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Abstract. Certain topological dynamical systems that arise from actions of o-compact
locally compact Abelian groups on compact spaces of translation bounded measures are
considered. Such a measure dynamical system is shown to have a pure point dynamical
spectrum if and only if its diffraction spectrum is pure point.

1. Introduction

This paper deals with certain dynamical systems built from measures on o -compact locally
compact Abelian groups. These dynamical systems give rise to two spectra: the dynamical
spectrum and the diffraction spectrum. After introducing the dynamical systems and
discussing their basic topological features, we will focus on studying the relationship
between these two spectra. Particular attention will be paid to the case where one of the
spectra is pure point. This will be shown to happen if and only if the other is pure point as
well (read on for details and a discussion of related results).

The motivation for our study comes from physics and, more precisely, from the study
of solids with long-range aperiodic order and crystal-like diffraction spectrum. Such solids
are known as genuine quasicrystals. The existence of quasicrystals is now a well-
established and widely accepted experimental fact. Even if discussions about the precise
structures still continue for a while, the common feature of aperiodicity has opened a new
chapter of crystallography and solid-state research.

The original discovery of quasicrystals [35, 19] was somewhat accidental and only
possible through one of their most striking features, namely their sharp Bragg diffraction
with point symmetries that are not possible for three-dimensional crystals (such as n-fold
rotation axes with n = 8,10, 12 or icosahedral symmetry) (see [1] for a summary
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and [2] for a guide to the literature). These experimental results called for a mathematical
explanation and created a subject now often referred to as mathematical diffraction
theory.

Mathematical diffraction theory deals with the Fourier transform of the autocorrelation
measure (or Patterson measure) of a given translation bounded (possibly complex)
measure w. Here, w is the mathematical idealization of the physical structure of a solid
or, more generally, of any state of matter. In its simplest form, w is just a Dirac comb, i.e. a
countable collection of (possibly weighted) point measures which mimic the positions of
the atoms (and their scattering strengths). The autocorrelation measure y,, of w (a precise
definition is given later) is then a positive definite measure. Its Fourier transform y, is a
positive measure, called the diffraction measure, which models the outcome of a diffraction
experiment (see [10] for background material and details on the physical justification of
this approach).

Now, given this setting, one of the most obvious questions to address is that for
(the characterization of all) examples of measures w with a diffraction measure ¥, that
is pure point, i.e. consists of point measures only.

This was addressed by Bombieri and Taylor in [8]. However, no rigorous answer could
be given at that time. Soon after, Hof [17] showed that structures obtained from the cut-
and-project formalism [21] possess a pure point diffraction spectrum under rather decent
assumptions and Solomyak started a systematic study of substitution dynamical systems
with a pure point spectrum in [37]. By now, large classes of examples are known [§, 22],
extending beyond the class of ordinary projection sets [6]. Moreover, Schlottmann was able
to free the cut-and-project formalism from basically all specific properties of Euclidean
space [33] and established that all regular model sets are pure point diffractive [34],
see also [26] for a summary on model sets.

A cornerstone in many of these considerations is the use of ergodic theory and the
so-called Dworkin argument [11] (see [18, 34] as well). This argument links the diffraction
spectrum to the dynamical spectrum. It can be used to infer a pure point diffraction
spectrum from a pure point dynamical spectrum. These investigations heavily depend on
the underlying point sets being point sets of finite local complexity (FLC). This, however,
is not necessary, as becomes clear from two alternative approaches, one for general Dirac
combs and measures on the basis of almost periodicity by Moody and one of the authors [5]
and the other for so-called deformed model sets by Bernuau and Duneau [9].

Thus, at the moment, there is a considerable gap between the cases that can be treated
by the method of almost periodicity of measures [14, 5] and those using ergodic theory
and requiring FLC together with unique ergodicity. It is the primary aim of this article
to narrow this gap. This will be achieved by thoroughly analyzing the link between the
diffraction spectrum and the dynamical spectrum given by the Dworkin argument.

The analysis carried out here will also be a crucial ingredient in a forthcoming
paper of ours [4] which investigates the stability of pure point diffraction. Namely, we
will set up a perturbation theory for pure point diffraction by studying deformations of
dynamical systems with a pure point dynamical spectrum. Particular emphasis will be
put on deformed model sets and isospectral deformations of Delone sets. Note that the
deformation of model sets almost immediately leads to point sets which violate FL.C.
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Let us now discuss our results in more detail. The first step in our approach is to choose
a setting of measures rather than point sets. Defining appropriate dynamical systems with
measures on a locally compact Abelian group will free us from essentially all restrictions
mentioned. This setting is presented in §3, where the relevant topological questions
are also discussed. The relationship between our measure dynamical systems and point
dynamical systems is investigated in §4. It is shown that the measure dynamical systems
enclose the usual Delone dynamical systems. This section introduces a topology on Delone
sets (and actually all closed subsets of the group) with very nice compactness properties.
The results generalize and strengthen the corresponding considerations of [34, 23] and may
be of independent interest in further studies of point sets not satisfying FLC. The extension
of diffraction theory and the Dworkin argument (as developed for point sets in, e.g.,
[11, 34]) to our setting is achieved in §5.

The main result of our paper is summarized in Theorem 7 in §7. It states that, under
some rather mild assumptions,

o a pure point dynamical spectrum is equivalent to a pure point diffraction spectrum.

This generalizes the main results of Lee er al [22] in at least three ways:

° it is not restricted to dynamical systems arising from Delone sets, and, in fact, not
even to dynamical systems arising from point sets;

o it does not need any condition of finite local complexity;

o it does not need an ergodicity assumption for the invariant measure involved.

Let us mention that a generalization of the main result of [22] sharing the last two
features had already been announced by Gouéré [15, 16], within the framework of point
processes and Palm measures, see his recent work [15] for a study of this framework as
well. His result applies to the point dynamical systems studied in §4. Thus, there is some
overlap between his result and ours. However, in general, our setting, methods and results
are quite different from his, as we leave the scenario of point sets. In fact, the measure
theoretical setting seems very adequate and natural in view of the physical applications,
where point sets are only a somewhat crude approximation of the arrangements of
scatterers.

Let us also mention that, in general, the diffraction spectrum and the dynamical
spectrum can be of different type, as has been investigated by van Enter and Migkisz
in [12].

Our proof of the equivalence of the two notions of pure pointedness relies on two results
which are of interest in their own right. These results are:

° an abstract characterization of a pure point dynamical spectrum for arbitrary

topological dynamical systems; and

° a precise interpretation of the Dworkin argument.

Here, the abstract characterization is achieved in Theorem 1 in §2. Roughly speaking, it
states that a system has a pure point spectrum once it has a lot of point spectra. The precise
interpretation of the Dworkin argument is given in Theorem 6 in §6. It states that the
diffraction measure is a spectral measure for a suitable subrepresentation of the translation
action at hand.

The relationship between a suitable subrepresentation with a pure point spectrum and
the original representation can actually be analyzed in more detail. To do so, we take

https://doi.org/10.1017/50143385704000318 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385704000318

1870 M. Baake and D. Lenz

a second look at the abstract theory in §8. Namely, we discuss how the group of all
eigenvalues and the continuity of eigenfunctions are already determined by the set of
eigenvalues and the continuity of eigenfunctions associated to a suitable subrepresentation
with a pure point spectrum.

This material is rather general and may be of independent interest. Here, we apply it to
our topological measure dynamical systems. This gives a criterion for the continuity of the
eigenfunctions. More importantly, it shows that the group of all eigenvalues is generated
by the support of the diffraction spectrum. The validity of such a result was brought to our
attention by R. V. Moody for the case of point dynamical systems satisfying FLC [27].

The material presented here and the abstract strategy to prove our main result can be
adopted to study a measurable framework (as opposed to a topological one). This will be
analyzed in the future.

2. An abstract criterion
In this section, we introduce some notation and provide a simple result which lies at the
heart of our considerations. It is rather general and might also be useful elsewhere.

