.9)

These inequalities form necessary conditions for the positivity to hold. They are valid for any metric
scheme and are well known for schemes on finite sets [[7, p.58].
For non-Archimedean metrics, Eq.(6.9) together with the ultrametric triangle inequality (5.7)
implies that
0<r <ry=rs. (6.10)

These relations (assuming (6.8) form necessary conditions for the positivity of intersection numbers
of a metric scheme on the space with a non-Archimedean norm. They are well known in non-
Archimedean geometry where they say that all triangles are isosceles (or equilateral), with at most
one short side; e.g. [45 p.71].

In this section we make several observations implied by the definition of the metric scheme. Let
us begin with a simple geometric proof of the expressions for the intersection numbers which were
earlier obtained by a direct calculation.

Proposition 6.1. The intersection numbers of an Abelian metric scheme X and its dual scheme X
are given by (5.80), (5.81).

Proof : The first equality in (5.80), (5.81) follows directly from (6.10). To prove the second equality,
observe that

P = {2 € X 1 p(z,2) = 11, p(2,y) =15 pla,y) =1} (6.11)
From the triangle inequality (3.7) we obtain

p(z,y) = max{p(z,z), p(y, x)} = p(y, =) =r

Thus, the condition p(z,y) = r holds for all z with p(z, z) = r1, and then the condition p(z,y) = r
places no constraints on z. Thus, we can rewrite (6.11)) as follows:

P = m{z € X p(z,2) = 1} = p(Sz(r1))

where (S, (r1)) is a sphere of radius r; with center at z. Since X is an Abelian group and p is an
invariant measure, we obtain the second equality in (3.80). The proof of the second case of (3.8T]) is
entirely similar.

To prove the third case, we need to consider in detail the structure of p-spheres in X. Again using
the invariance of y, write (6.7) as

Py, =p{z€8(r):plz—y) =ryeS(r)}. (6.12)
Here the sphere S(r) = Sy(r) can be written as (5.64)
S(r) = B(r)\B(r-(r)), (6.13)

where B(r) is a metric ball of radius r centered at 0 and B(7_(r)) is a concentric ball of radius that
directly precedes r in the natural ordering of Y.
The subgroup B(r) can be written as a union of disjoint cosets of B(7_(r)):

Br)=|J @), (6.14)

0<i<n(r)—1
®,(r) = B(t_(r)) + zir, zir € B(r)/B(r_(r)), (6.15)
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where z;,,4 = 0,1,...,n(r) — 1 is a complete system of representatives of the cosets and n(r)
is defined in (5.62). We will assume that z, , = 0. Expressions (6.13)-(6.15) imply the following
partition of the sphere into cosets of the group B(7_(r)) :

Srm=|J ®0). (6.16)

1<i<n(r)—1

We claim that if z € ®;(r),y € ®;(r),1 <4,j <n(r) — 1, then

plz—y)=r ifi#j

(6.17)

plz—y) <71_(r)<r ifi=j.
Indeed, the element z — y is contained in the coset B(7_(r)) + 2; » — 2j,, and z;, — 2;,» = 0 if
and only if ¢ = j, while if ¢ # j, then z; , — z;,, = 2, for some coset representative z; ,,1 <[ <

n(r) — 1.
Now return to (6.12)) and note that y € S(r) implies that y € ®;(r) for some ! € {1,...,n(r) —
1}, and the same is true for z, namely z € ®;(r) for some ¢ € {1,...,n(r) — 1}. On account of

(6:17), we can write
{zeSr):plz—y)=ryeS(r)} = U D, (7).

0<i<n(r)—1
il
Finally, since the measure of each coset is the same and equals (B(7—(r))), we obtain
Pry = (n(r) = 2)u(B(1-(r))), (6.18)

which is exactly the third case of (5.80). Again the proof of the corresponding case in is
entirely similar. 1

Note that the above proof, in particular, the arguments related to (6.18)), enable one to state several
claims about spheres in a group with a non-Archimedean metric which may be of independent
interest.

Proposition 6.2. (a) The group X contains an equilateral triangle with side v > 0 if and only if the
index n(r) of the group B(T_(r)) in B(r) is greater than 2. If x and y are the two fixed vertices of
such a triangle, then the Haar measure of the set of third vertices equals p;. . given in (6.18).

(b) The diameter of the sphere S(r) C X of radius r equals

r ifn(r) > 2
7_(r) ifn(r)=2.

This implies that the diameter of the sphere is strictly less than its radius if and only if the index
n(r) =2.

diam S(r) = {

6-B. On non-polynomiality of metric schemes on zero-dimensional groups. In the finite case
polynomial schemes are well-studied [12, 2| [7, 25]; in particular, it is a standard fact that finite
metric schemes are P-polynomial. In this section we address the question of polynomiality for the
metric schemes on zero-dimensional groups.

First let X' be a symmetric scheme on X with a finite number of classes Ry, Ry, ..., Rq4, intersec-
tion numbers pfj, 1,7,k =0,1,...,d and adjacency matrices Ag, A1, ..., Ag. The scheme is called
P-polynomial if there exist polynomials v;(z) of degree ¢ such that A; = v;(A1),i = 0,1,...,d.
Let p(z,y),z,y € X be defined by

ple,y) =1 if (x,y) €R;, i=0,1,...,d.
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It is clear that p(x,y) is symmetric and p(x,y) = 0 if and only if (z,y) € Ro. If in addition the
function p(x) satisfies the triangle inequality, then it forms a metric on X, and the scheme X is
called metric.

The triangle inequality implies that if the intersection numbers pfj #0then|i —j| <k <i+}j
(cf. also (6.9)). The metric is called nondegenerate if

pift#0 fori=0,1,...d— 1L (6.19)

Theorem 6.3 (Delsarte; see [[12, Theorem 5.6], [7, Prop. 2.7.1]). A symmetric scheme X with a
finite number of classes is P-polynomial if and only if it is metric with a nondegenerate metric p.

Geometrically conditions (6.19) mean that X contains triangles with sides 1,4,7 + 1 for i =
0,1,...,d — 1; see the definition of the intersection numbers (2.8). We can say that the metric p
is strictly Archimedean, while all the non-Archimedean metrics are degenerate because for them
all the triangles are isosceles; see . Therefore, the Delsarte theorem implies that all the finite
metric schemes with a non-Archimedean metric are non-polynomial.

Now let us consider schemes on zero-dimensional Abelian groups. Let X be a countable discrete
Abelian group with a countable chain of nested subgroups

X>---2X,D---DX1DX,={0}, (6.20)
and X = U;>0X. Define a metric p(z,y) = p(z — y) on X by the formula
p(x) =min{j € Np : z € X}, (6.21)

cf. (5.19). This metric is clearly non-Archimedean. Spheres in this metric define on X a symmetric
association scheme X" according to (6.1)),(6.2). This scheme has countably many classes R;, i € Ny
and intersection numbers given in Proposition[6.1] Let A;,i € Ny be the corresponding sequence of
adjacency matrices.

Terminating the chain at some n > 2, we obtain a finite chain of nested subgroups

XnD"'DXlDXo:{O}

of a finite Abelian group X,,. It is easy to see that spheres in the metric p restricted to X,, de-
fine a subscheme &,, C X with finitely many classes Ry, R1,..., R, and adjacency matrices
Ao, A1,y .oy An.

Now let us assume that the metric scheme X on X is P-polynomial, i.e., there exists a countable
sequence of polynomials v;(2), 4 € Ny such that deg v; = i for all 4. Then all the finite subschemes
Xn,n > 2 with the non-Archimedean metric (6.21) must be polynomial since 4; = v;(4;),i =
0,1,...,n. However, as we saw earlier, this contradicts Theorem @ and so the scheme X on a
discrete group X with the metric (6.21)) is non-polynomial.

Finally, as far as non-discrete groups are concerned, it makes no sense to address the question
of polynomiality because in this case the set of radii T has an accumulation point » = 0, and
there does not exist a sphere S(r) and a class R, that immediately follow the sphere S(0) and the
corresponding class Ry.

7. NONMETRIC SCHEMES ON ZERO-DIMENSIONAL ABELIAN GROUPS

In this section we present a construction of schemes on locally compact Abelian zero-dimensional
groups based on partitions with blocks indexed by parameters other than the distance. Recall that
the topology of the group X is defined by a chain of nested subgroups (5.1, (5.22), and that the
subgroups in these chains form metric balls B(r) (5.48), (5.49), where the set of values of r is
determined by the metric (see (5.50), (5.51))). In this section we switch to notation @ R for the
sets of radii because their values no longer index the classes of the scheme (the classes are indexed
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by two parameters as explained below after (7.4)). As before, introduce the notation Ry = {r :
w(B(r)) > 0} and the analogous notation HRo.

Our starting point is Eqns. and (6.16) that jointly describe a partition of the group into
metric balls ©;(r),r € R, 1 <i<n(r)—1:

x=U U @, (7.1)

reR 1<i<n(r)—1
where

@(r) = B(r—(r)) + 2i,r, 2 € B(r)/B(r-(r)) (7.2)
0<i<n(r)—1, n(t)=I|B(r)/B(r-(r))|

where the complete set of coset representatives (z; ,-) is chosen so that z; , = 0. Note that ¢ in (7.1)
varies from 1 to n(r) — 1 because ¢ = 0 in (6.13)) corresponds to the subgroup B(7_(r)) which is
not a part of the sphere S(r).

In a similar way, let us introduce a partition of X as follows:

x=UU U & (1.3)

tedt 1<i<n(t)—1
where

bi(t) = B(r_ ()04, i1 € B(t)/B(r_(1)), (7.4)
0<i<a(t)—1, a(t)=|B(t)/B(r_(t))

and the complete set of coset representatives (6; ;) is chosen so that 0o, = 1. We will show that
the partitions (7.1) and (7-3) are spectrally dual and therefore give rise to a pair of dual translation
schemes on X and X. Accordingly, the classes of the schemes are indexed by pairs of the form
(i,7), wherer € Rand i € {0,...,n(r) — 1}.

The group B(r)/B(7—(r)) can be identified with the set z; ,0 < i < n(r) (see (7.2)) and the
group B(r)/B(r_(r)) with the set 0; -, 7,0 < i < A(74(7)) — 1. Denote by w;; the value of the

character 7 0N 2, :

Ji(

wij ()| = HJH (zir), TEMR (7.5)

(complex conjugation is added for notational convenience in the calculations below). Orthogonality
of characters for finite groups in this case takes the following form:

n(r)—1 A7y (7)1
> wii(r@ir(r) = n(r)d;x  and > wi(r@r;(r) = a7y (7)) bk (7.6)
i=0 j=0

In other words, the square matrix w(r) = (w;;) satisfies the relations w(r)w*(r) = n(r)I, i.e., the
matrix n(r) ~"/?w(r) is unitary.

The dual plcture is analogous. We have (B(t)/B(r_(t )" B(7, (t%))/B(t%) (again see (5.56)
and (5.61)) and A(t) = n(ry (t1)). Identify the group B(t )/B(T_ (t)) with the set 6,0 < ¢ <
7(t) — 1 and the group B(7(t%))/B(t%) with the set z; (1), 0 <0 < n(y (%)) — 1. Letting

W;j(t) be the value of the character ; ; on the element 2; .4,

Wij(t) = 0i,t(2r, (1)), tER, (1.7)
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we obtain orthogonality relations

at)—1 n(ry (t9))—1
> @ji(t)ori(t) = A(t)d;,  and > @t)wk(t) = ne, (1) (7.8)
i=0 §=0

In other words, the 7(t) x7(t) matrix &(t) = (w;;(t)) satisfies the relations W(t)w(t)* = w(t)*w(t) =
7(t)I. Note also the following relations:

Ot) = w(ry ()" =w(r_ ()", teR

w(r) = D(rs (M) = e (M), ren,
obtained by combining (7.3)) and (7.7) with (5.61).

The Fourier transforms of the indicators of the balls are found in the following lemma.

Lemma 7.1. Let ®;(r),0 < i < n(r) —1and ®;(t),0 < i < i(t) — 1 be defined by [T2) and (T3),
respectively. Then

At)—1
X@i(r); €l =D > pralt, ))x[®(1); ) (7.9
tem J=1
where
0 ift > 7(7)
Prj(t, ) = Q p(B(1-(r))wij(r) ift = 74(7) (7.10)
u(B(1-(r))) ift<r,
and
n(r)—1
X[®;(t); 2] = Gu,j (r, D)X[@4(r); 2], (7.11)
reRm i=1
where
0 ifr > 1, (t%)
G, (r,i) = /l(f:f(f—(t)))@ji(t) ifr =7 (%) (7.12)
f(B(r-(t))) ifr <t

Proof : Using and (5.43), we obtain
X:():€) = [ E@IBr-(r) + 5 ialdula)
E(zi,r )X[B(T-(1)); €]

= u(B(7-(r)))€(zi, ) x[B(r— (1)) "3 €]
= p(B(1—(1)))€ (=i ) X[B(7+(r); €], (7.13)
where in the last step we also used (3.56) and (5.61). Now using partition (7.3)-(7.4), we can write
Ay (7)1 A ()1
XBr®):él= > X[B® - bir @il = D, x@iri()¢] (7.14)
i=0 i=0
and
A(t)—1
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Since B(7) = B(r)* (5.56), we immediately obtain that
g(zi,r) = ej,‘mr(?) (Zi,r) = Wij (T)v 6 S (i)'i(T-i- (’F))

and

(21 )X[Pi(74(7)); €] = wij (r)x[®i(74.(7)); €] (7.15)
In other words, the value of the character £(z; ,-) equals the constant w; ; (') on each coset &, (74 (7)).

Now the claimed expressions (7.9)-(7.10) follow on substituting (7.14) and (7.13) into (7.13).

Expressions (7.11])-(7.12) are obtained by analogous calculations. 1

Theorem 7.2. Partitions N and N of the groups X and X into balls defined in and are
spectrally dual. The spectral parameters py;(t,7),q: ;(r i), r € R, t € R,1<i< n(r),1 <
J < a(t) are given by (T.10), (712). These partitions are symmetric if and only if n(r) = 2 for
all r € R,r > 0 or equivalently, if and only if 2(t) = 2 forall t € ﬁ{,t > 0. In the particular
case isolated by these conditions, the partitions N and N coincide with the partitions into spheres
G.67).
Proof : We only need to prove the claims about symmetry. Let us introduce the following permuta-
tions on the sets of cosets z;,,1 < i < n(r) — 1,7 € R,r > 0and 0;(t),1 < j < n(t)—1,t €
ijfi,t >0:
i —zip =20, jo gl 05 =04 (7.16)
We obtain —®;(r) = @, (r) and &;(t) " = &0 (t).
Permutation ¢ — 4’ is an identity if and only if n(r) := |B(r)/B(7—(r))| = 2, and j — j" is an
identity if and only if 7u(t) := |B(t)/B(r_(t))| = 2. In these cases
w(B(m—(r))) = w(B(r)) — p(B(r-(r)))
i(B(7—(t))) = p(B(t)) — p(B(r-(1)))
and
wii(r) = —1, wi1(t) = —1.
Therefore in these cases expressions (7.10) and (7.12)) turn into (3.70) and (3.71), respectively. We
conclude that in these cases, partitions into balls (7-1)), (7.3) coincide with the partitions into spheres

557). 1

The coefficients p, ;(t,j) and g j(r, %) satisfy orthogonality relations (.23),(.26) which take
the following form:

A(t)—1
Z Z Priiy (tvj)pmﬂé (tv ])/l(cbj (t)) = 67“1,7“251'171'2”((1)1'1 (Tl)) (7.17)
teRk, J=1
n(t)—1
Z Z 4t 51 (T7 i)qw,b (7, i)u(q)i(r)) = Ot t2 5]‘1,3‘2,&((1)]‘1 (7“1)), (7.18)
r€Rg =1

where Rg = {r : u(®;(r)) > 0} € Rand Ry := {t : 4(P,(t)) > 0} C K. Note that u(P;(r))
and /i(®;(t)) do not depend on the values of 4 and j. Relations (7.17), (7-I8) in this case can be
established directly from (7:10), (7.12) using orthogonality of characters. This verification is much
simpler than the calculations for the case of partitions into spheres (cf. Lemma[5.9) and will be left
to the reader.

Now let us consider association schemes defined by the partitions (7.I) and (7.3). Our main
results about them are summarized as follows.
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Theorem 7.3. Let X be a zero-dimensional compact or locally compact Abelian group and let X
be its dual group. Let R = {R;,7 € R, 1 < i < n(r y—1}and R = {Rt])7t€9% 1<5<
7(t) — 1} be partitions of the sets of pairs whose blocks are given by

Ry ={(z,y) e X x X 12—y € ®y(r)} (7.19)
Rujy = {(¢,6) € X x X : 967 € &;(1)}. (7.20)

Then X = (X,u,R) and X = (X i, ) form a pair of mutually dual, nonmetric translation
association schemes in the sense of Def.[l| The spectral parameters of these schemes are given by
(7.10) and (T12) and their intersection numbers are as follows:

0 1fO <ri<ro<rg
p&:?:;?;}(rz’m = ,u(B(T_(r)))(Si'NS fO<ri<ro=rz=r (7.21)
w(B(m— ()05, #O<ri=ry=r3=r
0 sz <t <ty <tg
~(ts,] J :
P e = ABE—(0))dsay O <to =ty =t (7.22)
BT (1)) ;, f0<ti =ty =15 =t,

where 52’1-2 = Mz, + 2iy,r = Ziyr} and (573 = 1{0;, 0j,.+ = 0}, +}. The schemes X and X
are symmetric if and only if n(r) = 2 for all v 6 iﬁ r > 0 or equivalently, if and only if n(t) = 2
forallt € R,t > 0.

Proof: On account of Theorems [5.10] and [7.2] we only need to verify the expressions for the
intersection numbers. We begin with (:30), (£:52):

n(t)—1
73,7 1 . N 7 N NA/x
PUE) (o) = T O 2 Prais (b i) Praia (b ) Praia (6 1) (8) (7.23)
00 = Bl ) A 2
»” ) n(r)—1
p(tf:ﬁ) (t2, 32) M 7_ t3 29‘; Z; qt17]1 T, i Qtz ,J2 (T ’L)QtS,]B(’I" Z)M((I) (7“)) (724)
- TE o 1

Here we used the fact that p(®;(r)) = p(B(1_(r))), 1(®;(t)) = i(B(r_(t))) implied by (1),
(73). We will use these equalities in the form

w(@i(re(r) = p(B(r),  w(d;(74(r)) = A(B(1)). (7.25)

The following relations are obvious:

A(t)—1
oY wd) = aB(t), teR (726)
teRo:t<ty J=1
n(r)—1
S > w®i(r) = u(B(ro)), 1o € Ro. (7.27)

reRp:r<rg =1

The symmetry relations (2.11) have the form
HBT(ra)IP ) iy = B ()P (= p(B(r— (ra)D(2E) i)

D , A~ t N ,
ABT— ()BT (1) = MBI (U)BGET) (10 sy = MBI (L2D)BET) 1y 5o
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where the bijections i — ', j — j' are given in (7.16). Also, clearly,

(r3,i3) _(r3,43) . a(ta.gs) _ (ts,g3)
Piryin),(rasin) = Plrasin),(r1,in)? Plt1,51),(k2,52) = Plta,ga),(t1,51)°

Because of these symmetries, it suffices to compute the intersection numbers under the conditions
0<r1<ry<rz3 and 0<t <ty <t3.
Let us find the p’s; the corresponding calculations for the p’s are completely analogous. Consider

the following 3 cases:

(i) The largest radius is unique, i.e., 0 < 7r; < ry < r3;
(i) There are exactly two largest radii, i.e.,0 < ry <1y =r3 =71;
(iii) Allthe 3radiiareequal: 0 <7y =ro =13 =1

In the case (i) 73 < 72 < 71 (see (3.57)), so (7.10) implies that the summation in (7.23) extends to
the region 0 < ¢ < 74 (73) < 72 < 7. For such ¢ the coefficients p,, ;, (¢, j) and py, i, (¢, j) do not
depend on ¢. Therefore (7.23) takes the form

PBT- ()P iy = BT (1) u(B(r—(r2))) %1,

where we have denoted

a(t)—1

Y= Z Z Prs,is (tv])ﬂ((i)j(t))

0<t<7i(73) j=1

Using relations (7.10), (7.23), and (7.26)), we can write

Ay (73))—1 ) —1
D= u(Br- () ABFs) Y wialrs) + > @)}
j=1 0<t<rFs j=1
(T4 (73))—1

= u(B(r—(rs))(B(F3)) Y wigy(rs)
7=0

This exhausts the first case in (7.21).
In case (ii) the summation in (7.23) in effect is over the region 0 < t < 7 (7) < 71, and in this
region the coefficient p,, ;, (¢, 7) is independent of ¢. Therefore, (7.23) takes the form

p(Br- (M) oy = w(B(r—(r1)))Sa, (7.28)

where we have denoted

At)—1

So= > D pris(t )P (63)(@;(2)

0<t<r () =1
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As in the previous case, use (7.10), (7:23)), and (7.26)) to write

AT (7)1 At)—1
So = u(Br-M){ABE) Y wiy(r)wr () + (®;() }
j=1 0<t<7F j=1

. A7 (7)) -1
= u(Br—(M)A(B([F) Y wip(r)wi (1)

§=0

= u(B(7- (1)) B(F))id(74 (7)) i

= w(B(7- (1)) B(7+ (7)) i

= (B(7-(1)))dis 5, (7.29)

where we have used orthogonality of characters (7.6) and the following simple relations:

A(B(T))i(rs. (7)) = i(B(r4. (7))

p(B(r—(N)AB(rs (7)) = u(B(r— (1) B(r(r)) = 1.
Now the second expression in (7.21)) follows from and (7.28).