Let © be a compact topological space (by which we mean to include the Hausdorff
property) and G be a locally compact Abelian (LCA) group which is o-compact. Let

a:GxQL— Q (D)

be a continuous action of G on €2, where, of course, G x 2 carries the product topology
(later on, we will specify it viaa,;(P) = t+P for P C G andt € G). Then, (2, «) is called
a topological dynamical system. The set of continuous functions on € will be denoted
by C(2). Let m be a G-invariant probability measure on €2 and denote the corresponding
set of square integrable functions on € by L?(€2, m). This space is equipped with the
inner product (f, g) := [ f(w)g(w) dm(w). The action « induces a unitary representation
T of G on L*(2, m) in the obvious way, where 7" h is defined by (T"h)(w) := h(a—; (w)).
Whenever we want to emphasize the dependence of the inner product and the unitary
representation on the chosen invariant measure m, we write (f, g),, and T;, instead of
(f,g)and T.

The dual group of G is denoted by G and the pairing between a character § € G and an
element ¢t € G is written as (§, ), which, of course, is a number on the unit circle, compare
[31, Ch. 4] for background material.

Anon-zero h € L*(2, m) is called an eigenvector (or eigenfunction) of T if there exists
an§ € G with T'h = (5, t)h forevery r € G. The closure (in L>(€2, m)) of the linear span
of all eigenfunctions of 7" will be denoted by H , (T).

The following is a variant (and an extension) of a result from [22].

LEMMA 1. Let (2, &) be a topological dynamical system with an invariant measure m.
Then, H,p(T)NC(K2) is a subalgebra of C(2) which is closed under complex conjugation
and contains all constant functions. Similarly, H,,(T) N L°°(Q2, m) is a subalgebra of
L® (2, m) that is closed under complex conjugation and contains all constant functions.

Proof. We only show the statement about H ,, (T) N C(£2). The other result can be shown
in the same way.
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The set H,,(T) N C(R) is a vector space because it is the intersection of two vector
spaces. Moreover, every constant (non-vanishing) function is obviously continuous and an
eigenvector of T (with eigenvalue 1, i.e. with the trivial character (5, ) = 1).

It remains to be shown that H,,(T) N C(£2) is closed under complex conjugation and
under forming products.

Closedness under complex conjugation. Let f be an eigenfunction of T to, say, §. Then,
? is an eigenfunction of 7 to the character 5~1. Here, of course, the inverse §~! of § € G
is given by ¢ — (5, t), where the bar denotes complex conjugation. Using this, it is not
hard to see that H , (T') is closed under complex conjugation. As this is true of C(2) as
well, we see that the intersection H , (T)) N C(£2) is closed under complex conjugation.

Closedness under products. This is shown in Lemma 3.7 in [22] in the case that m is
not only translation invariant but also ergodic. To adopt their argument to the case at
hand, we note that every eigenfunction can be approximated arbitrarily well (in L2($2, m))
by bounded eigenfunctions via a simple cut-off procedure. More precisely, if f is an
eigenfunction, then | f| is an «-invariant function. Therefore, for an arbitrary N > 0, the
function

) e :f(w) |f@)] = N, .

0 otherwise,

is again an eigenfunction (with the same § as f). Clearly, the fV converge to f in
L%(2,m)as N = oo.

After this preliminary consideration, we can conclude the proof following [22]. Let two
functions f, g € H,,(T) N C(R2) be given. Then, fg belongs to C(£2). It remains to be
shown that it belongs to H , (T') as well.

Choose ¢ > O arbitrarily. Observe that ||gllcc < 00, as g € C(2) with Q
compact. Since f is in Hp,(T), there exists a finite linear combination " = Y a; f;
of eigenfunctions of 7' with

&
< .
2 gl

Hf—zaifi

By the preliminary consideration around equation (2), we can assume that all f; are
bounded functions. Thus, in particular, || f/||c < 00.

Similarly, choose another finite linear combination g’ = » " b;g; of bounded functions

gj in Hpp(T) with
Hg — Y bjgj

e
< —.
2 I lee
Then,
Ife = f'g'l2 < 1f llecllg = &' ll2 + lglloollf = fll2 < 2e.

The proof is complete by observing that f’g’ is in H ,, (T') because the product of bounded
eigenfunctions is again a bounded eigenfunction. a
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With Lemma 1, the following result is a rather direct consequence of the
Stone—Weierstral3 theorem.

THEOREM 1. Let (2, ) be a topological dynamical system with invariant probability
measure m. Then, the following assertions are equivalent.

(@) T has pure point spectrum, i.e. Hp,(T) = L2(2, m).

(b)  There exists a subspace V C Hpp(T) N C(2) which separates points.

Proof. (a) == (b): this is clear, as one can take V = H,,(T) N C(Q) = C(Q).
(b) = (a): By Lemma 1, H,,(T) N C(R) is an algebra which is closed under complex
conjugation and contains the constant functions. It also separates points as it contains a
subspace, V, with this property by (b). Thus, we can apply the Stone—Weierstral} theorem
(see [28, Theorem 4.3.4]), to conclude that H ,, (T) N C(£2) is dense in C(£2). By standard
measure theory, see [28, Proposition 6.4.11], H,,(T') is then dense in L2($2, m) as well.
As Hpp(T) is closed, statement (a) follows. O

3. Measure dynamical systems

For the remainder of the paper, let G be a fixed o-compact LCA group with identity O.
Integration with respect to Haar measure is denoted by |, G -+~ dt, and the measure of a
subset D of G is denoted by | D|. The vector space of complex valued continuous functions
on G with compact support is denoted by C.(G). It is made into a locally convex space by
the inductive limit topology, as induced by the canonical embeddings

Ck(G) — C.(G), K C G compact.

Here, Ck (G) is the space of complex valued continuous functions on G with supportin K,
which is equipped with the usual supremum norm || - ||o. The support of ¢ € C.(G) is
denoted by supp(¢).

The dual C.(G)* of the locally convex space C.(G) is denoted by M (G). The space
M(G) carries the vague topology. This topology equals the weak-* topology of C.(G)*,
i.e. it is the weakest topology which makes all functionals u — (@), ¢ € C.(G),
continuous. As is well known (see e.g. [28, Theorem 6.5.6] together with its proof), every
u € M(G) gives rise to a unique || € M(G), called the rotal variation of pu, which
satisfies

Il (@) = sup{lu(¥)] : ¥ € Ce(G, R) with [¢/] < ¢}

for every ¢ € C.(G)4. Clearly, the total variation |u| is positive, i.e. |u|(¢) > O for all

¢ € Cc(G)+. In particular, it can be identified with a measure on the o -algebra of Borel

sets of G that satisfies the following criteria:

° || (K) < oo for every compact set K C G;

° [|(A) = sup{|u|(K) : K C A, K compact} for every Borel set A C G (see, e.g.,
[28, Theorem 6.3.4]).

As G is o-compact, we furthermore have

° || (A) = inf{|u|(B) : A C B, B open} for every Borel set A C G

by [28, Proposition 6.3.6], i.e. |u| is an (unbounded) regular Borel measure, in line with

the Riesz—Markov theorem [30, Theorem IV.18]. Finally, we note that there exists, by
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[28, Theorem 6.5.6], a measurable function u : G —> C with |u(¢)| = 1 for ||-almost
every t € G such that

nlp) = /Gfpu d|p| forall g € Cc(G). 3)

This polar decomposition permits us to identify the elements of M(G) with the regular
complex Borel measures on G, which is the Riesz—Markov theorem for this situation.

For later use, we also introduce some notation concerning Fourier transforms and
convolutions, compare [32, 7] for details. The Fourier transform of a quantity g will
always be denoted by §. For ¢, € C.(G), we define the convolution ¢ * ¥ by
(¢ * Y)(1) == [;9()¥(t — s)ds and the function § € Cc(G) by (1) = @(—1).
For u € M(G) and ¢ € C.(G), the convolution ¢ * wu is the function given by
(o * u)(t) = fG o(t — s)du(s). For two convolvable measures u,v € M(G), the
convolution zxv is the element of M(G) given by (uxv) (@) := [ [ @(s+1) du(s) dv(r)
for ¢ € C.(G); and the measures /& and 1t are defined by i (¢) := (@) and w (@) := u(@),
respectively. For u € M(G) and a measurable set B C G, we denote the restriction of
W to B by up. Finally, for x € G, we define the measure §y to be the normalized point
measure at x.

We will consider actions of G on spaces consisting of measures on G. The relevant set
of measures will be defined next.

Definition 1. Let C > 0 and a relatively compact open set V in G be given. A measure
uw € M(G) is called (C, V)-translation bounded if |u|(t + V) < C forall r € G. Itis
simply called translation bounded if there exist C, V such that it is (C, V)-translation
bounded. The set of all (C, V)-translation bounded measures is denoted by M¢ v (G) and
the set of all translation bounded measures by M*°(G).

The vague topology on M (G) has very nice features when restricted to the translation
bounded measures.

THEOREM 2. Let C > 0 and a relatively compact open set V in G be given. Then,
Mc.v(G) is a compact Hausdorff space. If G is second countable, Mc v (G) is
metrizable.

To prove the theorem, we start with the following simple result from measure theory.

PROPOSITION 1. Let u € M(G) and a relatively compact open set V in G be given.
Then, |u|(V) = sup{lu(@)| : ¢ € Cc(G) with supp(e) C V and ||¢llec < 1}.

Proof. Denote the supremum in the statement by S. Recall the polar decomposition
and the definition of u in equation (3). As u is |u|-almost surely equal to 1, a direct
calculation easily gives S < |u|(V). Conversely, as C.(V) is dense in LYV, |mly) (see,

, [28, Proposition 6.4.11]), there exists a sequence (¢,) of functions in C.(V) with
On —OO> w-lyin LY(V, |M|V) By the | |-almost sure boundedness of u, this implies
Uy 17 um - ly = 1y in L' (V, |[te|v). Then, a short calculation, invoking (3) again,
shows S > lim, o0 |t(¢n)| = |£|(V). This proves the proposition. O
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Proof of Theorem 2. By definition of M¢ v (G), for each ¢ € C.(G), there exists a radius
R(p) > 0 such that u(p) € m for every u € Mc,v(G), where B, is the (open) ball
of radius r around 0 and B, its closure. Thus, we can consider M v(G) as a subspace of
IM:=T]] 0eCo(G) m equipped with the product topology via the embedding

JiMcy(G) =11, (()(e) = ulp).

As T is obviously a compact Hausdorff space, this shows immediately that M ¢ v (G) is
relatively compact and Hausdorff. It remains to be shown that j(Mc, v(G)) is closed.
This is a direct consequence of Definition 1 together with Proposition 1.

The statement about metrizability is standard: if G is second countable, there exists a
countable dense subset {¢,, : n € N} in C.(G). Then,

d: Mcyv(G) x Mcv(G) — R,

—n ulen) = vign)|
=30
A, v) 2% T+ 11t gm) — v(gn)]

gives a metric on M ¢ v (G) which generates the topology. o

Having discussed the topology of M(G), we can now introduce the topological
dynamical systems associated to subsets of M(G). To do so, we will use the obvious
action @ of G on M(G) given by

a:Gx M(G) — M(G), & pn > ar(un): =368 xu,

or, more explicitly, (o;(1))(¢) = /G @(t + s)du(s). We use the same symbol for the
action as in equation (1), since misunderstandings are unlikely, and we will usually write

oy for oy ().
This action is compatible with the topological structure of G and M(G).

PROPOSITION 2. Let C > 0 and a relatively compact open set V. C G be given. Then,
the actiona : G x Mc,v(G) — Mc v(G) is continuous, where G x Mc v (G) carries
the product topology.

Proof. Let (#,, ;t,) be anetin G x Mc v (G) converging to (¢, ). We have to show that
the net (o, (1u,)) converges to a; (), i.e. we have to check that

/mwmme—»/mwwmmu forall ¢ € Co(G).

By 1, — 1, there exists an index ¢o and a compact set K such that the support of ¢ and
the supports of all ¢(. — #,) with ¢ > ¢ are contained in K. Moreover, as u, € Mc,v(G)
for every ¢, there exists a constant C’ with |u|(K) < C’ as well as |u,|(K) < C’ for all «.
Now, the desired statement follows easily from

(e + 1) — ule( + 1)l
<o +1)) — e+ )| + lu (o + 1) — pule(. +1))]
<C'lloC.+ 1) — (. + Dlloo + (@ + 1)) — (e + 1)),

as both terms on the right-hand side tend to zero for t, — ¢ and u, — u. O
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The dynamical systems we are interested in are defined as follows.

Definition 2. (2, «) is called a dynamical system on the translation bounded measures on
G (TMDS) if there exist a constant C > 0 and a relatively compact open V C G such that
Q is a closed subset of M ¢ y(G) that is invariant under the G-action «.

Remarks.

(a) The « invariant subsets of M(G) are called translation stable sets in [14]. Thus, a
TDMS is just a closed translation stable subset of Mc v (G).

(b) The space 2 of a TMDS is always compact by Theorem 2 and the action « is
continuous by Proposition 2. Thus, a TMDS is a topological dynamical system in
the sense of §2.

(c) The considerations of this section (and those of the next) do not use commutativity
of the underlying group G. They immediately extend to arbitrary o -compact locally
compact groups. But since we need harmonic analysis later on, we stick to Abelian
groups here.

4. Point dynamical systems
This section has two aims. First, we present an abstract topological framework which
allows us to treat point dynamical systems which are not of finite local complexity. Second,
we show how these systems fit into our setting of measure dynamical systems. As for
the first aim, we actually introduce a topology on the set of all closed subsets of G.
For the case of R?, this topology has already been studied by Stollmann and one of the
authors in [23]. Our extension to arbitrary locally compact groups is strongly influenced
by the investigation of Schlottmann [34] (which, however, is restricted to FLC systems).

As pointed out by the referee, the topology we introduce can also be obtained as
a special case of a topology introduced by Fell [13]. This is further discussed in the
Appendix. Given this connection, Theorem 3 is a corollary of Theorem 1 in [13]. For this
reason, we only give an outline of how it can be established in our setting.

We start by defining the relevant sets of points.

Definition 3. Let G be a o-compact LCA group, and V an open neighbourhood of 0 in G.

(a) A subset A of G is called V-discrete if every translate of V contains at most one
point of A. The set of all V-discrete subsets of G is denoted by Dy (G).

(b) A subset of G is called uniformly discrete if it is V-discrete for some V. The set of
all uniformly discrete subsets of G is denoted as UD(G).

(c) The set of all discrete and closed subsets of G will be denoted by D(G).

(d) The set of all closed subsets of G is denoted as C(G).

(e) A subset A of G is called relatively dense if there is a compact K with A + K = G.

Note that a uniformly discrete subset of G is closed. As it presents no extra difficulty,
we will actually topologize not only D(G) but rather the larger set C(G). This will be done
by providing a suitable uniformity (see [20, Ch. 6] for details on uniformities). Namely,
for K C G compact and V a neighbourhood of 0 in G, we set

Uk.v :=1{(P,Py) €C(G)xC(G): PLNK CP,+Vand ,NK C P, + V}.
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It is not hard to check that

~1
(P,P)eUkyv, Ukyv=Ugy, Ukuk,vinv, CUk, v, NUk,v,,

Uk-w,woUg_ww CUg,v

for V a neighbourhood of 0, W a compact neighbourhood of O with W + W C V, K in
G compact and P any closed subset of G. Here, on sets U, Uy, Uz consisting of ordered
pairs, we define U~! := {(y,x) : (x,y) € U} and

UyoU;:={(x,z):3dy € G with (x, y) € Uy and (y, z) € Us}.

This guarantees that {Uk v : K compact, V open with O € V} generates a uniformity and,
hence, a topology on C(G) via the neighbourhoods

Ukv(P):={Q:(Q,P)eUky}, PeCG).

Note that we could equally well generate the same uniformity with V running through
compact neighbourhoods of 0 € G.

Definition 4. The topology defined this way is called the local rubber topology (LRT).

This topology essentially means that two sets P, P, are close if they ‘almost’ agree on
large compact sets.