Finally, in case (iii) we have

‘ At)—1
HOBO (MDD iy = D D Prin (b )Pria (6 )iy (6 )5 (1))
teERy J=1
A (7)) -1
BN S ey oA ()
n(t)—1 .
£YS a0}
0<t<r j=1
@)
(B ABE) Y wig (i (g 0.
j=0

Now note that, from (7.3), the product w;, ;(r)w;, ;(r) is a character 6;

i () evaluated at z;, , +
zi, r- Therefore, invoking orthogonality, we obtain

A4 (7)) -1 ‘
> wiy()wiy (w5 () = AT (752,

Jj=0

Summarizing, we obtain

P iy = BB (- (1) BF))a(r (7)352
(B(r—(m))2a(B(r+(7)))02 .
(B(r—(r)))é2 .,

I
T T

The theorem is proved. I
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8. ADJACENCY ALGEBRAS (SCHUR RINGS)

In this section we develop a formal approach to adjacency algebras of association schemes on
zero-dimensional groups introduced earlier in this pape We study the case of compact groups in
detail and briefly describe modifications needed to cover the case of locally compact groups. Since
the association schemes have the translation property, i.e., are invariant under the group operation,
the function algebras that we consider are defined on the group X rather than on the Cartesian square
X x X. In algebraic combinatorics such algebras are known as S-rings or Schur rings [38]].

8-A. Compact groups. Let X be a compact infinite zero-dimensional Abelian group; accordingly,
the group X is discrete, countable, and periodic. As before, we assume that the Haar measures on
X and X are normalized by the conditions (X ) = i({1}) = 1.

8-A.1. Notation. Consider functions on X of the form

n(r)—1

F@)=>" > crix[®(r);al, (8.1)
reY =1
where the notation is defined in (5.60) and (6.13). These functions are well defined for any choice
of complex coefficients ¢, ;.

To describe the adjacency algebra 2((X') we will construct a linear space of functions that con-
tains all the finite sums of the form (8.1) which is closed with respect to the usual product and
convolution of functions. Clearly it is not enough to consider the space that contains only the finite
sums of the form (8.I): even though such a space is closed with respect to the usual product, it is not
closed under convolution. Indeed, the definition of intersection numbers in Lemma [.8] as well as
expressions (3.80), (7.21)) show that already the convolution of any two functions x[®;, (r1); z] and
X[®s, (r2);x], 71,72 € T is not a finite sum of the form (8.1)). Therefore, for the algebra to be well
defined, we need to enlarge the space of finite sums in order to have the needed closure property.
The key observation here is that the infinite sums involved in these expressions are of a very special
form.

We will need the following obvious formulas:

n(r)—1

>N x[@i(r)a]=1 forallz € X (8.2)
reY’ =1

n(r)—1 n(r)—1
SN x@itrsal=1- Y > x[®i(r)al, a€ Yo, (8.3)
0<r<a =1 a<r<r 1=1

where 7 is the maximum radius (5.38). Importantly, (8.3) enables us to transform infinite sums on
the left into finite sums.
Let us introduce some notation. Let us number the values of the radius » € T as follows:

T=T1>T2>1T3> ..., (8.4)

Note that this numbering is slightly different from the numbering used earlier. Number the radii
t € T as before:

{1}:t()<t1<t2<.... (8.5)

3¢f. the remark made in the end of Sect.
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Using this notation, the bijections (3.53) and the operations 7, 7_ take the following form:

F=tig, 1> 1, th=rkr1, k>0
T_(T'l) =Ti+1, l Z ]., T+(7‘l) =7r—1, l Z 2 (86)
T,(tk):tk,17k21, T+(tk):tk+17k20.

In particular, this implies that

(r) =7i(ti-)=t, 1>1

8.7
Te(th) =T (rern) =7, k> 1
Let
ao(z)|= x[B(F);z] =1 forallz € X 88)
(@)= x[@i(r);z], i=1,...,m =1, ny=n(r), I > 1.
Let[Albe the set of all functions of the form
n—1
f(x) = coap(x —|—ZZCMO¢“ xeX (8.9)
IEN i=1

where only finitely many coefficients ¢y, ¢; ; are nonzero. Clearly, A is a countably dimensional

complex linear space. Note that a function f € A can be written in the form (8:I), where the

coefficients ¢, ; in @) are independent of 7 and 4 as long as r < a for some radius a = a(f) € Y.
Dually, define

Bo(€) = x[B(0);¢],  B(0) = {1}

\ (8.10)
Bkvj(g) = X[(I)]<tk)7£]v .7 = 17' . 'aﬁk - 1, ’ﬁ’k = ﬁ(tk)vk 2 1

and denote by Aa countably dimensional complex vector space formed by all functions of the form

nE—1

9(&) = bBo(&) + D D chiBri(§), E€X, (8.11)

keN j=1

where only finitely many coefficients ¢y, ¢j, ; are nonzero.

8-A.2. Function algebras A and A. The goal of this section is to show that the sets .4 and A form
algebras (Schur rings) that are closed with respect to multiplication and convolution of functions. It
is exactly these algebras that should be considered as adjacency algebras of the translation schemes
R and R constructed in Sect. [7, Theorem Later in Sect. we also identify subalgebras
of these algebras that form adjacency algebras of the dual pairs of metric schemes constructed in
Section

The products of the basis functions satisfy the following obvious relations:

ap(x)ap(z) = ap(x), ao(z)ogi(x) = api(z) 8.12)
Al iq (56)011271‘2 (.’,E) = 511,12 5il,i2 Al iq (I)

and

Bo(§)Bo(§) = Bo(&), Bo(€)Br,;(&) = Br.;(§)

(8.13)
Bryjr (§)Bra.ja (§) = Oky o Oky i Bry g1 (€)-
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Proposition 8.1. The Fourier transforms of the basis functions (8.8) and (8:10) have the following

form:
fp—1

(&) = mi(0)Bo(§) + Y > milk, j)Bri (), 1> 1
keEN j=1
where we use the notation

m(0) =1, mo(k,j) =0, k=1,
i(0) = w(B(ri41)), 1 > 1,
ik, j) = p(B(riyr)) f1<k<l 1>1,
m,i(l,J) = p(B(rig1))wij(r), 1=1
(

mik,7)=0 ifk>1,1>1
(see also (1.9));
nlfl
Bl (@) = ki (0)ao() + > > wn il iona(x),
leN i=1

where we use the notation

X
=)
~—~

=)
=

—_

, ko(l,i)=0,1>1
0) = A(B(ty—1)), k> 1

i

ki (1i) = —(B(ty—1)) if 1<1<k k>1
i (
4

ki) = i(B(te-1))(@ji(te) — 1), k > 1
Li)=0,1>k k>1

(see also (T7)). Finally,
Gol6) = Bo(€),  Bi(x) = aole).

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)

Proof : Expression (8.14) is readily obtained from (8.8) on using (4.2) and (7.9)-(7.10). Turning to

(8:16), let us use and to write

nll

ﬁkg Z Z Gtyo,j (11, 4) i (2)

leN =1

n;—1 ngk—1
tk 1 |:Z Z (a7 z + Z d)ji(tk)akyi(x)}, k>1.

>k i=1 i=1
Now use (8:3) to transform the infinite series into a finite sum:

n;—1 k n;—1
Z Z agi(r)=1- Z Z ayi(z)
1>k =1 =1 =1

Substituting and using the notation in (8:17), we obtain (8.16). ¥

It is important to observe that the coefficients in (§.13) and form triangular arrays:

mo(k,j) =0 ifk > 1; Ko(l,d) =0  ifl>1,
ik, ) =0 ifk>11>1  ru(li)=0 ifk<l, 1>1.

(8.19)

Our choice of the basis functions in (§:8) is determined precisely by these properties. Namely, we
have shown that the Fourier transforms interchange functions of the form (8:9) and functions of the
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form (8:11). Recall that only a finite number of coefficients is nonzero in the definitions (8.9) and
(8:11). We conclude as follows.
Proposition 8.2.

FYA=A, FiAd=A (8.20)
The function spaces A and A are commutative algebras closed with respect to multiplication and

convolution.

Proof : The closedness with respect to multiplication is obvious, and the closedness under convolu-

tion follows from (@.6)-@.7). 1

In the next proposition we explicitly compute convolutions of functions in .4 and A

Proposition 8.3. We have

nll

0 L,i
Qy iy * QU iy (T) = ngl),zl) i) )+ Z Z (lh)“ 1y i) 0 (T), (8.21)
leN =1

where

min{l,l2} Ap—1

0 . .
Wéll)_i1)7(lz,i2) = Tl i (O)ﬂ-lz,iz (O) + Z Z Ty ,ix (k’j)ﬂ-l27i2 (kaj)"fk,j (0) (8.22)
k=1  j=1

min{ll,lg} T —1

1,3 . . .
T iy = D D i ()1 i U )ik (1) (8.23)
=l =1
nE—1
(0
/Bklajl * 6/€27j2 (5) (kth) (kz,jQ) + Z Z kh]l (k,27j2)ﬁk7j(£) (824)
keN j=1

where

0
Ek)l 1), (kzdz) Kk1,1 (O)’ih \J2 (O)

max{ki,k2} n;—1

+ Z Z {"{khjl (lvi) + Kka,jo (Z’Z) + Kk (lvi)ﬁkmjz (l,’i)}ﬂ'u(()) (8.25)
1=1 i=1
max{kl,kQ} n;—1
k . ) . . .
Eklj,;l) (ka,j2) "= Z Z {Hkhjl (L,1) + Kks,ja (l,l) + Kk (lvl)ﬁkzdz(hZ)}ﬂ-l,i(kaj)'
1=k i=1
(8.26)
Finally,
ap * ap(x) = wggg (O)Oéo(l‘), ap * oy (x) = 77283 (l Z.)ao(gc) (8.27)
Bo # Bo(€) = ko) 0y Bo(€)s  Bo* Bi 3 (€) = ki) o1 i (€) (8.28)
where
0y _
_(0) <0)7T 00 =
(0) (i) = = ’/T(l ),(0) = ,L,L(B(T'l+1)) [>1 (829)
() (0 g
K(0), (k) = Bk)y(0) = AB(Ee-1)), k2 1
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For completeness, we also put

©
(1.) (’;(-?)’(O) -

7(T<o'>),<zl,i1> = ”((ziv;&),(m =0,1>1,1; >1 (8.30)
k,j (kg .

B0}, (k1) = Bk, 0) = O B = Lk 21

Proof : Let us compute the convolution oy, ;, * a, ;,. Using (8.14), (8:13), we obtain
fp—1

A, i, (£)32(8) = 71,1, (0)71,.5,(0)B0(€) + > > Ty (b, 5)1g 30 (ks ) B (€).

kEN j=1

Computing the Fourier transforms on both sides of this equality and using (8:16) and ([§:I8), we
obtain

np—1

ALy ip * Ay i (J?) = Ty iy (0)71'1271‘2 (O)OZO('I) + Z Z Ty kq (k"j)ﬂ'lz,’i;} (kh])
keN j—1

n;—1

x {nk,j(o)oz(:zz) + Z Z Hk,j(l,i)al,i(x)}

leN =1

Note that the sums in this expression are finite because of the conditions (8.19). Interchanging the
order of summation, simplifying, and using notation (8:22))-(8:23)), we obtain (8:21). The summation

range in (8:22)), (8:23) follows upon invoking again (8:19).