Fundamental properties of the LRT are given in the following result (see [23] for an
earlier result on RY).

THEOREM 3. With the LRT, the set C(G) of closed subsets of G is a compact Hausdorff
space. If the topology of G has a countable base, then C(G) is metrizable.

Proof. The set C(G) is Hausdorff, as the intersection of all Uk v contains only the diagonal
set {(P, P) : P € C(G)}, see [20, Ch. 6].

We next show completeness: Let (P,),c; be a Cauchy net in C(G), where I is an index
set directed by <, compare [20, Ch. 2].

We have to show that the Cauchy net converges to a closed subset of G; hence, an
element of C(G). To this end, we introduce the set P of those x € G such that, for every
neighbourhood V of 0, there exists ¢, v € I with

x+V)NP #g forallt>,y. “4)

It is not hard to see that P is closed. P will turn out to be the limit of our Cauchy net.
To show this, let a compact K in G and a neighbourhood V of 0 be given. We have to
provide an (g y with

PNKCP+V and PNKCP+YV

forevery t > g y.
Rather direct arguments show the existence of (x v with P N K C P, + V for all
t > 1k, v. We next establish the other inclusion. By a compactness argument,

PNC # 2, 5)

https://doi.org/10.1017/50143385704000318 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385704000318

Pure point spectrum 1877

whenever C C G is compact and P, N C # & for all « > ko and some ko € I. Assume,
without loss of generality, that V is compact and symmetric. As (P,) is a Cauchy net, there
exists a tg, v with (P, P¢) € Uk, v forall (, k > 1 y. Consider ¢t > tg v and choose an
arbitrary ¢ € P, N K. Then,

@+V)NP #2

forevery k > tx v, as V is symmetricand P, N K C P, + V by (P, P¢) € Uk,y. Thus,
(5) proves the existence of a p € P with p € g + V. In particular, invoking the symmetry
of V once more, we haveq € p+V C P+ V. As g € P, N K was arbitrary, we infer the
desired inclusion PLNK C P+ V.

These considerations prove the desired completeness statement.

Finally, we show compactness of C(G). As C(G) is complete, it suffices to prove it
is precompact. Thus, for any given K compact and V an open neighbourhood of 0 in
G, we have to provide a natural number n and P; € C(G), 1 < i < n, such that
C(G) C U:-l:l Ug,v(P;). Since Ug v(P) D Uk vn—v)(P) for all P € C(G) and
V N (=V) is symmetric, we can assume, without loss of generality, that V is symmetric
(i.e. V= —V). As K is compact, there exists a finite set D C K with K C D + V. Direct
calculations then give

n
cG) c | JUx.v(Di),
i=1
where D;, 1 <i < n, is an enumeration of the power set of D.
The statement about metrizability is a direct consequence of [20, Theorem 6.13] and
the remark thereafter. O

Having topologized C(G) and, thus, UD(G) as well, we can now introduce our point
dynamical systems. The natural action of G on C(G) by translation will also be denoted
by «. Explicitly, we define oy (P) =t + P for P € C(G), wheret + P = {t + x : x € P}
as usual.

Definition 5. Let Q2 be a subset of G and « the translation action just defined.

(a) The pair (2, @) is called a set dynamical system if €2 is a closed subset of C(G)
which is invariant under .

(b) A set dynamical system (2, «) is called a point dynamical system if Q2 is a subset of
Dy (G) for some open neighbourhood V of 0.

(c) A point dynamical system (2, «) is called a Delone dynamical system, if every
element of 2 is a relatively dense subset of G.

It follows from Theorem 3 that a set dynamical system is indeed a topological dynamical
system in the sense of §2.

A special way of obtaining set dynamical systems is the following: Choose P € C(G).
Then, the LRT-closure X (P) of the orbit {a;(P) : t € G} of P in C(G) is a closed
a-invariant subset of C(G), hence compact. Thus, (X (P), ) is a set dynamical system.
We say that P and P’ are locally indistinguishable if P C X (P') and P’ C X (P), hence
if X(P) = X(P'). The set of all P’ which are locally indistinguishable from P is called
the RLI class of P, written as RLI(P). Here, as before, the letter R stands for ‘rubber’.
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Given these notions, we can characterize minimality of a set dynamical system in the
following way, which extends [34, Proposition 3.1] to our setting.

PROPOSITION 3. Let P € C(G) be given. Then, the following assertions are equivalent.

(a)  The set dynamical system (X (P), «) is minimal.

(b) X (P) =RLI(P).

(c) Theset{te G:(t+ P, P)c Uk, }isrelatively dense in G for all compact K C G
and all open neighbourhoods V of 0.

(d) The set P is repetitive, i.e. for every K compact and every open neighbourhood V
of 0, there is a compact set C = C(K, V) C G such that, for t1,t2 € G, there is an
seCwith(th + P,s+ 1t + P) € Ug,y.

Proof. The equivalence of (a) and (b) is clear by the definition of minimality and the
local indistinguishability class. This is also known as Gottschalk’s theorem, compare
[29, Theorem 4.1.2]. The remaining assertions can be shown by mimicking and slightly
extending the proof of [34, Proposition 3.1]. Since we do not use these results later on, we
skip further details. a

Having discussed point dynamical systems, we can now relate them to special
dynamical systems on measures. The connection relies on the map

§:UD(G) — M™(G), 8(A):=) 6.

xeA

Note that § is indeed a map into M*°(G), as every A € UD(G) is uniformly discrete.

LEMMA 2. The map § : UD(G) —> M(G) is injective, continuous and compatible
with the action of G. The inverse 8! : S(UUD(G)) —> UD(G) is continuous as well.

Proof. Injectivity and compatibility with the action of G are immediate. In particular,
using 8;4x = & * Oy, one can check that

8(ai(A)) =8(t + A) =6 % 8(A) = (8(A)).

To show continuity of §, we have to show 8(A,)(¢) —> §(A)(p) for all ¢ € C.(G),
whenever A, —> A. Let V be an open neighbourhood of 0 in G such that A € Dy (G).
Let ¢ € C.(G) be given, so supp(¢) is compact. By a simple partition of unity argument,
we can now write ¢ = Z;zl @j, where each ¢;, j = 1,...,n, has its support in
a set of the form W + ¢;, with W + W C V. Now, for such ¢;, the convergence
8(A)(pj) —> 8(A)(p;) follows easily. This yields the desired convergence for ¢.
The continuity of §~! can be shown similarly. o

As can be seen from simple examples, §(UD(G)) is, in general, not closed in M*(G)
and the LRT is not the same as the vague topology on 8§ ((YD(G)). For example, if (x,) is a
sequence in G with x, — 0 and x,, # 0, then A, := {0, x,} € UD(G) with A, — {0}
in the LRT. However, §(A,) —> 2§¢ in the vague topology and 2§y does not belong to
3(UD(G)). Nevertheless, the following still holds.

PROPOSITION 4. Let V be an open neighbourhood of 0 in G. Then, Dy (G) is compact in
the LRT and §(Dy (G)) is compact in the vague topology.
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Proof. By compactness of C(G) and continuity of §, it suffices to show that Dy (G) is
closed. Since V is open, this is easy. O

Our main result on the relationship of point dynamical systems and the framework of
measure dynamical systems reads as follows.

THEOREM 4. If (2, «) is a point dynamical system, the restriction §|qg : Q@ —> 5(2)
of 8 to 2 establishes a topological conjugacy between the dynamical systems (2, o) and
(8(2), ).

Proof. By Lemma 2, §|q is an injective and continuous map which is compatible with the
group action. As €2 is compact, so is §(€2). By a standard argument [28, Proposition 1.6.8],
8|q is then a homeomorphism between (€2, @) and (§(€2), o). Together, this establishes the
topological conjugacy. O

We finish this section by briefly discussing the relationship between the LRT and
the topology usually considered for Delone dynamical systems with the FLC property.
A thorough discussion of the latter topology has been given in [34]. This discussion
actually gives a topology on the closed subsets of G (though this is not explicitly noted
in [34]). This topology will be called the local matching topology (LMT).

The definition of the LMT in [34] shows immediately that the LRT is coarser than the
LMT. Thus, the identity

id : (C(G),LMT) — (C(G), LRT), P+~ P

is continuous. This yields the following result, which essentially shows that our way of
topologizing the uniformly discrete sets coincides with the usual topology when restricted
to sets of finite local complexity.

PROPOSITION 5. Let Q be a subset of C(G). If Q is compact in the LMT, then Q is
compact in the LRT as well and the two topologies agree on 2.

Proof. The restriction idg : (2, LMT) — (€2, LRT) of the identity to 2 is continuous.
Thus, as (€2, LMT) is compact, so is its image (€2, LRT). Now, continuity of the inverse is
standard, cf. [28, Proposition 1.6.8]. Thus, the two topologies agree. a

5. The diffraction spectrum
The basic concepts in the mathematical treatment of diffraction experiments are the
autocorrelation measure and the diffraction measure. In the context of Delone dynamical
systems, these concepts have been developed and investigated in a series of articles by
theoretical physicists and mathematicians [3, 5, 11, 17, 18, 33, 34]. This will now be
generalized and extended to our measure dynamical systems. More precisely, we show
the existence of the autocorrelation measure by a limiting procedure, provided certain
ergodicity assumptions hold.

Let us mention that we will provide an alternative approach to these quantities later on.
It will be more general in that it does not need an ergodicity assumption.
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To phrase our results, we need two more pieces of notation. First, recall from [34] that
a sequence (B;,) of compact subsets of G is called a van Hove sequence if

kB
lim 197 Bul =0

n—o0o | By|

for all compact K C G. Here, for compact B, K, the ‘K-boundary’ 9K B of B is defined
as

KB:=(B+K)\B)U(G\B—-K)NB,

where the bar denotes the closure. The existence of van Hove sequences for all o -compact
LCA groups is shown in [34, p. 249], see also §3.3 and Theorem 3.L of [38, Appendix].
Further, every van Hove sequence is a Fglner sequence, i.e. | B,A(B, + K)|/|By| = 0,
for every compact set K C G, where A denotes the operator for the symmetric difference
of two sets, compare §3.2 of [38, Appendix]; for a partial converse, consult Theorem 3.K
from the same reference.

Second, for ¢ € C.(G) and u € M(G), we define

Jo() == (¢ * u)(0) = /Gw(—S) dpu(s).

This gives a way to ‘push’ functions from C.(G) to C(£2). In fact, up to the sign, f, is
just the canonical embedding of C.(G) into its bidual M(G)*. Basic features of the map
¢ — f, are gathered in the following lemma.

LEMMA 3. Recall the definition o0 = &; * | for measures u and set B;(¢) = &; * ¢ for

functions ¢. Then one has:

(a) the function f, : M(G) — C, u+— f,(w) is continuous, for all ¢ € C.(G); and

(b) if(R2,a)isaTMDS, themap f : Cc(G) —> C(2), @ — [y, is linear, continuous
and compatible with the action of G in that fy(a:jL) = f8,p) ().

Proof. (a)For¢ € C.(G), wehave f, (1) = u(g.), where ¢ (1) = ¢(—t). Thus, continuity
of f, is immediate from the definition of the topology on M(G).

(b) Linearity of the map f is obvious. To show continuity of f, recall that C.(G) carries
the inductive limit topology induced from the embeddings Ck (G) — C.(G) with K C G
compact. Thus, it suffices to show the continuity of the map

Jk :Ck(G) = C(), ¢ fy

for every compact K in G. So, let (¢,) be a net in Cx (G) converging to ¢ € Cg(G).
Then, |¢, — ¢lloo —> 0, and supp(¢), supp(¢,) C K forall . As @ C Mc v(G)
with suitable C, V, this easily implies f,, —> f,. Finally, a direct calculation shows

Jolar i) = fp,)(W)- O

Remark. This lemma is particularly interesting as there does not seem to exist any
canonical map from 2 to G or from G to Q2 in our setting (let alone a map which is
compatible with the corresponding group actions). However, if one views a function ¢ as
the Radon—-Nikodym derivative of a measure that is absolutely continuous with respect to
the Haar measure of G, the action «; induces j; as defined.
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Now, our result on existence of the autocorrelation function reads as follows.

THEOREM 5. Let a be the translation action of G on M (G) as introduced before.

(@) If (2, @) is a uniquely ergodic TMDS, there exists a translation bounded measure y
on G such that the sequence ((1/|By|)@B, * wp,) converges, in the vague topology,
to y for every van Hove sequence (B;) and every w € 2. Moreover, the equation
(@Y xy)(t) = (fp, T" fy) holds for arbitrary ¢, ¥ € C.(G) andt € G.

(b) Let G have a topology with countable base. Let (2, a) be a TMDS with ergodic
probability measure m. Then, there exists a translation bounded measure y on G
such that the sequence ((1/|B,|)@B, * wp,) converges, in the vague topology, to y
Jfor m-almost every w € 2, whenever (By,) is a van Hove sequence along which the
Birkhoff ergodic theorem holds. Moreover, the equation (¢ xy)(t) = (fp, T" fy)
holds for arbitrary ¢, ¥ € C.(G) andt € G.

Remarks.

(a) Every LCA group with a countable base of the topology admits a van Hove
sequence along which Birkhoff’s ergodic theorem holds, as follows from recent
results of Lindenstrauss [24], see also Tempelman’s monograph [38], in particular
its Appendix, for background material. More precisely, every van Hove sequence
is a Fglner sequence and, thus, contains a so-called tempered subsequence with
the desired property, compare [24]. Note also that G second countable implies
o-compactness as well as metrizability of G.

(b) The theorem generalizes the corresponding results of [11, 34, 18].

To prove Theorem 5, we need some preparation in the form of the following results.

LEMMA 4. Let D be a dense subset of C.(G). Let C > 0 and a relatively compact open
Vin G be given. If (1,) is a net of measures in Mc v (G) such that (@) converges for
every ¢ € D, then there exists a translation bounded measure u € M(G) such that (j1,)
converges vaguely to L.

Proof. As D is dense, every u in M(G) is uniquely determined by its values on D. Thus,
all converging subnets of (1,) have the same limit. As M ¢ v (G) is compact by Theorem 2,
there exist converging subnets. Putting this together, we arrive at the desired statement. O

LEMMA 5. [34, Lemma 1.2] Let wu, v be translation bounded measures on G and (B;,)
a van Hove sequence. Then, lim, o (1/|Bn|)(iB, * v, — 1 * vp,) = 0 in the vague
topology. O

LEMMA 6. [34, Lemma 1.1 (2)] Let (B,,) be a van Hove sequence in G and  a translation
bounded measure. Then, the sequence (|it|(By)/|By|) is bounded. O

Proof of Theorem 5. (a) As w € Mc y(G), Lemma 6 and a short calculation give
a constant C’ > 0 and a relatively compact open V' C G such that the sequence
((wg, * wp, )/|By|) is contained in M¢ ys. Moreover, the set {¢ * ¥ : @, ¥ € Cc(G)}
is dense in C.(G) by standard arguments involving approximate units [32]. Thus, by
Lemmas 4 and 5, it suffices to show lim,,—, oo (1/|Bn|) (¢ * ¥ x &g, xwp,) () = (fp, T' fy)
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for arbitrary ¢, v € C.(G) and ¢t € G. By Lemma 5, it suffices to show that

1
lim — (g ¥ o *wp,)) = { fw,T'f¢).

n— 00 |B |

This follows by unique ergodicity and a Dworkin type calculation [11, 34, 22]. As the
details are somewhat more involved than in the case of Delone sets, we include a sketch
for the convenience of the reader. We define Z,, := (¢ * ¥ * @ * wp, )(¢). Then,

Zy = /G@* V)t — u) d(@ * wp,) (1)

:///a(v—t+r)1ﬁ(v—S)an(S)d”d"N)(r)dw(s)’
¢JoJo

where 1p, denotes the characteristic function of B,. Using Fubini’s theorem and sorting
the terms, we arrive at

Z :/ </ @(v—t+r)d5(r)><f w(v—s)lgn(s)dw(s>) dv.
G G G

Consider the two terms in brackets. A short calculation shows f cPw —1t+r) do(r) =
fo(a;—yw). As for the other term, we consider the difference function

D(v) :=/G1ﬁ(v —s)1B,(s)dw(s) —/Gw(v —s)dw(s)lp,(v).