To prove (8.24), start with (8:16) and compute

6210'16/327]& = Kk (O)szyjz (0)040(33)
nlfl

+ Z Z {K/kl’jl (1,4) + Kks,j2 (1,4) + Kk1,j1 (lvi)'%km]é (l,i)}am'(l‘). (8.31)

leN i=1
Computing the Fourier transform on both sides of this equality and using (8:14), (8:18), we obtain

By * Brajs (§) = Fky gy (0)Kky 5, (0) Bo(§)

n;—1

+ Z Z {Hklvjl (L,4) + Kks,j2 (,9) + Kk1,51 (1, i)ﬁkmjz (1, Z)}
leN =1
hatng—1
< {mi0B©+> D malk, DB}
keEN j=1

The sums in this expression are again finite because of (6.9), so we can interchange the order of
summation. Simplifying, we obtain (8:24).
Finally, expressions (8.27), (8:23), (8:29), (8:30) are verified directly. I

Note that the coefficients (8:23) also form a triangular array:

(1,9) 0 ifl > min{ly,l}.

W(117i1),(12,i2) -
Using (8-13) and (8.19), it is possible to express them via the measures (B (r)) and /i(B(r)) and the
characters w;; (1), @;;(r), but the resulting expressions are too cumbersome to write out explicitly.

Expressions (8.22)), (8:23), and (8:29) give a complete set of coefficients for computing the con-
volution of any two functions from the set {c, o,;,{ € N} and therefore of any two functions in
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the algebra A. The same is true with respect to the expressions (8:23)), (8:26), and (8:30) and the
functions from the algebra A.

8-A.3. Adjacency algebras. Here we show that the algebras .4 and A introduced above can be
viewed as adjacency algebras of association schemes constructed in Theorem[7.3] Let A,,,, m € Ny
be the set of all functions of the form (8.9) such that ¢;; = 0 for [ > m. Clearly A,, is a vector
space of dimension

dim Ay, =14 (n(r) —1), m>1,
=1
where n(r) is defined in (5.60). For m = 0, Ay = Constx is the one-dimensional space of constant
functions on X. It is easy to see that

Ay C A C Ay C--- C A, (8.32)
and
A= U A (8.33)
meENg

Analogously, denote by A,,,m € Ny the set of all functions of the form (8.TT) such that ;=0

~

for k > m. Clearly, A,, is a vector space of dimension
dim A, =1+ Y (a(r) —1), m>1,
1=1

and .Zo is a one-dimensional space of functions {3y (§) supported on the unit element of the group
X. The following embedding is easy to see:

Ay C A CAyC oo C A, (8.34)
and N R
A= An. (8.35)
m&ENy

Expressions (832), (833) and (8:34), (8:33)) support the view of A and A as countably dimensional
algebras graded by finite-dimensional algebras A,,, A,,, m € Ny. Essentially, the algebras .4 and
A are inductive (direct) limits of the subalgebras A,,, A, :

A=lmA,,  A=lmA,.

The grading (8:32) define a natural topology on A and A, namely, a sequence of functions fi,J €
N converges to a function f if for all sufficiently large j, the functions f; are contained in some
subalgebra A,,, in which the convergence is defined by a usual topology of a finite-dimensional

space. A similar remark applies to A and the grading (8:34). Clearly, in this topology, .4 and A are
closed spaces.
Using (8:6) and the correspondence (5.62)), it is easy to check that

dim A, = dim.ﬁm7 m € Ng,

so the vector spaces A,, and A,, are isomorphic. However, much more is true, namely that the
isomorphism is given by the Fourier transforms (@.2)) and @3).

Lemma 8.4. (a) Forallm > 0,
F¥Am = Ay Fily = Ap. (8.36)

(b) The spaces A, and uzl\m are closed with respect to multiplication and convolution of functions.
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Proof : (a) Using (8.14) and the conditions (8.19), we conclude that the Fourier transform of the
basis functions g, aq,;,{ < m of the space .A,, expands into a linear combination of the basis

functions By, Bk, ;, k < m of the space flm, which establishes the first relation in (8.36). Likewise,
(8.16]) and (8.19) imply the second relation. 1

Thus, we have proved that A,,, and A,,, are function algebras closed with respect to multiplication
and convolution. These algebras are dual of each other in the sense that the Fourier transform
exchanges the convolution and multiplication operations. Next we argue that 4, and A,,,m > 0

can be considered as adjacency algebras of finite translation schemes X' (") and XM constructed
as follows. Consider the following pair of dual finite Abelian groups:

X0 = X/B(rms1), X = B(rmy1)t = Blty,). (8.37)
The finite partitions of the group X (™) into balls
B(rmt1), ®i(ry), i=1,...,n,l=1,...;m
and of the group X (™) into balls
B(0), ®;(ty), 5=1,...,nk,k=1,....m

(see (7.2 . and (8.10)) are spectrally dual. By Theorem [7.3] (see also [57]]) these partitions
give rise to mutually dual translation association schemes X (™) and X' (™) with dim Am = dlmA
classes. The incidence matrices of these schemes are given by

Aém) =[x[B(rmsy1);z—yl] =1
Al(,T) = [ x[®:i(r);z—y]], z,yeX™

and

By = [x[BO) o] =1
B = [ x[®;(t); 6671 T, ¢, € X,

respectively.

It is now clear that upon identifying the elements Sy, 55 ; in (8.10) with the matrices B( ™ B

k,j >
we obtain an isomorphism between .ﬁm and the adjacency algebra of the scheme X(m)_ The iso-
morphism between A,, and the adjacency algebra of the scheme X' (") can be established in the
same way. However, for reasons that are made clear below we opt for a slightly different mapping.
Namely, let identify the elements ¢y ; in (@ with the matrices Az(,T)' At the same time, the element

(m

«y 18 identified not with A ) but rather with the all-one matrix

m n;—1
oA 3T
I=1 i=1
(cf. 2.I)). This identification maps the basis (ag, o ;) of A,, to the basis (Jm), Az(j?)) of x(m),
establishing the claimed isomorphism.

Theorem 8.5. The algebra A,, ( le\m ) is isomorphic to the adjacency algebra of the scheme X (™)
(resp., X(m)).

The reasons for choosing the basis (.J(™), Al(m)) rather than the standard basis (A", Al(:n))
are related to the fact that for an infinite uncountable group X, the standard basis “degenerates” a
m — oo because the measure of the ball p(B(7,+1)) — 0 as m — oco. This implies that A((J ™) 0
in Lo (X (m)) as m — oo. At the same time, using our choice of the basis, transition to the limit is
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easily accomplished in terms of the graded algebras (8.32). For instance, in the limit, the matrices
A(()m) turn into the operator with the kernel x[B(0); x—y], but this indicator function is not contained
in A because

n;—1

X[B(0);z] = ao(a) = > > i)

leN =1

but the algebra A contains only finite linear combinations of the basis elements g, o ;. Essentially,
the contents of this section deals with careful formalization of these key observations.

To conclude, let X' and X be a pair of mutually dual association schemes defined on a zero-
dimensional compact group X and its dual group X using construction of Theorem Then
the algebras A and A defined in (89) and (B:TT)), respectively, should be viewed as the adjacency
algebras of these schemesﬂ

8-A.4. Adjacency algebras of metric schemes on groups. In addition to numerous finite- dimensional
subalgebras the algebras Aand A contain mutually dual, countably dimensional subalgebras | c
Aand AP A related to the spectrally dual partitions of the groups X and X into spheres con-
structed in Section[5-B] Thm.[5.8] In this section we identify these subagebras as adjacency algebras
of the association schemes related these partitions (see Theorem [5.10).

Let

nlfl

o) = Z ai(x) =x[S(r);x], 1>1,

i=1

(cf. (5.63), (6.16), (8-8)) and denote by APY the set of all functions f : X — C of the form

f(@) = coan(z) + > crou(a (8.38)

LEN
where only finitely many coefficients ¢y, ¢; are nonzero.
Similarly, let

nE—1

= Z Brej(€) = x[S(te); €], k>1

and denote by A6 the set of all functions g: X — C of the form

(&) = chBo(&) + Y ciBi(©), (8.39)

keN

where only finitely many coefficients c, ¢}, are nonzero.

Denote by AP m € N the set of all functions of the form (8:38) such that ¢; = 0 for I > m
and use the notation A" m € Ny to refer to the set of functions of the form (839) such that
¢, =0ifk >m.

“4We do not state this and similar later results as theorems because the adjacency algebras of general infinite association
schemes have not been formally defined.
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It is obvious that A®PY and APV are countably dimensional vector spaces and AP Gsph)
and ,Aff;ph) c AP are finite-dimensional subspaces of dimension m + 1. Moreover, we have

ASPR o AP0 = ASPM = Lo AGeb)

Ao — AP
et 8.40
ASPD AP o g6 Lo f b (840

Ao = ) A,

meN

Lemma 8.6. The Fourier transforms on the spaces considered satisfy the following relations anal-

ogous to (8:20) and (8:36):

F~ Alrh) — A(sph)’ Fh Asph — A(sph)

A A 8.41
FAGR = ALpW - AN = AR, ®4D

Proof: (outline) Relations are proved by a direct computation using (8.14)), in order
to compute the Fourier transforms of the basis functions «; and fy, taking account of the orthog-
onality relations of the characters w;;(r) and @;;(t) (7.6), (7.8). Another option is to use directly
expressions for the Fourier transforms of the indicator functions of spheres S(r) and S (r) given in
Lemma[5.7, Equation needed to transform infinite sums of indicators into finite ones in this
case takes the following form:

k

SOXIS(r)al =1=) x[S(r); ].

I>k =1
Details can be left to the interested reader.

Since each of the spaces APD A (sph)_ AS%"‘), A,(,Slph), m € Ny is closed under the usual multiplica-
tion of functions, these relations imply that these spaces are also closed with respect to convolution.
Thus, AP, AP AP 26PN = Ny ara algebras of functions closed with respect to both
multiplication and convolution. By (8:40) the countably dimensional algebras AP and A6 are
graded by the finite-dimensional subalgebras A%ph), m € Ny and /T,siph), m € Ny. It is easy to check
that the algebras ASP and A are isomorphic to the adjacency algebras of association schemes
constructed from partitions of the finite Abelian groups following Theorem [5.10]

This enables one to state the main result of this section. Let X be a compact zero-dimensional
Abelian group, let X be its dual group, and let X' and X be metric schemes introduced in Sect.
Theorem Then the algebras A" and A6 should be viewed as the adjacency algebras of
these schemes.

8-B. Locally compact groups. Let us discuss changes in the construction of adjacency algebras
needed to cover the case of locally compact groups. Here we confine ourselves to brief remarks. Let
X be a locally compact uncountable zero-dimensional group, and let the topology on X be defined
by the chain of nested balls B(r),r € Y. The dual group X is also locally compact uncountable and
zero-dimensional, with topology defined by the chain of nested balls B (t),t € T.