Let K be a compact set with K = —K, 0 € K and supp(¢y) C K. Then, it is not hard to
see that the difference D(v) (and, in fact, each of its terms alone) vanishes forv ¢ B, + K.
Similarly, one can show that D(v) is supported in 3% B,,. Apparently, |D(v)]| is bounded
above by C := 2| |loo sup {|w|(t 4+ supp(¥)) : t € G} < oco. As (By) is a van Hove
sequence, we conclude that

] B|n%oo

=15, |/ | D) fy (r—v@) | dv < C|l fylloo——o—— Bl

Noting that f ¢ ¥ —s)dw(s) = fy(a—yw) and putting these considerations together, we

arrive at 5
nlingoﬁ _n%oo |B,, |/ f(p((xt W) fy (a_yw) 1, (v) dv.
This yields
e |B| /fw(ozrw)fw(w)dm(w) /f(p(w)f,,,(a ) dm (o)

=/Qf<p(w)(T’f¢)(w) dm(w) = (fo, T' fy),

where we have used the pointwise ergodic theorem for continuous functions on a uniquely
ergodic system in the first step and «a-invariance of m in the second step. (Note that this
ergodic theorem only relies on compactness of the underlying space 2 and does not require
separability of G. This can easily be seen by going through a proof of this theorem as
presented, e.g., in [39, Theorem 6.19].)
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(b) This can be seen similarly: After replacing the pointwise ergodic theorem for
uniquely ergodic systems by Birkhoff’s ergodic theorem, the considerations of (a) can
be carried through to show that, for each function ¢ * v, there exists a set Qpy C Qof
full measure such that

1
| Bn|

(@ % ¥ * &g, * ©,)(0) =5 (f4, fy)

for every w € 24 4. As G is second countable, there exists a countable set D in C.(G)
such that D and {¢ * ¥ : ¢,y € D} are dense in G. Thus, there is a set Qo C 2 of full
measure such that

B I@*x/f*@:, s« 0p,)(0) =25 (fo fy)

for all ¢, € D and all w € Q. By the density of {¢ * ¥ : ¢,% € D} in C.(G)
and Lemma 4, the vague convergence of (g, * wp,)/|By| towards a translation bounded
measure y with (g xy)(0) = (fy, fy) forall ¢, ¥ € D follows. This gives the desired
vague convergence.

It remains to show the last part of the statement. As D is dense in C.(G) and f is a
continuous map, the formula

@* Y xy)0) = (fo, fy)
does not only hold for ¢, ¥ € D but for arbitrary ¢, ¢ € C.(G). For ¢t € G, this implies
@xYxy)t) =@ x@* P *xy)(0) = @ 6= x V) x¥)0) = ([, fo_xy)-
By Lemma 3, we have
fo_my (@) = fp_, (@) = fyla—w) =T' fy (o).
Thus, we can conclude
@* Y *x)O = {fo, fo_np) = (fo. T' fy)-
This finishes the proof. g

Remark. By Lemma 5, the convergence of |B,|~'@p, * wp, towards y discussed in the
previous theorem implies convergence of |B, |~ '@ wp, towards y as well.

The measure

Y =y, = lim wpg, * WB,

n—00 |Bn

appearing in the theorem is called the autocorrelation measure (or autocorrelation for
short) of w € Q. It is obviously positive definite and, hence, transformable. By Bochner’s
theorem, (compare [7, Ch. 1.4]), its Fourier transform is then a positive measure on G s
called the diffraction measure of @ € Q2. We will have to say more about autocorrelation
and diffraction measures in the next section.
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6. Relating diffraction and dynamical spectrum

In this section, we show that the diffraction spectrum is equivalent to the spectrum of a
certain subrepresentation of 7. This type of result is implicit in essentially every work
using the so-called Dworkin argument [11, 17, 34, 36]. However, it seems worthwhile to
make this connection explicit. In fact, this is one of the two cornerstones of our approach
to the characterization of pure pointedness, the other being Theorem 1. A key ingredient
in our considerations will be Proposition 7.

We start by giving a closed formula for the autocorrelation measure. This closed
formula does not rely on any ergodicity assumptions. Thus, via this formula, an
autocorrelation measure can be attached to any TMDS with an invariant probability
measure m. We should like to mention that this is inspired by recent work of Gouéré [15],
who gives a closed formula in the context of Palm measures and point processes.

PROPOSITION 6. Let (2, ) be a TMDS with invariant probability measure m. Let a
function o € C.(G) be given with fG o(t)dt = 1. For ¢ € C.(G), define

Yo,m (¢) :=/ / Jola—w)o (1) do(t) dm(w).
QJIG

This leads to the following assertions.

(@) Themap Yo,m : Cc(G) —> Cis continuous, i.e. Yom € M(G).

(b)  Forg, ¥ € Cc(G), the equation (@ x W * Yo m)(t) = (fo- th¢) holds.
(¢) The measure ys , does not depend on o € C.(G), provided fG odt = 1.
(d)  The measure yy p is positive definite.

Proof. Note that f, (a;0) = fg(as(w)).

(a) Obviously, | fo(@)| < ll@lleo sup {|w|(t + supp(¢)) : t € G}. As o has compact
support, ys m (@) is then finite. Moreover, ¢, —> ¢ implies , —> @ which, in turn,
yields fg —> f_g by continuity of f. As o has compact support and 2 C Mc,v(G), this
gives

/Gf_a(a—z(w))ff(t)dw(t) — /Gfa(a—z(w))ff(t)dw(t),

uniformly on 2. The desired continuity statement follows.
(b) We first show the statement for = 0. To this aim, we define

Zi= @b s1m 0= [ @0 dren®) = [ [ Tl w00 dot) dno)
G QJIG

Then, we can calculate

QJG JG

////&(u)w(s—t—u)du do(s)o (1) dw(t) dm(w)
QJIGJIGIG

////(ﬁ(u+s)1//(—t—u)du dw(s)o(t)dw(t) dm(w)
QJIGIGIG

///fw(aua))l//(—t—u)(r(t)da)(t)dm(a))du,
GJIQJIG
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where we have used the translation invariance of the Haar measure in the second last step
and Fubini’s theorem and f G 9+ s5)dw(s) = fy(a,w) in the last step. The invariance
of m, and Fubini’s theorem together with [ o (1) dt = 1 gives

QJG Oy t d
QJG

=/Qf<p(w)fu/(w) dm(®) = (fo. fy)-

The case of arbitrary + € G can now be treated by mimicking the last part of the proof of
part (b) of Theorem 5.
(c) This is immediate from (b) and (a) as {¢ * ¥ : @, ¥ € C.(G)} is dense in C.(G).
(d) This is a direct consequence of (b). O

Part (b) of the lemma shows, in particular, that the measure y,, equals the
autocorrelation measure introduced in the last section if m is ergodic. Part (d) shows that
Yo.m 18 positive definite. Thus, by Bochner’s theorem (see [7]), its Fourier transform is a
positive measure on the dual group G.

Definition 6. Let (2, a) be a TMDS with invariant probability measure m. The measure
Ym = Yo.m, Where 0 € C.(G) with fG o dt = 1, is called the autocorrelation measure of
the dynamical system (2, o) with invariant measure m. Its Fourier transform 7, is called
the diffraction measure of the dynamical system (€2, o) with invariant measure m.

We summarize the preceding considerations in the following lemma, where we use ¥
for the function defined by v (t) = ¥ (—1).

LEMMA 7. Let (2, @) be a TMDS with invariant probability measure m. Then, there
exists a unique measure on G assigning the value (fy, fy) to the function ¢ x v, for
@, ¥ € Co(G). This measure is the autocorrelation measure vy, of (2, o).

Proof. Uniqueness is clear as the set {px . : ¢, ¥ € C.(G)}is densein C.(G). Existence
follows from Proposition 6, as

Ym@ % Y) = (@ * ¥ * ym)(0) = (fo. fy).
This proves the lemma. a

Remark. This definition of the autocorrelation and the diffraction of a dynamical system
is to be compared with the corresponding objects of a single measure (namely an element
in ) studied in the last section. In the latter case, one faces the problem of its dependence
of the measure m, or of the averaging sequence (B,,). It is reasonable, both mathematically
and physically, to replace this by the objects defined in Definition 6, at least for most
aspects of the spectral theory connected with it.

Having cast the diffraction measure in an abstract context, we will now briefly discuss
the basic quantities in the spectral theory of dynamical systems: let (€2, &) be a TMDS.
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By Stone’s theorem (compare [25, §36D]), there exists a projection valued measure
E7 : Borel sets on G — Projections on LZ(Q, m)

with

U1 = [[Gndi @) = [[Gnde®.

where py is the measure on G defined by pr(B) := (f, E7(B) f). It is then not hard
to see that 7" has a pure point spectrum (in the sense defined in §2) if and only if all the
measures py, with f € L%(Q2, m), are pure point measures.

To ¢ € C.(G), we have associated the function f, € L%($2, m) in the last section.
It turns out that the measure py, can be calculated in terms of the diffraction measure.
While this connection is not hard to prove, it is underlying the main result of this section.
Therefore, we isolate it in the following proposition (compare [7, 14]).

PROPOSITION 7. Let (2, &) be a TMDS with invariant probability measure m. Then, the
equation py, = |12 Y holds for every ¢ € Ce(G).

Proof. By the very definition of py,, the (inverse) Fourier transform (on 6) of py, is
t — (fy,T"f,). By Lemma 6, we have (fy, T" f,) = (@ * ¢ * yu)(¢). Thus, taking
the Fourier transform (on G), we infer pf, = 1?12 Vm.- o

Note that every closed T-invariant subspace V of L2($2, m) gives rise to a representation
T|y of G on V by restricting the representation 7' to V. The spectral family of 7|, will
be denoted by Er|,,. With the canonical inclusion iy : V —> L%(2, m) and projection
Py : L?(Q2, m) —> V), we obviously have

Ty = PyTiy and Er|, = PyETiy.
In our setting, a translation invariant subspace appears naturally. This is discussed next.

LEMMA 8. Let (2, ) be a TMDS with invariant probability measure m. The set of
Sunctions Uy := {fy : ¢ € C.(G)} is a translation invariant subspace of LZ(Q, m),
and so is its closure.

Proof. The first part of the statement follows from Lemma 3(b). The second part of the
statement is then immediate. a

Definition 7. Let U be the closure of the space Uy from Lemma 8 in L%(Q, m).

Before we can give a precise version of the relationship between 7, and T, we need
one more definition.

Definition 8. Let p be a measure on G and S be an arbitrary unitary representation of G on
L%(2, m). Then, p is called a spectral measure for S if the following holds for all Borel
sets B: Eg(B) = 0if and only if p(B) = 0.

Now, the relationship between ¥, and T = T}, can be phrased as follows.

THEOREM 6. Let (2, ) be a TMDS with invariant probability measure m. Then, the
measure yy, is a spectral measure for the restriction T |y of T to U.
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Proof. Let B be aBorel setin G. Then, obviously, Er,,(B) = 0if and only if we have 0 =

(fo» ET 1 (B) fo) forevery ¢ € Cc(G). As (fy, ET(B) fo) = (fo, ET1,(B) f) for every
¢ € C¢(G), by the very definition of I/ and E7|,,, we infer that E7|,,(B) = 0 if and only if

(fo. ET(B) fp) =0, forevery ¢ € C.(G).

By Proposition 7, we have oy, = |@|27, and, in particular,

(fos ET(B) fp) = py,(B) = fB 191 d¥m.

These considerations show that E7|,,(B) = 0 if and only if 0 = [, |12 dypm for every
function ¢ € C.(G). Thus, it remains to be shown that 7,,(B) = 0 if and only if
0= fB |12 dym forevery ¢ € C.(G). The ‘only if” part is clear. As for the converse, recall
that the image of LY (G, dt) under the Fourier transform separates points in @, see [32].
As C.(G) is dense in L1 (G, dt), the same holds for the image of C.(G) under the Fourier
transform. Therefore, for every § € G, there exists a ¢ € C.(G) with (5) # 0. Thus,
Ym(BNK) = 0 for every compact K is a direct consequence of 0 = | B |12 dypm for every
¢ € C.(G). As yy, is regular, 3, (B) = 0 follows. ]

We finish this section with a brief discussion of some consequences of these results for
the definition of y,,,. We thank the referee for useful comments on this point.

The following is a consequence of Proposition 7 (compare [5, Proposition 3] and the
discussion preceding it for similar considerations).

COROLLARY 1. Let (p,) be an approximate unit in C.(G) with respect to convolution,
ie. oo x Y —> Y in Cc(G) for every ¥ € Co(G). Then, the measures py, converge
vaguely to Vp,.

Proof. As (¢,) is an approximate unit in C.(G), the continuous functions ¢, * ¢,, viewed
as absolutely continuous measures with respect to the Haar measure on G, converge
vaguely towards 8¢, the unit point measure at 0 € G. Thus, Levy’s continuity theorem

[7, Theorem 3.13] gives us compact convergence of |@,|> towards 8o = 1. This easily
implies vague convergence of the measures |@, |7, towards 7. As p f, = |2127m by
Proposition 7, we infer the statement of the corollary. a

Note that Corollary 1 gives another way to define the diffraction measure ¥,,. Namely,
we can define ¥, to be any accumulation point of the net (p f,) Whenever (¢,) is an
approximate unit in C.(G). The result is unique, once m is chosen.

7. The main result
In this section, we state and prove our main result. It shows the equivalence of pure
point diffraction and a pure point dynamical spectrum for rather general measure theoretic
dynamical systems.

THEOREM 7. Let (2, o) be a TMDS with invariant probability measure m. Let T,, be
the associated unitary representation of G by translation operators and vy, the associated
diffraction measure. The following assertions are equivalent.

(a)  The diffraction measure vy, is pure point.

(b)  The representation T,, has a pure point spectrum.
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Proof of Theorem 7. (a) = (b). This is a consequence of Theorem 1. More precisely, we
will show that the vector space

Vi={fy ¢ e C(G)}

satisfies assertion (b) of this theorem.

As ¥y, has a pure point spectrum by (a), Theorem 6 gives that T'|;; has a pure point
spectrum, where U is the closure of V. Thus, in particular, f, belongs to H,, (T') for every
¢ € Cc(G). As every element of the form f,, is continuous by Lemma 3, we see that V is
indeed a subspace of H ,, (T) N C(2).

It remains to be shown that V separates points. Let w; and w; be two different points
of Q. Then, w; and w; are different measures on G. Therefore, there exists a ¢ € C.(G)
with w1 (¢) # w2(). This implies f, (w1) # fu (w2) With @ (¢) := @(—1).

(b) = (a). This is immediate from Theorem 6. O

8. Spectral properties determined by subrepresentations

The ideas of the preceding sections can be refined to give some further information on

how spectral properties of T are determined by spectral properties of Tz;. This concerns

the continuity of the eigenfunctions and the set of eigenvalues. While the TMDS are the

application we have in mind here, the underlying result can be phrased rather abstractly.
We need a special concept on ‘density of a subspace with respect to multiplication’.

This is defined next.

Definition 9. A subspace V of L?(2,m) is said to satisfy condition MD if the set of
products fi -...- fywithn e N, fi e VONL®(Q,m)or f; e VAL®(Q,m), 1 <i <n,
is total in L%(2, m).

THEOREM 8. Let (2, ®) be a topological dynamical system over G with a-invariant

measure m. Let V be a closed T-invariant subspace of L*>(2, m) satisfying MD. If T|y

has a pure point spectrum, then the following assertions hold.

(a) T has a pure point spectrum.

(b)  The group of eigenvalues of T is generated by the set of eigenvalues of T |y.