Consider the spectrally dual partitions and of X and X into balls ®;(r) and ®;(r) and
the corresponding mutually dual association schemes R and R constructed in Theorem The
adjacency algebras of these schemes can be described as follows.
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Let us number the radii » € Ry in the descending order and the radii ¢ € Ry in the ascending
order:
O< - <m<rm<rp<r1<ro<...
O0< - <to<t1 <tg<t1 <ty <....

Choose 7 and to so that B(ro)* = B(t), i.e
770 = to, t(h) =T0.

Then B(rm)t = B(t,,) and

Tm = tm, tEn =r, forallmeZ,

see (5.55), (5.56).

ao(x) = x[B(ro); ],
ai(x) = x[®i(r); 2], i=1,...,n—1,n; =n(r),l €L

Denote by A the set of all functions f : X — C of the form

n;—1

f(z) = coao () + Z Z crion,i (8.42)

leZ i=1

where only finitely many coefficients cy, ¢;,; are nonzero.
Likewise, let

Bo(€) = x[B(to); €]
Bri(€) = x[®;(tr):€], j=1,...,0p — 1w =n(ty),k €Z

and denote by A the set of all functions g: X — C of the form

fp—1

9(8) = chBo(&) + D D chiBril (8.43)
keZ j=1
where only finitely many coefficients cg, 027 ; are nonzero.

Itis clear that A and A are countably dimensional vector spaces. The following lemma is verified
by direct computation.

Lemma8.7. 7~ A= Aand F°A = A.

To prove this is suffices to use expressions (5.63) for the Fourier transforms of the indicator
functions of the balls B(rq), B(to) and expressions and for the Fourier transforms of
the indicator functions of the balls ®;(r;), ®;(t;). Infinite sums of indicator functions in this case
are transformed into finite sums using the following relations:

n;—1

Yo o x@ = x[B(ro); 7]

>0 i=1
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implying
nl—l nl—l
Z Z X[®i(r1); 2] = x[B(ro); ] — x[®i(r1);z] fork >0
I>k i=1 0<I<k i=1
’I’Llfl ’I’Llfl
Z Z X[®i(r); z] = x[B(ro); z] + X[®;i(r);z] fork < 0.
I>k i=1 k<I<0 i=1
Similarly,
fp—1
xX[®;(tr); €] = x[B(to; €]
k<0 j=1
implying
n;—1 n;—1
DY X(®;(t); €] = x[B(to; €] + X[®;(te;€¢] forl <0
k<l j=1 1<k<0 j=1
n;—1 n;—1
D> X[®;(tk); €] = X[B(to; €] — X[®;(tx; €] forl > 0.
k<l j=1 0<k<l j=1

The spaces A and A are closed with respect to the usual product of functions, and therefore, by
the previous lemma, are also closed with respect to convolutions.

The main result of this section is stated as follows. Let X and X be a pair of mutually dual locally
compact uncountable zero-dimensional Abelian groups and let X’ and X be the association schemes
constructed in Theorem The function algebras A and A should be viewed as the adjacency
algebras of these schemes.

Note that the algebras .4 and A can also be graded by finite-dimensional subalgebras. For in-
stance, it is sufficient to introduce subalgebras A,,,m € Ny formed of the functions (8.42) with
coefficients ¢;; = 0 for |I| > m and subalgebras ./Zm, m € Ny formed of the functions with
coefficients C;c, ; = 0for |k| > m. We do not go into further details here, hoping to cover this range
of questions in a separate publication.

9. EIGENVALUES AND HARMONIC ANALYSIS

One of the first questions that arise in the study of a new class of association schemes is whether
these schemes are polynomial, i.e., whether the first and the second eigenvalues (2.3)), (2.4) coincide
with values of some orthogonal polynomials of one discrete variable. In particular, a finite scheme
is metric (i.e., a distance-regular graph) if and only if it is P-polynomial. The )-polynomiality
property is much more intricate and is discussed in detail in [2] as well as in a large number of
more recent papers. The theory of orthogonal polynomials provides tools for a detailed study of
polynomial schemes such as the classical Hamming and Johnson schemes in coding theory [12} 2,
13]].

Turning to the case of schemes on zero-dimensional groups, we have observed in Sect. [6-B] that
they cannot be polynomial because even their finite subschemes on Abelian groups with a non-
Archimedean metric are not polynomial. At the same time, the eigenvalues satisfy orthogonality
relations @.23), {@.26), and therefore we are faced with the question of characterizing the class of
orthogonal functions whose evaluations coincide with the eigenvalues. In this section we show that
eigenvalues of the metric schemes defined in Sections and [6| have a natural interpretation in the
framework of basic harmonic analysis, more specifically, the Littlewood-Paley theory, and outline
its link with the theory of martingales.
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In order to study p- and g-coefficients of nonmetric schemes constructed by partitioning the
groups into balls, see Sect. [/} we introduce a new class of orthogonal systems of functions, calling
them Haar-like bases. These systems have all the remarkable properties of wavelets, except that
generally they are not self-similar. Self-similarity is preserved only for special zero-dimensional
groups with self-similar chains of nested subgroups, in which case the bases that we define coincide
with piecewise constant wavelets.

Of course, our paper is not a specialized study in harmonic analysis, so we do not discuss a
number of important questions related to the function systems. In particular, we study the p- and
g-coefficients in the Hilbert space Ly, while possible generalization to the spaces Ly, 1 < a < 0o
is mentioned only very briefly.

9-A. Eigenvalues of metric schemes and Littlewood-Paley theory. We use the notation of Sec-
tion [} starting with the zero-dimensional topological Abelian group X. We also identify the sub-
groups X; € X in the chains (5.I) and (5.22) with the metric balls in the corresponding non-
Archimedean metric, see (5.48), (5.49). We have

B(Tl) CB(T‘Q), ry <rg, 1,72 € Yo

mreTO B(T) = {0}7 UreTo B(T) =X,
where Yo = {r : u(B(r)) > 0}. The set Ty is at most countable and can have only one accumu-
lation point = 0. The quotient groups B(r3)/B(r1),m1 < ro are finite, and the group X/B(r)

is finite if X is compact and is countable and discrete if X is locally compact. Analogous notation
from Sectionis used for the dual group X.

9.1)

9-A.1. Littlewood-Paley theory. Forevery r € T define a partition of the group X into balls B(r):
K(r)={B(r)+z,2¢€ X/B(r)} 9.2)

(cf. (5.2) and (5.29)). The nesting (0.1)) implies that for 71 < ry the partition K (r) is a refinement
of the partition K (r3). In this case we write K(r1) < K(rg),r1 < ro. Our general idea in this
section is to study nested chains of functional spaces formed by functions constant on the partitions
of the form (9.2)).

Let f be a locally summable function X. Consider its approximation[£,. f|by a function piecewise
constant on the partition (9.2)):

£0@ = pBO) " [ fnty) v BO) ©3)
r)+z
This expression can be written as an integral operator
&t = [ &) )duty) ©0.4)
with kernel
E(x,y) = u(Bm)™" Y x[B(r) + zalx([B(r) + 2y 9.5)
z€X/B(r)

Lemma 9.1. Operator &, is a convolution

£.1(2) = w(B(r))™" / B2 — 91 (4)du(y) ©.6)
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Proof : Since K (r) is a partition of X into cosets of the subgroup B(r), for a giveny € B(r) + z
for some z € X/B(r) we have x — y € B(r) if and only if z € B(r) + z for the same z. This
means thaf)

X[B(r)z =yl = Y X[B(r)+zalx[B(r) + 2y ©.7)

z€X/B(r)

Replacing the right-hand side of with x[B(r); x —y], we obtain the claimed expression. Finally
note that the series and integrals are well defined because K (r) is a partition into compact subsets
of finite measure. 1

Remark: Equation will be useful on its own in our definition of Haar-like wavelets on
zero-dimensional groups in Sect. [9-B]below.
Expression implies the following important martingale property of the approximations &, :

67“1 57“2 = gmax{rl,rz} . 9.8)
In particular, the mappings &,, and &,, commute for all 1,72 € T and are idempotent:

Er &y = EryErr, EX =6,

T

We have defined the mappings &, € T on the class of all locally summable functions. Now
consider them as operators in the space L, (X),1 < a < co. The Young inequality implies
that in this space the operators &,,7 € Y are linear and bounded. The operators &, are projectors
on the space L, [K (r)] C L, (X) of functions piecewise constant on the partition K (r) :

LK) ={g € La(X) i gle) = > ex[B() + 24l 9.9)
z€X/B(r)

where ¢, € C and the L,-norm of g € L,, is defined by the expression

lalo = (B Y lel?) "

z€X/B(r)

In the Hilbert space Lo(X) the operators &, are orthogonal projectors on the subspace Lo K (7)].

Properties of the spaces L.,.
(i) On account of (9.8), the spaces L, [K (r)],r € T form a chain of nested subspaces, viz.

EQ[K(T1>] D) CQ[K(’I‘Q)] if ry < ro. (9.10)
(ii)
() LalK(r)] =

reYo
Here Constx denotes a one-dimensional space of functions constant on X. Indeed, functions con-
tained in all the spaces L, [K (r)],7 € Tg are necessarily identically constant on X, but such func-
tions are in L, only if X is compact.
(iii) The Banach spaces L, (X),1 < o < oo are separable, and the union of spaces (9.9) is dense
in each of them: namely,

{ConstX if X compact ©.11)

{0} if X is locally compact.

U LalK(r)] = La(X). (9.12)
reYy
where the overbar means closure. This follows from our assumptions of X being a second-countable
space whose topology is given by the chain of nested subgroups (see [1], Ch.2 for details).

SEq. (9.7) will be useful on its own in our calculations for nonmetric schemes in the next section.
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Lemma 9.2. (a) The operators &, strongly converge to identity as r — 0, ie., for any function
feLy(X),l1<a<o

Ef—f ifr—0
in the metric of Lo (X).

(b) If X is compact, then E: is a projector in L,(X) on Constx. If X is locally compact and

7 = oo (see (5.58)), then the operators &, strongly converge to 0 in Lo (X), i.e., for any function
feL,(X)l<a<o

Ef—=0 ifr— o

(here it is essential that o > 1).

Proof : (a) All the operators &, € T are uniformly bounded, so it suffices to prove convergence
on a dense subset in L, (X). Let f € L[K(ro)], then (9.8) implies that &, f = f for all r < 7o,
which together with (9:12)) proves the convergence. If X is discrete, then 7 = 0 € T, and we can
simply write & = I.

(b) The first claim is obvious since ¥ < oo. Turning the second claim, it also suffices to prove it
on a dense subset of functions in L, (X ). Consider the set of functions on X with compact support.
Suppose that a function f € L, (X) is supported on a ball B(rg) of some radius rq, then for r > 7

Eq. (0.3) implies
W(BE) [ fwdut) it e BO)
B(ro)
0 ifx & B(r).
At the same time, using Holder’s inequality, we obtain
_1
[ st < u(B0)E ]
B(ro)
The last two equations imply that
M(B(ro))f*E

L S )

if  — oo and a > 1. The lemma is proved. 1

5rf(x) =

—0

The next definition is important for our goal of characterizing the eigenvalues of the scheme X'
Consider the “increment” of the operator £, when the value of the radius changes from r to the next
value:

Ap=& =& ), 1TETH (9.13)
(cf. (3:39)). If X is compact, and = 7, then define A; = &-. Another way to write A, follows if
in (9.13) we take into account (9.4)-(9.3): we see that it is an integral operator

Bof@) = [ Ao fu)duty) ©.14
with kernel A,.(z,y) = A.(z — y), where
Ar(2) = u(B(r)"'X[B(r); 2] = p(B(r4 (1))~ x[B(4.(r)); 2]. (9.15)

Importantly, the kernels A,.(z, y) are real symmetric.
Since Lo[K (74 (r))] C L2[K (r)], we can write

Lo[K(r)] = Lo[K(74(r))] © Wh, (9.16)
where W, is the orthogonal complement of Lo[K (74 (r))] in Lo[K (7)].



66 A. BARG AND M. SKRIGANOV

Lemma 9.3. (a) The operators A, are commuting orthogonal projectors from Lo(X) to W,., and
Av&r iy =0, reT 9.17)

(b) The operators A,.,r € Y form a complete system of orthogonal projectors, i.e., any function
f € Lo(X) can be written as

f=> A, 9.18)

reYy
where the equality is understood in the Lo sense.

Proof : (a) First we prove that the A,. are pairwise orthogonal idempotents:
Ar Ay, =0y Ay (9.19)
Suppose that r; = 75 = r, then using (9-8)) we find
A2 =& + Eritr) = 2608 (r) = Er — Er () = A
Now suppose that r; < 73, then

Am ATQ = 57’1 57”2 57’1 €T+ (r2) — ETQ + gTJr(”)ST
—&, -6,

+(r2)
=&y + & (ry) = 0.

Relation (9:17) is proved analogously to the above calculation. Of course, in the compact case we
must put €. () = 0 by definition.

Since the operators A, are obviously self-adjoint, this implies that they are (commuting) orthog-
onal projectors, and implies that the range of A, is W,.

(b) Let us start with the compact case. Let us number the radii in Y in decreasing order: 7 =
ro > r1 > .... Consider the finite sum

3 Arjf:(emz =& ))f o f i, 0

0<y<J

Erv(

+(r1)

1 (r2) +(r2) =

where the convergence follows from Lemma[9.2a).
Now let X be locally compact. Again number the radii in decreasing order: ...7; > r;j 41 > ...,
and note that lim;_, 7; = 0 and lim;_,_, 7; = oo. Consider the finite sum

S ArjfZ(i(&i—&m))f & F+E [ f

J1<j<J2 i=J2
where the convergence for r, — 0 and r,, — oo is implied by Lemma@ The lemma is proved.
[ |

Formula (9:18) is known as the Littlewood-Paley expansion, and the collection of functions (9:13)
forms the Littlewod-Paley basis of wavelets [11} p.115].
From part (a) of Lemma[9.3| we conclude (by the Pythagorean theorem) that

> A5 = 11115 (9:20)
reYo
For f € Lo(X) define a quadratic function
saf@) = (Y 18", ©:21)
reYy

so that
1Safll2 = [Ifll2- (9.22)
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Observe that the sum of the series in (9.21)) is well defined because the terms are nonnegative. Of
course, it can be infinite, but the last equality shows that it is finite almost everywhere on X.

While the above results are very simple, one of the basic facts of harmonic analysis asserts that
the Littlewood-Paley expansion (9.18)) is preserved if the Hilbert space L2(X) is replaced with a
Banach space L,(X),1 < a < oo (the condition & > 1 is important here). Namely, for any
function f € L,(X),1 < o < 0o we have the Littlewood-Paley inequality

cr(@)[Saflla < [[flla < c2(@)[[Saflla; (9.23)

where ¢;(«), ca(«) are positive constant that do not depend on f. This inequality goes back to a
1932 work of Paley [41] where it was proved for the zero-dimensional dyadic group. This result
was later generalized to large classes of topological Abelian groups. A detailed exposition of the
Littlewood-Paley theory as well as relevant references are found in the monograph [18].

These considerations take us to the main result of this section, a characterization of the eigenval-
ues of metric schemes on zero-dimensional groups.

Theorem 9.4. Consider a metric scheme X = (X, u, R) on a zero-dimensional group X defined in
Theorem|[5.10\and let g, (a),a € Y be the second eigenvalues of X; see @38) and (5.T1). Suppose

that (x,y) € R4, a € Yg. Then the kernel of the projector A,.,r € Y can be written as
A1‘(‘T7 y) = QF(CL)7 (924)
where T is the “dual” radius defined in (5.56)).

Proof : As established in (9.6) and (9.14)-(9.13), the &, and A, are convolution operators. Recalling
the Fourier transform expression for the ball (and (@.9)), we obtain

E-F(€) = n(B(r) 'X[B(r): () = X[B[): €] (9)
and thus, o N N
A, F(€) = (XIBE): €] = XIB(r—(7): €]) F(&) = XIS (): €1 (©). 9:25)

Recall that B(-) and S(-) are balls and spheres in the dual group X and note the use of (5.61) and
Lemma([5.7] Now compute the inverse Fourier transform (.3)) of the right-hand side of (9.25) and
use (9.14) to claim that

A(z,y) = /X £ — 9IS EldaE) = X (S z — ). (9.26)

The right-hand side of the last expression is familiar from Section where it arises in studying
partition of X into spheres. In particular, from we obtain the following expression:

An(z,y) = grla)x[S(a);z — y).
a€eY
Of course, there is only one value of a for which the term on the right is nonzero, namely the one
with x — y € S(a), i.e., such that (z,y) € R,. 1

9-A.2. Metric schemes and martingales. Considerations of the previous section permit a useful
reformulation in terms of martingale theory. We digress briefly from the main subject of the paper
to discuss this topic. Note that the connection between the theory developed above and martingales
is apparent already from expressions like (9.4) and related nested partitions (more on this below).
Martingale extensions of the Littlewood-Paley theory are associated primarily with the work of
Burkholder ([8, 9]]) and are discussed in [[18, Ch. 5]. See also [10, Ch. 11] as well as the survey [42]]
which offers several different perspectives of martingale theory.
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Let X be a compact group and let the radii of the balls (nested subgroups) be numbered in
decreasing order: ¥ = rg > 7r; > 712 > .... Suppose that the Haar measure is normalized by
the condition p(X) = 1. Let us view (X, 1) as a probability space equipped with a filtration of
increasingly refined partitions K; = K (r;),j € Ny (see (9.2)):

Ko< K1 < Ko,.... 9.27)
Let us write &; instead of &,,, then the martingale property takes the form
Ei iy = Eminly ga} - (9.28)

Let f : X — C be a measurable function (a random variable). The expectation of f equals

Jo = Eof = /X f(@)du(x)

and its conditional expectation with respect to the o-algebra generated by the blocks of the partition
K is precisely

fj = 5jf, jeN.
By (9.28) the random variables f;,7 € N have the property

Eifi=f; ifi>j; (9.29)
in particular,

Eifiv1 =15, J€No. (9.30)

A sequence of random variables f = (fo, f1, fa,...) is called a martingale on X with respect to
the filtration (9.27) if it satisfies the following conditions:

(i) for each j € Ny the random variable f; is measurable with respect to K, i.e., f; is constant on
the blocks of the partition;
(ii) the random variables f; satisfy condition (9.30),

If the sequence (f;) is generated by a single function, it is called a Doob martingale (also called a
Lévy martingale). It is precisely Doob martingales that we were considering earlier in this paper,
calling them piecewise constant functions.

For an arbitrary martingale on X define a martingale difference sequence:

Afo=fo, Afj=fi—fi-1, JEN 9.31)

and a sequence of quadratic variations:

J
[fls =D _IAf%, jeN,. 9.32)
=0

Assume for simplicity that the random variables f; are real-valued and A fy = fy = 0.

Lemma 9.5. The martingale differences are uncorrelated, i.e.,

EAfiAf; =0, i#]
and

Eo(Af;)? =Eof — Eofj-

Proof : Let g be an arbitrary function on X and let f be a function piecewise constant on the blocks
of the partition K;. Then
By the martingale property,

Eo = &€, i€ Np. (9.34)
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Using (9:31), we find
EoAfiAf; = Eofifj — Eofifi—1 — Eoficrfj +Eofio1fi-1 (9.35)
Suppose that 7 > j. Using (9.29) together with (9:33) and (9:34), we find
Eofifi = E&ifif; — Eofi€ifi = Eof}
Eofifi-1=E&j-1fifi—1 =Eofj—1Ei1fi=Ef]
Eofim1fi = Eo&jfim1fi = Eofi€ifim1 = Eof}
Eofim1fi—1 = &1 fimifi1 =Eofi1Ei—1fici = Ef] .

Inserting these formulas into (9.35), we obtain the first part of the Lemma.
The second part is proved analogously. We have

Eo(Af)? =& f} —280fifi-1+EfF (9.36)
Using the martingale property, we find

Eofjfi—1 = &1 fjfi—1=Eofj—1€j-1f; = 50fj2_1~
Using this in (9:36), we obtain the second claim of the lemma. 1
Summing equations (9.32) on j = 0, 1,..., J, we obtain
&olfls =&f7, J €No. (9.37)

Letting f to be a Doob martingale and setting J — oo, we obtain relations (9.20) and (9.22)) derived
earlier using a different language.

The Littlewood-Paley inequality (9.23) also has an analog in martingale theory. Suppose that
1 < a < oo (again it is important that « > 1, see [42], §6) and let f = (fo, f1, f2,...) be an
arbitrary martingale with fy = 0. According to the Burkholder inequality (8], [10, Ch.11],

c1(@)E[f]5 < Eolfs]™ < ea)Eol 152, (9.38)

where the positive constants ¢1 («), c2(a) depend neither on J € Ny nor on the martingale f. It
is quite remarkable that a simple martingale property, (9.30), gives rise to an inequality as strong as
©.33).

It is easy to see that for Doob martingales the Littlewood-Paley and Burkholder inequalities
are equivalent: indeed, specializing (9.23) for functions piecewise constant on the partition Kz,
we obtain (9.38). Conversely, starting from (9.38) and letting J — oo, we obtain (9.23). The
assumptions of fy = 0 and real-valued martingale are not essential. It is easy to lift them at the
expense of somewhat bigger constants in (9:38). It is also possible to generalize these considerations
from compact to locally compact zero-dimensional Abelian groups.

Summarizing, we observe that in the special situation of zero-dimensional Abelian groups, the
Littlewood-Paley theory and martingale theory form equivalent languages to describe the same set
of results.