(¢)  IfV has a basis consisting of continuous eigenfunctions of Ty, then L*>(2, m) has a
basis consisting of continuous eigenfunctions of T, provided the multiplicity of each
eigenvalue of T is at most countably infinite.

Remarks.

(a) The countability assumption in (c) is trivially satisfied if the Hilbert space L3(2, m)
is separable (which holds, e.g., if €2 is metrizable). It is also satisfied if « is ergodic
with respect to m. In this case, the multiplicity of each eigenvalue is one.

(b) While we have stated the theorem for topological dynamical systems, its proof does
not use the topology on 2. It can, therefore, be carried over without changes to give
the corresponding result for measurable actions of G on a measure space 2.

Proof. (a)/(b) Let S1 be an orthonormal basis of V consisting of eigenfunctions of 7T'|y,.
Set
S ::{fN:f681 Or?ésl,NEN},
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where, for N € N and a function f, the function f N is defined in (2). As mentioned there,
fV is again an eigenfunction of 7. However, " need not belong to V. Let S3 be the set
of finite products of elements of Sy. In particular, all elements of Sz are bounded functions
and the same is true of all finite linear combinations of elements of S3.

CLAIM. Every finite product fi - ... - f, withn € N, and f; or f; in V N L®(Q, m), can
be approximated arbitrarily well (in L*>(2, m)) by finite linear combinations of elements
of Ss.

Proof of the Claim. This is shown by induction. The case n = 1 is simple, as S; is an
orthonormal basis of V. Assume that the claim holds for fixed n € N. As in Lemma 1, we
use again a variant of Lee et al [22]. Let ¢ > 0 be given. By the induction assumption,
there exists a finite linear combination g of elements of S3 with

fi-...-fa—gll2 <

&
I frrll”

Here, g is a bounded function (as all functions in S3 are bounded). Thus, there exists a
finite linear combination 4 of elements in S3 with

&
| for1 —hll2 < ——.
llglloo

The proof of the claim can now be finished as in Lemma 1. O

The claim shows that S is total in L2($2, m), as the products appearing in its statement
are total in L>(2, m) by the density assumption MD. Now, obviously, the elements of S;
are eigenfunctions of 7' and the corresponding eigenvalues are just the group generated by
the eigenvalues of T'[y). This proves (a) and (b).

To prove (c), we consider a basis S1 of V consisting of continuous eigenfunctions of
T|y and define

Si:={fi-...-fa:neN, fieSiorfi €S}

As before, one can show that Sy is total in L2(§2, m). Apparently, the elements in Sy
are continuous eigenfunctions of 7. Moreover, by general principles, eigenfunctions
belonging to different eigenvalues are orthogonal. We now apply the Gram—Schmidt
orthogonalization procedure in each eigenspace, compare [28, §3.1.13]. This is possible
because the multiplicity of each eigenspace is at most countably infinite by (c). As a result,
we obtain a basis of eigenfunctions which are continuous. (Note that Gram—Schmidt deals
only with finite sums in each step and therefore does not destroy continuity.) O

The preceding considerations can be applied to any TMDS. This will briefly be
discussed next. To apply Theorem 8, we need the following reformulation of previous
results.

PROPOSITION 8. Let (2, @) be a TMDS with invariant probability measure m, let U be
the space introduced in Definition 7 and denote the characteristic function of Q by 1gq.

Then, the subspace V :=U + {clq : ¢ € C} is closed, invariant and satisfies assumption
MD.
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Proof. The subspace S := {clg : ¢ € C} is one-dimensional. So, as U/ is closed,
Y = U + S is closed as well. As U/ and S are T-invariant, so is V. It remains to be
shown that MD is satisfied. This is a consequence of the Stone—Weierstrall theorem as
{fo : ¢ € Cc.(G)} separates points (see the proof of Theorem 7). O

It is possible to base the proof of our main result, Theorem 7, on Theorem 8 and
Proposition 8. Here, our focus is in a somewhat different direction.

THEOREM 9. Let (2, @) be a TMDS with invariant probability measure m, T,, be the

corresponding unitary representation of G by translation operators, and y,, the associated

diffraction measure. Let U be the space of functions defined in Definition 7. If 7, is a pure

point measure, the following assertions hold.

(@)  The group of eigenvalues of Ty, is generated by the set of points in G of positive Vi,
measure, i.e. the points § with v, ({§}) > 0.

(b)  IfU has a basis of continuous eigenfunctions of T, then so has L>(S2, m), provided
the multiplicity of each eigenvalue is at most countably infinite.

Proof. As ¥, is a pure point measure, T |y has a pure point spectrum by Theorem 6.
SetV := U+ {clqg : ¢ € C}. As lg is obviously a (continuous) eigenfunction of 7
(to the eigenvalue 1), 7y, has pure point spectrum as well. Moreover, by Proposition 8,
V is invariant, closed and satisfies assumption MD. Thus, the conditions of Theorem 8
are satisfied, and our assertions follow. O
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A. Appendix. The local rubber topology is a Fell topology
The aim of this Appendix is to show that the topology introduced in §4 is a special case
of a topology introduced by Fell [13] on the closed subsets of an arbitrary locally compact
space.

We start by recalling the definition of Fell’s topology: the locally compact space in
question is G. For a compact set C in G and a finite family F of open sets in G, we define
UC, F) by

UC,F)={CelCG): ANC=and AN A # & forevery A € F}.

The family of all ¢ (C, F) with C compact in G and F a finite family of open sets in
G is a basis of the Fell topology. This is a typical example of a so-called ‘hit and miss’
topology, where U (C, F) consists of all closed sets which hit the sets of F and miss the
set C.

This topology agrees with the one introduced in §4, as follows from the next
lemma.
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LEMMA Al.

(@) Let C C G compact and F a finite family of open subsets of G be given with
U(C,F) # @. Then, there exists a closed set H in G, a compact K C G and
an open neighbourhood V of 0 € G with

Uk v(H) CUC,F).

(b) Leta closed set H in G, a compact subset K C G and an open neighbourhood V of
0 € G be given. Then, there exists a compact C C G and a finite family of open sets
Fin Gwitht(C, F) # & and

UC,F) Cc Uk y(H).

Proof. (a) ByU(C, F) # @, wehave A\ C # & forevery A € F. Thus, inevery A € F,
there exists an x4 € A\ C. As A\ C is open and F is a finite family, we can find a
neighbourhood V of 0 in G with V = —V such that

xa+V CA\C forevery A € F. (A1)
Define H :={x4 : A€ F} and K := CU (H + V). Then, K is the disjoint union of
C and H + V by the very construction of H.

Now, let an arbitrary L € Uk, v (H) be given. We have to show that L € U(C, F).
ByL € Uxkyv(H), wehave LN K C H+V C H+V C K\ C and, as C C K, this
implies

LNC=LNCNK =2a.

Moreover, for every A € F, we have x4 € H = HN K C L + V and, therefore,
(xa—V)NL#@.ByV =-V and (Al), this implies
d#*xa+V)NLC(A\NC)NLCANL
for every A € F. These considerations show L € U(C,F). As L € Uk v(H) was
arbitrary, we infer Ug v (H) C U(C, F).
(b) Let W be an open neighbourhood of 0 in G with W = —W and W + W C V.

Define C := K \ (H + W), where H and K are given by assumption. As K N H is
compact, there exist 71, ..., t;, € G with

n
KnHc|Jti+W) and (t;+W)N(KNH) #@ forl<j<n (A2
i=1
Set F:={tj +W:1=<j<n}

Let now L € U(C,F) be arbitrary. We have to show that L € Ug y(H).
By L € U(C, F) and the definition of C, wehave d = LNC = LN (K \ (H + W)), so
LNK = LN(KN(H+W)ULN(K\(H+W)) =L (KN(H+W))C H+W C H+V.
ByLNn@#+W)#2,1<j<nandW-—-WCV,wealsohavet; + W C L + V.
Combined with (A2), this implies

n
Hnk c|Je+wycL+vVv
j=1

and we infer L € Uk v(H). As L € U(C,F) was arbitrary, the inclusion U (C, F) C
Uk v (H) is established. Moreover, U (C, F) is not empty, as it obviously contains H. O
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