9-B. Nonmetric association schemes and Haar-like wavelets. Let us consider nonmetric schemes
on zero-dimensional groups introduced in Sect. |7} Recall that these schemes are constructed from
spectrally dual partitions of X into balls, see (7-1)-(7.4), that are obtained as refinements of partitions
into spheres (5.67). In particular, spheres S (t),t € Ry in the dual group X are partitioned into balls

as follows:
A(t)—1

St)y= |J @(t), t>0 (9.39)
j=1
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while for ¢ = 0 as before we put 5(0) = B(0) = &(0) = {1}, where 1 is the unit character (in
this section, we again use the notation R, Ry, etc. instead of Y, Ty, etc., for reasons explained in
the beginning of Sect.[7). Writing these partitions in terms of characteristic functions, we obtain

At —1
XIS®:e = Y x[@;(t).¢, t>0, (9.40)
j=1
X[5(0);€] = x[B(0); €] = x[$0(0),&] = 1(¢ = 1). (9:41)
Using expression (9.26) for the kernel of the projector A,., we obtain the following relation:

n(r)—1
Ar(x7y): Z Ar,j(may)
=1

where
Arsay) = [ Ew= I8 (: i)
= x*[®;(7); z — y). (9.42)
If X is compact and 7 denotes the maximum radius (5.58)), then
Aro(z,y) = As(z,y) =1 forallz,y € X. (9.43)

Denote by A,. ; the integral operator with the kernel A, ;(x, y). Eq. (9.42) implies that in Lo(X, )
these operators are commuting orthogonal projectors:

A:,j = AT;j’ ATle Arz’jz = 5T1,T25j17j2 Aﬁ-]&' (9.44)
Moreover,
A(F) -1
A= Ay (9.45)
j=1
and
AF) -1
Z Z A j=1, (9.46)
reRo J=1

where [ is the identity operator in Lo (X). This implies that the system of projectors {A,. ;} is com-
plete in Lo (X). If the group X is compact, then Azy = A is a projector on the one-dimensional
space of constants.

All the above formulas follow immediately from the fact that is a partition of the group X

into balls ®;(¢). Note also that we could take account of the relation 7(7") = n(ry(r)) that is dual

to (5.62).
Comparing formulas (7.9) and (9.42), we obtain the following expression for the kernel of A, ; :

n(a)—1

Arj(@y) =Y Y grila,i)x[@i(a);z —yl.

acR j=1
This implies the following theorem which is analogous to Theorem 9.4
Theorem 9.6. Let X = (X, pu, R) be an association scheme on the zero-dimensional group X

constructed in Theorem Kernels of the projectors A, j,r € Ry are related to the second
eigenvalues of X as follows:

Ar,j (-T,y) =dr,j (aﬂi) fOF (‘T7 y) € Ra,i- (947)
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In the second part of this section we use this theorem to show that the eigenvalues of nonmetric
schemes are related to a class of complete systems of orthogonal functions on Lo (X ) which we call
Haar-like bases. As a first step, we derive another expression for the kernel A, ;.

Lemma 9.7. We have

Avj(@,y) = p(B(r4(1)) ™07z — y)x[B(+(r);x — 3] (9.48)

=u(B(re(r) Y. Ani(@2)A(zy) (9.49)
2€X/B(14+(r))

= p(B(14(r))) Z Ay iz, 2)Ar (Y, 2). (9.50)
2€X/B(14+(r))

Proof : First let us compute the Fourier transform of the indicator function of the ball &;(7) in

(9:42)). Proceeding analogously to and using (7.4) and (5.46), we obtain
XH®;(7); z — / [B(7—(7))0;,r; ] dfu(€)

= 0;7(x — y)X*[B(r-(7); z — 9
(B(T—(ﬂ))ﬁgr(:v*y)X[B’(T—(ﬂ)L;xfy]

where 0; 7 is the character defined in (7.4). Using the equalities
B(r_(7)* = B(t(ﬁ“) = B(r. (7)) = B(r(r))
(see (3.56) and (5.61)) and ji(B(7_ (7)) u(B(74(r))) = 1 (see (5.63)), we obtain (948). If the

group X is compact, then in this calculation we also assume that 77 > 0, i.e., » < 7, while if ¥ = 0
and r = 7, we rely on (9.43).

Now let us use to rewrite the characteristic function in (9.42). Together with the multiplica-
tive property of the characters, this implies (9.49). Finally, (9.50) follows by definition of A, ;.
[ |

Let us remark that for metric schemes considered in this paper, relations of the form (9.49) are
generally not valid because translations of the sphere do not partition X (unless the sphere coincides
with the ball), and so equation (9.7) does not have a proper analog.

Lemma(9.7) enables us to introduce a function system on the group X. The next definition is the
main one in this section.

Definition 4. (Haar-like bases) Define a system of functions on a zero-dimensional group X as
follows:

rg(@)] = 1(B(r4. (1))~ *0;5(x — 2)x[B(r4.(r)); 2 — 2]
= u(B(ry (r)2A, i (x, 2), (9.51)
where the parameters satisfy
reRe, j=1,...,n(r4(r)), z€ X/B(r(r)).

Here B(r) is the ball in X of radius r around zero, and the character 0 ,. is defined in ([T.4).
If the group X is compact, then (9.51) applies for r < ¥, where T is the largest radius (5.58),
while for r = T we put by definition ¥z (x) = Y7 0,0(z) = L.

With this definition, Equation (9.49) takes the following form:
Arjly) = > (@), (v): 9.52)

2€X/B(r+(r))
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Remark: This expression together with the properties of the projectors A, ; suggests a link to
the theory of zonal spherical kernels and Gelfand pairs (e.g., [51}153]]); however developing it goes
outside the scope of this paper.

Using (9:42), we immediately find the Fourier transform of the functions v :

Urj2(€) = u(B(r4(r) " 26(2)x(8;(7),€), €€ X. (9.53)

Note that both the functions ) and i/; are very well localized: they are supported on the balls whose
radii are optimally correlated in terms of the uncertainty principle (3.43) which holds with equality

because of (5.63).

Properties of the functions 1),. ; . are summarized in the following theorem.

Theorem 9.8. (i) The function system 1), ; .(x) defined in (9.51) forms an orthonormal basis of the
space Lo(X).

(ii) For each v € Ry the subsystem of functions . ; .(x) forms an orthonormal basis of the
space A, Ly (X).

(iii) For each v € Mo and j = 1,...,n(14+(r)) the subsystem of functions 1, ; ,(x) forms an
orthonormal basis in the space A, jLo(X).

Proof : Let us prove orthogonality:

/X ¢T1:jl,zl (‘r)wrz’jm@ (x)d,u(;v) = 6T1’T25j1’j2521,22' (9.54)

Using (@.5) we can write

/wnm,m )wrz,m,n( )dp(z /wnmm 5)#’%@@2(5) din(§)

Substituting (9:33) into the right-hand side, we conclude that (9.54) holds true if 71 # 7o or j1 # Jjo

since in this case ®;, (71) N ®;,(72) = 0. Similarly, substituting (9.31) into the left-hand side, we

conclude that (9:54) holds true if z; # 2 since in this case (B(74 (1)) +21) N (B(74(r)) + 22) = 0.
Let us prove that these functions form a basis. Introduce operators ¥, ; . given by

s (@) = () /X D@ ()dn(y)

These operators are orthogonal projectors in Lo (X') on one-dimensional subspaces spanned by the
functions 1, ; .(z). Using (9.44) and (9.54) we see that

* —_ .
\Ij rJ,2 \I]T;Jvz

\IIT‘17J1,Z1 \I}T’2 J2.22 T 5T1,T2 6j1»j2 5»21722 \Ilrlvjlazl .

In particular, the operators ¥ are commuting idempotents.
Eq.(9:52) can be written as an operator equality:

Avj= > V., (9.55)
2€X/B(r1(r)
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whereupon (9.45)) and (9.46) take the form
A -1

Aj= > > T 9.56)

Jj=1 zeX/B(r4+(r))
n(r)—1

Z Z Z Urje =1 (9.57)

r€Ro J=1 2€X/B(14(r))
The operator equalities (9.53)-(9.57) are understood in the strong sense: they hold true upon being
applied to any function f € Lo(X), where the corresponding series converge in the metric of the
space Lo(X).
On account of this theorem, Part(i), any function f € Lo(X) has the Fourier series
A7) —1
F@=3" % 3 (@) (9.58)

reRo j=1 z€X/B(t4+(r))

with coefficients
g 0) = [ @ @duo)

and the following relation holds:

/X F@)Pdu() = 3 larg(F) (9.59)

T,J,%

Similarly to the Littlewood-Paley theory it turns out that the expansion is stable with
respect to the norm change. Define the following quadratic function:

A —1

Sef@=( 3 Y lase(=)P)

r€Ro J=1 zeX/B(r4(r))
n(r)—1 1/2
(XY Xl OB ) B ) - 2])

reRo j=1 2€X/B(r4(r))

Using this notation, we can rewrite as follows:

15w fll2 = [If]]2-

It turns out that (9.58)) is stable if the Hilbert space Lo (X) is replaced by the Banach space L, (X), 1 <
a < oo (note that condition o # 1 is essential here). Specifically, for any function f € L,(X) we
have

1/2

cr(@)]|Sw(Hlla < [1flla < c2(@) 1w flla

where the positive constants ¢y, ¢ do not depend on f. We do not prove this inequality here because
it involves nontrivial aspects of multiplier theory in the spaces L, (X) [18], which again is outside
the scope of this paper.

A natural way to think of functions introduced above is by interpreting them as Haar-like
wavelets on the group X. To explain this point of view, recall the definition of wavelets in the context
of multiresolution analysis (e.g., [27]; [54} Sect. 2.2,8.3], [39, Ch.2]). A sequence of monotone
increasing closed subspaces V; C Vji1,j € Z of Ly(X) is called a multiresolution approximation
of Ly(X) if N;V; = {0} and U;V} is dense in Lo (X), if there exists a scaling function ¢ € Vy
whose translations form an orthonormal basis of 1}, and if there is a dilation operator A such that
f(z) € V; if and only if f(Az) € V1. In this case the set of all dilations and translations of the
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scaling function forms a complete orthonormal system in Lo (G), called a wavelet basis. Because of
this, the obtained basis is said to have a self-similarity property. Note that a general construction of
self-similar wavelets generated by partiotoins of the group R™ was defined in [27] and is discussed in
detail in [39} Sect.2.8]. In [33] this construction was extended to zero-dimensional Abelian groups.

In our situation, the corresponding sequence of subspaces is given by £o[K (r)], and properties
(9:10), (0.11), and (9.12) ensure that it forms a multiresolution approximation of Lo (X ). Moreover,
by Theorem [9.8]ii), for each r € R, the subsystem of functions (9.5T)) forms an orthonormal basis
in the orthogonal complement W, = A, L2(X), see (9.16). The only difference with the classical
definition is that the system of functions (9.51) generally does not have the self-similarity property.

Non-self-similar wavelets were considered in the literature; see, e.g., [23,140]. In [23], Sect.8 they
are even called “second generation wavelets,” but the approach taken in that paper is so general that
the corresponding theory essentially coincides with martingale theory. Wavelets considered
here are much more specific in that they fully account for the group structure of the measure space
(X, pv). Paper [40] considers non-self-similar wavelet bases such that the spaces V; are generated
by characteristic functions of a partition of a general measure space €2. This paper identifies general
sufficient conditions for a partition to form a multiresolution approximation of Ly (€2).

We note that if the sequence of nested balls is self-similar with respect to some expansive
(or contractive) automorphism of the group X, then the system of functions (9.51)) that arises from
this chain will also be self-similar. Such automorphisms of X are easily defined if, for instance, all
the quotient groups B(74(r))/B(r),r € Ry are isomorphic to the one and the same finite Abelian
group.

Using the mapping of X — [0, 1] (or X — [0,00) (5.26)) it is possible to represent the
wavelets on X as functions on the real line. For the self-similar case this is done in [33]], while the
general case has not been studied in detail.

We shall limit our discussion in this part to the above brief remarks because wavelet theory per se
is not a subject of the present work. Our main goal here is to point out a link between wavelet theory
and association schemes and spectrally dual partitions on zero-dimensional groups introduced in
this paper.

10. SUBSETS IN ASSOCIATION SCHEMES: CODING THEORY

One of the main applications of the classical theory of association schemes relates to coding
theory [12} [13]]. In particular, association schemes provide a natural context for the study of code
duality including the celebrated MacWilliams theorem [34] 35], its numerous extensions and appli-
cations. From the perspective of harmonic analysis, the MacWilliams theorem is an instance of the
Poisson summation formula. It it is similarly well known that this theorem is naturally connected
with spectrally dual partitions [56, [22| 24]. In this section we derive an extension of these concepts
to the general association schemes introduced in this paper.

Let X and X be a pair of dual locally compact Abelian groups and let N = (N;,7 € Y) and
N = (Ni,i € T) be finite or countably infinite partitions of X and X respectively (recall that by
our assumption, the measure of each block of the partition is finite). We assume that the partitions
N and N are spectrally dual and give rise to association schemes X’ and X according to the result
of Theorem

Define a code Y to be a compact subgroup of X. The dual code of Y is the annihilator of Y in
X:

Yi={peX:¢(y)=1forally c Y}



ASSOCIATION SCHEMES ON GENERAL MEASURE SPACES 75

Clearly, Y is a compact subgroup of V,and Y1 = )?/? . By the Poisson summation formula [29,

§31]
/f )dp(x /f o)djn(¢ (10.1)

where f is a function on Y taking values in C or in any finite-dimensional vector space over C,
and the integrals are assumed to exist. A particular form of that is commonly used in coding
theory is related to the notion of the weight distribution of the code (see [12, Thm.6.3], [7, p.71]).
Define the weight distribution of Y as m = (m;,i € Yy), where m; = p(Y N N;). Similarly,
m = (1,0 € To), where 7n; = (Y- N N;), is the weight distribution of the dual code Y. Note
that ) ey, mi = p(Y).

Theorem 10.1. The weight distributions of a code Y and its dual code Y- satisfy the MacWilliams
relations

. 1 .
m; = o) Z q;(k)ymg, m; = pu(Y) Z pi (k). (10.2)
H keYo keTo
Therefore 3 ;. v qi(k)my > 0 forall i € To.

Remark: The summation regions can be extended from Yy to Y because (assuming that the
measures are complete), (Y N N;) = 0if u(V;) = 0.
Proof : Clearly,

/Y oW)du(y) = 1{6 € Y1} - u(Y).

Therefore,

— (YNNG = / / @)du(y)dp(s)

- / | / / e ()du(y))di(6) (10.3)

At the same time, let x(y) = 1{y € Y'}. Using (.36) and @.43) we obtain that

B = [ 5=yt = [ / SO NGO du(y).  (104)
Using Fubini’s theorem, we conclude that
.1 _
= i [ ED W) (10.5)
On the other hand, using (4.38), we obtain
/ X (E)W)dpy) = D a(k) / X () (Aex) (y)dp(y). (10.6)
X kEYo X

We observe that Apx(y) = p{y’ € Y : y — 3y’ € Ni}, so the last integral evaluates to (Y )my,
establishing the first of the claimed relations. To prove the second, multiply the first one by p; ()

and sumon ¢ € TO :
D piiyi = o D mi ) py(Dailk
€Yo kET €Yo

To interchange the order of summation we need absolute convergence which can be checked simi-

larly to the proof of Theorem[4.6] On account of (#.25) and {.27), the sum on ¢ on the right equals
d;1, establishing the second equality in (10.2)). 1

We make two remarks that parallel the classical coding theory.
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1. (Delsarte inequalities.) Let X be an association scheme defined on a topological Abelian
group X, and let Y C X be an arbitrary subset of finite measure. Define

1
ng = mu{(yyy’) €Y?: (y,9) € Ry}, k € Y.

Then
Z qi(k)ny > 0.
kEYo

This inequality follows because the projectors Fy, k € T are positive semidefinite. Indeed, let x be
the indicator function of Y in X. Arguing as in (10.6), we observe that

W= 3 k) /X @) (A0 (W) duy)-

k€Yo
Using (10.4), the left-hand side of (I0.6) can be evaluated, and we obtain

W(Y) Y maith) = [ R(6)Pdi(o) 0.

k€T N

2. Similarly to the classical case, it is also possible to define designs in association schemes.
Namely, call a subgroup Y € X a T-design if ) v, gi(k)ni, = 0 for all i € T', where T"is a

subset of TO.

We have defined a code as a compact subgroup of X. At the same time, in classical coding theory,
a code is a finite subset of the ambient metric space or association scheme [35, [7]. Adopting this
definition, we observe that for the case of non-Archimedean metric many problems of the classical
theory become trivial.

Finite codes: Let X be a homogeneous metric space with distance function p and let Y be a
finite subset which we call a code. The value p(Y) = min{p(z,2'),z,2’ € Y,x # 2’} is called
the minimum distance of the code Y. Denote by B(x,r) a metric ball in X of radius . Let r be
a value of the radius such that B(z,r) N B(z/,r) = 0 if z,2" € Y,z # . If at the same time,
Uzey B(x,r) = X then the code Y is called perfect. Existence of perfect codes in Hamming spaces
is one of the major open problems of coding theory, in which the answer is known only if X forms a
vector space over a finite field; see [35], Ch. 6. At the same time, metric schemes of Sect. E]contain
perfect codes for any value of the radius r. Indeed, let X be a zero-dimensional topological compact
group with distance and consider a partition of X into balls:

X= |J B +x= (10.7)
z€X/B(r)

where B(r) denotes the ball of radius r around the identity element. Thus, the translations of B(r)
form a tight packing of the group X. Now form a code Y by taking any one point in each of
the balls. By a standard fact in non-Archimedean geometry, every point of the ball is its center.
Indeed, let x be the chosen center, let y be such that p(z,y) < r, and let 2’ € B(r), 2’ # x. From
G, p(2',y) < r,and soy € B(z',r). The same argument obviously applies to a translation of
B(r) by an element z. Thus the collection of points Y = {0} U {z € X/B(r)}, where the coset
representatives are chosen arbitrarily, forms a perfect code in X . The minimum distance of the code
is p(Y') = r. Note moreover that every pair of distinct points y1,y2 € Y satisfy p(y1,92) = 7,
making Y into a “simplex” code. This remark again should be contrasted with the classical case
of the Hamming space in which simplex codes exist only for a very special set of parameters [33],
Ch.1.



ASSOCIATION SCHEMES ON GENERAL MEASURE SPACES 77

Observe that this construction also resolves the non-Archimedean version of the main metric
problem of coding theory which concerns the cardinality of the largest packing of the metric space
X. For instance, if X is the Hamming space, then the best known general results are obtained by a
greedy procedure that packs balls of radius d — 1 into X “for as long as possible.” The cardinality
of the resulting code is said to attain the Gilbert-Varshamov bound. At the same time, upper bounds
on |Y| for a given value of distance p(Y") diverge from this bound, leaving a gap between the known
constructions and the impossibility theorems; see [35, Ch. 17] and [13]. In particular, according
to the Hamming bound, any code Y satisfies |Y| < |X|/vol (B(1/2(d — 1))). In the infinite non-
Archimedean case there is no gap between the upper and lower sphere-packing bounds on codes
(note that all the balls in the partition have equal measure (5.16)).

Finally, in classical coding theory, most attention is devoted to group and linear codes, i.e., finite
subgroups of the space X. Examples of such codes in ultrametric spaces of the form (3.52)) were
extensively studied in the literature [47,(36]. In the case of zero-dimensional groups, finite subgroups
exist if X is periodic, e.g., a Cantor-type group, and do not exist for non-periodic groups such as the
additive group of p-adic numbers.
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Glossary

GLOSSARY

A;: adjacency operator, Eq. (3.7) .. . [I0]

A®PD: adjacency algebra of metric scheme . . .
A: adjacency algebra of X ... [53

2(X): adjacency algebra of X ... [9]

ap(z): indicator function of B(7) ...

ay;(x): indicator functions of the balls . . .

B(r): ball of radiusr . ..

Ej: orthogonal projector in Lo (X, i) ...
&, f: average value of f on the ball . .. [63|

F~: Fourier transform Ly (X, p1) — La(X, 1) ...
F: Fourier transform Lo (X, i) — Lo(X, p) . ..

T: index set of classes ... [7]
s {ie Y u(V;) > 0} -[f1[1q

J: operator with kernel j(x,y) = 1 forallz,y € X ...

m;: multiplicities of X" ...
it valency of the scheme ... [7]

N partition of the group X ... [24]
nit | Xi—1/Xi|.2§

N;: block of the partition . .. T3]
v(z): discrete valuation . ..

wi;(r):

B
W) X)X

P: first eigenvalue matrix . . . [I7]

péj: intersection number of & . ..

P2 ¢ intersection numbers of metric schemes . ..
pi(7): eigenvalues of adjacency operators .
Yrj,.(x): waveletson X ...

Q: second eigenvalue matrix . . . [I7]

R ={R;,i € T}: partitionof X x X ...
R: set of values of the radius in X ...
#: maximum radius in X .

p(z): metricon X ... 7] .
S(r): sphere of radius 7 in X ...

7(8): min{r:r > s} ...
T_(s): max{r:r <s}...

X (X, u, R): association scheme . . .
Xi(z,y): indicator function of R; ... |9

‘We list only objects and functions related to the group X, omitting the analogous notions for the dual group X.
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INDEX

T-design, [76]

adjacency algebra,[6] 57|
annihilator subgroup,m
association scheme
finite, [6]
general, 7]
metric, [6} 2]
multiplicities, [T2]
translation or Abelian, [[3]
association schemes
classification,

code, [74]
dual, [74]
finite, [76]

coherent configuration,
Doob martingale, [6§]
eigenvalues,

Fourier transform, [[3]

group
partition, symmetric, [T6]
partitions, spectrally dual,E
profinite, [30
self-dual, [33]
totally disconnected, 23]
zero-dimensional,
character group of, [29]
compact, 26]
locally compact, [3T]
partition into balls, [46]

Haar measure, 29] [32]

inequalities
Delsarte, [76]
inequality
Burkholder, [69]
Littlewood-Paley,
intersection numbers,

Krein parameters,

limit
inductive (direct), 30|
projective (inverse),[30]

martingale property,

metric
non-Archimedean, 28]

multiresolution analysis, [73]

orthogonal projector, @

poset distance, [27]
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uncertainty principle, [34]

weight distribution, [73]
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